Tap chi Khoa hoc Cong nghé Xay dung, PHXDHN, 2021, 15 (5V): 69-78

TOI UU TIET DIEN NGANG KET CAU DAN THEO PIEU KIEN BEN
VA CHUYEN VI BANG THUAT TOAN RAO

Tran Thuly Duong®*, Nguyén Quang Huy?, Pham Hoang Anh®

“Khoa Xdy dung Ddn dung & Cong nghiép, Truong Pai hoc Xdy dung Ha Noi,
55 duong Gidi Phong, qudn Hai Ba Trung, Ha Noi, Viét Nam

Nhdn ngay 13/08/2021, Sita xong 12/09/2021, Chdp nhén déing 13/09/2021

Tém tit

Thuét toan Rao, thuat todn méi dudc phat trién nim 2020, 1a thuat todn mé-ta-o-rit-tic c6 ciu triic rat don gian,
cho két qua tot trong mot sb bai todn tdi wu ham toan. Mic dil méi ra doi, thuat todn Rao da dén nhan su quan
tAm ngay cang ting tli cong ddong nghién cttu. Pa c6 cic nghién ciu ting dung thuit toan Rao dé gidi quyét mot
s6 bai todn t6i uu trong k¥ thuat. Tuy nhién, ting dung cta thuat toan Rao trong t6i uu két cAu cong trinh van
chua dugc khai thac day dd. Bai bdo ndy nghién cifu kha ning va tinh ing dung ctia thuit toan Rao dbi v6i bai
toan tdi uu héa tién dién ngang ctia két cdu dan theo diéu kién bén va chuyén vi. Mot ky thuat xi ly diéu kién
rang budc, ky thuat tim kiém bién kha thi (FBS), dudc st dung trong nghién ctiu. Hiéu qua ctia phuong phap
dé xuét dugc danh gid thong qua mot sb vi du s6.

Tir khod: ti uu két cAu dan; thuit toan mé-ta-o-rit-tic; thudt todn Rao; tim kiém bién kha thi (FBS).
OPTIMAL SIZING OF SPATIAL TRUSS USING CONSTRAINED RAO ALGORITHM
Abstract

Rao algorithms are newly developed metaheuristics. The algorithms have a simple structure, require no other
parameter than the population size to perform, and are quite competitive in solving optimization problems. It
is worth to examine Rao algorithms in complex optimization problems like truss structures. In this paper, the
optimal sizing of spatial truss using Rao algorithms is explored. A constrained Rao algorithm is developed by
integrating the Feasible Boundary Search (FBS) technique with the Rao-1 strategy. It has been demonstrated
that Rao-1 with FBS is robust and computationally efficient in obtaining the minimum weight of two space
trusses.

Keywords: truss sizing; metaheuristics; Rao algorithms; feasible boundary search.
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1. Dit van dé

Két cAu dan 12 mot trong nhiing loai két cAu dudc st dung phd bién hién nay nho kha ning vuot
nhip 16n, hinh thiic dep va phong phu, phat huy tdi da kha ning cda vat liéu. Viéc tdi vu héa két cau
dan 12 mot bai toan thiét ké két ciu phd bién. Thong thudng, ham muc tiéu 1a cuc tiéu héa trong luong
ctia dan v6i rang budc vé dng suat, chuyén vi va/hoic tan sb dao dong tu nhién. Bai toan tdi uu héa
nay dudc biét dén 12 mot bai toan phic tap do cdc rang budc phi tuyén va mién nghiém khong 16i, rit
khé gidi quyét biang cac phuong phap dua trén gradient truyén théng. Nhiéu nghién citu da tip trung
vao viéc phat trién cic ky thuat tdi uu héa dé gidi quyét cac bai toan tbi uu héa dan phic tap nay [1].

*Tac gia dai dién. Pia chi e-mail: duongtt@nuce.edu.vn (Duong, T. T.)
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Trong nhiing nim gan diy, cic thuit toAn mé-ta-o-rit-tic, nhu thut todn di truyén, thuat todn tién
héa, cic thuit todn dua trén md phdng tu nhién ngay cang dudc sit dung nhiéu hon trong linh vuc tbi
uu héa dan [2-8]. Tuy nhién, phan 16n céc thuit toan niy can cic tham sb diéu khién, do d6 1am han
ché kha ning ting dung trong bai toan thuc té. Vi viy, can c6 cc ky thuit téi uu héa don gian c6 thé
cung cAp cic gidi phap dang tin ciy cho bai todn ti uu két cAu dan. Tir nhu cau d6, céc siéu mo phdng
khong c6 tham sb da dudc phat trién nhu thuat todn TLBO (Teaching-Learning-Based-Optimization)
[9], thuat todn Jaya [10] va Rao [11]. Trong s6 cic thut todn t6i wu héa nay, TLBO va Jaya di c6 mot
s6 ting dung trong thiét ké dan [12-25]. Thuit toan Rao 12 thut todn méi dugc phat trién, c¢6 ciu triic
rit don gian, cho két qua tot trong mot s6 bai toan tdi uu ham todn. Tuy nhién, viéc 4p dung cic thuat
toan Rao trong thiét ké tdi vu két cAu dan vin con chua dudc khai thac day du.

Bai bdo nay nghién ctiu kha niing va tinh ting dung ctia thuat toan Rao ddi vé6i bai ton tdi uu hoa
tién dién ngang ctia két ciu dan theo diéu kién bén va chuyén vi. Dic biét, mot thuat toan Rao méi
dugc thiét 1ap bang cach két hop ky thuat tim kiém theo bién kha thi (FBS) véi thut toin Rao-1 dé
Xt 1y c4c rang budc mdt cach hiéu qua. Phuong phap dé xuét c6 tén RaoFBS, dugc kiém tra qua céc
vi du s6 trén hai két cdu dan khong gian véi cac bién lién tuc. Hiéu qua ctia RaoFBS dudc so sanh véi
mdt s6 thuit todn mé-ta-od-rit-tic khac.

2. T6i wu kich thude dan véi rang bude ing suit va chuyén vi
2.1. Bién thiét ké

Céc bién thiét ké 1a dién tich tiét dién ctia cac thanh dan. Gi4 tri cta cac bién thiét ké dudc tim
kiém trong pham vi dugc x4c dinh truéc Ajjow < A £ Ajup VO1 Ajjow, Aiyp 1 gi6i han dudi va gidi
han trén ctia dién tich mit cit ngang clia thanh thi i.

2.2. Ham muc tiéu va cdc diéu kién rang budc

Muc tiéu ctia bai todn thiét ké 1a cuc tiéu héa trong lugng clia dan bang cach tim tiét dién t6i uu
ctia cdc thanh dan sao cho tng suét va chuyén vi phat sinh trong dan nam trong giéi han cho phép
(theo tiéu chudn). Vi mot két cAu dan cho trude, ta can xac dinh mot véc td ciia N,, dién tich mit cat
ngang X = {A],A,...,Ay,} sao cho tong trong lugng clia dan dugc cuc ti€u hoa theo cic rang budc
da cho. Bai todn dugc biéu dién nhu sau:

N
Minimize W = piLiA; (D
i=1

st. gi<goj,j=1,...,N.
Ai,low < Ai < Ai,up

2)

v6i p; va L; 1an luot 1a trong luong riéng ctia vat lidu va chiéu dai cdia thanh thd i; gj1a ham rang budc
tht j; go; 12 gid tri cho phép cta g;; N, 1a s6 lugng diéu kién rang budc. Trong nghién ciiu nay, chi
xem xét rang budc vé ting suit va chuyén vi.

3. Tim kiém theo bién kha thi

Xt 1y rang budc 12 mot trong nhitng vin dé quan trong trong viéc gidi quyét cac bai todn t6i uu
héa c6 rang budc. Mot giai phap théa man tit ca cic rang budc dugc goi 1a mot giai phap kha thi. Tap
hop céc giai phap kha thi tao nén mién nghiém (mién thiét ké). Trong bai todn tdi uu két ciu dan, rang
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budc 12 ting suit trong cdc thanh va chuyén vi nit khong vudt qua gidi han cho phép. Thuc té, giai
phép t6i vu thuong nam trén bién ctia mién thiét k&, do vay viéc gidi han tim kiém trén bién ctia mién
thiét ké sé ddy nhanh qua trinh giai bai toan tdi vu héa. Phuong phap nay dudc goi 1a tim kiém theo
bién kha thi (FBS), dudc gidi thiéu bdi Baghlani va Makiabadi [26] trong bai todn t6i uu kich thudc
dan bing thuit toan by dom dém (Firefly algorithm). FBS dua trén mdi quan hé tuyén tinh gitta tai
trong va dap ing (ting suét va chuyén vi) ctia két cdu dan, va chi ap dung hiéu qua cho bai toan phan
tich tuyén tinh. Phuong phdp dudc trinh bay nhu sau.
Gia thiét quan hé ing suit-bién dang 13 quan hé tuyén tinh. Chuyén vi tai cdc nit dugc xac dinh
theo tr quan hé:
K-u=f 3)

trong d6 K 13 ma tran do cing; f 12 véc to luc nit; u 13 véc td chuyén vi nit. Luc doc va ting suit trong
céc thanh dudc xdc dinh tif véc to chuyén vi nit. C6 thé thiy, néu nhan ma tran do cting véi mot sb
B > 0 c6 nghia dién tich tiét dién clia tit ca cac thanh dudc nhan vé6i 8, chuyén vi va ting sut sé giam
di 1/8. Do d6, dé thda min rang budc thid j chi can nhan dién tich tiét dién clia tit c4 cac thanh dan
dang xét v6i mot hé sb:

g

B; = max {o, —’} (4)

80,j
trong d6 g; 1a gid tri clia rang budc thi j (chuyén vi hodc tng sult) tuong ting véi phuong 4n dang
xét. D€ théa man tat ca cac rang budc, ta nhan dién tich tiét dién cia cac thanh véi hé sb:

Prmax = max{B;}, j=1,...,N, 5)

Dé dam bio cac thanh c6 dién tich tiét dién khong nhd hon gid tri nhd nhit cho phép, dién tich
tiét dién cac thanh dudc nhan véi hé so:

Ao
amax = max{l’ %}’ l= 1,---,Nm (6)
i

4. Thuét toan Rao t6i vu tiét dién thanh dan

Thuat todn Rao, bao gdbm Rao-1, Rao-2 va Rao -3, 12 nhiing thuit todn mé-ta-o-rit-tic khong tham
s6 dua trén quan thé dugc phat trién bdi Rao [11]. Rao ciing 1a cha dé ctia hai thuit toan mé-ta-o-rit-tic
khong tham s6 ndi tiéng khac 12 TLBO and Jaya. Cac thuit todn Rao stf dung cdc quy tic rit don gian
d€ tao ra mot gidi phap thiét ké méi tir mot nhém NP céc gidi phap.

Tai bit ky budc lip ¢ nao, gidi phap thiét ké thit p dudc cap nhat la:

- Thuat toan Rao-1:

XZEW =Xp + 1 - Xpest — Xyorst) )

- Thuat toan Rao-2:
X1 = Xy + 1 (Rpest = Xuorst) + T2 - d - (%] = [X,]) ®)

- Thuét toan Rao-3:
X1 = X+ Fy - (Spess — Bworal) + 12 d - (%] — %) 2

v6i x,, 1a gidi phdp ting vién thi p; Xpesr VA Xyors 1an 1ugt 1 gidi phdp tot nhat va xdu nhat trong quan
thé gidi phép; x, 1a mot giai phap thiét ké dugc chon ngiu nhién tlf quan thé gidi phap; r; va r; 1a hai
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véc to 1dy ngau nhién trong khoang [0, 1]; d mot sd nhan gia tri 1 hodic —1 tiy thudc vao mbi quan hé
thu ty gitta x, vax,: d = 1 néu X, t6t hon x,; trudng hop khac d = —1.

Trong nghién ciu nay, cdc tic gia dé xuit thuat todn RaoFBS, 1a su két hop clia thuat todn Rao-1
v6i ky thuat FBS, d€ tdi wu kich thudc tiét dién thanh dan. Ciu triic ctia thuit toan nhu sau:

- Dinh nghia ham muc tiéu W, cdc diéu kién rang budc, NP, Tmax.
- Tao quan thé gém NP cdc gidi phdp thiét ké, tao gid tri ban ddu dién tich tiét dién thanh thit i ciia
phuong dn thiét ké x,,:

Ap,i = Ajjow + rand() X (Ai,up = Ailow)

p=1,...,NP;, i=1,...,N,

- Xdc dinh ham muc tién W), va cdc rang budc g cho X,.
- Xdc dinh Bmax, @max cho bdi cong thiic (5) va (6), dp dung ky thudt tim kiém FBS:

Xp = a’maxﬂmaxxp

t=1;
while ¢t < Tmax do
Tim Xpes; VA Xyporss trong quadn thé’ NP
for p=1to NP do
Tao véc t6 ngau nhién r
XZeW =Xp+ry- (Xpest — Xworst)s
Xdc dinhg j va Bmax, va Amax for X,
Ap dung FBS: XZeW = a’max,BmaxXZew§
Tinh todn W), for x;,"
if W) < W, then

new,

X.p =Xp
end if
end for
t=t+1;

end while

Cdp nhdt va xudt ket qud Xpes va W, ,

S. Ap dung

Trong phan nay, thuat toin RaoFBS dudc ap dung dé tbi uu kich thudc tiét dién thanh cta hai két
cAu dan khong gian 25 thanh va 72 thanh. D€ 1am rd hiéu qua ctia thuit toan RaoFBS, két qua tinh
to4n theo RaoFBS sé& dudc so sanh vdi két qua tinh todn theo mot sd thuat todn mé-ta-o-rit-tic khac
ciing sit dung FBS (Thuit toan biy dom dém két hop véi FBS, FBSFA [26]; thuit gii thu phin hoa
két hop véi FBS, FBS-FPA [27] va thuit to4n tién héa vi phan cdi tién (ODE-NNC) [28]). Céc phuong
phdp dung d€ so sanh dudc lya chon trong sd nhiing phuong phap hiéu qua nhét da dudc ap dung cho
bai toan nay. Két qua tinh toan con dudc so sanh véi thuat toan Rao-1 va Rao-2 sit dung quy tic xi ly
rang budc cua Deb [29].
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5.1. Miéu td bai todn
a. Dan 25 thanh

So dd két ciu dan khong gian 25 thanh dudc mo ta trén Hinh 1. M6 dun dan hoi va khéi luong
riéng cua vat liéu tuong ting la 104 ksi va 0,1 1b/in’. Dién tich tiét dién ctia cac thanh dudc chia thanh
8 nhém. Chuyén vi niit cho phép 1a 0,35 in. Ung suét kéo cho phép 1a 40 ksi, va ting suét nén cho
phép (co xét dén yéu cau 6n dinh cta thanh chiu nén) d6i véi 8 nhém 1a —35,092; —11,590; —17,305;
—35,092; —-35,092; —6,759; —6,959; —11,082 (ksi). Hai truGng hgp tai trong dugc xem xét ¢é dit liéu
dugc cho trong Bang 1. Dién tich tiét dién thanh (inz) dudc chon trong khoang [0,01; 3,4].

Hinh 1. So d6 dan khong gian 25 thanh

Bang 1. S6 lidu tai trong cho dan khong gian 25 thanh

Trudng hop Nut F (kips) Fy, (kips) F, (kips)
1 1 0 20 -5
2 0 -20 -5
2 1 1 10 -5
2 0 10 -5
3 0,5
6 0,5

b. Dan 72 thanh

So dd két chu dan khong gian 72 thanh dugc cho trén Hinh 2. C4c thanh dudc chia thanh 16 nhém,
dién tich mit cit ngang dudc chon trong khoang [0,1; 2,5] (in%). Céc rang budc bao gdm chuyén vi
ntit cho phép 0,25 in theo c4 hai phuong x, y, Gng suit cho phép +25 ksi. Khéi lugng riéng va mo dun
dan hodi cta vat lidu 1an luot 12 0,1 Ib/in® va 104 ksi. S6 liéu tai trong dudc cho trong Bang 2.

Thuat toan RaoFBS, Rao-1 va Rao-2 dudc st dung dé t6i uu mdi dan véi 20 1an chay doc 1ap.
St dung phuong phap phan ti hitu han d€ tinh todn chuyén vi nit va ting suét trong cac thanh. Kich
thu6c quan thé cho c4 hai trudng hop 1a NP = 20 va 25. Budc lip t6i da 1a 350 cho c& dan 25 thanh va
dan 72 thanh.
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Hinh 2. So d6 dan khong gian 72 thanh

Bang 2. S6 liéu tai trong cho dan khong gian 72 thanh

Trudng hop Nut F (kips) Fy (kips) F, (kips)
1 1 5 5 -5
2 1 0 0 -5
2 0 0 -5
3 0 0 -5
4 0 0 -5

5.2. Két qud tinh todn

a. Dan 25 thanh

Hinh 3 md ta dd thi hdi tu két qua trong ludng t6i wu bang thuit todn Rao. Hinh 3(a) so sanh
két qua tinh todn theo Rao-1, Rao-2 va RaoFBS. Hinh 3(b) mo ta cic két qua trong luong tdi uu
theo RaoFBS, bao gdm dudng cong hoi tu trung binh (“average™) va dudng cong trudng hop tt nhit
(“best”). Theo quan sat, RaoFBS hdi tu nhanh hon Rao-1 va Rao-2. Theo RaoFBS, dudng cong “best”
héi tu nhanh hon dudng cong trung binh.

Bang 3 dua ra két qua t6i wu thu dudc bdi RaoFBS so sanh véi két qua t6i uu theo mot sd thuat
todn mé-ta-o-rit-tic da dudc nghién ciu truée dé bao gdm ODE-NNC [28], FBSFA [26], va FBS-FPA
[27]. Trong d6, FBSFA va FBS-FPA ciing st dung FBS dé xi Iy cdc rang budc. Két qua cho thay,
trong luong tbi uu theo RaoFBS so véi cdc phuong phép khéc chénh 1éch rit it. RaoFBS ciing cho
két qua &n dinh v6i do 1éch rit nhd cia trong luong trong 20 1an chay. Ngoai ra, gidi phdp t6i uu ctia
RaoFBS trong 20 1an chay théa man tit ca cac rang budc. Cac gid tri rang budc ma RaoFBS thu dugc
bing gi6i han cho phép. V6i NP = 20, RaoFBS thu dudc trong ludng nhd hon so véi trudng hop NP =
25, trong khi s6 1an phan tich két ciu lai nho hon.
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(b) Qua trinh hoi tu theo RaoFBS

Hinh 3. Qud trinh t6i vu héa cho dan 25 thanh theo RaoFBS

Bang 3. Két qua tbi vu cho dan 25 thanh bing RaoFBS va cac phuong phap khac

7000

Tham s6 ODE-NNC FBSFA FBS-FPA RaoFBS RaoFBS
[28] [26] [27] NP =25 NP =20
Nhém 1 0,01 0,01000 0,010002 0,010032 0,010103
Nhém 2 1,98708 1,99248 1,9838 1,9962 1,9788
Nhoém 3 2,99347 2,98329 2,998 2,9784 3,005
Nhoém 4 0,01 0,01000 0,01001 0,010038 0,010009
Nhém 5 0,01 0,01000 0,010052 0,01005 0,010035
Nhoém 6 0,68369 0,68417 0,68541 0,68457 0,68567
Nhém 7 1,67688 1,6771 1,6775 1,6762 1,6786
Nhém 8 2,66249 2,66454 2,659 2,6655 2,6565
Whest (1b) 545,1630 545,17 545,1630 545,1739 545,1685
Winean (1b) 545,1649 - 545,1654 545,1819 545,1832
Wiorst (1b) - - 545,1698 545,1992 545,2108
Do Iéch chuédn 0,00252 - 0,00148 0,00609 0,01133
Ung suét 16n nhét (ksi) - —-6,9547 —-6,95879 —-6,959 -6,959
Chuyén vi 16n nhét (in) - 0,35000 0,35 0,35 0,35
S6 1an phan tich 5000 - 7025 8750 7000

b. Dan 72 thanh

Qua trinh t6i wu héa cla cac thuit todn Rao dudc thé hién trén Hinh 4. Mot lan nita, RaoFBS c6
tbc d6 hoi tu cao hon nhiéu so véi Rao-1 va Rao-2 (Hinh 4(a)). Pi véi vi du nay, dudng cong hoi tu
phuong 4n t6t nht ctia RaoFBS hoi chiam hon so véi dudng cong hoi tu trung binh (Hinh 4(b)).

Két qué tinh todn theo RaoFBS dudc cho trong Bang 4 va so sanh v6i mot s6 phuong phap khéc.
Trong vi du nay RaoFBS c6 s6 lan phan tich it hon cac thudt toan khac va cho két qua tuong duong.
Hon nita, RaoFBS 1a thuit todn &n dinh nhit véi do 1éch cla trong luong tdi uu trong 20 1an chay nhd
hon so véi cdc thuat toan khac. Két qua ctia RaoFBS cho trusng hgp NP = 20 va NP = 25 khong c6
nhiéu khéc biét. ThAm chi v6i NP = 20, RaoFBS cho két qué trung binh va d6 6n dinh tét hon so véi

NP =25.
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Hinh 4. Qua trinh t6i vu héa cho dan 72 thanh theo RaoFBS

Bang 4. Két qua tbi vu cho dan 72 thanh bing RaoFBS va cac phudng phap khac

Tham sb ODE-NNC FBSFA FBS-FPA RaoFBS RaoFBS
[28] [26] [27] NP =25 NP =20
Nhom 1 0,15648 0,15632 0,15642 0,15649 0,1564
Nhoém 2 0,54481 0,53325 0,54627 0,54642 0,54783
Nhoém 3 0,40971 0,43573 0,40783 0,41134 0,41655
Nhém 4 0,56884 0,56554 0,57432 0,5747 0,56692
Nhoém 5 0,52508 0,57209 0,52565 0,51817 0,52146
Nhom 6 0,51517 0,52720 0,51585 0,51745 0,51709
Nhém 7 0,10000 0,10003 0,10001 0,10005 0,1
Nhom 8 0,1 0,10237 0,10003 0,10009 0,1
Nhém 9 1,26685 1,26497 1,2723 1,2639 1,2783
Nhoém 10 0,51361 0,50802 0,51141 0,51212 0,50883
Nhoém 11 0,1 0,10001 0,1 0,10001 0,10004
Nhoém 12 0,1 0,10003 0,1 0,10003 0,10005
Nhoém 13 1,88493 1,90107 1,8844 1,8914 1,877
Nhom 14 0,51398 0,49688 0,51193 0,50978 0,51149
Nhém 15 0,10000 0,10003 0,10006 0,10001 0,1
Nhém 16 0,1 0,10003 0,1 0,10002 0,1
Whest (1Ib) 379,6175 379,93 379,6228 379,6284 379,6295
Wean (Ib) 379,6422 - 379,6503 379,6543 379,6480
Wyors: (Ib) - - 379,6888 379,7073 379,6864
Do 1&ch chuan 0,02381 - 0,01865 0,01718 0,01263
Ung suat 16n nhat (ksi) - 24,9667 24,99808 25,0 25,0
Chuyén vi 16n nhét (in) - 0,25000 0,25 0,25 0,25
S6 lan phan tich 10000 - 9025 8750 7000
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6. Két luan

Nghién ctiu da st dung thuét todn Rao thuc hién thanh cong bai todn tdi wu trong lugng dan véi

cac bién lién tuc. Hon nita, mot thudt toan Rao (RaoFBS) da dudc xdy dung bang cich két hop ky
thuat tim kiém trén mién kha thi (FBS) véi thuét toan Rao-1. Thuat toan RaoFBS di dudc chiing minh
tuong duong vé dd tin ciy va hiéu qua tinh todn so v6i mot s6 thuat toan mé-ta-o-rit-tic khac, bao gom
hai thuat todn c6 st dung k§ thuat FBS trong bai todn tdi uu héa hai dan khong gian. Uu diém ctia
RaoFBS Ia thuit todn nay khong yéu cau céc tham sd diéu khién nhu céc thuat todn khac. Do dé, viéc
st dung RaoFBS sé& thuan 1¢i trong thuc té thiét ké t6i uu két ciu dan.
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