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Known environments ..highly heterogeneous and unknown environments
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“How can I safely navigate an 
unknown environment without 

colliding with the surrounding?”
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“How can I safely navigate an 
unknown environment without 

colliding with the surrounding?”



<latexit sha1_base64="LBkb3RaEcTx0P5VXJVDwiHMKBgw="></latexit>

min
U

N∑

i=0

l(xi, ui) + lf (xN )

s.t.: xi+1 = f(xi, ui)

X → X
U → U
xN → Xf

x0 = x(k)

U = [u→
0 , . . . , u

→
N↑1]

→

X = [x→
0 , . . . , x

→
N ]→
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Dynamical 
System

<latexit sha1_base64="LW4wU/6u/zcJKNOrUtRUfizN3Pw=">AAACGnicbZC7TsNAEEXXvDEvAyXNiggEFJEdiUeJoKEEiZBIsRWtN0NYZb02u2NEZOUP+AS+ghYqOkRLQ8G/YJsUgTDV1bkzmpkbJlIYdN1Pa2Jyanpmdm7eXlhcWl5xVteuTJxqDnUey1g3Q2ZACgV1FCihmWhgUSihEfZOC79xB9qIWF1iP4EgYl0lrgVnmKO2s+2H0BUqg9u0JHsD+36nt2v7oDojsO1U3KpbFh0X3lBUyLDO286X34l5GoFCLpkxLc9NMMiYRsElDGw/NZAw3mNdaOVSsQhMkJX/DOhWahjGNAFNhaQlhNGJjEXG9KMw74wY3pi/XgH/81opXh8FmVBJiqB4sQiFhHKR4VrkQQHtCA2IrLgcqFCUM80QQQvKOM9hEYmd5+H9/X5cXNWq3kF1/6JWOT4ZJjNHNsgm2SEeOSTH5Iyckzrh5IE8kWfyYj1ar9ab9f7TOmENZ9bJr7I+vgH6WaEA</latexit>

x(k)
<latexit sha1_base64="CpORE9ns8IPoT3E3U1S2ZylrNgg="></latexit>

u⇤
0, . . . , u

⇤
N�1

<latexit sha1_base64="EIz4zF81Qgq2DFVqaXJURIW9zFM=">AAACKHicbVC7TsNAEDzzJrwClDQnIiSgiGzEq0FC0FCCRAApCdH6soRTzufjbo2IrPwIn8BX0EJFhyho+BJsk4LXVKOZWe3uhEZJR77/5g0Nj4yOjU9MlqamZ2bnyvMLZy5OrMCaiFVsL0JwqKTGGklSeGEsQhQqPA+7h7l/fovWyVifUs9gM4KOlldSAGVSq7zZCLEjdYo3SaGs90uNLhgDq3dre8nlesvPSKmBuv0t0ipX/KpfgP8lwYBU2ADHrfJ7ox2LJEJNQoFz9cA31EzBkhQKs5WJQwOiCx2sZ1RDhK6ZFt/1+UrigGJu0HKpeCHi94kUIud6UZglI6Br99vLxf+8ekJXu81UapMQapEvIqmwWOSElVltyNvSIhHklyOXmguwQIRWchAiE/NKSlkfwe/v/5KzjWqwXd062ajsHwyamWBLbJmtsoDtsH12xI5ZjQl2zx7ZE3v2HrwX79V7+4oOeYOZRfYD3scnAMCmHA==</latexit>

(x) = u⇤
0(x)

measurements control input

RH Algorithm

i. At each time 𝒌: solve FHOCP.
ii. Apply to the system the first input in 

the optimal sequence
iii. At time 𝒌 + 𝟏: Get new measurements 

and repeat the optimization.

§ Cost function
§ Constraints

Elements of the FHOCP

§ Current state
§ System model
§ Terminal ingredients

• Recursive feasibility
• Constraint satisfaction
• (Stability)
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Terminal equality constraint

Recursive feasibility 
If the FHOCP admits a solution at time 𝑘 = 0,  then a solution to the MPC 
optimization problem exists ∀𝑘 > 0.

Proof

Given a feasible solution at time 𝑘, show that a feasible solution (altough 
suboptimal) exists at time 𝑘 + 1.

𝑥!|#

𝑥$|#
𝑥(𝑘)

𝑥%|#

𝑥(𝑘 + 1)

𝑥$|#&$

𝑥%|#&$

𝑥!|#&$ = 𝑥'|#&$ = 𝑥( <latexit sha1_base64="2wxDHpgmDdzJ5pLl3pfSdp6nhoo=">AAAB/XicdVDLSgNBEJz1bXxFPQoyGARPy240bm4GvHiMYB6QhNA7tjo4+2CmV5AlePITvOrJm3jVk//hwS/wJ9xNFFS0TkVVN11dfqykIcd5tcbGJyanpmdmC3PzC4tLxeWVpokSLbAhIhXptg8GlQyxQZIUtmONEPgKW/75fu63LlAbGYVHdBljL4DTUJ5IAZRJnW4AdCZApe1Bv1hy7J2d6rZb4Y5d8ba9ipeRcrnqeR53bWeI0t7L8+H79fpzvV986x5HIgkwJKHAmI7rxNRLQZMUCgeFbmIwBnEOp9jJaAgBml46jDzgm4kBiniMmkvFhyJ+30ghMOYy8LPJPKL57eXiX14noZNqL5VhnBCGIj9EUuHwkBFaZl0gP5YaiSBPjlyGXIAGItSSgxCZmGTlFLI+vp7m/5Nm2XZ37cqhU6pV2QgzbI1tsC3mMo/V2AGrswYTLGI37JbdWVfWvfVgPY5Gx6zPnVX2A9bTB+Aimpc=</latexit>

X

discard the first input

duplicate the last input

Use the tail of the 
previous optimal 
trajectory as a 
candidate solution.

<latexit sha1_base64="HI3OuC4MmeL0noJKhjTNlrHEh6s="></latexit>

lf = 0, ωf = ūa Xf = x̄a

ü Easy to satisfy when considering position-invariant systems 
(like vehicles)
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State constraints from local sensors

§ The system evolves in a partially unknown environment and the surrounding is detected by onboard 
sensors (LiDARs, cameras, antennas…).

§ Safe set around the vehicle position (state)

time-varying state constraints

<latexit sha1_base64="PXJNOf1JyMFZvJ1iXRbI4oeduJs=">AAACEHicbVC7SgNREL3rM8bXqqUWF4MQUcKu4KMM2lhGMCaQhDB7negldx/cOyuGJY2fIH6ErVZ2YusfpPBf3N1Y+DrNHM6ZYWaOFylpyHFG1sTk1PTMbGGuOL+wuLRsr6xemDDWAusiVKFuemBQyQDrJElhM9IIvqew4fVPMr9xg9rIMDinQYQdH64C2ZMCKJW69kbbB7r2ekleBaikOSz3d2/L/e3tYdcuORUnB/9L3C9Sqm62dx5G1UGta3+0L0MR+xiQUGBMy3Ui6iSgSQqFw2I7NhiB6MMVtlIagI+mk+RfDPlWbIBCHqHmUvFcxO8TCfjGDHwv7cxuNb+9TPzPa8XUO+okMohiwkBki0gqzBcZoWUaD/JLqZEIssuRy4AL0ECEWnIQIhXjNK9imof7+/u/5GKv4h5U9s/SYI7ZGAW2zjZZmbnskFXZKauxOhPsjj2yJ/Zs3Vsv1qv1Nm6dsL5m1tgPWO+fPISfxQ==</latexit>

X (k,x(k))

<latexit sha1_base64="A6e8wlCjawUMFgvIlWPdI9vUtyQ="></latexit>

xi → X (k, x(k)) ↑i → NN
0

time-varying constraints can lead to a loss of feasibility!
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Safety - Shifting state constraints

𝑥(𝑘)

𝑥!

<latexit sha1_base64="Tq33Y7o7jFlEZpz//fSaiPl3+ow=">AAACBXicdVDLTgJBEJz1ifgCPXqZSEzgQhZUxBuJF4+YyCMBQnqHBifMPjLTq5INZ7/Cq568Ga9+hwf/xV3ERI3WqVLVna4uJ1DSkG2/WQuLS8srq6m19PrG5tZ2JrvTNH6oBTaEr3zddsCgkh42SJLCdqARXEdhyxmfJX7rGrWRvndJkwB7Low8OZQCKJb6mWzXBboSoKL2NH+bHxcK/UzOLp5WK2W7yu2iPUNCyuXDWCnNlRybo97PvHcHvghd9EgoMKZTsgPqRaBJCoXTdDc0GIAYwwg7MfXARdOLZtGn/CA0QD4PUHOp+EzE7xsRuMZMXCeeTIKa314i/uV1QhpWe5H0gpDQE8khkgpnh4zQMu4E+UBqJIIkOXLpcQEaiFBLDkLEYhiXlI77+Hqa/0+a5WKpUjy+OMrVqvNmUmyP7bM8K7ETVmPnrM4aTLAbds8e2KN1Zz1Zz9bL5+iCNd/ZZT9gvX4AfkKYFQ==</latexit>

X (x(k))

<latexit sha1_base64="+4qkLAlEtaOvOK0C8sxMkSqWIws=">AAAB/3icbVC7SgNBFJ2NrxhfUStJMyiCVdgVfBQWARs7EzAPSJZwd3ITh8w+nLkryJLCr7DVyk5s/Ql7Bf/F3SSFGk91OOde7rnHi5Q0ZNsfVm5ufmFxKb9cWFldW98obm41TBhrgXURqlC3PDCoZIB1kqSwFWkE31PY9Ibnmd+8RW1kGFzRXYSuD4NA9qUASiW34wNdC1DJ5ajrdIt7dtkeg88SZ0r2Kpud0mdt573aLX51eqGIfQxIKDCm7dgRuQlokkLhqNCJDUYghjDAdkoD8NG4yTj0iO/HBijkEWouFR+L+HMjAd+YO99LJ7OQ5q+Xif957Zj6p24igygmDER2iKTC8SEjtEzbQN6TGokgS45cBlyABiLUkoMQqRin9RTSPpy/38+SxmHZOS4f1dJiztgEeVZiu+yAOeyEVdgFq7I6E+yGPbBH9mTdW8/Wi/U6Gc1Z051t9gvW2zd6Pplo</latexit>

O1

solution at time 𝒌

<latexit sha1_base64="A8R/SeKmyxLnXvrne157/UG6J1g="></latexit>

X (x(k)) = x(k)→H
<latexit sha1_base64="/L29Xt3Wc8p3VtmBOHLvh4mujH4="></latexit>

X (x(k)) = {ω → Rn : H(ω ↑ x(k)) ↓ h}

time-invariant

convex closed 
polytopic sets 

containing the origin
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Safety - Shifting state constraints

𝑥(𝑘)

𝑥!

<latexit sha1_base64="Tq33Y7o7jFlEZpz//fSaiPl3+ow=">AAACBXicdVDLTgJBEJz1ifgCPXqZSEzgQhZUxBuJF4+YyCMBQnqHBifMPjLTq5INZ7/Cq568Ga9+hwf/xV3ERI3WqVLVna4uJ1DSkG2/WQuLS8srq6m19PrG5tZ2JrvTNH6oBTaEr3zddsCgkh42SJLCdqARXEdhyxmfJX7rGrWRvndJkwB7Low8OZQCKJb6mWzXBboSoKL2NH+bHxcK/UzOLp5WK2W7yu2iPUNCyuXDWCnNlRybo97PvHcHvghd9EgoMKZTsgPqRaBJCoXTdDc0GIAYwwg7MfXARdOLZtGn/CA0QD4PUHOp+EzE7xsRuMZMXCeeTIKa314i/uV1QhpWe5H0gpDQE8khkgpnh4zQMu4E+UBqJIIkOXLpcQEaiFBLDkLEYhiXlI77+Hqa/0+a5WKpUjy+OMrVqvNmUmyP7bM8K7ETVmPnrM4aTLAbds8e2KN1Zz1Zz9bL5+iCNd/ZZT9gvX4AfkKYFQ==</latexit>

X (x(k))

<latexit sha1_base64="+4qkLAlEtaOvOK0C8sxMkSqWIws=">AAAB/3icbVC7SgNBFJ2NrxhfUStJMyiCVdgVfBQWARs7EzAPSJZwd3ITh8w+nLkryJLCr7DVyk5s/Ql7Bf/F3SSFGk91OOde7rnHi5Q0ZNsfVm5ufmFxKb9cWFldW98obm41TBhrgXURqlC3PDCoZIB1kqSwFWkE31PY9Ibnmd+8RW1kGFzRXYSuD4NA9qUASiW34wNdC1DJ5ajrdIt7dtkeg88SZ0r2Kpud0mdt573aLX51eqGIfQxIKDCm7dgRuQlokkLhqNCJDUYghjDAdkoD8NG4yTj0iO/HBijkEWouFR+L+HMjAd+YO99LJ7OQ5q+Xif957Zj6p24igygmDER2iKTC8SEjtEzbQN6TGokgS45cBlyABiLUkoMQqRin9RTSPpy/38+SxmHZOS4f1dJiztgEeVZiu+yAOeyEVdgFq7I6E+yGPbBH9mTdW8/Wi/U6Gc1Z051t9gvW2zd6Pplo</latexit>

O1

Candidate solution at time 𝒌 + 𝟏

<latexit sha1_base64="A8R/SeKmyxLnXvrne157/UG6J1g="></latexit>

X (x(k)) = x(k)→H
<latexit sha1_base64="/L29Xt3Wc8p3VtmBOHLvh4mujH4="></latexit>

X (x(k)) = {ω → Rn : H(ω ↑ x(k)) ↓ h}
convex closed 
polytopic sets 

containing the origin

time-invariant
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Safety - Shifting state constraints

𝑥(𝑘 + 1)

𝑥!

<latexit sha1_base64="A8R/SeKmyxLnXvrne157/UG6J1g="></latexit>

X (x(k)) = x(k)→H
<latexit sha1_base64="/L29Xt3Wc8p3VtmBOHLvh4mujH4="></latexit>

X (x(k)) = {ω → Rn : H(ω ↑ x(k)) ↓ h}

time-invariant

The candidate solution violates the constraint at time 𝑘 + 1

Candidate solution at time 𝒌 + 𝟏
<latexit sha1_base64="zCGOZBbWHtbTmmwCLsJXEQz4Q8I=">AAACB3icdVDLSgNBEJz1bXxFc/QyGIQEIezGxMRbwIvHCOYBSQi9Y6tDZh/M9IphyQf4FV715E28+hke/Bd3YwQVrVNR1U1Xlxsqaci236y5+YXFpeWV1cza+sbmVnZ7p22CSAtsiUAFuuuCQSV9bJEkhd1QI3iuwo47Okn9zg1qIwP/nMYhDjy48uWlFECJNMzm+h7QtQAVdyeF28LowCkWh9m8XTq0a07N4Qk5LpePU1KpVerVKndK9hR5NkNzmH3vXwQi8tAnocCYnmOHNIhBkxQKJ5l+ZDAEMYIr7CXUBw/NIJ6Gn/D9yAAFPETNpeJTEb9vxOAZM/bcZDKNan57qfiX14vosj6IpR9GhL5ID5FUOD1khJZJK8gvpEYiSJMjlz4XoIEIteQgRCJGSU2ZpI+vp/n/pF0uOUel6lkl36jPmllhu2yPFZjDaqzBTlmTtZhgY3bPHtijdWc9Wc/Wy+fonDXbybEfsF4/AI//mKM=</latexit>

X (x(k + 1))

<latexit sha1_base64="+4qkLAlEtaOvOK0C8sxMkSqWIws=">AAAB/3icbVC7SgNBFJ2NrxhfUStJMyiCVdgVfBQWARs7EzAPSJZwd3ITh8w+nLkryJLCr7DVyk5s/Ql7Bf/F3SSFGk91OOde7rnHi5Q0ZNsfVm5ufmFxKb9cWFldW98obm41TBhrgXURqlC3PDCoZIB1kqSwFWkE31PY9Ibnmd+8RW1kGFzRXYSuD4NA9qUASiW34wNdC1DJ5ajrdIt7dtkeg88SZ0r2Kpud0mdt573aLX51eqGIfQxIKDCm7dgRuQlokkLhqNCJDUYghjDAdkoD8NG4yTj0iO/HBijkEWouFR+L+HMjAd+YO99LJ7OQ5q+Xif957Zj6p24igygmDER2iKTC8SEjtEzbQN6TGokgS45cBlyABiLUkoMQqRin9RTSPpy/38+SxmHZOS4f1dJiztgEeVZiu+yAOeyEVdgFq7I6E+yGPbBH9mTdW8/Wi/U6Gc1Z051t9gvW2zd6Pplo</latexit>

O1

convex closed 
polytopic sets 

containing the origin
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Safety - Shifting state constraints

𝑥(𝑘)

𝑥!

<latexit sha1_base64="Tq33Y7o7jFlEZpz//fSaiPl3+ow=">AAACBXicdVDLTgJBEJz1ifgCPXqZSEzgQhZUxBuJF4+YyCMBQnqHBifMPjLTq5INZ7/Cq568Ga9+hwf/xV3ERI3WqVLVna4uJ1DSkG2/WQuLS8srq6m19PrG5tZ2JrvTNH6oBTaEr3zddsCgkh42SJLCdqARXEdhyxmfJX7rGrWRvndJkwB7Low8OZQCKJb6mWzXBboSoKL2NH+bHxcK/UzOLp5WK2W7yu2iPUNCyuXDWCnNlRybo97PvHcHvghd9EgoMKZTsgPqRaBJCoXTdDc0GIAYwwg7MfXARdOLZtGn/CA0QD4PUHOp+EzE7xsRuMZMXCeeTIKa314i/uV1QhpWe5H0gpDQE8khkgpnh4zQMu4E+UBqJIIkOXLpcQEaiFBLDkLEYhiXlI77+Hqa/0+a5WKpUjy+OMrVqvNmUmyP7bM8K7ETVmPnrM4aTLAbds8e2KN1Zz1Zz9bL5+iCNd/ZZT9gvX4AfkKYFQ==</latexit>

X (x(k))

ü The following implementation guarantee the recursive feasibility of the problem 

such that
<latexit sha1_base64="qg1Mnsh0sQj2p8kJk+RKd/c9kAw=">AAACC3icbVC7SgNBFJ31GeMramGhxWAQImLYFXwUFgGblBFMFJKwzI5XvWT24cxdSVjyCZKPsNXKTqwEP8LCz7B3E1No9FSHc+7l3nO8SKEh2363xsYnJqemMzPZ2bn5hcXc0nLNhLGWUJWhCvW5JwwoDKBKSArOIw3C9xScea3jvn92C9pgGJxSJ4KmL64CvEQpKJXc3Gq50HYT3Ha6O20Xt3hDwQ2/dtHN5e2iPQD/S5whyZfWe43C52uv4uY+GhehjH0ISCphTN2xI2omQhNKBd1sIzYQCdkSV1BPaSB8MM1kEKDLN2MjKOQRaI6KD0T4uZEI35iO76WTvqBrM+r1xf+8ekyXh80EgygmCGT/EKGCwSEjNabNAL9ADUSi/zlwDLgUWhCBRi6kTMU4rSqb9uGMpv9LartFZ7+4d5IWc8S+kWFrbIMVmMMOWImVWYVVmWRdds8e2KN1Zz1Zz9bL9+iYNdxZYb9gvX0B2YKdcw==</latexit>

H(xi+1 → xi) ↑ hi

<latexit sha1_base64="w3N9seMtUiPISjIa2yZ7Ax7VkHw="></latexit>

N∑

i=0

hi → h, ↑i ↓ NN→1
0

<latexit sha1_base64="+4qkLAlEtaOvOK0C8sxMkSqWIws=">AAAB/3icbVC7SgNBFJ2NrxhfUStJMyiCVdgVfBQWARs7EzAPSJZwd3ITh8w+nLkryJLCr7DVyk5s/Ql7Bf/F3SSFGk91OOde7rnHi5Q0ZNsfVm5ufmFxKb9cWFldW98obm41TBhrgXURqlC3PDCoZIB1kqSwFWkE31PY9Ibnmd+8RW1kGFzRXYSuD4NA9qUASiW34wNdC1DJ5ajrdIt7dtkeg88SZ0r2Kpud0mdt573aLX51eqGIfQxIKDCm7dgRuQlokkLhqNCJDUYghjDAdkoD8NG4yTj0iO/HBijkEWouFR+L+HMjAd+YO99LJ7OQ5q+Xif957Zj6p24igygmDER2iKTC8SEjtEzbQN6TGokgS45cBlyABiLUkoMQqRin9RTSPpy/38+SxmHZOS4f1dJiztgEeVZiu+yAOeyEVdgFq7I6E+yGPbBH9mTdW8/Wi/U6Gc1Z051t9gvW2zd6Pplo</latexit>

O1

solution at time 𝒌
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Safety - Shifting state constraints

𝑥(𝑘)

𝑥!

solution at time 𝒌 + 𝟏

<latexit sha1_base64="Tq33Y7o7jFlEZpz//fSaiPl3+ow=">AAACBXicdVDLTgJBEJz1ifgCPXqZSEzgQhZUxBuJF4+YyCMBQnqHBifMPjLTq5INZ7/Cq568Ga9+hwf/xV3ERI3WqVLVna4uJ1DSkG2/WQuLS8srq6m19PrG5tZ2JrvTNH6oBTaEr3zddsCgkh42SJLCdqARXEdhyxmfJX7rGrWRvndJkwB7Low8OZQCKJb6mWzXBboSoKL2NH+bHxcK/UzOLp5WK2W7yu2iPUNCyuXDWCnNlRybo97PvHcHvghd9EgoMKZTsgPqRaBJCoXTdDc0GIAYwwg7MfXARdOLZtGn/CA0QD4PUHOp+EzE7xsRuMZMXCeeTIKa314i/uV1QhpWe5H0gpDQE8khkgpnh4zQMu4E+UBqJIIkOXLpcQEaiFBLDkLEYhiXlI77+Hqa/0+a5WKpUjy+OMrVqvNmUmyP7bM8K7ETVmPnrM4aTLAbds8e2KN1Zz1Zz9bL5+iCNd/ZZT9gvX4AfkKYFQ==</latexit>

X (x(k))

ü The following implementation guarantee the recursive feasibility of the problem 

such that
<latexit sha1_base64="qg1Mnsh0sQj2p8kJk+RKd/c9kAw=">AAACC3icbVC7SgNBFJ31GeMramGhxWAQImLYFXwUFgGblBFMFJKwzI5XvWT24cxdSVjyCZKPsNXKTqwEP8LCz7B3E1No9FSHc+7l3nO8SKEh2363xsYnJqemMzPZ2bn5hcXc0nLNhLGWUJWhCvW5JwwoDKBKSArOIw3C9xScea3jvn92C9pgGJxSJ4KmL64CvEQpKJXc3Gq50HYT3Ha6O20Xt3hDwQ2/dtHN5e2iPQD/S5whyZfWe43C52uv4uY+GhehjH0ISCphTN2xI2omQhNKBd1sIzYQCdkSV1BPaSB8MM1kEKDLN2MjKOQRaI6KD0T4uZEI35iO76WTvqBrM+r1xf+8ekyXh80EgygmCGT/EKGCwSEjNabNAL9ADUSi/zlwDLgUWhCBRi6kTMU4rSqb9uGMpv9LartFZ7+4d5IWc8S+kWFrbIMVmMMOWImVWYVVmWRdds8e2KN1Zz1Zz9bL9+iYNdxZYb9gvX0B2YKdcw==</latexit>

H(xi+1 → xi) ↑ hi

<latexit sha1_base64="w3N9seMtUiPISjIa2yZ7Ax7VkHw="></latexit>

N∑

i=0

hi → h, ↑i ↓ NN→1
0

Candidate

<latexit sha1_base64="+4qkLAlEtaOvOK0C8sxMkSqWIws=">AAAB/3icbVC7SgNBFJ2NrxhfUStJMyiCVdgVfBQWARs7EzAPSJZwd3ITh8w+nLkryJLCr7DVyk5s/Ql7Bf/F3SSFGk91OOde7rnHi5Q0ZNsfVm5ufmFxKb9cWFldW98obm41TBhrgXURqlC3PDCoZIB1kqSwFWkE31PY9Ibnmd+8RW1kGFzRXYSuD4NA9qUASiW34wNdC1DJ5ajrdIt7dtkeg88SZ0r2Kpud0mdt573aLX51eqGIfQxIKDCm7dgRuQlokkLhqNCJDUYghjDAdkoD8NG4yTj0iO/HBijkEWouFR+L+HMjAd+YO99LJ7OQ5q+Xif957Zj6p24igygmDER2iKTC8SEjtEzbQN6TGokgS45cBlyABiLUkoMQqRin9RTSPpy/38+SxmHZOS4f1dJiztgEeVZiu+yAOeyEVdgFq7I6E+yGPbBH9mTdW8/Wi/U6Gc1Z051t9gvW2zd6Pplo</latexit>

O1



MPC for constrained navigation

8

Safety - Shifting state constraints

𝑥(𝑘 + 1)

𝑥!

ü The following implementation guarantee the recursive feasibility of the problem 

such that
<latexit sha1_base64="qg1Mnsh0sQj2p8kJk+RKd/c9kAw=">AAACC3icbVC7SgNBFJ31GeMramGhxWAQImLYFXwUFgGblBFMFJKwzI5XvWT24cxdSVjyCZKPsNXKTqwEP8LCz7B3E1No9FSHc+7l3nO8SKEh2363xsYnJqemMzPZ2bn5hcXc0nLNhLGWUJWhCvW5JwwoDKBKSArOIw3C9xScea3jvn92C9pgGJxSJ4KmL64CvEQpKJXc3Gq50HYT3Ha6O20Xt3hDwQ2/dtHN5e2iPQD/S5whyZfWe43C52uv4uY+GhehjH0ISCphTN2xI2omQhNKBd1sIzYQCdkSV1BPaSB8MM1kEKDLN2MjKOQRaI6KD0T4uZEI35iO76WTvqBrM+r1xf+8ekyXh80EgygmCGT/EKGCwSEjNabNAL9ADUSi/zlwDLgUWhCBRi6kTMU4rSqb9uGMpv9LartFZ7+4d5IWc8S+kWFrbIMVmMMOWImVWYVVmWRdds8e2KN1Zz1Zz9bL9+iYNdxZYb9gvX0B2YKdcw==</latexit>

H(xi+1 → xi) ↑ hi

<latexit sha1_base64="w3N9seMtUiPISjIa2yZ7Ax7VkHw="></latexit>

N∑

i=0

hi → h, ↑i ↓ NN→1
0

<latexit sha1_base64="zCGOZBbWHtbTmmwCLsJXEQz4Q8I=">AAACB3icdVDLSgNBEJz1bXxFc/QyGIQEIezGxMRbwIvHCOYBSQi9Y6tDZh/M9IphyQf4FV715E28+hke/Bd3YwQVrVNR1U1Xlxsqaci236y5+YXFpeWV1cza+sbmVnZ7p22CSAtsiUAFuuuCQSV9bJEkhd1QI3iuwo47Okn9zg1qIwP/nMYhDjy48uWlFECJNMzm+h7QtQAVdyeF28LowCkWh9m8XTq0a07N4Qk5LpePU1KpVerVKndK9hR5NkNzmH3vXwQi8tAnocCYnmOHNIhBkxQKJ5l+ZDAEMYIr7CXUBw/NIJ6Gn/D9yAAFPETNpeJTEb9vxOAZM/bcZDKNan57qfiX14vosj6IpR9GhL5ID5FUOD1khJZJK8gvpEYiSJMjlz4XoIEIteQgRCJGSU2ZpI+vp/n/pF0uOUel6lkl36jPmllhu2yPFZjDaqzBTlmTtZhgY3bPHtijdWc9Wc/Wy+fonDXbybEfsF4/AI//mKM=</latexit>

X (x(k + 1))

<latexit sha1_base64="+4qkLAlEtaOvOK0C8sxMkSqWIws=">AAAB/3icbVC7SgNBFJ2NrxhfUStJMyiCVdgVfBQWARs7EzAPSJZwd3ITh8w+nLkryJLCr7DVyk5s/Ql7Bf/F3SSFGk91OOde7rnHi5Q0ZNsfVm5ufmFxKb9cWFldW98obm41TBhrgXURqlC3PDCoZIB1kqSwFWkE31PY9Ibnmd+8RW1kGFzRXYSuD4NA9qUASiW34wNdC1DJ5ajrdIt7dtkeg88SZ0r2Kpud0mdt573aLX51eqGIfQxIKDCm7dgRuQlokkLhqNCJDUYghjDAdkoD8NG4yTj0iO/HBijkEWouFR+L+HMjAd+YO99LJ7OQ5q+Xif957Zj6p24igygmDER2iKTC8SEjtEzbQN6TGokgS45cBlyABiLUkoMQqRin9RTSPpy/38+SxmHZOS4f1dJiztgEeVZiu+yAOeyEVdgFq7I6E+yGPbBH9mTdW8/Wi/U6Gc1Z051t9gvW2zd6Pplo</latexit>

O1

solution at time 𝒌 + 𝟏Candidate



<latexit sha1_base64="+q3SwBf5PyuBPdDAkQfwa36ANr8="></latexit>

X (k, x(k)) = x(k)→H(k)

MPC for constrained navigation

9

Safety - Unpredictable state constraints

Due to the time-varying unpredictable nature of the constraints the recursive feasibilty cannot be 
guaranteed.

<latexit sha1_base64="ULMaxUMcdZmvHyVmTwHnWheBCiI="></latexit>

X (k, x(k)) = {ω → Rn : H(k)(ω ↑ x(k)) ↓ h(k)}

time-variant

[2] Saccani, D., & Fagiano, L. Autonomous uav navigation in an unknown environment via multi-trajectory model predictive control. In 2021 European Control Conference (ECC)

convex closed 
polytopic sets 

containing the origin



MPC for constrained navigation
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Safety - Unpredictable state constraints

Admissible state

Sequence of feasible sets
<latexit sha1_base64="C6ri1zlRg/odOnDG5DIarqh+M3A="></latexit>

S(k) = {X (j, x(j)), →j ↑ k}, →k

<latexit sha1_base64="b7jf6HNAvRaoOXWUXi8h2dtkkaQ="></latexit>

if exists a j → k such that x(k) ↑ X (j, x(j)).

<latexit sha1_base64="4BDzCKlYdOSi5215ucM9VfhTe3Q=">AAACCnicbVC7SgRBEJz17fk6FQw0GTwEBTl2BR8YCSYmgqKnwt1x9I6tDjc7u8z0isd6GJn5FaYamYlg5E8Y+BvGzp4Gvioqqrrp6goTJS35/qvX1d3T29c/MFgYGh4ZHSuOTxzYODUCKyJWsTkKwaKSGiskSeFRYhCiUOFh2NzM/cNzNFbGep9aCdYjONXyRAogJzWKUxfzzYWa1LUI6EyAyvbaTlhsFEt+2e+A/yXBFyltTF+X3q+2n3caxbfacSzSCDUJBdZWAz+hegaGpFDYLtRSiwmIJpxi1VENEdp61snf5nOpBYp5goZLxTsift/IILK2FYVuMo9pf3u5+J9XTelkrZ5JnaSEWuSHSCrsHLLCSFcM8mNpkAjy5Mil5gIMEKGRHIRwYuqaKrg+gt/f/yUHS+Vgpby864pZZ58YYDNsls2zgK2yDbbFdliFCXbJbtkdu/duvAfv0Xv6HO3yvnYm2Q94Lx+tep1c</latexit>

x(k) → S(k),

Modified problem

Instead of:
Guarantee the existence of a feasible problem 
at each time step, such that:

<latexit sha1_base64="oqz8CIThCH7fvvI4QpYuCxr73Ks=">AAACCXicbVC7SgNBFJ31bXxFxUabwSBoE3YFH1gJNjZCRKNCEsLd8apDZmeXmbtiWIKVlV9hq5WdWNj4FRb+hrWziYWvUx3OuZd77gkTJS35/pvX1z8wODQ8MloYG5+YnCpOzxzZODUCqyJWsTkJwaKSGqskSeFJYhCiUOFx2NrJ/eNLNFbG+pDaCTYiONfyTAogJzWLc1fLrZW61PUI6EKAyg46TmgWS37Z74L/JcEXKW3P35Q+rvdeKs3ie/00FmmEmoQCa2uBn1AjA0NSKOwU6qnFBEQLzrHmqIYIbSPrxu/wpdQCxTxBw6XiXRG/b2QQWduOQjeZp7S/vVz8z6uldLbZyKROUkIt8kMkFXYPWWGk6wX5qTRIBHly5FJzAQaI0EgOQjgxdUUVXB/B7+//kqPVcrBeXtt3xWyxHkbYAltkyyxgG2yb7bIKqzLBMnbH7tmDd+s9ek/ec2+0z/vamWU/4L1+AjwMnSY=</latexit>

x(k) → S(k)

<latexit sha1_base64="A6e8wlCjawUMFgvIlWPdI9vUtyQ=">< /latexit>

xi → X (k, x(k)) ↑i → NN
0



MPC for constrained navigation
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Safety - Modified receding horizon implementation

Solve

Is it feasible?

ü Easy to prove the existence of an admissible control problem at each time step.

YES NO

Stores the information about the last feasible problem

𝑥(𝑘)
𝑥(𝑘 + 1) 𝑥!

[2] Saccani, D., & Fagiano, L. Autonomous uav navigation in an unknown environment via multi-trajectory model predictive control. In 2021 European Control Conference (ECC)

<latexit sha1_base64="+4qkLAlEtaOvOK0C8sxMkSqWIws=">AAAB/3icbVC7SgNBFJ2NrxhfUStJMyiCVdgVfBQWARs7EzAPSJZwd3ITh8w+nLkryJLCr7DVyk5s/Ql7Bf/F3SSFGk91OOde7rnHi5Q0ZNsfVm5ufmFxKb9cWFldW98obm41TBhrgXURqlC3PDCoZIB1kqSwFWkE31PY9Ibnmd+8RW1kGFzRXYSuD4NA9qUASiW34wNdC1DJ5ajrdIt7dtkeg88SZ0r2Kpud0mdt573aLX51eqGIfQxIKDCm7dgRuQlokkLhqNCJDUYghjDAdkoD8NG4yTj0iO/HBijkEWouFR+L+HMjAd+YO99LJ7OQ5q+Xif957Zj6p24igygmDER2iKTC8SEjtEzbQN6TGokgS45cBlyABiLUkoMQqRin9RTSPpy/38+SxmHZOS4f1dJiztgEeVZiu+yAOeyEVdgFq7I6E+yGPbBH9mTdW8/Wi/U6Gc1Z051t9gvW2zd6Pplo</latexit>

O1

<latexit sha1_base64="N2OHRlf8ce0s/zZoFPPmeuHXAcc=">AAAB/3icbVC7SgNBFJ31bXwlWkmawSBYhd2Aj8JCsLFTwTwgWcLdyU0cMvtw5q4QlhR+ha1WdmLrT9gr+C/uJik08VSHc+7lnnu8SElDtv1pzc0vLC4tr6zm1tY3Nrfyhe2aCWMtsCpCFeqGBwaVDLBKkhQ2Io3gewrrXv888+v3qI0MgxsaROj60AtkVwqgVHJbPtCtAJVcDtuVdr5kl+0R+CxxJqR0VmgVv653P67a+e9WJxSxjwEJBcY0HTsiNwFNUigc5lqxwQhEH3rYTGkAPho3GYUe8v3YAIU8Qs2l4iMRf28k4Bsz8L10Mgtppr1M/M9rxtQ9cRMZRDFhILJDJBWODhmhZdoG8o7USARZcuQy4AI0EKGWHIRIxTitJ5f24Ux/P0tqlbJzVD68Tos5ZWOssCLbYwfMYcfsjF2wK1Zlgt2xR/bEnq0H68V6td7Go3PWZGeH/YH1/gN7zZlp</latexit>

O2
<latexit sha1_base64="xwQSAQlYjHiPVZjTjUmQ4fLZU6Y=">AAAB/3icbVC7TsNAEDyHd3gFqBDNiQiJKrJBPAoKJBo6QCIkUmxF68smnHJ+cLdGiqwUfAUtVHSIlp+gB4l/wTYpIDDVaGZXOzt+rKQh2363ShOTU9Mzs3Pl+YXFpeXKyuqViRItsC4iFemmDwaVDLFOkhQ2Y40Q+Aobfv8k9xu3qI2MwksaxOgF0AtlVwqgTPLcAOhagErPhu3ddqVq1+wC/C9xRqR6vOJufFysv523K59uJxJJgCEJBca0HDsmLwVNUigclt3EYAyiDz1sZTSEAI2XFqGHfCsxQBGPUXOpeCHiz40UAmMGgZ9N5iHNuJeL/3mthLqHXirDOCEMRX6IpMLikBFaZm0g70iNRJAnRy5DLkADEWrJQYhMTLJ6ylkfzvj3f8nVTs3Zr+1dZMUcsW/Msg22ybaZww7YMTtl56zOBLth9+yBPVp31pP1bL18j5as0c4a+wXr9Qt9XJlq</latexit>

O3

<latexit sha1_base64="XFFRBOyPC7VynuPaWF6NHg2pkls="></latexit>

P(x(k),X (k, x(k)), x̄r)

<latexit sha1_base64="S4hnpKEY38X2jwjkhfROkSIhQyY=">AAAB/nicjVC7SgNBFJ2NrxhfUUtBBoMQLcKuoKYRAzaWCZgHJDHMTm7ikNkHM3eEsARs/AVbrezENpX/YeEX+BPuJhYqCp7qcM653MNxQyk02varlZqZnZtfSC9mlpZXVtey6xs1HRjFocoDGaiGyzRI4UMVBUpohAqY50qou4OzxK9fg9Ii8C9wGELbY31f9ARnGEstkx/s0RNqLvc7diebcwr2BPRvkjt9GVfeb7fH5U72rdUNuPHARy6Z1k3HDrEdMYWCSxhlWkZDyPiA9aEZU595oNvRpPOI7hrNMKAhKCoknYjw9SJintZDz42THsMr/dNLxN+8psFesR0JPzQIPk8eoZAweaS5EvEYQLtCASJLmgMVPuVMMURQgjLOY9HE62T+t0ftoOAcFQ4rdq5UJFOkyRbZIXnikGNSIuekTKqEk5DckXvyYN1Yj9aT9TyNpqzPm03yDdb4A3d1mPw=</latexit>

u(k) = u→
0

<latexit sha1_base64="GAsDznX82SJVQj28fNay3r3AYDo=">AAAB/XicjVC7SgNBFJ31GeMrainIYBAShLArqGnEgI1lAuYByRJmJzdxyOyDmbtCWIKVn2CrlZ3Ymsr/sPAL/Al3NxYqCp7mXs6DezlOIIVG03w1Zmbn5hcWM0vZ5ZXVtfXcxmZD+6HiUOe+9FXLYRqk8KCOAiW0AgXMdSQ0neFZojevQGnhexc4CsB22cATfcEZxlRbFob7VvEkHsVuLm+VzBT07yV/+jKpvd/sTKrd3Fun5/PQBQ+5ZFq3LTNAO2IKBZcwznZCDQHjQzaAdrx6zAVtR+nLY7oXaoY+DUBRIWlKwtdExFytR64TO12Gl/qnlpC/ae0Q+2U7El4QIng8OYRCQnpIcyXiLoD2hAJElnwOVHiUM8UQQQnKOI/JMC4n+78+Ggcl66h0WDPzlTKZIkO2yS4pEIsckwo5J1VSJ5z45JbckXvj2ngwHo2nqXXG+MxskW8wnj8A0P6YoQ==</latexit>

l(k + 1) = l(k)
<latexit sha1_base64="S4hnpKEY38X2jwjkhfROkSIhQyY=">AAAB/nicjVC7SgNBFJ2NrxhfUUtBBoMQLcKuoKYRAzaWCZgHJDHMTm7ikNkHM3eEsARs/AVbrezENpX/YeEX+BPuJhYqCp7qcM653MNxQyk02varlZqZnZtfSC9mlpZXVtey6xs1HRjFocoDGaiGyzRI4UMVBUpohAqY50qou4OzxK9fg9Ii8C9wGELbY31f9ARnGEstkx/s0RNqLvc7diebcwr2BPRvkjt9GVfeb7fH5U72rdUNuPHARy6Z1k3HDrEdMYWCSxhlWkZDyPiA9aEZU595oNvRpPOI7hrNMKAhKCoknYjw9SJintZDz42THsMr/dNLxN+8psFesR0JPzQIPk8eoZAweaS5EvEYQLtCASJLmgMVPuVMMURQgjLOY9HE62T+t0ftoOAcFQ4rdq5UJFOkyRbZIXnikGNSIuekTKqEk5DckXvyYN1Yj9aT9TyNpqzPm03yDdb4A3d1mPw=</latexit>

u(k) = u→
0

<latexit sha1_base64="Gd2xm652IDQ25O6xXivbL2I9qjI=">AAACE3icjVBLSgNBEO3xG+Mv6lLQxiBEkDAR1OwMuHEZ0SRCEkJNW2qTng/dNWIYsswRPIVbhYDgQtx6ABeewEs4M7pQUfCtivehqp4TKGnItl+skdGx8YnJzFR2emZ2bj63sFg3fqgF1oSvfH3igEElPayRJIUngUZwHYUNp7uf6I1L1Eb63jH1Amy7cO7JMymAYqqTW20RXlF05KtL5H3ecoEuBKio2i9cFbobm51cvlS0U/C/h/zew/DwbbAyrHZyr61TX4QueiQUGNMs2QG1I9AkhcJ+thUaDEB04Ryb8eiBi6YdpY/0+XpogHweoOZS8ZTEr4kIXGN6rhM7k0PNTy0hf9OaIZ2V25H0gpDQE8kikgrTRUZoGTeE/FRqJILkcuTS4wI0EKGWHISIyTCuLPu/PupbxdJOcfvQzlfK7AMZtszWWIGV2C6rsANWZTUm2IDdsFt2Z11b99aj9fRhHbE+M0vsG6zndxgVohk=</latexit>

Solve P(x(k),
<latexit sha1_base64="vFve4UO6azZq/D7eF8AGCeeBmHs="></latexit>

X (l(k), x(l(k))
<latexit sha1_base64="zGn/hCXxbtXL2ACdkQKXJibuLQw=">AAAB/XicbVDLSgNBEJyN7/iKehG8DAZBQcKumJjcRC8eFYwRkhB6x04cnH0w0yvqEvQnvOrJm3jw4rcI+i9Oooga61RUddPV5cdKGnLdVyczNDwyOjY+kZ2cmp6Zzc3NH5ko0QKrIlKRPvbBoJIhVkmSwuNYIwS+wpp/ttvza+eojYzCQ7qMsRlAJ5RtKYCsVF9v+KDTi25Lr7VyebdQKW1sFkvckq1ypVjhXsHt45vktxev3iZunnf2W7n3xkkkkgBDEgqMqXtuTM0UNEmhsJttJAZjEGfQwbqlIQRommk/cpevJAYo4jFqLhXvi/hzI4XAmMvAt5MB0Kn56/XE/7x6Qu1yM5VhnBCGoneIpML+ISO0tF0gP5EaiaCXHLkMuQANRKglByGsmNhysraPge8HydFGwSsVige2mDL7xDhbYstslXlsi22zPbbPqkywiN2yO3bvXDsPzqPz9Dmacb52FtgvOC8fp16ZCw==</latexit>

, x̄r)

<latexit sha1_base64="xgEXUmsH8MoujYXpbCwZ3fsFCBc=">AAACB3icdVDLSgNBEJz1bXxFvQheBkWIIGE3wTXeRC8eI5gYSELoHVsdMvtgpleMS8CrX+FVT4IH8epnCPov7kYFFa1TUdVNV5cXKWnItl+soeGR0bHxicnc1PTM7Fx+fqFuwlgLrIlQhbrhgUElA6yRJIWNSCP4nsIjr7uX+UfnqI0Mg0PqRdj24TSQJ1IApVInv9jygc4EqKTRL3Q3Lgrd9fVOftUuuttO2S1zu2gPkBHHLdkudz6V1Z2ly9fJq4fdaif/1joORexjQEKBMU3HjqidgCYpFPZzrdhgBKILp9hMaQA+mnYyCN/na7EBCnmEmkvFByJ+30jAN6bne+lkFtX89jLxL68Z00mlncggigkDkR0iqXBwyAgt01aQH0uNRJAlRy4DLkADEWrJQYhUjNOacmkfX0/z/0m9VHTc4uZBWkyFfWCCLbMVVmAO22I7bJ9VWY0J1mM37JbdWdfWvfVoPX2MDlmfO4vsB6zndx08m+I=</latexit>

X (k, x(k))<latexit sha1_base64="gT01BhE14KaTaXkwxgLIIwzq/0o="></latexit>

store

X (l(k), x(l(k)))

<latexit sha1_base64="A42NHQ8K6vGy0HjfL77uNk5aFfs="></latexit>

X (k + 1, x(k + 1))

<latexit sha1_base64="Dyr4OlzWB2Q82X0BPdEuRYKKlKU=">AAAB+nicjVDJSgNBFHzjGuMW9eilMQgRIcyISy5CwIvHCGaBZAg9nZfYpGeh+40QxvyEVz15E6/+jAf/xZkxBxUF61RU1eMV5UVKGrLtN2tufmFxabmwUlxdW9/YLG1tt0wYa4FNEapQdzxuUMkAmyRJYSfSyH1PYdsbX2R++xa1kWFwTZMIXZ+PAjmUglMqdVRlfOgcnI/7pbJTtXOwv0kZZmj0S++9QShiHwMSihvTdeyI3IRrkkLhtNiLDUZcjPkIuykNuI/GTfK+U7YfG04hi1AzqVgu4teLhPvGTHwvTfqcbsxPLxN/87oxDWtuIoMoJgxE9oikwvyREVqmQyAbSI1EPGuOTAZMcM2JUEvGhUjFOF2m+L89WkdV57R6cnVcrtdmyxRgF/agAg6cQR0uoQFNEKDgHh7g0bqznqxn6+UzOmfNbnbgG6zXDz2Rk34=</latexit>

l(k + 1) = k
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MPC for constrained navigation
Exploitation

Ø Relying only on local information can lead to a 
conservative behaviour.

Multi-trajectory MPC formulation

[3] Saccani, D., Cecchin, L., & Fagiano, L. (2022). Multitrajectory model predictive control for safe UAV navigation in an unknown environment. IEEE Transactions on Control Systems Technology

Safe set   considered at each time step 𝑘
generally changes over time

<latexit sha1_base64="2j+r2/6N1ar5G/KceOACgxkT7as=">AAACDHicbVDJSgNBEO1xTcYt6iXgpVGEeAkzgstR9OIxglkgCaGmU9EmPQvdNUIcIn6BX+FVD+JNvPoPgv6LM6MHt3epx3tVVNXzIiUNOc6rNTE5NT0zWyjac/MLi0ul5ZWGCWMtsC5CFeqWBwaVDLBOkhS2Io3gewqb3vAo85sXqI0Mg1MaRdj14SyQAymAUqlXKtsdH+jcGyR5FaCS1rgy3Br3ShtO1cnB/xL3i2wclC/fitcPh7Ve6b3TD0XsY0BCgTFt14mom4AmKRSO7U5sMAIxhDNspzQAH003yT8Y883YAIU8Qs2l4rmI3ycS8I0Z+V7amZ1pfnuZ+J/Xjmmw301kEMWEgcgWkVSYLzJCyzQa5H2pkQiyy5HLgAvQQIRachAiFeM0KzvNw/39/V/S2K66u9WdkzSYffaJAltj66zCXLbHDtgxq7E6E+yK3bI7dm/dWI/Wk/X82Tphfc2ssh+wXj4AiHWeWQ==</latexit>

X (k)



Multi-trajectory Model Predictive Control (mt-MPC)
Intuitive idea

The other one guarantees a 
safe recovery maneuver

One trajectory 
carries out the main 

task

• Predict two trajectories sharing the first waypoint Should I go or 
should I stop?

13



Multi-trajectory Model Predictive Control (mt-MPC)
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Formulation

<latexit sha1_base64="NeXqQs/VaCdFUYw2t3Xg8iMnzHE="></latexit>

Us = [us→

0 , . . . , us→

N→1]
↑

<latexit sha1_base64="EP8rtMcbXKtAG9Rxylv1xyYct1o="></latexit>

Ue = [ue→

0 , . . . , ue→

N→1]
↑

• Two different input sequences sharing the first control action
<latexit sha1_base64="ZUzw3r3nhd6E/fts2jhZANcRZQo=">AAACOXicbVDLSsNAFJ34rPUVdelmsAiuSiK+NkJRBJcVbBWaWibT2zp08mDmjlhCvshP8CtcqrhwJ279AZPYha3e1eGcc+eeOX4shUbHebampmdm5+ZLC+XFpeWVVXttvakjozg0eCQjde0zDVKE0ECBEq5jBSzwJVz5g9Ncv7oDpUUUXuIwhnbA+qHoCc4wozr2mYdwj8U7iS8NpIkXMLz1e4npODeQpvSY/rIo6I47dJp6XrljV5yqUwz9C9wRqJDR1Dv2m9eNuAkgRC6Z1i3XibGdMIWCS0jLntEQMz5gfWhlMGQB6HZSZEjpttEMIxqDokLSgoTfGwkLtB4GfubMk+pJLSf/01oGe0ftRISxQQh5fgiFhOKQ5kpkPQLtCgWILE8OVISUM8UQQQnKOM9IkxWb9+FO/v4vaO5W3YPq/sVepXYyaqZENskW2SEuOSQ1ck7qpEE4eSBP5IW8Wo/Wu/Vhff5Yp6zRzgYZG+vrGxCSr5Y=</latexit>

ue
0 = us

0

• Predict two different state trajectories sharing the first state
<latexit sha1_base64="8z+eIbEsI94xaKIc0vBibcGrkCk="></latexit>

xe
1 = xs

1
<latexit sha1_base64="eYZTvWgh+sry9QYBEOtC1Wdhja4="></latexit>

Xe(x(k), Ue) = [xe→

1 , . . . , xe→

N ]→
<latexit sha1_base64="h5x8DfZA3FmKd43c/8j+wWShaO4="></latexit>

Xs(x(k), Us) = [xs→

1 , . . . , xs→

N ]→

Exploitation trajectory ignores 
the time-varying constraints, 

but it is considered in the cost

Safe trajectory is used 
to satisfy time-varying 

constraints

<latexit sha1_base64="oHVPNb3cWFdjkQ1wOQTfiJ/ZMQU="></latexit>

min
Ue,s

N∑

i=0

le(xe
i , u

e
i )

s.t.: xe,s
i+1 = f(xe,s

i , ue,s
i )

Xe,s → X , Ue,s → U
Xs → X (k), xs

N = x̄s

ue
0 = us

0

x0 = x(k)

Ue,s = [ue,s→

0 , . . . , ue,s→

N→1]
↑

Xe,s = [xe,s→

0 , . . . , xe,s→

N ]↑

<latexit sha1_base64="oHVPNb3cWFdjkQ1wOQTfiJ/ZMQU="></latexit>

min
Ue,s

N∑

i=0

le(xe
i , u

e
i )

s.t.: xe,s
i+1 = f(xe,s

i , ue,s
i )

Xe,s → X , Ue,s → U
Xs → X (k), xs

N = x̄s

ue
0 = us

0

x0 = x(k)

Ue,s = [ue,s→

0 , . . . , ue,s→

N→1]
↑

Xe,s = [xe,s→

0 , . . . , xe,s→

N ]↑
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Formulation

Ø Partially decouple constraint 
satisfaction (safety) from cost 
function minimization (exploitation)

<latexit sha1_base64="oHVPNb3cWFdjkQ1wOQTfiJ/ZMQU="></latexit>

min
Ue,s

N∑

i=0

le(xe
i , u

e
i )

s.t.: xe,s
i+1 = f(xe,s

i , ue,s
i )

Xe,s → X , Ue,s → U
Xs → X (k), xs

N = x̄s

ue
0 = us

0

x0 = x(k)

Ue,s = [ue,s→

0 , . . . , ue,s→

N→1]
↑

Xe,s = [xe,s→

0 , . . . , xe,s→

N ]↑

Dynamical 
System

<latexit sha1_base64="LW4wU/6u/zcJKNOrUtRUfizN3Pw=">AAACGnicbZC7TsNAEEXXvDEvAyXNiggEFJEdiUeJoKEEiZBIsRWtN0NYZb02u2NEZOUP+AS+ghYqOkRLQ8G/YJsUgTDV1bkzmpkbJlIYdN1Pa2Jyanpmdm7eXlhcWl5xVteuTJxqDnUey1g3Q2ZACgV1FCihmWhgUSihEfZOC79xB9qIWF1iP4EgYl0lrgVnmKO2s+2H0BUqg9u0JHsD+36nt2v7oDojsO1U3KpbFh0X3lBUyLDO286X34l5GoFCLpkxLc9NMMiYRsElDGw/NZAw3mNdaOVSsQhMkJX/DOhWahjGNAFNhaQlhNGJjEXG9KMw74wY3pi/XgH/81opXh8FmVBJiqB4sQiFhHKR4VrkQQHtCA2IrLgcqFCUM80QQQvKOM9hEYmd5+H9/X5cXNWq3kF1/6JWOT4ZJjNHNsgm2SEeOSTH5Iyckzrh5IE8kWfyYj1ar9ab9f7TOmENZ9bJr7I+vgH6WaEA</latexit>

x(k)

<latexit sha1_base64="EIz4zF81Qgq2DFVqaXJURIW9zFM=">AAACKHicbVC7TsNAEDzzJrwClDQnIiSgiGzEq0FC0FCCRAApCdH6soRTzufjbo2IrPwIn8BX0EJFhyho+BJsk4LXVKOZWe3uhEZJR77/5g0Nj4yOjU9MlqamZ2bnyvMLZy5OrMCaiFVsL0JwqKTGGklSeGEsQhQqPA+7h7l/fovWyVifUs9gM4KOlldSAGVSq7zZCLEjdYo3SaGs90uNLhgDq3dre8nlesvPSKmBuv0t0ipX/KpfgP8lwYBU2ADHrfJ7ox2LJEJNQoFz9cA31EzBkhQKs5WJQwOiCx2sZ1RDhK6ZFt/1+UrigGJu0HKpeCHi94kUIud6UZglI6Br99vLxf+8ekJXu81UapMQapEvIqmwWOSElVltyNvSIhHklyOXmguwQIRWchAiE/NKSlkfwe/v/5KzjWqwXd062ajsHwyamWBLbJmtsoDtsH12xI5ZjQl2zx7ZE3v2HrwX79V7+4oOeYOZRfYD3scnAMCmHA==</latexit>

(x) = u⇤
0(x)

measurements control input

<latexit sha1_base64="2j+r2/6N1ar5G/KceOACgxkT7as=">AAACDHicbVDJSgNBEO1xTcYt6iXgpVGEeAkzgstR9OIxglkgCaGmU9EmPQvdNUIcIn6BX+FVD+JNvPoPgv6LM6MHt3epx3tVVNXzIiUNOc6rNTE5NT0zWyjac/MLi0ul5ZWGCWMtsC5CFeqWBwaVDLBOkhS2Io3gewqb3vAo85sXqI0Mg1MaRdj14SyQAymAUqlXKtsdH+jcGyR5FaCS1rgy3Br3ShtO1cnB/xL3i2wclC/fitcPh7Ve6b3TD0XsY0BCgTFt14mom4AmKRSO7U5sMAIxhDNspzQAH003yT8Y883YAIU8Qs2l4rmI3ycS8I0Z+V7amZ1pfnuZ+J/Xjmmw301kEMWEgcgWkVSYLzJCyzQa5H2pkQiyy5HLgAvQQIRachAiFeM0KzvNw/39/V/S2K66u9WdkzSYffaJAltj66zCXLbHDtgxq7E6E+yK3bI7dm/dWI/Wk/X82Tphfc2ssh+wXj4AiHWeWQ==</latexit>

X (k)

environment
sensing



• Navigate a commercial drone in an unknown 
static environment

• Guarantee persistent obstacle avoidance 
despite the various sources of uncertainty 
(disturbances, model plant mismatch,…)

• Use only real time LiDAR measurements

mt-MPC for safe UAV navigation in an 
unknown environment

[3] Saccani, D., Cecchin, L., & Fagiano, L. (2022). Multitrajectory model predictive control for safe UAV 
navigation in an unknown environment. IEEE Transactions on Control Systems Technology
[4] Cecchin, L., Saccani, D., & Fagiano, L. (2021). G-beam: Graph-based exploration and mapping for 
autonomous vehicles. In 2021 IEEE Conference on Control Technology and Applications (CCTA)
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Model - sensor - uncertainty
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• The controlled drone behaviour, can be approximated 
with a linear model with state 𝑥 𝑘 = 𝑝 𝑘 𝑣 𝑘 !.
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Model - sensor - uncertainty

• The LiDAR measurements are used to derive an under-
approximation of the free space with a convex polytope.

• The controlled drone behaviour, can be approximated 
with a linear model with state 𝑥 𝑘 = 𝑝 𝑘 𝑣 𝑘 !.

<latexit sha1_base64="ULMaxUMcdZmvHyVmTwHnWheBCiI="></latexit>

X (k, x(k)) = {ω → Rn : H(k)(ω ↑ x(k)) ↓ h(k)}
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Model - sensor - uncertainty

• The LiDAR measurements are used to derive an under-
approximation of the free space with a convex polytope.

• The controlled drone behaviour, can be approximated 
with a linear model with state 𝑥 𝑘 = 𝑝 𝑘 𝑣 𝑘 !.

• Bounds on the prediction from data using a set membership 
approach to enhance the robustness of the MPC scheme.

11

TABLE I
NUMERICAL EXAMPLE: GUARANTEED SIMULATION ERROR BOUND AND
WORST-CASE PREDICTION ERROR ON VALIDATION DATA FOR THE ARX

PREDICTOR.

i=1 i=3

p: 1 8 19 27 1 12 35 50

SEM ⌧ip 8.11 2.72 8.13 6.10 0.76 1.20 0.45 0.22

eip 4.11 1.90 4.06 3.27 0.46 0.61 0.30 0.19

Method II ⌧ip 6.26 5.03 7.36 5.92 0.79 0.91 0.40 0.24
eip 3.15 4.01 4.17 3.40 0.36 0.39 0.24 0.18

TABLE II
NUMERICAL EXAMPLE: GUARANTEED SIMULATION ERROR BOUND AND

WORST-CASE PREDICTION ERROR ON VALIDATION DATA FOR THE
STATE-SPACE PREDICTOR.

i=1 i=3

p: 1 12 35 50 1 8 19 27

SEM ⌧ip 9.97 13.9 6.34 3.45 0.27 0.64 0.29 0.31
eip 4.58 8.85 3.21 2.47 0.21 0.38 0.25 0.27

Method II ⌧ip 6.45 7.55 3.41 2.21 0.27 0.31 0.16 0.13

eip 3.03 3.54 2.04 1.76 0.18 0.19 0.15 0.13

identified using Methods I and II, and the FPS are defined
as in (22), where ˆ̄"ip is obtained from �ip with ↵ = 1.2, see
(21). As benchmark, we employ predictors identified using the
PEM and SEM approaches. We compare the performance of
the identified models in terms of guaranteed simulation error
bounds ⌧̂ip(✓ip), computed over the identification data set with
� = 1.1, and of worst-case validation error, defined as:

eip = max
k=1,...,N

|ỹi(k + p)� ẑi(k + p)|

and calculated over the validation data set. Fig. 4 depicts
the obtained guaranteed error bounds related to the output
z2 for the identified ARX models, while Fig. 5 presents the
corresponding observed worst-case validation error. It can be
noted that the model identified with Method I achieves (as
expected from the employed cost criterion) the smallest worst-
case (over p) guaranteed error bound, however at the cost of
a higher guaranteed bound for longer horizon, as compared
to Method II and SEM. Qualitatively similar outcomes are
obtained for the other outputs and for the state-space model
structure. More values of ⌧̂ip and eip are reported in Tables I
and II. These results indicate that the proposed identification
Method II has comparable, and often better, performance with
respect to the SEM approach, in terms of both error bound
and observed validation error, and overall better performance
than the other two approaches. In particular, we notice that the
predictor identified using Method II has good performance in
long-range simulation, as the SEM approach, but also with
better performance for short horizon values, outperforming
the SEM. In particular, Fig. 5 and Tables I and II show how
the predictor identified using Method II is able to provide
small one-step-ahead prediction error, as the PEM approach,
and small simulation error, as the SEM approach, combining

(a)

(b)

Fig. 6. Numerical example, Fig. (a): simulated output ẑ2 with the ARX
predictor; Fig. (b): detailed view. Black solid line: measured output ỹ2; red
solid line: real system output z2; dashed line: simulated output with SEM
predictor; dash-dotted line: simulated output with PEM predictor; dotted line:
simulated output with Method II predictor.

the advantages of the two identification approaches. This is
possible thanks to the constraints ✓i1 2 ⇥L⇢

i1
in (38), which

are able to improve the performance over the SEM approach in
terms of one-step-ahead prediction error. The model identified

(a)
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(b)

Fig. 7. Numerical example, Fig. (a): one-step prediction of output ẑ2 with
the ARX predictor (p = 1); Fig. (b): simulated output ẑ2 with the ARX
predictor. Black solid line: measured output ỹ2; red solid line: real system
output z2; dashed line: predicted/simulated output with Method II predictor;
thin black lines: Method II predictor error bounds.

using Method I, on the other hand, obtains a lower simulation

constraints tightening
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Experimental results

Onboard 
Computer

Mt-MPC 
formulation

min
!

1
2 𝑥

"𝑃𝑥 + 𝑞"𝑥

𝐺𝑥 ≤ ℎ
𝐴𝑥 = 𝑏
𝑙𝑏 ≤ 𝑥 ≤ 𝑢𝑏

𝑠. 𝑡. :

<latexit sha1_base64="oHVPNb3cWFdjkQ1wOQTfiJ/ZMQU="></latexit>

min
Ue,s

N∑

i=0

le(xe
i , u

e
i )

s.t.: xe,s
i+1 = f(xe,s

i , ue,s
i )

Xe,s → X , Ue,s → U
Xs → X (k), xs

N = x̄s

ue
0 = us

0

x0 = x(k)

Ue,s = [ue,s→

0 , . . . , ue,s→

N→1]
↑

Xe,s = [xe,s→

0 , . . . , xe,s→

N ]↑



mt-MPC for the navigation of multi-agent 
systems under limited communication

• Swarm of vehicles

• Communication between spatially close 
vehicles

• Guarantee persistent obstacle avoidance

[1] Saccani D., et al. Model predictive control for multi-agent systems under limited communication and time-varying network topology. In: 2023 IEEE Conference on Decision and Control (CDC).
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• Swarm of 𝑀 vehicles with nonlinear dynamics

mt-MPC for the navigation of multi-agent systems under limited communication
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Model - communication - problem setup  

• Swarm of 𝑀 vehicles with nonlinear dynamics

mt-MPC for the navigation of multi-agent systems under limited communication

<latexit sha1_base64="U7t1SvvOP9a4GawswohLxNMrG60="></latexit>

Xi(k) → Xj(k) ↑= ↓ =↔ ↗pi(k)↘ pj(k)↗ ≃ r

• Communication device
Ø Spatially close vehicles can communicate

<latexit sha1_base64="U7t1SvvOP9a4GawswohLxNMrG60="></latexit>

Xi(k) → Xj(k) ↑= ↓ =↔ ↗pi(k)↘ pj(k)↗ ≃ r
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Model - communication - problem setup  

• Swarm of 𝑀 vehicles with nonlinear dynamics

mt-MPC for the navigation of multi-agent systems under limited communication

<latexit sha1_base64="G2Atl0CntUakaMh9PWAmZGAIDwA=">AAACBHicdVC7TsNAEDzzDOFloKQ5ESGFJrIJmNAh0VCCRB5SEkXrywJHzg/drZGQlZavoIWKDtHyHxT8C3YwEiCYajSzq50dP1bSkOO8WVPTM7Nz86WF8uLS8sqqvbbeMlGiBTZFpCLd8cGgkiE2SZLCTqwRAl9h2x8d5377BrWRUXhOtzH2A7gM5YUUQJk0sO1eAHQlQKWd8eC6OtoZ2BWn5h26da/OnZozQU5cb9fxuFsoFVbgdGC/94aRSAIMSSgwpus6MfVT0CSFwnG5lxiMQYzgErsZDSFA008nycd8OzFAEY9Rc6n4RMTvGykExtwGfjaZ5zS/vVz8y+smdNHopzKME8JQ5IdIKpwcMkLLrBLkQ6mRCPLkyGXIBWggQi05CJGJSdZROevj62n+P2nt1lyvtn+2VzlqFM2U2CbbYlXmsgN2xE7YKWsywW7YPXtgj9ad9WQ9Wy+fo1NWsbPBfsB6/QBMRpgG</latexit>

Xj(k)
<latexit sha1_base64="5kEtLdK2TzDqhG52xaBZjQjtj6w=">AAACBHicdVC7TsNAEDzzJrwMlDQnIqTQRDYBAx0SDSVI5CEllrU+Fjjl/NDdOlJkpeUraKGiQ7T8BwX/gh2CBAimGs3samcnTJU05Dhv1tT0zOzc/MJiZWl5ZXXNXt9omSTTApsiUYnuhGBQyRibJElhJ9UIUaiwHfZPS789QG1kEl/SMEU/gptYXksBVEiBbfcioFsBKu+MAlnr7wZ21al7x27Da3Cn7oxREtfbczzuTpQqm+A8sN97V4nIIoxJKDCm6zop+TlokkLhqNLLDKYg+nCD3YLGEKHx83HyEd/JDFDCU9RcKj4W8ftGDpExwygsJsuc5rdXin953Yyuj/xcxmlGGIvyEEmF40NGaFlUgvxKaiSCMjlyGXMBGohQSw5CFGJWdFQp+vh6mv9PWnt116sfXOxXT44mzSywLbbNasxlh+yEnbFz1mSCDdg9e2CP1p31ZD1bL5+jU9ZkZ5P9gPX6AUq0mAU=</latexit>

Xi(k)

• Communication device
Ø Spatially close vehicles can communicate

Ø Define a shifting safe set               such that 
<latexit sha1_base64="5kEtLdK2TzDqhG52xaBZjQjtj6w=">AAACBHicdVC7TsNAEDzzJrwMlDQnIqTQRDYBAx0SDSVI5CEllrU+Fjjl/NDdOlJkpeUraKGiQ7T8BwX/gh2CBAimGs3samcnTJU05Dhv1tT0zOzc/MJiZWl5ZXXNXt9omSTTApsiUYnuhGBQyRibJElhJ9UIUaiwHfZPS789QG1kEl/SMEU/gptYXksBVEiBbfcioFsBKu+MAlnr7wZ21al7x27Da3Cn7oxREtfbczzuTpQqm+A8sN97V4nIIoxJKDCm6zop+TlokkLhqNLLDKYg+nCD3YLGEKHx83HyEd/JDFDCU9RcKj4W8ftGDpExwygsJsuc5rdXin953Yyuj/xcxmlGGIvyEEmF40NGaFlUgvxKaiSCMjlyGXMBGohQSw5CFGJWdFQp+vh6mv9PWnt116sfXOxXT44mzSywLbbNasxlh+yEnbFz1mSCDdg9e2CP1p31ZD1bL5+jU9ZkZ5P9gPX6AUq0mAU=</latexit>

Xi(k)
<latexit sha1_base64="U7t1SvvOP9a4GawswohLxNMrG60="></latexit>

Xi(k) → Xj(k) ↑= ↓ =↔ ↗pi(k)↘ pj(k)↗ ≃ r

<latexit sha1_base64="U7t1SvvOP9a4GawswohLxNMrG60="></latexit>

Xi(k) → Xj(k) ↑= ↓ =↔ ↗pi(k)↘ pj(k)↗ ≃ r
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Model - communication - problem setup  

• Swarm of 𝑀 vehicles with nonlinear dynamics

mt-MPC for the navigation of multi-agent systems under limited communication

• Agents that can communicate will solve the 
problem together

I solve the 
problem by 
myself

We can solve the 
problem together

• Communication device
Ø Spatially close vehicles can communicate

Ø Define a shifting safe set               such that 
<latexit sha1_base64="5kEtLdK2TzDqhG52xaBZjQjtj6w=">AAACBHicdVC7TsNAEDzzJrwMlDQnIqTQRDYBAx0SDSVI5CEllrU+Fjjl/NDdOlJkpeUraKGiQ7T8BwX/gh2CBAimGs3samcnTJU05Dhv1tT0zOzc/MJiZWl5ZXXNXt9omSTTApsiUYnuhGBQyRibJElhJ9UIUaiwHfZPS789QG1kEl/SMEU/gptYXksBVEiBbfcioFsBKu+MAlnr7wZ21al7x27Da3Cn7oxREtfbczzuTpQqm+A8sN97V4nIIoxJKDCm6zop+TlokkLhqNLLDKYg+nCD3YLGEKHx83HyEd/JDFDCU9RcKj4W8ftGDpExwygsJsuc5rdXin953Yyuj/xcxmlGGIvyEEmF40NGaFlUgvxKaiSCMjlyGXMBGohQSw5CFGJWdFQp+vh6mv9PWnt116sfXOxXT44mzSywLbbNasxlh+yEnbFz1mSCDdg9e2CP1p31ZD1bL5+jU9ZkZ5P9gPX6AUq0mAU=</latexit>

Xi(k)
<latexit sha1_base64="U7t1SvvOP9a4GawswohLxNMrG60="></latexit>

Xi(k) → Xj(k) ↑= ↓ =↔ ↗pi(k)↘ pj(k)↗ ≃ r

<latexit sha1_base64="U7t1SvvOP9a4GawswohLxNMrG60="></latexit>

Xi(k) → Xj(k) ↑= ↓ =↔ ↗pi(k)↘ pj(k)↗ ≃ r
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Model - communication - problem setup  

• Swarm of 𝑀 vehicles with nonlinear dynamics

mt-MPC for the navigation of multi-agent systems under limited communication

• Agents that can communicate will solve the 
problem together

Ø Plug-in/out operations of other vehicles are allowed without request
• The communication graph is time-varying and position dependent

• Communication device
Ø Spatially close vehicles can communicate

Ø Define a shifting safe set               such that 
<latexit sha1_base64="5kEtLdK2TzDqhG52xaBZjQjtj6w=">AAACBHicdVC7TsNAEDzzJrwMlDQnIqTQRDYBAx0SDSVI5CEllrU+Fjjl/NDdOlJkpeUraKGiQ7T8BwX/gh2CBAimGs3samcnTJU05Dhv1tT0zOzc/MJiZWl5ZXXNXt9omSTTApsiUYnuhGBQyRibJElhJ9UIUaiwHfZPS789QG1kEl/SMEU/gptYXksBVEiBbfcioFsBKu+MAlnr7wZ21al7x27Da3Cn7oxREtfbczzuTpQqm+A8sN97V4nIIoxJKDCm6zop+TlokkLhqNLLDKYg+nCD3YLGEKHx83HyEd/JDFDCU9RcKj4W8ftGDpExwygsJsuc5rdXin953Yyuj/xcxmlGGIvyEEmF40NGaFlUgvxKaiSCMjlyGXMBGohQSw5CFGJWdFQp+vh6mv9PWnt116sfXOxXT44mzSywLbbNasxlh+yEnbFz1mSCDdg9e2CP1p31ZD1bL5+jU9ZkZ5P9gPX6AUq0mAU=</latexit>

Xi(k)
<latexit sha1_base64="U7t1SvvOP9a4GawswohLxNMrG60="></latexit>

Xi(k) → Xj(k) ↑= ↓ =↔ ↗pi(k)↘ pj(k)↗ ≃ r

<latexit sha1_base64="U7t1SvvOP9a4GawswohLxNMrG60="></latexit>

Xi(k) → Xj(k) ↑= ↓ =↔ ↗pi(k)↘ pj(k)↗ ≃ r
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Survey on the Impact of Advanced Control – IFAC’s Industry Committee [6]

Current Impact Future Impact

1. PID
2. System Identification
3. Estimation and Filtering
4. Model-predictive control
5. Fault Detection and Identification
6. Process data analytics
7. Decentralized and/or coordinated control
8. Robust control
9. Intelligent control
10. Adaptive control
11. Nonlinear control
12. Discrete-event systems
13. Other advanced control technologies
14. Hybrid dynamical systems
15. Repetitive control
16. Game theory

1. Model-predictive control
2. PID
3. Fault Detection and Identification
4. System Identification
5. Process data analytics
6. Estimation and Filtering
7. Decentralized and/or coordinated control
8. Intelligent control
9. Adaptive control
10. Robust control
11. Nonlinear control
12. Discrete-event systems
13. Hybrid dynamical systems
14. Other advanced control technologies
15. Repetitive control
16. Game theory

[6] Samad, Tariq, et al. "Industry engagement with control research: Perspective and 
messages." Annual Reviews in Control 49 (2020): 1-14.

§ MPC is a promising approach for the constrained 
navigation of autonomous vehicles.

• real-time optimization can effectively manage 
time-varying constraints providing safety guarantees.

§ Ideal solution for applications that require 
high-level decision-making.

MPC is likely to play an increasingly 
important role in shaping the future of 

transportation.



Model Predictive Control for constrained 
navigation of autonomous vehicles

End of slides
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