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Abstract

There are various classification methods in modern statistics, and in data research, the more ac-
curate the classification, the more valuable the results obtained. For the binary classification prob-
lem, this paper proposes a probabilistic classification model MKL based on the score function, which
theoretically proves the consistency of the proposed MKL estimate. In terms of empirical evidence,
this paper directly optimizes the continuous MKL statistics by means of quasi-Newtonian algo-
rithm, and gives the classification effect of the simulation study and an example of a heart failure
dataset. This approach takes into account trade-offs in terms of predictive power, computational
complexity, and practical interpretability, and offers advantages over existing classification me-
thods.
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1. 3l

R BIEAL R SUFE DL RS A EH AR T I MR, Bl E s 6 iR w
HL . BNE KRR SRR PSR AR S S A RMILHER, KEN S FI7EE SRR
1320 T K. J.S. Cramer [LIRGuHEE I [ 12485 [N, 58 B8 0 FEA R T 3 — i AT
TR SLHL 2. Breiman 55 A [2] 15 KSR H T BENLARM T VE, 8IS 2R AR, DhCRRIR R
HIREAR AR 7 IR AR S, v DU RO PRI A (1) 77 %2 . Corinna Cortes A1 Vapnik [3] 8 42 H
TXFFRMEN T, % DA EARICE R IR, JFUE T SCRF R E LR A 2 00U S
fLEE 1. Yann LeCun [4]74 UCK: BP 515 B B4 X 25 25 /4 101 25 L, TR T 440G AR 2 I 48 O HE T
WU B /D I A B A AT 25

AN B 51 7k, B AT CORE V2 A B R4 8B, HEEE(S REARTIRE
HEMBBARRIKI, LGN RETGRTE H T AR R, TREMSEIA MBI EIRER RS KT
DU B A A B B AR 45 BB . Zhang AT Li 25 A [S)3 YI 25508 45 A 5 0 I 3 H i A4 e A )
() K A8, 22— AN HISRAE R E AR S, X K AR AT T ok, TR . Bk
AR SRR IS, LU KNN 7 fERf . =2 Fang F1 Chen [6]32 H T —Fh B i KAk
Kolmogorov-Smirnov 4tit & 1145 H P4 7 iES T RAT & P kAT 038, ik B SRR T Wil aE 7178 KS 4t
THE BRI, 53T — MR TR G AL S VR 9 7 i

ARSI R SR AT N BB R R, AP0 2R, B T — R o A, B R
I an KL §UE geit &, 1ido8 MKL, 257155 BREUH AT 02K . ASCIHRE AR 56 2
WA A T ARSI E BRI EEE R, LA AR R P IR B 3 Wk AT TR
WHIL, HEEGH 0 R Logistic A1), SCREMENL. BENUARMAME AT T HoAs 5 4 10k
KRR A RITEN ) T B B 555 WA T - ukshit. FTA RIAE I EE M S

2. 5k
2.1. FSMER

B SASRN Y, JCEUED 0 Al 1, X BORFEARFESR . B O) BRH S (X)) A& X bR bR 4L
FFH S(X) SR P(Y =1| X ) RIEMXK . 22T/ EL 4 t Fon sk B3 e B — A~ BIME.,
AR, PEAT NI IR B35, P(S(X)<t]Y =0) NETY =0 MR AL IR A0 4>
be, 55— 05T, P(S(X)<t|Y =1) 9B TY =1 AREARE R 20 10 1 20 b o DRI RARATR TE IR 2
BAIFHEP(S(X)<t]Y =0)=P(S(X)<t|Y =1)>0, P(S(X)<t|Y =0) AL, P(S(X)<t]Y=1)
BUNBRES, WOTTASCR T 0 R R E8, id oy MKL. E X
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MKL = sup {P(S(X)SHY - 0)log F;((z((i);?li 2(1)))} | @

—oo<t<o

FESEB, FETHERGE (v, x ), =L ,n} . TATASE] 53 FMEAL O REAAG THE
1

1 ?ZI{S(Xi)St}
MKL, = sup n—ZI{S(xi)St}Iog 1°Yi:° , )
—oo<t<oo| Ty yi=0 E);ll {S(XI)St}

ﬁ¢,%:ium=m,m=iqmzq,u}ﬁ%ﬁ&ﬁ,s@g%mﬁ%%ﬁ@ﬁﬁ%%iﬁﬁﬁm
1855 B A 207 580 R B R B R o HOR A RE AR 40 1, I, 38 8 U5 s 5 A D4R o %
RS, R i MO SRR R Rk sk B E . ASCRAR A MKL Zeit-Eskom
SR E, i
P(Y=1|X)=f(X"5) ®)

o f oy 0~1 Z R RELRIREL, B, 0 p AekAnss i, p APV E X 4R, T B AT BIE,
BEE |8y =1, Heeh [ VROLEASEE, 0TS ERES(X)= XA, Wi || =1
2.2. HERET

W pIBHERAB={f R :||p]=1) . X FAMEHLS(X)= X5, i geB, MIMAKT MKL
XN

(4)

MKL(5)= sup P(XTﬂ<t|Y=O)IogP(XT'BQ'Y:O)
—octacn B P(XTB<t|Y =1)|

P(XTB<t|Y =0)
P(XTp<t|Y =1)

BIE 1. (ERBL3) T ISR X8 HISM AR AL, 1 MKL(B,) = MKL(B,, ™ (x,)), 3t = P(Y =1) .

BB LT, Wk g O, HH S(X)=XT8y, WRAES At mih f 7 (x). &, XTg < (x)
HMT £ (XTB) < BP(Y =0]X)>P(Y =0) . TEEERRAIN, B RARAI, KA 5 I T2
HEIHE 12 N ER AL : 24 g =B, MKL(B) &2 HE— K E.

SER 1. (ERBE)MIGIH L A& T, IS4 F(XT B XTB)) MAER BB H B =+, Fik
16, WSHERR B eB H B8, H MKL(5,)>MKL(S)

RPEEH 1, A s R KA N PG Bk B,

ESUMKL(B,t)=P(XTB<t]Y =0)log o TEEE)AT, EgIALUFEH,

o 5 b=y
KL (5) sup % y;).{xmg}log% . 5)
NI
A GE X
/3 =argmax MKL, (). X

lal=

BE BJE, BRBIUNS(x)=x B, i=1-n. FEEEMEEAT B8k, X MRET
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SEE 2: (EfRR@)AUER 1 &M, Mn TR, 6)FH 4 EME LaT 6, .

23. BESR
K 3RANT ) H AR R U2 BB, O 1 SR AR AL (B) 2, A SR A S A AL B
1 t—x'p
t-xp OY.Z—;JCD( h J
MKL, (8.t)= ZCD log
Ny yi=0 h t—x'p
(5]

1 Yi=1

()

SR, @ () RERIEES SRS b (A BFGS)E SH 5 . AASIES AT

Stepl: Bl A =(40, - B0 = L |89 =1, Jertt oy RAIESE (XY ) W32

log

BB AT B R, RS EOR N &
Step 2: FELAAEAIEIESEN By, Wt HILEIEAN L, = X B,
Step 3: L ENIUARIFRIEEHFE Dy = 1, 5
Step4: il§4%% I dY =-D,g, (g, A HIELIE):
Step 5: iSRS K: A =argmax L(ﬁ(s) +/1d(5),t0) ;g = g 4 4 db)
Step 6: FIWTRESE, |0, <&, WHFILIEAR, B[UPENT—5
Step7: it Ag=0,,-0,, AB=p"Y-pY, FHD:
ABAB"  D,AgAg'D

— D S S ; 8
s+1 s AgTAﬂ AgTDSAg ( )

Step8: 4 s=s+1, HEA Step4;
Step 9: JH I 28 R K E S AR BRIA to

3. HEEHL

— AT TR BRI, DA UEA SCRE H ) SRR R . B EE LA = FhAS [A] A5 8 .
1
14e ™ h ,
1

Ly A A0

Model 1: P(y, =1| X;)=

Model 2: P(y, =1|X,)=

{X ﬂo >_}
Model 3: P(y, =1]%,)=—— 4|
1+ (1+4x7 3, ) #
A 1A logistic £, 7 2 2 logistic #5454, #AY 3 A7 340 1 1) Box-Cox 5 #![7]. % p=5,
X =(Xgo %) HAR X RSN 0, BT EHEAT = (o, i), p,aij=O.5“‘”,1si,j£pE‘Jﬂié’é%ﬂ:E?@&
BEALFI . FHSEMEIASE G = (11,-1,-1,-1), FFAENn= 2005 1000, K525 57 500 1K

AT PR DU R IT iRREAT B : B8 — M7 iR A SCHR Y %ﬁiﬁ@ﬁﬂ%i&@ IR R MKL 77

log

S M52 Logistic [R5, & HRTHRAAT IO =0 0715 58 = M58 3k T v A% eR U SR ) L
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(SVM); EVUFR 55 ZBEHLARMR(RF); 28 AR5 & A M4 (Net), SEL T —MUE 3 ANRGBZ M &
W4 . BT I 2R sHE Y 8IS 24 S e Bk e, RIFRE] ROC il 25 (1 S (11 It A

T EIR DR 592, A SCAd FHER R (Accuracy) . A5 i (Precision). 7 4% (Recall) Al Fy 435 0y4
EEFR AR AT VRN, WnaQ(8)~(1L) From . HERAZEREAE HIBT SR 1) IER 28, (LR IEFEARN BN T,
HARAENRIG I fabr RAET RS R KRR X TGS RS 1, ARFR T X IEREAR S, F v 1 T30 A
FREE . HRIZREXEREART S 0, DOEIHERIC R ULE BB P fa s, T AR Bk ) e, A
PART DAE— 2D LU Fy 208, By 20 BRI 5 58 T RS2 A0 0] 2, Lk 2 [ B ok 21 e v, BUAS-FA8T o b4k,
W ARD R AL TSR], TR T % 7% 500 (OB BT TR XM . BT SUE S R K 1.

TN+TP

Accuracy = ) (8)
TN+TP+FN+FP
Precision = , 9)
TP+FP
Recall = ———, (10)
TP+FN
2 Precision x Recall (11)

Precision + Recall

Table 1. Comparison of results for different sample sizes in five methods

1 AMAEERRHAENERIILL

it Hik Accuracy Precision Recall F. Time
n =200

MKL 0.833 0.957 0.710 0.815 0.024

Logistic 0.850 0.923 0.774 0.842 0.002

Model 1 SVM 0.767 0.742 0.793 0.767 0.008

RF 0.717 0.733 0.710 0.721 0.036

Net 0.850 0.871 0.844 0.857 0.324

MKL 0.883 0.778 0.955 0.857 0.007

Logistic 0.900 0.786 1.000 0.880 0.003

Model 2 SVM 0.917 1.000 0.815 0.900 0.007

RF 0.900 0.681 0.955 0.875 0.033

Net 0.833 0.955 0.833 0.750 0.330

MKL 0.817 0.782 0.750 0.766 0.006

Logistic 0.767 0.632 1.000 0.774 0.003

Model 3 SVM 0.683 0.500 0.632 0.558 0.008

RF 0.733 0.700 0.583 0.636 0.038

Net 0.783 0.833 0.690 0.755 0.235
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Continued
n = 1000
MKL 0.813 0.843 0.812 0.827 0.026
Logistic 0.843 0.801 0.952 0.870 0.004
Model 1 SVM 0.770 0.776 0.800 0.788 0.046
RF 0.803 0.812 0.837 0.824 0.195
Net 0.803 0.806 0.831 0.818 1.137
MKL 0.913 0.868 0.956 0.910 0.032
Logistic 0.923 0.865 0.985 0.922 0.004
Model 2 SVM 0.890 0.869 0.888 0.878 0.025
RF 0.870 0.895 0.810 0.851 0.161
Net 0.930 0.956 0.897 0.926 1571
MKL 0.823 0.729 0.851 0.785 0.026
Logistic 0.803 0.687 0.886 0.773 0.003
Model 3 SVM 0.723 0.719 0.617 0.664 0.034
RF 0.777 0.704 0.711 0.707 0.169
Net 0.787 0.974 0.645 0.776 1.432

FTUAE Y, AR AN R A B, AR ML D592 At A% 28 0 DU R 125 10 73 924
RAR$IE, AR, MKL 5B W RS GEERNTES ). mii — AR, FEREA BN O
16, PO RSB g AL 2 AR, FTA Logistic [BIH75VAI 72 RYE R iR 1, JLAER R KW R A2
I E ), RAFEEATGTIY, FR MKL 7% 070 R0 R AR, HLAER R UK T Logistic B9, H
FEf R R m ). MR, SORF R BN URTEEN LR MO IR I S T AR AR A A AR, HLEL T BRI i
7, U R, BRRRE VE A GRIRG . ARG Ry, N T =R R ) oAb 70 2R 05 1
YEREIA T, H MKL 7595 70 R B2 . U1 RE AR B S ALy I st iH SRR &, MKL
TIEH LR, WM R RS . IFH, DA A R BRI VE R ROR, A 7336
RO FE N, XD T AR AR, 7307 RCR A —FE, R e AE e s i 2 B
AR AREARFAL,  BVF RE ST AN P AT ik

4. LGSR

O L9 (Cardiovascular disease, CVD) & i WIKIZE T R A 2 —, BAFRIE R 1700 5 APET:. L
I 92 975 1) = B2 R IR A2 O JULRE ZE AN O AN 6 I (R o 155 A T DAAR S £ 3 IR AT I R s e == 2, 3@
o H 0 P2 W0y 5 35 (Heart failure, HF) o SRT, 0 773808 IHERRGZ M 75 B T BIRAI L A B, T7iX
SRR A ESE T, s Bt . 8OfT, R BLES 2 2 SR T AR )0 17 2 71T 4 I [
FUKE 1L EE 7V

ARG AT UCH Hdfs e i 0 ) 3 i I AR C SR BE 42 [8], B REA E 299 440 ) 3o 5, 3k 12
AR, AR FRE . MOESE. MUSHUEF. Mo, WOE. k. SPisrg. 2. /i, USSR
B BERE BEVIHA. PRS0 a, fEREV IO RE AR TN 0, ARIETHN 1. EFXHZEL
A, ASCUISREH MKL. Logistic [JH. SCRFIIEANL BENUARPRANIZ 283X T fh o7 iR AT R AU
AR RO 1 PR
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5. &ip

ARSI TTBRAE TP 1 —F ik T-19 70 s BOHT IO BE A 73 B MK, JF i U SRR FLHon & Sk
A MKL geit Rt T 0o, MBI EIEN] 1P i i) MKL Al H i — bk 20 B RCR B H AT
BRUUT K70 FAERE R B A AT 5, XA R RS, MKL RS A % St ) 3 FA R 52 R A 2
HLy BEHLARAR . MM ZAR L, 2T EAE T RE 70+ TH RS2 % RN SE bR T R 07 TR A IR SR 58 5 A
[ AR SOHE MKL 573 7 FH 21 0o ik 5 8 A 2 b, LRSS RO HE R 2 (0.878) % N A& 75 R Dy o ik S s AL T3k
AT 7 7p TN, BaBAFRATSR A5 9t m] AR F ZAR S, S — Bt il , 6 AR =0 K, MKL
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Figure 1. Five methods of classification indicator comparison
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P(XT4,>tY =0)=E{I(XT4,>1Y = 0}
:E{E X7, >t)1(Y =0) ]| XT ,BO}
:E{l (X4, >t)[1-P(Y =1] X ,BO)]}
:E{ (X8 >t)[1- (% ﬂo)]}
= [1(X78, > 1)[1- (XT4,) |dF (X7 5,).
AT=X"8,, m=P(Y=1), z,=P(Y=0). 5/ Fang Fil Chen [6]5& ¥ — {151t
HﬂKS(t)zl—{jﬁw?f T)dT + J'wa(T)dT}, LHFH 0/
ks (1) =2 W 1)~ LW ) o, m%l_ﬂﬂ=$, Mt = £ (z,) I KS K. MKL (1) T
DR A5
KL (1) = P(X"fy <t]Y =)o ((iéj?t'ﬁj))
[1-P(X74,>t|Y =0) ortTae)
=lag P(XTp, <t|Y =1)
g [
=lo 0
g jtwff(zT)f(T)dT
o
_Iog_%} h(t)logh(t)—-h(t)logg(t)
=", gm-"Yrw.
L h()|ogh()+h()_h'(t)mgg(t)_%g'(t)
AdMKL_O,El—f(t)I h(t) h(t) f(t) 1-f(t)
o 7, %0 (t)_g(t) m " T,
Sto £ ()i, Eatib
oo ® () o e(®)-h(t) ] g(t)-h(t)
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BRIt = 7 () I, (Q)RROZ.
?91%1%(y:Iog%:logh(t)—logg(t), LHFHCNO0

h’(t) g’(t) 1 1_f(t)f(t)— 1 f(t)f(t):(),

YTho) 9 () o)

t= 17 (n) I, & hzt)— g%t) - gh((tt))‘gh(g) 0, Hlg(t)-h(t)=0, WK Fitht=1"(g)R
MKL (t) IR RAE A

TiEt= 7 (z) /& MKL(t) APE— B R MR A

¥t =a th 2 MKL(t) IR (a = T2 (x)), A

dMKL| _ 1-f(a) log h(a) ~ h(a) f (a)+1— f(a) P

dt |t:a Ty g(a) g(a) m T
1, he
e R R IO o
fa) 9(a) 9(a){m 1 @,
i 9(a)
%y=ﬁ—1%$ﬁ%m@ﬁ, y=|09%+1(x>1)%$iﬁi$i&§ﬁ, FTLA) FA 51

YOPJE, BIHEt= £ () & MKL(t) B — B (4.
T LES: ERRENAIE T, YR XTATE X, K% F s,

] ) P(X"B, <t|Y =0)
MKL(f:t) = P(X"f, <t|Y =0)log P(XTf, <t]Y =1)

P(XT,BOSHY:O)

1-f xTﬁo T T T

FH(XT8) o+ o
EXTﬂOI P(Y:l) I(X B St)dF(X Bl X ﬁo)

)P(XTﬂO <tly :0)

=log

élogg(XTﬁo,XT,B,t

1-1(X"8) f(X'8)
S Aoz oy T i £ T -1
NTEEMXTB,, HH =14, # P =0) > P(Y=1)’ B XTB, < f4(m),

f(XTﬂo) T T 1_f<XTﬂ0) Wt . e =00 ik 5/ a
P(Y:1) Sg(X By, X ﬂ't)gwc Nt=—ooff, gk KIE, t=o i), giii/IME; #&

f(XTIBO) 1—f(XTﬂo)

JREXTBy > 7 () P(Y =1) Zg(xTﬂo'XTﬁat>2woi—'lt=—0057f;

1-1(X74,) f(X'4)
P(Y=0) _ P(Y=1)

giki/ME, t=o B, gikiKIH.
L A={XTB <t (m)}, B={X"B> 1" (m)}, WVB=LR,
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- T T T T T P(XT py<tlY =0
MKL(f,,t)=log L JOUC A0 XA A)AF (X5 X o) (X m]( |

| L Ta(XT B XTpt)dF (XTI XT B, )dF (XTA,)

f(XTﬂo)

PRI

<log

:MK_L(,BO, f7(z;)) = MKL(5,),
o, & “<7 A “<”, ROAEAAE AR B SR AF N ASATBERII O, BT MKL(B) < MKL(4,) (5
B # % 1)

L 2 EWT: BHIE sup|MKL, (8)- MKL(,B)|—P>OC X ve>0,
e
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