
Takustraße 7
D-14195 Berlin-Dahlem

Germany
Konrad-Zuse-Zentrum
für Informationstechnik Berlin

ALEXANDER REINEFELD AND VOLKER LINDENSTRUTH1

How to Build a High-Performance
Compute Cluster for the Grid

�

�
Universität Heidelberg, Kirchhoff Institut für Physik�
Invited paper for the 2 �

�
Intl. Workshop on Metacomputing Systems and Applications (MSA’2001), Valencia, 2001.

ZIB-Report 01-11 (May 2001)





����� ��� �	��
�� � ��
������������������! �#"�$%�
& �� '��(�)� & ���*+�)�,�-�����.���/� 01�2
��

3547698;:=<;>;6�?A@%6�BC<;6EDF6E47>
G�H <;?I:J>LKNM�OQPI6RKSM�6�<UTV?WO;X	DZYO;?\[]<LD H ?IX^:=TVB H <;PNTV6�_Z`Q<;B7acbd6�?W47B7<

e!H 4CaJ6E?%fgBC<;>;6E<;PWTI?IOQTI`
h <;BCiJ6�?IPWBCTjY:=T5k56�BC>;6�4Clm6E?In;o G BC?I_Z`;` HJp []<;PNTVBCTIOQTqD9YO;?%r�`UsLPWB7a

t%u;vWwNxZy{z9w
|~}{�������W�S�I���5�9�!���9���R�N�����N�R���,�2�������������Z�����E���9���{���9�F�I�]���A�����R����}{�����R����}j�

�N�R�\�����5�9�=�9��������g�9����}{�\� ��¡/���9�������S���¢�N�R�����������R�¤£{�Z�¥�A�Z�2¡�¦¨§ª©«���N�����I�g���
�d�R���W�9���N¬���N����R�5��}��!�9®{�������F�q���d�N¯%�S���N�������%�j��������°W�!�S�E�d���j�����{�%�9�=£5£{�9���9�
�����E���R�R�����I���E�{���N�W��9�ª�R�W�R�R�¥�9��}{���W�9�����%£{����������®��j���I£��������I�N±ª¡m�{�����W�������R²{�¢���¥}
�N³J�E���ª���ª���J�N���+�E�,��}{�d£j�W�����E���9�¨´�����£,�q�9�=�9�R�W�\�N���+���9�µ�F¶~�9���%·¹¸��Z���R�R����£º²
´����R®{�=�N²L�S���R± »S²;¶}{�����\��}��%�S³��W�S����¼R�%�������N�E���9�����R���9��S�E�d���j�����{���{�j£j�I��}��R�
®J�N�W�½���9���R�W���q���N�R���W�S���I£A�{�½���d���Z¶�±¾|~}{���~���~��}{�)���j�S���~�R�Q�E�{�¶m�E����±

¿��g�{���W���N���¨�������R�\�N¶��R���)���R�¨�)}{���R}{�7�J�N�����R���q�9���N�~�N���=�F���N����}��Z�¨�W�9�q®J�
�����W£½�R��\���N�����9®{�����S�R�\�{�{�����{�\�{�j£j�����½��}{�2´�����£U±�¿����R�j�������{�)��}{�!�S���������N�
�R���¥}{�����I�]���{���E²~��}{�¤�q�9���R�R�N�\�W�E�5�9�2£j���F������®{�j���W£�£{�Z�¥���9�=£À��}{�����I�9�\���W���
�������N�E���9�����R�5�9� ��}{�!�S���������W�g�������¢��}{�2´�����£5�N�¼�����R���d�W���W±

Á�Â�ÃUÄ2Å xZÆLvEÇ ´�����£��S�R�\�{�{�����{��²J���I���E�{�¥�S���q�9���R�R�W�d�W���W²��S�����F���N���9�¥�¥}{�����W�S�
���{���E²{£j���F������®{�j���W£,£{�Z�¥�Z���������N������¼E���R�{�{�����W�Z�����E���N±



���������	�
���

 �����������������������  

! "$#&%('*),+-������)/.0)/����1 2

 34�-��5��6��)7�98;:<%=56��1>��)?�A@*����B��C��),�D���E��) F
G?HJI K$LDMONQPSRUTJVXWOY;L/ZX[�\ H]H^H_H^H^H^H_H]H^H_H^H^H^H_H]H^H_H^H^H_H^H]H^H `
G?Hba cdV,Re[>fhgiLDVSVS[�giRU\;j�VSZlk	fUL�ReL/giLDmJ\nH^H_H]H^H_H^H^H^H_H]H^H_H^H^H_H^H]H^H o
G?HbG pSj�PSmqRsr�LDmq[>fhj�VQgi[tH^H_H]H^H_H^H^H^H_H]H^H_H^H^H^H_H]H^H_H^H^H_H^H]H^H u

2 vw:Q��:SxQ)/.0)/���y�Q8�zl��1>���{�C|}�E��),�tz~:X��: ,�

� ������)?xQ��:X���6��xn%=56��1>��)?��1��6��������B�)0���������4��B�)&'*),1����E���D)0vw:Q��:Sx9)D�
.�)?���O�^���Q|}5�)?. ?!
�?HJI �s[�\eLDPSfhgi[]��j�VSj{W�[�MO[�V,R�j{RsRU�X[��
fhTJZ~�E[>��[�m]H^H_H]H^H_H^H^H_H^H]H^H�I�G
�?Hba �s[�\eLDPSfhgi[]j�VSZ7�?[>fh�?TJgi[^�
[�\Ugif�TqNSRUTqLDV�H^H_H^H^H^H_H]H^H_H^H^H_H^H]H^H�Ii�
�?HbG �-L/g>j�m-�s[�\ULDPXfhgi[]��j�VSj{W�[�MO[�V,R H_H]H^H_H^H^H^H_H]H^H_H^H^H_H^H]H^H�I��

F �-��.�.0:Q��� ,F

a



� � �
���������	����
h���

r���L]NQj{fhj�ZSTqWDM4\ j{fU[;gh�Qj�VXWDTJVXW^RU�S[�$j��	��[;ZSL]giLDMONQPXRUT VXW��}K m PS\eRe[>fh\ j�VSZ*�
fhTJZS\�H
� L�RU� �Qj���[���[>[�V���L�fhV���� RU�X[�VX[>[�Z��CL�fOj MOL�fU[*[�giLDVXLDMyTJg>j�m My[�j�VS\��CL�fO�STqWD���
N�[>f��CL�fhM4j�VSgi[�giLDMON9PXRUTJVXW��;K mJPQ\eRe[>fh\s[�MyNQmqL��lgiLD\UR�� [���[�giRUTq��[ygiLDM4MOL?ZQTqR �7giLDMyN�L!�
VX[�V RU\��CL�f��9PSTJmJZST VXWyN�L��$[>f"�6PSm giLDMONQPXRe[>f�\$#Ej�VSZ���fhTJZS\
NSfUL��?T ZX[yj~MO[�j�VS\%��L�f^RU�X[
��[>ReRe[>f [�&/NQmqLDTJRUj{RUTqLDV*L'�EgiLDMONQPXRUT VXW�fh[�\eLDPXfhgi[�\ RU�Sj{R j{fU[_TJV,Re[>fhgiLDVSVS[�giRe[�Z��?TJj(�;TJZS[
j{fU[�j4VX[>R)��L�f�*?\�mJT+*�[�RU�X[^c V Re[>f�VX[>R>H

� PQgh����L�f�*0�Sj�\���[>[�V�\eN�[�V,R]LDV�RU�X[�ZX[�\UTqWDV�j�VSZ�TJMONQmq[�My[�V RUj{RUTqLDV0L'�;MyTJZ��
ZSmq[$� j{fU[��L�f�giLDMONQPSRUj{RUTqLDVSj�m9�
f�TJZS\$#Dfh[�\UPSmqRUTJVSW�T Vy\eL'��R � j{fU[;NQj�g�*�j{W�[�\ mJT,*�[���mqL'�QPS\-#
K j�giRUPS\$#-�E[>WDTqLDV.#./&[$�Qp}mqL0��#EY�[>R��?LDmq��['#EY
TJV��1#�Y
TJMOfhL?Z2�d�	#�K$LDVQZXL�f3�d��#�j�VSZ�L�RU�2�
[>fh\>H�4
mJmERU�S[�\e[O\eL'�CR)�$j{fh[ONQj�g"*{j{W�[�\^�Sj���[5��[>[�V \UPQg>gi[�\U\3�6PSmJm+�~ZX[>NQmJL���[�Z&j�VSZ \eLDMO[
L'� RU�X[�M j{fU[�j�mqfU[�j�Z��lPS\U[�Z TJV7RU�X[�ZSj�TJm+�6�$L�f"*87 j{R�mJ[�j�\eR
T VlRU�X[�j�g>j�ZX[�MyTJg=giLDM	�
M�PSVQTqR ��H

9 VSgi[�RU�X[]TJZX[�jyL'���
fhTJZlgiLDMyNQPXRUTJVXW;: �0<�W�fUL0�;\=��[$��LDVSZ7RU�Sj{R;L'� j�V j�g>j�ZX[�MyTJg
[�&?N�[>fhTJMy[�V R$#SRU�S[]ZX[�Myj�VSZ6��L�f�giLDMyNQPXRUTJVXWyg��/g>mq[�\�Myj-�6���>�6j{fsLDPXReW�fhL��wRU�X[]\UPXN?�
NQm+��HscdR=�;T mJm�RU�X[�V@��[�VXL*mqLDVXW�[>fA�C[�j�\UT,�Qmq[^ReL*NSfUL��?TJZS[�giLDMONQPSRe[>f
g��/g>mq[�\
LDV giLD\URUm+�
\UPXN�[>fhgiLDMONQPSRe[>fh\�TJV�RU�X[4�
fhTJZ�H=�-L0��� giLD\eR]giLDMyMyL?ZSTJR � g>m PS\eRe[>fh\B�;T mJmC��[�giLDMO[yj�V
j{ReRefhj�giRUTq��[;j�mqRe[>f�VSj{RUTq��[D7�VXL�R�LDVSm+�E�CL�f �STqWD��� RU�XfULDPXWD�XN9PXREgiLDMONQPSRUTJVXW�#!�QPXR�j�mJ\eLA�CL�f
fhPSVSVST VXW�N9j{fhj�mJmq[�m��STqWD��� N�[>f��CL�fhM4j�VSgi[_j{NSNQmJTJg>j{RUTJLDVS\>H

/&[~NSfU[�\e[�V,ROj;�Cfhj�My[$��L�f"*��CL�fOj mqL0��� giLD\eR$#��QTqWD�2� N�[>f"��L�fhMyj�VSgi[*g>mJPS\eRe[>f�RU�Sj{R
g>j�VF��[�PQ\e[�Z&j�\_j�fU[�mJTJj!�9mq[=giLDMyNQPXRe[yVXL/ZX[OTJV�RU�X[4�
fhTJZ-H�rs�X[OTJMyN�[>RUPQ\G��L�f_RU�STJ\
��L�f"*Og>j�MO[=�CfULDM RU�X[HJI�NSfULLKe[�giRNM�O'PQO-R8SUTWV!#��;�X[>fU[��$[;j{fU[sgiLDmJm j!��L�f�j{RUTJVXW_LDVORU�X[
ZX[�\UTqWDV~L'� �
fhT Z2� j-� j{fU[]g>mJPQ\eRe[>fh\>H

� [�\UTJZX[�\X��[�TJVXW(�CL/g>PS\e[�Z*LDV�RU�X[_\e[�j�M4mq[�\U\ TJV,Re[>W�fhj{RUTqLDV�L'��g>mJPS\eRe[>fh\ TJV,ReLy�
fhTJZS\-#
LDPXf���L�f�*Aj�mJ\eL�giLDVSgi[�V,Refhj{Re[�\sLDV�RU�S[�M4j�VSj{W�[�MO[�V,R L'��mJj{fUW�[_ZSj{RUjO\U[>RU\$#XTJVSg>mJPSZQTJVXW
\UPSgh��TJMON�L�fURUj�V,R�ReL�NQTJg>\Ej�\Eg>j�gh�STJVSW�#�fU[>N9mJTJg>j{RUTqLDV.#�j�VSZ_\3�/VSgh�SfULDVST+Y�j{RUTqLDV��;TqRU�STJV
RU�X[
��LDPQVSZS\ L'��RU�S[
g>mJPQ\eRe[>f$j�VQZAj�mJ\UL�TJV4RU�X[EZ LDPSRU\UTJZX['[X�
fhTJZ4[�V �/TqfULDVSMy[�V R>H\/&[
RUj{fUW�[>R
j{R j�V�TJV,Re[>W�fhj{Re[�Z�ZX[�\UTJWDV4RU�Sj{R RUj!*�[�\X��L�RU�A[�V �/TqfULDVSMy[�V RU\$#XmqL/g>j�m�j�VSZ4WDmJL'�Qj�mW#/TJV ReL
j�g>giLDPSV R>H]/ TqRU��RU�X[]g>mJPQ\eRe[>f;j{fhg��STqRe[�giRUPXfU['#^��[^N9PXfh\UPX[
RU�XfU[>[�Myj0K L�f;W�LDj�mJ\$�

_a`+b!c P b PQO `edUbLf P b�gEb!c\h�i S f�j Tlk6���*NSfUL��/TJZST VXW=T MONSfUL���[�Z6��j�PSmJR$ReLDmJ[>fhj�VSgi[]j�VSZ
fU[�\hTJmJTq[�VSgi[�j�\;giLDMyNQj{fU[�Z~ReL4giLDV,��[�V,RUTqLDVSj�m � [>L0�;PSm+�}g>mJPS\URe[>fh\�: I$m'<Q#

_nj T+R j V i R'S i�i	b�g�f�d O ` Opo$T ` TqPqr���[>R �$[>[�V0I$m�s�j�VSZ0I$m't_VXL?ZS[�\$#
_au O-v8T u	w2u k i S g$b S u O hxdUi ��L�fyNQj{fhj�m mq[�m j{NSNQmJT g>j{RUTqLDVS\��y����[>ReRe[>f4[�&/NQmqLDTqRUT VXW
giLDMyMyL?ZSTJR ��TJV Re[>f�giLDVSVX[�giRU\>H

� PSTJmJZST VXWALDV0RU�X[4g>mJPQ\eRe[>f]j�\]j7giLDMONQPXRe[4VSL?ZX['#e��[4NSfU[�\e[�V,R]MyTJZQZSmq[$� j{fU[	�CL�f
RU�X[�NSfUL�N�[>f
T V Re[>W�fhj{RUTJLDV L'�	g>mJPS\eRe[>f�\
T V �
f�TJZ7[�V,�/TqfULDVSMO[�V,RU\>H�z�[>fU['#�RU�X[	��L?g>PS\�TJ\
LDVlRU�X[^\eN�[�g>T|{�g>j{RUTqLDV~j�VSZlMyj�VQj{W�[�MO[�V R�L'��ZQTJ\eRefhT+�9PXRe[�Z*fU[�\eLDPXfhgi[�\�H
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�-cUKXH#-4 rs�e4���#�K � ��#�j�VSZ^� z_K]���U#
�;�STJg�� j�mJm �Sj���[ATJV giLDM4MOLDV RU�Sj{R�jlmJj{fUW�[4V?PSM(��[>f^L'� NQj{fURUTJg>mq[�\_T \_Refhj�g"*�[�Z<j�VSZ
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RU�X[yZSj{RUjl\eRefh[�j�M L'�$ZQTqWDTqRUT+Y>[�Z ZSj{RUj���TJmJm�[�&/gi[>[�Z�\eLDMO[yr�[>fhj � �,Re[���\>HArs�STJ\�ZSj{RUj
\eRefU[�j�M T \OfU[�ZSPSgi[�Z �y�<j giLDMONQmJ[�&<�STJ[>fhj{fhgh�y�<L'�
ZQj{RUj0\e[�mq[�giRUTJLDV.#J{�mqRe[>fhTJVXW&j�VSZ
giLDMONSfU[�\U\hTqLDV \3�/\eRe[�My\AReL�j��C[$� k�[>RUj � �,Re[�\�N�[>f���[�j{f~j�VSZ [�&?N�[>fhTJMy[�V R>H rs�ST \
\eL!� g>j�mJmq[�Z������ VpO'PQO=TJ\;j{fhg��STq��[�Z7ReL4N�[>fhMyj�VX[�V,R;\eReL�f�j{W�[=j�VSZ ��PSfURU�X[>f;j�VSj�m,�yY>[�Z
\UP��Q\e[! ?PX[�V,RUm+��H

p}TqWXH	IO\U�XL0�;\^j�V&LDPSRUmJTJVX[=L'��RU�S[yfU[�\UPSmJRUTJVXW�ZSj{RUj�NQj{RU�S\%��L�f^RU�X[�4 r;� 4_� [�&y�
N�[>f�TJMO[�V,R�j�\_j�V�[�&/j�MyNQmq[�H^rs�X[�ZSj{RUj�TJ\
NSfUL/gi[�\U\e[�Z TJV �{j{fhTqLDPS\
\eRe[>NQ\
NSfUL/ZSPSg>T VXW
j���j{fhTJ[>R �*L'��ZSj{RUjO\e[>RU\�H	rs�STJ\�NSfUL/gi[�\U\UT VXW=T \$TJRe[>fhj{Re[�Z��;TqRU��j�V~TJVQgifU[�j�\UTJVXW=fhj{Re[^j�\
RU�X[�[�VSZ7L'��RU�X[�gh�Sj�TJV TJ\�fU[�j�g��X[�Z�H^rs�X[({Qfh\UR
\eRe[>N fU[�\U[�ME�QmJ[�\�RU�S[=g>j�mJT,�Sfhj{RUTqLDV L'�
RU�X[�[�&?N�[>fhTJMy[�V R�j�VSZ�fU[�giLDVS\eRef�PSgiRUTqLDV L'�	RU�S[�ZS[>Re[�giRe[�Z&NQj{fURUTJg>mJ[�\G��fULDM RU�X[OMO[�jL�
\UPXfU[�Z0L�f�\UTJM=PSmJj{Re[�Z0�=4e/ ZSj{RUj2# gifU[�j{RUTJVXW RU�X[#"%$ i�h P%& w2u	u O!SUr M�O'PQO'��"(&2M � H
rs�STJ\
\eRe[>N TJ\�giLDMONQPSRUj{RUTqLDVSj�mJm+�lT V Re[�VS\hTq��[Oj�\
TJR
fh[! ,PSTJfU[�\�M=PSmqRUT+� ZSTJMO[�VS\hTqLDVSj�m-TJM5�
j{W�[lNSfUL/gi[�\U\UTJVSWXH 4�\U\hPSMyTJVXW RU�X[l\eRe[�j�Z���giLDV RUT V,PSj{RUTJLDV<L'��� L,L�fU['[ \4mJj-� LDV<RU�X[
TJVSgifU[�j�\e[
L'�-NSfhL?gi[�\U\UL�f$\eN�[>[�Z.#?RU�X[
NSfUL/gi[�\U\UTJVSW]L'�-LDVX[�\UPSg����=4e/ [>��[�V RX�;T mJmXRUj!*�[
j!��LDPSR]G?Hb`l\e[�giLDVSZQ\_LDV0j��6j�\eR^giLDMON9PXRe[>f�TJV a!m'mD� �;�X[�V RU�X[A� z_Kw[�&?N�[>fhT MO[�V RU\
W�L=LDVQmJTJVX['#8���STJmq[sRU�S[
\UT M�PSm j{RUTqLDVOL'�-LDVX[�\UPSg��4[>��[�V,RsTJ\$G^ReLO�^RUT MO[�\ \UmqL��$[>f�H rs�S[
H$�/� TJ\��PXfhRU�X[>fsfU[�ZSPQgi[�ZlReL)� h O ` r f T f�* o,+ i�d P\M�O'PQO-�.� * M � #��;�STJg��lTJ\sPS\U[�Zlj�\�j
�Qj�\UTJ\=�CL�f
RU�X[=NQ�p�/\UTJg>\�j�VSj�m+�/\UTJ\>H c V7L�f�ZX[>f�ReL*j�mJmqL0� �6j�\eR�\e[�j{fhgh�S[�\G��L�f
NQj{fURUTJg>PSm j{f
\Ugi[�VSj{fhTqLD\-#�RU�X[>fU[yTJ\�j�\UMyj�mJm�RUj{Wl\UPQMyMyj{fhT+Y�T VXW4[�j�g�� [>��[�V,R>H=pXfhLDM RU�XLD\e[54 9 ��\
M i SUT.$ i V0/ j r f T d�f M�O'PQO1� M2/JM � TJ\�NSfUL/ZSPSgi[�Z-H r;�X[�\e[�ZSj{RUj&\e[>RU\Oj{fU[�NSfUL/gi[�\U\e[�Z
\e[>��[>fhj�m-RUT MO[�\sjyZSj��AN�[>f;PQ\e[>f��;TqRU�lZQT|��[>fh[�V R j�mqW�L�fhTJRU�SMy\>H

4�\hTJZX[6�CfhLDM RU�X[lZSj{RUj&�STJ[>fhj{fhgh�y�'# p�TJWXHsI~\U�XL���\�RU�X[~[�\eRUTJMyj{Re[�Z V,PSM(��[>fOL'�
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