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Abstract

In recent years, embodied intelligence has emerged as a new force, but its adaptability in complex
social environments urgently requires deep emotional cognitive capabilities that transcend pure
data logic. Current embodied intelligence architectures often face issues such as the isolation of emo-
tional cognitive computation from bodily perception and insufficient adaptive regulation mecha-
nisms. A mathematical model of embodied intelligent agents based on eBICA (emotional Brain
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Inspired Cognitive Architecture) is proposed, aiming to achieve the computability of social-emo-
tional intelligence through a deeply coupled mechanism of emotional computation, brain cognitive
semantic mapping, ethical schemas, and self-regulatory learning. Firstly, a unified mathematical
representation system of eBICA’s six factors and cognitive schemas is established to eliminate the
semantic gap between perception-emotion-action. Then, a self-learning model for emotional regu-
lation is incorporated to achieve adaptive regulation of strategy parameters and emotional gains.
Finally, a bidirectional dynamic equation between body and emotion is constructed, establishing a
real-time mutual feedback model between bodily signals and emotional states, and proposing eval-
uation metrics. This provides a referential mathematical foundation and algorithmic framework for
constructing embodied intelligent agents with deep social understanding and emotional interaction
capabilities.
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1. 5|8

Ak, AEERERIOI S MR ERE, H A KRS RIERZIH T e I A ROV ELER 4
HEAEIN L 5, RYTHIERE A AR Z AR, A G A S B E AR TSRS S
Rik, DLRIETIRACIRAS I EERRER1]. (E2 200 BB B e S 1S NN e | SRR B2 R4
REAH BLIEATAE — L8R, AnBR MM SR . YOALRE S BRZHIRS NANZAE . RACEREA AT R (A
AP SEAZ OIS, B Z A EVEMBAE S S SOARACEERE /7, ARURAE T DA Y 5 3 EA T e SR 3
s Bl >, HAR BRI SILAS, X AR RERIZARET IR {54 LD, BRiIcih et B
Bl 2ok RAFERE OB M SR B 5 RIEF 2] [3]. O — M, JLFRFPART QAR
—EEFR NI, Hrh BOSINE BETTIE R B T O . SRINR RETT VRS KN B A VIR s AT WL A AT
NPURR A, DA SEERON TR, I8 YRR I ] SEILAE BEBOR, B 2IE S ALEE LA M. AT
NARIUAVE REKT LA SGEIR A (SO EXT BO R A [4]. HESERERR, R~ AT, 4060
FNTHEBER 145G THCA HENRE OEPAE 2 AR NS R AR B AR . TSN e 7L iRt
L MERPEEA R S R EUR K N T IR REENS AR AL S TT (5] [6]. JCHORREA KB, %
TR B RS BRI B BOR PRI A S, A2 A W2 R KRR FE AR I 28 S A 2 2 5] S0 T U
Ao TN B RERIBI TT 2 S RN ARt (5 B AC B AF DhBE A e 1 IR 22 20 L I 2 S S TV S AN B
AR TARZ RA[7]-[16]. HAAIAE IS A SEHLE S B REAO S, A5 RE AR A K — e T s
MBI B s . BENE. @Mk RIEVERTE 550, R — N ERHRR[17].

RSO FH 5 300 J A AR BN R A S 57 L B B RE AR M A, 72 PR R A BSOS
B B 28 IR R

2. eBICA B &S

TR IBG MR RN FIXS SR TR BT (5 B IR AR, AIAKRE, Ei 28 18
REAREAS RN B AT S O SR R, B AR I Zh A A I RE AR [18]-[22] . FR 1T IX LEHF FE i
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XGRS R AT AT AT, Bz — M RS, ARefiphy RN H .. BN A
BTN IR R G50 55 G RR AU 45 4, 10 SOAR AR ALMA 15 KRR AL R 45 A 4
TINEIE A, HUROFUVa HYE LRSS, @ AN T HiE N Rk, R —u KA R
71[23][24]; ACT-R BLAYEE T 2 3047 Ik i, a5 FH T R 4 (R 72 [25]-[29]; MLAMER 5L T PMF-
serv Fl BDI S5 B (IR 5, (RS Z i Ja R A A R0 v SR SG I 98 S (30]-[36]

BT B R A A RN 48— B0 T AR Re AR B T2 BN N R AE 2 B G B, 1 AU F R 4
Tl N TR R AR B — B 5 NFIAFIA g — i B4ENLH, (2 N T8 Re 5 NFIAEAT NI — Bk
AN TR BN G 2 T N KT B1E BOA Rk R A 2 FLHE[37].  Alexei Samsonovich 2T\ F14t —
FAGTF A T — B2 5 & B 15 BN #1424 (emotional Brain Inspired Cognitive Architecture, eBICA) & 7EiE it
ZRAFAEF NI NS, 736 N TR e AR REAE IS B E LI 2 PE([38], IEiE & H T3
o L B B RE AR A 2 T 55 28 BN A SN TS e

eBICA ] 5 X615 28 e B 515 BN BT RAE S50 0h: — —Anid b s bR s gk, £2
S5 AL BT A I SRS BACAZ NI R DR PR SR AR s R RS R I R A R e AR e I S R S AN
E A s =R v S 5 A0 2 P 0 A X S R B H AR PPN 1) 22 57, MATATIE AN [ 1 175 TR Rk B 42
BRI 5, eBICA i PP (Appraisal). K19 FR1C(Somatic marker). /37 (Feeling). 1% BCHR & (Emotion).
2 (Bias) X ¥ (Reaction)7s /N T 158 RS SLILAN T4 GeAt 215 @k B8 ¥ 11(37] [38]. F: T XN T,
g BB R AR H Y

3. BAEXNESFHSH

Sc R : SHEDREZNA], R™ Jyn SRR, HERRESH o, DEBREAIALE . BE. D

(LSEREREPLY
BC R": B SGUREZNE, R Nn, BESLHIAES N, SAREH n, MERHLENES. EBS
S ik

Ac R"™ : AZMEAREE], R Hyn, SRR, SR 0, D LBRHERIE

e R": elERUREZN, R Hyn HESLHIR R0, FREARESH o, D LEURHERIR
G: HirtES;

M« AFNHE 7]

5 €S ¢ IAIRERA

b eB: t BRI S HAIRES;

e, € E: t WA ERE

a,€Ad: t 2T,

m, e M : t B ZI KA

geG: HHNERHIF.

4. eBICA NEFRIH LI
FT eBICA ANHFHIRR, it ReREE AL,
4.1. T & B (Appraisal)
U BR U 2 AEM B VRS F AL SR 6 -
Appraisal = ®(s,.,b,,¢,,a,,m,,g)=W-¢(s,.b,,¢,,a,,m,,g) )]
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B w=[w,wy,w | € RCRIUEAFE, ¢=[4.d ¢ | RN ITHLERE

. 2
min | p, - p,
§ =exp| —=———— )
20

Hrpe O RERSWES, p, RERVMNE, p, W E, o2 Sigmoid K.
@ RERRCRITAN

9, = 3

E

max

Thigh ~ Tlow

2
_ . energy
Emax "at—] " Caction A (bt Tiow ]

Hop: B, FORBOKRER, o, | B8 E— W ZIBIERERE,  c, TRBIERAS, b7 FIR ¢ I ZIRERK
Py Ty Ty FRAEE EFEIRIR,

® LI

1
b= 1+exp(—1c(dact —dcxc))

d,, RIS (RR), d,, B SIS GET M), « & sigmoid BR¥LHY R 2 H(IE 54D,
exp(*) N sigmoid BRI, i | RoRbrIE i, 0 oz,

@ HERERI:

“

AP 1
¢4 :Tf-e 7e I(})g < })threshold) (5)

Horp: AP HpitEERE, y, BFRRAMERERE T, 1() AR RGN 1), P, vl HiR
iﬁg ’ Pthreshold y\j E *ﬁifzﬂ{ﬁ °
® SHPEEAT
& = ZI(Violation_score(al )) (6)
b, 1) FE7R R GE SO 1),
© FFENEVEAT:
¢6 = O-[Zai (btl _b(iomfun )j (7)

i

Horbe o B, b e t ISR i N RES D, B 250 | N HOIRES IR AEET G -
4.2. MI5E¥RIE (Perceptual Tagging)
SIBERRIC A2 — A B G 8 R0 1) A7 T 2 2 ) ) 5«
T =y (sh0)= fu (5,) 02 (B0, ®

Hepe TR NZIESEARIC, w R RIEARCREL  f, BoR S — R ML, R 2 RUESEA AL, KA

BRIRAS LG BIFRE 0], g Rom BxE > R", RS - 1ERMEIKE. g(b,e)=1+tanh(U,b +U.e,),
U, U, ABCEFERE, TS5,
4.3. BEF 51K (Feeling & Emotional State)

T IR AT A H R P (3 20 7 A

.
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d
—de‘ =—Ae,+T A +T,T +T,D, +& )
t

2 O TR 2
e, =(I, —AAt)e, +T ;AN +T T At+T DAt +¢, (10)
o Azdiag(&,-'-,ﬂne)7\3‘%@%7}32%55? XTHHRE; T AR, A. 7o D WRNPES . At bric Al
ZE T 1, NERALHERE, & ek,
Fh R E A, HL Lyapunov BREL:

V@)z%JPe (11)
PIE A RAERE, -
V=e"P[-Ae+T 4, +T,T, +FDD,]+%tr(Z§) (12)

S A (A) > %"rA +T +Tp |, B, FE7E PAEy<—k||ef +c -

4.4. RZEITE (Deviation)
i 22 72 TRUI % 22 [ 17 SR -
D, =1 (spretiasd _ gpeual) (13)
Ho: vVORIBUERE, sttt o e A BN TUIPR S A S Ptk 25
4.5. K5 Ri(Response)
JSEAR e — AN 2 SRR AL ) R
a :argmaxaiA(a;s,,bt,et,g) (14)

o HEWEE, T (a) K B bR

J(a) = ale (a,g)+ a,R, (a’et)_a3cb (a,b, ) -a,C, (a,m,) (15)
Sobs o SRERE R (ag)= E[ P, (r+1)]a]=P, (1) fCRE LI, ORI a 5 B RN A

k.
R (a,e,) = —[Express(a)—¢,| , i —#att, Express(a) RaEE a FILMTHERE.
Cy(ab,) =l -(1+ -1 (b < threshold)) . F P aH{E A

C,(a,m)= Zviolation_score(a,m,) , BAFEE AR
5. INHH E BB F A
NI R — AN S5, /& eBICA 16 BE B A F 4k
m, =(V,X,W) (16)

Hep v ETGES, B, HAMEANA &, X RIUEE, KonxkFR: wWIPDARERE, RRKAR
B o
PRI AR BB A Rl R
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m,,, = Update(m,,s,,a,,s,,,.7,) 17)

2P P41t

HARTE B
V.., =V, UNewObjects(s,,, ) » FaRHRIZEIHIN R
X, =X, 0{int(v,v, )} viev, Int(v,v,) FRTUL Y, By, PRI T

W, (x)=1=m, )W, (x)+m, ‘Rl(x|a,.5)» m, N¥IAF, xeX, A tWZIZGE, Rl(x|a,r)ER
FT B EMA T 5 5 x B

6. TRRERTIE S B FRE
6.1. REESHRIER
{52 P SR B VATV W, SRS S M SR 1, ORI R

V,J=E Zy”(r, —V(ST)).V w7 (a)

o=t y (a,)

o, v, BERBRSLS M BH W IR . E[o] WIS T, (ERM M FRTFL . 7 R 23]
S ¢ BIAR T,y AT HERACK T T . AT ¢ BRI, , (a,) S50
BHL(LE 4 KA R AN o, HOMER0), 2, & W ENMLREL |, & W 9 Frobenius %L,

6.2. IFRVATES
175 R R R ) B & B A X

o =4 e =€ ()] + 21T (19)

+ o [ (18)

e NFAR, T=[T,. 0,0, | EEHEN. e . (g) NER g FREFBRE. 2 B RE.
7. BiF - FRBAYISINHFEER

A VLRI TT 2
db,

i -K,b,+L,, -0 (U,e, )+ Ba,

(20)
d T+T [ v
—dett :—Aet-‘rl AAz+IT ;T DDt eb'tanh( bbt)

—K,b, FREEWE, K, =diag(k,, .k, ) FAREKE RBOEFEGRIR S ARORE BH AR S L)
ng'a(Uee)i%TT*W?;ﬂl’]: Ba, BonshEAE s —Ae, THEOEG 1,4, +1,7,+T,D, Rom INHIHIN ;

,-tanh (V,b, ) RN GKIEEE; L, « L, AEFERE, FomM B R Z I8 LIS (s o5, b A%, 8L L,
I&TEET*’W?%@M“) B EREMARER . b, 2SR, U, V, ARERRE, R THRAERE.

8. T IEHR

1) FEEESEE: MR AEARIMEAT NRIE S AR BRI — BUMERE . EBRBEE 1, RUIE e
AT L A FERS . Expr(a, ) R BN a, "PEIURI I R R AL S 158 L TR « i
BRI ECEERIR) o

Auth = %iexp{ "Expr ” J 21
=1
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2) fhiE Nt B BRI TE A 2 B SRR R BB Re ), R AT A R R A
PositiveFB R/~ 38 H A BUAGIAM  1f, NegativeFB RN H R K EL, Interactions FKRAZ HAT N
> PositiveFB— ) NegativeFB

SocAdapt = -
> Interactions

(22)

3) AN, FERAAIGDK TR IR TR, s ) FIERA . Performance™ IR
% i MES T EIVIEETS 7, Performance™ ™ RINIRAAFTr, N AAESEEL, TrainSteps FR 7¢ BOMN R it
RS K,

N
> (Performancel.ﬁ"‘"‘I — Performance™™ )

LearnEff = = - (23)
N - TrainSteps

4) I SIHLEIRERE s L A OR R I 6 R R, ot SR (i R
BEK R M IRAERTETE . W, BTy, My, MOERE, W, RESHE.

w,

pred(v,-,vj)_ tme(v,,vj)

(24)
true(v; Wy )

CMA=E,  €E
Co) L+,

5) RERA AR 8 B Refk A s /F REFE T IR RE RN AT - 1(TaskSuccess) AL BT/ BREL,
BERA 1, RCH 0, EERIA RAT N
EUE > ¢, (a,,b,)-1(TaskSuccess) 25)

X

9. MITIEERF
TR HE SR AT RS TGl — A B — S B — 5 R O 37 — 2 il — B T — 22
ST~ IRAS T

9.1. ¥MIHRILHER

SRR

SR b,

1 BORES e 5

AESEFE Wy

R s T =[r,.T,.T,];
FOIR Ty~ T o

A BE BT -

EFR AT [y B |

min >

TR IR AN BB [ € € | 5

HAREIA MR T 7, 5
AU U £E violation score o

9.2. EEH
1. BIAREDRE s, « SURE b, 5 Fnh BRI ) & .
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4y BIE RS
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1) SRS 5T
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1) SRR
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2) BT RR B
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9, kAt

1) 5 5E: A2 HERE;

2) Ao SRS 2T,

3) WfAIFE/E: I B A ORI (A

4) TR A ECIRS TR A BUE H RME .

9.3. XiEELR

NI = BAVATL Y T 82K
1) RS EWZE Ae ;
2) Ae>e, » MIGSRGURG, BRIKFEHIE: Ae<e,,, MKRZ.

2. 0125 % 3Bk
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