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Automated Design Method for Multi-domain Engineering Systems
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ABSTRACT

Multi-domain engineering systems include electrical, mechanical, hydraulic, pneumatic, and thermal
components, making it difficult to design a system because of their complexity and inter domain pature. In
order to obtain an optimal design, a unified design approach for each domain and an automated search
method are required. This paper suggests a method for automatically synthesizing designs for multi-domain
systems using the combination of bond graph that is domain independent and genetic programming that is
well recognized as a powerful tool for open-ended search. To investigate the effect of proposed approach, an
eigenvalue design problem is tested for some sample target sets of eigenvalues with different embryos.
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Fig1. Example mechatronic system-the printer drive
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Fig. 2. Simple example of dynamic systems and their
bond graph model-mechanical system, electrical circuit

53 Al &8 (dynamic system)9] dl2e &
713 Bz 71AAHQA A2H, 281 {4t
A8 Al2dg 4 Ao g 1Y 18 e
TF A&H9 dojtt. B Tl AlAEe] g2
A, 9% 2zy-dy-dFoz FAE 7|4F
Al&glo)al, 2 8FE AFHR), AYE(L), Al
H(OZ 74" RLC H7|5 2ot} 712 ¢ 2
Hol F A&deY 7149 g=adg=E 2dE v
Btk 29 2= OF 29 daEX, dileR
Y Al2=gle] dFQ TYE =olBE e

o R @A

1219



FRAPYREFNRE A A8 A6

aY 32 1Y 29 Wig 2= oz gdejth

(TF—-—O AwGY_ ll —Tw
( *I\ &Y TFE) TFIr)
@ h'h. “’:al ‘“_\-__Io
TF-<— 1——[{»—?—@72‘;) —_ | — i\
/\ G ] [ | é
T Rn o ), I,__E\. ¥
C

a2 3 =2lg Sajojee) EEOM=E oy
Fig. 3. Bond graph model for printer drive
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B AA"H ZFol wWE effort 2 flow BTE
Table 1. Effort and flow variables for different systems
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242 Yozt AR oA BH2LZA Se
s} St} Ut} Sex AY AX(effort source) B A
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Fig. 4. Assignment procedure of Causality
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Fiq. 5. The meaning of causal stroke

2= adzee ge P34 FEsE B
e thed ¥ vz udh - 1) AseA 24

(causality analysis), 2) ZAej}A2l FXA(state
equation formulation). WA <lAT/A E4

(causality analysis) oA& @47k9] 17} (causal)
BAe g 552 F4oE 2l AFHAAA
(causality) 919t F-& A HELF o,
o7iA wtESE RdT F s aAQd Ay
T4 (state equation formulation) -& F3j&4 )
ok g, FHUA AlEgolde] JhestA 42
2 dA 1AM AAFLE AAFH A&l
A NS BT 25T AT A A 24

A3e 9 2.

[step 1] ¥¢J2] Se o} Sf & AHA3tx, ag Q)
FAALE A7 olojM BE O, 1,
TF, GY9] A& 78 ol &3t J#
Ad-& 3. (29 5b)

[step 2] step 12 EE ol #] 2o tis]A 4
Y7t

[step 3] 999 C U} IE Hdsn Z&A A
AR E AR A ol EE O,
1, TF, GY9] Ag #4E& o83t <
BRARE FFHL(2Y 50)

[step 4] step 3& & C 9} I Q49 tisfA Ht
gt}

[step 5] o}3] A=A RS A R 24&
AR Jeole AAFJARNE HAF
th. g ©]E EE 0, 1, TF, GYY A
g 1AL o83y AFJANE F
A3t (Y 5d)

step 4. step 5& & R &4 disiA ¥HEg)
@A 2] A& causality analysis 2} 0,1-7 $holl 4
o A 55 Fo2REH Lol dA PES
o] 8-t HEIUAANE AFHoE &5 Uth
(FAg 8L 3] F3).

3.1 GA/GP

A &3g]lE(Genetic algorithm, GA)LS &4
o] Aoz A HHsl FAld Bo] &
21t} Genetic programming(GP) 2[5,6] & %79
A GA ¢ &7 A& dAiHevolutionary computa-
tion)oll £3}AWl, GAsh= 271 & EFHo] g
ot b & dEAHL GAVF A E XH Y o &~
EPL Ag3ted vE GPe EFE AME-@h
o) Eejele) 2t =5} Shhe F4E teh)
o, 7t AAE W) A% = AFY Zzage
2 FAdET A g8 GP = 2 R0 AH )
g By 7o) oz, B A4 F=
ol T2 aPEL YUY E 4 E AolH S R E
o GAZ} 1RArIe] GUAE AHEstEd vlb
GP& 7I¥ 719 GHAE AME-3c)

32 B ag=el GP o A%

2= =g Aol HeAd AR o
F7HE 25 g AAE dAA s Brhe
A&HoR ¥4 gve Holm, e E= 19
Z7F A Qe AAHY 540 £E9 k=9
Zz%org A2y HAQ HE AAHsc=d Hst
g Folth. F WA E4& 7d X8y, A
&o) gejdel] F-HSA RE o= mde 7
Z23Q ¥7e] 7hsdte, ol F3 Yoo A2
Bdo] EES} =9 3oz AFHFA 4L
F Athe Holth

I Sctup embryo design I

Transform to embryo
bond graph model
Create initial population |

@rAnalyzc bond graphs J

| Run GP operation I

Meets
stopping
condition ?
No

I Recalize final design l

3% 6. (@) Bond/GP Cl|Xiel &B2|&E
Fig 6. (@) The algorithm of Bond/GP design
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a3y 8L dAQl e vEHez YA
3 FGrpsier ste TEHH dAY 544, iR
gao] 7Hedt AT A el ot wekA
YA sel gl o Z71FH Aol fie
(open-ended) GPE = I To] AFAA o7
2o e FAEEA A e HA3 g4
Ae 7IYE ATE + AT

E= T Z(bond graph)$} GPE o}83le o
g 2o FHALH i@ fAd e AFF
o2 BT AA gneFol 19 6(a)9) 6(b)
o vt gtk "l A shite] e ol(embryo) R
dol X Eg3to o] 2dg A A(eviove) Bt
o] ¢A48 YAl g Feke HRolth 9A H
oHembryo) Ti}Q1 e Hat:, o|& RE 14T %
92 HEg g, o8 EQE sto 7] B=E O
Bz 2d JjAES AT s 4 A 2l
& MYst] Hrtn(AAE 4B I19 6(b)
o] QR-8), 0] BZHM7IR) GP LA Ho| NS
(A A Y 6(b) o olR-E) Sy

Do causal analysis,
evalunte nreliminacy fitnens

I Formulate state equstions I
Evaluatc performance-baased fitness 1

28 6. (b) Bond/GP ClXtel ¢tnz|&
Fig 6. (b) The algorithm of Bond/GP design

IV. GP of 9|8t 2=z DEe] MA
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3} o] AyAPgezA AAE(grow) Uk
o710l A 2188 GP &9 Hojdol g /<
S 2oh(E 2)

TAXYA GP #9 A9 P g 2o
W 2= A8l 49 3 o2 A insert JO
o 3 duol 2@ 79 Uyt o] 5= F
23l 0-3 F(0-junction) & 7158 3 B=
o At 219 79 9% a¥dA == 13 R
& 9H3e B=o 0-HTS A, AA2 A
2% -0 3 2=t (Y 79 L EF)
FaHog MZEo| GP 7t AgEs Axe I
9] F#£A7153 A (modifiable site)7} )3}
gt 29 79 ofgle o] 49 EF ZEolH,
ojj Eg]Y] k=& GP I+E | & 7HA
o =271 37153 A Sk 18x &
7HA 0] ddEE e EgY =4 & F Y=
GP 9] et Agdes AP

H 2. GP Holdz &
Table 2. GP terminals and functionts

Name #Args Description
add_C 4 Add a C element to a junction
add_I 4 Add an I element to a junction
add_R 4 Add an R element to a junction
insert_JO 3 Insert a O-junction in a bond
insert_J1 3 Insert a 1-junction in a bond
replace_C 2 Replace the current element
with a C element
replace_l 2 Replace the current element
with an [ element
replace_R 2 Replace the current element
with an R element
+ 2 Add two ERCs
- 2 Subtract two ERCs
enda 0 End terminal for add element
endi 0 End terminal for insert junction
endr 0 End terminal for replace element
erc 0 Ephemeral random constant (ERC)

a9 8ol 7|&€Y 1-4P R ==& F713te
add_ R &0l tig Mol ysdeh o] e
FolZ 1-3H Yo R 84& F713ch R 249 7
2lul8 3t-& ERC(ephemeral random constant)]
A A AAH gkol =AY 2 A 7
o] +/- AAHE F3 dAAII=E F).

Iy 9 o= 44 A" GP EdY o7} s
Atk ©] GP E&lE HolEdo] FE&A14 19 10
9 Agd E=ad=g Aot 18 10004 Jd



e} REe 97 o7 forrdsd nRY ¥

oz, BARAH 7 okl S +HA SR
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(@) - € BolRd e} ARF ADSF Ak W

Modifiable Site (1 Maodifiable Site (3)
ifiable Site (1) [R! A/
D/ [ ! — Modifiable Site 2)
— AN U
o i1 —AJ Modifisble Site (1)
1% 7 add_R function
Fig. 7 The add_R function
) ! R Modifisble Site (3)
Modifiable Site (1) . A/
]
. A Modifiable Site (2)
0 &~
---1: o Modifiable Site (1)
Y

a3 8 insert_JO function
33 8 The insert_JO function

gotrd (1@  10) 37 FAHNEAAH
(modifiable sites)ol] g3l FE ==o](T¥ 9)
AT} TR/ ARFEch 132 2 ¥U)E @Y
A9 7HAe E=aze] k=9 FEFe AL
oujdlal, a 2 BAIE o]FAe JHRA]= %CZLEH
zo) Ex(otzd] )l FAEEHE AL U
o} 7kA 1§ webrbd add I 9 siA T 8471 1-3
(2 109 1) Frlgch FE oA 71§
He] 714 a o= ¥lE end ==V} RWUA © o)A}
o] HA gt LE%9 714 24 & add_C
E7F WA, 187 #o] 1 ofdZE A&HR
7tA1 9] &3e] AT

13 99 GP Eglg Hol¢idgdoz
g Y3y, 1¢ 108 2L Bzag=E
ATt

7 =
oo
- =

4 {n

o Node site: ~ —>>
o Bond site:  —=—=2>

« Node operator: C__
o Bond operator: ]

% 9. GP Eglel of
Fig 9. Example of GP tree

e
o Italicized nodes: 1;

part of thc embryo 1 £ Is
© Other nodes: 7

generaied by the GP Tree 1:
o Embryo boundary indicated by: E 1, < ¢,

fl" ! :l’b 1°

Se —3 1 Ay, 01—"‘\ R

a8 10, 2 92 GP EElof 2% 44
cou=z=
Fig 10. Bond Graph generated by the exmaple of GP
tree of Fig. 9

42 Hot e My

AEHA AAE A%t Ejolembryo) 2L
7V 2dd FAE AT a2y BE g
4% $AAH] xEC LR % & 248)%
2E(l)0) we} 4YEE £ B2Ee A
o] o7 g 7€t ®jof B& Oz 2dg I
¥ 113 o] F 7}A 7} AHE-=Ede SE € R1, R2
e 7123Y 4&Y 74¢ A% H: FAH 8L
B2 F4d3s xgEojol ot

a9 11 a) & 3119 modifiable siteg, 19 11
b) ¥ AH789 modifiable siteE X g3}
Modifiable site & HXo g 9@ HAzZ Holglo
H, 2719 #3715 AFE Jepdth F, o] AF
A CLR & 849 RZo|t 0,1 junction 9
AH4lo) o|F oI XM, Foi7 GP E29 s4o] B
gduj7tx A&EHow GP EgoA HAE 73
Hxtol]l wal B2 49y eu#oldo] F3d
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YA FA I =FA] A8 A6

t}. Modifiable site &= Fo] #2tz 49 2nig
olde] Ao wel exFold FAF ALHHO
2 7S Aok o)E r|wtez doje T2 E
717 Eeagx mdo] AAES gl

R1 . R1
K 1259

0 i R BO0)

R2

) b)

a8 11, 5§ &7 Hof EEI2= 24, a) E
742l modifiable site, b) F7H2| modifiable site
Fig. 11. Two types of embryo bond graph model with
a) One modifiable site. b} Three modifiable sites

FANEAH] xE2Y AgE =24 B 2
HHold, & add_C, add_], add_R F%to] 334
F Atk == eygold F3F AREM F 7
o] 375 9 e £ B
AREY. AN ERAHe] Bed ZA$e B
#g eHH A, F ins J0, ins_J1 Fto] $=3i=
F At E= eHyolAd £3% AREMe F
N 37158 =29 FAY £ B
7F AL,

V. Case study—Eigenvalue MX 25|

51 &4 Ao ¢ 49

I-fgk(Eigenvalue) ¥FEA= AMAA 2 A
Aokl & #4AE Tojsith Alxd HANA
AFHE gHe Ao} v+ Fodn AEFHY
ZAlolt}. o dAoXN dHEL BE aHFko) F
AL ol HFAUS A B aYPZ B0
Agac g3 2L e gz @ EX 1
frgkell i8] lil-gp[10]& A}l&-3F<] Pentium IV
28GHz PC AolM 38 AlRAod, golgy 2]
2 ddo] g2 gL g & A dF
g F FF9 Hol ndo] o) A

1) -122j

2) -122j, -21

3) -1+£2j, -24j, 3£05§

aeln AHEE GP sebulEE thew 2.

Ao $=:
TR S

100 - 500
100 - 500
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271N A half_and_half
Ho) Zol(Max depth): 17
#2714 o]l(Initial depth): 2-6
Ael:  Tournament (size=7)
vl (Crossover): 0.9

& o] (Mutation): 0.1

52 A3 & %4

Z} B g kel disfiA 309 o)ikel ukE Ao
FYPHAD, 15 4F dHBo] 1¥ 12-17 o &
HEoe] ok 2y 12 & BEZ 1125 o A
Ao A2k et BB g 2x7F 7
Boodzet 4 uet Aok HIFAILAs
(average distance error)e FA T A}E 73T
ol IR/RF =2 UF Aotk F e BAa 31H
gholl thali ez Aol o) ¢ 27 LS @
T o} ojojA #jo} wdeRH 714 junction,
element, bond & ¢ A=HE C [, R 849 o
g gaE gho) vhe} Tk

LEZFZA & g it 9 doj B 1y
z Zde F27F v} Ut dlol £ 1=
4 H4 2z HolgdE 0 junction o] FE7Vs
AFoz Folz A, G714 GP o 3 4
# 237} 3ol Ceob I, el R 8471 ZEE
o] Fold {3 ME 7HA e 2o} AAAHIUS
< ¢ Aok 2Ry AeE dAsE CH 17}
Ztzt A Y-S TS Uk

a9 139w 22 BFEFE -1+25 o s 3
7Hs Ao} 3719 HE Holzd S ALRsA Lo
A AF7E v} ok ¥E 309 37 A Aol
FolA AR, Tl A dWEHY gase=z, j
AFAME v A5S 712 fAAE FollA
T FEA vE, D8y 4525 E 23}
o 44 od viAsidn g4 Utk Ag
7} @2 AR e F249 ojdE A el o 2
o|l7} Y7l o], thgel Yee & o 2 A
Fo Mz g giolmdd] o3 JEF Aol B

31t}

Eigenvalues

Tarpet Gigenvalues : -1 £ 2
Solution cigervalaes: -0.993 £ 2.031j
Average distroc emar : 0032

Bond Graph Structure R3

added junctions : 1
added clements : 3
added bonds: 4

P .
SE—— | —— 0 +——R
- R2

Bond Graph Parameter

C: 05 \
1:0.393 c
R3:0.986

a8 12, F 7ie] D[4 Z2-8ttel modifiable site
Fig. 12. Two-eigenvalues result with one modifiable
site



HE-SoQl FA|Ad o] xEAAYH

I8 4e vl BF3E -122), 24 o tisiA
2ol nF{F AME BRAZ 209 EF kel #l
3 727 F o EZAASS g5 A3,
B C 9171 2k 2704 ARo] FotsolA 1
a7t et AdAFE RAEh wlo} g
of 2 F718 g7t C L R o] 2L junction 0
Ee 1o 4859 sty AES o] 3lgol
FrEd olgA FaF 2= 2= 2de 7}
=H1e AAHA FHesLZ AH WEHHo] I
FAHA AA 7 dojFSF Aok

a9 159= 370 FAEAHE 7k elep
o] it 4789 TRk At ek ok 1Y
149 1788 7P AAH A Hls) 48 J7 7=
€ 713 Aot & 9% $£A715$ junction 1
o] C} 1 847 371 H0T, LE8%9 junction 0
o C LR &&7 71 AA0oh 2453 A #4
7t 2AtEtE HHSE ot EAlolRE 8T
€ 22 YoAddAME se] EA Il we} 2o}
A8 7k e Aok £ A o) sl H
olxdite F37FsAF] AN Bolrdol
o F "2 39 gl Jshes Hlch

Eigenvalues
Targst efgervakes : -1 £ 2j Rl
Sclution cigervahes: -1.022 £ 2.051j )4 c
Avenage disance e : 00656 ( [
Bond Graph Structure
SE v 1 R

added junctions : 0
added clements : 3

added bonds: 3

Bond Graph Parameters 1 R
C:0.215 R3
1:0.885

R3:24.191

a8 13 F 7Hel TR Z-MI742] modifiable site
Fig. 13. Two-eigenvalues result with three modifiable
sites

Eigenvalues

Torget diganvalues ¢ -1 £ 2§, -2+ I
Sohusion Ggemalues: -0.996 T 1.997], c:c1 [ R:R3

-1.989 + 1.001j
Averzgr dsmnoe aror: 0008 \ /

Bond Graph Structure R1 1
; R

added junctions : 1
0 -
J \ R2
1

added bonds: 6

—%

Bond Graph Parameter SE
C1:0.029

C2:1.189 ) c/
11:017 ol
12:6.822 €z 1
R3:13.179 iz
R4 :0.209

added clements. : 6
R

R4

28 14 4 74| DRt Z2-5tLtel modifiable site
Fig. 14. Four—eigenvalue result from one modifiable
site

23 16 9 176 BEZ: -1£2), 24, 305) 2
670 F3 AAC g AFA7E FAY Holmg
o disl ve} Aok 153 257 gope o
2t EAY dolm=rt wig EolAI, sl IU®
tg B3 ok 2709 4 2/ EAdes @
2] 7 A#e FxE0] F o g Hu, 1
#H 167} 17 1 A & 5L YebA Aol

a9 169 Afe FAHANAM 1/uY 25
BAE 67k FeidE o} nfgtel BAE R 24
Eol -4 T3 dA=ER Fxo o] A
Hds A F FH7MFAH ] sl AS= o
d 5 F2E 7R BE a2 2dS AA o)
2 3% dddeg o Fxd 28 F gl %
7 A2 Ao 2" 179 2ol #A37EAA
o] 3 ASE A=A olF WY 5 Ut

Eigenvalues

Torgst cigenvehes -1 4 2j, -2 j
Solution cigervates:-1.028 + 1.929j,

-2.008 £ 0.995] KiRL - Cicz
Aversee drtoeentr: 6043
Bond Graph Structure

added junctions : 0
added elements : 5
added bonds : §

Bond Graph Parameters

C1:00029 ¢ 1 I R
C2:7.499 = - 1 R
11:121.581 €1 8 2 R3
12:0027
R3:0.033

a8 15 4 JHel D3 Z2-AM7Hel modifiable site
Fig. 15. Four-eigenvalue result from three modifiable
site

Eigenvalues

Tt cignwees ;- £ 2), -2 £, 3405

‘Sotution igemaies:-0.998 + 2.005j, v
-1.983 £ 0.961j :
29701 0.492] R:RL

Average dsrreeanr: Q0 4 R:RS

Bond Graph Stuciure
added junctions : 4

added elements : 10 '/\
added bonds : 14
~

Bond Graph Parameter R
C1:1072, C2:2702 R
€3:1.23

11:0235, 12:0982

13:0222 R c

R3:0289, Ré:4.197 B C2
RS:0.106, R6:3.009

3% 16. 6 742l D7t A-5iLte] modifiable site
Fig. 16. Six-eigenvalue result with one modifiable site
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VR FH BTN =8A) A8H AH6E

Eigenvalues
Target cigrrakes : -1 £ 2], -2 2 j , 3105
Scksion dgerwelus:-1.014 £ 2.012j, R:RL 12 Cicl RiRé C:C8

1
2,053 £ 1.0KS
-2.998 £ 0.503j
A dimncaxr + 018 . !
: o

—lo0+——=R

N

—_—

Bond Graph Structure

PP —

Bond Graph Parameter

C1:0.106, €2:0.309
€3:0.000 . c R
11:100574, 12:100 c2 RS
13 : 570908

R3:21.39, R4:40.393
RS: 116, R6:0002

a8 17. 6 7Hel DRa Z2-Ai7ke] modifiable site
Fig 17. Six-eigenvalue result with three modifiable
sites

vi.gd B

E doe B=ag =9l Genetic Program-
ming g ©] &3 YE-=HQd A2HE AFHLR
AAste AZE FIHel AGHUR, AIA
ik AAZA Y3l ME O& "ol 2dd
2 g3t 84S BT ¥MIE &Y aAF
7 Ad 6 A7AAT AFHJAT, Lol 1{&
A#REo] ¢ FEFES &7 Utk E=F AHEE
Hotrda HHdE 7o FeHtY dBAHE 1
I+ AU E=3 G40 5 &0 AMEYH
E o ¥ A4 EAdx L F4A4E IS5
Neet Azdn.

dog AAAH T AjxH HA FHEo] H
olo} 3lm, B= gz wddM &3 =wlo
g A AL =28 ok(physical realization)
sl EAZE gol A%, FE-mHQle] FF A
2¥S AFHoE QA% WHEY AAS 12
Frak AA EAQ H e s S o] 87 FE
AAE A 99 sle A=En B 5 Utk

]
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