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Networked Dynamic Systems
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Cooperative Control

All these examples represent networks of dynamical systems!

Common Theme: Control objectives are related to agreement!

3 / 27

networks of dynamical systems are one of 
the enabling technologies of the future
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ẋi(t) = fi(xi(t), ui(t))

ui(t) = ⇧i(x(t),G)

Networked Dynamic Systems

dynamics

topology 
(graph)

interaction 
protocol
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Networked Dynamic Systems
What about robustness?

what is the right way to approach 
robustness of networked dynamic systems?

4

�
uncertainty
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dynamicsdynamics

Linear Consensus
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The linear consensus protocol is a distributed and 
dynamic protocol used for computing the average 
of a set of numbers.
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The Consensus Protocol
the classic model…

Agent Dynamics

ẋi(t) = ui(t)

Information Exchange Network
v1

v2

v3 v4

Algebraic Representations

Z

G = (V, E ,W)

W : E ! R

6

Incidence Matrix Laplacian Matrix

• L(G) 2 R|V|⇥|V|

• L(G) = E(G)WE(G)T

• L(G) = 0

• E(G) 2 R|V|⇥|E|

• E(G) =

2

664

1 0 0 0
�1 1 �1 0
0 �1 0 1
0 0 1 �1
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Integrator Dynamics
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The Consensus Protocol

ẋ(t) = �L(G)x(t)

Consensus Protocol

ui(t) =
X

i⇠j

wij(xj(t)� xi(t))

Theorem 1 Let G = (V, E ,W) be a weighted and
connected graph with positive edge weights W(k) > 0
for k = 1, . . . , |E|. Then the consensus dynamics
synchronizes; i.e., limt!1 xi(t) = � for i = 1, . . . , |V|.

[Mesbahi & Egerstedt, Olfati-Saber, Ren]
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Uncertain Consensus Protocol
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u v

Ruv(G)
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linear consensus with 
uncertainties in the edge weights

Graph Cuts and  
Combinatorial Interpretations

Electrical Network Interpretations:   
Effective Resistance and Stability

[Zelazo, Bürger ‘14] 
[Mukherjee, Zelazo ’16]
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Networked Dynamic Systems
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what about more general dynamics?
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Interval Plants and Agent Uncertainty
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Agent Dynamics

x(m)
i + ↵m�1x

(m�1)
i + · · ·+ ↵0xi = ui
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Linear, mth order
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parameters belong to interval
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<latexit sha1_base64="w9viWInHRRKUrxu0kKDHDKuiEak=">AAAB+nicbVDLTgIxFL2DL8QX6tJNIzFxRWaMibpD3biExBESmJBOuQMNnc6k7ZgQwhe41S9wZdz6M36A/2GBWQh4kiYn59ybe3rCVHBtXPfbKaytb2xuFbdLO7t7+wflw6MnnWSKoc8SkahWSDUKLtE33AhspQppHApshsP7qd98RqV5Ih/NKMUgpn3JI86osVLjtluuuFV3BrJKvJxUIEe9W/7p9BKWxSgNE1TrtuemJhhTZTgTOCl1Mo0pZUPax7alksaog/Es6IScWaVHokTZJw2ZqX83xjTWehSHdjKmZqCXvan4n9fOTHQdjLlMM4OSzQ9FmSAmIdNfkx5XyIwYWUKZ4jYrYQOqKDO2m4Ur86Ql24u33MIq8S+qN1WvcVmp3eUFFeEETuEcPLiCGjxAHXxggPACr/DmTJx358P5nI8WnHznGBbgfP0CWi6UoQ==</latexit><latexit sha1_base64="w9viWInHRRKUrxu0kKDHDKuiEak=">AAAB+nicbVDLTgIxFL2DL8QX6tJNIzFxRWaMibpD3biExBESmJBOuQMNnc6k7ZgQwhe41S9wZdz6M36A/2GBWQh4kiYn59ybe3rCVHBtXPfbKaytb2xuFbdLO7t7+wflw6MnnWSKoc8SkahWSDUKLtE33AhspQppHApshsP7qd98RqV5Ih/NKMUgpn3JI86osVLjtluuuFV3BrJKvJxUIEe9W/7p9BKWxSgNE1TrtuemJhhTZTgTOCl1Mo0pZUPax7alksaog/Es6IScWaVHokTZJw2ZqX83xjTWehSHdjKmZqCXvan4n9fOTHQdjLlMM4OSzQ9FmSAmIdNfkx5XyIwYWUKZ4jYrYQOqKDO2m4Ur86Ql24u33MIq8S+qN1WvcVmp3eUFFeEETuEcPLiCGjxAHXxggPACr/DmTJx358P5nI8WnHznGBbgfP0CWi6UoQ==</latexit><latexit sha1_base64="w9viWInHRRKUrxu0kKDHDKuiEak=">AAAB+nicbVDLTgIxFL2DL8QX6tJNIzFxRWaMibpD3biExBESmJBOuQMNnc6k7ZgQwhe41S9wZdz6M36A/2GBWQh4kiYn59ybe3rCVHBtXPfbKaytb2xuFbdLO7t7+wflw6MnnWSKoc8SkahWSDUKLtE33AhspQppHApshsP7qd98RqV5Ih/NKMUgpn3JI86osVLjtluuuFV3BrJKvJxUIEe9W/7p9BKWxSgNE1TrtuemJhhTZTgTOCl1Mo0pZUPax7alksaog/Es6IScWaVHokTZJw2ZqX83xjTWehSHdjKmZqCXvan4n9fOTHQdjLlMM4OSzQ9FmSAmIdNfkx5XyIwYWUKZ4jYrYQOqKDO2m4Ur86Ql24u33MIq8S+qN1WvcVmp3eUFFeEETuEcPLiCGjxAHXxggPACr/DmTJx358P5nI8WnHznGBbgfP0CWi6UoQ==</latexit><latexit sha1_base64="w9viWInHRRKUrxu0kKDHDKuiEak=">AAAB+nicbVDLTgIxFL2DL8QX6tJNIzFxRWaMibpD3biExBESmJBOuQMNnc6k7ZgQwhe41S9wZdz6M36A/2GBWQh4kiYn59ybe3rCVHBtXPfbKaytb2xuFbdLO7t7+wflw6MnnWSKoc8SkahWSDUKLtE33AhspQppHApshsP7qd98RqV5Ih/NKMUgpn3JI86osVLjtluuuFV3BrJKvJxUIEe9W/7p9BKWxSgNE1TrtuemJhhTZTgTOCl1Mo0pZUPax7alksaog/Es6IScWaVHokTZJw2ZqX83xjTWehSHdjKmZqCXvan4n9fOTHQdjLlMM4OSzQ9FmSAmIdNfkx5XyIwYWUKZ4jYrYQOqKDO2m4Ur86Ql24u33MIq8S+qN1WvcVmp3eUFFeEETuEcPLiCGjxAHXxggPACr/DmTJx358P5nI8WnHznGBbgfP0CWi6UoQ==</latexit>

B
<latexit sha1_base64="mKNm+omrAA4LZJEy/Qu9r4flZKQ=">AAAB+nicbVDLTgIxFL2DL8QX6tJNIzFxRWaMibojuHEJiSMkMCGdcgcaOp1J2zEhhC9wq1/gyrj1Z/wA/8MCsxDwJE1Ozrk39/SEqeDauO63U9jY3NreKe6W9vYPDo/KxydPOskUQ58lIlHtkGoUXKJvuBHYThXSOBTYCkf3M7/1jErzRD6acYpBTAeSR5xRY6VmvVeuuFV3DrJOvJxUIEejV/7p9hOWxSgNE1TrjuemJphQZTgTOC11M40pZSM6wI6lksaog8k86JRcWKVPokTZJw2Zq383JjTWehyHdjKmZqhXvZn4n9fJTHQbTLhMM4OSLQ5FmSAmIbNfkz5XyIwYW0KZ4jYrYUOqKDO2m6Uri6Ql24u32sI68a+qd1WveV2p1fOCinAG53AJHtxADR6gAT4wQHiBV3hzps678+F8LkYLTr5zCktwvn4BW8SUog==</latexit><latexit sha1_base64="mKNm+omrAA4LZJEy/Qu9r4flZKQ=">AAAB+nicbVDLTgIxFL2DL8QX6tJNIzFxRWaMibojuHEJiSMkMCGdcgcaOp1J2zEhhC9wq1/gyrj1Z/wA/8MCsxDwJE1Ozrk39/SEqeDauO63U9jY3NreKe6W9vYPDo/KxydPOskUQ58lIlHtkGoUXKJvuBHYThXSOBTYCkf3M7/1jErzRD6acYpBTAeSR5xRY6VmvVeuuFV3DrJOvJxUIEejV/7p9hOWxSgNE1TrjuemJphQZTgTOC11M40pZSM6wI6lksaog8k86JRcWKVPokTZJw2Zq383JjTWehyHdjKmZqhXvZn4n9fJTHQbTLhMM4OSLQ5FmSAmIbNfkz5XyIwYW0KZ4jYrYUOqKDO2m6Uri6Ql24u32sI68a+qd1WveV2p1fOCinAG53AJHtxADR6gAT4wQHiBV3hzps678+F8LkYLTr5zCktwvn4BW8SUog==</latexit><latexit sha1_base64="mKNm+omrAA4LZJEy/Qu9r4flZKQ=">AAAB+nicbVDLTgIxFL2DL8QX6tJNIzFxRWaMibojuHEJiSMkMCGdcgcaOp1J2zEhhC9wq1/gyrj1Z/wA/8MCsxDwJE1Ozrk39/SEqeDauO63U9jY3NreKe6W9vYPDo/KxydPOskUQ58lIlHtkGoUXKJvuBHYThXSOBTYCkf3M7/1jErzRD6acYpBTAeSR5xRY6VmvVeuuFV3DrJOvJxUIEejV/7p9hOWxSgNE1TrjuemJphQZTgTOC11M40pZSM6wI6lksaog8k86JRcWKVPokTZJw2Zq383JjTWehyHdjKmZqhXvZn4n9fJTHQbTLhMM4OSLQ5FmSAmIbNfkz5XyIwYW0KZ4jYrYUOqKDO2m6Uri6Ql24u32sI68a+qd1WveV2p1fOCinAG53AJHtxADR6gAT4wQHiBV3hzps678+F8LkYLTr5zCktwvn4BW8SUog==</latexit><latexit sha1_base64="mKNm+omrAA4LZJEy/Qu9r4flZKQ=">AAAB+nicbVDLTgIxFL2DL8QX6tJNIzFxRWaMibojuHEJiSMkMCGdcgcaOp1J2zEhhC9wq1/gyrj1Z/wA/8MCsxDwJE1Ozrk39/SEqeDauO63U9jY3NreKe6W9vYPDo/KxydPOskUQ58lIlHtkGoUXKJvuBHYThXSOBTYCkf3M7/1jErzRD6acYpBTAeSR5xRY6VmvVeuuFV3DrJOvJxUIEejV/7p9hOWxSgNE1TrjuemJphQZTgTOC11M40pZSM6wI6lksaog8k86JRcWKVPokTZJw2Zq383JjTWehyHdjKmZqhXvZn4n9fJTHQbTLhMM4OSLQ5FmSAmIbNfkz5XyIwYW0KZ4jYrYUOqKDO2m6Uri6Ql24u32sI68a+qd1WveV2p1fOCinAG53AJHtxADR6gAT4wQHiBV3hzps678+F8LkYLTr5zCktwvn4BW8SUog==</latexit>

u
<latexit sha1_base64="wwg4cpT3hjFj+H2bJC1r6yA0A3w=">AAAB+nicbVDLSsNAFL2pr1pfVZduBovgqiQiqLuiG5ctGC20oUymN+3QySTMTIQS+gVu9QtciVt/xg/wP5y2WdjWAwOHc+7lnjlhKrg2rvvtlNbWNza3ytuVnd29/YPq4dGjTjLF0GeJSFQ7pBoFl+gbbgS2U4U0DgU+haO7qf/0jErzRD6YcYpBTAeSR5xRY6VW1qvW3Lo7A1klXkFqUKDZq/50+wnLYpSGCap1x3NTE+RUGc4ETirdTGNK2YgOsGOppDHqIJ8FnZAzq/RJlCj7pCEz9e9GTmOtx3FoJ2NqhnrZm4r/eZ3MRNdBzmWaGZRsfijKBDEJmf6a9LlCZsTYEsoUt1kJG1JFmbHdLFyZJ63YXrzlFlaJf1G/qXuty1rjtiioDCdwCufgwRU04B6a4AMDhBd4hTdn4rw7H87nfLTkFDvHsADn6xesppTV</latexit><latexit sha1_base64="wwg4cpT3hjFj+H2bJC1r6yA0A3w=">AAAB+nicbVDLSsNAFL2pr1pfVZduBovgqiQiqLuiG5ctGC20oUymN+3QySTMTIQS+gVu9QtciVt/xg/wP5y2WdjWAwOHc+7lnjlhKrg2rvvtlNbWNza3ytuVnd29/YPq4dGjTjLF0GeJSFQ7pBoFl+gbbgS2U4U0DgU+haO7qf/0jErzRD6YcYpBTAeSR5xRY6VW1qvW3Lo7A1klXkFqUKDZq/50+wnLYpSGCap1x3NTE+RUGc4ETirdTGNK2YgOsGOppDHqIJ8FnZAzq/RJlCj7pCEz9e9GTmOtx3FoJ2NqhnrZm4r/eZ3MRNdBzmWaGZRsfijKBDEJmf6a9LlCZsTYEsoUt1kJG1JFmbHdLFyZJ63YXrzlFlaJf1G/qXuty1rjtiioDCdwCufgwRU04B6a4AMDhBd4hTdn4rw7H87nfLTkFDvHsADn6xesppTV</latexit><latexit sha1_base64="wwg4cpT3hjFj+H2bJC1r6yA0A3w=">AAAB+nicbVDLSsNAFL2pr1pfVZduBovgqiQiqLuiG5ctGC20oUymN+3QySTMTIQS+gVu9QtciVt/xg/wP5y2WdjWAwOHc+7lnjlhKrg2rvvtlNbWNza3ytuVnd29/YPq4dGjTjLF0GeJSFQ7pBoFl+gbbgS2U4U0DgU+haO7qf/0jErzRD6YcYpBTAeSR5xRY6VW1qvW3Lo7A1klXkFqUKDZq/50+wnLYpSGCap1x3NTE+RUGc4ETirdTGNK2YgOsGOppDHqIJ8FnZAzq/RJlCj7pCEz9e9GTmOtx3FoJ2NqhnrZm4r/eZ3MRNdBzmWaGZRsfijKBDEJmf6a9LlCZsTYEsoUt1kJG1JFmbHdLFyZJ63YXrzlFlaJf1G/qXuty1rjtiioDCdwCufgwRU04B6a4AMDhBd4hTdn4rw7H87nfLTkFDvHsADn6xesppTV</latexit><latexit sha1_base64="wwg4cpT3hjFj+H2bJC1r6yA0A3w=">AAAB+nicbVDLSsNAFL2pr1pfVZduBovgqiQiqLuiG5ctGC20oUymN+3QySTMTIQS+gVu9QtciVt/xg/wP5y2WdjWAwOHc+7lnjlhKrg2rvvtlNbWNza3ytuVnd29/YPq4dGjTjLF0GeJSFQ7pBoFl+gbbgS2U4U0DgU+haO7qf/0jErzRD6YcYpBTAeSR5xRY6VW1qvW3Lo7A1klXkFqUKDZq/50+wnLYpSGCap1x3NTE+RUGc4ETirdTGNK2YgOsGOppDHqIJ8FnZAzq/RJlCj7pCEz9e9GTmOtx3FoJ2NqhnrZm4r/eZ3MRNdBzmWaGZRsfijKBDEJmf6a9LlCZsTYEsoUt1kJG1JFmbHdLFyZJ63YXrzlFlaJf1G/qXuty1rjtiioDCdwCufgwRU04B6a4AMDhBd4hTdn4rw7H87nfLTkFDvHsADn6xesppTV</latexit>

x
<latexit sha1_base64="ER+/D2T4gN8OJRChDyNFSO8VYas=">AAAB+nicbVDLTgIxFL2DL8QX6tJNIzFxRWaMibojunEJiSMkMCGdcgcaOp1J2zESwhe41S9wZdz6M36A/2GBWQh4kiYn59ybe3rCVHBtXPfbKaytb2xuFbdLO7t7+wflw6NHnWSKoc8SkahWSDUKLtE33AhspQppHApshsO7qd98QqV5Ih/MKMUgpn3JI86osVLjuVuuuFV3BrJKvJxUIEe9W/7p9BKWxSgNE1TrtuemJhhTZTgTOCl1Mo0pZUPax7alksaog/Es6IScWaVHokTZJw2ZqX83xjTWehSHdjKmZqCXvan4n9fOTHQdjLlMM4OSzQ9FmSAmIdNfkx5XyIwYWUKZ4jYrYQOqKDO2m4Ur86Ql24u33MIq8S+qN1WvcVmp3eYFFeEETuEcPLiCGtxDHXxggPACr/DmTJx358P5nI8WnHznGBbgfP0CsWiU2A==</latexit><latexit sha1_base64="ER+/D2T4gN8OJRChDyNFSO8VYas=">AAAB+nicbVDLTgIxFL2DL8QX6tJNIzFxRWaMibojunEJiSMkMCGdcgcaOp1J2zESwhe41S9wZdz6M36A/2GBWQh4kiYn59ybe3rCVHBtXPfbKaytb2xuFbdLO7t7+wflw6NHnWSKoc8SkahWSDUKLtE33AhspQppHApshsO7qd98QqV5Ih/MKMUgpn3JI86osVLjuVuuuFV3BrJKvJxUIEe9W/7p9BKWxSgNE1TrtuemJhhTZTgTOCl1Mo0pZUPax7alksaog/Es6IScWaVHokTZJw2ZqX83xjTWehSHdjKmZqCXvan4n9fOTHQdjLlMM4OSzQ9FmSAmIdNfkx5XyIwYWUKZ4jYrYQOqKDO2m4Ur86Ql24u33MIq8S+qN1WvcVmp3eYFFeEETuEcPLiCGtxDHXxggPACr/DmTJx358P5nI8WnHznGBbgfP0CsWiU2A==</latexit><latexit sha1_base64="ER+/D2T4gN8OJRChDyNFSO8VYas=">AAAB+nicbVDLTgIxFL2DL8QX6tJNIzFxRWaMibojunEJiSMkMCGdcgcaOp1J2zESwhe41S9wZdz6M36A/2GBWQh4kiYn59ybe3rCVHBtXPfbKaytb2xuFbdLO7t7+wflw6NHnWSKoc8SkahWSDUKLtE33AhspQppHApshsO7qd98QqV5Ih/MKMUgpn3JI86osVLjuVuuuFV3BrJKvJxUIEe9W/7p9BKWxSgNE1TrtuemJhhTZTgTOCl1Mo0pZUPax7alksaog/Es6IScWaVHokTZJw2ZqX83xjTWehSHdjKmZqCXvan4n9fOTHQdjLlMM4OSzQ9FmSAmIdNfkx5XyIwYWUKZ4jYrYQOqKDO2m4Ur86Ql24u33MIq8S+qN1WvcVmp3eYFFeEETuEcPLiCGtxDHXxggPACr/DmTJx358P5nI8WnHznGBbgfP0CsWiU2A==</latexit><latexit sha1_base64="ER+/D2T4gN8OJRChDyNFSO8VYas=">AAAB+nicbVDLTgIxFL2DL8QX6tJNIzFxRWaMibojunEJiSMkMCGdcgcaOp1J2zESwhe41S9wZdz6M36A/2GBWQh4kiYn59ybe3rCVHBtXPfbKaytb2xuFbdLO7t7+wflw6NHnWSKoc8SkahWSDUKLtE33AhspQppHApshsO7qd98QqV5Ih/MKMUgpn3JI86osVLjuVuuuFV3BrJKvJxUIEe9W/7p9BKWxSgNE1TrtuemJhhTZTgTOCl1Mo0pZUPax7alksaog/Es6IScWaVHokTZJw2ZqX83xjTWehSHdjKmZqCXvan4n9fOTHQdjLlMM4OSzQ9FmSAmIdNfkx5XyIwYWUKZ4jYrYQOqKDO2m4Ur86Ql24u33MIq8S+qN1WvcVmp3eYFFeEETuEcPLiCGtxDHXxggPACr/DmTJx358P5nI8WnHznGBbgfP0CsWiU2A==</latexit>

A =

2

6664

0 1 1 · · · 0
0 0 1 · · · 0
...

...
. . .

. . .
...

↵0 ↵1 ↵2 · · · ↵m�1

3

7775

<latexit sha1_base64="tnmuFXOIY4pMP7LNfSj4brOZO98="></latexit><latexit sha1_base64="tnmuFXOIY4pMP7LNfSj4brOZO98="></latexit><latexit sha1_base64="tnmuFXOIY4pMP7LNfSj4brOZO98="></latexit><latexit sha1_base64="tnmuFXOIY4pMP7LNfSj4brOZO98="></latexit>

B =

2

666664

0
0
...
0
1

3

777775

<latexit sha1_base64="qLnRWIGSIA8+weSEczQAQTTAQJc=">AAACOHicbVDLSgMxFM34rONr1KWbYBFclRkR1EWh1I3LCtYWOqVkMrdtaCYzJJliGfo1foZf4FZXLl2IuPULTB8U23oh4eTcc7knJ0g4U9p1362V1bX1jc3clr29s7u37xwcPqg4lRSqNOaxrAdEAWcCqpppDvVEAokCDrWgdzPq1/ogFYvFvR4k0IxIR7A2o0QbquUUy7iI/QA6TGRBRLRkj0Pbxb6Px5ffD2OtZk8P2z6IcKZsOXm34I4LLwNvCvJoWpWW8+mHMU0jEJpyolTDcxPdzIjUjHIY2n6qICG0RzrQMFCQCFQzG39ziE8NE+J2LM0RGo/ZvxMZiZQaRIFRGn9dtdgbkf/1GqluXzUzJpJUg6CTRe2UYx3jUWY4ZBKo5gMDCJXMeMW0SySh2iQ7t2Xi1Da5eIspLIPqeeG64N1d5EvlaUA5dIxO0Bny0CUqoVtUQVVE0RN6Qa/ozXq2Pqwv63siXbGmM0dorqyfXxaZqts=</latexit><latexit sha1_base64="qLnRWIGSIA8+weSEczQAQTTAQJc=">AAACOHicbVDLSgMxFM34rONr1KWbYBFclRkR1EWh1I3LCtYWOqVkMrdtaCYzJJliGfo1foZf4FZXLl2IuPULTB8U23oh4eTcc7knJ0g4U9p1362V1bX1jc3clr29s7u37xwcPqg4lRSqNOaxrAdEAWcCqpppDvVEAokCDrWgdzPq1/ogFYvFvR4k0IxIR7A2o0QbquUUy7iI/QA6TGRBRLRkj0Pbxb6Px5ffD2OtZk8P2z6IcKZsOXm34I4LLwNvCvJoWpWW8+mHMU0jEJpyolTDcxPdzIjUjHIY2n6qICG0RzrQMFCQCFQzG39ziE8NE+J2LM0RGo/ZvxMZiZQaRIFRGn9dtdgbkf/1GqluXzUzJpJUg6CTRe2UYx3jUWY4ZBKo5gMDCJXMeMW0SySh2iQ7t2Xi1Da5eIspLIPqeeG64N1d5EvlaUA5dIxO0Bny0CUqoVtUQVVE0RN6Qa/ozXq2Pqwv63siXbGmM0dorqyfXxaZqts=</latexit><latexit sha1_base64="qLnRWIGSIA8+weSEczQAQTTAQJc=">AAACOHicbVDLSgMxFM34rONr1KWbYBFclRkR1EWh1I3LCtYWOqVkMrdtaCYzJJliGfo1foZf4FZXLl2IuPULTB8U23oh4eTcc7knJ0g4U9p1362V1bX1jc3clr29s7u37xwcPqg4lRSqNOaxrAdEAWcCqpppDvVEAokCDrWgdzPq1/ogFYvFvR4k0IxIR7A2o0QbquUUy7iI/QA6TGRBRLRkj0Pbxb6Px5ffD2OtZk8P2z6IcKZsOXm34I4LLwNvCvJoWpWW8+mHMU0jEJpyolTDcxPdzIjUjHIY2n6qICG0RzrQMFCQCFQzG39ziE8NE+J2LM0RGo/ZvxMZiZQaRIFRGn9dtdgbkf/1GqluXzUzJpJUg6CTRe2UYx3jUWY4ZBKo5gMDCJXMeMW0SySh2iQ7t2Xi1Da5eIspLIPqeeG64N1d5EvlaUA5dIxO0Bny0CUqoVtUQVVE0RN6Qa/ozXq2Pqwv63siXbGmM0dorqyfXxaZqts=</latexit><latexit sha1_base64="qLnRWIGSIA8+weSEczQAQTTAQJc=">AAACOHicbVDLSgMxFM34rONr1KWbYBFclRkR1EWh1I3LCtYWOqVkMrdtaCYzJJliGfo1foZf4FZXLl2IuPULTB8U23oh4eTcc7knJ0g4U9p1362V1bX1jc3clr29s7u37xwcPqg4lRSqNOaxrAdEAWcCqpppDvVEAokCDrWgdzPq1/ogFYvFvR4k0IxIR7A2o0QbquUUy7iI/QA6TGRBRLRkj0Pbxb6Px5ffD2OtZk8P2z6IcKZsOXm34I4LLwNvCvJoWpWW8+mHMU0jEJpyolTDcxPdzIjUjHIY2n6qICG0RzrQMFCQCFQzG39ziE8NE+J2LM0RGo/ZvxMZiZQaRIFRGn9dtdgbkf/1GqluXzUzJpJUg6CTRe2UYx3jUWY4ZBKo5gMDCJXMeMW0SySh2iQ7t2Xi1Da5eIspLIPqeeG64N1d5EvlaUA5dIxO0Bny0CUqoVtUQVVE0RN6Qa/ozXq2Pqwv63siXbGmM0dorqyfXxaZqts=</latexit>

uncertainty of agent dynamics expressed by  
interval polynomials describing the dynamics
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Kharitonov’s Theorem
Theorem. Suppose I(s) is a set of real polynomials of degree n given by

�(s) = �ns
n + �n�1s

n�1 + · · ·+ �1s+ �0,

where the coe�cients lie in the range �i 2 [xi, yi], i = 1, 2, . . . , n. Every poly-

nomial in the family I(s) is Hurwitz if and only if the following four extreme

polynomials are Hurwitz:

K1(s) = x0 + x1s+ y2s
2 + y3s

3 + x4s
4 + x5s

5 + y6s
6 + · · ·

K2(s) = x0 + y1s+ y2s
2 + x3s

3 + x4s
4 + y5s

5 + y6s
6 + · · ·

K3(s) = y0 + y1s+ x2s
2 + x3s

3 + y4s
4 + y5s

5 + x6s
6 + · · ·

K4(s) = y0 + x1s+ x2s
2 + y3s

3 + y4s
4 + x5s

5 + x6s
6 + · · ·

<latexit sha1_base64="F2fVwg2ykxN4bG5cffRramzxu7M="></latexit><latexit sha1_base64="F2fVwg2ykxN4bG5cffRramzxu7M="></latexit><latexit sha1_base64="F2fVwg2ykxN4bG5cffRramzxu7M="></latexit><latexit sha1_base64="14nfZG8boipnLPpJI24dzAuIZU8=">AAACG3icdVDNTgIxGOziH66okHjz0khMjAey60W9mXjxiAkoCRDSLR/Q0HY37bcasuEFvPoYPo0nw9vYZTkIxC9pMp3p15lMlEhhMQgWXmlnd2//oHzoH1X845PTauXFxqnh0OaxjE0nYhak0NBGgRI6iQGmIgmv0fQx11/fwFgR6xbOEugrNtZiJDhDRzUH1XrQCJZDt0G4AnWymkHNO+sNY54q0Mgls7YbBgn2M2ZQcAlzv5daSBifsjF0HdRMge1ny5xzeumYIR3Fxh2NdMn+3ciYsnamIvdSMZzYTS0n/9NwojbccXTXz4ROUgTNC/NRKinGNC+CDoUBjnLmAONGuPyUT5hhHF1da78X6X2/p+EdJxAbUNdZ7pe1itvc1RhulrYN2jeN+0b4HJAyOScX5IqE5JY8kCfSJG3CyZB8kE/vy/v2foq2S96q9hpZG2/xC7THpM8=</latexit><latexit sha1_base64="WARzTWgp7SegSJxXgrKvxikeScw="></latexit><latexit sha1_base64="WARzTWgp7SegSJxXgrKvxikeScw="></latexit><latexit sha1_base64="amOvEC5Rk80MVs+7AGq/0pfgfrk="></latexit><latexit sha1_base64="F2fVwg2ykxN4bG5cffRramzxu7M="></latexit><latexit sha1_base64="F2fVwg2ykxN4bG5cffRramzxu7M="></latexit><latexit sha1_base64="F2fVwg2ykxN4bG5cffRramzxu7M="></latexit><latexit sha1_base64="F2fVwg2ykxN4bG5cffRramzxu7M="></latexit><latexit sha1_base64="F2fVwg2ykxN4bG5cffRramzxu7M="></latexit><latexit sha1_base64="F2fVwg2ykxN4bG5cffRramzxu7M="></latexit>
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Value Set
s = j!

<latexit sha1_base64="yJh4xDTQTClMYzMluKG04uD5c8c=">AAACNHicdVDLSgMxFM34tr5adecmWARxUWZEUBeC6MZlhVYLbSmZ9LaN5jEkd5Qy9DPc6mf4LS5ciVu/wfSx0IoHAifnvg4nTqRwGIZvwczs3PzC4tJybmV1bX0jX9i8cSa1HKrcSGNrMXMghYYqCpRQSywwFUu4je8vh/XbB7BOGF3BfgJNxbpadARn6KW6o2f0rmEUdFkrXwxL4Qj0L4kmpEgmKLcKwXajbXiqQCOXzLl6FCbYzJhFwSUMco3UQcL4PetC3VPNFLhmNvI8oHteadOOsf5ppCP150TGlHN9FftOxbDnpmtD8b8a9tTUdeycNDOhkxRB8/HxTiopGjoMhbaFBY6y7wnjVnj/lPeYZRx9dL+2j93ncg0Nj9gDY0EdZMN7WWX8G/gco+nU/pLqYem0FF0fFc8vJoEukR2yS/ZJRI7JObkiZVIlnBjyRJ7JS/AavAcfwee4dSaYzGyRXwi+vgFE26uA</latexit><latexit sha1_base64="yJh4xDTQTClMYzMluKG04uD5c8c=">AAACNHicdVDLSgMxFM34tr5adecmWARxUWZEUBeC6MZlhVYLbSmZ9LaN5jEkd5Qy9DPc6mf4LS5ciVu/wfSx0IoHAifnvg4nTqRwGIZvwczs3PzC4tJybmV1bX0jX9i8cSa1HKrcSGNrMXMghYYqCpRQSywwFUu4je8vh/XbB7BOGF3BfgJNxbpadARn6KW6o2f0rmEUdFkrXwxL4Qj0L4kmpEgmKLcKwXajbXiqQCOXzLl6FCbYzJhFwSUMco3UQcL4PetC3VPNFLhmNvI8oHteadOOsf5ppCP150TGlHN9FftOxbDnpmtD8b8a9tTUdeycNDOhkxRB8/HxTiopGjoMhbaFBY6y7wnjVnj/lPeYZRx9dL+2j93ncg0Nj9gDY0EdZMN7WWX8G/gco+nU/pLqYem0FF0fFc8vJoEukR2yS/ZJRI7JObkiZVIlnBjyRJ7JS/AavAcfwee4dSaYzGyRXwi+vgFE26uA</latexit><latexit sha1_base64="yJh4xDTQTClMYzMluKG04uD5c8c=">AAACNHicdVDLSgMxFM34tr5adecmWARxUWZEUBeC6MZlhVYLbSmZ9LaN5jEkd5Qy9DPc6mf4LS5ciVu/wfSx0IoHAifnvg4nTqRwGIZvwczs3PzC4tJybmV1bX0jX9i8cSa1HKrcSGNrMXMghYYqCpRQSywwFUu4je8vh/XbB7BOGF3BfgJNxbpadARn6KW6o2f0rmEUdFkrXwxL4Qj0L4kmpEgmKLcKwXajbXiqQCOXzLl6FCbYzJhFwSUMco3UQcL4PetC3VPNFLhmNvI8oHteadOOsf5ppCP150TGlHN9FftOxbDnpmtD8b8a9tTUdeycNDOhkxRB8/HxTiopGjoMhbaFBY6y7wnjVnj/lPeYZRx9dL+2j93ncg0Nj9gDY0EdZMN7WWX8G/gco+nU/pLqYem0FF0fFc8vJoEukR2yS/ZJRI7JObkiZVIlnBjyRJ7JS/AavAcfwee4dSaYzGyRXwi+vgFE26uA</latexit><latexit sha1_base64="yJh4xDTQTClMYzMluKG04uD5c8c=">AAACNHicdVDLSgMxFM34tr5adecmWARxUWZEUBeC6MZlhVYLbSmZ9LaN5jEkd5Qy9DPc6mf4LS5ciVu/wfSx0IoHAifnvg4nTqRwGIZvwczs3PzC4tJybmV1bX0jX9i8cSa1HKrcSGNrMXMghYYqCpRQSywwFUu4je8vh/XbB7BOGF3BfgJNxbpadARn6KW6o2f0rmEUdFkrXwxL4Qj0L4kmpEgmKLcKwXajbXiqQCOXzLl6FCbYzJhFwSUMco3UQcL4PetC3VPNFLhmNvI8oHteadOOsf5ppCP150TGlHN9FftOxbDnpmtD8b8a9tTUdeycNDOhkxRB8/HxTiopGjoMhbaFBY6y7wnjVnj/lPeYZRx9dL+2j93ncg0Nj9gDY0EdZMN7WWX8G/gco+nU/pLqYem0FF0fFc8vJoEukR2yS/ZJRI7JObkiZVIlnBjyRJ7JS/AavAcfwee4dSaYzGyRXwi+vgFE26uA</latexit>

For any,           , the polynomial 
                      takes a value  
inside the value set 
�(j!) 2 I(j!)

<latexit sha1_base64="0gm9m8cGNIlqbj6eT04yQJOBXkw="></latexit><latexit sha1_base64="0gm9m8cGNIlqbj6eT04yQJOBXkw="></latexit><latexit sha1_base64="0gm9m8cGNIlqbj6eT04yQJOBXkw="></latexit><latexit sha1_base64="0gm9m8cGNIlqbj6eT04yQJOBXkw="></latexit>

stability of interval plants can be assessed by checking 
the stability of the extreme Kharitonov polynomials!

K1(j!)
<latexit sha1_base64="rViwHhrlCexaoTkD3M3dhKc43vo=">AAACNXicdVDJSgNBFOxxjXFfbl4Gg6AewowI6i3oRfCiYEzACaGn85K06WXofqOEIb/hVT/DX/HiSbz6C3aWg0mwoKG63lZUnAhuMQg+vJnZufmFxdxSfnlldW19Y3Pr3urUMCgzLbSpxtSC4ArKyFFANTFAZSygEncu+/XKExjLtbrDbgI1SVuKNzmj6KTouh4ePEZaQose1jcKQTEYwJ8m4YgUyAg39U1vJ2polkpQyAS19iEMEqxl1CBnAnr5KLWQUNahLXhwVFEJtpYNTPf8fac0/KY27in0B+rfiYxKa7sydp2SYttO1vrifzVsy4nr2DyrZVwlKYJiw+PNVPio/X4qfoMbYCi6jlBmuPPvszY1lKHLbmz70H0+Hyl4xjZoA/Io69/L7oa/nssxnExtmpSPi+fF8PakULoYBZoju2SPHJCQnJISuSI3pEwYScgLeSVv3rv36X1538PWGW80s03G4P38AtjOq8Y=</latexit><latexit sha1_base64="rViwHhrlCexaoTkD3M3dhKc43vo=">AAACNXicdVDJSgNBFOxxjXFfbl4Gg6AewowI6i3oRfCiYEzACaGn85K06WXofqOEIb/hVT/DX/HiSbz6C3aWg0mwoKG63lZUnAhuMQg+vJnZufmFxdxSfnlldW19Y3Pr3urUMCgzLbSpxtSC4ArKyFFANTFAZSygEncu+/XKExjLtbrDbgI1SVuKNzmj6KTouh4ePEZaQose1jcKQTEYwJ8m4YgUyAg39U1vJ2polkpQyAS19iEMEqxl1CBnAnr5KLWQUNahLXhwVFEJtpYNTPf8fac0/KY27in0B+rfiYxKa7sydp2SYttO1vrifzVsy4nr2DyrZVwlKYJiw+PNVPio/X4qfoMbYCi6jlBmuPPvszY1lKHLbmz70H0+Hyl4xjZoA/Io69/L7oa/nssxnExtmpSPi+fF8PakULoYBZoju2SPHJCQnJISuSI3pEwYScgLeSVv3rv36X1538PWGW80s03G4P38AtjOq8Y=</latexit><latexit sha1_base64="rViwHhrlCexaoTkD3M3dhKc43vo=">AAACNXicdVDJSgNBFOxxjXFfbl4Gg6AewowI6i3oRfCiYEzACaGn85K06WXofqOEIb/hVT/DX/HiSbz6C3aWg0mwoKG63lZUnAhuMQg+vJnZufmFxdxSfnlldW19Y3Pr3urUMCgzLbSpxtSC4ArKyFFANTFAZSygEncu+/XKExjLtbrDbgI1SVuKNzmj6KTouh4ePEZaQose1jcKQTEYwJ8m4YgUyAg39U1vJ2polkpQyAS19iEMEqxl1CBnAnr5KLWQUNahLXhwVFEJtpYNTPf8fac0/KY27in0B+rfiYxKa7sydp2SYttO1vrifzVsy4nr2DyrZVwlKYJiw+PNVPio/X4qfoMbYCi6jlBmuPPvszY1lKHLbmz70H0+Hyl4xjZoA/Io69/L7oa/nssxnExtmpSPi+fF8PakULoYBZoju2SPHJCQnJISuSI3pEwYScgLeSVv3rv36X1538PWGW80s03G4P38AtjOq8Y=</latexit><latexit sha1_base64="rViwHhrlCexaoTkD3M3dhKc43vo=">AAACNXicdVDJSgNBFOxxjXFfbl4Gg6AewowI6i3oRfCiYEzACaGn85K06WXofqOEIb/hVT/DX/HiSbz6C3aWg0mwoKG63lZUnAhuMQg+vJnZufmFxdxSfnlldW19Y3Pr3urUMCgzLbSpxtSC4ArKyFFANTFAZSygEncu+/XKExjLtbrDbgI1SVuKNzmj6KTouh4ePEZaQose1jcKQTEYwJ8m4YgUyAg39U1vJ2polkpQyAS19iEMEqxl1CBnAnr5KLWQUNahLXhwVFEJtpYNTPf8fac0/KY27in0B+rfiYxKa7sydp2SYttO1vrifzVsy4nr2DyrZVwlKYJiw+PNVPio/X4qfoMbYCi6jlBmuPPvszY1lKHLbmz70H0+Hyl4xjZoA/Io69/L7oa/nssxnExtmpSPi+fF8PakULoYBZoju2SPHJCQnJISuSI3pEwYScgLeSVv3rv36X1538PWGW80s03G4P38AtjOq8Y=</latexit>

K2(j!)
<latexit sha1_base64="y/rtNqvOH/ioLiAg+oUm33Lspa8=">AAACNXicdVDJSgNBFOxxjXGLy83LYBDUQ5gJgnoTvQheIhgjZELo6bwkbXoZut8oYchveNXP8Fe8eBKv/oKd5aARCxqq621FxYngFoPgzZuZnZtfWMwt5ZdXVtfWCxubt1anhkGVaaHNXUwtCK6gihwF3CUGqIwF1OLexbBeewBjuVY32E+gIWlH8TZnFJ0UXTXL+/eRltChB81CMSgFI/h/STghRTJBpbnhbUctzVIJCpmg1tbDIMFGRg1yJmCQj1ILCWU92oG6o4pKsI1sZHrg7zml5be1cU+hP1J/TmRUWtuXseuUFLt2ujYU/6thV05dx/ZJI+MqSREUGx9vp8JH7Q9T8VvcAEPRd4Qyw51/n3WpoQxddr+2j93n85GCR+yCNiAPs+G97Gb8G7gcw+nU/pJquXRaCq+Pimfnk0BzZIfskn0SkmNyRi5JhVQJIwl5Is/kxXv13r0P73PcOuNNZrbIL3hf39qdq8c=</latexit><latexit sha1_base64="y/rtNqvOH/ioLiAg+oUm33Lspa8=">AAACNXicdVDJSgNBFOxxjXGLy83LYBDUQ5gJgnoTvQheIhgjZELo6bwkbXoZut8oYchveNXP8Fe8eBKv/oKd5aARCxqq621FxYngFoPgzZuZnZtfWMwt5ZdXVtfWCxubt1anhkGVaaHNXUwtCK6gihwF3CUGqIwF1OLexbBeewBjuVY32E+gIWlH8TZnFJ0UXTXL+/eRltChB81CMSgFI/h/STghRTJBpbnhbUctzVIJCpmg1tbDIMFGRg1yJmCQj1ILCWU92oG6o4pKsI1sZHrg7zml5be1cU+hP1J/TmRUWtuXseuUFLt2ujYU/6thV05dx/ZJI+MqSREUGx9vp8JH7Q9T8VvcAEPRd4Qyw51/n3WpoQxddr+2j93n85GCR+yCNiAPs+G97Gb8G7gcw+nU/pJquXRaCq+Pimfnk0BzZIfskn0SkmNyRi5JhVQJIwl5Is/kxXv13r0P73PcOuNNZrbIL3hf39qdq8c=</latexit><latexit sha1_base64="y/rtNqvOH/ioLiAg+oUm33Lspa8=">AAACNXicdVDJSgNBFOxxjXGLy83LYBDUQ5gJgnoTvQheIhgjZELo6bwkbXoZut8oYchveNXP8Fe8eBKv/oKd5aARCxqq621FxYngFoPgzZuZnZtfWMwt5ZdXVtfWCxubt1anhkGVaaHNXUwtCK6gihwF3CUGqIwF1OLexbBeewBjuVY32E+gIWlH8TZnFJ0UXTXL+/eRltChB81CMSgFI/h/STghRTJBpbnhbUctzVIJCpmg1tbDIMFGRg1yJmCQj1ILCWU92oG6o4pKsI1sZHrg7zml5be1cU+hP1J/TmRUWtuXseuUFLt2ujYU/6thV05dx/ZJI+MqSREUGx9vp8JH7Q9T8VvcAEPRd4Qyw51/n3WpoQxddr+2j93n85GCR+yCNiAPs+G97Gb8G7gcw+nU/pJquXRaCq+Pimfnk0BzZIfskn0SkmNyRi5JhVQJIwl5Is/kxXv13r0P73PcOuNNZrbIL3hf39qdq8c=</latexit><latexit sha1_base64="y/rtNqvOH/ioLiAg+oUm33Lspa8=">AAACNXicdVDJSgNBFOxxjXGLy83LYBDUQ5gJgnoTvQheIhgjZELo6bwkbXoZut8oYchveNXP8Fe8eBKv/oKd5aARCxqq621FxYngFoPgzZuZnZtfWMwt5ZdXVtfWCxubt1anhkGVaaHNXUwtCK6gihwF3CUGqIwF1OLexbBeewBjuVY32E+gIWlH8TZnFJ0UXTXL+/eRltChB81CMSgFI/h/STghRTJBpbnhbUctzVIJCpmg1tbDIMFGRg1yJmCQj1ILCWU92oG6o4pKsI1sZHrg7zml5be1cU+hP1J/TmRUWtuXseuUFLt2ujYU/6thV05dx/ZJI+MqSREUGx9vp8JH7Q9T8VvcAEPRd4Qyw51/n3WpoQxddr+2j93n85GCR+yCNiAPs+G97Gb8G7gcw+nU/pJquXRaCq+Pimfnk0BzZIfskn0SkmNyRi5JhVQJIwl5Is/kxXv13r0P73PcOuNNZrbIL3hf39qdq8c=</latexit>

K3(j!)
<latexit sha1_base64="WfC4nC4gc8I1NiOKsEVCQCvQg3o=">AAACNXicdVDJSgNBFOyJe9yXm5fBIEQPYUYF9Rb0IniJYIzghNDTeUlaexm63yhhyG941c/wV7x4Eq/+gp3loAkWNFTX24qKE8EtBsG7l5uanpmdm1/ILy4tr6yurW/cWJ0aBlWmhTa3MbUguIIqchRwmxigMhZQix/O+/XaIxjLtbrGbgJ1SduKtzij6KTosnFYvI+0hDbda6wVglIwgD9JwhEpkBEqjXVvK2pqlkpQyAS19i4MEqxn1CBnAnr5KLWQUPZA23DnqKISbD0bmO75u05p+i1t3FPoD9TfExmV1nZl7DolxY4dr/XF/2rYkWPXsXVSz7hKUgTFhsdbqfBR+/1U/CY3wFB0HaHMcOffZx1qKEOX3Z/tQ/f5fKTgCTugDcj9rH8vux7+ei7HcDy1SVI9KJ2WwqujQvlsFOg82SY7pEhCckzK5IJUSJUwkpBn8kJevTfvw/v0voatOW80s0n+wPv+Adxsq8g=</latexit><latexit sha1_base64="WfC4nC4gc8I1NiOKsEVCQCvQg3o=">AAACNXicdVDJSgNBFOyJe9yXm5fBIEQPYUYF9Rb0IniJYIzghNDTeUlaexm63yhhyG941c/wV7x4Eq/+gp3loAkWNFTX24qKE8EtBsG7l5uanpmdm1/ILy4tr6yurW/cWJ0aBlWmhTa3MbUguIIqchRwmxigMhZQix/O+/XaIxjLtbrGbgJ1SduKtzij6KTosnFYvI+0hDbda6wVglIwgD9JwhEpkBEqjXVvK2pqlkpQyAS19i4MEqxn1CBnAnr5KLWQUPZA23DnqKISbD0bmO75u05p+i1t3FPoD9TfExmV1nZl7DolxY4dr/XF/2rYkWPXsXVSz7hKUgTFhsdbqfBR+/1U/CY3wFB0HaHMcOffZx1qKEOX3Z/tQ/f5fKTgCTugDcj9rH8vux7+ei7HcDy1SVI9KJ2WwqujQvlsFOg82SY7pEhCckzK5IJUSJUwkpBn8kJevTfvw/v0voatOW80s0n+wPv+Adxsq8g=</latexit><latexit sha1_base64="WfC4nC4gc8I1NiOKsEVCQCvQg3o=">AAACNXicdVDJSgNBFOyJe9yXm5fBIEQPYUYF9Rb0IniJYIzghNDTeUlaexm63yhhyG941c/wV7x4Eq/+gp3loAkWNFTX24qKE8EtBsG7l5uanpmdm1/ILy4tr6yurW/cWJ0aBlWmhTa3MbUguIIqchRwmxigMhZQix/O+/XaIxjLtbrGbgJ1SduKtzij6KTosnFYvI+0hDbda6wVglIwgD9JwhEpkBEqjXVvK2pqlkpQyAS19i4MEqxn1CBnAnr5KLWQUPZA23DnqKISbD0bmO75u05p+i1t3FPoD9TfExmV1nZl7DolxY4dr/XF/2rYkWPXsXVSz7hKUgTFhsdbqfBR+/1U/CY3wFB0HaHMcOffZx1qKEOX3Z/tQ/f5fKTgCTugDcj9rH8vux7+ei7HcDy1SVI9KJ2WwqujQvlsFOg82SY7pEhCckzK5IJUSJUwkpBn8kJevTfvw/v0voatOW80s0n+wPv+Adxsq8g=</latexit><latexit sha1_base64="WfC4nC4gc8I1NiOKsEVCQCvQg3o=">AAACNXicdVDJSgNBFOyJe9yXm5fBIEQPYUYF9Rb0IniJYIzghNDTeUlaexm63yhhyG941c/wV7x4Eq/+gp3loAkWNFTX24qKE8EtBsG7l5uanpmdm1/ILy4tr6yurW/cWJ0aBlWmhTa3MbUguIIqchRwmxigMhZQix/O+/XaIxjLtbrGbgJ1SduKtzij6KTosnFYvI+0hDbda6wVglIwgD9JwhEpkBEqjXVvK2pqlkpQyAS19i4MEqxn1CBnAnr5KLWQUPZA23DnqKISbD0bmO75u05p+i1t3FPoD9TfExmV1nZl7DolxY4dr/XF/2rYkWPXsXVSz7hKUgTFhsdbqfBR+/1U/CY3wFB0HaHMcOffZx1qKEOX3Z/tQ/f5fKTgCTugDcj9rH8vux7+ei7HcDy1SVI9KJ2WwqujQvlsFOg82SY7pEhCckzK5IJUSJUwkpBn8kJevTfvw/v0voatOW80s0n+wPv+Adxsq8g=</latexit>

K4(j!)
<latexit sha1_base64="GMBzbLBBmxrf7KWLcT7xWPU71sc=">AAACNXicdVC7SgNBFJ31bXwlamezGAS1CLsSULugjWCjYIyQDWF2cpOMmccyc1cJS37DVj/DX7GxElt/wcmj0IgHBs6c+zqcOBHcYhC8eTOzc/MLi0vLuZXVtfWNfGHz1urUMKgyLbS5i6kFwRVUkaOAu8QAlbGAWtw7H9ZrD2As1+oG+wk0JO0o3uaMopOiy2Z5/z7SEjr0oJkvBqVgBP8vCSekSCa4aha87ailWSpBIRPU2noYJNjIqEHOBAxyUWohoaxHO1B3VFEJtpGNTA/8Pae0/LY27in0R+rPiYxKa/sydp2SYtdO14bifzXsyqnr2D5pZFwlKYJi4+PtVPio/WEqfosbYCj6jlBmuPPvsy41lKHL7tf2sftcLlLwiF3QBuRhNryX3Yx/A5djOJ3aX1I9Kp2WwutysXI2CXSJ7JBdsk9Cckwq5IJckSphJCFP5Jm8eK/eu/fhfY5bZ7zJzBb5Be/rG947q8k=</latexit><latexit sha1_base64="GMBzbLBBmxrf7KWLcT7xWPU71sc=">AAACNXicdVC7SgNBFJ31bXwlamezGAS1CLsSULugjWCjYIyQDWF2cpOMmccyc1cJS37DVj/DX7GxElt/wcmj0IgHBs6c+zqcOBHcYhC8eTOzc/MLi0vLuZXVtfWNfGHz1urUMKgyLbS5i6kFwRVUkaOAu8QAlbGAWtw7H9ZrD2As1+oG+wk0JO0o3uaMopOiy2Z5/z7SEjr0oJkvBqVgBP8vCSekSCa4aha87ailWSpBIRPU2noYJNjIqEHOBAxyUWohoaxHO1B3VFEJtpGNTA/8Pae0/LY27in0R+rPiYxKa/sydp2SYtdO14bifzXsyqnr2D5pZFwlKYJi4+PtVPio/WEqfosbYCj6jlBmuPPvsy41lKHL7tf2sftcLlLwiF3QBuRhNryX3Yx/A5djOJ3aX1I9Kp2WwutysXI2CXSJ7JBdsk9Cckwq5IJckSphJCFP5Jm8eK/eu/fhfY5bZ7zJzBb5Be/rG947q8k=</latexit><latexit sha1_base64="GMBzbLBBmxrf7KWLcT7xWPU71sc=">AAACNXicdVC7SgNBFJ31bXwlamezGAS1CLsSULugjWCjYIyQDWF2cpOMmccyc1cJS37DVj/DX7GxElt/wcmj0IgHBs6c+zqcOBHcYhC8eTOzc/MLi0vLuZXVtfWNfGHz1urUMKgyLbS5i6kFwRVUkaOAu8QAlbGAWtw7H9ZrD2As1+oG+wk0JO0o3uaMopOiy2Z5/z7SEjr0oJkvBqVgBP8vCSekSCa4aha87ailWSpBIRPU2noYJNjIqEHOBAxyUWohoaxHO1B3VFEJtpGNTA/8Pae0/LY27in0R+rPiYxKa/sydp2SYtdO14bifzXsyqnr2D5pZFwlKYJi4+PtVPio/WEqfosbYCj6jlBmuPPvsy41lKHL7tf2sftcLlLwiF3QBuRhNryX3Yx/A5djOJ3aX1I9Kp2WwutysXI2CXSJ7JBdsk9Cckwq5IJckSphJCFP5Jm8eK/eu/fhfY5bZ7zJzBb5Be/rG947q8k=</latexit><latexit sha1_base64="GMBzbLBBmxrf7KWLcT7xWPU71sc=">AAACNXicdVC7SgNBFJ31bXwlamezGAS1CLsSULugjWCjYIyQDWF2cpOMmccyc1cJS37DVj/DX7GxElt/wcmj0IgHBs6c+zqcOBHcYhC8eTOzc/MLi0vLuZXVtfWNfGHz1urUMKgyLbS5i6kFwRVUkaOAu8QAlbGAWtw7H9ZrD2As1+oG+wk0JO0o3uaMopOiy2Z5/z7SEjr0oJkvBqVgBP8vCSekSCa4aha87ailWSpBIRPU2noYJNjIqEHOBAxyUWohoaxHO1B3VFEJtpGNTA/8Pae0/LY27in0R+rPiYxKa/sydp2SYtdO14bifzXsyqnr2D5pZFwlKYJi4+PtVPio/WEqfosbYCj6jlBmuPPvsy41lKHL7tf2sftcLlLwiF3QBuRhNryX3Yx/A5djOJ3aX1I9Kp2WwutysXI2CXSJ7JBdsk9Cckwq5IJckSphJCFP5Jm8eK/eu/fhfY5bZ7zJzBb5Be/rG947q8k=</latexit>

Re[I(j!)]
<latexit sha1_base64="W55i5HtWosix58mJ2lBIMaRqs2A=">AAACE3icbVDLSsNAFJ3UV62vqBvBTbAIdVMSEdRd0Y3uqhhbSEKZTG/asZMHMxOhhPoZfoFb/QJX4tYP8AP8DydtFrb1wMDhnHu5Z46fMCqkaX5rpYXFpeWV8mplbX1jc0vf3rkXccoJ2CRmMW/7WACjEdiSSgbthAMOfQYtf3CZ+61H4ILG0Z0cJuCFuBfRgBIsldTR927BcUMs+wSz7HpUe3DjEHr4yOvoVbNujmHME6sgVVSg2dF/3G5M0hAiSRgWwrHMRHoZ5pISBqOKmwpIMBngHjiKRjgE4WXjH4yMQ6V0jSDm6kXSGKt/NzIcCjEMfTWZhxWzXi7+5zmpDM68jEZJKiEik0NBygwZG3kdRpdyIJINFcGEU5XVIH3MMZGqtKkrk6QV1Ys128I8sY/r53Xr5qTauCgKKqN9dIBqyEKnqIGuUBPZiKAn9IJe0Zv2rL1rH9rnZLSkFTu7aAra1y98k559</latexit><latexit sha1_base64="W55i5HtWosix58mJ2lBIMaRqs2A=">AAACE3icbVDLSsNAFJ3UV62vqBvBTbAIdVMSEdRd0Y3uqhhbSEKZTG/asZMHMxOhhPoZfoFb/QJX4tYP8AP8DydtFrb1wMDhnHu5Z46fMCqkaX5rpYXFpeWV8mplbX1jc0vf3rkXccoJ2CRmMW/7WACjEdiSSgbthAMOfQYtf3CZ+61H4ILG0Z0cJuCFuBfRgBIsldTR927BcUMs+wSz7HpUe3DjEHr4yOvoVbNujmHME6sgVVSg2dF/3G5M0hAiSRgWwrHMRHoZ5pISBqOKmwpIMBngHjiKRjgE4WXjH4yMQ6V0jSDm6kXSGKt/NzIcCjEMfTWZhxWzXi7+5zmpDM68jEZJKiEik0NBygwZG3kdRpdyIJINFcGEU5XVIH3MMZGqtKkrk6QV1Ys128I8sY/r53Xr5qTauCgKKqN9dIBqyEKnqIGuUBPZiKAn9IJe0Zv2rL1rH9rnZLSkFTu7aAra1y98k559</latexit><latexit sha1_base64="W55i5HtWosix58mJ2lBIMaRqs2A=">AAACE3icbVDLSsNAFJ3UV62vqBvBTbAIdVMSEdRd0Y3uqhhbSEKZTG/asZMHMxOhhPoZfoFb/QJX4tYP8AP8DydtFrb1wMDhnHu5Z46fMCqkaX5rpYXFpeWV8mplbX1jc0vf3rkXccoJ2CRmMW/7WACjEdiSSgbthAMOfQYtf3CZ+61H4ILG0Z0cJuCFuBfRgBIsldTR927BcUMs+wSz7HpUe3DjEHr4yOvoVbNujmHME6sgVVSg2dF/3G5M0hAiSRgWwrHMRHoZ5pISBqOKmwpIMBngHjiKRjgE4WXjH4yMQ6V0jSDm6kXSGKt/NzIcCjEMfTWZhxWzXi7+5zmpDM68jEZJKiEik0NBygwZG3kdRpdyIJINFcGEU5XVIH3MMZGqtKkrk6QV1Ys128I8sY/r53Xr5qTauCgKKqN9dIBqyEKnqIGuUBPZiKAn9IJe0Zv2rL1rH9rnZLSkFTu7aAra1y98k559</latexit><latexit sha1_base64="W55i5HtWosix58mJ2lBIMaRqs2A=">AAACE3icbVDLSsNAFJ3UV62vqBvBTbAIdVMSEdRd0Y3uqhhbSEKZTG/asZMHMxOhhPoZfoFb/QJX4tYP8AP8DydtFrb1wMDhnHu5Z46fMCqkaX5rpYXFpeWV8mplbX1jc0vf3rkXccoJ2CRmMW/7WACjEdiSSgbthAMOfQYtf3CZ+61H4ILG0Z0cJuCFuBfRgBIsldTR927BcUMs+wSz7HpUe3DjEHr4yOvoVbNujmHME6sgVVSg2dF/3G5M0hAiSRgWwrHMRHoZ5pISBqOKmwpIMBngHjiKRjgE4WXjH4yMQ6V0jSDm6kXSGKt/NzIcCjEMfTWZhxWzXi7+5zmpDM68jEZJKiEik0NBygwZG3kdRpdyIJINFcGEU5XVIH3MMZGqtKkrk6QV1Ys128I8sY/r53Xr5qTauCgKKqN9dIBqyEKnqIGuUBPZiKAn9IJe0Zv2rL1rH9rnZLSkFTu7aAra1y98k559</latexit>

Im[I(j!)]
<latexit sha1_base64="yXLLerCnj1sB+n0rSNcD7ESNhEY=">AAACE3icbVDNSsNAGNzUv1r/ol4EL8Ei1EtJRFBvRS/2VsHYQhLKZrtp1+5uwu5GKKE+hk/gVZ/Ak3j1AXwA38NNm4NtHVgYZr6Pb3bChBKpbPvbKC0tr6yuldcrG5tb2zvm7t69jFOBsItiGotOCCWmhGNXEUVxJxEYspDidji8zv32IxaSxPxOjRIcMNjnJCIIKi11zYMm83wG1QBBmjXHtQc/ZrgPT4KuWbXr9gTWInEKUgUFWl3zx+/FKGWYK0ShlJ5jJyrIoFAEUTyu+KnECURD2MeephwyLINs8oOxdayVnhXFQj+urIn6dyODTMoRC/VkHlbOe7n4n+elKroIMsKTVGGOpoeilFoqtvI6rB4RGCk60gQiQXRWCw2ggEjp0mauTJNWdC/OfAuLxD2tX9ad27Nq46ooqAwOwRGoAQecgwa4AS3gAgSewAt4BW/Gs/FufBif09GSUezsgxkYX7963p58</latexit><latexit sha1_base64="yXLLerCnj1sB+n0rSNcD7ESNhEY=">AAACE3icbVDNSsNAGNzUv1r/ol4EL8Ei1EtJRFBvRS/2VsHYQhLKZrtp1+5uwu5GKKE+hk/gVZ/Ak3j1AXwA38NNm4NtHVgYZr6Pb3bChBKpbPvbKC0tr6yuldcrG5tb2zvm7t69jFOBsItiGotOCCWmhGNXEUVxJxEYspDidji8zv32IxaSxPxOjRIcMNjnJCIIKi11zYMm83wG1QBBmjXHtQc/ZrgPT4KuWbXr9gTWInEKUgUFWl3zx+/FKGWYK0ShlJ5jJyrIoFAEUTyu+KnECURD2MeephwyLINs8oOxdayVnhXFQj+urIn6dyODTMoRC/VkHlbOe7n4n+elKroIMsKTVGGOpoeilFoqtvI6rB4RGCk60gQiQXRWCw2ggEjp0mauTJNWdC/OfAuLxD2tX9ad27Nq46ooqAwOwRGoAQecgwa4AS3gAgSewAt4BW/Gs/FufBif09GSUezsgxkYX7963p58</latexit><latexit sha1_base64="yXLLerCnj1sB+n0rSNcD7ESNhEY=">AAACE3icbVDNSsNAGNzUv1r/ol4EL8Ei1EtJRFBvRS/2VsHYQhLKZrtp1+5uwu5GKKE+hk/gVZ/Ak3j1AXwA38NNm4NtHVgYZr6Pb3bChBKpbPvbKC0tr6yuldcrG5tb2zvm7t69jFOBsItiGotOCCWmhGNXEUVxJxEYspDidji8zv32IxaSxPxOjRIcMNjnJCIIKi11zYMm83wG1QBBmjXHtQc/ZrgPT4KuWbXr9gTWInEKUgUFWl3zx+/FKGWYK0ShlJ5jJyrIoFAEUTyu+KnECURD2MeephwyLINs8oOxdayVnhXFQj+urIn6dyODTMoRC/VkHlbOe7n4n+elKroIMsKTVGGOpoeilFoqtvI6rB4RGCk60gQiQXRWCw2ggEjp0mauTJNWdC/OfAuLxD2tX9ad27Nq46ooqAwOwRGoAQecgwa4AS3gAgSewAt4BW/Gs/FufBif09GSUezsgxkYX7963p58</latexit><latexit sha1_base64="yXLLerCnj1sB+n0rSNcD7ESNhEY=">AAACE3icbVDNSsNAGNzUv1r/ol4EL8Ei1EtJRFBvRS/2VsHYQhLKZrtp1+5uwu5GKKE+hk/gVZ/Ak3j1AXwA38NNm4NtHVgYZr6Pb3bChBKpbPvbKC0tr6yuldcrG5tb2zvm7t69jFOBsItiGotOCCWmhGNXEUVxJxEYspDidji8zv32IxaSxPxOjRIcMNjnJCIIKi11zYMm83wG1QBBmjXHtQc/ZrgPT4KuWbXr9gTWInEKUgUFWl3zx+/FKGWYK0ShlJ5jJyrIoFAEUTyu+KnECURD2MeephwyLINs8oOxdayVnhXFQj+urIn6dyODTMoRC/VkHlbOe7n4n+elKroIMsKTVGGOpoeilFoqtvI6rB4RGCk60gQiQXRWCw2ggEjp0mauTJNWdC/OfAuLxD2tX9ad27Nq46ooqAwOwRGoAQecgwa4AS3gAgSewAt4BW/Gs/FufBif09GSUezsgxkYX7963p58</latexit>
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13

Linear mth-order interval plants G = Cn
<latexit sha1_base64="pl/vvGI31FBszDyyp3rK4D9ziw0="></latexit><latexit sha1_base64="pl/vvGI31FBszDyyp3rK4D9ziw0="></latexit><latexit sha1_base64="pl/vvGI31FBszDyyp3rK4D9ziw0="></latexit><latexit sha1_base64="pl/vvGI31FBszDyyp3rK4D9ziw0="></latexit>

↵j 2 [↵j , ↵j ] ⇢ R
<latexit sha1_base64="bpzHhZE4CXGqBLRdmRUxtx9aWRw="></latexit><latexit sha1_base64="bpzHhZE4CXGqBLRdmRUxtx9aWRw="></latexit><latexit sha1_base64="bpzHhZE4CXGqBLRdmRUxtx9aWRw="></latexit><latexit sha1_base64="bpzHhZE4CXGqBLRdmRUxtx9aWRw="></latexit>

x(m)
i + ↵m�1x

(m�1)
i + · · ·+ ↵0xi = ui

<latexit sha1_base64="/Qgc04D6nOgOPlOXPl1BriZXrD4="></latexit><latexit sha1_base64="/Qgc04D6nOgOPlOXPl1BriZXrD4="></latexit><latexit sha1_base64="/Qgc04D6nOgOPlOXPl1BriZXrD4="></latexit><latexit sha1_base64="/Qgc04D6nOgOPlOXPl1BriZXrD4="></latexit>

ui =
m�1X

`=0

�`

⇣
(wi,i+1(x

(`)
i+1 � x(`)

i ) + wi,i�1(x
(`)
i�1 � x(`)

i )
⌘

<latexit sha1_base64="2osy7g22/Y2ReijRd9RUTWmhLNs="></latexit><latexit sha1_base64="2osy7g22/Y2ReijRd9RUTWmhLNs="></latexit><latexit sha1_base64="2osy7g22/Y2ReijRd9RUTWmhLNs="></latexit><latexit sha1_base64="2osy7g22/Y2ReijRd9RUTWmhLNs="></latexit>

* assume there exists positive 𝜀 such that family 
of interval polynomials with parameters                                           
_                                       is stable.↵j 2 [↵j � ✏, ↵j + ✏] ⇢ R

<latexit sha1_base64="4tVHg3j7ILOCNVDwUn1PvR0sag4="></latexit><latexit sha1_base64="4tVHg3j7ILOCNVDwUn1PvR0sag4="></latexit><latexit sha1_base64="4tVHg3j7ILOCNVDwUn1PvR0sag4="></latexit><latexit sha1_base64="4tVHg3j7ILOCNVDwUn1PvR0sag4="></latexit>

L(Cn) =

2

66666666664

2 �1 0 0 0 0 0 �1
�1 2 �1 0 0 0 0 0
0 �1 2 �1 0 0 0 0
0 0 �1 2 �1 0 0 0
0 0 0 �1 2 �1 0 0
0 0 0 0 �1 2 �1 0
0 0 0 0 0 �1 2 �1
�1 0 0 0 0 0 �1 2

3

77777777775

<latexit sha1_base64="JsHvfnFo3MQAst0DvKUlNRE3Z1A="></latexit><latexit sha1_base64="JsHvfnFo3MQAst0DvKUlNRE3Z1A="></latexit><latexit sha1_base64="JsHvfnFo3MQAst0DvKUlNRE3Z1A="></latexit><latexit sha1_base64="JsHvfnFo3MQAst0DvKUlNRE3Z1A="></latexit>

cycle graph

Design gains 𝛽l  and weights w to ensure synchronization of agents  
is achieved for any realization of the interval plant.
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Higher-Order Consensus

14

ui =
m�1X

`=0

�`

⇣
(wi,i+1(x

(`)
i+1 � x(`)

i ) + wi,i�1(x
(`)
i�1 � x(`)

i )
⌘

<latexit sha1_base64="2osy7g22/Y2ReijRd9RUTWmhLNs="></latexit><latexit sha1_base64="2osy7g22/Y2ReijRd9RUTWmhLNs="></latexit><latexit sha1_base64="2osy7g22/Y2ReijRd9RUTWmhLNs="></latexit><latexit sha1_base64="2osy7g22/Y2ReijRd9RUTWmhLNs="></latexit>

x(k) =
h
x(k)
1 · · · x(k)

n

iT
<latexit sha1_base64="rmFXvKaGMRowBqUBuvdGrH++FFg="></latexit><latexit sha1_base64="rmFXvKaGMRowBqUBuvdGrH++FFg="></latexit><latexit sha1_base64="rmFXvKaGMRowBqUBuvdGrH++FFg="></latexit><latexit sha1_base64="rmFXvKaGMRowBqUBuvdGrH++FFg="></latexit>

, ⇤j = �↵jIn � �jL(Cn)
<latexit sha1_base64="7Z8Z0lbs5R2skcbOAzB1uUMgNKI="></latexit><latexit sha1_base64="7Z8Z0lbs5R2skcbOAzB1uUMgNKI="></latexit><latexit sha1_base64="7Z8Z0lbs5R2skcbOAzB1uUMgNKI="></latexit><latexit sha1_base64="7Z8Z0lbs5R2skcbOAzB1uUMgNKI="></latexit>

x(m)
i + ↵m�1x

(m�1)
i + · · ·+ ↵0xi = ui

<latexit sha1_base64="/Qgc04D6nOgOPlOXPl1BriZXrD4="></latexit><latexit sha1_base64="/Qgc04D6nOgOPlOXPl1BriZXrD4="></latexit><latexit sha1_base64="/Qgc04D6nOgOPlOXPl1BriZXrD4="></latexit><latexit sha1_base64="/Qgc04D6nOgOPlOXPl1BriZXrD4="></latexit>{
<latexit sha1_base64="ogEhn4b3VAlgGwEb3Yv72zAT4H4=">AAAB+3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIoO6KblxWcWyhLSWT3mlDM5khyQhlqF/gVr/Albj1Y/wA/8O0nYVtPRA4nHMv9+QEieDauO63U1hZXVvfKG6WtrZ3dvfK+wePOk4VQ5/FIlbNgGoUXKJvuBHYTBTSKBDYCIY3E7/xhErzWD6YUYKdiPYlDzmjxkr37axbrrhVdwqyTLycVCBHvVv+afdilkYoDRNU65bnJqaTUWU4EzgutVONCWVD2seWpZJGqDvZNOmYnFilR8JY2ScNmap/NzIaaT2KAjsZUTPQi95E/M9rpSa87GRcJqlByWaHwlQQE5PJt0mPK2RGjCyhTHGblbABVZQZW87clVnSku3FW2xhmfhn1auqd3deqV3nBRXhCI7hFDy4gBrcQh18YBDCC7zCm/PsvDsfzudstODkO4cwB+frF21zlUE=</latexit><latexit sha1_base64="ogEhn4b3VAlgGwEb3Yv72zAT4H4=">AAAB+3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIoO6KblxWcWyhLSWT3mlDM5khyQhlqF/gVr/Albj1Y/wA/8O0nYVtPRA4nHMv9+QEieDauO63U1hZXVvfKG6WtrZ3dvfK+wePOk4VQ5/FIlbNgGoUXKJvuBHYTBTSKBDYCIY3E7/xhErzWD6YUYKdiPYlDzmjxkr37axbrrhVdwqyTLycVCBHvVv+afdilkYoDRNU65bnJqaTUWU4EzgutVONCWVD2seWpZJGqDvZNOmYnFilR8JY2ScNmap/NzIaaT2KAjsZUTPQi95E/M9rpSa87GRcJqlByWaHwlQQE5PJt0mPK2RGjCyhTHGblbABVZQZW87clVnSku3FW2xhmfhn1auqd3deqV3nBRXhCI7hFDy4gBrcQh18YBDCC7zCm/PsvDsfzudstODkO4cwB+frF21zlUE=</latexit><latexit sha1_base64="ogEhn4b3VAlgGwEb3Yv72zAT4H4=">AAAB+3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIoO6KblxWcWyhLSWT3mlDM5khyQhlqF/gVr/Albj1Y/wA/8O0nYVtPRA4nHMv9+QEieDauO63U1hZXVvfKG6WtrZ3dvfK+wePOk4VQ5/FIlbNgGoUXKJvuBHYTBTSKBDYCIY3E7/xhErzWD6YUYKdiPYlDzmjxkr37axbrrhVdwqyTLycVCBHvVv+afdilkYoDRNU65bnJqaTUWU4EzgutVONCWVD2seWpZJGqDvZNOmYnFilR8JY2ScNmap/NzIaaT2KAjsZUTPQi95E/M9rpSa87GRcJqlByWaHwlQQE5PJt0mPK2RGjCyhTHGblbABVZQZW87clVnSku3FW2xhmfhn1auqd3deqV3nBRXhCI7hFDy4gBrcQh18YBDCC7zCm/PsvDsfzudstODkO4cwB+frF21zlUE=</latexit><latexit sha1_base64="ogEhn4b3VAlgGwEb3Yv72zAT4H4=">AAAB+3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIoO6KblxWcWyhLSWT3mlDM5khyQhlqF/gVr/Albj1Y/wA/8O0nYVtPRA4nHMv9+QEieDauO63U1hZXVvfKG6WtrZ3dvfK+wePOk4VQ5/FIlbNgGoUXKJvuBHYTBTSKBDYCIY3E7/xhErzWD6YUYKdiPYlDzmjxkr37axbrrhVdwqyTLycVCBHvVv+afdilkYoDRNU65bnJqaTUWU4EzgutVONCWVD2seWpZJGqDvZNOmYnFilR8JY2ScNmap/NzIaaT2KAjsZUTPQi95E/M9rpSa87GRcJqlByWaHwlQQE5PJt0mPK2RGjCyhTHGblbABVZQZW87clVnSku3FW2xhmfhn1auqd3deqV3nBRXhCI7hFDy4gBrcQh18YBDCC7zCm/PsvDsfzudstODkO4cwB+frF21zlUE=</latexit>

2

64
x(1)

...
x(m)

3

75 =

2

666664

0 In · · · 0
0 0 · · · 0
...

...
. . .

...
0 0 · · · In
⇤0 ⇤1 · · · ⇤m�1

3

777775

| {z }
A

2

64
x(0)

...
x(m�1)

3

75

<latexit sha1_base64="SEiBvedLmm6/1PI9vOxFfRrUg1I="></latexit><latexit sha1_base64="SEiBvedLmm6/1PI9vOxFfRrUg1I="></latexit><latexit sha1_base64="SEiBvedLmm6/1PI9vOxFfRrUg1I="></latexit>

stability depends on eigenvalues of A
<latexit sha1_base64="E1t/ZMsD1kCwLwbngOwdUtOyOtc=">AAACBXicbVDLSsNAFL2pr1pfVZduBovgqiQiqLuqG5cVrC00oUymk3boZCbMTIQSuvcL3OoXuBK3focf4H84abOwrQcuHM65l3s4YcKZNq777ZRWVtfWN8qbla3tnd296v7Bo5apIrRFJJeqE2JNORO0ZZjhtJMoiuOQ03Y4us399hNVmknxYMYJDWI8ECxiBBsr+b60Zn6bXU961Zpbd6dAy8QrSA0KNHvVH78vSRpTYQjHWnc9NzFBhpVhhNNJxU81TTAZ4QHtWipwTHWQTTNP0IlV+iiSyo4waKr+vchwrPU4Du1mjM1QL3q5+J/XTU10GWRMJKmhgsweRSlHRqK8ANRnihLDx5ZgopjNisgQK0yMrWnuyyxpxfbiLbawTFpn9au6d39ea9wUBZXhCI7hFDy4gAbcQRNaQCCBF3iFN+fZeXc+nM/Zaskpbg5hDs7XL4jumcc=</latexit><latexit sha1_base64="E1t/ZMsD1kCwLwbngOwdUtOyOtc=">AAACBXicbVDLSsNAFL2pr1pfVZduBovgqiQiqLuqG5cVrC00oUymk3boZCbMTIQSuvcL3OoXuBK3focf4H84abOwrQcuHM65l3s4YcKZNq777ZRWVtfWN8qbla3tnd296v7Bo5apIrRFJJeqE2JNORO0ZZjhtJMoiuOQ03Y4us399hNVmknxYMYJDWI8ECxiBBsr+b60Zn6bXU961Zpbd6dAy8QrSA0KNHvVH78vSRpTYQjHWnc9NzFBhpVhhNNJxU81TTAZ4QHtWipwTHWQTTNP0IlV+iiSyo4waKr+vchwrPU4Du1mjM1QL3q5+J/XTU10GWRMJKmhgsweRSlHRqK8ANRnihLDx5ZgopjNisgQK0yMrWnuyyxpxfbiLbawTFpn9au6d39ea9wUBZXhCI7hFDy4gAbcQRNaQCCBF3iFN+fZeXc+nM/Zaskpbg5hDs7XL4jumcc=</latexit><latexit sha1_base64="E1t/ZMsD1kCwLwbngOwdUtOyOtc=">AAACBXicbVDLSsNAFL2pr1pfVZduBovgqiQiqLuqG5cVrC00oUymk3boZCbMTIQSuvcL3OoXuBK3focf4H84abOwrQcuHM65l3s4YcKZNq777ZRWVtfWN8qbla3tnd296v7Bo5apIrRFJJeqE2JNORO0ZZjhtJMoiuOQ03Y4us399hNVmknxYMYJDWI8ECxiBBsr+b60Zn6bXU961Zpbd6dAy8QrSA0KNHvVH78vSRpTYQjHWnc9NzFBhpVhhNNJxU81TTAZ4QHtWipwTHWQTTNP0IlV+iiSyo4waKr+vchwrPU4Du1mjM1QL3q5+J/XTU10GWRMJKmhgsweRSlHRqK8ANRnihLDx5ZgopjNisgQK0yMrWnuyyxpxfbiLbawTFpn9au6d39ea9wUBZXhCI7hFDy4gAbcQRNaQCCBF3iFN+fZeXc+nM/Zaskpbg5hDs7XL4jumcc=</latexit><latexit sha1_base64="E1t/ZMsD1kCwLwbngOwdUtOyOtc=">AAACBXicbVDLSsNAFL2pr1pfVZduBovgqiQiqLuqG5cVrC00oUymk3boZCbMTIQSuvcL3OoXuBK3focf4H84abOwrQcuHM65l3s4YcKZNq777ZRWVtfWN8qbla3tnd296v7Bo5apIrRFJJeqE2JNORO0ZZjhtJMoiuOQ03Y4us399hNVmknxYMYJDWI8ECxiBBsr+b60Zn6bXU961Zpbd6dAy8QrSA0KNHvVH78vSRpTYQjHWnc9NzFBhpVhhNNJxU81TTAZ4QHtWipwTHWQTTNP0IlV+iiSyo4waKr+vchwrPU4Du1mjM1QL3q5+J/XTU10GWRMJKmhgsweRSlHRqK8ANRnihLDx5ZgopjNisgQK0yMrWnuyyxpxfbiLbawTFpn9au6d39ea9wUBZXhCI7hFDy4gAbcQRNaQCCBF3iFN+fZeXc+nM/Zaskpbg5hDs7XL4jumcc=</latexit>
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Characteristic polynomial of A
<latexit sha1_base64="E1t/ZMsD1kCwLwbngOwdUtOyOtc=">AAACBXicbVDLSsNAFL2pr1pfVZduBovgqiQiqLuqG5cVrC00oUymk3boZCbMTIQSuvcL3OoXuBK3focf4H84abOwrQcuHM65l3s4YcKZNq777ZRWVtfWN8qbla3tnd296v7Bo5apIrRFJJeqE2JNORO0ZZjhtJMoiuOQ03Y4us399hNVmknxYMYJDWI8ECxiBBsr+b60Zn6bXU961Zpbd6dAy8QrSA0KNHvVH78vSRpTYQjHWnc9NzFBhpVhhNNJxU81TTAZ4QHtWipwTHWQTTNP0IlV+iiSyo4waKr+vchwrPU4Du1mjM1QL3q5+J/XTU10GWRMJKmhgsweRSlHRqK8ANRnihLDx5ZgopjNisgQK0yMrWnuyyxpxfbiLbawTFpn9au6d39ea9wUBZXhCI7hFDy4gAbcQRNaQCCBF3iFN+fZeXc+nM/Zaskpbg5hDs7XL4jumcc=</latexit><latexit sha1_base64="E1t/ZMsD1kCwLwbngOwdUtOyOtc=">AAACBXicbVDLSsNAFL2pr1pfVZduBovgqiQiqLuqG5cVrC00oUymk3boZCbMTIQSuvcL3OoXuBK3focf4H84abOwrQcuHM65l3s4YcKZNq777ZRWVtfWN8qbla3tnd296v7Bo5apIrRFJJeqE2JNORO0ZZjhtJMoiuOQ03Y4us399hNVmknxYMYJDWI8ECxiBBsr+b60Zn6bXU961Zpbd6dAy8QrSA0KNHvVH78vSRpTYQjHWnc9NzFBhpVhhNNJxU81TTAZ4QHtWipwTHWQTTNP0IlV+iiSyo4waKr+vchwrPU4Du1mjM1QL3q5+J/XTU10GWRMJKmhgsweRSlHRqK8ANRnihLDx5ZgopjNisgQK0yMrWnuyyxpxfbiLbawTFpn9au6d39ea9wUBZXhCI7hFDy4gAbcQRNaQCCBF3iFN+fZeXc+nM/Zaskpbg5hDs7XL4jumcc=</latexit><latexit sha1_base64="E1t/ZMsD1kCwLwbngOwdUtOyOtc=">AAACBXicbVDLSsNAFL2pr1pfVZduBovgqiQiqLuqG5cVrC00oUymk3boZCbMTIQSuvcL3OoXuBK3focf4H84abOwrQcuHM65l3s4YcKZNq777ZRWVtfWN8qbla3tnd296v7Bo5apIrRFJJeqE2JNORO0ZZjhtJMoiuOQ03Y4us399hNVmknxYMYJDWI8ECxiBBsr+b60Zn6bXU961Zpbd6dAy8QrSA0KNHvVH78vSRpTYQjHWnc9NzFBhpVhhNNJxU81TTAZ4QHtWipwTHWQTTNP0IlV+iiSyo4waKr+vchwrPU4Du1mjM1QL3q5+J/XTU10GWRMJKmhgsweRSlHRqK8ANRnihLDx5ZgopjNisgQK0yMrWnuyyxpxfbiLbawTFpn9au6d39ea9wUBZXhCI7hFDy4gAbcQRNaQCCBF3iFN+fZeXc+nM/Zaskpbg5hDs7XL4jumcc=</latexit><latexit sha1_base64="E1t/ZMsD1kCwLwbngOwdUtOyOtc=">AAACBXicbVDLSsNAFL2pr1pfVZduBovgqiQiqLuqG5cVrC00oUymk3boZCbMTIQSuvcL3OoXuBK3focf4H84abOwrQcuHM65l3s4YcKZNq777ZRWVtfWN8qbla3tnd296v7Bo5apIrRFJJeqE2JNORO0ZZjhtJMoiuOQ03Y4us399hNVmknxYMYJDWI8ECxiBBsr+b60Zn6bXU961Zpbd6dAy8QrSA0KNHvVH78vSRpTYQjHWnc9NzFBhpVhhNNJxU81TTAZ4QHtWipwTHWQTTNP0IlV+iiSyo4waKr+vchwrPU4Du1mjM1QL3q5+J/XTU10GWRMJKmhgsweRSlHRqK8ANRnihLDx5ZgopjNisgQK0yMrWnuyyxpxfbiLbawTFpn9au6d39ea9wUBZXhCI7hFDy4gAbcQRNaQCCBF3iFN+fZeXc+nM/Zaskpbg5hDs7XL4jumcc=</latexit>

0 = P (s) = det
⇣
smIn +

Pm�1
j=0 (↵jIn + �jL(Cn))sj

⌘

= ⇧n
i=1(s

m +
Pm�1

j=0 (↵j + �j�i(L(Cn))sj)
<latexit sha1_base64="+GexVskZAQQCAx5rZl4+ekCR1/s="></latexit><latexit sha1_base64="+GexVskZAQQCAx5rZl4+ekCR1/s="></latexit><latexit sha1_base64="+GexVskZAQQCAx5rZl4+ekCR1/s="></latexit><latexit sha1_base64="+GexVskZAQQCAx5rZl4+ekCR1/s="></latexit>

�i(L(Cn))
<latexit sha1_base64="1wjU8vlrbdwYFUKUjpOaZI/gqL8=">AAACFnicbVDNSsNAGNzUv1r/oh57WSxCeymJCOqt2IsHDxWMLTQhbDabdulmE3Y3Qgk9+Bg+gVd9Ak/i1asP4Hu4aXuwrQMLw8z38c1OkDIqlWV9G6W19Y3NrfJ2ZWd3b//APDx6kEkmMHFwwhLRC5AkjHLiKKoY6aWCoDhgpBuM2oXffSRC0oTfq3FKvBgNOI0oRkpLvll1mR4OkU/rt3U3RmqIEcvbE583Gr5Zs5rWFHCV2HNSA3N0fPPHDROcxYQrzJCUfdtKlZcjoShmZFJxM0lShEdoQPqachQT6eXTT0zgqVZCGCVCP67gVP27kaNYynEc6Mkiplz2CvE/r5+p6NLLKU8zRTieHYoyBlUCi0ZgSAXBio01QVhQnRXiIRIIK93bwpVZ0oruxV5uYZU4Z82rpn13Xmtdzwsqgyo4AXVggwvQAjegAxyAwRN4Aa/gzXg23o0P43M2WjLmO8dgAcbXLxLon0Y=</latexit><latexit sha1_base64="1wjU8vlrbdwYFUKUjpOaZI/gqL8=">AAACFnicbVDNSsNAGNzUv1r/oh57WSxCeymJCOqt2IsHDxWMLTQhbDabdulmE3Y3Qgk9+Bg+gVd9Ak/i1asP4Hu4aXuwrQMLw8z38c1OkDIqlWV9G6W19Y3NrfJ2ZWd3b//APDx6kEkmMHFwwhLRC5AkjHLiKKoY6aWCoDhgpBuM2oXffSRC0oTfq3FKvBgNOI0oRkpLvll1mR4OkU/rt3U3RmqIEcvbE583Gr5Zs5rWFHCV2HNSA3N0fPPHDROcxYQrzJCUfdtKlZcjoShmZFJxM0lShEdoQPqachQT6eXTT0zgqVZCGCVCP67gVP27kaNYynEc6Mkiplz2CvE/r5+p6NLLKU8zRTieHYoyBlUCi0ZgSAXBio01QVhQnRXiIRIIK93bwpVZ0oruxV5uYZU4Z82rpn13Xmtdzwsqgyo4AXVggwvQAjegAxyAwRN4Aa/gzXg23o0P43M2WjLmO8dgAcbXLxLon0Y=</latexit><latexit sha1_base64="1wjU8vlrbdwYFUKUjpOaZI/gqL8=">AAACFnicbVDNSsNAGNzUv1r/oh57WSxCeymJCOqt2IsHDxWMLTQhbDabdulmE3Y3Qgk9+Bg+gVd9Ak/i1asP4Hu4aXuwrQMLw8z38c1OkDIqlWV9G6W19Y3NrfJ2ZWd3b//APDx6kEkmMHFwwhLRC5AkjHLiKKoY6aWCoDhgpBuM2oXffSRC0oTfq3FKvBgNOI0oRkpLvll1mR4OkU/rt3U3RmqIEcvbE583Gr5Zs5rWFHCV2HNSA3N0fPPHDROcxYQrzJCUfdtKlZcjoShmZFJxM0lShEdoQPqachQT6eXTT0zgqVZCGCVCP67gVP27kaNYynEc6Mkiplz2CvE/r5+p6NLLKU8zRTieHYoyBlUCi0ZgSAXBio01QVhQnRXiIRIIK93bwpVZ0oruxV5uYZU4Z82rpn13Xmtdzwsqgyo4AXVggwvQAjegAxyAwRN4Aa/gzXg23o0P43M2WjLmO8dgAcbXLxLon0Y=</latexit><latexit sha1_base64="1wjU8vlrbdwYFUKUjpOaZI/gqL8=">AAACFnicbVDNSsNAGNzUv1r/oh57WSxCeymJCOqt2IsHDxWMLTQhbDabdulmE3Y3Qgk9+Bg+gVd9Ak/i1asP4Hu4aXuwrQMLw8z38c1OkDIqlWV9G6W19Y3NrfJ2ZWd3b//APDx6kEkmMHFwwhLRC5AkjHLiKKoY6aWCoDhgpBuM2oXffSRC0oTfq3FKvBgNOI0oRkpLvll1mR4OkU/rt3U3RmqIEcvbE583Gr5Zs5rWFHCV2HNSA3N0fPPHDROcxYQrzJCUfdtKlZcjoShmZFJxM0lShEdoQPqachQT6eXTT0zgqVZCGCVCP67gVP27kaNYynEc6Mkiplz2CvE/r5+p6NLLKU8zRTieHYoyBlUCi0ZgSAXBio01QVhQnRXiIRIIK93bwpVZ0oruxV5uYZU4Z82rpn13Xmtdzwsqgyo4AXVggwvQAjegAxyAwRN4Aa/gzXg23o0P43M2WjLmO8dgAcbXLxLon0Y=</latexit>

eigenvalues of the Laplacian matrix

P (s) = ⇧n
i=2

0

@sm +
m�1X

j=0

(↵j + �j�i(L(Cn))sj
1

A

<latexit sha1_base64="QdxfVrD5+Z3skycbyJLQSvU+Uf0="></latexit><latexit sha1_base64="QdxfVrD5+Z3skycbyJLQSvU+Uf0="></latexit><latexit sha1_base64="QdxfVrD5+Z3skycbyJLQSvU+Uf0="></latexit><latexit sha1_base64="QdxfVrD5+Z3skycbyJLQSvU+Uf0="></latexit>

consensus achievable when polynomial is stable! 
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k G(s)
+

−

the closed-loop:

H(s) = k
�m�1s

m�1 + �m�2s
m�2 + · · ·+ �0⇣

sm +
Pm�1

j=0 (↵j + k�js
j
⌘

<latexit sha1_base64="eDFpJxBHpxGjUqAsGUQK1DEeYRg="></latexit><latexit sha1_base64="eDFpJxBHpxGjUqAsGUQK1DEeYRg="></latexit><latexit sha1_base64="eDFpJxBHpxGjUqAsGUQK1DEeYRg="></latexit><latexit sha1_base64="eDFpJxBHpxGjUqAsGUQK1DEeYRg="></latexit>

G(s) =
�m�1sm�1 + �m�2sm�2 + · · ·+ �0

sm + ↵m�1sm�1 + · · ·+ ↵0
<latexit sha1_base64="WGYqbUIQpSuuUvxfH4qyQ1u7mQ4="></latexit><latexit sha1_base64="WGYqbUIQpSuuUvxfH4qyQ1u7mQ4="></latexit><latexit sha1_base64="WGYqbUIQpSuuUvxfH4qyQ1u7mQ4="></latexit><latexit sha1_base64="WGYqbUIQpSuuUvxfH4qyQ1u7mQ4="></latexit>

Laplacian eigenvalues plays the role of the  
feedback gain!



IACAS 2018
 הפקולטה להנדסת אוירונוטיקה וחלל
Faculty of Aerospace Engineering

A Feedback Interpretation

17

k G(s)
+

−

closed-loop is an interval polynomial!

intervals:  

H(s) = k
�m�1s

m�1 + �m�2s
m�2 + · · ·+ �0⇣

sm +
Pm�1

j=0 (↵j + k�js
j
⌘

<latexit sha1_base64="eDFpJxBHpxGjUqAsGUQK1DEeYRg="></latexit><latexit sha1_base64="eDFpJxBHpxGjUqAsGUQK1DEeYRg="></latexit><latexit sha1_base64="eDFpJxBHpxGjUqAsGUQK1DEeYRg="></latexit><latexit sha1_base64="eDFpJxBHpxGjUqAsGUQK1DEeYRg="></latexit>

[↵j + k�j , ↵j + k�j ]
<latexit sha1_base64="zzvz5xSi7hi00HNTTKEBShrYkN0="></latexit><latexit sha1_base64="NLsAxnlSTWeLk1NdC/XgmwFFZFk="></latexit><latexit sha1_base64="NLsAxnlSTWeLk1NdC/XgmwFFZFk="></latexit><latexit sha1_base64="c9AyOcXbqpLdHWHxpo1sZFw4isw=">AAACP3icfVA9SwNBEN3z2/gVtbRZDIKghDsbtRO1sIxgNJA7jrnNxKzZ2zt29wLhyB/yZ/gLbGMvWImtnZuPwiTisAuP9+YxMy9KBdfGdfvO3PzC4tLyymphbX1jc6u4vXOvk0wxrLJEJKoWgUbBJVYNNwJrqUKII4EPUftqoD90UGmeyDvTTTGI4VHyJmdgLBUWr+t+JhuoBv7cB5G2oBc+0SPa9iM0ED4dU9++pPNPSxAWS27ZHRadBd4YlMi4KmHx3W8kLItRGiZA67rnpibIQRnOBPYKfqYxBdaGR6xbKCFGHeTDa3v0wDIN2kyU/dLQIfvbkUOsdTeObGcMpqWntQH5l1bPTPMsyLlMM4OSjQY1M0FNQgfR0QZXyIzoWgBMcbsrZS1QwIwNeGLKaNOCzcWbTmEWVE/K52Xv1i1dXI4DWiF7ZJ8cEo+ckgtyQyqkShh5Jq+kT96cF+fD+XS+Rq1zztizSybK+f4BLtOwLQ==</latexit>

j = 0, . . . ,m� 1
<latexit sha1_base64="6e3eRKotdrO5OJpjK3dGpIvsYdE=">AAACB3icbVDLTsJAFL3FF+ILdamLRmLiAknrRl2YEN24hMQKCVQynU5hZDptZqYmpOEH/AK3+gWuDFs/w50b/8OBshDwJDc5Oefe3JPjxYxKZVlfRm5peWV1Lb9e2Njc2t4p7u7dyygRmDg4YpFoekgSRjlxFFWMNGNBUOgx0vD6N2O/8USEpBG/U4OYuCHqchpQjJSWHh6vrHKb+ZGS5fDU7hRLVsWawFwk9pSUqoej+jcA1DrFn7Yf4SQkXGGGpGzZVqzcFAlFMSPDQjuRJEa4j7qkpSlHIZFuOkk9NI+14ptBJPRwZU7UvxcpCqUchJ7eDJHqyXlvLP7ntRIVXLgp5XGiCMfZoyBhporMcQWmTwXBig00QVhQndXEPSQQVrqomS9Z0oLuxZ5vYZE4Z5XLil3X/VxDhjwcwBGcgA3nUIVbqIEDGAS8wCu8Gc/Gu/FhjLLVnDG92YcZGJ+/Roibnw==</latexit><latexit sha1_base64="6uhQsjb+0yNC6P6DrJqP4YCyJ/A=">AAACB3icbVC7TgJBFJ3FF+ILtdSYjcTEAsmujVqYEG0sIXGFBFYyOzsLI/PYzMyaEEJp4xfY6hdYGVo/ww+w8iccWAoBT3KTk3PuzT05QUyJ0o7zZWUWFpeWV7KrubX1jc2t/PbOnRKJRNhDggpZD6DClHDsaaIprscSQxZQXAu61yO/9oilIoLf6l6MfQbbnEQEQW2k+4dLp9ikodCqyE7cVr7glJwx7HniTkihvD+s/jwdDCut/HczFChhmGtEoVIN14m134dSE0TxINdMFI4h6sI2bhjKIcPK749TD+wjo4R2JKQZru2x+veiD5lSPRaYTQZ1R816I/E/r5Ho6NzvEx4nGnOUPooSamthjyqwQyIx0rRnCESSmKw26kAJkTZFTX1Jk+ZML+5sC/PEOy1dlNyq6ecKpMiCPXAIjoELzkAZ3IAK8AACEryAV/BmPVvv1oc1TFcz1uRmF0zB+vwFPfmdBQ==</latexit><latexit sha1_base64="6uhQsjb+0yNC6P6DrJqP4YCyJ/A=">AAACB3icbVC7TgJBFJ3FF+ILtdSYjcTEAsmujVqYEG0sIXGFBFYyOzsLI/PYzMyaEEJp4xfY6hdYGVo/ww+w8iccWAoBT3KTk3PuzT05QUyJ0o7zZWUWFpeWV7KrubX1jc2t/PbOnRKJRNhDggpZD6DClHDsaaIprscSQxZQXAu61yO/9oilIoLf6l6MfQbbnEQEQW2k+4dLp9ikodCqyE7cVr7glJwx7HniTkihvD+s/jwdDCut/HczFChhmGtEoVIN14m134dSE0TxINdMFI4h6sI2bhjKIcPK749TD+wjo4R2JKQZru2x+veiD5lSPRaYTQZ1R816I/E/r5Ho6NzvEx4nGnOUPooSamthjyqwQyIx0rRnCESSmKw26kAJkTZFTX1Jk+ZML+5sC/PEOy1dlNyq6ecKpMiCPXAIjoELzkAZ3IAK8AACEryAV/BmPVvv1oc1TFcz1uRmF0zB+vwFPfmdBQ==</latexit><latexit sha1_base64="iaIwxlES+Wc1J8SYDltlgR7kpPw=">AAACB3icbVBLSgNBFOyJvxh/UZduGoPgIoYZN+pCCLpxGcExgWQMPT09SZv+DN09QhhyAU/gVk/gStx6DA/gPewkszCJBQ+Kqvd4RYUJo9q47rdTWFpeWV0rrpc2Nre2d8q7e/dapgoTH0smVStEmjAqiG+oYaSVKIJ4yEgzHFyP/eYTUZpKcWeGCQk46gkaU4yMlR4eL91qh0XS6Co/8brliltzJ4CLxMtJBeRodMs/nUjilBNhMENatz03MUGGlKGYkVGpk2qSIDxAPdK2VCBOdJBNUo/gkVUiGEtlRxg4Uf9eZIhrPeSh3eTI9PW8Nxb/89qpic+DjIokNUTg6aM4ZdBIOK4ARlQRbNjQEoQVtVkh7iOFsLFFzXyZJi3ZXrz5FhaJf1q7qHm3bqV+lRdUBAfgEBwDD5yBOrgBDeADDBR4Aa/gzXl23p0P53O6WnDym30wA+frFw20mVo=</latexit>

Kharitonov’s Theorem can be used to determine a range for the control 
gains that ensure stability of the interval polynomial!



IACAS 2018
 הפקולטה להנדסת אוירונוטיקה וחלל
Faculty of Aerospace Engineering

A Feedback Interpretation

18

k G(s)
+

−

closed-loop is an interval polynomial!

intervals:  

H(s) = k
�m�1s

m�1 + �m�2s
m�2 + · · ·+ �0⇣

sm +
Pm�1

j=0 (↵j + k�js
j
⌘

<latexit sha1_base64="eDFpJxBHpxGjUqAsGUQK1DEeYRg="></latexit><latexit sha1_base64="eDFpJxBHpxGjUqAsGUQK1DEeYRg="></latexit><latexit sha1_base64="eDFpJxBHpxGjUqAsGUQK1DEeYRg="></latexit><latexit sha1_base64="eDFpJxBHpxGjUqAsGUQK1DEeYRg="></latexit>

[↵j + k�j , ↵j + k�j ]
<latexit sha1_base64="zzvz5xSi7hi00HNTTKEBShrYkN0="></latexit><latexit sha1_base64="NLsAxnlSTWeLk1NdC/XgmwFFZFk="></latexit><latexit sha1_base64="NLsAxnlSTWeLk1NdC/XgmwFFZFk="></latexit><latexit sha1_base64="c9AyOcXbqpLdHWHxpo1sZFw4isw=">AAACP3icfVA9SwNBEN3z2/gVtbRZDIKghDsbtRO1sIxgNJA7jrnNxKzZ2zt29wLhyB/yZ/gLbGMvWImtnZuPwiTisAuP9+YxMy9KBdfGdfvO3PzC4tLyymphbX1jc6u4vXOvk0wxrLJEJKoWgUbBJVYNNwJrqUKII4EPUftqoD90UGmeyDvTTTGI4VHyJmdgLBUWr+t+JhuoBv7cB5G2oBc+0SPa9iM0ED4dU9++pPNPSxAWS27ZHRadBd4YlMi4KmHx3W8kLItRGiZA67rnpibIQRnOBPYKfqYxBdaGR6xbKCFGHeTDa3v0wDIN2kyU/dLQIfvbkUOsdTeObGcMpqWntQH5l1bPTPMsyLlMM4OSjQY1M0FNQgfR0QZXyIzoWgBMcbsrZS1QwIwNeGLKaNOCzcWbTmEWVE/K52Xv1i1dXI4DWiF7ZJ8cEo+ckgtyQyqkShh5Jq+kT96cF+fD+XS+Rq1zztizSybK+f4BLtOwLQ==</latexit>

j = 0, . . . ,m� 1
<latexit sha1_base64="6e3eRKotdrO5OJpjK3dGpIvsYdE=">AAACB3icbVDLTsJAFL3FF+ILdamLRmLiAknrRl2YEN24hMQKCVQynU5hZDptZqYmpOEH/AK3+gWuDFs/w50b/8OBshDwJDc5Oefe3JPjxYxKZVlfRm5peWV1Lb9e2Njc2t4p7u7dyygRmDg4YpFoekgSRjlxFFWMNGNBUOgx0vD6N2O/8USEpBG/U4OYuCHqchpQjJSWHh6vrHKb+ZGS5fDU7hRLVsWawFwk9pSUqoej+jcA1DrFn7Yf4SQkXGGGpGzZVqzcFAlFMSPDQjuRJEa4j7qkpSlHIZFuOkk9NI+14ptBJPRwZU7UvxcpCqUchJ7eDJHqyXlvLP7ntRIVXLgp5XGiCMfZoyBhporMcQWmTwXBig00QVhQndXEPSQQVrqomS9Z0oLuxZ5vYZE4Z5XLil3X/VxDhjwcwBGcgA3nUIVbqIEDGAS8wCu8Gc/Gu/FhjLLVnDG92YcZGJ+/Roibnw==</latexit><latexit sha1_base64="6uhQsjb+0yNC6P6DrJqP4YCyJ/A=">AAACB3icbVC7TgJBFJ3FF+ILtdSYjcTEAsmujVqYEG0sIXGFBFYyOzsLI/PYzMyaEEJp4xfY6hdYGVo/ww+w8iccWAoBT3KTk3PuzT05QUyJ0o7zZWUWFpeWV7KrubX1jc2t/PbOnRKJRNhDggpZD6DClHDsaaIprscSQxZQXAu61yO/9oilIoLf6l6MfQbbnEQEQW2k+4dLp9ikodCqyE7cVr7glJwx7HniTkihvD+s/jwdDCut/HczFChhmGtEoVIN14m134dSE0TxINdMFI4h6sI2bhjKIcPK749TD+wjo4R2JKQZru2x+veiD5lSPRaYTQZ1R816I/E/r5Ho6NzvEx4nGnOUPooSamthjyqwQyIx0rRnCESSmKw26kAJkTZFTX1Jk+ZML+5sC/PEOy1dlNyq6ecKpMiCPXAIjoELzkAZ3IAK8AACEryAV/BmPVvv1oc1TFcz1uRmF0zB+vwFPfmdBQ==</latexit><latexit sha1_base64="6uhQsjb+0yNC6P6DrJqP4YCyJ/A=">AAACB3icbVC7TgJBFJ3FF+ILtdSYjcTEAsmujVqYEG0sIXGFBFYyOzsLI/PYzMyaEEJp4xfY6hdYGVo/ww+w8iccWAoBT3KTk3PuzT05QUyJ0o7zZWUWFpeWV7KrubX1jc2t/PbOnRKJRNhDggpZD6DClHDsaaIprscSQxZQXAu61yO/9oilIoLf6l6MfQbbnEQEQW2k+4dLp9ikodCqyE7cVr7glJwx7HniTkihvD+s/jwdDCut/HczFChhmGtEoVIN14m134dSE0TxINdMFI4h6sI2bhjKIcPK749TD+wjo4R2JKQZru2x+veiD5lSPRaYTQZ1R816I/E/r5Ho6NzvEx4nGnOUPooSamthjyqwQyIx0rRnCESSmKw26kAJkTZFTX1Jk+ZML+5sC/PEOy1dlNyq6ecKpMiCPXAIjoELzkAZ3IAK8AACEryAV/BmPVvv1oc1TFcz1uRmF0zB+vwFPfmdBQ==</latexit><latexit sha1_base64="iaIwxlES+Wc1J8SYDltlgR7kpPw=">AAACB3icbVBLSgNBFOyJvxh/UZduGoPgIoYZN+pCCLpxGcExgWQMPT09SZv+DN09QhhyAU/gVk/gStx6DA/gPewkszCJBQ+Kqvd4RYUJo9q47rdTWFpeWV0rrpc2Nre2d8q7e/dapgoTH0smVStEmjAqiG+oYaSVKIJ4yEgzHFyP/eYTUZpKcWeGCQk46gkaU4yMlR4eL91qh0XS6Co/8brliltzJ4CLxMtJBeRodMs/nUjilBNhMENatz03MUGGlKGYkVGpk2qSIDxAPdK2VCBOdJBNUo/gkVUiGEtlRxg4Uf9eZIhrPeSh3eTI9PW8Nxb/89qpic+DjIokNUTg6aM4ZdBIOK4ARlQRbNjQEoQVtVkh7iOFsLFFzXyZJi3ZXrz5FhaJf1q7qHm3bqV+lRdUBAfgEBwDD5yBOrgBDeADDBR4Aa/gzXl23p0P53O6WnDym30wA+frFw20mVo=</latexit>

k 2 (k, k)
<latexit sha1_base64="luTahE9uytyqwPtYmLIxg8aTTI4=">AAACIXicbVDdSsMwGE3n35x/VS+9CQ5lgoxWBPVu6I2XE6wbrGWkabqFpWlJ0sEoewMfwyfwVp/AK/FOvPY9TLcibvOQwOGc78v35fgJo1JZ1qdRWlpeWV0rr1c2Nre2d8zdvQcZpwITB8csFm0fScIoJ46iipF2IgiKfEZa/uAm91tDIiSN+b0aJcSLUI/TkGKktNQ1jwfQpRzW3JQHROSvZIPxKXT1iYe/wknXrFp1awK4SOyCVEGBZtf8doMYpxHhCjMkZce2EuVlSCiKGRlX3FSSBOEB6pGOphxFRHrZ5D9jeKSVAIax0JcrOFH/dmQoknIU+boyQqov571c/M/rpCq89DLKk1QRjqeDwpRBFcM8HBhQQbBiI00QFlTvCnEfCYSVjnBmynTTis7Fnk9hkThn9au6fXdebVwXAZXBATgENWCDC9AAt6AJHIDBI3gGL+DVeDLejHfjY1paMoqefTAD4+sHplGjzg==</latexit><latexit sha1_base64="luTahE9uytyqwPtYmLIxg8aTTI4=">AAACIXicbVDdSsMwGE3n35x/VS+9CQ5lgoxWBPVu6I2XE6wbrGWkabqFpWlJ0sEoewMfwyfwVp/AK/FOvPY9TLcibvOQwOGc78v35fgJo1JZ1qdRWlpeWV0rr1c2Nre2d8zdvQcZpwITB8csFm0fScIoJ46iipF2IgiKfEZa/uAm91tDIiSN+b0aJcSLUI/TkGKktNQ1jwfQpRzW3JQHROSvZIPxKXT1iYe/wknXrFp1awK4SOyCVEGBZtf8doMYpxHhCjMkZce2EuVlSCiKGRlX3FSSBOEB6pGOphxFRHrZ5D9jeKSVAIax0JcrOFH/dmQoknIU+boyQqov571c/M/rpCq89DLKk1QRjqeDwpRBFcM8HBhQQbBiI00QFlTvCnEfCYSVjnBmynTTis7Fnk9hkThn9au6fXdebVwXAZXBATgENWCDC9AAt6AJHIDBI3gGL+DVeDLejHfjY1paMoqefTAD4+sHplGjzg==</latexit><latexit sha1_base64="luTahE9uytyqwPtYmLIxg8aTTI4=">AAACIXicbVDdSsMwGE3n35x/VS+9CQ5lgoxWBPVu6I2XE6wbrGWkabqFpWlJ0sEoewMfwyfwVp/AK/FOvPY9TLcibvOQwOGc78v35fgJo1JZ1qdRWlpeWV0rr1c2Nre2d8zdvQcZpwITB8csFm0fScIoJ46iipF2IgiKfEZa/uAm91tDIiSN+b0aJcSLUI/TkGKktNQ1jwfQpRzW3JQHROSvZIPxKXT1iYe/wknXrFp1awK4SOyCVEGBZtf8doMYpxHhCjMkZce2EuVlSCiKGRlX3FSSBOEB6pGOphxFRHrZ5D9jeKSVAIax0JcrOFH/dmQoknIU+boyQqov571c/M/rpCq89DLKk1QRjqeDwpRBFcM8HBhQQbBiI00QFlTvCnEfCYSVjnBmynTTis7Fnk9hkThn9au6fXdebVwXAZXBATgENWCDC9AAt6AJHIDBI3gGL+DVeDLejHfjY1paMoqefTAD4+sHplGjzg==</latexit><latexit sha1_base64="luTahE9uytyqwPtYmLIxg8aTTI4=">AAACIXicbVDdSsMwGE3n35x/VS+9CQ5lgoxWBPVu6I2XE6wbrGWkabqFpWlJ0sEoewMfwyfwVp/AK/FOvPY9TLcibvOQwOGc78v35fgJo1JZ1qdRWlpeWV0rr1c2Nre2d8zdvQcZpwITB8csFm0fScIoJ46iipF2IgiKfEZa/uAm91tDIiSN+b0aJcSLUI/TkGKktNQ1jwfQpRzW3JQHROSvZIPxKXT1iYe/wknXrFp1awK4SOyCVEGBZtf8doMYpxHhCjMkZce2EuVlSCiKGRlX3FSSBOEB6pGOphxFRHrZ5D9jeKSVAIax0JcrOFH/dmQoknIU+boyQqov571c/M/rpCq89DLKk1QRjqeDwpRBFcM8HBhQQbBiI00QFlTvCnEfCYSVjnBmynTTis7Fnk9hkThn9au6fXdebVwXAZXBATgENWCDC9AAt6AJHIDBI3gGL+DVeDLejHfjY1paMoqefTAD4+sHplGjzg==</latexit>
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Consensus of Interval Plants on Cycle Graphs
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k G(s)
+

−

Theorem. Let k 2 (k, k) be the range of stabilizing gains for the plant G(s)
and assume the gains �` are given. If the non-zero eigenvalues of the Lapla-
cian matrix L(Cn) belong to the interval (k, k), then the interval plants achieve
consensus, and are robustly stable for any realization of the system.

<latexit sha1_base64="Br6Q7uRTsoNJhwtDO1k5FXcJO6g="></latexit><latexit sha1_base64="Br6Q7uRTsoNJhwtDO1k5FXcJO6g="></latexit><latexit sha1_base64="Br6Q7uRTsoNJhwtDO1k5FXcJO6g="></latexit><latexit sha1_base64="Br6Q7uRTsoNJhwtDO1k5FXcJO6g="></latexit>

Stability Margins of  
Interval Plants

Spectrum of Cycle 
Graph Laplacian
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Consensus of Interval Plants on Cycle Graphs

20

k G(s)
+

−

Spectrum of cycle graphs are known!

Corollary. Let k 2 (k, k) be the range of stabilizing gains for the plant G(s)
and assume the gains �` are given. The interval plants achieve consensus, and
are robustly stable for any realization of the system if

k

k
< 4� sin2(⇡/2n),

where � = 1 if n is odd, or � = cos2(⇡/2n) if n is even.
<latexit sha1_base64="PjzC0QHMA3/p5iZnQU/VXjsxBTw="></latexit><latexit sha1_base64="PjzC0QHMA3/p5iZnQU/VXjsxBTw="></latexit><latexit sha1_base64="PjzC0QHMA3/p5iZnQU/VXjsxBTw="></latexit><latexit sha1_base64="PjzC0QHMA3/p5iZnQU/VXjsxBTw="></latexit>
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Graph Weight Uncertainty

21

Assume edge weights are also uncertain

wij = µ+�
<latexit sha1_base64="1ut7viPVH7DdGOOsBc28AeCjut4="></latexit><latexit sha1_base64="1ut7viPVH7DdGOOsBc28AeCjut4="></latexit><latexit sha1_base64="1ut7viPVH7DdGOOsBc28AeCjut4="></latexit><latexit sha1_base64="1ut7viPVH7DdGOOsBc28AeCjut4="></latexit>

Theorem. Let k 2 (k, k) be the range of stabilizing gains for the plant G(s).
The interval plants achieve consensus, and are robustly stable for any realization
of the systems in the presence of edge weight perturbations for all � satisfying

k

4 sin2(⇡/n)
< � <

k

4�
� µ,

where � = 1 if n is even, or � = cos2(⇡/2n) if n is odd.
<latexit sha1_base64="JEhk8yWlDpXdaE3ydU4oW7bh8LQ="></latexit><latexit sha1_base64="JEhk8yWlDpXdaE3ydU4oW7bh8LQ="></latexit><latexit sha1_base64="JEhk8yWlDpXdaE3ydU4oW7bh8LQ="></latexit><latexit sha1_base64="JEhk8yWlDpXdaE3ydU4oW7bh8LQ="></latexit>
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Concluding Remark
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K1(j!)
<latexit sha1_base64="rViwHhrlCexaoTkD3M3dhKc43vo=">AAACNXicdVDJSgNBFOxxjXFfbl4Gg6AewowI6i3oRfCiYEzACaGn85K06WXofqOEIb/hVT/DX/HiSbz6C3aWg0mwoKG63lZUnAhuMQg+vJnZufmFxdxSfnlldW19Y3Pr3urUMCgzLbSpxtSC4ArKyFFANTFAZSygEncu+/XKExjLtbrDbgI1SVuKNzmj6KTouh4ePEZaQose1jcKQTEYwJ8m4YgUyAg39U1vJ2polkpQyAS19iEMEqxl1CBnAnr5KLWQUNahLXhwVFEJtpYNTPf8fac0/KY27in0B+rfiYxKa7sydp2SYttO1vrifzVsy4nr2DyrZVwlKYJiw+PNVPio/X4qfoMbYCi6jlBmuPPvszY1lKHLbmz70H0+Hyl4xjZoA/Io69/L7oa/nssxnExtmpSPi+fF8PakULoYBZoju2SPHJCQnJISuSI3pEwYScgLeSVv3rv36X1538PWGW80s03G4P38AtjOq8Y=</latexit><latexit sha1_base64="rViwHhrlCexaoTkD3M3dhKc43vo=">AAACNXicdVDJSgNBFOxxjXFfbl4Gg6AewowI6i3oRfCiYEzACaGn85K06WXofqOEIb/hVT/DX/HiSbz6C3aWg0mwoKG63lZUnAhuMQg+vJnZufmFxdxSfnlldW19Y3Pr3urUMCgzLbSpxtSC4ArKyFFANTFAZSygEncu+/XKExjLtbrDbgI1SVuKNzmj6KTouh4ePEZaQose1jcKQTEYwJ8m4YgUyAg39U1vJ2polkpQyAS19iEMEqxl1CBnAnr5KLWQUNahLXhwVFEJtpYNTPf8fac0/KY27in0B+rfiYxKa7sydp2SYttO1vrifzVsy4nr2DyrZVwlKYJiw+PNVPio/X4qfoMbYCi6jlBmuPPvszY1lKHLbmz70H0+Hyl4xjZoA/Io69/L7oa/nssxnExtmpSPi+fF8PakULoYBZoju2SPHJCQnJISuSI3pEwYScgLeSVv3rv36X1538PWGW80s03G4P38AtjOq8Y=</latexit><latexit sha1_base64="rViwHhrlCexaoTkD3M3dhKc43vo=">AAACNXicdVDJSgNBFOxxjXFfbl4Gg6AewowI6i3oRfCiYEzACaGn85K06WXofqOEIb/hVT/DX/HiSbz6C3aWg0mwoKG63lZUnAhuMQg+vJnZufmFxdxSfnlldW19Y3Pr3urUMCgzLbSpxtSC4ArKyFFANTFAZSygEncu+/XKExjLtbrDbgI1SVuKNzmj6KTouh4ePEZaQose1jcKQTEYwJ8m4YgUyAg39U1vJ2polkpQyAS19iEMEqxl1CBnAnr5KLWQUNahLXhwVFEJtpYNTPf8fac0/KY27in0B+rfiYxKa7sydp2SYttO1vrifzVsy4nr2DyrZVwlKYJiw+PNVPio/X4qfoMbYCi6jlBmuPPvszY1lKHLbmz70H0+Hyl4xjZoA/Io69/L7oa/nssxnExtmpSPi+fF8PakULoYBZoju2SPHJCQnJISuSI3pEwYScgLeSVv3rv36X1538PWGW80s03G4P38AtjOq8Y=</latexit><latexit sha1_base64="rViwHhrlCexaoTkD3M3dhKc43vo=">AAACNXicdVDJSgNBFOxxjXFfbl4Gg6AewowI6i3oRfCiYEzACaGn85K06WXofqOEIb/hVT/DX/HiSbz6C3aWg0mwoKG63lZUnAhuMQg+vJnZufmFxdxSfnlldW19Y3Pr3urUMCgzLbSpxtSC4ArKyFFANTFAZSygEncu+/XKExjLtbrDbgI1SVuKNzmj6KTouh4ePEZaQose1jcKQTEYwJ8m4YgUyAg39U1vJ2polkpQyAS19iEMEqxl1CBnAnr5KLWQUNahLXhwVFEJtpYNTPf8fac0/KY27in0B+rfiYxKa7sydp2SYttO1vrifzVsy4nr2DyrZVwlKYJiw+PNVPio/X4qfoMbYCi6jlBmuPPvszY1lKHLbmz70H0+Hyl4xjZoA/Io69/L7oa/nssxnExtmpSPi+fF8PakULoYBZoju2SPHJCQnJISuSI3pEwYScgLeSVv3rv36X1538PWGW80s03G4P38AtjOq8Y=</latexit>
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<latexit sha1_base64="y/rtNqvOH/ioLiAg+oUm33Lspa8=">AAACNXicdVDJSgNBFOxxjXGLy83LYBDUQ5gJgnoTvQheIhgjZELo6bwkbXoZut8oYchveNXP8Fe8eBKv/oKd5aARCxqq621FxYngFoPgzZuZnZtfWMwt5ZdXVtfWCxubt1anhkGVaaHNXUwtCK6gihwF3CUGqIwF1OLexbBeewBjuVY32E+gIWlH8TZnFJ0UXTXL+/eRltChB81CMSgFI/h/STghRTJBpbnhbUctzVIJCpmg1tbDIMFGRg1yJmCQj1ILCWU92oG6o4pKsI1sZHrg7zml5be1cU+hP1J/TmRUWtuXseuUFLt2ujYU/6thV05dx/ZJI+MqSREUGx9vp8JH7Q9T8VvcAEPRd4Qyw51/n3WpoQxddr+2j93n85GCR+yCNiAPs+G97Gb8G7gcw+nU/pJquXRaCq+Pimfnk0BzZIfskn0SkmNyRi5JhVQJIwl5Is/kxXv13r0P73PcOuNNZrbIL3hf39qdq8c=</latexit><latexit sha1_base64="y/rtNqvOH/ioLiAg+oUm33Lspa8=">AAACNXicdVDJSgNBFOxxjXGLy83LYBDUQ5gJgnoTvQheIhgjZELo6bwkbXoZut8oYchveNXP8Fe8eBKv/oKd5aARCxqq621FxYngFoPgzZuZnZtfWMwt5ZdXVtfWCxubt1anhkGVaaHNXUwtCK6gihwF3CUGqIwF1OLexbBeewBjuVY32E+gIWlH8TZnFJ0UXTXL+/eRltChB81CMSgFI/h/STghRTJBpbnhbUctzVIJCpmg1tbDIMFGRg1yJmCQj1ILCWU92oG6o4pKsI1sZHrg7zml5be1cU+hP1J/TmRUWtuXseuUFLt2ujYU/6thV05dx/ZJI+MqSREUGx9vp8JH7Q9T8VvcAEPRd4Qyw51/n3WpoQxddr+2j93n85GCR+yCNiAPs+G97Gb8G7gcw+nU/pJquXRaCq+Pimfnk0BzZIfskn0SkmNyRi5JhVQJIwl5Is/kxXv13r0P73PcOuNNZrbIL3hf39qdq8c=</latexit><latexit sha1_base64="y/rtNqvOH/ioLiAg+oUm33Lspa8=">AAACNXicdVDJSgNBFOxxjXGLy83LYBDUQ5gJgnoTvQheIhgjZELo6bwkbXoZut8oYchveNXP8Fe8eBKv/oKd5aARCxqq621FxYngFoPgzZuZnZtfWMwt5ZdXVtfWCxubt1anhkGVaaHNXUwtCK6gihwF3CUGqIwF1OLexbBeewBjuVY32E+gIWlH8TZnFJ0UXTXL+/eRltChB81CMSgFI/h/STghRTJBpbnhbUctzVIJCpmg1tbDIMFGRg1yJmCQj1ILCWU92oG6o4pKsI1sZHrg7zml5be1cU+hP1J/TmRUWtuXseuUFLt2ujYU/6thV05dx/ZJI+MqSREUGx9vp8JH7Q9T8VvcAEPRd4Qyw51/n3WpoQxddr+2j93n85GCR+yCNiAPs+G97Gb8G7gcw+nU/pJquXRaCq+Pimfnk0BzZIfskn0SkmNyRi5JhVQJIwl5Is/kxXv13r0P73PcOuNNZrbIL3hf39qdq8c=</latexit><latexit sha1_base64="y/rtNqvOH/ioLiAg+oUm33Lspa8=">AAACNXicdVDJSgNBFOxxjXGLy83LYBDUQ5gJgnoTvQheIhgjZELo6bwkbXoZut8oYchveNXP8Fe8eBKv/oKd5aARCxqq621FxYngFoPgzZuZnZtfWMwt5ZdXVtfWCxubt1anhkGVaaHNXUwtCK6gihwF3CUGqIwF1OLexbBeewBjuVY32E+gIWlH8TZnFJ0UXTXL+/eRltChB81CMSgFI/h/STghRTJBpbnhbUctzVIJCpmg1tbDIMFGRg1yJmCQj1ILCWU92oG6o4pKsI1sZHrg7zml5be1cU+hP1J/TmRUWtuXseuUFLt2ujYU/6thV05dx/ZJI+MqSREUGx9vp8JH7Q9T8VvcAEPRd4Qyw51/n3WpoQxddr+2j93n85GCR+yCNiAPs+G97Gb8G7gcw+nU/pJquXRaCq+Pimfnk0BzZIfskn0SkmNyRi5JhVQJIwl5Is/kxXv13r0P73PcOuNNZrbIL3hf39qdq8c=</latexit>
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<latexit sha1_base64="WfC4nC4gc8I1NiOKsEVCQCvQg3o=">AAACNXicdVDJSgNBFOyJe9yXm5fBIEQPYUYF9Rb0IniJYIzghNDTeUlaexm63yhhyG941c/wV7x4Eq/+gp3loAkWNFTX24qKE8EtBsG7l5uanpmdm1/ILy4tr6yurW/cWJ0aBlWmhTa3MbUguIIqchRwmxigMhZQix/O+/XaIxjLtbrGbgJ1SduKtzij6KTosnFYvI+0hDbda6wVglIwgD9JwhEpkBEqjXVvK2pqlkpQyAS19i4MEqxn1CBnAnr5KLWQUPZA23DnqKISbD0bmO75u05p+i1t3FPoD9TfExmV1nZl7DolxY4dr/XF/2rYkWPXsXVSz7hKUgTFhsdbqfBR+/1U/CY3wFB0HaHMcOffZx1qKEOX3Z/tQ/f5fKTgCTugDcj9rH8vux7+ei7HcDy1SVI9KJ2WwqujQvlsFOg82SY7pEhCckzK5IJUSJUwkpBn8kJevTfvw/v0voatOW80s0n+wPv+Adxsq8g=</latexit><latexit sha1_base64="WfC4nC4gc8I1NiOKsEVCQCvQg3o=">AAACNXicdVDJSgNBFOyJe9yXm5fBIEQPYUYF9Rb0IniJYIzghNDTeUlaexm63yhhyG941c/wV7x4Eq/+gp3loAkWNFTX24qKE8EtBsG7l5uanpmdm1/ILy4tr6yurW/cWJ0aBlWmhTa3MbUguIIqchRwmxigMhZQix/O+/XaIxjLtbrGbgJ1SduKtzij6KTosnFYvI+0hDbda6wVglIwgD9JwhEpkBEqjXVvK2pqlkpQyAS19i4MEqxn1CBnAnr5KLWQUPZA23DnqKISbD0bmO75u05p+i1t3FPoD9TfExmV1nZl7DolxY4dr/XF/2rYkWPXsXVSz7hKUgTFhsdbqfBR+/1U/CY3wFB0HaHMcOffZx1qKEOX3Z/tQ/f5fKTgCTugDcj9rH8vux7+ei7HcDy1SVI9KJ2WwqujQvlsFOg82SY7pEhCckzK5IJUSJUwkpBn8kJevTfvw/v0voatOW80s0n+wPv+Adxsq8g=</latexit><latexit sha1_base64="WfC4nC4gc8I1NiOKsEVCQCvQg3o=">AAACNXicdVDJSgNBFOyJe9yXm5fBIEQPYUYF9Rb0IniJYIzghNDTeUlaexm63yhhyG941c/wV7x4Eq/+gp3loAkWNFTX24qKE8EtBsG7l5uanpmdm1/ILy4tr6yurW/cWJ0aBlWmhTa3MbUguIIqchRwmxigMhZQix/O+/XaIxjLtbrGbgJ1SduKtzij6KTosnFYvI+0hDbda6wVglIwgD9JwhEpkBEqjXVvK2pqlkpQyAS19i4MEqxn1CBnAnr5KLWQUPZA23DnqKISbD0bmO75u05p+i1t3FPoD9TfExmV1nZl7DolxY4dr/XF/2rYkWPXsXVSz7hKUgTFhsdbqfBR+/1U/CY3wFB0HaHMcOffZx1qKEOX3Z/tQ/f5fKTgCTugDcj9rH8vux7+ei7HcDy1SVI9KJ2WwqujQvlsFOg82SY7pEhCckzK5IJUSJUwkpBn8kJevTfvw/v0voatOW80s0n+wPv+Adxsq8g=</latexit><latexit sha1_base64="WfC4nC4gc8I1NiOKsEVCQCvQg3o=">AAACNXicdVDJSgNBFOyJe9yXm5fBIEQPYUYF9Rb0IniJYIzghNDTeUlaexm63yhhyG941c/wV7x4Eq/+gp3loAkWNFTX24qKE8EtBsG7l5uanpmdm1/ILy4tr6yurW/cWJ0aBlWmhTa3MbUguIIqchRwmxigMhZQix/O+/XaIxjLtbrGbgJ1SduKtzij6KTosnFYvI+0hDbda6wVglIwgD9JwhEpkBEqjXVvK2pqlkpQyAS19i4MEqxn1CBnAnr5KLWQUPZA23DnqKISbD0bmO75u05p+i1t3FPoD9TfExmV1nZl7DolxY4dr/XF/2rYkWPXsXVSz7hKUgTFhsdbqfBR+/1U/CY3wFB0HaHMcOffZx1qKEOX3Z/tQ/f5fKTgCTugDcj9rH8vux7+ei7HcDy1SVI9KJ2WwqujQvlsFOg82SY7pEhCckzK5IJUSJUwkpBn8kJevTfvw/v0voatOW80s0n+wPv+Adxsq8g=</latexit>

K4(j!)
<latexit sha1_base64="GMBzbLBBmxrf7KWLcT7xWPU71sc=">AAACNXicdVC7SgNBFJ31bXwlamezGAS1CLsSULugjWCjYIyQDWF2cpOMmccyc1cJS37DVj/DX7GxElt/wcmj0IgHBs6c+zqcOBHcYhC8eTOzc/MLi0vLuZXVtfWNfGHz1urUMKgyLbS5i6kFwRVUkaOAu8QAlbGAWtw7H9ZrD2As1+oG+wk0JO0o3uaMopOiy2Z5/z7SEjr0oJkvBqVgBP8vCSekSCa4aha87ailWSpBIRPU2noYJNjIqEHOBAxyUWohoaxHO1B3VFEJtpGNTA/8Pae0/LY27in0R+rPiYxKa/sydp2SYtdO14bifzXsyqnr2D5pZFwlKYJi4+PtVPio/WEqfosbYCj6jlBmuPPvsy41lKHL7tf2sftcLlLwiF3QBuRhNryX3Yx/A5djOJ3aX1I9Kp2WwutysXI2CXSJ7JBdsk9Cckwq5IJckSphJCFP5Jm8eK/eu/fhfY5bZ7zJzBb5Be/rG947q8k=</latexit><latexit sha1_base64="GMBzbLBBmxrf7KWLcT7xWPU71sc=">AAACNXicdVC7SgNBFJ31bXwlamezGAS1CLsSULugjWCjYIyQDWF2cpOMmccyc1cJS37DVj/DX7GxElt/wcmj0IgHBs6c+zqcOBHcYhC8eTOzc/MLi0vLuZXVtfWNfGHz1urUMKgyLbS5i6kFwRVUkaOAu8QAlbGAWtw7H9ZrD2As1+oG+wk0JO0o3uaMopOiy2Z5/z7SEjr0oJkvBqVgBP8vCSekSCa4aha87ailWSpBIRPU2noYJNjIqEHOBAxyUWohoaxHO1B3VFEJtpGNTA/8Pae0/LY27in0R+rPiYxKa/sydp2SYtdO14bifzXsyqnr2D5pZFwlKYJi4+PtVPio/WEqfosbYCj6jlBmuPPvsy41lKHL7tf2sftcLlLwiF3QBuRhNryX3Yx/A5djOJ3aX1I9Kp2WwutysXI2CXSJ7JBdsk9Cckwq5IJckSphJCFP5Jm8eK/eu/fhfY5bZ7zJzBb5Be/rG947q8k=</latexit><latexit sha1_base64="GMBzbLBBmxrf7KWLcT7xWPU71sc=">AAACNXicdVC7SgNBFJ31bXwlamezGAS1CLsSULugjWCjYIyQDWF2cpOMmccyc1cJS37DVj/DX7GxElt/wcmj0IgHBs6c+zqcOBHcYhC8eTOzc/MLi0vLuZXVtfWNfGHz1urUMKgyLbS5i6kFwRVUkaOAu8QAlbGAWtw7H9ZrD2As1+oG+wk0JO0o3uaMopOiy2Z5/z7SEjr0oJkvBqVgBP8vCSekSCa4aha87ailWSpBIRPU2noYJNjIqEHOBAxyUWohoaxHO1B3VFEJtpGNTA/8Pae0/LY27in0R+rPiYxKa/sydp2SYtdO14bifzXsyqnr2D5pZFwlKYJi4+PtVPio/WEqfosbYCj6jlBmuPPvsy41lKHL7tf2sftcLlLwiF3QBuRhNryX3Yx/A5djOJ3aX1I9Kp2WwutysXI2CXSJ7JBdsk9Cckwq5IJckSphJCFP5Jm8eK/eu/fhfY5bZ7zJzBb5Be/rG947q8k=</latexit><latexit sha1_base64="GMBzbLBBmxrf7KWLcT7xWPU71sc=">AAACNXicdVC7SgNBFJ31bXwlamezGAS1CLsSULugjWCjYIyQDWF2cpOMmccyc1cJS37DVj/DX7GxElt/wcmj0IgHBs6c+zqcOBHcYhC8eTOzc/MLi0vLuZXVtfWNfGHz1urUMKgyLbS5i6kFwRVUkaOAu8QAlbGAWtw7H9ZrD2As1+oG+wk0JO0o3uaMopOiy2Z5/z7SEjr0oJkvBqVgBP8vCSekSCa4aha87ailWSpBIRPU2noYJNjIqEHOBAxyUWohoaxHO1B3VFEJtpGNTA/8Pae0/LY27in0R+rPiYxKa/sydp2SYtdO14bifzXsyqnr2D5pZFwlKYJi4+PtVPio/WEqfosbYCj6jlBmuPPvsy41lKHL7tf2sftcLlLwiF3QBuRhNryX3Yx/A5djOJ3aX1I9Kp2WwutysXI2CXSJ7JBdsk9Cckwq5IJckSphJCFP5Jm8eK/eu/fhfY5bZ7zJzBb5Be/rG947q8k=</latexit>

Re[I(j!)]
<latexit sha1_base64="W55i5HtWosix58mJ2lBIMaRqs2A=">AAACE3icbVDLSsNAFJ3UV62vqBvBTbAIdVMSEdRd0Y3uqhhbSEKZTG/asZMHMxOhhPoZfoFb/QJX4tYP8AP8DydtFrb1wMDhnHu5Z46fMCqkaX5rpYXFpeWV8mplbX1jc0vf3rkXccoJ2CRmMW/7WACjEdiSSgbthAMOfQYtf3CZ+61H4ILG0Z0cJuCFuBfRgBIsldTR927BcUMs+wSz7HpUe3DjEHr4yOvoVbNujmHME6sgVVSg2dF/3G5M0hAiSRgWwrHMRHoZ5pISBqOKmwpIMBngHjiKRjgE4WXjH4yMQ6V0jSDm6kXSGKt/NzIcCjEMfTWZhxWzXi7+5zmpDM68jEZJKiEik0NBygwZG3kdRpdyIJINFcGEU5XVIH3MMZGqtKkrk6QV1Ys128I8sY/r53Xr5qTauCgKKqN9dIBqyEKnqIGuUBPZiKAn9IJe0Zv2rL1rH9rnZLSkFTu7aAra1y98k559</latexit><latexit sha1_base64="W55i5HtWosix58mJ2lBIMaRqs2A=">AAACE3icbVDLSsNAFJ3UV62vqBvBTbAIdVMSEdRd0Y3uqhhbSEKZTG/asZMHMxOhhPoZfoFb/QJX4tYP8AP8DydtFrb1wMDhnHu5Z46fMCqkaX5rpYXFpeWV8mplbX1jc0vf3rkXccoJ2CRmMW/7WACjEdiSSgbthAMOfQYtf3CZ+61H4ILG0Z0cJuCFuBfRgBIsldTR927BcUMs+wSz7HpUe3DjEHr4yOvoVbNujmHME6sgVVSg2dF/3G5M0hAiSRgWwrHMRHoZ5pISBqOKmwpIMBngHjiKRjgE4WXjH4yMQ6V0jSDm6kXSGKt/NzIcCjEMfTWZhxWzXi7+5zmpDM68jEZJKiEik0NBygwZG3kdRpdyIJINFcGEU5XVIH3MMZGqtKkrk6QV1Ys128I8sY/r53Xr5qTauCgKKqN9dIBqyEKnqIGuUBPZiKAn9IJe0Zv2rL1rH9rnZLSkFTu7aAra1y98k559</latexit><latexit sha1_base64="W55i5HtWosix58mJ2lBIMaRqs2A=">AAACE3icbVDLSsNAFJ3UV62vqBvBTbAIdVMSEdRd0Y3uqhhbSEKZTG/asZMHMxOhhPoZfoFb/QJX4tYP8AP8DydtFrb1wMDhnHu5Z46fMCqkaX5rpYXFpeWV8mplbX1jc0vf3rkXccoJ2CRmMW/7WACjEdiSSgbthAMOfQYtf3CZ+61H4ILG0Z0cJuCFuBfRgBIsldTR927BcUMs+wSz7HpUe3DjEHr4yOvoVbNujmHME6sgVVSg2dF/3G5M0hAiSRgWwrHMRHoZ5pISBqOKmwpIMBngHjiKRjgE4WXjH4yMQ6V0jSDm6kXSGKt/NzIcCjEMfTWZhxWzXi7+5zmpDM68jEZJKiEik0NBygwZG3kdRpdyIJINFcGEU5XVIH3MMZGqtKkrk6QV1Ys128I8sY/r53Xr5qTauCgKKqN9dIBqyEKnqIGuUBPZiKAn9IJe0Zv2rL1rH9rnZLSkFTu7aAra1y98k559</latexit><latexit sha1_base64="W55i5HtWosix58mJ2lBIMaRqs2A=">AAACE3icbVDLSsNAFJ3UV62vqBvBTbAIdVMSEdRd0Y3uqhhbSEKZTG/asZMHMxOhhPoZfoFb/QJX4tYP8AP8DydtFrb1wMDhnHu5Z46fMCqkaX5rpYXFpeWV8mplbX1jc0vf3rkXccoJ2CRmMW/7WACjEdiSSgbthAMOfQYtf3CZ+61H4ILG0Z0cJuCFuBfRgBIsldTR927BcUMs+wSz7HpUe3DjEHr4yOvoVbNujmHME6sgVVSg2dF/3G5M0hAiSRgWwrHMRHoZ5pISBqOKmwpIMBngHjiKRjgE4WXjH4yMQ6V0jSDm6kXSGKt/NzIcCjEMfTWZhxWzXi7+5zmpDM68jEZJKiEik0NBygwZG3kdRpdyIJINFcGEU5XVIH3MMZGqtKkrk6QV1Ys128I8sY/r53Xr5qTauCgKKqN9dIBqyEKnqIGuUBPZiKAn9IJe0Zv2rL1rH9rnZLSkFTu7aAra1y98k559</latexit>

Im[I(j!)]
<latexit sha1_base64="yXLLerCnj1sB+n0rSNcD7ESNhEY=">AAACE3icbVDNSsNAGNzUv1r/ol4EL8Ei1EtJRFBvRS/2VsHYQhLKZrtp1+5uwu5GKKE+hk/gVZ/Ak3j1AXwA38NNm4NtHVgYZr6Pb3bChBKpbPvbKC0tr6yuldcrG5tb2zvm7t69jFOBsItiGotOCCWmhGNXEUVxJxEYspDidji8zv32IxaSxPxOjRIcMNjnJCIIKi11zYMm83wG1QBBmjXHtQc/ZrgPT4KuWbXr9gTWInEKUgUFWl3zx+/FKGWYK0ShlJ5jJyrIoFAEUTyu+KnECURD2MeephwyLINs8oOxdayVnhXFQj+urIn6dyODTMoRC/VkHlbOe7n4n+elKroIMsKTVGGOpoeilFoqtvI6rB4RGCk60gQiQXRWCw2ggEjp0mauTJNWdC/OfAuLxD2tX9ad27Nq46ooqAwOwRGoAQecgwa4AS3gAgSewAt4BW/Gs/FufBif09GSUezsgxkYX7963p58</latexit><latexit sha1_base64="yXLLerCnj1sB+n0rSNcD7ESNhEY=">AAACE3icbVDNSsNAGNzUv1r/ol4EL8Ei1EtJRFBvRS/2VsHYQhLKZrtp1+5uwu5GKKE+hk/gVZ/Ak3j1AXwA38NNm4NtHVgYZr6Pb3bChBKpbPvbKC0tr6yuldcrG5tb2zvm7t69jFOBsItiGotOCCWmhGNXEUVxJxEYspDidji8zv32IxaSxPxOjRIcMNjnJCIIKi11zYMm83wG1QBBmjXHtQc/ZrgPT4KuWbXr9gTWInEKUgUFWl3zx+/FKGWYK0ShlJ5jJyrIoFAEUTyu+KnECURD2MeephwyLINs8oOxdayVnhXFQj+urIn6dyODTMoRC/VkHlbOe7n4n+elKroIMsKTVGGOpoeilFoqtvI6rB4RGCk60gQiQXRWCw2ggEjp0mauTJNWdC/OfAuLxD2tX9ad27Nq46ooqAwOwRGoAQecgwa4AS3gAgSewAt4BW/Gs/FufBif09GSUezsgxkYX7963p58</latexit><latexit sha1_base64="yXLLerCnj1sB+n0rSNcD7ESNhEY=">AAACE3icbVDNSsNAGNzUv1r/ol4EL8Ei1EtJRFBvRS/2VsHYQhLKZrtp1+5uwu5GKKE+hk/gVZ/Ak3j1AXwA38NNm4NtHVgYZr6Pb3bChBKpbPvbKC0tr6yuldcrG5tb2zvm7t69jFOBsItiGotOCCWmhGNXEUVxJxEYspDidji8zv32IxaSxPxOjRIcMNjnJCIIKi11zYMm83wG1QBBmjXHtQc/ZrgPT4KuWbXr9gTWInEKUgUFWl3zx+/FKGWYK0ShlJ5jJyrIoFAEUTyu+KnECURD2MeephwyLINs8oOxdayVnhXFQj+urIn6dyODTMoRC/VkHlbOe7n4n+elKroIMsKTVGGOpoeilFoqtvI6rB4RGCk60gQiQXRWCw2ggEjp0mauTJNWdC/OfAuLxD2tX9ad27Nq46ooqAwOwRGoAQecgwa4AS3gAgSewAt4BW/Gs/FufBif09GSUezsgxkYX7963p58</latexit><latexit sha1_base64="yXLLerCnj1sB+n0rSNcD7ESNhEY=">AAACE3icbVDNSsNAGNzUv1r/ol4EL8Ei1EtJRFBvRS/2VsHYQhLKZrtp1+5uwu5GKKE+hk/gVZ/Ak3j1AXwA38NNm4NtHVgYZr6Pb3bChBKpbPvbKC0tr6yuldcrG5tb2zvm7t69jFOBsItiGotOCCWmhGNXEUVxJxEYspDidji8zv32IxaSxPxOjRIcMNjnJCIIKi11zYMm83wG1QBBmjXHtQc/ZrgPT4KuWbXr9gTWInEKUgUFWl3zx+/FKGWYK0ShlJ5jJyrIoFAEUTyu+KnECURD2MeephwyLINs8oOxdayVnhXFQj+urIn6dyODTMoRC/VkHlbOe7n4n+elKroIMsKTVGGOpoeilFoqtvI6rB4RGCk60gQiQXRWCw2ggEjp0mauTJNWdC/OfAuLxD2tX9ad27Nq46ooqAwOwRGoAQecgwa4AS3gAgSewAt4BW/Gs/FufBif09GSUezsgxkYX7963p58</latexit>

k G(s)
+

−

consensus of interval plants 
- Kharitonov’s Theorem 
- uncertainty bounds and spectral properties of Cycle graph 
- design methods and robustnesss analysis

future work 
- consider more general graph structures 
- extend to directed graphs 

D. Mukherjee and D. Zelazo, “Consensus of Higher Order Agents: Robustness and 
Heterogeneity,” IEEE Transactions on the Control of Network Systems, (under review).
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