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RESEARCH ON STATE OF HEALTH PREDICTION OF
LITHIUM BATTERY BASED ON FUSION DATA-DRIVEN
METHOD

ABSTRACT

With the rapid development of social economy, all countries in the
world are faced with the problems of environmental pollution and energy
shortage, and vigorously develop new energy to achieve sustainable
development of energy has become a consensus. Lithium battery has many
advantages, such as high energy density, long cycle life and environmental
protection, and has been widely used in electric vehicles, electronic
products and energy storage fields. However, the charge and discharge
cycles of lithium battery in practical applications will cause irreversible
attenuation of its state of health (SOH), thus affecting the safe and stable
operation of lithium battery. Therefore, accurate prediction of lithium
battery SOH has extremely important engineering significance.

In this paper, based on the existing research results at home and abroad,
a lithium battery SOH prediction model based on the fusion data-driven
method is proposed, which can not only significantly improve the
prediction accuracy of lithium battery SOH, but also has strong robustness.
The main research content is as follows:

(1) Aiming the situation that at the strong randomness of the discharge
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process of lithium battery in practical applications, this paper studies the
extraction of health features that are strongly correlated with the SOH from
relatively regular charging segments of lithium battery, and evaluates the
degree of correlation between the health features and the SOH by
qualitative and quantitative methods. The evaluation results show that the
four health features of the equal voltage rise charge time, the peak of the
capacity increment curve, the peak area of the capacity increment curve,
and the number of cycles are strongly correlated with the SOH, and can be
used to predict the SOH.

(2) With the extracted health features as input and lithium battery SOH
as output, an ant lion optimization and multi-kernel relevance vector
machine (ALO-MKRVM) model is constructed, and experimental studies
are conducted using a publicly available dataset from the Center for
Advanced Life Cycle Engineering (CALCE) at the University of Maryland,
as well as laboratory test data. The experimental results show that the ALO-
MKRVM model is optimal compared with BP neural network, support
vector regression, relevance vector machine, and MKRVM model in all
evaluation indexes, which verifies the effectiveness and accuracy of the
ALO-MKRVM model.

(3) In order to further improve the prediction accuracy of SOH, a
prediction model based on the fusion data-driven method 1s proposed. The
model first generates an initial predicted value using the ALO-MKRVM
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model, and then builds a SOH error compensation model using the ant lion
optimization and extreme learning machine (ALO-ELM) model, which
compensates the initial predicted value of the ALO-MKRVM model to
obtain the final SOH predicted value. Finally, the CALCE dataset and
laboratory test data are used for experimental verification. The
experimental results show that the ALO-MKRVM-ELM model obtained
by introducing error compensation can accurately predict the capacity
regeneration phenomenon in the aging process of lithium battery, and has
higher prediction accuracy and stronger robustness than other models.
Sun Chao (Electronic Information)

Supervised by Prof.Shilin Liu

KEY WORDS: lithium battery, state of health, multi-kernel relevance

vector machine, extreme learning machine, error compensation
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H 2 R T A DR, R T K PRI, iR BT 6E
PRI TR H 2830, 8T REIR K BN A g e S ) ) T X L H ks
R I R, 5% [ — 7 T S B BOR T B W i A se s IR R0, 59
—J7 AR R R BT BRI B, LB D B Btk Gt A A e

HAET, BT HRelE B alR R AR R R R R, 5% EE AR
e W AR ARG R B e G A 4, REREAEAR R B b At ke RE VR G R 3R
S5 Ge i R, ARYE EVTank B S8R 2R, 2023 4E4xBRYE A BT e IR FEL 5l
REMERIL 14653 Jiif, FRIIEK 35.4%. S HEMIENFTREE BBl 43h 1
RO EBENMARR 7y, FREMHEMZ . S0, a4 il 5 8500
HENRE RS RWZ AT, 22 4P i) g 5| AT s AT iz
RVERA, BRI RE AL 2 51 R IX e 2 I R R N 2 — . A IR
T AE PR RE 238 T B, B B 2 It 2 2 i vl Y BRI K, i A &
Wb AR I LBV A IR LA R A B SR, TEAE AR
PR ™ ) 2 PR R D), i B R4 (Battery Management System, BMS)
TE T REIR L BNVR 4 AN T BRI L 4y, AT AE SR A HRIE AT I 1 R
HLUR LA SR E S S BT I DAPPAS R B FELVAE AN IE S AT I S i1,

M BOIRAS (State of Health, SOH) 1] Aok i & 3R 8l Lt 1) 2 AL 72
£, Ho2 BMS fRUEF R 2 2R e BT WEE S —. b, 5
Fi S 00 0 b 2 3 BB R R YR B, I R P T B B AR AE R ORI R A B A
[KIt, BMS #ERf 42 SOH ARk, —J7 T AT LAy S s 44 P B 45 F il 2 it B
TS, DUELEAE sl S RS ™. 53— 5T, kR SOH mILATE
AT TR EOIRES, S A T A R R, Rk, il SOH v il
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1.2 EASMAZR IR
1.2.1 $BE B BUIRAS E X

Bl SOH 2 FH R FIWT HEt B ALRE R AR S K —, B Rl AEDIL Jse
R S BT MRS . B AT, KT #E it SOH & SCH #1125 8 1 77 2l

AT P B 7 T
FeF AR 7 e )G AL SOH, sk (1-1) Pio:
SOH:=BE&Ef$9Mx100% (1-1)
ﬁqj’ REOL jﬂ%ﬁéﬁ%ﬁﬁﬁg EEA?@WBH’ RNOW ﬁ%ﬁﬁ’ﬁi%ﬁ?ﬁg Eﬁ;ﬁﬁlj‘jlzﬂ, RNEWj"j
LTt B PO B

R a7 AU GBI SOH, xl (1-2) Fk:

30k|=5%%&x100% (1-2)

A, Quax AT R RS & Qy AHILIIFE A& .

Bt A KIS R (e L AR B IR I, AT 3 50 vt P BELAS
B, HIB A BOR R R ARNWIR > . fE I ARTIA, R B A AR AR N, T
TEFIEIE 1, b R AR R . R ISR FH 35 P BRI 7 30 SO Lt
SOH, %552 B EIRZ MR, T8 SOH MRS EHMC. BHaf, EpsES
K2R3 2 8 )7 sUB I it SOH o el 121, Rk, A SCHR A
TRy HUE R SOH.

1.2.2 $288 5t SOH FM 5 3%

It R P T A T REVRYV R L AR RE S U 2 N, SOH [ FEN il 7t 2 1k
N T E WS TR P, fTAEH T — R PSS SOH T 5
%, HEEW N 4 8, ROV ERNEED BRI TEN P BT
SRS 75RO R T R A AR AL K AL R TR T i an I 1-1 B
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(1) BEHEMNEE

BN B o R AT A ORI, R F) S SOH EHEAH KN E
WS, ARG A XA R EN SOH. BB & 1% 3 B 45 PRI I &y
APE A THEOE o SCHER[2010 I 2 1) B Ak 5 FHHT3 (Electrochemica Impedance
Spectroscopy, EIS) HEATHLE, 13 FIG MMM SA, ANFld A St
NFLE SOH ZIAIHIE R HR, THAEAFEIH M SOH. SCHR[21]E B NI T i
tRA (State of Charge, SOC) 24y M £ RN /> SOC Ik R, 2AJ5
W T ARFIE £ SOC LA K AR RLFIIN ) EEARN A, I 513 24
Jth SOH. B2 EyA1S 24 it SOH A% BB, (ER A%y 1050 S0t {0 38 ) 22
SRAR = HL R FE 2R R RN 8], wf AR 2R B S bn i R 3 5 s

(2) BT 7 i

TR I 7 7R B LI P S R AL R BEAT IR A AT, LA A
FLIE Ak O EASARY ,  FT  BEASE AR R B M EL R B SOH. B TR G i
B LR T AL FR AR ISR | Sk e A AR R LA SRR A

22 U0 A TR S T T 4 R P SR A B AT R A AT, RS ) 8 2 KA
A SOH [ bia®h, M AR f it [ 2 BB AR AL . SCRR[22]38 Ik 0F 72
(7 T HL R BT PR H R 22 e T T — AR O R DA R I (] ) 2 B A
B, SIS 25 RERWNZ AR BN 1E T8 I2 IOPR IR 61 T O faith SOH. 1 s ik fit v
BTN . SCRR[231E I 2 A 41 F 1 2 A LR, RS2 T — Pl dR S A B Y
5 KFIES; (Particle Filter, PF) k454G FllEE fith SOH. SCHR[241FH

3
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S AR S A ORI BOR R, IR A sk ik ALY PR
BRI ZHORAT R, BT SOH MR TRl .

SR AR R R FH A5 A . A DA B A A O HL R G 3 R 4 T R
FOREAY,  F DA B E b P A0 AR, TS 75 255 R R N A R 2R AL %
SRNHIEL . SCER[25]5 T B RC SGRUAERBEAY, S T — P e R /R 2 8k
B, ZEOE A RRAE P BT SOC 9AE (b, SEBL T SOH MIERAf 1. STk
[26]82 H T — P E &R R U8 HE, G BN RSt T SOC 5
SOH MEKAfliih. SEIGEE LRI, ZEIRMEIRmE T AT E, SURRC T AL T
FE. SCERR27IEEEIRZM SOC FUmf Rl b, 4 EIS 54 A BHHusi gt 17
WA, ARG R AR S 4 h B e A B BH I K/, SEBL T SOH FEZR TR . ¢
BR[28]F g4 59 (Genetic Algorithm, GA) SZiF#HH —Fr RC 25 R4 Ha g iy
IS4, AR5 RIS S 40rb (9 10 28 ZE 2 T £ Bt SOHL

LA A T B T R B I A 23 7 R AT ), L 8 v el R A i e 350
I FELAL 2R . SCHR[291K A GA SR B AL RO th B S 4, AR5 R A
Horp 5 MBS ZESCHL ALl SOH HER TGN . STHR[3017E & St —4EHifk
FRAERAE b, IR IR I A S, RS R R R R
HAL SR AN T B AR 2, B e T & ) SO R ) S 80k Tl
HEA SOH. SCRR[31JEES. T — AR PR, Il I 2 i 2y 7 2
AR T R R, AR B PR LI R R, R AR SR
FLH AT Ae i 52 SOH MR T, 1y FLids BAT 85 e (R Fouoms e o Bk T4 Ay
1 75 150 5 52 SR B M P RS RY 57 4 FE R AN s MESE IR, DT 5 800 28 ) ol
WEFERAR S BRI A TR 2

(3) JETHliE SR 5l ¥ 7532

3T Rl SRS A 7 VA TR A Bt SOH B, R 7R LR AT 70 r it P 38 1 24K
MU, R S AT TSR e 8 S SOH. IR FRAFAE, AR )5 8 I #)
KR IR S B T (R AE S SOH Z RIS G &R, A SEBL SOH [l
WL BRI B A G M 4 . AR (Gaussian Process Regression,
GPR). X #F A & 8] J4 (Support Vector Regression, SVR) LA K #H 3% [f] & #l

(Relevance Vector Machine, RVM) %,
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MG 2% & — MU S G e # I I AR PR, LR 8 AR 4 1 i 3
N 22 B AR ME S R, AR R AFAE A AR AL T B30 5 DR L S W SI0u 32 18 45 1 8
SCHRR[3218 L M & EIS H it/ NEST, SREFH AN THZEM L, @i/ ahts
SOH Z IR R &, %7758 SOH [MHER TSR — Pl Bk . SCHR[33] 8
e TR AR RIS SOH RA BUMRAHCHEN 5 AN FRFFIEAE AL RN
SR JE R FH IR A2 48 R FIA AR ALY Elman #0128 255 SOH #EAT T . S236 45 R W,
FHEE T Elman #1248 WX 28 A HAC 12 M 4% (Long Short-Term Memory, LSTM),
A B 0 TR R AR A i A

GPR A5 R 2 — b JE T DL S0 HE 22 ) B SR A2, HL AT DAAE AR A 4 B30 1)
SORMARZME R &R, IF Ha T R BE X, (ARSI REX
AR 23 BT 208 B PR 45 ) . SCHR[3413% 1 — i i T ek b 7 i RV E AL AR T
GPREAY,  DAAS[ANR B 26 N B I RS H R RERFIEAE AN, SE3L T SOH 1)
FELETIN . SCER[351%F GPR 2 ) 4B A0 Hip 7 22 o 03k AT 0 A e R Tt 441 vl
Jth SOH. SEEG4E KW, odh s 1) GPR ABAULE TUMNARS B A2 A6 RE 07 i 4045 2
RERTE

SVR HEA & —Fh LA i i1 LAtk - (A IR A Y, CAE A B /NRE AR
LRV B — R, (HaE SVR AU T4 NAFAE Y Bk 35y ANE T
AEFERFEAR ). SCHR[36] 78 /3R L T A B s i 5 SOH i FEAR G fa e
REE, SRJEHERERFIEVE Y SVR RS (R A\ SR TG SOH. SCHR[37]42H T — b
BT MOt AL (Ant Lion Optimization, ALO) M) SVR BAY, KM
PR e H R PR 3 AME BEAFAEAE AR AL RN, i — D4R T SOH 1
TaAS R o

RVM B —FhdE T DUHITHESE T AR e 28 T AR 2 o AR T e Y,
RVM R B THER R 2 ARE ISR AL, 42 R T2 H it fr) SOH T
TBSY, - STHR[39T T L I R X L R AR ARG A Dy @ REARFALE s JFilid RVM A5
SEHL T SOH HIAERA TN . SCHR[4014R H 1 — b3k W g IR AL ) RVM BT T
T SOH, S5 45 53 WZ ALY AR AT v R 5040 B S Y A 35 T v P o)
WS SCHR[A1RH 2 MR BGHAT R G, B T 2 &N (Multi-
Kernel Relevance Vector Machine, MKRVM) #5574, 7| FJ JL i ffe fb B A5 7Y
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SHEATAL, SLIREE R MKRVM B TS FE BH B4 T 5 — A% R B
RVM &AL BT 50408 SR 5 1) 77 VAN 7 S0 50 20 e vl N SRR A LB, ] BAsE
UL SOH T, AH A2 B — R ESc 4 IR AR TR X DAk 31465 v P T A 2

(4) HeT mha A i 77 ik

BT A BRI LR IBES G AN FN SOH T 775, M ve ik 5 — Tt
JHER R, P8 SOH MITIIMIASEFE . kT Rl G88 1) 77 ik £ 25 M
P, — RO AR RAR IR B 7 IR AL, 5 Rl 2 N B IR B T iR R
SCHR[42)42 T — iR AL 5 GPR BLAUAHRAR A IO TN RS, 155 R GPR #%
RO HIGRPERA I SOH HEAT T, AR J5 25 T~ GPR LAY [ Tt 2 SRt 7 45 Hisi A,
F I Z A BB R T 5 SR A SOH. 43k 2 [ 2 S M $ 2 5, x4
B ZHOHATIEIE. SR RERM, 2R & A7E B2+ SOH TllAS FE (1)
FB, #E— B BRAR TR R . SCHR43)R T — R B R & N 4k
(Convolutional Neural Network, CNN) I LSTM #H#t# ff) SOH Tl 4L, I
DA7S F I A ) R R OB R N . SEER S5 IR R, AL CNN H
SIFEBEIERFE L A, XA LSTM A7 5 ke, BRI T SOH
O TRIRG 5 o SCHR[44170) 22 B0 A28 70 AR A8 v vl AR 3R 4K il 2 7 i 9 3 DS AR
D EM 1 MRESE, RERHERENEERA Elman #1128 WX 25 73 75568 AAERSE
S EMKZE B BATIN, &J58 & o BRI TNE REAT S, G387 ER
TR SOH TH{E »

bEE 2Ll SOH fil & PN T AR AR FE, (£ SOH W b 5] N Z %k
BERATSZ R T2 BT o STHR[45 TR SCHR[46] 30K F £ 5 A0 SOH EAT I 8
TR, AR5 LA S b R A B AE AN R, AR I AR E N
AR, SR T O IR B (R ZE AR, 6 R B AR R )5 TN AT
WERIE. SCIEE R, A AR — e R LR T AR AN 2
AZ AR 55 10 1) J . SCER[47]5% ] ELM A FiAR Bt SOH, 4Rl it 2k 4,
BT PR R 22 1) A H % ELM BT (P 25 SR AT A, SEge 25 SRR W 1%
TIERESET 7 SOH HTRMIASFE . 5T Rl 88 1) 77 5 BR W AR 1 1 2 e AN [F] 93
MTTVERI R, A7 5 e B T RS 5 A ) S A
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PG, FHITRMM RIS, SRI T 4R a2 A R EE . &5, N
THHE =R E G A A TR L (Center for Advanced Life Cycle
Engineering, CALCE) A JTF (a4 i HAR(E 8, O J5 85 5 75 $2 B {8 FRERp AR A1
SOH Tl 5 &4 345

503, A AR AR BORRE SV SRR . 5 R BB b i L I R
BEBLIERESR, DA It AR T RUAR () 78 F Fr B b SR RS S it SOHL (118 RRARFAIE . 2R
J&, B FARE S SOH IR ER A B E Mo i — 38 Z I A R It . B, SR
H Pearson AH¢ R %A Spearman #H % 2 AN R 77 T 5& & VAL i e FFAiE5 SOH
Z T HIARSE M, ST SC SOH FAHE R TN B4 52 it

%43, T ALO-MKRVM B2 (£ st SOH Tillll. #5648 7 BP &
W%, SVR Al RVM BRI EEA IR . SRS, EEXT B — A% R 401 RVM AL Tt
A BEAEE DL & MKRVM A58 o 00 DL 8 (1 18] /1, R A ALO BVEX A S S 4
BEATRAL, #SL T ALO-MKRVM #%Y, ff5, FIH CALCE #4401 55 =
WHFEIF R T S50, @ X LA HTIE R T ALO-MKRVM A5 784 ()45 25 o Al
itk

05 B, BT R EuE IR 7 vk AR It SOH T, 7E ALO-MKRVM ##
R HER b, O T RERSHERR TN AR ra v A R S AR, PR
w1 SOH HITMIASRE, $RH T —FhdE T A& 2R I3 /771 SOH Tl AL . %
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RHIE F1 A] DA 240 B £ L it SOH IR AL i 35

1.1

1F
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A7t
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0.4 : : : : 0.76 : : : : :
1000 2000 3000 4000 5000 6000 2000 2050 2100 2150 2200 2250
ZEFFREETE (S LEFFRERE (S
(a) CALCE %l 4E (b) SE56 = MR E s
K] 3-6 {@ HEEFE F1 5 SOH 6 &
11 ' ! ' ' ! ! 0.98
1r " #%ﬁ* * * ]
R % 0.94 f
0.9 [
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us}
5 :
0.77 0.86 |
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0.4 : : ‘ : : : 0.78 : ‘ ‘ \
1 2 3 4 5 6 7 8 70 80 90 100 110
75 24 2 2R e AEIE MR
(a) CALCE ¥4 (b) 256 = M E s

P 3-7 fi BERSAE F2 55 SOH 16 5
Kl 3-7 2y CALCE #i4#5 42 A Sz 56 5 Il At 42 H ) f B ARFAIE F2 5 SOH 2 [H]
Frd e, MEIHRTRAE i, SOH BE 75 &1 i ih 42 V(e A3 in i 389 m, 16 B
T SOH 57 &1 & M & M AA AEEE — & M IEAROGHE, I B Sei = A0 1)
IEAHSCHER] 9 T CALCE B 86 () IEAH G . (Rlik, AT 3-7 AT %1, CALCE#(
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Y SN S50 2 A B b $EH ) FRARFAIE F2 BB AR 4 b [ Bk SOH 1B Ak a5

K 3-8 2y CALCE ik £ A0 St 2 M Bl rh 3R B (8 FRARFAE F3 5 SOH 2
IO, BT DU RS, sy & h 2k g A 5 SOH Z At 2
DL B S IE LI OC R, BEA T 2% S 00 A it 2 1 DA T R A B 8 A1 47 b e A
B AR

1.1

1t

0.9 -

= = 0.88
Qo @]
A «n
0.84
0.6
%
0.8
0.5
0.4 ‘ : ‘ 0.76 : : : : : :
0.15 0.35 0.55 0.75 0.95 22 22.5 23 23.5 24 24.5 25 25.5
AEHE ML NIEER 7 3 ih 2R 1 W T AR
(a) CALCE ¥uE £ (b) SE56 = PR E

I 3-8 fi BRI F3 5 SOH [f15% %
K 3-9 Jy CALCE %4l S A0 52 56 5 I iU s b SR BB 2 FEARF1E F4 5 SOH 2
IR L, WEIRRTLUE , BEETEFRIREUM R, SOH H LI 21 T
%, UL TR KES SOH Z [IA74E % B L (¥ Skl S 1k

1.1

1
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0.9

0.8 - 0.9

SOH
SOH

0.7 -

06l 0.85

0.5

0.8 4

0.4

0 200 400 600 800 0 200 400 600 800 1000

T e
(a) CALCE ##li 42 (b) S5 = R E

K 3-9 fi HEHHIE F4 5 SOH % £
gx b, @@ FERHIE FI~F4 5 SOH 2 [B] F A B PR 73 T A, i RERRAIE
Fi~F4 5 SOH Z A fFEE W R RLM R AR, — 2R E LU 18RRI
F1~F4 Ret IR I b fe e Hijth SOH R AL Hy
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3.3.2 E21E

AR FERFAE FI~F4 76 % B 0SB - Re a8 A 5 SOH 2 (Al A
— JE W IEAR S PR AR DG, (R AR JE O T B PR AN 1Y 5 v B AR R AR AR
F1~F4 5 SOH Z (A I AHRRR L . DRI, D7 1R L6 i FeRFAiE 55 SOH 2 [B] R AH 5%
PR, bS5 A SOH KT sh AMX S IR R THERL &, (45 I ki [H]
AP [R) 284G, 1] ik 2 ik: SOH FUlllKS FE . Fr LAA Bk i it Pearson A
Spearman AH 5% 25 E B IPAl @ BRI F1~F4 5 SOH 2 [8] (ARG FE R, B 1k 3R
TUARMERRRHE. Pearson AHOC REEHNH TELLABIR T, FHIEKHAALE
I3 MR IEZS 73 A BAREZ AN E, AR5 i E AN & [ 7 2 55
HEZRIHE, Wiy E A A s 2 AR OGRS, (B2 Pearson AH 2% & %%
T B LU UG . Pearson AHC REUTHE A, W (3-2) FioR:

0,0,

A, Cov(x,y) WAERE Xy T %: o Mo, /3Rl A% e x My FIbRHEZE.
Spearman ¢ RECRK AR BB L KN, R RS S S

IR . FHXET Pearson M5 2%, Spearman A% R EAMV AT LA L 2|2 B 2.

(] 2 VAR DG, JC W] DA 2138 B 2 (M R SR OC R o (R, Toib IR A

Pk e B A, Spearman AHIK R BN REAT AT & A HIAH IS . Spearman

MRAF AR AN, Wk (3-3) Pro:

P

5, =1- o2 (3-3)
N(N?-1)
X, d MM EERKRZE:; N ARDNRERBIEKE.

H1 IR AT %1, Pearson £ Spearman #H5¢ R £ BE AR A1 L LA ISR R
FRIAHRRE R, = I BUE R Iy L1 a R REONIE ., R
PAAS B AFAEAT IEA OGP AR RECN TUE, SR P A B A7 ARG DA ORIk
AN SRAH R R B AN B AR R T 1, 0 W AR A S kB i B SRR 5% R 8L
HIZ BRI T 0, T Ud W PI AR B O AE OSSP RS o — FBOHE 58 R 4 BRI
0.6 HLIN AW A BAFAEE BRI AR . £ 3-1 AR 3-2 73509 Pearson #
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Spearman FH 73 B 45 2R o

% 3-1 Pearson AH 43 Hrah B

2R F1 F2 F3 F4
CS2-35 0.989 0.926 0.967 -0.902
CS2-36 0.990 0.938 0.959 -0.934
CS2-37 0.974 0.944 0.980 -0.950
CS2-38 0.958 0.935 0.968 -0.946
s1 0.902 0.991 0.904 -0.990
S2 0.861 0.997 0.870 -0.991
S3 0.934 0.993 0.956 -0.987

K 3-2 Spearman AH I3 AT 45 3R

2R F1 F2 F3 F4
CS2-35 0.978 0.962 0.956 -0.980
CS2-36 0.991 0.959 0.985 -0.996
CS2-37 0.981 0.966 0.980 -0.992
CS2-38 0.954 0.984 0.959 -0.991
s1 0.747 0.997 0.783 -0.999
S2 0.733 0.998 0.736 -0.994
S3 0.848 0.996 0.857 -0.998

WRYEFR 3-1 FIL 3-2 WAL B g T . e ST = B, i ey
fiE F1~F4 5 SOH ] Pearson Ml Spearman #H5¢ R & 48 X {E 476 0.73 LA L FEH.
#£ CALCE ¥#i 4, Pearson Al Spearman HH5¢ RE 45 EIYE 0.9 LLE.
bh, AHSCPE M SE B FE S R AL FI~F4 55 SOH 2 [AIAF1E 2 53 A AT O
P, AR T SOH HIHERA T .

3.4 KRB/

AT BT 1R BN AR A SR I A SR IE AR . Gl Bl B E
P4, PAL Pearson Al Spearman #H5¢ REUE RS, WE 1 M HEIMIZITIRGES
FHOO AR (0 78 L B SR IS R T FR LI ) A G i Al . AR R
24 AU TR AR LA R AR PR TRK 4 M@ REAFAE, ) 82511 [ SOH Tl ST i
LR R .
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245 EF ALO-MKRVM BI5EE 5t SOH M

41318

AR TN A F s SOH,  AMYZER A A ek fiE 5 SOH 2 [A] BA oAl 5%
M, T HERAE MBI E . RVM B T gt 2 N T
P SOH TR, {H2H—AZ R RVM BEALEE K TN v 2 IR A
L SCEIVEA S A o) @ R, AFHiE ] MKRVM A, JF R ALO 5k
X R S H AT, ST 3E T ALO-MKRVM ({48 Fiith SOH TR
w5, A CALCE #dls 8 M SE6 =5 MK #hAT SEIR 30 0E, s 3 Ao 45
Faxt LT ALO-MKRVM B RUAH T BP &M 4%, SVR. RVM Ll MKRVM
PRI VEREDLSS s F — DR G R T 70 B8 5 S Al .

4.2 BARITINFR A
4.2.1 BP £ /4%

BP A MN%K 2 —FZ ZERiimaa g, KFEEHmANE. B EMg T E
MR, MEE K 4-1 Fros.

RE R AR

P 4-1 BP #1245 /A 45 A A 70 45 44
BP 125 [ 28 [ 36 AR i P Rl I SR N BRI 48 25 2 A0 B, B A K
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AT A o 2 T R 2 O BE BB, IR 2 3R 2 I AT R L
o TEIX—WBL, W22 URRE 82 2 ) (e B EE R s B 280, B & TR A% 22
BEARZE IRV FE P, AT S8 BP #2025 1K) 11 5 o

£ BP MM, Bagl)= & ATl (4-1) e

t=\p+l+a (4-1)

A, p AR E R Z M Z TG o 1~10 Z (8] 1B

AT S, RN ZEHE AN LA 4 4, BrUEREUZ
A2 TCAN BN 10 4, I HLRRGEUZ R4 2 00 800 sk 2505073 % F Tansig #6142
A Purelin B3, BARZRL KU1 Fros:

2

- -1 (4-2)
1+

fTansig (X)

fPureIin (X) =X (4_3)

422 Z¥mE=EMEYT

SVR 5 A 4S5} [a] YA O [ R HH L R 5 SVM AR AL, 1] 4-
2 N SVR F A1) JE BRI

wx+b="~f(x) >

4-2 SVR 5 [y R 3 ]
SVR 5 R e A [ BHI M AT FEAS 505 P oK 1 T 2 1] ) R 28 A AL Dy d
ANMEL TR R, TR 3] 5 e ~F- Th S [ A A A . SVR AR Y 5 HAth AL 48 45 1%
] AR B Xl A, H At A% G 2k (e YA RS A FE I 2RI o 1 H S PE 5 S 2
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6] () (i B AR, AR iR 72 RS, RoRIIZRTE M. SVR AL R 75 2
—EVGHENIRZE, HTIIME S B SUE Z AR ZEE R VRGN, BRI
RSN 58 L

fB% SVR BRI G {06, y) i =12, .0}, Jhrbx My, 23 BIARR S i X
W MR ST E, nFRIIGRERERREE. I SVR B[] )5 8 %
NN s

f(X) =Wep(X)+b (4-4)

A, wRBUE: () NARZPERST % b y#keb.

BT SVR B o vF—E el N i w22, W w Al b w]idsd B bR s B0 AT KA,
NN s

.10 :
nv]v,'bHEHW” +ciZ:1: L(f(x)-y,) (4-5)
X, e METIHRT: L(f(x)-y,) NPk,

T s AR E LG LG YL, IR (4-5) B (4-6), B
(4-6) MIZIRZFMH (4-7) Fios:

min R(w.b.&,67) = 2w +¢3 (& +4) (4-6)
Y, —Wep(X)-b<e+¢&
stiwep(X)+b—y <e+& 4-7)
&.& 20

X, e NETIET: e NARVFIERRHURRE.
I SIS B H R 1R (4-6) A REHE R, a0 F s

maxR(a;,a) = —2 >°(@ (@) -a,)0(x)o(x)

T @
- Zai(yi+5)+zaj(yj+5)
X, a fla AR B H %, Hi (4-8) LR AT FiR:
st 2B ~8) =0 (4-9)

0<a, a <c i=12,-,n

fER/ MU I H s, BIWTA3 5] SVR BALH [ s %, 2 Pioss:
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f(x):j(a:—ai)K(xi,x)m (4-10)

A, K(X,x) = o(x)e(x;) A SVR AL I R 4
A TR Tz Ry SVR AR B ek B, BRI 0 T B
KGaussian (Xi J Xj) = exp(_HXi - Xj HZ / 20-2) (4'1 1)

X, o NIRRT R B S AL

423 HEXEEH

RVM 25T DA SE B AR B AR 2 OIS T, 15 S 7E DU AR 48 N kAT
%, ERERBSH)E, B AREIR MR — RS, HItkaT LR
i I N 23R T AL A e

{E RVM AL, B YIZREAR TN, fdoa{t, PN 2
PEAS R, NS4 22 TR0 6 R R i

t,=y(x,)+e, (4-12)

K, e MRS oA S T, id A e, ~ N(0,0°)

a1V R 2y (X, ) H TR SRR

y(x|w) =ZN:Wik(x, X;) + W, (4-13)

A, kOGx) AZEEG wAKX) SR ARCE A&, How = (W, Wy, Wy ) s
Wy A E S K
At IR A, TN GRAEAS LR A TR R BLR RN

p(t‘w, o?) = (27[02)7% exp(—w) (4-14)
20
KA, @ ANx(N+D) k%R EGERE, Hoe Lk
D = [p(x), (%), ()T’ (4-15)
(0(Xi) :[lik(xi’xl)!k(Xi’XZ)""!k(Xi’XN)] (4'16)

N TG OR R T DU A ST S DL, BN S IR, ek wiE XN
—AEHER R AT, TR
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mm@:ﬁNWpﬂn (4-17)

A, a=(apa, - ay) IN+LEMESH N E, @S5 o FIREW B——
Xf N o
AR DU e B, AT A A BT R A S U S 56 AT R LR R A
p(w,a,0” [t) = p(w|t, 2, 6%) p(ar, 5° |t) (4-18)
RIEI0 (4-14) M (4-18), LG Ut B, Bl H w i) e %o
A, AN PR

p(t|w, o) p(w|e)
P(t

p(w‘t,a, 02) =

@,0°) (4-19)
- () 7 5] expl L[] (W}
R, S AU B WIR AR T 2R, 5 SR
Y=(c"d D+A)" (4-20)
U=020't (4-21)
X, ANHESE o, 2 o FIRIIRT FAERE .
BEIy, RVM BERSUIZRE) H AL K % pla, o t) s R . 1T
p(a,o’[t) < p(t|a,c®) p(@) p(o?) » HIRAE pla,o?[t) Bk, MR p(t|e,0%) &
Ko pt]er, o) 052 LI F

p(t|a,0?) = [ p(t|w,o?)p(w| o)dw
2 - 1 (4-22)

e (4-22) RIS E o IG5 2 o Rin T AW FECNE, W

o 1_ai2 i (4-23)
U;
2
(02)™ = ||tN—d>u|| (4-24)
N _Zi:o - 2y)

b, 2 NREITEZ TR ALt U oS N RRAUERME.
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RVM #8 f Il 2R B 2 AW is A0 (4-23) M0 (4-24) KR o™ A0
(GX)™ o i USRS, BRI S8 o M 7 22 o BRI AE 2 HI3E N
yp F Oy -

SBE X BRI NI, DUURED X I A 0 A R A o A i T s

P(L.[t, e o) = N (L. ]y, o) (4-25)

X,y AT AL, ol A%, 5 BIE IR
Y. =U o(x.) (4-26)
ol =0l + (%) LX) (4-27)

A K R — R RVM AL TN B SOH B,  [RIREIE 38 5 W% ok
BAEN RVM A (A% pR 40

4.3 ALO-MKRVM & BIpY R AR [RIE

4.3.1 WL LB LR IR

ALO HEASCHR[62]4E 2015 SEFEH ) — AR BE AL L, HRBORIET B
SR GBS I RIAT . E ALO Bk, SRATBEHLIT AE SRS AR ST I ) 4T
£, BT RIS RVEE AR RS RIS, SO RE B e 1 5
AR, SRR, SR S EEE AREBF. ALO SLIEAH
XA Re L Bk, AR B R TR BE L R ORI B
GEHA AR, W RSEEDMA BN R H LSS . ALO Fikr A
D ERAT

(1) B ILF BEALIT AE

SR FH BEATLE AE SRS A A R BE LI, e SR s

X(t) = [0,cumsum(2m(tl) —1),cumsum(2m(t,) —1),---,cumsum(2m(t,) —1)] (4-28)
A, cumsum ABENLIEE R B n B AGEMRRE: m(t) JBEHLIEE &
H, HoE SR pos

m(t)={1 if rand >0.5 (4-29)

0 if rand <0.5
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A, rand N[0,1] W2 o AT BRI LEL -
I, O 7 ORUE S SCAE B BL Y E 1A T 46 25 DR 2 4 S 25 T A, o 5
(4-28) SISO B HEAT 7 — AR AR EE, e LUk R

wi = Ki—a)x(di-c) (4-30)

| (d; —a) '
Ao, dATC 2 RS | AR LRSS ¢ ORI 1 B OR B AN B /ME s a A d, 433l
N AR B B A ) e/ ME AT B K AH
(2) B N U Fea B
LA IS N WOWRE B I, A IR B AL A 25 52 2R BE R sa e, R O el i
HIBEHLIE & BT E L, Wi T s
{c} = Antlion| +c'

(4-31)
d; = Antlion| +d"

A, Antlion| 55 j ANBORTESS t VORI ORI E s o Al d" 29 IR 5 Rk
PRI TR N i 70 8 11 e /M R o KA
(3) WU N BB A
WSO N B B, SR AL AE S DR, AT (4-32) AE (4-33)
IR AEAT E L
. CT

107 (4-32)
. dT

10"t

2,t>0.1T

3,t>0.5T

w=<4,t>0.75T (4-33)
51t>0.9T

6,t >0.95T

A, AT 23050 AT E AR B e RIS AR EG wie B AT T 9 1 2
(4 SO e w3 7 2 53 g o
WO AR I I 2 Je, WO E O B S B e SRS i o, g
XU Frs
Antlion; = Ant; if f(Ant}) > f (Antlion}) (4-34)
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A, Anti N E C UGEARR B i AN O A2 E s f (Ant) A1 f (Antlion) 2353 98X
AT 13 7 P R 5o

(5) FeHe s

TEAETE AP 3RAG SR U0 AR B WO A Y R RE SO o BRI, S5 B 3%
RS SE AN 208 B LI PECIR ISR o WA B ) B A X R P

t t
Antt = RatRe (4-35)

A, Ry A Re 43 T A 3 ¢ IR AN 6 58 AL a2 36 50 £ oz 8 AT s B AL
DK

4.3.2 MKRVM #& 5!

MKRVM #78j& RVM #ERH—Fh e, HAZ O AR RVM RERL o 1 5
— LR BN 2 LRI A S, TGS AR RS, B0
PR TN M BRI, RVM SR R s BRI A IR 2, AR TR
DL YRR A BT E . NS48 LR WA iR 4

(1) Mz R

LRVEAZ R B B (T SR — FPAZ R AL, B AR ISR AT Hh AR N i i
R VW) B 3o B P RN D R o ERAR LR M AK R HORT T 4 ) R ) L
AR FRIBRETT, AR FAE DAAERA 208 TR 2 BOAR 2Rk 1o ) 0000 o e 1k % o
HRis, Wl (4-36) Fis:

K Linear (X1 X;) = X! X (4-36)

(2) Sigmoid ¥% ik %

Sigmoid #% iR /& —Fh ML B I AR LR I A BRI, G ET DU fan N AR A
Sigmoid Z¥[d] 7. 7ESZPRM A H, % Sigmoid K%k &k L YEE v [0,1], Hria
FEIA IR BB E . Sigmoid &% pREHIFRIA X, a1zl (4-37) Fros:

Ksignioa (X, X;) = tanh(a*x} *x;) (4-37)

A, ay Sigmoid & REINIZ S L.
(3) i ek 5
e A% R B — MR A% BRI, FL T DA R 4 B B AR e M AR AL T i SR R
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fiEe I Hmy iz ek Bom s T HoAlz ek K, R AR 2 A 2 Homl nT R 4 1
THEE AR VEREARR I, U2 R T 5 P s A . 5
Wiz g RBE A (4-11) .

(4) hEhr iz ek 2

SOASEUR Y Sk O N ok o8 = S LN R T TSR L WS R E R Y RS R GO L
FELetE ). h Tz R B R IA R, Wl (4-38) FR:

KLaplacian (Xi ! Xj) = exp(_HXi - Xj H / 5) (4-3 8)

A, 5 AR R RS2

(5) Z It R 3L

LA R B RIS, HRAESHRE, MRS RERE.
sbah, BEE 2 DR G, RANH R RS REN M. 20 R RS
X, W (4-39) FioR:

Keay (%, X;) = (8X *x; +C)° (4-39)

A, a. cHld AZ X REIIZ S

£ RVM B8 e, i 0 bR R A AR I AR R L T 68 0, IR ReERf i 2 2
FELR M T o 1) SR FAREAE R AR LAV LA o AH R e B s B A R
NG DA N S BUBUR R i S5 W . Sigmiod 1% BRI 4 R B, mT DUA AR Rh
e ST A% R B4 R I AN SR AR 1) Ry R A R A BT B e A B T i pR
HIAR A, IF HARXY T ez ek B, S RO A SIS B S R . [
b, AEM Iz hE R T R L L Sigmiod % BREUHEAT AN AL A
A GZREL B RVM BRI — A% e 8, TS MKRVM B8, DL
i B % 4 1 1 08 4 F ot SOH AUIB Ak 38, i3F — 20 48 iy B B 0 TU 00K /2
MKRVM A 1 55 Sz B RIE R, Wl (4-40) Fos:

Kenel = ﬂlKGaussian (Xi ’ Xj ) + /12 KLaplacian (Xi ’ Xj) + ;iaKSigmiod (Xi ' Xi) (4-40)
R, A RN 3 MRS ESS, HA+4+4=1.
4.3.3 ALO-MKRVM & FFUMRFE

£ ALO-MKRVM # A, DU AR F1~F4 /E %N, #EeEith SOH /F A
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frti, SR MKRVM #8855 SOH #EATHN . [FImF, Jy#t—24 & SOH BTl
K&, RH ALO HiEX MKRVM M b S50k ATk . £ ALO ik, DA
SOH FL S AN TNME 2 [/ #9395 MR 1% % (Root Mean Square Error, RMSE) 1EA
&N FERREL, W TR

N
fomse = iZ(Titure -T pre)2 (4-41)
N 3
A, NORNGRERARLE: T FT 3R IRIEH SOH [ SHE AT
IHE.

K 4-3 9T ALO-MKRVM [r41 Fa it SOH TR AL R AL 1, oy fe = 52

Lz 3
i SRt RS I
| ALOBH DA | HRRULE | A
| |
| Lol |
| FERE AR li - ! / |
| WO B o BRI fe AT i
| ¢ | |
| B ii v |
| ! %% R QiESEZANT |
| |
[EFN ) T ey scan N y | ¥
R U kg |
| R R |
|
| TS T b .
: : : \ 4 :
| | | U”é}?ALO' |
i A B | LMKRVME |
| v | |
| TR ) ) |
| ENEE | s i
: L |
| B |
| L ; ALO-MKRVM |
| :: SOH Fit e WA |
| o |

—— e e e ——

[ 4-3 3£ T ALO-MKRVM [fJ48 Hith SOH TS 7Y i 2 ]
AR BUETUEEE . R AR FIE B EEATE A, W RIZ TR
FEOR R ) 78 Py B PR SR 3 & b i SRR (B AE F1~F4. SRS, e ity
Pl 73 RN RN Ak
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AUR 2. g% ALO-MKRVM 8¢, B 58 DLYIZRER (R {g FRRFIE F1~F4 1E %
N, AR SOH 1A%, KA MKRVM B 7 @ BEFE F1~F4 5 SOH 1)
BRI K FR, SRIGFIH ALO BEX MKRVM AR o (S HGHAT Ak, T 58 R
ALO-MKRVM #5841yl 25

AYR 3. HEEIBA) SOH T . KM A 4 A\ ZIUI 252 1) ALO-MKRVM A
W, 193] SOH T .

4.4 SEIGUGUE R S Hfr

441 RESHILE

£ ALO-MKRVM # R, ALO 5y PL SOH B SAE A1 Ti{E 2 18] ) RMSE
VERE N R [FIN, ALO-MKRVM #84 ob (1 S 50i% B n R0, did s R i g
RN 30, BOIERREBEN 15, S804 A4, ALK ER BRI ALY,
R TR % ~[0,0,0] .

4.4.2 MEREVIIN FEFTR

N T TR PP R (e, AR Z G| N F4e%5 iR 2 (Mean Absolute
Error, MAE). RMSE. PLJik5E 2% (Coefficient of determination, R?) 3 4>
PEFERR, BEAAFKIARWT:

N
Z‘yl _ yireal
MAE = i=1 (4_42)
. 1\2
J Dy -y (4-43)
RMSE =4[22+ ———
N
N 1\2
Z(yi - yiIrea )
R*=1-—"=2 (4-44)

Z (yaverage - yireal )2
i=1
A, N OTRRAEREA GG VR Y™ AR5 | IEFR SO [ T30 i A L 552
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'fE, yaverage ﬁfmﬂiﬁ% SOH Eiﬁﬁ'ﬂ?ﬁ]ﬁo
3 VEA FE A o MAE A1 RMSE (B AR/, 02 BBCAL i 50 PE e bk i s R
HMEBZAT T 1, SR B T 28 5 SERR Y SOH H £ 9Dl 2 LBk 4

443 50%INEGEREERSE R

A EF 5y AR CALCE i 82 /525 % A s v ALO-MKRVM #8347
SCIRIGE T, IR MAE. RMSE #1 R? 3 MEM #5455 BP#IZ M4 . SVR.
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