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1.  Introduction

Extended evolutionary structural optimization (Extended
ESO) method is one of the computational morphogenesis. It
is the technique of searching for a structure form which is
distributed uniformly the standard quantity (ex. von mises
stress etc.). It has an easy rule of deleting the elements in the
unnecessary portion and adding the elements in the portion
to be reinforced. Here standard quantity is calculated by
finite element method.

In recent year researches about computational
morphogenesis came to be done briskly, because complex
structures that were impossible to calculate previously
became to be able to be analyzed according to technique of
analysis, performance of computer and technique of
construction are developed. And some proposals of a certain
form came to be desired from a structural viewpoint to the
design demands of architects who want to make true their
freewheeling thinking

The optimal design obtained by the conventional 3D
extended ESO method is restricted by mesh generation, and
it's difficult to make true. Then in this paper, the
Bucket-by-Bucket Mesh Generation Technique is applied to
3D Extended ESO method, and the effectiveness of this
technique is shown through the analysis example.

2. Evolutionary Structural Optimization Method
2.1 Von Mises stress

In the case using stress for standard quantity of evolution,
Von Mises stress is one of the effective standards. Von
Mises stress is yield condition of Mises which was brought
out in 1913. Von Mises stress shows the element condition,
in what kind of stress combination let yield when much
stress acts. In 3-dimension Von Mises stress is defined by
Eq.(1).

o ’ (0,-0,)*+(o,-0.)’ +(c;'2 -0,) +6(1%, +7L +12) )
g,0,0, :stressof X,z direction
r,.7,.,7, . shearing stress

22  Bucket-by-Bucket Mesh Generation Technique

The following shows methodology of Bucket-by-Bucket

Mesh Generation Technique.

1. Divide the design domain to initial buckets. (fig.1)

2. Give density data to each initial bucket.

3. Divide initial buckets to child buckets based on
density data. (fig.2)

4. Conduct mapping for keeping compliance of
boundary surface. (fig.3)

5. Divide child buckets. In 2-dimension to triangle, in
3-dimension to tetrahedron. (fig.4)

Bucket-by-Bucket Mesh Generation Technique can
control the division density, because it based on density data.
Using this advantage, it’s possible to change division density
by a portion, for example the part of high usage rate is
divided in fines and the part of low usage is divided roughly.
Then it’s possible to obtain the optimum element division
suitable for analysis form.

Fig.1 initial bucket Fig2 child bucket

Fig3 mapping Fig4 element division



3. Analysis Example

Fig.5 shows the analysis model. That model has a circular
plane, four supporting points and one concentrated laod on
the top. The purpose of this analysis is to evolve the form
which has lightest weight and highest stiffness. Table.1
shows analysis condition. And initial bucket is 10x10x1 in
this analysis.
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Fig.5 analysis model

Table.1 analysis condition

Radius 100m
Rise 30m
Concentrated load 100kN
Thickness 0.5m
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Fig.8 shows the results which the design domain was 3D Extended ESO method Bucket ESO method
divided again at STEP3 and STEP12. And it shows that the
part near a load point and supporting points was divided
finely and the unused part was divided roughly.
Consequently morphogenesis was done using the element

division suited to analysis form. Fig.6 shows the change of

volume and Fig.7 shows the chenge of average Von Mises STEP 1
stress. After STEP12 the decrease of volume and rising of

average Von Mises stress is seen. It is because the analysis

was restarted from the analysis form which based on a little ﬁ

less standard quantity after the re-division. Except this point A

Fig.6 shows that volume is decreasing gradually and Fig.7

shows that average Von Mises stress is increasing gradually. STEP3
It shows morphogenesis was performed smoothly.

4. Discussion of using a Bucket-By-Bucket Mesh /R
Generation Technique

\ STEP 6

100kN

STEP8
Fig.10 analysis model

Table2 analysis condition .
Radius 100m j ~

Rise 30m
Concentrated load 100kN STEP 10
Thickness 0.5m

-
N
S N

young's modulus 210GP /}g\\

Fig.10 is model for discussion, and Table2 is analysis
condition. In this chapter two analyses were performed. One STEP 11
of that was by conventional 3D Extended ESO Method, and
another was 3D Extended ESO Method using a bucket
technique. Then results of these analyses has been ///
compared and discussed. At conventional analysis design i}
domain was divided to 30x30x3. And at analysis using a THH
Bucket ESO method element division is limited to same :
fineness with conventional analysis. Fig.11 shows

Fig. 11 evolutional process

evolutional process, Fig.12 shows final element division.
Here Fig.12 is in parametric space which is needed when 3D Extended ESO method Bucket ESO method
using NURBS for defining the design domain. STEP 11 STEP 11

Fig. 12 element division

-1 -



Fig.11 shows that both analyses have been evolved in the
same way. Fig.13 shows change of the number of elements,
Fig.14 shows change of the analysis time. And Fig.15
shows change of the standard quantity, Fig.16 shows change
of the average Von Mises stress, and Fig.17 shows change
of the volume for every step. At STEP4 of Fig.15 standard
quantity of Bucket ESO method has fallen. It is because
re-division was performed after STEP3. Without this point
morphogenesis is performed smoothly. Fig.16 expresses
average stresses are increasing in both analyses, and Fig.17
expresses volume are decreasing in both analyses. At
STEP11 of Fig.17 volume are the almost same value. As
mentioned above, same evolutions are carried out in both
methods.

In the case of the first analysis model is all of analysis
domain by conventional 3D Extended ESO method, Fig.13
shows that there are many elements of the early stage of
analysis and it decreases gradually. When the early number
of elements is compared with the last-shape number of
elements, it tums out that there are many useless elements.
Here the number of elements restricted with the
performance of a personal computer turns into the largest
number of elements in this analysis. So the number of first
stage is restricted. This point shows performance of a
personal computer cannot fully be demonstrated. About
analysis time, Fig.14 shows large time is needed in an early
stage and analysis time decreases gradually.

In the analysis of the Bucket ESO method, analysis is
conducted from the form by rough division at STEP1-3.
raised gradually and
morphogenesis is performed. This situation is showed
Fig.13. The number of elements restricted to the
performance of a personal computer tumns into the number
of elements at around step of re-division. It shows that
futility became less than before. About analysis time, Fig.14

Then division density is
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Fig. 14 analysis time
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shows there is no bigger unevenness of analysis time than
the conventional ESO method. Since it is possible to
analyze by rough element division in an early stage when a
Bucket ESO is used, time is omissible, because. Analysis
time is decreasing through the whole. It is because the
operation portion of the finite element method of the
program which used the Bucket was improved, so orderly
comparison cannot be performed. However, in an initial
step, it can be said that time can be shortened largely
conventionally.
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5. Conclusion

It became to be able to divide suited to the analysis form
by using a Bucket-By-Bucket Mesh Generation Technique.
Then it became to be able to use elements effectively. In
addition it became to be able to be performed
morphogenesis earlier than before using the technique
which is at early stage analyzing on rough division after that
increasing element density gradually,.



B

HR

HE FR 1
LIFFZED L BB ettt s s e s s s b ss st et es s s eten 1
L2 BRSTDHERR c.cvvvverreereeerreeiressseisssssetsssesssssssssssessssesessessssessssssssssssessssssssssssssssssasassnesesasessassssnssane 3

E2E HRMEomR 4
21 BB s e bbb bbb bRt r st se s benesran 4
22 BT IBAIE D I B ot et et sas sttt bttt enensesens 5
23 MG BRI B T BT TR ettt saons 5

2301 T T U RR BT T A et ssssssssnn 5
232 BBEIT VT U KA s sessssssssssesssssssssssssssesssasssns 6
233 BHEAEEREIIE .o bbbt 6
234 BBHEETE oot s ettt 7
2305 BT B B U ettt sttt st se et e e n et e et se e nanan 7
2.3.6 ESO i (Evolutionary Structural Optimization Method) .........ceceveveeeeeemeeererenrereresesenes 8

HIE ERER 9
31 BB oo e e bR Rttt b s st tan e e e s eaneeaneas 9
3.2 £ ESO £ (Extended ESO MEthod) ..c.cvccieverieernieeeneiesieerensesssss s ssssssessessssessssoresessnes 9

3.2.1 ERESOHED ZRITABEANDIETR .ot sessesenaees 10
322 HEEOHEALEFBEIRIZE ZWERHEILD B ..o 10
323 AT RIGETTDBEYEAL oo sess s ssssss st ssssssassseassesases 11
324 BERDERRIE oo s et ae sttt aee 13
325 FRIRESOIEDHEDBTEIU cocoveeierereeee s ssssssssas s ssesssassssses 14
3.3 BUBEEK oo s e bbb st 15
3301 VON MISES IR T cueriieeiteiiereeiincenetecssesesseresessssessessessssssssasssssesesessssssssasessssssesssssssasases 15
34 ATy PR RBEBR AT oo sessssssssssssesessssssssans 21
31 T Y B U ettt 22
3.42 1EFHERA~D Von Mises FESIDIR Y ST oot 24
343 BT Y PAIB sttt st 25
344 Y MABEDTEIU oottt ssssss s s ssss s sesssasssnes 25
345 THE T X T B e 27
35 NIA—FEEBRERVTEIZIBIEIL oottt s sssans 28
3.5.1 SEDNRTA—FRTF e, e et et rener e s e 28
352 NTADPY I BERIZEDTGIBIEL et 28



B

FeaE HEBBAEE

4.2.1
4.2.2
423
43 37

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

4.2 BERRAIE

EsE &S

48k
Al F
All
A2
A13
A.l.4

BEXH

B

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

== —BEHRTEE

TR === GEIDFI e

3D $53R ESO i~ D F b —=— 5 HE ARG

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

MAEFEEZAETIEAL S XFFHEBED ...
EFFBFEZETIORE Y XBFHMEEED oo
BIBFEEZATOHERE YRR BEED oo
v PERERFHEOHEABRE s

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

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

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

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

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

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

31
31
32
32
35
38
41

45
45
46

47
47
47
47
49
50

51

53



<3

S

E1E AR

1.1 BIROER/EAHN

BREBEVIZRTOEHOPTHREINTEY . ZOHBOBRPLEEIR. BEMEMHER
LTWBHERE, ®ef, 2LE, BERLCHEEREREXSRHORBTEP P IEERESR
Thd, BERXZZBRCOBREBENOEERTHIMELVILOEZBELTREL, TAHLOERMT
DFHEZBERPOELEENRFEBELASIT., BROEX - BEEZBRYICRBLII> LT3, 20
SRTEZEBTOMERBRNOABEMRHEBE RO 3 - LTSN RRREDBRELEL L, BV
WBEH - AEHELELTS,

TV =TIiE, BEREBRTIBM TR TEALAOH THEDORICFSEES LA
L, BRShBEOBRELMEIEEFELRVHEATHEENELZERCEX, MBI ST 58
HEEBTDH, BB, BEMEIXD2BHRTHY ., WENRERERTCHS, ZEHTCORL B
BER, BFREIRLIHNENRMEER-TRY, BR52E2BLTEBECHEREET S, £S5
RoTREMICHZERETEXIN, IR THROIHMBERIAT B, ZhiZRXRWVA
LARRDIWOBBREL SR THBT22OMETSHY., BEOHEZ L S>P-> THRMIIHENS &
SRFEREMBZVLOBMBETHHILEXL OIS,

BRRCEEZMITTHS, F- Ay b—60 TBRRHEEER] Nicks e, BE, I, B, &&H.
WY, IMEV o ERROMERAZBT T30k, TALBREE CHIMNICHEBT S atk
AeRTRETDHILE, TOBLWHEIX. BH, ATF/EEH. BBAhL Vo BROER, H50
HRARCHBREDE I, RITEOBRHEZREIRENLOREB L LTHALRLTWBEL 2t
BERZoTHRER-T2b D) T, TEGORVARIZ., ZORETNENINME OBK LR
BTV, HEKEELL) 7ot XR0HEAORTRET S, £ELEHR, TRbLHMAMEY,
Y O ABEORERH D —EOHELOFBICE SO THIMNICERBT 3 7t XIH#, |
LTS,

BHRADOHPCAMITEBLTHD, F—Y—- FAY VD [EHDHi=H (On Growth and Form) |
Pz rz e, TEYEHIZANIE, BREEZTVT, 2EbE2 L2360 THS, BREAKITIVD
LHLLEDNLY, BRENAELY, BEBEhEZY, ¥BEHERZYLTVWS,] &L, TOTA
TWHENS LN, BERBICHTIFRICRD NI Z L, BEEREBZENALTHS, &
SRMREE. ISHHDZVIEBIC X > THIB S, BT 5.0 Ebic, BRI, hoFLoHE
FERIRE > T, WOBIHEL TET 3, BREGEL, B2 OBOWNRES b, £O M-
LREBIISNDOZHICE>TRES, HOPDIBHEILTRELT, ERENWZBELHOL
SIRRD, EHIT, TOXIRBEBIBHREZTCHLNBZDOTRL, heKicHarbh3dZ Libh
5, BLHAIRBECOAVHATHEAL, —FCEARBINELTZRICHEE L 2Lkl
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bRz b, BOHALEDOEHS TEHHB, MHE I LIIERICHMER->TBH ., ZORMH
ST xizik, Kk b BEELARLS R>oTLEY, ) BTV S,

HARROAMIEFEDOZDIZEHOHREFFOBBICEL L THFEL TWD Z L0 b, #FHMH
EHEZ L ObD L L THHATES, ZOLIREVORBIZBRO P THA 2RREICHEIETE S
BB WERECHD L EXDZLLTES, ZOXHIYRARROBELZMET IZFRBREO R
HRERTEDELEVIEZIFLHDHN, EVOEGFREIIKL THY, ROLTEEEZOE EMK
BYTBHRETRVIEIIHALNTH S, 2, EPOH#LBRER, ZWIXEROBREBREEZRZL T
RO B SLHR I FEEAZRET 5 2 L XAHRMRMEREL RO ZETIERVNEEZLNS,

22T, Ao, BROBERIBRLZRGET 2 FIEREL N, TP HER B AL
DHMITHD, HHLHY., TLTENPLOZIMBINTELEIEHOT A ViIIBRICTELD
DOTIERL, TLHROBHOP TOANWARRMEZ IR L, ROKMEZNT T#LLTE
FRRTHY, ZOBRIEFNVIXZHREFMEL X MIBEL TORBEMBRIVITEHFORERT b
DTHD,

(a) Sagrada Familia (b) BCE Place (c) Oriente Station
X 1.1 53 I8 O SR
X 1.1 {277 L 725 #E 1% (a)Antonio Gaudi, (b). (c) Santiago Calatrava DfEfa TH Y . ENHBERR T
BHCXDLOREEILBENA/ROLAMKRICHELERNOE CIXHH~LEBEEINHENTH
BHEMTHDLVZXD,

WEBAIA L IR BOBEBNS = P=T B3 T79, DEVMITOMBLRLIBELERLE LT
RETDHZLICRY, TV V=T HEMCRFANLRBELHEIHT I L2ERT D, AFICBITD
B, HFica s ta— B0 ENRZTREAEICL, BRIHEE->-TWWHLWVWR D, £LT, &
D [RbbMi) Vb aRERREICHAT T, BRRCEETL LI TLae0k) BED
FYA R BETERT & L THERRBAIAED 1 DTHh 5 IE5R ESO EE AWV, BIIROBEFR N K
DHIEHETIVENEOHHELDEATTTRE~DOWEIE I U T - GEEH E O 93 3% G B 2 3\ T
LOBELZFWML S HNFENABEMEXBLHELRET LI L THERBRRECHFET I L %
HfE ¥, BEEOHRICEL D, #E3KD 3D LR ESOETIIHR S Z & D T&E oo thimBik, &K
RICBIF D HOHNICH > TR OBENATREL 2o fo, L L EREBAIEIC XV B BRiX,
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BERFBNC I BHR 22T, REBCHEDE LTHAVARRELWERTho, £ TEARET
i%. 3D $K3R ESO BriC BT 2 ERXFOMRILZEME L, Ny NERERTFEOMUA - Rt:
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1T 9,

1.2 BX DR

BI1E iR

MEHBAEEFBRRICBT 2EHOELBERL, BRERBBZHEBET I LT, BEok
TEEBIL, BERBAILEDO 1°THY, BEROHREAMEBRYIETZ L THBELRELT
WS HLKIR ESO SN ER D BIFHELUR, ThICXVBOLhIWREER, LW HEELE L,

B2E BREOHZE .
HFERBECHAEREATHIBREHREVBAAEICHETAIMELZRBAL., TIIRALN S HHES
ELH3B,

EIE R
WEBEBAEFED 1 D THBIEREESOEICOVWTRRB L LHIZ, T NETCOMEOREL F
kDB, EDOLT, Nry VEEERFEZ DB ESOBE~NERAS TS FEPHHET 5,

Ba4E WMEBBAL
AFBEEZRV, Vo2 OMEMICH LTHBAILEZIT Y, i, Ary MNERERFHEORA
EDOWTERZITD,

BSE f5R
FIRORIEL, SHOBREE RS,
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2.1 #E

WEMORBHCY oo TiE, Wi, B, R&%, T/ VR EOBEREZHLTEZDH0
e OHFIDOL LT, CEHRVDRHICHHEMNETERTIENERESND, ThbHMRE
. HBRAZZ YT THAhIIVEVWI BMIRRETHIHERIDRL, LLARKEHESCR LR
EETEBMYIREL, CEHRVBVBELEST VA U HE2ERTIZLEBNERINBHAH
ZL, TR, BEHLWVWOITHOBITS, LVEREZLD, IVBRVWLOIZMITTEANERESL
BTELIIRD, o, THILEHHRED I B, WS ODRBEWVWKHERMLRBEBICHZZ LRE
W ANIEEICERTIREEOBVIBEDIIRERCIRTIRELEANLTHSE L, BFHE
EHEVIEBRLY EDLREURT VA MEREBBERYVIZARD, LT, EOERBLIZ
FEEEHRL, RRPDEERERCELCRELENHEZES XS RIEEMELRIT S
EREENRD, ZOLOELNE, BRHLIZELZLEBELLOBEIZ LIRS R VR, 2
DOREBRIZEVWT, RHEOKOMCRRAVEELGRZR-TEHIBDZ—F., HEiRE - R
RIZRFEIZLY, KV IVRIEZEBTEI B2 LD S,

— R REERIT CREZENICIEIT VA U EEZRD D LB D1V, REL SEERT L
2T 252, TORBHBERL LTHEERTHD (HYEE) 2RDBZL2HETMLTH
%0 HEDRLRBINOBERT VA F =L TR P=ThbbFFA U E~DROLBIEE
D, TORFR, MEWD ) L [ EE] ZAIVET LW BRTOHEHBRAELEDT L WS
BEXFEEOH L, MEBEALETEIRIRELEERTCHILERIRL, BRHFORBRALL
<mﬂ%ﬂ%ﬂ%?5l§&%%*&6ﬁ%ttéoﬁ%%%ﬂiu%?éﬁ%mﬁiot&mb
TRARHREDOVESDTHDBLEELD,

FETIE, BERALEFECHTIREOHRICOVWTERT S,
B2 CRBEREBALNEL B LERT S,
B3 CRMERBALICETIHRELRANT .
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2.2 BEMBAEDOSH

BEBBAEEIRE ST CHBEREL LB AMBERELCYET T LN TE 5, BHE
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FETHB,
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2.3.2 BEMTLIIVXL
WAEH 7 L =Y R A (genetic algorithm : GANXAEMHELD A B =X b LB 2 b HRIFIBIK, 224
PROFBIZEREZGLTNLVITY XATHY, HRHER, RELO—FETHD,

WE S "X, GA RfRIED 1 D Th % ISGA (GA with immune system) % Fi VN KIR A B i fig 7210 ©
L, SRR ERMBRBELITV., B OoMEREBRELEARAHL TWD,

PO 7N
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2.3.3 HEEHKFE

HVBEALRR AR R E L B MEDOH HBIESAMEE RO I 7 nilE THRS NS HEE. Ao
/N BAAL (Unit Cel) D ERIR & ~ 7 a il DO K& SOBFENL . 2=y hEVEFEO < 7 v @y F
Ble S hi-MEES A R 5 Hik,

PRI ECREFEZ RO T, REHEG, WERE. MEOKRRBKBINR EZ2EZXDH T LT, ka
REEY OMET A L OREMERL TV,
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2.3.4 BEZX

BEHBELIENVOBEEZRJAERLTH2b0THY, BEORMKL L TRINWDRBHREH M
MEEEZ, BROBBPIRNL 2D L) RBESREZRD D Hik,

BEH D PN 3 R s OMARBRELICEEERE AV, FfbRLa I ) — T — AU HED
fRMT B 2R LTV B,
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2.5 #EHEIC XD KR
2.3.5 viA—bT bk

EAFd— b b BT EVBOMERBRAOMA LT 1S, ELVMOMEEREZ LB L T2K
f@EBELES LT 2Hk, ML LT, HHERBRRERBT 57 BOBBRROMREE X 58
ERRL MRENTZREBOBMBRANEELLZLLTH, TREMLMLER RV, FORDbYIT,
R ETHRREFMICT, BT 22 BT e RAIREEZME T 52 LB EICRS,

BRES "It — b~ P EBEICBT 2 RATRNNE 3 RTICHEE L, 3 RoERIE s LT
REMHOBREMNERERL TV,
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2.3.6 ESO3%: (Evolutionary Structural Optimization Method)

ESO HilEEAoMERELTEEL LT, Xie b "tk o TRES W FHE THR ESO DO %
BLA2Bb0THBH, FEM DEITRERICESE, BARLCEROFBENIEL, HELFIKLE -
TREETRVWEEDNABHOEREVP LT ORIVKRE, 2EARBIESFTVISLETIHO
ChD, (RERHSZMVBRL] LWINL—ABEETBET T, HERELHEO LD ITRR
TREFELRVEW) ATHOFHRIZEALARZVRAE LIRECEALFETHS. AL, &
i, BREER CELRBECEATX I LAXRMISTENA TS, I TR bEMAZ von
Mises F5 1 % B HEIc L2 BBl 2 BN T 3, Xie bIIRERBAERET D LDON— NV ERAD X
INZEDTWD,

Vi

Getem ¢ RR., =RR +ER =02, @2.1)
o_v,,, 1+

max

o . o IXENEFNER D von Mises S5 & HERED T D von Mises ISADHKETH Y .
FROLOHMBYBRERR * THESERZHIBRL TV, i, HIRRIIHEAT v 7HEICE{LE ER
FoRMLTWL . BLTIZ ESO iz & - T Michel b T AREEMIT LI bOEZRBATEH. Hb%
ROBW, HIFE—A Y FRBELARAVEBRIZR TS Z B2 5,

NANNNRNAANNSASNNNNNSS

10m:

2.7 ESO i X 5 Michel-Truss 8 O BRI R
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