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RESEARCH ON CONTINUOUS TIME
MEAN-VARIANCE PORTFOLIO BASED ON
REINFORCEMENT LEARNING

ABSTRACT

With the increasing complexity and globalization of financial markets,
portfolio management is facing unprecedented challenges. Reinforcement
learning (RL), as an advanced machine learning method, shows great
potential in solving complex decision problems. Reinforcement learning
can find the optimal strategy according to different market environment
states, optimize the asset allocation of the portfolio through continuous
learning and adjustment, and achieve the best return. This paper defines
the reward function and takes the given expected return as the reward
signal through the mean-variance model to guide the strategy optimization
to minimize the risk. Then, risk management is embedded in the strategy.
Shannon entropy is used to achieve the purpose of balancing risk and
return. Finally, by balancing exploration of new strategies and utilization
of known strategies, new opportunities are captured in the changing

market and investment risks are reduced.
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On the one hand, with the increasing global concern about climate
change, the "dual carbon" goal has become an important issue for
governments and enterprises. In order to meet the people's new
expectations for a better life, the Chinese government has put forward the
theme of green development. In this context, environmental, social and
corporate governance (ESG) factors are integrated into portfolio research
under the reinforcement learning framework. Firstly, this paper introduces
the enterprise ESG rating and investor ESG preference into the continuous
time mean-variance portfolio model, and deduces the HJB equation
satisfying the optimal value function based on ESG rating under the
condition of self-financing. Then, we prove a policy improvement theorem
and design a realizable RL algorithm for different ESG rating levels.
Finally, through numerical simulation, the influence of ESG rating and
ESG preference on the end wealth of investors is discussed.

On the other hand, inflation has always been one of the core issues in
the economic and financial field, which has a profound impact on social
development and people's life. At present, in order to cope with the
challenges of the global economic recession, many countries have adopted
loose fiscal and monetary policies. In the context of Chinese more open
policy, it is necessary not only to deal with the challenges brought by the
uncertain domestic economic environment, but also to pay close attention
to the impact of the trend of globalization. In view of this, this paper
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constructs a mean square portfolio model driven by reinforcement learning
under the complex environment of inflation uncertainty, and uses
stochastic analysis theory to derive the dynamic equation of wealth
evolution under the environment of inflation uncertainty. On this basis,
through numerical simulation, the effects of inflation uncertainty on
investors' terminal wealth, value function and optimal strategy are
discussed.
Finally, the paper summarizes and looks forward to the research.
Gui Xiuzi (Applied Mathematics)
Surpervised by Fei Weiyin
KEYWORDS: Reinforcement learning, ESG, inflation, Mean-variance

model, Dynamic programming principle , Investment portfolio
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HATT ) P G TS R AR, XU B P2 BT g A =] /) ESG ‘ﬂ%\?ﬂg(g e[—1,1]), TR

Kot R %> 0, HALEE p=271 i {w,0<t<T) FR U AR

o

TR IS WU B R, AR A LA U = (U, 0 <t <T) BB P HE 2

SR TE AU 537 FR R BT 2 R IV S R o [N a2 s R P R 8 A (b
HEE MR TR MHABBARSM, XEFPRAE NI, d 2.1 K
(CEIM NG uR s

dw! =u, % —rudt =u, (4dt+odB,). (2.2)

t

Hof = po+yg, W=w, eR, ygdt NEEAMAH ESG M, gt

ESG PRIZRARW 5E H XS 557 1) ESG 0 Bm i FR, A4 yodt 2 —4 1k

B, ST MRS 2 IE A Y, IX RS 40T 3 58 ki ESG A& I H AU
ZErE) ESG 0 BEy, RS A rl e bk, AR EA RITH) ESG KIS,
B A ESG miF i 8t & i 2\ i R I 225 B R, AT AE$ 5% A sk A5 40

SN . AN, 24 9<0. ¥ >0, ygdt<0, BB IE ESG fif HIH %

BSR4 E T ESG K & ) SR BAR B KU 3
P ESG 130 KK, IS T RE T B IS O 48 i A e XU %

FE) ESG 184y, R T 1 ESG MIFFEEE . FTLL ygdt 7T DURRE 4% %
HAW ESG M E, HAP BN 5 HREEXT ESG HRF /KTy (y>0) , KK

=1 ESG 134 9 (g e[-L1]) IEAHK.

28 SIS (7] MV B 5 LR A o LR 20 A 1)
muanar [WT ] .

s.t. E[wﬂ =1z (2.3)

o {w!, 0<t<T)fERBRNE (A5 uw FHESEIRE (22) , HzeRREHE
t = O B 115 B PRI DA 7E 43 W 5 DR EeT PO 2R A

T BARKIZE R, (2.3) @I TRAS— 208, [w Bt AR il 1 fiik riDescnptww
FITAS 2 BE M (Normative) ], BRI TRIAS — B R AL AL 0] R 3 55 ¥ A 3))
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SRR R 2, 11 HARHE AN [F]— B [ A — 250 R R B AN RN, 7L
F R 2 T A2 0 3 TR 3% A B [ AN — S5 B PRI A [T g 0 FEARSC AR, FRATTHG 3 A
JECEE P K MV ] ) TR U SR b, %SRS AE t = O I AR
N R (2.3), @R B H IR o K A R T AR ) R
min E[(W}J )1 -7’ - ZK(E[M ]- z) = min E[(W;‘ - K')Z}— (k—12)%. (2.4)
SEARA I T OB ISR RAR, HE (U =0y, 0 <t<T MM T 0 AT LI AR

VIR AR B W ] = 2 R R « 1.

2.1.2 &8 MV (o] HYfE
G MY FUE (24) . R T A SRR, A% R Y 4
AC'(S,y):={u={ut,te[s,T]}: E['E(ut)zdkoo}}, S 2 (R TR
R 1B SN

V(s y;x)= inf )E[(w;‘—zc)z

ueA® (s,y

W = y}—(zc— 7)%. (2.5)
FlExeR, (5,y)e[0T]xR, —HfEHHTFE (2.5 , xhnl URE LR

E[W |=z2ok#isE, (W, te[0,T]| REERMRBEMS U FHBMRMHETR. 3
HIB H#EN:

@, (t, W, ) +min 6 (c%’w,, (t,W; k) + pouam, (t,w; K)j =0.

2 S5 A
o, (T,wW; k) =(W—K')2 —(K—Z)Z.
T A R ECA
VAW k) = (W—r)e @ (- 2)° (2.6)
B A S A TR -
u”(t,w; ) =—£2(W—K) . 2.7
o

PR AR N e LIV B S R /2 SDE M — Y 5 i

A2 n2
dw =— £ (W - )dt+ /ﬂ—z(wt*—/c)det,W; =w,. (2.8)
(o) (o2

10
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-2

TELIRAAFBW, =2 RO LSl I A T e = 22—
e _1

2.2 IREM MV [

GHERMSHG, ZRAFETEMN MV BB (2.3) KHLFZRECEM
M TE AR DR o £ SEDLX LB P ST, 7R BT AR (0 I S 18] e 81 Al
WIASH, X — R L i H G S ] TP AR . SRTI, 72 SRR TP AR SR TH%
WIS, JCHRRAFVPREN . WAh, SMIRIE MV SRIgIEE
XX LS JAR UK, X B T AR TS ZE- V07 R RIS LA AL
FCAL RS o ST IX P Rl AL, RE GRS o5 58 Al e P A2 IO BB H AR ANH
Ko

T R S BORIFEAN T ZO R S U Tl i, Dy RL S4B
P B E ok, B R (BRI L) 70, AT RGEE 5 AR AR TR
RIEHEES), L] (RZO Mtk CRIAD #9778l Wang S50 IE TG RIS
RO ST SEH T ERR A RL BEALIZ 6] R R — BB AE S, JEXT LQ XML
TOLEEAT 7 VR 7T . AR R AT AR OHEZR, R 3 LQ S5 M i [ A oy
AEAN MV B R A BRI (] Vi . Fse b, RERRMEEAXRSIIEEAMF, H
b5 TR IN S A PRI I A6 A, 72 1 — S (0 DL

2.2.1 EMV [a]g&

B, BATNBIRESN 1% (2.2) M RERME MU . SIFLE 5 ) i)
2], FERA TR, 6] GRRAE) W u={u,0<t<T} EHEHILI, 5t
PEAET AR AR, R EREH r={r, 0<t<T| Rox. sl 22) R
B

dW." =b(z,)dt + & (x,)dB, . (2.9)
Hepo<t<T,w =w,.

b(r):= IR (po+yg)ur(u)du, 7 € 7(R) (2.10)

11
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&)=/ jR oz (u)du, 7 € 7(R). (2.11)

P (R) AR b 56T 3 VUM I A0 S MR BT R BAR S, 1 Fo?,
0<t<T FRGomiEdlid s r FHCHIE M7 218 (RscFaE) , B
= .[Ru”t (u)du Fil o7 = IRuzﬂt (u)du — g7 . (2.12)

RIig, ¥ (2.8) ~ (2.100 /AT (2.7) R H3.

W = audt+ o (o + 42 )dB,. (2.13)

(2.13) R 0<t<T, FHHWS =w,. BN E iR 7 = {7,0<t<T}
AR R, R /KF B R A0 %) ) -
H(z)=- IOT [ 7,(u)Inz (u)dudt.

2, SIN—NMRESE (RIEREBUED A >0 KR H AR R 2 (A
BT, 4 B RSRAREIENALK) EMV R, ST EEEER ceR:
min E[(\NT” k)2 +A jOT jR 7, (u) Inz, (u)dudt}—(x— 7)2. (2.14)

vt
URAREE N TR MV B A5 1 [R]I)OR 357 E B AAR IR =K BRI (2.12)
2 1 SR RGO 100 AT AR AR A B AT R BB R R I 4G5 . Horh A4(0, %) 2
[0,T] EAT Ao vF 0 p A # il B, K42 F THORS W 0€ o 7245 31 dx /> Ak 1) 2 A
7= {m O<t<T} 2R, Bl BIATRT sl LUBITLR B|W | =2 ke
AL E AR (2.12) KHBEJIRE, Mm@ (2.4) LR GEFH. AT
BE I AR BSR AR (2.10) o« ik, FRATFEEE UEE
W1 XF(s,y)e[0T)xR, HERETFE (2.9 XApE[s, T] LW =y,
5T AT R vr RIS A (s, y) W TR % B(R) 27E R L) Borel f4L.
Pl 5 AL A ) 1R = {7, S ST R T A(s,y) , i 2 T 5
XAt
(i) XA Rs<t<T,m eP(R) as.;
(i) AT AeB(R) ([ 7 U)dus t<T LA G
iy B LTyf+afdt <o,
iv) E ‘(WT”—K)ZMJJ IRﬂt(u)lnﬁt(u)dudt’\/VS”:y}<ooo
SR, EAE GiD WAL BEHLRA TR (2.9) 3T s<t<T A
B, HRRW, =y A(sy) FRIREETIN GRFHE, R b

12
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UL, EEHIARE R BRI s . fE4 sl B, XA FF s il Al
Wt (EAIA) iR AR B

w2 —ANE VRS (5 ) BBV R, R
a) (LX) R AEERE, KT (LX) e[0T]xR;

b) XT(s,y) €[0,T]xR, THIBEHLM S J5FE BRI 7 (5 ) RNJF IR

G 1% IR N

dW,” =b(z (5t W ))dt + 6(z (5t W,"))dB,, t €[5, TI,W, =y .

ZBENL Y T REAT o A (W te[s,T]), F ELIFRR4
r={mte[sTled(s,y) b m =a(;t W), EXMELT, JFELH 7Ll
Vi se B 7 () AR TR I TRV RDIRES (s, y) AR (TR, JT
P L FL AT R VR R AR T WD AR A (s,y) T B A ) AT BL R AT =
(s,y) €[0T xR A B IFER sl BRI A 307 T (s, y)

AR E ceR, & B REL:

V(s yix) = inf E[(WT”—K)ZME jRﬁt(u)lnnt(u)dudt[vv;:y}—(x—z)z.

reA(s,y)
SF (5, y) e[0T]xR, {HEREV (- x) B AR Z R B R E R A, FifiE X
TEZ5 B W) R mdE i o T B R EON -
V7 (s, yix) = E[(\NT” k) A [ () I (u)dude = y]—(x— 7).

HT (5,y) [0 T]xR . 7={7, 0<t<T} Rk 7 A BRINX T (s, y) OFFERFA1,

(W tels, T ]} AR i 2
N YL EMV R (2100 , FRATRFHZ L] Bellman St 14 57 2 7] LAAS
F):

V(W i) = ﬂeimw)E[V (sWiw)+ A [ 7, (u) In, (u)dudv ;" = w}.
SN SIS, (ERHV (0<t<s<T,weR) ¥ LM 8 KA
Ee-DU/R 2 (HIB) J7fE:

15 (), (t, W; ) + b (7)v, (t, W; &)

v, (t,w; k) + min =0. (2.15)

7eP(R)

+1 IRﬂ(u) Inz(u)du

K b(r) = jR Auz(u)du Fl 6(z) = ”Razuzﬂ(u)du RN (2.12) REH:

13
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1 (c?u?v,, (t,w; k) + auv,, (t, w; k)
v, (t, w; &) + nll(%) 2 z(Wdu=0. (2.16)
” + IRInﬂ(u)

KM v(T Wi k) =(W—x)2 —(k—2)?, IXH, vE/RN HIB R —B A
i, FH reP(R) MHEY:

j 2U)du=17Uu)=0 ae.

K HIB Tk (2.12) AL, FATR LIRSt (340D 4%
i, ek A F g

exp(—i@(uzaszw (t,w; k) + auv, (t,w; K)D

7 (Ut w, k) =

J.R exp(—i(; (U’o?v,, (t,w;x) + auv, (t,w; K)Ddu . (217)

:N(u|—£ v, (t,w; k) ’ A j

o’ v, (twx) oV, [t,wx)

HAPRATH N (u]6,0) Fom i R AL HMEROR, TTE >0, £ LR
For, BAMEE N, (W 6) >0, FHEPEE AT 5 .

F M35 PR SR A e i S skl 7 (Ut W, k) AR B HIB 52 (2.12) R4k A:

v, (t,w; k) —

e szwv(t,W?’()Jri L 2mel
20° v, (t,w;x) 2 o™V, (t,W; k)

J=o. (2.18)

LAV W) = (W) —(xk—2)° . SR TR LA B RS B A T 1
— N HLR) fif

v(t,w;zc):(w—zc)2 efé(T R ——(T t)( A2T+Inﬁ—lj
(2.19)

j“—(T2 —2) = (k- 2)°

TR (tw) €[0,T]xR, RARTHEZV,, W) >0, B, 5% A x5
P (2.13) AT Mk Jy:

ﬂ*(u;t,w,/c):/\/{ _A ﬂ’zegz(T_t)J,(t,w)e[O,T]xR. (2.20)

5, mMWEERE (2.9 RED FMH LR

14
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. 1 TR, A L .
dw, :_§(\Nt —z<)dt+\/%(wt —K)+Ee<f dB, W, =w,. (2.21)

KHWAE (217) RFEO<t<T BH—AME—H5RME, IAERNLSLE DL,
RANEH 1.

FE 1 LN EMV RE (2.10) FIERERECS:
V(£ k) = (W)’ e‘?”‘”—ia—t{f‘—}+m”—f]+“—§cr2—t2>—<x—z>z.
2 o o 4 o

W (t,w)e[0,T|xR, Htwizm2miling, hFX4H:

7 (Uit w, k) = /\/( ﬂ(w K) LZ(T t)J,(t,W)e[O,T]xR

£ 72 X L) fe e i

n2

. V. 2 Eay .
dw, :—ﬂ2 W, _K)dt+\/§(vvt —K)+Ee0 dB,,W, =w,.

(o}

R B WA 20K S PR R A B T T ae = 2

A% W H 31« TS LIS 1o BT E P 1 ATk, lid5IA
ESG 38JE SN ESG W M MMEAS R, AT 51 5 SR A AR LR IR 5
AR E TR B AR, (R FFe k. Rt EdRE (217 51,
ESG P> g 55 ESG 5B FE S y T, SLRIGEMTI o iy a s 4, B

b, HAT—5E ESG iy i 5t & 7E1% % ESG V78 m A w) W] R 3845 5 )
U A a2, TR 51 BE 2 %) ESG BRI Z BRI #HE # . 1 H ESG RILR
0 ) 2w T e SEAR B T 3 B AT AN e 4, B ESG PR 3R 38 I 52 1 17 47 FUA A 4%
PEEATRIBIFE I T M 7 o AT Fo VR B8 38 2 AN TR I T AR 3 0 o A2 Ak

I ESG BT S A IS VeSS, DUE BRI AS ALY T 5

5 AT TUANH 7 (A 2. 2 S A EMV 1 RLELA 7 R
R, 32 T A I B 7E % 1 0 B A ) 1 B (R ik LA
R, =, RIEERET2E O FRERZAT) £t LY
?gmﬂ“,ﬁ%,ﬁ%%%w@mﬁ@ﬁ%m,mﬁ%%ﬁ@A%mu%ﬁm

o

SPIEATIRE, JFREAE I 18] A HERS AN $5 B8 IR 10 45 AR i s IR R OB 7K

15
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BAAENER) o Bk, 5 Wang VST TG RN BN R, SRR R A
FEMEE N, TEIR K. BUOYBEE R TE )RS, RL ACHEE (RL agent) XtEEHLIA
SR 1ROk, R AR OR B 2

=, EERAELe[0 TN, EHMSEE ENEIHLT, BRIESD
I AT BT ZE G AR B A VE RO T g, RS B R sh M B ik 1 50 5%
U IBEN LK T X ERE DN ERLUA A S TEZMELE, RLAR
BT DAA I e L2 ok D it B IR R S5 77, SRR A2 ) Y

iJr s AT EE SIREBE A TE%, mHT 2 5REEEwW LK. X
R TR AR R 2B 5E 50 B, RUOYRTE i EZE, J53E h sl =R
(175 ZE 20 1 o

2.2.2 FREGIHER

FERTPA T BE 7 B AR 2 J5 , FRATIAE BTt —A> RL B2k 5 I 45 1 4k
MV ] {5 (0 g8 5 4 1 m] SR 8 5 20 6 o0 O SRS, TS 7 BB AT A DG 2 A
ZHHIFIR . ik, FRATE SR @7 — AN i SR s 50t € B2 (policy improvement
theorem, PIT) LARAHRIFWCSREE B o RN, A TPEHRHE—Fh AL IE 7 2ok >
HIEMIHAR I AR T « o AN RL BESGE T AR S HUR I B, A5
S35 [l ) RN 7 22 - T ZEHE R o LI e AR i AR oG LAY B S T 22 - T T
ZEHEMERIS, RONIX ] B AR AR 4 B LA S . R THI45 R A BRAN Y
EMV #5520 &3 85 in 4L T —A> PIT.

B2 xkeR, z=x(x) RATRS E RV R GRS, BB
BV (,5x) eCH([0,T]xR)NC ([0, T [xR) i & X AE & 1 (t,w) € [0,T xR #H

Vo (6 W; ) >0, BB B 7

Z(ut,w,x) =N U|—£ Y, (LW ) A (222)
tw i) )

V7 (t, w; k) SV7 (L, w; ), (t,w) €[0,T [xR.

UEWI LR SR 1o
e BRI, A e I R AT SR T LA SCE AR R 25 5 SR (A K e
SIS AR R, EAK—BVERITEOL T, RATAT DALE R FEAT a6 i ) £

16
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M ICTE T RS . BT R (2.16) FTWH, MRIEVIUA RS AT fE R W R
iz
7o(Uit, W, ) = N (ula(w—x),ce” ).
XA (14 328 A oR 50RN W W] BB TE A BR UGB IS, T IHI4s e 2.
EH 3 no(u;t,w,x):N(u|a(w—1c),cle°2”‘”)iﬁﬁﬁa,czGR, ¢, >0, HHsHE

SO EFL R (2.22) G TE R BUEIE T 519 {7, (ust, w, k), (t,w) € [0, T]x R, n>1}
ol I8 )L B KT 9105 SO {V ™ (t wi ), (8, w) € [0, T]xR,n =14, Tl

limz, (it w,x) = 7" (51, W, )

limV ™ (t,w; <) =V (t, w; ).

7 FIV (W) €[0,T [x Rx R 43 JlLR X B FR) e b o i s (2.16) A tiAi
PREL (2.15) o EHADLBRSR 1.

PRSI R AR, AR PRATT M BRI AR NS, 2 o) RAEA PRI (3K
br ERPO SEAUFEIL EURSt. 2R, RSB SEILIL T SR, BN SREK 1
ERBUAREITAL, Rl 2 o) R i 75 2 5 2 iR A4 REURC S & 7 3 N EE T
TSRS PR T B BLAT, 1T B 2 A SRR A R A T — A RAF I g

2.3 HUERIUREZFFERE

N T IGAERT AR S5, AT P TR LS, SRIGUE EMV &k
FIERE . EEUERRIF, ¥ EEHE BESG Wi 2 H 0. 0.04. 0.08 = NEERZEN
TR E M 59 SRR =S .

23.1 BHEE

BB M E R T A B B AT BUE AR, o A T R A AR LA A
Wizzh (2.1) FORBUR, H , Mo £FH, FI8 & & F40 H sl 20
110%) MV [, H BT & Wo =1, BB A I Al SR FR) 39T 22 P P i 2
z=11, | Python HEATHUEAAN, 73 HITTHRAEANFEE T L iml = R 194
WAL . BARSETF SRS S DL % 2 iR 2-1.

17



S MW N e VAT

2.3.2 HUEER

EWr with different « values

1.00 4

2-1 AN[FEY ESG mif 7K1y LI ESG 1545 g Mo I fty 2 4 & 22

&l 2-1 JeoR THEARFEIN ESG A y T, 2l & MECE I E BW, |BE4 g
AR DL, 2y R O I, BIEEHE% 20 ESG RZ, MiZkE4 TR, X2HN
20 ESG R EEHL T 5 UM R TENL 2, B3t T o] iR
REVR IR PR BOR A B, IX L AU AT AL AR U AL A KA ml . 2y %
i, Bly=0.04. y=008, E[W, k%5 gmERAeTRE LA, BALAA—
5E ESG f b (R B8 FEBEAT BB AL I VR d PR IR B AL 45, DRI e iR
PERAKIAR R, U BE =10 ESG 15948 kb 1 U by, AT e
KU o 7E y = 0.04 i fhk bR BRI y = 0.08 1 & #REBCN R
18, BEHEBEE ESG 157> g HINFIE OL R, M TAL G BERIS T 5 ,  ESG P
PINBRASTER BT RIR R T L. FEX—FFER 1, ESG FruklEy—Ffh R
Rt A BB Tt e AT DA AT AP SR 5 €0 B 77 4 v T 4 U 8] 7 3K 8 B ) 7
SRIGIN, 33X S e T R R PR SGI: H ARG I, BT R S 6 B I R R
KAIRIE, Sad skt ot — Bk m VAT . WA —DMAERE, Lot
—BHUIMI o HHZHE K BOIOBENS,  RUOAEBEBE ¥ LB AL ESG ARvER 1 5L
T, SRR B BE R 2 2 B OB, SRR TE R B R AT & ESG
B vHE SCEAT HE O B8 e T A B 7

18
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EWr with different y values EWr with different g values

(@ (b)
2-2 JUFh ESG it /K P A1 ESG 1543 AN [ XU TR 25 2 %5 7 (1K) 24 3 U o 0 2

Bl 2-2 R 1 2l e i) S B8 B A AR B3 77 1 FIUII A 2 38 AR A T AR A PR 1
B, M4 e[-03,03]), HAEASHIEER 2-1, MEF AL 1 E[W, | 23
Hoe EFAEFRERES . B2 (@ R TAFER ESG filf T H5# 2um & 1
BANEDL, B, HIREE N ESG IR ABOGERE, #ikikahfm K, X&
WRAE X R BT 2 M2 BT I ], T A2 25T ESG R MK R % &,
SN 45 5 28 1) R B 58 A T XU, B8 7 (R U 2 2%, TTTAN 52 ESG BRI 2
MREAE y BIIGR, R IEAEAS ARRRBRAG, 58 F fE AT BB G0, Ao
X TR a3 22 FN5A ESG ARifE It B3 7= 2 (R BEAT AT o S S5 ATT R AR TN
R EHATE A ESG AR 5T 77 1268, X IHAhATT 4% 5% 2 52 2l AT ESG fmief
OB, AR LSBT P AR N 2 R SE AP 45 5, B R 00 P T e 2 T M 452
K, BRUONMAA R RGO R R /> 5 R 3, A2 50T, BRUAARAT TR
KIFEAT G, WAL B ol =FMZ) L PFES, KR
=0 U B8 7 R FOUIWA 2 2 2 0 v I, 5 B 3 BB ) T4 5% T XU B 7 G, 2R
B R b G BSG AR, TE 2 MR BT R = R B . B2 (b
J&IR T AR ESG 159> F #8838 i & AR L, Bk, MRS ESG 14
SPRNTUERT (g=-0.2) , H&IEERE, XRIUIRHL T ERT ESG XIA
T IR 55 77 I e R AL B v 0 B S Il o TSR ESG BRI R AF IS, HAA— € ESG i
TR B 3 2 S INAS A H VA B LB 0t 4 A DA Wi S8R 4E, . B ESG 1590 3%
m, #BE 2 EMEE s ESG 1590 AR IKIAIMME, i 17X ESG B3I
BURE, SFBOEBIE .
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EW with different y values

100 4

0.96 4

0.94 4

092 4

0.90 4

T T T T T T
0.1 02 03 04 0.5 0.6

K 2-3 JUAl ESG 7K1 A RISl 500 L ) 28 7 1 e 0 22

Kl 2-3 JEoR TAEAN R B8 ESG RiF y T, Al s rECE A EW, bl
o AL B, My=00, FRBEFE RN o W40l E
Ry sz, At AT S DR AR B sy ) IRUJSS: DA B vy W o SR 4 BE A BB K,
R FH 2B RIE ESG HFR. WEIHFATLLE H, #5535 ESG RIE I w2 AL
y=0.08, MR N, X2&FAMITEIATIRFER T HERZ 3] T —2 1R
i, HeandE e Tk A F AT EANRT A HE ESG brife, ¥ E A H [EIX LA F]
MBS T A A FRE RIS . IEF — AR BT ESG % Bt 5 5 s
TR LT MR AH SR, % ESG BRI 3 ) & A o R R B 3 e 15 1 LA I XU
Pt XM VTR [l o X B T B I AN 2 BT, AT
FIR RN T AR R R AN S ST M RGE — e HIGES

Plot of V with different y values

2.04

0.5

0.0 4

T T T T T T T T T
—1.00 —0.75 —0.50 —0.25 0.00 025 0.50 0.75 1.00
g

Kl 2-4 1P ESG UF/KF FAE ESG #5535 B FIE 2R 2L
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K 2-4 /R T EMV REPMEREV BEE g MRS, MEIFaT LA %2

B, BEESAAWHEAT, EREV FEBOREUN, X MR T 5 H X TR e e 4
B I BRI PRI B0, BB % ESG BRI E MR EANR], (HHR BT

EHME R ERES g AN 2BV ELZL N B, IR XT ESG & 11k

IR A A R E R BORRE T T BRI . RIAE p Xk T1E e S iR e

53, ERALHEY ESG (Rl o LU AL 07 3 TG LA, 35K 2 5 e % I Rt
—H A e B AR LA T ESG B

2.5 KE I

AT, JAMEHFRR RIS HIE AR ESG FIE, i =M
HEZE ST T — &S [A]) MV 3B A B R, 7ELEWE 2 AR E Rl R
W, FHAZEMLEE, ST AL ERREAKE TR HIB 772, A5
1327 —/NCUFBIM PIT LLJAA o BRI A1 SR M BA i R 4, K SRR
FHBERUER B2 B SR AT A 30 o i 8 BUE AU IGIE 1 AT TS 2 4548
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3.1 AT RIEAIREY

fEIX—T4, /£ RL W5 N, AT EESLR A RRRVE . 5515010 5 R 4
WRINEIMETTZ (MV) SR HGEF R, Hf MV R MRS DL .

AT 2 IR BTN 1] b 26 8 MV IR, 52 BEBERI T >0, BY, B A
T SCTE S W MU AR IR M A 2 1) (Q, 7 { A o P) RO — 47 B2
B, BF A BY 4 5 RS 20 b o R AR O e 7 o 3 L B T B FO A
K RH py AL

dB dB = p,dt.

FEAGIE RL I, XRS5 1044 Ui A 2 — A LA iz zh -
dP, = F{(,updt+0detP),0st§T.

Hrp By =p, >0% 0 RZIRAIIa I, w, Mo, HEEL 5055008 MR B 1 T

ez R AN . TR B ([ E A& > 0
AT IS IR L AT BAE 30

dL, =bLdt+o,LdB" L, =1.

by, o NEEL AR U IE KR AE AR B A .
BUBBE e Rl Ty 3747 S ROy v (FIE AR R E 577, 5 KA 2 AH R KUz,
VB KSR B 27 4 A% {1, 0 <t <T il 2 T 41 5 72

dl, /I, =rdt+dL /L, =(r+b)dt+o,dBS, 1, =i.
1 BRI AT, B KT Bfior 1 40 U o R 2 Se b ot R 5 HUTE K R 2 A1
FAAR A KT L oK RS 5872 1 46 SUMME 3T S RELSE R, 4 P = B /L, FoR ti %1

PTG LR BB SE L, FUF 10 AR, A3 P BEHL Y 2
dP = (,up -b+0o' - p,0,0 ) F~’tdt+0'p|5tdBtP —o,PdB".
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AR SiulI 4 T, = 1, /L, o t I %00 K F6 5525 (0 B b, AT 45 1, 3 A2
di, =rldt.
BB R ER R BT LU 6, BB H G A U E IR
dI,

de! =G {(1—a)|—+a%}
t

t (3.1)
=G ((r+b)A-6)+ 1,6, )dt+c,6G"dB] +0,(1-6,) G, dB’
HAWIIGEI & Gy 2 BRI
B2 (3.1) R G H A 4 SUW & IR G 2ot ik 1A 58 5 1) L se i & ol
P2 G R U T 3N T 72
dG, = (rG, +3,6G)dt +6,G, (c,dB} —o,dB;" ).

:/H\:I:P a| = H _b| +O-|2 —,0p|0p0| -, %%E%%@H&XULMEﬁ?IF{ﬁ* %Zu@ E‘J'%YE
AR S R XU B B T R A
FINAGIZE) Z, i 2 -
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0,dB -0,dB; =0, [1-p,dZ +(o,p, —0,)dB .

op4/1- o -0,
ToN"" P dz, + 2220 " 4Bt | = 5, B

Oz Oz

=0z

LW EERE X =e™"G,, Hrru, =e "G, FoR G i I R BE 5 5% B R KU BE 7
PFrIOE . 7T LA

dx' =-rx'dt+e™"dG, .
¥ dG AN £ A5

dx' = (-rx' +rx' +ae "6G,)dt + o, 6,G.e "dB*

3.2
=u,(a,dt+o, dB}") (3-2)
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FEMEAREI R T, HEE [A) BME-J7 ZE R A SR X TR E RS
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oo R 7 R
SRIEA AR BN % RIS, AR, il AL

)
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0={6,0<t<T}|Fx. sh&TTE 32) Xh:
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Hoo<t<T, X! =%,
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N(6) = \/ [ otuteuydu,6eP(R).
(3.5)
P (R) & R _EO&T 8 DU L2 0 82 R % B R BN AR, ¢ M o
0<t<T &5 fe o HRIEM T Zid R (Bsefree) , Bl
Q:Lwawmuiﬂaf:kﬁawa{ﬁ (3.6)
WE, K (3.4) ~ (3.6) AR (3.3) APR[REITFIAT

dX/ =agdt+oy (0 +¢7)dB2. (3.7)

G RFO<t<T HHX =% - BN KR 0={0,0<t<T} i F
BIRER R, HSARZKF S A0 %) i)
H(0):= —jo IR@(U)In@(u)dudt.

B2, BN MRRBUE A > 0 KA AR R Z IR B, #%TFoRoR
RS IENILE) EMV B8, X TAERREER S e R :

min E[(xg o) +Af .[Ret(u)lnet(u)dudt}—(é—z)z (3.8)

0cA(0,%)

PSRBT SRABAE MV H AR [R]I GREF L E R BEARIRZR KT Rl (3.8)
2 1 SR RGO ST DA A R AT AT R IR R I 4G KT . o 4(0,%,) A2

[0, T L-oT o YPHG S} AR, FEAR SR MER RO = (6], 0<t<T} 2 5, ks
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WA FH R ;) AT THIAE I R ATDIRES (S, y) 2E R . (HAFE RN, JF
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SHF (5, y) €[0T]xR, {HEREV (. 6) B AR B R E R A, FiiE X
TEZS E B s R FHE R BN -

V(s, i) =E[(Xf ~6Y + [ [ 6,(u) g, (u)dudt

X! =y|-@-2)"
XF (s,y) €[0,T]xR , 0={6,0<t<T} 04 mMIKT (s, y) KT FRI2H,

(X0 te[s, T s Ripam s .

N TRV EMV AR (3.8) 3, FRATN A HT) Bellman st M B AT P
23

V(t,x;0) = 9ET(f,x)E[V (s,X%;x) +/1ij 0, (u) Ing, (u)dudv|X,” = x] (3.9)

FIHBENL R A A% f R, (HREV (0<t<s<T,xeR) i &% /RE-ffal
te-URE (HIB) A2, B¥ (3.4) . (3.5 RN 3.7) KR53

v, (t, X;8) + min (%(a;uzvxx(t,x;é)+a,uvx(t,x;5)+iIRIn0(u)j9(u)du =0.(3.9)

0eP(R) JR
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KK V(T, X k) = (X—x)* —(k—2)*, XH, v&x HIB TR —BARK

fieto
KA HIB Jike (3.10) A IIILAL Al @, AR A )NS5t (437D
i, HAE Rl T

exp(—i(; o UV, (6, % 8) +auv, (t, X 5)D

. exp(—/ll(; o UV, (t,x;8) +auv,(t, X; 5))} du  (3.10)

3 v(tx9) A
o2 v (t,%x;0) a2V, (t,X0)

-]

HARAA N (ulg, o) BRI ERRSL HIEAceR, FEp>0. ik

wERT, FRAUEEV, (6 X0) >0, Nk 3T I6AE .

P35 PR B O e 0 S sk @ (ust, X, 0) AR 1Rl HIB 7% (3.10) =,
(3.10) XFfL N

v, (t,w; 0) —

2 20t v
a|2 v (t,x;0) +i 1-In—, 2neld 0. .
205 Vy (t,X;6) 2 0 Vi (L, X; 6)

A VT, X&) = (k) = (k—2) HFSEAT DA B B Bl A I
A LTI

—(T*-t})-(6-2).

ZL

v(t, X&) =(x-5)"e _“7” t)——(T t)(—T+|n9_’1j A

Oz Oz

R TR TR R e Bl
B LT BT T LS, LR 2 Bl T R B
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JEo BRI AMEHE Z MR ER, BOE IS 25, M etk
A E O TR R, B =R T R ?%/TTKHTIEHEE%E’JL
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JE S0 A DT Rk DA S 38 K ) 520
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7L Oz

BE, B ESE (3.9 REO KM FAEN:

2 2 Ay .
dX; a—'(X:5)dt+\/a—'2(X:—5)2+%e"ZL dB X, =%,. (3.11)
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o=|ze" =X, ||e™ 1| .
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JEARR . BAiGdl, £ DEARERARE T, RLACEMBIA T 5 s
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3.2.1 BREYFMNM

TEARTTH, AT T A MARIERRER . B IERLI MV il 82 (8] AT
RN o VEVERE, XA AT DA ELA SE O A O R 1. GX BLen]
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fift o

EHE 4 UITFHAERR ) b ZEMT.
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X B [ R IE S B ) A -

A
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Oz Oz

) % MV 14 SF4) B 1 21 8 KO
.
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Rt SR
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B RSe A A0 XU 7 B 2 R (R AT, SR e R AN ARE % 2EL 5 118 R0 RORE e 388 K R ) R
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BAESE T U{IREARLFER (B1A1=0) , EMV [ BHECNZ S MV [, P
TERAURAN B AU PR A b — 30, RUIERE I T, 5I NIRRILH I A2
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FEREIEIRG N (RIA=0) , P ER LM E 0 (8 R A B — 30 T
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FAE (3.10) o EHEAIATHATHEARA R IRV, SRS ot AL TR
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XS V%) - B+ AT ~t))AL. (3.16)

80(1 (t,%)eD
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