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ABSTRACT

Monte Carlo (MC) Simulation is a powerful tool for preflight evaluation of flight vehicles, because a number
of input uncertain parameters are incorporated simultaneously and non-linear system can be evaluated directly.
MC results show some unsatisfactory simulation results which violate system requirements. It is necessary to find
the cause of these unsatisfactory cases, namely failure cases, for the study of system improvement. So, detecting
the influential inputs of uncertain parameters for the failure cases is important. However, it is often uneasy to
detect them because various uncertain parameters are incorporated simultaneously and randomly. This paper
presents a methodology to detect influential uncertain parameters. The approach utilizes re-sampling of input
uncertain vectors that cause failure cases, and statistical hypothesis test. Since the statistical test is based on
hypergeometric distribution, some software which includes statistical tools is usually necessary. Even when
statistical software is unavailable, approximated statistical test that utilizes normal distribution is presented and
can be applied. MC results of an experimental flight vehicle demonstrate validity and practicality of the presented

approach.
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K5.1(a) NHEENT AL BIKET LiRAE

No. A | 3o ARMME  GHEAD) | o
(72 )17 V]

[1] 25 IRFE Cy, 0.0216

[2] Cp 0.0060 JCFI 0.8

[3] Cy 0.0056

[4] G 0.0042

(5] Cy 0.0009

[6] HIY 25 AR 2K Cy.p 0.00194  (1/deg)

(7] Cip 0.0006 (1/deg)

(8] Cop 0.004 (1/deg)

[9] ") 2% SR Cmq 100 (%)

[10] Clp 100 (%)

[11] Cor 150 (%)

[12] Cyr 150 (%)

[13] Cop 150 (%)

[14] fesh = CL-se 0.003141  (1/deg)

[15] Cy-sa 0.00183  (1/deg)

[16] Ci.sa 0.00039  (1/deg)

[17] Coosa 0.00024  (1/deg)

[18] Cy.sr 0.000183  (1/deg)

[19] Cr.5r 0.00029  (1/deg)

[20] Cosr 0.00042  (1/deg)

[21] Cp.ssb 20 (%)

[22] Cp-ssb 20 (%)

[23] Cm-&sb 20 (%)

[24] BELNARRIES CE. 100 (%)

Kisgex ezl

[25] BH& m 24 (kg)

[26] HE PR Ixx 100 (kg*m’)

[27] Iyy 200 (kg*m’)

[28] Izz 200 (kg m’)

[29] Ixz 50 (kg*m’)
[7)F 2z~ ]

[30] T LR [ A PR 23 (%)

[31] IR ER 14 (%)

[32] L—hU v b [-20,0] (%) —kE

[33] T X — [ A R E 4K 23 (%)

[34] BRI 14 (%)

[35] L—hU Ik [-20,0] (%) —kE

[36] | A —R7 L —=x ERRSEIRE UE~o 23 (%)

[37] AR 14 (%)

[38] L— kU Iy b [-20,0] (%) —hk
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#5.1(b) NHEE/T A Z  BREERMFOLTE)

No. I EEEECETETH 5341
[BREE ST

[1] AT - 10 (C) —Hk
[2] AT SENES 20 (hPa) —Hhk
[3] A NEE 0.015 (m/s”)

[4] JEE T L ERE RS [0, 1] (m/s) —HK
[5] E R JEL A [0,360]  (deg) —Hk

[y et RE ]

[6] 835 P 0.0728 (rad/s)

(7] Q 0.0445 (rad/s)

(8] R 0.1896 (rad/s)

[9] LKA o) 0.1852 (rad)

[10] 0 0.020 (rad)

[11] Yy 0.2019 (rad)

[12] W U 3.78 (m/s)

[13] \% 2.51 (m/s)

[14] w 2.89 (m/s)

[15] (AN X 100 (m) —FE
[16] Y 100 (m) —
[17] Z 50 (m) —

This document is provided by JAXA.

41



42

FHAZERTTE D SRR TE D S8 7T JAXA-RR-17-004

#5.1(c) MHEE/NT AKX U HIREE

No. A | 3o klMME  (HAD) | Hf
[IMU]

[1] TN Ay N ATA 150 (uG)

[2] Ay N ATA 150 (uG)

[3] Ay N ATA 150 (uG)

[4] Ayx Ar-V770% 241 (ppm)

(5] Ay A-W770% 241 (ppm)

(6] A, A-V770h 241 (ppm)

[7] £ P N ATA 0.075 (deg/hr)

[8] Q N ATA 0.075 (deg/hr)

[9] R N AT 0.075 (deg/hr)

[10] P xr-w77/% 40 (ppm)

[11] Q Mr-w7774 40 (ppm)

[12] R #-177)% 40 (ppm)

[13] ZE O NATARRZE 0.153 (deg)

[14] 0 NATARE 0.153 (deg)

[15] YN AT ARASE 0.723 (deg)

[16] Fo 72 IRE[H [-12.5,0]  (msec) B
[MLS]

[17] I FALN ATA 2.22 (mrad)

[18] FFNLAT-VT 70} 5.99E-5  (mrad/m)

[19] i AN AT A 2.24 (mrad)

[20] G Alr= 7 704 6.04E-5 (mrad/m)

[21] T 72 RERH [-46.5,0]  (msec) —hk

(R & E ]

[22] N AT AR 0.6 (m)

[23] Ar=N77) B 0.031 (%)
[ADS]

[24] S o SR <VEAS) N AT A 2 (m/s)

[25] BEYE Y 4 (B) NATA 0.9 (deg)

[26] M=V774 5 (%)

[27] )3y¥ [-30,0] (%) —hk

[y BERHLIE ]

[28] GPS fifiis Xnav 25 (m)

[29] Ynav 25 (m)

[30] Znav 25 (m)

[31] Xnav 0.5 (m/s)

[32] Yyav 0.5 (m/s)

[33] Znav 0.5 (m/s)
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#5.1(d) RHEENRTAZ @ T K L

No. | TR | 3o fHMME  (Hfr)
[IMU]
[1] JIBCYES Ax 0.4 (G)
[2] Ay 0.4 (G)
[3] Az 0.4 (G)
(4] £ P 0.66 (deg/s)
(5] Q 0.66 (deg/s)
(6] R 0.66 (deg/s)
[MLS]
(7] WIEIA AZ 2.16 (mrad)
(8] AZ BB ATy 5.83E-05  (mrad/m)
[9] ngse EL 2.5 (mrad)
[10] EL FEHEIKAT ) 6.76 (mrad/m)
[ s B E ]
[11] | H | 0.4 (m)
(e 72 A
[12] | Wouse | GRK™)  (mis)
# 5.2 ALFLEX #Ffi AL e
B N T R & Eigas il B
HEIHE XL & 0<X<1000 (m)
Y S 7<3.0 (m/s)
S Hi I Vyra < 62.0 (m/s)
'y F 0 <23.0 (deg)
T B A YAV (& Y| < 18.0 (m)
7 — LA |®| < 10.0 (deg)
XTI D 4 |Bgra| <8.0  (deg)
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EWPERTE D, ZOMRRENGE LT, A
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S F DK (A 4) D5 upper’ N2 7272
T T, png) DR 7T /NELFEHENTLE .
ZOREDPERMET L72010E, RADLIIC
Gl T IL K.

P « hygecdf((ng — 1), N, Ng, n, 'upper’)

(A.6)

MOFEE LT, MIOMEROSMBERES %,
THREMEE LCPERETAZ LB TE D,
ZOHGEIEN (A D) ITBIT A58 %E, LTOX
INTEZHZIULE.

Ng = (N — Ng)
ng — (n —ng) (A.7)

ZoESHmA AL, PIERAUIIIY T
MRERERE LT ROLND.

P « hygecdf((n — ng), N, (N — Ng), n)

(A.8)

[Z—YTL" R” I2kBEH]

HEEAN 7340 D AFERER Z 3R T 5 72D DK
% phyper)” TH 5. Z O LT 7 4+ /L h T,
TRBHERZEHT 26D ER>TWVS. Q
UL TFDOANITHLND.

Q < phyper(nFt NFr (N - NF)I n, log = FALSE)
(A.9)

COBEBOBIBITEND, TR L-fTok
W, TR, TRERORD%], TH
HLE) THD. KED log="1%, HohdR
MR Z BRI E LTH AT 2008 9 hots
ETH Y, "log=TRUE” & 3 4L log(Q) DA H
NnEns.

MATLAB O R¥ & FIEEDE 2 J7C, PIZOWT
T EMREREMERE LT, kA TROONS.

P phyper((nF N 1)INF'(N ~Ng ),1’1,
lower:.tail = FALSE,log = FALSE)

(A.10)

515D "lower.tail = FALSE ” 3 |10 B2 5 e =% % 3
B2 00RETHD. TR E% 2,
TRIRMERERE L TRODIE, ®"AD LI
BETHZEHLTED.

P < phyper((n —ng),(N — Ng),
Nyn,log=FALSE)

(A.11)

[EXCEL [Z&kAEH]
EXCEL2016 (2B W\ T, QIR L v BT
x5,

Q « HYPGEOM. DIST(ng, n, Ng, N, TRUE)
(A.12)

ZZTS5&EHDSIETRUE” 1% T AR %
FHE4 5 L AF . EXCEL Tld Lo B
REBHT HHEEITR WD, RPEIZER L
THIREHERE L TP EZRDD.

Ng =N — Ng

NS:N _NF
ELT, RUZKY PRBEHTX 5.

P « HYPGEOM. DIST(ng, n, Ng, N, TRUE)

(A.13)

EXCEL T, SIENIZ (n—np) 72 EDFHRA %
I T A ENTERN. 207D, Honl
g, N (TfEE LTHEIL, T0®IZ5#E
LTRATHLENRDS.
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TEMATAIGAEDFEELTFIORT. AR
L [FEIkEIZ, MATLAB, 7 U —Y 7 K”R”, Excel
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[MATLAB IZ&5EH]
W SRR /0 AR Bk A2 2 9 "norminv” & U
T)
Zg < —norminv(e, 0,1) (A.14)
L 725, "norminv” X IEHL AT D LEAE D HEFE I
KT DRERERZRD D129, A2 2R
KO EROGEL, ~A T ADFFENME L
D,

[2—Y IR IZLDEH]
"R” TlX"qnorm” Z AWV T, AT LD 7, 2
RKdbHND.

Z, < qnorm(e, 0,1,lower. tail = FALSE)

(A.15a)

R ST A R Nk 53

Z Z C”lowertail=FALSE” I, 234 @ Al (F54%)
DOWERN o LD L EEWT S, £77103,

Zq < —qnorm(a, 0,1) (A.15b)
THREIUKER L2 D.
[EXCEL IZ&DE H]

RE%C norminv” &2 AW T, WLV z, 23Rk
bbb,

Zq < —norminv(e, 0,1) (A.16)

This document is provided by JAXA.



54 FHIMZEIFIE B AR AT ZE B RS JAXA-RR-17-004

T8 B BRMIHEZESH
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IR T IFE L TH 28, B2EDOT=HE T
T TH D “IHS A & OBRIC OV TRET .
R AMIZB T 250K E, HTH
BlIZAd. RHEMOEKN, ZoOHD KK —
ZEEDS N B A D n T, ZOHIZH
FNDHRM T — AR x THD.

N

n == NF

X B.1 #IoAmIZI1T 550D BEtR

RO B VT x OFAEMRIZIRATE
ZHhb.

NFCX'(N—NF)C(n—x)

p(x) = (B.1)

NCn
x OHFIFAI,
max{0,n — (N — Ng)} < x < min{n, Ng}

(B.2)

SF Y x OFPHE, BTV & RE
IO N, 2B N, & OBRICE » TR,
DUTFD4r—ANEZLNA.

@® n<N,ns(N-N;) DL x,

@ n>Ng,ns(N-N;) DL X,

@ nsNyn>(N-N;) D& X,
{n-(N-Np)}sx<n

@ n>Ngpn>(N-N;) D& X,
n-(N-N;)}<sx<N;

&-7-\(‘\
— — 5

Xmin = max{0,n — (N — Ng)}

Xmax = min{n, Ng}

EFE, x OEFEPHIZDT DA OFI
1 THHDT,

Xmax

2:Mﬂ=1

X=Xmin

(B.3)

WRIZx DL iz 8ti+5. O~@ong
D —ZZHONWTHEERICETTE 5729,
LN DL & BB T, ODr—A %
kT, kDb
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T TR RT3 AT DN & Sy e H T
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B.1.1 ¥
e E X O (IRHE) 2Rk 5. @
MDA DOV % Wy ET D &,

LmG=Em1—§§w-mx=xn

n
z{ NF x " (N— Np)c(n x]}

{ _NFCx [N—NF)C(n_x]}

MSII

X

NCn (B-4’)

. - Ng!
NEZ* ™ (N — x)! - x!
Np (Ng — 1)!

T x (Np—x)!-(x—1)!

N!
Co=—
N¥ ™ (N —n)! - n!

N (N —1)!

“h (N—n)!-(n—1)! (8.5)

b &R (B.4) ITIRAT D &,

(N-1)

(n—1) -« (Ne7r )

A B EK

Ng-1)Cx " (N-Np) Cl(n-1)-%)

p(x) =
(N—1)C(n-1)

B.2 RHEF (N-1) OBy

S NG A Rk 55

_Npeny (Np — 1)!
HHG = 7N ;{(NF—x)!-(x—l)!

_(N—n)!-(n—l)!
(N—=1)!

' (N—NF)C(n—x)} (B.6)
ZIT, x=x-1&EBTIE, 1sxsnpEE
0<xt<(n-1) (B.7)
ok xX(B.6) 13,
_ NF n (NF_l)'
- Z [{(NF —1) — %} %!

.(N—n)!-(n—l)!
(N—-1)!

' (N—NFJC{(n-n—x}]

Filz, MeEisae AV TERT L L,

NF n Z(NF G (n= NF)C{(n 1)—%}
HHG =
%=0 (N- 1]C(n 1)
(B.8)

ZC, RHEM (N-1), KM (N.-1), BtHL
%t(n 1) OB A & AL, M B.2 D
X925,

i (B. 8) DA ILITH AR B O A FiPH O Fn % 5 Fr,
1 kb, oFD,

(n-1)
Z Ng-1)Cx * (N-Np) C{(n-1) -5}

(N— 1)C(n 1)

=1

(B.9)

L 5T (B.8)(B.9) LV, MU/ 47
BHND.

(B.10)
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B.1.2 %#&k
5345 Doy B E ohg &3S,

ofic = E[(X—w?]
= E[X? - 2uX + 2]
= E [X?] — 2uE[X] + u?
= E[X?] —2p% + p?
= E[X?] —p?

= E [X2] — E[X]? (B.11)

ZITROEIICERTS.
o?c = E[X?] — E[X] + E [X] — E[X]?
(B.12)

FIADH—H, o HERY BT, UToL)
AT 5.

E[X?] — E[X]
= D@ p}h - ) e p()}
x=0 x=0

= ) {xlr= 1) -p())
x=0

n

Cx " (NoNo)Cine

x=0 NCH
= z {x(x -1)- NeCa (N—NF)C(n—xl}
x=2 NCH
(B.13)
: : T NFCx %i,
Ng!
(Ng —x)! - x!
CNe(Np—1)  (Np—2)!
T ox(x—=1) (Np—2x)!-(x—=2)!
F72\C, 13,
N!
(N—n)!n!
_NIN-1)  (N-2)!

" n(n—-1) (N—n)!-(n-2)!

EERTED., b EX (B 13) ITRAT S &,

E[X?] - E[X]
_ Ng(Ng—1)'n(n—1)
) N(N—1)
. S (Ng —2)!
XZZ{(NF —x)! (x —2)!
(N-n)!-(n—2)!
. (N-2)! (N—NF)C(n—x)}
_ Ng(Ng—1)-n(n—1)
) N(N—1)
. i {(NF—Z)C(X—Z] : (N—NF)C(n—x)}
x=2 (N-2)C(n-2)
(B.14)

ZIZT, X =x-2&BUUIE 2sx<snDEx,
0<%<(n-2) (B.15)

ok &3 (B.14) I,

NF(NF — 1) ' n(n - 1)

E[X?] — E[X] = N =D

n-2
_ Z {(Np—z)cx " (N-Np) C{(n-2)-#}
(N-2)Cn-2)

x=0

(B.16)

2T, BRI (N-2), KT — A% (N-2),
e U3 (n-2) oA o5 A0 & o3 A BEEUE,
B.3 DX iz 5. X (B.16) OANIE, 55AnkY
BOEFEHOFEE AL TS0,

n-2
z {(Np—z)cx "N Cin-2)-5 | )
= ~N-2Cm-2)

(B.17)

L0 RER,

NF(NF - 1) . n(n - 1)

E[X?] — E[X] = N = D)

(B.18)
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L%, Ko T (B.18) X (B. 12) IZfU AT
X, A D X5 BT 340 D3 T B
D.

2

2 Ng(Ng—1)'n(n—1) Ng-n /Ng-n
-5

N(N - 1) TN N
_ nNF(N - n)(N — NF)
- NZ(N — 1) (B.19)
B.2 ZIESMENER

HRIZMC i CHRIHT 5, A & O
1R&2EETH . BRI N HOREN )
OEMEZFFESTIT n @A T 19 [FEE )
ELIZEZD, x OREMHETHD. ZHICK
LCIASAAIE, EEEZFFLCn @20 HT
MEcHt ) 2 L7zt 20 x ORAEHETH Y,
X B. 4 12T L DRI — A ZHD 3
IXHWIZN /N TH D, BEMOAIBNT, £

(N-12)

g L MNe=2

5341 BA¥K

Np-2)Cx * (N-Np) Ci(n-2)-%}

p(x) =
(N—z)c(n—z]

X B.3 FHEM (N-2) OB/

HEH O KBHESR (N /N) 2 —EL LIZEET,
Nooo & L7=b D) S & —T 5.

UNVE REEE [ O RIS pp=Ny /N 3 —EThH D
ET5. MB.4ADXHIZnflEY HLEZE X,
PP 2 (8 F A DW= py(x) 1%, KXo
WO MEETEH 2o 5.

pp(x) = nCy-pe*- (1 - pF)(n_x) (B.20)

fHiH
N
[/
n
NN= |
52 15 o %3
(B4 EH
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—7J7, B8O (B.1) ITKRDO L HITERTE 5.

NFCx ) (N—NF)C(n—x)

p(x) =
NCn
B Ng! _ (N — Ng)! (N-n)!-n!
" (Ngp=2x)!-x! {(N=Np)—(n—x)}"(n—ux)! N!
B nl  Ngl (N — Ng)! (N —n)!
" (n=x)!x! (Np—2x)! {(N=Ng) —(n—x)}! N!
I Ne! (N — Ng)! (N —n)!
ST (Ng—x)! {(N=Ng) —(n—x)}} N! (B.21)
I,
Ny!
(Nij)' Np (Ng—1) -+ (Np—x+1)

(N — Ng)!

(N—Np) —(n—0)}! (N=Ng) - {(N=Ng) —=1}-+-{(N=Np) = (n—x) +1}

(N —n)!

=1/ (N=1) e (N =+ 1))

b EA (B.21) I AT D &,

W= C WNp (N —1) -+~ (Np —2x+1)} - [(N—=Ng) - {(N—Np) =1} ----{(N—=Np) — (n —x) +1}]
PO nba (N'(N-1) -~ (N-n+1)}

HFE-0 - FES0-9 {0 -5 {0 -F) - O+ |
fr-(-g) - (-25))
)b [ pe) {1 = b0 - {0 b0 - () +

() (-5

ZZTpp Tl E LT, Noo ODIEE & 5 &,

1\111—r>1;10 p(x) = Cx pr ’ (1 - pF)(n_X) (B 22)
LT, ZHFIX (B.20) CERINDH _HOMONX py(x) & —HT 5.
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WA E TR DWW, IH M & DEN
EHEZD. SOV L aBIL, ThER
UTDXoTkobhD.

[Fi5]
TIEGAA DN e uy £ T D L,

. Z{x py(x))
= Z{x nCyx pr' (1_pF)(n—x)}

xX=

* (1= pp) 0}

n

n!
:;{(n—x)!-(x—

“ (n—1)! .
:n'pF;{(n—x)! TR

(1- PF)(n_x)}

D1 prt (1 - PF)(n_x)}

=1 " pg Z{(n—l)c[x—l) ppE Y (1 - pF)(n_x)}

x=1

(B.23)
T2 Tx=x-1¢BHIE, 1sx<snd & x
0<és(n-1) ThHs. ZDOLx,
n-1
HB:n'PFZ[(n 1Cs Pt + (1 — pp) (D=4
%=0

(B.24)
ZZCHIE, (n-1) fEEY LIRS

— AN xBEITHDHMHERD, T XTORFEREIC
DNWTOFEET., 21Xl THhAHDT,

n-1
Z[(n—l)ci ' ppi : (1 — pF){(“—l)—X}] =1
xX=0

(B.25)

F o T (B.24) L0 T

S NG A Rk 59

HB =1 " Pf

NF'n
- = (B.26)

L7210, A (B 10) TER 5805540 D F
) pye & —ET 5.

[538k]
TGO EoRET D &,

Q
[os]
1l

2 xZo{(x — 1p)? - pa(x)}

Z{(xz ~ 2p1px + ) pp(x))

Z{x - pa(x)} - ZuBZ{x ps ()

+ Up Z pe(x)

(B.27)

ZT, BCOr—ADMEROMILZ1 THDHD

zn: pe(x) =1
x=0

Lo TH (B.27) 1%

n

oh= ) (% pp(x)) - 2up - pp + 41

x=0
n

= D ) - 4

x=0

= Z[{x(x — 1)+ x}-pp(x)] — ui
X=0

= Z{x(x — 1) pg(x)} + Z{x -pe(x)} — ug
x=0 x=0
. Z{x(x — 1) pp(x)} + g — 1
x=0
(B.28)

I CHUE R 6 L. ZOHEIFX(x-1)
DR FZFOT2D, 2=0FB L PRx=11THBNT
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0&70h. LoTO0<sx<sn O&EPHIE, 2<x<n
EELLIRDHDT,

6= D fx(x = 1) pp(x)}
x=2

n
n!

= Q=D G

x=2

(1= pp) "]

) ; {(n - x)!rfl(x —gy P (- pF)(n_x)}

n

(n—2)! o
:“(n_l)'pFZZ{(n—x)!-(x—Z)!'pF( !

X=2

(1- PF)(n_x)}

(B.29)
ZIT, x=x-2&8L.2csxsnD & ¥,
0<x<n-2) &725DT,

n-2
, (n—2)! .
“2=“(“—”'PFZZ{m'pF"
L I x!

(1- pF)(n-H)}

AT (n-2) EHEL D L= TR — A &
BT HERD, T XTOAREREIZOVTD
fuz&iedT,

62=n(n—1) pg? (B.30)

A (B.28) IR AT B &,
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n(n—1)-pg® +n - pg —n?- pg?

n - pg-(1—pg) (B.31)
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pe=Ng/N Z AT 5 &,
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[5]
X B. 52”7 XD, nfHOEAREZHMET 5
L5 ol x,
_— xi1 + e 4 xik+ ...xin
X, = . (B.36)
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EENERN oy BETZ LTS, K0T,

N
2:@u+“+% (NN@1)Z%

i< <ip i=1

(B.38)

(N—1){#

U

HE(n—1)1#
v B

X;

X B.6 jEHDOEFRHL

F o T (B.37) 1L

N
" (N-1) Cin-1) " le

N*n i=1

E[Xn] =

(B.39)

This document is provided by JAXA.



62 FHIMZEIFIE B AR AT ZE B RS JAXA-RR-17-004

:—‘\’VC“
— — 3

(N—1)!
U'W—W

(N-1)Cn-1) =
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