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3D Steady-State Heat Conduction

3(. ar\ a(.ar) a(.dor) .
A A A y.2)=0
ax( 8xj+ay£ ay)+az( azj+Q(”Z)

« Heat Generation
 Uniform thermal conductivity A
T=0@Z=z,,, « HEX meshes

Z } — 1x1x1 cubes

— NX, NY, NZ cubes in each direction

Boundary Conditions

'~ - T=0@Z=z,,,

- ,»/;x J Heat Gen. Rate is a function of
NY location (cell center: x,y.)

~ 0(x,y,2)=0QVOL|x. + y,

Z A\
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3D Steady-State Heat Conduction

0 ;LE)T 0 ;LE)T +8 /IBT +0(x y.2)=0
dy ) 0dz\ 0z

_|_
ox\ dx /) dy

* Higher temperature
at nodes far from the
origin.

« Heat Gen. Rate is a
function of location
(cell center: x_,y.)

Q(X, y’Z):‘xC +yC‘
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Finite-Element Procedures

« Governing Equations
e Galerkin Method: Weak Form

« Element-by-Element Integration
— Element Matrix

 Global Matrix
« Boundary Conditions
* Linear Solver
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FEM Procedures: Program

* |nitialization
— Control Data
— Node, Connectivity of Elements (N: Node#, NE: Elem#)
— Initialization of Arrays (Global/Element Matrices)
— Element-Global Matrix Mapping (Index, ltem)

 Generation of Matrix

— Element-by-Element Operations (do icel= 1, NE)
« Element matrices
« Accumulation to global matrix

— Boundary Conditions

 Linear Solver
— Conjugate Gradient Method



Formulation of 3D Element

3D Heat Equations
— Galerkin Method
— Element Matrices

Running the Code
Data Structure
Overview of the Program
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Extension to 2D Prob.: Triangles
ZHMER
Triangles can handle arbitrarily shaped object

“Linear” triangular elements provide low accuracy,
therefore they are not used in practical applications.
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Extension to 2D Prob.: Quadrilaterals
O ER

« Formulation of quad. elements is possible if same
shape functions in 1D elements are applied along X-

and Y- axis.
— More accurate than triangles

« Each edge must be “parallel” with X- and Y- axis.
— Similar to FDM

3 « This type of elements

y
4 |
Q cannot be considered.
2

1

-
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Natural/Local/Element Coordinate (1/2)
AN BT ERERZER

« Each element is mapped to square element [£1,%1]
on natural/local/element coordinate (§,n)

v A
3 4 ‘$+1 3
4 ° °
5 — el
1 ® °
> X 1 -1 2

« Components of global coordinate system of each node
(x,y) for certain kinds of elements are defined by
shape functions [N] on natural/local coordinate system,
where shape functions [N] are also used for
interpolation of dependent variables.
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Natural/Local/Element Coordinate (2/2)
AN BT EREER

y 4 3 A
4 ® ®
2 : -1 e
1 ® o
> X 1 -1 2

« Coordinate of each node: (x,,y,), (X,,¥,), (X3,¥3), (X4,¥4)
» Temperature at each node: T,, T,, T5, T,

T=3NEmT, x=3NE&Em x,y=3 NE&m-y,

* |soparametric Elements: N, for (x,y,) and N. for T. are
same

10
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Isoparametric Element

n
y 4 A
o Ol o
- —0 O &
N o S
> X T—l

« Higher-order shape function can handle curved
lines/surfaces.

« “Natural” coordinate system
« Super-Parametric: Higher-Order N, for (x,y)
» Sub-Parametric: Lower-Order N. for (x,y)

11
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Shape Fn’s on 2D Natural Coord. (1/3)

* Polynomial shape functions
o O
on squares of natural
coordinate: -t
-1 +1
T=a+a,¢+an+a,én (1) - (2

 Coefficients are calculated as follows:

%:ﬂ+n+n+n,(%:—ﬂ+n+ﬂ—n,
4 4
a3:_Tl_T24+T3+T4, a,4:T1_T2ZT3_T4
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Shape Fn’s on 2D Natural Coord. (2/3)

T=a+a,l+an+a,én $

:T1+T2+T3+T4+—T1+T2+T3—T4f+ 4 = 3
) ) = T ¢
_TI_T2+T3+T4 77_|_T1_T2+T3_T4 577
4 4 1 S B 2

= (= g=ne )+ (1 E=n—Gn)T,+

i(1+§+77+§77)T3 +%(1—§+77—§77)T4
1
4

(1=E)t-n)+ (+ M=), +

L+ (= EN4 ).

13
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14

Shape Fn’s on 2D Natural Coord. (2/3)

T=a+aé+an+a,én

AT AT AT, —TAT AT =T,
4 4
~T,-T,+T,+T,  T,-T,+T,~T

1 2 3 477_|_1 2 3 4577

4 4

(1=¢=n+Enl+ (1+ & =n—EnT, +

0+§+n+&ﬂa+%0—§+n—&ﬂn

1 N;
—n ) A1+ ) -n ), +

N+l (=EM+n .
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Shape Fn’s on 2D Natural Coord. (3/3)

 Tis defined as follows
j . e +1 e
according to T; :
T=NT+N,T,+N,T,+N,T, T = &
« Shape functions N, : 1 S B 2

NMEm=(-i-n) NyEm=—(+&i-n)

N, (&) == (1+§)(1+77) N4<5,n>=Z(1—§)(1+n)

« Also known as “bi-linear” interpolation
 Calculate N, at each node
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Extension to 3D Problems

« Tetrahedron/Tetrahedra (

ME{K) : Triangles in 2D

— can handle arbitrary shape objects
— Linear elements are generally less accurate, not practical
— Higher-order tetrahedral elements are widely used.

* |In this class, “tri-linear” hexahedral elements
(isoparametric) are used (FNEFAER)

16
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Shape Fn’s: 3D Natural/Local Coord.
N (§,n,§)=—( =&N-n)1-¢) N (5,77,4“)=—(1—<§)(1—77)(1+§)

N,(&m.8) == (1+cf)( n-¢)  Ny&n.)== (1+5)( n)1+¢)
N, (&m0 == (1+§)(1+77)( -{) N,En) == (1+cf)(1+77)(1+§)
N4(cf,77,§)=§( ~&)1+n)1-¢) N8<§,n,5>=§( ~&EN1+n)1+¢)

8 (—1,+1,+1) +1,4+1,+
x=Y NELO X, T= ZN(cfn O 6/9 e
= (-1-1+1) (+1,-1,+1)

. 1,
1,+1,-1) ‘

YZZN,'(@U,C)% (—1,+1,-

L)

/ |/

(-1,-1,-1) (+1,-1,-1)

8
=SN'N.(&En,O)-z,
Z le (6.n.¢) 2 _—



Formulation of 3D Element

3D Heat Equations
— Galerkin Method
— Element Matrices

Running the Code
Data Structure
Overview of the Program
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Galerkin Method (1/3)

« Governing Equation for 3D Steady State Heat
Conduction Problems (uniform A):

0°T 0°T 0°T )
A |+ A= |+ A== [+0=0
ox dy 0z
B Distribution of temperature in each element
I'= [N ]{¢} (matrix form), ¢: Temperature at each node

* Following integral equation is obtained at each
element by Galerkin method, where [N]'s are also
weighting functions:

2457437l

19
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Galerkin Method (2/3)

« Green’s Theorem (3D)

J‘ABB J°B aB = j‘A dS—j 8A8B+8A8B+8A8B v
ox> oy’ az v\ 0x dx dy dy dz oz

« Apply this to the 1st 3-parts of the equation with 2nd-
order diff. (surface integration terms are ignored):

[N {alr )+ alr )+ AT lav

Vv

__ i Uiy Ir )+ alw Fr, )+ 2l Jr.)av

« Consider the following terms:
T=[NJgy, T.=INJot T,=|N ko). T.=|N_|g)
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Galerkin Method (3/3)

 Finally, following equation is obtained by considering
heat generation term ¢ :

-y FIv D+ alv, T v D aln Y Iv Dy {od+ [ olvkv = o

« This is called “weak form (85f=() ”. Original PDE
consists of terms with 2Md-order diff., but this “weak
form” only includes 1st-order diff by Green’s
theorem.

— Requirements for shape functions are “weaker” in “weak
form”. Linear functions can describe effects of 2"-order
differentiation.

— Same as 1D problem



FFFFF

Weak Form with B.C.: on each elem.
(10} = {1}

k19 = [a(v v v+ [alv, T v, v
w[a(v T n_ Jav

/1 = [OINT av
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Element Matrix: 8x8

k| (j=1...8)

(ri+1+1)

(—1+1,+1)

(—1,-1,+1)

O|1O00]|0|0]0|0|0|®

O|010|0|0|0|0|0||®
ilO|0|10|0|010|@®0||®

O|O00]|0|0]0|0|0| ®

O|010|0|0|0|0|0]||®

O|lO00]0|0]0|0|0]||®

O|1010|0|0|0|0|0||®

O|1010|0|0|0|0|0||®

(+1,-1,-1)

(€n.8)=(-1-1-1)
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Element Matrix: k;;

k| (.j=1...8) L)

(=1,—1,+1)

(&n.¢)=(-1-1-1)

k12 =[a(n, T Iv Jav + [alv TV, Jav
[l T v Dav

Y

ky==[1A4N, N, +A-N, ‘N, +A-N, ‘N, jdV
\%

24
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Methods for Numerical Integration

Trapezoidal Rule
Simpson’s Rule

Gaussian Quadrature (or Gauss-Legendre)
— accurate

Values of functions at finite numbers of sample
points are utilized:

Tf(x)dx — kzi;[wk 'f(xk )] ﬂ_yi_’

w
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Gaussian Quadrature in 1D
more accurate than Simpson’s rule

/(\C(X) — Sin(X) i \

-

>

) SR G & -1 ‘51 0 §2+1
X, =0, XZ:%, Xf% &, & =10.5773502692
/2 +1
h:Xz—X1=X3—X1:% S= [ flxkx=[f(E)hdé
0 -1

I

S = g[f(X1)+4f(X2)+ f(x,)]=1.0023 hiWk . f(£.)=0.99847
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Gaussian Quadrature
HHZDES N

« On normalized “natural (or local)” coordinate
system [-1,+1] (BRAEEZRER, BEFEER)

« Can approximate up to (2m-1)-th order of functions
by m quadrature points (m=2 is enough for

guadratic shape functions).
&=-1 &=0 &=+1

Tf(é:ﬁé::kznj;[wk f(é:k)] o o —9

£=-0.577350 &£,=+0.577350

m=1 & =0.00,w, =2.00
m=2 & =40.577350, w, =1.00
m=3 & =0.00,w, =8/9

E =+0.774597, w, =5/9

27
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Gaussian Quadrature
can be easily extended to 2D & 3D

7
[ aial) (1,1)

(=1, —=1) (45t ==h)

Bwosta BEAFEHW +a w
0.57735 02692 1.00000 00000 0.77459 66692 0.55555 55555
0.00000 00000 0.88888 88889

n=4 n=5

ac w E'a W
0.86113 63116 0.34785 48451 0.90617 98459 0.23692 68851
0.33998 10436 0.65214 51549 0.53846 93101 0.47862 86705

0.00000 00000 0.56888 88889

1=[ [f&m dén
DIDI URAEE B

m,n: number of quadrature
points in & n-direction

(¢..m,): Coordinates of Quad’s
W,,W.: Weighting Factor
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Gaussian Quadrature
A9 2D B

This configuration is widely
used. In 2D problem,
integration is done using
values of “” at 4 quad. points.

(el )

(=1, =1

Ne=2
n
(1, 1)
0 3
@ =B
BHSE+ a EAHEHRW

.

. .

o
0.86113 63116
0.33998 10436

w
0.34785 48451
0.65214 51549

s=iel W
0.77459 66692 0:55555 55555
0.00000 00000 0.88888 88889

n=>5

g w
0.90617 98459 0.23692 68851
0.53846 93101 0.47862 86705
0.00000 00000 0.56888 88889
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Gaussian Quadrature
52 DS

This configuration is widely n=2 :
used. In 2D problem, gagay 1 g
integration is done using

values of “f” at 4 quad. points.

B o i ¢ A

BrSta EAHEHRW + a %
0.57735 02692 1.00000 00000 0.77459 66692  0.55555 55555
0.00000 00000  0.88888 88889

Izjl _[f(f,n)dfdn Z Z[W W, - f(5.7, )]

=1.0x1.0x f(—=0.57735,-0.57735) +1.0x1.0x f(—=0.57735,+0.57735)
+1.0x1.0x f(+0.57735,+0.57735) + 1. O><1 O>< f(+0 57735 —0 57735)

U.33995 LU430  U.0
DDDOOO 00000 056888 88889
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Next Stage: Integration

e 3D Natural/Local Coordinate (&,7,{):

— Gaussian Quadrature

- 7 A+ 4
(1,1>. f .(1.1) ; n._ . IZJ J- jf(fanaé/) dfdﬂdé/
-1 -

; ks . :
L M

<-1.—1). .(1.—1) - - : Z Z[W W W f(é:l’n]’é/k)]

=1 j=1 k=1

WHSE+a EHEHEW + a W
0.57735 02692 1.00000 00000 0.77459 66692 0:55555 556585
0.00000 00000 0.88888 88889

n=4 =5

LM,N: number of quadrature
points in & n, {-direction

(£..1,.¢) : Coordinates of Quad’s
0.8611_3653116 0.34785W48451 0.9061‘7‘398459 0.23692 68851 W’Wj’Wk : Welghtlng FaCtor

0.33998 10436  0.65214 51549  0.53846 93101  0.47862 86705
0.00000 00000 0.56888 83889
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Partial Diff. on Natural Coord. (1/4)

« According to formulae:
N, (S,7,4) _ ON, ox aN ay dN, 0z

o0& ox ag dy 85 dz d&
N, (¢.1,§) _ ON, ox +8Nl. dy +aN,. 0z
on dx dn dy dn dz 9@
oN,(5,7,¢) _ ON; ox BN ay ON; 0z
14 ox ag dy 8( dz 9¢
ON, ON, ON.
{ o0& " on a;} can be easily derived according to definitions.
{aNl. N, E)Nl} . .
, : are required for computations.
ox dy 0z
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e |n matrix form:

faN\

Partial Diff. on Natural Coord. (2/4)

l

J¢
N,

a7
ON.

|96

dx dy 9z |[oN,) (ON, |
d5 dg  d¢ || ax ox
ax ay aZ aNl >:[]]<%>
on dn dn || dy dy
ox dy 09z ||IN, oN,
o d¢ d¢ |l oz | 0z

7] : Jacobi matrix, Jacobian

33
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21 —

‘]23

‘131

aN 5, ON
J N Ny, |=
"o 35 aé‘(z lx’j = T " 39‘ 35(2 yl] =
5, 0N,
J N.z Lo
o 35 35(2 j ;aé"
ox O 5, 0N, dy 0 (8 j 5, ON
= Nx; | = Xy, Sy = = Ny, |= -y,
on on ,ZZI: ,Z::‘ on ® o on dp 12:1: ; an
Jdz  0d (< 8, ON,
Nz, |= ~Z;
on 877 Z:: ZZ::‘ an
dx 0 (< 5, ON dy 0 (8 J 5, 0N,
| = X, = = Ny, |= Vi
35 35 Z ;34 9l o le ;35
B ag ag = o d¢

Partial Diff. on Natural Coord. (3/4)

. Components of Jacobian:

34
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Partial Diff. on Natural Coord. (4/4)

 Partial differentiation on global coordinate system
IS introduced as follows (with inverse of Jacobian

matrix (3 X 3))

(ON.] | dx 9y oz
Ox Jds d5 dg
< oN, _ dx dy 0z
dy i dn 97
dN; ox dy 0z
Ldz ) |df d¢ d¢

faN.\

Jdg

oN,

oN.
|96

> = []]_1<

faN.\

de
oN,

oN

|96
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Integration on Element
lkijJ (lv.]:18) (—1L+1,+1)

(-1,-1,+1)

k, =—j{/1-Nl.’x N, +A-N,,-N, +A-N,_-N,_JdV

+ A
ox ax ay ay aZ aZ

__j{ ON,ON; ,ON,ON; 9N, aN]}dV

36
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Integration on Natural Coord.
lkijJ (i,jzl,,,S) (~1,+1,+1)

(~1.-1.+1) 1oie)

(&n.¢)=(-1,-1-1) (+1,-1,-1)

+A
o0x ax ay ay aZ aZ

_HI{ ON, ON; N, ON; . aN, N, }dmydz_

_J'{ oN, aN BN aN ON, aNj }dv _

ox aX' ay ay aZ aZ

+1+1+1
(] f{ ON, ON, AN, ON; 9N, aN’}det\J\ teinic
ox ax ay Jdy dz Oz

—1-1-1
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Gaussian Quadrature
lkijJ (lv.]:18) (—1L+1,+1)

(-1,-1,+1)

(&n.¢)=(-1,-1-1) (+1,-1,-1)

+1+1+1 | aN | BN | aN
_jjj ﬂaNl J_l_laNz J_|_ﬂaNz J det‘]‘dfdﬂdé/
ox Ox dy dy 0z 0z

—1-1-1

+1 +1 +1

1= [ [£&n.¢)adanas

I -1

:i f_: i[w.wj.wk'f(fi’np{k)]

i J k=1
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Remaining Procedures

Element matrices have been formed.

Accumulation to Global Matrix
Implementation of Boundary Conditions
Solving Linear Equations

Details of implementation will be discussed Iin
classes later than next week through explanation
of programs

39
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40

Accumulation: Local -> Global Matrices
(3) w10%)=1r)

(3) "1y =1s")

kg) kl(i)_
p
0

@® @®
k43 k44 i

(2
[K{P}={F}
‘D, X X

X D, X
X X D,
X X X
X

I X

[ 7, (D
ki)
oy

k21

@
k31

@
_k41

Mo O o

@
ki
(€]
k22
(€]
k32

@®
k42

SR RIS

(2)
k13

(2)
k23

(2)
k33

(2)
k43

1
k23

(€]
k33

S
R

S

)]
k14

(2)
k24

(2)
k34

(2)
k44

—

8]

(9]

@)}

(@)}

¢1(2)
¢2(2)
8,
e,

4"
¢2(1)
6"
0.

o>

w\

[y

,
&
(o)}
N

)
i
)
12
)
5

1, )
f2(1>
£
£

)
fi)



Formulation of 3D Element

3D Heat Equations
— Galerkin Method

— Element Matrices
— EXxercise

Running the Code
Data Structure
Overview of the Program
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Exercise

e Develop a program and calculate area of the following
quadrilateral using Gaussian Quadrature.

o O OO

o —
~ N~

+1 +1

1=[av=| [detJ]d&d

-1 -1

42
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Tips (1/2)

e (Calculate Jacobian

e Apply Gaussian Quadrature (n=2)

+1 +1

43

= jf(f,n)dfdnzzm: S, w,- 1)l

-1 -1 =1 j=l

implicit REAL*8 (A-H,O0-2)
real*8 W(2)
real*8 POI (2)

W(l)= 1.0d0
W(2)= 1.0d0
POI(1l)= -0.5773502692d0
POI (2)= +0.5773502692d0

SUM= 0.d0
do jp= 1, 2
do ip= 1, 2
FC = F(POI (ip),POI(jp))
SUM= SUM + W (ip)*W (jp) *FC
enddo
enddo

(=11) (1, 1)

(=1, —1) ¢ A

BHS+a &R W
0.57735 02692 1.00000 00000
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Tips (2/2)

)
of of dx dy dy ox
J|= , det|J
=5 oy b detl= oF 9n  9& o
dn 97_

i 9 [ LON, Ay _ 9 (4 ] L N,

= N.x. = Ny |=) —Lvy.,
o af:(; ] Dy ey PO e Vv
R J (<& E)N 0 0 (< 2 ON,
= (ZNi'xij_ > (ZNi)’i]:Zay;yi

877 877 i=1 877 877 377 i=

NMEm=(-i-n) NyEm=—(+&i-n)

N, (&)=~ (1+«f)(1+77) 4(6,77)=Z(1—§)(1+77)

44
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3D Steady-State Heat Conduction

3(. ar\ d(.ar) a(.dor) .
A A A y.2)=0
ax( 8xj+ay£ ay)+az( azj+Q(”Z)

« Heat Generation
 Uniform thermal conductivity A
T=0@Z=z,,, « HEX meshes

Z } — 1x1x1 cubes

— NX, NY, NZ cubes in each direction

Boundary Conditions

'~ - T=0@Z=z,,,

- ,»/;x J Heat Gen. Rate is a function of
NY location (cell center: x,y.)

~ 0(x,y,2)=0QVOL|x. + y,

Z A\
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Copy/Installation

Install

>$ cd
>$ cd fem-c/fem3d/src
>$ make
>$ 1ls ../run/sol
sol

Install of Mesh Generator

>$ cd
>$ cd fem—-c/fem3d/run
>$ gcc —-03 mgcube.c —-o mgcube
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Operations

Starting from Grid Generation to Computation, File-
names are fixed

mgcube
mesh generator

'

—
~N N " A
cube.O — sol < INPUT.DAT
mesh file FEM Solver l Control Data
~

'

T
—

test.inp
for visualization

-~
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Z

A

49

Mesh Generation

T=0@2=z2,,,,

NZ

Y

/Y
=5 NX

NY

L

>$ cd
>$ cd fem—-c/fem3d/run
>$ ./mgcube.exe (or ./mgcube)

NX, NY, NZ — Number of
Elem’s in each
direction

20 20 20 — example

>S 1ls cube.O confirmation

cube. O



FEM3D

Control File: INPUT.DAT

INPUT.DAT

cube. O
2000

1.01.0
1.0e-08

e fname :
e TTER:
e COND :
e QVOL :
e RESID :

o( ,0T
A
ax( 0x

J

fname
ITER
COND, QVOL
RESID

Name of Mesh File

Max. Iterations for CG

Thermal Conductivity

Heat Generation Rate

Criteria for Convergence of CG

. oT 0 oT :
A A .v.2)=0
+8y( 8yj+82( azj+Q(xyz)

O(x,y,2)=QVOLx, + y,|

50
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>$ cd

Running

>$ cd fem-c/fem3d/run

>$ ./sol.exe (or

>$ 1ls test.inp
test.inp

./sol)

Confirmation

51
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ParaView

http://www.paraview.org/

Opening files
Displaying figures
Saving image files

— http://nkl.cc.u-tokyo.ac.jp/20w/ParaView.pdf

52
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BRDEE

=1
N

R
=Ak
AR
Y E A
y:ki:3
=Ak
JNE R
—REFR
2
=AR2
U £ 2.2
DY {42
A2
=HH2
JNEA2

UCD Format (1/3)

Unstructured Cell Data

pt
line
tri
quad
tet
pyr
prism

hex

line2
tri2
quad?2
tet2
pyr2
prism2

hex2

A2

L ]
0 0 I 0
=217 =Ak2
0 0
4
ez mAf 2 2
] 3 o 7 3
4 6
4 EII..5~

=fast 2 A —ﬁﬁz

A @'

53
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UCD Format (2/3)

 Originally for AVS, microAVS
« Extension of the UCD file is “inp”

* There are two types of formats. Only old type can
be read by ParaView.
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UCD Format (3/3): Old Format

%ﬁﬁﬁ%ﬁi) (RERY) (BEHRDT ) (BEROT—3H) (ETLDT—%
(B RBES1) (XELR) (YEELR) (ZEE1R)
(B RBES2) (XELR) (YEELR) (ZFEAR)

(BEXRES1) (HHES) (EROEE) (EREBRT SHADOLAY)
(EXES2) (MHES) (BROBHE) (EREBHT HHADOHHY)

(B EDT SRS (1 DHRE) (RS 20HRE) - - (% 5 OB
(EBRT—ARAN DI, (Hhi)
(B RT—RHS205~)L), (B

(BEHRT—2HRDINIL), (BfL)
(HRES) (HRT—31) (BimT—4%2) -
(EimBES2) (FimT—31) (BimT—52) -

(BERDT SRS (1 DHERE) (KD 20HRE) - - (&S OHRL)
(EXTARATOINIL), (Bf)
(ERT—EMA2DSIL), (B

(BERT —HHADINIL), (HEI)
(BRBES) (BRT ) (BRT—H2) -
(BREB2) (BRT ) (BRT—H2) -+



Formulation of 3D Element

3D Heat Equations
— Galerkin Method
— Element Matrices

Running the Code
Data Structure
Overview of the Program
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Overview of Mesh File: cube.O
numbering starts from “1”

 Nodes
— Node # (How many nodes ?)
— Node ID, Coordinates

« Elements
— Element #
— Element Type
— Element ID, Material 1D, Connectivity

* Node Groups
— Group #
— Node # in each group
— Group Name
— Nodes in each group
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.

=Zmax
/ Y
NX

Example of “cube.0” (NX=NY=NZ=4)
Node

FEM3D

®
Xt
VI
= Z
><
S
3
(¢b)
O
(@)
=
N—r
LO
*
LO
*
LO
Il
OO OOOOOOO OOOOO
QOO OOOOOOO OO OOO N
SO OoOOO <t <t <t <<t
OO OOOOOOO OOOOO
QOO OOOOOOO OO OOO >
oo —r—r—r— <t <t <t <t<t
OO OOOOOOO OOOOO
OO OO OOOOO OO OOO
Or—AMTO—AM O—am <t

LO—AONMILOONT~0OD —aONM
N . ONANAN

Y— . Y p— y— p— p—

Node ID X-coord.
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Example of “cube.0” (NX=NY=NZ=4)

Element (1/2)

64 =4x4x4 (Element #)

361 361 361 361 361 361 361 361 361 361
361 361 361 361 361 361 361 361 361 361
361 361 361 361 361 361 361 361 361 361
361 361 361 361 361 361 361 361 361 361
361 361 361 361 361 361 361 361 361 361
361 361 361 361 361 361 361 361 361 361
361 361 361 361

Element Type: 361
3D, Hexahedron, Linear (15t order)

A

T=0@7Z=z

max

NZ

Y

NY

/ Y
NX
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Example of “cube.0” Element (2/2)

1 1 1 2 1 6 26 2] 32 3]
2 1 2 3 8 1 2] 28 33 32
3 1 3 4 9 8 28 29 34 33
4 1 4 5 10 9 29 30 35 34
5> 1 6 [/ 12 11 31 32 3] 36
6 1 /8 13 12 32 33 38 3]
O 8§ 9 14 13 33 34 39 38
g 1 9 10 15 14 34 35 40 39
9 1 11 12 17 16 36 37 42 41
10 1 12 13 18 17 37 38 43 42
11 1 13 14 19 18 38 39 44 43
12 1 14 15 20 19 39 40 45 44
13 1 16 17 22 21 41 42 4] 46
23 1 81 82 87 86 106 10/ 112 111
o4 1 82 83 88 87 10/ 108 113 112
20 1 83 84 89 88 108 109 114 113
06 1 84 85 90 89 109 110 115 114
o/ 1 86 87 92 91 111 112 117 116
28 1 8/ 88 93 92 112 113 118 117 :
99 1 88 89 94 93 113 114 119 118
60 1 89 90 95 94 114 115 120 119
61 1 91 92 97 96 116 117 122 121
62 1 92 93 98 97 117 118 123 122
63 1 93 94 99 98 118 119 124 123
64 1 94 95 100 99 119 120 125 124

Elem ID MAT-ID ID of 8 nodes
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NX=NY=NZ=4, NXP1=NYP1=NZP1=5
ICELTOT= 64, INODTOT= 125, IBNODTOT= 25

k=1 k=2 k=3
24 25 49 S0 74 7
16 32 48
20 45 70
19 44 &
11 1z 36 S 61 ke
o 21 37
5 7 |8 o . a4 2 |33 |34 .. . 57 |58 |59 |
1 2 3 4 17 | 18 | 19 | 20 33 | 34 | 35 | 36
1 > 3 4 5 26 27 28 29 30 51 52 53 54 55
125 100
k=5 124 99 k=4
k=5 64 64 k=4
@/@ @/@ 119 120 94 9
111 112 86 87
53 93
(06 107 1108|108 | o g g2 183 |84 |
49 | 50 | 51 52 49 | 50 | 51 52

101 102 103 104 105 76 77 78 79 80
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Example of “cube.0” Node Grp. Info.

4 Number of Groups
25 50 75 100 Number of Nodes (ea. grp.) VA }
Xmin
1 6 11 16 21 26 31 36 41 46 T=0@Z=z2,,,,
51 56 61 66 71 76 81 86 91 96
101 106 111 116 121
Ymin
1 2 3 4 5 26 27 28 29 30 NZ
51 52 53 54 55 76 7171 18 19 80
101 102 103 104 105

min Y
1 2 3 4 5 6 7 8 9 10 Ax
11 12 13 14 15 16 17 18 19 20 NY
21 22 23 24 25 X
/max
101 102 103 104 105 106 107 108 109 110
111 112 113 114 115 116 117 118 119 120
121 122 123 124 125
no use after this line
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NX=NY=NZ=4, NXP1=NYP1=NZP1=5
ICELTOT= 64, INODTOT= 125, IBNODTOT= 25

k=1 k=2 k=3
24 25 49 S0 74 7
16 32 48
20 45 70
19 44 69
11 1z 36 S 61 b2
o 21 37
5 7 |8 o . a4 2 |33 |34 .. . 57 |58 |59 |
1 2 3 4 17 | 18 | 19 | 20 33 | 34 | 35 | 36
1 > 3 4 5 2 27 28 29 30 51 52 53 54 55
125 100
k=5 124 99 k=4
k=5 64 64 k=4
119 120 94 9
111 112 86 87
@ @ Xmin: i=1
(06 107 1108|109 | o g 82 183 |84 | o i1
49 | 50 | 51 52 49 | 50 | 51 52 Zmin: k=1

Zmax:k=5
101 102 103 104 105 76 77 78 79 80
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Mesh Generation

» Big Technical & Research Issue
— Complicated Geometry
— Large Scale

« Parallelization is difficult

e Commercial Mesh Generator
— FEMAP

* Interface to CAD Data Format

64



Formulation of 3D Element

3D Heat Equations
— Galerkin Method
— Element Matrices

Running the Code
Data Structure
Overview of the Program
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FEM Procedures: Program

* |nitialization
— Control Data
— Node, Connectivity of Elements (N: Node#, NE: Elem#)
— Initialization of Arrays (Global/Element Matrices)
— Element-Global Matrix Mapping (Index, Item)

 Generation of Matrix

— Element-by-Element Operations (do icel= 1, NE)
« Element matrices
« Accumulation to global matrix

— Boundary Conditions

* Linear Solver
— Conjugate Gradient Method

66
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testl

main

Structure of

heat3D

input_cntl
input of control data

input_grid
input of mesh info

67

find_node
searching nodes

mat_con0
connectivity of matrix

mSORT

sorting

mat_con
connectivity of matrix

mat_ass_main
coefficient matrix

jacobi
Jacobian

mat_ass_bc
boundary conditions

solvell
control of linear solver

cg

CG solver

output_ucd

visualization
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Main Part

/%%

program heat3D
*k /
#include <stdio.h>
#include <stdlib.h>
FILEx fp_log;
#define GLOBAL_VALUE_DEFINE
#include “pfem_util.h”
//#include “solver11.h”
extern void INPUT_CNTL () ;
extern void INPUT_GRID() ;
extern void MAT_CONO () ;
extern void MAT_CON1 () ;
extern void MAT_ASS_MA

INO ;
extern void MAT_ASS BC ()
0

extern void SOLVE11() ;
extern void OUTPUT_UCD
int main()

INPUT_CNTL () ;
INPUT_GRID () ;

MAT_CONO () ;
MAT_CON1 () ;

MAT_ASS_MAINQ) ;
MAT_ASS BC() ;

SOLVE11 () ;
OUTPUT_UCD ()
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Global Variables: pfem_util.h (1/3)

Name Type Size /0O Definition
fname C [80] I Name of mesh file
N, NP I T # Node
ICELTOT I I # Element
NODGRPtot I I # Node Group
XYZ R [N][3] I Node Coordinates
ICELNOD I [ICELTOT] [8] I Element Connectivity
NODGRP__INDEX I [NODGRPtot+1] I # Node in each Node Group
NODGRP__ITEM I éggii?ggi???x [N I Node ID in each Node Group
NODGRP_NAME C80 éggig?ggiﬁj?x LN I Name of NodeGroup
NLU I o) # Non-Zero Off-Diagonals at each node
NPLU I o) # Non-Zero Off-Diagonals
D R [N] o) Diagonal Block of Global Matrix
B,X R [N] O RHS, Unknown Vector
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Global Variables: pfem_util.h (2/3)

Name Type Size /O Definition
AMAT R (NPLU] o gi)gll;ieﬁagifi—magonal Components of
indexLU I [N+1] O | # Non-Zero Off-Diagonal Components
itemLU I (NPLU] o ggﬁll]r;r; gl)t :f Non-Zero Off-Diagonal
¢ o o | pmber ot Mot 1 Disens
r [ oo T
IWKX I [N][2] O | Work Arrays
ITER, ITERactual T I Number of CG Iterations (MAX, Actual)
RESID R I Convergence Criteria (fixed as 1.e-8)
pfemIarray I [100] O | Integer Parameter Array
pfemRarray R [100] O | Real Parameter Array
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Global Variables: pfem_util.h (3/3)

71

Name Type Size /O Definition
o8th R I =0.125
PNQ, PNE, PNT R [21[2][8] O %%%(z =1~8ht each Gaussian Quad. Point
POS, WEI R (2] 0 1(DI(())i(;lrtdinates, Weighting Factor at each Gaussian Quad.
NCOL1l, NCOL2 I [100] o) Work arrays for sorting
SHAPE R [2]1[2][2][8] ¢) N, (i=1~8) at each Gaussian Quad Point
PNX, PNY, PNZ R [2][2][2][8] o) %%%(z =1~8) at each Gaussian Quad. Point
DETJ R (2102102] o gz;e;.nll)igia;t of Jacobian Matrix at each Gaussian
COND, QVOL R I Thermal Conductivity, Heat Generation Rate

0

/IBT 0

/IBT

0

A

or +0(x,y,2)=0

0x

+
ox ) dy

+
dy | 0oz

O(x,y,2)=QVOLx, + y|

07
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INPUT CNTL: Control Data

*x [INPUT_CNTL

*k /

#include <stdio.h>
#include <stdlib.h>
#include “pfem_util.h”
/% xk/

void INPUT_CNTL ()
FILE *fp;

if ( (fp=fopen (“INPUT.DAT”, “r”)) == NULL) {
fpr{2¥{(stdout,”input file cannot be opened!¥n”);
exi ;

fscanf (fp, “%s”, fhame) ;
fscant (fp. “%d”’ &ITER) - INPUT . DAT
fscanf (fp, “%If %If”, &GCOND, &QVOL);

fscanf (fp, “%If”, &RESID) ; cube.O fname

felose (fp) ; 2000 ITER
pfemRarray[0]= RESID; 1.01.0 COND, QVOL
pfemlarray[0]= ITER; 1.0e-08 RESID
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#include <stdio. h>

INPUT_GRID (1/3)

#include “pfem_util.h”
#include “allocate. h”
void INPUT _GRID ()

FILE *fp; . o
int i1, J,k, i1,kk,nn,icel, iS, iE;
int NTYPE, IMAT;

if( (fp=fopen (fname, “r”)) == NULL) { )
fpréq¥;(stdout, input file cannot be opened!¥n”) ;
exi ;

/%%

NODE

*k /
fscanf (fp, “%d”, &N) ;

NP=N;
XYZ=(KREAL**) al |ocate_matrix (sizeof (KREAL), N, 3) ;
for (i=0; i<N; i++) {

f 1=0; <3 |
or (=0 18301420 o

}

for (i=0; i<N;i++) { v o . . .
} fscanf (fp, “%d %I %If %If”, &ii, &KYZ[i][0], &XYZ[i][11, &XYZ[il[2]);
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Example of “cube.0” Node

N >
prd
P VA
>
m zZ
N
Il
®
T
V|
= prd
N
>
=
I
OCOOOOODODOOOO OCOOOOO
eleleoleleolelelale) OOOOO
ofeleleoleolololele) <<t <t<t+<t
OCOOOOODODOOOO OO
eleleoleleolelalale) OOOOO
e e o T T T —— <<t <t<t+<t
OOOOOODODOOOO OO
eleleoleleoleleolele) OOOOO
Or—AMNTO—AIM Or—aNMm <t
LO—ANM<FTLOO~OD — AN <TLO
N NN AN
—

Ye— p— y— p— y—

XYZ[1][3]
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allocate, deallocate (1/2)
Same interface with FORTRAN

#include <stdio. h>
#include <stdlib. h>

void* allocate _vector (int size, int m)
void *a;
if ( (a=(void * )malloc( m * size ) ) == NULL ) {
fpr{q?f(stdout,”Error:Memory does not enough! in vector ¥n”);
exi ;

return a;

void deal locate_vector (void *a)

free( a );

INDEX=(KINT* )allocate vector (sizeof (KINT), NGtot+1); INDEX[NGtot]
NAME =(CHAR80%) al locate vector (sizeof (CHAR8Q) K NGtot) ; NAME[NGtot]
WW= (KREAL**) allocate matrix(sizeof (KREAL),6 4 N) ; WW[4][N]
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allocate, deallocate (2/2)
Same interface with FORTRAN

void** allocate matrix(int size, int m, int n)

yo{d_**aa:

int i;

if ( (aa=(void ** )malloc( m * sizeof (void¥) ) ) == NULL ) {
fpr{q?f(stdout,”Error:Memory does not enough! aa in matrix ¥n”);
exi ;

J

if ( ( aa[0]=(void * )malloc( m * n * size ) ) == NULL ) {
fpr{q?f(stdout,”Error:Memory does not enough! in matrix ¥n”);
exi ;

for (i=1;i<m;i++) aalil=(char*)aal[i-1]+size*n;
return aa.

void deal locate matrix(void **aa)

] free( aa );

INDEX=(KINT* )allocate vector (sizeof (KINT), NGtot+1); INDEX[NGtot]
NAME =(CHAR80%) al locate vector (sizeof (CHAR80) K NGtot) ; NAME[NGtot]
WW= (KREAL**) allocate matrix(sizeof (KREAL),6 4 N) ; WW[4][N]
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/%

*k /

INPUT_GRID (2/3)

ICELNODII][j]:
Node ID starting from “1”.

ELEMENT
fscanf (fp, “%d”, &ICELTOT) ;
ICELNOD= (KINT**) al locate_matrix (sizeof (KINT), ICELTOT, 8) ;

for (i=0; i<ICELTOT; i++) fscanf (fp, “%d”, &NTYPE) ; Element ID starts from “0”.

for (icel=0; icel<ICELTOT; icel++) {
fscanf (fp, “%d_%d_%d %d %d %d %d
&ICELNOD[icel][0], &ICELNOD[icel
&ICELNOD[icel] [4], &ICELNOD[icel

%
1,
1,

d %d”, &ii, &IMAT,
gIGELNOD[icel][2],&IGELNOD[ice|]E§ :

%d
1
E5 ICELNOD[icel] [6], &ICELNOD[icel][71);

| S -}
| S -}

77
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/ Y
NX

ICELTOT

Example of “cube.0” Element (1/2)

64

FEM3D
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OOOOOOO
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3D, Hexahedron, Linear (15t order)

Element Type: 361
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Example of “cube.0” Element (2/2)
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/%

*k /

INPUT_GRID (3/3)

NODE grp. info.
fscanf (fp, “%d”, &NODGRPtot) ;

NODGRP_INDEX=(KINT* )allocate_vector (sizeof (KINT), NODGRPtot+1) ;
NODGRP_NAME = (CHAR80x) al locate vector (sizeof (CHAR8O) , NODGRPtot) ;
for (i=0; i<NODGRPtot+1; i++) NODGRP_INDEX[i]=0;

=0;

for (i i<NODGRPtot; i++) fscanf (fp, “%d”, &NODGRP_INDEX[i+1]) ;
nn=NODGRP_INDEX [NODGRPtot] ;
NODGRP_ITEM=(KINT*) al locate_vector (sizeof (KINT), nn) ;

for (k=0; K{NODGRPtot ; k++) {
iS= NODGRP_INDEX [K] ; Node Group:

iE= NODGRP_INDEX [k+11; : g
fscanf (fp, “%s”, NODGRP_NAME [k]. name) ; Node ID’s start from “1

nn= iE - iS;
if(nn 1=0){
for (kk=iS;kk<iE;kk++) fscanf (fp, “%d”, &NODGRP_ITEM[kk]) ;

}
fclose (fp) ;

80
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Example of “cube.0” Node Grp. Info.

4 NODGRPtot
25 50 75 100 NODGRP_INDEX[1-4]
Xmin NODGRP_NAME[O]
1 6 11 16 21 26 31 36 41 46 NODGRP_ITEM[0-24]
b1 56 61 66 71 76 81 86 91 96
101 106 111 116 121
Ymin NODGRP_NAME[1]
1 2 3 4 5 26 27 28 29 30 NODGRP _ITEM[25-49]

ol 52 53 54 5 76 77 78 719 80
101 102 103 104 105

/min NODGRP_NAME[2]
1 2 3 4 5 6 717 8 9 10 NODGRP_ITEM[50-74]
11 12 13 14 15 16 17 18 19 20
21 22 23 24 25
Zmax NODGRP_NAME [3]
101 102 103 104 105 106 107 108 109 110 NODGRP _ITEM[75-99]
111 112 113 114 115 116 117 118 119 120
121 122 123 124 125
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testl

main

Structure of

heat3D

input_cntl
input of control data

input_grid

input of mesh info

mat_con0
connectivity of matrix

mat_conl
connectivity of matrix
mat_ass_main
coefficient matrix

mat_ass_bc
boundary conditions

solvell
control of linear solver

find_node
searching nodes

mSORT
sorting

jacobi

Jacobian

cg

CG solver

output_ucd

visualization
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Global Variables: pfem_util.h (1/3)

Name Type Size /0O Definition
fname C [80] I Name of mesh file
N, NP I T # Node
ICELTOT I I # Element
NODGRPtot I I # Node Group
XYZ R [N][3] I Node Coordinates
ICELNOD I [ICELTOT] [8] I Element Connectivity
NODGRP__INDEX I [NODGRPtot+1] I # Node in each Node Group
NODGRP__ITEM I éggii?ggi???x [N I Node ID in each Node Group
NODGRP_NAME C80 éggig?ggiﬁj?x LN I Name of NodeGroup
NLU I o) # Non-Zero Off-Diagonals at each node
NPLU I o) # Non-Zero Off-Diagonals
D R [N] o) Diagonal Block of Global Matrix
B,X R [N] O RHS, Unknown Vector
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Global Variables: pfem_util.h (2/3)

Name Type Size /O Definition
AMAT R (NPLU] o gi)gll;ieﬁagifi—magonal Components of
indexLU I [N+1] O | # Non-Zero Off-Diagonal Components
itemLU I (NPLU] o ggﬁll]r;r; gl)t :f Non-Zero Off-Diagonal
¢ o o | pmber ot Mot 1 Disens
r [ oo T
IWKX I [N][2] O | Work Arrays
ITER, ITERactual T I Number of CG Iterations (MAX, Actual)
RESID R I Convergence Criteria (fixed as 1.e-8)
pfemIarray I [100] O | Integer Parameter Array
pfemRarray R [100] O | Real Parameter Array
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Global Variables: pfem_util.h (3/3)

85

Name Type Size /O Definition
o8th R I =0.125
PNQ, PNE, PNT R [21[2][8] O %%%(z =1~8ht each Gaussian Quad. Point
POS, WEI R (2] 0 1(DI(())i(;lrtdinates, Weighting Factor at each Gaussian Quad.
NCOL1l, NCOL2 I [100] o) Work arrays for sorting
SHAPE R [2]1[2][2][8] ¢) N, (i=1~8) at each Gaussian Quad Point
PNX, PNY, PNZ R [2][2][2][8] o) %%%(z =1~8) at each Gaussian Quad. Point
DETJ R (2102102] o gz;e;.nll)igia;t of Jacobian Matrix at each Gaussian
COND, QVOL R I Thermal Conductivity, Heat Generation Rate

0

/IBT 0

/IBT

0

A

or +0(x,y,2)=0

0x

+
ox ) dy

+
dy | 0oz

O(x,y,2)=QVOLx, + y|

07
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Towards Matrix Assembling

* In 1D, it was easy to obtain information related to
index and item.
— 2 non-zero off-diagonals for each node
— ID of non-zero off-diagonal : i+1, i-1, where

* In 3D, situation is more complicated:

— Number of non-zero off-diagonal components is between
7/ and 26 for the current target problem

— More complicated for real problems.

— Generally, there are no information related to number of
non-zero off-diagonal components beforehand.

IS node ID
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Towards Matrix Assembling

* In 1D, it was easy to obtain information related to
index and item.
— 2 non-zero off-diagonals for each node
— ID of non-zero off-diagonal : i+1, i-1, where

* In 3D, situation is more complicated:

— Number of non-zero off-diagonal components is between
7/ and 26 for the current target problem

— More complicated for real problems.
— Generally, there are no information related to number of
non-zero off-diagonal components beforehand.
« Count number of non-zero off-diagonals using
arrays: INLU[N], IALU[N][NLU]

IS node ID
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/%%

program heat3D

*k /

#include <stdio. h>
#include <stdlib.h>
FILEx fp_log;

#define GLOBAL_VALUE_DEFINE
#include “pfem_util.h”
//#include “solver11.h”
extern void INPUT_CNTLOQ) ;
extern void INPUT GRID() ;
extern void MAT_CONO () ;
extern void MAT_CON1() ;
extern void MAT_ASS MAINQ) ;
extern void MAT_ASS BC() ;
extern void SOLVE11() ;
extern void OUTPUT_UCD() ;

int main()
INPUT_CNTL Q) ;
INPUT_GRID () ;

MAT_CONO () ;
MAT_CON1 ) ;

MAT_ASS_MAINQ) ;
MAT_ASS_BC(O

SOLVE11 () ;
OUTPUT_UCD ()

Main Part

13—(19—(159—(6
7 I 8 9

©O—(0——(1)—2
4 | 5 6

6—0—09—©
1] 2 3

Q0 oO—0B—™©W

Node ID starting from *“1”

MAT_CONO: generates INU,
MAT_CONI: generates index, item

IALU
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MAT CONO: Overview

do icel= 1, IGELTOT (—1,+1,+1)
generate INLU, TALU
according to 8 nodes of hex. elements

(+1,+1,+1)

(FIND_NODE) (~1,-1+1) (+1-14+1)
enddo
(+1,+1,-1)
/ /
1.8)=(=1-1-1 +1-1-1
E a2 6@ a8 (&.7.¢)=( ) ( )
7 I 8 9
3\ 2 “
(Q—(0——1D—12
4 5 6

),
@
O
©,

IN
(o8]

|—
:L/
«)
®
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Generating Connectivity of Matrix
MAT_ CONO (1/4)

/%%
*x MAT_CONO
%k /

#include <stdio.h>
#include “pfem_util.h”
#include “allocate.h

extern FILE *fp_log;

/*x*x external functions sxx/
extern void mSORT (int*, intx, int);
/*xk static functuons sx/

static void FIND_TS _NODE (int, int);

¥oid MAT_CONO ()
int i, ], k, icel, in;
int in1, in2, in3, in4, in5, in6, in7, in8;
int NN;
NLU= 26;

INLU= (KINT* )al locate_vector (sizeof (KINT),N) ;

IALU= (KINT=*x*) al locate_matrix (sizeof (KINT), N, NLU) ;

for (i=0; i<N;i++) INLU[i]=0;

for (i=0;i<N; i++) for (j=0; j<NLU; j++) ITALU[i][j]=0;

NLU:

Number of maximum number
of connected nodes to each
node (number of upper/lower
non-zero off-diagonal nodes)

In the current problem,
geometry is rather simple.
Therefore we can specify NLU
in this way.

If it's not clear ->
Try more flexible
implementation
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Why NLU=26 ?
Max Number of Neighboring Nodes
9+8+9= 26

NLU:

Number of maximum number
of connected nodes to each
node (number of upper/lower
non-zero off-diagonal nodes)

In the current problem,
geometry is rather simple.
Therefore we can specify NLU
in this way.

If it's not clear ->
Try more flexible
implementation

!
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Generating Connectivity of Matrix

MAT CONO (1/4)

92

/%%

% MAT_CONO
55 Array Size Description
#inciuge §s$dio.h}| "
ﬁmglﬂdg "gl?rgaﬁé.h « Number of connected
extern FILE +fp_log: INLU [N] nodes to each node
/*x* external functions skk/ (lower/upper)
?xterntvgid $SORI(int*, iyt*, int);
%k static functuons *xx i
static void FIND_TS_NODE (int, int): Corresponding

IALU [N] [NLU] | connected node ID

%oid MAT_CONO ()

(column ID)

int i, ], k, icel, in;

int in1, in2, in3, in4, in5, in6, in7, in8;
int NN;

NLU= 26;

INLU=(KINT* )al locate_vector (sizeof (KINT),N) ;

IALU=(KINT**) al locate_matrix(sizeof (KINT), N, NLU) ;

for (i=0;i<N;i++) INLU[i]=0;

for (i=0; i<N; i++) for (j=0; j<NLU; j++) IALULi]1[j]=0;
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Generating Connectivity of Matrix
MAT_CONO (2/4): Starting from 1

for (icel=0;icel< ICELTOT;icel+) {
in1=ICELNOD[ice|][0] ;
in2=I1CELNOD[icel][1];
in3=ICELNOD[jce|][2]
ind=ICELNOD[ jce|][3]
Ing=ICELNOD foe] [4]. (~1,-1,+1) (+1-1+1)
6
7

! (~1,+1,+1) (+1,4+1,+1)

in6=ICELNOD[ice|] [5]
in7=ICELNOD[ice|] [6]
in8=ICELNOD[icel][7];

ND_TS_NODE (in1, in2):
D_TS_NODE (inl. in3): / /
TS_NODE (ini. ind):

TSNODE (in 176 En8)=(1-1-1) (+1-1-1)

TS_NODE (int, in7):
TS_NODE (int, in8):

TS_NODE (in2, inl1):
TS_NODE (in2, in3):
TS_NODE (in2, ind) :
TS_NODE (in2, inb) :
TS_NODE (in2, in6) :
TS_NODE (in2, in7):
TS_NODE (in2, in8):

TS_NODE (in3, inl):
TS_NODE (in3, in2) :
TS_NODE (in3, in4) :
TS_NODE (in3, inb) :
TS_NODE (in3, in6) :
TS_NODE (in3, in7):
TS_NODE (in3, in8):



FEM3D

FIND TS NODE: Search Connectivity

INLU,IALU: Automatic Search

/%%

*xx FIND TS NODE
*k /

static void FIND_TS _NODE (int ipl, int ip2)

{

int kk, icou;

for (kk=1;kk<=INLU[ip1-1]; kk++) {
if(ip2 == IALU[ip1-1] [kk-1]) return;

icou=INLULip1-1]+1;
IALULip1-1]L[icou-1]=ip2;
INLULip1-1]=icou;

return,

Array Size Description
Number of connected

INLU | [N] nodes to each node
(lower/upper)
Corresponding

IALU | [N][NLU] | connected node ID

(column ID)
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FIND TS NODE: Search Connectivity

INLU,IALU: Automatic Search, #2 Element

/*%kk
*xx FIND TS NODE
kK /

static void FIND_TS _NODE (int ipl, int ip2)
int kk, icou;
for (kk=1;kk<=INLU[ip1-1] ;kk++) {
if(ip2 == IALU[ip1-1] [kk-1]) return;

icou=INLU[ip1-1]+1;
IALULip1-1][icou-1]=ip2;
INLU[ip1-1]=icou;

return,

Checking whether “ip2”
is already included in
TALUJipl-1][kk], or not

13

N

|00

ip1: No.6 node

ip2: No.7 node

T
10
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FIND TS NODE: Search Connectivity
INLU,IALU: Automatic Search, #2 Element

/*%kk
*xx FIND TS NODE
kK /

static void FIND_TS _NODE (int ipl, int ip2)

int kk, icou;

for (kk=1;kk<=INLU[ip1-1]; kk++) {
if(ip2 == IALU[ip1-1] [kk-1]) return;

icou=INLULip1-1]+1;
IALU[ip1-1] [icou-1]=ip2;
INLU[ip1-1]=icou;

return; [f the target node is NOT
included in IALU, store the node

in IALU, and add 1 to INLU.

ip1: No.6 node

(@
o—®&
@

ip2: No.7 node
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FIND TS NODE: Search Connectivity
INLU,IALU: Automatic Search, #5 Element

/*%kk
*xx FIND TS NODE
kK /

static void FIND_TS _NODE (int ipl, int ip2)
If the target node is

Jais i (el already included in

for (kk=1;kk<=INLU[ip1-1]; kk++) { IALU, proceed to next
if(ip2 == IALULip1-1][kk-1]) return; pair of nodes

F—O—0B—®

icou=INLU[ip1-1]+1;
IALULip1-1][icou-1]=ip2;
INLU[ip1-1]=icou;

return,

ip1: No.6 node

ip2: No.7 node
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FIND_TS_NODE
FIND_TS_NODE
FIND_TS_NODE
FIND_TS_NODE
FIND_TS_NODE
FIND_TS_NODE
FIND_TS_NODE

FIND_TS_NODE
FIND_TS_NODE
FIND_TS_NODE
FIND_TS_NODE
FIND_TS_NODE
FIND_TS_NODE
FIND_TS_NODE

FIND_TS_NODE
FIND_TS_NODE
FIND_TS_NODE
FIND_TS_NODE
FIND_TS_NODE
FIND_TS_NODE
FIND_TS_NODE

FIND_TS_NODE
FIND_TS_NODE
FIND_TS_NODE
FIND_TS_NODE
FIND_TS_NODE
FIND_TS_NODE
FIND_TS_NODE

M

AT CONO (3/4)

(—1,+1,+1)

(-L-1+1)

(€.n.0)=(-1-1-1)

Generating Connectivity of Matrix

(+1,+1,+1)

98



FEM3D

Generating Connectivity of Matrix
MAT_ CONO (4/4)

FIND_TS_NODE (in8,
FIND_TS_NODE (in8,
FIND_TS_NODE (in8,
NODE (in8,
FIND_TS_NODE (in8,
FIND_TS_NODE (in8,
FIND_TS_NODE (in8,

FIND_TS_

}

for (in=0; in<N; in++) {

NN=INLU[in];

inl);

|n2);
in3) ;
ind) ;
inb) ;
in6) ;
in7);

for (k=0;k<NN;k++) {

NCOL1[k]=TALU[in] [k];

mSORT (NGOL1, NCOL2, NN) ;
for (k=NN;k>0;k—) {

Sort IALU[i][k] in ascending order
by “bubble” sorting for less than
100 components.

IALULin] [NN-k]= NCOL1[NCOL2[k-1]1-1];
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MAT CONT1: CRS format

#include <stdio.h>
#include “pfem_util.h”
#include “allocate. h”
extern FILEx fp_log;
%oid MAT_CON1 ()

int i, Kk, kk;

indexLU=(KINT*) al locate_vector (sizeof (KINT), N+1) ;
for (i=0; i<N+1;i++) indexLU[i]=0;

for (i=0; i<N; j++) | C

indexLU[i+11=indexLU[i1+INLULi]; :

index[i+1]= ) INLU[K]
k=0

NPLU=indexLU[N]; _
i temLU=(KINT*) al locate_vector (sizeof (KINT), NPLU) ; index[0]=0

for (i=0; i<N;i++) {
fo&ék;O;kéthH%i%:k++){
=k+indexLU[i];
i temLU[kk]=IALU[i] [k]-1; FORTRAN

} : N~
deal locate_vector (INLU) ; index (7) kZ_;INLU(k)

deal locate_vector (IALU) ; -
J index(0) =0
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MAT CONT1: CRS format

#include <stdio.h>
#include “pfem_util.h”
#include “allocate. h”
extern FILEx fp_log;
%oid MAT_CON1 ()

int i, Kk, kk;

indexLU=(KINT*) al locate_vector (sizeof (KINT), N+1) ;
for (i=0; i<N+1;i++) indexLU[i]=0;

for (i=0;i<N;i++) {
indexLU[i+1]=indexLU[i]+INLU[i];

NPLU=indexLU[N] ;
itemLU=(KINT*) al locate_vector (sizeof (KINT), NPLU) ;

for (i=0; i <N; j++) | .
for (k20:KSINLUL T e g,PLU?ndeXLU[N]
(K=KtindexLuiil, _ ize of array: itemLLU
tenCHLkKISIALUL 1T Total number of non-zero off-

} .
deal locate_vector (INLU) ; diagonal blocks

deal locate_vector (IALU) ;

101
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MAT CONT1: CRS format

#include <stdio.h>
#include “pfem_util.h”
#include “allocate. h”
extern FILEx fp_log;
%oid MAT_CON1 ()

int i, Kk, kk;

indexLU=(KINT*) al locate_vector (sizeof (KINT), N+1) ;
for (i=0; i<N+1;i++) indexLU[i]=0;

for (i=0;i<N;i++) {
indexLU[i+1]=indexLU[i]+INLU[i];

NPLU=indexLU[N];
i temLU=(KINT*) al locate_vector (sizeof (KINT), NPLU) ;

for (i=0; i<N; i++) {
for (k=0; k<INLU[i] ;k++) {
kk=k+indexLU[i] ; 1itemL.U

itemLU[kk]=IALU[i][k]-1; _
store node ID starting from 0

}
deal locate _vector (INLU) ;
deal locate _vector (IALU) ;
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MAT CONT1: CRS format

#include <stdio.h>
#include “pfem_util.h”
#include “allocate. h”
extern FILEx fp_log;
%oid MAT_CON1 ()

int i, Kk, kk;

indexLU=(KINT*) al locate_vector (sizeof (KINT), N+1) ;
for (i=0; i<N+1;i++) indexLU[i]=0;

for (i=0;i<N;i++) {
indexLU[i+1]=indexLU[i]+INLU[i];

NPLU=indexLU[N];
i temLU=(KINT*) al locate_vector (sizeof (KINT), NPLU) ;

for (i=0;i<N; i++) {
for (k=0;k<INLU[i];k++) {
kk=k+indexLU[i];
i temLU[kk]=IALU[i][k]-1;

J
deal locate_vector (INLU) ; _
deal locate_vector (IALU) ; Not required any more
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/%%

program heat3D
*k /
#include <stdio.h>
#include <stdlib.h>
FILEx fp_log;
#define GLOBAL_VALUE_DEFINE
#include “pfem_util.h”
//#include “solver11.h”
extern void INPUT_CNTL () ;
extern void INPUT_GRID() ;
extern void MAT_CONO () ;
extern void MAT_CON1 () ;
extern void MAT_ASS_MA

INO ;
extern void MAT_ASS BC ()
0

extern void SOLVE11() ;
extern void OUTPUT_UCD
int main()

INPUT_GNTL () ;
INPUT_GRID () ;

MAT_CONO () ;
MAT_CON1 () ;

MAT_ASS_MAINQ) ;
MAT_ASS_BCO

SOLVE11 () ;
OUTPUT_UCD ()

Main Part
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MAT ASS MAIN: Overview

do kpn=1, 2
do jpn=1, 2
do ipn=1, 2
Define Shape Function at Gaussian Quad. Points (8-points)
Its derivative on natural/local coordinate is also defined.

enddo
enddo
enddo

do icel= 1, ICELTOT

Jacobian and derivative on global coordinate of shape functions at
Gaussian Quad. Points are defined according to coordinates of 8 nodes. (JACOBI)

do ie= 1, 8
do je=1, 8
Global Node ID: ip, jp
Address of A, in “itemLU” : kk

ip, jp

enddo
enddo

Je
O|O|0|0|0|0|O0|0
do kpn=1, 2
do jpn=1, 2 OlO1010|010|0|0
do ipn=1, 2 .
integration on each element | 0|0/0/0|0|0|0|0
coefficients of element matrices OlOIO|IO|IO0O101010
enzggumulatlon to global matrix olololololololo
enddo 0|0|0|0]|0]|0|0|0O
enddo
enddo O|l0|0|O0|0|0|0|0
O|O|0|0|0|0|0|0
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#i
#i
#i
#i

MAT ASS_MAIN (1/6)

nclude <stdio. h>
nclude <math. h>
nclude “pfem util.h”
nclude “allocate. h”

extern FILE *fp_log;
extern void JACOBI () ;
%oid MAT_ASS_MAIN ()

int ik, kk;

int ip, jp, kp;

int ipn, jpn, kpn;

int icel;

int ie, je;

int iiS,iiE;

int inl, in2,in3, in4, inb, in6, in7, in8;
double SHi;

double QP1, QM1, EP1, EM1, TP1, TM1;
double X1, X2, X3, X4, X5, X6, X7, X8;
double Y1,Y2,Y3,Y4, Y5,Y6,Y7,Y8;
double Z1,72,173,74, 75,176,171, 178;
double PNXi, PNYi, PNZi, PNXj, PNYj, PNZj;
double CONDO, QVO, QVC, COEFij;
double coef;

KINT nodLOCAL[8];

AMAT= (KREAL*) allocate_vector (sizeof (KREAL), NPLU) ;
B =(KREAL*) allocate_vector (sizeof (KREAL),N ) ;
D =(KREAL*) allocate_vector (sizeof (KREAL),N) ;
X =(KREAL*) allocate_vector (sizeof (KREAL),N) ;

for (i=0; i<NPLU; i++) AMAT[i]=0.0;

for (i=0;i<N ;i++) B[i]=0.0;
for (i=0;i<N ;i++) D[i]=0.0;
for (i=0;i<N ;i++) X[i]=0.0;
WEI[0]= 1. 0000000000€0;
WEI[1]= 1.0000000000€0;
POS[0]= -0.5773502692¢0;
POS[1]= 0.5773502692e0;

Non-Zero Off-Diagonal components (coef. matrix)
RHS vector

Diagonal components (coef. matrix)

Unknowns
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MAT ASS MAIN (1/6)

#include <stdio. h>
#include <math.h>
#include “pfem_util.h”
#include “allocate. h”
extern FILE *fp_log;
extern void JACOBI () ;
%oid MAT_ASS_MAINQ

int i,k kk;

int ip, jp, kp;

int ipn, jpn, kpn;

int icel;

Int 1e, je,

int iiS, iiE;

int in1,in2, in3, in4, in5, in6, in7, in8;
double SHi;

double QP1, QM1, EP1, EM1, TP1, TM1;
double X1, X2, X3, X4, X5, X6, X7, X8;
double Y1,Y2,Y3,Y4, Y5, Y6,Y7,YS;
double 71,72,173,174,175,176,71,18;
double PNXi, PNYi, PNZi, PNXj, PNYj, PNZj;
double CONDO, QVO, QVG, COEFij;
double coef;

KINT nodLOCAL[8];

AMAT= (KREAL*) allocate_vector (sizeof (KREAL), NPLU) ;
B =(KREAL*) allocate vector (sizeof (KREAL) ,N );
D =(KREAL*) allocate vector (sizeof (KREAL), N) ;
X =(KREAL*) allocate_vector (sizeof (KREAL),N) ;

for (i=0; i<NPLU; i++) AMAT[i]=0.0;

n=2
n
(=1,1) (1, 1)
0 3
(—1, —=1) W D

BHS+ a BLEHW
0.57735 02692 1.00000 00000

for (i=0;i<N ;i++) B[i]=0.0;

for (i=0;i<N ;i++) D[i]=0.0;

for (i=0;i<N ;i++) X[i]=0.0;

WEI[O]= 1.0000000000¢0; . -

Bl L, [ON: MLed o
Postil= 0 577350260200. WEI:  Weighting Factor
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/%K
INIT.
PNQ - 1st-order derivative of shape function by QSI

PNE - 1st-order derivative of shape function by ETA

PNT - 1st-order derivative of shape function by ZET
sokk /

for (ip=0; ip<2; ip++) {
for (jp=0; jp<2; jp++) {
for (kp=0:;kp<2; kp++) {

QP1=1.e0 + POS[ip];
QM1=1.e0 - POS[ip];
EP1=1.e0 + POS[jp];
EM1= 1.e0 - POS[jp];
TP1=1.e0 + POS[kp];
T™1=1

.e0 - POS[kp];

SHAPE[ip] [jp] [kp][0]= 08th * QM1 * EMI % TM1:
SHAPE [ip] [jp] [kl [11= 08th * QP1 * EMi * TMi:
SHAPE[ip] [ip] [kp][2]= 08th * QP1 % EP1 * TMi:
SHAPE[ip] [ip] [kp][3]= 08th * QM1 * EP1 % TMi:
SHAPE[ip] [ip] [kp][4]= 08th * QM1 * EMi  TPi:
SHAPE[ip] [ip] [kp][5]= 08th * QP1 * EM{  TP1:
SHAPE[ip] [ip] [kp][6]= 08th * QP1 % EP{  TP1:
SHAPE[ip] [Jp] [kp][7]= 08th * QM1 % EP1  TPi:

Soomen—o



MAT ASS_MAIN (2/6)

PNQ - 1st-order derivative of shape function by QSI
PNE - 1st-order derivative of shape function by ETA

PNT - 1st-order derivative of shape function by ZET
sokk /

for (ip=0; ip<2; ip++) {
for (jp=0; jp<2; jp++) {
for (kp=0:;kp<2; kp++) {

1= 150 = FoOSTIe]: QPI(i)=(1+&). QMI(i)=(1-¢)
1= 150 = PosFibl. EP1(j)=(1+7,) EMI()=(-7)
TP1= 1.€0 + POS[kp]; i’ i
= e 7 POl TPI(k)=(1+¢,). T™I(k)=(1-¢,)

SHAPE [ip] [jp] [kp]
SHAPE [ip] [jp] [kp]
SHAPE [ip] [jp] [kp]
SHAPE [ip] [jp] [kp]
SHAPE [ip] [jp] [kp]
SHAPE [ip] [jp] [kp]
SHAPE [ip] [jp] [kp]
SHAPE [ip] [jp] [kp]

1= 08th = QM1 * EM1 * TM1;
1= 08th = QP1 * EM1 * TM1;
1= 08th = QP1 * EP1 * TM1;
1= 08th = QM1 * EP1 * TM1;
1= 08th = QM1 * EM1 * TP1;
1= 08th = QP1 * EM1 * TP1;
1= 08th = QP1 * EP1 * TP1;
1= 08th = QM1 * EP1 * TP1;

SN R=
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/%K
INIT.
PNQ - 1st-order derivative of shape function by QSI
PNE - 1st-order derivative of shape function by ETA

PNT - 1st-order derivative of shape function by ZET
sokk /

for (ip=0; ip<2; ip++) {
for (jp=0; jp<2; jp++) {
for (kp=0:;kp<2; kp++) {

AR
=1.e0 - ipl; 3
EP1= 1.60 + POS[jp] " (-L+1,+1) (+1,41,+1)
AR
=1.e0 + pl;
TMi= 1.60 — POS[kp]: (-1-1+1) (+1-1+1)

SHAPE [ip] [ip] [kp]
SHAPE[ip] [jp] [kp]
SHAPE [ip] [ip] [kp]
SHAPE [ip] [ip] [kp]
SHAPE[ip] [jp] [kp]
SHAPE [ip] [ip] [kp]
SHAPE [ip] [ip] [kp]
SHAPE[ip] [jp] [kp]

1= 08th = QM1 * EM1 * TM1;
1= 08th * QP1 * EM1 * TM1;
1= 08th * QP1 * EP1 * TM1;
1= 08th * QM1 * EP1 * TM1;
1= 08th = QM1 * EM1 * TP1;
1= 08th * QP1 * EM1 * TP1;

1= 08th * GP1 * EPT * TP1; S(Cioe e
1= 08th * QNI * EP1 * TP1; (€.n.¢)=(1-1-1) =il

oyt I-hl e ICDI
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MAT ASS_MAIN (2/6)

/%K
INIT.
PNQ - 1st-order derivative of shape function by QSI 1
= lst- vat| i Ni(gm. 9 =2 (1=E)1-n)1-
e o i o s Bt sl (&m.6)=g=li-nli=¢)
kksk
for (ip=0; ip<2; ip+) | N,(&.1,8)=~ (1+§)( n)1-¢)

for (jp=0; jp<2; jo++) {
for (kp=0; kp<2; kp++) {

Gi= 150 = POSl N:(6m.8) = (1+§)(1+77)( -¢)
EP1=1.e0 + POS[jp]:
ENT= 1.0 = POSLip]
fii 150 * POSTie] N6 = (1=E)i+n)i-¢)

SHAPE [ip] [ip] [kp]
SHAPE[ip] [jp] [kp]
SHAPE [ip] [ip] [kp]
SHAPE [ip] [ip] [kp]
SHAPE[ip] [jp] [kp]
SHAPE [ip] [ip] [kp]
SHAPE [ip] [ip] [kp]
SHAPE[ip] [jp] [kp]

1= 08th * QM1 * EM1 * TM1;
1= 08th * QP1 * EM1 * TM1;

1= : 1

12 08th x Qi1 x EP1 % T1: N.(E7,0) =—(1—§)(1—77)(1+§)
1= 08th * QM1 * EM1 * TP1;

1= 08th * QP1 * EM1 * TP1;

1= 06k » Ghl = EPT % b1 Ny(En,{)=— (1+§)( n)1+¢)

= IO): o= I-hl e ICDI

N, (&) == (1+5)(1+77)(1+§)
Ng(f,n,é“)=§(l—5)(1+77)(1+§)
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PNQLip] |
PNQLip] |
PNQLip] |
PNQLip] |
PNQLip] |
PNQLip] |
PNQLip] |
PNQ[jp] [

PNE[ip] [
PNE[ip] [
PNE[ip] [
PNE[ip] [
PNE[ip] [
PNE[ip] [
PNE[ip] [
PNE[ip] [

PNT[ip] [J

PNT[ip] []
PNT[ip] []
PNT[ip] []
PNT[ip] []
PNT[ip] []
PNT[ip] []
PNTLip] [J

J
J
J

for ( icel=0;icel< ICELTOT;icel++) {

CONDO= COND;

in1=ICELNOD [
in2=1CELNOD [
in3=1CELNOD [
in4=1CELNOD [
in5=1CELNOD [
in6=1CELNOD [
in7=1CELNOD [
in8=1CELNOD [

[icel]
[icel]
[icel]
[icel]
[icel]
[icel]
[icel]
[icel]

SHOTEENSO NRCIEWONSO NRUIRWN—O

SogiEeN o

MAT_ASS_MAIN (3/6)

- 08th * EM1
+ 08th * EMT
+ 08th * EPT
- 08th * EPT
- 08th * EM1
+ 08th * EMT
+ 08th * EPT
- 08th * EP1

- 08th * QM1
- 08th * QPT
+ 08th * QPT
+ 08th * QM1
- 08th * QM1
- 08th * QPT
+ 08th * QPT
+ 08th * QM1

- 08th * QM1
- 08th * QPT
- 08th * QPT
- 08th * QM1
+ 08th * QM1
+ 08th * QP1
+ 08th * QPT
+ 08th * QM1

* TM1;

* TM1;
* TM1;
* TM1;
* TP1;
* TP1;
* TP1;
* TP1;

* TM1;
* TM1;
* TM1;
* TM1;
* TP1;
* TP1;
* TP1;
* TP1;

* EM1;
* EM1;
* EP1;
* EP1;
* EM1;
* EM1;
* EP1;
* EP1;

PNQ(j,k) = 5

PNE(i,k)= a N, €=¢.n=1n,.{=¢)

PNT (i, j) = ;(5 51’77 UJ,C gk
§ i*fljo (1—ijl—§k)
aa]?(é,n,,{k) o ( —n,M1-¢,)

oN, ) 1 )

o (é,ﬂ,-,ék)—+8(1+f7,~)(l )

aaj? 7. )=—%(l+77j)(1+§k)

First Order Derivative
of Shape Functions at

(€5i777j’ érk:)

(é‘ SN=n,,=¢,)
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PNQLjp] [
PNQLjp] [
PNQLjp] [
PNQLjp] [
PNQLjp] [
PNQLjp] [
PNQLjp] [
PNQ[jp] [

PNE[ip] |
PNE[ip]|
PNE[ip]|
PNE[ip]|
PNE[ip]|
PNE[ip]|
PNE[ip]|
PNE[ip] [

PNT[ip][]

PNT[ip][]
PNT[ip][]
PNT[ip][]
PNT[ip][]
PNT[ip][]
PNT[ip][]
PNT[ip] [}

J
J
J

for ( icel=0;icel< ICELTOT;icel++) {

CONDO= COND;

in1=ICELNOD
in2=]CELNOD
in3=I1CELNOD
in4=1CELNOD
in5=ICELNOD
in6=ICELNOD
in7=1CELNOD
in8=ICELNOD

icel]
icel]
icel]
icel]
icel]
icel]
icel]
[icel]

SOTECNASS NooihN—=S NooiheN o

SNSTE LN~

MAT ASS MAIN (3/6)

- 08th * EM1 *x TM1;
+ 08th * EM1 * TM1;
+ 08th * EP1 * TM1;
- 08th * EP1 * TM1;
- 08th * EM1 * TP1;
+ 08th * EM1 * TP1;
+ 08th * EP1 * TP1;
- 08th * EP1 % TP1;

- 08th * QM1 % TM1;
- 08th * QP1 * TM1;
+ 08th * QP1 * TM1;
+ 08th * QM1 * TM1;
- 08th = QM1 * TP1;
- 08th * QP1 * TP1;
+ 08th * QP1 * TP1;
+ 08th * QM1 * TP1;

— 08th * QM1 * EM1;
- 08th * QP1 * EMT1;
- 08th * QP1 * EP1;
- 08th * QM1 * EP1;
+ 08th * QM1 * EM1;
+ 08th * QP1 * EM1;
+ 08th * QP1 * EP1; (—=1,41,+1) (+1,41,+1)
+ 08th * QM1 * EP1;

(~1-1,+1) (+1,-1,+1)
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nodLOCAL [
nodLOCAL [
nodLOCAL
nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [

[in]-1]

[in2-1]
[in3~1]
[in4-1]
[in5—1]
[in6-1]
[in/-1]
[in8-1]

[in]-1]
[in2-1]
[in3-1]
[in4-1]
[in5—1]
[in6-1]
[in/-1]
[in8-1]

X1=XYZ
X2=XYZ
X3=XYZ
X4=XYZ
X5=XYZ
X6=XYZ
X7=XYZ
X8=XYZ

Y1=XYZ
Y2=XYZ
Y3=XYZ
Y4=XYZ
Y5=XYZ
Y6=XYZ
Y1=XYZ
Y8=XYZ

e N )

in

'MAT_ASS_MAIN (4/6)

in2;
in3;

ind;
ing;
in6;
in/;
ing;

EEEEEEES

| e | e | s | sy | s | s | ey | ey |
RS W (T W G QN G —y
[N | WY | NN | WO | NN | SN | WO | B |

Node ID (Global) (-1,+1+1) (P =Etise)
(-1.-1+1) (+1,-1,+1)
(+1,4+1,-1)
/ /
(&.7.¢)=(-1-1-1) (+1,-1,-1)

QVC= 08thx* (X1+X2+X3+X4+X5+X6+XT+X8+Y1+Y2+Y3+Y4+Y5+Y6+YT+Y8) ;

Z1=XYZ
£2=XYZ
£3=XYZ
Z4=XYZ
£5=XYZ
£6=XYZ
L1=XYZ
£8=XYZ

[in1-1][2]:
[in2-1]
[in3-1]
[in4-1]
[in5—1]
[in6-1]
[in/-1]
[in8-1]

SISISISISISISIS

JACOBI (DETJ, PNQ, PNE, PNT, PNX, PNY, PNZ,
X1, X2, X3, X4, X5, X6, X/, X8,
Y1, Y2, Y3, Y4, Y5, Y6, Y7, Y8, Z1, 72, 73, 74, 15, 16, 71, 18);
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nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [

[ing-1]

[in2-1]
[in3-1]
[ind-1]
[in5-1]
[in6-1]
[in7-1]
[in8-1]

[in]-1]
[in2-1]
[in3-1]
[ind-1]
[inb-1]
[in6-1]
[in/-1]1[1]:
[in8-1][1];

QVC= 08thx* (X1+X2+X3+X4+X5+X6+XT+X8+Y1+Y2+Y3+Y4+Y5+Y6+YT+Y8) ;

[in1-1]

[in2-1]
[in3-1]
[ind-1]
[inb-1]
[in6-1]
[in7-1]
[in8-1]1[

X1=XYZ
X2=XYZ
X3=XYZ
X4=XYZ
X9=XYZ
X6=XYZ
X7=XYZ
X8=XYZ

Y1=XYZ
Y2=XYZ
Y3=XYZ
Y4=XYZ
Y5=XYZ
Y6=XYZ
Y7=XYZ
Y8=XYZ

L1=XYZ
£2=XYZ
£3=XYZ
24=XYZ
£5=XYZ
£6=XYZ
L1=XYZ
£8=XYZ

e, S

inl

EEEEEEES

T
— ek —d ek —h ) —)
T | TR | NN | MR | M | M |

SIS ISISISISISIS

'MAT_ASS_MAIN (4/6)

in2;
ind;
ind;
ing;
in6;
inl;
ing;

X-Coordinates
of 8 nodes

Y-Coordinates
of 8 nodes

Z-Coordinates
of 8 nodes

JACOBI (DETJ, PNQ, PNE, PNT, PNX, PNY, PNZ,
X1, X2, X3, X4, X5, X6, X/, X8,
Y1, Y2, Y3, Y4, Y5, Y6, Y7, Y8, Z1, 72, 73, 74, 15, 16, 71, 18);

(-1,+1+1)

(=L-1+1) (+1,-1+1)
(+1,+1,-1)
/ /
(&.7.8)=(1,-1,-1) (+1,-1,-1)

Coordinates:
Node ID - 1
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nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [

[ing-1]

[in2-1]
[in3-1]
[ind-1]
[in5-1]
[in6-1]
[in7-1]
[in8-1]

[in]-1]
[in2-1]
[in3-1]
[ind-1]
[inb-1]
[in6-1]
[in/-1]1[1]:
[in8-1][1];

X1=XYZ
X2=XYZ
X3=XYZ
X4=XYZ
X9=XYZ
X6=XYZ
X7=XYZ
X8=XYZ

Y1=XYZ
Y2=XYZ
Y3=XYZ
Y4=XYZ
Y5=XYZ
Y6=XYZ
Y7=XYZ
Y8=XYZ

e, S

inl

'MAT_ASS_MAIN (4/6)

in2;
in3;

ind;
ing;
in6;
inl;
ing;

EEEEEEES

T
— ek —d ek —h ) —)
T | TR | NN | MR | M | M |

(= 1,+1,+1) (+1,+1,4+1)
(=L-1+1) (+1,-1+1)
X-Coordinates Lo
of 8 nodes / / T
(5’ n, g) = (_ 1’_1’_1) (+ 1,—1,—1)
v-Coordinates Coordinates:
of 8 nodes
Node ID - 1

QVC= 08th* (X1+X2+X3+X4+X5+X6+X7+X8+Y1+Y2+Y3+Y4+Y5+Y6+Y7+Y8) ;

Z1=XYZ[
72=XYZ[
Z3=XYZ[
Z4=XYZ[
Z5=XYZ[
Z6=XYZ[
Z7=XYZ[
Z8=XYZ[

in1-1]1[2]:
in2-1]
in3-1]
ind-1]
ino—1]
in6-1]
in/-1]
in8-1]

SISISISISISISIS

3(,arY 3(,ar) a(,or)
p 291420 2% £ 0(x, y,2)=0
ax( axj+ay£ ay]+az( az)+Q(”Z)

Q(x, y, z) = QVOL‘xC + yc‘
Heat Gen. Rate is a function of location

JACOBI (DETJ, PNQ, PNE, PNT, PNX, PNY, PNZ,

X1, X2, X3, X4. X5, X6, XI, X8, (cell center: x,,y,)
Y1, Y2, Y3 YA Y5 Y6, Y1, Y8 Z1, 72, 70, i, cu, v, o1y cor
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nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [

[in]-1]

[in2-1]
[in3~1]
[in4-1]
[in5—1]
[in6-1]
[in/-1]
[in8-1]

[in]-1]
[in2-1]
[in3-1]
[in4-1]
[in5—1]
[in6-1]
[in/-1]
[in8-1]

X1=XYZ
X2=XYZ
X3=XYZ
X4=XYZ
X5=XYZ
X6=XYZ
X7=XYZ
X8=XYZ

Y1=XYZ
Y2=XYZ
Y3=XYZ
Y4=XYZ
Y5=XYZ
Y6=XYZ
Y1=XYZ
Y8=XYZ

e, S

inl

CEEEEEES

| e | e | s | sy | s | s | ey | ey |
RS W G W G QN Q—y
[N | WY | NN | WO | NN | SN | WO | B |

'MAT_ASS_MAIN (4/6)

in2;
ind;
ind;
ing;
in6;
inl;
ing;

(—L+1,+1)

(=L=11)

(&7.¢)=(-1-1-1)

Coordinates:

Node ID - 1

QVC= 08th* (X1+X2+X3+X4+X5+X6+X7+X8+Y1+Y2+Y3+Y4+Y5+Y6+Y7+Y8) ;

Z1=XYZ
£2=XYZ
£3=XYZ
Z4=XYZ
£5=XYZ
£6=XYZ
L1=XYZ
£8=XYZ

[in1-1][2]:
[in2-1]
[in3-1]
[in4-1]
[in5—1]
[in6-1]
[in/-1]
[in8-1]

SISISISISISISIS

0

ox

JACOBI (DETJ, PNQ, PNE, PNT, PNX, PNY, PNZ,
X1, X2, X3, X4, X5, X6, X/, X8,
Y1, Y2, Y3, Y4, Y5, Y6, Y7, Y8, Z1, 72, 73, 74, 15, 16, 71, 18);

(zaT)+ 9 (29T +i(/13—T
ox ) dy\ dy) dz\' 9z

O(x,y,2)=0VOL|x. + y,|
QVC =|x. +y|

)+Q'(x, y,2)=0
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nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [

[in]-1]

[in2-1]
[in3~1]
[in4-1]
[in5—1]
[in6-1]
[in/-1]
[in8-1]

[in]-1]
[in2-1]
[in3-1]
[in4-1]
[in5—1]
[in6-1]
[in/-1]
[in8-1]

X1=XYZ
X2=XYZ
X3=XYZ
X4=XYZ
X5=XYZ
X6=XYZ
X7=XYZ
X8=XYZ

Y1=XYZ
Y2=XYZ
Y3=XYZ
Y4=XYZ
Y5=XYZ
Y6=XYZ
Y1=XYZ
Y8=XYZ

e, S

inl

'MAT_ASS_MAIN (4/6)

in2;
ind;
ind;
ing;
in6;
inl;
ing;

CEEEEEES

| e | e | s | sy | s | s | ey | ey |
RS W G W G QN Q—y
[N | WY | NN | WO | NN | SN | WO | B |

QVC= 08thx* (X1+X2+X3+X4+X5+X6+XT+X8+Y1+Y2+Y3+Y4+Y5+Y6+YT+Y8) ;

Z1=XYZ
£2=XYZ
£3=XYZ
Z4=XYZ
£5=XYZ
£6=XYZ
L1=XYZ
£8=XYZ

[in1-1][2]:
[in2-1]
[in3-1]
[in4-1]
[in5—1]
[in6-1]
[in/-1]
[in8-1]

SISISISISISISIS

JACOBI (DETJ, PNQ, PNE, PNT, PNX, PNY, PNZ,
X1, X2, X3, X4, X5, X6, X7, X8,
Y1, Y2, Y3, Y4, Y5, Y6, Y7, Y8, Z1, 72, 73, 74, 15, 16, 71, 18);
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#include <st
#include <ma
#include “pr
#include “al
/%K

skx JACOBI
sokk /

void JACOBI (

dio. h>
th. h>
ecision. h”
locate. h”

KREAL DETJ[2][2][2],

JACOBI (1/4)

KREAL PNQ[2] [2] [8], KREAL PNE[2][2][8], KREAL PNT[2][2][8],

KREAL PNX[2][2][2][8], KREAL PNY[2][2][2][8], KREAL PNZ[2] [2][2] [8],

KREAL X1, KREAL X2, KREAL X3, KREAL X4, KREAL X5, KREAL X6, KREAL X7, KREAL X8,
KREAL Y1, KREAL Y2, KREAL Y3, KREAL Y4, KREAL Y5, KREAL Y6, KREAL Y7, KREAL Y8,
KREAL Z1, KREAL 72, KREAL Z3, KREAL Z4,KREAL Z5, KREAL Z6, KREAL Z7, KREAL Z8)

calculates JACOBIAN & INVERSE JACOBIAN
dNi/dx, dNi/dy & dNi/dz

int ip

. Ip, kp;
double dXdQ, dYdQ, dZdQ, dXdE, dYdE, dZdE, dXdT, dYdT, dZdT;

double coef;

double all, al2, al3, a21, a22, a23, a3l, a32, a33;

for (ip=0; ip<2; ip++) {

for (jp=0; jp<2; jp++) {

For (kp=0; kp<2:k
PNX[ip] []

X[ip] [

PNXLip][]
PNXLip] []
PNXLip] []
PNXLip][]
PNXLip] []
PNXLip][]
PNX[ip] [}

p++) {
[Kp]

e e

[ ON, ON, oN, |
| o0& 9 9¢ |

ON, ON, ON, |
9 ’ 9d tJ
Output |35-5575" et|J|

Input ,(xl,yl,zl)(l=1~8)

Values at each Gaussian Quad.

Points: [ip][jp]ikp]
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Partial Diff. on Natural Coord. (1/4)

« According to formulae:
N, (S,7,4) _ ON, ox aN ay ON, 0z

o0& ox ag dy 85 dz d&
N, (¢.1,§) _ ON, ox +8Nl. dy +aN,. 0z
on dx dn dy dn dz Iny
N, (5,7,¢) _ ON; ox BN ay ON; 0z
14 ox ag dy a; dz 9¢
ON, ON, ON.
{ oF " on a;} can be easily derived according to definitions.
{aNl. ON, E)Nl} . .
, : are required for computations.
ox dy 0z
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Partial Diff. on Natural Coord. (2/4)

e |n matrix form:

ON.| |ox 9y 9z |(an]  [oN,
o0& ds  d5  J¢ || ox ox
ON . ox dy dz ||dN, ON
1T = ) l>z[]]<—’>
on | |dn dn dn || dy dy
oN, dx dy 0z ||dN, JN,
¢ ) [9¢ 9 9 |l dz 9z
_Jll ‘]12 ]13_

7] : Jacobi matrix, Jacobian
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21 —

‘]23

‘131

aN 5, ON
J N Ny |=
"o 35 af(z lxlj = T ” 35 af(z ylj =
5. ON,
J N,z :
o 35 35(2 j ;35
n o 5 N, oy o (8 j 5 N,
= N,'xi = lxi’ Jy = = Niyi = lyi’
on on ,ZZI: ,Z::‘ on ®on dp 12:1: ; an
Jdz  0d (< 8 ON,
Nz, |= ~Z;
on 877 Z:: ZZ::‘ an
o 9 (< 5 N 9 (8 j 5 N,
A | = X, — — N,y |= Vi
35 35 Z:: ;af g o 21 ;35
B ag ag = o d¢

Partial Diff. on Natural Coord. (3/4)

. Components of Jacobian:
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/%

%k /

DETERMINANT

JAGOBI (2/4)

PNY[ip] [ip] [kp
PNYzip”Jp::kp=
PNY[ip] [ip] [kp]
PNY[ip] [ip] [kp]
PNY[ip] [ip] [kp]
PNY[ip] [ip] [kp]
PNY[ip] [ip] [kp]
PNYLip] [jp] [kp]

PNZ[ip] [ip] [kp]
PNZ[ip] [ip] [kp]
PNZ[ip] [ip] [kp]
PNZ[ip] [ip] [kp]
PNZ[ip] [ip] [kp]
PNZ[ip] [ip] [kp]
PNZ[ip] [ip] [kp]
PNZ[ip] [jp] [kp]

of the JACOBIAN

dXd@ = PNQ[jip] [kp] [

+ PNQ[jp] [
[jp] [
Q[jp][
| [0]

+ PNQ
+ PN

dYdQ = PNQ[ jp] [kp] [0]*
+ PNQ[jp] [
:'!p= r

+ PNQ
+ PN

dZdQ = PNQ[jp] [kp] [O]

+ PNQ[ jp]
:'!p=
Q[ jp]
[0]

+ PNQ
+ PN

dXdE = PNE[ip] [kp]
+ P

NE[ip]
+ PNE[ip]

+ PNE[ip]

SEHEENTS Hﬁﬁ%ﬁﬁ?ﬁ

| [0]

QLip][
| [0]

.0;

0;

0;

0;

0;

0;

0;

0;

0;

0;

0;

0;

0;

0;

0;

0;

*X1 + PNQ[jp] [kp]
kp] [2]*X3 ™+ PNQ[
kp] [41*X5 + PNQ[]
kp] [61*X7 + PNQ]

*Y1 + PNQ[jp] [kp]
kp] [2]*Y3 + PNQ[
kp] [4]*Y5 + PNQLj
kp] [6]1*Y7 + PNQ|

*Z1_+ PNQ[jp] [kp.
k] [2]*Z3"+ PNQ
[kp] [4]%Z5 + PNQ[
ko1 [6]*Z7 + PNQ]

*X1 + PNE[ip] [kp]
[kp] [2]*X3 + PNE[
[kp] [4]%X5 + PNE[i
[kp] [6]*X7 + PNE[i

| [1]
-Jp: 3
[jp] [
LIPS L
1]
-Jp: 3
[jp] [
LIPS L
1]
:'!p= r
[jp] [
LIP]L
!:1: -
_|p= =
_|p= =
LIP]L

Ul Ol Ol Ui

1%X4
1xX6
1%X8;

1xY4
1%Y6
1%Y8;

1xZ4
1*Z6
1%Z8;

1%X4
1*X6
1%X8;

123

‘]&QZ “’13
”122/ “’23
”,32/ °I33__
252% =Jy

%)

a? Ji

E;é% =J;



FEM3D

/%%

%k /

INVERSE JACOBIAN

JACOBI (3/4)

dYdE = PNE[Ip][kp 0]*Y1_+ PNE[ip] [kp] [1]*Y2
PNETip] [kp] [2]*Y3 + PNELip] [kp] [
¥ PNE=|p= [kp] [4]*Y5 + PNE[ip] [kp]
+ PNE[ip] [kp] [61%Y7 + PNE[ip] [kp]
dZdE = PNE[ID][kp=[0=f21 + PNE[lp][kp_[1 1%72.
PNELip] [kp] [2]*Z3 + PNE[ip] [kp]
¥ PNE=|p= [kp] [4]*Z5 + PNE[ip] [kp]
+ PNE[ip] [kp] [6]*Z7 + PNE[ip] [kp]
dXdT = PNT[ID][JD=[0=%X1_ﬁ PNT[lp][Jp.[1 1%X2.
PNTLip] [jp] [2]*X3 + PNT[ip] [jp]
i PNT='D==JD==4=*X5 + PNT[ip] [jp)]
+ PNT[ip] [jp] [6]*X7 + PNT_ jp]
dYdT = PNT[lp][Jpz[Oz*Y1_ﬁ PNT[lp][Jp.[1 1%Y2
PNTLip] [jp] [2]%Y3 + PNILip] [jp]
+ PNT=|D= [ip] [4]*Y5 + PNT[ip] [jp]
+ PNT[ip] [jp] [6]*Y7 + PNT_ jp]
dzdT = PNT[lp][Jpz[Oz*Z1_ﬁ PNT[lp][Jp.[1 %22
PNTLip] [jp][2]1%Z3 + PNILip] [jp]
+ PNTzlp_ [jp] [4]%25 + PNT[ |p i
6]*%Z7 + PNT[i

LIP |

DETJ[ID][JD][kp]‘ dXdQ*(deE*dZdT dZdE*deT)
dYdQx (dZdE*dXdT-dXdE*dZdT)
dZdQx (dXdE*dYdT-dYdE*dXdT) ;

coef=1.0 / DETJ[ip] Ljp] [kp];

all=
al2=
al3=

a2l=
a22=
a23=

adl=
ad2=
ald3=

coef *
coef *
coef *

(
(
coef * (
coef * (
coef * (
coef * (
(

coef *
coef *

( dYdExdZdT - dZdExdYdT
dZdQ*dYdT - dYdQ*dZdT
dYdQ*dZdE - dZdQ*dYdE

)
)
)
dZdExdXdT - dXdExdZdT ) ;
dXdQ*dZdT - dZdQ*dXdT ) ;
dZdQ*dXdE — dXdQ*dZdE ) ;
)
)
)

dXdExdYdT - dYdExdXdT
dYdQ*dXdT - dXdQ*dYdT
( dXdQ*dYdE - dYdQ*dXdE

DETJ[ip] [jp] [kpl=fabs DETJ[ip] Ljp] [kp]) ;

ol oI ol ~Jole LJhﬁho

1xY4
1%Y6
1%Y8;

1xZ4
1%Z6
1%Z8;

1%X4
1xX6
1%X8;

1%Y4
1%Y6
1%Y8;

1xZ4
1%Z6
1%Z8;

[7]=

J’ll “Il2
‘}r21 ‘]222
Jr31 “132
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Partial Diff. on Natural Coord. (4/4)

 Partial differentiation on global coordinate system

IS introduced as follows (with inverse of Jacobian
matrix (3 X 3))

,aNi N —% ay aZ 7 r%\ r%\
x| |95 9& 9L | o dg

aNi ax ay aZ aNl >:[]]_1< aN

dy [ |an on on| |on an
oN, ox dy dz | |ON, oN,

0z ) |a¢ of of] |o¢ 9

125
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/%%

%k /

INVERSE JACOBIAN

JACOBI (3/4)

dYdE = PNE[ID][kD

PNETip] [k
[ip] [

ip]
[0]

+ PNE
+ PNE[i

dZdE = PNE[lp][kp: k
PNE[ip] [
LID] L

ip]
[0]
PNT[ip] [

+ PNE
+ PNE[i

dXdT = PNT[.p][JpZ

+ PNT
+ PNT[i

dYdT = PNT[.p][JpZ

+ PNT
+ PNT[i

dzdT = PNT[.p][JpZ

+ PNT

:Ip: :

[oj
PNT [ip]
=|p=

[oj
PNT [ip]
=Ip_

*Y1 + PNE[ip] [kp]

*Y1:
LJP.
Jp=

*Z1:
LJP.
Jp=

1+ 1 1+ 1 1+ 1

1+

c»;S%o DOEN_ ORAN_ ORN cﬁhﬁho

[2]%Y3 + PNEL
1%Y5 + PNE[
Y7 + PNE[i

1%23 + PNE[
1%Z5 + PNE[
*Z7 + PNE[i

1%X3 + PNT[
1%X5 + PNT[
X7 + PNT[i

1%Y3 + PNT[
1%Y5 + PNT[
Y7 + PNT[i

1%23 + PNT[
1%Z5 + PNT[
*Z1 + PNT[i

PNE[ip] [kp]

PNT[ip][jp]

PNT[ip][jp]

PNT[ip][jp]

[1]

[ip] [
Ip L

U

[ip] [
lp [

U

[ip] [
lp .

*Y2:
LJP.
Jp=

*zzj
L P
Jp=

U
[ip]
Ip

U
[ip]
Ip

[3]*Y4
1%Y6
1%Y8;

1xZ4
1%Z6
1%Z8;

1%X4
1xX6
1%X8;

1%Y4
1%Y6
1%Y8;

1xZ4
1%Z6

;Jhﬁhd ol doiw  —oTw LJhﬁho

1xZ8;

DETJ[ID][JD][kp]— dXdQ*(deE*dZdT dZdE*deT)'+

coef=1.0 / DETJ[ip] Lip] [kp];

all= coef *
al2= coef *
al3= coef *

a21= coef *
a23= coef *
a31= coef *

a32= coef *
a33= coef *

( dYdExdZdT - dZdExdYdT
dZdQ*dYdT — dYdQ*dZdT
dYdQ*xdZdE - dZdQ*dYdE

(

(

( dZdExdXdT - dXdE*dZdT
a22= coef * ( dXdO*dZdT - dZdQ*dXdT

( dZdQ*dXdE - dXdQ*dZdE

(

(

dXdExdYdT - dYdExdXdT
dYdQ*dXdT — dXdQ*dYdT
( dXdQ@*dYdE - dYdQ@*+dXdE ) ;

N N N N N

DETJ[ip] [ip] [kp]l=fabs (DETJ[ip] [ip] [kpl) ;

dYdQ* (dZdExdXdT-dXdExdZdT) +
dZdQ* (dXdE*dYdT-dYdExdXdT) ;

I =
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/%

%k /

set the dNi/dX,
PNX [

PNX
PNX
PNX
PNX
PNX
PNX
PNX
PNY
PNY
PNY
PNY
PNY
PNY
PNY
PNY
PNZ
PNZ
PNZ
PNZ
PNZ
PNZ
PNZ
PNZ

dNi/dY &

Lip][]
Lip] []
Lip] [}
Lip] []
Lip] []
Lip] [}
Lip] []
Lip] []
Lip] [}
Lip] []
Lip] []
Lip] []
Lip] []
Lip] []
Lip] []
Lip] []
Lip] []
Lip] []
Lip] [}
Lip] []
Lip] []
Lip] [}
Lip] []
[ip][

NP CTEWN = O DT WN = O~ U1 WN — O

JACOBI (4/4)

dNi/dZ components

1=al1+PNQ[ ]
]=al1+PNQ[ ]
]=al1+PNQ[ ]
=al1*PNQ[]
J=al1+PNQ[
J=al1*PNQ[]
J=al1*PNQ[]
J=al1*PNQ[]
]=a21+PNQ[]
]=a21+PNQ[]
1=a21+PNQ[]
1=a21+PNQ[]
]=a21+PNQ[]
]=a21+PNQ[]
]=a21+PNQ[]
1=a21+PNQ[]
]=a31+PNQ[]
1=a31+PNQ[]
]=a31+PNQ[]
1=a31+PNQ[]
]=a31+PNQ[]
1=a31+PNQ[]
]=a31+PNQ[]
:=a31*P?0_'

1+a12xPNE

,r
©
O TTRWN—=OJDTTRWN = O ~d TN — O

(ON. ] ox

LIP]L
1+al2+PNE[ip] [
1+al12xPNE[ip] [
1+al12«PNE[ip] [
1+al12«PNE[ip] [
1+al12«PNE[ip] [
1+al12«PNE[ip] [
1+al12+«PNE[ip] [
1+a22+PNE[ip] [
1+a22+PNE[ip] [
1+a22+PNE[ip] [
1+a22+PNE[ip] [
1+a22+PNE[ip] [
1+a22+PNE[ip] [
1+a22+PNE[ip] [
1+a22+PNE[ip] [
1+a32+PNE[ip] [
1+a32+PNE[ip] [
1+a32+PNE[ip] [
1+a32+PNE[ip] [
1+a32+PNE[ip] [
1+a32+PNE[ip] [
1+a32+PNE[ip] [

1+a32xPNE[ip] [

D TTRWN—=OLDTTRWN = O ~dD TN — O

1+al3+PNT

1+al3*PNT [ip] [jp]

1+al13*PNT [ip] [jp]

1+al3*PNT [ip] [jp]

1+al13*PNT [ip] [jp]

1+al3*PNT [ip] [jp]

1+al3*PNT [ip] [jp]

1+al13*PNT [ip] [jp]

1+a23*PNT [ip] [jp]

1+a23*PNT [ip] [jp]

1+a23*PNT [ip] [jp]

1+a23*PNT [ip] [jp]

1+a23*PNT [ip] [jp]

1+a23*PNT [ip] [jp]

1+a23*PNT [ip] [jp]

1+a23*PNT [ip] [jp]

1+a33*PNT [ip] [jp]

1+a33*PNT [ip] [jp]

1+a33*PNT [ip] [jp]

1+a33*PNT [ip] [jp]

1+a33*PNT [ip] [jp]

1+a33*PNT [ip] [jp]

1+a33*PNT [ip] [jp]

1+a33*PNT [ip] [jp] [

——1 ,

0z

[ip] [ip]

0x ¢
0x

bl
0z

dy on
oON. 0x

a7
0z

L E)Z J E)é:

¢ ] |

S A S S S CAS SIS
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MAT ASS_MAIN (5/6)

/%

CONSTRUCT the GLOBAL MATRIX
%k /

for (ie=0; ie<8;ie++) {
ip=nodLOCAL[ie];

for (je=0; je<8; je++) {
jp=nodLOCAL[jel;

kk=-1; _
if( jp 1= ip){
i iS=indexLU[ip-1];
i iE=indexLULip 1;
for ( k=iiS;k<iiE;k++) {
if( itemLU[k] == jp-1){
kk=k;
break;

(—1,+1,+1) (+1,+1,4+1)

(~1-1,+1) (+1,-1,+1)

Non-Zero Off-Diagonal Block
in Global Matix

A

ip,jp

kk: address in “itemL.U”

1ip= nodLOCAL[ie]
jp=nodLOCAL[je]

Node ID (1p,jp)
starting from 1
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Element Matrix: 8x8

k| (j=1...8)

(ri+1+1)

(—1+1,+1)

(-1,-1,+1)

O|1O00]|0|0]0|0|0|®

O|010|0|0|0|0|0||®
ilO|0|10|0|010|@®0||®

O|O00]|0|0]0|0|0| ®

O|010|0|0|0|0|0]||®

O|lO00]0|0]0|0|0]||®

O|1010|0|0|0|0|0||®

O|1010|0|0|0|0|0||®

(+1,-1,-1)

(€&n.8)=(-1-1-1)



FEM3D

130

MAT ASS_MAIN (5/6)

/%

CONSTRUCT the GLOBAL MATRIX
%k /

for (ie=0;ie<8;ie++) {
ip=nodLOCAL[ie];

for (je=0; je<8; je++) {
jp=nodLOCAL[jel;

K==1;

if( jp !=ip){
iiS=indexLU[ip-11;
iiE=indexLULip 1;
for ( k=iiS;k<iiE;k++) {

if( itemlU[k] == jp=1){

break;

(—1+1,+1)

(—1,-1,+1)

Element Matrix (i.~j,) : Local ID
Global Matrix (i,~j,): Global ID

kk:address in “itemL.U” starting from *“0”
k: starting from “0”
ip,jp: starting from “1”

(P =Etise)
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Qv
CO

MAT ASS_MAIN (6/6)

0= 0.e0;
EFij= 0.e0;

for (kpn=0; kpn<2; kpn++) {

J
if

if

for (jpn=0; jpn

<2; jpn++) {

for (ipn=0; ipn<2; ipn++) {

coef= fabs (DETJ[ipn] [jpn] [kpn]) *WEI [ipn]*WEI [ jpn]*WEI [kpn] ;

PNXi= PNX
PNYi= PNY
PNZi= PNZ

PNXj= PNX
PNY j= PNY
PNZj= PNZ

[ipn] [jpn]
[ipn] [jpn]
| 1pnl LJpni

[ipn] [jpn]
[ipn] [jpn]

[ipn] [jpn]

[kpn]
[kpn]
[kpn]

[kpn] [

[kpn] [je]:
[kpn] []

ie];
ie];
j1el.

COEF i j+= coef*CONDOx* (PNXi*PNX j+PNY i #PNY j+PNZi*PNZj) ;

SHi= SHAPE[ipn] [jpn] [kpn] [ie];
QVO+= SHi * QVOL * coef;

J
J

(jp==ip)

{
DLip-1]+= GOEFi j;
BLip-1]1+= QVO*QVC:

(jp = ip)

{
| AMAT [kk]+= COEFi j;

+1+1+1

1]

—1-1-1

A

ON, ON

+A

ON, ON

+A

ON, ON

ox

ox

dy dy

07

0z

(ietLl‘

d&dnd¢
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MAT ASS MAIN (6/6)

QV0= 0. e0;
COEFi j= 0.e0;

for (kpn=0; kpn<2; kpn++) {
for (jpn=0; jpn<2; jpn++) {
for (ipn=0; ipn<2; ipn++) {
coef= fabs (DETJ[ipn] [jpn] [kpn]) *WEI [ipn]*WEI [ jpn]*WEI [kpn] ;

PNXi= PNX[ipn] [jpn] [kpn] [ie]:
PNYi= PNYLipn] [jon] [kpn] [ie];
PNZi= PNZLipn] Ljpn] [kpn] [iel;
PNXj= PNXLipn] [jpn] [kpn] [je]:
PNY j= PNYLipn] [jpn] [kpn] [je];
PNZj= PNZLipn] [jpn] [kpn]l [jel;
COEFi j+= coef*GCONDO* (PNXi*PNX j+PNY i*PNY j+PNZi*PNZj) ;

SHi= SHAPE[ipn] [jpn] [kpn] [ie];

QV0+= SHi * QVOL * coef oAl 4]
| 1= [ [r&n.0) aéands
} -1 -1 -l
} L M N
ol Gor i :Z Z > VVi'Wj'Wk'f(eg,-,ﬂj,fk)l
Blip-1]+= QVO*QVC: =1 j=1 k=l

if (jp !=ip) {
| AMAT [kk]+= COEFi j;

] ON . ON . “ON .
% []] AN OV | 49N O | 5 ON: O, det]J|d&dnd{
ox Ox dy Ody dz 0z

] —1-1-1
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MAT ASS_MAIN (6/6)

for(kpn 0;kpn<2; kpn++) {
for (jpn=0; jpn<2; jpn++) {
for(lpn-O,lpn<2,|pn++){
coef= fabs (DETJ[ipn] [jpn] [kpnl)+WEI [ipn]+WEI [ jon]*WEI [kpn] ;

PNXi= PNX[ipn] [jpn] [kpn] [|e] coef =W,-W,-W, -det\J(fi,nj,gk]
PNYi= PNY[ipn] [jpn] [kp ;
PNZi= PNZ[lpn][Jpn][kpn][le]; T T T PN——

I= f(e.n,¢)dodnd
PNXj= PNX[ipn] [jpn] [kpn] [je]: S5
PNYj= PNY[ipn] [jpn] [kpn] [je]: L M N
PNZj= PNZ[ipn] [jpn] [kpn] [Jel: Z > Y Wew W &m0l

COEF i j+= coef*CONDO=* (PNXi=*PNX j+PNY i*PNY j+PNZi*PNZj) ;

ON, aN ON. ON

dy ay 0z
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MAT_ASS_MAIN (6/6)

for(kpn 0;kpn<2; kpn++) {
for (jpn=0; jpn<2; jpn++) {
for(lpn—O,lpn<2, pn++) {
coef= fabs(DETd[ipn][jpn][kpn])*WEI[ipn]*WEI[an]*WEI[kpn];

PNXi = PNX[lpn][Jpn][kpn][le] coef=swgswg-wg-dquQiﬂng;]
PNYi= PNY[ipn] [jpn] [kp ;
PNZi= PNZ[lpn][Jpn][kpn][le]; T T T PN——

I= f(e.n,¢)dodnd
PNXj= PNX[ipn] [jpn] [kpn] [je]: S5
PNYj= PNY[ipn] [jpn] [kpn] [je]: L M N
PNZj= PNZ[ipn] [ipnlkpn] [iel: =1 N S [w,-w,-W, - £(&.77,,&0))

=1
coef

i=1 j=1

ONDO (PNXi xPNX-+PNY i +PNY j+PNZ PNZ )

COEFi j+=

ON, aN ON. ON

dy ay dz 0z



MAT ASS MAIN (6/6)

QV0= 0. e0;
COEFi j= 0.e0;

for (kpn=0; kpn<2; kpn++) {
for (jpn=0; jpn<2; jpn++) {
for (ipn=0; ipn<2; ipn++) {
coef= fabs (DETJ[ipn] [jpn] [kpn]) *WEI [ipn]*WEI [ jpn]*WEI [kpn] ;

PNXi= PNX[ipn] [jpn] [kpn] [ie];
PNYi= PNY[ipn] [jpn] [kpn] [ie];
PNZi= PNZ[ipn] [jpn] [kpn] [ie];

PNXj= PNX[ipn] [jpn] [kpn] [je]:
PNYj= PNY[ipn] [jpn] [kpn] [je]

PNZj= PNZ[ipn] [jpn] [kpn] [jel;

COEFi j+= coef*CONDO* (PNXi*PNX j+PNY i *PNY j+PNZi*PNZj) ; lkijJ (l, j=1.. 8)

SHi= SHAPE[ipn] [jpn] [kpn][ie]; J
QVO+= SHi * QVOL * coef; ololololololololle
! olo|olo]olo]olo]| e
e io]lo[o|o]o|o]e]o]e
"B olelelolofofolo]le
, B ' olololololololo]e
kYt O olololo|olo]olo]|e
! olo|olo]olololo]e
) olololo]olololo]e
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MAT ASS_MAIN (6/6)

QVvo= 0. e0;
COEFi j= 0.e0;

for (kpn=0; kpn<2; kpn++) {

for(jpn=0'jpn<2'jpn++){
for (ipn=0; ipn<2; ip

++)
coef= fabs(DETJ[lpn][Jpn][kpn])*WEI[lpn]*WEI[Jpn]*WEI[kpn]

PNXi= PNX
PNYi= PNY
PNZi= PNZ

PNX j= PNX

[ipn] [
L1 pn]
[ipn]

[ipn]
PNYJj= PNY[ipn]

PNZ j= PNZ[ipn]

:Jpn:
:Jpn:
Ljpn}

[ jpn]
:J.pn:
LJpn]

[kpn]
[kpn]
[kpn]
[kpn]
[kpn]
[kpn]

[ie]
[ie]:
Lle];
[je]

[jel:
el

k[ o ={f}"
717 =[o[nT av

COEF i j+= coef*CONDOx (PNXi=*PNX j+PNY i #PNY j+PNZi*PNzJ) ;

SHi= SHAPE[ipn] [jpn] [kpn] [ie];
QVO+= SHi * QVOL * coef;

f (jp==ip) {
D%I

if (jp 1=

p—-1]+= COEFi j;
BLip-1]+= QV0*QVC;
Ip

j p) {
| AMAT[kk]+— COEFi j;

Q(x, v, Z) = QVOL‘xC + yc‘
QVC =|x. + y,|
0v0=[QVOLINT av

%

[£19 =0vo-gvC
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MAT ASS BC: Overview

doi=1, N

“Mark” nodes where Dirichlet B.C. are applied (IWKX)
enddo
doi=1, N

if (IWKX(i, 1).eq.1) then
corresponding components of RHS (B),
Diagonal (D) are corrected
do k= indexLU(i—1)+1, indexLU(i)
corresponding comp. of non-zero off-diagonal
components (AMAT) are corrected

enddo
endif
enddo NZ

T=0@72Z=z,,,,

do i=1, N
do k= indexLU(i-1)+1, indexLU(i)
if (IWKX(itemLU(k), 1).eq.1) then //1;X Y

corresponding components of RHS and AMAT are corrected (col.) NY
endif
enddo
enddo

\
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MAT ASS_BC (1/2)

#include <stdio. h>
#include <stdlib.h>
#include <string.h>
#include “pfem util.h”
#include “allocate. h”
extern FILE *fp_log;
%oid MAT_ASS BC ()

int 1, J,k, in, ib, ib0, icel;

int in1, in2, in3, in4, ind, in6, in/, in8;
int iql, 192, iq3, iq4, igd, 196, iq7, 198;
int IS, IE;

double STRESS, VAL;

IWKX=(KINT*x) allocate matrix(sizeof (KINT),N,2);
for (i=0;i<N; i++) for (j=0; j<2; j++) IWKX[i][j]=0;

. If the node “in” 1s included in

/RN the node group ‘“Zmax”
for (in=0; in<N; in++) IWKX[in] [0]=0; IWKX[in-11[0]= 1
1b0=-1;

for ( ib0=0; ibOKNODGRPtot; ib0++) {
i f ( strcmp (NODGRP_NAME[ibO]. name, “Zmax”) == 0 ) break;

for ( ib=NODGRP_INDEX[ib0] ; ib<NODGRP_INDEX[ib0+1] ; ib++) {
in=NODGRP_ITEM[ib] ;
IWKX[in-1][0]=1;
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MAT_ASS BC (2/2)

for (in=0; in<N; in++) {
if( IWKX[in][0] == 1 ){
B[in]= 0.¢e0;
D[in]= 1.¢e0;
for (k=indexLU[in] ;k<indexLU[in+1] ;k++) {
AMAT [k]= 0. e0;

}
}

for (in=0; in<N; in++) {
for (k=indexLU[in] ;k<indexLU[in+1];k++) {
if (IWKX[itemLU[k]1[0] == 1) {
AMAT [k]= 0. e0;
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1D Steady State Heat Conduction

heat generation/volume Q

o(,0T ) .
% ax(ﬂi)x)_l_Q_O

x=0 (x,, X=X, .
. Unifor(rr;u?)SectionaI Area: A, Thermal
Conductivity: 4
» Heat Generation Rate/Volume/Time [QL3T'] ©
» Boundary Conditions
—x=0 : 7=0 (Fixed Temperature)
oT

— x=x, .. — =0 (Insulated)
o _ 1D
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(Linear) Equation at x=0
T,=0 (or T,=0)

heat generation/volume Q

o(,0T ) .
% Bx(ﬂax)_l_Q_O

x=0 (x,, X=X,
. Unifor(n;”?)Sectional Area: A, Thermal
Conductivity: 4
» Heat Generation Rate/Volume/Time [QL3T'] ©
» Boundary Conditions
—x=0 : 7=0 (Fixed Temperature)
oT

— x=x, .. — =0 (Insulated)
o _ 1D
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Program: 1d.c (6/6)
Dirichlet B.C. @ X=0

/%

// - —

// | BOUNDARY conditions T,=0
// A ‘

*/

Diagonal Component=1
/* X=Xmin */ RHS=0

jgg Index[i]: Off-Diagonal Components= 0.
AMat[jS]= 0.0; u

Diagli 1= 1.0;

Rhs [i 1= 0.0;

for (k=0; k<NPLU; k++) {
i f (Item[k]==0) {AMat [k]=0.0;
1
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Program: 1d.c (6/6)
Dirichlet B.C. @ X=0

/%

// - —

// | BOUNDARY conditions T,=0
// A ‘

*/

Diagonal Component=1
/* X=Xmin */ RHS=0

jgg Index[i]: Off-Diagonal Components= 0.
AMat[jS]1= 0.0; =
Rhs [i 1= 0.0;

for (k=0; k<NPLU; k++) {
i f (Item[k]==0) {AMat [k]=0.0;
1
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Program: 1d.c (6/6)
Dirichlet B.C. @ X=0

/%

// 4 = 1 =0

// | BOUNDARY conditions

// ’ Diagonal Component=1

Y RHS=0

/% X=Xmin */ Off-Diagonal Components= 0.
J';g T Elimination and Erase
AMat[jS]= 0.0; 1]
Diagli 1= 1.0;
Rhs [i 1= 0.0;

for (k=0; k<NPLU; k++) {
i f (Item[k]==0) {AMat [k]=0.0;
1

Column components of boundary nodes (Dirichlet B.C.) are
moved to RHS and eliminated for keeping symmetrical feature of
the matrix (in this case just erase off-diagonal components) m
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/%
// 4 :
// | BOUNDARY conditions |
// 4 :
*/
/% X=Xmin *x/
i=0;
jS= Index[i];
AMat[jS]= 0.0;
Diagli 1= 1.0;
Rhs [i ]= PHImin;

for (j=1;i<N; i++) {
for (k=Index[j];k<Index[j+1];k++) {

1

i f (Item[k]==0) {

145

if 7,40

Column components of boundary nodes
(Dirichlet B.C.) are moved to RHS and
eliminated for keeping symmetrical feature
of the matrix.

Index[ j+1]-1
Diag ¢, + ZAmatk Driemis) = RIS ;

k=Index] j]

Rhs [j]= Rhs[j] - Amat[k]*PHImin;

AMat [k]= 0.0;
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if 7,40

/% Index j+1]-1
// A = .
// | BOUNDARY conditions | Dlagj¢j + ZAmatk ¢Item[k]
i; = = k=Index| j1,k#k,
= Rhs; — Amat, Drvem .
Jx X=Xmin */ = Rhs; — Amat, @, where Item[k ]=0
i=0;
jS= Indexil; Column components of boundary nodes
’D\"I"Zzﬁﬂj ?8 (Dirichlet B.C.) are moved to RHS and
Rhs [i 1= PHImin; eliminated for keeping symmetrical feature

e of the matrix.
for (j=1;i<N; i++) {

for (k=Index[j];k<Index[j+1];k++) {
if (Item[k]==0) {
Rhs [j]= Rhs[j] - Amat[k]*PHImin;
AMat[k]= 0.0;
H
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MAT_ASS BC (2/2)

for (in=0; in<N; in++) { _
if ( IWKX[inl[0] =1){  Boundary Nodes: IWKX[in-1][0]=1
BLin]l= 0. e0;
DLin]l= 1.e0;
for (k=indexLU[in] ;k<indexLU[in+1];k++) { Erase !!
AMAT [k]= 0. eO0;
}
}
}

for (in=0; in<N; in++) {
for (k=indexLU[in] ;k<indexLU[in+1];k++) {
if (IWKX[itemLU[k]I[0] == 1) {
AMAT [k]= 0. e0;
J
J
J
J

LI T T T T T T T T T ITTT I

Same as 1D case
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MAT_ASS BC (2/2)

for (in=0; in<N; in++) { _
if( IWKX[in]1[0] == 1) { Boundary Nodes: IWKX]in-1][0]=1
BLin]= 0. €0;
DLinl= 1.¢€0;
for (k=indexLU[in] ;k<indexLU[in+1];k++) {
AMAT [k]= 0. e0; ml
}

}
}

for (in=0; in<N; in++) {
for (k=indexLU[in];k<indexLU[in+1];k++) {
if (IWKX[itemLU[kII[0] == 1) f{
AMAT [k]= 0. eO0;
}
}

] Elimination and
} Erase

Same as 1D case
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test1 input_cntl
main input of control data
input_grid find_node
input of mesh info searching nodes
mat_con0 mSORT
connectivity of matrix sorting
mat_con
connectivity of matrix
mat_ass_main jacobi
coefficient matrix Jacobian
mat_ass_bc

boundary conditions

solvell
Structure of

heat3D etalzaion.

Ccg
CG solver
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/%%

program heat3D
*k /
#include <stdio.h>
#include <stdlib.h>
FILEx fp_log;
#define GLOBAL_VALUE_DEFINE
#include “pfem_util.h”
//#include “solver11.h”
extern void INPUT_CNTL () ;
extern void INPUT_GRID() ;
extern void MAT_CONO () ;
extern void MAT_CON1 () ;
extern void MAT_ASS_MA

INO ;
extern void MAT_ASS BC ()
0

extern void SOLVE11() ;
extern void OUTPUT_UCD
int main()

INPUT_GNTL () ;
INPUT_GRID () ;

MAT_CONO () ;
MAT_CON1 () ;

MAT_ASS_MAINQ) ;
MAT_ASS BC() ;

SOLVE11 0 ;
OUTPUT_UCD ()

Main Part

150



FEM3D

#include <stdio.h>
#include <string.h>
#include <math.h>
#include “pfem_util.h”
#include “allocate. h”
extern FILE *fp_log;
extern void CG() ;

%oid SOLVE11 ()

int i, .k, ii,L;

int ERROR, ICFLAG=0;
CHAR_LENGTH BUF;

/%
| PARAMETERs |
**/I I
ITER = pfemlarray[0];
RESID = pfemRarray[0];
/%%
| ITERATIVE solver |
**/I I

CG_(N,NPLU, D, AMAT, indexLU,

} ITERactual= ITER;

itemLU, B, X, RESID,

SOLVE11

Number of Iterations for CG
Convergence Criteria for CG

ITER, &ERROR) ;
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Preconditioned CG Solver
Diagonal Scaling/Point Jacobi Preconditioning

0)= h (0) B ]
Complllte r b-[A]lx D 0 .. 0 0
for i= 1, 2, ..
solve [M]z@ D= p@E-1) 0 D, 0 0
.= r@-1 g1 1=
Puas = M]=| .. .
pi= z(0) 0O O D,, O
else
else 0O 0 .. 0 D,

Bi—1= pi—l/pi—z - B
p(l)z Z(l_l) + Bi—l p(l_l)

endif

q¥’= [A]lp®

o, = pi—l/p(l)q(l)

X(l)z X(i_l) + (xlp(l)

r(l)z r(i_l) — (xlq(l)

check convergence |r]

M
5
Q.
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Diagonal Scaling, Point-Jacobi

M= ...

e solve [M]zG V= rE-1) jsvery easy.
* Provides fast convergence for simple problems.

D0
0 D,
0 0
0 0

0
0

Dy,
0

0
0
0
DN
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CG Solver (1/6)

#include <stdio.h>
#include <math.h>
#include “precision.h”
#include “allocate. h”
extern FILE *fp_log;

void CG (
KINT N, KINT NPLU, KREAL D[],
KREAL AMAT[], KINT indexLU[], KINT itemLU[],
KREAL B[], KREAL X[], KREAL RESID, KINT ITER, KINT *ERROR)
{
int 1, J,k;
int iel, isL, ieU, isU;
double WVAL;
double BNRM20, BNRM2, DNRM20, DNRM2 ;
double S1_TIME, E1_TIME;
double ALPHA, BETA;
double C1, G10, RHO, RHOO, RHO1;
int IterPRE;

KREAL *+WW;
KINT R=0, Z=1, Q=1, P=2, DD=3;

KINT MAXIT;
KREAL TOL;
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Variables/Arrays in CG Solver

155

Name Type Size /O Definition
N, NP T I # Node
NPLU I 0 # Non-Zero Off-Diagonals
D R [N] O Diagonal Block of Global Matrix
B,X R [N] O RHS, Unknown Vector
T R [NPLU] o Non—Zero Off-Diagonal Components of Global
Matrix
indexLU I [N+1] O # Non-Zero Off-Diagonal Components
itemLU I [NPLU] O Column ID of Non-Zero Off-Diagonal Components
ITER I I/0 | Number of CG Iterations (MAX: In, Actual: Out)
RESID R 1/0 Convergence Criteria (In), Final Residual Norm
(Out)
MAXIT I - Maximum Number of CG Iterations
TOL R - Convergence Criteria
WW R [4] [N] - Work Arrays
P,Q,R,Z,DD I - Vector ID for Ww (1-4)
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CG Solver (1/6)

#lnclude <std|o h>

#Ww [

Compute r®= b-[A]x(®

01[i]= WRI[i] = (r]  Compuce =
47 —— o [ ] or 1= ’ ’
e WW:1: :!:— WW :Z: :!: = Z] solve [M]zG-1= r(i-1)
SWWITI Cil= WWLQ] _|_ = {q p._,= rUD G-
W21 [i]= WWPI[i] = {p} , ~ fit
- = =g c — - p = Z
WW_3__|_:WW_DD_[|]=> 1/{D} = clse
{ oo DN
int i, j,k; Bi—1= pi—l/pi—Z
i o S g
double BNRM20, BNRM2, DNRM20, DNRM2 e(n.%'}if 0
double S1_TIME, E1_TIME; q = [A]lp
double ALPHA, BETA; o, = p;/pPg
double G1,C10, RHO, RHOO, RHO' ; x(= xG1 4 g p)
int IterPRE; rid= -1 _ (. q(l)
KREAL #xWW: check convergence |r|

KINT R=0, Z=1, Q=1, P=2, DD=3;
KINT MAXIT;
KREAL TOL;
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CG Solver (1/6)

WW=(KREAL**) allocate_matrix(sizeof (KREAL), 4,N) ;

MAXIT = ITER;
TOL = RESID;
for (i=0; i<N; i++) {
X[i]=0.0;
}
for (i=0; i<N; i++) for (j=0; j<4; j++) WW[j][i]=0.0;
/%% o
. : 1| — RT ] —
| {r0}= {b} - [Al{xini} | WW :O: :!: WW :R: :!: {r}
; = WWLT][il= WIZI[i]l = {z}
%% o - o .-
for(_j:O;_j(N;_j++)/{ WW_]_ 1= WW _Q_ 1| = {Q}
WWIDD] [j1= 1.0/D[j]; TN ] — D1
WVAL= B[j] - DLjI*X[j]: WW - :!: - WW :P' = | - ~ {p}
| o o WW[3I[i]l= WN[DD][i]l= 1/{D}
for ( k=indexLU[j];k<indexLU[j+1];k++) {
i= itemLU[k]; : st sge :
0 Reclrocal numbers (280 of dagona
WWIRI[j1= WVAL: Computational cost for division is

} usually expensive.
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CG Solver (2/6)

WW= (KREAL**) allocate matrix(sizeof (KREAL), 4,N) ;

MAXIT = ITER; Compute r(®= b-[A]x(®
TOL = RESID; for i= 1, 2,
NP solve [M]z@ D= pG-1)
fO)l’(E:]:g(l)léN?IH){ p; ;= r b z4D
) - if i=1
for (i=0; i<N; i++) for (j=0; j<4; j++) WW[j][i]=0 p<1)= z (0)
’@*I . else
| {r0}= {b} - [A]l{xini} | Bi—ll= pi—ll/pi—z |
, : pt= zED 4 Bi—l p i1
**1{ (j=0; j<N; j++) { sncit
or (J=V,; ] , J+H (1) — (1)
WNTDD] Tj]= 1.0/DLj1: q wlpEl
WVAL= B[j1 - DLJI*X[J1; o; = p;,/pHat
x(= x(-1 4 o,p)
B P P - g
WVAL+= ~AMAT [KI*K[i1; check convergence |r|

J
WWIR][j1= WVAL;

}

‘(D
3
0.
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BNRM20= 0. e0;

CG Solver (3/6)

- 2
BNRM20+= B[i1+B[i]: BNRM2= b | -
| for convergence criteria

of CG solvers
BNRM2= BNRM20;

if (BNRM2 == 0.e0) BNRM2= 1. e0;
ITER = 0;

for ( ITER=1; ITER<= MAXIT; ITER++) {

/%%
skokskorskorskokkokkokkkskkskokskorskokskokkkkkkkskokskokskokskokkokkokkkkk  Con jugate Gradient Iteration
*k /

/%%

| (2= Minvl{r} |

*k /

for (i=0; i<N; i++) {
WWLZ][il= Ww[DD] [i]+WW[R][i];
J
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CG Solver (3/6)

BNRM20= 0. e0;
for (i=0; i<N; i++) {
BNRM20+= B[i]*B[i]:
J
BNRM2= BNRM20;
if (BNRM2 == 0.e0) BNRM2= 1. e0;
ITER = 0;

for ( ITER=1; ITER<= MAXIT; ITER++) {

/%%

skokskokkskokskokskokskokkokokskokkokkokkokokkokskokskokkkok sk ok sk ok sk k ok k ok sk ok k

*k /

/%%

| (2= Minvl{r} |

*k /
for (i=0; i<N; i++) {
WWIZI[i]l= WW[DD] [i]+WW[R][i];
}

Compute r(®= b-[A]x(®
for i= 1, 2,
solve [M]z( V= rGE-1)
P, = rih zE-D
if i=1
pL= z(©
else
Bioi= Pi-1/Pis
p(i)= 7 (1-1) 4 Bi—l p(i—l)
endif
qV= [A]lp®
o = p;/pHg®
xH= xG1) 4 g .p)
ri)= -1 — g g
check convergence |r|
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CG Solver (4/6)

Compute r(®= b-[A]x(®
for 1= 1, 2,

/%%

| RHO}= [} () |

**/I solve [M]zG D= rG-1)
RHOO= 0. e0; p; ;= ri1 zGE-1
if i=1

for (i=0; i<N;i++) {

(1) = (0)
RHOO+= WW[RI [i]*WW[Z][i]: p'= z
} else
RHO= RHOO: Bi-1i= Pi-a/Pis
/**. | pi= zG 4 B pGD
| {p} = {z} if ITER=1 | endif
| BETA= RHO / RHO1 otherwise | qgP'= [AlpW
**/ I O(,i. = pl_l/p(l)q(l) |
iFCITER == 1) | x=xO + aypY
for (i=0; i<N; i++) { r= pl- _ g g
}WW[P][i]=WW[Z][i]; check convergence |r|
lelsel end

BETA= RHO / RHO1;
for (i=0; i<N;i++) {
WWLPTLi1=WW[ZI[i]l + BETA*WWIPI[i]:
}
J
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CG Solver (5/6)

/%%
- : Compute r(®= b-[A]x(®
| {a}= [Al{p} | for i= 1, 2,
**/' ' solve [M]zi D= p@-1)
for ( j=0; j<N; j++) { pi_= r& ) zG7Y
WVAL= D[j] * WW[PI[J]; if i=1
for (k=indexLU[j]:k<indexLU[j+1]:k++) { T () - (0)
i=itemLU[K] ; b=z
WVAL+= AMAT[k] * WW[PI[il; else
} Bi-1= Pia/P;
. i-1 i-1 i-2
WWLQ] [j1=WVAL; i e i-
: [Q1 L[] pi= zGD 4 B, pG-D
endif
ok q¥= [A]p®

o = pi,/PHq®
xW= xE1D 4 g pd)
**/ ri= r-b — o g
G10= 0. e0; check convergence |r|
for (i=0;i<N; i++) {
C10+=WW[P] [i]+WW[Q][i]:

}
C1=C10;

i ALPHA= RHO / {p} {al |

ALPHA= RHO / C1;
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CG Solver (6/6)

{x} + ALPHA*{p} i
{r} - ALPHA%{q} |

*% /
for (i=0; i<N; i++) {
X [i] += ALPHA +WW[PI[i];
WW[R] [i]+= —ALPHA *WW[QI[il;
}

DNRM20= 0. e0;

for (i=0; i<N; i++) {
DNRM20+=WW[R] [i J+WW[RI [i]

J

DNRM2=DNRM20;

RESID= sqrt (DNRM2/BNRM2) ;

if ( RESID <= TOL ) break;
if ( ITER == MAXIT ) *ERROR= -300;

RHO1 = RHO

Compute r(®= b-[A]x(®
for i= 1, 2,
solve [M]zG D= prG-1)

Bi—llz pi—ll/pi—z |
p(l)= Z(l—l) + Bi—l p(l—l)

qV= [A]lp®

o = p;/pHgt

xW= xGE-1) 4 qp
rid= pG-1) - g g
check convergence |r|
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CG Solver (6/6)

/%%

(x] + ALPHA¥[p] |
{r} - ALPHA*{a} |

| ]
| {r}

for

%k /
for (i=0; i<N; i++) {
X [i] += ALPHA xWW[P][i];
WWR] [i]+= —ALPHA «WW[QI[i];
}

DNRM20= 0. e0;

for (i=0; i<N;i++) {
DNRM20+=WWR] [i J+WW[R] [i];

J

DNRM2= DNRM20;

RESID= sqrt (DNRM2/BNRM2) ;

if (RESID <= TOL ) break;
if ( ITER == MAXIT ) *ERROR= -300;

RHOT = RHO ; =l

Compute r(®= b-[A]x(®

i= 1, 2,
solve [M]zG D= prG-1)

Bi—llz pi—ll/pi—z |
p(l)= Z(l—l) + Bi—l p(l—l)

qV= [A]lp®

(xi = pi_l/p(l)q(l)

xW= xG-1) 4+ q,p@
ril= ri-H — g g
check convergence |r|

Resid = \/ el M = ‘b _ Ax‘ <Tol

BNorm?2 ‘b‘ - ‘b‘
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Today’s Class Starts at 09:00 AM

In hext 7-days ...

* You will receive 2 e-mail’s from me.
— info-1
— Info-2

« Both are important for logging into the
supercomputer system in this class

» Please keep them carefully, and bring them to the
next class on Nov.10

* Please e-mail me at nakajima(at)cc.u-Tokyo.ac.jp,
If you have not received them at 23:59 Nov.9 (T)




