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A novel method for solving static boundary-value problems named the integrated local Petrov—Galerkin sinc
method is introduced. The method uses the process of numerical indefinite integration based on the double-
exponential transformation to develop basis functions for a local Petrov—Galerkin type numerical method. Because
the developed basis functions do not satisfy the Kronecker delta property, essential boundary conditions are imposed
using the traditional penalty method and the Lagrange multiplier method. Three basis functions are introduced, and
the accuracy and efficiency of the method is examined for two problems: a one-dimensional tapered bar with
vanishing tip area and a two-dimensional plane-stress elasticity problem. The numerical results indicate that the
integrated local Petrov—Galerkin sinc method can provide greater accuracy than the sinc method based on
Interpolation of highest derivative. For the two example problems studied, the method’s high rate of convergence can
provide greater accuracy of stresses for the same computational cost as a displacement-based C’-continuous and a
mixed finite element. However, the still in development integrated local Petrov—Galerkin sinc method suffers from
requiring a more fully populated stiffness matrix and relatively high computational cost of the matrix factorization.

Nomenclature

= Young’s modulus for isotropic material, MPa

= force vector

shear modulus for isotropic material, MPa

Hilbert space of order one

sinc mesh size in the T domain

stiffness matrix

sinc discretization parameter

= number of sinc points along each computational
axis,n =2N + 1

= plane-stress reduced stiffness matrix

= physical and transformed domains, respectively,

for sinc approximation

traction tensor, MPa

global unknown vector

= prescribed, nonhomogeneous displacement

tensor, m

displacement vector, m

weight function of the /th subdomain

vector of coordinate location

orthogonal coordinate basis of the physical

domain, m

B = penalty parameter

external virtual work

internal virtual work

infinitesimal strain tensor

boundary of the domain €2

N ZW}E_Q"’{’J
1]

S
([l

=
I

K
=
N

|

HD =
T X=
B8
I n

Presented as Paper 2392 at the 50th AIAA/ASME/ASCE/AHS/ASC
Structures, Structural Dynamics, and Materials Conference, Palm Springs,
CA, 4-7 May 2009; received 8 June 2009; revision received 26 January
2010; accepted for publication 23 February 2010. Copyright © 2010 by
Wesley C. H. Slemp. Published by the American Institute of Aeronautics
and Astronautics, Inc., with permission. Copies of this paper may be made for
personal or internal use, on condition that the copier pay the $10.00 per-copy
fee to the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers,
MA 01923; include the code 0001-1452/10 and $10.00 in correspondence
with the CCC.

*National Defense Science and Engineering Graduate (NDSEG) Research
Fellow, Aerospace and Ocean Engineering, Sensors and Structural Health
Monitoring Group. Student Member AIAA.

Mitchell Professor, Aerospace and Ocean Engineering, Sensors and
Structural Health Monitoring Group. Associate Fellow AIAA.

*Postdoctoral Fellow, Aerospace and Ocean Engineering. Member AIAA.

1141

r,r, = portions of the boundary of the domain €2 on
which essential and natural boundary conditions
are applied

A = Lagrange multiplier

v = Poisson’s ratio for isotropic material

& = orthogonal coordinate basis of computational

domain

Cauchy stress tensor, MPa

mapping functions between ¢ and T domains
domain of boundary-value problem in physical

Uij
P(1), ¥(v)
Q

domain
Subscript
, Xy = partial differentiation with respect to x and y,
9*(-)/(9xdy)
I. Introduction

N RECENT years, sinc approximation has been a highly studied

topic in the research literature, particularly in conjunction with
methods for numerical integration and solving two-point boundary-
value problems (BVPs). Sinc approximation has been used as the
basis function in both the sinc-collocation method and the sinc—
Galerkin method because of the ease with which it may handle the
presence of singularities or unbounded domains [1]. Further-
more, the sinc function is highly effective at capturing oscillating
behavior in space and is thus quite useful for solutions with such
characteristics.

Difficulties in the sinc-collocation method arise in applying the
method to a BVP with mixed, Neumann-type, boundary conditions
because the derivatives of the sinc functions at the boundaries are
undefined [2]. Narasimhan et al. [3] used the finite difference method
to calculate the derivatives of the dependent variables near the
boundaries. Wu et al. [2] addressed this issue by introducing a sinc-
collocation method with boundary treatment, which they showed to
provide good convergence and easy treatment of the boundary
conditions.

Much attention has been given to the sinc—Galerkin method,
and its efficiency has been proved for both linear and nonlinear BVPs
[4-7]. Al-Khaled [8] compared the sinc—Galerkin method with He’s
[9,10] homotopy perturbation method for singular two-point BVPs.
El-Gamel [11] applies the sinc—Galerkin method to a fifth-order
BVP and compares the results with sixth-degree B-spline functions.
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The results of El-Gamel’s study [11] indicate that the sinc—Galerkin
generally performs better than the B-spline approach.

The traditional finite element method, the sinc—Galerkin and sinc-
collocation methods, and most meshless methods approximate the
primary variables through interpolation and the derivatives of the
basis functions are computed. With such methods, errors in the pri-
mary variable are amplified through differentiation. However, using
integration results in smoothing of these inherent errors. This phi-
losophy is employed by the procedure of indirect or integrated radial
basis function networks (IRBFN) by Mai-Duy and Tran-Cong
[12,13], by Wu and Ren’s [14] differential quadrature method based
on the highest derivative (DQIHD), and by Li and Wu’s [15] sinc
method based on interpolation of highest derivatives (SIHD). All
three of these methods rely on interpolation of the highest-order
derivative and a subsequent integration of this representation to
obtain the unknown function. DQIHD uses analytic integration of
Lagrange interpolation polynomials to perform the integration.
SIHD uses numerical indefinite integration based on the double-
exponential transformation as developed by Muhammad and Mori
[16] to efficiently perform the integration. Both of these techniques
are collocation methods.

The IRBEN approach has been studied extensively. Mai-Duy and
Tran-Cong [12] proposed both the direct or differentiated and
indirect or integrated radial basis function networks (DRBFN and
IRBFN, respectively) for approximation of functions. They used the
IRBEN basis function in the collocation method and showed it to
provide greater accuracy than the DRBFN used with collocation
method [17]. Mai-Duy and Tran-Cong [18] also used the IRBFN
with the weak form of the governing equation in a Galerkin
formulation; however, the natural boundary conditions were still
imposed as with the collocation scheme. Their results indicated that
the Galerkin procedure exhibited greater accuracy and higher rates of
convergence than by the collocation scheme. Furthermore, they
noted that the IRBFN basis function maintained a lower matrix
condition number than the DRBFN approach.

The differential quadrature method (DQM) was first introduced
by Bellman and Casti [19]. Substantial work has been done [20-24]
to apply the DQM method for structural mechanics problems;
however, to our knowledge, no additional work has been done
implementing the integrated form, the DQIHD method, since its
recent introduction. We emphasize that STHD and DQIHD are
collocation methods and require satisfying both natural and essential
boundary conditions [14,15,25,26].

Slemp and Kapania [25,26] showed SIHD to be an appropriate tool
for computation of through-the-thickness interlaminar stresses in
laminated composite and functionally graded composites. Typically,
BVPsin structural mechanics are expressed in terms of displacements
and strains are computed from derivatives of displacements. Because
the highest derivative in the governing equation is the primary
unknown in SIHD, the necessary derivatives for interlaminar stress
computation are obtained without postprocessing.

A recent review of meshless methods was provided by Nguyen
etal. [27]. They note that meshless method are typically implemented
either by the collocation method or by Petrov—Galerkin or Bubnov—
Galerkin methods. The meshless local Petrov—Galerkin (MLPG)
method serves as the basis for domain decomposition in many
meshless methods [28]. Batra and Zhang [29] compare collocation
and the MLPG method implemented with the symmetric smoothed
particle hydrodynamics (SSPH) basis function for two-dimensional
static structural mechanics problems. Their results indicate the
MLPG method provides greater accuracy than the collocation
method with the SSPH basis function.

In this paper, we develop a new approximate method for solving
elliptic boundary-value problems by using basis functions obtained
by indefinite integration based on the double-exponential trans-
formation [30]. The method follows the philosophy of the meshless
local Petrov—Galerkin method; however, the particles or sinc points
must lie in a set pattern on a rectangular grid as prescribed by the
double-exponential transformation. Thus, it is not a meshless
method. Moreover, the use of double-exponential indefinite inte-
gration distinguishes the approach from most methods that are

differentiation based. The present method, like SIHD, DQIHD, and
IRBEN, is called integrated because we first approximate the highest
derivative in the weak form and use numerical indefinite integration
based on the double-exponential transformation to obtain the lower
derivatives and unknown function. The process of numerical indefi-
nite integration is based on analytic integration of a sinc series
interpolation of an integrand. Thus, the name integrated local Petrov—
Galerkin sinc method is appropriate, as it classifies the method quite
well. The unknowns in our approximation are the highest derivative in
the weak form of the governing equation at each sinc point and
constants of integration. To our knowledge, the method is a novel use
of indefinite integration based on the double-exponential trans-
formation and the meshless local Petrov—Galerkin method. The scope
of this paper shall be to fully introduce the novel method, demonstrate
the application of the method, and examine the accuracy and
convergence properties for an example one- and two-dimensional
elliptic boundary-value problem in structural mechanics.

The remainder of this paper is arranged as follows. Section [ is the
Introduction. In Sec. II, we review the process of indefinite inte-
gration by double-exponential transformation as used to develop the
basis functions. Section III introduces the integrated local Petrov—
Galerkin sinc method (ILPGSM). We present our results for a fixed—
fixed tapered axial bar in Sec. IV. In Sec. V, we use the ILPGSM to
solve the two-dimensional idealized Timoshenko cantilever beam
problem. Finally, our conclusions are summarized.

II. Basis Functions Employing Double-Exponential
Indefinite Integration

Muhammad and Mori [16] developed a method of numerical
indefinite integration based on the double-exponential (DE) trans-
formation. The method is called numerical indefinite integration
because the value of the antiderivative of a function is found at a
series of points, given the value of the function at those discrete
points. The approach was used by Muhammad et al. [31] for solving
integral equations by the sinc-collocation method, and the devel-
opment is essential to the sinc method based on interpolation of
highest derivative as presented in [15,25,26]. We also refer the
readers to [32,33] for a good background on numerical integration
using the DE transformation. We will review the concept as
implemented in the ILPGSM.

The DE transformation was proposed by Takahasi and Mori [30]
in 1973 for the evaluation of integrals of an analytic functions with
endpoint singularities. One such DE transformation suggested by
Sugihara and Matsuo [34] is

t=y(r) = %tanh (g sinh(r)) + % @)

There are two salient features exploited in sinc approximate methods.
First, the domain is expanded from ¢ € (0,1) to t € (—00, 00).
Second, the product f(¥(7))¥’(r) decays double exponentially on
the real line.

A function may be interpolated on ¢ € (0, 1) by a sinc cardinal
series exploiting the DE transformation:

f~ Y f(t/x(jh))sinc(@—j) @

=N

where t = ¢(¢) is the inverse mapping of the DE transformation,
t = Y(t), h is the sinc mesh size or point-spacing within the 7 €
(—00,00) domain, and the sinc function is defined by
sinc(¢) = sin(ztr)/ (rt). Figure 1 indicates the discretized mapping
between the ¢ and T domains.

Consider evaluation of an integral

Axf(t) dr

for 0 < s < 1. The integrand is transformed to the 7 € (—o0, 00)
domain. We may write
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Fig. 1 Domain mapping between ¢ and r domains via Eq. (1).

s (s)
A Foydi= / FQE)Y (@) de 3)

Now f(¥(r))¥/'(r) may be expanded employing the sinc series
approximation:

N
FEOW@ = 3 F@GRY (hsine (%—j) @
=N
Substituting Eq. (4) into the integrand of Eq. (3) we obtain

/Osf(’)d’—hZf(‘/f(Jh))‘/f’(Jh)( (”¢(S) nj)) )

j=—N
which holds forall s € [0, 1], where Si(x) is the sine integral function
[35] defined by

Si(x) = A " sin(s)/s ds

Muhammad et al. [31] note that the convergence rate to be of order
(log(N)/N) exp(—c,N/ log(c,N)) for some positive c¢; and c,.

It should be noted that evaluating the sine integral is not trivial.
MATLAB offers a function SININT as part of its special functions.
However, inspecting the m-file reveals that symbolic math is used to
perform the operation. Numerical experiment has revealed that the
SININT function will take 42 s to perform the operation just
5000 times on a 1.61 GHz, Windows XP PC with 2 GB of RAM.
There are both trig and polynomial series expansions for the sine
integral; however, the trig series is divergent for x > 1 and the
polynomial series is slowly convergent and not precise for x > 1
[35]. Recently, an algorithm for rational approximation of the sine
and cosine integrals was developed by MacLeod [36]. Although
MacLeod [36] provides the algorithm via the NUMERALGO
section of NETLIB, the algorithm was implemented by the authors in
MATLAB for the present study. The same 5000 operations using the
rational approximation of MacLeod runs in only 0.015 s on the same
PC, 2800 times faster than MATLAB’s SININT function.

A. First-Order Approximation with Sinc Interpolation (Sinc-1)

In this paper, we consider only second-order boundary-value
problems. The weak form for such a problem contains the first-order
derivatives, and thus the basis functions must be able to be evaluated
up to the first-order derivatives.

1. One-Dimensional Problems

We assume that f(&;) is known for all §; such that 0 < &; < 1 and
corresponding to & = Y(ih) with
i={-N,—-N+1,...,—-1,0,1,...,N—1,N}

The derivative f’(£;) may be interpolated using a sinc series:

&) = Z f/(s»smc("’@ ,-) ©

Employing the previously mentioned method of indefinite
integration, we may write the function at a given point & by

1) = Zf(é,)hwuh)[ si( 740 - j)]+C

j=—N

We can express both of these relations in matrix form by
@ =E@u  fE)=A®u O

where
u = {f'(_p), f'(ysr)s -5 f (en), CF

and appropriate definition of E(§) and A (§) [37].

2. Two-Dimensional Problems

For a two-dimensional problem, assume f ¢, (§;, ;) is known and
can be accurately interpolated using a tensor product of sinc series
along each coordinate axis:

Y3 fatnn) [smc(fb@ )}

i=—N j=—N

X |:sinc (@ - ])] ®)

Employing the indefinite integration on & and applying Eq. (5), we
write

Fen(&m) =

fam =

33 o) {hW(zh)[ L1 S(M;L(é)

i=—N j=—N

- ni)} } [sinc((p(h—n) - j)] + Ci(n) 9

Note that in Eq. (9), C,(n) is a function of  only. We approximate
this function by the sinc series of the form

C\(n) = ch(n,)smc(d’(”) j) (10)

Thus, Eq. (9) becomes

faEn) = Z Z fenE )T E DT (. )
i=—N j=—N
+ ) CNTi@.J) (11)
where
Ty j) = smc(‘p@ j) (12)

Ty(Ej) = hy' oh)[

S0\

Similarly, we write

FeEm=>" " feEn)Ti(E DT )
j=-Ni=—N
N
+ ) GETIED (14)

i=—N
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The indefinite integration is performed on Egs. (11) and (14) yielding

N N
sen= [ r.ena= | ( SN faEn)TaE DTi(n, )

i=—N j=—N
N

+> ¢ (n,—)Tl(n,j)) dn + C5(8) + C, (152)

s = [reeme= | (Z S FeaEr m) T DT (0. )

N j=—N

Y CETnE i)) d& + Cs(n) + G (15b)

i=—N
Simplifying, we obtain

fEn) = / faEmdn= Z Z fenEn)TaE DT, )

i=—N j=—N

N
+ ) I )+ C(E + G, (16a)

=N

fEn) = / feEm)de= Z Z fenEn)Ta(E DT, )

i=—N j=—N

+ Z C(ENT,(E i) + Cs(n) + Co (16b)

i=—N
By reconciling the two expressions for f(&, 1), it is clear that

N
Cs() =) CGEITED), Cstn= Z C ()T (n, ])

i=—N j=—N

é4=C6=C3

where Cj is an arbitrary constant of integration. Therefore, f (£, n)
may be expressed by

fEn = Z Z FeEn)THE DT (0. )

i=—N j=—N
+ Z Ci(m)T(n, ) + Z CEDLED+C  (18)
j=—N i=—N

Now we introduce the global unknown vector u = {f,, C,,
C,, C5}7, where

C 1= {CI (é—N)7 G (E—N-H)’ o (%'N)}
C, ={C(m-n), Co(M_ns1)s -+, Co(1n)}
and
f &0 = {ffr](ngv an)vf,Sr;(ngJrl’ an)’ e 7f,$r)(gN7 T]*N)

.f‘én(E—Nﬁ n—N+])’ e ’f‘fn(EN’ UN)}

The basis functions may be written in matrix form. Accordingly, we
may say

f{-’(gv 77) = AI(S’ ﬂ)“a fjl(sv 77) = AZ(gv 77)“

fE ) =BE nu (19)

where A, A,, and B were defined by Slemp et al. [37]. This basis
function will be referred to as the sinc-1 basis function.

B. Second-Order Approximation with Sinc Interpolation (Sinc-2)

The sinc interpolation given by Eq. (2) may exhibit significant
oscillations. However, the integrated expression in Eq. (5) varies
smoothly between points. For this reason, we would expect our
results to be better if we expand the second-order derivatives. In
doing so, neither f ¢ nor f, are interpolated by the sinc interpolation
of Eq. (2).

1. One-Dimensional Problems

We approximate the second derivative using a sinc series:

[ = Z f”(s,)smc(‘z’@ j) (20)

j=—

where we assume that f”'(£;) is known for all §; such that 0 < &; <1
and corresponding to &; = y(jh) with

j={-N,-N+1,....—-1,0,1,....N— 1, N}

Employing the indefinite integration scheme, we write the first

derivative by
( n$(é) j)]+C1 1)

We can write f”(§;) (the first derivative, evaluated at the sinc points)
and repeat the integration process to obtain the function itself:

(w(s) m.)]

y B + L Siati - j))]f”(é,-) L OETC (22)

FO=3 FEmy oh)[

Jj=—N

o=y hzw(zh)v/uh)[

i=—N j=—N

We can write this in matrix form by Eq. (7) with new definitions for
E and A as given in Slemp et al. [37].

2. Two-Dimensional Problems

We approximate f ,,(£, 1) by a sinc series in two dimensions.
Applying the indefinite integration rule as before, the necessary
lower-order derivatives are given by

N

N
Z Z T2 (é? l) T3 (777 j)f.&'ém) (éi? 77;)

i=—N j=—N

f.é(‘gﬁ 77) =

Ul N
+ ;N Ci(n)T5(n. j) + .;[Cz(gi)Tz(g, i

+ C4(E)T, (&, )] + Csn + C (23)

30N TE D00 D f s )

i=—N j=—N

Fam =

+ Z Co(ENT5(E i) + Z[Cl(n,)rz(n DE

i=—N

+ C3()T>(n. )] + ng + G 24)
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N N

fEm=>"

i=N j=—

T5(, i)T3(71»]')f,gsnn(Ei’ ’7,‘)
N

N
+ Y [Ci T (0. DE + C)T3(n. )]

i=—N

N
+ Y [CEIT;E D+ CaENT5(E, )]

i=—N
+ Csén+ Ceé + Con + Cy 25)
where
N
TyE = 3 WYY ) B ; %Si(%@ _ m-)}
i=—N
X B + %Si(ﬂ(i — j))] (26)

To write the basis functions in matrix form, we introduce the global
unknown vector:

u = {f ,,, C,Cy,C;,Cy, Cs, Cg, Gy, G}
where
C,=1{C N, Ci¢_ys1)s -, CiEN)}

and with similar definitions for C,, Cs, and C, and with

f EEm = {f.éfnn(éva n—N)7 f.é&nn(éfN+l’ an)7 s 7f.&'$rm(§N’ n—N)
f,sénn(g—Ns n*N‘Fl)’ s vf,éénn(éNv nN)}

Thus, in matrix form, the basis function is given by Eq. (19) with the
appropriate definition of A, A,, and B [37]. This basis function is
referred to as the sinc-2 basis function.

C. First-Order Approximation with Linear Interpolation (Linear)

Now we develop our third type of basis function, which uses the
double-exponential integration method to obtain values of the
function at the sinc points (§;, ;). Between these points, both the first
derivative and the function are linearly interpolated. Because we do
not use the sinc interpolation but rather linear interpolation, the first-
order derivatives may be approximated without introducing oscilla-
tions. For a one-dimensional problem, we evaluate Eq. (7) only at
each sinc point. For two dimensions, Eq. (19) is evaluated only at
each sinc point. Between sinc points, both the first derivatives and the
function are linearly interpolated from that at the surrounding sinc
points. This may be performed by

£X) =Y N(X)F(X) @7)
i=1

where X is the coordinates of the point of interest, 7, is the number of
surrounding points to be interpolated between (n, =2 for 1-D,
n, = 4 for 2-D), N;(X) are the Lagrange interpolation polynomials
evaluated at the point of interest, and f(X;) are the function values
evaluated at the surrounding sinc points.

This basis function is referred to as the linear basis function.

III. Formulation of Two-Dimensional
Elastostatic Problems
To develop the ILPGSM, we consider plane-stress elasticity on the
domain 2 with boundary I' (see Fig. 2). To develop the governing
equations, the principle of virtual work is employed. The internal and
external virtual work are given by

Wiy = / (0118611 + 012812 + 03,8€1,) AQ (28)
Q

L
r, B 3 My .

Fig. 2 Diagram of physical and computational domain.

SWexl = /(t18u1 + l‘25u2) dr (29)
r

where u; is the displacement vector, o;; is the stress tensor, and 7; is a
vector representing the traction applied to the edge I" (i, j =1, 2).
Note thatT" = {X:X € I', U I',}, where T, and T, are portions of the
boundary in which an applied displacement and traction are imposed,
respectively.

The constitutive relation for linearly elastic isotropic material in
the plane-stress condition is given by

o Qu Qn 0 €1
{022 } =|Qn On O { €2 } (30)
O 0 0 Qe] 2

where the plane-stress reduced stiffnesses are defined such that

O = sz =E/(1 -, le = VQII» and Q66 =G. The infi-
nitesimal strains are defined by

{Gllvfzzs)’lz}T:{“1.1%2.2’“1,2"‘”2.1}T (31)

The balance of internal and external virtual work, expressed in
terms of displacements and their variations, is written as

A(Qn"u + Q12M2,2)5M1,1 + Q15 + Uy )8u; H + (sz"zz

+ Quatty 1)Uz + Qeelur 2 + Uy 1)8uy; A2 = /l:tlaul
T 1,8, dT (32)

In the fashion of the MLPG method, the variations of displacements
are independently selected to be a weight function with a compact
support, W/(X), where I identifies the Ith support domain.
Therefore, the equilibrium equation (32) becomes a system of
equations, each with the following form:

A (Qn"m + leuz.z)W,I] X) + QGG(”I,Z + M24|)W,12(X) ds2,

= / 1, W!(X)dr,

Ty

L (szuz,z + leul.l)W(z(X) + Qg6 (15 + uy )W (X) dQ,

- / £ W (X) dT, (33)

v}

where Q, is the support of weight function W/, T'=
{X:X € @, N T}, and u;(X) and their derivatives are approximated
by the previously introduced basis functions. The weight functions
are selected such that W/ € H' and W/(X) > 0 for X € ; and such
that W/(X) =0 for X ¢ Q,.

A. Domain Transformation

The physical domain is transformed to a rectangular compu-
tational domain defined by
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Qe=Xc=En:Ey=E=E) Ny =0 =1y)}

where (&;, ;) are sinc points, distributed by the double-exponential
transformation. For a mesh size 4, the sinc points correspond to

i,j={-N,-N+1,....—1,0,1,...N— 1, N}

defined by &; = ¥(ih) and n; = ¥ (jh) [see Eq. (1)]. There are a total
of n=2N+1 sinc points along each axis. The domain
transformation between the physical and computational domain is
performed using a mapping of the form x; = f,(§,17) and
x> = f»(&, n). We suggest using Lagrange interpolation polynomials
to represent the geometric transformation in a similar manner to the
isoparametric elements in the finite element method [38,39];
however, any generic angle preserving mapping is applicable. The
primary displacement variables and their pertinent derivatives in the
physical and computational domain are related by

_ ou; ou; 0 du; on
ui(xy, xp) = u; (&, m), ax, (x1,x2) 38 9, + o ox, (34)

where i, j = 1,2 and variables with an overbar are expressed in the
computational domain. We note that the weight functions W(X)
may be related to those expressed in the computational domain,
W!(X,), by Eq. (34) as well.
The area dS2; is mapped into the computational domain by
0f10f> 9f19f>
dQ@, = (BE o 85)dédn, dQ; = |J|d&dn  (35)

We note that in the computational domain, each edge of the
boundary I', corresponds to either constant £ or constant 7. There-
fore, the boundary integrals can be transformed to the compu-
tational domain by relating the differential line elements to
differential changes in & or n:

_ (3N (92
are= | (5) + ()

_ (0N, (32) 36
= () + () e o

where I';_. and T',_. are portions of boundary in the physical
domain on which & and 7 are, respectively, constant in the compu-
tational domain. By defining the following matrices,

d d
K= [ (e o+ 5L asen uiggan 61
@ X X

the local Petrov—Galerkin approximation can be written as

|:Q11K{1 + 0xsKly 01K, + 0K, i| (ﬁl )
0,KL + 05Ky,  01KL, + 0gK] |\ 11
(fr, 1 W(X) dl",)

(38)
fl’: LW!(X)dT,

where u; and u, are the unknowns of the basis functions. By
selecting n, weight functions of compact support, where n,, is the
number of unknowns per primary variable, an equal number of
equations as unknowns are obtained. Because the sinc points are
distributed such that they lie on a rectangular domain, we select
weight functions with rectangular support as indicated in Fig. 3. We
specify the support of the /th weight function in the computational
domain to be defined by

erl = {Xc:(gmin = E = Emax) n (nmin = n = nmax) n QL}

Traditionally, the MLPG method would select Gauss functions or
other radial basis functions [29,40,41] as weights; however, for our

Ie
» - . - £
Qc i r, | T
- M”nwi. Theeooees Feseee Oeomomrtbm e oo oor | - R
B
| I,
L | T o

Fig. 3 Local Petrov—Galerkin subdomains in the computational
domain. The dots indicate centers of the given subdomain; x indicates
sinc points within the computational domain.

study, we use weight functions having quadratic variations of the
form

W& n)
3 { (@18 + bi§ + (@’ + bin+ i), (En) € Qy
0, (Sv T’) € QC'I
a[ — —4 b] — 4('§max + ’i:min)
! (Emax - Emin)z ’ ' (’i:max - émin)2
C’ — _4Smax'§min a] — —4
! (Emax - gmin)2 ' : (Tlmax - r/min)2
4 . —4 .
bé — (nmax + nmm) Cé _ Tmax "Tmin (39)

(Tlmax - T’min)z ’ B (nmax - nmin)z

B. Essential Boundary Conditions

Because the basis functions do not possess the Kronecker delta
property, applying the essential boundary conditions is not trivial. To
do so, we implement two approaches: the traditional penalty method
and the Lagrange multiplier method.

For the traditional penalty method, the local reaction forces given

by
/ t;0u;dT,
Iy

are replaced by a penalty term for a subdomain intersecting the
boundary on which the essential boundary conditions are imposed.
That is, the local reaction forces are replaced by the following term:

B | (u;— u;)8u;dl’; (40)
Iy

where f is a penalty parameter. Zhu and Atluri [42] suggest a range of
(10°-107)E for the penalty parameter, where E is the relative
magnitude of the governing equations. For structures problems, we
take E to be Young’s modulus of the material. Because of the large
penalty parameter B, the essential boundary conditions are imposed
in an approximate sense.

The present method also uses the Lagrange multiplier approach. In
this case, for a boundary on which an essential boundary condition is
imposed, the local reaction force given by

/ t;6u; dI’,
v}

AL (Suy)dr, + / M (u — @t) dT, 1)
I, I,

is replaced by
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where A!, is introduced as an additional unknown. Because SA! are
arbitrary, they are independently set to SW!(X) resulting in an
additional equation in which B is included to provide a similar
magnitude between equations resulting from SA! and equations
resulting from 8u;. In practice, A! sz (8u;) dT'; need not be evaluated.
This term can simply be lumped into the unknown A!. Furthermore,
in order to maintain a similar magnitude of the unknowns and prevent
ill conditioning, A was normalized by B.

C. Integration Scheme

The integration in the weak form merits some discussion. For basis
functions with sinc interpolation, we integrate over each subdomain
using Gauss quadrature. Because the integrals involve expressions
with sinc and sine integral functions, an exact quadrature rule cannot
be used. To compensate, the number of integration points was

increased until a similar result was obtained by two successive
integration rules.

IV. One-Dimensional Tapered Axial Bar

To assess the accuracy of the ILPGSM, we perform one-
dimensional, static analysis of a fixed—fixed, homogeneous, axial bar
that is subjected to a uniform distributed force. The boundary-value
problem is expressed by

[EA(X)MJ(X)]J +po=0,
u(0) =0,

in2={x0<x<L}
and u(L)=0
where E is Young’s modulus, A(x) is the cross-sectional area at a

given x, and p, is the distributed force per unit length. Let A,
represent the area at the root (x = 0). Accordingly, we normalize by
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introducing i = EAgu(x)/(poL?), X = x/L, and a(x) = A(x)/A,.
We drop the overbar. Note that the normalized stress is given by
o=u;(x).

To obtain the local weak form, we multiply by a weight function of

compact support, integrate over that support, and carry out the
integration by parts. We obtain

I

Wimaeu, WL~ [ OV a0 - W) a2, =0

42)

with Q; = {xixl,, < x < xl .}

The physical and computational domains are related by
x=(E—-£&_y)/(Ey —&_y). The displacement and its pertinent
derivatives in the physical and computational domain are related in
an analogous manner to the two-dimensional case presented in
Sec. III. The primary variable and its derivative, u(&) and u ; (&), are
approximated by the basis functions. Note that by selecting ., weight
functions, Eq. (42) becomes a system of n, equations of the form
Ku = f. For the first-order basis functions, n, = n + 1. For the
second-order basis function, n, = n + 2.

For the present study, weight functions of compact support were
constructed by the following scheme. We select n,, weight functions
whose subdomains are centered at &, according to the DE
transformation. For mesh size i, we select

2l —n, —1

Sz-mid=¢(Nh ) 1=1,2,3,....n,
n, —1

The subdomain widths are selected such that there are at least two
sinc points within the subdomain. Let x be the vector of sinc points
and let X ;4 be the vector of subdomain centers; the function min 2(a)
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Fig. 4 Displacement and stress obtained with N = 10 (21 sinc points) and the ILPGSM method using the Lagrange multiplier method to impose
essential boundary conditions for § = 0.01. Results are compared with analytic solution.
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returns the second-smallest entry in a vector a. Then the width of each
subdomain is given by d; = 2min 2(|x — X, |), the Ith subdomain
maximum is given by &, = &/-mia + d;/2, and the Ith subdomain
minimum is given by &, = &-mia — d;/2. Note that there are some
subdomains whose maximum or minimum lies outside of the domain
Q. The &,,;, and &, are used in the one-dimensional equivalent to
Eq. (39) to construct the weighting functions. However, the
integration is performed over

Q('1 = {S:(gmin = E = gmax) n (é € Q()}

The ILPGSM was implemented for the axial barin MATLAB R14
Service Pack 2 using all three basis functions. The sinc mesh size &
[see Eq. (2) and Fig. 1] was taken to be 2.5/N. Slemp and Kapania
[25] showed that choosing the mesh size & = 2.5/N provides good
accuracy and convergence for SIHD; therefore, it seems appropriate
for the present study.

We consider a tapered bar with vanishing tip area. The area is
selected having the form a(x) = (1 — x + 8) /(1 + 8) with § = 0.01
and 0.0001, thatis alinear area variation with root-to-tip area ratios of
101:1 and 10, 001:1, respectively. Our results were compared with
the analytic solution (see Slemp et al. [37]):

(84 1) (xlog(d) — (x —1)log(d + 1) — log(—x + 8 + 1))
- log(6) —log(6 + 1)

u(x)

In Fig. 4, we plot the solution obtained by the ILPGSM and the
three basis functions using N = 10 for § = 0.01. For the ILPGSM
results, the essential boundary conditions were imposed by the
Lagrange multiplier method; however, similar results were obtained
using the penalty method with a penalty parameter of 1 x 10°. The
figure indicates that the displacement and stress were predicted
accurately using both the sinc-1 and sinc-2 basis functions.
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However, the displacement results obtained using the linear basis
function are erroneous by 7% at its maximum and the stress results
are erroneous by 29% at x = L. The sinc-1 basis function exhibits
some oscillations in the stress, which is a characteristic of the sinc
interpolation.

In Fig. 5, similar results were plotted for § = 0.0001 or a root-to-
tip area ratio of 10,001:1. For this case, both the sinc-1 and sinc-2
basis functions provide a very accurate approximation for
displacement; however, the stress is only accurately approximated
using the sinc-2 basis function. The linear basis function provides
13% error in maximum displacement and 41% error in the tip stress.
The sinc-1 basis function exhibits substantial oscillations in the
stress. The results obtained using the sinc-2 basis function are
indistinguishable from the analytic solution. Despite the substantial
stress concentration. Similar results were obtained using the penalty
method to apply the essential boundary conditions with a similar
level of accuracy.

To further numerically quantify the error, the following error
norms are defined: one for the displacement, ||¢||,, and one for the
stress, ||€||;:

fg (u — u,)?dQ
fQ uZ dQ

fg(“,l - ua,l)z dQ

and
fQ ’4:2;,1 dg

llello = llelly =

(43)

The error in displacement and stress were compared for each of the
basis function in Figs. 6-9. The convergence properties are compared
with the STHD method, a C°-continuous displacement-based finite
element solution, and a mixed finite element analysis where both the
displacements and stresses are independently approximated using
CO-continuous basis functions [43,44]. A two-dimensional mixed
finite element for plane-stress analysis was developed in Appendix A.
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Fig. 5 Displacement and stress obtained with N = 20 (41 sinc points) and the ILPGSM method using the Lagrange multiplier method to impose
essential boundary conditions for § = 0.0001. Results are compared with analytic solution.
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The finite element (FE) meshes were chosen such that the nodes were
coincident to the sinc points of the SIHD and ILPGSM solutions. In
implementing the STHD method, we follow Slemp and Kapania [25].
Each analysis approach was implemented in MATLAB for the sake of
comparison of computational time.

The error in displacement and stress was plotted in Fig. 6 for an
axial bar having root-to-tip area ratio of 101:1 and using each of the
analysis approaches. The following observations were made. The
sinc-2 basis function provides a very accurate solution, with greater
accuracy and a higher rate of convergence than both the C° finite
element analysis (FEA) and the mixed FEA when the Lagrange
multiplier method was used to apply the essential boundary
conditions. Furthermore, the solution provides greater accuracy of
the stress than the SIHD method; however, the SIHD method
provides comparable accuracy for the displacements. The sinc-1
basis function using the Lagrange multiplier method to apply the
essential boundary conditions resulted in accurate displacements;
however, the stress was erroneously approximated. This is likely to
be the result of the oscillations seen in Fig. 5. The linear basis
function with the ILPGSM provides the least-accurate solution. The
Lagrange multiplier method for applying the essential boundary
conditions results in greater or equal accuracy to the penalty method
for all basis functions.

To examine the efficiency of the ILPGSM method and compare it
with the traditional and mixed FEAs, the stress accuracy was plotted
against the total number of degrees of freedom and the total
computational time in Fig. 7. Only ILPGSM results obtained using

0
N

-
o

% Error, 100 x [|e||o

4
107l ‘
10' 10?

Number of Sinc Points, n

a) Error in displacement

% Error, 100 x [|e||y
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the sinc-2 basis function were compared with the FEAs and SIHD.
The ILPGSM solution provides substantially improved accuracy
over the SIHD method and traditional and mixed FEAs for equal
number of degrees of freedom; however, this does not translate
directly into greater efficiency. In general, the ILPGSM is less
efficient than the strong form based SIHD and the FEA analyses.
However, the figure indicates that the present method obtained
greater accuracy of the stress for equal computational cost to the
FEAs and the SIHD method if a higher accuracy is desired. The
additional computational cost of the ILPGSM is the result of a large
number of integration points and therefore a large number of basis
function evaluations needed, and a more fully populated stiffness
matrix. For N =150 or a total of 305 degrees of freedom, the
stiffness matrix contains 92,114 nonzero components, whereas for
the C°-continuous finite element with N = 150 or 301 degrees of
freedom, the stiffness matrix contains only 901 nonzero components.
The mixed finite element with N = 75 or 302 degrees of freedom, the
stiffness matrix contains only 1206 nonzero components. Thus,
while the present method is somewhat inefficient, the high rate of
convergence may achieve improved accuracy of the stress compared
with both C° and mixed finite element analyses for equal
computational cost. Moreover, the integrated nature of SIHD and
ILPGSM make them attractive candidate methods for one-step
approaches for determining higher-order derivatives of displace-
ment. These higher-order derivatives can be important such as for
determining through-the-thickness interlaminar stresses in compo-
sites [25].
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Fig. 6 Numerical error of the displacement and stress for tapered axial bar with taper ratio of 101:1 and increasing number of sinc points.

R L U G o S
% 10
8 v.
- \“o-o 0 0 -0-0-0 0 0 a-0-0
£ 107t A ]
& v-v"'"'V'v--v-
>
D ©0-0-0-0-0 0 0-0-0-00 0
-6
10 boagg .
10_8 1 1 1 L 1
100 200 300 400 500 600
Number of DOF

a) Error in displacement

% Error, 100 x |[e||1

b)

!
&

-
o

107
Computational Time, [sec|

10°

Error in stress

-V -Mixed FEM —v—(° FEM =8 -Sinc-2 (P) —o—Sinc-2 (LM) -0 -SIHD
Fig. 7 Numerical error of the stress verses number of degrees of freedom and computational time for axial bar with taper ratio of 101:1.
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Fig. 8 Numerical error of the displacement and stress for tapered axial bar with taper ratio of 10, 001:1 and increasing number of sinc points.
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Similar results were obtained for an axial bar with taper ratio of
10,001:1 in Figs. 8 and 9. Although most of the previous
discussion regarding the results in Figs. 6 and 7 may also be seen in
the present example, it should be noted that the ILPGSM provides
far superior results to the SIHD method for the 10,001:1 taper
ratio. Furthermore, it should be noted that Fig. 9 indicates that the
sinc-2 basis function and ILPGSM may be able to provide
improved accuracy of stress in the presence of a stress concen-
tration for the same computational cost as the finite element
method (FEM).

V. Two-Dimensional Timoshenko Cantilever Beam

Results were also obtained by implementing the ILPGSM for a
Timoshenko cantilever [45]. The formulation developed in Sec. III
was used for a plane-stress analysis of a rectangular panel (see
Fig. 10). The dimensions of the panel are a = 1.0 m long and
b =0.2 m wide. A parabolic shear traction is applied to the right
edge (x; = a). The traction is such that

6P(bx, — x3)

oni(a, x,) =0, D

o15(a, %) = t(x;) = (44)

taking P = 10° N/m. The top (x, =b) and bottom (x, = 0)
surfaces are traction-free. On the left edge, (x; =0), the dis-
placement is constrained such that

ul(o,x»=ﬂ1(x2>=—w(ﬁ—l)(ﬂ_ 1)

Eb b 2)J\b
. 6Pva (x, 1)2
(0, x;) = it () = Eb (Zz - 5) 45)

An analytical solution to this problem was given by Timoshenko
and Goodier [45] and has been used by Batra and Zhang [29] to verify
the accuracy of the SSPH meshless method. The analytical solution
for displacement is

uy(x,x,) = _2FP (%_%) |:3X1(2baz— x) +X2(2b+ V) ()%2_ 1)]
B

x;(4+5v)
+ 4b

(40)

The ILPGSM was implemented in MATLAB R14 Service Pack 2
using all three basis functions and with the boundary conditions
imposed by the penalty method and the Lagrange multiplier method.
The sinc mesh size, & (see Eq. (2) and Fig. 1), was taken to be 2.0/N.
The physical domain was transformed to the computational domain
by the mapping x; = a(§ — §_y)/(Ey — &-y) andx, = b(n — 1_y)/
(ny — n_y). Weight functions were chosen having the form of
Eq. (39) with &> Emins Mmax»> a0d Ny chosen for each subdomain in
an identical fashion to the tapered-bar problem. Displacements and
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Fig. 10 Boundary conditions and dimensions of the Timoshenko
cantilever problem.

stresses were obtained, using the ILPGSM with essential boundary
conditions imposed using the Lagrange multiplier method and pen-
alty method. For the sake of brevity, the contours of displacements
and stresses were only presented using the sinc-2 basis function with
essential boundary conditions imposed by the Lagrange multiplier
method, though similar results were obtained using the other basis
functions and with the penalty method for imposing essential
boundary conditions. In Fig. 11, the contours of displacement and
stresses were plotted from the results obtained using the sinc-2 basis
function with N = 10 or 21 sinc points along each axis. Note that the
contours are indistinguishable from the analytic solution, implying a
very accurate numerical solution. Additionally, the displacement and
stress contours indicated that the linear basis function performs quite
well for the present problem; however, no feasible solution could be
obtained using the sinc-1 basis function. It was also noted that for this
case, the stresses exhibit significant oscillations similar to those seen
in the tapered-bar example.

In Fig. 12, the convergence properties are compared for the
ILPGSM with each basis function and both boundary conditions
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approaches. For the sake of comparison we implement the SIHD
method, a C%-continuous finite element with u; and u, degrees of
freedom, and a mixed finite element in which u, u,, 0,,, 05, and o5,
were each independently approximated using C° basis functions.
Each approach was implemented in MATLAB for the present
problem. The details for the mixed FEM solutions are provided in
Appendix 1. For the FE meshes, the nodes were placed coincidental
to the location of sinc points. Although we recognize that the current
meshing approach may not be the most efficient approach for the
present problem, it provides a reasonable mechanism for compari-
son. Naturally, as the number of sinc points increases, the element
size decreases resulting in convergence of the FEA.

Figure 12 indicates that the sinc-2 basis function provides very
accurate displacement and stress results with very few sinc points
when the Lagrange multiplier method is employed; however, the
solution exhibits diminishing returns beyond 21 sinc points along
both axes. Nonetheless, of all the methods implemented, the sinc-2
basis function with the Lagrange multiplier approach for essential
boundary conditions provides the best accuracy for displacements
and stresses. The method’s accuracy is a significant improvement
from the STHD method and both the C° and mixed finite element
analysis for equal number of sinc points. If the boundary conditions
are imposed by the penalty method, the sinc-2 basis function is
generally less accurate than with the Lagrange multiplier method.

The linear basis function provided acceptable accuracy; however,
aslow, strictly monotonic rate of convergence was achieved using the
Lagrange multiplier method for imposing the essential boundary
conditions. As indicated by Fig. 12, the ILPGSM with this basis
function was less accurate than the STHD method. Note that using the
linear basis function resulted in comparable displacement accuracy
to the standard C° FEM; however, the linear basis function achieved
greater stress accuracy than the C° FEM. The mixed FEA provides
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Fig. 11 Contours of displacement and stress in the Timoshenko cantilever obtained by the ILPGSM with the sinc-2 basis function (N = 10). The
essential boundary conditions are imposed by the Lagrange multiplier method.
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greater accuracy than the linear basis function in both stresses and
displacements than the linear basis function. Figure 12 also confirms
that the sinc-1 basis function was not a feasible option for the
analysis.

The efficiency of the sinc-2 basis function with ILPGSM and the
Lagrange multiplier method was compared with the displacement
and mixed FE analyses in Fig. 13. Although both the mixed and
displacement-based FEAs provided acceptable accuracy (less than
1% error in the displacements) of displacements at a reduced
computational cost compared with the ILPGSM, the ILPGSM can
achieve greater overall accuracy. There is an initial cost penalty
relative to the FEAs; however, if the analysis goal is very accurate
stresses, the ILPGSM may be advantageous over traditional
displacement FEA. Also, it should be noted that for the same number
of degrees of freedom, the ILPGSM provides greater stress accuracy.

VI. Conclusions

A new integrated sinc method was proposed and assessed for one-
and two-dimensional analysis of static structural mechanics
problems. The method, named the integrated local Petrov—Galerkin
sinc method (ILPGSM), is very similar to the SIHD method [15];
however, the present method uses the methodology of the meshless
local Petrov—Galerkin method. Because the basis functions do not
possess the Kronecker delta property, results were compared by
imposing essential boundary conditions using the traditional penalty
method and the Lagrange multiplier method.

We have introduced three basis functions that each use numerical
indefinite integration based on the double-exponential trans-
formation. The primary differences of the basis function are the order
of the derivative initially approximated and the method of inter-
polating between sinc points. First-order (sinc-1) and second-order
(sinc-2) basis functions using sinc interpolation and a first-order
basis function using linear interpolation (linear) were introduced and
assessed.

One-dimensional analysis of a fixed—fixed tapered bar whose tip
area approaches zero was performed using the present method. The
results indicated that the sinc-2 basis function with ILPGSM
provides a highly convergent solution and performs very well in the
presence of the stress concentration. The method was shown to
provide greater accuracy than the SIHD method, although the cost of
integration over a local subdomain is substantial. The method also
suffers from a fully populated stiffness matrix, which adds additional
computational time in matrix factorization when compared with the
finite element method. The results indicated that despite these
inefficiencies, the present method can provide additional accuracy
for stresses in the presence of a stress concentration than traditional
finite element methods. Because of its high rate of convergence, the
ILPGSM can provide greater accuracy for equal computational cost
than a displacement-based, C°-continuous, and mixed finite element
analysis.

The ILPGSM was also implemented for a two-dimensional, plane-
stress elasticity problem. The results were compared with the
analytic solution and the accuracy and convergence properties were
compared with the STHD method and both a displacement-based, C°-
continuous and mixed finite element analysis. For the two-
dimensional problem, the sinc-2 basis function with ILPGSM once
again provided greater accuracy and higher rates of convergence than
the FEAs. Furthermore, the two-dimensional example also demon-
strated that the ILPGSM could obtain greater accuracy of displace-
ments and stresses for the same computational time as both a
displacement-based and mixed finite element analysis.

Finally, we note that the potential benefits of the present method
are assessed based on observations seen for the sample problems
analyzed with the present implementation. A formal proof of
improved accuracy and convergence rate is beyond the scope of this
study. The comparisons made with the finite element method do not
reflect an optimized implementation that may be achieved with the
very mature FEM and are provided only to illustrate the potential
benefits that could be achieved with additional development of the
proposed method.

Appendix A: Mixed Finite Element Formulation

The mixed finite elements implemented in this paper uses
Lagrange interpolation polynomials as shape functions to approx-
imate both displacements and stress components independently.
These are approximated by

u; =N(E Uy, u, =N(, U, 011:Q11N($J7)Su
0222Q11N(§, 1S5, 012:Q11N(§7 mSi2 (AD)

where N(&, n) is a matrix of element shape functions that interpolate
the nodal displacements and stresses, U; and S,;;. The plane-stress
reduced stiffness, O, was used to normalize the nodal stresses. The
present implementation uses four-node elements with the following
shape functions:

N (gv 77) — { (E+l)in+l) (5—1)7(:+1) (S—l)zfn—l) (E+17)E‘n—l) } (A2)

where the element nodes are identified in Fig. Al.
The following functional was used to obtain the stiffness matrix:

LUU&H + 0328€x + 0128y12 + 8011 (01 — Q11611 — Q1a€n)
+ 802 (02 — Q12611 — Omén) + 8012(012 — Qe V1) AR
- / 1,81, + t,8u, dT (A3)
r
where ¢;; is expressed in terms of displacements, u, and u,. If the

element degree of freedom are arranged such that u=
{UT, Ul ST, ST, ST,}7, then the element stiffness matrix is given by

0 0 01K, Qllel 0

0 0 0 Qllel Qllel
Kele= —011 K, _Q12K1y Q|1K|1 0 0
—0esK1y, —QesKix 0 01Ky 0

01K, _Q22K1y 0 0 01Ky,

(A4)

with the following matrices definitions:
—1 -1
Ku=[ [ "NGnn eyl
—1 —1
Ko= [ [ Nuon el

K, = / / NLEDNEDIIEd  (As)

andwith i, j = 1,2,...4,K,, = K, and K, = K|. The elemental
load vector is given by

F ele — {Fw Fv’ 07 0, O}T (A6)

where
Fu:/thdF Fv:/tszF (A7)
r r

For the present implementation, the elements were integrated using
Gauss quadrature with two integration points on the £ and 7 axis of

(4 ! (3)

M 2
Fig. A1 Four-node finite element used in both the displacement-based
C" and the mixed FEM with node numbering convention indicated.
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the element. This integration scheme was also used for the
standard C° finite element. The mixed and the displacement-based
C'-continuous finite element analyses for the 1-D bar problem
were implemented in a similar manner; however, the integration
was performed in an analytic fashion.
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