Chapter 8

Issues of the FE Method
in one space dimension

Boundary Conditions, Implementation & the Lax-
Milgram Lemma

8.1 Boundary conditions

For a second order two-point boundary value problem, typical boundary conditions (BC)
include one of the following at each end, say at x = x;,

1. a Dirichlet condition, e.g., u(z;) = u; is given;

2. a Neumann condition, e.g., u’(z;) is given; or

3. a Robin (mixed) condition, e.g., au(z;) + Bu'(z;) = v is given, where o, 3, and v
are known but u(x;) and u'(x;) are both unknown.

Boundary conditions affect the bilinear and linear form, and the solution space.

Example 8.1.

For example
T exatiple, —u’ = f, 0<z<l,

u(0) = 0, u'(1) =0,
involves a Dirichlet BC at x = 0 and a Neumann BC at x = 1. To derive the weak form,
we again follow the familiar procedure:
/ —u"vdx */ fvdx,

—u’ v)p + /uvda:—/ fvdz,
—u/(l)u(1)+u/(0)u(0)+/ uvdw—/ fodz.

For a conforming finite element method, the solution function of u and the test functions
v should be in the same space. So it is natural to require that the test functions v satisfy
the same homogenous Dirichlet BC, i.e., we require v(0) = 0; and the Dirichlet condition
is therefore called an essential boundary condition. On the other hand, since u'(1) = 0,
the first term in the final expression is zero, so it does not matter what v(1) is, i.e., there
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176 High order FE method, BC, Implementation & the Lax-Milgram lemma

is no constraint on v(1); so the Neumann BC is called a natural boundary condition. It
is noted that w(1) is unknown. The weak form of this example is the same as before for
homogeneous Dirichlet BC at both ends; but now the solution space is different:

(W', v') = (f,v), Yo e Hg(0,1),
where  Hp(0,1) = {v(z), v(0)=0, ve H'(0,1)},

where we use the subscript E in Hg(0,1) to indicated an essential boundary condition.

8.1.1 Mixed boundary conditions

Consider a Sturm-Liouville problem

—(pu) +qu=Ff, m<xz<zr, p(T)>Pmin>0, gq(z)>0, (8.1)
w@) =0, au(z,)+Bu'(z)=v, B#0, % >0, (8.2)

where a, 3, and v are known constants but u(z,) and u'(x,) are unknown. Integration by
parts again gives

—p(z ) (zr)v(zr) + pla)u’ (z)v(z) + / 7. (pu'v' + quv) do = / ' fvdx. (8.3)

As explained earlier, we set v(z;) = 0 (an essential BC). Now we re-express the mixed BC
as

u (z,) = %u(w) : (8.4)

and substitute this into (8.3) to obtain
_p(%)v(w?)%u(x’“)_s_/ (oo’ + quv) dx:/ fvdzx
Ty Ty

or equivalently

/ - (pu/v/ + quv) dx + %p(xr)u(xr)v(xr) — / . fodz + %p(l‘r)v(l'r), (8.5)

which is the corresponding weak (variational) form of the Sturm-Liouville problem. We
define

a(u,v) = / (pu'v' + quv) dz + %p(w,«)u(m)v(w,«), the bilinear form , (8.6)
z

L(v) = (f,v) + =p(zr)v(zy), the linear form. (8.7)

(2

We can prove that:

1. a(u,v) = a(v,u), ie., a(u,v) is symmetric;
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2. a(u,v) is a bilinear form, i.e.,
a(ru+ sw,v) = ra(u,v) + sa(w,v),
a(u, v + sw) = ra(u,v) + sa(u,w),
for any real numbers r and s; and

3. a(u,v) is an inner product, and the corresponding energy norm is

lulla = /a(u, u) = { / (pu®+ qu) da+ gp(mu(w}

1
2

It is now evident why we require 8 # 0, and /8 > 0. Using the inner product, the
solution of the weak form wu(x) satisfies

a(u,v) = L(v), Vv e Hg(z, ), (8.8)
H(zp,z,) = {v(a:), v(z) =0, vGHl(xl,xT)}, (8.9)

and we recall that there is no restriction on v(z,). The boundary condition is essential at
r = x;, but natural at x = x,. The solution w is also the minimizer of the functional

Fv) = %a(v, v) = L(v)

in the Hf(x;, x,) space.

8.1.2 Non-homogeneous Dirichlet boundary conditions

Suppose now that u(z;) = w; # 0 in (8.2). In this case, the solution can be decomposed
as the sum of the particular solution

—(puy) +quu = 0, m<z<a),
’ 0% (810)
ur () =, o (zr) + Puy(zr) =0, B#0, 520
and
—(pup) +quz = f, m<x<T,,
/ 0% (8.11)
uz(w) =0, oz (zr) + Puz(z,) =7, B#0, 520

We can use the weak form to find the solution uz(x) corresponding to the homogeneous
Dirichlet BC at z = z;. If we can find a particular solution u1(z) of (8.10), then the
solution to the original problem is u(x) = u1(x) + uz(x).

Another simple way is to choose a function uo(x), uo(z) € H'(x;, z,) that satisfies

uo(z1) = w, auo(x,) + Pfuo(z,) = 0.

For example, the function uo(x) = wi¢o(z) would be such a function, where ¢o(x) is the
hat function centered at x; if a mesh {x;} is given. Then 4(x) = u(z) — uo(z) would satisfy
a homogeneous Dirichlet BC at x; and the following S-L problem:

—(pt") + qtt = f(x) + (pug)’ — quo, x < x < Ty,

(z) =0, ad(z,)+ Ba(z,) = 7.
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We can apply the finite element method for i(x) previously discussed with the modified
source term f(z), where the weak form u(z) after substituting back is the same as before:

a1 (4,v) = L1(v), Yo(z) € H};(a:l,a:r),

a1(t,v) = / ' (pﬂ'v' + qfw) dx + %p(xr)ﬂ(xr)v(xr)

((puf))'v — quov) dx

Li(v) = / fuda + Tp(@)o(ar) + / |

T
l

= / ' Sfodz + %p(w,«)v(ﬂc,«) — / ' (puévl + quo’u) dr — %p(w,«)uo(ﬂcr)v(xr).

If we define

a(u,v) = / 7 (pu'v' + quv) dx + %p(xr)u(xr)v(xr),

L) = / oo+ TpGeen),

as before, then we have
a1(u — ug,v) = a(u — up,v) = L1(v) = L(v) — a(uo,v), or a(u,v) = L(v).(8.12)

While we still have a(u,v) = L(v), the solution is not in Hp(x;,2,) space due to the
non-homogeneous Dirichlet boundary condition. Nevertheless u — ug is in H};(xl, zr). The
formula above is also the basis of the numerical treatment of Dirichlet boundary conditions
later.

8.2 The FE method for Sturm-Liouville problems

Let us now consider the finite element method using the piecewise linear function over a
mesh x1 = x;, T2, -+, £ = xp for the Sturm-Liouville problem

—(pu) +qu=f, m<zT<T)H,

u(w) =w, ou(z,)+pu'(er) =7, B#0, < >0.

a
B

We again use the hat functions as the basis such that

un() =Y i) ,

and now focus on the treatment of the BC.



8.2. The FE method for Sturm-Liouville problems 179
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Tro = 0 T €To €T; Ty = 1

Figure 8.1. Diagram of a 1D mesh where x; =0 and x, = 1.

The solution is unknown at * = x,, so it is not surprising to have ¢ns(x) for the
natural BC. The first term ¢o(z) is the function used as uo(z), to deal with the nonhomo-

geneous Dirichlet BC. The local stiffness matrix is
Titt 12 N I
/ pgi- dx / PPiPiy1dz

i i

; Fitt ’ ’ Firt ;2
(@3,@it1) / PPiy1i dx / PPir1 dx
xr xr

T4y ) /Ii+1
i d iGit1d
Ai qu T " (Kb ¢ +1 0T o QZSZQ (J;T) qbi(l'r)qbq;fl(l'r) ‘|

ZTit1 Tii1 +_p(xr)[
/ + i da / + 4P, d B dit1(zr)di(zr) ¢7 1 (zr)

i i

i

l a(pi, ¢i) a(pi, pit1) ]
a(@it1,¢i)  aldit1, Pit1)

and the local load vector is

i

" fpde
. [ L(¢i) ] B /z fo () [ di(zr) 1 .
L(911) [ rids Pira (@)

i

We can see clearly the contributions from the BC; and in particular, that the only nonzero
contribution of the BC to the stiffness matrix and the load vector is from the last element
(xar—1,2nm) due to the compactness of the hat functions.

8.2.1 Numerical treatments of Dirichlet BC

The finite element solution defined on the mesh can be written as
M
un(@) = w go(@) + »_ a;¢5(x),
j=1

where «;, 7 =1,2,--- , M are the unknowns. Note that u;¢o(z) is an approximate partic-
ular solution in Hl(a:l, xr), and satisfies the Dirichlet boundary condition at z = x; and
homogeneous Robin boundary condition at = x,. To use the finite element method to
determine the coefficients, we enforce the weak form for up(x) — uago(z) for the modified
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differential problem,

—(pu) +qu = fHw(pdo) —wqpo, <z <,
/ « (813)
w@) =0,  ou(e)+Bu(er) =7, B#0, Z20.

Thus the system of linear equations is
a’(u‘h(w)7¢l(x)):i’(¢l)7 Z:1727 7M7

where a(:,:) and L(:) are the bilinear and linear for the BVP above, or equivalently

a(¢1, 1) + a1, g2)az + - -+ alér, ¢m)am = L(d1) — alpo, ¢1) w
a(p2, p1)on + a(d2, g2)az + - - + a(@2, v )am = L(d2) — alpo, ¢2) w

a(par, p1)ar + a(par, d2)az + -+ + aldm, dar ) = L(dar) — aldo, par) i,

where the bilinear and linear forms are still

a(u,v) = / ' (pu/v/ + quv) dx + %p(xr)u(xr)v(xr);

Ty

= vdx 1 z,)v(x,
L(v) = fod +ﬂp( Jo(zr),

since
/ | (w(p o) —wq o) ¢i(x)dr = —wa(do, d).

After moving the a(¢i, uido(x)) = a(ps, do(x)) u; to the right-hand side, we get the
matrix-vector form

[ 1 0 e 0 (67 uy
0 a(¢1, 1) - a(é1,om) ai L(¢1) — a(é1, go)w
L 0 a(om,¢1) - aldm,ém) | | am | | Llom) — a(dpm, do)wr |

This outlines one method to deal with a non-homogeneous Dirichlet boundary condition.

8.2.2 Contributions from Neumann or mixed BC

The contribution of mixed boundary condition at x, using the hat basis functions is zero
until the last element [zrr—1, 2], where ¢as(zr) is not zero. The local stiffness matrix of
the last element is

T nf T M
/ (pohs? + a0k ) do / (P&t 1Sar + abar—1601) da

TM—1 TM—1

/ (P& Shr_1 + qdridar—1) da / (pohs® + 6% o+ Gp(e)
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and the local load vector is

/ Y @)on (@) de
FS, = IMIM—l
/ F@)onr (@) do + Lp(e,)

8.2.3 Pseudo-code of the FE method for 1D Sturm-Liouville
problems using the hat basis functions
e Initialize:
for i=0, M
F(i) = 0
for j=0, M
AGi,j) =0
end
end

e Assemble the coefficient matrix element by element:

for i=1, M

A(i—1,i—1) :A(i—17i—1)+/ (p¢;712+Q¢§71) dx

Ti—1

A(i—1,i) = A(i —1,4) + / i (pdi—10i + qdi—19:) dz

A(iyi—1) = A(i — 1,4)

Aliyi) = AGii) + / (v6!? + 46 ) o
F(i—l):F(i—l)—k/Zi F(2) i (x) d

F(i) = F(i) + / " ) de

end

e Deal with the Dirichlet BC:

A(0,0) = 1; F(0) = ua

for i=1, M
F(i) = F(i) — A(4,0) * ua;
A(i,0) = 0; A(0,7) = 0;

end
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e Deal with the Mixed BC at x = b.

A(M, M) = A(M, M) + %p(b);

e Solve AU = F.

e Carry out the error analysis.

8.3 High order elements

To solve the Sturm-Liouville or other problems involving second order differential equa-
tions, we can use the piecewise linear finite dimensional space over a mesh. The error is
usually O(h) in the energy and H' norms, and O(h?) in the L? and L norms. If we want
to improve the accuracy, we can choose to:

e refine the mesh, i.e., decrease h; or

e use more accurate (high order) and larger finite dimensional spaces, i.e., the piece-
wise quadratic or piecewise cubic basis functions.

Let us use the Sturm-Liouville problem
7 N/
—(pu) +qu=1f, m<z<z,
u(z) =0, wu(z,)=0,
again as the model problem for the discussion here. The other boundary conditions can
be treated in a similar way, as discussed before. We assume a given mesh
ro=x1, X1, -+, s = Tr, and the elements,
Q1:(wo,l‘1), QQZ(l‘1,l‘2), LN QM:(l‘M_l,l‘M),

and consider piecewise quadratic and piecewise cubic functions, but still require the finite
dimensional spaces to be in H¢ (z, z,) so that the finite element methods are conforming,.

8.3.1 Piecewise quadratic basis functions
Define

Vi = { v(x) , where v(z) is continuous piecewise quadratic in Hl} ,

over a given mesh. The piecewise linear finite dimensional space is obviously a subspace
of the space defined above, so the finite element solution is expected to be more accurate
than the one obtained using the piecewise linear functions.

To use the Galerkin finite element method, we need to know the dimension of the
space Vp, of the piecewise quadratic functions in order to choose a set of basis functions.
The dimension of a finite dimensional space is sometimes called the the degree of freedom
(DOF). Given a function ¢(z) in V4, on each element a quadratic function has the form

o(x) = aix® + bix + ci, x;i<x<Tiy1,
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so there are three parameters to determine a quadratic function in the interval (x;, zi1).
In total, there are M elements, and so 3M parameters. However, they are not totally free,
because they have to satisfy the continuity condition

lim ¢(x) = lim ¢(x)

T—T;— T—T i+

for x1, x2, - -+, xa—1, or more precisely,
2 2 .
a;i1T; +bi1xi + i1 = aiw; +bivi+c, 1=1,2,---M.

There are M — 1 interior nodal points, so there are M — 1 constraints, and ¢(z) should also
satisfy the BC ¢(x;) = ¢(xr) = 0. Thus the total degree of the freedom, the dimension of
the finite element space, is

3M — (M —1)—2=2M—1.

We now know that the dimension of Vj is 2M — 1. If we can construct 2M — 1 basis
functions that are linearly independent, then all of the functions in V}, can be expressed as
linear combinations of them. The desired properties are similar to those of the hat basis
functions; and they should

e be continuous piecewise quadratic functions;
e have minimum support, i.e., be zero almost everywhere; and

e be determined by the values at nodal points (we can choose the nodal values to be
unity at one point and zero at the other nodal points).

Since the degree of the freedom is 2M — 1 and there are only M — 1 interior nodal points,
we add M auxiliary points (not nodal points) between z; and z;+1 and define

z2i = xi, nodal points, (8.14)

Z2i41 = % , auxiliary points. (8.15)
For instance, if the nodal points are g = 0, z1 = 7/2, x2 = m, then z0 = o, 21 = /4,
2o = x1 = /2, 23 = 3w/4, z4 = x2 = w. Note that in general all the basis functions
should be one piece in one element (2o, 22k+2), k = 0,1,--- ,M — 1. Now we can define
the piecewise quadratic basis functions as
1 ifi=y,
bi(z;) = (8.16)

0  otherwise.

We can derive analytic expressions of the basis functions using the properties of
quadratic polynomials. As an example, let us consider how to construct the basis functions
in the first element (zo,x1) corresponding to the interval (zo, z2). In this element, zo is
the boundary point, 22 is a nodal point, and z1 = (20 + 22)/2 is the mid-point (the
auxiliary point). For ¢1(z), we have ¢1(z0) = 0, ¢1(21) = 1 and ¢1(22) = 0, ¢1(z;) = 0,
j=3,--+,2M — 1; so in the interval (2o, z1), ¢1(z) has the form

$1(z) = C(z — 20)(z — 22),
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because zo and z2 are roots of ¢1(x). We choose C such that ¢1(z1) = 1, so

1

di1(z) =Clar —20)(m —z2) =1, = 0=~

and the basis function ¢1(z) is

(= z0)(@—z2)
¢1(x) = (21 — 20)(21 — 22)

0 otherwise .

ifZ0§3,’<22,

It is easy to verify that ¢1(z) is a continuous piecewise quadratic function in the domain
(z0,zn). Similarly, we have

62 (x) = (z—2z1)(z — 20)

(22 — 2z1)(22 — 20) |

Generally the three global basis functions that are nonzero in the element (z;, z;4+1) have
the following forms:

0 if z<xi—1

ifo; 1 <z<w

ife; <z< Tit1

)

(2) = ~ #2i-1)
¢21() )
)

0 if wig1 < 2.
0 if x < x;
P2i+1(2) = (2 = 220)(z — 22142) ifw; <z <@t
(2241 — 221) (22i41 — 22i42)
0 if xig1 < z,
0 if ¢ < xy

(2 = 22:) (2 — 22i41)
(z2i42 — 22i)(22i42 — 22i41)

ifox; <z< Tit1

b2iv2(z) =

(z — 221+3)(Z - 22i+4)
(22i+2 - 221+3)(221+2 - 22i+4)

ifae; <z< Xit1

0 if]]i+2<2.

In Fig. 8.2, we plot some quadratic basis functions in H'. Fig. 8.2 (a) is the plot of
the shape functions, that is, the nonzero basis functions defined in the interval (—1, 1). In
Fig. 8.2 (b), we plot all the basis functions over a three-node mesh in (0, 1). In Fig. 8.2 (¢),
we plot some basis functions over the entire domain, ¢o(z), ¢1(z), d2(x), da(z), Pa(z),
where ¢1(x) is centered at the auxiliary point z1 and nonzero at only one element while
¢2(x), ¢a(x) are nonzero at two elements.
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(a)

02 / g

-0.2 bl
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Figure 8.2. Quadratic basis functions in H': (a) the shape functions
(basis functions in (—1, 1); (b) all the basis functions over a three-node mesh in
(0, 1); (¢) plot of some basis functions over the entire domain, ¢o(z), ¢1(z), d2(x),
d4(x), Qa(x), where ¢1(x) is centered at the auxiliary point z1 and nonzero at only
one element, while ¢o(x), ¢s(x) are nonzero at two elements.
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8.3.2 Assembling the stiffness matrix and the load vector

The finite element solution can be written as

2M—1

up(z) = Z a;ipi(z) .

i=1

The entries of the coefficient matrix are {a;;} = a(¢i, ¢;) and the load vector is F; = L(¢;).
On each element (z;,ziy1), or (22i, z2i+2), there are three nonzero basis functions: ¢g;,
¢2i+1, and ¢2i42. Thus the local stiffness matrix is

a(¢2i, p2:) a(¢2i, P2i+1) a(¢2i, P2i+2)
K{ = | a(¢2iv1,¢2:) a(bziv1, d2iv1)  al(d2itr, p2ita) (8.17)
a(2it2, d2i)  alP2ire, d2iv1)  al(P2ite, P2ita)

(zi,Tiy1)

and the local load vector is
L(p2:)
Li = | L(¢2i41) : (8.18)
L(¢2it2)

(zir@it1)

The stiffness matrix is still symmetric positive definite, but denser than that with the hat
basis functions. It is still a banded matrix, with the band width five, a penta-diagonal
matrix. The advantage in using quadratic basis functions is that the finite element solution
is more accurate than that obtained on using the linear basis functions with the same mesh.

8.3.3 The cubic basis functions in H'(z;, r,) space

We can also construct piecewise cubic basis functions in Hl(a:l,xr). On each element
(zi,xi+1), a cubic function has the form

o(x) = aix® + b’ +cw+di, i=0,1,--- , M —1.

There are four parameters; and the total degree of freedom is 3M —1 if a Dirichlet boundary
condition is imposed at both ends. To construct cubic basis functions with properties
similar to the piecewise linear and quadratic basis functions, we need to add two auxiliary
points between z; and x;+1. The local stiffness matrix is then is a 4 X 4 matrix. We leave
the construction of the basis functions, application to the Sturm-Liouville boundary value
problems as a project for students.

8.4 A 1D Matlab FE package

A general 1D Matlab package has been written and is available is the book’s depository,
or upon request.

e The code can be used to solve a general Sturm-Liouville problem

—(p(z)u) + c(x)u’ +q(z)u = f(z), a<z<b,
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""""" x k%
* k x

Figure 8.3. Assembling the stiffness matrix using piecewise quadratic basis
functions.

with a Dirichlet, Neumann, or mixed boundary condition at © = a and z = b°.
e We use conforming finite element methods.

e The mesh is
To=a<x1<T2---<xTp=0b,

as elaborated again later.

e The finite element spaces can be piecewise linear, quadratic, or cubic functions over
the mesh.

e The integration formulas is the Gaussian quadrature of order one, two, three, or
four.

e The matrix assembly is element by element.

8.4.1 Gaussian quadrature formulas

In a finite element method, we typically need to evaluate integrals such as f: p(x) @i (x) ¢} (x) de,
ff q(x)¢i(x)¢p;(z) dx and fab f(z)¢i(x) dx over some intervals (a, b) such as (wi—1, x;).

6In the package, p(w) is expressed as k(z).
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Although the functions involved may be arbitrary, it is usually neither practical nor nec-
essary to find the exact integrals. A standard approach is to transfer the interval of
integration to the interval (—1, 1) as follows

/a ' fa)da = / 7 de. (8.19)

where
r—a x—0b

b—a+b—a

&= or w:a—i—b_Ta(l-ﬁ-é), (5.20)

) _
- d{zb_adxor da::bza

de .

In this way, we have

/abf(w)dx—b;a/llf(a+1)_7a(1+§))d£—b;a/llf(f)dé, (5.21)

where f(€) = fla + %5%(1 + £)); and then to use a Gaussian quadrature formula to
approximate the integral. The general quadrature formula can be written

[ steiex S wateo.

where the Gaussian points & and weights w; are chosen so that the quadrature is as

accurate as possible. In the Newton-Cotes quadrature formulas such as the mid-point
rule, the trapezoidal rule, and the Simpson methods, the &; are pre-defined independent of
w;. In Gaussian quadrature formulas, all £;’s and w;’s are unknowns, and are determined
simultaneously such that the quadrature formula is exact for g(z) = 1,z,--- Lz The
number 2N — 1 is called the algebraic precision of the quadrature formula.

Gaussian quadrature formulas have the following features:
e accurate with the best possible algebraic precision using the fewest points;

e open with no need to use two end points where some kind of discontinuities may
occur, e.g., the discontinuous derivatives of the piecewise linear functions at nodal
points;

e no recursive relations for the Gaussian points &;’s and the weights w;’s;

e accurate enough for finite element methods, because b — a ~ h is generally small
and only a few points &;’s are needed.

We discuss some Gaussian quadrature formulas below.

Gaussian quadrature of order 1 (one point):

With only one point, the Gaussian quadrature can be written as

/ g(&§)d€ = wig(&r)-

1
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We choose &1 and wy such that the quadrature formula has the highest algebraic precision
(2N —1 =1 for N = 1) if only one point is used. Thus we choose ¢g(§) =1 and g(§) = ¢
to have the following,

forg(¢) =1, / g(§)dé =2 = 2=w1-1; and

1

for g(€) = €. / 9(E)dE =0 —> 0= wiés.

1

Thus we get w1 = 2 and £ = 0. The quadrature formula is simply the mid-point rule.

Gaussian quadrature of order 2 (two points):

With two points, the Gaussian quadrature can be written as

/ 9(€)de = wng(€r) + wag(€a)

1

We choose &1, €2, and w1, w2 such that the quadrature formula has the highest algebraic
precision (2N —1 = 3 for N = 2) if two points are used. Thus we choose g(§) =1, g(&§) =&,
g(€) = €2, and g(&) = € to have the following,

1
for g(§) =1, / 9(&)dE =2 = 2= w1 +ws;
—1

1
for g(§) = ¢, / g(§)d§ =0 = 0=wi& +w2é2;

1

— - = wlﬁf + w2§§ ; and

wl o
Wl

for (€)= €2, / 9(€)de =

1

1
for g(&) =&, / g()dé =0 => 0=wi&] + w5 .

1

On solving the four non-linear system of equations by taking advantage of the symmetry,
we get

1 1
’LU1:’LU2:17 51:——and§2:—.

V3 V3

So the Gaussian quadrature formula of order 2 is

! 1 1
[1g(€)d£ ~yg <_ﬁ) +g (ﬁ) . (8.22)

Higher order Gaussian quadrature formulas are likewise obtained, and for efficiency
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we can pre-store the Gaussian points and weights in two separate matrices:

&i w;
_ 0 s i}
0 — —X2 _0.8611363116 --- r 5 T
NG 2 1 5 03478548451
1
Ve 0  —0.3399810436 - -- 1 g 0.6521451549
V3 3300810436 g 0.6521451549
NG
08611363116 ... L 0.3478548451 - -- |

Below is a Matlab code setint.m to store the Gaussian points and weights up to order 4.

function [xi,w] = setint

Y Y Y Y Y Y Y Y Y Y Y Y A A A Y A A A A Y A Y A Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

" "
% Function setint provides the Gaussian points x(i), and the yA
% weights of the Gaussian quadrature formula. yA
% Output: %
% x(4,4): x(:,i) is the Gaussian points of order i. %
% w(4,4): w(:,i) is the weights of quadrature of order 1i. %
clear x; clear w
xi(1,1) = 0;

w(1,1) = 2; 7 Gaussian quadrature of order 1

xi(1,2) = -1/sqrt(3);

xi(2,2) = -xi(1,2);

w(1,2) = 1;

w(2,2) = w(1,2); % Gaussian quadrature of order 2
xi(1,3) = -sqrt(3/5);

xi(2,3) = 0;

xi(3,3) = -xi(1,3);

w(1,3) = 5/9;

w(2,3) = 8/9;

w(3,3) = w(1,3); % Gaussian quadrature of order 3
xi(1,4) = - 0.8611363116;

xi(2,4) = - 0.3399810436;

xi(3,4) = -xi(2,4);
xi(4,4) = -xi(1,4);
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w(1,4) = 0.3478548451;
w(2,4) = 0.6521451549;
w(3,4) = w(2,4);
w(4,4) = w(1,4); % Gaussian quadrature of order 4
return
A e END OF SETINT --——--————————————————————————

8.4.2 Shape functions

Similar to transforming an integral over some arbitrary interval to the integral over the
standard interval between —1 and 1, it is easier to evaluate the basis functions and their
derivatives in the standard interval (—1, 1). Basis functions in the standard interval
(=1, 1) are called shape functions and often have analytic forms.

Using the transform between z and ¢ in (8.19)-(8.20) for each element, on assuming
c(xz) = 0 we have

Tiq1 Tiq1
/ (p(x)di¢; + q(z)picp;) da = / f(z)di(x) d

which is transformed to

1 1

R / (P(O)wi) + q()uyy) d§ = = / F(&)wi de
—1 —1

where

B(e) :p(wz- + W(H&)) :

and so on. Here ¢; and v; are the local basis functions under the new variables, i.e., the
shape functions and their derivatives. For piecewise linear functions, there are only two
nonzero shape functions

_1-¢ _14¢
P = 5 o = — (8.23)
. . . 12 1 ’ 1
with derivatives 1] = —5> Py = 5 (8.24)
There are three nonzero quadratic shape functions
-1 +1
1&1:%’ o =1-¢, ¢3:%, (8.25)
. . . / 1 / ’ 1
with derivatives 17 =& — 3 g = —2€, 3 =&+ 5 (8.26)

These hat (linear) and quadratic shape functions are plotted in Fig. 8.4.
It is noted that there is an extra factor in the derivatives with respect to z, due to
the transform:

dgi _ dyidE 2

dv ~— dé do~ misr —mi
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Figure 8.4. Plot of some shape functions: (a) the hat (linear) functions;
(b) the quadratic functions.

The shape functions can be defined in a Matlab function
[psi, dpsi]= shape(zi,n),

where n = 1 renders the linear basis function, n = 2 the quadratic basis function, and
n = 3 the cubic basis function values. For example, with n = 2 the outputs are

psi(l), psi(2), psi(3), three basis function values,

dpsi(1), dpsi(2), dpsi(3), three derivative values.
The Matlab subroutine is as follows.
function [psi,dpsil=shape(xi,n);
Y Y Y Y Y O O O O Y Y N A A A A A A Y A A A Y Y Y Y Y Y Y Y Y Y Y Y Y S Y YA

(31

%  Function shape’’ evaluates the values of the basis functions %

% and their derivatives at a point xi. %
h h
% n: The basis function. n=2, linear, n=3, quadratic, n=3, cubic.
% xi: The point where the base function is evaluated. %
%  Output: %
% psi: The value of the base function at xi. %
% dpsi: The derivative of the base function at xi. %
ittt h

switch n

case 2,

% Linear base function
psi(1) (1-xi)/2;
psi(2) (1+x1)/2;
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-0.5;
0.5;

dpsi(1)
dpsi(2)
return

case 3,
% quadratic base function
psi(1) = xi*(xi-1)/2;

psi(2) = 1-xi*xi;
psi(3) = xix(xi+1)/2;
dpsi(1) = xi-0.5;
dpsi(2) = -2%xi;
dpsi(3) = xi + 0.5;
return

case 4,

% cubic base function

psi(1) = 9%(1/9-xi*xi)*(xi-1)/16;
psi(2) = 27*(1-xi*xi)*(1/3-xi)/16;
psi(3) = 27*(1-xi*xi)*(1/3+xi)/16;

psi(4) = -9%(1/9-xi*xi)*(1+xi)/16;

dpsi(1) = -9%(3*xi*xi-2xxi-1/9)/16;
dpsi(2) = 27*(3*xi*xi-2%xi/3-1)/16;
dpsi(3) = 27*(-3*xi*xi-2%xi/3+1)/16;
dpsi(4) = -9*%(-3*xi*xi-2%xi+1/9)/16;
return

8.4.3 The main data structure

In one space dimension, a mesh is a set of ordered points as described below.

e Nodal points: x1 = a, T2, -+, Tnnode = b. The number of total nodal points plus
the auxiliary points is nnode.

e Elements: Q1, Q2, -+, Qpetem. The number of elements is nelem.

e Connection between the nodal points and the elements: nodes(nnode, nelem), where
nodes(j,4) is the j-th index of the nodes in the i-th element. For the linear basis
function, 7 = 1,2 since there are two nodes in an element; for the quadratic basis
function, j = 1,2, 3 since there are two nodes and an auxiliary point.



194 High order FE method, BC, Implementation & the Lax-Milgram lemma

Example. Given the mesh and the indexing of the nodal points and the elements
in Fig. 8.5, for linear basis functions, we have

nodes(1,1) =1, nodes(1,2) =3,
nodes(2,1) = 3, nodes(2,2) =4,
nodes(1,3) =4, nodes(1,4) = 2,
nodes(2,3) = 2, nodes(2,4) =5.

Example. Given the mesh and the indexing of the nodal points and the elements
in Fig. 8.5, for quadratic basis functions, we have

nodes(1,1) = 4, nodes(2,1) = 2, nodes(3,1) =5,
nodes(1,2) =1, nodes(2,2) = 3, nodes(3,2) =4.

el €2 €3 e
—@ L L L ®

x1 X3 x4 X2 x5

| | |
| e2 | |
| | |
—@ @ @ @ o
x1 X3 x4 X2 x5

Figure 8.5. Example of the relation between nodes and elements: (a) linear
basis functions; (b) quadratic basis functions.

8.4.4 OQutline of the algorithm

function [x,u]=femld
global nnode nelem
global gk gf
global xi w

%h’% Output: x are nodal points; u is the FE solution at
YN nodal points.

[xi,w] = setint; % Get Gaussian points and weights.

%%% Input data, pre-process
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[x,kbc,ubc,kind,nint ,nodes] = prospset;
%%% x(nnode): Nodal points, kbc, ubc: Boundary conditions
%h% kind(nelen): Choice of FE spaces. kind(i)=1,2,3 indicate
%k’ piecewise linear, quadratic, and cubic FE space over the

%%% triangulation.

%%% nint(nelen): Choice of Gaussian quadrature. nint(i)=1,2,3,4
%%% indicate Gaussian order 1, 2, 3, 4.

formkf (kind,nint,nodes,x,xi,w);

%#h% Assembling the stiffness matrix and the load vector element by
%kl element.

aplyb(kbc,ubc);
%%% Deal with the BC.
u = gk\gf; % Solve the linear system of equations

%%h#% Error analysis

8.4.5 Assembling element by element
The Matlab code is formkf.m

function formkf (kind,nint,nodes,x,xi,w)

for nel = 1:nelem,

n = kind(nel) + 1; % Linear FE space. n = 2, quadratic n=3,
i1 = nodes(1,nel); % The first node in nel-th element.

i2 = nodes(n,nel); % The last node in nel-th element.

i3 = nint(nel); % Order of Gaussian quadrature.

xic = xi(:,i3); % Get Gaussian points in the column.

we = w(:,i3); % Get Gaussian weights.

%%/ Evaluate the local stiffness matrix ek, and the load vector ef.
[ek,ef] = elem(x(il),x(i2),n,i3,xic,wc);
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%h% Assembling to the global stiffness matrix gk, and the load vector gf.
assemb(ek,ef ,nel,n,nodes);

end

Evaluation of local stiffness matrix and the load vector

The Matlab code is elem.m

function [ek,ef] = elem(x1,x2,n,nl,xi,w)
dx = (x2-x1)/2;

% [x1,x2] is an element [x1,x2]
% n is the choice of FE space. Linear n=2; quadratic n=3;

for 1=1:nl, % Quadrature formula that summarize.
x =x1 + (1.0 + xi(1))*dx; % Transform the Gaussian points.
[xp,xc,xb,xf] = getmat(x); % Get the coefficients at the

% Gaussian points.
[psi,dpsi] = shape(xi(1l),n); % Get the shape function and
% its derivatives.
% Assembling the local stiffness matrix and the load vector.
% Notice the additional factor 1/dx in the derivatives.
for i=1:n,
ef (i) = ef (i) + psi(di)*xf*w(1l)*dx;
for j=1:n,
ek(i,j)=ek(i,j)+(xk*dpsi(i)*dpsi(j)/(dx*dx)
+xc*xpsi(i)*dpsi(j)/dx+xb*psi(i)*psi(j) )*w(1l)*dx;
end
end
end

Global assembling

The Matlab code is assemb.m

function assemb(ek,ef,nel,n,nodes)
global gk gf

for i=1:n, % Connection between nodes and the elements
ig = nodes(i,nel); % Assemble global vector gf
gf(ig) = gf(ig) + ef(i);

for j=1:n,
jg = nodes(j,nel); % Assemble global stiffness matrix gk



8.4. A 1D Matlab FE package 197

gk(ig,jg) = gk(ig,jg) + ek(i,j);
end
end

Input Data
The Matlab code is propset.m
function [x,kbc,vbc,kind,nint,nodes] = propset

e The relation between the number of nodes nnode and the number of elements nelem:
Linear: nelem = nnode — 1.
Quadratic: nelem = (nnode — 1) /2.
Cubic: nelem = (nnode — 1) /3.

e Nodes arranged in ascendant order. Equally spaced points are grouped together.
The Matlab code is datain.m

function [data] = datain(a,b,nnode,nelem)
The output data has nrec groups

data(i,1) =nl, index of the beginning of nodes.

data(i,2) = n2, number of points in this group.
data(i,3) = x(nl), the first nodal point.
data(i,4) = z(nl +n2), the last nodal point in this group.

The simple case is
data(i,1) =i, data(i,2) =0, data(i,3)=x(i), data(i,4)=z(7).
e The basis functions to be used in each element:

for i=1:nelem
kind(i) = inf_ele = 1, or 2, or 3.
nint(i) = 1, or 2, or 3, or 4.
for j=1,kind(i)+1
nodes(j,i) = j + kind(i)*(i-1);
end
end

8.4.6 Input boundary conditions

The Matlab code aplybc.m involves an array of two elements kbc(2) and a data array
vbe(2,2). At the left boundary

kbc(1) =1, wbe(1l,1) =wu,, Dirichlet BC at the left end;
kbe(1) =2, wbe(1,1) = —k(a)u'(a), Neumann BC at the left end;
kbe(1) =3, wbc(1,1) = uxma, vbe(2,1) =uaa, Mixed BC of the form:

k(a)u'(a) = uzma(u(a) — uaa) .
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The BC will affect the stiffness matrix and the load vector and are handled in Matlab
codes aplybc.m and drchlta.m.

e Dirichlet BC u(a) = uq = vbe(1,1).
for i=1:nnode,
gf(i) = gf(i) - gk(i,1)*vbc(1,1);
gk(i,1) = 0; gk(1,i) = 0;
end
gk(1,1) = 1; gf(1) = vbc(1,1);

where gk is the global stiffness matrix and gf is the global load vector.

e Neumann BC «'(a) = ugzq. The boundary condition can be re-written as —k(a)u’(a) =
—k(a)uza = vbe(1,1). We only need to change the load vector.

gf(1) = gf (1) + vbc(1,1);
e Mixed BC au(a) 4+ fu'(a) = v, 8 # 0. The BC can be re-written as

k(a)u'(a) = —%k(a) (u(a) _ 1)

@
= Uzma (u(a) — Uaa) = vbe(1,1) (u(a) — vbe(2,1)).
We need to change both the global stiffness matrix and the global load vector.
gf (1) = gf(1) + vbc(1,1)*vbc(2,1);
gk(1,1) = gk(1,1) + vbc(1,1);

Examples.
1. u(a) = 2, we should set kbc(1) =1 and vbc(1,1) =

2. k(z) =2+2°% a=2,u/(2) = 2. Since k(a) = k(2) = 6 and —k(a)u'(a) = —12, we
should set kbc(1) = 2 and vbe(1,1) = —12.

3. k(z) =24+22 a=2, 2u(a)+3u'(a) = 1. Since
3u'(a) = —2u(a) + 1,
6u’(a) = —4u(a) +2 = —4 (u(a) — %) ,

we should set kbc(1) = 3, vbe(1,1) = —4 and vbe(2,1) = 1/2.
Similarly, at the right BC « = b we should have

kbc(2) =1, wbe(1,2) =y, Dirichlet BC at the right end;

Ebc(2) =2, wbe(l,2) = k(b)u'(b), Neumann BC at the right end;

kbe(2) =3, wbc(1,2) = uzmb, vbe(2,2) =ubb, Mixed BC of the form
—k(b)u'(b) = uzmb(u(b) — ubb) .

The BC will affect the stiffness matrix and the load vector and are handled in Matlab
codes aplybc.m and drchlta.m.

e Dirichlet BC u(b) = up = vbc(1,2).
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for i=1:nnode,
gf(i) = gf(i) - gk(i,nnode)*vbc(1,2);
gk(i,nnode) = 0; gk(nnode,i) = 0;

end

gk(nnode,nnode) = 1; gf (nnode) = vbc(1l,1).

e Neumann BC u'(b) = wugyp is given. The boundary condition can be re-written as
k(b)u'(b) = k(b)ug, = vbe(1,2). We only need to change the load vector.

gf (nnode) = gf (nnode) + vbc(1,2);

e Mixed BC au(b) + pu'(b) = v, 8 # 0. The BC can be re-written as

—k(b)u'(b) = %k(b) (u(b) _ %)

= Uzmp (u(b) — upp) = vbe(1, 2) (u(b) — vbe(2,2)) .
We need to change both the global stiffness matrix and the global load vector.

gf (nnode) = gf (nnode) + vbc(1,2)*vbc(2,2);
gk(nnode,nnode) = gk(nnode,nnode) + vbc(1,2);

8.4.7 A testing example

To check the code, we often try to compare the numerical results with some known exact
solution, e.g., we can choose

u(x) =sinx, a<z<b.

If we set the material parameters as

pla)=1+a, cf@)=cosz, qlz)=a

then the right hand side can be calculated as
)= (pu') + v +qu= (1+x)sinz — cosz 4 cos’ x + z°sin z .
These functions are defined in the Matlab code getmat.m
function [xp,xc,xq,xf] = getmat(x);

xp = 1+x; xc = cos(xX); Xq = X*X;

xf = (1+x)*sin(x)-cos(x)+cos(x)*cos(x)+x*x*sin(x) ;
The mesh is defined in the Matlab code datain.m. All other parameters used for the
finite element method are defined in the Matlab code propset.m, including the following:
e The boundary x =a and z =b, e.g., a =1, b = 4.
e The number of nodal points, e.g., nnode = 41.

e The choice of basis functions. If we use the same basis function, then for example
we can set inf__ele = 2, which is the quadratic basis function kind(i) = inf__ele.

e The number of elements. If we use uniform elements, then nelem = (nnode —
1)/inf__ele. We need to make it an integer.
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e The choice of Gaussian quadrature formula, e.g., nint(i) = 4. The order of the
Gaussian quadrature formula should be the same or higher than the order of the
basis functions, for otherwise it may not converge! For example, if we use linear
elements (i.e. inf_ele = 1), then we can choose nint(i) = 1 or nint(i) = 2 etc.

e Determine the BC kbc(1) and kbe(2), and vbce(i, ), 4,7 = 1,2. Note that the linear
system of equations is singular if both BC are Neumann, for the solution either does
not exist or is not unique.

(a) (b)

0 a=1, b=4, nnode = 41, inf le = 1, nint=1, kbc(1)=1, kbe(2) = 3
M e
2 T T T T T 1

a=1, b=4, nnode = 41, inf Je = 2, nint=4, kbe(1)=3, kbe(2) = 2

15+

05

—02f

—04l

—06l
—05f

—0s8l

= L L L L L = L L L L L
1 15 2 25 3 35 4 1 15 2 25 3 35 4

Figure 8.6. Error plots of the FE solutions al nodal points. (a) The result
is obtained with piecewise linear basis function and Gaussian quadrature of order one
in the interval [1,4]. Dirichlet BC at x = a and mized BC 3u(b) + 4u'(b) = v from
the exact solution u(x) = sinx are used. The magnitude of the error is O(107%).
(b) Mized BC' 3u(a) + 4u/(a) = v at * = a and the Neumann BC at x = b from
the exact solution are used. The result is obtained with piecewise quadratic basis

functions and Gaussian quadrature of order four. The magnitude of the error is
0(107%).

To run the program, simply type the following into the Matlab:
[x,ul= femld;

To find out the detailed usage of the finite element code, read README carefully.
Fig. 8.6 gives the error plots for two different boundary conditions.

8.5 The FE method for fourth order BVPs in 1D

Let us now discuss how to solve fourth order differential equations using the finite element
method. An important fourth order differential equation is the bi-harmonic equation, such
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as in the model problem

"

u" +q(z)u= f(x), 0 <z <1, subject to the BC

I:u(0)=u(0)=0, uw(l)=4(1)=0; or
IT: uw(0)=4(0)=0, u(l)=0, (1) =0; or
IIT: u(0) =4'(0) =0, «"(1)=0, «""(1) =0.

Note that there is no negative sign in the highest derivative term. To derive the weak
form, we again multiply by a test function v(z) € V' and integrate by parts to get

1
/("" vdx—/ fvdzx,
0
) 1
umv‘o—/ ”'Uda:—ﬁ—/ quvdw—/ fvdx,
0

1
u'"v|; — u”v"; —|—/ (u"v” + quv dﬂc = / fvdx,
0
" (Dw(1) — v (0)v(0) — v (1)v' (1) + u” (0)v(0) + / (u"v" + quv dx = / fvdzx.

0

For u(0) = v/(0) = 0, u(1) = ¥/ (1) = 0, they are essential boundary conditions, thus we

set
v(0) =0’ (0) = (1) =2'(1) = 0. (8.27)
The weak form is
a(u,v) = f(v), (8.28)
where the bilinear form and the linear form are
a(u,v) = /1 (u”v” + quv) dzx, (8.29)
01
= / fvdzx. (8.30)
0

Since the weak form involves second order derivatives, the solution space is
HZ(0,1) {v ,v(0) =2"(0) =v(1) =0 (1) =0, v,v andv” € LQ}, (8.31)

and from the Sobolev embedding theorem we know that H? C C*.

For the boundary conditions u(1) = u”/(1) = 0, we still have v(1) = 0, but there is
no restriction on v'(1) and the solution space is

Hi = {v(z), v(0)=2'(0)=v(1)=0, wveH*0,1)}. (8.32)

For the boundary conditions u”(1) = «"/(1) = 0, there are no restrictions on both v(1)
and v’(1) and the solution space is

Hi ={v(z), v(0)=2'(0)=0, veH*0,1)}. (8.33)
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For non-homogeneous natural or mized boundary conditions, the weak form and the linear
form may be different. For homogeneous essential BC, the weak form and the linear
form will be the same. We often need to do something to adjust the essential boundary
conditions.

8.5.1 The finite element discretization
Given a mesh
O=xp<m<z2<---<zxzpm=1,

we want to construct a finite dimensional space V4. For conforming finite element methods
we have V;, € H?(0, 1), therefore we cannot use the piecewise linear functions since they
are in the Sobolev space H'(0,1) but not in H?(0,1).

For piecewise quadratic functions, theoretically we can find a finite dimensional space
that is a subset of H? (0,1); but this is not practical as the basis functions would have large
support and involve at least six nodes. The most practical conforming finite dimensional
space in 1D is the piecewise cubic functions over the mesh

Vi = {v(a:), v(x) is a continuous piecewise cubic function, v € Hg(0,1) } . (8.34)

The degree of freedom. On each element, we need four parameters to determine

a cubic function. For essential boundary conditions at both x = a and = = b, there
are 4M parameters for M elements; and at each interior nodal point, the cubic and its
derivative are continuous and there are four boundary conditions, so the dimension of the
finite element space is

AM —2(M —1) —4=2(M — 1).

Construct the basis functions in H2 in 1D

Since the derivative has to be continuous, we can use piecewise Hermite interpolation and
construct the basis function in two categories. The first category is

1 ifi=j,
gi(z;) = (8:35)

0  otherwise,
and ¢;(z;) =0, for any z;,
i.e., the basis functions in this group have unity at one node and are zero at other nodes,
and the derivatives are zero at all nodes. To construct the local basis function in the
element (x;, zi4+1), we can set
(z —wiv1)® (a(z —zi) + 1)
(i — Ti41)?

It is obvious that ¢;(x;) = 1 and ¢i(zit1) = ¢;(xi+1) = 0 i.e., z;41 is a double root of the
polynomial. We use ¢'(x;) = 0 to find the coefficient a, to finally obtain

)2 2(z — i)
(x it1) <(l'i+l —2) + 1) |

(i — Ti41)?

di(z) =

i(x) = (8.36)
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The global basis function can thus be written as

0 if e <wxi_1,

T — 2 1)? 2(x — x4)
(z —xi-1) (7(%_1 ) +1>
(i — zi-1)?

pi(z) = ( | (8.37)
5 2(x — x;

ifo; 1 <z,

Tit+1l — T .
, it <o <@g,

(zi — zit1)?

0 if Ti+1 S xX .
There are M — 1 such basis functions. The second group of basis functions satisfy
. 1 ifi=jy,
¢i(x;) = , (8.38)
0  otherwise,
and ¢;(z;) =0, for any z;,
i.e., the basis functions in this group are zero at all nodes, and the derivatives are unity

at one node and zero at other nodes. To construct the local basis functions in an element
(zi,Zi+1), we can set

¢i(x) = Oz — z:) (& — wit1)?,
since x; and ;41 are zeros of the cubic and x;11 is a double root of the cubic. The constant
C' is chosen such that 1;(x;) = 1, so we finally obtain

Gi(x) = = 2@ = zit1)” (8.39)

(i — zi41)?

The global basis function for this category is thus
O lf X S Ti—1,

(x —zi)(z — wi1)®
(i — wi1)?
¢i(x) = (8.40)
(z —zi) (2 — 2i41)?
(Tit1 — )2

ife; 1 <x<uwx,

ifxigxgxiﬂ,

O if.Z‘H_lS.Z‘.

8.5.2 The shape functions

There are four shape functions in the interval (—1, 1), namely,

(- D*E+2)

pe) = EEXD
uaf) = EFCER)
uate) = EERD)
(e = (EFD2E=D)

S~
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It is noted that there are two basis functions centered at each node, so called a double
node. The finite element solution can be written as

@) = 3 ads@) + Y Bdi), (8.41)

and after the coefficients «; and f; are found we have
up(a;) = g, un(z;) =B

There are four nonzero basis functions on each element (x;,z;+1); and on adopting the
order ¢1, ¢2, V1,2, P3, d3, s, - -+, the local stiffness matrix has the form

a(pi,¢:)  algi div1)  a(di,di)  aldi, Pit1)
a(piv1, ¢i)  aldivr, div1) a(piy1, @)  al(diy1, div1)
a(gi, @) al$i dir1)  aldi,di)  algi, Pir1)
a(Gir1, di)  a(Pir1, dir1)  a(bisr, ¢i)  albivr, fivr)

This global stiffness matrix is still banded, and has band width six.

(zi,Tiy1)

8.6 The Lax-Milgram Lemma and the existence of FE
solutions

One of the most important issues is whether the weak form has a solution, and if so under
what assumptions. Further, if the solution does exist, is it unique, and how close is it to
the solution of the original differential equations? Answers to these questions are based
on the Lax-Milgram Lemma.

8.6.1 General settings: assumptions, and conditions

Let V be a Hilbert space with inner product (u, v)v and norm |ju|lv = \/(u,u)v, e.g.,
C™, the Sobolev spaces H! and H?, etc. Assume there is a bilinear form

a(u,v), VXV R,
and a linear form
L(v), V+— R,
that satisfy the following conditions:
1. a(u,v) is symmetric, i.e., a(u,v) = a(v, u);
2. a(u,v) is continuous in both u and v, i.e., there is a constant v such that
la(u, v)| < Allullv]lv|lv
for any u and v € V; the norm of the operator a(u,v)”;

7If this condition is true, then a(u,v) is called a bounded operator and the least lower bound
of such a v > 0 is called the norm of a(u,v).
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(a)

0.2 B

-0.2F .
-0.4F .
-0.6F .

-0.8 I I I I I I I
-4 -3 -2 -1 0 1 2 3 4

Figure 8.7. (a) Hermite cubic shape functions on a master element; and
(b) corresponding global functions at a node i in a mesh.



206 High order FE method, BC, Implementation & the Lax-Milgram lemma

3. a(u,v) is V-elliptic, i.e., there is a constant « such that
a(v,v) > aljvlly

for any v € V (alternative terms are coercive, or inf-sup condition); and

4. L is continuous, i.e., there is a constant A such that
IL(v)] < Afjo]lv,

for any v € V.

8.6.2 The Lax-Milgram lemma
Theorem 8.1. Under the above conditions 2 to 4, there exists a unique element u € V
such that
a(u,v) = L(v), VoveW
Furthermore, if the condition 1 is also true, i.e., a(u,v) is symmetric, then

A
L Jlully <2 and
«

2. u is the unique global minimizer of

Sketch of the proof. The proof exploits the Riesz representation theorem from

functional analysis. Since L(v) is a bounded linear operator in the Hilbert space V with
the inner product a(u,v), there is unique element u* in V' such that

L(v) =a(u",v), VveV.

The a-norm is equivalent to V norm. From the continuity condition of a(u,v),

we get

lulla = Va(u,u) < VAllullfy = vAllullv -

From the V-elliptic condition, we have

lulle = va(u,u) = Vallull}, = vaullv,

therefore
Va(ullv < lulla <A lullv,
or

1 1
—= lulla < lullv < —=llulla

vl Ve

Often ||lul|q is called the energy norm.
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F(u*) is the global minimizer. For any v € V, if a(u,v) = a(v,u), then

F(v):F(u*—i—v—u*):F(u*—l—w):%a(u*—l—w,u*—i—w)—L(u*—ﬁ—w)

= % (a(u” +w,u") + alu” +w,w)) — L(u") — L(w)

= % (a(u®,u*) + a(w,u”) + a(u™,w) + a(w,w)) — L(v") — L(w)
| P wy L -

= 5@(71 ,u') — L(u") + §a(w,w) +a(u”,w) — L(w)

=F(u") + za(w,w) — 0

> F(u”).

Proof of the stability. We have

allu’ [l < a(u”,u’) = L(u") < Allu”|v,

therefore
* 12 * * A
a’llv < Allu’llv = Jlu’llv < =

Remark: The Lax-Milgram Lemma is often used to prove the existence and u-
niqueness of the solutions of ODEs/PDEs.

8.6.3 An example using the Lax-Milgram lemma

Let us consider the 1D Sturm-Liouville problem once again:
—(pu) +qu=f, a<z<b,

u(a) =0, au(b) +pfu'(b) =75, B#0,

| O

The bilinear form is
b a
a(u,v) = / (pu'v' + quv) dzx + Ep(b)u(b)v(b) ,

and the linear form is

L(v) = (f,v) + %p(b)v(by

The space is V = H}.;(a, b). To consider the conditions of the Lax-Milgram theorem, we
need the Poincaré inequality:

Theorem 8.2. Ifv(x) € H' and v(a) = 0, then

b b b b
/UQdarg(b—a)2/ [ (x)>dz  or /|v'(a:)|2da:2 (b—la)Q/ v dzx . (8.42)
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Proof: We have
v(z) :/ o' (t) dt

= |v(2)] S/j ' (t)| dt < {/j |vf(t)|2dt}1/2{/1”dt}l/2 - m{/ablv’(t)lg}m,

so that

F@<o-a [ WP

= /abUQ(a:)dx<(b—a)/ab |v'(t)|2dt/ab dx<(b—a)2/ab|v’(a:)|da:.

This completes the proof.
We now verify the Lax-Milgram Lemma conditions for the Sturm-Liouville problem.

e Obviously a(u,v) = a(v,u).

e The bilinear form is continuous:
b -
la(u,v)| = / (pu/v/ + quv) dx + %p(b)u(b)v(b)‘
< mx] Prnacs Gmas } ( / (1w'v/| + fuol) da + E|u<b)v<b>|)
ab b &
< max{ Pmaz; ¢maz } (/ |ulq)/|d,1,‘+/ |uv| dz + E|U(b)v(b)|>

< max{ prmas, Gmar } (2||u||1||v||1 + %|u<b>v<b>|> .

From the inequality

lu(b)v(b)| = / u/(ﬂc)dw/ V' (z) dx
b b
< (b—a>\// ()2 de \// v (@) da
b b
< a>\/ / (@) + fu(@)]?) de \/ / (o' @) + [o(@)?) de
< (b= a)lull o]l
we get

la(u,v)| < max{ pmaz, Gmaz} (2 + %(b - a)) ull vl

(b—a)) .

i.e., the constant « can be determined as

| Ot

vy = max{ Pmazx, QMaz} (2 +
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e a(v,v) is V-elliptic. We have

1" 1"
(1 N 1 "2
= Pmin (2L ('U) d$+2l ('U) dﬂ,’)

b b

1 1 2 1 N2
>p (Q(b—a)QLde+2/a(v)dx)
= Pin min § st =
= Pmin MIN 2(b — 0/)27 2 Ul

i.e., the constant o can be determined as

. 1
& = Pmin mln{m7§ }

e L(v) is continuous because

b ~
L) = / oty ds-+ 2o

o

IL()] < (If]; [v])o + 5 p(0)Vb —alv]:

gl

< [Iflollvllx + 5 p(0)Vb —avl:

< (Ilflo +

Q1|§l

p(O)Vb— a) ol

i.e., the constant A can be determined as

A=l + | 2| p(b) VB —a.

Q1|T_.'21

Thus we have verified the conditions of the Lax-Milgram lemma under certain assumptions
such as p(x) > pmin > 0, q(z) > 0, etc., and hence conclude that there is the unique
solution in H. (a,b) to the original differential equation. The solution also satisfies

1 £1lo + [7/B] p(b)

Jully < AR LR
Pmin mln{m,l }
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8.6.4 Abstract FE methods

In the same setting, let us assume that V}, is a finite dimensional subspace of V' and that
{¢1, b2, - da} is a basis for V3. We can formulate the following abstract finite element
method using the finite dimensional subspace V},. We seek u, € V}, such that

a(up,v) = L(v), Yv €V, (8.43)
or equivalently
F(up) < F(v), YweV,. (8.44)
We apply the weak form in the finite dimensional Vj,:
a(un, i) = L(¢:), i=1,---,M. (8.45)

Let the finite element solution u; be

M
up = E ajdj.
j=1

Then from the weak form in V}, we get

M M
a(zaj¢jv¢i> :Zaja(¢j7¢i):l’(¢i)7 Z:L 7M7
j=1 =1
which in the matrix-vector form is
AU = F,

where U € RM, F € RM with F(i) = L(¢;) and A is an M x M matrix with entries
A(i,7) = a(¢j, ). Since any element in V}, can be written as

M

v= Z nidi ,
=1

we have
M M M
a(v,v) =a (Z nidis Zﬂj¢j> = Z nia(éi, ¢5)m; =n" An >0
i=1 =1 ij=1

provided n7 = {n1,---nm} # 0. Consequently, A is symmetric positive definite. The
minimization form using V}, is

%UTAU -F'u = min (%WTAW - FTn) : (8.46)

neRr

The existence and uniqueness of the abstract FE method.

Since the matrix A is symmetric positive definite and it is invertible, so there is a unique
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solution to the discrete weak form. Also from the conditions of Lax-Milgram lemma, we

have
allunlly < alun, un) = Llun) < Aljunl|v
whence
sl < 2.
o

Error estimates. If e, = u — uy, is the error, then:

[} a(eh,vh) = (eh,vh)a =0, Yo, € Vh;

e ||u— unlla = \/alen,en) < |lu—villa , Yon € Vi, e, up is the best approximation
to u in the energy norm; and

o [[u—unllv < L|lu—wnllv, Yon € Vi, which gives the error estimates in the V' norm.

Sketch of the proof: From the weak form, we have

a(u,vn) = L(vn), a(up,vn)=L(vn) = a(u—up,vy)=0.

This means the finite element solution is the projection of u onto the space V. It is the
best solution in V}, in the energy norm, because

llw — a2 = a(u—vn,uw—vi) = alu — up + wh, w — up + wp)

a(u — up,u —up) + alu — up, wp) + a(wp, u — up) + a(wn, wp)
+a

a(u — up,u — up) (wh, wp)

Y

l[w—unllz,
where wy, = up, — v € V4. Finally, from the condition (3), we have

allu —un|ly < alu—un,u—un) = alu —un,w — up) + alu — un, wy)
=a(u— up,u —up + wp) = alu — up,u — vy)

< Allu = unllv [l —ovallv.

The last inequality is obtained from condition (2).

8.7 *1D IFEM for discontinuous coefficients

Now we revisit the 1D interface problems discussed in Section 2.10
—(pu) = f(z), 0<z<1, u(0) =0, wu(l)=0, (8.47)
and consider the case in which the coefficient has a finite jump,

B (z) f0<z<a,
p(w)—{

(8.48)
BT (z) fa<z<l.
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The theoretical analysis about the solution still holds if the natural jump conditions
[Wa=0,  [Bu']_ =0, (8.49)

are satisfied, where [u]o means the jump defined at .

Given a uniform mesh z;, i = 0,1,---n, xijy1 — x; = h. Unless the interface «
in (8.47) itself is a node, the solution obtained from the standard finite element method
using the linear basis functions is only first order accurate in the maximum norm. In [20],
modified basis functions that are defined below

1, ifk=1i
di(xr) = { (8.50)

0, otherwise,

[$ila =0, [8 ¢ila =0, (8.51)

are proposed. Obviously, if z; < a < zj41, then only ¢; and ¢;4+1 need to be changed to
satisfy the second jump condition. Using the method of undetermined coefficients, that
is, we look for the basis function ¢;(z) in the interval (z;,x;+1) as

ao+ax ifzr; <z <a,
¢i(x) = (8.52)

bo + b1 ifOéSJ}ijJA,

which should satisfy ¢;(z;) = 1, ¢j(zj41) = 0, ¢j(a—) = ¢;(a+), and 7 ¢)(a—) =
BT ¢)(a+). There are four unknowns and four conditions. It has been proved in [20] that
the coefficients are unique determined and have the following closed form if 3 is a piecewise
constant and A~ T > 0,

0, 0<z<zxj 1, 0, 0<z<uxaj,
T —Tj— T —x;
le, i1 <x<zxj, DJ, zj<z<a,
T — T T — 2
¢j(z) = ]D +1, = <r<a dj1(x) = %-&-L a<z<ai,
Titl1 — X LTito — X
P J+D )’ a << B, ]+h , Tjt1 <1 < Tjio,
0, Tj+1 <z< 1, 0, Tj42 <z<1.
where
B~ Bt -5~
P= G D:h—T(%‘H—O[)-

Fig. 8.8 shows several plots of the modified basis functions ¢;(x), ¢;+1(z), and some
neighboring basis functions, which are the standard hat functions. At the interface o, we
can see clearly kinks in the basis functions which reflect the natural jump condition.

Using the modified basis functions, it has been shown in [20] that the finite element
solution obtained from the Galerkin finite method with the new basis functions is second
order accurate in the maximum norm.

For 1D interface problems, the finite difference and finite element methods are not
much different. The finite element method likely performs better for self-adjoint problems,
while the finite difference method is more flexible for general elliptic interface problems.
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N=40,p7=1, *=5, a=2/3 N=40,87=5, B*=1, 0=2/3
1 1
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2

%6 0.65 0.7 s 0.65 0.7

N=40,p7=1, *=100, a=2/3 N=40,37=100, B*=1, a=2/3

1 1
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0 0

0.6 0.65 0.7 0.6 0.65 0.7

Figure 8.8. Plot of some basis function near the interface with different

_ + . . )
B~ and B7. The interface is at o = 3.

8.8 Exercises

1. (Purpose: Review abstract FE methods.) Consider the Sturm-Liouville problem
- +u=f, O0<z<m,
w0) =0, wu(m)+u'(r)=1.
Let V; be the finite dimensional space
Vi = span{ z, sin(z),sin(2z) } .

Find the best approximation to the solution of the weak form from V; in the energy
norm (| : |la = y/a(:, ) ). You can use either analytic derivation or computer
software packages (e.g. Maple, Matlab, SAS, etc.). Take f = 1 for the computa-
tion. Compare this approach with the finite element method using three hat basis
functions. Find the true solution, and plot the solution and the error of the finite
element solution.

2. Consider the Sturm-Liouville problem

(4 2)) 4zu=f O0<z<l,
u(l) =2.
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Transform the problem to a problem with homogeneous Dirihlet boundary condition
at x = 1. Write down the weak form for each of the following case:

(a) u(0) = 3. Hint: Construct a function uo(x) € H* such that uo(0) = 3 and
uo(l) = 2.

(b) «/(0) = 3. Hint: Construct a function ug(x) € H' such that uo(1) = 2 and
up(0) = 0.

(c) w(0)+u'(0) = 3. Hint: Construct a function uo(x) € H* such that uo(1) = 2
and u0(0) + u,(0) = 0.

3. Consider the Sturm-Liouville problem

—(pu) +qu=f, a<z<b,
u(a) =0, u(b) =0.

Consider a mesh a = zo < x1--- < xy = b and the finite element space
{v € Ho a, b)} , the set of piecewise cubic functions over the mesh.

(a) Find the dimension of V.
(b) Find all nonzero shape functions 1;(§) where —1 < ¢ <1, and plot them.

(c) What is the size of the local stiffness matrix and load vector? Sketch the
assembling process.

(d) List some advantages and disadvantages of this finite element space, compared
with the piecewise continuous linear finite dimensional space (the hat function-

s).

4. Down-load the files of the 1D finite element Matlab package. Consider the following
analytic solution and parameters,

uw(z) =e"sinz, p)=1+z>, qx)=e ", cx)=1,
and f(x) determined from the differential equation
—(pu) +e(@)u' +qu=f, a<z<b.
Use this example to become familiar with the 1D finite element Matlab package, by
trying the following boundary conditions:
(a) Dirichlet BCat z =aand x =b , wherea=—1,b=2 ;
(b) Neumann BC at = a and Dirichlet BC at z = b , where a = —1 and b = 2.

(¢) Mixed BC v = 3u(a) —5u'(a) at x = a = —1 , and Neumann BC at z = b =2
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Using linear, quadratic, and cubic basis functions, tabulate the errors in the infinity
norm

e = max |u(x;) — U]
0<i<M

at the nodes and auxiliary points as follows:

M | Basis | Gaussian | error | ear/eam

for different M = 4, 8,16, 32,64 (nnode= M + 1), or the closest integers if neces-
sary. What are the respective convergence orders?

(Note: the method is second, third or fourth order convergent if the ratio enr/eans
approaches 4, 8 or 16, respectively.)

For the last case:

(1) print out the stiffness matrix for the linear basis function with M = 5. Is it
symmetric?

(2) Plot the computed solution against the exact one, and the error plot for the case
of the linear basis function. Take enough points to plot the exact solution to see the
whole picture.

(3) Plot the error versus h = 1/M in log-log scale for the three different bases.
The slope of such a plot is the convergence order of the method employed. For this
problem, you will only produce five plots for the last case.

Find the energy norm, H' norm and L? norm of the error and do the grid refinement
analysis.

. Use the Lax-Milgram Lemma to show whether the following two-point value problem

has a unique solution:

v +qxu=f, 0<x<1,

w'(0) =4/(1) =0,
where g(z) € C(0,1), q(z) > gmin > 0. What happens if we relax the condition to
q(z) > 07 Give counter-examples if necessary.

(8.53)

. Consider the general fourth order two-point BVP

mn m " !
asu’ Fazu F+au +a1u +au=f, a<z<b,

with the mixed BC

2u" (a) — v (a) + 114’ (a) + pru(a) = 61, 8.54)
v (a) + u’(a) + vou'(a) + paula) = 52, 8.55
u(b) =0,
u'(b)=0.

Derive the weak form for this problem.
Hint: Solve for v"'(a) and u”(a) from (8.54) and (8.55). The weak form should
only involve up to second order derivatives.
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7. (An eigenvalue problem.) Consider

—(pu) +qu—Au=0, 0<z<m, (8.56)
u(0) =0, wu(m)=0. (8.57)

(a) Find the weak form of the problem.

(b) Check whether the conditions of the Lax-Milgram Lemma are satisfied. Which
condition is violated? Is the solution unique for arbitrary \?
Note: It is obvious that uw = 0 is a solution. For some X\, we can find nontrivial
solutions u(x) # 0. Such a X is an eigenvalue of the system, and the nonzero
solution is an eigenfunction corresponding to that eigenvalue. The problem to
find the eigenvalues and the eigenfunctions is called an eigenvalue problem.

(c) Find all the eigenvalues and eigenfunctions when p(z) = 1 and ¢(z) = 0.
Hint: A\ =1 and u(x) = sin(x) is one pair of the solutions.

8. Use the 1D finite element package with linear basis functions and a uniform grid to
solve the eigenvalue problem

—(pu) +qu—Iu=0, 0<z<m,
w(0) =0, o' (7) + au(n) =0,
where p(x) > pmin >0, ¢(z) >0, > 0.
in each of the following two cases:
(@) p(z)=1, gq(z)=1, a=1.
(b) p(z) =142 , g(x) =z , a=3.
Try to solve the eigenvalue problem with M = 5 and M = 20. Print out the
eigenvalues but not the eigenfunctions. Plot all the eigenfunctions in a single plot
for M =5, and plot two typical eigenfunctions for M = 20 (6 plots in total).

Hint: The approximate eigenvalues A1, A2, -+, Ay and the eigenfunction uy, ()
are the generalized eigenvalues of

Az = \Bx,

where A is the stiffness matrix and B = {b;;} with b;; = fow ¢i(z)p;j(z)dx. You can
generate the matrix B either numerically or analytically; and in Matlab you can
use [V, D] = EIG(A, B) to find the generalized eigenvalues and the corresponding
eigenvectors. For a computed eigenvalue \;, the corresponding eigenfunction is

M
ur (2) = D iyd5(a),
j=1

where [, 2, ,aim]" is the eigenvector corresponding to the generalized
eigenvalue.

Note: if we can find the eigenvalues and corresponding eigenfunctions, the solution
to the differential equation can be expanded in terms of the eigenfunctions, similar
to Fourier series.



8.8.

Exercises

217

9. (An application.) Consider a nuclear fuel element of spherical form, consisting of

a sphere of “fissionable” material surrounded by a spherical shell of aluminium

“cladding” as shown in the figure.

We wish to determine the temperature dis-

tribution in the nuclear fuel element and the aluminium cladding. The governing

equations for the two regions are the same, except that there is no heat source term

for the aluminium cladding. Thus

1d

r
r2 dr

1d

r2 dr

2 dTy

1— =¢q, 0<r<Rp,
dr
T
2,822 _ 0 Re<r<Re,
dr

where the subscripts 1 and 2 refer to the nuclear fuel element and the cladding,

respectively. The heat generation in the nuclear fuel element is assumed to be of

1 )
wenire()]

where go and ¢ are constants depending on the nuclear material. The BC are

the form

kr

T
215:0%r:0

(natural BC),

ngToatT:Rc,

where T is a constant. Note the temperature at » = Rp is continuous.

e Derive a weak form for this problem. (Hint: first multiply both sides by r2.)

e Use two linear elements [0, Rr| and [Rr, Rc] to determine the finite element

solution.

e Compare the nodal temperatures T(0) and T'(Ry) with the values from the

exact solution

qwR%

T =T,
1 o+ 6l
qR%

Ty = T¢
2 o+ 3

Take To = 80, qo = 5, k1 = 1,

comparison.

{b—(éﬂtl—zc ()}
+ B (14 2) (1-2).

3 Rr Rp
(”30) (T‘R—c)-

k2 = 50, Rr = 0.5, Rc = 1, ¢ = 1 for plotting and





