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A New Ensemble Model for Imbalanced Two-class Classification
by Learning Multistage
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Kazuki Fuitwara' Maiko SHIGENO'  UsHIo SuMITA

Abstract: In recent years, algorithms for classification with two possible outcomes have played important roles in ma-
chine learning. In various applications in the real world, the analyzing datasets are hard to deal with because the sizes
of classes are imbalanced, i.e., the data contain a few positive outcomes while contain many negative outcomes. This
imbalance causes the low accuracy of classification for positive. Many algorithms for two-class classification have been
developed to improve the accuracy of classification even if the dataset is imbalanced. However, such algorithms tend
to yield increasing false positives in return for reducing false negatives. We propose an algorithm tries to reduce both
false negative and false positives in multistage learning. By using several learning machines, our algorithm constructs
several models. To reduce false negatives, we take an optimal linear combination of those models. On the other hand,
to reduce false positives, we take a cascade classifier. Integrating these two models, the solution for classification is
given. Computational experiments are performed to verify the proposed method and to ascertain that the classification
accuracy of positive is better than the existing method. The proposed method succeeded to decrease both the false
negative and false positives.
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WZE D, ATIZET 2EEIIAT 1+ 7T EIFsninwl
R WIEEEHZBRVOTWS. ToT (Internet of Things) 1k
2 & B AIEATHE T — X O REERIEE NP, GO WL EE
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LT, N TV REFNVELEBIZEA 217> 28, i
HEREAE A E TV LCF(x) 127 & o THEAVEZ A AY Al gEIC
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DESBNATVY FETFLZINETHEEEINT
E72[10] — /AT, ZEREICFEYE I8 2 FIEIIEE OHFHER
FTHE SN TV, 72, EM(x) 135958 % BT
TBHDITH U, REIREAE S E TV LCx(x) 1% AUC-PR %
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NIRA=RTHBETVE—Y TV Ik >TERT S
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4.6 ER LREREESTETIVOEMEORE

EEBR 1T, PHETIVTH BFETIE EM(x) LIRET
B0 1 B H OB EGEAE ST TV LC,(x) DR E 1T, B
HREESETNVOEMEOKRGET 5. EiR 1 OfEREZER
1ZRT.

F1ER KR ERER AT TV DA RO MEE

Iy —R ORI HRET —4 ECYHADT reARS 57 —4
FER | WEEE | FEET F#)(SD) tfE EREp ) (SD) tiE | AEEEp
EM(x) 0.320 (0.024) 0.338 (0.025)
AUC-PR 22588 p<.01 4140 p<.01
LCy(x) 0.45 (0.027) 036 (0.025)
EM(x) 0537 (0.033) 0.527 (0.034)
FiE 2298| p<.01 3.633| p<.01
LCy(x) 0.553 (0.032) 0.548 (0.032)
LR
EM(x) 20.28 (3.308) 583.76 (15.905)
fAlatE 2486 p<.01 4707| p<.01
LCy(x) 18.6 (3.58) 567.22 (18.665)
EM(x) 69.74 (5.731) 1178.34 (17.994)
BEE 12241) p<.01 10393 p<.01
LCy(x) 57.32 (4.391) 1140.26 (19.051)
EM(x) 0317 (0.026) 0.359 (0.028)
AUC-PR 26.196| p <.01 3.158| p<.01
LCy(x) 0.465 (0.029) 0.378 (0.026)
EM(x) 0.538 (0.032) 0.544 (0.033)
FfE 4772 p<.01 3.963 | p<.01
LCy(x) 0.569 (0.029) 0.569 (0.031)
NN
EM(x) 19.02 (3.782) 566.8 (17.624)
A&t 2948| p<.01 6448 | p<.01
LCy(x) 16.7 (3.43) 544.42 (18.631)
EM(x) 68.92 (4.584) 1163.96 (18.014)
A 15518 p<.01 11841 p<.01
LCy(x) 53.98 (5.081) 1123 (18.032)
EM(x) 0325 (0.028) 0.376 (0.024)
AUC-PR 24.183| p<.01 s112| p<.01
LCy(x) 0.499 (0.035) 0.402 (0.028)
EM(x) 0.548 (0.034) 0.563 (0.031)
FiE 8979| p<.01 4373 p<.01
LCy(x) 0.611 (0.038) 0587 (0.03)
LGB
EM(x) 16.04(3.27) 556.94 (17.29)
Azt 3917 p<.01 9410 p<.01
LCy(x) 13.8 (3.314) 522.06 (18.433)
EM(x) 66.74 (4.261) 1138.94 (17.386)
(AR 159500 p<.01 11.118] p<.01
LCy(x) 50.94 (5.036) 1097.94 (18.64)

KL WTF—XEy MR U THEZBIIEY I
BTV EM(x) CRRETEO | YIHOREREESET
U LCy(x) D Dy 23X 9 2 G He R 0 15, FEEfR 22,
ERRAZRLTVDS, LC(x) TPHILAZGS, iT—X &
HEVWTNOFEMIBEIZBENTE EMx) & 0 HEEENS
K mBFER Y572 EM(x) & LCi(x) DN FEMiFaEE D
SEYMBE O 2 DBREHNC A B HEL D 5 7-D12, AEKHE 1%
THHIRTE D ¢ ME 247 - 72558, =& M0 5 EE 0
HIIERTHEZ e bh o7z, L EOHRED S, Bfiie
WEETNVEMWS Z L THFEFEL D A & Ak
IS EDR L RHERT DIV TE .

4.7 ER2:LEBEFEOHBMMEDRE

FEBR 2 T, REFED L HIHOWAIET IV Fi(x) & n i
HOFBIE TV F,(x) DEEKREZ TV, ZEBE2EOA M
DOMGFET 5. EBR2 OFERER2ITRT. X2, liF—&
Ty MR U TEFEBICFEH I REFED 1 HED
WAE TV Fi(x) & n H1H O#BIE TV F.(x) D Dy 125
3 2 FEAMfifE A D, MR 2, MER R AR L TV 5.
Fo(x) TYHILZ5E, T — & &5 WO iHiifEeEc s
WTH Fi(x) KO DFRENEG S RBFERE o7, Fi(x)
& Fo(x) ORI iR RS O SEAE O Z AR IS A =D
MDD B 7= 12, HRKYE 1% CTHIHIRE D t ME %2475 7=
R CHMOMMIEEEDAIIARTHE I B bhro
2. U EDORERN S, LB FEEH T VY Y TIVET
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HEHEDFEEIENIT )Yy RETL LD HEHD
DEREEPENT VWD L 2R T DI ENTE .

R2 FER 2 MO B PE A MO BRGE

IV Py — R OFRIRET —4 ECYHANDT 72 AnS 7 —5
FEE | FMEERE | Hiods SEH(SD) te | HEEEp F)(SD) til | HEEEp
Fi(x) | 0.454(0.029) 0.361 (0.027)
AUC-PR 40.805| p <.01 25.659| p<.01
Fy(x) | 0.741(0.039) 0.488 (0.029)
Fy(x 0.578 (0.035 0.568 (0.03
FlE 1) ( ) 34.793| p<.01 009 12918 p<.01
Fy(x) | 0.844 (0.033) 0.635 (0.027)
LR
Fy(x) 18.56 (3.621) 565.4 (17.795)
Bt 4232 p<.01 52.138| p<.01
Fa(x) 15.46 (3.765) 393.88 (18.073)
Fy(x) | 48.04(4.145) 1139.48 (16.522),
A 40.171| p<.01 13.440| p<.01
Fu(x) 15.4 (3.446) 1094.56 (17.544),
Fy(x) | 0.473(0.028) 0.38 (0.027)
AUC-PR 46.008| p <.01 22821| p<.01
Fy(x) | 0.751(0.036) 0.516 (0.034)
Fy(x) | 0.613(0.035 0.591 (0.033
FiE i ©039) 155 50 p<.01 ©0) 115535 p<.01
N Fa(x) 0.866 (0.03) 0.653 (0.025)
Fy(x) 15.92 (3.59) 538.12 (16.442)
At 3844 p<.01 47.707|  p<.01
Fy(x) 13 (3.136) 375.28 (17.585)
Fy(x) | 46.46 (4.161) 1119.82 (16.603),
TBE 46.051| p<.01 14.565| p<.01
Fa(x) 12.96 (3.05) 1071.7 (17.277)
Fy(x) | 0513 (0.031) 0.407 (0.028)
AUC-PR 33366 p<.01 17493| p<.01
Fy(x) | 0.741(0.042) 0.522 (0.032)
Fi(x) | 0.639(0.032) 0.616 (0.033)
FiE 28.293| p<.01 10227 p<.01
Fy(x 0.857 (0.037 0.674 (0.027
LGB w(x) (0.037) (0.027)
Fy(x) 13.9 (3.012) 526.26 (17.784)
faratE 3905| p<.01 50.484| p<.01
Fu(x) | 1126(3.102) 350.14 (17.764)
Fi(x) | 42.92(4.485) 1095.08 (17.47)
BT 41.448] p<.01 12509 p<.01
Fy(x) 10.84 (3.139) 1048.04 (17.099),

48 R INRT— MEEET I OBEIMEDKREE
AAT—REEEGETVERWS Z 2I2& - T, B
WA 22 L 2R 5. KR 3 TR, MAE TV LCH(x)
LHBE TV Fu(x) DHEEZE TV, I 27 — RESAET NV
DHEMPEDKRGES 5. KR 3 OFERZ K 3 ITRT.

=3 ERIEFE N AT — NEEET TV OAENEDMGEE

ILVy M —F ORI ABIET —4 ECHARDT /A0S F—4
=% | FEEE | AExtg | D) | E | AERESp F#)(SD) tE | HEREp
LCp(x) | 0.711(0.037) 0459 (0.027)
AUC-PR 3.667| p<.01 4246 p<.01
Fa(x) 0.74 (0.039) 0.483 (0.03)
LCp(x) | 0.764(0.039) 0.61 (0.03)
Fi 12789 p<.01 4257 p<.01
Fy(x) 0.859 (0.03) 0.635 (0.03)
LR
LCp(x) | 18.88(3.662) 542.86 (19.976)
Akt 4144 p<.01 37.059| p<.01
Fa(x) 15.92 (3.816) 399.68 (20.257)
LCp(x) | 34.86(3.969) 1109.04 (18.282)
tABE 22271 p<.01 5701 p<.01
Fa(x) 15.84 (3.639) 1088.72 (18.045)
LCr(x) | 0.711(0.037) 0.479 (0.028)
AUC-PR 4.043| p<.01 5383 p<.01
Fa(x) 0.738 (0.035) 0.509 (0.031)
LCq(x) | 0.787(0.036) 0.642 (0.036)
FiE 11292 p<.01 2207 p<.01
Fa(x) 0.859 (0.03) 0.656 (0.027)
NN
LCr(x) | 16.6(3.064) 521.26 (18.736)
ARatE 2894 | p<.01 43388 p<.01
Fu(x) 14.8 (3.283) 376.94 (15.953)
LCr(x) | 33.36(4332) 1097.66 (17.648)
AR 23427| p<.01 7361 p<.01
Fa(x) 1474 (3.122) 1073.76 (17.318)
LCr(x) | 0.72(0.038) 0.492 (0.029)
AUC-PR 5216 p<.01 5553 p<.01
Fu(x) 0.75 (0.036) 0.531(0.033)
LCr(x) | 0.823(0.041) 0.653 (0.042)
Fi 5915 p<.01 2693 | p<.01
Fa(x) 0.86 (0.03) 0.671(0.027)
LGB
LCp(x) | 13.24(2.847) 499.12 (18.272)
ARt 339 | p<.01 204| p<.01
Fy(x) 11.22 (3.066) 348.04 (16.919)
LCp(x) | 29.58(3.959) 1076.16 (17.702)
B 23.612| p<.01 7728 p<.01
Fa(x) 11.26 (2.863) 1050.72 (18.306)

R3IF,WT—X 2y MU TEEERICER I
WA TV LCH (x) LFAE TV F,(x) @ Dy 1239 2 FFHifi
TRERE DY, KRR 22, BEREREZ R LT VWA, F,(0) T
FHL 56, BT —2 & WOl s nwes
LCH(x) L W D BMEN & R BHR L o7 LCH(x) &
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Fo(x) O 3T FE A4 D SEYIE O 2 D5 aH I B B il
M B 7=, BIEKEE 1% THRIIIRE D 1 RE 21T - 7=
B A OFMEEIEED ZIIEETH D I ehbh o/,
UEDFERNS, W AT — NEEET NV EHWSD Z L Th
B AET VEARTHET 2 L & L 0 LBBEERDR
RIRBZ L RERT B LNTE .

4.9 B AREZFEOBWHEDIRE
RETFEOENMEDFMD 72 DI, BEFEFHE EM(x) &
BIE TV Fo(x) DHERERZTS. EBR 4 TIE, BEEFE
EM(x) LR E TV F,(x) DB Z TV, IREFIEOER
MOMEET 5. 4 ORERE2R 4 ITRT. R4, @7 —
Aty MU TEFEBICFEIEBMEFTEEMx &
HAE TV Fu(x) © Dy 233 % B4 D -1, fEUEiR
= REERE2RLTVWD. F,(x) TPHILZEGS, T — &
EHEWVTHOFMMEEIZBEWNTE EX(x) & 0 D EEENE
BRI 572 EX(x) & F,(x) ORI 3 FE 1248 D
SEYMBE D 2 DBREHNC A BN HED D 5 72012, ARKHE 1%
THIIRE D ¢ BE % 4T - 7= K58, = FH W 0 AL B E D
EIERTHLZ bbb o7 BLEOFEE» S, BFETFE
LR U CTIREFED ARG O M ERENPENT VWS Z
CERMRTEIENTE .

x4 FEER A R RETIROARMEDMGE

IV Py —ROFFRRET —4 ECHALDT 7ARS 7 —4
FEE | FEER | s F£9(SD) tfiE HieEp FH(SD) til | AEEEp
EM(x) | 0.322(0.026) 0.343 (0.028)
AUC-PR 7488 p<.01 25373 p<.01
Fu(x) | 0.748 (0.038) 0.477 (0.025)
EM(x) | 0.535(0.033) 0.52 (0.033)
FiE 45.619| p<.01 17.413| p<.01
- Fy(x) | 0.847(0.032) 0.638 (0.032)
EM(x) | 20.28(3.529) 592.74 (15.043)
TAatE 6683 p<.01 1134 p<.01
Fu(x) | 15.94(3.425) 398.22 (17.819)
EM(x) | 68.74 (4.707) 1176.86 (15.64)
AR 4757 p<.01 24.037| p<.01
F(x) | 1512(3.192) 1090.08 (18.792)
EM(x) | 0.326(0.026) 0.359 (0.027)
AUC-PR 4.850) p<.01 24743 p<.01
Fo(x) 0.74 (0.038) 0.514 (0.036)
EM(x) | 0.54(0.034) 0.536 (0.032)
FfE 46.749| p <.01 19.161) p<.01
. Fy(x) | 0.849(0.033) 0.653 (0.029)
EM(x) | 18.48(3.471) 572.26 (16.455)
fAla 5432 p<.01 2267 p<.01
F(x) | 1452(3.215) 379.14 (18.751)
EM(x) | 69.18(5.333) 1161.94 (18.371)
AR 57.850| p<.01 28463| p<.01
F(x) | 14.28(3.338) 1066.82 (17.646)
EM(x) | 0.326(0.025) 0376 (0.024)
AUC-PR 1.926| p<.01 27434 p<.01
F(x) | 0.742(0.038) 0.53 (0.031)
EM(x) | 0.545(0.03) 0.572 (0.032)
Fil 55291 p<.01 16269| p<.01
Fa(x 0.861 (0.03 0.677 (0.026
LoB () 0.03) (0.026)
EM(x) | 14.06 (3.467) 548.62 (17.206)
st 4371 p<.01 57.032| p<.01
Fa(2) 11.4(3.194) 351.94 (19.326)
EM(x) | 64.88 (4.868) 1137.72 (15.468)
TBERE 7.935| p<.01 26552 p<.01
Fo(x) 10.6 (2.893) 1051.98 (17.159)

5. ER

KRG T — 22T B MO D ERE OB T &\ 5
IZH S BIEFHEOAERIEIT DWW T FETFE L g L ads
SERETL. ERINS, TR —Y T T ATy
TEMABEDLEINAT )y REFILVTIE, METIEEH
M TR BB S IC T Z e TRENX R ET S
Z DRI NS, BETED & S BT L 5 HE
BETDEFILVEELIZH > TWEE=OREDRVETFIL
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DEL%ES

%

ZZIIRTVOICH L, BlEfESAEE T VX, 2D
ZIFIZ WO EEENEL kol EZ oD,

EER 2 TlE, ZEBEEEEZHVEZ Ik T, @EDE
BIXEET VIO EHEENRELRD PRI N
LR, DEPHL W EH I NEZT —RITH LT
FEEREOIRT 2, HEMOREE KT DICARREET
HolzTF—REED ZIFLTU X S WREM D ELEI AR .
AT, HE2ERD ZLIHETIETIVOBNER S Z
B LICBR S ERE LTHER SN

FEBR 3 DFERD S, RIS GET VT A A — N
BETNVEMEIEDL I THENH ET S Z A MRS
NTz. W AT — REEEET UL L L 72T — Xk
L TOAREMEIEGET VT THZLT S 720, AR
AU LTREMEDD, R U THENMELZEEXS
na.

FEER 4 TlE, AT — X069 5 Bk D 45 B E D&
TEWI MBI LT, BEFIEL D BREFENEGHT
HdZ PRI N BEFETFIEDMG > TV 72 AR D
DL AT HBBEENEMLCUESBEICHLTH,
PR B - AR R T XS Z LTI L T W
72 Binb T —XEy MW U TEREZBOKRLEZZ S, E
BOFEBEZANZZ & MEMMNFEEZAVWTHRIEL 22
CIZE o T REFEOPHENE N Z LB RIEI Nz

6. BHYIC

HWEEEH W2 7 7 ARET NV TY X LIE, e D
TV =2 avEHOEDINHEINTE D, EEAH
Meiz->oTWaB. LU, EBEANDIGHIZH 7> T, R
T — RS B G D S FERE R OK R IE K E RIS 5
TWa. BEFEEZ2HVWE I T—EDMRRIIR SN
DO, BIEEDRAD L 5l EM2 I BBEEENESETLE
5L WSHENH D, AT TIZZ OME L RS - BREIC
WNUT, ZBRBFEEZANENAI Ty REFIVIZES 2
I IAREETNT) AL EREL - BEFIETIE, 28N
HLUWEHIEINAEZT — R L THRE 2B 0E L, B
CEBOETNVEERT 5. LEBERIZIERS N8O
ETNEHACT, B E2 D 357200 RERE S
ETFINEBEEERZRBDSED OO AT — REEEGET IV
EHEL, ZD2O0DETLERE L TN DEZ T
S HIETH D, EREBEL T, 97O E HikzHIAG
FITT B 2 ORMN, LEEEEHOENME, A — R
GETVOEME, BREFEEZH VDS Z 2I2& > THET
EE O EBEMONFREELH LU, Bt & A% iz
WAT B ERUE 5%, KO A RT—2 €Y b
TOMAEP & © EHBREIOLOEEREICP W TEREZT
52 8T, BMFEARWEZ2 25 ARETNT) XLD
EHEANOIRHICEHBRL TV EZ W,
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