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ABSTRACT

Structural optimization problems with discrete design variables require more function calculations (or finite
element analyses) than those in the continuous design space. In this study, a method to find an optimal
solution in the discrete design of the truss structure is presented, reducing the number of function
calculations. Because a continuous optimal solution is the Karush-Kuhn-Tucker point that satisfies the
optimality condition, it is assumed that the discrete optimal solution is around the continuous optimum. Then,
response values such as weight, displacement, and stress are predicted using approximate models—referred to
as hybrid metamodels—within specified design ranges. The discrete design method using the hybrid
metamodels is used as a post-process of the continuous optimization process. Standard truss design problems
of 10-bar, 25-bar, 15-bar, and 52-bar are solved to show the usefulness of this method. The results are
compared with those of existing methods.

Key Words : Discrete Design(O| &M H]), Structural Optimization(TZ=Z|& S}, Truss Structure(EE A TF=F),
Hybrid Metamodel(St0|E2|= M EFZH)

.M B =3 (Simulated Annealing)s2] W EFF2 28 WH
B9 So] olgHa gy YnkHo =z o]#F o
Tzt HAsl A} =FHHs 2AE dASHANS
a3 Zte HHSEA O vlE] g2 35 ALHS 273
Ex0] ¢

o>
>

o] 4+2] & 8}(discrete optimization) A
#] & 8}(combinatorial optimization) A&

213 WHoe=E+= EX AWM (Brand and Bound B AR HASE 7] o e 530 gdY.
Method)' oL} §AAA TS, BFEEAE  mo TERHAS A FolA HAAWHFTE AAoIY
’ ’ I A Eojol FdH o] o]k AHs E
# Corresponding Author : leekh@dau.ac.kr Aol &3k Zu F23HHE 2Ae /8L
Tel: +82-051-200-6981, Fax: +82-51-200-7656 e FukstEE EX| Aol wEFTE 2~

Copyright © The Korean Society of Manufacturing Process Engincers. This is an Open-Access article distributed under the terms of the Creative Commons Attribution-Noncommercial 3.0 License
(CC BY-NC 3.0 http://creativecommons.org/licenses/by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

- 27 —



ol 43 : AF7IAFEEIA A19Y, AsE
PPS o8 A B FFAN A5FE Ba s )
2 AU B ATAE Efa TxEe] X543
_ o= . o _ Step 1: Calculatlon of Optimum Use of ANSYSS Optimizer
HAsEA i3 BL&HQ0 AA PHES AN Point in Contmous Design Space (OPFRST?
A @ vz FREAN FRE PR Y "
= 1w 1 Step 2: Generatlon of Sample Definition of Lower and
| ;1(&] ’6‘-0/] ‘OA 7(] = =49 ol al 71]' _g__/)k__o/] o o] A Points Using LHD around Upper Bounds (Deﬁmtln of5
Conti (g) i Point Levels around Continuous
AWs7t And ot A5HAS FA A3 s EpummPont .| Optiman Poin
=3 ‘ Step 3: tlSlgli:emng of Inactéve Step 4-1: Selection of 3
Eal o oo X = = Structural Responses an Levels around Continuous
Ex 7= ot AxHAs e i 7= Building of Hybrid Metamodels Optimum Point
5| o Z -7 ol Ayt Step 4-2: Predictions of
a7 TE AAALLEE, 2egedy Structural Reponses for 3
HHA §]—(Part1cle Swarm Optimization) g Cases

- o2

N

b

o
Jer

, 23} s (Harmony Search Method) S8 9]
st ok 71Ee] AFEL o] HAHsd g
74 A& w2 dAAlEtS o4k HAHHE 7T
ANEEA ZF AgdAd s 800~150,000 2]
FAME BAE gty o] F U HIT AT
Cheng 5] AFeAME stolHYg= ZslghAl

= A O o rfr )N oo oE E (o

DYEE ol gt e gl Mt §5
2 A7) HEA o4 HANE ANt Aok
T o) GA Be FeAE aTa,
B ATAE T bde] deke olgsted Ed
zgo| A5 FAE AdsinA Wk

ALHA AN TH ARl

HA o] iba =

T AT TP S, AAEFE o)kt
T7F obd AL E MR ogg A E T

UJ":]'. I o HAH3 AAstelA xgH wEA

% 223 YU(Screen)= &3 WA HIAE LA

=3
oA Age A% A F %
of 23R G AFzATF EFE WS
28] ZARES =1
9

=
W AT A% M Fuel o ugE

[o
o
T o
ol
rr
sl
(e}
&
> o
N o, b
i

rlo
re

ﬂ Jb
_pJ

Ao FHYRA 2ARLL o
slg Fahs Aol
WA o) 2R T A3
%Elil:]_ﬂt—ﬂ‘],]_ 337]1331;_ :rL QE
mYllg o] galgich NS ERR
2 2 z}z;a &2 74sER 273 L Sacks7h A

EEIOREE

[0
-

T

Values to Minimize Objective

Step 4-3: Selection of the
Function, Satisfying All the D ot

Step 4: Selection of Discrete
‘ Case with the Smallest

Constraints Objective Function with
Satisfying All the
[ STOP ] @nsttaints /

Fig. 1 Suggested design process

@ —3-0 & L J

Level 1|Level 2 Level 3 Levelﬂ Level 5
‘ Level 1 Level 2 Level 3| Level 4 Level 5

Level 1 Level 2 [Level 3 Level 4 Level SJ

®: x;"(continuous optimum)

Fig. 2 Definition of 5 levels and 3 levels

lo

@. DACE Ut—ﬂ[m]_Q_
st &

o] &3l slolBFERYS
AT AN T B
Efs FxE9 okt AFHF
S&3k= 10-bar, 25-bar, 15-bar,

nJIo

oot 412
f
o
N
f
o
_9.

52-barZ TFAEHE Efx TREY LG on
7129 ATFATe} vmEgch B AFdA EF
2 TxE T4 5 A% HHSNE T
93ke] ANSYS VI2E o] &34 Th
. HEMA FxE| ¥ ZARYS
ol &8t ofakMdH ehY

2.1 A=A

B AFNAM AAZ AAHAAHLS Fig 19 29F

stk WA 1 BANAE ol MHA BAE A
Su d%HA FUAA AHeE Fac 1o



AR DT THYE o] &3 B2 FEEY o AFAA - FRIAVEE A A9, A5E

-, 7 A SAAE A Tl EAISE Level 2, Level 32 ZAA YT T HAAWSE x9
oAHEAIE 5 VN AT o] AL Fig. 201 BA oA A7} Level 52 2AHAJTE T ©A 9
AT AAMSTe A4 HAN) 2 AAFA 3 ) FFL Level 3, Level 4, Level 58 AR}
7V Wk olitgkel tiedte e 3 HA & o] e FHY wkA] wiEIY. 4 AL =
TOE A FH, 950 FES F Y Fristd  EdoE zzadHdn.
50 FE< B3 o] FAHE Fig 2 9 A ¥
A el FAST B 7 oA, A HA 2 22 BISEH Y ¥ 32(4 24
ot ol A& AH x'm AMAW J-A Z 5 goge) 3 vl AAHA AR sholH
ol s/} &S AT o] FEEL VIR Y ¢ megwge wemundy gnds 7A
& g Aol 2AEW gRsolHFE AEW "y werde MAss Yoz wegd
7S ol8stel Bdde AT o W AYH W, 38174, 41747, RBF(Radial Basis function)s ¢
€ EedsE 24 e aHed e A AN g s el g, 2 ATdAE S1FEA
4o #Ha ey ol 232 Ay, oEHel gl W EER YabE e tlEl

A A GANE F2A wEA ] MEREE wgamoe) majz)oz FAo] H= stolHT wE
Nes A2z 5b7] s A& Al vZ gao o) gty
Az ES 2agdste] AARY. B AT Mo gmHRYe 23 thgdloz AANEA =HH
M= s AdED S Badt 2ol AosAth  miex= gow go] 9= 4 gl

gj(w)/all*a > 0,j=1,..m (1)

L
fu

A7NA x
ArE, me AtEaTLo
|7E, o BHFAFZAS

1 wlgkel gk

AARFEE, g (z)E jAA Az
MFE, alle 3
Aolste AAZA
Zheth mEkA A ()& HEAA
HElZ DS QAEA e
Azl £3he
sy

e} 2

1?1_

A=

=]

Mk a

S sto]BEl =
AR A E
vl WA DA A= Fig 20014 A3k 5 7Y
SollA A% HAHNE x3st= 3
gt} olell 7] &x3to o]HREES (e
o =gl st EAFFTE 22
To 2 At
Tt AY 2 =44 &
2 AHs7E Ao O v,
o2 gA 3 Y FEE
H £ &9 Fig. 29 A
T x9 o)1t A7} Level 22
FH9d o dAe 3 7 Level 1,

tlo

e

Al

D

-

"

o

==

o
of
2

©
N
N

e rirol o

[e]

29
ol it

rlJE ol
%

2 oot B N (R jo lo @ ey
O & ¥ > o

I~Z O
T

2

o 2
yr= [ @y 2y 2y 2, | B

B= [ﬂo By By e ﬂp—l]/

A7 p=182ntn(n-1)2018 B TS o] A
A,

f=(XX)Xy 3)

THE A

A71A Xe 4 ) oA FEH ng Al thsko]
A= ng N FHEE FHE= PHoy y= I
of FE= WX o2 FAE= WHo|T

YA Folzl ¥gA FHe V12 EAHY
AEge UWAHE Sste dotdles WHOEA
B AFoAE Sacks!'7} A ¢k DACE(Design and
Analysis of Computer Experiments) 7S Z-&3}%
ok HEgA 5 fix)s O TAIRES oe3 2ol
EAE & ok

f(x)= 0 +z(x)
th= 6+7 (z)R ™ (y— 5%)

“4)

714

Az
2

— 29 —



SEER

2 ) AZFEE S A A194E, ASE

PEE W2t SEUS RS AVVL, 1S A
WE, i wYEe ouath w3 yungue
the g ol g3te] P

R(z).z") EXP[ EHW zf|?

(j=1,.. nk 1,omy)
FHaEE 2 (59 7 Ao AN & A
< el x2 hHsE 7 4 ok
2 3N 6= A @ oo A dErEHE
H a3 AL Bl FIA=H AT W&
%@_[16]0.“ %igo.] oh:],

2.3 sto|E2| = HEt2H
WY, YA, AAE,
Function)s 2] @Y WElRH -2
Atk webA Goel TSUOIS o] T wEk
= 20 o} A A= StolBEE
AL ATt FEFERD B tEdE
E 9 (Multiple Surrogate Model)= & L3 oujE 7+

o]},

RBF(Radial Basis

727 AU E 74

B ATl AL W EURd Agos T4
£ solnels WERdS g A3 o] 39
?l_]:],[lo,]]]'
Z& =WepYp T WYk (6)
wptwe=1
7o stolnglE WERD WA F(CV

Cross Validation), A& 221}
3l FHEE FAo] Al
oAl 7FFA we, wee HES
2o} v el 7138t Adbdn. aakd
o5 o] AoEnt

C
]:62:] =KorR (7

yJ!

714 c= Y ZHE Jigeln ¥ 2EHY 7Y

S 2  Forge ¥ EFS A 83T
£ o] &3lH JtEAE v o] AREn

’IUR Wy

Wy = ==, Wy = == 8
f Wyt wy " Wy Wy ®)
wy = (OVa +X*CV,, ), wy = (CV +X*CV,, )

A*¥<1, <0

0:17]/\-] CVave"\f CVR:{”]— CVK‘O/] :’é]‘&o]‘:]’
3. HEH

2 AT AAG AAAE] EFEE Kol
71 sl Ef 2z F2E o4k AgAdA tEA
oA = AbEF = 10-bar, 25-bar, 15-bar, 52-bar
*;iﬂ] FAE fAsAT. B A7 Aol 7)E9
AT AFRE vlnsky] fJaE 71E AFA AAG
HAAIE IR o] &3tk A WA AAFHA
Al T oF st AEH A3 HH2 ANSYS VI2
o WAl & OPFRST HWHZ o] &35t}
E=F A (DA «=09E, 2 (7)ol cE 5 4
®)NA 1'=0.02, y=-4= AA3}HT}.

A
Fig. 39 EAsg o

3.1 10-Bar ER{A =
10-bar EBX FXRES

Y% p=0.1 Iv/in’, &A1 E=10,000 ksi, P,=10°
b, P,=0°]t}. HHHAE A% HAs= o2 &
o] AeojEH,
. 360 in P,  360in P,
3

©)
©)
360 in

P, P,
Fig. 3 10-bar truss structure



SARET FAE ol8F Eajs T

s =) AZFEESE A A194E, ASE

Minimize Weight
Subject to —

o714 AAWMSFE Fig 3004 72 84
Ai(=1,..,100°1H o= 1 HA 840 g, oy
FE-SHOZA 25 ksi, 0y, 0T j WA BA
“M Sare SEWAEA 2.0 inc]Th HAAWUSTE
Eo| 55 o] el A AA = ojof gt
05_’: HZAs = ANSYSS| OPFRSTE ©]&3lHoq
*=[30.28 1.62 2529 14.94 1.62 1.62 9.79 20.82
20.59 1.62] in2. 2 Fa|FOom o] Tty 9|5t
6843]9] feta Aol QFHUG o] Jx=E
HAs] FHANA 5/ FES HYsta sk, F
F7ES [22.0 33.5], [1.62 2.38], [22.0 33.5], [13
16.90], [1.62 2.38], [1.62 2.38], [7.22 13.90], [
22.90], [16.90 22.90], [1.62 2.38] inC. & A4 3
slojngl= welwd g AT o] o *4 s
WEdhe Akzde 2 (9)oﬂf\1 AHeold 18 M9
AkzA F 2 " 4 H Ao y wEF WY
0% dyolth kA EHTF FF et g Eo
3 e BEEAo & stolBElE RS 7 A
Attt o] FAGoAM BEHFE 12712 o}oam]
ol olauEgAE FAS] A HA
667 F Aotk wEbA Rt a L)
8163] P =3 th
stojlHE|l= md-g A
Hie} o] A& HAs FH
sto] o PEAINMS 2o e F
g d&3g. O F Adzds ¢
Harb He 2FE o4t HAAHE AE3iTh
Az HAs= x*=[33.5 1.62 229 155 1.62 1.62
7.97 220 220 1.62] in® 22 ZAAHAUT. 1 &
T3 olhats 2 WA
kol ozkzto g 3
HAa7b =HHA ﬂl%zﬂg
HANZ A&,
°] H¥ Fig. 2 ¢ B}Zl“‘ :LE]
g3k shgkgkol 54‘11 o}i

o ©

¢

L.

9

u:
o

.90
.90
3

Ko
=
[e]
=

Table 1 True and predicted responses at the discrete
optimum design (10-bar truss design)

Response Analysis Hybrid
W(lb) 5491.17 5491.17
0 2y(in) -1.9599 -1.9584
0 4y(in) -1.9981 -1.9971
Table 2 Comparison of suggested design with other
methods (10-bar truss design)

DV(in%) Ref” Ref” Ref®
A 33.50 30.00 33.50
A 1.62 1.62 1.62
As 22.0 22.0 22.90
Ay 15.50 13.50 14.20
As 1.62 1.62 1.62
As 1.62 1.62 1.62
A7 14.20 7.97 7.97
As 19.90 26.50 22.90
Ao 19.90 22.00 22.90
Ao 2.62 1.80 1.62

W(B) 5613.84 5531.91 5490.74

W(A) N/A N/A N/A
NF 800 50,000 10,500
\% 0.03% None None

DV(in%) Ref” Ref® Present
A 33.50 33.50 33.50
A 1.62 1.62 1.62
As 22.90 22.90 22.90
Ay 14.20 14.20 15.5
As 1.62 1.62 1.62
As 1.62 1.62 1.62
A7 7.97 7.97 7.97
As 22.90 22.90 22.00
Ao 22.90 22.90 22.00
Ao 1.62 1.62 1.62

W(B) 5490.74 5490.74 5491.17

W(A) 5494.17 5493.48 N/A
NF 8,694 5,000 816
\% None None None

W(B): Best Weight(lb), W(A): Average Weight(lb)
NF: Number of Function Evaluation
V: Constrain Violation
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Table 3 True and predicted responses at the discrete
optimum design (25-bar truss design)

Response Analysis Hybrid
W(1b) 488.01 488.01
S 1y(in) -0.3496 -0.3496
62y(in) -0.3478 -0.3487

Table 4 Comparison of suggested design with other
methods (25-bar truss design)

DV (in?) Ref? Ref” Ref® Present
X 0.1 0.1 0.1 0.4
X2 1.8 2.1 0.3 0.6
X3 2.3 3.4 34 34
X4 0.2 0.1 0.1 0.1
X5 0.1 2.2 2.1 1.6
X6 0.8 1.1 1.0 0.9
X7 1.8 1.0 0.5 0.5
X8 3.0 3.0 34 34
MB) 546.01 537.23 484.85 488.01
NF 800 N/A 5000 666
\% None None None None
W(B): Best Weight(lb)
NF: Number of Function Evaluation
V: Constrain Violation
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Table 5 True and predicted responses at the discrete
optimum design (15-bar truss design)

Response Analysis Hybrid
W(kg) 105.735 105.735
0s(MPa) -85.648 -86.874
0s(MPa) -85.648 -88.302
014(MPa) -115.376 -115.505
015(MPa) -115.376 -114.622

Table 6 Comparison of suggested design with other
methods (15-bar truss design)

DV,mm2 Ref® Ref” Ref¥ Present
A 308.60 113.20 113.20 113.20
A 174.90 113.20 113.20 113.20
As 338.20 113.20 113.20 113.20
Ay 143.20 113.20 113.20 113.20
As 736.70 736.70 73670 736.70
As 185.90 113.20 113.20 113.20
Ay 265.90 113.20 113.20 113.20
As 507.60 736.70 736.70 736.70
Ao 143.20 113.20 113.20 113.20
Ao 507.60 113.20 113.20 113.20
An 279.10 113.20 113.20 113.20
A 174.90 113.20 113.20 113.20
Az 297.10 113.20 113.20 113.20
Ay 235.90 334.30 334.30 334.30
Ais 265.90 334.30 334.30 334.30

MB) 142.117 105.735 105.735 105.735

WMA) N/A N/A 106.157 N/A

NF N/A 25,000 5,000 2,069

\% None None None None

W(B): Best Weight(kg), W(A): Average Weight(kg)
NF: Number of Function Evaluation
V: Constrain Violation
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Fig. 6 52-bar truss structure

3.4 52-Bar EBA FTEHA

52-bar E# 2 FXEBIELS Fig 63 o] 5
S W= FxEoith ARY 0=7860 kg/m’,
S35 E=207 GPaclth. 3 WA 3dlFo] Tx=
oAA 52 /M 4SS Hed Zo] 1FESHH
12 Mo AARFEZ AARDTD =, x;0 Ai~ds, X
As~Arw, x30 An~Ai, xa0 Aw~Ar, xs: Aig~A23, X
Asa~Ars, x70 Aar~Aso, xgo Azi~Ass, Xoo Azr~Ase, Xio
As~Asz, X1 A44NA49., X128 ASONASZO]E]'- ZHE% 3411
AAE A% AAse ds3 2ol Hojdn.

o =
= -

Minimize Weight
Subjectto —oy < 0, < oy (i=

(12)

A7NA cae FESHOZA 180MPaclth. AAIW
SE nEo £2H oW TelA Ao} 3
™ o]  AISC(American Institute  of  Steel
Construction) ZEZHE AL&H AHolt}.

ANSYS®| OPFRSTE o]&3sle] Fafjzl AL 3
H3ll= x*=[4463.665 1163.508 290.286 3454.667
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Table 7 True and predicted responses at the discrete

optimum design (52-bar truss design)

methods(52-bar truss design)

Table 8 Comparison of suggested design with other

Response Analysis Hybrid DV,mm’ Ref'” Ref” Ref'®
Wkg) 1903.208 1903.208 X 4658.055  4658.055  4658.055
01(MPa) 171.269 170.957 X 1161288  1161.288  1161.288
0s(MPa) 171.080 170.961 X3 506.451 363.225 494.193
014(MPa) 165.492 165.553 X 3303219 3303.219  3303.219
019(MPa) 154.398 154.403 Xs 940.000 940.000 1008.385
om(MPa) 167,189 167,084 X6 494.193 494.193 285.161
CuMP) 12925163101 W o0 to0sass 100888
0x(MPa) 176.723 176.729 Xo 2290318 388,386 388.386
034(MPa) 180.865 179.988 x10 1535481  1283.868  1283.868
03,(MPa) -170.066 -170.036 X1 1045.159  1161.288  1161.288
040(MPa) 178.502 178.635 X12 506.451 792.256 506.451
047(MPa) 168.388 168.281 W(B) 1906.760  1905.495  1904.830
0so(MPa) -162.994 -163.103 W(A) N/A N/A N/A
NF 19,104 150,000 5300
912.580 265.513 2390.429 996.839 284.343 1384.190 \4 ; 2.66% None 0.27%
1092.529 459.248] mm’O. 2 1,1983]0] Qs L2V.mm Ref? Present
4 F3) 2EHA ol2RE 2 AWNGY 3 ) 4658.055 joan o
ghgk 2 AFehghe [3303.219 5503.215], [1008.385 2 ligﬁgg 198.064
1374.191], [198.064 388.386], [3096.768 4658.055], N 3303219 3703218
[792.256 1045.159], [161.290 363.225], [2238.705 Xs 940.000 939.998
2496.769], [816.773 1161.288], [198.064 388.386], X6 494.193 252.258
[1161.288 1690.319], [939.998 1283.868], [363.225 X7 2238.705 2341.931
641.280] mm’C.2 AFAT 4 (1204 4 ()E . 94193 285161
nEs = FAE AL 1 W, 6 W, 14 W, 19 10 1283.868 1283868
W, 21 W, 24 W, 27 W, 34 W, 37 A, 40 WA, 47 X1 1161.288 1161.288
W, 50 W gxe gYolmE T T 13 /9 X2 494.193 494.193
S A S FlolHEE WEIEAS o] 83l o =T W(B) 1902.605 1903.208
¢ Atk WERY A4e 9% mEYL 23R wA) 1906.157 N/A
29 oklo =3 QA5 KR s A NF 53000 13471
2= AT 4 AAEH LI AAHS B 4 y None 0.48%

=9 o)ak HAHJE x*=[4658.055 1161.288 198.064
3703.218 939.998 252.258 2341.931 939.998 258.161
1283.868 1161.288 494.193] mm?°]Tt}.

olik HA oA WA dEgk 9 Mg
Table 7] vl 3T ES 7]E9] AFete] Hln
Table 8°l 4314 th
A7 AY =3 wbd Sy 3RS 1H3
B A7t AYd $535) 2 A
Table 79] 34 WHA Q4o
slo|HElE WElRYL

O rr g o

W(B): Best Weight(kg), W(A): Average Weight(kg)
NF: Number of Function Evaluation
V: Constrain Violation

AA AL oF 0.48% WISk Qi) ol= AL
mEoA o= ox= A Aol
4. 4E
B AR E olatdAMSEE 2= EFA T
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(1) 10-Bar +A =

S=[1.62, 1.80, 1.99, 2.13, 238, 2.62, 2.63, 2.88,
293, 3.09, 3.13, 3.38, 3.47, 3.55, 3.63, 3.84, 3.87,
3.88, 4.18, 422, 4.49, 4.59, 4.80, 4.97, 5.12, 5.74,
7.22, 7.97, 11.50, 13.50, 13.90, 14.20, 15.50, 16.00,
16.90, 18.80, 19.90, 22.00, 22.90, 26.50, 30.00,
33.50] in’

(2) 25-Bar FAE

S=[0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
13 1.4 15 1.6 1.7 1.8 1.9 2.0 2.1 22 2.3 2.4 25
2.6 2.7 2.8 29 3.0 3.1 3.2 3.3 3.4] in’

(3) 15-Bar TFE &

S=[113.2 1432 1459 1749 1859 2359 2659
297.1 308.6 3343 3382 497.8 507.6 736.7 791.2
1063.7] mm?

(4) 52-Bar FAE

S=[71.613  90.968 126.451 161.290  198.064
252258 285.161 363.225 388.386 494.193 506.451
641.289 645.160 792256 816.773 939.998 1008.385
1045.159  1161.288 1283.868 1374.191 1535.481
1690.319  1696.771 1858.061 1890.319  1993.544
2019.351 2180.641 2238.705 2290.318 2341931
2477414 2496769 2503221 2696.769 2722.575
2896.768 2961.284 3096.768 3206.445 3303.219
3703.218 4658.055 5141.925 5503.215 5999.988
6999.986 7419340 8709.660 8967.724 9161.272
9999.980  10,322.560  10,903.204  12,129.008
12,838.684  14,193.520  14,774.164  15,806.420
17,096.740 18,064.480 19,354.800 21,612.860] mm’
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