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Numerical Libraries and 
the Grid: The GrADS 

Experiment

$QWRLQH�3HWLWHW��6XVDQ�%ODFNIRUG��-DFN�
'RQJDUUD��%UHWW�(OOLV��*UDKDP�)DJJ��
.HQQHWK�5RFKH��DQG�6DWKLVK 9DGKL\DU

ZLWK�ORWV�RI�KHOS�IURP�RXU�FROODERUDWRUV�

�5LFH��$1/��,6,��8&6%��8&6%��8+��8,8&�

GrADS  - T hree R esearch and 
T echnology T hrusts

� *U$'6 ² *ULG�$SSOLFDWLRQ�'HYHORSPHQW�6RIWZDUH
³ 16)�1H[W�*HQHUDWLRQ�6RIWZDUH��1*6��HIIRUW

� (IIRUW�ZLWKLQ�WKH�*U$'6�3URMHFW
³ *U$'6�3,V� %HUPDQ��&KLHQ��&RRSHU��'RQJDUUD��)RVWHU��*DQQRQ��-RKQVVRQ��

.HQQHG\��.HVVHOPDQ��0HOORU�&UXPPH\��5HHG��7RUF]RQ��:ROVNL

� *U$'6RIW
³ VRIWZDUH�LQIUDVWUXFWXUH�IRU�SURJUDPPLQJ�DQG�UXQQLQJ�RQ�WKH�*ULG
³ 5HFRQILJXUDEOH�REMHFW�SURJUDPV
³ 3HUIRUPDQFH�FRQWUDFWV
³ &RUH�*ULG�WHFKQRORJLHV

² *OREXV��1HW6ROYH��1:6��$XWRSLORW��$SS/H6��3RUWDOV��&DFWXV

� 0DFUR*ULG
³ 3HUVLVWHQW�PXOWL�LQVWLWXWLRQ�*ULG�WHVWEHG

� 0LFUR*ULG
³ 3RUWDEOH�*ULG�HPXODWRU
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� 8VLQJ�6FD/$3$&.�DQG�3(76F�RQ�WKH�*ULG������������������
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,Q�VRPH�VHQVH�6FD/$3$&.�QRW�DQ�LGHDO�DSSOLFDWLRQ�IRU�WKH�*ULG�
([SDQGHG�RXU�XQGHUVWDQG�KRZ�YDULRXV�*U$'6�FRPSRQHQW�ILW�
WRJHWKHU��
.H\�LV�PDQDJLQJ�G\QDPLVP�
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S caL APACK

� 6FD/$3$&.�LV�D�SRUWDEOH�GLVWULEXWHG���������������������
PHPRU\�QXPHULFDO�OLEUDU\�

� &RPSOHWH�QXPHULFDO�OLEUDU\�IRU�GHQVH�PDWUL[�
FRPSXWDWLRQV

� 'HVLJQHG�IRU�GLVWULEXWHG�SDUDOOHO�FRPSXWLQJ��033�	�
&OXVWHUV��XVLQJ�03,

� 2QH�RI�WKH�ILUVW�PDWK�VRIWZDUH�SDFNDJHV�WR�GR�WKLV
� 1XPHULFDO�VRIWZDUH�WKDW�ZLOO�ZRUN�RQ�D�KHWHURJHQHRXV�

SODWIRUP�
� )XQGLQJ�IURP�'2(��16)��DQG�'$53$
� ,Q�XVH�WRGD\�E\�,%0��+3�&RQYH[��)XMLWVX��1(&���6XQ��

6*,��&UD\��1$*��,06/��«
³ 7DLORU�SHUIRUPDQFH�	�SURYLGH�VXSSRUW

S caL APACK Grid E nabled

� ,PSOHPHQW�D�YHUVLRQ�RI�D�6FD/$3$&.�OLEUDU\�
URXWLQH�WKDW�UXQV�RQ�WKH�*ULG�
³0DNH�XVH�RI�UHVRXUFHV�DW�WKH�XVHU·V�GLVSRVDO
³ 3URYLGH�WKH�EHVW�WLPH�WR�VROXWLRQ
³ 3URFHHG�ZLWKRXW�WKH�XVHU·V�LQYROYHPHQW

� 0DNH�DV�IHZ�FKDQJHV�DV�SRVVLEOH�WR�WKH�
QXPHULFDO�VRIWZDUH�

� $VVXPSWLRQ�LV�WKDW�WKH�XVHU�LV�DOUHDG\�´*ULG�
HQDEOHGµ�DQG�UXQV�D�SURJUDP�WKDW�FRQWDFWV�WKH�
H[HFXWLRQ�HQYLURQPHQW�WR�GHWHUPLQH�ZKHUH�WKH�
H[HFXWLRQ�VKRXOG�WDNH�SODFH�
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T o Use S caL APACK a User Must:

� 'RZQORDG�WKH�SDFNDJH�DQG�DX[LOLDU\�SDFNDJHV��OLNH�3%/$6��
%/$6��%/$&6��	�03,��WR�WKH�PDFKLQHV�

� :ULWH�D�630'�SURJUDP�ZKLFK�
³ 6HWV�XS�WKH�ORJLFDO���'�SURFHVV�JULG
³ 3ODFHV�WKH�GDWD�RQ�WKH�ORJLFDO�SURFHVV�JULG
³ &DOOV�WKH�QXPHULFDO�OLEUDU\�URXWLQH�LQ�D�630'�IDVKLRQ
³ &ROOHFWV�WKH�VROXWLRQ�DIWHU�WKH�OLEUDU\�URXWLQH�ILQLVKHV

� 7KH�XVHU�PXVW�DOORFDWH�WKH�SURFHVVRUV�DQG�GHFLGH�WKH�QXPEHU�
RI�SURFHVVHV�WKH�DSSOLFDWLRQ�ZLOO�UXQ�RQ

� 7KH�XVHU�PXVW�VWDUW�WKH�DSSOLFDWLRQ������������
³ ´PSLUXQ ²QS 1 XVHUBDSSµ

² 1RWH��WKH�QXPEHU�RI�SURFHVVRUV�LV�IL[HG�E\�WKH�XVHU�EHIRUH�
WKH�UXQ��LI�SUREOHP�VL]H�FKDQJHV�G\QDPLFDOO\�«

� 8SRQ�FRPSOHWLRQ��UHWXUQ�WKH�SURFHVVRUV�WR�WKH�SRRO�RI�
UHVRXUFHV

GrADS  Numerical L ibrary

� :DQW�WR�UHOLHYH�WKH�XVHU�RI�VRPH�RI�WKH�WDVNV
� 0DNH�GHFLVLRQV�RQ�ZKLFK�PDFKLQHV�WR�XVH�EDVHG�RQ�

WKH�XVHU·V�SUREOHP�DQG�WKH�VWDWH�RI�WKH�V\VWHP
³'HWHUPLQDWH�PDFKLQHV�WKDW�FDQ�EH�XVHG
³2SWLPL]H�IRU�WKH�EHVW�WLPH�WR�VROXWLRQ
³'LVWULEXWH�WKH�GDWD�RQ�WKH�SURFHVVRUV�DQG�
FROOHFWLRQV�RI�UHVXOWV

³6WDUW�WKH�630'�OLEUDU\�URXWLQH�RQ�DOO�WKH�
SODWIRUPV

³&KHFN�WR�VHH�LI�WKH�FRPSXWDWLRQ�LV�SURFHHGLQJ�DV�
SODQQHG
² ,I�QRW�SHUKDSV�PLJUDWH�DSSOLFDWLRQ
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/LEUDU\
5RXWLQH8VHU

� +DV�´FUDIWHG�FRGHµ�WR�PDNH�WKLQJV�ZRUN�FRUUHFWO\�DQG�
WRJHWKHU�

$VVXPSWLRQV�
$XWRSLORW�0DQDJHU�KDV�EHHQ�VWDUWHG�
DQG�
*OREXV�LV�WKHUH�

GrADS  L ibrary S equence

R esource S elector

³8VHV�*OREXV·�0'6�DQG�5LFK�:ROVNL·V 1:6�WR�EXLOG�DQ�
DUUD\�RI�YDOXHV�IRU�WKH�PDFKLQHV�WKDW�DUH�DYDLODEOH�IRU�
WKH�XVHU�
² ��PDWULFHV��EZ�ODW����DUUD\V��FSX��PHPRU\�DYDLODEOH�
² 0DWUL[�LQIRUPDWLRQ�LV�FOLTXH�EDVHG

³2Q�UHWXUQ�IURP�56��&UDIWHG�&RGH�ILOWHUV�LQIRUPDWLRQ�WR�
XVH�RQO\�PDFKLQHV�WKDW�KDYH�WKH�QHFHVVDU\�VRIWZDUH�DQG�
DUH�UHDOO\�HOLJLEOH�WR�EH�XVHG�

/LEUDU\
5RXWLQH8VHU 5HVRXUFH

6HOHFWRU
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Arrays of Values Generated by R esource 
S elector

� &OLTXH�EDVHG
³���#�87��8&6'��8,8&

² 3DUW�RI�WKH�0DFUR*ULG
³)XOO�DW�WKH�FOXVWHU�OHYHO�DQG�
WKH�FRQQHFWLRQV��FOLTXH�OHDGHUV�

³%DQGZLGWK�DQG�/DWHQF\�
LQIRUPDWLRQ�ORRNV�OLNH�WKLV�

³/LQHDU�DUUD\V�IRU�&38�DQG�
0HPRU\

� 0DWUL[�RI�YDOXHV�DUH�ILOOHG�RXW�
WR�JHQHUDWH�D�FRPSOHWH��GHQVH��
PDWUL[�RI�YDOXHV�

� $W�WKLV�SRLQW�KDYH�D�ZRUNDEOH�
FRDUVH�JULG�
³.QRZ�ZKDW�LV�DYDLODEOH��WKH�
FRQQHFWLRQV��DQG�WKH�SRZHU�RI�
WKH�PDFKLQHV

x  x  x  x  x  x

x  x  x  x  x  x

x  x  x  x  x  x

x  x  x  x  x  x

x  x  x  x  x  x

x  x  x  x  x  x

xxx

x

x  x  x  x  x  

x  x  x  x  x  

x  x  x  x  x  

x  x  x  x  x  

x  x  x  x  x  

xx

xx 

x  x  x  x  

x  x  x  x  

x  x  x  x  

x  x  x  x  

x

xxx

x  x  x  x  x  x

x  x  x  x  x  x

x  x  x  x  x  x

x  x  x  x  x  x

x  x  x  x  x  x

x  x  x  x  x  x

S caL APACK Performance Model

³ 7RWDO�QXPEHU�RI�IORDWLQJ�SRLQW�RSHUDWLRQV�
SHU�SURFHVVRU

³ 7RWDO�QXPEHU�RI�GDWD�LWHPV�FRPPXQLFDWHG�
SHU�SURFHVVRU

³ 7RWDO�QXPEHU�RI�PHVVDJHV
³ 7LPH�SHU�IORDWLQJ�SRLQW�RSHUDWLRQ

³ 7LPH�SHU�GDWD�LWHP�FRPPXQLFDWHG

³ 7LPH�SHU�PHVVDJH
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/LEUDU\
5RXWLQH8VHU 5HVRXUFH

6HOHFWRU

3HUIRUPDQFH
0RGHO

� 3HUIRUPDQFH�0RGHO�XVHV�WKH�LQIRUPDWLRQ�
JHQHUDWHG�LQ�WKH�56�WR�GHFLGH�RQ�WKH�ILQH�
JULG�
³ 3LFN�D�PDFKLQH�WKDW�LV�FORVHVW�WR�HYHU\�RWKHU�

PDFKLQH�LQ�WKH�FROOHFWLRQ�

³ ,I�QRW�HQRXJK�PHPRU\��DGGV�PDFKLQHV�XQWLO�LW�FDQ�
VROYH�SUREOHP�

³ &RVW�PRGHO�LV�UXQ�RQ�WKLV�VHW�

³ 3URFHVV�DGGV�D�PDFKLQH�WR�JURXS�DQG�UHUXQV�FRVW�
PRGHO�

³ ,I�´EHWWHUµ��LWHUDWH�ODVW�VWHS��LI�QRW�VWRS�

Performance Model

R esource S elector/Performance Modeler
� 5HILQHV�WKH�FRXUVH�JULG�E\�

GHWHUPLQLQJ�WKH�SURFHVV�VHW�
WKDW�ZLOO�SURYLGH�WKH�EHVW�WLPH�
WR�VROXWLRQ�

� 7KLV�LV�EDVHG�RQ�G\QDPLF�
LQIRUPDWLRQ�IURP�WKH�JULG�DQG�
WKH�URXWLQHV�SHUIRUPDQFH�
PRGHO�

� 7KH�30�GRHV�D�VLPXODWLRQ�RI�
WKH�DFWXDO�DSSOLFDWLRQ�XVLQJ�WKH�
LQIRUPDWLRQ�IURP�WKH�56�
³ ,W�OLWHUDOO\�UXQV�WKH�SURJUDP�

ZLWKRXW�GRLQJ�WKH�FRPSXWDWLRQ�
RU�GDWD�PRYHPHQW�

� 7KHUH�LV�QR�EDFNWUDFNLQJ�LQ�WKH�
2SWLPL]HU�
³ 7KLV�LV�DQ�DUHD�IRU�

HQKDQFHPHQW�DQG�
H[SHULPHQWDWLRQ�

)LQH�JULG��7LPH�
HVWLPDWH��0RGHO�
2XWSXW

Performance
Model

Library writer to supply

Optimizer

3UREOHP�
3DUDPHWHUV��
&RDUVH�*ULG

MDS, NWS

Coarse Grid

7LPH�HVWLPDWH��
0RGHO�2XWSXW
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/LEUDU\
5RXWLQH8VHU 5HVRXUFH

6HOHFWRU

3HUIRUPDQFH
0RGHO

&RQWUDFW
'HYHORSPHQW

Contract Development

� &RQWUDFW�EHWZHHQ�WKH�
DSSOLFDWLRQ�DQG�WKH�*ULG�
6\VWHP

� &'�VKRXOG�YDOLGDWH�WKH�ILQH�
JULG�

� 6KRXOG�LWHUDWH�EHWZHHQ�WKH�
&'�DQG�30�SKDVHV�WR�JHW�D�
ZRUNDEOH�ILQH�JULG�

/LEUDU\
5RXWLQH8VHU 5HVRXUFH

6HOHFWRU

3HUIRUPDQFH
0RGHO

&RQWUDFW
'HYHORSPHQW

$SS
/DXQFKHU

´PSLUXQ ²PDFKLQHILOH ²JOREXVUVO ILQHBJULG�JULGBOLQHDUBVROYHµ

Application L auncher



Page 9

E xperimental Hardware / S oftware Grid

� *OREXV�YHUVLRQ������
� $XWRSLORW�YHUVLRQ����
� 1:6�YHUVLRQ�����SUH�
� 03,&+�*�YHUVLRQ������
� 6FD/$3$&.�YHUVLRQ����
� $7/$6�%/$6�YHUVLRQ������
� %/$&6�YHUVLRQ����
� 3$3,�YHUVLRQ������
� *U$'6·�´&UDIWHG�FRGHµ

TORC CYPHER OPUS

Type Cluster                    
8 Dual Pentium 
III 

Cluster 16 Dual 
Pentium III

Cluster                   
8 Pentium II

OS Red Hat Linux 
2.2.15 SMP

Debian Linux 
2.2.17 SMP

Red Hat Linux 
2.2.16

Memory 512 MB 512 MB 128 or 256 MB

CPU speed 550 MHz 500 MHz 265 – 448 MHz

Network Fast Ethernet 
(100 Mbit/s) 
(3Com 
3C905B) and 
switch 
(BayStack
350T) with 16 
ports

Gigabit 
Ethernet (SK-
9843) and 
switch 
(Foundry 
FastIron II) 
with 24 ports

Myrinet
(LANai 4.3) 
with 16 ports 
each

MacroGrid
Testbed

Independent components being 
put together and interacting

Performance Model Validation

Speed = 60% of the peak

Opus14 Opus13 Opus16 Opus15 Torc4 Torc6 Torc7
mem(MB) 215 214 227 215 233 479 479
speed 270 270 270 270 330 330 330
load 1 0.99 1 0.99 1 1.04 0.87

Bandwidth Opus14 Opus13 Opus16 Opus15 Torc4 Torc6 Torc7
Opus14 -1 248.83 247.31 246.38 2.83 2.83 2.83
Opus13 248.83 -1 244.54 240.94 2.83 2.83 2.83
Opus16 247.31 244.54 -1 247.54 2.83 2.83 2.83
Opus15 246.38 240.94 247.54 -1 2.83 2.83 2.83
Torc4 2.83 2.83 2.83 2.83 -1 81.96 56.47
Torc6 2.83 2.83 2.83 2.83 81.96 -1 50.9
Torc7 2.83 2.83 2.83 2.83 56.47 50.9 -1

Latency in msec

Latency Opus14 Opus13 Opus16 Opus15 Torc4 Torc6 Torc7
Opus14 -1 0.24 0.29 0.26 83.78 83.78 83.78
Opus13 0.24 -1 0.24 0.23 83.78 83.78 83.78
Opus16 0.29 0.24 -1 0.23 83.78 83.78 83.78
Opus15 0.26 0.23 0.23 -1 83.78 83.78 83.78
Torc4 83.78 83.78 83.78 83.78 -1 0.31 0.31
Torc6 83.78 83.78 83.78 83.78 0.31 -1 0.31
Torc7 83.78 83.78 83.78 83.78 0.31 0.31 -1

Bandwidth in Mb/s

This is for a refined grid
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N=600, NB=40,  

2 torc procs.
Ratio: 46.12

N=1500, NB=40,  

4 torc procs.
Ratio: 15.03

N=5000, NB=40,  

6 torc procs.
Ratio: 2.25

N=8000, NB=40,  

8 torc procs.
Ratio: 1.52

N=10,000, NB=40,  

8 torc procs.
Ratio: 1.29

Grid ScaLAPACK vs Non-Grid ScaLAPACK, 
Dedicated Torc machines
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8 OPUS, 6 CYPHER  

8 OPUS, 2 TORC, 6 CYPHER 

6 OPUS, 5 CYPHER 

2 OPUS, 4 TORC, 6 CYPHER 

8 OPUS, 4 TORC, 4 CYPHER 

OPUS OPUS, CYPHER OPUS, TORC, CYPHER
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L argest Problem S olved

� 0DWUL[�RI�VL]H�������
³����*%�IRU�WKH�GDWD
³���SURFHVVRUV�WR�FKRRVH�IURP�8,8&�DQG�87

² 1RW�DOO�PDFKLQHV�KDYH�����0%V��VRPH�OLWWOH�DV�����0%V
³30�FKRVH����PDFKLQHV�LQ���FOXVWHUV�IURP�87
³&RPSXWDWLRQ�WRRN����PLQXWHV

² ����*IORS�V�WRWDO
² ����0IORS�V�SHU�SURFHVVRU
² 6FD/$3$&.�RQ�D�FOXVWHU�RI����SURFHVVRUV�ZRXOG�JHW�DERXW�

����RI�SHDN
² 3URFHVVRUV�DUH�����0+]�RU�����0IORS�V�SHDN
² )RU�WKLV�JULG�FRPSXWDWLRQ�����OHVV�WKDQ�6FD/$3$&.�

Compiler analogy 

Contracts , Checkpointing, Migration

� :H�DUH�XVLQJ�8QLYHUVLW\�RI�,OOLQRLV·�$XWRSLORW�WR�PRQLWRU�WKH�
SURJUHVV�RI�WKH�H[HFXWLRQ��

� 7KH�DSSOLFDWLRQ·V�VRIWZDUH�KDV�WKH�DELOLW\�WR�SHUIRUP�D�
FKHFNSRLQW�DQG�FDQ�EH�UHVWDUWHG�
³:H�PDQXDOO\�LQVHUWHG�WKH�FKHFNSRLQWLQJ FRGH�

� ,I�WKH�DSSOLFDWLRQ�LV�QRW�SURJUHVVLQJ�DV�WKH�FRQWUDFW�VSHFLILHV�
ZH�ZDQW�WR�WDNH�VRPH�FRUUHFWLYH�DFWLRQ�
³*R�EDFN�DQG�ILJXUH�RXW�ZKHUH�WKH�DSSOLFDWLRQ�FDQ�EH�UXQ�´RSWLPDOO\µ�
³5HVWDUW�WKH�SURFHVV�IURP�WKH�ODVW�FKHFNSRLQW��SHUKDSV�UHDUUDQJLQJ�
WKH�GDWD�WR�ILW�WKH�QHZ�VHW�RI�SURFHVVRUV�
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General L ibrary Interface

� :H�KDYH�D�VWDUW�RQ�D�JHQHUDO�LQWHUIDFH�IRU�
QXPHULFDO�OLEUDULHV�
³,W·V�FDQ�EH�D�´VLPSOHµ�RSHUDWLRQ�WR�SOXJ�LQ�RWKHU�QXPHULFDO�
URXWLQHV�OLEUDULHV�

³'HYHORSLQJ�PLJUDWLRQ�PHFKDQLVPV�IRU�FRQWUDFW�YLRODWLRQV�

� 7RGD\�D�OLEUDU\�ZULWHU�QHHGV�WR�VXSSO\
³1XPHULFDO�5RXWLQH
³3HUIRUPDQFH�0RGHO

� 7KH�UHVW�RI�WKH�IUDPHZRUN�FDQ�UHPDLQ�WKH�VDPH�

/LEUDU\
5RXWLQH

8VHU 5HVRXUFH

6HOHFWRU

3HUIRUPDQFH
0RGHO

&RQWUDFW
'HYHORSPHQW

$SS
/DXQFKHU

Conclus ions

� ([SHULPHQWV�DUH�GULYLQJ�*U$'6�
GHYHORSPHQW
³+DQGFUDIWHG�GHYHORSHG�OHDGLQJ�WR�
DQ�DXWRPDWHG�GHVLJQ�

³ ([SRVHV�D�QXPEHU�RI�DUHDV�IRU�
LPSURYHPHQW

³ 9HU\�SRVLWLYH�IHHG�EDFN�WR�
FRPSRQHQW�GHYHORSHUV�ZLWK�HDFK�
H[SHULPHQW�

� *U$'6 ZLOO�DXWRPDWH�PXFK�RI�
WKH�GHFLVLRQV�LQ�WKH�*ULG�
HQYLURQPHQW�WR�SURYLGH�EHVW�WLPH�
WR�VROXWLRQ�
³ $GDSWLYLW\ WR�WKH�G\QDPLF�
HQYLURQPHQW��

³ $V�WKH�FRPSOH[LWLHV�RI�WKH�*ULG�
LQFUHDVH�QHHG�WR�GHYHORS�
VWUDWHJLHV�IRU�VHOI�DGDSWDELOLW\�

� 'HYHORSLQJ�D�EDVLF�LQIUDVWUXFWXUH�
IRU�FRPSXWDWLRQDO�VFLHQFH�
DSSOLFDWLRQV�DQG�VRIWZDUH�LQ�WKH�
*ULG�HQYLURQPHQW���
³ /DFN�RI�WRROV�LV�KDPSHULQJ�
GHYHORSPHQW�WRGD\�

:HE�SDJHV�

� KWWS���LFO�FV�XWN�HGX�JUDGV�

� KWWS���ZZZ�KLSHUVRIW�ULFH�HGX�JUDGV

� 7KDQNV�WR�RWKHU�*U$'6
UHVHDUFKHUV�


