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Biophysically Detailed Model for Brain-like Perceptual Learning

ZHANG Yi-Chen', HE Gan', DU Kai’, HUANG Tie-Jun'?

'(School of Computer Science, Peking University, Beijing 100871, China)
*(Institute for Artificial Intelligence, Peking University, Beijing 100871, China)

Abstract: How brains realize learning and perception is an essential question for both artificial intelligence and neuroscience communities.
Since the existing artificial neural networks (ANNSs) are different from the real brain in terms of structures and computing mechanisms,
they cannot be directly used to explore the mechanisms of learning and dealing with perceptual tasks in the real brain. The dendritic
neuron model is a computational model to model and simulate the information processing process of neuron dendrites in the brain and is
closer to biological reality than ANNs. The use of the dendritic neural network model to deal with and learn perceptual tasks plays an
important role in understanding the learning process in the real brain. However, current learning models based on dendritic neural networks
mainly focus on simplified dendritic models and are unable to model the entire signal-processing mechanisms of dendrites. To solve this
problem, this study proposes a learning model of the biophysically detailed neural network of medium spiny neurons (MSNs). The neural
network can fulfill corresponding perceptual tasks through learning. Experimental results show that the proposed model can achieve high
performance on the classical image classification task. In addition, the neural network shows strong robustness under noise interference. By

further analyzing the network features, this study finds that the neurons in the network after learning show stimulus selectivity, which is a
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classical phenomenon in neuroscience. This indicates that the proposed model is biologically plausible and implies that stimulus selectivity
is an essential property of the brain in fulfilling perceptual tasks through learning.

Key words: brain simulation; brain-like computing; perceptual learning; image classification
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exp(v.)
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4.2 MSNNet Z S]]

A SCA FBE T B0 FE 16 757235 MSNNet 78 B4 43 24T 55 AT I 45, A MSNNet RJ LI i 8 3% 52 ful i B AN
TEIT H RN, 56 BB o FAT 55

AR ST 3 7 30 5 45 2k bR B o TR ARG RE SRR A T O, IR b Al v s SRR R B, TR
4B L O R I I 22 T P8 2 . A8 SO 2 R B0 TR JE A 28 I E 22 43 AT 45 i i — Rk sk 4. eh T
MSNNet [F] AL FE 22 43 FAT- 55, IR bk w47 FH A8 SR 451 2k o 50F JL 4 1 o 92 1) 358 22 04T 13 o ARy X
Jr7s:

C-1
L=-"ylogp, %)

Hop, p; ROREBRUHIMT M AREAS B T2 § AR, oF 5707 U2 X (6) Softmax BRI/, y; F7n AR BL I 52 4
H, B AN FEAS B B S22 00, y; (R A FH A3 m 15 (one-hot encoding) A7 BT BEE, EFEA)E T2 i, y=1, &
nj y=0.

R 451 2K R HIORRBE TR B AR ) 5507 3K, R SR 73451 2K R H00O0G T- B (1K) BF BE. MSNINet 6] T-5F— it AFE A 75 22
BEAT - BUN A 05 50 HEAT WIZRIN, X T8 SAFEA, E07 0 R N 2130 B0 L Aws, BEATVHA, 52 124 ik
ANFEAIT B, BT I 20 A, AR5 (BT B 25 OB O BUTEL wyy 34T ST ELAAE T 75 A 4 5K (8) Phoms, 2
H, wy RORHTJZ TG § AR BT RN L0 j B n 7R 215, Aw, FROR PR ¢ N ZIBRBE; dr 3R
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PR A I RISt tena 2390 BB BETH ST AR AN S5 AN Z1.
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]
Tend — Tstant It
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BE IR BRI Awe, AT R TR Y IR 27 20 0GR AT. W SR IR, 38 1 B AR I TR 45 K% bR RGO B
LRI UK R B T MO AR S BB AW 5% T S A rL AT KT BR B2« SR Mk LR TR B 8 3 THSfe, T
RS H P REATIET, S AT BRI M. K P 5] AN T MSNNet, nIAG2IRE— I ZI 8L IE Aw, 1Y
5
Aw'. = oL _ oL, _oL vy disyny ~ 6—L><Gl--><v< ©)
Yooowy o oviwl o v disynl, owl; v YT
Horp, vt RORHRG TG j AE ¢ I 2B ML BT ARL; isyn!, RORAE ¢ N2, #2200 i fERI A0 7 LoD ISl i, 7t
ST 3K (@) Fros, Btar s o il A OG TR IBE I 0 vis Gy AERR & j b, w2 T8 i s i ir
BRI E T A E R 0 . BB i LR AR RGN AR T j I S AL i N T E A LR 1, 1%
P UL A A7 2 R T WAL v, T S LT Gy 3R i Ak SR A L Y0 L A o s s iy, o507 K 2 5K (10) B,
PRLIHG, A ey 17 5 5% fpke L VAL KD RG B2 T T B WL 3 G B, 40 8 RS A A 22 T R i, R R A sl R e 7% v S D
Bt A B R T 25 DA S A BRR PRI 2 . R 0 b, ) T PR 2R OB Y,y T AN AR R GG K, B vl S D
T A A

Vi
G,-j = T

i ZRBRGEZAE VS A X (9) W R BR EOET F s R0 P I A BT DX 3. S T 2 ARG T, 1] L B
R Y LK B At SR, WA =X (11) B, 6 FBRGZ 0 I0, 206 B I T EAE Bt Z AR 4 o0 iz I
FIME AT S, A (12) Bras:

10

=P an
oj
oL & AL
W:ZTWjEijC (12)
h =0 oc

o, v RoRE Y Z ARG 7 AE ¢ N2 AR v RIS BEUR AP ZE G j AE ¢ I 2R AR Ly D F AR
ph; A7 i o I 20 S BT SR AT ) 73 FMEER S wy Dy BROBLZ AR TG j AN R 28T ¢ Z M BE AT G M th =
PRZTC ¢ ERS H T, ol T 2 A8 T AP e oY, RIE G, (R 0 A0 A S AE R 23 (1), 23K (12) fAA
N3 (9), BT 521 3 BT (BR FE, b m T 190 25% v (R RE U EAT BT, 68 1o 4 Wiy I IE o i .

5 SCIEAR

5.1 SEIHIERITEMNIER

SIRAIE A 3 5 LA BORS 41 A 2 ) 28 AT A MG 43 IAT 45 107 etk A A F 8 ML £33 42 MINTST Al Fashion-
MNIST #4752 5.

MNIST $HH4E HF 5 R TR, A& BUG O FAT4 P i B 4E, JLA18 70 000 5KEE, HAIZR8E i 60 000
gk G 2H A, AR B 10 000 B ZH . MNIST A i1 B #5340 0 28%28 /MK FEE]. BB L5 0 10 28, & — 285
N T 5 0-9.

Fashion-MNIST #4 &  EG L H . IIZREFMERER] 7 BRI/ BLAZE 34 H 355 MNIST HIA], 78
BN ZRFI M b vl B Ho0 MNIST #4347 48, AN [T MNIST, Fashion-MNIST B A0 T it #5+.
HNESEIREE, AL T MNIST M5 57 5 A ki k.
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H T A B B e 0 5 22 A, RPRETRPEREIEAT DRIy, ASSCAE D P AR B4R b 70 S HE R 51 0 DR
Fobs, IS BUAT TR TN OIS VA AT k. BIATRE AR 2800 B K27 51 U5k 2 2k TR 220G, Toikse i
I IIX—RIVEANESs, A TN T AR SR ) 27 ) 5 VAAE MNIST Hidfide LHEAT T HIOGSER:. TR ASC
FHOR TR RS 1K) 27 2 T AT T PEREXS LE. BRAh, Dk D IR 22 ) T i (AT 2k, ASCHIAE K MSNNet 5
XTI 5 ) ()N T A 28 ) A P o 50 00 I AT T S B
52 HEERERIWGE

S A A A 1Y) MSNNet HARZRIUIT: BN 2B 5 784 M TT, 55 2828 I EIGRSF AR B, AN 7T
Bz B Grb 1 ANMR SRR KR e U N BOB)= B 64 A b B2 BORS 40 A 42 0 (MSN), N2 5
W= A R 10 7 5, TN 2R T T B B (VA 50 (N BEALGE IR i 2 A0 10 A s JT R, )
T 10 AN, Bz 5% 2 KD T7 sCRPEAE T 4xi k. 22 1 B T o0 Bl 2 RS 4 A 22 Je A R S 4
WE, SR S 2 ST DS S HO R, B P e R S S HO A SO R A A B R S, DR EAE
HRSZHLIN 2225 A 6 B S HOEAT B

#1 BHSUWE

SRR 24 e
c 1.0 pF/em’
JeR LA RIEE = gL 1.0E—4 S/em®
Ep 0mV
&m 0.05 uS
LAV e 514 Egn 1 mV
T 0.5 ms
c 0.5 pF/em’
e R R & 1.25E-5 S/cm’
Ep 0mV

MSNNet [ 1125 5 MR 42 JE K] CoreNEURON 47 E0F- 5 1EAT SO A 4 w2 oA B ol T LA B (1 R
AR B 5 BT KA 5. AT N SR, BT BN G b i A VI R AR 34T 22 5047 B, DLk, SRR W 1
BN W CRERE BRI AN I 2RI FE R 920, CoreNEURONI M BT 45 3285 GPU LIRS 40 28 I 445 3, A2
T 55 1o 20 KRG S A 22 90 248 47 B0 F- 5. SR 1T, CoreNEURON “F- & 41X A G2 A= Wy 30 AT &1 F, RAE1 %2 [
R N SRR FEREAT A SCAS B A N PRI TR i 8., TV S RE 2 REAS R4 N DA SR A7 S0 2 e eSO TR ) i A
AR, N TCVE T FE M4 % 3. 37 % CoreNEURON -4 3+ GPU SZE T H0ds 52 4 31 DL K 45 24 A (K AL 50
SR, IR 5 )RG5 BV SR BT IE L, A Zhid FEIYRTAE GPU AT, KM ER TR 41 28 I 2 72 AT 1
B> AT 55 1 I ok S 30% PO S vh ) MSNNet 43 I 75 MNIST &5 Fashoin-MNIST 454 _E A% J 4 J& (4 Core-
NEURON V& 34T INZE, FEAEMAAR F0 40 e R AT K. IIZRAEH 25T mini-batch 177 AT, A
R, I ZRP batch-size WE A 4.

ASC T N TARE M 4 (ANN) £EAR AT 45 b 119 58 PLEGIE MSNNet 76 BIG  -AT 55 TR 0 300 9 fRAE
XL, AT T —/N 5 MSNNet A RS H N LA M 4. WL RS 3 2450, mANZ0E
784 MG, XN T B G IR FAE, S TR O A — 45 BRI RBUE W& 64 M TG, S5
NZAE:, AU R ECh ReLU; Hir it 25 10 MR E G, 5RE &R, Saarimhaid
Softmax FREHTHHE G ERM AN KGR T £ 2K00HEE. T ANN &2 M4 08 H 5 MSNNet A7), H#844
AR T 20, DRI B Rh X 2% AT I 25 A EE 2 B AH R]. ANN [RIRE 48 25T mini-batch (K BEATER R BEAEEHEAT I
S, WIZR BT A48 2K R B0h 28 XU B K, batch-size & E 24 4. ANN [ Il ZR RT3 ] GPU JRA Y TensorFlow
2.6.0 FEZLSLIL.
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AR SCHE— BRI T GELE UG A3 28T BT R . AR DGR FE 2 ) U FU 3R B, 32 AR TSI I8k s
TUTT LLFT BhR F Ao 20 R0 48 3 TH7E M 75 TR BRI PO 52 IS e, AR UG 40 o 20 P 28 A TR FE B8 75 T30 T 1)
AT RS, SR, MSNNet 70 J5UGER AR BT INZR, 58 Bl 2R, 78456 W75 0l bxd 207y 1 fg
HEATIR. AR SCHT A8 (e 75 g PG i L) v e 7 L e R TR R ER R 7 . D R nT AR o6 o 2 R, BRATTR
MSNNet ZEAN AR AL 3 Pl ps 40 N 33047 7 AR, 7o S0 75 A58 88 vy v 0T 0 A RO B v 2 e s, IR A ol s o 2
294{0.05, 0.1, 0.15, 0.2, 0.25} F i 40 7 AT 0. e Pk Mg 75 1) 5t B () A b A4 i e 7 P o 107 20 A R IR B v 22
F1-F7F MNIST FI Fashion-MNIST £i4l b 3t s 75 1) 5% i AH X482 /0N, BRI B4 FH A B v 0 75 B K () s o 22 A2
ﬁiﬁ‘rﬁzﬂ%?ﬂ I A S MR P PR AR UE ZE BB 4 £0.1, 0.2, 0.3, 0.4, 0.5}, AR T P EME 7| B 6 e 75 F R 3 ey e 7 o

B 55 Lh kg, S206 FoR s B B0 0 {0.05, 0.1, 0.15, 0.2, 0.25}, BIME A TP 3 A Lo 5%—25%. S2i6
E[’]F)?ﬁﬂ;g 7 K545 i Python b (1 B AL BEPE scikit- 1mage[38]€|£hk K15 SR T A R g 75 5.

JE U6
SEd

K5 g BoR )

53 LWERSHH

SR IR 2 3 T AR G o 38 A R, ARSI T MSNNet 78 G 73 2RAF 55 vh (1) 1t e LA R AE g A5 1
PR EHE, #Elﬂﬁ*ﬁéﬁi?ﬁf@éﬁf?ﬂ7‘7&%&)\1?‘?%@% (ANN) ZEATX LE.

AT S0 MSNNet 7 573 b (O PEREREAT IR, JF 55 T A S 28 oo B 2% 2J 773k L ANN #EAT g
XTEE. 1 6 FEaR T 2 2) b FR v AR AR b2y U e iR 4k, il Sz g 45 S v] L, MSNNet 76 AT B0 45 B3R 1R 1)
WS R, v LAEAG 5 N T 4 nT BUAS B I e, 3K 2 FBR TRV (B T ANN, L Av K2 R fh i S i 7Y

F 127 2 J73) B 23 2R P REx L, MSNNet 75PN B8 88 E3F 1R I (3R I, Tk B 5 N CAR & W 4 400 ) M fe
S TR AL SRR (1) 2% 2] J7 70 L, MSNNet 78 B JliE I A Bsis . 50 HAG AR YT gl o i 4 %Tﬁ%ﬂﬂlﬁ
32K MERE. M H T Guerguiev 25 A Ui 27: 3] 771, MSNNet S5t /b, H 2% S 808 34T A b Sacramento 25 AP
17772, MSNNet 7EZ 40 8% MR 0L T A MRS 5 HEaL i ERe. DL PR RIS UE T B th s By D) R 2
AR AR Gy SR BT 55 E A R

1.0 1.0
153 2
& i
08} 08}
—ANN —ANN
—MSNNet —MSNNet
0.7 L= . : . . . 0.7 L . : . : :
0 7 14 21 28 35 0 6 12 18 24 30
Pl PllER
(a) MNIST il gl 2 (b) Fashion-MNIST /Il i %

Kl 6 MSNNet 5 ANN Il Zrid st b
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®2 BRI

Jrik I 24 &5 4] MNIST Fashion-MNIST
ANN 784-64-10 0.9741 0.8785
GuerguievZ A\ 'Y 784-500-10 0.9590 -
GuerguievZ A\ 784-500-100-10 0.9680 -
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G-clusteron'™ 784-10 0.891 -
MSNNet 784-64-10 0.9704 0.8574

FATRIAR G R LA R THEEAT T o0 M, #EN 5 V2 IRV PR 22 5 2 2 ph B BE o SR AN [ 7 2 W St ol
THENURIRON B 2%, Toik ERRAIBE . AR v (27 2] U5 mT LU AR SR PR T SO LA L) B BE P&
TR P 2 BB AL B 248 BB A JAE S5 T PR REAT T R B 491201, Gueerguiev 45 A& T BEALIA S BT E,
BURAF AR L 55 VR 22N T7 1 A7 AE 8 220, A LE T T35, AR S35 SRAG R0 R AL B 49630 TSI

ATCAEAE R MSNNet B A RAEIEAT PRI, DABR AR ALY 1 27 2] 5 R 70 24T 55 FIHLER. A6 MSNNet
HH PR B S22 A 22 TCAE 27 20 i i PR W S EAT 0k L, AR RIS ] AR 27 56 1 B 15 70 AT 55 RO AL P 7 R T ik
JEARZE IO AL 2 > {5 B, AE 5% ST, A — PR 00 AN [ A AR AS (i AR 3 30 () 7(al)), Bz pf
22 TG AL PR s W 3 5 30 MSNINet JEi2008 AN RIFEASHEAT X 93 24 2) 5, [l 2 T0o68 AN [ A R W6 325 1 A28 D3,
A4 I 28 05 A ) i N T AR BF s AT X 43 (18] 7(a2)). B 7(b) o T AR ZE ST e 5 — I Z00) T o] — S N REA 1
Wi J82. A 27 2D i, AN R T000 T A BN AT A6 AR R i R, Hoe B 98I (181 7(b1)); 2% 30 )i, ANIA) A2 T
IR N TR W A S 2, S AR OO iR A AR R R R, P 2 2R T A [ R AE R R N
FEARREHISE (K 7(b2)). 1T 2 A28 709 BEOsUR A 480 o Aiddi, DRI AN Rl 28 o 3 X 73 € IR T m] 3k — 28
FETT I 2 AN AR DX 3
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2 5|
% 03
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0 4
_15 1 1 1 1 1 3
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BAEETN S, MSNNet 11 2% 2 J& 1] LA5E UG 43 AT 45 1 E LR IR 2 (1) 5% 2 J5 W 4% o [0 b 28 70 %o i A\l
FEAR R, RO BB 028 T BT R A A T 25 7= A A B R e V. (2) S R 28 T8 BT i 2 £ SR AN AR TR AN )
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DU TAER M, S FEHSLAH R N T A2 ) 44 5570 k1M P o — 52 R PR 1k 71, B4, M St Bl 2
TR 9 26 W R 5 T 5 o0 428 G P T e B b e T, oy S AT 0 R 5 45 T A R 4% E R 7S T N B
B B 3 Pk . DRI A SCE— 22 % MSNINet 7EME 5 IR &b PEEAT DI, LA IGIE R S T 75 (1 B 4 445 .
S v, SRR AN I P ) UG H B BT VIR, TR RS TR B B REAT P ARG, BB E I A A S5
PR LI I L SRR R DL R AR R S LR E A 5.2 FT TR, ARSCAEN T M AT T IR
IR, AP AR L S6IE MSNNet Xof i 75 P If) Sl k. 5256 Ji il A 1) N AR W 2% 51 SCAH ], % 2 & o8 H
9 784-64-10, LA ARAIE P B I 2% 1) 2 0 A (R

8+ & 9 43R T A RAE MNIST Fl Fashion-MNIST $i4 BRI ME 75 T A0 5256 45 . i seh 45 Rl
D, MSNNet 7 P N0 A2 23 I B Ar EARALL, 7EAS ) 28 B 7 1) -0 T 390 U 1R S e e X T i Bt 7, 7
RSB/, R ANN T MSNNet (152 M35 85 /1N, 3K 1 T e 0T 7 e ot o2 o 0T 23 A =2, S8 /NI BR i 22 9 30
JIT 7 HE T v S0 7 (1 5 A 0N v B 7 e S R ORI, PR A I 7 e 7S R A R R I R R, AL T
ANN, MSNNet 77 M 755K I 1 B8 T B e /b ettt 7= it R R AR BB AHBRE IR OC &, 10 MNIST Al Fashion-MNIST
PR GO A R FEAEI 0 0, 81k 3tk M 75 %o 1R Aol 284 (10 2 3 My 350 A K8 /8. A G i P g 75 AR e s 0o
T IR UE BRI TP o, BIASEAE SRSE NI N ASTEY (R e AT 5 B LI T . R, MSNNet 75 A R 18 75 1)
T T B G, HIHT ANN 4 2R UEAf =5 5
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He RS AR A 28 0 I A% SRS B T IR ISR A5 S AR B LA B 27 2 1k R, S22 R AR N T e
2 BN ARG AN AN 28 S0 3] AP AFAE V1), A SCR AR T b RG AN 28 B 2% 450 MSNINet, Jf- $2 HAH N 2% 3 7
T2 PP R IR 2 30 T A 1B P2 10 75 O AR m 1) S it P O EA T ST, Tk e B v g A o B AR 5
R R ik PR o N SR ST IBR AR, T AR BEARLHEA T AL, AU At e R 0 £ ) AR s P58 SRR At R e £ 1) L. e 3k
TEZE M BB 5 2RAT 55 B S50 LR AR SCTT VA RIPE REXS EE, B0 UE T AS SO $27 SI BRI A 2800k 2% >0 5 4 TP i)
ML TCHTRBL T ARl a h 2 SR e DL, I 5@ RE P EIAIE T I ik i A Myl e bk, e, SEin R
WK A0 2 P 28 A2 75 T 1 LA B R B R, Sk T B SR AR 7 T b AR .

PEJE S A, FATTHE 5 FEAE S S 2% 22 ey b S LR g 2y >, USSR R i 2 > B A
PRSI R 2 B 2 1) W) Ay gt o SR R el ol A 88 1l PO b e oo R R AR, SR RS ), K
(K3 VE S A 5 B AP K KB, 7 S R 07 0 B S T AR A, PSR St AT RE A A 1R S B, 4
SN AT SR S8 I 2% () 7 EL 5, AR ORRE SESR T 077 FLRAR ORGSR 52 W 20% 07 1 1 B0 5 DU Ui 1) A%
ket T, 2) VAR SR TH LA G R 1 TE LR S Ak FLR. 3) TSR SRR B A Al 1) FRLIAL. 4) SRAB AR TC
XN ZMETT AL 5) SF AT VRO R s, Herh, SRR 1) 2). 5) B AR TR, AR SR A RS
SR CIIE BB J) A AN SR K i AP 22 0. TS IR 3) R 4) D B SBEREAT . B SRR ) SR C SE BAR S5 A
A, THEIERE 3) O AR TSR C R K R AT U S TSR RE 4) XA 3 AN IR AT B 2 D5 R4l
TEAT SR A, LT R ALK 2R B A D i R P, ELHR 2K 5 e S Os I R 4 ) B8 & B R B AR ], 5 R 4l T v O
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