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Fisher Consistent Cost Sensitive Boosting Algorithm
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Abstract: AdaBoost is a meta ensemble learning algorithm. The most important theoretical property behind it is “Boosting”, which also
plays an important role in cost sensitive learning. However, available cost sensitive Boosting algorithms, such as AdaCost, AdaC1, AdaC2,
AdaC3, CSBO0, CSBI1 and CSB2, are just heuristic. They add cost parameters into voting weight calculation formula or sample weights
updating strategy of AdaBoost, so that the algorithms are forced to focus on samples with higher misclassification costs. However, these
heuristic modifications have no theoretical foundations. The worst thing is that they break the most important theoretical property of
AdaBoost, namely “Boosting”. Compared to AdaBoost which converges to optimal Bayes decision rule, those cost sensitive algorithms do
not converge to cost sensitive decision rule. This paper studies the problem of designing cost sensitive Boosting algorithms strictly under

Boosting theory. First, two new loss functions are constructed by making exponential loss and logit loss cost sensitive. It can be proved
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that the new loss functions are Fisher consistent in cost sensitive setting, therefore optimizing them finally leads to cost sensitive Bayes
decision rule. Performing gradient decent in functional space to optimize these two loss functions then results in new cost sensitive
Boosting algorithms: AsyB and AsyBL. Experimental results on synthetic Gaussian data prove that in comparison with other cost sensitive
Boosting algorithms, AsyB and AsyBL always better approximate cost sensitive Bayes decision rule. Experimental results on UCI datasets
further prove that AsyB and AsyBL generate better cost sensitive classifiers with lower misclassification costs and the misclassification
costs decrease exponentially with iterations.

Key words: cost sensitive learning; Bayes decision; Fisher consistent; AdaBoost; binary classification
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30 ATHIEESE

M 1A N s SR 0 45 3 0] LAE 31,5 T AdaBoostC,Asymmetric Boosting 5.7 LAAh, 5T J8
RAIRMBUR Boosting HESEBR F IFEASIE XA B0 Tt i w55 10 A 0 10,V 2 Sk i A3 B AR B
ROy AR HAR 25 T B AR AR M SR

T IRAIE AsyB DK AsyBL 5L 1T B A 250&E AR M B0 DL S D SR AR S A S 3 1T 1 AR ]
) 4k v N CE R ERT AsyB LA K AsyBL S0 e 510 S b AT v R 230 BT J8 @ RN IR T f=C/C, 43 5 R
2,5,8,10.AsyB Al AsyBL ${i5%I548 100 %6, 70 5l A5 FH e MR B0 & AN B A8 CART AF b 170 K485 51k,

2 i T O R R A 4y S 1 e SRl S DA BT b Ry DL A B, TR AR A K1, AsyB Fll AsyBL kR
216 0 A e T T AN SRR 1) DL B S

© HEBEERAET hipd/ www, jos. org. cn



2592 Journal of Sofiware #4334k Vol.24, No.11, November 2013

+  IERMREA
* GO R A
=== DU R S St
s A 50 DL e S5 30 9%

A
e
/7 AsyBLf=10

x ¥

rd
.

Fig.2 Decision boundaries of AsyB and AsyBL on synthetic Gaussian data
K2 AsyB BLK AsyBL S0 i N T8 7 i vk SRl 5t

3.2 UCIEIE&E L

LEXF N T4 A2 Ak FE b, 3635 1 3¢ cerx,page-block,phoneme,pima PL & vowel iX 5 4~ UCT #4525 A
SCHFSE T B 1) 45 A UK Boosting ST VAL 45 2 AU BB 7 C1/Co=5. T FE K AN BUR AT 4R AL AT
BRLIER 50 R T AsyBL Fyk 0 45 [F] s A0 [R1 V3 77 ¥ 2 BT 0 4 (S B ok BRI # CART) LAAM, AR5
EBTH RN CA.5 BVEA RLT 4 2838 RN, A A UK Boosting 503 51 BLAN BURHI L8 A FEA ALK
AdaBoost HIEHEAT WL TE Tk AS XIRAFFEA AL BT 3 & AR BT 0 84040 . Precision. Recall. G-mean.
F-measure LA AUC febr BIME 5 77 2238 1~38 5 2 MRS5S MAARFR A T S 1FM s T ik m a5 1.

K 1~3R 5 IR LE R S I0IE T SCHR[ 1410451804 AdaBoost BV LA B 1)1 4 A0 A A BUE 7T LA
AR A SR ) BRI 2 F T AdaC 55 CSB X KR A B v AR B8R Boosting 735 (H A AsyB Al
AsyBL 53 Kk, R4 AdaBoost HEAE B A JEXFR ¥ ) e 07, (R vt & 11 AN UK ) Boosting 5%
AR ST M (8 1.5 oA A BUEK Boosting S92 AH HE, AsyB F1 AsyBL F g #h HL A5 S AR (0 48 0 24040, R I, 5 8
# Precision,Recall,G-mean, F-measure 3X £ [ SR £E T B3 B VERE W PPN FR bR, 1L 2 AUC IXFF 1) P-4 1 e 6 r,
AsyB UL AsyBL HiE M PEREAR L.
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M 1~ 5 IR G R AT LU 78 AdaC R 5155, AdaCl ZORHE AdaC2 Al AdaC3 U3 B4 I
AdaCl FHyERE AR B R B & XSG B AT A T840 5 Asymmetric Boosting 557 AH [R] (1458 2% p& #5, A~
] 2 4b#F F Asymmetric Boosting 5% 18 i FUAH 5 v R vH A AL B ZE K F o, T AdaCl R e 0T AL
fift Precision FEARFR 7N IEZEFEATE TG T A 1 S FEA b i o5 18 B4 Recall 8452 7 IE AR AR IE 4 325 1)
FEfl. AdaC2,AdaC2 UL & CSB AR 4 5LVA K Recall Fi5 b5 H 4 1,{H Precision $8 br AMRAR X W] IX Le 5751 i 1t
ST R AR AR A I 23 2380 T AR AR AN I 5 23 Dy 1E 28 X BRI 3 K38 R A A 2.

Table 1 Results of different cost sensitive Boosting algorithms on UCI dataset: crx

Fz1 BN BUK Boosting Hi%7E UCK Hidi gk b orx MR INZ5 R

T4 FR B R Precision Recall G-mean F-Measure AUC
AdaBoostC 57.40 (9.04)  0.81 (0.06) 0.85(0.03) 0.42(0.02) 0.83(0.03) 0.90 (0.05)
AdaCost 49.40 (16.98)  0.75(0.11)  0.90 (0.04) 0.40 (0.04) 0.82 (0.07)  0.89 (0.07)
AdaCl 48.40 (19.32)  0.82(0.12) 0.88(0.04) 0.42 (0.04) 0.84(0.08) 0.91 (0.07)
AdaC2 71.40 (0.55)  0.45(0.00) 1.00(0.00)  0.00 (0.00) 0.62(0.00)  0.86 (0.08)
AdaC3 71.40 (0.55)  0.45(0.00) 1.00 (0.00)  0.00 (0.00) 0.62 (0.00)  0.87 (0.07)
CSBO 71.40 (0.55)  0.45(0.00) 1.00 (0.00) 0.00 (0.00)  0.62 (0.00)  0.89 (0.08)
CSBI 71.40 (0.55)  0.45(0.00) 1.00(0.00) 0.00(0.00) 0.62(0.00) 0.76 (0.08)
CSB2 7020 (2.95)  0.46 (0.01)  1.00 (0.00) 0.03 (0.06) 0.63 (0.01)  0.82 (0.06)
AsyBoosting  54.80 (20.08)  0.88 (0.09)  0.84 (0.06)  0.43 (0.03) 0.86 (0.07)  0.91 (0.06)
AsyLogitBoost  73.00 (19.82)  0.75 (0.14)  0.81 (0.05) 0.39(0.04)  0.78 (0.08)  0.80 (0.06)
AsyB 45.00 (24.55)  0.82(0.11) 0.89 (0.06) 0.43 (0.04) 0.85(0.08) 0.89 (0.07)
AsyBL 58.80(20.24)  0.88 (0.08) 0.82(0.06) 0.43 (0.03) 0.85(0.06) 0.92 (0.06)

Table 2 Results of different cost sensitive Boosting algorithms on UCI dataset: page-block
T2 BMRMEBUK Boosting Fi%7E UCI Hidi4E I page-block [ 45 5t

HILA I o R Precision Recall G-mean F-Measure AUC
AdaBoostC 92.80 (35.87)  0.76 (0.10) 0.89 (0.04) 0.28 (0.01) 0.82 (0.07)  0.98 (0.02)
AdaCost 98.60 (34.06)  0.84 (0.09) 0.86(0.05) 0.28 (0.01) 0.85(0.06) 0.98 (0.01)
AdaCl 101.00 (33.56)  0.83 (0.08) 0.85(0.05) 0.28 (0.01) 0.84(0.06) 0.98 (0.01)
AdaC2 655.00 (204.16)  0.15 (0.04)  0.99 (0.01) 0.16 (0.07)  0.26 (0.05)  0.98 (0.02)
AdaC3 758.20 (314.85)  0.15(0.07)  1.00(0.00) 0.10(0.12) 0.25(0.10) 0.98 (0.01)
CSBO 908.40 (113.73)  0.11(0.01) 0.9 (0.02)  0.05(0.07) 0.20 (0.02)  0.98 (0.02)
CSBI 55220 (31436) 023 (0.17)  0.99(0.02) 0.18 (0.11) 0.35(0.20)  0.96 (0.02)
CSB2 598.00 (338.62)  0.20 (0.10)  0.99(0.01) 0.17(0.10) 032 (0.14)  0.96 (0.04)
AsyBoosting  97.60 (41.41)  0.83 (0.09) 0.86 (0.06) 0.28 (0.01) 0.84(0.07) 0.98 (0.01)
AsyLogitBoost  165.20 (37.73)  0.70 (0.10)  0.77(0.05) 0.26 (0.01)  0.73 (0.07)  0.86 (0.04)
AsyB 77.40 (35.83)  0.81(0.09) 0.91(0.05) 0.28 (0.01) 0.85 (0.06)  0.99 (0.01)
AsyBL 81.60 (37.41)  0.83(0.09) 0.89(0.05) 0.28 (0.01) 0.86 (0.06) 0.97 (0.02)

Table 3 Results of different cost sensitive Boosting algorithms on UCI dataset: phoneme

T3 BB Boosting 575 4E UCI #idi4E I phoneme [ 45 5

ST o KR Precision Recall G-mean F-Measure AUC
AdaBoostC 296.00 (45.14)  0.69 (0.02)  0.90(0.02) 0.39(0.01) 0.78(0.02) 0.93 (0.01)
AdaCost 417.60 (36.51)  0.44 (0.02) 0.99 (0.01) 0.31(0.02) 0.61(0.02)  0.92 (0.00)
AdaCl 31320 (13.63)  0.76 (0.02) 0.86 (0.01) 0.40(0.00) 0.81(0.01) 0.95 (0.01)
AdaC2 708.20 (53.89) 0.31(0.02) 1.00(0.00) 0.09 (0.09) 0.47(0.02) 0.86(0.01)
AdaC3 738.40 (34.65) 030 (0.01) 1.00(0.00) 0.05(0.07) 0.46 (0.01)  0.88 (0.02)
CSBO 737.00 (36.76) 030 (0.01)  1.00 (0.00)  0.05(0.07) 0.46 (0.01) 0.93 (0.01)
CSBI 744.60 (42.26) 0.30(0.01) 1.00(0.00) 0.03 (0.07) 0.46(0.01) 0.77 (0.10)
CSB2 719.00 (48.51)  0.31(0.01) 1.00(0.00) 0.09 (0.07) 0.47 (0.02)  0.78 (0.08)
AsyBoosting  331.00 (20.95)  0.80 (0.01)  0.83 (0.01) 040 (0.00) 0.81 (0.01)  0.95 (0.00)
AsyLogitBoost 552.60 (43.16) 0.61(0.01) 0.75(0.03) 0.35(0.01) 0.67(0.02) 0.77 (0.04)
AsyB 254.80 (22.15) 071 (0.02) 0.91 (0.01) 0.40 (0.00) 0.80 (0.01) 0.94 (0.01)
AsyBL 26520 (2039)  0.81 (0.01) 0.88 (0.01) 0.41(0.00) 0.84 (0.01)  0.95 (0.00)
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Table 4 Results of different cost sensitive Boosting algorithms on UCI dataset: pima

F 4 BN BUR Boosting S7EAE UCT Z¥54E L pima (14390 45 S

(AT i AU Precision Recall G-mean F-Measure AUC
AdaBoostC 92.00 (8.89)  0.60 (0.02) 0.76 (0.03) 0.35(0.01) 0.67 (0.02) 0.80 (0.03)
AdaCost 210.00 (114.05) 028 (0.24) 0.41(0.38) 0.20(0.13) 033 (0.29) 0.43 (0.35)
AdaCl 99.60 (9.40)  0.60 (0.04) 0.72(0.04) 0.35(0.01) 0.66(0.03)  0.82 (0.02)
AdaC2 100.00 (0.00) 0.35(0.00)  1.00 (0.00)  0.00(0.00) 0.52 (0.00) 0.74 (0.05)
AdaC3 100.00 (0.00)  0.35(0.00) 1.00(0.00)  0.00 (0.00) 0.52 (0.00)  0.76 (0.02)
CSBO 100.00 (0.00) 035 (0.00) 1.00 (0.00) 0.00 (0.00) 0.52(0.00) 0.7 (0.04)
CSBI1 99.40 (1.34) 0.35(0.00)  1.00 (0.00) 0.02(0.04) 0.52(0.01) 0.72(0.03)
CSB2 9920 (1.30)  0.35(0.00) 1.00 (0.00) 0.03 (0.04) 0.52(0.00) 0.71 (0.07)
AsyBoosting  95.20 (20.56)  0.58 (0.05)  0.75 (0.07) 035 (0.02) 0.66 (0.06) 0.81 (0.04)
AsyLogitBoost  154.40 (10.62)  0.47(0.02)  0.55(0.06) 0.29 (0.01) ~ 0.50(0.02) 0.63 (0.04)
AsyB 83.00 (10.84)  0.59(0.01) 0.80 (0.04) 0.36 (0.01) 0.68 (0.02) 0.81 (0.01)
AsyBL 105.40 (8.56)  0.61(0.01) 0.69 (0.03) 0.35(0.01) 0.65(0.02) 0.80 (0.01)

Table 5 Results of different cost sensitive Boosting algorithms on UCI dataset: vowel

F5 KA UK Boosting HkAE UCT HidliE L vowel IAI 45 1

=R S Hi B Precision Recall G-mean F-Measure AUC
AdaBoostC 1220 8.07) 076 (023) 0.94(0.07) 0.27(0.01) 0.82(0.13) 0.97 (0.05)
AdaCost 45.60 (66.65)  0.59 (0.40) 0.98 (0.03) 0.24(0.07) 0.67(0.37) 0.95(0.10)
AdaCl 12.40 (7.83)  0.84(0.20) 091 (0.07) 027 (0.01) 0.86(0.12) 0.9 (0.01)
AdaC2 72.40 (33.29) 023 (0.09) 1.00(0.00) 0.22(0.03) 0.36(0.12) 0.99 (0.01)
AdaC3 47.80(39.71)  0.41(0.28) 0.97 (0.05) 0.24(0.04) 0.53(0.25) 0.9 (0.01)
CSBO 93.20 (86.80)  0.45(0.46) 098 (0.05) 0.15(0.14) 0.50 (0.41) 0.80 (0.27)
CSBI 46.60 (40.04)  037(0.18)  0.99(0.02) 0.24 (0.04) 0.51 (0.20) 0.9 (0.01)
CSB2 64.00 (28.31) 025 (0.11) 100 (0.00) 0.23 (0.03) 0.39(0.13) 0.9 (0.01)
AsyBoosting  17.80 (10.92)  0.75(0.26)  0.89 (0.09)  0.26 (0.01)  0.79 (0.16) ~ 0.98 (0.02)
AsyLogitBoost  14.20 (6.18)  0.71 (0.18)  0.93 (0.05) 027 (0.01) 0.79 (0.11)  0.95 (0.06)
AsyB 8.60 (5.03)  0.80(0.19) 0.97 (0.05) 0.28 (0.01) 0.86(0.11) 0.9 (0.00)
AsyBL 9.20 (7.46)  0.81(0.20) 0.96 (0.05) 028 (0.01) 0.87(0.12) 0.9 (0.01)

33 HEAoERMMEEKT K
AdaBoost 597 5 T B R 2 — & o SRR R B A R AT R B0 R N B4 Boosting JMARNH T

AR B 0t A5 SR B A8 X 68 23 AR B AT ST A A5 4 7 AR B 5 AR AT AN T B o 1 B0iE %54
WU Boosting 5304 17 RE B X 15 70 AR HEAT 3R TF, (4545 20 R BB S AL RE AT T B, AT TN 56 3.2
T SEH L 7E phoneme [ TLIEAS IR UEFE AL EINZRA) &AM BUK Boosting 5A % il I ZhkE AL L5 R P A A

4 EAE I AN BEIEACEAT 1220 h 2, 2 ) 3 T oms.

MIE 3 oy U )

o AsyB fll AsyBL SEAEME XS 45 3 AN BEAT S TH, DI ZRAE A G S5 A0 MIFE AL B4 20 R B AT
HEAT IR BOE AT [
o AN T AR BBUB A LA L AE AR AdaBoost,AdaC1,Asymmetric Boosting,Asymmetric LogitBoost 5
VLA REXTE 0 B BEAT 3R T AEE 3R TR b AsyB SEvLHE 7 I HL7E T8 2 30 FE i s 56 v mT LU 8%
2,5 AsyB Fll AsyBL S AH LU, 1% SE 7500 4 RARMT B3 FHE AT
e AdaC2,AdaC3 DL K CSB & ¥ H kX AdaBoost H L& i IR T 8L 1) Boosting k1, Bl A & A A 3t
AT 850y AN B2 A T B R T = 4.
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Fig.3 Cost curves of different cost sensitive Boosting algorithms on UCI dataset phoneme
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P U B0 T LA B BRARUR 0T, 28 1 2R o e /D 1) o SR A SRR DL AT e 3 AR S A o B T
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