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1 Introduction

Previous research on modular design has primarily focused on mechanical structures, such as jet engines (Sosa et al.,
2003), trucks (Linden et al., 2016; Williamsson et al., 2019), and automobiles (Lyu et al., 2006; Suh et al., 2007).
Generally, modularization has been utilized to integrate components that are either physically close or serve similar
functions. These previous studies have predominantly focused on reconfiguring or grouping modules from existing
products. This study proposes a novel approach to identifying modules that transcend the boundaries of existing
components (Georgy et al., 2018; Asaga and Nishigaki, 2019; Asaga and Nishigaki, 2022). When a continuum structure,
such as a frame expanding in space, is considered for modularization, the module boundaries, which serve as the joints of
the components, generally contribute to the stiffness and strength of the structure. In frame structures, such as automobiles,
the mechanical performance should be maintained at certain locations, and such locations should be excluded from the
module boundaries considerably. Therefore, the objective of this study is to present a module decomposition method that
prevents the deterioration of mechanical performance from scratch without being constrained by the joints in existing
structures. The relationship between structural components is represented using a design structure matrix (DSM).
Mechanical performance indicators, such as strain energy and von Mises stress, obtained from structural analysis, are
utilized as weights in determining the relationships between components. By leveraging DSM information and employing
graph theory-based spectral clustering to identify module candidates, areas with minimal mechanical burden can be
identified as module boundaries. This approach enables the achievement of the study's objective, which is modularization
that mitigates the decline in mechanical performance. Finally, in a frame structure that assumes a car body structure, we
showcased an example application that can appropriately divide modules based on mechanical performance considerations
while maintaining the continuity of component connections.

2 Modular design method

First, we carefully considered the module boundaries to ensure that mechanical performance is not compromised. Rather
than using existing components as the minimum unit, we identified module boundaries that prevented the deterioration of
the mechanical performance by utilizing areas that are finer than the existing components as the base unit. This approach
involves using the finite element mesh (simulation mesh) in the finite element method, commonly employed in structural
analysis, as the minimum unit of design. By employing finite elements that are considerably smaller than the size of the
existing component as the minimum unit (design unit), module boundaries that differ from the ends of existing
components can be identified (Figure 1). We represent the joint relationship between the finite elements of a structure
using a DSM. Mechanical performance indicators, such as strain energy or von Mises stress obtained from the structural
analysis is incorporated into the diagonal terms, whereas the average mechanical performance of adjacent elements was
included in the off-diagonal terms as weights for the relationship between elements (as shown in Figure 2). The finite
element model can be viewed as a graph structure, and we utilize DSM information and graph theory-based spectral
clustering to identify potential module boundaries where the mechanical burden is minimized. Through spectral
clustering, boundaries can be extracted using graph cut techniques. Because this method is based on a graph structure,
elements without connectivity are not extracted in the same module, preserving the continuity of the connectivity. The
size of a graph cut, which represents the sum of edges to be cut was formulated using Equation (1) when partitioning into
X and Y groups. Following the equation in the reference (Luxburg, 2007), we also introduce the shorthand notation i € X
for the set of indices {7 | vertex i/ € X}. The weighted adjacency matrix w;; denotes the DSM with the diagonal terms set to
zero. The average value of the adjacent elements is utilized as the edge weight to capture their influence on each other's
mechanical performances. The graph cut with the minimum sum of edge weights is referred to as the Min-cut (Equation
(2)). For the graph structure and edge weights shown in Figure 3, the minimum cut candidate lies between vertices EF and
FG. The minimum cut (F/GHABCDE) has a cut size of 2.0; however, it results in a highly uneven partition. Therefore,
the normalized cut, which constrains the size of each cluster according to the sum of edge weights, is deemed suitable. By
employing the normalized cut (Equation (3)), various cut candidates involving several edges are shown in Figure 4. The
region between vertices CD and GH is divided into two similarly sized regions owing to normalization, resulting in a cut
size of 0.804. While the Min-cut yields a cut size of 2.0 for the separation of vertex F, the normalized cut produces a cut
size of 1.143, which is higher than other cut sizes and eliminated as a cut candidate.
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Figure 1. Differences in modularization between existing products and our development from scratch (Asaga and Nishigaki, 2022).
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Figure 2. Frame structure, finite element model, and graph structure.

cut(X, Y) = Yiex, jer Wij ()
Min-cut(X, Y) =Minimize cut(X, Y) (2)
Normalized cut(X, Y) = et by M.UOI(X) = Qiexdy, di = Xjwy; (3

vol(X) vol(Y)

(2) @ .
(
A3) |y F
1
1
@ -
B |3) () E
(2) ()
o < o » &
(a) Min-cut on graph (b) Modular decomposition of FEM

Figure 3. Example of modular decomposition utilizing the mechanical property as edge weight (by Min-cut on graph).

However, as the graph cut discretely determines the groups, it becomes NP-hard, leading to a combinatorial explosion
with an increase in model size. Therefore, spectral clustering (Shi and Malik, 2000; Luxburg, 2007) is employed, replacing
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the cut function of the normalized cut with a clustering method based on a weighted adjacency matrix (the graph Laplacian
L in Equation (4)) to obtain the module boundaries. In the formulation of spectral clustering, NP-hard is circumvented by
relaxing the discrete graph cut problem to a real eigenvalue problem with a vector quadratic form, as in Equations (4) to
(7). The graph Laplacian in Equation (4) differs from the normalized cut, hence the utilization of the graph Laplacian in
Equation (8). The eigenvector f obtained from the eigenvalue analysis serves as an indicator for cluster labels. In the case
of cluster partitioning into k clusters for n elements, the eigenvectors are arranged into k columns in ascending order of
eigenvalues. Subsequently, clustering is performed using k-means on this n x k matrix to obtain the cluster partitioning
results. When partitioning into k clusters, considering the effect of cluster boundaries up to the number of clusters k-1 is
necessary. Therefore, k-means analysis targets all eigenvectors corresponding to the 2nd to k-th eigenvalues in ascending
order. To prevent the degradation of mechanical performance of a structure, strain energy or von Mises stress is utilized
as weights for the graph edges. By selecting points with low strain energy or von Mises stress as module boundaries, the
degradation of overall mechanical performances of the structure can be prevented.
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Figure 4. Example of modular decomposition using mechanical property as edge weight (normalized cut on graph).
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3 Application of the frame structure

An illustrative example involves a model simulating the frame structure of an automobile. Strain energy, representing
mechanical performances obtained from structural analysis, is used as weights in the adjacency matrix. Module
candidates are identified through spectral clustering, as outlined in Section 2 (refer to Figure 5). The mechanical burden
is higher on the lower side and lower on the upper side owing to lateral loading being applied to the lower front frame
exclusively. Therefore, when divided into two clusters, the frame tends to be divided into upper and lower sections (Figure
5(a)). The eigenvectors of the graph Laplacian can effectively serve as indicators of cluster labels (Shi and Malik, 2000;
Luxburg, 2007). As shown in Figure 5(b), sorting the second-order eigenvectors in ascending order results in the division
of the eigenvectors into two groups. By color-coding (labeling) the grouped elements in red and blue, the result shown in
Figure 5(a) is obtained. In this example, applying the k-means method and sorting the second-order eigenvectors in
ascending order led to the division of the eigenvectors into two groups. These components are distinguished by the colors
red and blue, indicating a cluster boundary with an eigenvector near -0.04. Here, the values of the eigenvectors serving
as cluster boundaries vary depending on the clustering method and mechanical boundary conditions (Figure 5(b)). In the
strain energy distribution focusing on the module boundary, the module is divided in the region with low strain energy
(Figure 5(c)). The results of modular partitioning into three can be interpreted similarly as those of modular partitioning
into two. The outcome of the 3-module partitioning is influenced by the preceding 2-partitioning, as outlined in Section
2. In the two-partitioning scenario, second-order eigenvectors can be grouped based on their appearance. However, as the
number of partitions increases beyond three, the visualization of eigenvectors becomes challenging, leading to
mathematical clustering using methods, such as k-means.
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Figure 5. Sample application of the frame structure simulating the car body structure.

4 Conclusion

In this study, we developed a basic theory of a module partitioning method that allowed for the precise extraction of
module boundaries. This method utilized finite element meshes with smaller areas than those of existing components as
the base unit. Based on graph theory, the physical indices representing the mechanical performance were regarded as
weights in the adjacency matrix along with the linkage information of components. Our objective was to prevent the
degradation of mechanical performance by utilizing spectral clustering to identify module candidates in areas with low
mechanical burdens. To demonstrate the effectiveness of our method, we applied it to a frame structure problem
simulating a car body. Following a systematic procedure, we successfully extracted candidates for module decomposition.
In the future, we plan to enhance the method to obtain a module decomposition structure that accounts for multiple loading
conditions for the frame structure.
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