Journal of Zhejiang University-SCIENCE A

Cite this as: Jin Cheng, Ming-yang Tang, Zhen-yu Liu, Jian-rong Tan, 2016. Direct reliability-
based design optimization of uncertain structures with interval parameters. Journal of Zhejiang
University-SCIENCE A (Applied Physics & Engineering), 17(11):841-854.

http://dx.doi.org/10.1631/jzus.A1600143

Direct reliability-based design
optimization of uncertain structures
with interval parameters

Jin CHENG, Ming-yang TANG, Zhen-yu LIU, Jian-rong TAN

Key words: Reliability-based design optimization, Uncertain structure, Degree of interval reliability
violation (DIRV), DIRV-based preferential guideline, Direct interval optimization, Nested genetic
algorithm

State Key Laboratory of Fluid Power & Mechatronic Systems


http://dx.doi.org/10.1631/jzus.A1600143

Interval reliability-based design optimization
model of an uncertain structure

With the uncertain factors described as interval variables and the interested
mechanical properties described as the objective and constraint functions, the interval
reliability-based design optimization model of an uncertain structure is described as

mxinf(x,U)

s.t. R, [g,-(x,U)SBZ. :[biL’biRJ] Zﬂi,i=1,2,...,p. (1)
n)eﬂ"
U=(U.U,....U,)

x=(x1,x2,...,x

where x 1s the n-dimensional design vector while U is the m-dimensional interval
vector; f (x,U) and g/(x,U) (i=1,2,...,p) are the objective and constraint functions
indicating the mechanical performance indices of the structure; B; is the given
interval constant of the ith constraint; R, is the interval reliability of the ith constraint
while #, 1s the prescribed reliability requirement of the ith constraint.



Unified formula for calculating interval reliability

The interval reliability P (4 < B) for intervals 4 and B in any positional
relationships can be calculated by:

R(A<B)=P(A<B)
min(AR — A", B® —AL)x[maX(O,BR —AL)+maX(O,BR — A" )]
2sign[0.5+sign(AL—BL)}X(AR—AL)X(BR_BL) - (2)

= max

1 —

min(AR — B, B} —BL)x[max(O,AR —BL)+max(O,AR — B® )]
2(4" —4")x(B* - B") '

Fig.1 Sketch map of the graphical method.



Degree of interval reliability violation (DIRV)

As far as the ith interval constraint g,(x,U) < B, in Eq. (1) is concerned, the
degree of interval reliability violation (DIRV) V. (x) corresponding to a design vector

x 1s defined as
(575 ]]) 3)

where R; is calculated by the unified formula in Eq. (2).

4 (x) = maX(Oani - R |:gi (x’U) <5

After the DIRVs of all the constraint functions are calculated, the total DIRV
(denoted as TDIRYV for concision) corresponding to a design vector x can be obtained
by

Ve (%)= D0, (x) @

Then the design vector x 1s feasible when V. (x) = 0 and it 1s infeasible when
Vi (x)>0.



DIRV-based preferential guidelines

The merit ranking of different design vectors can be determined by the
following DIRV-based preferential guidelines:

(1) A feasible vector x; is always superior to an infeasible vector x;. That is,

vector x; 1s superior to vector x; when Vr (x;) = 0 and V' (x;) > 0.

(2) As for two infeasible design vectors x; and x;, the merit ranking can be
determined by their corresponding TDIRV values. Namely, x; is superior to x; if

Vi(x) < Vry (xj)'

(3) As for two feasible design vectors x; and x;, the merit ranking is determined

by their corresponding objective values. Specifically, x; is superior to x; when

J @) <fx) or f9(x) = f(x)) and /Y (x;) < fV(x)).



Algorithm for direct interval reliability-based
design optimization

Establish interval reliability-based design optimization model and
determine the ranges of design variables and uncertain factors.

! v
Construct parameterized Collect enough sample points
finite element analysis model. based on LHS and FEA.

.

Establish Kriging models of the objective and constraint
functions based on sample points.

|

Numeric example
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Rank all individuals according to the DIRV-based preferential guidelines
and obtain the corresponding fitness values.
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utput the individual with the biggest fitness \'alug

e

Fig.2 Flowchart of algorithm for solving the interval
reliability-based design model
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x, €[-1.0,5.0],x, €[-3.0,6.0], x, €[-2.0,7.0];
U, =[1.0,1.3],U, =[0.9,1.1],U, =[1.2,1.4].

iang’ Proposed method
Jiang’s method  [= Lgﬁ bound PU --------- Left bound

T Right bound :_ B [ — Right bound
= Center point 8 40t Center point
g 50 = f
5 g i
£ 40 £ 3051
B =3 H
s .k < B ——
g 3 2 20
S 2 @
A N 2 10
3 10 g
s Lo 0
2 of £
8 " -2
LB e, = -10F™,
g -0 3

20 -20 5

o 50 100 150 200 0 50 100 150 200

Generation Generation

Fig.3 GA evolution of the objective value

Comparison of the optimization results obtained by different algorithms

Algorithm Optimal solution Constraint g,

Constraint g, (R . R) Objective [

Proposed (1.97, 5.99, 7.00)

[5.02, 9.97]
[4.80, 9.63]

[78.90, 106.15] (0.80, 0.85)
[78.85, 105.93] (0.86, 0.85)

<5.51, 17.68=

Tiang’s  (1.89, 5.93, 7.00) <6.35,17.57>

The optimal solution obtained by proposed algorithm is
better than that of Jiang’s since its corresponding objective’s
mid-point value is much smaller than that of Jiang’s.




Application

In engineering

e interval reliability-based design model
of the upper beam in a high-speed press is
min d(x,U) = mind(h, by, 41,1y, p, E)
R [w(x,U,) = w(x, p) <[4990,5010)kg] > 1, =0.95; =
R, [8(x,U) <[44,45]MPa] > 1, = 0.98. o o~
x=(h,h,0,0,1),U=(U,U,); PP
210mm < A, <250mm, 250mm < /4, <300mm,
80mm </, <120mm,25mm </, < 55mm,
330mm </, <390mm;
U, = p=[7280,7320]kg-m",
U, = E =[126,154]GPa.

Fig.4 Cr0s§ section of
the upper beam

Fig.5 3D model of the upper beam
where x = (. h,,1,,1,,1,) is the design vector;

U =(p,E) isthe uncertain vector;
d(x,U) is the maximum deformation of the upper beam;

w(x,U,) and &(x,U) are the weight and equivalent stress;

Fixed Support
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Frictionless Support 2

D! Force: 8.0x10°N
Bearing Load: 2.5x10°N
Bearing Load 2: 5.0x10°N

Fig.6 FEA model of 1/4 upper
beam: loads and constraints
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Fig.7 GA evolution curves of the mechanical performance indices obtained

by proposed algorithm
Comparison of the optimization results of the upper beam obtained by proposed and indirect algorithms
Optimal selution Performance mdices| Interval
Algorithm (P oy ) wE, wh [aF, 35 dix, ) religbilities
mm kg MPa mm (R, Ra)
Proposed  (249.89.262.32,80.36.36.88.388.40)  [4079.6,4995.7] [39.30,44.08] J=0.2017,0.0196=  (0.95, 1L.00)
Jizng s (243.34 2514680153224 380.30) [49706 4995 5] [39.52 4430] [=021620.0196> (0.95 0.99)

R, and R, are the interval reliabilities of constraint functions
w(x, U,) and 6(x, U) while #, and 7, are their corresponding

desired reliabilities.

The optimal solution obtained by the proposed algorithm has
the smaller deformation and larger interval reliability of
constraint J(x, U) than that obtained by indirect one.




Conclusions

An interval reliability-based design optimization model 1s constructed to
enhance the reliability of an uncertain structure and reduce its chance of function
failure under potentially critical conditions.

With the introduction of a unified formula for efficiently computing interval
reliability, a new concept of the degree of interval reliability violation (DIRV)
and the DIRV-based preferential guidelines are put forward for directly ranking
various design vectors.

A direct interval optimization algorithm integrating nested GA and Kriging
technique 1s proposed for solving the interval reliability-based design
optimization model.

Both numeric and engineering examples demonstrate the feasibility and
effectiveness of the proposed direct interval reliability-based design optimization
method as well as its superiority to the conventional indirect one.
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