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PhD
<latexit sha1_base64="EwKQFfe1Qh65CI/fPygQ+rhtRs8="></latexit><latexit sha1_base64="EwKQFfe1Qh65CI/fPygQ+rhtRs8="></latexit><latexit sha1_base64="EwKQFfe1Qh65CI/fPygQ+rhtRs8="></latexit>

École Polytechnique Fédérale de Lausanne
<latexit sha1_base64="rsLaWheCCFmuNiaA8KYpUoUAk90="></latexit><latexit sha1_base64="rsLaWheCCFmuNiaA8KYpUoUAk90="></latexit><latexit sha1_base64="rsLaWheCCFmuNiaA8KYpUoUAk90="></latexit>

University of California, Santa Barbara
<latexit sha1_base64="j6isY3s3d/I/OZgBLFPhuVpy4Gw="></latexit><latexit sha1_base64="j6isY3s3d/I/OZgBLFPhuVpy4Gw="></latexit><latexit sha1_base64="j6isY3s3d/I/OZgBLFPhuVpy4Gw="></latexit>

Postdoc
<latexit sha1_base64="aAT3MX0YkvvM82E98SYnC/swPwQ="></latexit><latexit sha1_base64="aAT3MX0YkvvM82E98SYnC/swPwQ="></latexit><latexit sha1_base64="aAT3MX0YkvvM82E98SYnC/swPwQ="></latexit>

Master
<latexit sha1_base64="nGM9pT3uov1B+tS8NY8x7oJUWIc="></latexit><latexit sha1_base64="nGM9pT3uov1B+tS8NY8x7oJUWIc="></latexit><latexit sha1_base64="nGM9pT3uov1B+tS8NY8x7oJUWIc="></latexit>

Czech Technical University (Cybernetics & Robotics)
<latexit sha1_base64="vfiZLHam8xid3LkQ+ZwVbEY8fUQ="></latexit><latexit sha1_base64="vfiZLHam8xid3LkQ+ZwVbEY8fUQ="></latexit><latexit sha1_base64="vfiZLHam8xid3LkQ+ZwVbEY8fUQ="></latexit>

Colin Jones
<latexit sha1_base64="xv8NteF5L6KZeOd/2Wf5BI43DG0="></latexit> Didier Henrion

<latexit sha1_base64="zoca7XVXWKpAxxwGEpwzLOukphs="></latexit>

Igor Mezić
<latexit sha1_base64="At+DFJS1MDTDSqjLBVNoEIwBP3o="></latexit>

Mihai Putinar
<latexit sha1_base64="2nHMwGCqtCqjAipM/qii8AtYyrc="></latexit>
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Difficult
“Easy”

Difficult
x+ = f (x, u)

<latexit sha1_base64="5p3kjZ2Ht86mgIUTqanVD6hxx+I="></latexit><latexit sha1_base64="5p3kjZ2Ht86mgIUTqanVD6hxx+I="></latexit><latexit sha1_base64="5p3kjZ2Ht86mgIUTqanVD6hxx+I="></latexit>

Convex optimization / Linear algebra
<latexit sha1_base64="ogX4kOJDOHu+wQ2CxsdUDlJKLiU="></latexit><latexit sha1_base64="ogX4kOJDOHu+wQ2CxsdUDlJKLiU="></latexit><latexit sha1_base64="ogX4kOJDOHu+wQ2CxsdUDlJKLiU="></latexit>

�rg
<latexit sha1_base64="8mg9GVQEY7Up6IQuXKZ1puE1jD4="></latexit><latexit sha1_base64="8mg9GVQEY7Up6IQuXKZ1puE1jD4="></latexit><latexit sha1_base64="8mg9GVQEY7Up6IQuXKZ1puE1jD4="></latexit>

C
<latexit sha1_base64="sST9CJ+hib6sxOKxPl//XzgN/yo="></latexit><latexit sha1_base64="sST9CJ+hib6sxOKxPl//XzgN/yo="></latexit><latexit sha1_base64="sST9CJ+hib6sxOKxPl//XzgN/yo="></latexit>

Infinite-dimensional
<latexit sha1_base64="UtjS7JnpeIRsY0uAy9aZie8Ta8Y="></latexit><latexit sha1_base64="UtjS7JnpeIRsY0uAy9aZie8Ta8Y="></latexit><latexit sha1_base64="UtjS7JnpeIRsY0uAy9aZie8Ta8Y="></latexit>

Linear
<latexit sha1_base64="Y2DjSk9dYNPXg/qKFoi7yC5lnr8="></latexit><latexit sha1_base64="Y2DjSk9dYNPXg/qKFoi7yC5lnr8="></latexit><latexit sha1_base64="Y2DjSk9dYNPXg/qKFoi7yC5lnr8="></latexit>

� �
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x+ = f (x)
<latexit sha1_base64="GvHYg8H6p0KIuuO40+aQJVMuvlk="></latexit><latexit sha1_base64="GvHYg8H6p0KIuuO40+aQJVMuvlk="></latexit><latexit sha1_base64="GvHYg8H6p0KIuuO40+aQJVMuvlk="></latexit>

Linear operator
<latexit sha1_base64="wzcaWM4DYmoz2nNXyG20Q9spjfY="></latexit><latexit sha1_base64="wzcaWM4DYmoz2nNXyG20Q9spjfY="></latexit><latexit sha1_base64="wzcaWM4DYmoz2nNXyG20Q9spjfY="></latexit>

Nonlinear system
<latexit sha1_base64="ygo6KMURHgL2co+feedVHzjnnrQ="></latexit><latexit sha1_base64="ygo6KMURHgL2co+feedVHzjnnrQ="></latexit><latexit sha1_base64="ygo6KMURHgL2co+feedVHzjnnrQ="></latexit>

g 2 HN
<latexit sha1_base64="hVdNpSVVvyxL2mVESTuDPq+tDjQ="></latexit><latexit sha1_base64="hVdNpSVVvyxL2mVESTuDPq+tDjQ="></latexit><latexit sha1_base64="hVdNpSVVvyxL2mVESTuDPq+tDjQ="></latexit>

KNg = g � f
<latexit sha1_base64="r17G6oALCH7xAKhZBYaJ5fY6f54="></latexit>

Kg = g � f
<latexit sha1_base64="ad7u1SsWXFpmrCvveL5/sASoT0Y="></latexit>

Matrix
<latexit sha1_base64="ruArHthvvXRqvBd+5QPqXCPrO0s="></latexit><latexit sha1_base64="ruArHthvvXRqvBd+5QPqXCPrO0s="></latexit><latexit sha1_base64="ruArHthvvXRqvBd+5QPqXCPrO0s="></latexit>
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x+ = f (x)
<latexit sha1_base64="GvHYg8H6p0KIuuO40+aQJVMuvlk="></latexit><latexit sha1_base64="GvHYg8H6p0KIuuO40+aQJVMuvlk="></latexit><latexit sha1_base64="GvHYg8H6p0KIuuO40+aQJVMuvlk="></latexit>
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<latexit sha1_base64="wzcaWM4DYmoz2nNXyG20Q9spjfY="></latexit><latexit sha1_base64="wzcaWM4DYmoz2nNXyG20Q9spjfY="></latexit><latexit sha1_base64="wzcaWM4DYmoz2nNXyG20Q9spjfY="></latexit>

Nonlinear system
<latexit sha1_base64="ygo6KMURHgL2co+feedVHzjnnrQ="></latexit><latexit sha1_base64="ygo6KMURHgL2co+feedVHzjnnrQ="></latexit><latexit sha1_base64="ygo6KMURHgL2co+feedVHzjnnrQ="></latexit>

g 2 HN
<latexit sha1_base64="hVdNpSVVvyxL2mVESTuDPq+tDjQ="></latexit><latexit sha1_base64="hVdNpSVVvyxL2mVESTuDPq+tDjQ="></latexit><latexit sha1_base64="hVdNpSVVvyxL2mVESTuDPq+tDjQ="></latexit>

KNg = g � f
<latexit sha1_base64="r17G6oALCH7xAKhZBYaJ5fY6f54="></latexit>

Kg = g � f
<latexit sha1_base64="ad7u1SsWXFpmrCvveL5/sASoT0Y="></latexit>

Eigenvectors of KN ) approximate eigenfunctions of K
<latexit sha1_base64="K8FY7LK0nJstR5xmAb/JnroOjmk="></latexit><latexit sha1_base64="K8FY7LK0nJstR5xmAb/JnroOjmk="></latexit><latexit sha1_base64="K8FY7LK0nJstR5xmAb/JnroOjmk="></latexit>

) Stability, Invariant sets, Ergodic partition, Model reduction …
<latexit sha1_base64="tGzJMGoOTl2RyDO5ghODfbMLjmg="></latexit><latexit sha1_base64="tGzJMGoOTl2RyDO5ghODfbMLjmg="></latexit><latexit sha1_base64="tGzJMGoOTl2RyDO5ghODfbMLjmg="></latexit>

Matrix
<latexit sha1_base64="ruArHthvvXRqvBd+5QPqXCPrO0s="></latexit><latexit sha1_base64="ruArHthvvXRqvBd+5QPqXCPrO0s="></latexit><latexit sha1_base64="ruArHthvvXRqvBd+5QPqXCPrO0s="></latexit>
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� �

x+ = f (x)
<latexit sha1_base64="GvHYg8H6p0KIuuO40+aQJVMuvlk="></latexit><latexit sha1_base64="GvHYg8H6p0KIuuO40+aQJVMuvlk="></latexit><latexit sha1_base64="GvHYg8H6p0KIuuO40+aQJVMuvlk="></latexit>

Linear operator
<latexit sha1_base64="wzcaWM4DYmoz2nNXyG20Q9spjfY="></latexit><latexit sha1_base64="wzcaWM4DYmoz2nNXyG20Q9spjfY="></latexit><latexit sha1_base64="wzcaWM4DYmoz2nNXyG20Q9spjfY="></latexit>

Nonlinear system
<latexit sha1_base64="ygo6KMURHgL2co+feedVHzjnnrQ="></latexit><latexit sha1_base64="ygo6KMURHgL2co+feedVHzjnnrQ="></latexit><latexit sha1_base64="ygo6KMURHgL2co+feedVHzjnnrQ="></latexit>

g 2 HN
<latexit sha1_base64="hVdNpSVVvyxL2mVESTuDPq+tDjQ="></latexit><latexit sha1_base64="hVdNpSVVvyxL2mVESTuDPq+tDjQ="></latexit><latexit sha1_base64="hVdNpSVVvyxL2mVESTuDPq+tDjQ="></latexit>

KNg = g � f
<latexit sha1_base64="r17G6oALCH7xAKhZBYaJ5fY6f54="></latexit>

Kg = g � f
<latexit sha1_base64="ad7u1SsWXFpmrCvveL5/sASoT0Y="></latexit>

Matrix
<latexit sha1_base64="ruArHthvvXRqvBd+5QPqXCPrO0s="></latexit><latexit sha1_base64="ruArHthvvXRqvBd+5QPqXCPrO0s="></latexit><latexit sha1_base64="ruArHthvvXRqvBd+5QPqXCPrO0s="></latexit>

Neuroscience
<latexit sha1_base64="ovBzE8dFdz4bOHI7KYcyUDuoB9U="></latexit><latexit sha1_base64="ovBzE8dFdz4bOHI7KYcyUDuoB9U="></latexit><latexit sha1_base64="ovBzE8dFdz4bOHI7KYcyUDuoB9U="></latexit>

Fluid mechanics
<latexit sha1_base64="I5J9pS6aWgyV6Zu5AiwCktThn80="></latexit><latexit sha1_base64="I5J9pS6aWgyV6Zu5AiwCktThn80="></latexit><latexit sha1_base64="I5J9pS6aWgyV6Zu5AiwCktThn80="></latexit>

Power grid
<latexit sha1_base64="CN1ooeIxUWfYOL/P5EVATEoyt4A="></latexit><latexit sha1_base64="CN1ooeIxUWfYOL/P5EVATEoyt4A="></latexit><latexit sha1_base64="CN1ooeIxUWfYOL/P5EVATEoyt4A="></latexit>

Molecular kinetics
<latexit sha1_base64="UwDcBlfLN9+cRYssIg8fR3n5Abs="></latexit><latexit sha1_base64="UwDcBlfLN9+cRYssIg8fR3n5Abs="></latexit><latexit sha1_base64="UwDcBlfLN9+cRYssIg8fR3n5Abs="></latexit>

[Brunton et al., 2016]
<latexit sha1_base64="8Aza6aKVGkuZV0QzW5egf04G/CM="></latexit><latexit sha1_base64="8Aza6aKVGkuZV0QzW5egf04G/CM="></latexit><latexit sha1_base64="8Aza6aKVGkuZV0QzW5egf04G/CM="></latexit>

[Susuki, Mezić, 2014]
<latexit sha1_base64="zHwKFRHMbHa6In4SuIQBOA1ynGQ="></latexit><latexit sha1_base64="zHwKFRHMbHa6In4SuIQBOA1ynGQ="></latexit><latexit sha1_base64="zHwKFRHMbHa6In4SuIQBOA1ynGQ="></latexit>

[Rowley et al., 2009]
<latexit sha1_base64="h3lf/7hEuZAJgpmRMjJ2DXON0Mk="></latexit><latexit sha1_base64="h3lf/7hEuZAJgpmRMjJ2DXON0Mk="></latexit><latexit sha1_base64="h3lf/7hEuZAJgpmRMjJ2DXON0Mk="></latexit>

[Wu et al., 2017]
<latexit sha1_base64="0Y28024DdwcJCwVwm7/8jvmn+QE="></latexit><latexit sha1_base64="0Y28024DdwcJCwVwm7/8jvmn+QE="></latexit><latexit sha1_base64="0Y28024DdwcJCwVwm7/8jvmn+QE="></latexit>
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� �

z0 = ψ(x0)
<latexit sha1_base64="lMM7pTQSb/TJ55EoU497nItbLV4="></latexit><latexit sha1_base64="STowrtR1tN1+1ydX2UeWf2r7O84="></latexit><latexit sha1_base64="STowrtR1tN1+1ydX2UeWf2r7O84="></latexit>

x̂ = Cz
<latexit sha1_base64="bJeVjhloYchTbggkgICipfSKI3c="></latexit><latexit sha1_base64="bJeVjhloYchTbggkgICipfSKI3c="></latexit><latexit sha1_base64="bJeVjhloYchTbggkgICipfSKI3c="></latexit>

dim(z)� dim(x)
<latexit sha1_base64="H9UPfydH88BLspBa/+WkALzExKM="></latexit><latexit sha1_base64="H9UPfydH88BLspBa/+WkALzExKM="></latexit><latexit sha1_base64="H9UPfydH88BLspBa/+WkALzExKM="></latexit>x0 given

<latexit sha1_base64="9vw2/EsrlVN1NZFD2xrmLI/B7do="></latexit><latexit sha1_base64="9vw2/EsrlVN1NZFD2xrmLI/B7do="></latexit><latexit sha1_base64="9vw2/EsrlVN1NZFD2xrmLI/B7do="></latexit>

Controlled Koopman operator
<latexit sha1_base64="TnG6goWLIDrdxp2N6zUkFCXj9lY="></latexit><latexit sha1_base64="TnG6goWLIDrdxp2N6zUkFCXj9lY="></latexit><latexit sha1_base64="TnG6goWLIDrdxp2N6zUkFCXj9lY="></latexit>

x+ = f (x, u)
<latexit sha1_base64="h4Bbo+j0d7kygmXgr8zc5y8Y8Jo="></latexit><latexit sha1_base64="h4Bbo+j0d7kygmXgr8zc5y8Y8Jo="></latexit><latexit sha1_base64="h4Bbo+j0d7kygmXgr8zc5y8Y8Jo="></latexit>

Linear predictor
<latexit sha1_base64="/OHfXQew/g/WM++kQ6mwdkS/AL8="></latexit><latexit sha1_base64="/OHfXQew/g/WM++kQ6mwdkS/AL8="></latexit><latexit sha1_base64="/OHfXQew/g/WM++kQ6mwdkS/AL8="></latexit>

Nonlinear control system
<latexit sha1_base64="DALXHk6YQHgEqboFN3pq7ZVOqSE="></latexit><latexit sha1_base64="DALXHk6YQHgEqboFN3pq7ZVOqSE="></latexit><latexit sha1_base64="DALXHk6YQHgEqboFN3pq7ZVOqSE="></latexit>

F = (f ,Su)
<latexit sha1_base64="wR/IqSgLfmzAqOmGV9G5di16gJs="></latexit><latexit sha1_base64="wR/IqSgLfmzAqOmGV9G5di16gJs="></latexit><latexit sha1_base64="wR/IqSgLfmzAqOmGV9G5di16gJs="></latexit>

Kg = g � F
<latexit sha1_base64="bqawBSL+bZeD4OLnj34pfMrCp54="></latexit><latexit sha1_base64="bqawBSL+bZeD4OLnj34pfMrCp54="></latexit><latexit sha1_base64="bqawBSL+bZeD4OLnj34pfMrCp54="></latexit>

z+ = Az + Bu
<latexit sha1_base64="tpbi0sQUc5UrW+XBpsRyp8qt6GI="></latexit><latexit sha1_base64="LwXPbikSRa2vIXQ40yuXLjAQXWY="></latexit><latexit sha1_base64="LwXPbikSRa2vIXQ40yuXLjAQXWY="></latexit><latexit sha1_base64="LwXPbikSRa2vIXQ40yuXLjAQXWY="></latexit><latexit sha1_base64="LwXPbikSRa2vIXQ40yuXLjAQXWY="></latexit>

Data
<latexit sha1_base64="dD70FaB/k/zUz4kJx8yph4DP+lM="></latexit><latexit sha1_base64="dD70FaB/k/zUz4kJx8yph4DP+lM="></latexit><latexit sha1_base64="dD70FaB/k/zUz4kJx8yph4DP+lM="></latexit>
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� �
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<latexit sha1_base64="DALXHk6YQHgEqboFN3pq7ZVOqSE="></latexit><latexit sha1_base64="DALXHk6YQHgEqboFN3pq7ZVOqSE="></latexit><latexit sha1_base64="DALXHk6YQHgEqboFN3pq7ZVOqSE="></latexit>

F = (f ,Su)
<latexit sha1_base64="wR/IqSgLfmzAqOmGV9G5di16gJs="></latexit><latexit sha1_base64="wR/IqSgLfmzAqOmGV9G5di16gJs="></latexit><latexit sha1_base64="wR/IqSgLfmzAqOmGV9G5di16gJs="></latexit>

Kg = g � F
<latexit sha1_base64="bqawBSL+bZeD4OLnj34pfMrCp54="></latexit><latexit sha1_base64="bqawBSL+bZeD4OLnj34pfMrCp54="></latexit><latexit sha1_base64="bqawBSL+bZeD4OLnj34pfMrCp54="></latexit>

z+ = Az + Bu
<latexit sha1_base64="tpbi0sQUc5UrW+XBpsRyp8qt6GI="></latexit><latexit sha1_base64="LwXPbikSRa2vIXQ40yuXLjAQXWY="></latexit><latexit sha1_base64="LwXPbikSRa2vIXQ40yuXLjAQXWY="></latexit><latexit sha1_base64="LwXPbikSRa2vIXQ40yuXLjAQXWY="></latexit><latexit sha1_base64="LwXPbikSRa2vIXQ40yuXLjAQXWY="></latexit>

Data
<latexit sha1_base64="dD70FaB/k/zUz4kJx8yph4DP+lM="></latexit><latexit sha1_base64="dD70FaB/k/zUz4kJx8yph4DP+lM="></latexit><latexit sha1_base64="dD70FaB/k/zUz4kJx8yph4DP+lM="></latexit>

ψ
<latexit sha1_base64="GYFGafgZe5lRCKEZJShZoeQ/LUQ="></latexit><latexit sha1_base64="GYFGafgZe5lRCKEZJShZoeQ/LUQ="></latexit><latexit sha1_base64="GYFGafgZe5lRCKEZJShZoeQ/LUQ="></latexit>

zk
<latexit sha1_base64="PazXuk2yIfpae99JmCPCXd+obqQ="></latexit><latexit sha1_base64="SMQBJQDZLA8Lb+pBvJDW8nCVyPI="></latexit><latexit sha1_base64="SMQBJQDZLA8Lb+pBvJDW8nCVyPI="></latexit>

zk+1
<latexit sha1_base64="YJJL4dm83LjmZd1JRFkRUCC/nOY="></latexit><latexit sha1_base64="erFFfHN20c5l9v3v/lI+piXrXco="></latexit><latexit sha1_base64="erFFfHN20c5l9v3v/lI+piXrXco="></latexit>

xk+1
<latexit sha1_base64="dRKGcxmeSSeidhCZ6OeK1rq6xoQ="></latexit><latexit sha1_base64="wOJjWQdNp4K04H39nfSLXUsr+d8="></latexit><latexit sha1_base64="wOJjWQdNp4K04H39nfSLXUsr+d8="></latexit>

xk
<latexit sha1_base64="Wn/kGibbgqm+dbh72Ox70miCbLI="></latexit><latexit sha1_base64="0v+VmqjkPoj7EIstLnVQ7sK3GNM="></latexit><latexit sha1_base64="0v+VmqjkPoj7EIstLnVQ7sK3GNM="></latexit> X

<latexit sha1_base64="FbChUsYzJ55HM2tCiQ8H2cja92k="></latexit><latexit sha1_base64="FbChUsYzJ55HM2tCiQ8H2cja92k="></latexit><latexit sha1_base64="FbChUsYzJ55HM2tCiQ8H2cja92k="></latexit>

Z
<latexit sha1_base64="DzLGhpX8Gz10EZK8tmMLUUY3K9c="></latexit><latexit sha1_base64="DzLGhpX8Gz10EZK8tmMLUUY3K9c="></latexit><latexit sha1_base64="DzLGhpX8Gz10EZK8tmMLUUY3K9c="></latexit>

f (
x k
, u
k
)

<latexit sha1_base64="A1U4t2BsinRnamXrNTW6kIMvwAU="></latexit><latexit sha1_base64="A1U4t2BsinRnamXrNTW6kIMvwAU="></latexit><latexit sha1_base64="A1U4t2BsinRnamXrNTW6kIMvwAU="></latexit>

Az
k
+
Bu
k

<latexit sha1_base64="iZA5itMYnjDTw/E1KDIDPe4Nnr8="></latexit><latexit sha1_base64="iZA5itMYnjDTw/E1KDIDPe4Nnr8="></latexit><latexit sha1_base64="iZA5itMYnjDTw/E1KDIDPe4Nnr8="></latexit>

dim(Z)� dim(X )
<latexit sha1_base64="VYCANQvNTPXmy180/mn84wscuFM="></latexit><latexit sha1_base64="VYCANQvNTPXmy180/mn84wscuFM="></latexit><latexit sha1_base64="VYCANQvNTPXmy180/mn84wscuFM="></latexit>
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� �

z0 = ψ(x0)
<latexit sha1_base64="lMM7pTQSb/TJ55EoU497nItbLV4="></latexit><latexit sha1_base64="STowrtR1tN1+1ydX2UeWf2r7O84="></latexit><latexit sha1_base64="STowrtR1tN1+1ydX2UeWf2r7O84="></latexit>

x̂ = Cz
<latexit sha1_base64="bJeVjhloYchTbggkgICipfSKI3c="></latexit><latexit sha1_base64="bJeVjhloYchTbggkgICipfSKI3c="></latexit><latexit sha1_base64="bJeVjhloYchTbggkgICipfSKI3c="></latexit>

dim(z)� dim(x)
<latexit sha1_base64="H9UPfydH88BLspBa/+WkALzExKM="></latexit><latexit sha1_base64="H9UPfydH88BLspBa/+WkALzExKM="></latexit><latexit sha1_base64="H9UPfydH88BLspBa/+WkALzExKM="></latexit>x0 given

<latexit sha1_base64="9vw2/EsrlVN1NZFD2xrmLI/B7do="></latexit><latexit sha1_base64="9vw2/EsrlVN1NZFD2xrmLI/B7do="></latexit><latexit sha1_base64="9vw2/EsrlVN1NZFD2xrmLI/B7do="></latexit>

min
∑
z⊤Qz + u⊤Ru

<latexit sha1_base64="rd/IK9CHcwwIe+dbBVDFT0Kfsn8="></latexit><latexit sha1_base64="DPs2Ym4FDXVqSqoQzAKic0LrJxI="></latexit><latexit sha1_base64="DPs2Ym4FDXVqSqoQzAKic0LrJxI="></latexit>

z0 = ψ(x0)
<latexit sha1_base64="syPqsrAGa+73ie+4hGsVR/mpkgw="></latexit><latexit sha1_base64="Hb8KQOVZSZAkYTwCVgtiVCYd7bw="></latexit><latexit sha1_base64="Hb8KQOVZSZAkYTwCVgtiVCYd7bw="></latexit>

Ez + Fu ≤ b
<latexit sha1_base64="2VmWudrPSxj0njSMANAp1lBVze4="></latexit><latexit sha1_base64="UJv0lbePC09v/ysOcBbTnriuCZo="></latexit><latexit sha1_base64="UJv0lbePC09v/ysOcBbTnriuCZo="></latexit>

x+ = f (x, u)
<latexit sha1_base64="h4Bbo+j0d7kygmXgr8zc5y8Y8Jo="></latexit><latexit sha1_base64="h4Bbo+j0d7kygmXgr8zc5y8Y8Jo="></latexit><latexit sha1_base64="h4Bbo+j0d7kygmXgr8zc5y8Y8Jo="></latexit>

Linear predictor
<latexit sha1_base64="/OHfXQew/g/WM++kQ6mwdkS/AL8="></latexit><latexit sha1_base64="/OHfXQew/g/WM++kQ6mwdkS/AL8="></latexit><latexit sha1_base64="/OHfXQew/g/WM++kQ6mwdkS/AL8="></latexit>

Nonlinear control system
<latexit sha1_base64="DALXHk6YQHgEqboFN3pq7ZVOqSE="></latexit><latexit sha1_base64="DALXHk6YQHgEqboFN3pq7ZVOqSE="></latexit><latexit sha1_base64="DALXHk6YQHgEqboFN3pq7ZVOqSE="></latexit>

Controlled Koopman operator
<latexit sha1_base64="TnG6goWLIDrdxp2N6zUkFCXj9lY="></latexit><latexit sha1_base64="TnG6goWLIDrdxp2N6zUkFCXj9lY="></latexit><latexit sha1_base64="TnG6goWLIDrdxp2N6zUkFCXj9lY="></latexit>

F = (f ,Su)
<latexit sha1_base64="wR/IqSgLfmzAqOmGV9G5di16gJs="></latexit><latexit sha1_base64="wR/IqSgLfmzAqOmGV9G5di16gJs="></latexit><latexit sha1_base64="wR/IqSgLfmzAqOmGV9G5di16gJs="></latexit>

Kg = g � F
<latexit sha1_base64="bqawBSL+bZeD4OLnj34pfMrCp54="></latexit><latexit sha1_base64="bqawBSL+bZeD4OLnj34pfMrCp54="></latexit><latexit sha1_base64="bqawBSL+bZeD4OLnj34pfMrCp54="></latexit>

z+ = Az + Bu
<latexit sha1_base64="tpbi0sQUc5UrW+XBpsRyp8qt6GI="></latexit><latexit sha1_base64="LwXPbikSRa2vIXQ40yuXLjAQXWY="></latexit><latexit sha1_base64="LwXPbikSRa2vIXQ40yuXLjAQXWY="></latexit>

z+ = Az + Bu
<latexit sha1_base64="tpbi0sQUc5UrW+XBpsRyp8qt6GI="></latexit><latexit sha1_base64="LwXPbikSRa2vIXQ40yuXLjAQXWY="></latexit><latexit sha1_base64="LwXPbikSRa2vIXQ40yuXLjAQXWY="></latexit><latexit sha1_base64="LwXPbikSRa2vIXQ40yuXLjAQXWY="></latexit><latexit sha1_base64="LwXPbikSRa2vIXQ40yuXLjAQXWY="></latexit>

Data
<latexit sha1_base64="dD70FaB/k/zUz4kJx8yph4DP+lM="></latexit><latexit sha1_base64="dD70FaB/k/zUz4kJx8yph4DP+lM="></latexit><latexit sha1_base64="dD70FaB/k/zUz4kJx8yph4DP+lM="></latexit>

Koopman Model Predictive Control
<latexit sha1_base64="8XI8nvymBy92fSTV7zNjYoSZkvs="></latexit><latexit sha1_base64="8XI8nvymBy92fSTV7zNjYoSZkvs="></latexit><latexit sha1_base64="8XI8nvymBy92fSTV7zNjYoSZkvs="></latexit>

ψ
<latexit sha1_base64="GYFGafgZe5lRCKEZJShZoeQ/LUQ="></latexit><latexit sha1_base64="GYFGafgZe5lRCKEZJShZoeQ/LUQ="></latexit><latexit sha1_base64="GYFGafgZe5lRCKEZJShZoeQ/LUQ="></latexit>

zk
<latexit sha1_base64="PazXuk2yIfpae99JmCPCXd+obqQ="></latexit><latexit sha1_base64="SMQBJQDZLA8Lb+pBvJDW8nCVyPI="></latexit><latexit sha1_base64="SMQBJQDZLA8Lb+pBvJDW8nCVyPI="></latexit>

zk+1
<latexit sha1_base64="YJJL4dm83LjmZd1JRFkRUCC/nOY="></latexit><latexit sha1_base64="erFFfHN20c5l9v3v/lI+piXrXco="></latexit><latexit sha1_base64="erFFfHN20c5l9v3v/lI+piXrXco="></latexit>

xk+1
<latexit sha1_base64="dRKGcxmeSSeidhCZ6OeK1rq6xoQ="></latexit><latexit sha1_base64="wOJjWQdNp4K04H39nfSLXUsr+d8="></latexit><latexit sha1_base64="wOJjWQdNp4K04H39nfSLXUsr+d8="></latexit>

xk
<latexit sha1_base64="Wn/kGibbgqm+dbh72Ox70miCbLI="></latexit><latexit sha1_base64="0v+VmqjkPoj7EIstLnVQ7sK3GNM="></latexit><latexit sha1_base64="0v+VmqjkPoj7EIstLnVQ7sK3GNM="></latexit> X

<latexit sha1_base64="FbChUsYzJ55HM2tCiQ8H2cja92k="></latexit><latexit sha1_base64="FbChUsYzJ55HM2tCiQ8H2cja92k="></latexit><latexit sha1_base64="FbChUsYzJ55HM2tCiQ8H2cja92k="></latexit>

Z
<latexit sha1_base64="DzLGhpX8Gz10EZK8tmMLUUY3K9c="></latexit><latexit sha1_base64="DzLGhpX8Gz10EZK8tmMLUUY3K9c="></latexit><latexit sha1_base64="DzLGhpX8Gz10EZK8tmMLUUY3K9c="></latexit>

f (
x k
, u
k
)

<latexit sha1_base64="A1U4t2BsinRnamXrNTW6kIMvwAU="></latexit><latexit sha1_base64="A1U4t2BsinRnamXrNTW6kIMvwAU="></latexit><latexit sha1_base64="A1U4t2BsinRnamXrNTW6kIMvwAU="></latexit>

Az
k
+
Bu
k

<latexit sha1_base64="iZA5itMYnjDTw/E1KDIDPe4Nnr8="></latexit><latexit sha1_base64="iZA5itMYnjDTw/E1KDIDPe4Nnr8="></latexit><latexit sha1_base64="iZA5itMYnjDTw/E1KDIDPe4Nnr8="></latexit>

dim(Z)� dim(X )
<latexit sha1_base64="VYCANQvNTPXmy180/mn84wscuFM="></latexit><latexit sha1_base64="VYCANQvNTPXmy180/mn84wscuFM="></latexit><latexit sha1_base64="VYCANQvNTPXmy180/mn84wscuFM="></latexit>
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� �

z0 = ψ(x0)
<latexit sha1_base64="lMM7pTQSb/TJ55EoU497nItbLV4="></latexit><latexit sha1_base64="STowrtR1tN1+1ydX2UeWf2r7O84="></latexit><latexit sha1_base64="STowrtR1tN1+1ydX2UeWf2r7O84="></latexit>

x̂ = Cz
<latexit sha1_base64="bJeVjhloYchTbggkgICipfSKI3c="></latexit><latexit sha1_base64="bJeVjhloYchTbggkgICipfSKI3c="></latexit><latexit sha1_base64="bJeVjhloYchTbggkgICipfSKI3c="></latexit>

dim(z)� dim(x)
<latexit sha1_base64="H9UPfydH88BLspBa/+WkALzExKM="></latexit><latexit sha1_base64="H9UPfydH88BLspBa/+WkALzExKM="></latexit><latexit sha1_base64="H9UPfydH88BLspBa/+WkALzExKM="></latexit>x0 given

<latexit sha1_base64="9vw2/EsrlVN1NZFD2xrmLI/B7do="></latexit><latexit sha1_base64="9vw2/EsrlVN1NZFD2xrmLI/B7do="></latexit><latexit sha1_base64="9vw2/EsrlVN1NZFD2xrmLI/B7do="></latexit>

z0 = ψ(x0)
<latexit sha1_base64="syPqsrAGa+73ie+4hGsVR/mpkgw="></latexit><latexit sha1_base64="Hb8KQOVZSZAkYTwCVgtiVCYd7bw="></latexit><latexit sha1_base64="Hb8KQOVZSZAkYTwCVgtiVCYd7bw="></latexit>

Ez + Fu ≤ b
<latexit sha1_base64="2VmWudrPSxj0njSMANAp1lBVze4="></latexit><latexit sha1_base64="UJv0lbePC09v/ysOcBbTnriuCZo="></latexit><latexit sha1_base64="UJv0lbePC09v/ysOcBbTnriuCZo="></latexit>

x+ = f (x, u)
<latexit sha1_base64="h4Bbo+j0d7kygmXgr8zc5y8Y8Jo="></latexit><latexit sha1_base64="h4Bbo+j0d7kygmXgr8zc5y8Y8Jo="></latexit><latexit sha1_base64="h4Bbo+j0d7kygmXgr8zc5y8Y8Jo="></latexit>

MPC solves convex quadratic program
<latexit sha1_base64="hpp14EonYGUDX3DArB2icbjOE0s="></latexit><latexit sha1_base64="hpp14EonYGUDX3DArB2icbjOE0s="></latexit><latexit sha1_base64="hpp14EonYGUDX3DArB2icbjOE0s="></latexit> Can solve extremely fast for large systems

<latexit sha1_base64="3vaoMbj/r20E3NCL4eRWOl+MIWg="></latexit><latexit sha1_base64="3vaoMbj/r20E3NCL4eRWOl+MIWg="></latexit><latexit sha1_base64="3vaoMbj/r20E3NCL4eRWOl+MIWg="></latexit>Complexity independent of dim(z)
<latexit sha1_base64="xzgv08zGAXrVSbZ2HoHAG0kM8N8="></latexit><latexit sha1_base64="xzgv08zGAXrVSbZ2HoHAG0kM8N8="></latexit><latexit sha1_base64="xzgv08zGAXrVSbZ2HoHAG0kM8N8="></latexit>

Completely data-driven
<latexit sha1_base64="wMPqX+DXdqL78UzDHpb015CSIRM="></latexit><latexit sha1_base64="wMPqX+DXdqL78UzDHpb015CSIRM="></latexit><latexit sha1_base64="wMPqX+DXdqL78UzDHpb015CSIRM="></latexit>

• Koopman MPC
<latexit sha1_base64="qrvN4ihtQTZyX4i/KeyqdSi7ecs="></latexit><latexit sha1_base64="qrvN4ihtQTZyX4i/KeyqdSi7ecs="></latexit><latexit sha1_base64="qrvN4ihtQTZyX4i/KeyqdSi7ecs="></latexit>

Contribution • Koopman operator for controlled systems
<latexit sha1_base64="vA1YDHuCsDhbKYJG8QVa14PUuiE="></latexit><latexit sha1_base64="vA1YDHuCsDhbKYJG8QVa14PUuiE="></latexit><latexit sha1_base64="vA1YDHuCsDhbKYJG8QVa14PUuiE="></latexit>

Linear predictor
<latexit sha1_base64="/OHfXQew/g/WM++kQ6mwdkS/AL8="></latexit><latexit sha1_base64="/OHfXQew/g/WM++kQ6mwdkS/AL8="></latexit><latexit sha1_base64="/OHfXQew/g/WM++kQ6mwdkS/AL8="></latexit>

Nonlinear control system
<latexit sha1_base64="DALXHk6YQHgEqboFN3pq7ZVOqSE="></latexit><latexit sha1_base64="DALXHk6YQHgEqboFN3pq7ZVOqSE="></latexit><latexit sha1_base64="DALXHk6YQHgEqboFN3pq7ZVOqSE="></latexit>

Controlled Koopman operator
<latexit sha1_base64="TnG6goWLIDrdxp2N6zUkFCXj9lY="></latexit><latexit sha1_base64="TnG6goWLIDrdxp2N6zUkFCXj9lY="></latexit><latexit sha1_base64="TnG6goWLIDrdxp2N6zUkFCXj9lY="></latexit>

F = (f ,Su)
<latexit sha1_base64="wR/IqSgLfmzAqOmGV9G5di16gJs="></latexit><latexit sha1_base64="wR/IqSgLfmzAqOmGV9G5di16gJs="></latexit><latexit sha1_base64="wR/IqSgLfmzAqOmGV9G5di16gJs="></latexit>

Kg = g � F
<latexit sha1_base64="bqawBSL+bZeD4OLnj34pfMrCp54="></latexit><latexit sha1_base64="bqawBSL+bZeD4OLnj34pfMrCp54="></latexit><latexit sha1_base64="bqawBSL+bZeD4OLnj34pfMrCp54="></latexit>

z+ = Az + Bu
<latexit sha1_base64="tpbi0sQUc5UrW+XBpsRyp8qt6GI="></latexit><latexit sha1_base64="LwXPbikSRa2vIXQ40yuXLjAQXWY="></latexit><latexit sha1_base64="LwXPbikSRa2vIXQ40yuXLjAQXWY="></latexit>

z+ = Az + Bu
<latexit sha1_base64="tpbi0sQUc5UrW+XBpsRyp8qt6GI="></latexit><latexit sha1_base64="LwXPbikSRa2vIXQ40yuXLjAQXWY="></latexit><latexit sha1_base64="LwXPbikSRa2vIXQ40yuXLjAQXWY="></latexit><latexit sha1_base64="LwXPbikSRa2vIXQ40yuXLjAQXWY="></latexit><latexit sha1_base64="LwXPbikSRa2vIXQ40yuXLjAQXWY="></latexit>

Data
<latexit sha1_base64="dD70FaB/k/zUz4kJx8yph4DP+lM="></latexit><latexit sha1_base64="dD70FaB/k/zUz4kJx8yph4DP+lM="></latexit><latexit sha1_base64="dD70FaB/k/zUz4kJx8yph4DP+lM="></latexit>

Koopman Model Predictive Control
<latexit sha1_base64="8XI8nvymBy92fSTV7zNjYoSZkvs="></latexit><latexit sha1_base64="8XI8nvymBy92fSTV7zNjYoSZkvs="></latexit><latexit sha1_base64="8XI8nvymBy92fSTV7zNjYoSZkvs="></latexit>

min
∑
z⊤Qz + u⊤Ru

<latexit sha1_base64="rd/IK9CHcwwIe+dbBVDFT0Kfsn8="></latexit><latexit sha1_base64="DPs2Ym4FDXVqSqoQzAKic0LrJxI="></latexit><latexit sha1_base64="DPs2Ym4FDXVqSqoQzAKic0LrJxI="></latexit>

[Korda, Mezić, 2018]
<latexit sha1_base64="zr0Eop4lFza2YkQem3Qeirw9yn4="></latexit>



Current work: Optimal selection of  
<latexit sha1_base64="JMA4Ho61N3WLpoenwkYeHNZOCnE="></latexit>
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� �

z0 = ψ(x0)
<latexit sha1_base64="lMM7pTQSb/TJ55EoU497nItbLV4="></latexit><latexit sha1_base64="STowrtR1tN1+1ydX2UeWf2r7O84="></latexit><latexit sha1_base64="STowrtR1tN1+1ydX2UeWf2r7O84="></latexit>

x̂ = Cz
<latexit sha1_base64="bJeVjhloYchTbggkgICipfSKI3c="></latexit><latexit sha1_base64="bJeVjhloYchTbggkgICipfSKI3c="></latexit><latexit sha1_base64="bJeVjhloYchTbggkgICipfSKI3c="></latexit>

dim(z)� dim(x)
<latexit sha1_base64="H9UPfydH88BLspBa/+WkALzExKM="></latexit><latexit sha1_base64="H9UPfydH88BLspBa/+WkALzExKM="></latexit><latexit sha1_base64="H9UPfydH88BLspBa/+WkALzExKM="></latexit>x0 given

<latexit sha1_base64="9vw2/EsrlVN1NZFD2xrmLI/B7do="></latexit><latexit sha1_base64="9vw2/EsrlVN1NZFD2xrmLI/B7do="></latexit><latexit sha1_base64="9vw2/EsrlVN1NZFD2xrmLI/B7do="></latexit>

Koopman MPC
<latexit sha1_base64="ap7gHLCxlEf4hlO6wkLztOEGFRQ="></latexit><latexit sha1_base64="ap7gHLCxlEf4hlO6wkLztOEGFRQ="></latexit><latexit sha1_base64="ap7gHLCxlEf4hlO6wkLztOEGFRQ="></latexit>

min
∑
z⊤Qz + u⊤Ru

<latexit sha1_base64="rd/IK9CHcwwIe+dbBVDFT0Kfsn8="></latexit><latexit sha1_base64="DPs2Ym4FDXVqSqoQzAKic0LrJxI="></latexit><latexit sha1_base64="DPs2Ym4FDXVqSqoQzAKic0LrJxI="></latexit>

z0 = ψ(x0)
<latexit sha1_base64="syPqsrAGa+73ie+4hGsVR/mpkgw="></latexit><latexit sha1_base64="Hb8KQOVZSZAkYTwCVgtiVCYd7bw="></latexit><latexit sha1_base64="Hb8KQOVZSZAkYTwCVgtiVCYd7bw="></latexit>

Ez + Fu ≤ b
<latexit sha1_base64="2VmWudrPSxj0njSMANAp1lBVze4="></latexit><latexit sha1_base64="UJv0lbePC09v/ysOcBbTnriuCZo="></latexit><latexit sha1_base64="UJv0lbePC09v/ysOcBbTnriuCZo="></latexit>

x+ = f (x, u)
<latexit sha1_base64="h4Bbo+j0d7kygmXgr8zc5y8Y8Jo="></latexit><latexit sha1_base64="h4Bbo+j0d7kygmXgr8zc5y8Y8Jo="></latexit><latexit sha1_base64="h4Bbo+j0d7kygmXgr8zc5y8Y8Jo="></latexit>

Linear predictor
<latexit sha1_base64="/OHfXQew/g/WM++kQ6mwdkS/AL8="></latexit><latexit sha1_base64="/OHfXQew/g/WM++kQ6mwdkS/AL8="></latexit><latexit sha1_base64="/OHfXQew/g/WM++kQ6mwdkS/AL8="></latexit>

Nonlinear control system
<latexit sha1_base64="DALXHk6YQHgEqboFN3pq7ZVOqSE="></latexit><latexit sha1_base64="DALXHk6YQHgEqboFN3pq7ZVOqSE="></latexit><latexit sha1_base64="DALXHk6YQHgEqboFN3pq7ZVOqSE="></latexit>

Controlled Koopman operator
<latexit sha1_base64="TnG6goWLIDrdxp2N6zUkFCXj9lY="></latexit><latexit sha1_base64="TnG6goWLIDrdxp2N6zUkFCXj9lY="></latexit><latexit sha1_base64="TnG6goWLIDrdxp2N6zUkFCXj9lY="></latexit>

F = (f ,Su)
<latexit sha1_base64="wR/IqSgLfmzAqOmGV9G5di16gJs="></latexit><latexit sha1_base64="wR/IqSgLfmzAqOmGV9G5di16gJs="></latexit><latexit sha1_base64="wR/IqSgLfmzAqOmGV9G5di16gJs="></latexit>

Kg = g � F
<latexit sha1_base64="bqawBSL+bZeD4OLnj34pfMrCp54="></latexit><latexit sha1_base64="bqawBSL+bZeD4OLnj34pfMrCp54="></latexit><latexit sha1_base64="bqawBSL+bZeD4OLnj34pfMrCp54="></latexit>

z+ = Az + Bu
<latexit sha1_base64="tpbi0sQUc5UrW+XBpsRyp8qt6GI="></latexit><latexit sha1_base64="LwXPbikSRa2vIXQ40yuXLjAQXWY="></latexit><latexit sha1_base64="LwXPbikSRa2vIXQ40yuXLjAQXWY="></latexit>

z+ = Az + Bu
<latexit sha1_base64="tpbi0sQUc5UrW+XBpsRyp8qt6GI="></latexit><latexit sha1_base64="LwXPbikSRa2vIXQ40yuXLjAQXWY="></latexit><latexit sha1_base64="LwXPbikSRa2vIXQ40yuXLjAQXWY="></latexit><latexit sha1_base64="LwXPbikSRa2vIXQ40yuXLjAQXWY="></latexit><latexit sha1_base64="LwXPbikSRa2vIXQ40yuXLjAQXWY="></latexit>

Data
<latexit sha1_base64="dD70FaB/k/zUz4kJx8yph4DP+lM="></latexit><latexit sha1_base64="dD70FaB/k/zUz4kJx8yph4DP+lM="></latexit><latexit sha1_base64="dD70FaB/k/zUz4kJx8yph4DP+lM="></latexit>

Further results:
<latexit sha1_base64="lB24Q/Cb1Rl59tvIDpmsvZIsZhk="></latexit><latexit sha1_base64="lB24Q/Cb1Rl59tvIDpmsvZIsZhk="></latexit><latexit sha1_base64="lB24Q/Cb1Rl59tvIDpmsvZIsZhk="></latexit>

! Convergence KN ! K in strong operator topology
<latexit sha1_base64="khAv6cwCYHm4dYyy1MUNTCJ3u2s="></latexit><latexit sha1_base64="khAv6cwCYHm4dYyy1MUNTCJ3u2s="></latexit><latexit sha1_base64="khAv6cwCYHm4dYyy1MUNTCJ3u2s="></latexit>

! Convergence of finite-horizon predictions
<latexit sha1_base64="gqm3eYRiuV9zVHU8MCh413iVbbE="></latexit><latexit sha1_base64="gqm3eYRiuV9zVHU8MCh413iVbbE="></latexit><latexit sha1_base64="gqm3eYRiuV9zVHU8MCh413iVbbE="></latexit>

! Weak spectral convergence
<latexit sha1_base64="I7n9YWy7Ay3QWUxxWyrzJdQU8k0="></latexit><latexit sha1_base64="I7n9YWy7Ay3QWUxxWyrzJdQU8k0="></latexit><latexit sha1_base64="I7n9YWy7Ay3QWUxxWyrzJdQU8k0="></latexit>

• New Spectral approximation algorithm
<latexit sha1_base64="XvsLOsFrzjumn+podQwLPjDjZjo="></latexit><latexit sha1_base64="XvsLOsFrzjumn+podQwLPjDjZjo="></latexit><latexit sha1_base64="XvsLOsFrzjumn+podQwLPjDjZjo="></latexit>

! Full understanding of the spectrum from data
<latexit sha1_base64="hbjMC+hWo2pLJITtKXXoJUFasZ8="></latexit><latexit sha1_base64="hbjMC+hWo2pLJITtKXXoJUFasZ8="></latexit><latexit sha1_base64="hbjMC+hWo2pLJITtKXXoJUFasZ8="></latexit>

• Convergence analysis of Extended Dynamic Mode Decomposition
<latexit sha1_base64="CSf35BF/X7rtoSSAuirUBczK/qE="></latexit><latexit sha1_base64="CSf35BF/X7rtoSSAuirUBczK/qE="></latexit><latexit sha1_base64="CSf35BF/X7rtoSSAuirUBczK/qE="></latexit>

(with I. Mezić)
<latexit sha1_base64="r00DCG7CQNun7ZyjFITs+k35dUs="></latexit><latexit sha1_base64="r00DCG7CQNun7ZyjFITs+k35dUs="></latexit><latexit sha1_base64="r00DCG7CQNun7ZyjFITs+k35dUs="></latexit>

(with M. Putinar & I. Mezić)
<latexit sha1_base64="3PPRhYDiMJ0P9l5hpUaOlDMJFSc="></latexit><latexit sha1_base64="3PPRhYDiMJ0P9l5hpUaOlDMJFSc="></latexit><latexit sha1_base64="3PPRhYDiMJ0P9l5hpUaOlDMJFSc="></latexit>

Koopman operator for control

(with I. Mezić)
<latexit sha1_base64="r00DCG7CQNun7ZyjFITs+k35dUs="></latexit><latexit sha1_base64="r00DCG7CQNun7ZyjFITs+k35dUs="></latexit><latexit sha1_base64="r00DCG7CQNun7ZyjFITs+k35dUs="></latexit>
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tracking error
<latexit sha1_base64="FyKB+KLYm+N1L6ZdjShsoq8VyLE="></latexit><latexit sha1_base64="FyKB+KLYm+N1L6ZdjShsoq8VyLE="></latexit><latexit sha1_base64="FyKB+KLYm+N1L6ZdjShsoq8VyLE="></latexit>

t = 0 s
<latexit sha1_base64="9IYnyxXE/mh81VZE7vv4hIf+zXE="></latexit><latexit sha1_base64="9IYnyxXE/mh81VZE7vv4hIf+zXE="></latexit><latexit sha1_base64="9IYnyxXE/mh81VZE7vv4hIf+zXE="></latexit>

tracking error
<latexit sha1_base64="FyKB+KLYm+N1L6ZdjShsoq8VyLE="></latexit><latexit sha1_base64="FyKB+KLYm+N1L6ZdjShsoq8VyLE="></latexit><latexit sha1_base64="FyKB+KLYm+N1L6ZdjShsoq8VyLE="></latexit>

t = 10 s
<latexit sha1_base64="zz9WxAmN64nUfw95mwfXxWY66EY="></latexit><latexit sha1_base64="zz9WxAmN64nUfw95mwfXxWY66EY="></latexit><latexit sha1_base64="zz9WxAmN64nUfw95mwfXxWY66EY="></latexit>

tracking error
<latexit sha1_base64="FyKB+KLYm+N1L6ZdjShsoq8VyLE="></latexit><latexit sha1_base64="FyKB+KLYm+N1L6ZdjShsoq8VyLE="></latexit><latexit sha1_base64="FyKB+KLYm+N1L6ZdjShsoq8VyLE="></latexit>

t = 20 s
<latexit sha1_base64="TzYNZ6jb9O4eI5PQQyZCpo6CSRY="></latexit><latexit sha1_base64="TzYNZ6jb9O4eI5PQQyZCpo6CSRY="></latexit><latexit sha1_base64="TzYNZ6jb9O4eI5PQQyZCpo6CSRY="></latexit>

time [s]
<latexit sha1_base64="hneHMAW8LNgP8dDeN21msqGryBQ="></latexit><latexit sha1_base64="hneHMAW8LNgP8dDeN21msqGryBQ="></latexit><latexit sha1_base64="hneHMAW8LNgP8dDeN21msqGryBQ="></latexit>

tf
<latexit sha1_base64="gJQPuMcWwLYEFKkfYeZGQqn30wA="></latexit><latexit sha1_base64="gJQPuMcWwLYEFKkfYeZGQqn30wA="></latexit><latexit sha1_base64="gJQPuMcWwLYEFKkfYeZGQqn30wA="></latexit> time [s]

<latexit sha1_base64="hneHMAW8LNgP8dDeN21msqGryBQ="></latexit><latexit sha1_base64="hneHMAW8LNgP8dDeN21msqGryBQ="></latexit><latexit sha1_base64="hneHMAW8LNgP8dDeN21msqGryBQ="></latexit>

tf
<latexit sha1_base64="gJQPuMcWwLYEFKkfYeZGQqn30wA="></latexit><latexit sha1_base64="gJQPuMcWwLYEFKkfYeZGQqn30wA="></latexit><latexit sha1_base64="gJQPuMcWwLYEFKkfYeZGQqn30wA="></latexit>

Powergrid
<latexit sha1_base64="QzftXmx6Xysi0tA0doQwQWILpkg="></latexit><latexit sha1_base64="QzftXmx6Xysi0tA0doQwQWILpkg="></latexit><latexit sha1_base64="QzftXmx6Xysi0tA0doQwQWILpkg="></latexit>
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x [µm]
<latexit sha1_base64="P9tgjtAr16u3yiqCKcTxwqsdXKw="></latexit><latexit sha1_base64="P9tgjtAr16u3yiqCKcTxwqsdXKw="></latexit><latexit sha1_base64="P9tgjtAr16u3yiqCKcTxwqsdXKw="></latexit>

x [mm]
<latexit sha1_base64="XV+i/rKBUvd0/Cz0YeeOQzqDocA="></latexit><latexit sha1_base64="XV+i/rKBUvd0/Cz0YeeOQzqDocA="></latexit><latexit sha1_base64="XV+i/rKBUvd0/Cz0YeeOQzqDocA="></latexit>

with Y. Susuki & I. Mezić
<latexit sha1_base64="AjsM3wx2ZVLJq7ChA70yTVI+DqM="></latexit><latexit sha1_base64="AjsM3wx2ZVLJq7ChA70yTVI+DqM="></latexit><latexit sha1_base64="AjsM3wx2ZVLJq7ChA70yTVI+DqM="></latexit>

No control
<latexit sha1_base64="y74XQaDS3P/9jYennGWjf1HODg4="></latexit><latexit sha1_base64="y74XQaDS3P/9jYennGWjf1HODg4="></latexit><latexit sha1_base64="y74XQaDS3P/9jYennGWjf1HODg4="></latexit>

Koopman MPC
<latexit sha1_base64="Uu+GqA5cWcWrxbzjS2xBUYeMGfU="></latexit><latexit sha1_base64="Uu+GqA5cWcWrxbzjS2xBUYeMGfU="></latexit><latexit sha1_base64="Uu+GqA5cWcWrxbzjS2xBUYeMGfU="></latexit>

High-precision positioning
<latexit sha1_base64="rnJpWowSw6UP6JGacHYrdPFR2rk=">AAAFuXicdZTfb9MwEMe9scIoP7bBG7xEtJN4YFM6CSEkJk2gdUVjaEwrm9RUk+1cWzM7jmyn67Ai8chfwiv8O/w32G3HmqyzFOl038/d5XzJkZQzbcLw78LinaXK3XvL96sPHj56vLK69uSrlpmi0KaSS3VKsAbOEmgbZjicpgqwIBxOyPkHr58MQWkmk2NzmUJX4H7Ceoxi41xnq89arD/YcCGUeSZIpWZeYUn/bLUWbobjE9 </latexit><latexit sha1_base64="rnJpWowSw6UP6JGacHYrdPFR2rk=">AAAFuXicdZTfb9MwEMe9scIoP7bBG7xEtJN4YFM6CSEkJk2gdUVjaEwrm9RUk+1cWzM7jmyn67Ai8chfwiv8O/w32G3HmqyzFOl038/d5XzJkZQzbcLw78LinaXK3XvL96sPHj56vLK69uSrlpmi0KaSS3VKsAbOEmgbZjicpgqwIBxOyPkHr58MQWkmk2NzmUJX4H7Ceoxi41xnq89arD/YcCGUeSZIpWZeYUn/bLUWbobjE9 </latexit><latexit sha1_base64="rnJpWowSw6UP6JGacHYrdPFR2rk=">AAAFuXicdZTfb9MwEMe9scIoP7bBG7xEtJN4YFM6CSEkJk2gdUVjaEwrm9RUk+1cWzM7jmyn67Ai8chfwiv8O/w32G3HmqyzFOl038/d5XzJkZQzbcLw78LinaXK3XvL96sPHj56vLK69uSrlpmi0KaSS3VKsAbOEmgbZjicpgqwIBxOyPkHr58MQWkmk2NzmUJX4H7Ceoxi41xnq89arD/YcCGUeSZIpWZeYUn/bLUWbobjE9 </latexit>

�
f
[H

z]
<latexit sha1_base64="+vfuIHalYves16qhBSEln7M0hT0="></latexit><latexit sha1_base64="+vfuIHalYves16qhBSEln7M0hT0="></latexit><latexit sha1_base64="+vfuIHalYves16qhBSEln7M0hT0="></latexit>�
f
[H

z]
<latexit sha1_base64="+vfuIHalYves16qhBSEln7M0hT0="></latexit><latexit sha1_base64="+vfuIHalYves16qhBSEln7M0hT0="></latexit><latexit sha1_base64="+vfuIHalYves16qhBSEln7M0hT0="></latexit>

Kortweg-de Vries
<latexit sha1_base64="wPOiGvez0eP3EgE2ekfwutsVXQs="></latexit><latexit sha1_base64="wPOiGvez0eP3EgE2ekfwutsVXQs="></latexit><latexit sha1_base64="wPOiGvez0eP3EgE2ekfwutsVXQs="></latexit>

t
<latexit sha1_base64="3eBSkl4G0mSAzmQ3KbGXi/bsAxE="></latexit><latexit sha1_base64="3eBSkl4G0mSAzmQ3KbGXi/bsAxE="></latexit><latexit sha1_base64="3eBSkl4G0mSAzmQ3KbGXi/bsAxE="></latexit>

x
<latexit sha1_base64="TmYfNVvDEANzlcOdBnaOtNPt140="></latexit><latexit sha1_base64="TmYfNVvDEANzlcOdBnaOtNPt140="></latexit><latexit sha1_base64="TmYfNVvDEANzlcOdBnaOtNPt140="></latexit>

y
(t
,x
)

<latexit sha1_base64="qdzmKEmFWyTGeD317V16wgF3JNk="></latexit><latexit sha1_base64="qdzmKEmFWyTGeD317V16wgF3JNk="></latexit><latexit sha1_base64="qdzmKEmFWyTGeD317V16wgF3JNk="></latexit>

Fluid dynamics
<latexit sha1_base64="MlUdlXVavsTR9KAwnEaNvpP065U=">AAAFq3icdZTNbhMxEMfd0kAJH23hyGVFUokDjTaVEOJQqQI1DSpFpWpoRTZUtneSWLXXK9ubplh75xG4wlvxNthJSrPb1NJKo/n/ZsbjSYaknGkThn+Xlu+tVO4/WH1YffT4ydO19Y1nX7XMFIUOlVyqM4I1cJZAxzDD4SxVgAXhcEouPnj9dARKM5mcmKsUegIPEtZnFBvn+t7iGYuD+CrBglF9vl4LG+HkBLeN5syoodk5Ot </latexit><latexit sha1_base64="MlUdlXVavsTR9KAwnEaNvpP065U=">AAAFq3icdZTNbhMxEMfd0kAJH23hyGVFUokDjTaVEOJQqQI1DSpFpWpoRTZUtneSWLXXK9ubplh75xG4wlvxNthJSrPb1NJKo/n/ZsbjSYaknGkThn+Xlu+tVO4/WH1YffT4ydO19Y1nX7XMFIUOlVyqM4I1cJZAxzDD4SxVgAXhcEouPnj9dARKM5mcmKsUegIPEtZnFBvn+t7iGYuD+CrBglF9vl4LG+HkBLeN5syoodk5Ot </latexit><latexit sha1_base64="MlUdlXVavsTR9KAwnEaNvpP065U=">AAAFq3icdZTNbhMxEMfd0kAJH23hyGVFUokDjTaVEOJQqQI1DSpFpWpoRTZUtneSWLXXK9ubplh75xG4wlvxNthJSrPb1NJKo/n/ZsbjSYaknGkThn+Xlu+tVO4/WH1YffT4ydO19Y1nX7XMFIUOlVyqM4I1cJZAxzDD4SxVgAXhcEouPnj9dARKM5mcmKsUegIPEtZnFBvn+t7iGYuD+CrBglF9vl4LG+HkBLeN5syoodk5Ot </latexit>

with E. Kamenar et al.
<latexit sha1_base64="87ECvPAQ+EdgwntHSdn+3fJtxqE="></latexit><latexit sha1_base64="87ECvPAQ+EdgwntHSdn+3fJtxqE="></latexit><latexit sha1_base64="87ECvPAQ+EdgwntHSdn+3fJtxqE="></latexit>

t [s]
<latexit sha1_base64="GFOkNkHSW2kJso1BlL5QbsbN9ps="></latexit><latexit sha1_base64="GFOkNkHSW2kJso1BlL5QbsbN9ps="></latexit><latexit sha1_base64="GFOkNkHSW2kJso1BlL5QbsbN9ps="></latexit>

with H. Arbabi & I. Mezić
<latexit sha1_base64="uWsyOIQXZqzwVrIFOCX31nH+mCw="></latexit><latexit sha1_base64="uWsyOIQXZqzwVrIFOCX31nH+mCw="></latexit><latexit sha1_base64="uWsyOIQXZqzwVrIFOCX31nH+mCw="></latexit>

Cavity flow control (2D Navier-Stokes)
<latexit sha1_base64="tdVuAXBDDAOciiPOBc3rdRN4wHg="></latexit><latexit sha1_base64="tdVuAXBDDAOciiPOBc3rdRN4wHg="></latexit><latexit sha1_base64="tdVuAXBDDAOciiPOBc3rdRN4wHg="></latexit>
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Aµ = b
<latexit sha1_base64="D51RKDMFE48YutlRfSnxqi6MBFc="></latexit><latexit sha1_base64="D51RKDMFE48YutlRfSnxqi6MBFc="></latexit><latexit sha1_base64="D51RKDMFE48YutlRfSnxqi6MBFc="></latexit>

ANy = bN
<latexit sha1_base64="reIOr870QOz4ZqZZBQyrPZjx2o4="></latexit><latexit sha1_base64="reIOr870QOz4ZqZZBQyrPZjx2o4="></latexit><latexit sha1_base64="reIOr870QOz4ZqZZBQyrPZjx2o4="></latexit>

min
y
hgN ,yi

<latexit sha1_base64="TOAY7H0Zk96mCvP+O3qAbW3vuK8="></latexit><latexit sha1_base64="TOAY7H0Zk96mCvP+O3qAbW3vuK8="></latexit><latexit sha1_base64="TOAY7H0Zk96mCvP+O3qAbW3vuK8="></latexit>

y 2 M+
N

<latexit sha1_base64="+kWBZ+NVFwX6+DCwTW8C2xJFmkg="></latexit><latexit sha1_base64="+kWBZ+NVFwX6+DCwTW8C2xJFmkg="></latexit><latexit sha1_base64="+kWBZ+NVFwX6+DCwTW8C2xJFmkg="></latexit>

µ 2 M+
<latexit sha1_base64="I2heFv1JwfkFn6QilX6WUC7bueI="></latexit><latexit sha1_base64="I2heFv1JwfkFn6QilX6WUC7bueI="></latexit><latexit sha1_base64="I2heFv1JwfkFn6QilX6WUC7bueI="></latexit>

XT
X0

ẋ = f (x, u)
<latexit sha1_base64="Np64lJZoLa6GkHfZIxrOG8L0IR4="></latexit><latexit sha1_base64="rmdRQZcE2RsOZxyOeEE0wrSe8p8="></latexit><latexit sha1_base64="rmdRQZcE2RsOZxyOeEE0wrSe8p8="></latexit>

Highly nonconvex
<latexit sha1_base64="9RHDo+GUJNJj11cTZUcQIe+JV1A="></latexit><latexit sha1_base64="9RHDo+GUJNJj11cTZUcQIe+JV1A="></latexit><latexit sha1_base64="9RHDo+GUJNJj11cTZUcQIe+JV1A="></latexit>

Convex semidefinite program (SDP)
<latexit sha1_base64="sF/jnu1g6Ylz5tTb0vwH8dNqr3k="></latexit><latexit sha1_base64="sF/jnu1g6Ylz5tTb0vwH8dNqr3k="></latexit><latexit sha1_base64="sF/jnu1g6Ylz5tTb0vwH8dNqr3k="></latexit>

Linear program
<latexit sha1_base64="gGH6Kldylu9jBf19fdAaSVhGuSk="></latexit><latexit sha1_base64="gGH6Kldylu9jBf19fdAaSVhGuSk="></latexit><latexit sha1_base64="gGH6Kldylu9jBf19fdAaSVhGuSk="></latexit>

(Infinite-dimensional)
<latexit sha1_base64="u+Km7tiBbYM+o36nwXDQmWArTlU="></latexit><latexit sha1_base64="u+Km7tiBbYM+o36nwXDQmWArTlU="></latexit><latexit sha1_base64="u+Km7tiBbYM+o36nwXDQmWArTlU="></latexit>

� �
min
µ
hg, µi

<latexit sha1_base64="bzS5TumdFQLnn+mgx5qXNxDKWoY="></latexit><latexit sha1_base64="bzS5TumdFQLnn+mgx5qXNxDKWoY="></latexit><latexit sha1_base64="bzS5TumdFQLnn+mgx5qXNxDKWoY="></latexit><latexit sha1_base64="gXr36p/KSFVdrmxg08kLnAQNQ9g="></latexit><latexit sha1_base64="AEsqb4ldRhKp/XaDlqEVmR8BqlA="></latexit><latexit sha1_base64="AEsqb4ldRhKp/XaDlqEVmR8BqlA="></latexit><latexit sha1_base64="Mf9WtiDVfiTqbyIw8rO5HHJOtwA="></latexit><latexit sha1_base64="bzS5TumdFQLnn+mgx5qXNxDKWoY="></latexit><latexit sha1_base64="bzS5TumdFQLnn+mgx5qXNxDKWoY="></latexit><latexit sha1_base64="bzS5TumdFQLnn+mgx5qXNxDKWoY="></latexit><latexit sha1_base64="bzS5TumdFQLnn+mgx5qXNxDKWoY="></latexit><latexit sha1_base64="bzS5TumdFQLnn+mgx5qXNxDKWoY="></latexit>
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Aµ = b
<latexit sha1_base64="D51RKDMFE48YutlRfSnxqi6MBFc="></latexit><latexit sha1_base64="D51RKDMFE48YutlRfSnxqi6MBFc="></latexit><latexit sha1_base64="D51RKDMFE48YutlRfSnxqi6MBFc="></latexit>

ANy = bN
<latexit sha1_base64="reIOr870QOz4ZqZZBQyrPZjx2o4="></latexit><latexit sha1_base64="reIOr870QOz4ZqZZBQyrPZjx2o4="></latexit><latexit sha1_base64="reIOr870QOz4ZqZZBQyrPZjx2o4="></latexit>

min
y
hgN ,yi

<latexit sha1_base64="TOAY7H0Zk96mCvP+O3qAbW3vuK8="></latexit><latexit sha1_base64="TOAY7H0Zk96mCvP+O3qAbW3vuK8="></latexit><latexit sha1_base64="TOAY7H0Zk96mCvP+O3qAbW3vuK8="></latexit>

y 2 M+
N

<latexit sha1_base64="+kWBZ+NVFwX6+DCwTW8C2xJFmkg="></latexit><latexit sha1_base64="+kWBZ+NVFwX6+DCwTW8C2xJFmkg="></latexit><latexit sha1_base64="+kWBZ+NVFwX6+DCwTW8C2xJFmkg="></latexit>

µ 2 M+
<latexit sha1_base64="I2heFv1JwfkFn6QilX6WUC7bueI="></latexit><latexit sha1_base64="I2heFv1JwfkFn6QilX6WUC7bueI="></latexit><latexit sha1_base64="I2heFv1JwfkFn6QilX6WUC7bueI="></latexit>

XT
X0

ẋ = f (x, u)
<latexit sha1_base64="Np64lJZoLa6GkHfZIxrOG8L0IR4="></latexit><latexit sha1_base64="rmdRQZcE2RsOZxyOeEE0wrSe8p8="></latexit><latexit sha1_base64="rmdRQZcE2RsOZxyOeEE0wrSe8p8="></latexit>

Highly nonconvex
<latexit sha1_base64="9RHDo+GUJNJj11cTZUcQIe+JV1A="></latexit><latexit sha1_base64="9RHDo+GUJNJj11cTZUcQIe+JV1A="></latexit><latexit sha1_base64="9RHDo+GUJNJj11cTZUcQIe+JV1A="></latexit>

Convex semidefinite program (SDP)
<latexit sha1_base64="sF/jnu1g6Ylz5tTb0vwH8dNqr3k="></latexit><latexit sha1_base64="sF/jnu1g6Ylz5tTb0vwH8dNqr3k="></latexit><latexit sha1_base64="sF/jnu1g6Ylz5tTb0vwH8dNqr3k="></latexit>

Linear program
<latexit sha1_base64="gGH6Kldylu9jBf19fdAaSVhGuSk="></latexit><latexit sha1_base64="gGH6Kldylu9jBf19fdAaSVhGuSk="></latexit><latexit sha1_base64="gGH6Kldylu9jBf19fdAaSVhGuSk="></latexit>

(Infinite-dimensional)
<latexit sha1_base64="u+Km7tiBbYM+o36nwXDQmWArTlU="></latexit><latexit sha1_base64="u+Km7tiBbYM+o36nwXDQmWArTlU="></latexit><latexit sha1_base64="u+Km7tiBbYM+o36nwXDQmWArTlU="></latexit>

� �
min
µ
hg, µi

<latexit sha1_base64="bzS5TumdFQLnn+mgx5qXNxDKWoY="></latexit><latexit sha1_base64="bzS5TumdFQLnn+mgx5qXNxDKWoY="></latexit><latexit sha1_base64="bzS5TumdFQLnn+mgx5qXNxDKWoY="></latexit><latexit sha1_base64="gXr36p/KSFVdrmxg08kLnAQNQ9g="></latexit><latexit sha1_base64="AEsqb4ldRhKp/XaDlqEVmR8BqlA="></latexit><latexit sha1_base64="AEsqb4ldRhKp/XaDlqEVmR8BqlA="></latexit><latexit sha1_base64="Mf9WtiDVfiTqbyIw8rO5HHJOtwA="></latexit><latexit sha1_base64="bzS5TumdFQLnn+mgx5qXNxDKWoY="></latexit><latexit sha1_base64="bzS5TumdFQLnn+mgx5qXNxDKWoY="></latexit><latexit sha1_base64="bzS5TumdFQLnn+mgx5qXNxDKWoY="></latexit><latexit sha1_base64="bzS5TumdFQLnn+mgx5qXNxDKWoY="></latexit><latexit sha1_base64="bzS5TumdFQLnn+mgx5qXNxDKWoY="></latexit>

Region of attraction
<latexit sha1_base64="E2ScH7qvmAUHOmpYSx+jgDwWlc4="></latexit><latexit sha1_base64="E2ScH7qvmAUHOmpYSx+jgDwWlc4="></latexit><latexit sha1_base64="E2ScH7qvmAUHOmpYSx+jgDwWlc4="></latexit>

Maximum controlled invariant set
<latexit sha1_base64="Jx7WStRPVHqKUG061A6ttOQKrrQ="></latexit><latexit sha1_base64="Jx7WStRPVHqKUG061A6ttOQKrrQ="></latexit><latexit sha1_base64="Jx7WStRPVHqKUG061A6ttOQKrrQ="></latexit>

Value function of OCPs
<latexit sha1_base64="ZBrBGYEYbClUfk82CgfC41mduQs="></latexit><latexit sha1_base64="ZBrBGYEYbClUfk82CgfC41mduQs="></latexit><latexit sha1_base64="ZBrBGYEYbClUfk82CgfC41mduQs="></latexit>

Verification of optimization-based controllers
<latexit sha1_base64="nxtz7iqeN8m6mNI2VTdcNUzJ40Y="></latexit><latexit sha1_base64="nxtz7iqeN8m6mNI2VTdcNUzJ40Y="></latexit><latexit sha1_base64="nxtz7iqeN8m6mNI2VTdcNUzJ40Y="></latexit>

(with D. Henrion and C. Jones)
<latexit sha1_base64="roRyyzpMXQE/7oLCu29Alyg4PIo="></latexit><latexit sha1_base64="roRyyzpMXQE/7oLCu29Alyg4PIo="></latexit><latexit sha1_base64="roRyyzpMXQE/7oLCu29Alyg4PIo="></latexit>



MCI set

Maximum controlled invariant set
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X

x+ = f (x, u) , x ∈ X , u ∈ U

X⋆

Set of all initial states that can be kept in the state constraint set using admissible controls
<latexit sha1_base64="t3RiXPY7Xp3YIPVG5UB/Q8VPXgs="></latexit>



Primal LP

Primal LP
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Infinite dimensional linear program in the cone of nonnegative measures

The MCI set is characterized by the optimization problem
<latexit sha1_base64="/u6kaIkGVH5trnDP7h6ni5Yjaxc=">AAAF2HicdZTfTxNBEMcXpYr1F+ijLxtbEh+EtERjeCAhEkoJ1iABIek1ZHdv2m7Yvb3s7pXC5R58Ul/9B/xrfNVn/xt32yK9o2xyyWS+n5m52bkbGgtubK32d+7O3fnSvfsLD8oPHz1+8nRx6dlnoxLN4IgpofQJJQYEj+DIcivgJNZAJBVwTM+2vH48AG24ig7tRQwdSXoR73JGrHOdLq4f9gG3tnYxNmAxN5j1iSbMguaXEG </latexit><latexit sha1_base64="/u6kaIkGVH5trnDP7h6ni5Yjaxc=">AAAF2HicdZTfTxNBEMcXpYr1F+ijLxtbEh+EtERjeCAhEkoJ1iABIek1ZHdv2m7Yvb3s7pXC5R58Ul/9B/xrfNVn/xt32yK9o2xyyWS+n5m52bkbGgtubK32d+7O3fnSvfsLD8oPHz1+8nRx6dlnoxLN4IgpofQJJQYEj+DIcivgJNZAJBVwTM+2vH48AG24ig7tRQwdSXoR73JGrHOdLq4f9gG3tnYxNmAxN5j1iSbMguaXEG </latexit><latexit sha1_base64="/u6kaIkGVH5trnDP7h6ni5Yjaxc=">AAAF2HicdZTfTxNBEMcXpYr1F+ijLxtbEh+EtERjeCAhEkoJ1iABIek1ZHdv2m7Yvb3s7pXC5R58Ul/9B/xrfNVn/xt32yK9o2xyyWS+n5m52bkbGgtubK32d+7O3fnSvfsLD8oPHz1+8nRx6dlnoxLN4IgpofQJJQYEj+DIcivgJNZAJBVwTM+2vH48AG24ig7tRQwdSXoR73JGrHOdLq4f9gG3tnYxNmAxN5j1iSbMguaXEG </latexit>

sup
µ,µ0

∫
X 1dµ0

s.t. µ0 + α f#µ− µ = 0
µ0 ≤ λ
µ ∈M(X × U)+, µ0 ∈M(X)+

<latexit sha1_base64="NvxNRRmDwCO4cElpXEshyYyBStA="></latexit><latexit sha1_base64="4TzQ5560+PAhTbfyQF+RbQyUpqI="></latexit><latexit sha1_base64="4TzQ5560+PAhTbfyQF+RbQyUpqI="></latexit>



Dual LP on continuous functions
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Dual LP

key obseravtion:

w � IX� � {x | w(x) � 1} � X�

where the infimum is over v � C(X) and w � C(X)

X

X�

w(x)

inf
v,w

∫

X
w(x) dx

s.t. αv(f (x, u)) ≤ v(x), ∀ (x, u) ∈ X × U
w(x) ≥ v(x) + 1, ∀ x ∈ X
w(x) ≥ 0 ∀ x ∈ X

<latexit sha1_base64="OJHOW2m34L2GPdoRqBPo/5+YrIU="></latexit><latexit sha1_base64="ch2G5urd9mdBAZ/a3TyOy16IMwY="></latexit><latexit sha1_base64="ch2G5urd9mdBAZ/a3TyOy16IMwY="></latexit>



Dual LP on continuous functions
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key obseravtion:

w � IX� � {x | w(x) � 1} � X�

where the infimum is over v � C(X) and w � C(X)

X

X�

w(x)

Dual LP

inf
v,w

∫

X
w(x) dx

s.t. αv(f (x, u)) ≤ v(x), ∀ (x, u) ∈ X × U
w(x) ≥ v(x) + 1, ∀ x ∈ X
w(x) ≥ 0 ∀ x ∈ X

<latexit sha1_base64="OJHOW2m34L2GPdoRqBPo/5+YrIU="></latexit><latexit sha1_base64="ch2G5urd9mdBAZ/a3TyOy16IMwY="></latexit><latexit sha1_base64="ch2G5urd9mdBAZ/a3TyOy16IMwY="></latexit>



Dual LP on continuous functions
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key obseravtion:

w � IX� � {x | w(x) � 1} � X�

where the infimum is over v � C(X) and w � C(X)

X

X�

w ∗(x)

Dual LP

inf
v,w

∫

X
w(x) dx

s.t. αv(f (x, u)) ≤ v(x), ∀ (x, u) ∈ X × U
w(x) ≥ v(x) + 1, ∀ x ∈ X
w(x) ≥ 0 ∀ x ∈ X

<latexit sha1_base64="OJHOW2m34L2GPdoRqBPo/5+YrIU="></latexit><latexit sha1_base64="ch2G5urd9mdBAZ/a3TyOy16IMwY="></latexit><latexit sha1_base64="ch2G5urd9mdBAZ/a3TyOy16IMwY="></latexit>



SDP hierarchy
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Optimization 
over measures

Optimization over 
moment sequences

Optimization over 
moment sequences 

up to degree 2k

Optimization over 
nonnegative 

continuous functions

Optimization over 
nonnegative 
polynomials

Optimization over 
SOS polynomials 
up to degree 2k

SDP

SDP

⇒

⇒

⇔

⇔

Compactness
Relaxation
Tightening

<latexit sha1_base64="YFNRubwpbQg2nJB4fM35LLD5sc0="></latexit>



Convergence
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Let wk(x) be the optimal solution to the dual SDP relaxation of order k

X⋆k := {x | wk(x) ≥ 1}

vol(X�
k \X�)� 0

X

X�

wk(x)
<latexit sha1_base64="eBLJTJIsT9RbuZJ3DxyFAMIiiYc="></latexit>



Convergence
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Let wk(x) be the optimal solution to the dual SDP relaxation of order k

X

X�

wk(x)
<latexit sha1_base64="eBLJTJIsT9RbuZJ3DxyFAMIiiYc="></latexit>

X⋆k := {x | wk(x) ≥ 1}

vol(X�
k \X�)� 0
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Data-driven invariant set estimation
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Maximum controlled invariant set from data
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X

f not given, only data {x+i , xi , ui}Mi=1 available
<latexit sha1_base64="sQBH/1X22T3C7Y3bM6ugc5LiFP4="></latexit><latexit sha1_base64="sQBH/1X22T3C7Y3bM6ugc5LiFP4="></latexit><latexit sha1_base64="sQBH/1X22T3C7Y3bM6ugc5LiFP4="></latexit>



Maximum controlled invariant set from data
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X

X⋆

f not given, only data {x+i , xi , ui}Mi=1 available
<latexit sha1_base64="sQBH/1X22T3C7Y3bM6ugc5LiFP4="></latexit><latexit sha1_base64="sQBH/1X22T3C7Y3bM6ugc5LiFP4="></latexit><latexit sha1_base64="sQBH/1X22T3C7Y3bM6ugc5LiFP4="></latexit>
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with variables v , w 2 F ⇢ C(X), dim(F) <1
<latexit sha1_base64="cEYC6k2mNNwFlotYyRecT6JKKS8="></latexit><latexit sha1_base64="cEYC6k2mNNwFlotYyRecT6JKKS8="></latexit><latexit sha1_base64="cEYC6k2mNNwFlotYyRecT6JKKS8="></latexit>

Sampled dual LP

∀(xi , x+i ) ∈ Data
<latexit sha1_base64="feD8FAut/tspKbKXRo8WQrLV8yg="></latexit>

inf
1

M

M∑

i=1

w(xi)

s.t. αv(x+i ) ≤ v(xi)
w(xi) ≥ v(xi) + 1
w(xi) ≥ 0

<latexit sha1_base64="tGJ5osMLJCuDHnlUBXKdyay0TaY="></latexit><latexit sha1_base64="SMWpUMfXWpUWbR05/iKOR+meUPI="></latexit><latexit sha1_base64="SMWpUMfXWpUWbR05/iKOR+meUPI="></latexit>
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with variables v , w 2 F ⇢ C(X), dim(F) <1
<latexit sha1_base64="cEYC6k2mNNwFlotYyRecT6JKKS8="></latexit><latexit sha1_base64="cEYC6k2mNNwFlotYyRecT6JKKS8="></latexit><latexit sha1_base64="cEYC6k2mNNwFlotYyRecT6JKKS8="></latexit>

Sampled dual LP

∀(xi , x+i ) ∈ Data
<latexit sha1_base64="feD8FAut/tspKbKXRo8WQrLV8yg="></latexit>

inf
1

M

M∑

i=1

w(xi)

s.t. αv(x+i ) ≤ v(xi)
w(xi) ≥ v(xi) + 1
w(xi) ≥ 0

<latexit sha1_base64="tGJ5osMLJCuDHnlUBXKdyay0TaY="></latexit><latexit sha1_base64="SMWpUMfXWpUWbR05/iKOR+meUPI="></latexit><latexit sha1_base64="SMWpUMfXWpUWbR05/iKOR+meUPI="></latexit>

Properties
<latexit sha1_base64="j5GoXEFlvkvLbDopxTZRsBbSVWA=">AAAFvnicdZTNbhMxEMfd0kAJXy09clmRVOJAq00FQhwqFVDToBJUqoZWykaV7Z0kVu31yvamKda+BXeu8Ei8DXYS2uw2tbTSaP6/mfHMJCYpZ9qE4d+l5XsrlfsPVh9WHz1+8vTZ2vrz71pmikKHSi7VGcEaOEugY5jhcJYqwIJwOCUXn7x+OgKlmUxOzFUKPYEHCeszio1zna9tRAbGhvTtkZIpKMNA5+drtXA7nJzgttGYGT </latexit><latexit sha1_base64="j5GoXEFlvkvLbDopxTZRsBbSVWA=">AAAFvnicdZTNbhMxEMfd0kAJXy09clmRVOJAq00FQhwqFVDToBJUqoZWykaV7Z0kVu31yvamKda+BXeu8Ei8DXYS2uw2tbTSaP6/mfHMJCYpZ9qE4d+l5XsrlfsPVh9WHz1+8vTZ2vrz71pmikKHSi7VGcEaOEugY5jhcJYqwIJwOCUXn7x+OgKlmUxOzFUKPYEHCeszio1zna9tRAbGhvTtkZIpKMNA5+drtXA7nJzgttGYGT </latexit><latexit sha1_base64="j5GoXEFlvkvLbDopxTZRsBbSVWA=">AAAFvnicdZTNbhMxEMfd0kAJXy09clmRVOJAq00FQhwqFVDToBJUqoZWykaV7Z0kVu31yvamKda+BXeu8Ei8DXYS2uw2tbTSaP6/mfHMJCYpZ9qE4d+l5XsrlfsPVh9WHz1+8vTZ2vrz71pmikKHSi7VGcEaOEugY5jhcJYqwIJwOCUXn7x+OgKlmUxOzFUKPYEHCeszio1zna9tRAbGhvTtkZIpKMNA5+drtXA7nJzgttGYGT </latexit>

No assumptions on the subspace F (can be radial basis functions, wavelets etc.)
<latexit sha1_base64="E48mWQZxmqkMWl956kYDmbmR/no="></latexit><latexit sha1_base64="E48mWQZxmqkMWl956kYDmbmR/no="></latexit><latexit sha1_base64="E48mWQZxmqkMWl956kYDmbmR/no="></latexit>

No assumptions on f (can be non-polynomial, discontinuous etc.)
<latexit sha1_base64="ETd9eRnR4E/rKWvXH7/srOQUhOA="></latexit><latexit sha1_base64="ETd9eRnR4E/rKWvXH7/srOQUhOA="></latexit><latexit sha1_base64="ETd9eRnR4E/rKWvXH7/srOQUhOA="></latexit>

Boils down to finite-dimensional LP
<latexit sha1_base64="g07oqx5xR4Si2Pb3xPA/8KxwJbU="></latexit><latexit sha1_base64="g07oqx5xR4Si2Pb3xPA/8KxwJbU="></latexit><latexit sha1_base64="g07oqx5xR4Si2Pb3xPA/8KxwJbU="></latexit>



Idea

Milan Korda 31

with variables v , w 2 F ⇢ C(X), dim(F) <1
<latexit sha1_base64="cEYC6k2mNNwFlotYyRecT6JKKS8="></latexit><latexit sha1_base64="cEYC6k2mNNwFlotYyRecT6JKKS8="></latexit><latexit sha1_base64="cEYC6k2mNNwFlotYyRecT6JKKS8="></latexit>

Sampled dual LP

∀(xi , x+i ) ∈ Data
<latexit sha1_base64="feD8FAut/tspKbKXRo8WQrLV8yg="></latexit>

inf
1

M

M∑

i=1

w(xi)

s.t. αv(x+i ) ≤ v(xi)
w(xi) ≥ v(xi) + 1
w(xi) ≥ 0

<latexit sha1_base64="tGJ5osMLJCuDHnlUBXKdyay0TaY="></latexit><latexit sha1_base64="SMWpUMfXWpUWbR05/iKOR+meUPI="></latexit><latexit sha1_base64="SMWpUMfXWpUWbR05/iKOR+meUPI="></latexit>

Properties
<latexit sha1_base64="j5GoXEFlvkvLbDopxTZRsBbSVWA=">AAAFvnicdZTNbhMxEMfd0kAJXy09clmRVOJAq00FQhwqFVDToBJUqoZWykaV7Z0kVu31yvamKda+BXeu8Ei8DXYS2uw2tbTSaP6/mfHMJCYpZ9qE4d+l5XsrlfsPVh9WHz1+8vTZ2vrz71pmikKHSi7VGcEaOEugY5jhcJYqwIJwOCUXn7x+OgKlmUxOzFUKPYEHCeszio1zna9tRAbGhvTtkZIpKMNA5+drtXA7nJzgttGYGT </latexit><latexit sha1_base64="j5GoXEFlvkvLbDopxTZRsBbSVWA=">AAAFvnicdZTNbhMxEMfd0kAJXy09clmRVOJAq00FQhwqFVDToBJUqoZWykaV7Z0kVu31yvamKda+BXeu8Ei8DXYS2uw2tbTSaP6/mfHMJCYpZ9qE4d+l5XsrlfsPVh9WHz1+8vTZ2vrz71pmikKHSi7VGcEaOEugY5jhcJYqwIJwOCUXn7x+OgKlmUxOzFUKPYEHCeszio1zna9tRAbGhvTtkZIpKMNA5+drtXA7nJzgttGYGT </latexit><latexit sha1_base64="j5GoXEFlvkvLbDopxTZRsBbSVWA=">AAAFvnicdZTNbhMxEMfd0kAJXy09clmRVOJAq00FQhwqFVDToBJUqoZWykaV7Z0kVu31yvamKda+BXeu8Ei8DXYS2uw2tbTSaP6/mfHMJCYpZ9qE4d+l5XsrlfsPVh9WHz1+8vTZ2vrz71pmikKHSi7VGcEaOEugY5jhcJYqwIJwOCUXn7x+OgKlmUxOzFUKPYEHCeszio1zna9tRAbGhvTtkZIpKMNA5+drtXA7nJzgttGYGT </latexit>

No assumptions on the subspace F (can be radial basis functions, wavelets etc.)
<latexit sha1_base64="E48mWQZxmqkMWl956kYDmbmR/no="></latexit><latexit sha1_base64="E48mWQZxmqkMWl956kYDmbmR/no="></latexit><latexit sha1_base64="E48mWQZxmqkMWl956kYDmbmR/no="></latexit>

No assumptions on f (can be non-polynomial, discontinuous etc.)
<latexit sha1_base64="ETd9eRnR4E/rKWvXH7/srOQUhOA="></latexit><latexit sha1_base64="ETd9eRnR4E/rKWvXH7/srOQUhOA="></latexit><latexit sha1_base64="ETd9eRnR4E/rKWvXH7/srOQUhOA="></latexit>

Boils down to finite-dimensional LP
<latexit sha1_base64="g07oqx5xR4Si2Pb3xPA/8KxwJbU="></latexit><latexit sha1_base64="g07oqx5xR4Si2Pb3xPA/8KxwJbU="></latexit><latexit sha1_base64="g07oqx5xR4Si2Pb3xPA/8KxwJbU="></latexit>

No longer guaranteed outer approximation
<latexit sha1_base64="IMxI5rSUfm7rCsm3EXUFY/MVTEk="></latexit>
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Heuristic?
<latexit sha1_base64="lOPY0SnjattiDTFqks7YUiKdjUs="></latexit>

with variables v , w 2 F ⇢ C(X), dim(F) <1
<latexit sha1_base64="cEYC6k2mNNwFlotYyRecT6JKKS8="></latexit><latexit sha1_base64="cEYC6k2mNNwFlotYyRecT6JKKS8="></latexit><latexit sha1_base64="cEYC6k2mNNwFlotYyRecT6JKKS8="></latexit>

Sampled dual LP

∀(xi , x+i ) ∈ Data
<latexit sha1_base64="feD8FAut/tspKbKXRo8WQrLV8yg="></latexit>

inf
1

M

M∑

i=1

w(xi)

s.t. αv(x+i ) ≤ v(xi)
w(xi) ≥ v(xi) + 1
w(xi) ≥ 0

<latexit sha1_base64="tGJ5osMLJCuDHnlUBXKdyay0TaY="></latexit><latexit sha1_base64="SMWpUMfXWpUWbR05/iKOR+meUPI="></latexit><latexit sha1_base64="SMWpUMfXWpUWbR05/iKOR+meUPI="></latexit>
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Dual LP

, <latexit sha1_base64="i6zJxB9svcBiPEuf9EIrCMXZ2Y0="></latexit>

Sample / scenario approximation: well-studied (Shapiro, Nemirovski, Campi, Calafiore,…)
<latexit sha1_base64="ocWTz5E6XUmZOhdHE46N1kQtB1U="></latexit>

“’uncertainty set’
<latexit sha1_base64="NcMnm1OmXVv6tLRoqNOwsWQZgl4="></latexit>

inf
v,w

∫

X
w(x) dx

s.t. αv(f (x, u)) ≤ v(x), ∀ (x, u) ∈ X × U
w(x) ≥ v(x) + 1, ∀ x ∈ X
w(x) ≥ 0, ∀ x ∈ X,

<latexit sha1_base64="L7IfTaOYod0nkWpLAhwbcQ8g3+0="></latexit><latexit sha1_base64="mLKfY3H3mlWki8F2zG82sOQjMw0="></latexit><latexit sha1_base64="mLKfY3H3mlWki8F2zG82sOQjMw0="></latexit>

inf
v,w

EλXw
s.t. L(w, v)(x, u) ≤ 0 ∀(x, u) ∈ X × U

<latexit sha1_base64="V1v+hTXXBPg21EWQVxqj7JygJy8="></latexit><latexit sha1_base64="YW8AM5RhHjTFn7l6syZmfVexCbA="></latexit><latexit sha1_base64="YW8AM5RhHjTFn7l6syZmfVexCbA="></latexit>
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XN,M = {x | wN,M(x) � 1}
<latexit sha1_base64="qEN7TFurIStIoaIpeogFOnAXckw="></latexit>

N := number of basis functions
<latexit sha1_base64="AHmDWmfvi0GVqM8MLc6Hz/1UCkM="></latexit>

M := number of samples
<latexit sha1_base64="/cCs+toeOKCPulGpLI/5icsPG4c="></latexit>

P{x 2 X & x /2 XN,M}  function(N,M)
<latexit sha1_base64="7d9YPup/WiZBN93O/bE+ezqmpV8="></latexit>

Given ✏, �, N, how many samples are needed such that
<latexit sha1_base64="f8aA3dMWdOkGQp4S5TTuDjue0U4="></latexit>

P{vol(X? \XN,M) > ✏} < �
<latexit sha1_base64="D8LPBZSXrS6L1fjtCEyBFcmEgW0="></latexit>

lim
M→∞

vol(X⋆ \XN,M) = 0
<latexit sha1_base64="N1gY19ldvOLkKt3CpXltkLkl0zE="></latexit>

lim
N→∞

vol(XN,M \X⋆) = 0
<latexit sha1_base64="sEarptJe/2zITwTL+syHfRzXgM8="></latexit>

More tricky statement:
<latexit sha1_base64="A4v7MxpKqnzHmhj8nwXnRx8uXkg="></latexit>

Easy statement:
<latexit sha1_base64="PhPKuNDoW+Bedc/9AOoKyqZmpPA="></latexit>

Open questions
<latexit sha1_base64="GwNCpEXEUMVsD822wlSbskT62oo="></latexit>

(1)
<latexit sha1_base64="gRKPCKm5xrAZRAerY2+jdii7KeY="></latexit>

(2)
<latexit sha1_base64="6zty4gvxBTi5vyTDNhuY2S7HLgE="></latexit>
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Sampling
<latexit sha1_base64="gS05Ix6TV5P/OOqAGxlqxuzV+wI="></latexit>

SDP
<latexit sha1_base64="qFcCLxxy+g9Q4yl/8ov2DLlbATI="></latexit>

Volume error 25.1 %

Misclassification 0 %

Volume error 28.7 %

Misclassification 0 %

Basis: polynomials up to degree 10
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Sampling
<latexit sha1_base64="gS05Ix6TV5P/OOqAGxlqxuzV+wI="></latexit>

SDP
<latexit sha1_base64="qFcCLxxy+g9Q4yl/8ov2DLlbATI="></latexit>

Volume error 19.7 %

Misclassification 0 %

Volume error 21.9 %

Misclassification 0 %

Basis: polynomials up to degree 14



Julia set – sampling vs SDP

Milan Korda 37

Sampling
<latexit sha1_base64="gS05Ix6TV5P/OOqAGxlqxuzV+wI="></latexit>

SDP
<latexit sha1_base64="qFcCLxxy+g9Q4yl/8ov2DLlbATI="></latexit>

Volume error 17.1 %

Misclassification 0.0025 %

Basis: polynomials up to degree 18

Numerical problems
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Sampling
<latexit sha1_base64="gS05Ix6TV5P/OOqAGxlqxuzV+wI="></latexit>

SDP
<latexit sha1_base64="qFcCLxxy+g9Q4yl/8ov2DLlbATI="></latexit>

Volume error 16.3 %

Misclassification 0.0125 %

Basis: polynomials up to degree 22

Numerical problems
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Sampling
<latexit sha1_base64="gS05Ix6TV5P/OOqAGxlqxuzV+wI="></latexit>

SDP
<latexit sha1_base64="qFcCLxxy+g9Q4yl/8ov2DLlbATI="></latexit>

Volume error 20.6 %

Misclassification 0 %

Basis: 200 thin-plate spline RBFs

NA
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Sampling
<latexit sha1_base64="gS05Ix6TV5P/OOqAGxlqxuzV+wI="></latexit>

SDP
<latexit sha1_base64="qFcCLxxy+g9Q4yl/8ov2DLlbATI="></latexit>

Volume error 14.7 %

Misclassification 0.0175 %

Basis: 400 thin-plate spline RBFs

NA
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Volume error 20.6 %

Misclassification 0 %

Basis: 200 thin-plate spline RBFs

# Samples: 10000



Julia set – # samples

Milan Korda 42

Volume error 20.1 %

Misclassification 0 %

Basis: 200 thin-plate spline RBFs

# Samples: 5000
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Volume error 18.4 %

Misclassification 0 %

Basis: 200 thin-plate spline RBFs

# Samples: 2000
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Volume error 7.35 %

Misclassification 5.95 %

Basis: 200 thin-plate spline RBFs

# Samples: 1000



Julia set – low data limit

Milan Korda 45

# Samples: 200

Data
<latexit sha1_base64="W0kNvxtMn9iIn2G4nImfO7JYDvQ="></latexit>
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# Samples: 200

Data
<latexit sha1_base64="W0kNvxtMn9iIn2G4nImfO7JYDvQ="></latexit>

Approximation using 30 RBFs
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# Samples: 200

Data
<latexit sha1_base64="W0kNvxtMn9iIn2G4nImfO7JYDvQ="></latexit>

Approximation using 25 RBFs
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# Samples: 1000

Data
<latexit sha1_base64="W0kNvxtMn9iIn2G4nImfO7JYDvQ="></latexit>

Approximation using 100 RBFsData
<latexit sha1_base64="W0kNvxtMn9iIn2G4nImfO7JYDvQ="></latexit>
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Flower system
<latexit sha1_base64="YP43hObEqNjx6dKdWsKq//POwbo="></latexit>

{
ẋ = A1x, x ∈ X1
ẋ = A2x, x ∈ X2

<latexit sha1_base64="SQgTs327oi9oYJRfONYPngV3Q1o="></latexit>
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Flower system
<latexit sha1_base64="YP43hObEqNjx6dKdWsKq//POwbo="></latexit>

Basis: 400 RBFs

# Samples: 10000

{
ẋ = A1x, x ∈ X1
ẋ = A2x, x ∈ X2

<latexit sha1_base64="SQgTs327oi9oYJRfONYPngV3Q1o="></latexit>
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{
ẋ = A1sin(x3), x ∈ X1
ẋ = A2sin(x3), x ∈ X2

<latexit sha1_base64="RhnerzXml/o5oyGxkPmgSziL32o="></latexit>

Modified flower system
<latexit sha1_base64="47vOzQDz8PS+PuFcQ/TvfHX9kAQ="></latexit>
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Basis: 400 RBFs

# Samples: 10000

{
ẋ = A1sin(x3), x ∈ X1
ẋ = A2sin(x3), x ∈ X2

<latexit sha1_base64="RhnerzXml/o5oyGxkPmgSziL32o="></latexit>

Modified flower system
<latexit sha1_base64="47vOzQDz8PS+PuFcQ/TvfHX9kAQ="></latexit>
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Basis: Monomials up to degree 10 Basis: 286 RBFs
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Thank you



3D Hénon map
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Basis: Monomials up to degree 10 Basis: 200 RBFs


