
So far, everything we have done for CTLNs/gCTLNs has 

assumed negative (inhibitory) weights on the W matrix.

Idea: network of excitatory  
and inhibitory cellsgraph G 

weak inhibition
strong inhibition

The gCTLN is defined by a graph G and 

two vectors of parameters:



E-I TLNs from graphs
A E-I network

global 
inhibition

excitatory neurons
in a sea of inhibition

B C graph G

Curto 2025 (preprint soon!)
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Example G:

W for E-I TLN

W for gCTLN
Parameter mapping 
to get the same 
fixed points:

C. Lienkaemper, G. Ocker. Dynamics of clustered spiking networks via the CTLN model (2025) Curto 2025 (preprint soon!)

inhibitory interaction
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Example G:

W for E-I TLN
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The mapping says nothing about the timescale of inhibition! 

Parameter mapping 
to get the same 
fixed points:



TLNs, CTLNs, and gCTLNs
all recurrent network models

TLNs

competitive TLNs
CTLNs

gCTLNs

linear 

models

E-I TLNs 

from graphs

… and E-I TLNs from graphs
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Beyond fixed points: do E-I TLNs produce similar dynamics to gCTLNs?
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We had many mathematical results, called “graph rules” on CTLNs. 

Now many of those results also apply to E-I TLNs built from graphs!

Curto & Morrison, 2023 (review paper): Graph rules for recurrent neural network dynamics
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Theorem 1 (2024) 
If j is a dominated node in G, then it drops out! 
I.e., in any gCTLN, we have:
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FP(G) = FP(G|[n]\j)

Theorem 2 (2024) 
By iteratively removing dominated nodes, the final reduced graph 
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<latexit sha1_base64="uCt3GKlIA4HpWlYxKYYyO54oBZI=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNPo4kXjhCIo8ENmR26IWR2dnNzKwJIXyBFw8a49VP8ubfOMAeFKykk0pVd7q7gkRwbVz328ltbG5t7+R3C3v7B4dHxeOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O//YRK81g+mEmCfkSHkoecUWOlxnW/WHLL7gJknXgZKUGGer/41RvELI1QGiao1l3PTYw/pcpwJnBW6KUaE8rGdIhdSyWNUPvTxaEzcmGVAQljZUsaslB/T0xppPUkCmxnRM1Ir3pz8T+vm5rwzp9ymaQGJVsuClNBTEzmX5MBV8iMmFhCmeL2VsJGVFFmbDYFG4K3+vI6aV2VvZtypVEpVWtZHHk4g3O4BA9uoQo1qEMTGCA8wyu8OY/Oi/PufCxbc042cwp/4Hz+AIVpjMg=</latexit>
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<latexit sha1_base64="BXpneFvRhQp1sFPTejWHOGAgcms=">AAAB9HicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6rHgwR4r2A9oQ9lsJu3SzSbuTiol9Hd48aCIV3+MN/+N2zYHbX0w8Hhvhpl5fiK4Rsf5tgpr6xubW8Xt0s7u3v5B+fCopeNUMWiyWMSq41MNgktoIkcBnUQBjXwBbX90O/PbY1Cax/IBJwl4ER1IHnJG0Uhe74kHgFwEkN1N++WKU3XmsFeJm5MKydHol796QczSCCQyQbXuuk6CXkYVciZgWuqlGhLKRnQAXUMljUB72fzoqX1mlMAOY2VKoj1Xf09kNNJ6EvmmM6I41MveTPzP66YY3ngZl0mKINliUZgKG2N7loAdcAUMxcQQyhQ3t9psSBVlaHIqmRDc5ZdXSeui6l5VL+8vK7V6HkeRnJBTck5cck1qpE4apEkYeSTP5JW8WWPrxXq3PhatBSufOSZ/YH3+ACckkmE=</latexit>
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<latexit sha1_base64="Nz2B1ZEGIFjGCtbOKyvFeMNDCrs=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQNyWR+tgIBUG7rGAf0IQymU7aoZNMmJkIJWTlxl9x40IRt36DO//GSZuFth64cDjnXu69x4sYlcqyvo3C0vLK6lpxvbSxubW9Y+7utSWPBSYtzBkXXQ9JwmhIWooqRrqRICjwGOl44+vM7zwQISkP79UkIm6AhiH1KUZKS33z0OEREUhxEaKAJDfNyu1JCq+gk9TOnLRvlq2qNQVcJHZOyiBHs29+OQOO44CECjMkZc+2IuUmSCiKGUlLTixJhPAYDUlP02yndJPpGyk81soA+lzoChWcqr8nEhRIOQk83RkgNZLzXib+5/Vi5V+6CQ2jWJEQzxb5MYOKwywTOKCCYMUmmiAsqL4V4hESCCudXEmHYM+/vEjap1X7vFq7q5XrjTyOIjgAR6ACbHAB6qABmqAFMHgEz+AVvBlPxovxbnzMWgtGPrMP/sD4/AG1F5gB</latexit>

FP(G) = {45}
<latexit sha1_base64="Rkj+r9d/m3m8m1/qPkIWVYiWpeQ=">AAACDnicbVA9SwNBEN2LXzF+nVraLAYhNuFO4kcjBARNGcGokAthbzPRJXu3x+6cEI77BTb+FRsLRWyt7fw3bmIKNT4YeLw3w8y8MJHCoOd9OoWZ2bn5heJiaWl5ZXXNXd+4NCrVHFpcSaWvQ2ZAihhaKFDCdaKBRaGEq3BwMvKv7kAboeILHCbQidhNLPqCM7RS190JVAKaodIxiyA7bVYCFLIH2Vm+m9NjGmS1/SDvumWv6o1Bp4k/IWUyQbPrfgQ9xdMIYuSSGdP2vQQ7GdMouIS8FKQGEsYH7Abalo52m042fienO1bp0b7StmKkY/XnRMYiY4ZRaDsjhrfmrzcS//PaKfaPOpmIkxQh5t+L+qmkqOgoG9oTGjjKoSWMa2FvpfyWacbRJliyIfh/X54ml3tV/6BaO6+V641JHEWyRbZJhfjkkNRJgzRJi3ByTx7JM3lxHpwn59V5+24tOJOZTfILzvsXbzSbtw==</latexit>

FP(G̃) = {45}

Domination Theorems Since E-I TLNs map to  
gCTLNs with the same

fixed points, the  
domination theorems hold 
for E-I TLNs, too!
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Domination reduction cannot be done, and the network activity will loop around.

Cyclic chain example



5 10 15

2

4

6

8

10

12

14

16

18 -1

-0.5

0

0.5

1

1.5

5 10 15

2

4

6

8

10

12

14

16 -1.6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0
inhibitory W (gCTLN)E-I network W

17 = 1’ , 18 = inhibitory node

graph G

!x pt 17

!x pt 17

E-I network, solution 1

gCTLN, solution 1

E-I network, solution 2

gCTLN, solution 2

unwrapped 
network:
17 = 1’

A

B C

D E

117 2
3

13

14

8

5

415

12
11 10 9

7

6

16

17

graph G for linear chain
unwrapped



5 10 15

2

4

6

8

10

12

14

16

18 -1

-0.5

0

0.5

1

1.5

5 10 15

2

4

6

8

10

12

14

16 -1.6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0
inhibitory W (gCTLN)E-I network W

17 = 1’ , 18 = inhibitory node

graph G

!x pt 17

!x pt 17

E-I network, solution 1

gCTLN, solution 1

E-I network, solution 2

gCTLN, solution 2

unwrapped 
network:
17 = 1’

A

B C

D E

117 2
3

13

14

8

5

415

12
11 10 9

7

6

16

17

graph G for linear chain
unwrapped



5 10 15

2

4

6

8

10

12

14

16

18 -1

-0.5

0

0.5

1

1.5

5 10 15

2

4

6

8

10

12

14

16 -1.6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0
inhibitory W (gCTLN)E-I network W

17 = 1’ , 18 = inhibitory node

graph G

!x pt 17

!x pt 17

E-I network, solution 1

gCTLN, solution 1

E-I network, solution 2

gCTLN, solution 2

unwrapped 
network:
17 = 1’

A

B C

D E

117 2
3

13

14

8

5

415

12
11 10 9

7

6

16

17

graph G for linear chain

116 2
3

inhibit 16 inhibit 5 inhibit 8,13 inhibit 4

13

14

8

5

4

15

12
11

10

inhibitory W (gCTLN)E-I network W

2 4 6 8 10 12 14 16

2

4

6

8

10

12

14

16
2 4 6 8 10 12 14 16

2

4

6

8

10

12

14

16

E-
I n

et
w

or
k

E-
I n

et
w

or
k

E-
I n

et
w

or
k

gC
TL

N
gC

TL
N

pulses

9
17 = inhibitory node

7

6

graph G

time

0

1

1.5

-1

0.5

-0.5

-1.6

0

-1

A

B C

D

graph G for cyclic chain

inhibitory
pulse #1

inhibitory
pulse #2

inhibitory
pulse #3

inhibitory
pulse #3

inhibitory
pulse #4

inhibit 16 inhibit 5 inhibit 8,13 inhibit 4

limit cycle 
5,6,7!x pt 14,15 

!x pt 2,3

unwrapped cyclic



5 10 15

2

4

6

8

10

12

14

16

18 -1

-0.5

0

0.5

1

1.5

5 10 15

2

4

6

8

10

12

14

16 -1.6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0
inhibitory W (gCTLN)E-I network W

17 = 1’ , 18 = inhibitory node

graph G

!x pt 17

!x pt 17

E-I network, solution 1

gCTLN, solution 1

E-I network, solution 2

gCTLN, solution 2

unwrapped 
network:
17 = 1’

A

B C

D E

117 2
3

13

14

8

5

415

12
11 10 9

7

6

16

17

graph G for linear chain

116 2
3

inhibit 16 inhibit 5 inhibit 8,13 inhibit 4

13

14

8

5

4

15

12
11

10

inhibitory W (gCTLN)E-I network W

2 4 6 8 10 12 14 16

2

4

6

8

10

12

14

16
2 4 6 8 10 12 14 16

2

4

6

8

10

12

14

16

E-
I n

et
w

or
k

E-
I n

et
w

or
k

E-
I n

et
w

or
k

gC
TL

N
gC

TL
N

pulses

9
17 = inhibitory node

7

6

graph G

time

0

1

1.5

-1

0.5

-0.5

-1.6

0

-1

A

B C

D

graph G for cyclic chain

inhibitory
pulse #1

inhibitory
pulse #2

inhibitory
pulse #3

inhibitory
pulse #3

inhibitory
pulse #4

inhibit 16 inhibit 5 inhibit 8,13 inhibit 4

limit cycle 
5,6,7!x pt 14,15 

!x pt 2,3

unwrapped cyclic



116 2
3

inhibit 5,16

stimulate 1

inhibit 8,13 inhibit 4

13

14

8

5

4

15

12

limit cycle 
5,6,7

11
10

inhibitory W (gCTLN)E-I network W

E-
I n

et
w

or
k

E-
I n

et
w

or
k

E-
I n

et
w

or
k

gC
TL

N
gC

TL
N

pulses

9 17 = inhibitory node
7

6

graph G

time

A

B C

D

graph G for cyclic chain

inhibitory
pulse #1

inhibitory
pulse #1

inhibitory
pulse #2

inhibitory
pulse #2

inhibitory
pulse #3

!x pt 14,15 

!x pt 2,3

inhibit 5,16 inhibit 8,13 inhibit 4

5 10 15

2

4

6

8

10

12

14

16

5 10 15

2

4

6

8

10

12

14

16

0

1

1.5

-1

0.5

-0.5

-1.6

0

-1

stimulate 11

inhibitory pulses

= stop signs



116 2
3

inhibit 5,16

stimulate 1

inhibit 8,13 inhibit 4

13

14

8

5

4

15

12

limit cycle 
5,6,7

11
10

inhibitory W (gCTLN)E-I network W

E-
I n

et
w

or
k

E-
I n

et
w

or
k

E-
I n

et
w

or
k

gC
TL

N
gC

TL
N

pulses

9 17 = inhibitory node
7

6

graph G

time

A

B C

D

graph G for cyclic chain

inhibitory
pulse #1

inhibitory
pulse #1

inhibitory
pulse #2

inhibitory
pulse #2

inhibitory
pulse #3

!x pt 14,15 

!x pt 2,3

inhibit 5,16 inhibit 8,13 inhibit 4

5 10 15

2

4

6

8

10

12

14

16

5 10 15

2

4

6

8

10

12

14

16

0

1

1.5

-1

0.5

-0.5

-1.6

0

-1

stimulate 11

inhibitory pulses

= stop signs

excitatory pulses

= teleportation



116 2
3

inhibit 5,16

stimulate 1

inhibit 8,13 inhibit 4

13

14

8

5

4

15

12

limit cycle 
5,6,7

11
10

inhibitory W (gCTLN)E-I network W

E-
I n

et
w

or
k

E-
I n

et
w

or
k

E-
I n

et
w

or
k

gC
TL

N
gC

TL
N

pulses

9 17 = inhibitory node
7

6

graph G

time

A

B C

D

graph G for cyclic chain

inhibitory
pulse #1

inhibitory
pulse #1

inhibitory
pulse #2

inhibitory
pulse #2

inhibitory
pulse #3

!x pt 14,15 

!x pt 2,3

inhibit 5,16 inhibit 8,13 inhibit 4

5 10 15

2

4

6

8

10

12

14

16

5 10 15

2

4

6

8

10

12

14

16

0

1

1.5

-1

0.5

-0.5

-1.6

0

-1

stimulate 11

inhibitory pulses

= stop signs

excitatory pulses

= teleportation



116 2
3

inhibit 5,16

stimulate 1

inhibit 8,13 inhibit 4

13

14

8

5

4

15

12

limit cycle 
5,6,7

11
10

inhibitory W (gCTLN)E-I network W

E-
I n

et
w

or
k

E-
I n

et
w

or
k

E-
I n

et
w

or
k

gC
TL

N
gC

TL
N

pulses

9 17 = inhibitory node
7

6

graph G

time

A

B C

D

graph G for cyclic chain

inhibitory
pulse #1

inhibitory
pulse #1

inhibitory
pulse #2

inhibitory
pulse #2

inhibitory
pulse #3

!x pt 14,15 

!x pt 2,3

inhibit 5,16 inhibit 8,13 inhibit 4

5 10 15

2

4

6

8

10

12

14

16

5 10 15

2

4

6

8

10

12

14

16

0

1

1.5

-1

0.5

-0.5

-1.6

0

-1

stimulate 11

inhibitory pulses

= stop signs

excitatory pulses

= teleportation



Thank you!

grad student:

Zelong Li


Katie Morrison Caitlyn Parmelee

Juliana Londoño  
Alvarez

Caitlin LienkaemperJesse Geneson

Chris Langdon
Nicole Sanderson Safaan Sadiq

Joaquín Castañeda Castro


Jency (Yuchen) Jiang


Jordan Matelsky (also at Penn) 
Patricia Rivlin 
Michael Robinette 
Erik Johnson 
Brock Wester 

Johns Hopkins University Applied Physics Laboratory,  
Research & Exploratory Development Department 

Other Collaborators: 

Vladimir Itskov Anda Degeratu





Domination - New Theorems - a word about the proofs
Theorem 1



Domination - New Theorems - a word about the proofs
Theorem 1

need some more lemmas…



Domination - New Theorems - a word about the proofs
Theorem 1

need some more lemmas…

Proof of Theorem 1



Can domination be useful for connectome analysis?
Every graph has a unique domination reduction: 
 
Two graphs with the same reduction are in the same domination equivalence class. 
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3

<latexit sha1_base64="l9WrwlY4Vl+VxZTkDUYgJV4jgdo=">AAAB5HicbVBNS8NAEJ3Urxq/qlcvi0XwVBIp6rHgpccK9gPaUDbbSbt2swm7G6GE/gIvHhSv/iZv/hu3bQ7a+mDg8d4MM/PCVHBtPO/bKW1t7+zulffdg8Oj45OKe9rRSaYYtlkiEtULqUbBJbYNNwJ7qUIahwK74fR+4XefUWmeyEczSzGI6VjyiDNqrPRQH1aqXs1bgmwSvyBVKNAaVr4Go4RlMUrDBNW673upCXKqDGcC5+4g05hSNqVj7FsqaYw6yJeHzsmlVUYkSpQtachS/T2R01jrWRzazpiaiV73FuJ/Xj8z0V2Qc5lmBiVbLYoyQUxCFl+TEVfIjJhZQpni9lbCJlRRZmw2rg3BX395k3Sua/5NrV5tNIswynAOF3AFPtxCA5rQgjYwQHiBN3h3npxX52PVWHKKiTP4A+fzBxlfi50=</latexit>
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<latexit sha1_base64="Qc7txwmvy7SpsBYpK2570TgjH4I=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNEY8kXjhCIo8ENmR2aGBkdnYzM2tCNnyBFw8a49VP8ubfOMAeFKykk0pVd7q7glhwbVz328ltbe/s7uX3CweHR8cnxdOzto4SxbDFIhGpbkA1Ci6xZbgR2I0V0jAQ2Amm9wu/84RK80g+mFmMfkjHko84o8ZKzeqgWHLL7hJkk3gZKUGGxqD41R9GLAlRGiao1j3PjY2fUmU4Ezgv9BONMWVTOsaepZKGqP10eeicXFllSEaRsiUNWaq/J1Iaaj0LA9sZUjPR695C/M/rJWZ056dcxolByVaLRokgJiKLr8mQK2RGzCyhTHF7K2ETqigzNpuCDcFbf3mTtG/K3m250qyUavUsjjxcwCVcgwdVqEEdGtACBgjP8ApvzqPz4rw7H6vWnJPNnMMfOJ8/iHGMyg==</latexit>
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<latexit sha1_base64="0fddBLYN4Kotuy7Vi9jTPnEUNko=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipORmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasI7P+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6N9Xr5nWlVs/jKMIZnMMleHALNahDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MH10GM/g==</latexit>
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<latexit sha1_base64="1FOiKyDsTxqvePeO914dsaJHpZY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeClx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FjpgQ+8QbniVt0FyDrxclKBHM1B+as/jFkaoTRMUK17npsYP6PKcCZwVuqnGhPKJnSEPUsljVD72eLUGbmwypCEsbIlDVmovycyGmk9jQLbGVEz1qveXPzP66UmvPUzLpPUoGTLRWEqiInJ/G8y5AqZEVNLKFPc3krYmCrKjE2nZEPwVl9eJ+2rqnddrd3XKvVGHkcRzuAcLsGDG6hDA5rQAgYjeIZXeHOE8+K8Ox/L1oKTz5zCHzifP/mDjaA=</latexit>
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<latexit sha1_base64="XyhXGC0eeLbCP7Xr5b8Zj59+52E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLz1WtLXQhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJR8epYthmsYhVN6AaBZfYNtwI7CYKaRQIfAwmt3P/8QmV5rF8MNME/YiOJA85o8ZK93xQG5QrbtVdgKwTLycVyNEalL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny1OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwhs/4zJJDUq2XBSmgpiYzP8mQ66QGTG1hDLF7a2EjamizNh0SjYEb/XlddKpVb2rav2uXmk08ziKcAbncAkeXEMDmtCCNjAYwTO8wpsjnBfn3flYthacfOYU/sD5/AH7B42h</latexit>
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<latexit sha1_base64="IoSRoPLSg88KIUOKSQzfD/R88HU=">AAACCHicbVA9SwNBEN3z2/gVtbRwMQhW4U6CWoo2KRWMBpIj7O3NJYt7u8funCEcKW38KzYWitj6E+z8N25iCo0+GHi8N8PMvCiTwqLvf3ozs3PzC4tLy6WV1bX1jfLm1rXVueHQ4Fpq04yYBSkUNFCghGZmgKWRhJvo9nzk39yBsUKrKxxkEKasq0QiOEMndcq7ddqWWnWN6PaQGaP7tN0XMaCQMRT1Yadc8av+GPQvCSakQia46JQ/2rHmeQoKuWTWtgI/w7BgBgWXMCy1cwsZ47esCy1HFUvBhsX4kSHdd0pME21cKaRj9edEwVJrB2nkOlOGPTvtjcT/vFaOyUlYCJXlCIp/L0pySVHTUSo0FgY4yoEjjBvhbqW8xwzj6LIruRCC6Zf/kuvDanBUrV3WKqdnkziWyA7ZIwckIMfklNTJBWkQTu7JI3kmL96D9+S9em/frTPeZGab/IL3/gU0+poe</latexit>
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<latexit sha1_base64="z43o0n5a+YTI0Srg9FP+1mQev2c=">AAACCHicbVA9SwNBEN3zM8avqKWFi0GwCncS1DJooaWCiUISwt7eJFnc2z125wzhSGnjX7GxUMTWn2Dnv3GTXOHXg4HHezPMzAsTKSz6/qc3Mzs3v7BYWCour6yurZc2NhtWp4ZDnWupzU3ILEihoI4CJdwkBlgcSrgOb0/H/vUdGCu0usJhAu2Y9ZToCs7QSZ3SzhltSa16RvT6yIzRA9oaiAhQyAiys1GnVPYr/gT0LwlyUiY5Ljqlj1akeRqDQi6Ztc3AT7CdMYOCSxgVW6mFhPFb1oOmo4rFYNvZ5JER3XNKRLvauFJIJ+r3iYzF1g7j0HXGDPv2tzcW//OaKXaP25lQSYqg+HRRN5UUNR2nQiNhgKMcOsK4Ee5WyvvMMI4uu6ILIfj98l/SOKgEh5XqZbVcO8njKJBtskv2SUCOSI2ckwtSJ5zck0fyTF68B+/Je/Xepq0zXj6zRX7Ae/8CMdOaHA==</latexit>

G �! eG <latexit sha1_base64="3XyxOM1kakBIsRMN8ubEKblN1kY=">AAACCnicbVA9SwNBEN2LXzF+nVrarAbBKtxJUMughSkjmA/IhbC3N0mW7O0du3tKOFLb+FdsLBSx9RfY+W/cJFfExAcDj/dmmJnnx5wp7Tg/Vm5ldW19I79Z2Nre2d2z9w8aKkokhTqNeCRbPlHAmYC6ZppDK5ZAQp9D0x/eTPzmA0jFInGvRzF0QtIXrMco0Ubq2sfeIwtAMx5AejvGHo1EH89p1XHXLjolZwq8TNyMFFGGWtf+9oKIJiEITTlRqu06se6kRGpGOYwLXqIgJnRI+tA2VJAQVCedvjLGp0YJcC+SpoTGU3V+IiWhUqPQN50h0QO16E3E/7x2ontXnZSJONEg6GxRL+FYR3iSCw6YBKr5yBBCJTO3YjogklBt0iuYENzFl5dJ47zkXpTKd+Vi5TqLI4+O0Ak6Qy66RBVURTVURxQ9oRf0ht6tZ+vV+rA+Z605K5s5RH9gff0CuWOa7g==</latexit>

eG ⇠= eH



Can domination be useful for connectome analysis?

1. Are overrepresented graphical motifs more likely to be reducible or irreducible?


2. Which motifs are domination-equivalent?


3. What about larger portions of the connectome: do they reduce via domination?

Every graph has a unique domination reduction: 
 
Two graphs with the same reduction are in the same domination equivalence class. 
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<latexit sha1_base64="lZank0OPkLKg+SxsOd4Ddoi+y64=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYJUY8kXjhCIo8ENmR2aGBkdnYzM2tCNnyBFw8a49VP8ubfOMAeFKykk0pVd7q7glhwbVz328ltbe/s7uX3CweHR8cnxdOzto4SxbDFIhGpbkA1Ci6xZbgR2I0V0jAQ2Amm9wu/84RK80g+mFmMfkjHko84o8ZKzcqgWHLL7hJkk3gZKUGGxqD41R9GLAlRGiao1j3PjY2fUmU4Ezgv9BONMWVTOsaepZKGqP10eeicXFllSEaRsiUNWaq/J1Iaaj0LA9sZUjPR695C/M/rJWZ056dcxolByVaLRokgJiKLr8mQK2RGzCyhTHF7K2ETqigzNpuCDcFbf3mTtCtl76ZcbVZLtXoWRx4u4BKuwYNbqEEdGtACBgjP8ApvzqPz4rw7H6vWnJPNnMMfOJ8/gN2MxQ==</latexit>

2

<latexit sha1_base64="FJxSjJbC8+ruCz/ELH+lkatQfr8=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaVqEcSLxwhkUcCGzI7NDAyO7uZmTUhG77AiweN8eonefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeT+7nffkKleSQfzDRGP6QjyYecUWOlxnW/WHLL7gJknXgZKUGGer/41RtELAlRGiao1l3PjY2fUmU4Ezgr9BKNMWUTOsKupZKGqP10ceiMXFhlQIaRsiUNWai/J1Iaaj0NA9sZUjPWq95c/M/rJmZ456dcxolByZaLhokgJiLzr8mAK2RGTC2hTHF7K2FjqigzNpuCDcFbfXmdtK7K3k250qiUqrUsjjycwTlcgge3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AIJhjMY=</latexit>

3

<latexit sha1_base64="l9WrwlY4Vl+VxZTkDUYgJV4jgdo=">AAAB5HicbVBNS8NAEJ3Urxq/qlcvi0XwVBIp6rHgpccK9gPaUDbbSbt2swm7G6GE/gIvHhSv/iZv/hu3bQ7a+mDg8d4MM/PCVHBtPO/bKW1t7+zulffdg8Oj45OKe9rRSaYYtlkiEtULqUbBJbYNNwJ7qUIahwK74fR+4XefUWmeyEczSzGI6VjyiDNqrPRQH1aqXs1bgmwSvyBVKNAaVr4Go4RlMUrDBNW673upCXKqDGcC5+4g05hSNqVj7FsqaYw6yJeHzsmlVUYkSpQtachS/T2R01jrWRzazpiaiV73FuJ/Xj8z0V2Qc5lmBiVbLYoyQUxCFl+TEVfIjJhZQpni9lbCJlRRZmw2rg3BX395k3Sua/5NrV5tNIswynAOF3AFPtxCA5rQgjYwQHiBN3h3npxX52PVWHKKiTP4A+fzBxlfi50=</latexit>

4
<latexit sha1_base64="uCt3GKlIA4HpWlYxKYYyO54oBZI=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNPo4kXjhCIo8ENmR26IWR2dnNzKwJIXyBFw8a49VP8ubfOMAeFKykk0pVd7q7gkRwbVz328ltbG5t7+R3C3v7B4dHxeOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O//YRK81g+mEmCfkSHkoecUWOlxnW/WHLL7gJknXgZKUGGer/41RvELI1QGiao1l3PTYw/pcpwJnBW6KUaE8rGdIhdSyWNUPvTxaEzcmGVAQljZUsaslB/T0xppPUkCmxnRM1Ir3pz8T+vm5rwzp9ymaQGJVsuClNBTEzmX5MBV8iMmFhCmeL2VsJGVFFmbDYFG4K3+vI6aV2VvZtypVEpVWtZHHk4g3O4BA9uoQo1qEMTGCA8wyu8OY/Oi/PufCxbc042cwp/4Hz+AIVpjMg=</latexit>

5

<latexit sha1_base64="2xjrTlhsLBwQvjUDoCe0OgjBeY0=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNQY8kXjhCIo8ENmR2aGBkdnYzM2tCNnyBFw8a49VP8ubfOMAeFKykk0pVd7q7glhwbVz328ltbe/s7uX3CweHR8cnxdOzto4SxbDFIhGpbkA1Ci6xZbgR2I0V0jAQ2Amm9wu/84RK80g+mFmMfkjHko84o8ZKzeqgWHLL7hJkk3gZKUGGxqD41R9GLAlRGiao1j3PjY2fUmU4Ezgv9BONMWVTOsaepZKGqP10eeicXFllSEaRsiUNWaq/J1Iaaj0LA9sZUjPR695C/M/rJWZ056dcxolByVaLRokgJiKLr8mQK2RGzCyhTHF7K2ETqigzNpuCDcFbf3mTtG/KXrVcaVZKtXoWRx4u4BKuwYNbqEEdGtACBgjP8ApvzqPz4rw7H6vWnJPNnMMfOJ8/hu2MyQ==</latexit>

6

<latexit sha1_base64="Qc7txwmvy7SpsBYpK2570TgjH4I=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNEY8kXjhCIo8ENmR2aGBkdnYzM2tCNnyBFw8a49VP8ubfOMAeFKykk0pVd7q7glhwbVz328ltbe/s7uX3CweHR8cnxdOzto4SxbDFIhGpbkA1Ci6xZbgR2I0V0jAQ2Amm9wu/84RK80g+mFmMfkjHko84o8ZKzeqgWHLL7hJkk3gZKUGGxqD41R9GLAlRGiao1j3PjY2fUmU4Ezgv9BONMWVTOsaepZKGqP10eeicXFllSEaRsiUNWaq/J1Iaaj0LA9sZUjPR695C/M/rJWZ056dcxolByVaLRokgJiKLr8mQK2RGzCyhTHF7K2ETqigzNpuCDcFbf3mTtG/K3m250qyUavUsjjxcwCVcgwdVqEEdGtACBgjP8ApvzqPz4rw7H6vWnJPNnMMfOJ8/iHGMyg==</latexit>

7
<latexit sha1_base64="fsC8a/oJ2RbAty8oGnR89VchQZY=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY8kXjhCIo8ENmR2aGBgdnYzM2tCNnyBFw8a49VP8ubfOMAeFKykk0pVd7q7glhwbVz328ltbe/s7uX3CweHR8cnxdOzlo4SxbDJIhGpTkA1Ci6xabgR2IkV0jAQ2A6mDwu//YRK80g+mlmMfkhHkg85o8ZKjUm/WHLL7hJkk3gZKUGGer/41RtELAlRGiao1l3PjY2fUmU4Ezgv9BKNMWVTOsKupZKGqP10eeicXFllQIaRsiUNWaq/J1Iaaj0LA9sZUjPW695C/M/rJmZ476dcxolByVaLhokgJiKLr8mAK2RGzCyhTHF7K2FjqigzNpuCDcFbf3mTtG7K3m250qiUqrUsjjxcwCVcgwd3UIUa1KEJDBCe4RXenInz4rw7H6vWnJPNnMMfOJ8/1b2M/Q==</latexit>

j

<latexit sha1_base64="0fddBLYN4Kotuy7Vi9jTPnEUNko=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipORmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasI7P+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6N9Xr5nWlVs/jKMIZnMMleHALNahDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MH10GM/g==</latexit>

k

<latexit sha1_base64="1FOiKyDsTxqvePeO914dsaJHpZY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeClx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FjpgQ+8QbniVt0FyDrxclKBHM1B+as/jFkaoTRMUK17npsYP6PKcCZwVuqnGhPKJnSEPUsljVD72eLUGbmwypCEsbIlDVmovycyGmk9jQLbGVEz1qveXPzP66UmvPUzLpPUoGTLRWEqiInJ/G8y5AqZEVNLKFPc3krYmCrKjE2nZEPwVl9eJ+2rqnddrd3XKvVGHkcRzuAcLsGDG6hDA5rQAgYjeIZXeHOE8+K8Ox/L1oKTz5zCHzifP/mDjaA=</latexit>

i1

<latexit sha1_base64="XyhXGC0eeLbCP7Xr5b8Zj59+52E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLz1WtLXQhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJR8epYthmsYhVN6AaBZfYNtwI7CYKaRQIfAwmt3P/8QmV5rF8MNME/YiOJA85o8ZK93xQG5QrbtVdgKwTLycVyNEalL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny1OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwhs/4zJJDUq2XBSmgpiYzP8mQ66QGTG1hDLF7a2EjamizNh0SjYEb/XlddKpVb2rav2uXmk08ziKcAbncAkeXEMDmtCCNjAYwTO8wpsjnBfn3flYthacfOYU/sD5/AH7B42h</latexit>

i2

<latexit sha1_base64="IoSRoPLSg88KIUOKSQzfD/R88HU=">AAACCHicbVA9SwNBEN3z2/gVtbRwMQhW4U6CWoo2KRWMBpIj7O3NJYt7u8funCEcKW38KzYWitj6E+z8N25iCo0+GHi8N8PMvCiTwqLvf3ozs3PzC4tLy6WV1bX1jfLm1rXVueHQ4Fpq04yYBSkUNFCghGZmgKWRhJvo9nzk39yBsUKrKxxkEKasq0QiOEMndcq7ddqWWnWN6PaQGaP7tN0XMaCQMRT1Yadc8av+GPQvCSakQia46JQ/2rHmeQoKuWTWtgI/w7BgBgWXMCy1cwsZ47esCy1HFUvBhsX4kSHdd0pME21cKaRj9edEwVJrB2nkOlOGPTvtjcT/vFaOyUlYCJXlCIp/L0pySVHTUSo0FgY4yoEjjBvhbqW8xwzj6LIruRCC6Zf/kuvDanBUrV3WKqdnkziWyA7ZIwckIMfklNTJBWkQTu7JI3kmL96D9+S9em/frTPeZGab/IL3/gU0+poe</latexit>

H �! eH
<latexit sha1_base64="z43o0n5a+YTI0Srg9FP+1mQev2c=">AAACCHicbVA9SwNBEN3zM8avqKWFi0GwCncS1DJooaWCiUISwt7eJFnc2z125wzhSGnjX7GxUMTWn2Dnv3GTXOHXg4HHezPMzAsTKSz6/qc3Mzs3v7BYWCour6yurZc2NhtWp4ZDnWupzU3ILEihoI4CJdwkBlgcSrgOb0/H/vUdGCu0usJhAu2Y9ZToCs7QSZ3SzhltSa16RvT6yIzRA9oaiAhQyAiys1GnVPYr/gT0LwlyUiY5Ljqlj1akeRqDQi6Ztc3AT7CdMYOCSxgVW6mFhPFb1oOmo4rFYNvZ5JER3XNKRLvauFJIJ+r3iYzF1g7j0HXGDPv2tzcW//OaKXaP25lQSYqg+HRRN5UUNR2nQiNhgKMcOsK4Ee5WyvvMMI4uu6ILIfj98l/SOKgEh5XqZbVcO8njKJBtskv2SUCOSI2ckwtSJ5zck0fyTF68B+/Je/Xepq0zXj6zRX7Ae/8CMdOaHA==</latexit>

G �! eG <latexit sha1_base64="3XyxOM1kakBIsRMN8ubEKblN1kY=">AAACCnicbVA9SwNBEN2LXzF+nVrarAbBKtxJUMughSkjmA/IhbC3N0mW7O0du3tKOFLb+FdsLBSx9RfY+W/cJFfExAcDj/dmmJnnx5wp7Tg/Vm5ldW19I79Z2Nre2d2z9w8aKkokhTqNeCRbPlHAmYC6ZppDK5ZAQp9D0x/eTPzmA0jFInGvRzF0QtIXrMco0Ubq2sfeIwtAMx5AejvGHo1EH89p1XHXLjolZwq8TNyMFFGGWtf+9oKIJiEITTlRqu06se6kRGpGOYwLXqIgJnRI+tA2VJAQVCedvjLGp0YJcC+SpoTGU3V+IiWhUqPQN50h0QO16E3E/7x2ontXnZSJONEg6GxRL+FYR3iSCw6YBKr5yBBCJTO3YjogklBt0iuYENzFl5dJ47zkXpTKd+Vi5TqLI4+O0Ak6Qy66RBVURTVURxQ9oRf0ht6tZ+vV+rA+Z605K5s5RH9gff0CuWOa7g==</latexit>

eG ⇠= eH



C. elegans E-E network: 

G has143 nodes 

reduced G: 104 nodes

Jordan Matelsky (also at Penn) 
Patricia Rivlin 
Michael Robinette 
Erik Johnson 
Brock Wester 

Johns Hopkins University Applied Physics Laboratory,  
Research & Exploratory Development Department 

Very preliminary analysis

Graph motifs team at JHU

We first strip out everything but chemical synapses, then tag neurons by their small-molecule neurotransmitters—acetylcholine/
glutamate as excitatory, GABA as inhibitory—next we grab the induced subgraph of neurons that fire ACh/Glu but no GABA. 
That’s our ‘excitatory’ network. And yes—it’s just a conservative, transmitter-based proxy for valence; real C. elegans synaptic 
polarity is far messier (receptors, modulators, co-transmission, gap junctions, etc.) All blame goes to Jordan Matelsky, Carina 
did nothing wrong.

Joaquín Castañeda Castro




C. elegans E-E network: 

G has143 nodes 

reduced G: 104 nodes

Very preliminary analysis

Joaquín Castañeda Castro


Is a reduction from 143 -> 104 nodes

common or rare in a random graph with

matching edge probability? 



C. elegans E-E network: 

G has143 nodes 

reduced G: 104 nodes

Very preliminary analysis

Joaquín Castañeda Castro


1 million E-R random graphs 
with matching p = 0.054 

Distribution of domination 
reductions: 

• 143 nodes: 782,590 
• 142 nodes: 189,951 
• 141 nodes: 24,951 
• 140 nodes: 2,307 
• 139 nodes: 185 
• 138 nodes: 15 
• 137 nodes: 1

Is a reduction from 143 -> 104 nodes

common or rare in a random graph with

matching edge probability? 

VERY RARE!!



1 million E-R random graphs 
with matching p = 0.054 

Distribution of domination 
reductions: 

• 143 nodes: 782,590 
• 142 nodes: 189,951 
• 141 nodes: 24,951 
• 140 nodes: 2,307 
• 139 nodes: 185 
• 138 nodes: 15 
• 137 nodes: 1

C. elegans E-E network  
reduction: 

G has143 nodes 

reduced G: 104 nodes

Reduction sizes of E-R random graphs of size n=143 
with p = 0.05, 0.1, 0.25, 0.5

137 138 139 140 141 142 143

size of reduced graph



Back to our motivating questions and ideas:

1. How does connectivity shape dynamics? 

2. The relationship between connectivity and neural activity depends on the  
dynamical system you associate to the connectome.


3. By studying neuroscience-inspired (nonlinear!) dynamical systems on graphs, we can  
generate hypotheses about the dynamic meaning/role of various network motifs.

Domination is a graph property that comes out of the nonlinear dynamics,

it is not something that graph theorists or network scientists were already

paying attention to.


