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This paper presents a novel method for approximate eigenanalysis of large linear systems,
with a specific focus on unstable eigenvalues in the Lyapunov sense. The method utilizes resid-
ual vector analysis, principal component analysis, and dynamic mode decomposition to identify
unstable solution modes efficiently. Outlier detection models are employed to find the problem-
atic cells on the unstructured mesh in the case of residual vector and principal component
analysis while the dynamic mode decomposition points directly to the control volumes of in-
terest without such help. By extracting and assembling corresponding rows of the Jacobian
matrix, the large system is projected on a new matrix with significantly fewer degrees of free-
dom, leading to improved computational efficiency. The eigenvalue problem is then solved on
this smaller matrix, and the obtained results are utilized for mesh optimization, enhancing the
local stability of the dynamic system. By addressing the challenges of computational complex-
ity and automation faced by previous methods, this novel approach offers a comprehensive and
automated solution for the eigenanalysis of large linear systems. The potential impact of this
method extends to various fields, providing a more efficient eigenanalysis process and opening
new avenues for exploring and optimizing complex systems.

L. Introduction

The eigenanalysis of the Jacobian matrix has been utilized as a powerful tool in mesh optimization for the local
stability improvement of unstructured mesh finite volume simulations. Recent studies have focused on finding alter-
native methods to the eigenanalysis module, aiming to reduce computational costs. These methods include outlier
detection applications, residual vector analysis, Principal Component Analysis (PCA) of solution vectors, and Dy-
namic Mode Decomposition (DMD) of solution vectors. Notably, the eigenanalysis module was identified as the most
resource-intensive aspect of the mesh optimization approach proposed by Zandsalimy and Ollivier-Gooch [|]]. There-
fore, eliminating this module from the algorithm could lead to significant computational savings. In this paper, we
present a novel approach to achieve a similar reduction in computational requirements by estimating the eigenvalues
and eigenvectors of the Jacobian matrix through our proposed method.

Zandsalimy and Ollivier-Gooch [[I]] presented a novel method for mesh optimization in unstructured finite volume
simulations, considerably improving the efficiency of a previous method. They present a new strategy for vertex selec-
tion in the mesh and an improved overall mesh optimization approach, resulting in significant efficiency improvements.
Zandsalimy and Ollivier-Gooch [2] utilized anomaly detection models to identify outlier values in the residual vector at
every iteration of the solver for possible unstable solution mode identification. This method was introduced to replace
the eigenanalysis module and was shown to work well on problems with purely real dominant unstable solution modes.
Synthetic vectors were formed out of the anomalous residual vectors, resembling the unstable eigenvectors of the so-
Iution. Further, Zandsalimy and Ollivier-Gooch [3] utilized a different anomaly detection model on the PCA solution
modes for control volume selection and synthetic vector formation. This method was shown to be more effective in the
stabilization scheme to replace the eigenanalysis module as the PCA solution modes are more similar in shape to the
solution modes than the residual vector. Zandsalimy and Ollivier-Gooch [4] utilized the dynamic mode decomposition
of the solution vectors for unstable solution mode identification. DMD provides the time dynamics of the dominant
solution modes including the magnitude growth rate as well as the oscillation frequency of each mode at a small com-
putational cost. As a result, it was possible to apply DMD on a collection of the most recent solution vectors at every
iteration of the solver. Mesh optimization through this method does not require the eigenanalysis of the large Jacobian
matrix or an outlier detection model as the unstable solution modes are detected automatically in the DMD process.
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This method was also shown to be an effective mesh optimization strategy on unstructured finite volume simulations
for the improved stability and convergence rate of the solver.

The current study aims to leverage computationally efficient methods for identifying unstable solution modes in
order to extract only the crucial information from the Jacobian matrix. By selecting specific entries from the complete
Jacobian, a new matrix with significantly fewer degrees of freedom is constructed, effectively projecting the Jacobian
onto a reduced space. Experimental evidence demonstrates that this smaller matrix exhibits similar eigenvalues and
eigenvectors as the full Jacobian matrix. Successful implementation of this approach enables us to utilize eigenanalysis
of the projected approximate Jacobian in the mesh optimization approach proposed by Zandsalimy and Ollivier-Gooch
[1]]. This advancement leads to substantial computational savings, as the eigenanalysis module was previously the
most resource-intensive component of the methodology. As demonstrated in this work, the novel Jacobian reduction
method accurately captures the correct eigenmodes and eigenvectors of the original problem while incurring minimal
computational costs. Moreover, this innovative data reduction technique can be applied to any application that involves
eigenanalysis of large matrices, provided knowledge of the non-zero pattern of the desired eigenvectors.

I1. Background

A. Numerical Simulation Scheme

The cell center finite volume method [5] is utilized for the solution to CFD problems herein with 2md-order spatial
accuracy. Roe’s scheme [6] is used for inviscid flux calculation from the piece-wise linear solution approximation
reconstructed from the piece-wise constant control volume averages. The high-quality unstructured mesh is produced
using the Generation and Refinement of Unstructured, Mixed-Element Meshes in Parallel (GRUMMP) software [[]].
The boundary conditions are applied weakly using flux values on the boundaries. The Jacobian matrix can be deter-
mined using the finite-difference method or more efficiently by chain rule differentiation [§] as follows,
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in which, R and U are the residual and solution vectors, FluxInt is the flux integral, Flux are the numerical fluxes,
RecSol are the reconstructed solutions at Gauss points, RecCoef are the reconstruction coefficients, PVars are the control
volume averages of the primitive variables used in the reconstruction, and CVars are the control volume averages of
the conserved variables [8].

B. Solution Stability

The Lyapunov stability theory [9], plays a crucial role in determining the stability of linear time-invariant systems.
According to this theory, local stability can be established when all eigenvalues of the coefficients matrix possess non-
positive real parts. Conversely, the presence of an eigenvalue with a positive real part indicates system instability.
Furthermore, the real and imaginary components of each solution mode provide valuable insights into the growth rate
and oscillation frequency, respectively.

Recent studies have leveraged this theory to analyze and enhance the stability of finite volume methods for unstruc-
tured mesh optimization. By examining the eigenspectrum of a given linear system, unstable solution modes can be
identified. Adjusting problem parameters allows modification of the real and/or imaginary parts of the corresponding
eigenvalue, thereby improving stability and convergence rate. Consequently, any simulation parameter that signifi-
cantly influences the eigenvalues of the coefficients matrix can be considered a viable candidate for manipulation. In
the context of linear systems resulting from the discretization of Partial Differential Equations (PDEs), examples of
such factors include the discretization scheme, reconstruction stencil, time step size, and numerical grid.

C. Mesh Optimization

The stabilization scheme by Zandsalimy and Ollivier-Gooch [|I]] identifies the mesh vertices whose locations have
the largest effect on the unstable eigenmodes. Modification of these vertices can result in improved stability and con-
vergence rate of the numerical simulation. An overview of this approach is presented in the following.

Eigenanalysis In Lyapunov stability theory, the unstable modes can be found on the right half of the eigenspec-

trum of the Jacobian matrix. Performing eigenanalysis on the Jacobian matrix helps us identify these modes for



further examination. Spectral transformation methods, such as the Cayley algorithm, are employed to isolate the
eigenvalues of interest. To solve the eigenvalue problem, the Krylov-Schur technique [[L0] is utilized, implemented
in the Scalable Library for Eigenvalue Problem Computations (SLEPc) [[L 1].

Vertex Selection In the next step, our focus shifts to identifying problematic cells and vertices within the mesh.
These control volumes and vertices significantly influence the Jacobian and, consequently, the eigenvalues of the
linear system. By analyzing the gradients of eigenvalues with respect to mesh vertex movement, we can pinpoint
such vertices. Specifically, we select vertices with the highest gradients of eigenvalues, as they serve as potential
candidates for mesh optimization. However, this approach can be computationally demanding due to the need for
multiple solutions to the eigenvalue problem, which should be avoided to minimize computational costs.

To address this limitation, Zandsalimy and Ollivier-Gooch [|l]] proposed an alternative approach that directly utilizes
unstable eigenvectors for vertex identification. In this method, the absolute value of an unstable eigenvector in each
cell is added as a selection measure for the adjacent vertices. By employing this technique, we can identify the ver-
tex with the largest selection measure, indicating a significant impact on the eigenvalue in question. Experimental
results have demonstrated the effectiveness of this approach as a viable proxy for efficient vertex selection. Fur-
thermore, the computational complexity of this method represents a substantial improvement over the eigenvalue
gradient-based approach.

Modification Vector To achieve the most favorable change in the corresponding eigenvalue, the selected vertices
can be modified using a movement vector. We can determine these vectors by analyzing the gradient of the eigen-
value with respect to mesh movement. Our objective is to move the vertex using the steepest descent method along
the gradient map. Calculating the eigenvalue gradients would involve solving the eigenvalue problem multiple
times using the finite difference method. However, due to the high computational cost associated with the eigen-
value problem, we have adopted an alternative approach. We estimate the gradient of an eigenvalue A with respect
to the vertex location £ using [[12],
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We can assume that the changes in solution u with respect to changes in the mesh are negligible.
Mesh Modification In this step, the gradients are utilized to identify modification vectors and to change the loca-
tions of the selected vertices. A truncated Taylor series is used for this purpose as follows.
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Here, A is the selected eigenvalue and A’ is the new modified eigenvalue.

D. Computational Complexity

The solution to the large sparse eigenvalue problem is the most computationally demanding module in this mesh
optimization approach. For a large sparse matrix A € R™*", computing m eigenvalues requires the following consider-
ations [[11],

1) Storage of m subspace vectors of length n.

2) Orthogonalization of the basis vectors, with a computational cost of O (m?n).

3) Storage of at least one dense projected eigenproblem of size m X m.

4) The solution to the projected eigenproblem with a computational cost of O (m?).
Given the high computational requirements, recent studies have aimed to eliminate the need for eigenanalysis in the
optimization procedure. For instance, Zandsalimy and Ollivier-Gooch [2] proposed an approach that utilizes outlier
detection models to analyze the residual vector and identify unstable modes in the simulation. Another approach by
Zandsalimy and Ollivier-Gooch [3] utilizes the principal component analysis of the solution update vectors for identify-
ing unstable modes. In a different study, Zandsalimy and Ollivier-Gooch [4] employed dynamic mode decomposition
of the solution update vectors, which offers a better approximation of the dynamic solution modes compared to previous
works.



E. Residual Vector Analysis

According to Zandsalimy and Ollivier-Gooch [E], the residual vector can serve as an alternative metric for vertex
identification and movement vector calculation. When the unstable eigenmode is a pure real value, the residual vector
exhibits local growth with a constant shape, indicating the dominant solution modes and highlighting problematic areas
in the mesh. However, if the dominant eigenmode possesses a non-zero imaginary part, a constant phase change occurs,
making it challenging to identify problematic cells in the mesh. Figure 1| illustrates the L, norm of the residual vector
and individual residual values for all cells in a model Burgers problem. Eigure 1d displays the residual history in
each cell, with different colors representing different control volumes. Notably, after the 10th solution iteration, certain
outlier values begin to increase in magnitude, coinciding with the growth observed in the L, norm of the residual vector

in Figure 1b.
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Fig. 1 The residual history in a Burgers problem [@]

An outlier detection model is utilized to identify the problematic cells on the mesh using the residual vector at the
correct non-linear iteration of the solution. A synthetic vector is formed using the residual value inside the selected cells
and their neighbors. This newly formed vector shares a similar shape to the unstable eigenvector in question, but does



not require explicit eigenanalysis of the Jacobian matrix. Further details on this approach can be found in Zandsalimy
and Ollivier-Gooch [2]. For the purpose of this study, the focus is solely on identifying problematic control volumes
within the mesh.

F. Principal Component Analysis

Applying principal component analysis to a selection of solution update vectors allows us to identify the dominant
solution modes. Particularly, when the unstable solution modes are purely real, the dominant PCA modes exhibit outlier
values in the problematic cells of the mesh, as demonstrated by Zandsalimy and Ollivier-Gooch [3]. By utilizing an
outlier detection model, we can analyze the principal modes derived from the PCA of solution update vectors, aiding
in the identification of cells that require modification. This approach also enables the construction of synthetic vectors
using the principal components, resembling the unstable solution modes.

PCA is a technique used to extract the most significant information from data by generating a new set of orthog-
onal vectors known as principal components. This approach is particularly valuable in addressing the computational
complexity challenges encountered in the original mesh optimization approach. The principal components in PCA can
be obtained through the Singular Value Decomposition (SVD) of a given matrix. SVD is the factorization of a matrix
A € C™™ into the product UEVH , where n > m. In this factorization, U € C"*" and V € C™*"™ are unitary matrices,
and X € R is a diagonal matrix containing the singular values. The columns of U and V represent the left and right
singular vectors of A, respectively. The SLEPc library [|1 ]] provides systematic tools to perform SVD efficiently. By
applying SVD to a subset of solution update vectors, significant computational savings can be achieved compared to
the eigenanalysis of the Jacobian matrix. For a tall and skinny matrix A € C™™ (with n > m), the computational
complexity of SVD is approximately O (nm?) [[13].

In simulations that include unstable numerical modes, the dominant PCA components exhibit anomalies in certain
cells. Consider a model Burgers problem, solved on a mesh with 500 cells using the Crank-Nicolson time-stepping
scheme. On this mesh, the solution is unstable and the Jacobian matrix includes a single unstable mode on the right
open half of the eigenspectrum. At each iteration of the solution, SVD is performed on the 10 most recent solution
update vectors. The largest solution mode at each iteration is presented in . As depicted, the solution mode
manifests outliers in a few cells near the left boundary at around iteration 11 and after. The outliers amplify with
solution iteration, extending to other cells and causing the solution to diverge. This anomalous behavior is generated
by the sole unstable numerical mode in the solution. Anomaly detection can be used as a powerful tool in detecting such
outlier values to find the correct iteration of the solution to apply the optimization as well as identify the problematic
cells for modification.
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Fig. 2 Largest solution mode contours in a Burgers problem [3]



G. Dynamic Mode Decomposition

Dynamic mode decomposition offers several advantages over principal component analysis. It not only identifies
unstable solution modes but also captures their temporal evolution behavior. DMD directly identifies dominant solu-
tion modes without the need for machine learning models. In a study by Zandsalimy and Ollivier-Gooch [4], it was
demonstrated that DMD eigenvectors can effectively select problematic control volumes on the mesh for modification.
This approach holds significant promise for mesh optimization as it eliminates the need for large-scale eigenanalysis,
resulting in potential computational savings. DMD operates by computing dynamic modes from a multivariate time
series dataset [[14]. The eigenvalues of the Koopman matrix provide insights into the dominant solution modes and
their temporal behavior. With a computational complexity of O(nm?), where m denotes the number of solution update
vectors and n represents degrees of freedom, DMD offers an efficient mesh optimization approach.

DMD is performed on the latest 10 solution update vectors in two example Burgers problems. The magnitude of the
eigenvalues of the Koopman matrix is depicted in , where each color corresponds to the evolution of a different
eigenvalue over time. In the case of a stable Burgers simulation, shown in , we observe that the magnitudes
of the DMD eigenvalues consistently remain below 1.0. However, for an unstable Burgers problem, as depicted in
, certain solution modes exhibit magnitudes greater than 1.0. Notably, the DMD eigenvectors associated with
these unstable solution modes are localized to the problematic cells on the mesh, providing direct insights into their
nature.
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Fig. 3 Eigenvalue magnitude of the Koopman matrix for two example Burgers problems [4]

II1. Methodology

The following section outlines the essential steps for a successful mesh optimization application in the current study.

A. Unstable Mode Identification

The process of mesh optimization begins by identifying unstable solution modes. Three methods have been chosen
for this purpose: residual vector analysis [2], principal component analysis of solution update vectors [3], and dynamic
mode decomposition of solution update vectors [4]. Each of these methods can be independently employed to achieve
successful mesh optimization. To establish a benchmark for future research, we conduct tests utilizing all three methods.
Once the solution modes are identified, we select and examine the problematic cells on the mesh. Anomaly detection
models as discussed by [2, 3] are used for outlier detection and problematic control volume identification in the present
study.

B. Approximate Eigenanalysis

First, we identify and extract the corresponding rows from the Jacobian matrix, relating to the selected cells and all
the control volumes in their reconstruction stencil. Since numerically unstable modes tend to be localized in specific
areas of the mesh, we can estimate the unstable eigenvalues and eigenvectors by performing eigenanalysis on these
specific rows of the Jacobian. Essentially, we recognize that the numerically unstable eigenvectors have only a few



significantly non-zero values. Therefore, by starting with this eigenvector to find the corresponding eigenvalue, we
effectively multiply the Jacobian matrix with a vector that predominantly consists of zero entries. As a result, we can
ignore the less important rows and columns of the Jacobian matrix. We extract the selected rows and the corresponding
columns from the Jacobian, projecting the large matrix on a much smaller space that is expected to capture the unstable
eigenvalues and essential features of the corresponding eigenvectors.

To demonstrate the process of Jacobian matrix projection, we present an example scenario using the standard eigen-
value problem described in . In this context, the Jacobian matrix, denoted by A € C™*", represents the
underlying system, while x € C" denotes the eigenvector, and A € C corresponds to the eigenvalue. In this study, we
propose a novel data projection method to approximate the Jacobian using a new matrix, denoted by B € C"™*". Here,
m represents the number of non-zero values in the eigenvector x. To ensure successful results, prior knowledge of the
non-zero pattern in the full eigenvector is necessary. Subsequently, we solve the approximate eigenproblem described
in , where B represents the reduced Jacobian, z € C™ denotes the reduced eigenvector, and the eigenvalue A
remains the same. Finally, the full eigenvector x can be readily reconstructed using the approximate z obtained through
this method.

Ax = Ax (5)

Bz =1z (6)

An example full eigenvalue problem of is shown in Equation 7. Here, the full Jacobian matrix is
presented along with the eigenvector x, where zero values are indicated. Due to the presence of zero values in the

eigenvector, certain rows and columns in A are irrelevant and can be zeroed out as demonstrated in . For
instance, the first row of A can be eliminated because the first entry on the right-hand side of the equation is zero.
Similarly, the first column of A can be removed because the first value of the eigenvector x on the left-hand side is zero,
and during the application of the Jacobian on this vector, the first column of the Jacobian is ignored. The resulting

equation can be further reduced to the final form displayed in , which is equivalent to .
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It is crucial to highlight that we are specifically focused on identifying unstable numerical eigenvectors that are
localized to specific areas within the mesh. Consequently, these eigenvectors exhibit high sparsity, characterized by a
small number of non-zero values. As a result, n > m and the approximate eigenproblem will have considerably fewer
degrees of freedom in comparison to the full Jacobian. Consequently, the presented optimization application achieves
significantly improved computational efficiency.



C. Approximate Eigenvector

After calculating the eigenvectors of the small projected matrix, we can perform the reverse projection process. The
zero values are reinserted into their corresponding indices (the rows that were omitted in the previous step) to obtain an
approximation of the eigenvectors for the full Jacobian matrix. These approximate eigenvectors can then be utilized in
the mesh optimization procedure presented by Zandsalimy and Ollivier-Gooch [[l]] and summarized in .
It is expected that the approximate eigenvectors will align closely with the full eigenvectors of the Jacobian, pointing
in similar directions.

To verify this, experiments are performed on different problems, and the resulting approximate eigenvectors are
compared with the full eigenvectors. In the first test case, a model Burgers problem is solved on an unstructured mesh
with 502 cells using the Crank-Nicolson time-stepping method. The residual vector is analyzed at each iteration of the
solver and two outlier values are identified at iteration 12. The Jacobian rows corresponding to these outlier values and
all the rows in their reconstruction stencil are selected to assemble the projected Jacobian. The approximate matrix in
this case is 9 X 9 compared to the full Jacobian which is 502 x 502. The full Jacobian matrix at iteration 12 of the
solver contains a single unstable mode A = 21.6647 + 01 and the approximate Jacobian contains a single unstable mode
A =121.5924 + 0I which have a relative difference of 0.33%. The right eigenvectors associated with these two unstable
modes are presented and compared in . The dot product of these two vectors is 0.99976, indicating a high level
of similarity between them.
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Fig. 4 The approximate and full eigenvectors in a Burgers problem

The next test is performed on a model Euler problem solved on an unstructured mesh with 566 cells using the
Implicit Euler time-stepping method. PCA is performed on the solution update vectors and the largest solution mode is
analyzed at each iteration for outliers. One outlier is identified at iteration 6 of the non-linear solver on the first solution
variable (density). The Jacobian row corresponding to this outlier value and all the rows in its reconstruction stencil
are selected to assemble the projected Jacobian. The approximate matrix in this case is 24 x 24 compared to the full
Jacobian which is 2264 x 2264. The full Jacobian matrix at iteration 6 of the solver contains multiple unstable modes
largest of which is 4 = 1.2792 + 0/ and the largest unstable mode in the approximate Jacobian is A = 1.8903 + 0/ which
have a relative difference of 47.77%. The right eigenvectors associated with these two unstable modes are presented
and compared in . The dot product of these two vectors is 0.9685, indicating a high level of similarity.
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Fig. 5 The approximate and full eigenvectors in an Euler problem

Another Burgers problem is solved on an unstructured mesh with 4478 cells using the Crank-Nicolson time-stepping
method. DMD is performed on the latest 10 solution update vectors and the DMD modes are analyzed. At iteration
45 the magnitude of a single DMD mode is larger than 0.9 which is stable but refers to a slow converging mode. The
Jacobian rows corresponding to the largest values in the DMD eigenvector and all the rows in their reconstruction
stencil are selected to assemble the projected Jacobian. The approximate matrix in this case is 15 X 15 compared to
the full Jacobian which is 4478 x 4478. The full Jacobian matrix at iteration 45 of the solver contains no unstable
modes. However, in this test a slow converging mode A = —2.6605 + 0/ exists, and the largest mode in the approximate
Jacobian is A = —2.7858 + 0/ which have a relative difference of 4.71%. The right eigenvectors associated with these
two unstable modes are presented and compared in . The dot product of these two vectors is 0.71486. It is
important to note that the approximate eigenvector successfully resolves the peaks in the exact eigenvector which is
essential in the mesh optimization process.
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D. Algorithm Summary

illustrates the overall optimization algorithm introduced in this study. During each iteration of the non-
linear solver, one of the three methods proposed for identifying unstable solution modes is employed. The first method
presented in , involves analyzing the residual vector and utilizing an outlier detection module to iden-
tify unstable modes, which can be identified through anomalous values in the residual vector. The second method
demonstrated in , utilizes principal component analysis on a collection of recent solution update vectors,
and anomaly detection is performed on the PCA modes to identify unstable modes. The third method discussed in
, employs dynamic mode decomposition on the solution vectors, allowing for direct identification of
unstable modes without anomaly detection. Furthermore, the presented methodology can also be used to identify slow
converging modes. If unstable modes (or modes of interest) are detected, the mesh optimization process proceeds to
the next step. The approximate Jacobian is constructed using the selected rows and all the rows in their reconstruction
stencil. Subsequently, eigenanalysis is performed on the small projected Jacobian, and the mesh optimization continues
as described by Zandsalimy and Ollivier-Gooch [[1f].

IV. Results

This section presents the results obtained from the mesh optimization procedure described in this paper. The initial
experiment involves solving a Burgers problem using the Crank-Nicolson time-stepping method on a mesh with 502
cells. This particular problem exhibits instability, characterized by a single unstable mode in its eigenspectrum. To
identify any anomalous behavior, the residual vector is subjected to an outlier detection at each iteration of the non-
linear solver. Several outliers are detected at iteration 12 of the solver. In Eigure ZI, we discussed the approximate
eigenvector for this problem. The black residual history shown in Eigure Sﬂ represents the original unstable solution,
which diverges after approximately 20 iterations. However, by employing the mesh optimization process using the
approximate eigenvector, we achieve a stable solution as indicated by the red residual history. The original and opti-
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mized meshes are depicted in , highlighting the modification of a single vertex. In comparison to the mesh
optimization results obtained by Zandsalimy and Ollivier-Gooch [|l]], our novel approach achieves a Frobenius residual
norm of 107'% in 45% fewer iterations.
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(a) Numerical mesh (b) Residual history

Fig. 8 Mesh optimization in a Burgers problem with 502 cells

In the next experiment, an Euler problem is solved using the Implicit Euler time-stepping method on a mesh with
566 cells. In this test, the pseudo-transient continuation [[1 5] method is used to systematically change the time-step size
for faster convergence in the case of stable problems and to prevent solution blow-up in the case of unstable solutions.
SVD is performed on the solution update vectors and the largest solution mode is analyzed for outlier values. The
first anomalies are detected at iteration 6 of the solver. The approximate eigenvector for this problem was discussed
in [Figure 5| In Figure 9H, the black line represents the original unstable problem that fails to converge, while the
red line presents the residual history of the stable solution obtained through mesh optimization using the approximate
eigenvector. Furthermore, illustrates the modification of a single vertex in the mesh during the process.

In comparison to the results by Zandsalimy and Ollivier-Gooch [[l]], we obtain a similar convergence rate after the
optimization process.
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Fig. 9 Mesh optimization in an Euler problem with 566 cells

The next experiment is performed on a Burgers problem using the Crank-Nicolson time-stepping on a mesh with
4478 cells. This problem is originally stable but there is a single slow-converging mode that hinders the convergence
rate substantially. DMD is performed on the latest 10 solution update vectors in the simulation and at iteration 45 a
DMD mode is identified to have a magnitude larger than 0.9. In this case, the DMD eigenvector associated with this
mode is used to find the cells of interest on the mesh. The projected eigenvector for this problem was discussed in
. As seen in the original problem is stable and converges at around 150 iterations. The process
of mesh optimization using the approximate eigenvector results in a stable solution with the residual history presented
in red converging in 50% fewer iterations. shows the location of a single vertex that was modified in the
process. In comparison to the mesh optimization presented by Zandsalimy and Ollivier-Gooch [3], we obtain a similar
convergence rate.
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Fig. 10 Mesh optimization in a Burgers problem with 4478 cells

The current study introduces an effective approach to eliminate the need for eigenanalysis of the Jacobian matrix
in the mesh optimization process for improved stability of finite volume methods. This end is achieved by identifying
the most important rows in the Jacobian matrix and assembling them into an approximate Jacobian with significantly
fewer degrees of freedom. Consequently, the computational cost associated with solving the eigenvalue problem on
the projected Jacobian is negligible compared to analyzing the full eigenspectrum. To facilitate this process, new com-
putational modules are required to identify problematic areas in the mesh and the corresponding rows in the Jacobian
matrix. Notably, the presented optimization algorithm demonstrates favorable computational savings through anomaly
detection on the residual vector and PCA solution modes. Additionally, dynamic mode decomposition of the solution
update vectors offers a computationally inexpensive method for identifying unstable modes, eliminating the need for
anomaly detection. The results obtained show substantial computational savings compared to the method employed by

Zandsalimy and Ollivier-Gooch [[1]].

shows the computational time required for the mesh optimization process in an Euler problem as a function
of the number of degrees of freedom. The solid lines represent the run-time of different modules in the current study,
while the dashed lines represent the results obtained by Zandsalimy and Ollivier-Gooch [[l]. The modules of Movement
Vector, Flow Solver, and Jacobian computations are consistent across both studies. However, in the current study, the
eigenanalysis module has been replaced with either the Anomaly Detection (on the residual vector or the PCA solution
modes) or DMD Analysis modules.

It is noteworthy that the Projected Jacobian Eigenanalysis module exhibits almost a constant run-time regardless of
the degrees of freedom, as it is independent of the mesh size. The solid black line represents the overall optimization
time in the current study, which is approximately 2.5 times lower than the dashed black line from Zandsalimy and
Ollivier-Gooch [[If], indicating a significant reduction in the time required for the mesh optimization process.
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Fig. 11 The optimization run-time of the Euler problem

V. Conclusion

The current study presents a novel method for mesh optimization of finite volume simulations. By targeting local
areas in the mesh that contribute to numerical instabilities, the study extracts the corresponding rows and columns from
the full Jacobian matrix, forming a much smaller approximate Jacobian. It is demonstrated that the projected matrix
accurately captures the unstable solution modes when the problematic cells in the mesh are correctly identified. The
key idea behind this technique is that unstable numerical solution modes tend to be highly localized in specific areas
of the solution domain. The eigenvectors associated with these modes have only a few non-zero values concentrated
in these areas of interest. By applying the Jacobian matrix to such a vector, we obtain a vector with the same non-zero
pattern. This allows us to eliminate the rows and columns corresponding to zero entries in the eigenvector, resulting in
the same eigenvalue problem.

Eigenanalysis can then be performed on the projected Jacobian, which has significantly fewer degrees of freedom
compared to the full Jacobian matrix. In the subsequent step, full eigenvectors are formed based on the approximate
eigenvectors, maintaining the same non-zero pattern. The mesh optimization approach can then proceed as usual,
where the correct vertices on the mesh are identified, movement vectors are calculated through eigenvalue gradient
calculation, and mesh modification is performed. The results presented in this paper demonstrate the feasibility of
the proposed approach for mesh optimization in unstructured mesh finite volume simulations. Notably, this method
eliminates the need for eigenanalysis of the full Jacobian matrix, which was a significant computational bottleneck
in previous studies. Moreover, the current approach enables fully automatic optimization without requiring human
intervention. Additionally, the formation of a projected approximate Jacobian is not limited to the implementation
described here; other fields working with the reduced dimensionality of large matrices that possess knowledge of the
eigenvector non-zero pattern can also benefit from this method.
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