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Nonparametric Estimation Method
And Application Of

Forward-Backward Stochastic
Differential Equations

ABSTRACT

Early 1990s, Peng together with Pardoux proposed the theory of Nonlinear
Backward Stochastic Differential Equations, after which, The theories of Forward-
Backward Stochastic Differential Equations had been obtained by many researchers
who discovered its broad application prospects in finance, economics and many
other fields. However, the question after that is how to estimate the parameters
of the backward stochastic differential equation because of differences between it
and stochastic equations, which means we are completely no idea about the struc-
ture of drift term so that parametric estimation method fails under the circum-
stance. Consequently, in the 21st century, the non-parametric estimation methods
of Forward-Backward Stochastic Differential Equations have developed rapidly,
and a series of non-parametric estimation methods based on the N-WR and LPR
methods have gradually formed. Until recent years, the backward stochastic equa-
tions driven by the LEVY process has been estimated.

This article mainly introduces the N-WR estimation method, the LPR esti-
mation method, the Jiang-Knight method and the estimation method when the
drift term has a special structure, after which gives the consequences of its appli-
cation in calculating butterfly spread option, and then compares those estimation
methods mentioned above. Finally, maps the estimation results to the actual sit-
uation to evaluate the practical application of the model in option pricing. The
following statements are the main results of each chapter of the full text :

The first chapter introduces the basic models and basic theorems of Forward-
Backward Stochastic Differential Equations, including the nonlinear Feymann-
Kac formula, the kernel estimation method of the density function, and the N-W
method for estimating conditional expectations.

The second chapter introduces the non-parametric estimation methods of
(forward) backward stochastic differential equations, including N-WR method,
LPR method, Jiang-Knight method. Finally, the estimation method when the



drift term has a special structure is given.

The third chapter mainly introduces the nonparametric estimation method
of butterfly spread option price when the underlying asset obeys the geometric
Brownian motion. Then compare the results of N-WR method, LPR method,
Jiang-Knight and other methods.

Chapter four introduces the numerical algorithm of Forward-Backward Stochas-
tic Differential Equations, and simulates the actual option price through this
method and non-parametric method to evaluate the application of Forward-Backward

Stochastic Differential Equations model in option pricing.

Keywords: Forward-Backward Stochastic Differential Equations, Nonparametric

Estimation Method, N-WR, LPR, Numerical Method
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[T R (52 0 - v (2, (5]
2hivs N k(52| 2w ()]

BEIm FENL > 2 (Backward Stochastic Differential Equations, DA f&j#x
BSDEs), Bl “Pardoux-82" F#&, H 1992 4F Etienne Pardoux 5L X 4] T
{8 1] BEATLR 3 D7 AR BB DA, BSDE #) iz iz ] Tl (A A i BE A %oR
). THRZVRE (SRS IO 4 SO A (Duffie, Epstein 1902)) b4
A (R AR B 74 (Pardou, Peng.1992)) 45408, & 4288
fiie 7 IR ) B R (Stochastic Differential Equations, PA R &R SDEs) Jg
Vol TN 0L SE R GRS 259 B ARIIRES I H) 8 e S EYF, SDE 2
RGMAIRIRAS A&, FEAR R E R I E] A, RGEALTER AT REIRAS: BSDE
s EMAR AR  (FEAnist LS T) BPIRAES, ARG K — B e WY &
JRAE L. MSERR Y MR R (PARETis 1)), BSDE 402487 T I
RGP EBA A BOE HRAS, B9 sl A A 2 55 SRR A6 I %) HEA T (A
A BT RERE . TAE 1997 4, El Karoui et al ZEFFFERGEIIAUE M i AE P X Eid
BT, FFOIT (E) @ ABEHLE Iy 4L (Forward-Backward
Stochastic Differential Equations, PAF f&i#% FBSDEs), ‘B4 H—2& SDE 5 BSDE
— AR A T IR R R G, TETT A Rums N HINE &) Z YA
b BSDE #FCRY B MR A, HSEUb T RS2 B . ST /8 T fin A L
133 TG RECA SR A 2 T Z RE, BEARE TS S
SIERR . ALTEOEH#Z FBSDEs (S8 flhiit .

W4Tl 16 Bz 83K 3h 1 FBSDEs e 5thit £ 554 1)N-WR
Jiik, 2% 3Gk (1. (6] [21) FRgy i T RN Sk . 2)LPR Tk, &%
SCHR [6] Za i TR . 3)Jiang-Knight 7k, 2% 3CHK [1]. [13] 43 TH
FEARUERH SIUER . 5 4b, SRR R AT RRIREEIIS , Z25 308k [17] 45 th 1Rk TS
BN EAES R 7k

BSDEs WRUEF A EZ AW 1) S AAHIER I, Tto B
HOMH 0 4% bl BSDE, T4 ™ W22 3Gk (7], [20]. 2) 1] PDEs 1)
B MRl BSDEs, TEAHUEH] W] WL 225 S0k [9)

9(x,y) = (1.1)
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1.1 SDE. BSDE. FBSDE gyEZARERI4 28
1942 4F, PGS T SDE #hipidl, RIS Ito ¥ gt e, BEAWT
A B ) S A 2
HAEF g
dXt =M (t, Xt) dt + o (t, Xt) th (13)
Hep, (W)} BAE—Pesmiiizam (QF, F,P) ErfiiHizs)
1992 4F, Pardoux F Peng # 57 7 Ul N BSDE 5% :
—dYs = g(s,Ys, Zs)ds — Z,dW
Y(T) =5 € [.1]
Hrp, & B%amsitt, EA M AEE, WA TR REEE MR ]
b Fr A E LSRR, X — S 7E FBSDEs _Eo A EM AR I .
1997 4| El Karoui et al @57 T4 F#2H) FBSDEs: Vs € [t, T

(

(1.4)

dXs = pu (s, Xs)ds + o (s, Xs) dWj
—dYs = g(s, X5, Ys, Zs)ds — Z,dW; (L5)
X(t)==x
Y(T) = f (Xx)
F b, XA EMG (BN 19 FBDEs, HOy—iy (83
Yt M GH)FBDEs AU B Vs € [t T

(

AX, = 11 (s, X, Yy Z5) ds + o (s, X, Yy Zs) dW,
—dYy = g(s, Xs, Ys, Zs)ds — ZdW,
X(t)==z
Y (T) = f(Xz)

(1.4) X5 (1.5) Ay RBHET (CAERimisg i)« (1.5) M (1.4) Az
2R SE s BRSO, RUINRAT, AEEss. BN E T
JER B4 15 OB RS0 Mg LA 2= T 0] DA W T 34 AR KPR 8 —— 3 — i
M (1.5) i X (s) A HEREMRIES. Hit (1.5) X FEMEgoz Tt e
PR EFBEGEERISON B RS M. AERESESCik e FBSDEs il h
—RFFIRI BSDEs

(1.4) X5 (1.5) :rf X(s) BhOMIEFBEYLIC, Y(s), Z(s) Bobroh Hl kb
PG, (X, Ys, Zs) 7& FBSDEs f)—41f#. pu( - ). g( - ) BERIG o - ). Z(s)

(1.6)
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se ) W, FBSDEs Sl J7 v i iy (2 BER T0-5 9 R0 ) ek Ak el
TE NG E I TR i EEATRIUE, [B4E FBDEs STl ie s, B
WEE (BCEBLRIEER) 1A (X, Y5),Z(s) RICTEREBEN, SFsr)e
Z(s) EREA /KT RAE, X AT E W] AL RS s e il T o

1.2 FBSDEs MS#{&it A EN A
AT F NG FBSDEs B0k 6280 L ERNAfs vy
V. FEW KE| FBSDEs 51w fitsr e (Partial Differential Equations, DA ]
Pr PDEs) BKE, ik, EARWLMERIH %5,
1.2.1 JEZ&E Feymann-Kac 23
1992 4F, Peng #2H! T IEZ M Feymann-Kac A3, #3. 7 BSDE 5 PDE 1§
PHHERZR, XA R FBSDEs(1.4 ), E5WT PDE -
Bt Tu+g(s,x,u,0(z)'Va) =0, (x,8)€R*x[t, T]
{ u(x, T) = f(x)
Hodr, (1.4) U B RS IE [ FEALIT X (s) 42 HOBE T B AR IS [R] 7R A% = (1.1
X)), L @WRErE T L=M+N

Mu(z) = %trace <a(:c)%(x)) . aii(z) = (a(:c)a(gg)T)iJ

(1.7)

n 9 (1.8)
Nu(z) = Zm(x)a—%, u € C*(R")
PAK:
u(s, X,) =Yy, o(Xs)'Vu(s, X,) =2, VscltT) (1.9)

P2, RFEMT B 5E M A FBSDEs {5 M, X1 (1.5) 30 (XA
By, Ffrs o Woh—4E0), B5WHE PDE A X:

9,
—u(s,z) + Lu+ g(s,z,u,v) =0, (x,8) € Rx[t, T]

0s
_ 9 (1.10)
v(s, ) a(s,x,u,v)axu(s,x)
u(T,z) = f(),
Hirr,
L = (s, 2, ,0) (s, ) + 025,00, 0) (s, ) (L11)
u = p(s, 2,u,0) gouls, @) + 50°(s,2,u,0) 5 uls, @ )
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PAK:
u(s, Xs)=Ys, v(s,Xs) =25, Vselt,T| (1.12)

MRIGAELNE Feymann-kac 23, W] PATEREHLAL B HAS 5 1 pR 8-S TRAS T
PR AR R AR, Mg e

T2 1 BN A2
dXs = pu (s, Xs)ds+ o (s, Xs)dWs, Vse[t,T] (1.13)

RHHBELHI p(X, =yl Xy =), NZEERHBH AT oy mA RS

D it 5,2,y) + s, 2)eplt, 5,2, y) + S0%(s,2) Loplt s,z ) =0 (L14)
8tp S, T,Y ,stap S, T,Y 20 8x2p ;S T, Y) = .
DL

9 9 1o,

gp(t,s,l’,y) - _a_y<:u(87y)p<t787x7y)) + §W ( <S7y)p(t’ s,x,y)) (115)

(1.13) XALAR A FTREF & X )& 42 (Kolmogorov backward equation), 3
WAk &M Feymann-Kac ® 32T vA L BPAFE]; (1.14) XALAR A AT REF & X AT @)
# 42 (Kolmogorov forward equation), X #k Fokker-Plank 7% 4%, HiERAE A%
Sk (18], 0

I 2 HBREMLTAE X (s) A&BTIR Fkat, Fokker-Planck 7 #2 B8 4o T 7 X a4 %

A4 e pu(n)
P(Xs) = Zaixy o {2/ a2(n)d”} 1
HRILEIE N ILAE TR [13] .

R (1.15) AP P R X SR AIfE3 -

H(X) = oy i [0 (X)p ()] (117
BT (1.15) RIEXT S PRI BN
7 (%) =~ [ iy (1.15)

(1.15), (1.16), (L.17) FERCRe 4 L SR, I Z AL T RBR R
AR AP, 28 =AM R A RIFE]
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1.2.2 BERFNZEITAEZS N-W Fik
EF2 3 BB L 1.1 XuyetiE ForegEiiitiE X, A N ASH RHIE:

](C&;x> (1.19)

Kb K( ) R A EE RS, —RC %0018 R (T ARA RS
%), Bx—RmEFE R, HLEMEZR (Q,FP) AR [,K(n)dy=1;
h &—AANARFORT 06958, WRAE .

—ARAL WAL BB F AL, € h9 RIE KB AAFRES S A9 IRE E LR

M > B

R 1
p(.f[;) - Nh —

b
1 x?
K(z) = erp§ —— 1.20
@)= =ern{ -5 } (120
£y, 2B SRR, S AEE S RIRE B K
1 1
K (zy, - ,x,) = —exp{——xTE_lx} 1.21
o TETESE 2 2

b0 = Elaa”] = [Elra]laxns #3100, % K(-) AliFkSLEANH
T o B -

TE: BRAERE SR BEWAS SCIE R i 280 A o 9T A%

P, W RBE AT RS R A RO RS I O, e R A 3k
A T AR BRI AL AR (XY T IR BOR AR A A RAK,
AR S BB R RS RE . B BRI M0 1 klk: el g reA
X SN x AERR S [R) L 9 B BRI A A AS e A VT R O AR
TERRZI BT DA TR HINE, OB AESEUS T R 2R e BN
T

BEREHLIRE me SRR ne MK, —A> ne BOBAHEXT R ME——4> my, B
T2 e FERRR A ) (O, F,P) _ERELEREILERE, ha 202 my, ns XTI
EESE, WA

p(ms, ns)
Em,|ns, == :/msp me | Ng dms:/ms dm,
1

:pn(ns) /Qmsp(ms,ns)dmS (1.22)

1

- msﬁ mg,Ng dms
Pn(ns) /Q ( )
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MK
( ) 1 N m—-m; n—n;
pmS’nS thl_l h, ) q
1 N 1 1. m—m n—nmn
_ L el PO LAY 2 1.23
Wi 2o 5 ol I 0s)
N

(1.24)
ot QT IEA mem = g EEIROA .
R P4 RSB 7 RN S T Nadaraya-Watson J7i%, AT
IR N-W ik
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$£-&  IFBSDEs WI8#. ESBMGEIT

WAHSEEIRESE: (Q,F,P),W, @0 EM—4Mzss), EEmng
AH R A FBSDEs i /2 -
([ dX, = (s, X,) ds + o (s, X,) dW,
—dY, = g(s, X, Ys, Z,)ds — Z,dW,
X(t) =z
V(1) = f (Xr)

(2.1)

2.1 FHHIRMITAE
X (2.1) W IE [ BEVLAE BT X, M TAEERE f( - ), WABET L HE:

Lﬂa@:Aggﬁgﬂﬂﬂs+AaXﬁmyaﬂ&XgM&:xﬁ (2.2)
YARPEIEZEE Feymann-kac ERH, %3 (2.2) 2, 53):
0 0 1 0?
Ef(S, $) - %f(sax) + ,u(s,x)%f(s,x) + 50—2(57'T)@f(37$) (23)
KR E[f (s + As, Xoras) | Xo] FERL s AME—Fr Taylor fEF153]:

E[f (s + As, Xoins) | X = f(5, Xs) + L (s,2)As + O(As)

(2.4)
= E[f(s,X)] + Lf(s,2)As + O(As)
i f(s,x) = x, Bz (2.3), (2.4) XATLAGH]:
p(X) = 3B [Kuene — X, | X+ O(A9) (2.5)

HY f(s,0) = (v — X,)?, BEAZ (2.3), (2.4) Af53):
E [(x - Xs+AS)2 - (x - XS)2 | XS]
As
Mz (2.6) XEF], MR x BUE X, &), 53]
El(r - X5+As) | X,]
As
3, XT (2.1) KA EImBEYLAE T Ys, Zo LS R &R

li E [f (87}/8+A8) - f (Sv S/;) ‘ XS = .CU]
11m
As—0 As

+O(As) =2 (v — X)) p(z) + o*(x)  (2.6)

o?(z) =

+ O(As) (2.7)
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f(s,y)

== (s,2,9,2) 8féz, v) + %z o (2.8)
W, 2 f(s,y) = —y 1535):
9(5, X, Ya, 2) = 3B [¥ — Yaas | Xi] 4 0(25) (2.9)
2 f(s,y) = (y — Y2)* 1351
Z,= B[V~ Yaus? | X.] +0(8s) (2.10)
B N-W P A (25), (27), (2:9), (210) Ko FF 188
p( )02 ),g( - ), 2% ) kT Al )02 ),9( - )23 (- ):
N—-1 r— X
() = Asll L4K< ) (= X
N—-1 T —
) = e ﬂK( ) (K - X0
= ;V; (2.11)
xr —
g(s,x, ) ) As p K< h ) Y Y;+l)
. N—-1 r—
% T Ay Y 1K (=X ;K< ) ¥ = ¥on)
S B B R, S N AR DAt

il -

PO — e - IELEREYLERE Z, 2 R T IR B ALAE ot X 182
i s 5 X, SEEVERR, XFRESFE, ik (2.11) Kb 22 A5
W, L, 22 RS

1) MBEHLERE Z, HARET X, R

7% = ! Nle(x_Xi) (Y; — Y1) (2.12)
CAYLK(ES g )

2) M Z, 2 X, s BJulRB, RN Ik EIERS 1% R AU E A%

MR, HAMERI, 1.21 X, 1BFI55E

. 1 = K(Z)K<IZ_X>
Z%(s,x) = AS;Z”KGS)K(%)
FAG BRI SR THE, EFEHW 6( - ), Z( - ) WIFflE, 5% 30

Yi-Yi)?  (213)
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3], [6]. [17] P AOBUEBIT 6 - ), Z( - ) BRI, SRS, 3T
iy FBSDEs, s it F/NBIHEGE el (b 80) — o dEfuy, Hix
FER BRI, XTI 0iie . 7E30k [21) P TRk &
iHa] [t T) FARIS {to, .t BN =maz {tiq —t:} (i=1,2,...,.n—1), %
X, Y, AT AR A -

n—1

(X, Yi]r = lim D X (tis1) = X(E)I[Y (tir) = Y (1))
i=0 (2.14)

T T
= / dX,dY, = / o(s, Xs)Zsds
t t
H (2.14) =57 B3 -
05 = sign {(X5+As — Xo)(Yoyas — YS)} V o2

~

Zy = sign {(Xopas — Xo) (Yoras — Yo} \/ 22
Her, sign( - ) EBERESL (Step Function), HFkA N

(2.15)

1, >0
sign(x) = 0, z=0
-1, z<0

FF, (2.15) ALY U BB . X TR, AR
TR A HrE R i o IR ¢ (BUA %), B o T AR (B ik
WA SBHA W Z, > 0(5% Z, <0), B dX,,dY, [5 (855).

2.2 ESHEMERTFE
LRPE RN VA R E A AR SOk BT 2 Ju 8t ML ) S5 T ik,
FEEDAIRATT By (2.4) 3%, MALWIE E(Y, | X, = 2] fE4 X,(i = 1....,N)
MR/ 0 SBIRALML Taylor JEITA5:
EYips | Xi = a] = V(X)) + [LY(X)](x = Xi) + - + %[ﬁ(")Y(Xi)] (z — X3)"
' (2.16)
A (2.16) K155

EYies | Xi] =Y = [LY (X)) — X)) + - + %[ﬁ(")Y(Xi)] (z— X,)"  (2.17)

Hpr, L0 EEREAMME BY, | X, = 2] 1 n B,

AMERBL (2.17) A2 S dYs = Yo — Yo(2 | 0 |< As), X4
FRPEINAT7 B AR SR T BIE U .

B VX, HAEM 2.7 AT AY; = Yo — Y fERALER AY F 50

10
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WEN (N g = 1) EHEE, 5 EER M4 RN T R Ay
TR R /IN— T i -

NX:lvief - NZ:lvi [AYi - (Bo + B — X))+ Bl — XQ”)T (2.18)
im1 im1
B AY 54 2 8] Tofm ek =k -
E(AY | X1, X5, -+, Xy) = QXBy (2.19)
EEE IS
AY = QXfy + e (2.20)
Hrr,
AY; 1 z-X - (z—X)"
so| o [t
AYy_y 1 o2—Xyoq - (2—Xy_1)"
PAICFHE SR Bu 5525 e PARBUEUOE I
% €1 1
o €2 P
bu=| B | e=| T |, @=
6:,1 EN-1 gN-1

3 (2.20) HSZREE AL Z Je L eI IR pg A R 2k 5K, R kernel bR
HokFORIE, B4

g = K(* _hXi) (2.21)
SRR (2.18) RN TR, SRR
E%ﬂAY—QXﬂ@UAY—QXﬁgzo (2.22)
HJI:
0

C(AYTAY — 4, XTQTAY — AYTQX B, + B XTQTQXS,) =0 (2.23)

KR (2.23) RAFH] B, ST B H:
B = (XTQX) " XTQY (2.24)

11
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4 n=1, X (2.20) K5 Y, WA, 58 (- ), 2%( ) Bfliit:

Asx:AOZL v; (z) (Vi — Yig1)
s Asz‘zl >y vi ()

N-1

N1 . (2.25)
Horp
v (@) = K (- _hXi) [ma () — (X; — &) ma ()]
my, (x) ZiK(x_hX’)(X —2)F, k=1,2 (2:26)

[IBE, X X, fAFERER) Taylor JEIF, AhiTHZ oodelk mlap G2 :

“ 1 = V; \ T Xi_Xi+1
o S

i=1

(2.27)

N-1

1 Z (4 (ZL’) (Xz — XZ‘_H)Q

v i=1 Zf\[:l v; ()

As

2.3 Jiang-knight 7%

Jiang and Knight(1997) $& T —Fgiiuflitt SDEs 285, B
ESHOE, 2.1, 2.2 T o (0); A N-W AT X, iR
JEREG e, P p(x),o(x) ZRIMKFR (1.15 KX) 53] ple) Bfhit. B

i) = e e g 7 @2 (% | X))

L) | P
=515 ot @ B (225)

= 6(2)8 (&) + 262 () L

XAER kernel fifiit o®(z) £
N-1 K (:L‘—Xi) (Xi+1 _ Xz)2

7 L T K (5)
i) 1SS E () (e - XL K (5] 0
dx hAs [22_1 K (=5))2
1 K () (Xan = XS K (5]
hAs [ K (5502

12



R AR ARG (830)

A N-W AL T A2 35 A2
Ple) 130 1K’(”“"* )
p(z) h Zz_ K (2%)
BS7 (2.26), (2. 27) (2.28) 155
R 1 N 1[(’ z— 1 — Xz')QHZ?/:lK z—X
f(z) = QhAs ( [)22:1 - (m—hXi)]z ( h
A% e BT & FBDSEs |, F5%#5E g( - ),2( - ) 2
RFR, AXERE], FREEERE p(Ys =y | Yr = 9o, X8 75 X, IHBEE
MRy, 88 P) WE T

EI2 4 P ARG i RAT REF & XA G 7 42 (Fokker-Plank Equation), PP :

(2.30)

) (2.31)

0 0
_P(Ta S, Y0,Y, Xs) :_(g<37 Xs> Y, Z)P(Ta S$,Y0,Y, Xs))

05 8y1 - (2.32)
+ §a_y2 (Z2<87XS>P(T787y07y7X5)) O
M ERE 4 AT ATRE) -
. B Z%(x) d
g(ry) = P d—y(P) (2.33)
1 kernel fhit P 1521
o p(}{% YTvXS) _ p (YS? XTaXS)
p(YTaXS) p(XT7XS> (2 34)
N .
)
i=1 hy

24 FENLIRFHRIGETAE

TESEBR MU, #7(1) N-WR J7ykei# LPR 53k, AMERIES BT
BECAN T g( ) 5 Z( ) BHEMILAY, X5 5EEFRATE; 1M Jiang-Knight
TSR ¢ KT xy B T ICREL, XS B AR T R BERG .
I, Zhang and Lin fE3CHR [17] HE I THA L m & FRIMIT k. A Y B
e

T T
Y, = f(Xr) +/ g(t,Xt,Yt,Zt)dt‘F/ ZdW, (2.35)

N T S &G ARHER KR, HERAT S S AR A0, FHER T —s < As,
o T —s=0(As). i 1to BUFRYE X, X (2.35) AT B RUEAT2:

13



R AR ARG (830)

( N

Y, = f(XT) + ZQ(SDX]'?Y}? ZJ)AJ + €&

¢ v = (2.36)
€ = ZZJ(WT - Ws]-)

\ J=i

AMERE], e WL
E(e)=0, Var(e)=>» A;Z (2.37)
j=t

;H\:EP, A]’:T—Sj
5 Jiang-knight J7¥2L, Jefi ] N-WR Jrikek# LPR Jrykfhit Z( )
B3 Z,, TR g 3R PAESE R0 )

n—1 n 2
mfmz (Y} — f(Xr) — Z g(sj,Xj,Y},ZAj)Aj> (2.38)
i=1

j=i+1
(2.38) ATHII I TR R 43 561 (X)) R— B (B REASUR
Xy = Xp, [HFEAUZ SDE MRIG— B8, ST ¢ ARG ),
L, F9REM, SDE Bk 8l — AR n 10 Xr WREA (Xny, ..., X1,),
A f(Xp) = S0, Xy, B2 F AT 1 5k S0 R A TE S (AR RL I F , 53¢ HELRS i
o TR RASE AR, M ¢ B E RTINS, B E . W
(A E
ten, g2 Y, Zs MEIERE:
9( ) = BiYs + B Zs (2.39)

Ueit, (2.38) R AR R o E A E S A0S, | 2.2 0TS
CIPCSEE

for) _ (VTV)-lyTy (2.40)
B
N EP?
Yi—f YL YA YL ZA,
Y = V= : (2.41)
Yy — f YA, NN

IRV A 2 T WSR2 Ay MERRIENT
MR A T2, Zhang Fl Lin(2014) 42 7 40T Ak 7 % -

14



R AR ARG (830)

step.1 JofE—A/PNXIA] [, si)(E < s < T), YONFEIRIX ] LIRS 2 5
AN, FEZIXE FAER (2.40) 2 EASEIREIE A

g ) =8Y.+ 1z, (2.42)
step.2 FIT Y, MORor ka0, XEHBHULE 135
Yigr = — (( W Ais) Yi+ 6§’“>Zi) As+ Zi (Wi — W) (2.43)
BA:
Var (Yiy1 | Y;, Z;) = Var <— (( § - Ais) Y + ng)Zz’) As+ Z; (Wiga — Wi))
(2.44)

MY, Z, B, (2.44) SiW As TEBCHEEL, (2.44) KA R
Var (Y;‘_;_l ‘ Y;‘, Zl) = Var (Zz (Wi+1 - Wz)) = ASZl2 (245)
¥ Moris(1982) MBF5E, (2.44) 3UATH — A K sREGL L, RP:

1 1 2
ASZZ2 = CI,1+CL2 (( ék) — A_S) Y; + B%k)Zl) AS‘FCLg (( ék) — K) Y; + B%k)Zl) ASQ
(2.46)

step.3 B (2.46) AT ARREI AT F 23k :
Z} =+ 122 + s (2.47)
:EE/J\IXI‘ETJ [t7 Sk] J:ﬁ)iﬁ zﬁ‘@@ﬂﬂﬁ%ﬁﬁﬁ‘ Y1, 72,73, T%[“iu &17 ’3/27 ’3/3

step.4 TEIX[E] [sp T) A (2.43) B —R50509 (Ys, Z,), 5ERESE
[ (Ya, Zo) M4y, 30k (Y, Z4), Hi:

N 1 N N
Yign=— ((5(%16) - A_s) Y + 5§k)Zi> As

A 5 A2 A
Zit1 :%i\/’%—i‘%ﬂL%Yé
step.5 TERXE) [t T] L, A (2.40) XXT [t se] B0 (Y, Zs) 5 [sx T) I

i (Ys, Zo) BEFTAE T

(2.48)

15



I AR ARH RO (830)

F=F  HEFTF

3.1 RN THISHEIT

¥, HMRMFE R IR

dPs; = r(s)Pyds (3.1)
iRz 45
P, = Byex r(n)d )
0 p{/o (n) n} (32)

Hrp, r(s) 2RFlAR, Py = P(0),
X il e, HRM U iz 3 -
dXs = b(s)Xsds + o(s) X dW;
{ Xo=x, s€]0,T]
HIBEHL TR AR, X AT

X@):xbap{Ang—?ﬁ%g¢y+ATa@qu@} (3.4)

2
Y 52 X XM RN B BIRUNAE , HZaka(nh
dY, = r(s)Y, — (b(s) — r(s))o 1 (s) Zsds + Z,dW, (3.5)

WX N A BIIBGE — PR R IR RT3, 52 B i hn i 9857 10
PR RIS — AN RUE AL A, BIHAE IR (R s g A2 -

Yr = (X7 — Ky)" —2(— X7 + Ko)" + (X7 — K3)* (3.6)

AU K, Ko, I WAL K, = K
Tt (3.5) A ESRIIAT PR A

1) sty A B R B E BUA SR, Y FORBEE T2 s &
U -BERT S H R W R - FLHA 2 H BT, RIS RAE (o It
WP, AR T A B ATRARUE  H Ber Rk

ANSPPS-H + A]\stAXVs—H =0 (37)

Hoft, ANP = NI, = NP3 ANY = NX, = NXo NEONS 5p51m%) s #

16



i AR AR RO (G

30)

PHEFA B E GBS R B RYE Bl Karoui et al(1997) #33IHY

dYs =

[r(5)Ys + (b(s)
2) BB A M B FINBAR RN Y = ofs, X)), BT

—r(s))N* X ds + o (s) NS X, dW,

I S5 A R SR AE

SR
(3.8)

FEITR) APRFF I HERL r AL, H ito 22X RA R BIER E BRAT I NG B AR SO AL (B39

& PDE:

(

C(T, XT) =
0= )}1_1)1100 (s, X,) —

[ c(s,0)

=0

(Xp— Ki)T -

2(Ks

1
re(s, Xs) = (s, Xs) + bXsei(s, Xs) + 502X520m(5,X3)
— Xp)" 4+ (Xr — Ks)*
(QXS — €_T(T_S)(K1 + K3)) + 2(6_T

(T=9) |¢, —

(3.9) AR A Black—Scholes WIFLE 4y 77 #%, Black. Scholes Z3 i T

PDE3.9 [Ff#.

TEAT BT, (] Eular 353 X,

XiJrl

;Hi_‘ EP i = \/%(Ws—&—As

dr(s) =

B 3.1,3.2 FiR:

REEEE A A

(@ —

W) ~ N

Br(s))
I a=028=0.06c=007r, = 0.0219,

= X; +b0(s)X;As + o(s) X,V As,

0,1).

WEAT AL, 153

i=0,1,-,n

-1

(3.10)

4 b(s) = 0.0012; o(s) = 0.36;
T=1; As=0.001 n=1000; X, =10; r(s) & CIR F>RifF:

ds + c\/1(s)dW (s)
BRI BEEME X FE rg B

(3.11)

0.032

0.028

0.026

~ 0.024

0.022

0.02

0.018

b
M e

AR

UM’! JW

.“W

\ rm # U’tﬂ\
'\'lv\ | ‘V‘ |
\ o ‘\h{m\/

/ ﬂ
N,/M!J

|
|
|

g L L L
0 0.1 0.2 03 0.4 0.5 06 07 0.8 0.9 1

s

K 3.1

JR S A%

0.016

K 3.2

s

FEIIAM R

o 0.1 02 03 0.4 0.5 0.6 0.7 0.8 0.9 1

i (3.7) 2 PA K Black—Scholes HIRUE M 7 FE T PAMS BN B 8L i, FERSTa) A%

..
2

17



R AR ARG (830)

AR Y; ME
Y, =X;N (diKl) — e "TIKN (di—Kl)
—2[=X;N (=d'y,) + e "IN (=d' )] (3.12)
+ XiN (d' ) — e " T KN (dg,)

/\I:FI7
N(y) = \/%_w /_: e dy (3.13)

PAS -
d - In (X,/K;) + (T(jiﬁf/j) (T - 32‘)), i=1,2,3 (3.14)

Horb, s AR Xo BrALrymZ) s,
SORPEATE] Z; M HESEE:

Z; = 0 Xi(N(d'.g,) + 2N (—=d' ) + N(d'.,)) (3.15)
Fad g 1 FRAIG 2 BRI Y LS -
gi=—rYi—(b—r)o1Z (3.16)

Br=0122, K, = 8, Ky = 10, K3 = 12 (AR AN X X7 Rt 2=
WA TR A Qs -

i A BRI R R

0 0.1 02 03 04 05 086 07 08 09 1
s

K 3.3 WRAZEM A BN

311 o), Z( ) MBI
IARAITE h = 0.25, 45 N-WR Ik LPR Jrifliit o - ) #3810

18



R AR ARG (830)

gEARAN

5.5
5

45

sigma

4

3.5

K 3.4,3.5 Fis:

N-W(iitsigma

LPR{#itsigma

sigma

4.5

IS

3.5

sigma (90311

— — -sigma [l i

] { §
e ]
Ry Rl
|
b
o V
t i
ot B8 L
m T
W WADY, V

3 L L L
0 0.1 0.2 03 0.4 0.5 06 07 0.8 0.9 1

K 3.4

s

FIHIE N-WR J5ik

Kl 3.5

3 L s L
0 0.1 02 03 0.4 0.5 0.6 0.7 0.8 0.9 1

s

LA LPR J53k

M 3.4, 3.5 AHESFIZERTINAIE N-WR. LPR FE#A B RMiRZE, X1
RE TSR FEN . EARWAIEE, LPR JrikmmZzEal2i b N-WR
BN, FEE, BB IR AR 5 AH0LE, St N-WR. LPR J7iAR J5ix
% (MSE) 4173 (% SCARERA I 6 58, HR) T IR 1 %) Huiy MSE 2R, X
AR EL) -

#31  HAPUET o MIYTriRE
FESAG L | BuE— | Pul— | BuE= | PuEl | Pubi
NW-R MSE | 0.0509 | 0.1702 | 0.0321 | 0.0382 | 0.0231
LPR MSE | 0.0093 | 0.119 | 0.0092 | 0.0073 | 0.0049

LPRAii1Z

LPRA41+Z

Iﬁlﬁéﬁ’ﬂ, Eyéé%i\ﬁﬁ h = 1.25, ﬁj\%ljﬁﬂﬂ N-WR 7‘5‘%5"‘ LPR ﬁ%’fﬁﬁ‘
) SR REE RN E 3.6,3.7 R

W el

Z Ikl

K 3.6  ZMFHIE N-WR J5ik K 3.7 LA LPR J5ik
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R AR ARG (830)

TE% 3.1 5 RBUER R Y BUE B, PRI IAN 8 7 2R R

o A A HRZE#R (Mean Absolute Deviation, PAF f&ifik MAD):
#32 NAHIET ZMYTRE
At hyE | #uE— | #uE— | #uE= | #uEnn | #uEn
NW-R MSE 1.8823 0.6578 1.2255 0.247 1.1899
LPR MSE 1.3485 0.9529 1.2108 1.0015 5.1638
# 33  AEKPUET Z M4HRZER
2t yE | #uE— | #uE— | #uE= | #uEw | #uEn
NW-R MAD | 16.03% 8.57% 28.14% 3.58% 10.79%
LPR MAD 13.45% 9.04% 27.91% 71% 28.07%

AR 3.2 535 3.3 s NW-R ke =24l e 17 LPR, {H LPR J7
TR VERR N 7 SER UK AR, WOmAE R LB 5 LPR IR NW-R
Tk (X —mAAE 3.3 kST

3.1.2 (- ),9( ) MBSEIEIT
EXIIE—, i N-WR 5¥E5 LPR H¥EAhTE w( - ) WIZER A

N-WR{kitmu
0.02 T T

LPR i mu

0.025

0.02

0.015 0.015

2 oot

0.01 0.005 ql™

| 1y
0 “‘h-._,' 1 "'_.“

0.005 -0.005

0 0.1 0.2 0.3 0.4 0.5 06 07 0.8 0.9 1 0 0.1 02 03 0.4 0.5 0.6 0.7 0.8 0.9 1
s s

3.8 APFMIEN-WR ik 3.9 kR LPR ik
F L AT DA X P R 7 SRR A T B — A IR A RO, #e ] Jiang-

Knight J7yf ROR S ERG, HAEH T 2 HLE m a2 R an e -

20
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Jiang-Knightfditmu

Jiang-Knightf#itmu

0018
0016
2 o014
0012

o
oot /

0.0145

0.014

0.0135

0.013

0.0115 4,

0.011

0.0105

0.01

o125 fr

2 oonzp [ M

0.008

K 3.10

TETARBIE EXF () #EAFAETE, BEIREER (MSE, 48X m2E3) Wk

0 0.1 0.2 03 0.4 0.5 06 07 0.8 0.9 1

0.0095

Jiang-Knight J59%5: #1 K& 3.11
-

s

EDY

0 0.1 02 03 0.4 0.5 0.6 0.7 0.8 0.9 1

Jiang-Knight J5¥5: i

3.4,3.5 fff7R:
34 AEHET p T IRZE
STt E BaE— | PuUE— | PE= | BEN | B
NW-R MSE 0.2984 0.1999 0.0121 0.106 0.2199
LPR MSE 0.2755 | 0.1854 | 0.0117 | 0.1211 | 0.2166
Jiang-Knight MSE | 0.1957 | 0.1836 | 0.0701 | 0.1476 | 0.1501
#£35 HEHIET p LR 2ER
bt s BiE— | PEZ | BE= | BB | PuE i
NW-R MAD 12.39% | 10.167% | 40.68% | 14.13% | 22.47%
LPR MAD 12.213% | 34.96% | 45.5% | 13.27% | 27.69%
Jiang-Knight MAD | 9.59% | 9.633% | 9.59% | 9.94% | 9.75%

H13% 3.4, 3.5 AIPAFHH, Jiang-Knight Jy oM HU55 AR YRS I HERf, FLE

T Al — 2 B S SO TR AR AR R E -

FIAERY, EPUE— EXHEA] N-WR J53545 LPR J73E%F g( - ) b flit4

B SE R AN IE Fr

21




R AR ARG (830)

N-WRf# itg

LPRfLitg

-5

K 3.12

FAHIE N-WR J7ik

0 0.1 0.2 03 0.4 0.5 06 07 0.8 0.9 1
s

K 3.13

B L s L
0 0.1 02 03 0.4 0.5 0.6 0.7 0.8 0.9 1
s

2R LPR J53k

PUNTEZ R BT T TR g( - ) MR ZIER R, e 4 i AR BE B o

X S BT, R UE 528 O w R/ NI e —fE):

36  HEAHGET N-WR 5 LPR W ILH %
St | BllE— | #uE— | PuE= | PuEl | #uEn
NW-R 6.67 3.4 5.2 3.1 2.8
LPR 14.3 18.3 5.6 35.6 25.6
TERSRIE EXF g( - ) B0, TER BRI EYE T, 521855 (MSE,
MAD) ¥ 3.7 fis:
#3717 AEAHET p W iRE

ESATFE | PuE— | HuE— | JaE= | JuEl | #iE
NW-R MSE 0.449 | 0.8736 | 0.7299 | 0.8643 | 0.9741
LPR MSE 0.4079 | 0.4146 | 0.0548 | 0.0314 | 0.105
NW-R MAD 20.4% 21.93% | 35.01% | 33.64% 29.7%
LPR MAD 18.04% | 17.86% | 9.49% | 4.09% | 8.14%

FEATTBIT o, T B SRR ML Wizglh, NI g A AR Ry

5k
i

22

g = BOY; + BIZS

HEF Bo, 1 BESAEN:Bo = —r

Tt Ys, Z BRVERREL, THIEn] DAGER o MORPIRME T BRIk, B

(3.17)

—0.122;8;, = —(b —r)o~! = 0.3356,



R AR ARG (830)

REEHT 50 AEH (W7 0.05 ASEFRIEAAL) HEATIETHRS, BB R R/, 1E
ZAIEOT, SRR AR
g( ) = —0.130522Y, + 0.3386857,
Z, = 1.9667 4+ \/—1.7738 + 1.4686Y,

] 3.18 AT —RIIFIN Vs, Zs, BIGEE ML RINZ 3.8 Fik:

(3.18)

% 3.8  HRIEENE fo.f MTRCR

2 BfE dastm2E | Std. Error | t Sl
By | -0.156996 28.69% 0.005663 | -27.72461
B, | 0.203071 39.48% 0.007268 | 27.94192

32 RES5EFEKIE

{E5% AT, Chen and Lin 4 T4 M HEEAE N 1 - o BEEK
R, HopA T

il (S, 330) + Ul—a/QSb(s,ro)

62 (s,19) + ul,a/zggz (s, )
(3.19)

g (57 xO) + ul—a/2§g(s,mo)
2\2 (S, J]Q) + Ul—a/2§Z2 (S, CC())
L w2 FREBRHEIERS S0 SR04 5. T S R R REA FRE AR S
PRiEZE o
PABLE— B Z2( - ) S, HEAEEEN 95% (o = 0.05) HYELAFIXAIDA S A
THEE 3.14, 3.15 FR:

N-WR

150

100

0
0 0.1 02 03 04 05 06 07 08 09 1 0 0.1 02 03 04 05 06 07 08 09 1
B B

K’ 3.14 N-WR 4 K’ 3.15 LPR ¥
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3.3 ZREEESERESHRL
PAFGE— EXF Z( - ) mfliit- i, FEARRIE 9 (BEK 0.01) T,
BRZEE T TE I AR AL E AN 3.15, 3.16 Fin:

N-WRJ iAMSEHinE b

HIyr

N-WR/#AMSERih% b

10
5 It % h=2.39

0
o 2 4 6 8 10 12 14 16 18 20
h

0
o 2 4 6 8 10 12 14 16 18 20
h

Kl 3.16 N-WR }i K 3.17 LPR }i

FEHAR 4 ZR0E LR E S, B2 Hm U SR 3.9 Pox:

%39  JULHIEF N-WR 5 LPR (B 65
ESMhit s | BuE— | FliE= | PuUEN | PliEH
NW-R 2 1.01 1.48 2.43
LPR 33.32 6.1 12.45 1.71

ﬁt[jid N-WR 75345 LPR Jii&,

B3 g (MSE.,

MAD) #nk 3.10 fiy

%310 PUFRBUET 27 miy iR
SOk | BuE— | PuBE— | BB | HuEh
NW-R MSE | 0.6186 | 0.679 | 0.2466 | 0.8754
LPR MSE | 0.6554 | 0.4694 | 0.3231 | 2.5771
NW-R MAD | 833% | 17.3% | 3.58% | 12.32%
LPR MAD | 8.13% | 14.38% | 5.41% | 19.89%

SE TR RER 7 SEL AT 30, X LA ) B eR RO A

PR R ROy -
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R AR ARG (830)

1 22
Gaussian %: K(x) = \/%6_7
Epanechnikov #%:  K(z) = Z (1 —2%) Xja<1(2) (3.20)
. T T
Cosine #%: K(x) = 1 coS (§x> Xlzj<1()

Hort xa(z) Rt

l,zre A
Xa(z) = (3.21)
0,z ¢ A

HARIH WA RS S 3.20 Fron KA/, HAGHES 45 Rl 3 275 50
Bk (3] A LPR J73Rfhit Z, fEAFZR B UE 52 H 1 MSE 4 3.11 fir

JIN¢

%311 AR MSE

AR LS (h) | MSE
Gussian 2.39 1.3125
Epanechnikov 4.74 1.2674
Cosine 4.86 1.2671

Epanechnikov, Cosine flit1 %R A& 3.19. 3.20 fw:

Epanechnikovi% cosinet%

0
0 0.1 0.2 0.3 0.4 0.5 06 07 0.8 0.9 1 0 0.1 02 03 0.4 0.5 0.6 0.7 0.8 0.9 1

s

& 3.18 Epanechnikov #% & 3.19 Cosine #%
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FOE  SKESH

128 = R A AUE SE A R R E T MR 2] AT Zs o( - ) g( - ) BYIHE LPR
TIEBRFRIE N-WR TR Fefhivh p( - ) I, Jiang-Knight J7ikpfaE
VS RGN R . AN FEAE SR = BB b — R ROR B B T YR I T S B
MIRGE B, BIEARSAG T A bR B . SR =AME, AP H
AT SRR BB ) B S G T A SIS A% 4 SR B A A, AR 25
(S Br s ARE Y, AT SR AL AR I Black-schloes 58 AR, HUMAE
HESBNMTHEZ EREAHNITE BSDE WEUEE . 2% 30k [7]. [20]
iR T A E . Guass-Hermitte JH{E TRl BDSE Fy%: SCHE (9] il
BT PDE MRUE T ki@ BSDE e 7% .

4.1 FBSDEs BY#({EE %

AT, XHIEH PDE M4BT A KEL BSDE MEUE, HAUART:
CLRIF ARG 1) FBSDEs, X, AARIISE e, Yo 5 2 W B E B
#irds
(X, = p(s, X,) ds + o (s, X,) dW,

—dY, = g(s, X,, Yy, Z,)ds — Z,dW,
X(t)==x
\Y(T) = (Xp — K)*, VsetT]

HIAEZME: Feymann-Kac E#, (4.1) A9 (X, Y5, Z) i Moo 75 ke

(4.1)

7
%u(s, z)+ u(s,x)(%u(s, x)+ %UQ(S,x)aa—;u(s,x) +g(s,z,u,v) =0 )
v(s,z) = a(s,a:)%u(s,x), uw(T,z) = (x — K)*
PAK:
u(s, Xs)=Ys, v(s,Xs) =2 (4.3)

A BEOR AR (4.2) NG HAYRTPY FIRE, B F5 20 b il AR AU BE , 3
S ERRAIIRCN B 25 R ATCE D -

u(t,0) =0
(4.4)
{u(s,M) =M-K, M BEW¥K

26
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(4.4) LR E AR : MARAE = MASTE N 0 1, BB 0
SCE AT T T o AR B P2 AN SRR R B N — AR R A K, IR R 128 1k
50,

AT Crank-Nicolson J7yksKff (4.2) 25 (4.4) XA A9 Wi 5 2,
HeRmr

WA A )R 45 25 R R 4

t=851<S < <85, =T Si+1—8i:T,Vi€(1,2,...,”—1)

D=z <3< ---<ay=M Jij+1—l’j:h,VjE(1,2,...,N—1)

XF (4.2) FAESE] PRS- 25 0] AR MR R AR BE, 7521 :

_uéﬂ - u; _1 zu;ill — u;}l 1( z)2u;fl — Quj'ﬂ + “?fll T+
2\ 2\ h2 9i
1 i iq i 2l + it (4.5)
+ 5 (MjH j - i §(O.j+1)2 j h2J it g;ﬂ)

;H\:Elja u; = u(8i7xj>
#IH (4.5) 155
: [Wz Gk ] @

i i1 T i T 4 i
ujy g+ [2 + ujﬂﬁ + (aj“)2—] u, —7git!

i h o R2| YT T 2 Rz Y

AT <‘7§')27 i+1 (‘7;)27' i+1 9 i T in2 T it i
= ,ujﬁ—l— 5 h? uiyy + 5 ﬁuj_l—i- —ujﬁ—(aj)ﬁ us 4+ T7g;

(4.6)
(4.6) SCHHIBHL (s, 2), o (s, ) FTRAERTZ YA X, (IBEEIFIEFTR R )
SR, SHARACRIR 5%, TR — NS 55, 11 (s, o) T x

Tror B s EAs), B s =5 B, A
ulsix) = I(z), @ € [0, M] (4.7)

Hop I(x) 25y BER MR AT ¢ AT AN BOESR 2, B X
5Y, Z IR K R B Frf R IR, R T VAR AR 2 4% Y, mBE . 18
i, ki g k& Y, Zs BERIERREL, Bl g = BoYs + BiZs, X HEHGE Y
BB AT S By B, HEMFRE] (4.5) K. (4.6) K g, git" 3R
7

' ' witl it
9;:50%"1‘51% i
i+1 it+1 Ui — U 4
g;" = Pouj™ + BlT

27



R AR ARG (830)

1 (4.8) AN (4.6) KAF5]:

i+l T (‘7;'“)2 T <U;‘+1)2 T it T iry2 T i
|G By s | Wi T Ty et T [2 = Tho + (1™ + i)y + (057 ﬁ} u;
i T ;)2 T | it1 (0§)2 T i+l i T 2T i+
= {(ﬂj + /Bl)ﬁ + 5 ﬁ} iy + 9 ﬁujq + [2 + 780 — (Nj + Bl)ﬁ - (%‘) ﬁ} U,
(4.9)
A 1/h = q,7/h* = g MBUEWE] s = s; $F (4.9) 2l RS E,
155
uj u"f“l
us ué“
Ay [ =B Wit (4.10)
u'y uﬁl
a b di er fi
) ay by ¢ ) dy e f2
A = , B'=
any by cn dy en fn
(4.11)
PAK
i+1)2 i+1)2
i 42 \9; ; 1\ 2 G2 (0
a; = —ql(,ujJrl +B1) — %J% =2—70+ C]1(Mj+1 + B1) + ¢ (Jj+1) G = —¥
i 42 \0; i N2 q2 (0
dj:(h(,uj-i-ﬁl)"i‘ (23) 7ej:2+7'60_Q1(ﬂj+61>_Q2 (O'j> 7fj: (2])

SRIGLNMEITREA (4.10) BT330I e (4.2) HIM#.
B AR = TR IR, AT R BUE R A SR AN 7

28



R AR ARG (830)

Black-schloes /i B

55 ‘f — — L ST
T

I TT.F
5 o hooAam i
| I

IR A

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
s

K 4.1 FBDSEs ${H5A R a0

4.2 50ETF 1§ 6 A 1400 EAtUfit

AR AES B ER S B AT AT SR Fr 212 S0ETE 1l 6
H 1400 AL (FHskii: CSMAR ##i% (China Stock Market and Accounting
Research Database), i HAFRGE 6 D H EITAUIEGFE TR, KBNS BHHAL,
%25 ID 3 209000000191, & 11 H % 2014-1-14 5] 2014-6-25, t45 104 437
Gy B4 RAIFAS LA A5 R B AR B8 - U B A%, 2 1 325 H =0.001
AR AL, R LPR DRSS o ) Z( ) g( - ) T, (A Jiang-Knight
TEAETE p( - )e 58] Xo. Y, AT ARG an B s -

LIRS g

0 0.02 0.04 0.06 0.08 0.1 042 [ 0.02 0.04 0.06 0.08 0.1 012
A 5 720.001=—4% 5 H AT I (] #5120.001=—/ % 5 H
B 4.2 BREIBTEO B 4.3 AU

29



I AR ARH RO (830)

FHE B4

ARSOA BN 4 308 FBSDEs B AES UG T iR T8 8. 5F
SR T O Y BB SR S SR B o BRRE, R IUANMEE S 4 LPR J7ik
HYREAR R IR NW-Ro FEfh T p( ) B, Sefi)y 52 Jiang-Knight 753k,
HARRE ML SR  BEAR R iR b1 s R RIIE g MR, T edl A i 25 0F
SR T Ba NSRS ARG , X 2T YRR SRS e BRI b
BT SR Ak A, (HASCEZ SEUESEIREIR TR E , A SGEAAE
AR LR R -

DN-WR J73&. LPR JPARIREMEAGE , X 4 5 24000 1B B HUE 1
FE R . JEHAEA IR SDE BARBUIE T, HAGTIRCRAT UK B 22

2) X g MERREHIMTHE HBRT Y. Z Mg, X — SOF AR &5 &
SR U EK, PE—B AR B Y. Z. X, s (ARSI e R
SIRF ST BT I8

3) A3CH) FBSDEs j&5g 4= i Whs shgRahiy , X H A58 AT 5% b I 4
BRI RLE A, BN 2 AR S AR R AT B — RS- 9 AL Levy 7%
IKZhiY FBSDEs SR, X SRR A SO B B s I e 4 . R . X280
Bk FBSDEs A7 1UA KISR0 WS SCHK (1.

4) ASCHRIE T MG R FBSDEs, R4 5 M &1 FBSDEs ik
AR, X IR e, w2 RThE . PR

5) ASCHRNE T ML) iz WAESM ik, HE2MESE. AR Hh
TR WS 308k (1], [13).

30



I AR ARH RO (830)

Bl 5%
SEHLAER: BB aCo W Vo < 0,q(x) = 0 HAFAETRSRERL a
1% a <V, ¢ (¢) = 0,q(a) = ¢'(a) = 0, Wk It 3455
da(X) = [ (Xo)uls, X) + 50" (X)o™(s, X)ds + ¢ (X)o(s, X)W, (0.1)
% 5.1 At B s OB )

q(Xs) — q(X3) —/t [ (X)) u(n, Xy) + %q”(Xn)Uz(n,Xn)]dnJr/: ¢ (Xy)o(n, X,)dW,
(0.2)
4.2 XZcum R EIX =y | Xy = o] 153):
Elg(X.) - a(X)) | X] = / a()p(t, 5,2, 3)dy — q(x)
/ /an w(n, y)pp(t,n, z, y)dydn (0.3)
+/t /Oa% "(y)o*(n, y)pp(t,n, x, y)dydn

Xt 5.3 Akt y #EAT0EF 153 -
/O qy)p(t, s, z,y)dy — q(x) :/ q(y)p(n, y)p(t, s,z y) o dn

t

+/: /0% <y)ay [0 (0, y)p(t,n, @, y)ldydn  (0.4)

= —/ts /an(y)(%[ﬂ(n,y)p(t,n,wyy)]dydn
82

+/t /O % (y)ay[ 2(n,y)p(t, 0,2, y)]dydn
5.4 X PiumXt s K FHASH)
| awgonteos.onidy == [ dw)5 luts w5 )ld
quasp777yy_ quay,U?ypa?ayy

: 2 (0.5)
+/0 %Q”(y)aayz[ (s, 9)p(t, s, y))dy

i
2

[ atw { getsco + 2 uls sl = 55l it s ] by =0
(0.6)

31



R AR ARG (830)

FE b, AEEFEE cd P 0<c<dlify:

) B 1o,
%p(tasvxvy) + a_y[ﬂ(svy)p(t7sax7y)} - 58_3/2[0- (Say)p(t787xay)] > Ov RS (Ca d)

(0.7)
R, EAAFEXAER X, B oa PAEEYE, 204 a=cia=d 153]:

d 2
/ q(y) {gp(t, s, 1,y) + a%[u(s, y)p(t, s, z,y)] — %a—[az(s,y)p(t S,:B,y)]} dy =0

0s y?
(0.8)
WA q(z) BFPEAGRAEER, BOHAE (0.2) EAE/NT 0, WAy A {EsE B,
T 6 € (¢,d) A
2

5.8 7 = ¢q(9) {%p(t, S,x,0) + g[u(s, dp(t,s,x,0)] — %aa—yz[JQ(s, dp(t, s, z, (5)]} =0

dy
(0.9)
X 5 R
FH, AFFE cd 15
B 0 10%
gp(t, 8,2, Y) + a—y[u(s,y)p(t, 8,2,Y)] — §a—yg[a (s;y)p(t,s,2,y)] <0, y€lc,d]
(0.10)

HIVSESZ AR 3 pR B 2. Fokker-Plank 7772 . O

32



I AR ARH RO (830)

23 3k

1] 2555, T, SRtz M) Juss PEEZ G A, 2011 226-258.
2] 25 BT RREEMRE S M), Jb50 Aok L, 2010: 39-52.

(3] XUHAs, BAFE, Bk, B aisc. (5 EEpLR o 5 R T RS R T R R R
[J]. Geit e 5073k, 2011, 36(11): 8-11.

[4] 274, WRSON. TR AT M. dunt: mSR30R AR, 2015: 61-101.
(5] sk, BN TR S ) (D). BoepibRg, 1997, 26(2): 99-112.
(6] B H H. IEEmBEYLE S RS54 D] IhARKR2E, 2017

(7] 5k (@ FEHLC > 5 FERY SINC f#vE (D). 1145 K2%, 2019.

[8] Duffie D. Epstein L. Stochastic differential utility[J]. Econometrica. 1992, 60:
353 —394.

[9] Douglas, Jr. Jin Ma. Philip Protter. Numerical Methods for Forward-Backward
Stochastic Differential Equations[J]. The Annals of Applied Probability, 1996,
6(3): 940-968.

[10] David Nualart, Wim Schoutents. Backward stochastic differential equa-
tions and Feynman—Kac formula for Levy processes, with applications in fi-
nance[J].Bernoulli, 2001, 7(5): 761-776.

[11] El Karoui, N., Peng, S., Quenez, M. C. Backward stochastic differential equa-
tions in finance[J]. Mathemat. Fin, 1997, 7(1):1-71.

[12] Guy Barlesa, Rainer Buckdann, Etinne Pardoux. Backward Stochastic Dif-
ferential Equations and Intergal-Partial Differential Equations|J].Stochastics
and Stochastics Reports, 1997, 60: 57-83.

[13] Karlin, S., H.M.Taylor. A second course in Stochastic Process, Academic
Press[M]. New York: Springer, 2004: 225-241.

[14] Lawrence C.Evans. Partial Differential Equations[M]. New York: AMS, 2016:
373-400.

[15] Peng Shige. Probabilistic interpretation for system s of quasiline arparabolic

partial differential equations[J].Stochastics , 1991, 37: 61 —74.

33



R AR ARG (830)

[16] Pardoux, E., Peng, S. Backward Stochastic Differential Equations and Quasi-
linear Parabolic Partial Differential Equations[J]. Springer CIS, 1992, 176:
200-217.

[17] Qi Zhang, Lu Lin. Terminal-Dependent Statistical Inferences for FBSDE[J].
Stochastic Analysis and Applications, 2014, 32: 128-151.

[18] Steve E.Shreve. Stochastic Calculus For Finance[M|. ¥ W K2EH
JiAt, 2015: 236-237.

[19] Subramaniam, A. Optimal liquidation by a large investor[J]. SIAM J. Appl.
Math, 1998, 68:1168-1201.

[20] Weidong Zhao, Lifeng Chen, Shige Peng. A New Kind Of Accu-
rate Numerical Method For Backward Stochastic Differential Equations|J].
STAM.J.Sci.COMPUT, 2006, 28(4): 1563-1581.

[21] Xi Chen, Lu Lin. Nonparametric Estimation for FBSDEs Models with Ap-
plications in Finance[J]. Communications in Statistics—Theory and Methods,
2010, 39: 2492-2514.

[22] Morris, C.N. Natural exponential families with quadratic variance func-
tions[J].Annals of Statistics, 1982, 10(1):65-80.

34



I AR ARH RO (830)

B i

SR TR 2 e SCE MR R PRI I S 5 R B, AR SO e
FERFARAE TR SEI, HONFEE TR B REB A 5 2% . e
PRI AR MBI, B e~ . B

R R R AR S R R oA R MR B, JUHSZ BDSE I #{E S
b, TR R

EHIrATER ) . BRI R SR A B . )2

35



B Bf

AAFRE B FT 2 A E LA BAA
A% G2 IT 045 S T #AT 89 AT X T AR
BT RARE, TAAAATE G, R A
FRREROWAZ . ZBAEC )/ FRAEC )
ik AR Fy A b A% B TR

wIXAEH (X8)

F A H



	(正)倒向随机微分方程组的参数估计及其应用
	摘  要
	ABSTRACT
	目  录
	第一章  CAS Details
	1.1 SDE、BSDE、FBSDE的基本模型介绍
	1.2 FBSDEs的参数估计方法介绍
	1.2.1 非线性Feymann-Kac公式
	1.2.2 密度函数的核估计方法与N-W方法


	第二章  FBSDEs的半参数、非参数估计
	2.1 条件期望估计方法
	2.2 非参数线性回归方法
	2.3 Jiang-knight方法
	2.4 插入终端条件的估计方法

	第三章  数值例子
	3.1 蝶式期权下的参数估计
	3.1.1 (·),Z(·)的参数估计
	3.1.2 (·),g(·)的参数估计

	3.2 误差与置信区间
	3.3 核函数选择与窗宽参数优化

	第四章  实证分析
	4.1 FBSDEs的数值算法
	4.2 50ETF购6月1400期权估计

	第五章  总结
	致谢


