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How do (robust) oscillations emerge from 
network interactions between non-oscillating 

units?



Attractor networks are good at isolating the role of connectivity
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<latexit sha1_base64="gvVHWLUFwu/XGWwUOYakSdFs4dE=">AAABdXicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKBVfEZ8YLKBvoGYCBAibDEMpQdhALvJe51ulIQLxAbExKfnJpbmpeSXJOYnFxtKFBQUlsdWJRSWZyTmotV0xpcWpBYnJ2YnpqdWJucW5iSQaGYHFlbhKGYFp+XklxLdA9hui2YzLCjPQMzfTMAoEOc2KAAA4GaQYlBg0GQwZzBgcGD4YAhlCGZIZ0hl6GaQzTGb4zyjKqMKpBlDIxQvUIM6AARn0AywJkTQ==</latexit>xi
<latexit sha1_base64="TrpMAyDeZUjB2zbPTocJtASdn6c=">AAABdXicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKBVfEZ8ULKBvoGYCBAibDEMpQdlD5uu1wGfe3gHiB2JiU/OTS3NS8kuScxOLiaEODgpLY6sSikszknNRarpjS4tSCxOTsxPTU6sTc4tzEkgwMweLK3CQMwbT8vJLiWqB7DNFtx2SEGekZmumZBQId5sQAARwM0gxKDBoMhgzmDA4MHgwBDKEMyQzpDL0M0ximM3xnlGVUYVSDKGVihOoRZkABjPoAYnFk9g==</latexit>xj

<latexit sha1_base64="ef30PrU+sy/7l9EreP+eZl5/h5Q=">AAABeHicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKhYXHV2dm1cYLKBvoGYCBAibDEMpQdlD5uu1wGfe3gHiB2JiU/OTS3NS8kuScxOLiaEODgpLY6sSikszknNRarpjS4tSCxOTsxPTU6sTc4tzEkgwMweLK3CQMwbT8vJJikHsM0W3HZIQZ6Rma6ZkFAh3mxAABHAzSDEoMGgyGDOYMDgweDAEMoQzJDFkMExhmMsxi+MWowKjOqAlRysQI1SPMgAIYjQAnO2ZU</latexit>

Wij

<latexit sha1_base64="/ENXkFC3Wb119ZhmAl9UONcRDMo=">AAABc3icSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKBYbHCygb6BmAgQImwxDKULY/zmVbsPg6V0C8QGxMSn5yaW5qXklyTmJxcbShQUFJbHViUUlmck5qLVdMaXFqQWJydmJ6anVibnFuYkkGhmBxZW4ShmBafl5JcS3QPYbotmMywoz0DM30zAINlB2cGCCAg0GaQYlBg8GQwZzBgcGDIYAhlCGZIZWhm2EKw1SGr4zSjEqMKhClTIxQPcIMKIBRFwA262Lw</latexit>

W

AI Wiki

<latexit sha1_base64="JBLWXgNMOSXTzfaoaVITPNrGyuw=">AAABu3icZY7LSsNAFIZP6q3WW9Slm2A3lWJJXNRVsOhCwU0FewGnhsl00k46uTAzKZaQtU/jQ/gMXQn6IoJgtN1o/s35+M/5Ob8bcyaVab5ppZXVtfWN8mZla3tnd0/fP+jKKBGEdkjEI9F3saSchbSjmOK0HwuKA5fTnju5+tn3plRIFoX3ahbTQYBHIfMYwSq3HP0aeQKTdGg8OSzLh8rs0xzraIpFPGaIU0/VkEwCJ/VtK3sMjZ6TMsPP8oBfdx2GBBuN1YmjV82G+SujCNYSqq3br+eLz9d529EHaBiRJKChIhxL+WCZsRqkWChGOM0qKJE0xmSCRzTFgQywGhdMOQvcgulFoZJZ3sf6/70I3bOG1Ww07/Jil7BQGY7gGGpgwTm04Aba0AECLzCHd/jQbI1ovsYXpyVtmTmEP9KSbx9SgHY=</latexit>

dxi
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= �xi + '

0
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1

A

Adapted from: Khona & Fiete, 2022, Attractor and integrator networks



Attractor networks are good at isolating the role of connectivity

Recurrent dynamical network 

<latexit sha1_base64="JBLWXgNMOSXTzfaoaVITPNrGyuw=">AAABu3icZY7LSsNAFIZP6q3WW9Slm2A3lWJJXNRVsOhCwU0FewGnhsl00k46uTAzKZaQtU/jQ/gMXQn6IoJgtN1o/s35+M/5Ob8bcyaVab5ppZXVtfWN8mZla3tnd0/fP+jKKBGEdkjEI9F3saSchbSjmOK0HwuKA5fTnju5+tn3plRIFoX3ahbTQYBHIfMYwSq3HP0aeQKTdGg8OSzLh8rs0xzraIpFPGaIU0/VkEwCJ/VtK3sMjZ6TMsPP8oBfdx2GBBuN1YmjV82G+SujCNYSqq3br+eLz9d529EHaBiRJKChIhxL+WCZsRqkWChGOM0qKJE0xmSCRzTFgQywGhdMOQvcgulFoZJZ3sf6/70I3bOG1Ww07/Jil7BQGY7gGGpgwTm04Aba0AECLzCHd/jQbI1ovsYXpyVtmTmEP9KSbx9SgHY=</latexit>
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<latexit sha1_base64="gvVHWLUFwu/XGWwUOYakSdFs4dE=">AAABdXicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKBVfEZ8YLKBvoGYCBAibDEMpQdhALvJe51ulIQLxAbExKfnJpbmpeSXJOYnFxtKFBQUlsdWJRSWZyTmotV0xpcWpBYnJ2YnpqdWJucW5iSQaGYHFlbhKGYFp+XklxLdA9hui2YzLCjPQMzfTMAoEOc2KAAA4GaQYlBg0GQwZzBgcGD4YAhlCGZIZ0hl6GaQzTGb4zyjKqMKpBlDIxQvUIM6AARn0AywJkTQ==</latexit>xi
<latexit sha1_base64="TrpMAyDeZUjB2zbPTocJtASdn6c=">AAABdXicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKBVfEZ8ULKBvoGYCBAibDEMpQdlD5uu1wGfe3gHiB2JiU/OTS3NS8kuScxOLiaEODgpLY6sSikszknNRarpjS4tSCxOTsxPTU6sTc4tzEkgwMweLK3CQMwbT8vJLiWqB7DNFtx2SEGekZmumZBQId5sQAARwM0gxKDBoMhgzmDA4MHgwBDKEMyQzpDL0M0ximM3xnlGVUYVSDKGVihOoRZkABjPoAYnFk9g==</latexit>xj

<latexit sha1_base64="ef30PrU+sy/7l9EreP+eZl5/h5Q=">AAABeHicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKhYXHV2dm1cYLKBvoGYCBAibDEMpQdlD5uu1wGfe3gHiB2JiU/OTS3NS8kuScxOLiaEODgpLY6sSikszknNRarpjS4tSCxOTsxPTU6sTc4tzEkgwMweLK3CQMwbT8vJJikHsM0W3HZIQZ6Rma6ZkFAh3mxAABHAzSDEoMGgyGDOYMDgweDAEMoQzJDFkMExhmMsxi+MWowKjOqAlRysQI1SPMgAIYjQAnO2ZU</latexit>

Wij

<latexit sha1_base64="/ENXkFC3Wb119ZhmAl9UONcRDMo=">AAABc3icSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKBYbHCygb6BmAgQImwxDKULY/zmVbsPg6V0C8QGxMSn5yaW5qXklyTmJxcbShQUFJbHViUUlmck5qLVdMaXFqQWJydmJ6anVibnFuYkkGhmBxZW4ShmBafl5JcS3QPYbotmMywoz0DM30zAINlB2cGCCAg0GaQYlBg8GQwZzBgcGDIYAhlCGZIZWhm2EKw1SGr4zSjEqMKhClTIxQPcIMKIBRFwA262Lw</latexit>

W

Adapted from: Khona & Fiete, 2022, Attractor and integrator networks



Attractors are widely used in neuroscience as representations 
of cognitive processes

Adapted from: Khona & Fiete, 2022, Attractor and integrator networks

Recurrent dynamical network 

<latexit sha1_base64="JBLWXgNMOSXTzfaoaVITPNrGyuw=">AAABu3icZY7LSsNAFIZP6q3WW9Slm2A3lWJJXNRVsOhCwU0FewGnhsl00k46uTAzKZaQtU/jQ/gMXQn6IoJgtN1o/s35+M/5Ob8bcyaVab5ppZXVtfWN8mZla3tnd0/fP+jKKBGEdkjEI9F3saSchbSjmOK0HwuKA5fTnju5+tn3plRIFoX3ahbTQYBHIfMYwSq3HP0aeQKTdGg8OSzLh8rs0xzraIpFPGaIU0/VkEwCJ/VtK3sMjZ6TMsPP8oBfdx2GBBuN1YmjV82G+SujCNYSqq3br+eLz9d529EHaBiRJKChIhxL+WCZsRqkWChGOM0qKJE0xmSCRzTFgQywGhdMOQvcgulFoZJZ3sf6/70I3bOG1Ww07/Jil7BQGY7gGGpgwTm04Aba0AECLzCHd/jQbI1ovsYXpyVtmTmEP9KSbx9SgHY=</latexit>
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<latexit sha1_base64="gvVHWLUFwu/XGWwUOYakSdFs4dE=">AAABdXicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKBVfEZ8YLKBvoGYCBAibDEMpQdhALvJe51ulIQLxAbExKfnJpbmpeSXJOYnFxtKFBQUlsdWJRSWZyTmotV0xpcWpBYnJ2YnpqdWJucW5iSQaGYHFlbhKGYFp+XklxLdA9hui2YzLCjPQMzfTMAoEOc2KAAA4GaQYlBg0GQwZzBgcGD4YAhlCGZIZ0hl6GaQzTGb4zyjKqMKpBlDIxQvUIM6AARn0AywJkTQ==</latexit>xi
<latexit sha1_base64="TrpMAyDeZUjB2zbPTocJtASdn6c=">AAABdXicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKBVfEZ8ULKBvoGYCBAibDEMpQdlD5uu1wGfe3gHiB2JiU/OTS3NS8kuScxOLiaEODgpLY6sSikszknNRarpjS4tSCxOTsxPTU6sTc4tzEkgwMweLK3CQMwbT8vJLiWqB7DNFtx2SEGekZmumZBQId5sQAARwM0gxKDBoMhgzmDA4MHgwBDKEMyQzpDL0M0ximM3xnlGVUYVSDKGVihOoRZkABjPoAYnFk9g==</latexit>xj

<latexit sha1_base64="ef30PrU+sy/7l9EreP+eZl5/h5Q=">AAABeHicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKhYXHV2dm1cYLKBvoGYCBAibDEMpQdlD5uu1wGfe3gHiB2JiU/OTS3NS8kuScxOLiaEODgpLY6sSikszknNRarpjS4tSCxOTsxPTU6sTc4tzEkgwMweLK3CQMwbT8vJJikHsM0W3HZIQZ6Rma6ZkFAh3mxAABHAzSDEoMGgyGDOYMDgweDAEMoQzJDFkMExhmMsxi+MWowKjOqAlRysQI1SPMgAIYjQAnO2ZU</latexit>

Wij

<latexit sha1_base64="/ENXkFC3Wb119ZhmAl9UONcRDMo=">AAABc3icSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKBYbHCygb6BmAgQImwxDKULY/zmVbsPg6V0C8QGxMSn5yaW5qXklyTmJxcbShQUFJbHViUUlmck5qLVdMaXFqQWJydmJ6anVibnFuYkkGhmBxZW4ShmBafl5JcS3QPYbotmMywoz0DM30zAINlB2cGCCAg0GaQYlBg8GQwZzBgcGDIYAhlCGZIZWhm2EKw1SGr4zSjEqMKhClTIxQPcIMKIBRFwA262Lw</latexit>

W

Curto & Morrison, 2023, graph rules for 
recurrent neural network dynamics

Hopfield networks 

© Johan Jarnestad/The Royal Swedish 
Academy of Sciences

Attractors are 
stable fixed points

Attractors represent 
memories



Attractors are widely used in neuroscience as representations 
of cognitive processes

J neurons are not pacemakers

Khona & Fiete, 2022, Attractor and integrator networks

<latexit sha1_base64="aHPAVl3MADysjqR8AQNNW8y2TOE=">AAACGHicbVDLSgMxFM3UV62vqks3wSJUxDojUt0IRTcuK9gHdIaSSTNtaOZBcqe0DP0MN/6KGxeKuO3OvzFtZ6GtB+7lcM69JPe4keAKTPPbyKysrq1vZDdzW9s7u3v5/YO6CmNJWY2GIpRNlygmeMBqwEGwZiQZ8V3BGm7/fuo3BkwqHgZPMIqY45NuwD1OCWipnb+wPUlo0sHDsW4wvj0f4jN7QGTU47ZgHhQbWCsutiXv9uC0nS+YJXMGvEyslBRQimo7P7E7IY19FgAVRKmWZUbgJEQCp4KNc3asWERon3RZS9OA+Ew5yeywMT7RSgd7odQVAJ6pvzcS4is18l096RPoqUVvKv7ntWLwbpyEB1EMLKDzh7xYYAjxNCXc4ZJRECNNCJVc/xXTHtFJgc4yp0OwFk9eJvXLklUulR+vCpW7NI4sOkLHqIgsdI0q6AFVUQ1R9Ixe0Tv6MF6MN+PT+JqPZox05xD9gTH5AeAEnwk=</latexit>
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= �x+ ' (Wx+ b)



Attractors are widely used in neuroscience as representations 
of cognitive processes

J neurons are not pacemakers

J patterns are attractors of the 
network

Khona & Fiete, 2022, Attractor and integrator networks

<latexit sha1_base64="aHPAVl3MADysjqR8AQNNW8y2TOE=">AAACGHicbVDLSgMxFM3UV62vqks3wSJUxDojUt0IRTcuK9gHdIaSSTNtaOZBcqe0DP0MN/6KGxeKuO3OvzFtZ6GtB+7lcM69JPe4keAKTPPbyKysrq1vZDdzW9s7u3v5/YO6CmNJWY2GIpRNlygmeMBqwEGwZiQZ8V3BGm7/fuo3BkwqHgZPMIqY45NuwD1OCWipnb+wPUlo0sHDsW4wvj0f4jN7QGTU47ZgHhQbWCsutiXv9uC0nS+YJXMGvEyslBRQimo7P7E7IY19FgAVRKmWZUbgJEQCp4KNc3asWERon3RZS9OA+Ew5yeywMT7RSgd7odQVAJ6pvzcS4is18l096RPoqUVvKv7ntWLwbpyEB1EMLKDzh7xYYAjxNCXc4ZJRECNNCJVc/xXTHtFJgc4yp0OwFk9eJvXLklUulR+vCpW7NI4sOkLHqIgsdI0q6AFVUQ1R9Ixe0Tv6MF6MN+PT+JqPZox05xD9gTH5AeAEnwk=</latexit>

dx

dt
= �x+ ' (Wx+ b)



Attractors are widely used in neuroscience as representations 
of cognitive processes

J neurons are not pacemakers

J patterns are attractors of the 
network

J lots of theoretical results 
available…

Khona & Fiete, 2022, Attractor and integrator networks

<latexit sha1_base64="aHPAVl3MADysjqR8AQNNW8y2TOE=">AAACGHicbVDLSgMxFM3UV62vqks3wSJUxDojUt0IRTcuK9gHdIaSSTNtaOZBcqe0DP0MN/6KGxeKuO3OvzFtZ6GtB+7lcM69JPe4keAKTPPbyKysrq1vZDdzW9s7u3v5/YO6CmNJWY2GIpRNlygmeMBqwEGwZiQZ8V3BGm7/fuo3BkwqHgZPMIqY45NuwD1OCWipnb+wPUlo0sHDsW4wvj0f4jN7QGTU47ZgHhQbWCsutiXv9uC0nS+YJXMGvEyslBRQimo7P7E7IY19FgAVRKmWZUbgJEQCp4KNc3asWERon3RZS9OA+Ew5yeywMT7RSgd7odQVAJ6pvzcS4is18l096RPoqUVvKv7ntWLwbpyEB1EMLKDzh7xYYAjxNCXc4ZJRECNNCJVc/xXTHtFJgc4yp0OwFk9eJvXLklUulR+vCpW7NI4sOkLHqIgsdI0q6AFVUQ1R9Ixe0Tv6MF6MN+PT+JqPZox05xD9gTH5AeAEnwk=</latexit>

dx

dt
= �x+ ' (Wx+ b)

dynamic
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static
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dynamic
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W = ??



Attractors are widely used in neuroscience as representations 
of cognitive processes

J neurons are not pacemakers

J patterns are attractors of the 
network

J lots of theoretical results 
available…

L many of them for fixed points

Khona & Fiete, 2022, Attractor and integrator networks

<latexit sha1_base64="aHPAVl3MADysjqR8AQNNW8y2TOE=">AAACGHicbVDLSgMxFM3UV62vqks3wSJUxDojUt0IRTcuK9gHdIaSSTNtaOZBcqe0DP0MN/6KGxeKuO3OvzFtZ6GtB+7lcM69JPe4keAKTPPbyKysrq1vZDdzW9s7u3v5/YO6CmNJWY2GIpRNlygmeMBqwEGwZiQZ8V3BGm7/fuo3BkwqHgZPMIqY45NuwD1OCWipnb+wPUlo0sHDsW4wvj0f4jN7QGTU47ZgHhQbWCsutiXv9uC0nS+YJXMGvEyslBRQimo7P7E7IY19FgAVRKmWZUbgJEQCp4KNc3asWERon3RZS9OA+Ew5yeywMT7RSgd7odQVAJ6pvzcS4is18l096RPoqUVvKv7ntWLwbpyEB1EMLKDzh7xYYAjxNCXc4ZJRECNNCJVc/xXTHtFJgc4yp0OwFk9eJvXLklUulR+vCpW7NI4sOkLHqIgsdI0q6AFVUQ1R9Ixe0Tv6MF6MN+PT+JqPZox05xD9gTH5AeAEnwk=</latexit>

dx

dt
= �x+ ' (Wx+ b)
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Combinatorial threshold-linear networks (CTLNs)

Constant input

<latexit sha1_base64="RawhH/mqWlBjLFtcbxjIWsUFCW8="></latexit>

dxi

dt
= �xi +

2

4
nX

j=1

Wijxj + bi

3

5

+

i = 1, . . . , n

j weakly inhibits i
j strongly inhibits i

threshold-linear networks (TLNs): 

whose connectivity matrix is defined by a directed graph:

<latexit sha1_base64="1OTLpxAjiB+7HSzxv0VwBD+WTWU=">AAABrnicZY67SgNBFIbPxFuMl6xaWCgyGAQLCbMWsZOgjWUC5gJuWGYnJ8mQ2Z1lZhIIIWDjk9hqn1fxGXwJo0kT969+vv8c+KJUSesY+yK5jc2t7Z38bmFv/+Cw6B0dN60eGYENoZU27YhbVDLBhpNOYTs1yONIYSsaPv7urTEaK3Xy7CYpdmLeT2RPCu4WKPROgzE3mFqpdHJDgy4qx+k9ZaFXYmX2F5ot/qqUqufz+vfbxbwWeq9BV4tRjIkTilv74rPUdabcOCkUzgrByGLKxZD3ccpjG3M3yEA7iaMM7OnE2XUaxTN6RXva0EirLh2jcNrYhbL/XzBbmrdlv1Ku1BfuD7BMHs7gEq7BhzuowhPUoAECZvAOH/BJGGmSDgmXpzmy+jmBtZDBD2lMeLs=</latexit>

", � > 0

<latexit sha1_base64="3YaZONiLz/YfYz4+3W0ORx8Bg9M=">AAABm3icZY7PSgJRFMbPtX9m/6ZaRjDkoiCQmQJb1EJyE9HCoFGhETlzPdrFO3OHe6+CiNAL9DRt6xlaB0Gvkqabmm9zPn7nHL4vSqUw1vM+WW5peWV1Lb9e2Njc2t5xdvfqRg00p4ArqXQzQkNSJBRYYSU1U00YR5IaUb862zeGpI1QyYMdpdSKsZeIruBop6jtHIdD1JQaIVXiXrlhVyMfhx2SFieL6Z66/qTtFL2S9ys3a/yFKVYuvz+ev851re20wo7ig5gSyyUa8+h7qW2NUVvBJU0K4cBQiryPPRpjbGK0TxloRnGUgV2VWDPr4/9Pz5r6Wckvl8r302LXMFceDuAITsCHC6jADdQgAA4v8Apv8M4OWZXdsrv5aY4tfvbhj1jwA76Wcps=</latexit>
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{4}

{1,2,3}

{1,2,3,4}

3-dim projection of 4-dim state space

Attractors of (C)TLNs
<latexit sha1_base64="3kd41ItyO8VcjxtkjzB2eVq1e5E="></latexit>
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Heuristic: minimal fixed points correspond to attractors
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G

Takeaways:
1. a single network can have many different attractors (which can be a mix of 

static and dynamic), accessible via different initial conditions
2. FP(G) also gives information about the initial conditions needed to 

converge to its corresponding attractor
3. it seems easy to have dynamic attractors, but what about more complex 

patterns of oscillations?
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For more complex patterns of oscillations: cyclic unions

Theorem:

<latexit sha1_base64="XzejO7XTa923KvzD05UlzXQX3gA="></latexit>

|FP(G)| =
NY
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�
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���

thick arrow: 
edges from 
everyone to 
everyone

Parmelee, C., Londono Alvarez, J., Curto, C., & Morrison, K. (2022). Sequential attractors in combinatorial threshold-
linear networks. SIAM Journal on Applied Dynamical Systems, 21(2), 1597-1630. 

Cyclic union: edges forward from every node in previous 
component to every node in next component, and no other 
edges between components.
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Parmelee, C., Londono Alvarez, J., Curto, C., & Morrison, K. (2022). Sequential attractors in combinatorial threshold-
linear networks. SIAM Journal on Applied Dynamical Systems, 21(2), 1597-1630. 

theorem 
says: 4 of them minimal
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For more complex patterns of oscillations: cyclic unions
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Front legs are synchronized, back legs are synchronized, half a period apart. 

cyclic union

Cyclic union example: bound gait

Londono Alvarez, J., Morrison, K., & Curto, C. (2025). Attractor-based models for sequences and 
pattern generation in neural circuits. bioRxiv. 
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|FP(G)| = 9 ⇤ 1 ⇤ 9 ⇤ 1 = 81
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Animal drawings: van der Weele, J. P., & Banning, E. J. (2001). American Journal of Physics.

many patterns can be modeled this way
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remarkable (unexplained) robustness of construction: all 
gaits can be merged into a single network
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Londono Alvarez, J., 
Morrison, K., & Curto, C. 
(2025). Attractor-based 
models for sequences 
and pattern generation 
in neural circuits. bioRxiv. 
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Morrison, K., & Curto, C. 
(2025). Attractor-based 
models for sequences 
and pattern generation 
in neural circuits. bioRxiv. 
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This network:
1. has five different coexistent attractors, all engaging the same four limb 

neurons in different patterns
2. has all these attractors accessible without changing parameters (accessed via 

different initial conditions)
3. allows easy transitions between attractors by stimulating single neurons
4. has attractors that look nearly identical as the individually constructed gaits

What made these attractors so robust that they don’t interfere 
with each other when “glued” together?
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generalized combinatorial threshold-linear networks (gCTLNs)
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cyclic union theorem holds for gCTLNs!

Theorem:

Theorem:

thick arrow: 
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The proof of the generalized cyclic union theorem for gCTLNs 
required several new ingredients (not so easy!)

2. graphical domination results in gCTLNs  

Curto, 2025, Notes on graphical domination and inhibitory control for 
threshold-linear networks with recurrent excitation and global 
inhibition (in preparation)

See Carina’s talk on Wednesday 
2:30pm: Graphical domination 

and inhibitory control in recurrent 
networks

1. menu theorem for TLNs (not graph-based!)
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Theorem 3 (TLN menu). Let ⌧1, . . . , ⌧N be a simply-embedded
partition of the nodes of (W, ✓), with ✓ uniform input. For any

� ✓ [n], let �`
def
= � \ ⌧`. Then

� 2 FP(W, ✓) ) �` 2 FP (W⌧` , ✓) [ {;} for all ` 2 [N ].

In other words, every fixed point support of (W, ✓) is a union of
component fixed point supports �`, at most one per component.

Londono Alvarez, 2025, Fixed point decompositions for composite generalized 
combinatorial threshold-linear networks (in preparation)



the attractor heuristic seems to still work
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will the attractors in the full network 
survive the generalization to gCTLNs?



the answer is: sometimes
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Looking ahead:

• how much can we generalize these fixed 
point decomposition results?
• what controls the firing rates? bifurcations?
• how to “glue” attractors (as in quadruped 

gaits)?
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In conclusion, TLNs are a 
nice framework for 
understanding structure-
function relationships, 
and have potential as 
biological and artificial 
models
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cyclic union theorem holds



Thank you!

dynamic
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attractor
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In conclusion, TLNs are a 
nice framework for 
understanding structure-
function relationships, 
and have potential as 
biological and artificial 
models

CTLN architectures giving rise to sequential 
attractors:
Parmelee, C., Londono Alvarez, J., Curto, C., & 
Morrison, K. (2022). Sequential attractors in 
combinatorial threshold-linear networks. SIAM 
Journal on Applied Dynamical Systems, 21(2), 
1597-1630. 

Quadruped locomotion and more:
Londono Alvarez, J., Morrison, K., & Curto, C. 
(2025). Attractor-based models for sequences 
and pattern generation in neural circuits. 
bioRxiv. 


