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Abstract

In this paper, the process data in the process of software production is used to analyze the failure
change data in the test process by using GAM with interaction, and to study the influencing factors
and the interaction between the factors. In this paper, the fitting effects of GAM and GAM with in-
teraction are compared firstly with the failure change data. Secondly, the prediction results of
GAM with interaction and existing machine learning model are compared. The results show that
the GAM with interaction is more abundant than that obtained by GAM, and it is better than the
existing machine learning method. Therefore, such analysis and analysis is meaningful.
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T2 A SRR AR S, TEBEAN A AR = 1 Ay L v & RE R B0 ok, BR N RE4L
P[] AMUEFEE WRAARRGATE . AR AR TR SRR R FR A, iR R E
BB R R, oA AN, RIS A R SRR L. T AR 1 A A R
FH RN AR SR, AT m AR T et . XTI SR A EE, B B LA S IR
Y0 75 R AT SR AT o

T4, BT A AT S AR Y ()4 G T S BT O A R AT R, X R R R S A R R
WS T HRA A B 1) ) LA B AR T R AR AIE T kot iR 00 5% 81 1) 2 B R 2, 80 e R P 22 4 K
A RO AR VA R BRI AR R AR o O T SO RIS, SR T LA 2 2 v B R AR
HHEHEIEATEE, bhdn: PSR, BERIARAR. W& RS E R X AR AR R B R, HLAR RS
FEMIE S IR ZE . I BRI FANLES S 2 7 R BRI N 7 2 B BEAEH, NT %
RS AT 2 [ (28 AR R, WA SCHEH 1) U AR 2], iFR GAM, X 2 e iR d T & .

GAM & HEHR KB T AE G v o A B IR BN AR S B m AR, ] 08 o e S sk AT R, %
HAB R F 3T 6 R BN A . AR TR ETUL R e S BRI I AR R B R A ST, R
HENEFAEM Z 0. GAM J& TAESE AR dr (1) —Fh, JEZ 55001 E A 75 BRI 2 4 1 1l B i
P&, AT LLRIE IR EE M B S A0k &, R SRR ) AR e H A2 i, BRI T ZE
K, Foh, BT RS REFEFAGTIBIMAES S0 A B AR & 5 RAR & R ¢ R IR R A MEFE, 1985 4
Stone [4] [S]H&HNPERRL, AR p A — AN IS FH BA Gl R BCRAG TF, AE A — PRI AT LR I
AF AN i AR AR T AR AL, AR EFEIME O T Bk A . 1990 4 Hastie 1 Tibshirani [4] [S]97 /& 7 A
RPN VG R, $R T SOm A A

ASCEP XA S B R AR R R AR, R GAM g R R S e AR,
— B E AR R, e S bR TR R A BT TR . o, LR

o SR ) B S A

B T ) AT VELERUR SRR RN A2

=y i R SR AT AT I A R

35 VOB 3 A2 X HE AT 45 R 25 5 5B de 5

2. RENA

BT R R o I B8 70 e 3 48 000 X S s AN AT S R b B R S o TR
Bl BRI R ARG P ACR . JF BIEikgs iR R Z R RS EAR T, e B A O SE Rt A rh R 3R
Z RIS BAR AR RATAE D, Biln, AR AT BRI B B RS BAR . A GAM K
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TSR I LS R R Z M AZ AR, DR s o I RCR
GAM, J& TS M6 —F, HFRE AT HrR:

g(u):a+fl(X1)+f2(X2)+“'+f,, (Xp)

E¢,u=qWXanﬁg&»g@%ﬁ%®ﬁ,ﬁ%¢mg%ﬁ%%ﬁQEM¥%®ﬁ,&%%ﬁ
TE, fHXO)RKRT X R & R AR S HR 5.

TEZAEAL R, W AR B () o3 Al LU IEZS M, I i poisson 2355 . St A0 KM T 716 TiE
BESE, TR IR A P E S GRS, PR SEIIERAA 28 L | S8 XNRHIFIESE .
1E GAM FERY BAR Mt FE AR, SR Rx64.3.5.0 FiX R %A % mgev. DAAG S5, SR TS2I8 {5 B o

BEMERNE—FE, LRI X, x X S HI, 115 GAM RERSARIL A FSON ER . )
A, ATRARE IR 30N fi(X, X)RMRAEAS FLIR, X FE Y AC LI AT DARE ] — 26 — ik 7 vk, R [l e el
TR RRIG

GAM N VAR N BB TN, R VFREAS YR A — A AN I BRI 0P 0 eR A, T AS A2 Y
VBN —Fh SRR 1 2 550 oR B 0L, %o 0 B4 38 ) AR e A R FH S0 R B 7 V2 ST . GAML 5 GLM
(7135 [F) R RE R RS SR R A T RS S A SRR R S X R 5 GLM A2 GAM )& o
Tl des s, RSN HEEE N2, GAM & GLM M—FE . Fik GAM &H T
ZM AR, BRI AR R I

3. fihiEiE
3.1. BUEiAR

A i B ok B T RS TR IO H s, AR R IR AT B 2k
R . AR RRE IR 1 R, BdEks g 2 Bros.

Table 1. Symbolic explanation
® 1. FSHR

A7 R AR AR A R X AR A
1 Stage PR B HE A
2 Weeks =9 VIR
3 Requirement_chg T oRAR T HE Y
4 Loc RIS T4 BT
5 Complexity =R B A
6 Te_num T 4B HfH
7 Te_num_loc MR TR FCRAEZ —, WA B B RS AT 0 43 T HfH
8 Te_num_complexity DA SRS ECRIE 2 —, SR BB 1 R 52 2 BE 1 43 T HfH
9 Stmt_cvg TEA) SR HE
10 Stmt_cvg_tc_num BRI P ) X5 V) T 2 1 TR HEn
11 Branch_cvg_tc_num AEAN A 1% 43 32 78 75 1 Tk HEn
12 Branch_cvg 93w R
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Table 2. Data sheet
=2 BUEER

stage weeks stage weeks requirement_chg loc complexity tc_num_loc

1 1 1 0 42140 4840 9.49

1 2 2 0 42140 4840 18.98

1 3 3 0 42140 4840 26.1

1 4 4 0 42140 4840 30.85

1 5 5 0 42140 4840 29.9

1 6 6 4 42140 4840 44.14

1 7 7 4 42140 4840 11.39

1 8 8 0 42140 4840 74.51

tc_num_complexity  tc_num stmt_cvg branch_cvg stmt_cvg tc num  branch cvg tc num fail num

8.26 40 5 5 12.5 12.5 1
16.53 80 8 8 10 10 0
22.73 110 12 11 10.91 10 3
26.86 130 15 15 11.54 11.54 20
26.03 126 18 18 14.29 14.29 19
38.43 186 20 20.5 10.75 11.02 0
9.92 48 20 20.5 41.67 42.71 16
64.88 314 24 25 7.64 7.96 3

SR HEAT VIS BT nE 1 FR), 4it Kolmogorov-Smirnov #G36[S1RI %1, (B AK A R BN
poisson 73 4ii, ZAEK:, PAEAN 0.0678, MU KA AE(fail_num)iE 2 poisson 43R, A AT UE
W, XA R NIES MR, Kk, KA poisson BREUE AERE RS, B BRALRIET&MEHER
77 RIS AR poisson 43 i 1) M [ A5
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Figure 1. Variable distribution map
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% LALLM [ AR LR [l VAR o (O R A R 2 [ AE e AR SR R R B AOAEAE AR AR R e V25K i
AR R 2 IR AE ISR S, mIR TR iR A2 &[] 1) Pearson AH 5 R BOR A BT & IUAE S PERRE , 2R
iR A R ) R R SR AR BB, WU P AR AR i B J F A AE ™ L SR 2 M SC R o AR BR AR & (R 3R 2 P
A R TS K REE . SRR RS

HI7E 3 AN, AUBDATHL. RAE . IBREEFRMRXREIIRT 0.7, B, BN EEEERRK
SRLME o SRR 6T 38 0 78 2 ) D RN 0P 451068 70 S8 i ) s kAR SG PR AR 4 0.998

Table 3. Pearson coefficient

5% 3. Pearson &

1 2 3 4 5 6 7 8 9 10 11 12
1 1 0.97 -0.29 0.64 0.76 0.43 0.42 0.45 0.67 0.64 —0.18 —-0.19
2 0.97 1 -0.2 0.72 0.82 0.45 0.44 0.47 0.79 0.77 —0.14 —0.16
3 -0.2 -0.2 1 0.03 —0.02 0.04 0.05 0.04 0.17 0.20 0.14 0.14
4 0.64 0.72 0.03 1 0.98 0.25 0.26 0.30 0.77 0.73 —-0.04 —-0.05
5 0.76 0.82 —0.02 0.98 1 0.31 0.32 0.35 0.80 0.76 —-0.07 —-0.08
6 0.43 0.45 0.04 0.25 0.31 1 0.99 0.99 0.39 0.40 —-0.40 -0.4
7 0.42 0.44 0.05 0.26 0.32 0.99 1 0.99 0.39 0.41 —0.40 -0.4
8 0.45 0.47 0.04 0.30 0.35 0.99 0.99 1 0.42 0.43 —-0.40 -0.4
9 0.67 0.79 0.17 0.77 0.80 0.39 0.39 1 0.99 0.06 0.05
10 0.64 0.77 0.20 0.73 0.76 0.41 0.41 0.43 0.99 1 0.07 0.06
11 —0.18 —0.14 0.14 —-0.04 —-0.07 -0.4 —0.4 -0.4 0.06 0.07 1 0.99
12 —-0.19 —-0.16 0.14 —0.05 —0.08 -0.4 —0.4 -0.4 0.05 0.06 0.99 1

3.2. GAM #RB B EH R I

MR AR S T BT 45 5 B stage (MR BL) weeks (M0 JH)+ requirement_chg (77 KRAEH ). loc (X
154740) complexity (2 4%/%). tc_num_loc (WX ZTIH A BCHRFAE) tc_num (WX BIHIN40) stmt_cvg 15
) 78 §5 % ). branch cvg (7 X % 15 ). stmt cvg tc num (&AWL H B 6 ) & S5 1 5T ER) |
branch_cvg_te_num (FEANIR BT 43 S8 55 I DTHR) 55 - AN e R B E R A &, B EdE 1 M
Wiy DRl B AE AR AR &, SR (fail_num)fENWRRIAR &, SR RE %1 BR 00 e A, JF A
fige TR 72 Yo e I A ) s ) S SRR SRR, e 4 B S5 ARERE: PR RIS R R IAE P
B <0.01 AP FAMRAECEAA B2E5m, K& m R R A RIS R B AR S ¥ =
s te_num (JERAFIIAED) branch cvg te num (BENMRF 13 7 32 78 & FIDTHK) stmt_cvg tc_num
(A DU 9 0 18 ) 78 55 P DT MR ) XoF 2 SB35 ) PRSI g Rk 2R ARG, T B ) 0 R R, R HIX
AN RS RS AR T R G BRI s FUAth 2 v DR 20 2% RACEOR A B R R LG, TR E
FREAEBAR, FREAATT RO 2 RO AT BRI A I AR RE BE 1 22, BRI R R AR B B R UL
BRI, (BRI T R E AL, WHRA S ERE .

MHBEEEN 1R, RECLIETTE, R R R e AR B R R R ARG R M H
HEERT 10, FonmBUe ekttt & oriE, SRR SRS MAAEMAEL R R, BB,
MR AZAMEE . EREBW: loc (AVZITH). complexity (EREMEHBHEAN 1, 5RUBBUEERE
FERME IR, branch cvg (X EHZFR)VEME N2 £, 5REEG I MEA —EMIELME LR, 1M
HAt AR BA R ERAELME R R,
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Table 4. Univariate analysis

4. BRRDN

S 25 T fliit E X% H WL F P-value T3 ZERRRERE WA ERE: R
stage 3.84 4 88.74 <2e-16 5.98 —0.0199
weeks 3.647 4 88.83 <2e-16 6.34 —0.0199
Requriement_chg 6 5 2 0.0106 3.8 0.0271
loc 1 1 67.01 <2e-16 4.88 0.0048
complexity 1 1 54.03 4e-15 4.12 0.0014
Te_num 8.559 9 284.5 <2e-16 21.4 0.0104
Stmt_cvg 4 3 41.43 4e—9 291 —0.021
S_c_tc_num 5 3 210.1 <2e-16 13.2 0.021
Branch_c_t n 3.879 4 236.8 <2e-16 18.6 0.0611
Branch_cvg 1.98 2 17.98 <2e-16 1.37 —-0.021
Te_num_loc 3.278 4 1.645 0.00029 21.7 0.174
Te_num_comple 3.219 4 1.525 4.71e—07 20.1 0.161
3.3. GAM BB ZE RS

JEIT pearson FHICREL[10] VLS KR el 13 2], loc (fRAATHDY complexity (R 44E).
tc_num_loc (MR FIF 4 FCHFAE) 5 tc_num_complexity 5 tc_num (IR B IAN40) stmt_cvg (1B F) 78 75 %)
5 branch_cvg (73 di %) stmt_cvg_tc num (&E/N 0 515 15 4] 75 25 1 DT8R )5 branch_cvg_tc_num (5
AN A8 0} 7 S 7 75 B DT HR) BRI AE SR Bk 99.9% A b, HPR 2 [R) e ik B[R 2R 23 B 1R 5 SR AR s FEE AR AL,
WA e HON AT DL AR B AR & .

FERR R i 5 BRI At 2 5 A s B A I8 1B AN R A2 & stage (MR BY)  weeks (M)
requriement chg (FFRZBH &), loc (FRIZT7H). tc num (MEKHBIEADED) . stmt_cvg (BFE 5 %)
branch_cvg(4) 3 8 i F)WE AMREAL &, 1 R v AR &, HEAT 22 e IR 3R 5 R OB AL AT () GAM
B RS, B R RE R I E SR R B B E R 2, P R TR FFE 561 pR il o, 2
EHIRWEE 5 PR,

Table 5. GAM model hypothesis test results of failure number changes and multiple influencing factors

5. RMBEUESHMERN GAM HERIRRINER

Ei=tN Stage Week Req chg loc Te_num Stmt_cvg Branch_cvg
it B 2.309 1.129 1 1 6.602 3.414 1
ZEHME 2.888 1.222 1 1 7.685 4.204 1

F 4.500 6.932 2.595 0.0172 3.562 1.865 -1.692
P-value 0.0093 0.012 0.0124 0.01640 0.001 0.0117 0.845

Z R HTRY, branch cvg (5378 5 %) p 15>0.05, HASAER B 28 2080 B2 50, loc (1R
TAT40)  stmt_cvg (5 )7 5 %) ~requriement_chg (75 RAZTHE)TE P [H<0.05 7KF T~ &35 5200 808 0B 1k,
HARIKFNN ZAE P EH<0.01 /KFT 535 5200 R LA . BAHE RECN 0.743, 77 ZMEREEA 75.5%,
RSB SFEE R R, R EMERLN 6 AN R AR R B R . PR nT DR 52 A AT T 2R 2
How s REME . o, BORLEE KB5S 77 E MR 128 LT
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3.4. GAM &R 6

3.4.1. RMERZWN KB TBHIERBRISE

AT X 22 B R R (R A ) 5 2k AU AL IB] 2 37 GAM A6, S4B B 1 T g el T Bk B, 15
Bl e R Zo0 R B s, s 2 B B R R OR A FTIN BRBU IE AR AR, RIATE XA
1 EFBR, SRR FIEIA LR, BEAAR R R SRR E ST, AR TR R 6t
RAB AL . AR S BUEARERAT T B . ERRY, RBEENS loc (FRID1TH0)-
requriement_chg (753K 728 55 &) [A] (1A S HE R I N G At AH 08, BEE loc (FARS4T %) B requriement_chg (757 K42
BB L, SR th LS, 2 stage (MR BN T 4 B, SR R8s (b S B s ik 4,
HAbA & 2 T HER ML R, JEHBESE, B, AR te_num (KA BN S, Ak 200
Je, RAEHIBA R IPOE D A, X2 T SRR B R — e S E DU, R R
B 30, AR B D
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Figure 2. Effect of influencing factors on the change of failure number

B 2. IR EX R BT RIFNR

3.4.2. {RRZX KW

FHAE XIGAE[13], HESC44 MU 10-fold cross-validation, FHMNREZERMTE. 25 AR J7i2.
WEIRE S, RS o MERNIIGEEE, 1 mERIREGEE, #47R% . Bk aEH
FHRLI IE R (B E A )0 10 YR 45 FE 10 IE A 256 (B 2248 256 1P YA A ket S0 B A 1t o

PRI AR AU BT A0 J 2 M IR T 515 B R AR B 5 B I 201 GAM. BRI L&
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RBEREIF . B0 IR 25 0t 52 OB AL T AR B e o RN, O T B A LR, SRR T4 28 B[ 15]
S EC T [ GAM B HETIRAE . 7E44 5 GAM BRI, St o fhBCR BT AR, B 1 4B NI
BT BRI HEAT BUR AR 2 . 37 SRR TRINSE et €] 3 i, BiESs Ak 6 s, MRl ee
BRI E TR 2R LU RMSE [141E 9K iksitk, W LU BT 5 L bRE i 25,
G5, GAM B ISR BT, WM. Hoh, RMSE I 3L R

RMSE =

Table 6. Ten-fold cross-validation of the failure number GAM model
2 6. KB GAM REV YT R X HIE

B 1 2 3 4 5 6 7 8 9 10
iR 0.51 0.41 0.49 0.53 0.48 0.42 0.42 0.47 0.51 0.48
T ERREE 70 64.9 66.6 72 69.6 64 70 69.9 67.8 71.5
RMSE 278 4.05 3.67 2.34 3.77 52 42 3.98 4.8 3.77
o
g 4
o | *
<
v A
8 .
Jay A + *
Q a °*
+ e ® e ®
o v
- 7 N
§ o i s .
v a a
o A $ @
T T T T T T
0 2 4 6 8 10

Figure 3. The number of failures is 10% of the predicted value of cross-validation

B 3. K3 10 R EIERTNIE

3.5. FAXEMA GAM =& S Hr

RN Z Z AR KBTI, S RAR &2 (828 BAE AN Rt 2= A sm A . £E50
TS ER) GAM BT R 5] NN R R BRI BAER T, Al 5 A A2 BAEF TR GAM R0 R
g(u)=a+f, (X1)+f2(X2)+---+fp (XP)+ 1 (X],2)+~-+ . (prl,p)

b, fi G )REE i ARG j AN ER A A BAE .

AT A 2 BAEH T GAM BRI T 28 =5 h 8, Mg Rk 7 Fos. H TR 5AEH
te_num (WX A 120 *x loc(FRASAT 40 tc num (A FIAN 250 x branch_cvg (7 78 75 %)+ tc_num
(I 8] 1) /N30 % stmt_cvg (V5 F)78 15 28) 1) P E /N T 0.05, AT LART DL 3% B8 58 HAR I s /2 W25 11

MK 56 25 FIE v LRI, L HAEH I EE R AL tc num (WK BIANE)E loc (RIGIT40).
branch_cvg (/3 55 %) stmt_cvg (WA 55 %) 2 (0], X 15 5o 2080 4 2 252 X A 505 )

R (OARARDAT . S R R TR A o ) I A8 HAFE R R B A R R 5
P RA BEMR HEA G225 U AR BT AT 2 B, nlE] 4 Pos. R SR TR
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A F B AL RYEE T RRE. 15 4 PEES R X NE 43a). B 4dFIE 400, HIE
4(a) AT A1, 24 loc (fRALAT H0) /N T 48000 i, 2R 2HUE A 32 te num (WK 1] 10N E0 2L IEZ I 5 24 Toc (1R
TATHO) KT 48000 B, RAEA KA TN, HEPU)ATE, 24[E & branch cvg (/B F )N, FEE
tc_num (MR BN EO RGN,  RBEAE — e S N a8k, B2 2 te num (UK 510N 20
1000 BF, 23808 S IPOE RN S . ] 4(e) R SE 5 ] 4(d) AR

AWFEE R, LRI BN =058 BAR IS B R SRR AR LA, 77 ZE R 28 DU SR B T 22 &
HOTHHAE Frig e . BT branch_cvg(7r 3 55 %) E GAM B 2 AN B35, (HARZ ST te_num (M
RH BN * branch_cvg (9 X B MR HIE, SRBECRMAA BEETmM, @id7E GAM A
SINZE EAE RT3, AT LA R 58 5 43 A e 2R O8O AL 1 BB BERRAE, [ B 9 1) DAAS 2R 34k
AMESZ SR 2 1520, T FLSZ R 2R A28 BAE FH BIsgmm . BRIk, 4 f5ie ] LB R = AR R HAEH .

eJa, AR HAEF GAM BB, FAIEERIGE 8 FuR. 1SR Z /RN 97.9%, HHEKR
T GAM BRIV AR, 12817 29.7%. FIE R R =0.989, FRIBAER R, SRS FERERAL.

Table 7. GAM model hypothesis test results of interaction factors and failure numbers

7. FMERZEERASANEH GAM FHRRIRRINER

X I Tc_num-loc loc—stmt_cvg Loc—branch_cvg
it B HE 20.46 2 2
A MK 24.26 2 2
F 2.583 1.269 1.299
P-value 0.00225 0.288 0.28
Tr EMRER 62.3% 3.765 3.84%
R? 0.457 0.00797 0.00885
A I Tc_num—branch_cvg Tc_num—stmt_cvg Stmt_cvg—branch_cvg
it E B E 14.73 14.44 2
SHAME 18.59 18.27 2
F 2,3 2.193 0.925
P-value 0.00945 0.0137 0.402
T ERRER 50.1% 48.9% 2.77%
R? 0.361 0.346 —0.00223
Table 8. Final GAM model parameter table
# 8. B GAM BRI SHE
=L Tc_num-loc Stage Weeks Stmt_cvg-tc_num Branch-tc_num complexity
it E HE 22.1 4 4 7.4 74 1
SEHmE 23 4 4 9 9 1
F 70 0.407 11.688 30.022 28 1.45
P 6.70e—7 0.040 0.003 5.9¢—09 9.41e-07 0.03
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Figure 4. Interaction diagram

E 4. XEERE

3.6. HlBFFIJRESEAIXETR GAM REHILLE

T BB A I GAM B SEUE PIALE 2 ST RY[15], W& EH, lasso [F1J9. ElasticNet [F]
A, SCHRFR BN TR, X 3.1 5 68 AAEABIEFEATRENLRI Sy, JEHL T0%FEARNE NI RS,
30%FEALE NINREE, TS FEA, {8 RMSE (root mean square error)f& 7

RMSE =

SKIPM BRI TN R o THEER UK 9 P

Table 9. Comparison of machine learning methods and GAM models with interactive terms

9. RFIFEEHTEXEIN GAM RELER

T RMSE AH% RMSE
[CCIE! 12.76 —24.7%
Lasso 7] 14.38 -33.2%
ElasticNet [#] 9 14.58 —34.1%
S AL 10.37 ~7.4%
A HIAE) GAM FA 9.6 -
1264 THEAURF 5 R
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20 hHISE AR, A H A HIH GAM MK RMSE {51k, #HLL ElasticNet [7]J9 RMSE P#1i
T 34.1%, AR SCRE R BN TIEIBRIL T 7.4%. MR LIS, A A2 BT GAM AT R
A T R R AR LA AR

4. g

XF 3.1 5 A A YA A S B GAM AR AT 04, A BAE AR o AR N 58 LI ] DASE A R 1)
LA AT RCR o 14075 22 fif e R S R R F 1 8 ) s R ORI TR A B GAM. B T i
F GAM FEA 0 $d AT IR 3 70 it ) B, branch_cvg (53 378 6 %) I W VERI, (R AEBRL iR
N7 A EHIS, te_num (W5 #4140 branch_cvg (73 378 5 58) BIZE HLIUN R 8RR A AT . 25 VRS
XA LARSERR A . R HA A HIUY GAM A5 HABNLES 22 ST AT LU, 45 B
RTINS R () RMSE ZEA0 T HABALES 22 SRR, PR b i 9t A 52 A FT ) GAM R AT BL oy M 80T
KRR L AR .
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