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Negative Resistance Circuit: Inspiration
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Negative Resistance Circuit: Thematic Viewpoint

*George Zames (1960): "Nonlinear Operations of System Analysis"
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Thematic Viewpoint: Incremental I/O Analysis

• Let us look at one element:

H
yx • The supplied energy (in incremental sense)

∆V :=
〈
x1 − x2, y1 − y2

〉
• H is incrementally passive if ∆V ≥ 0
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In the language of operator theory
For causal operators, incremental passivity is synonymous to Monotonicity on signal space

(A positive change in the input should cause a positive change in the output)
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Thematic Viewpoint: Incremental I/O Analysis

• Let us look at one element:

H
yx • The supplied energy (in incremental sense)

∆V :=
〈
x1 − x2, y1 − y2

〉
• H is incrementally passive if ∆V ≥ 0

+

+

In the language of operator theory
For causal operators, incremental passivity is synonymous to Monotonicity on signal space

(A positive change in the input should cause a positive change in the output)

*Minty(1960), “Monotone networks”
*Camlibel and Schumacher (2016), “Linear passive systems and maximal monotone mappings"4 / 15



Characterization of Negative Resistors Using Monotone Resistor

<latexit sha1_base64="2phu8pdlNSf0aOPwIXuG6Y8cGEQ=">AAAB63icbVBNSwMxEM3Wr1q/qh69BItQL2VXinosevFYwX5Au5Rsmm1Dk+ySzBbK0r/gxYMiXv1D3vw3Zts9aOuDgcd7M8zMC2LBDbjut1PY2Nza3inulvb2Dw6PyscnbRMlmrIWjUSkuwExTHDFWsBBsG6sGZGBYJ1gcp/5nSnThkfqCWYx8yUZKR5ySiCTplW4HJQrbs1dAK8TLycVlKM5KH/1hxFNJFNABTGm57kx+CnRwKlg81I/MSwmdEJGrGepIpIZP13cOscXVhniMNK2FOCF+nsiJdKYmQxspyQwNqteJv7n9RIIb/2UqzgBpuhyUZgIDBHOHsdDrhkFMbOEUM3trZiOiSYUbDwlG4K3+vI6aV/VvOta/bFeadzlcRTRGTpHVeShG9RAD6iJWoiiMXpGr+jNkc6L8+58LFsLTj5ziv7A+fwBgamN5g==</latexit>

v(t)
<latexit sha1_base64="ZGsmC0rB+R5G4ONES0QCljhk7gY=">AAAB73icbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LHvRYwX5Au5RsNtuGZpM1yQpl6Z/w4 kERr/4db/4b03YP2vpg4PHeDDPzgoQzbVz321lZXVvf2CxsFbd3dvf2SweHLS1TRWiTSC5VJ8CaciZo0zDDaSdRFMcBp+1gdDP1209UaSbFgxkn1I/xQLCIEWys1Lmt9EgozVm/VHar7gxomXg5KUOORr/01QslSWMqDOFY667nJsbPsDKMcDop9lJNE0xGeEC7lgocU+1ns3sn6NQqIYqksiUMmqm/JzIcaz2OA9sZYzPUi95U/M/rpia68jMmktRQQeaLopQjI9H0eRQyRYnhY0swUczeisgQK0yMjahoQ/AWX14mrfOqd1Gt3dfK9es8jgIcwwlUwINLqMMdNKAJBDg8wyu8OY/Oi/PufMxbV5x85gj+wPn8ATYnj3E=</latexit>

G(·)
<latexit sha1_base64="3fST/yfYNO2A1S6zPk6v8pAoGP0=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0mkqMeiF48V7Ae0oWy2m3bpbhJ2J0IJ/QtePCji1T/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpYh4EwVK3kk0pyqQvB2M72Z++4lrI+LoEScJ9xUdRiIUjOJMEhW86JfKbtWdg6wSLydlyNHol756g5ilikfIJDWm67kJ+hnVKJjk02IvNTyhbEyHvGtpRBU3fja/dUrOrTIgYaxtRUjm6u+JjCpjJiqwnYriyCx7M/E/r5tieONnIkpS5BFbLApTSTAms8fJQGjOUE4soUwLeythI6opQxtP0YbgLb+8SlqXVe+qWnuoleu3eRwFOIUzqIAH11CHe2hAExiM4Ble4c1Rzovz7nwsWtecfOYE/sD5/AFtzo3Z</latexit>

i(t)

<latexit sha1_base64="Cr9F3UUWIVS4ATr4/BRNa4iMtrY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvatypV4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3d7jLo=</latexit>�

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+

<latexit sha1_base64="3fST/yfYNO2A1S6zPk6v8pAoGP0=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0mkqMeiF48V7Ae0oWy2m3bpbhJ2J0IJ/QtePCji1T/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpYh4EwVK3kk0pyqQvB2M72Z++4lrI+LoEScJ9xUdRiIUjOJMEhW86JfKbtWdg6wSLydlyNHol756g5ilikfIJDWm67kJ+hnVKJjk02IvNTyhbEyHvGtpRBU3fja/dUrOrTIgYaxtRUjm6u+JjCpjJiqwnYriyCx7M/E/r5tieONnIkpS5BFbLApTSTAms8fJQGjOUE4soUwLeythI6opQxtP0YbgLb+8SlqXVe+qWnuoleu3eRwFOIUzqIAH11CHe2hAExiM4Ble4c1Rzovz7nwsWtecfOYE/sD5/AFtzo3Z</latexit>

i(t)

<latexit sha1_base64="2phu8pdlNSf0aOPwIXuG6Y8cGEQ=">AAAB63icbVBNSwMxEM3Wr1q/qh69BItQL2VXinosevFYwX5Au5Rsmm1Dk+ySzBbK0r/gxYMiXv1D3vw3Zts9aOuDgcd7M8zMC2LBDbjut1PY2Nza3inulvb2Dw6PyscnbRMlmrIWjUSkuwExTHDFWsBBsG6sGZGBYJ1gcp/5nSnThkfqCWYx8yUZKR5ySiCTplW4HJQrbs1dAK8TLycVlKM5KH/1hxFNJFNABTGm57kx+CnRwKlg81I/MSwmdEJGrGepIpIZP13cOscXVhniMNK2FOCF+nsiJdKYmQxspyQwNqteJv7n9RIIb/2UqzgBpuhyUZgIDBHOHsdDrhkFMbOEUM3trZiOiSYUbDwlG4K3+vI6aV/VvOta/bFeadzlcRTRGTpHVeShG9RAD6iJWoiiMXpGr+jNkc6L8+58LFsLTj5ziv7A+fwBgamN5g==</latexit>

v(t)
<latexit sha1_base64="PuEQf2gIh7Dny7yK8ReAIZCJskw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BD3pMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvctypV4pVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A57jjNQ=</latexit>

G
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i(t)

<latexit sha1_base64="Cr9F3UUWIVS4ATr4/BRNa4iMtrY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvatypV4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3d7jLo=</latexit>�

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+
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v(t)
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G
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<latexit sha1_base64="3fST/yfYNO2A1S6zPk6v8pAoGP0=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0mkqMeiF48V7Ae0oWy2m3bpbhJ2J0IJ/QtePCji1T/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpYh4EwVK3kk0pyqQvB2M72Z++4lrI+LoEScJ9xUdRiIUjOJMEhW86JfKbtWdg6wSLydlyNHol756g5ilikfIJDWm67kJ+hnVKJjk02IvNTyhbEyHvGtpRBU3fja/dUrOrTIgYaxtRUjm6u+JjCpjJiqwnYriyCx7M/E/r5tieONnIkpS5BFbLApTSTAms8fJQGjOUE4soUwLeythI6opQxtP0YbgLb+8SlqXVe+qWnuoleu3eRwFOIUzqIAH11CHe2hAExiM4Ble4c1Rzovz7nwsWtecfOYE/sD5/AFtzo3Z</latexit>
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<latexit sha1_base64="3fST/yfYNO2A1S6zPk6v8pAoGP0=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0mkqMeiF48V7Ae0oWy2m3bpbhJ2J0IJ/QtePCji1T/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpYh4EwVK3kk0pyqQvB2M72Z++4lrI+LoEScJ9xUdRiIUjOJMEhW86JfKbtWdg6wSLydlyNHol756g5ilikfIJDWm67kJ+hnVKJjk02IvNTyhbEyHvGtpRBU3fja/dUrOrTIgYaxtRUjm6u+JjCpjJiqwnYriyCx7M/E/r5tieONnIkpS5BFbLApTSTAms8fJQGjOUE4soUwLeythI6opQxtP0YbgLb+8SlqXVe+qWnuoleu3eRwFOIUzqIAH11CHe2hAExiM4Ble4c1Rzovz7nwsWtecfOYE/sD5/AFtzo3Z</latexit>

i(t)

<latexit sha1_base64="2phu8pdlNSf0aOPwIXuG6Y8cGEQ=">AAAB63icbVBNSwMxEM3Wr1q/qh69BItQL2VXinosevFYwX5Au5Rsmm1Dk+ySzBbK0r/gxYMiXv1D3vw3Zts9aOuDgcd7M8zMC2LBDbjut1PY2Nza3inulvb2Dw6PyscnbRMlmrIWjUSkuwExTHDFWsBBsG6sGZGBYJ1gcp/5nSnThkfqCWYx8yUZKR5ySiCTplW4HJQrbs1dAK8TLycVlKM5KH/1hxFNJFNABTGm57kx+CnRwKlg81I/MSwmdEJGrGepIpIZP13cOscXVhniMNK2FOCF+nsiJdKYmQxspyQwNqteJv7n9RIIb/2UqzgBpuhyUZgIDBHOHsdDrhkFMbOEUM3trZiOiSYUbDwlG4K3+vI6aV/VvOta/bFeadzlcRTRGTpHVeShG9RAD6iJWoiiMXpGr+jNkc6L8+58LFsLTj5ziv7A+fwBgamN5g==</latexit>

v(t)
<latexit sha1_base64="EAWi5AY1eEQwNdbp0Ah3Ur2v2p4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiBz1WMG2hDWWz3bZLN5uwOxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkQKg6777RTW1jc2t4rbpZ3dvf2D8uFR08SpZtxnsYx1O6SGS6G4jwIlbyea0yiUvBWOb2d+64lrI2L1iJOEBxEdKjEQjKKV/Ltelkx75Ypbdecgq8TLSQVyNHrlr24/ZmnEFTJJjel4boJBRjUKJvm01E0NTygb0yHvWKpoxE2QzY+dkjOr9Mkg1rYUkrn6eyKjkTGTKLSdEcWRWfZm4n9eJ8XBdZAJlaTIFVssGqSSYExmn5O+0JyhnFhCmRb2VsJGVFOGNp+SDcFbfnmVNC+q3mW19lCr1G/yOIpwAqdwDh5cQR3uoQE+MBDwDK/w5ijnxXl3PhatBSefOYY/cD5/AOfnjsM=</latexit>

Gp

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+

<latexit sha1_base64="NEt1DW88jFAtrXm1Eh7+7+eUOW8=">AAAB8XicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LHvRYwX5gu5RsNtuGZpMlyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPzgoQzbVz321lZXVvf2CxsFbd3dvf2SweHLS1TRWiTSC5VJ8CaciZo0zDDaSdRFMcBp+1gdDP1209UaSbFgxkn1I/xQLCIEWys9HjbTyo9Ekpz1i+V3ao7A1omXk7KkKPRL331QknSmApDONa667mJ8TOsDCOcToq9VNMEkxEe0K6lAsdU+9ns4gk6tUqIIqlsCYNm6u+JDMdaj+PAdsbYDPWiNxX/87qpia78jIkkNVSQ+aIo5chINH0fhUxRYvjYEkwUs7ciMsQKE2NDKtoQvMWXl0nrvOpdVGv3tXL9Oo+jAMdwAhXw4BLqcAcNaAIBAc/wCm+Odl6cd+dj3rri5DNH8AfO5w/AbpBU</latexit>

Gp(·)

<latexit sha1_base64="zplYQxbKCqmOCQEg5PIcUzPliIA=">AAAB8nicbVBNSwMxEM36WetX1aOXYBHqwbIrRT0WPeixgv2A7VKy2Wwbmk2WZFYopT/DiwdFvPprvPlvTNs9aOuDgcd7M8zMC1PBDbjut7Oyura+sVnYKm7v7O7tlw4OW0ZlmrImVULpTkgME1yyJnAQrJNqRpJQsHY4vJ367SemDVfyEUYpCxLSlzzmlICV/PO7nqx0aaTgrFcqu1V3BrxMvJyUUY5Gr/TVjRTNEiaBCmKM77kpBGOigVPBJsVuZlhK6JD0mW+pJAkzwXh28gSfWiXCsdK2JOCZ+ntiTBJjRkloOxMCA7PoTcX/PD+D+DoYc5lmwCSdL4ozgUHh6f844ppRECNLCNXc3orpgGhCwaZUtCF4iy8vk9ZF1bus1h5q5fpNHkcBHaMTVEEeukJ1dI8aqIkoUugZvaI3B5wX5935mLeuOPnMEfoD5/MHKFOQiQ==</latexit>�Gn(·)

<latexit sha1_base64="3fST/yfYNO2A1S6zPk6v8pAoGP0=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0mkqMeiF48V7Ae0oWy2m3bpbhJ2J0IJ/QtePCji1T/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpYh4EwVK3kk0pyqQvB2M72Z++4lrI+LoEScJ9xUdRiIUjOJMEhW86JfKbtWdg6wSLydlyNHol756g5ilikfIJDWm67kJ+hnVKJjk02IvNTyhbEyHvGtpRBU3fja/dUrOrTIgYaxtRUjm6u+JjCpjJiqwnYriyCx7M/E/r5tieONnIkpS5BFbLApTSTAms8fJQGjOUE4soUwLeythI6opQxtP0YbgLb+8SlqXVe+qWnuoleu3eRwFOIUzqIAH11CHe2hAExiM4Ble4c1Rzovz7nwsWtecfOYE/sD5/AFtzo3Z</latexit>

i(t)

<latexit sha1_base64="gaHFuNNHQC7PEdSAFpuMVTFqEu4=">AAAB63icdVBNSwMxEJ31s9avqkcvwSJ4sWRLqe2t6EGPFewHtEvJptk2NJtdkqxQlv4FLx4U8eof8ua/MdtWUNEHA4/3ZpiZ58eCa4Pxh7Oyura+sZnbym/v7O7tFw4O2zpKFGUtGolIdX2imeCStQw3gnVjxUjoC9bxJ1eZ37lnSvNI3plpzLyQjCQPOCUmk86vB3JQKOIStqhWUUbcGnYtqddr5XIduXML4yIs0RwU3vvDiCYhk4YKonXPxbHxUqIMp4LN8v1Es5jQCRmxnqWShEx76fzWGTq1yhAFkbIlDZqr3ydSEmo9DX3bGRIz1r+9TPzL6yUmqHkpl3FimKSLRUEikIlQ9jgacsWoEVNLCFXc3oromChCjY0nb0P4+hT9T9rlklstVW4rxcblMo4cHMMJnIELF9CAG2hCCyiM4QGe4NkJnUfnxXldtK44y5kj+AHn7RPhVI4p</latexit>�Gn
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Characterization of Negative Resistors Using Monotone Resistor

<latexit sha1_base64="2phu8pdlNSf0aOPwIXuG6Y8cGEQ=">AAAB63icbVBNSwMxEM3Wr1q/qh69BItQL2VXinosevFYwX5Au5Rsmm1Dk+ySzBbK0r/gxYMiXv1D3vw3Zts9aOuDgcd7M8zMC2LBDbjut1PY2Nza3inulvb2Dw6PyscnbRMlmrIWjUSkuwExTHDFWsBBsG6sGZGBYJ1gcp/5nSnThkfqCWYx8yUZKR5ySiCTplW4HJQrbs1dAK8TLycVlKM5KH/1hxFNJFNABTGm57kx+CnRwKlg81I/MSwmdEJGrGepIpIZP13cOscXVhniMNK2FOCF+nsiJdKYmQxspyQwNqteJv7n9RIIb/2UqzgBpuhyUZgIDBHOHsdDrhkFMbOEUM3trZiOiSYUbDwlG4K3+vI6aV/VvOta/bFeadzlcRTRGTpHVeShG9RAD6iJWoiiMXpGr+jNkc6L8+58LFsLTj5ziv7A+fwBgamN5g==</latexit>

v(t)
<latexit sha1_base64="3fST/yfYNO2A1S6zPk6v8pAoGP0=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0mkqMeiF48V7Ae0oWy2m3bpbhJ2J0IJ/QtePCji1T/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpYh4EwVK3kk0pyqQvB2M72Z++4lrI+LoEScJ9xUdRiIUjOJMEhW86JfKbtWdg6wSLydlyNHol756g5ilikfIJDWm67kJ+hnVKJjk02IvNTyhbEyHvGtpRBU3fja/dUrOrTIgYaxtRUjm6u+JjCpjJiqwnYriyCx7M/E/r5tieONnIkpS5BFbLApTSTAms8fJQGjOUE4soUwLeythI6opQxtP0YbgLb+8SlqXVe+qWnuoleu3eRwFOIUzqIAH11CHe2hAExiM4Ble4c1Rzovz7nwsWtecfOYE/sD5/AFtzo3Z</latexit>

i(t)

<latexit sha1_base64="Cr9F3UUWIVS4ATr4/BRNa4iMtrY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvatypV4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3d7jLo=</latexit>�

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+

<latexit sha1_base64="3fST/yfYNO2A1S6zPk6v8pAoGP0=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0mkqMeiF48V7Ae0oWy2m3bpbhJ2J0IJ/QtePCji1T/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpYh4EwVK3kk0pyqQvB2M72Z++4lrI+LoEScJ9xUdRiIUjOJMEhW86JfKbtWdg6wSLydlyNHol756g5ilikfIJDWm67kJ+hnVKJjk02IvNTyhbEyHvGtpRBU3fja/dUrOrTIgYaxtRUjm6u+JjCpjJiqwnYriyCx7M/E/r5tieONnIkpS5BFbLApTSTAms8fJQGjOUE4soUwLeythI6opQxtP0YbgLb+8SlqXVe+qWnuoleu3eRwFOIUzqIAH11CHe2hAExiM4Ble4c1Rzovz7nwsWtecfOYE/sD5/AFtzo3Z</latexit>

i(t)

<latexit sha1_base64="2phu8pdlNSf0aOPwIXuG6Y8cGEQ=">AAAB63icbVBNSwMxEM3Wr1q/qh69BItQL2VXinosevFYwX5Au5Rsmm1Dk+ySzBbK0r/gxYMiXv1D3vw3Zts9aOuDgcd7M8zMC2LBDbjut1PY2Nza3inulvb2Dw6PyscnbRMlmrIWjUSkuwExTHDFWsBBsG6sGZGBYJ1gcp/5nSnThkfqCWYx8yUZKR5ySiCTplW4HJQrbs1dAK8TLycVlKM5KH/1hxFNJFNABTGm57kx+CnRwKlg81I/MSwmdEJGrGepIpIZP13cOscXVhniMNK2FOCF+nsiJdKYmQxspyQwNqteJv7n9RIIb/2UqzgBpuhyUZgIDBHOHsdDrhkFMbOEUM3trZiOiSYUbDwlG4K3+vI6aV/VvOta/bFeadzlcRTRGTpHVeShG9RAD6iJWoiiMXpGr+jNkc6L8+58LFsLTj5ziv7A+fwBgamN5g==</latexit>

v(t)
<latexit sha1_base64="EAWi5AY1eEQwNdbp0Ah3Ur2v2p4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiBz1WMG2hDWWz3bZLN5uwOxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkQKg6777RTW1jc2t4rbpZ3dvf2D8uFR08SpZtxnsYx1O6SGS6G4jwIlbyea0yiUvBWOb2d+64lrI2L1iJOEBxEdKjEQjKKV/Ltelkx75Ypbdecgq8TLSQVyNHrlr24/ZmnEFTJJjel4boJBRjUKJvm01E0NTygb0yHvWKpoxE2QzY+dkjOr9Mkg1rYUkrn6eyKjkTGTKLSdEcWRWfZm4n9eJ8XBdZAJlaTIFVssGqSSYExmn5O+0JyhnFhCmRb2VsJGVFOGNp+SDcFbfnmVNC+q3mW19lCr1G/yOIpwAqdwDh5cQR3uoQE+MBDwDK/w5ijnxXl3PhatBSefOYY/cD5/AOfnjsM=</latexit>

Gp

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+

<latexit sha1_base64="NEt1DW88jFAtrXm1Eh7+7+eUOW8=">AAAB8XicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LHvRYwX5gu5RsNtuGZpMlyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPzgoQzbVz321lZXVvf2CxsFbd3dvf2SweHLS1TRWiTSC5VJ8CaciZo0zDDaSdRFMcBp+1gdDP1209UaSbFgxkn1I/xQLCIEWys9HjbTyo9Ekpz1i+V3ao7A1omXk7KkKPRL331QknSmApDONa667mJ8TOsDCOcToq9VNMEkxEe0K6lAsdU+9ns4gk6tUqIIqlsCYNm6u+JDMdaj+PAdsbYDPWiNxX/87qpia78jIkkNVSQ+aIo5chINH0fhUxRYvjYEkwUs7ciMsQKE2NDKtoQvMWXl0nrvOpdVGv3tXL9Oo+jAMdwAhXw4BLqcAcNaAIBAc/wCm+Odl6cd+dj3rri5DNH8AfO5w/AbpBU</latexit>

Gp(·)

<latexit sha1_base64="zplYQxbKCqmOCQEg5PIcUzPliIA=">AAAB8nicbVBNSwMxEM36WetX1aOXYBHqwbIrRT0WPeixgv2A7VKy2Wwbmk2WZFYopT/DiwdFvPprvPlvTNs9aOuDgcd7M8zMC1PBDbjut7Oyura+sVnYKm7v7O7tlw4OW0ZlmrImVULpTkgME1yyJnAQrJNqRpJQsHY4vJ367SemDVfyEUYpCxLSlzzmlICV/PO7nqx0aaTgrFcqu1V3BrxMvJyUUY5Gr/TVjRTNEiaBCmKM77kpBGOigVPBJsVuZlhK6JD0mW+pJAkzwXh28gSfWiXCsdK2JOCZ+ntiTBJjRkloOxMCA7PoTcX/PD+D+DoYc5lmwCSdL4ozgUHh6f844ppRECNLCNXc3orpgGhCwaZUtCF4iy8vk9ZF1bus1h5q5fpNHkcBHaMTVEEeukJ1dI8aqIkoUugZvaI3B5wX5935mLeuOPnMEfoD5/MHKFOQiQ==</latexit>�Gn(·)

<latexit sha1_base64="3fST/yfYNO2A1S6zPk6v8pAoGP0=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0mkqMeiF48V7Ae0oWy2m3bpbhJ2J0IJ/QtePCji1T/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpYh4EwVK3kk0pyqQvB2M72Z++4lrI+LoEScJ9xUdRiIUjOJMEhW86JfKbtWdg6wSLydlyNHol756g5ilikfIJDWm67kJ+hnVKJjk02IvNTyhbEyHvGtpRBU3fja/dUrOrTIgYaxtRUjm6u+JjCpjJiqwnYriyCx7M/E/r5tieONnIkpS5BFbLApTSTAms8fJQGjOUE4soUwLeythI6opQxtP0YbgLb+8SlqXVe+qWnuoleu3eRwFOIUzqIAH11CHe2hAExiM4Ble4c1Rzovz7nwsWtecfOYE/sD5/AFtzo3Z</latexit>

i(t)

<latexit sha1_base64="gaHFuNNHQC7PEdSAFpuMVTFqEu4=">AAAB63icdVBNSwMxEJ31s9avqkcvwSJ4sWRLqe2t6EGPFewHtEvJptk2NJtdkqxQlv4FLx4U8eof8ua/MdtWUNEHA4/3ZpiZ58eCa4Pxh7Oyura+sZnbym/v7O7tFw4O2zpKFGUtGolIdX2imeCStQw3gnVjxUjoC9bxJ1eZ37lnSvNI3plpzLyQjCQPOCUmk86vB3JQKOIStqhWUUbcGnYtqddr5XIduXML4yIs0RwU3vvDiCYhk4YKonXPxbHxUqIMp4LN8v1Es5jQCRmxnqWShEx76fzWGTq1yhAFkbIlDZqr3ydSEmo9DX3bGRIz1r+9TPzL6yUmqHkpl3FimKSLRUEikIlQ9jgacsWoEVNLCFXc3oromChCjY0nb0P4+hT9T9rlklstVW4rxcblMo4cHMMJnIELF9CAG2hCCyiM4QGe4NkJnUfnxXldtK44y5kj+AHn7RPhVI4p</latexit>�Gn

Tunnel Diode

i = v3

3 − v
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Netgative Resistor to Negative Resistance Circuit

<latexit sha1_base64="Cr9F3UUWIVS4ATr4/BRNa4iMtrY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvatypV4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3d7jLo=</latexit>�

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+

<latexit sha1_base64="2phu8pdlNSf0aOPwIXuG6Y8cGEQ=">AAAB63icbVBNSwMxEM3Wr1q/qh69BItQL2VXinosevFYwX5Au5Rsmm1Dk+ySzBbK0r/gxYMiXv1D3vw3Zts9aOuDgcd7M8zMC2LBDbjut1PY2Nza3inulvb2Dw6PyscnbRMlmrIWjUSkuwExTHDFWsBBsG6sGZGBYJ1gcp/5nSnThkfqCWYx8yUZKR5ySiCTplW4HJQrbs1dAK8TLycVlKM5KH/1hxFNJFNABTGm57kx+CnRwKlg81I/MSwmdEJGrGepIpIZP13cOscXVhniMNK2FOCF+nsiJdKYmQxspyQwNqteJv7n9RIIb/2UqzgBpuhyUZgIDBHOHsdDrhkFMbOEUM3trZiOiSYUbDwlG4K3+vI6aV/VvOta/bFeadzlcRTRGTpHVeShG9RAD6iJWoiiMXpGr+jNkc6L8+58LFsLTj5ziv7A+fwBgamN5g==</latexit>

v(t)
<latexit sha1_base64="EAWi5AY1eEQwNdbp0Ah3Ur2v2p4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiBz1WMG2hDWWz3bZLN5uwOxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkQKg6777RTW1jc2t4rbpZ3dvf2D8uFR08SpZtxnsYx1O6SGS6G4jwIlbyea0yiUvBWOb2d+64lrI2L1iJOEBxEdKjEQjKKV/Ltelkx75Ypbdecgq8TLSQVyNHrlr24/ZmnEFTJJjel4boJBRjUKJvm01E0NTygb0yHvWKpoxE2QzY+dkjOr9Mkg1rYUkrn6eyKjkTGTKLSdEcWRWfZm4n9eJ8XBdZAJlaTIFVssGqSSYExmn5O+0JyhnFhCmRb2VsJGVFOGNp+SDcFbfnmVNC+q3mW19lCr1G/yOIpwAqdwDh5cQR3uoQE+MBDwDK/w5ijnxXl3PhatBSefOYY/cD5/AOfnjsM=</latexit>

Gp

<latexit sha1_base64="3fST/yfYNO2A1S6zPk6v8pAoGP0=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0mkqMeiF48V7Ae0oWy2m3bpbhJ2J0IJ/QtePCji1T/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpYh4EwVK3kk0pyqQvB2M72Z++4lrI+LoEScJ9xUdRiIUjOJMEhW86JfKbtWdg6wSLydlyNHol756g5ilikfIJDWm67kJ+hnVKJjk02IvNTyhbEyHvGtpRBU3fja/dUrOrTIgYaxtRUjm6u+JjCpjJiqwnYriyCx7M/E/r5tieONnIkpS5BFbLApTSTAms8fJQGjOUE4soUwLeythI6opQxtP0YbgLb+8SlqXVe+qWnuoleu3eRwFOIUzqIAH11CHe2hAExiM4Ble4c1Rzovz7nwsWtecfOYE/sD5/AFtzo3Z</latexit>

i(t)

<latexit sha1_base64="gaHFuNNHQC7PEdSAFpuMVTFqEu4=">AAAB63icdVBNSwMxEJ31s9avqkcvwSJ4sWRLqe2t6EGPFewHtEvJptk2NJtdkqxQlv4FLx4U8eof8ua/MdtWUNEHA4/3ZpiZ58eCa4Pxh7Oyura+sZnbym/v7O7tFw4O2zpKFGUtGolIdX2imeCStQw3gnVjxUjoC9bxJ1eZ37lnSvNI3plpzLyQjCQPOCUmk86vB3JQKOIStqhWUUbcGnYtqddr5XIduXML4yIs0RwU3vvDiCYhk4YKonXPxbHxUqIMp4LN8v1Es5jQCRmxnqWShEx76fzWGTq1yhAFkbIlDZqr3ydSEmo9DX3bGRIz1r+9TPzL6yUmqHkpl3FimKSLRUEikIlQ9jgacsWoEVNLCFXc3oromChCjY0nb0P4+hT9T9rlklstVW4rxcblMo4cHMMJnIELF9CAG2hCCyiM4QGe4NkJnUfnxXldtK44y5kj+AHn7RPhVI4p</latexit>�Gn

<latexit sha1_base64="zFgakf0wZ8TsQ7ROciarN4vAkYs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldl77pcaVRK1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKBnjNU=</latexit>

H

<latexit sha1_base64="zFgakf0wZ8TsQ7ROciarN4vAkYs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldl77pcaVRK1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKBnjNU=</latexit>

H
<latexit sha1_base64="3fST/yfYNO2A1S6zPk6v8pAoGP0=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0mkqMeiF48V7Ae0oWy2m3bpbhJ2J0IJ/QtePCji1T/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpYh4EwVK3kk0pyqQvB2M72Z++4lrI+LoEScJ9xUdRiIUjOJMEhW86JfKbtWdg6wSLydlyNHol756g5ilikfIJDWm67kJ+hnVKJjk02IvNTyhbEyHvGtpRBU3fja/dUrOrTIgYaxtRUjm6u+JjCpjJiqwnYriyCx7M/E/r5tieONnIkpS5BFbLApTSTAms8fJQGjOUE4soUwLeythI6opQxtP0YbgLb+8SlqXVe+qWnuoleu3eRwFOIUzqIAH11CHe2hAExiM4Ble4c1Rzovz7nwsWtecfOYE/sD5/AFtzo3Z</latexit>

i(t)
<latexit sha1_base64="2phu8pdlNSf0aOPwIXuG6Y8cGEQ=">AAAB63icbVBNSwMxEM3Wr1q/qh69BItQL2VXinosevFYwX5Au5Rsmm1Dk+ySzBbK0r/gxYMiXv1D3vw3Zts9aOuDgcd7M8zMC2LBDbjut1PY2Nza3inulvb2Dw6PyscnbRMlmrIWjUSkuwExTHDFWsBBsG6sGZGBYJ1gcp/5nSnThkfqCWYx8yUZKR5ySiCTplW4HJQrbs1dAK8TLycVlKM5KH/1hxFNJFNABTGm57kx+CnRwKlg81I/MSwmdEJGrGepIpIZP13cOscXVhniMNK2FOCF+nsiJdKYmQxspyQwNqteJv7n9RIIb/2UqzgBpuhyUZgIDBHOHsdDrhkFMbOEUM3trZiOiSYUbDwlG4K3+vI6aV/VvOta/bFeadzlcRTRGTpHVeShG9RAD6iJWoiiMXpGr+jNkc6L8+58LFsLTj5ziv7A+fwBgamN5g==</latexit>

v(t)

<latexit sha1_base64="zplYQxbKCqmOCQEg5PIcUzPliIA=">AAAB8nicbVBNSwMxEM36WetX1aOXYBHqwbIrRT0WPeixgv2A7VKy2Wwbmk2WZFYopT/DiwdFvPprvPlvTNs9aOuDgcd7M8zMC1PBDbjut7Oyura+sVnYKm7v7O7tlw4OW0ZlmrImVULpTkgME1yyJnAQrJNqRpJQsHY4vJ367SemDVfyEUYpCxLSlzzmlICV/PO7nqx0aaTgrFcqu1V3BrxMvJyUUY5Gr/TVjRTNEiaBCmKM77kpBGOigVPBJsVuZlhK6JD0mW+pJAkzwXh28gSfWiXCsdK2JOCZ+ntiTBJjRkloOxMCA7PoTcX/PD+D+DoYc5lmwCSdL4ozgUHh6f844ppRECNLCNXc3orpgGhCwaZUtCF4iy8vk9ZF1bus1h5q5fpNHkcBHaMTVEEeukJ1dI8aqIkoUugZvaI3B5wX5935mLeuOPnMEfoD5/MHKFOQiQ==</latexit>�Gn(·)

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+

<latexit sha1_base64="NEt1DW88jFAtrXm1Eh7+7+eUOW8=">AAAB8XicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LHvRYwX5gu5RsNtuGZpMlyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPzgoQzbVz321lZXVvf2CxsFbd3dvf2SweHLS1TRWiTSC5VJ8CaciZo0zDDaSdRFMcBp+1gdDP1209UaSbFgxkn1I/xQLCIEWys9HjbTyo9Ekpz1i+V3ao7A1omXk7KkKPRL331QknSmApDONa667mJ8TOsDCOcToq9VNMEkxEe0K6lAsdU+9ns4gk6tUqIIqlsCYNm6u+JDMdaj+PAdsbYDPWiNxX/87qpia78jIkkNVSQ+aIo5chINH0fhUxRYvjYEkwUs7ciMsQKE2NDKtoQvMWXl0nrvOpdVGv3tXL9Oo+jAMdwAhXw4BLqcAcNaAIBAc/wCm+Odl6cd+dj3rri5DNH8AfO5w/AbpBU</latexit>

Gp(·)
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Netgative Resistor to Negative Resistance Circuit

<latexit sha1_base64="Cr9F3UUWIVS4ATr4/BRNa4iMtrY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvatypV4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3d7jLo=</latexit>�

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+

<latexit sha1_base64="2phu8pdlNSf0aOPwIXuG6Y8cGEQ=">AAAB63icbVBNSwMxEM3Wr1q/qh69BItQL2VXinosevFYwX5Au5Rsmm1Dk+ySzBbK0r/gxYMiXv1D3vw3Zts9aOuDgcd7M8zMC2LBDbjut1PY2Nza3inulvb2Dw6PyscnbRMlmrIWjUSkuwExTHDFWsBBsG6sGZGBYJ1gcp/5nSnThkfqCWYx8yUZKR5ySiCTplW4HJQrbs1dAK8TLycVlKM5KH/1hxFNJFNABTGm57kx+CnRwKlg81I/MSwmdEJGrGepIpIZP13cOscXVhniMNK2FOCF+nsiJdKYmQxspyQwNqteJv7n9RIIb/2UqzgBpuhyUZgIDBHOHsdDrhkFMbOEUM3trZiOiSYUbDwlG4K3+vI6aV/VvOta/bFeadzlcRTRGTpHVeShG9RAD6iJWoiiMXpGr+jNkc6L8+58LFsLTj5ziv7A+fwBgamN5g==</latexit>

v(t)
<latexit sha1_base64="EAWi5AY1eEQwNdbp0Ah3Ur2v2p4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiBz1WMG2hDWWz3bZLN5uwOxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkQKg6777RTW1jc2t4rbpZ3dvf2D8uFR08SpZtxnsYx1O6SGS6G4jwIlbyea0yiUvBWOb2d+64lrI2L1iJOEBxEdKjEQjKKV/Ltelkx75Ypbdecgq8TLSQVyNHrlr24/ZmnEFTJJjel4boJBRjUKJvm01E0NTygb0yHvWKpoxE2QzY+dkjOr9Mkg1rYUkrn6eyKjkTGTKLSdEcWRWfZm4n9eJ8XBdZAJlaTIFVssGqSSYExmn5O+0JyhnFhCmRb2VsJGVFOGNp+SDcFbfnmVNC+q3mW19lCr1G/yOIpwAqdwDh5cQR3uoQE+MBDwDK/w5ijnxXl3PhatBSefOYY/cD5/AOfnjsM=</latexit>

Gp

<latexit sha1_base64="3fST/yfYNO2A1S6zPk6v8pAoGP0=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0mkqMeiF48V7Ae0oWy2m3bpbhJ2J0IJ/QtePCji1T/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpYh4EwVK3kk0pyqQvB2M72Z++4lrI+LoEScJ9xUdRiIUjOJMEhW86JfKbtWdg6wSLydlyNHol756g5ilikfIJDWm67kJ+hnVKJjk02IvNTyhbEyHvGtpRBU3fja/dUrOrTIgYaxtRUjm6u+JjCpjJiqwnYriyCx7M/E/r5tieONnIkpS5BFbLApTSTAms8fJQGjOUE4soUwLeythI6opQxtP0YbgLb+8SlqXVe+qWnuoleu3eRwFOIUzqIAH11CHe2hAExiM4Ble4c1Rzovz7nwsWtecfOYE/sD5/AFtzo3Z</latexit>

i(t)

<latexit sha1_base64="gaHFuNNHQC7PEdSAFpuMVTFqEu4=">AAAB63icdVBNSwMxEJ31s9avqkcvwSJ4sWRLqe2t6EGPFewHtEvJptk2NJtdkqxQlv4FLx4U8eof8ua/MdtWUNEHA4/3ZpiZ58eCa4Pxh7Oyura+sZnbym/v7O7tFw4O2zpKFGUtGolIdX2imeCStQw3gnVjxUjoC9bxJ1eZ37lnSvNI3plpzLyQjCQPOCUmk86vB3JQKOIStqhWUUbcGnYtqddr5XIduXML4yIs0RwU3vvDiCYhk4YKonXPxbHxUqIMp4LN8v1Es5jQCRmxnqWShEx76fzWGTq1yhAFkbIlDZqr3ydSEmo9DX3bGRIz1r+9TPzL6yUmqHkpl3FimKSLRUEikIlQ9jgacsWoEVNLCFXc3oromChCjY0nb0P4+hT9T9rlklstVW4rxcblMo4cHMMJnIELF9CAG2hCCyiM4QGe4NkJnUfnxXldtK44y5kj+AHn7RPhVI4p</latexit>�Gn

<latexit sha1_base64="zFgakf0wZ8TsQ7ROciarN4vAkYs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldl77pcaVRK1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKBnjNU=</latexit>

H

<latexit sha1_base64="zFgakf0wZ8TsQ7ROciarN4vAkYs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldl77pcaVRK1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKBnjNU=</latexit>

H
<latexit sha1_base64="3fST/yfYNO2A1S6zPk6v8pAoGP0=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0mkqMeiF48V7Ae0oWy2m3bpbhJ2J0IJ/QtePCji1T/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpYh4EwVK3kk0pyqQvB2M72Z++4lrI+LoEScJ9xUdRiIUjOJMEhW86JfKbtWdg6wSLydlyNHol756g5ilikfIJDWm67kJ+hnVKJjk02IvNTyhbEyHvGtpRBU3fja/dUrOrTIgYaxtRUjm6u+JjCpjJiqwnYriyCx7M/E/r5tieONnIkpS5BFbLApTSTAms8fJQGjOUE4soUwLeythI6opQxtP0YbgLb+8SlqXVe+qWnuoleu3eRwFOIUzqIAH11CHe2hAExiM4Ble4c1Rzovz7nwsWtecfOYE/sD5/AFtzo3Z</latexit>

i(t)
<latexit sha1_base64="2phu8pdlNSf0aOPwIXuG6Y8cGEQ=">AAAB63icbVBNSwMxEM3Wr1q/qh69BItQL2VXinosevFYwX5Au5Rsmm1Dk+ySzBbK0r/gxYMiXv1D3vw3Zts9aOuDgcd7M8zMC2LBDbjut1PY2Nza3inulvb2Dw6PyscnbRMlmrIWjUSkuwExTHDFWsBBsG6sGZGBYJ1gcp/5nSnThkfqCWYx8yUZKR5ySiCTplW4HJQrbs1dAK8TLycVlKM5KH/1hxFNJFNABTGm57kx+CnRwKlg81I/MSwmdEJGrGepIpIZP13cOscXVhniMNK2FOCF+nsiJdKYmQxspyQwNqteJv7n9RIIb/2UqzgBpuhyUZgIDBHOHsdDrhkFMbOEUM3trZiOiSYUbDwlG4K3+vI6aV/VvOta/bFeadzlcRTRGTpHVeShG9RAD6iJWoiiMXpGr+jNkc6L8+58LFsLTj5ziv7A+fwBgamN5g==</latexit>

v(t)

<latexit sha1_base64="zplYQxbKCqmOCQEg5PIcUzPliIA=">AAAB8nicbVBNSwMxEM36WetX1aOXYBHqwbIrRT0WPeixgv2A7VKy2Wwbmk2WZFYopT/DiwdFvPprvPlvTNs9aOuDgcd7M8zMC1PBDbjut7Oyura+sVnYKm7v7O7tlw4OW0ZlmrImVULpTkgME1yyJnAQrJNqRpJQsHY4vJ367SemDVfyEUYpCxLSlzzmlICV/PO7nqx0aaTgrFcqu1V3BrxMvJyUUY5Gr/TVjRTNEiaBCmKM77kpBGOigVPBJsVuZlhK6JD0mW+pJAkzwXh28gSfWiXCsdK2JOCZ+ntiTBJjRkloOxMCA7PoTcX/PD+D+DoYc5lmwCSdL4ozgUHh6f844ppRECNLCNXc3orpgGhCwaZUtCF4iy8vk9ZF1bus1h5q5fpNHkcBHaMTVEEeukJ1dI8aqIkoUugZvaI3B5wX5935mLeuOPnMEfoD5/MHKFOQiQ==</latexit>�Gn(·)

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+

<latexit sha1_base64="NEt1DW88jFAtrXm1Eh7+7+eUOW8=">AAAB8XicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LHvRYwX5gu5RsNtuGZpMlyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPzgoQzbVz321lZXVvf2CxsFbd3dvf2SweHLS1TRWiTSC5VJ8CaciZo0zDDaSdRFMcBp+1gdDP1209UaSbFgxkn1I/xQLCIEWys9HjbTyo9Ekpz1i+V3ao7A1omXk7KkKPRL331QknSmApDONa667mJ8TOsDCOcToq9VNMEkxEe0K6lAsdU+9ns4gk6tUqIIqlsCYNm6u+JDMdaj+PAdsbYDPWiNxX/87qpia78jIkkNVSQ+aIo5chINH0fhUxRYvjYEkwUs7ciMsQKE2NDKtoQvMWXl0nrvOpdVGv3tXL9Oo+jAMdwAhXw4BLqcAcNaAIBAc/wCm+Odl6cd+dj3rri5DNH8AfO5w/AbpBU</latexit>

Gp(·)

• H can be any linear passive transfer function
• Series, parallel and negative feedback
interconnection preserves monotonicity

Note: For technical reason, H, Gp are assumed to be maximal6 / 15



A Simple Illustration: Van der Pol Oscillator

Van der Pol Oscillator: v̈ +K(v2 − 1)v̇ + v = 0
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A Simple Illustration: Van der Pol Oscillator

Van der Pol Oscillator: v̈ +K(v2 − 1)v̇ + v = 0

<latexit sha1_base64="Cr9F3UUWIVS4ATr4/BRNa4iMtrY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvatypV4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3d7jLo=</latexit>�

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+

<latexit sha1_base64="nQsX9L/lq/3dlYfgFTiVm5DZ8sE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZpaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+7nfGqPSPJaPZpKgH9GB5CFn1FipPu4VS27ZXYCsEy8jJchQ6xW/uv2YpRFKwwTVuuO5ifGnVBnOBM4K3VRjQtmIDrBjqaQRan+6OHRGLqzSJ2GsbElDFurviSmNtJ5Ege2MqBnqVW8u/ud1UhPe+lMuk9SgZMtFYSqIicn8a9LnCpkRE0soU9zeStiQKsqMzaZgQ/BWX14nzauyd12u1Cul6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AOYfjQM=</latexit>v

<latexit sha1_base64="MKNmTvah/JwLjlaIK5YE3+mm4as=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lsUY9FL4KXCvYD2rRstpt26WYTdjeVEvI/vHhQxKv/xZv/xm2bg7Y+GHi8N8PMPC/iTGnb/rZya+sbm1v57cLO7t7+QfHwqKnCWBLaICEPZdvDinImaEMzzWk7khQHHqctb3w781sTKhULxaOeRtQN8FAwnxGsjdS77/oSk2TSq6RJJe0XS3bZngOtEicjJchQ7xe/uoOQxAEVmnCsVMexI+0mWGpGOE0L3VjRCJMxHtKOoQIHVLnJ/OoUnRllgPxQmhIazdXfEwkOlJoGnukMsB6pZW8m/ud1Yu1fuwkTUaypIItFfsyRDtEsAjRgkhLNp4ZgIpm5FZERNjloE1TBhOAsv7xKmhdl57JcfaiWajdZHHk4gVM4BweuoAZ3UIcGEJDwDK/wZj1ZL9a79bFozVnZzDH8gfX5A3Aaknw=</latexit>

K
v3

3

<latexit sha1_base64="ueT62Z10XqV8qjNqX43ODvps8xE=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBiyVbSm1vRS+Cl4q2FtqlZNNsG5rNLkm2UJb+BC8eFPHqL/LmvzH9EFT0wcDjvRlm5vmx4Npg/OFkVlbX1jeym7mt7Z3dvfz+QUtHiaKsSSMRqbZPNBNcsqbhRrB2rBgJfcHu/dHlzL8fM6V5JO/MJGZeSAaSB5wSY6Xbs+txL1/ARWxRqaAZcavYtaRWq5ZKNeTOLYwLsESjl3/v9iOahEwaKojWHRfHxkuJMpwKNs11E81iQkdkwDqWShIy7aXzU6foxCp9FETKljRorn6fSEmo9ST0bWdIzFD/9mbiX14nMUHVS7mME8MkXSwKEoFMhGZ/oz5XjBoxsYRQxe2tiA6JItTYdHI2hK9P0f+kVSq6lWL5plyoXyzjyMIRHMMpuHAOdbiCBjSBwgAe4AmeHeE8Oi/O66I14yxnDuEHnLdPPdGNzA==</latexit>�Kv
<latexit sha1_base64="zFgakf0wZ8TsQ7ROciarN4vAkYs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldl77pcaVRK1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKBnjNU=</latexit>

H

<latexit sha1_base64="gQ0QZrHgZBkqf996/QQVBa6B0JU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu+XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH0muM9g==</latexit>

i
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Mixed-Feedback Systems: A Simple Illustration

<latexit sha1_base64="Cr9F3UUWIVS4ATr4/BRNa4iMtrY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvatypV4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3d7jLo=</latexit>�

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+

<latexit sha1_base64="nQsX9L/lq/3dlYfgFTiVm5DZ8sE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZpaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+7nfGqPSPJaPZpKgH9GB5CFn1FipPu4VS27ZXYCsEy8jJchQ6xW/uv2YpRFKwwTVuuO5ifGnVBnOBM4K3VRjQtmIDrBjqaQRan+6OHRGLqzSJ2GsbElDFurviSmNtJ5Ege2MqBnqVW8u/ud1UhPe+lMuk9SgZMtFYSqIicn8a9LnCpkRE0soU9zeStiQKsqMzaZgQ/BWX14nzauyd12u1Cul6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AOYfjQM=</latexit>v

<latexit sha1_base64="MKNmTvah/JwLjlaIK5YE3+mm4as=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lsUY9FL4KXCvYD2rRstpt26WYTdjeVEvI/vHhQxKv/xZv/xm2bg7Y+GHi8N8PMPC/iTGnb/rZya+sbm1v57cLO7t7+QfHwqKnCWBLaICEPZdvDinImaEMzzWk7khQHHqctb3w781sTKhULxaOeRtQN8FAwnxGsjdS77/oSk2TSq6RJJe0XS3bZngOtEicjJchQ7xe/uoOQxAEVmnCsVMexI+0mWGpGOE0L3VjRCJMxHtKOoQIHVLnJ/OoUnRllgPxQmhIazdXfEwkOlJoGnukMsB6pZW8m/ud1Yu1fuwkTUaypIItFfsyRDtEsAjRgkhLNp4ZgIpm5FZERNjloE1TBhOAsv7xKmhdl57JcfaiWajdZHHk4gVM4BweuoAZ3UIcGEJDwDK/wZj1ZL9a79bFozVnZzDH8gfX5A3Aaknw=</latexit>

K
v3

3

<latexit sha1_base64="ueT62Z10XqV8qjNqX43ODvps8xE=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBiyVbSm1vRS+Cl4q2FtqlZNNsG5rNLkm2UJb+BC8eFPHqL/LmvzH9EFT0wcDjvRlm5vmx4Npg/OFkVlbX1jeym7mt7Z3dvfz+QUtHiaKsSSMRqbZPNBNcsqbhRrB2rBgJfcHu/dHlzL8fM6V5JO/MJGZeSAaSB5wSY6Xbs+txL1/ARWxRqaAZcavYtaRWq5ZKNeTOLYwLsESjl3/v9iOahEwaKojWHRfHxkuJMpwKNs11E81iQkdkwDqWShIy7aXzU6foxCp9FETKljRorn6fSEmo9ST0bWdIzFD/9mbiX14nMUHVS7mME8MkXSwKEoFMhGZ/oz5XjBoxsYRQxe2tiA6JItTYdHI2hK9P0f+kVSq6lWL5plyoXyzjyMIRHMMpuHAOdbiCBjSBwgAe4AmeHeE8Oi/O66I14yxnDuEHnLdPPdGNzA==</latexit>�Kv
<latexit sha1_base64="zFgakf0wZ8TsQ7ROciarN4vAkYs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldl77pcaVRK1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKBnjNU=</latexit>

H

<latexit sha1_base64="gQ0QZrHgZBkqf996/QQVBa6B0JU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu+XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH0muM9g==</latexit>

i

I/O relation of Van der Pol Oscillator

0 = Hv︸︷︷︸
linear

+ K
v3

3︸ ︷︷ ︸
Gp:static cubic

− Kv︸︷︷︸
Gn:static linear

, H(s) =
(s2 + 1

s

)
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Mixed-Feedback Systems: A Simple Illustration

<latexit sha1_base64="Cr9F3UUWIVS4ATr4/BRNa4iMtrY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvatypV4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3d7jLo=</latexit>�

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+

<latexit sha1_base64="nQsX9L/lq/3dlYfgFTiVm5DZ8sE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZpaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+7nfGqPSPJaPZpKgH9GB5CFn1FipPu4VS27ZXYCsEy8jJchQ6xW/uv2YpRFKwwTVuuO5ifGnVBnOBM4K3VRjQtmIDrBjqaQRan+6OHRGLqzSJ2GsbElDFurviSmNtJ5Ege2MqBnqVW8u/ud1UhPe+lMuk9SgZMtFYSqIicn8a9LnCpkRE0soU9zeStiQKsqMzaZgQ/BWX14nzauyd12u1Cul6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AOYfjQM=</latexit>v

<latexit sha1_base64="MKNmTvah/JwLjlaIK5YE3+mm4as=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lsUY9FL4KXCvYD2rRstpt26WYTdjeVEvI/vHhQxKv/xZv/xm2bg7Y+GHi8N8PMPC/iTGnb/rZya+sbm1v57cLO7t7+QfHwqKnCWBLaICEPZdvDinImaEMzzWk7khQHHqctb3w781sTKhULxaOeRtQN8FAwnxGsjdS77/oSk2TSq6RJJe0XS3bZngOtEicjJchQ7xe/uoOQxAEVmnCsVMexI+0mWGpGOE0L3VjRCJMxHtKOoQIHVLnJ/OoUnRllgPxQmhIazdXfEwkOlJoGnukMsB6pZW8m/ud1Yu1fuwkTUaypIItFfsyRDtEsAjRgkhLNp4ZgIpm5FZERNjloE1TBhOAsv7xKmhdl57JcfaiWajdZHHk4gVM4BweuoAZ3UIcGEJDwDK/wZj1ZL9a79bFozVnZzDH8gfX5A3Aaknw=</latexit>

K
v3

3

<latexit sha1_base64="ueT62Z10XqV8qjNqX43ODvps8xE=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBiyVbSm1vRS+Cl4q2FtqlZNNsG5rNLkm2UJb+BC8eFPHqL/LmvzH9EFT0wcDjvRlm5vmx4Npg/OFkVlbX1jeym7mt7Z3dvfz+QUtHiaKsSSMRqbZPNBNcsqbhRrB2rBgJfcHu/dHlzL8fM6V5JO/MJGZeSAaSB5wSY6Xbs+txL1/ARWxRqaAZcavYtaRWq5ZKNeTOLYwLsESjl3/v9iOahEwaKojWHRfHxkuJMpwKNs11E81iQkdkwDqWShIy7aXzU6foxCp9FETKljRorn6fSEmo9ST0bWdIzFD/9mbiX14nMUHVS7mME8MkXSwKEoFMhGZ/oz5XjBoxsYRQxe2tiA6JItTYdHI2hK9P0f+kVSq6lWL5plyoXyzjyMIRHMMpuHAOdbiCBjSBwgAe4AmeHeE8Oi/O66I14yxnDuEHnLdPPdGNzA==</latexit>�Kv
<latexit sha1_base64="zFgakf0wZ8TsQ7ROciarN4vAkYs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldl77pcaVRK1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKBnjNU=</latexit>

H

<latexit sha1_base64="gQ0QZrHgZBkqf996/QQVBa6B0JU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu+XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH0muM9g==</latexit>

i

I/O relation of Van der Pol Oscillator

0 = Hv︸︷︷︸
linear

+ K
v3

3︸ ︷︷ ︸
Gp:static cubic

− Kv︸︷︷︸
Gn:static linear

, H(s) =
(s2 + 1

s

)

How do we characterize each constituent?8 / 15



Circuit of Van der Pol: Passivity/Monotonicity View-Point

<latexit sha1_base64="Cr9F3UUWIVS4ATr4/BRNa4iMtrY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvatypV4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3d7jLo=</latexit>�

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+

<latexit sha1_base64="nQsX9L/lq/3dlYfgFTiVm5DZ8sE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZpaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+7nfGqPSPJaPZpKgH9GB5CFn1FipPu4VS27ZXYCsEy8jJchQ6xW/uv2YpRFKwwTVuuO5ifGnVBnOBM4K3VRjQtmIDrBjqaQRan+6OHRGLqzSJ2GsbElDFurviSmNtJ5Ege2MqBnqVW8u/ud1UhPe+lMuk9SgZMtFYSqIicn8a9LnCpkRE0soU9zeStiQKsqMzaZgQ/BWX14nzauyd12u1Cul6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AOYfjQM=</latexit>v

<latexit sha1_base64="MKNmTvah/JwLjlaIK5YE3+mm4as=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lsUY9FL4KXCvYD2rRstpt26WYTdjeVEvI/vHhQxKv/xZv/xm2bg7Y+GHi8N8PMPC/iTGnb/rZya+sbm1v57cLO7t7+QfHwqKnCWBLaICEPZdvDinImaEMzzWk7khQHHqctb3w781sTKhULxaOeRtQN8FAwnxGsjdS77/oSk2TSq6RJJe0XS3bZngOtEicjJchQ7xe/uoOQxAEVmnCsVMexI+0mWGpGOE0L3VjRCJMxHtKOoQIHVLnJ/OoUnRllgPxQmhIazdXfEwkOlJoGnukMsB6pZW8m/ud1Yu1fuwkTUaypIItFfsyRDtEsAjRgkhLNp4ZgIpm5FZERNjloE1TBhOAsv7xKmhdl57JcfaiWajdZHHk4gVM4BweuoAZ3UIcGEJDwDK/wZj1ZL9a79bFozVnZzDH8gfX5A3Aaknw=</latexit>

K
v3

3

<latexit sha1_base64="ueT62Z10XqV8qjNqX43ODvps8xE=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBiyVbSm1vRS+Cl4q2FtqlZNNsG5rNLkm2UJb+BC8eFPHqL/LmvzH9EFT0wcDjvRlm5vmx4Npg/OFkVlbX1jeym7mt7Z3dvfz+QUtHiaKsSSMRqbZPNBNcsqbhRrB2rBgJfcHu/dHlzL8fM6V5JO/MJGZeSAaSB5wSY6Xbs+txL1/ARWxRqaAZcavYtaRWq5ZKNeTOLYwLsESjl3/v9iOahEwaKojWHRfHxkuJMpwKNs11E81iQkdkwDqWShIy7aXzU6foxCp9FETKljRorn6fSEmo9ST0bWdIzFD/9mbiX14nMUHVS7mME8MkXSwKEoFMhGZ/oz5XjBoxsYRQxe2tiA6JItTYdHI2hK9P0f+kVSq6lWL5plyoXyzjyMIRHMMpuHAOdbiCBjSBwgAe4AmeHeE8Oi/O66I14yxnDuEHnLdPPdGNzA==</latexit>�Kv
<latexit sha1_base64="zFgakf0wZ8TsQ7ROciarN4vAkYs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldl77pcaVRK1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKBnjNU=</latexit>

H

<latexit sha1_base64="gQ0QZrHgZBkqf996/QQVBa6B0JU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu+XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH0muM9g==</latexit>

i

I/O relation of Van der Pol Oscillator

0 =
(s2 + 1

s

)
v + +Kv3

3 −Kv
9 / 15



Circuit of Van der Pol: Passivity/Monotonicity View-Point

<latexit sha1_base64="Cr9F3UUWIVS4ATr4/BRNa4iMtrY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvatypV4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3d7jLo=</latexit>�

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+

<latexit sha1_base64="nQsX9L/lq/3dlYfgFTiVm5DZ8sE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZpaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+7nfGqPSPJaPZpKgH9GB5CFn1FipPu4VS27ZXYCsEy8jJchQ6xW/uv2YpRFKwwTVuuO5ifGnVBnOBM4K3VRjQtmIDrBjqaQRan+6OHRGLqzSJ2GsbElDFurviSmNtJ5Ege2MqBnqVW8u/ud1UhPe+lMuk9SgZMtFYSqIicn8a9LnCpkRE0soU9zeStiQKsqMzaZgQ/BWX14nzauyd12u1Cul6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AOYfjQM=</latexit>v

<latexit sha1_base64="MKNmTvah/JwLjlaIK5YE3+mm4as=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lsUY9FL4KXCvYD2rRstpt26WYTdjeVEvI/vHhQxKv/xZv/xm2bg7Y+GHi8N8PMPC/iTGnb/rZya+sbm1v57cLO7t7+QfHwqKnCWBLaICEPZdvDinImaEMzzWk7khQHHqctb3w781sTKhULxaOeRtQN8FAwnxGsjdS77/oSk2TSq6RJJe0XS3bZngOtEicjJchQ7xe/uoOQxAEVmnCsVMexI+0mWGpGOE0L3VjRCJMxHtKOoQIHVLnJ/OoUnRllgPxQmhIazdXfEwkOlJoGnukMsB6pZW8m/ud1Yu1fuwkTUaypIItFfsyRDtEsAjRgkhLNp4ZgIpm5FZERNjloE1TBhOAsv7xKmhdl57JcfaiWajdZHHk4gVM4BweuoAZ3UIcGEJDwDK/wZj1ZL9a79bFozVnZzDH8gfX5A3Aaknw=</latexit>

K
v3

3

<latexit sha1_base64="ueT62Z10XqV8qjNqX43ODvps8xE=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBiyVbSm1vRS+Cl4q2FtqlZNNsG5rNLkm2UJb+BC8eFPHqL/LmvzH9EFT0wcDjvRlm5vmx4Npg/OFkVlbX1jeym7mt7Z3dvfz+QUtHiaKsSSMRqbZPNBNcsqbhRrB2rBgJfcHu/dHlzL8fM6V5JO/MJGZeSAaSB5wSY6Xbs+txL1/ARWxRqaAZcavYtaRWq5ZKNeTOLYwLsESjl3/v9iOahEwaKojWHRfHxkuJMpwKNs11E81iQkdkwDqWShIy7aXzU6foxCp9FETKljRorn6fSEmo9ST0bWdIzFD/9mbiX14nMUHVS7mME8MkXSwKEoFMhGZ/oz5XjBoxsYRQxe2tiA6JItTYdHI2hK9P0f+kVSq6lWL5plyoXyzjyMIRHMMpuHAOdbiCBjSBwgAe4AmeHeE8Oi/O66I14yxnDuEHnLdPPdGNzA==</latexit>�Kv
<latexit sha1_base64="zFgakf0wZ8TsQ7ROciarN4vAkYs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldl77pcaVRK1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKBnjNU=</latexit>

H

<latexit sha1_base64="gQ0QZrHgZBkqf996/QQVBa6B0JU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu+XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH0muM9g==</latexit>

i

• Characterize each operators based on monotonicity
Operator F is called monotone iff〈
z − r, F (z)− F (r)

〉
≥ 0 for any inputs z, r ∈ X
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Circuit of Van der Pol: Passivity/Monotonicity View-Point

<latexit sha1_base64="Cr9F3UUWIVS4ATr4/BRNa4iMtrY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvatypV4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3d7jLo=</latexit>�

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+

<latexit sha1_base64="nQsX9L/lq/3dlYfgFTiVm5DZ8sE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZpaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+7nfGqPSPJaPZpKgH9GB5CFn1FipPu4VS27ZXYCsEy8jJchQ6xW/uv2YpRFKwwTVuuO5ifGnVBnOBM4K3VRjQtmIDrBjqaQRan+6OHRGLqzSJ2GsbElDFurviSmNtJ5Ege2MqBnqVW8u/ud1UhPe+lMuk9SgZMtFYSqIicn8a9LnCpkRE0soU9zeStiQKsqMzaZgQ/BWX14nzauyd12u1Cul6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AOYfjQM=</latexit>v

<latexit sha1_base64="MKNmTvah/JwLjlaIK5YE3+mm4as=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lsUY9FL4KXCvYD2rRstpt26WYTdjeVEvI/vHhQxKv/xZv/xm2bg7Y+GHi8N8PMPC/iTGnb/rZya+sbm1v57cLO7t7+QfHwqKnCWBLaICEPZdvDinImaEMzzWk7khQHHqctb3w781sTKhULxaOeRtQN8FAwnxGsjdS77/oSk2TSq6RJJe0XS3bZngOtEicjJchQ7xe/uoOQxAEVmnCsVMexI+0mWGpGOE0L3VjRCJMxHtKOoQIHVLnJ/OoUnRllgPxQmhIazdXfEwkOlJoGnukMsB6pZW8m/ud1Yu1fuwkTUaypIItFfsyRDtEsAjRgkhLNp4ZgIpm5FZERNjloE1TBhOAsv7xKmhdl57JcfaiWajdZHHk4gVM4BweuoAZ3UIcGEJDwDK/wZj1ZL9a79bFozVnZzDH8gfX5A3Aaknw=</latexit>

K
v3

3

<latexit sha1_base64="ueT62Z10XqV8qjNqX43ODvps8xE=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBiyVbSm1vRS+Cl4q2FtqlZNNsG5rNLkm2UJb+BC8eFPHqL/LmvzH9EFT0wcDjvRlm5vmx4Npg/OFkVlbX1jeym7mt7Z3dvfz+QUtHiaKsSSMRqbZPNBNcsqbhRrB2rBgJfcHu/dHlzL8fM6V5JO/MJGZeSAaSB5wSY6Xbs+txL1/ARWxRqaAZcavYtaRWq5ZKNeTOLYwLsESjl3/v9iOahEwaKojWHRfHxkuJMpwKNs11E81iQkdkwDqWShIy7aXzU6foxCp9FETKljRorn6fSEmo9ST0bWdIzFD/9mbiX14nMUHVS7mME8MkXSwKEoFMhGZ/oz5XjBoxsYRQxe2tiA6JItTYdHI2hK9P0f+kVSq6lWL5plyoXyzjyMIRHMMpuHAOdbiCBjSBwgAe4AmeHeE8Oi/O66I14yxnDuEHnLdPPdGNzA==</latexit>�Kv
<latexit sha1_base64="zFgakf0wZ8TsQ7ROciarN4vAkYs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldl77pcaVRK1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKBnjNU=</latexit>

H

<latexit sha1_base64="gQ0QZrHgZBkqf996/QQVBa6B0JU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu+XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH0muM9g==</latexit>

i

0 =
(s2 + 1

s

)
v + +Kv3

3 −Kv

• Characterize each operators based on monotonicity
Operator F is called monotone iff〈
z − r, F (z)− F (r)

〉
≥ 0 for any inputs z, r ∈ X

I/O relation is a difference of monotone relation
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General Setting of Negative Resistance Circuit

<latexit sha1_base64="Cr9F3UUWIVS4ATr4/BRNa4iMtrY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvatypV4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3d7jLo=</latexit>�

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+

<latexit sha1_base64="nQsX9L/lq/3dlYfgFTiVm5DZ8sE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZpaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+7nfGqPSPJaPZpKgH9GB5CFn1FipPu4VS27ZXYCsEy8jJchQ6xW/uv2YpRFKwwTVuuO5ifGnVBnOBM4K3VRjQtmIDrBjqaQRan+6OHRGLqzSJ2GsbElDFurviSmNtJ5Ege2MqBnqVW8u/ud1UhPe+lMuk9SgZMtFYSqIicn8a9LnCpkRE0soU9zeStiQKsqMzaZgQ/BWX14nzauyd12u1Cul6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AOYfjQM=</latexit>v
<latexit sha1_base64="xgBnXHdgcdSHTaKv10bXaLMECek=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRgx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJaPZpygH9GB5CFn1Fjp4baX9MoVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVb2L6vn9eaV2ncdRhCM4hlPw4BJqcAd1aACDATzDK7w5wnlx3p2PeWvByWcO4Q+czx8jdI23</latexit>

Gp
<latexit sha1_base64="gaHFuNNHQC7PEdSAFpuMVTFqEu4=">AAAB63icdVBNSwMxEJ31s9avqkcvwSJ4sWRLqe2t6EGPFewHtEvJptk2NJtdkqxQlv4FLx4U8eof8ua/MdtWUNEHA4/3ZpiZ58eCa4Pxh7Oyura+sZnbym/v7O7tFw4O2zpKFGUtGolIdX2imeCStQw3gnVjxUjoC9bxJ1eZ37lnSvNI3plpzLyQjCQPOCUmk86vB3JQKOIStqhWUUbcGnYtqddr5XIduXML4yIs0RwU3vvDiCYhk4YKonXPxbHxUqIMp4LN8v1Es5jQCRmxnqWShEx76fzWGTq1yhAFkbIlDZqr3ydSEmo9DX3bGRIz1r+9TPzL6yUmqHkpl3FimKSLRUEikIlQ9jgacsWoEVNLCFXc3oromChCjY0nb0P4+hT9T9rlklstVW4rxcblMo4cHMMJnIELF9CAG2hCCyiM4QGe4NkJnUfnxXldtK44y5kj+AHn7RPhVI4p</latexit>�Gn

<latexit sha1_base64="zFgakf0wZ8TsQ7ROciarN4vAkYs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldl77pcaVRK1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKBnjNU=</latexit>

H

<latexit sha1_base64="gQ0QZrHgZBkqf996/QQVBa6B0JU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu+XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH0muM9g==</latexit>

i
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General Setting of Negative Resistance Circuit

<latexit sha1_base64="Cr9F3UUWIVS4ATr4/BRNa4iMtrY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvatypV4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3d7jLo=</latexit>�

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+

<latexit sha1_base64="nQsX9L/lq/3dlYfgFTiVm5DZ8sE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZpaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+7nfGqPSPJaPZpKgH9GB5CFn1FipPu4VS27ZXYCsEy8jJchQ6xW/uv2YpRFKwwTVuuO5ifGnVBnOBM4K3VRjQtmIDrBjqaQRan+6OHRGLqzSJ2GsbElDFurviSmNtJ5Ege2MqBnqVW8u/ud1UhPe+lMuk9SgZMtFYSqIicn8a9LnCpkRE0soU9zeStiQKsqMzaZgQ/BWX14nzauyd12u1Cul6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AOYfjQM=</latexit>v
<latexit sha1_base64="xgBnXHdgcdSHTaKv10bXaLMECek=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRgx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJaPZpygH9GB5CFn1Fjp4baX9MoVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVb2L6vn9eaV2ncdRhCM4hlPw4BJqcAd1aACDATzDK7w5wnlx3p2PeWvByWcO4Q+czx8jdI23</latexit>

Gp
<latexit sha1_base64="gaHFuNNHQC7PEdSAFpuMVTFqEu4=">AAAB63icdVBNSwMxEJ31s9avqkcvwSJ4sWRLqe2t6EGPFewHtEvJptk2NJtdkqxQlv4FLx4U8eof8ua/MdtWUNEHA4/3ZpiZ58eCa4Pxh7Oyura+sZnbym/v7O7tFw4O2zpKFGUtGolIdX2imeCStQw3gnVjxUjoC9bxJ1eZ37lnSvNI3plpzLyQjCQPOCUmk86vB3JQKOIStqhWUUbcGnYtqddr5XIduXML4yIs0RwU3vvDiCYhk4YKonXPxbHxUqIMp4LN8v1Es5jQCRmxnqWShEx76fzWGTq1yhAFkbIlDZqr3ydSEmo9DX3bGRIz1r+9TPzL6yUmqHkpl3FimKSLRUEikIlQ9jgacsWoEVNLCFXc3oromChCjY0nb0P4+hT9T9rlklstVW4rxcblMo4cHMMJnIELF9CAG2hCCyiM4QGe4NkJnUfnxXldtK44y5kj+AHn7RPhVI4p</latexit>�Gn

<latexit sha1_base64="zFgakf0wZ8TsQ7ROciarN4vAkYs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldl77pcaVRK1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKBnjNU=</latexit>

H

<latexit sha1_base64="gQ0QZrHgZBkqf996/QQVBa6B0JU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu+XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH0muM9g==</latexit>

i

• H, Gp, Gn are monotone operators
• I/O relation: 0 = Hv +Gp(v)−Gn(v)− i

Question
How to develop a computational (algorithmic) tool?

e.g. Given i = i∗, find v ∈ V such that 0 = Hv +Gp(v)−Gn(v)− i?
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Computational Frameowork: Finding Zero of Monotone Operators
Borrowed from optimization theory:
Given a montone operator R, a solution to the following problem

0 = R(x)

is a fixed point of the following relation

xf = F (xf ), F is derived from R

You can find xf by solving the fixed point iteration

xk+1
f = F (xk

f )

If F := (I + αR)−1 (a.k.a resolvent), then the fixed point iteration converges. α > 0 is the
step-size

Advantages
• Cheap computation of resolvents for linear operator and some static NL functions
• Solving 0 =

∑n
i=1 Ri(x) can be split into the computation of each resolvent Fi
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Computing Zero of Difference between Monotone Operators

<latexit sha1_base64="Cr9F3UUWIVS4ATr4/BRNa4iMtrY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvatypV4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3d7jLo=</latexit>�

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+

<latexit sha1_base64="nQsX9L/lq/3dlYfgFTiVm5DZ8sE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZpaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+7nfGqPSPJaPZpKgH9GB5CFn1FipPu4VS27ZXYCsEy8jJchQ6xW/uv2YpRFKwwTVuuO5ifGnVBnOBM4K3VRjQtmIDrBjqaQRan+6OHRGLqzSJ2GsbElDFurviSmNtJ5Ege2MqBnqVW8u/ud1UhPe+lMuk9SgZMtFYSqIicn8a9LnCpkRE0soU9zeStiQKsqMzaZgQ/BWX14nzauyd12u1Cul6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AOYfjQM=</latexit>v
<latexit sha1_base64="xgBnXHdgcdSHTaKv10bXaLMECek=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRgx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJaPZpygH9GB5CFn1Fjp4baX9MoVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVb2L6vn9eaV2ncdRhCM4hlPw4BJqcAd1aACDATzDK7w5wnlx3p2PeWvByWcO4Q+czx8jdI23</latexit>

Gp
<latexit sha1_base64="gaHFuNNHQC7PEdSAFpuMVTFqEu4=">AAAB63icdVBNSwMxEJ31s9avqkcvwSJ4sWRLqe2t6EGPFewHtEvJptk2NJtdkqxQlv4FLx4U8eof8ua/MdtWUNEHA4/3ZpiZ58eCa4Pxh7Oyura+sZnbym/v7O7tFw4O2zpKFGUtGolIdX2imeCStQw3gnVjxUjoC9bxJ1eZ37lnSvNI3plpzLyQjCQPOCUmk86vB3JQKOIStqhWUUbcGnYtqddr5XIduXML4yIs0RwU3vvDiCYhk4YKonXPxbHxUqIMp4LN8v1Es5jQCRmxnqWShEx76fzWGTq1yhAFkbIlDZqr3ydSEmo9DX3bGRIz1r+9TPzL6yUmqHkpl3FimKSLRUEikIlQ9jgacsWoEVNLCFXc3oromChCjY0nb0P4+hT9T9rlklstVW4rxcblMo4cHMMJnIELF9CAG2hCCyiM4QGe4NkJnUfnxXldtK44y5kj+AHn7RPhVI4p</latexit>�Gn

<latexit sha1_base64="zFgakf0wZ8TsQ7ROciarN4vAkYs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldl77pcaVRK1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKBnjNU=</latexit>

H

<latexit sha1_base64="gQ0QZrHgZBkqf996/QQVBa6B0JU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu+XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH0muM9g==</latexit>

i

0 = Hv +Gp(v)− i?︸ ︷︷ ︸
A(v)

−Gn(v)︸ ︷︷ ︸
B(v)
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Computing Zero of Difference between Monotone Operators

<latexit sha1_base64="Cr9F3UUWIVS4ATr4/BRNa4iMtrY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvatypV4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3d7jLo=</latexit>�

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+

<latexit sha1_base64="nQsX9L/lq/3dlYfgFTiVm5DZ8sE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZpaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+7nfGqPSPJaPZpKgH9GB5CFn1FipPu4VS27ZXYCsEy8jJchQ6xW/uv2YpRFKwwTVuuO5ifGnVBnOBM4K3VRjQtmIDrBjqaQRan+6OHRGLqzSJ2GsbElDFurviSmNtJ5Ege2MqBnqVW8u/ud1UhPe+lMuk9SgZMtFYSqIicn8a9LnCpkRE0soU9zeStiQKsqMzaZgQ/BWX14nzauyd12u1Cul6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AOYfjQM=</latexit>v
<latexit sha1_base64="xgBnXHdgcdSHTaKv10bXaLMECek=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRgx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJaPZpygH9GB5CFn1Fjp4baX9MoVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVb2L6vn9eaV2ncdRhCM4hlPw4BJqcAd1aACDATzDK7w5wnlx3p2PeWvByWcO4Q+czx8jdI23</latexit>

Gp
<latexit sha1_base64="gaHFuNNHQC7PEdSAFpuMVTFqEu4=">AAAB63icdVBNSwMxEJ31s9avqkcvwSJ4sWRLqe2t6EGPFewHtEvJptk2NJtdkqxQlv4FLx4U8eof8ua/MdtWUNEHA4/3ZpiZ58eCa4Pxh7Oyura+sZnbym/v7O7tFw4O2zpKFGUtGolIdX2imeCStQw3gnVjxUjoC9bxJ1eZ37lnSvNI3plpzLyQjCQPOCUmk86vB3JQKOIStqhWUUbcGnYtqddr5XIduXML4yIs0RwU3vvDiCYhk4YKonXPxbHxUqIMp4LN8v1Es5jQCRmxnqWShEx76fzWGTq1yhAFkbIlDZqr3ydSEmo9DX3bGRIz1r+9TPzL6yUmqHkpl3FimKSLRUEikIlQ9jgacsWoEVNLCFXc3oromChCjY0nb0P4+hT9T9rlklstVW4rxcblMo4cHMMJnIELF9CAG2hCCyiM4QGe4NkJnUfnxXldtK44y5kj+AHn7RPhVI4p</latexit>�Gn

<latexit sha1_base64="zFgakf0wZ8TsQ7ROciarN4vAkYs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldl77pcaVRK1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKBnjNU=</latexit>

H

<latexit sha1_base64="gQ0QZrHgZBkqf996/QQVBa6B0JU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu+XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH0muM9g==</latexit>

i

0 = Hv +Gp(v)− i?︸ ︷︷ ︸
A(v)

−Gn(v)︸ ︷︷ ︸
B(v)

• Algorithm:
1: Given: Initial guess v0
2: Repeat for i
3:

vi+1 = find
y

0 ∈ A(v)−B(vi)

i := i+ 1

4: until stopping criterion is satisfied
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Operator Splitting

<latexit sha1_base64="Cr9F3UUWIVS4ATr4/BRNa4iMtrY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvatypV4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3d7jLo=</latexit>�

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+

<latexit sha1_base64="nQsX9L/lq/3dlYfgFTiVm5DZ8sE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZpaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+7nfGqPSPJaPZpKgH9GB5CFn1FipPu4VS27ZXYCsEy8jJchQ6xW/uv2YpRFKwwTVuuO5ifGnVBnOBM4K3VRjQtmIDrBjqaQRan+6OHRGLqzSJ2GsbElDFurviSmNtJ5Ege2MqBnqVW8u/ud1UhPe+lMuk9SgZMtFYSqIicn8a9LnCpkRE0soU9zeStiQKsqMzaZgQ/BWX14nzauyd12u1Cul6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AOYfjQM=</latexit>v
<latexit sha1_base64="xgBnXHdgcdSHTaKv10bXaLMECek=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRgx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJaPZpygH9GB5CFn1Fjp4baX9MoVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVb2L6vn9eaV2ncdRhCM4hlPw4BJqcAd1aACDATzDK7w5wnlx3p2PeWvByWcO4Q+czx8jdI23</latexit>

Gp
<latexit sha1_base64="gaHFuNNHQC7PEdSAFpuMVTFqEu4=">AAAB63icdVBNSwMxEJ31s9avqkcvwSJ4sWRLqe2t6EGPFewHtEvJptk2NJtdkqxQlv4FLx4U8eof8ua/MdtWUNEHA4/3ZpiZ58eCa4Pxh7Oyura+sZnbym/v7O7tFw4O2zpKFGUtGolIdX2imeCStQw3gnVjxUjoC9bxJ1eZ37lnSvNI3plpzLyQjCQPOCUmk86vB3JQKOIStqhWUUbcGnYtqddr5XIduXML4yIs0RwU3vvDiCYhk4YKonXPxbHxUqIMp4LN8v1Es5jQCRmxnqWShEx76fzWGTq1yhAFkbIlDZqr3ydSEmo9DX3bGRIz1r+9TPzL6yUmqHkpl3FimKSLRUEikIlQ9jgacsWoEVNLCFXc3oromChCjY0nb0P4+hT9T9rlklstVW4rxcblMo4cHMMJnIELF9CAG2hCCyiM4QGe4NkJnUfnxXldtK44y5kj+AHn7RPhVI4p</latexit>�Gn

<latexit sha1_base64="zFgakf0wZ8TsQ7ROciarN4vAkYs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldl77pcaVRK1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKBnjNU=</latexit>

H

<latexit sha1_base64="gQ0QZrHgZBkqf996/QQVBa6B0JU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu+XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH0muM9g==</latexit>

i

At ith iteration, given vi, solve for vi+1

0 =Hvi+1︸ ︷︷ ︸
F1

+Gp(vi+1)− i?−Gn(vi)︸ ︷︷ ︸
F2

=⇒ 0 =F1(vi+1) + F2(vi+1)
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Operator Splitting

<latexit sha1_base64="Cr9F3UUWIVS4ATr4/BRNa4iMtrY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvatypV4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3d7jLo=</latexit>�

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+

<latexit sha1_base64="nQsX9L/lq/3dlYfgFTiVm5DZ8sE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZpaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+7nfGqPSPJaPZpKgH9GB5CFn1FipPu4VS27ZXYCsEy8jJchQ6xW/uv2YpRFKwwTVuuO5ifGnVBnOBM4K3VRjQtmIDrBjqaQRan+6OHRGLqzSJ2GsbElDFurviSmNtJ5Ege2MqBnqVW8u/ud1UhPe+lMuk9SgZMtFYSqIicn8a9LnCpkRE0soU9zeStiQKsqMzaZgQ/BWX14nzauyd12u1Cul6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AOYfjQM=</latexit>v
<latexit sha1_base64="xgBnXHdgcdSHTaKv10bXaLMECek=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRgx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJaPZpygH9GB5CFn1Fjp4baX9MoVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVb2L6vn9eaV2ncdRhCM4hlPw4BJqcAd1aACDATzDK7w5wnlx3p2PeWvByWcO4Q+czx8jdI23</latexit>

Gp
<latexit sha1_base64="gaHFuNNHQC7PEdSAFpuMVTFqEu4=">AAAB63icdVBNSwMxEJ31s9avqkcvwSJ4sWRLqe2t6EGPFewHtEvJptk2NJtdkqxQlv4FLx4U8eof8ua/MdtWUNEHA4/3ZpiZ58eCa4Pxh7Oyura+sZnbym/v7O7tFw4O2zpKFGUtGolIdX2imeCStQw3gnVjxUjoC9bxJ1eZ37lnSvNI3plpzLyQjCQPOCUmk86vB3JQKOIStqhWUUbcGnYtqddr5XIduXML4yIs0RwU3vvDiCYhk4YKonXPxbHxUqIMp4LN8v1Es5jQCRmxnqWShEx76fzWGTq1yhAFkbIlDZqr3ydSEmo9DX3bGRIz1r+9TPzL6yUmqHkpl3FimKSLRUEikIlQ9jgacsWoEVNLCFXc3oromChCjY0nb0P4+hT9T9rlklstVW4rxcblMo4cHMMJnIELF9CAG2hCCyiM4QGe4NkJnUfnxXldtK44y5kj+AHn7RPhVI4p</latexit>�Gn

<latexit sha1_base64="zFgakf0wZ8TsQ7ROciarN4vAkYs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldl77pcaVRK1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKBnjNU=</latexit>

H

<latexit sha1_base64="gQ0QZrHgZBkqf996/QQVBa6B0JU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu+XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH0muM9g==</latexit>

i

At ith iteration, given vi, solve for vi+1

0 =Hvi+1︸ ︷︷ ︸
F1

+Gp(vi+1)− i?−Gn(vi)︸ ︷︷ ︸
F2

=⇒ 0 =F1(vi+1) + F2(vi+1)

• Algorithm with Douglas Rachford Splitting:
1: Given: Initial guess v0
2: Repeat for i
3: y0 = vi
4: for j = j + 1 do

wj+1/2 = resF1,λ(yj)
zj+1/2 =2wj+1/2 − yj

wj+1 = resF2,λ(zj+1/2)
yj+1 =yj + wj+1 − wj+1/2

5: end for when stopping criterion met

vi+1 = yj+1

i := i+ 1

6: until stopping criterion is satisfied
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Operator Splitting

<latexit sha1_base64="Cr9F3UUWIVS4ATr4/BRNa4iMtrY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvatypV4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3d7jLo=</latexit>�

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+

<latexit sha1_base64="nQsX9L/lq/3dlYfgFTiVm5DZ8sE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZpaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+7nfGqPSPJaPZpKgH9GB5CFn1FipPu4VS27ZXYCsEy8jJchQ6xW/uv2YpRFKwwTVuuO5ifGnVBnOBM4K3VRjQtmIDrBjqaQRan+6OHRGLqzSJ2GsbElDFurviSmNtJ5Ege2MqBnqVW8u/ud1UhPe+lMuk9SgZMtFYSqIicn8a9LnCpkRE0soU9zeStiQKsqMzaZgQ/BWX14nzauyd12u1Cul6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AOYfjQM=</latexit>v
<latexit sha1_base64="xgBnXHdgcdSHTaKv10bXaLMECek=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRgx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJaPZpygH9GB5CFn1Fjp4baX9MoVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVb2L6vn9eaV2ncdRhCM4hlPw4BJqcAd1aACDATzDK7w5wnlx3p2PeWvByWcO4Q+czx8jdI23</latexit>

Gp
<latexit sha1_base64="gaHFuNNHQC7PEdSAFpuMVTFqEu4=">AAAB63icdVBNSwMxEJ31s9avqkcvwSJ4sWRLqe2t6EGPFewHtEvJptk2NJtdkqxQlv4FLx4U8eof8ua/MdtWUNEHA4/3ZpiZ58eCa4Pxh7Oyura+sZnbym/v7O7tFw4O2zpKFGUtGolIdX2imeCStQw3gnVjxUjoC9bxJ1eZ37lnSvNI3plpzLyQjCQPOCUmk86vB3JQKOIStqhWUUbcGnYtqddr5XIduXML4yIs0RwU3vvDiCYhk4YKonXPxbHxUqIMp4LN8v1Es5jQCRmxnqWShEx76fzWGTq1yhAFkbIlDZqr3ydSEmo9DX3bGRIz1r+9TPzL6yUmqHkpl3FimKSLRUEikIlQ9jgacsWoEVNLCFXc3oromChCjY0nb0P4+hT9T9rlklstVW4rxcblMo4cHMMJnIELF9CAG2hCCyiM4QGe4NkJnUfnxXldtK44y5kj+AHn7RPhVI4p</latexit>�Gn

<latexit sha1_base64="zFgakf0wZ8TsQ7ROciarN4vAkYs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldl77pcaVRK1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKBnjNU=</latexit>

H

<latexit sha1_base64="gQ0QZrHgZBkqf996/QQVBa6B0JU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu+XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH0muM9g==</latexit>

i

At ith iteration, given vi, solve for vi+1

0 =Hvi+1︸ ︷︷ ︸
F1

+Gp(vi+1)− i?−Gn(vi)︸ ︷︷ ︸
F2

=⇒ 0 =F1(vi+1) + F2(vi+1)

Results in a locally convergent algorithm

• Algorithm with Douglas Rachford Splitting:
1: Given: Initial guess v0
2: Repeat for i
3: y0 = vi
4: for j = j + 1 do

wj+1/2 = resF1,λ(yj)
zj+1/2 =2wj+1/2 − yj

wj+1 = resF2,λ(zj+1/2)
yj+1 =yj + wj+1 − wj+1/2

5: end for when stopping criterion met

vi+1 = yj+1

i := i+ 1

6: until stopping criterion is satisfied

*Das, Chaffey, and Sepulchre (2022): Oscillations in Mixed-Feedback Systems, Automatica13 / 15



Illustration: Fitzhug Nagumo Circuit

Cv̇ =− v3

3 + v − ir + i,

Li̇r =−Rir + v.

<latexit sha1_base64="Cr9F3UUWIVS4ATr4/BRNa4iMtrY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvatypV4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3d7jLo=</latexit>�

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+

<latexit sha1_base64="nQsX9L/lq/3dlYfgFTiVm5DZ8sE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZpaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+7nfGqPSPJaPZpKgH9GB5CFn1FipPu4VS27ZXYCsEy8jJchQ6xW/uv2YpRFKwwTVuuO5ifGnVBnOBM4K3VRjQtmIDrBjqaQRan+6OHRGLqzSJ2GsbElDFurviSmNtJ5Ege2MqBnqVW8u/ud1UhPe+lMuk9SgZMtFYSqIicn8a9LnCpkRE0soU9zeStiQKsqMzaZgQ/BWX14nzauyd12u1Cul6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AOYfjQM=</latexit>v

<latexit sha1_base64="vPcX3FvnSEbXxcE+kw6wTkxhB5Q=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lsUY9FLx4r2A9oY9lsN+3SzSbubgol5Hd48aCIV3+MN/+N2zQHbX0w8Hhvhpl5XsSZ0rb9bRXW1jc2t4rbpZ3dvf2D8uFRW4WxJLRFQh7KrocV5UzQlmaa024kKQ48Tjve5Hbud6ZUKhaKBz2LqBvgkWA+I1gbye37EpNk+lhLk1o6KFfsqp0BrRInJxXI0RyUv/rDkMQBFZpwrFTPsSPtJlhqRjhNS/1Y0QiTCR7RnqECB1S5SXZ0is6MMkR+KE0JjTL190SCA6VmgWc6A6zHatmbi/95vVj7127CRBRrKshikR9zpEM0TwANmaRE85khmEhmbkVkjE0O2uRUMiE4yy+vkvZF1bms1u/rlcZNHkcRTuAUzsGBK2jAHTShBQSe4Ble4c2aWi/Wu/WxaC1Y+cwx/IH1+QPVlJIn</latexit>

v3

3

<latexit sha1_base64="RgXCXFdO6+D6C11HK4/lImEFSWQ=">AAAB6XicdVBNSwMxEJ2tX7V+VT16CRbBiyVbSm1vRS8eq9gPaEvJptk2NJtdkmyhLP0HXjwo4tV/5M1/Y7atoKIPBh7vzTAzz4sE1wbjDyeztr6xuZXdzu3s7u0f5A+PWjqMFWVNGopQdTyimeCSNQ03gnUixUjgCdb2Jtep354ypXko780sYv2AjCT3OSXGSncX00G+gIvYolJBKXGr2LWkVquWSjXkLiyMC7BCY5B/7w1DGgdMGiqI1l0XR6afEGU4FWye68WaRYROyIh1LZUkYLqfLC6dozOrDJEfKlvSoIX6fSIhgdazwLOdATFj/dtLxb+8bmz8aj/hMooNk3S5yI8FMiFK30ZDrhg1YmYJoYrbWxEdE0WoseHkbAhfn6L/SatUdCvF8m25UL9axZGFEziFc3DhEupwAw1oAgUfHuAJnp2J8+i8OK/L1oyzmjmGH3DePgGmuI13</latexit>�v
<latexit sha1_base64="zFgakf0wZ8TsQ7ROciarN4vAkYs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldl77pcaVRK1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKBnjNU=</latexit>

H

<latexit sha1_base64="gQ0QZrHgZBkqf996/QQVBa6B0JU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu+XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH0muM9g==</latexit>

i
<latexit sha1_base64="SzP0SFaz30SZgfxy3NKecVrvQZM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0wPuqX664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj91Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5sMuEJmxMQSyhS3txI2oooyY9Mp2RC85ZdXSeui6l1Wa/e1Sv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP1pIjds=</latexit>

ir

<latexit sha1_base64="nBdAyeAgo2nB0sOpYSaqIWFP4Nc=">AAACCXicbVDLSgMxFM3UV62vUZdugkWoFMpMKSqCUOymiy6q2Ae0Y8mkmTY0kxmSjFCGbt34K25cKOLWP3Dn35hpu9DWA5d7OOdeknvckFGpLOvbSK2srq1vpDczW9s7u3vm/kFTBpHApIEDFoi2iyRhlJOGooqRdigI8l1GWu6okvitByIkDfidGofE8dGAU49ipLTUM2E1J08vr7qeQDiuVeR9MV+5lXl7Etdg0mDPzFoFawq4TOw5yYI56j3zq9sPcOQTrjBDUnZsK1ROjISimJFJphtJEiI8QgPS0ZQjn0gnnl4ygSda6UMvELq4glP190aMfCnHvqsnfaSGctFLxP+8TqS8CyemPIwU4Xj2kBcxqAKYxAL7VBCs2FgThAXVf4V4iHQoSoeX0SHYiycvk2axYJ8VSjelbPl6HkcaHIFjkAM2OAdlUAV10AAYPIJn8ArejCfjxXg3PmajKWO+cwj+wPj8Acc8l9s=</latexit>

H(s) :=
LCs2 + CRs + 1

Ls + 1
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Illustration: Fitzhug Nagumo Circuit

Cv̇ =− v3

3 + v − ir + i,

Li̇r =−Rir + v.

<latexit sha1_base64="Cr9F3UUWIVS4ATr4/BRNa4iMtrY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvatypV4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3d7jLo=</latexit>�

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+

<latexit sha1_base64="nQsX9L/lq/3dlYfgFTiVm5DZ8sE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZpaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+7nfGqPSPJaPZpKgH9GB5CFn1FipPu4VS27ZXYCsEy8jJchQ6xW/uv2YpRFKwwTVuuO5ifGnVBnOBM4K3VRjQtmIDrBjqaQRan+6OHRGLqzSJ2GsbElDFurviSmNtJ5Ege2MqBnqVW8u/ud1UhPe+lMuk9SgZMtFYSqIicn8a9LnCpkRE0soU9zeStiQKsqMzaZgQ/BWX14nzauyd12u1Cul6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AOYfjQM=</latexit>v

<latexit sha1_base64="vPcX3FvnSEbXxcE+kw6wTkxhB5Q=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lsUY9FLx4r2A9oY9lsN+3SzSbubgol5Hd48aCIV3+MN/+N2zQHbX0w8Hhvhpl5XsSZ0rb9bRXW1jc2t4rbpZ3dvf2D8uFRW4WxJLRFQh7KrocV5UzQlmaa024kKQ48Tjve5Hbud6ZUKhaKBz2LqBvgkWA+I1gbye37EpNk+lhLk1o6KFfsqp0BrRInJxXI0RyUv/rDkMQBFZpwrFTPsSPtJlhqRjhNS/1Y0QiTCR7RnqECB1S5SXZ0is6MMkR+KE0JjTL190SCA6VmgWc6A6zHatmbi/95vVj7127CRBRrKshikR9zpEM0TwANmaRE85khmEhmbkVkjE0O2uRUMiE4yy+vkvZF1bms1u/rlcZNHkcRTuAUzsGBK2jAHTShBQSe4Ble4c2aWi/Wu/WxaC1Y+cwx/IH1+QPVlJIn</latexit>

v3

3

<latexit sha1_base64="RgXCXFdO6+D6C11HK4/lImEFSWQ=">AAAB6XicdVBNSwMxEJ2tX7V+VT16CRbBiyVbSm1vRS8eq9gPaEvJptk2NJtdkmyhLP0HXjwo4tV/5M1/Y7atoKIPBh7vzTAzz4sE1wbjDyeztr6xuZXdzu3s7u0f5A+PWjqMFWVNGopQdTyimeCSNQ03gnUixUjgCdb2Jtep354ypXko780sYv2AjCT3OSXGSncX00G+gIvYolJBKXGr2LWkVquWSjXkLiyMC7BCY5B/7w1DGgdMGiqI1l0XR6afEGU4FWye68WaRYROyIh1LZUkYLqfLC6dozOrDJEfKlvSoIX6fSIhgdazwLOdATFj/dtLxb+8bmz8aj/hMooNk3S5yI8FMiFK30ZDrhg1YmYJoYrbWxEdE0WoseHkbAhfn6L/SatUdCvF8m25UL9axZGFEziFc3DhEupwAw1oAgUfHuAJnp2J8+i8OK/L1oyzmjmGH3DePgGmuI13</latexit>�v
<latexit sha1_base64="zFgakf0wZ8TsQ7ROciarN4vAkYs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldl77pcaVRK1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKBnjNU=</latexit>

H

<latexit sha1_base64="gQ0QZrHgZBkqf996/QQVBa6B0JU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu+XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH0muM9g==</latexit>

i
<latexit sha1_base64="SzP0SFaz30SZgfxy3NKecVrvQZM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0wPuqX664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj91Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5sMuEJmxMQSyhS3txI2oooyY9Mp2RC85ZdXSeui6l1Wa/e1Sv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP1pIjds=</latexit>

ir

<latexit sha1_base64="nBdAyeAgo2nB0sOpYSaqIWFP4Nc=">AAACCXicbVDLSgMxFM3UV62vUZdugkWoFMpMKSqCUOymiy6q2Ae0Y8mkmTY0kxmSjFCGbt34K25cKOLWP3Dn35hpu9DWA5d7OOdeknvckFGpLOvbSK2srq1vpDczW9s7u3vm/kFTBpHApIEDFoi2iyRhlJOGooqRdigI8l1GWu6okvitByIkDfidGofE8dGAU49ipLTUM2E1J08vr7qeQDiuVeR9MV+5lXl7Etdg0mDPzFoFawq4TOw5yYI56j3zq9sPcOQTrjBDUnZsK1ROjISimJFJphtJEiI8QgPS0ZQjn0gnnl4ygSda6UMvELq4glP190aMfCnHvqsnfaSGctFLxP+8TqS8CyemPIwU4Xj2kBcxqAKYxAL7VBCs2FgThAXVf4V4iHQoSoeX0SHYiycvk2axYJ8VSjelbPl6HkcaHIFjkAM2OAdlUAV10AAYPIJn8ArejCfjxXg3PmajKWO+cwj+wPj8Acc8l9s=</latexit>

H(s) :=
LCs2 + CRs + 1

Ls + 1
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Wrap Up

Towards a computational framework of negative resistance circuits

What we observe
• Negative resistance circuit is a parallel interconnection of two montone one port element and one
anti-monotone element
• I/O relation amounts to finding zeros of difference between two monotone operators
• Iterative splitting algorithm provides a comoputational framework for these circuits.

Open Problem: Can we exploit the connection of Monotone Operators and Convex
Optimization?
• How do we infer stability of patterns?
• How to design robust oscillator (e.g. avoid hidden oscillation)?

Some relevant fields: Relay-feedback systems, Dominance theory, DC programming
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