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The Study for NHPP Software Reliability Growth Model
Based on Hyper-exponential Distribution

Hee-Cheul Kim* - Hyun-Cheul Shin**

ABSTRACT

Finite failure NHPP models presented in the literature exhibit either constant, monotonic increasing
or monotonic decreasing failure occurrence rates per fault. In this paper, Goel-Okumoto and Yamada-
Ohba-Osaki model was reviewed, proposes the hyper-exponential distribution reliability model, which
maked out efficiency application for software reliability. Algorithm to estimate the parameters used
to maximum likelihood estimator and bisection method. For model determination and selection, explo-
red goodness of fit (the error sum of squares). The methodology developed in this paper is exem-
plified with a software reliability random data set introduced by of Weibull distribution (shape 0.1 &
scale 1) of Minitab (version 14) statistical package.

Key words : Software Reliability Model, NHPP, Hyper-exponential Distribution, SSE

Z LR R R e

wx WA RS NS 7FE Y 8ot



46 FE - 2ot =2X| H7H M1%(2007.3)

1M B
AZEYO HAH YAgA AZE 1H
% (Number of failure)®} ZLAFAA| A & &
zedo nAALE o2 2Y¥3 A £
ZEdold g #HNE Bo A & F 9o

AZHE BPo ofF] LATEY S nFF ATEY
of IPRANANZ, AZE ] Mx ¢ uF
g 59 AA HrtEEEe] 3 v
FAE 45T & 3o

AZEYS ZAE FEAE7 Ao wet
Al H]&(Nonnegative)®] & 7HA17] & o]
Bopllde F2 XFEYE oo|ZEE ZAvliEE
5 duts 7l EE(EL o3RRI Bol AHE
o] grHil zev oled FAvEE delx F
AZz ANA RAEE e o] Fo AEE
2 st HE A& E(Lognormal distri-
bution), ©] X9} A A28 EFE(Log-
logistic distribution)= ©] ¥#ofel] A}1&-0] 7}58TH3l
%, 2 =(Degree of freedom ; df)dll &&= 7t
o Al F(x? distribution) ®EX% & 80| 753t o]
B3 FlolAlF EXE= War dojd w 7149
7121 2He JElE b Bol AMSE e ZAREX
(Gamma Distribution)®] %
4 917 gEo] AZEO] AN FHETE A
3 & 4 o2l

H =RdMe X7 g8402 ALY 4
91+ Hyper-exponential ®¥[1012 & &322} &
t}. o]e)¥ Hyper-exponential £X & 4% —E—Ei
/\]—%—5‘]’ NHPP 280 i3l AfA] HA=E

o] nleto 2 FARSo) utE 9

J+ I AL dopd uxgt

B =5 A 2FdAE o8 wHLEA &
¥ 173 NHPP B3 disted M=stds A 373
ol A= Hyper-exponential ¥¥ A4 2% 2
FEAYEL o] &3 EFFA diste] dAWEn
A 4o E B RIREE )& ZF =Y

=]

6} OTEE d:L ?-—1.'

o AE 24y 2 wang dAages b

2. 012H viPoll thst nF

Nz A FZAZE (0, t]Abolol #AE 17
& NOE 233 sled uEAAY Told HA
(Non-homogeneous poission process ; NHPP)¢] 4
g ALg3ke grt o] A (Process)ol A Z =g
(Intensity function) && T A& (Rate of oc-
currence of failure ; ROCOF) A(t)=d E[N(t)]/dt &
tol W3 TZMonotonic)dFE &3] M4 ghth
(2. o] WFoA XF7HA] ez BPEL Goel-
Okumoto 2.3, Weibull 28 223 Cox-Lew
2y%o] I o RIS Hg A= J"F*‘E d
z} A7kl 2EF g4, H(Power) T, WFAE
(Log-linear) &+ 7+A & A6l

NHPP Z¥)M H+gk &4 mit) Mean value
function)} ZAE ¢ A@)E e 22 AR
23 & 4 o4l

m(t)= f A(s)ds,
0

NOE B m()E 7H Eols FEUETS

(Probality density function)® ¢# A ith &,

I~

pa

) 1)

0 R

oy > n:071727"'700(2)

P{N{t)=n}=

o3 ¥ A|7t## 2 (Time domain models)E
£ NHPPdl olaiq @& 1% #goz Mol 7}
et o83 2EEL 1% A= 5 A7t
\:}.E}“ Eﬁi&] Oi}\«] ﬁi
2 A vepdt o]#d NHPP R¥E2
I 2yn 58 1% ‘%‘d—ri iz L] )
Z(Finite failure) NHPP 2
Algko] FolAH QU%(Faults)-‘ﬂ 71l gko

% I



x

%l’( limm(t)=0<oo)% A3 W] 23 mAr

t-> 00

(Infinite faulure) NHPP 2¥E2 7§ 3t 7}

Age) AU e ot EASD F) S BT
5ty ZTdsY {3 1% NHPP 239 37
& BEE ge ol Bd ¥ 4 i3l

froro
K
>
m
>
N
o
_l
i
2
(o3
2
ot
2
iq
2
i
g oz o
30,

m(t)=0F(t) (3)

4 (2, 4 ®22 ¥ £1ud F=d5(n-
stantaneous failure intensity) ()& 23 o)
="t

At)=0 F'(t) (4)

A WE ged Zo] Wiy %7 & FE

At k

F'(t)

At)= [o—m(t)]l—-_F(_

=[0-m@)rit) ()

@ )=

FE FF)egM AZEYY AIY 14 BAE
€ ulFtn [-m(t)] & t A HANA AZE ]9
dolle A2gE9] 1ggkg YeEdth [9-m()]
9] & AlA el dig vz HF7}t g4 (Monoto-
nically nonincreasing function)”} @t} Z, A7ho]
Aol whet 7 1FE o} AASE U 7
A& AXEA 11]73371 e FaAe 7hA

AMt) = hlt) o &4 1 et gERn 1 F=AE
FFY F7t FL BAaE7h3tt KR A)E
e 48 s d o= S’J‘:HZ].

Az (0 t] AR =AY et A1ZE A YH(Time
truncated) 282 n A 742 nFAH 285

=3t (k=1,2,-n;0sz, <2, <~ =2,) (6
i=1

olgtx &9 diole MY D, = (nz, 5, x, it}

A+2E(Hyper-exponential)& 0|28 AZE

fllof AzMAE Ddof AF o7 47

X

2ol THATh nWAZA DHA el BHD
o =9Y Aol dolH 4% D, & (o,
oz TS o] Az We Hao)Ae]
FFTol BAGY $ERSE B
27 glrh, 51

k]
o
il

—

Tyt

b M

O

=
=

Zol ©
Ly ©1D, ) = (H Alz, )) expl—m(z,) (D)

o] #oke] 7} A Goel-Okumoto =3
[91& rt)7t B HEE 7HFo2A AR tol =
Holu & ¥ A Yamada, Ohba-Osaki 232 ©
Z d)zka HEE PR, 3]

NHFP 230l H2E A3 o, A4 2284
o 17go] dojuttin = FHASHAAN AT
(z,, 2, +t] (&, = 9FA1ZH(Mission time))Ate]el
A AZE0Y nio] dojuA] ¥& FE5Q A
2 © (Reliability) R{tlz,) = a3} o] go] &
A A3, 5l.

*frm/\(-r)dT

RG lz, )=¢ " (8)

= expl— {m(t +zx, y— m(mn )}]

2.1 Hyper-exponential B&E

o] Aol Al hyper-exponential ¥32[10]¢] thato]
f.of 3tuzt g}

FEEAFENA hyper-exponential EFEE= =
HHA AFEEY /MR HYdT o] £%
o BEUE o BEFSFE S o] 3
o] &34 Urk

x (@)= f;fx, W p, 9

, X, ' 5R¥eE BF w (=12, 0)E 7HH

ki3
I one Fe AFelm Y p,
i=1

fr
N,
4
H
bl
e
k=)
i

fl



48 FE - Rt =2 H7H M1%(2007.3)

Fy @)= 317, @), (10)

@, fla)=w,e "7 (z, 20},

Flz,)=1—¢ “""(z,20)

ol £3 B¥ By HIon} A2d A
o $HRE A2 UE A FEIGEE 7

e A9 olo) S

ABFFE A O 4 107 B e

> p fltlw)
hitlp, ,w,)= L:i—— an
I—ZpiF(thl)
i=1
dg g0l n=29) A4l APPF Feh o
+7 2 eyt "k
plw, e —w,e ) tw, e Wzt
(t|P7w1,w2) 1p(e—w" :-wzt)+ —w,t
(¥ DA B FXo| p7} 052T 2 7
= 9Z2371g "ol p7t 058 & FAee= ¢

_C[)_
z7ase Pt Ao,

T—p-02, ul=0.1, u2-05 ]
e e pe05, 01203, 6204
[ e pe07, 01-04, 02703
Loa 08, w105, u2=0.

08
a7
06

o5

03

—— T
-

02 ] e o -

ov""""“""\_h

LIP3 ST WO VT S T Y VI VT G U W W W W R Ak ok bk h

o
460 608 631 967 1637 1957 2067 2185 2259 261 2050 209 .15 3143 3088

(23 1) hyper-exponential £x 2| gas

(t, k>0, 8>0)

A 12)eAM etz el FEUEdTFE Ui
Zo] = & F SvH2l

k

k-1 -3t
F(k)t ek, 3>0,t>0) (13)

fe. 1k B)=

WA A (129 A (13)d] st LzES
of AR (Fault)d 23 (Failure) B S H5A
4 se made 58 e 290

#% 1% NIPP 2% BE@
= Bt go) Ed

m{t)=0F; (tlk,B)=90 [1_e‘ﬁt(§$) ] (14)
i=o !

k
A thTle Ot 15)

Mt)=0f; 1k, B)=0 )

2l (149 23471 HA48(close form)e] 3
golug 7|&e By F2 IFE kool ¢4
A+ Wi n#sta Yok

o] EolojA 71 NEHQA BHEL Goel-Oku-
moto B[6]olt). o] By AFT LA Al
el BEE(FH BEXE AFREE M
et AZEY ] A (Faul)? 17 (Failure) T
AEol 44T FEE 7FA9 2 149 A (154
A B3RS k=120 A$8 Zo] do o] RYE
NAE 2ol A <&l S E¥(Yamada, Ohba-
Osaki Z3[7))olt}. wetr] o] BYP S 9 £X 5
ZotR I 2N PR k=2¢ BEFXE LT



B

2.2.1 Goel-Okumoto 2&3} Yamada-Ohba-
Osaki 2§

Goel-Okumoto Z&[9]e] thd FF g 5= m
t16,8)=0(1-e"") (6>0, 8, >0)0)|TT UHA
Ak Al (0,¢] 74A) 2V 9% A)ZF A Time
truncated) 2 & oA 72 nAAE e

k
T, = _thk *k=1,2,-,n;0<z, <z, < - =z,)

olgti 3w dlole) WY D= {na z,z, it}
st Zo] FRE.
tS HF IYANY ¢, 02 X Fn 2 2wy
Atle, ) =08 "' & o) &3}H SEFpE o
=3 Zo] 88 & 4 9o

Leo(6, B, | D, ) = (Heﬂ e ) exp[—g(1—¢ ")
(16)
H$FAYMEE o837 913 22959

InLeo=nlnd+nng, ~8, Mz, ~6(1—¢ ") (17)
k=1

o2 mydc
He 1RHBRYAAY B 09t o B
Ao R e thed o] HE 5 Yok

onL,, 3, x
P 1+ 0,
dInL,, n & 3
z,~0x e T =0
3, By Az:jl k

%=1—exp(—ﬂ’\lzn), (18)

ATEZ(Hyper-exponential)& 0|3

ro
B
[F
im
)
2
>
Ju
0x
0z
o
o
2
1]
ro
2
4
BN
«©

i = anzk+ézn exp(—ﬂAl z”) (19)
51 k=1 .

A (18)#% 4 (198
g & g

Yamada-Ohba-Osaki 23, 7]o] g Ha g &
FE mtlo, 6,)=0[1-(1+8,t)e '[9 >0, 3, >0)
olZt: LHA UL A6, B,)=0Fte 7t H
I SEFFE 0D 2o

FAYo2 B ¥ B4R

Lyoo(8, 5, | DT) = ( ﬁb‘ﬂg Te Fan ) (20)
E=1

- expl—0[1-(1+8,z,) e 7™]

ety 2a9EHSE
A,

o g3} gol E

InLyy,=nlné+2nng, + E Inz, -4, E z, (21
i=1 ¥=1

—01-(1+8,z,)e "]

Yoo n 3 —B8yx, _
p” g lte Tt B,x, e 0,
BlnL n

% =1~exp(~f, 5, )~ B, 7, exp(=F, z,) (22)

2 n ‘,\ - R
e Va b o expl—f, 5,)  (23)
ﬁ2 k=1
2 (22)9 4] (23)& FXHeE Eo T BFE

78 =+ 3tk



50 HE - Hot =FX| M7 H1%(2007.3)

3. HI2tEl hyper- exponentlal 2¥s
0|3t Mz|d 2

hyper-exponential £¥23) tjg Az 5
= A @)% 4 @ dnstl BEgk BEe 2
HE]‘-Agg )‘Hyper (t |pi1wi)—2_ E]"El"“]' %‘:0] TTE ?‘Z:_} T

Aok

Mpper ©10:0, w,)=8 I Fy (w)p,  (24)

i=1

)‘Hyper (t |0’ pi ’ wz ) = 0 igf)(’ (wi ) Pi (25)

& >0, >0, w>0, Epi=1_

n=2¢ A%olE e 2ol BE ¥ 5 A

m(Hea D wpwg):a “91)(67“}” —eiw?t)—e 6‘w2(

wyt

At18,p, w,w,) = 8p(w, et — wQe_””)Jre wy e

AIZE (0,¢] 4R ZAFSE7] 93k Al A (Time
truncated) 28 L n A 74X TAAAH AEE

Ty = E t, k=12, n;0<z <z, <--<z,)

olgtx &4 dlole] ¥ D& {nz, 2,2, ;t}
s o] F4E,
t& HF 1ZANA 2, 22 A FEYR T
m0, p,w,w,) S THLHE N0, p, w, wy) S
o] &3t =¥ LG, p w, D, )E Y 2
o] ¥ & 4 Ut

L@, p, Wy, “’2|Dz,,)

—ﬁ 6[p(w exp " —w,e

z~exp[ 9{1 —ple “Tr—e ) tuw, euw”"}

31',) +w2 e*u.'z.rl]

WA H$EARE o83 Y3 2asE
gt Uda o] =€

In Z(8, p, w,, wzl,Dm”) =
nlnd + E In[p(w, exp " —wye ) twye ]

i=1
Tunl, Wy,
e "’ )+w2e : }

ofi—pte e

HAEA pRe AFAFE G Y= AR

4 e W ALFPEE olgsy] st 4

@& 0% w, wyoll 3kl VeI EE SR e
Z2e A4S 5 & 4 Ik
aln L(01 18 w17w2|Dz,,) _ @2n

a0
%_ {1_17(8‘%%_67“)21") +uw, eiwjm”} =0

oln L(8, p, w,w,| D, )

odw,

i ple

£ W —w, x; —wy x;
i=1plw e wy€ ) Faye

7&)‘(1‘,_ 7(‘]11'.',)
Wy T; € RRIE,

28)
aln L(8, p, w,,w,| Dz,,)

dw,
n, —ple

—pwye ke HTr—u,p e =10 (29)

i

—wyk; —wyT; —wyk; —wyx,
W —wyrme ) te P —wy,me

—wE;

plw e " —wye ") tw,e

—wy X

meby AT mgelAe A @D 4 (28),
4 (02 HAY ALPRAGANNE S
olgste] A H4-FHA u’)\l.VLEg}'w?A[LE! GMLE
oJ ge * ¥+ Ao

B =Fo|A & Hyper-exponential EX 53]
HNEA patF o & OB FAHE Astd vl
g 4x e nF}E olddtdq BY Eegs

AN AL T

4. £AHA of

o] Ao 4 Minitab(version 14) £7 #H 71Xl



EXSEE

JE GOl ERE(PAESFTL 0503
Dol A A7) 30709 PF45 o] 43t
a1 AN R PAHYE AwE o)gstua 3
th o] AL <X >ol Ud 59 9o

AT E Alg] A Ry 24 =R o A9
A ol&AT wME LA Aawye
TAHA A 712 el o] B (Bisection method)
< AR ol F AL 271%E 10749} 10
<, 38 #A(Tolerance for width of interval)
IO_IO'Q T FEAE < sEN 2
100H& C-doE o] &3ty =
a

71&€9 E¥ 3} hyper-exponentiall AHE 2 &
of g 259 FAREY AF}E <X 2o &
At o] E|A hyper-exponential 3 o) A]
FAAA FH49 FHE Y8t JFA pot o, B
Z+ 2+ 0.1, 0.3, 05, 0.7, 09, 0.1, 02, 0.3, 04, 058
33l FHE H9FAHZSo|TL

o] Bolo My dntdow w3y MHelo] 3}
WHo g AAASIHSSE [5,8 9D o] & 5 9
thool2fg AE <E 3> 2oE Q) o] Fo
*] hyper-exponential A1 ¥|%= R¥So] 7}E] p=
07, w,=04, p=09, w,=054 B THPS
o] EofollA 7]&Eo] <oz 23l Yamada-Ohba-
Osaki 2ot} Goel-Okumoto 2ol u)sf Abo)
Ho2 5&A 2yoz Yehdm gk

Wiz g g8l 24" age] (7Y 1o
M RoFR gtk o HFEY B4 HHE =07,
w,=04, p= 09, w,= 05 D2 Hyper-exponen-
al o] k) 30 ZHEA FHY mEye
It YFAIZHMission time))ol] st
) Edole] 1) dojyx] kg &89 A
S(Reliability) R(t 1z )= (27 29 2}, o] 1
HAME p=07, w,= 049 D& Hyper-exponen-
ial azlo] /\l-r,}]zl o7 E.gz—]o] A]QEE L}E}l}]
At

HEg 47}
2o 43y

rir

3 v

ol

4 o
tlo sz

Pt o} -
TR 4

ol

4 e
Ox=

rm %o

.ﬂ

8
b
K 30

N

g

K

E(Hyper-exponential) &

0|88 &

ZEo] AZIME 2ol s HT 51

(B 1) 29|2% Rz

Failure Failure Failure Failure
number Time number Time
1 469 16 225
2 6.08 17 22.59
3 6.08 18 22.61
4 6.29 19 2261
5 6.31 20 235
6 6.33 21 235
7 967 22 25.38
8 14.39 23 29.96
9 16.37 24 30.07
10 19.02 25 30.15
11 1957 26 3142
12 19.76 27 3143
13 20.67 28 34.76
14 21.84 29 39.88
15 21.85 30 399
(E 2) 2t 289 2% £33z
Model MLE
B,,,=0.0939
Goel-Okumoto Model —
8 yyoe=35.025
Yamada~ B 2.1115: 02124
Ohba-Osaki Model P p=30.8621
w, =0.3028
p=01 | w,;=01 ——
0 yypm=29.726
w, =01321
p=03 w, =02 —
0y =34.726
Hyper- w, ,,=0.2132
exponential | p=05 | w;=03 (——
Model 0 \p =30.726
w,  =0.1341
p=07 | w, =04 | %
0 ypp =29-8941
w, =0.1132
p=09 | w;=05 |
0 i = 327264




62 HE 2ot =% M7 H1£(2007.3)

(B 3) Z} 2¥SSE @t

Model SSE
Goel-Okumoto Model 4955.526
Yamada- 3647.482

Ohba-Osaki Model
p=01 w;=01 6082.273

p=03 | ©,=02 | 6810171
Hyper-

exponential | p=05 w,;=03 5825.241
Model

p=07 | w,=04 3462.479
3540.276

p=09 w,=05

mit) vs Time

muw

469 608 631 967 164 196 07 2A9 26 X6 B5 X0 02 N4 B9
Failure Time

(g 1) 2 =2¥ol oiE FHE guit

5.8 8

AxEC AHHE AL AF BA Ax
H2E Aot 4A AguAd oA sxE
dol el EASFE g Fub L B4 Az
g EAHeR HAY 4 e AFoz 1
H7} 7%l FaaA Ak gep axEd o /)
2ol BAE FHIL AAALTA oM 1
3 w4 840 13 B4 AYe FeHoz
2857} Jbsete WE & 4 T HaE A
2ok Z& ga A7 AR 1S9 23 @
QAT T BAE xeHoz BeFoRA &
ZEY] NAEE 43 A A 5 ek oHE F
4 2Zed] 4% Hgolatn 2 & Aok

Reliability
1.2 —— —
| = Yamada-Ohba-Osaki
§- = = Goel-Okumoto
‘ apm07wi=0d
08
2
o 086
@
04
02
0 15 3 45 6 75 9 105 12 135 15 165 18 195
Misstime
(O3 2) Z =gl chst AMEE
B =FdA & Minitab(version 14) &4 #H 71X
of Qe golBRI(FAEF7t 05013 HERS
7b DellA AR 30708 BEE o] 83 29
Ay 1% DBANDOR FAHE ARE ]88}

71&9l 283} Hyper-exponential M= E3o

-’_Fé 2 01%5]'“1 25 FARE AA
1 HIDE $3 HBARSEE]
A¥E p=07, w, =04, p=09, w,=059 B&
Hyper-exponential 28] 7]& & ¢#% Ya-
mada-Ohba-Osaki 23 ¢]\} Goel-Okumoto® o+ -
F3e 2ol gln A= g Hrte FA|
Hyper-exponential 28] A&7 2£8& & &
ot wekA Hyper-exponentiol X5 o]-&3 4l
FAE BYE o] HopilA F&HOZ o] & F
AE 2Yol FS & F Ut FF oj2iT Hy-
per-exponential EXZ o] €3 wlolx|¢t ¥ HZ
Bolut FjHQ) FA4F AR FEA A g
Hel He] 710 doh

1] 3%, '%—TE HET, OlFEEE o) 8F
NHPP £ZESo] AN By &% 4



ZX|F2Z(Hyper-exponential) & 0|28t 2ZEg0f AME Do Mt o4 B3

T, BT HYARBAGE =R A104, A
13, pp. 7-14, 2006.

(2] 383, “7}o)zF NHPPo <)% AT E 0]
ARG 2o B3 A7, d2AFH YR
Sl =22, AlllA, ALE, pp. 45-53, 2006.

[3] S. S. Gokhale and K. S. Trivedi, “A time/
structure based software reliability model”,
Annals of Software Engineering, Vol. 8, pp.
85-121, 1999.

[4] J. F. Lawless, “Statistical Models and Me-
thods for Lifetime Data”, John Wiley & Sons,
New York, 1981.

[5] H. Pham, L. Nordmann, and X. Zhang, “A
General Imperfect-Software-Debugging Mo-
del with S-Shaped Fault-Detection Rate”,
IEEE Trans. on reliability, Vol, 48, No 2, pp,
169-175, 1999.

[6] A. L. Goel and K. Okumoto, “Time-Depen-
dent Error-Detection Rate Models for Soft-
ware Reliability and Other Performance Me-
asures”, IEEE Trans. on Reliability, Vol. R-
28, No. 3, pp. 206-211, Aug. 1979.

[7] S. Yamada, M. Ohba and S. Osaki, “S-Sha-
ped Reliability Growth Modeling for Soft-
ware Error Detection”, IEEE Trans. on Reli-
ability, Vol. R-32, No. 5, pp. 475-485, Dec.
1983.

[8] K. Kanoun and J. C. Laprie, Handbook of
Software Reliability Engineering, M. R. Lyu,
Editor, chapter Trend Analysis, pp. 401-437.

[9] S. Brocklehurst and B. Littlewood, “Hand-
book of Software Reliability Engineering”,
M. R. Lyu, Editor, chapter Techniques for
Prediction Analysis and Recalibration, pp.
119-166, 1996.

[10] www.answers.com/topic/hyper-expone

ntial-distribution.

NE-E-

Do
=
[\]
rL
rie
ol
=
1ok
El

N
4
o
ol
s
K

s
20043 (5F)ofolm] #4229 9
1994 ~ @ x| WA B3l e

5
AFEARAR 2g



