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Brain's powerful feature detection capability

human's visual system
G. Kanizsa, "Subjective Contours" (1976)

Vision is guided by internal model



… and feature separation capability

dog's olfactory system

Decomposition into independent components

human's auditorial system

place cells, concept cells



Discontinuity in building such capabilities

B. Hosenfeld et al., J. 
Experimental Child 
Psychology 64, 367-395 
(1997)

TEST SESSION

Short time scales Long time scales
R.V. Bretas et al., Neuroscience 
Research 161, 1-7 (2020)



3. Empirical results     Correlation vs weight 

Nature 2006
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Basic viewpoint

• Brain and Cell:  information processing system


• Input signals: temporal and spatial regularity


• Internal predictive model 

• Energy — Information trade-off



Single neuron

Information processing within a single neuron

J. Aru, M. Suzuki, and M. E. Larkum  (2020).

top down 
information

bottom up / peer 
information

已经很复杂了！



Model system

Lateral predictive coding, 
linear internal model, 

prediction error
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Feature detection by lateral predictive coding

Output: x = (x1, x2, . . . , xN
)
>
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Input: s = (s1, s2, . . . , sN )>
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Lateral 
Interactions



lateral predictive coding
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Srinivasan, Laughlin, Dubs (1982); 
Pineda, PRL (1987);  …… 

Short-time 
Dynamics:
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External signal

internal state

peer prediction

linear internal model
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External signal

internal state

peer prediction

linear predictive dynamics

weight matrix W

linear internal model



linear internal model



Input alpha prediction for alpha prediction-error for alpha

internal state as prediction error

Huang, Fan, Zhou, Zhou, Commun. Theor. Phys. 74, 095601 (2022)



(I +W ) : eigenvalues have positive real part
<latexit sha1_base64="UjFWig2ba1sjyBKltlKkHqdSwLM="></latexit>



Task 1: 
Detecting a single non-Gaussian feature
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Task 2: 
Detecting and separating two 

 non-Gaussian features
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Mechanism

Energy—information 
trade-off



Theory     L1-norm Energy
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Minimize energy of information transmission



Theory     Information robustness

I[x; s] = H[s] +H[x]�H[s,x]

= H[x]�H[x|s]
= H[x] + constant

<latexit sha1_base64="68KjM8pfXND7I7xa+ib6BDzS+NM="></latexit>
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Marginal distribution 
x:

H[x] = � log
h
Det(I +W )

i
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Maximize output entropy 
 (output points more widely dispersed)



Theory     Energy-information tradeoff

Free energy:

Minimum free energy at temperature T. 
Optimal internal model (weight matrix W).

F = E � T S
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T is balancing energetic cost 
and functional robustness.



Algorithm     Stochastic Annealing at fixed S

1. Change one column/row of W under constraint Det(I +W ) = e�S .

2. Check eigenvalues � of (I +W ).

3. If Re[�] > 0, then go back to (1).
Else, compute energy change �E.

4. If �E  0 or if Rand() < e��E , accept updated W .

5. After N = 105 repeats of (1)-(4), increase  1.01.

6. Stop if  > 108. Report W of the minimum energy.
<latexit sha1_base64="lYgTU+fKezG8ZYVq5hQlab7PcLU="></latexit>
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Entropy versus Energy
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Obtain minimum energy E for each entropy S.

If E(S) is not smooth, 
or changes convexity, 
phase transition!
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Probability of non-Gaussian coefficient
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Order parameter
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Projection of non-Gaussian 
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Q ⇡ 1 : selective response by a single unit
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Representative results

N = 36 , p0 = 0.7
<latexit sha1_base64="JRvfHoKfL1losTJODck7DT8iGDg="></latexit>



Energy and free energy
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Free energy global minimum changes suddenly 
at certain critical T values.



Feature detection power
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Feature detection is successful both for 
(1) S much larger than 0 (S > 2); 
(2) S much lower than 0 (S < -1).   



Weight matrix with S=0

All synaptic weights are weak. 
Similar response in the presence /absence of  

non-Gaussian feature.
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Weight matrix with S=8

Three subgroups of units, strong excitation and 
strong inhibition. 

One unit selective to non-Gaussian feature.
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Weight matrix with S=-2

One unit strongly interact with all the others. 
This unit selective to non-Gaussian feature.
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Through energy-information trade-off, the system 
achieves feature detection function. 

A single neuron is selectively responding to the  
non-Gaussian feature.
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Phase diagram in T
T=0.8320 T=1.1283

Energy-efficient 
feature detection 

E < 27.79

Information-robust 
feature detection 

E > 36.73

Blind 

S ⇡ 0
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Order parameters

Projection of non-Gaussian feature directions on unit i:

Q ⇡ 1 : selective response by a single unit
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Representative results : N = 16, p0 = 0.6
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Again four phases, 
with different 
detection capability!



Non-orthogonal features 

Representative results : N = 16, p0 = 0.6
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Phase diagram in T
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□ Lateral, recurrent, interactions for predictive coding. 

□ Prediction-error minimization —> redundancy reduction, 
correlation reduction, differentiated response times. 

□ Energy-Information trade-off leads to highly nontrivial internal 
models, spontaneous emergence of feature detection, 
extraction, and separation functions. 

□ Asymmetry of synaptic weights, cyclic dominance, inhibition-
excitation balance. 

□ Future work: Nonlinearity, multi-layers, noise, … 

Conclusive remarks



Future extensions
• Memory effect.


• Non-linearity.


• Multiple layers.

τ0
dxi(t)

dt
= si(t)− xi(t)−

∑

j ̸=i

wij f [{xj}]

f [{xj}] =

∫ t

−∞

K(t− t′)
︸ ︷︷ ︸

memory kernel

xj(t
′) dt′

τ0
dxi(t)

dt
= si(t)− xi(t)−

∑

j ̸=i

wij fj

fj = min
[

0, xj(t)
]

(ReLu)
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