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Abstract: To further improve the fitting and prediction performance of the non-homogeneous Poisson process (MHPP) software
reliability growth models (SRGMs), this paper, as the extension work of the NHPP software reliability modeling framework which
considers the TEF, will discuss how to integrate both TEF and TCF into the traditional NHPP software reliability modeling process. This
is done in order to capture the integrated effect of testing effort and testing coverage on reliability estimation. First, a comprehensive
modeling framework for incorporating the TEF and TCF together into the NHPP SRGMs is proposed. Recur to this framework, a new
NHPP SRGM (named 1S-LO-SRGM) with both the IS-TEF and logistic TCF (LO-TCF) is proposed. Meanwhile, two issues of this
proposed framework are discussed respectively (i.e. how to select the most appropriate TEF and TCF for modeling and the parameter
estimation). Then, two case studies on two real failure data-sets are presented. The experimental results show that the 1S-LO-SRGM
nearly yields the best fitting and prediction results compared with the other comparison NHPP SRGMs for two data-sets. Thus, the
applicability and effectiveness of this modeling framework are validated. Finally, the imperfect debugging phenomenon is also considered
in the modeling framework for a further discussion.
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A g £35S P TR o) D 0 P B R R A, A T M K S L A S AT I P B kg O PR B IE i B
AT S0 T T DA S S R 5 I TR P A P R v AN S R A g e B R e A g T
SE B PPEAT 5 T A TR TR B, A SR AR Ok 22 1 I TR A AR AT AR 4 KA AR (software  reliability  growth
model, i Fk SRGM) 4R T Hh ok, I 4l s ot 7 FH 48 6l 248 700 2 A Sl 2 1 1) T 3k L0, 3¢ 4 i K
TR 45 2% 0 B0 ke e 1 1 WA B BE 1 B AT B B 1 2R 3304 T R AE SR IR A 44 1 #2 (non-homogeneous  Poisson
process, fii Fk NHPP)JSHLA th T HAT 5 B 5 5 48 S50 BRSOl B RTS8 T2 10— 2% SRGMsPEL,
EL W90 ok SR 2 W U1 25 it 7 A 3o e 26 e o T 00 DR 2 500 T 1 T S P ) i A R A T DA
Ay YRS b A AR S B AR I A R R R R S R R R K ] BEHE B AR TR R (A S TR AR T A
1 (testing effort, {# #x TE) LA K Mt 45 7% 2 (testing coverage, fif B TC) i ix 44 [K] 25 v 5 T 2 A P .

IR A ] 5 8 20 i A R R T YRR 1 5 S B U, R B R P 1B H . CPU (] 4
AR A5 S e i e O [R] ol g 2 PR A T S5 7T 5 0 g R 0 R 46 T G 03 A s 1 A 2, e LAk
AR B ) £ 2 A T T A T S K ot £ ) TR A A A B B i TS LI ) SRGMs B A
5 P IR T A F5 s 5 00 S T A i ) 9 90 3 A R T, B AR 4 R (. KT st oo 4 Ak e s A
AR WA T AT 2 003 o T 47 SRR A7 1o (B AR T4 2 R 8 testing effort function, F% TEF), 287 51 &S A 5T
N R 3 G D300 B A AR T4 48 B B A T LR A R R M SR B R ), Burr-X B
O, Logistic %™, X Logistic $i% 1 M1 X Logistic #4211, 4578 S 7 b £ (1S-TEF) B,

A5 S W0 78 3k R IR R0 2R 0 AT 4R AR b, DR 7 5 2 R A8 3 B AR I RN T A BV A D A 1 o
HARE A S B AT R 55 n] A A TR ST G B ) B R L 4y B R . C-use Z i LA
P-use 7 i 45 BH AT 5% 26 W MR B o 5 B T M L ol I R G O ) A AR A AR S 338
M, O T3 78 75 2% 26 # (testing coverage function, i R TCF)#i 42 T Hik, H T 5 & i M3 7 A 45 £l
PR 7 2 B IR I ] 142 A 155 0 A fun 5 B8 L gl A 2R TR S L J% Log-Logistic B %41*%, Pham-Zhang 5 $(™71,
Logistic 5 % (LO-TCF)1*8,

25 b, B TAE R NHPP A2 (TEF-SRGM) B34 % il X 2 25 26 11 NHPP #581 (TCF-SRGM)#4 Al A
) R 5 M SGEE A B8 NHPP 00 AT S8 PRS0 g 004 Sk TR 88 TR0 0k, 25 R 003 T 0 £ b 005 T B 6 2R bR 5
A 51N NHPP A58 (g S A% ok 75, 04 0] ik — 2042 - LA NHPP AR L& 5 TR T A 22

BT BT A SORE B X 2 LI A AT AR 0 NHPP PR v 5 1 ARy v i T L i & S48
WFFT. 8 5, AR JE AR TR R ali iR 8 6 R 1 NHPP B, RIS A48 IS-TEF &5 LO-TCF LK ARRN
NHPP IR (1S-TEFM & LO-TCFM). 76 36 Akl b 42 1 1] i 25 FE R T4 & 5 R B 1 2 1) NHPP #0445k
HASTHE SR A UL HESE 4 I1S-TEF F1 LO-TCF 51 A\ NHPP #f4Fn] & v de 5 i 72, 3F 42 tH 2% & IS-TEF #1 LO-TCF
) NHPP 157 (1S-LO-SRGM). 1t &k, 3 X 3 e BCAE 28 1 P AN A OC n) A (HE SR b TEF F0 TCF Ffiff 52 LA KBS 1) 22 4K
i U 18] R REAT 118 15 40 BT A T A0 48 ML 11 3 S SR ROHHR £ B R AR SCHR TR R AR SR AT AR, R T 4R
[ 1S-LO-SRGM 43 5] 15 45 T~ L 8 [ 14 45 NHPP B (411 GO 45 #4) . TCF-SRGMs (%1 LO-TCFM)LL & TEF-SRGMs
(ln 1S-TEFM)IEAT SEBT IR XS Lk, LLEGIE 1S-LO-SRGM (AR 845 5 it fi oy, 308 i 4k W A S04 H 1790 2% R ik
T AR5 AR 75 % NHPP ZASE L (0 A 2 1 5 AT PE S 7R AN 58 SR HEAS IR 1% 10— 2048 2% 1 TEF,
TCF M AN 5E S HEAS 1) NHPP 51 7] 3 Mk AR AE 42,

1 ZFEMNATEESNXBEERN NHPP BR A%

1.1 ZENiETESMNHPPRE (4 a] S faEgel 1]

2 &R TAF R NHPP B my SE R AR (1 S A B T

1) BRI RN R R B I 1) i A NHPP R

2)  HHTRAGE B AT KB K S LR

3) I T[] [, t+ AT A 00 380 ) St g 250 050 R 224 iy 00 3 A 0 Vi R 6 1) LA, 5 R e A i B )
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FipE X RMK TAE T 5 B A R A AT AR -

B I L33 AS EU AR R A 24 B (R e B R0 256 e ] I — A 50 v, Al m) DS I ) A 2 1) 6 5 r(t);

4)  EeE— HR R I, S RICHE R B 5N IR B AR AR 0, B s B R BOR — AN E N

MR b 3d JU 4% AR, BRI 45 210201 24 3K (1) 7R 19 25 R AR T AF 22 09 NHPP 400 m 5 1 g R HE 4

dm(t) 1
TXW =r(t)[N —m(t)] (1)
FL i m(t)F2 75 BT 1) 1) % [0, 1] P P A 8 I 50 1D 411 28 3 (1 v B0, wit) 32 s R T A 5V 28 i 3, e R AR T4
A IE S W) R IR TR t S50 B w(t)=dW(t)/dt. 78 30 4 S m(0)=0,W(0)=0 I K AN i) 2 X A3k
YER RS WO B3R Boar 75 F2 ISR A, B AT 45 245 B AR (K NHPP 4 m] S R Y,
1.2 ZEMNREZRHINHPPR A i E 8 iERe R

2 IR 7 55 FE 00 NHPP 3R v 5 P RSB ) SR AR R 0 R

1) BRARRRLI R 5 HE B o 2 R S A) I A NHPP I 7%;

2)  CHETRAUR B AR R AR R B B S R

3)  AEMFIANAIBE [t t+ AT P, H 2 A0SR A R R 2 () i BB 5 AR P 00 B AT e B A AR T L,

XA L AR BRI A 24 i f 50 B R0 26, B — A 5 I (DA DG R BR 280 r(e), ehr ¢ I 220 19 0 7 5 1 K T 3
2 C(t)(C()F R i 26 R 40) 5 4 A7 AR 7 36 A0 Ll ) 1-C (1) ) LB SR R
4) BB HoE R I, ST RICHE R HAS ST A R B AR A 0, S P O i RO — AR E N
P L3R LA M6, B AT 45 20 4 2 2 (2) T 7 1 25 i A 73 25 2 1) NHPP 30 v 5 4 S A HE 2
dm(t) C'(t)
T=1_C(t)(N —-m(t)) (2)

HIBFEA AR m0)=0 N AR T COIRNAR(2) IR BN 0T 15 B FASF 1 NHPP 41 n 54k

.
1.3 TRSENK TIE R RIS Logisticl i 7B 25 2 i $1 R 18 K7 B NH PP 51 (30.38]

P - B0 45 R TR ALE 00 27 ) DR 3% 1) 5 5 W), £ S o 1 00 3t R o 000 T A B DA 7 5 28 1) 1 K ok 2R
DRI 1) 284 4 BB — FhSE S kA S R85 K AL 38 g o i bt R X B S 7R K A A AR 2 BT IR F
5 LAE BG4 T IS-TEF BL& LO-TCFIJEAE UL IE Al Lo BIA T IS-TEFM FI LO-TCFM.

1.3.1 IS-TEF 4 IS-TEFME)

TRBERIFAZTE S 7 R H5R AR IR T A St B T 1) 119 728 4 175 50, DUV 2 [0, ] 9 ¥ KB 1) B AR T /R Bt oA
i (3)
e ™
Forp b FEoR MR A BRI FEE w8 B Winaw #2703 5 2 R AE R0 D A 5, B Winau=W(o0).

2 KGN A (1), M i AR 2k — 80 r, 0 A 3 (1) F I 6oy 5 R SR A, BRI 45 1S-TEFM 41 R

m(t)—N{l exp{ rW"‘aX1+y/exp(—bt)}} 4)

W(t) =W,

1.3.2 LO-TCF 45 LO-TCFME®
{B B T Logistic b 4ok f i DA 2 i 4 BN ] 1) 22 445 5, 0 6 [O,8] P9 328 1t SR B0k 3 o

cog 2 C

:% )
+ Aexp(—at)

A Conax=C00), Ay 3 it o275 W T RL o 3 K B — BT Conao=1, 24 5R(5) T 2 (6):

1
C(t)

15 A RO 2 ()0 AR () Iy I BEEAT KA, 10T 7 LO-TCRM 1 F

(6)
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at
m(t)=N {1— EXp(_lJrAemp(—m)ﬂ

1.4 tHFENHPPRU A EHERECA

(7

AL TL ML E NHPP B (BRI EAE ) A). LK) TEF-SRGM(BERIZE AT B). Sl

TCF-SRGM (LYY Jy CYF 28 T3 13X LERIHY 24 i [ SRAE 5T b 5 Dy 3 28 o (0 0T 9 B R.
Table 1  An overview of the related existing NHPP SRGMs
F 1 M NHPP B3

SRGMs Mean value function (m(t)) Type Comments
oM N[1—exp(-rt)] A —
ISt N(1-e)/(1+ye™) A -
At) (At)¢
LL-TCFMEe! ( c(t) =
1+ (At) ® 1+ (At)
t
LO-TCFME® N|1-exp| —— % c C(t) is shown in Eq.(6
p 1+ Aexp(art) (t) is shown in Eq.(6)
bt-1) NA@+bt) [ =, (L4 bt) =1 )
- B N|1+pt- - Inbt +1) + » ~—>—— =1- bt
PZ-TCEM [ M exp(bt)J bexp(bt +1)| (bg® ;(i+1)!(i+l) ¢ C(H=1-(1+bve
w W, w
L _TEFM[ll] N|1—exp| —-r max _ max B W (t) = max
° [ p( [1+ Aexp(-at) 1+ ADJ ® 1+ Aexp(—at)
EW-TEFMIS] N(1—exp(—rWinax(1-exp(-bt™)%) B W(t)=Wmax(1-exp(-bt™)’
1—exp(-bt) . .
IS-TEFMEX N{l—exp|-rw  —— 7 B W(t) is sh Eq.(3
p ™7 exp(-bt) (t) is shown in Eq.(3)

2 ZEMNAIEE5MABERN NHPP REAT R ERR L Z

21 ZEMKXTEESNRE S ENHPPIR 4 AT 4 EEES
211 FEAREE
1) BRAF SRR S HE B ok R B B TR A NHPP b i
2)  CHETRAUR B AR R AT R B B 5 R

3)  FEIS Ik [] B [t t+ AT A BT 4800 0 P e B 540 4 220 7 A 0 A R AR A ) A, L P S A sl e
SAE 8 F B TXAS BRI Ay 240 A0 i B 28000 2 e B r(t), mT i ¢ N 220 A7 s K R i B () S

R AL AR LB 1-C () 1 EE R R R R
4) BB AR LRI HERR AN ST A B ARl 1, A o AR R B S O — AN AR N

(AR R RS AR B) RV BE 4) 70 S 1 Ik AR R I B e 2 0 ) S Al 5 TR T R 5 R R

RN A 2 0 38 A 0 K7 26 32 51N NHPP 3R i) S P (0 R g, Xt J S B A SR

212 HMHEL
FRAE 13 AR 5, T 45 21 7] I R85 T 1 R R R 78 25 R 1) NHPP SRR AE 28 41 38 (8) BT :
dm(t) 1 _ C'(t) IN —m@)]

dt w(t) 1-C(t)

FRA 24 20(8) i 45 2 mT LU H:
dm(t)

(®)

1) W%t R B AR (R —== ) AN T 24 i kA e 19 1 T 4 o B0 2 iR B i A LR A5 PR L

dt
AR, T LI A0 T 224 T 2] ) 3R 1 A v
2) B 1.1 AR AR Q) BUEEE 1.2 T A :(2) 3 4 4 28 (8) R4

3) e 3(8) R IE AR AHE S mT LU N — R A1) NHPP B 2% 8 VF 2 CU AT 1 78 NHPP 5078
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i S BNR IR B S B 2 AT AR 753

B R B(t):j;%dr,Mﬁ(g)nJ‘ﬁf%%fgiwmzﬁ%umumﬁﬂ%%mﬂzim NHPP 7

wr:
_sw) [ ey C'W(r))
m(t) = Ne BV [ o ()’71_C(\N(T))dr 9)
2.1.3 XTI
] LA S T R
AR (B)FTE LI NHPP B, — it il #2225 AL (RIS 50K+ 3 M) xtF iR 2 2500
NHPP R, SR [O #2573 A ik 13k A2, A K T 7 (58 20 25 5000y — A 8 Uk AR 3R 3o P R 4 381 1) 2k 2k
BT BT BT 2 80 W I EEAT A5 T SCHER 91T D 3 i Ak o 2 AT A R I 2 H e TR P ARt B 1 2%
TR 5 5 10 0 RRERIE S R 110 35 A2 B A 3o . 1 2% R R T A P AR S SR P 0 KA e A R,
B AR TR 5 AR T A 2 08 B G 1 S 4000 3 AR T AF 2 50 A R (1 ik B 480 2850 Sk EAT Ak v 2R R K R
AT HOW I R B AT BOR AT AN TE 45 IR PR 7 v AN SCHERE A R 1B A U T R
5 10 2(8) T 5 IR AR T bR B 2C 1 2 5 (19 1t 2 2K (3) I Winax, wEA K b) B phy 03X st 72 SR 4 2

55 20 e, 22 3(8) b B MK A o 4 R B 5K i) S B (181 2> X (8) 7 1) ot A) A K A% 8 NHPP #5528 25 55 ()
124 2 (8) A N T AT LA ph 0 3 Jok et v i SR 1) 1 K B 4 B B — EAT Ak

T BT 1) T SR dat A AR SR A ARG 1 A T A R O 4 A A m AR P SR 9] 3 F 1) 4
A 1 ke o 28 3R(8) HH K BT A A5 2L S HORE AT A VT AR KR BT 3R AR 14 5 A T AR 28 R J5ORH SC IR AR 2 2 B
VIE 0 o] 5 R LR P A T A R A5 B TR I S 5 VM 22 25,2) AR 2 280 NHPP BEAL (¥ S 50k i
TR 4% I AT AH Eh e T s SR I A U B 58 4 T LA A Ak T E Sk S

i 5 2:7 5E A 3(8) ) TCF Al TEF.

H 1 QAT A5 4 2 PSR 200 TCF sl TEF, WA MR 3 2L A4 (1) 2% R0CH0H 4 (23 AR T4 2 250 4R K i o
AR(@)H I G 1) TCF Fl TEF J& — /M H 21 ) . i BRAR ¥ I 2 A8 2 4 BF Bl TCF F TEF B PRAL5 55
AR 2 R (8) 45 21— R A1 141 7 A5 28, P AR 0 2R 0000 A 0] A /A5 28 (¥ 10045 8 ) HEAT Ll e LA B e A 75 11
AR AR PR 5 125 BT 5 B A B KK I AR SCHERS R 8 TCF A TEF (1532

T 5 AR R A S B A AN 5 1% TEF 805 8 ) AT L8R 3% S5 AR 1K) TEF AE S 24 2X(8)h ¥ TCF;
SR AR 2 R B S AN 45 3% [ % F& TCF i NHPP B f 0L & g 1 HEAT LR K e LA 2R eP i) TCF 4 4 24
K (8)F ) TCR. B UL 1 2:1) LA E et TEF MUt FE b i3k A3 1 TEF S5l vF (i v 8 AE A A X (8)H A
NS HL A VHE;2) AHE e Bt TCF W F2 T i 343 10 TCF S8l THE EIA REAE Jy 2 3K (8) Hh AH N S B 1Al
AL R ) 51 rf 2 A, 2 2X(8) i TCF M52 2 4 38 55 NHPP 28 5 1 ] S ME AR 18 2 B0 o 3 4k — R BEA T A5 1T
2.2 #[EIS-TEFFILO-TCFRINHPPIR {4 7] S 118 K15 R

AR AN 0 2% SRR AR R AN IR A 75 R [ NHPP 350 T S PR,
15,4 2K (6) 1 LO-TCF R A (8) )5 vl 3 an Rk & 7 4
dmt) 1 a(N-m(t))
dt w(t) 1+ Aexp(-at)
R, B A (3T IS-TEF RN A(10), 7514 7 45 £F m(0)=0,W(0)=0 "~ X4k ffi J& 15k 43 7 R kAT 3K
fift WA 3R 195 1& 1S-TEF fl LO-TCF 12 K| 35 NHPP £  (1S-LO-SRGM), 115X (11) i 7
1-e™
1+ype™

(10)

max

m(t) = N|1—exp| - (11)

bt
1+ Aexp[—anax fﬂ;em]
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HI%R 2.1.3 "5 A 40, 5B b, 2 30(10) 1 IS-TEF (9 3 A ZHU (R Winax, A b) FRIAt V1 (7T LU 9 90038 41 4L
P AR IRAT 10 I AE 75 ZRRE R H R BEAT A T S 8O0 3 45,/ NA Fla,

3 SKIEEIE

3.1 I

(1) XFEE NHPP 2L IR 1 Z%5 1 8 A A 19 AHC NHPP B8 15 4 6f L A5 2

(2) JRZBHHE A 3 5 A 4 0 S 1 LA IR T4 B 0 £ 8 0 R A 8 4 DS1P9VRT DS2M, 52 5 T PR,
TXP 20 O B s B 1 B AR N 508 2 I AH Y SCTRR

(3) A8 UL FE W] 43 by it R AN AP R

SPIR 1. 150 B A SO H I S ARAE S of 43 ) A S T 7 A S R AR A 1) 25 RE A A RN A
M NHPP 557

SPUR 2. B AP BR 1 P g NHPP B 43 i) 5346 1 rh AR DG B R NHPP BZY 14T S5 6 LU 9%

(4) R B KA 7 3 B R ABLAR A T (maximum likelihood estimation, i #X MLE) A f5 /> — Fefili i (least
squares estimation, ##% LSE). B T~ F @, 760 B 1 R H LSE 7 7220388 2 R A LSE J77%F1 MLE 772,

(5) A AU AU A 1 f8 B R VR D) AR A 2 A 5 v R AS R], BT 328 FH 2 T 7 A R L5 ek R b A U, B8 g iR
Z(MSE, .2 X (12)) 1 Akaike 135 57 U (AIC, WL 2 2 (13)):

1) ¥77# 7% (MSE)

MSE =3 (m(t) -m)’ (12)

FLr my kg B0 S (R R e I B, () A RS B B O Y my BB A E.  S Bk U TR LSE B 6 R (R LA
AELLEHE I MSE.MSE B /N, WA Y 40075 00 R Bk
2) Akaike 15 5 #EU(AIC)
AIC=-2xMLL+2xN, (13)
FEh MLL R fs K BUAR bR B ME 16 Log {1, N, v NHPP 5 [R5 8 2 50N 0 24 S 5005 31 7 v MLE B X6 R
B P R LA HE N A AIC.AIC {5 S HE I A BE AR JUARUR: 6 S 800 22 R (0 v S04 e D I 45 Tl s 1)
TEE, LA 2 50 8 o B XS TR R0 G B8 00 105 i 20 TR 70 T @ L I R S R 2 I R A MLE AT
AIC HE DI R 1 SR AD 25 Pk X LE 45 R T {5 2 TR A b, AL C 8N RS 4045 R R R
(6) HERLTIT 1 Al LU A )
EPEANS 1R 25 {H (RE {H, LA 30(14)) K VF A NHPP A5 X5 A A B A 2R 84T A (BRI B B8 ) 1 T ok 8 R
RE=(m(t;)—m;)/m; (14)
ABBE I 225 SR PRI S 2200t S BT SO 280, A 2R 2 A FH A1 80 ) o (e <) FRD 2R 280 0HI SRAT T B mg(t)
112 HUE N S B THE AN me(t), ATTRAF t B 20 1 2R RECTRTHE A me(tn). 48 5 45 TIUH(H me(tn) 5 t, I Z1
) L S 2R AL myg EAT T LG, B SREA S(14) ) RE B BOR [F BT A5 te(te<Sty), IR S BRI 72 BRn] 3143 A
A RE 5. 40 AL RE {H Ay 1F 50, )58 R A6 A5 0L 1 FoT o O Wt s e 2, U 3 WA 00 A D = 0 8 i 00 1 Bl ] 2%
FEAF N RE MEHIRE RE B, LA A HAS 50 B84 1) T v 78 ). RE [l bzl TRl (B RE {306 T 0) I i £ 3%
B 5700 15 i 7B Musa. B 9 H T, SR — AN RS R A 2R AR 4 B AR REEIE W L5063 ke s B4 41 LA 5%
PRIRITR 1 B, 08 B %o A 0 A vy 5 4 88 2t e R AT e AR R T o 2k .
32 LRBLEIETDSIADS289% [EMiX TIEE MK & = FAINHPPIEE!
1. H5E i AT DS1 AT DS2 [ T4k i ik 4
¥ Weibull-TEF. $5%0 Weibull-TEF(EW-TEF). Logisitc-TEF(LO-TEF). |~ X Logisitcl 1]~ X Logisitc2
PR #(GL-1&2-TEFs) LA & IS-TEF iX 6 Fh L7 ) TEFs 437l % F T DS1 f1 DS2, %A~ TEF 7E A 44k iM%

© HEBEERAET hipd/ www, jos. org. cn



Bk RN IAE 5 B A R AR

755

HAli vHEL(LSE V) A LU 5 45 R(MSE ) W& 2, Ik 37 om il & 45 R 2 iz 80 4 B 4521

Table 2 Estimated parameters and fitting results of six TEFs for DS1 and DS2
&2 6 TEFs IS Hh vHE 5 AU A (3R

) ! DS1 DS2
TEFs Cumulative testing-effort (W(1)) Parameters (LSE) | MSE | Parameters (LSE) | MSE
Winax=792.5 Winax=120.8
Weibull-TEF Winax(1—exp(=bt™)) b=0.002347 0.86 b=0.004098 5.38
m=1.115 m=1.906
Winax=886 Winax=132.7
EW-TEF Winax(1-eXp(-bt™) e e | PROT g6
m=0.4619 m=1.501
W Whax=54.84 Wnax=99.9
LO-TEF m A=13.03 1.63 A=28.01 5.90
p a=0.2263 a=0.2574
w Winax=59.73 Winax=117
max A=0.224 A=1.003
GL-1-TEF 1+ Aexp(-akt) a=0.00845 138 a=0.02417 4.90
k=16.19 k=6.127
Winax=354.6 Winax=98.68
1k A=0.4669 A=0.811
GL-2-TEF » (M) a=1.029 1.06 a=1.05 4.90
1+ Aexp(-akt) k=0.1216 k=0.1379
p=1.374 p=1.11
1_e™ Winax=91.58 Winax=107.3
IS-TEF e b=0.09013 0.83 b=0.2091 4.55
l+ye y=3.164 y=14.97

2% 2 a4, %1 DS1 A1 DS2 W AR T4 B 503 4, IS-TEF [\l 4 45 R 34 & A 1 (MSE {8 87N, 20 3 h
0.83 F1 4.55). th It i K #H IS-TEF J2& & T DS1 Al DS2 (M L5 &= pa .

2. HsEIE T DS1 i DS2 (IR 7 25 22 bR 3

PR 1 A2 3 B TCF-SRGMs(Hl LL-TCFM,LO-TCFM,PZ-TCFM)K T £ i JH T DS1 1 DS2
) TCFX 3 Bt TCF-SRGMs 43 il W i T+ DS1 Al DS2, 55 A58 7 5 41 2 08udi 48 L i 2 B0l v (LSE i)
DL AU A 25 R (MSE fE) W3R 3, AR ST R s %A 45 BT 1 R 4 BSR4 .
Table 3 Estimated parameters and fitting results of three TCF-SRGMs for DS1 and DS2
% 3 37 TCF-SRGMs M ZHufli THH SR B L S (E 51 %

DS1 DS2
SRGMs Parameters (LSE) MSE Parameters (LSE) MSE
LL-TCFM N=631.8, 1=0.06, k=1.315 111.79 N=104.6, 1=0.1044, k=1.956 7.44
PZ-TCFM N=328, 4=0.01013, b=0.2554 136.74 N=103.3, #=6.07e *°, b=0.2146 8.85
LO-TCFM N=394.6, ¢=0.1202, A=1.766 86.05 N=88.0, a=0.1741, A=4.699 5.17

1 3 Al 40,40+ DS1 Al DS2 X i 41 K BB 4 45, LO-TCFM A=A [ 0 A &5 B 44 2 B AR (1K) (MSE {8 3¢ 7>, 23
5124 86.05 A1 5.17). 11 I v ZE W iZ A R BT ot Y A LO-TCF J& & 3& T DS1 A1l DS2 H IR 78 75 2 of 55

3. #57iEF DS1 fl DS2 [¥7% i TEF Al TCF (1) NHPP %!

g b ik, iE T DS1 A DS2 ¥ TEF Fl TCF 43 % IS-TEF Fl LO-TCF, ¥4 3X ¥ Flt e 4 7] i AR 2 5 (8),
RIAT 354535 T DS1 A1 DS2 1125 fE MR T 4F 2 AR 78 55 2 19 NHPP #1284 40 /3 20 (12) i 7w, Bl 1S-LO-SRGM.
3.3 FIB2NHPPHEE & FATR T IE8E LR

AT IEIN 1S-LO-SRGM 53k 1 H1 1) 8 Flt NHPP #7443 Jjll 7F DS1 fl DS2 it AT iR Hl & 5 Hiil- 1k fig Lk
B, DA AIE AR SCHE H (1) NHPP AR AE J8 (1A 280 vE BT S 5000 U1 7 ¥ 40 S0 MILE 0 LSE, % . I 48 & P g L e
HE 43 FIE B AIC FI MSE. T TP A LU RS MENIE I RE B35, Pt o5t NS 6 ANET ) ST iRk I B e Jn
— AN ] A
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1. TEPAH RS BG4
® 1Py 8 AR NHPP BRI LUK IS-LO-SRGM BEA [ Z 84l v {8 LA K 7 DS1 Fl DS2 b AR AL 51
(AIC {HF MSE {H) 73 5128 T2 4.1 b ML B - s i BT & 45 R 2 R Bl 4R B i fE 45 2R
Table 4 Estimated parameters and fitting results of the comparison NHPP SRGMs
F 4 XFEE NHPP 8 ] SRR K 2 0 T (S5 i A 41 3R

DS1 DS2
SRGMs Parameters Parameters Parameters Parameters

(MLE) AIC (LSE) MSE (MLE) AIC (LSE) MSE
N=513.15 N=760.53 N=133.43 N=153.1

co r=0.0537 | 22076 | 1=0.0323 | 13982 | 10045 | 12093 | 1=0.04144 | %20
N=355.06 N=374.39 N=88.606 N=87.21

IS r=0.222 | 207.72 | r=0.179 | 127.31 | r=0.249 111.06 | r=0.2631 | 5.10
y=3.27 ¥=3.01 y=6.186 ¥=6.899
N=515.07 N=631.8 N=103.39 N=104.6

LL-TCFM 2=0.079 | 21476 | 1=0.06 111.79 | 4=0.106 110.79 | 4=0.1044 | 7.44
k=1.377 k=1.315 k=1.8896 k=1.956
N=361.715 N=394.6 N=89.28 N=88

LO-TCFM A=2.3199 | 206.26 | A=1766 | 86.05 | A=4.229 | 110.86 | A=4.699 | 5.17
a=0.144 2=0.120 2=0.166 a=0.174
N=519.61 N=380 N=161.06 N=103.3

PZ-TCFM £=0.0097 | 218.44 | p=0.004 | 138.69 | £=0.0127 | 109.970 | p=2x10"*? | 8.85
b=0.1982 b=0.231 b=0.158 b=0.2146
N=351.09 N=395.6 N=92.7942 N=88.31

LO-TEFM r=0.0344 | 237 | r=0.04164 | 11405 | r=0.0208 | 1081 | y=go0338 | 88
N=568.54 N=575.7 N=94.7240 N=94.63

EW-TEFM r=0.0194 | 21685 | Zo01o16 | 11368 | T Zooos | 108741 | TS0, | 7.05
N=554.05 N=564.2 N=110.49 N=94.79

IS-TEFM r—0.0201 | 21616 | Zo0ig7, | 10705 | o) | 116461 | ZNoco | 5.28
N=378.759 N=401.3 N=94.69 N=91.19

IS-LO-SRGM | A=1.21 | 205.60 | A=0.9388 | 83.05 | A=0.081 | 111.122 | A=0.2255 | 5.01
2=0.051 o= 0.043 2=0.0261 @=0.0295

2. TEPRA R ACE A B IR Tt 45
1A 2 43528 T 2% 4 9 /4> NHPP B8 7E DS1 1 DS2 L HITFiHH RE & 75 22 1 B 1 2, BT s i,
X BRI LSE vk il 511X 9 AN S 501 A 1.
3. PLA ST 45 Rt bS5 8T
1) R 4 AIA1IS-LO-SRGM HEBY 7R W 21 2 U 48 B3 SRAF AN MR B 405 85 1 AF DS1 |, I1S-LO-
SRGM [f] MSE i Al AIC { #4 /N T HAb AL 5 DS2 |,1S-LO-SRGM [K] MSE {8/ T A £ 54 ifij AIC
B ARA R/ B 5 AR A 22 AN 2 TR B 1S-LO-SRGM B A5 34 W 25 B A Ul 45 1 07
2)  WmELME 28 LE S H AR NHPP #E5AH E,1S-LO-SRGM #E2! [¥) RE i1 £ jia Atk 4l (1B rp i 12 22 45
RIS £ ) B30 D e DA 1) U, B 26 W 1S-LO-SRGM A58 754 7 15 20 2 A 8 s 4k 1 BT 5 A 55 1
TR
3)  {HARVE TR M AR P AL R RO S 2 1 IS-LO-SRGM B 30 & RN TE 45 B F X 2 R I T AR R
wl i H 2 R R 7 5% R 1) NHPP 2 (11 LO-TCFM &% IS-TEFM 25) ({0 & %R ;
R AT B 4 2 W < IR % R A A 5 R R 25 1K) INHIPP J 7 vk b 2% 1 e AN 03 5 5 TR 25 1) NHPP 2 A
T35 R A R D 2 b S A B NHPP AR (R 485 R U 2 e
4)  JNE 3.2 WAL FE A LA H,1S-LO-SRGM A {338 I/ & s 4 1S-TEF 7F DS1 f1 DS2 L3 H
HBCARTS LA 45 9L BT IS-TEF & A HE# Hh A DS1 F1 DS2 Hilli& T 4F & Mg Kk % Jf Bt
W7 55 2% pR 21 LO-TCF &2 1) TCF-SRGM #E U 7E DS1 Fl DS2 [t B A & A 055 FIBE L& g ).
XL, B 2.1.3 F7 P G T an AT AR 8 2k i B 42 LA B 24 30 (8) K N7 B3 A G A5 11 NHPP B )ik it 45 28 HL
ATAT 1A R M AT DA B — AP0 HE TS S B 538 1 DR TR o 0 LA AR 2 5 26 oA 6 T T A 57 1K) NHPP A5
B34 AT R 76 25 T o> EE B2 . BT AR R, 08 T AR MR NI TR B 7E )5 2 TAEh AT
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8; GO 0.6;
: ot 1S 0.4 GO
05 -4 - LL-TCFM 0.2 st |S
0.4/ =i LO-TCPM ' AN 4+ - LL-TCFM
o —%— PZ-TCFM mo 0.0 A reTeR
w 03 LO-TEFM w = i
x = x -02 =— PZ-TCFM
0.2, & - EW-TEFM | LO-TEFM
: — 4%~ IS-TEFM 0.4 ity
0.1E% i IS-LO-SRGM T alEEM
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Fig.1 RE curves of NHPP SRGMs for DS1 Fig.2 RE Curves of NHPP SRGMs for DS2

Kl 1 NHPP ##47: DS1 $di 4 FIv¥iit RE & Kl 2 NHPP #4417 DS2 $tdi 4 Fiv¥iit RE K
4 EEARTEHBENMTITIE

LE SRR F ARG FE A o A B A S T RN K A5 IR 25 B s e HE AR TR A A 2 5 OB R Bl e, B
JIT A B AN 58 2 HEA B G2 IR I, 76 02 T 5 S e R 7 ) 3 ol AN 5 36 HE 8 L 5 08 AT Y A 6 ik 42 [ i %
TR TAE R AR 75 R LU SR 52 L HERE 19 NHPP 50 v 5 4 S A 2 fr AR Bt R

1) AR IR S HE B o i B ) TR IRAN NHPP it 7

2)  ZETREUE B AT R A R T R R

3)  E I TE] ) R [t AT P T RN 2 (1) i B 2B S 2 i R T B T RE AR I LA, S AR A B A A

I % E EE 1A BB B g 24 R0 7 S B R0 2R pR 0 r(t), BT H t 20 A 7 o B K R e A C (D) S
MHT AR AR L] 1-C) M EL SRR R,
4y FHEBRGEE R R T RE 2 5N BB Bt R B B R BN & N B RIS A 1 B 2 N(L).
MR L AR 15, B AT SR A U T AR HE 42
dm) 1 C'(t)
dt w(t) 1-C()
BT A 088 A0 OB SU R e T BRI ST 0T A0 ST A 7

5 #& g

=R

[N(t) -m(t)] (15)

DUAR T A 5 DA 7 5 26 2 9 b T 5 1) A DR o R TR 28 A o2 o 41 3R Ik PR 3K PR 32 X6 F NHPP A
S AR ) £ S AR AR SO e A [N 2 B AR A S R 55 K 1 NHPP 28 4 T 4
PR ARHE 42 7 LA b 455 T IS-TEF LUK LO-TCFAR B9 NHPP B AT SE MR R Bl 1S-LO-SRGM.
SR 5 46T 1) FH Il ASAE 4 ARG % K AR AT S ST FRHEAT T R 55 o0 T AE R AL B SE R R OB 4 L
I FH T 1) 2 A HE 208 AT R, K4 T ST 4 1S-LO-SRGM 71 43 31l 55 8 A it 71 (it NHPP 8B U HE 4T 1 4l & 15 73
T T L. X B 4 SR AT 40, A R 1S-LO-SRGM  HIHUL & - T 45 SR A0 5 4L $0 40 4 L ¥ (8 35 0 L fthowsf Bl A
A5 5 B0 X FEASTAE 4 rh (R AN 52 SEHERS S DLEAT T WE I 5 0 b
ZE LR AR SO B A W N AN TR S
1) ERECSCHRFRATEAN XL UK DR T = S AT 25 3 5] N NHPP 8 n] 52 PEAR A (1 B 97 T
A o] 8 AR L 2 A 2 R R T A 22 B I R DR 3R, 2 i 0 T A s AT 9 AR g — A i
i) . SCRR[6, 8] HH 2406 b ) /AT T A T, LI G A SR 1l A R AR R AR T S AL T
AR SR R R R HE 0 T AAR 00 L5 {8 M 5 O\ P AR L A 3 R R g AR R 5

2)  TREE S DU R 43 B AR o] S A SRR AN 7, AR SIS0 SR I B SN AE T4 — AN B i A
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SR SRR A b BA BN LTS LA AT P R A B 7T SE ARSI i A T 5 T R AT S A
G507 IR B 1) 20 2 S A RS AR (R RR A0 52 e 1) R 28 8040 4 A0 T (1 S R AE 2RO ff s AR (1) TCF
A TEF X2 M 37 30l B 1% 41 R 288 B 10 25 RS 20 P i ke R P 3% A Al S P A T ) D ARt 7
ASSCI IR RR AT LS 5 4R T ELAT NHPP SR R] SEME R A 10l 45 15 Uk PR g, OF HLURAT IR F5 i s
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