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A multifunctional enzyme is a special type of enzyme that catalyzes a variety of basic
chemical reactions. Studies have shown that multifunctional enzymes can catalyze different
chemical reactions in different forms, which makes the research value and application value
of multifunctional enzymes higher than that of ordinary single-function enzymes. Traditional
methods of enzyme function research mostly use biological experimental techniques such as
enzyme analysis. For the classification of multifunctional enzymes and the function
determination of the rapidly increasing number of new enzymes, biotechnology-based
methods are time-consuming and expensive. In order to cope with the above challenges,
computational methods such as machine learning have been attempted to deal with the
problem of enzyme function classification in recent years. The multifunctional enzyme
prediction problem is essentially a multi-label learning problem. At present, some
classification and prediction methods of multifunctional enzymes based on machine learning
have been proposed. Although the existing classification and prediction methods of
multifunctional enzymes have shown certain effectiveness, there are still two important
challenges as follows. On the one hand, almost all of the existing methods only consider the
sequence features of the enzyme, and do not make full use of the label features of the class.
On the other hand, most of the existing methods for predicting multifunctional enzymes only
consider the prediction of the major classes of multifunctional enzymes, but fail to achieve the
prediction of the complete EC coding of the multifunctional enzymes. In response to the
above challenges, this paper conducts an in-depth study and proposes two novel
multifunctional enzyme classification prediction models. Specifically, the main work of this
paper can be summarized as follows:

(1) In order to make full use of the label semantic features of enzyme categories and
fully predict the complete EC code of multifunctional enzymes, a multi-view deep learning
multifunctional enzyme prediction method mIDGCnet (Multi-label Deep learning GCN-CNN
net) combining sequence and multi-label embedding information was proposed. The method
introduces multi-view learning, multi-label learning mechanism and graph convolutional deep
learning network structure, and constructs multi-view feature set by extracting sequence
correlation features and sequence independent features of enzyme sequences. At the same
time, the graph convolutional network is used to extract the deep features of the enzyme
classification label information, and it is used to guide the multi-view learning process.
Finally, the multi-label classifier was used to classify and predict the multifunctional enzymes.
Compared with most of the existing classification and prediction methods of multifunctional
enzymes based on deep learning, the proposed method has a certain improvement in the
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prediction performance of EC codes of each layer of multifunctional enzymes.

(2) Although the above multifunctional enzyme classification prediction method
mlDGCnet has achieved good prediction performance, it only learns the local features of the
enzyme sequence when extracting features of the enzyme sequence. Since the function of a
protein is usually closely related to its global structure, it is difficult to obtain effective global
structural and functional information of an enzyme by only using local sequence features. In
addition, the distribution of local features of enzyme sequences may be affected by the
changes in enzyme structure, that is, the changes in enzyme structure may lead to different
distribution of local features, making it difficult to accurately classify enzyme functions only
relying on local features. To this end, based on the mIDGCnet method proposed in this paper,
the CNN-BiLSTM module used for sequence deep feature extraction in mlIDGCnet is
improved, and a multi-view deep learning multifunctional enzyme classification and
prediction method mICBiGCnet is proposed by fusing local and global sequence features. In
the sequence feature extraction part of the method, a CNN-BiGRUs hybrid network with
multi-head attention mechanism is used to extract the deep local features and deep global
features of the sequence, so as to better capture the overall structural information of
multifunctional enzyme sequences. Thus, the prediction performance of the model is further
improved to a certain extent. The experimental results show that compared with the
mlDGCnet method in the last work, the prediction performance of mlCBiGCnet at each layer
of EC encoding is greatly improved.

Keywords : Multifunctional enzyme classification, multi-view deep feature learning,

multi-label information assisted feature learning, multi-label classification, global and local

features
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In: RIRRFAE R REXS B D RE > 2 AR A, R ERRFAE AT R S SR I D RE 2 R TE R M
R, Pl A AR T AN FIBE T AL, X EERHIE AT RE 0 0 I AR IR, B
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Yo =

B R
R . T4 RRHIEAR LE T R 3B, vT DA 35 BN 2 T IS5 015 ., s
FBARI N . SRR EAEHSE, B AR EA 52 & AT A0 R 3R s, 2
A ST H BT SEE . IR 15 B AE ] CNN A BiGRU HRHITR A PI2%, X HLA
AR AT AR HEL,  [FB 256 )R R ESE T IR B AR AR R, BTy B B
(T A A R B g P YL M 2 ol Ik SIS B, 8RBT B CNN AT BiGRU 4H i ()8
A 25 B 5133047 4 SR R AE A R S R AE IR PE R AE Fh B, fE S A LL T 28 — AN ik
MAREAL AT 7 S A R R R T R, RN AE 40 28 TR b B T ik — B e Tt

1.4 WXHLRGEW

ARG

S FBONASNZE R, EEEIR 1 2 DIRERE o S K T SR L, F
AT AR TOT A, [ A AR FURE AT T A LK A B A T RRCR T
CARCHER T ) o B MR T AR SO M E RN, fEARR)E, £ CH
LG5 .

5 EONASCIEIR SRR ), B T AR ST N A AR ER BRI R S A
B, BEARCHIFTENE, HERA 13 TIREE S ST H AR PR ERSENE AR S BOR S5 B,
REEFARBIE: FFIEE S, HEkk, BapIRE T

5= TR R A PR AT 2 bR S IR NG BB 2 A TR 52 21 2 T e g T
W7, EEAT TRNZIEU T U5 g : 1) FEHESE, 2) 20M06
FRAEREOREEE, 3) ZAMURBERAE I N 255, 4) SKIRFR TS, 5) 4R, e
FERT AT NN

55 VU B AR SCHIT St 1R R 45 J) 1 R 42 R SRS AR 22 22 AL AR R 5 2 ST 5 1) 22 T RE A
PRWNTT S, EEAE TXZIEL TV VE R 1D FIEAESE, 20 2
iR ER R RO ER, 30 AL A RAFAE I 2, 4) SRERHTTT, 5D SR,
AN AR BN NN .

RN ARSI R B A, WA SO T AR AT T s, R AR
PR ST 00 R DL AFAE (R R IR, 5 Ja 3 AR (T T 07 R0 A A SE00F 72 A 30T 1 e B



O E ARG B AL o 2] SR A R

F_E HXEVEEEMIEE I EHEIREMM

2.1 5|

R A% G B 0 S TR AT Bl Th RE RO RE , R HILa 7 21 J7 i N BB D) RE 7 28
R AR5t 2 TR D RE 70 2R TARMIRCR . Ik, ARERSAEIE FIVR 52 >t AT 2
ThREME 7> AT 55 TR RO AE SR AE MG B e LGS 27 ST SR B HEAT B ik . 22 A4 T
Z DIfe R RE 70 B A G AE MG B R JEA, b a3 1 B ThRE 7 25K EC Wi, £
THREBE 7 51 R LM R IR 7 SR AIE DA S 2 ThRERE 17 51 (M 45 MU RF ik 2.3 54 7 AHRHL
TEABART L, s TIRESE TR SRR I BRM B IR0 IR

2.2 MRAEYE B EE I

2.2.1 EEThEE 2K EC 4T

EC % i & —F0 F T 70 B i U 2 79 2K80%, @O “BEZ& A %19 (Enzyme
Commission Number) 817, 1% 2t i [ friif %25 i1 2% (International Union of Biochemistry
and Molecular Biology) 37, FfHHEH,

EC 9wt i DU E 2R, B TR Bl R Ab S N R R BRI A5 o DY AN 38020 AR
KT BEAE > RAR AR A O B A AC S B AN R DT T, AR 2-1 B, 3B — N ROR
ARV RAL, A3 T 7 AR

R 2-1 EC it 2f — AUy R & X

22 R JEL AR EC 44
H—g) FAIE R EE Oxidoreductases 1.x.X.X
%G B Transferases 2.X.X.X
=2 IK ARG Hydrolases 3.X.X.X
Y e =N Lyases 4.X.X.X
5 H ) SR TSN Isomerases 5.X.X.X
FESEH =S Ligases 6.X.X.X
HE-Lg LA Translocases 7.X.X.X

5 AT R ORBEAE R E AR T T TR, T T A e T R A PR EL AR S R T
— M 1 U ES S, Bl EC 1.1xx: FHAEIREEH, ARSI A NAD B
NADP (it Jf je8i; EC 2.1.x.x: FeRe B, MM —FE 1) F) — A3 B A S i
B AT RORBEE R B AL T 2R R IR, FRE 1 FFsES S, Bl B
FKEMNICZRGH ¥ NADP)H i Sl T 28 /N, SIS NRoR A, @ e
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O E ARG B AL o 2] SR A R
—ANRBEME R TSR (A, B DU R th T DUROR H R B0 W I A4 R B
o
EC 2w 2B DI RE 7 FEAIARHEAL IR 22, T TSR B 1R A0 S ML PR R S ANAFALE , 7 fE
WEFN RBEAT B 7 AR 7T, 8T EC Wi RS, WL BER)ThREREAT =3, HERY
SR, ARG DR N ] SRt 1 B A

2.2.2 ZIREMFSI IR RERF 5L

By SUA R EREE AR, AEEARFPIIN— RETHRHAE T, R 7 SR IE 2
RN FEANEL L) — 2819 301, R IR M R R A B, BRI AR — Ml
RrIIGE, XL BEAN R AL A B R E 1 R IR I AEA R, IR AE T 8 IR 25
tRThRE. fEBRF A, SIEIRAISRAL, M. Iy SRR IE & BRI BB I 45 F A 2
BEo WK 2-2 flo, GZERAT 20 RSB R, 2RI A1 Rp AL ) DAL 22 Fh 7
&R, BEHRA TR SRR, Pl ACRNEIRS . BRItz s, ien] DUE
M =5 B4 5 sl 4 5 T RN R IR . B 1T &R IR, e e A e 4 R ik
GNP IR EEL N . — L8P 8 P R R IR AR — S B R e B D RE AN 7 51 5K,
BlanfE Sk, PR XIS R . thAh, REIIE 5% ARG, = AR H
2 (A Cv G T/U) UK —HBPHNEL T, EAmIY T AR R EIER. ZIERE
M7 IIAFHE T GE TR AR IR P PSR, WGE 1R BB IRE .

R 2-2 MR N 4 S AL Y T

AR =R | et Xof N 2 R -
HZE (Alanine) Ala A GCU. GCC. GCA. GCG
=R (Arginine) Arg R CGU. CGC. CGA. CGG. AGA. AGG
KATEHZ (Asparagine) Asn N AAU. AAC
REARIR (Asparticacid) Asp D GAU. GAC
B (Cysteine) Cys C UGU. UGC
B &% (Glutamine) Gln Q CAA. CAG
B (Glutamicacid) Glu E GAA. GAG
H%# (Glycine) Gly G GGU. GGC. GGA. GGG
HE W (Histidine) His H CAU. CAC
&R (Isoleucine) Ile I AUU. AUC. AUA
EIR (Leucine) Leu L UUA. UUG. CUU. CUC. CUA. CUG
#iZEZ (Lysine) Lys K | AAA. AAG
iRz (Methionine) Met M AUG
KN E B (Phenylalanine ) Phe F UUU. UuC
iR (Proline) Pro P CCU. CCC. CCA. CCG
223 /R (Serine) Ser S UCU. UCC. UCA. UCG. AUG. AUC




O E ARG B AL o 2] SR A R

AR (Threonine) Thr T ACU. ACC. ACA. ACG
B& MR (Tryptophan) Trp W UGG

&R (Tyrosine) Tyr Y UAU. UAC

R (Valine) Val V | GUG. GUC. GUA. GUG

2.2.3 ZIREBEFF S KIS HFAE

PSSM (Position-Specific Scoring Matrix, A7 B¢ HikE) PR THidEA
T HN G R B — P 715 . PSSM FFERS @ N Z P FI EE A i HE A 21, HA T 2
I G AN [F) B R AR R AL B LR, IRJE I IR SR A A il — MUE T R . %
HERRN TR AR THE-NEENME F, — M e 2R N IR EER 5 75N
PR HPLZ R B R LA, RISz B E XA R R R 1 1k

AV H, PSSM RHIEH H TR & B 57 S R SF A 2 881« 6 T ORsF M
5, PSSM RHIERT DL KT t 5 53 P 51 0 DR ST S AN Th e ds, DA K PR A o7 i 45 E B2 IX
o XTZAMEM S, PSSM RHIER] LA SR I 515 21 38 e XA Mg /K X 48, AN
&7~ 8 E BT F I G Dy gede . PSSM RHAIE BE W 4& 44 5¢ T~ 85 1 B 1 (1) 45 A4 A1 1)
REfE S, N T2 ERARFISIRAES nEE RSN, &85 aeE R o286
&) HEAHEENAEY R L.

5 D REIER 48 B R E DI REI B B B A5 M3, JEHS 2 ERAE DR ST I R B IR 7 7|
AR B PRI A S RN B BT SEI, T2 i AR E B S R e
B o IX LT REIRAE AN R 1 2 o1 b A] RE R AL PR AN ), R EAFE I AR
B — s ORI, SRR AR A B B BT D RE AT DL R R B 5T S R R T
REfS Bt B Z AL R . B E DI RELRT DL B 3RATT 7 A B S5 M AT Th e .l B
[ R B BEAT D REIR AR A 204, AT RA T AR B B S A D) REAS 8, AT T 25
JRI G AT RE . Ak, DhReI M2 8 B i A R A BT, ) TR 7 B 1 o kAL ok
RKRMARGK T HA EEZ X DIREEGE 5 8 F 8 B 507 51 B A1 T fe o ZR ) SR AR Y
(HMM) 177337 AN E R . Forb, Pfam 0dE 22 & — AN 2 A% M D Re 3 s /2,
BEES T RECHPEA I EEE HMM B, BT DA -1 2 3 5 i D e

2.3 MRHIERE I BARE R F

2.3.1 REEIHEAR

VRIS 10— PLaR 2 2] 7 ik, A% O AR Sl I #3222 J2 4 40 I 488 SRl A N 508
BEAT S SN . ARG RINLAR 52 S T iRAR B, TR EE 52 >0 W DL B Shith W JE a6 8 h 3R X
AN SR J2 IR S G ARFAE AT S0 SE AR A e R A R I RN HE R . ] DA
SRAAE R R 2% (VA AR A AN S [l o PR 2 SRR R A 2 e M4 2, X R
A SNSRI R IR IRHAER R, JFRT B2 [BIH L JRIEEAE ST EHEAT T
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S E MOCEE B AR AIRLAE 2 5] SRk iR

RIE 2] FEAFELLT U TR e Mg Bt S8 EE, B
PGS . FEM A ST J7 T, IR EE 5 ) n] DUE 3 hntp 22 I 28 1 )= 80, 3
sz o EcE . oo R S 7 JORE MR R I SRR RE I ANZALRE T o AERR TR
AR TTT, VR S A] DLl 22 EGUE. 1EM4k . Dropout 5 AR KB b i #l & Fnfe
Az AL RE

TR E 2R 2] 4 A AL G T R AN ML (Perceptron) 58591 Z 2 &AMl (Multi-layer
Perceptron, MLP) (601 FFIHZE k4% (Convolutional Neural Network, CNN) [0l 531
fiz2 2% (Recurrent Neural Network, RNN) 2RI gl X /%% (Generative Adversarial
Network, GAN) 31, Horb, GNP i M NSRBI 2 —, FRARR =05 2K
o MLP i 2 AN EFIALE H P2 I 2 AR, AT DU e BN 52 2% ) 3 SRR [ 1 i) 7R
CNNHEIERE MW ZEFEEE, TRUA oA EG . WS —4E5ds . RNN A Lk
ME B, oA, WSS, EIRIZE R EMEE . GAN HAERS
FU 1) 25 P 23 2R, PT AR AE OB FLH EHR . S0, SUARSEEUR

2.3.2.1 KEICZM% LSTM

T LSTM, H45H K 2-1 B, LSTM SRR T T3pUH RS2l 15 (s Bk, Bl e
YTELEATT I S EAFAE AP TG FIAOAE BT AR B . BB, e E K 5 3 Hidf
BENS B U MO CRFFEBA BE (5 S JF R b FE Y 2R ) . Bk, 5/ RNN A LE, LSTM
FINT ZANT GRS BT TR D Sk hlE Bzl .

Cy— [ ] r ] c
-1 2 i )t

Ot

o o L::anh g
i 1\ A 1\ A 1\ A 1\ A ;lt

Xt
K 2-1 KEHCAZ 4 25 4.
THRAATTHE .
it =G(Vin’xt+Whiht—l+bi) (21)
Her, w_Fw, aalRRA x, ~ B— NN EDD R A FIRERRE, 5 A RED; o 2
Sigmoid F%L, F TR AEBL 2] 0 F1 1 2 18] IR .
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O E ARG B AL o 2] SR A R

T RETIE

fo=c(W,x +W,h_+b,) (2.2)
o, W, RO, A BRI x, AN G A, BRI, b, ol E

EHHOIL BT ¢,

¢, = fie, +ic, (2.3)
¢, = tanh (W, x, + W, h_ +b,) (2.4)
He, w _Rw, mrlEiA x « §5i—E a2 E A WACERERE, b, AWEIT, tanh
SN IE Y R
T o, -
0,=0 (me, +W, h_ +b, ) (2.5)

Hrp, w AW, sy AR x, « FT NI TR S A, BOBCERERE, b, i B

iyt =2 S T 20 B BB A
h, = o, tanh(c,) (2.6)

LSTM T AR ] LUHER Ay 3N 1] 7, el i\ x, RIBSTRORAS | it A 7R(2.2)
Fr AT BN, BB A RQ.3) B B A T TR AR A (4
FEFBETT, PAZ IR, FIRE S AMEE, IR fo KM, P
e ERARGIWE L =0, WErc, WHEBBELBS: #1=1, AW,
A 1 BN 2 AR AL ¢, o, ST WA A8, B fe, T ER L e, o
TEHOS BB B, IR 2 SR BT B ¢, T R o, NI, A9 LSTM
P TEIIR RS, AN TTIIBATORAS . 4 AT B\ L 4T S TR A e T I
BATRR S (L

2.3.2.2 RS

HEREJIMLE] (Attention Mechanism) 104132 —FRAEJR EE 2% 2] 4k 2 M IEEAR, &
AR S SR AE TR AN Bl B g, el 2-2 PR M TR G AR
WAL TTVE, FEREJINUEIEINR SRS, Re% 3 30 > 2 AN HER e E B 1
R AIHLR BRI N T RS 5 AR B4R, DL B Y 2 SR E S M H AR TR S
AR IR R o JaoR, VERIHLRZEEBE 51 NS H Al e, it AL S 75 &R
Al HEE RS, B TIREFRRCR .. TR E 2 AR, XT8N, 47T
HAFRIBE, DUEBIA S A2 ot 7 BE IS S BAfckud, Bl o155 5
M ANEEW (Query) ZIAIRFBIER R — Do Em &, R )58 A S softmax pF%K
o, REEARE R AR &, AR AN R ) A E IR A, 43

11



BB ARG B A NLES & ST SRR AR
PV SJICE (Attention Pooling) 7K.

2-2 JER TINS5

HOLIREE AU S T A RIE R I 2 kEE /5. Hod, BIER
J1R % FE AR SN RIARLRE i XU R 0 U [ =% 18 2 ) A A\ 22 T AR ELAE
ED L= WAlIIPrT e =L IN IET) x| EgpscRiiF 2 ae 1PNl EIPYNG SR S8E LK B AN €T
TR RHRFIE . VER LR N VS E AR T2, L AL & RS 1B
FWOL BGOSR, HERE ARG, B, RG2S, W UUETER LR R G
TEE A B Iy, AN Tl R AN B gt AT A . AESERE R GTH, AT DU RTE
B AIPUEAREARE RH P G s R R E I, DS A I R

ERINE R 2 =P8R tFEIER B, THEINBU A [ A f 2 T .
S, W ER A RN E ) EAEAS BT A . XA PLEE
BN A PR B APV 2], 2RERAR U AL IS 2] Softmax s+, 1526
BRI E . 5 DR R A R, X ] DOE R AR 2 B R B A
e LUK R A B IE R UL, IR R A SR BUIINAS 2. fJa— b s R AU A
7] A 38 28] e 24 T 2 R AT HH B R TN 5 3 o I U 1 = K 28 R AR
BRI ATF U EARCLEE . ER AT o o HHEINBCTE), Attention JZ TR AT

0, =s(h,b) 2.7)

exp(s (b))

a, =softmax (0, ) =— (2.8)
2 exp(s(h.b))
=
Attention = Zn:aihi (2.9)

i=1
Hrh O, AFER B, s()RER ST/ RH, SRJE0 O, 18 Softmax B #UIEAT 4L
fEF, USASRNER /10 Ma, RIS BLEATIH A0 &8 TR 10 AioXt b, it

12



HE MKAEME B AN 5 ) FEA AR

ATIIRCGRF . 73 73068 P A BEAR R BT PR AN RFIE S BRI SR B B ), PR e A\ 21—
> RELU i 1) & 17 2 th AT 4 e
2.3.2 ZMAREFEIHEAR

AN AR JE 2 S 16570 —Fofr b P AN [F) AL A B4 R BEAT 2 S R SRR IR B 5 2 T
TEAEGEHIIR L 7= >0, 388 A A — A el LA AR E s AN BEAT VIR AN T o 1717 25 40 A R
JE 2 S WA 2 R AEAL A, WS RGB JEIE . 75 3 RIS AN S S AN [F A0 A, 3
ATINZRAITI, DABR S B A it R Az AL RE T . FEAEMIE B, MR Y 2]l
Iz BT 2 PAESS, i B S A TN . HR EJ Dh RE RN R 2 PR SRk T A . il
TEER H A M TRIAE S5, MR ) AT LUEI A R B BP9 #E0E B =%
SERE BB PR EL AR, DA e G A T O HE R PR A S

ERE A, SMAREFI TEAEWDN T HREAR: — &2 B R ERE
(Multilevel Feature Fusion), J#id A[F] 1200 2 A AT RAERLS, 7T LA AN ]
HIAFEE MG S, S B Y B B i I A2 AL e ) — R 24155 > (Multi-Task Learning!”"
72D, LRI X 2 AN RATE S R R ERHIE, S s AR Y ) RCR AT AER I . P [EI

2% (Co-Training) ">74, Z1%52>] (Multi-Kernel Learning) SIPL & 7750 %% 2] (Subspace
s
~J o

Learning) (7]

FEZ AR 7 RS, BALA AT LB 0 — R IE R R, m] R AN R 7
EORFERG, Hhn CNNL LSTMUZ P8ISR RN, SR J i el fil 5 1 e AN [R] ()R A R s SR 3R 15 5
EHEEE . ZUARE 7 I EAREHE A LT JUF e 37 1

1D BB KA A RRER RIS &, TEA— BRI ER &, 2
Je I 4 IR R AT 7 SR BT

2) JFERBIAY: R AR A R ER R 70 i AN BN [ AR e M g o, R AR A
287 M FEBCRAAE FFBEAT 70 BB, 5 Je ke % B G R T H S 13 B i A 45 R .

3) SRR AN [R] R 22 I 2 AR ) I SR B % E TR S R, SRR R X
25 AT AL A SR A B B A TN 45 2R

233 TREFEHAR

2RIy IR0 BE — Rl S HOR, HI A BAA 2 s . 5%
G RARZE P FAEF AN, AR FAL S BRI EIE 552 MR K. £2
PREE I IS, B AT R > ST . BRSO A o SR, Rk
AR EIIMBE DR AAAEBR R o TRl /v LA 204528, 228
we it B FIN I ZR. X e REE T IO 2R, WAl LRI I 2k &) 2 A28 K5 IE
BB TR BT ZE T AN DU 5 36T SCRF BN T A 2 TR
RITIRSE e, BT MK T, N2 2 BRIPL (MLP) A ARARZE [ 2% (CNND,
CAE L IR RAE S5 RIS T IRGF IR

ML-KNN s& R d: T k UT ARSI 2 A28 70 IS0, B 32 2 8 AR R AR AU

H
e
R TMEEMARZE ) 70 4R o ML-KNN 2 — Rk TSl i) 52 50 53, @l A I Zhek
13



O E ARG B AL o 2] SR A R
HH R S SRO BT A S EAT 70 2K . ML-KNN AR 0 2 i s 5 TS Bl JF Bl BLf
ROAL BRI 2 br2e 2R . B8, BT e R Fse Bk, s
YE AN dERG g AE 58, HLVERE R BE 2 32 BT . ML-KNN SARAY () AR R

D BAEHALHE: T 2R HIEEE, B eI BIR AT UL E, RSB
PREERA Oy Rt R R . BN, WRA 5 ARSE, MRS SLp AR ER A 5 A
TeE, HPEEANTCRRRIZ LSRR T X NAREE .

2) WFEARLE : TR L], EHEEER (PR LEREE. 2
MR B4 THEZSER 5 N 2B BT S2A9] AL EE A5 27

3) RE AT EE RIS BOE AR R HOE K, B HCS A T S 451 B AR AL K A 545

PENRRJE o
4) BREETN TR TN SER], T8I k AR JE RS ) E T R AR AR

5) BMEGCOE: R EE, P DA AR A I TR 45 SR A A AR . A5
AR BE® RN 0.5, WA RFEAARE KRR T T 0.5, PR 7 Bl 45 15 T
IS5 o

Binary Relevance (BR)s& — M W ZHR2E 753715, ¥ 2 R85 K A
AL o R, A o KA T A — MRS R S AFE . BR EAEE R
FRE MR BEAE ML e RAE 5%, DRI AT DU SRAR 25 40 s SR itk Al @, /£ BR
o T REAMRES, G o KA, 2 REMRIER AR, A LS IR
Rk, XRIERIZEATE T H0in%s, ARNER R IZEAANE T HaThr%E . £
BB A RIREARR AR A oo K, B Rk [l — A o0 4G
R, BRZHARGET AR . &%, BIE RSN REIE, 3 MR2H
T as . BAkhh, BRIIIZRER N MREAR, M DMFRE, XN T DMREARTRHE, »H
EFEARN LR I R R e TR, NE—D0RaE f(x), HhxN
BIANWRHERIE, f,(x0) BN = n R Ry, , B SHEARR BB TR 7KEE
o3 KA AT LU AR BARR 2570 2845, WSHF AL (SVMD. B8 [HIH (LR). FhE N
-3 (NB) BU83ISE . FEMNART B, o TRARIREA x , A Zun ke f,(x), 19
SIFFA PRI TG R 5 B HTIERA T = 0P ) -

BR WL R TR G E . 5 TSI, A Dl AR AR25 o0 2688, & T R2H
ZHRZES R . Hag, BR ZBE T ARIFREEZ BRI, PRt RT BeJoid 78 0 M H br
ZrZ AR ORTEAS B AL, BR AT REARAE R AIANTHE (1) 1) B, B SEECFRAE M) IE A A
EEBIEE AP, X A] B8 B RARAE X LOPRAE E IR IAE

Classifier Chains (CC)s& — M T LR RN Z AR 0 K T71% . 81 F 2 AR bR
R Z TR A R ARy — AME A 1, I R XA U M R AL B 2 AR 25 7 S 1) L
AARKUL, CCHIEK B MrEEIER A Jum R, IRk R T s — 5k
K&t A M M2, AT — NN M WG, XA EE
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O E ARG B AL o 2] SR A R
T SRR o RAS SATHT i - 1 ARZE M TN S R S . CC Sk BRI IR
3-1. K 32 fowo. fENZREREF, CCHILZINGEM Ir3eds, HhapAIr il = i
TPARZEBE BB —ARZE . TSRS, T —NHRREAR, CCHIER X H—
ANBRESHEAT TN, SR 51 TR 45 SR A ARSI, 2RI T — M2, E 3
T 5E Hr A AR 2E

% 2-3 Classifier Chains H.12: | 2R e

S 1 AN 2R D AARZEEE L P A2 [ AT 25

Ullé}?ﬁ (D = {(xvyl)’ ""(xzva yN)})

CAFSUR S

1 for j=L...,L

2 do > 5 j N AN

3 D «{}

4 for (x,y)eD

5 do x’<—[x1,...,xd,y1,...,yj_l]
6 D < D;U(x,y))

7 > YNk h, T y; 9 = oAl kb

8 h;: D —{0,1}

2 2-4 Classifier Chains 52 [ TR 7R FE

S5 2. PNSE] x

CLASSIFY(x)
RV SURE

>global h=(h,,...,h,)

—_—

2yl

3 for j=1...,L

4 do X' «=[X,.. 0 Xy Ppseees V]
5 P < h(x)

A

6 return y

H1 T ARSE Z [A) AR AR Oy — M aUEi ), CC SLIARE S S BIAR 2 Z A AR
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H T ARSI A o T B R
MR AR, ML Z AR R R R I RUFHIPERE. BbAh, CC SiEIE AR RIF W]
PR, AT PURAA SISO B AR RS . CC SRk E 0k U B TR BEARSE 2 [A] I AIE
SNEARNE, UONBERE M TIE T I 2 B A AR S . teAh, T RENZGEM
oyRes, CC BIERTHAE AR = .

Label Powerset (LP) & —Ffdk TR 2 R0 2KT71E, BRI R4
EYEN—DRABEATIL I, IR ZARRE R R O PARSE el BRI S, X LAMs
%, LP MEKENRraadadE 13, IESER 17— 28 DRI Bk
PRI £ LP Ik, SRBESHAUVA RIRZES B aHLRPIRES, MR #2 thifa
NEFHERTEATN B FR 2 R 1. RIS, LP 5 R Vi BLA 1 bR 28 o3 KBV E N T
ZERZ R . £ LP 1, NG R MERAERAC — D&, RN
TEEN N T PRZHE T H— D20, WER AR T30, WiZomKBEN 1, &0
N 0o XL EAENRANESE, FTLARAE G RS Sr AT ISR, Bl nAb 3R Dl
W, PR A LETRIIIS , R I A B TR0 25 SR h) B 5 I SRR AT [ B R AT UL, 1%
FE 5 AR AR 1) B A AL I ZRAEAS [a) B0 N AR H S E N TN A 2R . LP ik &
TR R B AT LM A AR5 00 2K 500E, BRI EA T 2 W& AT R . thAh,
H1T LP J7 100 2 AR 25 nl U g BRI L, A1 b e ) AR T BIAT 10 B R A8 73 S B0
HIDE AL, Blans R E AT HERR 1% o SR, B TR & RBCE B PR3 H R K,
LP 75 ¥RAE MDA KRR AR A EE 5 I AT 6 2 1 I v S50 AN A e 7 TR Pk Ak

2.3.4 1EHEKEE GloVe

GloVe (Global Vectors for Word Representation) & —™3& 4= Jaj 1A B4 11 1 17] R AE
THE, R AN AR R IK R SEE A BRI (A1, R AR AE S BRAR] A EE SURRE,
AR . I RIS B, AnRR LA RS, AT RATE B S B R S [A]  TE SOMABAE .
GloVe BI% i 0 AR K il L BUE B A B1A] [F) & B > e BRSK U, GloVe &
IRAE NN Grid A% bl v 554 SR 1R T B LB KA I 3R 2 TR A SR R o 23R IR RE
RN JER RN IS BRI AR [ — A B e 3R A I . SR)5 S GloVe SLZAEH]
SVD (FF B iR W AZILIURE REHEAT PR, AT A5 205> B ia] BRI ZE 1] ) B R

TSI RS e v 7% (i LDABY, LSABS, Word2Vee) 52 FI i |
I SCIRAN 22 SCIR) S5 R R B2, e LA RO e 5] (935 U[E B o 1T GloVe J8 1T [F] I 2%
ESLILRDS Z Aok RN /R GeTHE B, RENS BE 7 Rk 1] 2 [ ()1 SCRE LA
GloVe KM T —ANIBCE B4 2% B BRI AR Y, XM 77 LUt 2 T Softmax 4512k
PBRECE RS E MR . B4, GloVe SRHT 12k T2 M4l 22 2] R S, ml UEAS
R AL AE I i AR BE - AR A PR

Glo Ve AL i #4) 38& SE AR M AAR L 17] 1 2 TA) (9K 2%, [RIIRPRE LA O AR IR 3,
AL PG R ARURTA] [ 22 8] ) 5 R OR LA ] [ B R 7R . BARORUE, Bt o, M 0, 709938
FARCRF P, X TR ARSI, X, 37 o, Ml o, BRI R,
GloVe BALKE o, Ml @, HIR] 1R 2R R A o, Mo, R id i ~ A e T AR
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HE MKAEME B AN 5 ) FEA AR

o 0= v, kv, k (2.10)

k
ERAKEY, oMo, (NRETENE & NYER ERERHRZA. GloVe

FIT R 3 (10 18] i) e 5 LR o O B 56 RO -
o @;+b+b; =logX, (2.11)
GloVe BRI A% 0 AR FERXADNWIRT, NI R, Nz a] LUE Al
e AT 2 AR AL B R BEAT iR . R, GloVe B (RIARAL H AR S MELL T #5126 &

5

V ~ ~
J=> (X, w;+b +b;—log X,)’ (2.12)

i,j=1

(ﬁ)“ X, <x
F(X,)=1" % g max (2.13)

1 otherwise

Hot, v FRAARKAN, b M b, 5T o, M o, KRED, MR RS,
E I PR R ST TR

2.3.5 EHT EHBHRME K IRERIEE ]

FG A 25861 (Graph Convolutional Network, GCN) J& — 35 T & 45 M) B VR
T, ERA TR AR B B, BRI . GON By £ ZEAE
7 P8 B 25 AL H O RN T ORI 40 B AT B AR R, AT SR BT s AE B AR R R
&G RIGIRM A M AE, GCN T LMEHEATE S B4R, AT ES 5 150E B € 1N 4%
GG . GON 115 KR, I B0 o 2050 07 U AR JE o0 R HEAT A, 4%
TR R AR AL T SARHIEE AT B . AL TSGR 2%, EAEFA 45 0]
DA mOAT B EAT RAE 22 20, R BRI GE A AN RURFAESS & R R, A R T B4 i A2 30 .
[FIE, AHEETAE G B D73, GON AT LA FHVR B 57 2] 07 iR 3047 v B o 11 7 ), 5T~
BNFFAESE B & 2% 1 T Ak B A

GCN W TAEEIWR . W AN,  w AT INGRIBER M, H N SRR
HiRE, T4 GON IHEAR AN :

H" = a(b’% Zf)’%H“)W“)) (2.14)
o, A=A+ 1, RRAEAEREIN - BRI, [, N x N RIBAAIERE, D R
FERE, HAHRL TR NN SER M, HO TR R SR, w0 %
TN 1 JE WA SE P o NI R A, 18 % KA ReLU B{ Sigmoid. GCN A B A8 244
— AN SRR 2 A T A I RORT,  FE R R R AR I A R R RE D Yo
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O E ARG B AL o 2] SR A R

D72 AD® W LI AT A I — 1L, B9 2 AT K, LA
JEE AR AT R s A s RFALE

K& M2 (Graph Convolutional Network, GCN) #4142 F - EAG A03k [ 78 B 2
IR, HBEE RN, AMTEILE AT DU T b2 B 25 88, i sSeAR 72K
FEAL G Ay IR, — P A PR AR A ARG SCAR R 1A &, 1T 2 1 ] 22 T Y
KFo R, ERELAES D, ISR M AISCA 2., B2 8] ()58 R AT RE S iR it
BEE . XU M RE 2 L& B LA R R AU . GON 12 — Mg g A 3 & S 14
K Y, e A ST R A AR B G BRI s R [ & FESCA 2R
AT DL RS BRI R AR — A R, R AR R B S8 RB AR, MK BIRRIR SOA
XA, BT GON B2 S A A KR A &, PR EATE R BB SRR R 7 &
BB ANy A AT 0 3. M TARGERI SO p R, ] GON WU AL 7E T
ERENS T R B L A (K AR, DR L RS BE A M S SO U B . i4h, GCNEw]
PAALBEAN A BE B SCAS, I HANRR ZE700E iR, PRI EA 582 i F 1 . R,
FAE PR G RA 2 ] T SO 2R AR, KelilE EC SEFR25 1 SUAAME BAF R IERE A
P 35 AR I 28 R AT AR A AH AR PR R B ARFAIE 27 =

2.3.6 LHRESK

Z 13255728 (Multi-label Classification) 2§ — MEAT] LU T 2 A28 i) — A 5L
ZAHIE TS« R TR HEAR25 5028 (Single-label Classification), AR5 5
I SE bR B ¢, BB R . SCAR 2R, 2907 E FE 00 4545080 22 42853 2K 1)
RRIME R AE T RN FEARTTREE T 2 MBI — A2 A, DRI 7R 22 JE AR5 2 18] 1 AH
RAEFOC R, R 75 ZE R G & PP TR AR S A 1R 12 R

FEALTE 2 bR25 53 S Rl LN, 5 FH A A A 4 TR ) D VR AN TR AR B T s 1D
B THFE I 77 5 2 B A RS ORI R A £ AN J7 1T, Horb, PRS2 ] DS AL 4t
FIRHESRIOTVE, A] DA VRS2 I Bk, LLnas A2 4% (CNN). JEIPHZR Y 4%
(RNN) 5, FHIEIE SRR A RHE SR b, 1R a AR AN X 70 B R Al 24T 55
K, W BRHE GRS R T T . BT eI IEME T IR A T 155
2) FEF AL 5 v 35 4 45 Multi-Label k-Nearest Neighbors (ML-kNN)®7! | Binary
Relevance (BR). Classifier Chains (CC)1®, Label Powerset (LP)%, H.A, ML-KNN &—
FhJET KNN BIER Z AR5 257712, BR 2 B MR A — A =0 K in @47 Ak
H, CC RFARZEZ AR R By — M NE5 1, LP N2 A 2 4 &1k
A EEARBAT AL PR

2.3.7 WEKHEICIZME BiLSTM

BiLSTM =& — MU m fEH £ M 4%, & LSTM ¥ . el id 1 ik g 2,
AL AN A B IE S A7 [ R4S R . BT BILSTM /] AR 2% p& e 26 AR SR | R 3¢
H R DIEAE B ORTE 5 AL B A5 P A AR 55 AR DL 6. S ARHER LSTM A EL, BiLSTM
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I AHRAEYE BN o] B R
LS WANTT A ) LSTM $7n, — AL RIS (R A B AN, 53— IR IR [A] ()38 b 2
BN o X PIANTT 0] RV L REAN I TR] A TR SRRAE — S, AR R 2 0
BiLSTM Z5 ¥t & 2-3 Frox, XA LSTM o, 1E ) LSTM $2 B i [a) s Ab F 4 A\
P A, T A LSTM $2 [ (133 7 AL BRE N 741 o 3XRE, RN I [A) 25 5 AT DASE A 24 i B
A I AR S I (B 22 1 B SOE BRI SRR GEUIRAS » BILSTM (R4 I [A) 2 B A0, 5
u—Fy%:

ey
=~
)

[eXeXe)

h, h, h,
Bl 2-3 XA KA L2 M 45 BILSTM 4544,

1 HIAT] (Input Gate): #R5E B8 41 I (A 22 B OIRES, BRI AFNET— AN
[ A A e — A, FHR IR A T .

2) W] (Forget Gate): g TR B BRI S HIIRATIME R, B AT a2 rdm
NI —> I TR) 22 4 HH R

3) HIUIRAHH (Cell State Update): AT TS & 5T, DLART— AN
[ 25 110 R 0 PR A8 SR B 3 =4 I I [) 282 1 B TR

4) Hthi] (Output Gate): HR 5 =4 i I [6) 22 B Fan AR AT — AN 18] 25 1 i L ok 0 2%
HEE R

5) FafEUIRAS (Hidden State): AR 4 Hi I (8] 25 (1) B 0 AR A F0 5 tH T B0 % tH o H 5
BiLSTM A LA BA R ARFR W R : 15 LR TSN x = (x,,x,,...,x,) » FeH, x, € R

NI ¢ AN TR R, S SCRT I BRRIR S A b, 5 JE FIBRCIRAS N R, , A
h =LSTM(h,_,,x,) (2.15)

h =LSTM(h,_,,x,) (2.16)
Forp, LSTM A KA CAZ M0 2%, AR b — B 220 (R BT 10/ 1] B bR 45 R 24 i ) 21
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O E ARG B AL o 2] SR A R
(o N e B TSR 2 R 20 A 1 R BRI ES . BRRR N A (3.2—3.7). K
HI [ A [ Bl IR A 429 B i 28 1) B 2 «

b =[h,h,] (2.17)

Horpr, [ PHESRAE, &Ja, R 2R UK N 21— & 18 2 347 7 Kl el
[

2.4 KE/NG

AN B B R S BRI Sy, R B T ] SR 4 T T B A BRI R
R iR T 2 IReRE o AR AN E BRI O T, XSRS EC bR
BEAT TR, S1 5T, R T AR I A 45 AL A S AR R REAE P R B =L
PRFIEA R AT RAE A ST N, 02 PP AR BRI AE . P 9L B R e VE AR R AT
WA IIREER. £ H 0, X2 DhRERE 0 RPTI K B B A 2 S AR AT 1
A FEBRATI 2 DIRERE 73 ST A b s 1Y 2 (1 2 AR 2 ST BOR A R 2 hn e
REARHALIX —HB> HFEAT T o] Z i
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B=E A IR Z AR IR NS B 2 AR L 5 2) 2 D) Re g 1l

E=E MEFINZIFERNEENZMAREF S L INEE

T

3.1 5|

IEINEEE 1.2.3 Wik, 2 DIl RETNA i k1% 2 hik, HPH—. A HEHE
Ikl n] 2t — S FR A~ (1) B IR 780 M 218 EC FrRe A S IERFIE: (2)
PAINEAE TN AL R B E] © EC i arpihs, JFBEcE 3T 52 B0 . #Hxt Eid
Pk, ATIRM 1M T 2R R IR L TR S AR I 2% (14 22 D R 7 S T ¥ 7
%o WITER) EE BT

1) B2 ThRERT 5 10 2 AL AT AL, A5 W Rl P 1 BEAH ¢ 1AL A Ry
fit, BD: WgFP31 One-Hot 2t Al EE 1 oA B 45 R FE PSSM,  RA L — NP AR EE TR
IR FRAE DI RES FuneD, 383 IX P IRME PP SRR REAT 1 = DU RAIEI A, EAh,
HABEREAT 72T B IRE S A BRI EE EC A MERF I &, DU 145 Sl 7 5%F
TER)2 2R, ESIeH, FRATTUESE T B BC 28hR M S M RFIEAE 2 ThRE R £ JS T T
(S IDES S G

2) $E T 2 DRENE T S LA IR BERFE IOV 2T EIR DU LA BT a64s
fiE, FATHGEE T — M7 CNN-BILSTM W 2851 GCN [ 28 P KA o B ) TR AR E A 242
P EAT IR BERRAE R . Jorf CNN-BIiLSTM 2% FH -l B =AM 15 2140 A 10068 BE AR A
GCN 2% U F T4t B EC SEARAEAH RMEIR BERFAE , ASRICE BLAF B8 A4 R IA Rt
173t — 2B 1 73 FETAESS -

3) et 1T GON MZS )l EC AR ZI8] (R IERF LI U % 2% 5IE
BB RRAE Z R SRR I SA 2 AT B R VERERY, TN — D2 AnSE 2RI, B
12 DhRERE TN TR, LT 3ch % & 2 EC Rbp 2 B AHRIMERAE, R AEWT FT R
BRI e, JATIAI B ARE 5 A B SR 1 i EC ISR 2E 2 18] (R R MR AR RS, I8 5d GCN
W5t Bl BC SRbREERERTE MITR FERAIEEAT T, RAE 5 Bad =LA 1 SR
FERFIE S 2T AR

4 M TEE T 2 IR RITNIN ZAR2ErHe8s: T 285K, A
b M 2 SE BRI ) 22 Tl BE PP IR FERFAEAT D9 i NAE 2 b5 25 52 SHE S5 it AT 0 2R 5
21y R 2B REARRE L [R) RINE 22 bR 28 70 FIAA [ 22 DI REBR 70 2545 o

AR B P ACCAR A EZEoTak e A 40 a0

1) B15XF 2 D RE B o RII I8, B2 1 — Ao AR P o SU AR A o 2 7R X il
B =ANRFE: BT 51 One-Hot 4wf%. PSSM. ThAEIEEAT 2 WA RHESEEL . [RIRT,
il G AR M 28 4R B EC SEARZE AR SR VERFIE, PR T8 S 2 ML S A,
B 2B 2 bR AR AN 22 D e B AT 7 ST
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B=E A IR Z AR IR NS B 2 AR L 5 2) 2 D) Re g 1l

2) WA BT RE TR K 2 WG EAE ] 1 B A7 SR, X T 2 ThRe Mkt ,
[FIAN B A R D REZ 18] A REAAAE — s Bk 2R, DRI, FRATIAEAR AR rp (3 P P A I 4 0o il
PREEFEATAHORVERFIE SR, M TR S 2 M 2 IR

3) ASCTTIRAE EC it s VU= 1 75 s EERENE A B 75.75%, LA F1 ZHHEEH
90.41%, HIATTEM, AR BITEE L DI i % 2 EC M T4 fg_E 153
1Tt

REFHRW AL 5 ER o> 56 =800 X BT iR A SRR AT 1
I8, VYR, AT TR SEIRAT AT,  DIPPAS T RR T IA A R . E By
FENS AN B AR B4

3.2 BERFFIMEREBRNGE BRI ZMAREE 2 e
3.2.1 HRAIHESE

H T2 D) ReRG 7 2T 2 — AN B 2 AR R, ARFTRE T —ANET EC 15
PR RGN JZ B . Hor, [ — 22 PR3 BB RARNELL N 3-1 Fis. &
— 21 EC RZ B0 R0 LB S H AN, 25 (1D ZIEEEERI 2 A VI
REAERCH A BRI (2) JETIRA TRIE 22 ST 48 I G B R FE AR AR SR Ui He s (3D g
EC FAR2E K R B (4) 5T BB M 1) EC A MR IR B FFAE SR BURREL s (5)
BT 0t 2] g A i P BV REAE Db [ 22 ST R s (6) B AR SapEL, itk (1) FEMIE
T ZIREE =AM AVIERHE, 7728 /7 51 One-Hot Zwt . &5 /5 o B 4 5 PR 40 FE
(PSSM) DL JeDhfigds. fERLER (2) wh, FRATRZ A A = /1L CNN-BILSTM M
28 RARH IR =M A IR ERHE . TEAER (3D, BATEHRA#RA T, FIA GloVe
BTSRRI BC BbRZEAHCMERFIE, 7EJ54: GCN WZYIZRd, BT s o Bl RoR g4
[F] (I EC RPR2E, Y s 2 (A 283 7R B Glo Ve A5 L B2 BB (AR 25 AH S ERFAE . A
B (4) X T2 BEC KR KA, WANSME NS5 RET 4 EC KFr%
(A a1 G, FFnk R B R 2% 34T EC EIFRZN, M LIS S 5 & £ AEH
SO B (5D N EET U B v R T B B ] 2 SR, FEIXAMEEER A, JRAT
K VIR GCN P2 M E 5 =AM A IR EERHE AT AL G, DI I & B4 1IE,
[ B B R A SR AR AE 5 R A =M IR R AT P N B 5 820y K as b 1
BB (6) f, JETF _FIR I Z AL M BERRE LA & EC 28bR2AH ¢ B BIAR RN 22 21, I k15
B A ZAR2E e85, TR N IR 147 40 2R T
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B=E A IR Z AR IR NS B 2 AR L 5 2) 2 D) Re g 1l

.......................................................................................................................................................................................................

............... myslmmERAGRmaek W OEIGISHRERERERAGRE T  Sheaksig
ST R R |

[ FAIKE LR

AL B A0l 2N
S NEE T S I

PV RT3 bl RTIE S IRITE R T I
MRAEE A > B AN SRR > il [ CNN-LSTM R £ 41 1 > SR LTk (@
HSERRTE Tl i
ik 1
VIR IGCNIZE | | St o &5
% Ty HE N 42 i

.......................................................................................................................................................................................................

 3-1 23 REmE A JSHORHELL.
3.2.2 BRI % DA AL U SR

3.2.2.1 BB BEAH IR AR A AR o B

FEFRATT I 2 (AT vh, A5 T e B FE AR SR A P PR AN A, 20 ) 2 Bl
FIE IR One-Hot JwtS . By 21 8 H oAz B4R 7 R B PSSM.
(1) EF5& 8 One-Hot iy (AL 1 4HE)

A B V2 @ B IRIL— € W7 H RN 2 IKEEa g St 2R UK, BRTE N E B
W — AR Rt . O TARIILEG P A I BRI, FRATTAE A One-Hot 2 il Fy 31 34T
FRIERIR . 7E8FPHI, One-Hot Jht AT LA K5 2 2 18 1 4 46 g — 1] g 4 5 1) )
BRI, UEREAT IR BE 5 STB AL I SRANTI0M] o 3% Ak g 5 77 AT LLOR B Bl 20 v 45 S
BIANAH &R ) A EE R (AR B PR AFAE I G5 M S5, X 645 200 T 2 DI el 7 2K Tl
MAESS AR B2, W] DIONIRJE 5 S B R (R W R E . AN AN R R FLA ALY
i, WAHEENELE, AR )R X, FaHd a2
PR gt o — N FE R 20 B kil &, FRATH 19 4~ 0, —A 1 3L 20 fugmid ks, H
o U N R ERR A B B AL 1, RN 00 IXFE, BEANERR T S AT LA
WRIRN—A Lx 20 AERE, Horh LEORFHIKEE . filan: 2B One-Hot 4hdn] &
~A(1,0,0,...,0) , BEFERM One-Hot b7 F759(0,0,1,...,0) -
(2) BgFra) A B B R PSSM (LA 2 R fiED

P B R IESERE (Position-Specific Scoring Matrix, PSSM) J&1E £ 7 51 b X 1) 3 A
b X E B R RN AT A — R 7. AEE A RT, PSSM R T
WEBEPF I ARG R, W HEEARENE F R AR F 0, i
575 AFAE, BEM R m 0 2R HERG T . PSSM A4 i Al 3 2 S Xt — R A [F) VR &
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P RS TSR FR NS LI 2 AR R 2 5] 2 D BT

EF AT XS, SR I Lo &5 R AR IR AE AN [F A7 B H IR, PR X Ee i
REACNIF B . BRRUL, XTRARE, ERMIE Faa —MEnHE, B4
1R HEREI R /N L+20 (20 378 20 PPRagd SRR T, LR AT AR, Hd
S ANRILAESE j ML E BRI N AT j AR, XA, — N ERB RS AT DL
R —A KRN Lx 20 IAERE . PSSM 4E B A (B n] AR R AE AL B A2 508 H B
g, DLROZA B R B i p T Ret, B IE RE AL B IR PE, X
(5 5 AT DA Bh 2 248 58 A R BB A I S5 A AN Th g AT 32 i 0 SR I HERA A« e 4h,
EHATE AT BAERT, PSSM AJ DMENRFIEH BER — &5, 5 HADAFAEL One-hot 4
&G H

A B RS PERERE PSSM A8 MG T FI M HE (S S, JLaT Dl i B SR 3R . A
SCid i PSI-BLASTESIST L, DA HE 5 A 1 2583 2 Thae Mg/ SIME A & M7 41, LA
Swissprot 1 A EHE B SCAFEAT P A LS, 48 BH 2 UIEAR LU e & AR i 2583 44l 511
PSSM (415 5, UARAERE 75 LR . A%, FE2&05 5 518 id $h 47 PSI-BLAST
FEFPAE R PSSM AT 4ifih A K B L+ 20 [HRAE ) &, HE T

Py P2 cee Py oo Pioo
Py Py oo Py oceo Pang
PSSM=| ' ' ’ ' ' 3.1
pi,l pi;z ce p[,j e pi,20
Py Prp -+ Prj -+ Proo|

FEERE 127 20 M EAEBR TR P X RIS, 5 BIFR N (A, C, D, E,
F,GH LK LMNPQRSTV,WY}. p s, RnREaEREELILHE
R I ILRE p,, W40 BB R I S R, 22 L0 AR I B T R A i
P
3.2.2.2 BEFFFIKIE AL HORFEREL (VLA 3 45E)

e T ESRPANI A ORI BUAR PR A 2 81, Bl B T — A 91 T 5
KEE: 2R 1R DD A, FuncD. 25 17 2h A B 36 11 P390 o B R S 4 R T R 30
J IR 1 SRR T FEVRIE 5T TR, R F R ST DA f o o B R
AR R R S FBUM HERE . FR 2 1 0 B G 7T DA R R
(R T FEAF B 7. 356 R 2R 4 Th RE B R R 3 o B — S O (R MR 3
P, SRR S R S AT DRI VR 3 ST BT S ST ROFU A . BEAb, o 2R R
A B LA (0 R T e, TR MR PR 3 11 SR A kb F o DL R 1 2 2]
R A A 2 1R 0 5 R S, TSR (e TR o 75 B0 25 115
IHREAY I, o 4 R BT BT T RE SR BRIV RS, 7B 5
ISR AR . RS TR AT DL A AR A VRIS TR, {5 Y
225 4 SR 0 2 0 4 6 28 11 IR P 34T S N . RN, 6 T B 11 R P 9
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FEEE G T IR Z AR R NAG S 2 AR R L 5 2] 2 Th R it
Retdlfs B 5 HAMEFE (0% A F 7 %) One-Hot 4wfid. 7 B4F AL SHTRES, D
P A () R I

FER T I P D e IURHAE IS, 8 {8 ) HMMERPHE 2 PlamPO% s 22 . Pfam ##s
J e — AN RS () B 3 o SO AN 8 s 22, B T VR 2 SRR A E BRI B
FEiRE 2 5 21 Eh 45 AN BE By /R A RAR Y RO ) — RPN E AR F R E & . fEM T Re
BUFERS, w58 H HMMER (Hidden Markov Model-based profile) #14, ¥HEH
i 7415 Pfam #diE FE Hh ) HMM B EAT LG, 19 254N 8 B 57 21 ILBC 2 ) Pfam 15
PLAAH RN ) E-value AT 81 BRI B o SRS R4 VLEC 21 Plam SO0 EAS S, AT LA
W B BB A A D — AR R R, RS Pfam 3806 B — N ZIoHRHIE (FFAEE AT
5, XMMAE FRMER 1, HRAE ERMER 0, WX AN s A et v DU N & B 5
DRSS, B N BIVRFE 5 SR b AT YN ZR A0 Tl o X Fh 77 AT DL 2 B 53 e 31 1
AL BT N B BRI DhRe s,  HAA BT AR . 8 HMMER 8% Pfam £48 P24
R PIIIREBUHE, FTLUKE AR DI REE BRI SR SR 7 S PR
R0 T 2 DI Rel 7 RAE 55, SERERIEIER .

— BRI REE A 2 DhReE, Sl EoR T AR DhREA S B . RAERE >
FHIINREIEEYE, A SO HMMER #% Plam #¥ F, WA SCE R S+ 1) 2583 N
BEAT A EE S LS 3R 2 T Th 3. PFam %45 B (Pfam 35.0, 37 H &k 1E3] 2021
117D hEA 19632 146 H, 2583 AMiEF HI2 1 HMMER #4725 Hx) D) Rgssdt
A 390 Fl. Jyith, AT 390 4R EXT R G R BTG . WIRFEAF IR R R
R %F 390 Fh D REAEIR) B £ AN 2% H EEXT D, T 390 4EREMAHRM A EE N 1, TN 0.
42k P A1 ) D eI 65 0 R % B RHE 7] &

Enzyme,, ., =[1,,1,ss L seces Lo | (3.2)

s g1 N R R A
TN 0, MmN R A RS g e

323 BREC KInE X REME

lif EC ZRFR2E AT N AR K 17 51 B A AR Ao M s R s g 2, (A ME H
SRIE S A EE A ARR AR . FEIRIRA A, BRI R R — N A, XN A E R
i RIBZHARLEE & S R E UE B . B, R nT DI E o — 4 B A5 X
5 L], PRI AT DB ] B N ARG A A M B RN . MR A A N IR B ),
AT LU AR e TR 7 150 25 BT RE TN EAT 55, M e s Rtk ge. AR
Sy FI G EC BFREE 2 A A S PERFAE,  LAPRE M 2L (0 F00 44 A

FEBRATBI T ES, 15 EAG AR W ZS BEHh BUbR B AL B IR BE R 2 /T, X TR — 2
YRR, IRAME AR (Word Embedding) 773, 7£ Wikipedia 354 EIIZ% T
GloVe-300d kR /RET & (%2 EC KIH2) MIfEE. 2 EC BB as 24
FR S, FRATE BT A R RN IMEAE AR R RN . RARANE B — KA
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B=E A IR Z AR IR NS B 2 AR L 5 2) 2 D) Re g 1l
Lx300 FIARZEAARAERE, Hoh LRIRZ)Z EC B E (flln: EC #EZE—JZw 70N
1-7 $E-E38, U L =7 ) X FARZEAR AR A, BATE A 1 22 i) 38] ) B AR Y GloVe,
HORIRIEDUERE, 45 &1 5 A5 S AR5 BRI ZRia 7 &

R (2.13) JrosiIBERET, B o BEN0.75, LR mEILHLIRECNM
AN B, B IR e AR (A A B, xR PR EIR, 08 100, 357
KRBT IFE T 0 0, %75 o, Mo, AL, log X, R0 LI TR B R, %
R BRI b foe /NP R 00 £ 3] ) B AR SRR B N AR TR 387 22, NI 45 21
A8 3T IEIUHE R )R] [F) R

3.2.4 ET GCN MR ER EC KAnEAHR MR EL

X Tl EC AR PIRFAESRBGE 73, Al 3-2 Fiw, A UEFH A GCN 2K 58 i
XA EC 2K, HARZEAS SAERE A ML S BOA I 21, DR B AR Sk ol I kAT
RAL. GCN W28 HR 7345 I EC bRzl IR P 22 I AR EAS B A S, JF 118 Sl
B BRI 2 2 T A

EC label Graph

Kl 3-2 GCN I 25 IR FERFAE SR BURSE H.

KRG N 28 (GCND =225 T B EIE A — B R R . HAhE MLt 251 2 2 )= 1.
LS GCN H, 5 ZERZ M0 —Fr < s B, 2B inE BAE OB E +E R
JEHE NS EINZR, GCN ¥ FENEH T AE BMEHEER. T8 —EERN
E X, AIRINN:

H" =o(PxH'xW') (3.3)
TEA ST I GON Mg, H'™ R SES [+ 1 BN, o) s
B, TEIRAT TR K I Leaky ReLUSY. W' KR35 SAE 5 1+ 1 /2 MR Bk & %
. PIRETEM EC KR AL GloVe B b 3L BIARRE, P P AT BEERE

FEARTCH, HORZT GloVe-300d BRI S5 75 2 (1) EC bR AH KA RE, HAYEE N
Lx300, LFRNiZJZEC EhEHE.

il

ST P, T B AT — A0 FE, AT s SR L R I M B
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B=E A IR Z AR IR NS B 2 AR L 5 2) 2 D) Re g 1l
KRIVRFALAE, BB ARAN R 17 AR AR A BB R 22 57, X R SR I ES
R, RN S SRR AN I H A PO X IR R, R0 SRR R A e B AR
WORARYL, 16 P AP 7 A A8 B0 0 — AR, GON 94— )2 BT S
RIRNN:

1 1

HM:O'(T)Zx(ﬁ—ﬁ)xbsz’xW’] (3.4)

G DA U REAERE, R ANK AR, IR G B AR A B 1

\

o
o

3.2.5 ETZHMAIREFE > B 751 IR B RHIE X

BT B ELR B 2 DhRERG T 51 = NI BV RFE A R, FRI TS T —FR
BN 45 F CASR UM L PR R ERFAE o 2R 5 4 I 2% i CNINOART BILSTM ZH A, CNN
W 2% 1 TTIR BERFAE S B AR, 33 mE k. B R RHIER R . BILSTM 74
WX 2% AT LLER BE 22 D Relil /3 41 Hh R S 2., SR DhRERE P 21 iOAE SURFIE, AT
=T RE 7 R HERITE . TR & 4% CNN-BILSTM M 25 & 1 IR AN 1L, FH
W75 Ja 825 2] h R A R A 2 TR AR G, RIS 7 T3 T Ja 2140 R Tl T A% vt
M. seabh, BATEME T — 1N EERMZ GCN, H UL EC JEbR%E 4 #H AU R 1iE 5B
AT IR RIS, AP AERE R 2 iRl R ALY GloVe YIZRAF RN . IR PR AR E M4
IR 28 0P VR FERFAE A B, 1 72 3RS 22 D RE B AH SCHRF R A B v 20 IR 4l AR AT R 2 AL 1)
FHIER R

FERATH T, L3 H T B 7 20 M P FRRF AR, — i i B A 5% PR AT -
One-Hot #if%. PSSM, H2FHIHKE T IRMERAE: Dhagil. X148 — oK A
FAERFE, FRATEH CNN BLR A 3 S RS R A2 2% (BILSTMD M 2% i
M VR FERFAE o T T PR B BE T R PEFAIE , FRAT TR L B34 8 4 i Tt 220 DX 285 1) 4
E#E (FC layer).

Wil 3-3 Firos N A 1 = JIHLHT ) CNN-BILSTM ¥R & M4, ez, 38
IELM T PEBRZ S (CNN) EHMBLZ (Max Pool) fI45H), £ CNN
AN 10 19 32 MERZA R, FHEH RELU REGHATEGE . X1 CNN M2 5 58
i)z, Hw O RN KR E A 3, AURGETFI RGNS, FE 2k
fiEfE 25 BILSTM J&= Z 1A %017 KA (Downsamping). £ 20 CNN % #% Pooling 1]
itz m, AT o AR IS 45 A S UALH ) LSTM &,
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