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Bilevel optimization decision tree based on multi-objective feature
extraction

LIANG Feng-qin, WEI Jing—xuarﬁ, LIANG Bin-hao
(School of Computer Science and Technology, Xidian University, Xi’an 710000, China)

Abstract: High-dimensional imbalanced datasets, characterized by elevated dimensionality and significant class
imbalance, which presents substantial challenges to conventional classification algorithms. This imbalance induces
classifier bias towards majority classes, while redundant features exacerbate performance degradation. To mitigate
these issues, first, we propose a multi-objective feature extraction framework incorporating class separability and
feature generalization performance as optimization objectives, explicitly accounting for class imbalance within the
objective formulation. Then, we propose a bilevel optimization-based decision tree algorithm in which non-leaf nodes
implement bilevel optimized classifiers. The upper level performs feature subspace exploration, while the lower level
derives the optimal class-separating hyperplane for the identified subspace. Comparative evaluation on benchmark
datasets demonstrates that the proposed methodology achieves statistically significant superiority over state-of-the-art
approaches in both F-score and G-mean metrics, thereby validating its efficacy.
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b (yi, i, w, 0) R h(y;, e, w,0) > 0HI, = 1;
1

0, otherwise.
(17)
BRI R RR YR AR 7 IR 2 /D HRIE T 22 8
RIKF A F AT FEDCAL R 5 3CHR [12] A/ TR
77 3K



724 B OH 5

xR E41%

2) LR bR H, .

WIHT Tk, b2 E AR 23 H i o R 1)
FREAA. ST FAE IR G, W B ZiZAE5 R
)53 8V TH A2 15 Befs O A 208 70 I, H x5 18 2T
RENEAR & A B R ACR . XTI ASAF
IR e, c,, H i
M_Nm+N“J%9(m)

N, N,
Forb Ny R o L o B e 70 s b Bk
FEAREL, Npo R 20 B4 T 45 RO 2 B A%,
Hy 80N 3R IR B CHRFAE 2H SR 7514 2 3 T e 8 5
A B TF. M Mle, 10 Hy AR, 2100 (4),
JE X A RFELH 4y R IZ AR TN
Hy,(e,w*,0")=

Hy (c,w*,0") =

i (h<yi7cvwa9) _M/l)Q

+
i=1,y;€Y; (o — Mll)2

uL (h(ywcvwae) _/'66)2

) — e (19)
i=1,y; €Yy (Mo - /’Ll)

Hr

, 1
ny = ﬁ Z h(yi’caw7‘9)v
1

Yi €Y1

, 1
Ho = F Z h(yi,c,’w,e).
0

¥ €Yo

JE 77 R SR AR D9 T R 2 SRR,
B (15) H (e, w, 0), KRR B 5%, A
IR ID N e = (c1, ¢, - - ., Cq), BIAERFIHRFAE 1
WUIE L. B35 3 H3R 1 AR 775 B SR A AR

B3 AT ROR LR

F N R SRR

il e w 0.

best = null

WIS TR Py, FiER /NN s,
AP,
for ¢ =1:generation do:
PATIESE . AR RIEERANEC;
P C;
Py =P +C,
XF Py AT HEF R AT
Py = F)i+1[: 32]
best = P, [0]
if il A b
break

end
[c, w, 6] = [best.c, best.w, best.0]

1) FhEEHIARAL.

WAL O T ik — MR R AT e R /E FY, i
HANMAR R B — AL, R EE K s, = d, A
R Pli|HIgais &c, = 1, HREAZE.

2) FEEHER.

PR AR R e AR B 705, FREES KRR
i R AN RE 4 B, VAR I AR B A XU TA] )
SRABIERE, A A B3 B BE B H oy $R 58, ABAE TR 2T,
AR T = B AR, T A R w 6.
MK P AEW 2 S LA T Ply]:

@ Pli]. Hyy < Plj]. Hyy;

@ Pli]. Hy, = P[j]. Hyy B P[i]. Hy, < Pj]. Hys.

ik 4 FOEEVEAY.

N FhEEP.

for 7 =1:Popsize do:
R4 Pli]. et AT T ERAFEI[Pli]. w, Pld]. 0]
R (15). (16) HE P[i]. Hy, M P[i]. Hy,

end

3) X AR

KT 5 2, A SRR G i v () JT 3B X
HEATAE X, BENUIRZS A8, SHAMERIZ 0 5 4728 e
VB, MAGRIL H e, L 5% FIBERAE 7 N — ¢,
3 EWRAHT
3 BEHE

ARSI H SRR X R AN S RO ) 2
{E5%, SRBG BT FH () 20 A0 4R B VR4S ok 1 F
7, WA B R FEAL (V) FFEHE (D) MAFHTEE
# (IR). IR 2 Z HERADHERFEAR S EE, H T
1l B AR AN~ R

IR = %.
N,

F 1 HARE - RSB S R
ZEREANE DR, HREEZHCER.
3.2 MRS E

AR F-score fll G-mean 1E NVFEA 845, 1X
W AT 7 SR 0 AR RS, 3R 2 2 =R
TRVEHERE, HoA /DRSS hRid N IESE, ZHEshRid N
oK.l 25 A HER R A B 2K F-score A S HERf LT
P AP0 1) 4 S fe, HoE Xk

TP
TP + FP’
TP

TP + FN’

(20)

Precision =

(1)

Recall = (22)



ERE BRE % AT % BARKIEIZ I SUE KA 2 b 2 R 55 725
=1 SCIRBESE 2 x Recall x Precision
F-score = — (23)
g WA S N D IR Recall + Precision
CLL sub-0 DI SCERCI3] 111 11340 9.09 G-mean K7 1A A G B A L AT
Colon D2 YHR(3] 62 2000 LIS KoL, B A DPA AR 7 S B 108 R A, e L
DLBCL D3 XHR14] 77 5469 3.05 T
Leukemial-1 D4 XHR(1S] 72 5327 7.00 G-mean = /Recall x Recall”, (24)
LSVT D5 %mif[m] 126 309 2.00 i TN
Lung-2 D6 %@:[131 203 3312 1094 Recall” = TN+ TP (25)
T MR s
Lymphoma-3 D9 SCHR[16] 96 4026 9.66 50,\ lﬁ%@%&‘j‘j 300 Tt;\ {j%jq?ﬁ”zmj¥ b ﬁ;kﬁ*ﬁ&
Lymphoma-4 D10 SCHRCL6] 96 4026 7.72 O AR 100 X, Sliedf MAIESE 10 LA 22
Su_2001-3 D11 XHR(17] 174 1517 5.69 IR SR IR . S BRI BN 0.9.
Tomlins vi-l D12 SCH[17] 104 2315 285 3.3 XHERE
Tomlins vI-5  DI3  SCHA[17] 104 2315 7.6 N T BRI R R B M, TR 4E AT A
Tomlins_v2-1 D14 SCHR[17] 92 1288 2.40 ¥4 ¥ MOFE-BLODT 52/ FEm & 4Tt
Tomlins_v2-3 D15 SHR[17] 92 1288 1.87 B, 445 % B % 1 BalancedRF'™. AsBagging'’
Tox-1 DIG  CAK[IS] 171 5748 280 RUSBoost™. CEMVO!" LA & % T 45 4iF 1% 5 ) 50 3%
Tox-2 D17 S\tﬁiif[IS] 171 5748 2.80 SVM-BEF™". .t BalancedRF 12 B ML 2% bk 8 12 [y 25
Tox-3 D18 S;z[i] 171 5748 3.38 1. AsBagging 75 Bagging H I\ A K FK i1 B R RE 77
BEF R4 5 AIE X 73 S 1) D1 ik B2 3k AT FF R A #%, 451 2K
w2 CHERREER BRI H A FH 28 1) P-4 ) 42 % R B
SEHINEES T 512 34 LIRER
R I N 9T W B R S 06 45 B B, SRR
SERR A FP TN . NN N , N N
5 P38 Xk f HE 5 5 VPG B 70 B 1R RE, 52
=3 AEEEH F-score SLILER
AE/TE S BalancedRF AsBagging RUSBoost SVM-BEF CEMVO MOFE-BLODT
DI 0.8878 4 0.062 1 0.9462 +0.0373 0.9169 % 0.0569 0.9533 +0.058 1 0.9920+0.0160 1.0000 = 0.0000
D2 0.6681+0.0780 0.6233 +0.0769 0.5564 +0.1137 0.7696 + 0.0470 0.7467 +0.0227 0.8084 % 0.0313
D3 0.6820 +0.0478 0.6665 +0.0497 0.7950 +0.0728 0.7579+0.1135 0.8800 +0.0613 0.9226+0.0281
D4 0.5597 +0.1280 0.6408 + 0.0642 0.05525 +0.0608 0.7200+0.1758 0.8266+0.0326 0.9253 +0.0159
D5 0.7423 £0.0243 0.7211+0.0266 0.6706 = 0.0863 0.7972 £ 0.0214 0.8138+0.0175 0.8189 + 0.0243
D6 0.8464 +0.0447 0.8544+0.0417 0.6430+0.0410 0.8314+0.0857 0.8587+0.0241 0.9182 £ 0.0230
D7 0.6796 +0.0395 0.6892  0.036 4 0.7316+0.0814 0.7837£0.0508 0.8456 % 0.0377 0.8778+0.0105
D8 0.5676 + 0.0624 0.6129 +0.0810 0.3903 +0.1057 0.7573 +0.1302 0.7466 £ 0.1066 0.9600 + 0.032 6
D9 0.4833 +0.0237 0.5395 +0.0400 0.3288 +0.0459 0.6933 +0.0679 0.6906 + 0.1094 0.8186 % 0.0563
D10 0.7734 £ 0.0439 0.7626 +0.0456 0.4685 £ 0.0504 0.8333 £ 0.0824 0.8653+0.0190 0.9706 £ 0.0258
D11 0.7450 + 0.062 6 07655 +0.0495 0.8293 +0.0294 0.7220+0.0795 0.8378+0.0565 0.9064 + 0.0265
D12 0.7142 + 0.0604 0.7542 +0.0426 0.7254 +0.068 8 0.8608 £ 0.0709 0.8949 +0.0293 0.9240+0.0336
DI3 0.8195 +0.0757 0.8672 % 0.0926 0.5683 +0.0914 0.9440 + 0.044 1 0.9626+0.0213 1.0000  0.0000
D14 0.7304 £ 0.0475 0.8035+0.0330 0.7090 £ 0.0546 0.8676+0.0315 0.9090 £ 0.0219 0.9112 +0.0212
D15 0.6377+0.0174 0.5998 + 0.0354 0.6129 + 0.066 4 0.6066 % 0.0676 0.7759 £ 0.0447 0.7814+0.0133
D16 0.6040 + 0.038 8 0.5878 +0.0248 0.4582 +0.0774 0.5968 + 0.0580 0.7118 +0.0745 0.7759 + 0.028 1
D17 0.6641+0.0279 0.6702+0.0225 0.4980 0.0810 0.6773£0.1027 0.8134+0.0214 0.83180.0353
DI8 0.6620 % 0.0203 0.7355+0.0706 0.6279 +0.0548 0.7838 +0.0337 0.8772 % 0.0402 0.9057 + 0.0369
D19 0.7861£0.0130 0.7855+0.0217 0.7487£0.0313 0.8363+0.0291 0.8962 £ 0.0259 0.9027 £ 0.0272

D20

0.7983 £0.0094

0.8063 £0.0438

0.7571+£0.0174

0.9432 +£0.0259

0.8648 £0.0568

1.0000 + 0.0000




726 # % 5 xR F41%
F4 TREEZER G-mean KILER
/GRS BalancedRF AsBagging RUSBoost SVM-BEF CEMVO MOFE-BLODT
D1 0.9663 +£0.0325 0.9865+0.0126 0.9717+£0.0389 0.9596 +0.0504 0.9926 +£0.0146 1.0000 + 0.0000
D2 0.7199 £ 0.0699 0.6890 £ 0.0699 0.6085+0.1231 0.8125+0.0345 0.7951+0.0187 0.8500 = 0.0272
D3 0.7876 +0.0492 0.7773 £0.0418 0.8844 +£0.0475 0.7893 £ 0.098 8 0.9008 £ 0.0597 0.9471 £ 0.0182
D4 0.7378 £0.1448 0.8142 +£0.0540 0.7779 £0.0719 0.7345+£0.1825 0.8379+£0.0376 0.9398 £0.0031
D5 0.8046 +0.0188 0.7843 £0.0199 0.7396 £ 0.0710 0.8331+0.0177 0.8575+0.0151 0.8618 +0.0243
D6 0.9459 +£0.0357 0.9638 £0.0295 0.9162 +£0.0286 0.864 1 £ 0.0830 0.8926 +£0.0205 0.9452 +£0.0238
D7 0.8908 £0.0334 0.9019+0.0323 0.8518+0.0615 0.8405 +0.0362 0.8770+0.0276 0.9338 +0.0182
D8 0.7915+0.0869 0.8251+£0.0738 0.6981+0.1275 0.7888 £0.1205 0.7628 £0.1047 0.9648 £ 0.028 6
D9 0.8062 £ 0.0460 0.8881 +0.0288 0.6981 +0.0693 0.7062 +0.0597 0.7156 £0.1149 0.8368 £0.067 1
D10 0.9454 +£0.0216 0.9444+0.0114 0.8026 +0.0459 0.8644 +0.0714 0.8820+0.0151 0.9797 £0.0235
D11 0.8846 +0.0393 0.9093 +0.0347 0.9322 +0.0181 0.7571+0.0639 0.8572+0.0452 0.9265+0.0188
D12 0.8296 +0.0455 0.8510+0.0283 0.7881 +0.0450 0.8841+0.0634 0.9195+0.0270 0.9538 +0.0258
D13 0.9017 £ 0.0682 0.9527 +£0.0249 0.8070 £ 0.0654. 0.9501 +0.0385 0.9662 +0.0188 1.0000 + 0.0000
D14 0.8122+0.0324 0.8737+0.0272 0.7753 £ 0.0403 0.8932+0.0212 0.9268 £0.0194 0.9364 +0.0167
D15 0.7008 + 0.009 8 0.6706 +0.0252 0.6880 +0.0554 0.6730 £ 0.0540 0.8135+0.0349 0.8295+£0.0111
D16 0.7379+£0.0351 0.7221+£0.0252 0.5789 £ 0.0639 0.6630+0.0427 0.7829 £0.0588 0.8336+£0.0148
D17 0.7913 +0.0208 0.7976 £0.0169 0.6191+0.0676 0.7402 +0.0822 0.8661+0.0155 0.8765 £ 0.0253
D18 0.8171+0.0219 0.8551+0.0535 0.7072 £ 0.0534 0.8186 £ 0.0340 0.9028 £0.0313 0.9341 +£0.0268
D19 0.8818 +0.0059 0.8787+0.0173 0.8178£0.0315 0.8700 +0.023 1 0.9261+0.0180 0.9403 +0.0151
D20 0.9676 £ 0.0022 0.9651£0.0127 0.9378 £0.008 6 0.9636+0.0187 0.8946 £0.0709 1.0000 + 0.0000

& RO IME = brdE 2= R, B —17 Ik
1) B 2 3 o0 N A0 4 1) S R SR B 45 SR 2% BV AE
AFEIEAEEE F B F-score F1 G-mean [ S48 45 575 5]
JEIRTER 3. K 4 .

M 3 T LLE H, Frde B BRAE A 3udi4E
] F-score fa AR 318 B T Ak, tnfE£4E4E DS, D9,
D10 _E/5ES] T 0.9253.0.9600. 0.818 6 K F-score,
A3l T 58 2 WP 45 R 9.87%- 20.27%. 12.53%.
B] MOFE-DLDT 5L 1 /D EAE A 1) 73 2K 1
Ae. WK 4 ATLUE ), BT BE7E 17 MR 46 1
) G-mean 8 bR ik 2 1 s, WifE 48 4 D3, D8,
D16 i) G-mean 735i%%] 7 0.8500.0.933 8.0.8295,
3T 2 WSS R 3.75% 3.19%. 1.6%. J256 45
SRIGUE T BT SR A R k.

4 &

SR fE AEAS T O S S e A, B T —
FhILT 2 H AR AE SR B XUZ A R S o BV
TP TUARRFAE, 38 /D B A B RE S, AR
Jett i 7 — AT 2 BRI SR IO AL, Oy
TAEAR O FEAS s R A 0 LE T REAE 2 [R] 2 R
13 BT B X 43 1, 75 AR AL o 25 8 T H s R
PEFVRRAE )2 AL RE JI A B b, R 25 7 H AR R
AL, AR5, 25 18 BIAN [F] B RHIE 2 G 0 43 26
BRI E A, $EH T BT RUZ Ak 1 e SR 4 SR A

2, SRR T A B IS XU AR, R T
RAFRHEA S, TERBRAEA S T R
FHH; 5, £ 2RI e P 5 5 Bk
X HESERG, S g5 AR A SO Bk RS
Ty IRTERE, IR T BEVE A .
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