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ABSTRACT

ABSTRACT

Numerical solution procedures occupy an extremely important part in many areas of science
and engineering. The subjects in these fields are of continued research interest. A variety of
numerical methods are available today for solving the initial- and/or boundary value problems in
physical science and engineering. In recent years, the differential quadrature (DQ) method has
become an increasingly popular numerical technique for the rapid and efficient solution of a
variety of science and engineering problems. Some shortcomings in the conventional numerical
techniques are not inherent in the method. Due to its rather recent origin, the DQ method may
be not well known to the engineering community. In this paper, we study the DQ method and its
applications, and introduce two kinds of special matrix product into nonlinear computations and
analysis of the DQ method as well as other numerical methods. Our work is a step forward in
nearly all important basic aspects of the method and its applications. In the following we will

briefly state our main contributions.

First, the conventional formulas of the truncation error in the DQ method do not involve the
practical grid interval and are too imprecise for many practical applications. We have obtained
new truncation error formulas, which can more accurately estimate the truncation error at any
grid point than before. Through the numerical trial and error, we propose seven general rules for
choosing grid spacings. Since the DQ method is in fact equivalent to the collocation and
pseudo-spectral methods, the truncation error formulas and rules for choice of sampling points
are also applicable for these two methods. We also give the simplified formulas for computing
the DQ weighting coefficients under equally spaced grid points and the zeros of the Chebyshev
polynomials or Legendre polynomials, and overcome the difficulty that the conventional
applications of zeros of orthogonal polynomials can not encompass the boundary points.
Second, we give the DQ approximate formulas in matrix form for boundary value problems
instead of traditional polynomial ones. By using these formulas, the fast algorithms in the
solution of Lyapunov matrix equation are introduced to the DQ calculations of multi-dimensional
problems of the second order with three orders of magnitude less computing time. The efficiency
and simplicity of the presented technique were demonstrated in the DQ solution of the Poisson
equation and steady convection-diffusion equations. We also notice the fact that the rank of the
DQ weighting coefficient matrices for the ith order derivative is M-i, where M is the number of
grid points. Moreover, the coefficient matrix is in fact power zero matrix. Based on this fact, we
proposed a new approach in implementing the multiple boundary conditions in the DQ solution
of boundary value problems of more than two order, which are often encountered in structural

engineering analysis. We also solve the difficulty applying the boundary conditions at corner
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ABSTRACT

points for this approach. Compared with the other existing approaches, the presented approach

shows easy use, good stability, wide applicability and high accuracy.

Third, we first applied the DQ method to the initial value problems and pointed out that the
method is A-stable. Therefore, the DQ method is always stable for stiff problems. Also, the DQ
method is unconditionally stable for structural dynamic analysis. We presented the DQ
approximate formulas in matrix form for initial value problems. Thus, the formulations of initial
value problems can be expressed as Lyapunov algebraic matrix equation. Several fast
algorithms in the solution of the Lyapunov matrix equations are successfully applied to reduce
the computing effort and storage requirements by an order of N*> and N?, respectively, where N
is the number of interior grid points. Consequently, the DQ method requires nearly the same
computational effort in the solution of linear stiff problems as the existing single step methods
such as Newmark and Gear methods, etc. while its high computational efficiency is maintained.
Fourth, we proved that the weighting coefficient matrices of the DQ and HDQ methods are
centrosymmetric or skew centrosymmetric matrices if using symmetric grid spacing. The
centrosymmetric matrices can be factorized into tow smaller size matrices in the evaluation of its
inverse, determinant, eigenvectors and eigenvalues. Therefore, the computational effort and
storage requirements in applying the DQ method for certain problems can be reduced by 75 per

cent and 50 per cent, respectively.

Finally, it may be our most important contributions that the Hadamard product and SJT* product
are introduced to the nonlinear computations of the DQ method as well as other numerical
methods, including finite element, finite difference, boundary element, spectral, pseudo-spectral,
Runge-Kutta, Newmark, Wilson 6 and Gear methods, etc. Due to the application of the concept
of Hadamard product and SJT product, the nonlinear formulation efforts are greatly reduced and
programming task is simplified, and we obtain the formulation-H and -S as two kinds of the
unified formulation form for general nonlinear computation. The simple iteration method
becomes a very competitive technique to the Newton-Raphson method in the solution of general
nonlinear algebraic equations. We also derived explicit formulas to describe the relation
between the condition number and perturbed error bound for the nonlinear formulation. The SJT
product is first defined by us to provide a very simple and highly efficient approach to compute
the Jacobian derivative matrix in the Newton-Raphson method for the solution of the nonlinear
formulations. Due to the utility of the Jacobian matrix in a wide range of science and engineering
areas, the SJT product may have high potential for many theory and applied analysis. Also, the
coupling formulations for the corresponding coupling nonlinear partial differential equations can

be easily decoupled by means of the Hadmard product and SJT product. For example, the

! The SJT is abbreviate of Shanghai Jiao Tong University.
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ABSTRACT

computational effort and storage requirements in the DQ analysis of geometrically nonlinear
bending of orthotropic plates are reduced to about only one twenty-seventh and one-ninth,

respectively, as much as those by Bert et al. due to the decoupling computations.

Matrix computations is of extreme importance to nonlinear analysis and computations. However,
it is noted that the conventional linear algebra is based on the linear transformation. In fact, the
ordinary matrix product computation seems not to undertake the task of nonlinear analysis and
computations very well. We need seek an alternate route to handle nonlinear problems. The
Hadamard product and SJT product provide nonlinear computations and analysis with a new
framework. Compared with the standard matrix approach applied in the nonlinear computation
and analysis, they greatly simplify the work. Due to the extreme importance of nonlinear
computation and analysis, the present researches have substantial significance in theoretical

and applied areas.

We also give a new approximate formula for directly computing the inverse of the Jacobian
matrix in the Newton-Raphson method. The formulas involves only the ordinary matrix
multiplications and, thus, can avoid the affect of the possible ill-conditioning of the Jacobian
matrix on the convergence of the Newton-Raphson method. We also give a simple approach to
eliminating or reducing the cross nonlinear algebraic terms in the resulting DQ formulations for
some differential operators and, thus, the computational efficiency of the DQ and DC methods
can be improved significantly. We discuss some essential problems for further developing the
DQ method and Hadamard product and SJT product approaches into engineering numerical

techniques.

In the appendices, we discuss algebraic and analysis properties of the Hadamard product. It is
also proved that the weighting coefficient matrices of the quadrature method based on Fourier-

type trigonometric functions are circulant matrices.
KEY WORDS: numerical method, differential quadrature method, Hadamard product, SJT

product, Jacobian matrix, centrosymmetric matrix, Lyapunov matrix equation, truncation error,

differential cubature method, stiff differential equations, simple iteration method, grid spacing.
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CHAPTER 1. INTRODUCTION

CHAPTER 1.
INTRODUCTION

1.1. General Problem Statement

The numerical computations have been playing a prominent role in many science and engineering areas.
The rapid advance in the design of computer has a profound affect on this research field, but scientists and
engineers have more expectations for improvements in numerical methods than in computers. The
development of computational methods may be of vital importance to increase the scale, accuracy and
reliability of computations, since an inordinate amount of computing time and storage required often
prohibits the calculation. On the other hand, the advances in microelectronics have also spurred
remarkable expansion of engineering methodology and software. The lower cost of simulation has helped
integrate numerical modeling more completely into the analysis and design sequence. An effective
simulation capability is often the main factor in bringing a new engineering product to market in a timely
manner or redesigning a system to meet desired objectives. Numerical simulation can also be an effective
aid to physical experiments and theoretical analysis and is used to guide the development of new
constitutive models and physical theories. In addition, the study of numerical computation itself can lead
us to some of the deepest portions of pure and applied analysis. Therefore, the research in this field will
be very significant and full of challenge.

A variety of numerical methods are available today for solving the initial- and/or boundary value
problems in physical and engineering science, for example, finite difference (FD), finite element (FE),
boundary element (BE), least square, Rayleigh-Ritz, Galerkin, pseudo-spectral, collocation, spectral,
Newmark, Wilson 6, Houblot, Runge-Kutta, semi-implicit Runge-Kutta, implicit Runge-Kutta, and Gear
methods, etc. These methods, however, have respective drawbacks in that they may be too complex
mathematically for routine engineering analysis, be relatively easy to used but limited to special cases,
need initial trial functions, or require large amounts of computational effort and consequently high cost.
For instance, in a large number of problems, reasonably approximate solutions are desired at only a few
specific points in the physical domain. However, in order to get results even at or around a point of
interest with acceptable accuracy, traditional FE and FD methods still require the use of a large number of
grid points. Consequently, the requirements for CPU time and storage are often unnecessarily large in
such cases. On the other hand, the Rayleigh-Ritz and Galerkin methods require less computational effort
as compared with the FE and FD methods. However, these methods require one to select initial trial
functions satisfying boundary conditions for problems considered, while this is not an easy task in
practice. In addition, these methods also need more strenuous formulation effort. Recently, the spectral
and pseudo-spectral methods have been extensively used in engineering analysis especially for the
numerical solutions of fluid dynamic problems. The spectral and pseudo-spectral methods belong to
global numerical techniques and are efficient for many linear and nonlinear problems, but the desired
spectral coefficients usually have no physical significance and thus assumed initial values in the solution
of nonlinear problems are inherently poor guess, so the computational effort for the nonlinear analysis is
aggravated. The BE method has definite intrinsic advantages for some kinds of engineering problems in
comparison over other numerical techniques, but it is not well suited for highly nonlinear and
inhomogeneous problems. For initial value problems, the Newmark, Wilson 6, and Houblot methods are
unconditionally stable, but the accuracy of these methods are only of two order. The Runge-Kutta method
is simple and efficient but only conditionally stable and, thus, limited to non-stiff systems. The Gear
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method is high order accurate and stiffly stable for many engineering computations. However, the method
is not suitable for structural dynamic problems with very high frequency because it is not A-stable.

The above-mentioned shortcomings are not inherent in the differential quadrature (DQ) method. Due to its
rather recent origin, the DQ method may be not well known to the computational mechanics community.
The DQ method can yield highly accurate solutions with relatively little computational effort and storage
requirements and, thus, are very suitable for recently popular personal computers. The method can easily
and exactly satisfy a variety of boundary conditions and require much less formulation and programming
effort. It have been pointed out that the DQ-type methods are basically equivalent to the collocation
(pseudo-spectral) methods. But the DQ and DC methods directly compute function values at grid points
rather than spectral variables. Thus, they are more explicit and simple for some practical applications and
especially advantageous for nonlinear problems. Moreover, the mathematical techniques involved in the
method are not sophisticated. So the DQ method is easily learned and used. The DQ method has been
shown in many studies to be a very competitive alternative to the Rayleigh-Ritz, Galerkin, collocation and
pseudo-spectral methods for general purpose. In general, the method is also much more efficient than the
FE and FD methods for models of distributed-parameter systems and problems with regular geometries.
The theoretical analysis and numerical experiments also show that the DQ method is especially efficient
for highly nonlinear problems. Recently, the DQ method has be extended to handle irregular shaped
problems as well as truss and frame structures, and achieved an early success. By employing the proper
functions as basic functions, the method has been applied successfully to deal with problems involving
steep gradients. Due to the above striking merits of the DQ method, in recent years the method has
become increasingly popular in the numerical solution of problems in engineering and physical science.

However, some essential problems in the DQ method have been not involved or fully studied in the
existing literature, for example, computational stability, truncation error, application for initial value
problems and numerical properties of its weighting coefficient matrices. The applications of the method
have so far been limited to smaller scale problems. The problems involved with nonlinearity have been
seldom analyzed by the DQ methods yet.

On the other hand, the nonlinear numerical computations and analysis become more important in recent
years. The subject in this field is another major purpose of this study. The traditional linear algebraic
approach, which is very successful for linear numerical computations, has been extended to handle the
nonlinear problems. However, since nonlinear problems have actually different from linear ones, linear
algebraic and the relative matrix approaches, which are based on the concept of linear transformation, can
not provide a unified powerful tool for nonlinear computational and analysis task. It is expected to
introduce new matrix techniques to this field.

1.2. Introduction to the DQ, HDQ and DC Methods

The DQ method was introduced by the late Richard Bellman and his associates (Bellman et al., 1971,
1972) in the early 70s. and, since then, the technique has been applied in biosciences (Bellman et al.,
1974b; Kashef et al., 1974), system identification (Bellman et al., 1974a, b, 1979; Hu et al, 1974),
diffusion (Mingle, 1977), transport process (Civan et al., 1983a), fluid dynamics (Shu et al., 19923, b,
1994a, b; Civan, 1993), chemical engineering (Quan et al., 1989; Wang, 1982; Chang, 1993; Civan,
1994b), lubrication (Malik et al., 1994), acoustics (Gutierrez et al., 1994) and Contact problems (Malik et

al., 1993), etc. Recently, the differential quadrature method are extensively used to analyze deflection,
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vibration and buckling of linear and nonlinear structural components by Bert’s group (Bert et al., 1988a,
1989, 1993, 19944, b, c, 1996a; Jang et al., 1989; Striz et al., 1988; Farsa et al., 1991; Kukretic et al.,
1992; Kang et al., 1995, 1996; Malik, 1996) and other researchers (Laura et al., 1993, 1994a, b, 1996;
Pandy et al., 1991; Sherbourne, 1991; Du, 1994; Liew, 1994; Lin, 1994). Many scholars have made
important contributions to this method and its applications. Mingle (1973) proposed a linear
transformations in the DQ method to simplify the computing effort of the evaluation of the DQ weighting
coefficients for high order derivatives. Civan et. al (1984b) extended this method to multi-dimensional
problems and integro-differential equations. Bert et. al (1988) first applied this method successfully to
structural component analysis. Qian et. al (1989a) gave the explicit formulas to compute accurately and
efficiently the DQ weighting coefficients for the 1st and 2nd order derivative, and pointed out that the DQ
method is actually equal to the collocation method. Shu et al. (1992b) applied the DQ method to fluid
dynamic problems using parallel computation based on the multi-domain technique and gave a general
recursion formulas for computing the DQ weighting coefficients. Wang and Bert (1993a) proposed a new
and efficient approach in applying the DQ method to high order boundary value problems. Chang et al.
(1993) employed the proper functions as basic functions instead of polynomial functions in the DQ
method for dealing with problems involving steep gradients successfully, while Bert et al. (1993) and
Striz et al. (1995) developed the harmonic differential quadrature (HDQ) method, which uses harmonic
functions instead of polynomial as test function in the quadrature method to handle with periodic
problems efficiently, and also circumvented the limitation for the number of grid point in the conventional
DQ method based on polynomial test function. Their study showed that the proper test functions are
essential for the computational efficiency and reliability of the DQ method. Striz et. al. (1994a) gave a
domain decomposition technique in applying the DQ method to truss and frame structures successfully.
Based on the cubature rule for multidimensional numerical integration (Engels, 1980), Civan (1989,
1994a) developed the DQ method to propose the differential cubature (DC) method as an competitive
numerical technique for the solution of multi-dimensional differential and integro-differential equations.
At present the studies on the DC method are few. But this method is very attractive to practical
engineering computations. The DQ method has been also included in some books (Bellman et al., 1973,
1985, 1986, Zwillinger, 1992)

Though the differential quadrature method has been applied in many areas, the method does not yet
attract extensive attentions in proportional to its simplicity and high efficiency. The ensuing section
introduces the notation of the differential quadrature, harmonic differential quadrature and differential
cubature methods.

1.2.1. Differential Quadrature and Harmonic Differential Methods

The essence of the DQ method is that the partial derivative of a function with respect to a variable is
approximated by a weighted sum of function values at all discrete points in that direction. Its weighting
coefficients do not relate to any special problem and only depend on the grid spacing. Thus, any partial
differential equation can be easily reduced to a set of algebraic equations using these coefficients.
Considering a function f(x) with N discrete grid points (Civan et al., 1984b), we have

o (x) N
— (m) -
T ki = szllwij f (xj ) i =12 ..., N. (1.2-1)
where x;’s are the discrete points in the variable domain. f(x;) and w;™ are the function values at these
points and the related weighting coefficients, respectively. In order to determine the weighting

coefficients Wij(m), equation (1.2-1) must be exact for all polynomials of degree less than or equal to (N-1).
3
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To avoid the ill-conditioning the Vandermonde matrix in the calculation of the weighting coefficients, the
Lagrange interpolation basis functions (Quan et al., 1989a; Shu et al., 1992a, b; Bert et al., 1993; Chen et
al., 1993a) are used as the test functions, namely,
N X _ Xi

folx)= S E— (1.2-2)

‘ ( ) |ljk[ Xk — Xi
Substituting Eqg. (1.2-2) into Eq. (1.2-1) yields the following two formulae to compute directly the
weighting coefficient of the 1st order derivative (Quan and Chang, 1989a), i.e.,

1 N P = . .
Aj = [T, i=12..,Nadj=12..,N. (1.2-32)
Xj —Xik#, Xj Xk

i#]

and
N 1 .

A =—) ——, i =12,...,N. (1.2-3b)
k= Xi — Xk

For higher order derivatives, the weighting coefficients can be generated by one recursion formula (Shu
and Richards, 1992b)

( w™ )
wir = m AW - | i % (1.2-9)
Xi — X;
and
N
Wi (M = _Z\Mj (m+1)‘ (1.2-5)

j o

where the superscript (m) and (m+1) denote the order of the derivative.

The harmonic differential quadrature method is a new development of the differential quadrature method,
which has been used successfully to solve a variety of problems. The HDQ method chooses harmonic
functions as its test functions instead of polynomials in the DQ method, i.e.,

f(x) = {1, sinzx, coszx, sin2zx, cos2zX, ..., Sin(N-1)zx/2, cos(N-1)zx/2 }, (1.2-6)

where N is an odd number. Substituting Eq. (1.2-6) into Eq. (1.2-1), we obtain N sets of N order algebraic
equations. Solving these linear algebraic equations, we can obtain the weighting coefficients of the HDQ
method. Using the same idea for obtaining the formulas (1.2-4) and (1.2-5), Wang (1995) gave the direct
computing formulas for computing weighting coefficients of the HDQ method. The HDQ method has
been found especially efficient for problems with periodic behaviors (Bert et al., 1993; Striz et al., 1995).

The weighting coefficients for high order derivatives in the DQ and HDQ methods can also be obtained
by matrix multiplication (Mingle, 1973; Civan, 1984b). For example, considering the DQ weighting
coefficients A, Bj, Cyj and Dy which are corresponding to the first, second, third and fourth order

derivatives, respectively, we have
N

Bij :ZAkA‘Kj’ Cij :ZAkBkj’ Dij :zBikBkj’
k=1 k=1 k=1 (1-2'7)
i,j=12,...,N.

1.2.2. Differential Cubature Method
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The DC method is different from the DQ method in that a partial derivative of the function with respect to
a coordinate direction is expressed as a weighted sum of the function values at all discrete points in the
entire multi-dimensional solution domain rather than simply in that coordinate direction. Considering a
two-variable function f(x, y) (Civan; 1989, 1994a), we obtains the partial derivatives with respect to x and
y expressed as

AL C.TI'D I S .
o x" = jEWij fi, =12 ..., N (1.2-8)
and
o' f(x,y) N
T\k = 2w"f k =12 ..., N (1.2-9)

where j (or i, k) denotes the one-dimensional indexing of the two-dimensional grid points and f; is the
function value at the corresponding grid point. w;*™ and w;;*” are the DC weighting coefficients for the
related partial derivatives. Note that the number of grid points N in the Egs. (1.2-8) and (1.2-9) is in the
entire multi-dimensional domain rather than only in a coordinate direction as in Eq. (1.2-1) of the DQ
method. The DC method degenerates into the DQ method in one dimensional problems. Similar to Eq.
(1.2-7) of the DQ method, it is straightforward that there exists the following formulas for the DC
weighting coefficient matrix E,, Ey, Fy, Fx and F,, for the 1st and 2nd order derivatives, i.e.,

F =E/ F, =E°, F, =EE, =FE,. (1.2-10)
For higher order derivatives, similar formulas exist. As was pointed out by Malik and Civan (1994a), the
major time-consuming calculations in the DC method are to compute the weighting coefficients. The
present formulas can effectively reduce these efforts.

More detailed descriptions on the DQ-type methods see Bellman, Kashef and Casti (1972), Civan and
Sliepcevich (1984b), Qian and Chang (1989a), Shu and Richards (1992b), Malik and Civan (1994a), Bert
and Malik (1996d), etc.

1.3. Thesis Overview

This paper focuses on the differential quadrature method and relative nonlinear computations. Our work is
a step forward in nearly all important basic aspects, including the truncation error, the choice of sampling
points, the algebraic structures of the weighting coefficient matrices, numerical stability, and new
approximate formulas in matrix form for applying the DQ method to the initial- or/and boundary value
problems. The paper is the first authentic attempt to use the DQ method for initial value problem. We also
introduce two kinds of special matrix product to nonlinear computations and analysis of the DQ method
as well as other numerical methods. We hope to present a new framework for nonlinear computation and
analysis of general purpose. In the following we briefly state our main contributions.

First, the conventional formulas of the truncation error in the DQ method, derived by Bellman et al.
(1972) by using Rolle’s theorem, do not involve the practical grid interval and are too imprecise for many
practical purpose. We gave new truncation error formulas based on the polynomial interpolation
technique. Applying our formulas, the truncation error at any grid point can be estimated much more
accurately, and it was also found that the DQ method is high order accurate numerical method. It is also
noted that the Chebyshev grid points are not optimal grid spacings although it may be the most efficient in
all existing grid spacings for some cases. It is known that the Chebyshev polynomials are derived from the

5
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optimal polynomial approximation of a function rather than of the derivatives of a function. The DQ
truncation error constants around the ends using such grid spacing are obviously larger than at other grid
points nearby the center region. Therefore, such approximation do not satisfy the optimal minimax
approximation principle. Similar situations also occur in the DQ method using the equally spaced grid
points or zeros of Legendre polynomials. Through the numerical trial and error, we propose seven general
rules for choosing grid spacings. The numerical experiments have also demonstrated that the DQ method
using the grid spacings which satisfies these rules has faster rate of convergence than using the zeros of
the Chebyshev polynomials. Since the DQ method is in fact equivalent to the collocation and pseudo-
spectral methods, the presented truncation error formulas and rules for choosing sampling points are also
applicable for these two methods. We also give the simplified formulas for computing the DQ weighting
coefficients under equally spaced grid points and the zeros of the Chebyshev polynomials or Legendre
polynomials and overcome the difficulty that the conventional applications of zeros of orthogonal
polynomials can not include the boundary points.

Second, we gave the DQ approximate formulas in matrix form for boundary value problems instead of
traditional polynomial ones. By using these formulas, the formulation effort is greatly reduced and the fast
algorithms in the solution of Lyapunov matrix equation are introduced to the DQ calculations of multi-
dimensional boundary value problems of the second order, and the computational effort is reduced by
about N® times. The high efficiency and simplicity of the presented reduction computation were
demonstrated in the DQ solution of the Poisson equation and steady convection-diffusion equations. We
notice the fact that the rank of the DQ weighting coefficient matrices for the ith order derivative is M-i,
where M is the number of grid points. Moreover, the coefficient matrix is in fact power zero matrix,
namely the weighting coefficient matrix is zero matrix when M=i. Therefore, the coefficient matrices in
the DQ method must be modified into full rank matrices before practical computation. Based on these
facts, we proposed a new approach in applying the multiple boundary conditions in the DQ solution of
boundary value problems of more than two order, which are often encountered in structural engineering
analysis. The approach is employed to analyze the static bending, vibration and buckling of plates and
beams. Compared with the other existing approaches, the presented approach shows easy use, good
stability, wide applicability and high accuracy.

Third, the stiff ordinary differential equations are often encountered in automatic control, electronic
network, biosciences, physics and chemical kinetics. The traditional numerical integration methods are
not applicable for such problems. The key to handle stiff problems is the numerical stability of methods.
On the other hand, the structural dynamic analysis is a fundamental task in civil engineering,
geomechanics, ocean platform and mechanical design and production. The problems of such type are also
in general “stiff”. We first applied the DQ method to the initial value problems and pointed out that the
method is A-stable. Therefore, the DQ method is always stable for stiff problems. Since the damping
yields the negative real eigenvalues in general structural dynamic analysis, the DQ method is
unconditionally stable for such problems. We presented the DQ approximate formulas in matrix form for
initial value problems. Thus, the resulting formulations are Lyapunov algebraic matrix equation. Several
fast algorithms for the solution of the Lyapunov matrix equations are successfully applied for the present
purpose, and the computational effort and storage requirements are alleviated by an order of N® and N?,
respectively, where N is the number of interior grid points. Therefore, the DQ method requires nearly the
same computational effort as the other single step methods such as Newmark, Wilson 6, Houblot, Runge-

Kutta and Gear methods, etc. while maintaining its high computational efficiency. Some obstacles need be
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overcome to apply the DQ method for boundary value problems with complex geometries. However, the
difficulties are not inherent in applying the DQ method to the initial value problems. So the initial value
problems may be a very significant application of the DQ method in practice.

Fourth, the symmetric grid spacings such as equally spaced grid points and the zeros of orthogonal
polynomial (for example, the Chebyshev polynomial and Legendre polynomial, etc.) are often employed
in the DQ and HDQ methods. We proved that in such situations the weighting coefficient matrices of the
DQ and HDQ methods are centrosymmetric or skew centrosymmetric ones. The centrosymmetric matrix
can be factorized into tow smaller size matrices in the evaluation of its inverse, determinant, eigenvectors
and eigenvalues. Therefore, the computational effort and storage requirements in applying the DQ method
for certain problems (especially for problems with symmetric boundary conditions) can be reduced by 75
per cent and 50 per cent, respectively. The skew centrosymmetric matrix is first studied and found to have
the similar factorization properties of the centrosymmetric matrix. The practical applications in the DQ
solutions of steady-state convection-diffusion problems and static deflection, vibration, buckling of beams
and plates also showed that the computational effort and storage requirements are greatly reduced and the
scale of computed problems is enlarged.

Fifth, it may be our most important contributions that the special matrix products are introduced to the
nonlinear computations of the DQ methods as well as other numerical methods, including finite element,
finite difference, boundary element, collocation, pseudo-spectral, spectral, Newmark, Wilson 6, Runge-
Kutta and Gear methods, etc. By using the Hadamard product, we obtained two new types of nonlinear
formulation for nonlinear computations of general purpose, which are denoted as the formulation-S in the
ordinary and Kronecker product form and the formulation-H in the Hadamard product form. The
nonlinear formulation efforts are greatly reduced and programming task is simplified. It is known that the
stability analysis of nonlinear computations is not an easy task. We derived explicit formulas to describe
the relation between the condition number and perturbed error bound for the nonlinear formulation-S and
formulation-H. The idea of instability and ill-conditioning are closely related in numerical computations.
Therefore, the present formulas establish the basis for stability and error analysis of nonlinear
computations. The computational efficiency of the standard iteration formula in the simple iteration
method is usually not high. This is reason why the simple iteration method is not so popular as the
Newton-Raphson method. Due to applying the Hadamard power and function concepts, the construction
of the efficient iterative formulas in the simple iteration method becomes similar to handling nonlinear
scalar function and very easy to be accomplished. Thus, the Hadamard product approach offers a
compact, efficient and convenient procedure for use of the simple iteration method. The convergence
speed is linear in the simple iteration method and, by contrast, quadratical in the Newton-Raphson
method. However, the Newton-Raphson method requires computing the Jacobian derivative matrix and its
inverse. The Newton-like iterative methods also suffer from the serious practical disadvantages in that
these iterations will converge only if suitable initial values can be found. The simple iteration method
does not require so stringent initial guess. For these reasons, the simple iteration method becomes very
competitive to the popular Newton-Raphson methods as well as its variants. The conclusion is also
demonstrated via numerical examples. The most important feature of the Hadamard product may be its
ability to express the nonlinear relation in the problems of interest.
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We first defined a new special product of matrix and vector, SJT" product. The SJT product provides a
very simple and highly efficient approach to accurate calculation of the Jacobian derivative matrix in the
Newton-Raphson method for the solution of the nonlinear formulations. Due to the utility of the Jacobian
matrix in a wide range of science and engineering areas, the SJT product may have high potential for
many theory and applied analysis. Also, the coupling nonlinear formulations for the corresponding
coupling nonlinear partial differential equations can in general be decoupled by means of the Hadmard
product and SJT product. Therefore, the computational effort and storage requirements are alleviated
extremely. The Hadamard product and SJT product approach was successfully applied in the DQ analysis
of geometrically nonlinear bending of orthotropic plates and nonlinear vibration of beams as well as fluid
dynamics problems. For geometrically nonlinear bending analysis, the computational effort and storage
requirements are reduced to about only one twenty-seventh and one-ninth, respectively, as much as those
by Bert et al. due to decoupling computations.

We also give a new approximate formula for directly computing the inverse of the Jacobian matrix in the
Newton-Raphson method. The formulas only involves the ordinary matrix multiplications and does not
require the conventional inversion computation as in the Gauss elimination method or the Gauss-Jordan
method. Therefore, the possible ill-conditioning of the Jacobian matrix in the iteration process, which
often occurs in the solution of large nonlinear systems, can not affect the convergence of the Newton-
Raphson method. By converting some nonlinear differential operators into a combination of a linear
operator and a simpler nonlinear operator, the cross nonlinear algebraic terms in the DQ and DC
formulation for problems of interest are eliminated or reduced and thus the requirements for virtual
memory and computational effort are reduced greatly. Finally, several critical problems for further
developing the DQ method and Hadamard product and SJT product techniques into a engineering
approaches are also discussed.

In appendix I, we discuss the algebraic and analysis properties of the Hadamard product. These properties
may be valuable in a wide range of nonlinear computation and analysis. In appendix II, we also proved
that the weighting coefficient matrices of the quadrature method based on Fourier-type trigonometric
principle are circulant ones.

It is stressed that the following chapters place their emphasis on our recent work. The details on the
related work by other researchers can be found in an excellent survey provided by Bert and Malik
(1996d), and not presented here in great detail for the sake of brevity.

" SJT is the abbreviate of Shanghai Jiao Tong University
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CHAPTER 2.
SOME BASIC ASPECTS ON NONLINEAR COMPUTATIONS

2.1. Introduction

Matrix computations is of vital importance in nonlinear analysis and computations. The traditional linear
algebraic approach, which is very successful for linear numerical computations, has been extended to
handle the nonlinear problems. However, since nonlinear problems have actually different from linear
ones, linear algebraic and the relative matrix approaches, which are based on the concept of linear
transformation, can not provide a unified powerful tool for nonlinear computational and analysis task. In
fact, the ordinary matrix product computation seems not to undertake the task of nonlinear analysis and
computations very well. We need seek an alternate matrix approach to handle nonlinear problems.
Recently, contributions was made by the present authors to solve this problem (Chen et al., 1996¢,e,f).
The Hadamard product of matrices was introduced to nonlinear numerical computations of the differential
quadrature, differential cubature methods and other numerical techniques successfully. The Hadamard
product is a kind of very simple special matrix computations and not well known to the numerical
computation community. By using the Hadamard product, the nonlinear formulation effort of the DQ and
DC methods are greatly reduced, and the formulations can be expressed in explicit and easily
programmable matrix form. We also first defined the SJT product, a new kind of product of matrix and
vector, to efficiently obtain analytical solution of the Jacobian derivative matrix in the Newton-Raphson
method for the solution of the nonlinear formulations in the Hadamard product form (Chen and Zhong,
1996c¢).

The nonlinear formulation of the FD, collocation and pseudo-spectral methods can be concisely expressed
in the Hadamard product form. The formulations in the Hadamard product form are denoted as
formulation-H in this paper. By using the Hadamard product and SJT product, a new type of nonlinear
formulation in the ordinary and Kronecker product form can be obtained in the FD, DQ, DC, pseudo-
spectral, finite element, boundary element, spectral, least square, Galerkin methods, Runge-Kutta, Wilson
0, Newmark, and Gear methods, etc. The formulation of such type is represented by the formulation-S in
the latter discussion.

We further develop the foregoing work in the following areas. First, the unified approaches are proposed
to compute accurately and efficiently the Jacobian derivative matrix in the Newton-Raphson method for
the solution of general formulation-S. It is worth pointing out that the Jacobian matrix of the formulation-
H can be efficiently computed by using the SJT product approach no matter what numerical methods are
used. Second, for the linear equations, the condition number measures the effect of the round-off on the
resulting solutions of equations. We extend the approach to the error analysis of the nonlinear
formulation-S and formulation-H using the norm properties of the Hadamard product. The relation
between the perturbed error bound and the condition number is clearly expressed in the presented
formulas. Third, Chen et al. (1996¢c, f) found that the DQ formulation-H for nonlinear coupling
differential equations can be easily decoupled by using Hadamard and SJT product. Therefore, the
computational effort and complexity are reduced greatly. We introduce the relative Jacobian matrix
concept to simplify the decoupling computation further. Geometrically nonlinear bending of beams and
plates under a uniformly distributed loading is investigated and the decoupling computation is tested
successfully. Finally, the simple iteration method is applied in the solution of the formulation-H. Due to

applying the Hadamard power, the construction of the efficient iterative formulas in the simple iteration
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method becomes very easy to be accomplished. Therefore, the simple iteration method become very
competitive to the Newton-Raphson method. In addition, we give a new approximate formula for
computing the inverse of the Jacobian matrix so as to circumvent the possible ill-conditioning of the
Jacobian matrix. A simple approach is also presented to simplify the formulations of some nonlinear
operators (Chen and Zhong, 1996c).

2. 2. Hadamard Product

We introduce the notation of the Hadamard product of matrices and state its some properties first (Ni,
1984; Horn, 1990). Based on the Hadamard product concept, the Hadamard power and function are also
defined (Horn, 1990). Horn (1990) gave an excellent survey on the Hadamard product and its some
applications.

Definition 2.2.1 Let matrices A=[a;;] and B:[bij]eCNXM, the Hadamard product of matrices is defined as
A°B= [a;b;]eC™™. where CV™ denotes the set of NxM real matrices.

Definition 2.2.2 If matrix A=[a;]eC"™, then A"=[a;"]eC"™ is defined as the Hadamard power of
matrix A, where q is a real number. Especially, if a; 20, A ™V=[1/a;]eC"*™ is defined as the Hadamard
inverse of matrix A. A®=11 is defined as the Hadamard unit matrix in which all elements are equal to
unity.

Definition 2.2.3 If matrix A=[a;]eCV™, then the Hadamard matrix function f°(A) is defined as

t(A)=[f(a,)] e

Theorem 2.2.1: letting A, B and CeCM™, then

1> A°B=B°A (2-1a)
2> k(A°B)=(kA)°B, where k is a scalar. (2-1b)
3> (A+B)°C=A°C+B°C (2-1c)

4> A°B=E\"(A®B)Ey, where matrix Ey (or Ey) is defined as Ey =[ e,®e;: ---‘en®eyp], €=[0---0 Il

0---0], i=1, ---, N, Ex" is the transpose matrix of Ey. ® denotes the Kronecker product of matrices.

(2-1d)
5> If A and B are non-negative, then
imin(A) min{bn} <A,(AeB)< /ImaX(A) max{b“ } , Where A is the eigenvalue. (2-1e)
6> (detA)(detB)<det(A°B), where det( ) denotes the determinant. (2-1f)

In appendix A we will further discuss the algebraic and analysis properties of the Hadamard product in
greater detail

In the following discussions, we assume that the related boundary conditions for all given examples have
been applied to the DQ weighting coefficient matrices using the approach proposed by Wang and Bert
(1993a) or these boundary conditions are substituted directly into the DQ and DC weighting coefficient
matrices (Civan and Sliepcevich, 1984b) Therefore, the boundary conditions are no longer considered
separately. It should be noted that the modified DQ weighting coefficient matricesA , A , B, and B,

for multi-dimensional problems here are different from the A | R , B, and ny defined in Wang et al.

(1993a 1994a) in that the present ones are the resulting and stacked DQ weighting coefficient matrices in
10
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a multi-dimensional domain, while the latter are the DQ weighting coefficient matrices only in one
dimensional sense.

A(x.y) T(x.y)

Considering the quadratic nonlinear differential operator Py , its DQ formulation can

@2

be expressed in Hadamard product form as
& (x,y) & (X, — -\ (= =
(x,y) 7 f( y)z(Axf)o(Bf)
ﬁ( @2 y
The formulation (2.2-2) has explicit matrix form. The DQ formulations in Hadamard product form for
some nonlinear differential operators often encountered in practice can be expressed in a similar way:

(2.2-2)

1L oc(xyU, = {c(xjyyj)}o(ﬂxﬂ), (2.2-34)

2. (U'X)q = (KXU)Dq, where q is a real number, (2.2-3b)

3. &mﬂz(pfu‘om)o(ﬁu‘on), (2.2-3¢)
X K g Y

4 sinU, =sin(AU), (2.2-3d)

5. exp(U,) = exp(AU), (2.2-3¢)

where Bxy, A and AV denote the DQ weighting coefficient matrices for the corresponding partial

derivatives, modified by the related boundary conditions, respectively.

Striz et al. (1994a) analyzed the driven cavity problem by the differential quadrature method. The DQ
formulation was given in matrix form in Eq. (15) on p. 668 in Striz et al (1994a), namely

(Fw)} =[ 4wl AN[B.]+[8])w) - [l 4 )[8.]+]8. ]} v} -

é({px] o[ )28 ]8]+[8,]+[2.) )= (0]
where [Dy], [Dy], [Bi, [By], [A] and [A,] are the corresponding DQ weighting coefficient matrices for
the first, second and fourth order derivative along the x- and y- directions, respectively. The details see
the reference. The nonlinear terms in the formulation are incorrectly stated, since the ordinary matrix
product was used to formulate the nonlinear operator. It is impossible to express the nonlinear formulation
of the DQ method in the matrix form without the Hadamard product. In fact, equation (2.2-4) can be not
run because the operation conditions for the ordinary matrix multiplication are not satisfied obviously.

(2.2-4)

The correct matrix formulation for the nonlinear differential equation must use the Hadamard product and
is expressed as

(F ()} =([A, 0w o ([A B+ B, )iwd) ~([AJwd) < ([, )([B.] +

B v~ 0.8+ 2o, 1 +[s, ] +[o Jiwi =100

Feng and Bert (1992) applied the differential quadrature method to analyze the geometrically nonlinear
vibrations of beams. In the present study, due to applying the Hadamard product of matrices, the nonlinear

11
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formulation is greatly simplified. A explicit matrix formulation is obtained. Therefore, programming
effort is reduced.

The governing equation for this case can be normalized as

2
d*v 3a%[ g dv d’v_ 5,
07 8r L(dg) “ag @0 @20

where 12 :K’ | is centroidal moment of inertia of beam, A is area of beam cross section, a is

amplitude, v is nonlinear normal mode; §:x/L, L is length of beam, x is axial position coordinate; and

w’=w’mL/El is the dimensionless frequency,  is nonlinear frequency, m is mass per unit length, E is
modulus of elasticity. For more details see Feng and Bert (1992).

The formulation for equation (2.2-6) can be expressed in Hadamard product form as
2
BV -2 2 (G[(AV) o (AV)]|BY - oV =0 (2.27)
r

where B and D are the DQ weighting coefficient matrices, modified by the respective boundary
conditions for the 2nd and 4th order derivatives, respectively. The order of matrices B and D varies
for the various techniques in applying the multiple boundary conditions, namely, n-2 for Wang and Bert’s
new technique and n-4 for the so-called 6 technique (Jang et al. 1989; Bert et al., 1996d) or new technique
proposed by Chen et al. (1993b, 1994) and Du et al. (1994). Here n is the number of grid points. Since the
boundary conditions have been used in the formulation of B and D, they are no longer considered. Y]
is a (n-2)x1 mode vector at inner grid points. V' = {O, AR O}T , Ais original nxn DQ weighting
coefficient matrix for the 1st order derivative. Since the upper and lower bounds of the integral in Eq.
(2.2-7) are constants, it is not necessary to utilizes the DQ method for numerical integration as in Feng
and Bert (1992). We herein use the Newton-Cotes numerical integration approach for simplicity. Gisa
1xn vector composed of the Cotes coefficients for numerical integration. It is observed that the DQ
formulation equation (2.2-7) has an explicit, compact and simple matrix form, and is obviously easier for
programming than the conventional one expressed in a polynomial form in Feng and Bert paper. Also, it
is noted that there is an typographical errors in the nonlinear formulation equation (16) in Feng and Bert
(1992), namely, the first operation in that equation should be minus rather than plus.

2.3. SJT Product and its Some Properties and Applications

The Newton-Raphson method is a standard numerical technique to solve the nonlinear equation set
resulting from the DQ (or the other numerical methods) solution of the nonlinear differential or integro-
differential equations. One of the major time-consuming calculation in the Newton-Raphson method is to
compute the Jacobian derivative matrix. In this section, we will provide an efficient and explicit procedure
to compute the analytical solution of the Jacobian matrix of the nonlinear formulation in Hadamard
product form. First, we herein present a new multiplication operation — SJT product of matrix and vector:

Definition 2.3.1 If matrix A=[a;]eCV™, vector U={u}eC™*, then A0U=[a;u]eC"V™ is defined as the
postmultiplying SJT product of matrix A and vector U, where ¢ represents the SJT product. If M=1,
AOB=A°B.
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Definition 2.3.2 If matrix A=[a;]eCV™, vector V={v;}eC", then VT0A=[a;vi]eC"*™ is defined as the
SJT premultiplying product of matrix A and vector V.

2.3.1. SJT product for the evaluation of Jacobian matrix of formulation-H
The iteration formula of the Newton-Raphson method in solution of the nonlinear algebraic equations is

o) [

gk — g _LTJ ¢<U‘(k))l (2.3-1)

o _
where E denotes the Jacobian derivative matrix operator, U denotes the desired vector,

pU) = {gol(U) p,U) ... o, (L])}T is nonlinear algebraic equations. The corresponding
Jacobian derivative matrix is defined as
op, I, ap,
A, A, A,
ﬂgy {UA } 0’)¢)z o 0, O’bz
T EV T @32
p, I, ap,
L O’LJ 1 O’LJ 2 O’LJ m -

Considering the nonlinear DQ formulation (2.2-2) in section 2.2, its Jacobian matrices can be obtained by

O () — - _ — N =

E{(Axf Jo(B,f)}=A,0B,f)+B,oAf). (2.3-3)
Eq. (2.3-3) gives the accurate solutions for the Jacobian matrix of analog approximate term in Eq. (2.2-2)
through simple algebraic computations, and computational effort is reduced greatly. The SJT

premultiplying product are related to the Jacobian matrix for the DQ formulations such as
dur

— = AU",ie,
dx
;I{AXU“" f=(mum) oA (234

In the following, we discuss some operation rules in applying the SJT product to compute the Jacobian
matrix for the nonlinear formulation (2.2-3) given in section 2.2.

1 i{{c(xjyyj)}o(ﬂxﬂ)} = Aofe(x,, )| (2.3-59)
2. %{(Kﬂ)ﬂ=qKX<>(KXU‘)°(q*1). (2.3-5b)
3 ;j{(AXU_ "o (AU =m{(Un oA, Jo( AU ) +n{(UT oA, (AU

L B (2.3-5¢)
4 E{sm(AXU)}zAXOCOS"(AXU) (2.3-50)
5. %{exp"(ﬂxﬁ)}:KXOexp"(KXU) (2.3-5¢)

13
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6. 1ty =f°(g) g = ¢ (U), wehave % = Zg (2.3-5)

o o
In the above equations ( ),x =0( )/ox, ——— and E represent the Jacobian derivative matrix of certain

g

Hadamard function with respect to vectors § and U, respectively. It is observed from these formulas

that the Jacobian derivative matrix for the nonlinear formulation-H can be computed by using the SJT
product in the chain rules similar to those in differentiation of a scalar function. The above computing
formulas give the analytical solutions of the Jacobian matrix for the problems considered. The
computational effort for a SJT product is only n? scalar multiplications, namely, each entry in the Jacobian
matrix is obtained by one scalar multiplication, which may be the minimal computing cost. It is
emphasized that the SJT product approach can be efficiently implemented in a parallel treatment way.

The finite difference method is usually employed to obtain the approximate solutions of the Jacobian
matrix in practice and requires O(n?) scalar multiplications. Therefore, both the SJT product approach and
the finite difference method are essentially comparable in computing effort. However, the numerical
approximate Jacobian matrix yielded by the finite difference method often affects the accuracy and
convergence rate of the Newton-Raphson method. In contrast, the SJT product produces the analytic
solution of the Jacobian matrix.

2.3.2. The algebraic properties of the SJT product

We notice the following fact that the SJT product is closely related with the ordinary product of matrices,
namely,

If matrix A=[ay]eC™™, vector U ={u}eC™, then the postmultiplying SJT product of matrix A and
vector U satisfies

AOU =diag{uy, Uy, ....., UNJA, (2.3-6)
where matrix diag{u;, U, -.... , un}eC™N is a diagonal matrix whose main diagonal entries are the
respective entries of vector u. Similarly, for the SJT premultiplying product, we have

V T0A = Adiag{vi, Vs, ....., Vm}, (2.3-7)
where vector V ={v;}eC™*.,

Based on Egs. (2.3-4) and (2.3-5), we obtain the following properties of the SJT product, namely, if
matrices A, B eC™™, vector U =[uj]eC™, V =[v;]eC™, then

1. kikao(AOU)=(k:A)O( koU)=( koA)O( kU ), where k; and k; are scalar. (2.3-8a)
2.V ToA0U)=(V ToAOU (2.3-8b)
3. (A+B)OU =A0U +BoU (2.3-8c)
4. (A°B) oU =A°(BoU) (2.3-8d)
5. (A0U)'= UT0A", if n=m. (2.3-8e)
6. (V T OA)=ATOV | if n=m. (2.3-8f)
7. (AOU ) =(U "™)ToA™, if u0 and A exists. (2.3-8g)
8. (V ToA) =AYV ", if viz0 and A exists (2.3-8h)
N
9. det(AoU)=det(A) [ [ u, (2.3-8i)
j=1
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N
10.u(a0U)= a, U, , (2.3-8))
i-1

11 [aod], < Al U]

where H H#denotes the vector norm and the corresponding consistent submultiplicative matrix norm. The

(2.3-8K)

u
proofs for the properties are straightforward and omitted here for brevity.

2.4. Some Examples
In order to demonstrate the simplicity and efficiency of the Hadamard product and SJT product approach,
we provide the following three detailed numerical examples.
12

Example 1: y” + 1.y 0; y(0)=1y(1)=2. (2.4-1)

y |y
Considering the boundary conditions, the DQ formulation for the second order derivative of function y
can be stated as

( y; ] IV Bzz st Bz,N-l —I( Y, 1 ( 821 + ZBZ,N ]
J ys L | B_zz B.33 BS‘.N—l | Y L 831 + 283.N L

: = | : : : S :

" 2.4-2
tyN_zJ By 2, Buss * Byows I{VN_ZJ {BN 2 + 2B, Z,NJ| (24-2)
YN LBN—LZ BN—l,Z BN—l N—lJ YN BN 1 T 2BN—LN
=By +b
Similarly, we have
y' = Ay + a. (2.4-3)
The formulation for differential equation (2.4-1) in the Hadamard product form is stated as
wy) =y o(By +b) +1+(Ay +a)” =o0. (2.4-8)
By using the SJT product, we have
é)y;;}/} = 10(By +b) + By + 2A0(Ay + a). (2.4-5)
The solutions for the linear differential equation
y' =0, y(0)=1y(1)=2 (2.4-6)

are adopted as the initial guess values of the present Newton-Raphson iterative scheme. We obtains the
convergence results with four iterations. The convergence criteria is the maximum absolute residual of
Eq. (2.4-4) is less than or equal to 10*°. The maximum relative error of the DQ results is less than 0.001
when using six Chebyshev points. It is observed that Egs. (2.4-4) and (2.4-5) give explicit matrix form for
the nonlinear computation of this example. Thus, the application of the DQ method is simplified. It should
be noticed that the computational effort for each SJT product in Eq. (2.4-5) is only 16 multiplications.

Example 2. y" +sin(y’)+1=0; y(0)=0,y(1)=1 (2.4-7)
The DQ formulation for this differential equation can be expressed in the Hadamard matrix function form
wly) =By +b +sin(Ay +a) +1=0 (2.4-8)
where A, B, & and b are obtained in the way similar to the above example. The Jacobian derivative

matrix can be computed by
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aply)

s By + A0 cos (Ay +a). (2.4-9)
The solutions for linear differential equation
y"+1=0; y(0)=0,y(1)=1 (2.4-10)

are chosen as the initial guess for the iteration. We obtain convergence results no more than four iterations
when the maximum absolute residual of equations (2.4-8) is less than or equal to 10°. The results in two
successive iterates agree to six significant digits.

As is shown in these two examples, the DQ method is very easy to be used for nonlinear problems by
using the present Hadamard matrix function, Hadamard product, and SJT product approaches.

Example3.y ' — e ¥ = 0; y(0)=0, 0<x<1 (2.4-11)
The DQ formulation for this case is expressed as
oly) = Ay —e' =0 (24-12)

The Jacobi matrix is given by

vlo) = A + 10 (2.4-13)
Fast convergence and excellent results are again achieved by using the Newton-Raphson method as in the
examples 1 and 2. Six Chebyshev grid points is used as sampling points, the relative error is no more than
0.001 with three iterations. In sections 4.5 and 5.6 there are several more complex examples using the
Hadamard product and SJT product.

2.5. Decoupling Computations

It is a difficult task to compute the nonlinear coupling differential equations. Chen and Zhong (1996c)
pointed out the decoupling computation in the DQ method by using the Hadamard product and SJT
product. In this section we will introduce concept of the relative Jacobian derivative matrix among
different dependent variables to simplify decoupling computations, and discussions are given on how to
apply the Hadamard product and SJT product to decouple the nonlinear coupling formulation-H’s. The
following example will help to illustrate and clarify the present technique.

The example is geometrically nonlinear bending of the simply-supported beam under uniformly
distributed loading. The normalized governing equations are given by

d‘w Udug(dvv)”dzvv g -
dx Lrl dx 2 ldx JdXZ_EIr (25-12)
1 dU  dwW dW

=0, (2.5-1b)

= 4+ —
rL dx? dX dX?
where A=area of beam cross section, E=modulus of elasticity, I=centroidal moment of inertia of beam
cross section. The variables have been normalized in the form:

X | w u

2
X =T.ri=—2,W=—-,U-=— (255-2)
In terms of the DQ method, we have the formulation-H:
D+ - AU - L(Aw)* |o(B0) = 25
WWH T AU =AW (BN =1, (2:5-32)
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1 a a
—BU + (AW) o (B,W) = 0, (2.5-3b)

where A, and B, denote the DQ weighting coefficient matrices for the 1st and 2nd order derivative of
function U(x); Ay, By and Dy for the 1st, 2nd and 4th order derivatives of function W(x). Note that the
related boundary conditions have been applied to these weighting coefficient matrices by means of the
technique proposed by Wang and Bert (1993a). The vector W is chosen as the basic variable in the
present computation. From Eg. (2.5-3b), we have

U = —rLB,(AW) o (B,W) (2.5-4a)
A _ _
5= L(A0(BW) + B,o(AW)), (2.5-4b)
where _
O’L"l dJl dJl
le MZ Mn
AJ 0U2 éUz éUz
| M A aw, 259
Oﬁl’.Jﬂ éUn élJn
LA, AN, A, |

is the Jacobian derivative matrix of vector U with respect to vector W. The variable vector U and its
Jacobian derivative matrix can be obtained from variable vector W by using the above equations. The

A
introduction of the relative Jacobian derivative matrix ﬁ is a key idea to simplify decoupling

computations, especially for equations with many coupled dependent variables. We choose equation (2.5-
3a) as the basic equation, namely,

_ [ 1, e _ L
#(W) = DW + ;DAY +5 (AW) | (B,W) - :1? (2.5-6a)
a (1 & N rv - L
M”f =D+ At AO(AW) J<>( BW)+ B0 AU +(AW)” | (2.5-6b)
The Newton-Raphson iteration equation for this case is
U
W =W — | gw ). (2.5-7)
| W)

The numerical results are obtained by using eleven Chebyshev grid points. The solutions for linear
simply-supported beam are used as the iterative initial guess. Table 2-1 displays the iteration number,
linear and nonlinear solutions, and relative derivation for various loading ¢, where relative derivation is
defined as (Nonlinear - Linear)/Nonlinear.

As can be observed, the iterative times increases as the loading increases. Compared with the results of
linear modeling, the deflection W is decreased due to the consideration of the nonlinearity under large
deflection situation. The results agree well with the theoretical analysis for this problems (Wang, 1969;
Houlden, 1973). But the analytical solutions for the governing equation (2.5-1a, b) are not available in the
literature. Note that the number of nonlinear algebraic equations are reduced from 2Nx2N to NxN by
means of decoupling. Therefore, the computational effort and storage requirements for this case are
reduced by about 87.5% and 75%, respectively. It is also observed that the Newton-Raphson method still
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converge even if the initial linear solutions diverge greatly from the resulting nonlinear results. It is
concluded that the formulation-H for nonlinear simultaneous partial differential equations can be easily
decoupled by using the Hadamard product and SJT product techniques. More complex problems can also
be decoupled in the same way to achieve the computational reduction, for example, geometrically
nonlinear bending of plates which will discussed in later section 4.5.

Table 2-1. DQ solutions of a geometric nonlinear simply-supported beam under uniformly
distributed loading

Loading (qL*EIr) lterative number linear Nonlinear Relative deviation
1 1 0.0130208 0.0130202 -4.29E-5
5 2 0.06510 0.06503 -1.07E-3
10 2 0.13021 0.1297 -4.25E-3

30 3 0.3906 0.3771 -0.03596

50 3 0.6510 0.5972 -0.09024
100 4 1.302 1.027 -0.2675
150 5 1.953 1.341 -0.4566
200 5 2.604 1.587 -0.6408
300 6 3.906 1.966 -0.9865
500 7 6.510 2.501 -1.603
1000 8 13.021 3.445 -2.893
5000 12 65.104 6.0597 -9.744

2.6. On Simple Iteration Method

The Newton-Raphson method may be the most important numerical technique for the solution of
nonlinear algebraic equations (Ortega and Rheinboldt, 1970), but sometimes the simple iteration method,
which is also named as successive substitution method (Finlayson, 1980) or Picard method (Wright,
1964), is a very useful technique for the same task due to its simplicity. The purpose is of this section to
show its ease and efficiency in solving the nonlinear formulation-H by means of the simple iterative
method. The concept of the Hadamard power, which is referred to in section 2.2, is used in the present

work.

Consider the set of nonlinear algebraic equations

F(x) =0 (2.6-1)
where x denotes the unknown vector. Generally, by adding x to the left side of equation (2.6-1), we can
obtain the standard iterative scheme:

X 6 = x W 4 oF (X (k)) (2.6-2)
where the superscript (k) means the iterate number. o is the iteration control parameter. After the initial
guess x? is given, equation can be iterated repeatedly to obtain x?, x® until x™, which satisfies the
required convergence accuracy. However, it is noted that o often is chosen to be very small value to
assure the convergence, which leads to the low efficiency in the simple iteration method. Therefore, the
utility of the simple iteration method is limited. The iteration equation (2.6-2) is named as the standard
iteration equation in the simple iteration method in the later discussion, since this iteration equation is
easily obtained and widely used in practice. In general, it is a very difficult task to construct iteration
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equations of other forms in applying the simple iteration method. However, equation (2.6-2) may be not
the most efficient iteration scheme for the problem of interest. So the construction of the iterative equation
is a key to improve the efficiency of the simple iteration method. The present study focuses on this
problem.

The Hadamard power and function provide a simple and effective approach to construction of the
iteration formulas in the solution of the formulation-H. The following example can illustrate our idea
more clearly. Considering differential equation

yy +y” +1=0, y(0 =1 y(1) = 2 (2.6-3)
its formulation-H using the DQ method is
#(y)=y By +b)+(Ay +a)’ +1=0. (2.6-4)

where &, b, A and B are defined as in equations (2.4-2) and (2.4-3). We can construct six iteration
equations for formulation (2.6-4).

L V=V +ap(y) =y +oy o(BY +b)+(Ay +a)" +1 (26-52)
2y =[-1-(Ay +a)] - (By +b)"" (2.6-5b)
3. y =B (—1 - (Ay + a)z) oy H] (2.6-5¢)
4y = ﬂ-l[(_l_ y o (By +b))" - ar] (2.6-5)
5. Y = % “[a“‘*“ o (—y‘ o (By +b)-1-(Ay)" - a"z)] (2.6-5€)
6. vy = A~y o (By +b) —1-2(Ay) o a —a?]" (2.6-5f)

Equation (2.6-5a) is the standard iteration equation for this case, other five iteration equations apply the
Hadamard power. It is noted that the present procedure is very simple and similar to handling nonlinear
scalar function. The solutions of linear equation

y" =0 y(0) =1 y() =2 (2.6-6)
are used as the initial guess. The iteration using equation (2.6-5d) and (2.6-5f) is terminated due to
occurring square root of real negative. Egs. (2.6-5b) and (2.6-5e) do not converge. Only Egs. (2.6-5a) and
(2.6-5c) is convergence, but it is noted that the equation (2.6-5a) converges only when o is less than 0.01.
In order to compare, table 2-2 gives the number of iterations taken in the Newton-Raphson and the simple
iteration method under the same convergence criterion. We choose here the maximum successive relative

error as the convergence criterion, which is defined as
y_(ku) _ y(k)
1 1

err(y;) = (2.6-7)

(k+1)

Yi

The conventional relative error, which is defined as the ratio of the absolute error to the absolute

analytical solutions, may be not a good convergence criterion for the present purpose, since the accuracies
of the numerical results depend not only on the iteration solution procedures but on the DQ method itself.
In fact, the conventional relative errors in this case are basically invariable when the successive relative
error is no less than 107°. Therefore, higher requirement for successive relative error is only to compare
the convergence rate without other practical significance. Note that the solutions of equation (2.6-6) are
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also employed as the initial guess in the Newton-Raphson method and six Chebyshev grid points are used
as sampling points.

As can be seen from table 2-2, there is not obvious difference in the convergence speed of the Newton-
Raphson method and iteration equation (2.6-5c) under lower convergence criterion. However, the
difference becomes apparent when very small successive relative error are required. The reason is that the
convergence is linear in the simple iteration method and, by contrast, quadratical in the Newton-Raphson
method. Although the Newton-Raphson method has faster speed of convergence, the method requires
computing the Jacobian derivative matrix and its inverse. Therefore, as was pointed out by Finlayson
(1980), the simple iteration method may be preferred if the method is effective for the considered cases.
Based on the tradeoff between computational effort and accuracy, at least in this case the simple iteration
method proves more efficient. On the other hand, we can observe that iteration equation (2.6-5a) has very
slow speed of convergence. Thus, it is not practical.

The given example shows that, by using the Hadamard power, the construction of the iteration formulas in
the simple iteration method becomes a very simple task for the solution of the formulation-H. The SJT
product presented in section 2.3 can be applied to evaluate the Jacobian matrix of these iteration equations
and determine which iteration equation may be the effective in the simple method in advance by using
certain matrix norm.

Finding good starting guess is a difficult task either in the simple iteration method or in the Newton-
Raphson method. However, the simple iteration method is semilocal convergence or even global
convergence for convex function, while the Newton-like methods are always local convergence. Thus, the
simple iteration methods has more large convergence domain than the latter, namely, the former is more
easier to seek the initial guess. This is a very important factor considered in many practical uses. In
addition, the Newton iteration equation in the Newton-Raphson method are sometimes ill-conditioning
and thus affect the convergence of the solution procedure. For these reasons, the simple iteration method
become very competitive to the Newton-Raphson method.

Table 2-2. Comparison on iterative humbers between the Newton-Raphson and simple iteration

methods
Methods Maximum successive relative error£
107 107 107 107 10™
Newton-Raphson 3 4 4 4 5
Eg. (2.6-5¢) 4 7 10 13 16
Eqg. (2.6-5a) 20 111 214 317 420

2.7. Approximate Formulas for Computing Inverse of Jacobian Matrix

Systems of nonlinear algebraic equations are usually solved by the simple iteration and Newton-Raphson
methods. In section 2.6 we reviewed these two methods in the solution of nonlinear formulations in
Hadamard product form based on the criteria of computational efficiency, choice of starting guess and

employing simplicity. The simple iteration method has the major advantage of simplicity in that no
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Jacobian derivative matrix need be calculated and no matrix need be inverted. In section 2.3 the
computing effort in the Jacobian evaluations has been minimized to O(n? multiplications by using the
SJT product. On the other hand, the matrix inversion may take considerable computation time for large
problem (e.g. n%3 multiplications and divisions) and even verge in some unfavorable situations towards
impossibility due to ill-conditioning of large Newton iteration equations. To avoid the inversion
computation, the simplified Newton-Raphson method and modified Newton-Raphson method have been
well developed. However, the rate of convergence is affected in these variants of the Newton-Raphson
method. The ill-conditioning of the Newton iteration equations is usually alleviated by introducing a
damping factor, namely, so-called the Levenberg-Marguardt method. However, the choice of damping
factor may not be an easy task. The trade-off among these Newton-like methods involves the number of
iterations and the work per iteration. In this study, we hope to present a simple approximate formula for
computing the inversion of the Jacobian matrix. Some numerical comparisons are also provided. The
merits and drawbacks of the formula are discussed in the closing part.

First, we give the following two theorems (Cheng, 1989):
Theorem 2.7.1: If matrix A is convergence matrix, e.g. HAH < 1, then

(1 = A" =1 + A+ A4 tA", 2.7-1)

where | is unite matrix,

H represents certain norm of matrix.

Theorem 2.7.2: If |A| < 1, then

e .
S 1A @

where m is non negative integral. The theorem describes the error for an approximation of (I-A)™,

H(I B A)il - (l + A+ A2+...+Am)

The Newton-Raphson iteration formula can be in general expressed as
X = X — 'A{lf (Xk)
A = A+ A

where Ay is the Jacobian matrix, the superscript k denotes the iterative number, f(x) is the nonlinear

(2.7-3)

algebraic equations, x is the desired vector.

According to the above theorems 2.7.1 and 2.72, we have
AL =(A +A) = A - ATRAA 2.7-4)
if [ A 267, < 1and

IAllacon [
1- Ao

Applying the formula (2.7-4), we can directly computed inverse of the Jacobian matrix by using ordinary

< (2.7-5)

(A +an)" - (A - Ao A

matrix product. In what follows we give several examples to demonstrate the effectiveness of the
proposed formula.
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X? +4y? =1

Example 1. { (2.7-6)
y

X, -5+ 7x+12 =0

Example 2.J3X1X2 + XX, —1Ix, =0 (2.7-7)
2X,X, + 40x, = 0

Example3. yy " + y'> +1 = 0 y(0 =1 y(1) = 2. (2.7-8)

Examples 1 and 2 are often used as numerical examples for the Newton-Raphson method in the standard
numerical analysis or algorithms program textbooks, while example 3 is also used in section 2.4 and, thus,
the detailed solution procedures are omitted here. These test problems are chosen just for simplicity and
are not expected to be adequate in all circumstances.

The initial guess for example 1 is chosen as {-0.5, 0.25}. Under the same convergence criteria of
max{] fi(x, y)l }<107, only two iterations converge in the Newton-Raphson method using either the
present approximate formula or not. The simplified Newton-Raphson method take four iterations to
converge. For example 2, the converge criteria requires the maximum residuals of equations less than 10°
8 The iteration number in the traditional, simplified, and present Newton-Raphson methods is 2, 4 and 7,
respectively. Example 3 uses the same criteria as example 2 and six Chebyshev grid points are exploited
as sampling points in the DQ method. The iteration number in three methods is 5, 6 and 11, respectively.
According to these results, we can make the following conclusions.

At least the proposed approximate formula is applicable for the above examples. the convergence speed
and accuracies of the Newton-Raphson method using the present approximate formula are affected to
some extent. The simplified Newton-Raphson method has the slowest rate of convergence due to the fact
that the method repeats using the same Jacobian matrix and its inverse. The reasonable choice of these
methods in practice must consider the convergence speed, stability, and computational effort. The
computing effort using the approximate formula is fairly higher in comparison to the conventional
inversion computations such as the Gauss elimination or Gauss-Jordan methods since the present
approach involves the twice matrix multiplications, but it does provide the salient significant features as
stated in following three respects.

First, the approximate formula can circumvent effect of the possible ill-conditioning of the Newton
iteration equations on the conventional inverse computation such as the Gauss elimination and Gauss-
Jordan methods. Such situations are often encountered in practice. Second, It is known that the finite
element and finite difference methods give rise to large sets of algebraic equations, and their solutions
usually require inverting a matrix, or at least solving a large set of equations with a great many of zero
elements. The solution of such equations, especially for large nonlinear systems, should utilize the zeros,
otherwise, the computing cost will be unnecessarily very high. Therefore, the maintaining sparseness of
coefficient matrix of such equations is of vital importance for the computational efficiency. The
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applications of the approximate formula can easily maintain the sparseness of coefficient matrix. Third,
the Newton-Raphson method using the present approximate formulas involves a great deal of matrix
multiplication, while the operation of ordinary matrix product is very well suited for employing parallel
treatment. Therefore, the computing efficiency can be improved in the Newton-Raphson method using the
approximate formula by means of the parallel computations. Based on these considerations, it is
conclusions that the presented approximate formula may be useful for ill-conditioning, large sparse
systems and especially suitable for parallel computations. The formulas may be very efficient when

|Aen, [<<1.

From the standpoint of practical applications, the present study is rather preliminary. It is difficult to come
to any general conclusion only from these examples, more experiences are required to determine the
relative merits of the formula. The general applicability and efficiency of the formula is a current subject
of further research.

2.8. An Approach for Simplifying Some Nonlinear Formulations
Following the idea of Quan et al. (1989a), Shu et al. (1992b), and Bert et al. (1993), we derive the DQ
method from Lagrangian interpolation formula.

N

LetWX( X) = 2. 4,(x) W,’, (2.8-1)
j-1
whereW = W( X,), #;( x) aretheLagrangian interpolation basic functions.
©odw? - (X)) N
W) = — = —=W? = W2 2.8-2
W) = b =X = 2 AW 282

where A;; are the DQ weighting coefficients for the 1st order derivatives. Thus,

’ N
WW, = %z AW? . (2.8-3)
j=1
In matrix form, we have
' 1 )
{ijj }: E[A]{Wj } (2.8-4)

Therefore, the nonlinear term WW' can be approximated by the DQ weighted sum of the square of
function values at all discrete grid points. The conventional DQ approximation expression for W' is

’ _ ~ N
WW, = {W o (AW)}i W Z; AW, (2.85)

N
Obviously, Eq. (2.8-3) is a simpler formulation than Eq. (2.8-5) due to the elimination of cross nonlinear
algebraic termW W . (i # j) Similarly, we have
1

{WJZW /} - g[A]{st} (2.8-6)
(W +wwt = %[B]{sz} (28-7)

where [B] denotes the DQ weighting coefficient matrix for the 2nd order derivatives. Generally, if the
nonlinear operator NL{ } can be expressed as

NL{ J = Ll ] 259

23



CHAPTER 2. SOME BASIC ASPECTS ON NONLINEAR COMPUTATIONS

where L{ } is a linear operator, ¢{ } is a nonlinear operator but simpler than NL{ }. The DQ or DC
approximation of operator NL{ } can be given by

NL{W(x)} = zN:Qﬁ;»(wj) (2.8-9)

where Qj's are the DQ weighting coefficients for linear operator L{ } and can been obtained by the sum
of weighting coefficients of all single derivatives in linear operator L{ }. Since the nonlinear operator ¢{ }
is simpler than NL{ }, the corresponding DQ formulation is simpler and easier to be handled. It should be
stressed that the boundary conditions in the present technique be converted into those only involving
operator ¢{W?} before applying the approach, proposed by Wang and Bert (1993a), for implementing
multiple boundary conditions. This conversion procedure is usually easy to be finished. If not using Wang
and Bert’s approach, the present DQ method can be used like the conventional DQ method, but the
formulations are simplified greatly.

The nonlinear Boussinesq equations (Dodd et al., 1982) for shallow water waves can be stated as:
A A ch 1 bZalll

—+U—+g—+-H——=
a X X 3 AT ) (2.8-10)
oh A
—+U—+h—=
X X
an l1ar h Al Aah
Considering U—=—=——, U—+h—=-——, the DQ formulation for Eq. (2.8-10) can be
2 X X X X

expressed as

O CARCUET s
{?}J{Auh]{ujhj}:o

where g and H are constants. [Kuz ] [Kh ] [ﬁu ] and [th] are the DQ weighting coefficient matrices

, (2.8-11)

modified by the boundary conditions for the corresponding function u? h, u and uh, respectively. It is
observed that equation (2.8-11) eliminates the cross nonlinear algebraic terms in the conventional
nonlinear formulations. Therefore, the requirements of virtual memory and computing effort are reduced
greatly. This will be significant in practice, especially for some on-line computations. The following
gives a numerical comparison in detail. Considering the differential equation (example 8 in Quan and
Chang (1989)).

Ui +UU, +U =0, U(O) = O,U(l) =1. (2.8-12)
First, by using the standard procedure, we have
w(U) = (AU +a)” +U - (BU +b) +BU + b = 0. (2.8-13)

Applying the Newton-Raphson method to solve the above nonlinear matrix equation, we can obtain the
Jacobian derivative matrix by the following formula:

op{U}
aJ

In contrast, we applying the technique presented to this example. Eq. (2.8-12) can be simplified

1dU? dU

== 4
2 dx® dx?

- 2A0(AU +a) +B,0U +10(B,U + b) + B,. (2.8-14)

=0. (2.8-15)
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The corresponding boundary conditions are

U(0)=0U(l)=1 and U?*0)=0, U*1)=1. (2.8-16)

The second derivatives of functions U® and U can be approximated by the DQ method as

d ZUZ 17
dx?

Generally, the modified DQ weighting coefficient matrices for functions U? and U are different, but for

this case, Ble and B, for function U? and U are the same due to the same boundary conditions by chance.

_ ~ d°U _ _
= BUZU"2 +b,, and i B,U + b, . (2.8-17)

2

We have the DQ formulation for Eq. (2.8-15)

- 1 _ . - -
w(U) = > B,U”+BU+b, +b, =0 (2.8-18)
The Jacobian derivative matrix can be given by
op(U I _
Z(j ) = UT<>Buz + B,. (2.8-19)

Note that the premultiplying SJT product proposed in section 2.3 is used here. Egs. (2.8-18) and (2.8-19)
are obviously simpler than Egs. (2.8-13) and (2.8-14).

The solutions for the linear differential equation

U, =0 U(0)=0,U(1)=1 (2.8-20)
is adopted as the starting guess values of the Newton-Raphson method. The Jacobian derivative matrix is
computed by Eqgs. (2.8-14) or (2.8-19), and the convergences are achieved with four iterations. The six
grid points are used for this case. Results are displayed under the column e, of table 2-3. The e, is defined
to be the relative errors in computation, i.e., the ratio of the absolute error to the absolute analytical
solutions.

As is observed, the technique presented in this section obtains more accurate DQ results than the
conventional procedure. In addition, the computing effort and storage requirements are also reduced
greatly. In conclusion, a simple technique in the DQ method is presented to eliminate or reduce the cross
nonlinear algebraic terms in the resulting DQ formulations for some differential operators and therefore
computational efficiency of the DQ and DC methods can be improved significantly.

Table 2-3. Comparison of the Numerical Results with the Analytical Solutions

Conventional approach Present approach
ey €y
Xz 7.16E-4 5.93E-8
X3 1.37E-4 3.60E-7
Xa 7.76E-5 2.36E-7
Xs 5.25E-5 3.30E-7

2.9. Nonlinear Computations of Other Numerical Methods

Based on the foregoing work, this section places its emphasis in the applications of the Hadamard product
and SJT product techniques for general nonlinear numerical computations. The comparison of the
advantages and disadvantages among a varity of the numerical methods is not the purpose of this study.
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In section 2.9.1 the Hadamard product is extended to the nonlinear computations of the finite difference
(FD), collocation and pseudo-spectral methods. The nonlinear formulation in the Hadamard product form
for these numerical methods can be easily obtained and has a explicit matrix form. The SJT product is an
effective approach to compute the Jacobian matrix for the formulation-H. For the nonlinear problems
with varying parameters, we derive the general formulation-S in the ordinary and Kronecker product.
Furthermore, the Hadamard product is also first applied to the nonlinear computations of the method of
weighted residuals (MWR) as well as the least square, Galerkin, finite element (FE), boundary element
(BE) and spectral methods. The same formulation-S in the ordinary and Kronecker product form is also
obtained as in the foregoing pseudo-spectral method, etc. Due to special importance of the FE method in
practice, more detailed discussion is also devoted to the FE method. Finally, some conclusions are
obtained based on the present work. It is believed that the formulation-S is a standard formulation form
for nonlinear numerical computations of general purpose.

In section 2.9.2 we will give direct computing formulas for the Jacobian matrix of the formulation-H and -
S. Section 2.9.3 deals with the perturbed error analysis of the formulation-H and -S.

2.9.1. Formulation-H and Formulation-S

2.9.1.1. Nonlinear formulations in the finite difference, differential quadrature, differential
cubature, collocation and pseudo-spectral methods

The work deals with the application of the Hadamard and SJT product for the general nonlinear numerical

computations. The linear differential operator can be approximated by the finite difference, DQ and DC

methods (Chen et al., 1996¢, e, f) in the matrix form as

{m } =[] W e

A"
where n is the number of interior discrete points. D™ is the FD, DQ or DC coefficient matrices for the
mth order derivatives. {W;} is the vector composed of unknown function values. Unlike the FD, DQ and
DC methods, the pseudo-spectral and collocation (Canuto et al., 1988; Wright, 1964; Lapidus et al., 1985)
methods use the spectral variables as the basic unknowns instead of the unknown function values.
Therefore, a slightly different approximate formula is given for the collocation and pseudo-spectral
method, namely,
ng\é (m)
ol = Q] (292
nx1

where Q is the matrix representation of the collocation discretization of corresponding operator, H;’s are
the unknown spectral vector. For simplicity, in the latter discussion we assume that the related boundary
conditions have been directly incorporated into the above FD, pseudo-spectral, DQ and DC weighting
coefficient matrices. Therefore, the boundary conditions are no longer considered separately.

nx1

We first consider quadratic nonlinear problems, the FD, DC and DQ formulations can be expressed in the
Hadamard product form as
WX, y) WX, y)
XP O’y q
Proof for Eq. (2.9-3) is straightforward. This is a key step in the latter analysis. Similarly, we have the
formulation in the pseudo-spectral and collocation method:

= (D("W) o (DL2W). (2.9-3)
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OW X, y) WX, y) ol (oo
T g (Q”H) = (" H). (2.9-4)

In the following we first discuss the FD, DQ and DC methods and the conclusions obtained are obviously
applicable for the collocation and pseudo-spectral methods.

The FD, DC and DQ formulations for the linear and quadratic nonlinear differential operators with
varying parameter can be stated as

2°U(x, -
c(x, y) 0’<x"y) = {c(x]., yj)} - (D/"'U) (2.9-53)
and

2°U(x, y) J'Ulx, vy - -
c(x, y) d((p ) é,q ) _ l(x,. v,)} o (D"U) o (Df'U).  (2050)
The Kronecker product of matrices has the following property (Lancaster and Timenetsky, 1985)
(AB) ® (CD) = (A ® C)(B ® D). (2.9-6)
Applying the above property, SJT product and equation (2.2-1d) of theorem 2.2.1 in section 2.2, we have
{c(xj, yj)} o (D"U) = (Di”)o{c(xj, yj)})U (2.9-7)
and

{C(Xj,yj)}o<ﬁ)§p)[7)( )= {c(XJ,y)}( (pY0)& (0 0)E ) { }
)

o(EnT(p;”@p;" \oer)E )=((E (0¥ ®0;4)))°{5(XJ’Y)})(
(2.9-8)

where E; =1, n is the number of interior discrete points. Egs. (2.9-7) and (2.9-8) isolate the FD or DQ
coefficients from the unknown linear and nonlinear variables in the formulations.

Ql

For the general purpose, the quadratic nonlinear partial differential equation is given as

N1 Ofy(lﬁ-/)[/ N2 (k+/) 5(k+DU é)(HJ)U
+ b X, + c, | x -+ (=0 2.9-9
;H “ oxk oyt kZH) . )ax’faf % ze )ﬁxkﬁy‘z ox'ey” 299
k, =0

where C is constant, ay is the constant coefficients. The above equation covers most of the quadratic
nonlinear governing equations in practice.

The FD, DQ or DC formulation for the above differential equation can be expressed as

Zawg edpp o Z{ k,(,wrj,y)}o(D}ijj)[/)_F

3 o . (2.9-10)
Jzo{c,d(xj, ) e(D50)e (D5 0)+ F=0
k, =0

where F is constant vector. The formulation (2.9-10) belong to formulation-H form. Applying equations
(2.9-7) and (2.9-8), we have

L.,.U+Q ,(U®U)+F =0, (2.9-11)

where
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L. = Zaleiy“” +§D§y“')<>{b(xj, yi)} e C™
k,l1 =0 k,1 =0

0. = Z[E (0 @ 0y olecn,, v)) e o ead

The above equation has formulation-S form. We can easily obtain formulation-H and formulation-S in the
pseudo-spectral and collocation methods similar to Egs. (2.9-10) and (2.9-11) in the same way, namely,

k,’?zloak'Qin)H * k,b:zo{bkv'(xi’ Y )} ° (Qika)H) +
N3 {Ck,l(xj' yj)} ° (Qx(yi”)l:l) o (Qx(y“')l:l) LC -0 (2.9-13)
i, j=0
k,1=0

and

L..H+Q (H®H) +F =0, (2.9-14)

where the unknown spectral parameter vector H replaces the unknown function value vector W in Egs
(2.9-10) and (2.9-11). For the cubic nonlinear problems, we have similar general matrix formulation-S
for the FD, DC and DQ methods:

L.,.U+R (U®U®U)+F =0, (2.9-15)

where LeC™ and ReC"™™" . For higher order nonlinear problems, the formulations can be easily
obtained in the same way.

As a example, we consider equations (2.5-1a, b) for geometrically nonlinear bending of beams given in
section 2.5. After some simple manipulations of the formulations (2.5-3a, b) in Hadamard product form,
we have

. _ _ ) N ) s
D + | AB(AM) < (B.) - 5 (AW) o (aW0) |« (M) - 2 o9

where rzwll/A, radius of gyration of beam cross section, W=w/r. A, By, Ay, By, and Dy are defined as

in section 2.5. Furthermore, we obtain the formulation in formulation-S form:
_ _ _ _ L
DW+G (WeW®W) - ST =0 (2.9-17)

1 I 1 | _
where G = = EnTL AB,'E! (A ® B,) - > E'(A ® A)|® B, |- The problem is

cubic nonlinearity. The solution of equation (2.9-17) is given in section 2.9.2.

It is noted that the foregoing nonlinear formulations are expressed either formulation-H (Egs. (2.9-10) and
(2.9-12)) or formulation-S (Egs. (2.9-11), (2.9-13) and (2.9-14)), respectively. In fact, except for the FD
method, other above-mentioned methods has very close relation with the collocation method (Bellman,
1973; Canuto and Hussaini, 1988; Chen and Zhong, 1996c). It is obvious that the formulation-H and
formulation-S can be derived in the nonlinear computations of other numerical techniques in the family of
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the collocation method, for example, the discrete ordinate (DO) method (Shizgal et al., 1984; Mansell et
al., 1993), spline DQ method (Bellman et al., 1975), and quadrature element method (QEM), which was
introduced by Striz, et al (1994b) as a kind of the DQ finite element method.

2.9.1.2 Nonlinear formulations for the Galerkin, finite element, boundary element, spectral and
least square methods

1. On the method of weighted residuals

It is known that the Galerkin, least square, finite element, boundary element and spectral methods can be

derived form the method of weighted residuals (Lapidus and Pinder, 1982; Finlayson, 1972; Szabo and

Lee, 1969; Huebner, 1975). Therefore, we first apply the Hadamard product to the nonlinear computation

of the method of weighted residuals. In the MWR, the desired function ¢ in the differential governing

equation
wigl -f =0 (2.9-18)
is replaced by a finite series approximation ¢§
N
6 =4 =2,CU (2.9-19)
i=1

where 1//{ } is a differential operator. U; can be defined as the assumed functions and C;'s are the

unknown parameters. In the Galerkin, finite element and spectral methods, the function U; are usually
chosen to satisfy certain boundary conditions of considered problems and are also variously denoted as
shape, trial or basis functions. The approximate function ¢A is completely specified in terms of unknown
parameters C;. Substituting this approximation ¢A into the governing equation (2.9-18), it is in general
unlikely that the equation will be exactly satisfied, namely, result in a residual R

vl -f =R (2.9-20)
The method of weighted residuals seeks to determine the N unknowns C; in such a way that the error R is
minimized over the entire solution domain. This is accomplished by requiring that weighted average of
the error vanishes over the solution domain. Choosing the weighting function W; and setting the integral
of R to zero:

JD[y/{ﬁ} - fwdD = JDRV\4dD =0, j=1.2,....N. (2.9-21)

Equation (2.9-21) can be used to obtain the N unknown coefficients. This equation generally describes the
method of weighted residuals. In order to state our idea clearly, considering the following the two-
dimensional linear and nonlinear differential operators with varying parameter:

ﬁp

Lig} = clx, y) 5(? (2.9-22a)
0’7P 0’7(1

Lig) = clx, y) é}(? a’y? (2.9-22h)

Substitution of Eq. (2.9-19) into Egs. (2.9-22a) and (2.9-22b) and applications of equation (2.2-1d) in the
theorem 2.2.1 result in

Lid} = c(x, Y){Zp(%} o (2.9-23a)
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. U ol [[au) <] s
L2(¢)=c(x,y) =7 Clo g C|=E/c(x,y)
P T T p T q T
2 o[22 s o2 oo
&P X P X"

where C is vector composed of the unknown parameters, E;=1. Substituting the Egs. (2.9-23a, b) into
Eqg. (2.9-21), we have

(2.9-23b)

» T
.[p Ll{&}WﬂD = Jp dx J’){i;j} Wdb \C (2.9-24a)
T T
I '—z((z)Wdi= [ c(x.y) {ﬂ;:'} ®{i¥‘} W,dD (C®C) (2.9-24b)

Applying the above results, we can easily obtain the formulation of the method of weighted residuals for
the nonlinear differential equation (2.9-9), namely,
K,.C +G ,[C®C)+F =0 (2.9-25)

nxn

where F is the constant vector.
N1 k+| T N2 k+| T
_j Za“{d } + 3 by(x, ){ﬁ( ,i} W,dD eC™"
k,1=0 k,I=0 0’3/

and
5(i+j)Up T ﬁ(k”)Up .
_J. chl (x,y) P ® X4 W;dD eC™

| J:O
represent the coefficient matrices corresponding to the linear and nonlinear operators, respectively.
Equation (2.9-25) has the same formulaton-S form as equations (2.9-11) and (2.9-13). It is easily proved
that, for the cubic nonlinear differential equations, the resulting MWR formulation-S is similar to Eq.
(2.9-14). Note that the evaluation of the coefficient matrices K and G is very suitable to be finished in a
parallel treatment way.

The choice of the weighting functions W; in the method of weighted residuals depends on the form of the
error distribution principle. The different weighted functions are related with different weighted residual
techniques. The most famous and often used weighted residual techniques are known as the Galerkin and
least square methods. The least square method uses the derivative of the residual function R with respect
to the unknown coefficients as the weighting functions, while the weighting functions W; in the Galerkin
method are chosen to be the same as the approximating function U; in Eq. (2.9-19). Among the family of
the Galerkin methods, the spectral (Haltiner and Williams, 1980), boundary element and finite element
methods are most commonly used in engineering practice. The difference between the spectral and finite
(or boundary) element methods is to choose the different basis functions. The latter selects the spline
functions as the basis functions, namely “local function” or “piece interpolation function” technique is
used in the finite element method and the basis functions are defined in certain subregion and zero
elsewhere, while the spectral method usually uses the basis functions of higher-order continuity exhibiting

global support, which are also formally required to be member of a complete set of functions.
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As are discussed above, the only difference among the above-mentioned numerical methods lies in the use
of different weighting and basis functions in the method of weighted residuals. From the foregoing
deduction on equation (2.9-25), it is noted that the formulation-S can be derived no matter what weighting
and basis functions we use in the method of weighted residuals. Therefore, it is straightforward that, by
using the Hadamard product, we can obtain the formulation-S for the nonlinear computations of these
methods. Since the finite element method has the particular importance in practical engineering, in the
following we will discuss applying the Hadamard product to the finite element method in greater detail.

The collocation method is the simplest numerical technique in the family of the method of weighted
residuals (Lapidus and Pinder, 1982), in which weighting function w; is chosen to be the Dirac delta,

namely w;, = 5(X - X ) Therefore, the Hadamard product is suitable for the nonlinear

computations of the collocation methods. In the section 2.9.1.1 we directly introduce the Hadamard
product to the DQ, DC, collocation and pseudo-spectral methods in a straightforward and intuitive way.
Obviously, the formulation-S and formulation-H in the collocation method can be also derived from the
method of weighted residuals by using the Hadamard prodcut.

2. On finite element method

In the preceding discussion on the method of weighted residuals, we assumed that we were dealing with
the entire solution domain. In the following the domain is broken into elements first, the main focus is on
an individual element. By analogy with equation (2.9-19) we define a local approximation valid for only
one element at a time. From the Galerkin method (Szabo and Lee, 1969), the residual equations governing
the behavior of an element are expressed as

JD(e) [L(é\(e)) —f (e)]Nj(e)dD(e) — JD[G) R(e)Nj(e)dD(e) — 0; j=1,2,...,|’ (2.9-26)

where the functions N,-(e) are recognized as the interpolation functions over the element. The superscript
() restricts the range to one element, and $®=[N®]{¢}®, f@=forcing function defined over element (e),
r=number of unknown parameters assigned to the element. We can obtain a set of equations like equations
(2.9-26). The shape functions N; should be chosen to guarantee the interelement continuity necessary for
the assembly process. Similar to the procedure obtaining Eq. (2.9-25), we can derive the matrix
formulation for the quadratic nonlinear problems from element equation (2.9-26), namely,

KW + G (W @ we) =F* (2.9-27)

rxr

where W®© denotes the nodal value of the unknown field variable or its derivatives instead of the
foregoing undermined parameters C; in equation (2.9-25). Note that equation (2.9-27) is defined over the
element and expresses the properties of the individual elements. K@ and G, ®© are the linear and
nonlinear element coefficient matrices, respectively. The computational effort for the evaluation of
coefficient G® is r(r+1)/2 numerical integrations, and can be reduced by using the property of the
considered problems such as symmetricity. The parallel computation is also very feasible and efficient to
evaluate coefficient matrices K© and G®. It is noted that G is also a very sparse matrix like the matrix
K.

Next, we assemble matrix equations (2.9-27) expressing the behavior of the elements and form the matrix
equations expressing the behavior of the entire system. This work can be accomplished in the same
routine procedure as in the linear problems and is usually done by computer. Also, the coordinate
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transformation, from the local to the global system or from the global to the local system, has to be
conducted. The resulting matrix equation for the system has the same form as equations (2.9-27) in an
individual element except that they contain many more terms because they include all nodes, i.e.,

K W+G, ., WeW) =F (2.9-28)

Eq. (2.9-28) must be modified to account for the boundary conditions of the problem before the system
equation are ready for solution. These work can be accomplished in the procedures similar to those in the
conventional linear finite element method. It is noted that the only difference during formulating process
between the finite element and other Galerkin methods is that the former has an assembly operation while
the latter has not. In contrast, the linear formulation of the finite element method is in general stated as

K, .W=F (2.9-29)
where K is the same as equation (2.9-28) and often known as the stiffness matrix in solid mechanics. Eq.
(2.9-29) has not the nonlinear term annz(VV ® W) in Eq. (2.9-28). By analogy with the linear FE

formulation the conventional nonlinear formulation in the finite element method is usually expressed as
KWW = F (2.9-30)
where K(VV) is the function of unknowns W. The evaluation of the coefficient matrix K(VV) usually
requires much strenuous work and lack the ease and clarity of implementation in the present Hadamard
product approach. The main advantages of the present formulation are to separate the constant coefficient
matrices G from nonlinear unknowns and provide an explicit unified matrix formulation-S. Thus, the FE
formulations for general nonlinear problems are simplified greatly.

Except for a few very simple cases, the explicit direct formulation is not available in the conventional
nonlinear FE analysis, namely K(VV) in equation (2.9-30) is impossible to be explicitly expressed in
algebraic form. In contrast, the present FE formulation-S has explicit matrix form and can be easily
converted into the conventional FE formulation. For example, equation (2.9-30) can be restated
vec (Gl)
KW+ : WeW =F (2.9-31)
{vec(Gn)J -

where vec( ) is the vector-function of a rectangular matrix formed by stacking the column of matrix into
one long vector (Lancaster and Timenetsky). G; ‘s are nxn symmetric matrices and can be obtained easily
from the related rows of the matrix G in Eq. (2.9-28) through the invert process of vec( ) with n(n-1)/2
divisions. Furthermore we have

| jWTGll |
KW W = : [ =F . (2.9-32)
e

Obviously, K (VV in the above equation is expressed as definite explicit matrix function.

It is also noted that Egs. (2.9-11), (2.9-13), (2.9-25) and (2.9-28) have the same formulation-S form for
the quadratic nonlinear problems. Therefore, the formulation-S is also believed to be in the most general
sense the standard matrix formulation form in the ordinary and Kronecker product for the various
nonlinear numerical computations. Moreover, due to obtaining identical formulation-S for a variety of
nonlinear computation, the unified techniques can be well developed to solve the standard formulation-S.
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In section 2.9.2, we will discuss the unified approaches to compute the Jacobi derivative matrix in the
Newton-Raphson method for the solution of the formulation-S. In addition, unlike the foregoing FD, DQ,
DC, pseudo-spectral and collocation methods, only the formulation-S is available in the FE, BE, spectral
and Galerkin methods.

Considering heat conduction in a slab with a temperature dependent thermal conductivity as an example
problem (Finlayson, 1980), the equation governing this system is stated as

;X {(1 + aT) (ZII} =0 (2.9-33)

or simply

d2T deT dT Y’

o T e [dxj =0 @3

with the boundary conditions

T(0) =T, T(L) =T. (2.9-35)

where a is a constant. The unknown T is first approximated by T , namely,

£ = 3 NPT = (NP} 1) - T, (2.9:36)
j=1

where Nj(x) are the interpolation functions and T; are the unknown nodal temperatures for an one-
dimensional line element with m nodes. Applying the Galerkin’s criterion, we have

' ELASINYRY: i L O{dT(e)

+a
dx

2
o | ae o’ ] N (x)dx =0, i=12...N (2937)

where x; and xy, are the coordinates of the end nodes of the line element. Using integration by parts to the
left-hand side of Eq. (2.9-37) and after some deductions, we have

L dN©® gF@ dN© g £ (e) 0!
[ are e N &dx:Nga(X) ar” |, f@dT
x dx  dx dx dx dx dx

X

m

(2.9-38)

1
Substituting Eg. (2.9-36) into the above equation, we obtain

() ()T (¢ § @ ) N e
jxmde N e NS UN@)TT‘(e)]o{m; T—(Q)Dczlx=fxmdl\lj N o

T
xdx X dx xdx X

W ON' (o AN
m i ()7 (e) €)= _
+an1 - [N & (T ®T®)=N,Q, - N.,Q,
(2.9-39)
re) . r(e) r(e) . r(e)
in which Q, = d%+ of a7 at node 1 and Q,, = d;iJr of il at node m are the
X X

natural boundary conditions, which are left unspecified. Equation (2.9-39) are the nonlinear formulation
in the element and can be restated as

K T Grgi)mz (f(e) ® f(e)) — {Q(e)} 7 (2.9-40)

mxm

33



CHAPTER 2. SOME BASIC ASPECTS ON NONLINEAR COMPUTATIONS

which is similar to equation (2.9-27). K® and G® can be evaluated after the interpolation functions N;®*s

WwdN© N

are specified. Gij =« q LN E)e) I_dx, in which J=(p-1)m+q (p, g=1,2,...,m). The assembled
X1 X

FE equation for this case has the same form as Eq. (2.9-28), namely,

K T+6 . (7@ 7) =4q. (2.9-41)

where n is the total number of nodes in entire solution domain. Using the same procedure, more complex
examples in multi-dimensional sense can be derived the similar FE formulation-S. For example, the static
geometrically nonlinear equations for beam, plate and shell involve the cubic nonlinearity, the FE
formulation can be generally stated in formulation-S form as

K W+G .WeW®W) =F. (2.9-42)
where W is the desired displacement vector. Obviously, equation (2.9-42) has the same form as the DQ
formulation (2.9-17) for geometrically nonlinear beam.

Some remarks on the formulation-S in the FE method are given in the following:

a) The advantage of the formulation-S is that the known nonlinear coefficient matrix G are isolated from
the unknowns vector and the formulation is obtained in an explicit matrix form. By using the
formulation-S, the numerical integration in each iterative step is circumvented in the solution of the
formulation-S. Thus, the computing effort is reduced greatly.

b) By using the Hadamard product and SJT product, the formulation-S in the finite element method can
be derived not only from the method of weighted residuals but from variational principles and energy
balances approach.

¢) The finite element equation for nonlinear time-dependent problems can be derived by using the
Hadamard product in the same way. The resulting FE formulation is ordinary differential equations in
time and has the formulation-S form, in which the time-derivative vector is included.

d) The formulation-S is given in global sense, which is different from the traditional incremental FE
method for nonlinear problems (Bath, 1982; Yin, 1987). However, when the external force is
gradually imposed by a small value in each incremental step, the present FE formulation-S will be
equivalent to the incremental FE equations, namely, the Total-Lagrangian (T. L.) method if the node
coordinates are invariant in each loading step or Updated-Lagrangian (U.L.) method if the node
coordinates must be refreshed in each step. In addition, the matrix G in formulation-S is always
unvarying in the T.L. method and must be recalculated in each step in the U.L. method.

e) The conventional nonlinear FE method may be too complex mathematically for routine applications
(Bath, 1982; Yin, 1987) and thus are not easily learned or used. In contrast, the present Hadamard
product approach is an explicit and simple matrix analysis technique and thus the complexity in the
conventional method is circumvented. The formulation-H can be also derived from the finite element
methods based on the Galerkin collocation, pseudo-spectral (spectral element), differential quadrature
(Striz et al., 1994), orthogonal collocation (Finlayson, 1980), etc.

We here point out a incorrect conclusion in Noguchi and Hisada (1995) on the T.L and U.L methods. By
using tensorial components in the natural coordinate system, Noguchi and Hisada (1995) proposed an
unified FE formulation in T.L. and U.L. methods to handle geometrically nonlinear problems. The basis
idea in this paper is that “the tangent stiffness matrices and the numerical solutions obtained by these
methods should be identical in geometrically nonlinear problems” . However, as was pointed out by L et
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al. (1995), the T.L and U.L. methods use formally the same curvature strain formula, but in fact, the T.L.
method considers only the linear terms in the curvature strain, while the curvature strain used in the U.L.
method includes the nonlinear terms implicitly due to the coordinate transformation (LU et al., 1995;
Cook, 1974). Mattiasson et al. (1986) also pointed out the limitations of the T.L. method. Several
geometric nonlinear problems provided by LU et al. (1995) and Mattiasson et al. (1986) also showed the
obviously different results obtained by these two methods under situations of larger deformation.

2.9.2. Jacobian Derivative Matrix of the Formulation-S

In this section we give explicit direct formulas for computing the analytical Jacobian derivative matrix in
the solution of the quadratic and cubic nonlinear formulation-S and applied to numerical example
successfully.

The formulation-S for the quadratic nonlinear differential problems was converted into equation (2.9-32)
in section 2.9.1. The equation can be further restated as
W GW
p(W) = KW + : -F =0 (2.9-43)
W o)
where W' is the transpose of vector W. Gi‘s are nxn symmetric matrices. According to the rule in

differentiation of matrix function (Ni, 1984), the Jacobian derivative matrix for the above equation can be
obtained by the following direct computing formula:

nx1

_ WG,
Sp{W} .
—L =K, o+ 2y (2.9-44)
we,), |
where ﬁ is Jacobi derivative matrix operator in the Newton-Raphson method. The computational effort

using the above formula is only n?(n+1)/2 multiplications. We should notice that the formula (2.9-44) is
very easy to be computed parallelly for each row. The further reduction of computational effort is still
possible by using the properties of matrices G;’s such as sparseness.

Considering the formulation-S for the cubic nonlinear problems, for example, equation (2.9-14) in 2.9.1
L.U+R .(U®U®U)+F=0 (2.9-45)
can be restated as

U'R! .(U®U)

nxn?

#U)=L,.0+ : +F=0 (2.9-46)
UT R:xn2 (U ® U)

nx1

Similarly, the Jacobian matrix of the above equation can be evaluated by

[ R (U ®U) ]

@ _ | A L
— =L + : (2.9-47)
A |AR" (U ® U)]

a
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in which
AR (U®U o T R (U®U
_( ):[R' (UeU)] +UT—"*”(_ ).
O’LJ nxn O’LJ
Furthermore, we have
lfu*T RU URM - U’ Rlnuﬂ|
aplu U'R,U U'R,U - UR,U
¢(_)=L+% . AT TR o)
LU‘TRMU‘ U'R U - U‘TRmU‘J
Similar formulas for higher order nonlinear problems can be easily obtained.
Consider the equation of the quadratic nonlinearity (Chen and Zhong, 1996¢; Wright, 1964)
Y2+ Y+ YW =0, y(0)=0,y(1) =1, (2.9-49)
Using the DQ method, we have
y' = Ay + a y" = By + b. (2.9-50)

where A and B are the weighting coefficient matrices, modified by the boundary conditions, for the
first and second derivatives in the DQ method, respectively. & and b are the constant vector dependent
on the boundary conditions. We have the formulation-S for this case:

L..Y + QMZ(Y‘ ®y)+F =0 (2.9-51)
where

L., =1b +2A0%a + B

Q ,=E'(l ®B +AQ®A). (2.9-52)

F=1+a*+b

I is the unit matrix. The solutions for the linear differential equation

Yoo =G y(0) =0 y() =1 (2.9-53)
is used as the initial guess of the Newton-Raphson method. The Jacobian matrix is computed by using
equation (2.9-44). Six Chebyshev grid points in the DQ method are used for this case and the convergence
is achieved with four iterations. The relative error of the numerical results obtained are no more than
0.001.

We also recalculate the same cubic nonlinear equation (2.5-1a, b) in section 2.5 using formulas (2.9-47)
successfully, and the numerical results are coincident with the ones in section 2.5. The numerical
examples demonstrate the efficiency and simplicity of the present formulas computing the Jacobian matrix
for the standard formulation-S. More work on the nonlinear formulation-S may prove to be beneficial.

However, as for the formulation-H, the SJT product may be a more effective and simple approach for the
evaluation of the Jacobian matrix. It is obvious that the operation rules on the SJT product are applicable
for the pseudo-spectral and collocation methods. It is shown in section 2.3 that the SJT product can
compute accurately the Jacobian matrix in chain rule similar to those in differentiation of scalar function
with minimum computing effort among all existing approaches. Unfortunately, however, the SJT product
seems to be not amenable to the evaluation of the Jacobian matrix of the more general formulation-S.
Traditionally, the Jacobian matrix is often obtained by numerical derivative computations and thus the
speed of convergence in the Newton-Raphson method is affected. In contrast, the SJT product approach
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and the presented direction formulas give the analytical Jacobian matrix for the formulation-S and
formulation-H. It is also noted that the formulation-H is more easily obtained for the nonlinear
computations. Therefore, the formulation-H is preferred for the nonlinear computations of the FD, DQ,
DC, pseudo-spectral, collocation methods and some variants.

2.9.3. Perturbed Error Analysis

The condition number of coefficient matrix can indicate the effect of round-off errors on the accuracy of
the solution of linear simultaneous algebraic equations, and is closely related to stability analysis of
numerical computation (Wilkinson, 1964; Burden et al., 1970; Shi, 1980). In this section we will discuss
the relation between the condition number and the perturbed error bound in the solution of the nonlinear
formulation-H and -S.

For the quadratic nonlinear problems, the presented formulation-S in the ordinary and Kronecker product
is

K,.0 +G (U®U)=F. (2.9-54)
We will consider the effects of perturbing the right side vector F. Suppose first the above equation is
perturbed so that matrices K and G are kept fixed and 3F is added to F . Thus,

KU + &0) +G((U + 8J) ® (U + &U)) = F + oF, (2.9-55)
then
U =KF -KGU®U +8U ®U +8U ®8U) (2.9-56)

OU ®AU in the above equation is relatively fairly small in comparison to other terms in the above
equation and thus neglected in the following analysis, and

U ®&J| = |ufou] (2.9-57)

We have B

ol < —KFL 2559
1 - 2k *le]|u]

Form Eq. (2.9-54),
loF | < (Il + [cllul)lu]

and
1 _ Kl + lellul 2959
jol = leFl |
Multiplying Egs. (2.9-58) and (2.9-59) provides
loa] _ IclKE + < lisllal JoF] - x(K) + &, (K, G)IU] o]

(2.9-60)

lol = 1-2kellul IF] 1-2x,(K, G)U| |F]

where KL(K) is the conventional condition number of linear system, KN(K, G) is defined as the
nonlinear condition number. The quantity on the left of Eq. (2.9-60) may be considered a measure of the
relative disturbance of U. The inequality provides a bound on this relative disturbance in terms of the
relative disturbance of F . Removing the nonlinear term in Eq. (2.9-54), we can obtain the traditional
linear formula:

gl _ s
=1 < Ikl
vl

loF]
¥l

=l
<]

x(K)

(2.9-61)
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Compared with Eqg. (2.9-61), the relative disturbance bound in the formula (2.9-60) depends on not only
K‘(K) but also K‘N(K, G) and the norm of unknown vector x. Thus, the analysis for nonlinear
problems are much more complex than that for linear problems. Let the nonlinear condition number
Ky (K, G) zero, Eq. (2.9-60) is equivalent to Eq. (2.9-61).

The following analyzes the nonlinear formulation-H.

Theorem 2.9.3.1. If matrices A=[a;] and B=[b;]eC"*™, then

|a e Bl, < |all8l, (2.9-62)
where H HZ denotes the spectral norms. This is famous Schur theorem on the Hadamard product. Note that
the matrices A and B involved in numerical computation are in general Nx1 dimensional vector, i.e., A,
BeC™. So it is straightforward that the inequality (2.9-62) exists for the other norms in the present

study, and thus the particular choice of norm is immaterial, we will omit the subscript 2 in the latter
discussion.

For example,

KU + (AU) - (BU) = F (2.9-63)
is perturbed. A and B are kept fixed, and F is added to 5F, namely,
K(U+8U)+(AU+8U))+(B(U+8U)) = F+oF (2.9-64)
Thus,

U = KoF - K’l[(AU)o(B&J)—(AéU)o(BU)—(AéU)o(BéU)] (2.9-65)

Multiplying Egs. (2.9-58) and (2.9-64) and applying theorem 2.9.3.1, we have
ol Tkl + Ik ClAIBIOL o] + x0T lFL
o] 1 -2k flalsliv]  IFl 1 - 2x, 0l [F]
(AéU) o(BéU) is relatively fairly small value in comparison to other terms in Eq. (2.9-65) and thus

(2.9-66)

neglected in the analysis. The nonlinear condition number here is i ( K, A, B) similar to &, (K, G)
in Eq. (2.9-60).

Equations (2.9-60) and (2.9-66) may establish the basis for stability and error analysis in nonlinear
numerical computations. The further applications are under active study.

2.10. Concluding Remarks

In the closing section we will discuss the potential advantages of the DQ and DC methods for the
nonlinear problems. After that, some remarks on the Hadamard product and SJT product techniques are
given.

2.10.1. Some advantages in applying the DQ and DC methods for nonlinear problems

Some researchers (Malik and Civan, 1994; Wang, 1995) have pointed out that the DQ and DC methods
may be especially attractive for nonlinear computations. But they did not provide some theoretical
analysis to support their arguments. We here discuss some inherent merits in the DQ and DC methods for
nonlinear computations.
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The DQ and DC methods belong to the global numerical techniques. It is well known that the most
distinctive feature of the nonlinear problems is their global correlation in comparison to the linear
problems. In other words, the function values far from each other in entire computational domain may
have much larger relative affection for nonlinear problems. Of course, for linear problems, there exists
similar each other dependence, but that is weaker. The finite element and finite difference methods are
derived from local interpolation technique. The global methods use much more function values to
approximate the function value at certain grid point, while the FE and FD methods only use less function
information, in which the solution at a grid point is approximated only by using those dependent-variable
values at adjacent points. The main shortcomings of the global methods are their computational stability
and the applicability for problems with complex geometries. The former can be circumvented by using the
proper basis functions for problems of interest, the latter can be overcome to somewhat extent by
coordinate mappings or multidomain approaches. If the solution for problems of interest is sufficiently
smooth and we choose proper basis functions, the global methods produce more reliable results and has
more rapid rate of convergence than the FE and FD methods, especially for nonlinear problems. From the
resulting formulation standpoint, the FE and FD methods result in a sparsely banded coefficient matrix,
while the DQ method generates algebraic equations with full characteristic matrices in one dimensional
problems. But for two-dimensional domain problems, Civan and Sliepcevich (1984b) pointed out that the
Jacobian matrix in the DQ algebraic formulation contained many null elements, nearly a half of all
elements but much less than in the FD and FE formulations. Unlike the DQ method, the DC method is a
really global numerical method for multi-dimensional problems. The DQ method is a special case of the
DC method in one dimension. The resulting coefficient matrices in the DC formulation for multi-
dimensional problems contain much less null element. Therefore, the DC method may be the most
efficient numerical technique for multidimensional nonlinear problems. Some applications also proved
much higher efficiency of the DQ and DC methods for the nonlinear problems than the conventional FE
and FD methods. In addition, it should be pointed out that the DQ and DC methods are also generally
more effective for the linear problems than the FE and FD methods. The DC method may be especially
efficient for differential equations whose derivatives with respect to one coordinate is not only dependent
on the function value at that coordinate direction.

On the other hand, the other global numerical methods (Rayleigh-Ritz, Galerkin, etc.) also have similar
inherent efficiency for nonlinear computations. However, these methods require one to select initial trial
functions satisfying boundary conditions for problems considered, which is not an easy task for many
problems in practice. In addition, these methods need more strenuous formulation effort. In contrast, the
DQ and DC method can easily and exactly satisfy a variety of boundary conditions and require much less
formulation effort. Recently, the spectral and pseudo-spectral methods have been extensively used in
practical engineering especially for the numerical solutions of fluid dynamic problems. The spectral and
pseudo-spectral methods are also belong to global numerical methods and are efficient for many linear
and nonlinear problems. Quan and Chang (1989a) have pointed out that the DQ-type methods are
basically equivalent to the collocation and pseudo-spectral methods. But the DQ and DC methods directly
compute the desired function values at grid points rather than spectral variables. Thus, they are more
explicit and simple for some practical applications. Moreover, the pseudo-spectral methods require heavy
and complicated formulation effort and lack the ease of implementation of the DQ and DC methods
(Mansell et al., 1993). Also, as was discussed earlier, the desired spectral coefficients in these methods
usually have no physical significance. Therefore, assumed initial values in the iterative solution of the

nonlinear problems are inherently poor guess, and the computational effort is aggravated.
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The proper basis functions can improve the convergence rate and reliability of the DQ method (Chang et
al., 1993; Striz et al, 1995), but it should be emphasized that the choice of the basis functions in the DQ
and DC methods is different from the Rayleigh-Ritz and Galerkin methods. The DQ and DC methods
need not consider the boundary conditions of certain problems to choose the basis functions. Thus, the
effort to determine the basis functions is very little. Generally, we can categorize the problems into several
sorts. For example, the harmonic functions are chosen as the basis functions for periodic problems, the
family of Bessel functions for buckling, deflection and vibration of circular and annular plates. The DQ
and DC methods using the polynomial basic functions are usually effective and reliable for a variety of
problems if the zeros of Chebyshev, Gauss or Legendre polynomials are adopted as the grid spacing. The
idea using split range polynomial expansions as the basic functions proposed by Mansell et al. (1993) is
applicable to the DQ and DC methods for dealing with problems involving steep gradients and
discontinuities. For the definite basis functions, the DQ and DC weighting coefficients for certain grid
spacing need be computed only once and are independent of any special problems. Therefore, these
weighting coefficients can be used repeatedly for various problems.

Based on the foregoing discussions, we can conclude that the DQ and DC methods has the superb
accuracy, efficiency, convenience and the great potential for nonlinear numerical computations.

2.10.2. Some remarks on the Hadamard product and SJT product

The conventional nonlinear algorithms have been rather adequately studied with the framework of linear
algebra and relative matrix approaches. As was pointed out earlier, the approaches do not work very well
for this task. In this chapter we hope to present a new framework for nonlinear computations of the DQ-
type methods. The principal contributions of this chapter are to introduce the Hadamard product of
matrices to the nonlinear computations of the DQ method as well as other numerical techniques and to
first present new SJT product to compute the Jacobian derivative matrix in the Newton-Raphson method.
The specialist in numerical computation field are seldom familiar with the Hadamard product. As was
pointed out by Horn (1990), the Hadamard product was even rarely involved in the standard matrix and
linear algebraic text book. The objective of this chapter is to recognize the usefulness and generality of the
Hadamard product in nonlinear computations. Using the Hadamard product, the nonlinear differential
equations are easily formulated by various numerical methods. Moreover, regardless of the method we
choose to compute the nonlinear problems, the resulting formulation can have the same formulation-S
form. The formulation-S isolates the known coefficient matrix and unknown nonlinear vectors and has an
explicit matrix form. Therefore, the solution and analysis of the formulation-S are much easier than that of
the conventional nonlinear formulations. For the finite difference, differential quadrature, differential
cubature, pseudo-spectral and collocation methods as well as the finite element methods based on these
numerical techniques, we can obtain either the formulation-S or the formulation-H. The formulation-H is
preferred for these methods. The most important point in this study is that a computational attractiveness
is shown to develop the unified techniques for the analysis and computation of the standard formulation-H
and formulation-S.

The approaches are developed to efficiently compute the Jacobian matrix and analyze the perturbed error
of the formulation-H and -S. The simple iteration method become a competitive alternative to the
Newton-Raphson method due to the application of the Hadamard power and function. The SJT product

may be very significant because the Jacobian matrix is often used in many engineering areas. The
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decoupling computations by means of the Hadamard and SJT product are of extreme importance in the
solution of large nonlinear systems. The Hadamard product, power and function are shown to be
innovative and powerful concepts in nonlinear numerical computations. The most important feature of the
Hadamard product may be its ability to express the nonlinear relation in the problems of interest. But in
fact it seems to be seldom applied in practical engineering. Though we restrict attention here to numerical
computations of nonlinear differential equations, the work will possibly bring impulse for some new
development in the Hadamard product and its applications in various science and engineering areas, in
which nonlinear analysis can not be circumvented. The Hadamard product may be of vital importance in
“nonlinear algebra” rather than in the conventional linear algebra.

The practical applications of the DQ method to nonlinear problems are still few in comparison to the other
numerical methods. The present work may provide a guidance to more studies in this field. In section 4.5
we will show the practical applications of the techniques in the DQ solution of geometrically nonlinear
bending of orthotropic plates.
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CHAPTER 3
TRUNCATION ERROR AND GRID SPACINGS

3.1. Introduction

As was pointed out by Bert and Malik (1996d), the studies in the error aspects of the DQ method have
been neglected. The work has been not reported so far except Bellman et al. (1972), Jang et al. (1989),
Chen et al. (1994, 1996b) and He and Wang (1995). Bellman et al. (1972) presented truncation error
formulas based on Rolle’s theorem. However, the formulas do not involve the practical grid interval and
are too inaccurate for practical use. Therefore, they are not significant for many practical purpose. Based
on Bellman’s formulas, Jang et al. (1989) briefly discussed the error estimates for the DQ analysis of a
beam. Chen et al. (1994, 1996b) derived a new explicit truncation error formulas for the first order
derivative by using interpolation technique and discuss in general the truncation error distribution
problems. Then, by using the same technique, He and Wang (1995) compared maximum truncation errors
of the 1st order derivative in using several types of sampling points to find the optimal grid spacings.
Recently, Chen, Zhong and He (1996d) gave the simple and explicit truncation error formulas for the DQ
approximation of various order derivatives. It is also noted that the choice of the sampling points is deeply
related to the truncation error. It is known that the optimal grid spacing in the polynomial approximate if a
function is to satisfy the mimimax principle, i.e., the absolute truncation errors at various grids are
basically uniform (Atkinson, 1978). The optimal approximation of derivatives of a function is an
extremely important problem. However, research in this field is still fairly poor so far. In this study, we
discuss the truncation error and sampling point problems in the DQ method through trial and error. Seven
general rules for choosing sampling points are presented. The relations between the optimal types of grid
spacings and truncation errors are discussed. Since the DQ method is in fact equivalent to the collocation
and pseudo-spectral methods, the truncation error formulas and the rules for selecting sampling points are
also applicable for these two methods. It is worth pointing out that the proposed truncation error formulas
are also important for analyzing the convergence speed of the DQ method.

The zeros of orthogonal polynomials such as the Legendre or Chebyshev polynomials do not include the
end points of the normalized domains, and, thus, the end points have to be forced if these points are
needed for the boundary conditions. The DQ method using such grid points is equivalent to the so-called
orthogonal collocation methods. Bellman et al. (1975) applied the spline technique to avoid this boundary
point difficulty. Bert and Malik (1996d) suggested that the Chebyshev-Gauss-Lobatto points be a better
choice in that the grid spacing automatically includes the end points. However, as was pointed out by
Quan and Chang (1989a), the zeros of the Chebyshev or Legender polynomials can be used to reach the
end points by using a simple linear algebraic transformation, and direct computing formulas for weighting
coefficients of such grid points are also presented. Their study also showed that the DQ method using all
zeros of the Chebyshev polynomials without additional forced ends is more efficient than using the
modified Chebyshev grid points. However, the formulas given by Quan and Chang (1989a) is still
somewhat complex. In the present study, the simplified formulas for computing weighting coefficients of
such grid spacing as well as other often used grid spacings are provided.

3.2. Truncation Error in the DQ Method
Based on the fact that the DQ method is a polynomial approach (Quan and Chang, 1989a, b), new
truncation error formulas are derived and their distribution in the entire variable domain are discussed in

this section.
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Bellman et al. (1972) presented a truncation error formula for the DQ approximation to the second
derivative:

R(z)(x)sm}fz)lﬁ(x—xj)s(ﬁ:z)! (3.2-1)

where K is the maximum value of the Nth derivative of the function f(x),

f (N)(X)‘ <K. XjZ)Tj X2,
X; ‘s are the grid coordinate. h is the maximum interval on the grid, h:max‘x — Xj‘ . The formula was

derived by using Rolle’s theorem. There exist similar truncation error formulas for the 1st and other

higher order derivatives. The major drawback of the above formula is that relation between the truncation
error and the grid interval has not be clearly exposed, since X, ’s are not definite value as the grid

coordinate x;. Therefore, h in the formulas is too vague for many practical purpose.

Quan and Chang (1989a, b), Shu and Richards (1992) and Bert, Wang and Striz (1993) derived the DQ
method from the Lagrangian interpolation formulas. Following this idea, Chen (1994) and Chen, Yu,
Wang (1996b) proposed a different truncation error formulas in the DQ method for the 1st order
derivative.

If a function can be approximated by a Lagrangian polynomial, we have
N

f(x) = ij (x)f(xj)+R(x), i =12 ..., N. (3.2-2)
j=1

where pj(x)’s are Lagrangian interpolation basis polynomials, R(x) is the truncation error, namely,
R(x) = o (&Mlx)
- N !
N
inwhich W(x ) = H (X — x;).Hence,

f ’(xi) = jNlej'(xi)f (xj) +R" = jNZlAjf (xj) + R’(xi), (3.2-4)

where Aj‘s are the DQ weighting coefficients of the 1st order derivative, x;’s are discrete grid point
coordinates, R’(x;) is the truncation error of the DQ method to approximate the 1st order derivative. Thus,
we have

(3.2-3)

Y (ew(x,)
N ! '
where W'(X ) depends on the grid spacings. It can be observed that the truncation error formula (3.2-5) is

R(x,) = i=1,2,..N. (3.2:5)

different from one given by Bellman et al. (1972).

In the subsequent study we will derive new formulas of the truncation error for high order derivatives. A;;,
Bi; and Cj herein represent the DQ weighting coefficients for the 1st, 2nd and 3rd order derivatives,
respectively. Differentiate equation (3.2-2) to the second order and let x=x; , we have

1
‘R"(xi) < K‘ZW'(xi) + W”(xi) N
where K:max(‘f N(x )|, f (N*”(X)), R" (x;) is the corresponding truncation error in the DQ
method. According to equation (8b) in Shu and Richards (1992), namely
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WI/(X , )
_ (3.2-7)
2W'(xi )
where A;‘s are the diagonal entries in the DQ weighting coefficient matrix for the 1st order derivative.
We have

wix,)

Re(x,)| < 2K[t + A, S (32-8)

According to

B. = WW(X) d C —M 3.2-9
Tk ™ S T wi) (429
By using the similar procedure, we have

R™(x,)| < 3K,[L+2 +B\M,(Xi) 3.2-10

i) =93 A i N (3.2-10)

\R(“)(xi) <AK,[L+3A, +3B, + c“MN():i) (3.2-11)

where K4:max(‘f(N)(X), f(N*l)(x), f(N*Z)(x), f(N*3)(x)),K3:max(\f (N)(X), £ (N+1)(X),

2 (x))).

In this section, we only discuss the zeros of the Chebyshev polynomials and the equally spaced grid
points. For example, consider truncation error of the 2nd order derivative under the equally spaced grid
points, we have

N-1
T
R1Mx. )| < 2K1 + A. | —— 3.2-12
—a
where 7 = N 1 is the uniformly grid interval. b and a are the upper and below limits of variable X,

respectively, namely xe[a, b], CiNill denotes combination computation. Note that t is accurate value

greatly different from imprecise h in equation (3.2-1). Therefore, the present formula indicates more
explicitly the truncation errors of the approximate solutions at various sampling points in terms of the grid
interval. For the grid spacing using the zeros of the Chebyshev polynomials of the first kind, we have

2K|L+ A, b—a\""
RH i <
Rl oy e )

T
where d = ZCOSN is the distance between the last and first roots of the N order Chebyshev

(3.2-13)

polynomial in the normalized range (-1, 1), r; is the corresponding ith root of the Chebyshev polynomial,
xe[a, b]. The convergence speed using this grid spacing is faster than using the equally spaced grids
(Quan and Chang, 19893, b; Bert, Wang and Striz, 1993).

To facilitate comparison with the equally spaced grid spacing, the truncation error formula (3.2-13) for
the Chebyshev grid spacings is restated as

R () < — R ANTS (b-ajN-lz(Zd)K<1+Ai>N“

s T (3.2-14)
(2d)" (N -1)1y1-r2 \ N "N -1
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where t=(b-a)/N. The general truncation error formulas for the 1st, 2nd, 3rd and 4th order under various
grid spacings can be expressed as

\Ri(m) <Kperre™, m=1,23.4 i=1,2,....N (3.2-15)

in which err denotes the corresponding error constants.

Considering equally spaced grid points, we have

Rix,)| < S S Rix,)| < S S (3.2-16)
YETON(N -t " N(N - "
for both ends and
’ (N/2-1)1(N/2)1 K
‘R (xN/z) <N N D" (3.2-17)

for the center points if N is an even number.

Comparing the truncation error formulae (3.2-16) for the ends with (3.2-17) for the center point, it may be
concluded that largest truncation error could possibly occur in the vicinity of the ends if equally spaced
grid points are used in the DQ method. The two examples, which were Eqs. (4) and (5) provided by
Civan and Sliepcevich (1986) as accuracy tests of the DQ method, can be as the numerical demonstration
for the present error analysis (see fig. 1 and fig. 2 of Civan and Sliepcevich (1986)). Also a similar error
distribution is expected for unequally spaced grids such as defined by the zeros of the shifted Chebyshev
or Legendre polynomials.

The truncation error constants at all grid points for the 2nd order derivative under N=10 are given in table
3-1 for the equally spaced and the Chebyshev grids, where i denotes the sequence of the grid points. It can
be found that the error constants except for those at end points for the Chebyshev grids are in general
more smooth than those for the equally spaced grids. This compares favorably with the fact that the DQ
method using the Chebyshev grid points can produce more accurate results than using the equally spaced
grid points. It is fact that maximum diagonal entries in weighting coefficient matrices A;;, Bjj and Cj; come
upon at the end points. So the largest error constant may appear at the end points according to Egs. (3.2-
11), (3.2-16) and (3.2-17). In table 3-1 we can note that the largest error constants indeed locate at the
ends of these two grid spacings. Therefore, it can be concluded that the largest truncation error may much
probably occurs in the vicinity of the ends. Also, it is known that the Chebyshev grid spacing is very
efficient for some problems among all existing grid spacings (Quan and Chang, 1989b) but not optimal
for the DQ method as well as the pseudo-spectral and collocation methods since the error constants at the
vicinity of the ends are obviously larger than at other grid points. Similar to min(max(W(x)) principle in
the polynomial approximation of a function by using the Chebyshev grid points, it is very significant
work to find the grid spacing which satisfies min(max W '(Xi) ) at inner grid points. The further

discussions on this issue can be found in section 3.4.

Table 3-2 displays the error constants at the end point N for the equally spaced and the Chebyshev grid
points under N=5, 10, 15, 20. err(1), err(2), err(3) and err(4) denote the corresponding truncation error
constants for the 1st, 2nd, and 3rd and 4th order derivatives, respectively. Note that the truncation errors
for various order derivatives are all O(At"Y) in the DQ method but have greatly different the error
constants. As can be seen from table 3-2, the error constants for high order derivative are in general
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larger. As the number of grid points increases, the error constants for the second order derivative increase
in the equally spaced grid points but decrease in the Chebyshev grid points. So, if using the larger number
of grid points, the Chebyshev grid spacing is preferred. In addition, it is also observed that the diagonal
elements in weighting coefficient matrices A;, Bjj and C;; decrease gradually from two end points to
central point. Therefore, according to formulas (3.2-11), (3.2-16) and (3.2-17), we can conclude that the
truncation error constants for higher order derivatives increase more quickly at points nearby boundary
ends than at those around the vicinity of central point. Finally, it should be also pointed out that the
present truncation error formulas and the respective conclusions are also applicable for the pseudo-
spectral and collocation methods.

Table 3-1. The error constants in the present formulas for the truncation error under ten the
equally spaced and the Chebyshev grid points

i 1 2 3 4 5 6 7 8 9 10
Chebyshev 5.83 0.17 0.013 0.015 0.02 0.028 0.04 0.08 0.03 6.14
Equally 4.89 0.32 0.049 0.011 0.001 0.004 0.02 0.06 0.36 5.29

Table 3-2. The maximum error constant (at end point N) in the present truncation error formulas

N Equally spaced grids Chebyshev grids

err(l)  err(2) err(3) err(4) err(l)  err(2) err(3) err(4)
5 (02 3.7 38.6 260.8 0.4 8.4 914 629.2
10 | 0.1 5.3 173 4148 0.075 6.1 264.8 7662
15 | 0.07 6 371 17109 0.013 2.4 229 15136
20 | 0.05 6.8 616 43704 0.002 0.7 119 14044

3.3. Simplified Formulas for Weighting Coefficients
In this section the formulas computing weighting coefficients for some often used grid spacings are
discussed.

Civan and Sliepcevich (1984b) pointed out that the accuracies of the DQ solutions for some problems
increased with the number of equally-spaced grid points up to 1/1. When the grid points were increased to
15 the accuracy dropped off. Civan and Sliepcevich (1984b) attributed the behaviors of the DQ method to
inaccuracies of the DQ weighting coefficient caused by inversion computation of an ill-conditioning
Vandermonde matrix (Hamming, 1973) during the evaluation of these coefficients. They suggested that
an optimum number of grid points 11 should be used for equally spacings. The inaccuracies of the DQ
weighting coefficient is one of tow factors which give rise to the unstable behaviors in the DQ method.
Another is the grid spacing which will be discussed in the following section 3.4.

The effect of the ill-conditioning Vandermonde matrix was overcome due to recent work (Quan and
Chang 1989a, Shu and Richards, 1992, Civan, 1989). Civan (1989) applied special algorithms in the
solution of a Vandermonde system of equations (Bjorck and Pereyra, 1970) to obtain the exact DQ
weighting coefficients. Quan and Chang (1989a) presented explicit formulas for the calculation of the DQ
weighting coefficients. Shu and Richards (1992) also independently presented the same formulas and
derived a useful recurrence formulas for weighting coefficients of higher order derivatives. It was proven

46



CHAPTER 3. TRUNCATION ERROR AND GRID SPACINGS

that the BP algorithm generally yields the same accuracy of weighting coefficients as the explicit formulas
(Malik and Civan, 1995, Bert and Malik, 1996). It is preferred to use the BP algorithms for computing
weighting coefficients of the integral and composite operators (Bert and Malik, 1996), while the explicit
formulas may be simple and convenient for computing the weighting coefficients of single differential
operators.

Quan and Chang (1989a) also pointed out that the DQ method can use all zeros of the Chebyshev and
Legendre polynomials as its grid points, and such sampling points can naturally encompass the boundary
end points without additional forced points, while the orthogonal collocation method can not. Therefore,
the DQ method using the grid spacing of such type has somewhat faster convergence rate than the
orthogonal collocation method (1989b). Quan and Chang (1989a) also gave the direct computing formulas
for the evaluation of the DQ weighting coefficients when using these grid spacings. However, these
formulas are still somewhat complex and inconvenient for practical use. We herein give simpler and more
explicit alternative computing formulas.

The roots of the N order Chebyshev polynomials in (-1, 1) domain are given by
2i—-Orx .
= cosg, i=12,...,N. (3.3-1)
2N

The Chebyshev grid spacing for any finite range xe[a, b] can be obtained by a simple algebraic
transformation,

b-a ary —br, .
= r+ , =1, 2, ., N. (3.3-2)
iv—h i—h

Using the properties of the Chebyshev polynomials and after some manipulations, we can derive the
direct computing formulas for the 1st order derivative under this grid spacing.

_h=h (_1)07])

) i 3.3-3
Aij b—a (ri_rj) J ( )
and

1I‘N—I’1 r .

== N =12,...,N. 3.3-4

A=o -] i (33-4)

The weighting coefficients for higher order derivatives can be easily computed by using recurrence
formulas presented by Shu and Richards (1992), namely equation (1.2-4) in section 1.2. The formulas
(3.3-3) and (3.3-4) are obviously simpler and easier to be used than those presented by Quan and Chang
(1989a).

Similarly, the computing formulas for the weighting coefficients of the 1st order derivative using the roots
of the shifted Legendre polynomials in domain [0, 1] (Egs. (5) and (7) in Bellman, Kashef and Casti
(1972)) can be modified to include the boundary point directly for any finite range [a, b] by multiplying a

constant coefficient H where A; and ﬂN are the first and last roots of the N order shifted

Legendre polynomials. In addition, there exists a typographical error in Eq. (7) of that reference on page
43:
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1- 2x,
el - -
The formula should be correctly stated as:

1-2x,
AN o

where Xy is the kth roots of the shift Legendre polynomials.

For the equally spaced grid points, Chen and Yu (1993a) also proposed the following simplified formulas
for the 1st order derivative in the finite range [a, b]:

(<) N -1C]

A, = b—ai_jC. i (3.3-7)
N-1& 1
Ai:b—aj;i—j (33-8)

where C denotes the combination computation.

In order to avoid the difficulty due to the fact that the zeros of the conventional shifted Legendre and
shifted Chebyshev polynomials are not located at the boundary points, Bert et al. (1993) introduced extra
grid points to satisfy the boundary conditions. The DQ method using the grid spacings of this type is
equivalent to the orthogonal collocation method. For the analysis of plates (Chen, Yu and Wang, 1996b),
the DQ method using the present Chebyshev grid spacing (e.g. equation 3.3.2) has faster rate of
convergence than using both the equally spaced grid points and the grid points presented by Bert et al.
(1993).

3.4. A Preliminary Study of Grid Spacings

Even if the accurate weighting coefficients are obtained, the application of various grid spacings in the
DQ method will have a greatly different numerical stability behavior and convergence rate. It is shown
that the DQ method using zeros of orthogonal polynomials are in general more efficient and reliable for
some problems (Quan et al., 1989a, b; Bert et al., 1993). Quan and Chang (1989b) compared
performances of a variety of existing grid spacings through the solution of some typical chemical
engineering problems. Their conclusion is that the DQ method using the zeros of Chebyshev polynomials
may be the most efficient. Similar to the polynomial interpolation approximation for a function, equally
spaced grid points were in general convenient but obviously not reliable for some cases (Sherbourne et al.,
1991; Wang et al., 1994a). Bert and Malik (1996) suggested that the so-called Chebyshev-Gauss-Lobatto
points may be consistently better than the equally spaced, Legendre, and Chebyshev points in a variety of
problems since such grid points encompass the boundary end points of the normalized domains. The task
of this section aims to provide several general rules for determining the optimal grid spacings in the DQ
method.

The following six types of sampling points are used in this study. All variable domains in the present
study have been normalized as x<[0, 1].
Type |: Equally spaced sampling points

-1
X, = i=1,2,....N. (3.4-1)
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Type I1: Normalized Chebyshev sampling points
(2i -1
— 7

1 cos
X, =5 - 2N i=1,2, .., N. (3.4-2)

! i
2C0S —
2N

Type I11: Equally spaced sampling points with & points immediate adjacent two ends
X, =0 x, =0, x,,=1-0,%x, =1

i -2 (3.4-3)

X, = , i =34, ..., (N - 2)
= N 3 3 (N - 2]
Type IV: Normalized Chebyshev sampling points with 8 points immediate adjacent two ends
X, =0x, =6, x,,=1-0,%x, =1
cos (2N - 5)x
1 2(N - 2) (3.4-4)
X, = = — , 1 =34 ...(N = 2),
S R 34 ..(N -2)
2(N - 2)
Type V: Equally spaced sampling points with only one & point immediate adjacent one boundary end
X, =0 x, =9,
i -2 3 N (3.4-5)
X = ——,1i = ... N.
' N -2

Type VI: Normalized Chebyshev sampling points with only one 6 point immediate adjacent one boundary
end

cos (20 -3

_ 3.4-6

Xi:%_ Z(Nﬁl),i:3,4,...,N. ( )
2 COS m

We choose N=7 and §=107 in this study otherwise specified, the corresponding grid coordinates of the
above six types in normalized domains are listed in table 3-3.

Table 3-3. Grid coordinates of the six types of sampling points ( N=7 and §=107)

X1 X X3 X4 Xs Xe X7
Type | 0.0 0.167 0.333 0.5 0.667 0.833 1.0
Type Il 0.0 0.099 0.277 0.5 0.723 0.901 1.0
Type 11 0.0 0.00001 0.25 0.5 0.75 0.99999 10
Type IV 0.0 0.00001 0.19098 0.5 0.80902 0.99999 1.0
Type V 0.0 0.00001 0.2 0.4 0.6 0.8 1.0
Type VI 0.0 0.00001 0.13397 0.36602 0.63398 0.86603 1.0

The following four nonlinear differential equations serve as the numerical examples in a comparison
study of the six types of sampling points. These examples are not very complex and not expected to be
adequate in all circumstances. It is our opinion that the simple problems can provide some innovations
into the more complex problems.
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Example : y ' — e ¥ = 0; y(0)=0, 0<x<1 (3.4-7)

Example2:y > + y? — 1 = 0; y(0)=0, 0<x<1 (3.4-8)

Example3:y’' — y? — 1 = 0; y(0)=0, 0<x<1 (3.4-9)
r2

Example 4: y"' + 1 + y__ 0; y(O) =1, y(l) =2 (3.4-10)
y |y

err; denotes the relative error at the ith grid point, e.g.,
|Anal ytic — Numerical

err, = : 3.4-11
' \ Analytic \ ( )
The average error is defined as
1 N
g=-—err,. (34-12)
N =

The average relative errors for the above four examples are displayed in table 3-4. It is observed that the
DQ method using different grid spacings yields approximate solutions of different accuracies. Based on
comparison, the sampling points of type VI is the most accurate in the DQ solution of the first three
examples, while type Il produces the most accurate solutions for the fourth example. Obviously, types I,
I1, 111 and IV are symmetric spaced grid points, while types V and VI are not symmetric, e.g., where only
one & point is placed at immediate adjacent position of one boundary end. We can find that the
asymmetric grid points seem to performs better for the problems with single boundary condition. In
contrast, symmetric sampling points are more accurate for problems with double boundary conditions, one
condition each with the two end points. This fact is also discovered again in applying the DQ method for
analysis of deflection and vibration of beam and plates with two boundary conditions at each boundary.
As shown in table 3-8, type IV gives the best solutions for these cases, while type VI yields the worst
ones. In the case study for beam and plate, we exploit the technique proposed by Chen et al. (1993a), Du
et al. (1994), Wang (1995), and Bert et al. (1996c¢) in applying multi-boundary conditions, namely, the so-
called DQZ approach as defined in later section 4.4. The technique uses the boundary condition analog
equation instead of the DQ analog of the governing equations at the boundary and its immediate adjacent
points.

As were pointed out by Quan et al. (1989b) and Bert et al. (1994b), the Chebyshev-type points (e.g. type
Il, 1V, and VI) in general produce more accurate solutions than the equally spaced points. It can be
observed from table 3-3 that the Chebyshev grid spacing has a obvious tendency towards neighboring
area of boundary ends than the equally spaced points. We define this phenomena as the boundary effect,
namely, grid points should be placed to tend towards boundary ends where boundary conditions are
impose. Although in this study we do not involve the Legender points and so-called Chebyshev-Gauss-
Lobatto points, it is noted that the Chebyshev points in general have stronger tendency towards two ends
and sparser density in central region than either the Legendre points or the Chebyshev-Gauss-Lobatto
points. Quan and Chang (1989a, b) pointed out that the Chebyshev points may be most efficient sampling
points based on some numerical experiments in chemical engineering area. The boundary effect provides
an explanation for this conclusion.

Table 3-4 shows that the so-called & spacings (types IlI, 1V, V and VI) seem to be very effective for

examples 1, 2 and 3 with single boundary condition. In these cases, the boundary effect manifests more

obviously. Table 3-5 provides the relative errors at various grid points for example | in applying type Il

and 1V of sampling points. The most inaccurate DQ solution is found at the second grid point for type |1
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and at third grid point for type IV. This phenomena also occurs in using types | and 111 for example 2 and
3. The accuracies at 8 points are obviously higher than those at other grid points. Table 3-9 compares the
accuracies of type Il with various & value. 5=0.01 seems to be preferred. We find a most effective
sampling points for the DQ analysis of static deflection of SS-SS-SS-SS square plate, which is shown in
Table 3-10 and & is arbitrary value within the scope of 0 to 0.181. The DQZ approach using such
sampling points yields accurate solution 4.062x107 at center point, and 9.864 (relative error 0.06%, exact
solution 9.869) for fundamental frequency of a SS-SS beam which is much more accurate than using the
same number of any other existing grid spacing. A very interesting fact is also noted that the locations of
d points can not produce any affect on the DQ solutions of beams and plates when the DQZ technique is
used to apply multi-boundary conditions in the DQ analysis of structural component analysis. The reason
for this phenomena may be due to the fact that the DQZ approach applies the boundary conditions to
replace the DQ analog equation of the governing equations at 8 points immediate adjacent boundaries. In
contrast, similar situations do not occur when the new approach in applying multiple boundary conditions
proposed by Wang and Bert (1993a) is used. It is noted that the & grid spacings are not applicable in
vibrational analysis of beams and plates by means of Wang and Bert’s approach.

The absolute truncation error constants for the 1st and 2nd order derivatives in applying the present six
types of sampling points are displayed in tables 3-6 and 3-7. It is noted that the truncation error constants
are closely related to the grid spacings. In general, the error constants at points nearby boundaries are
obviously larger than those at points nearby center region. The truncation error constants under the
asymmetric grid spacings (types V and VI) is also asymmetric, while the symmetric sampling points yield
basically symmetric distributions of error constants. The error constants for the 2nd derivative are also
obviously larger than for the 1st order derivative. Also, it is a very interesting fact that smaller error
constant at certain point can not ensure to obtain more accurate solution at the same point. The accuracies
of the solution depend more on the total error distribution. However, it is worth stressing that the error
constants at boundary points have not effect on the accuracies of the solutions if the DQ approximations
are not required at the boundary points. The sample points, where error constants values have smaller
relative difference, in general yield more accurate solutions, for example, the Chebyshev points. On the
basis of the above case analysis, the following general rules for choosing sampling points in terms of
efficiency and accuracy are concluded:

1) The Chebyshev points are usually the first choice for polynomial approximation of a function.
However, such situations do not occur in numerical approximation of partial derivative of a function.
No grid spacing is in general consistently more efficient than any other possible one for differential
equations of different types.

2) The choice of sampling points is deeply related to the boundary conditions for problems of interest.
For double boundary conditions, one each at two ends, the symmetric spaced grid points are
preferred. In contrast, the asymmetric sampling points may be more effective in situations of
problems with the single boundary condition.

3) In order to avoid the so-called boundary effect, sampling points should be more inclination to
boundary ends where boundary conditions are imposed.

4) The accuracies of the DQ approximation using certain type of sampling points are determined to great
extent by the relative difference among truncation error constants at various inner points including
ends where no boundary conditions are imposed. In general, the sampling points, whose truncation
error constants varied in a smoother form, yield more accurate approximation. Moreover, only the

truncation errors of the highest order derivative in differential governing systems need be considered.
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5) The & value in the so-called & spacings has not effect on the accuracies of the DQZ approach for
analysis of beams and plates. Therefore, the choice of grid spacings for the DQZ need not consider
the location of & points, namely, if N points are used, we only consider the spacing problem of N-2
sampling points. However, it is noted that & points must locate between the boundary points and
adjacent inner points.

6) The & spacings is in general more effective for the DQ solution of differential equations.

7) Rule 2 is more important than rule 4 in choosing sampling points.

Since the DQ method and the collocation method are equivalent except for the different choices of grid
points (Quan and Chang, 1989a), the above rules are also applicable for the collocation method. It is
observed that the high efficiency using a kind of grid spacing for some problems usually means better
stability and reliability. The present study only consider the DQ method based on the usual polynomial
basis functions. It should be pointed out that the DQ method using other types of basis functions, which
may be more proper for certain problems, have very fast speed of convergence and strong stable, namely,
no limitation on the number of grid points.

Table 3-4. A comparison of average errors of the DQ solutions using different sampling points

(8=0.00001).
Type | Type ll Type I Type IV Type V Type VI
Example | 1.8E-4 5.7E-5 4.0E-5 2.1E-5 1.96E-5 9.98E-6
Example Il 2.1E-6 1.1E-6 5.8E-7 1.7E-7 2.6E-7 1.3E-7
Example 111 1.6E-2 8.4E-3 9.0E-3 3.7E-3 1.4E-3 6.4E-4
Example IV 2.1E-4 3.4E-5 2.2E-4 1.6E-4 1.2E-3 1.5E-4

Table 3-5. Accuracy comparison for example 1 at various grid points

2 3 4 5 6 7
Type 2 2.2E-4 5.1E-5 3.2E-5 1.9E-5 1.6E-5 1.3E-5
Type 4 2.9E-8 1.3E-4 4.2E-5 3.3E-5 1.9E-5 1.9E-5

Table 3-6. Absolute value of truncation error constants for the first order derivative

Grids 1 2 3 4 5 6 7
Type | 3.6E-1 6.0E-2 2.4E--2 1.8E-2 2.4E-2 6.0E-2 3.6E-1
Type Il 2.1E-1 7.4E-2 5.2E-2 4.7E-2 5.2E-2 7.4E-2 2.1E-1
Type 11 2.2E-5 2.2E-5 10E-1 9.1E-2 1.0E-1 2.2E-5 2.2E-5
Type IV 1.8E-5 1.8E-5 1,1E-1 1.4E-1 1.1E-1 1.8E-5 1.8E-5
Type V 8.9E-8 8.9E-6 3.5E-2 3.5E-2 54 E-2 19E-1 8.9E-1
Type VI 6.3 E-6 6.3E-6 3.1E-2 6.2E-2 1.1E-1 2.0E-1 6.3 E-1

Table 3-7. Absolute values of truncation error constants for the second order derivative

Grids 1 2 3 4 5 6 7
Type | 9.9 8.1E-1 1.2E-1 3.6E-2 2.2E-1 1.0 11.3
Type 1l 7.6 1.4E-1 4.9E-2 9.3E-2 1.6E-1 4.4E-1 8.4
Type Il 44 44 6.6E-2 1.8E-1 3.4E-1 4.4 4.4
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Type IV 3.6 3.6 8.8E-1 2.8E-1 4.6E-1 3.6 3.6
Type V 1.8 1.8 4.2E-2 1.3E-1 4.7E-1 2.2 24.1
Type VI 1.3 1.3 4.4E-1 4.3E-1 6.1E-1 1.4 20.0
Table 3-8. Relative errors of DQ solutions of center deflections of square plates
Type | Type Il Type Il Type IV Type V Type VI
SS-SS-SS-SS 2.6E-2 1.9E-2 1.4E-2 2.5E-3 9.6E-2 1.6E-1
C-C-C-C 2.4E-2 1.2E-2 5.5E-3 7.9E-3 1.3E-1 2.3E-1
Table 3.-9. The effect of & values on DQ average errors using type Il grid spacing
5 Example 1 Example 2 Example 3 Example 4
0.1 5.7E-5 1.0E-6 8.8E-3 1.1E-4
0.075 4.5E-5 8.1E-7 6.2E-3 1.4E-5
0.01 3.9E-5 6.4E-7 7.8E-3 2.3E-4
0.001 3.9E-5 6.6E-7 8.7E-3 2.3E-4
0.0001 4.0E-5 6.9E-7 8.9E-3 2.2E-4
0.00001 4.9E-5 5.8E-7 9.0E-3 2.2E-4
Table 3-10.
0.0 | ) 0.181 0.5 0.819 1-5 1.0
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CHAPTER 4
BOUNDARY VALUE PROBLEMS

3.1. Introduction

Chen, Wang and Zhong (1996b) proposed the new DQ approximate formulas in matrix form for partial
derivatives in tow-dimensional domain, which were different from the conventional ones presented by
Civan and Sliepcevich (1984b). By using these new approximate formulas, the DQ formulations for the
Poisson and convection-diffusion equations can be expressed as the Lyapunov algebraic matrix equation.
The formulation effort is greatly simplified, and a simple and explicit matrix formulation is obtained. A
variety of fast algorithms in the solution of the Lyapunov equation (Bartels and Stewart, 1972; Golub et
al., 1979; Gui, 1992) can be successfully applied in the DQ analysis of these two-dimensional problems,
and, thus, the computing effort and storage requirements can be greatly reduced. Finally, we also point out
that the present reduction technique can be easily extended to the three-dimensional cases.

Many applications has shown that the DQ method is a very efficient technique for structural analysis. Bert
and Malik (1996b) proposed a semi-analytical approach for further improving the efficiency of the DQ
technique for some structural problems. However, the conventional applications of the DQ method does
not work well. Wang and Bert (1993a) presented a new approach for application of multiple boundary
conditions and proved that it was more efficient than the conventional approach for the analysis of some
structural component. However, this new approach is not equally successful for beams and plates with
clamped-clamped (C-C) boundary condition and other complex conditions. Chen et al. (1993, 1994) and
Du et al. (1994) presented a different approach for the same task. The efficiency and simplicity of the
approach are demonstrated via numerical examples. We also gave a theoretical explanation for this
method. We compare these three approaches through numerical experiments.

The geometrically nonlinear bending of orthotropic plate were recalculated by the DQ method (Chen,
Zhong and He, 1996h). Due to the application of the Hadamard product and SJT product techniques and
new matrix approximation formulas, the formulation and programming effort is greatly simplified, the
computing effort and storage requirements are reduced to about one-twenty seventh and one-ninth as
much as those in Bert et al. (1989). New approaches for applying boundary conditions also improve the
accuracies of the DQ solutions for this case.

4.2. New Approximate Formulas and Lyapunov Matrix Equation
Chen et al. (1996b) gave the following DQ formulation in matrix form for the partial derivative of the

function y(x,y) in two-dimensional variable domain, e.g.
2

Iy _ v _ ' v o
0,3(2 —Bxl//y é}(@ _A<WA/1 @2 _!//Bya

(4.2-1)
4 A

= = AW El YA

where the unknown v is a rectangular matrix rather than a vector as in other references. The matrices A
and B with subscripts stand for the DQ weighting coefficient matrices for the 1st and 2nd order partial
derivatives with respect to the corresponding independent variables, respectively. The superscript T on the
A and B means the transpose of the matrices. There are similar approximate formulas for higher order
derivatives. Formula (4.2-1) is very useful to reduce the formulation and computational effort in practice
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(Chen, Zhong and He, 1996h; Chen and Zhong, 1996i). It is noted that the present DQ approximate
formulas in matrix form can be easily extended to three-dimensional problems.

In terms of the matrix approximate formulas (4.2-1), the governing equations for some boundary value
problems can be easily converted into a Lyapunov algebraic matrix equation. The detailed examples will
be provided in the later section 4.3. In what follows we discuss the several existing fast algorithms for the
solution of the Lyapunov equation.

The Lyapunov matrix equation are often encountered in the optimal control, and several efficient methods
for solving equations of such type have been proposed. To simplify the presentation, BS, HS and R-THR
represents the methods presented, respectively, by Bartels and Stewart (1972), Golur , Nash and Loan
(1979), and Gui (1992). In the following we only discuss the computational efficiency of these methods.
Detailed information on their use see the corresponding references. All these methods are also stable and
in general include the following four steps (Nash and Loan, 1979, and Gui, 1992). For example,
considering the Lyapunov equation

vG +Ry =Q, (4.2-2)
where G, R and Q are constant rectangular matrix, ¥ is the rectangular matrix composed of the desired
values. We have

Step 1: Reduce G and R into certain simple form via the similarity transformations G*=P*GP and R*=S"
'Rs.

Step 2: F= S Q P for the solution of F.

Step 3: Solve the transformed equation V G*+ R*V=F for V.

Step 4: w=SVP™.

The respective computational effort is listed in table I (Gui, 1992).

Table 4-1. Comparison of computational effort in the BS, HS and R-THR methods

Steps G*=PGP F=s'QP VG*+R*V=F y=SVP*
R*=S'RS for F for V for

Methods 10(m*+n3) m?n+mn? (m?n+mn?)/2 m?n+mn?

HS 5m®/3+10n° m?n+mn? 3m?n+mn?/2 m?n+mn?

R-THR m®+n® m?n+mn? n®/3+5m?n+ 3mn? m?n+mn?

Based on consideration of the computational effort, the R-THR method is the most efficient for boundary
value problems. The detailed analysis on the computational efficiency can be found in the latter section
43.

On the other hand, the DQ formulations for some problems are not Lyapunov matrix equation, even if the
present matrix approximate formulas are applied, for example, problems in field of structural mechanics.

However, the use of the present approximate formulas can greatly reduce the formulation effort and yield
a explicit matrix formulation. Therefore, the programming is simplified significantly. The desired i in
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rectangular matrix form can be converted into the conventional vector form by the following Lemma
42.1.

Lemma 4.2.1. If AeCP™, B<C™ and the unknown X eC™", then
vec(AXB) = (A® B")vec(X) (4.2-3)
where vec( ) is the vector-function of a rectangular matrix formed by stacking the rows of matrix into one

long vector, ® denotes the Kronecker product of matrices. To simplify the presentation, we define
vec(AXB) = AXB and vec(X)= X .

Corollary:
1AX = (A®1,)X
2 X8 = (1, ®B")X (4.2-4)

3AX + XB = (A®1, +1, ® B")X

where I, and I, are the unit matrix.

The examples on anisotropic plate in section 6.3 and geometrically nonlinear plates in section 4.5 show
obvious advantages of the present matrix approximate formulas.

4.3. Convection-Diffusion Equations and Poisson Equation

Compared with the Galerkin, Control-volume and finite difference methods, the differential quadrature
(DQ) method has proved to be a most efficient numerical technique in the calculation of the Poisson and
convection-diffusion equations (Civan and Sliepcevich, 1983a, b; 1984b). The present study deals with
further improvement of efficiency of the DQ method for these cases. By using the new approximate
formulas presented in section 4.2, the DQ formulations for the Poisson and convection-diffusion
equations can be expressed as the Lyapunov algebraic matrix equation. The formulation effort is
simplified, and a simple and explicit matrix formulation is obtained. A variety of fast algorithms in the
solution of the Lyapunov equation can be successfully applied in the DQ analysis of these two-
dimensional problems, and, thus, the computing effort and storage requirements can be greatly reduced.
Finally, we also point out that the present reduction technique can be easily extended to the three-
dimensional cases (Chen et al., 1996i).

4.3.1. Formulations in the Lyapunov Matrix Equation Form

Unlike the conventional DQ method (Civan and Sliepcevich, 1983a, b; 1984b), the DQ weighting
coefficients here are modified in advance by using the boundary conditions. For example, considering the
Dirichlet and Neumann boundary conditions in the x-direction (x<[0,1])

$(0, y) = h (4.3-1)
o

Eq. (4.3-2) can be approximated by

2 A4 =4 433)
j=1

The function values at boundary points can be expressed by the unknown interior point function values,
namely,
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N —

2 A4 j (4.3-4)

j=

1
¢N :[q _ANlh_

Substituting equations (4.3-4) and (4.3-1) into the DQ formulations for the first and second derivatives,
respectively, we have

op _

— = + a 4.3-5
% - AP a (4.3-5)
o'¢ _ -

S - B«d + b (4.3-6)
where ¢ = {¢2 SO N _1}, a, and b, are the constant vectors, A, and B, are the

modified (N-2)x(N-2) weighting coefficient matrices for the 1st and 2nd order derivatives, respectively.
Also, it is noted that the similar procedures can be used to incorporate any complex linear boundary
conditions into the DQ weighting coefficient matrices. Substituting Eqgs. (4.3-5) and (4.3-6) into matrix
approximate formulas (4.3-1), we have

5Z'¢ 5 52¢ 5 T T

&Z:Bx“¢+BDX, ﬁyz:wBy +By, .

ﬁ¢ % , (4.3-7)
X—AX'¢ +onv 5='¢A; +A0Ty

where the unknown % is a nxm rectangular matrix rather than a vector as in Civan and Sliepcevich
(19834, b, 1984b), n and m is the number of inner grid points along x- and y- directions, respectively. The
superscript T means the transpose of the matrices. Aq and By, are generated by stacking the

corresponding constant vectors a, and BX in Egs. (4.3-5) and (4.3-6). For example,

Iralx a, - alx—i
S 439)
'~anx anX e anXJ

nxm
Aoy and By, can be obtained in a similar way. For higher order partial derivatives, there exist similar
matrix approximate formulas.

The Poisson equations can be normalized as:

3’9 .08
é’x2+ﬂ ay2+s =0, (4.3-9)

where x and y are the dimensionless Cartesian coordinates, namely X, ye[0, 1], B denotes the aspect ratio,
S is a given strength, @ is the desired variable. More details see Civan and Sliepcevich (1983b).

Applying the matrix approximate formulas (4.3-7), the DQ formulation for equation (4.3-9) is given by

i et -

B, +/ ;¢By +7H =0, (4.3-10)
where ¥ , B, and B, are (n-2)x(n-2) rectangular matrix, H = S + B, + BOTy . Since the

boundary conditions have been taken into account in the formulation of weighting coefficient matrices
Bx and By , o additional equations are more required.

The equation governing steady-state convection-diffusion (e.g., equation (24) in Civan and Sliepcevich
(1983b) neglecting time derivative term) can be simplified as
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o d @
a—+ f—=-", 4.3-11
X &  da ( )
where @ is the desired values as defined in equation (23) in Civan and Sliepcevich (1983b), o and f are
constants. In terms of the new DQ matrix approximate formulas (4.3-7), we have

— — 1
B,y + fopB | - w? =Q, (4.3-12)

where Q is constant matrix generated from the modified DQ weighting coefficient matrices similar to H
matrix in Eq. (4.3-10). Furthermore, the above equation can be restated as

_ 1 _
B, —— 1w+ fpB | = 4.3-13

2Pt A8 =Q (4313
The above DQ formulations (4.3-11) and (4.3-13) are the Lyapunov algebraic matrix equation. Obviously,
they are more explicit and simpler than the conventional polynomial formulations given in Civan and

Sliepcevich (1983a, b; 1984b).

4.3.2. Results
The respective computational effort for the algorithms of solution of Lyapunov equation is listed in table
4-1 in section 4.2. The total computing effort in these methods is O(n*+m°) scalar multiplications. The R-

4 1
THR method requires n3+§ m*+7n’m+5mn?+n® (or 14 §n3+n2 when n=m) scalar multiplications, and

may be the most efficient in the solution of the Lyapunov matrix equations for the present purpose. By
using the R-THR method, the same examples given in Civan and Sliepcevich (1983b) are recalculated by
the DQ method, and the accuracies of results are coincident with those given by Civan and Sliepcevich
(1983b). However, the conventional approach required solving a linear simultaneous equations of (N -
2)(Ny -2) order by using the Gaussian elimination method, where N, and N, are the number of gird points

1
along x- and y- directions, respectively. If N=N,=N,, about g(N -2)% multiplications were performed. In

1
contrast, the present reduction approach requires about 145 (N -2)* multiplications. Thus, the

computational effort is only about 34% in using 7x7 grid points and 6% in using 11x11 grid points as
much as that in Civan and Sliepcevich (1983b). The steady-state convection-diffusion (example 1 in
Civan and Sliepcevich (1984b)) is also computed by using the present technique, and the same computing
reduction is achieved. Gui (1992) also pointed out that the parallel computation was very efficient in the
solution of the Lyapunov equations. It is well known that more grid points, more accurate DQ results,
while the computational effort in the present DQ method for these cases is reduced in proportional to (N -
2)%.

4.3.3. On the three-dimensional problems

For three-dimensional cases, we first convert into it into a set of ordinary differential equations by using
the new DQ matrix approximate formulas (4.3-7) and the Kronecker product. It is straightforward that the
DQ matrix approximate formula for a set of ordinary differential equations is similar to formulas (4.3-7).
Thus, the ordinary differential equations can be formulated into a Lyapunov matrix equation. The
following examples can illustrate our idea more clearly. Considering the three-dimensional steady-state
convection-diffusion equation (equation (52) in Civan and Sliepcevich (1984b) neglecting time derivative
term)
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& o’c o’c
x - Pyt ar
First, in terms of the DQ matrix approximate formulas (4.3-14), the above equation can be approximated
as the following ordinary equations,

_ . dC

AC - ﬂCBy +Q =y dzizl (4.3-15)

where C is a (N«-2)x(N,-2) rectangular matrix, Q=A,, —,BBOTy . By using the Kronecker product of

(4.3-14)

matricei (Lancaster and Timenetsky), we have
d*C

Y dz 2

where C is a ((Nx-2)(Ny-2)) x1 vector stacked from matrix C. The DQ matrix approximate formula for

the above ordinary differential equations can be written as

A ®1, - p, ®B|C - KB =R (4.3-17)

where C is a ((Nx-2)Ny-2))x(N,-2) rectangular matrix, R:}/BOTZ —Q. The above equation is also a

= [R @, -4, ® gy]C +Q, (4.3-16)

Lyapunov matrix equation. Thus, the reduction technique for the Lyapunov equation can be used to
achieve a considerable savings in computational effort.

4.3.4. Remarks

Civan and Sliepcevich (1983b; 1984b) suggested that special matrix solver should be developed to reduce
the computing effort in applying the DQ method to the Poisson and convection-diffusion equations. The
present work realizes this goal to minimizes the computational effort. It is shown that the principal
advantages of the new matrix approximate formulas are to offer a more compact and convenient
procedure for obtaining an explicit matrix formulation and make the DQ method computationally more
efficient for multi-dimensional problems by means of the existing techniques in the solution of the
Lyapunov equations. It is concluded that the presented DQ approximate formulas in matrix form are
competitive alternatives to the conventional ones presented by Civan and Sliepcevich (1984b). The
extension of the present reduction DQ method to the transient convection-diffusion equations are a current
subject of further study.

4.4.1. Traditional DQN Approach

To apply the DQ method to the analysis of structural components, the traditional DQN approach required a
special nonuniform grid spacing, in which two points, separated by a very small distance 3, are placed at
each boundary point. One boundary condition each is imposed at the so-called & point immediate adjacent
boundary, and thus the approach can not satisfy exactly all boundary conditions and the accuracies of the
solution are affected. The approach has been high efficiency for the C-C boundary condition but not
equally successful for other boundary conditions (Wang and Bert, 1993a; Wang, Bert and Striz, 1993b).
The accuracy of the solutions depends on the proper choice of &. However, too small & will result
oscillation and deteriorate the computations. & is usually determined by trial and error for different cases.
This is a rather tedious work in practice. In addition, the number of grid points in the DQN approach can
not be large due to the instability caused by the & effect. The approach has been utilized to analyze a
variety of structural components (Jang, 1989; Bert et al., 1988a, 1989; Farsa et al., 1991; Feng, 1992;
Kukretic et al., 1992; Laurra, 1993, 1994a,b, 1996; Sherbourne et al. 1991; Striz et al., 1988), and extended
to handle truss and frame structures (Striz et al., 1994a)
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4.4.2. Wang and Bert’s New Approach

To overcome the drawbacks in the DQN approach, Wang et al. (1993a, b, ¢, 19943, b, 1995) and Bert et
al. (1993) developed a new DQU approach. The essence of the technique is that the boundary conditions
are applied during formulating the weighting coefficient matrices for inner grid points. The accuracy and
efficiency using the DQU approach is much higher than those using the conventional DQN approach.
However, it is regret that the DQU approach is not applicable for the C-C boundary condition. Another
shortcoming is that the DQU approach seems not to be applicable for the problems with complex
boundary conditions or extra constrains. Thus, a combination of the DQU and DQN approaches was used
to handle the problems with both the C-C boundary condition and other boundary conditions in Wang et
al. (1993b).

If Wang and Bert’s new approach is employed to modify the weighting coefficient matrices in advance,
the matrix approximate formulas (4.2-1) can be expressed as

oty — . oty — — oty —

=D, vy, =C yA, — -5 =B T,
@(4 xl// @(3@ xl//y @(2@2 xl//By (441)
oy — . — oy . — o’y — . oy — o
@(@3=AXVJCJ' WAZWDJl OfXZ:Bxl//7 @2:1//8;-

where the unknown 17 is a rectangular matrix composed of desired function values at inner grid points,
A, B ,C and D with subscripts x and y here stand for the DQ weighting coefficient matrices,
modified by the respective boundary conditions using Wang and Bert’s DQU approach, for the 1st, 2nd,
3rd and 4th order partial derivatives, respectively.

4.4.3. Another New Approach

Chen (1994) noticed the fact that the rank of the weighting coefficient matrix for the ith order derivative is
m-i, where m is the number of grid points. Moreover, the coefficient matrix is in fact a nilpotent matrix,
namely the weighting coefficient matrix is a zero matrix when m=i. Therefore, the coefficient matrices in
the DQ method must be modified into full rank matrices before practical computation. Chen and Yu
(1993)* proposed a different DQZ approach to eliminate the & effect in the conventional DQN approach.
The rank of the DQ coefficient matrix for the 4th order derivative is N-4. Therefore, the DQ analog
equations of the governing equations in the points immediate adjacent boundary ends are replaced by
boundary equations, and all boundary conditions are imposed at boundary points exactly. Bert and Malik
(1996d) emphasized that in the DQZ method the replacement of the quadrature analog equations at inner
points can not be arbitrary for vibrational analysis of beams and plates. They also proposed to employ the
& grid spacings in the present DQZ approach to avoid that the inner points of invoking the boundary
conditions are of the ones of zero displacements, i.e., the nodal points of the vibrating beams and plates.
However, according to our work in section 3.4, the & value of the § grid spacings has no effect on the
DQZ solutions of both static and vibration problems. The improvement on accuracies for example 3 using
the & grid spacings in Bert and Malik (1996d) is due to the application of the different grid spacings at
inner sampling points® rather than the very samll & value. Therefore, it seem not to be necessary to use the
very small & value in the DQZ approach.

'Du et al. (1994) also presented independently this approach in analyzing the structural components.
2 Here inner sampling points exclude end points and their immediate adjacent points.
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The DQZ approach is conceptually simple and effective for the C-C boundary conditions as well as any
other boundary condition. The principal advantages of the approach are better numerical stability and
somewhat higher accuracy in comparison to the conventional DQN approach as well as the DQU
approach for many cases. The requirements for very small & is not necessary as in the DQN approach.
Therefore, the larger number of grid points can be used in the DQZ approach. Moreover, there is more
room for selecting types of sampling points in the DQZ method. In this paper, an improvement is also
made for the DQZ approach, namely, we eliminate the first two and last two rows of the original
weighting coefficient matrix and apply the four boundary condition equations to modify it into (N-4)x(N-
4) matrix of full rank before the formulation of two-dimensional partial differential systems. Bert and
Malik (1996d) pointed out that two different boundary conditions at the same corner point from the
respective two edges may cause one problem in the implementation of multiple boundary conditions. The
so-called corner difficulty is avoided in the present DQZ formulation, since the boundary condition
equations are incorporated into the DQ weighting coefficient matrices in advance. The resulting size of
the formulation equations is also reduced. For example, the DQ approximate equations for the C-C
boundary condition are given by
N

w, = 0, 2 AW =0 (4.4-2)
j-1

and

w, =0 2 AW =0 @43
i-1

where w;’s are the corresponding displacement at the jth grid point. It is noted here that all boundary
conditions are exactly satisfied at boundary points. The desired displacement at the 2nd and (N-1)th grid
points are expressed in terms of the unknown function values at interior point, namely,

1 N-1
w, = — K Z; Alj W, (4.4-4)
=
’ 1 N-2
w, , = _.;gggj—;; AW, (4.4-5)

Substituting equations (4.4-4) and (4.4-5) into the DQ analog equations for the 1st, 2nd, 3rd and 4th
derivatives at the 3rd, 4th until (N-2)th grid points, respectively, we have

= 2\ 3\ 4.~
W_mw, Vo gw WVocw Vo py (4.4-6)
dx dx dx dx
where W = {w,, W,, ..., W, ,{. A, B,C and D are (N-4)x(N-4) modified coefficient

matrices different from those of (N-2)x(N-2) dimension in the DQU approach. For other boundary
conditions, the modified coefficient matrices can be obtained in the similar way. The extension of this
idea to the DQN approach is also beneficial to simplify its use. Matrix approximate formulas in the DQZ
approach is similar to formulas (4.4-1) for the DQU approach.

4.4.4. Some Examples and Discussions
In the following, DQZ is first applied to solve the deflection of a cantilever beam under a centralized load
at free end. In terms of the DQ method, the governing equation for this case can be expressed as

N 3
2.0, = " (4-7)

and
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N
2.D,w, =0, i =34,...,N -3 (4.4-8)
j=1
Applying the DQ method to the Boundary conditions in the DQZ way, we obtain
N
w, =0, ZAijo =0
" (4.4-9)

N

N
EBNjWJ :0, EDNJWJ' =0
i= j=

It is obvious that the DQZ approach satisfies all boundary conditions at boundary ends. The analytic
solution for this case is a third order polynomial, while the DQ method is a polynomial fitting method.
The DQZ method gives analytic solutions for this case by using only five equally spaced grid points. Bert
et al. (1994b) computed this case by the DQU method and obtained analytic results at all grid points
except for solution at the loading end. We list all these results in table 4-2. Although the larger number of
grid points (N=7, 9) is used, the DQU method can still not obtain analytic solution at loading end. Bert et
al. (1994b) also used non-uniform grid spacing that a grid point is placed close to the loading end. The
closer this grid point is to the loading end, the better the DQU approach yields solution at the loading end.
But it should be pointed out that the analytical solution at the loading end can never be obtained by DQU.
The DQU method has an inherent discontinuity for structures under concentrated load at boundary point.
Applying the special grid spacing can decrease the effect of this discontinuity but not eliminate it.
Similarly, consider the deflection of the circular plate under a concentrated load at center point, DQZ can
obtain the exact solutions at all grid points including loading point, while DQU cannot. Therefore, the
DQU approach appear not to be very suitable for the structural components subjected to the centralized
load which are often encountered in practice.

Table 4-2. Nondimensionalized deflection w of a cantilever beam subjected to a concentrated end
load P (W =W EI/PL*).

x/L 0 1/4 12 3/4 1.0

DQU (N=5) 0 0.028646 0.10417 0.21094 0.32884 (-1.3%)
(N=9) 0 0.028646 0.10417 0.21094 0.33300 (-0.1%)

DQZ (N=5) 0 0.028646 0.10417 0.21094 0.33333

EXACT 0 0.028646 0.10417 0.21094 0.33333

The DQU method is also not amenable to a C-C beam or plates with a combination of C-C and other
boundary conditions. Wang (1993b) still compute this sort of problems by means of a combined use of
DQN and DQU. We also apply DQZ (five grid points used) to the deflection of C-C beam under the
uniformly distributed load, and analytic solutions are obtained at all grid points. In contrast, the deflection
at center point by DQN (Wang et al., 1993b) was 0.0026031(5=0.0005), while analytic solution is
0.0026042. Although the DQN error was very small, it was not exact solution. In fact, DQN cannot obtain
analytical solution at any grid point for this case and the above cantilever beam because it can not exactly
satisfy all boundary conditions at the boundary points.

The cases that the DQ method can give their analytic solutions are few. Consider the fundamental
frequency of free vibration of a cantilever beam, the analytical solution is 3.516, the results by DQN is
3.524 (N=9, error 0.24%), DQU 3.514 (N=7, error -0.05%) in Wang et al. (1993b), and DQZ 3.517 (N=9,
error 0.03%) in Bert and Malik (1996). Here N is the number of grid points, and equally spaced grid
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points with the & points are used for DQZ and DQN. DQU uses the equally spaced points without the &
points. It is noted that the computing effort in the DQZ and DQN methods using N sampling points is
basically equal to that in the DQU method using N-2 sampling points. Obviously, DQZ is the best
approach for this case, while the accuracy of DQN is the worst. The above-mentioned examples are
provided to demonstrate that DQZ is more effective than DQU and DQN in many cases. So far we have
not found cases for which DQN is more effective than DQZ. DQN has been shown to be very efficient
for analysis of clamped beam and plate (Wang et al, 1994; Bert and Malik, 1996). Even if considering
these cases, the DQZ approach also has the same computing accuracies and efficiency as the DQN
approach if the DQZ approach applies the similar grid spacings. Therefore, it is concluded that the DQZ
approach is very competitive alternative to the DQN approach. The conclusion is also supported by the
following case analysis. However, it should be pointed out that DQU can yield better results for some
problems than DQZ in a comparable computational effort. For instance, considering the simply supported
beam, the relative errors using the DQZ (N=9) and DQU (N=7) approaches are 0.2% and 0.02%,
respectively, but it is also noted that the DQZ (N=8), DQN (N=8) and DQU (N=6) solutions for this case
is 0.25%, 0.27% and 0.5%. The DQZ (N=9) and DQU(N=7) solutions for static deflection of SS-SS-SS-
SS plate are 0.05% and 0.1%, respectively. Therefore, it is concluded that the DQU technique may be
very efficient only under some specific situations.

In section 2.2 we discuss the formulation-H for geometrically nonlinear vibration of beams. In the
following we continue this work. The DQN results by Feng and Bert (1992) for the clamped-clamped
case agreed very well with existing FEM solutions by Mei (1973). However, their results for the simply
support-simply supported case showed somewhat large discrepancy with FEM (Mei, 1973) and analytical
solutions (Singh and Rao, 1990). This is because the conventional DQN approach was not very successful
for SS-SS boundary conditions (Wang and Bert, 1993). In the following analysis, we will show Wang and
Bert’s DQU approach to be very efficient for the analysis of nonlinear structural components with SS-SS
boundary conditions (Chen et al., 1996j).

It is known that, in Wang and Bert’s new approach, there exists

D =B’ (4.4-10)
for SS-SS boundary conditions. Therefore, B and D are orthogonal similarity and both have the same
eigenvectors. So the beam oscillates at the same mode as the one in the linear case, and the iterative
procedures for the solution of equation (2.2-7) used in Feng and Bert (1992) are not necessary for the SS-
SS case. In this study, we first solve the eigenvalue and eigenvectors of B and D, and then obtain the
nonlinear coefficient of equation (2.2-7) by using these eigenvectors. The resulting dimensionless
nonlinear frequency can be obtained by

o = m (4.4-11)

where Zg and 25 are the eigenvalues of B and D, n is nonlinear coefficient. If choosing the minimum
values of /; and /;, the fundamental dimensionless nonlinear frequency is obtained.

Seven equally spaced grid points are used in the present DQ computation. Table 4-3 shows the
remarkable agreement between the analytical, finite element and present DQ solutions. Amplitude-
frequency curves are plotted in Figure 4-1. Obviously, DQU gives more accurate results than the
conventional DQN by Feng and Bert (1992). As is expected, the DQ solutions using the zeros of the
Chebyshev polynomial of seven order are more accurate than using equally spaced grid points, and in this
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case are coincident with the analytical ones. Compared with FEM, the DQ method yields more exact
results and is easier to be used and requires much less computational effort and storage.

Circular plates with clamped or simply supported edge under uniformly distributed loading have been
studied by Bert et al. (1988, 1994), Jang et al. (1989), Chen et al. (1993), Wang (1995) by using the DQN,
DQU and DQZ approaches, respectively. We only compare the numerical results here. For the details see
the related references. The DQU and DQZ approaches can give analytical solutions for static bending of
circular plates, while the DQN approach can not. As was pointed out by Bert and Malik (1996d), the
DQU technique has some limitations in practical engineering. Therefore, it is our conclusion that the DQZ
method is in general preferred in the DQ solution of problems with multiple boundary conditions. Also,
the DQN, DQU and DQZ solutions of geometrically nonlinear bending of plates are discussed in later
section 4.5. We can obtain the same conclusion as in linear cases.

Table 4-3. The ratios (wn/e,) of the nonlinear frequencies to the linear frequency for a SS-SS beam.

alr Elliptical integral'®  Analytical Present DQ DM FEM™
0.1 1.0009 1.0009 1.0009 1.0010 1.0009
0.2 1.0037 1.0037 1.0037 1.0043 1.0037
0.4 1.0149 1.0149 1.0149 1.0170 1.0148
0.6 1.0331 1.0332 1.0332 1.0384 1.0329
0.8 1.0580 1.0583 1.0582 1.0673 1.0578
1.0 1.0892 1.0897 1.0896 1.1030 1.0889
1.5 1.1902 1.1924 1.1922 1.2045 1.1902
2.0 1.3178 1.3229 1.3225 1.3170 1.3183
3.0 1.6257 1.6394 1.6389 - 1.6260
4.0 1.9760 2.0000 1.9991 - 1.9715
5.0 2.3501 2.3848 2.3836 — 2.3341

Results underlined are incorrectly typed in Feng and Bert (1992).

What follows may be outside our scope of the title of this section. A straightforward and intuitive
procedure is given to obtain the analytical solution of governing equation of geometrically nonlinear
vibration of SS-SS beam.

The m order normal mode of a linear SS-SS beam is

v(&) = sin(mzé). (4.4-12)
Based on the fact that the nonlinear SS-SS beam has the same vibrational mode as the linear SS-SS beam,
we obtain nonlinear frequency of m order mode for geometrically nonlinear SS-SS beam by substituting
equation (4.4-12) into equation (2.2-7)

2 3 a’
@ = (mz) 41 + e (4.4-13)

The above solution is coincident with that by using the perturbation method (Singh et al., 1990) and is
regarded as the analytical solution of the m order mode. Thus,

@ 3 a’
|

where @), =(mm)? is the linear frequency of m order model.
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The elliptic integral solutions for assumed space model (ASM) in this case by Woinowsky-Krieger (1950)
are also listed in table 4-3 and compared with the analytical solutions of the governing equation (2.2-7) in
Figure 4-2. It is noted that both agree well especially when a/r is less than 2.0. Therefore, it is concluded
that the governing equation (2.2-7), e.g. the so-called assumed time model (ATM), provides a rather
accurate description for the geometrically nonlinear vibration of SS-SS beam.

4.5. Geometrically Nonlinear Bending Analysis of Plates

The geometrically nonlinear behavior of thin plates is usually described by the von Karman equations and
has become a benchmark problem for testing numerical solutions to nonlinear partial differential
equations (Timoshenko and Woinowsky-Krieger, 1959). Bert et al. (1989) have used the DQ method to
solve the static von Karman equations in analyzing geometrically nonlinear bending of isotropic and
orthotropic rectangular plates. In the present study, we wish to apply some new techniques, presented in
the foregoing sections, to simplify the use and improve efficiency and accuracy in applying DQ method
for these cases. The main purpose of this section is to show the utility, simplicity and high efficiency of
the Hadamard product and SJT product approach as well as new matrix approximate formulas in the DQ
nonlinear computations (Chen et al., 1996h).

Considering a thin, homogeneous, orthotropic rectangular plate subject to a uniformly distributed
transverse load (Bert et al. 1989), we have
E,u,, +uGpu, +Cv = _W,X(Elw,xx +ﬂGle,yy)— Cw w, (4.5-1a)

E,v,, +4G,v,, +Cu, = —va<E2WYW + IUGlZW,xx) -Cw,w,, (4.5-1b)

D,w

 XXXX

+2D,W,, + DW=+ h{(uyx + ;Wi)(Elwvxx + 0y, EZWYW)

H (4.5-1c)

+ (v,y + ;W;)(EZWYW + unElwyxx) + ZyGlzwyxy(uyy +V, + wyxw,y)]

in terms of three displacement components, where vy, and v,; are Poisson’s ratio, E; and E, are the
Young’s moduli. C is the shear modulus, D,, D, and D, are the principal bending and twisting rigidities,
pu=1-vipVyy, U, v and w are the desired inplane and transverse displacements. a, b and h are width, length
and thickness of plate, respectively. The equations are high nonlinearity, which consists of two second
order and one fourth order simultaneous cubic nonlinear partial differential equations.

Applying the Hadamard product and the presented DQ matrix approximate formulas (2-7), the
formulations for this case are

~ (WA )o(AWA)) o
EVB] + 4GBV + CAUA] = (WA )o(E,WB, + 1G;,B,W) (45-20)
_ C( wa) o(KXWAyT) |
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D,D,W +2D,BWB + D,WD] = q + hHAXU + ;(AXW)”}
7

o[E,BW +0,EWB] ]J{VAYT +%(WA; )OZ}[EZWBJ +U,EBW]  @52)

+ 241Gy, (AWA] )o[UA] + AV +(AW) o (WA] )]]
where A, B and D with subscript x and y denote the modified weighting coefficient matrix along x and
y directions, respectively. The orders of these matrices are N-2 for the DQU approach and N-4 for the
DQZ and DQN approaches, where N is the number of grid points. Note that the boundary conditions have
applied in the DQU, DQZ and DQN approaches and, thus, are no longer considered. U, VV and W in the
above formulations are rectangular matrices. Also, A and B, along the x-direction and A andB,

along y-direction are, respectively, the same for the desired displacement U, V and W in the cases of
clamped and simply supported edges.

By using the Kronecker product of matrices, we have

HU + HV = —(HW)o (HW) - (HW) o (H,W) (4.5-33)

H,U + HV = ~(HW) o (HW) — (H,W) o (H,W) (4.5-30)
gowt,at [a g et Ty L)

HW = on* 4o {hz [H7U + 2(H7W) } [HW]+ = {HSV +3 (HeW) } o

C

where W, U and V are vectors yielded by stacking the rows of the corresponding rectangular matrix
W, U, and V into one long vector. Hy, Hy, Hs, Hy, Hs, Hg, H7 and Hg are defined as follows:

o[ HoW]+ 214G, (HZW)o[HSU + H7\7+(H7W)O(HBV\7)H

2
H, =E(B,® |y)+uelz(2) (1,©8,) (4.5-42)
H, =C(A,®A,) (4.5-4b)
2
Hy=E,(1,®B, +uGlz(Zj (B,®1,) (4.5-4c)
H,-D,01,+2(2] (5,08,)+2(2) (1,00, (4540
fo Ty ip ) VT Y p ) VT '
h)?, - h)? _
H5=E1(a (Bx®ly)+ule2(b) (1,8, (4.5-4e)
h)? _ h)?, -
H, = Ez(b (1, ®By)+uﬂEl(aj (8,®1,) (4.5-41)
H, =22(AX ® Iy) (4.5-4g)
Hy = 22 (L®A) (4.5-4h)
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Obviously, the nonlinear formulations are very easily accomplished by using the new matrix approximate
formulas and Hadamard product. The present matrix form is also much simpler and more explicit than the
conventional algebraic polynomial form given by Bert et al. (1989).

The variables are nondimensionalized as X = x/a,Y =y/b,U =u/a,V =v/band W =w/h .

Equations (4-3a) and (4-3b) can be also restated as

HU + HY = -L,(W) (4.5-5a)
HU + HY = -L,(W) (4.5-5b)
where

L, (W) = (HW) o (HW) + (HW) o (H,W) (4.5-62)
L, (W) = (HW ) o (HoW) + (H,W ) o (H,W) (4.5-6b)
The unknown vector U and V' can be expressed in terms of W by

U = Hg'H 'L, (W) - Hg"H, L, (W) (4.5-7a)
and

V =HgH;'L, (W)— HpH* Ll(VV) (4.5-7b)

where Hy = H,*H, — H;*H, and H,; = H,"H, — H,"H, . By using the SJT product for the

evaluation of the Jacobian matrix, we have

ZU/; = H,'H,? d'éng) - H,'H,? d'%%v ) (4.5-8a)
and

J a,(W a, (W
%: HoH,* gfv )— HoH,* ;Sv ) (4.5-8)
where
A (W _ _ _ _

;\SV ) = H,0(HW) + H,0(H,W ) + Hg0(H,W) + H,0(HW) (4.5-9a)
and
A, (W _ _ _ _

;5\7 ) = HaO(HW )+ H 0(HW ) + H, 0( H,W) + H,0(H W) (4.5-9b)
a N

— and ﬁ are relative Jacobian derivative matrices of dependent variable vector U and V with

2

respect to W. By applying formulas (4.5-7a, b) and (4.5-8a, b), the coupling formulation equations (4.5-
3a, b, ¢) are decoupled. The resulting set of simultaneous nonlinear algebraic equations are reduced from
3(N-2)x3(N-2) to (N-2)x(N-2) for the plate with simply supported edges or from 3(N-4)x3(N-4) to (N-
4)x(N-4) for the plate with clamped edges. It is known that each iteration step in the Newton-Raphson
method is necessary to solve a set of linear simultaneous algebraic equations and requires an order of n*
scalar multiplications, where n is the size of the equations. For example, the Gauss elimination method
requires n*/3 scalar multiplications. Therefore, the computational effort and storage requirements here are
only about one twenty-seventh and one-ninth, respectively, as much as in Bert et al. (1989). W is a basic
variable vector here. Equation (4.5-3c) is chosen as the basic iteration equation, namely,
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4

oW} = HW - Eh[hz[HUnL;(HNV) }[HW]+ {HV ;(HSV\_’)OZ}

. (4.5-10)
124G _ - - _ = a*
o[HGW]+7C 2 (HW) o [HU + HV +(H7W)o(H8W)ﬂ—?Dlh =0
The Jafobian derivative matrix for the above iteration equation is given by
W} _ H - [ a [H Aoy Jo(H W)}O[H W]
AN uDh| h?| T AW
a’ [ = 1y 2] b? N _ _
+ =5 Hy0 H,U +=(H,W) }+{H —+ Hy0(H W)}O[H W]
bj 5 7 i 7 226 8 AN 8 8 6 | (4.5-11)
- —\ 02
+th6<>{H8U +E(H W) } “Clz H,0[HyU + HV + (H,W) o (HW)|

2uG aAJ N Y
+ 22 O H, T HLO(HOW ) + Hg0(H W) [0 HW)
C N T ON

It is noted that the SJT product approach here yields the analytical solution of the Jacobian matrix quite
simply and efficiently. The Newton-Raphson iteration equation for this case is the same as equation (2.5-
7).

The solutions obtained by the DQ method for the corresponding linear isotropic and orthotropic plates are
chosen as the initial guess of the iteration procedures. Even if the resulting nonlinear results are even eight
times larger than the initial linear solutions, the Newton-Raphson method still converges. Therefore, the
Newton-Raphson method has rather big convergence domain for these cases. Moreover, the iterative
times varies from 1 to 7 for various loading and the solutions converge very rapidly. In contrast, the IMSL
subroutine NEONE used in the Bert et al. (1989) computed the Jacobian matrix approximately by a finite
difference technique. Therefore, the accuracy and convergence speed were affected.

It is well known that the accuracy and stability of the DQ method can be improved significantly if the
Chebyshev grid spacing is used. In the following the DQU and DQZ solutions are obtained by using
Chebyshev grid spacings 7x7 for a simply supported plate and 11x11 for a clamped plate unless where
specified. To avoid the effects of round-off errors on the accuracy of the solution, double-precision
arithmetic is used in all the analysis presented here. Bert et al. (1989) has pointed out the high efficiency
and ease of use in the DQ method in comparison to other numerical techniques such as the finite element,
finite difference, perturbation, Galerkin and Rayleigh-Ritz, etc., while this study places its emphasis in the
simplification of the use and further improvement of the accuracy and efficiency in the DQ method.
Therefore, the numerical comparisons with other numerical techniques are not repeated here.

The same simply-supported and clamped isotropic square plates subject to a uniformly distributed loading
as in example 1 of Bert et al. (1989) are recalculated by the present DQ method. The results are shown in
Fig. 4-3, and compared with the exact Levy (1942a, b) and the conventional DQ (Bert et al., 1989)
solutions. The present DQU and DQZ results all show remarkable agreement with those of Levy (1942a)
and Yang (972). It is also noted that the DQN approach using 7x7 grid points by Bert et al. (1989) gives
obviously better results in the clamped cases than in the simply supported cases. This is because the DQN
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approach is not suitable for the cases of supported edges. As is expected, the DQU approach gives more
accurate results than the DQN approach for simply supported plate. Therefore, the former is a competitive
alternative to the latter for the nonlinear cases of simple supports. Both the DQZ and DQN approaches
can yield accurate solutions for the clamped plate. But it should be emphasized that the DQN approach
can not use larger number of grid points as in the DQZ approach due to instability caused by the & effect.

Also, we compute the isotropic simply supported square plate under a uniformly distributed transverse
load. The parameters of this case are a=16", h=0.1", E=30E+6 and v=0.316. Fig. 4-4 depicts the results
obtained by the DQU approach using 5x5 Chebyshev grids and 7x7 equally spaced grids. All solutions
agree very well with those given by Levy (1942a). The DQ method is demonstrated again to be highly
computationally efficient for nonlinear structural analysis. As is expected, the DQU method using the
Chebyshev points yields more accurate results than using equally spaced grids, although in this case more
equally grid points are used.

The central deflection of the clamped plate (a=100, h=1.0, E=2.1E+6, v=0.316, q=3.0) and the simply-
supported square plate (a=100, h=1.0, E=2.1E+6, v=0.25, q=1.0) subject to a uniformly distributed
pressure are computed by the DQU method and listed in table 4-4. The 9x9 Chebyshev grid spacing is
used for the case of clamped edges. The present DQU solutions show excellent agreement with the
analytical (Bazeley et al., 1965) and FEM solutions (Bazeley et al., 1965; Zhu et al., 1989). However, the
computational effort in the present DQ method is much less than in the analytical method and FEM.

Table 4-4. The Central deflections of the clamped and simply-supported square plates

Methods Analytical Bazeley Zhu Present
Simply supported 0.940 1.028(9.3%) 0.942(0.3%) 0.944(0.4%)
Clamped 1.151 1.316(14.3%) 1.170(1.6%) 1.123(2.4%)

The numerical examples on the orthotropic square plate provided by Bert et al. (1989) are recalculated by
the present DQ methods. The specific parameters are E;=18.7E+6 psi; E,=1.3E+6 psi, G;,=0.6E+6 psi;
v1,=0.3; h=0.0624inch; a=9.4; b=7.75inch. The center deflections for the clamped and simply supported
cases are displayed in Figures 4-5 and 4-6, respectively. For the case of clamped edges, the results by the
DQZ method using 11x11 grid spacing are very close to those by Bert and Cho (1988b). It is noted that
the DQZ method using 15x15 or even 21x21 grid spacings is still stable and give accurate results, but
computational effort also increases exponentially. For the case of simple supports, it is noted that the
results using DQN approach under 7x7 grid spacing given by Bert et al. (1989) are obviously larger than
those by Bert and Cho (1988a). In contrast, the present DQU approach appears to give results that are
much closer to those by Bert and Cho (1988b) as shown in Fig. 4-6. Bert and Cho’s (1988b) values are
taken from graphs 9 and 10 in Bert et al. (1989) with appropriate scaling factors.

The above computations were executed on an IBM-PC 386DX computer with 4M memory. Microsoft
Fortran77 ver. 3.3 and NDP-Fortran-386 ver. 2.1 are used for programming. It is found that the results
yielded by using both Fortran versions have slight discrepancy, as an example, for the case of a simply
supported plate depicted in Fig. 4-7, the nondimensionalized center deflection under q=2.5p.s.i. are 0.977
for Microsoft Fortran77 ver. 3.3 and 0.974 for NDP-Fortran-386 ver. 2.1, respectively. The results shown
in this paper are all obtained by using NDP-Fortran-386 ver. 2.1.
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The DQ approach using some new techniques is applied to analyze geometrically nonlinear bending of
isotropic and orthotropic plates with simply supported and clamped edges. It is apparent that the results
obtained are more accurate than the conventional ones (Bert et al., 1989) and compare favorably with
exact solutions (Levy, 1942a, b; Zhu et al., 1989). The DQU approach is proved to be a successful
technique for geometrically nonlinear plate with SS-SS boundary conditions. The DQZ approach is
improved and shown to be a stable and accurate technique for handling the cases with the C-C boundary
conditions. Although only square simply supported and clamped boundary conditions are involved in this
study, it is straightforward that the same procedures can be easily used for handling problems with various
aspect ratios and other edge conditions.

The references in which the DQ method was applied to deal with nonlinear problems are still few due to
much more complex programming, storage requirements, formulation and computing effort in comparison
to linear problems. The Hadamard product and SJT product approach may provide a simple and efficient
technique to greatly reduce the above difficulties. The detailed solution procedures are provided here to
show the simplicity and efficiency of the Hadamard and SJT product approach as well as new DQ matrix
approximate formulas. For more complex plates with varying thickness, Poisson’s ratio and Young’s
modulus, the DQ formulation and the evaluation of the respective Jacobian matrix are also easily finished
by using the Hadamard product and SJT product. The extension of the present DQ method to the
nonlinear dynamic and postbuckling cases is currently the subject of further investigation. Also, it is
expected that the Hadamard product and SJT product techniques can achieve a considerable savings in
formulation, storage and CPU time for other nonlinear examples such as those discussed by Striz et al.
(1988, 1994a), Shu et al. (19924, b, 1994a, b) and Wang (1994b).
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Chapter 5.
INITIAL VALUE PROBLEMS

5.1. Introduction

The numerical solution of initial value problems has been of vital importance in many science and
engineering areas. Considerable research effort has been devoted to the development of efficient
computational method for the solution of the ordinary equations of initial value problems. So far there are
several numerical methods available such as the known Houbolt, Wilson 6, Newmark, central difference,
Runge-Kutta and Gear, etc. (Dokainish and Subbaraj, 1989a, b). The purpose of this chapter is to apply
the differential quadrature method in using some new techniques to initial value problems. The
conventional DQ method (Civan and Sliepcevich, 1984a) is to convert a very simple initial value
problems into a boundary value problem by means of an algebraic transformation. Therefore, it is in
general not significant in practice. It is worth pointing out that our work is the first authentic attempt to
solve initial value problem using computational step-by-step procedure of the DQ method.

In the literature, the DQ method has been usually applied to handle boundary value problems. There is an
impediment to using the DQ method for the initial value problems. It is when the DQ method using m grid
points is applied to a system of N ordinary differential equations, a system of Nxm simultaneous algebraic
equations will have to be solved and, thus, is costly in comparison to other existing methods.

In this study, we introduce the DQ approximate formulas in matrix form for ordinary differential
equations of initial value problems. By using these approximate formulas, the DQ formulation for initial
problems can be obtained very easily and is a Lyapunov-like algebraic matrix equation. The reduction
techniques discussed in section 4.2 for solving the Lyapunov algebraic matrix equation can be
successfully applied to reduce the computational effort greatly in the solution of the present formulation.
Wang and Bert’s DQU technique is extended to the DQ formulation of the initial value problems and
proves to be accurate and efficient. Based on the fact that the DQ method is equivalent to the collocation
method, we point out that the DQ method is an A-stable method. Thus, the DQ method is safe for
structural dynamic analysis and stiff problems. According to the new formulas of the truncation error
presented in section 3.2, it is apparent that the DQ method for the initial value problems is high order
accuracy, namely, the convergence speed is O(t"?). We also analyze advantages of the DQ method over
the collocation method. Some numerical examples are also provided to demonstrate the efficiency,
reliability and simplicity of the DQ analysis of structural dynamic and stiff problems using the above-
mentioned new techniques. Finally, we also discuss some promsing approaches to overcome the difficulty
in handling nonlinear initial value problems.

5.2. Approximate Formulas in Matrix Form
The DQ weighting coefficient matrix for the first and second derivatives are denoted as A and B in this
section, respectively. Considering the ordinary differential equations

du

FTa Hr +c (5.2-1)

where U is nx1 desired vector, H is a constant matrix, ¢ is a nx1 constant vector, t is a scalar variable. By

analogy with matrix approximate formulas (4.2-1) for boundary value problems, the formulation for

equation (5.2-1) is taken to be of the matrix form

UAT =HU +C (5.2-2)
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where A is the DQ weighting coefficient matrix, modified by the initial condition, for the 1st order
derivative of unknown function u with respect to variable t. Capital letter U and C denote nxm rectangular
matrix stacked from vector U and c in Eq. (5.2-1) along variable t direction, namely,

|u11 u, - Uy, |
u u cee u

U = I ST ZI (5.2-3)
Lunl unZ unmJ

and
I’CI Cl CI—I
C C C

C = I S 2| (5.2-4)
Lcn Cn ces CnJ

where m is the number of grid points along variable t direction. Matrix formulations (5.2-2) for ordinary
differential equations is a key formula in the present study. It is emphasized that the formulation (5.2-1) is
effective only when the initial conditions for all unknown elements u; in vector U are the same and, thus,
all corresponding weighting coefficient matrices A are identical. This requirement can be satisfied easily
by using simple algebraic transformation, which will be given in the latter analysis. Obviously, there
exists similar matrix formulation for higher ordinary differential equations of initial value problems.
Also, it is noted that formulation equation (5.2-2) is a Lyapunov-like algebraic matrix equation.

As can be seen from table 4-1, the R-THR method (Gui, 1992) may be the most efficient in the solution of
steady-state Lyapunov matrix equations. However, it is noted that the present problems is involved
transient initial value equation, and thus a different estimation on total computational effort is required.
Step 1 in the methods, which costs major calculation time as shown in table 4-1, is required to operate
only once for equations (5.2-2). Therefore, the computation effort in step 1 takes a very small percentage
of total solution time and is in general neglected in a long time journey. Linear transformations are also
operated only once and thus can be neglected. The actual computing cost is to accumulate computational
effort in step 2, 3 and 4. Therefore, the BS method may be the most efficient method for initial value
problems. The equation (5.2-2) is used as a sample example in the following discussion. The total
multiplication times in the BS method are 2.5m’n+2.5mn? for equation (5.2-2) in each time step. Since n
(the dimension number of equation (5.2-1)) is usually much larger than m (the number of inner grid
points) in practical engineering. So the computing effort can be estimated approximately as 2.5mn? in
each step or 2.5n at each time grid point, which is basically the same as in the Wilson 0, Houbolt and
Newmark methods (Bathe and Wilson, 1976). It is still possible to apply the sparseness and symmetricity
of matrices G and R in equation (5.2-2) to further reduce the computational effort. It should be also
emphasized that the BS, HS and R-THR methods have very high efficiency for the parallel computations
(Gui, 1992). The numerical examples for the DQ analysis of initial value problems are presented in
sections 5.3, 5.4 and 5.5.

5.3. Stability Aspect and Comparison With the Collocation Method

Bellman et al. (1972) pointed out that the stability analysis was very difficulty problems in the DQ
method, especially for the nonlinear problems. The study on the stability for the DQ method is not
available in the existing literature. Section 2.9.3 discussed nonlinear stability analysis in the DQ method
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for the steady-state problems by means of the Hadamard product (Chen et al., 1996f). The present
emphasis is placed in the stability aspect of the DQ solution of the initial value problems.

Quan et al. (1989a), Bert et al. (1993) and Mansell et al. (1993) have pointed out that the DQ method is in
fact equivalent to the general collocation (pseudo-spectral) method. It is known that the collocation
method is an implicit A-stable method (Burka, 1982). Therefore, the DQ method is also an A-stable
method, namely for Re(A;)£0, there are no limits on the size of the product \r/l, where A; are the

eigenvalues of the coefficient matrix of differential equations and 7 is the step size of variable t. Since the
real part of eigenvalues in structural dynamic equation is in general negative, an A-stable method is also
unconditionally stable for structural dynamic analysis. It is well known that A-stable method is reliable for
stiff problems. Since the collocation method has been applied to compute the initial value problems
(Burka, 1982; Wright, 1964; Finlayson, 1972; Villdsen, 1972). In the following we will point out the
advantages of the DQ method for the same task comparatively.

The salient merits of the DQ method is its ease of implementation (Mansell et al., 1993). The DQ method
directly computes the unknown function values at grid points rather than the spectral variables as in the
collocation method. Moreover, these desired spectral coefficients usually have no physical significance
and thus assumed initial values in the solution of the nonlinear problems are inherently poor guesses. So
the computational effort for the nonlinear problems is aggravated (Burka, 1982). This shortcoming does
not exist in the DQ method. Next, for the definite basis functions, the DQ weighting coefficients for
certain grid spacing need be computed only once and are independent of any special problems. Therefore,
these weighting coefficients can be used repeatedly for various problems. Also, as was pointed out by
Quan and Chang (1989b), the DQ method using the zeros of the Chebyshev polynomials has somewhat
faster convergence rate than the orthogonal collocation method. The DQ method is also more convenient
to use any grid spacing.

In addition, the most important point may be that the presented Lyapunov-like matrix formulation (5.2-2)
in the DQ method drastically reduces formulation and computing effort and storage requirements for the
initial value problems. For N linear ordinary differential equations, the collocation method using m grid
points yields a system of mxN linear algebraic equations at each iteration step. If they are to be solved
simultaneously, the repeated computation of mxN matrices for linear problems and even larger matrices
for nonlinear problems are too costly (Burka, 1982). This is main obstacle to apply the collocation
method for initial value problems. As discussed in section 5.2, the computing effort in the DQ method
using the Lyapunov-like matrix formulation is reduced to nearly the same as in the conventional single-
step numerical integration methods such as Wilson 6 and Newmark, etc. Based on the above
considerations, it is believed that the DQ method is preferred for numerical computations of the present
purpose.

5.4. Structural Dynamic Problems

Typical structural dynamic problems have natural periods that differ by many orders of magnitude. Thus,
they are in general “stiff”. The methods for solving problems of such type are required to be A-stable, that
is, unconditionally stable. The often used Newmark, Wilson 0, and Houblot methods is also
unconditionally stable. However, the maximum order of an A-stable multistep method was 2 (Dahlquist,
1963). Therefore, the computing efficiency of these methods is not high. On the other hand, the explicit

methods such as central difference and Runge-Kutta methods are conditionally stable, and, thus, require
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excessively small time steps to ensure numerical stability. Consequently, the computing cost is
unnecessarily high, and is generally not practical. This section aims to apply the DQ method to structural
dynamic problems (Chen et al., 1996g). To the authors’ knowledge, the method has been not used for
solving such problems in the existing literature.

The linear matrix equation of structural dynamic for general purpose is

Mi” + Cu’ + Ku = f , (5.4-1)
where M, C and K are time-invariant mass, damping, and stiffness matrices, respectively. f is the vector
of applied loads, u is the displacement vector and superposed dotes indicate time differentiation,

2
ieu” = du dt 2, U’ = d%t . The initial conditions for the problem are

=d (5.4-2)

t=t;

u

u’ = h (5.4-3)

t=ty
where d and h are the prescribed vectors of initial data, t; is the initial time. The order of the above
dynamic equation is assumed as n.

The problems is usually complicated if considering the influence of damping. The assumption of
proportional damping is in general adequate in many engineering analysis. However, in the analysis of
structures with widely varying material properties, nonproportional damping may be needed (Dokainish
and Subbaraj, 1989). In the following we derive the DQ formulations for the problems with
nonproportional and proportional damping, respectively. The resulting form of two formulations is also a
Lyapunov algebraic matrix equation.

5.4.1. Formulation for the Problems with Nonproportional Damping
We here discuss general cases, in which the definition of damping is very broad and include non-

proportional. Using the transformation presented by Zhong (1995), Eq. (4-5) can be restated as
v = H +q (5.4-4)

in which

D G
v={up!’,  p=Mu+Cu/2, H:{E F},

D=-M"'C/2, E=CM7'C/4-K, F=-CM7*/2,

G=M*, g={0.f}

The corresponding initial conditions are

o, = Vo = 1{d, P}’ (5.4-6)

where p, is the initial value of p obtained from Egs. (5.4-2), (5.4-3) and (5.4-5). Applying the algebraic
transformation

(5.4-5)

Y

V=V-V,, (5.4-7)
equation (5.4-4) can be expressed as

V' =HV+{ (5.4-8)
with the initial conditions

vl . =o0. (5.4-9)

t=t,
where ( =Hvp+q.
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Applying the DQ matrix formulation presented in section 5.2 (e.g. equation (5.2-2)) to equation (5.4-8),
we have

VAT —HV =Q (5.4-10)
where A is obtained by eliminating the first row and column of the DQ weighting coefficient matrix for
the 1st order derivative. Capital letter V and Q denote rectangular matrix stacked from vector V and § as

in equations (5.2-3) and (5.2-4). Obviously, Eqg. (5.4-10) is a Lyapunov-like algebraic matrix equation.

5.4.2. Formulation for the Problems with Proportional Damping or No Damping
If only proportional damping is included in equation (5.4-1) or damping is neglected. the problems will be
simplified greatly. Rayleigh damping using proportional damping has been in use and has the form

C =oaoM + K, (5.4-11)
where o and f3 are the given Rayleigh constants. Thus, the equation (5.4-11) becomes
Mu” + au’) + Klu’ + pu) = f (5.4-12)

In order to use the matrix formulation presented in section 5.2, we must convert the initial conditions
(Egs. (5.4-2) and (5.4-3)) of all elements in unknown vector u into certain same constant. An algebraic
transformation is presented by

U=u—d-ht+ht,. (5.4-13)
Thus,

0’ =u' - h (5.4-14)
a” =u" (5.4-15)
Substituting Egs. (5.4-13), (5.4-14) and (5.4-15) into Egs. (5.4-1), (5.4-2), and (5.4-3), we have

M@ + o) + K(go + @) = £ (5.4-16)
al,,=0 (5.4-17)
a’ =0 (5.4-18)

t =ty

where f = f —Ch— Kd — Kht + Kht,.

Before the formulation of equation (5.4-16), we first consider the approach applying the initial conditions
in the DQ method for the problems involving the derivative of no less than the 2nd order, which is very
important for computational efficiency. We extend the DQU and DQZ approaches for boundary value
problems in section 4.4 to handle the present initial value problems. Considering the initial value equation
(5.4-17), the DQ formulation for the 1st order derivative can be expressed in matrix as

o A, - A ] (o)
o & a ol |

IEEE TR | I : (5.4-19)
o a - ade) o
rEr{TJeI}y’: ) (5.4-20)

where A is the modified weighting coefficient matrix by using the initial value equation (5.4-17).
Similarly, we have

Alr) = {oy (5.4-21)
by using the initial value equation (5.4-18). Thus,
oy = Ale} = AA{o) = BT} (5.4-22)
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A and B are the resulting modified weighting coefficient matrices for the 1st and 2nd order derivatives,
respectively, in which the initial conditions have been taken into account. In terms of the modified
weighting coefficient matrices A and B , the DQ formulation for equation (5.4-16) can be expressed as
MI(B™ + oA™) + KU(SAT +1) = F, (5.4-23)
where U and F are nx(m-1) rectangular matrices if m grid points are used in the DQ method. The
above equation can be converted into a Lyapunov-like algebraic matrix equation, namely,

UG + RU = Q (5.4-24)

where G = (B +aA) (AT + 1), R=M7K, Q=M F(A +1)

Similar to the DQZ approach for handling boundary conditions discussed in section 4.4, the initial
equation (5.4-18) can be approximated by

m
2 AT =0. (5.4-25)
j=1
where u;’s are corresponding to the displacement at the jth time point. We have
_ 1 &,
U, =——> A;0;. (5.4-26)
A, =

Substituting the initial equation (5.4-17) and equation (5.4-26) into the DQ formulations for the first and
second derivatives, respectively, we have

U= Al (5.4-27)
u”=Bu (5.4-28)
where U={U3 Uy, oeey um} . Note that A and B are (m-2)x(m-2) modified weighting

coefficient matrices different from (m-1)x(m-1) dimension A and B in equation (5.4-24). 1t is
emphasized that the DQ formulations at the first two grid points are omitted here. Using the modified A
and L3: , the resulting formulation for equation (5.4-16) are

UG+RU =Q, (5.4-29)

where G = (I§+aA)T(ﬂAT + I)il, Q= M'llf(ﬂAT + I)i1 and R= MK . Matrices U is

generated form vector U as in equations (5.2-2). Eq. (5.4-29) is also an algebraic Lyapunov matrix
equation.

Egs. (5.4-10), (5.4-24) and (5.4-29) are Lyapunov-like algebraic matrix equation, but it should be pointed
out that the size of equation (5.4-10) is 2nx(m-1), while the size of the equation (5.4-24) and (5.4-29) are
nx(m-1) and nx(m-2), respectively. The advantages of equation (5.4-10) is to evaluate simultaneously the
velocity and displacement vector. However, for the problems with proportional damping or no damping,
equation (5.4-24) or (5.4-29) is still preferred. Also, the DQZ approach requires less computing effort
than the Wang and Bert’s DQU approach, but as will be seen later, the former computational accuracy is
lower than the latter. It is noted that no additional equations are required in the solution of equations (5.4-
10), (5.4-24) or (5.4-29) since the initial conditions have taken into account. Finally, the obtained
displacement values can be used to calculate the corresponding velocity and acceleration by using
equations

U'=UAT,and U"=UBT (5.4-30)
in the DQU approach and
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U'=UAT,and U"”=UB" (5.4-31)
in the DQZ approach.

5.4.3. Applications
Example 1. We consider a simple system of two differential equations provided by Bathe and Wilson
(1976) as a test example. They are given by

MX + Kx = q (5.4-32)
with the initial conditions
%(0)=x%,(00=0,  %(0)=%,(0)=0. (5.4-33)
2 0 6 -2 0 X,
inwhich M = , K= , gq= , X = )
01 2 4 10 X,

Applying the linear transformation equation (5.4-13), we have

My + Ky = p, (5.4-34)
where y = x—d —ht +ht,, d, h and t; are the initial displacement vector, velocity vector and time at
each time step. p =g — Kd — Kht + Kht, . The DQ formulation using the DQU approach for this case

can be expressed as

MYB + KY =P, (5.4-35)
Furthermore,
YB+M'KY=M"'P, (5.4-36)

where B is the modified DQ weighting coefficient matrix for the second order derivative as defined in
equation (5.4-22). Y and P are rectangular matrix. Eq. (5.4-36) is a Lyapunov-like matrix equations. The
resulting DQ formulation using the DQZ approach for this case is YBT + M'KY = M 'P .
(5.4-37)

where B is defined in equations (5.4-28). However, It is noted that in the following the DQ results are
obtained using equation (5.4-36) unless otherwise indicated.

Let grid interval At=0.28, we compute this example using eleven equally spaced grid points. Table 5-1
lists the results by the DQ, Wilson 6 (6=1.4) and Newark (a=0.25, 6=0.5) methods under the same
At=0.28. Note that the grid interval At in the DQ method is equivalent to the time step in the Wilson 6 and
Newmark methods but different from the step size in the present DQ method. For example, the present
step size in the DQ method is (11-1)xAt=2.8.

Figs. 5-1 and 5-2 display the relative errors for the displacement x; and X, using the DQ method as well as
the Wilson 6 (6=1.4) and Newmark (a=0.25, 5=0.5), and Houblot methods under At=0.28. The DQ
method employs eleven equally spaced grid points and the Chebyshev grid points under the comparable
step size 2.8. The relative error is defined as the ratio of the absolute error to the absolute value of the
analytical answer. It is observed that the Wilson 6, Newmark and Houblot methods have basically the
same computational efficiency. In contrast, the DQ method have much high accuracy. Except for the
solutions at the first four grid points, the DQ method yields about 100 times smaller errors than these
conventional integration methods. This is due to the fact that the DQ method has high order convergence
rate (nine order accuracy using eleven grid points), while other methods are only two order accuracy. The
results indicated by DQ* in Fig. 5-1 and 5-2 are computed by the DQ method using the DQZ approach. It
is obvious that the DQ results using Wang and Bert’s DQU approach have higher accuracy. In addition, as
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is expected, the DQ method using the Chebyshev grids also yields more accurate results than using the
equally spaced grids. We also compute 1000 steps for the case under At=0.28, the DQ method still
maintains stable. If choosing the large step size, say At=28, no unstable behavior occurs in the DQ
method.

Table 5-2 lists the relative errors of the DQ solutions using eleven and twenty-one the Chebyshev grid
points under the step size 2.8, respectively. errl and err2 denote the relative errors corresponding to
displacement x; and X,, respectively. It is noted that the results using 21 grid points are more accurate than
using 11 grid points. Therefore, more grid points, more accurate results are obtained. It is concluded that
the larger number of grid points should be used for the system of high order. However, for the stiff
problems, more care should be paid to choose the number of grid points and grid intervals because the
stiff systems are characterized by irregularly shaped curves particularly in stiff regions (Burka, 1982).

Example 2. The tow-degree-of-freedom system with nonproportional damping (D’souza and Garg, 1984)
is given by
MX +Cx+ Kx =q (5.4-38)

where x={xy, X2}".

1 0 02 -01 21 -1 0
M = , C = , K = , q =
0 10 -01 01 -1 1 4
The initial conditions are
x(0) = %(0)=0. (5.4-39)
By using the linear transformations (5.4-5) and (5.4-7), we have
V' =HV+(, (5.4-40)

where

-01 0.05 1 0
0.005 —-0.005 0 01
-209875 09925 -01 0.005
099475 -0.99725 0.05 -0.005
The details on V and § see section 5.4.1. The matrix formulation for this case is
VAT —-HV =Q, (5.4-41)
where A is the modified DQ weighting coefficient matrix for the 1st order derivative as defined in
equation (5.4-17). Q is a rectangular matrices stacked from . Equation (5.4-41) is also a Lyapunov

matrix equation.

D’souza and Garg (1984) found that, when the time step is increased to 0.5s, the Newmark beta (a.=0.5,
B=1/6), central difference predictor, two-cycle iteration with trapezoidal rule and the fourth-order Runge-
Kutta schemes yielded unstable solutions for this case, while Park (Prak, 1975), Houbolt, and Wilson 6
(6=1.5) schemes remain stable. The present DQ method is also stable under At=0.5s or more when eleven
or twenty-one equally spaced and the Chebyshev grid points are employed, and the results using eleven
equally spaced grid points under larger At=2.5s (step size 25s) are shown in Fig. 5-4 and 5-6 for the
displacement x; and X,, respectively. The relative errors at t=250s for displacement x; and X, are 1%. In
D’souza and Garg (1984) the Wilson, Prak and Houbolt methods are applied for this case under At=0.05,
0.1, respectively. However, the numerical results are not presented there and thus a direct accuracy
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comparison can not be given. The analytical solutions of displacement for this case are plotted in Fig. 5-3
for x; and Fig 5-5 for x,. More example study may prove beneficial. In the above two examples at least,
the DQ method proves very successful.

In the present study, we consider only tow-degree-of-freedom system. Thus, the computational effort
seems to be a little larger in the DQ method using 11 eleven grid points than in the Newmark, Wilson 6
and Houbolt methods under comparable step size. The ratio of computing effort is 1+(m-1)/n, n and m
denote the order of systems and grid points in the DQ method. However, as discussed in section 5.4.2, the
computing effort in the DQ method is nearly the same as those in the Newmark and Wilson methods
under comparable step size for the larger systems in engineering practice, say that eleven grid points are
used in the DQ method for the analysis of the system more than 50 degree of freedom. In addition, by
using less grid points or larger time step, the DQ method consumes a comparable computing effort for
these cases in comparison to other methods while still producing very accurate solutions. Therefore, it is
believed that the DQ method has much higher computational efficiency than all other methods involved
here.

Table 5-1. Numerical results for example | under At=2.8

Method Analytical DQ Wilson 6 Newmark

X1 X2 X1 X2 Xq X2 X1 X2
2At 0.0381 1.412 0.0389 1.410 0.0525 1.34 0.0504 1.35
4At 0.486 4.094 0.486  4.093 0.490 3.92 0.485 4.00
6AL 1.657 5.291 1.656  5.292 1.54 5.31 1.58 5.34
8At 2.861 4.277 2.860  4.278 2.67 4.61 2.76 4.48
10At 2.806 2.806 2.806  2.806 2.82 3.06 2.85 2.90
12At 1.157  2.488 1.159  2.485 1.54 2.29 1.40 2.31

Table 5-2. The relative errors of the DQ results for example | using the Chebyshev
grid spacings (step size=2.8)

Sequence of grid point 11 grid points 21 grid points
in time direction errl err2 errl err2
2 1.4E-2 2.5E-4 6.5E-3 1.8E-5
4 1.3E-4 2.6E-5 6.0E-5 1.8E-6
6 4.1E-5 2.8E-5 1.1E-6 1.8E-7
8 1.3E-5 2.0E-5 1.2E--6 5.4E-7
10 6.4E-6 1.6E-5 1.2E-6 1.4E-6
12 7.0E-5 1.1E-4 2.4E-6 2.7E-7

5.5. Stiff Problems

The stiff ordinary differential equations are often encountered in automatic control, electronic network,
biosciences, physics and chemical kinetics. The key to handle stiff problems is the numerical stability of
methods. However, most explicit integration formulas have a bounded region of stability. For example,
the well-known fourth-order explicit Runge-Kutta method has a region of stability, and very small step
sizes are required by this method. These methods are, in general, inefficient for solving stiff systems as
they do not properly simulate the rapidly decaying solutions. The stability obstacle can be overcome by
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considering implicit Runge-Kutta methods. However, such methods suffer from a serious practical
disadvantage in that the computing effort is in general costly for large systems. Some effective solution
techniques have been also well developed to handle stiff systems (Gear, 1967, 1971a, 1971b). Based on
the foregoing analysis of the DQ method, the purpose of this section is to provide several numerical
examples for demonstrating the efficiency in the DQ solution of initial value problems for stiff systems of
ordinary differential equations.

Examplel.y' = —ay + S, y(0) =0 (5.5-1)

The accurate solution for this case is

y = s - Za e . (5.5-2)
o o

The linear transformation

u=y -yl (55-3)

is applied to equation (5.5-1). [, means the initial time at each iteration step. We have

u" = -au — ay(tl) + B, u(tl) = 0. (5.5-4)

In terms of the DQ method, we have

AU = -~ - oylt,) + B, (5.5-5)

where A is the modified weighting coefficient matrix for the 1st order derivative. The equation can be
restated as

A+adlu = -aylt,) + B (5.5-6)
The Gauss elimination method is used to solve the above algebraic equations. Let parameters a=1000,
B=10°, and time step h=0.1, the relative error at t=1, 2, 3, 4, 5, and 6 are listed in table 5-3. It is found that
the relative errors after the sixth step are zero. Let a=10° B=107, the relative errors after h=4 become
zero. In the above two cases, stiffness are 1000 and 10°, respectively. Thus, the transients dies out very
quickly. It is concluded that the DQ method is very safe and reliable in the solution of stiff systems.

Table 5-3. The relative errors at the first six steps (0=1000, B=10°, and h=0.1)

time t 1 2 3 4 5 6

relative error 9.2E-4 8.4E-7 7.7E-10 7.9E-13 7.1E-16 0.0

Example 2. This example was given in many standard textbooks. Therefore, it is a benchmark problem
for testing numerical algorithms for stiff ordinary differential equations.

[ du

J E = 998u + 199&

dv . (5.5-7)
| = —99%u — 100y

dt
The corresponding initial conditions are
u(0) =1, v(0) = 0. (5.5-8)
Apply the linear transformation
0O =u-uft,) ad v =v —vit,) (55-9)
to equation (5.5-7), we can obtain the following DQ formulation:

XAT = RX +C (5.5-10)
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where

(o, @ - | [ 998 1998 | [c, ¢,
o MR = . C =

v, vV, - VNJ L—999 —1999J ch c,
.= 998uft,) + 1998 (t,), ¢, = —999uft,) — 1999 (t,).

The accurate solutions for this case are

X

C

ut) = 26 — e ™ (5.5-11)
and
ut) = 2% — e ™™ (5.5-12)

The stiffness in the example is 1000. Similar to the situations in section 5.4 for structural dynamic
problems, the BS approach is exploited for solving the formulation equation (5.5-10). The DQ method is
stiff stable even if the larger time step h=0.5 is used. In contrast, the time step h in applying the Runge-
Kutta method for this case can not be larger than 0.00278. Therefore, the Runge-Kutta method is
obviously not applicable for the stiff problems. The relative error of the DQ solutions using eleven
equally spaced grid points under h=0.1 is no more than 10°°. Therefore, the DQ method is shown to have
rather high accuracy. We also calculate other some stiff systems, and the same conclusions can be drawn.

5.6. Nonlinear Problems

The nonlinear initial value problems are often encountered in practice. In this section we investigate the
potential of the DQ method in the solution of nonlinear initial value problems. The Hadamard product and
SJT product technique are used for formulation and calculation of the respective Jacobian matrix.
Unfortunately, however, the fast algorithms for the Lyapunov matrix equation, which are very efficient
for linear initial value problems, are not applicable for solving the Newton iteration equation resulting
from applying the Newton-Raphson method to the DQ nonlinear formulations. Thus, the computing effort
is obviously increased. In the following section 5.7 we will discuss some possible routes to improve the
computational efficiency.

A combined use of the DQ and Adams-Moulton methods (Bellman et al, 1972) were exploited to analyze
some nonlinear initial-boundary problems. The partial derivative in spatial dimensions were approximated
by using DQ method, while the derivative in time was analogized by an Adams-Moulton method. We
recalculate two examples of them only by using the DQ method, e.g., the following examples land 2.
Example 3 is a nonlinear structural dynamic systems.

Example 1. U[(X, t) = UL{X(X, t) 04x<1, O<t<T; LI(X, 0) =0l1x (5.6-1)
The above equation is a hyperbolic nonlinear one. First, let

v(x,t) = u(x, t) —u(x,t,) (5.6-2)
When t;=0, u(x, t;)=0.1x. Therefore,

v (x,t) = [v(x, t) + u(x, t1)][vx(x, t) + u(x, tl)] (5.6-3)
and

v(x,t,) = 0. (5.6-4)
In terms of the DQ method, equation (5.6-3) can be approximated by

VAT = (Vv + U(x, t,)) o (AV + AU(x, t,)). (5.6-5)
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where A is the MxM DQ weighting coefficient matrix for spatial derivative. M is the number of grid

points used in x direction, while N is the number of grid points along time direction. A is the (N-1)x(N-
1) modified DQ weighting coefficient matrix for time derivative.

lu(x, t) ulx, t) o ulx, tl)-I
U, ) = U0 ) ubo ) ubo )]

LU(XM:’ tl) U(XM:' tl) U(XM:’ tl)JMx(N—l)

Note that the Hadamard product is applied to formulate equations (5.6-3) into DQ analogue equation (5.6-
5). By applying the Kronecker product to equation (5.6-5), we have

WV = (1, @AV - + U)o (A @1,V +(A®1,,u @6

Employing the SJT product, we can obtain the Jacobian matrix of the above equation:

0’,‘2{/\‘/} =1, ® R -1 M(N—l)o[(A( ® I(N—l))\/— + (A< ® I(N—l))U] -

(A ®1, ) +U)
The exact solution for the case is given by

u(x, t) = % _ 10) (5.6-9)

Eleven equally spaced grid points and seven Legender points are used, respectively, along x-and y-
directions. The time step is h=0.1. The relative errors of the DQ solutions are listed in Table 5-4. It is
observed that the DQ method yields very high accurate solutions.

(5.6-6)

(5.6-8)

Table 5-4. The relative errors of differential guadrature solutions for example 1.

t 0.1 0.1 0.1 0.5 0.5 0.5 1.0 1.0 1.0

X X1 X4 X7 X1 X4 X7 X1 X4 X7
error 1.5E-8 1.5E-8 1.5E-8 1.6E-8 1.6E-8 1.6E-8 1.7E-8 1.7E-8 1.7E-8

Example 2. The Burger’s equation is stated as
U, +uu, = w,, v0 (5.6-10)

Wt , XX
where the term UU , represents a nonlinear convective term while vu,, means a dissipative term. The
parameter v represents the inverse of the Reynolds number, which determines the importance of
convection versus that dissipation. Equation (5.6-10) serves as a useful model since it possesses features
in common with the Navier-Stokes equation and has become a popular benchmark for testing numerical
technique to partial differential equations.

Initial value condition for equation (5.6-10) is

u(0, x) = f (x). (5.6-11)

In this case we choose

f(x) = —2v[bz cos m + cz cos ax/2]/[b sinax +c sinm/2 +d].
(5.6-12)

where constants v=0.01, b=0.2, ¢=0.1, d=0.3.
The analytic solution for this case is
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[ . ]
utt. x) = —2uLb7ze’“”2t oS X + =g ¢os 7ZX/2J [be ~*
2 (5.6-13)

—ort /4

sinzx + ce sin;zx/2+d]

The same grid spacings and time step as example 1 are used for this case. Table 5-5 displays the relative
errors of the DQ solutions. The DQ method is demonstrated again to be a high accurate approach. We also
compute the cases in some different situations by choosing large the Reynolds number, namely 10°, 10°,
and 10, respectively. The accuracies of the DQ method are even higher.

Table 5-5. The relative errors of differential guadrature solutions for example 2.

t 0.1 0.1 0.1 0.5 0.5 0.5 1.0 1.0 1.0

X X1 X4 X7 X1 X4 X7 X1 X4 X7
error 1.3E-4 1.1E-4 1.2E-4 1.6E-3 3.7E-4 6.4E-4 3.8E-3 4.2E-4 8.8E-4

Example 3. This example was considered by D’Souza and Garg (1984). The dynamic equations are given
by

Y o e i SRy A W R

(5.6-14)
The initial conditions are expressed as
x(0) = x(0) = 0 (5.6-15)
The dynamic equations can be restated in the Hadamard product form as
MX + Cx + Kx + (K, X)* o (KX) = g (5.6-16)
where

S P

The detailed solution procedure is omitted for the brevity. The DQ solutions are displayed in Figure 5-7,
and agree well with those by using other numerical techniques (D’Souza and Garg 1984).

5.7. Discussions

The DQ method has been extensively used to approximate the spatial derivative so far. However, like the
pseudo-spectral and collocation methods, the method seems to be not very suitable for problems with
complex geometries. Although the coordinate mappings and multidomain approaches can be used to
overcome this drawback, there is a larger loss in the efficiency and simplicity of the DQ method. As is
shown in the foregoing study, the shortcoming are not inherent in applying the DQ method to the
structural dynamic problems and stiff initial value problems. The principal contributions of the work are
to present the matrix formulation in the DQ method for ordinary differential equations of initial value
systems. Therefore, the resulting formulation are reduced to an algebraic Lyapunov matrix equation, and
the formulation and computational effort are greatly abbreviated to a comparable level with other
conventional methods while the high accuracy and ease of implementation in the DQ method yet
maintains. We also point out that the DQ method is an A-stable method. To our knowledge, this fact has
never been indicated in the literature. The DQU approach proposed by Wang and Bert (1993a) is
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extended to the initial value problems and shows high efficiency. The DQ method using the presented
techniques can be also efficiently used to solve other initial-boundary problems, for example, the transport
problems (1984b). Based on the given numerical comparisons and theoretical analysis, it is concluded that
the DQ method is a promising numerical technique to linear dynamic analysis and stiff initial value

problem.

The following points should be also pointed out:

1

2)

3)
4)

Many studies (Bellman et al. 1972, 1974a, 1979; Mingle, 1973, 1977; Quan et al., 1989; Shu et al.,
1992, Malik et al, 1994; Bert et al., 1989; Striz et al., 1988) have shown that the DQ method is
especially efficient for the nonlinear boundary value problems. Therefore, it is very significant to
apply the DQ method to nonlinear structural dynamic problems.

It is also well known that the A-stable methods are strong stability and reliable for the stiff problems
(Gear, 1971). Since the DQ method is A-stable. it is also expected that the DQ method will be an
efficient technique to handle a variety of the stiff equations.

The adaptive mesh technique can be easily used in the DQ method for the present purpose.

The accuracy and computing efficiency of the DQ method also depend greatly on the proper choice
of the trial functions as in the collocation method (Bert et al., 1993; Wang and Wang, 1994; Striz et
al., 1995). For example, it is expected that the DQ method using the trigonometric functions may be
more efficient than using the present polynomial basis functions for the periodic dynamic problems,
especially for the problems with high order frequency, while split range functions (Mansell, 1993) or
other proper test function (Chang, 1993) may obviously improve the efficiency in applying the DQ
method for the initial value problems involving steep gradients.

In what follows we discuss the application of the DQ method to nonlinear stiff initial value problems. As
was pointed out in section 5.6, as soon as the equation is allowed to have variable coefficient or nonlinear
operators, the computational effort will be obviously increased.

Considering example | in section 5.6, the Newton iteration equations for this case can be stated as

o) I
N (k)

ke o {%J l//(V‘(k)). (5.7-1)

The above equations can be converted into a set of algebraic equations, namely,

M [‘(k +1) V—(k)]

N v = wlv) (5.7-2)

Let oV Y = VU v e have

V]

e é\/‘(k+1) — l//{\/ﬂ(k)}. (5.7-3)

Substituting equation (5.6-8) for computing Jacobian matrix into the above equation, we have
é\/(k+1)§ _ ()E\(V(k) n 'E&U(k)) o OV kU _

V% U)o ('E&év(k)) _ 1//{\/”)}’ (5.7-4)

where 8V® V& and U™ are rectangular matrices. The Newton iteration equation (5.7-4) is a linear
algebraic equations with the Hadamard product operation. In the derivation of equation (5.7-4), we
employ the following property of the SJT product:
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C o (AV) = (ACNV, (5.7-5)
where C is the constant vector. This property of the SJT product is also applied in section 2.9.1 for
deriving the formulation-S for systems with varying coefficients.

Eq. (5.7-4) are not different from the traditional Lyapunov matrix equation due to its Hadamard product
operation. The fast algorithms for the latter are not applicable for solving matrix equation of such type.
Therefore, Eq. (5.7-4) must be converted into the standard algebraic equation as done in section 5.6 if the
Gauss elimination method is used. Although the very high accuracy of the DQ method can compensate to
some extent for great computational effort, there is still much room for developing some efficient
techniques for abbreviating computational effort. Three approaches for this purpose are presented as
follows.

In order to ensure the convergence, the very small control parameter in the standard iteration formula of
the simple iteration method is usually required for the stiff initial value problems and, thus, the computing
efficiency is in general very poor. It is well known that the Newton-Raphson method must be used to
solve such problems. In section 2.2, we found that the DQ formulations in Hadamard product form can
easily yield some very efficient iteration formulas of the simple iteration method by using the Hadamard
matrix function, power and inverse concepts. Moreover, the most effective iteration formula can be easily
determined in advance by using the SJT product. Some boundary value problems such as the example
discussed in section 2.2, which are similar to stiff initial value problems and need very high computing
cost to use the standard iteration formula, are efficiently solved by using new iteration formula obtained
via the Hadamard matrix inverse approach. It is hoped that these techniques can be extended to handle
stiff initial value problems. It is also expected that the computational effort in the DQ method using this
technique for nonlinear stiff problems is nearly the same as other existing methods such as Gear method
while the high accuracy of the DQ method is still maintained. Next, section 2.5 discussed that the
Hadamard product and SJT product approach can be applied for decoupling computation of nonlinear
boundary value problems. The extension of the decoupling computations is another hopeful route to
reduce computing effort for nonlinear stiff problems of large scale. Finally, we hope to develop a Gauss-
Sidel iteration method for the efficient solution of the Newton iteration matrix equation with the
Hadamard product operation. The computing effort using the technique will be greatly reduced in
comparison to the Gauss elimination method for the same task. A combined use of the above three
approaches may greatly reduce the computing effort in applying the DQ method for nonlinear stiff initial
value problems and makes the DQ method very competitive to other numerical techniques.
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CHAPTER 6.
STRUCTURES OF WEIGHTING COEFFICIENT MATRICES

6.1. Introduction

The DQ and HDQ weighting coefficient matrices play a prominent role in the application of the DQ and
HDQ methods. However, the research in this field is neglected in the literature. Quan and Chang (1989a)
pointed out that the skew centrosymmetric and centrosymmetric structures of the DQ weighting
coefficient matrices for the 1st and 2nd order derivatives, and this properties can be used to decompose
the DQ coefficient matrix for ordinary differential equations of systemic models into two smaller size
matrices. But in that reference they did not use the centrosymmetric and skew centrosymmetric
terminologies and, thus, can not be fully aware of the possible advantages in application of these
properties. Chen and Yu (1993) pointed clearly out the relation between the DQ weighting coefficient
matrices and centrosymmetric or skew centrosymmetric matrices.

In this chapter, we prove that the structures of the weighting coefficient matrices for any order derivative
in the DQ and HDQ methods are either centrosymmetric or skew centrosymmetric if the grid spacing is
symmetric with respect to the center point irrespective whether the grid spacings are equal or nonequal. It
is known that, in the evaluation of the determinant, inverse and eigenvalue and eigenvectors, a
centrosymmetric matrix can be factorized into two smaller size matrices. By applying these properties, the
multiplication complexity can be reduced by 75% and the efficiency of the DQ and HDQ methods can be
significantly increased, which is also demonstrated by solving the free vibration of beams and plates in
this Chapter.

Secondly, the skew centrosymmetric matrix is defined and its properties are found to be similar to those of
the centrosymmetric matrices. It is shown that this kind of matrix is related to the DQ and HDQ weighting
coefficient matrices for all odd order derivatives. Third, the reducibility using the centrosymmetric
properties in the DQ and HDQ methods is extended to non-systemic problems. Next, the properties of the
Hadamard product and SJT product involving the centrosymmetric matrix are discussed. The reducibility
for the nonlinear problems with symmetric structures is obtained by using these properties in the DQ-type
methods. Finally, some conclusions are drawn based on the results reported herein.

6.2. Centrosymmetric Structures

This section shows that the weighting coefficient matrices of the DQ and HDQ methods are either
centrosymmetric or skew centrosymmetric depending on the order of the corresponding derivatives. Some
properties of these matrices are briefly stated or discussed.

6.2.1. Centrosymmetric structure of weighting coefficient matrices in the DQ method
First, the definitions about centrosymmetric and skew centrosymmetric matrices are given
Definition 6.2.1: A NxN matrix Q=[q;] is centrosymmetric if

Oij= Onsteinet 1 J=1, 2, o N (6.2-1)
Then, Q can be characterized by
JQJ=Q (6.2-2)

where J denotes the contra-identity matrix given by
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J =|. .. (6.2-3)
1 .- 00
which has unit elements along the secondary diagonal and zeros elsewhere, noting that J'=J and J%=I, the

unit matrix, The effect of premultiplying any matrix by J reverses the order of its rows, and postmultipling
reverses the order of its columns.

Definition 6.2.2: A new, skew centrosymmetric matrix R=[ rij]nxn With the following property, is
introduced:

lij =—Tnsinety 1J=12,.,N. (6.2-4)
and
R=—JRJ (6.2-5)

To our knowledge, this is a new form of matrix, which has not been reported previously.

The grid spacings often used in the DQ method are symmetric such as equally spaced grids and the zeros
of the shifted Legendre or the shifted Chebyshev polynomials. For symmetric grid spacings, over a
domain 0< x <1, it is true that:

Xnei = 1= X (6.2-6)
where N is the number of grid points. Thus, substituting Eq. (6.2-6) into (1.2-3a) and (1.2-3b) yields
1 N X +1-i T X -
Ay = e i,j=12,..N (6.2-7)
X N+1-j — X N +1-i k=N +1-i N +1-j X N+1-j — X k
i#]j
and
{ 1
Ai = Z -, i =12 ..., N. (6.2-8)
k=N+1-i XN+1-i — Xk
So
Aij == AN N1 (6.2-9)

According to the definition 6.2.1 given by Eq. (6.2-1), the weighting coefficient matrix for the 1st order
derivative can be concluded to be skew centrosymmetric if the grid spacing is symmetric. Next, consider
the coefficient matrix for the high order derivative. Using Eqgs. (6.2-8) and (6.2-9) and the recursion
formulas (1.2-4) and (1.2-5) and after some manipulations, it can be shown that

wimd — (_1)(m+1)w(m+1) (6.2-10)

ij N+1-i, N+1-j ?

where the Wij(m”) denotes the DQ coefficient for the (m+1)th order derivative. Therefore, the DQ
weighting coefficient matrices are skew centrosymmetric for odd order derivatives and centrosymmetric
for even order derivatives when the grid spacing is symmetric.

6.2.2. Centrosymmetric structure of weighting coefficient matrices in the HDQ method

The formula (1.2-1) for determining the HDQ weighting coefficients can be restated in matrix form as
Hw"=H" (6.2-11)
where matrix W(m) denotes NxN weighting coefficient matrix. m is the order of the derivative. matrix H
is determined by the harmonic test functions (1.2-6) and the used grid spacing. Matrix H(m) depends on the

test functions, the grid spacing and the derivatives order m. Premultiplying Eq. (6.2-11) by HTyieIds
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T (m T (m)

HHw =HH (6.2-12)
T
If we choose symmetric grid spacings as shown in Eq. (6.2-6), it can easily proven that the product H H is
LT . . - .

centrosymmetric. H H  is centrosymmetric if m is even number or skew centrosymmetric if m is odd
number. From Eq. (6.2-12), we have

(m) T -1 T (m
w =(HH) HH (6.2-13)

T -1
According to Lemmas 6.2.1 and 6(2)5 in the following discussions, (H H) eCy.n. Thus, the HDQ
m

weighting coefficient matrices w ~ are centrosymmetric for even order derivatives and skew
centrosymmetric for odd order derivatives.

6.2.3. Some properties of centrosymmetric and skew centrosymmetric matrices

1. Centrosymmetric matrices

For completeness, the interesting structure of the centrosymmetric matrix of (Good, 1970; Datta and
Morgera, 1989) is briefly described here. Cy.n denotes the set of NxN centrosymmetric matrices.

Definition 6.2.3. A N dimensional vector y is defined to be symmetric if

Jy =y (6.2-14)
or skew symmetric if
‘]7/ = -y (6.2-15)

Lemma 6.2.1. If Q;, Q,eCpyn and Q; exists, then

(1) Q=Q1Qz€ Cnun

(2) Q=Q1+Q2Cpn (6.2-16)
(3) Qe Crun

Lemma 6..2.2. If Qe Cn.nv and N=2M, Q can be written as

(A 3]
= L (6.2-17)
C JAJ

where A and C are arbitrary MxM matrices. The determinant of matrix Q can be evaluated by
Q=|A+JC|A-JC] (6.2-18)
and the inverse of the matrix is given as
Q P JRJ 6.2.19

R JPJ 6219

where 2P=(A+JC)*+(A-JC)* and 2R=(A+JC)* - (A-JC) ™.

Applying Egs. (6.2-18) and (6.2-19), the calculation effort of the inverse and determinant of a
centrosymmetric matrix can be reduced by 75%. Note that premultiplying or postmultiplying any matrix
by J only moves the elements of the matrix and requires a very little computational time.

Lemma 6.2.3. If QeCy,n and N=2M, then

A JCJ A-JC 0
Q= and (6.2-20)
c JAJ 0 A+JC

are orthogonally similar. Thus, the evaluation of the eigenvectors and eigenvalues of Q is equivalent to
that of two MxM matrices A-JC and A+JC.
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If N is odd (N=2M+1), any matrix QeCyyn Can be written as

[A Js JcJ |
Q = |t q tJ | (6.2-21)
lc s JAJ |

where A and C are arbitrary MxM matrices, s and t are vectors of Mx1 dimension, and q is a scalar. It is
easily proved that

[A Js JcJ | [A-JCc o 0 T|
Q = |t q tJ | and | 0 q 2 | (6.2-22)
lc s JAY | L 0 2s A+ JC|

are orthogonally similar. Thus, the evaluation of eigenvectors and eigenvalues of Q is equivalent to those
of both MxM and (M+1)x(M+1)matrices.

Lemma 6.2.4. The eigenvectors of centrosymmetric matrix Q in Lemma 3 are the sum of a symmetric
vector and a skew-symmetric vector. If N is even, the N/2 skew symmetric orthonormal eigenvectors U;
and the corresponding eigenvalues A; can be determined by

(A=JC)v; = Av; (6.2-23)
and

1 T T
Ui :ﬁ[ i @A) ] (6.2-24)

The N/2 symmetric eigenvectors W; and the corresponding eigenvalues P; are found by solving the
following equation:

(A+JC)y, =Py, (6.2-25)

and

Wi =i[yf Oy ]T (62:20)
J2

If Q has distinct eigenvalues and N is odd number (2M+1), the M skew symmetric orthonormal
eigenvectors U; and corresponding eigenvalues can be determined by

(A-JC)xi = 4 xi, (6.2-27)

.
where Uj = [x;", 0, -(3xj")"] . The M+1 symmetric eigenvectors V/; and corresponding eigenvalues p;

are obtained by solving the following equation

q 2 ai | Jai (6.2-28)
2s A+ac|ly, "My, '

where Vj = [y, 2a;, (inT)T]T :

2 Skew Centrosymmetric Matrices

Next, the structural properties of skew centrosymmetric matrix are discussed. The proofs for these
properties are similar to those for centrosymmetric matrix (Good, 1970; Datta and Morgera, 1989), so
they are omitted here for brevity. We analysis only the even order skew centrosymmetric matrix, but it
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should be pointed out that there are similar properties for odd order skew centrosymmetric matrix. In the
following, NCn is the set of NxN skew centrosymmetric matrices.

Lemma 6.2.5. If Q1, Q,eNCy,n and Q;™ exists, then

1) Q=Q1Q2€ Cnun

(2) Q=Q1+Q2eNCin (6.2-29)
(3) Q:'eNCpun

Lemma 6.2.6. If Q eNCy,n and N=2M, then Q can be stated as

Q= {A —d } (6.2-30)
c -JAJ
where A and C are arbitrary MxM matrices. The determinant of matrix Q can be expressed as
Q=|A+JC|A-JC] (6.2-31)
and the inversion of the matrix is given as
o~ {P ~JRJ } 6232
R -JPJ

where 2P=(A+JC)*+(A-JC)™ and 2R=(A+JC)™ - (A-JC)™.

Lemma 6.2.7. If QeNCy,n and N=2M, then

A -JCJ 0 A-JC
Q= and (6.2-33)
Cc -JAJ A+JC 0

are orthogonally similar. Thus, the evaluation of the eigenvectors and eigenvalues of Q is equivalent to
that of a MxM matrices.

If QeCn.n and N=2M+1, Q can be restated as

A -Js Q)]
Q=|t 0 “+J (6.2-34)
C s JAJ |
where A and C are arbitrary MxM matrices, s and t are vectors of Mx1 vector. We can prove that
A Js -JC 0 -2s A-JC
Q=|t 0 -tJ and 2 0 0 (6.2-35)
C s JAJ | A+JC 0 0

are orthogonally similar. Thus, the evaluation of eigenvectors and eigenvalues of Q is equivalent to
that of a (M+1)x(M+1) matrix.

As can be observed from the foregoing Lemmas. the calculation of the eigenvalues and eigenvectors of a
centrosymmetric matrix be reduced to those of two smaller matrices, which expedites the computational
effort by nearly 75%. For skew centrosymmetric matrices, we find that there are similar computational
reduction effects for the determinant, inverse, eigenvalues and eigenvectors.

We also give the following lemma on the Kronecker product involving the centrosymmetric and skew
centrosymmetric matrices, e.g.
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Lemma 6.2.8. If A;, AyeVn.nvand By, B,eNVy.n, then

(1) Ai®A eV

(2) Bi®B,eVyn (6.2-36)
(3) A1®B1eNVy,n

The proof is straightforward and, thus, is omitted for the sake of brevity.

6.3. Applications

In this section several examples are solved by the DQ and HDQ methods, and the aforementioned
centrosymmetric properties of the weighting coefficient matrices are applied to reduce the computational
effort and storage requirements.

Wang and Bert’s DQU approach is used in the DQ and HDQ analysis of structural components, the
weighting coefficient matrices are modified in terms of the specific boundary conditions. Such coefficient
matrices are also centrosymmetric when the boundary conditions are symmetric. For example, Wang and
Bert (1993a) gave a detailed description for a simply supported beam. When the symmetric grid spacing is
used, obviously, the modified 1st order derivative weighting coefficient matrix [K] (Eq. (3) of Wang and
Bert (1993a)) is a skew centrosymmetric matrix like [A] (Eg. (2) of Wang and Bert (1993a)). The
modified weighting coefficient matrix for the 2nd order derivative is given by (Eq. (4) of the same
reference)

[B] = [Al[A] (6.3-1)
According to Lemma 6.2.5, [BT is a centrosymmetric matrix. The modified weighting coefficient matrix
for the 4th order derivative [lj] is decided by (Eq. (6) of Wang and Bert (1993a))

[D] = [B][B] (6.3-2)

According to Lemma 6.2.1, [Ij] is also a centrosymmetric matrix.

Example 1: Flexural Vibration of a Simply Supported Beam

The governing differential equation for this example can be expressed as:

WY = @ W x) (6.3-3)
where the nondimensionalized frequency is @?=pA,L*©0¥El. Ay, L and p are the constant cross-sectional
area, the length of the beam, the density and | the constant area moment of inertia about the neutral axis,
respectively. The boundary conditions at the simply supported ends are given by:

w0 =0, w(0) =0 (6.3-3b)
w1l =0, wr(l =0, (6.3-3c)
In terms of DQU, Eq. (6.3-3a) is expressed as:

N-1

DD W, = @’ W, i =2 ..., (N -1. (6.3-4)
j=2

Note that the boundary conditions have been applied in the formulation of the weighting coefficient

matrix Dj; , which is a centrosymmetric matrix as shown in Eq. (6.3-2) and can be written in the matrix
form as:

‘F D D

I:732 D33

) ) (6.3-5)

e —— |

_|

|
| |
| . o
LIjN—l,Z 5N—ZL3 IjN—ZL N—lJ

=
=z
|
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According to Lemma 6.2.2, we have

- [P JRJ |
{D'J }(N—Z)X(N—Z) =R Jpy ] (6.3-6)

In the present study, eight equally spaced grid points are used. Therefore, the order of the matrices P and
R is 3. In addition, it is known that the eigenvectors corresponding to the fundamental frequency of a
simply supported beam is symmetric. Thus, according to lemma 6.2.4, the fundamental frequency and the
corresponding eigenvector can be computed by:

(P +JIR)u; = @’u; (6.3-7)
Similarly, the 2nd order frequency with skew-symmetric eigenvector can be calculated by:
(P -JR)vi = @’v; (6.3-8)

The fundamental frequency obtained by the present method is 9.8683, comparing well with the exact
solution of 9.8696. The relative error is -0.006%. The 2nd order frequency is 39.2411, and the exact
solution 39.4784, hence the relative error is 0.6%. If a nonuniform grid formed from the Chebyshev
polynomials given in section 3.3 are used, the errors are further reduced to 0.000% for the fundamental
frequency and to -0.17%for the 2nd frequency. In contrast with Wang and Bert (1993a), the present
computational effort and storage requirements are reduced by 87.5% and 50%, respectively, due to the use
of the centrosymmetric property of weighting coefficients matrix.

Example 2: Transverse vibration of thin rectangular SS-SS-SS-SS and C-SS-C-SS plates

The transverse vibration of thin rectangular SS-SS-SS-SS plate and SS-C-SS-C plates are considered in
this study, where C and SS denote clamped and simply supported boundary conditions, respectively.
Applying the DQ or HDQ method , the governing equation (Wang et al., 1993a, Striz et al., 1995) for this
case is given by:

N1 N-1 N-1 N1
zljik Wi +(2a2)z§jmz§ik Wim +(a4)z|jjkwik =@ W, (639
k=2 m=2 k=2 k=2
where w’=pha‘®w?D, and a=a/b=15, and D and B are the modified weighting coefficient matrices for

the fourth and second derivatives, respectively. N, and N, are the number of grid points in the X- and Y-
directions (Cartesian coordinates).

The DQ method with a rather small number of grid points can produce very good results. In this case, 8x8
equally spaced grids are used. The DQ results for the fundamental of ©=32.0721 and for the 2nd
frequency of @w=61.4449 agree well with the exact solutions of 32.0762 and 61.6850. The relative error is
-0.01% and -0.39%. If the zeros of the shifted Chebyshev polynomials are used as the grid points, the DQ
solutions for 1st and 2nd frequency are calculated as 32.0761 and 61.6159, and the errors are further
reduced to -0.0003% and 0.11%. For the same problem, Wang and Bert (1993a) need compute a (N-
2)?x(N-2)? order matrix eigenvalue problem. In contrast, the present approach only requires solving a (N-
2)? 12 x(N-2)? /2 matrix due to the use of the reducibility of centrosymmetric matrix. Therefore, the
computational effort are only 12.5% of that of Wang and Bert (1993a).

The HDQ method employed equally spaced grid point and weighting coefficient matrices are modified by
a combined use of the DQU and DQN techniques. HDQ with a rather small number of grid points can
produces very good result. For square SS-SS-SS-SS plate, five grid points are used and the HDQ results
for the fundamental frequency of w =n and for the 2nd frequency of w=2r are coincident with exact
solutions. For SS-C-SS-C plate, we use eleven grid points and list some HDQ results in table 6-1, which
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are coincident with HDQ solutions (Striz et al., 1995) and very close to those of Leissa (1973), while the
computational effort in this paper is reduced to only about 1.6% as much as that in Striz et al. (1995).
This computational savings is achieved by using centrosymmetric properties of the HDQ weighting
coefficient matrices (Lemmas 6.2.2 and 6.2.3 in section 6.2). We computes only a (N? -2)/4x(N2-2)/4
matrix for the present case. In contrast, references [2] need to solve a (N?-2)x(N?-2) matrix. For all other
examples with systemic boundary given in reference [2], we obtain the same results by this reduced HDQ
method. It is known that when more grid points is used, the accuracies of HDQ results can be improved.
Unlike the DQ method, the HDQ method have not limitation for the number of grid points. However,
when more grid points is used, computing effort increases rapidly especially for multi-dimensional
problems. Thus, the present reduced method will be significant in practice.

2 4 2
Table 6-1. Fundamental frequency (w =pha o /D) for SS-C-SS-C plates

alb 0.4 2/3 1.0 1.5 2.5
HDQ 12.1408 17.3821 28.9656 56.3752 145.550
Leissa 12.1347 17.3703 28.9509 56.3481 145.484

Example 3. The transverse vibration of a thin, isotropic, skew plate vibration

This problem have been handled by the DQ method in (Wang et al. 1994). However, since its governing
and boundary condition equations contain cross derivative term, its DQ formulation includes the
centrosymmetric and skew centrosymmetric matrices simultaneously. We recalculate this problem to
demonstrate the computing reduction for problems of this type by the centrosymmetric properties. The
governing equation for this case is given by

W oo — (4c0s O)w o + 21+ 2c0s?0) W oy — (4COS O) W .
+W = (ph @/ D)sin®é

where 6=skew angle. p density, o circular natural frequency and D flexural rigidity. The simply supported

boundary conditions are
w=20 wg-2wgscos 0 =0 at & =0

(6.3-10a)

’ (6.3-10b)
w=0 w, —2wsC0s 8 =0 at 7 =0 b
The clamped boundary conditions are
w=0 w;=0 at £ =0 a
(6.3-10c)

w = 0 w, =0 at . =00D
let x=(2C-a)/a, y=(2n-b)/b. In terms of the matrix formulations (4.2-1) in section 4.2, the DQ formulation

for the governing equation (6.3-10a) can be stated as
DW - (4 cos 9)CWA + 2 B°(1+ 2cos’ 9)BwB —

(4p cos 9)AWC] + pwD] = (@°/16w
Note that W is (n-2)x(n-2) matrix. Applying the Kronecker product of matrix to the above equation, we
have

1. ®[5,]-(4pcos 0)[x,] ®[c.]+2p°(1+2cos”0)g,] ®[5,] -

(48 cos 0)[5y] ® [gx] + ﬂ4[|jy] ® [I n,2]}vec{W} = (@2%/16Nec {w}

(6.3-11)

(6.3-12)
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where ® denotes the kronecker product in matrix computation (the DQ formulation for this case in Eq.
(10) of Wang et al. (1994a) was incorrectly expressed). [I n,z] represents a unite matrix, whose n is the
number of grid points. vec(w) is the vector-function of a rectangular matrix formed by stacking the
columns of matrix into one long vector. mzz(ph a’ a)Z/D) sin*é@. B and D are aspect ratio and
flexural rigidity, respectively. Weighting coefficient matrices A, C,D andB are modified by the
boundary conditions. For clamped boundary conditions, the D and B are the same as the rectangular
plate. But the problem is more complex for simply supported boundary conditions because it contain cross
derivative term Wy . Using the DQ method, we have

W,y = AW AyT = ( A, ® AJvec(w) . According to Lemma 628, A & A, isa

centrosymmetric matrix since A, and A, are the skew centrosymmetric matrices in using symmetric

distributed grid points as in Wang et al. (1994a). Therefore, D and B are centrosymmetric matrices and
A, C the skew centrosymmetric matrix. Obviously, the resulting coefficient matrix in the formulation
equation (6.3-12) has centrosymmetric structure. Thus, we can apply the computational reduction of
centrosymmetric matrix for this case similar to example 2. Namely, the computational effort is reduced by
87.5%.

Example 4. ON ANISOTROPIC PLATES

The equation governing the behaviors of mid-plane symmetric laminated plates was given by Bert et al.
(1993)
D,,w

J XXXX + 4D16W,xx><y + 2( D12 + D66)W,><xyy + 4D26W,xyyy + DZZW,yyyy

) , (6.3-13)
=q+pho'w-Nw, -Nw
where Ijij are the plate stiffness, h is the total plate thickness, p is the density, w is the model deflections,

q is the pressure only for deflection analysis,  is the natural frequency only for free vibration analysis, N
and Ny are uniform compression in-plane loads in x- and y- directions for buckling analysis.

In terms of the present DQ or HDQ approximate formulas (4.2-1) (Chen et al., 1996d), we have

N D W N e WAT (D N \e wRT D BAweT
D,,D,W+4D,iC, WA, +2/8°(D,, + D5 )B,WB, +4D,A°AWC, 6510
+ D, WD, =qa* + @*W— Na’(B,W+WB, ) '
where B=a/b denotes the aspect ratio, N = N, = Ny , @’ =pha4a)2. The relative boundary

conditions have been taken into account in the formulation of weighting coefficient matrices by using the
DQU technique, no additional equations are more required.

Applying Lemma 4.2.1 and relative corollaries, the above equation can be converted into
[0.(B. ®1,) + 45,5(C. ® A ) + 25°(5, + B,)(B, ® B, ] +
40, 5%(A ® C 4D, 5 (1, ® ij)]vv =ga' + @W —.  (6.3-15)
Na:(B, ® 1, +1, ® B, Jw
The above formulation equation is equivalent to equation (13) of Bert et al. (1993, 1994a). The present

procedures obviously simplify formulation effort and are much more easy for programming, and the
resulting formulation has a explicit matrix form.
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For problems with symmetric boundary conditions such as the simply supported or clamped anisotropic
plates as discussed in Bert et al. (1993, 1994a), it is straightforward that A, A, C , and C , are skew
centrosymmetric matrix and B x , By, D, and D, are centrosymmetric matrix when the uniform gird
points or the zeros of the Chebyshev polynomials are used. According to Lemmas 6.2.2 and 6.2.8, the
resulting coefficient matrix in the formulation equation (6.3-15) is a centrosymmetric matrix. Therefore,
the reduction algorithm based on the factorization properties of centrosymmetric matrix (Chen et al.,
19964, b) is applicable for the cases, namely, the computational effort is reduced to 75 per cent as much as
that in Bert et al. (1993, 1994a).

Bert et al. (1993, 1994a) pointed out that the DQ and HDQ methods were very competitive technique to
analyze static and dynamic behaviors of the anisotropic plates. The present work makes the methods more
computationally efficient and easier to be used for these problems. But it is regret that the reduced method
is only available for problems with systemic boundary conditions in the DQU approach. For the deflection
and vibrational analysis of plates and beams with non-systemic boundary conditions, the present reduction
approach is also applicable, but the DQU approach can be not used for the cases. The DQN and DQZ
approaches discussed in section 4.4 should be used, in which the governing and boundary condition
equations can be handled separately.

Example 5. Convection-diffusion problem
Civan and Sliepcevich (1984b) computed the convection-diffusion problems by the differential quadrature
method. We analyze this example again to show that the computational reduction in centrosymmetric
matrix can be used for those problems with non-symmetric boundary conditions. We consider the steady-
state case. In terms of the DQ method, the governing equation (Civan and Sliepcevich, 1984b) can be
expressed as
X y

- i + a t " E ’ =0

43 k:lbik b T ﬂk:1 bix ¢, = 0 (6.3-16a)
where a and f are constant quantities. by ‘s are the DQ weighting coefficient for the second derivative and
have been not modified by boundary conditions, which is different from examples 1-3. The boundary
conditions are approximated by the DQ method as

di=prescribed value, j=1,2, ..., NY (6.3-16b)

oin’'=0, j=1,2, ..., N* (6.3-16c)

TR S

q Zajk ¢, = 0. atj=L (6.3-16d)
k =1

on5=0, j=1,2,.., N~ (6.3-16¢)

Since the boundary conditions in this problem are not systemic, we need handle with Eq. (6.3-16a) and
Egs. (6.3-16b,c) separately. Obviously, the resulting coefficient matrix in Eq. (6.3-16a) is a
centrosymmetric matrix irrespective of whether the boundary conditions are symmetric or non-symmetric.
Solving the Eq. (6.3-16a) by using the centrosymmetric properties, the function values at inner grid points
are expressed by the side lateral function values using a matrix formula. Substituting this formula into the
boundary condition equations (6.3-16b, c), we can obtain the algebraic equations only containing the side
lateral function values. The order of the equations is much smaller than that of Eq. (6.3-16a). The
computational effort for solving it will be little. The main computational effort in this procedure is solving
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Eq. (6.3-16a), while the computational reduction by using the centrosymmetric matrix can be achieved in
this step. So the present computational effort is nearly only 25% as that in Civan and Sliepcevich (1984b).

In section 4.3 we discussed the reducibility in computing the Poisson equation and convection-diffusion
equations by means of the fast algorithms in the solution of the Lyapunov equation. In thOse cases with
symmetric boundary conditions, we can factorize the respective centrosymmetric coefficient matrices Bx
and By into two smaller size sub-matrices, nearly half, in all the four computing steps of the BS, HS
and R-THR methods. Therefore, the computing effort can be further reduced to 8.5% under 7x7 grid
points and 1.5% under 11x11 grid points as that in Civan and Sliepcevich (1983b; 1984b).

6.4. Nonlinear Computations and Centrosymmetric Matrix

Section 6.3 applies the factorization properties of the centrosymmetric and skew centrosymmetric
structures to reduce computing effort and storage requirements in the DQ solution of the linear problems
by 75% and 50%, respectively. For nonlinear differential equations, the centrosymmetric structure of the
DQ weighting coefficient matrices can be also exploited to reduce the computational effort by using the
Hadamard product and SJT product concept. We present the following lemmas on the Hadamard product
and SJT product involving the centrosymmetric and skew centrosymmetric matrices. The proofs for them
are straightforward and thus omitted for brevity.

Lemma 6.4.1. If A;, A,eVawnand By, BoeNVyn, then
(1) Ar*A2eVn

(2) B1°B2eVnun

(3) A1°B1eNVn

Lemma 6.4.2. If AjeVnun, BieNVy.w and Py, P,eC™! P, is symmetric P, is skew symmetric, then
(1) A0 Py eV

(2) B10 P1eNVyn

(3) A0 P,eNVyn

(4) B0 P,eVn

According to Lemmas 6.4.1 and 6.4.2, we can find that the computational reduction by using the
factorization properties of centrosymmetric matrix can be easily extended to matrix computations
involved the Hadamard product and SJT product. We recalculate equations (2.8-15) and (2.5-1a, b) by the
DQ method to demonstrate the computational reduction by using the factorization properties of
centrosymmetric matrices when the symmetric grid spacings such as the equally spaced grid points and
the roots of the shifted Legender or the shifted Chebyshev polynomials, are employed. For the DQ
solution of geometrically nonlinear bending of the orthotropic rectangular plates with symmetric
boundary conditions, the computing effort and storage requirements can be further reduced by 75% and
50%, respectively, using such reduction technique. The details on these applications are straightforward
and not presented for brevity. It should be pointed out that the reduction technique is in general applicable
for the nonlinear problems with symmetric structures.

6.5. Conclusions
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The study in this chapter proves in general the centrosymmetric structures of the weighting coefficient
matrices of the DQ and HDQ methods when the grid spacing is symmetric. Also a new type of matrix,
called as the skew centrosymmetric matrix, is defined and its main properties are discussed. The work
furthers the knowledge and understanding of the DQ and HDQ methods. The structure of such matrices
allows for factorization of the determinant and the characteristic equations into two, smaller and nearly
equal size matrices. Therefore, the computational complexity can be reduced by 75%. Furthermore, it is
shown that these matrices possess either symmetric or skew-symmetric eigenvectors. In many problems,
the need of symmetric or skew-symmetric eigenvectors can be applied as a constraint. Therefore, the
computational effort can be reduced further. The present work emphasizes the importance of the analysis
of the weighting coefficient matrices in the DQ-type methods and makes the methods even more attractive

for the engineering analysis.
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CHAPTER7.
SUGGESTIONS FOR FUTURE WORK

The current situations for the research of the DQ-type methods are somewhat similar to those for the FEM
in the early 60’s and for the BEM in the early 70’s, while the Hadamard product and SJT product are still
at an early developing stage for nonlinear computation and analysis of general purpose. Several major
obstacles, which have always impeded the DQ methods, have been overcome due to our and other
researchers’ recent work. However, some important aspects remains largely an unclear matter in the DQ
method and relative applications, for example, round off error, numerical stability, and applications for
problems with complex geometries. In many cases, the complexity of problems manifests itself in the
degree of nonlinearity of the system, its scale, transient nature or the interaction between components of
the system, while the salient merit of the DQ method is not well explored and demonstrated in solving a
fairly wide range of complex problems. The differential cubature method is a new development of the
differential quadrature method and show good promise for multidimensional problems, but many essential
aspects of this method are not involved in the literature, and the applications are very limited. In this
chapter, we hope to outline a few key problems in applying the DQ-type methods and the Hadamard
product and SJT product techniques to practical engineering. Both theory and applications should be
equally emphasized.

Coordinate mappings (Lam, 1993; Bert and Malik, 1996¢) and multidomain approaches (Civan, 1985;
Shu and Richards, 1992; Striz, Chen and Bert, 1994) have been used to maintain the high accuracy and
convergence properties in the DQ method for handling problems with complex geometries. By using
multidomain technique, the DQ method can effectively analyzed the problems with irregular domain,
which is composed of some regular domains. Coordinate mappings approach is exploited for arbitrary
irregular shaped problems. The applications are successful for systems of no higher than second order.
However, the governing equations in structural mechanics problems are in general higher order
differential equations. The coordinate mappings approach encounters some limitations for structural
problems with simply-supported or free boundary conditions due to inaccuracies of geometric mapping.
Also, it was found that the approach seems not to be suitable for the curvilinear non-quadrangular shaped
problems for the same reason. It was proposed by Bert and Malik (1996¢) to use more accurate mapping
approach to overcome these difficulties, but the method may require more mapping effort. We have a
different idea for handling this problem. For example, considering a two-dimensional problems, we
suggest applying the DQ method to analogize the spatial derivatives or integral in one direction only, and
then, the governing equations for this problem are transformed into a set of ordinary differential equations
of boundary value problem, while the solution procedures for ordinary differential equations have been
well developed. The simplicity and efficiency of the approach can be demonstrated via some simple
examples. The further work is hoped. In addition, a combined use of the DQ method and other numerical
techniques such as the FE, FD and BE methods is expected to be effective for problems with irregular
shape, since the similar idea has been applied in the collocation, pseudo-spectral, spectral and Galerkin
methods for the same purpose.
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From the standpoints of engineering applications, the DQ method is still at its very first step. The
extension of the technique to analyze complex problems in new realm is another important task in the
future study. In recent research, a neglected issue in the DQ method has been inverse problems, which
arise in such diverse areas as the study of drug distributions in the body, weather prediction, structural
optimization designs, and modal parameter identifications. The DQ method has been shown to be a
efficient approach in system identification problems in its early study (Bellman et al., 1974a, b, 1979; Hu
et al., 1974). However, the work in this direction can not be continued due to the lack of understanding in
some basic aspects of the method. Now these impedances have been overcome. The DQ method is hoped
to be very efficient for handling problems of structural optimization designs and modal parameter
identifications. Of course, the DQ method also has its disadvantages for certain problems. Therefore, it is
necessary to employ a combination of a few methods for some complex problems so as to utilize their
respective advantages. For example, a combined use of the DQ and BE methods may be useful for some
problems such as elasto-plastic fracture mechanics problems.

Some basic aspects of the differential cubature method such as stability analysis, truncation error,
accuracy and structures of weighting coefficients, and the choice of test functions and sampling points
have not been fully studied. It is also claimed that the DC method is a superior numerical technique for
multidimensional problems. However, its potential in the solution of a varied class of problems has been
not sufficiently explored. It is hoped to apply the DQ and DC methods to the weather prediction problems
(Chen and Zhong, 1996¢). The nonlinear differential equations occurring in global and hemispheric
weather prediction are traditionally computed by the finite difference method and the spectral method
based on the spherical harmonics (Haltiner and Williams, 1980; Jarrand and Simmons, 1983). A
combination of the DQ and DC methods may yield a potential alternative numerical modeling for such
kind of problems. The spherical harmonics can be chosen as the test functions in the DC method instead
of the conventional monomials to approximate partial derivatives with respect to variables along the
spherical surface coordinate direction, while the partial derivative with respect to the vertical direction
variable can be approximated by the DQ method. The variable domain of global and hemispheric weather
prediction is regular, while the DQ and DC methods have been very successfully applied for some simpler
nonlinear problems with regular geometries. Therefore, it is expected that the DQ and DC methods can
also succeed in this task.

Another important aspect in applying the DQ method to engineering is nonlinear stiff initial value
problems. The detailed discussions can be found in section 5.7. Bert’s group as well as other researchers
has analyzed the bending, vibration, and buckling problems for a variety of structural components, which
are mainly limited to regular domain. We think that the work in this field has been rather sufficient for
research purpose. More work should be place on the applications of the DQ method for structural
problems involving nonlinearity and irregular domain. The boundary value problems with irregular
geometries and nonlinear stiff initial value systems will be key to apply the DQ method to engineering.
The similarity between the DQ method and the numerical integration methods (Philip et al., 1975) can
provide some new insights in the study of round off error, convergence properties, numerical stability, and
inherent limitations of the DQ method. The properties of the Hadamard product may provide some
innovations in a further study of stability and round off in the nonlinear computations of the DQ method.
Also, since the DQ method has close relation with the method of weighted residuals (MWR), the
knowledge on the MWR (Xu, 1987) can be introduce to the study of the DQ method and its applications.

In addition, the semi-analytical technique (Zao, 1992) can be extended to the DQ method.
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The Hadamard product and SJT product approach will provide a new framework to general nonlinear
computations, modeling and analysis from the standpoints of algorithmic simplicity, numerical accuracy
and computational efficiency. However, their applications are now in the beginning development stage.
The efficiency and simplicity of the techniques are not sufficiently investigated in the other numerical
computational methods, including the FE, FD, BE, spectral, pseudo-spectral, collocation, Rayleigh-Ritz,
Galerkin, Wilson 6, Houblot, Newmark, Runge-Kutta, Gear, and some variants of these methods. Some
important nonlinear problems such as nonlinear system identifications and optimization design are not
involved in the existing work. Recently, the Hadamard product has been found to be a very powerful
concept in several engineering areas. Song and Middleton (1992) applied the Hadamard product to
construct the robot dynamics of parameter-isolated form and presented a new effective control scheme for
systems with rapidly varying parameter. Diggelen and Glover (1994) introduced the Hadamard product to
linear controllers design for robust decoupling. Ahn’s paper (1993) was concerned with exploiting the
Hadamard product to formulate an adaptive algorithm for parameter identification problem in IIR
systems. These work centered on stability problems in optimal control theory. On the other hand,
structural optimum design has been a very important branch in computational mechanics and has
widespread applications in practical engineering design. As was pointed out by Zhong et al. (1992), the
mathematical problems in optimal control theory simulates the structural static problems. Based on the
work of Zhong et al. (1992), the present authors think that the foregoing work can be extended to solve
structural optimum design problems. It is worth pointing out that the Hadamard product and SJT product
approach can make nonlinear computations be easily accomplished in a parallel treatment way. This is of
vital importance for analysis of nonlinear problems of large scale.

What is quite important is that the numerical techniques are straightforward, easily learned, readily
programmed, and easily used. We think the DQ-type methods and Hadamard product and SJT product
techniques do have these merits. It is essential that new contributions in numerical methodology and
associated algorithms be applied rapidly to the practical engineering and scientific areas. Therefore, it is
also our hope that a further work will provide a solid basis for developing an efficient commercial
software package so that the DQ-type methods and Hadamard product and SJT product techniques are
firmly established as one of the most popular numerical techniques in engineering.
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APPENDIX A.

On Algebraic and Analysis Properties of Hadamard product

There exists some significant algebraic and analysis properties in the Hadamard product, power and
function, which are found similar to those in elementary algebra and scalar function. Section 2.2 has
stated some properties of the Hadamard product. Horn’s paper (1990) gave an comprehensive review on
the Hadamard product and its applications. But we think that a systematic discussion from computing and
analysis viewpoint may prove beneficial to further apply the Hadamard product to a wide range of
nonlinear analysis. Horn (1990) discussed the properties of the Hadamard product involving norm
inequality in great detail. Thus, we do not repeat the work of this aspect. The following brief discussions
center on the algebraic and analysis properties of the Hadamard product, and let A, B, C, D, E, F,

nxm o(-1) i
XeC™™ and is denoted by .

()

Theorem 1. Multiplication and factorization
1 (X +A) o(X +B)=X?2+(A+B)oX +AoB
2(A+B)" = A? £+ 2A 0B + B?

Theorem 2. Fraction
If the following Hadamard power and inverse exist, we have

. 1 1 [ 1 1 J
(X —Ao(x-B) (A-B) X -A (X -8B)

) P(X) A A A
(X =A)o(X =B)o(X -C) (X -A (X -B) (X-C)
in which Ay, A; and Aj; are the desired constant matrices, P(x) is a polynomial.

Theorem 3. Radical expression
1 1

Ifnand parescalar, A " and B " exist, we have
1

1(A™)™ = A"

S|k
EAIN

1
n

2(AoB)" = A" o B

Theorem 4. Rule of proportion

If E = % and the related Hadamard inverses exist, we have
LAoD=B-C
2AiB:CiD
B D
3.A+B:C+D
A-B C-D

Theorem 5. Inequality
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If A-B is positive semidefinite, we define A>B; If A-B is positive definite. A ~B. A>0 means that A is
positive definite, A>0 denotes that A is positive semidefinite. In the following if A>-0, B>-0, A>B, and all

involved Hadamard inverse and power exist, we have

1> A°B-0
2> A°C B°C (C~0) and A°C/B°C (C<0)
A+ B 1

P, 2 (A o B)2

+ +...+ l
4>w > (A o AjooA )" ifAS.

+ A++A " T A AT
5>(A1AZA‘) < Al AZ AM ifr>1, A>0.

n n

+ A+-+A ) T A AT

6>(A1AZHA1J - Al Azn AM ifrz1, A>0.

7> If A>0 and B>0, then A°B=>0.
8> A0 irrespective of whether A>0 or A0.

Formulas (1) and (7) are famous Schur inequality theorem (Ni, 1984; Horn, 1990) . The proofs for other
inequalities are straightforward by using formulas (1) and (7) and the following Lemma I (Horn and
Johnson, 1985):

Lemma I. If matrix A and B are positive definite or positive semidefinite, A+B is positive definite or
positive semidefinite.

Theorem 6. Hadamard function

1. sin(A+B) =sin" Aocos°B +cos" Aosin’ B
2. cos’(A+B) =cos"Aocos°B Fsin"Aosin’ B
3. e’ oe’
4. (e oA)"m — eumA
From the above formulas, it can be found that the Hadamard functions have the same properties as the
scalar function.

Theorem 7. Differentiation and derivation

The differentiation properties of the Hadamard product on matrix-valued function of a variable vector or
matrix are equivalent to those on the Jacobian derivative matrix, and thus can be found in section 2.3
involving the operation rules of the SJT product, namely, equations (2.3-4a, b, c, d, e, f). We herein
discuss the properties of the Hadamard product involving matrix-valued function of a scalar variable.
Such matrix-valued function is often encountered in perturbation theory (Horn, 1990) and the initial-
boundary problems including time-derivative. The differentiation or integration of such function is the
matrix obtained by entry-wise differentiation or integration.
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Lemma Il. If scalar function F(x) and matrix-valued functions A=[a;(t)] of a real variable t are
continuous, differentiable and integrable, the Hadamard function F°(A) is continuous, differentiable and

integrable.
!

d
In the following E is also represented by( ) ,

dC o Att) c dA(t )

at = o T,WhereCisaconstant matrix.
dAt) - Bt)  dA(t) dB(t)
dt =gt cBU)+At) =g
df “(At))  df (A) dA()
dt ~ dA  dt
For example,

(A°“)' =nA"" o A, (In"A), =A oA, (eh) =eho A,

(sin® A)/ =(cos” AJo A", (cos’ A), =(=sin" A)o A,

(sh°A) =(ch'A)o A, (ch°A) =(sh*A)o A’

where A=A(t), In() denotes natural logarithm function, sh() and ch() represent hyperbolic sine and
cosine functions, respectively.
4 fc o At)dt = C o f

A(t )dt , where C is a constant matrix.

APPENDIX B.

Circulant Matrix Structures in the Weighting Coefficient Matrices of the Quadrature
Method Based on the Fourier-type Trigonometric Interpolation

In chapter 6 we have proven the centrosymmetric structures of weighting coefficient matrix of the DQ and
HDQ methods under conditions of symmetric grid spacing. In this appendix we will show that the
weighting coefficient matrices possess circulant structures in the quadrature method using the Fourier
interpolation principle. For simplicity, the quadrature method is denoted as the FDQ method.

The Fourier trigonometric basic functions are equal to those in equation (1.2-6) for the HDQ method. The
only difference between the HDQ and so-called FDQ methods is the coordinates of sampling points when
the equally spaced grid points are used. The HDQ method uses the spacing points as sampling points,
while the FDQ method employs middle inner points between the respective two spacing points as its
sampling points, which is similar to the choice of grid points in the discrete Fourier transformation (DFT)
approach. To clearly illustrate the difference, the grid points for the HDQ and FDQ methods are shown in
Figs. 1 and 2, respectively.

0 2

1 2 3 4 .. ... .N3 N-2 N-1 N

Fig. 1. Equally spaced grid points for the HDQ method
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0 21
ey 2 3 ([\1-2) (’T‘-l) (’\P

1 2 3 4 ... .. .N2 N-1 N N+1

Fig. 2. Equally spaced grid points for the FDQ method

The numbers with parentheses in Figure 2 indicate the sequence of sampling points in the FDQ method.
Obviously, the grid points in the Fourier interpolation principle do not include the boundary points, but
this does not matter. A simple algebraic transformation can overcome the difficulty as we have done for
the zeros of orthogonal polynomials in section 3.3. Applying equation (6.2-13) and some properties of
trigonometric functions, we obtain the following direct computing formulas for computing the FDQ
weighting coefficients of the 1st order derivative in the normalized domain (0<x<1), namely,

(-1 N-1
A = (i = ) N 7T, i# (B1)
sin ————rx
N
and
A, =0, (B2)

where N is the number of grid points. Considering the completeness requirements in the choice of the test
functions, N is in general odd integer. Here the coordinates of grid points are
i -1

X, =N -1
It is stressed that the FDQ method usually employs the equally spaced grid points. According to equations
(B1) and (B2), the weighting coefficient matrix [A] is a circulant one. It is known that the ordinary
product of two circulant matrices produces a circulant one. The inverse of a circulant is also circulant one.
In section 1.2 we have shown that the weighting coefficients of the DQ-type methods can be obtained by
using successive multiplications of the [A] matrix by itself, namely, equation (1.2-7). Therefore, it is
straightforward that the FDQ weighting coefficient matrices are in general circulant matrix for the various
order derivatives. For example, considering five equally spaced grid points, we have

Qo 428 -264 264 -428
428 Q0 428 -264 264

[Ail5 264 -428 Q0 428 -264 (B4)
-264 264 -428 Q0 428

| 428 -264 264 -428 Q0 |

(B3)

and _
-505 296 432 -432 296

296 -505 296 -432-432

[Bil§ -432 296 505 296 -432| (BS)
432 -432 296 -505 296

| 296 432 -432 296 -505]
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where [B;] denotes the weighting coefficient matrix for the 2nd order derivative. The number of
independent elements in the weighting coefficient matrices of N order are N. In fact, there is only (N-1)/2
independent elements for the odd order derivatives and (N+1)/2 ones for the even order derivatives. The
weighting coefficient matrices in the FDQ method are also real, symmetric or skew symmetric finite
Toeliptz matrices. The circulant structures of the FDQ weighting coefficient matrices are closely related to
the periodic behavior of trigonometric functions. The circulant matrix as well as symmetric finite Toeliptz
matrices has many interesting properties (Cheng, 1989; Roebuck and Barnett, 1978). Some very efficient
algorithms have been well developed for solving such kind of matrices (Morgera, 1982; Cantoni and
Butler, 1976; Cheng, 1989; Roebuck and Barnett, 1978). The further work in this direction may be very
beneficial to reduce computation effort and storage requirements in the FDQ method.

We apply the FDQ method to analysis the free vibration of a simply supported beam. The corresponding
FDQ formulation and solution procedures are the same as those in the example 1 of section 6.3. The FDQ

solutions® using thirteen grid points are tabulated in table 1.

Table 1. FDQ solutions of free vibration of a simply supported beam (w’=pA,L ‘0?*7’El)

n 1 2 3 4 5 6 7 8 9 10 11

exact 1 4 9 16 25 36 49 64 81 100 121
FDQ | 1.03 4.20 9.27 16.8 25.7 37.95 50.3 67.8 82.7 106.8 122.3

n in table 1 means the modal order. It is noted that the FDQ solutions for the odd order modals are
obviously better than those for the even odd order modals. Moreover, as the modal increases, the
accuracies improves. This phenomena is abnormal and does not occur in the HDQ and DQ solution of the
similar problems. In this case, the HDQ method gives the exact solution, but the HDQ method yields the
significant real solutions only in the first several order modals. Therefore, it is concluded that the FDQ
method may be advantageous for the cases in which the high order modals are desired. In addition, the
symmetric Toeliptz matrix structures in the FDQ weighting coefficient matrices may be more valuable for
reducing computational and storage requirements than the centrosymmetric structures in the DQ and HDQ
methods (Cantoni and Butler, 1976; Cheng, 1989).

In addition, it is worth pointing out that the FDQ method is in fact equivalent to the discrete Fourier
transformation approach in the solution of differential equations. The only difference between them is that
the desired values in the FDQ method are the unknown function values rather than the spectral
coefficients as in the DFT method. Direct computing the unknown function values has somewhat
advantage in some situations. Especially if the desired spectral coefficients for the considered problems
have no practical physical significance, the DFT technique will require an inverse Fourier transformation
and suffer from the difficulty in the choice of starting guess in the iteration solution of nonlinear
problems. In addition, the FDQ weighting coefficients need to be computed only once and are
independent of any special problems. Therefore, these weighting coefficients can be used repeatedly for a
variety of problems. The FDQ method may be a potential alternative to the DFT technique in the solution

! The FDQ solutions for this case were provided by professor Xinwei Wang (1994c).
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of some differential systems in engineering such as electromagnetism, electronic analysis, and computing
microwave, etc. The subject is currently in active study.
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