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Iü�¥�¹[z>�ü�¡�ü^#>����)�¡§
#¡K��¹ü^#>�¡"PHG ¥
�½�¹[z>�ü�º:¥�Û?Ò���º:�ü���¡U«Iü�éA¡�?Ò§
,	
ü���¡Ú#¡�©�#�?Ò"

éuü�?Ò§PHG ¥�½d�¹äk����Û?Ò�[z>þ�º:�fü�UIü��
?Ò§
�,��fü�©�#�?Ò"

1.7 �
~þ

e¡´ PHG ¥²~^���
~þ§§�½Â3Þ©� phg.h ¥"
Dim �L�m�ê§n��� 3"
NVert!NEdge Ú NFace ©O�L��ü�¥�º:!>Ú¡�ê8"éun�o¡Nü�
ó§

NVert = 4§NEdge = 6§NFace = 4"

1.8 ü�9��é�êâ(�

1.8.1 SIMPLEX (�

PHG £ãü��êâ(�´ SIMPLEX§Ù¥�¹XeA�Ì�¤
µ

typedef struct SIMPLEX_ {
�� ��

struct SIMPLEX_ *children[2];
void *neighbours[NFace];
void *parent;
INT verts[NVert];
INT edges[NEdge];
INT faces[NFace];
INT index;
SHORT mark;
BTYPE bound_type[NFace];
... ...

} SIMPLEX;
�� ��

Ù¥§children[0] Ú children[1] ©O��ü�fü�¶neighbours[i] ��1 i �¡þ��Øü
�§XJ¡ i�>.¡K neighbours[i]����§XJ¡ i þ��ØØ3�/§K neighbours[i] �
��´£ãf��m�Ø'X���(� (ÊÏ^rÏ~Ø7'%)¶�A/§bound_type[i] �Ñ¡ i

�>.a.§§´e¡�
��U |ÜµINTERIOR (SÜ¡)!DIRICHLET (Dirichlet >.¡)!NEUMANN
(Neumann >.¡)!BDRY_USER1 (^ra. 1 >.¡)!BDRY_USER2 (^ra. 2 >.¡)!UNDEFINED
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(��½a.�>.¡) Ú REMOTE (�Ø3Ù§f��¥�SÜ¡§½=f���S>.¡)¶parent

��Iü�§é�ü�
ó parent ����"PHG #N��¡Ó��¹õ�I�§X DIRICHLET Ú
INTERIOR§ù�3?1k��O���±3SÜ¡þ�½>.a."

verts[]!edges[]!faces[] Ú index ¤
©O��º:!>!¡Úü���/?Ò§§���
Û?Ò�±©ON^÷ GlobalVertex!GlobalEdge!GlobalFace Ú GlobalElement ¼�§~X§b
� g ����c����� (GRID *)§e �����ü����§K e->verts[0] �Ñü� e ¥1 0

�º:��/?Ò§
 GlobalVertex(g, e->verts[0]) K�ÑTº:��Û?Ò (éu�©Ùª�
���/?Ò��Û?Ò´���)"

mark ¤
^u3g·AO�¥I5F"[z½oz�ü�§mark > 0 L«�¦òTü�[z
mark g§mark < 0 L«#NòTü��õoz −mark g"

1.8.2 GRID (�

PHG £ã���êâ(�´ GRID§Ù¥�¹XeA�Ì�¤
µ

typedef struct GRID_ {
�� ��

FLOAT lif; /* K1Ø²ïÏf */
COORD *verts; /* º:�I */
... ...
BYTE *types_vert; /**< Types of vertices (bit flags) */
BYTE *types_edge; /**< Types of edges (bit flags) */
BYTE *types_face; /**< Types of faces (bit flags) */
BYTE *types_elem; /**< Types of elements (bit flags) */
... ...
INT nleaf;
INT nvert;
INT nedge;
INT nface;
INT nelem;
INT nvert_global;
INT nedge_global;
INT nface_global;
INT nelem_global;
INT nroot;
INT ntree;
... ...
int rank; /* ?§Ò */
int nprocs; /* ?§ê (f��ê) */

#if USE_MPI
MPI_Comm g->comm; /* MPI Ï&ì */

#endif
... ...

} GRID;
�� ��

ùp­:)º�e verts ±9 nxxxx!nxxxx_global ¤
"
verts ê|^u��f��¥¤kº:�&k��I§Uº:��/?Ò^S��"~X§b�

g �����§e �ü���§K e �1 i �º:� x!y!z �I©O�µ
g->verts[e->verts[i]][0]

g->verts[e->verts[i]][1]

g->verts[e->verts[i]][2]
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nleaf �Ñ�cf���¹�ü�ê§=�cfä�¹��fü�ê"
nvert_global!nedge_global!nface_global Ú nelem_global ©O�Ñ�c�Û��¥�º:

ê!>ê!¡êÚü�ê"w,§nelem_global �u¤kf��¥� nleaf ��Ú"ù
þ3¤k?
§¥����"

nvert!nedge!nface Ú nelem �¹Â�éE,�
§§�©O�uº:!>!¡Úü�����
/?Ò\ 1"éu�©Ùª���§§�©O�u�fü��oº:ê!o>ê!o¡êÚoü�ê"

éu©Ùª��§nvert �ufä¥�º:ê§nedge!nface Ú nelem ��K����©Ù�ªk
'"ùp±>�?Ò�~§̂ ��{ü���~f5`²ù
þ��{"b�Ð©���¹��ü�
e0§òÙ[z�g��ü�fü� e1 Ú e2§òùü�ü��¤���y©�ü�f��§f�� 0 �
¹ e1§f�� 1 �¹ e2§�ã 1.5"ã¥)Ò	�êi�L>��/?Ò§)ÒS�êi�L>��
Û?Ò§ü�fä¥�Û?Ò´���§�/?ÒK�pÕá"fä 0 dü� e0 Ú e1 �¤§e0 �n
^>��/ (�Û) ?Ò� 0(0)!1(1)!2(2)§e1 �n^>��/ (�Û) ?Ò� 1(1)!2(2)!3(4)§Ïd
nedge ��� 4"fä 1 dü� e0 Ú e2 �¤§e0 �n^>��/ (�Û) ?Ò� 0(0)!1(1)!2(2)§e2

�n^>��/ (�Û) ?Ò� 0(0)!3(3)!4(4)§Ïd nedge ��� 5"k'Iü�Úfü�m�?
ÒéA'X�ëw 1.6 !¥�`²"

ã 1.5 Iü�!fü�¥>�?Ò'X§)Ò	��/?Ò§)ÒS��Û?Ò

ùp§�3��fü�¥º:!>!¡!Úü�?Ò�8�´�
�B��oz�{�¢y±9
õ­���{��E"

1.8.3 types xxxx ê|

GRID |�¥ko�¤
 types_vert!types_edge!types_face Ú types_elem§§�´�ê©O
� nvert!nedge!nface Ú nelem �ê|§©O�Ñ�cf��¥�º:!>!¡Úü��>.á5"
ù
á5¦^� SIMPLEX ¥� bound_type ê|���I� §¿�´�â bound_type ê|¥�I
� �E� (��º:½>�>.I��u¤k�¹Tº:½>�¡>.I��U /½0$��(
J§
¡�>.I�K5
u bound_type ê|)"

Ø
 bound_type ¥¦^�I� 	§types xxxx ê|�k��¡� OWNER � §L«�cf�
�´Ä�áÌ"±º:�~§��º:�UÓ�áuõ�f��§ù
f��¥�k����½�§
�áÌ§3Tf��þ types_vert[i] � OWNER  � 1, 3Ù{f��þ OWNER  þ� 0§Ù¥ i L
«º:��/?Ò"

� types_vert[i] == 0 (§S¥Ï~^~þ UNREFERENCED L«) �§L«º: i Øáu�cf
����fü�§=Tº:vk��cf��¤Ú^"éõ�¹e§3ÏL�/?Òéº:?1H{
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�§~X§3��égdÝê| (ëw1oÙ) Ì��§AT5¿aLv�Ú^�º:§3\O¦Ú�§
AT\\äk OWNER á5��"~Xµ

for (i = 0; i < g->nvert; i++) {
�� ��

if (g->types_vert[i] == UNREFERENCED)
continue;

... ...
}

�� ��

éu>!¡Úü�
ó§UNREFERENCED äk�Ó�¹Â"
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PHG Jø�Ù§�
^����§�) PETSc!HYPRE!Trilinos!MUMPS!SuperLU Dist!
SPC!LASPack!PARPACK!LOBPCG!SLEPC!Tcl/Tk!VTK!Zoltan!ParMETIS (½ METIS) �"
�,ù
^�Ñ´�À�§��Ð3?È PHG cSCÐ§�±Bmé PHG ��ÜõU"XJ¦^
Linux ö�XÚ§KïÆSC�� ftp://159.226.92.111/pub/RPMS ?Jø��
 RPM �§PHG

3����±gÄ£O^ù
 RPM �SC�^�
Ø7¦^?Ûëê"

2.1 ���?È

3 PHG 
è�º�8¹¥�1µ

./configure
�� ��

gmake
�� ��

ò?È)¤ PHG �¥ libphg.a"5¿§?È PHG �7L¦^ GNU make§ÄK�UÑ�"PHG �
��ëê3$1 configure �ÏLÀ�½�¸Cþ�½§$1/./configure --help0�±��k'
configure ��Ï&E"

configure ¦^��¸CþÌ�ke¡�
µ

CC �½ C ?Èì (%@� mpicc)

CFLAGS �½ C ?ÈÀ�
CPP �½ C ý?nì
CPPFLAGS �½ C/C++ ý?nÀ� (X/-I/opt/include0)

LDFLAGS �½ó�À�
LIBS �½ó��¦^�¥
CXX �½ C++ ?Èì (%@� mpiCC ½ mpicxx)

CXXFLAGS �½ C++ ?ÈÀ�
FC �½ Fortran (90) ?Èì
FCFLAGS �½ Fortran (90) ?ÈÀ�
F77 �½ Fortran 77 ?Èì
FFLAGS �½ Fortran 77 ?ÈÀ�

Ù¥§Fortran ?Èì9À�Ì�´�
3¦^�
Äu Fortran �	Ü^� (X PARPACK!MUMPS

�) (½ Fortran ¼ê�·¶5K9ó��¤I��� Fortran k'�¥ (configure ¬�âù
�¸
CþgÄ(½§�)"

configure ¦^�Ì�À�k (� PHG ��k'§ùp�Ñ�Ø�½��§äN�ë�·-
“./configure --help” �ÑÑ)µ

--prefix=8¹¶ �½ PHG �SC8¹ (%@� /usr/local)

--enable-debug é^§S¥�NÁ�è (%@�)

--disable-debug B^§S¥�NÁ�è
--enable-fpetrap �?È�¸#N�méÓ¼2:É~�õU (%@�)

--disable-fpetrap B^Ó¼2:É~�õU
--enable-tcl é^ Tcl ���� (%@�)

9

ftp://159.226.92.111/pub/RPMS
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--disable-tcl B^ Tcl ����
--with-tcl-config=©�¶ �½ tclConfig.sh ©�¶ (^u Tcl ��)

--with-tcl-libdir=8¹¶ �½ Tcl ¥©�¤3�8¹
--with-tcl-incdir=8¹¶ �½ Tcl Þ©�¤3�8¹
--enable-tk é^ Tk ���� (%@�)

--disable-tk B^ Tk ����
--with-tk-config=©�¶ �½ tkConfig.sh ©�¶ (^u Tk ��)

--with-tk-libdir=8¹¶ �½ Tk ¥©�¤3�8¹
--with-tk-incdir=8¹¶ �½ Tk Þ©�¤3�8¹
--enable-vtk é^ VTK �� (%@�)

--disable-vtk B^ VTK ��
--with-vtk-cmake=©�¶ �½ cmake §S (^u VTK ��)

--with-vtk-libdir=8¹¶ �½ VTK ¥©�¤3�8¹
--with-vtk-incdir=8¹¶ �½ VTK Þ©�¤3�8¹
--enable-mpi é^ MPI �ED4 (%@�)

--disable-mpi B^ MPI �ED4
--with-mpi-libdir=8¹¶ �½ MPI ¥©�´»
--with-mpi-incdir=8¹¶ �½ MPI Þ©�´»
--with-mpi-lib=¥ �½ MPI ¥ (X -lmpich)

--enable-mpiio é^ MPI–2 I/O ¼ê
--disable-mpiio B^ MPI–2 I/O ¼ê (%@�)

--enable-metis é^ METIS (^u��¿©§%@�)

--disable-metis B^ METIS

--with-metis-lib=¥ �½ METIS ¥
--with-metis-incdir=8¹¶ �½ METIS Þ©�¤3�8¹
--enable-parmetis é^ ParMETIS (^u��­¿©§%@�)

--disable-parmetis B^ ParMETIS

--with-parmetis-lib=¥ �½ ParMETIS ¥
--with-parmetis-incdir=8¹¶ �½ ParMETIS Þ©�¤3�8¹
--enable-zoltan é^ Zoltan �� (^u��¿©§%@�)

--disable-zoltan B^ Zoltan ��
--with-zoltan-incdir=8¹¶ Zoltan Þ©�¤3�8¹
--with-zoltan-libdir=8¹¶ Zoltan ¥©�¤3�8¹
--enable-solver é^){ì�� (%@�)

--disable-solver B^){ì��
--enable-spc é^ SPC ){ì (%@�)

--disable-spc B^ SPC ){ì
--enable-petsc é^ PETSc ){ì (%@�)

--disable-petsc B^ PETSc ){ì
--enable-hypre é^ HYPRE ){ì (%@�)

--disable-hypre B^ HYPRE ){ì
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--with-hypre-dir=8¹¶ HYPRE SC8¹ (%@�� /usr/local/hypre)

--with-hypre-libs=¥ HYPRE ¥ (%@�� -lHYPRE§7���I�½ BLAS

Ú LAPACK ¥)
--enable-trilinos é^ Trilinos ��
--disable-trilinos B^ Trilinos �� (%@�)

--with-trilinos-dir=8¹¶ �Ñ Trilinos SC8¹§̂ uÏéÞ©�9¥
--with-trilinos-incdir=8¹¶ Trilinos Þ©�8¹
--with-trilinos-libdir=8¹¶ Trilinos ¥©�8¹
--enable-trilinos-anasazi é^ Trilinos Anasazi A��){ì
--disable-trilinos-anasazi B^ Trilinos Anasazi A��){ì (%@�)

--enable-superlu é^ SuperLU Dist ){ì (%@�)

--disable-superlu B^ SuperLU Dist ){ì
--with-superlu-lib=¥ �½ SuperLu ¥
--with-superlu-incdir=8¹¶ �½ SuperLu Þ©�¤3�8¹
--enable-laspack é^ LASPack (G1) ){ì (%@�)

--disable-laspack B^ LASPack (G1) ){ì
--enable-papi é^ PAPI ��
--disable-papi B^ PAPI ��
--with-papi-lib=¥ �½ PAPI ¥ (¶9´»§%@� -lpapi)

--with-papi-incdir=8¹ �½ PAPI Þ©�8¹¶
--enable-gzip é^ gzip |± (|±Ö\ .gz a.�©�§%@�)

--disable-gzip B^ gzip )Ø |±
--with-gzip=§S¶ gzip §S¶ (%@� gzip)

--enable-bzip2 é^ bzip2 |± (|±Ö\ .bz2 a.�©�§%@�)

--disable-bzip2 B^ bzip2 )Ø |±
--with-bzip2=§S¶ bzip2 §S¶ (%@� bzip2)

--with-blas=¥ �Ñ BLAS ¥
--with-lapack=¥ �Ñ LAPACK ¥
--with-f77-libs[=¥] Fortran 77 ¥ (�Ñ/= ¥0�d PHG gÄuÿ)

--with-fc-libs[=¥] Fortran ¥ (�Ñ/= ¥0�d PHG gÄuÿ)

--enable-long-double ¦^o�°Ý2:$� (%@¦^V°Ý2:$�)

2.1.1 C/C++ ?ÈìÚ MPI

PHG Ì�^ C �ó?�§8c�k VTK Ú Trilinos ��´ C++ �"ÏdXJØI�ù
��
�{§��k C ?ÈìÒ�±
"PHG ÏL MPI �ED4¢y¿1"XJvk MPI |±§K�U
?È�) PHG �G1��"

PHG � configure ��uÿ C Ú C++ ?Èì�`ku� mpicc!mpiCC!mpicxx �·-"Ïd§
XJs� MPI XÚJø
ù��?È·-§K3$1 configure �Ø7�½?Û'u MPI �ëê"
XJs� MPI XÚ¦^
Ù§¶¡�?Èìcà§�±^�¸Cþ CC Ú CXX 5�½§�"Ù§�¹
e§configure ¬Áãg1éÑk' MPI Þ©�!¥�&E§XJ�}§KI�^ --with-mpi-libdir
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Ú --with-mpi-incdir À�©O�½ MPI ¥ÚÞ©��´»§±9^ --with-mpi-lib À��½ MPI

�¥©�§Xµ

CC=gcc CXX=g++ ./configure \
�� ��

--with-mpi-libdir=/opt/mpi/lib \
--with-mpi-incdir=/opt/mpi/include \
--with-mpi-lib="-lpmpich -lmpich -lpmpich -lmpich -lpthread -lrt"

�� ��

2.1.2 METIS/ParMETIS ��

XJmé
 METIS/ParMETIS |±§¿� configure uÿ�
�A�Þ©�Ú¥§K3$1§
S��±^À� “-partitioner metis” 5�½N^ METIS/ParMETIS ?1��y©½­y©"

2.1.3 Zoltan ��

XJmé
 METIS/ParMETIS |±§¿� configure uÿ�
�A�Þ©�Ú¥§K3$1§
S��±^À� “-partitioner zoltan” 5�½¦^ Zoltan Jø��
�{?1��y©½­y©§
^À� “-zoltan_method �{” 5�½ Zoltan ���¿©�{§Ù¥/�{0�±�µ“rcb” (recursive

coordinate bisection, %@�)!“rib” (recursive inertial bisection)!“hsfc” (Hilbert space filling curve)

Ú “hypergraph” (hyper graph§ú!)"

2.1.4 ){ì��

Ø
 PHG Jø�SÜ){ì PCG!GMRES ��	§̂ r��±N^	Ü){ì5¦)�5�§
|"8c PHG |±�	Ü){ìk PETSc!Trilinos!HYPRE!MUMPS!SuperLU Dist!SPC Ú LAS-

Pack �"3$1 configure ��±�½é^=
){ì�� (7��I�JøÞ©�!¥� ��)"
^r§S¥äN¦^=«){ìd§Sû½§½´3$1§S�d·-1À�/-default_solver0�
½"LASPack ´��G1){ì§·Ü3vk MPI �XÚþ¦^"

2.1.5 Tcl/Tk!VTK

PHG Jø� Tcl/Tk ���ó���"�
¦^ Tcl/Tk ��õU§XÚ¥7LSCk Tcl/Tk

9�A�mu�¸"XJ configureÃ{gÄuÿ� Tcl/Tk§KI�ÏL·��À� (--with-tcl-*

Ú --with-tk-*) 5�½§�"
PHG � VTK ��8c´¢�5�§§�¦ VTK 4.5.0-2 ±þ��"$1 configure �Ï~�I

��½ cmake §S� �Ò�±
"

2.1.6 BLAS Ú LAPACK ¥

�
	Ü^��§X PETSc, HYPRE Ú SuperLU Dist �I�^� BLAS ½ LAPACK ¥§Ù¥
PETSc Ú HYPRE I� LAPACK Ú BLAS, 
 SuperLU Dist K=I� BLAS"XJF"3 PHG ¥
Ó�¦^ù
�§K§�7LÚ^�Ó� BLAS Ú LAPACK"

$1 configure �XJé^
 PETSc, K PHG ¬gÄl PETSc ¥¼�k' BLAS Ú LAPACK

�&E§d�^rØ^3·-1þ�½ BLAS Ú LAPACK ¥ (XJ�½�
�UÑ�)"
XJvkSC½é^ PETSc, K^r�±ÏL configure �À�5�½ BLAS ½/Ú LAPACK

¥"e¡´�
�½ BLAS/LAPACK ¥�~fµ

./configure --disable-petsc --with-blas=-lgoto --with-lapack=-llapack
�� ��

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

(5µ�±^ --with-lapack Ó��½ BLAS Ú LAPACK ¥§�ØAT^ --with-blas 5�½ LA-

PACK ¥)"
�vkSC½é^ PETSc ¿�^rvk�½ BLAS/LAPACK ¥�§configure ¬ÁãgÄÏ

é·�� BLAS/LAPACK ¥"XJé�§Kw«Ñ (¿¦^) é��¥"XJéØ�§K�Ñ�^´
w&E"

XJ¦^ Fedora Linux ¿�vkÙ§Ü·� BLAS/LAPACK ¥�§�±�ÄSC lapack-devel

Ú blas-devel �"

2.2 SC

�¤?È�§3
è8¹¥�1

gmake install
�� ��

gmake install-doc
�� ��

¬ò PHG �¥ÚÞ©� (9Ù§�
�'©�) SC� --prefix À��½�8¹§Ù¥��^·-
?È!SC PHG �Ãþ manual.pdf (I� CCT ¥© TEX)"

PHG SC��Ì�©�Ú8¹(�Xeµ

/prefix/



bin/phg

bin/phg_tcl

lib/libphg.a

include/phg.h

include/phg/{config.h,utils.h, . . . }

share/phg/Makefile.inc

share/phg/phg.tcl

share/phg/phg-logo.gif

share/doc/phg/{manual.pdf,README, . . . }

share/doc/phg/examples/*

Ù¥ share/doc/phg/manual.pdf ´ PHG �Ãþ§share/doc/phg/examples ¥�¹�
§S¢~Ú
Makefile"

2.3 �� RPM �

PHG �
èuÙ��±��^5�� RPM �"�� RPM ��§�
)û�6'X§PHG ^
��Ù§^�§�) VTK!ParMETIS!Zoltan ��§�Ð�^ RPM ��/ªSC§��

ftp://159.226.92.111/pub/RPMS

?Jø
ù
 RPM �"
b½ PHG 
è�©�¶� phg-x.x.x-xxxxxxxx.tar.bz2§K·-µ

rpmbuild --nodeps -ta phg-x.x.x-xxxxxxxx.tar.bz2
�� ��

�� ��

ftp://159.226.92.111/pub/RPMS
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ò¬)¤ PHG �
è�
/usr/src/redhat/SRPMS/phg-x.x.x.src.rpm

Ú�?��
/usr/src/redhat/RPMS/i386/phg-x.x.x.i386.rpm

du PHG �6uXÚ¥SC�NõÙ§^�§Ïd¤)¤��?��Ï~�·ÜuSC3?È
�)§�Åìþ"XJF"^ RPM �3Ù§ÅìþSC§KI�3@
Åìþ­#é
è�?1?
È§?È·-�µrpmbuild --nodeps --rebuild phg-x.x.x.src.rpm"

PHG � RPM ��%@SC´»� /usr/local"du PHG � RPM �´ relocatable �§�±
3SC��½Ù§SC´»§Xµrpm --prefix=/usr -ivh phg-x.x.x.i386.rpm"

2.4 §S¢~

examples 8¹¥�¹�
k��§S¢~ (simplest.c!poisson.c!maxwell.c �)"¤õ?È
�¬)¤§����1©�§�±$1§�5ÿÁ PHG �?È´Ä�( ($1��± /̂-help all0
À���§�|±�·-1À�)"

2.5 Tcl/Tk ��

XJ¤õuÿ� Tcl/Tk Ú VTK§/gmake all0·-ò?È)¤§S phg_tcl§§´��*Ð�
Tcl/Tk )ºì§Ù¥8¤
 VTK Ú PHG � (Ü©) õU"phg.tcl ´�� phg_tcl ��¢~§§¢
y
��{ü�ã/.¡§̂ {Xeµ

/prefix/share/phg/phg.tcl [��©�]
�� ��

�� ��

(ò//prefix0O�¤ PHG �SC´»)"Ù¥/��©�0́ �� ALBERTA ½ Medit �ª���
©�",	§��±ÏL Shell �� /prefix/bin/phg 5$1T.¡"

2.6 ¢^§S phgdoc

PHG Jø�^{ü�Ï·- phgdoc ^u�Î PHG ¼ê��.9÷"phgdoc ´��{ü� Shell

��§§�â·-1ëê3 PHG �Þ©�¥|¢�A�¼ê½÷¶¡¿w«Ñ5"~Xµ

% phgdoc phgImport
�� ��

BOOLEAN phgImport(GRID *g, const char *filename, BOOLEAN distr);
% phgdoc phgDofCurl
#define phgDofCurl(src, dest, newtype, name) \

phgDofCurl_(src, dest, newtype, name, __FILE__, __LINE__)
�� ��

2.7 ^r§S�?È�ó�

b�^r
§S©�¶� mycode.c§�I3 Makefile ¥\\e¡�1µ

include 8¹/Makefile.inc
�� ��

�� ��

,��1/gmake mycode0·-§B�?È)¤��1©� mycode"Ù¥/8¹0́ ©� Makefile.inc

¤3�8¹§§�±´ PHG �
è8¹, ��±´ “/prefix/share/phg”"
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^r§S�?È!ó��ë� /prefix/share/doc/phg/examples/Makefile"Ù¥//prefix0�
L PHG �SC´»"

2.8 ��©��ª

PHG ÏL¼ê phgImport �±lõ«�ª���©�¥�\Ð©��"8c§PHG �U�\�
©Ù�Ð©��"�!{�0� PHG ¤|±���©��ª"éuÙ§�ª§�±ÏLòÙ=��
PHG ¤|±��ª5�\� PHG ¥§ù«=�  �~{ü§�
�¹e$�^�� Shell ��Ò
U¢y"

2.8.1 ALBERT �ª

ù´ ALBERT 1.0 �Ð©��©��ª§ALBERT ¡�� macro triangulations"ALBERT ¥Ö!
�§��¼ê©O´ read_macro() Ú write_macro()"Ù©�(�Xeµ

DIM: ¦)¯K��ê
�� ��

DIM_OF_WORLD: �m�ê
number of vertices: º:ê(nv)
number of elements: ü�ê(ne)

vertex coordinates:
º:0�I
º:1�I
... ...
º:nv-1�I

element vertices:
ü�0º:?Ò
ü�1º:?Ò
... ...
ü�ne-1º:?Ò

element boundaries:
ü�0>.a.
ü�1>.a.
... ...
ü�ne-1>.a.

element type:
ü�0a.
ü�1a.
... ...
ü�ne-1a.

element neighbours:
ü�0��Øü�
ü�1��Øü�
... ...
ü�ne-1��Øü�

curved boundaries:
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­¡�ê
­¡�§; x �IÝK; y �IÝK; z �IÝK

�� ��

PHG �¦/¦)¯K��ê0Ú/�m�ê0þ�u 3"/vertex coordinates0¥z1�¹n�
2:ê§�Ñº:� x!y!z �I"/element vertices0¥z1�¹o��ê§̂ S�Ñü��o�
º:�?Ò (l 0 m©)"/element boundaries0¥z1�¹o��ê§�Ñ�Aü�o�¡�>.
a.§1 L« Dirichlet >.§2 L« Neumann >.§0 L««�SÜ"/element type0̂ S�Ñz
�ü��[za.§0 L« DIAGONAL§1 L« FACE§2 L« EDGE§PHG ¥O\�ü�a.©O^ 3

(MIXED) Ú 4 (OPPOSITE) L«"/element neighbours0�Ñz�ü�o��Ø�ü�?Ò§-1 L«
>.¡§PHG �Ñ ALBERT Ñ\©�¥�Ñ��Ø'X
g1­#)¤�'&E"

curved boundaries ´ PHG ���*Ð§̂ 5½Â­¡>.§Ùêâd���ê n Ú n |úª
�¤"z|úª¥�¹o�^ ‘;’ �m�L�ª§§�þ� x!y!z �¼ê§=z|úª�Xe/ªµ

C(x, y, z);P (x, y, z);Q(x, y, z);Q(x, y, z)

§L«­¡�§� C(x, y, z) = 0§

(
P (x, y, z), Q(x, y, z), Q(x, y, z)

)
K�: (x, y, z) ÝK�­¡þ

��I (ëw��©�¢~ test/sphere.dat)"Ñ\©�¥#N3úª�m©Ò�¡�1§�©ÒØ
U�Ñ"

XJÑ\©�¥Ø�¹/element type0�§K PHG ¬�âA½��{gÄ�z�ü��½�
«a.§¿��A?UUü�¥o�º:�^S§±(�Ð©��÷v�©[z�{¤�¦��N5
^�"

XJÑ\©�¥Ø�¹/element boundaries0�§K PHG ò¤k>.¡�a.�� UNDEFINED"
'u ALBERT Ñ\©��ª��[&E�ëw [11]"

2.8.2 Medit �ª

Medit [3] ´����w«�?n^�§�
�¤���gÄ)¤^�§X Tetgen [13]§Gmsh [5]

�§�±ÑÑ Medit �ª���©�"'u Medit �ª�[!�ëw Medit �Ãþ"
PHG �±�\ Medit mesh format �ª���§��Ö\ Vertices!Tetrahedra!Hexahedra!

Triangles Ú Quadrilaterals êâ§�ÑÙ§êâ"PHG �¦Ñ\©�¥���´�N�"XJÑ
\��d8¡Nü��¤§PHG gÄòz�8¡Nü�=�� 5 �½ 6 �o¡Nü�¿�±���
�N5"PHG �âÑ\©�¥� Triangles Ú Quadrilaterals a.5(½��¥>.¡�>.a
."%@�¹e§PHG ò Medit ©�¥�a. 1 =�� DIRICHLET§a. 2 =�� NEUMANN§Ù{þ
=�� UNDEFINED"7��§̂ r�±�½��¼ê5ò Medit ©�¥�>.a.=�� PHG �>
.a.§ëw 2.8.3§"

XJ¦^ Netgen [12] )¤���{§�±|^�� utils/netgen2medit ò Netgen � .geo ½
neutral �ª©�=�� Medit �ª§,��\� PHG ¥§äN^{�ëw��ÑÑ��Ï&E"

2.8.3 >.a.

PHG JøÊ«>.a.µDIRICHLET!NEUMANN!BDRY_USER1!BDRY_USER2 Ú UNDEFINED"3�\
��©��§PHG ò��©�¥�½>.a.=��þãÊ«a.��"3N^ phgImport �c§̂
r�±N^ phgImportSetBdryMapFunc �Ù�½��>.a.=�¼ê§Xe~¤«µ

static int
�� ��

bc_map(int bctype)
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{
switch (bctype) {

case 1: return DIRICHLET;
case 2: return NEUMANN;
case 3: return BDRY_USER1;
case 4: return BDRY_USER2;
default: return -1; /* invalid bctype */

}
}

... ...

phgImportSetBdryMapFunc(bc_map);
phgImport(... ...);

... ...
�� ��

þ~¤«� bc_map ´ PHG �%@>.a.=�¼ê§Ù¥ëê bctype �Ñ\©�¥�>.a.§
¼ê�£���A� PHG >.a.§-1 L«�{½���>.a."

��\ ALBERTA �ª����ª�§PHG �Ñ^r�½�>.a.=�¼ê§
´��Ue
Lò ALBERTA �>.a.=�� PHG �>.a.µ

ALBERTA >.a. PHG >.a.
< 0 NEUMANN

1 DIRICHLET

2 BDRY_USER1

3 BDRY_USER2

Ù§ UNDEFINED

d	§^r�±^·-1À� -default_bdry_type, ½ö3N^¼ê phgImport �cN^^¼
ê phgImportSetDefaultBdryType, 5�½%@>.a."�����¡�a.� UNDEFINED �§X
JT¡3��SÜK��SÜ¡?n§ÄKÙ>.a.ò���%@>.a."

2.9 2:a.

PHG ¥¦^�2:êa.� FLOAT§%@½Â� C � double"3$1 configure ��±^
--enable-long_double À�ò FLOAT �½� long double"

^r§S¥N^�^u FLOAT a.�êÆ¼ê�§AT¦^ PHG ½Â�÷§ù
÷�¶¡ÏL
ò libm ¥ double ¼ê¶�Äi1U�����§X Sqrt§Sin§Log �"3 MPI Ï&¥§AT¦^
PHG_MPI_FLOAT ���A� MPI êâa.§Ø���^ MPI_DOUBLE§ù��±�y�è·^uØÓ
a.� FLOAT (éÙ§a.§X INT§PHG �Jø
�A� MPI êâa.§X PHG_MPI_INT)"

�^ phgPrintf �¼êÑÑ FLOAT .Cþ�§ïÆ=�� double ÑÑ§~Xµ

FLOAT a;
�� ��

DOF *u;
... ...
phgPrintf("a = %lg, norm(u) = %lg\n", (double)a, (double)phgDofNormL2(u));
... ...

�� ��
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ÄK� FLOAT a.� format ¥�£ãÎØ���ÑÑ(JØé"
3 i686 Ú x86_64 ²�þ§long double ¢S�k 80  °Ý (=' double õÑ� 3–4  �?

�°Ý)"3Ù§�
²�þ§X SGI Origin 3800§long double �±�� 128  °Ý (� 32  �?
�°Ý)§�$��Ý�U�~�~ú"
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3.1 Poisson �§

examples/simplest.c ´ PHG ¥�{ü�g·Ak��O�§S¢~"§¦)eã Dirichlet >
.^� Poisson �§µ −∆u = f x ∈ Ω

u = g x ∈ ∂Ω
(3.1)

3.1.1 Ì§S

Cþ g���é�"DOF é� u_h Ú f_h ©O��ê�)Úmà¼ê§a.� DOF_DEFAULT (%
@�¹e� DOF_P2, = 2 � Lagrange �§�3$1§S�ÏL·-1À� -default_dof_type �½
�Ù§a.)"grad_u ^uO�Ú��ê�)�FÝ"error ^u��Ø��«f§a.� DOF_P0 (©
¡~ê)"

GRID *g;
�� ��

DOF *u_h, *f_h, *grad_u, *error;
SOLVER *solver;

phgInit(&argc, &argv); /* Ð©z PHG */
g = phgNewGrid(-1); /* Mï��é� */
phgImport(g, "cube.dat", FALSE); /* �\��©� */
u_h = phgDofNew(g, DOF_DEFAULT, 1, "u_h", DofInterpolation);
phgDofSetDataByValue(u_h, 0.0);
f_h = phgDofNew(g, DOF_DEFAULT, 1, "f_h", func_f);
error = phgDofNew(g, DOF_P0, 1, "error indicator", DofNoAction);
while (TRUE) { /* g·AÌ� */

phgBalanceGrid(g, 1.2, -1); /* N�f��ê8�©Ù */
solver = phgSolverCreate(SOLVER_DEFAULT, u_h, NULL); /* Mï){ì */
build_linear_system(solver, u_h, f_h); /* /¤�5�§| */
phgSolverSolve(solver, TRUE, u_h, NULL); /* ¦)�5�§| */
phgSolverDestroy(&solver); /* 5��5){ì */
grad_u = phgDofGradient(u_h, NULL, NULL, NULL); /* O�ê�)FÝ */
estimate_error(u_h, f_h, grad_u, error);/* O�Ø��«f */
phgDofFree(&grad_u); /* 5�ê�)FÝ(Ø2I�) */
if (÷vª�^�) break; /* �ä´Ä(åO� */
mark_refine(est, ...); /* �âØ��«fI5[zü� */
phgRefineMarkedElements(g); /* ��ÛÜ[z */

}
phgFreeGrid(&g); /* 5���é� */
phgFinalize(); /* òÑ PHG */

�� ��

MïgdÝé� u_h �¦^ëê DofInterpolation§§¦����[z½oz�gÄé u_h ?
1��§Mï f_h ��²N^¼ê func_f() éÙ?1D�§
Mï error �¦^
ëê DofNoAction§
L«ØégdÝé�?1?ÛgÄ�D�½��?n§�´�§m8�A��;�m"grad_u d¼ê
phgDofGradient Mï§zg¦^�.�á=º�"phgSolverCreate(SOLVER_DEFAULT, u_h, NULL)

Mï��± u_h ���þ�){ìé�§¦^�){ì� SOLVER_DEFAULT (%@� PCG§̂ r�±

19
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^·-1À� “-default_solver” 5�½¦^Ù§){ì)"¼ê phgSolverCreate ^���Cëê
L�Ñ����þ�gdÝé�§ù
gdÝé�3){ì¥�g?Ò� 0, 1, ��"

3.1.2 /¤�5�§|

¼ê build_linear_system() /¤�5�§|§§é�c���¤kü�?1H{§O�z�ü
��ü�fÝÝ
Úmà�§,�S\��5XÚ¥�"é��¥ü��H{ÏL÷ ForAllElements

5?1"b��5�§|�XêÝ
� A(I, J)§mà�þ� B(I)§I, J = 0, . . . ,M − 1§M ���þ
�ê§KO�L§Xeµ

N = u_h->type->nbas; /* ü�Ä¼ê��ê */
�� ��

ForAllElements(g, e) { /* éü�?1H{ */
for (i = 0; i < N; i++) {

I = phgSolverMapE2L(solver, 0, e, i);
type = phgDofGetElementBoundaryType(u_h, e, i);
if (type & DIRICHLET) {

ò 1.0 \\� A(I,I);
ò u �>.�\\� B(I);
continue;

}
for (j = 0; j < N; j++) {

J = phgSolverMapE2L(solver, 0, e, j);

O�
∫

e

gradϕi · gradϕj ¿\\� A(I,J);

}

O�
∫

e

fϕi ¿\\� B(I);

}
}

�� ��

Ù¥§ϕi!ϕj �Lü� e ¥�ÛÜÄ¼ê"phgSolverMapE2L(solver, 0, e, i) O� solver �gdÝ
é� 0 (= u_h) 3ü� e ¥�1 i ���þ3�§|¥�ÛÜ?Ò§phgDofGetElementBoundaryType

�£��þ�>.a."
∫

e

gradϕi ·gradϕj �O�N^¼ê phgQuadGradBasDotGradBas�¤§
∫

e

fϕi

�O�N^¼ê phgQuadDofTimesBas �¤"§S¥|^
∫

e

gradϕi · gradϕj é i!j �é¡5~�O

�þ"

3.1.3 Ø��«f�O�

¼ê estimate_error() O�z�ü�þ�Ø��«f§¿�;3 DOF é� error ¥"ùpæ
^�Ø��«f�µ

η2
e = h2

e‖∆uh + fh‖2
0,e +

∑
f∈F (e),f⊂Ω

hf‖[graduh · nf ]‖2
0,f

Ù¥ he �ü� e ��»§F (e) � e �¡�8Ü§hf �¡ f ��»§nf �¡ f �ü {�þ§[·] L
«ªL¡�aþ"äNO��èXeµ

DOF *jump, *residual;
�� ��

jump = phgQuadFaceJump(grad_u, DOF_PROJ_DOT, NULL, -1);
residual = phgDofDivergence(grad_u, NULL, NULL, NULL); /* ∆uh */
phgDofAXPY(1., f_h, &residual); /* ∆uh + fh */
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ForAllElements(g, e) {
int i;
FLOAT eta, h;
FLOAT diam = phgGeomGetDiameter(g, e);
e->mark = 0; /* clear refinement mark */
eta = 0.0;
/* for each face F compute [grad_u \cdot n] */
for (i = 0; i < NFace; i++) {

if (e->bound_type[i] & (DIRICHLET | NEUMANN))
continue; /* boundary face */

h = phgGeomGetFaceDiameter(g, e, i);
eta += *DofFaceData(jump, e->faces[i]) * h;

}
eta = eta*.5 + diam*diam*phgQuadDofDotDof(e, residual, residual, -1);
*DofElementData(error, e->index) = Sqrt(eta);

}
phgDofFree(&jump);

�� ��

þã�è¥§ÄkN^¼ê phgQuadFaceJump O� graduh �¡aþ§¿�;3 DOF é� jump

¥"�XN^¼ê phgDofDivergence O� graduh �ÑÝ (= ∆uh)§2N^¼ê phgDofAXPY òÙ�
f_h �\l
�� ∆uh + fh"�è¥ÏL¼ê phgGeomGetDiameter Ú phgGeomGetFaceDiameter ©
O��ü��»Ú¡�»"÷N^ DofFaceData(jump, e->faces[i]) �Ñ jump ¥éAuü� e �
1 i �¡�êâ/�§
÷N^ DofElementData(error, e->index) K�Ñ error ¥éAuü� e

�êâ/�"
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1oÙ gdÝé�

.g .d .Ý .é .� (DOF) ´ PHG �Ä�êâ(���§̂ u£ãÚ?n©Ù3��þ��«êâ"§
Q�^u½Âk��¼ê!�m§��^u�;!?n?ÛÙ§©Ù3��þ�êâ§~XAÛ&E
(¡È!NÈ!�»!{�!Jacobian) �"

4.1 gdÝa.

.g .d .Ý .a .. (DOF type) £ãgdÝé��Ä�A�§Ùêâ(�¥�Ì�¤
Xeµ

typedef struct DOF_TYPE_ {
�� ��

... /* È©:Ä¼ê���« */
const char *name; /* gdÝa.�¶¡½£ã */
FLOAT *points; /* gdÝ � (­%�I) */
BYTE *orders; /* ��Ä¼ê�õ�ªgê */
struct DOF_TYPE_ *grad_type; /* FÝ��gdÝa. */

/* ¼ê�� */
DOF_INTERP_FUNC InterpC2F; /* o���[����¼ê */
DOF_INTERP_FUNC InterpF2C; /* [���o����¼ê */
DOF_INIT_FUNC InitFunc; /* ÝK¼ê (Πh ) */
DOF_BASIS_FUNC BasFuncs; /* Ä¼ê */
DOF_BASIS_GRAD BasGrads; /* Ä¼êFÝ */

BOOLEAN invariant; /* Ä¼ê´Ä�ü�/GÃ' */
BOOLEAN free_after_use; /* ´ÄI�gÄº� */
SHORT id; /* gdÝa.?Ò */
SHORT nbas; /* ��ü�¥�gdÝ�ê */
BYTE order; /* Ä¼ê��põ�ªgê */
CHAR continuity; /* k��¼ê�ëY5 */
SHORT dim; /* Ä¼ê�ê */

SHORT np_vert; /* z�º:þ�gdÝ�ê */
SHORT np_edge; /* z^>þ�gdÝ�ê */
SHORT np_face; /* z�¡þ�gdÝ�ê */
SHORT np_elem; /* z�ü�¥�gdÝ�ê */

} DOF_TYPE;
�� ��

È©:Ä¼ê���«�)�|��§̂ u��Ä¼ê!Ä¼êFÝ�3 Gauss È©:?�¼ê
�§ëw 5.2"

name �ÑgdÝa.�¶¡½£ã&E"
grad_type �ÑTgdÝa.¤½Â�¼ê�FÝ�gdÝa.§̂ ugÄ)¤¼ê�FÝ!Ñ

Ý!curl �gdÝé�"~X§3£ã n � Lagrange ��gdÝa.¥§grad_type �½Â� n − 1

� discontinuous Galerkin ��gdÝa."
np_vert!np_edge!np_face Ú np_elem ©O�Ñ½Â3º:!>!¡Úü�¥�gdÝ�ê§Ï

d§��ü�þ�gdÝoê�

NVert× np_vert + NEdge× np_edge + NFace× np_face + np_elem (4.1)

23



24 1oÙ gdÝé�

nbas �Ñ��ü�¥gdÝ (ÛÜÄ¼ê) ��ê§�uª (4.1) ��"
invariant `²gdÝa.�ÛÜÄ¼ê´Ä�ü�/GÃ'§=§�´Ä3¤kü�¥´��

� (X Lagrange �)§Ì�^u~�­EO�¶order �ÑÄ¼ê��põ�ªgê (XJê| orders

�����§KÙ¥©O�Ñ��Ä¼ê�õ�ªgê§ê|��� np_vert+ np_edge+ np_face+

np_elem)§̂ uÀJê�È©°Ý¶dim �ÑÄ¼ê��ê§~X§é Lagrange � dim = 1§
écü
� dim = Dim"

ê| points ^S�Ñº:!>!¡Úü�gdÝ���:&E§©O^ 0 �!1 �!2 �Ú 3 �
­%�IL«"points �o�ÝAT´

np_vert + 2 × np_edge + 3 × np_face + 4 × np_elem

~X§éuo� Lagrange �§z�º:þk 1 �gdÝ§z^>þkn�gdÝ§z�¡þkn�g
dÝ§z�ü�NSk 1 �gdÝ§points ê|�SNXeµ

static FLOAT points = {
�� ��

1., /* º:gdÝ � */
.75,.25, .5,.5, .25,.75, /* >gdÝ � */
.5,.25,.25, .25,.5,.25, .25,.25,.5, /* ¡gdÝ � */
.25,.25,.25,.25 /* NgdÝ � */

};
�� ��

�gdÝa.vk��:�§ATò points �� NULL"PHG ¥b½§� points Ø�u NULL

�§L²gdÝ���uÙ��:?�¼ê�"
���gdÝa.ÏL phgDofNew ¼ê�Ú^�§PHG �Ù©����K�?Ò§��3 id

¥§T?Ò�XÙ§gdÝa.�¦^�º�¬��UC"id == -1 L«TgdÝa.v�¦^"
PHG SÜ�z��3¦^�gdÝa.��X��Ú^Oê§�Mï��#�gdÝé��§T

é�¤Ú^�gdÝa.�Ú^Oê¬�\þ 1§
�º���gdÝé��§Té�¤Ú^�gd
Ýa.�Ú^OêK¬�~� 1§���gdÝa.�Ú^Oêü� 0 �L²¤kÚ^Ta.�gd
Ýé�þ®�º�§d�XJ free_after_use ��� TRUE �{§PHG ¬º�TgdÝa.¥ name

Ú points ¤Ó^�S�¬±9TgdÝa.��¤Ó^�S�¬"
continuity �ÑgdÝa.¤£ã�k��¼ê�ëY��5§< 0 L«¼ê´mä�§0 L«

¼êáu C0§1 L«¼êáu C1§�daí"

4.1.1 o���[����¼ê

gdÝa.¥�¤
 InterpC2F ����[z�égdÝé�?1���¼ê§Ù��a.�
DOF_INTERP_FUNC§äNXeµ

void InterpC2F(DOF *dof, SIMPLEX *e, FLOAT **parent_data, FLOAT **children_data)
�� ��

�� ��

Ù¥ dof �gdÝé�§e �Iü�"
ê| parent_data ¥�¹ 15 ���§��Iü�¥�gdÝêâ§ùpz�º:!>!¡ÚN

¥�gdÝêâÑ´ëY���"äN/§ù
���¹Â3L 4.1 ¥�Ñ§L¥ dof->dim �gd
Ýé���ê§ëw 4.2"I�5¿�´§� np_edge > 1 ½ np_face > 1 �§>½¡¥�êâü�^
S´�âº:��Û?Ò(½�§�¯�7L��AN�"ã 4.1 �´º:Ú>êâ�?Ò«¿"

��ü�[z��)��#º:!o^#>!5 �#¡Úü�#ü�§�A/§ê| children_data

¥�¹ 12 ���§©O��ù
êâ¬§ù
���¹Â3L 4.2 ¥�Ñ§ã 4.1 m´#º:Ú#>
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L 4.1 ��¼ê¥Iü�gdÝêâ��

parent data � êâ¬�� êâ¬SN

parent_data[i] [np_vert][dof->dim] º: i þ�gdÝ�, i = 0, 1, 2, 3

parent_data[4 + i] [np_edge][dof->dim] > i þ�gdÝ�, i = 0, 1, 2, 3, 4, 5

parent_data[10 + i] [np_face][dof->dim] ¡ i þ�gdÝ�, i = 0, 1, 2, 3, 4

parent_data[14] [np_elem][dof->dim] ü�N¥�gdÝ�

L 4.2 ��¼ê¥fü�gdÝêâ��

children data � êâ¬�� êâ¬SN

children_data[0] [np_vert][dof->dim] #º:þ�gdÝ�

children_data[1] [np_edge][dof->dim] #º:ÚPº: 0 �¤�>þ�gdÝ�

children_data[2] [np_edge][dof->dim] #º:ÚPº: 1 �¤�>þ�gdÝ�

children_data[3] [np_edge][dof->dim] #º:ÚPº: 2 �¤�>þ�gdÝ�

children_data[4] [np_edge][dof->dim] #º:ÚPº: 3 �¤�>þ�gdÝ�

children_data[5] [np_face][dof->dim] #º:ÚPº: 0, 3 �¤�¡þ�gdÝ�

children_data[6] [np_face][dof->dim] #º:ÚPº: 1, 3 �¤�¡þ�gdÝ�

children_data[7] [np_face][dof->dim] #º:ÚPº: 0, 2 �¤�¡þ�gdÝ�

children_data[8] [np_face][dof->dim] #º:ÚPº: 1, 2 �¤�¡þ�gdÝ�

children_data[9] [np_face][dof->dim] #º:ÚPº: 2, 3 �¤�¡þ�gdÝ�

children_data[10] [np_elem][dof->dim] �¹Pº: 0 �#ü�Nþ�gdÝ�

children_data[11] [np_elem][dof->dim] �¹Pº: 1 �#ü�Nþ�gdÝ�

�«¿"¼ê InterpC2F �?ÖÒ´?1��O�§¿ò��(JW3 children_data ���ù

/�?"

ã 4.1 o¡Nü��©[z

5µùp�O���¬��º:!>!¡?�gdÝ����
­EO�§�ù
O�3��k
��O�¥¤Ó�O��m'~é�"

PHG Jø
��Ï^o�[��¼ê phgDofInterpC2FGeneric �^u?ÛgdÝa.¥�
InterC2F ¤
§�Ù5U��u;�A½gdÝa.�O���¼ê"

4.1.2 [���o����¼ê

gdÝa.¥�¤
 InterpF2C ����oz�égdÝé�?1���¼ê§§���ëê�
InterpC2F ��§��¤�ö��Ð��"T¼ê?\�§[���gdÝ�d children_data§±9
parent_data ¥I!fü���� 4 �º:!5 ^>!ü�¡?�êâJø§¼êKIO� parent_data
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¥Øáufü���^>!ü�¡Úü�¥�gdÝ�"
PHG Jø
��Ï^[�o��¼ê phgDofInterpF2CGeneric �^u?ÛgdÝa.¥�

InterpF2C ¤
§�Ù5UÏ~�u;�A½gdÝa.�O���¼ê"
5µéu©Ùª��§fü�¥�U�k��3�/§
,��3Ù§f��§d��A�

e->children[] ���u NULL"���fü�3Ù§f���§I�ÏLÏ&��§�gdÝ�"
ù
Ï&�~E,§8c PHG vk¢y§�§
´�¦ InterpF2C éù«�¹?1AÏ?n§=�
��fü�������U¦^ children_data[] ¥áu,	��fü��êâ§æ^	�½Ù§
Ãã5O�Iü��êâ"

(�/§b�Iü�� e§ü�fü�©O� e0 Ú e1"XJ e0 Ú e1 þ�����§K InterpF2C

�I�O�Iü��> 0!¡ 2/3 Úü�gdÝ��§§�©OéA parent_data ¥�1 4 (> 0)!1
12 (¡ 2)!1 13 (¡ 3) Ú1 14 (ü�) �§parent_data ¥�Ù§�Ú children_data ¥�¤k�¤
���/�þ®�¹k�êâ§�^uO�¥"XJ e0 ����§̀ ² e0 Ø3�/§K InterpF2C

ØO�> 0!¡ 2/3 Úü�gdÝ��	§��O�Iü��º: 0!> 1/2 Ú¡ 1 ?�gdÝ�§
©OéA parent_data �1 0 (º: 0)!1 5 (> 1)!1 6 (> 2) Ú1 11 (¡ 1) �§¿�ØU¦^
children_data ¥=áu e0 � �gdÝ� (1 1!1 5!1 7 Ú1 10 �)"aq/§XJ e1 ���
�§K InterpF2C ØO�> 0!¡ 2/3 Úü�gdÝ��	§�I�O�Iü��º: 1!> 3/4 Ú
¡ 0 ?�gdÝ�§©OéA parent_data 1 1 (º: 1)!1 7 (> 3)!1 8 (> 4) Ú1 10 (¡ 0) �§
¿�ØU¦^ children_data ¥�1 2!1 6!1 8 Ú1 11 ���"

4.1.3 D�¼ê

gdÝa.¥�ÝK¼ê (q�Ð©z½D�¼ê) InitFunc �â¼ê�O��½�gdÝ�§
=ò��¼êÝK��½�k���m§Ù��a.� DOF_INIT_FUNC§äN/ªXeµ

void InitFunc(DOF *dof, SIMPLEX *e, GTYPE type, int index,
�� ��

DOF_USER_FUNC userfunc, DOF_USER_FUNC_LAMBDA userfunc_lambda,
const FLOAT *funcvalues, FLOAT *dofvalues, FLOAT **pdofvalues)

�� ��

ëê type �½�O��gdÝaO§VERTEX L«º:gdÝ§EDGE L«>gdÝ§FACE L«¡g
dÝ§ELEMENT L«ü�gdÝ"ëê index �Ñº:!>½¡3ü�¥�?Ò§� type � ELEMENT

� index ���Ñ"InitFunc O��½ ��gdÝ�§¿ò(J�3ëê dofvalues ����À
«¥�£�N^§S§T�À«dN^�§SJø§�Ý� dof->dim× np_xxxx§êâ3�À«¥�
���^S� FLOAT[np_xxxx][dof->dim] (xxxx �â type �ØÓ�©O�L vert!edge!face ½
elem)"5¿§é Lagrange .Ä¼ê§� type� EDGE ½ FACE ¿� np_xxxx > 1 �§InitFunc I��
â>½¡�º:��Û?ÒN�êâ���^S§é np_xxxx |êâ (z|�¹ dof->dim �ê) ?
1·���§±�y��ü�mêâ���5"

ëê userfunc!user_func_lambda Ú funcvalues ©O�ü�¼ê��Ú��ê|��§§
��ÑO�¼ê��¼ê��½�¹¼ê���À«/�§n���¥7Lk�=k������
�"userfunc ����'u x, y, z �¼ê§Ù��a.� DOF_USER_FUNC§äNXeµ

void userfunc(FLOAT x, FLOAT y, FLOAT z, FLOAT *values)
�� ��

�� ��


 userfunc_lambda K����'u­%�I�¼ê§Ù��a.� DOF_USER_FUNC_LAMBDA§äN
Xeµ

void userfunc_lambda(DOF *dof, simplex *e, int bno, const FLOAT lambda[],
�� ��
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FLOAT *values)
�� ��

ü�¼êþIò�½�I?�¼ê�§�O DofDim(dof) �ê§W�3d values ¤����À«¥
(DOF_USER_FUNC_LAMBDA ¥� bno ëê�Ñ�A ��ÛÜÄ¼ê?Ò)"

� funcvalues ������§§���kýkO�Ð�¼ê���À«"d��¦gdÝa.
¥� points ¤
´����§¿��� ��gdÝ���dT ��¼ê�(½"funcvalues ¥
�¹�½º:!>!¡½ü�?�¤k np_xxxx � ��¼ê�§�O DofDim(dof)× np_xxxx �ê§
ù
 ��â points ¥�êâ(½"

�
Ä¼ê§X hierarchical basis a�Ä¼ê§3O�>!¡½NgdÝ�§I�^�$� �
?�gdÝ�"~XO�>gdÝ�I�^�T>�ü�º:?�gdÝ�§O�¡gdÝ�I�^
�T¡�n�º:Ún^>?�gdÝ�"�
;�­EO�§PHG ¥�¼ê3N^ InitFunc �o
´3��ü�Sî�Ul$��p��^S?1"Ïd§3O��� ��gdÝ�§3Ùþ�$�
 �?�gdÝ�®²O��.§�±��Ú^"XJëê pdofvalues ����§L²¤I�$�
 �?�gdÝ��±l dof->data ¥��"XJëê pdofvalues �����§KL² dof->data

¥�êâØ�^§I�l pdofvalues ¤���/�¼�¤I�$� �?�gdÝ�"pdofvalues

¥�¹ 15 ���§©O�� 4 �º:!6 ^>!4 �¡ÚNS�gdÝêâ§Ù¹Â� InterpC2F ¼
ê¥� parent_data ëêaq (ëw 4.1.1)"8c§pdofvalues != NULL ��¹=^uÏ^��¼ê
¥ (X phgDofInterpC2FGeneric!phgDofInterpF2CGeneric)"

éu��.�k��Ä¼ê§X Lagrange �§DG ��§ÙgdÝ���ÐÒ´�A:?�
¼ê�"éùaÄ¼ê PHG Jø
��Ï^D�¼ê phgDofInitFuncPoint ��gdÝa.¥�
InitFunc"

�����½§XJ DOF_TYPE ¥� points ê|�����§K InitFunc 3N^ user_func ½
user_func_lambda �7Lî�U points ê|¥:�^S5N^"PHG ¥��
¼ê§X phgDofCopy§
3¢y��âù��½5;��
­EO� (X cache ü�¥�Ä¼ê�)"

5µ�O InitFunc ��UI�N^ BasFuncs O�Ä¼ê��"d�§�AO5¿ BasFuncs �
£��À«3N^ user_func ½ user_func_lambda ��k�U��§Ï��ö�UN^ BasFuncs

5O�k��¼ê�§ù�¡��;.�~f´ PHG �Ï^��¼ê phgDofInterpC2FGeneric"

4.1.4 Ä¼ê

gdÝa.¤
 BasFuncs KIO��½­%�I ��Ü©½�ÜÄ¼ê�§Ù��a.�
DOF_BASIS_FUNC§��ëêXeµ

const FLOAT *BasFuncs(DOF *dof, SIMPLEX *e, int no0, int no1,
�� ��

const FLOAT *lambda)
�� ��

Ù¥ no0 Ú no1�ÛÜÄ¼ê?Ò�� (�gUìü�¥º:!>!¡ÚNgdÝ�^S?Ò§l 0 m
©)§L«O� no0 � no1 - 1 �m�¤kÄ¼ê§XJ no1 <= 0 KL« no1 = dof->type->nbas"
lambda[Dim + 1] �­%�I"T¼ê�£���À«/�§Ù¥�¹¤�½���½�ÜÄ¼ê
��§T�À«d BasFuncs Jø§Ï~´·��§zgN^ BasFuncs ��À«¥�SN¬�#
�O�§½ö�À«�/�¬��"BasFuncs ��£ dof->type->dim * (no1 - no0) ��§U
FLOAT[][dof->type->dim] �^Sü�"
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4.1.5 Ä¼êFÝ

gdÝa.¤
 BasGrads KIO��½­%�I �?Ü©½�ÜÄ¼ê'u­%�I�FÝ
�§Ù��a.� DOF_BASIS_GRAD§��ëê�µ

const FLOAT *BasGrads(DOF *dof, SIMPLEX *e, int no0, int no1,
�� ��

const FLOAT *lambda)
�� ��

�ëê�¹Â� BasFuncs aq§¼ê�£���ê�Ð´ BasFuncs ¼ê� Dim+ 1 �§�;^S�
FLOAT[][dof->type->dim][Dim + 1]"

4.1.6 ½Â#�gdÝa.

½Â��#�gdÝa.�§�IW��A�êâa.§¿¢y�A���¼ê§�±ë�
lagrange.c ¥ Lagrange ��½Â§½ geom.c ¥AÛþ�½Â"��¼ê¥§�IJøI�^�
�¼ê§̂ Ø���±ØJø§���¤ NULL =�"

4.2 gdÝé�êâ(�

gdÝé�êâ(�¥�Ì�¤
Xeµ

typedef struct DOF_ {
�� ��

char *name; /* ¶¡½£ã */
GRID *g; /* ��é� */
DOF_TYPE *type; /* gdÝa. */
FLOAT *data; /* �;gdÝêâ��À«/� */
... ...
SHORT dim; /* gdÝé���ê */

} DOF;
�� ��

��gdÝé�7L�����é��'é"����é�¥P¹X¤k�§�'é�gdÝ
é�§���UC� (X[z!oz!­©Ù)§¬gÄ�#ù
gdÝé�§
���º��§¬gÄ
º�¤k�Ù�'é�gdÝé�"

dim ¤
�ÑgdÝé���ê"��gdÝé�¤éA�¼ê�ê�ugdÝa.��ê�g
dÝé���ê�È (dim× type->dim, �ÏL÷ DofDim ��)"

data ���;gdÝêâ��À«§§��Ý�ugdÝé�3�cf��¥¤kgdÝ��
ê (b��gdÝé��'é���é�� g)µ

dim× (g->nvert× type->np_vert + g->nedge× type->np_edge +

g->nface× type->np_face + g->nelem× type->np_elem)
(4.2)

z�?§���áugCf��Ü©�gdÝêâ"éuÓ�áuõ�f���º:!>½¡gd
Ý§§�­E�;3ØÓ?§¥¿�±��"gdÝé��êâ©OUº:!>!¡ÚNgdÝ�â
§���/?Ò^SëY��§���Cz� PHG ¬gÄé§�?1N�"(�/§��f��¥
gdÝêâ���^S�±^e¡�ê|«¿µ

{FLOAT[g->nvert][type->np_vert][dim], FLOAT[g->nedge][type->np_edge][dim],

FLOAT[g->nface][type->np_face][dim], FLOAT[g->nelem][type->np_elem][dim]}
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4.3 gdÝé��ö�

gdÝé��êâ(�¦�·��±é§�?1�«�ê!�©!È©$�"~X§�� dim = 1

� n � Lagrange �¤éA�¼ê�FÝ´�� dim = Dim � n−1 � discontinuous Galerkin �§é§
�FÝ�ÑÝB��§� Laplacian§�� dim = 1 � n−2 � DG �"2X§é�5cü� (DOF_ND1)

?1�©$� (FÝ!ÑÝ!curl �) ���´ØÓ�ê� 0 � Lagrange � (©¡~ê)"PHG Jø

�|Ï^�gdÝé�êÆ$�ö�§±�B�«k��A^�mu§ëw A.13"

4.4 ���¯gdÝé�êâ

gdÝé���/êâ�;3��ê|¥§ëw 4.2"PHG Jø�|÷^u�¯gdÝé�êâ§
§��£�½gdÝêâ�/�§̂ r�±égdÝêâ��?1Ö!�ö�§�)µ

DofVertexData(dof, º:�/?Ò)

DofEdgeData(dof, >��/?Ò)

DofFaceData(dof, ¡��/?Ò)

DofElementData(dof, ü��/?Ò)

DofData(dof)

�� A.13"
I�5¿�´§��gdÝêâ�ê|¥§Ü©>!¡Úü���/?Ò3f��¥´Ø�3�§

§��a.I�� UNREFERENCED§���égdÝêâê|?1H{�§AT5¿aLù
��"�
±N^¼ê phgDofGetBoundaryType ½ phgDofGetElementBoundaryType 5¼�gdÝ�a.I�"

,	§��gdÝ�UÓ��3uõ�f��¥§k�I�u�gdÝ� OWNER I�5;�é
Ó��gdÝ3ØÓf��¥­E?n"PHG Jø��÷ DofIsOwner§§�£gdÝ� OWNER I�
 "

~X§e¡�ã�èO�¤kgdÝ��²�Úµ

INT i, n;
�� ��

GRID *g;
DOF *dof;
FLOAT sum, *data;
... ...
n = DofGetDataCount(dof); /* �/gdÝê|�� */
data = DofGetData(dof); /* �/gdÝêâ/� */
sum = 0.0;
for (i = 0; i < n; i++, data++) {

if (!DofIsOwner(x, i))
continue;

sum += (*data) * (*data);
}

#if USE_MPI
if (g->nprocs > 1) { /* f��m�Û¦Ú */

FLOAT tmp;
tmp = sum;
MPI_Allreduce(&tmp, &sum, 1, PHG_MPI_FLOAT, MPI_SUM, g->comm);

}
#endif

�� ��
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4.5 AÏgdÝa.

PHG Jø
ü�AÏgdÝa.§�)~þ.gdÝa. DOF_CONSTANT Ú)Û.gdÝa.
DOF_ANALYTIC"

4.5.1 ~þ.gdÝa.

~þ.gdÝa.�^u�;���~ê�¼ê"~X§e¡��è½Â
��L«���~�
þ (1,2,3) �gdÝé�µ

GRID *g;
�� ��

DOF *u;
FLOAT values[] = {1., 2., 3.};
... ...
u = phgDofNew(g, DOF_CONSTANT, 3, "constant vector", DofNoAction);
phgDofSetDataByValues(u, values);
... ...

�� ��

��±^�Cëê¼ê phgDofSetDataByValuesV 5�~þ.gdÝé�D�µ

GRID *g;
�� ��

DOF *u;
... ...
u = phgDofNew(g, DOF_CONSTANT, 3, "constant vector", DofNoAction);
phgDofSetDataByValuesV(u, 1.0, 2.0, 3.0);
... ...

�� ��

PHG #N~þ.gdÝé�ë�ê�È©$�"�±ÏLX÷ DofData!dof->data �����
�¯§�êâ"éu~þ.gdÝé�§phgDofEval() �Ñëê e Ú lambda"8c§PHG Ø#Né
~þ.gdÝé�?1�©$�"

4.5.2 )Û.gdÝa.

)Û.gdÝa.^u?n)Û¼ê"��)Û.gdÝé�Q�±���Äu&k��I�
¼ê�'é (userfunc ¤
), ��±���Äu­%�I�¼ê�'é (userfunc_lambda ¤
)§Ù
¥ userfunc Q�±ÏL¼ê phgDofNew �ëê�½§��±N^¼ê phgDofSetFunction �½§

userfunc_lambda K�UN^¼ê phgDofSetLambdaFunction �½"gdÝé�3�½:��ÏLN
^���'é� userfunc ½ userfunc_lambda ¼ê��"PHG #N)Û.gdÝé�ë�ê�È©
$�§±9ÏL¼ê phgDofEval 5¦�§�Ø#NéÙ?1�©$�§�ØU��¼ê phgDofAXPY

¥� “y” ëê"

4.6 AÛþgdÝé�

©� geom.c ¥¢y
��AÏgdÝé�§�^rJøk��O�¥²~^���
AÛþ§
�)ü�¡�¡È!{�þ!�»§ü��NÈ!�»Ú­%�I Jacobian"geom.c ¥Jø
�|¶
� phgGeomXxxxxx �¼êø^rN^5¼�ù
AÛþ§ëw A.17"
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k��O�¥I�O�ü�Ä¼ê½ÙFÝ!̂ Ý��È©"PHG Jø
�X��ê�È©¼
ê��£��N¹¤§ù
È©¼êþæ^ Gauss .ê�È©�{" [4] [10] [2] [6] [14]

5.1 Ä�êâ(�

ê�È©�­��Ü©´È©:�À�9Ù�­�(½"éuØÓ°Ý�¦Èúª§È©:�ê
þ´Ø���"aqu ALBERTA [11] ¥� QUAD (�§PHG ¥½Â��(�N§ò�½��È©
úªµC3(�N¥§·�¡T(�N� .È .© .f £�� .È .© .a ..¤"äN½ÂXeµ

typedef struct QUAD_ {
�� ��

const char *name;
int dim;
int order;
int npoints;
FLOAT *points;
FLOAT *weights;
SHORT id;

} QUAD;
�� ��

.( .� .N .¤ .
 .̀ .²µ

• nameµ½ÂÈ©f¶¡§�±d^rgC�½§Xn��o�°Ý�È©�±·¶� ‘‘3D P4’’"

• dimµ½ÂÈ©f�ê§1 �L�ãþ�È©§2 �Ln�/þ�È©§3 �Lo¡Nþ�È©"

• orderµ½ÂÈ©f�ê"

• npointsµ½ÂTÈ©f�È©:�ê"

• pointsµ½ÂTÈ©f�È©:3ü�¥�­%�I"

• weightsµ½Âz�È©:��­"

• idµ½ÂÈ©f���I£§�^rÃ'§Ð�� −1§3 5.2 !¥·�¬���[�0�"

PHG ¥½Â
�|?¿���£�ã¤È©f§��£n�/¤È©fÚn�£o¡N¤È©f§
§��Cþ¶� QUAD_[123]D_Pn§æ^�´ Legendre-Gauss .È©úª [10]§�
p�È©úª´
|^�� Legendre-Jacobi È©úªÏLÜþÈ�E�"Ø
ý½Â�È©f§̂ r�±g½ÂÙ§
a.�¦Èúª"~X§�� 3 �� Radau È©úª�±Xe½Â

static FLOAT QUAD_1D_Radau_pts[ ]= {0§1./6.};
�� ��

static FLOAT QUAD_1D_Radau_wts[ ]= {.5§1.5};
QUAD QUAD_1D_Radau3_ = {

/1D Radau10§
1,
3,
2,
QUAD_1D_Radau_pts,
QUAD_1D_Radau_wts,

31
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-1
};
#define QUAD_1D_Radau3 (&QUAD_1D_Radau3_)

�� ��

PHG �ê�È©��¥þk�� order ëê§̂ u�½¤�¦�È©°Ý (õ�ª�ê)"XJ
F"d PHG (�âÄ¼ê��ê) gÄ(½È©°Ý§�òTëê��K�§½´¦^ý½Â�~þ
QUAD_DEFAULT (Ù�� -1) ±Uõ�è��Ö5"

5.2 Ä¼ê9Ù�ê����

O�ü�fÝÝ
�´±ü��é�?1�§¿�I��E^�Ä¼ê9Ù�ê3�
�ÓÈ
©:þ��"Ó�éu�aÄ¼ê§X Lagrange .Ä¼ê§§�3�½È©:þ��3¤kü�¥´
���"�
;�3ê�È©O�¥­EO�Ó��Ä¼ê3Ó� ���§·�3 PHG ¥�O

�« cache Å�5)ûù�¯K§§ò�cü�¥¤kO�L�Ä¼ê9ÙFÝ���3�
SÜ�
�«¥§ù
��«´Ä�)¤�¿�P¹3 .g .d .Ý .a .. é��êâ(�¥§ø¤kÄuÓ�gd
Ýa.�gdÝé�¤�^§Xã 5.1 ¤«"ù« cache Å�é^r´ß²�§̂ r§S¥�I��
�N^ê�È©��¼ê=�§
Ø7'%XÛ��¿­E|^®²O�L�Ä¼ê9ÙFÝ��"
ê�È©��¼êgÄ�ä��«¥�êâ´Ä�^�§XJØ�^KN^�'SÜ¼êO�"

ã 5.1 Cache Å�êâ6ã

5.2.1 êâ(�

�
¢yù« cache Å�§·��O
ü�SÜêâ(� QUAD_CACHE Ú QUAD_CACHE_LIST ^u
�;�cü�þ�Ä¼ê½¼ê�¶Ó�3 DOF_TYPE Ú QUAD êâ(�¥��
�A�¤
�"



5.2 Ä¼ê9Ù�ê���� 33

QUAD_CACHE êâ(�½Â�µ

typedef struct {
�� ��

SIMPLEX *e;
FLOAT *data;

} QUAD_CACHE;
�� ��

Têâ(�Ì�^u�;���äNêâ§Ù¥�� e �����êâéA���ü�"�� data

����êâ���«"
QUAD_CACHE_LIST êâ(�½Â�µ

typedef struct {
�� ��

QUAD_CACHE **caches;
SHORT n;

} QUAD_CACHE_LIST;
�� ��

Têâ(�3Ü6þ�±n)�ã 5.1 ¥� cache ³"n �LT³¥U�;� QUAD_CACHE ��êþ"
DOF_TYPE (�¥V\
Xe�
¤
�µ

. . .
�� ��

void *cache_basfunc¶
void *cache_basgrad¶
void *cache_gradient¶
void *cache_curl¶
BOOLEAN invariant¶
. . .

�� ��

Ù¥§cache_basfunc!cache_basgrad!cache_gradient Ú cache_curl ´�� QUAD_CACHE_LIST é
����§©O^u��Ä¼ê!Ä¼êFÝ£'u­%�I¤!Ä¼êFÝ£'u(k��I¤!Ä¼
ê^Ý��"invariant Cþ� TRUE �`²TgdÝa.�Ä¼ê3¤k��ü�þ´���¶�
�K�ü�UC�I�­#O���¥��"

3 QUAD é�¥½ÂCþ id§TCþkü«G�µ

• id = -1 �, L²Ta.È©ÿ�¦^L§��«¥vk�'êâ§I����«¥V\P¹"

• id > -1 �§L²Ta.È©I���'êâ�U�3u��«¥£I�?�Ú�ä¤§��Tê
â� QUAD_CACHE é�3��«£= QUAD_CACHE_LIST é�¤¥� �� id"

5.2.2 SÜ��

�!¥0��SÜ��éu^r´��ß²�"ù
��¬3^rN^ PHG ¥½Â�È©¼ê
�gÄ��N^"

get_cache ¼ê�£��k�� QUAD_CACHE (�

static inline QUAD_CACHE *get_cache(void **clist_ptr, QUAD *quad)
�� ��

�� ��

¼ê`²µ
Ñ\ëê��� QUAD_CACHE_LIST é���­�� clist_ptr Ú QUAD é���� quad"T¼

ê�£���� QUAD_CACHE é����"XJÈ©f quad ®�3u QUAD_CACHE_LIST é�¥§K�
£����� QUAD_CACHE_LIST é�¥�,� QUAD_CACHE é�¶XJvk§K3 QUAD_CACHE_LIST

é�¥©�#��m§̂ u�;T quad a.È©éA� QUAD_CACHE é�§#©�� QUAD_CACHE é
�� data Cþ� NULL§�£#©�� QUAD_CACHE é�/�"
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±eo�¼êN^ get_cache ¼ê¼��A� QUAD_CACHE é�µ

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

�� ��

¼ê`²µ
Ñ\ëê�ü� e§gdÝ u§Ä¼ê�SÒ n§È©a. quad"T¼ê�£gdÝ u 3ü� e

þ�1 n �Ä¼ê3È©f quad �¦�:?��"

static FLOAT *get_grad_lambda(SIMPLEX *e, DOF *u, int n, QUAD *quad)
�� ��

�� ��

¼ê`²µ
ëê¹ÂÓ phgQuadGetBasisValues§O��´Ä¼ê'u­%�I�FÝ"

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

�� ��

¼ê`²µ
ëê¹ÂÓ phgQuadGetBasisValues§O��´Ä¼ê'u(k��I�FÝ"

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

�� ��

¼ê`²µ
ëê¹ÂÓ phgQuadGetBasisValues§O��´Ä¼ê�^Ý"

5.2.3 ó�Å�

¤k�ê�È©¼êÑN^ get_cache ������ QUAD_CACHE é����"���Xeü«
�¹� QUAD_CACHE é�¥���êâ´�^�§��KØ�^§7L­#O�"

(1) QUAD_CACHE é�� data ��Ø��
�TgdÝa.� invariant I�� TRUE, =TgdÝ
a.�Ä¼ê�ü�Ã'¶

(2) QUAD_CACHE � data ��Ø��
� QUAD_CACHE ����fÐ´ü� e þ�"

¤k�¦^
�È©a.Ñ���3�� QUAD ê| quad_list ¥"ØÓ���êâ£XÄ¼ê
��!Ä¼êFÝ���¤� QUAD_CACHE é�Ñ�©O��3ØÓ� QUAD_CACHE_LIST ¥"éuÓ
��ü�§z� QUAD_CACHE_LIST �±��õ«È©a.�êâ¶�´ØU��Ó�È©a.3ØÓ
ü�þ�êâ"ã 5.2 �Ñ
��~f"£ã¥/3DP10�L 3 � 1 �È©§Ù§�daí¤

��� QUAD È©a.����§QUAD->id �L§3 quad_list ±9�' QUAD_CACHE_LIST ¥
� �"ù�3 QUAD_CACHE_LIST ¥�éI�� QUAD_CACHE é��§�±;�|¢§��¦^Ù
QUAD->id ½ "�´T�{�U¬¦ QUAD_CACHE_LIST ¥�)/�É0§Xã 5.2 ¤«"ù« cache

(���OÄu��Ä�b�§=3k��O�¥§¤�9�ØÓÄ¼ê9È©a.´k��§Ïd
ù
 cache ¤Ó^�S��m�±�ÑØO§½ö´�±N=�"

get_cache �äN�{§

procedure get_cache(clist_ptr, quad)
�� ��

if(quad ����); then
3 quad_list ¥P¹T quad¶
� quad->id D�¶

fi

if clist_ptr is NULL; then
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cache_gradient

cache_basfunc

cache_basgrad

cache_curl

DOF_TYPE

n=8

NULL

NULL
3DP2 
on e1

1DP2 
on e1

1DP1
on e1

2DP2 
on e3

 3DP3 
on e1

2DP3 
on e4

NULL

quad_list 3DP1 3DP2 2DP1 1DP1 2DP2 1DP2 3DP3 2DP3

n=4

NULL
3DP1 
on e1

1DP1 
on e1

2DP1 
on e2

n=4

NULL
3DP1 
on e1

1DP1 
on e1

2DP1 
on e2

ã 5.2 DOF TYPE ¥��êâ«~

Ð©z clist_ptr;
fi

if clist->n <= quad->id; then
ò clist->caches ���*Ð� quad->id + 1 �
¿�ò clist->caches[clist->n, \ldots, quad->id] W¿� NULL;
clist->n = quad->id;

fi

if clist->caches[quad->id] &=& NULL; then
Ð©z clist->caches[quad->id];

fi
return cache = clist->caches[quad->id];

�� ��
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6.1 PHG �·-1À�

PHG �§S�±ÏL·-1À��/ª5�½$1ëê"PHG �·-1À��âÙ5
9½Â
�ª�±©¤naµ

(1) PHG SÜ½Â�À�

(2) PHG N^�1n�^� (X PETSc) ¤Jø�À�

(3) ^r§Sg1½Â�À�

Ù¥§cüaÀ�é?Û PHG §SÑ´Ï^�§
1naÀ�K�ûu^r§S"
�^r§SN^ phgInit �§PHG lëê argc Ú argv ¥¼�^r�·-1§¿éÙ¥�À�

?1?n"l phgInit ¼ê�£�§¤káu PHG �À�9ëêò�l argc Ú argv ¥íØ"
PHG �À��Ææ^ “-À�¶ ëê”!“-À�¶” ½ “+À�¶” �/ª"���À�3·-1

¥õgÑy�§���g��å�^"PHG �À�©��ëê�ÚØ�ëê�ü«§“+À�¶” �
/ª�U^uØ�ëê�À�§L«� “-À�¶” ��¹Â�ö�§Ï~^u����c¡ÑyL
�À�"éu�ëê�À�§À�¶�ëêm^��½�Ò�m§�ó�§�ëê�À�Ø�±�¤
“-À�¶ ëê” /ª	§��±�¤ “-À�¶=ëê” �/ª"XJÀ�¶½ëê¥�¹��½Ù§
Shell AÏiÎ§KAT3·-1þ^ (ü½V) ÚÒòù
À�½ëê)å5"

Ø�±��3·-1þ�ÑÀ�	§̂ r��±ò�|À��3��©� (¡�À�©�) ¥§,
�3·-1¥^ “-options_file ©�¶” 5N\©�¥�À�"PHG 3l©�¥Ö\À��§±i
Î ’#’ m©�1���5º1�Ñ"·-1¥#NÑyõ� “-options_file” À�§PHG Uì§�
Ñy�^S�géz�À�©�¥�À�?1?n"“-options_file” À��#Ni@§=3À�©
�¥�±^ “-options_file” �\Ù§�À�©�§PHG ¬48/?ni@�À�©� (^rAT
5¿;�Ñyi@kÌ�)"

éÄ�� PHG §S�§XJ3�c8¹¥�3©� “��1©�¶.options”§K PHG ¬Äk
N\Ù¥¤½Â�À�"̂ r�±^ù«�ª���§S�½%@À�"

^r§S¥§��±3 phgInit �cN^ phgOptionsPreset ¼ê5½Â�
ý��À�§ù

À�¬3¤kÙ§À��c?n"

6.2 �Ñ�^�À�9�Ï&E

PHG Jø
�þ�·-1À�^u���«ëê§·�Ø��3©�¥��0�¤k�À�"
$1?Û�� PHG §S�§Ñ�±^ “-help” À��Ñ§¤Jø�¤kÀ�9�Ï&E"“-help”

À��¦��aO¶��ëê§X ‘-help hypre’ w«k' Hypre �À�§‘-help all’ w«¤kÀ
�§
 ‘-help help’ Kw«Ñ¤kaO¶"

6.3 D4�^r§S½1n�^��·-1ëê

D4�1n�^�½^r§S�·-1ëê7LÏL “-oem_options” À��Ñ"8c PHG ¤
|±�1n�^�¥§�k PETSc Ú HYPRE � Euclid ý^�fJø
IO�·-1À�§'u§
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��·-1À��ëw§��©�"~X§�^e¡�/ªD4À�� PETSc:

mpirun -np 2 poisson -oem_options "-ksp_type cg -pc_type bjacobi"
�� ��

�� ��

·-1þ¤k�À�/ª�ëê (Äi1Ø´ ‘-’ ½ ‘+’) ½¬�gÄV\� -oem_options �Ñ
�ëê¥§D4�1n�^�½^r§S"d	§�
�B^r§S�?n§D4�1n�^�½^
r§S�ëê¥§¤k�À�/ª�ëê¬�gÄ£�¤kÀ�/ª�ëê�c"^r§S3N^
phgInit �§�±ÏL argc Ú argv[] �¯ù
ëê"

6.4 ^rg½ÂÀ�

PHG Jø�|¼ê phgOptionsRegisterXXXX§ø^r§SV\gC�·-1À�"ù
¼ê�
ëê¥I�Jø���Û½·�Cþ�/�§�$1§S�·-1¥�Ñ�A�À��§PHG ¬�
A?UTCþ§¦�éAuëê��"

5¿§̂ rg½ÂÀ�7L3N^ phgInit �c?1"
'u^rg½ÂÀ��±ëw«~§S examples/poisson.c"

6.5 3§S¥¼�½UC·-1À���

PHG ¥�Nõ�¬§~X){ì�¬!��¿©�¬�§¦^�
SÜëê5��Ù$1"ù

ëêÏ~¦^·�Cþ§̂ r§SÃl	Ü��¼�½?U§�"PHG vkJø¼�½?Uù
�
�ëê�¼ê��§Ï�^r§S�±�B/ÏLéA�·-1À�5¼�½?U§�"

PHG Jø
¼ê phgOptionsGetNoArg, phgOptionsGetInt �ø^r§S¼�·-1À���§
±9¼ê phgOptionsSetNoArg, phgOptionsSetInt, phgOptionsSetOptions �ø^r§S?U·-
1À���"ù
¼êJø
�«�B/�½��¬¥�ëê�Ãã§���±��NõÙ§^��
¥^uëê�½��þ¼ê��"k'ÏL·-1À�3§S¥�½�¬ëê�~f�ëw 7.3"



1ÔÙ �5){ì��

PHG Jø�@Ú����^u¦)�5�§|§¢S¦)�§Q�±N^ PHG Jø� PCG!
GMRES �S�{§�N^Ù§^��X PETSc!HYPRE!SuperLU!MUMPS!SPC!LASPack �	
Ü){ì"

PHG ��5){ìé�� SOLVER§̂ r§SÏL§5½Â!ö��5�§|���þ!XêÝ

Úmà�"^rÏ~Ø7'% SOLVER �SÜ(�§
�IN^ PHG Jø��5){ì���¼
ê5�¤�'ö�"'u){ì���Ä�¦^�±ë�§S examples/simplest.c"

7.1 ��þ9?Ò

PHG �){ì¥���þÒ´Mï){ì��½�gdÝé�¥�gdÝ"){ì¥é��þ
kn«?Ò�ª§©O¡� .Û .Ü .g .d .Ý .? .Ò! .Û .Ü .� .þ .? .ÒÚ .� .Û .� .þ .? .Ò"

ÛÜgdÝ?Ò´�òf��¥�¤kgdÝl 0 m©UgdÝé�9gdÝ�/?Ò�^S
�g?ü�)�"Ý
!mà�ö�¼ê phgSolverAddMatrixEntry!phgSolverAddMatrixEntries!
phgSolverAddRHSEntry Ú phgSolverAddRHSEntries þ¦^ÛÜgdÝ?Ò"3k��O�/¤fÝ
Ý
½mà��§�±N^¼ê phgSolverMapE2L 5�B/��,�A½ DOF é�3,�A½ü�
¥�,�gdÝ�ÛÜgdÝ?Ò§T¼ê���/ªXeµ

phgSolverMapE2L(SOLVER *solver, int dof_no, SIMPLEX *e, int index)
�� ��

�� ��

Ù¥§dof_no L« DOF é�3�¤���þ��N DOF é��L¥ (l 0 m©) �SÒ§~X§b
����þdn� DOF é� u!v!w �g�¤§K u �SÒ� 0, v �SÒ� 1, w �SÒ� 2"e �
�cü�"index � u ¥�gdÝ3ü� e ¥�?Ò (§�u u 3ü� e ¥�ÛÜÄ¼ê�?Ò)"

PHG �5){ì¥�¹��XêÝ
 (mat ¤
) Ú��mà��þ (rhs ¤
)"PHG ��
þU?§Ò�^S©ã�;3�?§¥"ÛÜ�þ?Ò���?§¥§�;3�/��þ©þl 0

m©�^S?Ò§�Û�þ?ÒK��þ��N©þl 0 m©�^S?Ò"���þ©þ�ÛÜ�
þ?Ò\þ�;3�?§¥�1���þ©þ��Û�þ?ÒB´§��Û�þ?Ò"Ø
þ¡J
��ÄuÛÜgdÝ?Ò�Ý
!mà�ö�¼ê	§PHG �Jø
�|Äu�Û�þ?Ò�Ý

!mà�ö�¼ê§�) phgSolverAddGlobalMatrixEntry!phgSolverAddGlobalMatrixEntries!
phgSolverAddGlobalRHSEntry Ú phgSolverAddGlobalRHSEntries§§����/ª�ÄuÛÜgd
Ý?Ò�¼ê���Ó§�Ý
1!�±9mà�©þæ^�Û�þ?Ò"PHG �Ý
!�þ��J
ø
�õ�ö�§ëw1lÙ"

7.2 ^r��¼ê

PHG ¥)¤!¦)���5XÚ�L§d±eAÚ�¤µ

(1) N^ phgSolverCreate Mï){ìé�§Ù¥I��½����þ��| DOF é�§PHG �
âù
 DOF é�ïál DOF ��5XÚ)�þm�N�'X"

(2) N^ phgSolverAddMatrixEntry ½ phgSolverAddMatrixEntries ��5XÚ¥V\Ý
��§
N^ phgSolverAddRHSEntry ½ phgSolverAddRHSEntries V\mà�"PHG �Ð©Ý
9mà
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�þ� 0§ù
¼êò#���\\�Ý
½mà�þ"7��§��¦^�A�Äu�Û�þ
?Ò���¼ê"

(3) (�À) N^ phgSolverAssemble �¤�5XÚ�|C"

(4) N^ phgSolverSolve ¦)�5XÚ§Ù¥I�Jø�| DOF é�§§��a.!�ê7L�M
ï){ìé��Jø� DOF é�����§¦)c�¹Ð©Cq)§¦)�¤��£�ª��
�)"

'uù
¼ê�äN/ªëw A.15"

7.3 ){ìëê��½

PHG �){ì¤¦^��«ëêQ�±ÏL�A�·-1À�5�½§��±ÏL3§S¥N
^ phgOptionsSetXXXX ¼ê5�½"��){ìMï�§�'ëê��c�¬���3){ì¥§�
�2éù
ëê¤��?UØ¬K��T){ì"Ïd§�±3Mï){ì�c�½�'�ëê�§
Ó�(Ü¦^ phgOptionsPush Ú phgOptionsPop 5��!¡Eëê�5��§;�K�§SÙ§Ü
©�$1"

~X§e¡��èMï����ý^�f�){ì§T){ìzg¦)�=N^�Ú Hypre

BoomerAMG S�µ

MAT *A;
�� ��

SOLVER *pc;
... ...
phgOptionsPush();
phgOptionsSetFloat("-solver_rtol", 0.);
phgOptionsSetInt("-solver_maxit", 1);
phgOptionsSetKeyword("-hypre_solver", "boomeramg");
phgOptionsSetKeyword("-hypre_pc", "none");
pc = phgMat2Solver(SOLVER_HYPRE, A);
phgOptionsPop();
... ...

�� ��

þ~¥�ëê����±��/��µ

phgOptionsSetOptions("-solver_rtol 0. -solver_maxit 1 "
�� ��

"-hypre_solver boomeramg -hypre_pc none");
�� ��
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PHG Jø�|¼ê^u+nëY©¬�;�©Ùª�þ§±9Äu1y©!1Ø �;�DÕ
Ý
"�þ!Ý
3?§m�©ÙÏLN� (MAP) ?1£ã�+n"

PHG Q�±?ndk��¼ê!k��lÑ/¤�©Ùª�þ!Ý
§��±?nÊÏU¬©
Ù��þ91Ø �;�Ý
"

8.1 N�

PHG �N� (MAP) £ã���þ3?§m�©Ù§±9�þ���gdÝ�m�éA'X"

8.1.1 {üN�

{üN�^u£ãØ�gdÝé��'é��þ"§���½�þ��Û��Ú�?§¥��
�"Mï{ü MAP �¼êXeµ

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

�� ��

Ù¥ M �Ñ�Û�Ý§m �Ñ�?§¥��Ý"
��?§¥� m �Ú�Ð�u M �§TN�½Â���Û�Ý� M!U?§SÒ©¬�;!�?

§¥�©¬���� m �©Ùª�þ"
�¤k?§¥� m Ñ�u M �§TN�½Â���©Ù�!Ó��;3¤k?§¥��þ"ù«

N�¡� .G .1 .N .�"

8.1.2 gdÝN�

MïgdÝN��¼êXeµ

MAP *phgMapCreate(DOF *u, ...);
�� ��

�� ��

N^T¼ê�^�|gdÝCþ��Ùëê§ëêL7L±��� NULL (å"¤)¤� MAP éAu
ëêL�Ñ�gdÝé�¥�¤kgdÝ�¤��þ§�þ��Û���¤kgdÝé��gdÝ
ê�Ú§z�?§¥�©¬���uT?§¤Pk�gdÝ�ê (5¿§Ó�áuõ�?§�gdÝ
��Ù¥��?§¤/Pk0§dgdÝ¤3�:!>!¡½ü�� OWNER I�(½)"

8.1.3 N�?Ò

·�¡��©Ùª�þ¥���3�þ¥�SÒ���� .� .þ .? .Ò§�þ¥1����?Ò�
0, 1����?Ò� 1, �gaí"�þ���?Ò�±^ .� .Û .� .þ .? .Ò (?Ò��� 0 — M-1)§�
�±^ .Û .Ü .� .þ .? .Ò (?Ò��� 0 — m-1)"ò�����ÛÜ�þ?Ò\þ�?§¥1�����
�Û?ÒB��§��Û?Ò"

XJN�´dgdÝ½Â�§KØ
¦^�þ?Ò	§��±^gdÝ�ÛÜ?Ò5I£���
�"�N�dõ�gdÝé��¤�§òù
gdÝé��gë�å5�¤��ê|§��3ê|¥
�?Ò¡�§3N�¥�� .Û .Ü .g .d .Ý .? .Ò§{¡� .Û .Ü .? .Ò (5¿� .Û .Ü .� .þ .? .Ò�«O)"PHG

Jø�|¼ê^5=�ù
?Ò§�)µ

phgMapE2L d��ü�¥�gdÝ?Ò��N�¥�ÛÜ?Ò
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phgMapD2L d��gdÝé�¥�gdÝ?Ò�N�¥�ÛÜ?Ò

phgMapL2V d���ÛÜ?Ò��§�ÛÜ�þ?Ò

phgMapL2G d���ÛÜ?Ò��§��Û�þ?Ò

3 MAP êâ(�¥§nlocal ¤
��þ��/©¬��"éuÏLgdÝé�Mï�N�§ u
�/ (f��) �gdÝê8Ï~õu�þ��/©¬��§Ï�k
gdÝ�Ù§?§¤Pk§Ï
d§�Øáu�þ��/©¬"MAP (�¥� localsize ¤
�u u�/�¤kgdÝê§�)Ø
áu�/©¬���"w,§localsize ≥ nlocal"N�¥��ù
Øáu�/���©�ÛÜ�þ
?Ò§?Ò��3 nlocal � localsize-1 �m§§���Û?Ò��3ê| L2Gmap ¥§Tê|��
Ý� localsize− nlocal"Ïd§b������ÛÜ�þ?Ò� i§K§��Û�þ?Ò�µi + n0 XJ i < nlocal (�/��)

L2Gmap[i − nlocal] XJ i ≥ nlocal (��/��)

Ù¥ n0 L«áu�?§����Û�þ?Ò"
3{üN�¥§localsize = nlocal§N�¥Ø�;Øáu�/���"
�N�Ø�gdÝ�'é�§ÙÛÜ?ÒÚÛÜ�þ?Ò´���"

8.1.4 N���¤

¼ê phgMapDestroy �¤��N�§º�Ù¤Ó^�]
"
du��N�Ï~¬�õ��þ!Ý
�^§�
;�­E�;§3z�N�¥k��Oêì§

¡�N�� .Ú .̂ .O .ê"��N��Mï�ÙÚ^Oê� 0"z���#�é� (Ý
½�þ) Ú^TN
��§ÙÚ^Oê¬�AO\"N^ phgMapDestroy �§XJN��Ú^Oê�u 0§KØ¬�¤T
N�§
�´ò§�Ú^Oê~ 1"�k���N��Ú^Oê� 0 �â¬��¤"d	§z�Ý

½�þ��¤�§½¬gÄéÙ¤Ú^�N�N^ phgMapDestroy"

8.2 �þ

8.2.1 �þ�Mï��¤

Mï�þµ

VEC *phgMapCreateVec(MAP *map, int nvec);
�� ��

�� ��

Ù¥ nvec �½�þ��ê"
�¤�þµ

void phgVecDestroy(VEC **vec_ptr);
�� ��

�� ��

8.2.2 �þ�D��|C

���þMï�§Q�±N^¦^ÛÜ?Ò�¼ê phgVecAddEntry Ú phgVecAddEntries ±9
¦^�Û?Ò�¼ê phgVecAddGlobalEntry Ú phgVecAddGlobalEntries V\�þ��§��±�
�ö��þ¥� data Ú offp_data ¤
"�¤é�þ���D��§ATN^ phgVecAssemble ¼
êé�þ?1|C"
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I�5¿�´§¦^¼ê phgVecAddXXXXXX �U���ÿ�|C��þV\��§XJ���
�®²|C��þV\��§�±kN^ phgVecDisassemble é�þ?1�C"PHG ¥§ÏL¼ê
phgMapCreateVec Ú phgVecCreate Mï��þ%@´®|C�§Ïd3�ÙV\��c7LkN^
phgVecDisassemble òÙ�C"

�þ�/©¬�êâ�;3 VEC (�� data ¤
¥§êâ�Ý� map->nlocal× nvec"Øáu
�/©¬§� u�/f���gdÝ¤éA��þ���;3 VEC (�� offp_data ¤
¥§ê
â�Ý� (map->localsize− map->nlocal)× nvec"�þ|C�§Øáu�/���¬�uxU\�
�A�?§"

�þ(�¥�¹��¤
 mat§XJT�þ´���5){ì¥�mà�§K mat ¬���5)
{ì¥�Ý
"��þ� mat ¤
�����§¿� mat->handle_bdry_eqns � TRUE �§�þ|C
§S¬3|C�þ�c¦) mat->bdry_eqns ��þ¥�>.���¤��.�5�§|§¿^ù

�§|�)5�#�þ¥��A��"ùÌ�´�
�B?1k��lÑ� Dirichlet >.^��?
n"ëw 8.3.4"

8.2.3 gdÝ��þm�êâD4

¼ê phgMapLocalDataToDof Ú phgMapDofToLocalData ^u3�þÚ���'é�gdÝé�
�mD4êâ"
¼ê phgMapVecToDofArrays Ú phgMapDofArraysToVec K^u3õ��þ�gd
Ýé�ê|�mD4êâ"

8.3 Ý


MïÝ
µ

MAT *phgMapCreateMat(MAP *rmap, MAP *cmap);
�� ��

�� ��

rmap �ÑÝ
�1N�§cmap �ÑÝ
��N�§§��±´Ó��N� (1�äk�Ó��Ú©
Ù��
)§��±´ØÓ�N�"

�¤Ý
µ

void phgMatDestroy(MAT **mat_ptr);
�� ��

�� ��

�N�aq§PHG �Ý
é�¥�k�� .Ú .̂ .O .ê§±�Bõ�){ì��Ó��Ý
é�

Ø7éÝ
?1E�"�¤��Ý
�§XJ§�Ú^Oê�u 0 K�´òÚ^Oê~ 1§�k�Ú
^Oê� 0 �â¬ý��¤Ý
"

8.3.1 V\Ý
��

PHG Jøeã¼ê^u���Ý
V\� 0 ��µ

phgMatAddEntry phgMatAddEntries
�� ��

phgMatAddGlobalEntry phgMatAddGlobalEntries
phgMatAddGLEntry phgMatAddGLEntries
phgMatAddLGEntry phgMatAddLGEntries

�� ��

ù
¼êò�½��\\�Ý
��½��þ§§��«O3uéÝ
�1Ú�©O¦^
ÛÜ?
Ò½�Û?Ò (5¿��#Mï�Ý
�Ð©�� 0)"XJ�^#��O�Ý
¥®k��§K�±
¦^eã¼êµ
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phgMatSetEntry phgMatSetEntries
�� ��

phgMatSetGlobalEntry phgMatSetGlobalEntries
phgMatSetGLEntry phgMatSetGLEntries
phgMatSetLGEntry phgMatSetLGEntries

�� ��

I�5¿�´§�U���ÿ�|C�Ý
V\��§XJ����®²|C�Ý
V\��§
K7LkN^ phgMatDisassemble éÙ?1�C"

PHG ¥§ÏL¼ê phgMapCreateMat* Ú phgMatCreate* Mï�Ý
%@´�|C�§�±��
�Ù¥V\��"

8.3.2 /ÃÝ
0Ý


PHG |±/ÃÝ
0(matrix-free) /ª�Ý
§=�kÝ
���Ú©Ù&E!vkÝ
êâ�
Ý
§§N^��^rJø�¼ê5�¤Ý
��þ�¦Èö�"

MAT *phgMapCreateMatrixFreeMat(MAP *rmap, MAP *cmap, MV_FUNC mv_func,
�� ��

void *mv_data0, ...);
�� ��

MV_FUNC ´�¤Ý
�þ¦È�¼ê��§��/ªXeµ

typedef int (*MV_FUNC)(MAT_OP op, struct MAT_ *A, VEC *x, VEC *y);
�� ��

�� ��

Ù¥ op �±� MAT_OP_N (Ý
¦�þ)!MAT_OP_T (Ý
=�¦�þ) Ú MAT_OP_D (Ý
�é��¦
±�þ)"

�Cëê mv_data0 ���Àëê§§���;3 MAT ���ê|¤
 mv_data ¥§�^5D4
ëê� MV_FUNC"

8.3.3 ©¬Ý


3 PHG ¥§©¬Ý
����«AÏ�/ÃÝ
0Ý
?n"�Ý
d�
�Ó½aq�¬�
¤�§¦^©¬Ý
�±!��;�m"PHG �©¬Ý
äkeã/ªµ

A =


a1,1 op1,1(A1,1) a1,2 op1,2(A1,2) · · · a1,q op1,q(A1,q)

...
...

...
...

ap,1 opp,1(Ap,1) ap,2 opp,2(Ap,2) · · · ap,q opp,q(Ap,q)


Ù¥§Ai,j �Ý
¬§ai,j �Xê"8c§PHG Ø|±Ý
¬�=��/ª"

PHG Mï©¬Ý
�¼ê� phgMatCreateBlockMatrix§äNëêëwN¹ A"©¬Ý
�¦
^�ë�§S¢~ examples/maxwell-complex.c"

8.3.4 Ý
�|C

��Ý
�Mï¿ÏL phgMatAddEntry!phgMatAddEntries!phgMatAddGlobalEntry �¼êV
\� 0 ���§3¦^cI�N^ phgMatAssemble ?1|C"��Ý
|C�òØ#N2��?U
Ù¥���§ÄK�U¬��Ã{ý��(J"

PHG �Ý
æ^1Ø �;/ª"Ý
�|CL§¥Øáu�/�1�ux¿U\��A?§§
Ó�éÝ
����Ò?1ÚO9­#?Ò§áu�/����æ^ cmap �ÛÜ�þ?Ò§?Ò
��3 0 � cmap->nlocal-1 �m"Øáu�/����XJ§�3 cmap ¥kÛÜ?Ò§K¦^T
?Ò§?Ò��3 cmap->nlocal � cmap->localsize-1 �m§ÄKK©���#�ÛÜ�þ?Ò§
?Ò��3 cmap->localsize � localsize-1 �m§Ù¥ MAT �¤
 localsize �u¤k3 cmap
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¥k?Ò���þ�� (?Ò��3 0 � cmap->localsize-1 �m) ±9¤kÙ§�Ý
��/Ü
©Ú^���� (?Ò��3 cmap->localsize � localsize - 1 �m) �Ú§w, localsize ≥
cmap->localsize"�N�aq§Ý
¥�^��ê|¤
 L2Gmap 5��Øáu�/����Û?
Ò§Ù¥�c cmap->localsize− cmap->nlocal �?Ò� cmap->L2Gmap ¥����"
��Bk��O�¥ Dirichlet >.^��?n§Ý
¥k��Ù�.¤
 handle_bdry_eqns§

XJ§��� TRUE§K3éÝ
?1|Cc¬ké�/�>.1?1?n"d��¦Ý
¥¤k>
.1¥�� 0 ��½áu>.�§ù
1!��¤�X�Õá�)��5��5�§|§Ý
|C§
Skòù
��§|� LU ©)��3Ý
� bdry_eqns ¤
¥§,�ò¤k>.1�é����
�� 1§�é������ 0"���� LU ©)¬��þ|C§S^53�þ|Cc�#�þ¥�
>.��§ëw 8.2.2"

8.4 Ý
!�þ$�

¼ê phgMatAXPBY O� Y := αX +βY §X!Y þ�Ý
§§�7LPk�Ó��Ú©Ù�1!�
N�"

¼ê phgMatVec O� y := α op(A)x + βy§x!y ��þ§A �Ý
§¼ê¥�ëê op ���
MAT_OP_N (op(A) = A)!MAT_OP_T (op(A) = trans(A)) Ú MAT_OP_D (op(A) = diag(A))"� op �
MAT_OP_N �§T¼ê�¦ x->map � A->cmap �Ó§y->map � A->rmap �Ó"
� op � MAT_OP_T

�§K�¦ x->map � A->rmap§y->map � A->cmap �Ó"
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1ÊÙ A��!A��þO�

PHG Jø� PARPACK!JDBSYM!LOBPCG!SLEPC!Trilinos/Anasazi Ú PRIMME ���^
uO�2ÂA��ÚA��þ (���)"A��!A��þ�O�æ^Ú���§�3$1§S�Ï
L·-1À�5ÀJ?Û���^�A��¦)ì"

PHG � JDBSYM ��Q|±�©�G1 JDBSYM §S§�|±d��=�¤�¿1z� JDB-

SYM §S"$1 configure �¬gÄuÿ¤^� JDBSYM ¥´Ä´¿1�"
PHG �Ä�A��O���¼êXeµ

int phgEigenSolve(MAT *A, MAT *B, int n, int which, FLOAT tau,
�� ��

FLOAT *evals, VEC **evecs, int *nit)
�� ��

§O�2ÂA��¯K Ax = λBx � n �A�é (A��Ú�A�A��þ)"ëê A Ú B �ÑÝ

§� B �����L« B = I§d�òz�IOA��¯K"n ��¦O��A�é�ê"which

�²O�= n �A�é§�±� EIGEN_SMALLEST!EIGEN_LARGEST ½ EIGEN_CLOSEST"tau �Ñ shift

�"evals ����O����A����À« (�Ý��� n)"evecs �£���A��þ"nit �
£O�L§¥¤¦^�S�gê (Ù(�¹Â�¤¦^�){ìk')"¼ê�£��¤õO�Ñ�
A�é��ê (∈ [0, n])"

3k��O�¥���B�´e¡ÄugdÝé����µ

int phgDofEigenSolve(MAT *A, MAT *B, int n, int which, FLOAT tau,
�� ��

int *nit, FLOAT *evals, MAP *map, DOF **u, ...)
�� ��

§��òO�Ñ�A��þ�;3�½�gdÝé�¥"Ý
 A Ú B Ï~AT´d map Mï§,
�ÏL¼ê phgMatRemoveBoundaryEntries í�>.1Ú� (ÄKò¬�¹�þd Dirichlet >.^
��)��A�é)"N� map 7LéA�CëêL u, ... �Ñ�gdÝé�"Ù{ëê�¹Â�
phgEigenSolve ¥����"
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N¹ A PHG Cþ!¼ê�÷

A.1 ·¶5K

�ÛCþ!¼ê�¶¡d phg cM\�
=©üc½ ��¤§z�üc½ ��Äi1��§
Ù{i1��"X phgInit!phgRefineMarkedElements!phgRank �"

PHG ¥½Â� C a.¶d��i1�¤§X GRID!DOF �"
ÛÜ (static) Cþ½¼êd��i1!êi9ey��¤§~X refine_path()"
PHG ¥½Â�÷!~þ�¶¡Ï~��ÛCþ!¼ê�¶¡·¶aq§�vk phg cM§~

XµNVert!DofElementData �"�k���Ü^��i1Úey�§X TRUE!NEUMANN!DOF_P1 �"

A.2 ~þ!�ÛCþ

Dim . �m�ê§�u 3

NVert . ��ü�¥�º:ê§�u 4

NEdge . ��ü�¥�>ê§�u 6

NFace . ��ü�¥�¡ê§�u 4

phgRank . �?§3 MPI_COMM_WORLD ¥�?§Ò
phgNProcs . MPI_COMM_WORLD ¥�?§ê

A.3 a.!é�

CHAR . �ÎÒi!.Cþ
BYTE . ÃÎÒi!.Cþ
SHORT . á�.Cþ (�� 2 i!)

USHORT . ÃÎÒá�.Cþ (�� 2 i!)

INT . �.Cþ (�� 4 i!)

UINT . ÃÎÒ�.Cþ (�� 4 i!)

FLOAT . 2:.Cþ
BOOLEAN . Ù�.Cþ§�� TRUE (1) ½ FALSE (0)

PHG_MPI_FLOAT . FLOAT � MPI êâa.
PHG_MPI_INT . INT � MPI êâa.
PHG_MPI_UINT . UINT � MPI êâa.
PHG_MPI_SHORT . SHORT � MPI êâa.
PHG_MPI_USHORT . USHORT � MPI êâa.
PHG_MPI_CHAR . CHAR � MPI êâa.
PHG_MPI_BYTE . BYTE � MPI êâa.
Pow . � FLOAT ��� pow ¼ê
Sqrt . � FLOAT ��� sqrt ¼ê
Fabs . � FLOAT ��� fabs ¼ê
Log . � FLOAT ��� log ¼ê
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Exp . � FLOAT ��� exp ¼ê
Sin . � FLOAT ��� sin ¼ê
Asin . � FLOAT ��� asin ¼ê
Cos . � FLOAT ��� cos ¼ê
Acos . � FLOAT ��� acos ¼ê
Tan . � FLOAT ��� tan ¼ê
Atan . � FLOAT ��� atan ¼ê
GTYPE . enum a.§¤
�)µVERTEX!EDGE!FACE!ELEMENT (DIAGONAL)!OPPOSITE!

MIXED!UNKNOWN"c 4 �¤
©O^uL«º:½ 0 �AÛþ (VERTEX)!>½
1 �AÛþ (EDGE)!¡½ 2 �AÛþ (FACE)!±9N½n�AÛþ (ELEMENT)"
DIAGONAL!FACE!EDGE!OPPOSITE Ú MIXED ^uL«ü�[za.

BTYPE .  I�§̂ 5L«:!>!¡½N�a.§����k DIRICHLET (Dirichlet >
.)!NEUMANN (Neumann >.)!BDRY_USER1 (^ra. 1)!BDRY_USER2 (^ra
. 2)!UNDEFINED (�½Â>.)!INTERIOR («�SÜ)!REMOTE (õ�f«��
�)!OWNER (Pkö) Ú UNREFERENCED (0)"Ù¥§UNDEFINED L«��½a.�
>."UNREFERENCED L«é�v��fü�Ú^§�Ñy3��fü�¥"�
�é��±Ó�PkA�á5§~X�^>�±Qáu Dirichlet >.§qáu
Neumann >.§Ó�q�ØÓf��¤�� (REMOTE)"��:!>½¡�±Ó
�áuõ�f��§��k����f���§�Pkö§�A� OWNER  3
Tf��¥� 1, 3Ù§f��¥� 0"

BTYPE Ø
^uAÛé�	§�^ugdÝé�§Ù¹Â��aq"
SIMPLEX . ü�é� (struct)

GRID . ��é� (struct)

DOF . gdÝ (DOF) é� (struct)

DOF_TYPE . gdÝa.é� (struct)

QUAD . È©úªé� (struct)

SOLVER . ¦)ìé� (struct)

OEM_SOLVER . 	Ü¦)ì��é� (struct)

COORD . Dim � FLOAT .ê|§̂ u£ã�m�I

A.3.1 gdÝa.¥¦^�¼ê��a.

DOF_INTERP_FUNC . ��¼ê��a. (ëw 4.1.1 Ú 4.1.2)

DOF_INIT_FUNC . gdÝÝK¼ê��a. (ëw 4.1.3)

DOF_USER_FUNC . ¦^ x, y, z �^r¼ê��a. (ëw 4.1.3)

DOF_USER_FUNC_LAMBDA . ¦^­%�I�^r¼ê��a. (ëw 4.1.3)

DOF_BASIS_FUNC . O�Ä¼ê�¼ê��a. (ëw 4.1.4)

DOF_BASIS_GRAD . O�Ä¼êFÝ�¼ê��a. (ëw 4.1.5)

A.3.2 ý½Â�gdÝa.

DOF_CONSTANT . AÏgdÝa.§̂ u�;!?n~þ"
DOF_ANALYTIC . AÏgdÝa.§̂ uÚ^��	Ü)Û¼ê"



A.4 È©úª 51

DOF_DEFAULT . %@gdÝa.§�3$1§S�ÏL·-1À� “-default_dof_type” UC
§��½ (%@�� DOF_P2)"

DOF_P0 . 0 � Lagrange �§©¡~ê§z�ü���gdÝ
DOF_P1 . 1 � Lagrange �§ëY©¡�5¼ê§z�º:��gdÝ
DOF_P2 . 2 � Lagrange �§ëY©¡�gõ�ª§z�º:!z^>���gdÝ
DOF_P3 . 3 � Lagrange �§ëY©¡ngõ�ª§z�º:!z�¡���gdÝ!z

^>ü�gdÝ
DOF_P4 . 4 � Lagrange �§ëY©¡ogõ�ª§z�º:!z�ü����gdÝ§z

^>!z�¡�n�gdÝ
DOF_DG0 . 0 � DG (discontinuous Galerkin) �§�du DOF_P0

DOF_DGn . n � DG �§0 ≤ n ≤ 15

DOF_ND1 . �5 Nédélec � (cü�)

DOF_HFEB1 . 1 �cü� ( = DOF_HC1)

DOF_HFEB2 . 2 �cü� ( = DOF_HC2)

DOF_HBn . n � H1 ��Ä (hierarchical basis), 0 ≤ n ≤ 15, Ù¥ DOF_HB0 �u DOF_DG0

DOF_HCn . n � H(curl) ��Ä (hierarchical basis), 0 ≤ n ≤ 15, Ù¥ DOF_HC0 ��u
DOF_ND1

A.4 È©úª

QUAD_1D_P1 . 1 �°Ý�� Gauss È©úª (1 :)

QUAD_1D_P2 . 2 �°Ý�� Gauss È©úª ( = QUAD_1D_P3)

QUAD_1D_P3 . 3 �°Ý�� Gauss È©úª (2 :)

QUAD_1D_P4 . 4 �°Ý�� Gauss È©úª ( = QUAD_1D_P5)

QUAD_1D_P5 . 5 �°Ý�� Gauss È©úª (3 :)

QUAD_1D_P6 . 6 �°Ý�� Gauss È©úª ( = QUAD_1D_P7)

QUAD_1D_P7 . 7 �°Ý�� Gauss È©úª (4 :)

QUAD_1D_P8 . 8 �°Ý�� Gauss È©úª ( = QUAD_1D_P9)

QUAD_1D_P9 . 9 �°Ý�� Gauss È©úª (5 :)

QUAD_1D_P10 . 10 �°Ý�� Gauss È©úª ( = QUAD_1D_P11)

QUAD_1D_P11 . 11 �°Ý�� Gauss È©úª (6 :)

QUAD_2D_P1 . 1 �°Ý�� Gauss È©úª (1 :)

QUAD_2D_P2 . 2 �°Ý�� Gauss È©úª (3 :)

QUAD_2D_P3 . 3 �°Ý�� Gauss È©úª (6 :)

QUAD_2D_P4 . 4 �°Ý�� Gauss È©úª (6 :)

QUAD_2D_P5 . 5 �°Ý�� Gauss È©úª (7 :)

QUAD_2D_P6 . 6 �°Ý�� Gauss È©úª (12 :)

QUAD_2D_P7 . 7 �°Ý�� Gauss È©úª (15 :)

QUAD_2D_P8 . 8 �°Ý�� Gauss È©úª (16 :)

QUAD_2D_P9 . 9 �°Ý�� Gauss È©úª (19 :)

QUAD_2D_P10 . 10 �°Ý�� Gauss È©úª (25 :)
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QUAD_3D_P1 . 1 �°Ýn� Gauss È©úª (1 :)

QUAD_3D_P2 . 2 �°Ýn� Gauss È©úª (4 :)

QUAD_3D_P3 . 3 �°Ýn� Gauss È©úª (8 :)

QUAD_3D_P4 . 4 �°Ýn� Gauss È©úª (14 :)

QUAD_3D_P5 . 5 �°Ýn� Gauss È©úª (14 :)

QUAD_3D_P6 . 6 �°Ýn� Gauss È©úª (24 :)

QUAD_3D_P7 . 7 �°Ýn� Gauss È©úª (36 :)

QUAD_3D_P8 . 8 �°Ýn� Gauss È©úª (46 :)

QUAD_3D_P9 . 9 �°Ýn� Gauss È©úª (61 :)

QUAD_3D_P10 . 10 �°Ýn� Gauss È©úª (73 ½ 81 :)

A.5 N�!�þÚÝ


MAP . N�é�§½ÂÝ
!�þ�©Ù9�gdÝm�éA'X"
VEC . �þé� (^S©¬�;)"
MAT . Ý
é� (DÕ1Ø �;)"
MV_FUNC . /ÃÝ
0Ý
��þ¦È¼ê���a."

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

MïÄu�|gdÝé��N�"

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

Mï��{üN�"

void phgMapDestroy(MAP **map_ptr)

�¤N�"

MAT *phgMapCreateMatrixFreeMat(MAP *rmap, MAP *cmap, MV_FUNC mv_func, void *mv_data,
...)

Mï/ÃÝ
0Ý
"mv_func ´�¤Ý
!�þ¦È�¼ê��"ëw 8.3.2"

INT phgMapE2L(MAP *map, int dof_no, SIMPLEX *e, int index)

�£ map ¥�1 dof_no �gdÝé�3ü� e ¥�1 index �gdÝ3N�¥�ÛÜ?
Ò"dof_no Ú index þl 0 m©"

INT phgMapD2L(MAP *map, int dof_no, INT index)

�£ map ¥�1 dof_no �gdÝé��1 index �gdÝ3N�¥�ÛÜ?Ò"

INT phgMapL2V(MAP *map, INT index)

�£ map ¥ÛÜ?Ò� index ����ÛÜ�þ?Ò"

INT phgMapL2G(MAP *map, INT index)

�£ map ¥ÛÜ?Ò� index �����Û?Ò"
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int phgMapLocalDataToDof(MAP *map, int ndof, DOF **dofs, FLOAT *data)

T¼ê^uò�þ¥�êâD4��Ù�'é�gdÝé�"

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

T¼ê^uògdÝé�¥�êâD4��þ"

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

ò��õ��þ�êâD4��|gdÝé�ê|§z�gdÝé�ê|¥7L�¹ vec->nvec

�a.!�ê�����gdÝé�"remove_bdry �u TRUE �L« vec ¥Ø�¹>.gdÝ"T
¼êÌ�^uA��O��¼ê¥"

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

ò�|gdÝé�ê|�êâD4���õ��þ"T¼êÌ�^uA��O��¼ê¥§Ùë
ê�¹Â� phgMapVecToDofArrays aq"

MAT *phgMapCreateMat(MAP *rmap, MAP *cmap)

MïÝ
§rmap Ú cmap ©O�Ñ1Ú�N�"

MAP *phgMatGetRowMap(MAT *mat)

�£Ý
 mat ¥�1N� (N��Ú^OêO\ 1)"

MAP *phgMatGetColumnMap(MAT *mat)

�£Ý
 mat ¥��N� (N��Ú^OêO\ 1)"

MAT *phgMatCreateBlockMatrix(GRID *g, int p, int q, MAT *pmat[], FLOAT coeff[],
MAT_OP trans[])

Mï�� p×q ©¬Ý
§Ù¬ (i, j) �u coeff[i q+j]×trans[i q+j]
(
pmat[i q+j]

)
, 0 ≤ i < p,

0 ≤ j < q"
XJ coeff �u NULL KL«¤kXêþ� 1"XJ trans �u NULL KL«¤k��þ�

MAT_OP_N"
5µPHG ¥©¬Ý
�¢yÄu matrix-free ��§§�¦¤k�é�¬� handle_bdry_eqns �

� FALSE§
¤ké�¬� handle_bdry_eqns �Ó�� TRUE ½Ó�� FALSE"

void phgMatAddEntry(MAT mat, INT row, INT col, FLOAT value)

V\Ý
��§1�þ¦^ÛÜ?Ò"

void phgMatAddGlobalEntry(MAT mat, INT row, INT col, FLOAT value)

V\Ý
��§1�þ¦^�Û�þ?Ò"

void phgMatAddLGEntry(MAT mat, INT row, INT col, FLOAT value)

V\Ý
��§¦^ÛÜ1?Ò!�Û�þ�?Ò"
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void phgMatAddGLEntry(MAT mat, INT row, INT col, FLOAT value)

V\Ý
��§¦^�Û�þ1?Ò!ÛÜ�?Ò"

void phgMatAddEntries(MAT *mat, INT nrows, INT *rows, INT ncols, INT *cols,
FLOAT *values)

V\ nrows× ncols �Ý
��§1�þ¦^ÛÜ?Ò"

void phgMatAddGlobalEntries(MAT *mat, INT nrows, INT *rows, INT ncols, INT *cols,
FLOAT *values)

V\ nrows× ncols �Ý
��§1�þ¦^�Û�þ?Ò"

void phgMatAddLGEntries(MAT *mat, INT nrows, INT *rows, INT ncols, INT *cols,
FLOAT *values)

V\ nrows× ncols �Ý
��§¦^ÛÜ1?Ò!�Û�þ�?Ò"

void phgMatAddGLEntries(MAT *mat, INT nrows, INT *rows, INT ncols, INT *cols,
FLOAT *values)

V\ nrows× ncols �Ý
��§¦^�Û�þ1?Ò!ÛÜ�?Ò"

void phgMatAssemble(MAT *mat)

|CÝ
§òØáu�/�1ux¿U\��A?§"

void phgMatDisassemble(MAT *mat)

�CCÝ
"

void phgMatDestroy(MAT **mat_ptr)

�¤Ý
"

MAT *phgMatRemoveBoundaryEntries(MAT *mat)

�)��#�Ý
§§�K
�Ý
¥�¤k>.1Ú>.�"Ý
�>.1Ú�ÏL½ÂN�
�gdÝé�¥� DB_mask ¤
(½§�Ý
�N�Ø�gdÝé��'é!½¤kgdÝé�¥�
DB_mask þ� 0 �T¼ê�£�Ý
"#�)�Ý
Ø2��Ý
�gdÝ�'é"

SOLVER *phgMat2Solver(OEM_SOLVER *oem_solver, MAT *mat)

�¼ê phgSolverMat2Solver �^�Ó"

VEC *phgMapCreateVec(MAP *map, int nvec)

Mï�þ§nvec ��þ�ê"

VEC *phgVecGetMap(VEC *vec)

�£�þ vec �N� (N��Ú^OêO\ 1)"

void phgVecAddEntry(VEC *vec, int which, INT index, FLOAT value)

V\�þ�� (¦^ÛÜ?Ò)"which �²V\��þ�=�©þ"
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void phgVecAddEntries(VEC *vec, int which, INT n, INT *indices, FLOAT *values)

V\ n ��þ��§indices �Ñù
���ÛÜ?Ò"which �²V\��þ�=�©þ"

void phgVecAddGlobalEntry(VEC *vec, int which, INT index, FLOAT value)

V\�þ�� (¦^�Û?Ò)"which �²V\��þ�=�©þ"

void phgVecAddGlobalEntries(VEC *vec, int which, INT n, INT *indices, FLOAT *values)

V\ n ��þ��§indices �Ñù
����Û?Ò"which �²V\��þ�=�©þ"

void phgVecAssemble(VEC *vec)

|C�þ§òØáu�/���ux¿U\��A?§"

void phgVecDisassemble(VEC *vec)

�C�þ"

void phgVecDestroy(VEC **vec_ptr)

�¤�þ"

VEC *phgVecAXPBY(FLOAT a, VEC *x, FLOAT b, VEC **y)

O� y := a~x + b~y"� b == 0 �#N y == NULL§d�òMï¿�£��#�þ y"

VEC *phgVecCopy(VEC *src, VEC **dest)

�þ��ö�"T¼ê#N dest == NULL§d�òMï¿�£��#�þ dest"

MAT *phgMatAXPBY(FLOAT a, MAT *x, FLOAT b, MAT **y)

O�Ý
��5$�"ëê�¹Â� phgVecAXPBY aq"

VEC *phgMatVec(MAT_OP op, FLOAT alpha, MAT *A, VEC *x, FLOAT beta, VEC **y)

O� y := αAx+βy (� BLAS ¼ê DGEMV aq)"MAT_OP �½Ý
 A ´Ä=�§�±� MAT_OP_N

(0) MAT_OP_T (1) ½ MAT_OP_D (2)"
T¼ê#N A == NULL§L« A �ü 
"� alpha == 0 �#N x == NULL"� beta == 0 �

#N y == NULL§d�òMï��#�é� y"¼ê¥é alpha Ú beta �AÏ� (0, 1, −1) ?1
A
Ï?n±~�Ø7��2:$�§Ïd�±^5�¤Nõa.�Ý
Ú�þ$�§~Xµ

phgMatVec(0, 1.0, NULL, x, 0.0, &y) y := x (�þ��)

phgMatVec(0, -1.0, NULL, x, 0.0, &y) y := −x

phgMatVec(0, alpha, NULL, x, 0.0, &y) y := αx

phgMatVec(0, 0.0, NULL, NULL, -1.0, &y) y := −y

phgMatVec(0, 0.0, NULL, NULL, beta, &y) y := βy

phgMatVec(0, alpha, NULL, x, beta, &y) y := αx + βy

phgMatVec(0, 1.0, A, x, 0.0, &y) y := Ax

phgMatVec(0, -1.0, A, x, 0.0, &y) y := −Ax

� op = MAT_OP_D �§T¼êO� A �é��Ü©� x �¦È"
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FLOAT phgVecNorm2(VEC *vec, int which, FLOAT *result)

O��þ� L2 �§XJ�� result ��K§����(J�/�"which �²O��þ�=�
©þ��§XJ which < 0 KL²O�¤k©þ��§d�XJ result �����K§����À
«�ÝATØ�u vec->nvec§̂ u�� vec->nvec �©þ��"¼ê�£���½©þ (½1��
©þXJ which < 0) ���"

FLOAT phgVecNorm1(VEC *src)

O��þ� L1 �"ëê¹ÂÓ phgVecNorm2"

FLOAT phgVecNormInfty(VEC *vec, int which, FLOAT *result)

O��þ����"ëê¹ÂÓ phgVecNorm2"

FLOAT phgVecDotVec(VEC *x, int which_x, VEC *y, int which_y, FLOAT *result)

O��þ x Ú y �SÈ"ëê which_x!which_y Ú result � phgVecNorm2 ¥�Ó"

A.6 ){ì

�!�Ñ PHG ¤|±�){ì§§��^u¼ê phgSolverCreate"

SOLVER_PETSC . PETSc ){ì
SOLVER_SPC . SPC ){ì
SOLVER_SUPERLU . SuperLU ){ì
SOLVER_HYPRE . HYPRE ){ì
SOLVER_LASPACK . LASPack ){ì (=|±G1)

SOLVER_PCG . PHG � PCG ){ì
SOLVER_GMRES . PHG � GMRES ){ì
SOLVER_AMS . PHG � AMS (Auxiliary space Maxwell Solver) ){ì
SOLVER_DEFAULT . %@){ì§L«4 PHG ÀJ){ì
phgSolverList . Tê|�Ñ PHG �¤k){ì§�ªXeµ

extern OEM_SOLVER *phgSolverList[];

phgSolverNames . Tê|�Ñ PHG �¤k){ì�¶¡§ê|��´�� NULL§Ù�ªXeµ
extern const char *phgSolverNames[];

PC_PROC . PHG � PCG Ú GMRES ){ì�ý^�f��§äNXeµ

VEC *(*PC_PROC)(SOLVER *M, VEC *b, VEC *x_1, VEC **u);
�� ��

�� ��

T¼ê¢yý^�L§§¿ò(J *u �£"

A.7 Ð©z!òÑ!�Ø?n9&EÑÑ

void phgInit(int *argc, char ***argv)

Ð©z PHG (9 MPI!){ì�)"7L3N^Ù§ PHG ¼êcN^"argc Ú argv 7L´ý¢
·-1ëê�/�"
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void phgFinalize(void)

òÑ PHG"7L3§S(åcN^"

int phgSetVerbosity(int verbosity)

�� PHG �SÜ&EÑÑµ0 (%@�) L«ØÑÑSÜ&E"

void phgPause(void)

6Ê§S§U£��UY"̂ u§SNÁ"

int phgPrintf(char *fmt, ...)

w«&E"Ó printf ¼ê§��3?§ 0 ¥å�^"

void phgInfo(int verbose_level, char *fmt, ...)

w«&E§øSÜ§SNÁ^"Øëê verbose_level 	§�ª� printf aq"T¼ê�k�
^r^ -log_file À��½
F�©��âÑÑ&E"

void phgWarning(char *fmt, ...)

w«´w&E"�ªÓ printf"

void phgError(int code, char *fmt, ...)

w«�Ø&E"XJ code != 0 Kw«&E�¥�§S�1"

void phgAbort(int code)

r�¥�§S�1§code �§S�£è"

double phgGetTime(double tarray[])

¼��m"tarray ´���ÝØ�u 3 � double .ê|§� tarray != NULL �§tarray[0] �
£^r�m§tarray[1] �£XÚ�m§tarray[2] �£pþ�m§±¦�ü "¼ê�£���cp
þ�m§±¦�ü "

A.8 S�+n

void *phgAlloc(size_t size)

��u malloc()§�XJS����}K¥�§S�1"

void *phgCalloc(size_t nmemb, size_t size)

��u calloc()§�XJS����}K¥�§S�1"

void *phgRealloc(void *ptr, size_t size)

��u realloc()§�XJS����}K¥�§S�1"

void phgFree(void *ptr)

��u free()§�§#N ptr == NULL"
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A.9 5UÚO

double phgPerfGetMflops(GRID *g, double *aggregate,
double *since_last_call)

¼��c2:5U� (Mflops) (I�Ù§^��X PAPI �|±)"aggregate �£l§Sm©�
1��c�²þ5U§since_last_call �£lþgN^T¼ê (1 1 gN^�{l§Sm©�1)

��c�²þ5U"¼ê�£��u *since_last_call"ùpÚO�5U´ g->comm ¥¤k?§�
5U�Ú"

size_t phgMemoryUsage(GRID *g, size_t *peak)

�£§S�c¦^�S� (RSS) i!ê§XJ peak �����§K3 *peak ¥�£§S¦^L
���S�þ (±A½ªÇéS��¦^?1æ��(J)"

XJ g == NULL§K�£�´�?§�S�¦^�¹§��K�£ g ¥¤k?§¥��S�¦^
�¹"

size_t phgMemoryPeakReset(size_t value)

ò PHG SÜ���S�Oê�� value§�£��S�Oê3d�c��"

size_t phgMemoryPeakRestore(size_t value)

ò PHG SÜ���S�Oê��yk��� value ¥���ö§�£3d�c��S�Oê�
�"

A.10 ·-1À�

void phgOptionsRegisterNoArg(const char *name, const char *help,
BOOLEAN *var)

5þ��Ø�ëê�·-1À�"name �ÑÀ�¶¡ (Ø� “-” Ò)"help �Ñ'uTÀ���
Ï&E"var ��� BOOLEAN . (�Û½·�) Cþ�/�§TCþ�Ð©�A� FALSE§�·-1¥
�¹TÀ��§PHG ò§��UC� TRUE"

void phgOptionsRegisterInt(const char *name, const char *help, INT *var)

5þ����.ëê�·-1À�"name �ÑÀ�¶¡ (Ø� “-” Ò)"help �Ñ'uTÀ��
�Ï&E"var ��� INT . (�Û½·�) Cþ�/�§�·-1¥�¹TÀ��§PHG ò�A�
ëê�D� *var"

void phgOptionsRegisterFloat(const char *name, const char *help, FLOAT *var)

5þ���2:.ëê�·-1À�"name �ÑÀ�¶¡ (Ø� “-” Ò)"help �Ñ'uTÀ�
��Ï&E"var ��� FLOAT . (�Û½·�) Cþ�/�§�·-1¥�¹TÀ��§PHG ò�
A�ëê�D� *var"

void phgOptionsRegisterString(const char *name, const char *help, char **var)

5þ���iÎGëê�·-1À�"name �ÑÀ�¶¡ (Ø� “-” Ò)"help �Ñ'uTÀ�
��Ï&E"var��� char * . (�Û½·�) Cþ�/�§�·-1¥�¹TÀ��§PHG ò�
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A�ëê�D� *var§PHG �iÎGÄ�©�S�¬¿KIS�¬�º�§̂ r§SØUg1º�
§"

void phgOptionsRegisterFilename(const char *name, const char *help,
char **var)

5þ���©�¶ëê�·-1À�"name �ÑÀ�¶¡ (Ø� “-” Ò)"help �Ñ'uTÀ�
��Ï&E"var��� char * . (�Û½·�) Cþ�/�§�·-1¥�¹TÀ��§PHG ò�
A�ëê�D� *var§PHG �©�¶iÎGÄ�©�S�¬¿KIS�¬�º�§̂ r§SØUg
1º�§"

void phgOptionsRegisterKeyword(const char *name, const char *help,
const char **keys, int *var)

5þ���'�iëê�·-1À�"name �ÑÀ�¶¡ (Ø� “-” Ò)"help �Ñ'uTÀ�
��Ï&E"keys ´��± NULL (��iÎG��ê|§�ÑTÀ�¤#N�ëê"var��� int

. (�Û½·�) Cþ�/�§TCþ��� keys ê|�¢Ú (l 0 m©)§�·-1¥�¹TÀ�
�§PHG ò�A?U var ��"

void phgOptionsRegisterHandler(const char *name, const char *help,
OPTION_HANDLER func)

5þ��^�½¼ê func ?n��ëê�·-1À�§func �äkXe���¼êµ

int func(const char *name, const char *string)
�� ��

�� ��

Ù¥ name �À�¶§string �À��¡¤���ëê§XJ¼ê�£� 0 �KL«ëê¥k�Ø
(X�{ëê)"

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

T¼ê¿Ø½Â#�·-À�§
^u��|·-1À�5þ��IK§w«3·-1À���
Ï&E¥"category ^u·-1À��©a"

void phgOptionsPreset(const char *string)

T¼ê^5ý��
ëê��§§7L3 phgInit �cN^"~X�±^

phgOptionsPreset("-oem_options ’-ksp_type cg -pc_type bjacobi’")
�� ��

�� ��

5ò PETSc �%@){ìÚý^�f©O�� CG Ú block Jacobi"

void phgOptionsShowCmdline(void)

�Ñ^rÑ\�·-1"

void phgOptionsShowUsed(void)

�Ñ¤kÏL·-1À��½ (=Ñy3·-1¥�À�) �ëê�"

void phgOptionsHelp(void)

�Ñ¤k·-1À�9�A��Ï&E"
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BOOLEAN phgOptionsSetOptions(const char *str)

�â str ¥�Ñ�À��½�ACþ��"

BOOLEAN phgOptionsSetNoArg(const char *op_name, BOOLEAN value)

òÀ� op_name ¤éA�Cþ��� value§op_name 7L´��Ãëê�À�¶§Ø¹ ’-’ ½
’+’ Ò"

BOOLEAN phgOptionsSetInt(const char *op_name, INT value)

òÀ� op_name ¤éA�Cþ��� value§op_name 7L´����.ëê�À�¶§Ø¹ ’-’

Ò"

BOOLEAN phgOptionsSetFloat(const char *op_name, FLOAT value)

òÀ� op_name ¤éA�Cþ��� value§op_name 7L´���¢.ëê�À�¶§Ø¹ ’-’

Ò"

BOOLEAN phgOptionsSetKeyword(const char *op_name, const char *value)

òÀ� op_name ¤éA�Cþ��� value§op_name 7L´���'�iëê�À�¶§Ø¹
’-’ Ò"

BOOLEAN phgOptionsSetString(const char *op_name, const char *value)

òÀ� op_name ¤éA�Cþ��� value§op_name 7L´���iÎGëê�À�¶§Ø¹
’-’ Ò"

BOOLEAN phgOptionsSetFilename(const char *op_name, const char *value)

òÀ� op_name ¤éA�Cþ��� value§op_name 7L´���©�¶ëê�À�¶§Ø¹
’-’ Ò"

BOOLEAN phgOptionsGetNoArg(const char *op_name)

�£À� op_name ¤éA�Cþ�§op_name 7L´��Ãëê�À�¶§Ø¹ ’-’ ½ ’+’ Ò"

INT phgOptionsGetInt(const char *op_name)

�£À� op_name ¤éA�Cþ�§op_name 7L´����.ëê�À�¶§Ø¹ ’-’ Ò"

FLOAT phgOptionsGetFloat(const char *op_name)

�£À� op_name ¤éA�Cþ�§op_name 7L´���¢.ëê�À�¶§Ø¹ ’-’ Ò"

const char *phgOptionsGetKeyword(const char *op_name)

�£À� op_name ¤éA�Cþ�§op_name 7L´���'�iëê�À�¶§Ø¹ ’-’ Ò"

const char *phgOptionsGetString(const char *op_name)

�£À� op_name ¤éA�Cþ�§op_name 7L´���iÎGëê�À�¶§Ø¹ ’-’ Ò"

const char *phgOptionsGetFilename(const char *op_name)

�£À� op_name ¤éA�Cþ�§op_name 7L´���©�¶ëê�À�¶§Ø¹ ’-’ Ò"
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void phgOptionsPush(void)

��¤kÀ���c�"

void phgOptionsPop(void)

¡Eþ�g^ phgOptionsPush ���À��"

A.11 ��+n

GRID *phgNewGrid(int flags)

Mï#���é�§�£Mï������"flags �¹�
I� §̂ u�����UC�´
Ä�#A½�AÛé�§�)Xe�
I�µVERT_FLAGµé��º:?1?Ò¶EDGE_FLAGµé��
>?1?Ò¶FACE_FLAGµé��¡?1?Ò¶ELEM_FLAGµé��ü�?1?Ò¶GEOM_FLAGµgÄO
�AÛþ (¡/NÈ!{�!�»!Jacobian �)§ëw A.17 ¥� phgGeom* ¼ê"Ï~� flags = -1"

void phgFreeGrid(GRID **gptr)

º���é� (9Ù���'é�gdÝé�)"

void phgCheckConformity(GRID *g)

u�����N5§̂ u§SNÁ"

void phgMarkElements(int strategy, DOF *error, FLOAT a, DOF *osc, FLOAT b, int depth,
FLOAT p, int coarsen_strategy, DOF *coarsen_error, FLOAT c,
int coarsen_depth, FLOAT cp, FLOAT tol)

IP���[zÚoz"strategy k��ëê� MARK_MAX, MARK_GERS, MARK_MNS, MARK_EQDIST,

MARK_ALL, MARK_NONE, MARK_DEFAULT, ©O´ Max, GERS, MNS Ú equidistribution, �¡n���
´��¿©ÚØ�IP§��´d PHG ÀJ§%@´ MARK_GERS"coarsen_strategy �k�ëê�
MARK_MAX, MARK_GERS, MARK_EQDIST, MARK_ALL, MARK_NONE, MARK_DEFAULT, ¿g�Ó"error ´^5I
P[z�gdÝé�§osc L«�´ data oscillation gdÝé�§coarsen_error ´^5IPoz�
gdÝé�"a ´ error �ëê§b ´ osc �ëê§c ´ coarsen_error �ëê§Ñ7L÷v´�Kê§
¿��u�u 1"depth ±9 coarsen_depth ©OL«�[zÚoz�gê§7L�u 0"p ±9 cp

L«�´�ê, LP , Lcp �ê, ü�Ñ7L�u�u 1"tol L«�Ø�, tolerance, ==� MARK_EQDIST

^�"
éØ�fI�5¿�´µ
(1) n�gdÝé�ØUÓ�� NULL, error �±´¡þ�gdÝé�§½öNþ�gdÝ§�

**ØU** Ó�¹k¡ÚNþ�êâ¶osc ��¦Nþkêâ=�, coarsen_error ��¦Nþkê
â=�§éu osc ±9 coarsen_error ïÆ¦^�gdÝa.´ DOF_P0"é[z§MARK_MAX ±9
MARK_EQDIST, error �êâ7L�3Nþ, ïÆ¦^ DOF_P0"I�5¿�´ÃØ´¡þ½öNþ�ê
â§�U¹k **��** êâ"

(2) ¦^öI�gCégdÝ�a.�IPüÑéAå5"%@1�´XJ osc Ø´ NULL§Ò¬
�¦^§XJ´ NULL Kvk?ÛK�"
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(3) é error, IPüÑXJ´ MARK_ALL ½ö MARK_NONE, �±� NULL, ÄK´Ø#N�; é
coarsen_error, IPüÑXJ´ MARK_ALL ½ö MARK_NONE, �±� NULL, ÄK´Ø#N�"

(4) �
éO�þ~��:§n�Ø�fgdÝé����êâ�
��§'�XJ´ Lp �ê§
K���êâ7L´�ê� p g�§|Lp(u)|p"

(5) [z��ÿ^��gdÝé�´ error ±9 osc, oz�^��´ coarsen_error"
IPf¼êk�
%@1�:

(1) f¼ê´k?1[z�IP§,�?1oz�IP"
(2) é[z§osc Ø´ NULL ��ÿ, XJ[z�üÑ� MARK_MAX ±9 MARK_GERS ��ÿ§K

é osc æ^Ó��üÑ"é MARK_GERS 
ó§osc 3 error IP�Ä:þ*��IP�f8
÷v
MARK_GERS üÑ¶XJ error �êâ��3¡þ§KüÑ�du MARK_MNS; XJüÑ´ MARK_MAX§K
é osc ��¦^ MARK_MAX üÑ"XJ osc ´ NULL, ��é error ö�"osc ´�À�"

(3) é[z, MARK_EQDIST, XJ osc Ø´ NULL, ¦^���üÑ"
(4) é[z§XJüÑ� MARK_ALL, K[zIP�.±���òÑIPf¼ê§Ø?1oz"
(5) oz==¦^ coarsen_error, XJozüÑØ´ MARK_ALL ½ö MARK_NONE, coarsen_error

ØU� NULL"
(6) XJoz�üÑ´ MARK_ALL, �cIP�[z��Ü�CX"
(7) XJ[z�üÑØ´ MARK_ALL, ¿�oz�üÑØ´ MARK_NONE , K�½¬�¦oz§d�

coarsen_error ØU� NULL, ¤±XJØO��oz�IP§oz�üÑ�½�´ MARK_NONE"
(8) XJüÑÀJ MARK_DEFAULT§ù�üÑ^3[z±9ozþ§%@�üÑ´ MARK_GERS, ^3

[z�IPþvk¯K§�ozI�5¿§XJØ�oz�{§Ø�òozüÑÀJ� MARK_DEFAULT"
¦^ö�±3$1��ÿ^À�5ÀJ÷vgCI��üÑ, ^À� -default_strategy ÀJ"

(9) XJëY¦^ügIP¼ê§K1�g�k�. ëY�¿g´IP
��§�vk?1oz
±9[z�ö�§,�q¦^
IPüÑ§ü�IP¼ê�m=¦¹kéõ�è�w�ëY"

e¡�ÑIPüÑ�êÆL«"Xe�½§M L«��¶b�Ø�f^�´ Lp �ê§ηe L«Ø
�f, ·�^ θe L«Ø��gdÝé����êâ§k θe = (ηe)p, θe k�ÿ´éA[z�Ø�gd
Ýé�§k�éAoz�Ø�gdÝé�§5¿«©. a, b, c, tol, �¼ê���ëê�Ó. Ó��½
η ´oNØ�§O�úªXe:

η = (
∑
e∈M

ηp
e )1/p

éØ�fÞ~Xe, d� p = 2:

θe = η2
e = h2

e‖∆uh + fh‖2
0,e +

∑
f∈F (e),f⊂Ω

hf‖[graduh · nf ]‖2
0,f

[z�üÑ:

(1) Maximum strategy: �½ a ∈ (0, 1), À�¤k÷v±eØ�ª�ü� e ?1IP:

ηe > a max(ηk) ⇔ θe > ap max(θk)

(2) Equidistribution strategy: �½ N ��� M ¥ü��oê§·�b�Ø�3¤kü�²þ©�"

(
∑
k∈M

ηp
k)1/p = N1/pηe ≤ tol ⇔ ηe ≤ tol

N1/p

�
��²þ©�§·�¬ÀJ a ∈ (0, 1), é÷ve¡Ø�ª�ü� e ?1IP:

ηe > a
tol

N1/p
⇔ θe > ap tolp

N
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(3) GERS: Guaranteed error reduction strategy. À���f8 A ⊆ M§a ∈ (0, 1), ÷ve�ª§IP
A ¥¤kü�" ∑

e∈A

ηp
e ≥ (1 − a)p

∑
k∈M

ηp
k ⇔

∑
e∈A

θe ≥ (1 − a)p
∑
k∈M

θk

(4) MNS strategy: aq GERS§�´IP�Ø�f´©Ù3¡þ�§úª�a�Ó GERS, a �¿g
�´�Ó§,	§ù�IP�ª��IP Data oscillation, = osc, Ó��÷v GERS§�´3 error

IP�Ä:þ§*��5��IP�f8 A, ��#�f8 B, Ù¥ A ⊆ B.

oz�üÑ: �½ θs,e L«ozØ�§¦^ö�UI�gC��
=�ó�.

(1) Maximum strategy: �½ëê c ∈ (0, 1), IP¤k÷ve¡^��ü� e:

ηp
e + ηp

s,e ≤ cp max(ηp
k) ⇔ θe ≤ cp max(θk)

(2) Equidistribution strategy: �½ëê c ∈ (0, 1), IP÷ve¡�¦�ü� e:

ηe + ηs,e ≤ c
tol

N1/p
⇔ θe ≤ cp tolp

N

(3) GERS: Guaranteed error reduction strategy. �½ c ∈ (0, 1), IP4�8Ü B ¥�ü�, B ⊆ M , ¦
� ∑

e∈B

ηp
e + ηp

s,e ≤ cp
∑
k∈M

ηp
k ⇔

∑
e∈B

θe ≤ cp
∑
k∈M

θk

void phgMarkRefine(int strategy, DOF *error, FLOAT a, DOF *osc, FLOAT b, int depth,
FLOAT p, FLOAT tol)

¤k�ëê±9$1Å�� phgMarkElements����§�´^5IP[z��¹. XJ==�
[z§í�¦^ù�¼ê. error � osc ØUÓ�� NULL.

void phgMarkCoarsen(int coarsen_strategy, DOF *coarsen_error, FLOAT c, int depth,
FLOAT cp, FLOAT tol)

¤k�ëê±9$1Å�� phgMarkElements����§�´^5IPoz��¹. XJ==�
oz§í�¦^ù�¼ê. coarsen_error ?Û�ÿÑØU´ NULL.

void phgRefineMarkedElements(GRID *g)

[z��¥��½ü�"¤k mark �u 0 ��fü����[z mark g"PHG ¬gÄéÙ§
ü�?17��[z±�±����N5"[z�¤�§#��¥¤�fü�� mark ¤
���u
����fü�¥��~�Tü��[z�gê"

void phgRefineAllElements(GRID *g, int level)

ò¤k�fü�[z level g (=����\�§��uò¤k�fü�� mark �� level§,
�N^�g phgRefineMarkedElements)"

void phgCoarsenMarkedElements(GRID *g)

oz��¥��½ü�"�fü�� mark ��Tü��õ#N�oz�gê�Ò§=���f
ü��õ#N�oz −mark g"PHG �yoz�§d#��fü�¤�¤���´�N�§¿�3÷
v mark �9���N5�å�cJeoz¦þõ�ü�"oz�¤�§#��¥¤�fü�� mark

¤
���u����fü�¥��~�Tü��oz�gê"
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void phgPartitionGrid(GRID *g)

©Ù��µò�c��y©¤f��§©Ù��?§¥"T¼ê� PHG SÜ¦^§̂ r§SA
TN^ phgBalanceGrid"

void phgRedistributeGrid(GRID *g)

­©��µéf��?1N�±���Ð�K1²ï"T¼ê� PHG SÜ¦^§̂ r§SAT
N^ phgBalanceGrid"

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

�âK� lif_threshold Ú submesh_threshold N�f���ê8�©Ù"Ù¥ lif_threshold

^u��K1Ø²ïÏf§L«�K1Ø²ïÏf�u½�uT��­©��§submesh_threshold

^u��f��ê8§¦�f���²þü�ê8Ø�uT� (��AÏ�½§� submesh_threshold

�Kê�L«¦^ PHG S��%@�)"T¼ê�£ 0 L«��ØC§� 0 L«é��?1
­y
©"weights Ú power �Ñf��y©��ü��­ (� weights � power g�)§� weights� NULL

½ power � 0 �L«¤kü���­þ��"

GRID *phgSurfaceCut(GRID *g, const FLOAT cuts[])

T¼ê�£�� g ���­¡���)�#��§#���¹P���¤kº:±9­¡�P
��>�¤k�:"ê| cuts ��Ý� g->nedge§§Uì>�ÛÜ?Ò^S�g�Ñ­¡�z^>
��: �§���u�u 0 ½�u�u 1 L«�T>vk�:§ÄKL«�: ul�Û?Ò��
�º:��Û?Ò���º:��é �"�±^¼ê phgDofTransfer 53ü���mD4gdÝ
êâ"

5µ8cT¼ê�¦­¡�z^>�õ�Uk���:§¿�z�ü�þ��:� �7L÷v
�
Ün���^�"Ó�§Ø#Né¤�)�#��?1ü�[z"d	§T¼ê���/ª´�
�5�§ò5�U¬UC"

FLOAT phgGetBoundaryError(GRID *g, SIMPLEX *e)

��3­¡>.�§�£ü� e ¤k u­¡>.�>�¥:�ÙN��­¡þ�:�m�å
l�²����� (^u�O>.þ�­�Ø�)"

ForAllElements(g, e)

^ué��¥¤k�fü�?1H{�÷§Ï~^uk��lÑ½��Ø��O�O�¥§zÚ
Ì�¥ e ���c�fü�§Ì�(å� e ��� NULL"

GlobalVertex(g, index)

�Ñ�/?Ò� index �º:��Û?Ò"

GlobalEdge(g, index)

�Ñ�/?Ò� index �>��Û?Ò"

GlobalFace(g, index)

�Ñ�/?Ò� index �¡��Û?Ò"
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GlobalElement(g, index)

�Ñ�/?Ò� index �ü���Û?Ò"

A.12 Ñ\ÑÑ

void phgImportSetBdryMapFunc(BDRY_MAP_FUNC func)

�½�\��©��§Ñ\©�>.a.� PHG >.a.�=�¼ê"T¼êATN^3
phgImport �cN^§¤�½�>.a.=�¼ê=é�Y� phgImport ¼êå�^"func ´ä
kXe��/ª�^rg½Â¼êµ

int func(int bctype)
�� ��

�� ��

T¼ê�£�Ñ\>.a. bctype �éA� PHG >.a. (X DIRICHLET!NEUMANN �)§�£ -1

L«��½�{�>.a."T¼ê¥ bc_map ëê�±����§L«¦^%@�>.a.=�¼
ê"ëw 2.8.3"

BTYPE phgImportSetDefaultBdryType(BTYPE type)

�½%@>.a."T¼êATN^3 phgImport �cN^§¤�½�%@>.a.=é�Y�
phgImport ¼êå�^"type �Ñ#�%@>.a.§¼ê�£���c�%@>.a."type ë
ê� 0 �du UNDEFINED"ëw 2.8.3"

BOOLEAN phgImport(GRID *g, const char *filename, BOOLEAN distr)

l©�¥�\��êâ"g ´����§§7L´^ phgNewGrid #Mï�¶filename ´©�¶¶
XJ distr � TRUE§K3���\�á=éÙ?1¿©¿òf��©Ù�¤k?§¥� (XJØ�
ÙTëê�(��^§ïÆ^ TRUE)"

8c PHG |±���©��ªkµALBERTA �ªÚ Medit �ª"

BOOLEAN phgExportALBERT(GRID *g, const char *filename)

ò�c��ÑÑ� ALBERTA ���©��ª"XJ�c���¹õ�f��§T¼ê8c�
ÑÑ1 0 Òf��"

BOOLEAN phgExportMedit(GRID *g, const char *filename)

ò�c��ÑÑ�MEDIT ( http://www.ann.jussieu.fr/~frey/logiciels/medit.html) �ª"
XJ�c���¹õ�f��§T¼ê8c�ÑÑ1 0 Òf��"

const char *phgExportVTK(GRID *g, const char *filename, DOF *dof1, ...)

ò��± VTK vtkUnstructuredGrid �/ªÑÑ��½©�§±B^Ù§Äu VTK ��Àz
^�X ParaView ( http://www.paraview.org/)!MayaVi ( http://mayavi.sourceforge.net/) �?
n§©��ª��?� legacy VTK file"�Àëê�½�ÑÑ�gdÝé�§± NULL (å"a.�
DOF_P0 (©¡~ê) �gdÝé��� cell data ÑÑ§
Ù§a.�gdÝé�K�� point data Ñ
Ñ§�öI�N^gdÝa.¥� BasFuncs ¼ê5O���º:?��"XJëê¥�Ñ�©�¶
Ø¹*Ð§T¼ê¬gÄ\þ*Ð¶ .vtk"¼ê�£ÑÑ©� (\
*Ð±�) �©�¶"T¼ê8
cØ|±ÑÑa.� DOF_ANALYTIC �gdÝé�"

http://www.ann.jussieu.fr/~frey/logiciels/medit.html
http://www.paraview.org/
http://mayavi.sourceforge.net/
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const char *phgExportDX(GRID *g, const char *filename, DOF *dof1, ...)

ò��± IBM Data Explorer � native file format �ªÑÑ��½©�§±B^ OpenDX �^�
( http://www.opendx.org/) ?1�Àz?n"�Àëê�½�ÑÑ�gdÝé�§± NULL (å"X
Jëê¥�Ñ�©�¶Ø¹*Ð§T¼ê¬gÄ\þ*Ð¶ .dx"¼ê�£ÑÑ©� (\
*Ð±�)

�©�¶"T¼ê8cØ|±ÑÑa.� DOF_ANALYTIC �gdÝé�"

A.13 gdÝ+n

SpecialDofType(type)

^u�ä��gdÝa.´ÄAÏa. (DOF_CONSTANT ½ DOF_ANALYTIC) �÷"

DofTypeDim(type)

¼�gdÝa.��ê"type �gdÝa.é�"

DofTypeName(type)

¼�gdÝa.�¶¡"type �gdÝa.é�"

DofTypeOrder(type)

¼�gdÝa.�õ�ª�ê"type �gdÝa.é�"

DofNoData

^u DOF � userfunc ¤
§L«MïgdÝé��Ø��êâ�À«"

DofNoAction

^u DOF � userfunc ¤
§L«ØégdÝé�?1gÄD�!���?n"

DofInterpolation

^u DOF � userfunc ¤
§L«���[z!oz�gÄégdÝé�?1��"

DofDim(dof)

�£gdÝé���ê (�u dof->dim× dof->type->dim)"

DofData(dof)

�£�/gdÝêâ�å©/�§dof �gdÝé�"�âgdÝêâ�ü��ª§¢S�du
DofVertexData(dof, 0)"

DofVertexData(dof, index)

�£éAu�½º:�gdÝêâ�å©/�§dof �gdÝé�§index �º:��/?Ò"

DofEdgeData(dof, index)

�£éAu�½>�gdÝêâ�å©/�§dof �gdÝé�§index �>��/?Ò"

http://www.opendx.org/
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DofFaceData(dof, index)

�£éAu�½¡�gdÝêâ�å©/�§dof �gdÝé�§index �¡��/?Ò"

DofElementData(dof, index)

�£éAu�½ü��gdÝêâ�å©/�§dof �gdÝé�§index �ü���/?Ò"

DofGetVertexDataCount(dof)

�£f��¥¤kº:gdÝêâ��Ý"

DofGetEdgeDataCount(dof)

�£f��¥¤k>gdÝêâ��Ý"

DofGetFaceDataCount(dof)

�£f��¥¤k¡gdÝêâ��Ý"

DofGetElementDataCount(dof)

�£f��¥¤kü� (N) gdÝêâ��Ý"

DofGetDataCount(dof)

�£f��¥gdÝêâ�o�Ý"

DofGetVertexDataCountGlobal(dof)

�£�Û��¥¤kº:gdÝêâ��Ý"

DofGetEdgeDataCountGlobal(dof)

�£�Û��¥¤k>gdÝêâ��Ý"

DofGetFaceDataCountGlobal(dof)

�£�Û��¥¤k¡gdÝêâ��Ý"

DofGetElementDataCountGlobal(dof)

�£�Û��¥¤kü� (N) gdÝêâ��Ý"

DofGetDataCountGlobal(dof)

�£�Û��¥gdÝêâ�o�Ý"

DOF *phgDofNew(GRID *g, DOF_TYPE *type, SHORT dim, const char *name,
DOF_USER_FUNC userfunc)

Mï#gdÝé�"g ���é�¶type �gdÝa. (DOF_TYPE)¶dim �gdÝé���ê
(z� � dim �Cþ)¶name �gdÝé��¶¡¶userfunc �½�TgdÝé��'é�^r¼
ê¶ (��a.� DOF_USER_FUNC)§̂ u�TgdÝé�D�§userfunc �±�AÏ� DofNoAction

½ DofInterpolation§cöL«ØégdÝé�?1gÄD�!��§�öL«���[z½oz�
?1gÄ��"
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void phgDofFree(DOF **dof)

º�gdÝé�"

void phgDofSetFunction(DOF *u, DOF_USER_FUNC func)

�½�dÝé��'é�^r¼ê§T¼êò^u�TgdÝé�D�"

void phgDofSetLambdaFunction(DOF *u, DOF_USER_FUNC_LAMBDA func)

�½�dÝé��'é�Äu­%�I�^r¼ê§T¼êò^u�TgdÝé�D�"

BTYPE phgDofSetDirichletBoundaryMask(DOF *u, BTYPE mask)

�½ u->DB_mask ��, ¼ê�£�� u->DB_mask �k��"

void phgDofDump(DOF *dof)

�<gdÝé��SN"Ï~^u§SNÁ"

void phgDofSetDataByValue(DOF *dof, FLOAT value)

ògdÝé��êâÐ©z��½� value"

void phgDofSetDataByValues(DOF *dof, const FLOAT array_of_values[])

ògdÝé��êâÐ©z��½�"array_of_values ¥�¹ DofDim(dof) �ê§�¼ê��
©þ�ê�éA"

void phgDofSetDataByValuesV(DOF *dof, FLOAT v0, ...)

ògdÝé��êâÐ©z�d v0 Ú����Cëê�Ñ��, �Cëê�ê\ 1 7L�u
DofDim(dof)"

void phgDofSetDataByFunction(DOF *dof, DOF_USER_FUNC userfunc)

^�½¼ê�gdÝé�D�"ëw DOF_USER_FUNC"

size_t phgDofGetDataCount(DOF *dof)

�£�½gdÝé��/êâ��Ý (�÷ DofGetDataCount õU��)"

size_t phgDofGetDataCountGlobal(DOF *dof)

�£�½gdÝé��Ûêâ��Ý (�÷ DofGetDataCountGlobal õU��)"

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

O�gdÝé�3�½ü�¥�½ ���"dof �gdÝé�¶e �ü�¶lambda �­%�
I¶values �ÑÑ�À«§̂ u��O�Ñ�gdÝ�§N^§SAT�y�À«���"�£ÑÑ
�À«/�"

FLOAT *phgDofEvalGradient(DOF *dof, SIMPLEX *e, const FLOAT lambda[],
const FLOAT *gradbas, FLOAT *values)

� phgDofEval aq§�O�gdÝé��FÝ3�½:��"gradbas ´��ê|§�¹gdÝ
a.3ü�¥�¤kÄ¼ê�FÝ�§XJ gradbas����K phgDofEvalGradient òØ¦^§

g1O�Ä¼ê�FÝ�"gradbas ëê�Ú\Ì��
�B;��
P{�Ä¼êFÝ��O�"
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FLOAT *phgDofEvalDivergence(DOF *dof, SIMPLEX *e, const FLOAT lambda[],
const FLOAT *gradbas, FLOAT *values)

� phgDofEval aq§�O�gdÝé��ÑÝ3�½:��"ëê gradbas �SN��^�¼
ê phgDofEvalGradient ¥����"

FLOAT *phgDofEvalCurl(DOF *dof, SIMPLEX *e, const FLOAT lambda[],
const FLOAT *gradbas, FLOAT *values)

� phgDofEval aq§�O�gdÝé�� Curl 3�½:��"ëê gradbas �SN��^�
¼ê phgDofEvalGradient ¥����"

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

Mï��#gdÝé�§§�u src �FÝ"name �Ñ#gdÝé��¶¡"newtype �Ñ#g
dÝé��a.§TëêXJ�� NULL KL«#gdÝé��a.�u src->type->grad_type"

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

Mï��#gdÝé�§§�u src �ÑÝ"name �Ñ#gdÝé��¶¡"5¿ DofDim(src)

7L´ 3 ��ê"newtype �Ñ#gdÝé��a.§TëêXJ�� NULL KL«#gdÝé��
a.�u src->type->grad_type"

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

Mï��#gdÝé�§§�u src � Curl"name �Ñ#gdÝé��¶¡"5¿ DofDim(src)

7L´ 3 ��ê"newtype �Ñ#gdÝé��a.§TëêXJ�� NULL KL«#gdÝé��
a.�u src->type->grad_type"

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

E�gdÝé�"T¼ê#NUCgdÝa.§~X§�±^§ò��a.�n� Lagrange �
�gdÝé���D���a.��� Lagrange ��gdÝé�"newtype �Ñ#gdÝé��a
.§TëêXJ�� NULL KL«#gdÝé��a.�u src->type"

DofIsOwner(u, index)

u��½�gdÝ´Ä��cf��¤Pk"

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

O� C := α op(A) op(B) + β C (��u BLAS ¥� GEMM ¼ê§Ù¥ op L«=�½Ø=�)"
� Cptr Ø�u NULL �§O�(J C ��3 *Cptr ¥§¿� C �a.� *Cptr �a.�Ó"
� Cptr �u NULL �§O�(J C ´��#Mï�!a.� B->type � DOF é� (d��¦ B

�����)"
T¼ê�¦ DofDim(B) = N × K 9 DofDim(C) = M × N"transa Ú transb �±©O� MAT_OP_N

(Ø=�) Ú MAT_OP_T (=�)§�«�¹e�Ý
�ê9$�'XdL A.1 �Ñ"
� blka ≤ 0 �L« A �÷
§d��¦ DofDim(A) = M× K"
� blka > 0 �§L« A ´��©¬é�Ý
§é�¬��� blka× blka"d��¦ M = K§blka

�Ø M§¿� DofDim(A) = M × blka"�«~^��¹´ blka = 1§d� A L«�� M × M �é�Ý

§DofDim(A) = M§A ¥�©þéAÝ
�é���"



70 N¹ A PHG Cþ!¼ê�÷

L A.1 phgDofMM ¥�Ý
�ê9$�'X

transa �� transb �� Ý
�ê9Ý
$�

MAT OP N MAT OP N CMN = α AMK BKN + β CMN

MAT OP T MAT OP N CMN = α AT
KM BKN + β CMN

MAT OP N MAT OP T CMN = α AMK B
T
NK + β CMN

MAT OP T MAT OP T CMN = α AT
KM B

T
NK + β CMN

A �±� NULL§L« A �ü 
§d��¦ M = K"� α = 0 � B �±� NULL"� β = 0 � C �
±� NULL§d�§¼êò�£��#gdÝé�§Ùa.� B �a.�Ó§�ê� M× N"

5µT¼êºX
¼ê phgDofAXPY Ú phgDofAXPBY �õU"

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

O� y := a * x + y"a == 0 ��u�ö�§a == 1 ��dugdÝ�\§a == -1 ��du
gdÝ�~"

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

O� y := a * x + b * y"a == 0 ½ b == 0 ���ugdÝ¦±~ê"

DOF *phgDofAFXPBY(FLOAT a, void (*f)

(FLOAT *in, FLOAT *out), DOF *x, FLOAT b, DOF **y) O� y := a * f(x) + b * y"¼ê
f �Ñ\ëê in � x ¼ê�§Ù�ê�u x ��ê¶ÑÑëê out � y ¼ê�§Ù�ê�u y ��
ê"

DOF *phgDofAFXPBY1(FLOAT a, FLOAT (*f)

(FLOAT xvalue), DOF *x, FLOAT b, DOF **y) O� y := a * f(x) + b * y"� phgDofAFXPBY

�«O3uùp¼ê f �Iþ¼ê§§©O�^3 x �z�©þþ"T¼ê�¦ x Ú y äk�Ó�
�ê"

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

O� y := alpha*A*x + beta*y§��u BLAS f§S DGEMV"� A == NULL �L« A �ü 

§� DofDim(A) == 1 �L« A �Iþ¦±ü 
§� DofDim(A) == DofDim(x) �L« A �é�

§
� DofDim(A) == DofDim(x)2 �L« A �÷
"

FLOAT phgDofNormL2Vec(DOF *x)

O�gdÝé���þ 2 �ê§=¤kgdÝ�²�Ú2m�"

FLOAT phgDofNormL1Vec(DOF *x)

O�gdÝé���þ 1 �ê§=¤kgdÝ�ýé��Ú"

FLOAT phgDofNormInftyVec(DOF *x)

O�gdÝé���þÃ¡�ê§=¤kgdÝêâ���ýé�"
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FLOAT phgDofNormL1(DOF *u)

O�gdÝé�¤éA�k��¼ê� L1 �"

FLOAT phgDofNormL2(DOF *u)

O�gdÝé�¤éA�k��¼ê� L2 �"

FLOAT phgDofNormH1(DOF *u)

O�gdÝé�¤éA�k��¼ê� H1 � (È©)"

INT phgDofMapE2D(DOF *dof, SIMPLEX *e, int index)

�£ dof 3ü� e þü�S?Ò� index �gdÝ3gdÝé�¥�?Ò"

BTYPE phgDofGetBoundaryType(DOF *u, INT index)

¼�gdÝCþ�>.a.§index ´gdÝCþ��/?Ò"

BTYPE phgDofGetElementBoundaryType(DOF *u, SIMPLEX *e, int index)

¼�gdÝCþ�>.a.§index ´gdÝCþ�ü�S?Ò"

FLOAT *phgDofGetElementCoordinates(DOF *u, SIMPLEX *e, int index)

¼�gdÝCþ��I �§index ´gdÝCþ�ü�S?Ò"

void phgDofInitFuncPoint(DOF *dof, SIMPLEX *e, GTYPE type, int index,
DOF_USER_FUNC userfunc,
DOF_USER_FUNC_LAMBDA userfunc_lambda,
const FLOAT *funcvalues, FLOAT *dofvalues)

·^u�aA½gdÝa.§�) Lagrange �!DG ��§�Ï^ÝK¼ê§���ù
gdÝ
a.¥� InitFunc§ëw 4.1.3"

void phgDofInterpC2FGeneric(DOF *dof, SIMPLEX *e, FLOAT **parent_data,
FLOAT **children_data)

Ï^o���[�����¼ê§̂ ugdÝa.¥� InterpC2F ¤
§ëw 4.1.1"

void phgDofInterpF2CGeneric(DOF *dof, SIMPLEX *e, FLOAT **parent_data,
FLOAT **children_data)

Ï^[���o�����¼ê§̂ ugdÝa.¥� InterpF2C ¤
§ëw 4.1.2"

BOOLEAN phgDofDirichletBC(DOF *u, SIMPLEX *e, int bas_index, DOF_USER_FUNC func,
FLOAT mat[], FLOAT rhs[], DOF_PROJ proj)

éugdÝé� u 3ü� e ¥�1 bas_index �ÛÜÄ¼ê§XJ�A ��>.I�¥Ø�
¹ u->DB_mask ¥� §KT¼êØ�?Û?n§¼ê�£�� FALSE (d�v^� mat Ú rhs)"Ä
K§�â func �Ñ�>�^�/¤>.�§�Xê9mà�§¿ÏL mat Ú rhs �£�N^§S§
¼ê�£�� TRUE"

e¡^ i L« bas_index§n L«ü�Ä¼ê��ê (n = u->type->nbas)§ϕj L«1 j �Ä¼
ê§uj L«�A�gdÝ§0 ≤ j < n"
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é Dirichlet >.^��?næ^����½ L2 ÝK"
�����¦ u->type->points != NULL§d�Û¹b½gdÝ�Ò´¼ê�§>.�§�µ

ui = func(x)

Ù¥ x �gdÝ ���I"
XJ u->type->points == NULL§K>.�§ÏL L2 ÝK�E§=µ

n−1∑
j=0

(∫
V

ϕj · ϕi dV

)
uj =

∫
V

func · ϕi dV

Ù¥ V L«gdÝ¤3�º: (º:gdÝ)!> (>gdÝ)!¡ (¡gdÝ)!½ü� (ü�gdÝ)"
� u->dim > 1 �§>.�§��k u->dim �§du¤k�§�Xê´���§Ïd mat ¥�,

��£ n �Xê§dN^§S�âI�éù
Xê?1E�"rhs ¥�£ u->dim �mà�"
ëê proj �½>.^��ÝK�ª§8c�U�� DOF_PROJ_NONE (ØÝK) Ú DOF_PROJ_CROSS§

Ù¥�ö=U^3 u->type->dim % 3 == 0 ��¹§̂ u?n Maxwell �§>.^� u×n = g×n"

NEIGHBOUR_DATA *phgGetNeighbourData(DOF *dof)

Ð©z�Øêâ"T¼êÏL�ED4���§�Ø¥�gdÝêâ§¿òêâ�;3��a.
� NEIGHBOUR_DATA �(�¥"¼ê�£��T(����"

FLOAT *phgNeighbourData(NEIGHBOUR_DATA *nd, SIMPLEX *e, int neighbour, int type,
int index)

�£�½�Øêâ���"XJ´�/�Ø§K������gdÝé�êâ��A �§ÄK
���� nd ¥�;�Øêâ��A �"neighbour �½=��Ø (¡?Ò)§type �½gdÝ �
(º:!>!¡½ü�gdÝ)§index �½º:>!¡½ü��?Ò (5¿´U�Øü�¥�?Ò^S§
� type � ELEMENT �§index �#N� 0)"

void phgReleaseNeighbourData(NEIGHBOUR_DATA **nd_ptr)

�¤���Øêâ�êâ(�"

A.14 ê�È©

ùp�Ñ� PHG ê�È©^r¼ê´Ø���§§��âI���*¿"

QUAD *phgQuadGetQuad1D(int order)

�£ÎÜ�½°Ý (õ�ª�) ��� (�ãþ) ¦Èúª"

QUAD *phgQuadGetQuad2D(int order)

�£ÎÜ�½°Ý (õ�ª�) ��� (n�/¥) ¦Èúª"

QUAD *phgQuadGetQuad3D(int order)

�£ÎÜ�½°Ý (õ�ª�) �n� (o¡N¥) ¦Èúª"
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FLOAT *phgQuadGetFuncValues(GRID *g, SIMPLEX *e, int dim, DOF_USER_FUNC userfunc,
QUAD *quad)

�£��·��À«/�§Ù¥�¹¼ê userfunc 3È©f quad �¤kÈ©:?��§dim ´
¼ê��ê"—

T¼êæ^
��{ü� cache Å�§��E¦^Ó��¼ê3Ó��ü�¥Ó��È©f�È
©:?���±;�­EO�"A^«~µphgQuadFuncDotBas"

FLOAT *phgQuadGetDofValues(SIMPLEX *e, DOF *u, QUAD *quad)

�£��·��À«/�§Ù¥�¹gdÝé� u 3È©f quad �¤kÈ©:?��"
T¼êS� cache Å�§��E¦^Ó��gdÝé�3Ó��ü�¥Ó��È©f�È©:?

���±;�­EO� (~X¼ê phgQuadDofDotBas)",	§� u->type->invariant � TRUE §�
�±;�­EO� u �Ä¼ê (ëw 1ÊÙ)"A^«~ëw phgQuadDofDotBas"

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

�£��·��À«/�§Ù¥�¹gdÝa. u->type �1 n �Ä¼ê3È©f quad �¤k
È©:?��"

T¼êS� cache Å�§��E¦^Ó��gdÝa.�Ä¼ê3Ó��ü�¥Ó��È©f
�È©:?���±;�­EO� (~X¼ê phgQuadDofDotBas)",	§� u->type->invariant�
TRUE §��±;�­EO� u �Ä¼ê (ëw 1ÊÙ)"A^«~ëw phgQuadBasABas"

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

�£��·��À«/�§Ù¥�¹gdÝa. u->type �1 n �Ä¼ê�FÝ3È©f quad

�¤kÈ©:?��"
õU9^{� phgQuadGetBasisValues aq"A^«~ëw phgQuadGradBasAGradBas"

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

�£��·��À«/�§Ù¥�¹gdÝa. u->type �1 n �Ä¼ê� curl 3È©f quad

�¤kÈ©:?��"
õU9^{� phgQuadGetBasisValues aq"A^«~ëw phgQuadCurlBasACurlBas"

FLOAT phgQuadDofDotDof(SIMPLEX *e, DOF *u, DOF *v, int order)

O�gdÝé� u � v �¦ (S) È3ü� e þ�È©"order �½¦Èúª��ê§�§�u
0 ½�u QUAD_DEFAULT �§L«d¼êgÄÀJ·�°Ý�¦Èúª"

FLOAT phgQuadBasDotBas(SIMPLEX *e, DOF *u, int n, DOF *v, int m,
int order)

O�ü� e þgdÝé� u �1 n �ÛÜÄ¼ê�gdÝé� v �1 m �ÛÜÄ¼ê�SÈ
3ü� e þ�È©"order ëê�¹ÂÓ phgQuadDofDotDof"gdÝé� v ØU� DOF_CONSTANT Ú
DOF_ANALYTIC a."

FLOAT phgQuadFuncDotBas(SIMPLEX *e, DOF_USER_FUNC userfunc, DOF *u, int n, int order)

O�¼ê userfunc �gdÝé� u �1 n �Ä¼ê�¦ (S) È3ü� e þ�È©"order ë
ê�¹ÂÓ phgQuadDofDotDof"
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FLOAT phgQuadGradBasDotGradBas(SIMPLEX *e, DOF *u, int n, DOF *v, int m,
int order)

O�gdÝé� u �gdÝé� v �ÛÜÄ¼ê�FÝ�SÈ3ü� e þ�È©"n Ú m ©O
�Ñ u Ú v �ÛÜÄ¼ê�?Ò"order ëê�¹ÂÓ phgQuadDofDotDof"gdÝé� u Ú v ØU
� DOF_CONSTANT Ú DOF_ANALYTIC a."

FLOAT phgQuadCurlBasDotCurlBas (SIMPLEX *e, DOF *u, int n, DOF *v,
int m, int order)

O�gdÝé� u �gdÝé� v �ÛÜÄ¼ê� curl �SÈ3ü� e þ�È©"n Ú m ©O
�Ñ u Ú v �ÛÜÄ¼ê�?Ò"order ëê�¹ÂÓ phgQuadDofDotDof"gdÝé� u Ú v ØU
� DOF_CONSTANT Ú DOF_ANALYTIC a."

FLOAT *phgQuadDofTimesBas(SIMPLEX *e, DOF *u, DOF *v, int n, int order,
FLOAT *res)

O�gdÝé� u �gdÝé� v �ÛÜÄ¼ê�¦È3ü� e þ�È©"n �Ñ v �Ä¼ê?
Ò§O�(J�3 res �½��À«¿�£�À«/� (� u��þ¼ê�O�(J´�þ�)"order
ëê�¹ÂÓ phgQuadDofDotDof"gdÝé� v ØU� DOF_CONSTANT Ú DOF_ANALYTIC a."

FLOAT phgQuadDofDotBas (SIMPLEX *e, DOF *u, DOF *v, int n, int order)

O�dÝé� u �dÝé� v �1 n �ÛÜÄ¼ê�SÈ3ü� e þ�È©§§�¦ v �Ä¼
ê´¥þ¼ê§ù´� phgQuadDofTimesBas ØÓ�?"

FLOAT phgQuadDofDotGradBas(SIMPLEX *e,DOF *u,DOF *v, int m, int order)

O�gdÝ u �FÝ�gdÝ v �1 m �Ä¼ê�FÝ�SÈ3ü� e þ�È©"

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

O��½gdÝé� u � (¡�) aþ§Ï~^u��Ø��O"§�£�´��#gdÝé
�§z�¡���§T�=´ u 3T¡þ�aþ� L2 ��²�"ëê proj �½XÛé u ?1Ý
KµDOF_PROJ_NONE L«ØÝK!DOF_PROJ_DOT L«�¡ü {�þ?1SÈ!DOF_PROJ_CROSS L
«�¡ü {�þ?1	È (�¦)"order �È©úª��ê"

DOF *phgQuadFaceJumpN(DOF *u, DOF_PROJ proj, const char *name, int order, DOF *g)

O��½gdÝé� u � (¡�) aþ§õUaq phgQuadFaceJump, «O3u�ö�O�SÜ
¡�aþ§ØO�>.¡�"phgQuadFaceJumpN O� Neumann >.�aþ§gdÝé� g Ò´ u 3
Neumann >.�	{��ê"O�ëê¿g� phgQuadFaceJump �Ó"

FLOAT phgQuadFaceDofDotBas(SIMPLEX *e, int face, DOF *u, DOF_PROJ proj, DOF *v,
int N, int order)

O��½¡þgdÝ u � v �Ä¼ê:¦�È©"proj �½ u 3¡	{�þ�ÝK�ª§��
DOF_PROJ_NONE!DOF_PROJ_DOT ½ DOF_PROJ_CROSS"order �½È©°Ý"
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FLOAT phgQuadFaceDofDotDof(SIMPLEX *e, int face, DOF *u, DOF_PROJ proj, DOF *v,
int order)

O��½¡þgdÝ u � v :¦�È©"proj �½ u �ÝK�ª§�� DOF_PROJ_NONE!
DOF_PROJ_DOT ½ DOF_PROJ_CROSS"order �½È©°Ý"

FLOAT phgQuadDofNormP(SIMPLEX *e, DOF *u, int order, int p)

O�
∫

e
|u|p§order �½È©°Ý"

FLOAT phgQuadGradBasAGradBas(SIMPLEX *e, DOF *u, int n, DOF *A, DOF *v, int m,
int order)

O�gdÝ u 1 n �Ä¼ê�FÝ¦±XêÝ
 A :¦gdÝ v �1 m �Ä¼ê�FÝfü
� e þ�È©"� A � NULL L«Ù�ü 
§d�T¼ê�Óu phgQuadGradBasDotGradBas"A

������§DofDim(A) 7L�u 1 (L«~ê¦±ü 
) ½ DofDim(u) * Dim (L«é�
¤½
DofDim(u) * Dim �²�£L«÷
¤§�ü«�¹ÿ��.ÿÁ"

FLOAT phgQuadBasABas(SIMPLEX *e, DOF *u, int n, DOF *A, DOF *v, int m, int order)

O�gdÝ u 1 n �Ä¼ê¦XêÝ
 A :¦gdÝ v �1 m �Ä¼ê3ü� e þ�È©"� A

� NULL L«Ù�ü Ý
§d�T¼ê�Óu¼ê phgQuadBasDotBas"A������§DofDim(A)

7L�u 1 (L«~ê¦±ü 
) ½ DofDim(u) (L«é�
¤½ DofDim(u) �²�£L«÷
¤§�
ü«�¹ÿ��.ÿÁ"

FLOAT phgQuadCurlBasACurlBas(SIMPLEX *e, DOF *u, int n, DOF *A, DOF *v,int m,
int order)

O�gdÝ u 1 n �Ä¼ê�^Ý�Ý
 A �¦È�gdÝ v �1 m �Ä¼ê�^Ý3ü� e

þ�È©"é A ��½9�ê��Ó¼ê phgQuadGradBasAGradBas"

FLOAT phgQuadDofAGradBas(SIMPLEX *e, DOF *u, DOF *A, DOF *v, int m, int order)

O�gdÝ u �FÝ�Ý
 A �¦È�gdÝ v �1 m �Ä¼ê�FÝ�SÈ3ü� e þ�È
©"é A ��½9�ê��Ó¼ê phgQuadBasABas§ùp�¦ DofDim(u) �u DofDim(v) * Dim"

A.15 �5){ì

8c��5){ì���´ÐÚ�§�âI�¬��UC!N�"

INT phgSolverMapD2L(SOLVER *solver, int dof_no, int index)

�£ solver �1 dof_no �gdÝé�¥�1 index �gdÝ3�5XÚ¥�ÛÜgdÝ?
Ò"

INT phgSolverMapE2L(SOLVER *solver, int dof_no, SIMPLEX *e, int index)

�£ solver ¥1 dof_no �gdÝé�3ü� e þ�1 index �gdÝ3�5XÚ¥�ÛÜg
dÝ?Ò"

int phgSolverInitialize(int *argc, char ***argv)

(SÜN^)
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int phgSolverFinalize(void)

(SÜN^)

SOLVER *phgSolverCreate(OEM_SOLVER *oem_solver, DOF *u, ...)

Mï){ìé�"oem_solver �½){ì§�� SOLVER_PETSC!SOLVER_SPC!SOLVER_SUPERLU!
SOLVER_HYPRE!SOLVER_LASPACK!SOLVER_PCG!SOLVER_GMRES!SOLVER_AMS ½ SOLVER_DEFAULT"�C
ëê (l u m©) �Ñ��þ�L§± NULL (å"�£Mï�){ìé���"

int phgSolverDestroy(SOLVER **solver)

�¤){ìé�§º�Ó^�]
"

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

ò value �\\��5�§|XêÝ
 A[row][col] þ§Ù¥ row Ú col �ÛÜgdÝ?Ò"

int phgSolverAddGlobalMatrixEntry(SOLVER *solver, INT row, INT col,
FLOAT value)

ò value �\\��5�§|XêÝ
 A[row][col] þ§Ù¥ row Ú col ��Û�þ?Ò"

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

ò values ¥� nrows× ncols �Xê�\\��5�§|XêÝ
¥§rows Ú cols ê|©O
�ÑXêÝ
�1Ú��ÛÜgdÝ?Ò"

int phgSolverAddGlobalMatrixEntries(SOLVER *solver, INT nrows, INT *rows, INT ncols,
INT *cols, FLOAT *values)

ò values ¥� nrows× ncols �Xê�\\��5�§|XêÝ
¥§rows Ú cols ê|©O
�ÑXêÝ
�1Ú���Û�þ?Ò"

int phgSolverAddRHSEntry(SOLVER *solver, INT index, FLOAT value)

ò value �\\��5�§|1 index �mà�§index �ÛÜgdÝ?Ò"

int phgSolverAddGlobalRHSEntry(SOLVER *solver, INT index, FLOAT value)

ò value �\\��5�§|1 index �mà�§index ��Û�þ?Ò"

int phgSolverAddRHSEntries(SOLVER *solver, INT n, INT *indices,
FLOAT *values)

ò values ¥� n ��\\��5�§|mà�§ê| indices �Ñù
mà��ÛÜgdÝ?
Ò"

int phgSolverAddGlobalRHSEntries(SOLVER *solver, INT n, INT *indices,
FLOAT *values)

ò values ¥� n ��\\��5�§|mà�§ê| indices �Ñù
mà���Û�þ?
Ò"
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int phgSolverAssemble(SOLVER *solver)

|C�5XÚ"̂ r§S�¤¤ké phgSolverAddMatrixEntry!phgSolverAddMatrixEntries!
phgSolverAddRHSEntry Ú phgSolverAddRHSEntries ¼ê�N^�§�±3¦)cN^T¼ê5�¤
�5XÚ�|C"T¼ê�N^´�À�µ7�� phgSolverSolve ¬gÄN^§5�¤�5XÚ�
|C"

int phgSolverDumpCSR(SOLVER *solver, const char *matrix_fn,
const char *rhs_fn)

ò�5XÚ�XêÝ
9mà�U1Ø DÕ�;�ª (CSR) ÑÑ��½©�"matrix_fn �
ÑXÚÝ
ÑÑ©�¶§matrix_fn �Ñmà�ÑÑ©�¶"matrix_fn ½ matrix_fn �±´���§
L«ØÑÑ�A©�"T¼ê8cØ|±©Ùª��5XÚ"

MAT *phgSolverGetMat(SOLVER *solver)

¼�){ì¥�XêÝ
"T¼ê�£ solver->mat§¿ò solver->mat �Ú^Oê\ 1"

SOLVER *phgSolverMat2Solver(OEM_SOLVER *oem_solver, MAT *mat)

Mï��± mat �XêÝ
�){ì§¿ò mat �Ú^Oê\ 1"

int phgSolverVecSolve(SOLVER *solver, BOOLEAN destroy, VEC *x)

¦)�5�§|§x �£�§|�)"T¼êÌ��Ù§�
¼êX phgSolverSolve �N^"

int phgSolverSolve(SOLVER *solver, BOOLEAN destroy, DOF *u, ...)

¦)�5�§|"�Cëê (l u m©) �Ñ��þ�L§± NULL (å§§�?\��¹Ð©)§
òÑ��¹�5XÚ�)"5¿��þ�L¥��êÚa.7L� phgSolverCreate ¥���"XJ
destroy == TRUE �{§K¦)�.�á=�¤XêÝ
Úmà�±º�S�"T¼ê�£�ªS�
gê (�£� ≤ 0 L«¦)¥u)�Ø)"

void phgSolverSetMaxIt(SOLVER *solver, INT user_maxit)

���½){ìé����S�gê"eN^T¼êKÏL·-1�����S�gêò��"

void phgSolverSetTol(SOLVER *solver, FLOAT user_tol)

���½){ìé��S�ª�z�"eN^T¼êKÏL·-1���S�ª�z�ò��"

void phgSolverSetPC(SOLVER *solver, SOLVER *pc_solver, PC_PROC pc_func)

��){ìé� solver �ý^�f"̂ r�±ÏLT¼ê�� PC_PROC pc_func ¢yE,�ý
^�f"� pc_func� NULL �§%@N^ phgSolverVecSolve(pc_solver, FALSE, *u) ¦) Mu = b,

¿ò u �£, Ù¥ M Ý
d pc_solver ½Â"
5µT¼ê���ý^�f8c=é PCG!GMRES ±9 PETSc ){ìk�§PCG Ú GMRES

%@¦^ jacobi ý^�f"

int phgJacobiSolver(MAT *A, VEC *b, VEC **x, int max_its, FLOAT rtol)

¦^ Jacobi �{§¦) Ax=b, ò(J��3 x ��� VEC é�£Té�I�3N^T¼ê�c
ÏL phgMapCreateVec Mï¤"¼ê�£��¢SS�gê"max_its �L��S�Úê§rtol L«
S�ª�z�"
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void phgSolverHypreAMSSetPoisson(SOLVER *solver, DOF *alpha, DOF *beta)

£I� HYPRE 2.0.0 ½±þ��|±¤½Â HYPRE AMS ý^�f¦^¥� Aα Ú Aβ Ý
"

void phgSolverHypreAMSSetConstantPoisson(SOLVER *solver, FLOAT alpha, FLOAT beta)

Ó phgSolverHypreAMSSetPoisson§̂ u α Ú β þ�~ê��/"

A.16 A��9A��þO�

A.16.1 ~þ

EIGEN_SMALLEST . O���� n �A��ÚA��þ
EIGEN_LARGEST . O���� n �A��ÚA��þ
EIGEN_CLOSEST . O���C tau � n �A��ÚA��þ

A.16.2 	ÜA��){ì

phgEigenSolverARPACK . PARPACK A��){ì
phgEigenSolverJDBSYM . JDBSYM A��){ì
phgEigenSolverBLOPEX . BLOPEX (LOBPCG) A��){ì
phgEigenSolverSLEPc . SLEPC A��){ì
phgEigenSolverTrilinos . Trilinos/Anasazi A��){ì

A.16.3 ��¼ê

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

O�2ÂA��¯K Ax = λBx � n �A��/A��þ"which �±� EIGEN_SMALLEST (��
A��)!EIGEN_LARGEST (��A��) Ú EIGEN_CLOSEST (��C tau �A��)"nit �£S�g
ê§�Cëê u, ...��| DOF é��ê|§ê|��êÚê|¥ DOF é��a.7L� A Ú B ¥
� DOF é���§z�ê|�¹ n � DOF é�§�£���A��þ"

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

O�2ÂA��¯K Ax = λBx � n �A��ÚA��þ"A��þÏL *evecs �£ (XJ?
\� *evecs == NULL§KT¼êògÄMï���þé�)"Ù{ëê� phgDofEigenSolve ¥�é
Aëê�Ó"

A.17 AÛþ�O��+n

void phgGeomInit(GRID *g)

Ð©zAÛêâ (SÜN^)"

FLOAT phgGeomGetVolume(GRID *g, SIMPLEX *e)

�£�½ü��NÈ"
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FLOAT phgGeomGetDiameter(GRID *g, SIMPLEX *e)

�£�½ü���»"

FLOAT *phgGeomGetJacobian(GRID *g, SIMPLEX *e)

�£�½ü��­%�I� Jacobian"

FLOAT phgGeomGetFaceArea(GRID *g, SIMPLEX *e, int face)

�£�½¡�¡È§face �¡�ü�S?Ò"

FLOAT phgGeomGetFaceDiameter(GRID *g, SIMPLEX *e, int face)

�£�½¡��»§face �¡�ü�S?Ò"

FLOAT *phgGeomGetFaceNormal(GRID *g, SIMPLEX *e, int face)

�£�½¡�ü {�þ§face �¡�ü�S?Ò"

FLOAT *phgGeomGetFaceOutNormal(GRID *g, SIMPLEX *e, int face)

�£�½¡�ü 	{�þ§face �¡�ü�S?Ò"

const FLOAT *phgGeomXYZ2Lambda(GRID *g, SIMPLEX *e, FLOAT x, FLOAT y, FLOAT z)

�£�½&k��I (x, y, z) 3ü� e ¥�­%�I"

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

�£ü� e ¥�½­%�I�&k��I"
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