o5 34% 42 = % 5 & K Vol.34 No.2
20194 2 A Control and Decision Feb. 2019

XE%HS: 1001-0920(2019)02-0279-08 DOI: 10.13195/j.kzyjc.2018.0130

ETIRERBFERITFE NN B S REAE TN

X432 38 213 R RS, RS, REFS

(1. ZHORY: R%EBE, A 2306015 2. db-RE RGN TS RE TR, EE BF 27695

3. KRR AU E YR, Fa 211189; 4. ZHOKY: Bk %k, &8 230601;

5. ORI AR EHAERL, Pi72 710049 6. ZHOKY: ZUF¥bi, A 230601)
W OEE: GRIT S A B RTINS 1 TR < i T A USRS < Rl i 3 1 XU B A LA B
S, B PR T AR S M B RAT 5 S IR i 2 R AL TN D7 . 5 26, T I 2848 R Ha B IR AN 4%
ARG IR AR S5 AL A B0, kT 48 P R LS ALAT 27 S) 0 L AT PR 4 SR, F B A4 I PR A 850 A B0« At s i [R] 3 45
R B « 358 5 0 i 43 I 3EAT B BG4S 43 fift (Empirical mode decomposition, EMD), 15 2l AN [R] AN (1) A fIE A% R 44
(Intrinsic mode function, IMF), 31X ] Fine-to-coarse 7 y%:%F IMF #E4T 5 44, 15 3 & 00U 51« ARAR e &) Al fa 3500 B s,
KU B E AR 3 215 (Autoregressive integrated moving average model, ARIMA). { #¢ /> —.3¢ (Partial least
squares, PLS) 5] U= 11 28 [ 286 o @ BB « (IR SHCHE 1 35 T AT TN, 445 3 b Jo0l 225 SR AT B2 e, 459 2 e 4 Tt
8. U7 E S0 45 R, P th i 7592 w] DL R8OR ) 220545 2., B B0 0 0TI RS P2 AN R 0 3 F A
KRR 2 RUETRI: Beiids: JE85%dE; WATH): BREERGE SR, KB5S
FESHES: 0212 XRRFREAD: A

Multi-scale combined forecast of carbon price based on manifold learning
of unstructured data

LIU Jin-peil’QT, GUO Yi'®, CHEN Hua-y0u4, REN He-song1’5, TAO Zhi-fu6

(1. School of Business, Anhui University, Hefei 230601, China; 2. Department of Industrial and Systems Engineering,
North Carolina State University, Raleigh 27695, USA; 3. School of Economics and Management, Southeast University,
Nanjing 211189, China; 4. School of Mathematical Sciences, Anhui University, Hefei 230601, China; 5. School of
Management, Xi’an Jiaotong University, Xi’an 710049, China; 6. School of Ecnomics, Anhui University, Hefei 230601,
China)

Abstract: Forecasting carbon trading price effectively is of great significance for the formulation of carbon financial
market policies that suit to Chinese condition and the risk management of carbon financial market. This paper proposes
a multi-scale combined forecast method for carbon price based on manifold learning of unstructured data. Firstly, the
unstructured data related to carbon price is extracted using the network search index, and dimensionality reduction is
performed based on the isometric mapping manifold learning. Then, the structured data of other influencing factors and
the carbon trading price are decomposed into a variable number of intrinsic mode functions (IMFs) using empirical mode
decomposition (EMD) respectively. The IMF is reconstructed to get high frequency sequence, low frequency sequence
and trend item based on the fine-to-coarse method. Moreover, autoregressive integrated moving average model (ARIMA),
Partial least squares (PLS) regression and neural network are used to forecast high-frequency data, low-frequency data
and trend items, which are aggregated to get the final forecast result. The results of simulated experiments show that the
proposed method can effectively use multi-source information and has high prediction accuracy and good applicability.

Keywords: multi-scale forecasting; carbon price; unstructured data; manifold learning; ARIMA; EMD

Wi B EA: 2018-01-26; f&[EI HER: 2018-08-21.

HEWB: ExARBEIE ST H (71501002, 61502003, 71771001, 71701001); ZH#4 H ARl #5410 H (1608085
QF133,1508085QG149); %4 =il 44 2% H SRR 72 5 55T H (KJ2017A026).

EERE: £FE

TEE BT X&3E (1984-), 53, BIZEER, 4, WHBN S HRFESITET T 2 (1996—), 2, Wi, NHAA T
I IR 7T

VA IAA/ES . E-mail: liujinpei2012@163.com.



280 # % 5

xR #34%

0 5 B

L AF SR, TR PR Y ) SR, BRI 2 N
3. V6 A Bk CIR = AU b e, e — B
S TR BRHE R R, =7 BRI, E 5
T HE R, T S AR, B 4 I 4 — T B
Heess 5 i 4. BE OUR 2 B . TRYIZE T A TRHEK

F2017 12 HIER G 3h. A2 S RO R Z
— TR Gy i, BRI, A RCTIUI R 52 5 A A B R
B 5538 AT Bl 5, WA R T BUR ) E A BRI Bk
SRl 5y UK, 0 51 R RRAS S T R EAE R R A
A S H T, B A T O N AR A
FUI B L BN B A AT TR = SR B T 2 M
B4 Al E R, 40 AR(1)-GARCH(1,1) 351, 4%
41182 GED-GARCH 1P & {7, T SR B g 4]
SEPI T7 9%, SR, BT B AE S A B 18] P 21 B
FERAR AR PR M, A S I G AT BB A A
TR R B X P AL AR R, IS, 5 A LS 2 )
AN B BE ) TR0 BE AR 21 1 PR & Jg, tn ARIMA-
SVM KB, JET 2 R 2 1 1 20 ) 24 A 2R 3R 61 g
T AR BT S T A A,

I 702 B, R N TR P A AT 22 ROBE 40 f, 93
il S W B B B A 1) ROBE DR B R, A 41 24
FRVASEIRY 53 ) 00N - e 4 380 1A P 1), R A oy ) P s
FEBA2 /N o3 I8 R 22 36 4553 43 fi# (Empirical mode
decomposition, EMD)®! j& 43 fift 22 X ) [B] ¢ 1) )
773 57N o 5 15 R, EMD AN 75 BTG 38
I3 fR RUBE, DRI [ 7 4 B 101, AT DL 56 B ) A R
Ry (8] P55 5, B S LSS 2. Zhe S50
S B AN A% ) 18] 5 21 1E 47 EMD 43 i, SR J5 I eicidt
) d5 /0N 38 S 45 [ 1 [B] VAL 06 i i PR 1) P 510 9 )
AT TN, HAS 1 54 0 25 SR . L 2021 D42 Hh A
F BB K B 18] P 3 384T EMID 2 fif 1 S 7k L, R
X ]S4 77 22 (GARCH) A58 %5 3 it I 1 91
BEAT TN, 5 i RIS 5 AN s S 5 I i
HAT T IO, = 5E T 3T EMD 4 iR 1
RESLE (PSO)-SCHF ML (SVM) 1 Z2 1 1E FUNAEEAY,
XoF Tk 4o il I o i3 7 U Ak a2 AT T, F0000 K FEE BH 4
. SEBR_E, R FH EMD Bt B 8] 51 5 i, 8 AR AIE A
A BRI (AMF) 7 51568 B 1) ROBE R BIRFAE AN [F] 14, 25K
L[R]3 VR 06T 43 fife J 1) v SIURMEC AU 81 AT 0,
AR 2 5 808 M B 22, 157 210K 1 18] 7 41
Bl 22 RE 50 Je , A T AN (8] B0 7 9 T A [R5 R 1)
g3 B, SR 25 A 3R B, SR AS[R] J7 35 00 (RS B v T

Ho AT EMD [ 2 RS A 2.

WA Gy kg TN BR 1 75 25 e i 4 SR AR YR A
6 5 25 K A BICHE 5 e R 3R ARUS-16 5 T X 4 8 R A
ST A 45 R KR A RRAN A TSR AL T K E 1A
RfE BT it LA B, K M 2 R AR R S M ik
Bom L BREGE A B H R R IR S A L4
S TR H 389 B S B T T RO F v A L8 A AR
FERNA FETM 16 AN 1T 59— T 5 A0 37 55 A0 A i DA ET
FE AR N SR, 25 F 3 0, 78 1 A TR0 5 A0 8 B A R
JRBRZE T FARAT R S S5 I, 0 2548 2 s 4
TR EAEH. AR %A N 48 R G BN
filt, 7| FH fractional logit 1% 8 56 UF 1 17 3 43 8 52 V6 7%
H WA R . R e ER S H RSN A T
I S T I BRI 9, R P[] 5 200 5 3 0 T A i A Y
XA R AR AT A, A s T O B S T A
PR HE R . - A S 220 Attt ] ot 9% 90490 A T )
LB T — R T 2508 f# (EMD). AH 2% [A]
¥ (PSR) A1 A% FR 2% 2] HL (BLM) F A 28 14 41 & 7l 7
kAR, T AR M AAE B R BRAN A% FE 2R 1 U
TR SCHRIE A/ L.

MEE W TERT, KT BRAS Zi A% Pl 4772 DA
AN A 1) BRI 4 R R BN RS AL
B R A A TR i 1 K B 1A RS R, AR T ey
I X L5 B AT B S A0 A T, Je H 2 2k T
A4 AR I B 0 A% 22 FROBE 00N, 34 35k = R N\ A
Fi;2) O 5T EMD 185 A0 A% T 7 72K 2 A F
T RN D 5, 1 RS R REIR NS T IR
S RH R TR 25 52 M (1) SCRRAR /. RE B8 A RUEREICR B %
YEE A AUE B2 2 A TN Re % 32 = 10U B2 1) DR
BR300 AT, iR LB 25 & 2% 8 Al 45 A A 45 84 1 3
PRI AN A% 22 R 2B SO AR S 55

N TERERRZ S R, % BRI M I AT R
ARG AL RE i, AR SCHR H — M T AR S5 M R R AT
5 ST B BRAN S 22 ROBE 26 P 7 . 1k, N A
RIGBIREBAM M AR S AR G AL B, S T =
WS IR AT 27 S0 FLHEAT B 4R A3 SR S, S A 4E S 1Y)
AR M B At 2 e R 35 5 1A A0 B s AR AN
53 748 FH EMD 73 fi#, F55 73 fif 45 21 (1) IMF 3E47 14,
P33 5 ARSI F1) AN 5 T 3 T 410 44 J5 Eds 7
HI AN [E 45 55, F ARIMA . ffi ¢ /N 3% (PLS) [ U5 Al
A28 DX 288 T v ATRCH ARG AUES i AN B4 T AT T,
¥ 3 ZELINF 8] 77 21 000 1) &5 SR 4 ik, 49 21 B AN A% 1 T
DUAE; f I, 88 3k A7 B S 56 SR A 560 12 2H 4 TN A5 22 1)
e PE S S R E.



%24

X a3 & A TIELSMBIRRITE I RN S R A METAN 281

1 ZREHEWNTTE
L1 BRWin s niseIsimE =

I P9 B T 3258 5 i W6 R B 3 32 B it s 7 SR 4
2 77 N 3 BIFEIA. B G, DR AU B T 3 28 5 A
% B K I PR 2 T 2 T R 2 2, [ G S g A
H(EUA) A% 2 BRI SE 55 117 5 1A 2 E, 6 e HE TS
WA H BRI 25 18 B 17 37 (IR 1, AR S B
i FIE TS A 1 DA L PR T 37 47 4% FD 52 T X 3K
LR, BRAETRCS AT REDRAE FH 3 DIAR 5%, T A6 A RE
75 R OE T EMTHILERSRAR X M 24, B
WRuhFE A REdR TR B oy B R BCR = OISR 2
TF a5, DA, AR SO IZ 3 AN 8 BOR e AL A7 RE TR
BT 55 G A% BOSE AL BB AN, B S8 5 I A% a8 52 3 T
Ty e H At PR 2R AR B i, A ST I IE B AR Bk Sk
e [H BRSO DL, TR 25 8 BN R xS e
TSR [ P B T 7 1 A 1) R i

B T IR R A R R M R 2R 0 R LS g Ay
R BN AT, 2% R R AR 25 R A Bt B B B LY
HFEAE . i 2 EL B X AN AR B A AR PR A S, A
SR AR R A OO IR B E AT N LR LR T
RUERE LI 2R b, H AT, | BEAR BN o 9 52
00 205 1 2R e AR 55, 71 S 4 R A ] A R L
FA S R I AT SRR, B USSR s 1 8 75 K B ol
ARH AR 73 36, W UK R 7\ IRBREEBE . BRAE 5+ Tk
HEIC BB Pk Bk rh oM A5 DA S 0 9% B 4R A T
FE TR AL
12 ZREASTNGEERIESR

B T 32 5 5 A M B 18] 1 310 52 81 T 30 485 A E Y
g S AR 2 IR R, 2L ARZR I P A2 AN
2R BN AE AL, A SCHR 22 RO A& T 75 i

FEZRGn & 1 fros.
T WK R TRAN K& S0 R & WRAZ ks
g LA gE R s ViR E

I —

R L PO |
531 r A R
AT | Fine to coarse H {4 IMF |
I
L] L] L
| mm || mm || mmwm |
v v v
[ armamw | [ esmw | [ anvmw ]

T £ KA

T AT
SSE. MSE. MAE. MAPE, MSP

1 N8 Z REHE FUNHESE

T 56, T 45 FE B WU RRAT % ) D7 R RS 14
B AT 5 4, BT R4 S AR S A AL B L 4t
A HUHE R0 B A 4% 25048 23 90l FH EMID 73 fif R 2 A B
7~ [F] #5022 1] IMF, 3t iz ] Fine-to-coarse /7 ¥ % EMD
paN B ETE R AW N (R ING SR DY B A SRt = Sl
A BT 7532 2K T AN [5] (R 4 26 43 B B I, 5 A
o a TN A REAT R N T IRIE 2 REEHE
TOOIASE A (PG B, 306 F 1% 227 J7 AL (SSE) 3 48 % H
73 ELiRZE (MAPE). ~FI45%1 % % (MAE). Y771 %
(MSE) M7 F 73 HL iR 22 (MSPE) iX 5 i WL 148 AR
XTI 25 Sk AT A B A PEAR . 5 A B A% T 7
VEAH LG, A ST ST R B i 2 R & T 77 ik 2o
3L 1) 7 R H ARG HAE B, 9F H X RS Ak
15 B AT 2 145 F MU IRAT 5 S I PR 4 b B, % B
Y77 V5T DAOR AR 3T QA% AR [8] (1) BE B AR 2) B ik
R S PR 2 s AR AT 2 21 S AR S A0S
B3 AT 2 ROBE 43 Ak, 52 BCAS 6] R 2 R 4IE, 75 78
SR 20545 B Sl b, aTdE— D3R T TR B
3) EFXT A AR A 34 T3 R A A 23l s BCAN [7] £
FRLIGUFROIN AR Y i S o T 5 SRk AT B R, B U
FOISPEINAES
1.3 ZREAETIERAZNERTIZ
131 ETHATE S RSB0 P

T MM R WIS WAE BEAEE GRS
Y7 BB — & B BIUR. N T FRKE BIUAR,
A R 45 M A B e, A SO T IRAT 5 2 TR
HEAT AL . R PR 4R AR IR AT 2 SRRl B, 5
A& Gt [ 4 A B B 9% 78 R 38 DR 45 I G 2 ] () P Joi . ¢
WAE B ANAEIT T P 5yt = 1,2, n, BLELES
Z 5032 5 W 4 A0 ¢ 00 m 4E JE 45 AL REAS B8 R
T = (Tpr, Taoy o s Ty ) T, WIAESS A A B4 56 B
X = (Tij)nxm- N TH X RGBSR Z =
(2ij)nxd» 5= T 55 FE SR YY (Isomap) AT % > 1 B 4
ARG RS

Step 1: XF T AEAEHE HAF 2 AN 20508 Ay
5y, v R R B, B

dij = d(xi, x;) = J Z(ﬂﬁm - :L'jk)27

k=1
2'7.7.:1727"'7”’ (1)
Step 2: X TREABE a;, 1 € I e- AU 1 R4

JRINEE ST As. DREAR R N s I, o Sy 2
EINBUEEIER M W ER



282 # % 5

xR #34%

dij, T € Ai;
wij = wij (2, 25) =
0, Ty ¢ Az
Step 3: X T WAL P P9 A 7 75 5 1, AL 4H8 Floyd 5
B SRR, IO by & d, = > d%,d; =
j=1

137

LS = g S0 dR AT B
i=1

i= i=1 j=1
b = —0.5(d; —d? —d +d?). Q)

Step4: XFHEFE B AT RHEE 7 R, 133 B =
UAUT. Horb: A J9'ReAiEAE #G B F0 AFERE, Bl A =
diag( A1, A, 5 Am)s HAL = Ao = - = A\ UN
R ALEABL T IS AR AIE ) 0 . BB o T o SRR AE B
A A* = diag(Ai, g, 5 Aa), U* NET d ARG X
8L PR RFAE ) AR R

Step5: 13 B PEL4EF BRI Z = (A7)0 x
(U*)T, SRl Z i —47 R A 55 R AS P 48 I (508

B T ok T A% P 51 Bt R P A ARZRME e

P, ARSI B B A2 5y A K 2 UIAE 5% 1) S B R 11
B FE R AREAE RRAS 5 W ks AH 5 I AR S5 14 AL EHR
1.3.2 EMD4#

EMD & A F HAIEL M. JE-F R b AE (4 i )
B A BUE. B8 P 4 3 1 EMD i i FE k4T 2 R
B4y i, 77 R N AR AE AL ZS B 2 (Intrinsic mode
function, IMF) Al —/MEa 34 T51. IMF 225038 /2 BL R AN
FAF D F SR S RE AR 2 E aHE
ANKTF 15 2) Bl 17 90 AT 3 — a5 B 1) SR B AR ME
SRR AR KA A 7 T 28 2R B D O LG A2 B
TE) 2l F = 38 % FR . EMID 43 i) HAR B BRI R

Step 1: W1 H S5 [A) 75 3 0 (¢) = 3 30 14 A /IME
=V I ONEV=W

Step 2: 38 H = IR FE SR AR (E AL B BTG R ORAE RUAN

FLLELE emin (1)

Step 3: JRUGHS (8] 741 o (¢) P 2ot LR ZE S T
B PE R EIMEFF A m(t) = (emax(t)+emin(t))/2,
BN ZBRAI T H d(t) = z(t) — m(2).

Step4: F d(t) A J5L I 18] 7 41 2(¢), B K Stepl
~ Step3, H 2| d(t) 3 /£ IMF {15 X. LI, d(t) N5 1
MNIMFE, 18 N ey (1), TR ZEr(t) = x(t) — c1(t) NHTH
x(t).

Step5: H & Stepl ~ Step4, i i tH % 4 IMF, Rl
ci(t), BRI TR (¢) ik toB i) IMF 9 1. 38

I IR 7, B ] 7 5 o (t)
Ao gr(t), i
2(t) =Y cilt) +r(t).

1.3.3 Fine-to-coarse B4

N T BT ) fi#, iz F Fine-to-coarse £ A i
1% ) IMF 55 44 Jf o5 A00UFIARG A0 A 358 4. 4 B[R] 7
W 2 (t) o N N ANIMFy, k = 1,2,---, N, W E
H BAR D IRA:

Step 1: % s; :ZIMFk’i: 1,2,---,N.

Step 2: I Ko B0 HIT th s, .55 5 Jy Ot
JiT Xof o7 f 4 BUAE.

Step 3: K IMF, ~ IMF,_y IS, AR N @5 7
B IMF; _; ~ IMF y Jie, B R AR 45
1.34 BIHMARE

BRAN K B TR e 51 22 EMID 473+ 5 Fine-to-coarse &
4 AR B A B AN [RIRAIE, 43 70326 F ARIMA L PLS
T2 00 28 X5t BN A TR R Ay (2) ~ AR AL o () R HA
Ty (t) FEAT M.

AT T B R R A T TR —
& [EE (AR) AR 3°F ) (MA) 4 % E 1) 8
IR (ARIMA). R A 20— B

REW I ENZ A IMF

Z/l(t) =
Ory1(t — 1) + ayi(t —2) + - + ppyi (t — p)+
e(t)+01e(t—1)+ - +04e(t —q). 3)

1 T ARIMA B8 8% % £ 5 3047 35 20 8 P AR AL,
I 2457 5] DA SE IR 6 T EMID 43 i ) 1) v A
B, A3 BB = A TAE 91 (¢).

AT EE . PLS (1A 454 1 o 43 it i
RUAA 5% 43 #1552 Fh 7 ik, v DL s IR AR 25 M B s 5
S8 R A BCHE AF G v 10 1) R A 25 A B B -y
fife- LA 5 AE ¢ B 2R AR 10 20 (), 5 A AL 52
DR] 2% 500 70 At B0 i 7 ¢ B 28] R AR AR TN s0(2),
WS yo (8) 55 2o()~ so(t) Z B I PLS [A] Y345 784, RS
ya(t) = f(za(t), s2(t)). XA HE B e AT hn AL
Wb B, FEHEEUER 1y, HEAT IR VA 23 A, 5 0B B IS b
VU S A5 5 i 75 WU R AT AR, E T RS B P SE Bl 2
UAREU RN, Wk fe 2 B 2 A FEIE AR, MR 5 B
J5 FE45 2B A M ARARITIIAE 1o (¢).

A TOUHSCHE TR0 A 28 ) 4% rp B A5 M 2 TG I
B n] i i ) A% 7 1% 25 B R A5 B BP 4 W 4%
Xof i S TR AT TR, 1 A — fh Ak B AN, OF
VB W48 JZHONRE JZ PR 2 e B n, B LAY R



%24

X a3 & A TIELSMBIRRITE I RN S R A METAN 283

GE R HHE R 4y - B AL S5 B 3A T 25 (¢) A5 R A
KA 53 fie- SE AL IR A S T 55 (¢) VR BRI, ys () VR N
HE ) 0 8 0 28 R AT I . 1 25 56 B D A 28 X 4% 5%
RS IGUREAT YO0, 45 2B 0 4% A R 93 (¢).
1.3.5 T RNER SN

¥ ARIMA T30 45 2] FR R AN 4 = ST 4 (€)
PLS [5] V=1 75100 45 2] A AT RO 9 (¢) 4 22 X 255 Fi
D5 2 B 5 UL g5 (¢) FH N, 15 2 BR b £ 2%
YA T ) TNAE g (t). E AR = B2, EMD 2 fift e
) B H1) s ARATFE 51) A 35 T0LE AN [R] (1) 43 26 2 (]
LR MST . A SO 34N 5 H1 0N AE 147 AH I, 72 J5
5 EMD 43 fifi (1) 3853 72, o] DAORAIE TR0 25 SR 1 J6 O 1.

ALy R R 227 05 FL(SSE) “F 4% 1 43
iR 22 (MAPE). P33 48%F 1% 2 (MAE). #4577 1% %
(MSE) LA K 3477 H 47 b iR 22 (MSPE) 1% 5 F i F (1) 1%
22 FE AR S I TN ASE Y ) TR Y. R HR AR () A
NI

MAE = -3 [y(t) — g(0)l,

SSE = S_(y(t) — ()2,

t=1

MSE = N S () - 51,

)

1 y(t) — g(t)\?
MSPE—n\lZ<y(t)) .

2 fiEER
2.1 HERIERBENLIE

DL BTk 1T 20154E 1 H 1 H ~20164:12
31 H BB AN b B R 2585, L2017 T H 1 H ~
2017 43 H 10 H B 4 Hd I S 3k AT 17 F 850
grHr.

AEEE M BRI 9 B B fe . A fR R —
BT TE] P R A 2R s b R s DS BRA] B IR, R4
ok bR A AL FE A B ) — SR U R g M A R Aot
N 22 B0 U DA R R A% T SO AT 4 TR O B 1] gk
AT i A Rb 78, 455 B R SR B AR O 3R] 23 28, R
S i R B AL ARBRZTE S BRAC 5 BRI Bk
TES UHE S B R RN SE 17 A BRI BESZ A B AE 2 ks 1Y)
SRR, A X B A 2015451 H 1 H ~20174E3
H 10 H 8 A B R fa BORAT 8 AT 358 5 1R E
i3

1 — t) —g(t
wars = 13- u )y(tm )

e A7 4 5 T [R] 3% 1) 225 ) A B0, 18 B S5 o T e
T 71 M 55 DR S 1 6 4> G T8 bk - R B HE T e 40
(BUA) i« EEEHR 20, BRI FE 2. REVRTE 2. iE
B 8 BRI . Horh: BUA 4% 9 IRk 23 B HE TSORE 45
(EUA) 2 A T A 29 H 45 F A A%, SRR T BRI RE I 22
5y it (BEX); - lE B e 8 #i s i 17 v [ fi v 22 5 11 e
P Ol BB A, BRVFE B, REVR TR 2 S
TR VIAH 56 B 48 B FR 2 SR VR T Wind $088 22 0 R 54
PR T B AN B ).

EARE R R, BARRRCF B HE BN % H R fR
H UL K 4 5m DR 2R 1) 45 R AL BUHE SR it T AR I [E) 5 4
SR [ S5 AR ) (2 52 [ N AN A TR H 2 R SR &R
(5, 7= A2 T3 23 B 1R i 2R, AR SR T Sk O B
KPR AT I 7 1R AT SRR
22 BRXHMEHDHRSEN

XF20154E 1 H 1 H ~20174E3 H 10 H () - #55%
73738 5 v ¥ FI EMD J5 VL BEAT 90 fil, 43 ff 45 2 1 4
ANIMF AT T AN 34T, 45 SR an ] 2 s, B 2 v signal
2 SR UB FIBR AN M8 2 51, imf 1 ~ imf 4 52 45513 M 5 B
HEF ) 4 A A LA R £ (IMF), res /& 4% T I 3 007
Hlys(t). SR 5, HE 4 Fine-to-coarse J5 V£ XT 7 il i F
HIBEAT EEAL, B K45 By imf 1imf 2 flimf 3 3L [F R
BT B 1y (t), imf 4 B R B AT B o (2). 13
oot 15 B (1) AR AE AR bR B T R 3 TR =AU A
AT 51 3B IR S AR TR N 4% 7 51 B E 35

S

M NWINNA PN A\ e

]

signal

imf'1

imf2

imf3

imf4

T~ T~ _— |

res

2 HXZMIEEMD SRR



284 # % 5

xR #34%

p — ,
30 fu — BN
1 \
~
& 20
=
= 10
\v/
0 L L L L L
0 20 40 60 80 100 120
I R] 7 1)
15
— A
10 —— {RIIT 5

it/ 7t

0 20 40 60 80 100 120
ARl

B3 =8F5. RSB E SRS SR
23 ZREHEETM

I FH 3 T 45 B BB (Isomap) W AT 2% > 1 J7 5
X 17 4E R ARG A B R AT e 4 b B, & d = 2, B]
PR AR AN 5 A6 B A [ B 20 RO AR s 0 B R P A
A5 S R, ek BT By 2 4 F R R 4 i i AR 45 AL
A BI0HE A PR 2% 45 AR B o3 AT 2 RUBE 7 iR
FVEE ), T2 AR S5 A B8 B ST 51 24 (¢) « ARAIT
B 2o ()« RAT T B 25 (¢) F1EE KAk 5 DR 25 10 e 43
Fll 51 ()~ AEITFH 52(t)~ BT 5 s5(t); SR I AR I
B SC I IR, 43 3R A [ RS B8 238005 5, K% F BP
PRZ 2% . PLS. ARIMA BEAY 4T 22 ROBE 1 F00I0; ¢
S B 13 P 5 v ) T 45 SR B AT 45 B RR AN 4 00 T
4.

e, m AT A ) T 2 B ARIMA J7 7%, il i 1
By 2 o M R B R AR L LU E S 8L 15 8l p = 2,
q = 2,[H ik, F ARIMA(2, 1, 2) B2 24 T s 43 41,
132 gy ()5 Fo Ik, A8 3E B A AS AR T 51 yo (£) XT s2(2)
A 25 (t) 9 PLS [=] A 45 2Y, F H SIMCA-P 3K 4 3 47
PLS [51 VA 5347, 45 21 o () T, 75 B b A0 AR B (1)
Fab b, @S BP A MG NZ T AN S i E

AL B RS OR 6, R 3T 1 HEAT FU, A
B g3 (t): )i, ¥ ARIMA TR ) e S5 4 . PLS FE0
(AR ATUAICHR « i 2 ) 2% F0T00 £ 55 I 58030 AR I, 75 21
B 2 A A T (R U g (¢), P&l 4 P e Pl 4 A R,
BT ARG B AT 22 2T I 2 RO AL TR A AN
IURE A RTTIRAZ T W 1% BRI G R AN T e %, i HL
XTAE 5 B 205 (AR Bl 0 AT DU U

40
. — dEEE
30 ) e TRARRSEBRAE
Hi \/M\ //
= 20 /
£ i
~ 10 N &\/\NAVA\\//
0

0 2I0 4I0 6I0 8I0 1(I)0 120
I} 16 5+ 51

B4 ZREASTIERFTUNESSFRMEEER
2.4 ST ETUNR R L

NY Ut A A SR S ) AR TR L R, DI
EERAL20154E 1 A 1 H ~20164E 12 A 31 H ¥,
MAREEEEL 201741 H 1 H ~ 201743 A 10 H 1%L
. P AS SR 2 0 A TR 55 7 e 00 A R G ) 5
HBEAT LEB A A, Horh: JE454-EMD-ARIMA | 4E45H4-
EMD-PLS F19E 45 #4-EMD-#1 28 ¥ 4% 31X 3 A 7Y 55 AR
SCTT AR B, X 43 A A S TR 5 R B 35 4 AR
7 1) P TR0 A 28 ={E &% g -2 TN A 2 D5 A hef
3 4 A6 10 B AR i PR 2 8 A AL B 134T 2 R
fife; EMD-2H & T30l 77 2 58 I\ 3E 25 74 545, EMD-
GARCH AU R H ™ XA 519 %44 5 77 22 (GARCH)
BRI 73t J PRI B AN A% 7 Z AT 1 TN, A SCHR [12]
TR AL (1 7732 AE 45 K -EMD- S A1 20 & AL 5 A S0 7
TRAR LY, W v AT AT AN i 34 IO TN A FH SC ik [23] v
1 33 22 P 7 e /N B A A 40 & 7 A T 4
FS. £ 77 3 R TRO0RG 2 43 )4 SSE. MSE. MAE.
MAPE. MSPE Ti M iz Z PN Fabr ok FE i, 32 1 A LA
g

*1 HEATNEE T EFRIIEL

M5 TR Y SSE MSE MAE MAPE MSPE
1 JE45#-EMD-ARIMA 2789.97 0.5030 3.8309 0.3066 0.0390
2 [ 45 #J-EMD-PLS 1029.26 0.2814 23191 0.1755 0.0215
3 42 K -EMD-#1 22 X 4% 1574.49 0.348 1 2.8816 0.2242 0.0289
4 ARG A - LA T 997.83 0.2771 2.3808 0.1917 0.0239
5 EMD-4H & il 834.02 0.2533 2.129 0 0.1656 0.0194
6 EMD-GARCH #7112 3051.54 0.4889 4.1519 0.3205 0.0390
7 A 45 ¥ -EMD- S A 4L A Al 3671.16 0.5315 4.1135 0.3005 0.0367
8 JE45 -EMD-4 & T (A SCJ5%) 731.10 0.2372 2.1112 0.1650 0.0193




%24

X a3 & A TIELSMBIRRITE I RN S R A METAN 285

A 1, 38 i AR AR 1 ~ 4 3 R TR 6 5 4K <
JIE LC AT DU Y, AR ST H Tt S 28 ol 45
] SSE.MSE.MAE.MAPE.MSPE iX 5 M# Z PF/1 15
FRAE 351 /N T3 4P P AR 7Y, 150 BH 0o #5403 1) 3k 45
AN () FRLTRUTIIN 77 3230 AT FH0M B 4 B, A0 T 5% 5 A e
J 5 3548 FE AR TR0 F6 300 75 3. JE O A A 4 5 R 5
TR T LR th, 2 REEZ4H & -EMD-JE 25 F4h 3
#5 SSE.MSE.MAE.MAPE.MSPE iX 5 M ¥ 48 bn il
1B 0N, 3 W AR G5 R A0 B30 AN 52 i DR 2% 45 R 40 s
223 EMD 4 fift FH E 1) i Rkt S LR A5 B R2 IR,
BERL 5 5 ARSI T BLE W, 5 AN PR R AR
B S /N T AR TR 5 At S AR TR 255 1 5, I N AR 45
Pt BE AR T A28 R AR 4 M A 1X i3t — B B0 IE
THEET ARG A B R S BAE. BT 5 AL
JIERAT LREL, EMD 23 fift Ja 10 g A AR i 3
TR K B & e O INALER 1, B TR I — A 20 R
{140 R 71, 2 4 AR i A P 155 0, AN BB DR IE 3000 £ 0
Pt o] A H TIOAS FEAI T~ AR SCO7 V8. 27 b 1 sk
B 25 RN 7 AR SCHTHE H R 77 v ) A A, 3 B
AT BA B B R DL R ()5 A

3 4 @

W55 ks BAA JE R ARG IR 5L
XTI BT A 7893 7% FE AR S5 i AL X 2845 2 IR 52,
% K F B — B R SR Y50 5k 117 37 ) 52 5t #, TLU0 K
JEE ANty 55 I JE, S SCAE 78 0 0 FH A 485 W 1 540 1 R it
b ST 7B T AR R AT S S RN A% 2 RUEE
A TR, 55, A E FEFREER BN 4 AH OC 11
AR SE AR, 7£ P 4E 7 TR FH 36 T 56 B B LS U
A7 25 2V B R AU R 4 J AR S5 A A 28  FAi e
i) R 35 5 A A0 25090 © B2 S A 23 70l 34T EMID 75 il
73 2 A [FIA BB AAEASE 28 Y (IMF), 78 e R itl E >R
Fine-to-coarse £ A ##r 4 18 LA1S B @407 471 AR A7
FI I 35 IT; IR, 0 EE A S5 R P 51 B A (R R
Fil ARIMA . PLS [5] I 14 25 X 28 5o e A 090 M AT %
P F0 G S TUFEAT P, 3¢ J, 4 4 b P D7 R A5 21
S5 AL R A5 BN BRAN R PP 21 1 die 2 TOIIE. 07 55k
g KRR SN RS M EIR G 2 REAHE
OIS AL ) T 28 SR B RAR T A5 RE AR S5 A A
KR, B UE 1 S 25 A A 500 X6 T T s A e i 1)
FI A B m WA B A 25 79 A0 B0 A g e R 2=
S5 A6 A H s 22 5 EMID ) figf R B AL Ak P R 3k G T AR
5 L IR R W 0o 25 A 3 A1) 126 45 AN [ 1) B 0 T 7
VEHEAT TN BE S 3 A T 0 B0 41 344 B AR [ )

TIN5 9.

B 52 T A A ) YR L0 A 2 v ik T A RIS
FRRE 77 B LA, 2 ) 2 B < Rl T 37 UK Y R AR
. ARSCHR 1) 2 R A& TN R N iR 11T 5 58 5
ks B FIER 1 KT LR, S ANATTHEAT eSSt e d it
T B2 RRAEXSBRAT 5 W ks 04T To0IU I6)g 22 32 —
2 R SBR[ o T 35 55 T 1P DR 3R AR S
2 Hk (References)

[1] Chevallier J. Volatility forecasting of carbon prices
using factor models[J]. Economics Bulletin, 2010, 30(6):
1642-1660.

[2] Chevallier J. Nonparametric modeling of carbon
prices[J]. Energy Economics, 2011, 33(6): 1267-1282.

(3] SKERZE, BE— . [H Bt 91 B0 4% i R 0] )5 - 5

EU ETS [JSCUE 2 #7 [J]. R4 LR I8 5 SEk, 2011,
31(2): 214-220.
(Zhang Y J, Wei Y M. Interpreting the mean reversion
of international carbon futures price: Empirical evidence
from the EU ETS[J]. Systems Engineering — Theory &
Practice, 2011, 31(2): 214-220.)

[4] 3K/=, BT 2T 20 1 Grey-Markov X [X 38l fi HE Ak
RO R BT (7] Gt 5 3, 2016, 31(9): 92-95.
(Zhang C, Yang X Z. Prediction of regional carbon market
price based on improved grey-Markov[J]. Statistics &
Decision, 2016, 31(9): 92-95.)

[5] Zhu B, Wei Y. Carbon price forecasting with a novel
hybrid ARIMA and least squares support vector machines
methodology[J]. Omega, 2013, 41(3): 517-524.

[6] Fan X, Li S, Tian L. Chaotic characteristic identification
for carbon price and an multi-layer perceptron network
prediction model[J]. Expert Systems with Applications,
2015, 42(8): 3945-3952.

[71 Byun S J, Cho H. Forecasting carbon futures volatility
using GARCH models with energy volatilities[J]. Energy
Economics, 2013, 40(2): 207-221.

(8]  RU4:HE, Mk, 0V, . — FheAEZR kI 8] Fp 51 F5000 452

TR A A% B TR (3], B EERL A, 2011, 24(6):
104-112.
(Liu J P, Lin S, Guo T, et al. Nonlinear time series
forecasting model and its application for oil price
forecasting[J]. J of Management Science, 2011, 24(6):
104-112.)

91 KR, Bfih7. 5T 2 50 & B R A b [ X T
BTN ). RG LREE R 5 SR, 2016, 36(12):
3017-3025.

(Zhang C, Yang X Z. Price prediction of China’s regional
carbon market based on multi frequency combination

model[J]. Systems Engineering— Theory & Practice,



286 # o# 5 xR #34%
2016, 36(12): 3017-3025.) influenza epidemics using search engine query data[J].
[10] EA3F, Kz, 3T 2 R BT I/ 22 404 Tt i Nature, 2009, 457(7232): 1012-1014.

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

F[I]. HEE A, 2016, 24(5): 85-91.

(Wang S P, Zhu Y Y. Forecasting of wheat price based
on multi-scale analysis[J]. Chinese J of Management
Science, 2016, 24(5): 85-91.)

Zhu B, Han D, Wang P, et al. Forecasting carbon price
using empirical mode decomposition and evolutionary
least squares support vector regression[J]. Applied
Energy, 2017, 191(8): 521-530.

Li W, Lu C. The research on setting a unified interval
of carbon price benchmark in the national carbon trading
market of China[J]. Applied Energy, 2015, 155: 728-739.
wits, 2. BT EMD-PSO-SVM i 2 % 1E A% 2 (1) [
o gt <z i T 37 0 OGO (9. TR LN 1L BRUR S A,
2014, 24(6): 163-170.

(Gao Y, Li J. Int carbon finance market price prediction
based on EMD-PSO-SVM error correction model[J].
China Population, Resources and Environment, 2014,
24(6): 163-170.)

TR, TR, XM, &5, FRE B EOE K R IS AT
HUEE R T (3], v B8 R, 2015, 23(12): 86-93.
(Zhang G X, Zhang Z H, Liu P, et al. The running
mechanism and prediction of the growth rate of China’s
carbon emissions[J]. Chinese J of Management Science,
2015, 23(12): 86-93.)

AXSEAE, B T B HETBORUSE S5 A i 5 i R 3R
o — T T E 77 PR K S 7 Hr (0], i iR S
SR, 2016(7): 101-104.

(Zhao L X, Hu C. Study on the influence factors of carbon
emission trading price in China: An empirical analysis
based on structural equation model[J]. Price: Theory &
Practice, 2016(7): 101-104.)

Rausch S, Metcalf G E, Reilly J M. Distributional impacts
of carbon pricing: A general equilibrium approach with
micro-data for households[J]. Energy Economics, 2011,
33(6): S20-S33.

AR H T O K O U (). SEEEE A, 2016,
33(11): 56-62.

(Wang N. Forecasting of carbon price based on big
datalJ]. Statistical Research, 2016, 33(11): 56-62.)
Ginsberg J, Mohebbi M H, Patel R S, et al. Detecting

[19]

(20]

(21]

(22]

(23]

(24]

[25]

A, FNIRGR, 2. BT 0 2% 4 B 1 B e AN A
T (7. ST, 2014, 31(10): 81-88.

(Dong Q, Sun N N, Li W. Real estate price prediction
based on web search data[J]. Statistical Research, 2014,
31(10): 81-88.)

R, T, SRR BT AR ROHE S TS0
A ok B ER T RS (7], 8 B TR AR,
2015, 29(4): 56-64.

(Wang L, Ning Y J, Jia J M. Predicting sales and
market share with online search: evidence from Chinese
automobile market[J]. J of Industrial Engineering and
Management, 2015, 29(4): 56-64.)

WRit T, K MERN, D7 Pese, &6, 6T 1 B AR B 5L it
RYEE L R ER T R BB IAE 7 47 (3], Seih 5 ook,
2016(23): 155-157.

(ChenZ Y,MiY X,LiY J,etal. Investor concern based on
the Baidu index an empirical analysis of the performance
of the stock market[J]. Statistics & Decision, 2016(23):
155-157.)

B, TR, K, 25 T AR A A
e PR 22 ST ML b B8 3 1 0 7 3% (D). 42 45 R R,
2014, 29(7): 1187-1192.

(Yan Q S, Wang S T, Zhang Y F, et al. Uranium resource
price prediction based on empirical mode decomposition
and extreme learning machine [J]. Control and Decision,
2014, 29(7): 1187-1192.)

MR A H & TN 7 VEA R B KL N AT (M), b
5 BRI, 2008: 60-64.

(Chen H Y. The theory of the effectiveness of combined
forecasting method and its application[M]. Beijing:
Science Press, 2008: 60-64.)

WRIEZL, B, B HETBORLSE 5 i 496 52 ) B 3R SR BF
FL— CARK BEHE B 5 4 & (BUETS) il [J]. R 48T
T2, 2012, 30(2): 53-60.

(Chen X H, Wang Z Y. Empirical research on price impact
factor of carbon emission exchange: Evidence from EU
ETS[J]. Systems Engineering, 2012, 30(2): 53-60.)
Tenenbaum J B, De S V, Langford J C. A global geometric

framework for nonlinear dimensionality reduction[J].
Science, 2000, 290(5500): 2319-2322.

S T2



