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ABSTRACT

In previous studies, scientists developed the classical solid mechanic theory. The
model has been widely used in scientific research and practical production. The main
assumption of the classical theory of solid mechanics is that all internal forces act
through zero distance. Because of this assumption, the mathematical model always
leads to partial differential equations, which meet with problems when describing the
spontaneous formation of discontinuities and other singularities.

A peridynamic model was proposed as a reformation of solid mechanics [40, 41,
43, 44, 45|, which leads to a non-local framework that does not explicitly involve the
notion of deformation gradients, and so provides a more accurate description of the
problems[5, 15, 27].

With a steady state, the two dimensional non-local diffusion model has the same
properties as the peridynamic model[13, 14]. Hence, we can consider it as a scalar-
valued version of a peridynamic model. Our discussion will focus on the one dimen-
sional peridynamic model and two dimensional non-local diffusion model.

Starting in the 1970s, scientists began to focus on the research of numerical simu-
lation of integral or boundary integral equations by collocation methods and Galerkin
finite element methods(7, 24, 25, 47]. After the peridynamic model was developed, an
enormous amount of research effort went to the peridynamic and its numerical simu-
lation[17, 18, 42]. It was found that there are close relations between the peridynamic
model[22], non-local diffusion model and fractional partial differential equations [12,
13, 19, 28, 29, 30, 31, 32, 33, 35, 37]. In contrast to those for classical elasticity

models of solid mechanics and integer-order partial differential equations, numerical
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methods for peridynamic models, like those for space-fractional partial differential
equations [19, 28, 29, 30, 32, 33|, usually generate dense or full stiffness matrices
for which widely used direct solvers typically require O(N3) operations and O(N?)
memory storage where N refers to the number of unknowns.

A simplified peridynamic model was proposed to reduce the computational cost
and memory requirement of the corresponding numerical methods, in which the hori-
zon of the material ¢ in the peridynamic model was assumed to be 6 = O(N~1) [10].
The advantage of the simplified model was that it reduced the computational cost
and memory requirement to O(N), but at the cost of a reduced convergence rate of
their numerical approximation. Furthermore, it is not clear from the physical rele-
vance that the material property (the radius of the horizon) can be assumed to be of
the same order as the numerical mesh size.

In previous research, we developed a fast numerical method for the constant-
coefficient one dimensional peridynamic model and two dimensional non-local diffu-
sion model[50, 49, 46], which reduced the memory requirement from O(N?) to O(N),
and the computational cost from O(N?3) to O(NlogN). These works relied heavily
on the Toeplitz-like structure of the stiffness matrix like fractional partial differential
equations[48, 53, 51, 52].

After Mengesha and Du developed the variable-coefficient peridynamic model[34],
we found that the stiffness matrix was no longer in Toeplitz structure, and our fast
method could not be applied. Moreover, the variable coefficient also increased the
computational work of evaluating the entries of the stiffness matrix. Since our fast
method significantly reduced the computational complexity and memory requirement
of the constant coefficient models, we hope to reform the stiffness matrix in order to
explore useful structure and improve the efficiency of the numerical simulation.

In this thesis, we will briefly introduce the tools we will use in developing the fast

method in Chapter 1, and show the general idea of our fast method by implementing
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it on a one dimensional peridynamic model in Chapter two. In Chapter three, we will
derive the fast method for a special case of a one dimensional peridynamic model by
collocation numerical simulation. Finally, we will extend the fast method to a two

dimensional non-local diffusion model in Chapter 4.

vi
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CHAPTER 1

REVIEW OF USEFUL TOOLS

1.1 INTRODUCTION

In our fast method, several numerical strategies and methods are used, such as collo-
cation method, Toeplitz matrix, and Krylov subspace iteration method[1, 8, 11, 20,

26, 36, 38]. We shall give a brief introduction of those tools in this chapter.

1.2 RECALL ABOUT COLLOCATION METHOD

The collocation method has been used in many problems in applied mathematics. It
gives us a clear idea when facing some complicate problems. Here let us recall the

general idea of the collocation method. For the equation system
Axr =b (1.1)

with any linear operator A, such as an integral operator or differential operator, where
b is given and x is going to be solved. To solve the problem numerically, we selected

a set of base vectors {vy,vs, ..., v, }, and x can be written as
T = 1V + oo + ... + CrUy, (1.2)
since A is a linear operator, we can rewrite
n
Az =) ¢;Av;, (1.3)

J=1

then the equation (1.1) shall be written as

> cjAv; =b. (1.4)

=1
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As {vy,v9,...,v,} are selected base vectors, the problem now is coming to solve for
those coefficients ¢y, ¢s, ..., c3. But it seems impossible to solve the equation system
(1.4). Here we try to make (1.4)almost true.

We now suppose that in some selected points t;, the right hand side term b has
the same value with left hand side f:l c;Avj, since the base vectors v;, x and b, are

J
all functions on the same domain. It can be written as

_Zn: ¢;(Av;)(t;) = b(t;), 1 < < n. (1.5)

Then the previous equation system becomes to a linear equation system, which
involves n linear equations. We can find out n unknown coefficients c¢;, by solving
the new equation system. This equation system can obviously be solved as long as
the stiffness matrix with non-singular entries (Awv;)(¢;), which results from the chosen

basic functions v;, and selected points ;.

1.3 INTRODUCTION OF THE TOEPLITZ MATRIX

Defination. An n-by-n matrix A, = [ax;;k,7 = 0,1,...,n — 1], where a;; = a;_; is

said to be Toeplitz if

ap a_q o Qo_p Q1_p
ay ag a-1 ... Q2_p
-An = a_q agp ) (16)
Qp—2 . . a_1
Ap—1 QAp—2 ... aq ag

i.e., A, is constant along with its diagonals. The name Toeplitz was first used in the
early 1900s because Otto Toeplitz’s work on bilinear forms of Laurent series.
Toeplitz matrices can be found in many different applications. For example, to

consider a matrix and vector formulation for a discrete time convolution, the discrete
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time input and discrete time filter can be denoted as a column vector

Zo
/ xl
T = (o, T1y ey Tp_q) = (1.7)
Tp—1
and a Toeplitz matrix
to 0 0 ... O
ti1 tog O
Tn = to t1 1o (1 8)
t 1 .t

. Then the matrix and vector formulation can be represented as a product of 7,, and

x, where

to 0 0 ... 0 Zoto
Lo
tl to 0 tlxo + toil’l
T 2
y="Tr= ta 1 o = = lo—iT; (19)
Tn—-1 n—1
tn—l c. to ZO t2—i$i

, and each entry vy, = f:otk_imi can be seen as the output of the discrete time and
causal time invariant filt_er h with "impulse response” ty.

We can easily find more applications of Toeplitz system in engineering and math-
ematics. In the signal Processing, let a discrete time random process X,, and
my = E(Xk), Kx(k,j) = E[(Xy — my)(X; —m;)] be the mean function and covari-
ance function of the process. Many signal process theories are based on the assump-

tion that the mean is constant and the covariance is Toeplitz, which is Kx(k,j) =
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ary and second order stationary are also used. Then the n by n covariance matrices
K, =[Kx(k,j);k,j=0,1,...,n — 1] are Toeplitz matrices.
There is a very useful special case of Toeplitz matrix called circulant matrix. A

matrix C), is called circulant matrix, if it is in the form below

to  ta tos .. t_(uon)
l—(n—1) to t 1

iy t Lt

where t;, =t_(,—) = tp—, for K =1,2,...,n — 1. This kind of matrix may be arose
in the applications which are related to the discrete Fourier transformation and the
study of cyclic codes for error correction.

We are going to use the special structure of Toeplitz matrices and circulant ma-
trices to derive our fast faithful method, in solving the Toeplitz system Az = b.

Many works have already been done in a variety of applications. In time series
analysis, we need to solve Toeplitz systems in order to get the unknown parameters
of stationary autoregressive models. We shall need to obtain the filter coefficients in
designing recursive digital filters by solving Toeplitz systems. And also, in this paper,
solving Toeplitz systems is the key part in order to get the numerical solution of the

non-local diffusion model.

1.4 MOTIVATION OF ACCELERATING THE COMPUTING OF SOLVING TOEPLITZ

SYSTEMS

At the first seeing of a Teoplitz matrix system Ax = b with an n by n Toeplitz matrix

A, where
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Qo a_q .. Aoy A1_p
ai Qo a_q ce ag_n
A= a_1 ag (1.11)
Ap—2 B B a_q
Qp—1 Ap—2 ... a1 Qo

, as a full matrix, if we consider the direct solver such as Gaussian elimination,
the matrix equation system will result in an algorithm of O(n?®) depending on our
discretization. If the number of partition n goes to large, the cost will become very
expansive. And in normal cases, we need O(n?) of storage space.

Whereas the special structure of Toeplitz matrices, the matrix in our problem is
actually just determined by (2n — 1) entries. To consider a more efficient storage,
we can simply store these information by a (2n — 1) vector, but it will bring some
difficulties when we need to implement the direct solver. And in the consideration of
computational cost, we for surely expect to obtain the solution of the Toeplitz system
in less than O(n?) operations.

There are some early works focusing on the direct method for solving Toeplitz sys-
tems[4, 9, 20]. From 1940s on, the complexity has been decreased to O(n?) operations
by numbers of mathematicians such as Levinson(1946), Baxter(1961), Trench(1964)
and Zohar(1974). The invertibility of the (n—1) by (n—1) principle sub-matrix of A is
required by these algorithms. The computational cost has been reduced to O(nlog? n)
by Brent, Gustavson, and Yun(1980), Bitmead and Anderson(1980), Morf(1980), de
Hoog(1987), and Ammar and Gragg(1988) around 1980th. The invertibility of the
|n/2] by |n/2] principle sub-matrix of A is required by these algorithms.

In this paper, the non-local diffusion model is being discussed, some works also
have been done to accelerate the computation. For peridynamic model, Chen and
Gunzburger proposed a finite element method by assuming the horizon of the material

0-=-Mh.Here M is.a-constant number, this method reduces the computational cost
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to M?O(N), and reduces the memory cost to MO(N). As we derived in previous
chapter, in order to solve the non-local diffusion model numerically, we discretized the
integral equation, then trying to solve the matrix system Az = b, where the stiffness
matrix A is a Toeplitz matrix.

If we did not consider the Toeplitz structure of the stiffness matrix, we suppose to
use conjugate gradient method to solve the system Ax = b. Since the stiffness matrix
is dense, and the computation of the matrix-vector multiplication will be O(N?), but
others only need O(N) computational work. Therefore, by considering the Krylov
subspace method, the key point is to use the special structure of the stiffness matrix,
and to accelerate the computation of matrix-vector multiplication. Then we can

improve the computational work of the whole scheme.

1.5 THE CONJUGATE GRADIENT METHOD

In searching of numerical solutions for mathematical models, such as solving differ-
ential and integral equations, we always come to solve the matrix equation Az = b.
Many direct solvers have been explored, and lots of special methods depend on the
structures of the stiffness matrices those have been used in this area. In this paper,
the problem is about the Toeplitz matrix, which can be embedded into a symmet-
ric matrix. Hence we are going to consider one of the most popular method, the
Hestenes-Stiefel conjugate gradient method.

The method of successive over-relaxation, Chebyshev semi-iterative and many
related methods have been used in these kind of problems. The difficulty is that
they usually depend on parameters, sometimes hard to be chosen properly. For
example, the Chebyshev acceleration scheme needs good estimates of the largest
and smallest eigenvalues of the underlying iteration matrix M~'N. However, the
conjugate gradient method will not have these kind of difficulties.

We shall recall the conjugate gradient method in this section.
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Discussion of solving a linear system

To solve the matrix equation Az = b with a positive definite stiffness matrix, we are

going to consider the function

b(z) = %xT.Ax — T, (1.12)

where b € R, and A € R™"™ which is positive definite and symmetric matrix.
Because z = A~!b minimized the equation ¢z, where ¢(x) = —bTAb/2. Solving the
problem Az = b is equivalent to minimize the equation ¢(z), if A is symmetric and
positive definite.

We shall a searching direction in order to use the iteration method, the up coming
idea is the method of steepest descent, at some point x,, the function ¢(z) shall

decreases most rapidly in the direction of the negative gradient,

—Vo(z,) =b— Ax,. (1.13)

Here we name that

r, =—Vo(z,) =b— Ax,, (1.14)

the residual of x,. There is a positive «, such that ¢(x, + ar,) < ¢(z,), if 7, is not
zero. Then we define

T T
o= Tprp/rp.Arp

, and plug it back to ¢(x, + ar,). We have

1
o(xp + ary) = ¢x,) — argrp + éazr;rrp/rZArp
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Now we can conclude a simplest iteration scheme as the following

set oy = initial guess

ro =b— Axg

k=0

while r, # 0

k=k+1 (1.15)

o = Th et /T Arg_
Tk = Tp—1 + QgTk

T = b— .Al‘k

end

and the global convergence can be given as

(o(xx) + %bTA—lb) <(1- d(rp_1) + %bTA—lb). (1.16)

1
m)(

However, we can also find that when the condition number k(. A) = A\ (A) /N, (A)
is large, the rate of convergent will slow down significantly.

This means that in searching of the lowest point in a relatively flat, steep-sided
valley. The method of steepest descent always made us forth across or traverse back
the valley, but not go down to the valley. In another word, the gradient direction
is not always a good direction to search for the result. In order to avoid this kind
of problem, we are going to find a direction which not necessarily depends on the
residual.

We suppose to search the result which shall minimize ¢(z) along a set of directions

{p1, p2, ...}, these directions do not necessarily correspond to the residuals {rg, 71, ...}

Then we set
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o = O

(1.17)
= P "1/ Dk A
This shall minimize ¢(x) + ay), and we can easily see that
(P;‘cprk—l)2
O(xp_1 + appr) = d(xp_1) — 7, 1.18
(@it + aups) = Orics) - oret (118

and we need to set pi that is not to be orthogonal to r;_1, in order to make sure
that ¢(x) is successively reduced in these directions. Then the following scheme can

be given

xo = initial guess

ro =b— Axg
k=0
while r, # 0
k=k+1
(1.19)
Choose a direction py, such that piry_; # 0
g = k1D A
T = Tp—1 + QPk
r, =b— Axy,
end,
where we see
x € xo+ span{pi, ..., pr}
(1.20)

={zo+mp1 + . +Wwpr: v €R}
Now the key point is to find the searching directions that could avoid the problem

www.manharaa.com




Discussion about the Searching Direction of Conjugate

Gradient Method

From the previous discussion, we know that in order to get an n-th step convergent
about the problem Ax = b, it is sufficient to search for an z,,, which could minimize

o(z) over R™. therefore, we only need to suppose that zj, solved the problem

min o(x), (1.21)

zexo+span{p1,p2,....pk}

where p;,2 = 1, ..., k are linear independent. Then the scheme will be guaranteed
to be convergent in at most n steps.

Since we suppose to have a method which should be easy enough to be imple-
mented. And it is an iteration method, which means by given 1, we could compute

x), without expensive computational cost. Then we set

Tp = T + Po_1y + o, (1.22)

with y € R¥1 Py = [p1, Do, ..., px), and a € R. Substitute z in ¢(x) by xy, we

can have

a2

2
In a simple case, we just let py € span{Api, Aps, ..., Apr_1}*+, and the second term

d(xr) = d(zo + Prory) + oy’ P Apk + — i Apk — o 1. (1.23)

of previous equation becomes to zero, then the key part of minimization problem of

the k-yh step can be expressed as follows

min zr) = min ¢(xg + Pe_1y + «
xp€xo+span{p1,p2,...,Pk } ¢( k) Y, ¢( 0 k1Y k)

2

. a
= min(¢(zo + Pr1y) + —

i 5 Pk APk — aiTo) (1.24)

2
. e
= min d(xo + Peory) + mogn(gpg/lpk — air),

10
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involving two separate minimization problems.
Now let us consider the first part of the problem, that zp 1 = zo + Pi_1yr_1
minimizes ¢ over xg + span{pi,pa,...,pr—1} if yr_1 is the solution of that part. For

the second part, by the following A-conjugacy,
p;‘crrkq = p;‘cr(b — Azy1)
= pi (b — A(zo + Pro1ye—1)) (1.25)

= Pfr 0
we shall have a result, oy, = plro/pl Apy.

Then we can get the following scheme with x = x5, + agps

xo = initial guess

k=0

rg =b— Axg
while i, # 0
kE=k+1

(1.26)
Choosepy, € span{Apy, Aps, ..., Apr_1}* 50 prre_1 #0

g = Py k-1/ D A
T = Th—1 + kDK
r. =b— Az

end.

Here let us introduce the following lemma, which can support us to find the

possible direction.

Lemma If 7, # 0, there exists a p, € span{Api, Aps, ..., Apr_1}+, such that

pgrk—l # 0.

11
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Simply proved by the following recurrence method. For k = 1, we set p; = 1,

then for £ > 1, because of r,_; # 0, we have

A_lb g Zo + Span{p1>p27 "'7pk—1}'

Then we have

b g -Axo =+ Span{Apla -Ap27 (XY Apk‘—l}

which implies

ro & span{Api, Aps, ..., Apr_1}

Hence we can say that there exists a p € span{Ap;, Aps, ..., Apr_1}+, such that

pTri_1 # 0. Moreover, since

Tp—1 € To + span{p1, P2, ..., Pr—1}

it is true that

ri—1 € ro + span{Api, Apa, ..., Apr_1}

and

P =p'rog #0

In the scheme (1.26), the searching direction is named A-conjugate, since p] Ap; =

0 for all ¢ # j.

12
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Also we can easily see that

Pl AP, = diag(p{ Ap1, p3 Aps, ..., i Ap)

is non-singular because of the properties of A and p; # 0, then it follows that P
is full column ranked. The convergence of the scheme (1.26) can be guaranteed in at
most n steps, since z,, shall minimize ¢(z) over R™.

Based on the discussion above, we almost achieve our goal. Here easily comes to
an idea that to combine the method of steepest descent and the A-conjugate scheme,
we suppose to choose py with restricted condition in the scheme (1.26), and to be the
closest vector to r,_;. By these constrains, we shall define the following 'conjugate

gradient" scheme,

xo = nitial guess
k=0
To = b — A.’EO

while r, #0, k=k+1

if k=1
b1 =To
else let

(1.27)
pr. € span{Api, Apa, ..., Apx_1}*

end
O = p;‘g?" k—l/ pf«‘tpk
Tp = Tp—1 + QP

Tk:b—Aib'k

end

13
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The remaining work is to find an efficient method to compute the searching di-

rection py.

Lemmas and Theorems

In this subsection, we are going to introduce several important lemmas and theorems
to derive the faithful scheme of conjugate gradient method. First of all, let us recall

the Krylov subspace, which is defined by
K(ro, A, k) = span{ry, Arg, A%rq, ..., AF7rg ).
Lemma 1.1. For k > 2, the vectors py are generated by (1.27), which satisfy
Pe=Tr-1 — APy12-1,
where Py, = [p1,pa, ...y Dk—1], and zx_1 solves the least square problem
Zglgklll [re—1 — APp_12][a.

Proof. Here we set p be the associated minimum residual

p="rk—1— APp_125-1,

and by the assumption that z;_; is the solution of the previous least square prob-

lem, then we have

p' AP, =0

Furthermore, the orthogonal projection of 7_1 into ran(AP,_;)*

p=[I—(AP_1)(AP,_1)ri_1
is the closest vector in ran(AP,_)* to r,_1, then
P = Dk

14
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O

By this lemma, we can derive many important relationships between the searching
direction py, residual r;, and the Krylov subspace.

Next, let us recall the most important theorem, which can help us to show that
pr could be a linear combination of the direction p;_; of last step and the current

residual rj_q.

Theorem 1.2. After k iterations of the schem (1.27), we have

T = rpo1 — apApy (1.28)

pire =0 (1.29)

Span{p17p27 7pk} = Span{rla T2, .0y Tk—l}
— KC(ro, A, k) (1.30)

2 k—1
= spani{ry, Arg, A°rg, ..., A" "ro}

and the residual ro, 11, ..., 7 are mutually orthogonal.
Proof. By the definition of residual r, = b — Ax,, we have

Tk=b—.A£Ek

=b— A(zp_1 + agpr)
(1.31)

=b— Axp_1 — o Apy;

=Tk-1— OékApk

since x, = Tx_1 + agpr. Which is (1.28).

15
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And for (1.29), we use that
Ty = To + Pry
, where y;, minimized the equation

8o + Pyy) = 6(a) + 57 (FT APy — 47 Pulb — Asy),

however, it means that y; is the solution of the linear system

(PFAPy)y = PL(b— Axo)

Therefore, we have

0= PI'(b— Axg) — (PL APy
= P (b— A(zo + Pryr)) (1.32)

= Png

It is true that

{Ap1, Apa, ..., Apr_1} C span{ro,r1,...;Tk_1}

, because of (1.28). By the lemma, we shall see

Pk = Tk—1 — [Apl,Ap% ---;Apk—l]zk—l
(1.33)

€ span{ro, 1, ...,Tk_1},

and then we have

[pl,pz, ,pk] = [7“0,7‘1, ...,’I‘k_l]T,

16
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where 7" is an upper triangular matrix. Because of the non-singularity of 7', and

the independence of the searching directions, we could conclude that

Span{pl7p27 7pk} = Span{ro; T1y .00y ’rk—l}

Again by (1.28), we say that

ri € span{ri_1, Api}
(1.34)

C span{ri_1, Aro, ..., Aryp_1}.
Then, by induction we can get the Krylov space connection. And by (1.29), (1.30)
we can easily get the orthogonality of the residuals.

O

Theorem 1.3. The residual and searching direction in (1.27) have the property that

i € span{Ox_1,7rr—1} for k > 2.

Proof. We shall prove this from k& = 2, since py € span{rg,r1} from (1.30), and
p1 = ro, then py € span{pri}. And for k > 2, we separate the vector z;_; from the
lemma to

Zk—1 = [wa M]T

where w is an 1 — by — (k — 2) vector and p is a single number. And because of

Tk—1 = Tk—2 — Oék—lApk—l

we can have
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Pr = Th—1 — APy_1251

=Tg—-1 — .APk_Qw - ,u.Apk_l (135)

= (1+

k-1 + Sk—1,
A1

where

€ span{rg_o, APy_sw}
(1.36)

C span{rip—2, Ap1, Aps, ..., Aprp—2}

C spand{ry,ra, ...,Tk_2},
it is obvious that s;_; and r;_; are orthogonal to each other, since r; are mutually

orthogonal. Then we just need to find p and w, which minimized

I
pel3 = (1 + ——)?[Ir-1ll2 + lIsu-11[5-
77

We conclude that p, € span{ri_1,pr_1}. Because s,_; is a multiple of py_;, which

because z;_o minimized the 2-norm of r,_s — AP,_5z by giving residual p;_;.
The Conjugate Gradient Method
By the theorem before, we can choose that

Dk = Th—1 + BeDr—1,

by the A-conjugacy pl_| Ap, = 0, we have

18
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T
_ Pr_1 Ari—1

5]9 = )
P;‘f_lv‘lpk_1

then the conjugate gradient scheme can be given as the following

xo = tnitial guess

k=0

ro =b— Axg
while r, # 0
kE=k+1
if k=1
pP1=To
else

(1.37)
By = —pp_1 Are_1/ k1 T Apr 1

Dk = Th—1 + BeDr—1
end
o = pi i1/} Api

Tp = Tp—1 + QpPi

’I’k=b—.A.'L‘k
end
T = T

Since it needs three separate matrix-vector multiplications of each iteration in the

above scheme, we will use r, = r,_1 — aApy, to derive out that

T]:g_ﬂ"k:—l = —Oék—lrf_y‘lpk—l, (1.38)
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7{_27%—2 = ak—lpz_l-Apk—l' (1-39)

Then the conjugate gradient method scheme will be written as

xo = initial guess

k=0

ro =b— Axg
while r, # 0
kE=k+1
if k=1
p1=To
else

(1.40)
By =Tt Tho1/Th 9Tk 2

Pk = Th-1 + BePr-1
end

a =111 /Df Api
Ty = Tp—1 + QxPk

Te = Tr—1 — QpApg
end

T = Tk

And we shall use this version of the scheme of the conjugate gradient method in

future computation.
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Convergence Analysis

The convergence of the conjugate gradient method is shown by the following two

famous theorems.

Theorem 1.4. If A =7+ B is an n— by — n symmetric positive definite matriz and

rank(B) = r, then the scheme (1.40) converges in at most r + 1 steps.

After we defined the A-norm as

lw[la = VT Aw
, the error estimation can be given by the following theorem.

Theorem 1.5. Suppose A € R™"™ is symmetric positive definite and b € R. If the

scheme (1.40) produces iterates {x} and k = ko(A) then

ﬁ_ Ly (1.41)

In conclusion, the conjugate gradient method converges rapidly in the A-norm if

||z = @lla < 2[|z — ol |a(

KQ(A) ~ 1.

1.6 A BRIEF DISCUSSION OF KRYLOV SUBSPACE ITERATION METHOD

By previous study, we observed that the conjugate gradient method is the ideal
method in solving the constant-coefficient peridynamic problems. Since the constant-
coefficient peridynamic problems always lead to a symmetric positive definite stiffness
matrix. However, in later discussion we shall find that the stiffness matrix of a
variable-coefficient peridynamic or non-local diffusion problem is even not symmetric,
and always differs from entry to entry. We then hope to choose a similar Krylov

subspace method to solve our nonsymmtric linear systems.
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There are many Krylov subspace methods have been developed for nonsymmetric
linear systems. CGNR, CGNE and GMRES are known for their easily implementa-
tions. The stability of these methods are also conspicuous. Nevertheless, we cannot
choose these methods for our fast method, since the schemes of CGNR and CGNE
involve a transpose-vector product in each iteration, and the coefficient matrix we
used is AT A or AAT, the computation has been increased and the condition numbers
have been squared. For GMRES, the storage of requirement will be huge when we
are going to solve an ill-conditioned problem.

We suppose to implement an ideal iteration method, we only need matrix-vector
multiplications, and the storage requirement should not depend on the number of the
iterations. Bi-CG has been considered at the beginning, and we have the following

algorithm

xo = initial guess

k=0
r==5b— Axg

r=r

po=1

p=p=0

while||r||y > €||blla  and k < kmaz (1.42)
k=k+1

Pr = fT?”, p = Pk/Pk—1

p=r+PBp, p=7+p3p
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Here the stiffness matrix A does not need to be symmetric and positive definite.
However, a transpose-vector product of the stiffness matrix A is needed. This will
cause more computational work. Furthermore, the transpose of A may not exist
sometimes.

Finally, we come to a remedy of Bi-CG method, named CGS. In order to avoid

the transpose of A, we shall use the observation that there is p, € P, such that

rr = pr(A)rg and 7 = ﬁk(AT)fo,

then the scalar product 777 in (1.42) can be written as

rite = (Dr(A)ro) " (pe(AT) o) = (Pr(A%)Po) " 7o.

Here A can be eliminated and we get the algorithm of CGS method

ro = initial guess
po = up =10 =b— Axg
vo = Apo; To=r0
po="rore; k=
while||r|]a > €||b]|2 andk < kmax
k=k+1, O'k_lzfgvk_l
(1.43)

Op—1 = pk—l/ak—la qkx = Ug—1 — Og—1Vk—1
T = Tpo1 + ap—1(Up—1Gk)
Tk = Tk—1 — ak—lA(uk—IQk)

_ T, . _
Pk ="T0"k; Bk = pr/pr—1
ur = 1 + Brqr

Pe = Uk + Br(@k + Brbr-1), vk = Apg,
do = 1 and for k > 1 by
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@ (2) = pr(2) + Brgr—1(2).

Although this CGS method has some disadvantages, like it is not stable, and

breakdowns occur when either py_; or d; — 1 vanish, it meets most of our requirement

for our fast method.
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CHAPTER 2
A FAST COLLOCATION METHOD FOR A VARIABLE

COEFFICIENT PERIDYNAMIC MODEL

2.1 INTRODUCTION

Compared to the constant-coefficient peridynamic model[23], the superiority of a
variable-coefficient peridynamic model is in accounting for the heterogeneity of the
elastic material. However, it also requires much more computational cost and storage
memory. Our fast method is based on the structure of stiffness matrix of the numerical
simulations. In order to show the idea intuitively, we start our discussion with the
collocation method of a one dimensional variable-coefficient peridynamic model.

In this chapter we develop a fast numerical method for a variable-coefficient peri-
dynamic model for describing a heterogeneous finite elastic bar. In section two we
go over the finite element method for the peridynamic model. In section three we
develop a fast method with an efficient matrix assembly and storage. In section four
we conduct numerical experiments to investigate the computational benefits of the

fast method.

2.2 A VARIABLE-COEFFICIENT PERIDYNAMIC MODEL AND ITS COLLOCATION DIS-

CRETIZATION

A variable-coefficient peridynamic model for describing a finite heterogeneous microe-

lastic bar is formulated as follows
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[t + a2 iy — @), o (an -
u(z) =g(x), x € (a—96alUlbb+0).

Here ¢ > 0 refers to the size of the material horizon, the index v < 1 specifies the
singularity of the kernel. The elasticity coefficient a(-) has positive lower and upper
bounds.

Let N be a positive integer. We define a uniform partition z; := a + ih for
i=-1,0,1,...,N,N + 1 with h:= (b —a)/N. Let (&) :=1—|{] for £ € [-1,1]

and 0 elsewhere be the hat function on the reference element [—1,1]. Let ¢;(z) :=

@ZJ((:E —x;)/ h). The trial function is

u(r) = Zouj(ﬁj(x). (2.2)

We enforce the governing equation in (2.1) at the collocation points {x;} ;! to

obtain the following collocation scheme

/::6(0‘(%) + a(y))%dy = fz;), 1<i<N-1L (2.3)

We substitute the trial function (2.2) into (2.3) to rewrite (2.3) as follows

zi+0 1-— ¢z(y)
w [ (et + aly)
— z_: u; /g:ij(a(fﬂi) +a(y))

=L

¢ (y)

|z — y|'

= 7w+ o0) [ () + )2y

zi—6 |z — y[

dy
(2.4)

x;+0
+90) [ atw) + a(y»%d% l<i<N-1.

The numerical scheme (2.4) can be formulated in the following matrix form
Au="I (2.5)
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Here the unknown vector u := [uy,ug, ..., uy_1]7 with {uj}N:_ll being given in
(2.2), and the stiffness matrix A := [A; ;],_} and the right-hand side f:= [f1, fa, ..., fx-1]"

are defined by

Ay = [t + o) 2y

|x;

:/m4a% o) 2 g

|z, — y|tT

Po(y)
|z — y[ T
z;+0 ¢N(y)

+9(b) s (a(z;) + 04(9))@

z;+0
fi =) oo [ (alw) +aly) y

We observe from (2.6) that each row of the stiffness matrix A has O(K) nonzero

entries, where

= [6/h] (2.7)

is the floor of §/h. We note that K = O(NN) as N increases. In other words, the

stiffness matrix A is a dense matrix, for which direct solvers require O(N?) storage

and have O(N3) computational complexity. To develop a fast solution method we
shall explore the structure of the stiffness matrix.

The goal of this paper is to develop a fast numerical solution technique for the
numerical scheme (2.5)—(2.6), whicn in turn relies on the Toeplitz-like structure of
the stiffness matrix. However, in contrast to the case of the constant-coefficient
peridynamic model and the non-local diffusion model in which the stiffness matrices
of the corresponding numerical schemes automatically have a Toeplitz-like structure
[50, 49], it is not clear whether the stiffness matrix of the numerical scheme (2.5)—
(2.6) has such a structure. We shall show that with a carefully chosen numerical
quadrature, the resulting stiffness matrix actually has a Toeplitz-like structure, and

then develop a corresponding fast solution technique for (2.5)—(2.6).
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2.3 AN EFFICIENT EVALUATION OF THE STIFFNESS MATRIX

In this section we shall study an efficient evaluation of the stiffness matrix. Recall
that the stiffness matrices of numerical methods for integer-order partial differential
equations are sparse. Consequently, the evaluation of these matrices naturally has
linear complexity. However, in the current context of nonlocal diffusion or peridy-
namic models, the stiffness matrices are dense, which requires O(N?) computational
work to assemble and O(N?) memory to store. In the context of a constant-coefficient
peridynamic or nonlocal diffusion model, we proved a Toeplitz-like structure for the
stiffness matrices of the corresponding numerical methods [50, 49]. However, in the
current context, the presence of a variable coefficient destroys a Toeplitz-like struc-
ture of the stiffness matrix A of the numerical scheme (2.5)—(2.6). Hence, we have to

carefully design an efficient evaluation mechanism to assemble the matrix A.

Evaluation of the diagonal entries of the stiffness matrix

We begin by evaluating the diagonal entries of the stiffness matrix A in (2.6) for
i=1,2,...,N—1

it 1 — ¢ily) it ay)(1 — ¢i(y))
A :Oé(ﬂfi)/xié de/%é P (2.8)

We utilize the symmetry of the integration to evaluate the first term on the right-hand

as follows
/”“Jr‘; 1 —¢i(y) d

=6 |z — y[

s 1 s 1 i(y)
= 2/ —d 2/ ——d 2.9
i (Y — )Y v v (y— )t / (29)
2(hY =677 2R
= —+ ,
gl L=~

However, the evaluation of the second term on the right-hand side of (2.8) presents
a sustantial numerical difficulty. As the variable-coefficient a(y) is inside the inte-

gration. with-respect-to.4; a numerical quadrature has to be applied to evaluate the
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integral in general. Furthermore, the domain of integration, i.e., the horizon of the
material at the collocation point x;, is (z; —d, x; +6), which is asymptotically of order
O(N). A naive application of a numerical quadrature would require O(N?) compu-
tations to assemble the matrix A. To reduce the computational work to assemble the
stiffness matrix A, we need to evaluate this term very carefully. We note that this

term can be decomposed as

/”*5 a(y)(1 — ¢i(y)) dy

i—0 |$z - y|1+7
e aly) b aly)
" Jas (s —-y>1+v s (g — i (2.10)

W = LCIP  DCELTO

i1 (:L- — y 1+'Y 1+’7

We use a piecewise-constant approximation of(x) to approximate a(z)

= Zla 1[961 1961)( )7 YIS [a;b]- (2.11)

Here 1j, , 2,)() is the indicator function such that 1f,, | ..)(z) =1 for & € [z;_1, ;)
or 0 elsewhere. z; 1 := (x;—1 + x;)/2 are the cell centers of the cells [z;_1, x;].
We substitute ! for o in the last two terms on the right-hand side of (2.9) to

evaluate these two terms in a similar fashion to (2.9) as follows
m (1= ¢i(y)) it (1 - dily))
a(mi_%) /xi1 Wdy + a(zit1)2) /wz Wdy

b (a(:pi_%) + a($i+1/2))
— T :

(2.12)
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We similarly evaluate the first two terms on the right-hand side of (2.9) as

Ti—K 1
CY(%—K—%)/M_(S Wdy

Y any) [

k=i—K+1 2 k—1 (1'1, - y)l-i-’y
Tit+ K

Tk 1
+ > a(%-%)/x Wdy

k=i42 —c
zte  a(y)
+a(xi+K+%) /wiJrK (y - mi)l—w
(Kh)™ — 67
0

+k_2( a(xk_%)((l —K)77— (17— K+ 1)"")h™
sy ((K —1=4)77— (K —4)"")h™"

+ Z xk_l

k=i+2 Y
(Kh)™ — 67
Y

dy
(2.13)

= O‘(%—K—%)

+o(;y e q 1)
Evaluation of the off-diagonal entries of the stiffness matrix

We now turn to the off-diagonal entries of the matrix A given in (2.6)

T+ ¢(y) z;+0 a( )¢( )
Aij = a(z;) /%i_(S mdy + s T J|1+7dy7 J #i. (2.14)

Since the support of ¢; is the interval [z;_1, x;41], it is clear that

In other words, the stiffness matrix A is a dense banded matrix with the band width
of O(N) asymptotically.

We need only evaluate the off-diagonal entries A, ; for 1 < |i — j| < K+ 1 in
different cases.

Case 1: We consider the case i +1 < j <i+ K — 1, when the support of ¢; lies
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inside [z;, z;1k|. In this case, we evaluate A; ; as in Section 3.1

i+ ¢y(y) w+t oY) o (y)

A=ald [ agm e
= ¢r(y) m ¢f(y)

“olep [ gt ot [ e

A = s =) (2.16)

_ xi)1+7

dy

L
(=g A dy
=+ D (G —i=-D)7 = (G —9)7)
h;"/ -_-1_,y_ '_'_11_’7/
HE (G =) = (=i = 1)) o)
= forv#0 .
1+ (i—j+1)niT
forv=0
v OF W)
’I"](l_)’L = f:ch-H (y_mi;gl-k—'yd
(G =i+ DB =) = (G =i+ 1))
+15(( =19 J—i+1)7) (2.18)

= forv#0 5
(G—i+ )Tt —1

forvy=0

then we defined
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= : (2.19)

r) = , (2.20)

forv=0

Case 2: We can similarly evaluate A;; for i — K +1 < j < i —1 as follows

Ay=atz) [ O gy [T AWA0)

-1 ( ZJ)H_'y i1 (xi_y)lﬂ

za(a:j_%)/%j .QSJL—(y)de+a(mj+%)/;:j“ ((bﬂdy]

\

Tj—1 (xz - y)1+ Ty — y)l—’_’y
- L( o R
J F(y) g+l “(y) 291
o) [* BO_ e ) 221
(=) wioa (T —y) Jay o (2 — )t Y
1 1
= oz(xj_%)rl(_)j + O((xj_,’_l)lf_)j

1) 1)
o) (L2 + 1),

Case 3: We consider the case j = ¢ + K when part of the support of ¢;, the

interval [x;,z;41], does not lie in the interval [z;, z; + 0] in general. In this case, we

evaluate A; ; as follows
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( (w: - W”
N oy ) o +=Kh ¢ (y)
'F:ﬁa(xj_%)/wj_l Wdvaa( )/x] mdy
z; QSL(y) zj+6—Kh QbR(y)
o) [ nZam L @ ) o
= afz; B+ ae, ),

Fa(z) (180, + i),

for which,
2 T BF (v)
T](_)z — z]1+6 —Kh o . )yl+7 dy

(G =i+ D)((G=)7h 7 = ((j —i— K)h+0)7)

iy (U =i = K)h+0)'77 — (j = 1)) (2.23)
- for v #0 :

(j—i—K)h+6

(j—i+1ln Gor 4 Kh=o

fory=0

\

here we defined

((k+1)3((k) "R~ = ((k = K)h +8)77)

—stiey (B = K)h+ )77 — (k)'7))

r? = , (2.24)
for v #0
(k—K)h+6 he§
(k+1)in—wm — + £=0
fory=0

ly treat the case j =1 — K .
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A= a(z;) /zHl Mdy n /zj+1 Mdy

s—o+kh (z; — y)t Y j—o+Kn (z; —y)' 7
Z o7 (y) )
cotip [T B ey [ B
) [ o G g ) [ G

(2.25)

7 ¢ (y) w1 PR (y)
o) |:/:tj—5+Kh (x; —y)+ + /z]- (y — x;) 1t dy

2 1
1 )rg_)j + a(:chr%)lg_)j

= oz(:vj_i

+a(ml)( —|— l )

Case 5: We consider the case j = 7 + K + 1 when part of the support of ¢;,

[;_1, z;] does not necessarly lie in the interval [z;, z; +J]. We evaluate A, ; as follows

4= ale /x] \+0—Kh (y) +/x1 1H6-Kh o(y)¢i(y) Aoyl

) (y — wz)l—w
zj_1+6—Kh (y) zj_1+6—Kh ¢;;(y)
/ ;) EraEEi a(xj_%) /wj—l (y — l’i)ljw W
= a(a; )2 + a(xz)lf B
(2.26)
and we simply write
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l(2_)2 :f””j—l-l—é—Kh oF (y) d

Fi-1 (=)
(= j+ DG —i = )R = ((G—i— 1= K)h+6)7)
(2.27)
- fory#0 |
(i—Jj+ l)ln_(zjlz—lrl())iims + 8=Kb
fOT’ ’y = O
again we can define
(1 - k)%((k — 1) — ((k—1— K)h+6))
+ﬁ(((k —1—-K)h+ 5)1—7 — (k- 1)1_7))
g (2.28)

B fory#0 ,

(k—1—K)h+3

Goiofonss o
(1 —k)in o=Dr— 4 =K

fOT'y:()

\

Case 6: We can similarly treat the case j =1 — K — 1.

i1 z;_1+0—Kh CM )QS( )
! (=) 2j11—6+Kh (a: —y 1+7 Y y)1+~r Y

~ alz:) /xacj+1 gbR( ) Oyt a(ay, )/:H_l Mdy 29

r=bich (T = Y)Y jr—d+Kh (=)'

2 2
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2.4 STRUCTURE OF THE STIFFNESS MATRIX

In this subsection, we shall introduce two important theorems, which can be used to

achieve our fast method.

Theorem 2.1. The stiffness matriz A of the collocation method of previous variable

coefficients non-local peridynamic model can be written as
A=Ad+ ADTW 1 7@ AR 1 76G) o)
, where Ad contains all the diagonal entries of A.

Proof. By previous discussion, we can first set Ad as a diagonal matrix and all the
diagonal entries are the same as the diagonal entries of A.
For remaining parts, let us recall the expressions of the entries of A, (2.16), (2.21),

(2.22), (2.25), (2.26), and (2.29), then we write A' in the following structure

0o T IR 0
o0
o S . T](Vlzm_LN_l’ o
Tr(nlJ)rLl B 0 B :
TN o n-1
0 o T inemes oo T vy 0

where for j =1+ m

Ti_1+6—nh L (y)
T, = [ ey, 2.31
a x5 (y — xi)1+’7 Y ( )
and for j =i—m
" Eult)
TH / o izmY)_ g 2.32
S =T vones () (232
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when j =7+ n and j = ¢ — n, we can have

o0 [ OEaly) / zintoonh SR (y) ay
v ipno (Y — )17 Titn (y — x;)t
(2.33)
Ti—n L Li—n R
7#2(3)_71 — _ +1 z+n(y) dy o ’L—n(y) dy;
’ win (T — Y)Y 2ion—b4nh (T — y)ITY
then for j =i+ 1,...,i+n—1
5 9r(y) z $i(y)
7 _ _/ / j d _/ _ S 2.34
R A R S Tk .
finally, for j=i—1,...;i —n+1
; L x- R
1’;(;) — _/ J ¢] (y)l dy _/ I+ ¢] (y)l dy (235)
’ i1 (5 — Y)Y w (T —y)t
Next, we shall let the structure of T2 to be
0 7 T 0
% 0
T -
7O — . Nom= L= (2.36)
Tn—i—l,l 0
2
TN s
2 2
0 oo Tineny o TN 0
We then consider the entries in several cases, for j =i+ m Ti(j) = Ti(;) and for
J=1+n
nen gh(y
T2, =- Sinlt) g, (2.37)

Titn—1 (y - xi)l—i_’y

When j =i+ 1,...,i+n— 1, we have

. L
@ i ¢j (y)
L A (239
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Similarly, T can be expressed as

i,0—n

T® __ / me G, (2.39)

The last case for j =1—1,....i —n+1

T L(

g ()

T = —/ — I dy. 24
2y i1 (xz o y)1+,y Y ( 0)

Finally we set T° as

0 T ., 0
% 0
T -
7@ o Nonm b= (2.41)
Tm—l—l,l O
TN v
2 2
O N T](VZ].,N—’ITL—]. N T](VZ].,N—Q O
where Tz(i’) = T,L(;) when j=¢—m. For j =i+n
S R itn\J) g 2.42
B S Rl 24
when j=1+1,..,1+n—1
z O (y)
79 = - / L VA 2.43
2y ; (y _ IL'i)H_'Y Y, ( )
and for j=i—n
Ti—n L
T - _ / o) g, 2.44
1,5—n o (xz _ y)l-i-'y Y ( )
Again, for j=1—1,....,i —n+1
)
¥ = —/ TS gy, 2.45
Y o 249
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Then we can write {A®}3 | as three diagonal matrices, where Az(}i) = a(z),
A = ol + ) 0 4D = a1+ ),

Now we have

A= Ad+ ADTW 1 T@AG 1 T 4G)

O

Theorem 2.2. The matrices {AWD}2_, in Theorem 1 are diagonal matrices, and

{T@OY3 | are Toeplitz matrices.

Proof. From Theorem 1, we already set {A®}3_ | as diagonal matrices, then we only
need to prove that {T(W}?_, are Toeplitz matrices.

Since the proof of TW, T and T®) are almost the same, without losing gener-
ality, we will only prove the up triangular entries of 70,

Firstly, for 7 =i +m we do the following substitution

y=2x;+s,dy =ds

then s € [-h, —h + § — nh], (2.31) can be written as

= [ )
ii+m s (y — ;)1 +

h
—h (xj+s—x;)1

Z_/—h—i—é—nh (T i (2.46)

_ —h+d—nh w(%) .
--/, (G = Jh + 57

so its value only depends on j — 1.

Then for j =i+ n, we do the substitution

39

www.manharaa.com



y=x;+s,dy=ds

where s € [—h,d — nh], (2.33) can be written as

zj+6—nh ¢2+n( )
zz—l—n = _/

_ 3;1)1-%-’7
§—nh Tits—x;
_ _/ EET) (2.47)
-n (xj+ s —a;)ty

- —h+6 w(%) )
- /_h ((J —z‘)h+s)1+vd ’

the value of TV also only depends on j — i.

i,0+n

Finally, for j =7+ 1,...,i +n — 1, the expression

o [mr 9i(y)
T;,j = —/mj_1 mdy, (248)

after doing the substitution y = x; + s, where s € [—h, h], we have

W =-[" ),
" w1 (Y — a7 Y

:_/ — (G el (2.49)

+ 5 —x;)H

R
L oo

We have the same conclusion, such that the value of T only depends on j — 1,
the values of the entries are the same if j —i is a constant, so T is a Toeplitz matrix.

We do not need to repeat the procedure, and observed that T2 T®) are also

Toeplitz matrices.
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Now we can implement our fast method. Since we are going to accelerate the

matrix vector multiplication Apy, by Theorem 1, we rewrite

Apr, = (Ad + AOTW 4 TG A@) 4 76) 4®)),
= Adp, + AVTWp, + TA AR p, 4 T A, : (2.50)

= Adpy + AD(TWpy) + TP (AP py) + T (AP py)

Because A® and A® are diagonal matrices, A®p, and A®p,, can be found out
with computational cost O(N). We simply write A®)p, = p,(f) and AC)p, = p,(f),
so the Toeplitz matrix vector multiplication TMpy,, T@pP and T®p® could be
accelerated.

By previous studies, Toeplitz matrices can be embedded into an circulant matrix

C as follows, without losing generality, we shall use T as our example

0 qd—m qd-1 0
m 0 —m _
T B q q q-1
C = B:=1": g, 0o -. I (2.51)
B TO
q1 qd—m
0O ¢ ... qn O

In our problem, C' should be an 2(N — 1) x 2(N — 1) circulant matrix, where
Gu=T45 u=j—i.

By previous studies, we know that C' has the following decomposition
C = F'diag(Fc)F, (2.52)

where c¢ is the first column of C', F'is the 2(N — 1) x 2(N — 1) discrete Fourier
transform matrix.

Then we we embed py into an 2(N — 1) dimensional vector w, where
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W= . (2.53)

Here we can get TMp,, by keeping the first N — 1 entries of Cw, since Fe and Fw
only need O(NlogN) computational cost, we can implement the conjugate gradient
squared method by our fast matrix vector multiplication in only O(NlogN) steps
per iteration, which is a big improvement compared to the standard matrix vector

multiplication.

2.5 NUMERICAL EXPERIMENTS

In this section, we will implement our fast method to a series of numerical exper-
iments, to investigate the performance of the fast method. To run the numer-
ical examples, we set the spatial domain (a,b) = (—1,1), and the real solution
u(x) = (1 — 2)*(1 + x)?, with the variable coefficient a(r) = 1 + ¢(1 — x?), where we
choose € = 0.1, and 6 = 1/32.

In our numerical examples, the analytic expression of the right-hand side term
b(x) could be find out in each collocation point ;. Then we shall use Gaussian
Elimination, standard Conjugate Gradient Squared, and our Fast Conjugate Gradient
Squared method to seck the numerical solution of the linear equation system (2.5).
We ran those Matlab programs in a 16GB-ROM laptop.

We inspected the performance of our fast method by switching the size of the
grid from h = 277 to h = 24, and observed that all three of the above numerical
solvers have the same computational error and convergence rate. Then the order of
convergence could be fitted by linear regression. If we set u” as the numerical solution
and u as the real solution of our problem, the error estimate could be expressed as

follows
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|[u" — ul| sy < Csh?, p=2,00

We concluded that the order of convergence of the numerical methods we used in
our experiments is second order, and since when h = 2713 the error is small enough,
the numerical scheme loses the second order accuracy as h gets smaller[16, 15].

There were no research findings have been announced directly on the collocation
method for peridynamic or nonlocal diffusion model, but it has been shown that
the singularity of the stiffness matrix depends on the power v in the kernel function
W when performing the Galerkin finite element method in previous studies|1, 10,
16, 36, 56]. We tentatively chose v = 1/10,1/2,3/4,and — 1/2, and try to observed
the effect on our collocation method.

Example 1. We set v = 1/10, where the kernel function W is nonintegrable,
and has little singularity. We showed the numerical solution in Table 1.

Example 2. We set v = 1/2, where the kernel function m is still noninte-
grable, but has more singularity and we found that the convergence rate is almost
second order. However, the number of iterations increased a lot. We showed the
numerical solution in Table 2.

Example 3. We set v = 3/4, where the kernel function m is still nonintegrable
and the singularity became even larger. We shall inspect that the convergence rate
decreased to 1.5 order, and we need more iterations to get the ideal numerical solution.
We showed the numerical solution in Table 3.

Example 4. We set v = —1/2, where the kernel function is integrable

1
Jz—yT+7
and we found that the convergence rate was about second order. We will need fewer
iterations. We showed the numerical solution in Table 4.

Example 5. Finally, consider v = 1/10, where the kernel function W is still

non-integrable, but we set § = 1/16. We will have better accuracy with a smaller

grid size and need fewer iteration steps. We showed the numerical solution in Table
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Table 2.1:

Convergence of the Gaussian elimination, the conjugate gradient

squared(CGS) method, and the fast conjugate gradient squared(FCGS) method.

v =1/10, 6 = 1/32

h €L, # of Iter. | CPU Time
277 | 3.04166771e — 02 — 0.05s
278 | 8.18334943¢ — 03 — 0.23s
279 1 1.89265584¢ — 03 — 1.47s
2710 | 4.17492908¢ — 04 — 12.11s
Gauss | 271 | 9.62105995¢ — 05 — 1m58s
2712 1 2.70050257¢ — 05 — 16mb4s
2713 | 8.67911833¢ — 06 — 2h54m
271 | 2.78957323¢ — 06 = 1d5h
277 | 3.04166771e — 02 462 0.2s
278 | 8.18334943¢ — 03 496 0.35s
279 1 1.89265584¢ — 03 500 1.53s
2710 | 4.17492908¢ — 04 549 8.72s
CGS | 2711 | 9.62105995¢ — 05 527 22.9s
2712 | 2.70050257¢ — 05 495 1m02s
2713 | 8.67911833¢ — 06 527 5m27s
271 | 2.78957323¢ — 06 570 21m21s
2°7 | 3.04166771e — 02 462 1.38s
278 | 8.18334943¢ — 03 496 1.38s
279 | 1.89265584¢ — 03 500 1.39s
27101 4.17492908e — 04 549 3.11s
FCGS | 271 | 9.62105995¢ — 05 527 6.02s
2712 | 2.70050257¢ — 05 495 11.4s
2713 | 8.67911833¢ — 06 527 LYE
271 | 2.78957323¢ — 06 570 1mO01s
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Table 2.2:

Convergence of the Gaussian elimination, the conjugate gradient

squared(CGS) method, and the fast conjugate gradient squared(FCGS) method.

v =1/2,6=1/32

h €L, # of Tter. | CPU Time
278 | 1.80518676¢ — 02 — 0.22s
279 | 5.45753657¢ — 03 — 1.37s
Gauss | 2719 | 1.49600916e — 03 — 12.12s
2711 | 3.95745488¢e — 04 — 2m18s
2712 | 1.05727455¢ — 04 — 16mb7s
278 | 1.80518676e — 02 758 0.68s
279 | 5.45753657e — 03 896 2.57s
CGS | 27191 1.49600916e — 03 1011 14.6s
2711 | 3.95745488¢ — 04 1139 51.98s
2712 | 1.05727455¢ — 04 1358 3md8s
278 | 1.80518676¢ — 02 758 1.19s
279 | 5.45753657¢ — 03 896 3.00s
FCGS | 2719 | 1.49600916e — 03 1011 5.35s
2711 | 3.95745488¢ — 04 1139 12.02s
2712 | 1.05727455¢ — 04 1358 30.07s

In conclusion, a heuristic observation a obtained through the previous discussion

and numerical experiments. Namely, that the convergence rate and number of it-

erations all depend on the kernel function —X—. When v < 0, we have a better
lz—y|' Y

convergence rate and fewer iteration steps; when + is close to 1, the singularity causes

more iteration steps and a lower convergence rate.
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Table 2.3:

Convergence of the Gaussian elimination, the conjugate gradient

squared(CGS) method, and the fast conjugate gradient squared(FCGS) method.

v =3/4,6=1/32

h "], # of Iter. | CPU Time
278 | 3.45784187¢ — 02 — 0.22s
279 | 1.38426155¢ — (02 — 1.42s
Gauss | 2710 | 4.82842571e — 03 - 12.31s
271 1 1.55326827¢ — 03 — 2m20s
2712 1 4.81220832¢ — 04 — 16mH9s
278 | 3.45784187¢e — 02 1005 0.74s
279 | 1.38426155¢ — 02 1464 4.07s
CGS | 2719 ] 4.82842571e — 03 1836 29.75s
271 1 1.55326827¢ — 03 2362 1m43s
2712 1 4.81220832¢ — 04 2954 6m14s
278 | 3.45784187¢e — (2 1005 1.82s
279 | 1.38426155¢ — 02 1464 4.94s
FCGS | 2710 | 4.82842571e — 03 1836 9.57s
271 | 1.55326827¢ — 03 2362 24.97s
2712 | 4.81220832¢ — 04 2954 1m06s
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Table 2.4:

Convergence of the Gaussian elimination, the conjugate gradient

squared(CGS) method, and the fast conjugate gradient squared(FCGS) method.

y=-1/2,6=1/32

h "], # of Iter. | CPU Time
278 | 3.76621601e — 03 — 0.28s
279 | 7.35901274¢ — 04 - 1.61s
Gauss | 2710 | 1.52092692¢ — 04 - 13.18s
271 | 4.13432509¢ — 05 — 2m7s
27121 1.81069791e — 05 — 18m43s
278 | 3.76621601e — 03 322 0.23s
279 1 7.35901274¢ — 04 291 0.8s
CGS | 2719 ] 1.52092692¢ — 04 252 4.19s
2711 4.13432509¢ — 05 254 11.53s
27121 1.81069791e — 05 259 34.85s
278 | 8.18334943¢ — 03 322 0.67s
279 | 1.89265584¢ — 03 291 1.02s
FCGS | 2710 | 4.17492908¢ — 04 252 1.41s
2711 9.62105995¢ — 05 254 2.64s
2712 | 2.70050257¢ — 05 259 D.78s
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Table 2.5:

Convergence of the Gaussian elimination, the conjugate gradient

squared(CGS) method, and the fast conjugate gradient squared(FCGS) method.

v =1/10, 8 = 1/16

h "], # of Iter. | CPU Time
278 | 2.76438847¢ — 03 — 0.25s
279 | 6.65091032¢ — 04 — 1.36s
Gauss | 2710 | 1.96415968¢ — 04 - 12.32s
271 | 8.51694885¢ — 05 — 1mb8s
2712 1 4.94857046¢ — 05 — 17m40s
278 | 2.76438847¢ — 03 259 0.12s
279 1 6.65091032¢ — 04 285 0.48s
CGS | 2719 ] 1.96415968¢ — 04 281 1.92s
271 | 8.51694885¢ — 05 299 7.94s
2712 1 4.94857046¢ — 05 293 25.4s
278 | 2.76438847¢ — 03 259 0.59s
279 | 6.65091032¢ — 04 285 1.15s
FCGS | 2710 | 1.96415968¢ — 04 281 1.48s
271 | 8.51694885¢ — 05 299 3.05s
2712 | 4.94857046¢e — 05 293 6.46s
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CHAPTER 3
A FAST GALERKIN METHOD FOR A VARIABLE

COEFFICIENT PERIDYNAMIC MODEL

3.1 INTRODUCTION

In the previous chapter, we worked out the numerical solution of the variable-coefficient
peridynamic model by using collocation method. And in the studying of constant
coefficient peridynamic problems, we observed that it will lead to a bilinear form
when implement finite element method to search for numerical solution.

In this chapter, we consider a special case of the variable-coefficient peridynamic
model[55, 54]. When the material horizon 0 goes to infinity, our globel variable-

coefficient peridynamic model can be seen as

/ab C(z,y)(u(z) —uly))dy = f(x), =z € (a,b)
(3.1)

u(a) = uq, (b) = up,

then we will use the finite element method to find the numerical solution. Since
this model will lead to a full stiffness matrix, and the stiffness matrix does not have
a Toeplitz structure directly, we shall analyze the entries of it and make it a sum
of several special matrices. Moreover, we will show that the diagonal entries of the
stiffness matrix of the variable-coefficient peridynamic model also require a great
deal of computation, a numerical approximation of the variable coefficient technically
helped us with accelerating the computation of the diagonal entries by using the

Toeplitz structure again.
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3.2 NUMERICAL SCHEME OF ONE DIMENSIONAL VARIABLE-COEFFICIENT PERI-

DYNAMIC MODEL

In order to discuss the numerical scheme, we see the model which is derived out from

(3.1),
[ (ata) + a@nD =D g, g
a |z —y[t+
(3.2)
u(a) = uq,  u(b) = uy.

where we considered a(z,y) = a(z) + a(y) be the elasticity coefficient, and the

kernel function x(x,y) = Then we are going to discuss the variational

1
|z —y[t+7

formulation of our model. For convenience, we simply introduce the notation

Clz,y) = alz,y)r(z,y), (3:3)

To see the variational formulation, we multiply both sides of the non-local diffusion
equation by a test function v(z), v € L?*(Q;R), and integral both sides about z over

the whole filed 2, we get the weak formulation

a(u,v) = 1(v), (3.4)
where
alw,0) = [ [ Clay)ue) ~ uly)oladyds, (35)
and
I(v) = / (@) f(2)dydz. (3.6)

First, let us work on the right-hand side of the equation,

50

www.manharaa.com




- / b / (0(@) + a(y))C(e,y)(ule) - u(y))o(x)dyda (3.7)

/ / |x_ ﬁff) (z)dydz (3.8)
/ / w_—xﬁg) (y)dzdy (3.9)
/ / m_—yfﬁf) (y)dydz, (3.10)

we first interchanged x and y from (3.7) and (3.8) to (3.9), and then exchanged
the order of integration. Since we have (3.8) and (3.10) are equivalent, subtract (3.10)

from (3.8), the following equation is true

/ab /ab@(:c, y) ((u(z) — u(y))v(@) — (u(y) — u(z)v(y)) dyde = 0. (3.11)

Let us consider the inside part of the integration above

(3.12)
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then we plug in the last expression of (3.12) to (3.11), and get

Ji 12 Cla,y) 2u(@) (ul@) — u(y))
(3.13)

—(v(y) — v(2))(u(y) — u(z)))dydz = 0,
so that

/ab /ab Cla, y) 2v(z)(u(z) — u(y))) dydx
(3.14)

[ [ o) (o) — o)) ) — (o) d

and here come to the second form of a(u,v)

) =3 [ [ Cl) (o) — o) ly) — () dyr, (315
so we can conclude that a(u,v) is symmetric.

Next we replaced the C(z,y) in (3.16) by

1
lz —y|'

Clz,y) = (a(z) + a(y))

then (3.16) can be expressed as

a(u,v)
=5 | [ € (wl) — o)) uty) — ulw))) dyda

_ %/ab /:(Oé(l') + a(y))((v(y) - v(x))(u(y) - U(x)))dydilf (316)

|z —y|'*+
-3 [ O g
[ [
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in which,

[ [t O =) v,

oo (3.17)

[ ) IO )

then if we interchanged x and y in the previous expression, we shall find
[ [ L)) —ute)

(3.18)

[ ot e =) )

a(u,v)

[ e (D) e

. /ab /ab aly) ((v(y) — Tg(cxz)grl(fj - u(x)))dydx)
(3.19)

L[ [0 i)

|z —y|'

N (ORI KTV

|z —y|'+

R CORTIC ORI Pl

|z —y|t+

In order to discrete the integral equation and use the Galerkin finite element
method to find the numerical solution of this model, we perform uniform partition
on the whole field 2 U €2, in which €, is an area around the boundary, and in this

section, we considered Q U ), as (a — ¢,b + €). Then we defined the partition as

following
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x; = a+ih,

—K<i< N+ K, (3.20)
b—a
N
We shall introduce the standard hat function as we need, that is

h:

v =1-1g,  gel[-11],

then we can define ¢;(z) = ¥(*5%), = € [7;_1, 241 in our one dimensional

problem. In other words,

T — Tij—1
A xr e [xi_l,xi]
¢i(z) = , (3.21)
xX; — X
+1h T € [T, 1]

with the hat functions {¢;(x)}X, we introduced, the numerical solution of u(z)
can be approximated by the following equation

N-1

u(z) = ¢o(x)ua + ; i (x)u; + dn(x)us, (3.22)

J
for further discussion, we sometimes use the notations ug and uy for u, and wuy.

Then we choose the test function v(x) = ¢;(x), for i = 1,..., N — 1. According to

(3.3), we proceed to discretization of a(u,v),

a(u,v)
v (60— X 60 6:) - 6i0)
:/ / alz)-= — dydz, (3.23)
a Ja |z —y['t
(6 — X 65(@) (i) — di(a))
o, [ () 2 = dydx
|z —y[t
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Before proceeding further, a simple manipulation is necessary
N N
D05y Z — ¢i())
=0 =0

= (¢o(y) — ¢o(z) + ¢1(y) — d1(x)
+ ot On(y) — O (2))(6i(y) — 4i(2))

= (¢o(y) = do(x))(¢i(y) — ¢i(x)) ) (3.24)
+(61(y) — 01(2))(dily) — ¢u(w))

+(on(y) — on(2))(0iy) — dilx))

= X(010) — &5(a)(6) = )

finally, we remark that

a(u,v)
(@))(i(y) — di(x)) 52
7 i\&T
_ Zo/a /a |:E i dydxu;.
After this sequence of works, we can derive out the following finite element for-
mulation
N
Z (61, 65)u; = U(y), (3.26)
since we have ug = u, and uy = u;, on the boundary, the above formulation is
equivalent to
N—
Z a d)l? ¢J - l(¢1) (¢z7 gbO)'U/a - a(¢i7 ¢N)U/b; (327)
j=a
fori=1,...,. N
bY)
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Now we get the matrix form of the equations system,

Ai=b (3.28)

where @ is the numerical solution of u(z), @ = (u1, ug, ..., un_1)7, b= (b1,bay ..., b 1),

bi = U(¢i) — a(@i, do)ua — a(Ps, On)us, (3.29)

and A is the stiffness matrix, which can be expressed as

All A12 A13 ... AlN*l
A21 A22 A23
A= A31 A32 A33 5 (330)
AN—ll AN—12 AN—13 .. AN—lN—l

for each entry, we have

N R CORLCORLC
(3.31)
= a(oi, ¢;).

Up to now, we have gotten the general numerical scheme of the entries of stiffness
matrix and right-hand terms, which can be used in standard numerical solver to find
out the numerical solutions.

There are many previous studies that focus on the error estimates and computa-
tional difficulties. Since non-local peridynamic models always lead to a full stiffness
matrix, when we are going to consider a problem with high partition density or high
dimension, the cost of memory and computation will become very expensive. That
is also our motivation of us to discover the structure of the stiffness matrix and use

it to perform the fast method. We shall do some computation and then make some

tiffness matrix, then try to introduce the fast method of
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this one dimensional variable coefficient non-local peridynamic model in the follow-

ing sections.

3.3 A SECOND LOOK ABOUT THE ENTRIES OF THE STIFFNESS MATRIX

By using the expression of A;; we derived before, we shall have

by = [ [t 0 g
_ / / E _¢J|(1+)3¢’(y)dydx (3.33)
[ [ o e iy, 3

in order to find the structure of A;; with less computational works, we consider

(3.34) first,

_// — ¢i(z ))@(iﬂ)dydm

|x— |+
/ / ly —¢;\(1+)v)¢l(y)d$dy
[ ) A= O (3.35)
= [ [ o |x_¢1|<1 060) 1,4,

here we interchanged = and y, and then switched the order of integration. Now
it is obvious that (3.34) and (3.33) have a similar structure, so we shall only discuss

(3.33) later.

First, we switch the order of integration of (3.33)
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[ [P0 =),

Iw -yl
(3.36)
_ / / — (= ))¢’(y)dxdy
Ix —y|* ’
then,
[ [ ot @ =0k)o)
|l’— v (3.37)
o Y EC
since when x is on the interval [a, z; 1] U [x;11,0], ¢i(z) =0,
[60) [ o D=8
(3.38)
= [ o) [ @ S vy,

While on different subintervals of the whole field [a — €, b+ €], a(z) and {¢;(x)} Y,

have different values and expressions, we write (3.33) as

[ o) | e )(@’;)_yﬁii D dwdy (3.30)
= [ o [P ey
e [ )<¢j|; )= yffi(v ) dudy (3.41)
[ D e

Because the stiffness matrix is symmetric, we only need to consider the up trian-
gular matrix. And in order to explain the structure clearly, we shall discuss (3.39) in
three cases. For each entry, we discuss j > i+ 2, j =i+ 1, and j = ¢ one by one.

D 111 . — (0 and QSJ(y) =0 Whenj >0+ 2, which means
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/ﬂﬁl ¢i(y) /jj_l a(z) (95(y) — ¢j(x))dwdy

i1 |$ — y|1+’7
— [ ’ (65(y) — ()
= /xi_l ¢i(y) /fvj+1 a(z) & — i dzdy (3.43)

=0.

Then we have, for j > i+ 2 and = € [z,_1, Ti41], ¢;(z) =0

[ o) [ ) 0=

i1 |z — y[t

_ /;:i-H ¢Z(y) /;Tj-ﬁ-l Oz(l’) (¢J (y) — ¢j (SL')) dmdy (344)

i1 51 |CU - y|1+'y

- /:Hl oi(y) /;jﬂ a(x)mdzdy,

i1 -1 |z —y|tt

next, we are going to show that the value of (3.41) only depends on the value of
a(x) and the value of |i — j|.

For one more step, we write (3.44) as

[ | a(w)%dwdy (3.45)
[ ot [ ate) =25 duay (3.46)
+ /m _ i(y) / j“l a(x)%dxdy (3.47)
[ ot [ et =2 daay (3.48)
+ /x * 6i(y) / jﬂa(m)%dmg. (3.49)

Since (3.46), (3.47), (3.48) and (3.49) have similar structure, it suffices to prove

that the value of (3.46) only depends on the value of a(x) and the value of |i — j|.
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Let us assume initially «(x) can be approximated by a piece-wise defined func-
tion(2.11),

We proceed to prove this, by assumption before

/;i ®i(y) /zj C\f(fb)mdwdy

oo (3.50)
B Lo o o (—¢;(z)) ’ '
=aleat3) [ o) [ U ey

then we set + = x; + s, and y = z; +t where s € [—h,0] and t € [—h,0], so
we shall have dox = ds, dy = dt, furthermore, let us recall the definition of the hat
function (&) = 1 — ||, where

#i(x) = v(——)
Now we have
65(x) = $(——2)
_ w(xj — ;;j + 5)
(3.51)
s
= Mﬁ)
s
=1- |E‘7
similarly,
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h
T; — T; + t
(B
(3.52)
t
- dj(ﬁ)
t
—1-1]=
|h|?
moreover,
lz =y = —i)h+t— "7,
it follows that
hy [ % (—¢,())
o(rj—1 + 5) ~/1»‘z‘—1 oi(y) /xj_l mdwdy
(3.53)

oz + // 1—||1—||)ddt
G |(j —i)h+t—s]tr 7

then we can conclude that, the value of (3.46) only depends on the value of a(x)
and the value of |i — j|, the remainder of (3.41) is analogous to that which is shown

in before.

3.4 ANALYSIS OF THE STRUCTURE OF THE STIFFNESS MATRIX

We first classified the entries of the stiffness matrix to three cases in the previous
section, and discussed the case when j > i+ 2. We derived out the expression of each
entry, and separated it to two parts. Since two of them are similar, we focus on the
first part, which is (3.33) only involved one term for the case j > i+ 1. The other
two cases are much more complicated, so we shall discuss them later.

According to this kind of classification, the stiffness matrix can be written as the

sum of two matrices
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A=A 4T, (3.54)

where A" contains the two complicated cases, which is combined with diagonal
and sub-diagonal entries. T is actually the case we discussed before.

Obviously T is also symmetric, the diagonal and sub-diagonal entries of T" are all
0s. The other entries of the up-triangular part is defined as (3.41).

under the assumption that «(z) could be approximated by the piece-wise defined

N
function Y a(zy + &) Asefuy zp.1) (@), after manipulating them we can get

[ o) [ ate) B g,

i—1 j—1 ‘SL' - y‘l-l—'y

[ ot [ a2 gy

[ Mow [ a(x)%dwdy )

+ / oi(y /zﬁl a(x)mdmdy

|z — y|tt

szrl Jj+1 — )) d d
+ / oy / |x — y|1+”Y

then we factor out a(x) from the above expression,

[ o [
=a(xj_1+ g)(/:l ®i(y) /:j (_L;x))dxdy

+ /+ - / - =6@) (3.56)

i— j
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and because another term of (3.32), mean (3.34) could similarly be written as

/:i+1 Au(o) /:j+1 &(m)%dmdy

i—1 i1 y

+ / ily /%“ %dmy) (3.57)

Tit1 J+1l (—
f/ zy/ M—P”M@)

Finally, we can say that the matrix 7" could be written as a sum of four matrices

T=T79 47O 7 L 7 (3.58)

furthermore, we have

@) — 1) 40

T®) — 7 4@
(3.59)
T — A7)

T _ 4@ @)
where AW, A®) AB) A® are diagonal matrices, and T, T3 TG TM are Toeplitz
matrices.

Finally, we conclude that the stiffness matrix A can be written as the following

A=A" 4 7MAWD L 7@ AR L AGTE) L g@Op®) (3.60)

Ay, is a tridiagonal matrix with all tridiagonal entries of A.
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3.5 COMPUTATION AND STORAGE ABOUT ENTRIES OF THE STIFFNESS MATRIX

According to the results we got from the previous section, we can conclude that the

matrices {A®}4_ have the following structure

AlP) —

where for A, A?

and for A3, A*

The structure and entries of {7®) }5—1 also can be observed,

TP —

AP 0 0 L. 0
0 A% o
0o o0 AP
(p)
0 0 0 AN_in1
h
" a(z; + 5) p=1
Ay = o
oz(mj_l + E) P = 2
h
afz; + 5) p=3
AP

K43

h
Oz(.’l?i_l + 5) P = 4

0 o T® T
0 0 0

™ 0 0

TV TV TV o 0

and for different p, E(f ) can be written as
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1 i 2+t (—;(z))
o) = ([ e[ —x_ypﬂdxdy (3.65)

- i

Tit1 J+1l (—
/ oy / |x_ |1+7d:cdy) (3.66)
71'(]'2) _ (/:_l oi(y) /:il %dwdy (3.67)

+ /m jm i (y) / : mdwdy) (3.68)

zi T =yt

Tip1 J —QS-
T = ([T [ %dwd@/ (3.69)
$z+1 1 (—
/ éiy) /J+ Ia:—yllﬂdxdy) (3:70)
2 n (=¢4())
Ty = (/ml fbi(y)/wjl mdwdy (3.71)
+ / 6i(y / o —|5c_—¢];|2)v dudy), (3.72)

since {T(Z”)}éz1 are N — 1 by N — 1 symmetric matrices, and by the proof from
previous section, they are Toeplitz. Therefore, we only need to find out the values of
e %, . TR .

Next we are going to focus on the other two cases we have mentioned before,
which are the tridiagonal entries of A and A®).

Since A®) is a symmetric tridiagonal matrix, we can write it as the following

Al A 0 . 0
Ag{) A(“") A(tr)
A(tr) — 0 A(tT) A(t"’) , (373)
0 0 Agfl’,le_Q s Ag\t;le—l

65

www.manharaa.com




and only consider the cases j =4+ 1 and j = 1.

Let us start from the case j =i + 1, recalling the first term of (3.32), we have

/ / ¢z+1 Im—¢;T11+(7))¢i(y) dydz (3.74)
_ / / ) Gina(y ’x_cb?jli(v))@(y) dody (3.75)
= [ o) [ ate) Rt gy, (3.70
+ / oy / o ¢z+1|x)_ ﬁfyl( D ddy (3.77)
wf ot [ aw =g, ey

in our previous discussion, we know that when j > ¢ + 2, the terms (3.76) and
(3.78) are 0.
But in this case, for (3.76), we shall find that
z € [a,r], ¢ita(z) =0

Y € [xim1, Tip1], ¢ily) #0; (3.79)

Yy € [z, ziy1], dira(y) #0.

Again, we assume the a(x) could be approximated by a piece-wise defined function

N
h
k=0

the term (3.76) could be expressed as
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/;"“ i(y) /:ia( )(¢z+1( Y) — gita(w ))dxdy

i—1 |J} - y|1+’y

= [ et [ O dedy

i—1 a

Tit1

men (g + %)

0i(y)di1(y) /xk (= )Md wdy (3.81)

Tht1 1

k (y - x)l-m dxdy

i alzr + 5 /jjl ¢i(y)¢i+1(y)/x

i—1 h Tit1 Tit1 — Y., Y — T Tl 1
= — ——dxdy.
Slatentg) [ TG [T ey

We then discuss the second term (3.77)

[0 [ a0

|x_ |1+’y

bt [ s

x -y

+ /:jl ®i(y) /:iﬂ a(Tipr + 2) (@i v) — ¢i+1(w))d$dy

it1 |x - 3/'1—1—W

_ a(xi N ﬁ)(/mwz Y — X1 /Q;H_l ( — dq;dy

2 i—1 h T — y)H—’Y
o (3.82)
Titl e — Y (Y t— x_hm
dxd

+/mi h o (y —x)+ e

Titl gy —y [T LEH I

—d d
o[ )
h :Ei+1 w’l,—l—l —_ y Ii+2 u M

+ Oz(x,-_H + 5) /xl h . —(y — x)H—’Y d.l"dy

Ty —wg [T —THEEE
n / / b ded
i1 h Tit1 (37 - y)1+'y Z/)

now the remainder works are computing each part of the above expression.
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For the last term (3.78), the following should be true

T € [Tiy2,b], @ipa(w) =0;
(3.83)

Y€ [Ti1w], Gin(y) =0
we consider the piece-wise defined approximation of a(x), which is defined by

(2.11), the term (3.78) can be written as

/me'l ¢( ) b Oé( )(¢1+1( ) ¢l+1( ))d:):dy

i1 i Tito |IE - |1+’y
i1 b a(x)
= () s L dud
/x ¢ () dit1(y) /z o (= gy (3.84)
N-1

hy [Tt T — Y. Y — T, [Trtl 1
= oz + = / / ———dxdy.
k:zi—:m o 2) zi ( h ) h ) o (z—y)

Here we discussed all terms of the case when j = ¢ + 1. We are now going to
consider the last case, where j = i.

We consider it in different intervals

/ / 1z _¢;(|1+)3¢Z(y)dydx (3.85)
[ f e G0N0, 56
= x_+ ¢i(y) / " () (qsz(yy)_;ﬁff))dmdy (3.87)
+/mz+l 4 /wz+1 |x_ ﬁi D deay (3.88)
I ><¢z;y>_;,;éf>>my. o

For (3.87), we see

68

www.manharaa.com




x € |a,x;1], ¢i(x)=0;
(3.90)

Y € [rir, mina], dily) # 0.

We first shall have the following derivation

[ ot [ oS00 1y,

i1 (y — x)t*

:/:;(%)z /:z'—l %dmdy (3.91)

T Tip1 — Y 2/“‘1 a(z)
+/m S A Bk

then under the assumption that

N

h
Oé(.’l?) = Z Oé(.l"k + §)Ax€[xk7xk+1](x)’
k=0

the term (3.87) could be written as

/;iﬂ ¢i(y) /:i_l () (@ily) — gzsi(g[:))dﬂCdy

i—1 (y - w)l-i-'y

71—

ho, [ y—xi_1 .o [T+ 1
S oy + 2 / Y=tz / . dud 3.92

Titl X1 — Y 2/93k+1 1 dad
F O [ e )

the second term of (3.85) should be a little bit complicated, since x and y sit in

the same interval. The following holds

T € [Tim1, Tiga),  ¢i(x) #0;
(3.93)

Y € [zim1, iy1],  ¢i(y) #0.

And because x and y shall meet at some point, we need to discuss it in six cases
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/“H1¢Ky)/mﬂlatw(¢Ay)__¢Ax»dwdy

Ti_1 Ti_1 |$ - y|l+7

y h, (6ily) — ¢i(x))
- Ti—1 ¢Z(y) /wz'—1 a(xi_l - 5) (y - x)l-l-”/ dxdy

+ [ o) [atwi Y (ﬁf}_;ﬁ’;(f Dy

+Li@@4?3@ﬁgﬁwm_@@MMy (3.94)

(33 _ y)1+7

[ o [1 ati+ sy

[ ot [ ot o <¢;§,”_;;’iff Dty

55“@@memﬁ§ﬁ%ﬁ;ﬁ@um%

after manipulation we can get

[ o) [ al) A= 00 gy,

|£U _y|1+’Y

Y—Ti—1 LT

-etoe [ 5 [ ST

2 h

: dzdy) (3.95)
Y—Ti—1 Tit1—%

+ Oé(l'i + g)(/a:i1 (y _hxi_l) /fo—l (( h(x )__y)(l‘F’Yh )) dxdy

Tivl Tiq — Y /y ((mi-!—}i_y) _ (wz+}1l—x))d d
+/xz ( h ) = (y_w)l'i")’ ray

drdy),

Tl gy —y, e () — (F))
+ (——) /y (@ — )™
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Here we find that there are many terms in case two, since we are trying to figure
out the integration involving absolute value, and later we shall use several subfunction
to simplify our coding.

The last term that needs to be discussed is (3.89), where

T € [Tiy1,b], ¢i(z) =0;
(3.96)

Y € [rim1, mina],  ¢i(y) # 0.
And write (3.89) as

i1 i+1 (x —y)tt

[T YT /” _afm)
/x,J w0 ey (3.97)

z; . _ b
+/x = y)2/w ) ray,

i h i+1 (93 - y)l—w

with the assumption of «(z), we now derive the following expression

i-1 i+1 (y — m)l‘i"Y
N-—1 h ZT; y—x_l Thit 1
= X atwr ([ O [T gty 698
k—;—l—l (k 2)( wz’—1( h ) Tx (y_l')1+’7 ( )
=y [ v

we finally got all the entries of the stiffness matrix. We shall use Gaussion-
elimination and Conjugate Gradient Squared methods to find the numerical solution

of the model, and derive the fast numerical method in the next section.
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3.6 THE FAST METHOD FOR ONE DIMENSIONAL VARIABLE-COEFFICIENT PERI-

DYNAMIC MODEL

In previous sections, we discussed the variational formulation, and derived out the
matrix equation of the variable coefficient non-local peridynamic model. We recall

that

where A could be written as the sum of the tridiagonal matrix A®) and a sym-
metric Toeplitz matrix 7.

It is obvious that our variable coefficient non-local peridynamic model always leads
to a full stiffness matrix, so the computational cost shall be O(N?3) and O(N?) storage
memory to be needed when processing a standard Gaussian elimination method. Even
by using a standard Conjugate Gradient Squared iteration method, O(N?) memory
space shall be needed to store the full stiffness matrix, and in each iteration, the
computational cost would be O(N?). Now we are going to introduce our fast method
with efficient storage.

Let us recall the Conjugate Gradient Squared iteration scheme (1.40). The most
computational cost is for the matrix vector multiplication, which is O(N?). So first,
we consider the stiffness matrix separately, say A®) + T

Now for any matrix vector multiplication Ad, we can write it as

Ad = A"d +Td

since A% is just a tridiagonal matrix, and furthermore it is a symmetric matrix,

we only need to store the entries of diagonal and subdiagonal. For an N x N matrix, it
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shall need 2N — 1 memory, which is O(N). And for the matrix vector multiplication,
we need 3N — 2 multiplications and 3N — 5 additions, which is O(N).

Here we come to the second term T'd, by previous discussion, we know that A is
symmetric, so 7' is symmetric. Then we write T" as a sum of an up-triangular matrix

T and its transpose T

T = T(up) 4 llow)

as we mentioned before, T(*?) and T@") could both be written as a sum of four

matrices. Since T0w) = T@T) we consider the up-triangular matrix,

Twp) — plaup)  plbup) o pleup) | p(dup)

where
T laup) — p(lup) 4(1)

T(up) — (2up) £(2)
(3.99)

Tleup) — AB)(Bup)
) — AW up)

and here T(w) T@up) T@up)  TMEu) inyolving the upper-triangular entries of

corresponding Toeplitz matrix 77U, 73 TG 7@ And then TU") can be written

as

T low) _ (T(aup) + 7 bup)  pleup) | T(dup))(T)
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in one more step, we can see

Tllow) — AMpQwT) 4 AQ)pQuwT) | pBwT) AB3) 4 p@wT) g(4)

To consider with our model, since in our model the entries of A are values of the

piecewise defined coefficient function a(z), AM = A®) and A® = AW We can have

T = T70uwp) A() 4 pQup) A(2) 1 AG)pBup) 1 A(4)p(dup)
(1) p(upT) 2)(2upT) BupT) 4(3) (4upT) A(4)
+AWYT + AWT +T A +T A

— 7up) A) 4 pQup) @) ¢ AO)pBup) | A2)p(dup)
(3.100)
(1) p(upT) (2)(2upT) BupT) 4(1) (4upT) 4(2)
+ AT + AWT +T AV +T A

— (7 (Lup) (3upT)y A(1) (2up) (4upT)y A(2)
(T(wp) 4 PGy A() | (7@up) 4 pUwT)) 4

+ AW (T(3up) + T(lupT)) + A® (T(4up) + T(2upT))7
here we see that the multiplications of any {A®}; and any matrix, the compu-
tational cost is O(N). And since {TP)}; are upper-triangular Toeplitz matrices,
{T@wT)}; are lower-triangular Toeplitz matrices. the sum of these two types of ma-
trices should be a full Toeplitz matrix.

Then the matrix-vector multiplication T'd can be written as

Td = (T 4 7w AW (7 Cup) . plupT)y 4(2)
+AD (T(3up) + T(lupT)) +A® (T(4up) + T(ZupT)))d
(3.101)

— (7 (lup) (BupT)y A(1) (2up) (4upT)y A(2)
(T + T YAYd + (T + T YA d

+ A(l)(T(3up) + T(lupT))d + A® (T(4up) + T(2upT))d7
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because A and A® are diagonal matrices, AN (TGur) 4 T(urT)) and AR)(Twr)
T(QUPT)) are also Toeplitz matrices. So, we can implement the fast matrix-vector

multiplication to each part of the above expression.

Without loss of generality, we consider the first one of the four multiplications.

Here we write the Toeplitz matrix (70 4 TGwD) AL (1) as T©). Where

0 o 79 .19,
0 0 0
70 — Tg(?) 0 0 , (3.102)
0 0 0
TN T8l TNy o 0

in order to show the fast matrix-vector multiplication clearly, we denote ¢;_; =

E(jo), and the sub-indices could be replaced be one group of numbers. Then we shall

embed the N — 1 x N — 1 Toeplitz matrix T° into an 2(N — 1) x 2(N — 1) circulant

matrix C as follows

0 @¢nN 0 0
gn—2 0 qo-n 0
™ B _ )
C:= B = : qN_2 0 e : . (3103)
B T°
0 q2—N
0 0 e qN—2 0

For the N dimensional vector d, we embed it into a 2N — 1 dimensional vector w,

where

W= . (3.104)

And by previous studies, we know that the 2(N — 1) x 2(N — 1) circulant matrix

C has the following decomposition
C = F'diag(Fc)F, (3.105)
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we observe that T'd should be the first 2N — 1 entries of Cw.

Since F'is the 2(N — 1) x 2(N — 1) discrete Fourier transform matrix, and c
is the first column of C', we can conclude that F'¢c and Fw can be figured out in
O(2Nlog2N) operations by applying the Fast Fourier Transform (FFT). Then for our
numerical scheme, the matrix-vector multiplication 7'd can be evaluated in O(NlogN)
operations.

Then by considering the previous discussion about the tri-diagonal matrix A®"),
we shall conclude that by using our fast matrix-vector multiplication, Ad can be
carried out by O(NlogN) operations. So, if we implement our fast method to the
Conjugate Gradient Squared method, the computational cost should be O(NlogN)

per iteration.

3.7 EFFICIENT EVALUATION AND STORAGE OF THE STIFFNESS MATRIX

By previous discussion, we can see that the numerical scheme for the variable coeffi-
cient peridynamic model shall generate a 2N — 1 x 2N — 1 full stiffness matrix, and
since the standard situation of all the entries are different, then we need to store the
(2N — 1)? entries separately.

But after we write the stiffness matrix A as the sum of A®) and T', we can simply
store the 3N — 5 entries of A®). And for each part of 7' we only need to store 2N — 6
entries, since they are Toeplitz matrices with zeros on tri-diagonal entries.

Here we accurately stored the stiffness matrix without a loss of compression.

The next job is to discuss the computational cost of evaluating the stiffness matrix
A. We still consider it as two parts, A®) and T.

For the matrix T, as we did before, it has been considered as a sum of four parts,
and the Toeplitz matrix of each part just consists of entries we already evaluated.
The cost of the product of a diagonal matrix and a Toeplitz matrix is only O(N),

which is about
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(T(lup) + T(3upT))A(1),

and

(T(2up) + T(4upT)) A®)

Then we are going to consider the tri-diagonal matrix A®"). Since A is symmetric,
we only focus on the upper-diagonal and diagonal entries.

For upper-diagonal entries, let us recall the expression (3.74), which consists three
terms (3.76), (3.77) and (3.78). After we rewrite (3.76) and (3.78) as sums in terms
of a(xy + %), it can be found that each entry of the upper-diagonal need at least
O(N) operations to be calculated, and for all the N — 2 entries, the computational
cost should be O(N?).

And recalling the expression (3.85), which is about the diagonal entries, we can
say the same is true for one type of expression of diagonal entries. The computational
cost of evaluating diagonal entries would also be O(N?).

So we say it is necessary to accelerate the computational work of evaluating diag-
onal and sub-diagonal entries of the stiffness matrix.

In order to derive out the fast method of evaluating the entries of tri-diagonal,
we first consider the upper-diagonal entries. Without loss of generality, we recall the

expression (3.74), and simply write a;;41 as following

/” / b o) (¢i+1(yl)w__(b;llg))@(y) dydz (3.106)
:/b /ba(x) (¢i+1(y|)x—_¢;|r11£f))¢i(y)dmdy (3.107)
- N—1 b (mi et (i1 (y) — Piv1(x))

(ol + ) / 6:(v) / i dzdy, (3.108)
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since © = 1,..., N — 2, we can write all the entries of upper-diagonal as a vector
a®, where a* € RV~2 and it is a product of an N — 2 x N matrix A" and a vector
a € RV,

Furthermore, the entries Ag}:) can be expressed as

AR = /m o) /m o BinW) — (@) g g, (3.109)

i1 k ly — x|+
for k =i and k = ¢+1, which is corresponding to the term (3.77), we consider them
as the diagonal and upper-diagonal entries of A®™ | and after some simple operations
we can see A® has the Toeplitz structure.
In a general case, then we set x = x, + s, and y = z; + t where s € [0, h] and
t € [—h, h], so we shall have dz = ds, dy = dt, further more, let us recall the definition
of the hat function ¢(§) = 1 — ||, where

then (3.109) is equivalent to

AW — /h w(xl +i— xz) /h ¢(mi+t;m”1) _ w(azk-i-t;miﬂ)

(3.110)
t—(k—i—1)h

heot () = ()
:/—hw(ﬁ)/o |(ih—k)h+t—};|1+“/’

from the above expression, we can easily conclude that AEZ) only depends on the
value of i — k, which means the A®™ is a Toeplitz matrix.

Since we are going to implement the fast matrix-vector multiplication, we first
expend the N —2 x N matrix A® to an N x N matrix. Here we just need to attach

two rows to the bottom of A", which with the entries do not change the Toeplitz

structure of A,
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Here we can embed the N x N Toeplitz matrix A™ into an 2N x 2N circulant

matrix O as follows

0  q-n 0 0
AW B gn—2 0 @.nN ... 0
oW = S g BW:=| : gy, 0 . i |, (3111)
0 G2—-N
0 0 cee gN_2 0

we use the amended notation of g;_; in above matrix, which is ¢;_; = A

Then use the decomposition of 2N x 2N circulant matrix
C™ = F~ldiag(Fc™)F, (3.112)

where ¢ is the first column of C™.

The N dimensional vector then need to be embedded into a 2N dimensional
vector, which has zeros on the N 41 to 2N entries. And the first N — 2 entries of the
product of the 2N x 2N matrix and the 2N dimensional vector is the upper-diagonal
we are seeking.

As we discussed before, the computational cost of evaluating the sub-diagonal
entries of A can be reduced to O(NlogN).

For the diagonal entries, we recall its expression (3.85), and rewrite a;; as

/b /b o(z) (¢i(y|)x—_¢;(|1$23¢i(y) dydz (3.113)
_ /b /ba($) (¢i(y|)x—_¢;(|23¢i(y)dxdy (3.114)

g(a(ﬂck + g) /m mj ¢i(y) /m e (uly) = ¢i($))dxdy, (3.115)

1
k ly — [+
with a similar discussion, we can write all the entries of diagonal as a vector a(®,

where a(¥ € RV~1 and it is a product of an N — 1 x N matrix A® and a vector
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Where Al(-,f) can be written as

AD _ /;i“ oi(y) /:kﬂ (¢i(y) = i(x)) ddy

i1 k ly — x|+

. — 7. Titt—Tip1\ ) Tptt—z,
h x4t :L‘Z)/Ohw( - ) — . ) _

N —hw( h |z; — )+t — st

TR o (= R)h +t— s
then we come to the same conclusion, AZ(-Z) only depends on the value of ¢ — k, so
A has the Toeplitz structure.
Here we just repeat the works we did for upper-diagonal entries of A, and we

can get all the diagonal entries of A with O(NlogN) operations without any loss of

compression.

3.8 NUMERICAL EXPERIMENTS

In this section, we shall use sequence of numerical experiments to show the priorities
of our fast method. Here we use Gaussian elimination, conjugate gradient squared
(CGS) method, and fast conjugate gradient squared(FCGS) method to generate Mat-
lab codes, and ran them in a 16GB-ROM laptop.

In our numerical experiments, we set the spatial domain (a,b) = (0,1), and the
real solution u(z) = (1 —x)?(1+ z)?, with the variable coefficient a(x) = 1 —2?. And
the analytic expression of right-hand side term b(x) could be found out in each point

x;. We shall use different v in the kernel function o(z,y) = | to show that for

our simplified model, the effect of v on convergence rate and speed has been limited.
Example 1. We set v = 1/10, and let N be from 2% to 2'2. We shown the
numerical solution in Table 1.

Example 2. We set v = —1/2, and let N be from 2 to 2'2. 'We shown the

numerical solution in Table 2.
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Table 3.1:

Convergence of the Gaussian elimination, the conjugate gradient

squared(CGS) method, and the fast conjugate gradient squared(FCGS) method.
~v=1/10

h "], # of Iter. | CPu Time
275 | 2.28624498¢ — 03 - 0.40s
277 | 8.88216468¢ — 04 — 1.51s
278 | 3.31472991e — 04 — 6.02s
Gauss | 277 | 1.20887038¢ — 04 — 23.79s
27101 4.34995144¢ — 05 — 103.08s
271 | 1.55277259¢ — 05 - 499.92s
27121 5.41799011e — 06 — 2495.76s
275 1 2.28624498¢ — 03 31 0.38s
277 | 8.88216468¢ — 04 47 1.49s
278 | 3.31472991e — 04 62 5.81s
CGS | 279 | 1.20887038¢ — 04 78 22.66s
27101 4.34995144¢ — 05 94 91.39s
271 | 1.55277259¢ — 05 110 364.27s
27121 5.41799011e — 06 125 1457.31s
275 | 2.28624498¢ — 03 31 0.07s
277 | 8.88216468¢ — 04 47 0.12s
278 | 3.31472991e — 04 62 0.25s
FCGS | 279 | 31.20887038e — 04 78 0.61s
27101 4.34995154¢ — 05 94 1.60s
271 | 1.55277269¢ — 05 110 7.17s
27121 5.41798742¢ — 06 125 42.65s
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Table 3.2:

Convergence of the Gaussian elimination, the conjugate gradient

squared(CGS) method, and the fast conjugate gradient squared(FCGS) method.
v=-1/2

h "], # of Iter. | CPu Time
275 1 2.99603704¢ — 03 = 0.40s
277 | 1.13013076e — 03 — 1.51s
278 | 4.12885038¢ — 04 — 5.94s
Gauss | 279 | 1.48412795¢ — 04 — 23.69s
2710 1 5.29108864¢ — 05 — 101.36s
2711 1 1.87798603¢ — 05 — 476.01s
2712 1 6.67340814¢ — 06 — 2481.82s
275 1 2.99603704e — 03 30 0.35s
277 | 1.13013076e — 03 43 1.47s
278 | 4.12885038¢ — 04 o1 5.75s
CGS 279 | 1.48412795¢ — 04 5D 22.93s
2710 1 5.29108864¢ — 05 59 90.11s
2711 1 1.87798603¢ — 05 61 357.93s
2712 1 6.67340814¢ — 06 63 1435.33s
276 1 2.99603704¢ — 03 30 0.08s
277 | 1.13013076e — 03 43 0.11s
278 | 4.12885038¢ — 04 o1 0.22s
FCGS | 279 | 1.48412795¢ — 04 5D 0.53s
2710 1 5.29108866¢ — 05 59 1.25s
2711 1 1.87798605¢ — 05 61 6.35s
2712 1 6.67340804¢ — 06 63 41.46s
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Example 3. We set v = —3/4, and let N be from 2 to 2'2. We shown the
numerical solution in Table 3.

Table 3.3: Convergence of the Gaussian elimination, the conjugate gradient
squared(CGS) method, and the fast conjugate gradient squared(FCGS) method.

v =—3/4
h "], # of Iter. | CPu Time

276 1 3.13988161e — 03 — 0.38s
277 | 1.17614357e — 03 — 1.51s
278 | 4.28042187¢ — 04 — 5.83s

Gauss | 279 | 1.53545358¢ — 04 — 23.82s
2710 1 5.46819955¢ — 05 — 105.67s
2711 1.94029476e — 05 — 473.42s
2712 | 6.87573759¢ — 06 — 2494.09s
276 1 3.13988161e — 03 30 0.35s
277 | 1.17614357¢ — 03 40 1.50s
278 | 4.28042187¢ — 04 45 5.69s

CGS 279 | 1.53545358¢ — 04 49 22.71s
2710 1 5.46819955¢ — 05 51 91.25s
2711 1.94029476e — 05 52 361.35s
2712 | 6.87573761e — 06 23 1504.99s
276 1 3.13988161e — 03 30 0.07s
277 | 1.17614357e — 03 40 0.11s
278 | 4.28042187e — 04 45 0.21s

FCGS | 279 | 1.53545358¢ — 04 49 0.47s
2710 1 5.46819955¢ — 05 51 1.22s
27| 1.94029478e — 05 52 2.59s
2712 | 6.87573728¢ — 06 23 41.39s

=1/2, and let N be from 2° to 2'?. We show the numerical
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solution in Table 4.

Table 3.4:

v=1/2

Convergence of the Gaussian elimination, the conjugate gradient
squared(CGS) method, and the fast conjugate gradient squared(FCGS) method.

h "], # of Iter. | CPu Time
276 1 1.51193824¢ — 03 — 0.37s
277 | 5.91400260e — 04 — 1.52s
278 | 2.22326309¢ — 04 — 5.71s
Gauss | 279 | 8.18392023¢ — 05 — 23.26s
27101 2.97512041e — 05 — 102.87s
271 1 1.07314245¢ — 05 - 471.01s
27121 3.85395494¢ — 06 — 2476.10s
270 | 1.51193824e — 03 30 0.35s
277 | 5.91400260e — 04 45 1.48s
278 | 2.22326309¢ — 04 66 2.58s
CGS 279 | 8.18392023¢ — 05 95 22.38s
27101 2.97512040e — 05 130 90.39s
2711 1.07314243¢ — 05 174 359.51s
27121 3.85395526¢ — 06 225 1465.47s
270 | 1.51193824e — 03 30 0.06s
277 | 5.91400260e — 04 45 0.11s
278 | 2.22326309¢ — 04 66 0.24s
FCGS | 279 | 8.18392020e — 05 95 0.65s
27101 2.97512051e — 05 130 1.67s
2711 1.07314248¢ — 05 174 8.16s
27121 3.85395541e — 06 225 43.56s

Example 5. We set v = 3/4, and let N be from 2°¢ to 2'2. We show the numerical

solution in Table 5.
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Table 3.5:

Convergence of the Gaussian elimination, the conjugate gradient

squared(CGS) method, and the fast conjugate gradient squared(FCGS) method.
v=3/4

h "], # of Iter. | CPu Time
276 11.00901433¢ — 03 — 0.40s
277 | 3.88438683¢ — 04 — 1.50s
278 | 1.42639480e — 04 — 5.99s
Gauss | 279 | 5.13222513e — 05 — 24.00s
27101 1.83050672¢ — 05 - 102.04s
271 | 6.50495908¢e — 06 — 478.13s
27121 2.31089586e — 06 — 2583.39s
276 11.00901433¢ — 03 31 0.39s
277 | 3.88438683¢ — 04 49 1.49s
278 | 1.42639480¢ — 04 75 5.69s
CGS 279 | 5.13222514¢ — 05 111 23.32s
27191 1.83050673¢ — 05 154 93.23s
271 | 6.50495937¢ — 06 222 370.92s
27121 2.31089598¢ — 06 329 1491.85s
276 11.00901433¢ — 03 29 0.08s
277 | 3.88438683¢ — 04 49 0.14s
278 | 1.42639480e — 04 71 0.27s
FCGS | 279 | 5.13222518¢e — 05 111 0.86s
27191 1.83050696¢ — 05 154 1.91s
271 | 6.50496581e — 06 221 8.38s
27121 2.31089500e — 06 328 47.38s
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Here we conclude that, for variable-coefficient peridynamic models, we need to
consider the stiffness matrix as a sum of several Toeplitz matrices and diagonal ma-
trices. The fast Fourier transforms and matrix-vector multiplication will cost more
time for computational works than the constant-coefficient problems. Especially for
the problem we considered in this chapter, the diagonal entries need a long time to be
evaluated. By implementing our fast method, when the mesh size goes to 2! we only
need 42s, the CGS needs 24m17s, and normal Gaussian elimination takes 1h60m36s to

get the numerical solution, which has significantly improved computational efficiency

without loss of accuracy.
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CHAPTER 4
A FAST COLLOCATION METHOD FOR A TwO
DIMENSIONAL VARIABLE-COEFFICIENT NON-LOCAL

DirrusioN MODEL

4.1 INTRODUCTION

In this chapter, we develop a fast numerical method for a two dimensional variable-
coefficient non-local diffusion model for describing a heterogeneous finite elastic bar.
We shall introduce the two dimensional variable-coefficient non-local diffusion model
in section 2, and develop the fast method in section 3. Finally, we will use numerical

experiments to show the computational superiority of our fast method[34, 39].

4.2 A VARIABLE-COEFFICIENT NON-LOCAL DIFFUSION MODEL AND ITS BI-LINEAR

COLLOCATION DISCRETIZATION

In this section, we first introduce a two dimensional variable-coefficient non-local
diffusion model, and then derive the collocation scheme to search for a numerical

solution.

A variable-coefficient non-local diffusion model

The two dimensional variable-coefficient non-local diffusion model can be expressed

as
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/BJ(W) (a(z,y) +a(z',y))o(z — 2",y — ¢)

(u(z,y) —u(a’,y'))dx'dy’

(4.1)
= f(z,y),  for(z,y)€Q
u(z,y) = g(z,y), for (z,y) € Qc.
Here we specify that
B 1
o(x,y) = (22§ 2 (4.2)

where s shows the singularity of the kernel, and «a(z,y) is the elasticity coefficient
which has positive lower and upper bounds[47].

Furthermore, we define €2 as a rectangular area, and § > 0 as the horizon param-
eter of the material. We again see f(z,y) as the prescribed source term and u(z,y)
as the density of the diffusing material.

The neighborhood of the material around the area (z,y) can always be defined as

an open area by | - |, as following

Bs(x,y) ={(«",y) € QU Q. : [(x — 2’,y — ¢/)], < 6}, (4.3)

with

(J27 +1y17) ", 1< p < +o0,
’(x?y)‘p =
max{|x\, ]y\}, p = +o0.

In this paper, we consider Bs(z,y) as an open disk with the radius § and center

(x,y), which means p = 2.

88

www.manharaa.com



A collocation discretization of the two dimensional

variable-coefficient non-local diffusion model

To derive the collocation method, we set the rectangular area to be an open domain,
where Q2 = (0,zr) x (0,yr)[2]. And marked that Az = zg/I and Ay = yr/J, where
I and J are integers which tell the mesh density. Then we shall define a uniform
spatial partition z; = iAx for i = 0,1,...,] and y; = jAy for j = 0,1, ..., J. In order
to complete the partition in the whole field 2 U Q, it is necessary to extend (z;, y;)
fori=-K,-K+1,...,-1,0,1,... ]+ Kand j=—-L,—-L+1,...,—-1,0,1,.... J+ L

where K and L are the ceilings of 6/Axz and §/Ay. We write them as

K = [§/Ax], L= [§/Ay].

Then we introduce ¥(§) = 1 — ||, for £ € [—1,1] and 0 otherwise. Now we can

define the two dimensional pyramid function ¢; ;(z,y) as

T — T Y—Y . .
. — <1 < <1< .
¢z,](x7y) w( Al‘ )¢( Ay )7 O_Z_I,O_]_J, (44)
and the trial function u should be
I J
'U,(.T,y) = Zzuz,]¢z,](x7y)a (xay) S Q (45)

i=0 j=0

Since u(x;,y;) = g(x4,y;) when ¢ = 0,1 and j = 0, J, we carry out the governing
equation (4.1) at the collocation points (z;,y;) fori =1,2,...,/—landj=1,2, .., J—

1. And then we write the collocation formulation as follow
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/

/Bé( Y )(a(xi7yj) + a(ﬁ/,y/))g(wi -,y — yl)
Ti,Y;j
(u(zy,y5) —ula’,y'))da'dy’

= f(wiyyj)

1<i<I-1,1<j<J—1
Next, we substitute u(z’,y’) by the trial function, so we replace (i,7) by (¢, j)

and (x,y) by (2/,7') in (4.5). The collocation numerical scheme can be written as

/ (s y;) +al@y)o(z — 2’ y; — )
Bs(x4,y5)
I J
(u(w, yy) = D D wryur (2’ y))da'dy’
=050 (47)
= f(xla y])
1<i<I—1,1<j<J—1.

After manipulations, we can have

ulesyy) [, (aleiy) +aly)
Zi,Yj

0,(1:Z _ xl,yj _ yl)(l _ ¢i’j(x,,yl))dx/dyl

=S g [ (alwny) +aley)

i1 1A Bs(xi,y5) (4.8)
0,(1:Z _ fL',, y] _ yl)d)il’jl(xl, yl)dx/dyl

= f(l’z, yJ)
1<i<I-1,1<j<J-1.

A — 1), we define N dimensional vectors
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T
u = [u1,1,uz,1, ceUr—1,1, U112, U225 +ey UT—1,25 -+, UL, J—1, U2, J—-1, ---aUI—l,J—l] )

(4.9)
F=1fia fots o froi frzs fozs oo f1m120 oo fru—1s fog—ty ooy fo10-1)"
furthermore, we defined the global indices m and n as
—(-DI-1)+i, 1<i<I-1,1<j<J—1,
(4.10)
n=(G -DI-1)+i, 1<i<I-1,1<j<J-1.
Obviously, m and n are related to (7, 7) and (¢, j'),
then the matrix form of our collocation method can be expressed as
Au = f,
and the entries of N x N stiffness matrix {A}} _, should be defined by
Ama= [ (alws ) + ala',y)
By (z4,y5)
(4.11)

O-(xi - xlv yj - yl) (5m,n - ¢i’,j’ (l‘l, y/))dffldy/,
dm,n is the characteristic function, such that d,,, = 1 for m = n or 0 otherwise,

and the entries of {f}Y¥_, could be written as

fo=fwoy)+ 35 [ (a(y) +oly)

i""=0,I j"=0,J 35 wz,y]
(4.12)

o(z; — ' y; — y)g(wim, yjr) i (2", y))da'dy’,
here the indices (i”,j”) do not only refer to the boundary spatial nodes of €,
but also the spatial nodes on €2, the supports of whose basis function ¢;~ ;» has an
non-empty intersection with the neighborhood Bs(x;,y;) of the node (x;,y;).

In consideration of physical relevance, our fast method does not rely on the as-

ial property 0 depends on the computational mesh size. Then
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the block structure stiffness matrix is almost a full matrix when the mesh size is small
enough. Moreover, unlike the constant coefficient problem, the stiffness matrix does
not have a clear Toeplitz structure. So we will discuss the structure of the stiffness

matrix, and go on to develop our fast method of the variable-coefficient problem.

4.3 DEVELOPMENT OF THE FAST COLLOCATION METHOD

In this section, we shall start with the discussion about the entries of the stiffness A
from previous section, and then decompose the stiffness matrix based on its corre-

sponding structure. Finally, we shall show the fast method([3, 6].

The entries of the stiffness matrix

By previous discussion, we already found the expression of the entries of the stiffness

matrix A. We rewrite A by one step manipulation

/

Am,n - Oé(l‘z‘, yj) / O-(mi — T, Y — y/)
Bs(zi,y5)

(6m,n - ¢i’,j’($l7 y/))dl',dy/
(4.13)

+ [ ety —y)
Bs(zi,y;5)

(O — G (2!, y))da'dy' .

Then we shall introduce several important theorem in order to get our fast method.

Decomposition of the stiffness matrix

The following theorems could be deduced from before (4.13).

Theorem 4.1. The stiffness matriz A of the collocation method of previous variable
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coefficients non-local diffusion model can be written as
A=DAW 4 Ad® 4 AC-D DO L AC-2 D@ L A3 pB) L 42-4) pH)

, where Ad is a diagonal matriz.

Proof. Let us recall the formula (4.13) we derived before, and simply discuss it as a

sum of two terms. For the first term,

Oé(.’]?i, y]) / O-(xi - .’L'/, yj - y/)(dm,n - ¢i’,j’(x/7 y/))dx,dy/

Bs(z4,y5)

let it correspond to DA™ and then we can have the entries of D and the entries

of AM where

Dm,m = a(xiayj)a (414)

which is a diagonal matrix with

Ag)n = / o(x; — 'y, — )
' Bs(z4,y5)
(4.15)

(5m,n - ¢i’,j’ (iL’l, y,))d.’,(}/dyl
Here m and n are the global indices defined by (4.10).
For the second term, we discuss it in two cases.

The first case, when m = n we have
/ a(xlu Z//)U(xz‘ - xla y] - y/)(l - (151,1 (xlu y/))dx,dyl
Bs(xi,y5)

then we let Ad® be a diagonal matrix, and all the diagonal entries are defined by
the above expression.
For the second case, we consider that m # n. Before our discussion, we introduce

pproximation of(x,y) to approximate a(z,y)
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al(x’ y) = i]il Zy:l Oz(ﬂ?i_'_%, yj-l—%)l[xi,wi-s-l)x[yj»yj-t-l)(m, y)7
(4.16)

(l‘,y) S [O,ZL‘R] X [anR]~

And then we can have

/ oz y)o(x; — 2’ y; — v ey (2, Y )da' dy'
Bs(xi,y5)

! ! / / ! / ! /
— alz,y)olx;, — 2,y — Yy qﬁi/"/x,y dz'dy
Bg(mi,yj)ﬁsupp(@/’j/) ( ) ( J ) J ( )

= a(l,/, y,)O'(.Tz _ .'I/'/, y] o y/)¢i/’j’(x,, yl)d.%‘/dy/

Bs (@i,y5)N[@s @5 41) X (W09 41)

/ a(@,y)o(zi — ' y; — y)ow (2’ y)da'dy
B (i)l 1@y ) X [Y;r,95041)

/ O‘(x/a y/)a(xi - xla Y — y')@v,j/ (xl, y')dx’dy’

Bs(@isy)N[wyr_1,2) X[y _1.Y51)

a(e’,y)o(z; — 2 y; — ) gw (2, y)da'dy,
(4.17)

\/B(; (:L‘i,yj)ﬁ[mi/ ’mi’+1) X [yj/_l ,y]«/)

by substituting ! for « in the above expression, which is then written as
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[ a@ )o@ =o'y~ y)bos (o )do'dy
Bs(4,y5)

= a(xi’—i-%a yj’+%) /

Bs(@a,y5)0 25wy 1) X [Y50,95041)

/

o(zi —a',y; —y)gw (2", y ) da'dy’

+a(xi,_%,yj,+%)/

Bs(isy)N[wy 15wy ) X [Y;:950 41)
o(z; — 2, y; — Y ) vy (2, y)da' dy (4.18)

+al@y )
Bs(wi,y;)0[@yr o) X[y _1,y;0)

O'(J,‘i _ 17’, y; — yl)¢i’,j’ (:L‘/, y’)dl‘/dyl

+a(xi,+%,yj,_%)/

Bs(@iyyi)N[2y w0 1) X [Yy7 _1:Y57)

o(zi —2',y; — y)w y (2, y)da'dy'.
Now we shall observe that D™, D@ DG and D® are diagonal matrices, and

their diagonal entries can be written as

D7(11,7)7, = O‘(xi'-y-% ) ?/j/+%)

(4.19)
D(4) = a(xi/—l—%?yj’—%)?

and let the entries of AC=1 AR-2 AC=3) A=Y be expressed as following
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AR-D /
e B5(xi7yj)m[wi’7wi’+1)x[yj/vyjq_l)
O’(.'L'/L _ .’If/, yJ _ y/)(bqj’,j’(zl, yl)dl'/dy,

Az = |

Bs(@i,yi)0 [z _1,2 )X [Y;095011)

O-(xz _ CE’I, y] _ yl)¢i’7j’(x/7 y/)dx/dyl
(4.20)

agy— |

Bg(mi,yj)ﬂ[wi/_l,mi/)X[yj/_l,yj/)
O-(xl _ x/,yj _ y/)qsi/’jl(x/, y/)dx/dy/

agh— |

Bs(@i,y)0 @2y 00) X[y _1.Y51)

oz — @', y; — o )pw o (2, y)da'dy'

In conclusion, the stiffness matrix A can be written as

A= DAD 4 Ad® L AC-D PO L AC-2 D) L A@-3) nB) 1 A=) p@)
O

Theorem 4.2. Let Bs(z;,y;), K, and L are defined as before in section 1, while
the matrices A, A1 AC=2) - AC=3) " 4nd AC=Y have block- Toeplitz- Toeplitz-block
structures with corresponding blocks, and matrices D, D, D@ DG DWW gre all

diagonal matrices.

Proof. By definition in theorem 1, D, D, D@ D®) D® are all diagonal matrices.

Moreover, we can easily find that

AW = AqW 4 AC-D 4 A@2=2) | A(2-3) 4 A(2-4)
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, where Ad™) contains all the diagonal entries of A1), If we proved that AZ~Y AC=2),
AC=3) and A®~% have block-Toeplitz-Toeplitz-block structures and all the diagonal
entries of Ad' are a constant, we can say A1) is also a block-Toeplitz-Toeplitz-block
matrix.

We are going to prove that AC=1 AC-2 AC=3) and A®~% have block-Toeplitz-
Toeplitz-block structures. Let us recall (4.20), where it was found that AZ~1  A(2=2)
A3 and A®~% have similar structures, then we can just prove that A®~Y has a
block-Toeplitz-Toeplitz-block structure.

For convenience, we denote that P = A®~1 and

Pm,n = /
B(;(zi,yj)ﬂ[mi/ ,mi/+1)><[yj/,yj/+1) (4 21)

oz — Yj — y/)¢i',j' (2, y)dx'dy,
it can be observed that when Bs(z;,y;) N [Ty, Ty41) X [yj7, yj+1) is not empty set,

P, # 0. Then we can investigate that P has 2L bands of blocks,

Ql,l Q1,2 L Ql’L o 0
Q2’1 Q2,2
: ) ) . . Q71
P= : (4.22)
QL+1,1 e . QL+1,L+1 :
QJ—Z,J—I
0 L QJ—I,J—L—l o QJ—LJ—Z QJ—I,J—I

and each block P77 has 2K bands of non-zero entries
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JJ JJ J
a1 q12 e 0
Jrg’ J»g’
271 22
o
%
- CIJZ—K,I—I
Q' = (4.23)
qj,j' JsJ’
K+1,1 dK+1,K+1
73"
qr=2,1-1
55" j»g" 353"
0 Q}—I,I—K—l 9}—1,1-2 dr°1,7-1

Here we will prove that P has a block-Toeplitz structure first, and the prove that
each block of P is a Toeplitz matrix.

In order to prove that P has a block-Toeplitz structure, we need to show that
for any ji, 7 and jq, b, Q79 = Q7292 if §, — ji = jo — jb. Let P,y and P, ., be
the corresponding entries of Q771 and (7272, and then investigate the corresponding

global indices

mi=0h— DI =1+, 1<i<I-11<j<J-1,

=0 -l -1+, 1<i<I-1,1<j<J-1

(4.24)
my=(jo—1)(I =1)+i, 1<i<I-1,1<j<J—1,
ny = (jb — 1)(I — 1)+,

then by the formula (4.21), we have

1<i<I-1,1<j<J-1,
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gl
_ J1J1
Pml,nl - qi,i’

- (4.25)

BB(mivyjl)m[wi/7wi/+1)x [y]i 7yj1+1)

o — ', yj —y)bw g (2, y)da'dy'.

Here we introduce the following substitution

xlzxi—’_x: ylzyj+y,

and replace 2’ and ' in the basis function ¢y j(2’,y’). Through simple transfor-

mations, we have

/ /
Loy A — X — Xy Yy =y,
br.y(@y) =¥ Ax )l Ay )
=¥ Az )U( Ay )
(4.26)
— x/ — T4 Yy — y]'—_]
= di_ij—i(2,y).
The formula (4.25) has the following equivalent transformation
P = qjl"]:,l-
m1,m1 0,8
B -z, =Y) i it —j, (z,y)dzd
B5(0,0)n[0,Az) x[0,Ay) o(=,-y)¢ J1—01 (z,y)dxdy
(4.27)

= U _.,L', - IR x, dxd
Bs(0,0)N[0,Ax)x[0,Ay) ( y)@ 1,5 Jz( y) Y

_ P _ j27jé
T m2,ng T qi,i/ )
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then we are going to prove that each block is a Toeplitz matrix. We do the same
substitution, and show for any Q7' if iy — i} = iy — i}, qgljz’l = qujzlz should always

be true.

By introducing the global indices

my3= (G-I —1)+i, 1<i<I-1,1<j<J-1,

ns=0G -DI -1 44, 1<#<I-11<j<J-1

(4.28)
mi= G-I —1)+i,, 1<ip<I-11<;j<J—-1,
ng= (G —)(I—=1)+iy, 1<ih<I-11<j<J-1
We investigate that
P ms,n3 qgij,;/l
= —x, =)y i w_:(x,y)dzd
B5(0,0)n[0,Az) x[0,Ay) 7= =Y)0 -~ (T, y)dvdy
(4.29)

— — — il o il — i , d d
B;(0,0)N[0,Az)x[0,Ay) o=z, y)¢2 2t~ (@ y)dady

= Ponyns = @25
Now we conclude that A?~1 has a block-Toeplitz-Toeplitz-block structure. Since
the proofs of A%~ AC=3) and A®~% are almost the same, we will not repeat the
proof.
Next, we are going to show that all the diagonal entries of Ad") are a constant.

By recalling (4.13) and doing the same substitution, the proof is obverse.
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Ad(2_2):/ oz — 2, y; — v
m,m B (i) ( i Y;j y)

(1= ¢y (2, y))da'dy
(4.30)

(1= poo(w,y))dxdy,

which is a constant and does not depend on m.
Finally, we conclude that matrices A, A1 AC=2) AC=3) and A®-Y have
block-Toeplitz-Toeplitz-block structures.
O

Theorem 4.3. The matriz-vector multiplication Mwv is obtained in O(NlogN) oper-
ations, if M is an N x N block-Toeplitz- Toeplitz-block matriz with (J — 1) x (J — 1)
blocks, each block is a (I —1) x (I —1) Toeplitz matriz, and v could be any N dimen-

stonal vector.

Proof. Without losing generality, we consider a block-Toeplitz-Toeplitz-block matrix

as the following

My My ... My ... 0
M.y M
T S
M = , (4.31)
M—L '.' '.' MO '.. .
M,y
0 ... M, ... My M,

which has 2L + 1 Toeplitz blocks, and each block has 2K + 1 bands of Toeplitz

entries like the following
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m my my/
m® m{?
v :. mgz) | @)
m(_l)K ooomb :
)
0 m(_Z)K m@l m”

We then embed each block into an 2(I — 1) x 2(I — 1) circulant matrix, where

M; M,
Ci=| , (4.33)
M; M;
and let E be
0 ... 0 m%% ... om%
0
N 0o - . - .omb
M= . (4.34)
O (T
mgi) o m%) o ... 0
Now we have a block-Toeplitz-circulant-block matrix C
Co Cl Ce CL e 0
C, Cp
N 011
C = . (4.35)
C. - . Cy - :
4
0 R C_L c. 0_1 CO

Finally, the block-Toeplitz-circulant-block matrix C' should be embedded into a

block matrix B, where
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c C
B=1_ , (4.36)
c C
and C is defined as
0 0 C_ C_,
0
R 0 o o,
C= ) (4.37)
ci, ... C, 0 ... 0

Here the first column b should have all information of the matrix B. Let Fy;_1)®
Fyr—1y be the two dimensional discrete Fourier transform matrix, the the Fourier
transform b of ¢ could be written as (Far-1) ® Fo—1))b. Since the block-circulant-

circulant-block matrix B has the decomposition

(Foy—1) ® F2(I—1))_1diag(?7)(FQ(J—l) ® Fa-1),

we then work on the NV dimensional vector v[8, 11, 21]. Because N = (J—1)(/—1),

we write v = [v(1), V(), ..., V—1))* s where v(j) = [v1 4, vaj, ..., v7_15), for 1 < j < J—1.

Our goal is to expand v to an 4N dimensional vector, so we first expand it to a 2NV
dimensional vector by setting v?N) = [v(1), 0, v(2), 0,..., V(J-1)s 6]T, where 0 is an [ — 1
dimensional 0 vector. Then we have v*N) = [vV) 07 where 0 is a 2N dimensional
Zero vector.

Since (Foy-1) @ Fy 1_1))1)(4N ) and the Hadamard product of ¢ and any 4N dimen-

sional vector can be carried out in O(NlogN) operations. Mv can be carried out in

O(NlogN) operations, which is a part of Bv(*N),
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Since the stiffness matrix A is no longer symmetric, we prefer a conjugate gradient
squared method to search for numerical solutions. Based on the above theorem, we

can consider the matrix-vector multiplication Ad; as
(DAD 4+ Ad®) + ACD DO 4 AC-2 D@ | AC-)DE) 4 429 DE) g,

which only involves Hadamard production and block-Toeplitz-circulant-block matrix-

vector production, so the computational cost will be reduced to O(NlogN).

4.4 NUMERICAL EXPERIMENT

Since for the two dimensional variable-coefficient non-local diffusion model, we need
to use numerical integrals to generate five Toeplitz matrices, one diagonal matrix,
and the right-hand side terms, the shall use one small mesh size with N = 25 to show
the performance of our fast method. And based on previous study, we conclude that
the advantages of our fast method are more obvious at larger mesh size.

Let the spatial domain be (0,1) x (0,1) and 6 = 1/8, and the kernel function

o(x,y) be expressed as

1

—_— 4.38
(22 4 42)1+ ( )

o(z,y) =

here we choose u(x,y) = z(1 — x)y(1 — y) as the true solution of the problem
(4.1), and use it to define the value of u on the boundary zone §2., which means
u(z,y) = x(1 — z)y(l — y) on the whole field 2 U Q.. The variable coefficient is
defined as a(z,y) = 1 + 16e(z — 5)*(y — 3)?, where € is a small constant. Without
loss of generality, we chose the same grid size in both the x and y directions i.e.,

Az = Ay = h. And the right-hand side term f(z,y) at each collocation point can be

computed by numerical integration.
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Then we implement the Matlab codes of standard Gaussian elimination (Gauss),

conjugate gradient squared(CGS) method, and fast conjugate gradient squared (FCGS)

method in a 16GB-ROM laptop.

Table 4.1: Gaussian elimination, conjugate gradient squared(CGS) method, and fast
conjugate gradient squared(FCGS) method. 6 = 1/8

S le"]| L, # of Tter. | CPU Time
0 | 7.75185824e — 03 = 28.97s
Gauss | 1/4 | 1.26690474e — 02 — 29.18s
3/8 | 1.83823456e — 02 — 37.81s
0 | 7.75185824e — 03 14 20.02s
CGS 1/4 | 1.26690474e — 02 28 21.22s
3/8 | 1.83823456e — 02 36 21.58s
0 | 7.75185824e — 03 26 0.46s
FCGS | 1/4 | 1.26690474e — 02 56 0.87s
3/8 | 1.83823456e — 02 72 1.08s

In conclusion, we found that the standard Gaussian elimination (Gauss), conju-

gate gradient squared(CGS) method, and fast conjugate gradient squared (FCGS)

method have the same error, but the fast conjugate gradient squared method only

needs 1/40 of times of conjugate gradients quared method in searching the numerical

solution of the problem (4.1) when N = 2°, which becomes much more significant

for a larger grid size. Also, the number of iteration depends on the kernel function

1
‘$2+y2|1+s

[16, 15]. When s < 0, we have a better convergence rate and less iteration

steps, and when s is close to 1, the singularity of the kernel function will cause more

iteration steps.
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