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Self-supervised Learning: What we can learn 
from nonlinear dynamics and neuroscience

Part I
learning dynamics, stability, adaptivity, …

Part II
predictive coding, hippocampal model
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Published in Advances in Neural Information Processing Systems 6 (NIPS 1993)



64Once upon a time … 5
Cosine distance
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62005: supervised, metric learning

2010: unsupervised, density estimation



64

2020: unsupervised 
SimCLR [Chen+ 20]

From supervised to unsupervised 7

1993: supervised

Chen et al. (2020) A Simple Framework for Contrastive Learning of Visual Representations
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1993: supervised 2020: unsupervised 
SimCLR [Chen+ 20]

Chen et al. (2020) A Simple Framework for Contrastive Learning of Visual Representations

Data Augmentation
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Radford et al. (2021) Learning Transferable Visual Models From Natural Language Supervision.



64Massive negative sampling 10

Chen et al. (2020) A Simple Framework for Contrastive Learning of Visual Representations

SimCLR [Chen+ 20]

<latexit sha1_base64="OYIuD3tQeI2w0dbax8wVkezfngY="></latexit>xi

<latexit sha1_base64="oBHF1h2GFlEaPhB/HhOweL1oh7I="></latexit>xj
<latexit sha1_base64="gwzGj/YlW7S86DEYY7wqqSaKG3g="></latexit>

hj

<latexit sha1_base64="M7L9l5V9YJ8k17bUYdQox0J08kU="></latexit>

hi
<latexit sha1_base64="ZOTBYZ4IDYySEXx7pqSQY6rin/I="></latexit>zi

<latexit sha1_base64="g841n+aIva7pMukoNWeQg2B5H4A="></latexit>zj

<latexit sha1_base64="zT4jofQAeInRAyLCg8ASv/1Qtug="></latexit>

xj
<latexit sha1_base64="+f2W4Hg/9jlLsUD5f6us5OTh8bY="></latexit>

hj
<latexit sha1_base64="nD1veWt0VjbSwlag1ylwwCGzRQA="></latexit>

zj

encoder pred 
head
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Chen & He (2021) Exploring Simple Siamese Representation Learning.

SimSiam [Chen-He 21]
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Chen & He (2021) Exploring Simple Siamese Representation Learning.
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Chen & He (2021) Exploring Simple Siamese Representation Learning.

SimSiam [Chen-He 21]
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Stop 
Grad

●Data augmentation 
● Prediction head (but at anchor side only!) 
● Stop gradient
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Chen & He (2021) Exploring Simple Siamese Representation Learning.

SimSiam [Chen-He 21]
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<latexit sha1_base64="ZOTBYZ4IDYySEXx7pqSQY6rin/I="></latexit>zi😢 Constant encode id

●Data augmentation 
● Prediction head (but at anchor side only!) 
● Stop gradient 🤔 How to avoid constant encoder?

trivial

😢 Constant encode



What we can learn 
from nonlinear dynamics and neuroscience

Bao, H. (2023) 
Feature Normalization Prevents Collapse of Non-contrastive Learning Dynamics.
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<latexit sha1_base64="WynUUi/JkqYOBDgkoTqFVFEGUzg="></latexit>x
<latexit sha1_base64="VgvSMU7jTw5uLdIErOiZWBSPaT0="></latexit>

x0 <latexit sha1_base64="NI3gCb+S5Z+HFwNU5r0ymvjbw/Q="></latexit>

�x0

<latexit sha1_base64="/5xVUTgu9hqLfvIQJ/px178bQcU="></latexit>

�x
<latexit sha1_base64="8osqE/1MTXNe11T2/tw9Ei9cA68="></latexit>

W�x

Stop 
Grad

<latexit sha1_base64="kBPSW11GbXNZi8RGtRiuapnCgeA="></latexit>

W
<latexit sha1_base64="3hJD/RTeoGI1v4fhSpNhj7iQlus="></latexit>

�

<latexit sha1_base64="3hJD/RTeoGI1v4fhSpNhj7iQlus="></latexit>

�

<latexit sha1_base64="BhlfswrLabLnLZv8qiWt2tZD++A="></latexit>x0

Linear encoder

 
Linear 

predictorData augmentation

Tian et al. (2021) Understanding self-supervised learning dynamics without contrastive pairs.

[Tian+ 21]
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predictorData augmentation

<latexit sha1_base64="qG5xXlYS9cXfNOcbLQsnyKaRsUE="></latexit>

x0 ⇠ N (0, I)
<latexit sha1_base64="2P8kSfidrPJjfDWLcVdYq/MxEXo="></latexit>

x,x0 ⇠ N (x0,�
2I)

Strength of data aug

[Tian+ 21]

Tian et al. (2021) Understanding self-supervised learning dynamics without contrastive pairs.
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x,
x
0 ⇠ N (x0,

�
2 I)

<latexit sha1_base64="2P8kSfidrPJjfDWLcVdYq/MxEXo="></latexit>

x,x 0⇠ N
(x
0 ,� 2

I)

<latexit sha1_base64="fnvw+Uj/IFxh4VrNHQKHz3Vlq7Y="></latexit>

L(�,W) =
1

2
EkW�x� StopGrad(�x0)k22

[Tian+ 21]

Tian et al. (2021) Understanding self-supervised learning dynamics without contrastive pairs.



64Learning dynamics 21

[Tian+ 21]

Tian et al. (2021) Understanding self-supervised learning dynamics without contrastive pairs.

<latexit sha1_base64="fnvw+Uj/IFxh4VrNHQKHz3Vlq7Y="></latexit>

L(�,W) =
1

2
EkW�x� StopGrad(�x0)k22

<latexit sha1_base64="7rzeV98680lZ6kfqXeRcTHw1Xis="></latexit>

�(t+ 1) = �(t)� ⌘(r�L+ ⇢�(t))
<latexit sha1_base64="69FN/AHrb6o2LMdaf+DMBdqzUto="></latexit>

W(t+ 1) = W(t)� ⌘(rWL+ ⇢W(t))

Discrete time 
gradient descent

Continuous time 
gradient flow <latexit sha1_base64="mlZmNVp+y6PQL0YNrIoQpqvHXrE="></latexit>

Ẇ = �rWL� ⇢W

<latexit sha1_base64="DXRLzEssQr+y+lNfZvud3wvPtqc="></latexit>

�̇ = �r�L� ⇢�

<latexit sha1_base64="iScV+mS9iP5K/nFujp8sxRsJlBs="></latexit>

⌘ ! 0

weight decay
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<latexit sha1_base64="mlZmNVp+y6PQL0YNrIoQpqvHXrE="></latexit>

Ẇ = �rWL� ⇢W

<latexit sha1_base64="DXRLzEssQr+y+lNfZvud3wvPtqc="></latexit>

�̇ = �r�L� ⇢�

Matrix dynamics: not easy to deal with 😢

<latexit sha1_base64="P6DVhNpO2j+tPpqvmhYvP8hxQcA="></latexit>

Ḟ = �2(1 + �2)W2F+ 2WF� 2⇢F

Ẇ = �(1 + �2)WF+ F� ⇢W

<latexit sha1_base64="k7dn+ltFQvhYKT7UtmswSoPISqY="></latexit>

��> ⌘ F

<latexit sha1_base64="F1h6NWW9Z6Rt/PfDMQo5SrSIQsM="></latexit>

ṡ = �2(1 + �2)p2s+ 2ps� 2⇢s

ṗ = �(1 + �2)ps+ s� ⇢p

<latexit sha1_base64="VzioJIYRCFfyhY3Og4HC503AY4Q="></latexit>(
s : j-th eigval of F

p : j-th eigval of W

Scalar dynamics: 
enabled by eigendecomposition 😁

[Tian+ 21]

Tian et al. (2021) Understanding self-supervised learning dynamics without contrastive pairs.
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[Tian+ 21]

Tian et al. (2021) Understanding self-supervised learning dynamics without contrastive pairs.
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ṡ = �2(1 + �2)p2s+ 2ps� 2⇢s

ṗ = �(1 + �2)ps+ s� ⇢p

<latexit sha1_base64="WynUUi/JkqYOBDgkoTqFVFEGUzg="></latexit>x
<latexit sha1_base64="VgvSMU7jTw5uLdIErOiZWBSPaT0="></latexit>
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�x
<latexit sha1_base64="8osqE/1MTXNe11T2/tw9Ei9cA68="></latexit>

W�x

Stop 
Grad

<latexit sha1_base64="kBPSW11GbXNZi8RGtRiuapnCgeA="></latexit>

W
<latexit sha1_base64="3hJD/RTeoGI1v4fhSpNhj7iQlus="></latexit>

�

<latexit sha1_base64="3hJD/RTeoGI1v4fhSpNhj7iQlus="></latexit>

�

<latexit sha1_base64="BhlfswrLabLnLZv8qiWt2tZD++A="></latexit>x0
<latexit sha1_base64="2P8kSfidrPJjfDWLcVdYq/MxEXo="></latexit>

x,
x
0 ⇠ N (x0,

�
2 I)

<latexit sha1_base64="2P8kSfidrPJjfDWLcVdYq/MxEXo="></latexit>

x,x 0⇠ N
(x
0 ,� 2

I)

Eigvals of matrices evolves as follows:
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<latexit sha1_base64="F1h6NWW9Z6Rt/PfDMQo5SrSIQsM="></latexit>

ṡ = �2(1 + �2)p2s+ 2ps� 2⇢s

ṗ = �(1 + �2)ps+ s� ⇢p

[Tian+ 21]

Tian et al. (2021) Understanding self-supervised learning dynamics without contrastive pairs.

Simultaneous ODE

Adiabatic elimination

Eigval ODE of predictor
<latexit sha1_base64="VU3mFwqdtDA70QbkT9/LWW0pLkE="></latexit>

ṗ = p2{1� (1 + �2)p}� ⇢p

● Two params:  (data aug) &  (weight decay) 
●Q. How to avoid constant predictor? 
 
 
 

●Q. How to avoid  ?

<latexit sha1_base64="85SJb0yUccJuZk+1ih/lgL1e73o="></latexit>

�2 <latexit sha1_base64="qka/CrKQLTtgrd32QEdkppKPDyw=">AAACP3icfZDNSgMxFIUz/jv+tbp0M1gEESkzItVlURduRAWrhU6RO+ltG5pJhiQjlqGv4FZfx8fwCdyJW3dmagW14oXAx7knyb0nSjjTxvefnYnJqemZ2bl5d2FxaXmlUFy90jJVFGtUcqnqEWjkTGDNMMOxniiEOOJ4HfWO8v71LSrNpLg0/QSbMXQEazMKJpdC1ZU3hZJf9ofljUMwghIZ1flN0dkMW5KmMQpDOWjdCPzENDNQhlGOAzdMNSZAe9DBhkUBMepmNhx24G1apeW1pbJHGG+ofr+RQax1P46sMwbT1b97ufhXr5Ga9kEzYyJJDQr6+VE75Z6RXr6512IKqeF9C0AVs7N6tAsKqLH5uG54jHYZhaf24bMEFRiptrMQVCdmYmCX64Q7Of1nhLsvoyXXBhv8jnEcrnbLQaVcudgrVQ9HEc+RdbJBtkhA9kmVnJBzUiOUdMk9eSCPzpPz4rw6b5/WCWd0Z438KOf9A97AryU=</latexit>⇢

<latexit sha1_base64="+SQM3l4yMhRu2crR6b540oMlomI="></latexit>

p = 0
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● If : stable
<latexit sha1_base64="RjerUXlalf2i8IQxl5ZkTsd6De4="></latexit>

f(p) < 0

Quick pre-requisite
● Stability analysis of ODE  

●  is equilibrium (but can be unstable)

<latexit sha1_base64="3GPTXDUNJzSzuzbIHbnhZyOHpNY="></latexit>

ṗ = f(p)
<latexit sha1_base64="eNGawypYh8jUPIrz6KQjBDmydQc="></latexit>

ṗ = 0

25

● If : unstable
<latexit sha1_base64="4CwN7wBSv4ewWRFHC5eS/mYDyFk="></latexit>

f(p) > 0

because  head for the equilibrium locally
<latexit sha1_base64="MkbZM4wOtqS0jMH+n4nuQKz0RRY="></latexit>

f(p)
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[Tian+ 21]

Tian et al. (2021) Understanding self-supervised learning dynamics without contrastive pairs.

Eigval ODE of projector
<latexit sha1_base64="VU3mFwqdtDA70QbkT9/LWW0pLkE="></latexit>

ṗ = p2{1� (1 + �2)p}� ⇢p

strong weight decay: 
trivial solution  only

<latexit sha1_base64="+SQM3l4yMhRu2crR6b540oMlomI="></latexit>

p = 0
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[Tian+ 21]

Tian et al. (2021) Understanding self-supervised learning dynamics without contrastive pairs.

Eigval ODE of projector
<latexit sha1_base64="VU3mFwqdtDA70QbkT9/LWW0pLkE="></latexit>

ṗ = p2{1� (1 + �2)p}� ⇢p

strong weight decay: 
trivial solution  only

<latexit sha1_base64="+SQM3l4yMhRu2crR6b540oMlomI="></latexit>

p = 0
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[Tian+ 21]

Tian et al. (2021) Understanding self-supervised learning dynamics without contrastive pairs.

Eigval ODE of projector
<latexit sha1_base64="VU3mFwqdtDA70QbkT9/LWW0pLkE="></latexit>

ṗ = p2{1� (1 + �2)p}� ⇢p

strong weight decay: 
trivial solution  only

<latexit sha1_base64="+SQM3l4yMhRu2crR6b540oMlomI="></latexit>

p = 0



64But is this really happening?
● Pilot study: SimSiam on CIFAR-10 

❖ evaluation: linear probing accuracy 

● [Chen-He 21] Let’s use small enough WD! 
● [Bao 23] Intensifying WD keeps working 
●🔑 small learning rate 
(to enter gradient flow regime)

29

larger WD  still works 
= accuracy does not breaks down

<latexit sha1_base64="qka/CrKQLTtgrd32QEdkppKPDyw=">AAACP3icfZDNSgMxFIUz/jv+tbp0M1gEESkzItVlURduRAWrhU6RO+ltG5pJhiQjlqGv4FZfx8fwCdyJW3dmagW14oXAx7knyb0nSjjTxvefnYnJqemZ2bl5d2FxaXmlUFy90jJVFGtUcqnqEWjkTGDNMMOxniiEOOJ4HfWO8v71LSrNpLg0/QSbMXQEazMKJpdC1ZU3hZJf9ofljUMwghIZ1flN0dkMW5KmMQpDOWjdCPzENDNQhlGOAzdMNSZAe9DBhkUBMepmNhx24G1apeW1pbJHGG+ofr+RQax1P46sMwbT1b97ufhXr5Ga9kEzYyJJDQr6+VE75Z6RXr6512IKqeF9C0AVs7N6tAsKqLH5uG54jHYZhaf24bMEFRiptrMQVCdmYmCX64Q7Of1nhLsvoyXXBhv8jnEcrnbLQaVcudgrVQ9HEc+RdbJBtkhA9kmVnJBzUiOUdMk9eSCPzpPz4rw6b5/WCWd0Z438KOf9A97AryU=</latexit>⇢
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<latexit sha1_base64="WynUUi/JkqYOBDgkoTqFVFEGUzg="></latexit>x
<latexit sha1_base64="VgvSMU7jTw5uLdIErOiZWBSPaT0="></latexit>

x0 <latexit sha1_base64="NI3gCb+S5Z+HFwNU5r0ymvjbw/Q="></latexit>

�x0

<latexit sha1_base64="/5xVUTgu9hqLfvIQJ/px178bQcU="></latexit>

�x
<latexit sha1_base64="8osqE/1MTXNe11T2/tw9Ei9cA68="></latexit>

W�x

Stop 
Grad

<latexit sha1_base64="kBPSW11GbXNZi8RGtRiuapnCgeA="></latexit>

W
<latexit sha1_base64="3hJD/RTeoGI1v4fhSpNhj7iQlus="></latexit>

�

<latexit sha1_base64="3hJD/RTeoGI1v4fhSpNhj7iQlus="></latexit>

�

<latexit sha1_base64="BhlfswrLabLnLZv8qiWt2tZD++A="></latexit>x0
<latexit sha1_base64="2P8kSfidrPJjfDWLcVdYq/MxEXo="></latexit>

x,
x
0 ⇠ N (x0,

�
2 I)

<latexit sha1_base64="2P8kSfidrPJjfDWLcVdYq/MxEXo="></latexit>

x,x 0⇠ N
(x
0 ,� 2

I)

<latexit sha1_base64="fnvw+Uj/IFxh4VrNHQKHz3Vlq7Y="></latexit>

L(�,W) =
1

2
EkW�x� StopGrad(�x0)k22[Tian+ 21]

SimSiam impl

<latexit sha1_base64="eD8Tr3fo5YqK6nI45PCr3QpXMzM="></latexit>

L(�,W) = E

� hW�x, StopGrad(�x0)i
kW�xkkStopGrad(�x0)k

�



64Cosine loss may prevent collapse
● If collapsing ( ), predictor goes to zero , blowing up cosine loss

<latexit sha1_base64="+SQM3l4yMhRu2crR6b540oMlomI="></latexit>

p = 0
<latexit sha1_base64="v+LAwe1SY38lttUePzrPyO/18OA="></latexit>

W = O

31

<latexit sha1_base64="eD8Tr3fo5YqK6nI45PCr3QpXMzM="></latexit>

L(�,W) = E

� hW�x, StopGrad(�x0)i
kW�xkkStopGrad(�x0)k

�

🤔 What does the cosine-loss dynamics look like?



64Challenges of cosine loss: normalization

● Taking derivative wrt normalizer makes gradient complicated 
● Solution: high-dimensional limit

32

<latexit sha1_base64="eD8Tr3fo5YqK6nI45PCr3QpXMzM="></latexit>

L(�,W) = E

� hW�x, StopGrad(�x0)i
kW�xkkStopGrad(�x0)k

�

norm of random vector concentrates on a hypersphere
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● Taking derivative wrt normalizer makes gradient complicated 
● Solution: high-dimensional limit

Challenges of cosine loss: normalization 33

<latexit sha1_base64="eD8Tr3fo5YqK6nI45PCr3QpXMzM="></latexit>

L(�,W) = E

� hW�x, StopGrad(�x0)i
kW�xkkStopGrad(�x0)k

�

[Chen-He 21]

🔑 Approx 
<latexit sha1_base64="VqeTNcrxlJFrSSdGNDLoE0QnlyY="></latexit>

kW�xk = const.
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34

<latexit sha1_base64="mlZmNVp+y6PQL0YNrIoQpqvHXrE="></latexit>

Ẇ = �rWL� ⇢W

<latexit sha1_base64="DXRLzEssQr+y+lNfZvud3wvPtqc="></latexit>

�̇ = �r�L� ⇢�

<latexit sha1_base64="F1h6NWW9Z6Rt/PfDMQo5SrSIQsM="></latexit>

ṡ = �2(1 + �2)p2s+ 2ps� 2⇢s

ṗ = �(1 + �2)ps+ s� ⇢p

<latexit sha1_base64="VU3mFwqdtDA70QbkT9/LWW0pLkE="></latexit>

ṗ = p2{1� (1 + �2)p}� ⇢p

L2 loss [Tian+ 21] Cosine loss

Adiabatic elimination

<latexit sha1_base64="fIc2AH4mp14inm7PC5NN3idswE8="></latexit>

ṗ = �2C1p6 + C2p3 � C3p2

1 + �2
� ⇢p

Adiabatic elimination
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Eigval ODE of projector
<latexit sha1_base64="fIc2AH4mp14inm7PC5NN3idswE8="></latexit>

ṗ = �2C1p6 + C2p3 � C3p2

1 + �2
� ⇢p

 
decay

<latexit sha1_base64="5Hr53OTIAowhIyWIpjNH1R8x+lQ="></latexit>

kW�xk  
decay

<latexit sha1_base64="5Hr53OTIAowhIyWIpjNH1R8x+lQ="></latexit>

kW�xk

collapse  is saddle!
<latexit sha1_base64="+SQM3l4yMhRu2crR6b540oMlomI="></latexit>

p = 0

(  depends on  )
<latexit sha1_base64="n3yu2ZBpTswedbAJTPjTLtkp1cM="></latexit>

Ci
<latexit sha1_base64="5Hr53OTIAowhIyWIpjNH1R8x+lQ="></latexit>

kW�xk
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Eigval ODE of projector
<latexit sha1_base64="fIc2AH4mp14inm7PC5NN3idswE8="></latexit>

ṗ = �2C1p6 + C2p3 � C3p2

1 + �2
� ⇢p

 
decay

<latexit sha1_base64="5Hr53OTIAowhIyWIpjNH1R8x+lQ="></latexit>

kW�xk  
decay

<latexit sha1_base64="5Hr53OTIAowhIyWIpjNH1R8x+lQ="></latexit>

kW�xk

collapse  is saddle!
<latexit sha1_base64="+SQM3l4yMhRu2crR6b540oMlomI="></latexit>

p = 0

(  depends on  )
<latexit sha1_base64="n3yu2ZBpTswedbAJTPjTLtkp1cM="></latexit>

Ci
<latexit sha1_base64="5Hr53OTIAowhIyWIpjNH1R8x+lQ="></latexit>

kW�xk
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Eigval ODE of projector
<latexit sha1_base64="fIc2AH4mp14inm7PC5NN3idswE8="></latexit>

ṗ = �2C1p6 + C2p3 � C3p2

1 + �2
� ⇢p

 
decay

<latexit sha1_base64="5Hr53OTIAowhIyWIpjNH1R8x+lQ="></latexit>

kW�xk  
decay

<latexit sha1_base64="5Hr53OTIAowhIyWIpjNH1R8x+lQ="></latexit>

kW�xk

non-trivial solution exists

collapse  is saddle!
<latexit sha1_base64="+SQM3l4yMhRu2crR6b540oMlomI="></latexit>

p = 0

(  depends on  )
<latexit sha1_base64="n3yu2ZBpTswedbAJTPjTLtkp1cM="></latexit>

Ci
<latexit sha1_base64="5Hr53OTIAowhIyWIpjNH1R8x+lQ="></latexit>

kW�xk



64Part 1: What we learn from nonlinear dynamics
●😁 Dynamics analysis provides stability analysis beyond analyzing loss minimizer solely 

❖ Why StopGrad? Why encoder-predictor? etc. 

●😁 Difference loss function may yield more adaptivity during optimization 
 
 
 
 

●😢 What we don’t answer: feature learning 
❖ since analytical solution to ODE typically requires strong Gaussianity assumptions

38

<latexit sha1_base64="VU3mFwqdtDA70QbkT9/LWW0pLkE="></latexit>

ṗ = p2{1� (1 + �2)p}� ⇢p

<latexit sha1_base64="fIc2AH4mp14inm7PC5NN3idswE8="></latexit>

ṗ = �2C1p6 + C2p3 � C3p2

1 + �2
� ⇢p

L2 dynamics cosine dynamics



What we can learn 
from nonlinear dynamics and neuroscience

Ishikawa, S.*, Yamada, M.*, Bao, H., & Takezawa, Y. (ICLR2025) 
PhiNets: Brain-inspired Non-contrastive Learning Based on Temporal Prediction Hypothesis.



64Predictive coding
● Brain predicts a future/neighboring input signal 

❖ dopamine is secreted if prediction makes a mistake

40

Contrastive predictive coding [van den Oord+ 18]

van den Oord et al. (2018) Representation Learning with Contrastive Predictive Coding.



64Predictive coding
● Brain predicts a future/neighboring input signal at various level

41

https://en.wikipedia.org/wiki/Hippocampus



64Neocortex and hippocampus 42

https://en.wikipedia.org/wiki/Hippocampus

Neocortex

Hippocampus

external stimuli

store memory

Long-term memory

Short-term memory



64Hippocampus as a self-supervised learning model 43

[Chen+ 24]

Chen et al. (2024) Predictive Sequence Learning in the Hippocampal Formation.

NC

EC
I
II
III
IV
V
VI

CA3

CA1
external stimuli

prediction

store back

<latexit sha1_base64="d+WgDHYdnssNNFXIfM63K5P+w24="></latexit>

+2⌧
<latexit sha1_base64="G+hsa3HdS1eweLpU8qcfmuT1OL8="></latexit>

+⌧
<latexit sha1_base64="G+hsa3HdS1eweLpU8qcfmuT1OL8="></latexit>

+⌧

Transmission delay b/w CA3 and CA1 forms a self-supervised feedback 
⇒ with prediction, neural activity is replicated more accurately

synaptic delay

NeoCortex Entorhinal Cortex
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CA3
CA1

<latexit sha1_base64="d+WgDHYdnssNNFXIfM63K5P+w24="></latexit>

+2⌧
<latexit sha1_base64="G+hsa3HdS1eweLpU8qcfmuT1OL8="></latexit>

+⌧
<latexit sha1_base64="G+hsa3HdS1eweLpU8qcfmuT1OL8="></latexit>

+⌧
EC-II
EC-III

EC-V

44

<latexit sha1_base64="7lJplPjo0GzuWzEv29KSF96AhCI="></latexit>

+3⌧

<latexit sha1_base64="ck9pYxIXznWgKuF2C3SnMhCCnPI="></latexit>

+2⌧

Temporal difference
Temporal prediction hypothesis
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CA3
CA1

<latexit sha1_base64="d+WgDHYdnssNNFXIfM63K5P+w24="></latexit>

+2⌧
<latexit sha1_base64="G+hsa3HdS1eweLpU8qcfmuT1OL8="></latexit>

+⌧
<latexit sha1_base64="G+hsa3HdS1eweLpU8qcfmuT1OL8="></latexit>

+⌧
EC-II
EC-III

EC-V

45

<latexit sha1_base64="OYIuD3tQeI2w0dbax8wVkezfngY="></latexit>xi

<latexit sha1_base64="oBHF1h2GFlEaPhB/HhOweL1oh7I="></latexit>xj
<latexit sha1_base64="gwzGj/YlW7S86DEYY7wqqSaKG3g="></latexit>

hj

<latexit sha1_base64="M7L9l5V9YJ8k17bUYdQox0J08kU="></latexit>

hi
<latexit sha1_base64="ZOTBYZ4IDYySEXx7pqSQY6rin/I="></latexit>zi

Stop 
Grad

<latexit sha1_base64="UXgnZhucLLIyKxxyuDmLz6hD2XQ=">AAACPHicfZDLSsNAFIYn9VbjrdWlm2ApiEhJRNRlURduxBasFZoiJ9OTdnAyCTMTsYQ+gVt9Hd/DvTtx69rpRdAqHhj4+M8/M+f8QcKZ0q77YuVmZufmF/KL9tLyyupaobh+peJUUmzQmMfyOgCFnAlsaKY5XicSIQo4NoPbk2G/eYdSsVhc6n6C7Qi6goWMgjZSPbwplNyKOyrnN3gTKJFJ1W6KVtnvxDSNUGjKQamW5ya6nYHUjHIc2H6qMAF6C11sGRQQoWpno0kHTtkoHSeMpTlCOyP1+40MIqX6UWCcEeiemu4Nxb96rVSHR+2MiSTVKOj4ozDljo6d4dpOh0mkmvcNAJXMzOrQHkig2oRj2/4pmmUknpuHLxKUoGO5k/kguxETA7Nc198d0n9GuP8yGrJNsN50jL/haq/iHVQO6vul6vEk4jzZJFtkm3jkkFTJGamRBqEEyQN5JE/Ws/VqvVnvY2vOmtzZID/K+vgEIGytyA==</latexit>

f

<latexit sha1_base64="UXgnZhucLLIyKxxyuDmLz6hD2XQ=">AAACPHicfZDLSsNAFIYn9VbjrdWlm2ApiEhJRNRlURduxBasFZoiJ9OTdnAyCTMTsYQ+gVt9Hd/DvTtx69rpRdAqHhj4+M8/M+f8QcKZ0q77YuVmZufmF/KL9tLyyupaobh+peJUUmzQmMfyOgCFnAlsaKY5XicSIQo4NoPbk2G/eYdSsVhc6n6C7Qi6goWMgjZSPbwplNyKOyrnN3gTKJFJ1W6KVtnvxDSNUGjKQamW5ya6nYHUjHIc2H6qMAF6C11sGRQQoWpno0kHTtkoHSeMpTlCOyP1+40MIqX6UWCcEeiemu4Nxb96rVSHR+2MiSTVKOj4ozDljo6d4dpOh0mkmvcNAJXMzOrQHkig2oRj2/4pmmUknpuHLxKUoGO5k/kguxETA7Nc198d0n9GuP8yGrJNsN50jL/haq/iHVQO6vul6vEk4jzZJFtkm3jkkFTJGamRBqEEyQN5JE/Ws/VqvVnvY2vOmtzZID/K+vgEIGytyA==</latexit>

f

<latexit sha1_base64="ohipUW93olWICBW31kkLiUn2UJE=">AAACPHicfZDLSgMxFIYz9T7eqi7dDJaCiJQZkepS1IUb0YK9QKeUM+lpG5rJDElGLEOfwK2+ju/h3p24dW16EbQVDwQ+/vMnOecPYs6Udt1XKzM3v7C4tLxir66tb2xmt7YrKkokxTKNeCRrASjkTGBZM82xFkuEMOBYDXoXw371HqVikbjT/RgbIXQEazMK2kilbjObcwvuqJxZ8CaQI5O6bW5Zeb8V0SREoSkHpeqeG+tGClIzynFg+4nCGGgPOlg3KCBE1UhHkw6cvFFaTjuS5gjtjNSfN1IIleqHgXGGoLtqujcU/+rVE90+baRMxIlGQccftRPu6MgZru20mESqed8AUMnMrA7tggSqTTi27V+iWUbitXn4JkYJOpIHqQ+yEzIxMMt1/MMh/WeEh2+jIdsE603HOAuVo4JXLBRLx7mz80nEy2SX7JF94pETckauyC0pE0qQPJIn8my9WG/Wu/UxtmasyZ0d8quszy8kHK3K</latexit>

h
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CA3
CA1

<latexit sha1_base64="d+WgDHYdnssNNFXIfM63K5P+w24="></latexit>

+2⌧
<latexit sha1_base64="G+hsa3HdS1eweLpU8qcfmuT1OL8="></latexit>

+⌧
<latexit sha1_base64="G+hsa3HdS1eweLpU8qcfmuT1OL8="></latexit>

+⌧
EC-II
EC-III

EC-V

46

<latexit sha1_base64="OYIuD3tQeI2w0dbax8wVkezfngY="></latexit>xi

<latexit sha1_base64="oBHF1h2GFlEaPhB/HhOweL1oh7I="></latexit>xj
<latexit sha1_base64="gwzGj/YlW7S86DEYY7wqqSaKG3g="></latexit>

hj

<latexit sha1_base64="M7L9l5V9YJ8k17bUYdQox0J08kU="></latexit>

hi
<latexit sha1_base64="ZOTBYZ4IDYySEXx7pqSQY6rin/I="></latexit>zi

Stop 
Grad

<latexit sha1_base64="UXgnZhucLLIyKxxyuDmLz6hD2XQ=">AAACPHicfZDLSsNAFIYn9VbjrdWlm2ApiEhJRNRlURduxBasFZoiJ9OTdnAyCTMTsYQ+gVt9Hd/DvTtx69rpRdAqHhj4+M8/M+f8QcKZ0q77YuVmZufmF/KL9tLyyupaobh+peJUUmzQmMfyOgCFnAlsaKY5XicSIQo4NoPbk2G/eYdSsVhc6n6C7Qi6goWMgjZSPbwplNyKOyrnN3gTKJFJ1W6KVtnvxDSNUGjKQamW5ya6nYHUjHIc2H6qMAF6C11sGRQQoWpno0kHTtkoHSeMpTlCOyP1+40MIqX6UWCcEeiemu4Nxb96rVSHR+2MiSTVKOj4ozDljo6d4dpOh0mkmvcNAJXMzOrQHkig2oRj2/4pmmUknpuHLxKUoGO5k/kguxETA7Nc198d0n9GuP8yGrJNsN50jL/haq/iHVQO6vul6vEk4jzZJFtkm3jkkFTJGamRBqEEyQN5JE/Ws/VqvVnvY2vOmtzZID/K+vgEIGytyA==</latexit>

f

<latexit sha1_base64="UXgnZhucLLIyKxxyuDmLz6hD2XQ=">AAACPHicfZDLSsNAFIYn9VbjrdWlm2ApiEhJRNRlURduxBasFZoiJ9OTdnAyCTMTsYQ+gVt9Hd/DvTtx69rpRdAqHhj4+M8/M+f8QcKZ0q77YuVmZufmF/KL9tLyyupaobh+peJUUmzQmMfyOgCFnAlsaKY5XicSIQo4NoPbk2G/eYdSsVhc6n6C7Qi6goWMgjZSPbwplNyKOyrnN3gTKJFJ1W6KVtnvxDSNUGjKQamW5ya6nYHUjHIc2H6qMAF6C11sGRQQoWpno0kHTtkoHSeMpTlCOyP1+40MIqX6UWCcEeiemu4Nxb96rVSHR+2MiSTVKOj4ozDljo6d4dpOh0mkmvcNAJXMzOrQHkig2oRj2/4pmmUknpuHLxKUoGO5k/kguxETA7Nc198d0n9GuP8yGrJNsN50jL/haq/iHVQO6vul6vEk4jzZJFtkm3jkkFTJGamRBqEEyQN5JE/Ws/VqvVnvY2vOmtzZID/K+vgEIGytyA==</latexit>

f

<latexit sha1_base64="ohipUW93olWICBW31kkLiUn2UJE=">AAACPHicfZDLSgMxFIYz9T7eqi7dDJaCiJQZkepS1IUb0YK9QKeUM+lpG5rJDElGLEOfwK2+ju/h3p24dW16EbQVDwQ+/vMnOecPYs6Udt1XKzM3v7C4tLxir66tb2xmt7YrKkokxTKNeCRrASjkTGBZM82xFkuEMOBYDXoXw371HqVikbjT/RgbIXQEazMK2kilbjObcwvuqJxZ8CaQI5O6bW5Zeb8V0SREoSkHpeqeG+tGClIzynFg+4nCGGgPOlg3KCBE1UhHkw6cvFFaTjuS5gjtjNSfN1IIleqHgXGGoLtqujcU/+rVE90+baRMxIlGQccftRPu6MgZru20mESqed8AUMnMrA7tggSqTTi27V+iWUbitXn4JkYJOpIHqQ+yEzIxMMt1/MMh/WeEh2+jIdsE603HOAuVo4JXLBRLx7mz80nEy2SX7JF94pETckauyC0pE0qQPJIn8my9WG/Wu/UxtmasyZ0d8quszy8kHK3K</latexit>

h
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CA3
CA1

<latexit sha1_base64="d+WgDHYdnssNNFXIfM63K5P+w24="></latexit>

+2⌧
<latexit sha1_base64="G+hsa3HdS1eweLpU8qcfmuT1OL8="></latexit>

+⌧
<latexit sha1_base64="G+hsa3HdS1eweLpU8qcfmuT1OL8="></latexit>

+⌧
EC-II
EC-III

EC-V

47

<latexit sha1_base64="OYIuD3tQeI2w0dbax8wVkezfngY="></latexit>xi

<latexit sha1_base64="oBHF1h2GFlEaPhB/HhOweL1oh7I="></latexit>xj
<latexit sha1_base64="gwzGj/YlW7S86DEYY7wqqSaKG3g="></latexit>

hj

<latexit sha1_base64="M7L9l5V9YJ8k17bUYdQox0J08kU="></latexit>

hi
<latexit sha1_base64="ZOTBYZ4IDYySEXx7pqSQY6rin/I="></latexit>zi

Stop 
Grad

<latexit sha1_base64="UXgnZhucLLIyKxxyuDmLz6hD2XQ=">AAACPHicfZDLSsNAFIYn9VbjrdWlm2ApiEhJRNRlURduxBasFZoiJ9OTdnAyCTMTsYQ+gVt9Hd/DvTtx69rpRdAqHhj4+M8/M+f8QcKZ0q77YuVmZufmF/KL9tLyyupaobh+peJUUmzQmMfyOgCFnAlsaKY5XicSIQo4NoPbk2G/eYdSsVhc6n6C7Qi6goWMgjZSPbwplNyKOyrnN3gTKJFJ1W6KVtnvxDSNUGjKQamW5ya6nYHUjHIc2H6qMAF6C11sGRQQoWpno0kHTtkoHSeMpTlCOyP1+40MIqX6UWCcEeiemu4Nxb96rVSHR+2MiSTVKOj4ozDljo6d4dpOh0mkmvcNAJXMzOrQHkig2oRj2/4pmmUknpuHLxKUoGO5k/kguxETA7Nc198d0n9GuP8yGrJNsN50jL/haq/iHVQO6vul6vEk4jzZJFtkm3jkkFTJGamRBqEEyQN5JE/Ws/VqvVnvY2vOmtzZID/K+vgEIGytyA==</latexit>

f

<latexit sha1_base64="UXgnZhucLLIyKxxyuDmLz6hD2XQ=">AAACPHicfZDLSsNAFIYn9VbjrdWlm2ApiEhJRNRlURduxBasFZoiJ9OTdnAyCTMTsYQ+gVt9Hd/DvTtx69rpRdAqHhj4+M8/M+f8QcKZ0q77YuVmZufmF/KL9tLyyupaobh+peJUUmzQmMfyOgCFnAlsaKY5XicSIQo4NoPbk2G/eYdSsVhc6n6C7Qi6goWMgjZSPbwplNyKOyrnN3gTKJFJ1W6KVtnvxDSNUGjKQamW5ya6nYHUjHIc2H6qMAF6C11sGRQQoWpno0kHTtkoHSeMpTlCOyP1+40MIqX6UWCcEeiemu4Nxb96rVSHR+2MiSTVKOj4ozDljo6d4dpOh0mkmvcNAJXMzOrQHkig2oRj2/4pmmUknpuHLxKUoGO5k/kguxETA7Nc198d0n9GuP8yGrJNsN50jL/haq/iHVQO6vul6vEk4jzZJFtkm3jkkFTJGamRBqEEyQN5JE/Ws/VqvVnvY2vOmtzZID/K+vgEIGytyA==</latexit>

f

<latexit sha1_base64="ohipUW93olWICBW31kkLiUn2UJE=">AAACPHicfZDLSgMxFIYz9T7eqi7dDJaCiJQZkepS1IUb0YK9QKeUM+lpG5rJDElGLEOfwK2+ju/h3p24dW16EbQVDwQ+/vMnOecPYs6Udt1XKzM3v7C4tLxir66tb2xmt7YrKkokxTKNeCRrASjkTGBZM82xFkuEMOBYDXoXw371HqVikbjT/RgbIXQEazMK2kilbjObcwvuqJxZ8CaQI5O6bW5Zeb8V0SREoSkHpeqeG+tGClIzynFg+4nCGGgPOlg3KCBE1UhHkw6cvFFaTjuS5gjtjNSfN1IIleqHgXGGoLtqujcU/+rVE90+baRMxIlGQccftRPu6MgZru20mESqed8AUMnMrA7tggSqTTi27V+iWUbitXn4JkYJOpIHqQ+yEzIxMMt1/MMh/WeEh2+jIdsE603HOAuVo4JXLBRLx7mz80nEy2SX7JF94pETckauyC0pE0qQPJIn8my9WG/Wu/UxtmasyZ0d8quszy8kHK3K</latexit>

h

Missing!



64
48

<latexit sha1_base64="OYIuD3tQeI2w0dbax8wVkezfngY="></latexit>xi

<latexit sha1_base64="oBHF1h2GFlEaPhB/HhOweL1oh7I="></latexit>xj
<latexit sha1_base64="gwzGj/YlW7S86DEYY7wqqSaKG3g="></latexit>

hj

<latexit sha1_base64="M7L9l5V9YJ8k17bUYdQox0J08kU="></latexit>

hi
<latexit sha1_base64="ZOTBYZ4IDYySEXx7pqSQY6rin/I="></latexit>zi

Stop 
Grad

<latexit sha1_base64="UXgnZhucLLIyKxxyuDmLz6hD2XQ=">AAACPHicfZDLSsNAFIYn9VbjrdWlm2ApiEhJRNRlURduxBasFZoiJ9OTdnAyCTMTsYQ+gVt9Hd/DvTtx69rpRdAqHhj4+M8/M+f8QcKZ0q77YuVmZufmF/KL9tLyyupaobh+peJUUmzQmMfyOgCFnAlsaKY5XicSIQo4NoPbk2G/eYdSsVhc6n6C7Qi6goWMgjZSPbwplNyKOyrnN3gTKJFJ1W6KVtnvxDSNUGjKQamW5ya6nYHUjHIc2H6qMAF6C11sGRQQoWpno0kHTtkoHSeMpTlCOyP1+40MIqX6UWCcEeiemu4Nxb96rVSHR+2MiSTVKOj4ozDljo6d4dpOh0mkmvcNAJXMzOrQHkig2oRj2/4pmmUknpuHLxKUoGO5k/kguxETA7Nc198d0n9GuP8yGrJNsN50jL/haq/iHVQO6vul6vEk4jzZJFtkm3jkkFTJGamRBqEEyQN5JE/Ws/VqvVnvY2vOmtzZID/K+vgEIGytyA==</latexit>

f

<latexit sha1_base64="UXgnZhucLLIyKxxyuDmLz6hD2XQ=">AAACPHicfZDLSsNAFIYn9VbjrdWlm2ApiEhJRNRlURduxBasFZoiJ9OTdnAyCTMTsYQ+gVt9Hd/DvTtx69rpRdAqHhj4+M8/M+f8QcKZ0q77YuVmZufmF/KL9tLyyupaobh+peJUUmzQmMfyOgCFnAlsaKY5XicSIQo4NoPbk2G/eYdSsVhc6n6C7Qi6goWMgjZSPbwplNyKOyrnN3gTKJFJ1W6KVtnvxDSNUGjKQamW5ya6nYHUjHIc2H6qMAF6C11sGRQQoWpno0kHTtkoHSeMpTlCOyP1+40MIqX6UWCcEeiemu4Nxb96rVSHR+2MiSTVKOj4ozDljo6d4dpOh0mkmvcNAJXMzOrQHkig2oRj2/4pmmUknpuHLxKUoGO5k/kguxETA7Nc198d0n9GuP8yGrJNsN50jL/haq/iHVQO6vul6vEk4jzZJFtkm3jkkFTJGamRBqEEyQN5JE/Ws/VqvVnvY2vOmtzZID/K+vgEIGytyA==</latexit>

f

<latexit sha1_base64="ohipUW93olWICBW31kkLiUn2UJE=">AAACPHicfZDLSgMxFIYz9T7eqi7dDJaCiJQZkepS1IUb0YK9QKeUM+lpG5rJDElGLEOfwK2+ju/h3p24dW16EbQVDwQ+/vMnOecPYs6Udt1XKzM3v7C4tLxir66tb2xmt7YrKkokxTKNeCRrASjkTGBZM82xFkuEMOBYDXoXw371HqVikbjT/RgbIXQEazMK2kilbjObcwvuqJxZ8CaQI5O6bW5Zeb8V0SREoSkHpeqeG+tGClIzynFg+4nCGGgPOlg3KCBE1UhHkw6cvFFaTjuS5gjtjNSfN1IIleqHgXGGoLtqujcU/+rVE90+baRMxIlGQccftRPu6MgZru20mESqed8AUMnMrA7tggSqTTi27V+iWUbitXn4JkYJOpIHqQ+yEzIxMMt1/MMh/WeEh2+jIdsE603HOAuVo4JXLBRLx7mz80nEy2SX7JF94pETckauyC0pE0qQPJIn8my9WG/Wu/UxtmasyZ0d8quszy8kHK3K</latexit>

h

<latexit sha1_base64="WynUUi/JkqYOBDgkoTqFVFEGUzg="></latexit>x
<latexit sha1_base64="UXgnZhucLLIyKxxyuDmLz6hD2XQ=">AAACPHicfZDLSsNAFIYn9VbjrdWlm2ApiEhJRNRlURduxBasFZoiJ9OTdnAyCTMTsYQ+gVt9Hd/DvTtx69rpRdAqHhj4+M8/M+f8QcKZ0q77YuVmZufmF/KL9tLyyupaobh+peJUUmzQmMfyOgCFnAlsaKY5XicSIQo4NoPbk2G/eYdSsVhc6n6C7Qi6goWMgjZSPbwplNyKOyrnN3gTKJFJ1W6KVtnvxDSNUGjKQamW5ya6nYHUjHIc2H6qMAF6C11sGRQQoWpno0kHTtkoHSeMpTlCOyP1+40MIqX6UWCcEeiemu4Nxb96rVSHR+2MiSTVKOj4ozDljo6d4dpOh0mkmvcNAJXMzOrQHkig2oRj2/4pmmUknpuHLxKUoGO5k/kguxETA7Nc198d0n9GuP8yGrJNsN50jL/haq/iHVQO6vul6vEk4jzZJFtkm3jkkFTJGamRBqEEyQN5JE/Ws/VqvVnvY2vOmtzZID/K+vgEIGytyA==</latexit>

f
<latexit sha1_base64="0VGLZ6c/DGB+9vEkCqaS7AY0zLg="></latexit>

h

<latexit sha1_base64="5pCyBpbCEsb/Wsd15Ao+4VD0Ajc=">AAACPHicfZDLSsNAFIYn9VbjrdWlm2ApiEhJRNRlURduxBasFZoiJ9PTdHAyCTMTsYQ+gVt9Hd/DvTtx69rpRdAqHhj4+M8/M+f8QcKZ0q77YuVmZufmF/KL9tLyyupaobh+peJUUmzQmMfyOgCFnAlsaKY5XicSIQo4NoPbk2G/eYdSsVhc6n6C7QhCwbqMgjZSPbwplNyKOyrnN3gTKJFJ1W6KVtnvxDSNUGjKQamW5ya6nYHUjHIc2H6qMAF6CyG2DAqIULWz0aQDp2yUjtONpTlCOyP1+40MIqX6UWCcEeiemu4Nxb96rVR3j9oZE0mqUdDxR92UOzp2hms7HSaRat43AFQyM6tDeyCBahOObfunaJaReG4evkhQgo7lTuaDDCMmBma50N8d0n9GuP8yGrJNsN50jL/haq/iHVQO6vul6vEk4jzZJFtkm3jkkFTJGamRBqEEyQN5JE/Ws/VqvVnvY2vOmtzZID/K+vgEIkStyQ==</latexit>g

Stop 
Grad

CA3
CA1

<latexit sha1_base64="d+WgDHYdnssNNFXIfM63K5P+w24="></latexit>

+2⌧ <latexit sha1_base64="G+hsa3HdS1eweLpU8qcfmuT1OL8="></latexit>

+⌧
<latexit sha1_base64="G+hsa3HdS1eweLpU8qcfmuT1OL8="></latexit>

+⌧
EC-II
EC-III

EC-V



64
49

<latexit sha1_base64="OYIuD3tQeI2w0dbax8wVkezfngY="></latexit>xi

<latexit sha1_base64="oBHF1h2GFlEaPhB/HhOweL1oh7I="></latexit>xj
<latexit sha1_base64="gwzGj/YlW7S86DEYY7wqqSaKG3g="></latexit>

hj

<latexit sha1_base64="M7L9l5V9YJ8k17bUYdQox0J08kU="></latexit>

hi
<latexit sha1_base64="ZOTBYZ4IDYySEXx7pqSQY6rin/I="></latexit>zi

Stop 
Grad

<latexit sha1_base64="UXgnZhucLLIyKxxyuDmLz6hD2XQ=">AAACPHicfZDLSsNAFIYn9VbjrdWlm2ApiEhJRNRlURduxBasFZoiJ9OTdnAyCTMTsYQ+gVt9Hd/DvTtx69rpRdAqHhj4+M8/M+f8QcKZ0q77YuVmZufmF/KL9tLyyupaobh+peJUUmzQmMfyOgCFnAlsaKY5XicSIQo4NoPbk2G/eYdSsVhc6n6C7Qi6goWMgjZSPbwplNyKOyrnN3gTKJFJ1W6KVtnvxDSNUGjKQamW5ya6nYHUjHIc2H6qMAF6C11sGRQQoWpno0kHTtkoHSeMpTlCOyP1+40MIqX6UWCcEeiemu4Nxb96rVSHR+2MiSTVKOj4ozDljo6d4dpOh0mkmvcNAJXMzOrQHkig2oRj2/4pmmUknpuHLxKUoGO5k/kguxETA7Nc198d0n9GuP8yGrJNsN50jL/haq/iHVQO6vul6vEk4jzZJFtkm3jkkFTJGamRBqEEyQN5JE/Ws/VqvVnvY2vOmtzZID/K+vgEIGytyA==</latexit>

f

<latexit sha1_base64="UXgnZhucLLIyKxxyuDmLz6hD2XQ=">AAACPHicfZDLSsNAFIYn9VbjrdWlm2ApiEhJRNRlURduxBasFZoiJ9OTdnAyCTMTsYQ+gVt9Hd/DvTtx69rpRdAqHhj4+M8/M+f8QcKZ0q77YuVmZufmF/KL9tLyyupaobh+peJUUmzQmMfyOgCFnAlsaKY5XicSIQo4NoPbk2G/eYdSsVhc6n6C7Qi6goWMgjZSPbwplNyKOyrnN3gTKJFJ1W6KVtnvxDSNUGjKQamW5ya6nYHUjHIc2H6qMAF6C11sGRQQoWpno0kHTtkoHSeMpTlCOyP1+40MIqX6UWCcEeiemu4Nxb96rVSHR+2MiSTVKOj4ozDljo6d4dpOh0mkmvcNAJXMzOrQHkig2oRj2/4pmmUknpuHLxKUoGO5k/kguxETA7Nc198d0n9GuP8yGrJNsN50jL/haq/iHVQO6vul6vEk4jzZJFtkm3jkkFTJGamRBqEEyQN5JE/Ws/VqvVnvY2vOmtzZID/K+vgEIGytyA==</latexit>

f

<latexit sha1_base64="ohipUW93olWICBW31kkLiUn2UJE=">AAACPHicfZDLSgMxFIYz9T7eqi7dDJaCiJQZkepS1IUb0YK9QKeUM+lpG5rJDElGLEOfwK2+ju/h3p24dW16EbQVDwQ+/vMnOecPYs6Udt1XKzM3v7C4tLxir66tb2xmt7YrKkokxTKNeCRrASjkTGBZM82xFkuEMOBYDXoXw371HqVikbjT/RgbIXQEazMK2kilbjObcwvuqJxZ8CaQI5O6bW5Zeb8V0SREoSkHpeqeG+tGClIzynFg+4nCGGgPOlg3KCBE1UhHkw6cvFFaTjuS5gjtjNSfN1IIleqHgXGGoLtqujcU/+rVE90+baRMxIlGQccftRPu6MgZru20mESqed8AUMnMrA7tggSqTTi27V+iWUbitXn4JkYJOpIHqQ+yEzIxMMt1/MMh/WeEh2+jIdsE603HOAuVo4JXLBRLx7mz80nEy2SX7JF94pETckauyC0pE0qQPJIn8my9WG/Wu/UxtmasyZ0d8quszy8kHK3K</latexit>

h

<latexit sha1_base64="WynUUi/JkqYOBDgkoTqFVFEGUzg="></latexit>x
<latexit sha1_base64="UXgnZhucLLIyKxxyuDmLz6hD2XQ=">AAACPHicfZDLSsNAFIYn9VbjrdWlm2ApiEhJRNRlURduxBasFZoiJ9OTdnAyCTMTsYQ+gVt9Hd/DvTtx69rpRdAqHhj4+M8/M+f8QcKZ0q77YuVmZufmF/KL9tLyyupaobh+peJUUmzQmMfyOgCFnAlsaKY5XicSIQo4NoPbk2G/eYdSsVhc6n6C7Qi6goWMgjZSPbwplNyKOyrnN3gTKJFJ1W6KVtnvxDSNUGjKQamW5ya6nYHUjHIc2H6qMAF6C11sGRQQoWpno0kHTtkoHSeMpTlCOyP1+40MIqX6UWCcEeiemu4Nxb96rVSHR+2MiSTVKOj4ozDljo6d4dpOh0mkmvcNAJXMzOrQHkig2oRj2/4pmmUknpuHLxKUoGO5k/kguxETA7Nc198d0n9GuP8yGrJNsN50jL/haq/iHVQO6vul6vEk4jzZJFtkm3jkkFTJGamRBqEEyQN5JE/Ws/VqvVnvY2vOmtzZID/K+vgEIGytyA==</latexit>

f
<latexit sha1_base64="0VGLZ6c/DGB+9vEkCqaS7AY0zLg="></latexit>

h

<latexit sha1_base64="5pCyBpbCEsb/Wsd15Ao+4VD0Ajc=">AAACPHicfZDLSsNAFIYn9VbjrdWlm2ApiEhJRNRlURduxBasFZoiJ9PTdHAyCTMTsYQ+gVt9Hd/DvTtx69rpRdAqHhj4+M8/M+f8QcKZ0q77YuVmZufmF/KL9tLyyupaobh+peJUUmzQmMfyOgCFnAlsaKY5XicSIQo4NoPbk2G/eYdSsVhc6n6C7QhCwbqMgjZSPbwplNyKOyrnN3gTKJFJ1W6KVtnvxDSNUGjKQamW5ya6nYHUjHIc2H6qMAF6CyG2DAqIULWz0aQDp2yUjtONpTlCOyP1+40MIqX6UWCcEeiemu4Nxb96rVR3j9oZE0mqUdDxR92UOzp2hms7HSaRat43AFQyM6tDeyCBahOObfunaJaReG4evkhQgo7lTuaDDCMmBma50N8d0n9GuP8yGrJNsN50jL/haq/iHVQO6vul6vEk4jzZJFtkm3jkkFTJGamRBqEEyQN5JE/Ws/VqvVnvY2vOmtzZID/K+vgEIkStyQ==</latexit>g

Stop 
Grad

additional predictor (CA1)

additional 
loss

CA3
CA1

<latexit sha1_base64="d+WgDHYdnssNNFXIfM63K5P+w24="></latexit>

+2⌧ <latexit sha1_base64="G+hsa3HdS1eweLpU8qcfmuT1OL8="></latexit>

+⌧
<latexit sha1_base64="G+hsa3HdS1eweLpU8qcfmuT1OL8="></latexit>

+⌧
EC-II
EC-III

EC-V



64
50

<latexit sha1_base64="OYIuD3tQeI2w0dbax8wVkezfngY="></latexit>xi

<latexit sha1_base64="oBHF1h2GFlEaPhB/HhOweL1oh7I="></latexit>xj
<latexit sha1_base64="gwzGj/YlW7S86DEYY7wqqSaKG3g="></latexit>

hj

<latexit sha1_base64="M7L9l5V9YJ8k17bUYdQox0J08kU="></latexit>

hi
<latexit sha1_base64="ZOTBYZ4IDYySEXx7pqSQY6rin/I="></latexit>zi

Stop 
Grad

<latexit sha1_base64="UXgnZhucLLIyKxxyuDmLz6hD2XQ=">AAACPHicfZDLSsNAFIYn9VbjrdWlm2ApiEhJRNRlURduxBasFZoiJ9OTdnAyCTMTsYQ+gVt9Hd/DvTtx69rpRdAqHhj4+M8/M+f8QcKZ0q77YuVmZufmF/KL9tLyyupaobh+peJUUmzQmMfyOgCFnAlsaKY5XicSIQo4NoPbk2G/eYdSsVhc6n6C7Qi6goWMgjZSPbwplNyKOyrnN3gTKJFJ1W6KVtnvxDSNUGjKQamW5ya6nYHUjHIc2H6qMAF6C11sGRQQoWpno0kHTtkoHSeMpTlCOyP1+40MIqX6UWCcEeiemu4Nxb96rVSHR+2MiSTVKOj4ozDljo6d4dpOh0mkmvcNAJXMzOrQHkig2oRj2/4pmmUknpuHLxKUoGO5k/kguxETA7Nc198d0n9GuP8yGrJNsN50jL/haq/iHVQO6vul6vEk4jzZJFtkm3jkkFTJGamRBqEEyQN5JE/Ws/VqvVnvY2vOmtzZID/K+vgEIGytyA==</latexit>

f

<latexit sha1_base64="UXgnZhucLLIyKxxyuDmLz6hD2XQ=">AAACPHicfZDLSsNAFIYn9VbjrdWlm2ApiEhJRNRlURduxBasFZoiJ9OTdnAyCTMTsYQ+gVt9Hd/DvTtx69rpRdAqHhj4+M8/M+f8QcKZ0q77YuVmZufmF/KL9tLyyupaobh+peJUUmzQmMfyOgCFnAlsaKY5XicSIQo4NoPbk2G/eYdSsVhc6n6C7Qi6goWMgjZSPbwplNyKOyrnN3gTKJFJ1W6KVtnvxDSNUGjKQamW5ya6nYHUjHIc2H6qMAF6C11sGRQQoWpno0kHTtkoHSeMpTlCOyP1+40MIqX6UWCcEeiemu4Nxb96rVSHR+2MiSTVKOj4ozDljo6d4dpOh0mkmvcNAJXMzOrQHkig2oRj2/4pmmUknpuHLxKUoGO5k/kguxETA7Nc198d0n9GuP8yGrJNsN50jL/haq/iHVQO6vul6vEk4jzZJFtkm3jkkFTJGamRBqEEyQN5JE/Ws/VqvVnvY2vOmtzZID/K+vgEIGytyA==</latexit>

f

<latexit sha1_base64="ohipUW93olWICBW31kkLiUn2UJE=">AAACPHicfZDLSgMxFIYz9T7eqi7dDJaCiJQZkepS1IUb0YK9QKeUM+lpG5rJDElGLEOfwK2+ju/h3p24dW16EbQVDwQ+/vMnOecPYs6Udt1XKzM3v7C4tLxir66tb2xmt7YrKkokxTKNeCRrASjkTGBZM82xFkuEMOBYDXoXw371HqVikbjT/RgbIXQEazMK2kilbjObcwvuqJxZ8CaQI5O6bW5Zeb8V0SREoSkHpeqeG+tGClIzynFg+4nCGGgPOlg3KCBE1UhHkw6cvFFaTjuS5gjtjNSfN1IIleqHgXGGoLtqujcU/+rVE90+baRMxIlGQccftRPu6MgZru20mESqed8AUMnMrA7tggSqTTi27V+iWUbitXn4JkYJOpIHqQ+yEzIxMMt1/MMh/WeEh2+jIdsE603HOAuVo4JXLBRLx7mz80nEy2SX7JF94pETckauyC0pE0qQPJIn8my9WG/Wu/UxtmasyZ0d8quszy8kHK3K</latexit>

h

<latexit sha1_base64="WynUUi/JkqYOBDgkoTqFVFEGUzg="></latexit>x
<latexit sha1_base64="UXgnZhucLLIyKxxyuDmLz6hD2XQ=">AAACPHicfZDLSsNAFIYn9VbjrdWlm2ApiEhJRNRlURduxBasFZoiJ9OTdnAyCTMTsYQ+gVt9Hd/DvTtx69rpRdAqHhj4+M8/M+f8QcKZ0q77YuVmZufmF/KL9tLyyupaobh+peJUUmzQmMfyOgCFnAlsaKY5XicSIQo4NoPbk2G/eYdSsVhc6n6C7Qi6goWMgjZSPbwplNyKOyrnN3gTKJFJ1W6KVtnvxDSNUGjKQamW5ya6nYHUjHIc2H6qMAF6C11sGRQQoWpno0kHTtkoHSeMpTlCOyP1+40MIqX6UWCcEeiemu4Nxb96rVSHR+2MiSTVKOj4ozDljo6d4dpOh0mkmvcNAJXMzOrQHkig2oRj2/4pmmUknpuHLxKUoGO5k/kguxETA7Nc198d0n9GuP8yGrJNsN50jL/haq/iHVQO6vul6vEk4jzZJFtkm3jkkFTJGamRBqEEyQN5JE/Ws/VqvVnvY2vOmtzZID/K+vgEIGytyA==</latexit>

f
<latexit sha1_base64="0VGLZ6c/DGB+9vEkCqaS7AY0zLg="></latexit>

h

<latexit sha1_base64="5pCyBpbCEsb/Wsd15Ao+4VD0Ajc=">AAACPHicfZDLSsNAFIYn9VbjrdWlm2ApiEhJRNRlURduxBasFZoiJ9PTdHAyCTMTsYQ+gVt9Hd/DvTtx69rpRdAqHhj4+M8/M+f8QcKZ0q77YuVmZufmF/KL9tLyyupaobh+peJUUmzQmMfyOgCFnAlsaKY5XicSIQo4NoPbk2G/eYdSsVhc6n6C7QhCwbqMgjZSPbwplNyKOyrnN3gTKJFJ1W6KVtnvxDSNUGjKQamW5ya6nYHUjHIc2H6qMAF6CyG2DAqIULWz0aQDp2yUjtONpTlCOyP1+40MIqX6UWCcEeiemu4Nxb96rVR3j9oZE0mqUdDxR92UOzp2hms7HSaRat43AFQyM6tDeyCBahOObfunaJaReG4evkhQgo7lTuaDDCMmBma50N8d0n9GuP8yGrJNsN50jL/haq/iHVQO6vul6vEk4jzZJFtkm3jkkFTJGamRBqEEyQN5JE/Ws/VqvVnvY2vOmtzZID/K+vgEIkStyQ==</latexit>g

Stop 
Grad

-Net
<latexit sha1_base64="tTY+OW54hQYzhp+U4OJVtJu2MCE=">AAACP3icfZDLSsNAFIYnXmu869JNsBREpCQi1WVRF27ECtYKTZGT6Uk7dDIJMxOxhL6CW30dH8MncCdu3TmpEbzhgYGP//wzc84fJJwp7bpP1sTk1PTMbGnOnl9YXFpeWV27VHEqKTZpzGN5FYBCzgQ2NdMcrxKJEAUcW8HgKO+3blAqFosLPUywE0FPsJBR0LnkN/rseqXsVt1xOb/BK6BMimpcr1oVvxvTNEKhKQel2p6b6E4GUjPKcWT7qcIE6AB62DYoIELVycbDjpyKUbpOGEtzhHbG6tcbGURKDaPAOCPQffWzl4t/9dqpDg86GRNJqlHQj4/ClDs6dvLNnS6TSDUfGgAqmZnVoX2QQLXJx7b9YzTLSDw1D58lKEHHcjvzQfYiJkZmuZ6/k9N/Rrj9NBqyTbDezxh/w+Vu1atVa+d75fphEXGJbJBNskU8sk/q5IQ0SJNQ0id35J48WI/Ws/VivX5YJ6zizjr5VtbbO5S8rv0=</latexit>

�



64Implementation details

● Encoder  is shared 
● All layers are optimized by backprop simultaneously 

<latexit sha1_base64="UXgnZhucLLIyKxxyuDmLz6hD2XQ=">AAACPHicfZDLSsNAFIYn9VbjrdWlm2ApiEhJRNRlURduxBasFZoiJ9OTdnAyCTMTsYQ+gVt9Hd/DvTtx69rpRdAqHhj4+M8/M+f8QcKZ0q77YuVmZufmF/KL9tLyyupaobh+peJUUmzQmMfyOgCFnAlsaKY5XicSIQo4NoPbk2G/eYdSsVhc6n6C7Qi6goWMgjZSPbwplNyKOyrnN3gTKJFJ1W6KVtnvxDSNUGjKQamW5ya6nYHUjHIc2H6qMAF6C11sGRQQoWpno0kHTtkoHSeMpTlCOyP1+40MIqX6UWCcEeiemu4Nxb96rVSHR+2MiSTVKOj4ozDljo6d4dpOh0mkmvcNAJXMzOrQHkig2oRj2/4pmmUknpuHLxKUoGO5k/kguxETA7Nc198d0n9GuP8yGrJNsN50jL/haq/iHVQO6vul6vEk4jzZJFtkm3jkkFTJGamRBqEEyQN5JE/Ws/VqvVnvY2vOmtzZID/K+vgEIGytyA==</latexit>

f

51

<latexit sha1_base64="OYIuD3tQeI2w0dbax8wVkezfngY="></latexit>xi

<latexit sha1_base64="oBHF1h2GFlEaPhB/HhOweL1oh7I="></latexit>xj
<latexit sha1_base64="gwzGj/YlW7S86DEYY7wqqSaKG3g="></latexit>

hj

<latexit sha1_base64="M7L9l5V9YJ8k17bUYdQox0J08kU="></latexit>

hi
<latexit sha1_base64="ZOTBYZ4IDYySEXx7pqSQY6rin/I="></latexit>zi

Stop 
Grad

<latexit sha1_base64="UXgnZhucLLIyKxxyuDmLz6hD2XQ=">AAACPHicfZDLSsNAFIYn9VbjrdWlm2ApiEhJRNRlURduxBasFZoiJ9OTdnAyCTMTsYQ+gVt9Hd/DvTtx69rpRdAqHhj4+M8/M+f8QcKZ0q77YuVmZufmF/KL9tLyyupaobh+peJUUmzQmMfyOgCFnAlsaKY5XicSIQo4NoPbk2G/eYdSsVhc6n6C7Qi6goWMgjZSPbwplNyKOyrnN3gTKJFJ1W6KVtnvxDSNUGjKQamW5ya6nYHUjHIc2H6qMAF6C11sGRQQoWpno0kHTtkoHSeMpTlCOyP1+40MIqX6UWCcEeiemu4Nxb96rVSHR+2MiSTVKOj4ozDljo6d4dpOh0mkmvcNAJXMzOrQHkig2oRj2/4pmmUknpuHLxKUoGO5k/kguxETA7Nc198d0n9GuP8yGrJNsN50jL/haq/iHVQO6vul6vEk4jzZJFtkm3jkkFTJGamRBqEEyQN5JE/Ws/VqvVnvY2vOmtzZID/K+vgEIGytyA==</latexit>

f

<latexit sha1_base64="UXgnZhucLLIyKxxyuDmLz6hD2XQ=">AAACPHicfZDLSsNAFIYn9VbjrdWlm2ApiEhJRNRlURduxBasFZoiJ9OTdnAyCTMTsYQ+gVt9Hd/DvTtx69rpRdAqHhj4+M8/M+f8QcKZ0q77YuVmZufmF/KL9tLyyupaobh+peJUUmzQmMfyOgCFnAlsaKY5XicSIQo4NoPbk2G/eYdSsVhc6n6C7Qi6goWMgjZSPbwplNyKOyrnN3gTKJFJ1W6KVtnvxDSNUGjKQamW5ya6nYHUjHIc2H6qMAF6C11sGRQQoWpno0kHTtkoHSeMpTlCOyP1+40MIqX6UWCcEeiemu4Nxb96rVSHR+2MiSTVKOj4ozDljo6d4dpOh0mkmvcNAJXMzOrQHkig2oRj2/4pmmUknpuHLxKUoGO5k/kguxETA7Nc198d0n9GuP8yGrJNsN50jL/haq/iHVQO6vul6vEk4jzZJFtkm3jkkFTJGamRBqEEyQN5JE/Ws/VqvVnvY2vOmtzZID/K+vgEIGytyA==</latexit>

f

<latexit sha1_base64="ohipUW93olWICBW31kkLiUn2UJE=">AAACPHicfZDLSgMxFIYz9T7eqi7dDJaCiJQZkepS1IUb0YK9QKeUM+lpG5rJDElGLEOfwK2+ju/h3p24dW16EbQVDwQ+/vMnOecPYs6Udt1XKzM3v7C4tLxir66tb2xmt7YrKkokxTKNeCRrASjkTGBZM82xFkuEMOBYDXoXw371HqVikbjT/RgbIXQEazMK2kilbjObcwvuqJxZ8CaQI5O6bW5Zeb8V0SREoSkHpeqeG+tGClIzynFg+4nCGGgPOlg3KCBE1UhHkw6cvFFaTjuS5gjtjNSfN1IIleqHgXGGoLtqujcU/+rVE90+baRMxIlGQccftRPu6MgZru20mESqed8AUMnMrA7tggSqTTi27V+iWUbitXn4JkYJOpIHqQ+yEzIxMMt1/MMh/WeEh2+jIdsE603HOAuVo4JXLBRLx7mz80nEy2SX7JF94pETckauyC0pE0qQPJIn8my9WG/Wu/UxtmasyZ0d8quszy8kHK3K</latexit>

h

<latexit sha1_base64="WynUUi/JkqYOBDgkoTqFVFEGUzg="></latexit>x
<latexit sha1_base64="UXgnZhucLLIyKxxyuDmLz6hD2XQ=">AAACPHicfZDLSsNAFIYn9VbjrdWlm2ApiEhJRNRlURduxBasFZoiJ9OTdnAyCTMTsYQ+gVt9Hd/DvTtx69rpRdAqHhj4+M8/M+f8QcKZ0q77YuVmZufmF/KL9tLyyupaobh+peJUUmzQmMfyOgCFnAlsaKY5XicSIQo4NoPbk2G/eYdSsVhc6n6C7Qi6goWMgjZSPbwplNyKOyrnN3gTKJFJ1W6KVtnvxDSNUGjKQamW5ya6nYHUjHIc2H6qMAF6C11sGRQQoWpno0kHTtkoHSeMpTlCOyP1+40MIqX6UWCcEeiemu4Nxb96rVSHR+2MiSTVKOj4ozDljo6d4dpOh0mkmvcNAJXMzOrQHkig2oRj2/4pmmUknpuHLxKUoGO5k/kguxETA7Nc198d0n9GuP8yGrJNsN50jL/haq/iHVQO6vul6vEk4jzZJFtkm3jkkFTJGamRBqEEyQN5JE/Ws/VqvVnvY2vOmtzZID/K+vgEIGytyA==</latexit>

f
<latexit sha1_base64="0VGLZ6c/DGB+9vEkCqaS7AY0zLg="></latexit>

h

<latexit sha1_base64="5pCyBpbCEsb/Wsd15Ao+4VD0Ajc=">AAACPHicfZDLSsNAFIYn9VbjrdWlm2ApiEhJRNRlURduxBasFZoiJ9PTdHAyCTMTsYQ+gVt9Hd/DvTtx69rpRdAqHhj4+M8/M+f8QcKZ0q77YuVmZufmF/KL9tLyyupaobh+peJUUmzQmMfyOgCFnAlsaKY5XicSIQo4NoPbk2G/eYdSsVhc6n6C7QhCwbqMgjZSPbwplNyKOyrnN3gTKJFJ1W6KVtnvxDSNUGjKQamW5ya6nYHUjHIc2H6qMAF6CyG2DAqIULWz0aQDp2yUjtONpTlCOyP1+40MIqX6UWCcEeiemu4Nxb96rVR3j9oZE0mqUdDxR92UOzp2hms7HSaRat43AFQyM6tDeyCBahOObfunaJaReG4evkhQgo7lTuaDDCMmBma50N8d0n9GuP8yGrJNsN50jL/haq/iHVQO6vul6vEk4jzZJFtkm3jkkFTJGamRBqEEyQN5JE/Ws/VqvVnvY2vOmtzZID/K+vgEIkStyQ==</latexit>g

Stop 
Grad

augmented 
signals

original 
signal

CA3 predictor CA1 predictor

CA3 loss

CA1 loss
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<latexit sha1_base64="OYIuD3tQeI2w0dbax8wVkezfngY="></latexit>xi

<latexit sha1_base64="oBHF1h2GFlEaPhB/HhOweL1oh7I="></latexit>xj
<latexit sha1_base64="gwzGj/YlW7S86DEYY7wqqSaKG3g="></latexit>

hj

<latexit sha1_base64="M7L9l5V9YJ8k17bUYdQox0J08kU="></latexit>

hi
<latexit sha1_base64="ZOTBYZ4IDYySEXx7pqSQY6rin/I="></latexit>zi

SG

<latexit sha1_base64="UXgnZhucLLIyKxxyuDmLz6hD2XQ=">AAACPHicfZDLSsNAFIYn9VbjrdWlm2ApiEhJRNRlURduxBasFZoiJ9OTdnAyCTMTsYQ+gVt9Hd/DvTtx69rpRdAqHhj4+M8/M+f8QcKZ0q77YuVmZufmF/KL9tLyyupaobh+peJUUmzQmMfyOgCFnAlsaKY5XicSIQo4NoPbk2G/eYdSsVhc6n6C7Qi6goWMgjZSPbwplNyKOyrnN3gTKJFJ1W6KVtnvxDSNUGjKQamW5ya6nYHUjHIc2H6qMAF6C11sGRQQoWpno0kHTtkoHSeMpTlCOyP1+40MIqX6UWCcEeiemu4Nxb96rVSHR+2MiSTVKOj4ozDljo6d4dpOh0mkmvcNAJXMzOrQHkig2oRj2/4pmmUknpuHLxKUoGO5k/kguxETA7Nc198d0n9GuP8yGrJNsN50jL/haq/iHVQO6vul6vEk4jzZJFtkm3jkkFTJGamRBqEEyQN5JE/Ws/VqvVnvY2vOmtzZID/K+vgEIGytyA==</latexit>

f

<latexit sha1_base64="UXgnZhucLLIyKxxyuDmLz6hD2XQ=">AAACPHicfZDLSsNAFIYn9VbjrdWlm2ApiEhJRNRlURduxBasFZoiJ9OTdnAyCTMTsYQ+gVt9Hd/DvTtx69rpRdAqHhj4+M8/M+f8QcKZ0q77YuVmZufmF/KL9tLyyupaobh+peJUUmzQmMfyOgCFnAlsaKY5XicSIQo4NoPbk2G/eYdSsVhc6n6C7Qi6goWMgjZSPbwplNyKOyrnN3gTKJFJ1W6KVtnvxDSNUGjKQamW5ya6nYHUjHIc2H6qMAF6C11sGRQQoWpno0kHTtkoHSeMpTlCOyP1+40MIqX6UWCcEeiemu4Nxb96rVSHR+2MiSTVKOj4ozDljo6d4dpOh0mkmvcNAJXMzOrQHkig2oRj2/4pmmUknpuHLxKUoGO5k/kguxETA7Nc198d0n9GuP8yGrJNsN50jL/haq/iHVQO6vul6vEk4jzZJFtkm3jkkFTJGamRBqEEyQN5JE/Ws/VqvVnvY2vOmtzZID/K+vgEIGytyA==</latexit>

f

<latexit sha1_base64="ohipUW93olWICBW31kkLiUn2UJE=">AAACPHicfZDLSgMxFIYz9T7eqi7dDJaCiJQZkepS1IUb0YK9QKeUM+lpG5rJDElGLEOfwK2+ju/h3p24dW16EbQVDwQ+/vMnOecPYs6Udt1XKzM3v7C4tLxir66tb2xmt7YrKkokxTKNeCRrASjkTGBZM82xFkuEMOBYDXoXw371HqVikbjT/RgbIXQEazMK2kilbjObcwvuqJxZ8CaQI5O6bW5Zeb8V0SREoSkHpeqeG+tGClIzynFg+4nCGGgPOlg3KCBE1UhHkw6cvFFaTjuS5gjtjNSfN1IIleqHgXGGoLtqujcU/+rVE90+baRMxIlGQccftRPu6MgZru20mESqed8AUMnMrA7tggSqTTi27V+iWUbitXn4JkYJOpIHqQ+yEzIxMMt1/MMh/WeEh2+jIdsE603HOAuVo4JXLBRLx7mz80nEy2SX7JF94pETckauyC0pE0qQPJIn8my9WG/Wu/UxtmasyZ0d8quszy8kHK3K</latexit>

h

<latexit sha1_base64="WynUUi/JkqYOBDgkoTqFVFEGUzg="></latexit>x
<latexit sha1_base64="UXgnZhucLLIyKxxyuDmLz6hD2XQ=">AAACPHicfZDLSsNAFIYn9VbjrdWlm2ApiEhJRNRlURduxBasFZoiJ9OTdnAyCTMTsYQ+gVt9Hd/DvTtx69rpRdAqHhj4+M8/M+f8QcKZ0q77YuVmZufmF/KL9tLyyupaobh+peJUUmzQmMfyOgCFnAlsaKY5XicSIQo4NoPbk2G/eYdSsVhc6n6C7Qi6goWMgjZSPbwplNyKOyrnN3gTKJFJ1W6KVtnvxDSNUGjKQamW5ya6nYHUjHIc2H6qMAF6C11sGRQQoWpno0kHTtkoHSeMpTlCOyP1+40MIqX6UWCcEeiemu4Nxb96rVSHR+2MiSTVKOj4ozDljo6d4dpOh0mkmvcNAJXMzOrQHkig2oRj2/4pmmUknpuHLxKUoGO5k/kguxETA7Nc198d0n9GuP8yGrJNsN50jL/haq/iHVQO6vul6vEk4jzZJFtkm3jkkFTJGamRBqEEyQN5JE/Ws/VqvVnvY2vOmtzZID/K+vgEIGytyA==</latexit>

f
<latexit sha1_base64="0VGLZ6c/DGB+9vEkCqaS7AY0zLg="></latexit>

h

<latexit sha1_base64="5pCyBpbCEsb/Wsd15Ao+4VD0Ajc=">AAACPHicfZDLSsNAFIYn9VbjrdWlm2ApiEhJRNRlURduxBasFZoiJ9PTdHAyCTMTsYQ+gVt9Hd/DvTtx69rpRdAqHhj4+M8/M+f8QcKZ0q77YuVmZufmF/KL9tLyyupaobh+peJUUmzQmMfyOgCFnAlsaKY5XicSIQo4NoPbk2G/eYdSsVhc6n6C7QhCwbqMgjZSPbwplNyKOyrnN3gTKJFJ1W6KVtnvxDSNUGjKQamW5ya6nYHUjHIc2H6qMAF6CyG2DAqIULWz0aQDp2yUjtONpTlCOyP1+40MIqX6UWCcEeiemu4Nxb96rVR3j9oZE0mqUdDxR92UOzp2hms7HSaRat43AFQyM6tDeyCBahOObfunaJaReG4evkhQgo7lTuaDDCMmBma50N8d0n9GuP8yGrJNsN50jL/haq/iHVQO6vul6vEk4jzZJFtkm3jkkFTJGamRBqEEyQN5JE/Ws/VqvVnvY2vOmtzZID/K+vgEIkStyQ==</latexit>g

SG

<latexit sha1_base64="akoev9sf2gdnd9Ic8h190r5XcvE="></latexit>

L(Wf ,Wg,Wh) =
1

2
E
⇥
kWhWfx1 � SG(Wfx2)k2 + kWgWhWfx1 � SG(Wfx)k2

⇤

Analysis model

CA3 loss

CA1 loss

CA1 lossCA3 loss

<latexit sha1_base64="BhlfswrLabLnLZv8qiWt2tZD++A="></latexit>x0
<latexit sha1_base64="2P8kSfidrPJjfDWLcVdYq/MxEXo="></latexit>

x,x
0 ⇠ N (x0,�

2 I)

<latexit sha1_base64="2P8kSfidrPJjfDWLcVdYq/MxEXo="></latexit>

x,x 0⇠ N (x
0 ,� 2

I)

Disclaimer: cosine loss is not considered for simplicity

(CA1)
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<latexit sha1_base64="akoev9sf2gdnd9Ic8h190r5XcvE="></latexit>

L(Wf ,Wg,Wh) =
1

2
E
⇥
kWhWfx1 � SG(Wfx2)k2 + kWgWhWfx1 � SG(Wfx)k2

⇤

<latexit sha1_base64="2tuFIrdn9uol5ZIAxVU/w24pSqA="></latexit>(
ṗh = {(1 + pg)� (1 + �2)(1 + p2g)ph}p2h � ⇢ph
ṗg = {1� (1 + �2)ph}p3h � ⇢pg

eigendecomposition 
adiabatic elimination

(CA3 predictor)

(CA1 predictor)

<latexit sha1_base64="VU3mFwqdtDA70QbkT9/LWW0pLkE="></latexit>

ṗ = p2{1� (1 + �2)p}� ⇢p (CA3 predictor)

cf. SimSiam dynamics
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°0.2 0.0 0.2 0.4
√

°2

0

2

∞

medium (Ω = 0.03)

<latexit sha1_base64="QklL0xi7Vvrl5UadS1IhS+H3Yp0="></latexit>ph

<latexit sha1_base64="tEk3yL8RLVRlFvKWG0EXAn0D0NA="></latexit>pg

(CA3)

(CA1)

<latexit sha1_base64="uUYuX9Qd+rUfHGSYdQpuhcskij8="></latexit>

ṗg = 0

<latexit sha1_base64="kCq7NLX4uKc07n1UYhbtOLV1zqk="></latexit>

ṗh = 0

stable equilib
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<latexit sha1_base64="QklL0xi7Vvrl5UadS1IhS+H3Yp0="></latexit>ph

<latexit sha1_base64="tEk3yL8RLVRlFvKWG0EXAn0D0NA="></latexit>pg

<latexit sha1_base64="nbKxIO5A6cMpazgaLWqVrJpu4cg=">AAACPHicfZDLSsNAFIYn9VbjXZdugkUQkZKIqMuiLtyICrYWmlBOpift4GQSZiZiCX0Ct/o6vod7d+LWtdOLoK14YODjP//MnPOHKWdKu+6rVZianpmdK87bC4tLyyura+s1lWSSYpUmPJH1EBRyJrCqmeZYTyVCHHK8De9O+/3be5SKJeJGd1MMYmgLFjEK2kjXaXO15JbdQTmT4I2gREZ11Vyztv1WQrMYhaYclGp4bqqDHKRmlGPP9jOFKdA7aGPDoIAYVZAPJu0520ZpOVEizRHaGag/b+QQK9WNQ+OMQXfUeK8v/tVrZDo6DnIm0kyjoMOPoow7OnH6azstJpFq3jUAVDIzq0M7IIFqE45t+2dolpF4YR6+TFGCTuRu7oNsx0z0zHJtf69P/xnh4dtoyDbBeuMxTkJtv+wdlg+vD0qVk1HERbJJtsgO8cgRqZBzckWqhBIkj+SJPFsv1pv1bn0MrQVrdGeD/Crr8wsy3K3S</latexit>p

°0.2 0.0 0.2 0.4
√

°2

0

2

∞

medium (Ω = 0.03)PhiNet dynamics

extract nullclines

topologically 
conjugate

extract nullclinesSimSiam dynamics
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SimSiam cannot avoid collapse 
if negatively initialized
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Dataset: CIFAR-10 / Evaluation: kNN accuracy

More details from Makoto!



Summary
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