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1�Ù PHG �?È9SC

§1.1 PHG {0

PHG ´/�Æ�ó§O�I[:¢�¿0�3uÐ���n�¿1g·Ak��^�mu²
�"

PHG �ï���
eã�8�|±µ

• I[ 973 �8/�5��ÆO�ïÄ01��K|
/�5�¿1O�ïÄ0(2005CB321702)

• I[g,�ÆÄ7:�8
/eZ��5¯K�ê�){0(10531080)

PHG æ^ C �ómu§Äu MPI �ED4Ï&¿1

Parallel Hierarchical Grid

§1.2 Ì�õU

• ¡���n�/ü�½n�o¡Nü��N��

• Äuü��©���ÛÜ\���o

• Äu��¿©�¿1¢y!Ä�K1²ï

• gdÝ+n!k��Ä¼ê!ê�È©

• Ûõ��9¿1[!

• �5){ì!A��){ì��

• Tcl/Tk ��§VTK ��

• �Àz©�ÑÑ

§1.3 PHG �e1���!?È!SC

e1/�µhttp://lsec.cc.ac.cn/phg/download.htm

4

file:/usr/bin/mplayer ../papers/heat.avi -loop 0 -fps 25 -fs -zoom
http://lsec.cc.ac.cn/phg/download.htm


?È!SCµ

tar xjpvf phg-serial-x.x.x-xxxxxxxx.tar.bz2
cd phg-x.x.x
./configure
gmake
gmake install

7��I¦^�
À�5�½,
^�� �"$1 ./configure --help òw«Ñ¤kÀ�"

XJu)¯K§�3$1 ./configure ��w©� config.log 5éÑ,
�¬��Ø¤õ��
Ï"

configure À��~fµ

env FC="f77 -64" F77="f77 -64" CC="gcc -mabi=64" \
CXX="g++ -mabi=64 -DMPI_NO_CPPBIND" \
LDFLAGS="-L/usr/freeware/lib64 -L/usr/local/lib64" \
./configure --with-fc-libs="-lfortran -lftn" \
--libdir=/usr/local/lib64 \
--with-mumps-lib="-ldmumps -lpord -L/usr/local/SCALAPACK \

-lscalapack-64 -L/usr/local/BLACS/LIB64 \
-lblacs -lblacsF77init -lblacs -lpthread" \

--with-superlu-incdir=/usr/local/superlu_dist/include \
--with-superlu-lib="-L/usr/local/superlu_dist/lib64 \

-lsuperlu_dist_2.0"\
--with-hypre-dir=/usr/local/hypre64 \
--with-tcl-incdir=/usr/freeware/include \
--with-tcl-libdir=/usr/freeware/lib64 \
--with-metis-libdir=/usr/local/parmetis/lib64 \
--with-metis-incdir=/usr/local/parmetis/include \
--with-vtk-libdir=/usr/local/lib64/vtk \
--with-vtk-incdir=/usr/local/include/vtk \
--with-vtk-vtktcl=/usr/local/lib/vtk/tcl/vtktcl.c \

§1.4 �À1n�^�

§1.4.1 MPI

configure "�¦^ mpicc!mpicxx (½ mpiCC) ?È"�^�¸Cþ CC Ú CXX �½ C Ú C++
?Èì§̂ À� --with-mpi-libdir ½ --with-mpi-lib ±9 --with-mpi-incdir ©O�½ MPI ¥
ÚÞ©�"

duNõ1n�^�I� MPI |±§Ïd=¦?È PHG �G1����Ð�¦^|± MPI �
?ÈXÚ"

§1.4.2 ��¿©µMETIS/ParMETIS

l ftp://159.226.92.111/pub/RPMS/ ¥e1!SC parmetis �"

5µù
 RPM �?U
 metis.h Ú parmetis.h§ò METIS/ParMETIS �Ù{Þ©��3¶�
metis �e�?f8¹¥§±;��Ù§^���Þ©�¶u)Àâ"
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§1.4.3 ����µTcl/Tk

�¹3 Linux uÙ�¥ (Fedora: tcl-devel Ú tk-devel �)

§1.4.4 �Àz��µVTK

��?È!SC�þe1� cmake Ú VTK è½ RPM �:

http://www.vtk.org/

http://fr2.rpmfind.net/linux/local/

��§S cmake  u��1©��|¢´»¥§configure B�ÏL§é� VTK ���"

§1.4.5 5UÚOµPAPI

http://icl.cs.utk.edu/papi/

PAPI �Ì��^´§S$1��±¢�¼�Nõ5Uëê"Linux XÚI�éSØ�Ö¶ (per-
fctr Ö¶)§,�#?ÈSØ"

§1.5 BLAS/LAPACK

• ¦^XÚ¥� BLAS Ú LAPACK �µ

./configure --with-blas=-lblas --with-lapack=-llapack

./configure --with-lapack="-lblas -llapack"

• ¦^ Intel MKLµ

./configure --with-lapack="-L/opt/intel/mkl/lib/32 \
-lmkl_lapack -lmkl_def -lguide -lpthread"

• Ù§p5U BLAS ¥µGoto BLAS!ATLAS"

XJ¦^ PETSc, configure �gÄÏL PETSc ���é�§¤¦^� BLAS/LAPACK ¥"

PHG ^��¤k^��AT¦^Ó�� BLAS/LAPACK ¥±�u)Àâ"

§1.6 �5){ì

§1.6.1 LASPack

l ftp://159.226.92.111/pub/RPMS/ ¥e1!SC RPM �=�"

§1.6.2 PETSc

configure ÏL�¸Cþ PETSC_DIR �� PETSc �SC8¹9��"

§1.6.3 Hypre

e1!?È!SC Hypre è""��¹e configure ¬gÄé� Hypre �Þ©�Ú¥§7�
�^ --with-hypre-dir �½ Hypre �SC8¹ (PHG b½Þ©�Ú¥©O uT8¹¥� lib Ú
include f8¹)

�� http://lsec.cc.ac.cn/phg/download.htm ?Jø
�� Hypre-2.0.0 � AMS ){ìÖ¶§
§?�
 AMS ){ì�A�� bug"
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§1.6.4 MUMPS

PHG �^�Þ©� dmumps*.h Ú¥©� libdmumps.a Ú libpord.a"7���^ configure �
À� --with-mumps-incdir Ú --with-mumps-lib 5�½ù
Þ©�Ú¥©�� �"

§1.6.5 SuperLU

l ftp://159.226.92.111/pub/RPMS/ ¥e1!SC superlu-dist �

§1.6.6 SPOOLES

l ftp://159.226.92.111/pub/RPMS/ ¥e1!SC RPM �

§1.6.7 Trilinos

��l�þe1 Trilinos è?È!SC=�"

PHG "��¹eB^ Trilinos, 7L^À� --enable-trilinos (�5){ì) Ú
--enable-trilinos-anasazi (A��) 5é^

§1.7 A��){ì

§1.7.1 PARPACK

l ftp://159.226.92.111/pub/RPMS/ ¥e1!SC RPM � §T RPM �?�
IOuÙ�¥
���� bug"

§1.7.2 JDBSYM

l ftp://159.226.92.111/pub/RPMS/ ¥e1 jdbsym-parallel � §§´�� (Ü©) ¿1z�
JDBSYM ��"

§1.7.3 BLOPEX (LOBPCG)

l ftp://159.226.92.111/pub/RPMS/ ¥e1 blopex-abstract �"

§1.7.4 SLEPc

��?È!SC(�uÙ�§¿�½�¸Cþ SLEPC_DIR =�"

§1.7.5 PRIMME

l ftp://159.226.92.111/pub/RPMS/ ¥e1 RPM �"

§1.8 �Àz^�

§1.8.1 ParaView

http://www.paraview.org/

§1.8.2 VisIt

http://www.llnl.gov/visit/
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§1.8.3 MayaVi

http://mayavi.sourceforge.net/

§1.8.4 OpenDX

http://www.opendx.org/

§1.9 ��©��ª

ëw PHG Ãþ

§1.10 ?È!$1ÿÁ§S

ëw PHG Ãþ

8
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1�Ù Ä:�£

§2.1 PHG §SÄ�(�

#include "phg.h"

int
main(int argc, char **argv)
{

... ...
phgInit(&argc, &argv);
... ...
phgFinalize();
exit(0);

}

§2.2 n�/!o¡N����©g·A[z�oz

ëw PHG Ãþ

§2.3 �g��(�

ëw PHG Ãþ

§2.4 ��¿©�©Ùª�g��(�

ëw PHG Ãþ
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1nÙ Ä�êâa.���+n

§3.1 Ä�êâa.9~þ

§3.1.1 êâa.

��B¦^ØÓ°Ý?1O�§PHG ½Â
�|2:.!�.!iÎ.ÚÙ�.Cþa."

FLOAT, INT, UINT, SHORT, USHORT, CHAR, BYTE, BOOLEAN (TRUE/FALSE)

§3.1.2 êÆ¼ê

éAu FLOAT a.�êÆ¼ê¶ÏLòIO C ¥¥�¼ê¶�Äi1U�����§XµSin!
Sqrt!Pow!Fabs �"

§3.1.3 ~þ

#define Dim 3 /* �m�ê */
#define NVert 4 /* z�ü��º:ê */
#define NFace 4 /* z�ü��¡ê */
#define NEdge 6 /* z�ü��>ê */

§3.1.4 Ù§a.

GTYPE ^u£ãAÛé��AÛa.§�^u½Âü��\�a.§���� VERTEX!EDGE!
FACE!DIAGONAL (ELEMENT)!OPPOSITE!MIXED Ú UNKNOWN"

BTYPE ^u£ã>.a.§�A^uº:!>!¡½ü�§§d�|I� �¤§ù
I� 
kµUNREFERENCED (���fü�Ú^), OWNER (�?§¤Pk), INTERIOR («�SÜ), REMOTE (�Ù
§?§��), DIRICHLET (Dirichlet), NEUMANN (Neumann), BDRY_USER1 (^ra. 1), BDRY_USER2 (^
ra. 2), UNDEFINED (��½a.�>.)

§3.2 ü�é�

typedef struct {
SIMPLEX *children[2]; /* ��ü�fü���� */
void *neighbours[NFace]; /* ���Øü���� */
INT verts[NVert]; /* 4�º:��/?Ò */
INT edges[NEdge]; /* 6^>��/?Ò */
INT faces[NFace]; /* 4�¡��/?Ò */
INT index; /* ü�?Ò */
SHORT mark; /* ^uI5\�!oz */
BTYPE bound_type[NFace]; /* ü�¡�>.a. */
... ...

} SIMPLEX;

10



Ù¥ mark ¤
^uI5F"\�½�o�ü�"mark > 0 L«�¦òü�\� mark g§mark < 0
L«#Nòü��o −mark g"

ü��º:!>!¡�?Ò©��Û?Ò!�/ (½ÛÜ) ?ÒÚü�S?Òn«"��º:ÚÙ
�é�¡�ü�S?Ò�Ó"6 ^>�ü�S?Ò^S� 0 (0–1), 1 (0–2), 2 (0–3), 3 (1–2), 4 (1–3), 5
(2–3)"

eã÷O��«ü�S?Òµ

GetEdgeVertex(edge_no, v) /* >�º:?Ò, v � 0 ½ 1 */
GetFaceVertex(edge_no, v) /* ¡�º:?Ò, v � 0!1 ½ 2 */
GetEdgeNo(v0, v1) /* ü�º:éA�>?Ò */

~Xµ
GetEdgeVertex(3,0) = 1

GetEdgeVertex(3,1) = 2

GetFaceVertex(2,1) = 1

GetEdgeNo(1,3) = 4

§3.3 ��é�

PHG ���±f���/ª©Ù3Ü©½�Ü?§¥"

typedef struct {
MPI_Comm comm; /* �¹��� MPI Ï&ì */
int nprocs, rank; /* ?§ê!?§?Ò */
FLOAT lif; /* K1Ø²ïÏf */
COORD *verts; /* f��¥¤kº:��I */
BTYPE *types_vert; /* f��¥¤kº:�>.a. */
BTYPE *types_edge; /* f��¥¤k>�>.a. */
BTYPE *types_face; /* f��¥¤k¡�>.a. */
BTYPE *types_elem; /* f��¥¤kü��>.a. */
INT nleaf; /* f��¥��fü�ê */
INT nvert, nvert_global; /* �/!�Ûº:ê */
INT nedge, nedge_global; /* �/!�Û>ê */
INT nface, nface_global; /* �/!�Û¡ê */
INT nelem, nelem_global; /* �/!�Ûü�ê */
... ...

} GRID;

• comm!nprocs!rank ©O��¤���Ï&ì!?§êÚ�c?§3TÏ&ì¥�?Ò
• GRID é�¥� verts ¤
�¹ (f) ��¥¤kº:��I"b� e ´��ü�§K e �º: k

(0 ≤ k < 4) ��I�µ
x = g->verts[e->verts[k]][0]

y = g->verts[e->verts[k]][1]

z = g->verts[e->verts[k]][2]

• lif L«��y©�K1Ø²ïÏf (load imbalance factor)µ

lif =
f����ü�ê
f��²þü�ê

11



§¬����Cz (\�!�o!©Ù) gÄ�#"

§3.4 ���\��¤

GRID *g;
g = phgNewGrid(-1);
phgImport(g, "cube.dat", FALSE);
... ...
phgFreeGrid(&g);

phgNewGrid �ëê´�
I� §�)µVERT_FLAG (º:a.�?Ò)!EDGE_FLAG (>�a.�
?Ò)!FACE_FLAG (¡�a.�?Ò)!ELEM_FLAG (ü��a.�?Ò)!GEOM_FLAG (�ÏL phgGeom*

¼ê�¯�AÛþ)

phgImport ����ëê� TRUE L«�\���r�é��?1¿©¿©Ù� MPI_COMM_WORLD

�¤k?§¥ (d� comm �u MPI_COMM_WORLD)¶FALSE L«�\���Øé��?1¿©§���
�3u?§ 0 ¥ (d� comm �u MPI_COMM_SELF)

§3.5 ���Ñ

phgExportALBERT(GRID *g, const char *filename);
phgExportDX(GRID *g, const char *fn, DOF *dof, ...);
phgExportDXn(GRID *g, const char *fn, int ndof, DOF **dofs);
phgExportVTK(GRID *g, const char *fn, DOF *dof, ...);
phgExportVTKn(GRID *g, const char *fn, int ndof, DOF **dofs);

§3.6 ��ü�H{

GRID *g;
SIMPLEX *e;

ForAllElements(g, e) {
... ...

}

§3.7 ��¿©9K1²ï

phgBalanceGrid(GRID *g, FLOAT lif_threshold,
INT submesh_threshold, DOF *weights, FLOAT power);

• lif threshold: �K1Ø²ïÏf�uT��#y©��

• submesh threshold: f����ü�ê§̂ u(½f��ê8

• weights: ü��

• power: ü���ê (ü��� weights � power g�)
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§3.8 ���\���o

phgRefineAllElements(GRID *g, int level);
phgRefineMarkedElements(GRID *g);
phgCoarsenMarkedElements(GRID *g);

�ü�¼ê�âü�¥� mark ¤
\�!�o��"ü�z\��g mark �¬�~� 1§z�
o�g mark �¬�\þ 1"du\�´r�5�§Ïdl phgRefineMarkedElements �£�¤kü
�� mark ¤
�½´���"

13



1oÙ gdÝ+n�k��Ä¼ê

gdÝé�^u+nk��¼ê9©Ù3��þ�Ù§êâ"gdÝ�±½Â3º:þ!>þ!
¡þÚü�SÜ"

§4.1 gdÝa.�k��Ä¼ê

gdÝa.d(� DOF_TYPE ½Â§§£ãgdÝ3ü�þ�©Ù!k��Ä¼ê95��"

typedef struct DOF_TYPE_ {
const char *name; /* gdÝa.�¶¡ */
FLOAT *points; /* gdÝ � (��:) */
DOF_TYPE *grad_type; /* FÝ�gdÝa. */
DOF_INTERP_FUNC InterpC2F; /* Iü��fü��� */
DOF_INTERP_FUNC InterpF2C; /* fü��Iü��� */
DOF_INIT_FUNC InitFunc; /* Ð©z (ÝK) ¼ê */
DOF_BASIS_FUNC BasFuncs; /* O�Ä¼ê� */
DOF_BASIS_GRAD BasGrads; /* O�Ä¼êFÝ� */
BOOLEAN invariant; /* Ä¼ê�ü�/GÃ' */
SHORT nbas; /* ��ü�¥Ä¼ê�ê */
BYTE order; /* Ä¼êõ�ªgê */
CHAR continuity; /* k��¼ê�ëY5 */
SHORT dim; /* Ä¼ê�ê (1½Dim) */
SHORT np_vert; /* º:gdÝ�ê */
SHORT np_edge; /* >gdÝ�ê */
SHORT np_face; /* ¡gdÝ�ê */
SHORT np_elem; /* ü�gdÝ�ê */
... ...

} DOF_TYPE;

Ù¥µ

• np vert: z�º:þ�gdÝê

• np edge: z^>þ�gdÝê

• np face: z�¡þ�gdÝê

• np elem: z�ü�¥�gdÝê

^u£ãk��Ä¼ê�gdÝa.�ke�¤
µ

• order: Ä¼ê�õ�ªgê

• BasFuncs: O�Ä¼ê�

• BasGrads: O�Ä¼ê�éu%�I�FÝ�

• dim: Ä¼ê��ê

• grad type: FÝ�gdÝa.
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§4.1.1 ®½Â�k��a.

• DOF P0 – DOF P4

0 � 4 � Lagrange � (Ø DOF P0 	þ� H1 conforming)

• DOF HB1 – DOF HB15

1 � 15 � Hierarchical H1 conforming �

• DOF HC0 – DOF HC15

1 � 15 � Hierarchical Hcurl conforming �

• DOF DG0 – DOF DG15: 0 � 15 � Discontinuous Galerkin � (L2)

Ù¥ DOF_HCn ��þÄ (n�)§Ù{�IþÄ"

DOF_DGn Äu DOF_Pn (n ≤ 4) ½ DOF_HBn (n > 4) �E"

,	§DOF_ND1 (�5 Nédélec �) �du DOF_HC0§DOF_HFEB1 �du DOF_HC1§DOF_HFEB2 �d
u DOF_HC2

§4.2 gdÝé�

gdÝé��¹gdÝa.!gdÝ�ê±9�ÑgdÝêâ��À«

typedef struct DOF_ {
char *name; /* name */
GRID *g; /* the mesh */
DOF_TYPE *type; /* type */
SHORT dim; /* # variables per location */
BTYPE DB_mask; /* Dirichlet boundary mask */
FLOAT *data; /* data array */
FLOAT *data_vert; /* pointer to vertex data */
FLOAT *data_edge; /* pointer to edge data */
FLOAT *data_face; /* pointer to face data */
FLOAT *data_elem; /* pointer to element data */
... ...

} DOF;

�gdÝé�¥�gdÝa.´k��Ä¼ê�§TgdÝé��±w���½Â3�c��
þ�k��¼ê"

gdÝé��Ì�¤
Xeµ

• name: gdÝé�¶¡

• g: ��

• type: gdÝa.

• dim: �ê

• data: (�/) gdÝêâ�À«

• data vert: �� data ¥º:gdÝêâ�å©/�

• data edge: �� data ¥>gdÝêâ�å©/�

• data face: �� data ¥¡gdÝêâ�å©/�

• data elem: �� data ¥ü�gdÝêâ�å©/�
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§4.3 Mï!�ÑÚ�¤gdÝé�

DOF *u;
u = phgDofNew(GRID *g, DOF_TYPE *type, SHORT dim,

const char *name, DOF_USER_FUNC userfunc);
... ...
phgDofFree(&u);

Ù¥ userfunc �±�eã/ªµ

• DofNoData: Ø��gdÝêâ

• DofNoAction: ��UC (\�½�o) �ØégdÝêâ?1��

• DofInterpolation: ��UC�gÄégdÝêâ?1��

• ¼ê��: ��/�
void userfunc(FLOAT x, FLOAT y, FLOAT z, FLOAT *values)

�¼ê§PHG �âT¼ê�¼ê�5O�gdÝ� (ÏL��½ L2 ÝK)

¼ê phgExportVTK Ú phgExportDX #Nò?¿êþ�gdÝé��\��Àz©�¥"

§4.4 gdÝ?Ò

PHG égdÝ�?Òæ^ÛÜ?Ò§§Äuf��¥�º:!>!¡Úü��ÛÜ?Ò"äN?
Ò�ª´µÄkéf��¥¤kº:gdÝUº:�ÛÜ?Ò^S?1?Ò§,�éf��¥¤k>
gdÝU>�ÛÜ?Ò^S?1?Ò§�Xéf��¥¤k¡gdÝU¡�ÛÜ?Ò^S?1?Ò§
��éf��¥¤kü�gdÝUü��ÛÜ?Ò^S?1?Ò"

éuÓ�áuõ�f���gdÝ§§�3ØÓf��¥kXØÓ�?Ò§Ù¥����f��
�§�/áÌ0§Tf��B´§¤3�º:!>!¡½ü�áÌ"

PHG ØJøgdÝ��Û?Ò§I�gdÝ��Û?Ò��±ÏL MAP Ú VEC é�5?1Mï
Ú+n"

§4.5 ���¯gdÝêâ

égdÝ u§DofData(u) ��êâ�À«§(�du u->data)§DofVertexData(u,vertex no) �
��½º:�gdÝêâ�å©/�§DofEdgeData(u,edge no) ���½>�gdÝêâ�å©/
�§DofFaceData(u,face no) ���½¡�gdÝêâ�å©/�§DofElementData(u,elem no) �
��½ü��gdÝêâ�å©/�"

égdÝêâ����¯Ï~(Üü�!º:!>½¡�H{?1§~Xµ

int i;
DOF *u;
SIMPLEX *e;
FLOAT *data;
... ...
ForAllElements(u->g, e) {

for (i = 0; i < NFace; i++) {
data = DofFaceData(u, e->faces[i]);
... ...

}
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}

§4.6 gdÝé��$�

phgDofCopy(DOF *src, DOF **dest, DOF_TYPE *newtype, char *name)

MïgdÝé� dest§§´gdÝé� src ���"newtype � NULL L« dest �a.�u
src->type"XJ newtype �½�a.ØÓu src->type§K dest �u src �#�k���mþ�
ÝK"

phgDofAXPY(FLOAT a, DOF *x, DOF **y)

O� y := ax + y

phgDofAXPBY(FLOAT a, DOF *x, FLOAT b, DOF **y)

O� y := ax + by

phgDofMatVec(FLOAT alpha, DOF *A, DOF *x, FLOAT beta, DOF **y)

O� y := αAx + βy"ùp A ��
§�âÙ�ê� x �ê�'X©O��Iþ!é�
Ú÷

� x ?1$�§A = NULL L«ü 
"

phgDofMM(MAT_OP transa, MAT_OP transb, int M, int N, int K,
FLOAT alpha, DOF *A, int blka, DOF *B, FLOAT beta, DOF **C)

T¼ê��u (U:) O�

C := α transa(A)M×Ktransb(B)K×N + β CM×N

Ù¥ transa Ú transb �©O� MAT_OP_N ½ MAT_OP_T"§ºX
 phgDofAXPY!phgDofAXPBY Ú
phgDofMatVec �õU"

� blka ≤ 0 �§A �z|gdÝ��w��� M × K ½ K × M �Ý
§Ïd A ��ê
(DofDim(A) = A->dim× A->type->dim) AT�u MK"

� blka > 0 �§A �z|gdÝ��w���é�¬��� blka× blka �¬é�Ý
§d��
¦ DofDim(A) = M/blka"

B �z|gdÝ��w��� K × N ½ N × K �Ý
§DofDim(B) = NK"

C �z|gdÝ��w��� M × N �Ý
§DofDim(C) = MN"

��^rÃþN¹¥�`²"

§4.7 k��¼ê¦�

FLOAT *phgDofEval(DOF *u, SIMPLEX *e, const FLOAT lambda[],
FLOAT *values);

FLOAT *phgDofEvalGradient(DOF *u, SIMPLEX *e,
const FLOAT lambda[], FLOAT *values);
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FLOAT *phgDofEvalDivergence(DOF *u, SIMPLEX *e,
const FLOAT lambda[], FLOAT *values);

FLOAT *phgDofEvalCurl(DOF *u, SIMPLEX *e,
const FLOAT lambda[], FLOAT *values);

ù
¼êO�k��¼ê3�½%�I ��¼ê�½�ê�

§4.8 gdÝé���

FLOAT phgDofNormL1(DOF *u);
FLOAT phgDofNormL1Vec(DOF *u);
FLOAT phgDofNormL2(DOF *u);
FLOAT phgDofNormL2Vec(DOF *u);
FLOAT phgDofNormH1(DOF *u);
FLOAT phgDofNormInftyVec(DOF *u);

§4.9 gdÝé���©

DOF *phgDofGradient(DOF *src, DOF **newdof,
DOF_TYPE *newtype, const char *name);

DOF *phgDofDivergence(DOF *src, DOF **newdof,
DOF_TYPE *newtype, const char *name);

DOF *phgDofCurl(DOF *src, DOF **newdof,
DOF_TYPE *newtype, const char *name);

§4.10 AÏgdÝé�

§4.10.1 ~þ.gdÝé�

~þ.gdÝé��a.� DOF_CONSTANT§§��u�����~ê� dim �¼ê"

~Xµ

DOF *A;
A = phgDofNew(g, DOF_CONSTANT, 3, "A", DofNoAction);
phgDofSetDataByValuesV(A, 3, "A", 1., 2., 3.);

½Â
�����~�þ (1, 2, 3) �¼ê"

~þ.gdÝé��±ÚÙ§gdÝé���ë��ê$1!ê�È©!?1¦��"

§4.10.2 )Û.gdÝé�

)Û.gdÝé��a.� DOF_ANALYTIC§§N^��^rJø�¼êO�gdÝé���"

static void
f(FLOAT x, FLOAT y, FLOAT z, FLOAT *value)
{

*value = (x < 0.5 ? 1.0 : -1.0);
}

... ...
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DOF *c;
c = phgDofNew(g, DOF_ANALYTIC, 1, "coefficient", f);

��©¡~ê¼ê�±^��)Û.gdÝé�5L«§���¡�mä¡�����±�;
3��a.� DOF_P0 �gdÝé�¥"

)Û.gdÝé��±ÚÙ§gdÝé���ë��ê$1!ê�È©!?1¦��§�Ø#N
éÙ?1�©$�"

§4.11 �¯�Øü��gdÝêâ

G1O��§�±ÏL e->neighbours[i] ���¯ü� e �1 i ��Øü�"¿1O��§�
Øü��U uÙ§?§§é�Øü���¯ØBu��^ MPI–1 ¢y"

�;�é�Øü�����¯§���{´òO�^SUìü�H{�/ª?1|�§òz�ü
���zU\�O�(Jþ"�±|^ PHG ��þ|CõU5�¤O�(J�U\§'uù«�{
ëw 33 �§8.2.1 "

,	���{´N^ phgNeighbourData 5¼� (�§) �Øü��êâ (PHG ¬gÄ�¤7�
�Ï&)"

~X§b�gdÝé� u �a.� DOF_P0 (©¡~ê)§eã�èO� u 3¤k¡þ�²þ�"

NEIGHBOUR_DATA *nd;
SIMPLEX *e;
int i;
double a;

nd = phgGetNeighbourData(u);
ForAllElements(u->g, e) {

for (i = 0; i < NFace; i++) {
if (>.¡) {

a = *DofElementData(u, e->index);
}
else {

a = (*DofElementData(u, e->index) +
*phgNeighbourData(nd, e, i, ELEMENT, 0)) * .5;

}
... ...

}
}
phgReleaseNeighbourData(&nd);

§4.12 AÛþgdÝé�

PHG SÜgÄ�o��AÏ�gdÝé�§¡�AÛþgdÝé�§^uO�Ú�;�>!¡
Úü��'��
~^AÛþ§¿Jø�|¼êø^r�¯ù
þ"

FLOAT phgGeomGetVolume(GRID *g, SIMPLEX *e);
FLOAT phgGeomGetDiameter(GRID *g, SIMPLEX *e);
FLOAT *phgGeomGetJacobian(GRID *g, SIMPLEX *e);
FLOAT phgGeomGetFaceArea(GRID *g, SIMPLEX *e, int face);

19



FLOAT phgGeomGetFaceAreaByIndex(GRID *g, INT face_no);
FLOAT phgGeomGetFaceDiameter(GRID *g, SIMPLEX *e, int face);
FLOAT *phgGeomGetFaceNormal(GRID *g, SIMPLEX *e, int face);
FLOAT *phgGeomGetFaceOutNormal(GRID *g, SIMPLEX *e, int face);
FLOAT *phgGeomXYZ2Lambda(GRID *g, SIMPLEX *e,

FLOAT x, FLOAT y, FLOAT z);
phgGeomLambda2XYZ(GRID *g ,SIMPLEX *e, const FLOAT *lambda,

FLOAT *x, FLOAT *y, FLOAT *z);
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1ÊÙ ê�È©

§5.1 k��O�¥�ê�È©

k��lÑÏ~8(�O�gdÝé�!Ä¼êm��g.!ng."PHG ¥ù
O�Ï~|
^ê�È©5�¤"

§5.2 ê�È©úª

Gauss .ê�È©úª^�È¼ê3�½«�þ�
A½:?����5|Ü5Cq¼ê3T
«�þ�È©"±ü�þ�È©�~§b½ e ´��ü�§f(x) ´½Â3 e þ���¼ê§Kµ∫

e

f(x) dx ≈
n−1∑
i=0

wif(xi)

Ù¥ xi ¡�È©: (abscissas)§wi ¡�� (weights)"·�À�È©:Ú��±¦�þãúªé
Ø�L,�gê�?¿õ�ª°(¤á"��È©úª���È©úªé¤kgêØ�LT��õ
�ª°(¤á"

PHG �ê�È©úª¥¦^8�z��§=òÈ©�¤µ∫
e

f(x) dx ≈ V (e)
n−1∑
i=0

wif(xi)

Ù¥ V (e) L«ü� e �NÈ"w,§XJÈ©úª��é 0 gõ�ª´°(�§KÈ©�7L÷
vµ

n−1∑
i=0

wi = 1

PHG ¥^ü�¥�%�IL«È©:§́ �ù«L«eÈ©:Ú��éu��C�´ØC
�§�ó�§��È©úª�È©:Ú��ü��/G! �Ã'"

PHG Jø?¿�ê�È©úª§Ü©úªÏL)Û½A½�ê��{��§Ù§úªK´|^
�� Gauss-Jacobi È©úªÏLÜþÈ��ª�E"

§5.3 é¡.ê�È©úª

PHG ¥Jø�¤k�ÜþÈê�È©úªÑ´é¡�§=é��È©:�%�I©þ?1?
¿�����:Ñ´È©:§¿�ù
È©:éA��´���"

±n�È©:�~§b� ( 1
2 , 1

2 , 0, 0) ´��È©:§K ( 1
2 , 0, 1

2 , 0), ( 1
2 , 0, 0, 1

2 ), (0, 1
2 , 1

2 , 0), (0, 1
2 , 0, 1

2 )
Ú (0, 0, 1

2 , 1
2 ) 7,�´È©:"

�
�B/L«é¡.ê�È©úª§©� include/quad.h ¥½Â
�|÷ PermXXX Ú DupXXX§
~X§þã 6 �È©:�{ü/�¤ Perm22(0.5)§b�§���� 0.25§�A����¤
Dup22(0.25)"
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��È©úª
÷ È©: �
Perm2(1/2) (1/2,1/2) Dup2(w) = w
Perm11(a) permute{(a,1-a)} Dup11(w) = w,w

��È©úª
÷ È©: �
Perm3(1/3) (1/3,1/3,1/3) Dup3(w) = w
Perm21(a) permute{(a,a,1-2a)} Dup21(w) = w,w,w
Perm111(a,b) permute{(a,b,1-a-b)} Dup111(w) = w, . . . , w︸ ︷︷ ︸

6

n�È©úª
÷ È©: �
Perm4(1/4) (1/4,1/4,1/4,1/4) Dup4(w) = w
Perm31(a) permute{(a,a,a,1-3a)} Dup31(w) = w,w,w,w
Perm22(a) permute{(a,a,0.5-a,0.5-a)} Dup111(w) = w, . . . , w︸ ︷︷ ︸

6

Perm211(a,b) permute{(a,a,b,1-2a-b)} Dup211(w) = w, . . . , w︸ ︷︷ ︸
12

Perm1111(a,b,c) permute{(a,b,c,1-a-b-c)} Dup1111(w) = w, . . . , w︸ ︷︷ ︸
24

§5.4 PHG �ê�È©úª

PHG ^(� QUAD �;ê�È©úª§ù
úª�;3©� src/quad.c ¥"T(�N�Ì�¤

Xeµ

char *name;
int dim; /* 1: >, 2: n�/, 3: o¡N */
int order; /* È©úª��ê */
int npoints; /* È©úª�:ê */
FLOAT *points; /* È©:%�I */
FLOAT *weights; /* È©:� */

¼ê phgQuadGetQuadnD(p) (n = 1, 2, 3) �£���� n � p � QUAD (����"XJ�½�
ê�È©úªØ�3§T¼ê¬gÄ�E��ÜþÈ/ª�ê�È©úª"

~µb� u ´�� (�ê� 1 �) gdÝé�§eã�è©O^ 3 �È©úªO� u 3ü� e �
>!¡Úü�þ�È©"

§5.4.1 1 k ^> (0 ≤ k < 6) þ�È©

QUAD *q;
FLOAT lambda[] = {0., 0., 0., 0.}, sum = 0., value, *p, *w;
int i, v0, v1;
FLOAT sum = 0., value, *p, *w;

v0 = GetEdgeVertex(k, 0);
v1 = GetEdgeVertex(k, 1);
q = phgQuadGetQuad1D(3);
p = q->points; w = q->weights;
for (i = 0; i < q->npoints; i++) {
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lambda[v0] = *(p++);
lambda[v1] = *(p++);
phgDofEval(u, e, lambda, &value);
sum += *(w++) * value;

}
sum *= >�Ý;

(>�Ý�±ÏL u->g->verts[e->verts[]] O�)

§5.4.2 1 k �¡ (0 ≤ k < 4) þ�È©

QUAD *q;
FLOAT lambda[] = {0., 0., 0., 0.}, sum = 0., value, *p, *w;
int i, v0, v1, v2;

v0 = GetFaceVertex(k, 0);
v1 = GetFaceVertex(k, 1);
v2 = GetFaceVertex(k, 2);
q = phgQuadGetQuad2D(3);
p = q->points; w = q->weights;
for (i = 0; i < q->npoints; i++) {

lambda[v0] = *(p++);
lambda[v1] = *(p++);
lambda[v2] = *(p++);
phgDofEval(u, e, lambda, &value);
sum += *(w++) * value;

}
sum *= phgGeomGetFaceArea(u->g, e, k);

§5.4.3 ü�þ�È©

QUAD *q;
FLOAT sum = 0., value, *p, *w;
int i;

q = phgQuadGetQuad3D(3);
p = q->points;
w = q->weights;
for (i = 0; i < q->npoints; i++, p += 4) {

phgDofEval(u, e, p, &value);
sum += *(w++) * value;

}
sum *= phgGeomGetVolume(u->g, e);

§5.5 V!n�5.�O�

k��¥²~I�O�V½n�5.§~Xµ∫
e

ϕiϕj ,

∫
e

∇ϕi · ∇ϕj ,

∫
e

A∇ϕi · ∇ϕj ,

∫
e

fϕi,

∫
f

gϕi

Ù¥ ϕi, ϕj �Ä¼ê§f �,�¼ê§A ´��Iþ¼ê½ 3× 3 Ý
¼ê§e �ü�§f �ü���
�¡"
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�±N^eã¼ê�¤ù
O�µ

phgQuadBasDotBas(e, u, i, v, j, QUAD_DEFAULT);
phgQuadGradBasDotGradBas(e, u, n, v, m, QUAD_DEFAULT);
phgQuadGradBasAGradBas(e, u, n, A, v, m, QUAD_DEFAULT);
phgQuadDofTimesBas(e, f, u, n, QUAD_DEFAULT, result);
phgQuadFaceDofDotBas(e, k, g, DOF_PROJ_NONE, v, n,

QUAD_DEFAULT);

§5.6 O�¡aþ

k����Ø��O¥²~I�O�¡aþ§PHG Jø��Ï^�¡aþO�¼êµ

DOF *phgQuadFaceJump(DOF *u, DOF_PROJ proj, const char *name,
int quad_order);

T¼ê�£��gdÝé�§z�¡þ��gdÝ�§T��u u 3T¡þ�aþ���²��È©
(¡þ L2 ��²�)"

proj L«�éu¡�	{��ÝK"- n �¡�	{�§[·] L«¼êªL¡�aþ§Kµ

proj = DOF PROJ NONE O�
∫

f

∣∣[u]
∣∣2

proj = DOF PROJ DOT O�
∫

f

∣∣n · [u]
∣∣2

proj = DOF PROJ CROSS O�
∫

f

∣∣n × [u]
∣∣2

§5.7 Ä¼ê!¼ê�� cache

Nõ�¹eê�È©¥Ä¼ê½¼ê��¬�E^�"�;�EO�§PHG �±òO�L
�Ä¼ê�½Ä¼êFÝ���3A½� cache ¥"

?�ê�È©¼ê�§XJN^eã¼êO��È¼ê½Ä¼ê�§K PHG ¬�â¼ê½Ä¼
ê�5�gÄ cache Ä¼ê½ÙFÝ��µ

FLOAT *phgQuadGetFuncValues(GRID *g, SIMPLEX *e,
int dim, DOF_USER_FUNC userfunc, QUAD *quad);

FLOAT *phgQuadGetDofValues(SIMPLEX *e, DOF *u, QUAD *quad);
FLOAT *phgQuadGetBasisValues(SIMPLEX *e, DOF *u, int n,

QUAD *quad);
FLOAT *phgQuadGetBasisGradient(SIMPLEX *e, DOF *u, int n,

QUAD *quad);
FLOAT *phgQuadGetBasisCurl(SIMPLEX *e, DOF *u, int n,

QUAD *quad);

~X§e¡��èO�
∫

e

∇ϕn · ∇ϕn§Ù¥ ϕn Ú ϕn ©OL«gdÝé� u (ùpb½Ù�ê�

1) �1 n Ú1 m �Ä¼ê"

QUAD *quad;
const FLOAT *g1, *g2, *w;
FLOAT d;
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int i;

quad = phgQuadGetQuad3D(2 * u->type->order - 2);
g1 = phgQuadGetBasisGradient(e, u, n, quad);
g2 = phgQuadGetBasisGradient(e, u, m, quad);
w = quad->weights;
d = 0.;
for (i = 0; i < quad->npoints; i++, g1 += 3, g2 += 3, w++)

d += (g1[0] * g2[0] + g1[1] * g2[1] + g1[2] * g2[2]) * *w;
d *= phgGeomGetVolume(u->g, e);

8c PHG 6��Jøn�È©� cache Å�"
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18Ù ·-1À�

PHG �±ÏL·-1À���ª5�½!UC§S$1�ëê"ò�|·-1À��3��©
�¥�±å�ëê©���^"

PHG À��/ª� ‘-À�¶ [ëê]’ ½ ‘-À�¶[=ëê]’§À��m^���m§À�¶�ë
êm^��½�Ò�m"

éuØ�ëê�À�§‘+À�¶’ L«� ‘-À�¶’ ���¹Â"

�Ó��·-1À�õgÑy�§±���g���O"$1?Û�� PHG §S�§Ñ�±
^’-help’ �Ñ§¤|±�·-1À�9ëê"

¼ê phgInit KIé¤k·-1À�?1?n"N^ phgInit ��§·-1 (argc, argv) ¥ò
�3e�À�/ª�·-1ëê9 oem_options À�¥�ëê"

PHG �z�À�Ñk�����éA�Cþ§À���^Ò´�âÀ��ëê�½TCþ�
�"PHG |±eãA«a.�·-1À�µ

À�a. ëêa. Cþa.
Ãëê Ã BOOLEAN

�. �ê INT

2:. 2:ê FLOAT

iÎG iÎG char *

©�¶ ©�¶ char *

qÞ. '�i int

¼ê. iÎG ¼ê�� (option handler)

À� ‘-options_file ©�¶’ ò�½©� (¡�À�©�) ¥�¤kÀ��\��c �"��
À�©�¥�±�¹?¿ê8�À�§À�m^��½�1�m"

XJ�3¶� “��1©�¶.options” �À�©�§PHG ¬gÄ�\T©�¥�À�"

-oem_options ´��AÏ�À�§PHG òÙëê�µØÄ/D4�Ù§^� (X PETSc!Hypre
�)"�kõ� ‘-oem_options’ À��§PHG ò§��¤këêU^SÜ¿å5"~X§e~À^ CG
){ìÚ block Jacobi ý^�f�� PETSc ¥�"�){ìµ

-oem_options "-ksp_type cg -pc_type bjacobi"

^r§S�±3N^ phgInit cN^ phgOptionsPreset 5ý��
À���"�±õgN^
phgOptionsPreset§zgN^ phgOptionsPreset �±�Ñõ�À�"~Xµ

phgOptionsPreset("-default_dof_type P4");
phgOptionsPreset("-solver_maxit 1000 -solver_rtol 1e-5");
phgOptionsPreset("-default_solver hypre");

XJ3$1�� PHG §S�¦^
 ‘-help’ À�§K¬w«Ñ§¤|±�·-1À�9`²,
�á=òÑ"-help �ëê´��aO¶§X ‘-help hypre’ w«k' Hypre �À�§‘-help all’ w
«¤kÀ�§ ‘-help help’ Kw«Ñ¤kaO¶"
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§6.1 g½Â·-1À�

^r�±N^¼ê phgOptionsRegisterXxxx 5þ#�·-1À�"5þ·-1À�7L3N^
phgInit �c?1"

phgOptionsRegisterTitle(const char *str, const char *help,
const char *category);

phgOptionsRegisterNoArg(char *name, char *help, BOOLEAN *var);
phgOptionsRegisterInt(char *name, char *help, INT *var);
phgOptionsRegisterFloat(char *name, char *help, FLOAT *var);
phgOptionsRegisterString(char *name, char *help, char **var);
phgOptionsRegisterFilename(char *name, char *help, char **var);
phgOptionsRegisterKeyword(char *name, char *help,

char **keys, int *var);
phgOptionsRegisterHandler(char *name, char *help,

OPTION_HANDLER func, BOOLEAN append);

ù
¼ê�^{�ëw poisson.c"

§6.2 ¼�·-1ëê��c�

e¡�¼ê�±^53§S$1L§¥¼�·-1À���c�µ

BOOLEAN phgOptionsGetNoArg(char *op_name);
INT phgOptionsGetInt(char *op_name);
FLOAT phgOptionsGetFloat(char *op_name);
char *phgOptionsGetKeyword(char *op_name);
char *phgOptionsGetString(char *op_name);
char *phgOptionsGetFilename(char *op_name);

~Xµ

phgPrintf("Default solver: %s\n",
phgOptionsGetKeyword("default_solver"));

§6.3 Ä���·-1À��ëê�

e�¼ê^u3§S$1L§¥Ä�UC·-1À�éA�Cþ��"I�5¿�´§k
·-
1À�´3§SéÄ�Ðu)�^§éuù
À�§§S$1¥UC§���½Øå�^§¿�k�
U��§SÉ~"

void phgOptionsSetOptions(const char *str);
phgOptionsSetNoArg(char *op_name, BOOLEAN value);
phgOptionsSetInt(char *op_name, INT value);
phgOptionsSetFloat(char *op_name, FLOAT value);
phgOptionsSetKeyword(char *op_name, char *value);
phgOptionsSetString(char *op_name, char *value);
phgOptionsSetFilename(char *op_name, char *value);
phgOptionsSetHandler(char *op_name, char *value);
phgOptionsPush(void);
phgOptionsPop(void);

Ù¥§phgOptionsPush Ú phgOptionsPop ^u��!¡E�c¤k·-1À����"
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§6.4 w«·-19·-1À�

phgOptionsShowCmdline(void);
phgOptionsShowUsed(void);

phgOptionsShowCmdline �<Ñ$1§S�·-1"

phgOptionsShowUsed �<Ñ¤k^r�Ñ�·-1À���ª�"
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1ÔÙ �5){ì

§7.1 �5){ìé�

typedef struct {
OEM_SOLVER *oem_solver; /* 	Ü){ì */
MAT *mat;
VEC *rhs;
... ...

} SOLVER;

Ù¥§oem_solver �¤¦^�/	Ü0){ì"� oem_solver � NULL �L«¦^%@){ì§
%@){ì�±3·-1þ^À� ‘-default_solver’ 5�½"

PHG 8c|±�/	Ü0){ì (OEM solver) �):

SOLVER_DEFAULT,
SOLVER_PCG, SOLVER_GMRES, SOLVER_AMS, /* SÜ){ì */
SOLVER_HYPRE, SOLVER_PETSC, SOLVER_TRILINOS, /* S�{ */
SOLVER_MUMPS, SOLVER_SUPERLU, SOLVER_SPOOLES, /* ��{ */
SOLVER_SPC, SOLVER_LASPACK /* Ù§){ì */

§7.2 MïÚ�¤){ìé�

SOLVER *phgSolverCreate(OEM_SOLVER *oem_solver, DOF *u, ...);
int phgSolverDestroy(SOLVER **solver);

phgSolverCreate ¥��Cëê�Ñ�|�¤��þ�gdÝé�§�CëêL7L±���
NULL (å"

§7.3 |C�5XÚ�XêÝ
9mà�

3 PHG ��5){ì¥§��þÏ~éA�|gdÝé�"|CXêÝ
½mà��Ï~¦^
��þ�ÛÜ?Ò"XJ��þdü�gdÝé��¤§K��þ�ÛÜ?ÒÒ´gdÝ�ÛÜ?
Ò"

eã¼êògdÝ?Ò½ü�Ä¼ê?ÒN����þ�ÛÜ?Òµ

phgSolverMapE2L(solver, dof_no, e, basis_no);
phgSolverMapD2L(solver, dof_no, dof_index);

eã¼ê^5òA½�U\�XêÝ
½mà�¥µ

phgSolverAddMatrixEntry(SOLVER *solver, INT row, INT col,
FLOAT value);

phgSolverAddMatrixEntries(SOLVER solver, INT nrows, INT *rows,
INT ncols, INT *cols, FLOAT *values);

phgSolverAddRHSEntry(SOLVER *solver, INT index, FLOAT value);
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phgSolverAddRHSEntries(SOLVER *solver, INT n, INT *indices,
FLOAT *values)

Ù¥1!�?Ò¦^��þ�ÛÜ?Ò"

§7.4 Dirichlet >.^�

PHG Jø��Ï^�?n Dirichlet >.^��¼ê§§ò���½ �� Dirichlet >.^�=
z���'u,
gdÝ��5�§"

BOOLEAN phgDofDirichletBC(DOF *u, SIMPLEX *e, int index,
DOF_USER_FUNC f, FLOAT mat[],
FLOAT rhs[], DOF_PROJ proj);

Ù¥ index �Lü�Ä¼ê?Ò"�£�� FALSE L«TÄ¼êéA� �Ø´ Dirichlet >. (=

>.áu Dirichlet >.�ÏLgdÝé�¥� DB_mask ¤
�½)§ÄK3 mat ¥�£>.�§�
Xê§3 rhs ¥�£>.�§mà�"ê| mat ��ÝAT�uü�Ä¼ê��ê§ rhs ��ÝK
AT�u u->dim"

��^rÃþ�N¹¥'uT¼ê�`²"

§7.5 ^Ó��XêÝ
�E¦)ØÓmà�

Mï){ìé� solver;
)¤XêÝ
Úmà�;
|CXêÝ
Úmà�;
phgSolverSolve(solver, FALSE, ... ...);
phgSolverResetRHS(solver);
)¤!|C#�mà�;
phgSolverSolve(solver, FALSE, ... ...);
... ...
�¤){ìé�;

§7.6 PHG |±�){ì

§7.6.1 PCG/GMRES

§7.6.2 LASPack

§7.6.3 PETSc

§7.6.4 HYPRE

§7.6.5 MUMPS

§7.6.6 SuperLU

§7.6.7 SPOOLES

§7.6.8 Trilinos/AztecOO
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1lÙ Ý
9�þö�

§8.1 MAP

MAP ^u+nëY©¬�;�©Ùª�þ§Ó�JøgdÝ��þ©þ�N�'X"

§8.1.1 {üN�

MAP *phgMapCreateSimpleMap(GRID *g, INT m, INT M);

T¼ê½Â���Û�Ý� M!�?§¥ÛÜ�Ý� m �©Ùª�þ"5¿§N^T¼ê�§�
�� g �'é�¤k?§7LÓ�N^§¿�¦^�Ó� M ëê"

b� g ©Ù3 p �?§¥§?§ i ¥�ëê m �u mi§i = 0, . . . , p − 1§K mi 7L÷veãü
�^���µ

1) ¤k m �Ú�u M§=µ
p−1∑
i=0

mi = M

d�½Â�´���Û�Ý� M!U?§SÒ©¬^S�;!?§ i ¥�©¬��� mi �©Ù
ª�þ"

2) ¤k?§¥� m �u M§=µ
mi = M, i = 0, . . . , p − 1

d�½Â�´���©Ù�!Ó��;3¤k?§¥!�Ý� M ��þ"ù«N�¡�G1N
�"

§8.1.2 ÄugdÝ�N�

MAP *phgMapCreate(DOF *u, ...);

T¼ê¤Mï��þ©þéAu�CëêL¥�Ñ�¤kgdÝé�¥�gdÝ§�þ3?§
¥�©Ùd�cf��¿©û½"ëêL7L±��� NULL (å"

~Xµ

DOF *u, *v;
MAP *map;
... ...
map = phgMapCreate(u, v, NULL);

Mï�� MAP§§£ã u Ú v ¥�¤kgdÝ¤�¤����þ"

§8.1.3 N�¥�?Ò

ÛÜ?Ò
Äu�/gdÝ�?Ò"é{üN�ó§§�du�/�þ?Ò"éÄugdÝ�N�ó§
§�uò¤kgdÝé�¥gdÝ�ÛÜ?Ò^Sé�å5���?Ò"
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~X§b�þ~¥ u �gdÝ�ÛÜ?Ò� 0, . . . , N−1, v �gdÝ�ÛÜ?Ò� 0, . . . ,M−
1, KN�¥éAu u �gdÝ�ÛÜ?Ò� 0, . . . , N − 1, éAu v �gdÝ�ÛÜ?Ò�
N, . . . ,M + N − 1"

�/�þ?Ò
áu�/��þ©þ�?Ò§?Ò��� 0, . . . , m− 1

�Û�þ?Ò
�þ©þ��Û?Ò§?Ò��� 0, . . . , M− 1

§8.1.4 ?Ò=�

INT phgMapD2L(MAP *map, int dof_no, INT index);
INT phgMapE2L(MAP *map, int dof_no, SIMPLEX *e, int index);
INT phgMapL2V(MAP *map, INT index);
INT phgMapL2G(MAP *map, INT index);

Ù¥ dof_no �LN�¥gdÝé��SÒ§l 0 m©§Xc~¥ u �SÒ� 0, v �SÒ� 1"

• phgMapD2L ògdÝ3gdÝé�¥�?ÒN�� MAP ¥�ÛÜ?Ò"

• phgMapE2L ògdÝ3ü�¥�?Ò (ÛÜÄ¼ê?Ò) N�� MAP ¥�ÛÜ?Ò"

• phgMapL2V òÛÜ?ÒN���/�þ?Ò"

• phgMapL2G òÛÜ?ÒN���Û�þ?Ò"

§8.1.5 gdÝ��þm�êâD4

int phgMapDofToLocalData(MAP *map, int ndof, DOF **dofs,
FLOAT *data);

int phgMapLocalDataToDof(MAP *map, int ndof, DOF **dofs,
FLOAT *data);

VEC *phgMapDofArraysToVec(MAP *map, int nvec, BOOLEAN bdry,
VEC **vecptr, DOF **u, ...);

VEC *phgMapDofArraysToVecN(MAP *map, int nvec, BOOLEAN bdry,
VEC **vecptr, int ndof, DOF ***dofs);

void phgMapVecToDofArrays(MAP *map, VEC *vec, BOOLEAN bdry,
DOF **u,...);

void phgMapVecToDofArraysN(MAP *map, VEC *vec, BOOLEAN bdry,
int ndof, DOF ***dofs);

§8.1.6 N���¤

phgMapDestroy(MAP **map_ptr);

�|±Ó��N��õ�Ý
!�þÚ^§3N�SÜ��k��Ú^Oêì"��N��Mï
�§§�Ú^Oêì� 0§z���#�é� (Ý
!�þ�) Ú^TN��§§�Ú^Oêì¬�
\ 1"N^ phgMapDestroy �§XJÚ^Oêì��§K�òÚ^Oêì~ 1§�k�Ú^Oêì�
0 � phgMapDestroy â¢S�¤TN�"��Ú^
N��é���¤�§§¬gÄé¤Ú^�¤k
N�N^ phgMapDestroy"Ïd§phgMapDestroy �k���N�v�?ÛÙ§é�Ú^�â¬�¤
TN�"
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~X§e¡��è´�Ø�µ

MAT *mat = phgMatCreate(......);
MAP *map = mat->rmap;
... ...
phgMatDestroy(&mat);
... ...
phgMapDestroy(&map);

�(��èAT´µ

MAT *mat = phgMatCreate(......);
MAP *map = phgMatGetRowMap(mat);
... ...
phgMatDestroy(&mat);
... ...
phgMapDestroy(&map);

§8.2 �þ (VEC)

VEC *phgVecCreate(GRID *g, INT m, INT M, int nvec);
VEC *phgMapCreateVec(MAP *map, int nvec);
void phgVecDestroy(VEC **vec_ptr);

void phgVecAddEntry(VEC *vec, int which, INT index, FLOAT value);
void phgVecAddEntries(VEC *vec, int which, INT n, INT *indices,

FLOAT *values);
void phgVecAssemble(VEC *vec);

Ù§'u VEC �¼ê�^ ‘phgdoc phgVec’ �Ñ"

phgVecAddEntry Ú phgVecAddEntries ¥þ¦^�þ©þ�ÛÜ?Ò"

§8.2.1 |^�þ|CõU�¤ªü��þ�U\

|^ PHG ��þ|CõU�±�¤�
ªü��þ�U\"± 19 �§4.11 ¥�O��~§b�
gdÝé� u �a.� DOF_P0 (©¡~ê)§�
O� u 3¡þ�²þ�§�±ÏL���þ§éü
�?1�gH{�¤"

static DOF_TYPE type = {... ..., 0, 0, 1, 0};
DOF *a; /* �;¡þ²þ��gdÝé� */
MAP *m; VEC *v; SIMPLEX *e; int i; FLOAT d;

a = phgDofNew(u->g, &type, 1, "average", DofNoAction);
m = phgMapCreate(a, NULL);
v = phgMapCreateVec(m, 1);
ForAllElements(g, e) {

for (i = 0; i < NFace; i++) {
d = *DofElementData(u, e->index);
if (>.¡) {

if (!f��PkT¡) continue;
phgVecAddEntry(v, 0, e->faces[i], d);

} else
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phgVecAddEntry(v, 0, e->faces[i], 0.5 * d);
}

}
phgVecAssemble(v);
phgMapVecToDofArrays(m, v, FALSE, a, NULL);
phgVecDestroy(&v); phgMapDestroy(&m);

§8.3 Ý
 (MAT)

MAT *phgMapCreateMat(MAP *rmap, MAP *cmap);
void phgMatDestroy(MAT **Mat);

MAP *phgMatGetRowMap(MAT *mat);
MAP *phgMatGetColumnMap(MAT *mat);

phgMatAddEntry phgMatAddEntries
phgMatAddGlobalEntry phgMatAddGlobalEntries
phgMatAddGLEntry phgMatAddGLEntries
phgMatAddLGEntry phgMatAddLGEntries

void phgMatAssemble(MAT *mat);
MAT *phgMatRemoveBoundaryEntries(MAT *mat);

�N�aq§MAT ¥����Ú^Oê (Ì�øØÓ){ìÚ^Ó�Ý
)"�k�Ú^Oê� 0
� phgMatDestroy â�¤Ý
é�"

§8.3.1 Dirichlet >.^�

XJ��Ý
é�¥� BOOLEAN ¤
 handle_bdry_eqns ��� TRUE§K phgMatAssemble ¼ê
¬�âgdÝé�¥� DB_mask ¤
(½=
��éAu Dirichlet >.gdÝ§3|Ccòù
�
�éA�1!���3Ù§/�§,�éÝ
¥�ù
1�?1é�z?n§ù��?nkÏu�±
Ý
�é¡5"

phgSolverAssembleRHS ¼ê3|Cmà��c|^���>.1�kòéAu Dirichlet >.g
dÝ���þ¦)Ñ5§¿�A�#�§�mà�"

��ÊÏÝ
� handle_bdry_eqns ¤
��Ï~� FALSE§ÏL¼ê phgSolverCreate ¤M
ï�Ý
� handle_bdry_eqns ¤
��"�� TRUE"

§8.3.2 “ÃÝ
” Ý


PHG |±�aAÏ�Ý
§¡� “matrix-free” matrix§Ù¥^rØ^JøÝ
��§�IJø
��KI�¤Ý
��þ¦È�¼ê (MV_FUNC)"

typedef int (*MV_FUNC)(MAT_OP op, MAT *A, VEC *x, VEC *y);
MAT *phgMapCreateMatrixFreeMat(MAP *rmap, MAP *cmap,

MV_FUNC mv_func, void *mv_data, ...);

¼ê MV_FUNC AT?n MAT_OP �u MAT_OP_N (Ý
¦±�þ)!MAT_OP_T (Ý
=�¦±�þ)
Ú MAT_OP_D (Ý
�é��Ü©¦±�þ) n«�¹"

static int mat_vec(MAT_OP op, MAT *mat, VEC *x, VEC *y)
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{
switch (op) {

case MAT_OP_N: ...; break; /* y := A * x */
case MAT_OP_T: ...; break; /* y := trans(A) * x */
case MAT_OP_D: ...; break; /* y := diag(A) * x */

}
return 0;

}

§8.4 MAT!VEC �){ì

eã¼êKIÝ
�){ì�m�=�µ

SOLVER *phgMat2Solver(OEM_SOLVER *oem_solver, MAT *mat);
SOLVER *phgSolverMat2Solver(OEM_SOLVER *oem_solver, MAT *mat);
MAT *phgSolverGetMat(SOLVER *solver);

¼ê phgSolverGetMat ¬¦�Ý
�Ú^OêO\ 1, ù´§����¯ mat ¤
�Ì�«O"

~µe¡�N^´�Ø�µ

SOLVER *solver = phgSolverCreate(......);
MAT *mat = solver->mat;
... ...
phgSolverDestroy(&solver);
... ...
phgMatDestroy(&mat);

�(�N^AT´µ

SOLVER *solver;
MAT *mat;
... ...
SOLVER *solver = phgSolverCreate(......);
MAT *mat = phgSolverGetMat(solver);
... ...
phgSolverDestroy(&solver);
... ...
phgMatDestroy(&mat);
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1ÊÙ A��!A��þO�

int phgEigenSolve(MAT *A, MAT *B, int n, int which,
FLOAT tau, FLOAT *evals, VEC **evecs, int *nit);

int phgMatEigenSolve(MAT *A, MAT *B, int n, int which,
FLOAT tau, int *nit, FLOAT *evals, MAP *map,
DOF **u, ...);

þã¼êO�2ÂA��¯K Ax = λBx � n �A�é"ëê which ��� EIGEN_SMALLEST!
EIGEN_LARGEST ½ EIGEN_CLOSEST"

Nõ¦)ëê�±ÏL·-1À�½�A����½"

§9.1 A��¯K¦)ì

§9.1.1 PARPACK

§9.1.2 JDBSYM

§9.1.3 BLOPEX (LOBPCG)

§9.1.4 Trilinos/Anasazi

§9.1.5 SLEPc

§9.1.6 PRIMME
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N¹� §S¢~

8¹ examples ¥Jø
�
{ü�g·AO�§S¢~§�)µ

simplest.c Poisson �§§2 � Lagrange �
poisson.c Poisson �§§?¿ H1 �
eigen.c Laplace �f�A��ÚA��þ
heat.c 9D��§
non-smooth.c ��mäXêý�.¯K
elastic.c �5åÆ�§
maxwell.c �� Maxwell �§§?¿�cü�
maxwell-eigen.c �� Maxwell �§§A��¯K

,	§test 8¹¥k�
ÿÁ§S"�Ö!$1§�kÏun) PHG �Ä�êâé�9ö�"

§A.1 Poisson �§

Dirichlet >�¯Kµ

−∆u = f x ∈ Ω

u = g x ∈ ∂Ω

§A.1.1 k��lÑ

f/ªµ�½�No¡N�� Ωh 9k���m Vh§¦ uh ∈ Vh ÷vµ∫
Ωh

∇uh · ∇vh dx =
∫

Ωh

fvh dx, ∀vh ∈ Vh

ùp§�{üå�§vk�9�>.^��?n"

� {ϕi | i = 0, . . . , N − 1} � Vh �Ä¼ê§uh =
N−1∑
i=0

uiϕi§Kµ

N−1∑
i=0

(∫
Ωh

∇ϕi · ∇ϕj dx

)
ui =

∫
Ωh

fϕj dx, j = 0, . . . , N − 1

P
A = [ai,j ]N×N , ai,j =

∫
Ωh

∇ϕi · ∇ϕj dx,

b = [b0, . . . , bN−1]T , bj =
∫

Ωh

fϕj dx,

uh = [u0, . . . , uN−1]T ,

K���k��) uh ¤÷v��5�§|µ

Auh = b
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� e � Ωh ¥�ü�§P e ¥�ÛÜÄ¼ê� ϕe
i , i = 0, . . . , n − 1"-µ

Ae = [ae
i,j ]n×n, ae

i,j =
∫

e

∇ϕe
i · ∇ϕe

j dx,

be = [be
0, . . . , b

e
n−1]

T , be
j =

∫
e

fϕe
j dx

´�µA =
∑

e∈Ωh

P eAe, b =
∑

e∈Ωh

P ebe, Ù¥ P e éAuü�Ä¼ê?Ò��ÛÄ¼ê?ÒN��C�

Ý
"

§A.1.2 ��Ø��Of

η2 = h2
e

∣∣∆uh + f
∣∣2
e

+
1
2

∑
f∈F (e)∩F (Ωh)

hf

∣∣[5uh · nf ]f
∣∣2
f

Ù¥ F (e) L«ü� e �¡�8Ü§F (Ωh) L«¤k�>.¡�8Ü§nf L«¡ f �{�þ§he

�Lü� e ��»§hf �L¡ f ��»§[·]f L«ªL¡ f �aþ§| · |e L«ü� e þ� L2 �§| · |f
L«¡ f þ� L2 �"

§A.1.3 g·AO�6§

§A.2 �� Maxwell �§

{
∇×µ−1 ∇×E − k2E = J , Ω

E × n = 0, ∂Ω

ùp k2 = ω2ε − iσω"Ù¥ E �>|rÝ, J �>6�Ý, ε �0>~ê, µ �^�Ç, σ �>�
Ç, ω ��ªÇ"

§A.2.1 k��lÑ

ae
i,j =

∫
e

µ−1 ∇×ϕe
i · ∇×ϕe

j dx − k2

∫
e

ϕe
i · ϕe

j dx

be
j =

∫
e

J · ϕe
j dx

5¿Ä¼ê ϕe
j ´¥þ¼ê§�±^ Nédélec ½Ù§ Hcurl � (DOF_HCn)"

§A.2.2 ��Ø��Of

η2 = η2
e +

∑
f∈F (e)∩F (Ωh)

η2
f
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Ù¥µ
η2

e = h2
e

(∣∣J + k2E −∇×µ−1 ∇×E
∣∣2
e

+
∣∣div(J + k2E)

∣∣2
e

)
η2

f = hf

(∣∣[(µ−1 ∇×E) × n]
∣∣2
f

+
∣∣[(J + k2E) · n]

∣∣2
f

)
§A.2.3 g·AO�6§

§A.3 A��¯K

−∆u = λu x ∈ Ω

u = 0 x ∈ ∂Ω

� Ω = (0, 1)3 �§TA��¯K�)Û)�µ
λk1,k2,k3 = (k2

1 + k2
2 + k2

3)π
2,

uk1,k2,k3 = sin(k1πx) sin(k2πy) sin(k3πz),

ki ∈ {1, 2, . . .}, i = 1, 2, 3

§A.3.1 k��lÑ

þã¯K�k��lÑ�e�2Â�êA��¯K

Auh = λhBuh

Ù¥ A Ú B þ�é¡�½Ý
§A =
∑

e∈Ωh

P eAe, B =
∑

e∈Ωh

P eBe, Ae!Be ©O�ü�fÝÝ
Úü

��þÝ
µ
Ae = [ae

i,j ]n×n, ae
i,j =

∫
e

∇ϕe
i · ∇ϕe

j dx,

Be = [be
i,j ]n×n, be

i,j =
∫

e

ϕe
i ϕ

e
j dx

5¿§Ý
 A Ú B ¥Ø¹>.þ�gdÝ"

§A.3.2 ��Ø��Of

η2 = h2
e

∣∣∆uh + λhuh

∣∣2
e

+
1
2

∑
f∈F (e)∩F (Ωh)

hf

∣∣[5uh · nf ]f
∣∣2
f

§A.3.3 ��g·A
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XJ��=
I�O��A��þäkÛ5§�±¦^§����Ø��Of����g·A
��I"��±¦^¤k¤O��A��þ!A�����Ø��Of"
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