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TAS,, =W, ., =W-AF=0 (3)
XA AR IR PSR SRR, A
KRG BRI TEATA,
Non-equilibrium

Ho «, P

Irreversible
relaxation

N e
N e
. N
% N
\,

.Po

Instantaneous ™\, &
§C><%—————*7¥5z{

Quasi-static

Equilibrium

& 1. IFFEBEHEE

— A EHEHVISIE, m@%%,ﬁ%?@%$$
fir B BB B R X, IZBIERL R T A SR L 12

SCIENCE PARK [ flZREi ]

HURE SRR, X P A B R G AR IR S p I
BB RS py =2, BE-FEBEBEM. R
A s S S RR, EARE Q. =(H,) p, —(H, M&

REBBE ARG, BRAB RN~ E, BN
m%%;%%m,@%%%m%w%%%%ng
YAE H, LB H, =—kTh p, RIGULHEESHIZEE
ARG RIRER H, WYEE. TR
BRI W, RHRATH K (quench) TR HITY
(Hy)p—(Hy)p , N0_EKra2ia ml i bk 2 27 b
E H,1Th, XATLAFRR A EH RN ZESR: F(p, )—F
(p)o BHIL,

Wy =(H,) p—(H,) p+F(p,)~F(p)
=F(p))—F(p;H,)

BT LUERE, XA 202 T T SR 5 15 1 72 0K &
RGEM p Bl p, THHIB/ND, ENIER, -, &
AR A p FRERE AT, BRI, 440 s B

H, , B4 B fBETE EHIRAS p, RS SR/,
R, WNTEAGIRE p, 876 F(p:H,)=F(p,) -
XA FRTE AR A I T AR % 5 P i g 2 R Al

ot R AR R . AR R AR,
B, MRKHNEENELRE, REBLER
LA RS FFI R AT, E AR —

W, FlQ, — RHEBFHARMN, i ERR
kA,

XA IS, SRR AS,, =AS, +AS,, ,
T SCHRK BRI AS,, = S(p,) - S(p) RIFAEH
RIAEIL AS,,, =0, /T HIERT, HEFINENE, WA
PR BB B RGIIAEEA Oy, = (Ho) oy —(Hy ) P~ Wi, o

M2, REWH E & oo R A -

e

[

A&M=Suw—su»+9$&

_Fp)-F(p:H,)
T

iGN, EATYEES, MEENE, X&
WRE B HRERIR D BOR SR T, At 2R TIRHRE.
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[ RlEREt ] scIENCE PARK

E2. B8
FEERwT, NS UMV ZANERE R
TN

HU:V) = P
)= 2 pin s

=HWU)+HWV)-HU,V)
BEREEI NN, YRR, FEMNE UM V&
HHSZINAANEF . ARITPREEHTRENUA TN,
EHEXERETmZ:
U V)y=HU)-HU|V)=HV)-HV|U)

Hrp

HU|V)=-Y p(")p(u|v)In plu|v)

BN, BEIE—T, HU)8@E TR U AR
EME, MHU|V) s TEEH VEEETERITS U
HIARTREME, HILEH, BEREMATERA V i,
AT UBIAFIEHRD 2, R2IFR. B, A
AL R, SR EXN RN — M EER,
—MNEERFRIENE, 2 UBRfRE Vi (Gl
R=MlE (error—free measurements ) WIEE ), It
IHVIU)=0 HIUV)=H{),

H {5 B (Mutual information ) 5% — & .
FATIAE AT DU G IS BRI — MES: T
N ESHHEFE H BT, BRFENRIPRE
Mp (x) ZBHp (xim) B, RAEFREHIZMHS (p
(x|m)) =S (p(x)), FEMENp, WA ATRELR
RIS, AILISAk:

AS_ =k(H(X|M)-H(X))=—k(X;M)

Hrp 725 (1) PIERE, [ ERFMIR
A XFIMELER M ZEWERER (JHE2).

NT X —RER LN R T H HEERIBRIE,
FRATER A 10 B L RN S M e 2 0 B S AR AR TR S HY
e, SRE, MEAREEYEE, mIFEEEH

RERIII T

AF, s =Y. p,F(p(x|m);H)=F(p(x); H)

=-TAS,

HTEFREZEHE, M (SEERKR) &2
FEINE HEE, Mg el SEREEAILD. W5 (3)
FrR, X—EEIAZEEE DO =2k, XA TR
RIFEFHNVE ZAMES, FHRET —TiFifie. 3
£, AR e BR T &0 AR Ger0 A Bl EA R 2[RI BE
EAZEBRIFENT

BATIAET LR A Z A H e RS —E &L
55 B EHEEREE., Aok, FE— 1 H—HIN
ESZEL RIEM RS, XESHE R #TET.
), XESHETEN =4, RELTEEN THIE
WSEfrs, BEJE, “OR” FERSTAITAIRR [0, o] PNERAESMER
2, HEENTRNZ ¢, #Hi7E, FANEEE]
I B & — MINER S i (protocol ) 2™ (),
HAUKF T W EEER m BAE t = 1, IAEK, EEEIN
=EXSEEBRRRIEN (7518 (4)), JRIMTLINAE
73t (3) REBBIRBPUIERIEE e

= kTI(X; M)

W —AF =-kTI(X(t,,); M) (5)

Hr, WENRGAHRIESLI, AFEIEEEE
HBERISEAE N, R, IAIE BRI ER KT
MEERM, FEHFSE (5) NNEENESER MG
HSEEER, TE—MEREREF, & A" (7)=1"(0)
=A XA m 8B, I H R G Aot i4 8] 8]
&, WAF =0, FEH W= —kTI (X (t,,); M), XX
REBATAT DRI —E85r 10, SEJE, HESUEF
REERRIEL, W FRRENNE, MHIEHX
HEZRE, NEERMETNEMNERE T (X (t,);
M)=H (M) (JE2), BEEENE, FHRHETI%E
FILUEZEX — PR, EAN M REELSA, BMREN
1/2, HILH (M) = 1n2,

BREEH: B ERNRNFEE R (2
(5)) MARHEIITAKE TIREl, A, WEE
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BREZ RN, XNAERA LB NER, BIKE
R TMERIIINL A" () 2K, BREBM SIS
fb, #TNEHPITRE, AkKEEFEARRGRER
RS A H 2 S R ROUELE v ={x(1)}. FRATEHL
PFIZE SR m RO EBERE R RN P(r,m) . IXFHE R AR
NIEMA (&) JFE.

Ik EHEE ERAdES ENR KA S EHTEHT
%, BEEEENRENEYIN (driving protocol )
MS2IHY . IRBIX R A3 2 M A 78 T 20l
PR, BT Am(n) 1E ¢ ZJE AR T I B2 455 m
SCHRHPAE YRR T RAE#E L EAITHY, JHEM T
— A AR IIAGE AN EE ., 20 BEE
MIEA SRS R REE p RHENLEEE m, K5
B BB T R N SR R AR A ()= A" (e 1) ,
ToisH T IlE .

FEYN K 7% & B P(r,m) 5 s A R 2 2 2
Ry = (x" (r — o)} IR P(y, m) TR, Hrp &
IRENE [ :

L20m) _ poosrs (6)
P=(y,m)

XE, w BIEPE y X RS FTEHIENLLD, R
SIANT —MREBT B EEE -

p(m|x(t,,))

HEyMm THEHEERANERERE, H
(I)=1(X(t, ;M) (WHE 2),

732 (6) RN ER 7 E HR R E MO sl 15
HIEL AR B ) S AR IE SR ER R DR . BT X —
RER, OTLLA G S A S5y & Rk g e B,
Bilgan, BUTEKEEE A -

I(y,m)=1In

(e =1 (7)

X —45E R EE I R T BRI PR R 5 (2 S

HAE, BEHRAER (Jensen’s inequality ) N
T (7), BIAMERIAE (6),

SCIENCE PARK [ flZREi ]

75E (6) R, WRKRGEESHEROIER
A X r——#B)iEY, MRSERAER, BarE
R () ATLVERANPILEE EEBIRR, X —5E
SRR T —MEATTIE, TR R R S
WA RBE R ABTN ARG R ISR RE.
FIEREIRYE, KIS ERUIEN 85 i IEFR
MRCIRAS . WIRAEBHRENX R AR, W ¥
e, A UABRIRI RS, XRHIE T EE R
TR ZhF PR ES BRI, B — Ak
HITIE TTIE R TAE 1 FhiR R R IETh b, H AR
WP ISR A T ) S I il i A - R

2 —MEEREHNIAEL, — Mt T I AR E N R A
HENBYRA y BRBHRNEZM AT, DT
FINMNUERZS m=0 A m=1, X MFHERTURTHRA (a)
FAMERE (D)o

(EREMIER R
S ZERER: F—F, BRE— MR
B, SHYWESITATR. A, YEATE TR

B, SRBINERERMME LRSS, KIEEEERK
LR RAEEET BRI E T, X — SRR P AL
fERl, E=E/RAMNAEEEREBRAMEE:
“EE MR

NTHEE- NS, —PRAVAEAZ A
XArH) “EERE” REMEE., NTEATREER
RIBMNEEFMWE, XERSOITEFRKRNAw, X
INEREE BA SN, FREMHRRIIMNEZYR NS
Blo MFEITHERMERE, XEEREKRE TR
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[ RlEREt ] scIENCE PARK

BRIIRE y ARG E BIENEEE,
Hy) TRAEAZ N ARRNIIRES, faim, 5248
WM (ergodicity ) WAZIUE B ERHY—— Bk £ /7 (&
O] SERIRS TR R B2 A ARy . TESERR Y, Xk
HHMZE T $oEA2 M EHXKEAT ), MK
S B —ME BRES m, X R P Y s Sk m] DA
SRR HIARASRSLEL, BIANTERRHEREAE T, /1N
TSR IMAL ; BE BRSO E HENE
H HREBR R SLEL, BIAn7E f e F /7 if Bk DNA Bl B
B,

FiEER R TR B AT Hoilw [ X sz — RO
P RAL H—BRRFESERLEEES T BT, 5B
AELREGERE m EEHET, 2R EA=A S
m FHEERYIXIE T, ERYIENAG . 2010 BA 16
& E, FIERE S, . 08 M e 5 Heenl DU

EERRN:

I L Py 2 i

F(M)= <H>p ~TS(p)

=> p,F, —kTH(M) (8)

Hrh, F=E ~TS RHEMRANE R, XE
108 R0 S(p) B o> R 2 S AT I BRI,
HM)==Y p,Inp, , R EREES, FEE,

XFERERN— N EMNREIZE 2 iR
FeEff e e BAR A, F S8 B — M RIRL R — W
HHrH. LB 2mE TREERRN, KFR7EE
— APPSR R A, EE, R T A EA T
P AT BITEN LR RITRE B BRAE “07 A “17,
2a PRI FRAMERS Fo=F,. H—MI5HZE 2b Hh
RIARXSFRES, IEES Fo=Fy, ADFBFRRISES RN
2 (AR BN

RN, EXFEESHTERER, B
SR LIARRIWIIGIa = iiE Hy) 451, EX M
T, BE—HEXRRSEEERS, JFERIEEMES
N BAAE (S B IR A RHE SOZ A ARIE p, RFIE,

WRlE, BEESNAEITIRESMNSHN p, I M AT
NN p o I M TR0, B DARYESE —
(3) FTRN:

W=AF=FM"-F(M) (9)

SR FERS, RIESRE (8), XINEER
INERZS b AT, BIIW = kT (H (M) —H (M')),

—NEANRIRIGE ZEREE, BRE TR
SFRAEfE SR EEE ( OUEEBR ) — NBENLELRR AT AR R
Mg, EEAEERE, TRVREEan, FrERE
BURZS m B AR B2 — D PR RIFREEIRZS, 120 m=
0, Hlp' =1, MfTAEMA p =0, X T X FRAIF(E
75, IRIEHE (9), FX— “HE BEMTNE
INDIN W = kTH (M), ENH (M) =0, T —
ANBENLELEE, po=p=1/2, BAVEBE T ZE/RNER
PR, ZPRE EEN B 2 fh o B R R S RS 1 SL% 5L
EE TIIE. TR, AR FA—EETF
—kTH (M), |~ X =E/RIFEH:

=
W« =AF

T reset

(10)

HEEIBERMY LEANYR, S5, X
HASEEEZEAMEEAETE, BEBEKRERER
AR H (M) D, XA RAH NBEREBREAE,
BFIEIKRBGE (10) HIRIRES, —EiBlf e
HA SR 2 A A 5 THIERAS T RksR, [AIRE, AT DARE ARk
& E FRIE PR E B HTiX — PR

5 “9%” HROSEEBSIGINEESINTF
HoREEE DD, #lan, —MEAIRERER N- EuRExt
PRAfESS Al A E T — MRS RIRS M7, Mg
IS KT (H (M' ) —H (M)), XHMEHFE
e FTE “BRE” H9J5=NEATH Bennett $2H, {Hix
WF 4 Mandal 1 Jarzynski #83d — /@ AL SCH,
X —H RS T B X KA P A S T I RE 2R Y
L, XEAEMERIERIRNE B E, SMESS
JE S5 HAMRR S )0 e =G SR R L
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Measurement

W, e — AF S 2 (] —
- =
meas meas W + AFmem s ()
reset meas =

B3 NWE. RIRMEBNTEE, NBE—MEEHESEIM N
B, RERTRGNNER /BN ¥ERE, ERIBERED, R
GHEGELRE TR MY — X B, I AXESERET) W,
e, FHEEBES X TRAMLEBDTEREM o

MERIRAN

BATIETHEE BRI FRE _AESS, IR
FEEARATOERNEIR (5/5). N, AT
RINAG X FI—MNEEES XM AEN—NREBRAE X,
FEor AT BHAE WA R R N1 T PR RE R,
WE 3 frm, H—LWEMRIEE, FESAA%RN
TEPAT I A R R E I AT LR F——& I, &R
SRR E RN H(x,y)=H () +H, . (»). FIHE
BEENEN (JUE2), YEEXEREEN, E67%
MIESEH H EHEE (7552 8 ) Al DLz -

F(XM)=F(X)+F(M)+kTI(x;M)
MIXATFTRRHE] DUR AR IS I A0 IR AV RE &
FHIE
B—LREETE XWBEHT, #Hf7—>KIKHT X
ROl e, FExtEHAMRRETEA, B, RERIEE
EH B AR EZ R, HNESTERNRGZAE
SRER, M AEER. 8T SHIEERE TSR
— &, A BRI EHT S E SRS MM,
Hrbp, B4R M5, WRARFIGF S 7EN =
BIEREMEEIER, BIMATUNEGRE (11), H1E
ZERE R AN 2 PR B Hee

(11)

AF) = AFye™ + KTI(X ;M)

meas

(12)

Hrep, AET™EFMEEE H BRBEZE L, 5 (3)
WSS TR, SR (12) A E BB INE
B

SCIENCE PARK [ RlZRElt ]

W =AF™" 1+ kTI(X, M)

E— N EA XN FAFE 2 B IoiR 20 8 1R R S
T, —AE™™ =kTAHM)=kTI(X; M), HILEAGELE
AT AT, Blw =0,

TE X FI M ENL 7 RERIS, FATIAERT LUB 15t
MAGHREFIETEE BRI E EEME AT, Bk
Wi, BATUUREG T 08230077 RNIKEh R GE, RIHERHF
FEERIEE . BRI BUEABEAAEEARIRICEK, R
R (11), 65 E BRI

(13)

AF! = AF —kTI(X; M)

He, AFER%H XTS5 R M EE
WEEBEZINGR, 575%& (6) AR, &&E, MNH
TR (R BIEE (14), BATAILUSZR 5%
HREPSEETh WHITTRE (6),

JAREER, ERBEETHTRERNINER, 2
B ERENENEEFREN—XERERER
FARRZERY . WRBRNTNENNE - RISHEARY AR
RENMEHEE, X—HA2ZREMZN. KRR
%= (6) & (13) FEINATE:

(14)

AW +W =AF™™ + AF

BEEBEKET . NEXMeRRARE, BRITH
R AR E heeR g fFEs R, X E BREX
WRGE

BfE, LEFAMTEZ—TF, B2 HRE 2%
SIErmEmm e EzZAt ., Hitk, 7512 (13)
(6) PAREFEXEN TRBEIENX B, EXNE
Xk, REHrFHIKRED BN AT BN & UL RN,
S5 TR AR, N, WERIGE (13) M (5)
RES RIS, WS KBTS EERT Y L2
ARy, X PR R A S 5 v R i —ME RS
EEAS R T BFRIIILE,

POX—ICUEFA 7273 B T N A Z e B koA aE
BB EH, Rifi, RIMTEEFEERBZEEFHE
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rEHEREERES M (B 3), UEREBES —1
[RSHEIAR AR ER . EERRNTHT X =8 REHE

(75 10) A, HFAFLD =-AFw", HLL, BIE

reset meas

frfigds (RIEATNENEE ) HIZhA:

W +W

R R 5 T TR B A 1 A
7 E STAEBSINE TN, XA RET RS T AR
Poh 05 95 55— TR I E TROTR . fEE
FYRE T L) 25 A E M P R A B S A,
R TR

= kTI(X; M)

= = s
MEEER

FHACNIE, BIME&ME T RASMEERER
BIRSHEME R RNHEEER, FERRERANZ
REFER. Aifi, (A —XREKAGHATULZERE
B, RPN HRERENIEMERS., EXFER
T, EMshiAECARANESHEERE T2 R,
REEHERNR., BB R N2 E RS
XH Y BYE TSy =S5 + 8! SR X HIRRG XA
Y FONEHES), SIS R SOX —HE&:, 1R FR:

S* =S(p(x)+ S5 k" =0

o - (15)
$1, = S(p(y)+ 8L ~ki* =0

Href, SIMISL RSN T RGI g s
R, NTERSE, SNERETISE =-0" /T, #
BRI S BIRET XA Y R ESSINERE R
1(X; V) AR, XETRERT R HRRZA
HIE R s sl, 7518 (15) iR T el FH
AU

TR X RN A T B B BRI B 150
(20 E—FTR eI ), BATH LIS HERBIA
o MXNAEERE, ATLLRIX RIS 28— Ry i
WA Z B BRI AR . 2, FATBERTEL AT
HAE B SHERES, BRI R R HH Bk

2 1
== o

RE. IE5=

RITEEN 5BEANREZMP AR FHIFESS .
KBS RERE BRI 2T T EAN A, RAIE
HWABHERBEN AT A ZEEENES, N TE
EHNER R, 125317 EE S 08 kD RO A ek
wEB G EAE. EXESE, EFANEE
BERNT ER—%BE, ©OUHRE RN EH
REBHIFER. TR, RITERARBURTBATE 1
BTN EIDRIER — T, KEICREAH
e, Mifi RIFBE 2N ZERENEE 4
B/, BRT ERERI 2N, RESH T EH TR
TSI R ARSI R E B

KT EFUEN RN A RERT, &
EETFEAESE, EX77H, MIELE2ITHE -
ERMATNESRIBHRECENE T OB,
MITIREE 7E 37 5 X U & ARTE AT — B HY
R,

BNEREERFEZ R BROERTTE. &
ifi, 2o T IR BRI R AR Al DI & — Fh e
HA e RV HAE RN T RS R R R, XMITIE
=#)H Smoluchowski fl Feynman #2, 12 &
T —FREES B RS T LHIR BRI E R H EZ RS
IRHITTREME . AT, XBPSLIL TS SANFE R G 0] DL (R
FEAE RSN A B, BIANELE R AR RS
5E B b4, 7 Feynman M40 2 S5 HIEK
T, XIS —— IR AR AR S A B R e ——
EWE N —FE B R s LR iz 5T, R E
T, AR RE SR DURE ERARERRRE, Bl
eI R, BRI T 57 E e ebar
(&, &, FIBEBEVIRTIE0T T — DT ECE
@A Z T Ik, R, B8BIE, HBEREHR
fRAMHEAR R IRE RFG T, BRATEEARH, #H
5] B [ PR R ARITRT Y B 0 0] DA R A R B2 v
FIRGIK, HEMIFHERAAFR, BEEEENE,
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XA F IR BB S LLEL (L 44 AlkE, XEENUH R TS o, Bl RO B AR A (Al 2
KD 18 2 0905 B OR SL B R B9 FEERZ MUy, HEAEYY RI9—B MR, FATERE, &
Rz, B Blan, XA R gL EE B 52 2 PR R 5 S O M B R

5 B SR Z AR B E BEIRE TRz 1%, 5—1 wHEETLHER, £—, A
OB 7R BB B 15 5 | ZE R 7 i 2% 51E BN EYZGF 2 TR ANEICER, FFHR

TR, AMAGES TRE RIS NERSE, £ BN RTBNGARE, 5
MEE LR SR BT, B %mﬁﬁaﬁ#@ﬁﬁwﬁ,% =, BT BRI R R
BOEFIRER OB R SREEN  EIOPIRRY, XHBAE B RS 45 5L A T 5 25 T B
U, APITREFEIADNAE  EREREGRRETAENE % ERNET AT, B2,
HIEIHTDNA (S5)) SURNA (8 B, S50, FEUERNEH  FRATSHURIEE 0 85
), XU REEHANRER  MRERAOEER. —HAYW  ROERRES, FERE—
B, SEEEBAT -LABIN KRS TRTRENEE, W BRNE SIS0 TR
ROEIS, GISHRAEE  SUUEARKETREXEE,  REHHEPNEARE, Hin
WIS R TR ESIRADEE R Rt SR
SRERN T, KRBT RERE, M. O
DUB LR B LU, (A7 0 I, XTFREES
SEHIEWRA B FEING A FI— B A B 6 SKR: Nature Physics
S 2025 “CAA EHEE® BERNE
@ 2025 “CAA ZHEE" REANNAEEH!

WMERE, HREM.
‘CAA TR EE” RS, TUESL EIREA, Wl AR TRERRIRS, LHI1ES

IHER!

1 W BMEIRE ASHEREA, BEEHES, FAREREIEEE ;

2. RENTETEFRENSAERAAIE (EiDARBEMRET] );

3 IRENETNYRRHLENERGE, EBEHEEART: JleA, BeE, FaeEhis. T
WEERN, XERgE, WEFES], ATERE. WESREIE, RN, BMEFRERR, &
NBI SHIEREA, FRes SERENER. VISSASERAZ. EWERY. BEERE -
A RERHKEICON 60 23817ef, AIMRIEIR S NS HITE L,

PEEIERE : hitps://www.caa.org.cn/article/192/5115html
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[ &lEREit ] sCIENCE PARK

A ErEMI AR EI?

KR HIRIE

5¥8 NeuroAl Bt

X /A1l

1 HR

~

11 GPTHE.R

TEANTERESUE, MWEREKR
MEZEBANREENAL —H
R ERNAEKER. EEH
RE#H L, BATERFFH IR
REIRIE B —XRER
RRIPkhk, FHEXN ARHN—
PRZITASE

BB ER, FRIEER
RUE S A GPT-3 N & |,
BAEE T A\ TR a ] #25X

— Bk fik. GPT-3 8L # A &8 i
1750 {228, HEAERIERER
BEeE LT T RO, fEE M
HRIESAHEES ERRTEM
ANEHIEBEKTE, XERRER
T—RERRIEEA : “more is
different” ., HRGEHIHEIEE]—
EREERN, ENTARNESR
T ANEEEN, 2% HE
TR FT MR, R R
HIAI

AR ATHS — P REEA
R AETEN], DR TE W IR T

AtERE (AE S EBAIARAEST )
MEERAAR/N (RIZ28HE) B
EnTmig e, MhAER LlEdg X —
REABRTIMN, XEENERR
REA AT DA R 2 Y BE ) B
B2, MmESMES £
KUY .

EANRMEIRER, SR
ENR S ARG R 2
MUK R Ed XIS
AN LRI EIR? X A
Tt — 2B RS RIIIE

e

ChatGPT

L

training data
Achieving human-level intelligence

» >175 billion parameters, tremendous amount of

== LaMDA  —e— GPT-3 —#=Gopher —&— Chinchilla -@=PalM - -- Random
Mod. arithmetic Multi-task NLU Word in context
50 70 70|
_ 40 q'f'" _ 65
= F 50 & 60
FSe 740 B s
é r é 30 é =
g e g50f- -
<10 < < 4.';‘
10
0 0 '“]!
10" 10™ 10 10™ 10" 10*?  10™ w0 w? ™

Model scale (training FLOPs)
Emergent Abilities of Large Language Models, Jason Wu, et.al. 2022 |

The intelligence is NOT pre-defined, but appears to be
spontaneously “emerged” from the network with
sufficient large size.

B KIBESEEFHUEIIEE D, | SRIR. Emergent Abilities of Large Language Models [2022] Jason WeiYi TayWilliam Fedus et al.
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Inspiration from Generative Al: Scaling Law

OpenAl codebase next word prediction
GPT-4 Technical Report g
* Oteerved
.o
OpenAl’
Abstract
We report the development of GPT-4, a large-scale, multimodal model which can
accept image and text inputs and produce text outputs. While less capable than
mans i any re- wuHmGﬂAamhnmkvdpﬂM
and academic including passing a
b caam ks score around the top 10% of test takers. GPT-4 is 'l'rlmlavla» "
based model pr > p next token in a document. The post-training - 5 Voss T -
e e Demice X coe oo of e et e danehng B e o Joss wm St i
frastructure and optimization methods that behave predictably across a wide theu-un%daﬂolw‘nlmbeamenlﬂd;bheh-mylhlm across
range of scales. This allowed us 0 accurstely predict some aspects of GPT-4's different amounts of training compute. A power law fit to the smaller models (excluding GPT-4) is
models trained with e 171,000th the compute of shown as the dotted line: this fit accurately predicts GPT-4's final loss. The x-axis is training compute
GPT-4. normalized so that GPT-4 is 1.
2 AR AL BIRAEE N
> — Fu b 35 L
1.2 #HHPHNER EZMEB LN, AR R

MR A ERE, HEE MHE BRI R L, Wik
PIIRRI AL, AR GEHIRRF BUE AT SR REE

Single Neuron Complexity

tio P |
dritic 1:"‘“‘““’a
ity of ofDen Highly asymmetric branches
p\e‘ o Distinct regions (apical/basal) N
- X
star-like X} ~ %
“symmetric” branches N\
few-branch {
Mouse
Layer 3 Pyramidal Layer 3 Pyramidal
neccortex (frontal) neocortex (temporal)
C.elegan .
wmnm "'mml"“l"“ | Ca?* spikes (lMR‘;m:mpw“/}h'splkdﬂs I
3 MNEHFBIENETR:. ENMMETERENTK
Hints from Evolution: Wiring 8

,y;mn 2

xity of the ““‘“\

& Comp\e
. a®

86 billion
o @) neurons
k- 3 (- 71 million ~100 trillion
( -------- synapses
~1 trillion
~140000 ncurvas
02 ncureas ~80.000 -20 con synapses L
MW | | e p

symapaes .
C.cltgn_ _o— hrul Dmopiﬂ- x e

B4 NEEPEIRER: MEHREL

SCIENCE PARK [ RlZRElt ]

ZeMERIEARE B, W FEBARE
IR P2 A DU anr 76 A\ T8 Re R
BRI R, XUEHMAE
~EAEHZENESEZENHE, ERN
P X 48 45 K RO BN 2 o U B
ZItERE TR E SR BRI
IR Y B LA,

1.3 KNZERIRSRIEE

MHE T E Ze AR A,
KIKEEA R EAFREL: A
T2 N 4% B A2 AT 2 SE A 2 e i
UL

N THRE L1

N LA W 25 B A B R0 B
SREBMETEAN -, B
8 B Y B B BRI & oo Y
WANmHTHN, REELRERN
EERR— DA, XM
EHMR T HAETTNE RGN, H
REBHEZONITEIIRE. B
ERIET - RIRMETT, BAISS
PLR BLAR BY R 5 28 X 4% (4N
LSTM,. Transformer % ) #5 &
T8t

H LA TTIE RS

H L 4 u DL B 45 2 SR B
— MR FIETTIE, R
AR ML, REE—1
AT A £ YR, TE
HIAEYMAETNESLT N, fl
w1, H-H#&#! ( Hodgkin—Hux—
ley Model ) H{EEEHBENEZ G

Z A ( Multi—Compartmental

Model of a Purkinje Cell) #p
i EMNEY A EAS R
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'oint neuron” Dogma g@-@-

LSTM, 1997

ResNet, 2015

AlphaGo, 2016
McCulloch-Pitts Perceptron Back- LeNet-5, 1998 Transformer, 2017
Neuron propagation DBN, 2006 BERT, 2018 @
( 1943 1957 1986 AlexNet, 2012 GPT-3, 2020 .
WS s
drites and the soma? ” - How to turn the detail
I How electrical signals > models into machine

e T
Lo .
{ f~ A
| # 4
i

M —

Discovery of the neuron
by S.Ramon y Cajal

F12

Hodgkin-Huxley Model, 1952
Nobel Prize 1963

are generated

(

Nobel Prize 1906

\

"I
Biophysically
detailed model

\ P e ,:

learning systems?

Single detailed mod
| require five layers ot
! L, artificial networks tc
y their computational
Single neuron as DNN, 2021 capablllties
=\ [
foature X “h ‘2& ** masY
- y oy
P Detailed compartmental v A 1 Green
[ model of a Purkinje cell » 0 2.0

1994

chutter & Bower, J. Neurophysiol., 1994
eniaguey, et. al., Neuron, 2021

.

Cable Theory, 1959

icknell & Hausser, Neuron, 2021

5 AERERHMFKRER

ZTTNESH (S S A AIZ R
R, XA TR
TUEHES (AARSR, HHS, FEMK)
R R PERIE 24T, AR A&
Y PR Ao 22 e AR B S XS e A
ZEYEEI, eN%EFEE
AL E RN — ML SRR
X BT s S Y 2 AR R M B
NEME SRS, MHAER
PUITEZHIT IS

2 FEHERRIEICE

21 KIWEHEREARR LR
BEF RN BRENEERS

H-H A HEZFSHIMER
7E 1952 £, FEHTHiAH
ZTHHEESER. XMEELHE
o — o 5 AR T B AR
b, MR T MATTHRETEE

044

How electrical signal

ton channels(Jl FiMi#l) can be
found in dendrites, soma, and axons.

——

il

" Single detailed mode
can learn complex Xt

&

Harness dendritic nonlinearities tasks.
\ through learning, 2021

| An active membrane model of the cerebellar Purkinje cell I1. Simulation of synaptic responses. E.
Schutter, J. Bower

'%'!ﬂ.-'(r-v,)u,,.-n(r-v,_)ﬂ,(v-m

6 H-H&RH

The only example of theory ahead of expeniment in
the life sciences

- (1 Voo ol
R N e S e R R 1

dnjdt =a (1 =)= m,
. dm/di = (1 ~m) =B m,

m N = —r
o e
@ AMn__,
ar
PV, i
o F Vo -
=" ot T gy T
Na Va
by = 00 + louic = r_T + ,—
1 PV, (x.1) NV,
————— D (e w—
r, or? o
Ten ™ FnCom Time constant
Aw [T Space constant

L

7 EBEIER (Cable theory )
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Background : Multi-Compartmental Model (B2 TIREY)

8

spefaped

i
%

4

| ]

5
,L.

.
A

N
“ ~ -
'Q :

FEEAZATTER | A quantitative description of membrane current and its

application to conduction and excitation in nerves [1952] A. L.
Branching dendritic trees and motoneuron membrane resistivity. [1959] W. Rall

(GNENIBERIEFIEE ) Aa @ 4%
HI R R IR Bl R 2 A BhE L, HE
4% ¥ i ( cable theory ) H Rall
1£ 1959 FE 2 H, BT IR T7
R T B EAE R EA A EA
TR S AR R, EER T
R A S IL I SRR SR A (5 175,
2 ST I SRR H S8 AT AR A A
— 4R, HIRAERE NERE RERT
o A E BEL AT F 25 B9 1/ T o 2
. FATHEIE 2 Y IUE D
HOIS S T L I gz —,
BEEIGHESALIEHA WS

TS S AN TR A 28 (R 32 AR M I
X EE PR I o S SIS IR 1B

B TIIUE; MAMATRIES
T H-H BRAFIHESEEE, R
oy TR 2 TN E
FWHES~ESERDRE, #
— £ RRN TS E MR

B EEHURE AR,

X B RE A A A TLHY BS 1 i
BTGS2 K S S E T
LRI, BRI RIS
B, NE LT IE 3R

T ARFENERAE, XEHIE
TEX R g2 S HIA

EYHENENE R BEFEE
BY, ARRALERERARAAEN

SCIENCE PARK [ flZREi ]

AR T E SRR R .
2.2 BMMZTHATFEER

BT BEEMNRELEBHITE

#Mﬁ%

M2 TTHIN RAE (S B AL E

BEAHBEZEEH, WRANIZEH
HEWESHEY, EMEAIE

WEZRNIFEIIAE, o LIdE
TE B AE ) B AL S B A S S
TAbER, S BRI AEL
#RIE:

W 5h € I ( Passive Filter—
ing )

It SR s e 1 R 45 R BB 43
55 = TER 5 L% 7% BT 9 I8 BR
XRS5 BE % 16 158 1 2R UL
ﬁﬁ%%%,@ SHERERE
HI1E 5 BB % 1 A I AR 58
%ﬁﬂ%% XN T i BE AT
EEEFEAEER L,

WIBIEE (Logical Opera—

i

tions )
R0 I A R
22 H AR DAL HLE 241 D 5

| Dendritic computatlon(mvl'mte)

LOWPASS FILTER,

ATTENUATION

London, M., & Hausser, M. (2005). Dendritic computation

[ Passive filtering: most of the signal on the dendrke]

is filtered out

Excitatory and inhibitory inputs interact to produce E

logical operations "
®

Coincidence detection between apical and basal g
dendrites by backpropagating action potential |

{Dendrites can nonlinearly amplify the local excitatorﬂ

input signal.

14

9 WITHIEL
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E, WMRBEAFANBAGS
AMES, RBHRTRZE]
HIZORE, M XS A (S S 5
E AL TR, X EE A T L
IS SR AT E B BT LA
R, T AT A e B
AL RE

BN ( Coincidence De—
tection )

R ST UG, 0 T AR 5 R0 B vt
RZAWNESFLE, NEGK
Ml ( Coincidence Detection ),

X FRATL A 2 38 e S T 4% $ HO B 1R
B {7 ( backpropagating action
) SRSEILH, 2 TR
SRF A 52 20 RIS, S % R Y
Bl F FE AL 2= X 28 (5 5 1Y 5 5 1Y
B0, AT B B A 2 ST £ A A
A2 H BB, XM E AR
BT B 1A R 285 BRI L B e N B
B, ERAIRIZIZ S ER R ER
BEEF

ESHOR ( Amplification )

W58 AT LLAE R 1 I K &)
BN R AG S, Mifx R
TE B B A ORI B X R
LM R R R B DA T
SIS =t BE B8 X 48 T Y B 4
B R = A S A S

WREAFENES LA
71, HEEMETa UM EARGS
HATE R EBALH, B TR
Kb PR R [ i A S 5 B9 75 X g 58
HI1E B 7oy, mILA
394 2k

potential

Classes of dendritic information processing

- Class | L Class I
Spatiotemnporal fitering Information selection

7 Clustered inputs
» Dendritic spikes(NMDA spikes)

Emon

] Class il - Class IV

Informason multipiexing
» Dendritic inhibition -

» E/l balance at single neuron

L

Payeur A, Béique JC, Naud R. Classes of dendritic information processing. Curr Opin Neurobiol. @
2019;58:78-85.

10 WREBANIERNSIZ | classes of dendritic information processing. Alexandre

PayeurJean—Claude Béique et al.

| Non-linear dendritic integration VS /inear somatic integi 1= 1

Supra-linear l
? 08
w
g 3 06
s 04
|

E 02
Sub-linear !

W W e w

0123 4 56 7
A Number of inputs

p Branco, et.al., (2011) Neuron
[~

» Dendrites can nonlinearly amplify the local excitatory input signal.
» Somatic integration is more linear, similar to the linear activation
function ‘ReLu’ in artificial neural networks (ANNS).

B:s

11 MRS vs LMREES | classes of dendritic information processing
Alexandre PayeurJean—Claude Béique et al.

REMARES, NIIXNEERFS
HATRPEMN .

{EEI&H (Information Rout—

N 22 B ( Spatiotemporal
Filtering )

BN SR T N =X N
= LR, iESERRIE ing )
H AR 4 L I TR AT =S TRl AT R
JRRELIBOR .

A% (Information Se—

W R E &5 S B B AYRE
RUPNEEEHEHRERAS 1 ey Nk
AESWERKE, EHRTR

lection ) EHIALH,

W IR BE 95 8 1 SR B AR EEZiEE M (Information
& (41 NMDA RIE ) SEHAT Multiplexing )
B R ERE, G g S WA LISLILE R K E H,
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A B &b B ok B R FECRIE R E S,
XEFESARRE S ARG RE
A, MHfERNMHETTEEN S
Fhiggn N TEE S R PRHIRE ST

MNERBEGHAERE, M
i R 188 S 0 B A\ AS S AT R
&, EMUUF AT HE N R
ReLU BU/E R #, 2o ¥4 =k
& A S S HY R A2 1 BRI AR A0
KA, REANBHSWAELME
FEIC. T S RE 5 X J& BB HY 4
i AE S HITIERMERCR, X
AR B IEREN, BH®REZ N
HAGESHHEG I RIF A E
HEMENAT, W2 nl e iE it &0
F A R B P Ve R B 2 R S5 O A R
SRR 2o e B & FO AR R Y 2%
MRS GER, HEMETH
LIt A8 5 T B H 2140
HIRLER, RIS ERIFEE R IR E P

2.3 AIiSHEE e 4
RFTIEIE, RSXRMFEFITH
HIghR

2t ( medium spiny
neurons, MSNs ) 7ESCIR Rz i
RIS, TSR T RSPk
IR R, XSRSkt Al RE 5 K
X FREAIE B 4RAD 25 AR R ( Plot—
kin etal 2011) , XEEpkE H
TR Mk by A\ RF B2 NMDA 32 ik
Y BB AR L 3t 14 5 07 i Y 1
F, RETTRERIERERS~ETH
AN, HINRSEEHEE,
XA GRS Du Z AWK E

TeEANEREE —5 (Du etal

2017 ),

Du 5 A\ TERE R R B,
RS VA== E RS PN R )
S5 HE R Y B2 T 5 i TR A AR o
HIRERME, XML RNy “at
PRt A" o anER A P A RO RS
i 5 NMDA 52 i B 3% R 5 2
U, BB AR &= AR/ 5 R Rk

SCIENCE PARK [ flZREi ]

N RREEHEE, XL
5 B SR M s L A0
WANNFIEESUR, ZEHE
Bl Emd R — MR B
TP PR RO AN S, B T
XS AR HIRR
X—USR AR A
TR EGOANNEEZR T RN

#| ( shunting inhibition ), E[#
FHERABLIENEES, #H#15

N ( shunting effect ); 1fi 05
B BAHZE B R, WA RESE 24

| Non-linear dendritic computation in spiny-projection nesssy rue
(SPNs) of the striatum

Model Experiment

l e - >
Smy
S0 ms NSk
\ 50 My
<172 Max pm ¥ "\
. - |
<
rmalizec omalized
prauma

Dendritic plateau potentials produced by
clustered NMDA-dependent excitatory
inputs (Plotkin,et.al. 2011, Nat. Neurosci;
Dy, etal., PNAS, 2017)

17

E 12 SURAARFREZTTIEL N RITE, | Synaptically driven state transitions in
distal dendrites of striatal spiny neurons [2011] Joshua L. PlotkinMichelle DayD.
Cell—type - specific inhibition of the dendritic plateau potential in striatal spiny
projection neurons [2017] Kai Du Yu-Wei Wu J. Kotaleski et al.

Experiment

& 13 BEBISXRFMEMFIATMN, | Synaptically driven state transitions in distal
dendrites of striatal spiny neurons [2011] Joshua L. PlotkinMichelle DayD.

Cell—type - specific inhibition of the dendritic plateau potential in striatal spiny
projection neurons [2017] Kai Du Yu—-Wei Wu J. Kotaleski et al.
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Model prediction on NMDA Mg?* block-dependent meck v - il d AR U, A —
LR, WRBER NMDA HIBH
¥ M ¥ (NMDA Mg?* block ),

Model prediction Experiment validation

; Ui A D51 B0 ok AR 2 P L B
; XK A B B T BE i A2 A e e A
3 HI 2RI R 2R

5 S E T — R,

S—— 7 LEEEETEERN, BFEm

P 319 WROBLRBSLMR T . Xt — 2

In collaboration with Ding’s lab at Stanford  Du, et.al., PNAS, 2017 i TEET EM K |, NMDA %

Bl14  EF NVDA S FRIEALEIFRETUN | Cell-type - specific inhibition of the (i % L 2 S T PR S 7T BN R e 4

dendritic plateau potential in striatal spiny projection neurons [2017] Kai DuYu-Wei

> o g
WuJ. Kotaleski et al.Timed Synaptic Inhibition Shapes NMDA Spikes, Influencing Local PEIREEIRA, A RO

Dendritic Processing and Global 1/0 Properties of Cortical Neurons. [2017] Michael Mo RmINEIHLE . S5-I RTE
DoronG. Chindemildan Segev et al. e FIEIE T B 7 R

| Timed-inhibition also exists in cortical pyramidal neurnom HEpFRE T R AR 22

3 SAIERRNXRNET

31 SATIBREMEER

& A & #& ( backpropaga—
tion) EFFATHAEMENE
S GRTTIE, I I R R A
Lﬁﬁﬂﬁﬁﬁﬁﬁﬁﬂxmﬂm v %ﬁ%%%,&ﬁ%%&%,u
= I, SR A B, S I R E A 58
% SIREE T REM R, (BE
sy S R Bk, B

Cell Reports

Global /O Properties of Cortica

lil % 0D 4 D H &8

. T
xpermental work in the mouse striatum was recently published,

B 15 KM NSEREHAEZLTREEGFE, | Cell-type - specific inhibition of

the dendritic plateau potential in striatal spiny projection neurons [2017] Kai DuYu— KRR Y Sz R AL I 5N T 2% Y
Wei WuJ. Kotaleski et al.Timed Synaptic Inhibition Shapes NMDA Spikes, Influencing K ENLEIE R 54 48, Timo—

Local Dendritic Processing and Global 1/0 Properties of Cortical Neurons. [2017]
Michael DoronG. Chindemildan Segev et al.

thy & Af2H 7 —Mfik, BIR
SOEGHE, BTG, 5%
ey b A5 RS Y FE LA AL R A e, HHLMERIE IS R 28 L R s FE ALY S A0 4% 1, O
S5, AR, FEAE L TR g BN, BEF M NMDA 2k AEFE [F]1E A1 SRIE R — Fh 2R B 18
KIL, XR—BIRH 45 NMDA RIEE R, il RiFiseE -+ TR IPH, XEREET
SZRRYBRES T FEiH ( Mg®* block ) MEMEFRAMZT, 5K — AR RS E R
BR, BERYE, NMDA Z{kiE REGHRMPI~4E, XFEEE  (NGRAD)” HIREZR, INARMNA
TE7E B B T PE I N B A HE AR 15 % S P 2 B 5 i ] Y 41 DL B 51 Rk T B A IR
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| Gradient-based back-propagation algorithm is core to ANNs

Feedback with error back-propagation

Il % I ¥ 5 H&A
>
“y
/-..
O
1
6!
B moR

https://sebastianraschka.com/faq/docs/visual-backpropagation. html 23

E16 #E M EERE RN THARMERZ 0, | Backpropagation and the brain [2020]
Timothy P. Lillicrap Adam SantoroGeoffrey Hinton et al.

How the brain approximates the implementation of back-propagation
algorithms?

L .
. » NGRAD framework: characterize
s gradient signals using spatio-
P O- temporal differences in the activity
% 1 of individual neurons or clusters of 2
(o neurons W
- 2 (D f eedbormard compartment
S > Using dendriti rties allows -
@ —- » Using c prope! al i
T imercompartmens | . potentich feedforward and feedback signals to
—  COmmunication () Platewms potentaas A It N
= (5) Vltdactor symape phantity be simt yon
(®)benerneuron moddstion neurons without interference,
bling ch | multiplexing (point
neurons can only transmit one signal
at the same moment)

Bl

17 RS E%MBR%. | Backpropagation and the brain [2020] Timothy P.
LillicrapAdam SantoroGeoffrey Hinton et al.

Timothy P. Lillicrap, et al., 2020, Nat. Rev. Neuro.

l Single detailed dendritic neuron can have the computational
power of a multi-layer point neuron network

Question: How can we learn to harness the computational power o)
detailed neuron models?

] ‘. 2332222 .0 Multi-compartment model dynamics NN M
P | = ceveree O v =f(t.v.m.h.n.p:w) o, v ow, T i, ow,
1

- :[ { X, =g,vo.x,), x,=m.hnp LA _.y_ ..w,'..\g_ N s D 1y
> i } L W, oW, f
B v e "
2 1 l; EXXY :
= A

Beniaguey, et al., 2021, Neuron. \

single detailed neuron model :/4:'_

=5 to 8 layers of ANN =¥ ‘.‘:'

i'.' 2
Bicknell & Hausser, 2021, Neuron. 25

18 BAMHZEITERAMITER . | Single cortical neurons as deep artificial
neural networks [2021] David Beniaguev

TEESUEREN $£465 F1H DE 2068 20256F 18

SCIENCE PARK [ RlZRElt ]

foh BE T, XEEEEHERAT KA
BHIRZERES,

3.2 BYMHEcAaARtT
BreNFIZIEHEIERE N

Beniaguev & A 7E 2021 £
& 7% F Neuron 8| By — T 58
R, EMEMERMETTA
UEEHEY TR 8EATHE
MEERITHEBE T, XAEWKRE, B
MY T ETEERNEZ X
= 45 ¥ (multi—compartment
dynamics ), BEfSALHEERLIT %
BN T E8 1 2 25l AR g HH o
=, EEEKNItEEN. &4
BEEYIZR, — A& Tmtar
PAf “ 5 el” #E# (XOR rea—
soning ), I T HENMHEZTT FiR
KHZHEHEFEAE

BRENMETTEGERE
ZMER KRR E RS, HE2HH
XL T RS R
K, ARETBENERIUNE
RS MENTE T R, HRW
FRTTIARE S E R IEAME
TERETI IR MR E R 2%, 5]
NI R R 2 2417, LA
B O AR L A IR AR I TR

4 KIREAEIEIZ O HE
B SRERTIE
4.1 KSR Ok ik
UEEE G et VS EE T n
BRI, FEAE R HIA T B A
2 7 E ki, K& W Blue

Brain Project 1 Allen Institute
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Research Single neuron Network st
Status [ — —
A = Ty
) - A S 1 |-
,N‘f .0 3 . } it /
A . ‘] TEEEs "rEEEas °
A\ ' = =
® nplified Pokas, et. al, Neuron, 2003. . rea—y Poyewr, ot. al, Nat. Neurosd.,
7 odel S '9
* @;% T 3 :
3 ] l K
tH 80 Ak / B
? hu—:;ocul & ‘
= = elife, 2017, NewriPs, 20184 6"0
[ -“-3 * -y “z“
Multi- N * Groen Q\t“‘ Complex detailed neuron models
comp:nmem .0 e . e\"o“ . ?
model - v La le networks
!-:'ﬁ.. .&‘(\&‘p rge-scale ne
Bickned & Hdusser, Neuron, 2021 § ° Future Research Direction anows
Complexity e focus: More is differena«
e 2t SRR R, ingle cortical neurons as deep artificia
19 RES M ENRNHRHER. | Singl tical d tificial

neural networks [2021] David Beniaguev

| Current core challenges in biophysically detailed brain simulation

2015 2020
T
i
- PP o
SES
.

S
o

TR

W wm

b R
R

Similar to the situation of deep learning before

2006:

* rat somatosensory cortex

* mouse primary visual cortex
&'ﬂmmw

[ romonsr |

=T

El—Ghazawi

1. The mainstream computing platform
(NEURON) is too inefficient to run.

2. NEURON is mainly a CPU-based platform,
but GPU-based computing platforms ”
(CoreNERUON and Arbor) are being
developed within the EU Human Brain
Project(HBP) and at the Swiss
Supercomputing Center.

= tn e

3. Lack of effective tuning tools/tool chains.

4. Lack of new supercomputing systems and
specialized chip designs.

Markram, et. al, Cell, 2015 29
20 BRTARBHEMEIM A OB, | Software for Brain Network Simulations:
A Comparative Study [2017] Ruben A. Tikidji—Hamburyan Vikram Narayana Tarek A.

et al.

Classic Simulators in Neuroscience

* NEURON

* Most popular, based on CPU
platform

* Designed for dendritic neurons,
but NOT for point neurons!

* CoreNEURON

* Most advanced, supporting
single GPU

# of records in ModelDB &

* GENESIS
* Classic simulation tool since 1989.

"
a0

st
. umon
o0

BRUN

GENESIS

NEST

ModelDB index
o o

Tikidj-Hamburyan R A, Narayana V. Bozkus Z. et al. Sotware for

brain network sumulstons.

a comparatve studyll] Fronters m

neuroinformatics, 2017, 11: 46.

& 21

30

LRI RAARAEIM T E, | Software for Brain Network Simulations: A

Comparative Study [2017] Ruben A. Tikidji—Hamburyan Vikram NarayanaTarek A. El-
Ghazawi et al.
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| The bottleneck of biophysically detailed brain simulation

Multi-compartment model

lil % ¥ & H&A

o R R

<7 Rall W, 1959,

22 BTN AR
I Numerical method of Cable Theory

Yl v,
Cal
§ l"’l
7
x
z
8 “I 7 (v Hn= _r;l.-'._;L
? =1k Ti+1k -
= It cach comparntment has knath Av and dameter o /
its capacitance is C,, % d Av Hines matrix
axial resistance is R, Av/ X (d2)°
dv Vi —2vi.by._
Co=k+i (v, ,)_L_L..,Lu
dr 4R, Ax?

Rat, W. (1939). “Sranching dendritic trees and motoneuron
-

»l_.l L ¥ 3 ot
vy d Vis1 2:}4—:1_.

Vit = (¢B' - G + )V}

- gmt}

A 1 l|' 2Ar2

=Lj( u—-" +v§y) = gmt§ + 1"
I”,Cpas2 s i i

-2 1
1 =2 1

Slm%ﬁ

1 -2 1
1 =2

Hines, 1984
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I Cable Theory--Passive Compartmental Model

A Characterized Neuron 0—0—0—0—0—0 0 P ...::: :_": e
D

R,

=" 3= S o, .

x i +i, ,(‘I'”_;h* \,)/r’k 2

zbﬂg ll_‘.BI_GIV;.‘ V; e

2 Vi = (1- ¢B' - G)"'V} B

T 1
3T g L 0 =

Book of GENESIS

Valero-Lara etal. (2017) . 33
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Hines method (SENI:E)

A

R'fm\*l

T
=

Ao te o prames monm bt ot v sceses

77’

-

» Disadvantage: When solving the pseudo-
tridiagonal Hines matrix (Hines Matrix) is serial,
the more complex the neurons, the larger N,
and the higher the computational cost.

» This problem has not been well solved in the
., last 30 years (Goddard and Hood, 1998; Hines et

" al,, 2011; Kumbhar et al,, 2016; Lytton et al., 2016;
Lytton et al., 2008; Magalhdes et al., 2020; Migliore
et al., 2006; Valero-Lara et al., 2017b; Valero-Lara et
al.; 2019). (Ben-Shalom et al., 2013; Eichner et al.,
2009; Hines et al., 2008a; Hines et al., 2008b;
Kozloski and Wagner, 2011; Mascagni, 1991; Rempe
and Chopp, 2006; Vooturi et al., 2017).
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| Dendritic Hierarchical Scheduling (DHS) method

- . <
== » Koy we redefive this mathematical problem

-1
—— Q.o..o.‘&. l « W and propose an OMS5{depth-first
. 5 2 Y groedy strategy] based on parailel computing
= — * [ B . y 2 o theory
R A, 4] a Lot + Sl o » The computational complesity s reduced from
» ©N) to o(N/OLO s the degrew of peralielnm, »
' and 3 hecretical cptimal prood s peen Q
5 e eede webuy cebuy el &
® 0..0.0 0.0:0 -o.'o I.O... :oc.n I'.': L
= - .- . . -
= G B—— O — # A systematic analysis of 3 wide variety of
’ . Y - e neurons in different brain reglons reveals
\ V’ that there Is an upper bound for D. The
-;.3. = ”O‘ optimal computational efficiency s
. ¥ o _’{‘ achieved with D « 16
Pdad s 3\ 3\
el v T e e Y
26 WROFEERE
| Further optimized on GPUs
a
. ew
o
- Ll L)
: -
R
3
t ;,
L4 44
= Ll L)
Tharg YC*, Gan He®, ot ol Not. Commun, 2023 OE

27 GPUs BF LRIRAL

O DHS+GPU optimi Improves puting efficiency by up to ~1,000x compared to
NEURON computing engine on CPU platform!

Q ~10x faster than CoreNEURON

Q Single GPU (A100) vs. single CPU (Xeon ES-2698 v4 )
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I Testing model’s robustness with “adversarial attacks"

il %1 HHA

mabee @~

007 x €

*gibbon'

Zhang YC*, Gan He®, et.al., Not. Commun., 2023 E 46
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SCIENCE PARK [ flZREi ]

31 EPRAREETTEOS

adversarial sample | #784 #84 210

= \ y (nosy mage) e X
H HH-=- i =
Se'® R

adversanal attack

E
]
B
t P MNIST .
o 0.
FO 0.
3 o7 0.
o 0.
0. 0.

Sttack level

I ANN I HPC-Net

33 WHBEMIR AR

Fashion MNIST

Run Time (s)

[l Paraliel NEURON + Python
[ DeecDendrite

I Dendritic filtering may contribute to the model robustness

lil % 0 94 &+ H |

feedforward

Prediction:

placing feedforward synapses more

distally will
the model?

te
dt .
Wik = Wi —n 'ﬁzAlvqk
¢ 9 taty

dLoss
av;
Here, r,, is the transfer impedance

between the neuron j's dendrite to the
soma computed by NEURON

A”’lljk - *Tijk * Gijk * l("'l‘)

N

feedback

Zhang YC, et.al., unpublished
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| Synaptic locations facilitate model’s robustness

target output

S —n
= 1 > 1.00
z N\
& ERN @ . proximal \‘\p‘{ ~
 1M& e
— YIY ' /4|
oz I 4 Wy i 2090
5 = \ Wi g
g g
B 3 <085 proximal
Bl 5 SN —distal
= % distal e e 0.80 A‘;;
f;-_ r'rl‘-",;\&', [ Y23 S S S SR R S S
= et s 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
- o
Zhang YC, et.al., unpublishend E 51
35 R ENEREHMERREER
Future Perspective: top-down VS bottom-up?
Human i may 1y ge from the

~ -

L

36 top—down vs bottom—up ? Modeling Single—Neuron Dynamics and

interactions of numerous details within a vast network
through a bottom-up approach.

o o —

i I

Computations: A Balance of Detail and Abstraction [2006] A. HerzT. GollischD.
Jaeger et al.The Diversity of Cortical Inhibitory Synapses [2016] Y. KubotaF.
KarubeY. Kawaguchi et al.

KiESRE VS BHARRE

< FUER L (Bottom—up ) B
- AR R LS
- HdEIR S (data—driven ) JGYGHR T

#  * Transformer+RLHF+fine—tuning
fF  * Training on large amount language—based data
K Moo .
: = PEEEm
2]
3 > g ,
2 ﬁ_., =g v
&= | —_—
[ = InstructCPT
| " . oeorersd
| [

ChatCPT

-

+ FUEI L (Bottom—up ) BAE

B PN SR

- BOlRIKE, A SRR H N SRR
+ Circuit model+ gradients—based fine tuning

* Training on limited data ( RAEL, /N )

IR ZARSTIEE T ARGIAGL, R (1) SERER TS RINETEAN,  (2) SE— BRI i

57

37 KIESHA vs BAARAER? | Modeling Single—Neuron Dynamics and

Computations: A Balance of Detail and Abstraction [2006] A. HerzT. GollischD.

Jaeger et al.The Diversity of Cortical Inhibitory Synapses [2016] Y. KubotaF.
KarubeY. Kawaguchi et al.
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