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Robust topology optimization based on an aggregated linear system and eigenvalue analysis

Satoru NI, Akihiro TAKEZAWA, Mitsuru KITAMURA and Nozomu KOGISO

*1 Hiroshima Univ. Dept. of Transportation and Environmental Systems
1-4-1 Kagamiyama, Higashi-Hiroshima, Hiroshima, 739-8527 Japan

This paper proposes a robust topology optimization method for a linear elasticity design problem subjected to an
uncertain load. The robust design problem is formulated to minimize a robust compliance that is defined as the maximum
compliance induced by the worst load case of an uncertain load set. Since the robust compliance can be formulated
as the scalar product of the uncertain input load and output displacement vectors, the idea of “aggregation” used in the
field of control research is introduced to evaluate the value of the robust compliance. The aggregation is applied to
provide the direct relationship between the uncertain input load and output displacement using a small linear system
composed of these vectors and the reduced size of a symmetric matrix in the context of a discretized linear elasticity
problem using the finite element method. The robust compliance minimization problem is formulated as the minimization
of the maximum eigenvalue of the aggregated symmetric matrix subject to the constraint that the Euclidean norm of
the uncertain load set is fixed. Moreover, the worst load case is easily established as the eigenvector corresponding
to the maximum eigenvalue of the matrix. The proposed robust structural optimization method is implemented using
the topology optimization method, sensitivity analysis and the method of moving asymptotes (MMA). The numerical
examples provided illustrate mechanically reasonable structures and establish the worst load cases corresponding to these
optimal structures.

Key Words. Robust design, Worst case design, Topology optimization, Finite element method, Eigenvalue analysis,
Sensitivity analysis
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Fig.2 Optimal configurations of the
reverse L example
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(a) For horizontal load (b) For vertical load

Fig. 6 Optimal configuration obtained by the conventional deterministic approach.

Table 1 Compliances of optimal configurations for the worst load cases and the most undeformable load cases

Optimal configuration in Fig.2 Fig.6(a) Fig.6 (b)
For the worst load case 9852 3428997 1234389
For the most undeformable load case 7486 244768 639296
Ratio of these compliances 2B12 140092 19309
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Fig. 9 The convergence history of the eigenvalues
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Fig. 11 Optimal configurations obtained by the deterministic approach
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(a) The worst load distribution of Fig.11(a) (b) The worst load distribution of Fig.11(b)

Fig. 12 The worst load cases for optimal configurations obtained by the deterministic approach

Table 2 Compliances of optimal configurations for the worst load cases
Optimalconfigurationin ~ Fig.8 Fig.11(a) Fig.11(b)
Compliance B089 1.1350 03139

5. 0 U

OOCOOO0OOCherkae OOOOOOOOOOOOOOOOOOOOOOOOOOOOOODOO (Aggregation)
gbobooboobooooooooboooooboobooboboboboboobooooboooobooboOobOobOobon
gOOoOoOoQOOQOQOQOQOQOQOOQOQOQOOOOOOOOOOODOOOOOOOOCherkeeDoooooooO
gbobobooboooooooobooooobooboobobobobobobooboooooboooboooooooban
goboooboooooboooooboobooboooobobooooboboooooboooooboOooboboooobooboooooboooon
gboboooooooboooooobooboobobobobooooooooooobooboobOobobobon
bobooboooobooboooboooboobooobooboooobooooboooobooooboooboOoDbo
Rayleigh-RitzZO O OO 0OOO0O0OO0OO0OO0O0OO0O0OOOOO0O0OOOOOOOOOOOOOOOOOOOOO
000000000000 0000000000000000SIMPOO MMA(The method of moving asymptotes)
gooboooooobooooobooobooooooboboobooooboooobooooboobOobobOoDbOoo
goobooooooobooooooobooooobobobooboooobooooboooooDobDOobDOobOoDbOoo
oooobooooooobooogoobooo

g g
(1) Beyer, H.G. and Sendhoff, B., “Robust optimization—a comprehensive sui@eytiputer Methods in Applied Mechanics and
Engineering, Vol.196, No.33-34 (2007), pp.3190-3218.

(2) Schaller, G.I. and Jensen, H.A., “Computational methods in optimization considering uncertainties—an ovebaevgyter
Methods in Applied Mechanics and Engineerikgl.198, No.1 (2008), pp.2—-13.

(3) Cherkaev, E. and Cherkaev, A., “Principal compliance and robust optimal dedmnhal of Elasticity Vol.72, No.1 (2003),
pp.71-98.

(4) Cherkaev, E. and Cherkaeyv, A., “Minimax optimization problem of structural des@pputers & Structures, Vol.86, N0.13-14
(2008), pp.1426-1435.

(5) Aoki, M., “Control of large-scale dynamic systems by aggregatidBEE Transactions on Automatic Control, Vol.13, No.3
(1968), pp.246—253.

(6) Sandell, N., Varaiya, P., Athans, M. and Safonov, M., “Survey of decentralized control methods for large scale sisEHns”,
Transactions on Automatic Control, Vol.23, No.2 (1978), pp.108-128.



(7) BendsgeM.P., “Optimal shape design as a material distribution probledtryctural OptimizationVol.1, No.4 (1989), pp.193—
202.

(8) Bendsge, M.P. and Sigmund, O., “Material interpolation schemes in topology optimizatimhiyes of Applied Mechanics,
Vol.69, No.9 (1999), pp.635-654.

(9) Svanberg, K., “The method of moving asymptotes- a new method for structural optimizétieniational Journal for Numerical
Methods in Engineering/ol.24, No.2 (1987), pp.359-373.

(10) Uchiyama, M., Bayo, E. and Palma-Villalon, E., “A systematic design procedure to minimize a performance index for robot force
sensors”Journal of Dynamic Systems, Measurement, and Control, Vol.113 (1991), pp.388-394.

(11) Horn, R.A. and Johnson, C.Ratrix Analysis(1985), Cambridge University Press.

(12) Bendsge, M.P. and Kikuchi, N., “Generating optimal topologies in structural design using a homogenization rGetimpditer
Methods in Applied Mechanics and Engineetrikgl.71, No.2 (1988), pp.197-224.

(13) Diaz, A. and Sigmund, O., “Checkerboard patterns in layout optimizat®iniictural OptimizationVol.10, No.1 (1995), pp.40—
45.

(14) Sigmund, O. and Petersson, J., “Numerical instabilities in topology optimization: a survey on procedures dealing with
checkerboards, mesh-dependencies and local minigaictural OptimizationVol.16, No.1 (1998), pp.68-75.

(15) Sigmund, O. “Morphology-based black and white filters for topology optimizatidttuctural and Multidisciplinary
Optimization, Vol.33, No.4 (2007), pp.401-424.

(16) Guest, J.K., Bwost, J.H. and Belytschko, T., “Achieving minimum length scale in topology optimization using nodal design

variables and projection functiondhternational Journal for Numerical Methods in Engineerjnpl.61, No.2 (2004), pp.238—
254,



