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Abstract: The boundary element method (BEM) is a popular method for solving acoustic wave propagation problems, especially those in exterior domains, owing to its ease in handling radiation conditions at infinity. However, BEM models must meet the requirement of 6–10 elements per wavelength, using the conventional constant, linear, or quadratic elements. Therefore, a large storage size of memory and long solution time are often needed in solving higher-frequency problems. In this work, we propose two new types of enriched elements based on conventional constant boundary elements to improve the computational efficiency of the 2D acoustic BEM. The first one uses a plane wave expansion, which can be used to model scattering problems. The second one uses a special plane wave expansion, which can be used to model radiation problems. Five examples are investigated to show the advantages of the enriched elements. Compared with the conventional constant elements, the new enriched elements can deliver results with the same accuracy and in less computational time. This improvement in the computational efficiency is more evident at higher frequencies (with the nondimensional wave numbers exceeding 100). The paper concludes with the potential of our proposed enriched elements and plans for their further improvement.
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1  Introduction

The finite element method (FEM) [1] and the boundary element method (BEM) [2] are the two most popular methods for modeling the propagation of acoustic wave problems. In the FEM, the entire problem domain needs to be divided into area or volume for 2D or 3D elements, respectively. When an infinite domain is considered, a considerable number of finite elements are needed to solve the problem, or an artificial outer boundary needs to be introduced to transform the infinite domain into a bounded domain [3]. On the other hand, the BEM requires meshing only on the boundary [4] and can satisfy boundary conditions at infinity naturally. However, the coefficient matrix in the BEM is usually a dense and nonsymmetrical matrix, which can lead to a much larger storage requirement and more computing time to solve the BEM equations compared with other methods.

Researchers have developed numerous techniques in the last few decades to improve the efficiency of the BEM solutions, including the fast multipole method for potential, elastostatic, and acoustic problems (see some works in [5–11]), adaptive cross approximation method (e.g., [12–15]), and fast direct solver method (e.g., [16–19]). These methods all aim to speed up the solutions of the BEM equations and have already achieved significant progress. However, some researchers have also considered further reducing the dimensionality of the problem domain (including the 2.5D singular boundary method [20]) or improving the quality of the representation of boundary variables in the BEM to reduce the BEM model size.

Using enriched elements is one way to reduce the size of the BEM matrix while maintaining the accuracy of the model. One of the methods used to enrich elements is the partition-of-unity method (PUM). The PUM was proposed by Melenk et al. in 1996 [21] and initially used in the FEM [22–25]. The basic idea of the PUM is to apply new functions to enrich or expand the solution space and enable accurate solutions with a coarse mesh, while the use of original polynomials in the conventional finite elements ensures convergence when the mesh is refined. With the aid of the PUM, the simulation of problems with singularities (e.g., crack propagation [26,27]) and acoustic wave propagation [28,29] becomes much easier. In the BEM literature, Trevelyan et al. have published some interesting and promising work on coupling the BEM with the PUM [30–34] and using plane wave interpolation. The majority of their studies, however, have focused on using higher-order elements (quadratic or isogeometric elements) to represent the geometries of the domain accurately, while the enriched terms have been applied to represent the field more accurately and thus significant reductions in the number of elements in a BEM model can be achieved.

In solving acoustic problems, however, the desired results of acoustic quantities are often at locations far away from the boundary of the domain. The use of higher-order elements may not be critical. Therefore, constant boundary elements are often applied in the acoustic BEM because they are easier to implement (regarding the treatment of corner problems and analytical integration of the singular integrals). They are often used with fast solution methods for the acoustic BEM owing to these advantages [9]. However, the accuracy of using constant elements is often poorer than using high-order elements. It is thus worthwhile and intriguing to study the enriched constant elements, which has not been done, to improve the accuracy of using the constant elements in the acoustic BEM.

In this study, we propose two types of enrichment constant elements in the BEM for 2D acoustic wave problems: 1) a plane wave expansion with constant elements, for modeling scattering problems; and 2) a special plane wave expansion with constant elements, for solving radiation problems. Two verification problems are used to study the performance of the proposed elements regarding computational efficiency and accuracy. The numerical results show that enriched constant elements perform well in both scattering and radiation problems and that using even a single-term expansion can reduce errors markedly. The plane-wave-expansion elements are also used in solving two larger-scale problems and an acoustic meta-material model. The proposed work is novel in that it uses the enriched element concept with constant elements for the acoustic BEM. The enriched constant elements are easy to implement, more accurate, and more efficient compared with the regular constant elements.

The rest of this paper is organized as follows: In Section 2, we introduce the BEM and the enriched elements. In Section 3, two numerical verification cases using the enriched elements are presented. In Section 4, three application cases are tested, and details of the models and results are discussed. In Section 5, discussions on the potential, improvements, and future work with enriched constant elements are presented to conclude the paper.

2  Constant and Enriched Elements for 2D Acoustic BEM

2.1 Boundary Integral Equation

Consider the propagation of time-harmonic acoustic waves in a homogeneous isotropic acoustic medium Ω (either finite or infinite), governed by the following Helmholtz equation (e.g., Chapter 6 in [9]):

∇2ϕ(x)+k2ϕ(x)=0,∀x∈Ω,(1)

where ∇2 is the Laplacian operator, ϕ(x) is the acoustic pressure at point x, k=ω/c is the wave number, ω is the angular frequency, and c is the sound speed.

The boundary conditions for acoustic problems can be the Dirichlet boundary condition, Neumann boundary condition, or Robin boundary condition. For exterior domain problems, the Sommerfeld condition at infinity must also be satisfied.

Using Green’s second identity, and letting point x approach the boundary, we can obtain the boundary integral equation (BIE) as follows [9]:

c(x)ϕ(x)=∫S[G(x,y,ω)q(y)−F(x,y,ω)ϕ(y)]dS(y)+ϕI(x),(2)

where c(x)=1/2 for source point x on the boundary S (assumed to be smooth), y is the integration point on the boundary, q(y) is the normal derivative of the sound pressure at point y, and ϕI(x) is the incident wave and does not present in a pure radiation problem. The fundamental solution G(x,y,ω) and the normal derivative of the fundamental solution F(x,y,ω) for 2D acoustic problems are given by:

G(x,y,ω)=i4H0(1)(kr),F(x,y,ω)=∂G(x,y,ω)∂n(y)=−ik4H1(1)(kr)r,lnl(y),(3)

where Hn(1)() represents the Hankel function of the first kind, i=−1 is the imaginary unit number, and r is the distance between points x and y.

In the BEM, the boundary can be discretized using constant, linear, quadratic, or other higher-order elements. For solving acoustic problems, we use the constant elements to yield the following discretized form of the BIE (BEM equations) [9]:

12ϕ(x)+∑j=1N∫SjF(x,y,ω)ϕjdS(y)=∑j=1N∫SjG(x,y,ω)qjdS(y)+ϕI(x),(4)

where N is the number of elements; Sj is the jth element on boundary S, which is divided into a total number of N elements; and ϕj and qj are the constant acoustic pressure and normal derivative of the pressure on element Sj, respectively.

We collocate x at the midpoint of each element and rearrange the equations into a standard linear system of equations after applying the boundary conditions to solve Eq. (4) using constant elements:

Aλ=b,(5)

where A is the coefficient matrix with a dimension of N by N, λ is the unknown vector with unknown ϕj or qj on each element, and b is the known right-hand side vector computed from the known boundary values and/or incident wave.

2.2 Enriched Element

To introduce the enrichment, we use a new function on a constant element to better represent the acoustic field on the element. For example, for scattering problems, we describe the sound pressure on the element as the sum of a series of plane waves as follows (instead of assuming it is constant on the element):

ϕ(y)=∑l=1LAleikdl⋅y,(6)

where L is the number of plane waves used, and Al is the amplitude of the pressure at point y for the plane wave in direction dl. The unit directional vector dl can be expressed as follows:

dl=(cos⁡θl,sin⁡θl),(7)

where θl is the angle one can choose, such as

θl=2π(l−1)L+θI,l=1,2,…,L,(8)

where θI is the angle of the incident plane wave with respect to the x-axis. For scattering from a hard surface, we have q=0 on the boundary, and the discretized form of the BIE (Eq. (4)) using the plane-wave-enriched constant elements can be written as follows:

12ϕ(x)+∑j=1N∑l=1L[∫SjF(x,y,ω)eikdl⋅ydS(y)]Alj=ϕI(x),(9)

where Alj is the unknown amplitude of direction dl on the jth element.

The integral on element Sj is computed using a Gaussian quadrature for nonsingular cases. For singular cases, the values of the integral vanish because of the term r,lnl(y)=0 in the F kernel. To provide a sufficient number of equations, we must also expand the term ϕ(x) on the left-hand side of Eq. (9) using Eq. (6).

For radiation problems, it is found that the use of plane wave expansions as in Eq. (6) does not perform as well as in the scattering case. Therefore, another special wave expansion is attempted, in which the acoustic pressure and its derivative on this enriched element are described as

ϕ(y)=Aeikξ(y),q(y)=Beikξ(y),(10)

where ξ(y) is the distance from a reference point to point y, which we select (the method of selecting ξ(y) is discussed later with examples); A and B are the amplitudes of the sound pressure and its normal derivative, respectively. Thus, the discretized BIE using the special plane wave expansion for constant elements for radiation problems can be written as follows:

12ϕ(x)+∑j=1N[∫SjF(x,y,ω)eikξ(y)dS(y)]Aj=∑j=1N[∫SjG(x,y,ω)eikξ(y)dS(y)]Bj.(11)

In Eq. (11), we use a Gaussian quadrature for both singular and nonsingular cases. On a singular element (a straight line in 2D), the integral of F(x,y,ω)eikξ(y) is zero, and the integral of G(x,y,ω)eikξ(y) is weakly singular. Both can be computed using the standard quadrature formula within an acceptable range of errors.

The unknowns on a traditional constant element, an enriched element for scattering problems, and an enriched element for radiation problems are shown in Fig. 1. Note that in the scattering problems, the unknown pressure ϕ in the enriched elements is replaced by the unknown amplitude Al in the direction dl, as Fig. 1b shows. In the radiation problems, the unknown pressure ϕ or its norm derivative q is replaced by the unknown amplitude A or B, which is along the direction of the vector from the pre-set point to the point y, as Fig. 1c shows. As a result, the number of DOFs in a mesh using constant element discretization is changed from the number of elements N to NL in scattering problems. To provide additional equations, we select L collocation points on each element for the enriched elements, compared to just one collocation point on each element in the conventional constant element case.
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Figure 1: Unknowns on a constant element (a), an enriched element for scattering problems (b), and an enriched element for radiation problems (c)

Therefore, the linear system of the BEM equations with the enriched elements becomes

A′λ′=b′,(12)

where A′ is the coefficient matrix with a dimension of NL by NL (for the special wave expansion enriched element L = 1), λ′ is the unknown vector consistent with L new unknowns on each element, and b′ is the new known right-hand side vector computed with the given boundary values.

From Eqs. (4) and (9), we can observe that the sound pressures on the enriched elements are represented differently compared with the case using the conventional constant elements. The sound pressure on the enriched elements can have one or more wave shapes on a single element (Fig. 2), instead of having constant values on each entire element. Clearly, better results can be expected using the enriched elements as they can represent the wave shapes better than the conventional elements.
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Figure 2: Illustration of the variations of sound pressure on two conventional constant elements (a) and on two enriched constant elements (b)

3  Verification Problems

We consider a problem with a circular scatterer (an infinitely long cylinder) and another problem with a pulsating cylinder, both in a 2D infinite domain, to verify the correctness of the enriched elements presented in the previous section. In both cases, the circular domain has a radius of 1 m and is discretized with 60 elements initially. A field surface is defined by a square region of 15 m × 15 m around the cylinder and is placed with 2,080 field points to measure the error of the calculation. We use the L2-norm to evaluate the error ε:

ε=‖Φ−Φex‖L2‖Φex‖L2,(13)

where Φ is the vector of sound pressure values at the field points calculated using either the conventional constant elements or the enriched constant elements, and Φex is the vector of sound pressure values evaluated using the analytical solution. All the computations are done on a desktop computer with an Intel® Xeon® CPU E5-2650 v4 and 64 GB of RAM.

3.1 Scattering Problem

The sound-hard boundary condition is considered for the problem of scattering from the cylinder, with an incident plane wave propagating in the +x direction. The total wave for this scattering problem can be calculated using the analytical solution [35]:

ϕex(x)=ϕI(x)−A0[J0′(k)H0′(1)(k)Hn(1)(kr)+2∑n=1∞inJn′(k)Hn′(1)(k)Hn(1)(kr)cos⁡nθ],(14)

where A0 is the amplitude of an incident plane wave, r and θ are the polar coordinates for point x, and Jn() is the Bessel function of the first kind of order n.

The results using the enriched elements with L = 1, 3, 5, 7 and the conventional constant elements are shown in Fig. 3, in which ka is the product of the wave number and the characteristic length (in this case, a = 2 m). We plot the results for sound pressure at point (5, 0) m, with (0, 0) m being the center of the cylinder and ka being between 2 and 100 at an interval of 2. The plot shows that the results obtained using the enriched elements with L = 1, 3, 5, 7 have a significantly higher degree of accuracy than those obtained using the conventional constant elements, with the increase in the frequencies up to ka = 100. It is observed that all tested enriched elements can deliver good results within a ka range of 1–100, a much wider range than that of using the conventional constant element. It is also noticed that the results at a few frequencies exhibit spikes with larger errors, which is the case of the fictitious eigenfrequency difficulty for exterior domain problems. This issue will be addressed in future work.
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Figure 3: Results using conventional constant elements and plane-wave-enriched elements with L = 1, 3, 5, 7 at the field point (5, 0) m

The contour plots of the computed sound pressure distributions on the field surface using the analytical solution, conventional constant elements, and the enriched constant elements with L = 1 at ka = 50 are shown in Fig. 4. Clearly, the results agree well using the two types of elements. In this case, the memory and computational costs of using the plane-wave-enriched elements are nearly identical to those using the conventional constant element.
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Figure 4: Contour plots of the computed sound pressure at ka = 50 on the field surface using the analytical solution (a), conventional constant elements (b), and enriched constant elements with L = 1 (c)

An enriched constant element with three expansion terms has the same number of DOFs as that of three conventional constant elements. Therefore, we next compare the results for the scattering cylinder using these two types of elements with the same number of DOFs.

The computing time for the two types of elements with the same number of DOFs is shown in Table 1, in which ka refers to the wave number before the first occurrence of error greater than 5%, and the time is the duration it takes to calculate all the 2,080 field points from k = 1 to k = 100 at an interval of 1, for a total of 100 calculations. We notice that for the same number of DOFs, the enriched elements take less time than the conventional constant elements. As the number of elements increases, the time reduction using the enriched elements also increases.
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The errors when using 420 conventional constant elements and 60 enriched constant elements with seven expansion terms (number of DOFs = 60 × 7 = 420) are shown in Fig. 5. With the same number of DOFs, the results calculated using these two types of elements show no significant difference in the results. However, the calculation time is lower when using the enriched elements than when using conventional constant elements (see the last row of Table 1).
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Figure 5: Comparison of 420 conventional elements and 60 enriched elements with L = 7 at point (5, 0) m

3.2 Radiation Problem

Next, the model of a pulsating cylinder (with a radius of 1 m) is considered, with a constant pressure boundary condition (ϕ=100+0i) prescribed. The analytical solution for this radiation problem is given by the following equation [35]:

ϕ(x)=ϕ0H0(1)(kr),(15)

where ϕ0 is the amplitude of the sound pressure. Consider the radiation problem for ka in the range of 2–116 at intervals of 2.

We first test the case using the same type of plane-wave-expansion-enriched constant elements as used for the scattering problem. The errors of the results are shown in Fig. 6. In this test, the results of the enriched elements with L = 1, 3, 5 are calculated. By setting 5% as the upper limit of errors, we find that the constant elements perform well when ka < 80, while the results using the plane-wave-enriched elements with L = 1, 3 are unsatisfactory. This is because radiation waves have different directions as the normal direction of the boundary changes. For the radiation problem, the waves propagate mainly along the normal direction near the boundary. However, in the plane wave expansion, the direction we set does not coincide with the normal direction of the elements, which can lead to errors. The error decreases as the number of expansion terms increases to L = 5, as shown in Fig. 6. This is because with the increase in the expansion terms, one of the directions in the expansions is more likely to be closer to the normal direction of the boundary.
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Figure 6: Errors in conventional constant elements and plane-wave-enriched elements with L = 1, 3, 5

Based on this observation, to more effectively model the radiation problems with the enriched elements, we turn to the special plane-wave-expansion-enriched constant elements, as introduced in Eq. (10). In this example, the parameter ξ is chosen as the radius of the cylinder, which leads to a constant density function on each element (see Eq. (10)). However, this constant has a plane wave component and is not an arbitrary constant, as in the case of the conventional constant element. With this enriched element, we calculate ka in the range of 2–110, and the errors for using conventional constant elements and enriched constant elements are shown in Fig. 7. Compared with the results in Fig. 6, we can see that the special plane-wave-expansion-enriched elements have a better accuracy than the plane-wave-expansion element with L = 1, 3. Therefore, the targeted special plane-wave-enriched element is more efficient for modeling radiation problems than just using the same plane wave expansions as used for the scattering problems, and with more terms.
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Figure 7: Errors in results using conventional constant elements and the special plane-wave-enriched elements for the radiation problem

The contour plots of the computed sound pressure on the field surface at ka = 42 using the analytical solution, conventional constant elements, and enriched elements with the special plane wave expansion are shown in Fig. 8. Good agreement is observed among these three plots.
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Figure 8: Contour plots of the computed sound pressure on the field surface at ka = 42 using analytical solution (a), conventional constant elements (b), and enriched elements with special plane wave expansion (c)

4  Application Examples

In this section, to verify the effectiveness and efficiency of using the proposed enriched elements, we consider models of three problems on domains with more complicated geometries. To verify the accuracy of the enriched elements, we use the L2-norm in Eq. (13), in which Φex is evaluated using the converged solutions with the conventional constant elements. In all subsequent scattering cases, unless otherwise specified, we use 20 Gaussian integration points for the boundary integrals and five Gaussian integration points for the calculations at the field points.

4.1 Scattering from Multiple Cylinders

First, we study the scattering problem from a regular array of 25 (5 × 5) infinitely long circular cylinders. To describe the geometry and field accurately in this case, we use a large number of plane-wave-enriched elements. This model is used to verify whether the enriched elements are suitable for solving larger-scale BEM models.

For scattering from a hard surface, the boundary condition is q = 0. The incident plane wave propagates in the +x direction. Each cylinder has a radius of 1 m, and the distance between the centers of two neighboring cylinders is 3 m. We test this case with k = 45 1/m, and the overall nondimensional wave number ka value reaches 630 in this case. Each cylinder is divided into 1,750 conventional constant elements for obtaining the converged results, with a total of 43,750 conventional constant elements used in the entire model. When the plane-wave-expansion-enriched elements are used, we only need 400 elements for each cylinder, so there are only 10,000 elements in the entire model. A field surface is defined by a square region of 16 m × 16 m around the model to calculate the acoustic pressure and error on this surface.

The contour plots of the sound pressure on the field surface with different numbers of plane-wave-expansion terms are shown in Fig. 9. There is no significant difference in the contour plots with different numbers of expansion terms, as shown in the figure.
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Figure 9: Contour plots of sound pressure for multiple cylinders computed using conventional and enriched elements using expansions with different numbers of terms

The comparison of the numbers of elements, total numbers of DOFs, percent differences in the solutions, and computing times when using the two methods is shown in Table 2. The first row of the table shows the results using the conventional constant elements, and the following rows show the results using the enriched elements. It can be seen from the data in Table 2 that the enriched elements can be used in solving larger models, with significantly reduced computational time.
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4.2 Radiation of Multiple Cylinders

In this case, to calculate a radiation problem and investigate the effectiveness of the special plane-wave-enriched elements, we use the same model as in the previous section. For this purpose, the number of elements for each circle is set to 300 in the current calculations, which is sufficient for obtaining converged results using the conventional constant elements for the radiation problem when k = 15 1/m. The boundary condition for this radiation problem is set as q = 1. The parameter ξ is chosen as the radius of the cylinder, as in the single-cylinder radiation case.

The contour plots of sound pressure computed for the model with multiple cylinders at k = 15 1/m using the conventional constant elements and special plane-wave-enriched elements are shown in Fig. 10. From the contour plots, it is observed that results obtained using the two types of elements are in good agreement. The L2-norm is also calculated regarding the difference between the two solutions. It is found that the difference between the results using the two types of elements is only 3.87%. This suggests that the special plane-wave-enriched elements can deliver accurate results in modeling larger radiation problems.
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Figure 10: Contour plots for multiple cylinders at k = 15 1/m using conventional constant elements (a) and special plane-wave-enriched elements (b)

4.3 Meta-Material Model

In this case, we study the scattering problem of an acoustic meta-material model using the enriched elements to demonstrate the feasibility of the enriched elements in solving problems in domains with complex geometries. The rule for selecting angles of the expansion terms for the enriched elements in this case is related not only to the incidence angle of the plane wave but also to the direction normal to the boundary. We choose the first angle θ1=θI, and the rest of the angles can be expressed as follows:

θl=θn−π2+(l−1)Lπ,l=2,3,4,…,L,(16)

in which θn is the direction normal to the element.

The structure of the meta-material model is shown in Fig. 11, which is a long rectangle with dimensions of 0.03 m × 1 m. For each unit cell in this periodic structure, the sizes can be designed according to the targeted frequency. In this case, the specific dimensions are marked in Fig. 11b. This model is studied with an incident plane wave traveling from left to right and with k = 200 1/m, and the sound-hard boundary condition is considered. The field surface is defined by a square region of 2 m × 2 m around the model to calculate the sound pressure and error (differences) on this surface.

[image: images]

Figure 11: A meta-material model used in the scattering problem

The contour plots of the acoustic wave propagation under the influence of structures in the meta-material model are shown in Fig. 12. The sound waves are focused in front of the meta-material model; behind the model, the sound waves are almost insulated. Although the sound pressure distributions near the model using the one-term enriched elements are not the same as those using the constant elements in the small channel areas (shown in the insets), the overall L2-norms of results between the conventional constant elements and enriched constant elements are found to be below 2% when three and five expansion terms are used in the enriched elements, as shown in Table 3.

[image: images]

Figure 12: Contour plots of results for the meta-material model at k = 200 1/m using conventional and enriched elements
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In Table 3, the first row of numbers shows the results using 2,928 conventional constant elements. The remaining three rows show the results using the same mesh of 366 enriched elements with different numbers of expansion terms. It is shown that the enriched elements perform equally well in the model of meta-material as they do in the case of multiple cylinders. However, to obtain more accurate results when working with complex models, like those for meta-materials, more expansion terms are required. As observed in the previous example, using the enriched elements can reduce the computing time significantly, with the same level of accuracy.

Table 3 shows that for a fixed number of elements (366 elements), the accuracy of using the enriched elements improves as L increases. When we use the number of expansion terms L = 5, the accuracy of the result can converge with the difference below 0.5%, compared with that of the conventional constant elements. For numbers of expansion terms L = 1 and 3, differences in the results can also converge to below 1% if more elements are used, as shown in Table 4.
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Based on the results in Tables 3 and 4, it is evident that using the enriched elements comes with a few advantages. Specifically, the number of DOFs can be reduced, and the computing time can be shortened compared with using the conventional constant elements. Furthermore, an increase in either the number of elements or the value of L can yield converged results. It is demonstrated that applying enriched elements can improve the computational accuracy of a mesh with a fixed number of elements. Thus, the meta-material model and results show that enriched elements can be used to solve larger-scale models with more complex geometries.

5  Discussion

In this paper, two types of enriched constant elements to solve 2D acoustic wave problems are proposed: 1) a plane wave expansion, for scattering problems, and 2) a special plane wave expansion for radiation problems. These new enriched elements can be applied to solve acoustic wave problems at higher frequencies as demonstrated by the verification and application cases. To verify the accuracy of these enriched elements, two verification cases have been studied. To show their capability to solve problems with more complex geometries, three application cases have been studied. It has shown that using the plane-wave-expansion-enriched constant elements is more efficient than using the conventional constant elements for solving scattering and radiation problems with the same number of DOFs. It has also shown that the error in the results is fewer when using the enriched elements than when using the conventional constant elements at the same frequency when a boundary mesh is given. Our work is novel in using enriched elements with constant elements, making it easy to implement in the treatment of corners of geometries and analytical integration of singular integrals.

The plane-wave-expansion-enriched elements and the special-plane-wave-expansion-enriched elements still need to be improved regarding their implementations and solutions of the BEM system of equations. The fictitious eigenfrequency problems existing with the conventional BIE need to be addressed. These enriched elements can also be extended to solve 3D acoustic wave problems, although the implementation will be more complicated. The solution of the BEM equations with the enriched boundary elements can be accelerated using the fast multipole method [9] or adaptive cross approximation methods [11,13]. All these are interesting topics for further research work.
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Table 1: Comparison of two types of elements with the same number of DOFs

Conventional constant elements Sixty enriched constant elements
No. of elements ka Time (s) L ka Time (s)
60 36 130.27 1 78 129.06
180 38 193.70 3 66 149.18
300 38 249.24 5 76 154.55
420 78 326.48 7 76 175.56
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Table 3: Comparison of the accuracy and efficiency of results for the meta-material model

No. of elements No. of expansion No. of DOFs L2-norm of Time (s)
terms differences

2,928 - 2,928 - 739.85

366 1 366 9.148% 101.99

366 3 1,098 1.678% 134.86

366 5 1,830 0.386% 162.67
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Table 4: Comparison of the number of elements for convergence with different L

No. of expansion No. of elements No. of DOFs L2-norm of Time (s)
terms difference

1 2,562 2,562 0.727% 721.86
3 732 2,196 0.520% 266.23

5 366 1,830 0.386% 162.67
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(a) Structure of the meta-material (b) Dimensions for a meta-material unit cell
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Table 2: Comparison of the results for the multiple-cylinder model

No. of elements on ~ No. of expansion No. of DOFs L2-norm of Time (s)
each cylinder terms differences

1,750 - 43,750 - 25,970.20
400 1 10,000 5.339% 2,806.57
400 3 30,000 0.243% 5,998.07
400 5 50,000 0.249% 10,926.24
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(a) Conventional elements (b) Enriched elements with one-term expansion
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