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Tém tat: Bai bao nay dé xudt mot thuat toan
phén t& hiru han mo trong phan tich tinh két cau.
Thuét toan dé xuét dwa trén co s& phuong phap
mat dép trng, voi sw két hop cla hai mé hinh xép xi
1a: mé hinh héi quy da thirc bac hai ddy dd, mé hinh
héi quy da thirc béc hai khéng ddy dd, va su lwa
chon hop ly cac két qua tinh toan trén hai mé hinh
x&p xi nay. Céc két qua tinh toan déi véi két cu dan
cho thdy hiéu qua cla thuét toén dé xuét.

Abstract: This paper proposes a fuzzy finite
element analysis of structural statics.The proposed
algorithm is based on the response surface method,
with the combination of two surrogate models: a
complete quadratic polynomial regression model, a
none-complete quadratic polynomial regression
model, and the resonable choosing of the results
based on these two models. Numerical results on
truss structure verify the effectiveness of the
proposed algorithm.

1. Dat van dé

Thuat toan PTHH mo (fuzzy finite element
algorithm) 1a sw két hop gitra cac ky thuat cda
phwong phap PTHH va cac phép toan trong ly
thuyét tap mo [1], [2], dé xac dinh dap (ng két cau
trong trwong hop cac tham sb dau vao khéng chéac
chan dwoc cho dwéi dang s6 mo. Trong cac hwdng
tiép can dé dwa ra cac thuat toan PTHH mo, viéc
trng dung phwong phap mat dap wng RSM [3], [4]
trong ly thuyét xac suét - théng ké toan hoc dwoc
xem 13 thuan tién hon cd, do st dung cac két qua
clia phwong phap PTHH tat dinh va gidm duoc khbi
lwgng tinh toan. Y twédng co ban cla phwong phap
nay la thay dap tng thuc két cdu bang cac ham xap
xi thay thé, sau dé cac dap ng mo két cdu dwoc
xac dinh théng qua cac ham x&p xi nay. Trong [5],
chung téi da dé xuét mét thuat toan PTHH mo phan
tich tinh két cdu hé thanh, véi dap (ng két ciu la
cac chuyén vi mo. Thuat toan dé xuét lwa chon ham
chuyén vi la ham thay thé trong mé hinh héi quy da
thirc bac 2 khong day du (sau day goi la mé hinh
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héi quy da thirc bac 2 khuyét), va st dung phuwong
phap chuyén dbi (transformation method) [6], v&i sb
lwong té hop it hon do st dung phép dao ham, dé
xac dinh dap (’ng mo két ciu 1a cac chuyén vi nit.
Tuy nhién, thuat toan sé khéng phu hop khi xac
dinh noi lvc m& két ciu, do cac ham ndi luc thudng
la cac ham phurc tap (phan thie, da thirc bac cao)
hon cac ham chuyén vi. Ngoai ra, vé& nguyén tac,
déi voi dap ng két céu 1a chuyén vi mé, md hinh
héi quy da thirc bac 2 khuyét don gian nhung kém
tbng quat so v&i md hinh da thirc bac 2 day da. bé
kh&c phuc cac van dé néu trén, bai bao nay dé xuét
mdt thuat toan PTHH mo& xac dinh dap ng la cac
chuyén vi va néi luc mo trong két cdu hé thanh.
Thuat toan dé xuét dwoc xay dwng trén co sé thuat
toan [5], voi cac cai tién hop ly trong viéc Iwa chon
mo hinh héi quy va xt ly két qua dau ra cia dap
(rng két cAu. Thdng qua vi du minh hoa, so sanh véi
két qua theo thuat toan [5] va két qua dwoc xem la
"chudn" theo thuat toan téi wu héa mic o [7], cho
thay hiéu qua clia thuat toan dé xuét.

2. Thuat toan phan tich mé két cau

Thuat toan gém ¢c6 5 ndi dung, theo trinh ty sau
day.
2.1 Xéc dinh cdc bién m& chuan trong mé hinh
thay thé

Theo [3], s dung bién chuan trong mé hinh
thay thé sé lam gidm sai s do lam tron sé khi tinh
toan cac hé sé hdi quy. Trong [5], trén co s&
nguyén ly théng tin khéong day du (insufficient
reason) tai [8+10], ching téi da thiét lap cong thirc
xac dinh bién me chudn X; déi voi bién mo géc 1
s6 mo tam giac can X; = (a,ll)r ta xac dinh bién
chuan theo céng thirc sau:

x X738 ™)
' 1/3

V&i phép dbi bién trén, tv bién me gbc ban dau
X; =(a, |, ).z, & chuyén sang bién m& chuén )N(i
= (0, 3, 3).r. N6i cach khéc, tir bién me gbe ban dau
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c6 mién xac dinh rat khac nhau, d& chuyén thanh
cac bién chudn cé cung mién xac dinh. M&c du
dwoc thwe hién trén co s& chuyén dbi tir dai lwong
mé& sang dai lwong ngdu nhién twong dwong, tuy
nhién cé thé xem bién md chuén 1a két qua mot
phép bién déi hinh hoc tir bién md gbc ban dau,
dwoc van dung twong tw nhw khai niém bién chuan
trong ly thuyét thdng ké toan hoc. Thuéat toan dé
xuét dwoc thye hién trong khong gian cac bién me
chuan, do d6 khéng gay ra sai léch do chuyén dbi
tlr dai lwong m& sang dai lwong nglu nhién (voi
cac tham sb diu vao) va nguoc lai, tr dai lwong
ngau nhién quay tré lai dai lwgng me (v&i dau ra la
dap (ng két clu) trong qua trinh tinh toan.

2.2 Lwa chon mé hinh thay thé (mé hinh mat dap
trng)

Trong |y thuyét théng k&, mét s6 mé hinh thay
thé thwong dwoc st dung la: méd hinh héi quy da
thirc (polynomial regression model PRG), mé hinh
Kringing (Kringing model KRG), ham co s& hwéng
tdm (radial basis functions RBF). Trong cac md hinh
nay, mé hinh héi quy da thirc thwérng dwoc siv dung
dé xay dwng ham mat dap &ng do don gidn va
thuan tién trong tinh toan. Trong [5], ching t6i da st
dung mé hinh héi quy da thirc bac 2 khuyét lam mé
hinh thay thé. Tuy nhién, nhw da dé cap & trén, dbi
v6i dap ng két ciu la cac chuyén vi mé&, mé hinh
héi quy da thirc bac 2 day di sé mang tinh téng
quat hon. Do d6, bén canh viéc st dung mé hinh
héi quy da thirc bac 2 khuyét, thuat toan dé xuét st
dung mé hinh héi quy da thirc bac hai day di dbi
v&i cac bién mé& chuan lam mé hinh thay thé, cho
dap wng két clu la cac chuyén vi mo:

y(X)=aO+Zn:ai X, + i a, Xin+Zn:a“ X? (2)
i=1

i=1, i<j

V&i viéc str dung bién chuén, a, dwoc xac dinh
theo phwong trinh: y(X=0) = a, (3)

Cac hé sb con lai trong (2) dwoc xac dinh theo
phwong phap binh phuong téi thiéu.
2.3 Thiét ké mau thir

Khi str dung phwong phap mat dap (rng, c6 ba
thiét k& mau thtr thworng dwoc st dung trong thuc
té tinh toan: mau siéu lap phwong Latin (Latin
hypercube sampling), mau mat trung tam lap
phwong (face - centered cube design), mau Box-
Behnken ( Box - Behnken design). Trong cac mau
ther trén, mau mat trung tdm lap phwong va mau
Box - Behnken thwdng dwoc st dung. Tuy nhién,
khi c6 cung sb lwong bién dau vao, thiét ké mau
Box - Behnken thuwéng cé sb lwong diém dap (ng
(s6 lwong t6 hop cac phwong an dau vao trong bai
toan PTHH tat dinh) it hon m&u mat trung tam lap
phwong. Do d6, trong thuat toan dé xuét, st dung
thiét k& mau Box- Behnken. Thiét ké mau Box -
Behnken v&i 3 bién sé dau vao dwoc thé hién trén
hinh 1, trong d6 ky hiéu +1 chi Y2 d6 dai khoang bién
thién cla bién.

Hinh 1. Thiét ké mau Box — Behnken véi ba bién s6

i=1
2.4 U6c lwong sai léch va chon Iwa phwong an

Uéc lwong sai léch danh gia chat lwong clia mod
hinh thay thé va dung dé lwa chon phwong an phu
hop gitra cac phwong an tinh toan. Cac dang wéc
lwgng sai léch thwdng s dung la: phwong phap
mau don (split sample), phwong phap kiém tra chéo
phwong phap mbi

(cross - validation) va

(bootstraping). Trong cac phwong phap trén,
phwong phap mau don va phwong phap kiém tra
chéo dé s dung dé lwa chon cac phwong an hon
ca. Trong thuat toan dé xuét, chung tdi st dung
phwong phap kiém tra chéo r&i bd mét tap (leave -
one - out cross - validation), trong d6 méi diém dap
(rng dwoc kiém tra mét 1an va thir k - 2 1an (do mau
trung tdm da st dung dé xac dinh a, theo codng thire
(3)). Wu diém cla phwong phap nay theo [4] |a dwa
dén woc lwgng khong chéch cla sai léch téng va
phuwong sai twong (rng sé gidm khi so sanh v&i
phwong phap mau don. Nhuoc diém cla phuong
phap nay la doi héi tinh toan nhiéu l1an cac mé hinh
thay thé. Tuy nhién, nhuoc diém nay cé thé khéc
phuc néu 1ap trinh tw ddng hoéa lwa chon cac té hop
mau tlr cadc mau cho trwdc dé& dwa vao mé hinh héi
quy. Uéc luvgng sai léch cla phuong an the j (st
dung X9 1am tap kiém tra) xac dinh theo céng thirc :

. -p B .
GSE; =(yj -9 ”) — min (4)
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2.5 Xdc dinh dép trng mo két cau

Dé xac dinh dap (rng mo két cau, can giai cac
bai toan quy hoach phi tuyén trén cac lat cat o cla
cac tham sb m& dau vao. Trong d6, ham muc tiéu
can tbi wu khong thé biéu dién dwéi dang ham hién.
Dé giai quyét van dé nay, thuat toan dé xuét st
dung thuat giai di truyén GA (genetic algorithm) [11],
Ia mot thuat toan thudc nhém thuat toan téi wu theo
quan thé, trong Matlab 7.12. Céc thuat toan téi wu
theo quan thé khac, nhw thuat toan téi wu héa bay
dan PSO (particle swam optimization), thuat toan
tién hoéa vi phan DE (differential evolution), dwoc
xem la cac cdng cu hiru hiéu dé gidi bai toan quy
hoach phi tuyén. Sau day sé trinh bay cu thé cac cai
tién cla thuat toan dé& xuat d& nang cao d6 chinh
Xac trong viéc xac dinh dap wng két cau, dbi voi hai
trwdng hop: dap ng la chuyén vi mo, dap ¢ng la
ndi lwc mo.

2.5.1 Péap g két cau la chuyén vi mo

Trong thuat toan d& xuét, chuyén vi m& duoc
xac dinh truc tiép trén co s& gidi cac bai toan quy
hoach phi tuyén cta ham thay thé. Do d6, ham thay
thé theo md hinh da thirc bac 2 day du sé mang tinh
tdng quat va c6 dod chinh xac hon ham thay thé theo
md hinh da thirc bac 2 khuyét. Vi vay, dbi voi dap
wng két cAu la chuyén vi m&, thuat toan dé& xuét tinh
toan trén mé hinh da thirc bac 2 day du.

2.5.2 Pap g két cau la néi luc mor

Néi lwc m& dwgce xac dinh théng qua chuyén Vi
m¢& theo céng thire: Rg = K¢ U - F.. Do ndi lwc xac
dinh theo chuyén vi mo nén dd chinh xac cla noi
Iwre néi chung kém hon do chinh xac cla chuyén Vi.
Do d6, dé nang cao dé chinh xac ndi lwvc mo, bai
bao dé xuat mot thuat toan tinh toan noi lwc me trén
co s& két hop hai mé hinh clia chuyén vi mo, d6 la:
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mod hinh da thirc bac hai day du va, mé hinh da thirc
bac hai khuyét. Théng thuwéng hay gap trwong hop
cac két qua tinh toan néi lwc mo cé do rong Ion hon
nhiéu so v&i thye té [12]. Dé khéc phuc van dé nay,
thuat toan dé& xuét xac dinh ndi lwe md két ciu trén
co s& phép giao cla két qua tinh toan noi lwc md
két ciu theo hai m6 hinh chuyén vi m& néu trén:

S = maX(Sal,min ; S‘”"“i“ )

a min

S,.=min(S S )

a max

®)

trong d6: Symin» Samax - bién dwdi, bién trén cla
ndi lwc mo két cAu tai 1at cat o theo thuat toan dé
XUAt;

Sotmin » Satmax - bi€n dwdi, bién trén cda ndi lwc
mo két chu tai lat cét o theo méd hinh hdi quy da
thirc bac 2 day du;

Se2min s So2,max - bi€n dwdi, bién trén cla noéi lwc
mo két chu tai lat cét o theo méd hinh hdi quy da
thirc bac 2 khuyét.

Cong thre (5) cho két qua tinh toan ndi lwc me
két cAu 1a mién hep nhét trong hai phwong an st
dung cho méd hinh thay thé (da thirc bac 2 day da,
da thirc bac 2 khuyét). V& y nghia toan hoc, céng
thire (5) chinh la phép giao cua hai tap con md A va
B, theo ly thuyét tap me& [1]. Theo [1], xét dd thudc
déi voi 3 tap A, B va AnB, thi moi phan ti x; cia X
c6é d6 thudc nhd nhat thude vé tap ANB . Vi vay,
viéc st dung (5) sé thu hep dwoc bé rong cia sb
mé dau ra (ndi lwc m& két cAu) trén céac lat cat a,
nghia la cho két qua tinh toan ndi lwc cé dd chinh
xac cao hon. Vi du minh hoa sé& cho thay ré diéu
nay.

2.6 Trinh tw tinh toan

Céc buéc tinh toan dwoc thé hién trén hinh 2.
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Nhap dir liéu mé dau vao: tai trong tac dong, dac trung co ly
vat liéu, dac trwng hinh hoc cau kién....

v

- Xac dinh cac bién me chuén theo cong thirc (1).
- Thiét ké mau thir theo theo phwong an Box -Behnken

v

Giai cac bai toan theo phwong phap PTHH véi dau vao tat
dinh trén tat ca cac mau th‘L’P dé xac dinh cac gia tri cac dai
lwong dwa vao tinh toan hoi quy

v

phwong an chon mau

- Lya chon hai m6 hinh thay thé: mé hinh héi quy da thirc bac
2 day da, mo hinh hoi quy da thire bac 2 khuyet
- Xac dinh cac hé s6 hoi quy trong md hinh thay thé theo cac

v

- Tinh toan sai 1éch va chon Iya phwong an theo céng thic (4)
- Buwa ra cac ham mat dap wng cho hai mé hinh

v

ONNOMBOBIONONC

quy da thirc bac 2 day du;

Xac dinh dap (ng két cau theo thuat gidi di truyén GA : )
- Bap ng két cau la chuyén vi m& : tinh toan trén mé hinh hoi

-Dap tng két cau la ndi lyc mo: tinh toan trén ca hai mé hinh,
Iwa chon két qua theo cdng thirc (5)

Hinh 2. Trinh tw tinh toan

3. Vi du minh hoa

4
3

B

4.5m

4.5m

4.5m

Hinh 3. Vi du minh hoa

__ Xét hé dan phang nhu hinh 3. M6 dun dan hoi
E, céac lyc ﬁl ﬁ E E la cac s mo tam giac
can:  E = (200,20,20)r GPa; P = (200,20,20)r
kN; P =(100,10,10).x kN;

P =(100,10,10)x kN; P =(90,9,9).x kN.

Yéu cau: xac dinh cac chuyén vi va noi lyc me
clia cac thanh trong dan.

Thwe hién tinh toan theo thuat toan dé xuét, két
qua céac chuyén vi m& theo phwong ngang u; (i - sb
the tw nat) va phwong dieng vi, ndi luc me Ny (k - s6

thr tw phan t) tai cac lat cat o = 0 dwoc thé hién &
bang 1, bang 2, bang 3.

Pé kiém tra dd tin cay va hiéu qua cua thuat
toan dé xuét, tinh toan theo md hinh da thirc bac 2
day du, da thire bac 2 khuyét, st dung thuat toan téi
wu héa mirc o [7] lam chudn dé so sanh. Két qua
tinh toan tai cac lat cat a = 0 dwoc thé hién & bang
1, bang 2, bang 3.

Pé thay rd hiéu qua cla thuat toan dé& xuat, thuc
hién tinh toan tai 6 lat cit a cla cac sd mo theo
thuat toan dé xuét, theo mé hinh da thirc bac 2 day
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dd, mo6 hinh da thirc bac 2 khuyét, va so sanh vo&i
két qua st dung thuat toan téi wu héa muc o, la
thuat toan dwoc xem la "chuan" trong tinh toan dap
rng m& két cAu. Trong khuén khd clia bai bao, cac
két qua dbi v&i ndi lwc md Ns, Ng, No, N1, Nz, Nig,

Bang 1. Chuyén vj ngang mo u; tai lét cét o = 0

Ng dwoc thé hién trén hinh 4, hinh 5, hinh 6, hinh 7,
hinh 8, hinh 9, hinh 10. Sai léch bé rong khoang |E
tinh toan theo [5] I&n nhat déi v&i lwc doc mo Ng, va
cac sai léch twong wng AEnmin, AEnmax trONg rng
dwoc thé hién trén bang 4.

PP TP Chuyén vi u; tai lat cét o = 0 theo
Nt Chuyén Vi ui t’al IaE catAa =0theo Chuyen vi u.‘.tal lat ’cat o 0 theo mé hinh da thirc bac 2 khong day
thuét toan dé xuat (m) thuét toan toi wu héa mirc o (m) da (m)
2 [0.0049, 0.0074] [0.0049, 0.0074] [0.0049, 0.0073]
3 [0.0241, 0.0359] [0.0241, 0.0360] [0.0238, 0.0356]
4 [0.0143, 0.0213] [0.0142, 0.0212] [0.0141, 0.0210]
5 [0.0138, 0.0205] [0.0138, 0.0206] [0.0137, 0.0205]
6 [0.0219, 0.0326] [0.0219, 0.0327] [0.0216, 0.0324]
7 [0.0049, 0.0073] [0.0049, 0.0073] [0.0048, 0.0071]
8 [0.0258, 0.0386] [0.0260, 0.0388] [0.0256, 0.0384]
Bang 2. Chuyén vi ding mo v; tailat cét o =0
A e P Chuyén vi u; tai lat cat o = 0 theo
Nut Chuyén vi Ui t’al Ia£ catAa =0 theo Chuyen vi u.‘.tal lat ’cat o 0 theo mé hinh da thirc bac 2 khong day
thuat toan de xuat (m) thuét toan toi wu héa mirc o (m) da (m)
2 [-0.0531, -0.0357] [-0.0532, -0.0356] [-0.0526, -0.0352]
3 [-0.0497, -0.0334] [-0.0498, -0.0334] [-0.0493, -0.0330]
4 [-0.0696, -0.0467] [-0.0697, -0.0467] [-0.0691, -0.0462]
5 [-0.0725, -0.0486] [-0.0726, -0.0486] [-0.0719, -0.0480]
6 [-0.0526, -0.0352] [-0.0527, -0.0353] [-0.0522, -0.0350]
7 [-0.0487, -0.0327] [-0.0483, -0.0323] [-0.0488, -0.0327]
Bang 3. Noi luc mo N tai lat cét o = 0
A L Ae s 2A o Ab s s Noi lwc Nk theo mé hinh N&i Iwc Nk theo mo
Ph’an Noi lwc NkAthuat toan de NC)Al‘lU’C N|f theq thuat toan da thrc bac 2 khong ddy hinh da thirc bac 2
to xuat (kN) toi wu héa mrc o (kN)

da (kN)

day du (kN)

[237.6590, 294.7679]

[240.7502, 294.2500]

[237.6590, 297.6747]

[237.0211, 294.7679]

[-283.1009, -220.6933]

[-282.4892, -219.5570]

[-285.6969, -217.0131]

[-283.1009, -220.6933]

[108.1996, 136.9573]

[106.8525, 135.2341]

[108.1996, 136.9573]

[106.1712, 140.5507]

[-353.2004, -285.9976]

[-356.3524, -291.5612]

[-357.4883, -285.9976]

[-353.2004, -285.4696]

[-42.4439, -18.2228]

[-40.8200, -18.6994]

[-42.4439, 17.7423]

[-45.3479, -18.2228]

[66.1074, 96.8557]

[66.5070, 93.1767]

[66.1074, 96.8557]

[65.5117, 99.7069]

[260.5507, 321.7632]

[259.6898, 317.3976]

[259.0372, 322.0624]

[260.5507, 321.7632]

[52.4304, 70.7781]

[54.3166, 71.5866]

[52.4304, 70.7781]

[47.8632, 73.1307]

[234.6004, 290.3413]

[237.9677, 290.8491]

[231.2762, 290.3413]

[234.6004, 290.6610]

[-336.0867, -275.4615]

[-333.4009, -272.7833]

[-338.8939, -272.3661]

[-336.0867, -275.4615]

[-72.9843, -50.4060]

[-70.3276, -48.2071]

[-74.2031, -50.4060]

[-72.9843, -48.7626]

[99.0911, 128.0751]

[100.6391, 127.3088]

[07.4675, 128.3993]

[99.0911, 128.0751]

[125.4396, 156.6791]

[127.7177,156.0991]

[125.4396, 157.3266]

[124.6475, 156.6791]

[196.4112, 241.8909]

[200.2503, 244.7500]

[196.4112, 247.0991]

[192.9208, 241.8909]

MRS OO NOOIS WN=

[-346.6271, -285.6186]

[-346.1288, -283.1965]

[-346.6271, -279.5870]

[-347.3970, -285.6186]

Bang 4. Luc doc mo Ne(kN)

Thuat todn dé xus Thuat toan toi wu héa
Lat it uat toan dé xuat mie o Sailech Sai léch Sai léch
* AEnmin(%) | ABnmad%) | IE(%)
N6min (kN) N6max (kN) N6min (kN) N6max (kN)
0.0000 66.1074 96.8557 66.5070 93.1767 0.60 3.95
0.2000 68.3722 92.4415 69.1739 90.5097 1.16 2.13
0.4000 70.7467 88.4329 71.8411 87.8427 1.52 0.67 15.29
0.6000 73.2444 84.8125 74.5079 85.1758 1.70 0.43
0.8000 75.8979 81.5568 77.1749 82.5088 1.65 1.15
1.0000 79.8418 79.8418 79.8418 79.8418 0.00 0.00
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PA - thuat toan dé xuét ; OA - thuat toan ti wu
héa mirc a; QC - st dung mé hinh da thirc bac 2
day da; NQC - s&r dung md hinh da thirc bac 2
khuyét.

Théng qua vi du minh hoa trén, nhan théy mot
sb dac diém sau cda thuat toan dé xuét:

- Thuat toan dé xuét cho két qua tinh toan sat
v&i két qua dwoc lay lam chudn [7] va c6 sai léch bé
nhét trong cac phwong an tinh toan, cho tat ca cac
chuyén vi ndt va ndi luc tai cac phan ti;

- Céc sai léch bé rong khodng |IE, sai léch
AEnmin VA AEnmax tinh todn theo [5] déu twong ddi
nhd. Sai léch bé rong khoang IE I&n nhét 1a 15.29%
déi voi lwc doc mo Ne. Tuy nhién, cac sai léch
AEnmin V& AEnmax twong rng twong dbi nhd ( l1an
lwot la 0.60% va 3.95%). Do dé, trong trwdng hop
nay, van dam bdo d6 chinh xac theo yéu ciu tinh
toan.

4. Két luan

Bai bao da dé& xuat mot thuat toan phan to hivu
han m& trong phan tich tinh két ciu, trén co s& cai
tién thuat toan da co cla tac gia trong [5]. V&i sw
Iya chon hop ly cac két qua tinh toan theo hai moé
hinh thay thé cta ham chuyén vi m& 1a: mé hinh da
thirc bac 2 day dd, mé hinh da thirc bac 2 khuyét.
Co s& toan hoc cla lwa chon nay |a s dung két
qua phép giao cla cac tap con mo tinh toan tir hai
mé hinh thay thé. Thuat toan dé xuét da lam ting do
chinh xac déi v&i két qua tinh toan néi luc mo két
céu qua vi du kiém chirng.
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