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Aerospace History at a Glance

• CONSISTENT
• SAFETY CRITICAL
• POWERFUL
• LARGE-SCALE
• PROFITABLE
• CERTIFIED

Building a Bridge • AUTONOMOUS
• COLLABORATIVE
• INTELLIGENT
• LOW-COST
• RECONFIGURABLE
• MULTI-AGENT
• HUMAN-CENTERED

Talent
Technology
Expertise

Data-Driven

from my Plenary lecture, SciTech 2019
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Safety-Critical Systems

3

• Difficult to safely obtain a large amount of data required by e.g. Reinforceent
Learning methods to produce good control policies.

• Accidents can be expensive and sometimes even deadly.

Learjet 45 Aerial robots Self-driving cars (credit: Daniel Lu) 
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Sources of Uncertainty

Learning-Based Control Setup

Model 
Learning

Optimized 
Controller § Modeling Errors

§ External Disturbances

x(t)
<latexit sha1_base64="ENeVkkJwd4uzKgeHeJPiOjQThRQ=">AAACOXicfVDLSgNBEJz1GeMr6tGDi0GIHsJuFPQY0IMXUcEYIQnSO+kkQ2Znl5leMSz5Ba/6L36JR2/i1R9wkuzBFzYMXVRX93RXEEthyPNenKnpmdm5+dxCfnFpeWW1sLZ+baJEc6zxSEb6JgCDUiiskSCJN7FGCAOJ9aB/PKrX71AbEakrGsTYCqGrREdwoBF1X6Ld20LRK3vjcH8DPwNFlsXF7Zqz1WxHPAlREZdgTMP3YmqloElwicN8MzEYA+9DFxsWKgjRtNLxskN3xzJttxNp+xS5Y/ZrRwqhMYMwsMoQqGd+1kbkX7VGQp2jVipUnBAqPvmok0iXInd0udsWGjnJgQXAtbC7urwHGjhZf/LNE7S3aDyzc89j1ECR3kuboLsh3A/TLP8nE2ois9la6v808De4rpT9/bJ3eVCsVjJzc2yTbbMS89khq7JTdsFqjLMee2CP7Ml5dl6dN+d9Ip1ysp4N9i2cj0/9xa1c</latexit>

u(t)
<latexit sha1_base64="2I4TEa1m8Lsz/2umYA/asjz+Z0w=">AAACOXicfVDLSgNBEJz1GeMr6tGDi0GIHsJuFPQo6MGLGMGokITQO+kkQ2Znl5leMSz5Ba/6L36JR2/i1R9wkuzBFzYMXVRX93RXEEthyPNenKnpmdm5+dxCfnFpeWW1sLZ+baJEc6zxSEb6NgCDUiiskSCJt7FGCAOJN0H/ZFS/uUNtRKSuaBBjM4SuEh3BgUZUUqLdVqHolb1xuL+Bn4Eiy6LaWnO2Gu2IJyEq4hKMqfteTM0UNAkucZhvJAZj4H3oYt1CBSGaZjpedujuWKbtdiJtnyJ3zH7tSCE0ZhAGVhkC9czP2oj8q1ZPqHPUTIWKE0LFJx91EulS5I4ud9tCIyc5sAC4FnZXl/dAAyfrT75xivYWjed27kWMGijSe2kDdDeE+2Ga5f9kQk1kNltL/Z8G/gbXlbK/X/YuD4rHlczcHNtk26zEfHbIjtkZq7Ia46zHHtgje3KenVfnzXmfSKecrGeDfQvn4xP4Rq1Z</latexit>

x(t)
<latexit sha1_base64="ENeVkkJwd4uzKgeHeJPiOjQThRQ=">AAACOXicfVDLSgNBEJz1GeMr6tGDi0GIHsJuFPQY0IMXUcEYIQnSO+kkQ2Znl5leMSz5Ba/6L36JR2/i1R9wkuzBFzYMXVRX93RXEEthyPNenKnpmdm5+dxCfnFpeWW1sLZ+baJEc6zxSEb6JgCDUiiskSCJN7FGCAOJ9aB/PKrX71AbEakrGsTYCqGrREdwoBF1X6Ld20LRK3vjcH8DPwNFlsXF7Zqz1WxHPAlREZdgTMP3YmqloElwicN8MzEYA+9DFxsWKgjRtNLxskN3xzJttxNp+xS5Y/ZrRwqhMYMwsMoQqGd+1kbkX7VGQp2jVipUnBAqPvmok0iXInd0udsWGjnJgQXAtbC7urwHGjhZf/LNE7S3aDyzc89j1ECR3kuboLsh3A/TLP8nE2ois9la6v808De4rpT9/bJ3eVCsVjJzc2yTbbMS89khq7JTdsFqjLMee2CP7Ml5dl6dN+d9Ip1ysp4N9i2cj0/9xa1c</latexit>

f(x, u)
<latexit sha1_base64="UlkopvbSO8HoXh6oXFokj41vids=">AAACO3icfVBNS8NAEN34Wetn9ejBYBFUpCQq6LGgBy9iBVuFJshkO6lrN5uwu5GW0P/gVf+LP8SzN/Hq3W2bg1pxYJnHmzezMy9IOFPacV6ticmp6ZnZwlxxfmFxaXmltNpQcSop1mnMY3kTgELOBNY10xxvEokQBRyvg87JoH79gFKxWFzpXoJ+BG3BQkZBG6oRbnf30p3blbJTcYZhjwM3B2WSR+22ZG14rZimEQpNOSjVdJ1E+xlIzSjHftFLFSZAO9DGpoECIlR+Nly3b28ZpmWHsTRPaHvIfu/IIFKqFwVGGYG+U79rA/KvWjPV4bGfMZGkGgUdfRSm3NaxPbjdbjGJVPOeAUAlM7va9A4kUG0cKnqnaG6ReG7mXiQoQcdyN/NAtiPo9rM8/ydjYiQz2Vjq/jZwHDT2K+5Bxbk8LFf3c3MLZJ1skm3ikiNSJWekRuqEknvySJ7Is/VivVnv1sdIOmHlPWvkR1ifX1aSrgM=</latexit>

Loss of performance and stability guarantees for robots under uncertainty!
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Safety must be built into control architecture
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Safety 
Controller

Model 
Learning

Optimized
Controller

Safe Learning and Control Setup

x(t)
<latexit sha1_base64="ENeVkkJwd4uzKgeHeJPiOjQThRQ=">AAACOXicfVDLSgNBEJz1GeMr6tGDi0GIHsJuFPQY0IMXUcEYIQnSO+kkQ2Znl5leMSz5Ba/6L36JR2/i1R9wkuzBFzYMXVRX93RXEEthyPNenKnpmdm5+dxCfnFpeWW1sLZ+baJEc6zxSEb6JgCDUiiskSCJN7FGCAOJ9aB/PKrX71AbEakrGsTYCqGrREdwoBF1X6Ld20LRK3vjcH8DPwNFlsXF7Zqz1WxHPAlREZdgTMP3YmqloElwicN8MzEYA+9DFxsWKgjRtNLxskN3xzJttxNp+xS5Y/ZrRwqhMYMwsMoQqGd+1kbkX7VGQp2jVipUnBAqPvmok0iXInd0udsWGjnJgQXAtbC7urwHGjhZf/LNE7S3aDyzc89j1ECR3kuboLsh3A/TLP8nE2ois9la6v808De4rpT9/bJ3eVCsVjJzc2yTbbMS89khq7JTdsFqjLMee2CP7Ml5dl6dN+d9Ip1ysp4N9i2cj0/9xa1c</latexit>

u(t)
<latexit sha1_base64="2I4TEa1m8Lsz/2umYA/asjz+Z0w=">AAACOXicfVDLSgNBEJz1GeMr6tGDi0GIHsJuFPQo6MGLGMGokITQO+kkQ2Znl5leMSz5Ba/6L36JR2/i1R9wkuzBFzYMXVRX93RXEEthyPNenKnpmdm5+dxCfnFpeWW1sLZ+baJEc6zxSEb6NgCDUiiskSCJt7FGCAOJN0H/ZFS/uUNtRKSuaBBjM4SuEh3BgUZUUqLdVqHolb1xuL+Bn4Eiy6LaWnO2Gu2IJyEq4hKMqfteTM0UNAkucZhvJAZj4H3oYt1CBSGaZjpedujuWKbtdiJtnyJ3zH7tSCE0ZhAGVhkC9czP2oj8q1ZPqHPUTIWKE0LFJx91EulS5I4ud9tCIyc5sAC4FnZXl/dAAyfrT75xivYWjed27kWMGijSe2kDdDeE+2Ga5f9kQk1kNltL/Z8G/gbXlbK/X/YuD4rHlczcHNtk26zEfHbIjtkZq7Ia46zHHtgje3KenVfnzXmfSKecrGeDfQvn4xP4Rq1Z</latexit>

x(t)
<latexit sha1_base64="ENeVkkJwd4uzKgeHeJPiOjQThRQ=">AAACOXicfVDLSgNBEJz1GeMr6tGDi0GIHsJuFPQY0IMXUcEYIQnSO+kkQ2Znl5leMSz5Ba/6L36JR2/i1R9wkuzBFzYMXVRX93RXEEthyPNenKnpmdm5+dxCfnFpeWW1sLZ+baJEc6zxSEb6JgCDUiiskSCJN7FGCAOJ9aB/PKrX71AbEakrGsTYCqGrREdwoBF1X6Ld20LRK3vjcH8DPwNFlsXF7Zqz1WxHPAlREZdgTMP3YmqloElwicN8MzEYA+9DFxsWKgjRtNLxskN3xzJttxNp+xS5Y/ZrRwqhMYMwsMoQqGd+1kbkX7VGQp2jVipUnBAqPvmok0iXInd0udsWGjnJgQXAtbC7urwHGjhZf/LNE7S3aDyzc89j1ECR3kuboLsh3A/TLP8nE2ois9la6v808De4rpT9/bJ3eVCsVjJzc2yTbbMS89khq7JTdsFqjLMee2CP7Ml5dl6dN+d9Ip1ysp4N9i2cj0/9xa1c</latexit>

f(x, u)
<latexit sha1_base64="UlkopvbSO8HoXh6oXFokj41vids=">AAACO3icfVBNS8NAEN34Wetn9ejBYBFUpCQq6LGgBy9iBVuFJshkO6lrN5uwu5GW0P/gVf+LP8SzN/Hq3W2bg1pxYJnHmzezMy9IOFPacV6ticmp6ZnZwlxxfmFxaXmltNpQcSop1mnMY3kTgELOBNY10xxvEokQBRyvg87JoH79gFKxWFzpXoJ+BG3BQkZBG6oRbnf30p3blbJTcYZhjwM3B2WSR+22ZG14rZimEQpNOSjVdJ1E+xlIzSjHftFLFSZAO9DGpoECIlR+Nly3b28ZpmWHsTRPaHvIfu/IIFKqFwVGGYG+U79rA/KvWjPV4bGfMZGkGgUdfRSm3NaxPbjdbjGJVPOeAUAlM7va9A4kUG0cKnqnaG6ReG7mXiQoQcdyN/NAtiPo9rM8/ydjYiQz2Vjq/jZwHDT2K+5Bxbk8LFf3c3MLZJ1skm3ikiNSJWekRuqEknvySJ7Is/VivVnv1sdIOmHlPWvkR1ifX1aSrgM=</latexit>

ua(t)
<latexit sha1_base64="x3D9KwFhkQRpI+K5RVhFRlxcAzM=">AAACO3icfVA9SwNBEN2L3/FbSwsPgxAtwp0KWgpa2IgKJgpJCHObSbJmb+/YnRPDkf9gq//FH2JtJ7b2bpIr1IgDyzzevJmdeUEshSHPe3VyE5NT0zOzc/n5hcWl5ZXVtYqJEs2xzCMZ6dsADEqhsEyCJN7GGiEMJN4E3ZNB/eYetRGRuqZejPUQ2kq0BAeyVCVpQJF2GisFr+QNwx0HfgYKLIvLxqqzWWtGPAlREZdgTNX3YqqnoElwif18LTEYA+9CG6sWKgjR1NPhun132zJNtxVp+xS5Q/Z7RwqhMb0wsMoQqGN+1wbkX7VqQq2jeipUnBAqPvqolUiXIndwu9sUGjnJngXAtbC7urwDGjhZh/K1U7S3aDy3cy9i1ECR3k1roNshPPTTLP8nE2oks9la6v82cBxU9kr+fsm7Oigc72XmzrINtsWKzGeH7JidsUtWZpzdsUf2xJ6dF+fNeXc+RtKck/Wssx/hfH4Bo9+uLQ==</latexit>

x(t)
<latexit sha1_base64="ENeVkkJwd4uzKgeHeJPiOjQThRQ=">AAACOXicfVDLSgNBEJz1GeMr6tGDi0GIHsJuFPQY0IMXUcEYIQnSO+kkQ2Znl5leMSz5Ba/6L36JR2/i1R9wkuzBFzYMXVRX93RXEEthyPNenKnpmdm5+dxCfnFpeWW1sLZ+baJEc6zxSEb6JgCDUiiskSCJN7FGCAOJ9aB/PKrX71AbEakrGsTYCqGrREdwoBF1X6Ld20LRK3vjcH8DPwNFlsXF7Zqz1WxHPAlREZdgTMP3YmqloElwicN8MzEYA+9DFxsWKgjRtNLxskN3xzJttxNp+xS5Y/ZrRwqhMYMwsMoQqGd+1kbkX7VGQp2jVipUnBAqPvmok0iXInd0udsWGjnJgQXAtbC7urwHGjhZf/LNE7S3aDyzc89j1ECR3kuboLsh3A/TLP8nE2ois9la6v808De4rpT9/bJ3eVCsVjJzc2yTbbMS89khq7JTdsFqjLMee2CP7Ml5dl6dN+d9Ip1ysp4N9i2cj0/9xa1c</latexit>

ẋ(t) = f(x, u) + h(t, x)
<latexit sha1_base64="6iA/5Kqa90epGsPDmeH64D5Bb9k="></latexit>

Nominal Model Uncertainty Bounds on the uncertainty
and its growth in t and x.

�h,�ht ,�hx
<latexit sha1_base64="BsnytsrCsUdrT5rjAacypLZ1pS8="></latexit>

ĥ(t, x),�h,�ht ,�hx
<latexit sha1_base64="tYYgTTHuREIHqt6r7MJfsk4kFW4="></latexit>
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The safety controller must provide certificates of performance and robustness:

x
<latexit sha1_base64="baofTBzHsddMtbVHG1kHhHc1nWs=">AAACNnicfVDLTgJBEJzFF+IL9OjBjcTEeCC7aKJHEj14MUIijwQI6R0amDA7u5mZNZANX+BV/8Vf8eLNePUTHGAPCsZOJl2pru7pLi/kTGnHebNSK6tr6xvpzczW9s7uXja3X1NBJClWacAD2fBAIWcCq5ppjo1QIvgex7o3vJ7W648oFQvEgx6H2PahL1iPUdCGqow62bxTcGZhLwM3AXmSRLmTs45a3YBGPgpNOSjVdJ1Qt2OQmlGOk0wrUhgCHUIfmwYK8FG149mmE/vEMF27F0jzhLZn7M+OGHylxr5nlD7ogVqsTcm/as1I967aMRNhpFHQ+Ue9iNs6sKdn210mkWo+NgCoZGZXmw5AAtXGnEzrBs0tEu/M3PsQJehAnsUtkH0fRpM4yf/JmJjLTDaWuosGLoNaseCeF5zKRb5UTMxNk0NyTE6JSy5JidySMqkSSpA8kWfyYr1a79aH9TmXpqyk54D8CuvrGyVUrHk=</latexit>

t
<latexit sha1_base64="OPrbUnO6ON7BAFRtNa96a8n7RZA=">AAACNnicfVDLSgNBEJz1bXxFPXpwMQjiIexGQY8BPXgRFcwDkhB6J504ODu7zPSKYckXeNV/8Ve8eBOvfoKTZA+aiA1DF9XVPd0VxFIY8rw3Z2Z2bn5hcWk5t7K6tr6R39yqmijRHCs8kpGuB2BQCoUVEiSxHmuEMJBYC+7PhvXaA2ojInVL/RhbIfSU6AoOZKkbaucLXtEbhTsN/AwUWBbX7U1nt9mJeBKiIi7BmIbvxdRKQZPgEge5ZmIwBn4PPWxYqCBE00pHmw7cfct03G6k7VPkjtifHSmExvTDwCpDoDszWRuSf9UaCXVPW6lQcUKo+PijbiJditzh2W5HaOQk+xYA18Lu6vI70MDJmpNrnqO9ReOlnXsVowaK9GHaBN0L4XGQZvk/mVBjmc3WUn/SwGlQLRX9o6J3c1wolzJzl9gO22MHzGcnrMwu2DWrMM6QPbFn9uK8Ou/Oh/M5ls44Wc82+xXO1zceDKx1</latexit>

x
<latexit sha1_base64="baofTBzHsddMtbVHG1kHhHc1nWs=">AAACNnicfVDLTgJBEJzFF+IL9OjBjcTEeCC7aKJHEj14MUIijwQI6R0amDA7u5mZNZANX+BV/8Vf8eLNePUTHGAPCsZOJl2pru7pLi/kTGnHebNSK6tr6xvpzczW9s7uXja3X1NBJClWacAD2fBAIWcCq5ppjo1QIvgex7o3vJ7W648oFQvEgx6H2PahL1iPUdCGqow62bxTcGZhLwM3AXmSRLmTs45a3YBGPgpNOSjVdJ1Qt2OQmlGOk0wrUhgCHUIfmwYK8FG149mmE/vEMF27F0jzhLZn7M+OGHylxr5nlD7ogVqsTcm/as1I967aMRNhpFHQ+Ue9iNs6sKdn210mkWo+NgCoZGZXmw5AAtXGnEzrBs0tEu/M3PsQJehAnsUtkH0fRpM4yf/JmJjLTDaWuosGLoNaseCeF5zKRb5UTMxNk0NyTE6JSy5JidySMqkSSpA8kWfyYr1a79aH9TmXpqyk54D8CuvrGyVUrHk=</latexit>

t
<latexit sha1_base64="OPrbUnO6ON7BAFRtNa96a8n7RZA=">AAACNnicfVDLSgNBEJz1bXxFPXpwMQjiIexGQY8BPXgRFcwDkhB6J504ODu7zPSKYckXeNV/8Ve8eBOvfoKTZA+aiA1DF9XVPd0VxFIY8rw3Z2Z2bn5hcWk5t7K6tr6R39yqmijRHCs8kpGuB2BQCoUVEiSxHmuEMJBYC+7PhvXaA2ojInVL/RhbIfSU6AoOZKkbaucLXtEbhTsN/AwUWBbX7U1nt9mJeBKiIi7BmIbvxdRKQZPgEge5ZmIwBn4PPWxYqCBE00pHmw7cfct03G6k7VPkjtifHSmExvTDwCpDoDszWRuSf9UaCXVPW6lQcUKo+PijbiJditzh2W5HaOQk+xYA18Lu6vI70MDJmpNrnqO9ReOlnXsVowaK9GHaBN0L4XGQZvk/mVBjmc3WUn/SwGlQLRX9o6J3c1wolzJzl9gO22MHzGcnrMwu2DWrMM6QPbFn9uK8Ou/Oh/M5ls44Wc82+xXO1zceDKx1</latexit>

Transient performance Steady-state performance Time-delay margin

e�s⌧
<latexit sha1_base64="kw7MkvhY6h9fc9c4FK09BlpTm2g=">AAACP3icfVBNS8NAEN34bf3WoweDRRDBkqigR0EPXkQFq8Wmlsl2Whc3m7A7EUvov/Cq/8Wf4S/wJl69uW1z0FYcWObx5s3szAsTKQx53pszMjo2PjE5NV2YmZ2bX1hcWr4ycao5lnksY10JwaAUCsskSGIl0QhRKPE6vD/q1q8fUBsRq0tqJ1iLoKVEU3AgS93gbbZtAoK0U18seiWvF+4w8HNQZHmc15ectaAR8zRCRVyCMVXfS6iWgSbBJXYKQWowAX4PLaxaqCBCU8t6K3fcDcs03Gas7VPk9tifHRlExrSj0CojoDszWOuSf9WqKTUPaplQSUqoeP+jZipdit3u/W5DaOQk2xYA18Lu6vI70MDJulQIjtHeovHUzj1LUAPFeisLQLcieOxkef5PJlRfZrO11B80cBhc7ZT83ZJ3sVc83MnNnWKrbJ1tMp/ts0N2ws5ZmXGm2BN7Zi/Oq/PufDiffemIk/essF/hfH0D9VOwXA==</latexit>

�<latexit sha1_base64="TrFRqTzM679wAlB8VHG4Fq+oWb8=">AAACNnicfVDLSgNBEJyNrxhfiR49uBiEIBh2VdBjQA9exATMA5IQeiedZMjs7DIzK4YlX+BV/8Vf8eJNvPoJTpI9aCI2DF1UV/d0lxdyprTjvFmppeWV1bX0emZjc2t7J5vbrakgkhSrNOCBbHigkDOBVc00x0YoEXyPY90bXk3q9QeUigXiXo9CbPvQF6zHKGhDVU462bxTdKZhLwI3AXmSRLmTsw5a3YBGPgpNOSjVdJ1Qt2OQmlGO40wrUhgCHUIfmwYK8FG14+mmY/vIMF27F0jzhLan7M+OGHylRr5nlD7ogZqvTci/as1I9y7bMRNhpFHQ2Ue9iNs6sCdn210mkWo+MgCoZGZXmw5AAtXGnEzrGs0tEm/N3LsQJehAHsctkH0fHsdxkv+TMTGTmWwsdecNXAS106J7VnQq5/lSITE3TfbJISkQl1yQErkhZVIllCB5Is/kxXq13q0P63MmTVlJzx75FdbXN5m9rCQ=</latexit>

Disturbance rejection

G(s)
<latexit sha1_base64="aN/9RdDZV9jXslOvxWnsrweIn7s=">AAACOXicfVDLSgNBEJyNrxhfiR49uBiE6CHsqqDHgIJexAjmAUkIvZNOMmR2dpmZFcOSX/Cq/+KXePQmXv0BJ8keNBEbhi6qq3u6yws5U9px3qzUwuLS8kp6NbO2vrG5lc1tV1UQSYoVGvBA1j1QyJnAimaaYz2UCL7HseYNLsb12gNKxQJxr4chtnzoCdZlFPSYuiqow3Y27xSdSdjzwE1AniRRbuesvWYnoJGPQlMOSjVcJ9StGKRmlOMo04wUhkAH0MOGgQJ8VK14suzIPjBMx+4G0jyh7Qn7syMGX6mh7xmlD7qvZmtj8q9aI9Ld81bMRBhpFHT6UTfitg7s8eV2h0mkmg8NACqZ2dWmfZBAtfEn07xEc4vEGzP3NkQJOpBHcRNkz4fHUZzk/2RMTGUmG0vdWQPnQfW46J4UnbvTfMlJzE2TXbJPCsQlZ6RErkmZVAglffJEnsmL9Wq9Wx/W51SaspKeHfIrrK9voZOtKA==</latexit>

Safe Learning and Control Setup
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ℒ!-Adaptive Control Architecture

§ Guaranteed uniform performance
bounds and robustness margins

§ Validated for manned and unmanned
aerial vehicles, oil drilling operations,
hydraulic pumps, etc.

§ Commercialized by various industries,
including Raymarine, Caterpillar, etc.

System

Adaptation 
Law

State 
Predictor

Low-
Pass 
Filter

�<latexit sha1_base64="TrFRqTzM679wAlB8VHG4Fq+oWb8=">AAACNnicfVDLSgNBEJyNrxhfiR49uBiEIBh2VdBjQA9exATMA5IQeiedZMjs7DIzK4YlX+BV/8Vf8eJNvPoJTpI9aCI2DF1UV/d0lxdyprTjvFmppeWV1bX0emZjc2t7J5vbrakgkhSrNOCBbHigkDOBVc00x0YoEXyPY90bXk3q9QeUigXiXo9CbPvQF6zHKGhDVU462bxTdKZhLwI3AXmSRLmTsw5a3YBGPgpNOSjVdJ1Qt2OQmlGO40wrUhgCHUIfmwYK8FG14+mmY/vIMF27F0jzhLan7M+OGHylRr5nlD7ogZqvTci/as1I9y7bMRNhpFHQ2Ue9iNs6sCdn210mkWo+MgCoZGZXmw5AAtXGnEzrGs0tEm/N3LsQJehAHsctkH0fHsdxkv+TMTGTmWwsdecNXAS106J7VnQq5/lSITE3TfbJISkQl1yQErkhZVIllCB5Is/kxXq13q0P63MmTVlJzx75FdbXN5m9rCQ=</latexit>x̂
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Low-Pass Filter Robustness

Adaptation Loop Performance
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ℒ!-adaptive 
controller

Model 
Learning

Optimized
Controller
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§ Retaining the key features of performance and robustness
guarantees of ℒ!- adaptive controllers

§ Benefitting from the versatility offered by machine learning 
methods

Safe Learning and Control Setup
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A Timeline of ℒ!-Adaptive Control Theory

‘06 ‘07 ‘08 ‘09 ‘10 ‘11 ‘12 ‘13 ‘14 ‘15 ‘16 ‘17 ‘18 ‘19 ‘20

First papers 
appeared at ACC

UAV path following 
with ℒ! at AIAA 

GNC

NASA issued grants for 
testing ℒ! on AirSTAR

Raymarine
Evolution 

autopilots with ℒ!

Tests on Learjet and F16 
at the Edwards AFB

Safe Learning 
and ControlJoint papers on highly 

unstable aircraft 
configurations
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Robust Flight Control: Learjet at Edwards AFB

§ Recovered flying qualities of different Variable Stability System configurations
§ Restored handling qualities to a safe and consistent level despite the off-nominal 

dynamics
§ The controller was shown to be easily adjusted to improve handling qualities.

Ackerman, et al. “Evaluation of an ℒ! Flight Control
Law on Calspan’s Variable-Stability Learjet.” AIAA
Journal of Guidance, Control and Dynamics, vol. 40,
No. 4, pp. 1051-1060, 2017.



nhovakim@Illinois.edu

Lifting Body Incident (1967) and the 2018 Flight Test

Puig-Navarro et al. “An ℒ! Adaptive Stability Augmentation System Designed to MIL-HDBK-1797 Level 1 
Specifications.” In Proceedings of AIAA Guidance, Navigation and Control Conference, San Diego, CA, 2019.
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“ℒ! adaptive control has overcome some of the
major limitations of conventional adaptive control
systems by providing predictable robustness
guarantees in the presence of a large class of
uncertainties. It has the potential to revolutionize
aircraft safety by greatly diminishing the possibility
of pilot error during high workload maneuvers.”

Published on April 3, 2018.

The ℒ! adaptive flight control system installed in an 
aircraft. (Maj. Miguel J. Carreras)
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... and many other applications

Time-critical coordination Drone—based package delivery 

Indoor aerial vehicles

Fault-tolerant software

Human-centered (perceived) safety
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Complex Environments

New challenges

• Unpredictable environments
• Uncertain nonlinear 

dynamics
• Dynamic & clustered 

environments
• Nonlinear uncertain dynamics

Guerra, Tal, Murali, Ryou, and Karaman. “FlightGoggles: Photorealistic Sensor Simulation for Perception-driven Robotics using Photogrammetry and Virtual Reality.” 
International Conference on Intelligent Robots and Systems (IROS), 2019.

New requirements 

• Fast re-planning
• Safe planning
• Safe control
• Learning for high 

performance
with guaranteed robustness

15
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The Autonomy Stack

Planning and Control Pipeline

Standard architecture

• Planner generates desired 𝑥" and open loop 𝑢"
• Controller attempts to track using feedback law 𝑢 = 𝑘(𝑢", 𝑥", 𝑥)

ControllerPlanner
𝑥!
𝑢!

𝑢𝑥𝑥

Fast Control Loop



nhovakim@Illinois.edu

Learning-Based Control Pipeline

Data

System 
Trajectories

Bayesian 
Learning

Deep 
Networks

Robust 
Adaptive 
Control

Model 
Learning

Control 
Certificate 
Learning

A bottom-up approach

• Foundation based on Control theory: Safety as a requirement

• Build-up based on ML: Performance as a luxury

Unified in an architecture that decouples safety from learning

• Learning does not affect safety, only performance
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Learning-Based Control Pipeline

Data

System 
Trajectories

Bayesian 
Learning

Deep 
Networks

Robust 
Adaptive 
Control

Model 
Learning

Control 
Certificate 
Learning

The building blocks

• ℒ" - MPPI and Riemannian-energy ℒ" (ℛℒ") Control: Safety

• Bayesian learning of dynamics - ℛℒ" − 𝐺𝑃 control: Performance

• Deep incrementally stabilizing control: Usability
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Safe Feedback 
Motion Planning

𝓛𝟏-MPPI
Contraction 𝓛𝟏

Control

Data

System 
Trajectories

Bayesian 
Learning

Deep 
Networks

Robust 
Adaptive 
Control

Model 
Learning

Control 
Certificate 
Learning
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ℒ!-MPPI: Fast and Safe Re-Planning

§ Fast and robust re-planning is needed 
for mission success in complex, dynamic 
and uncertain environments. 

§ Model predictive path integral (MPPI) 
control provides a framework for 
solving nonlinear MPC with complex 
constraints in near real-time.

§ Robustness against dynamic 
uncertainties and disturbances is 
achieved through an 𝓛𝟏 augmentation.

Pravitra, J., Ackerman, K. A., Cao, C., Hovakimyan, N., and Theodorou, E. A. L1-Adaptive MPPI Architecture for Robust and Agile Control of Multirotors. 
International Conference on Intelligent Robots and Systems, 2020.

System

Adaptation 
Law

State 
Predictor
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Goggle Environment

Pravitra, J., Ackerman, K. A., Cao, C., Hovakimyan, N., and Theodorou, E. A. L1-Adaptive MPPI Architecture for Robust and Agile Control of Multirotors. 
International Conference on Intelligent Robots and Systems, 2020.

: crash       : complete
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Quantifiable safety certificates for nonlinear 
systems that enable safe motion planning.
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Challenges in Safe Planning

§ Planning under uncertainty is of vital importance for safety critical applications

§ A planner-agnostic approach to certify safe tubes around desired trajectories, 
that the UAV is guaranteed to remain inside

§ Tuning knobs that allow tubes to be made arbitrarily small as a trade-off 
between performance and robustness.

23
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Contraction ℒ!- Architecture: Safe Planning
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§ Contraction theory enables 
consideration of nonlinear reference
systems

− applies to a large class of nonlinear 
systems.

§ 𝓛𝟏 adaptive control compensates for 
uncertainties with guaranteed 
robustness.

§ Combined architecture allows for 
publishing certificates of performance 
and robustness.

Lakshmanan, A., Gahlawat, A., & Hovakimyan, N. (2020). “Safe feedback 
motion planning: A contraction theory and L1-adaptive control based 
approach.” Conference on Decision and Control (CDC) 2020.
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Quantifiable safety certificates for nonlinear 
systems for safe learning and control.

Ω! ∝ adaptation rate

Ω" ∶ decaying error

Ω# ∝ filter bandwidth
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Safe Simultaneous 
Learning and Control

Contraction 𝓛𝟏- 𝓖𝓟

Data

System 
Trajectories

Bayesian 
Learning

Deep 
Networks

Robust 
Adaptive 
Control

Model 
Learning

Control 
Certificate 
Learning
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ℒ"-𝒢𝒫: Safe Bayesian Learning

§ Gaussian process (𝒢𝒫) learns model 
uncertainties
− No need for persistent excitation
− No need for parametric models
− The kernel function integrates prior 

model knowledge
− High probability error bounds on 

the prediction*

*A. Lederer, J. Umlauft, and S. Hirche. “Uniform error bounds for Gaussian process regression with application to safe control.” In the Advances in Neural 
Information Processing Systems.” 2019

A. Gahlawat, P. Zhao, A. Patterson, N. Hovakimyan, E. Theodorou, “ℒ!-𝒢𝒫: ℒ! Adaptive Control with Bayesian Learning.” In the Learning for Dynamics         
and Control (L4DC) Conference, Berkeley, CA, 2020
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§ 𝓛𝟏 augmentation
− Ensures safety during learning
− Vanishes once learning is complete
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Safe Simultaneous Learning, Planning and Control

28

Gaussian process

• Learning with 
minimal data

Contraction theory

• Safety tubes

𝓛𝟏 controller

• Safety during learning, 
robustness, performance
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Contraction ℒ!- 𝒢𝒫 Architecture: Safe Learning and Control

§ Safety certificates in the form of tubes 
from the ℛℒ$- 𝒢𝒫 framework which 
enables safety during learning

§ Natural framework for learning using 𝒢𝒫 :
− guaranteed performance during the 

learning transients
− improved performance of the ℒ$

adaptive controller, i.e., smaller tubes
− improved quality of the planned 

trajectory
Adaptation 

Law

State 
Predictor
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Gahlawat, A., Lakshmanan, A., Song, L., Patterson, A., Wu, Z., Hovakimyan, N., & Theodorou, E. “Contraction ℒ! Adaptive Control with Gaussian 
Processes .” Learning for Dynamics and Control (L4DC) Conference (To Appear). 2021.
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Learning kicks in          tube shrinks better planning

30

ContracLon ℒ!- 𝒢𝒫 Architecture: Safe Learning and Control
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Planner-agnostic: Previous 
example uses MPPI, and this 

one uses BIT*

Contraction ℒ!- 𝒢𝒫 Architecture: Safe Learning and Control

No safety guarantees!

Out of ten random initial 
conditions, 8 trajectories
collide with obstacles. 

Uses a conservative 
knowledge of the 
uncertainty.

Safety is guaranteed!As the uncertainty is 
learned, performance is 
improved without
sacrificing robustness. 
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Learning kicks in          tube shrinks better planning

When learned model updates, no
retuning required for 

𝓡𝓛𝟏

Safety is decoupled
from learning!

Contraction ℒ!- 𝒢𝒫 Architecture: Safe Learning and Control
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Learning the Control 
Certificates

DISCO

Data

System 
Trajectories

Bayesian 
Learning

Deep 
Networks

Robust 
Adaptive 
Control

Model 
Learning

Control 
Certificate 
Learning
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Learning accurate models by themselves is 
not enough!

The accuracy of the learned models is not 
sufficient to guarantee that controllers can 

be synthesized.
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Deep Incrementally Stabilizing Control

35

*Gahlawat, A., Lakshmanan, A., Vlahov, B. Gandhi, M. Song, L,  Hovakimyan, N., and Theodorou, E. “Deep Incrementally Stabilizing Control. Under 
Review.

Our approach: Optimization-based relaxation of the feasibility problem
Design spaces of valid CCMs/ILFs and feedback laws
• Extract models that are analytically verified to be IES
• A projection-based approach

Parameterize the space of valid candidates using DNNs
• DNN opt. minimizes model-mismatch between learned and extracted models
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Control Pipeline

36

Data

System 
Trajectories Bayesian 

Learning
Deep 

Contraction 
Networks* Contrac\on ℒ! C

ontrol

Model 
Learning

Control 
Certificate 
Learning

Safe Simultaneous 
Learning

Guaranteed to obtain 
control certificates

Contraction ℒ%
compensation for 
uncertainties and 

disturbances

*Gahlawat, A., Lakshmanan, A., Vlahov, B. Gandhi, M. Song, L,  Hovakimyan, N., and Theodorou, E. “Deep Incrementally Stabilizing Control. “In 
preparation.
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A few real-world problems that need the 
robustness and performance guarantees provided 

by our safe learning and control framework.
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Learn-to-Fly (L2F)

Learning 
Control

Real-Time 
Modeling

Real-Time 
Guidance

*E. H. Heim, et al. "NASA's Learn-to-Fly Project Overview." In 2018 Atmospheric Flight Mechanics Conference, 2018.

Ground based 
methods

• CFD
• Wind Tunnel

Simulation 
Model

Controller 
Design

Flight Test

Conventional aircraft development process L2F concept*

38
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Learn-to-Fly (L2F)

● Learned model  is used to update the nominal dynamics 
● Adaptive control handles the discrepancy between the learned model and the actual dynamics 
● Periodic model update leads to switched nominal dynamics   

S. Snyder, P. Zhao and N. Hovakimyan. L1 adaptive control for switching reference systems: Application to flight 
control. IFAC-PapersOnLine, 52(16), pp.718-723, 2019.

S. Snyder, P. Zhao*, N. Hovakimyan. L1 adaptive control for learn-to-fly validated by flight tests. In preparation.  

Periodic model
update

Switched 
nom. dynamics

Model 1

Model 1

Model 1
…

39
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Flight Tests at NASA LaRC

qFlight tests on NASA Woodstock and E-1 aircraft performed at NASA LaRC

E1

Woodstock

Unstable aircraft emulation by activating the hidden feedback
• Challenging for the pilot to control 
• L2F able to achieve level flight after initial learning phase

40

S. Snyder, P. Zhao*, N. Hovakimyan. L1 adaptive control for learn-to-fly validated by flight tests. In preparation.  
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Deep Perceptual Adaptive Control
§ Uncertainty-driven safety guarantees for the full 

autonomy stack from perception to low-level control

§ Quantify performance as a function of available 
hardware and software resources

§ Dynamic resource allocation:
− Fast environment: Perception, high-rate planning, 

and adaptation prioritized.
− Slow environment: Safe model learning.

P. Drews, G. Williams, B. Goldfain, E. A., Theodorou, and J. 
M. Rehg, “Vision-based high-speed driving with a deep 
dynamic observer.” IEEE Robotics and Automation Letters, 
4(2), 1564-1571, 2019

A. Lakshmanan, A. Gahlawat and N. Hovakimyan, Safe 
Feedback Motion Planning: A Contraction Theory and L1-
Adaptive Control Based Approach, In Proceedings of 
Control and Decision Conference, Jeju Island, Korea, 2020, 
accepted.
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NASA’s Urban Aerial Mobility platforms
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Virtual Sully: Towards Full Pilotless Autonomy

§ Airbus 320 lost both engines shortly after takeoff 
due to bird strike.

§ Captain Sullenberger made the correct decision 
by landing on the Hudson river instead of 
attempting return to LaGuardia

§ Long years of experience and training of neurons 
in human brain lead to correct decisions (what 
can we learn from neuroscience?)

Credits: (left) Greg L., (right) I. Talyar

Mission 
Objectives

Task and 
Motion 

Planning

Tracking & 
Stabilizing 

Control

Safe path to the Hudson river Safe landing with just the available 
control surfaces

Teterboro

LaGuardia
Hudson

Safest landing option
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Conclusions

§ Developed advanced safe trajectory tracking control algorithms for 
complex and uncertain environments.

§ Contraction-based control ensures exponential convergence of the 
nominal system to some planned trajectory.

§ Relies on fast adaptation to immediately compensate for disturbances 
and slow adaptation to learn the unmodeled dynamics over time.

§ Performance guarantees (as tubes) and robustness margins (as filter 
design) can be tuned to ensure safety during the entire learning 
process.

43

ℒ% adaptive controller

System

Planner
(MPPI/RRT*)

Learner
(GP & DNNs)

Low-Pass 
Filter

Adaptation 
Law

State 
Predictor

Baseline
(Contraction)
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