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:H� GHVFULEH� DQ� ,%0�IXQGHG� SURMHFW� WR� GHYHORS� D� VDPH�VRXUFH� SDUDOOHO
LPSOHPHQWDWLRQ�RI�WKH�368�1&$5�00��XVLQJ�)/,&��WKH�)RUWUDQ�/RRS�DQG
,QGH[�&RQYHUWHU���7KH�UHVXOWLQJ�VRXUFH�LV�QHDUO\�OLQH�IRU�OLQH�LGHQWLFDO�ZLWK�WKH
RULJLQDO� VRXUFH� FRGH�� � 7KH� UHVXOW� LV� DQ� HIILFLHQW� GLVWULEXWHG�PHPRU\� SDUDOOHO
RSWLRQ�WR�00��WKDW�FDQ�EH�VHDPOHVVO\�LQWHJUDWHG�LQWR�WKH�RIILFLDO�YHUVLRQ�

�� ,1752'8&7,21

7KH�3HQQV\OYDQLD�6WDWH�1DWLRQDO�&HQWHU�IRU�$WPRVSKHULF�5HVHDUFK�0HVRVFDOH�0RGHO�LV�D
OLPLWHG�DUHD�PRGHO� RI� DWPRVSKHULF� V\VWHPV�� QRZ� LQ� LWV� ILIWK� JHQHUDWLRQ��00�� �*UHOO� HW� DO�
�������'HVLJQHG� DQG�PDLQWDLQHG� IRU� YHFWRU� DQG� VKDUHG�PHPRU\� SDUDOOHO� DUFKLWHFWXUHV�� WKH
RIILFLDO�YHUVLRQ�RI�00��GRHV�QRW�UXQ�RQ�PHVVDJH�SDVVLQJ�GLVWULEXWHG�PHPRU\��'0��SDUDOOHO
FRPSXWHUV���2XU�SUHYLRXV�ZRUN�RQ�WKH�0DVVLYHO\�3DUDOOHO�0HVRVFDOH�0RGHO��0300��DQG�WKH
IROORZ�RQ� )RUWUDQ��� LPSOHPHQWDWLRQ�� 00���� GHPRQVWUDWHG� HIILFLHQF\� DQG� VFDODELOLW\� RQ
GLVWULEXWHG�PHPRU\�SDUDOOHO�FRPSXWHUV�DQG�SURYLGHG��DV�ZHOO��D�PRUH�PRGXODU��G\QDPLFDOO\
FRQILJXUDEOH� FRGH� �)RVWHU� DQG� 0LFKDODNHV�� ������ 0LFKDODNHV�� ����E��� 1HYHUWKHOHVV�� WKHVH
HDUOLHU�HIIRUWV�IHOO�VKRUW�LQ�WKDW�H[WHQVLYH�PRGLILFDWLRQ�IRU�SDUDOOHOL]DWLRQ�SUHYHQWHG�LQWHJUDWLRQ
ZLWK�WKH�RIILFLDO�YHUVLRQ�

:LWK�IXQGLQJ�SURYLGHG�E\�WKH�,%0�&RUSRUDWLRQ��ZH�KDYH�SURGXFHG�D�QHZ�YHUVLRQ�FDOOHG
WKH�VDPH�VRXUFH�SDUDOOHO�LPSOHPHQWDWLRQ�RI�00���,W�LV�OLQH�IRU�OLQH�LGHQWLFDO�ZLWK�QHDUO\�DOO�RI
WKH�RIILFLDO�00���LW�LV�HIILFLHQW�DQG�VFDODEOH��DQG�WKH�PRGLILFDWLRQV�KDYH�QR�HIIHFW�ZKDWVRHYHU
RQ�IXQFWLRQ��RSHUDWLRQ��RU�SHUIRUPDQFH�RI�WKH�PRGHO�RQ�RWKHU��QRQ�'0�SDUDOOHO�FRPSXWHUV�

7KH�VDPH�VRXUFH�SDUDOOHO�00���GHVLJQDWHG�00�H�� LV� UXQQLQJ�RSHUDWLRQDOO\�RQ�DQ� ,%0
63�DW�WKH�8QLWHG�6WDWHV�$LU�)RUFH�:HDWKHU�$JHQF\�IDFLOLW\��2IIXWW�$)%��1HEUDVND��7KH�PRGHO
LV� DOVR� LQ� �IULHQGO\� XVHU�� GLVWULEXWLRQ� WR� DSSUR[LPDWHO\� WZHQW\� UHVHDUFK�� XQLYHUVLW\�� DQG
FRPPHUFLDO��YHQGRU��XVHUV�LQ�WKH�8QLWHG�6WDWHV��(XURSH��DQG�$VLD�ZKR�DUH�SURYLGLQJ�YDOXDEOH
IHHGEDFN��:H� DUH� ZRUNLQJ� ZLWK� 00�� GHYHORSHUV� DW� 1&$5� WR� LQWHJUDWH� WKH� '0� SDUDOOHO
RSWLRQ�LQWR�WKH�RIILFLDO�00��

������������������������������������������������
��7KLV�ZRUN�ZDV�VXSSRUWHG�LQ�SDUW�E\�WKH�0DWKHPDWLFDO��,QIRUPDWLRQDO��DQG�&RPSXWDWLRQDO�6FLHQFHV�'LYLVLRQ�VXESURJUDP�RI

WKH�RIILFH�RI�&RPSXWDWLRQDO�DQG�7HFKQRORJ\�5HVHDUFK��8�6��'HSDUWPHQW�RI�(QHUJ\��XQGHU�&RQWUDFW�:��������(QJ����



7KH�VDPH�VRXUFH�DSSURDFK�WR�SDUDOOHOL]DWLRQ�HPSOR\V�D� OLJKWZHLJKW�\HW�SRZHUIXO�VRXUFH
WUDQVODWRU��FDOOHG�)/,&��)RUWUDQ�/RRS�DQG�,QGH[�&RQYHUWHU�>0LFKDODNHV������D@���WR�JHQHUDWH
WKH� SDUDOOHO� FRGH� IURP� WKH� VRXUFH� PRGHO� ZKHQ� WKH� XVHU� W\SHV� ´PDNH�µ� 7KH� DSSURDFK� LV
HVVHQWLDOO\�GLUHFWLYHOHVV�� UHTXLULQJ�RQO\� D� VPDOO� DPRXQW� RI� LQIRUPDWLRQ³VXIILFLHQWO\� JHQHUDO
DQG�FRQFLVH�WR�ILW�RQ�WKH�WRRO·V�FRPPDQG�OLQH³WR�GLUHFW�WKH�WUDQVODWLRQ��7KH�ILQDO�YHUVLRQ�RI
WKH� WUDQVODWRU�� XQGHU� GHYHORSPHQW� ZLWK� $SSOLHG� 3DUDOOHO� 5HVHDUFK� ,QF�� RI� 6DFUDPHQWR�
&DOLIRUQLD��ZLOO�EH� UREXVW��FRPPHUFLDO�JUDGH� VRIWZDUH�EXW�ZLOO� UHPDLQ� LQ� WKH�SXEOLF�GRPDLQ
IRU�GLVWULEXWLRQ�ZLWK�00��

$GGLWLRQDO�LQIRUPDWLRQ�RQ�WKH�VDPH�VRXUFH�SDUDOOHO�LPSOHPHQWDWLRQ�RI�00��LV�DYDLODEOH
DW�KWWS���ZZZ�PFV�DQO�JRY�3URMHFWV�PSPP�

$�QXPEHU�RI�LQGLYLGXDOV�DW�$UJRQQH�KDYH�FRQWULEXWHG�WR�WKH�GHYHORSPHQW�RI�WKH�SDUDOOHO
00��� 7RP� &DQILHOG�� .HQ� 'ULW]�� 6WHYH� +DPPRQG�� -DFH� 0RJLOO�� 5DYL� 1DQMXQGLDK�� DQG
HVSHFLDOO\�,DQ�)RVWHU��1&$5�FROODERUDWRUV�LQFOXGHG�*HRUJ�*UHOO��QRZ�ZLWK�WKH�)UDXQKRIHU�
,QVWLWXWH� IRU�$WPRVSKHULF�(QYLURQPHQWDO�5HVHDUFK��� -LP�'XGKLD��'DYH�*LOO��'DQ�+DQVHQ�
DQG�%LOO�.XR��-RKQ�/HYHVTXH�DQG�5RQ\�6DZGD\L�RI�$SSOLHG�3DUDOOHO�5HVHDUFK�DUH�SDUWLFLSDWLQJ
LQ�GHYHORSPHQW�DQG�LPSURYHPHQW�RI�WKH�VRXUFH�WUDQVODWLRQ�VRIWZDUH���7KH�SURMHFW�LV�LQGHEWHG
WR�-LP�7XFFLOOR��(G�-HGOLFND��DQG�,%0�&RUSRUDWLRQ�IRU�VXSSRUWLQJ�WKH�ZRUN�

�� �6,1*/(�6285&(�$1'�6$0(�6285&(

$UFKLWHFWXUH�VSHFLILF� FRGLQJ� DIIHFWV� XQGHUVWDQGDELOLW\�� PDLQWDLQDELOLW\�� H[WHQVLELOLW\�
UHXVDELOLW\��DQG�SRUWDELOLW\�WR�RWKHU��GLVVLPLODU�DUFKLWHFWXUHV��6XFK�FRGLQJ�PD\�PDQLIHVW�LWVHOI
LQ�KRZ�DUUD\V�DUH�GLPHQVLRQHG��DOLJQHG��DQG�DOORFDWHG� LQ�PHPRU\��KRZ�ORRSV�DUH�QHVWHG�RU
RWKHUZLVH� VWUXFWXUHG� �EORFNHG�� XQUROOHG�� IXVHG��� DW� ZKDW� OHYHO� ORRSV� DUH� SRVLWLRQHG� LQ� WKH
VXEURXWLQH�FDOO�KLHUDUFK\��KRZ�LWHUDWLRQ�LV�H[SUHVVHG��ORRSV�RU�DUUD\�V\QWD[���KRZ�LQIRUPDWLRQ
LV� H[FKDQJHG� EHWZHHQ� VXEURXWLQHV�� DQG�� ZLWK� GLVWULEXWHG�PHPRU\�� KRZ� FRPPXQLFDWLRQ� LV
LPSOHPHQWHG�� 0DLQWDLQLQJ� VHSDUDWH� FRGHV� LV� GLIILFXOW� DQG� WLPH� FRQVXPLQJ�� DQG� EHFDXVH
FKDQJHV� DQG� HQKDQFHPHQWV� PXVW� EH� PDGH� E\� KDQG� DQG� WHVWHG� RYHU� DOO� YHUVLRQV�� VRPH
LQHYLWDEO\�IDOO�EHKLQG��7KH�DELOLW\�WR�H[SORLW�D�UDQJH�RI�FRPSXWHU�DUFKLWHFWXUHV�ZLWK�D�VLQJOH
VRXUFH� FRGH� SURYLGHV� REYLRXV� VRIWZDUH� FRVW� EHQHILWV�� $SSURDFKHV� LQFOXGH� FRQGLWLRQDO
FRPSLODWLRQ�� GDWD�SDUDOOHO� ODQJXDJHV�� GLVWULEXWHG� VKDUHG�PHPRU\�PDFKLQHV�� DQG� DSSOLFDWLRQ�
VSHFLILF�SDUDOOHOL]DWLRQ�OLEUDULHV�

&RQGLWLRQDO� FRPSLODWLRQ�� WKH� XVH� RI� SUHSURFHVVRUV� VXFK� DV� WKH� 8QL[� &�SUHSURFHVVRU
�&33��WR�HQDEOH�RU�GLVDEOH�DUFKLWHFWXUH�VSHFLILF�VHFWLRQV��SURGXFHV�PHVV\�DQG�GLIILFXOW�WR�UHDG
VRXUFH�FRGH�DQG�PHUHO\�REVFXUHV�WKH�IDFW�WKDW�PXOWLSOH�FRGHV�DUH�EHLQJ�PDLQWDLQHG��MXVW�LQ�WKH
VDPH�VHW�RI�ILOHV��

3DUDOOHO�ODQJXDJHV�VXFK�DV�+LJK�3HUIRUPDQFH�)RUWUDQ��.RHOEHO�HW�DO��������DLP�WR�SURYLGH
D� PHDQV� IRU� ZULWLQJ� HIILFLHQW�� VLQJOH�VRXUFH� H[SUHVVLRQV� RI� PRGHO� VRIWZDUH� LQ� ZKLFK
DUFKLWHFWXUH�VSHFLILF�GHWDLOV�DUH�KDQGOHG�E\�WKH�+3)�FRPSLOHU��8QIRUWXQDWHO\��H[LVWLQJ�PRGHOV
PD\� UHTXLUH� VXEVWDQWLDO� UHZULWLQJ� �ZKLFK� PD\� EH� DGGUHVVHG� XVLQJ� VRXUFH� WUDQVODWRUV
�+DPPRQG�HW�DO����������+3)�DIIRUGV�OLPLWHG�GHFRPSRVLWLRQ�RSWLRQV��VD\�IRU�ORDG�EDODQFLQJ�
DQG�PD\�EH� LOO� VXLWHG� IRU� H[SUHVVLQJ� OHVV� VWUXFWXUHG�SDUWV�RI� D�PRGHO� FRPSXWDWLRQ�� VD\� IRU
QHVWLQJ��3RUWDEOH�SHUIRUPDQFH�KDV�DOVR�EHHQ�DQ�DUHD�RI�FRQFHUQ�

'LVWULEXWHG� VKDUHG�PHPRU\� �'60��PDFKLQHV� PDLQWDLQ� D� VLQJOH� DGGUHVV� VSDFH� YLHZ� RI
PHPRU\�� WKXV� DOORZLQJ� VKDUHG�PHPRU\� SDUDOOHO� SURJUDPPLQJ� RQ� GLVWULEXWHG�PHPRU\
KDUGZDUH��'60�SUHVHUYHV� LQYHVWPHQW� LQ�FRGHV�GHYHORSHG�IRU�VKDUHG�PHPRU\�YHFWRU�PXOWL�
SURFHVVRUV��393V���7KH�QHZ�2SHQ03�VWDQGDUG��2SHQ03��������SURYLGHV�D�XQLIRUP�VHW�RI
GLUHFWLYHV� IRU� H[SUHVVLQJ� VKDUHG� PHPRU\� SDUDOOHOLVP�� +RZHYHU�� WKH� DSSHDO� RI� WKH� VKDUHG�
PHPRU\� SURJUDPPLQJ� PRGHO� LV� EDVHG�� LQ� SDUW�� RQ� WKH� TXHVWLRQDEOH� QRWLRQ� WKDW� VKDUHG�



PHPRU\�SURJUDPPLQJ�LV�HDVLHU�WKDQ�GLVWULEXWHG�PHPRU\�IRU�630'�DSSOLFDWLRQV��,Q�IDFW��IRU
FRGHV� WKDW� KDYH� QRW� EHHQ� SDUDOOHOL]HG�� HLWKHU� DSSURDFK� SUHVHQWV� FRPSOH[LWLHV� DQG� SLWIDOOV�
([LVWLQJ� PRGHOV� WKDW� KDYH� EHHQ� SDUDOOHOL]HG� IRU� 393V� DUH� XVXDOO\� SDUDOOHO� LQ� RQO\� RQH
GLPHQVLRQ� �OHDYLQJ� WKH� RWKHU� IRU� YHFWRUL]DWLRQ��� WKXV� OLPLWLQJ� SDUDOOHOLVP� DQG� VFDODELOLW\�
)LQDOO\�� VKDUHG�PHPRU\� FRGHV� DUH� QRW� SRUWDEOH� WR� GLVWULEXWHG�PHPRU\� PDFKLQHV�� ZKHUHDV
GLVWULEXWHG�PHPRU\�FRGHV�SRUW�WULYLDOO\�WR�VKDUHG�PHPRU\��/HVW�RQH�FRQFOXGH�SRUWDELOLW\�WR
GLVWULEXWHG�PHPRU\�LV�XQLPSRUWDQW��D�UHFHQW�GHYHORSPHQW�LQ�DIIRUGDEOH�VXSHUFRPSXWLQJ�KDV
EHHQ� H[WUHPHO\� ORZ�FRVW� QHWZRUNHG� FRQILJXUDWLRQV� RI� SHUVRQDO� FRPSXWHUV� �&LSUD�� ������� D
FRPSXWDWLRQDO�RSWLRQ�XQDYDLODEOH�WR�VKDUHG�PHPRU\�SURJUDPV�

3URJUDPPLQJ� IRU� GLVWULEXWHG�PHPRU\�SURYLGHV� ERWK�SRUWDELOLW\� DQG� VFDODELOLW\��$W� RQH
WLPH��SURJUDPPLQJ�IRU�GLVWULEXWHG�PHPRU\�ZDV�D�PRUH�GLIILFXOW�SURSRVLWLRQ��SDUWO\�EHFDXVH�LW
ZDV�XQIDPLOLDU��1RZ��KRZHYHU��PRVW�RI�WKH�SDLQIXO�ORZ�OHYHO�GHWDLO�RULJLQDOO\�DVVRFLDWHG�ZLWK
PHVVDJH�SDVVLQJ� SURJUDPPLQJ³GRPDLQ�GHFRPSRVLWLRQ��PHVVDJH� SDVVLQJ�� GLVWULEXWHG� ,�2�
DQG� ORDG� EDODQFLQJ³KDV� EHHQ� HIILFLHQWO\� HQFDSVXODWHG� LQ� DSSOLFDWLRQ�VSHFLILF� OLEUDULHV
�+HPSHO� DQG� 5LW]GRUI�� ������ .RKQ� DQG� %DGHQ�� ������ 0LFKDODNHV�� ����F�� 3DUDVKDU� DQG
%URZQH��������5RGULJXH]�HW�DO���������+RZHYHU��WKHVH�DSSURDFKHV�VWLOO� UHTXLUH�PRGLILFDWLRQ
WR� WKH� FRGH� IRU� KDQGOLQJ� ORRSV� RYHU� ORFDO� GDWD�� JOREDO� DQG� ORFDO� LQGH[� WUDQVODWLRQ�� DQG
GLVWULEXWHG�,�2���,I�RQH�LV�DEOH�WR�GHVLJQ�D�QHZ�PRGHO�RU�XQGHUWDNH�D�PDMRU�UHGHVLJQ��WKHVH
LVVXHV�PD\�EH�DGGUHVVHG�GLUHFWO\�LQ�WKH�FRGH��DV�D�QXPEHU�RI�JURXSV�KDYH�GHPRQVWUDWHG��H�J��
(&0:)·V�,)6�DQG�(QYLURQQHPHQW�&DQDGD·V�0&��PRGHOV����+RZHYHU��LI�D�VDPH�VRXUFH�DQG
QRW� RQO\� VLQJOH�VRXUFH� LPSOHPHQWDWLRQ� LV� UHTXLUHG�� WKH� H[WHQW� RI� DOORZDEOH� FKDQJHV� WR� WKH
VRXUFH�LV�VHYHUHO\�OLPLWHG�

6RXUFH� WUDQVODWLRQ� UHPRYHV� WKH� UHPDLQLQJ�GLIILFXOWLHV� DVVRFLDWHG�ZLWK� LPSOHPHQWLQJ� WKH
PRGHO�HIILFLHQWO\�IRU�GLVWULEXWHG�PHPRU\�ZLWK�PLQLPXP�LPSDFW�RQ�DQ�H[LVWLQJ�PRGHO�VRXUFH
FRGH��VHH�6HFWLRQ�����)XUWKHU��VRXUFH�WUDQVODWLRQ�LV�DSSOLFDEOH�WR�D�EURDGHU�UDQJH�RI�SHUIRUPDQFH
SRUWDELOLW\��FRQFHUQV��/RRS�UHVWUXFWXULQJ��GDWD�LQ�PHPRU\�UHVWUXFWXULQJ�DQG� UHDOLJQPHQW��DQG

������������������������������������������������
��7KDQNV�WR�3DW�:RUOH\�RI�2DN�5LGJH�1DWLRQDO�/DERUDWRU\�IRU�WKLV�FRLQDJH�

Outer (N) Inner (M)
Serial Global Global  do j=1,jl  do i=1,il UA(2,J,K) if (j.gt.1)

DM (reg.) Decomp. Decomp.  do j=js(1),je(jl) do i=is(1),ie(il) UA(2+idif,J,K) if (j-jdif).gt.1)

DSM Global
Multi-
task

Decomp.  C$ DO ACROSS 

 do j=1,il        

 do i=is(1),ie(il) UA(2_idif,J,K) if (j.gt.1)

Vec/DM Decomp. Global
Vectorize

 do j=js(1),je(jl) do i=1,il UA(2,J,K) if (j-jdif).gt.1)

FLIC_DO_N(1,JL) FLIC_DO_M(I,1,IL) UA(FLIC_G2L(2),J,K

)

IF (FLIC_L2G(J).GT.1)

N-loops M-Loops Global to Local Local to Global
DO 20 J=1,JL DO 10 I=1,IL UA(2,J,K) IF (J.GT.1)

FLIC

M4

Source

Temp.

Arch. Specific
Macros

Command line
or FlicFile

Compiler

)LJXUH���6DPH�VRXUFH�SUHSURFHVVLQJ



RWKHU� PDQLSXODWLRQV� DUH� DOO� HIIHFWLYH� FRGH� WUDQVIRUPDWLRQV� IRU� DGGUHVVLQJ� VLQJOH�SURFHVVRU
FDFKH�SHUIRUPDQFH��GDWD� ORFDOLW\��DQG�FRPPXQLFDWLRQ�FRVW�� �6RXUFH� WUDQVODWLRQ�DQG�DQDO\VLV
WRROV� DOVR� XQFRYHU� GDWD� GHSHQGHQFLHV� LQ� SDUDOOHO� URXWLQHV� �)ULHGPDQ� HW� DO�� ������ .RWKDUL�
������� )LQDOO\�� VRXUFH� WUDQVODWRUV� PD\� EH� XVHG� IRU� QRQSHUIRUPDQFH�UHODWHG� FRGH
WUDQVIRUPDWLRQV��VXFK�DV�DGMRLQW�JHQHUDWLRQ�IRU�VHQVLWLYLWLHV�DQG�IRXU�GLPHQVLRQDO�YDULDWLRQDO
DVVLPLODWLRQ��*ROGPDQ�DQG�&DWV����������6RXUFH�WUDQVODWLRQ�LV�D�NH\�HQDEOLQJ�WHFKQRORJ\�IRU
WKH�VLQJOH�VRXUFH�GHYHORSPHQW�RI�IXOO\�LQWHJUDWHG��IXOO\�SRUWDEOH�PRGHOV�

�� $3352$&+

3DUDOOHOL]LQJ� D� ZHDWKHU� PRGHO� IRU� GLVWULEXWHG� PHPRU\� SDUDOOHO� FRPSXWHUV� LQYROYHV
GLYLGLQJ� WKH� KRUL]RQWDO� GLPHQVLRQV� RI� WKH� GRPDLQ� DQG� DVVLJQLQJ� WKH� UHVXOWLQJ� WLOHV� WR
SURFHVVRUV��7KH�FRGH� LV� WKHQ�UHVWUXFWXUHG� WR�FRPSXWH�RQO\� WKH�FHOOV� VWRUHG� ORFDOO\�RQ�HDFK
SURFHVVRU� �E\� PRGLI\LQJ� '2� ORRSV� DQG� LQGH[� H[SUHVVLRQV�� DGGLQJ� FRPPXQLFDWLRQ� WR
H[FKDQJH� GDWD� EHWZHHQ�SURFHVVRUV��+LWKHUWR��PRGLILFDWLRQV� KDYH� EHHQ�PDGH�PDQXDOO\� DQG
DSSHDUHG� DV� FKDQJHV� WR� WKH� VRXUFH� FRGH�� 7KH� VDPH�VRXUFH� DSSURDFK� WUDQVIHUV� WKH
UHVSRQVLELOLW\�IRU�PDNLQJ�WKHVH�FKDQJHV�WR�DQ�DXWRPDWLF�WRRO��WKH�VRXUFH�WUDQVODWRU��DQG�LQ�WKH
SURFHVV�UHPRYHV�WKHVH�FKDQJHV�IURP�YLHZ�RI�FRGH�GHYHORSHUV��PDLQWDLQHUV��DQG�XVHUV�

,1&5(0(17$/�'(9(/230(17

:H� H[SORLW� D� XVHIXO� GLFKRWRP\� WR� SURYLGH� DQ� LQFUHPHQWDO� GHYHORSPHQW� SDWK� IRU
LPSOHPHQWLQJ�WKH�VDPH�VRXUFH�SDUDOOHO�RSWLRQ�WR�00���7KLV�LV�DV�IROORZV��FRPPXQLFDWLRQ�LV
KDUG�WR�GHVLJQ�EXW�HDV\�WR�LPSOHPHQW��FRPSXWDWLRQDO�UHVWUXFWXULQJ�IRU�SDUDOOHOLVP�LV�HDV\�WR
GHVLJQ�EXW�KDUG�WR�LPSOHPHQW�

�,GHQWLI\LQJ� ZKHUH� WR� SXW� FRPPXQLFDWLRQ� LQ� 00�� DQG� ZKDW� ILHOGV� WR� H[FKDQJH� LV
FRQFHSWXDOO\�GHPDQGLQJ�EXW�PHFKDQLFDOO\�TXLWH� VLPSOH��'HVLJQLQJ�FRPPXQLFDWLRQ� UHTXLUHG
SDLQVWDNLQJ� PDQXDO� LQVSHFWLRQ� RI� WKH� 00�� VRXUFH� FRGH�� (YHQ� VR�� DFWXDOO\� DGGLQJ
FRPPXQLFDWLRQ�ZDV�D�WULYLDO�PRGLILFDWLRQ�WKDW��E\�LWVHOI��KDG�DOPRVW�QR�LPSDFW�RQ�WKH�FRGH�
,Q� FRQWUDVW�� PRGLI\LQJ� D� FRGH� FRPSXWDWLRQDOO\� LV� FRQFHSWXDOO\� VWUDLJKWIRUZDUG� EXW

Physics
( 96 / 13399 )

FDDA
( 73 / 2311 )

Infrastructure
( 244 / 13600 )

Dynamics
( 91 / 2558 )

Inner ring: Original source
Outer ring: Modified source
Areas of identical colors indicate no change

FDDA
( 345 /
2530 )

Dynamics
( 287 / 2541 )

Infrastructure
( 3311 / 16717 )

Physics
( 96 / 13495 )

Non-parallel view DM-Parallel user’s view

)LJXUH����,PSDFW�RQ�VRXUFH



PHFKDQLFDOO\�TXLWH�GHPDQGLQJ��$OWKRXJK�WKHUH�DUH�RQO\�D�IHZ�VLPSOH�UXOHV�IRU�LGHQWLI\LQJ�DQG
WUDQVODWLQJ� '2� ORRSV� DQG� LQGH[� H[SUHVVLRQV� IRU� GLVWULEXWHG� PHPRU\�� WKHUH� DUH� OLWHUDOO\
WKRXVDQGV� RI� LQVWDQFHV� LQ�PRUH� WKDQ� WZR� KXQGUHG� VXEURXWLQHV�� IDU� WRR�PDQ\� IRU� PDQXDO
PRGLILFDWLRQ��7KXV��WKHUH�LV�D�ODUJH�DGYDQWDJH�WR�EH�JDLQHG�HYHQ�IURP�DQ�DXWRPDWHG�DSSURDFK
WKDW��LQLWLDOO\��DGGUHVVHV�RQO\�WKH�H[WHQVLYH��HUURU�SURQH�FRPSXWDWLRQDO�UHVWUXFWXULQJ�RI�D�FRGH
DQG�OHDYHV�GHSHQGHQF\�DQDO\VLV�DQG�FRPPXQLFDWLRQ��ZKLFK�DUH�DOVR�DPHQDEOH�WR�DXWRPDWLRQ�
IRU�D�VXEVHTXHQW�SKDVH�

6285&(�75$16/$725

7KH�)RUWUDQ�/RRS�DQG�,QGH[�&RQYHUWHU��)/,&���0LFKDODNHV������D��LV�D�)RUWUDQ�FRPSLOHU
ZLWK�D�VSHFLDO�SXUSRVH�EDFN�HQG� IRU�JHQHUDWLQJ� WKH�PRGLILHG�FRGH��%HFDXVH� LW� HPSOR\V� IXOO
OH[LFDO��V\QWDFWLF��DQG�VHPDQWLF�DQDO\VLV�RI�WKH�LQSXW�)RUWUDQ��LW�LV�DEOH�WR�WUDQVIRUP�WKH�FRGH
ZLWK�PLQLPDO�GLUHFWLRQ��)XUWKHU�� WKH� LQIRUPDWLRQ�DSSOLHV� WR�DOO� WKH� ILOHV� LQ� WKH� VRXUFH�FRGH�
SURYLGLQJ�H[WUHPH�HFRQRP\�RI�H[SUHVVLRQ�LQ�GLUHFWLQJ�WKH�WUDQVODWLRQ�

)URP� WKLV� LQIRUPDWLRQ��)/,&�H[DPLQHV� DUUD\� UHIHUHQFHV�ZLWKLQ� ORRSV� DQG� LQIHUV�ZKLFK
ORRSV� DUH� RYHU� GHFRPSRVHG� GLPHQVLRQV�� LW� XQFRYHUV� LQVWDQFHV� ZKHUH� GHFRPSRVHG
GLPHQVLRQV� DUH� LQGH[HG� E\� ORRS�LQYDULDQW� H[SUHVVLRQV� DQG� JHQHUDWHV� JOREDO� WR� ORFDO� LQGH[
WUDQVODWLRQV��DQG�LW�XQFRYHUV�LQVWDQFHV�ZKHUH�H[SUHVVLRQV�RI�SDUDOOHO�ORRS�YDULDEOHV�DUH�XVHG�LQ
FRQGLWLRQDO� H[SUHVVLRQV� DQG� JHQHUDWHV� ORFDO� WR� JOREDO� LQGH[� WUDQVODWLRQV�� � )/,&� JHQHUDWHV
LQWHUPHGLDWH�WUDQVODWLRQV�WKDW�DUH�WKHQ�PDSSHG�WR�WKH�DUFKLWHFWXUH�VSHFLILF�IRUP��DV�VKRZQ�LQ
)LJXUH� ��� � 7KH� PXOWL�VWDJH� DSSURDFK� SURYLGHV� IOH[LELOLW\� IRU� DGDSWLQJ� WR� WKH� GLIIHUHQW
DUFKLWHFWXUHV�

$� UHVHDUFK� SURWRW\SH� RI� )/,&� ZDV� FRQVWUXFWHG� HDUO\� LQ� ����� DQG� KDV� EHHQ� XVHG� WR
SDUDOOHOL]H� D� ODUJH� VXEVHW� RI� WKH� FXUUHQW� 00��� 'XULQJ� WKLV� WLPH�� 1&$5� KDV� PDGH� IRXU
UHOHDVHV� RI� WKH�PRGHO� �IURP� UHOHDVH� �� WR� WKH� FXUUHQW� UHOHDVH� ���� %HFDXVH� WKH� GHYHORSPHQW
YHUVLRQ� LV�VR�FORVH� WR�WKH�RIILFLDO�PRGHO��ZH�KDYH�XSGDWHG� WKH�PRGHO�XVLQJ�DXWRPDWLF�&96
XSGDWHV�RQ�HDFK�RFFDVLRQ�

�� 5(68/76

$SDUW�IURP�EDVLF�FRUUHFWQHVV��ZKLFK� LV�VKRZQ�E\�ELW�IRU�ELW�DJUHHPHQW�ZLWK�WKH�VRXUFH
PRGHO���WKHUH�DUH�WZR�RWKHU�VLJQLILFDQW�FULWHULD�IRU�HYDOXDWLQJ�VXFFHVV��LPSDFW�RQ�VRIWZDUH�DQG
PRGHO�SHUIRUPDQFH�

7KH� LPSDFW� RQ� VRIWZDUH� LV� H[WUHPHO\� VPDOO�� HVSHFLDOO\� IURP� WKH� SRLQW� RI� YLHZ� RI� WKH
QRQSDUDOOHO� XVHU�� � 2I� WKH� ������� OLQHV� LQ� WKH� PRGHO� WKDW� KDYH� EHHQ� DGGUHVVHG� VR� IDU�� WKH
81,;�GLII�XWLOLW\�UHSRUWV�����OLQHV�DUH�GLIIHUHQW��OHIW�KDOI�RI�)LJXUH������7KLV�YLHZ�RI�WKH�FRGH
LV�VLJQLILFDQW�EHFDXVH�FKDQJHV�DUH�RXW�RI�WKH�ZD\�RI�QRQ�SDUDOOHO�XVHUV�DQG�FRGH�GHYHORSHUV�
2QH�QHHG�QRW�HYHQ�LQVWDOO�WKH�'0�SDUDOOHO�FRPSRQHQWV��LQ�ZKLFK�FDVH�WKH�PRGHO�LV�HIIHFWLYHO\
WKH�00��FRGH�DV�LW�H[LVWV�WRGD\�

7KH� ULJKW� KDOI� RI� )LJXUH� �� VKRZV� WKH� SDUDOOHO� XVHU� DQG� GHYHORSHU·V� SRLQW� RI� YLHZ�� WKH
DFWXDO�QXPEHU�RI�FKDQJHV�IRU�GLVWULEXWHG�PHPRU\���3K\VLFV�LV�YLUWXDOO\�XQDIIHFWHG��RQO\����RI
WKH� WRWDO� ������� OLQHV� LQ� WKH� SDUDOOHOL]HG� VXEVHW� DUH� GLIIHUHQW�� � ,Q� RWKHU� ZRUGV�� 1&$5
GHYHORSHUV�DOUHDG\�ZURWH� WKH�SDUDOOHO�SK\VLFV��'\QDPLFV��ZKLFK� LQFOXGHV�FRPPXQLFDWLRQ�� LV
DIIHFWHG� VOLJKWO\�PRUH�� ���� OLQHV� RI� D� WRWDO� ������� � ,QIUDVWUXFWXUH��ZKLFK� LQFOXGHV� ,�2� DQG
LQLWLDOL]DWLRQ��HIIHFWV�RQO\�������RI�D�WRWDO��������� �7KLV� LV�GXH� ODUJHO\�WR�FKDQJHV�UHODWLQJ�WR
GLVWULEXWHG�,�2��VRPHWKLQJ�)/,&�GRHV�QRW�DGGUHVV����6LPLODUO\��WKH�)''$�QXGJLQJ�FRGH�LV



DIIHFWHG�EHFDXVH�LW�DOVR�LQFOXGHV�,�2�DQG�VHYHUDO� ODUJH�GDWD�UHGXFWLRQ�RSHUDWLRQV�WKDW�)/,&
GRHV�QRW��DW�SUHVHQW��KDQGOH�

(DUO\�SHUIRUPDQFH�GDWD�LV�VKRZQ�LQ�)LJXUH�����7KH�UHVXOWV�ZHUH�JDWKHUHG�XVLQJ�WKH�,%0
63� DW� $UJRQQH� DQG� WKH� &UD\� 7�(� DW� 1(56&� �/DZUHQFH� %HUNHOH\� 1DWLRQDO� /DERUDWRU\��
00���UXQV�RQ�WKH�63�DUH�VKRZQ�IRU�FRPSDULVRQ���7KH�VFHQDULR�ZDV�D�����E\�����JULG�RYHU
WKH� FRQWLQHQWDO�8QLWHG� 6WDWHV��+RUL]RQWDO� UHVROXWLRQ�ZDV� ��NP�� DQG� WKHUH�ZHUH� ��� YHUWLFDO
OD\HUV�� WKH� WLPH� VWHS� ZDV� ��� VHFRQGV�� � &RPSXWDWLRQDO� FRVW� ZDV� ���� ELOOLRQ� IORDWLQJ�SRLQW
RSHUDWLRQV� SHU� WLPH� VWHS�� 2Q� WKH� 63�� 00�H� ZDV� IDVWHU� FRPSDUHG� ZLWK� 00��� �VSHHG� LV
VKRZQ�DV�D� UDWLR�RI�VHFRQGV� VLPXODWHG� WR�ZDOO�FORFN� UXQ� WLPH���6FDOLQJ�ZDV�ZRUVH��SHUKDSV
RZLQJ� WR� WKH�PRUH�VRSKLVWLFDWHG�G\QDPLF� ORDG�EDODQFLQJ�PHFKDQLVP� LQ�00���DQG�DOVR� WR
WKH�UHODWLYH�QHZQHVV�RI�00�H���2Q�WKH�7�(��WKH�PRGHO�JLYHV�PXFK�EHWWHU�VFDOLQJ��LQ�WKLV�FDVH
IURP����WR�����SURFHVVRUV��EXW�DEVROXWH�VSHHG�ODJJHG�EHKLQG�WKH�63�

�� &21&/86,21

:H�KDYH�GHVFULEHG� DQ� HIIRUW� WKDW�ZLOO� H[SDQG� WKH� VHW�RI� DUFKLWHFWXUHV� WKDW�ZLOO� UXQ� WKH
RIILFLDO� 1&$5� YHUVLRQ� RI� WKH� 00��� SURYLGLQJ� WKH� EHQHILW� RI� VFDODEOH� SHUIRUPDQFH� DQG
PHPRU\�FDSDFLW\�IRU�ODUJH�SUREOHP�VL]HV�WR�XVHUV�ZLWK�DFFHVV�WR�GLVWULEXWHG�PHPRU\�SDUDOOHO
FRPSXWHUV��7KH�VDPH�VRXUFH�DSSURDFK�XVHV�VRXUFH�WUDQVODWLRQ�WHFKQRORJ\�IRU�DGDSWLQJ�00�
LQ�D�ZD\�WKDW�GRHV�PLQLPXP�YLROHQFH�WR�WKH�FRGH��VLPSOLI\LQJ�PDLQWHQDQFH�DQG�DOORZLQJ�QHZ
SK\VLFV� PRGXOHV� WR� EH� LQFRUSRUDWHG� ZLWKRXW� PRGLILFDWLRQ�� 7KH� IDFW� WKDW� 00�� LV� D� IXOO\
H[SOLFLW�PRGHO�LV�D�FRQYHQLHQW�VLPSOLILFDWLRQ�WKDW�PD\�QRW�EH�DYDLODEOH�LQ�RWKHU�PRGHOV��PDQ\
RI�ZKLFK� LPSO\� LPSOLFLW�PHWKRGV� LQ� WKHLU� KRUL]RQWDO� G\QDPLFV� �%DLOOLH� HW� DO�� ������� )XWXUH
ZRUN� LQYROYHV� DGDSWLQJ� DQG� H[SDQGLQJ� WKLV� DSSURDFK� WR� LQFRUSRUDWH� RWKHU� FRPSXWDWLRQDO
WHFKQLTXHV�� LQFOXGLQJ� VSHFWUDO�� VHPL�LPSOLFLW�� DQG� RWKHU� PHWKRGV� ZLWK� QRQORFDO� GDWD
GHSHQGHQFLHV��$QRWKHU�IRFXV�ZLOO�EH�RQ�DXJPHQWLQJ�VRXUFH�FRGH�DQDO\VLV�DQG�WUDQVODWLRQ�WR
DGGUHVV�FDFKH�DQG�RWKHU�SHUIRUPDQFH�SRUWDELOLW\� LVVXHV�� �6DPH�VRXUFH� WRROV�DQG� WHFKQLTXHV
SURYLGH� D� UHDVRQDEOH� DSSURDFK� WR� REWDLQLQJ� JRRG� SHUIRUPDQFH� RYHU� WKH� UDQJH� RI� KLJK�
SHUIRUPDQFH�FRPSXWLQJ�RSWLRQV�IURP�D�VLQJOH�YHUVLRQ�RI�WKH�PRGHO�VRXUFH�FRGH�
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5()(5(1&(6

%DLOOLH��&���-��0LFKDODNHV��DQG�5��6NnOLQ��������5HJLRQDO�:HDWKHU�0RGHOLQJ�RQ�3DUDOOHO�&RPSXWHUV��3DUDOOHO�&RPSXWLQJ�
�WR�DSSHDU��'HFHPEHU�������

&LSUD��%��$����������´,Q�VFLHQWLILF�FRPSXWLQJ��PDQ\�KDQGV�PDNH�OLJKW�ZRUN�µ�6,$0�1HZV�����
)RVWHU��,��DQG�-��0LFKDODNHV��������0300��$�0DVVLYHO\�3DUDOOHO�0HVRVFDOH�0RGHO��LQ�3DUDOOHO�6XSHUFRPSXWLQJ�LQ

$WPRVSKHULF�6FLHQFH��*��5��+RIIPDQQ�DQG�7��.DXUDQQH��HGV���:RUOG�6FLHQWLILF��5LYHU�(GJH��1HZ
-HUVH\��SS�����������

)ULHGPDQ��5���-��/HYHVTXH��DQG�*��:DJHQEUHWK��������)RUWUDQ�3DUDOOHOL]DWLRQ�+DQGERRN��$SSOLHG�3DUDOOHO�5HVHDUFK
,QF���6DFUDPHQWR�

*ROGPDQ��9��DQG�*��&DWV��������$XWRPDWLF�DGMRLQW�PRGHOLQJ�ZLWKLQ�D�SURJUDP�JHQHUDWLRQ�IUDPHZRUN��$�FDVH�VWXG\�IRU�D
ZHDWKHU�IRUHFDVWLQJ�JULG�SRLQW�PRGHO��LQ�&RPSXWDWLRQDO�'LIIHUHQWLDWLRQ��0��%HU]��&��%LVFKRI��*��&RUOLVV��DQG�$�
*ULHZDQN��HGV��6RFLHW\�IRU�,QGXVWULDO�DQG�$SSOLHG�0DWKHPDWLFV��3KLODGHOSKLD��3$��������SS����������

*UHOO��*��$���-��'XGKLD��DQG�'��5��6WDXIIHU��������$�'HVFULSWLRQ�RI�WKH�)LIWK�*HQHUDWLRQ�3HQQ�6WDWH�1&$5�0HVRVFDOH
0RGHO��00����7HFK��5HS��1&$5�71�����675��1DWLRQDO�&HQWHU�IRU�$WPRVSKHULF�5HVHDUFK��%RXOGHU�
&RORUDGR�

+DPPRQG��6���5��/RIW��-��'HQQLV��DQG�5��6DWR��������,PSOHPHQWDWLRQ�DQG�SHUIRUPDQFH�LVVXHV�RI�D�PDVVLYHO\�SDUDOOHO
DWPRVSKHULF�PRGHO��3DUDOOHO�&RPSXWLQJ������SS������������

+HPSHO��5���DQG�+��5LW]GRUI��������7KH�*0'�&RPPXQLFDWLRQV�/LEUDU\�IRU�*ULG�RULHQWHG�3UREOHPV��7HFK��5HS��*0'�
������*HUPDQ�1DWLRQDO�5HVHDUFK�&HQWHU�IRU�,QIRUPDWLRQ�7HFKQRORJ\�

.RHOEHO��&���'��/RYHPDQ��5��6FKUHLEHU��*��6WHHOH��DQG�0��=RVHO��������7KH�+LJK�3HUIRUPDQFH�)RUWUDQ�+DQGERRN�
0,7�3UHVV��&DPEULGJH�

.RKQ��6��5���DQG�6��%��%DGHQ��������$�3DUDOOHO�6RIWZDUH�,QIUDVWUXFWXUH�IRU�6WUXFWXUHG�$GDSWLYH�0HVK�0HWKRGV��LQ
3URFHHGLQJV�RI�6XSHUFRPSXWLQJ�
����,(((�&RPSXWHU�6RFLHW\�3UHVV�

.RWKDUL��6���������3DUDOOHOL]DWLRQ�$JHQW�IRU�/HJDF\�&RGHV��GUDIW�WHFKQLFDO�UHSRUW��,RZD�6WDWH�8QLYHUVLW\��$PHV��,RZD�
������6HH�DOVR�KWWS���ZZZ�FV�LDVWDWH�HGX�NRWKDUL�

0LFKDODNHV��-�������D��)/,&��$�7UDQVODWRU�IRU�6DPH�VRXUFH�3DUDOOHO�,PSOHPHQWDWLRQ�RI�5HJXODU�*ULG�$SSOLFDWLRQV��7HFK�
5HS��$1/�0&6�70������0DWKHPDWLFV�DQG�&RPSXWHU�6FLHQFH�'LYLVLRQ��$UJRQQH�1DWLRQDO�/DERUDWRU\�
$UJRQQH��,OOLQRLV�

0LFKDODNHV��-�������E��00����$�6FDODEOH�3DUDOOHO�,PSOHPHQWDWLRQ�RI�WKH�3HQQ�6WDWH�1&$5�0HVRVFDOH�0RGHO��00���
3DUDOOHO�&RPSXWLQJ��WR�DSSHDU���DOVR�SUHSULQW�$1/�0&6��3���������

0LFKDODNHV��-�������F��56/��$�3DUDOOHO�5XQWLPH�6\VWHP�/LEUDU\�IRU�5HJLRQDO�$WPRVSKHULF�0RGHOV�ZLWK�1HVWLQJ�
3URFHHGLQJV�RI�WKH�,0$�ZRUNVKRS��6WUXFWXUHG�$GDSWLYH�0HVK�5HILQHPHQW�*ULG�0HWKRGV����WR�DSSHDU��
DOVR�SUHSULQW�$1/�0&6�3���������

2SHQ03�$UFKLWHFWXUH�5HYLHZ�%RDUG��������2SHQ03��$�3URSRVHG�6WDQGDUG�$3,�IRU�6KDUHG�0HPRU\�3URJUDPPLQJ�
7HFK��5HS��$YDLODEOH�RQ�KWWS���ZZZ�RSHQPS�RUJ�RSHQPS�

3DUDVKDU��0���DQG�-��&��%URZQH��������'LVWULEXWHG�G\QDPLF�GDWD�VWUXFWXUHV�IRU�SDUDOOHO�DGDSWLYH�PHVK�UHILQHPHQW�
3URFHHGLQJV�RI�WKH�,QWHUQDWLRQDO�&RQIHUHQFH�IRU�+LJK�3HUIRUPDQFH�&RPSXWLQJ��SS���������

5RGULJXH]��%���/��+DUW��DQG�7��+HQGHUVRQ��������$�/LEUDU\�IRU�WKH�3RUWDEOH�3DUDOOHOL]DWLRQ�RI�2SHUDWLRQDO�:HDWKHU
)RUHFDVW�0RGHOV��LQ�&RPLQJ�RI�$JH��3URFHHGLQJV�RI�WKH�6L[WK�(&0:)�:RUNVKRS�RQ�WKH�8VH�RI�3DUDOOHO
3URFHVVRUV�LQ�0HWHRURORJ\��:RUOG�6FLHQWLILF��5LYHU�(GJH��1HZ�-HUVH\��SS�����������


