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Neurons and neural circuits
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Brain Connectome Structure: Network of Networks
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Universal critical dynamics in
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integration of random EPSPs
Journal of neuroscience, 13
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Human Intelligence: hierarchical ontology structure

Stratum 111 (General)
General Intelligence
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Behavioral outcomes
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Cattell-Horn—Carroll (CHC) theory of cognitive abilities

Human Connectome Project (HCP) test battery
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Maximal diversity at critical states
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Resting state individual traits configure cognitive abilities
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different cognitive abilities.
Proceedings of the Nation—
al Academy of Sciences, 118
(23), e2022288118.
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Clvalues of structural brain

B.

Cognitive abilities are associated with specific conjunctions of structural and
functional brain subnetworks

Daniel Kristanto, Andrea Hildebrandt, Werner Sommer Changsong Zhou, Neurolmage 2023
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Chen, Y., Wang, S.,
Hilgetag, C. C., & Zhou,
C. (2017) . Features of spa—
tial and functional segregation
and integration of the primate
connectome revealed by trade—
off between wiring cost and

efficiency. PLoS computational



Less is More in Brain Connectivity and Activity

Cost-efficient
connectivity/
Wiring diagram/
Metabolism

YH Chen, SJ Wang, C.
Hilgetag, C.S Zhou,
PLoS Computational
Biology, 2013;

YH Chen, SJ Wang, C.
Hilgetag, C.S Zhou, PLoS
CB (2017)

YH Chen, QX Lin, XH
Liao, CS Zhou and Y He,
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biology, 13 (9), e1005776.
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» Neurobiological &
y Dynamical Mechanisms of
Structure-Dynamics-Function
Relationship

» Important for brain-inspired
computing/computers

Information Processing
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Liang, J., Wang, S.—
J., & Zhou, C. (2022) . Less
is more: wiring—economical
modular networks support
self—sustained firing—econom-—
ical neural avalanches for effi—
cient processing. National Sci—
ence Review, 9 (3), nwab102.
BRITHF R R T — A &
ALY BN LS, HEh T RHIE
RIATEHNRI R, R —M
FRA “EAT BB, RIEIRSE
RETHE TR BIKER S
FIZVAEAY . AHEC TR R
BENLIE AR, EYHERS
R I 5 2R B HH BE R R TS
FIFTEEE M, RIEE /NI R
RIS BB RE M i iz, I BLAE AR

PEEMEESERN $£45% £4H DFE247H 2024 FE4 B \ 037



[ RlEREt ] scIENCE PARK

Less is more in connectivity and activity

20

Modular connectivity enables
criticality

Smaller wiring and firing costs
But more sensitive response

Random topology
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Critical avalanches unify neural response sensitivity
and reliability for optimal neural representation
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Zhuda Yang, Junhao Liang, Changsong Zhou, “Critical avalanches in excitation-inhibition balanced networks
reconcile response reliability with sensitivity for optimal neural representation” (Submitted)
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Liang, J., Yang, Z%Z.,
& Zhou, C. (2024 ) . Exci—
tation - Inhibition Balance,
Neural Criticality, and Ac—
tivities in Neuronal Cir—
cuits. The Neuroscientist,
10738584231221766. #H < #E 3 :
AR ERIA . A EI R E —
AR, IE5R M SR EELD

3. tEEF3 vs. HEZRIZF

KIGPEAN—NERERS, H
KRTHEANTEROIBRAR.
BRATHIF 22 28 R 7E B A2
90 FERZEF| EfE, (H/EHKMEE R
IR, RRl 2 BRME
WY 28 7 [ R AL FR U Y A 2D, £
REIRT AT GUSHIRGE ., BT
WERY, EHULHEIEFSHIHAEN
%, et 54 EESEY
MR, E/NRZITR Y F &%
R AN L AW HT TIHEAK
R

Yang, G.R., & Wang, X.—J.
(2020) . Artificial neural networks
for neuroscientists: a primer.

Neuron, 107 (6), 1048—1070.
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Cole, J. H., & Franke,
K. (2017) . Predicting age us—
ing neuroimaging: innova-—
tive brain ageing biomarkers
Trends in neurosciences, 40
(12), 681-690.Klepl, D., Wu,
M., & He, F. (2024 ) . Graph
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neural network—based eeg
classification: A survey. I[EER
Transactions on Neural Sys—

tems and Rehabilitation Engi—

neering.
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Machine Learning in Neuroscience

»Serving as brain model: deciphering neural
representation/computational principles

|
‘ \
Stimuli

ANN/

= -
nguh — DNN

(e.g., reaction
time)

Task

& | outcome
(e.g., reaction
time)

16 ZATET LU AL 852 SIE AR BUSRIB R A ISR 2 AN B R

PEEMEESERN $£45% £4H DFE247H 2024 FE4 B \ 039



[ &lEREit ] sCIENCE PARK

HIBLES R AR, Mifnfa AR A
RAEAEHE , X FHAZ T T
ZRYHIRREAEESY, BN
et T — M2 ERHEZR, FL
FLEAFRIREL Z [AIRAR I, R
RSB AT BER A, (H
EATMERFRE E]pe = AR
HIEN A RIS R R B

X IER AL T FHATA
DL IR N LA N & 3047 2K
BT s A K IESS, RIGEEE
MEFMETTN. SehPsLimatt,
N LA 228 ) 4% A 2R B 5 3 MR R
T LA R A Ui At
ZWEK. I, XFTTEERA]
LS By 8171 PR R ok Y9 B A S U
MIIHEEI R R AU

BIEHIF TR, FATATLL
T LR A T BERR ALY 2R
EREF eI Z WA, £
FRAE I, BANEE ERRIEZ
R HYAR AL SR XS AN TR SR i 47 43
XK, B, LEANTRBARROIE T
RIEF Y, AEFBERIE A
AR REE —id, R
HE. i, ARIFHAZATERIL
2 APHEE S ETIRART
L, MmESEATAT LU AL
X B ER XA RIBUE S

X FRAR U 2R RO & T
PARL R T RIRAE 5, 2R
AR E IR A, AN E R EAT
BB 5 KUY N AL, XA
PRAFEAPERAE, 81 e AR A
Az ol YRR DA 8 R I AR R i 9 AR L

Basic assumption

| Artificial neural network I

\ After training /|

Governed by similar
computational principle (input-
output mapping geometry)

x
Similar dynamics and structure
(implementation)

v

Use ANN as computational models
to study the brain

Method

Train ANN to perform similar tasks
to those in animal experiments.

Compare the dynamics of the
trained ANN with animal
experiments, thereby supporting
the biological plausibility of the
model.

l

Study the model in more details,
thereby getting more
understanding of the brain

17 FI AT A E KL 5 K B

JERERE, JATATLABE ENZIHE
EGAEEUNE, XFTTERTL
B IR ATER R R B R RAE =2
|, DI ETaEszmi T ARI; .

Kriegeskorte, N., & Ki—
evit, R. A.(2013) . Represen—
tational geometry: integrating
cognition, computation, and
the brain. Trends in cognitive

sciences, 17 (8), 401-412.

(A) Stimulus
(e.g. images, sounds, other
experimental conditions)

Representational pattern
(e.g. voxels, neurons, model units)

AT, HRARELY
GRS ER RN 2
SGHERRGEERE, I3, £
MEERIARFRZER T, RERRIES
BRI, B S ERNS
SIIEEAAT RS, AT ABIRAN
FIRIZ A E B2 )2 SR EEAH 2 I Z8 Y
HITJLERVRB IR . X RIS
AIRESR T R T TR EE I £ HI AR
T EORHATE B,

Brain representation
(e.g. fMRI pattern dissimilarities)

Behavior
(e.g. disimilarity judgments)

LR

)
4

-
L, [7] (. DI

Stimulus description
(e.g. pixel-based dissimilarity)

Computational model
representation
(e.g. face-detector model)

TRENDS in Cognitive Sciences

RDM analysis. Kriegeskorte, N., & Kievit, R. A. (2013). Representational geometry: integrating
cognition, computation, and the brain. Trends in cognitive sciences, 17(8), 401-412.
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Devereux, B. J., Clarke,
A., & Tyler, L. K. (2018) .
Integrated deep visual and
semantic attractor neural
networks predict fMRI pat—
tern—information along the
ventral object processing path—
way. Scientific reports, 8 (1),
10636.
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Song, H. F., Yang, G.
R., & Wang, X.—J. (2016) .
Training excitatory—inhibitory
recurrent neural networks for
cognitive tasks: a simple and
flexible framework. PLoS com—
putational biology, 12 (2),
e1004792.

BAEENRRASAES
E5% 3], ENFHEBINEANEX
73 HWEE T — LR, ATy
BT EANES, FHUSEEENL
rh R 2 ST R BOE BT X B
THREESRAIBER, XL
FAB R T RIREARFIES Z A 5>

SCIENCE PARK [ RlZRElt ]

Example 1:

Fully-connected
feed-forward layers
[ ] L ]

Recurrent semantic layer

Input image Layers of convolution and pooling iy o i)
semantic features

¢ Train the network

o ° e - * Compare RDM of
“ m m m oo e brain and model
Il s e o * Reveal process of
S Dy j =k . » s visuo-semantic
pA & oom B, 7 representation
L Deep neural network (feedforward, pretrained) ] | Attractor network (20 ticks) |
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Song HF, Yang GR, Wang XJ (2016) Training Excitatory-Inhibitory Recurrent Neural
Networks for Cognitive Tasks: A Simple and Flexible Framework. PLOS Computational
Biology 12(2): e1004792. https://doi.org/10.1371/journal.pcbi.1004792

G Stimulus duration (ms)

e.g.:Two-choice decision-making
+ Behaves like animal
« Real neural firing properties

Time from stimukus onset (ms)
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Example 4:

Context

Incoming word

* GPT 2 performs similar
as human participants
in next-word prediction

Spoken i '
< our story begins deep in the

GPT-2's predictions

Probabilities

i P
1. ocean 0.35
T | 2. jungle 0.28
— B n 3. rainforest  0.21
— 4. winter 0.08
/ 0.06

0.04

Input to the brain and the model

Contextual
embeddings

Next-word
prediction

rainforest

Surprise
(prediction error)

tasks when processing
text inputs.

e Predictability level:
humans versus G|

o

9
®

o
o

GPT-2 prediction
14
kS

o4
()

“r=079

o 02 0.4 0.6 08 10
Human prediction

Word onset (0 ms)
Neural responses

& 21
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Goldstein, A., Zada, Z.,
Buchnik, E.,

Schain, M.,

Price, A., Aubrey, B., .. Co—
hen, A.(2022).Shared compu-—
tational principles for language
processing in humans and deep

language models. Nature neu—

roscience, 25 (3), 369-380.
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Goldstein, Ariel, et al. Nature
neuroscience 2022
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Bi, Z., & Zhou, C.2020).
Understanding the computa—
tion of time using neural net—
work models. Proceedings of
the National Academy of Sci—
ences, 117(19), 10530-10540.
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Basic timing tasks: interval production task

Perception Delay Production
epoch

G v’::"u Production epoch:
U duraton U Evolution speed inversely
Puse1  |Puse2 Go decreases with Tin a ’N :IV""‘S etal,
I 1] . Neurosci,
umﬂmum M& subspace oo )
D.Z.Jinetal, e
PNAS, 2009 PC3 5
Z18
Delay epoch:
Perception epoch: . yiSEes g
" Transient approaching attractor
Stereotypical % PC2 e
trajectory dynamics, -
Most neurons change el e,
monotonically with T along M
(b) Time intervar 7 ) 0 Normalized
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1200 15 nonmJEE
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900 2 Nat. Neurosci,
0s Mol 3 2009
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Outlooks: Al for Neuroscience: interpretable

DNN |
ANN/ Task

M = DNN/ = | outcome

(e.g., reaction
e time)

Open the black box
Interpretation of latent features
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Processing speed

Picseq
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Outlooks: Brain to Al: brain inspired Al?
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Complex dynamics-
facilitated
computing?

Energy efficient
computing
strategies?

Complex
architecture
for multiple tasks?

Cramer et. al., Control of criticality and computation in spiking
neuromorphic networks with plasticity, Nature Communications, 2020
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