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UBJO�BSDIJUFDUVSBM�EJWFSTJUZ�BOE�TPNF�
LJOE�PG�JOWFTUNFOU�BOE�JOTUBMMBUJPO��
UJNJOH�XIJDI�XBT�OPU�SFBMMZ�DPPSEJOBUFE���
#VU�XJUI�($4�XF�XFSF�BCMF�UP�TFU�VQ�
BO�JOTUBMMBUJPO�TDIFEVMF�BOE�BO�BSDIJ�
UFDUVSBM�WBSJFUZ�XIJDI�OPX�QFSGFDUMZ�GJUT�
UIF�OFFET�PG�PVS�VTFS�DPNNVOJUJFT��
8F�TFF�GVSUIFS�JNQSPWFNFOUT�JO�VTFS�
QSPKFDU�FWBMVBUJPO�VTFS�BDDFTT�USBJOJOH��
TFDVSJUZ�BOE�QVCMJD�SFMBUJPO�BDUJWJUJFT�
MJLF�JOTJEF�

*OJUJBUJWF�	%&$*
�DBMMT�XIJDI�QSPWJEF��
BDDFTT�UP�OBUJPOBM�)1$�SFTPVSDFT�	5JFS��
���
5IF�GJOBM�BSSBOHFNFOUT�GPS�*4$l���JO�
-FJQ[JH�XFSF�NBEF��5IJT�JODMVEFE�UIF�
13"$&�CPPUI�BU�UIF�FYIJCJUJPO�UIF�
k%BSF�UP�UIJOL�UIF�*NQPTTJCMFl�PVUSFBDI�
DBNQBJHO�UP�CF�MBVODIFE�BU�*4$l����
BOE�UIF�13"$&�4DJFOUJGJD�$POGFSFODF��
������"OPUIFS�NBKPS�FMFNFOU�PG�
13"$&��*1�JT�B�KPJOU�QSF�DPNNFSDJBM�
QSPDVSFNFOU�	1$1
�QJMPU�GPDVTJOH�PO��
XIPMF�TZTUFN�EFTJHO�GPS�FOFSHZ�
FGGJDJFOU�)1$��5IF�1$1�UFOEFS�XJMM�CF�
QVCMJTIFE�JO�0DUPCFS�BOE�UIF�NFFUJOH�
QSPWJEFE�B�HPPE�PQQPSUVOJUZ�UP�DPOUJOVF��
QSFQBSJOH�UIF�EPDVNFOUT�GPS�UIF��
SFMBUFE�GPDVTFE�&$�SFWJFX��

5IF�13"$&�QSPKFDUT�BSF�FTQFDJBMMZ�
HSBUFGVM�UP�1SPG��4UPZBO�.BSLPW�BOE�IJT��
UFBN�GSPN�PVS�#VMHBSJBO�QBSUOFS�
/$4"�UIF�/BUJPOBM�$FOUSF�GPS�4VQFS�
DPNQVUJOH�"QQMJDBUJPOT�GPS�PSHBOJ[JOH��
UIJT�WFSZ�QSPEVDUJWF�NFFUJOH�JO�B��
TFDMVEFE�IPUFM�PO�UIF�#MBDL�4FB�OFBS�
7BSOB��5IF�FYDFMMFOU�DPOGFSFODF��
GBDJMJUJFT�QSPWJEFE�B�TBUJTGZJOH�XPSLJOH�
FOWJSPONFOU�UIBU�DPOUSJCVUFE�HSFBUMZ�UP�
UIF�TVDDFTT�PG�UIJT�BMM�IBOET�NFFUJOH�

"�LFZ�FMFNFOU�UP�BDIJFWF�UIJT�JT�UIF�
GBDU�UIBU�+ÓMJDI�4VQFSDPNQVUJOH�$FOUSF�
JT�UIF�DPPSEJOBUPS�PG�BMM�UISFF�13"$&�
QSPKFDUT�

0O�.POEBZ�+VOF���IJHIMJHIUT�PG�
13"$&��*1�XFSF�QSFTFOUFE��5IJT�QSPWJEFE��
B�DPNQSFIFOTJWF�PWFSWJFX�PG�UIF��
SFTVMUT�BDIJFWFE�JO�UIF�GJSTU�QSPKFDUlT�
ZFBST�TFUUJOH�UIF�TUBHF�GPS�UIF�GPMMPX�PO��
QSPKFDUT�13"$&��*1�BOE�13"$&��*1��
5IF�NBKPSJUZ�PG�UIF�XPSL�XBT�DPNQMFUFE��
JO������BOE�BQQSPWFE�CZ�UIF�&VSPQFBO�
$PNNJTTJPO��6OUJM�UIF�FOE�PG�������
UIF�FWBMVBUJPO�PG�QSPUPUZQFT�GPS�NVMUJ�
QFUBTDBMF�UFDIOPMPHZ�BOE�UIF�QPSUJOH��
PG�BQQMJDBUJPOT�UP�UIF�FNFSHJOH�*OUFM�.*$��
UFDIOPMPHZ�XJMM�DPNQMFUF�UIF�XPSL���
1SPG��5IPNBT�-JQQFSU�DPPSEJOBUPS�PG�
UIF�QSPKFDU�TUSFTTFE�UIBU�UIF�QSPKFDU�
IBT�CFFO�BO�JOEJTQFOTBCMF�TUFQ�GPS�
UIF�JNQMFNFOUBUJPO�PG�UIF�13"$&�3F�
TFBSDI�*OGSBTUSVDUVSF��"NPOH�JUT�NBOZ�
BDIJFWFNFOUT�IF�IJHIMJHIUFE�JO�QBS�
UJDVMBS�UIF�JOJUJBUJPO�BOE�TVQQPSU�GPS�UIF�
VQEBUF�PG�UIF�4DJFOUJGJD�$BTF�GPS�)1$��
JO�&VSPQF�UIBU�TVQQPSUT�UIF�FGGPSUT�PG��
13"$&�3FTFBSDI�*OGSBTUSVDUVSF�UP�
NBJOUBJO�)1$�BT�B�IJHI�QSJPSJUZ�JUFN�PO�
UIF�QPMJUJDBM�BHFOEB�JO�&VSPQF�

5IF�SFNBJOJOH�UXP�EBZT�XFSF�EFEJDBUFE�
UP�JO�EFQUI�EJTDVTTJPOT�PG�UIF�GVUVSF�
XPSL�PG�UIF�13"$&��*1�BOE�13"$&��*1��
QSPKFDUT�XJUIJO�UIF�JOEJWJEVBM�XPSL�
QBDLBHF�BOE�CFUXFFO�SFMBUFE�XPSL�
QBDLBHFT��5IF�MBSHFTU�QBSU�PG�UIF�XPSL�
PG�13"$&��*1�XJMM�FOE�JO�"VHVTU��UIFSF�
GPSF�BO�JNQPSUBOU�UPQJD�XBT�UIF�IBOE��
PWFS�UP�13"$&��*1�PG�POHPJOH�BDUJWJUJFT�
TVDI�BT�BQQMJDBUJPO�FOBCMJOH�TVQQPSU�
PQFSBUJPO�PG�UIF�TJY�13"$&�"EWBODFE�
5SBJOJOH�$FOUSFT�	1"5$
�PQFSBUJPO�PG�
UIF�EJTUSJCVUFE�)1$�JOGSBTUSVDUVSF�BOE�
UIF�%JTUSJCVUFE�&VSPQFBO�$PNQVUJOH�

Interview with  
Prof. Dr.-Ing. Dr. h.c. Dr. h.c. 
Michael M. Resch
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NewsNews

8IJDI�DIBOHFT�TIPVME�XF�FYQFDU�GSPN�
ZPV 

5IFSF�DFSUBJOMZ�BSF�TPNF�BTQFDUT�
XIFSF�NZ�QFSTPOBM�CBDLHSPVOE�XJMM�MFBE�
UP�UIF�TFUUJOH�PG�OFX�PS�BEEJUJPOBM�QSJ�
PSJUJFT��*�IBWF�XPSLFE�XJUI�UIF�JOEVTUSZ�
GPS�NPSF�UIBO����ZFBST�SBUIFS�TVD�
DFTTGVMMZ�BOE�IBWF�JEFOUJGJFE�B�OVNCFS�
PG�GJFMET�JO�XIJDI�TVDI�BO�JOEVTUSJBM�
TDJFOUJGJD�DP�PQFSBUJPO�DBO�DSFBUF�B�XJO��
XJO�TJUVBUJPO��0WFS�UIF�MBTU�ZFBST�*��
GVSUIFSNPSF�IBWF�GPDVTTFE�PO�UIF�JOUF��
HSBUJPO�PG�)1$�JOUP�JOEVTUSJBM�BOE��
TDJFOUJGJD�XPSL�GMPXT�XJUI�BO�FZF�PO�
TPMVUJPOT�CPUI�GPS�TDJFOUJGJD�BOE�TPDJFUBM�
QSPCMFNT��5IFTF�UXP�BTQFDUT�XJMM�DFS�
UBJOMZ�CFDPNF�NPSF�JNQPSUBOU�JO�UIF�
GVUVSF��

8IBU�BSF�UIF�GVUVSF�DIBMMFOHFT 

5IF�CJHHFTU�GVUVSF�DIBMMFOHF�JT�UP�NBLF�
UIF�OFYU�CJH�TUFQ�GPSXBSE��5IF�NFNCFS�
DFOUSFT�PG�($4�BSF�QBSUJDJQBUJOH�JO�BO�
JOUFSOBUJPOBM�DPNQFUJUJPO�UIBU�SFRVJSFT�
DIBOHJOH�SBQJEMZ�BOE�BU�UIF�TBNF�UJNF�
LFFQJOH�UIF�FYDFMMFOU�TFSWJDFT�BOE�SF��
TFBSDI�BDUJWJUJFT�BU�B�WFSZ�IJHI�TUBOEBSE���
5IF�HFOFSBM�JOUFSOBUJPOBM�USFOE�PG�GP�
DVTTJOH�PO�TPMVUJPOT�SFRVJSFT�UIBU�($4�
BOE�JUT�DFOUSFT�BEBQU�BOE�JNQSPWF�
DPOTUBOUMZ��($4�IBT�CVJMU�BO�FDPTZTUFN�
UIBU�QSPWJEFT�FWFSZUIJOH�GSPN�TZTUFNT�
UP�TFSWJDFT�BOE�SFTFBSDI��5IJT�FDPTZT�
UFN�OFFET�DPOTUBOU�JNQSPWFNFOU�UP�
BEBQU�UP�UIF�SBQJEMZ�DIBOHJOH�)1$�MBOE�
TDBQF�CPUI�JO�UFSNT�PG�BSDIJUFDUVSFT�
BOE�VTFS�SFRVJSFNFOUT�BOE�JU�OFFET�
GVSUIFS�GVOEJOH�

($4�IPXFWFS�JT�BMTP�QBSU�PG�BO�FDPTZT��
UFN��*O�(FSNBOZ�UIJT�SFRVJSFT�B�CFUUFS�
DP�PQFSBUJPO�XJUI�UIF�(BVTT�"MMJBODF���
*�DPOTJEFS�UIF�"MMJBODF�UP�CF�POF�PG�UIF�
QBSUOFST�GPS�($4�BOE�UIF�LFZ�UP�B��
OBUJPOBMMZ�DPIFSFOU�)1$�MBOETDBQF�

-BTU�CVU�OPU�MFBTU�($4�JT�GBDFE�XJUI�
UIF�NBOZ�RVFTUJPOT�UIBU�BSJTF�GSPN�UIF�
13"$&�QSPKFDUT�BOE�JUT�BDUJWJUJFT�BT�
SFQSFTFOUFE�CZ�13"$&�"*4#-��5IF�GJSTU�
QIBTF�PG�13"$&�IBT�TFFO�B�TVCTUBOUJBM��
(FSNBO�DPOUSJCVUJPO�PG�����.JMMJPO�
&VSP�QSPWJEFE�PWFS�UIF�MBTU�ZFBST�UP�UIF�
&VSPQFBO�VTFS�DPNNVOJUZ��"�OVNCFS�
PG�&VSPQFBO�VTFST�IBWF�BDIJFWFE�TVC�
TUBOUJBM�CSFBLUISPVHIT�JO�UIFJS�SF��
TQFDUJWF�SFTFBSDI�GJFMET�NBLJOH�FYDFMMFOU��
VTF�PG�UIF�(FSNBO�TZTUFNT�+626&&/�
)FSNJU�BOE�4VQFS.6$��"OZ�DPOUJOVB�
UJPO�PG�13"$&�XJMM�IBWF�UP�IPOPVS�UIFTF�
DPOUSJCVUJPOT�BOE�XJMM�IBWF�UP�QSPWJEF��
B�TPMVUJPO�GPS�UIF�QSPCMFN�PG�GJOBODJBM�
BOE�PSHBOJ[BUJPOBM�TVTUBJOBCJMJUZ�GPS�B�
USVMZ�&VSPQFBO�TDJFOUJGJD�)1$�FDPTZTUFN�

8IBU�JT�ZPVS�WJFX�PG�13"$& 

&VSPQF�IBT�B�WBSJFUZ�PG�JOTUSVNFOUT�
UIBU�DPVME�IFMQ�DSFBUF�B�TVTUBJOBCMF��
JOGSBTUSVDUVSF��5IFTF�PQUJPOT�IBWF�UP��
CF�FYQMPSFE�PQFOMZ�BOE�OBUJPOBM�DPO��
USJCVUJPOT�IBWF�UP�CF�UBLFO�JOUP�DPOTJE��
FSBUJPO��"U�UIF�TBNF�UJNF�XF�IBWF�UP�
GJOE�PVU�XIBU�UIF�CFTU�SFTQPOTF�UP�UIF�
USVF�DIBMMFOHFT�PG�)1$�JT��"SDIJUFD�
UVSFT�DIBOHF�SBQJEMZ�JO�)1$��5IVT�B�
POF�PG�B�LJOE�QSPKFDU�DBO�FBTJMZ�UVSO�PVU�
UP�CF�SBUIFS�DPVOUFSQSPEVDUJWF��8F�
IBWF�TFFO�TVDI�DBTFT�XPSMEXJEF�PWFS�
UIF�MBTU�ZFBST��"�WBSJFUZ�PG�CPUI�BSDIJ��
UFDUVSFT�BOE�TVQQPSU�FYQFSUJTF�XJMM��
CF�BCTPMVUFMZ�OFDFTTBSZ�JO�UIF�DPNJOH�
EFDBEF��5IF�BCJMJUZ�PG�13"$&�UP�CSJOH��
UPHFUIFS�OBUJPOBM�QMBZFST�XJMM�CF�WJUBM�UP��
LFFQ�UIBU�WBSJFUZ�UISJWJOH��-PDBMJUZ�JT��
B�TFDPOE�JNQPSUBOU�JTTVF��8IJMF�NPTU�
FYQFSUT�BTTVNF�UIBU�m5IF�$MPVEn�JT�B��
TPMVUJPO�UP�UIF�)1$�QSPCMFN�CZ�QSPWJEJOH��
DZDMFT�BU�SFRVFTU�*�CFMJFWF�UIBU�m5IF�
$MPVEn�JT�OPU�B�TPMVUJPO�CVU�NFBOT��
SFHSFTT��"MSFBEZ����ZFBST�BHP�MFBEJOH��
)1$�DFOUSFT�XPSMEXJEF�VOEFSTUPPE�
UIBU�SBX�DZDMFT�BSF�POMZ�B�TNBMM�QBSU�PG��

UIF�TPMVUJPO�SFRVJSFE�CZ�UIF�VTFST��"�
CVOEMJOH�PG�DZDMFT�PQFSBUJPOBM�TVQQPSU�
TFSWJDFT�BOE�VTFS�TVQQPSU�XJMM�CF�WJUBM�
GPS�&VSPQF��

.BOZ�QFPQMF�TBZ�UIBU�UIF�64�BOE�
+BQBO�CFOFGJU�TVCTUBOUJBMMZ�GSPN�IBWJOH�
OBUJPOBM�)1$�JOEVTUSJFT��8PVME�TVDI��
B�&VSPQFBO�QMBZFS�CF�BO�PQUJPO�UP�IFMQ�
&VSPQFBO�TDJFODF 

*U�JT�PCWJPVT�UIBU�JO�UFSNT�PG�GVOEJOH��
OBUJPOBM�DFOUSFT�DBO�FBTJMZ�EFWJTF�BO�FY��
DFMMFOU�TUSBUFHZ�UP�HFU�OBUJPOBM�GVOEJOH�
JG�UIFZ�DBO�HFU�UIF�TVQQPSU�PG�B�OBUJPOBM�
JOEVTUSJBM�QBSUOFS��5IF�IVHF�CVEHFUT��
PG�UIF�+BQBOFTF�,�$PNQVUFS�BOE�PG�
TFWFSBM�"NFSJDBO�DFOUSFT�TQFBL�GPS�
UIFNTFMWFT��0ODF�HPWFSONFOUT�MPPL�BU�
)1$�GSPN�B�QVSFMZ�FDPOPNJD�QPJOU�PG�
WJFX�BOE�UBLF�B�QSPUFDUJPOJTU�WJFX�GPS�
OBUJPOBM�JOEVTUSJFT�)1$�DFOUSFT�DBO�
DSFBUF�B�TUSPOH�QPMJUJDBM�CBDLJOH��)PX��
FWFS�UIJT�DPJO�BMTP�IBT�B�GMJQ�TJEF���
3FEVDJOH�)1$�UP�B�OBUJPOBM�FDPOPNJD�
QSPCMFN�QVUT�TDJFODF�JO�UIF�TFDPOE�
QMBDF��-JNJUJOH�QSPDVSFNFOUT�UP�POMZ�
OBUJPOBM�QMBZFST�NBZ�GVSUIFSNPSF�
SFBUF�B�WFOEPS�NBSLFU�XIJDI�QVUT��
DFOUSFT�BU�B�EJTBEWBOUBHF�XIFO�OFHPUJ�
BUJOH�UIF�CFTU�EFBM�GPS�UIF�UBY�QBZFSlT�
NPOFZ��(JWFO�UIF�DVSSFOU�NBSLFU��
TJUVBUJPO�*�QFSTPOBMMZ�CFMJFWF�UIBU�UIF�
PQFO�BOE�DPNQFUJUJWF�)1$�NBSLFU��
UIBU�EJTUJOHVJTIFT�&VSPQF�CPUI�GSPN�UIF��
64�BOE�+BQBO�JT�BO�BTTFU�XIJDI�TDJFOUJGJD��
)1$�DFOUSFT�TIPVME�GVSUIFS�TUSJWF�UP�
LFFQ�

8IFSF�EP�ZPV�XBOU�UP�CF�JO�UXP�ZFBST�
GSPN�OPX�XIFO�ZPVS�UFSN�BT�B�DIBJS�
NBO�PG�($4�XJMM�FOE 

(JWFO�UIF�DVSSFOU�TJUVBUJPO�*�FYQFDU�
UIBU�($4�XJMM�IBWF�TFDVSFE�JUT�GVOEJOH��
GPS�UIF�DPNJOH�����ZFBST��5IJT�JT��
DFSUBJOMZ�UIF�NPTU�DIBMMFOHJOH�JTTVF�

BOE�XF�BSF�PO�B�WFSZ�HPPE�QBUI�GPSXBSE���
'VSUIFSNPSF�UIF�QSPCMFNT�PG�13"$&�
XJMM�IBWF�UP�CF�TPMWFE�BT�UIF�PGGJDJBM�BHSFF��
NFOUT�PO�13"$&�XJMM�FOE�JO��������
'JOBMMZ�*�IPQF�UIBU�($4�BOE�JUT�NFNCFS�
DFOUSFT�XJMM�IBWF�NBEF�UXP�TUFQT��
GPSXBSE�CZ�QSPWJEJOH�UIF�SJHIU�TPMVUJPOT�
UP�UBDLMF�UIF�QSFTTJOH�QSPCMFNT�PG�TDJ�
FODF�JOEVTUSZ�BOE�TPDJFUZ�

1SPG��3FTDI�UIBOL�ZPV�GPS�UIF�JOUFSWJFX���
5IF�JOUFSWJFX�XBT�DPOEVDUFE�CZ�UIF�
JOTJEF�UFBN�

Prof. Michael M. Resch is the 
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of GCS since May 2013. He was a 
cofounder of GCS. Prof. Resch is 
currently the director of the High 
Performance Computing Center 
Stuttgart (HLRS), the director of the 
Information Service Center (IZUS)  
of the University of Stuttgart and 
the director of the Institute for 
High Performance Computing (IHR) 
of the University of Stuttgart. 
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4UBS�GPSNBUJPO�UBLFT�QMBDF�JO�UIF�EFOTFTU��
BOE�DPMEFTU�HBT�JO�B�TUBS�GPSNJOH�
HBMBYZ�JO�TP�DBMMFE�NPMFDVMBS�DMPVET�
	.$T
��.$T�EP�OPU�FWPMWF�JO�JTPMBUJPO��
5IFZ�BSF�IJHIMZ�EZOBNJDBM�PCKFDUT�XIJDI��
BSF�CPSO�GFE�IFBUFE�BOE�TUJSSFE�GSPN�
UIFJS�UVSCVMFOU�FOWJSPONFOU�JOUP�XIJDI�
UIFZ�FWFOUVBMMZ�EJTTPMWF��5IFZ�GPSN�JO�
SFHJPOT�XIFSF�UIF�IPU�PS�XBSN�JPOJ[FE��
BOE�BUPNJD�JOUFSTUFMMBS�NFEJVN�	*4.
�
DPOEFOTFT�JOUP�DPME�	5�����,
�NP�
MFDVMBS�HBT��0GUFO�DPODFOUSBUFE�UP�UIF�
NJEQMBOF�PG�HBMBDUJD�EJTLT�UIJT�QSPDFTT�
JOWPMWFT�NFUBMMJDJUZ�EFQFOEFOU�OPO��
FRVJMJCSJVN�DIFNJTUSZ�BOE�NPMFDVMF�GPS�
NBUJPO�IFBUJOH�BOE�DPPMJOH�UVSCVMFODF��
TFMG�HSBWJUZ�BOE�NBHOFUJD�GJFMET��0ODF�
GPSNFE�.$T�GVSUIFS�DPMMBQTF�UP�GPSN�
TUBST�BOE�TUBS�DMVTUFST��

0CTFSWBUJPOT�JO�UIF�.JMLZ�8BZ�BOE�
OFBSCZ�HBMBYJFT�TIPX�UIBU�JOEJWJEVBM�.$T��
DPOWFSU�POMZ�B�GFX�QFSDFOU�PG�UIFJS�
NBTT�JOUP�TUBST�<�>��-FTT�UIBO����PG�
BMM�OFX�CPSO�TUBST�BSF�NPSF�NBTTJWF�
UIBO���TPMBS�NBTTFT�CVU�UIFTF�BSF�
QBSUJDVMBSMZ�JNQPSUBOU�GPS�HBMBYZ�GPSNBUJPO�
�BOE�FWPMVUJPO��5IF�MJGF�BOE�EFBUI�PG�

NBTTJWF�TUBST�EJGGFS�JOUSJHVJOHMZ�GSPN�
UIPTF�PG�UIFJS�MPX�NBTT�DPVOUFSQBSUT��
4VDI�TUBST�BGGFDU�UIFJS�FOWJSPONFOU�
ESBNBUJDBMMZ�UISPVHI�UIFJS�TUSPOH�67�
SBEJBUJPO�UIFJS�FOFSHFUJD�TUFMMBS�XJOE�
BOE�UIFJS�GJOBM�FYQMPTJPO�BT�TVQFSOPWBF��
5IFTF�lGFFECBDLl�QSPDFTTFT�HFOFSBUF�
UVSCVMFODF�JO�UIF�QBSFOUBM�NPMFDVMBS�
DMPVE�EJTTPDJBUF�JPOJ[F�BOE�FWFOUVBMMZ��
EFTUSPZ�UIFN�GSPN�XJUIJO�UIFSFCZ�
RVFODIJOH�GVSUIFS�TUBS�GPSNBUJPO��4UFMMBS��
GFFECBDL�JT�UIVT�UIPVHIU�UP�SFHVMBUF�
UIF�TUBS�GPSNBUJPO�FGGJDJFODZ�JO�NPMFDVMBS��
DMPVET�MFBEJOH�UP�B�TFMG�SFHVMBUJPO�PG�
TUBS�GPSNBUJPO�PO�HBMBDUJD�TDBMFT�	TFF�<�>��
BOE�SFGFSFODFT�UIFSFJO
��

"U�UIF�TBNF�UJNF�GFFECBDL�GSPN�NBT�
TJWF�TUBST�DBO�ESJWF�QPXFSGVM�HBMBDUJD�
PVUGMPXT�SFNPWJOH�HBT�GSPN�UIF�IPTU�
HBMBYZ��*O�UIJT�XBZ�TUBS�GPSNBUJPO�NBZ�
DPOUSPM�UIF�HBMBDUJD�HBT�SFTFSWPJS�BWBJM�
BCMF�GPS�TUBS�GPSNBUJPO�BOE�SFHVMBUF�
HBMBYZ�GPSNBUJPO�PO�DPTNJD�TDBMFT��*O�
TVQQPSU�PG�UIJT�JEFB�IJHI�TUBS�GPSNBUJPO��
SBUFT�MJOLFE�UP�QPXFSGVM�HBMBDUJD�PVU�
GMPXT�XFSF�SFDFOUMZ�PCTFSWFE�GPS�HBT�SJDI��
TUBS�GPSNJOH�EJTL�HBMBYJFT�BU�UIF�QFBL�
PG�DPTNJD�TUBS�GPSNBUJPO�BU�[�����<��>��
(BMBDUJD�XJOET�NBZ�BMTP�CF�PG�QBSUJDVMBS�
JNQPSUBODF�GPS�ESJWJOH�UIF�(BMBDUJD�
GPVOUBJO�<��>�BOE�SFNPWJOH�HBT�GSPN�
EXBSG�HBMBYJFT�XIJDI�UPEBZ�IBWF�B�
MPXFS�UIBO�BWFSBHF�SBUJP�PG�CBSZPOT�UP�
EBSL�NBUUFS�<��>�

6OEFSTUBOEJOH�IPX�GFFECBDL�FGGFDUT�
QSPQBHBUF�GSPN�UIF�NJMMJ�QBSTFD�TDBMFT��
DIBSBDUFSJ[JOH�UIF�TJUFT�PG�NBTTJWF�TUBS�
GPSNBUJPO�UP�UIF�LJMP�QBSTFD�TDBMFT�PG��
NPMFDVMBS�DMPVE�DPNQMFYFT�BOE�HBMBDUJD�

XJOET�JT�B�QIZTJDBM�BOE�OVNFSJDBM�DIBM�
MFOHF��*O�UIF�GSBNFXPSL�PG�UIF�(BVTT�
5JFS���QSPKFDU�m4*-$$n�XF�NPEFM�SFQSF�
TFOUBUJWF�SFHJPOT�PG�EJTL�HBMBYJFT�VTJOH�
BEBQUJWF�UISFF�EJNFOTJPOBM�TJNVMBUJPOT�
BU�VOQSFDFEFOUFE�SFTPMVUJPO�BOE�XJUI�
UIF�OFDFTTBSZ�QIZTJDBM�DPNQMFYJUZ�UP��
GPMMPX�UIF�GVMM�MJGF�DZDMF�PG�NPMFDVMBS�
DMPVET��5IFTF�TJNVMBUJPOT�JODMVEF�TFMG�
HSBWJUZ�NBHOFUJD�GJFMET�IFBUJOH�BOE�
DPPMJOH�BU�EJGGFSFOU�HBT�NFUBMMJDJUJFT��
NPMFDVMF�GPSNBUJPO�BOE�EJTTPDJBUJPO�
BOE�TUFMMBS�GFFECBDL�JO�GPSN�PG�TUFMMBS��
XJOET�BOE�TVQFSOPWBF��5IF�TJNVMBUJPOT�
VTF�OPWFM�NBTTJWFMZ�QBSBMMFM�UFDI�
OJRVFT�BOE�BSF�DPNQVUBUJPOBMMZ�WFSZ�
EFNBOEJOH��5IFZ�BSF�POMZ�GFBTJCMF�PO�B�
QFUB�TDBMF�TVQFSDPNQVUFS�MJLF�4VQFS�
.6$�BU�UIF�-FJCOJ[�4VQFSDPNQVUJOH�
$FOUSF�	-3;
�JO�(BSDIJOH�OFBS�.VOJDI��

5IF�VMUJNBUF�HPBM�PG�UIF�4*-$$�QSPKFDU�
JT�UP�QSPWJEF�B�TFMG�DPOTJTUFOU�BOTXFS��
BT�UP�IPX�TUFMMBS�GFFECBDL�SFHVMBUFT�
UIF�TUBS�GPSNBUJPO�FGGJDJFODZ�PG�B�HBMBYZ��
IPX�NPMFDVMBS�DMPVET�BSF�GPSNFE�BOE�
EFTUSPZFE�IPX�HBMBDUJD�PVUGMPXT�BSF��
ESJWFO�BOE�XIBU�QBSBNFUFST�UIFJS�
NBTT�MPBEJOH�EFQFOET�VQPO��)FSF�XF�
EJTDVTT�GJSTU�SFTVMUT�TIPXJOH�UIBU�UIF�
GSBDUJPO�PG�HBT�XIJDI�JT�JO�NPMFDVMBS�
GPSN�JT�TUFBEJMZ�JODSFBTJOH�XJUI�UIF�
UPUBM�HBT�TVSGBDF�EFOTJUZ�σHBT�PG�UIF�
EJTL�

Numerical Method 
5IF�TJNVMBUJPOT�BSF�CFJOH�DBSSJFE�PVU�
XJUI�UIF�NBTTJWFMZ�QBSBMMFM�&VMFSJBO�
BEBQUJWF�NFTI�SFGJOFNFOU�DPEF�'-"4)�
������<�>��'-"4)�JT�IJHIMZ�NPEVMBS�BOE�
JODMVEFT�NBOZ�QIZTJDT�VOJUT�MJLF�.)%�
BO�FYUFSOBM�HSBWJUBUJPOBM�QPUFOUJBM�
PS�SFDFOUMZ�BMTP�B�#BSOFT���)VU�USFF�
NFUIPE�GPS�TFMG�HSBWJUZ�JO�UIF�TUBOEBSE�
SFMFBTF��)PXFWFS�NVDI�NPSF�QIZTJDT�
JT�SFRVJSFE�JO�PSEFS�UP�DBSSZ�PVU�UIF�

QSPQPTFE�TJNVMBUJPOT��*O�QSFQBSBUJPO�
GPS�UIJT�QSPKFDU�XF�BEEFE�OFX�QIZTJDT�
NPEVMFT�XIJDI�BSF�OPU�QSFTFOU�JO�UIF�
TUBOEBSE�SFMFBTF��

*O�QBSUJDVMBS�XF�JNQMFNFOUFE�B�DIFNJ�
DBM�OFUXPSL�UIBU�BMMPXT�VT�UP�GPMMPX�BMM�
UISFF�QIBTFT�JO�UIF�*4.�BOE�XIJDI�
JODMVEFT�OPO�FRVJMJCSJVN�JPOJ[BUJPO�FG�
GFDUT�BT�XFMM�BT�)2�BOE�$0�GPSNBUJPO�
<�>��"MTP�SBEJBUJWF�IFBUJOH�BOE�DPPM�
JOH�BSF�DPNQVUFE�CZ�UIJT�NPEVMF��5IF�
IFBUJOH�BOE�DPPMJOH�UFSNT�BOE�BMTP�
UIF�DIFNJDBM�TPVSDF�BOE�TJOL�UFSNT�
BSF�PQFSBUPS�TQMJU�GSPN�UIF�BEWFDUJPO�
BOE�QE7�XPSL�UFSNT�BOE�BSF�TPMWFE�
JNQMJDJUMZ�VTJOH�UIF�%70%&�TPMWFS�<�>��
*O�DBTFT�XIFSF�UIF�DIFNJDBM�PS�DPPMJOH�
UJNFTUFQT�BSF�NVDI�TIPSUFS�UIBO�UIF�
IZESPEZOBNJD�UJNFTUFQ�TVC�DZDMJOH�JT�
VTFE�UP�USFBU�UIF�DPPMJOH�BOE�DIFNJT�
USZ�UIFSFCZ�BWPJEJOH�UIF�OFFE�UP�DPO�
TUSBJO�UIF�HMPCBM�UJNFTUFQ��$IFNJDBM�
BCVOEBODFT�BSF�SFQSFTFOUFE�BT�USBDFS�
GJFMET�BOE�BSF�BEWFDUFE�VTJOH�UIF�TUBO�
EBSE�'-"4)�JOGSBTUSVDUVSF�GPS�TVDI�
GJFMET�

*O�PSEFS�UP�USFBU�UIF�GPSNBUJPO�PG�NPMF�
DVMFT�XIJDI�JT�FTTFOUJBM�GPS�DPNQBSJOH�
UIF�TJNVMBUJPOT�XJUI�PCTFSWBUJPOT�XF�
JNQMFNFOUFE�5SFF$PM�<�>�UP�DPNQVUF�
TIJFMEJOH�BOE�TFMG�TIJFMEJOH�PG�)2�BOE�$0��
BT�XFMM�BT�UIF�EVTU�BUUFOVBUJPO�BOE�
EVTU�UFNQFSBUVSF��5SFF$PM�JT�B�DPTU�
FGGJDJFOU�XBZ�UP�USFBU�EJGGVTF�SBEJBUJPO��
'SPN�FWFSZ�DFMM�XJUIJO�UIF�DPNQVUBUJPOBM��
EPNBJO�B�TFU�PG�SBZT�JT�DBTUFE�BMPOH�
XIJDI�UIF�F�H��DPMVNO�EFOTJUJFT�BSF�DPN��
QVUFE�EVSJOH�UIF�TFMG�HSBWJUZ�USFF�XBML��
5IF�SBZ�DBTUJOH�BMHPSJUIN�JT�CBTFE��
PO�)FBM1JY�<�>�BO�FRVBM�TVSGBDF�BSFB�
QJYJMBUJPO�PG�UIF�TQIFSF��5IFSFGPSF��
UIF�NJOJNVN�OVNCFS�PG�SBZT�JT����BOE�
XF�UZQJDBMMZ�VTF����SBZT�

Simulating the Life Cycle 
of molecular Clouds



ApplicationsApplications

�� ��"VUVNO�������o��7PM������/P�����o��JO4J%& "VUVNO�������o��7PM������/P�����o��JO4J%&

'JHVSF����1SPKFDUJPOT�BOE�TMJDFT�UISPVHI�UIF�Z���QMBOF�BU�U����.ZS��'SPN�UPQ�MFGU�UP�CPUUPN�SJHIU�UIF�
QBOFMT�TIPX�	B
�UIF�UPUBM�DPMVNO�EFOTJUZ�	C
�B�EFOTJUZ�TMJDF�	D
�B�UFNQFSBUVSF�TMJDF�	E
�B�EVTU�UFNQFSB�
UVSF�TMJDF�BOE�UIF�DPMVNO�EFOTJUZ�PG�	F
�BUPNJD�IZESPHFO�	)*
�	G
�JPOJ[FE�IZESPHFO�	)**
�	H
�NPMFDVMBS�
IZESPHFO�	)2
�BOE�	I
�$0�

'VSUIFSNPSF�XF�JNQMFNFOUFE�4VQFS�
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HJWFO�4VQFSOPWB�SBUF�BT�VTFE�JO�UIF�
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4VQFSOPWB�JOKFDUT������FSH�BOE�B�GFX��
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XIJDI�XF�BEE�JO�GPSN�PG�JOUFSOBM�FOFSHZ��
BOE�BEEJUJPOBM�NBTT�UP�DFMMT�DMPTF�UP�
UIF�FYQMPTJPO�DFOUFS�J�F��XJUIJO�UIF��
JOKFDUJPO�SFHJPO��#FGPSF�UIF�FYQMPTJPO�
UIF�JOKFDUJPO�SFHJPO�JT�BMXBZT�SFGJOFE�
UP�UIF�GJOFTU�".3�MFWFM�JO�PSEFS�UP�
MJNJU�HSJE�FGGFDUT�BOE�PWFS�DPPMJOH��8F�
GPSDF�B�NJOJNVN�OVNCFS�PG���DFMMT�QFS�
SBEJVT�PG�UIF�JOKFDUJPO�SFHJPO�CVU�UIF�
SBEJVT�NBZ�CF�MBSHFS�JG�UIF�NBTT�XJUIJO�
UIF�JOKFDUJPO�SFHJPO�JT�TNBMM�	)����.TVO
��
8JUI�UIFTF�QBSBNFUFST�UIF�UFN��
QFSBUVSF�XJUIJO�UIF�JOKFDUJPO�SFHJPO�JT�
UZQJDBMMZ�SBJTFE�UP�_����,�BOE�UIFSFGPSF��
UIF�IZESPEZOBNJD�UJNFTUFQ�JT�SFDPN�
QVUFE�BOE�MJNJUFE�BDDPSEJOHMZ��4UFMMBS�
XJOET�BSF�JNQMFNFOUFE�JO�B�TJNJMBS�XBZ�

-BTU�CVU�OPU�MFBTU�XF�VTF�TJOL�QBSUJDMFT��
XJUI�BO�BEFRVBUF�TVC�HSJE�NPEFM�UP�
EFTDSJCF�TUBS�DMVTUFST�GPS�TJNVMBUJPOT�
XJUI�MPXFS�SFTPMVUJPO�PS�TNBMM�/�DMVT�
UFST�PG�BDDSFUJOH�TUBST�JO�DBTF�PG�IJHI�
SFTPMVUJPO��

8F�TJNVMBUF�SFQSFTFOUBUJWF�SFHJPOT�PG��
EJTL�HBMBYJFT�	����QD�Y�����QD�Y�����LQD
��
XJUI�EJGGFSFOU�HBT�TVSGBDF�EFOTJUJFT�
J�F������������BOE�����.TVO�QD

2�UP�
NJNJD�UIF�DPOEJUJPOT�PG�TUBS�GPSNJOH�
HBMBYJFT�BU�MPX�BOE�IJHI�SFETIJGU��5IF�
JOJUJBM�EFOTJUZ�EJTUSJCVUJPO�PG�UIF�HBTFPVT��
EJTL�JT�(BVTTJBO��5IF�CPVOEBSZ�DPOEJ�
UJPOT�BSF�QFSJPEJD�JO�Y��BOE�Z��BOE�BMMPX�
GPS�PVUGMPX�JO�[�EJSFDUJPO��5P�BDDPVOU�
GPS�UIF�BGPSFNFOUJPOFE�QIZTJDBM�QSP�

DFTTFT�PO�TQBUJBM�BOE�UFNQPSBM�TDBMFT�
SBOHJOH�GSPN�TFWFSBM�����"6�BOE����
ZFBST�UP�LQD�TDBMFT�BOE�����ZFBST�
FBDI�SVO�SFRVJSFT�NPSF�UIBO���NJMMJPO�
$16�IPVST��

The typical Milky Way Disk
$MPTF�UP�UIF�TPMBS�SBEJVT�	BU�B�EJTUBODF�
PG�����LQD�GSPN�UIF�(BMBDUJD�$FOUFS
�
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TVSGBDF�EFOTJUZ�PG����.TVO�QD
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UIF�TJNVMBUFE�WPMVNF�UIF�4/3�GPS�B�
.JMLZ�8BZ�UZQF�EJTL�JT�_���.ZS����)FSF�
XF�VTF�B�4/3�PG����.ZS����

5IF�TJNVMBUJPOT�TIPX�UIBU�B�EZOBNJDBM��
FRVJMJCSJVN�JT�POMZ�FTUBCMJTIFE�JG�UIF�4/3��
EPFT�OPU�TJHOJGJDBOUMZ�FYDFFE�PS�GBMM�
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SPVOEJOH�HBT�UP����NJMMJPO�,FMWJO��5IF�
FYQBOEJOH�CMBTU�XBWF�UIFO�DPNQSFTTFT�
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XIJDI�UIF�EVTU�UFNQFSBUVSF�JT�UFNQP�
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	VMUSBWJPMFU
�SBEJBUJPO�GJFME�
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BSF�DVSSFOUMZ�QFSGPSNFE�PO�4VQFS.6$�

Conclusions and Outlook
8JUI�B�&VSPQFBO�UFBN�PG�FYQFSUT�GSPN��
(BSDIJOH�)FJEFMCFSH�1SBHVF�BOE�;VSJDI��
XF�IBWF�QFSGPSNFE�UIF�GJSTU�TJNVMB�
UJPOT�PG�UIF�UVSCVMFOU�*4.�JO�B�HBMBDUJD�
FOWJSPONFOU�JODMVEJOH�UIF�TFMG�DPOTJTUFOU��
GPSNBUJPO�PG�NPMFDVMBS�)ZESPHFO�BOE�
$0��*O�BEEJUJPO�UIF�TJNVMBUJPOT�JODMVEF�
B�NPEFM�GPS�FOFSHFUJD�GFFECBDL�EVSJOH�
UIF�MBUF�FWPMVUJPOBSZ�QIBTFT�PG�NBTTJWF�
TUBST�JODMVEJOH�4/�FYQMPTJPOT��8JUI�B�
GJSTU�TFU�PG�DIBMMFOHJOH�TJNVMBUJPOT�XF�
IBWF�CFFO�BCMF�UP�EFNPOTUSBUF�UIBU�
HBTFPVT�HBMBDUJD�EJTLT�XJUI�QSPQFSUJFT�
TJNJMBS�UP�UIF�.JMLZ�8BZ�SFBDI�FRVJMJC�
SJVN�NPMFDVMBS�HBT�GSBDUJPOT�PG�BCPVU�
���QFS�DFOU��"U�IJHIFS�TVSGBDF�EFOTJUJFT��
UIF�EJTLT�TFUUMF�BU�IJHIFS�NPMFDVMBS��
HBT�GSBDUJPOT�VQ�UP����QFS�DFOU�GPS�
����.TVO�QD��XIJDI�JT�B�UZQJDBM�WBMVF�
GPS�NBTTJWF�HBMBDUJD�EJTLT�BU�IJHI�SFE�
TIJGU��.PSFPWFS�XF�BSF�BCMF�UP�GPSNVMBUF��
OFX�DPOTUSBJOUT�PO�UIF�BNPVOU�PG�$0�
EBSL�NPMFDVMBS�HBT�BOE�XJMM�CF�BCMF�UP�
DPOTUSBJO�HBT�PVUGMPX�QSPQFSUJFT��8F�
IBWF�BMSFBEZ�TUBSUFE�UIF�TFDPOE�QIBTF�
PG�UIF�4*-$$�QSPKFDU�XJUI�TJNVMBUJPOT�
BU�IJHIFS�TQBUJBM�SFTPMVUJPO�GPMMPXJOH�
UIF�GPSNBUJPO�PG�TNBMM�DMVTUFST�PG�NBT�
TJWF�TUBST��8F�XJMM�SFTPMWF�UIF�SFMFWBOU�
TQBUJBM�TDBMFT�UP�JOWFTUJHBUF�UIF�TFMG�
DPOTJTUFOU�ESJWJOH�PG�HBMBDUJD�XJOET��8F�
XJMM�BMTP�TUVEZ�UIF�JNQPSUBOU�FGGFDUT��
PG�NBHOFUJD�GJFMET�PO�UIF�UVSCVMFOU�NVMUJ��
QIBTF�TUSVDUVSF�PG�HBMBDUJD�EJTLT�

UJPO�SBQJEMZ�BQQSPBDIFT�WBMVFT�PG�VQ�UP�
������"U�����.TVO�QD
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EJTLT�<��>��'PS�MPXFS�JOJUJBM�HBT�TVSGBDF�
EFOTJUJFT�UIF�NPMFDVMBS�GSBDUJPOT�BSF�
SFTQFDUJWFMZ�MPXFS�BOE�JU�UBLFT�MPOHFS�
UP�SFBDI�UIF�TBUVSBUJPO�WBMVFT��5IF�
.JMLZ�8BZ�WBMVF�PG�SPVHIMZ������	JOUF�
SJPS�UP�UIF�4VOlT�HBMBDUJD�PSCJU
�BHSFFT�
XFMM�XJUI�UIF����.TVO�QD

2�EJTL�TJNVMB�
UJPO�GPS�XIJDI�QFBL�WBMVFT�PG������BSF�
BDIJFWFE��

&WFO�UIPVHI�UIF�NBTT�GSBDUJPOT�BSF�IJHI��
UIF�GSBDUJPOBM�WPMVNF�GJMMFE�CZ�NPMFDV��
MBS�HBT�JT�TNBMM�BT�JU�SFQSFTFOUT�UIF�
EFOTFTU�BOE�DPMEFTU�HBT�DPNQPOFOU��
5IFSFGPSF�TJNVMBUJOH�UIF�MJGF�DZDMF�PG�
NPMFDVMBS�DMPVET�SFRVJSFT�TJNVMBUJPOT�

Disk Galaxies at different 
Gas Surface Densities: from 
low to high Redshift
4JNVMBUJPOT�PG�EJTLT�XJUI�IJHIFS�HBT�TVS��
GBDF�EFOTJUZ�TIPX�UIBU�UIF�NBTT�GSBDUJPO��
NPMFDVMBS�HBT�JT�JODSFBTJOH�XJUI�JO�
DSFBTJOH�TVSGBDF�EFOTJUZ��5IJT�JT�UIF�
DBTF�FWFO�UIPVHI�UIF�4VQFSOPWB�SBUF�
JT�DPSSFTQPOEJOHMZ�IJHIFS�JO�IJHI�TVS�
GBDF�EFOTJUZ�EJTLT�GPMMPXJOH�B�SPVHIMZ�
MJOFBS�TDBMJOH�SFMBUJPO�PG�TUBS�GPSNBUJPO�
SBUF�	IFODF�4VQFSOPWB�SBUF
�BOE�NP�
MFDVMBS�HBT�TVSGBDF�EFOTJUZ�<��>�

*O�'JH����XF�TIPX�UIF�NPMFDVMBS�HBT�
NBTT�GSBDUJPO�BT�B�GVODUJPO�PG�UJNF�GPS�
UIF�GPVS�EJGGFSFOU�JOJUJBM�EJTL�TVSGBDF�
EFOTJUJFT��σHBT������������BOE�����
.TVO�QD

2��5IF�DPSSFTQPOEJOH�4/3T�BSF�
����������BOE�����.ZS����

'PS�UIF�IJHIFTU�HBT�TVSGBDF�EFOTJUZ�
PG�����.TVO�QD

2�UIF�)2�NBTT�GSBD�
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'JHVSF����7JTVBMJ[BUJPO�PG�B��(QD3�DPTNPMPHJDBM�CPY�TIPXJOH�UIF�GJMBNFOUBSZ�EJTUSJCVUJPO�PG�NBUUFS�JO�
UIF�6OJWFSTF�BOE�[PPNJOH�POUP�B�TVQFS�DMVTUFS�SFHJPO��4JNVMBUJPO�XBT�QFSGPSNFE�XJUI�(BEHFU��

'JHVSF����$VNVMBUJWF�$16�UJNF�BT�B�GVODUJPO�PG�TJNVMBUJPO�UJNF�HJWFO�BT�EJNFOTJPOMFTT�DPTNPMPHJDBM�
QBSBNFUFS�	��JT�QSFTFOU
�CSPLFO�EPXO�GPS�UIF�NPTU�DPNQVUBUJPOBMMZ�JOUFOTJWF�QBSUT�PG�(BEHFU���5IF�
EBTIFE�MJOFT�SFQSFTFOU�UIF�(BEHFU��WFSTJPO�BU�QSPKFDU�TUBSU�BOE�UIF�TPMJE�MJOFT�SFQSFTFOU�UIF�MBUFTU�
WFSTJPO�BGUFS�PQUJNJ[BUJPO��*OEJWJEVBM�QBSUT�TIPX�WFSZ�MBSHF�QFSGPSNBODF�HBJO�	FYDFQU�GPS�UIF�HSBWJUZ�
USFF�XIFSF�UIF�DPSSFDUJPO�PG�EBUB�SBDF�DPOEJUJPOT�TMJHIUMZ�TMPXT�EPXO�UIF�BMHPSJUIN
�BOE�XF�FWFO�TFF�
BO�PWFSBMM�UPUBM�JNQSPWFNFOU�PG�BMNPTU������

$PTNPMPHJDBM�TJNVMBUJPOT�QMBZ�BO�JNQPS��
UBOU�SPMF�JO�UIFPSFUJDBM�TUVEJFT�PG�TUSVD�
UVSF�GPSNBUJPO�JO�UIF�6OJWFSTF��4VDI�
TJNVMBUJPOT�BSF�BO�FTTFOUJBM�UPPM�UP�
BDDVSBUFMZ�DBMDVMBUF�UIFPSFUJDBM�QSFEJD�
UJPOT�PG�UIF�EJTUSJCVUJPO�BOE�TUBUF��
PG�UIF�CBSZPOJD�BOE�EBSL�NBUUFS�JO�UIF�
6OJWFSTF�FTQFDJBMMZ�JO�UIF�OPO�MJOFBS��
SFHJNF�PG�HSBWJUBUJPOBM�EZOBNJDT�BOE�
IZESPEZOBNJDT�XIFSF�HBMBYJFT�BOE�
DMVTUFST�PG�HBMBYJFT�GPSN�PVU�PG�UIF�
MBSHF�TDBMF�TUSVDUVSF��3FBMJTUJD�NPEFM�
JOH�NVTU�JODMVEF�CBSZPOJD�NBUUFS�BT�XFMM��

BT�EBSL�NBUUFS�DPNQPOFOU�BOE�IBT�UP�CF��
BCMF�UP�EFTDSJCF�QIZTJDBM�QSPDFTTFT�
TVDI�BT�TUBS�GPSNBUJPO�TVQFSOPWBF�BOE��
"(/�GFFECBDL�BT�XFMM�BT�USBOTQPSU�
QSPDFTTFT�BOE�NBHOFUJD�GJFMET��5IFSF�
GPSF�OVNFSJDBM�TJNVMBUJPOT�NVTU�CF�
DBQBCMF�PG�QSPQFSMZ�SFTPMWJOH�BOE�GPMMPX�
JOH�UIPTF�QIFOPNFOB�VTJOH�EJGGFSFOU�
OVNFSJDBM�UFDIOJRVFT�TJNVMUBOFPVTMZ�

5IF�,0/8*)3�***�QSPKFDU��5VOJOH�B�DPTNP��
(BEHFU�GPS�4VQFS.6$��JT�GVOEFE�CZ��
UIF�'FEFSBM�4UBUF�PG�#BWBSJB��*U�BJNT�BU��

PQUJNJ[JOH�(BEHFU��<��>�B�/�CPEZ�
.BHOFUP�4NPPUIFE�1BSUJDMF�)ZESPEZ�
OBNJDT�DPEF�GPS�DPTNPMPHJDBM�TJNVMB�
UJPOT�GPS�XIJDI�XF�IBWF�CFFO�HSBOUFE�
DPNQVUJOH�UJNF�PO�4VQFS.6$�BU�UIF�
-FJCOJ[�3FDIFO[FOUSVN�

'SPN�UIF�BTUSPQIZTJDBM�QPJOU�PG�WJFX�
DVSSFOU�DPTNPMPHJDBM�TJNVMBUJPOT�BSF�
MJNJUFE�CZ�UIF�OVNCFS�PG�USBDFS�QBS�
UJDMFT�XIJDI�DBO�CF�VTFE��0O�POF�IBOE�
MBSHF�WPMVNFT�OFFE�UP�CF�TJNVMBUFE��
UP�TBNQMF�B�SFQSFTFOUBUJWF�QBSU�PG�UIF�
6OJWFSTF��#VU�PO�UIF�PUIFS�IBOE��
FWFO�VUJMJ[JOH�TFWFSBM�����QBSUJDMFT�	BT���
GPS�UIF�WJTVBMJ[BUJPO�TIPXO�JO�'JH���
�
UIF�SFTVMUJOH�SFTPMVUJPO�JT�TUJMM�QPPS�
	_��LQD
�BOE�TVDI�TJNVMBUJPOT�EP�OPU��
SFTPMWF�QSPQFSMZ�JOEJWJEVBM�HBMBYJFT���
)FODF�MBSHFS�WPMVNFT�BOE�IJHIFS�SFTP�

MVUJPO�BSF�OFFEFE�UP�QSPEVDF�B�UIFPSFU�
JDBM�DPVOUFSQBSU�UP�JOUFSQSFU�UIF�EBUB�
DPNJOH�GSPN�DVSSFOU�BOE�GPSUIDPNJOH�
BTUSPOPNJDBM�TVSWFZT��5P�BDIJFWF�UIJT�
GVUVSF�TJNVMBUJPOT�NVTU�SFBDI������
QBSUJDMFT�BOE�CFZPOE�GPMMPXJOH�WBSJPVT�
QIZTJDBM�QSPDFTTFT��#FJOH�BCMF�UP�QFS��
GPSN�TVDI�MBSHF�IZESPEZOBNJDBM�DPTNP��
MPHJDBM�TJNVMBUJPOT�XJMM�GPS�UIF�GJSTU�
UJNF�BMMPX�B�EFUBJMFE�DPNQBSJTPO�XJUI�B��
WBSJFUZ�PG�NVMUJ�XBWFMFOHUI�PCTFSWBUJPOT�

'SPN�UIF�OVNFSJDBM�QPJOU�PG�WJFX��
(BEHFU��JT�B�NBTTJWFMZ�QBSBMMFM�DPEF�
XIJDI�FNQMPZT�WBSJPVT�BMHPSJUINT��
UP�USFBU�EJGGFSFOU�QIZTJDBM�QSPDFTTFT��
0SJHJOBMMZ�	XJUI�FYDFQUJPO�PG�UIF�HSBWJUZ�
TPMWFS
�JU�SFMJFT�PO�B�QVSF�.1*�JNQMF�
NFOUBUJPO��)PXFWFS�PO�DVSSFOU�BOE�
GVUVSF�IBSEXBSF�DPOGJHVSBUJPOT�MJLF��

Gadget3: Numerical  
Simulation of Structure 
Formation in the Universe
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o�(VSWBO�#B[JO��
o�,MBVT�%PMBH��
o�/JDPMBZ�)BNNFS2

��6OJWFSTJU»UTTUFSO��
� XBSUF��
� -VEXJH�.BYJNJMJBOT��
� 6OJWFSTJU»U�.ÓODIFO

2�-FJCOJ[��
� 4VQFSDPNQVUJOH��
� $FOUSF�	-3;


'JHVSF����4USPOH�TDBMJOH�PG�(BEHFU��PO�4VQFS.6$��5IF�QMPU�TIPXT�UIF�OVNCFS�PG�QBSUJDMFT�QSPDFTTFE��
QFS�DPSF�UJNF�TUFQ�BOE�XBMM�DMPDL�UJNF�CSPLFO�EPXO�GPS�UIF�NPTU�DPNQVUBUJPOBMMZ�JOUFOTJWF�QBSUT�PG�
UIF�DBMDVMBUJPO�BOE�TQBOT�GSPN�����UP����JTMBOET�PG�4VQFS.6$��4PMJE�BOE�EBTIFE�MJOFT�JOEJDBUF�UXP�
EJGGFSFOU�DPNNVOJDBUJPO�TUSVDUVSFT�XIJDI�DBO�CF�VTFE�

(BEHFU��PO�������������BOE����JTMBOET��
	J�F���������DPSFT
�VTJOH�UIF�TFUVQ�
HJWFO�BCPWF�	'JH���
��8F�EFNPOTUSBUF�
UIBU�UIF�DPEF�QFSGPSNT�WFSZ�XFMM�GPS�B�
TUSPOH�TDBMJOH�VQ�UP�B�TJHOJGJDBOU�GSBDUJPO��
PG�4VQFS.6$��5IF�TDBMJOH�JT�WFSZ�DMPTF�
UP�UIF�JEFBM�DBTF�VQ�UP���JTMBOET��#F�
ZPOE�UIJT�QPJOU�JU�JT�FODPVSBHJOH�UP�TFF�
UIBU�UIF�JNQSPWFE�WFSTJPO�PG�(BEHFU��
QFSGPSNT�SFBTPOBCMZ�XFMM�BOE�DBO�FG��
GFDUJWFMZ�NBLF�VTF�PG����UIJO�OPEF�
JTMBOET�FWFO�XIFO�WBSJPVT�BEEJUJPOBM�
QIZTJDBM�QSPDFTTFT�BSF�TXJUDIFE�PO��
5IJT�SFTVMU�JT�RVJUF�QSPNJTJOH�GPS�GVUVSF�
TJNVMBUJPOT�PO�4VQFS.6$�BOE�GPS�GVSUIFS��
PQUJNJ[BUJPOT�XF�DPOUJOVF�UP�XPSL�PO�
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UIF�UPUBM�FYFDVUJPO�UJNF
��*O�UIBU�DBTF�JU��
JT�QPTTJCMF�UP�EJTUSJCVUF�QBSUJDMFT�PWFS�
NVMUJQMF�UISFBET�BOE�UIFO�QSPDFTT�NBOZ��
QBSUJDMFT�JO�QBSBMMFM�PO�FBDI�OPEF��"EEJ��
UJPOBMMZ�WBSJPVT�TPSU�PQFSBUJPOT�IBWF�UP�
CF�QFSGPSNFE�XIJDI�HBJO�TJHOJGJDBOUMZ�
VTJOH�NVMUJUISFBEFE�TPSU�BMHPSJUINT��%P��
JOH�TP�XF�JNQSPWFE�UIF�PWFSBMM�QFSGPS�
NBODF�PG�UIFTF�QBSUT�PG�UIF�BMHPSJUIN�
CZ�B�GBDUPS�����GPS�UIF�UZQJDBM�TFUVQ�PG��
��.1*�UBTLT�QFS�OPEF�BOE����0QFO.1�
UISFBET�QFS�UBTL�XIJDI�XF�VTF�GPS�
MBSHF�TJNVMBUJPOT�PO�4VQFS.6$�

.PSF�HFOFSBMMZ�JNQMFNFOUJOH�NVMUJ�
UISFBEJOH�JO�TFWFSBM�QBSUT�PG�UIF�DPEF��
FTQFDJBMMZ�JO�UIF�NPTU�DPNQVUBUJPOBMMZ�
JOUFOTJWF�QBSUT�IBT�MFE�TP�GBS�UP�B�UPUBM�
JNQSPWFNFOU�JO�QFSGPSNBODF�PG�BMNPTU�
�����	'JH���
�

'VSUIFSNPSF�PVS�UFBN�XBT�UIF�GJSTU�
POF�UP�SVO�(BEHFU��FYQMPJUJOH����JTMBOET��
PG�4VQFS.6$��8F�TVDDFTTGVMMZ�SBO�

'PMMPXJOH�TPNF�PG�UIF�QSPDFTTFT�JO�
EFUBJMT�	F�H��FWPMVUJPO�PG�CMBDL�IPMFT
�BT�
XFMM�BT�UIF�PO�UIF�GMZ�QPTU�QSPDFTTJOH��
	XIJDI�JT�FTTFOUJBM�GPS�TDJFOUJGJD�BOBMZTJT��
PG�TVDI�TJNVMBUJPOT
�JOWPMWFT�GJOEJOH��
BOE�JEFOUJGZJOH�TVCTUSVDUVSFT�BU�TJNVMB�
UJPO�SVO�UJNF��4VCTUFQT�MJLF�UIF�EFOTJUZ�
FTUJNBUJPO�BOE�HSBWJUBUJPOBM�VOCJOEJOH�
DIFDL�PG�NBUFSJBM�XJUIJO�TVCTUSVDUVSFT��
BSF�UIF�NPTU�DIBMMFOHJOH�BOE�FTTFO��
UJBM�QBSUT�PG�UIF�QPTU�QSPDFTTJOH��5IFSF��
GPSF�PQUJNJ[BUJPO�BOE�0QFO.1�QBSBMMFM�
J[BUJPO�PG�UIPTF�QBSUT�JT�B�HPPE�FY��
BNQMF�PG�UIF�NBJO�XPSL�EPOF�XJUIJO�UIJT��
,0/8*)3�***�QSPKFDU��4VCTUSVDUVSF�
JEFOUJGJDBUJPO�IBT�UP�CF�QFSGPSNFE�UZQJ�
DBMMZ�����UJNFT�EVSJOH�UIF�TJNVMBUJPO��
8JUIJO�UIJT�QSPDFTT�EFOTJUZ�DBMDVMBUJPO�
	GPS�BMM�QBSUJDMFT
�JT�POF�PG�UIF�NPTU�
UJNF�DPOTVNJOH�QBSUT�	VQ�UP������PG�

4VQFS.6$�UIF�DPEF�JT�FYQFDUFE�UP�SVO��
PO�IVOESFET�PG�UIPVTBOET�DPSFT�NBL�
JOH�B�QVSF�.1*�JNQMFNFOUBUJPO�DIBMMFOH��
JOH�GPS�TVDI�B�MBSHF�OVNCFS�PG�.1*�
UBTLT��"EEJUJPOBMMZ�QSFWJPVTMZ�TVC�
EPNJOBOU�QBSUT�PG�UIF�DPEF�BT�XFMM�BT�
UIF�DPNNVOJDBUJPO�TUBSUT�UP�TUSPOHMZ�
EPNJOBUF�BOE�FWFOUVBMMZ�NBLF�UIF�DPEF�
VOVTBCMF�PO�MBSHF�.1*�UBTL�OVNCFST��
5IFSFGPSF�(BEHFU��XBT�DPOWFSUFE�UP�
B�IZCSJE�DPEF�NBLJOH�JOUFOTJWF�VTF��
PG�FJUIFS�QPTJY�UISFBET�	BT�JO�UIF�PSJHJOBM��
HSBWJUZ�TPMWFS
�PS�0QFO.1�	BT�GPDVTFE�
JO�UIJT�QSPKFDU
�GPS�OPEF�MFWFM�NVMUJ�
UISFBEJOH��8F�UIFSFGPSF�BJNFE�BU�JEFO�
UJGZJOH�CPUUMFOFDLT�JNQMFNFOUJOH�NPSF�
TIBSFE�NFNPSZ�QBSBMMFMJ[FE�QBSUT�PG�
UIF�DPEF�BOE�PQUJNJ[JOH�(BEHFU��UP�CF�
VTBCMF�BT�IZCSJE�.1*�0QFO.1�DPEF��
PO�)1$�GBDJMJUJFT�MJLF�4VQFS.6$�
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'JHVSF����5IF�,BOF�.FMF�)VCCBSE�NPEFM�EFTDSJCFT�FMFDUSPOT�PO�UIF�IPOFZDPNC��
MBUUJDF�XJUI�OFBSFTU�OFJHICPVS�IPQQJOH�U�TQJO�PSCJU��DPVQMJOH�ɉ�BOE�BO�POTJUF��
SFQVMTJPO�6�CFUXFFO�FMFDUSPOT�PDDVQZJOH�UIF�TBNF�MBUUJDF�TJUF�

$PSSFMBUFE�FMFDUSPO�TZTUFNT�CFMPOH�UP��
UIF�HFOFSBM�DMBTT�PG�DPNQMFY�TZTUFNT�
XIPTF�EFGJOJOH�QSPQFSUZ�JT�UIBU�UIF�XIPMF��
JT�NPSF�UIBO�UIF�TVN�PG�UIF�JOEJWJEVBM�
QBSUT��5IJT�FNFSHFOU�DPNQMFYJUZ�HJWFT�
SJTF�UP�B�SJDI�WBSJFUZ�PG�GBTDJOBUJOH��
QIFOPNFOB�JO�GJFMET�SBOHJOH�GSPN�
CJPMPHJDBM�TZTUFNT�UP�NBUFSJBMT��"U�UIF�
TBNF�UJNF�UIF�DPNQMFYJUZ�QPTFT�
B�DIBMMFOHJOH�TDJFOUJGJD�QSPCMFN��&WFO�JG�
XF�GJOE�B�XBZ�UP�TPMWF�UIF�DPSSFTQPOE��
JOH�FRVBUJPOT�PG�NPUJPO�PG�UIF�DPOTUJUV��
FOUT�PG�B�NBOZ�CPEZ�TZTUFN�JU�JT�CZ��
OP�NFBOT�HVBSBOUFFE�UIBU�XF�DBO�VO�
EFSTUBOE�UIF�FNFSHFOU�DPMMFDUJWF��
QIFOPNFOB�

*O�UIF�DBTF�PG�DSZTUBMMJOF�NBUFSJBMT�XF�
DBO�TUBSU�XJUI�B�RVBOUVN�NFDIBOJDBM�
EFTDSJQUJPO�PG�UIF�FMFDUSPOJD�NPUJPO�JO��
UIF�QFSJPEJD�QPUFOUJBM�PG�UIF�JPOT�JO�UFSNT�
PG�#MPDI�TUBUFT��'SPN�UIFTF�TUBUFT�
XF�DBO�DPOTUSVDU�UIF�NBOZ�CPEZ�XBWF�
GVODUJPO�CZ�UBLJOH�JOUP�BDDPVOU�UIF�
1BVMJ�FYDMVTJPO�QSJODJQMF�UIBU�EFNBOET�
UIF�XBWF�GVODUJPO�UP�CF�BOUJTZNNFUSJD�
VOEFS�FYDIBOHF�PG�JEFOUJDBM�GFSNJPOT��
5IFTF�UXP�JOHSFEJFOUT�#MPDI�TUBUFT�BOE��
'FSNJ�TUBUJTUJDT�VOEFSMJF�CBOE�TUSVD�
UVSF�UIFPSZ�BOE�QSPEVDF�B�IPTU�PG�WFSZ�
JOUFSFTUJOH�TUBUFT�NPTU�OPUBCMZ�JOTVMB�
UPST�BOE�NFUBMT�XJUI�DPNQMFUFMZ�PS�
QBSUJBMMZ�GJMMFE�IJHIFTU�PDDVQJFE�CBOE�
SFTQFDUJWFMZ��"T�EJTDPWFSFE�UIFPSFUJ�
DBMMZ�CZ�,BOF�BOE�.FMF�<�>�CBOE�UIFPSZ�
BMTP�QFSNJUT�NPSF�FYPUJD�JOTVMBUJOH�
TUBUFT�SFGFSSFE�UP�BT�UPQPMPHJDBM�JOTVMB�
UPST��5IFTF�TUBUFT�XIJDI�BSJTF�GSPN�
TUSPOH�TQJO�PSCJU�DPVQMJOH�BOE�UJNF�
SFWFSTBM�TZNNFUSZ�BSF�DIBSBDUFSJ[FE�
CZ�JOTVMBUJOH�CFIBWJPVS�JO�UIF�JOUFSJPS�
CVU�NFUBMMJD�CFIBWJPVS�BU�UIF�FEHF�PS�

TVSGBDF�PG�UIF�TBNQMF��*NQPSUBOUMZ��
UIF�DIBSBDUFSJTUJD�TVSGBDF�TUBUFT�BSF�
SPCVTU�XJUI�SFTQFDU�UP�EJTPSEFS�BOE�DBO��
UIFSFGPSF�CF�PCTFSWFE�JO�FYQFSJNFOUT�
<�>��*O�UXP�EJNFOTJPOT�UIF�FEHF�TUBUFT�
BSF�IFMJDBM�UIBU�JT�UIF�EJSFDUJPO�PG�NPUJPO��
PG�FMFDUSPOT�JT�DPVQMFE�UP�UIF�EJSFDUJPO��
PG�UIFJS�TQJO�<�>��*O�QSJODJQMF�UIJT�QSPQFSUZ��
BOE�UIF�UPQPMPHJDBM�QSPUFDUJPO�NBLF�
UPQPMPHJDBM�JOTVMBUPST�B�QSPNJTJOH�DBO�
EJEBUF�GPS�BQQMJDBUJPOT�JO�UIF�GJFME�PG�
TQJOUSPOJDT�XIJDI�PGGFST�UIF�WJTJPO�PG�
PWFSDPNJOH�UIF�QSPCMFN�PG�IFBUJOH��
JOIFSFOU�UP�DVSSFOU�$16�UFDIOPMPHZ�

0VS�EJTDVTTJPO�TP�GBS�IBT�OFHMFDUFE�
FMFDUSPO�FMFDUSPO�JOUFSBDUJPOT��)PX�
FWFS�BT�TUVEFOUT�MFBSO�BMSFBEZ�JO�JOUSP�
EVDUPSZ�DPVSTFT�PO�TPMJE�TUBUF�QIZTJDT�
UIF�FOFSHZ�TDBMF�BTTPDJBUFE�XJUI�TVDI�
DPSSFMBUJPOT�JT�WFSZ�MBSHF�UZQJDBMMZ�TFW�
FSBM�FMFDUSPO�WPMUT��/FWFSUIFMFTT�JO�
NBOZ�DBTFT�FMFDUSPOJD�DPSSFMBUJPOT�EP�
OPU�TJHOJGJDBOUMZ�BMUFS�UIF�QSPQFSUJFT��
PG�UIF�TZTUFN�p�UIFZ�BSF�JSSFMFWBOU�JO�UIF��
MBOHVBHF�PG�8JMTPOlT�SFOPSNBMJ[BUJPO�
HSPVQ��5IJT�SFNBSLBCMF�GBDU�IJOHFT�PO�
UIF�TDSFFOJOH�PG�UIF�$PVMPNC�SFQVMTJPO�
BOE�'FSNJ�TUBUJTUJDT�XIJDI�ESBTUJDBMMZ�
MJNJUT�UIF�QIBTF�TQBDF�BWBJMBCMF�GPS��
TDBUUFSJOH�EVF�UP�UIF�$PVMPNC�SFQVMTJPO��
BOE�JT�LOPXO�BT�'FSNJ�MJRVJE�UIFPSZ�

.BUFSJBMT�JO�XIJDI�'FSNJ�MJRVJE�UIFPSZ�
EPFT�OPU�IPME�BSF�PG�QBSUJDVMBS�JOUFSFTU��
*O�TVDI�TZTUFNT�DPSSFMBUJPOT�MFBE�UP�
FYPUJD�BOE�PS�DPMMFDUJWF�TUBUFT�PG�NBU�
UFS��*O�POF�EJNFOTJPO�UIF�DPODFQU�PG�
UIF�'FSNJ�MJRVJE�CSFBLT�EPXO�BOE�DPSSF�
MBUJPOT�DBVTF�B�GSBDUJPOBMJ[BUJPO�PG�FMFD�
USPOT�JOUP�JOEFQFOEFOU�DPMMFDUJWF�TQJO�
BOE�DIBSHF�FYDJUBUJPOT��.PSF�HFOFSBMMZ�

.PUU�JOTVMBUPST�BSF�DPSSFMBUFE�NBUFSJ�
BMT�XIJDI�BSF�JODPSSFDUMZ�QSFEJDUFE�CZ�
CBOE�UIFPSZ�UP�CF�NFUBMMJD��5IF�JOTVMBU�
JOH�CFIBWJPVS�JT�PGUFO�BUUSJCVUFE�UP�UIF�
PCTFSWFE�PSEFSJOH�PG�GPS�FYBNQMF�UIF�
TQJO�EFHSFFT�PG�GSFFEPN�	UIBU�JT�UIF�
GPSNBUJPO�PG�B�NBHOFUJD�TUBUF
��)PX�
FWFS�B�DFOUSBM�RVFTUJPO�JO�UIJT�DPOUFYU�
JT�JG�UIFTF�UXP�QIFOPNFOB�BSF�BMXBZT�
DPVQMFE��3FNBSLBCMZ�UIF�BOTXFS�UP�UIJT�
RVFTUJPO�JT�OP��.PUU�JOTVMBUJOH�TUBUFT�
XJUI�OP�BTTPDJBUFE�TZNNFUSZ�CSFBLJOH�
DBO�CF�SFBMJ[FE�JO�B�OVNCFS�PG�NPEFMT�
PG�DPSSFMBUFE�FMFDUSPO�TZTUFNT��*O�UXP�
EJNFOTJPOT�UIFTF�TUBUFT�BSF�ZFU�BO�
PUIFS�FYBNQMF�PG�FYPUJD�TUBUFT�PG�NBUUFS�
XIJDI�TVQQPSU�BOZPOJD�FYDJUBUJPOT�XJUI��
GSBDUJPOBM�TUBUJTUJDT��.PUU�JOTVMBUPST�
IBWF�BMTP�SFDFJWFE�DPOTJEFSBCMF�BUUFO��
UJPO�CFDBVTF�UIFZ�QSPEVDF�IJHI�UFNQFS�
BUVSF�TVQFSDPOEVDUJWJUZ�VQPO�EPQJOH��
XJUI�FMFDUSPOT�PS�IPMFT��3FDFOUMZ�UIF�
QPTTJCJMJUZ�PG�B�RVBOUVN�TQJO�MJRVJE�
QIBTF�IBT�CFFO�IPUMZ�EFCBUFE�GPS�UIF�
DBTF�PG�UIF�)VCCBSE�NPEFM�PO�UIF�
IPOFZDPNC�MBUUJDF�<�p�>��.PUJWBUFE�CZ�
UIF�EJTDPWFSZ�PG�UPQPMPHJDBM�JOTVMBUPST�
UIFSF�IBWF�CFFO�OVNFSPVT�TUVEJFT��
PG�UIF�IPOFZDPNC�)VCCBSE�NPEFM�XJUI�
BEEJUJPOBM�TQJO�PSCJU�DPVQMJOH�TFF�<�>�
GPS�B�SFWJFX��5IF�.PUU�USBOTJUJPO�PG�
GFSNJPOT�PO�UIF�IPOFZDPNC�MBUUJDF�IBT�
SFDFOUMZ�CFFO�SFBMJ[FE�FYQFSJNFOUBMMZ�
VTJOH�DPME�BUPNT�JO�BO�PQUJDBM�MBUUJDF�<�>�

The Numerical Challenge
'PS�RVBOUVN�NBOZ�CPEZ�QSPCMFNT�UIF��
)JMCFSU�TQBDF�HSPXT�FYQPOFOUJBMMZ�XJUI�
UIF�OVNCFS�PG�FMFDUSPOT�PS�UIF�WPMVNF�
PG�UIF�TZTUFN��"�CSVUF�GPSDF�EJBHPOBM��
J[BUJPO�PG�UIF�GVMM�QSPCMFN�IFODF�SFRVJSFT��
BO�FYQPOFOUJBM�FGGPSU��5IF�RVFTUJPO�JT��
XIFUIFS�PS�OPU�XF�IBWF�UP�DPOTJEFS�BMM�
QPTTJCMF�TUBUFT�UP�VOEFSTUBOE�UIF��
QSPCMFN��)FSF�XF�DIPPTF�UIF�TUPDIBTUJD��
BQQSPBDI�BOE�VTF�UIF�BVYJMJBSZ�GJFME��
RVBOUVN�.POUF�$BSMP�NFUIPE�<�>��5IF�

NFUIPE�JT�CBTFE�PO�B�QBUI�JOUFHSBM�GPS�
NVMBUJPO�XIFSF�UIF�JOUFSBDUJPO�JT�EF�
DPNQPTFE�XJUI�UIF�IFMQ�PG�B�)VCCBSE��
4USBUPOPWJUDI�GJFME�UIBU�NFEJBUFT�UIF�
FMFDUSPOJD�DPSSFMBUJPOT��5IF�JOUFHSBUJPO�
PWFS�UIF�GJFME�DPOGJHVSBUJPOT�JT�DBSSJFE��
PVU�XJUI�UIF�.POUF�$BSMP�NFUIPE��"�
HFOFSJD�QSPCMFN�PG�UIJT�BQQSPBDI�JT�UIF��
TJHO�QSPCMFN�	UIF�BQQFBSBODF�PG�DPO�
GJHVSBUJPOT�XJUI�OFHBUJWF�XFJHIUT
�DBVTJOH��
BO�FYQPOFOUJBM�JODSFBTF�PG�DPNQVUFS�
UJNF�XJUI�WPMVNF�BOE�JOWFSTF�UFNQFSB��
UVSF�UP�SFBDI�B�HJWFO�BDDVSBDZ��)PX�
FWFS�GPS�B�SBUIFS�MBSHF�DMBTT�PG�OPO�
USJWJBM�NPEFMT�<�p��>�TZNNFUSJFT�QFSNJU��
VT�UP�BWPJE�UIF�TJHO�QSPCMFN��'PS�TVDI�
NPEFMT�UIF�OVNFSJDBM�FGGPSU�TDBMFT�BT�
/���Ⱦ�XIFSF�Ⱦ�JT�UIF�JOWFSTF�UFNQFSB�
UVSF�BOE�/�UIF�OVNCFS�PG�FMFDUSPOT��5IF��
NFUIPE�VTFE�IFSF�DBO�CF�FGGJDJFOUMZ�
QBSBMMFMJ[FE�BOE�SVO�PO�NPEFSO�BSDIJ�
UFDUVSFT��3FDFOUMZ�WBSJPVT�PQUJNJ[BUJPO�
TDIFNFT�JO�QBSUJDVMBS�DBDIF�PQUJNJ[BUJPO��
IBWF�BMMPXFE�VT�UP�HBJO�VQ�UP�BO�PSEFS��
PG�NBHOJUVEF�JO�QFSGPSNBODF�

The Kane-Mele-Hubbard 
Model
.PUJWBUFE�CZ�UIF�FYQFSJNFOUBM�QSPHSFTT��
XJUI�HSBQIFOF�BOE�SFMBUFE�TZTUFNT�
	TVDI�BT�TJMJDFOF�BOE�BSUJGJDJBM�HSBQIFOF
��

Numerical Simulation of  
Correlated Electron Systems
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'JHVSF����5IF�[FSP�UFNQFSBUVSF�QIBTF�EJBHSBN�PG�UIF�,BOF�.FMF�)VCCBSE��
NPEFM�BT�PCUBJOFE�GSPN�RVBOUVN�.POUF�$BSMP�TJNVMBUJPOT�XJUI�VQ�UP�
����FMFDUSPOT�<����>��)FSF�"'.�JOEJDBUFT�BO�BOUJGFSSPNBHOFUJD�.PUU��
JOTVMBUPS�XJUI�NBHOFUJD�PSEFS�FJUIFS�JO�UIF�YZ[�PS�JO�UIF�YZ�EJSFDUJPOT�
SFTQFDUJWFMZ��5IF�YZ[�"'.�BOE�TFNJNFUBM�QIBTFT�FYJTU�POMZ�BU�ɉ�����

'JHVSF����%BUB�DPMMBQTF�PG�UIF�TUBHHFSFE�NBHOFUJD�NPNFOU�N�BU�ɉ�����NFBTVSFE��
GPS�EJGGFSFOU�TZTUFN�TJ[FT�-��)FSF�XF�IBWF�VTFE�B�DSJUJDBM�WBMVF�6D�U��������<�>�BOE�
DSJUJDBM�FYQPOFOUT�PCUBJOFE�GSPN�BO�ɂ�FYQBOTJPO�BOE�(SPTT�/FWFV�:VLBXB�UIFPSZ�
<����>��3FTVMUT�UBLFO�GSPN�<�>�

XF�DPOTJEFS�UIF�QBSBEJHNBUJD�)VCCBSE�
NPEFM�GPS�TUSPOHMZ�DPSSFMBUFE�FMFDUSPOT�
PO�UIF�IPOFZDPNC�MBUUJDF�<�>�JMMVTUSBUFE�
JO�'JH�����&MFDUSPOT�DBO�IPQ�GSPN�TJUF�
UP�TJUF�XJUI�IPQQJOH�BNQMJUVEF�U�BOE�
UXP�FMFDUSPOT�BU�UIF�TBNF�MBUUJDF�TJUF�
FYQFSJFODF�B�SFQVMTJPO�6�UIBU�DBQUVSFT�
UIF�FTTFODF�PG�$PVMPNC�SFQVMTJPO��
5IJT�NPEFM�IBT�UJNF�SFWFSTBM�46	�
�
TQJO�BOE�TVCMBUUJDF�TZNNFUSZ�BOE�UIF��
OPOJOUFSBDUJOH�CBOE�TUSVDUVSF�JT�UIBU�
PG�NBTTMFTT�%JSBD�GFSNJPOT��"EEJOH�B��
TQJO�PSCJU�UFSN�JO�UIF�GPSN�PG�B�DPN�
QMFY�TFDPOE�OFJHICPVS�IPQQJOH�ɉ�<�>�MFBET��
UP�UIF�,BOF�.FMF�)VCCBSE�NPEFM�GPS�
DPSSFMBUFE�UPQPMPHJDBM�JOTVMBUPST�<��>��
5IF�TQJO�PSCJU�UFSN�CSFBLT�TVCMBUUJDF�
TZNNFUSZ�BOE�UIFSFCZ�PQFOT�B�UPQPMPH��
JDBM�NBTT�HBQ�SFTVMUJOH�JO�B�RVBOUVN��
TQJO�)BMM�JOTVMBUPS�	B�XJEFMZ�VTFE�OBNF�
GPS�UXP�EJNFOTJPOBM�UPQPMPHJDBM�JOTVMBUPST
��
"U�IBMG�GJMMJOH�	POF�FMFDUSPO�QFS�MBUUJDF�
TJUF
�UIF�BCPWF�TZNNFUSJFT�QFSNJU�VT��
UP�BQQMZ�UIF�BVYJMJBSZ�GJFME�RVBOUVN�
.POUF�$BSMP�NFUIPE�XJUIPVU�B�TJHO�QSP��
CMFN�BOE�IFODF�UP�JOWFTUJHBUF�UIF��
SPMF�PG�FMFDUSPOJD�DPSSFMBUJPOT�BDDVSBUFMZ��
BOE�XJUIPVU�VODPOUSPMMFE�BQQSPYJNBUJPOT�

Results
*O�UIF�MJNJUT�PG�XFBL�BOE�TUSPOH�DPVQMJOH��
UIF�MPX�FOFSHZ�QIZTJDT�PG�UIF�,BOF�
.FMF�)VCCBSE�NPEFM�DBO�CF�VOEFS��
TUPPE�RVJUF�FBTJMZ��5IF�TFNJNFUBMMJD�TUBUF��
PG�%JSBD�GFSNJPOT�BU�ɉ���6�����JT�TUBCMF�
XJUI�SFTQFDU�UP�DPSSFMBUJPOT�BOE�IFODF�
FYQFDUFE�UP�TVSWJWF�BU�TNBMM�6������
4JNJMBSMZ�BU�6�����UIF�TQJO�PSCJU�DPV�
QMJOH�FTUBCMJTIFT�B�HBQQFE�RVBOUVN�
TQJO�)BMM�TUBUF�BOE�UIF�CVML�QIZTJDT��
SFNBJOT�VOBGGFDUFE�CZ�TNBMM�JOUFSBDUJPOT��
6��'PS�TUSPOH�DPVQMJOH�6�U�����UIF�
DIBSHF�EFHSFFT�PG�GSFFEPN�CFDPNF�
GSP[FO�	BOZ�EFWJBUJPOT�GSPN�UIF�TUBUF�
XJUI�POF�FMFDUSPO�QFS�TJUF�BSF�TVQQSFTTFE��
CZ�6
�CVU�UIF�TQJO�EFHSFFT�PG�GSFFEPN�
SFNBJO�BDUJWF��6TJOH�QFSUVSCBUJPO�UIF�
PSZ�JO�UIF�TNBMM�QBSBNFUFS�U�6�POF��
DBO�EFSJWF�FGGFDUJWF�TQJO�NPEFMT��*O�UIF��
BCTFODF�PG�TQJO�PSCJU�DPVQMJOH�UIF�46	�
��
TQJO�TZNNFUSZ�MFBET�UP�B�)FJTFOCFSH��
NPEFM�XJUI�BOUJGFSSPNBHOFUJD�OFBSFTU�
OFJHICPVS�FYDIBOHF��4JODF�UIF�MBUUJDF�JT�
OPO�GSVTUSBUFE�XF�FYQFDU�MPOH�SBOHF�
BOUJGFSSPNBHOFUJD�PSEFS�BU�[FSP�UFN�
QFSBUVSF�BOE�B�HBQMFTT�(PMETUPOF�
NPEF�DPSSFTQPOEJOH�UP�TQJO�XBWF�FY��
DJUBUJPOT��5IJT�BOUJGFSSPNBHOFUJD�.PUU��
JOTVMBUPS�	"'.
�TUBUF�JT�MBCFMMFE�YZ[�"'.��
JO�'JH�����4QJO�PSCJU�DPVQMJOH�SFEVDFT�
UIF�TQJO�TZNNFUSZ�GSPN�46	�
�UP�6	�
���
5IF�SFTVMUJOH�TQJO�NPEFM�JT�NPSF�DPN�
QMFY�BOE�JODMVEFT�GSVTUSBUFE�JOUFSBDUJPOT��
JO�UIF�[�EJSFDUJPO�PG�TQJO�<��>��-POH�
SBOHF�NBHOFUJD�PSEFS�DBO�EFWFMPQ�JO�
UIF�USBOTWFSTF�EJSFDUJPO�BT�JT�UIF�DBTF�
JO�UIF�YZ�"'.�QIBTF�JO�'JH����

5IF�WBMJEJUZ�PG�UIF�BCPWF�DPOTJEFSBUJPOT��
DBO�CF�WFSJGJFE�VTJOH�OVNFSJDBM�TJNV��
MBUJPOT��*NQPSUBOUMZ�TVDI�NFUIPET�BMTP��
QFSNJU�UP�TUVEZ�UIF�JOUFSNFEJBUF�DPVQM��
JOH�SFHJNF�BOE�IFODF�UIF�FWPMVUJPO�
GSPN�TNBMM�UP�MBSHF�6�U��*U�JT�PG�QBSUJDVMBS��
JOUFSFTU�XIFUIFS�PS�OPU�UIFSF�FYJTUT�B��
EJSFDU�USBOTJUJPO�CFUXFFO�UIF�XFBL��BOE�

TUSPOH�DPVQMJOH�QIBTFT�PS�JG�JOTUFBE�
FYPUJD�JOUFSNFEJBUF�QIBTFT�BQQFBS��
.PSFPWFS�JG�DPOUJOVPVT�RVBOUVN�QIBTF�
USBOTJUJPOT�PDDVS�JU�JT�PG�HSFBU�JOUFSFTU�
UP�JEFOUJGZ�UIFJS�VOJWFSTBMJUZ�DMBTT��*O�UIF�
GPMMPXJOH�XF�TVNNBSJ[F�PVS�QSFTFOU�
VOEFSTUBOEJOH�PG�DPSSFMBUJPO�FGGFDUT�JO��
UIF�,BOF�.FMF�)VCCBSE�NPEFM�BT�JU�
FNFSHFT�GSPN�MBSHF�TDBMF�RVBOUVN�
.POUF�$BSMP�TJNVMBUJPOT�<���������>�

Impact of U for ɉ = 0
5IF�GPMMPXJOH�UXP�TDFOBSJPT�DBO�CF�
FOWJTBHFE�GPS�UIF�USBOTJUJPO�GSPN�UIF�
TFNJNFUBM�BU�XFBL�DPVQMJOH�UP�UIF��
BOUJGFSSPNBHOFUJD�.PUU�JOTVMBUPS�BU��
TUSPOH�DPVQMJOH��4UBSUJOH�GSPN�TUSPOH�
DPVQMJOH�BOE�OPUJOH�UIBU�UIF�JOTVMBUPS��
UP�TFNJNFUBM�USBOTJUJPO�JT�OVNFSJDBMMZ�
GPVOE�UP�PDDVS�BU�WBMVFT�PG�6�TNBMMFS�
UIBO�UIF�FMFDUSPOJD�CBOEXJEUI�8����U��
POF�DBO�DPOTUSVDU�BO�FGGFDUJWF�TQJO�
NPEFM�GPS�UIF�SFHJPO�DMPTF�UP�UIF�USBO�
TJUJPO�XIFSF�IJHIFS�PSEFS�SJOH�FYDIBOHF�
UFSNT�QSPMJGFSBUF�XJUI�EFDSFBTJOH�6�U�
<��>��5IJT�QPJOU�PG�WJFX�TVHHFTUT�UIBU��
UIF�NFMUJOH�PG�NBHOFUJD�PSEFS�NBZ�CF��
JOEFQFOEFOU�PG�UIF�NFUBM�JOTVMBUPS�
USBOTJUJPO��2VBOUVN�.POUF�$BSMP�TJNV�
MBUJPOT�<�>�TVHHFTUFE�UIF�FYJTUFODF�PG�
BO�JOUFSNFEJBSZ�TQJO�MJRVJE�QIBTF�XJUI�
B�TJOHMF�QBSUJDMF�HBQ�CVU�OP�MPOH�SBOHF�
NBHOFUJD�PSEFS�UIBU�TFQBSBUFT�UIF�
TFNJNFUBM�GSPN�UIF�NBHOFUJD�JOTVMBUPS��
4JNJMBS�DPODMVTJPOT�IBWF�CFFO�ESBXO�GPS�
UIF�SFMBUFE�Ɏ�GMVY�NPEFM�PO�UIF�TRVBSF��
MBUUJDF�<��>��5IF�SFTVMUT�PG�<�>�IBWF�CFFO��
DIBMMFOHFE�CZ�NPSF�SFDFOU�TUVEJFT���
&OUSPQZ�DBMDVMBUJPOT�EP�OPU�GBWPVS�B�EF��
HFOFSBUF�HSPVOE�TUBUF�BT�FYQFDUFE��
GPS�UIF�;2�TQJO�MJRVJE�<��>�BOE�<�>�EFN�
POTUSBUFT�UIBU�UIF�VTF�PG�TJHOJGJDBOUMZ��
MBSHFS�TZTUFN�TJ[FT�MFBET�UP�BO�BMNPTU��
DPNQMFUF�EJTBQQFBSBODF�PG�UIF�QVS�
QPSUFE�TQJO�MJRVJE�GSPN�UIF�QIBTF�EJBHSBN�

"MUFSOBUJWFMZ�XF�DBO�TUBSU�GSPN�UIF�XFBL��
DPVQMJOH�TFNJNFUBMJD�TUBUF��6QPO�JO�
DSFBTJOH�6�U�XF�FWFOUVBMMZ�FYQFDU�B�
QIBTF�USBOTJUJPO�UP�BO�JOTVMBUJOH�TUBUF�
XJUI�BOUJGFSSPNBHOFUJD�PSEFS�<������
��>��#FDBVTF�HBQMFTT�MJOFBS�GFSNJPOJD�
FYDJUBUJPOT�FYJTU�CFMPX�UIF�USBOTJUJPO�
UIF�USBOTJUJPO�JT�FYQFDUFE�UP�GBMM�JOUP�UIF��
(SPTT�/FWFV�VOJWFSTBMJUZ�DMBTT�<����>��
5IJT�FYQFDUBUJPO�JT�CBTFE�PO�(SPTT�
/FWFV�:VLBXB�UIFPSZ�<�����>�XIJDI�
EFTDSJCFT�NBTTMFTT�%JSBD�GFSNJPOT�
XJUI�B�:VLBXB�DPVQMJOH�UP�B�WFDUPS�
CPTPO�EFTDSJCJOH�UIF�CPTPOJD�(PMETUPOF�
NPEF�PG�UIF�BOUJGFSSPNBHOFUJD�TUBUF��
5IF�GFSNJPOJD�NBTT�	UIF�HBQ�PG�UIF�JO�
TVMBUJOH�TUBUF
�JT�HFOFSBUFE�CZ�UIF��
DPOEFOTBUJPO�PG�UIF�CPTPOJD�NPEF�	BOUJ��
GFSSPNBHOFUJD�PSEFS
��5IF�UIFPSZ�IBT��
BO�VQQFS�DSJUJDBM�EJNFOTJPO�PG�E�����
XIFSF�UIF�(BVTTJBO�BQQSPYJNBUJPO�CF��
DPNFT�FYBDU��8JUIJO�B�GJSTU�PSEFS�
Ԗ�FYQBOTJPO�POF�DBO�FTUJNBUF�UIF�DSJUJ��
DBM�FYQPOFOUT�GPS�UIF�QSFTFOU�UXP��
EJNFOTJPOBM�DBTF��5IFTF�UIFPSFUJDBM�QSF��
EJDUJPOT�BSF�DPOGJSNFE�CZ�SFDFOU�RVBO�
UVN�.POUF�$BSMP�TJNVMBUJPOT�<�>��6TJOH�
UIF�QSFEJDUFE�DSJUJDBM�FYQPOFOUT�XF�
PCTFSWF�BO�FYDFMMFOU�EBUB�DPMMBQTF�<TFF�
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'JHVSF����*OUFHSBUFE�TQFDUSBM�XFJHIU�PG�UIF�TQJO�GMVYPO�TUBUFT�DSFBUFE�
CZ�JOTFSUJOH�B�QBJS�PG�Ɏ�GMVYFT�JOUP�UIF�IPOFZDPNC�MBUUJDF��"�SFTQPOTF�
PDDVST�JO�UIF�DPSSFMBUFE�UPQPMPHJDBM�TUBUF�<TFF�'JH���>�CVU�OPU�JO�
UIF�UPQPMPHJDBMMZ�USJWJBM�BOUJGFSSPNBHOFUJD�JOTVMBUPS��)FSF�ɉ������U��
3FTVMUT�UBLFO�GSPN�<��>�

o�'BLIFS�'��"TTBBE��
o�.BSUJO�)PIFOBEMFS

� *OTUJUVU�GÓS�
� 5IFPSFUJTDIF�1IZTJL
� VOE�"TUSPQIZTJL�
� 6OJWFSTJU»U�8ÓS[CVSH

'JH���>�BOE�BO�JEFOUJDBM�GJOJUF�TJ[F�TDBM�
JOH�PG�CPUI�UIF�TJOHMF�QBSUJDMF�HBQ�BOE��
UIF�TUBHHFSFE�NBHOFUJ[BUJPO�<�>��*NQPS��
UBOUMZ�(SPTT�/FWFV�UIFPSZ�QSFEJDUT�
UIBU�UIF�MPOH�SBOHFE�UBJM�PG�UIF�$PVMPNC�
SFQVMTJPO�SFMFWBOU�GPS�QPTTJCMF�GVUVSF�
FYQFSJNFOUT�XJMM�OPU�BMUFS�UIF�OBUVSF�
PG�UIF�USBOTJUJPO��/VNFSJDBM�XPSL�UP�
DPOGJSN�UIJT�IZQPUIFTJT�JT�DVSSFOUMZ�JO�
QSPHSFTT�

Impact of U for ɉ > 0
5IF�USBOTJUJPO�GSPN�UIF�RVBOUVN�TQJO�
)BMM�QIBTF�UP�UIF�YZ�BOUJGFSSPNBHOFUJD�
.PUU�JOTVMBUPS�JT�BO�JOTVMBUPS�UP�JOTVMBUPS��
USBOTJUJPO��#FDBVTF�UIF�POTFU�PG�NBH�
OFUJD�PSEFS�CSFBLT�UIF�UJNF�SFWFSTBM�
TZNNFUSZ�UIBU�QSPUFDUT�UIF�RVBOUVN�
TQJO�)BMM�TUBUF�B�EJSFDU�USBOTJUJPO�JT�
QPTTJCMF��4JODF�UIF�TZTUFN�JT�JOTVMBUJOH��
PO�CPUI�TJEFT�PG�UIF�USBOTJUJPO�UIF��
MBUUFS�JOWPMWFT�POMZ�UIF�TQJO�EFHSFFT�PG�
GSFFEPN�XIJDI�PSEFS�JO�UIF�YZ�QMBOF�BU��
UIF�DSJUJDBM�QPJOU��4VDI�B�USBOTJUJPO��
JOWPMWJOH�B�6	�
�PSEFS�QBSBNFUFS�JO�UXP�
TQBUJBM�EJNFOTJPOT�JT�FYQFDUFE�UP�GBMM�
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MPXT�UP�EFUFSNJOF�UIF�SFMFWBOU�MFOHUI�
TDBMFT�GPS�UIF�UXP�QIBTFT�BOE�UP�DPS�
SFMBUF�UIFN��/PUF�UIBU�CPUI�GVODUJPOT�
3VV	SY
�BOE�(	Ɍ Y�Ɍ[
�BSF�TZNNFUSJD�GPS�
OFHBUJWF�WBMVFT�PG�SY�BOE�ɌY�GPS�MBSHF�
EBUBTFUT�

5IF�DIBSBDUFSJTUJD�EJTUBODF�PG�UIF�EVOF��
MJLF�TUSVDUVSFT�PG�DBTF�3FG�CFDPNFT�
PCWJPVT�GPS�CPUI�UIF�QBSUJDMF�BOE�UIF�
GMVJE�TUBUJTUJDT�JO�'JH����BOE����5IJT��
TVHHFTUT�B�TUSPOH�JOUFSBDUJPO�CFUXFFO�
UIF�UXP�QIBTFT��5IF�QIBTF�SFTPMWJOH�
BQQSPBDI�PG�UIF�QSFTFOU�OVNFSJDBM�
TDIFNF�GPSDFT�UIF�GMVJE�UP�GMPX�BSPVOE�
QBSUJDMF�DMVTUFST�BOE�UP�BEPQU�UP�UIFJS�
MFOHUI�TDBMFT��5IF�TBNF�DBO�CF�PCTFSWFE��
GPS�UIF�JOBDUJWF�SJEHFT�SFQPSUFE�JO�
DBTF�'FX1BSU��4JODF�UIF�DIBSBDUFSJTUJD�
MFOHUI�PG�B�SJEHF�JT�VQ�UP����)�POMZ��
POF�SJEHF�GJUT�JOUP�UIF�DPNQVUBUJPOBM�
EPNBJO�ESJWJOH�3VV�CFMPX�[FSP�GPS�
SY�����)��5IF�SFHJNF�PG�DBTF�-PX4I�JT�
WFSZ�EJMVUF�BT�POMZ�B�TNBMM�QFSDFOUBHF��
PG�UIF�QBSUJDMFT�BSF�BDUVBMMZ�NPWJOH�
BDSPTT�UIF�DMPTFE�CFE��5IF�NPWJOH�QBS��
UJDMFT�BSF�SBOEPNMZ�EJTUSJCVUFE�JO�TQBDF�
BOE�UJNF�BOE�UIVT�EP�OPU�IBWF�UIF�QP��
UFOUJBM�UP�BMUFS�UIF�GMPX�GJFME�TVCTUBOUJBMMZ��

Conclusions
)JHIMZ�SFTPMWFE�TJNVMBUJPOT�PG�UISFF�
QBSUJDMF�MBEFO�GMPXT�BDSPTT�BO�JEFBMJ[FE�
TFEJNFOU�CFE�FMVDJEBUF�UIF�JNQBDU�PG�
NBTT�MPBEJOH�BOE�NPCJMJUZ�PO�CFE�MPBE�
USBOTQPSU��5IF�SFTVMUJOH�JOUFSBDUJPO��
PG�UIF�UXP�QIBTFT�XBT�BOBMZ[FE�CZ�TVJU�
BCMF�TUBUJTUJDBM�UPPMT�UP�EJTUJOHVJTI�CF�
UXFFO�UIF�MFOHUI�TDBMFT�PG�FSPEFE�BOE�
JOBDUJWF�DMVTUFST��5IF�TUSPOH�TJNJMBSJUZ�
PG�UIF�TUBUJTUJDBM�NFBTVSFT�FYUSBDUFE�
GSPN�UIF�UXP�QIBTFT�SFWFBM�B�TUSPOH�
JOUFSBDUJPO��5IJT�TVHHFTU�QSBDUJDBM��
JNQMJDBUJPOT�GPS�UIF�TUSVDUVSBM�EFTJHO�PG�
TFEJNFOU�MBEFO�PQFO�DIBOOFMT�BT�UIF�
NPCJMF�CFE�VMUJNBUFMZ�BMUFST�UIF�IZESBVMJD��
SFTJTUBODF�PG�UIF�DIBOOFM�CZ�JOUSPEVD�
JOH�TQBUJBM�IFUFSPHFOFJUZ�UIBU�DBO�PDDVS��

UIF�UVSCVMFOU�TUSVDUVSFT�SFTFNCMF��
UIF�MBSHF�TDBMF�CFIBWJPVS�PCTFSWFE�GPS��
VOMBEFO�GMPXT�PWFS�SPVHI�XBMMT�XJUI�
IJHI�TVCNFSHFODF�<�>�

5IF�JOUFSBDUJPO�PG�UIF�EJTQFSTF�BOE�UIF��
DPOUJOVPVT�QIBTF�XBT�BOBMZ[FE�CZ�
TVJUBCMF�TUBUJTUJDBM�NFBTVSFT�TVDI�BT��
UIF�UXP�QPJOU�DPSSFMBUJPO�GPS�UIF�TUSFBN��
XJTF�WFMPDJUZ�DPNQPOFOU�PG�UIF�GMVJE��
JO�UIF�OFBS�XBMM�SFHJPO�3VV	SY
�XJUI�SY�
UIF�DPSSFMBUJPO�MFOHUI�BOE�UIF�$BSUFTJBO��
%JTUSJCVUJPO�'VODUJPO�	$%'
�PG�QBSUJDMF�
QBJST�(	ɌY�Ɍ[
�<��>�EFQJDUFE�JO�'JH������
1BSUJDMF�TUSVDUVSFT�XFSF�BTTFTTFE�VTJOH��
UIF�QSPCBCJMJUZ�PG�B�QBSUJDMF�UP�GJOE��
BOPUIFS�QBSUJDMF�BU�B�HJWFO�EJTUBODF�
ɌY�Ɍ[�JO�Y��BOE�[�EJSFDUJPO�SFTQFDUJWFMZ��
"�WBMVF�PG�POF�SFGMFDUT�B�SBOEPN�EJT��
USJCVUJPO�XIJMF�WBMVFT�MBSHFS�UIBO�POF�
SFWFBM�QBSUJDMF�DMVTUFSJOH��5IF�$%'��
XBT�DPOEJUJPOFE�CZ�UIF�QBSUJDMF�WFMPDJUZ��
XJUI�(N�POMZ�BDDPVOUJOH�GPS�QBJST�PG��
NPWJOH�QBSUJDMFT�	'JH���
�BOE�(S�POMZ��
QBJST�PG�UXP�SFTUJOH�QBSUJDMFT��5IJT�
NFBTVSF�BMMPXT�UP�EJTUJOHVJTI�CFUXFFO��
UIF�EVOF�MJLF�BOE�TNBMM�TDBMF�DMVTUFST��
PO�UIF�POF�IBOE�BOE�UIF�DMPTFE�QMBOF��
CFE�BOE�UIF�SJEHFT�PO�UIF�PUIFS��5P��
DPNQBSF�UIF�UXP�QPJOU�DPSSFMBUJPO�PG��
UIF�GMVJE�UP�UIF�$%'�PG�QBSUJDMFT�QBJST�UIF��
WBMVFT�UIF�JOUFSWBM�����%���ɌY������)�
BOE�Ɍ[�����BSF�TIPXO�IFSF�POMZ��5IJT�BM�

DPNQPOFOU�QFSQFOEJDVMBS�UP�UIF�NBJO�
GMPX�EJSFDUJPO�JO�UVSO�USBOTQPSUJOH�
QBSUJDMFT�UPXBSET�UIF�SJEHFT��0O�UIF�
PUIFS�IBOE�GBTU�USBWFMMJOH�QBSUJDMFT�
NPWF�JO�UIF�USPVHIT�BOE�PDDBTJPOBMMZ�
FSPEF�UIF�SJEHFT�BU�EJGGFSFOU�MPDBUJPOT��
"T�UIF�GJYFE�CFE�JT�OPU�DPNQMFUFMZ��
DPWFSFE�CZ�JOBDUJWF�QBSUJDMFT�TQBUJBM�
IFUFSPHFOFJUZ�JO�UIF�TQBOXJTF�EJSFDUJPO��
EFWFMPQT�UIBU�BMMPXT�B�TJHOJGJDBOU�GMPX�
XJUI�B�IJHI�UVSCVMFOU�JOUFOTJUZ�JO�UIF�
TFEJNFOU�SFHJPO��5IF�SFMBUJWF�BNPVOU�PG��
NPWJOH�QBSUJDMFT�JT�SFEVDFE�JO�DPN��
QBSJTPO�UP�3FG�BT�UIF�JOBDUJWF�SJEHFT�
BSF�TFMG�TUBCJMJTJOH�UISPVHI�IJEJOH�BOE��
TIBEJOH�NFDIBOJTNT�JOEVDFE�CZ�UIF�
TQBUJBM�IFUFSPHFOFJUZ��5IF�SJEHFT�FYUFOE��
���)�PO�BWFSBHF�JO�UIF�TUSFBNXJTF�
EJSFDUJPO�BOE�NPWF�WFSZ�TMPXMZ�SFTVMUJOH��
JO�UIF�TFQBSBUJPO�PG�UIF�GMVJE�UJNF�
TDBMFT�BOE�PG�UIF�NPSQIPMPHJDBM�UJNF�
TDBMFT�PG�UIF�QBSUJDMF�DMVTUFST��

*O�DBTF�-PX4I�BMNPTU�BMM�NPCJMF�QBS�
UJDMFT�TFUUMF�POUP�UIF�GJYFE�QBSUJDMFT�EVF�
UP�UIFJS�JODSFBTFE�TVCNFSHFE�EFOTJUZ�
BOE�GPSN�BO�BMNPTU�DMPTFE�QMBOF�CFE�
	'JH���
��0OMZ�B�TNBMM�QFSDFOUBHF�PG�QBS�
UJDMFT�JT�FSPEFE��5IF�MBDL�PG�IJEJOH�BOE�
TIBEJOH�NFDIBOJTNT�MFBET�UP�IJHIFS�
USBOTMBUJPOBM�QBSUJDMF�WFMPDJUJFT��*O�UIJT�
EJMVUF�SFHJNF�UIF�QBSUJDMFT�POMZ�IBWF�
TNBMM�JNQBDU�PO�UIF�GMVJE�GMPX��)FODF�
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'JHVSF����"�TMJDF�PG�UIJDLOFTT�����NJMMJPO�MJHIU�ZFBST�
UISPVHI�UIF�TJNVMBUJPO�CPY��4PNF�WFSZ�QSPNJOFOU�TUSVD�
UVSFT�MJF�XJUIJO�UIBU�QMBOF�TVDI�BT�UIF�HBMBYZ�DMVTUFST��
JOEJDBUFE�XJUI�OBNF��5IF�TJNVMBUFE�BOE�PCTFSWFE�QPTJUJPOT��
PG�UIF�DMVTUFST�NBUDI�WFSZ�XFMM�

*O������"SOP�1FO[JBT�BOE�3PCFSU�8JMTPO��
EFUFDUFE�UIF�DPTNJD�NJDSPXBWF�CBDL�
HSPVOE�SBEJBUJPO�	$.#
��.PSF�UIBO��
���CJMMJPO�ZFBST�BHP�UIJT�SBEJBUJPO�XBT�JN��
QSJOUFE�PO�UIF�TLZ�POMZ�B�GFX���������
ZFBST�BGUFS�UIF�#JH�#BOH��*O������UIF�
$0#&�TBUFMMJUF�EFUFDUFE�BOJTPUSPQJFT�JO�
UIF�UFNQFSBUVSF�PG�UIF�$.#�SBEJBUJPO���
.FBOXIJMF�UIFTF�UFNQFSBUVSF�GMVDUVB��
UJPOT�BSF�NFBTVSFE�XJUI�WFSZ�IJHI�
QSFDJTJPO�CZ�TBUFMMJUFT�	8."1�1MBODL
�
BT�XFMM�BT�NBOZ�HSPVOE�CBTFE�PCTFS��
WBUJPOT��5IF�NFBTVSFE�UFNQFSBUVSF�
GMVDUVBUJPOT�UFMM�VT�UIBU�TIPSUMZ�BGUFS�
UIF�#JH�#BOH�UIF�6OJWFSTF�XBT�BMNPTU�
IPNPHFOFPVT�XJUI�UJOZ�EFOTJUZ�GMVD��
UVBUJPOT�PG�UIF�PSEFS�PG�������$PNQBSJOH�
UIF�QPXFS�TQFDUSVN�PG�NFBTVSFE�UFN�
QFSBUVSF�GMVDUVBUJPOT�XJUI�UIFPSFUJDBM��
NPEFMT�DPTNPMPHJTUT�DPODMVEF�UIBU�UIF��
6OJWFSTF�JT�TQBUJBMMZ�GMBU�BOE�DPOTJTUT��

BU�QSFTFOU�PG�BCPVU������PG�TPNF�VO��
LOPXO�%BSL�&OFSHZ������PG�BMTP�VO�
LOPXO�%BSL�.BUUFS�BOE�����PG�CBSZPOT�

*O�UIF�FWPMWFE�VOJWFSTF�POF�DBO�EJSFDUMZ�
PCTFSWF�UIF�EJTUSJCVUJPO�PG�CBSZPOT�BOE�
JOEJSFDUMZ�EFEVDF�	HSBWJUBUJPOBM�MFOTJOH�
WFMPDJUZ�NFBTVSFNFOUT
�UIF�EJTUSJCVUJPO��
PG�%BSL�.BUUFS��8F�TFF�IVHF�DMVTUFST��
PG�HBMBYJFT�XJUI�NBTTFT�VQ�UP�B�GFX�������
TPMBS�NBTTFT�JO�UIF�LOPUT�PG�UIF�DPT�
NJD�XFC�XIJDI�DPNQSJTFT�HBMBYJFT�JO�B�
XJEF�SBOHF�PG�NBTTFT�GSPN�UJOZ�EXBSG��
HBMBYJFT�	����TPMBS�NBTTFT
�UP�NBTTJWF�
FMMJQUJDBM�HBMBYJFT�	�����TPMBS�NBTTFT
��
"MM�UIFTF�TUSVDUVSFT�IBWF�FWPMWFE�GSPN�
UJOZ�GMVDUVBUJPOT�HFOFSBUFE�EVSJOH�UIF�
FBSMZ�JOGMBUJPOBSZ�QIBTF�BOE�NFBTVSFE�
JO�UIF�$.#�CBDLHSPVOE�

5IF�GPSNBUJPO�PG�TUSVDUVSF�PO�MBSHF�
TDBMFT�JT�XFMM�VOEFSTUPPE�XJUIJO�UIF�DPO��
DPSEBODF�NPEFM�PG�DPTNPMPHZ��5IF��
JOJUJBM�TNBMM�QFSUVSCBUJPOT�HSPX�CZ�HSBW�
JUBUJPOBM�JOTUBCJMJUZ�BOE�GPSN�CPVOE�PC�
KFDUT�DBMMFE�IBMPT�XIJDI�EFDPVQMF�GSPN��
UIF�FYQBOTJPO�PG�UIF�VOJWFSTF��5IFTF�
CPVOE�PCKFDUT�HSPX�GVSUIFS�IJFSBSDIJDBMMZ��
CZ�BDDSFUJPO�PG�NBUUFS�BOE�NFSHJOH�
XJUI�TNBMMFS�IBMPT��5IF�HSBWJUBUJPOBM�
DMVTUFSJOH�CFDPNFT�JODSFBTJOHMZ�OPO�
MJOFBS��%BSL�.BUUFS�JT�NPSF�BCVOEBOU�
BOE�IFODF�NPTU�JNQPSUBOU�GPS�GPSNBUJPO��
PG�MBSHF�TDBMF�TUSVDUVSFT�XIFSF�HSBWJUZ��
EPNJOBUFT��0O�TNBMMFS�	HBMBDUJD
�TDBMFT�
CBSZPOT�QMBZ�BO�JNQPSUBOU�SPMF��5IFZ��
JOUFSBDU�OPU�POMZ�HSBWJUBUJPOBMMZ�CVU�GPSN��
B�HBT�XJUI�B�DFSUBJO�QSFTTVSF�BOE�
UFNQFSBUVSF��*O�UIF�HSBWJUBUJPOBM�QPUFO��
UJBM�XFMMT�PG�UIF�%BSL�.BUUFS�IBMPT�UIF�
PSJHJOBMMZ�IPU�HBT�DPPMT�WJB�SBEJBUJWF�DPPM��
JOH�BOE�GJOBMMZ�TUBST�BSF�GPSNFE�PG�UIF��
DPPMFE�HBT��"MNPTU�BMM�DIFNJDBM�FMFNFOUT��

BCPWF�IFMJVN�BSF�GPSNFE�JO�TUBST�BOE�
UIFO�SFEJTUSJCVUFE�JOUP�UIF�DPTNJD�NF�
EJVN��4UBS�GPSNBUJPO�BOE�UIF�GFFECBDL�
PG�UIF�TUBST�PO�UIF�HBT�BSF�UIF�NPTU�
JNQPSUBOU�QSPDFTTFT�JO�HBMBYZ�GPSNBUJPO���
/FWFSUIFMFTT�EVF�UP�UIF�EPNJOBUJPO�PG��
HSBWJUZ�BU�FBSMZ�UJNFT�HBMBYJFT�BSF�DMPTFMZ��
BTTPDJBUFE�XJUI�UIF�%BSL�.BUUFS�IBMPT�

5IF�WBTUOFTT�PG�TDBMFT�BOE�UIF�OPO�
MJOFBSJUZ�PG�HSBWJUBUJPOBM�DMVTUFSJOH�BSF�
UIF�SFBTPOT�XIZ�OVNFSJDBM�TJNVMBUJPOT��
BOE�UIF�JOUFOTJWF�VTF�PG�UIF�MBSHFTU�TVQFS��
DPNQVUFST�BSF�UIF�POMZ�NFUIPET��
TVJUFE�UP�TUVEZ�UIF�HSBWJUBUJPOBMMZ�ESJWFO��
HSPXUI�PG�TUSVDUVSFT�EPXO�UP�MPDBM�
PWFS�EFOTJUJFT�JO�IBMPT�BOE�UIF�GPSNBUJPO��
PG�HBMBYJFT�UIFSFJO��$PTNPMPHJDBM�TJNVM��
BUJPOT�GPMMPX�UIF�DMVTUFSJOH�PG�NBUUFS�CZ��
OVNFSJDBMMZ�TPMWJOH�UIF�HSBWJUBUJPOBM�
JOUFSBDUJPO�CBTFE�PO�BO�/�CPEZ�BQ�
QSPBDI��"EEJUJPOBMMZ�POF�OFFET�UP�NPEFM�
IZESPEZOBNJDBM�QSPDFTTFT�SBEJBUJWF�
DPPMJOH�TUBS�GPSNBUJPO�BOE�UIF�GFFE�
CBDL�PG�TUBST�JO�PSEFS�UP�TJNVMBUF�JO�
EFUBJM�UIF�GPSNBUJPO�PG�HBMBYJFT�JO�UIFJS�
EJGGFSFOU�FOWJSPONFOUT��5P�UIJT�FOE�
WFSZ�IJHI�NBTT��BOE�TQBUJBM�SFTPMVUJPO�
BSF�OFDFTTBSZ�XIJDI�JNQPTFT�B�TUSPOH�
DIBMMFOHF�GPS�QSFTFOU�EBZ�DPNQVUB�
UJPOBM�BMHPSJUINT��0OF�JNQPSUBOU�MJNJUB�
UJPO�PG�TUBUF�PG�UIF�BSU�HBMBYZ�GPSNBUJPO�
TJNVMBUJPOT�JT�UIBU�HBMBYJFT�BSF�VTVBMMZ��
TFMFDUFE�UP�CF�SFMBUJWFMZ�JTPMBUFE�TZT�
UFNT�UP�BWPJE�FYUSB�DPNQVUBUJPOBM�
DPTUT��)PXFWFS�JU�IBT�CFFO�TIPXO�UIBU�
UIF�FOWJSPONFOU�PG�HBMBYJFT�QMBZT�BO�
JNQPSUBOU�SPMF�JO�UIFJS�FWPMVUJPO��5IFSF�
GPSF�TJNVMBUJPOT�PG�JTPMBUFE�HBMBYJFT�DBO�
POMZ�PGGFS�MJNJUFE�JOTJHIUT�JOUP�UIF�NPSF�
DPNQMFY�QSPDFTT�PG�HBMBYZ�FWPMVUJPO�

0OF�XBZ�UP�PWFSDPNF�UIJT�TFMFDUJPO�CJBT��
BOE�UP�ESBX�HFOFSBM�DPODMVTJPOT�BCPVU��
HBMBYZ�FWPMVUJPO�JT�UP�TJNVMBUF�BOE�PC��
TFSWF�HBMBYJFT�JO�BMM�QPTTJCMF�FOWJSPO�
NFOUT�BOE�DPNQBSF�FOTFNCMF�BWFSBHFE��
PCTFSWBCMFT��)PXFWFS�UIJT�NBSHJOBMJ[B�

UJPO�BQQSPBDI�XPVME�SFRVJSF�B�DPN��
QVUBUJPOBMMZ�JOGFBTJCMF�OVNCFS�PG�IJHI�
SFTPMVUJPO�TJNVMBUJPOT�

"O�BMUFSOBUJWF�XBZ�UP�JOWFTUJHBUF�HBMBYZ��
FWPMVUJPO�JT�UP�DPNQBSF�TJNVMBUFE�BOE��
PCTFSWFE�HBMBYJFT�UIBU�SFTJEF�JO�B�
TJNJMBS�FOWJSPONFOU��5IJT�IBT�CFFO�UIF�
TDPQF�PG�UIF�$-6&4�	$POTUSBJOFE�-PDBM�
6OJWFST&�4JNVMBUJPOT
�QSPKFDU�	IUUQ���
XXX�DMVFT�QSPKFDU�PSH
�BOE�JU�JT�BMTP�
UIF�HPBM�PG�PVS�XPSL���UP�QSPWJEF�JOJUJBM�
DPOEJUJPOT�UIBU�SFQSPEVDF�UIF�MPDBM�FOWJ��
SPONFOU�PG�UIF�.JMLZ�8BZ�BOE�JUT�OFJHI��
CPVST��5IF�-PDBM�6OJWFSTF�JT�OBUVSBMMZ��
UIF�CFTU�PCTFSWFE�SFHJPO�PG�UIF�6OJ�
WFSTF�XIFSF�FWFO�UIF�UJOJFTU�EXBSG�
HBMBYJFT�DBO�CF�PCTFSWFE��5IFSFGPSF�
JU�JT�CFTU�TVJUFE�UP�TUVEZ�UIF�GPSNBUJPO�
PG�TUSVDUVSFT�JO�DPOUSPMMFE�DPNQVUFS�
FYQFSJNFOUT��5P�UIJT�FOE�XF�OFFE�UP�GJU��
UIF�PCTFSWFE�-PDBM�6OJWFSTF�JOUP�B�
	TVQFS
DPNQVUFS��*O�UIF�OFYU�TFDUJPO�XF�
EFTDSJCF�PVS�XBZ�PG�EPJOH�UIJT�

Recovering and Simulating 
Structures of the Local  
Universe
5IF�JOJUJBM�DPOEJUJPOT�GPS�DPTNPMPHJDBM�
TJNVMBUJPOT�BSF�GPSNVMBUFE�JO�BHSFF�
NFOU�XJUI�UIF�PCTFSWFE�$.#�QPXFS��
TQFDUSVN��3VOOJOH�UIF�TJNVMBUJPO�PWFS�
NPSF�UIBO����CJMMJPO�ZFBST�POF�PCUBJOT�
B�SFBMJTBUJPO�PG�UIF�VOJWFSTF�XIJDI��
SFQSFTFOUT�UIF�PCTFSWFE�6OJWFSTF�JO�B��
TUBUJTUJDBM�XBZ�CVU�JU�IBT�OPUIJOH�UP��
EP�XJUI�UIF�PCTFSWFE�OFBSCZ�VOJWFSTF��
5P�TJNVMBUF�UIF�GPSNBUJPO�PG�UIF�PC�
TFSWFE�OFBSCZ�VOJWFSTF�POF�IBT�UP��
SFDPWFS�UIF�JOJUJBM�QIBTF�EJTUSJCVUJPO�PG��
EFOTJUZ�QFSUVSCBUJPOT�XIJDI�JT�SFTQPO�
TJCMF�GPS�UIF�GPSNBUJPO�PG�UIF�MPDBM�
TUSVDUVSFT��5P�UIJT�FOE�PCTFSWBUJPOT�PG��
UIF�OFBSCZ�VOJWFSTF�NVTU�CF�JNQPTFE�
BT�DPOTUSBJOUT�PO�UIF�JOJUJBM�DPOEJUJPOT�
PG�UIF�TJNVMBUJPOT��5IF�SFTVMUJOH�DPO�
TUSBJOFE�TJNVMBUJPOT�TFSWF�BT�B�OVNFSJ�
DBM�MBCPSBUPSZ�PG�UIF�OFBSCZ�VOJWFSTF�

How to fit the Local Universe  
into a Supercomputer?
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'JHVSF����5IF�UPQ�QBOFM�TIPXT�UIF�TLZ�QSPKFDUJPO�PG�BMM�HBMBYJFT�JO�UIF�
�.34�DBUBMPH�BU�EJTUBODFT�PG�����UP�����NJMMJPO�MJHIU�ZFBST��5IF�CPU�
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JOTJHIU�JT�HBJOFE�JOUP�UIF�VOEFSMZJOH�EZ��
OBNJDT�BOE�TUSVDUVSF��"WFSBHJOH�B�GFX�
PG�TVDI�TQFDUSB�XIJDI�BSF�SBQJEMZ��
DBMDVMBUFE�XJUI�PVS�%'5�1..�BQQSPBDI��
PO�4VQFS.6$�ZJFMET�BDDVSBUF�*3�TQFDUSB��
PG�UIF�NPMFDVMF�JO�UIF�DPOEFOTFE�QIBTF�
IFMQJOH�UP�JOUFSQSFU�FYQFSJNFOUBM�SFTVMUT�

$PODFSOJOH�GVUVSF�EFWFMPQNFOU�XF�BSF�
DVSSFOUMZ�UFTUJOH�B�%'5�1..�SFQMJDB�
FYDIBOHF�TDIFNF�XIJDI�BEET�BOPUIFS�
MFWFM�PG�QBSBMMFMJTN�UP�UIF�QSPHSBN��
5IF�DPNQVUBUJPOBM�QPXFS�PG�TFWFSBM�
������T�PG�DPSFT�DBO�UIFO�FBTJMZ�CF�

$1.%�UPHFUIFS�JOUP�B�TJOHMF�FYFDVU�
BCMF�BOE�UIFSFCZ�FOBCMFT�EJSFDU�EBUB�
FYDIBOHF�XIJDI�JT�GBTUFS�BOE�NPSF�
SPCVTU�UIBO�UIF�QSFWJPVTMZ�FNQMPZFE�
DPNNVOJDBUJPO�WJB�GJMF�FYDIBOHF��'VSUIFS��
NPSF�GPS�FBDI�PG�UIF�UXP�QSPHSBN�
QBSUT�UIF�SFTQFDUJWF�PQUJNBM�QBSBMMFMJ[B�
UJPO�TFUVQ�	OVNCFS�PG�.1*�QSPDFTTFT�
BOE�0QFO.1�UISFBET
�DBO�CF�VTFE��
5IVT�UIJT�SFWJTFE�JNQMFNFOUBUJPO�IBT�
CFFO�DBSFGVMMZ�EFTJHOFE�UP�SVO�PO��
)1$�TZTUFNT�BOE�IBT�CFFO�PQUJNJ[FE�
GPS�UIF�4VQFS.6$�QFUBGMPQ�TZTUFN�
PQFSBUFE�CZ�UIF�-FJCOJ[�4VQFSDPNQVUJOH��
$FOUSF�	-3;
��5IJT�TZTUFN�GFBUVSFT�
�������*OUFM�4BOEZ�#SJEHF�DPSFT�
DPOOFDUFE�CZ�BO�VMUSBGBTU�MPX�MBUFODZ�
*OGJOJCBOE�OFUXPSL�BOE�QSPWJEFT�BO��
FYDFMMFOU�QMBUGPSN�GPS�PVS�UBSHFUFE�MBSHF��
TDBMF�%'5�1..�TJNVMBUJPOT�PG�CJPNP�
MFDVMBS�TZTUFNT�XJUI�*1)*(&/*&�$1.%�

8F�UFTUFE�UIF�TUSPOH�TDBMJOH�QSPQFSUJFT��
PG�PVS�JNQMFNFOUBUJPO�PO�4VQFS.6$�
XJUI�B�DPNQBSBCMZ�TNBMM�TFUVQ�DPNQSJT�
JOH�BO�BMBOJO�EJQFQUJEF�NPMFDVMF�	���
BUPNT
�BT�%'5�GSBHNFOU�JO�B�QFSJPEJD�
CPY�GJMMFE�XJUI������QPMBSJ[BCMF�XBUFS�
NPMFDVMFT�	1..�NPEFM�5-�1
�SFTVMU�
JOH�JO�B�UPUBM�BUPN�DPVOU�PG��������
'JH����EFNPOTUSBUFT�UIBU�FWFO�GPS�UIJT�
TNBMM�TFUUJOH�BO�BMNPTU�QFSGFDU��
TDBMJOH�JT�BDIJFWFE�VQ�UP�����DPSFT�
XJUI�TUJMM�SFBTPOBCMF�QFSGPSNBODF��
HBJO�VQ�UP������DPSFT��*O�UIJT�TFUVQ��
UIF�*1)*(&/*&�QBSU�TDBMFT�VQ�UP�����
.1*�QSPDFTTFT�DPSSFTQPOEJOH�UP�BT��
GFX�BT����BUPNT�QFS�.1*�QSPDFTT��
-FTT�UIBO�����PG�UIF�UPUBM�DPNQVUBUJPO��
UJNF�JT�TQFOU�PO�UIF�1..�QBSU�BOE�UIF�
XFMM�LOPXO�FYDFMMFOU�TDBMJOH�PG�$1.%��
JT�OPU�IBNQFSFE�CZ�UIF�JOUFSGBDF�UP�
*1)*(&/*&��4FWFSBM�UFOT�PG�QJDPTFDPOET�
PG�%'5�1..�USBKFDUPSZ�QFS�EBZ�BSF�
OPX�GFBTJCMF�	DG��'JH���
�BOE�XF�BSF��
DVSSFOUMZ�TFUUJOH�VQ�MBSHF�TDBMF�%'5�1..��
TJNVMBUJPOT�PG�SFMFWBOU�CJPNPMFDVMFT�
TVDI�BT�%/"�CBTFT�PO�4VQFS.6$�

QSPBDI�HSFBUMZ�FOIBODFT�UIF�BDDVSBDZ�
DPNQBSFE�UP�DPOWFOUJPOBM�VOQPMBSJ[�
BCMF�IZCSJE�.%�BQQSPBDIFT��*U�USFBUT�
UIF�%'5�1..�FMFDUSPTUBUJDT�XIJDI�
BEEJUJPOBMMZ�DPWFST�JOUFSBDUJPOT�PG�UIF�
JOEVDJCMF�1..�EJQPMFT�XJUI�UIF�%'5�
FMFDUSPO�EFOTJUZ�CZ�B�MJOFBSMZ�TDBMJOH�
GBTU�NVMUJQPMF�NFUIPE�	4"..��<�>
���
5IF�ESBTUJDBMMZ�SFEVDFE�DPNQVUBUJPOBM�
DPNQMFYJUZ�NBLFT�TUVEJFT�PG�MBSHF��
%'5�NPMFDVMFT�TPMWBUFE�JO�BDDVSBUFMZ�
NPEFMFE�FYUFOEFE�1..�DPOEFOTFE�
QIBTF�OPX�GFBTJCMF�

8F�IBWF�JNQMFNFOUFE�UIF�BCPWF�%'5�
1..�BQQSPBDI�CZ�DPNCJOJOH�UIF��
XFMM�FTUBCMJTIFE�.1*�0QFO.1�QBSBMMFM�
%'5�DPEF�$1.%�<�>�XJUI�PVS�.1*�
0QFO.1�QBSBMMFM�1..�DPEF�*1)*(&/*&�
<���>��0VS�JOJUJBM�%'5�1..�JNQMFNFO��
UBUJPO�SFTUSJDUFE�*1)(&/*&�UP�SVO�PO�B�
TJOHMF�DPSF�BOE�VTFE�POMZ�$1.%�JO��
B�QBSBMMFM�NPEF��$PODPNJUBOUMZ�UIF�
TDBMJOH�PG�TVDI�DBMDVMBUJPOT�XBT�QPPS�
FTQFDJBMMZ�PO�)1$�TZTUFNT��8JUIJO�B�
,0/8*)3�***�QSPKFDU�XF�DPNQMFUFMZ��
SFWJTFE�UIF�*1)*(&/*&�$1.%�QSPHSBN�
JOUFSGBDF�SFTVMUJOH�JO�B�DPNQMFUFMZ�
.1*�0QFO.1�QBSBMMFM�TDBMBCMF�QSP�
HSBN�QBDLBHF��*U�MJOLT�*1)*(&/*&�BOE�
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'JHVSF����4JNVMBUJPO�PG�XBLF�WPSUFY�FWPMVUJPO�EVSJOH�GJOBM�BQQSPBDI�PG�"����BJSDSBGU�JO�IJHI�MJGU�DPO�
GJHVSBUJPO��*TP�TVSGBDF�PG�WPSUJDJUZ�NBHOJUVEF�DPMPSFE�CZ�TQBO�XJTF�WPSUJDJUZ�DPNQPOFOU�

'JHVSF����8BMM�SFTPMWJOH�-&4�PG�XBLF�WPSUFY�FWPMVUJPO�JO�HSPVOE�QSPYJNJUZ�XJUI�
UVSCVMFOU�DSPTTXJOE�	B
�XJUIPVU�BOE�	C
�XJUI�B�CBSSJFS�PO�UIF�HSPVOE�TVSGBDF�BU�B�
WPSUFY�BHF�PG����T��*TP�TVSGBDF�PG�WPSUJDJUZ�NBHOJUVEF�DPMPSFE�CZ�TQBO�XJTF�WPSUJDJUZ�
DPNQPOFOU�

With and without Plate Lines

"T�BO�VOBWPJEBCMF�DPOTFRVFODF�PG�MJGU�
BJSDSBGU�HFOFSBUF�B�QBJS�PG�DPVOUFS�
SPUBUJOH�BOE�MPOH�MJWFE�XBLF�WPSUJDFT�
UIBU�NBZ�QPTF�B�QPUFOUJBM�SJTL�UP�GPMMPX�
JOH�BJSDSBGU��5IF�FNQJSJDBMMZ�NPUJWBUFE��
TFQBSBUJPO�TUBOEBSET�CFUXFFO�DPOTFDV��
UJWF�BJSDSBGU�XIJDI�XFSF�JOUSPEVDFE��
JO�UIF�����T�TUJMM�BQQMZ�BU�NPTU�BJSQPSUT���
5IFTF�BJSDSBGU�TFQBSBUJPOT�MJNJU�UIF��
DBQBDJUZ�PG�DPOHFTUFE�BJSQPSUT�JO�B�SBQ�
JEMZ�HSPXJOH�BFSPOBVUJDBM�FOWJSPONFOU��
5IF�IJHIFTU�SJTL�UP�FODPVOUFS�XBLF�WPS��
UJDFT�QSFWBJMT�JO�HSPVOE�QSPYJNJUZ�XIFSF��
UIF�WPSUJDFT�DBOOPU�EFTDFOE�CFMPX�UIF�

HMJEF�QBUI�CVU�UFOE�UP�SFCPVOE�EVF�UP�
UIF�JOUFSBDUJPO�XJUI�UIF�HSPVOE�TVSGBDF�
<�>��8FBL�DSPTTXJOET�NBZ�DPNQFOTBUF�
UIF�TFMG�JOEVDFE�MBUFSBM�QSPQBHBUJPO��
PG�UIF�VQXJOE�WPSUFY�TVDI�UIBU�JU�NBZ�
IPWFS�PWFS�UIF�SVOXBZ�EJSFDUMZ�JO�UIF�
GMJHIU�QBUI�PG�UIF�GPMMPXJOH�BJSDSBGU��
'SPN�MBSHF�FEEZ�TJNVMBUJPO�BT�XFMM�BT��
GSPN�MJEBS�GJFME�NFBTVSFNFOUT�JU�JT�
LOPXO�UIBU�XBLF�WPSUJDFT�NBZ�MJWF�TJH��
OJGJDBOUMZ�MPOHFS�UIBO���NJO�DPSSF��
TQPOEJOH�UP�UIF���/.�TFQBSBUJPO��
CFUXFFO�B�MFBEJOH�IFBWZ�XFJHIU�DMBTT�
BJSDSBGU�BOE�B�NFEJVN�GPMMPXFS��$POTF�
RVFOUMZ�NPTU�FODPVOUFST�BSF�SFQPSUFE�
BU�GMJHIU�BMUJUVEFT�CFMPX�����GU��"U�TVDI�

MPX�GMJHIU�BMUJUVEFT�UIF�QPTTJCJMJUJFT�PG�
UIF�QJMPU�UP�SFDPWFS�GSPN�B�WPSUFY�FO�
DPVOUFS�BSF�MJNJUFE��

"MM�UIJT�TVHHFTUT�UIBU�DPNQSFIFOTJWF�
VOEFSTUBOEJOH�PG�XBLF�WPSUFY�CFIBWJPS�
JO�HSPVOE�QSPYJNJUZ�JT�PG�QSJNBSZ�JOUFSFTU���
5IF�SFTFBSDI�BDUJWJUJFT�EFTDSJCFE�IFSF�
BSF�NPUJWBUFE�CZ�UXP�RVFTUJPOT��

� m8IZ�JT�BQQSPBDI�BOE�MBOEJOH�TBGF�
VOEFS�UIFTF�DPOEJUJPOT n

� m$BO�XF�BDUJWFMZ�QSPNPUF�87�EFDBZ�
JO�HSPVOE�QSPYJNJUZ n

"QQSPQSJBUF�BOTXFST�UP�UIFTF�RVFTUJPOT��
BSF�DSVDJBM�GPS�UIF�EFTJHO�PG�B�NPTU��
FGGJDJFOU�BOE�TBGF�XBLF�WPSUFY�BEWJTPSZ�
TZTUFN�	87"4
��4VDI�B�87"4�JT�DPO�
DFJWFE�UP�BEKVTU�BJSDSBGU�TFQBSBUJPOT�
EVSJOH�BQQSPBDI�BOE�MBOEJOH�EFQFOEJOH�
PO�UIF�SFTQFDUJWF�DPNCJOBUJPOT�PG�MFBE�
JOH�BOE�GPMMPXJOH�BJSDSBGU�UZQFT�BOE�UIF�
QSFWBJMJOH�NFUFPSPMPHJDBM�DPOEJUJPOT�<�>��
"MUIPVHI�GVMM�BOTXFST�UP�UIFTF�RVFT�
UJPOT�BSF�OPU�ZFU�UBOHJCMF�UIF�OVNFSJDBM��
TJNVMBUJPOT�BOE�UIF�SFMBUFE�GJFME�NFBTVSF��
NFOU�DBNQBJHO�EFTDSJCFE�IFSF�NBZ�
TVCTUBOUJBMMZ�DPOUSJCVUF�UP�VOEFSTUBOE�
JOH�BOE�TPMWJOH�UIF�QSPCMFNT��)JHIMZ�
SFTPMWJOH�MBSHF�FEEZ�TJNVMBUJPOT�	-&4
�
DPOEVDUFE�PO�4VQFS.6$�QSPWJEF�WBMV�
BCMF�JOTJHIUT�JOUP�UIF�QIZTJDT�PG�XBLF�
WPSUFY�CFIBWJPS�VOEFS�WBSJPVT�BUNP�
TQIFSJD�DPOEJUJPOT�BOE�JO�HSPVOE�QSPY�
JNJUZ��5IFTF�-&4�BMTP�DPOUSJCVUF�JOEJT�
QFOTBCMF�HVJEBODF�GPS�UIF�EFWFMPQNFOU�
PG�UIF�SFBM�UJNF�GBTU�UJNF�XBLF�WPSUFY�
NPEFMT�OFFEFE�JO�87"4�

-&4�JT�QFSGPSNFE�VTJOH�UIF�JODPN�
QSFTTJCMF�/BWJFS�4UPLFT�DPEF�.(-&5�
EFWFMPQFE�BU�5FDIOJTDIF�6OJWFSTJU»U�
.ÓODIFO��5P�DPOEVDU�XBLF�WPSUFY�TJNV�
MBUJPO�JO�WBSJPVT�BUNPTQIFSJD�DPOEJUJPOT��
BO�BEEJUJPOBM�FRVBUJPO�GPS�QPUFOUJBM��

UFNQFSBUVSF�JT�TPMWFE�UP�UBLF�JOUP�BD�
DPVOU�CVPZBODZ�FGGFDUT�	#PVTTJOFTR�BQ�
QSPYJNBUJPO
�

XIFSF�VJ�Ql�BOE�Ʌl�SFQSFTFOU�UIF�WFMPDJUZ��
DPNQPOFOUT�JO�UISFF�TQBUJBM�EJSFDUJPOT�
	J�������PS��
�QSFTTVSF�BOE�QPUFOUJBM�
UFNQFSBUVSF�SFTQFDUJWFMZ��5IF�TVN��
NBUJPO�DPOWFOUJPO�JT�VTFE�GPS�UIF�WFMPDJUZ��
DPNQPOFOUT�VJ�BOE�bJK�EFOPUFT��

Aircraft Wake Vortex  
Evolution during Approach 
and Landing
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'JHVSF����8BMM�SFTPMWJOH�-&4�
PG�XBLF�WPSUFY�FWPMVUJPO�JO�
HSPVOE�QSPYJNJUZ�XJUI�TPMJE�
CBSSJFS�	BCPWF
�BOE�QMBUF�MJOF�
	CFMPX
�BU�B�WPSUFY�BHF�PG�
���T��*TP�TVSGBDF�PG�WPSUJDJUZ�
NBHOJUVEF�DPMPSFE�CZ�TQBO�
XJTF�WPSUJDJUZ�DPNQPOFOU�

,SPOFDLFS�T�EFMUB��5IF�QSJNFT�GPS�QSFT��
TVSF�BOE�QPUFOUJBM�UFNQFSBUVSF�JOEJDBUF��
UIBU�UIFTF�BSF�EFGJOFE�CZ�UIF�EFWJB��
UJPO�GSPN�UIF�SFGFSFODF�TUBUFT�IFODF�
Q���Q��Ql�Ʌ�ൌ�Ʌ0Ʌǯ��,JOFNBUJD�WJTDPTJUZ�
JO�UIF�NPNFOUVN�FRVBUJPOT�JT�EFGJOFE�
CZ�UIF�TVN�PG�NPMFDVMBS�WJTDPTJUZ�BOE�
FEEZ�WJTDPTJUZ�PCUBJOFE�GSPN�B�TVCHSJE�
TDBMF�NPEFM��5IF�DPSSFTQPOEJOH�EJG��
GVTJPO�DPFGGJDJFOUT�JO�UIF�QPUFOUJBM�
UFNQFSBUVSF�FRVBUJPO�BSF�PCUBJOFE�CZ�
BTTVNJOH�DPOTUBOU�NPMFDVMBS�BOE�UVS�
CVMFOU�1SBOEUM�OVNCFST�PG�����BOE�����
SFTQFDUJWFMZ�

5IF�BCPWF�FRVBUJPOT�BSF�TPMWFE�CZ�B�
GJOJUF�WPMVNF�BQQSPBDI�XJUI�UIF�GPVSUI�
PSEFS�GJOJUF�WPMVNF�DPNQBDU�TDIFNF���
"�TQMJU�JOUFSGBDF�BMHPSJUIN�JT�VTFE�GPS��
UIF�QBSBMMFMJ[BUJPO�PG�B�USJEJBHPOBM��
TZTUFN�GPS�UIF�DPNQBDU�TDIFNF�XIJDI�
SFBMJ[FT�HPPE�PWFSIFBE�UJNF�BOE�TDBM�
BCJMJUZ�JO�QBSBMMFM�FOWJSPONFOUT��*O�BEEJ�
UJPO�B�EJWFSHFODF�GSFF�JOUFSQPMBUJPO��
JT�FNQMPZFE�GPS�PCUBJOJOH�BEWFDUJPO�WF��
MPDJUZ�XIJDI�FOTVSFT�DPOTFSWBUJPO�PG��
WFMPDJUZ�BOE�QBTTJWF�USBDFS�GJFMET���
5IF�QSFTTVSF�GJFME�JT�PCUBJOFE�CZ�UIF�
WFMPDJUZ�QSFTTVSF�JUFSBUJPO�NFUIPE��
CZ�)JSU�BOE�$PPL��'PS�UJNF�JOUFHSBUJPO�
UIF�UIJSE�PSEFS�3VOHF�,VUUB�NFUIPE��
JT�VTFE��5IF�-BHSBOHJBO�EZOBNJD�NPEFM�
JT�FNQMPZFE�BT�UVSCVMFODF�DMPTVSF�
XIJDI�QSFWFOUT�FYDFTTJWF�FEEZ�WJTDPT�
JUZ�JO�UIF�WPSUFY�DPSFT��5IF�DMPTVSF�
BDDVNVMBUFT�UIF�SFRVJSFE�BWFSBHFT�PG�
TVCHSJE�NPEFM�DPFGGJDJFOUT�BMPOH�GMPX�
QBUIMJOFT��5IJT�FOBCMFT�UIF�-BHSBOHJBO�
EZOBNJD�NPEFM�UP�EJTUJOHVJTI�UIF�DFO�
USJGVHBMMZ�TUBCMF�WPSUFY�DPSF�SFHJPOT�BT�
XFMM�BT�CPVOEBSZ�MBZFS�GMPXT�GSPN�UIF�
FYUFSOBM�UVSCVMFOU�GMPX��"MM�DPNQVUB�
UJPOT�BSF�QFSGPSNFE�JO�QBSBMMFM�CZ�B�EP�
NBJO�EFDPNQPTJUJPO�BQQSPBDI�

/VNFSJDBM�TJNVMBUJPOT�PG�XBLF�WPSUJDFT�
VTVBMMZ�OFHMFDU�WPSUFY�SPMM�VQ�BOE�BSF�
JOJUJBMJ[FE�CZ�TPNF�BOBMZUJDBM�WPSUFY�NPEFM�

BT�GPS�FYBNQMF�DP�SPUBUJOH�-BNC�0TFFO�
WPSUJDFT��"�OFX�NFUIPE�IBT�CFFO��
EFWFMPQFE�XIFSF�BO�BJSDSBGU�NPEFM�BOE�
JUT�TVSSPVOEJOH�GMPX�GJFME�PCUBJOFE�
GSPN�IJHI�GJEFMJUZ�3FZOPMET�BWFSBHFE�
/BWJFS�4UPLFT�TJNVMBUJPO�	3"/4
�BSF�
TXFQU�UISPVHI�B�HSPVOE�GJYFE�DPN��
QVUBUJPOBM�EPNBJO�UP�JOJUJBMJ[F�UIF�XBLF�
<�>��5IJT�BMMPXT�UIF�TJNVMBUJPO�PG��
WPSUFY�FWPMVUJPO�GSPN�UIF�SPMM�VQ�VOUJM�
UIF�GJOBM�EFDBZ��$MPTF�UP�UIF�TVSGBDF�PG�
UIF�BJSDSBGU�NPEFM�UIF�WFMPDJUZ�GJFME�JT�
SFQSFTFOUFE�CZ�B�DPNCJOBUJPO�PG�UIF�
3"/4�WFMPDJUZ�GJFME�73"/4�BOE�UIF�-&4�
WFMPDJUZ�GJFME�7-&4�XJUI�B�XFJHIUJOH�
GVODUJPO�G	Z


*O�UIJT�TUVEZ�73"/4�JT�VTFE�BT�B�DPO�
TUBOU�GPSDJOH�UFSN�PG�UIF�/BWJFS�4UPLFT�
FRVBUJPOT�TPMWFE�JO�UIF�-&4��4JODF�UIF�
BJSDSBGU�NPEFM�JT�TXFQU�UISPVHI�UIF�DPN��
QVUBUJPOBM�EPNBJO�UIF�GPSDJOH�UFSN�
BDUT�BT�B�NPWJOH�CPVOEBSZ�DPOEJUJPO��
GPS�UIF�-&4��5IJT�LJOE�PG�BQQSPBDI�
NJHIU�CF�SFGFSSFE�UP�BT�B�GPSUJGJFE�TP��
MVUJPO�BMHPSJUIN�PS�BT�B�OVEHJOH�UFDI�
OJRVF�BT�JU�JT�GSFRVFOUMZ�VTFE�UP�BTTJNJ�
MBUF�NFUFPSPMPHJDBM�NFBTVSFNFOU�EBUB�
JOUP�XFBUIFS�QSFEJDUJPO�NPEFMT��*O��
DPOKVODUJPO�XJUI�UIF�XBLF�WPSUFY�FWP�
MVUJPO�JO�HSPVOE�QSPYJNJUZ�UIF�JNQBDU�
PG�PCTUBDMFT�FSFDUFE�PO�UIF�HSPVOE�
TVSGBDF�PO�XBLF�WPSUFY�FWPMVUJPO�BOE�
EFDBZ�JT�JOWFTUJHBUFE��5IFTF�PCTUBDMFT�
BSF�NPEFMFE�CZ�UIF�JNNFSTFE�CPVOEBSZ�
NFUIPE�XIFSF�UIF�WFMPDJUZ�GJFME�JT��
NPEJGJFE�CZ�B�GPSDJOH�UFSN�TVDI�UIBU�UIF��
NPEJGJFE�WFMPDJUZ�GJFME�SFQSFTFOUT�UIF�
PCTUBDMFT�PO�UIF�HSPVOE�

5IF�BNPVOU�PG�NFNPSZ�VTFE�JT�BQ�
QSPYJNBUFMZ�����������(#�QFS�DPSF��5IF�
UPUBM�NFNPSZ�VTBHF�EFQFOET�PO�UIF�
OVNCFS�PG�DPSFT�VTFE�BOE�UZQJDBMMZ�JT�
�����(#�GPS�UIF�QBSBMMFM�DPNQVUBUJPOT�
VTJOH������DPSFT��'PS�QSF��BOE�QPTU�
QSPDFTTJOH�TQFDUSBM�BOBMZTJT�SFRVJSFT�

SFMBUJWFMZ�MBSHF�BNPVOU�PG�NFNPSZ�F�H��
����(#�GPS�B�����3�NFTI�DBTF��5ZQJDBM��
OVNCFST�PG�$16�DPSFT�DVSSFOUMZ�VTFE�
GPS�UIF�TJNVMBUJPOT�BSF�����UP������
DPSFT�GPS�DBTFT�GSPN����NJMMJPO�UP�
����3�ൎ������CJMMJPO�NFTI�QPJOUT��5IF�
USBOTJUJPO�UP�4VQFS.6$�XFOU�TNPPUIMZ�
XJUIPVU�MBSHFS�DPNQMJDBUJPOT�

'JH����TIPXT�UIF�TJNVMBUJPO�PG�UIF�GJOBM�
BQQSPBDI�PG�BO�"����BJSDSBGU�JO�IJHI�
MJGU�DPOGJHVSBUJPO�JODMVEJOH�WPSUFY�SPMM�VQ�
BJSDSBGU�GMBSF�BOE�UPVDIEPXO�WPSUFY�
JOUFSBDUJPO�XJUI�UIF�HSPVOE�BOE�PC�
TUBDMFT�JO�UFSNT�PG�B�QMBUF�MJOF��*O�IJHI�
MJGU�DPOGJHVSBUJPO�B�NBOJGPME�PG�WPSUFY�
TIFFUT�BOE�EJTUJODU�WPSUJDFT�BSF�GPSNFE�
CFIJOE�UIF�BJSDSBGU�	'JH����VQQFS�MFGU
���
5IF�TUSPOHFTU�WPSUJDFT�EFUBDIJOH�GPSN�
UIF�XJOH�UJQT�BOE�GMBQ�UJQT�NFSHF�XJUIJO�
B�EJTUBODF�PG�BCPVU����XJOH�TQBOT�
CFIJOE�UIF�BJSDSBGU��5IF�XBLF�WPSUJDFT�
BT�XFMM�BT�UIF�CPVOE�WPSUFY�BMPOH�UIF�
BJSDSBGU�XJOH�JOEVDF�B�WPSUJDJUZ�MBZFS�PG�
PQQPTJUF�TJHO�BU�UIF�HSPVOE�TVSGBDF��
4IPSUMZ�BGUFS�UPVDIEPXO�UIF�CPVOE�WPS�

UFY�WBOJTIFT�BOE�UIF�GSFF�FOET�PG�UIF�
XBLF�WPSUJDFT�TUBSU�UP�JOUFSBDU�XJUI�UIF�
WPSUJDJUZ�MBZFS�BU�UIF�HSPVOE�EJTUVSC�
JOH�UIF�XBLF�WPSUJDFT�TUBSUJOH�GSPN�UIF�
QPJOU�PG�UPVDIEPXO��5IJT�QSPDFTT�DPO�
TUJUVUFT�UIF�FOE�FGGFDUT�QSPQBHBUJOH�
BT�IFMJDBM�EJTUVSCBODFT�BMPOH�UIF�XBLF�
WPSUJDFT��1PSU��BOE�TUBSCPBSE�WPSUJDFT�
BSF�OP�MPOHFS�MJOLFE�CZ�UIF�CPVOE�WPS�
UFY�BOE�RVJDLMZ�EJWFSHF�BU�UIF�QPJOU�PG�
UPVDIEPXO��'JOBMMZ�XF�PCTFSWF�MJOLJOH�
PG�UIF�WPSUFY�FOET�XJUI�UIF�HSPVOE��
4FDPOEBSZ�WPSUJDJUZ�TUSVDUVSFT�GPSN�BU�
UIF�SFE�QMBUF�MJOF�BSF�XPVOE�BSPVOE�
UIF�QSJNBSZ�WPSUJDFT�BOE�QSPQBHBUF�CZ�
TFMG�JOEVDUJPO�JO�BYJBM�EJSFDUJPOT�UP�FJ�
UIFS�TJEFT�	MPXFS�QMPUT
��5IFTF�IFMJDBM��
EJTUVSCBODFT�GJOBMMZ�JOUFSBDU�XJUI�UIF�
FOE�FGGFDUT�MFBEJOH�UP�SBQJE�WPSUFY�EFDBZ��

&OE�FGGFDUT�DBO�CF�DPOTJEFSFE�BT�HPPE�
DBOEJEBUFT�UIBU�BDDFMFSBUF�WPSUFY�EFDBZ��
DMPTF�UP�UIF�UPVDIEPXO�[POF�TVDI�UIBU�
BQQSPBDI�BOE�MBOEJOH�DBO�CF�BDDPN�
QMJTIFE�TBGFMZ��*O�DPNCJOBUJPO�XJUI�QMBUF�
MJOFT�TBGFUZ�DPVME�CF�GVSUIFS�JODSFBTFE�
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%-3��
*OTUJUVU�GÓS�1IZTJL��
EFS�"UNPTQI»SF��
0CFSQGBGGFOIPGFO

'JHVSF����)"-0�SFTFBSDI�BJSDSBGU�GMJFT�PWFS�QMBUF�MJOF�DPOTJTUJOH�JO�UPUBM�PG���XPPEFO�QMBUFT�NPVOUFE�
QFSQFOEJDVMBS�UP�UIF�GMJHIU�EJSFDUJPO�

'JHVSF����0WFSGMJHIU�PG�)"-0�SFTFBSDI�BJSDSBGU�BOE�WPSUFY�SPMM�VQ�JO�HSPVOE�QSPYJNJUZ�WJTVBMJ[FE�CZ�
TNPLF�BU�TQFDJBM�BJSQPSU�0CFSQGBGGFOIPGFO���

TVSFNFOUT�JO�B�QMBOF�XJUI�BO�PGGTFU�
PG�����JOJUJBM�WPSUFY�TFQBSBUJPOT�UP�UIF�
QMBUF�MJOF�JO�GMJHIU�EJSFDUJPO�SFWFBM�UIBU�
UIF�EJTUVSCBODFT�USBWFM�RVJDLMZ�BMPOH�
UIF�WPSUJDFT�
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BOE�UIF�QSPQBHBUJPO�TQFFE�PG�UIF�IFMJ�
DBM�TUSVDUVSFT�JT�FWFO�TMJHIUMZ�IJHIFS�
XJUI�UIF�QMBUF�MJOF�

0O����BOE����"QSJM������UIF�8BLF01�
GJFME�NFBTVSFNFOU�DBNQBJHO�IBT�
CFFO�BDDPNQMJTIFE�BU�TQFDJBM�BJSQPSU�
0CFSQGBGGFOIPGFO�XJUI�UIF�SFTFBSDI�
BJSDSBGU�)"-0�B�NPEJGJFE�(VMGTUSFBN�
(����JO�PSEFS�UP�EFNPOTUSBUF�UIF�
GVODUJPOBMJUZ�PG�UIF�QMBUF�MJOF�UP�TJH�
OJGJDBOUMZ�BDDFMFSBUF�WPSUFY�EFDBZ�JO�
HSPVOE�QSPYJNJUZ��%VSJOH�UIF����PWFS�
GMJHIUT�PG�)"-0�BU�BO�BMUJUVEF�PG����N�
BCPWF�HSPVOE�UIF�XFBUIFS�JNQBDU�PO�
WPSUFY�CFIBWJPS�XBT�NJOJNJ[FE�CZ�GPME�
JOH�BXBZ�UIF�QMBUFT�BMUFSOBUJOHMZ��5IF�
GJFME�FYQFSJNFOUT�IBWF�TVDDFTTGVMMZ�
EFNPOTUSBUFE�UIF�FGGJDJFODZ�PG�UIJT�XBZ�
UP�QSPWPLF�QSFNBUVSF�WPSUFY�EFDBZ�JO�
UIF�NPTU�DSJUJDBM�GMJHIU�QIBTF�QSJPS�UP�
UPVDI�EPXO��"MSFBEZ�UIF�TNPLF�BOE�
GPH�WJTVBMJ[BUJPOT�EPDVNFOUFE�CZ�WJEFP�
BOE�QIPUP�JOEJDBUFE�UIBU�XJUI�UIF�QMBUF�
MJOF�UIF�GPSNFE�WPSUFY�TUSVDUVSFT�BSF�
MFTT�DPIFSFOU��5IF�MJEBS�NFBTVSFNFOUT�
DPSSPCPSBUF�RVBOUJUBUJWFMZ�UIBU�XJUI�
UIF�QMBUF�MJOF�WPSUFY�EFDBZ�QSPHSFTTFT�
GBTUFS�UIBO�BCPWF�GMBU�HSPVOE�BU�BMM�SFM�
FWBOU�WPSUFY�BHFT��'VSUIFS�MJEBS�NFB�

UIF�4IPSU�'JOBM�PG�BO�"QQSPBDI�UP�B��
3VOXBZn�IBT�CFFO�GJMFE�VOEFS�OVNCFS�
%&������������������4VDI�B�TFUVQ�
TQFDJGJDBMMZ�FYQMPJUT�QSPQFSUJFT�PG�
WPSUFY�EZOBNJDT�UP�BDDFMFSBUF�XBLF�
WPSUFY�EFDBZ�JO�HSPVOE�QSPYJNJUZ�XJUI�
UIF�GPMMPXJOH�DIBSBDUFSJTUJDT��	J
�FBSMZ�
EFUBDINFOU�PG�TUSPOH�PNFHB�TIBQFE�
TFDPOEBSZ�WPSUJDFT�	JJ
�PNFHB�TIBQF�
DBVTFT�TFMG�JOEVDFE�GBTU�BQQSPBDI�UP�
UIF�QSJNBSZ�WPSUFY�	JJJ
�BGUFS�UIF�TFD�
POEBSZ�WPSUFY�IBT�MPPQFE�BSPVOE�UIF�
QSJNBSZ�WPSUFY�JU�TFQBSBUFT�BOE�USBW�
FMT�CPUI�XBZT�BMPOH�UIF�QSJNBSZ�WPSUFY�
BHBJO�ESJWFO�CZ�TFMG�JOEVDUJPO�	JW
�UIF�
BSUJGJDJBMMZ�HFOFSBUFE�TFDPOEBSZ�WPSUFY�
DPOOFDUT�UP�UIF�SFHVMBS�HSPVOE�FG�
GFDU�WPSUFY�BOE�UIVT�PCUBJOT�DPOUJOVFE�
TVQQMZ�PG�FOFSHZ�	W
�UIF�IJHIMZ�JOUFOTF�
JOUFSBDUJPO�PG�QSJNBSZ�BOE�TFDPOEBSZ�
WPSUJDFT�MFBET�UP�SBQJE�XBLF�WPSUFY�
EFDBZ�JOEFQFOEFOU�GSPN�OBUVSBM�FYUFS�
OBM�EJTUVSCBODFT��

'JH����EFNPOTUSBUFT�UIBU�UIF�TPMJE�CBS�
SJFS�DBO�CF�SFQMBDFE�CZ�B�MFTT�DPTUMZ�
BOE�PCKFDUJPOBCMF�QMBUF�MJOF�UIBU�UVSOT�
PVU�UP�QSPEVDF�TJNJMBS�FGGFDUT��"�DMPTFS�
MPPL�BU�'JH����SFWFBMT�UIBU�UIF�TFDPOE�
BSZ�WPSUJDFT�BSF�FWFO�TMJHIUMZ�TUSPOHFS�

CZ�BDDFMFSBUJOH�WPSUFY�EFDBZ�XJUIJO�UIF�
XIPMF�IFJHIU�SBOHF�XIFSF�XBLF�WPSUJ�
DFT�NBZ�SFCPVOE�UP�UIF�HMJEF�QBUI�

'JH���B�TIPXT�UIF�JOUFSBDUJPO�PG�UIF�XBLF��
WPSUJDFT�XJUI�UIF�UVSCVMFOU�TUSVDUVSFT�
BU�UIF�HSPVOE�TVSGBDF�HFOFSBUFE�CZ�B�
DSPTTXJOE�CMPXJOH�GSPN�MFGU�CFMPX��"U��
B�WPSUFY�BHF�PG����T�UIF�WPSUJDJUZ�TIFFU�
HFOFSBUFE�CZ�UIF�MFF�	SFBS
�WPSUFY��
EFUBDIFT�GSPN�UIF�HSPVOE�BOE�TUBSUT�
SPUBUJOH�BSPVOE�UIF�QSJNBSZ�WPSUFY��
5SJHHFSFE�CZ�DSPTTXJOE�TUSFBLT�UIF�
TFDPOEBSZ�WPSUJDJUZ�TIFFU�USBOTGPSNT�
JOUP�TP�DBMMFE�PNFHB�MPPQT�XSBQQJOH�
BSPVOE�UIF�QSJNBSZ�WPSUJDFT�BOE�JOJUJBU�
JOH�WPSUFY�EFDBZ��6OEFS�VOGBWPSBCMF�
DSPTTXJOE�DPOEJUJPOT�UIF�SFCPVOEJOH�
VQXJOE�	GSPOU
�WPSUFY�NBZ�IPWFS�PWFS�
UIF�SVOXBZ�EJSFDUMZ�JO�UIF�GMJHIU�DPSSJEPS�
PG�B�MBOEJOH�BJSDSBGU��

5IF�JOUSPEVDUJPO�PG�B�CBSSJFS�BU�UIF�
HSPVOE�TVSGBDF�NBZ�TVCTUBOUJBMMZ�BDDFM��
FSBUF�WPSUFY�EFDBZ�JO�UIF�DSJUJDBM�BSFB�
DMPTF�UP�UIF�UISFTIPME�XIFSF�NPTU�WPSUFY��
FODPVOUFST�PDDVS�	'JH���C
�<�>��"�SF�
TQFDUJWF�QBUFOU�FOUJUMFE�m4VSGBDF�
4USVDUVSF�PO�B�(SPVOE�4VSGBDF�GPS�"D�
DFMFSBUJOH�%FDBZ�PG�8BLF�5VSCVMFODF�JO�
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4JODF�UIF�$MPVE�IZQF�IBT�BSSJWFE�JO�TP��
DJFUZ�UIF�UFSN�DMPVE�DBO�CF�GPVOE�OFBSMZ��
FWFSZXIFSF��3FHBSEMFTT�PG�XIFUIFS��
XF�MPPL�BU�BEWFSUT�JO�OFXTQBQFST�PS�57�
BT�XFMM�BT�BU�BQQFBSJOH�BEE�POT�JO�PVS�
NPCJMFT�	TVDI�BT�"QQMFT�J$MPVE�PS�UIF�
"NB[PO�$MPVE�%SJWF
�m5IF�$MPVEn�IBT�
CFFO�CSPVHIU�GPSXBSE�BOE�JT�BDDFQUFE�
BT�B�UFDIOPMPHJDBM�TUBOEBSE��

)PXFWFS�JO�PQQPTJUF�UP�UIF�JOJUJBM�QBSB�
EJHNT�PG�TJNQMJDJUZ�FBTF�PG�VTF�BOE�
USBOTQBSFODZ�BDUVBM�DMPVE�PGGFSJOHT�UPVDI��
POMZ�B�NJOJNBM�TVCTFU�PG�UIF�EFTJSFE�
DBQBCJMJUJFT��%BUB�TUPSBHF�GPS�UIF�
NBTTFT�XJUI�MJNJUFE�CBOEXJEUI�BOE�BE�
FRVBUF�EBUB�TFDVSJUZ�NFDIBOJTNT�GPS�
UIF�JOEVTUSZ�BSF�KVTU�B�GFX�FYBNQMFT�
DPODFSOJOH�UIF�DVSSFOU�PGGFSJOHT��5IJT�
NFBOT�UIBU�UIF�GVMM�QPUFOUJBM�PG�$MPVET�
JT�TUJMM�UP�CF�FWPMWFE�BOE�BU�UIF�PUIFS�
IBOE�MFBET�UP�B�DSJUJDBM�BOE�DPODFSOFE�
WJFX�PO�UIJT�UFDIOPMPHZ�XIFO�DPODFQUT�
BSF�USJFE�UP�CF�BEBQUFE�UP�EBZ�UP�EBZ�
CVTJOFTT�PG�DPNQBOJFT�

-PPLJOH�BU�UIFTF�DPODFSOT�BOE�UIF�XBZ�
UIF�$MPVE�JT�BEWFSUJTFE�B�NFOUJPOJOH�
PG�$MPVET�JO�UIF�DPOUFYU�PG�TVQFSDPN�
QVUJOH�PS�IJHI�QFSGPSNBODF�DPNQVUJOH�
	)1$
�BQQMJDBUJPOT�IBT�POMZ�MFE�UP�EJT�
DVTTJPOT�PO�UIF�MFWFM�PG�B�GJHIU�PG�$MPVE�
WFSTVT�)1$��*O�B�NBKPSJUZ�PG�DBTFT�UIJT�
EJTDVTTJPO�JHOPSFE�DPNQMFUFMZ�UIF��
QPUFOUJBM�PG�CPUI�UFDIOPMPHJFT�BOE�UIVT�
QPUFOUJBM�TZOFSHJFT��

-PPLJOH�BU�SFDFOU�EFWFMPQNFOUT�XJUIJO�
UIF�mDMBTTJDBMn�)1$�EPNBJO�UIFSF�JT��
BO�PCWJPVT�QBSBEJHN�TIJGU�GSPN�B�mPOF�
TVQFSDPNQVUFS�p�B�TNBMM�OVNCFS�	JG��
BU�BMM�NPSF�UIBO�POF
�MBSHF�TDBMF�BQQMJ�
DBUJPOTn�SFMBUJPOTIJQ�UPXBSET�B�WBSJFUZ�
PG�TNBMMFS�BQQMJDBUJPOT�DPNJOH�GSPN��
EJGGFSFOU�EPNBJOT�UP�CF�FYFDVUFE�PO��
)1$�TZTUFNT��&TQFDJBMMZ�4NBMM�BOE��
.FEJVN�TJ[FE�&OUFSQSJTFT�	4.&T
�BSF�
OPX�EJTDPWFSJOH�UIF�QPUFOUJBMT�PG��
TJNVMBUJPOT�PO�TVQFSDPNQVUFST�UP�FO�
IBODF�UIFJS�DPSF�CVTJOFTT�BOE�JNQSPWF�
UIFJS�DPNQFUJUJWFOFTT��

5IVT�UIF�OFFET�BOE�SFRVJSFNFOUT�GPS�
)1$�DFOUSFT�TUBSU�UP�DIBOHF��8IJMTU�
UIFSF�XBT�B�TFU�PG�SBUIFS�DMBTTJDBM�)1$�
DPNNVOJUZ�NFNCFST�FJUIFS�TDJFOUJGJD�
PS�GSPN�NBKPS�JOEVTUSZ�TVDI�BT�UIF�
BFSPTQBDF�PS�BVUPNPUJWF�TFDUPST�UIF�
UZQF�PG�VTFST�BOE�UIFJS�FYQFDUBUJPOT�
BSF�BCPVU�UP�DIBOHF��*O�NBOZ�DBTFT�
4.&T�UIBU�IBWF�OPU�VTFE�TJNVMBUJPOT�
CFGPSF�MBDL�PG�FYQFSUJTF�JO�UIF�)1$�
UFDIOPMPHZ�BOE�JOWFTUNFOUT�OFDFTTBSZ�
GPS�FTUBCMJTIJOH�UIJT�FYQFSUJTF�JOUFSOBMMZ�
JO�B�DPNQBOZ�XPVME�CF�UPP�SJTLZ��5IF�
NBJO�RVFTUJPOT�UP�CF�BOTXFSFE�CFGPSF�
UIFSF�NJHIU�CF�BO�JOWFTUNFOU�BSF��
m8IBU�JT�UIF�CFOFGJU�PG�VTJOH�)1$ n�
BOE�m8IBU�JT�UIF�QSJDF n��"NPOHTU�
PUIFST�UIFTF�JTTVFT�BSF�EJTDVTTFE�JO�

EFUBJM�JO�UIF�1MBOFU)1$�TUSBUFHZ�BOE�
SPBENBQ�<�>�SFQPSUT�

5IF�'035*44*.0�	'BDUPSJFT�PG�UIF��
'VUVSF�3FTPVSDFT�5FDIOPMPHZ�*OGSB�
TUSVDUVSF�BOE�4FSWJDFT�GPS�4JNVMBUJPO��
BOE�.PEFMMJOH
�QSPKFDU�IBT�CFFO�SF�

DFOUMZ�TUBSUFE�UP�FYQMPJU�BOE�VTF�UIFTF�
TZOFSHJFT�PG�)JHI�1FSGPSNBODF�$PNQVUJOH��
BOE�$MPVET��5IF�QSPKFDU�NPWFT�BXBZ�
GSPN�B�QMBJO�UFDIOPMPHJDBM�WJFXQPJOU�PG�
)1$�	��$MPVET
�VQ�UP�UIF�VTF�PG�$MPVE�
DPODFQUT�FNQPXFSJOH�UIF�QSPWJTJPOJOH�
PG�)1$�TFSWJDFT�UP�4NBMM�BOE�.FEJVN�
&OUFSQSJTFT��5IBU�BQQSPBDI�GPMMPXT�
UIFSFGPSF�UIF�DPODFQUT�BOE�UIFPSJFT�BT�
SFDFOUMZ�QVCMJTIFE�JO�UIF�SPBENBQ�GPS�
DMPVE�DPNQVUJOH�JO�)PSJ[PO������<�>�
BOE�UIF�'BDUPSJFT�PG�UIF�'VUVSF�3PBENBQ��
PG�UIF�&VSPQFBO�'BDUPSJFT�PG�UIF�'VUVSF��
3FTFBSDI�"TTPDJBUJPO�	&''3"�<�>
��
8IJMTU�UIF�GJSTU�TIPXT�DMFBSMZ�UIBU�EF�
WFMPQNFOUT�XJUIJO�DMPVET�BOE�)1$��
BSF�HPJOH�JO�TJNJMBS�EJSFDUJPOT�UIF�MBUUFS��
QSFTFOUT�*$5�	*OGPSNBUJPO�$PNNVOJ��
DBUJPO�5FDIOPMPHZ
�BT�UIF�FOBCMJOH�UFDI�
OPMPHZ�GPS�UIF�'BDUPSJFT�PG�UIF�'VUVSF�
BOE�MJTUT�GVUVSF�OFFEFE�DBQBCJMJUJFT�XIJDI��
BSF�EFGJOJUFMZ�DMPVE�MJLF��

5IF�NBJO�GPDVT�PG�UIF�'035*44*.0�QSPKFDU��
MJFT�PO�UIF�QSPWJTJPOJOH�PG�BEWBODFE�
TJNVMBUJPO�JO�B�TJNQMF�BOE�SFMJBCMF�XBZ�

UP�4.&T�UP�JODSFBTF�UIFJS�DPNQFUFODFT�
JO�UIF�GJFME�BOE�UP�TVQQPSU�DPNQFUJUJWF�
OFTT�JO�&VSPQF�BOE�CFZPOE��"T�B�ESJWJOH��
GPSDF�UIF�'035*44*.0�XPSL�QMBO�DPWFST��
UIF�FYFDVUJPO�PG�B�WBSJFUZ�PG�WBSJPVT�
FYQFSJNFOUT�FBDI�QSPWJEJOH�SFRVJSF�
NFOUT�UP�UIF�QSPKFDU�BOE�BU�UIF�TBNF�

UJNF�FWBMVBUJOH�UIF�SFTVMUT�NBJOMZ�
GSPN�BO�FOE�VTFST�QFSTQFDUJWF��5IFTF�
FYQFSJNFOUT�BSF�UIF�ESJWFST�PG�UIF�
'035*44*.0�FWPMVUJPO�BOE�XJMM�FOTVSF�
GPDVTFE�EFWFMPQNFOU�BDUJWJUJFT�UPXBSET�
B�UPPM�VTBCMF�CZ�UIF�NBSLFU��&YBNQMFT�
GPS�UIPTF�FYQFSJNFOUT�BSF�GPS�FYBNQMF�
UIF�TJNVMBUJPO�PG�IJHI�QSFTTVSF�HBT��
DZMJOEFST�PS�UIF�UIFSNPEZOBNJD�QSPQ�
FSUJFT�PG�IB[BSEPVT�NBUFSJBMT��*O�UIF��
GJSTU�ZFBS�PG�UIF�QSPKFDU�B�OVNCFS�PG�����
FYQFSJNFOUT�XJMM�CF�BDUJWF�BOE�UIF��
QSPKFDU�GPSFTFFT�UP�BOOPVODF�UXP�PQFO�
DBMMT�GPS�GVSUIFS�FYQFSJNFOUT�EVSJOH��
JUT�SVOUJNF�UP�JOUFHSBUF�OFX�BOE�DIBM�
MFOHJOH�BDUJWJUJFT�FOTVSJOH�B�QSPQFS�
WBMJEBUJPO�PG�UIF�SFTVMUT�PG�'035*44*.0�
BOE�MFBEJOH�CZ�UIBU�UP�JODSFBTFE�NBUVSJUZ��
PG�UIF�GBDJMJUZ�

5IF�IFBSU�PG�'035*44*.0�XJMM�CF�UIF�
mPOF�TUPQ�TIPQn�XIJDI�JT�B�NBSLFUQMBDF�
DPWFSJOH�BDDFTT�UP�TJNVMBUJPOT�BOE��
UIF�OFFEFE�IBSEXBSF�BOE�TPGUXBSF�BT��
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DPNJOH�ZFBST��&YQFOTJWF�BOE�PGUFO��
QPUFOUJBMMZ�IB[BSEPVT�FYQFSJNFOUT�DBO�
CF�SFQMBDFE�XJUI�TBGF�JODSFBTJOHMZ��
FGGJDJFOU�BOE�BGGPSEBCMF�TJNVMBUJPOT��'PS�
UIJT�USBOTJUJPO�UP�UBLF�QMBDF�TJNVMBUJPOT��
OFFE�UP�CF�ZJFME�BDDVSBDJFT�UIBU�BSF�
DPNQBSBCMF�UP�IJHI�RVBMJUZ�FYQFSJNFOUT���
*O�BEEJUJPO�UP�UIF�DPNQVUBUJPOBM�SF�
RVJSFNFOUT�UIJT�DBMMT�GPS�FYUSFNFMZ�BD�
DVSBUF�NPMFDVMBS�NPEFMT�BOE�GPS��
DPNQMFY�TDFOBSJPT�SFMJBCMF�OFX�TJNVMBUJPO��
NFUIPEPMPHJFT�

5IF�#.#'�QSPKFDU�4LB4JN�BQQSPBDIFT�BMM��
UIFTF�DIBMMFOHFT�OBNFMZ�DPNQVUBUJPOBM��
QFSGPSNBODF�NPMFDVMBS�NPEFMJOH�BOE�
NFUIPEPMPHJDBM�JOOPWBUJPOT��5IF�SFTFBSDI��
XJMM�CVJME�PO�UXP�.%�DPEFT�UIBU�XFSF�
EFWFMPQFE�JO�B�QSFWJPVT�#.#'�QSPKFDU��
*.&.0��5IF�DPEF�NT��XBT�EFTJHOFE�UP�
EFUFSNJOF�B�MBSHF�SBOHF�PG�UIFSNP��
EZOBNJD�QSPQFSUJFT�XJUI�IJHI�BDDVSBDZ�
BOE�SFMJBCJMJUZ��5IF�DPEF�MT��NBSEZO�XBT��
EFTJHOFE�GPS�MBSHF�TDBMF�OBOPGMVJEJDT�
TJNVMBUJPOT�

1FSGPSNBODF�XJMM�CF�UBDLMFE�GSPN�UXP�
TJEFT��0O�UIF�POF�IBOE�MPBE�CBMBODJOH�

GPS�FYUSFNFMZ�IFUFSPHFOFPVT�TJNVMBUJPO��
TDFOBSJPT�XJMM�CF�JNQSPWFE��5IF�MPBE��
JNCBMBODFT�BSF�TJHOJGJDBOU��UIF�EJGGFSFODF��
JO�EFOTJUZ�CFUXFFO�B�HBT�BOE�B�MJRVJE�JT�
����PSEFST�PG�NBHOJUVEF�UIF�EJGGFSFODF��
JO�DPNQVUBUJPOBM�MPBE�UIFSFGPSF�JT�����
PSEFST�PG�NBHOJUVEF��0OF�MJRVJE�WPMVNF�
FMFNFOU�DBO�UIVT�CF�B�NJMMJPO�UJNFT�
NPSF�FYQFOTJWF�UP�DBMDVMBUF�UIBO�BO�
PUIFS�POF�PG�UIF�TBNF�TJ[F�DPOUBJOJOH��
WBQPS��'VSUIFSNPSF�UIF�MPBE�DBOOPU�
CF�QSFEFUFSNJOFE�EVF�UP�UIF�IJHIMZ�EZ�
OBNJD�OBUVSF�PG�UIF�TJNVMBUJPOT��)FSF�
JNQSPWFE�FTUJNBUJPOT�PG�UIF�MPBE�BOE�
EZOBNJD�NBQQJOH�UP�IFUFSPHFOFPVT�
IBSEXBSF�BSF�UIF�LFZ��0O�UIF�PUIFS�
IBOE�QFSGPSNBODF�JNQSPWFNFOUT�XJMM�
CF�BDIJFWFE�UISPVHI�BO�FGGJDJFOU�VTF�PG��
BDDFMFSBUPST��"DDFMFSBUPST�IBWF�CFFO�
JOUSPEVDFE�UP�)1$�B�GFX�ZFBST�BHP��
8IJMF�UIFZ�QSPNJTF�B�IVHF�QFSGPSNBODF��
CPPTU�UIFJS�VUJMJ[BUJPO�JT�GBS�GSPN�USJWJBM��
4P�GBS�JO�GBDU�BDDFMFSBUPS�OPEFT�PO�
TVQFSDPNQVUFST�PGUFO�JEMF�EVF�UP�MBDL�
PG�VTFST��)FSF�UIF�OFX�QSBHNB�CBTFE�
QSPHSBNNJOH�NPEFM�0QFO"$$�XJMM�CF�
CSPVHIU�UP�CFBS��5IF�HPBM�PG�0QFO"$$�
JT�UP�TJNQMJGZ�UIF�VTBHF�PG�BDDFMFSBUPST�
UIVT�TJHOJGJDBOUMZ�XJEFOJOH�UIFJS�VTBHF�CZ��
UIF�BQQMJDBUJPO�EFWFMPQNFOU�DPNNVOJUZ���
0QFO"$$�XJMM�OPU�POMZ�CF�VTFE�IFSF��
GPS�FGGJDJFOU�IZCSJE�QBSBMMFMJ[BUJPO�CVU�
BMTP�UIPSPVHIMZ�JOWFTUJHBUFE�JO�UFSNT�PG��
VTBCJMJUZ�BOE�UIF�GJOEJOHT�XJMM�CF�JOUF�
HSBUFE�JOUP�UIF�EFWFMPQNFOU�QSPDFTT�PG�
0QFO"$$�JUTFMG�

.PMFDVMBS�NPEFMJOH�XJMM�CF�BEESFTTFE�
UISPVHI�OFX�PQUJNJ[BUJPO�TUSBUFHJFT��
$PNQMFY�NPMFDVMBS�NPEFMT�BSF�EJGGJDVMU�
UP�QBSBNFUFSJ[F��/PU�POMZ�EP�UIFZ�IBWF�
B�IJHI�EJNFOTJPOBMJUZ�	NBOZ�EFHSFFT��
PG�GSFFEPN
�B�HJWFO�NPEFM�XJMM�BMTP�QFS��
GPSN�EJGGFSFOUMZ�EFQFOEJOH�PO�UIF�UIFSNP��
EZOBNJD�QSPQFSUZ�JO�RVFTUJPO��5IVT�
UIJT�DBO�CF�GPSNVMBUFE�BT�PQUJNJ[BUJPO��
QSPCMFN�XJUI�NVMUJQMF�DSJUFSJB��%F�
UFSNJOJOH�UIF�DPSSFTQPOEJOH�QBSFUP�

PQUJNBM�TFU�PG�TPMVUJPOT�XJMM�BMMPX�GPS�
UVOJOH�UIF�NPMFDVMBS�NPEFM�QSFDJTFMZ�
BOE�JO�FTTFODF�JOTUBOUMZ�UP�UIF�SFMFWBOU�
QSPQFSUJFT�GSPN�B�HJWFO�TJNVMBUJPO���
'PS�UIF�PQUJNJ[BUJPO�PG�NPMFDVMBS�NPEFMT��
B�TJNVMBUJPO�SVO�JT�UIF�FWBMVBUJPO��
GVODUJPO��#FDBVTF�OVNFSPVT�FWBMVBUJPOT��
BSF�SFRVJSFE�UIF�QFSGPSNBODF�PG�TVDI�
TJNVMBUJPOT�JT�FTTFOUJBM��'VSUIFSNPSF�
UIF�FNQMPZFE�PQUJNJ[BUJPO�TUSBUFHJFT�
XJMM�CF�QBSBMMFMJ[FE�

*OOPWBUJWF�NFUIPEPMPHJFT�XJMM�CF�JOWFTUJ��
HBUFE�JO�UIF�EPNBJO�PG�QIBTF�USBOTJUJPOT���
1IBTF�USBOTJUJPOT�BSF�IJHIMZ�DPNQMFY�
QIFOPNFOB�BOE�QPPSMZ�VOEFSTUPPE�UP�
EBUF�PO�UIF�NPMFDVMBS�TDBMF��%VF�UP��
UIF�IVHF�OVNCFST�PG�NPMFDVMFT�SFRVJSFE��
UP�DBQUVSF�UIFTF�QIFOPNFOB�	FWFO�PO�
UIF�OBOPTDBMF
�IJHIMZ�FGGJDJFOU�BOE�TDBM�
BCMF�TJNVMBUJPOT�BSF�B�QSFSFRVJTJUF��
)PXFWFS�UIF�BDUVBM�QIFOPNFOB�NVTU�
BMTP�CF�DBMDVMBCMF��5IJT�SFRVJSFT�F�H��
GPS�OVDMFBUJPO�SBUFT�UP�FGGJDJFOUMZ�JEFOUJGZ��
DPVOU�BOE�SFNPWF�FNFSHJOH�DMVTUFST��
PG�NPMFDVMFT�

5IF�EFWFMPQNFOUT�EFTDSJCFE�BCPWF�XJMM�
CF�CSPVHIU�UP�CFBS�PO�JOEVTUSJBMMZ��
SFMFWBOU�TJNVMBUJPO�TDFOBSJPT�EVSJOH�UIF��
QSPKFDU�4LB4JN��5IF�UISFF�NBKPS�TDF�
OBSJPT�BSF��PQUJNJ[JOH�NFNCSBOFT�GPS�
HBT�TFQBSBUJPO�FWBMVBUJOH�QIBTF�USBO��
TJUJPOT�JO�SFBDUJOH�GMVJET�BOE�JEFOUJGZJOH�
PQUJNBM�GMVJE�NJYUVSFT�GPS�BQQMJDBUJPOT��
JO�UIF�PJM�BOE�HBT�JOEVTUSZ��'VSUIFSNPSF��
UIF�JOUFHSBUJPO�PG�TJNVMBUJPO�UPPMT�XJUI��
B�TUBUF�PG�UIF�BSU�UIFSNPEZOBNJD�EBUB�
CBTF�XJMM�CF�QFSGPSNFE��5IJT�XJMM�BMMPX��
UBSHFUJOH�TQFDJGJD�BOE�SFMFWBOU�TDFOBSJPT��
CZ�TJNVMBUJPO�UIBU�BSF�JOBDDFTTJCMF��
CZ�FYQFSJNFOU�BOE�XJMM�UIVT�FOTVSF�B�
EJSFDU�SPVUF�GSPN�TJNVMBUJPOT�UP�JOEVT�
USJBM�BQQMJDBUJPOT�PO�B�MBSHF�TDBMF�

5IF�DPOTPSUJVN�JT�MFBE�CZ�UIF�)JHI�
1FSGPSNBODF�$PNQVUJOH�$FOUFS�4UVUUHBSU��

SkaSim - Scalable HPC-Codes 
for molecular Simulation in the 
Chemical Industry
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'JHVSF����4JNVMBUJPO�PG�UIF�TVSGBDF�UFOTJPO�PG�B�ESPQ�PG�"DFUPOF��TJNVMBUJPO�XJUI�MT��NBSEZO��
POF�NJMMJPO�NPMFDVMFT�

o�$PMJO�(MBTT

� 6OJWFSTJUZ�PG��
� 4UVUUHBSU�)-34

TUSVDUVSF�BOE�GPS�UIJT�B�OFX�QSPHSBN�
NJOH�NPEFM�JT�OFFEFE�

$MBTTJDBM�QSPHSBNNJOH�NPEFMT�BSF�BMM�
EFTJHOFE�GPS�5VSJOH�CBTFE�TFRVFOUJBM��
FYFDVUJPO�BOE�WPO�/FVNBOO�MJLF�NFNPSZ��
BSDIJUFDUVSFT�XIFSFBT�DPNQJMFST��
UZQJDBMMZ�PQUJNJ[F�DPEF�POMZ�GPS�POF�IPNP��
HFOFPVT�EFTUJOBUJPO�JOGSBTUSVDUVSF��
)FUFSPHFOFPVT�EFTUJOBUJPOT�UZQJDBMMZ�
SFRVJSF�NBOVBM�IZCSJE�QSPHSBNNJOH�CZ��
UIF�EFWFMPQFS��5IFSF�JT�OP�DPNNPO�
DVSSFOU�QSPHSBNNJOH�NPEFM�UIBU�NBO�
BHFT�UP�BEESFTT�QBSBMMFMJ[BUJPO�EJTUSJ�
CVUJPO�BOE�BEBQUBUJPO�BOE�TUJMM�SFNBJO�
QFSGPSNBOU�

5IF�10-$"�QSPKFDU�XJMM�QSPQPTF�B�QSP�
HSBNNJOH�NPEFM�GPS�NJOJNBM�FYUFOTJPOT��
UP�DVSSFOU�NPEFMT�UIBU�XJMM�BMMPX��
DPNQJMFST�UP�SFBTPO�PWFS�UIF�BMHPSJUINJD��
TUSVDUVSF�UP�B�EFHSFF�UIBU�DPOWFSTJPO�
UP�EJGGFSFOU�EFTUJOBUJPO�QMBUGPSNT�BOE�
NBQQJOH�UP�EJTUSJCVUFE�MBSHF�TDBMF�
FOWJSPONFOUT�BSF�QPTTJCMF�BOE�DBO��
JODSFBTF�UIF�PWFSBMM�FYFDVUJPO�QFSGPS��
NBODF�TJHOJGJDBOUMZ���8IBU�JT�NPSF�
UIFTF�FYUFOTJPOT�XJMM�BMMPX�DPOWFSUJOH�
UIF�TPVSDF�DPEF�UP�EJGGFSFOU�EFTUJOB�
UJPO�QMBUGPSNT�JODMVEJOH�JO�QBSUJDVMBS�
'1("T�BOE�BDDFMFSBUPST�XJUI�B�NJOJ�
NVN�PG�QSPHSBNNJOH�FGGPSU�

5IFSFGPSF�UIFZ�PQFSBUF�MBSHF�MBCPSBUPSJFT��
BOE�BSF�JOUFSFTUFE�JO�JODSFBTJOHMZ�BVH�
NFOUJOH�	BOE�PO�UIF�MPOH�SVO�SFQMBDJOH
��
FYQFSJNFOUBM�EBUB�XJUI�TJNVMBUJPO�EBUB��
5IF�4.&�&VSPUFDIOJDB�TQFDJBMJ[FT��
JO�TVQQMZJOH�UIFSNPEZOBNJD�EBUB�BOE�
NFUIPET�GPS�EFUFSNJOJOH�UIFN���
%%#45�JT�B�MFBEJOH�QSPWJEFS�PG�UIFSNP��
EZOBNJD�EBUBCBTFT�BOE�JT�WFSZ�FYQFSJ�
FODFE�JO�JOUFSGBDJOH�NBUFSJBM�QSPQFSUJFT�
BOE�BQQMJDBUJPOT�

.PMFDVMBS�NPEFMJOH�BOE�TJNVMBUJPO�JT�B�
LFZ�UFDIOPMPHZ�GPS�UIF�DIFNJDBM�JOEVTUSZ��
PG�UIF�GVUVSF��)BWJOH�TUBSUFE�JO�+VMZ�
�����UIF�#.#'�QSPKFDU�4LB4JN�XJMM�SVO��
PWFS����NPOUIT�DBSSZJOH�UIF�NPMFDVMBS�
TJNVMBUJPO�UFDIOPMPHZ�GPSXBSE�UIVT�
FOBCMJOH�OFX�QSPEVDUT�OFX�QSPDFTTFT�
BOE�PQFOJOH�VQ�OFX�PQQPSUVOJUJFT�JO�
TDJFODF�BOE�FOHJOFFSJOH�

	)-34
�PQFSBUJOH�B�QFUBGMPQ�TZTUFN�
GSPN�$SBZ�BOE�IBWJOH�B�IJTUPSZ�PG�SF�
TFBSDIJOH�IJHI�QFSGPSNBODF�NPMFDVMBS�
TJNVMBUJPO��5IF�DPOTPSUJVN�DPOTJTUT�
GVSUIFS�PG�B�MFBEJOH�VOJWFSTJUZ�JOTUJUVUF��
JO�TDJFOUJGJD�DPNQVUJOH�GSPN�56�.ÓODIFO��
UIF�6OJWFSTJUZ�PG�"QQMJFE�4DJFODFT�
#POO�3IFJO�4JFH�BOE�UXP�VOJWFSTJUZ��
JOTUJUVUFT�BU�6OJWFSTJUZ�PG�1BEFSCPSO�BOE��
56�,BJTFSTMBVUFSO�XJUI�B�TUSPOH�USBDL�
SFDPSE�JO�NPMFDVMBS�NPEFMJOH�BOE�
TJNVMBUJPO��.PSFPWFS�UXP�'SBVOIPGFS�
JOTUJUVUFT�UIBU�SPVUJOFMZ�CSJEHF�UIF�HBQ�
CFUXFFO�JOEVTUSZ�BOE�BDBEFNJB�J�F��
*58.�JO�,BJTFSTMBVUFSO�BOE�4$"*�JO��
4U��"VHVTUJO�BSF�QBSU�PG�UIF�DPOTPSUJVN���
5IF�JOEVTUSJBM�QBSUOFST�DPNF�GSPN�
)1$�	$SBZ�IFBWJMZ�JOWPMWFE�JO�UIF�OFX�
0QFO"$$�TUBOEBSE
�BOE�GSPN�BQQMJDB�
UJPOT�	GPVS�FOUFSQSJTFT�JOWPMWFE�JO�UIF��
DIFNJDBM�JOEVTUSZ��#"4'�4PMWBZ�
%%#45�BOE�&VSPUFDIOJDB
��#"4'�BOE�
4PMWBZ�BSF�MFBEJOH�FOUFSQSJTFT�XIPTF�
QSPEVDUJPO�QSPDFTTFT�SFMZ�PO�UIFSNP�
EZOBNJDT�BOE�OBOPTDBMF�QIFOPNFOB��

5IF�MJNJUT�JO�TJMJDPO�UFDIOPMPHZ�IBWF�
NBSLFE�UIF�FOE�UP�BO�FSB�EFOPUFE�CZ�
DPOTUBOU�JODSFBTF�PG�UIF�$16T��DMPDL�
SBUF�GPMMPXJOH�.PPSF�T�MBX��5IJT�IBT�
MFBE�UIF�NBJO�$16�NBOVGBDUVSFST�UP��
JOUSPEVDF�NVMUJ�DPSF�QSPDFTTPST��#VU�
UPEBZ�FWFO�UIF�TUSBUFHZ�PG�JODSFBTJOH��
QFSGPSNBODF�UISPVHI�IJHIFS�DPSF�
DPVOUT�JT�FODPVOUFSJOH�QIZTJDBM�PC�
TUBDMFT��'PS�UIBU�SFBTPO�UIF�DVSSFOU�
USFOE�HPFT�UPXBSET�TQFDJBMJ[BUJPO�PG�
QSPDFTTPST�DPSFT�UP�QFSGPSN�XFMM�GPS�
TQFDJGJD�SFDVSSJOH�UBTLT�JOTUFBE�PG�GPS�
BMM�QVSQPTFT��0OF�JNQMJDJU�USFOE�HPFT�
UPXBSET�SFDPOGJHVSBCJMJUZ�PG�UIF�QSPDFT�
TPST�UP�BMMPX�GPS�EZOBNJD�BEBQUBUJPO��
UP�UIF�TQFDJGJD�SFRVJSFNFOUT�FJUIFS�POMZ��
GPS�EFTJHO�QVSQPTFT�PS�BDUVBMMZ�XJUIJO�
QSPEVDUJWF�TZTUFNT��5IJT�JNQMJFT�B�IJHI��
EFHSFF�PG�IFUFSPHFOFJUZ�BOE�B�TUSPOH�
EFWJBUJPO�PO�B�*4"�MFWFM�NBLJOH�QSP�
HSBNNBCJMJUZ�PG�TVDI�TZTUFNT�POMZ�QPT�
TJCMF�GPS�WFSZ�FYQFSJFODFE�EFWFMPQFST�
BOE�BMNPTU�QSPIJCJUT�QPSUBCJMJUZ�PG�UIF�
BQQMJDBUJPO�POUP�EJGGFSFOU�SFTPVSDF��
JOGSBTUSVDUVSFT�

'SPN������UJMM�������UIF�4	P
04�	4FSWJDF��
0SJFOUFE�0QFSBUJOH�4ZTUFNT
�QSPKFDU��
JO�XIJDI�)-34�BDUJWFMZ�QBSUJDJQBUFE�BE��
ESFTTFE�UIF�GVUVSF�PG�EJTUSJCVUFE��
IFUFSPHFOFPVT�TZTUFNT�BU�UIF�MFWFM�PG��
UIF�PQFSBUJOH�TZTUFN�BSDIJUFDUVSF�
FOBCMJOH�UIF�FYFDVUJPO�PG�BQQMJDBUJPOT�
BDSPTT�BO�BMNPTU�VOMJNJUFE�OVNCFS��
PG�WBSZJOH�SFTPVSDFT��#VU�KVTU�NBLJOH�
UIF�FYFDVUJPO�QPTTJCMF�JT�OPU�FOPVHI��
"QQMJDBUJPOT�IBWF�UP�CF�EFTJHOFE�UP�NBLF��
VTF�PG�QBSBMMFM�IFUFSPHFOFPVT�JOGSB�

POLCA: Programming  
Large Scale Heterogeneous 
Infrastructures 
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'JHVSF����4JNQMJGJFE�GPSN�PG�UIF�FDVBUJPO�PG�'JHVSF���BEEJOH�UFNQPSBM�
EFWFMPQNFOU�PG�UIF�UFNQFSBUVSF�BOE�JUT�HSBQIJDBM�EFQJDUJPO�GPS�U���
	��UJNFTUFQT
�

'JHVSF����5IF�TBNF�GVODUJPO�PG�UFNQFSBUVSF�EFWFMPQNFOU�PWFS�UJNF�BOE�TQBDF�	�
�
JUT�EJTDSFUJ[BUJPO�	�
�BOE�JUT�DPEF�JO�$�MBOHVBHF�

FNBUJDBM�MFWFM�BT�UIFZ�JNQMFNFOU�B�
HJWFO�TDJFOUJGJD�FRVBUJPO�

8JUI�UIJT�TQFDJGJDBUJPO�10-$"�IBT�EJSFDU��
BDDFTT�UP�BMM�UIF�JOGPSNBUJPO�SFRVJSFE�
UP�HFOFSBUF�B�EFQFOEFODZ�BOE�EBUBGMPX�
HSBQIT��5IFSFCZ�10-$"�DBO�FWBMVBUF�
UIF�BDUVBM�DPOUFOUT�PG�UIF�UBTL�JUTFMG�
BOE�XIBU�JT�NPSF�BMMPX�GPS�SFBTPOJOH�
PWFS�UIF�EFQFOEFODJFT�UP�SFPSHBOJ[F�
UIJT�HSBQI�UFNQPSBMMZ�BOE�TQBUJBMMZ��5IJT�
NFBOT�SFBSSBOHJOH�UIF�FYFDVUJPO�PSEFS�
BOE�FOIBODJOH�UIF�EFHSFF�PG�DPODVS�
SFODZ�

"T�TIPXO�JO�'JH����UIF�EFQFOEFODZ�HSBQI��
DBO�CF�HFOFSBUFE�GSPN�UIF�NBUI��
FNBUJDBM�GPSNVMB��5IF�EFQFOEFODZ�
HSBQI�QSPWJEFT�JOGPSNBUJPO�BCPVU�UIF��
UFNQPSBM�CFIBWJPS�PG�UIF�GPSNVMB�	Z�BYJT
��
BOE�JOEJDBUFT�B�TQBUJBM�MBZPVU�XJUIPVU�
QSFTDSJCJOH�B�TQFDJGJD�DMVTUFSJOH�	Y�BYJT
��
5IF�HSBQI�JT�JNQMJDJUMZ�EJSFDUFE�JO�UIF�

QBTU�UIFZ�XFSF�OFWFS�SFBMMZ�UBLFO�VQ�
CZ�EFWFMPQFST��

5IF�QSPHSBNNJOH�NPEFM�UIBU�10-$"�
QSPQPTFT�XJMM�PGGFS�B�QPXFSGVM�BQ�
QSPBDI�UPXBSET�IBSEXBSF�TPGUXBSF�
DP�EFTJHO�

"T�FYQMBJOFE�CFGPSF�NBUIFNBUJDBM�
TQFDJGJDBUJPOT�EFGJOF�BMM�EBUB�EFQFOEFO�
DJFT�CVU�EVF�UP�UIF�OBUVSF�PG�UIF�TQFDJ�
GJDBUJPO�BOE�UIVT�BMMPX�UIF�EBUBGMPX�
UP�CF�PQUJNJ[FE�CZ�SFGPSNVMBUJOH�UIF�
NBUIFNBUJDBM�TQFDJGJDBUJPO�XIJMF�LFFQ�
JOH�UIF�DPSSFDUOFTT�PG�UIF�TPMVUJPO���
5IF�NBUIFNBUJDBM�GPSNVMBT�DBO�CF�SF��
TUSVDUVSFE�VTJOH�UZQJDBM�NBUIFNBUJDBM��
USBOTGPSNBUJPOT�XIJDI�JNQMJDJUMZ�
DIBOHFT�UIF�BMHPSJUINT�GPS�TPMWJOH�UIF�
QSPCMFN�BOE�JUT�DPODVSSFODZ��5IJT�XBZ�
UIF�GVODUJPO�	BOE�JUT�JNQMFNFOUBUJPO
�
DBO�CF�BMUFSFE�UP�JNQSPWF�UIF�NBUDI�PG�
JUT�JNQMFNFOUBUJPO�UP�UIF�TQFDJGJD�DIBS�
BDUFSJTUJDT�PG�UIF�JOGSBTUSVDUVSF�JUT�
EJTUSJCVUJPO�MBZPVU�BOE�JUT�SFTPVSDFT��
5IF�EFTUJOBUJPO�JOGSBTUSVDUVSF�JT�UIFSF��
CZ�OPU�UJFE�UP�B�TQFDJGJD�QMBUGPSN��8JUI��
UIF�NBUIFNBUJDBM�OPUBUJPO�UIF�SFTPVSDFT��
DBO�CF�FRVBMMZ�$16T�"DDFMFSBUPST��
	(1(16T�FUD�
�BOE�'1("T�

Programming with POLCA 
8JUI�UIF�QSPHSBNNJOH�NPEFM�FOWJTJPOFE��
CZ�10-$"�DPEF�XJMM�CF�XSJUUFO�JO�B�
DMBTTJDBM�XBZ�VTJOH�GPS�FYBNQMF�$�PS�
'0353"/�BOE�MJOLFE�UISPVHI�BOOPUBUJPO��
XJUI�B�NBUIFNBUJDBM�EFDMBSBUJPO�PG��
UIF�SFTQFDUJWF�CMPDL�UIFSFCZ�MJOLJOH�
JOQVU�BOE�PVUQVU�WBSJBCMFT�XJUI�B�TQFDJGJD��
NBUIFNBUJDBM�GPSNVMB��*O�PUIFS�XPSET�
10-$"�BMMPXT�UIF�VTFS�UP�EFDMBSF�BM�
HPSJUINJD�CMPDLT�mUBTLTn�XJUI�B�NBUI�
FNBUJDBM�FRVJWBMFOU�UIBU�DBO�CF�VTFE�
BT�BEEJUJPOBM�JOGPSNBUJPO�PS�FWFO�BT�B�
SFQMBDFNFOU��&TQFDJBMMZ�JO�TDJFOUJGJD��
BQQMJDBUJPOT�DPNQVUBUJPOBMMZ�EFNBOE�
JOH�LFSOFMT�EP�OPU�DIBOHF�PO�UIF�NBUI�

5IJT�EPFT�OPU�NFBO�UIBU�GVODUJPOBM�QSP�
HSBNNJOH�NPEFMT�	XIJDI�BSF�WFSZ�DMPTF�
UP�NBUIFNBUJDBM�GPSNVMBUJPOT
�BSF�UIF�
BOTXFS�UP�QPSUBCJMJUZ�BOE�QFSGPSNBODF�
QSPCMFNT��'VODUJPOBM�MBOHVBHFT�HFOFSBMMZ��
IBWF�B�UFOEFODZ�UPXBSET�SBUIFS�CBE�
QFSGPSNBODF�PO�DMBTTJDBM�	5VSJOH�CBTFE
�
QSPDFTTJOH�VOJUT��"T�PQQPTFE�UP�UIBU�
JNQFSBUJWF�QSPHSBNNJOH�NPEFMT�EJ�
SFDUMZ�CBTFE�PO�UIF�JOTUSVDUJPO�TFU�PG�
B�DMBTTJDBM�$16�BSF�NPSF�BMJHOFE�XJUI�
UIF�BDUVBM�PQFSBUJPO�TUSVDUVSF�PG�UIF�
QSPDFTTPS�BOE�UIVT�BMMPX�GPS�CFUUFS�FY��
QMPJUBUJPO�PG�UIF�IBSEXBSF�TQFDJGJDT��
JO�QBSUJDVMBS�$�BOE�'0353"/��*O�PUIFS�
XPSET�B�QVSFMZ�NBUIFNBUJDBM�TQFDJ��
GJDBUJPO�BMPOF�JT�JOTVGGJDJFOU�GPS�BO�FGGJDJFOU��
FYFDVUJPO�PG�BO�BQQMJDBUJPO��#VU�B��
NBUIFNBUJDBM�EFDMBSBUJPO�PG�UIF�QSP�
HSBNlT�HPBM�PGGFST�B�GVOEBNFOUBM�CFO��
FGJU��UIF�EBUBGMPX�PS���NPSF�QSFDJTFMZ�
��UIF�EBUB�EFQFOEFODJFT�PG�UIF�VOEFS�
MZJOH�BMHPSJUIN�DBO�CF�JOGFSSFE�GSPN�
UIF�GPSNVMB��0WFS�SFDFOU�ZFBST�UIF�
NFNPSZ�BOE�DPNNVOJDBUJPO�XBMM�IBWF�
HSPXO�UP�CF�POF�PG�UIF�NPTU�MJNJUJOH�
GBDUPST�JO�QSPDFTTJOH�QFSGPSNBODF��B��
NPEFSO�QSPDFTTPS�JO�HFOFSBM�JT�BCMF�
UP�FYFDVUF�PQFSBUJPOT�GBTUFS�UIBO�JU�JT�
BCMF�UP�MPBE�EBUB�GSPN�TUPSBHF�	DBDIF�
3".�FUD�
��*O�B�EJTUSJCVUFE�TZTUFN�BOE�
JO�QBSUJDVMBS�JO�)1$�QBSBMMFM�BQQMJDBUJPO�
UIF�NBJO�QFSGPSNBODF�MJNJUBUJPO�JT��
DSFBUFE�CZ�BMM�FYDIBOHF�PG�EBUB�BDSPTT�
UIF�DBMDVMBUJPO�JOTUBODFT��5P�EFDSFBTF�
UIF�JNQBDU�PG�DPNNVOJDBUJPO�BQQMJ�
DBUJPO�EFWFMPQFST�USZ�UP�SFEVDF�UIF�
EFQFOEFODJFT�CFUXFFO�JOTUBODFT�UP�B�
NJOJNVN�EFHSFF�BOE�USZ�UP�FYQMPJU�B��
NBYJNVN�EFHSFF�PG�DPODVSSFODZ�	UIF��
BNPVOU�PG�DPNQVUJOH�UIBU�DBO�QPUFO��
UJBMMZ�CF�SVO�JO�QBSBMMFM
�JO�UIF�BQQMJDBUJPO���
.PTU�QSPHSBNNJOH�NPEFMT�IPXFWFS�
GPSFTFF�UIBU�EBUB�BDDFTT�JT�JNNFEJBUF�
J�F��DPNFT�BU�OP�DPTU�JO�UFSNT�PG�FYFDV�
UJPO�QFSGPSNBODF��5IPVHI�EBUB�GMPX�
NPEFMT�IBWF�CFFO�BQQSPBDIFE�JO�UIF�

The POLCA Approach
*O�HFOFSBM�BOZ�QSPHSBN�DPOTJTUT�PG�B��
TFSJFT�PG�UBTLT�DPOOFDUFE�CZ�EBUB��
	JODMVEJOH�TUBUF�BOE�DPOUFYU
�QBTTFE�CF�
UXFFO�UIFN��*O�QBSUJDVMBS�JO�UIF�BSFB��
PG�)JHI�1FSGPSNBODF�$PNQVUJOH�	)1$
�
UIF�DPNQVUBUJPOBMMZ�EFNBOEJOH�UBTLT�
PGUFO�BSF�TUSPOHMZ�NBUIFNBUJDBM�JO��
OBUVSF�F�H��.PMFDVMBS�%ZOBNJDT�	.%
��
*O�NPTU�DBTFT�UIF�NBUIFNBUJDBM��
NPEFMT�CFIJOE�UIF�BQQMJDBUJPOT�BSF�DPN��
QBSBUJWFMZ�TUSBJHIUGPSXBSE�XIJDI�IPX�
FWFS�EPFT�OPU�IPME�USVF�GPS�JUT�JNQMF�
NFOUBUJPO�PO�B�HJWFO�QMBUGPSN�	J�F��UIF�
DIPJDF�PG�BO�BMHPSJUIN�BOE�JUT�JNQMF�
NFOUBUJPO�GPS�B�HJWFO�MBOHVBHF�UIBU�JT�
BCMF�UP�FYQMPJU�UIF�DIBSBDUFSJTUJDT�PG��
B�TQFDJGJD�IBSEXBSF
�

1VSF�NBUIFNBUJDT�EP�OPU�JNQMZ�B�TQFDJGJD��
XBZ�PG�TPMWJOH�UIF�GPSNVMBT�OPU�B�TQF�
DJGJD�BMHPSJUIN�OPS�B�TQFDJGJD�QMBUGPSN��
5IPVHI�B�HJWFO�QSPCMFN�JOIFSFOUMZ�
GBWPST�TPNF�BQQSPBDIFT�UPXBSET�UIF�
SFBMJ[BUJPO�NPSF�UIBO�PUIFST�POMZ�UIF�
BDUVBM�JNQMFNFOUBUJPO�PG�JU�TQFDJGJFT�
UIF�DPODSFUF�DPOTUSBJOUT�UPXBSET��
UIF�IBSEXBSF�BOE�UIF�NPTU�TVJUBCMF�
EFTUJOBUJPO�QMBUGPSN��
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'JHVSF����USBOTGPSNBUJPOT�PG�UIF�DBMDVMBUJPO�JUFSBUJPOT�JO�UIF�EFQFOEFODZ�HSBQI

QJMBUJPO�XJUI�DPNNPO�XFMM�LOPXO��
BOE�XFMM�VTFE�DPNQJMFST��*O�PUIFS�XPSET��
10-$"�XJMM�CF�BCMF�UP�JODPSQPSBUF�
DPNNPO�DPNQJMFST�JOUP�JUT�UPPM�DIBJO�

5IF�USBOTGPSNFE�DPEF�DBO�CF�SFQSF�
TFOUFE�BT�B�HSBQI�	'JH���
�XIJDI�DBO�CF��
NBQQFE�BHBJOTU�UIF�JOGSBTUSVDUVSF�
XIJDI�JO�UVSO�DBO�BMTP�CF�SFQSFTFOUFE�
BT�B�HSBQI�XIFSFCZ�UIF�OPEFT�SFQSF�
TFOU�QSPDFTTJOH�BOE�TUPSBHF�VOJUT�BOE��
UIF�FEHFT�UIF�DPOOFDUJPOT�CFUXFFO�
UIFN��%JGGFSFOU�XFJHIUT�DBO�SFQSFTFOU�
DIBSBDUFSJTUJDT�BHBJOTU�XIJDI�UIF�DPEF�
HSBQI�DBO�CF�NBUDIFE��$PEF�QPSUBCJMJUZ�
DBO�CF�GVSUIFS�JODSFBTFE�CZ�NBUDIJOH�
BHBJOTU�DMBTTFT�PG�SFTPVSDFT�SBUIFS�
UIBO�TQFDJGJD�JOTUBODFT�SFEVDJOH�UIF�
MBTU�DPNQJMF�TUFQ�UP�B�NJOJNVN�XIJMF�
NBJOUBJOJOH�B�NBYJNVN�EFHSFF�PG��
PSUBCJMJUZ�

Who is POLCA?
10-$"�JT�GVOEFE�CZ�UIF�&VSPQFBO��
$PNNJTTJPO�BOE�TUBSUFE�JO�4FQUFNCFS�
������5IF�QSPKFDU�QBSUOFST�DPNF�CPUI�
GSPN�BDBEFNJB�BOE�JOEVTUSZ���
o� 6OJWFSTJUZ�PG�6MN�
o� 6OJWFSTJUZ�PG�5XFOUF�
o� )-34�6OJWFSTJUZ�PG�4UVUUHBSU�
o� $&5*$�$FOUSF�El&YDFMMFODF�FO��
5FDIOPMPHJFT�EF�Ml*OGPSNBUJPO�FU�EF�MB�
$PNNVOJDBUJPO�
o� *.%&"�*OTUJUVUP�.BESJMFÈP�EF��
&TUVEJPT�"WBO[BEPT�
o� .BYFMFS�5FDIOPMPHJFT�
o� 3FDPSF�4ZTUFNT

EBUB�JT�DPNQMFY�DPNQBSFE�UP�TUBOEBSE�
$16T��"�NBUIFNBUJDBM�BQQSPBDI�UP�
QSPHSBNNJOH�(16T�DBO�TJNQMJGZ�UIF�
EBUB�BOE�NFNPSZ�NBOBHFNFOU��*O�UIF��
DBTF�PG�(16T�BOE�$16T�IPXFWFS�QFS�
GPSNBODF�DBO�CF�TJHOJGJDBOUMZ�JNQSPWFE�
JG�UIF�DPSF�DPEF�JT�XSJUUFO�JO�B�5VSJOH�
OFBS�MBOHVBHF�TVDI�BT�$��5IJT�EPFT�
OPU�OFDFTTBSJMZ�IPME�USVF�GPS�'1("T�BOE�
EFEJDBUFE�"4*$T��.BUIFNBUJDBM�FRVB�
UJPOT�BSF�VOJWFSTBM�BOE�JO�UIFNTFMWFT�
OPU�DPOTUSBJOFE�UP�B�TQFDJGJD�UZQF�PG�
QSPDFTTPS�PS�FYFDVUJPO�NFDIBOJTN��
5IFTF�NBUIFNBUJDBM�EFGJOJUJPOT�DBO�CF�
DPOWFSUFE�WFSZ�FGGFDUJWFMZ�UP�'1("�CJU��
DPEF�NBLJOH�B�NBUIFNBUJDBM�NPEFM�B�
WFSZ�QSPNJTJOH�QSPHSBNNJOH�BQQSPBDI�
GPS�TVDI�GBNJMZ�PG�SFDPOGJHVSBCMF�IBSE�
XBSF��0OF�PG�UIF�HPBMT�PG�UIF�10-$"�
QSPKFDU�JT�UP�NBLF�'1("T�(16T�BOE�
$16T�QSPHSBNNBCMF�JO�BO�BDDFTTJCMF�
BOE�IZCSJE�GBTIJPO��

What POLCA will provide
5IF�FYQFDUFE�PVUDPNF�PG�UIF�10-$"�
QSPKFDU�XJMM�CF�B�QSPHSBNNJOH�NPEFM�
BOE�B�DPSSFTQPOEJOH�DPNQJMFS��5IJT�
DPNQJMFS�EPFT�OPU�TJNQMZ�DPNQJMF�NBUI�
FNBUJDBM�EFDMBSBUJPOT�JOUP�$�PS�UIF�
PUIFS�XBZ�SPVOE�BT�UIJT�DBO�MFBE�UP�DPO��
TJEFSBCMF�JNQBDU�PO�QFSGPSNBODF��*O�
TUFBE�10-$"�XPSLT�XJUI�B�OFBSOFTT�
NPEFM�CFUXFFO�$�BOE�JUT�NBUIFNBUJDBM�
EFDMBSBUJPO�UIBU�BMMPXT�UIF�UPPM�TFU�BOE�
DPNQJMFS�UP�BEKVTU�UIF�DPEF�SBUIFS�UIBO�
IBWJOH�UP�DPOWFSU�JU�

10-$"�UPPMT�XJMM�OPU�DPNQJMF�UIF�DPEF�
JO�B�DPOWFOUJPOBM�NBOOFS�CVU�XJMM��
QSPWJEF�B�NVMUJ�QIBTF�DPOWFSTJPO�BOE�
SFBTPOJOH�PWFS�UIF�XIPMF�TPVSDF�DPEF�
PG�UIF�BQQMJDBUJPO�EFMJWFSJOH�EFEJDBUFE�
DPEF�TFHNFOUT�GPS�FBDI�SFTPVSDF��
JOTUBODF�BMPOH�XJUI�UIF�BDDPSEJOH�DPN��
NVOJDBUJPO�BOE�EBUB�FYDIBOHF�NFDIB�
OJTNT�FNCFEEFE�JOUP�JU��5IFTF�DPEF�
TFHNFOUT�XJMM�UIFSFCZ�CF�SFBEZ�GPS�DPN��

WBSZ�TUSPOHMZ��.PEFSO�QSPDFTTPST�BOE�
QBSUJDVMBSMZ�FNCFEEFE�QSPDFTTPST�OP�
MPOHFS�BEIFSF�UP�UIF�Y���*4"��'1("T�
BOE�(1(16T�BSF�HFUUJOH�NPSF�BOE�
NPSF�DPNNPO�BT�BDDFMFSBUPST�JO�)1$��
CVU�UIFTF�IBSEXBSF�TPMVUJPOT�BSF�EJG�
GJDVMU�UP�QSPHSBN�JOEJWJEVBMMZ�NBLJOH�
UIF�TJUVBUJPO�FWFO�NPSF�DIBMMFOHJOH�JO�B�
IFUFSPHFOFPVT�FOWJSPONFOU�XJUI�EJGGFS�
JOH�QSPDFTTJOH�VOJUT�DPNCJOFE�JOUP�POF�
TZTUFN��5IF�10-$"�DBQBCJMJUZ�UP�SFBS�
SBOHF�UIF�BQQMJDBUJPO�MBZPVU�FOBCMFT�UIF�
TDIFEVMFS�UP�EJTUSJCVUF�UIF�DPEF�JO�B�
NPSF�FGGJDJFOU�NBOOFS��5IF�NPSF�IFU�
FSPHFOFPVT�UIF�JOGSBTUSVDUVSF�JO�UFSNT�
PG�MBZPVU�UIF�NPSF�JNQPSUBOU�UIF�SPMF�
PG�BQQSPQSJBUF�NBQQJOH��

(16T�BSF�QSJNBSJMZ�WFDUPS�TUSFBN�QSP�
DFTTPST�BOE�IFODF�B�QSJNF�DBOEJEBUF�
GPS�FYQMPJUJOH�UIF�EBUBGMPX�JOGPSNBUJPO�
BDDFTTJCMF�CZ�B�NBUIFNBUJDBM�NPEFM��
5IF�NBJO�QSPCMFN�UIFSFCZ�JT�UIBU�UIF�
NFNPSZ�IJFSBSDIZ�BOE�UIF�BDDFTT�UP�

TFOTF�UIBU�CPUI�TPVSDF�BOE�EFTUJOBUJPO�
PG�EBUB�BSF�DMFBSMZ�JEFOUJGJFE��3FBTPOJOH�
PWFS�UIJT�HSBQI�BMMPXT�GPS�NPSF�GSFFEPN��
JO�UIF�FYFDVUJPO�PSEFS�BOE�QSF�DBMDVMBUJPO��
XJUI�QBSUJBMMZ�GFUDIFE�EBUB�

3FBSSBOHFNFOU�BOE�BMUFSBUJPO�PG�UIF�
DPEF�OPU�POMZ�BMMPXT�GPS�JODSFBTJOH�UIF�
DPODVSSFODZ�BOE�QBSBMMFMJTN�PG�B�HJWFO�
BMHPSJUIN�CVU�BMTP�BMMPXT�BEBQUBUJPO�UP�
B�HJWFO�SFTPVSDF�JOGSBTUSVDUVSF��5IJT�
FOBCMFT�UIF�QPTTJCJMJUZ�UP�NPEJGZ�UIF�MBZ��
PVU�PG�UIF�DPEF�BDDPSEJOHMZ�UP�UIF�
DPNNVOJDBUJPO�EFQFOEFODJFT�BOE�UIF�
BDUVBM�JOUFSDPOOFDUT�PG�UIF�EFTUJOBUJPO�
TZTUFN��5IVT�UIF�10-$"�DPNQJMFS�BOE�
EFQMPZNFOU�UPPMT�XJMM�BMMPX�GPS�BO�BQ�
QSPQSJBUF�EJTUSJCVUJPO�PG�UIF�FYFDVUJOH�
UBTLT�BDDPSEJOH�UP�UIF�JOGSBTUSVDUVSF�
MBZPVU��$VSSFOUMZ�OP�QSPHSBNNJOH�NPEFM��
BMMPXT�GPS�TQFDJGJDBUJPO�PG�TVDI�MBZPVUT�

5IF�DBQBCJMJUJFT�BOE�DIBSBDUFSJTUJDT�PG�
UIF�QSPDFTTJOH�VOJU�UIFNTFMWFT�DBO�
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'JHVSF����4PGUXBSF�DPNQPOFOUT�JO�UIF�'&1"�1SPKFDU�

of highly parallel Applications  
in a Supercomputing Centre

&OFSHZ�DPOTVNQUJPO�JT�CFDPNJOH�UIF�

EPNJOBOU�DPTU�GBDUPS�JO�NBTTJWFMZ�QBS�

BMMFM�TZTUFNT��5SBEJUJPOBMMZ�QFSGPSNBODF�

QSPQFSUJFT�MJLF�UIF�OVNCFS�PG�GMPBUJOH�

QPJOU�PQFSBUJPOT�IBWF�CFFO�UIF�NBJO�

QFSGPSNBODF�DSJUFSJB�GPS�)1$�TZTUFNT�

BT�SFRVJSFE�CZ�UIF�5PQ����-JTU�<�>��5IF��

BJN�IBT�CFFO�UP�PCUBJO�UIF�CFTU�UJNF�

UP�TPMVUJPO�PG�B�SVOOJOH�BQQMJDBUJPO��

/PXBEBZT�UIF�SJTJOH�FOFSHZ�DPTUT�BSF�

CFDPNJOH�JODSFBTJOHMZ�SFMFWBOU�BOE�

OFXMZ�BEPQUFE�UFSNT�TVDI�BT�FOFSHZ�

UP�TPMVUJPO�BSF�UIF�EPNJOBOU�DSJUFSJB�

GPS�UIF�(SFFO����-JTU�<�>�

5IF�-FJCOJ[�4VQFSDPNQVUJOH�$FOUSF�	-3;
��

JT�BDUJWFMZ�JOWPMWFE�JO�UXP�QSPKFDUT�XIPTF��

UPQJDT�BSF�JO�UIF�GJFME�PG�FOFSHZ�DPO�

TVNQUJPO�PG�)1$�TZTUFNT��#PUI�PG�UIFN��

BSF�TQPOTPSFE�CZ�UIF�#.#'�	(FSNBO�

'FEFSBM�.JOJTUSZ�PG�&EVDBUJPO�BOE�3F��

TFBSDI
��0OF�UIF�m4JNVMBUJPO�BOE�0Q�

UJNJ[BUJPO�PG�%BUB�$FOUFS�FOFSHZ�GMPXT�

GSPN�DPPMJOH�OFUXPSLT�UBLJOH�JOUP�BDDPVOU��

)1$�PQFSBUJPO�TDFOBSJPTm�	4*.01&,�

TFF�UIF�SFTQFDUJWF�BSUJDMF�JO�UIJT�JTTVF
�

JT�B�QSPKFDU�XIJDI�UBSHFUT�IBSEXBSF�

DPNQPOFOUT�TVDI�BT�UIF�DPPMJOH�JOGSB�

TUSVDUVSF��5IF�TFDPOE�#.#'�QSPKFDU�

JOUSPEVDFE�JO�EFUBJM�JO�UIJT�BSUJDMF�JT�m"�

GMFYJCMF�GSBNFXPSL�GPS�FOFSHZ�BOE�QFS�

GPSNBODF�BOBMZTJT�PG�IJHIMZ�QBSBMMFM�BQ�

QMJDBUJPOT�JO�B�TVQFSDPNQVUJOH�DFOUSFn�

	m&JO�GMFYJCMFT�'SBNFXPSL�[VS�&OFSHJF��

VOE�1FSGPSNBODFBOBMZTF�IPDIQBSBM�

MFMFS�"QQMJLBUJPOFO�JN�3FDIFO[FOUSVNn�

'&1"
�XIJDI�UBSHFUT�FOFSHZ�BOE�QFS�

GPSNBODF�PQUJNJ[BUJPO�PG�BQQMJDBUJPOT���

#PUI�QSPKFDUT�BSF�DPNQMFNFOUBSZ�BOE�
GPMMPX�B�HMPCBM�FOFSHZ�TBWJOH�TUSBUFHZ�
PG�UIF�-3;�	TFF�'JH����1BHF���
��

5IF�'&1"�QSPKFDU�JT�DPOEVDUFE�CZ�UIF�
3FHJPOBMFT�3FDIFO[FOUSVN�&SMBOHFO�
	33;&
�JO�DPMMBCPSBUJPO�XJUI�UIF�JOEVTUSJBM��
QBSUOFS�/&$�%FVUTDIMBOE�(NC)��5IF�
BJN�PG�'&1"�JT�UP�EFWFMPQ�BO�JOGSBTUSVD�
UVSF�GPS�EFUBJMFE�NPOJUPSJOH�CBTFE�PO�
JNQPSUBOU�QBSBNFUFST�PG�MBSHF�)1$�
4ZTUFNT�MJLF�BQQMJDBUJPO�QFSGPSNBODF�
BOE�FOFSHZ�FGGJDJFODZ�

&OFSHZ�DPOTVNQUJPO�JT�DMPTFMZ�BTTPDJ�
BUFE�UP�UIF�DIBSBDUFSJTUJDT�PG�UIF��
SVOOJOH�BQQMJDBUJPO��'PS�FYBNQMF�UIF��
OVNCFS�BOE�UZQF�PG�JOTUSVDUJPOT�EJT�
QBUDIFE�DBDIF�NJTTFT�BOE�NFNPSZ�
VUJMJ[BUJPO��5IF�TPGUXBSF�EFWFMPQFST�
OFFE�UP�IBWF�TPNF�CBDLHSPVOE�LOPXM�
FEHF�PG�UIF�IBSEXBSF�BSDIJUFDUVSF�BOE�
OPEF�UPQPMPHZ�JO�PSEFS�UP�EP�DPNCJOFE�
QFSGPSNBODF�BOE�FOFSHZ�PQUJNJ[BUJPOT�
XJUIJO�BO�BQQMJDBUJPO��)1$�DFOUSFT�
TIPVME�QSPWJEF�BTTJTUBODF�JO�UIJT�EPNBJO��
JO�PSEFS�UP�IFMQ�TPGUXBSF�EFWFMPQFST�
EFUFDU�FOFSHZ�BOE�QFSGPSNBODF�QBUUFSOT���
4VDI�BTTJTUBODF�JT�QSPWJEFE�XJUIJO�-3;�
CZ�VTJOH�BO�JOUFHSBUFE�NPOJUPSJOH�UPPM�
XIJDI�DPMMFDUT�UIF�OFDFTTBSZ�JOGPSNB�
UJPO�VTFE�CZ�UIF�TZTUFN�BENJOJTUSBUPST�
BOE�VTFST�

Background Software
-3;�BOE�/&$�QBSUJDJQBUFE�JO�EJGGFSFOU��
QSPKFDUT�GSPN�UIF�#.#'�DBMM�m)1$��
TPGUXBSF�GPS�TDBMBCMF�QBSBMMFM�DPNQVUJOHn��
	m)1$�4PGUXBSF�GÓS�TLBMJTJFSCBSF��
1BSBMMFMSFDIOFSn
�BOE�EFWFMPQFE�JOEFQFOE��
FOUMZ�UXP�TDBMBCMF�NPOJUPSJOH�TZT�
UFNT��8JUIJO�UIF�QSPKFDU�m*OUFHSBUFE�

TZTUFN�BOE�BQQMJDBUJPO�BOBMZTJT�GPS�
NBTTJWF�QBSBMMFM�TZTUFNTn�	m*OUFHSJFSUF�
4ZTUFN��VOE�"OXFOEVOHTBOBMZTF�GÓS�
NBTTJWQBSBMMFMF�3FDIOFS�JN�1FUBTDBMF�
#FSFJDIn�*4"3
�UIF�1FS4ZTU�.POJUPSJOH�
UPPM�XBT�EFWFMPQFE�	1FS4ZTU
�CZ�UIF�
-3;��-JLFXJTF�UIF�"HHNPO�.POJUPSJOH�
4ZTUFN�<�>�XBT�EFWFMPQFE�CZ�/&$�XJUIJO��
UIF�QSPKFDU�m5PPMT�GPS�*OUFMMJHFOU�4ZTUFN�
.BOBHFNFOU�PG�7FSZ�-BSHF�$PNQVUJOH�
4ZTUFNTn�	5*.B$4
�

5IF�1FS4ZTU�UPPM�<�>�GSPN�-3;�SVOT�JO�
QSPEVDUJPO�NPEF�BOE�NPOJUPST�UIF��
TZTUFNXJEF�QFSGPSNBODF�PG�UIF�TVQFS��
DPNQVUFS��*U�UIFO�DPSSFMBUFT�UIF�SF�
TVMUT�XJUI�UIF�BDDPVOUJOH�JOGPSNBUJPO�PG��
UIF�SVOOJOH�BQQMJDBUJPOT��5IF�SFTVMUT�
PCUBJOFE�GSPN�UIF�1FS4ZTU�UPPM�BSF�
TFMFDUJWFMZ�EJTQMBZFE�BDDPSEJOH�UP�UIF�
QFSNJTTJPO�MFWFMT�PG�UIF�EJGGFSFOU�VTFS�
HSPVQT�GPS�JOTUBODF�TZTUFN�BENJOJT�
USBUPST�BQQMJDBUJPO�TVQQPSU�QFSTPOOFM�
BOE�BQQMJDBUJPO�EFWFMPQFST�

"HHNPO�JO�DPOUSBTU�UP�1FS4ZTU�JT�VTFE��
TPMFMZ�CZ�UIF�TZTUFN�BENJOJTUSBUPST��
5IJT�UPPM�QSPWJEFT�UIF�TZTUFN�BENJO�
JTUSBUPST�XJUI�BO�PWFSWJFX�PWFS�UIF�
FOUJSF�)1$�TZTUFN�BOE�DFSUBJO�FWFOUT�
USJHHFS�TZTUFN�RVFSJFT�XIJDI�QSPWJEFT�
UIF�NPOJUPSJOH�JOGPSNBUJPO�TJNJMBS�UP�
/BHJPT�<�>�

8IJMF�"HHNPO�DPOTUJUVUFT�B�HFOFSJD�
FOWJSPONFOU�GPS�DPMMFDUJOH�BOE�TUPSJOH�
BOZ�BSCJUSBSZ�EBUB�TPVSDF�UIF�TPMVUJPO�
QSFTFOUFE�CZ�1FS4ZTU�DPSSFTQPOET�UP�
UIF�SFRVJSFNFOUT�PG�UIF�*4"3�QSPKFDU��
UP�NPOJUPS�UIF�QFSGPSNBODF�BU�UIF�BQ��
QMJDBUJPO�MFWFM�XJUIJO�B�5JFS���4ZTUFN��
5IFSFGPSF�JU�JT�OPU�ZFU�QPTTJCMF�GPS�
"HHNPO�UP�DPWFS�UIF�TQFDJGJD�SFRVJSF�
NFOUT�PG�1FS4ZTU�BOE�1FS4ZTU�DBOOPU�
DPWFS�UIF�CSPBE�NPOJUPSJOH�TQFDUSVN�
PG�"HHNPO��

%JGGFSFOU�TPMVUJPOT�GPS�BHHSFHBUJPO�
BOE�TUPSBHF�XFSF�EFWFMPQFE�JO�CPUI�PG�
UIFTF�QSPKFDUT��#PUI�NPOJUPSJOH�TZT�
UFNT�BSF�CBTFE�PO�B�IJFSBSDIJDBM�BHFOU�
TZTUFN�XIFSF�UIF�TZTUFN�JOGPSNBUJPO�
JT�DPMMFDUFE�BOE�BQQSPQSJBUFMZ�EJTQMBZFE�

5IF�-*,8*%�5PPM�TVJUF�<�>�EFWFMPQFE�CZ�
33;&�JT�B�MJHIUXFJHIU�DPMMFDUJPO�PG�QFS�
GPSNBODF�SFMBUFE�DPNNBOE�MJOF�UPPMT�
GPS�UIF�-JOVY�PQFSBUJOH�TZTUFN��-*,8*%�
JT�VTFE�NBJOMZ�CZ�UIF�FOE�VTFST�BOE�JT�
EFTJHOFE�GPS�IJHI�GMFYJCJMJUZ�BOE�TJNQMF��
VTBHF��5IF�QFSGPSNBODF�NPOJUPSJOH�
HSPVQT�QSPWJEF�VTFGVM�EBUB�GPS�UIF�PQUJ�
NJ[BUJPO�PG�TDJFOUJGJD�BQQMJDBUJPOT��0UIFS�
GFBUVSFT�JODMVEF�UIF�EJTQMBZ�PG�UIF��
OPEF�UPQPMPHZ�UIF�QJOOJOH�PG�QSPDFTTFT��
BOE�NJDSP�CFODINBSLJOH��*O�DPOUSBTU�UP�
PUIFS�FYJTUJOH�TPMVUJPOT�1"1*�<�>�BOE��
)1$5PPM,JU�<�>�-*,8*%�QSPWJEFT�TJNQMF�

A flexible Framework for Energy 
and Performance Analysis
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o�$BSMB�(VJMMFO�$BSJBT��

o�8PMGSBN�)FTTF��

o�$BSNFO�/BWBSSFUF��

o�+BO�5SFJCJH�2

o�.BUUIJBT�#SFIN��

��-FJCOJ[��
� 4VQFSDPNQVUJOH��
� $FOUSF

�� 'SJFESJDI�"MFYBOEFS���
� 6OJWFSTJU»U�&SMBOHFO��
� /ÓSOCFSH

TUBSU�BOE�TUPQ�NFDIBOJTNT�GPS�NFB�
TVSJOH�FOFSHZ�DPOTVNQUJPO�UJNF�BOE�
QFSGPSNBODF�DPVOUFST��'JOBMMZ�-*,8*%�
EPFT�OPU�VTF�SFTPVSDF�JOUFOTJWF�TBN�
QMJOH�UFDIOJRVFT�XIJDI�CSJOHT�UIF�GPM�
MPXJOH�BEWBOUBHFT�

o� -*,8*%�HFOFSBUFT�FYBDU�NFBTVSF�
NFOUT�XJUI�FYUSFNFMZ�MPX�PWFSIFBE��
o� (JWFO�UIBU�-*,8*%�JT�OPU�CPVOE�UP�
BOZ�QSPDFTT�JU�JT�DBQBCMF�PG�NFBTVSJOH�
UIF�VODPSF�DPVOUFST�XIJDI�BSF�QBSU�PG�
NPEFSO�BSDIJUFDUVSBM�NVMUJDPSF�QSPDFT�
TPST��5IFTF�VODPSF�DPVOUFST�DPOUBJO�
JOGPSNBUJPO�PO�UIF�TIBSFE�SFTPVSDFT�
PG�B�DPSF��'PS�FYBNQMF�CBOEXJEUI�BOE�
*�0�CFUXFFO�DD/6."�EPNBJOT��
o� -*,8*%�DBO�NFBTVSF�BOZ�MPHJDBM�
UISFBE�JOEFQFOEFOUMZ�GSPN�XIFSF�JU�JT��
SVOOJOH�NFBTVSJOH�XIBU�IBQQFOT�PO�
UIF�QSPDFTTPS�NBLJOH�JU�JEFBM�GPS�TZT�
UFNXJEF�NPOJUPSJOH�BOE�BQQMJDBUJPO�
NPOJUPSJOH�

#PUI�QSPKFDU�QBSUOFST�-3;�BOE�/&$�
IBE�QSJPS�FYQFSJFODF�VTJOH�UIF�-*,8*%�
UPPM��5IJT�UPPM�IBT�CFFO�VTFE�FYUFO�
TJWFMZ�CZ�-3;�JOUFSOBMMZ�GPS�QFSGPSNBODF�
BOBMZTJT�BOE�BQQMJDBUJPO�CFODINBSLJOH��
5IF�FYQFSJFODF�BUUBJOFE�VTJOH�-*,8*%�
BOE�UIF�TUSPOH�DPPQFSBUJPO�XJUI�UIF�
HSPVQ�JO�&SMBOHFO�JMMVTUSBUFT�UIF�BE�
WBOUBHFT�PG�VTJOH�BO�JOUFSOBM�TPMVUJPO�
GPS�NFBTVSJOH�QFSGPSNBODF�IBSEXBSF�
DPVOUFS�EBUB�

Focus of the  
Project Implementation
5IF�'&1"�QSPKFDU�JT�GPDVTFE�PO�UISFF�
NBJO�BSFBT��UIF�CBDLFOE�DPNQPOFOUT�
UIF�NJEEMFXBSF�BOE�UIF�GSPOUFOE�

33;&�JT�SFTQPOTJCMF�GPS�UIF�EFWFMPQNFOU��
PG�UIF�CBDLFOE��5IJT�DPNQPOFOU�QSP�
WJEFT�UIF�EBUB�BDRVJTJUJPO�NFDIBOJTNT�
VUJMJ[JOH�-*,8*%�BOE�XJMM�CF�JNQMFNFOUFE��
BT�B�MJCSBSZ��*U�XJMM�XPSL�XJUI�UIF�BQ��
QSPQSJBUF�BDDFTT�QFSNJTTJPOT�GPS�NFB�

TVSJOH�LFSOFM�EBUB��6TJOH�TJNQMF�MPDLJOH�
NFDIBOJTNT�UIF�FYDMVTJWF�BDDFTT�UP�
UIF�EBUB�TPVSDF�XJMM�CF�FOTVSFE��5IJT�
BWPJET�DPOGMJDU�NPOJUPSJOH�XIFSF�UXP�
NFBTVSFNFOUT�BDRVJSFE�BU�UIF�TBNF�
UJNF�GSPN�EJGGFSFOU�UPPMT�EJTUPSU�UIF�
SFTVMUT�

/&$�JT�SFTQPOTJCMF�GPS�UIF�NJEEMFXBSF��
5IF�NJEEMF�TPGUXBSF�MBZFS�XJMM�QSPWJEF��
B�NFBOT�GPS�UIF�USBOTQPSUBUJPO�GJMUFSJOH��
BOE�BHHSFHBUJPO�PG�EBUB��5IJT�JOGSB�
TUSVDUVSF�XJMM�QSPWJEF�UIF�GPMMPXJOH�
GVODUJPOBMJUJFT�

o� 1FSGPSN�BHHSFHBUJPO��
o� 'JMUFS�BOE�SFEVDF�UIF�EBUB�PO�UIF��
BQQMJDBUJPO�MFWFM�UISPVHI�TUBUJTUJDBM�
BOBMZTJT��
o� 5IF�GMFYJCJMJUZ�UP�DPOUSPM�UIF�SFTPMVUJPO��
GPS�EBUB�BDRVJTJUJPO��
o� 4DBMBCJMJUZ�XJUIPVU�JNQBDUJOH�UIF�QFS�
GPSNBODF�PG�UIF�NBDIJOF��
o� .BQ�UIF�EBUB�GSPN�FBDI�OPEF�UP�B�
CBUDI�KPC�	BQQMJDBUJPO�DPOUFYU
��
o� 1SPWJEF�BDDFTT�UP�UIF�EBUB�GPS�UIF�
FOE�VTFS�BT�XFMM�BT�GPS�UIF�TZTUFN��
BENJOJTUSBUPS��
o� 1SPWJEF�BEFRVBUF�TUPSBHF�XIJDI�
JT�TDBMBCMF�BOE�EJTUSJCVUFE�JO�PSEFS�UP�
IBWF�B�GBTU�RVFSZ�NFUIPE�GPS�BOBMZTJT�
BMHPSJUINT��
o� 1SPWJEF�NPOJUPSJOH�OPU�POMZ�GPS�BE�
NJOJTUSBUJPO�QVSQPTFT�CVU�BMTP�GPS�B�
TUSVDUVSFE�QFSGPSNBODF�FOHJOFFSJOH�

5IF�GSPOUFOE�XJMM�CF�CBTFE�PO�UIF�XFC�
(6*�GSPN�1FS4ZTU�UIBU�XBT�EFWFMPQFE�
GPS�UIF�*4"3�QSPKFDU�BOE�UIBU�XJMM�CF�
FYUFOEFE�CZ�-3;��"T�JOQVU�1FS4ZTU�XJMM�
VTF�UIF�EBUB�PCUBJOFE�GSPN�UIF�NJEEMF�
XBSF��5IF�BQQMJDBUJPO�MFWFM�BT�XFMM�BT�
UIF�TZTUFN�MFWFM�EBUB�XJMM�CF�QMPUUFE�

&BDI�DPNQPOFOU�XJMM�SVO�JOEFQFOEFOUMZ�
TVDI�UIBU�FYUFOTJCJMJUZ�PS�FYDIBOHF�PG�
POF�DPNQPOFOU�UP�UIF�PUIFS�JT�HVBSBO�
UFFE��5IFSF�XJMM�CF�BO�JOUFSGBDF�GPS�UIF�

JOUFSBDUJPO�PG�FBDI�MBZFS�BOE�BT�MPOH�BT��
UIF�DPNQPOFOU�JOUFSBDUT�XJUI�UIJT�JOUFS��
GBDF�JU�XJMM�CF�BCMF�UP�CF�DPVQMFE�UP�UIF�
TZTUFN�

"OPUIFS�GPDVT�PG�JOUFSFTU�JT�UIF�EFWFM�
PQNFOU�PG�UIF�QFSGPSNBODF�QSPDFTT�
FOHJOFFSJOH�XIJDI�TIPVME�CF�DPOTJEFSFE��
CZ�BMM�QBSUOFST�JO�UIF�EFWFMPQNFOU�PG�
UIF�TPGUXBSF��5IF�QFSGPSNBODF�QSPDFTT��
FOHJOFFSJOH�XJMM�IFMQ�BO�)1$�DFOUSF�
UISPVHI�UIF�QSPDFTT�TUFQT�PG�EFUFDUJPO�
PG�CPUUMFOFDLT�BOE�PQUJNJ[BUJPO�SFDPN�
NFOEBUJPOT���5IF�QFSGPSNBODF�QSPDFTT�
FOHJOFFSJOH�XJMM�VUJMJ[F�UIF�TQFDJGJD�IBSE�
XBSF�DIBSBDUFSJTUJDT�PG�UIF�VOEFSMZJOH�
)1$�TZTUFN�UP�QSPEVDF�QFSGPSNBODF�
EBUB�BOE�XJMM�CF�EFTJHOFE�JO�DPMMBCPSB�
UJPO�XJUI�UIF�&SMBOHFO�HSPVQ�XIP�EFWFM�
PQFE�UIF�-*,8*%�UPPM�

33;&�IBT�FYUFOTJWF�FYQFSJFODF�JO�UIF�
BOBMZTJT�PG�QFSGPSNBODF�EBUB�GPS�BQQMJ�
DBUJPOT�SVOOJOH�PO�EJGGFSFOU�IBSEXBSF�
BSDIJUFDUVSFT��-3;�IBT�TJHOJGJDBOU��
FYQFSJFODF�XJUI�UIF�1FS4ZTU�UPPM�XIJDI�
XBT�EFQMPZFE�PO�UIF�QSFWJPVT�)1$�
TZTUFNT��)-3#�**�BOE�4VQFS.*(�	UIF�
NJHSBUJPO�TZTUFN�PG�UIF�DVSSFOU�QFUB��
GMPQ�TZTUFN�4VQFS.6$
���1FS4ZTU�XBT�
JNQMFNFOUFE�XJUI�NBOZ�DPODFQUT�UBLFO�
GSPN�UIF�1FSJTDPQF�UPPM<�>�XIJDI�DPO�
TJEFS�UIF�TQFDJBM�DIBSBDUFSJTUJDT�PG�UIF�
BSDIJUFDUVSF�XIJMF�TFBSDIJOH�GPS�CPUUMF�
OFDLT��5IF�FNQIBTJT�JT�UP�EFWFMPQ�BO�
BCTUSBDUJPO�PG�QFSGPSNBODF�QBUUFSOT�
XIJDI�BSF�HFOFSJD�BOE�WBMJE�GPS�EJGGFS�
FOU�NVMUJDPSF�QMBUGPSNT���&BDI�QBUUFSO�
XJMM�CF�JNQMFNFOUFE�BT�B�GVODUJPO�PG�UIF�
SFMFWBOU�IBSEXBSF�DPVOUFST�JO�PSEFS�
UP�VOEFSTUBOE�UIF�QFSGPSNBODF�DIBS�
BDUFSJTUJDT�PG�BO�BQQMJDBUJPO��*O�BEEJUJPO�
UP�UIF�DMBTTJGJDBUJPO�BOE�BOBMZTJT�PG�UIF�
QFSGPSNBODF�UIF�FOFSHZ�DPOTVNQUJPO�
XJMM�BMTP�CF�NFBTVSFE��5IJT�JOGPSNBUJPO�
XJMM�CF�VTFE�UP�GJOE�DPODSFUF�SFDPNNFO��
EBUJPOT�PO�QBSBNFUFST�XIJDI�XJMM�PQUJ��
NJ[F�UIF�FOFSHZ�VTFE�CZ�UIF�BQQMJDBUJPO�

Summary
5IF�'&1"�QSPKFDU�CVJMET�VQPO�UIF�5*.B$4��
BOE�*4"3�QSPKFDUT�BOE�EFWFMPQT�BO�
JOUFHSBUFE�NPOJUPSJOH�UPPM�BOE�B�OFX�
QFSGPSNBODF�QSPDFTT�FOHJOFFSJOH��5IF�
1FS4ZTU�"HHNPO�BOE�-*,8*%�UPPM�XJMM�
CF�JOUFHSBUFE�JOUP�UIF�GSPOUFOE�UIF�
NJEEMFXBSF�BOE�UIF�CBDLFOE�SFTQFD�
UJWFMZ�JO�UIJT�OFX�JOUFHSBUFE�NPOJUPSJOH�
UPPM��5IF�DPNCJOBUJPO�PG�UIF�TVDDFT��
TGVM�GFBUVSFT�PG�UIF�UISFF�NPOJUPSJOH�
UPPMT�JOUP�B�TJOHMF�JOUFHSBUFE�TPGUXBSF�
BQQMJDBUJPO�XJMM�FOTVSF�UIF�DPOUJOVJUZ��
PG�UIF�QSFWJPVT�XPSL�EPOF��'JOBMMZ�UIF�
QFSGPSNBODF�QSPDFTT�FOHJOFFSJOH�XJMM�
FTUBCMJTI�UIF�QSPDFTT�GMPX�GPS�PQUJNJ[JOH��
BQQMJDBUJPOT�BOE�XJMM�CF�TVQQPSUFE�CZ�
UIF�JOUFHSBUFE�NPOJUPSJOH�UPPM�
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'JHVSF����7JTJPO�GPS�PQUJNBM�FOFSHZ�FGGJDJFODZ�TPMVUJPO�GPS�UIF�#"E8�-3;�)1$�EBUB�DFOUFS�

Energy Flows from Cooling 
Networks taking into  
Account HPC Operation  
Scenarios

5IF�SFEVDUJPO�PG�FOFSHZ�DPOTVNQUJPO�
BOE�UIF�QPTTJCMF�SFVTF�PG�XBTUF�IFBU�
BSF�CFDPNJOH�JNQPSUBOU�JTTVFT�JO�UIF�

EFTJHO�BOE�PQFSBUJPO�PG�MBSHF�EBUB�DFO�
UFST��5IF�NBJO�PCKFDUJWF�PG�UIF�4*.0�
1&,�QSPKFDU�<�>�JT�UP�NPEFM�TJNVMBUF�
BOE�PQUJNJ[F�UIF�FOFSHZ�FGGJDJFODZ�PG�
IJHI�QFSGPSNBODF�EBUB�DFOUFST�TVDI�
BT�UIF�-FJCOJ[�4VQFSDPNQVUJOH�$FOUSF�
	-3;
�VTJOH�B�XIPMJTUJD�BQQSPBDI��-3;�

UPHFUIFS�XJUI�UIF�'SBVOIPGFS�4$"*�XJMM�
EFWFMPQ�NFUIPET�BOE�TPGUXBSF�DPN�
QPOFOUT�GPS�NPEFMJOH�BOE�TJNVMBUJOH�
BMM�FOFSHZ�GMPXT�PG�B�EBUB�DFOUFS�GPS�
UIF�GJSTU�UJNF��5IF�NPEFM�XJMM�UBLF�JOUP�
BDDPVOU�CPUI�UIF�IJHIMZ�EZOBNJD�MPBE�
CFIBWJPS�PG�UIF�)1$�TZTUFN�BT�XFMM�
BT�OFX�UFDIOPMPHJDBM�DPNQPOFOUT�	IPU�
XBUFS�DPPMJOH���*#.
�BOE�DPODFQUT�GPS�

SFDZDMJOH�UIF�HFOFSBUFE�XBTUF�IFBU�	BE�
TPSQUJPO�DPPMJOH�p�4PS5FDI�"(
��

5IF�#.#'�	(FSNBO�'FEFSBM�.JOJTUSZ�PG�
&EVDBUJPO�BOE�3FTFBSDI
�GVOEFE�4*.0�
1&,�QSPKFDU�UPHFUIFS�XJUI�UIF�#.#'�
1SPKFDU�'&1"�JT�B�DSJUJDBM�TUFQ�UPXBSET�
BO�PQUJNBM�FOFSHZ�FGGJDJFOU�TPMVUJPO���

'JH����TIPXT�UIF�WJTJPO�PG�-3;�GPS�BO�
FOFSHZ�FGGJDJFOU�EBUB�DFOUFS�VTJOH�UIF�
m��1JMMBS�'SBNFXPSL�GPS�&OFSHZ�&GGJDJFOU�
)1$�%BUB�$FOUFST�<�>n��5IF���1JMMBS�
'SBNFXPSL�DBO�CF�VTFE�CZ�)1$�DFOUFS�
NBOBHFST�UP�XIPMJTUJDBMMZ�FWBMVBUF�UIFJS�
TJUF�GJOE�TQFDJGJD�GPDVT�BSFBT�DMBT�
TJGZ�DVSSFOU�SFTFBSDI�BDUJWJUJFT�BOE�
JEFOUJGZ�BSFBT�GPS�GVSUIFS�JNQSPWFNFOU�
BOE�SFTFBSDI��"T�DBO�CF�TFFO�JO�'JH����
CPUI�OFX�#.#'�QSPKFDUT�4*.01&,�BOE�

'&1"�UPHFUIFS�DPWFS�QBSUT�PG�UIF�.PE�
FMJOH�4JNVMBUJPO�BOE�0QUJNJ[BUJPO�MBZFS�
FOWJTJPOFE�

'JH����TIPXT�UIF�OFFEFE�EFWFMPQNFOUT�
BOE�DPOOFDUJPOT�JO�BOE�CFUXFFO�FBDI�
QJMMBS�OFDFTTBSZ�UP�BDIJFWF�BO�PQUJNBM�
FOFSHZ�FGGJDJFOU�EBUB�DFOUFS�GPS�-3;���
*O�PSEFS�UP�NJOJNJ[F�UIF�PWFSBMM�FOFSHZ�
DPOTVNQUJPO�PG�B�EBUB�DFOUFS�B�UJHIU�
JOGPSNBUJPO�FYDIBOHF�CFUXFFO�BMM�GPVS�

SIMOPEK – Simulation and 
Optimization of Data Center

External Influences/Constraints
Data Center: Reduce Total Cost of Ownership
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Building Infrastructure

Pillar 2
HPC System Hardware

Pillar 3
HPC System Software

Pillar 4
HPC Applications
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o�5BOKB�$MFFTF��

o�5PSTUFO�8JMEF�2

��'SBVOIPGFS�4$"*

2�-FJCOJ[��
� 3FDIFO[FOUSVN�EFS��
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External Influences/Constraints
Data Center: Reduce Total Cost of Ownership
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Pillar 1
Building Infrastructure

Pillar 2
HPC System Hardware

Pillar 3
HPC System Software

Pillar 4
HPC Applications
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Performance 
Analysis Tools

Performance 
Monitoring

Infrastructure Aware Resource Management & Scheduling

SIMOPEK Power Consump!on Modeling, 
Simula!on & Op!miza!on using MYNTS

SIMOPEK Data Collec!on using PowerDam V.2.0 FEPA Data Collec!on
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"DDPSEJOH�UP�BO�PME�MFHFOE�UIF�JOWFOUPS��
PG�DIFTT�XBT�BTLFE�CZ�IJT�LJOH�XIP�XBT��
UISJMMFE�CZ�UIF�CPBSE�HBNF�UP�OBNF�
BOZ�SFXBSE�IF�XBOUFE��5IF�JOWFOUPS��
SFRVFTUFE�UIBU�POF�HSBJO�PG�XIFBU�
TIPVME�CF�QMBDFE�PO�UIF�GJSTU�TRVBSF�PG�
B�DIFTTCPBSE�UXP�HSBJOT�PG�XIFBU�PO�
UIF�TFDPOE�BOE�TP�GPSUI�EPVCMJOH�UIF�
OVNCFS�PG�HSBJOT�GPS�FWFSZ�OFX�TRVBSF��
*OJUJBMMZ�UIF�LJOH�MBVHIFE�BU�UIF�JOWFOUPS�
GPS�BTLJOH�TVDI�B�MPX�QSJDF�CVU�MBUFS�
NBEF�UIF�TVSQSJTJOH�EJTDPWFSZ�UIBU�IF�
XPVME�OPU�FWFO�CF�DMPTF�UP�CF�BCMF�UP�
QBZ�UIF�GVMM�SFXBSE�

5PEBZ�NBOZ�)1$�BQQMJDBUJPO�EFWFMPQFST��
GJOE�UIFNTFMWFT�JO�UIF�TJUVBUJPO�PG�UIF�
LJOH�XIFO�USZJOH�UP�TDBMF�UIFJS�DPEF�UP�
�MBSHFS�OVNCFST�PG�QSPDFTTPST��"MM�PG��
B�TVEEFO�B�QBSU�PG�UIF�QSPHSBN�TUBSUT�
DPOTVNJOH�BO�FYDFTTJWF�BNPVOU�PG�
UJNF��0G�DPVSTF�JO�DPOUSBTU�UP�UIF�LJOH�
JO�PVS�MFHFOE�DPNQVUBUJPOBM�TDJFOUJTUT�
VTVBMMZ�QPTTFTT�UIF�NBUIFNBUJDBM�TLJMMT�
UP�SFDPHOJ[F�B�TJNQMF�HFPNFUSJD�TFSJFT��
0O�UIF�PUIFS�IBOE�UIF�MBXT�BDDPSEJOH�
UP�XIJDI�UIF�SFTPVSDFT�OFFEFE�CZ��
UIF�DPEF�DIBOHF�BT�UIF�OVNCFS�PG�
QSPDFTTPST�JODSFBTFT�BSF�PGUFO�NVDI�
NPSF�MBCPSJPVT�UP�JOGFS�BOE�BMTP�NBZ�
WBSZ�TJHOJGJDBOUMZ�BDSPTT�JOEJWJEVBM�QBSUT�
PG�DPNQMFY�NPEVMBS�QSPHSBNT��5IJT��
JT�XIZ�BOBMZUJDBM�QFSGPSNBODF�NPEFMJOH�
JT�SBSFMZ�BUUFNQUFE�UP�QSFEJDU�UIF��
TDBMJOH�CFIBWJPS�CFGPSF�QSPCMFNT�NBOJ�
GFTU�UIFNTFMWFT�BOE�XIZ�UIJT�UFDIOJRVF�
JT�TUJMM�DPOGJOFE�UP�B�TNBMM�DPNNVOJUZ�
PG�FYQFSUT��6OGPSUVOBUFMZ�EJTDPWFSJOH�
MBUFOU�TDBMBCJMJUZ�CPUUMFOFDLT�UISPVHI�

FYQFSJFODF�JT�QBJOGVM�BOE�FYQFOTJWF���
3FNPWJOH�UIFN�SFRVJSFT�OPU�POMZ��
QPUFOUJBMMZ�OVNFSPVT�MBSHF�TDBMF�FYQFSJ�
NFOUT�UP�USBDL�UIFN�EPXO�QSPMPOHFE�
CZ�UIF�TDBMBCJMJUZ�JTTVF�BU�IBOE�CVU�
PGUFO�BMTP�NBKPS�DPEF�TVSHFSZ�JO�UIF�
BGUFSNBUI��/PU�JOGSFRVFOUMZ�UIJT��
IBQQFOT�BU�B�NPNFOU�XIFO�UIF�NBO�
QPXFS�JT�OFFEFE�FMTFXIFSF�XIJDI�JT�
FTQFDJBMMZ�USVF�GPS�BQQMJDBUJPOT�PO�UIF��
QBUI�UP�&YBTDBMF�XIJDI�IBWF�UP�BE�
ESFTT�OVNFSPVT�UFDIOJDBM�DIBMMFOHFT�
TJNVMUBOFPVTMZ�SBOHJOH�GSPN�IFUFSP�
HFOFPVT�DPNQVUJOH�UP�SFTJMJFODF��
4JODF�TVDI�QSPCMFNT�VTVBMMZ�FNFSHF�
BU�B�MBUFS�TUBHF�PG�UIF�EFWFMPQNFOU�

QSPDFTT�EFQFOEFODJFT�CFUXFFO�UIFJS�
TPVSDF�BOE�UIF�SFTU�PG�UIF�DPEF�UIBU�
IBWF�HSPXO�PWFS�UJNF�DBO�NBLF�SFNF�
EJBUJPO�FWFO�IBSEFS�

*G�UPEBZ�EFWFMPQFST�EFDJEF�UP�NPEFM�UIF�
TDBMBCJMJUZ�PG�UIFJS�DPEF�BOE�NBOZ��
TIZ�BXBZ�GSPN�UIF�FGGPSU�UIFZ�GJSTU�
BQQMZ�CPUI�JOUVJUJPO�BOE�UFTUT�BU�TNBMMFS�
TDBMFT�UP�JEFOUJGZ�TP�DBMMFE�LFSOFMT�
XIJDI�BSF�UIPTF�QBSUT�PG�UIF�QSPHSBN��
UIBU�BSF�FYQFDUFE�UP�EPNJOBUF�JUT��
QFSGPSNBODF�BU�MBSHFS�TDBMFT��5IJT�TUFQ��
JT�FTTFOUJBM�CFDBVTF�NPEFMJOH�B�GVMM�
BQQMJDBUJPO�XJUI�IVOESFET�PG�NPEVMFT�
NBOVBMMZ�JT�OPU�GFBTJCMF��5IFO�UIFZ�
BQQMZ�SFBTPOJOH�JO�B�UJNF�DPOTVNJOH�
QSPDFTT�UP�DSFBUF�BOBMZUJDBM�NPEFMT�
UIBU�EFTDSJCF�UIF�TDBMJOH�CFIBWJPS�PG�
UIFJS�LFSOFMT�NPSF�QSFDJTFMZ��*O�B�XBZ�
UIFZ�IBWF�UP�TPMWF�B�DIJDLFO�BOE�FHH�
QSPCMFN��UP�GJOE�UIF�SJHIU�LFSOFMT�UIFZ�
SFRVJSF�B�QSF�FYJTUJOH�OPUJPO�PG�XIJDI�

QBSUT�PG�UIF�QSPHSBN�XJMM�EPNJOBUF�JUT�
CFIBWJPS�BU�TDBMF�p�CBTJDBMMZ�B�NPEFM�PG�
UIFJS�QFSGPSNBODF��)PXFWFS�UIFZ�EP�
OPU�IBWF�FOPVHI�UJNF�UP�EFWFMPQ�NPEFMT��
GPS�NPSF�UIBO�B�GFX�QSF�TFMFDUFE��
DBOEJEBUF�LFSOFMT�JOFWJUBCMZ�FYQPTJOH�
UIFNTFMWFT�UP�UIF�EBOHFS�PG�PWFSMPPL�
JOH�OPO�TDBMBCMF�DPEF�

5IF�PCKFDUJWF�PG�UIF�$BUXBML�QSPKFDU�JT��
UIFSFGPSF�UP�QSPWJEF�B�GMFYJCMF�TFU�PG�
UPPMT�UP�TVQQPSU�LFZ�BDUJWJUJFT�PG�UIF�
QFSGPSNBODF�NPEFMJOH�QSPDFTT�NBLJOH�
UIJT�QPXFSGVM�NFUIPEPMPHZ�BDDFTTJCMF�
UP�B�XJEFS�BVEJFODF�PG�)1$�BQQMJDBUJPO�
EFWFMPQFST��5IF�UPPM�TVJUF�XJMM�CF�VTFE��
UP�TUVEZ�BOE�IFMQ�JNQSPWF�UIF�TDBMBCJMJUZ��
PG�BQQMJDBUJPOT�GSPN�MJGF�TDJFODFT�GMVJE�
EZOBNJDT�BOE�QBSUJDMF�QIZTJDT�

5IF�QSPKFDU�JT�DPPSEJOBUFE�CZ��
1SPG��%S��'FMJY�8PMG�PG�UIF�-BCPSBUPSZ�
GPS�1BSBMMFM�1SPHSBNNJOH�(FSNBO��

The Catwalk Project –  
A quick Development Path  
for Performance Models
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3FTFBSDI�4DIPPM�GPS�4JNVMBUJPO�4DJFODFT��
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*OTUJUVUF�GPS�4DJFOUJGJD�$PNQVUJOH�PG�
UIF�5FDIOJTDIF�6OJWFSTJU»U�%BSNTUBEU�
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"�GJSTU�SFTVMU�PG�UIF�$BUXBML�QSPKFDU�
BGUFS�SVOOJOH�GPS�MFTT�UIBO�POF�ZFBS�JT�
B�OPWFM�UPPM�UIBU�JOTUFBE�PG�NPEFMJOH��
POMZ�B�TNBMM�TVCTFU�PG�BO�BQQMJDBUJPO��
QSPHSBN�NBOVBMMZ�HFOFSBUFT�BO��
FNQJSJDBM�QFSGPSNBODF�NPEFM�GPS�FBDI�
QBSU�PG�UIF�UBSHFU�QSPHSBN�BVUP��
NBUJDBMMZ�TJHOJGJDBOUMZ�JODSFBTJOH�OPU��
POMZ�UIF�DPWFSBHF�PG�UIF�TDBMBCJMJUZ�
DIFDL�CVU�BMTP�JUT�TQFFE�<�>��"MM�JU�UBLFT�
UP�TFBSDI�GPS�TDBMBCJMJUZ�JTTVFT�FWFO�JO�
GVMM�CMPXO�DPEFT�JT�UP�SVO�B�NBOBHFBCMF�
OVNCFS�PG�TNBMM�TDBMF�QFSGPSNBODF�FY��
QFSJNFOUT�MBVODI�UIF�UPPM�BOE�DPNQBSF��
UIF�FYUSBQPMBUFE�QFSGPSNBODF�PG�UIF�
XPSTU�JOTUBODFT�UP�FYQFDUBUJPOT��5P�
NBLF�UIJT�QPTTJCMF�XF�FYQMPJU�TFWFSBM�
BTTVNQUJPOT�

8F�UBLF�BEWBOUBHF�PG�UIF�PCTFSWBUJPO�
UIBU�UIF�TQBDF�PG�UIF�GVODUJPO�DMBTTFT�
VOEFSMZJOH�UIFTF�NPEFMT�JT�VTVBMMZ�TNBMM�
FOPVHI�UP�CF�TFBSDIFE�CZ�B�DPNQVUFS�
QSPHSBN��"O�JUFSBUJWF�SFGJOFNFOU�QSP�
DFTT�NBYJNJ[FT�CPUI�UIF�FGGJDJFODZ��
PG�UIF�TFBSDI�BOE�UIF�BDDVSBDZ�PG�PVS�
NPEFMT�

8F�BCBOEPO�NPEFM�BDDVSBDZ�BT�UIF�QSJ�
NBSZ�TVDDFTT�NFUSJD�BOE�SBUIFS�GPDVT�
PO�UIF�CJOBSZ�OPUJPO�PG�TDBMBCJMJUZ�CVHT��

4JNJMBS�UP�B�UISFBE�DIFDLFS�FWFSZ��
TDBMBCJMJUZ�QSPCMFN�XF�JEFOUJGZ�JT�B�TVD�
DFTT�BT�MPOH�BT�GBMTF�QPTJUJWFT�UIBU�
TFOE�VT�JO�B�XSPOH�EJSFDUJPO�BSF�SBSF��
'BMTF�OFHBUJWFT�BSF�PG�DPVSTF�VO��
EFTJSBCMF�CVU�BDDFQUBCMF�BT�MPOH�BT�UIF�
OVNCFS�PG�TDBMBCJMJUZ�CVHT�XF�GJOE��
KVTUJGJFT�UIF�FGGPSU�

8F�DSFBUF�SFRVJSFNFOUT�NPEFMT�BMPOH��
TJEF�FYFDVUJPO�UJNF�NPEFMT��"�DPN��
QBSJTPO�CFUXFFO�UIF�UXP�DBO�JMMVNJOBUF�
UIF�OBUVSF�PG�B�TDBMBCJMJUZ�QSPCMFN��
"MTP�UIF�HFOFSBUJPO�PG�SFRVJSFNFOUT�
NPEFMT�JT�MFTT�BGGFDUFE�CZ�QFSGPSNBODF�
WBSJBUJPOT�

(JWFO�UIBU�PVS�UPPM�SFMJFT�PO�UIF�TUBOEBSE��
QFSGPSNBODF�NFBTVSFNFOU�JOGSB��
TUSVDUVSFT�4DBMBTBDB�<�>�BOE�4DPSF�1�<�>��
UIF�FYUSB�TPGUXBSF�UIBU�XF�EFWFMPQFE�
JT�TP�MJHIUXFJHIU�UIBU�JU�JT�FDPOPNJDBMMZ�
GFBTJCMF�UP�QSPWJEF�JU�JO�QSPEVDUJPO�MFWFM�
RVBMJUZ��'JOBMMZ�XF�HFOFSBUF�OPU�POMZ��
B�MJTU�PG�QPUFOUJBM�CVHT�CVU�BMTP�IVNBO�
SFBEBCMF�NPEFMT�UIBU�DBO�CF�GVSUIFS�
FMBCPSBUFE�UP�DPOEVDU�B�WBSJFUZ�PG�
EFFQFS�BOBMZTFT�TVDI�BT�JOWFTUJHBUJOH�
UIF�QPTTJCJMJUZ�PG�DBDIF�TQJMMT�

5IJT�QSPKFDU�JT�QBSU�PG�UIF�%'(�1SJPSJUZ�
1SPHSBNNF������4PGUXBSF�GPS�&YB��
TDBMF�$PNQVUJOH�	411&9"
��.PSF�JOGPS�
NBUJPO�DBO�CF�GPVOE�BU��
IUUQ���XXX�WJ�IQT�PSH�QSPKFDUT�DBUXBML�
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UBLF�GVMM�BEWBOUBHF�PG�UIFJS�DPNQVUBUJPOBM�QPXFS��5IF�GJHVSF�TIPXT�BO�FYBNQMF�VOEFS�TUVEZ�BU�UIF�(SVCNÓMMFS�
EFQBSUNFOU�BU�UIF�.1*�GPS�#JPQIZTJDBM�$IFNJTUSZ��*OGPSNBUJPO�CFUXFFO�OFSWF�DFMMT�JT�USBOTNJUUFE�WJB�NFTTFOHFS��
NPMFDVMFT�DBMMFE�OFVSPUSBOTNJUUFST�UIBU�BSF�USBOTQPSUFE�JO�TZOBQUJD�WFTJDMFT��5IF�QJDUVSF�TIPXT�B�NPMFDVMBS�
NPEFM�PG�TVDI�B�TZOBQUJD�WFTJDMF�FODMPTFE�CZ�B�MJQJE�NFNCSBOF�	ZFMMPX
��5IF�WFTJDMF�JT�GJMMFE�XJUI�OFVSPUSBOTNJU�
UFST�	SFE�TQIFSFT�XJUIJO�UIF�WFTJDMF
��5IFTF�NFTTFOHFS�NPMFDVMFT�BSF�SFMFBTFE�BU�UIF�DIFNJDBM�TZOBQTFT�CF�
UXFFO�OFSWF�DFMMT�BOE�UIVT�USBOTNJU�OFSWF�JNQVMTFT��5IF�SFMFBTF�PG�UIF�OFVSPUSBOTNJUUFST�BOE�UIF�SFMPBEJOH��
PG�UIF�WFTJDMF�JOWPMWF�NBOZ�GVODUJPOBM�QSPUFJOT�BT�F�H��4/"3&�QSPUFJOT�	SFE�PSBOHF
�BOE�7�"51BTF�	CMVF
�
	'JHVSF�DPVSUFTZ�PG�.1*�#JPQIZT��$IFN��+BIO�(SVCNÓMMFS


5IF�(FSNBO�QSJPSJUZ�QSPHSBN������
mTPGUXBSF�GPS�FYBTDBMF�DPNQVUJOHn�
	411&9"
�XBT�MBVODIFE�TVDDFTTGVMMZ�JO�
+BOVBSZ������XJUI�BO�JOJUJBM�UISFF�ZFBS�
GVOEJOH�QIBTF��5IF�BJN�PG�UIF�TUSBUFHJD��
JOJUJBUJWF�PG�UIF�%'(�JT�UP�GVOE�)1$�
TPGUXBSF�JO�(FSNBOZ��5IF�NBJO�UPQJDT�
PG�411&9"�JOWPMWF�DPNQVUBUJPOBM�BM��
HPSJUINT�BQQMJDBUJPO�TPGUXBSF�TZTUFN�
TPGUXBSF��QSPHSBNNJOH�TPGUXBSF�
UPPMT�BOE�EBUB�NBOBHFNFOU��(30.&9�
POF�PG����JOUFSEJTDJQMJOBSZ�SFTFBSDI�
DPOTPSUJB�XJUIJO�UIF�QSJPSJUZ�QSPHSBN�
FOHBHFT�JO�UIF�GJSTU�UXP�UPQJDT��5IF�
QSPKFDU�CSJOHT�UPHFUIFS�TDJFOUJTUT�GSPN�
EJGGFSFOU�GJFMET�PG�SFTFBSDI�MJLF�DPN�
QVUFS�TDJFODF�NBUIFNBUJDT�BOE�UIFP�
SFUJDBM�CJPQIZTJDT�BOE�BJNT�UP�EFWFMPQ�
B�GMFYJCMF�BOE�VOJGJFE�UPPMCPY�JO�UIF�GJFME�
PG�QBSUJDMF�CBTFE�TJNVMBUJPOT�PO�UIF�
FYBTDBMF�

Background of the Project
4JNVMBUJPOT�PG�CJPNPMFDVMBS�GVODUJPO�JO�
BUPNJTUJD�EFUBJM�QSPWJEF�JOTJHIUT�JOUP�
UIF�JOOFS�XPSLJOHT�PG�MJWJOH�TZTUFNT�
UIBU�BSF�EJGGJDVMU�PS�JNQPTTJCMF�UP�PCUBJO�
FYQFSJNFOUBMMZ��.PMFDVMBS�EZOBNJDT�
	.%
�TJNVMBUJPO�NFUIPET�IBWF�CFFO�B�
MPOH�TUBOEJOH�TVDDFTTGVM�UPPM�UP�UBDLMF�
UIJT�QSPCMFN��"�QBSUJDVMBSMZ�DIBMMFOHJOH�
BTQFDU�PG�.%�TJNVMBUJPOT�JT�UIF�SFBMJTUJD��
NPEFMJOH�PG�FMFDUSPTUBUJD�JOUFSBDUJPOT��
5IF�TUSFOHUI�BOE�MPOH�SBOHFE�OBUVSF�PG�
FMFDUSPTUBUJD�JOUFSBDUJPOT�NBLFT�UIFN�
JNQPSUBOU�EFUFSNJOBOUT�PG�CJPNPMFDVMBS��
GVODUJPO�BOE�QSPQFSUJFT�	'JH���
��$IBMMFOHFT��
JO�UIF�DPNQVUBUJPOBM�USFBUNFOU�PG��
UIFTF�JOUFSBDUJPOT�GBMM�JOUP�UXP�NBJO�BSFBT��

Usability & Scalability
5IF�DBMDVMBUJPO�PG�MPOH�SBOHF�FMFDUSP�
TUBUJD�JOUFSBDUJPOT�JT�UIF�DPNQVUBUJPOBMMZ��
NPTU�FYQFOTJWF�QBSU�PG�BO�.%�TJNVMBUJPO���
5IVT�UIF�FGGJDJFODZ�PG�UIJT�DBMDVMB��
UJPO�JT�EFDJTJWF�GPS�UIF�FGGJDJFODZ�PG�UIF��
XIPMF�TJNVMBUJPO��$VSSFOUMZ�BQQMJFE�
UFDIOJRVFT�GPS�UIF�USFBUNFOU�PG�MPOH�
SBOHF�FMFDUSPTUBUJDT�MJLF�UIF�1BSUJDMF�
.FTI�&XBME�	1.&
�NFUIPE�EP�OPU�TDBMF��
XFMM�PO�MBSHF�OVNCFST�PG�QSPDFTTPST��
BOE�XJMM�UIVT�OPU�CF�DBQBCMF�PG�IBSOFTT�
JOH�UIF�GVMM�QPUFOUJBM�PG�GVUVSF�FYBTDBMF�
DPNQVUFST��8JUI�UIF�IFMQ�PG�UIF�'BTU�
.VMUJQPMF�.FUIPE�	'..
�UIF�TDBMBCJMJUZ�
PG�UIF�FMFDUSPTUBUJDT�DBO�CF�TJHOJGJDBOUMZ��
JNQSPWFE�	'JH���
��5IF�PQUJNBM�UJNF�
DPNQMFYJUZ�0	/
�XJUI�/�CFJOH�UIF�OVNCFS��
PG�QBSUJDMFT�JO�UIF�TZTUFN�BMMPXT�UP��
FGGJDJFOUMZ�VUJMJ[F�UIF�BWBJMBCMF�BOE�GVUVSF��
)1$�IBSEXBSF��5IF�'..�EPFT�OPU�
TVGGFS�GSPN�UIF�TBNF�JOIFSFOU�DPN�
NVOJDBUJPO�SFRVJSFNFOUT�UIBU�MJNJU�UIF�
TDBMBCJMJUZ�PG�1.&�CBTFE�TPMWFST�BOE�
DBO�UIVT�TDBMF�VQ��UP�NJMMJPOT�PG�DPSFT��
5IF�JNQMFNFOUBUJPO�EFWFMPQFE�BU�+ÓMJDI�
4VQFSDPNQVUJOH�$FOUSF�BMTP�QSPWJEFT�
GMFYJCJMJUZ�GPS�UIF�VTFS��1SPWJEFE�XJUI�UIF�
SFRVJSFE�BDDVSBDZ�GPS�UIF�DPNQVUFE�
FMFDUSPTUBUJD�FOFSHJFT�BT�POMZ�JOQVU�
QBSBNFUFS�UIJT�JNQMFNFOUBUJPO�UVOFT�
UIF�DBMDVMBUJPO�TVDI�UIBU�UIF�PQUJNBM�
SVOUJNF�JT�BDIJFWFE��5IJT�VTFS�GSJFOEMZ�
FSSPS�DPOUSPM�TVQQPSUT�UIF�EFWFMPQNFOU��
PG�B�USVMZ�GMFYJCMF�UPPMCPY�XIJDI�BMTP�
DBO�CF�VTFE�JO�PUIFS�BSFBT�PG�SFTFBSDI�
EFBMJOH�XJUI�MPOH�SBOHF�JOUFSBDUJPOT�
OBNFMZ�QMBTNB�QIZTJDT�PS�BTUSPQIZTJDT�

Towards realistic Simulations
5IF�USFBUNFOU�PG�CJPNPMFDVMBS�FMFDUSP�
TUBUJDT�JT�DPNQMJDBUFE�CZ�UIF�GBDU�UIBU��
UIF�DIBSHF�EJTUSJCVUJPO�WBSJFT�EVF�UP�
VQUBLF�BOE�SFMFBTF�PG�QSPUPOT�FMFDUSPOT��

BOE�PUIFS�JPOT�PS�TNBMM�NPMFDVMF�MJHBOET���
)FSF�XF�BEESFTT�CPUI�UJHIUMZ�JOUFS�
MJOLFE�DIBMMFOHFT�CZ�UIF�EFWFMPQNFOU�
JNQMFNFOUBUJPO�BOE�PQUJNJ[BUJPO�PG�B�
VOJGJFE�FMFDUSPTUBUJDT�BMHPSJUIN�UIBU�XJMM�

GROMEX – Unified Long-
range Electrostatics and 
Flexible Ionization
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o�)PMHFS�%BDITFM��

o�$BSTUFO�,VU[OFS���
o�5IPNBT�6MMNBOO��

���+ÓMJDI�4VQFSDPNQVUJOH��
� $FOUSF

2��.BY�1MBODL�*OTUJUVUF�
� GPS�#JPQIZTJDBM��
� $IFNJTUSZ

�

'JHVSF����5IF�GJHVSF�TIPXT�UIF�TDIFNBUJDT�PG�UIF�'..�JOUFSBDUJPO�
TFU��5IF�JOUFSBDUJPO�PG�QBSUJDMFT�JOTJEF�UIF�EFQJDUFE�CPYFT�EVF�UP�UIFJS�
MPOH�SBOHF�GPSDFT�JT�QFSGPSNFE�JO�B�USFF�MJLF�TUSVDUVSF�PO�NVMUJQMF�
MFWFMT�WJB�CPY�NVMUJQPMFT��'PS�B�HJWFO�CPY�	SFE
�PO�B�DFSUBJO�MFWFM�POMZ�
B�DPOTUBOU�OVNCFS�PG�JOUFSBDUJPOT�	EBSL�CMVF�CPYFT
�UBLF�QMBDF��5IF�
SFNBJOJOH�JOUFSBDUJPOT�	MJHIU�CMVF
�BSF�QFSGPSNFE�PO�B�EJGGFSFOU�MFWFM�

'JHVSF����#JOEJOH�USBOTGFS�BOE�SFMFBTF�PG�MJHBOET�TVDI�BT�QSPUPOT�JT�PG�DFOUSBM�JNQPSUBODF�GPS�UIF�
GVODUJPO�PG�NBOZ�CJPNPMFDVMFT��*ODMVEJOH�UIFTF�SFBDUJPOT�JO�CJPNPMFDVMBS�TJNVMBUJPOT�DBO�MFBE��
UP�WBMVBCMF�JOTJHIUT�JOUP�UIFJS�JOGMVFODF�PO�CJPNPMFDVMBS�GVODUJPO�BOE�QSPQFSUJFT��"T�BO�FYBNQMF�UIF��
GJHVSF�TIPXT�UIF�Q)�EFQFOEFOU�QSPUPO�UJUSBUJPO�DVSWF�PG�B�TNBMM�QFQUJEF�BT�PCUBJOFE�GSPN�
DPOTUBOU�Q)�ɉ�EZOBNJDT�TJNVMBUJPOT��5IF�QSPUPOBUJPO�TUBUFT�PG�UIF�QFQUJEF�T�UJUSBUBCMF�HSPVQT�BSF�
BMMPXFE�UP�DIBOHF�EZOBNJDBMMZ�EVSJOH�UIFTF�TJNVMBUJPOT��5IF�DIBOHFT�JO�QSPUPOBUJPO�BSF�HPWFSOFE��
CZ�FMFDUSPTUBUJD�JOUFSBDUJPOT�XJUI�UIF�FOWJSPONFOU�BT�XFMM�BT�CZ�UIF�Q)�WBMVF�PG�UIF�TVSSPVOEJOH��
TPMVUJPO��0O�UPQ�PG�UIF�UJUSBUJPO�DVSWF�UIF�GJHVSF�TIPXT�UIF�UIF�TUSVDUVSFT�PG�UIF�NPTU�QSPCBCMF�
QSPUPOBUJPO�TUBUFT�PG�UIF�QFQUJEF�BU�TFMFDUFE�Q)�WBMVFT�	Q)�����BOE���
�XIFSF�CPVOE�BOE�VOCPVOE�
QSPUPOT�BSF�EFQJDUFE�BT�PQBRVF�BOE�GBJOU�XIJUF�TQIFSFT�SFTQFDUJWFMZ�
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"EEJUJPOBM�JPOJ[BUJPO�TUBUFT�POMZ�HFOFSBUF��
B�DPOTUBOU�DPNQVUBUJPOBM�PWFSIFBE��
BOE�EP�OPU�SFRVJSF�BO�FYQFOTJWF�SFDPN�
QVUBUJPO�PG�UIF�GVMM�JOUFSBDUJPO�TFU��5IF�
NVMUJQPMF�CBTFE�SFQSFTFOUBUJPO�PG��
EJGGFSFOU�JPOJ[BUJPO�TUBUFT�BOE�TJUFT�BMTP��
SFEVDFT�UIF�NFNPSZ�PWFSIFBE�BOE�DBO�
CF�QSPDFTTFE�FBTJMZ�BU�WFSZ�MPX�DPTU�

Project Partners
o� .BY�1MBODL�*OTUJUVUF�GPS�#JPQIZTJDBM��
� $IFNJTUSZ�(ÍUUJOHFO�
o� +ÓMJDI�4VQFSDPNQVUJOH�$FOUSF��
� 3FTFBSDI�$FOUSF�+ÓMJDI�+ÓMJDI�
o� 3PZBM�*OTUJUVUF�PG�5FDIOPMPHZ��
� 4UPDLIPMN

BDDPVOU�GPS�SFBMJTUJD�EZOBNJD�JPOJ[BUJPO�
TUBUFT�	ɉ�EZOBNJDT
�BOE�BU�UIF�TBNF�
UJNF�PWFSDPNF�DVSSFOU�TDBMJOH�MJNJUBUJPOT���
5IF�FTTFOUJBM�JEFB�PG�ɉ�EZOBNJDT�JT�UP�
FOBCMF�B�TNPPUI�JOUFSDPOWFSTJPO�CF�
UXFFO�EJGGFSFOU�QSPUPOBUJPO�PS�PUIFS�
CJOEJOH�GPSNT�XIJDI�JT�DSVDJBM�GPS�.%�
TJNVMBUJPOT�XJUI�FYQMJDJU�TPMWFOU�NPM�
FDVMFT�	'JH���
��*NQSPWFNFOUT�PWFS�QSF�
WJPVT�ɉ�EZOBNJDT�NFUIPET�JODMVEF�UIBU�
OPU�POMZ�QSPUPOBUJPO�CVU�BMTP�PUIFS�
CJOEJOH�SFBDUJPOT�DBO�CF�DPOTJEFSFE�BOE��
UIBU�UIFTF�SFBDUJPOT�DBO�CF�NPEFMFE�
JO�HSFBUFS�EFUBJM��5IF�'..�BMMPXT�
UISPVHI�JUT�NVMUJMFWFM�BQQSPBDI�BOE�
TQBUJBM�EFDPNQPTJUJPO�UP�NPEFM�B�MBSHF�
WBSJFUZ�BOE�OVNCFS�PG�CJOEJOH�TJUFT���
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'JHVSF����0WFSWJFX�PG�UIF�QFSGPSNBODF�BOBMZTJT�XPSLGMPX�

5P�NBYJNJ[F�UIF�TDJFOUJGJD�BOE�DPN�
NFSDJBM�PVUQVU�PG�B�)JHI�1FSGPSNBODF�
$PNQVUJOH�TZTUFN�EJGGFSFOU�TUBLFIPME�
FST�QVSTVF�EJGGFSFOU�TUSBUFHJFT��8IJMF��
JOEJWJEVBM�BQQMJDBUJPO�EFWFMPQFST�BSF�USZ��
JOH�UP�TIPSUFO�UIF�UJNF�UP�TPMVUJPO��
CZ�PQUJNJ[JOH�UIFJS�DPEFT�TZTUFN�BENJO��
JTUSBUPST�BSF�UVOJOH�UIF�DPOGJHVSBUJPO�
PG�UIF�PWFSBMM�TZTUFN�UP�JODSFBTF�JUT�
UISPVHIQVU��:FU�UIF�DPNQMFYJUZ�PG�UP�
EBZ�T�NBDIJOFT�XJUI�UIFJS�TUSPOH�JOUFS�
SFMBUJPOTIJQ�CFUXFFO�BQQMJDBUJPO�BOE�
TZTUFN�QFSGPSNBODF�EFNBOET�GPS�BO�
JOUFHSBUJPO�PG�BQQMJDBUJPO�BOE�TZTUFN�
QSPHSBNNJOH�

5IF�)014"�QSPKFDU�	)0MJTUJD�1FSGPSNBODF��
4ZTUFN�"OBMZTJT
�UIFSFGPSF�TFU�PVU��
GPS�UIF�GJSTU�UJNF�JO�UIF�)1$�DPOUFYU�GPS�
DPNCJOFE�BQQMJDBUJPO�BOE�TZTUFN�UVO�
JOH�EFWFMPQJOH�BO�JOUFHSBUFE�EJBHOPTUJD�
JOGSBTUSVDUVSF��6TJOH�NPSF�QPXFSGVM�
EJBHOPTUJD�UPPMT�BQQMJDBUJPO�EFWFMPQFST�
BOE�TZTUFN�BENJOJTUSBUPST�DBO�FBTJFS�
JEFOUJGZ�UIF�SPPU�DBVTFT�PG�UIFJS�SFTQFD�
UJWF�CPUUMFOFDLT��8JUI�UIF�)014"�JOGSB�
TUSVDUVSF�JU�JT�NPSF�FGGFDUJWF�UP�PQUJ�
NJ[F�DPEFT�SVOOJOH�PO�)1$�TZTUFNT���
.PSF�FGGJDJFOU�DPEFT�NFBO�FJUIFS�HFU�
UJOH�SFTVMUT�GBTUFS�PS�CFJOH�BCMF�UP�HFU�
IJHIFS�RVBMJUZ�PS�NPSF�SFTVMUT�JO�UIF�
TBNF�UJNF��

5IF�XPSL�JO�)014"�XBT�DBSSJFE�PVU�CZ�
UXP�DPPSEJOBUFE�QSPKFDUT�GVOEFE�CZ�UIF��
&6�VOEFS�DBMM�'1��*$5������&6�3VTTJB�
BOE�UIF�3VTTJBO�.JOJTUSZ�PG�&EVDBUJPO�
BOE�4DJFODF��*UT�PCKFDUJWF�XBT�UIF�OFX�
JOOPWBUJWF�JOUFHSBUJPO�PG�BQQMJDBUJPO�UVO�
JOH�XJUI�PWFSBMM�TZTUFN�EJBHOPTJT�BOE��

UVOJOH�UP�NBYJNJ[F�UIF�TDJFOUJGJD�PVUQVU�
PG�PVS�)1$�JOGSBTUSVDUVSFT��8IJMF�UIF��
3VTTJBO�DPOTPSUJVN�GPDVTFE�PO�UIF�TZT��
UFN�BTQFDU�UIF�&6�DPOTPSUJVN�GPDVTFE��
PO�UIF�BQQMJDBUJPO�BTQFDU��

The HOPSA Performance 
Tool Workflow
0OF�PG�UIF�NBJO�SFTVMUT�PG�UIF�QSPKFDU��
XBT�UIF�TQFDJGJDBUJPO�BOE�EPDVNFOUBUJPO��
PG�UIF�JOEFOUFE�VTBHF�BOE�TFRVFODF��
PG�BQQMJDBUJPO�PG�UIF�QFSGPSNBODF�UPPMT�
JO�UIF�GPSN�PG�UIF�)014"�QFSGPS��
NBODF�BOBMZTJT�XPSLGMPX�<�>��5IF�XPSL�
GMPX�XBT�BMTP�TVDDFTTGVMMZ�VTFE�UP�
TUSVDUVSF�USBJOJOH�DMBTTFT�PO�UIF�VTF�
PG�)014"�UPPMT�BT�JU�OJDFMZ�DBQUVSFT�
UIF�IJHI�JOUFHSBUJPO�PG�PVS�UPPMT�TFU��"T��
TIPXO�JO�'JH����UIF�XPSLGMPX�DPOTJTUT�
PG�UISFF�CBTJD�TUFQT��%VSJOH�UIF�GJSTU�
TUFQ�	m1FSGPSNBODF�4DSFFOJOHn
�XF�
JEFOUJGZ�BMM�UIPTF�BQQMJDBUJPOT�SVO�
OJOH�PO�UIF�TZTUFN�UIBU�NBZ�TVGGFS�
GSPN�JOFGGJDJFODJFT��5IJT�JT�EPOF�WJB�
TZTUFN�XJEF�KPC�TDSFFOJOH�TVQQPSUFE�
CZ�B�MJHIUXFJHIU�NFBTVSFNFOU�NPEVMF�
	-8.�
�EZOBNJDBMMZ�MJOLFE�UP�FWFSZ�FYF�
DVUBCMF��5IF�TDSFFOJOH�PVUQVU�JEFOUJGJFT�
QPUFOUJBM�QSPCMFN�BSFBT�TVDI�BT��
DPNNVOJDBUJPO�NFNPSZ�PS�GJMF�*�0�BOE��
JTTVFT�SFDPNNFOEBUJPOT�PO�XIJDI��
EJBHOPTUJD�UPPMT�DBO�CF�VTFE�UP�FYQMPSF��
UIF�JTTVF�GVSUIFS�JO�B�TFDPOE�TUFQ�
	m1FSGPSNBODF�%JBHOPTJTn
��*G�B�NPSF�
TJNQMF�QSPGJMF�PSJFOUFE�TUBUJD�QFSGPS�
NBODF�PWFSWJFX�JT�OPU�FOPVHI�UP�QJO��
QPJOU�UIF�QSPCMFN�B�NPSF�EFUBJMFE�
USBDF�CBTFE�EZOBNJD�QFSGPSNBODF�
BOBMZTJT�DBO�CF�QFSGPSNFE�JO�B�UIJSE�
TUFQ�	m*O�EFQUI�BOBMZTJTn
�

5IF�)014"�QFSGPSNBODF�UPPMT�BSF�BWBJM��
BCMF�BT�B�DPNCJOBUJPO�PG�PQFO�TPVSDF�
PGGFSJOHT�	UIF�USBDF�WJTVBMJ[FS�1BSBWFS�
<�>�BOE�JUT�NFBTVSFNFOU�MJCSBSZ�&YUSBF�
BOE�UIF�BTTPDJBUFE�QFSGPSNBODF��
NPEFMJOH�UPPM�%JNFNBT�<�>�GSPN�#4$�
UIF�QFSGPSNBODF�BOBMZTJT�UPPM�4DBMBTDB�
<�>�BOE�JUT�SFTVMU�CSPXTFS�$6#&�GSPN�
(34�+4$�BOE�UIF�DPNNVOJUZ�EFWFMPQFE��
QFSGPSNBODF�JOTUSVNFOUBUJPO�BOE��
NFBTVSFNFOU�JOGSBTUSVDUVSF�4DPSF�1�<�>
��
BOE�DPNNFSDJBM�QSPEVDUT�	UIF�USBDF�
WJTVBMJ[FS�7BNQJS�<�>�GSPN�56%�BOE�UIF�
UISFBE�BOE�NFNPSZ�BOBMZ[FS�5ISFBE�
4QPUUFS�<�>�GSPN�3PHVF�8BWF
��*O�UIF�
QSPKFDU�UIF�JOEJWJEVBM�UPPMT�IBWF�CFFO�
DPOTJEFSBCMZ�FOIBODFE�JO�UIFJS�GVODUJPO�
BMJUZ�BOE�SFHBSEJOH�TDBMBCJMJUZ�FOBCMJOH�
UIFN�UP�BOBMZ[F�QBSBMMFM�SFBM�XPSME��
BQQMJDBUJPOT�FYFDVUFE�XJUI�WFSZ�MBSHF�
OVNCFST�	UFO�UP�IVOESFE�UIPVTBOET
��
PG�QSPDFTTFT�BOE�UISFBET��*OUFHSBUJPO�
CFUXFFO�UIF�TFQBSBUF�UPPM�TFUT�PG�UIF�
QSPKFDU�QBSUOFST�BMTP�IBT�CFFO�DPOTJE�
FSBCMZ�JNQSPWFE��"MM�FOIBODFNFOUT�BSF�
FJUIFS�BMSFBEZ�QBSU�PG�UIF�MBUFTU�QVCMJD�
SFMFBTFT�PG�UIF�TPGUXBSF�QBDLBHFT�PS�

BU�MFBTU�BSF�TDIFEVMFE�UP�CF�JODMVEFE�
JO�UIF�OFYU�QVCMJD�SFMFBTF��"MTP�XJUI�
UIF�FOE�PG�UIF�QSPKFDU�B�TJOHMF�VOJGJFE�
JOTUBMMBUJPO�QBDLBHF�GPS�BMM�UPPMT�XBT�
QSPWJEFE�<��>�

Integration among the 
HOPSA Performance  
Analysis Tools
4IBSJOH�UIF�DPNNPO�NFBTVSFNFOU�JOGSB��
TUSVDUVSF�4DPSF�1�BOE�JUT�EBUB�GPSNBUT�
BOE�QSPWJEJOH�DPOWFSTJPO�VUJMJUJFT�JG��
EJSFDU�TIBSJOH�JT�OPU�QPTTJCMF�UIF�QFS�
GPSNBODF�UPPMT�JO�UIF�)014"�FOWJSPO��
NFOU�BOE�XPSLGMPX�BMSFBEZ�NBLF�JU�FBTJFS��
UP�TXJUDI�GSPN�IJHIFS�MFWFM�BOBMZTFT�
QSPWJEFE�CZ�UPPMT�MJLF�4DBMBTDB�UP�NPSF�
JO�EFQUI�BOBMZTFT�QSPWJEFE�CZ�UPPMT�MJLF�
1BSBWFS�PS�7BNQJS��5P�TJNQMJGZ�UIJT�USBO�
TJUJPO�FWFO�GVSUIFS�UIF�)014"�UPPMT�
BSF�JOUFHSBUFE�JO�WBSJPVT�XBZT��'JH����HJWFT��
BO�PWFSWJFX�PG�UIF�BMSFBEZ�JNQMFNFOUFE�
BOE�FOWJTJPOFE�UPPM�JOUFSBDUJPOT�XJUIJO�
UIF�)014"�UPPM�TFU�

'PS�FYBNQMF�XJUI�JUT�BVUPNBUJD�USBDF�
BOBMZTJT�4DBMBTDB�MPDBUFT�DBMM�QBUIT��

HOPSA – A big Jump  
forward in HPC System 
and Application Monitoring
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'JHVSF����4DBMBTDB�՜7BNQJS�PS�1BSBWFS�5SBDF�CSPXTFS�JOUFHSBUJPO��*O�B��TU��TUFQ�XIFO�UIF�VTFS�SFRVFTUT�UP�
DPOOFDU�UP�B�USBDF�CSPXTFS�UIF�TFMFDUFE�WJTVBMJ[FS�JT�BVUPNBUJDBMMZ�TUBSUFE�BOE�UIF�FWFOU�USBDF�XIJDI�XBT�
QSFWJPVTMZ�UIF�CBTJT�PG�4DBMBTDBlT�USBDF�BOBMZTJT�JT�MPBEFE��/PX�JO�B��OE�TUFQ�UIF�VTFS�DBO�SFRVFTU�B�UJNFMJOF�
WJFX�PG�UIF�XPSTU�JOTUBODF�PG�FBDI�QFSGPSNBODF�CPUUMFOFDL�JEFOUJGJFE�CZ�4DBMBTDB��5IF�USBDF�CSPXTFS�WJFX�
BVUPNBUJDBMMZ�[PPNT�UP�UIF�SJHIU�UJNF�JOUFSWBM��/PX�UIF�VTFS�DBO�VTF�UIF�GVMM�BOBMZTJT�QPXFS�PG�UIFTF�UPPMT�UP�
JOWFTUJHBUF�UIF�DPOUFYU�PG�UIF�JEFOUJGJFE�QFSGPSNBODF�QSPCMFN�'JHVSF����)014"�1FSGPSNBODF�5PPM�*OUFHSBUJPO�

Conclusion
5IF�)014"�QSPKFDU�EFMJWFSFE�BO�JOOPWB�
UJWF�IPMJTUJD�BOE�JOUFHSBUFE�UPPM�TVJUF�
GPS�UIF�PQUJNJ[BUJPO�PG�)1$�BQQMJDBUJPOT�
JOUFHSBUFE�XJUI�TZTUFN�MFWFM�NPOJUPS�
JOH��5IF�UPPMT�BSF�BMSFBEZ�VTFE�CZ�UIF�
)1$�TVQQPSU�UFBNT�PG�QSPKFDU�QBSUOFST�
JO�UIFJS�EBJMZ�XPSL��"MM�SFTVMUT�EPDV�
NFOUBUJPO�BOE�QVCMJDBUJPO�BSF�BWBJMBCMF�
BU�UIF�&6�QSPKFDU�XFCTJUF�	IUUQ���XXX�
IPQTB�QSPKFDU�FV
�PS�UIF�3VTTJBO�QSPKFDU��
XFCTJUF�	IUUQ���IPQTB�QBSBMMFM�SV
��'PS��
B�TIPSU�UXP�ZFBS�QSPKFDU�EJTTFNJOBUJPO�
XBT�FYUSFNFMZ�TVDDFTTGVM��5IF�QSPKFDU�
XBT�QSFTFOUFE�BU�FMFWFO�FWFOUT�	JODMVE�
JOH�*4$�BOE�4$
�PGUFO�CZ�NVMUJQMF��
QBSUOFST����USBJOJOH�FWFOUT�JOWPMWJOH��
)014"�UPPMT�IBWF�CFFO�PSHBOJ[FE�BOE�
���QSPKFDU�SFMBUFE�QVCMJDBUJPOT�IBWF�
CFFO�QVCMJTIFE�BOE�QSFTFOUFE�BU�DPO�
GFSFODFT�

*O�UIF�QSPKFDU�UIF�7BNQJS�UFBN�JNQMF�
NFOUFE�B�QSPUPUZQF�4DPSF�1�BEBQUFS�
UIBU�FOIBODFT�05'��USBDFT�BU�UIF�FOE��
PG�UIF�NFBTVSFNFOU��'PS�FWBMVBUJPO�
UIF�CFODINBSL�DPEF�)1-�XBT�JOTUSV��
NFOUFE�XJUI�4DPSF�1��*O�BEEJUJPO�UP�UIF�
BQQMJDBUJPO�BOE�.1*�FWFOUT�UIF�USBDF��
XBT�FOIBODFE�XJUI�)014"�OPEF�MFWFM�
NFUSJDT�BOE�QFS�QSPDFTT�1"1*�DPVOUFST���
5FTUFE�BOE�XPSLJOH�)014"�TFOTPST�
JODMVEF�OPEF�NFNPSZ�VTBHF�WBMVFT�BOE�
*OGJOJCBOE�QBDLFU�DPVOUT��*O�UIF�)1-�
DPEF�WJTVBMJ[BUJPO�	'JH���
�POF�DBO�TFF�
SJTJOH�GMPBUJOH�QPJOU�PQFSBUJPOT�	TFDPOE�
UJNFMJOF
�SFTVMUJOH�JO�B�IJHIFS�NFNPSZ�
DPOTVNQUJPO�QFS�OPEF�	UIJSE�UJNFMJOF
��
&RVJWBMFOU�GVODUJPOBMJUZ�XBT�BMTP�JNQMF�
NFOUFE�GPS�UIF�#4$�UPPMT�&YUSBF�BOE�
1BSBWFS�

DBDIF�BOE�NVMUJ�UISFBEJOH�CFIBWJPVS���
*G�B�5ISFBE4QPUUFS�SFQPSU�JT�BWBJMBCMF�
GPS�UIF�TBNF�FYFDVUBCMF�BOE�EBUBTFU��
$VCF�XJMM�BMMPX�MBVODIJOH�EFUBJMFE�5ISFBE��
4QPUUFS�WJFXT�GPS�FBDI�DBMM�QBUI�XIFSF�
EBUB�GSPN�CPUI�UPPMT�JT�BWBJMBCMF��

Integration of System Data 
and Performance Analysis 
Tools
5IF�3VTTJBO�$MVTUS9�8BUDI�NBOBHFNFOU��
TPGUXBSF�<�>�BOE�-"15"�TZTUFN�EBUB�
BOBMZTJT�BOE�NBOBHFNFOU�TPGUXBSF�<�>��
QSPWJEFT�OPEF�MFWFM�TFOTPS�JOGPSNBUJPO�
UIBU�DBO�HJWF�BEEJUJPOBM�JOTJHIU�GPS�QFS��
GPSNBODF�BOBMZTJT�PG�BQQMJDBUJPOT�XJUI��
SFTQFDU�UP�UIF�TQFDJGJD�TZTUFN�UIFZ�BSF��
SVOOJOH�PO��5IJT�BMMPXT�QPQVMBUJOH�
1BSBWFS�BOE�7BNQJS�USBDFT�XJUI�-"15"�
TZTUFN�JOGPSNBUJPO�DPMMFDUFE�CZ�$MVTUSY��
(BOHMJB�BOE�PUIFS�TPVSDFT�	UIF��
HSBOVMBSJUZ�XJMM�EFQFOE�PO�UIF�PWFSIFBE�
UP�PCUBJO�UIF�EBUB
�BOE�UP�BOBMZ[F�UIFN�
XJUI�SFTQFDU�UP�UIF�TZTUFN�XJEF�QFS�
GPSNBODF�

BGGFDUFE�CZ�XBJU�TUBUFT�DBVTFE�CZ�MPBE�PS��
DPNNVOJDBUJPO�JNCBMBODF��)PXFWFS��
UP�GJOE�BOE�GJY�UIFTF�QSPCMFNT�JO�B�VTFS�
BQQMJDBUJPO�JU�JT�JO�TPNF�DBTFT�OFDFT�
TBSZ�UP�VOEFSTUBOE�UIF�TQBUJBM�BOE�UFN��
QPSBM�DPOUFYU�MFBEJOH�UP�UIF�JOFGGJDJFODZ�
B�TUFQ�OBUVSBMMZ�TVQQPSUFE�CZ�USBDF�
WJTVBMJ[FST�MJLF�1BSBWFS�PS�7BNQJS��5P�
NBLF�UIJT�TUFQ�FBTJFS�UIF�4DBMBTDB�
BOBMZTJT�SFNFNCFST�UIF�XPSTU�JOTUBODF�
GPS�FBDI�PG�UIF�QFSGPSNBODF�QSPCMFNT�
JU�SFDPHOJ[FT��5IFO�UIF�$VCF�SFTVMU�
CSPXTFS�DBO�MBVODI�B�USBDF�CSPXTFS�BOE��
[PPN�UIF�UJNFMJOF�JOUP�UIF�JOUFSWBM�PG��
UIF�USBDF�UIBU�DPSSFTQPOET�UP�UIF�XPSTU��
JOTUBODF�PG�UIF�SFDPHOJ[FE�QFSGPSNBODF��
QSPCMFNT�	TFF�'JH���
�

*O�UIF�GVUVSF�UIF�TBNF�NFDIBOJTNT�XJMM��
CF�BWBJMBCMF�GPS�B�NPSF�EFUBJMFE�WJTVBM�
FYQMPSBUJPO�PG�UIF�SFTVMUT�PG�4DBMBTDBlT��
SPPU�DBVTF�BOBMZTJT�BT�XFMM�BT�GPS�GVSUIFS��
BOBMZ[JOH�DBMM�QBUIT�JOWPMWJOH�VTFS�GVOD��
UJPOT�UIBU�UBLF�UPP�NVDI�FYFDVUJPO�UJNF���
'PS�UIF�MBUUFS�5ISFBE4QPUUFS�XJMM�CF�
BWBJMBCMF�UP�JOWFTUJHBUF�UIFJS�NFNPSZ�
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o� .PTDPX�4UBUF�6OJWFSTJUZ��
� 	36�$PPSEJOBUPS
�
o� 3FTFBSDI�$PNQVUJOH�$FOUFS�
o� 5�1MBUGPSNT�
o� 3VTTJBO�"DBEFNZ�PG�4DJFODFT�
o� +PJOU�4VQFSDPNQVUFS�$FOUFS�
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� .VMUJQSPDFTTPS�$PNQVUFS�4ZTUFNT
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TZTUFNT�XJUI�UIF�NPTU�BEWBODFE�
TPGUXBSF�PGGFSJOH�FOBCMJOH�BMM�UISFF�PG�
UIFN�UP�JODSFBTF�UIFJS�SFTQFDUJWF��
NBSLFU�TIBSFT��6TJOH�UIF�)014"�UPPM�
JOGSBTUSVDUVSF�UIF�TDJFOUJGJD�PVUQVU�
SBUF�PG�B�)1$�DMVTUFS�TZTUFN�DBO�CF��
JODSFBTFE�JO�UISFF�XBZT��'JSTU�UIF��
FOIBODFE�UPPM�TVJUF�MFBET�UP�CFUUFS�PQUJ��
NJ[BUJPO�SFTVMUT�FYQBOEJOH�UIF�QPUFO�
UJBM�PG�UIF�DPEFT�UP�XIJDI�UIFZ�BSF��
BQQMJFE��4FDPOE�JOUFHSBUJOH�UIF�UPPMT�
JOUP�BO�BVUPNBUFE�EJBHOPTUJD�XPSL�
GMPX�FOTVSFT�UIBU�UIFZ�BSF�VTFE�CPUI�	J
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'JHVSF����5IF�)1$�''�DMVTUFS�BU�UIF�+ÓMJDI�4VQFSDPNQVUJOH�$FOUSF�

'JHVSF����5IF�DPMPVS�DPOUPVST�	PG�QBSBMMFM�NBHOFUJD�WFDUPS�QPUFOUJBM

TIPX�UIF�MJOFBS�NPEF�TUSVDUVSF�PG�B�NJDSPUFBSJOH�JOTUBCJMJUZ�XIJDI�SFQ�
SFTFOUT�POF�PG�UIF�NPTU�DIBMMFOHJOH�UVSCVMFODF�UZQFT�UP�TJNVMBUF�EVF�
UP�JUT�JOIFSFOU�NVMUJTDBMF�DIBSBDUFS�XJUI�SBEJBM�TUSVDUVSF�TJ[FT�SBOH�
JOH�GSPN�UIF�JPO�HZSPSBEJVT�TDBMF�EPXO�UPXBSET�UIF�NVDI�TNBMMFS�
FMFDUSPO�HZSPSBEJVT�TDBMFT��	*NBHF�DPVSUFTZ�PG�)��%PFSL


5IF�PQFSBUJPO�PG�UIF�)JHI�1FSGPSNBODF�
$PNQVUFS�GPS�'VTJPO�	)1$�''
�CZ�UIF�
+ÓMJDI�4VQFSDPNQVUJOH�$FOUSF�	+4$
�
XBT�DPNQMFUFE�JO�+VOF�������5IJT�
DPNQVUFS�XBT�FTTFOUJBMMZ�B����SE�QBSUJ��
UJPO�PG�UIF�+6301"�DPNQVUFS�DPOTJTUJOH��
PG�*OUFM�9FPO�9�����OPEFT�	/FIBMFN�
&1
��&BDI�OPEF�DPNQSJTFE�UXP�QSPDFT�
TPST�QSPWJEJOH�B�UPUBM�PG���$16�DPSFT�
BUUBDIFE�UP����(#�PG�NBJO�NFNPSZ��
3VOOJOH�BU������()[�DMPDL�TQFFE�UIF�
�����OPEFT�PG�UIF�)1$�''�QBSUJUJPO�

ZJFMEFE�B�UPUBM�QFBL�QFSGPSNBODF�PG������
5FSBGMPQT��5IF�OPEFT�XFSF�DPOOFDUFE�
WJB�*OGJOJCBOE�2%3�XJUI�GBU�USFF�UFDI�
OPMPHZ��-VTUSF�7FSTJPO�����IBT�CFFO�
DIPTFO�BT�B�QBSBMMFM�GJMFTZTUFN�GPS�CPUI�
TDSBUDI�BOE�IPNF�EBUB��5IF�IBSEXBSF�

XBT�GVOEFE�JO�QBSU�CZ�'PSTDIVOHT[FOUSVN��
+ÓMJDI�BOE�JO�QBSU�UISPVHI�UIF�&VSPQFBO�
'VTJPO�%FWFMPQNFOU�"HSFFNFOU�	&'%"
�<�>��
XJUI�UIF�NFNCFS�DPVOUSJFT�DPOUSJCVU�
JOH�UISPVHI�B�KPJOU�GVOE��0QFSBUJPO�PG��
)1$�''�DPNNFODFE�JO�"VHVTU�������
"MMJFE�UP�UIF�QIZTJDBM�IBSEXBSF�IBT�CFFO��
B�)JHI�-FWFM�4VQQPSU�5FBN�	)-45
�<�>�
XIJDI�IBT�CSPVHIU�BO�JNQPSUBOU��
DPNNPO�GPDVT�UP�DPEF�PQUJNJTBUJPO�JO�
B�NVMUJ�DPSF�FOWJSPONFOU�

)1$�''�TBUJTGJFE�UIF�OFFE�PG�&'%"�TDJFO��
UJTUT�UP�QFSGPSN�MBSHF�TDBMF�TJNVMBUJPOT�
JO�DPOOFDUJPO�XJUI�NBHOFUJD�GVTJPO�
FOFSHZ�JTTVFT��5P�SFBDI�UIF�HPBM�PG�BO�
FOFSHZ�QSPEVDJOH�GVTJPO�QPXFS�QMBOU�	J
�
UIF�QMBTNB�FOFSHZ�NVTU�CF�DPOUBJOFE�

GPS�MPOH�FOPVHI�	JJ
�UIF�QMBTNB�NVTU�CF�
NBDSPTDPQJDBMMZ�TUBCMF�	JJJ
�UIF�QMBTNB�
GBDJOH�TUSVDUVSFT�NVTU�CF�BCMF�UP�
IBOEMF�UIF�IJHI�IFBU�MPBET�DPNJOH�GSPN�
UIF�QMBTNB�	JW
�JO�HFOFSBM�NBUFSJBMT�BSF�
OFFEFE�XIJDI�TVSWJWF�UIF�MPBET�GSPN�
UIF�IJHI�FOFSHZ�GVTJPO�CPSO�OFVUSPOT�
BOE�	W
�UIF�DPNQPOFOUT�TVDI�BT�UIF�
CMBOLFU�NPEVMFT�BSPVOE�UIF�QMBTNB�JO�
XIJDI�UIF�OFVUSPO�FOFSHZ�JT�FYUSBDUFE�
BT�IFBU�	UP�HFOFSBUF�UIF�FMFDUSJDJUZ
�BOE�
UIF�USJUJVN�UP�GVFM�UIF�GVTJPO�SFBDUJPO��
JT�CSFE�OFFE�UP�CF�EFTJHOFE��0UIFS�DPN��
QPOFOUT�TVDI�BT�SBEJP�GSFRVFODZ�BO�
UFOOBF�VTFE�UP�IFBU�UIF�QMBTNB�BMTP�
OFFE�UP�CF�EFTJHOFE��4UVEJFT�CZ�&'%"�
TDJFOUJTUT�VTJOH�)1$�''�BEESFTTFE��
BTQFDUT�PG�BMM�UIFTF�JTTVFT�

*O�UIF�UPLBNBL�UIF�NPTU�EFWFMPQFE�
GPSN�PG�NBHOFUJD�GVTJPO�EFWJDF�UIF�FO�
FSHZ�JT�VTVBMMZ�QSJNBSJMZ�USBOTQPSUFE�CZ�
TIPSU�TDBMF�MFOHUI�UVSCVMFOU�JOTUBCJM��
JUJFT�	BT�PQQPTFE�UP�DMBTTJDBM�DPMMJTJPOBM�
QSPDFTTFT
��4P�UIF�VOEFSTUBOEJOH�PG�
UVSCVMFODF�BOE�PG�UIF�NFBOT�UP�TVQ�
QSFTT�BOE�DPOUSPM�JU�JT�WFSZ�JNQPSUBOU�
JO�EFWFMPQJOH�PQUJNBM�GVTJPO�EFWJDFT���
4JNVMBUJPO�PG�UVSCVMFODF�JO�UIF�UPLBNBL��
BOE�PUIFS�NBHOFUJD�DPOGJOFNFOU�
TDIFNFT�	TVDI�BT�UIF�TUFMMBSBUPS
�SF��
QSFTFOUFE�UIF�MBSHFTU�TJOHMF�VTF�PG�
)1$�''��"MSFBEZ�JO�GMVJET�UVSCVMFODF�IBT��
CFFO�JEFOUJGJFE�BT�POF�PG�UIF�NPTU�DIBM�
MFOHJOH�QSPCMFNT�JO�DMBTTJDBM�QIZTJDT�CZ�
/PCFM�QSJ[F�XJOOFS�3JDIBSE�'FZONBO��
)PXFWFS�JO�NBHOFUJDBMMZ�DPOGJOFE�GVTJPO��
QMBTNBT�UIF�DPNQMFYJUZ�JT�BHBJO�ESB�
NBUJDBMMZ�JODSFBTFE�BT�UIF�JOUFSBDUJPO�
XJUI�FMFDUSPNBHOFUJD�GJFMET�IBT�UP�CF�
UBLFO�JOUP�BDDPVOU�BOE�UIF�MPX�DPMMJTJPO�
BMJUZ�NFBOT�B�TJNQMJGJFE�GMVJE�EFTDSJQUJPO�
JT�PGUFO�OPU�BQQMJDBCMF��"�TJHOJGJDBOU��
FGGPSU�IBT�CFFO�EFWPUFE�JO�HFOFSBM�BOE�
PO�)1$�''�JO�QBSUJDVMBS�CZ�UIF�)-45�UP�
PQUJNJTJOH�UVSCVMFODF�DPEFT��

5IF�UVSCVMFODF�TJNVMBUJPOT�PO�)1$�''��
IBWF�UBDLMFE�B�WFSZ�CSPBE�SBOHF�PG�JT��
TVFT�JO�CPUI�UPLBNBLT�BOE�TUFMMBSBUPST���
4FQBSBUFMZ�TJNVMBUJPOT�IBWF�MPPLFE��
BU�UVSCVMFODF�PO�UIF�TDBMF�MFOHUIT�BU��
XIJDI�UIF�QMBTNB�JPOT�HZSBUF�BSPVOE�
UIF�NBHOFUJD�GJFME�MJOFT�BOE�PO�UIF�
NVDI�TNBMMFS�TDBMF�MFOHUI�PG�FMFDUSPO�
HZSBUJPO�BOE�TJNVMBUJPOT�FODPNQBTTJOH��
CPUI�TDBMF�MFOHUIT�IBWF�BMTP�CFFO�
NBEF��*TTVFT�BEESFTTFE�JODMVEF�IPX�
GMPX�DBO�TVQQSFTT�UIF�UVSCVMFODF��
BOE�IPX�UIF�GMPXT�UIFNTFMWFT�BSF�
HFOFSBUFE�BOE�JO�DBTFT�EFUBJMFE�DPN�
QBSJTPOT�IBWF�CFFO�NBEF�CFUXFFO�UIF��
TJNVMBUJPOT�BOE�NFBTVSFNFOUT�PG�JPO�

End of the HPC-FF Era
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o�5JN�)FOEFS���
o�,MBVT�8PMLFSTEPSGFS���

��$VMIBN�$FOUFS�GPS��
� 'VTJPO�&OFSHZ��
� 	$$'&
�$VMIBN�6,

2�+ÓMJDI��
� 4VQFSDPNQVUJOH�
� $FOUSF�	+4$


��5JN�)FOEFS�JT�UIF�'VTJPO�
1SPHSBNNF�.BOBHFS�BU�UIF�
$VMIBN�$FOUSF�GPS�'VTJPO�
&OFSHZ�	6,
�BOE�DIBJS�PG�UIF�
#PBSE�UIBU�PWFSTBX�PQFSB�
UJPO�BOE�$16�UJNF�BMMPDBUJPO�
PO�)1$�''

���,MBVT�8PMLFSTEPSGFS�JT�
)FBE�PG�)1$�TZTUFNT�BU�UIF�
+ÓMJDI�4VQFSDPNQVUJOH�$FO�
USF�BOE�XBT�B�QFSNBOFOU�
FYQFSU�PO�UIF�)1$�''�#PBSE

'JHVSF����$PNQBSJTPO�PG�UIF�GJMBNFOUBUJPO�PG�UIF�
QMBTNB�EVSJOH�BO�&-.�JO�UIF�."45�UPLBNBL��
	$VMIBN�6,
��5IF�MFGU�IBMG�GFBUVSFT�UIF�TJNVMBUJPO�
SFTVMUT��UIF�SJHIU�IBMG�GFBUVSFT�B�QJDUVSF�GSPN�
UIF�GBTU�DBNFSB��5IF�TJNVMBUJPOT�BSF�CBTFE�PO�B�
TPQIJTUJDBUFE�NBHOFUP�IZEPEZOBNJD�NPEFM���
	*NBHF�DPVSUFTZ�PG�4��1BNÀMB


'JHVSF����5IF�GJHVSF�TIPXT�UISFF�TOBQ�TIPUT�PG�UIF�UJNF�FWPMVUJPO�PG�UIF�EBNBHF�QSPEVDFE�CZ�B�IJHI�
FOFSHZ�	����LF7
�'F�JPO�JO�B����ON�UIJDL�'F�TBNQMF��(SFFO�EPUT�BSF�WBDBODJFT�BOE�SFE�EPUT�BSF�
TFMG�JOUFSTUJUJBMT��B
���QT�BGUFS�UIF�JOJUJBUJPO�PG�UIF�SFDPJM�C
�����QT�BOE�D
����QT��/PUJDF�UIF�QSPEVDUJPO�
PG�B�MBSHF�WBDBODZ�DMVTUFS�DMPTF�UP�UIF�TVSGBDF�	UPQ�PG�GJHVSF
�TIPXJOH�UIF�MJNJUBUJPOT�PG�VTJOH�TNBMM�
TBNQMFT��	*NBHF�DPVSUFTZ�PG�.��+��"MJBHB
�

TDBMF�UVSCVMFODF��/PU�POMZ�EPFT�UVSCV��
MFODF�BGGFDU�FOFSHZ�DPOUBJONFOU�CVU��
JU�BMTP�BGGFDUT�QBSUJDMF�DPOUBJONFOU�BOE��
TJNVMBUJPOT�PG�UIF�JOXBSE�QJODIJOH�FG�
GFDU�PO�CPUI�GVFM�JPOT�BOE�JNQVSJUJFT�
	XIJDI�EJMVUF�UIF�GVTJPO�SFBDUJPOT
�IBWF�
CFFO�QFSGPSNFE��4JNVMBUJPOT�IBWF�BMTP�
MPPLFE�BU�IPX�UVSCVMFODF�BGGFDUT�UIF�

IJHI�FOFSHZ�JPOT�SFTVMUJOH�GSPN�UIF�
JOKFDUJPO�PG�OFVUSBM�QBSUJDMF�CFBNT�UP�
IFBU�UIF�QMBTNB�

.BDSPTDPQJD�JOTUBCJMJUJFT�IBWF�BMTP�CFFO��
TUVEJFE�PO�)1$�''�p�TVDI�JOTUBCJMJUJFT��
NBZ�DBVTF�B�DPNQMFUF�MPTT�PG�UIF�
QMBTNB�PS�GVSUIFS�FOIBODF�FOFSHZ�QBS�
UJDMF�MPTTFT�GSPN�UIF�QMBTNB��5IF�MBSHFTU��
FGGPSU�PO�)1$�''�XBT�PO�TUVEZJOH��
FEHF�JOTUBCJMJUJFT�BOE�UIFJS�DPOUSPM��*N�
QSPWFE�DPOGJOFNFOU�JO�UIF�UPLBNBL�JT�
MJOLFE�XJUI�QFSJPEJD�JOTUBCJMJUJFT�LOPXO�
BT�&-.T�	&EHF�-PDBMJTFE�.PEFT
�UIBU�JO�
GVUVSF�UPLBNBLT�TVDI�BT�*5&3�BSF�FY��
QFDUFE�UP�JNQPTF�MBSHF�USBOTJFOU�IFBU��
MPBET�PO�DPNQPOFOUT�TVSSPVOEJOH�UIF�
QMBTNB��)1$�''�NBEF�QPTTJCMF�EFUBJMFE�
&-.�TJNVMBUJPOT�BOE�BMTP�BMMPXFE�UIF�
TUVEZ�PG�IPX�UIFZ�NBZ�CF�BNFMJPSBUFE��
"OPUIFS�TJHOJGJDBOU�BSFB�PG�TUVEZ�XBT�PO��
JOTUBCJMJUJFT�ESJWFO�CZ�IJHI�FOFSHZ�JPOT��
	XIJDI�BSF�HFOFSBUFE�CZ�TPVSDFT�UIBU�
IFBU�UIF�QMBTNB�PS�CZ�GVTJPO�SFBDUJPOT
�

%FOTJUZ�GVODUJPOBM�BOE�NPMFDVMBS�EZ�
OBNJDT�TJNVMBUJPOT�VTFE�UP�BTTFTT�
UIF�FGGFDUT�PG�IJHI�FOFSHZ�OFVUSPOT�PO�
NBUFSJBM�QSPQFSUJFT�IBWF�BMTP�CFFO�B�
NBKPS�VTFS�PO�)1$�''��4UBUF�PG�UIF�BSU�
BC�JOJUJP�FMFDUSPOJD�TUSVDUVSF�DBMDVMB�
UJPOT�IBWF�CFFO�QFSGPSNFE�CZ�TFWFSBM�
HSPVQT�UP�VOEFSTUBOE�QSPQFSUJFT��
PG�OFVUSPO�JOEVDFE�EFGFDUT�JO�GVTJPO��
SFBDUPS�NBUFSJBMT��0OF�PG�UIF�NBKPS�
BDIJFWFNFOUT�JT�UIF�TUVEZ�PG�EJTMPDBUJPO��
TUSVDUVSFT�JO�JSPO�BOE�UVOHTUFO�BT��
XFMM�BT�UIF�FGGFDU�PG�BMMPZJOH�FMFNFOUT��
&YQFSJNFOUBMMZ�EBNBHF�JT�PGUFO�TUVEJFE��
VTJOH�IJHI�FOFSHZ�JPOT�BT�PQQPTFE��
UP�OFVUSPOT�BOE�UIF�VTF�PG�UVOOFMMJOH�
FMFDUSPO�NJDSPTDPQFT�BMMPXT�JO�TJUV��
PCTFSWBUJPOT�PG�UIF�EBNBHF��)PXFWFS�
JU�JT�JNQPSUBOU�UP�VOEFSTUBOE�UIF�EFHSFF��
UP�XIJDI�TVDI�FYQFSJNFOUT�SFQSPEVDF�
UIF�SFBM�TJUVBUJPO�PG�OFVUSPOT�JNQBDUJOH�
CVML�TUSVDUVSFT�BOE�NPEFMMJOH�PO�)1$�
''�IBT�QMBZFE�BO�JNQPSUBOU�SPMF�IFSF�

/FVUSPOJDT�TJNVMBUJPOT�	VTVBMMZ�VTJOH�
.POUF�$BSMP�NFUIPET
�BSF�QBSUJDVMBSMZ�
XFMM�TVJUFE�UP�QBSBMMFMJTBUJPO�BOE�JNQPS�
UBOU�SFTVMUT�IBWF�CFFO�PCUBJOFE�PO�
)1$�''�SFMBUJOH�UP�OFVUSPO�TIJFMEJOH�JO�
*5&3�DPNQPOFOU�EFTJHOT�BOE�UIF�BTTP�
DJBUFE�BDUJWBUJPO�PG�DPNQPOFOUT�

4JHOJGJDBOU�TUVEJFT�PO�SBEJP�GSFRVFODZ�
IFBUJOH�PG�UIF�QMBTNB�XFSF�DPOEVDUFE�
PO�)1$�''�p�TDIFNFT�JO�XIJDI�3'�
XBWFT�BU�GSFRVFODJFT�UIBU�SFTPOBOUMZ�
JOUFSBDU�XJUI�JPOT�HZSBUJOH�BSPVOE�UIF�
NBHOFUJD�GJFME�MJOFT�IBWF�CFFO�TUVEJFE�
	UIJT�XJMM�CF�B�QSJNBSZ�IFBUJOH�NFBOT�
JO�*5&3
��*TTVFT�SFMBUFE�UP�CPUI�UIF�3'�
BOUFOOB�EFTJHO�BOE�IPX�UIF�XBWFT�DPV�
QMF�UP�UIF�QMBTNB�IBWF�CFFO�TUVEJFE��
0UIFS�UFDIOPMPHZ�SFMBUFE�TUVEJFT�IBWF�
GPDVTTFE�PO�CMBOLFU�EFTJHO�BOE�GPS�FY�
BNQMF�GMPXT�MJRVJE�NFUBMT�XJUIJO�UIFN�

)1$�''�IBT�CFFO�UIF�GJSTU�TIBSFE�)1$�
GBDJMJUZ�GPS�UIF�&VSPQFBO�GVTJPO�DPN�
NVOJUZ�BOE�IBT�BMMPXFE�JNQPSUBOU�QSP��
HSFTT�UP�CF�NBEF�PO�NBOZ�GSPOUT�p�
PG�XIJDI�B�TNBMM�OVNCFS�PG�FYBNQMFT�
BSF�QSFTFOUFE�IFSF��4VQQPSU�PO�DPEF�
EFWFMPQNFOU�BOE�PQUJNJTBUJPO�CZ�UIF�
)JHI�-FWFM�4VQQPSU�5FBN�IBT�BMTP�CFFO�
B�DSVDJBM�FMFNFOU��#VJMEJOH�PO�UIF�TVDDFTT��
PG�)1$�''�&VSPQFBO�GVTJPO�TDJFOUJTUT�
OPX�IBWF�BDDFTT�UP�B�1FUBGMPQ�DMBTT�
DPNQVUFS�JO�+BQBO�BU�UIF�*OUFSOBUJPOBM�
'VTJPO�3FTFBSDI�$FOUSF�<�>�VOEFS�UIF�
#SPBEFS�"QQSPBDI�<�>�
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'JHVSF����+6301"���DPNQVUF�SBDL�CBDLWJFX�

o�6MSJDI�%FUFSU

� +ÓMJDI��
� 4VQFSDPNQVUJOH�
� $FOUSF�	+4$


*O�QSFQBSBUJPO�GPS�B�GVUVSF�SFQMBDFNFOU��
PG�UIF�+6301"�)1$�DMVTUFS�B�QSPUPUZQF��
TZTUFN�DBMMFE�+6301"���IBT�CFFO�JO��
TUBMMFE�BU�+ÓMJDI�4VQFSDPNQVUJOH�$FOUSF��
	+4$
�JO�"QSJM�������+6301"���JT�UIF�
PVUDPNF�PG�B�DPPQFSBUJPO�PG�+4$�1BS5FD��
$MVTUFS�$PNQFUFODF�$FOUFS�(NC)�BOE�
5�1MBUGPSNT�BJNJOH�BU�UIF�EFWFMPQNFOU�
PG�TPMVUJPOT�GPS�GVOEBNFOUBM�RVFTUJPOT�
JO�MBSHF�TDBMF�DMVTUFS�DPNQVUJOH��5PQJDT��
MJLF�BQQMJDBUJPO�DIFDL�QPJOU�SFTUBSU�
FOE�UP�FOE�EBUB�JOUFHSJUZ�OFUXPSL�UP��
QPMPHZ�GBJMVSF�QSFEJDUJPO�BOE�FOFSHZ�
FGGJDJFODZ�BSF�BEESFTTFE�JO�UIJT�DPPQ�
FSBUJPO��5IF�EFWFMPQNFOU�BOE�UVOJOH�PG�
BQQMJDBUJPOT�GPS�NBOZ�DPSF�QSPDFTTPS�
BSDIJUFDUVSFT�BSF�BOPUIFS�LFZ�BTQFDU�
PG�UIF�QSPKFDU���

#FJOH�B�QSPUPUZQF�TZTUFN�UIF�TJ[F�BOE��
PWFSBMM�QFSGPSNBODF�PG�+6301"���BSF�
SBUIFS�MJNJUFE��/FWFSUIFMFTT�UIF�TZTUFN��
BSDIJUFDUVSF�BEBQUT�UP�XIBU�JT�FY�
QFDUFE�UP�CF�SFMFWBOU�GPS�B�GVMM�TJ[FE�
QSPEVDUJPO�TZTUFN��*U�GPMMPXT�UIF�TBNF�
IJFSBDIJDBM�DPODFQU�BMSFBEZ�TVDDFTT�
GVMMZ�BQQMJFE�JO�+6301"��5XP�SFEVOEBOU�
NBTUFS�OPEFT�PO�UPQ�TFSWF�BT�UIF��
BENJOJTUSBUJWF�DFOUSF�PG�UIF�TZTUFN�

5IFZ�QSPWJEF�GBJM�PWFS�GVODUJPOBMJUZ�BOE�
IPVTF�TFSWJDFT�MJLF�UIF�CBUDI�XPSLMPBE�
NBOBHFS�NBTUFS�-%"1�BOE�%/4��
TFSWFST�BOE�DMVTUFS�QSPWJTJPOJOH�BOE�
NBOBHFNFOU�GVODUJPOT��0O�UIF�OFYU�
MFWFM�B�TFU�PG�BENJOJTUSBUJPO�OPEFT�
QSPWJEF�GPS�EJTUSJCVUFE�TFSWJDFT�VTFE�
CZ�UIF�DPNQVUF�OPEFT�PO�MFWFM�UISFF��
5ZQJDBM�MFWFM�UXP�TFSWJDFT�BSF�SFQMJDB�
-%"1�BOE�%/4�TFSWFST�BOE�%)$1��5IF�

TZTUFN�JT�DPNQMFNFOUFE�CZ�GSPOU�FOE�
OPEFT�GPS�VTFS�MPHJO�B�-VTUSF�TUPSBHF��
QPPM�XJUI�044�.%4�TFSWFST�BOE�B�(1'4��
HBUFXBZ�OPEF�

"QBSU�GSPN�UIF�BCPWF�NFOUJPOFE�SF�
TFBSDI�UPQJDT�DPWFSFE�JO�UIF�TDPQF�PG�
UIF�DPPQFSBUJPO�UIFSF�BSF�NBOZ�BEEJ�
UJPOBM�JTTVFT�UIBU�XJMM�CF�JOWFTUJHBUFE�PO�
UIF�UFDIOJDBM�MFWFM��%JGGFSFOU�GSPN��
+6301"�XIFSF�464&�4-&4����XBT�VTFE��
BT�UIF�OPEF�PQFSBUJOH�TZTUFN�4DJFOUJGJD��
-JOVY�XBT�DIPTFO�GPS�+6301"����0OF�
UBTL�UP�BDDPNQMJTI�XJMM�CF�UIF�NFSHJOH��
PG�BENJOJTUBUJWF�QSPDFEVSFT�BOE�NPOJ�
UPSJOH�GVODUJPOT�XJUI�UIF�OFX�PQFSBUJOH��
TZTUFN��"O�FYQFDUFE�BEWBOUBHF���CF��
TJEFT�DPTU�FGGFDUJWFOFTT���JT�CFUUFS�TVQ��
QPSU�PG�IBSEXBSF�BOE�TPGUXBSF�MJLF�
*OGJOJCBOE�BOE�UIF�-VTUSF�QBSBMMFM�GJMF�
TZTUFN��/FX�JO�+6301"���JT�BMTP�UIBU�
UIF�NBKPSJUZ�PG�DPNQVUF�OPEFT�SVO��
JO�EJTLMFTT�NPEF��5IJT�IBT�FGGFDUT�PO�
JOTUBMMBUJPO�QSPDFEVSFT�BT�XFMM�BT��
SVO�UJNF�CFIBWJPVS��&TQFDJBMMZ�UIF�IBO��
EMJOH�PG�(1'4�	(FOFSBM�1BSBMMFM�'JMF��
4ZTUFN
�IBT�QSPWFO�UP�CF�JOUSJDBUF�JO��
UIJT�TDFOBSJP�XJUI�1BSB4UBUJPO�CFJOH�
VTFE�GPS�TZTUFN�JNBHF�BENJOJTUSBUJPO��
%FTQJUF�UIF�EJTLMFTT�PQFSBUJPO���OPEFT�
BSF�FRVJQQFE�XJUI�MPDBM�EJTLT�XIJDI�
XJMM�CF�VTFE�GPS�DIFDLQPJOU�SFTUBSU�
EFWFMPQNFOU��"�TDFOBSJP�UP�CF�UFTUFE�
JT�UIF�NJSSPSJOH�PG�DIFDLQPJOU�EBUB�UP�
OFJHICPSJOH�OPEFT�TVDI�UIBU�UIF�EBUB�
JT�BWBJMBCMF�GPS�SFTUBSU�JO�UIF�DBTF�PG�
B�OPEF�GBJMVSF�����GBU�OPEFT�QPTTFTT�
BO�JODSFBTFE�BNPVOU�PG�NBJO�NFNPSZ�
	����(#�BOE�����(#�SFTQFDUJWFMZ
��
XIJDI�BMMPX�GPS�QSPEVDUJPO�TJ[FE�SVOT��

PG�TUSVDUVSBM�NFDIBOJDT�BQQMJDBUJPOT��"��
TNBMM�TUPSBHF�BSFB�	��TFSWFS�OPEFT��
���5#�EJTL�TQBDF
�JT�EFEJDBUFE�UP�UIF��
EFWFMPQNFOU�BOE�UFTUJOH�PG�GVUVSF��
-VTUSF�QBSBMMFM�GJMF�TZTUFN�WFSTJPOT�BOE��
FOE�UP�FOE�EBUB�JOUFHSJUZ�FOIBODFNFOUT�

"T�NFOUJPOFE�BCPWF�(1'4�JT�VTFE�BT�B��
DMVTUFS�XJEF�GJMF�TZTUFN�PO�+6301"����
"�(1'4�HBUFXBZ�OPEF�XJUI�*OGJOJCBOE�
)$"�PO�POF�TJEF�BOE��Y��(&�PO�UIF�
PUIFS�TJEF�QSPWJEFT�GPS�DPOOFDUJWJUZ�CF�
UXFFO�+6301"���BOE�';+�T�GJMF�TFSWFS�
+645��(1'4�JT�NPVOUFE�JO�BEEJUJPO�UP�
-VTUSF�PO�BMM�DMVTUFS�OPEFT�BOE�TFSWFT�
BT�UIF�NBJO�GJMF�TZTUFN�GPS�IPNF�BOE�
TDSBUDI�EBUB�

'JOBMMZ�UIF�4-63.�SFTPVSDF�NBOBHFS�
XJMM�CF�JOUFHSBUFE�XJUI�1BSB4UBUJPO�BOE�
CF�VTFE�GPS�KPC�NBOBHFNFOU�BOE�DPO�
USPM��*U�SFQMBDFT�.PBC�BOE�5PSRVF�VTFE�
JO�UIF�DVSSFOU�+6301"�TZTUFN�

System Specifications
+6301"���DPNQSJTFT����DPNQVUF��
OPEFT�FBDI�FRVJQQFE�XJUI���*OUFM�9FPO��
&�������$16T�	4BOEZ�#SJEHF�&1
�QSP�
WJEJOH�B�UPUBM�PG�����QSPDFTTPS�DPSFT�
XJUI�B�QFBL�QFSGPSNBODF�PG������UFSB�
GMPQT��*O�BEEJUJPO���DPNQVUF�OPEFT�BSF�
FBDI�FOIBODFE�XJUI���/7*%*"�5FTMB�
,��9�(16T�BOE�BOPUIFS���OPEFT�XJUI�
��*OUFM�9FPO�1IJ�����1�DP�QSPDFTTPST�
FBDI��5IF�DP�QSPDFTTPST�BNPVOU�UP�BO��
FYUSB�QFSGPSNBODF�PG������UFSBGMPQT�
QFBL��5IF�DPNQVUF�OPEFT�UIF�TFSWFS�
OPEFT�BOE�UIF�TUPSBHF�DPNQPOFOUT�PG��
UIF�DMVTUFS�BSF�DPOOFDUFE�CZ�B����(C�T��
*OGJOJCBOE�OFUXPSL�	'%3
�XJUI�GBU�USFF�
UPQPMPHZ�QSPWJEJOH�GPS�IJHI�DPNNVOJDB�
UJPO�CBOEXJEUI�PG�QBSBMMFM�BQQMJDBUJPOT�
BOE�*�0��5IF�OFUXPSL�UPQPMPHZ�JT�TVCKFDU��
UP�GVUVSF�JOWFTUJHBUJPOT�BOE�NBZ�CF�
DIBOHFE�JOUP�IZQFSDVCF�PS�TJNJMBS�
TUSVDUVSF��

JUROPA-3 - A Prototype for 
the Next-Generation HPC 
Cluster
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'JHVSF����*OTUBMMBUJPO�PG���*OUFM�9FPO�1IJ�DBSET�BU�-3;�

'JHVSF����0WFSWJFX�PG�UIF�*OUFM�.*$�BSDIJUFDUVSF�

8JUI�UIF�SBQJEMZ�HSPXJOH�EFNBOE�GPS��
DPNQVUJOH�QPXFS�OFX�BDDFMFSBUPS�
CBTFE�BSDIJUFDUVSFT�IBWF�FOUFSFE�UIF�
XPSME�PG�IJHI�QFSGPSNBODF�DPNQVUJOH�
TJODF�BSPVOE�GJWF�ZFBST��*O�QBSUJDVMBS�
(1(16T�IBWF�SFDFOUMZ�CFDPNF�WFSZ�
QPQVMBS�IPXFWFS�QSPHSBNNJOH��
(1(16T�VTJOH�QSPHSBNNJOH�MBOHVBHFT�
MJLF�$6%"�PS�0QFO$-�JT�DVNCFSTPNF�
BOE�FSSPS�QSPOF��5SZJOH�UP�PWFSDPNF�
UIFTF�EJGGJDVMUJFT�*OUFM�EFWFMPQFE�UIFJS�
PXO�.BOZ�*OUFHSBUFE�$PSF�	.*$
��
BSDIJUFDUVSF�XIJDI�DBO�CF�QSPHSBNNFE��
VTJOH�TUBOEBSE�QBSBMMFM�QSPHSBNNJOH�
UFDIOJRVFT�MJLF�0QFO.1�BOE�.1*��*O�UIF��

CFHJOOJOH�PG������UIF�GJSTU�QSPEVDUJPO�
MFWFM�DBSET�OBNFE�*OUFM�9FPO�1IJ�DBNF�
PO�UIF�NBSLFU��5IF�DVSSFOUMZ�GBTUFTU��
TVQFSDPNQVUFS�JO�UIF�XPSME�5JBOIF���
IFBEJOH�UIF�501����MJTU�QVCMJTIFE�JO��
+VOF������VTFT�*OUFM�9FPO�1IJ�DPQSP��
DFTTPST�UP�TQFFE�VQ�JUT�QFBL�QFSGPS��
NBODF�UP����1'MPQ�T��-3;�IBT�CFFO�
DPOTJEFSFE�CZ�*OUFM�BT�B�MFBEJOH�SF�
TFBSDI�DFOUSF�GPS�FWBMVBUJOH�DPQSPDFT�
TPST�CBTFE�PO�UIF�.*$�BSDIJUFDUVSF�

TJODF������VOEFS�TUSJDU�/%"��4JODF�UIF��
*OUFM�9FPO�1IJ�JT�OPX�HFOFSBMMZ�BWBJMBCMF��
XF�DBO�TIBSF�PVS�FYQFSJFODF�PO�QSP�
HSBNNJOH�*OUFMlT�OFX�.*$�BSDIJUFDUVSF��

Intel MIC Architecture  
at LRZ
-3;�IBT�BMSFBEZ�CFFO�TFMFDUFE�CZ�*OUFM�
JO�MBUF������BT�POF�PG�B�GFX�DFOUSFT�
XPSMEXJEF�UP�FWBMVBUF�UIF�OFX�*OUFM�.*$��
BSDIJUFDUVSF��4JODF�UIFO�-3;�HPU�WBSJPVT��
QSPUPUZQFT�PG�UIJT�IBSEXBSF�TUBSUJOH��
XJUI�B�m,OJHIUT�'FSSZn�QSPUPUZQF�XJUI�
���DPSFT�BOE���(#�3".�BOE�MBUFS��
WBSJPVT�IBSEXBSF�TUFQQJOH�QSFQSPEVDUJPO��
DBSET�PG�UIF�m,OJHIUT�$PSOFSn�QSPUP�
UZQF�XJUI�BQQSPYJNBUFMZ����DPSFT�BOE��
VQ�UP���(#�3".��*OJUJBM�SFTVMUT�IBWF�
CFFO�QSFTFOUFE�BU�UIF�*4$�l���BOE�VOEFS��
/%"�JO�4FQUFNCFS������BU�B�XPSLTIPQ�
PSHBOJTFE�CZ�*#.�JO�.POUQFMMJFS��-3;��
JT�BMTP�QBSU�PG�UIF�&VSPQFBO�%&&1�QSPKFDU��
XIJDI�EFWFMPQT�B�QSPUPUZQF�GPS�B�QP��
UFOUJBM�FYBTDBMF�FOBCMJOH�DPNQVUFS�CBTFE��
PO�*OUFM�9FPO�1IJ�DPQSPDFTTPST�BOE��
B�TQFDJBM�5FSBCJU�&950--�OFUXPSL��$VS�
SFOUMZ�XJUIJO�UIF�13"$&��*1�QSPKFDU�
-3;�MFBET�UIF�TVCUBTL�UP�DSFBUF�B�#FTU�
1SBDUJDF�(VJEF�GPS�*OUFM�9FPO�1IJ�<�>��
8F�QMBO�UP�JOTUBMM�B�TNBMM�*OUFM�9FPO�1IJ��
DMVTUFS�BU�-3;�JO�OFBS�GVUVSF�BOE��
DVSSFOUMZ�QSFQBSF�B�.*$�QSPHSBNNJOH�
XPSLTIPQ�JO�PVS�DPVSTF�DVSSJDVMVN�GPS�
������8JUIJO�13"$&�-3;�XJMM�BOBMZTF�
UIF�TDBMBCJMJUZ�PG�UIF�TFJTNJD�DPNNVOJUZ�
DPEF�4FJT4PM�PO�VQ�UP����*OUFM�9FPO��
1IJ�DPQSPDFTTPST�PG�UIF�&6303"�DMVTUFS��
BU�$*/&$"�	#PMPHOB
�BT�B�TIPXDBTF�GPS��
B�SFBM�.1*�CBTFE�HFPQIZTJDT�BQQMJDBUJPO�

BOE�*OUFM�75VOF�"NQMJGJFS��*U�JT�BMTP��
QPTTJCMF�UP�EP�IBSEXBSF�TQFDJGJD�UVOJOH�
VTJOH�*OUSJOTJDT�PS�"TTFNCMFS��)PXFWFS�
XF�XPVME�OPU�SFDPNNFOE�EPJOH�UIJT�
	FYDFQU�NBZCF�GPS�TPNF�DSJUJDBM�LFSOFM�
SPVUJOFT
�TJODF�.*$�WFDUPS�*OUSJOTJDT�
BOE�"TTFNCMFS�JOTUSVDUJPOT�BSF�JODPN�
QBUJCMF�XJUI�44&�PS�"79�JOTUSVDUJPOT�

(FOFSBMMZ�TQFBLJOH�UXP�NBJO�FYFDVUJPO��
NPEFT�DBO�CF�EJTUJOHVJTIFE��OBUJWF�NPEF��
BOE�PGGMPBE�NPEF��*O�mOBUJWF�NPEFn�UIF�
*OUFM�DPNQJMFS�JT�JOTUSVDUFE�	UISPVHI�UIF�
VTF�PG�UIF�DPNQJMFS�TXJUDI�pNNJD
�UP�
DSPTT�DPNQJMF�GPS�UIF�.*$�BSDIJUFDUVSF��
5IJT�JT�BMTP�QPTTJCMF�GPS�0QFO.1�BOE�
.1*�DPEFT��5IF�HFOFSBUFE�FYFDVUBCMF�
IBT�UP�CF�DPQJFE�UP�UIF�DPQSPDFTTPS�
BOE�DBO�CF�MBVODIFE�GSPN�XJUIJO�B�TIFMM�
SVOOJOH�PO�UIF�DPQSPDFTTPS�

*O�mPGGMPBE�NPEFn�UIF�DPEF�JT�JOTUSV�
NFOUFE�XJUI�0QFO.1�MJLF�QSBHNBT�JO��
$�$���PS�DPNNFOUT�JO�'PSUSBO�UP�NBSL��

Architectural Overview
5IF�*OUFM�9FPO�1IJ�DPQSPDFTTPS�JT�BO�
BEWBODFNFOU�PG�UIF�TP�DBMMFE�m-BSSBCFFn��
DIJQ�XIJDI�IBT�OFWFS�CFDPNF�B�QSPEVDU���
-BSSBCFF�XBT�NBJOMZ�UBSHFUJOH�UIF�
DPNQVUFS�HSBQIJDT�NBSLFU�BOE�DPVME�
POMZ�CF�QSPHSBNNFE�XJUI�MPUT�PG�FG�
GPSUT�VOEFS�8JOEPXT��*O�DPOUSBTU�UP�
UIBU�*OUFM�9FPO�1IJ�JT�QSJNBSJMZ�UBSHFUJOH��
UIF�)1$�NBSLFU�BOE�DBO�CF�QSP�
HSBNNFE�VTJOH�TUBOEBSE�QBSBMMFM�QSP��
HSBNNJOH�UFDIOJRVFT�VOEFS�-JOVY���
0OF�PG�UIF�NBJO�BEWBOUBHFT�PG�UIF�DP�
QSPDFTTPS�JT�UIBU�UIF�QSPHSBNNFS�DBO�
EJSFDUMZ�MPHJO�PO�UIF�DBSE�GSPN�UIF�IPTU�
VTJOH�5$1�*1�CBTFE�UPPMT�MJLF�TTI��5IJT�
BMMPXT�UIF�VTFS�UP�XBUDI�BOE�DPOUSPM�
QSPDFTTFT�SVOOJOH�PO�UIF�DPQSPDFTTPS�
VTJOH�UPPMT�MJLF�UPQ�BOE�LJMM�BOE�HBJOJOH��
UIF�CFOFGJU�PG�BMM�VTFGVM�JOGPSNBUJPO�
BWBJMBCMF�WJB�UIF�-JOVY��QSPD�GJMFTZTUFN��

"O�BSDIJUFDUVSBM�PWFSWJFX�JT�HJWFO�JO�'JH������
"�CJEJSFDUJPOBM�SJOH�JOUFSDPOOFDU��
DPOOFDUT�BMM�UIF�DPSFT�-��DBDIFT�BOE�
PUIFS�DPNQPOFOUT�MJLF�UIF�UBH�EJSFDUPSJFT��
	5%
�UIF�1$*F�DMJFOU�MPHJD�PS�UIF�(%%3��
NFNPSZ�DPOUSPMMFST��%FUBJMT�BCPVU�PVS�
DVSSFOUMZ�JOTUBMMFE�*OUFM�9FPO�1IJ�DBSE�
	$��&4��TUFQQJOH
�BSF�TVNNBSJTFE�JO�
UIF�GPMMPXJOH�UBCMF�

Programming Models
5IF�NBJO�BEWBOUBHF�PG�UIF�.*$�BSDIJ�
UFDUVSF�JT�UIF�QPTTJCJMJUZ�UP�QSPHSBN�
UIF�DIJQ�VTJOH�QMBJO�$�$���PS�'PSUSBO�
BOE�TUBOEBSE�QBSBMMFMJTBUJPO�NPEFMT�
MJLF�0QFO.1�.1*�BOE�IZCSJE�0QFO.1�
��.1*��5IF�DPQSPDFTTPS�DBO�BMTP�CF�
QSPHSBNNFE�VTJOH�*OUFM�$JML�1MVT�*OUFM�
5ISFBEJOH�#VJMEJOH�#MPDLT�QUISFBET�
BOE�0QFO$-��0QFO"$$�TVQQPSU�JT���XJMM�
CF�QSPWJEFE�CZ�DPNQBOJFT�MJLF�$"14��
PS�1(*��4UBOEBSE�NBUI�MJCSBSJFT�MJLF�*OUFM��
.,-�BSF�TVQQPSUFE�BOE�MBTU�CVU�OPU�
MFBTU�UIF�XIPMF�*OUFM�UPPM�DIBJO�F�H��*OUFM��
$�$���BOE�'PSUSBO�DPNQJMFS�EFCVHHFS��

First Experiences with  
the Intel MIC Architecture  
at LRZ

Number of cores ��

Frequency of cores ����()[

GDDR5 memory size ��(#

Number of hardware threads �

SIMD vector registere ���	����CJU�XJEF
�QFS�UISFBE�DPOUFYU

Flops/cycle ���	%1
����	41


Theoretical peak performance ��5'MPQ�T�	%1
���5'MPQ�T�	41


L2 cache per core ����L#
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o�7PMLFS�8FJOCFSH
o�.PNNF�"MMBMFO�

� -FJCOJ[��
� 4VQFSDPNQVUJOH��
� $FOUSF�	-3;


'JHVSF����1FSGPSNBODF�SFTVMUT�	EPVCMF�QSFDJTJPO
�GPS�UIF�UISFF�&VSP#FO�LFSOFMT�.Y.�	B
���	C
�4Q.Y7�	D
�
BOE�''5�	E
��'JH��	B
�	D
�BOE�	E
�DPNQBSF�UIF�QFSGPSNBODF�PG�.,-�BOE�PS�0QFO.1�	0.1
�CBTFE�JNQMFNFO��
UBUJPOT�PO�*OUFM�9FPO�1IJ�VTJOH�BQQSPY������UISFBET�JO�OBUJWF�NPEF�XJUI�UIF�QFSGPSNBODF�PO�UIF�4BOEZ�
#SJEHF�&1�CBTFE�IPTU�TZTUFN�VTJOH����UISFBET��'JH��	C
�TIPXT�UIF�0QFO.1�QFSGPSNBODF�PG�.Y.�VTJOH�
PGGMPBE�NPEF�CPUI�JODMVEJOH�BOE�FYDMVEJOH�EBUB�USBOTGFS�UJNFT�CFUXFFO�UIF�IPTU�BOE�UIF�DPQSPDFTTPS�

B
 C


D
 E


SFHJPOT�PG�DPEF�UIBU�TIPVME�CF�PGGMPBEFE��
UP�UIF�DPQSPDFTTPS�BOE�CF�FYFDVUFE�
UIFSF�BU�SVOUJNF��5IF�DPEF�JO�UIF�NBSLFE��
SFHJPOT�DBO�CF�NVMUJUISFBEFE�CZ�VTJOH�
F�H��0QFO.1��5IF�HFOFSBUFE�FYFDVUBCMF�
NVTU�CF�MBVODIFE�GSPN�UIF�IPTU��5IJT�
BQQSPBDI�JT�RVJUF�TJNJMBS�UP�UIF�BDDFM�
FSBUPS�QSBHNBT�JOUSPEVDFE�CZ�UIF�1(*�
DPNQJMFS�$"14�).11�PS�0QFO"$$�UP�
PGGMPBE�DPEF�UP�(1(16T��

'PS�.1*�QSPHSBNT�.1*�SBOLT�DBO�SFTJEF��
PO�POMZ�UIF�DPQSPDFTTPS	T
�PO�POMZ�UIF�
IPTU	T
�	QPTTJCMZ�EPJOH�PGGMPBEJOH
�PS�PO�
CPUI�UIF�IPTU	T
�BOE�UIF�DPQSPDFTTPS	T
�
BMMPXJOH�WBSJPVT�DPNCJOBUJPOT�JO�DMVTUFST��

Benchmarks
8F�IBWF�QPSUFE�TFWFSBM�NBUIFNBUJDBM��
BOE�LFSOFM�CFODINBSLT�QBSUMZ�GSPN�UIF�
4VQFS.6$�CFODINBSL�TVJUF�UP�UIF�*OUFM��
.*$�BSDIJUFDUVSF��'PS�UIJT�BSUJDMF�XF��
DPODFOUSBUF�PO�UISFF�TZOUIFUJD�CFODI��
NBSLT�GSPN�UIF�&VSP#FO�CFODINBSL�
TVJUF�<�>��B�EFOTF�NBUSJY�NBUSJY�NVMUJ�
QMJDBUJPO�	.Y.
�B�TQBSTF�NBUSJY�WFDUPS�
NVMUJQMJDBUJPO�	4Q.Y7
�BOE�B�POF�EJ��
NFOTJPOBM�DPNQMFY�'BTU�'PVSJFS�5SBOT�
GPSNBUJPO�	''5
��"T�SFQSFTFOUBUJWFT��
PG�UISFF�	EFOTF�MJOFBS�BMHFCSB�TQBSTF�
MJOFBS�BMHFCSB�BOE�TQFDUSBM�NFUIPET
�
PG�UIF�mTFWFO�EXBSGT�PG�)1$��UIFZ�IBWF�
CFFO�IFBWJMZ�VTFE�XJUIJO�13"$&�UP��
BOBMZTF����QSPHSBNNJOH�MBOHVBHFT�BOE��

CBTFE�TZTUFNT��*U�JT�FYUSFNFMZ�TJNQMF�UP�
HFU�B�DPEF�SVOOJOH�PO�*OUFM�9FPO�1IJ��
CVU�HFUUJOH�QFSGPSNBODF�PVU�PG�UIF�DIJQ�
JO�NPTU�DBTFT�OFFET�IBSE�NBOVBM�UVO��
JOH�PG�UIF�DPEF�EVF�UP�GBJMJOH�BVUP�WFD�
UPSJTBUJPO�PG�UIF�*OUFM�DPNQJMFS��6TJOH�
*OUSJOTJDT�XJUI�NBOVBM�EBUB�QSFGFUDIJOH�
BOE�FGGJDJFOU�SFHJTUFS�VTBHF�DBO�DPO��
TJEFSBCMZ�JODSFBTF�UIF�QFSGPSNBODF���
CVU�DPNQMFUFMZ�EFTUSPZT�QPSUBCJMJUZ��8F�
IPQF�UIBU�UIF�OFYU�QSPEVDU�PG�UIF�.*$�
GBNJMZ�BOOPVODFE�BT�m,OJHIUT�-BOEJOHn�
CZ�*OUFM�XJUI�JOUFHSBUFE�PO�QBDLBHF�
NFNPSZ�BOE�BMTP�GVODUJPOJOH�JO�TUBOE�
BMPOF�$16�NPEF�XJMM�EFMJWFS�NVDI�CFUUFS��
QFSGPSNBODF�JO�DPNCJOBUJPO�XJUI�GVUVSF�
SFMFBTFT�PG�UIF�*OUFM�DPNQJMFS�TVJUF�
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HSBEF�PG�UIF�CBOEXJEUI��5IF�QFBL�QFSGPS��
NBODF�XJMM�CF�EPVCMFE�UP�����1'-01�T���
5IF�BSDIJUFDUVSF�BOE�EFTJHO�PG�4VQFS�
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DPSFT��5IJT�TVDDFTT�TUPSZ�XJMM�CF�DPO�
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GPS�FYDFMMFOU�TDBMBCJMJUZ�BOE�UIF�NJOJ�
NJ[BUJPO�PG�EPXO�UJNF�EFTQJUF�UIF�FOPS�
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4VQFS.6$�1IBTF���XJMM�BMTP�JODMVEF�B�
TNBMM�JTMBOE�CBTFE�PO�*OUFMT�NBOZ��
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DSFBTJOHMZ�NFEJDBM�QSPCMFNT�UIBU�EJ�
SFDUMZ�CFOFGJU�QFPQMF���*O�TFMFDUJOH�UIF�
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Users from 25 European 
Countries
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Innovative Water Cooling
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The Extension of  
SuperMUC: Phase 2

SuperMUC – Phase 1 Phase 2
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Centres

Research in HPC is carried out in colla-
boration with the distributed, statewide 
Competence Network for Technical and 
Scientific High Performance Computing 
in Bavaria (KONWIHR).

Contact:
Leibniz Supercomputing Centre

Prof. Dr. Arndt Bode
Boltzmannstr. 1
85478 Garching near Munich
Germany

Phone +49 - 89 - 358 - 31- 80 00
bode@lrz.de
www.lrz.de

Leibniz Supercomputing Centre of  
the Bavarian Academy of Sciences and  
Humanities (Leibniz-Rechenzentrum, LRZ) 
provides comprehensive services to  
scientific and academic communities by:

o� HJWJOH�HFOFSBM�*5�TFSWJDFT�UP�NPSF
UIBO��������VOJWFSTJUZ�DVTUPNFST�
JO�.VOJDI�BOE�GPS�UIF�#BWBSJBO�
"DBEFNZ�PG�4DJFODFT�

o� SVOOJOH�BOE�NBOBHJOH�UIF�QPXFSGVM
DPNNVOJDBUJPO�JOGSBTUSVDUVSF�PG�UIF�
.VOJDI�4DJFOUJGJD�/FUXPSL�	.8/


o� BDUJOH�BT�B�DPNQFUFODF�DFOUSF��
� GPS�EBUB�DPNNVOJDBUJPO�OFUXPSLT

o� CFJOH�B�DFOUSF�GPS�MBSHF�TDBMF�
BSDIJWJOH�BOE�CBDLVQ�BOE�CZ

o� QSPWJEJOH�)JHI�1FSGPSNBODF�
$PNQVUJOH�SFTPVSDFT�USBJOJOH��
BOE�TVQQPSU�PO�UIF�MPDBM�SFHJPOBM�
BOE�OBUJPOBM�MFWFM�

Compute servers currently operated by LRZ are given in 
the following table

System Size

Peak 
 Performance 
(TFlop/s) Purpose User  Community

*#.�4ZTUFN�Y�
J%BUB1MFY��
m4VQFS.6$n

���JTMBOET
����OPEFT�XJUI
��*OUFM�4BOEZ�#SJEHF�
&1�QSPDFTTPST�FBDI

�������DPSFT
����5#ZUF�NBJO�
NFNPSZ

����� $BQBCJMJUZ�
�$PNQVUJOH

(FSNBO�VOJWFSTJUJFT�
BOE�SFTFBSDI��
JOTUJUVUFT�13"$&��
QSPKFDUT�	5JFS����
4ZTUFN


*#.��
#MBEF$FOUFS��
)9���
m4VQFS.*(n

����OPEFT�XJUI�
��*OUFM�8FTUNFSF�&9�
FBDI

�����DPSFT
���5#ZUF�NBJO�
NFNPSZ

�� $BQBCJMJUZ�
$PNQVUJOH

(FSNBO�VOJWFSTJUJFT�
BOE�SFTFBSDI��
JOTUJUVUFT��
13"$&�QSPKFDUT��
	5JFS���4ZTUFN

-JOVY�$MVTUFS� ����OPEFT�XJUI�
*OUFM�9FPO�&.��5�
".%�0QUFSPO
����������������XBZ

�����$PSFT
����5#ZUF

���� $BQBDJUZ��
$PNQVUJOH

#BWBSJBO�BOE�.VOJDI�
6OJWFSTJUJFT�-$(�
(SJE

4(*�"MUJY�*$& ���OPEFT�XJUI�
*OUFM�/FIBMFN�&1

����$PSFT
����5#ZUF�NFNPSZ

��� $BQBDJUZ��
$PNQVUJOH

#BWBSJBO�6OJWFSTJUJFT�
13"$&

4(*�"MUJY�
6MUSBWJPMFU

��OPEFT�XJUI�
*OUFM�8FTUNFSF�&9

�����$PSFT
����5#ZUF�NFNPSZ

���� $BQBCJMJUZ�
$PNQVUJOH

#BWBSJBO�6OJWFSTJUJFT�
13"$&

.FHXBSF�
*#�$MVTUFS
m$PPM.6$n

����OPEFT�XJUI�
".%�.BHOZ�$PVST

�����$PSFT
����5#ZUF�NFNPSZ

���� $BQBCJMJUZ�
$PNQVUJOH
13"$&�
QSPUPUZQF

#BWBSJBO�6OJWFSTJUJFT�
13"$&

."$�SFTFBSDI�
DMVTUFS

���*OUFM�8FTUNFSF�
$PSFT
����*OUFM�4BOEZ�
#SJEHF�$PSFT
�����".%�#VMMEP[FS�
$PSFT
��/7*%*"�(1(16�
DBSET
��"5*�".%�(1(16�
DBSET

���� 5FTUJOH�
BDDFMFSBUFE�
BSDIJUFDUVSFT�
BOE�DPPMJOH�
UFDIOPMPHJFT

.VOJDI�$FOUSF�PG�"
EWBODFE�$PNQVUJOH�
	."$
�
$PNQVUFS�4DJFODF�
56.



  

��"VUVNO�������o��7PM������/P�����o��JO4J%& "VUVNO�������o��7PM������/P�����o��JO4J%&��

Centres

�� ��

7JFX�PG�UIF�)-34�$SBZ�9&���Hermit�

"�EFUBJMFE�EFTDSJQUJPO�DBO�CF�GPVOE�PO�)-34lT�XFC�QBHFT��XXX�IMST�EF�TZTUFNT

Centres

First German National Center 
Based on a long tradition in supercom-
puting at University of Stuttgart, HLRS 
(Höchstleistungsrechenzentrum Stuttgart)  
was founded in 1995 as the first German  
federal Centre for High Performance 
Computing. HLRS serves researchers 
at universities and research laboratories  
in Europe and Germany and their exter-
nal and industrial partners with high-end 
computing power for engineering and 
scientific applications.

Service for Industry 
Service provisioning for industry is done 
to gether with T-Systems, T-Systems sfr,  
and Porsche in the public-private joint 
venture hww (Höchstleistungsrechner 
für Wissenschaft und Wirtschaft). 
Through this co-operation industry  
always has acces to the most recent 
HPC technology.

Bundling Competencies 
In order to bundle service resources in 
the state of Baden-Württemberg HLRS 
has teamed up with the Steinbuch Cen-
ter for Computing of the Karlsruhe In-
stitute of Technology. This collaboration 
has been implemented in the non-profit 
organization SICOS BW GmbH.

World Class Research 
As one of the largest research centers 
for HPC HLRS takes a leading role in 
research. Participation in the German 
national initiative of excellence makes 
HLRS an outstanding place in the field.

Contact:
Höchstleistungs rechenzentrum 
 Stuttgart (HLRS)
Universität Stuttgart

Prof. Dr.-Ing. Dr. h.c. Dr. h.c.  
Michael M. Resch
Nobelstraße 19
70569 Stuttgart 
Germany

Phone +49 - 711- 685 - 8 72 69
resch@hlrs.de / www.hlrs.de

Compute servers currently operated by HLRS

System Size

Peak 
 Performance

(TFlop/s) Purpose
User 
 Community

Cray XE6
"Hermit"
(Q4 2011)

3,552 dual socket 
nodes with 113,664 
AMD Interlagos cores

1,045 Capability  
Computing

European  
and German 
Research  
Organizations 
and Industry

NEC Cluster 
(Laki, Laki2) 
heterogenous 
compunting 
platform of 2 
independent 
clusters

23 TB memory  
9988 cores 
911 nodes

170 Laki:  
120,5 TFlops
Laki2:  
47,2 TFlops

German  
Universities, 
Research  
Institutes  
and Industry
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Centres

Supercomputer-oriented research 
and development in selected fields 
of physics and other natural sciences 
by research groups of competence in 
supercomputing applications.

Implementation of strategic support 
infrastructures including community-
oriented simulation laboratories and 
cross-sectional groups on mathematical  
methods and algorithms and parallel 
performance tools, enabling the effec- 
tive usage of the supercomputer  
resources.

Higher education for master and doc-
toral students in cooperation e.g.  
with the German Research School for 
Simulation Sciences.

Contact:
Jülich Supercomputing Centre (JSC)
Forschungszentrum Jülich

Prof. Dr. Dr. Thomas Lippert
52425 Jülich
Germany
Phone +49 - 24 61- 61- 64 02
th.lippert@fz-juelich.de
www.fz-juelich.de/jsc

The Jülich Supercomputing Centre (JSC) 
at Forschungszentrum Jülich enables 
scientists and engineers to solve grand 
challenge problems of high complexity in 
science and engineering in collaborative 
infrastructures by means of supercom-
puting and Grid technologies. 

Provision of supercomputer resources  
of the highest performance class for proj- 
ects in science, research and industry 
in the fields of modeling and computer 
simulation including their methods. The 
selection of the projects is performed 
by an international peer-review procedure  
implemented by the John von Neumann 
Institute for Computing (NIC), a joint 
foundation of Forschungszentrum Jülich,  
Deutsches Elektronen-Synchrotron 
DESY, and GSI Helmholtzzentrum für 
Schwerionenforschung.

Compute servers currently operated by JSC
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4JODF������'PSTDIVOHT[FOUSVN�+ÓMJDI��
JT�BO�JOUFHSBM�QBSU�PG�UIF�OPEF�TUSVDUVSF��
PG�UIF�$FOUSF�&VSPQÀFO�EF�$BMDVM��
"UPNJRVF�FU�.PMÀDVMBJSF�XIJDI�DPOTJTUT��
PG�UIF�DFOUSBM�PSHBOJ[BUJPO�JO�-BVTBOOF�
BOE�CZ�OPX�PG����OPEFT�JO�&VSPQF�BOE�
*TSBFM��4JODF�UIFO�+ÓMJDI�PSHBOJ[FT�XPSL��
TIPQT�UVUPSJBMT�BOE�WJTJUJOH�QSPHSBNT�PO�
B�SFHVMBS�CBTJT��*O������GPVS�FWFOUT�
XFSF�PSHBOJ[FE�DPOTJTUJOH�PG�UXP�UVUP��
SJBMT�POF�XPSLTIPQ�BOE�B�WJTJUJOH��
QSPHSBNNF�GPS�TUVEFOUT��5IF�UVUPSJBMT�
UPPL�QMBDF�BU�+ÓMJDI�4VQFSDPNQVUJOH�
$FOUSF�JO�4FQUFNCFS�

5IF�GJSTU�UVUPSJBM�'BTU�.FUIPET�GPS�-POH��
3BOHF�*OUFSBDUJPOT�JO�$PNQMFY�1BSUJDMF�
4ZTUFNT�	XXX�G[�KVFMJDI�EF�GDT�����
�
4FQUFNCFS���UP����GPDVTFE�PO�QSPWJEJOH�
BO�PWFSWJFX�PG�BMHPSJUINT�BOE�NFUIPET�
GPS�USFBUJOH�MPOH�SBOHF�JOUFSBDUJPOT�JO�
DPNQVUFS�TJNVMBUJPOT�PG�QBSUJDMF�TZTUFNT���
%VSJOH�UIJT�TDIPPM�UIF�TDBMBCMF�MJCSBSZ�
4DB'B$P4�	XXX�TDBGBDPT�EF
�XIJDI�
XBT�EFWFMPQFE�JO�B�OBUJPOXJEF�OFUXPSL��
QSPKFDU�GVOEFE�CZ�UIF�'FEFSBM�.JOJTUSZ��
PG�&EVDBUJPO�BOE�3FTFBSDI�XBT�VTFE�
UP�JMMVTUSBUF�FYBNQMFT��1BSUJDJQBOUT�
XFSF�FODPVSBHFE�UP�CSJOH�UIFJS�PXO�TJNV��
MBUJPO�DPEFT�UP�JODMVEF�UIF�4DB'B$P4�
GVODUJPOBMJUZ��"CPVU����QBSUJDJQBOUT�
GSPN���DPVOUSJFT�BUUFOEFE�UIJT�FWFOU�
UP�MFBSO�BCPVU�NPEFSO�NFUIPET�UP�
USFBU�MPOH�SBOHF�$PVMPNC�JOUFSBDUJPOT�
BOE�SFEVDF�UIF�OVNFSJDBM�DPNQMFYJUZ�
GSPN�0	/2
�UP�0	/�MPH	/

�PS�0	/
��*N�
QPSUBOU�PCKFDUJWFT�PG�UIF�MFDUVSFT�XFSF�
UIF�JOUSPEVDUJPO�PG�NPEFSO�DPODFQUT�UP�
JNQMFNFOU�UIFTF�NFUIPET�PO�QBSBMMFM�
DPNQVUFST�BOE�UP�MFBSO�BCPVU�QBSBMMFM�
BMHPSJUINT��-FDUVSFST�GSPN�UIF�6OJ��
WFSTJUJFT�PG�#JFMFGFME�$IFNOJU[�4UVUUHBSU��
8VQQFSUBM�BOE�'PSTDIVOHT[FOUSVN�
+ÓMJDI�QSFTFOUFE�TUBUF�PG�UIF�BSU�NFUI�
PET�BMHPSJUINT�BOE�JNQMFNFOUBUJPOT�
GPS�QBSBMMFM�DPNQVUFST�PG�WBSJPVT�BQ�

QSPBDIFT�UP�UBDLMF�UIF�MPOH�SBOHF�JOUFS�
BDUJPOT�JO�NBOZ�QBSUJDMF�TZTUFNT�

5IF�TFDPOE�JOUFSOBUJPOBM�UVUPSJBM�.VMUJ��
TDBMF�NPEFMMJOH�NFUIPET�GPS�BQQMJDBUJPOT��
JO�NBUFSJBMT�TDJFODF�	XXX�G[�KVFMJDI�EF��
NNN�����
�XBT�KPJOUMZ�PSHBOJ[FE�CZ�
,*5�,BSMTSVIF�BOE�'PSTDIVOHT[FOUSVN�
+ÓMJDI��"CPVU����QBSUJDJQBOUT�GSPN�����
DPVOUSJFT�BUUFOEFE�UIJT�FWFOU�����-FD��
UVSFST�GSPN���DPVOUSJFT�HBWF�MFDUVSFT�PO�
SFTFBSDI�JODMVEJOH�B�SBOHF�PG�NVUVBMMZ��
DPVQMFE�NFUIPEPMPHJFT�UP�PWFSDPNF�
MJNJUBUJPOT�JOEVDFE�CZ�WBSJPVT�MFOHUI��
BOE�UJNF�TDBMFT�JO�UIF�QIZTJDBM�QSPC�
MFN��5IF�UVUPSJBM�XBT�DMPTFMZ�SFMBUFE�
UP�UIF�'1��GVOEFE�QSPKFDU�...!)1$���
*U�GPDVTFE�PO�UIF�JOUSPEVDUJPO�PG�EJG�
GFSFOU�NFUIPET�SBOHJOH�GSPN�BC�JOJUJP�
UP�DPBSTF�HSBJOJOH�UFDIOJRVFT��*U�BMTP�
QSPWJEFE�JOTJHIU�JOUP�NPEFSO�XPSLGMPX�
EFTJHO�BOE�TJNVMBUJPO�UPPMT��7BSJPVT��
BTQFDUT�GSPN�NVMUJTDBMF�NPEFMJOH�SBOH��
JOH�GSPN�HFOFSBM�PWFSWJFX�PWFS�UIF�
GJFME�UP�NPSF�TQFDJGJD�UPQJDT�MJLF�DPBSTF�
HSBJOJOH�UFDIOJRVFT�PS�FMFDUSPOJD�QSPQ�
FSUJFT�PG�NBUFSJBMT�XFSF�JOUSPEVDFE��
4QFDJBM�GPDVT�XBT�BMTP�HJWFO�UP�JOUSP�
EVDUJPOT�UP�DPNNVOJUZ�DPEFT�VTFE�
BT�QBSUT�JO�NVMUJTDBMF�QSPCMFNT�MJLF�
#JH%'5�%'5#��%-@10-:�PS�&MNFS���
'VSUIFSNPSF�UIF�NJEEMFXBSF�6/*$03&�
XBT�JOUSPEVDFE�BT�B�CBTJD�QBSU�GPS�EFTJHO�
JOH�XPSLGMPXT�JO�DPNQMFY�TJNVMBUJPO�QSPUP��
DPMT��%VSJOH�UIF�BGUFSOPPO�TFTTJPOT�
UIF�QBSUJDJQBOUT�DPVME�HFU�GJSTU�IBOE�FY��
QFSJFODF�XJUI�UPPMT�BOE�BQQMJDBUJPO�DPEFT��
EVSJOH�QSBDUJDBM�QSPHSBNNJOH�MFTTPOT�

5IF�PUIFS�UXP�$&$".�FWFOUT�J�F��UIF��
*OUFSOBUJPOBM�(VFTU�4UVEFOU�1SPHSBNNF��
BOE�UIF�XPSLTIPQ�PO�'SPOUJFST�PG�DPN�
QVUBUJPOBM�CJPNPMFDVMBS�TQFDUSPTDPQZ�
BOE�NBTT�TQFDUSPNFUSZ�PSHBOJ[FE�BU��
'PSTDIVOHT[FOUSVN�+ÓMJDI�BSF�TUJMM�PO��
HPJOH�BOE�XJMM�CF�SFQPSUFE�BU�B�MBUFS�TUBHF�

5IF�TFDPOE�XPSLTIPQ�PG�UIF�$)"/(&4�
TFSJFT�UPPL�QMBDF�GSPN�4FQUFNCFS����
UP���������JO�$IJDBHP��$)"/(&4�
TUBOET�GPS�$)JOFTF�"NFSJDB/�(FSNBO�
&�4DJFODF�BOE�DZCFSJOGSBTUSVDUVSF��

1BSUOFST�BSF�UIF�$PNQVUFS�/FUXPSL��
*OGPSNBUJPO�$FOUFS�	$/*$
�PG�UIF�$IJOFTF��
"DBEFNZ�PG�4DJFODFT�	$"4
�UIF�/BUJPOBM��
$FOUFS�GPS�4VQFSDPNQVUJOH�"QQMJDB�
UJPOT�	/$4"
�BU�UIF�6OJWFSTJUZ�PG�*MMJOPJT�
BU�6SCBOB�$IBNQBJHO�	6*6$
�BOE��
UIF�+ÓMJDI�4VQFSDPNQVUJOH�$FOUSF�BU�
'PSTDIVOHT[FOUSVN�+ÓMJDI��$)"/(&4�
QSPWJEFT�B�IJHI�MFWFM�QMBUGPSN�UP�EJT�
DVTT�MBUFTU�USFOET�JO�TVQFSDPNQVUJOH�
TPQIJTUJDBUFE�JOGPSNBUJPO�UFDIOJRVFT�
BOE�JOUFSEJTDJQMJOBSZ�BQQMJDBUJPOT��*U�XJMM�
OPU�POMZ�DPOTJEFS�UIF�JTTVFT�PG�UIF�
QBSUOFS�JOTUJUVUJPOT�CVU�XJMM�BMTP�UBLF�
OBUJPOBM�UPQJDT�JOUP�BDDPVOU��5IF�XPSL�
TIPQ�TFSJFT�XBT�GPVOEFE�JO�0DUPCFS�
�����BOE�UIF�GJSTU�XPSLTIPQ�UPPL�QMBDF�
JO�4FQUFNCFS������JO�+ÓMJDI�XIFSF��
UIF�UPQJD�)JHI�1FSGPSNBODF�$PNQVUJOH��
�1FSGPSNBODF�5PPMT�1FSGPSNBODF��
.PEFMMJOH�BOE�"MHPSJUINT��XBT�DPWFSFE���

5IJT�TFDPOE�$)"/(&4�XPSLTIPQ�BE�
ESFTTFE�%BUB�%SJWFO�4DJFODF���%BUB�
.BOBHFNFOU�"OBMZUJDT�BOE�7JTVBMJ[BUJPO��

"HBJO�BCPVU����XFMM�LOPXO�FYQFSUT�

DBNF�UPHFUIFS�CZ�JOWJUBUJPO�BOE�EJT�
DVTTFE�MBUFTU�EBUB�SFMBUFE�DIBMMFOHFT�JO�
UIFJS�SFTFBSDI�GJFMET��*O�BEEJUJPO�UP�TFW�
FSBM�DPNQVUFS�BOE�EPNBJO�TDJFOUJTUT��
GSPN�+4$�1SPG��,BUSJO�"NVOUT�GSPN�UIF��
*OTUJUVUF�PG�/FVSPTDJFODF�BOE�.FEJDJOF�
	*/.��
�BOE�%ÓTTFMEPSG�6OJWFSTJUZ��
1SPG��)FOOJOH�(BTU�BOE�1SPG��5PSTUFO�
,VIMFO�GSPN�385)�"BDIFO�6OJWFSTJUZ�
XFSF�NFNCFST�PG�UIF�(FSNBO�EFMFHBUJPO���
5IFZ�UBMLFE�BCPVU�#JH�%BUB�QSPCMFNT�JO�
UIFJS�TQFDJGJD�GJFME�PG�SFTFBSDI��#FTJEFT�
UIF�QSFTFOUBUJPOT�UIF�XPSLTIPQ�QSP�
WJEFE�B�GPSVN�GPS�CJ��BOE�USJMBUFSBM��
DPPQFSBUJPOT�PO�TUVEFOU�FYDIBOHFT�
BOE�NVUVBM�SFTFBSDI�QSPKFDUT��4QFDJBM�
FNQIBTJT�XBT�QMBDFE�PO�UIF�RVFTUJPO��
IPX�UP�TFMFDU�QSPNJTJOH�DPNNPO��
SFTFBSDI�QSPKFDUT�BOE�IPX�UP�TFDVSF�
GVOEJOH�GPS�UIFN�

CECAM Tutorials at JSC CHANGES Workshop
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"U�NBKPS�FWFOUT�BDDJEFOUT�BSF�SBUIFS�
DBVTFE�CZ�UIF�EZOBNJDT�PG�UIF�DSPXE�
UIBO�FYUFSOBM�UISFBET��$VSSFOUMZ�UIFSF�
BSF�OP�HFOFSBMMZ�BDDFQUFE�TUBOEBSET�UP�
TVQQPSU�UIF�BDUPST�XIJDI�BSF�JOWPMWFE�
JO�UIF�QMBOOJOH�BOE�SFBMJ[BUJPO�PG�TVDI��

FWFOUT�	PSHBOJ[FST�BVUIPSJUJFT�BOE�PS��
HBOJ[BUJPOT�XJUI�TFDVSJUZ�UBTLT�MPDBM�
BVUIPSJUJFT
�UP�QFSGPSN�UIFJS�UBTLT��5IF�
#.#'�GVOEFE�QSPKFDU��#BTJHP�p�#BVTUFJOF��
GÓS�EJF�4JDIFSIFJU�WPO�(SP¶WFSBOTUBM��
UVOHFO��IBT�TFU�JUTFMG�UIF�HPBM�PG�EFWFM��
PQJOH�TBGFUZ�BOE�TFDVSJUZ�NPEVMFT�GPS�
NBKPS�FWFOUT�JO�PSEFS�UP�GJMM�UIJT�HBQ�

"T�QBSU�PG�UIJT�QSPKFDU�UIF�XPSME�T�MBSHFTU��
MBCPSBUPSZ�FYQFSJNFOUT�PO�UIF�EZOBNJDT��
JO�DSPXET�UPPL�QMBDF�PO���������+VOF�
������0WFS�GPVS�EBZT�NPSF�UIBO�������
WPMVOUFFST�QBSUJDJQBUFE�JO�UIF�FYQFSJNFOUT��
JO�B�������N��IBMM�PG�.FTTF�%ÓTTFEPSG���
3FTQPOTJCMF�GPS�UIF�FYQFSJNFOUT�XBT�

UIF�+ÓMJDI�4VQFSDPNQVUJOH�$FOUSF�BU�UIF��
'PSTDIVOHT[FOUSVN�+ÓMJDI�JO�DPPQFSBUJPO�
XJUI�UIF�*OTUJUVUF�GPS�.FEJB�3FTFBSDI�
BU�UIF�6OJWFSTJUZ�PG�4JFHFO�BOE�UIF�*#*5�
(NC)���*OUFSOBUJPOBM�5SBJOJOH�$FOUSF�
GPS�$SPXE�4BGFUZ�.BOBHFNFOU�

5P�VOEFSTUBOE�UIF�FNFSHFODF�PG�DSJUJDBM��
DPOEJUJPOT�JO�BCPVU����FYQFSJNFOUT�
XJUI�B�UPUBM�PG�����SVOT�UIF�EFOTJUZ�
XJUIJO�UIF�DSPXE�XBT�JODSFBTFE�VQ��
UP�TJY�QFSTPOT�QFS�TRVBSF�NFUFS��8JUI�
B�TQFDJBMMZ�EFWFMPQFE�WJEFP�UFDIOPMPHZ�
CBTFE�PO�B�HSJE�PG����JOEVTUSJBM�DBNFSBT��
UIF�USBKFDUPSJFT�PG�FBDI�QFSTPO�XFSF�
SFDPSEFE�JO�IJHI�BDDVSBDZ��5IF�EFUFDUJPO��
BOE�EJTUJODUJPO�PG�JOEJWJEVBMT�XBT�DBS�
SJFE�PVU�CZ�3FFE�4PMPNPO�DPEFT��&BDI�
PG�UIF�WPMVOUFFST�XPSF�B�VOJRVF�DBQ�
XIFSF�UIF�DZDMJD�FSSPS�DPSSFDUJOH�DPEF�
XBT�QSJOUFE�PO�

8JUI�UIF�PCUBJOFE�EBUB�F��H��UIF�GPMMPX��
JOH�RVFTUJPOT�XJMM�CF�JOWFTUJHBUFE�

o� 8IFO�EPFT�QFEFTUSJBO�USBGGJD�KBN�
PDDVS�	BU�OBSSPX�QPJOUT�DSPTT�XBZT�
BOE�UXP�XBZ�USBGGJD
 �
o� 8IFO�EPFT�B�KBN�JOEVDF�B�EBOHFS�
PVT�TJUVBUJPO �
o� 8IBU�JOTUSVNFOUT�	F��H��SBJMJOHT�
CBSSJFST�FUD�
�MFBE�UP�BO�PQUJNBM�VTF�PG�
UIF�TQBDF �

o� )PX�DBO�UIF�DSPXE�CF�PQUJNBMMZ��
JOGPSNFE 

5IF�EFQBSUNFOU��$JWJM�4FDVSJUZ�BOE�5SBGGJD���
BU�UIF�+ÓMJDI�4VQFSDPNQVUJOH�$FOUSF�IBT�
QFSGPSNFE�NBOZ�TNBMMFS�FYQFSJNFOUT��
PO�QFEFTUSJBO�EZOBNJDT�JO�SFDFOU�ZFBST��
#BTFE�PO�UIFTF�TUVEJFT�UIF�FWBDVBUJPO�
BTTJTUBOU�GPS�B�NVMUJ�GVODUJPOBM�BSFOB�XBT��
BMSFBEZ�EFWFMPQFE�JO�UIF�#.#'�QSPKFDU�
�)FSNFT���5IF�DPSF�PG�UIJT�FWBDVBUJPO�BT�
TJTUBOU�JT�B�SFBM�UJNF�TJNVMBUJPO�PG��
QFEFTUSJBO�GMPXT��UIF�NPEFMJOH�PG�UIF�
(FOFSBMJ[FE�$FOUSJGVHBM�'PSDF�.PEFM�
	('$.
�BOE�JUT�JNQMFNFOUBUJPO�PO�UIF�
QBSBMMFM�DPNQVUFS�XBT�DBSSJFE�PVU�BU�UIF�

+ÓMJDI�4VQFSDPNQVUJOH�$FOUSF��8JUI�
UIF�DVSSFOU�FYQFSJNFOUT�JO�#B4J(P�UIF��
BMSFBEZ�FYBNJOFE�TDFOBSJPT�DPVME�CF��
VQHSBEFE�BU�DPOEJUJPOT�PG�IJHI�EFOTJUJFT�
PG�QFPQMF�BT�UIFZ�PDDVS�GPS�FYBNQMF��
EVSJOH�CJH�FWFOUT�PS�BU�USBJO�TUBUJPOT��5IF�
BJN�JT�UP�EFGJOF�SFMJBCMF�QBSBNFUFST�GPS�
UIF�QMBOOJOH�BOE�BQQSPWBM�PG�TVDI�FWFOUT�
BOE�GBDJMJUJFT�BOE�BDDPSEJOHMZ�EFWFMPQ�
UIF�NPEFMT�GPS�UIF�TJNVMBUJPO�PG�QFEFT�
USJBO�GMPXT�

'PS�NPSF�JOGPSNBUJPO����
IUUQ���XXX�CBTJHP�EF�
IUUQ���XXX�G[�KVFMJDI�EF�JBT�KTD�DTU

Laboratory Experiments 
on Crowd Dynamics



��� ���"VUVNO�������o��7PM������/P�����o��JO4J%& "VUVNO�������o��7PM������/P�����o��JO4J%&

o�*WP�,BCBETIPX�
o�4WFO�4USPINFS

� +ÓMJDI�
� 4VQFSDPNQVUJOH�
� $FOUSF�	+4$


ActivitiesActivities

"T�POF�PG�&VSPQF�T�MFBEJOH�)1$�DFOUSFT��
+ÓMJDI�4VQFSDPNQVUJOH�$FOUSF�	+4$
�
QSPWJEFT�)1$�FYQFSUJTF�GPS�DPNQVUBUJPOBM��
TDJFOUJTUT�BU�(FSNBO�BOE�&VSPQFBO�
VOJWFSTJUJFT�SFTFBSDI�JOTUJUVUJPOT�BOE�
JO�JOEVTUSZ��5P�GVMGJMM�UIJT�NJTTJPO�+4$�
IPTUT�USBJOJOH�BDUJWJUJFT�BOE�FEVDBUJPOBM�
QSPHSBNNFT�GPS�TDJFOUJGJD�DPNQVUJOH�
PO�B�SFHVMBS�CBTJT��0OF�PG�UIFTF�JT�UIF�
(VFTU�4UVEFOU�1SPHSBNNF�	(41
�XJUI�
B�EVSBUJPO�PG�UFO�XFFLT�FBDI�TVNNFS�

5IF�QBSUJDJQBOUT�SFDFJWF�FYUFOTJWF�USBJO��
JOH�PO�DVUUJOH�FEHF�IBSEXBSF�BT�XFMM�
BT�)1$�SFMBUFE�TPGUXBSF�BOE�BMHPSJUINT���

5IF�BDRVJSFE�UIFPSFUJDBM�TLJMMT�BSF�
UVSOFE�JOUP�IBOET�PO�LOPXMFEHF�EVSJOH��
TVQFSWJTFE�XPSL�PO�DPOUFNQPSBSZ��
BOE�DIBMMFOHJOH�TDJFOUJGJD�QSPKFDUT��'PS��
NBOZ�TUVEFOUT�UIF�QSPHSBNNF�IBT�
CFFO�UIF�GPVOEBUJPO�GPS�B�DBSFFS�JO�
)1$�BOE�UIF�CBTJT�PG�GSVJUGVM�MPOH�UFSN�
DPMMBCPSBUJPOT�XJUI�UIFJS�BEWJTPST��
4PNF�TUVEFOUT�BMTP�SFUVSO�UP�+4$�BT�
1I%�DBOEJEBUFT�XJUI�GPDVT�PO�IJHIMZ�
QBSBMMFM�BQQMJDBUJPOT�

4JODF�UIF�TUBSU�PG�UIF�(41�JO������B�
UPUBM�PG�����TUVEFOUT�IBE�UIF�PQQPSUVOJUZ��
UP�KPJO�TDJFOUJTUT�GSPN�+4$�BOE�PUIFS�

JOTUJUVUFT�BU�'PSTDIVOHT[FOUSVN�+ÓMJDI��
/PX�JO�JU�T���UI�ZFBS�UIF�(41�JT�NPSF�
BUUSBDUJWF�UP�TUVEFOUT�BSPVOE�UIF�XPSME�
UIBO�FWFS��0WFS����DBOEJEBUFT�GSPN�
���DPVOUSJFT�BQQMJFE�DPWFSJOH�B�XJEF�
SBOHF�PG�EJTDJQMJOFT�JODMVEJOH�CVU�OPU�
MJNJUFE�UP�NBUIFNBUJDT�QIZTJDT�DIFN�
JTUSZ�DPNQVUFS�TDJFODF�FOHJOFFSJOH�
CJPNFEJDJOF�BOE�FBSUI�TDJFODF��'SPN�
UIJT�GJFME�PG�TUSPOH�DPNQFUJUPST�UIJSUFFO�
TUVEFOUT�XFSF�JOWJUFE�UP�BUUFOE�UIF�
QSPHSBNNF��

5IJT�ZFBS�T�(41�UPPL�QMBDF�GSPN�"VHVTU�
�UI�p�0DUPCFS���UI��*U�XBT�TVQQPSUFE�
CZ�$&$".�	$FOUSF�&VSPQÀFO�EF�$BMDVM�
"UPNJRVF�FU�.PMÀDVMBJSF
�BOE�TQPOTPSFE��
XJUIJO�UIF�*#.�6OJWFSTJUZ�QSPHSBNNF�

*U�TUBSUFE�XJUI�B�UFO�EBZT�DPVSTF�PO�
QBSBMMFM�QSPHSBNNJOH�VQ�UP�BEWBODFE�
MFWFM�DPWFSJOH�TFWFSBM�UFDIOJRVFT�
SBOHJOH�GSPN�UIF�VTBHF�PG�.1*�PO�
EJTUSJCVUFE�NFNPSZ�DMVTUFS�TZTUFNT�UP�
(1(16�QSPHSBNNJOH�XJUI�$6%"�BOE�
0QFO$-�BT�XFMM�BT�0QFO.1��&RVJQQFE�
XJUI�UIF�SFRVJSFE�LOPXMFEHF�UIF�QBS��
UJDJQBOUT�XFSF�SFBEZ�UP�GPDVT�PO�TDJFO��
UJGJD�QBSU�PG�UIF�(41��5IF�SBOHF�PG��
TDJFOUJGJD�QSPKFDUT�XBT�BT�EJWFSTF�BT�UIF��
VTFS�DPNNVOJUZ�PO�UIF�IPTUFE�TVQFS��
DPNQVUFST�DPWFSJOH�BUNPTQIFSJD�TDJFODF��
GMVJE�BOE�NPMFDVMBS�EZOBNJDT�QBSUJDMF��
JO�DFMM�NFUIPET�BOE�TBGFUZ�SFTFBSDI�BT��
XFMM�BT�GVOEBNFOUBM�SFTFBSDI�JO�FM�
FNFOUBSZ�QBSUJDMF�QIZTJDT�BOE�NBUIF�
NBUJDBM�BMHPSJUINT��5IF�NBJO�QMBUGPSNT�
GPS�DPEF�EFWFMPQNFOU�BOE�TJNVMBUJPO�
XFSF�UIF�NVMUJ�QVSQPTF�DMVTUFS�+6301"��
UIF�(16�TZTUFN�+6%(&�BOE�UIF�MFBEFS�
TIJQ�#MVF�(FOF�2�TZTUFN�+626&&/�

%VSJOH�UIF�DPODMVEJOH�UXP�EBZ�DPMMPRVJVN��
UIF�QBSUJDJQBOUT�QSFTFOUFE�UIFJS�BD�
DPNQMJTINFOUT�UP�EPNBJO�FYQFSUT�BOE�
HVFTUT��5IF�HBJOFE�FYQFSJFODFT�XFSF�

TIBSFE�BNPOHTU�UIF�TUVEFOUT�DPOUSJC��
VUJOH�UP�QSPMJGJD�EJTDVTTJPOT��'JOBMMZ�
BT�QSFQBSBUJPO�GPS�B�GVUVSF�TDJFOUJGJD�
DBSFFS�UIF�TUVEFOUT�TVNNBSJ[FE�UIFJS�
DPOUSJCVUJPO�BT�BO�BSUJDMF�

/FYU�ZFBS�T�(41�XJMM�TUBSU�PO�"VHVTU���
������*U�XJMM�CF�PGGJDJBMMZ�BOOPVODFE�JO�
+BOVBSZ������BOE�JT�PQFO�UP�TUVEFOUT�
GSPN�OBUVSBM�TDJFODFT�FOHJOFFSJOH�
DPNQVUFS�TDJFODF�BOE�NBUIFNBUJDT�
XIP�IBWF�BMSFBEZ�SFDFJWFE�UIF�#BDIFMPS�
CVU�OPU�ZFU�UIF�.BTUFS�EFHSFF��5IF��
BQQMJDBUJPO�EFBEMJOF�JT�"QSJM����������
"EEJUJPOBM�JOGPSNBUJPO�BT�XFMM�BT�UIF�QSP��
DFFEJOHT�PG�UIF�QSFWJPVT�ZFBST�JT�BWBJM�
BCMF�POMJOF�BU�XXX�G[�KVFMJDI�EF�KTD�HTQ�
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5IF�USFOE�JO�TVQFSDPNQVUJOH�UPXBSET�
NVDI�IJHIFS�DPSF�DPVOUT�TFFNT�JOFWJUBCMF���
"T�B�DPOTFRVFODF�UIF�VTFST�PG�TVQFS�
DPNQVUJOH�SFTPVSDFT�PODF�BHBJO�OFFE�
UP�BEBQU�UIFJS�TUSBUFHJFT�JO�QSPHSBN�
NJOH�GPS�UIFTF�BSDIJUFDUVSFT��8IFSFBT�
JO�UIF�QBTU�XF�IBWF�GPS�FYBNQMF�TFFO�
WFDUPS�NBDIJOFT�DPNF�BOE�HP�UIF�.1*��
TUBOEBSE�IBT�CFDPNF�FTUBCMJTIFE�BT��
UIF�NPTU�XJEFMZ�VTFE�QSPHSBNNJOH�
NPEFM��8JUI�NVMUJDPSF�BSDIJUFDUVSFT�
IPXFWFS�TIBSFE�NFNPSZ�QSPHSBNNJOH�
JT�NBLJOH�TPNFUIJOH�PG�B�DPNFCBDL�

5IF�MBUFTU�TVQFSDPNQVUFS�JO�UIF�+ÓMJDI�
4VQFSDPNQVUJOH�$FOUSF�+626&&/�IBT��
���$16�DPSFT�QFS�OPEF�BOE�TVQQPSUT�
VQ�UP����IBSEXBSF�UISFBET��5P�IFMQ�PVS��
VTFST�NJHSBUF�UIFJS�DPEFT�BOE�HFU�UIF�
NPTU�QFSGPSNBODF�GPS�UIFJS�BMHPSJUINT�
XF�PSHBOJTFE�B�GJSTU�QPSUJOH�BOE�UVOJOH�
XPSLTIPQ�FBSMJFS�UIJT�ZFBS�<�>��'PMMPXJOH��
UIJT�XPSLTIPQ�BOE�UP�QSPNPUF�UIF�JEFB�
PG�FYBTDBMF�DBQBCJMJUZ�DPNQVUJOH�XF�
IBWF�FTUBCMJTIFE�UIF�)JHI�2�$MVC�B�

TIPXDBTF�GPS�DPEFT�BCMF�UP�VUJMJTF�UIF�
FOUJSF����SBDL�#MVF(FOF�2�NBDIJOF��
BU�+4$��5IF�DMVC�NFNCFST�DPNQSJTF�B��
DPMMFDUJPO�PG�UIF�IJHIFTU�TDBMJOH�DPEFT��
PO�+626&&/�UISPVHI�XIJDI�XF�JOUFOE�
UP�FODPVSBHF�PUIFS�EFWFMPQFST�UP�JOWFTU��
JO�UVOJOH�BOE�TDBMJOH�UIFJS�DPEFT��8F�
XBOU�PVS�VTFST�UP�TIPX�UIBU�UIFZ�BSF�
DBQBCMF�PG�VTJOH�BMM��������DPSFT�
BOE�GPS�FYBNQMF�NPSF�UIBO���NJMMJPO�
DPODVSSFOU�UISFBET�PO�+626&&/�

5IF�EJWFSTF�NFNCFSTIJQ�PG�UIF�)JHI�2��
$MVC�FTUBCMJTIFT�UIBU�JU�JT�QPTTJCMF��
UP�TDBMF�SFBM�BQQMJDBUJPOT�UP�UIF�DPNQMFUF��
+626&&/�VTJOH�B�WBSJFUZ�PG�QSPHSBN�
NJOH�MBOHVBHFT�BOE�QBSBMMFMJTBUJPO�NPEFMT��
EFNPOTUSBUJOH�JOEJWJEVBM�BQQSPBDIFT�
UP�SFBDI�UIBU�HPBM��)JHI�2�TUBUVT�UIVT�
NBSLT�BO�JNQPSUBOU�NJMFTUPOF�JO�BQQMJ��
DBUJPO�EFWFMPQNFOU�UPXBSET�GVUVSF�)1$��
TZTUFNT�UIBU�FOWJTBHF�FWFO�IJHIFS�
DPSF�DPVOUT�

5P�RVBMJGZ�GPS�NFNCFSTIJQ�EFWFMPQFST�
TIPVME�TVCNJU�FWJEFODF�PG�UIF�TDBMBCJMJUZ��
PG�UIFJS�DPEFT�BDSPTT�BMM�BWBJMBCMF�DPSFT���
8IJMF�XF�DVSSFOUMZ�EP�OPU�TFU�B�TUSJDU�
NJOJNVN�FGGJDJFODZ�XF�EP�FYQFDU�UIF�
DPEFT�UP�QSPGJU�GSPN�BEEJUJPOBM�DPSFT�
XJUI�BO�JODSFBTF�JO�TQFFE��5IF�CFODI�
NBSL�VTFE�TIPVME�BMTP�CF�BT�DMPTF�BT��
QPTTJCMF�UP�B�QSPEVDUJPO�TDFOBSJP��USJWJBM��
LFSOFMT�PS�MJCSBSJFT�XJMM�OPU�CF�BDDFQUFE�

$VSSFOU�NFNCFST�PG�UIF�)JHI�2�$MVC�BSF�

dynQCD
EZO2$%�JT�B�DPEF�GPS�TJNVMBUJPOT�JO�UIF�
GJFME�PG�MBUUJDF�RVBOUVN�DISPNPEZOBNJDT��
UIBU�DBO�CF�VTFE�GPS�EJGGFSFOU�GFSNJPO�
BDUJPOT��5IF�DPEF�JT�EFWFMPQFE�BU�UIF�

6OJWFSTJUZ�PG�8VQQFSUBM�BOE�UIF�4JNVMBUJPO��
-BCPSBUPSZ�GPS�/VDMFBS�BOE�1BSUJDMF�
1IZTJDT�BU�+4$�BOE�JT�XSJUUFO�JO�$�VTJOH�
QUISFBET��5IF�#(�2�WFSTJPO�JO�QBSUJDVMBS��
NBLFT�VTF�PG�B��%�UPSVT�BOE�VTFT�MPX�
MFWFM�41*�DBMMT�UP�UIF�OFUXPSL�IBSEXBSF�
JOTUFBE�PG�UIF�.1*�MJCSBSZ�

Gysela
(ZTFMB�JT�B�(:SPLJOFUJD�4&NJ�-"HSBOHJBO��
DPEF�GPS�QMBTNB�UVSCVMFODF�TJNVMBUJPOT�
EFWFMPQFE�BU�$&"�$BEBSBDIF��*U�JT�GPS��
FYBNQMF�VTFE�JO�TJNVMBUJPOT�PG�UIF�FMFD��
USPTUBUJD�CSBODI�PG�UIF�JPO�UFN�QFSBUVSF��
HSBEJFOU�UVSCVMFODF�JO�UPLBNBL�QMBTNBT���
(ZTFMB�JT�XSJUUFO�JO�'PSUSBO���BOE�$�
BOE�VTFT�.1*�0QFO.1�BOE�QUISFBET�

PEPC
5IF�1SFUUZ�&GGJDJFOU�1BSBMMFM�$PVMPNC�
TPMWFS�JT�VTFE�GPS�O�CPEZ�TJNVMBUJPOT�EFWFM��
PQFE�XJUIJO�UIF�4JNVMBUJPO�-BCPSBUPSZ��
GPS�1MBTNB�1IZTJDT�BU�+4$��1&1$�JT�OPU��
SFTUSJDUFE�UP�B�TQFDJGJD�GPSDF�MBX�PS�QIZTJ��
DBM�QSPCMFN�BOE�GPS�FYBNQMFE�VTFE�GPS��
CFBN�QMBTNB�JOUFSBDUJPO�WPSUFY�EZOBN��
JDT�HSBWJUBUJPOBM�JOUFSBDUJPO�PS�NPMFDVMBS�
EZOBNJDT�TJNVMBUJPOT��5IF�DPEF�JT��
XSJUUFO�JO�'PSUSBO�����BOE�$�NBLJOH�
VTF�PG�.1*�0QFO.1�BOE�QUISFBET�BT�
QSPHSBNNJOH�NPEFMT�

PMG+PFASST
1.(�1'"445�DPNCJOFT�B�QBSBMMFM�NVMUJ��
HSJE�TPMWFS�XJUI�B�UJNF�QBSBMMFM�BQQSPYJ��
NBUJPO�TDIFNF�UP�TPMWF�0%&T�XJUI��
MJOFBS�TUJGG�UFSNT��5IF�UXP�QBSUT�IBWF�CFFO��
EFWFMPQFE�BU�UIF�-BXSFODF�#FSLFMFZ�
/BUJPOBM�-BC�	1'"445
�BOE�UIF�6OJWFSTJUZ��
PG�8VQQFSUBM�	1.(
�BOE�IBWF�CFFO�
DPVQMFE�UP�POF�BQQMJDBUJPO�CZ�EFWFMPQFST��
GSPN�UIF�$SPTT�TFDUJPOBM�UFBN�.BUI��
FNBUJDBM�.FUIPET�BOE�"MHPSJUINT�BU�+4$��
BOE�6OJWFSTJUB�EFMMB�4WJ[[FSB�JUBMJBOB���
1.(�1'"445�JT�XSJUUFO�JO�'PSUSBO������
BOE�$�XJUI�.1*�BOE�QUISFBET�

Terra-Neo
5FSSB�/FP�JT�VTFE�GPS�NPEFMJOH�FBSUI�
NBOUMF�EZOBNJDT�BOE�JT�EFWFMPQFE�TQFDJ��
GJDBMMZ�GPS�UIF�VQDPNJOH�IFUFSPHFOFPVT�
FYBTDBMF�DPNQVUFST�CZ�VTJOH�BO�BE�
WBODFE�BSDIJUFDUVSF�BXBSF�DP�EFTJHO�
BQQSPBDI��5IF�EFWFMPQNFOU�UFBN�JT�CVJMU��
GSPN�NFNCFST�PG�-VEXJH�.BYJNJMJBOT��
6OJWFSTJU»U�.ÓODIFO�6OJWFSTJU»U�
&SMBOHFO�/ÓSOCFSH�3FHJPOBMFT�3FDIFO��
[FOUSVN�&SMBOHFO�BOE�5FDIOJTDIF��
6OJWFSTJU»U�.ÓODIFO��5IFZ�VTF�$���BOE�
'PSUSBO�XJUI�.1*�BOE�0QFO.1�GPS�UIF�
5FSSB�/FP�GSBNFXPSL�

waLBerla
XB-#FSMB�JT�UIF�XJEFMZ�BQQMJDBCMF�-BUUJDF��
#PMU[NBOO�TPMWFS�GSPN�&SMBOHFO�EFWFMPQFE��
CZ�UIF�6OJWFSTJU»U�&SMBOHFO�/ÓSOCFSH��
0SJHJOBMMZ�UIF�XB-#FSMB�GSBNFXPSL�IBT��
CFFO�DFOUFSFE�BSPVOE�UIF�-BUUJDF�
#PMU[NBOO�NFUIPE�GPS�UIF�TJNVMBUJPO�PG��
GMVJE�TDFOBSJPT�CVU�JO�UIF�NFBOUJNF�
FWPMWFE�UP�B�DPEF�UIBU�JT�BMTP�TVJUBCMF�
GPS�B�XJEF�SBOHF�PG�BQQMJDBUJPOT�CBTFE�
PO�TUSVDUVSFE�HSJET��*U�JT�EFWFMPQFE�JO��
$���BOE�CVJMET�PO�.1*�BOE�0QFO.1��
BT�XFMM�BT�$6%"�BOE�0QFO$-�GPS�PUIFS�
BSDIJUFDUVSFT�

5IF�VQEBUFE�MJTU�PG�NFNCFST�BOE�NPSF�
JOGPSNBUJPO�JT�BWBJMBCMF�BU��

IUUQ���XXX�G[�KVFMJDI�EF�JBT�KTD�
IJHI�R�DMVC

Reference
[1]  Brömmel, D.
� 'JSTU�+626&&/�1PSUJOH�BOE�5VOJOH��
� 8PSLTIPQ�*OOPWBUJWFT�4VQFSDPNQVUJOH�JO��
� %FVUTDIMBOE�7PM����/P��������
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'JHVSF�����%�SFDPOTUSVDUFE�CMPDL�GBDF�WPMVNF�PG�B�IVNBO�CSBJO�XJUI�DPSSFTQPOEJOH��%�GJCFS�PSJFOUBUJPO�NBQT�
PCUBJOFE�XJUI�1PMBSJ[FE�-JHIU�*NBHJOH�	1-*
��5IF�QBOF�JO�UIF�VQQFS�SJHIU�TIPXT�USBDLFE�GJCFS�UVCFT��	4PVSDF��
"YFS�"NVOUT�FU�BM��*/.�'PSTDIVOHT[FOUSVN�+ÓMJDI


ActivitiesActivities

5IF�HPBM�PG�UIF�)VNBO�#SBJO�1SPKFDU�
	)#1
�<�>�JT�UP�HBUIFS�BMM�FYJTUJOH�LOPXM�
FEHF�BCPVU�UIF�IVNBO�CSBJO�BOE�UP��

SFDPOTUSVDU�UIF�CSBJO�QJFDF�CZ�QJFDF�
JO�NVMUJTDBMF�NPEFMT�BOE�TVQFSDPNQVUFS��
CBTFE�TJNVMBUJPOT�PG�UIFTF�NPEFMT��
5IF�SFTVMUJOH�mWJSUVBM�CSBJOn�PGGFST�UIF�
QSPTQFDU�PG�B�GVOEBNFOUBMMZ�OFX�VOEFS�
TUBOEJOH�PG�UIF�IVNBO�CSBJO�BOE�JUT��
EJTFBTFT�BOE�PG�OPWFM�CSBJO�MJLF�DPN�
QVUJOH�UFDIOPMPHJFT�

5IF�)#1�XJMM�EFWFMPQ�B�SFTFBSDI�JOGSB��
TUSVDUVSF�DPOTJTUJOH�PG�TJY�TP�DBMMFE�
*$5�	*OGPSNBUJPO���$PNNVOJDBUJPO�5FDI��
OPMPHZ
�1MBUGPSNT�EFEJDBUFE�SFTQFDUJWFMZ��
UP�/FVSPJOGPSNBUJDT�.FEJDBM�*OGPS��
NBUJDT�#SBJO�4JNVMBUJPO�/FVSPNPSQIJD��
$PNQVUJOH�/FVSPSPCPUJDT�BOE�)JHI�
1FSGPSNBODF�$PNQVUJOH��5PHFUIFS�
UIFTF�QMBUGPSNT�XJMM�NBLF�JU�QPTTJCMF�UP��
GFEFSBUF�OFVSPTDJFODF�EBUB�GSPN�BMM�
PWFS�UIF�XPSME�UP�JOUFHSBUF�UIF�EBUB�JO�
VOJGZJOH�NPEFMT�BOE�TJNVMBUJPOT�PG�UIF�
CSBJO�UP�WBMJEBUF�UIF�SFTVMUT�BHBJOTU�
FNQJSJDBM�EBUB�GSPN�CJPMPHZ�BOE�NFEJDJOF��
BOE�UP�NBLF�UIFN�BWBJMBCMF�UP�UIF�
XPSME�TDJFOUJGJD�DPNNVOJUZ��5IF�SFTVMU�
JOH�LOPXMFEHF�PO�UIF�TUSVDUVSF�BOE�
DPOOFDUJWJUZ�PG�UIF�CSBJO�XJMM�PQFO�VQ�
OFX�QFSTQFDUJWFT�GPS�UIF�EFWFMPQNFOU�
PG�mOFVSPNPSQIJDn�DPNQVUJOH�TZTUFNT�
JODPSQPSBUJOH�VOJRVF�DIBSBDUFSJTUJDT��
PG�UIF�CSBJO�TVDI�BT�FOFSHZ�FGGJDJFODZ�
GBVMU�UPMFSBODF�BOE�UIF�BCJMJUZ�UP�MFBSO��
5IF�)#1lT�NPEFMT�BOE�TJNVMBUJPOT�XJMM��
FOBCMF�SFTFBSDIFST�UP�DBSSZ�PVU�JO�
TJMJDP�FYQFSJNFOUT�PO�UIF�IVNBO�CSBJO�
UIBU�DBOOPU�CF�EPOF�JO�WJWP�GPS�QSBDUJDBM�
PS�FUIJDBM�SFBTPOT�

4UBSUJOH�GSPN�0DUPCFS������UIF��
&VSPQFBO�$PNNJTTJPO�TVQQPSUT�UIJT�
WJTJPO�UISPVHI�JUT�'&5�	'VUVSF���&NFSH�
JOH�5FDIOPMPHJFT
�'MBHTIJQ�*OJUJBUJWF�<�>��
5IF�����ZFBS�SBNQ�VQ�QIBTF�PG�UIF�QSP��
KFDU�	VOUJM�.BSDI�����
�JT�GVOEFE�CZ��
UIF�&6lT��UI�'SBNFXPSL�1SPHSBNNF��
*U�XJMM�CF�GPMMPXFE�CZ�B�QBSUJBMMZ�PWFS��
MBQQJOH�PQFSBUJPOBM�QIBTF�VOEFS�UIF�&6lT��
OFYU�'SBNFXPSL�1SPHSBNNF�)PSJ[PO�
������'FEFSBUJOH�NPSF�UIBO����&VSPQFBO��
BOE�JOUFSOBUJPOBM�SFTFBSDI�JOTUJUVUJPOT�
UIF�)#1�BT�B�XIPMF�JT�QMBOOFE�UP�MBTU�
UFO�ZFBST�BOE�FTUJNBUFE�UP�DPTU�POF�
CJMMJPO�&VSPT��"EEJUJPOBM�QBSUOFST�XJMM�
KPJO�UIF�)#1�DPOTPSUJVN�GSPN������CZ�
XBZ�PG�BO�PQFO�$PNQFUJUJWF�$BMM�1SP�

HSBNNF�<�>��5IF�QSPKFDU�JT�DPPSEJOBUFE�
CZ�1SPG��)FOSZ�.BSLSBN�GSPN�UIF�&DPMF�
1PMZUFDIOJRVF�'ÀEÀSBMF�EF�-BVTBOOF�
	&1'-
�4XJU[FSMBOE�

'PSTDIVOHT[FOUSVN�+ÓMJDIlT�FYQFSUJTF��
BOE�JOGSBTUSVDUVSF�JO�CPUI�OFVSPTDJ�
FODF�	F�H��JO�UIF�BSFBT�PG�CSBJO�NBQQJOH��
UPPMT�CSBJO�BDUJWJUZ�MBSHF�TDBMF�OFVSBM�
OFUXPSL�TJNVMBUJPOT
�BOE�TVQFSDPN��
QVUJOH�XJMM�NBLF�B�NBKPS�DPOUSJCVUJPO�UP��
UIF�QSPKFDU��+ÓMJDI�4VQFSDPNQVUJOH��
$FOUSF�	+4$
�MFBET�UIF�)#1lT�)JHI�
1FSGPSNBODF�$PNQVUJOH�1MBUGPSN�TVC��
QSPKFDU�UIBU�XJMM�QSPWJEF�UIF�TVQFSDPN�
QVUJOH�IBSE��BOE�TPGUXBSF�DBQBCJMJUJFT�
OFDFTTBSZ�UP�TJNVMBUF�DFMMVMBS�CSBJO�
NPEFMT�PG�UIF�TJ[F�PG�B�DPNQMFUF�IVNBO�
CSBJO��+4$lT�DFOUSBM�UBTL�XJMM�CF�UP�EF��
WFMPQ�BOE�IPTU�UIF�)#1�4VQFSDPNQVUFS��
UIF�QSPKFDUlT�NBJO�QSPEVDUJPO�TZTUFN�
XIJDI�XJMM�CF�CVJMU�JO�TUBHFT�UP�GJOBMMZ�
SFBDI�FYBTDBMF�QFSGPSNBODF�

References
[1]  IUUQ���XXX�IVNBOCSBJOQSPKFDU�FV

[2]  IUUQ���DPSEJT�FVSPQB�FV�GQ��JDU�QSPHSBNNF��
� GFU�GMBHTIJQ�IPNF@FO�IUNM

[3]  IUUQ���XXX�IVNBOCSBJOQSPKFDU�FV��
� QBSUJDJQBUF�DPNQFUJUJWF�DBMMT�QSPHSBNNF
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o�7BMFOUJOB�)VCFS��
o�%BOJFM�.BMMNBOO

� +ÓMJDI�
� 4VQFSDPNQVUJOH�
� $FOUSF�	+4$
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8F�BSF�MPPLJOH�GPSXBSE�UIF�OFYU�JO�
TUBODFT�PG�UIJT�XPSLTIPQ�TFSJFT�BU�)-34��
	0DUPCFS�����
�BOE�5PIPLV�6OJWFSTJUZ�
	4QSJOH�����
�

The 17th HLRS-NEC 
Workshop on Sustained 
Simulation Performance
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MT��NBSEZO�JT�EFTJHOFE�GPS�NBTTJWFMZ�
QBSBMMFM�NPMFDVMBS�EZOBNJDT�	.%
��
TJNVMBUJPOT�PO�NPEFSO�TVQFSDPNQVUFST��
BOE�DVSSFOUMZ�IPMET�UIF�XPSME�SFDPSE�
GPS�UIF�MBSHFTU�.%�TJNVMBUJPO�PG�BMM�
UJNFT�XJUI�PWFS�GPVS�USJMMJPO�QBSUJDMFT��

*O�.%�TJNVMBUJPOT�JOUFSBDUJPOT�CF�
UXFFO�NPMFDVMFT�BSF�FWBMVBUFE�CBTFE�
PO�QPUFOUJBMT��MT��NBSEZO�GFBUVSFT�
QBJS�QPUFOUJBMT�QPJOU�DIBSHFT�EJQPMFT�
RVBESVQPMFT�-FOOBSE�+POFT�TJUFT��
BOE�UIF�5FSTPGG�QPUFOUJBM��6TVBMMZ�JOUFS�
BDUJPO�QPUFOUJBMT�BSF�FWBMVBUFE�POMZ��
VQ�UP�B�HJWFO�DVU�PGG�SBEJVT�BT�UIF�DPO�
USJCVUJPO�PG�GBS�BQBSU�QBJST�PG�NPMFDVMFT�
BSF�SFMBUJWFMZ�TNBMM�BOE�UIFTF�NJTTJOH�
DPOUSJCVUJPOT�DBO�CF�BQQSPYJNBUFE�XJUI��
MPOH�SBOHF�DPSSFDUJPO�TDIFNFT��5IF�
DVU�PGG�SFEVDFT�UIF�DPNQVUBUJPOBM�DPN��
QMFYJUZ�PG�UIF�GPSDF�DBMDVMBUJPO�UP�0	/
���
*O�PSEFS�UP�SFEVDF�UIF�DPNQMFYJUZ�PG�
UIF�XIPMF�TJNVMBUJPO�UP�0	/
�GJOEJOH�
OFJHICPVSJOH�NPMFDVMFT�XJUIJO�UIF�DVU�
PGG�BMTP�IBT�UP�CF�SFEVDFE�UP�0	/
���
5IJT�JT�BDIJFWFE�JO�MT��NBSEZO�WJB�UIF�
MJOLFE�DFMM�BMHPSJUIN��

)PXFWFS�JO�PSEFS�UP�SFBDI�UIF�FYUSFNF��
TDBMFT�BOE�FGGJDJFODZ�JO�DPNQVUJOH�
SFRVJSFE�UP�BEESFTT�MFOHUI�BOE�UJNF�
TDBMFT�QSFWJPVTMZ�PVU�PG�TDPQF�GPS�TJNV�
MBUJPOT�PG�IJHIMZ�EZOBNJD�BOE�IFUFSP��
HFOPVT�TZTUFNT�IJHIMZ�FGGJDJFOU�NFUIPET��
GPS�OFJHICPVS�TFBSDI�BOE�GPS�EZOBNJD�
MPBE�CBMBODJOH�XFSF�EFWFMPQFE�

Neighbour Search
*O�IJHIMZ�EZOBNJD�TZTUFNT�OFJHICPVST�
IBWF�UP�CF�JEFOUJGJFE�PGUFO�BT�UIF��
TQBUJBM�BSSBOHFNFOU�DIBOHFT�SBQJEMZ��
MT��NBSEZO�GFBUVSFT�BO�BEBQUJWF�MJOLFE�
DFMM�BMHPSJUIN��5IF�CBTJD�MJOLFE�DFMM�
BMHPSJUIN�EJWJEFT�UIF�TJNVMBUJPO�WPMVNF�
JOUP�FRVBMMZ�TJ[FE�DVCJD�DFMMT�XJUI�FEHF�
MFOHUI�FRVBMMJOH�UIF�DVU�PGG�SBEJVT��
5IFSFGPSF�BMM�JOUFSBDUJPO�QBSUOFST�GPS�
BOZ�HJWFO�NPMFDVMF�BSF�OP�GVSUIFS�UIBO�
POF�DFMM�BXBZ��/POFUIFMFTT�UIF�OFJHI�
CPVSJOH�DFMMT�TUJMM�DPOUBJO�NPMFDVMFT�
XIJDI�BSF�CFZPOE�UIF�DVU�PGG�SBEJVT��
$PNQBSJOH�UIF�TQIFSF�XJUIJO�XIJDI�JO�
UFSBDUJPOT�BSF�FWBMVBUFE�UP�UIF�WPMVNF�
PG�BMM�OFJHICPVSJOH�DFMMT��HJWFT�B�SBUJP��
PG�������5IVT�GPS�B�IPNPHFOFPVT�EJT�

USJCVUJPO�POMZ������PG�BMM�NPMFDVMF�QBJST�
BSF�BDDFQUFE�GPS�UIF�GPSDF�DBMDVMBUJPO��

3FEVDJOH�UIF�WPMVNF�XIJDI�OFFET�UP�CF��
TFBSDIFE�DBO�UIFSFGPSF�TBWF�B�MPU�PG�
DPNQVUJOH�UJNF��6TJOH�TNBMMFS�DFMMT�XJUI��
F�H��BO�FEHF�MFOHUI�PG�IBMG�UIF�DVU�PGG�
JNQSPWFT�UIF�SBUJP�UP�������)PXFWFS�
UIJT�DBVTFT�BEEJUJPOBM�FGGPSU�BT�NPSF��
DFMMT�OFFE�UP�CF�IBOEMFE��5IF�BEBQUJWF�
MJOLFE�DFMM�PG�MT��NBSEZO�JT�DBQBCMF�PG��
TXJUDIJOH�UIF�DFMM�TJ[F�PO�UIF�GMZ��'PS�
EFOTF�SFHJPOT�XIFSF�UIF�UJNF�GPS�DPN��
QVUJOH�UIF�OFJHICPVS�EJTUBODFT�PVU�
XFJHIT�UIF�DPTU�PG�IBOEMJOH�NPSF�DFMMT�
UIF�DFMM�TJ[F�JT�UIVT�SFEVDFE�EZOBNJDBMMZ��

Dynamic Load Balancing
MT��NBSEZO�JT�QBSBMMFMJ[FE�VTJOH�UIF��
EPNBJO�EFDPNQPTJUJPO��5IF�TJNVMBUJPO��
WPMVNF�JT�EJWJEFE�JOUP�TVCWPMVNFT�
XIJDI�BSF�EJTUSJCVUFE�UP�UIF�BWBJMBCMF�
QSPDFTTJOH�VOJUT��5IJT�NFUIPE�TDBMFT�
MJOFBSMZ�XJUI�UIF�OVNCFS�PG�NPMFDVMFT�
BOE�JT�UIFSFGPSF�XFMM�TVJUFE�GPS�MBSHF�
TZTUFNT�

)PXFWFS�GPS�IFUFSPHFOFPVT�TDFOBSJPT�
	UIF�NPMFDVMFT�BSF�EJTUSJCVUFE�JSSFHV�
MBSMZ�JO�TQBDF
�UIF�XPSLMPBE�PG�FRVBMMZ�
TJ[FE�TVCWPMVNFT�EJGGFST�ESBNBUJDBMMZ���
JU�JT�QSPQPSUJPOBM�UP�UIF�OVNCFS�PG��
JOUFSBDUJPOT�BOE�UIFSFGPSF�HSPXT�RVBE��
SBUJDBMMZ�XJUI�EFOTJUZ��4JNVMBUJPOT��
DPOUBJOJOH�DPFYJTUJOH�MJRVJE�BOE�WBQPVS�
QIBTFT�DBO�FBTJMZ�WBSZ�JO�MPDBM�EFOTJUZ�
CZ�B�GBDUPS�PG��������5IFSFGPSF�UIF�
XPSLMPBE�GPS�UXP�TVCWPMVNFT�PG�FRVBM�
TJ[F�DBO�EJGGFS�CZ�B�GBDUPS�PG���������

*O�PSEFS�UP�CBMBODF�UIF�MPBE�UIF�TVC��
WPMVNFT�NVTU�UIVT�CF�DIPTFO�OPU�XJUI��
FRVBM�TJ[F�CVU�FRVBM�MPBE��*O�MT��NBSEZO��
UIJT�JT�BDIJFWFE�CZ�B�LE�USFF�EFDPN�
QPTJUJPO��5IF�DFMMT�PG�UIF�MJOLFE�DFMM�
BMHPSJUIN�BSF�VTFE�BT�UIF�CBTJD�WPMVNF�
VOJUT�GPS�XIJDI�UIF�MPBE�DPTUT�BSF�EF�

UFSNJOFE��0O�UIF�CBTJT�PG�UIF�DPNQV�
UBUJPOBM�DPTU�GPS�FBDI�PG�UIF�DFMMT�UIF�
LE�USFF�EFDPNQPTJUJPO�SFDVSTJWFMZ�TQMJUT�
UIF�TJNVMBUJPO�EPNBJO�JO�UXP�BMPOH��
BMUFSOBUJOH�EJNFOTJPOT�TVDI�UIBU�CPUI�
TJEFT�IBWF�FRVBM�MPBE�VOUJM�UIF�OVNCFS�
PG�SFRVJSFE�TVCWPMVNFT�JT�SFBDIFE���
"T�UIF�TJNVMBUJPOT�BSF�IJHIMZ�EZOBNJD�
UIJT�JT�SFQFBUFE�JO�SFHVMBS�JOUFSWBMT��
PO�UIF�GMZ��

Scalability
4DBMBCJMJUZ�TUVEJFT�XFSF�DBSSJFE�PVU�
XJUI�IFUFSPHFOFPVT�BOE�IPNPHFOFPVT�
TDFOBSJPT��)FUFSPHFOFPVT�TDFOBSJPT�
BSF�WFSZ�DIBMMFOHJOH���HPPE�TDBMJOH�DBO�
CF�BDIJFWFE�GPS�VQ�UP�_������DPSFT��
)PNPHFOFPVT�TDFOBSJPT�BSF�MFTT�DIBM�
MFOHJOH�BOE�TIPX�FYDFMMFOU�TDBMJOH�CF�
IBWJPVS�XJUI�MT��NBSEZO��5IFZ�BMMPX�GPS�
UIF�VUJMJ[BUJPO�PG�FOUJSF�TUBUF�PG�UIF�BSU�
TVQFSDPNQVUFST�BT�F�H��UIF�)FSNJU�
TZTUFN��'PS�XFBL�TDBMJOH�QBSBMMFM�FG�
GJDJFODJFT�PG�PWFS������DBO�CF�SFBDIFE�
PO�NPSF�UIBO��������DPSFT�

Partners
5IF�NBTTJWFMZ�QBSBMMFM�TJNVMBUJPO�DPEF�
MT��NBSEZO�JT�B�KPJOU�EFWFMPQNFOU�CZ��
� 56�,BJTFSTMBVUFSO�
� 6OJWFSTJUZ�PG�1BEFSCPSO�
� 56�.ÓODIFO��
� )-34

'PS�NPSF�*OGPSNBUJPOT��
� .BSUJO�)PSTDI���
� NBSUJO�IPSTDI!NW�VOJ�LM�EF�
� $ISJTUPQI�/JFUIBNNFS���
� OJFUIBNNFS!IMST�EF

ls1 mardyn - a Massively Parallel  
Molecular Simulation Code
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'JHVSF����(BVTT�"XBSE�8JOOFS�%S��.JDIBFM�,��1BUUFSTPO�	*OUFM�$PSQ�
�
XJUI�($4�.BOBHJOH�%JSFDUPS�%S��$MBVT�"YFM�.ÓMMFS�	MFGU
�BOE�($4��
$IBJSNBO�PG�UIF�#PBSE�1SPG��.JDIBFM�.��3FTDI�

'JHVSF����%S��6XF�8ÍTTOFS�	)-34
�HJWFT�B��%�QSFTFOUBUJPO�UP�B�EFMFHBUJPO�PG�JOUFSOBUJPOBM�KPVSOBMJTUT�

�3FHJOB�8FJHBOE

� (BVTT�$FOUSF�GPS��
� 4VQFSDPNQVUJOH�
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5IF�(BVTT�$FOUSF�GPS�4VQFSDPNQVUJOH��
QBSUJDJQBUFE�JO�UIF������FEJUJPO�PG�*4$�
IFME�JO�-FJQ[JH�(FSNBOZ�ZFU�BHBJO��
XJUI�B����N2�CPPUI�PO�XIJDI�JUT�UISFF�
NFNCFS�DFOUSFT�)-34�-3;�BOE��
+4$�TIPXDBTFE�UIFJS�MBUFTU�SFTFBSDI�
QSPKFDUT�BOE�QSFTFOUFE�TPQIJTUJDBUFE�
)1$�UPPMT��$PVOUMFTT�MJLF�NJOEFE��
)1$�VTFST�SFTFBSDIFST�UFDIOPMPHZ�
MFBEFST�TDJFOUJTUT�*5�EFDJTJPO�NBLFST�
BT�XFMM�BT�IJHI�UFDI�NFEJB�SFQSF��
TFOUBUJWFT�TUPQQFE�CZ�UP�NFFU�BOE�UBML�
XJUI�UIF�EJSFDUPST�PG�UIF�UISFF�($4�
DFOUSFT�1SPG��#PEF�	-3;
�1SPG��-JQQFSU�
	+4$
�UIF�OFXMZ�FMFDUFE�($4�$IBJSNBO�
PG�UIF�#PBSE�1SPG��3FTDI�PG�)-34��
BOE�($4�.BOBHJOH�%JSFDUPS�%S��.ÓMMFS�
BT�XFMM�BT�XJUI�NBOZ�PUIFS�TDJFOUJTUT�PG�
UIF�UISFF�($4�DFOUSFT�

Two GCS HPC systems 
amongst Top Ten of TOP500
5IF�OFXMZ�SFMFBTFE�501����PWFSWJFX�
MJTUJOH�UIF�NPTU�QPXFSGVM�TVQFSDPNQVUFST��
JO�UIF�XPSME�PODF�BHBJO�EFMJWFSFE�QSPPG�
GPS�(FSNBOZ�CFJOH�B�XPSME�XJEF�LFZ�

QMBZFS�JO�)1$��($4�GFBUVSFT�UIF�UXP�
NPTU�QPXFSGVM�TVQFSDPNQVUFST�JO�BMM�
PG�&VSPQF�XJUI�+4$lT�)1$�TZTUFN�
+626&&/�BOE�-3;lT�4VQFS.6$�DBQUVS��
JOH�QPTJUJPOT�JO�UIF�5PQ�5FO�PG�TBJE�MJTU��
5IF�OFXMZ�DPSPOBUFE�/VNCFS�0OF�JT�
5)�*7#�'&1�$MVTUFS�m5JBOIF��n�	QFBL�
QFSGPSNBODF�����1FUBGMPQT
�XIJDI�JT�UP�
CF�EFQMPZFE�BU�UIF�/BUJPOBM�4VQFSDPN�
QVUFS�$FOUFS�JO�(VBOH[IP�$IJOB�

5IF���UI�FEJUJPO�PG�UIF�501����
	�������
�SFWFBMFE�UIF�GPMMPXJOH�SBOL�
JOHT�GPS�UIF�UISFF�($4�TZTUFNT�

o�����+626&&/�PG�+4$�	*#.�#MVF�
(FOF�2�TZTUFN�QFBL�QFSGPSNBODF��
����1FUBGMPQT
�
o�����4VQFS.6$�PG�-3;�	*#.�J%BUBQMFY�
TZTUFN�����1FUBGMPQT
�
o������)FSNJU�PG�)-34�	$SBZ�9&��TZT�
UFN������1FUBGMPQT
�

)FSNJU�GVSUIFSNPSF�IPMET�TFDPOE�QMBDF�
PO�UIF�MJTU�PG�NPTU�QPXFSGVM�TVQFS�
DPNQVUFST�XPSME�XJEF�VTFE�GPS�JOEVT�

USJBM�TDJFODF�BOE�SFTFBSDI�BDUJWJUJFT�
	501������������TVC�MJTU�*OEVTUSZ
�

GCS Booth Highlights
0O�UIF�($4�CPPUI�UIF�UISFF�TVQFSDPN�
QVUJOH�DFOUSFT�QSFTFOUFE�UIFJS�XJEF�
SBOHJOH�)1$�BDUJWJUJFT��)-34�DPODFO�
USBUFE�PO�JOUFSBDUJWF��%�WJTVBMJ[BUJPOT�
PG�TJNVMBUJPO�SFTVMUT�PO�B�UJMFE�IJHI�
SFTVMUJPO��%�EJTQMBZ�XBMM��)JHIMJHIU�PG�JUT�
NBOZ�TIPXDBTF�FYBNQMFT�XBT�UIF�WJTV�
BMJ[BUJPO�PG�UIF�EFGPSNBUJPOT�JO�DSZTUBM�
TUSVDUVSFT��+4$�FYIJCJUFE�B�XJEF�TQFD�
USVN�PG�TDJFOUJGJD�SFTVMUT�PCUBJOFE�XJUI�
JUT�TVQFSDPNQVUFST�+6(&/&�+626&&/�
BOE�+6301"��*O�QBSUJDVMBS�+4$�TIPX�
DBTFE�--WJFX�UIF�DPNQSFIFOTJWF�JOUFS�
BDUJWF�NPOJUPSJOH�TPGUXBSF�GPS�TVQFS�
DPNQVUFST�EFWFMPQFE�JO�IPVTF�JO�MJWF�
EFNPOTUSBUJPOT�PO�TVQFSDPNQVUFST�
XPSMEXJEF�XIJMF�-3;�GPDVTFE�PO�IJHI�
MJHIUJOH�UIFJS�)1$�TZTUFN�4VQFS.6$�
BOE�QSFTFOUFE�DVSSFOU�TDJFODF�QSPKFDUT�
BOE�SFTFBSDI�BDUJWJUJFT�JO��%�WJEFPT�

-PUT�PG�BUUFOUJPO�FOKPZFE�UIF�"VH�
NFOUFE�3FBMJUZ�EFNP�PG�TDJFODF�QSPKFDU�
$PPM&N"MM�XIJDI�BJNT�BU�PQUJNJ[JOH�UIF�
FOFSHZ�FGGJDJFODZ�PG�EBUB�DFOUSFT��#Z�
NPWJOH�B�DBNFSB�BSPVOE�UIF�TFSWFS�
WJTJUPST�DPVME�PCTFSWF�UIF�UFNQFSBUVSF�
EJTUSJCVUJPO�BOE�BJSGMPX�SJHIU�XJUIJO�B�
IJHI�EFOTJUZ�$ISJTUNBOO�3&$4�TFSWFS��
5IFZ�XFSF�BCMF�UP�TFF�JNNFEJBUFMZ�
XIFSF�IPU�TQPUT�BQQFBS�JO�PQFSBUJOH��
DPOEJUJPO�BOE�IPX�UIFTF�DPVME�CF�
BWPJEFE�UISPVHI�FJUIFS�HFPNFUSZ�NPEJ�
GJDBUJPO�PS�BEBQUFE�TDIFEVMJOH�PG�XPSL�
MPBE�BOE�UIFZ�SFBMJ[FE�IPX�UIJT�UFDI�
PMPHZ�DPVME�CF�VTFE�UP�PQUJNJ[F�UIFJS�
PXO�TFSWFST�BOE�EBUB�DFOUSFT�

ISC’13 Gauss Award Winner
&BDI�ZFBS�BU�*4$�($4�QSFTFOUT�UIF�
(BVTT�"XBSE�UP�SFDPHOJ[F�UIF�NPTU�
PVUTUBOEJOH�QBQFS�JO�UIF�GJFME�PG�TDBM�
BCMF�TVQFSDPNQVUJOH�GSPN�BMM�QBQFST�
BDDFQUFE�GPS�UIF�*4$l���3FTFBSDI�

1BQFS�4FTTJPOT��5IJT�ZFBS�UIF�BXBSE�
IPOPSFE�UIF�QBQFS�UJUMFE�b56&�B�OFX�
FOFSHZ�FGGJDJFODZ�NFUSJD�BQQMJFE�BU�
03/-kT�+BHVBSm��%S��.JDIBFM�,��1BUUFSTPO��

1SJODJQBM�&OHJOFFS�JO�UIF�*OUFM�"SDIJ��
UFDUVSF�(SPVQ�PG�*OUFM�$PSQ��IBE�BDDFQUFE��
UIF������(BVTT�"XBSE�JO�UIF�OBNF�PG�
UIF�&OFSHZ�&GGJDJFOU�)JHI�1FSGPSNBODF�
$PNQVUJOH�8PSLJOH�(SPVQ�	&&�)1$�
8(
�XIJDI�XBT�DPODFJWFE�BOE�JT�MFE�CZ�
-BXSFODF�#FSLFMFZ�/BUJPOBM�-BCPSBUPSZ�
UP�QSPNPUF�FOFSHZ�FGGJDJFOU�HSFFO��
DPNQVUJOH�CFTU�QSBDUJDFT��	5IF�QBQFS�
DBO�CF�EPXOMPBEFE�BU�IUUQ���FFUE�MCM�
HPW�TJUFT�BMM�GJ�MFT�JTD��@UVFQBQFS�QEG


GCS at ISC’13 – Review
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July 9-11, 2013:  
Running Real World  
Applications on more than 
130,000 Cores on Super-
MUC

*O�+VMZ���M��UIF�-FJCOJ[�4VQFSDPNQVUJOH��
$FOUFS�	-3;
�PSHBOJ[FE�UIF�GJSTU�FY��
USFNF�TDBMJOH�XPSLTIPQ�PO�4VQFS.6$�
UIF���1'-01�T�TZTUFN�DPOTJTUJOH�PG�
���UIJO�OPEF�JTMBOET�XJUI��������*OUFM�
4BOEZ�#SJEHF�$16�DPSFT��1SJPS�UP�UIF�
XPSLTIPQ�UIF�QBSUJDJQBOUT�IBE�UP�TIPX�
UIBU�UIFJS�DPEF�TDBMFT�VQ�UP���JTMBOET�
	������DPSFT
��3FTFBSDI�HSPVQT�GSPN�
���JOUFSOBUJPOBM�QSPKFDUT�BUUBJOFE�UIJT�
HPBM�BOE�XFSF�JOWJUFE�UP�UIF�-3;�GPS�B�
UISFF�EBZ�XPSLTIPQ��%VSJOH�UIBU�UJNF�
UIF�QBSUJDJQBOUT�DPVME�UFTU�UIF�TDBMJOH�
DBQBCJMJUJFT�PG�UIFJS�DPEFT�VQ�UP�B�NBYJ��

NVN�PG����JTMBOET�	UXP�JTMBOET�XFSF�
DPOUJOVJOH�VTFS�PQFSBUJPO
��"QQMJDBUJPO�
FYQFSUT�GSPN�UIF�-3;�*OUFM�BOE�*#.�
XFSF�QSFTFOU�EVSJOH�UIF�XPSLTIPQ�UP�
SFTPMWF�UIF�QFSGPSNBODF�PQUJNJ[BUJPO��
BOE�UVOJOH�JTTVFT��/FX�UFDIOJRVFT�MJLF�
UIF�GBTU�.1*�TUBSUVQ�NFDIBOJTN�PG�
MBSHF�TDBMF�TQFDJBM�KPCT�XFSF�TVDDFTT��
GVMMZ�FYFDVUFE�PO�4VQFS.6$�UP�SFEVDF�
UIF�TUBSUVQ�UJNF�CZ�B�GBDUPS�PG������"U�
UIF�FOE�PG�UIF�UIJSE�EBZ���BQQMJDBUJPOT�
XFSF�TVDDFTTGVMMZ�SVOOJOH�PO����JTMBOET�
	�������DPSFT
�XIJMF�UIF�PUIFS���BQ��
QMJDBUJPOT�NBOBHFE�UP�SVO�PO���JTMBOET�
	������DPSFT
�

-JTUFE�CFMPX�BSF�UIF�OBNF�BOE�EFTDSJQ��
UJPO�PG�UIF�BQQMJDBUJPOT�BOE�UIF�NBYJNVN��
OVNCFS�PG�JTMBOET�UIF�BQQMJDBUJPOT�TVD��
DFTTGVMMZ�SBO�	POF�JTMBOE�DPOTJTUT�PG������
OPEFT�XJUI����QIZTJDBM�DPSFT�FBDI
�

#2$%�	#FSMJO�2VBOUVN�$ISPNP%ZOBNJDT��
QSPHSBN
�JT�B�IZCSJE�.1*�0QFO.1�
QBSBMMFMJ[FE�.POUF�$BSMP�QSPHSBN�GPS�
TJNVMBUJOH�MBUUJDF�2$%�XJUI�EZOBNJDBM�
8JMTPO�GFSNJPOT��*U�BMMPXT�GPS�TJNVMBUJOH��
����������GFSNJPO�GMBWPST�BU�B�UJNF�

$*"0�TPMWFT�UIF�SFBDUJOH�/BWJFS�4UPLFT�
FRVBUJPOT�JO�UIF�MPX�.BDI�MJNJU��*U�JT�B�
TFDPOE�PSEFS�TFNJ�JNQMJDJU�GJOJUF�EJGGFS�
FODF�DPEF��*U�VTFT�$SBOL�/JDPMTPO�UJNF�
BEWBODFNFOU�BOE�BO�JUFSBUJWF�QSFEJDUPS�
DPSSFDUPS�TDIFNF��4QBUJBM�BOE�UFN��
QPSBM�TUBHHFSJOH�JT�VTFE�UP�JODSFBTF�
UIF�BDDVSBDZ�PG�TUFODJMT��5IF�1PJTTPO��
FRVBUJPO�GPS�UIF�QSFTTVSF�JT�TPMWFE�CZ�
UIF�NVMUJ�HSJE�):13&�TPMWFS��.PNFOUVN��
FRVBUJPOT�BSF�TQBUJBMMZ�EJTDSFUJ[FE�
XJUI�B�TFDPOE�PSEFS�TDIFNF��4QFDJFT�BOE��
UFNQFSBUVSF�FRVBUJPOT�BSF�EJTDSFUJ[FE�
XJUI�B�GJGUI�PSEFS�8&/0�TDIFNF�

)JHIMZ�PQUJNJ[FE�BOE�GVMMZ�.1*�QBSBMMFMJ[FE��
5SFF1.�.)%�41)�DPEF�GPS�TJNVMBUJOH�
DPTNPMPHJDBM�TUSVDUVSF�GPSNBUJPO��*O�
JUT�DVSSFOU�WFSTJPO�JU�BMTP�BMMPXT�GPS�BO�
FGGFDUJWF�0QFO.1�QBSBMMFMJ[BUJPO�XJUIJO�
FBDI�.1*�UBTL�

"�WFSTBUJMF�QBDLBHF�UP�QFSGPSN�NPMFDVMBS��
EZOBNJDT�J�F��UP�TJNVMBUF�UIF�/FXUPOJBO��
FRVBUJPOT�PG�NPUJPO�GPS�TZTUFNT�XJUI�
IVOESFET�UP�NJMMJPOT�PG�QBSUJDMFT�

-"..14�	-BSHF�TDBMF�"UPNJD�.PMFDVMBS��
.BTTJWFMZ�1BSBMMFM�4JNVMBUPS
�JT�B�.1*�
QBSBMMFMJ[FE�OVNFSJDT�DPEF�GPS�TJNVMBUJOH��
NPMFDVMBS�EZOBNJDT�

5IF�DPEF�NPEFMT�EBSL�NBUUFS�BT�B�TZT�
UFN�PG�-BHSBOHJBO�GMVJE�FMFNFOUT�PS�

mQBSUJDMFTn�HSBWJUBUJPOBMMZ�DPVQMFE�UP�BO�
JOWJTDJE�JEFBM�GMVJE�SFQSFTFOUJOH�CBSZPOJD�
NBUUFS��5IF�GMVJE�JT�NPEFMFE�VTJOH�B��
GJOJUF�WPMVNF�SFQSFTFOUBUJPO�JO�BO�&VMFSJBO��
GSBNFXPSL�XJUI�CMPDL�TUSVDUVSFE�".3��
5IF�NFTI�TUSVDUVSF�VTFE�UP�FWPMWF�GMVJE�
RVBOUJUJFT�JT�BMTP�VTFE�UP�FWPMWF�UIF�
QBSUJDMFT�WJB�B�QBSUJDMF�NFTI�NFUIPE��*O�
PSEFS�UP�NPSF�BDDVSBUFMZ�USFBU�IZQFS��
TPOJD�NPUJPOT�XIFSF�UIF�LJOFUJD�FOFSHZ��
JT�NBOZ�PSEFST�PG�NBHOJUVEF�MBSHFS�
UIBO�UIF�JOUFSOBM�FOFSHZ�PG�UIF�HBT�/ZY��
VTFT�UIF�EVBM�FOFSHZ�GPSNVMBUJPO�
XIFSF�CPUI�UIF�JOUFSOBM�BOE�UPUBM�FOFSHZ��
FRVBUJPOT�BSF�TPMWFE�PO�UIF�HSJE�EVSJOH�
FBDI�UJNF�TUFQ�

/FVUSJOPSBEJBUJPO�IZESPEZOBNJDT�DPEF�
TJNVMBUFT�GSPN�GJSTU�QSJODJQMFT�UIF�
QIZTJDBM�QSPDFTTFT�EVSJOH�UIF�FWPMVUJPO�
PG�B�TVQFSOPWB�FYQMPTJPO��5IFSFGPSF�B�
.1*�0QFO.1�QBSBMMFMJ[FE�JNQMFNFOUB�
UJPO�PG�11.�IZESPEZOBNJDT���B�DPVQMFE�
SBZ�CZ�SBZ�USBOTQPSU�TDIFNF�JT�VTFE�

Extreme Scaling  
Workshop at LRZ
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��-FJCOJ[��
� 4VQFSDPNQVUJOH��
� $FOUFS

���6OJWFSTJU»UT��
� 4UFSOXBSUF��
� -VEXJH�.BYJNJMJBOT��
� 6OJWFSTJU»U�.ÓODIFO��
� (FSNBOZ�

�
3� *OTUJUVUF�GPS��
� 5IFPSFUJDBM�1IZTJDT��
� 6OJWFSTJUZ�PG�;ÓSJDI��
� ;ÓSJDI�4XJU[FSMBOE�

�
�� *OTUJUVUF�GPS��
� "TUSPQIZTJDT��
� 6OJWFSTJUZ�PG��
� (ÍUUJOHFO�(ÍUUJOHFO��
� (FSNBOZ�

�
��.BY�1MBODL�*OTUJUVUF��
� GPS�#JPQIZTJDBM��
� $IFNJTUSZ�(ÍUUJOHFO��
� (FSNBOZ�

�
��3FDIFO[FOUSVN�EFS��
� .BY�1MBODL��
� (FTFMMTDIBGU�BN�.BY��
� 1MBODL�*OTUJUVU�GÓS��
� 1MBTNBQIZTJL��
� (BSDIJOH�(FSNBOZ�

�
��*OTUJUVU�GÓS�5FDIOJTDIF��
� 7FSCSFOOVOH�385)��
� "BDIFO�(FSNBOZ

'JHVSF����4DBMJOH�1MPU�GPS�(30."$4�

'JHVSF����4DBMJOH�1MPU�GPS�$*"0�

o�.PNNF�"MMBMBFO��

o�(VSWBO�#B[JO��

o�$ISJTUPQI�#FSOBV��

o�"SOEU�#PEF��

o�%BWJE�#SBZGPSE��

o�.BUUIJBT�#SFIN��

o�,MBVT�%PMBH��

o�+BO�'SFEFSJL�&OHFMT���
o�/JDPMBZ�)BNNFS��

o�)FSCFSU�)VCFS��

o�'FSEJOBOE�+BNJU[LZ���
o�"OVQBN�,BSNBLBS���
o�$BSTUFO�,VU[OFS��

o�"OESFBT�.BSFL��

o�$BSNFO�/BWBSSFUF���
o�)FMNVU�4BU[HFS��

o�8PMGSBN�4DINJEU��

o�1IJMJQQ�5SJTKPOP��

ActivitiesActivities

LRZ Extreme Scale Bench-
mark and Optimization Suite
4PNF�PG�UIF�QBSUJDJQBUJOH�QSPKFDUT�
BHSFFE�UP�QSPWJEF�UIFJS�DPEFT�GPS�BO�
BVUPNJTFE�CFODINBSLJOH�BOE�WBMJEBUJPO�
TVJUF�CBTFE�PO�UIF�%&*4"�CFODINBSL�
BOE�4DBMBMJGF�7BMJEBUJPO�TVJUF�	SFG��
��
5IF�QVSQPTF�PG�UIF�QBDLBHF�JT�BVUP�
NBUJD�UFTUJOH�PG�UIF�XIPMF�NBDIJOF�F�H��
BGUFS�TZTUFN�NBJOUFOBODF�BOE�JEFOUJGJ�
DBUJPO�PG�QFSGPSNBODF�CPUUMFOFDLT��

5IF�-3;�JT�BMSFBEZ�QMBOOJOH�B�GPMMPX�VQ�
XPSLTIPQ�JO�UIF�OFBS�GVUVSF�XIFSF�UIF�
JNQSPWFNFOUT�BOE�GFFECBDL�GSPN�UIF�
FYQFSUT�XJMM�CF�UFTUFE�

BOE�UJNF�UP�TPMVUJPO�PO�SFDFOU�TVQFS�
DPNQVUJOH�BSDIJUFDUVSFT�

&YBTDBMF�.BYJNVN�-JLFMJIPPE�	&YB.-
�
.1*�BQQMJDBUJPO�GPS�JOGFSSJOH�FWPMVUJPOBSZ��
USFFT�PG�B�TFU�PG�TQFDJFT�VOEFS�UIF�
NBYJNVN�MJLFMJIPPE�DSJUFSJPO��*U�JT�BO�
JNQMFNFOUBUJPO�PG�UIF�QPQVMBS�3"Y.-�
TFBSDI�BMHPSJUIN�GPS�QBSUJUJPOFE�NVMUJ�
HFOF�PS�XIPMFHFOPNF�EBUBTFUT�

*$0TBIFESBM�/POIZESPTUBUJD�HFOFSBM�DJS��
DVMBUJPO�NPEFM�JT�B�KPJOU�EFWFMPQNFOU��
PG�UIF�.BY�1MBODL�*OTUJUVUF�GPS�.FUFPS��
PMPHZ�JO�)BNCVSH�BOE�UIF�%FVUTDIFS�
8FUUFSEJFOTU��*$0/�JT�B�OFYU�HFOFSBUJPO��
FBSUI�TZTUFN�NPEFM�EFTJHOFE�UP�TJNV�
MBUF�NVMUJQMF�TDBMFT�PG�UIF�BUNPTQIFSF�
QSPDFTTFT�FOBCMJOH�CPUI�DMJNBUF�TJNVMB��
UJPOT�BOE�OVNFSJDBM�XFBUIFS�QSFEJDUJPOT���
*U�QSPWJEFT�UIF�PQUJPO�UP�SVO�MPDBMMZ�
OFTUFE�IJHIMZ�SFGJOFE�SFTPMVUJPOT�BM�
MPXJOH�TJNVMBUJPOT�BU�B�WFSZ�GJOF�TDBMF��
*$0/�JT�B�OPO�IZESPTUBUJD�HMPCBM�NPEFM�
XJUI�B�MPDBM�[PPN�GVODUJPO�

Performance Results
"MM�QSPKFDUT�XFSF�BCMF�UP�HFOFSBUF�
TDBMJOH�DVSWFT�VQ�UP���PS����JTMBOET��
'SPN�UIF�QSFMJNJOBSZ�EBUB�UIF�GPMMPXJOH�
'MPQT�SBUFT�IBWF�CFFO�PCUBJOFE�������
5'MPQ�T�GPS�7&35&9�PO����BOE�����
5'MPQ�T�GPS�(SPNBDT�PO���JTMBOET��5IF�
NFBTVSFE�'MPQ�SBUFT�GPS�UIF�DPNQMFUF�
BQQMJDBUJPO�DPEFT�DPSSFTQPOE�UP�������
PS�NPSF�PG�UIF�QFBL�QFSGPSNBODF�PG�
4VQFS.6$��

5IFTF�SFTVMUT�PCUBJOFE�JO�B�TIPSU�
XPSLTIPQ�DBO�EFGJOJUFMZ�DPNQFUF�XJUI�
SFTVMUT�SFQPSUFE�GSPN�PUIFS�5PQ���TV�
QFSDPNQVUFST�TVDI�BT�UIF�,�DPNQVUFS�
BOE�UIF�#MVF�8BUFST�TZTUFN��5IFZ�
EFNPOTUSBUF�UIF�VTBCJMJUZ�PG��4VQFS�
.6$�GPS�SFBM�XPSME�BQQMJDBUJPOT�

"�TVJUF�PG�TPMWFST�GPS�QSPCMFNT�DPNNPO��
JO�FOHJOFFSJOH�BQQMJDBUJPOT��*U�JT�CBTFE�
PO�B�DPNNPO�NFTI�SFQSFTFOUBUJPO��
MJCSBSZ�5SF&M.�BOE�QSPWJEFT�CFTJEFT�
UIF�TPMWFST�B�NFTI�HFOFSBUJPO�BOE�
QPTU�QSPDFTTJOH�UPPM��$VSSFOUMZ�UIFSF�
BSF�NBJOMZ�UXP�EJGGFSFOU�TPMWFST�EFWFM�
PQFE�XJUIJO�"1&4�UP�JNQMFNFOU�UXP�
EJGGFSFOU�OVNFSJDBM�NFUIPET��.VTVCJ�
BOE�"UFMFT��.VTVCJ�JNQMFNFOUT�B�-BUUJDF��
#PMU[NBOO�TDIFNF�BOE�DBO�EFBM�XJUI�
WBSJPVT�NPEFMT��#FTJEFT�UIF�NBJO�JO�
DPNQSFTTJCMF�/BWJFS�4UPLFT�NPEFM�JU�JT��
BMTP�DBQBCMF�PG�QSPQBHBUJOH�QBTTJWF�
TDBMBST�BOE�NVMUJQMF�TQFDJFT�JO�MJRVJE�PS�
HBT�NJYUVSFT��*U�JT�NBJOMZ�VTFE�GPS��
GMPX�TJNVMBUJPOT�UIBU�JOWPMWF�DPNQMFY�
HFPNFUSJFT�F�H��UIF�GMPX�UISPVHI�B�
DIBOOFM�GJMMFE�CZ�TPNF�PCTUBDMFT�GPS�UIF�
TJNVMBUJPO�PG�FMFDUSPEJBMZTJT��"OPUIFS�
JT�UIF�GMPX�PG�CMPPE�UISPVHI�BOFVSZTNT�
BOE�UIF�TJNVMBUJPO�PG�UIF�DMPUUJOH�FGGFDUT���
"UFMFT�JT�B�IJHI�PSEFS�EJTDPOUJOVPVT��
(BMFSLJO�TPMWFS�UIBU�JT�DVSSFOUMZ�NBJOMZ�
EFQMPZFE�GPS�UIF�TJNVMBUJPO�PG�MJOFBS�
DPOTFSWBUJPO�MBXT�MJLF�UIF�.BYXFMM�
FRVBUJPOT�

4FJT4PM�JT�POF�PG�UIF�MFBEJOH�DPEFT�GPS�
FBSUIRVBLF�TDFOBSJPT�JO�QBSUJDVMBS�GPS�
TJNVMBUJOH�EZOBNJD�SVQUVSF�QSPDFTTFT�
BOE�GPS�QSPCMFNT�UIBU�SFRVJSF�EJT��
DSFUJ[BUJPO�PG�WFSZ�DPNQMFY�HFPNFUSJFT��
*U�BMMPXT�NVMUJ�QIZTJDT�HSPVOE�NPUJPO�
TJNVMBUJPO�GPS�FBSUIRVBLF�FOHJOFFSJOH�
JODMVEJOH�UIF�DPNQMFUF�EZOBNJD�SVQUVSF�
QSPDFTT�BOE��%�TFJTNJD�XBWF�QSPQB��
HBUJPO�XJUI�GSFRVFODJFT�SFTPMWFE�CFZPOE��
��)[��5IF�OVNFSJDT�JO�4FJT4PM�BSF�
CBTFE�PO�B�IJHIFS�PSEFS�EJTDPOUJOVPVT�
(BMFSLJO�EJTDSFUJ[BUJPO�BOE�BO�FYQMJDJU�
UJNF�TUFQQJOH�GPMMPXJOH�UIF�BSCJUSBSZ�
IJHI�PSEFS�EFSJWBUJWFT�NFUIPE��*O�
DPNCJOBUJPO�XJUI�GMFYJCMF�VOTUSVDUVSFE�
UFUSBIFESBM�NFTIFT�GPS�TQBUJBM�BEBQUJW�
JUZ�4FJT4PM�TIPXT�FYDFMMFOU�TDBMBCJMJUZ�

"�NBTTJWFMZ�QBSBMMFM�TPGUXBSF�GSBNFXPSL��
GPS�TJNVMBUJOH�DPNQMFY�GMPXT�XJUI�UIF�
MBUUJDF�#PMU[NBOO�NFUIPE�	-#.
�

IBM MPI 1.3 + icc 12.1

Intel MPI 4.1 + icc 13.1

81,000 atoms aquaporin, PME, 2 fs

2 M atoms ribosome, PME, 4 fs

12 M atoms peptides, PME, 2 fs
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o�3PMG�3BCFOTFJGOFS

� 6OJWFSTJUZ�PG�
� 4UVUUHBSU�)-34

ActivitiesActivities

1SPHSBNNJOH�PG�$SBZ�9,��DMVTUFST�XJUI��
(16T�JT�UBVHIU�JO�OpenACC Pro- 
gramming for Parallel Accelerated 
Supercomputers – an alternative to 
CUDA from Cray perspective�PO�"QSJM�
�������������

5IFTF�$SBZ�9&��9$���BOE�9,��DPVSTFT��
BSF�BMTP�QSFTFOUFE�UP�UIF�&VSPQFBO�
DPNNVOJUZ�JO�UIF�GSBNFXPSL�PG�UIF�
PRACE Advanced Training Centre 	1"5$
���
($4�J�F��)-34�-3;�BOE�UIF�+ÓMJDI��
4VQFSDPNQVUFS�$FOUSF�UPHFUIFS�TFSWF�
BT�POF�PG�UIF�GJSTU�TJY�1"5$T�JO�&VSPQF�

0OF�PG�UIF�GMBHTIJQT�PG�PVS�DPVSTFT�JT�
UIF�XFFL�PO�Iterative Solvers and  
Parallelization��1SPG��"��.FJTUFS�UFBDIFT��
CBTJDT�BOE�EFUBJMT�PO�,SZMPW�4VCTQBDF�
.FUIPET��-FDUVSFST�GSPN�)-34�HJWF�
MFTTPOT�PO�EJTUSJCVUFE�NFNPSZ�QBSBMMFM�
J[BUJPO�XJUI�UIF�.FTTBHF�1BTTJOH�*OUFS�
GBDF�	.1*
�BOE�TIBSFE�NFNPSZ�NVMUJ�
UISFBEJOH�XJUI�0QFO.1��5IJT�DPVSTF�
XJMM�CF�QSFTFOUFE�UXJDF�JO�.BSDI������
BU�)-34�JO�4UVUUHBSU�BOE�4FQUFNCFS�
�����BU�-3;�

"OPUIFS�IJHIMJHIU�JT�UIF�Introduction 
to Computational Fluid Dynamics���
5IJT�DPVSTF�XBT�JOJUJBUFE�BU�)-34�CZ��
%S��*OH��4BCJOF�3PMMFS��4IF�JT�OPX�B�
QSPGFTTPS�BU�UIF�6OJWFSTJUZ�PG�4JFHFO��*U�
JT�BHBJO�TDIFEVMFE�JO�TQSJOH������JO��
4UVUUHBSU�BOE�JO�4FQUFNCFS�0DUPCFS�JO��
4JFHFO��5IF�FNQIBTJT�JT�QMBDFE�PO��
FYQMJDJU�GJOJUF�WPMVNF�NFUIPET�GPS�UIF�DPN��
QSFTTJCMF�&VMFS�FRVBUJPOT��.PSFPWFS�
PVUMPPLT�PO�JNQMJDJU�NFUIPET�UIF�FY�
UFOTJPO�UP�UIF�/BWJFS�4UPLFT�FRVBUJPOT�
BOE�UVSCVMFODF�NPEFMJOH�BSF�HJWFO���
"EEJUJPOBM�UPQJDT�BSF�DMBTTJDBM�OVNFSJDBM��
NFUIPET�GPS�UIF�TPMVUJPO�PG�UIF�JODPN�

QSFTTJCMF�/BWJFS�4UPLFT�FRVBUJPOT�BFSP��
BDPVTUJDT�BOE�IJHI�PSEFS�OVNFSJDBM�
NFUIPET�GPS�UIF�TPMVUJPO�PG�TZTUFNT�PG�
QBSUJBM�EJGGFSFOUJBM�FRVBUJPOT�

0VS�HFOFSBM�DPVSTF�PO�QBSBMMFMJ[BUJPO�
UIF�Parallel Programming Workshop�
0DUPCFS�������������BU�)-34�XJMM�IBWF��
UISFF�QBSUT��5IF�GJSTU�UXP�EBZT�PG�UIJT�
DPVSTF�BSF�EFEJDBUFE�UP�QBSBMMFMJ[BUJPO�
XJUI�UIF�.FTTBHF�QBTTJOH�JOUFSGBDF�
	.1*
��4IBSFE�NFNPSZ�NVMUJ�UISFBEJOH�
JT�UBVHIU�PO�UIF�UIJSE�EBZ�BOE�JO�UIF�
MBTU�UXP�EBZT�BEWBODFE�UPQJDT�BSF�EJT��
DVTTFE��5IJT�JODMVEFT�.1*���GVODUJPOBMJUZ��
F�H��QBSBMMFM�GJMF�*�0�BOE�IZCSJE�
.1*�0QFO.1�BT�XFMM�BT�UIF�VQDPNJOH�
.1*������"T�JO�BMM�DPVSTFT�IBOET�PO�
TFTTJPOT�	JO�$�BOE�'PSUSBO
�XJMM�BMMPX�
VTFST�UP�JNNFEJBUFMZ�UFTU�BOE�VOEFS�
TUBOE�UIF�QBSBMMFMJ[BUJPO�NFUIPET��5IF�
DPVSTF�MBOHVBHF�JT�&OHMJTI�

4FWFSBM�UISFF�BOE�GPVS�EBZ�DPVSTFT��
PO�MPI & OpenMP�XJMM�CF�QSFTFOUFE�BU��
EJGGFSFOU�MPDBUJPOT�BMM�PWFS�UIF�ZFBS�

8F�BMTP�DPOUJOVF�PVS�TFSJFT�PG�Fortran 
for Scientific Computing�JO�%FDFNCFS�
�����BOE�JO�.BSDI������NBJOMZ�WJTJUFE��
CZ�1I%�TUVEFOUT�GSPN�4UVUUHBSU�BOE�
PUIFS�VOJWFSTJUJFT�UP�MFBSO�OPU�POMZ�UIF�
CBTJDT�PG�QSPHSBNNJOH�CVU�BMTP�UP�HFU�
BO�JOTJHIU�PO�UIF�QSJODJQMFT�PG�EFWFMPQ�
JOH�IJHI�QFSGPSNBODF�BQQMJDBUJPOT�XJUI�
'PSUSBO�

8JUI�Unified Parallel C (UPC) and Co-
Array Fortran (CAF)�JO�"QSJM�������

UIF�QBSUJDJQBOUT�XJMM�HFU�BO�JOUSPEVDUJPO��
PG�QBSUJUJPOFE�HMPCBM�BEESFTT�TQBDF�
	1("4
�MBOHVBHFT�

*O�DPPQFSBUJPO�XJUI�%S��(FPSH�)BHFS�GSPN��
UIF�33;&�JO�&SMBOHFO�BOE�%S��(BCSJFMF�
+PTU�GSPN�4VQFSTNJUI�UIF�)-34�BMTP�
DPOUJOVFT�XJUI�DPOUSJCVUJPOT�PO�IZCSJE�
.1*���0QFO.1�QSPHSBNNJOH�XJUI�UVUP��
SJBMT�BU�DPOGFSFODFT��TFF�UIF�CPY�PO�UIF��
MFGU�QBHF�XIJDI�JODMVEFT�BMTP�B�TFDPOE�
UVUPSJBM�XJUI�(FPSH�)BHFS�GSPN�33;&�

*O�UIF�UBCMF�CFMPX�ZPV�DBO�GJOE�UIF�XIPMF��
)-34�TFSJFT�PG�USBJOJOH�DPVSTFT�JO��������
5IFZ�BSF�PSHBOJ[FE�BU�)-34�BOE�BMTP�
BU�TFWFSBM�PUIFS�)1$�JOTUJUVUJPOT��-3;�
(BSDIJOH�/*$�;".�	';�+ÓMJDI
�;*)�	56�
%SFTEFO
�56))�	)BNCVSH�)BSCVSH
�
BOE�;*.5�	4JFHFO
���

)-34�IBT�JOTUBMMFE�)FSNJU�B�$SBZ�9&��
TZTUFN�XJUI�".%�*OUFSMBHPT�QSPDFTTPST��
BOE���1'MPQ�T�QFBL�QFSGPSNBODF��
BOE�FYUFOEFE�XJUI�BO�9$���TZTUFN��8F��
TUSPOHMZ�FODPVSBHF�ZPV�UP�QPSU�ZPVS�
BQQMJDBUJPOT�UP�UIFTF�BSDIJUFDUVSFT�BT�
FBSMZ�BT�QPTTJCMF��5P�TVQQPSU�TVDI�FGGPSU�
XF�JOWJUF�DVSSFOU�BOE�GVUVSF�VTFST��
UP�QBSUJDJQBUF�JO�UIF�TQFDJBM�Cray XE6/
XC30 Optimization Workshops��8JUI�
UIFTF�DPVSTFT�XF�XJMM�HJWF�BMM�OFDFT�
TBSZ�JOGPSNBUJPO�UP�NPWF�BQQMJDBUJPOT�
UP�UIJT�1FUBGMPQ�TZTUFN��5IF�$SBZ�9&��
QSPWJEFT�PVS�VTFST�XJUI�B�OFX�MFWFM�PG�
QFSGPSNBODF��5P�IBSWFTU�UIJT�QPUFOUJBM�
XJMM�SFRVJSF�BMM�PVS�FGGPSUT��8F�BSF��
MPPLJOH�GPSXBSE�UP�XPSLJOH�XJUI�PVS�
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HLRS Scientific Tutorials and 
Workshop Report and Outlook

ISC and SC Tutorials

Georg Hager, Gabriele Jost, Rolf Rabenseifner: Hybrid Parallel Program-
ming with MPI & OpenMP. Tutorial 9 at the International Supercomputing  
Conference, ISC’13, Leipzig, June 16-20. 2013.

Georg Hager, Jan Treibig, Gerhard Wellein: Node-Level Performance 
Engineering. Tutorial 2 at the International Supercomputing Conference, 
ISC’13, Leipzig, June 16-20. 2013.

Rolf Rabenseifner, Georg Hager, Gabriele Jost: Hybrid MPI and OpenMP 
Parallel Programming. Half-day Tutorial at Super Computing 2013, 
SC13, Denver, Colorado, USA, November 17-22, 2013.

2014 – Workshop Announcements

Scientific Conferences and Workshops at HLRS

12th HLRS/hww Workshop on Scalable Global Parallel File Systems (March/April 2014)

8th ZIH+HLRS Parallel Tools Workshop (date and location not yet fixed)

High Performance Computing in Science and Engineering - The 17th Results and 
Review Workshop of the HPC Center Stuttgart (October 2014)

IDC International HPC User Forum (October 2014)

Parallel Programming Workshops: Training in Parallel Programming and CFD

Parallel Programming and Parallel Tools (TU Dresden, ZIH, February 24 - 27)

Introduction to Computational Fluid Dynamics (HLRS, March 31 - April 4)

Iterative Linear Solvers and Parallelization (HLRS, March 24-28)

Cray XE6/XC30 Optimization Workshops (HLRS, March 17 - 20) (PATC)

GPU Programming using CUDA (HLRS, April 7 - 9)

Open ACC Programming for Parallel Accelerated Supercomputers  
(HLRS, April 10 - 11) (PATC)

Unified Parallel C (UPC) and Co-Array Fortran (CAF) (HLRS, April 14 - 15) (PATC)

Scientific Visualisation (HLRS, April 16 - 17)

Parallel Programming with MPI & OpenMP (TU Hamburg-Harburg, July 28 - 30)

Iterative Linear Solvers and Parallelization (LRZ, Garching, September 15 - 19)

Introduction to Computational Fluid Dynamics (ZIMT Siegen, September/October)

Message Passing Interface (MPI) for Beginners (HLRS, October 6 - 7) (PATC) 

Shared Memory Parallelization with OpenMP (HLRS, October 8) (PATC)

Advanced Topics in Parallel Programming (HLRS, October 9 - 10) (PATC)

Parallel Programming with MPI & OpenMP (FZ Jülich, JSC, December 1 - 3)

Training in Programming Languages at HLRS

Fortran for Scientific Computing (Dec 2 - 6, 2013 and Mar 10 - 14, 2014) (PATC)

URLs: 

http://www.hlrs.de/events/

http://www.hlrs.de/training/course-list/

(PATC): This is a PRACE PATC course
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Parallel Programming with 
MPI, OpenMP and PETSc 

Date and Location

November 25 - 27, 2013  

JSC, Forschungszentrum Jülich

Contents

The focus is on programming models 

MPI, OpenMP, and PETSc. Hands-on  

sessions (in C and Fortran) will allow  

users to immediately test and 

understand the basic constructs of 

the Message Passing Interface (MPI) 

and the shared memory directives of 

OpenMP. Course language is English. 

This course is organized by JSC in 

collaboration with HLRS. Presented 

by Dr. Rolf Rabenseifner, HLRS.

Web Page

http://www.fz-juelich.de/ias/jsc/

events/mpi

Introduction to the  
Programming and Usage  
of the Supercomputer 
Resources at Jülich

Date and Location

November 28 - 29, 2013

JSC, Forschungszentrum Jülich

Contents

This course gives an overview of 

the supercomputers JUROPA and 

JUQUEEN. Especially new users will 

learn how to program and use these 

systems efficiently. Topics discussed 

are: system architecture, usage 

model, compilers, tools, monitoring, 

MPI, OpenMP, performance optimi-

zation, mathematical software, and 

application software.

Web Page

http://www.fz-juelich.de/ias/jsc/

events/sc-nov

Node-Level Performance 
Engineering
(PATC course)

Date and Location 

December 03 - 04, 2013 

LRZ Building,  

University Campus Garching,  

near Munich, Boltzmannstr. 1

Contents

This course teaches performance 

engineering approaches on the 

compute node level. “Performance 

engineering” as we define it is more 

than employing tools to identify 

hotspots and bottlenecks. It is about 

developing a thorough understanding 

of the interactions between software 

and hardware. This process must 

start at the core, socket, and node 

level, where the code gets executed 

that does the actual computational 

work. Once the architectural require-

ments of a code are understood and 

correlated with performance mea-

surements, the potential benefit of 

optimizations can often be predicted. 

We introduce a “holistic” node-level 

performance engineering strategy,  

apply it to different algorithms from  

computational science, and also 

show how an awareness of the per-

formance features of an application 

may lead to notable reductions in 

power consumption:

 

 hierarchy 

 

 heads 

 - The 3D Jacobi solver 

 - The Lattice-Boltzmann Method

 - Sparse Matrix-Vector Multiplication 

 - Backprojection algorithm for CT  

  reconstruction 

Between each module, there is time 

for Questions and Answers!

Web Page

http://www.lrz.de/services/ 

compute/courses

Fortran for Scientific  
Computing
(PATC course)

Dates and Location

December 02 - 06, 2013 and 

March 10 - 14, 2014

Stuttgart, HLRS

Contents

This course is dedicated for scientists  

and students to learn (sequential)  

programming scientific applications 

with Fortran. The course teaches 

newest Fortran standards. Hands-on 

sessions will allow users to immediately  

test and understand the language 

constructs. 

Web Page

www.hlrs.de/training/course-list

Second JUQUEEN Porting 
and Tuning Workshop
(PATC course)

Date and Location

February 03 - 05, 2014 

JSC, Forschungszentrum Jülich

Contents

The Blue Gene/Q petaflop super-

computer JUQUEEN marks another 

quantum leap in supercomputer 

performance at JSC. In order to use 

this tool efficiently, special efforts by 

the users are necessary, though. The 

aim of this hands-on workshop is to 

support current users of JUQUEEN 

in porting their software, in analyzing 

its performance, and in improving 

its efficiency. This course is a PATC 

course (PRACE Advanced Training 

Centres).

Web Page

http://www.fz-juelich.de/ias/jsc/

events/juqueenpt14

Programming with Fortran

Dates and Locations

February 03 - 07, 2014

LRZ Building, University campus 

Garching near Munich. 

Contents

This course is targeted at scientists 

with little or no knowledge of the 

Fortran programming language, but 

needing it for participation in projects  

using a Fortran code base, for devel-

opment of their own codes, and for 

getting acquainted with additional 

tools like debugger and syntax checker 

as well as handling of compilers and 

libraries. The language is for the most 

part treated at the level of the Fortran 

95 standard; features from Fortran 

2003 are limited to improvements on 

the elementary level. Advanced  

Fortran features like object-oriented 

programming or coarrays will be cov-

ered in a follow-on course in autumn.

To consolidate the lecture material, 

each day's approximately 4 hours of 

lecture are complemented by 3 hours 

of hands-on sessions.

Prerequisites

Course participants should have ba-

sic UNIX/Linux knowledge (login with 

secure shell, shell commands, basic 

programming, vi or emacs editors).

Web Page

http://www.lrz.de/services/com-

pute/courses

Parallel Programming with 
MPI, OpenMP, and Tools

Date and Location

February 24 - 27, 2014

Dresden, ZIH

Contents

The focus is on programming models 

MPI, OpenMP, and PETSc. Hands-on 

sessions (in C and Fortran) will allow  

users to immediately test and 

understand the basic constructs of 

the Message Passing Interface (MPI) 

and the shared memory directives of 

OpenMP. The last day is dedicated to 

tools for debugging and performance 

analysis of parallel applications. This 

course is organized by ZIH in collabo-

ration with HLRS. 

Web Page

www.hlrs.de/training/course-list

Parallel Programming of 
High Performance Systems

Dates and Location

March 10 - 14, 2014

RRZE building, University campus 

Erlangen, Martensstr. 1: Via video 

conference at LRZ if there is sufficient 

interest.

Contents

This course, a collaboration of  

Erlangen Regional Computing Centre 

(RRZE) and LRZ, is targeted at stu-

dents and scientists with interest in 

programming modern HPC hardware,  

GCS – High Performance Computing   Courses   and Tutorials
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on these opportunities. From Monday 

to Wednesday, specialists from Cray 

will support you in your effort porting 

and optimizing your application on our 

Cray XE6. On Thursday, Georg Hager 

and Jan Treibig from RRZE will present  

detailed information on optimizing 

codes on the multicore AMD Interlagos  

processor. Course language is English  

(if required).

Web Page

www.hlrs.de/training/course-list

Iterative Linear Solvers and 
Parallelization

Dates and Location

March 24 - 28, 2014

Stuttgart, HLRS

September 15 - 19, 2014

Garching, LRZ

Contents

The focus is on iterative and parallel 

solvers, the parallel programming 

models MPI and OpenMP, and the 

parallel middleware PETSc. Thereby, 

different modern Krylov Subspace 

Methods (CG, GMRES, BiCGSTAB ...)  

as well as highly efficient precondi-

tioning techniques are presented 

in the context of real life applica-

tions. Hands-on sessions (in C and 

Fortran) will allow users to immedi-

ately test and understand the basic 

constructs of iterative solvers, the 

Message Passing Interface (MPI) 

and the shared memory directives of 

OpenMP. This course is organized by 

University of Kassel, HLRS, and IAG.

Web Page

www.hlrs.de/training/course-list

Eclipse: C/C++/Fortran 
programming

Date and Location

March 25, 2014

LRZ Building, University campus 

Garching near Munich.

Contents

This course is targeted at scientists  

who wish to be introduced to pro-

gramming C/C++/Fortran with the 

Eclipse C/C++ Development Tools 

(CDT), or the Photran Plugin. Topics 

covered include:

 Photran.

Prerequisites

Course participants should have basic  

knowledge of the C and/or C++/ 

Fortran programming languages.

Web Page

http://www.lrz.de/services/ 

compute/courses

Introduction to Computa-
tional Fluids Dynamics

Date and Location

March 31 - April 04, 2014 

Stuttgart, HLRS

Contents

Numerical methods to solve the 

equations of Fluid Dynamics are pre-

sented. The main focus is on explicit 

Finite Volume schemes for the com-

pressible Euler equations. Hands-on 

sessions will manifest the content of 

the lectures. Participants will learn 

to implement the algorithms, but 

also to apply existing software and to 

interpret the solutions correctly.  

Methods and problems of paralleliza-

tion are discussed. This course is  

based on a lecture and practical 

awarded with the "Landeslehrpreis 

Baden-Württemberg 2003" and or-

ganized by HLRS, IAG, and University 

of Kassel.

Web Page

www.hlrs.de/training/course-list

 
Advanced Topics in High  
Performance Computing 
(PATC course)

Date and Location

March 31 - April 03, 2014 

LRZ Building, University campus 

Garching near Munich. 

Contents

In this add-on course to the parallel 

programming course special topics  

are treated in more depth, in  

particular performance analysis, I/O 

and PGAS concepts. It is provided  

in collaboration of Erlangen Regional 

Computing Centre (RRZE) and LRZ 

within KONWIHR.

Each day is comprised of approxima- 

tely 5 hours of lectures and 2 hours 

of hands-on sessions.

Day 1

Intel tools: MPI tracing and Checking

Intel tools: OpenMP performance and 

correctness.

Day 2

Parallel I/O with MPI IO

Performance analysis with Scalasca.

Day 3

Tuning I/O on LRZ's HPC systems.

Portability of I/O: Binary files NetCDF 

HDF5.

Day 4

PGAS programming with coarray  

Fortran and Unified Parallel C.

PGAS hands on session.

Prerequisites

Good MPI and OpenMP knowledge 

as presented in the course "Parallel 

programming of High Performance 

Systems" (see above).

Web Page

http://www.lrz.de/services/ 

compute/courses

GPU Programming using 
CUDA

Date and Location

April 07 - 09, 2014

Stuttgart, HLRS

Contents

The course provides an introduction 

to the programming language CUDA, 

which is used to write fast numeric 

algorithms for NVIDIA graphics proces-

sors (GPUs). Focus is on the basic 

usage of the language, the exploitation 

of the most important features of the 

device (massive parallel computation, 

shared memory, texture memory) and 

efficient usage of the hardware to 

maximize performance. An overview 

of the available development tools and 

the advanced features of the language 

is given. 

Web Page

www.hlrs.de/training/course-list 

GPU Programming
(PATC course)

Date and Location

April 07 - 09, 2014

JSC, Forschungszentrum Jülich

Contents

Many-core programming is a very  

dynamic research area. Many scien-

tific applications have been ported to 

GPU architectures during the past 

four years. We will give an introduction  

specifically the large scale parallel  

computing systems available in Munich,  

Jülich and Stuttgart.

Each day is comprised of approxi-

mately 4 hours of lectures and 3 

hours of hands-on sessions.

Web Page

http://www.lrz.de/services/ 

compute/courses

Cray XE6/XC 30  
Optimization Workshop
(PATC course)

Date and Location

March 17 - 20, 2014

Stuttgart, HLRS

Contents

HLRS installed Hermit, a Cray XE6

system with AMD Interlagos proces- 

sors and a performance of 1 PFlop/s.  

We strongly encourage you to port 

your applications to the new architec-

ture as early as possible. To support 

such effort we invite current and 

future users to participate in special 

Cray XE6/XC30 Optimization Work-

shops. With this course, we will give 

all necessary information to move 

applications from the current NEC 

SX-9, the Nehalem cluster, or other 

systems to Hermit. Hermit provides 

our users with a new level of perfor-

mance. To harvest this potential will 

require all our efforts. We are look-

ing forward to working with our users 

GCS – High Performance Computing   Courses   and Tutorials
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will be presented, and interoperability 

of OpenACC directives with these 

and with CUDA will be demonstrated. 

Through application case studies and 

tutorials, users will gain direct expe-

rience of using OpenACC directives in 

realistic applications. 

Users may also bring their own codes 

to discuss with Cray specialists or 

begin porting.

Web Page

www.hlrs.de/training/course-list

Unified Parallel C (UPC) and 
Co-Array Fortran (CAF)
(PATC course)

Date and Location

April 14 - 15, 2014

Stuttgart, HLRS

Contents

Partitioned Global Address Space 

(PGAS) is a new model for parallel  

programming. Unified Parallel C (UPC)  

and Co-Array Fortran (CAF) are PGAS 

extensions to C and Fortran. PGAS 

languages allow any processor to 

directly address memory/data on any 

other processors.  

Parallelism can be expressed more 

easily compared to library based  

approches as MPI. Hands-on sessions  

(in UPC and/or CAF) will allow users 

to immediately test and understand 

the basic constructs of PGAS languages.

Web Page

www.hlrs.de/training/course-list 

Scientific Visualization

Date and Location

April 16 - 17, 2014

Stuttgart, HLRS

Contents

This two day course is targeted at 

researchers with basic knowledge 

in numerical simulation, who would 

like to learn how to visualize their 

simulation results on the desktop but 

also in Augmented Reality and Virtual 

Environments. It will start with a 

short overview of scientific visualiza-

tion, following a hands-on introduc-

tion to 3D desktop visualization with 

COVISE. On the second day, we will 

discuss how to build interactive 3D 

Models for Virtual Environments and 

how to set up an Augmented Reality 

visualization.

Web Page

www.hlrs.de/training/course-list

Intel MIC&GPU  
Programming Workshop
(PATC course)

Date and Location

April 28 - 30, 2014

LRZ Building, University campus 

Garching, near Munich. 

Contents

With the rapidly growing demand for 

computing power new accelerator 

based architectures have entered 

the world of high performance 

computing since around 5 years. 

Particularly GPGPUs have recently 

become very popular, however pro-

gramming GPGPUs using program-

ming languages like CUDA or OpenCL 

is cumbersome and error-prone. 

Beyond introducing the basics of 

GPGPU-porogramming, we mainly 

present OpenACC as an easier way 

to program GPUs using OpenMP-like 

pragmas. Recently Intel developed 

their own Many Integrated Core 

(MIC) architecture which can be 

programmed using standard paral-

lel programming techniques like 

OpenMP and MPI. In the beginning 

of 2013, the first production-level 

cards named Intel Xeon Phi came on 

the market. The course discusses 

various programming techniques for 

Intel Xeon Phi and includes hands-on 

session for both MIC and GPU pro-

gramming. The course is developed 

in collaboration with the Erlangen 

Regional Computing Centre (RRZE) 

within KONWIHR.

Each day is comprised of approxi-

mately 5 hours of lectures and 2 

hours of hands-on sessions.

Prerequisites

Good working knowledge of at least 

one of the standard HPC languages: 

Fortran 95, C or C++. Basic OpenMP 

and MPI knowledge useful.

Web Page

http://www.lrz.de/services/ 

compute/courses

Advanced GPU Programming 

Date and Location

May 05 - 06, 2014

JSC, Forschungszentrum Jülich

Contents

Today's computers are commonly 

equipped with multicore processors 

and graphics processing units. To 

make efficient use of these massively 

parallel compute resources advanced 

knowledge of architecture and pro-

gramming models is indispensable. 

This course focuses on finding and 

eliminating bottlenecks using profiling 

and advanced programming tech-

niques, optimal usage of CPUs and 

GPUs on a single node, and multi-GPU 

programming across multiple nodes.

Web Page

http://www.fz-juelich.de/ias/jsc/

events/advgpu

Introduction to the  
Programming and Usage  
of the Supercomputer  
Resources at Jülich

Date and Location

May 19 - 20, 2014

JSC, Forschungszentrum Jülich

Contents

This course gives an overview of the  

supercomputers JUROPA and 

JUQUEEN. Especially new users will 

learn how to program and use these 

systems efficiently. Topics discussed 

are: system architecture, usage 

model, compilers, tools, monitoring, 

MPI, OpenMP, performance optimi-

zation, mathematical software, and 

application software.

Web Page

http://www.fz-juelich.de/ias/jsc/

events/sc-may

Parallel I/O and Portable 
Data Formats
(PATC course)

Date and Location

May 21 - 23, 2014

JSC, Forschungszentrum Jülich

Contents

This course will introduce MPI parallel  

I/O and portable, self-describing data 

formats, such as HDF5 and NetCDF. 

Participants should have experience 

in parallel programming in general, 

and either C/C++ or Fortran in par-

ticular. This course is a PATC course 

(PRACE Advanced Training Centres).

 

Web Page

http://www.fz-juelich.de/ias/jsc/

events/parallelio

to CUDA, OpenCL, and multi-GPU  

programming using examples of in- 

creasing complexity. After introducing  

the basics the focus will be on 

optimization and tuning of scientific 

applications.

This course is a PATC course (PRACE 

Advanced Training Centres). 

Web Page

http://www.fz-juelich.de/ias/jsc/

events/gpu

Open ACC Programming 
Cray XK 
(PATC course)

Date and Location

April 10 - 11, 2014

Stuttgart, HLRS

Contents

This workshop will cover the pro-

gramming environment of the Cray 

XK7 hybrid supercomputer, which 

combines multicore CPUs with GPU 

accelerators. Attendees will learn 

about the directive-based OpenACC 

programming model whose multi- 

vendor support allows users to por-

tably develop applications for parallel 

accelerated supercomputers. 

The workshop will also demonstrate 

how to use the Cray Programming 

Environment tools to identify CPU 

application bottlenecks, facilitate the 

OpenACC porting, provide accelerated  

performance feedback and to tune 

the ported applications. The Cray 

scientific libraries for accelerators 

GCS – High Performance Computing   Courses   and Tutorials



 

Dietmar Erwin
in fz-

Jochen Fröhlich
j n f i - n

Andrea Gatto
n - n

Paul Gibbon
i n fz-

Philipp Girichidis
i i i

Colin Glass

Simon Glover
ni- i

Stefan Gottlöber
i

Jose Gracia
i

Bärbel Große-Wöhrmann
nn

Carla Guillen Carias 
n z

Nicolay Hammer
ni y z

Tim Hender
i n f

Wolfram Hesse
f z

Steffen Heß
i

Torsten Hoefler 
inf z

Martin Hohenadler
in n  

y i ni- z

Stefan Holl
fz-

Frank Holzäpfel
f n H z f

Valentina Huber
fz-

Authors

Momme Allalen
n z

Fakher F. Assaad
y i ni- z

Norbert Attig
n i fz-

Christian Baczynski
zyn i ni-

Gurvan Bazin
n in i

Florian Berberich
f fz-

Christoph Bernau
i z

Arndt Bode
n z

Maik Boltes
fz-

David Brayford
i yf z

Matthias Brehm
i z

Dirk Brömmel
fz-

Alexandru Calotoiu 
i - i

Alexey Cheptsov

Paul Clark
ni- i

Tanja Cleese
nj i f n f

Holger Dachsel 
fz-

Ulrich Detert
fz-

Klaus Dolag
- in

Jan Frederik Engels 
i jf n

Ferdinand Jamitzky
f in n j i z y z

Ivo Kabadshow 
i fz-

Anupam Karmakar 
n z

Tobias Kempe
i - n

Francisco Kitaura
i i

Ralf Klessen
n ni- i

Bastian Koller

Carsten Kutzner 
zn

Thomas Lippert
fz-

Daniel Mallmann
nn fz-

Andreas Marek 
z

Gerald Mathias 
i  

y i ni- n n

Bernd Mohr
fz-

Thorsten Naab
n - in

Carmen Navarrete
n n z

Christoph Niethammer 
ni

Boris Orth
fz-

Ludger Palm
z

Thomas Peters
y i z

Rolf Rabenseifner
n ifn

Michael M. Resch

Helmut Satzger 
z z

Armin Seyfried
yf i fz-

Wolfram Schmidt
i y i  

ni- in n

Magnus Schwörer
n  

i

Anton Stephan
n n n

Sven Strohmer
fz-

Godehard Sutmann
nn fz-

Jan Treibig
j n i i z f

Philipp Trisjono
j n i - n

Thomas Ullmann 
nn i

Bernhard Vowinckel
n in - n

Stefanie Walch
- in

Regina Weigand
n

Volker Weinberg
in z

Torsten Wilde
n i z

Felix Wolf 
f f - i

Klaus Wolkersdorfer
f fz-j i

Richard Wünsch
n z

in fz-

Jochen Fröhlich
j n f i - n

Andrea Gatto
n - n

Paul Gibbon
i n fz-

Philipp Girichidis
i i i

Colin Glass

Simon Glover
ni- i

Stefan Gottlöber
i

Jose Gracia
i

Bärbel Große-W-W- öhrmann
nn

Carla Guillen Carias 
n z

Nicolay Hammer
ni y z

Tim Hender
i n f

Wolfram Hesse
f z

Steffen Heß
i

ToToT rsten Hoefler 
inf z

Martin Hohenadler
in n

y i ni- z

Stefan Holl
fz-

Frank Holzäpfel
f n H z f

Valentina Huber
fz-

n z

r F. Assaad
y i ni- z

ert Attig
fz-

tian Baczynski
i ni-

n Bazin
in i

n Berberich
fz-

toph Bernau
z

Bode
z

Boltes
fz-

Brayford
yf z

hias Brehm
z

Brömmel
fz-

ndru Calotoiu 
i - i

y Cheptsov

Clark
ni- i

Cleese
i f n f

r Dachsel 
fz-

Detert
fz-

Dolag
- in

rederik Engels 
n

f in n j i z y z

Ivo Kabadshow 
i fz-

Anupam Karmakar 
n z

TobTobT ias Kempe
i - n

Francisco Kitaura
i i

Ralf Klessen
n ni- i

Bastian Koller

Carsten Kutzner 
zn

Thomas Lippert
fz-

Daniel Mallmann
nn fz-

Andreas Marek 
z

Gerald Mathias 
i

y i ni- n n

Bernd Mohr
fz-

Thorsten Naab
n - in

Carmen Navarrete
n n z

Christoph Niethammer 
ni

Boris Orth
fz-

Ludger Palm
z

Thomas Peters
y i z

Rolf Rabenseifner
n ifn

Helmut Satzger 
z z

Armin Seyfried
yf i fz-

Wolfram Schmidt
i y i

ni- in n

Magnus Schwörer
n

i

Anton Stephan
n n n

Sven Strohmer
fz-

Godehard Sutmann
nn fz-

Jan TrTrT eibig
j n i i z f

Philipp TrTrT isjono
j n i - n

Thomas Ullmann 
nn i

Bernhard Vowinckel
n in - n

Stefanie Walch
- in

Regina Weigand
n

Volker Weinberg
in z

ToToT rsten Wilde
n i z

Felix Wolf 
f f - i

Klaus Wolkersdorfer
f fz-j i

Richard Wünsch
n z




