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Summary

This paper presents a new analysis support system for analyzing non-dominated solutions (NDSs) derived by

evolutionary multi-criterion optimization (EMO). The main features of the proposed system are to use association
rule analysis and to perform a multi-granularity analysis based on a hierarchical tree of NDSs. The proposed system
applies association rule analysis to the whole NDSs and derives association rules related to NDSs. And a hierarchical
tree is created through our original association rule grouping that guarantees to keep at least one common features.
Each node of a hierarchical tree corresponds to one group consisting of association rules and is fixed in position
according to inclusion relations between groups. Since each group has some kinds of common features, the designer
can analyze each node with previous knowledge of these common features.

To investigate the characteristics and effectiveness of the proposed system, the proposed system is applied to
the concept design problem of hybrid rocket engine (HRE) which has two objectives and six variable parameters.
HRE separately stores two different types of thrust propellant unlike in the case of usual other rockets and the concept
design problem of HRE has been provided by JAXA. The results of this application provided possible to analyze the
trends and specifics contained in NDSs in an organized way unlike analysis approaches targeted at the whole NDSs.

1. O 0O 0O O

O0o0o0o0oooooo0oooooooOooon
000O0oooo (Evolutionary Multi-criteiron Optimiza-
tion:EMO) DO ONSGA-ID 000000000000
goboboobboobooobobooboooboa
good0oodo4000000000000O00O0OO
000000000000000 [Coello Coello 04, Deb
12].

O00o0ooo0ooo0ooooooooooooooo
O0o0o0oOoUoOoooOoooUoooooooooo
goboboobboobobooobobooboooboa
gooo0ooo0oooooooooooogooos3on

gobodobboobboobbooboooboon
goobodbobooboboooboboooooboooboobdg
gboboboboboobobobobobooooon
gbooboboobobooboo

EMOOODOOOOODOOODOODOOODOOOOOOOOOd
gooddboooooobooooooooooobogo
doooooboooooboooooooooooood
gofdoobodoobooooboooobooooooon
OO0OOOEMOODODODODODODODODODODOO
0000000000 000oooooooooog o
O 09, Watanabe 10, Obayashi 03, 0 O 08]0 Deb O EMO
gofdoobooobooooooooooobuooon
000000000 Innovation DO OO OOOOOOO



220

COOEMOOUOOOOODOODOOOO InnovizationOd
000000000 0O00OOOn [Deb12]0
O0000000000000 (Self Organizing Map:
SOM) 0000000 (Multiple Discriminant Analysis:
MDA)O OO0 00O 00000 Kernel Dimensionality Re-
duction, KDROO O OO OOOOOOOOOOOOOOO
gbooboobboobobooboboobobboo
OO00O0OCOOCOOOoOOoOoOoOD [OO 09, 0bayashi 03,0
008000 0Dooooonooooooooooog
gobodgbobooobooboooboooboooo
O000ooO0o0oooooo0oooooooooooo
O0o00ooo0o0ooooooo0ooooooooo
ooooooo
gobooobooboobboobboobboo
gobogobooooboboooboooboooo
gobooooboopoboobboboobboooboo
O000oooo0o0o0ooooooooooooooon
O0o00oo0ooO0o00oooooooboooooo
ooooooO0oo0ooooooooooooooooo
gobooobooboobooobboooobooobd
gobooobobbooboobbooboboobo
gobooooboooboooboobboooboboga
oo0o0oooo0oooO0o0ooooooooooooo
ooo0ooooooooooooooooooooo
ooooooo0ooooooOoooooooooooo
gobooobooooboboooboooboobn
O000oooOO0o0o0ooooOoOoooooooooOon
goboobobooboboobboobboobobog
oo00oooO0o0oooooooooooooooo
Oo0o0o0oooo0oo0ooooooooooooooo
O [Watanabe 10| 0 0000000000000 OOO
gobooobooobooboboobpboobboo
gobooobooobooboboobpboobboo
gobooooboooobooga
oo0o0ooooo0oooooo0ooooooooooo
00000000000 dSASAHJAXA)OOOOODOO
00000000000 0000000000 (HRfWG)
gboobobooboboobooboboobobn
000000000 (Hybrid Rocket Engine:HRE) O O O
OO0 [00 10]000000000000D000oDOo0Ogd
gobooobooboboobboobooobooo
0000oo0O000oooO00oo0ooooo0oo0on
O0o00oooooooooooooooooooooo
o00oooo0oe6000OOOOOOOOOOOOOD
0O000O0020000000000000O0

2. 0 O O O

goboooboooboooboobobooboo
gobooobooboobobooobooboobobd

oooooooono 29020 SP-A0201400

000030 000p00ooogooo

2.1 00OO0OO0O0OOoDOO0OO0

gobDoOd0oD400000D000000DOOOO
goboooboooboooboooboooboo
o0o0o0ooo0oooooooooooooooooo
0000000000000 030000000000
O000oo0o0o0ooo0ooooooooooooo
goboooboobooboooboboboboobboobo
goboooooboboobboobboobboon
googoboobooobooobooobooobobdg
00000000 (SOM)

0000000000000 (Self Organizing Map:
soM)0000000000000020000000
ooooooooooooooooooooooooo
00000 [Obayashi 03]0

soMOOOO0OOOO0OOoOO0oOoOoOooooooDo
goboooboooboooboooboooboo
goboooboooobooobbooboobbooobo
00o000o0o00o0b0oo0oooooooooSOM O
O0o00ooooooooooooooooooooo
o0oo0o0oo0oo0ooooOooOooooooD 20000
goboooboobooboobbooboboooobobda
goboobboobboobboobboobboo
goood

gooosoMOOoOoooooz2000000000
0000ooo0o00oooO0o0oo0oooooooon
O00000oooooo0o0o020000000000
o0oo0ooooo0o00ooooooooooooo
goboooboooboobboobboobboo
gobooobooobooboboobboooboo
goboooboooboooboooboooboo
o0oo0oooO0o0ooooooooooooooooo
O0o00ooo0o0ooooooooooooooon
ooooooooOooooooooooooooooo
goboobboobboobboobboobboo
gobooobobbooboooboooboobn
gobooobooooboobboobobooobobga
ooo0oooooooOoooooooooooooo
0000ooo0o0o0ooooo0o[@o 09,00 08].
O00o0oooo0O0O (FMDA)

000000 (Multiple Discriminant Analysis: MDA)
goboooboobooboobbooboboobobd
goboooboooboooboooboooboo
0O0b0b0ob0obOobobuoboobouoogn Fuzzy
C-Means (FCM) 0 OO0 O0O0O00O0O00O00COOOOO
00000 Fuzzy MDAOFMDAO OO OOOOOODO
ooooOoOo0oOoOoOoOo oo o8I oDoooooon
ooooooooooooopoo @ooooo)oo
gobooboooboobboobboobboon




gbooboooobooboobooobooobooboooaon

oot UuUuUugg o
goooooooooooooooooga
0000000000 KDRO

000000000 OKernel Dimensionality Reduc-
tion, KDROOOODODOOODODOOODOOODOOOOO
O0000o0oO0o0o0oooooooooooooooo
0000o0000o000o0o0ooO0ooooooOooooo
00ooooooooooooooooooooooo
goooooooooooooooooooooooa
oot UuUuUugg o
goooooodddddddgdgogogoad

KDRO MDAOOODOOODODOOOOOOOOOO
00o000oo0o0ooooo0ooooooooooo
O0000oo0o0oUooOo0oooooOooOoooooo
OKDROOOOOOOOOOOODODOODOOOOOO
00000ooUoo0oooooooooooooon
oot oooooo
0ooooooooooooooooo (oo o9]a

2.2 OJOoOoOoOooooooo
2-1000000C000000O0O0C0OC0O00000O0
goboooooooooooooobooooooo
goobboooooboboooooobboooooooo
gobooobooooboooooooooooog
cooooooooboooooooooooooodod
obbooooOoooboocoooOoooooooboooDo
gobooobobooooocoooooboooooboooa
gobooooboocoooooo
coboooooboooooboooboboooboooon
goboooooooooooboboooooboooooog
goopoooooooo [@moos,0goguooood
gobooobbooooboooooooboooooood
boboooobooooboocooboooooooooa
gobooobobooooboocoooooboooooboooa
goboooooooon
coboooobooooooooooobooobooooon
gobooobooobooooboooobooooooog
gobooooooooooooooooooboDo
gobooobbooooboooooooboooooood
goboooooobooooooooooboooon
cobooooooocooooboocoooooooooo
gobooobooooboooobboOoobooooooo
oooooooooooOoD [SUGIMURA 09O O OO
gooooooooboobobobobboooooooo
goboooooooooooobobooboooooog
gobbooooooooooooooooooooonn
gobboooboooooooooooooooooon
goboooobooooocooooobooOoooboooa
ooboooobobooooooobobooobooboooooo
gbobooooooooooooboooooooocooonn

221

ggoboobobooboboobobooboooobo
ggoboobobooboboobobooboooboo
gogoobooobooboboobboobobooboo
gogobdoooboobbooobbooobboooboo
gooooooo

2.3 DO00OO0OoO0ooooooo

ooboooobooooooobooooobooooooo
goboooooooooooobobooobooboooobog
gobooooooooooboooobooooooog
000000000 [Obayashi 03,00 09,00 08]. O
goboooooooboocoooooooboooooobooa
goboooooooboooobooobooooooooa
gbobooooooooooobooooboooobooono
gooobooooooooobooooooboboooon

ooooosoMOOO0OO0OO0OO0OODDOODO [Obayashi
03]0 k-means 0 FCMOOO0OO0OO0O0OOO0OO0OOO
gobooooooobooooboooobOooOooooon
gboboooooooooooboooobooooboooo
goooooooooboogo

O00000000000000 [Watanabe 10] O O
gobooooooobooooboooobooooooo
goboooobooooboocooboooOoooooooo
gobooooooobooooboboooboooooobooo
goboooooooobooooboooboooooDo
goboooooogooooobooobooooboooo
gobooobooooooooboooooogoooog
gooooooooooooo1o0o100000000
gooooOoooooooboobocOoOoooobobooOooon
gbobooooooooooobooobooooboooo
gooooboooooogoo

3. 0ooOoooo

goboboboboboboboboboboooo
gobooboobooboobooooboooboooboooo
ggbgoboooboboobobbobooboboba
ggoboobooobooobooboboobobod
0000000000000000D0000D0O0 [Linoff
97]0D0oDO0O00O.

31 00 O00Oad
goodoooobboooobbooooooood
dodoodododooooooB—HOODOOOOO
IZIDB(Body)DDDDDDDDDDDDDDDH(Head)
godobooooboooooooboooooooog
00o0oo0ooooooDoooDoooooooooon
(support value) 0 0O O O (confidence value) 0 0 O OO
gooobooooobooouoooooooboooon



222

0000000000000 00000O0OO0OOooO
oo*o

n(B(H)

sup(B— H) = N

ey
0000On(B)00ODOO0D BOOOOODOODOOOD
ooooNDOOOOOOOO0OOOOO0ooo
ooboooboooobooooooooooooo
cobooooooooooOoooooooooooobooa
cobooooooOooooboooOooooobooOoooo
coboooobooooboooobooooobooon

n(B(H)

conf(B— H) = (B)

(2)
000000 n(BNH)OODBO HOODOOOODO
000000000000
000000000000000000000000
0000000000000000000000000
0000000000000000000000000
00000000000000000000000000
0000000000000000000000000
0000000000000000000000000
000000000000000000000000
0000000000000000000000000
0000000000000000000000000
0000000000000000000000000
0000000000000000000000000
0oo

3.2 0OoOoOoooooo
ocoooooooobo?20000000000000O0~0

Stepl D00 0000O000O00OO0OO0OOOCOOOOOOO

000000 (D00DU0U00UU0UOD)DUDUUUUUogo

Step2 000000000000 OODOOOOOOOOOO

goboooboobobooobooobo

Step2 000 O00000O0O0OOOOOODOOOOOO
oo0o0oooO0o0oooooooO0o0ooooooooo
O0O00OStepl DOO0DOOODOOOODOOOOODOOO
o0oo0ooO0ooooOooOooOoooOooooOoooooo
OO00000000 Stepl DODODOCOOOOOOStepl
000000000000 00000000 Agrawal O
00000 Apriori 000000 [Agrawal 9410000
Oo0oO0oO0opooOo0o00000 Apriori 0000000
O0000000000000000 Weka[Witten 05] O
ooooooooooooooo

x] 00000000001 0000000000000000
goooooooooooopooooopooo

oooooooono 29020 SP-A0201400

4. DO0OD0OODOODOOODOO

J000000000000od, Shneiderman O “Over
first, zoom and filter, then details on demand.” 0 O 0O 3 0
00000000000 [Shneiderman 98]0 000 0O O
O0odoooooooooUoooooooooooo
d000oooooooooooooooooooooo
ddoo2000000000000D0O0000O00O0
ogoooood

gooooboobobooooobooooooooood
O0000000o0oooooooooDooDooooo
d0000odoooouooooooooooooooo
d0000o0oooooooooooooooooooo
godooooooooooboooobooobouooon
godooboobouooooobooobouooooooo
gbodooboooooboooobooooooooa
oooooooooooo

0o0ouooooooooooooooooooooo
d000ooUdoooooooooooooooooo
gbodoobooobooooouooobooooooon
godoobooobouoooooooobooooboooo
gbodooboooooooooooboooooooon
O0000o00o0oUoooUoooooooooooog
0000o00oU0oooooooooooooooooo
O0d0o0oo0oouooooooooooooooo
d000oooooooooooooooooooooo
gooboooooooobooooooooobouoooa
gbodooboooooooooooboooooooon
gbofdoooobooboboooouoooooooooa
000000U0o0ooooooooooooooooo

0o0oooooooooooooooooooooo
d000ooooooooooooooooooooo
dd000odUooOooooOoOoO0oO0O0oO0OOoOoUUggo
gbodoobooooboooooooooooboooon
gbodooboooooooooooboooooooon
ooo

0o0oouodoooooooooooooooo

4.1 0OO0OO0OOOO

( Data discretization )

l

 Extraction of association rule from data

!

( Grouping of association rule ]

{

[Visualization of data based on

hierarchical grouping of association rule

0 1 The flow of the proposed system.



gbooboooobooboobooobooobooboooaon

oooooDODOO0O0O0 10coobOogggooooo
goboboobboobobooobobooboooboa
0000Doo00ooooooooooooOod Weka
gogobooboboooboooboboooboobo
gboboboboboboboobobobogoobooboon
goobobobobobobobobboboooo
goobobobooboobobooboobooboobooobo
goboboobbooboooboooooboobo
gogoboobobooboboobbooobbooobog
gogboooobooobooobooobooobod
oo0oooooooooooooo soMoooooo

gbobooooooooboobooooooooooo
gboobooooboobooobooobooogoon

4.2 DOoOOO0OOoooOo

00000000000 00D0O0O0O000D0DLOApriori
000000 [Agrawal 94|00 00000000C0OOO
gbogbooboobooobobboobobooboo
gobobobobobobobobboboobooooo
gbooboboobobooboboobobooboobooobo

oobooooboboooooooooobooooobooog
gobooooon
oooboooooooboooooboobobooooooo
gobooobbooooocoooooboooooood
obbooooooboooooooooboooooooa
goobObO0o0ooooobbOo0ooooooboooooa
gboboooooooooooobooooobooobocoooo
oobooooooooboooobobooooooooog
oooo
gobooooogooogo
oooooooooooOoooOooO0oOooOobOoooot
ooboooooooooooboOoooboboOooooo
oobooooboooo
Stepl: 00000000000 OOO0OO0OOODOOOOO
goboooood
Step2: 00000000000 0OOOO0OOO0OOOOOO
gobboooboocoooOoooooooboooooboobooa
gooooo
coboooobooooboooooooooooooo
gobooooboooobooobobooooboooooog
gobooooo

4.3 DOoO0O0OoOooooOoOooooo
cooooooobobooooooooooooooooo
ooooboOo0oooooo(@ooooo)boooooo
goboooooOooooooobooooboboOooooboa
goboooooooooooobooooboooooboo
goboooooooooboooobobooooooooog

223

goooooo0oooOoOooo1oooooogooo
ggbgoboobobooboboobobooboba

oobooooobooooobooobboooboooon
goboooooooboooooboooobooooon
gobooooooobooooboooooOoooooooDo
goboooobooooboocoobooOoooooooo
gboboooooooooboooobobooooooooog
obobooooooobooooobooooobooooooo
goboooobooooooooooobooooooDo
gobooooooobooobooooooooooon
goboooooooooooboooobooooooa
gooocooboocoooooooo

Stepl: 0000000000000 DOOOOOOOOOOO

agogood

Step2: 000000000 ODOOOOOOOOOOOO
goooooobooobooooobooobooboon

goboboooooooooooooooooooobood
oo

Step3: Step2 0000000000000 00000OO

ggoboooboobboobboobbooboo
ggoobooooboobod

Stepd: Step2 OO0 0000000000000 O0OOOO
ooooooooocoobOooooooboooooooon

00o00ooooooo Step3 00000000000
gooo

oooooooooooooco200000 2000
Stepl 0000000 SO00000000000O0OO
0 AL A2, B4000O0O0OOO0OC2,DIOSOO0O0O0OO
000D000000*0000Step200000AIL A2,
B4,C2,DI 00000000000 DOOOOODOStep3
gobooooooooooboooobooooooog
00000000000D0StepA000A,B,C,DOO
gobooooooooooobooooboOoooboooo
goboooboooooboooooooobooooo

oooooboooooooboooooooDbooo
goboooooooooobooooboooooooa
goboooooooboooooooobobooboooonon
oooooO0OO000O00O00000 2Step4000O0 Al
0A20000000D000CO0O0000 2Step4000
0 A10 AlB4,Al1C20000000000000000O
gooooooooboboooooboooooooobog
goboooooogooooobooobooooooo
gobooooooobooobooooooooooa
gobooooooooooboooobooooooog
gobooooooooooobooooboOoooooo
goboooooooooooooooobooooobooo
go/oooooo000ooo0oooooooooooog
gooooooooboooooo

2 Al00000 AO0OCOOOO0O0 10000000000
00B4000BO40000000000000O



224

goooooo

Step1: Detection of all appearance parameters

Rule1
Rule2
Rule3
Rule4
Ruleb5

A1 and B4— C2

A2 and B4—> D1

A2 and C2— D1

A1 and B4 and D1—C2
A2 —D1

. A1, A2, B4, C2, D1

Step2' Detection of all combination

oo 29020 SP-A0201400

A1A2 A1 B4
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A1A2B4 A1A202
A1A2D1 A1B4C2
A1B4D1 A1C2D1

A1A2B4C2 A1A2C2D1
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C2 |C2D1

D1

Step3: Grouping Rule

( the assignment of Rule of Step1 to combinations of Step2 )

3A1 ' A1B4:A1C2:'A1D1: +A1B4C2::A1B4D1: : A1B4C2D1:

'_F_*E'_el_“___' Rulel4; | RuleTdi} Ruled | | Ruleld ' }!Rued _ | ;Ruled "~ ;

PA2 A2B4: A2C2:iA2D1: :A2BAC2; 'A'z'ci'z'rﬂ‘

'._'3‘1"??'_3_?_'  Rule2 |} RuieS |} Rule25] | Rule2 _ i} Rule3

""""" B4C2: i B4D1! 1 B4C2D1!

' Rule1,2,4] Rule1,41 | Rule2,4 ' Rule4

&

| Rule1,341 | Rule3 .

D1

| Rue2345!

Step4: Hierarchization of group
(A bOVA2 v B4 c2 i D1 i
| Rule14 : Rule235 Rule1,2,4 ! Rule1,3,4 i Rule2,34,5

-------------------------------- Ac2
| Rule3

A1B4 +A1C2: A1D1:
Rule14 :Rule14 Rule4 1|

............................

+A1B4C2:
| Rule1,4

' 1B4C2!
. Rule1,4:

_______________

' Rule2 : Rule3

B4D1
| Rule2,4!

""" i C2D1!
. Rule3,4:

_______

' A1 B4C2D1
: Rule4

0 2 The concept of grouping rules.
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0 1 The objectives of Hybrid Rocket Engine design problem

Initial total working weight[kg]

Minimize Mo

Highest attainment altitude[km]

Maximize H.x

0 2 The design variables of Hybrid Rocket Engine design problem

Design variable

‘ Range of design

Oxidant flow rate [kg/sec]

1.0 < 1105 < 30.0

Length of fuel room|[m)

1.0 < Lgyer £10.0

Initial port radius [mm)]

1.0 < rport < 200.0

Combustion time[sec]

15.0 < tpurn < 35.0

Fuel room pressure [M Pal)

3.0 < Py, < 4.0

Open area ratio [-]

5.0<e<7.0
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)
oxidation agent|| combustion
tank chamber

nozzle
<« Lres
<

payload

Livel  yig Loz
>

Y

i
» <€

A

P entiré length of engiﬁe
)

entire length of rocket

Y.

0 3 The concept of HRE rocket.
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My = §Meng (3)
Mcng = Moyi + Miyel + Mep + Mies “4)
Mtot = Meng + Mpay + Mex (5)
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[0 4 The SOM results of the whole NDSs.
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0 3 The correlation coefficient of each component in the whole NDSs

M_tot 0.86 0.82 0.94 0.98 -0.18 0.5 0.2T

0.84

H_max 0.42 0.94 0.92 -0.09 0.83 -0.04

0.68

Acc 0.65 0.74 -0.22 -0.07 0.43

0.74
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0 7 The SOM results of group 4.
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0 9 The SOM results of group 68.
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0 10 The SOM results of group 1034.
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0 12 The SOM results of the limited NDSs based on designer’s de-
mand.
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0 14 The SOM results of group 11 (in the limited NDSs).

0 13 The SOM results of group 8 (in the limited NDSs).
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0 15 The SOM results of group 18 (in the limited NDSs).
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0 17 The SOM results of group 78 (in the limited NDSs).
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0 18 The SOM results of group 865 (in the limited NDSs).
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0 19 The SOM results of group 866 (in the limited NDSs).
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