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Improving the efficiency of large scale topology optimization through on the fly reduced order model construction Christian Gogu Université de Toulouse ; UPS, INSA, Mines Albi, ISAE ; ICA (Institut Clément Ader) ; Bât 3R1, 118 Route de Narbonne, F-31062 Toulouse



Abstract. Topology optimization of large scale structures is computationally expensive, notably due to the cost of solving the equilibrium equations at each iteration. Reduced order models by projection, also known as reduced basis models, have been proposed in the past for alleviating this cost. We propose here a new method for coupling reduced basis models with topology optimization to improve the efficiency of topology optimization of large scale structures. The novel approach is based on constructing the reduced basis on the fly, using previously calculated solutions of the equilibrium equations. The reduced basis is thus adaptively constructed and enriched, based on the convergence behavior of the topology optimization. A direct approach and an approach with adjusted sensitivities are described and their algorithms provided. The approaches are tested and compared on various 2D and 3D minimum compliance topology optimization benchmark problems. Computational cost savings by up to a factor of 12 are demonstrated using the proposed methods.
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1 Introduction Over the last two decades topology optimization has undergone a rapid period of growth both in industry and academia spurred by a large number of theoretical, practical and algorithmic developments [1]-[3]. One of the challenges in topology optimization is dealing with large scale problems that can involve millions of degrees of freedom. Indeed, in the classical nested approach, at each iteration of the optimization process the equilibrium equations, characterizing the structure, need to be solved. Solving these equations can then quickly become the dominant computational expense in the topology optimization process, as has been pointed before [3],[14]. For the density based approach using a classical optimality criteria design update this cost can represent about 90% of the total computational cost already for a medium size problem with 100 000 design variables, and this fraction further increases with the size of the problem. One way that has been recently explored for decreasing this cost is the use of reduced order models. Reduced order models provide an approximation of the solution of the exact equilibrium equations with drastically reduced computational cost, and can thus replace the exact solution at appropriately selected iterations of the topology optimization. They have gained much interest in recent years in various domains, be it in analysis [4]-[7] or optimization [8]-[11]. A particular type of reduced order model is the so called reduced order model by projection or reduced basis model, in which the equilibrium equations are being solved projected on a certain basis, which is usually of much lower dimension than the size of the system of equilibrium equations themselves. A central question in reduced basis methods is how to construct the reduced basis. Several such approaches have been proposed in the literature aimed at enhancing the efficiency of topology optimization. Wang et al. [12] and Amir et al. [13] used Krylov subspaces to construct the reduced basis. Amir et al. [14] also proposed the construction of a reduced basis using the combined approximations method.
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Yoon [15] used eigenmodes and Ritz vectors to construct the reduced basis in topology optimization for vibration response. In this paper a new approach for constructing the reduced basis in the context of topology optimization is proposed, inspired from Gogu and Passieux [16]. The approach uses previously calculated solutions of the equilibrium equations to construct the reduced basis on the fly, at limited additional computational cost. Two algorithms implementing this approach for minimum compliance structural topology optimization problems are proposed and their accuracy and efficiency are investigated on various 2D and 3D problems. The rest of the paper is organized as follows. In section 2 the theoretical formulation is reviewed. First the topology optimization background is presented, followed by the reduced order modeling and the reduced basis construction. In section 3, two topology optimization approaches implementing the on the fly reduced basis construction are presented. The first one is a simple, straight forward implementation of the reduced basis construction. The second approach uses the adjoint method to correct the sensitivities of the objective function. In section 4, numerical investigations are carried out to assess the accuracy and efficiency of the proposed approaches.



2 Theoretical formulations 2.1 Topology optimization background In this study, a classical density based approach to topology optimization will be used [17], [18]. This approach uses the density of each element of the structure, density which in turns determines the element’s Young’s modulus. Using a modified solid isotropic material with penalization (SIMP) model [18] the density of an element can be expressed as: Ee ( ρe ) = Emin + ρep ( Eno min al − Emin )



(1)



Where Ee is the Young’s modulus of an element having a density ρe. The nominal Young’s modulus of the material to be used is Enominal while Emin is a very small positive Young’s modulus value, imposed in order to avoid numerical issues related to elements with zero stiffness. The topology optimization problem is then expressed as a compliance minimization problem, i.e. the optimization formulation seeks to find the density distribution over all the elements that minimizes the work done by the external forces under prescribed loadings, boundary conditions and material volume fraction to be used. The mathematical formulation of this optimization problem can be expressed as: T min ( c(= ρ ) ) F= U U T KU



ρ



N



s.t.: ∑ ve ρe ≤ V e =1



0 ≤ ρe ≤ 1



e= 1,..., N



(2)



KU = F



Where c is the compliance of the structure, ρ the vector of design variables consisting of the individual element densities ρe, F the external forces vector, U the displacements vector, K the global stiffness matrix of the structure, ve the volume of an element and V the maximum prescribed volume for the entire structure. The dimension of the displacement and forces vector is denoted by n.
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In order to avoid mesh-dependency and checkerboard patterns when solving the topology optimization problem various filtering approaches are typically applied [19]. In this study a density filter is used [20],[21]. For topology optimization of large scale structures the bulk of the computational cost comes from the requirement to compute at each step of the optimization the solution of the equilibrium equations: KU = F



(3)



Computing this solution for large scale problems involves the inversion of a very large system of equations that can consist of up to millions of degrees of freedom. 2.2 Reduced order modeling Model order reduction [23] is a family of approaches that aims at significantly decreasing the computational burden associated with the inversion of the system in Eq. (3). A particular class of model reduction techniques, called reduced basis approaches (or reduced order modeling by projection), aims at reducing the number of state variables of the model by projection on a certain basis. Accordingly, an approximation of the solution is sought in a subspace Ѵ of dimension m (with usually m 
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