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*UDSKLFV�3URJUDPPLQJ
�IRU�WKH�:HE

�
�
6LQJOH�VHQWHQFH�VXPPDU\�
:H�LQWURGXFH�DQG�GHPRQVWUDWH�+70/��ZHE�WHFKQRORJLHV�WKDW�HQDEOH�JUDSKLFV�GHYHORSHUV�WR�
SURGXFH�FRPSOH[��JHQHUDO�SXUSRVH�JUDSKLFV�DSSOLFDWLRQV�IRU�WKH�ZHE�
�
$EVWUDFW
:LWK�WKH�DGYHQW�RI�+70/��DQG�WKH�HYHU�LPSURYLQJ�EURZVHU�SHUIRUPDQFH��WKH�ZRUOG�ZLGH�ZHE�
KDV�HPHUJHG�DV�DQ�LGHDO�SODWIRUP�IRU�VKRZFDVLQJ�JUDSKLFV�DSSOLFDWLRQV��6HYHUDO�JUDSKLFV�
DSSOLFDWLRQV�WKDW�HDUOLHU�PD\�KDYH�EHHQ�WRR�VORZ�WR�EH�ZULWWHQ�LQ�DQ\WKLQJ�EXW�QDWLYH�FRGH�PD\�
QRZ�EH�IDVW�HQRXJK�WR�UXQ�DV�ZHE�DSSV��7KLV�FRXUVH�KRSHV�WR�KHOS�WKRVH�GHYHORSHUV�ZKR�ZLVK�
WR�GHYHORS�JUDSKLFV�DSSOLFDWLRQV�IRU�WKH�ZHE��:H�LQWURGXFH�WKH�GRPLQDQW�JUDSKLFV�WHFKQRORJLHV�
WKDW�DUH�DFFHVVLEOH�YLD�ZHE�SURJUDPPLQJ�RQ�PRVW�PRGHUQ�EURZVHUV�
�
:H�VWDUW�ZLWK�D�TXLFN�SULPHU�RQ�JHQHUDO�SXUSRVH�ZHE�SURJUDPPLQJ��:H�LQWURGXFH�+70/�
SDUVLQJ��&66��'20��DQG�UHQGHU�WUHH�FRQVWUXFWLRQ��DQG�WKH�XVH�RI�-DYDVFULSW�IRU�JHQHUDWLQJ�
G\QDPLF�ZHE�FRQWHQW��7KH�EXON�RI�WKLV�FRXUVH�GHVFULEHV�WKH�ZHE�WHFKQRORJLHV�VSHFLILF�WR�
JUDSKLFV�

�� +70/��&DQYDV��SDWK�$3,��LPDJH�HGLWLQJ��DQLPDWLRQ��FRPSDULVRQ�ZLWK�69*
�� &66���WUDQVLWLRQV��DQLPDWLRQV���'�WUDQVIRUPV�DQG�WKH�QHZ�FVV�VKDGHUV
�� :HE*/��JHWWLQJ�VWDUWHG��DFKLHYLQJ�KLJK�SHUIRUPDQFH��DGYDQFHG��'�WHFKQLTXHV
�� :HE&/��WKH�IRUPDO�VSHFLILFDWLRQV��ZKDW¶V�LPSOHPHQWHG��DQG�ZKDW¶V�WR�FRPH

�
)RU�HDFK�WRSLF��ZH�SURYLGH�D�VLJQLILFDQW�QXPEHU�RI�FRGH�H[DPSOHV�WKDW�LOOXVWUDWH�WKH�UHOHYDQW�
JUDSKLFV�FDSDELOLWLHV��7KH�FRXUVH�SDUWLFLSDQWV�ZLOO�VHH�VHYHUDO�LQWHUDFWLYH�GHPRV�GXULQJ�WKH�
FRXUVH��DQG�ZLOO�DOVR�EH�DEOH�WR�FRS\�DQG�SDVWH�RXU�FRGH�VQLSSHWV�DQG�H[HFXWH�WKHP�HDVLO\�
LQVLGH�DQ\�PRGHUQ�ZHE�EURZVHU
�
:H�GR�QRW�UHTXLUH�WKH�FRXUVH�SDUWLFLSDQWV�WR�KDYH�DQ\�NQRZOHGJH�RI�ZHE�SURJUDPPLQJ��
*UDSKLFV�H[SHUWLVH�LV�QRW�UHTXLUHG�RU�DVVXPHG��+RZHYHU��ZH�H[SHFW�WKLV�FRXUVH�ZLOO�EH�PRVW�
XVHIXO�WR�SHRSOH�DOUHDG\�IDPLOLDU�ZLWK�JUDSKLFV�FRQFHSWV�
�
�
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2QOLQH�&RXUVH�5HSRVLWRU\�
7KH�ODWHVW�YHUVLRQ�RI�WKHVH�QRWHV�DQG�RWKHU�KHOSIXO�UHVRXUFHV�ZLOO�EH�KRVWHG�DW�
KWWS���ZZZ�NKURQRV�RUJ�GHYHORSHUV�OLEUDU\������VLJJUDSK�FRXUVH�JUDSKLFV�SURJUDPPLQJ�IRU�WKH�ZHE
�
6DPSOH�&RXUVH�6FKHGXOH
�������DP���,QWURGXFWLRQ���������������������������������
�������DP���&DQYDV�	69*������������������������������������������
�������DP���&66���������������������������
������DP���:HE*/�3DUW��
������DP���EUHDN���������������������������������������
������DP���:HE*/�3DUW��
������DP���:HE&/������������������������������������������
������SP���&RXUVH�(QG
�
�ZH�ZLOO�DOORW�WLPH�IRU�TXHVWLRQV�DW�WKH�HQG�RI�HDFK�VHFWLRQ�WDON�
�
�
,QVWUXFWRUV�
3XVKNDU�-RVKL�LV�D�JUDSKLFV�UHVHDUFK�HQJLQHHU�DW�0RWRUROD�0RELOLW\��+LV�UHVHDUFK�IRFXVHV�RQ�
JHRPHWULF�PRGHOLQJ��ZLWK�DQ�HPSKDVLV�RQ�FDVXDO�PRGHOLQJ�IRU�QRYLFH�XVHUV��3ULRU�WR�0RWRUROD�
0RELOLW\��KH�ZDV�D�FRPSXWHU�VFLHQWLVW�DW�WKH�$GYDQFHG�7HFKQRORJ\�/DEV�DW�$GREH��ZKHUH�KH�
GHYHORSHG�WKH�FRUH�JHRPHWU\�HQJLQH�IRU�WKH�5HSRXVVp�IHDWXUH�RI�$GREH�3KRWRVKRS�&6���
3XVKNDU�KDV�D�3K�'��LQ�FRPSXWHU�VFLHQFH�IURP�WKH�8QLYHUVLW\�RI�&DOLIRUQLD��%HUNHOH\�
�
0LNDHO�%RXUJHV�6HYHQLHU�LV�D�PXOWLPHGLD�VRIWZDUH�DUFKLWHFW�DW�0RWRUROD�0RELOLW\�IRFXVLQJ�
RQ�XVHU�H[SHULHQFH�DQG�PXOWLFRUH�DSSOLFDWLRQV�RQ�PRELOH�GHYLFHV��+H�LV�FR�HGLWRU�RI�:HE&/�
VSHFLILFDWLRQ��3ULRU�WR�0RWRUROD��KH�ZDV�HGLWRU�RI�YDULRXV�VWDQGDUGV�VXFK�DV�03(*����;�'��8�'��
DQG�WKHLU�LPSOHPHQWDWLRQ�LQ�SURGXFWV�RI�$GREH��6XQ��L9$67��)UDQFH�7HOHFRP��0LNDHO�KDV�DQ�
06��LQ�PHFKDQLFDO�DQG�HOHFWULFDO�HQJLQHHULQJ�IURP�(&$0�/\RQ��)UDQFH�DQG�D�06��LQ�VLJQDO�DQG�
LPDJH�SURFHVVLQJ�IURP�8QLYHUVLW\�5HQQHV�,��)UDQFH�
�
.HQ�5XVVHOO�LV�D�VRIWZDUH�HQJLQHHU�RQ�WKH�&KURPH�ZHE�EURZVHU�WHDP�DW�*RRJOH��,QF��DQG�LV�
FXUUHQWO\�VHUYLQJ�DV�WKH�FKDLU�RI�WKH�:HE*/�ZRUNLQJ�JURXS�DW�.KURQRV��.HQ�KDV�RYHU�ILIWHHQ�
\HDUV�RI��'�JUDSKLFV�SURJUDPPLQJ�H[SHULHQFH��+H�KROGV�D�%DFKHORU�RI�6FLHQFH�LQ�(OHFWULFDO
(QJLQHHULQJ�DQG�&RPSXWHU�6FLHQFH�IURP�WKH�0DVVDFKXVHWWV�,QVWLWXWH�RI�7HFKQRORJ\�DQG�D�
0DVWHU�RI�6FLHQFH�LQ�0HGLD�$UWV�DQG�6FLHQFHV�IURP�WKH�0,7�0HGLD�/DE�
�
=KHQ\DR�0R�LV�D�VRIWZDUH�HQJLQHHU�RQ�WKH�&KURPH�ZHE�EURZVHU�WHDP�DW�*RRJOH��,QF���=KHQ\DR�
HDUQHG�KLV�3K�'��IURP�8QLYHUVLW\�RI�6RXWKHUQ�&DOLIRUQLD��GXULQJ�ZKLFK�KLV�UHVHDUFK�IRFXVHG�RQ�
FRPSXWHU�JUDSKLFV��$IWHU�JUDGXDWLRQ��KH�FRQWLQXHG�KLV�HQWKXVLDVP�LQ��'�JUDSKLFV��IRU�WKH
SDVW�����\HDUV�ZRUNLQJ�DW�*RRJOH��KLV�PDLQ�HIIRUW�LV�LPSOHPHQWLQJ�DQG�LPSURYLQJ�:HE*/�LQ�
ZHENLW�DQG�&KURPH�
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,QWURGXFWLRQ
:HE�SURJUDPPLQJ�KDV�HYROYHG�IURP�VPDOO�WDVNV�IRU�G\QDPLF�ZHE�SDJH�FRQWHQW�WR�IXOO�
DSSOLFDWLRQV�IRU�DFFRPSOLVKLQJ�FRPSOH[�WDVNV��9DVW�LPSURYHPHQWV�LQ�-DYDVFULSW�SHUIRUPDQFH�
LQ�DOO�PDMRU�EURZVHUV��LQFOXGLQJ�WKRVH�IRU�PRELOH�SODWIRUPV��KDYH�PDGH�LW�SRVVLEOH�IRU�WKH�ZHE�
WR�HPHUJH�DV�D�FRPPRQ�FRPSXWLQJ�SODWIRUP�IRU�PRVW�KDUGZDUH�DQG�VRIWZDUH�FRQILJXUDWLRQV��
:LWK�WKH�DGYHQW�RI�+70/��DQG�&66���DOO�GRPLQDQW�EURZVHUV�SURYLGH�D�GUDZLQJ�$3,��FRPSOHWH�
ZLWK�PDQLSXODWLRQ�RI�ZHE�SDJH�HOHPHQWV�LQ��'�VSDFH��7KURXJK�:HE*/��PRVW�EURZVHUV�DOVR�
SURYLGH�D�GLUHFW�LQWHUIDFH�WR�WKH�JUDSKLFV�KDUGZDUH�RQ�WKH�FOLHQW�FRPSXWHU��8SFRPLQJ�:HE&/�
WHFKQRORJLHV�PDNH�LW�HYHQ�HDVLHU�IRU�SHRSOH�WR�FRQYHUW�WKHLU�PXOWLWKUHDGHG�QDWLYH�DSSOLFDWLRQV�
LQWR�ZHE�DSSOLFDWLRQV��7KHVH�IDFWRUV�PDNH�WKH�ZHE�DQ�HVSHFLDOO\�LGHDO�SODWIRUP�IRU�VKRZFDVLQJ�
DGYDQFHG�JUDSKLFV�DSSOLFDWLRQV�
�
7KLV�FRXUVH�LV�WDUJHWHG�WRZDUGV�SURJUDPPHUV�ZKR�ZLVK�WR�ZULWH�JHQHUDO�SXUSRVH�JUDSKLFV�
DSSOLFDWLRQV�IRU�WKH�ZHE��%\�³JHQHUDO�SXUSRVH´�ZH�PHDQ�DSSOLFDWLRQV�WKDW�PD\�FRQVXPH�D�ODUJH�
DPRXQW�RI�FRPSXWLQJ�UHVRXUFHV�DQG�DUH�W\SLFDOO\�ZULWWHQ�LQ�QDWLYH��&�&����FRGH�E\�H[SHULHQFHG�
JUDSKLFV�SURJUDPPHUV��:H�ZLVK�WR�KHOS�WKRVH�SURJUDPPHUV�ZULWH�VLPLODU�DSSOLFDWLRQV�IRU�WKH�
ZHE�E\�LQWURGXFLQJ�JUDSKLFV�ZHE�SURJUDPPLQJ�
�
:H�GR�QRW�UHTXLUH�WKH�FRXUVH�SDUWLFLSDQWV�WR�KDYH�DQ\�NQRZOHGJH�RI�ZHE�SURJUDPPLQJ��
*UDSKLFV�H[SHUWLVH�LV�QRW�UHTXLUHG�RU�DVVXPHG��KRZHYHU��ZH�H[SHFW�WKLV�FRXUVH�ZLOO�EH�PRVW�
XVHIXO�WR�SHRSOH�IDPLOLDU�ZLWK�JUDSKLFV�FRQFHSWV�
�
$IWHU�D�TXLFN�SULPHU�RQ�ZHE�SURJUDPPLQJ��ZH�LQWURGXFH�WKH�+70/��FDQYDV�HOHPHQW�DQG�
GHVFULEH�KRZ�LW�FDQ�EH�XVHG�WR�HQDEOH�LQWHUDFWLYH�GUDZLQJ�WRROV��LPDJH�HGLWLQJ��DQG�LQWHUDFWLYH�
�'�DQLPDWLRQV��1H[W�ZH�LQWURGXFH�&66��DQG�VKRZ�KRZ�LW�FDQ�EH�XVHG�WR�SURGXFH�G\QDPLF��'�
XVHU�LQWHUIDFHV���'�LPDJH�ILOWHUV��DQG�JHQHUDO�SXUSRVH�&66�VKDGHUV��1H[W�ZH�VKRZ�KRZ��'�
JUDSKLFDO�FRQWHQW�FDQ�EH�GLVSOD\HG�DQG�PDQLSXODWHG�YLD�:HE*/��$ORQJ�ZLWK�WKH�LQLWLDO�VHWXS�
QHFHVVDU\�IRU�DOO�:HE*/�SURJUDPV��ZH�DOVR�JLYH�FRPPRQO\�DSSOLFDEOH�KLQWV�IRU�LPSURYHG�
JUDSKLFV�SHUIRUPDQFH��)LQDOO\��ZH�LQWURGXFH�WKH�QHZ�:HE&/�VSHFLILFDWLRQ�WKDW�EULQJV�WKH�
SDUDOOHO�FRPSXWDWLRQ�RI�2SHQ&/�WR�ZHE�SURJUDPV�
�

�
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:HE�3URJUDPPLQJ�3ULPHU
,Q�WKLV�VHFWLRQ�ZH�LQWURGXFH�WKH�WHFKQRORJLHV�WKDW�DUH�HVVHQWLDO�IRU�ZHE�SURJUDPPLQJ��1RWH�WKDW�
ZH�GHVFULEH�ZHE�SURJUDPPLQJ�DW�D�YHU\�KLJK�OHYHO��DQG�WKLV�VHFWLRQ�LV�LQWHQGHG�IRU�VRPHRQH�
FRPSOHWHO\�QHZ�WR�ZHE�SURJUDPPLQJ��5HDGHUV�IDPLOLDU�ZLWK�WKHVH�WRSLFV�FDQ�VNLS�DKHDG�WR�WKH�
QH[W�VHFWLRQ�ZKHUH�ZH�ZLOO�VWDUW�GLVFXVVLQJ�ZHE�SURJUDPPLQJ�WRSLFV�VSHFLILF�WR�JUDSKLFV�

+70/�DQG�&66
0RVW�ZHE�FRQWHQW�LV�LQ�WKH�IRUP�RI�SODLQ�WH[W�+70/��+\SHU�7H[W�0DUNXS�/DQJXDJH���+70/�LV�WKH�
ODQJXDJH�XVHG�WR�PDUN�XS�FRQWHQW�WR�WKH�GLVSOD\HG�RQ�WKH�ZHE��7KH�ZHE�FRQWHQW�LV�PRVWO\�WH[W�
EXW�FDQ�DOVR�LQFOXGH�LPDJHV�RU�JHQHUDO�ELQDU\�REMHFWV��VXFK�DV�YLGHR���7KH�PDUN�XS�LV�GRQH�E\�
D�FRQWHQW�LGHQWLILHU��DOVR�NQRZQ�DV�D�WDJ��DQG�XVXDOO\�LQVWUXFWV�D�ZHE�EURZVHU�KRZ�WR�GLVSOD\�WKH�
FRQWHQW�
�
)RU�H[DPSOH��DQ�+70/�SDJH�PD\�FRQWDLQ�WDJV�OLNH�WKLV��ʳ�������ʰũ����Ūʴ�����������ʳŵ�ʴ��
7KH�³VDPSOH�WH[W´�LQ�EHWZHHQ�WKH�VWDUW��H�J��ʳ�������ʰũ����Ūʴ��DQG�VWRS��H�J��ʳŵ�ʴ��WDJV�ZLOO�
EH�GLVSOD\HG�XVLQJ�WKH�SUHVHQWDWLRQ�VW\OH�VSHFLILHG�IRU�WKH�WDJ��EROG��LQ�WKLV�FDVH���7KH�GLVSOD\�
VW\OH�IRU�HDFK�WDJ�RI�WKH�GRFXPHQW�LV�JLYHQ�WR�WKH�EURZVHU�E\�WKH�&66��&DVFDGLQJ�6W\OH�6KHHW��
IRU�WKDW�GRFXPHQW��7KH�H[DFW�UXOHV�IRU�ZULWLQJ�+70/�DQG�&66�DUH�GHILQHG�LQ�WKH�VSHFLILFDWLRQV�
SXEOLVKHG�E\�WKH�:RUOG�:LGH�:HE�&RQVRUWLXP��:�&��
�
$�EURZVHU�SDUVHV�WKH�+70/�SDJH�DQG�DGGV�FRQWHQW�FRUUHVSRQGLQJ�WR�WKH�WDJ�DV�D�QHZ�HOHPHQW�
RI�WKH�SDJH¶V�GRFXPHQW�REMHFW�PRGHO��'20���7KH�'20�LV�WKH�SURJUDPPLQJ�LQWHUIDFH�IRU�
DFFHVVLQJ�DQG�PDQLSXODWLQJ�WKH�FRQWHQWV�RI�DQ�+70/�SDJH��7KH�'20�DOORZV�XV�WR�DFFHVV�
WKLQJV�OLNH�WKH�SURSHUWLHV�RI�D�VSHFLILF�HOHPHQW��WKH�QXPEHU�RI�D�FHUWDLQ�W\SH�RI�D�WDJ��HWF��7KH�
'20�HOHPHQWV�IRUP�D�'20�WUHH�WKDW�JLYHV�XV�D�KLHUDUFKLFDO�RYHUYLHZ�RI�WKH�FRQWHQWV�RI�WKH�
SDJH�
�
&RQVLGHU�WKH�IROORZLQJ�KWPO�SDJH�VRXUFH�DQG�LWV�FRUUHVSRQGLQJ�'20�WUHH�
ʳŠ��������������������ɑŞŵŵ�ɪ�ŵŵ���������ɫŜɥɨ�
������������ŵŵ��ɑʴ
ʳ����ʴ
ʳ����ʴ
ʳ���������ʰɑ�����śɤ		ɥɥɥɥŚ���������ś�
��������Ś
�����ś�ɨɥŚ����ś�ɨɥ��Ś�������ś�ɫɥɥ��Ś������ś�
ɨɥɥ��Śɑʴ
ʳ�ɩʴ�����������ʳŵ�ɩʴ
ʳ�ʴ��������������ʳŵ�ʴ
ʳŵ���ʴ
ʳŵ����ʴ
ʳŵ����ʴ

�
*LYHQ�WKH�'20�WUHH��WKH�EURZVHU�SURGXFHV�D�UHQGHU�WUHH��D�WUHH�RI�YLVXDO�HOHPHQWV�LQ�WKH�
RUGHU�WKDW�WKH\�DUH�SDLQWHG��)RU�WKH�SXUSRVH�RI�WKLV�FRXUVH��WKLQN�RI�WKHVH�YLVXDO�HOHPHQWV�DV�
UHFWDQJOHV��RQH�IRU�HDFK�+70/�EORFN��WKDW�WKH�EURZVHU�ZLOO�SDLQW��$V�PHQWLRQHG�EHIRUH��WKH�
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UXOHV�XVHG�E\�WKH�EURZVHU�IRU�GLVSOD\LQJ�WKH�YLVXDO�HOHPHQW��H�J��WKH�EDFNJURXQG�FRORU�RI�WKH�
UHFWDQJOH��DUH�SURYLGHG�E\�WKH�SUHVHQWDWLRQ�VW\OH�DVVRFLDWHG�ZLWK�WKDW�HOHPHQW�
�
7KH�VWDQGDUG�SUDFWLFH�LV�WR�QRW�LQFOXGH�WKH�SUHVHQWDWLRQ�VW\OH�LQIRUPDWLRQ�GLUHFWO\�LQ�WKH�+70/�
WDJV��DV�ZDV�GRQH�DERYH���EXW�LQVWHDG�WR�GHVFULEH�WKH�SUHVHQWDWLRQ�VW\OH�IRU�HDFK�+70/�WDJ�
XVHG�LQ�WKH�ZHE�SDJH�LQ�D�VHSDUDWH�ILOH��FDOOHG�WKH�VW\OHVKHHW��7KLV�UHGXFHV�WKH�+70/�SDJH�VL]H��
DQG�PDNHV�LW�HDVLHU�WR�VSHFLI\�RU�FKDQJH�WKH�VW\OH�IRU�DQ�HQWLUH�ZHEVLWH��DOO�ZHE�SDJHV�ZLOO�UHIHU�
WR�WKH�VDPH�VW\OH�VKHHW��
�
7KH�VW\OHVKHHW�WKDW�GHILQHV�WKH�VW\OH�IRU�HYHU\�HOHPHQW�RI�WKH�'20�WUHH�LV�JLYHQ�E\�WKH�
&DVFDGLQJ�6W\OH�6KHHW��&66��IRU�WKDW�GRFXPHQW��)RU�H[DPSOH��DV�GHILQHG�E\�WKH�:�&�ER[�
PRGHO��KWWS���ZZZ�Z��RUJ�75�&66��ER[�KWPO���HDFK�UHFWDQJOH�FRUUHVSRQGLQJ�WR�FHUWDLQ�+70/�
WDJV��NQRZQ�DV�EORFN�WDJV��ZLOO�EH�VXUURXQGHG�E\�DGGLWLRQDO�UHFWDQJOHV��QDPHO\�SDGGLQJ��ERUGHU��
DQG�PDUJLQ���,Q�DGGLWLRQ��WKH�VW\OH�FDQ�FRQWDLQ�LQIRUPDWLRQ�OLNH�IRQWV�XVHG��FRORU�RI�WKH�WH[W��VW\OH�
RI�WKH�WH[W��DQG�VR�RQ�
�
7KH�WHUP�³FDVFDGLQJ´�LQ�&66�UHIHUV�WR�WKH�RUGHU�LQ�ZKLFK�SUHVHQWDWLRQ�UXOHV�DUH�DSSOLHG��7KH�
SUHVHQWDWLRQ�UXOH�DSSOLHG�WR�DQ�HOHPHQW�RI�WKH�UHQGHU�WUHH�LV�DXWRPDWLFDOO\�DSSOLHG�WR�LWV�FKLOGUHQ�
LQ�WKH�UHQGHU�WUHH��XQOHVV�WKH�FKLOG�QRGHV�KDYH�GLIIHUHQW�SUHVHQWDWLRQ�UXOHV�VSHFLILHG�LQ�WKH�&66��
$OO�EURZVHUV�ZLOO�KDYH�D�GHIDXOW�VW\OHVKHHW�WKDW�GHILQHV�WKH�SUHVHQWDWLRQ�VW\OH�IRU�'20�HOHPHQWV�
QRW�LQFOXGHG�LQ�D�SDUWLFXODU�ZHE�SDJH¶V�VW\OHVKHHW��&66�ZLOO�EH�XVHIXO�IRU�XV�ODWHU�LQ�WKLV�WXWRULDO��
ZKHQ�ZH�GLVFXVV�WKH�QHZ�JUDSKLFV�VSHFLILF�IHDWXUHV�RI�&66�

�
$IWHU�WKH�UHQGHU�WUHH�LV�JHQHUDWHG��PRVW�EURZVHUV�KDYH�D�VHSDUDWH�³OD\RXW´�SURFHVV�WKDW�DVVLJQV�
D�SRVLWLRQ��;�DQG�<�ORFDWLRQ�ZLWKLQ�WKH�EURZVHU�ZLQGRZ��DQG�ZLGWK�DQG�KHLJKW�WR�HDFK�HOHPHQW�
RI�WKH�UHQGHU�WUHH��7KLQN�RI�WKLV�DV�D�SURFHVV�RI�SODFLQJ�UHFWDQJOHV�DW�FHUWDLQ�ORFDWLRQV�ZLWKLQ�
WKH�EURZVHU�ZLQGRZ�DQG�DVVLJQLQJ�D�ZLGWK�DQG�KHLJKW�WR�HDFK�UHFWDQJOHV��$IWHU�WKH�OD\RXW�
SURFHVV��WKH�LQGLYLGXDO�HOHPHQWV�RI�WKH�UHQGHU�WUHH�DUH�SDLQWHG�LQ�WKH�EURZVHU�ZLQGRZ�LQ�WKH�
RUGHU�VSHFLILHG�E\�WKH�UHQGHU�WUHH�
�

-DYDVFULSW
-DYDVFULSW�LV�VFULSW�ODQJXDJH�XVHG�WR�SURJUDPPDWLFDOO\��L�H��G\QDPLFDOO\��DGG�RU�FKDQJH�FRQWHQW�
IRU�D�ZHE�SDJH�RU�FKDQJH�WKH�SURSHUWLHV�RI�H[LVWLQJ�FRQWHQW��)RU�H[DPSOH��LI�\RX�ZDQWHG�WR�
FKDQJH�WKH�WH[W�FRORU�FRQWDLQHG�LQ�WKLV�WDJ�

ʳ������ʰ�ũ�������Ū������ʰ�ũ�����ś����Ū�ʴ
�����������
ʳŵ���ʴ
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ZKHQ�WKH�XVHU¶V�PRXVH�SRLQWHU�KRYHUHG�RYHU�WKH�WH[W��\RX�FRXOG�ZULWH�D�³�����������´�KDQGOHU�
OLNH�WKLV�

ʳ������ʰ�ũ�������Ū������������ʰ
ũ��������Ŝ��������������ſɐ������ɐƀŜ�����Ŝ�����ʰɐ����ɐŚŪʴ

�����������
ʳŵ���ʴ

ZKLFK�ZLOO�FKDQJH�WKH�³6DPSOH�7H[W´�FRORU�IURP�UHG�WR�EOXH�RQ�PRXVH�RYHU��
7KURXJK�-DYDVFULSW��ZH�FDQ�DFFHVV�WKH�'20�IRU�WKH�ZHE�SDJH�E\�FDOOLQJ�IXQFWLRQV�
OLNH�³��������Ŝ��������������´�
�
2YHU�WKH�\HDUV��WKH�VFRSH�RI�-DYDVFULSW�KDV�JURZQ�VLJQLILFDQWO\��,QVWHDG�RI�EHLQJ�D�ODQJXDJH�
RQO\�IRU�PDNLQJ�VPDOO�FKDQJHV�WR�D�PRVWO\�VWDWLF�ZHE�SDJH��LW�LV�QRZ�XVHG�IRU�SHUIRUPLQJ�
VLJQLILFDQW�FDOFXODWLRQV�RU�EXLOGLQJ�ODUJH�ZHE�IUDPHZRUNV��7KLV�JURZWK�LQ�VFRSH�LV�GXH��LQ�
ODUJH�SDUW��WR�WKH�KXJH�LPSURYHPHQW�LQ�WKH�SHUIRUPDQFH�RI�WKH�-DYDVFULSW�LQWHUSUHWHU�LQ�ZHE�
EURZVHUV��D�SHUIRUPDQFH�LPSURYHPHQW�RI�URXJKO\�����SHU�\HDU���7KH�LPSURYHPHQW�LQ�WKH�
-DYDVFULSW�LQWHUSUHWHU�SHUIRUPDQFH�LV�RQH�RI�WKH�WKLQJV�WKDW�HQDEOHV�XV�WR�ZULWH�FRPSOH[�JUDSKLFV�
DSSOLFDWLRQV�IRU�WKH�ZHE�
�
1RWH�WKDW�PDQ\�WUDGLWLRQDO�&�&���-DYD�SURJUDPPHUV�ILQG�-DYDVFULSW�WR�EH�IUXVWUDWLQJ��-DYDVFULSW�
LV�QRW�D�VXEVHW�RI�-DYD��WKH�QDPH�LV��IRU�WKH�PRVW�SDUW��D�PLVQRPHU���6HYHUDO�DVSHFWV�WKDW�PDQ\�
SURJUDPPHUV�WDNH�IRU�JUDQWHG�LQ�RWKHU�SURJUDPPLQJ�ODQJXDJHV��OLNH�VWURQJ�W\SHV��EORFN�VFRSH�
IRU�YDULDEOHV��DUH�QRW�SUHVHQW�LQ�-DYDVFULSW��-DYDVFULSW�GRHV�VXSSRUW�VRPH�SDUDGLJPV�RI�PRGHUQ�
SURJUDPPLQJ�ODQJXDJHV��OLNH�REMHFW�RULHQWHG�GHVLJQ�DQG�LQKHULWDQFH��EXW�QRW�LQ�DQ�LQWXLWLYH��
VWUDLJKW�IRUZDUG�PDQQHU��0RUHRYHU��EURZVHUV�DUH�H[WUHPHO\�HUURU�WROHUDQW��DQG�-DYDVFULSW�
FRPSLODWLRQ�HUURUV�DUH�QRW�UHSRUWHG�XQWLO�WKH�RIIHQGLQJ�OLQH�LV�H[HFXWHG��7KHUHIRUH��OHDUQLQJ�
-DYDVFULSW�FDQ�EH�FKDOOHQJLQJ�IRU�PDQ\�VRIWZDUH�GHYHORSHUV�
�
7KDW�EHLQJ�VDLG��WKH�ZHE�FRPPXQLW\�KDV�EXLOW�VHYHUDO�XVHIXO�WRROV�IRU�KHOSLQJ�-DYDVFULSW�
SURJUDPPHUV��+HUH�DUH�VRPH�RI�WKHP�
�
7HVWLQJ�IRU�VXSSRUW�RQ�GLIIHUHQW�SODWIRUPV��ZKLFK�EURZVHUV�DQG�SODWIRUPV�VXSSRUW�ZLWK�IHDWXUH�
KWWS���FDQLXVH�FRP
�
7HVWLQJ�FRGH�SHUIRUPDQFH
KWWS���MVSHUI�FRP
�LQFOXGHV�WKRXVDQGV�RI�VDYHG�WHVW�FDVHV��LQFOXGLQJ�WKRVH�IRU�JUDSKLFV�
�
7DON�RQ�ZULWLQJ�KLJK�SHUIRUPDQFH�-DYDVFULSW�
KWWS���ZZZ�\XLEORJ�FRP�EORJ������������YLGHR�KSMV�

http://caniuse.com/
http://caniuse.com/
http://caniuse.com/
http://caniuse.com/
http://caniuse.com/
http://jsperf.com/
http://jsperf.com/
http://jsperf.com/
http://jsperf.com/
http://jsperf.com/
http://www.yuiblog.com/blog/2010/04/21/video-hpjs/
http://www.yuiblog.com/blog/2010/04/21/video-hpjs/
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http://www.yuiblog.com/blog/2010/04/21/video-hpjs/
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&DQYDV�DQG�&66
3XVKNDU�-RVKL��0RWRUROD�0RELOLW\

�
+70/��&DQYDV

'UDZLQJ�7RRO
)LOO�DQG�6WURNH�6W\OHV

/D\RXW�DQG�7UDQVIRUPDWLRQV
,PDJH�(GLWLQJ
$QLPDWLRQ
&RPSDULVRQ�ZLWK�69*

&66
3ODQHV�LQ�6SDFH

$QLPDWLRQV
,PDJH�)LOWHUV

*HQHUDO�3XUSRVH�&66�6KDGHUV
�

�

�
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+70/��&DQYDV
2QFH�ZH�DUH�LQWURGXFHG�WR�+70/��&66��DQG�-DYDVFULSW��ZH�DUH�UHDG\�WR�OHDUQ�DERXW�WKH�FDQYDV�
HOHPHQW�WKDW�ZDV�LQWURGXFHG�LQ�+70/���7KH�FDQYDV�HOHPHQW�LV�WKH�HDVLHVW�ZD\�WR�REWDLQ�DQ�
LQWHUDFWLYH�GUDZLQJ�VXUIDFH�IRU�D�ZHE�SDJH�RQ�D�PRGHUQ�EURZVHU��DQG�LV�FXUUHQWO\�H[WHQVLYHO\�
XVHG�IRU�FUHDWLQJ�ZHE�EDVHG�JDPHV�
�
6LPLODU�WR�RWKHU�EORFN�FRQWHQW�WDJV�OLNH��GLY!�RU��S!��WKH��FDQYDV!�WDJ�LGHQWLILHV�D�UHFWDQJXODU�
UHJLRQ�RI�WKH�EURZVHU�ZLQGRZ��6WDQGDUG�&66�RSHUDWLRQV��OLNH�VHWWLQJ�WKH�ZLGWK��KHLJKW��
EDFNJURXQG�FRORU��DQG�SRVLWLRQ��WKDW�FDQ�EH�SHUIRUPHG�RQ�VWDQGDUG�FRQWHQW�WDJV�OLNH��GLY!�FDQ�
DOVR�EH�SHUIRUPHG�RQ�WKH��FDQYDV!�WDJ��,Q�FDVH�WKH�EURZVHU�FDQQRW�GLVSOD\�WKH�FDQYDV��L�H��
ROGHU�EURZVHUV���ZH�GLVSOD\�D�IDOOEDFN�PHVVDJH�FRQWDLQHG�ZLWKLQ�WKH�EHJLQQLQJ��FDQYDV!�DQG�
HQG���FDQYDV!�WDJV�
ʳ����ʴ
ʳ����ʴ
ʳ���������ʰɑ��������ɑ�
�����ʰɑɨɬɥɑ���������ʰɑɨɬɥɑ�
�����ʰɑ��������ś���������Ś�
����śɨɥɥŚ����ś�ɩɬŚ
����������Ş�����śɤ����		ɑʴ
	�������������������������
ʳŵ������ʴ
ʳŵ����ʴ
ʳŵ����ʴ

�
7KH�+70/�GRFXPHQW�RQ�WKH�OHIW�SURGXFHV�D�EOXH�VTXDUH�FDQYDV�VKRZQ�RQ�WKH�ULJKW��7KH�
FDQYDV�LV�RIIVHW�E\�����SL[HOV�IURP�WKH�OHIW�DQG����SL[HOV�IURP�WKH�WRS��DV�VSHFLILHG�E\�LWV�VW\OH�
LQ�WKH��FDQYDV!�WDJ�DERYH��1RWLFH�WKDW�ZLWK�ROGHU�EURZVHUV�WKDW�GR�QRW�VXSSRUW�+70/���WKH�
WH[W�³)DOOEDFN�FRQWHQW�JRHV�KHUH´�ZLOO�EH�GLVSOD\HG�LQVWHDG�RI�WKH�FDQYDV�
�
8QOLNH�WKH�RWKHU�+70/�WDJV��WKH��FDQYDV!�WDJ�RIIHUV�D�GUDZLQJ�FRQWH[W�WKDW�FDQ�DFFHVV�DQG�
SDLQW�WKH�LQGLYLGXDO�SL[HOV�LQVLGH�WKH�FDQYDV��3HRSOH�IDPLOLDU�ZLWK�2SHQ*/�RU�'LUHFW;�ZLOO�EH�
IDPLOLDU�ZLWK�WKH�QRWLRQ�RI�D�GUDZLQJ�FRQWH[W��$�GUDZLQJ�FRQWH[W�LV�HVVHQWLDOO\�WKH�³VXUIDFH´�RQ�
ZKLFK�\RX�FDQ�GUDZ�SDLQW�\RXU�SL[HOV��7KH�VWDQGDUG�PHWKRG�IRU�DFFHVVLQJ�WKH�GUDZLQJ�FRQWH[W�
LV�WKURXJK�-DYDVFULSW��:H�KDYH�DGGHG�VRPH�-DYDVFULSW�WR�WKH�+70/�GRFXPHQW�IURP�HDUOLHU��7KLV�
VFULSW�TXHULHV�WKH�'20�DQG�WKHQ�FDOOV�WKH�³JHW&RQWH[W��´�IXQFWLRQ�RI�WKH�FDQYDV�REMHFW�
�
�KWPO!
�KHDG!
�VFULSW�W\SH �DSSOLFDWLRQ�MDYDVFULSW�!
��IXQFWLRQ�GUDZ���^
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����YDU�FDQYDV� �GRFXPHQW�JHW(OHPHQW%\,G��P\FDQYDV���
����LI��FDQYDV�JHW&RQWH[W��^

YDU�FRQWH[W� �FDQYDV�JHW&RQWH[W���G���
�������������LVVXH�GUDZLQJ�FRPPDQGV�KHUH�������������������
�����`
��`
��VFULSW!
��KHDG!
�ERG\�RQORDG �GUDZ����!
��FDQYDV�LG �P\FDQYDV��ZLGWK ������KHLJKW ������VW\OH �SRVLWLRQ��UHODWLYH��OHIW����S[��WRS��
��S[��EDFNJURXQG�FRORU��&&&&))�!

)DOOEDFN�FRQWHQW�JRHV�KHUH
��FDQYDV!
��ERG\!
��KWPO!
�
�
&XUUHQWO\��WZR�W\SHV�RI�FRQWH[WV�DUH�VXSSRUWHG��D��G�FRQWH[W�WKDW�RIIHUV�WKH�DELOLW\�WR�PDQLSXODWH�
WKH�FDQYDV�OLNH�D�ELWPDS��DQG�D�:HE*/�FRQWH[W�WKDW�RIIHUV�WKH�DELOLW\�WR�GUDZ�LQ��'��,Q�WKLV�
VHFWLRQ��ZH�ZLOO�FRYHU�WKH��'�GUDZLQJ�FRQWH[W��DQG�:HE*/�ZLOO�EH�FRYHUHG�LQ�D�VHSDUDWH�VHFWLRQ�
�
7KH�FRRUGLQDWH�V\VWHP�RI�WKH��'�FRQWH[W�KDV�LWV�RULJLQ�LQ�WKH�WRS�OHIW�FRUQHU�RI�WKH�FRQWHQW�RI�WKH�
ER[��7KH�FRRUGLQDWHV�RI�DQ\�REMHFWV�GUDZQ�LQ�WKLV�FRQWH[W�PXVW�OLH�LQ�WKH�UDQJH�>���FDQYDV�ZLGWK@�
DQG�>���FDQYDV�KHLJKW@��$Q\�REMHFWV�WKDW�GR�QRW�OLH�ZLWKLQ�WKLV�UDQJH�ZLOO�EH�LJQRUHG�DQG�FOLSSHG�
�
7KH�+70/��FDQYDV�XVHV�WKH�³LPPHGLDWH´�PRGH�RI�GUDZLQJ��WKH�GUDZLQJ�FRPPDQGV�DUH�
H[HFXWHG�LPPHGLDWHO\�DIWHU�EHLQJ�LVVXHG��DQG�WKH�V\VWHP�VDYHV�QR�LQIRUPDWLRQ�DERXW�ZKDW�ZDV�
MXVW�GUDZQ��7KH�RQO\�VWDWH�RI�WKH�FDQYDV�VDYHG�E\�WKH�EURZVHU�LV�WKH�FRORU�RI�WKH�SL[HOV�LQVLGH�
WKH�FDQYDV��/DWHU��ZH�FRQWUDVW�WKLV�ZLWK�69*��ZKLFK�XVHV�WKH�³GHFODUDWLYH´�RU�³UHWDLQHG´�JUDSKLFV�
PRGH��8QOLNH�WKH�FDQYDV�HOHPHQW��HYHU\�69*�HOHPHQW�FDQ�EH�UHIHUHQFHG�WKURXJK�WKH�'20�DQG�
HGLWHG�ODWHU�RQ�
�
,Q�WKH�UHVW�RI�WKLV�VHFWLRQ��ZH�ZLOO�GHVFULEH�VRPH�RI�WKH�IXQFWLRQDOLW\�SRVVLEOH�ZLWK�WKH�+70/��
&DQYDV�$3,�WKDW�LV�SDUWLFXODUO\�UHOHYDQW�IRU�JUDSKLFV�GHYHORSHUV�

'UDZLQJ�7RRO
+70/��LQWURGXFHG�D�TXLWH�SRZHUIXO�$3,�IRU�GUDZLQJ�DQG�ILOOLQJ�SDWKV��8VLQJ�WKLV�$3,��ZH�FDQ�
FRQVWUXFW�D�YHFWRU�GHVLJQ�RU�VNHWFKLQJ�ZHE�DSSOLFDWLRQ��6HH�KWWS���PXJWXJ�FRP�VNHWFKSDG��IRU�
DQ�H[DPSOH��,I�\RX�DUH�IDPLOLDU�ZLWK�OHJDF\�GUDZLQJ�$3,V�OLNH�[/LE�RU�YHFWRU�GUDZLQJ�$3,V�OLNH�
3RVW6FULSW��\RX�ZLOO�UHFRJQL]H�WKH�IRUPDW�RI�WKH�SDWK�$3,��6LPLODU�WR�WKRVH�$3,V��ZH�PLPLF�WKH�
SHQ�DQG�SORWWHU�LQWHUIDFH�ZKHUH�HYHU\�QHZ�REMHFW�LV�GUDZQ�E\�ILUVW�OLIWLQJ�DQG�PRYLQJ�WKH�GUDZLQJ�
SHQ�WR�WKH�VWDUW�ORFDWLRQ�DQG�WKHQ�WUDFLQJ�DORQJ�WKH�SDWK�WR�EH�GUDZQ�
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FRQWH[W�OLQH:LGWK ��
�
��WKH�QRVH�SRO\OLQH
FRQWH[W�EHJLQ3DWK���
FRQWH[W�PRYH7R����������
FRQWH[W�OLQH7R����������
FRQWH[W�OLQH7R����������
FRQWH[W�VWURNH���
�
��FRQYHUW�GHJ�WR�UDGLDQV
YDU�G�5� �0DWK�3,�����
�
��WKH�H\HEURZ��FLUFXODU�DUFV
FRQWH[W�EHJLQ3DWK���
FRQWH[W�DUF������������������
G�5�����
G�5��
FRQWH[W�VWURNH���
FRQWH[W�EHJLQ3DWK���
FRQWH[W�DUF������������������
G�5�����
G�5��
FRQWH[W�VWURNH���
�����������
��WKH�H\HEDOO��FLUFOHV
FRQWH[W�EHJLQ3DWK���
FRQWH[W�DUF�������������������
0DWK�3,��IDOVH��
FRQWH[W�VWURNH���
FRQWH[W�EHJLQ3DWK���
FRQWH[W�DUF�������������������
0DWK�3,��IDOVH��
FRQWH[W�VWURNH���
�
��WKH�ORZHU�OLS��FXELF�%H]LHU�FXUYH
FRQWH[W�PRYH7R�����������
FRQWH[W�EH]LHU&XUYH7R��������������������������
�
��WKH�XSSHU�OLS��TXDGUDWLF�%H]LHU�FXUYH
FRQWH[W�PRYH7R����������
FRQWH[W�TXDGUDWLF&XUYH7R������������������
FRQWH[W�VWURNH���

�
,Q�WKH�ILJXUH�DERYH��WKH�FRGH�RQ�WKH�ULJKW�SURGXFHV�WKH�OLQH�GUDZLQJ�RQ�WKH�OHIW�IRU�D����[����
SL[HO�FDQYDV��7KLV�H[DPSOH�GHPRQVWUDWHV�WKH�DELOLW\�WR�GUDZ�SRO\OLQHV��FLUFXODU�DUFV��LQFOXGLQJ�
IXOO�FLUFOHV���FXELF�%H]LHU�SDWKV��DQG�TXDGUDWLF�%H]LHU�SDWKV��1RWLFH�WKH�XVH�RI�WKH�³EHJLQ3DWK��´�
IXQFWLRQ�WR�LQGLFDWH�WKDW�D�QHZ�SDWK�LV�EHLQJ�GUDZQ�IRU�FDVHV�ZKHUH�FDOOLQJ�³PRYH7R��´�ZRXOG�
EH�PRUH�FRPSOLFDWHG��3ULRU�WR�³EHJLQ3DWK��´�ZH�PXVW�FDOO�WKH�³VWURNH��´�IXQFWLRQ�WR�UHQGHU�WKH�
SUHYLRXV�SDWK�
�
7KH�SDWK�$3,�LQFOXGHV�WZR�JHRPHWULF�IXQFWLRQV�WKDW�DUH�FRPPRQO\�QHHGHG�IRU�JUDSKLFV�WDVNV��VR�
WKH\�DUH�ZRUWK�PHQWLRQLQJ�KHUH�
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FRQWH[W�EHJLQ3DWK���
FRQWH[W�DUF���������������
0DWK�3,�IDOVH��
FRQWH[W�VWURNH���
LI��FRQWH[W�LV3RLQW,Q3DWK�PRXVH;��PRXVH<��^
��FRQWH[W�ILOO6W\OH �UHG��
��FRQWH[W�ILOO���
`

�
7UDFNLQJ�ZKHQ�WKH�PRXVH�SRLQWHU�HQWHUV�D�SDWK�E\�XVLQJ�WKH�LV3RLQW,Q3DWK���IXQFWLRQ�XVLQJ�WKH�
FXUUHQW�PRXVH�SRLQWHU�FRRUGLQDWHV��,I�WKH�PRXVH�LV�GHWHFWHG�WR�EH�LQVLGH�WKH�SDWK��ZH�ILOO�WKH�SDWK�

ZLWK�D�VROLG�UHG�FRORU�
�
7KH�³�������������ſ�ř�ƀ´�IXQFWLRQ�UHWXUQV�WUXH�LI�WKH�LQSXW��[�\��SRVLWLRQ�LV�LQVLGH�WKH�SDWK��
DVVXPLQJ�D�QRQ�]HUR�ZLQGLQJ�QXPEHU�UXOH��L�H��VDPH�UXOH�XVHG�IRU�ILOOLQJ�WKH�SDWK���7KLV�FDQ�EH�
XVHIXO�IRU�LQWHUVHFWLRQ�WHVWLQJ��HVSHFLDOO\�IRU�FROOLVLRQ�GHWHFWLRQ�LQ�JDPHV���

FRQWH[W�VDYH���
�
��EOXH�FLUFOH��FOLS�PDVN
FRQWH[W�EHJLQ3DWK���
FRQWH[W�DUF����������������
0DWK�3,��
FRQWH[W�VWURNH���
LI��FRQWH[W�LV3RLQW,Q3DWK�PRXVH;��PRXVH<��^
��FRQWH[W�FOLS���
`
�
��JUHHQ�FLUFOH��JHWV�FOLSSHG
FRQWH[W�EHJLQ3DWK���
FRQWH[W�DUF����������������
0DWK�3,��
FRQWH[W�VWURNH6W\OH �JUHHQ��
FRQWH[W�VWURNH���
�
FRQWH[W�UHVWRUH���

�
:KHQ�WKH�PRXVH�SRLQWHU�HQWHUV�WKH�EOXH�SDWK��ZH�VSHFLI\�WKH�GUDZLQJ�FRQWH[W�WR�FOLS�DOO�

VXEVHTXHQW�GUDZLQJ�FDOOV�DJDLQVW�WKH�EOXH�SDWK��7KH�FOLSSLQJ�FDQ�EH�WXUQHG�RII�E\�FDOOLQJ�WKH�
FRQWH[W�³UHVWRUH��´�IXQFWLRQ�

�
7KH�³����ſƀ´�PHWKRG�LV�XVHG�WR�LQGLFDWH�WKDW�RQO\�WKH�SDUW�RI�WKH�FDQYDV�WKDW¶V�LQVLGH�WKH�SDWK�
ZLOO�EH�UHQGHUHG�WR�WKH�FDQYDV��0DNH�VXUH�WR�LQFOXGH�WKH�³����ſƀ´�IXQFWLRQ�SULRU�WR�FDOOLQJ�
WKH�³����ſƀ´�PHWKRG��VR�WKH�FOLSSLQJ�FDQ�EH�WXUQHG�RII�E\�FDOOLQJ�WKH�FRUUHVSRQGLQJ�³�������ſƀ
´�IXQFWLRQ�

)LOO�DQG�6WURNH�6W\OHV
:KDWHYHU�VKDSH�KDV�EHHQ�DGGHG�WR�WKH�SDWK�VR�IDU�ZLOO�EH�ILOOHG�ZKHQ�\RX�LVVXH�WKH�ILOO���
FRPPDQG��(YHQ�RSHQ�SDWKV�FDQ�EH�ILOOHG�±�IRU�WKH�SXUSRVH�RI�WKH�ILOO��WKH�SDWK�LV�DVVXPHG�WR�EH�
FORVHG�E\�FRQQHFWLQJ�WKH�ODVW�SRLQW�WR�WKH�ILUVW�SRLQW��7KH�ILOO�UXOH�IRU�FRPSOH[��VHOI�LQWHUVHFWLQJ��
SDWKV�LV�WKH�QRQ�]HUR�ZLQGLQJ�QXPEHU�UXOH�±�WKH�UHJLRQ�RI�WKH�SDWK�WKDW�KDV�D�QRQ�]HUR�ZLQGLQJ�
QXPEHU�LV�ILOOHG��2EYLRXVO\��WKLV�LV�LQGHSHQGHQW�RI�WKH�RULHQWDWLRQ�RI�WKH�SDWK�
�
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7KH�VKDSH�FDQ�EH�ILOOHG�ZLWK�D�VROLG�FRORU��D�JUDGLHQW��RU�D�SDWWHUQ��WLOHG�LPDJHV���DV�VKRZQ�
EHORZ�

FRQWH[W�ILOO6W\OH �EOXH��

YDU�JUDGLHQW� 
FRQWH[W�FUHDWH5DGLDO*UDGLHQW�Z���K������Z���K���Z����
�
JUDGLHQW�DGG&RORU6WRS�����EOXH���
JUDGLHQW�DGG&RORU6WRS�����UJED��������������������
FRQWH[W�ILOO6W\OH� �JUDGLHQW�

YDU�JUDGLHQW� �FRQWH[W�FUHDWH/LQHDU*UDGLHQW�Z���K���Z
�����K����
JUDGLHQW�DGG&RORU6WRS����³EOXH���
JUDGLHQW�DGG&RORU6WRS�����UJED��������������������
FRQWH[W�ILOO6W\OH� �JUDGLHQW�

YDU�LPJ� �QHZ�,PDJH���
LPJ�VUF� �
VWDU�MSJ
�
YDU�P\3DWWHUQ� �FRQWH[W�FUHDWH3DWWHUQ�LPJ�
UHSHDW
��
FRQWH[W�ILOO6W\OH� �P\3DWWHUQ�

7KH�VDPH�UXOHV�WKDW�DSSO\�IRU�³���������ſƀ´�DOVR�DSSO\�IRU�³�����������ſƀ´��7KDW�LV��WKH�
VWURNH�UHJLRQ�IRU�D�SDWK�FDQ�EH�ILOOHG�ZLWK�D�VROLG�FRORU��D�JUDGLHQW��UDGLDO�RU�OLQHDU���RU�D�
UHSHDWLQJ�LPDJH�SDWWHUQ�
�

/D\RXW�DQG�7UDQVIRUPDWLRQV
$Q\�VKDSH�GUDZQ�RQ�WKH�FDQYDV�FDQ�EH�WUDQVIRUPHG�LQ�RUGHU�WR�SRVLWLRQ�LW�DQ\ZKHUH�ZLWKLQ�
WKH�FDQYDV�FRRUGLQDWH�VSDFH��,Q�WKLV�ZD\�WKH�&DQYDV�$3,�FDQ�EH�XVHG�WR�OD\RXW��'�JUDSKLFDO�
HOHPHQWV�RQ�WKH�VFUHHQ��
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�
/HW�XV�FRQVLGHU�WKH�WDVN�RI�W\SLQJ�WKH�OHWWHUV�$��%��&��'�DORQJ�D�]LJ]DJ�SDWK��DV�VKRZQ�LQ�WKH�
ILJXUH�DERYH��:KLOH�ZH�FRXOG�XVH�WKH�SDWK�$3,�WR�GUDZ�WKH�OHWWHUV��ZH¶OO�WDNH�WKH�VLPSOHU�RSWLRQ�
RI�XVLQJ�WKH�WH[W�DSL��L�H��WKH�µ��������ſƀ¶�RU�µ����������ſƀ¶�IXQFWLRQV��EXLOW�LQWR�WKH��'�
GUDZLQJ�FRQWH[W�
�
7KH�WUDQVIRUPDWLRQV�DIIHFW�WKH�FRRUGLQDWH�V\VWHP�RI�WKH�GUDZLQJ�FRQWH[W��6HH�WKH�FRGH�EORFN�
DERYH�IRU�WKH�OHWWHU�D�W\SLFDO�FDOO�WR�WUDQVODWH�DQG�URWDWH�WKH�OHWWHU�$�LQ�RUGHU�WR�SODFH�LW�LQ�WKH�
SURSHU�SRVLWLRQ��([FHSW�LQ�IHZ�FDVHV��WKH�RUGHU�RI�WKH�WUDQVIRUPDWLRQV�LV�LPSRUWDQW��)RU�H[DPSOH��
FDOOLQJ�WKH�URWDWH�IXQFWLRQ�EHIRUH�WKH�WUDQVODWH�IXQFWLRQ�ZRXOG�QRW�KDYH�URWDWHG�WKH�OHWWHU�LQ�SODFH�
DV�DERYH�
�
([SHULHQFHG�JUDSKLFV�GHYHORSHUV�ZLOO�VHH�WKH�VLPLODULW\�EHWZHHQ�WKLV�WUDQVIRUPDWLRQ�PRGHO�DQG�
WKDW�SUHVHQW�LQ�SUHYDOHQW�JUDSKLFV�$3,V�OLNH�2SHQ*/�RU�'LUHFW;��6LPLODU�WR�WKRVH�JUDSKLFV�$3,��
ZH�FDQ�FRQFDWHQDWH�WKH�HQWLUH�WUDQVIRUPDWLRQ�DQG�VSHFLI\�LW�DV�RQH�KRPRJHQHRXV���[���PDWUL[�
YLD�WKH�³���������ſƀ´�DQG�³������������ſƀ´�IXQFWLRQV�LQ�WKH�&DQYDV�$3,��%RWK�IXQFWLRQV�WDNH�
VL[�DUJXPHQWV��WKH�QXPEHU�RI�GHJUHHV�RI�IUHHGRP�DYDLODEOH�IRU��'�WUDQVIRUPV���7KH�GLIIHUHQFH�
EHWZHHQ�WKH�³���������ſƀ´�DQG�³������������ſƀ´�IXQFWLRQ�LV�WKDW�WKH�IRUPHU�FRQFDWHQDWHV�
WKH�VSHFLILHG�WUDQVIRUPDWLRQ�WR�WKH�FXUUHQW�WUDQVIRUPDWLRQ��ZKLOH�WKH�ODWWHU�VHWV�WKH�VSHFLILHG�
WUDQVIRUPDWLRQ�DV�WKH�RQO\�WUDQVIRUPDWLRQ��ZH�ORVH�WKH�KLVWRU\�RI�WKH�SUHYLRXV�WUDQVIRUPV��
�
<RX�PD\�KDYH�QRWLFHG�FDOOV�WR�³����ſƀ´�DQG�³�������ſƀ�´�7KH�³VDYH´�IXQFWLRQ�SXVKHV�
WKH�FXUUHQW�GUDZLQJ�FRQWH[W�VWDWH��LQFOXGLQJ�WKH�WUDQVIRUPDWLRQ��DORQJ�ZLWK�VRPH�RWKHU�
VWDWH�YDULDEOHV��RQWR�D�VWDFN��6XEVHTXHQW�FDOOV�WR�FKDQJH�WKH�VWDWH��H�J��YLD�DGGLWLRQDO�
WUDQVIRUPDWLRQV��ZLOO�FRQFDWHQDWH�WR�WKH�FXUUHQW�VWDWH��EXW�WKH�RULJLQDO�VWDWH�FDQ�EH�UHFRYHUHG�
E\�WKH�³�������ſƀ´�IXQFWLRQ�WKDW�ZLOO�SRS�WKH�WRS�RI�WKH�VWDFN�DQG�VHW�WKH�FXUUHQW�VWDWH�WR�
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WKH�SRSSHG�RII�YDOXH��$JDLQ��H[SHULHQFHG�JUDSKLFV�GHYHORSHUV�ZLOO�QRWLFH�WKH�VLPLODULW\�
EHWZHHQ�³����ſƀ´�DQG�������������ſƀ�DQG�³�������ſƀ´�DQG������������ſƀ�LQ�2SHQ*/�
�

,PDJH�(GLWLQJ
7KH�&DQYDV�$3,�DOORZV�UDQGRP�DFFHVV�WR�WKH�E\WH�OHYHO�5*%$�YDOXHV�RI�WKH�LQGLYLGXDO�SL[HOV�
ZLWKLQ�WKH�FRRUGLQDWH�VSDFH�RI�WKH�FDQYDV��7KHUHIRUH��ZH�FDQ�VHW�WKH�FRORUV�RI�DQ\�SDUW�RI�
WKH�FDQYDV�RQ�D�SL[HO�E\�SL[HO�OHYHO��:H�FDQ�DOVR�ORDG�DUELWUDU\�LPDJHV�LQWR�WKH�FDQYDV�DQG�
PDQLSXODWH�WKHLU�SL[HO�YDOXHV��*LYHQ�WKHVH�IXQFWLRQV��ZH�FDQ�LPSOHPHQW�D�FRPSUHKHQVLYH�VHW�RI�
LPDJH�HGLWLQJ�IHDWXUHV�XVLQJ�WKH�FDQYDV�$3,�
�
+HUH�DUH�VRPH�FRGH�VQLSSHWV�WKDW�\RX�ZLOO�QHHG�LQ�RUGHU�WR�SHUIRUP�DQ\�LPDJH�HGLWLQJ�
IXQFWLRQDOLW\�
�
/RDGLQJ�DQG�GLVSOD\LQJ�LPDJHV

����������������ʰ����������ſƀŚ��
�����������Ŝ����ʰ�ũʳ����ɏ��ɏ�����ɏ����ʴŪŚ
�����������Ŝ�������ʰ���������ſƀ�Ƈ��
����������Ŝ���������ſ�����������řɥřɥƀŚ
ƈ

,Q�WKH�DERYH�FRGH��ZH�ILUVW�FUHDWH�DQ�LPDJH�REMHFW�DQG�VSHFLI\�WKH�SDWK�WR�WKH�DFWXDO�LPDJH�ILOH��
$OVR��³FRQWH[W´�LV�WKH�VWDQGDUG�&DQYDV��'�FRQWH[W��WKH�³���´�LQ�WKH�GUDZ,PDJH�FDOO�VSHFLILHV�WKH�
WRS�OHIW�FRUQHU�RI�WKH�LPDJH��DW�WKH�FDQYDV�RULJLQ�LQ�WKLV�FDVH���DQG�WKH�LPDJH�LV�GUDZQ�RQO\�ZKHQ�
LW�LV�IXOO\�ORDGHG��L�H��LV�LQ�WKH�RQORDG�HYHQW�KDQGOHU�IRU�WKH�LPDJH�REMHFW��
�
$FFHVV�SL[HOV
1RZ�WKDW�WKH�LPDJH�LV�GUDZQ�RQ�WKH�FDQYDV��ZH�JHW�D�SRLQWHU�WR�LWV�SL[HOV��$W�DQ\�WLPH�ZH�
FDQ�REWDLQ�D��'�DUUD\�RI�SL[HOV�WKDW�FRQWDLQ�WKH�FXUUHQW�FRORU�YDOXHV�RI�WKH�FDQYDV�HOHPHQW�
E\�XVLQJ�WKH��������������IXQFWLRQ��:H�FDQ�JHW�DOO�RU�D�VXEVHW�RI�WKH�FDQYDV�SL[HOV��7KH�
UHWXUQHG��'�DUUD\�RI�SL[HOV�LV�RUGHUHG�OHIW�WR�ULJKW��IROORZHG�E\�WRS�WR�ERWWRP���

��������������ʰ��������Ŝ������������ſɥřɥř�����������ř������������ƀŚ
�
&KDQJLQJ�SL[HOV
2QFH�ZH�KDYH�DFFHVV�WR�WKH�SL[HO�DUUD\��ZH�FDQ�PRGLI\�LWV�YDOXHV��7KH�IROORZLQJ�H[DPSOH�
FRQYHUWV�WKH�FRORUHG�SL[HOV�LQWR�D�JUD\VFDOH�UHSUHVHQWDWLRQ�

�����������ʰ����������Ŝ����Ś
����ſ������ʰ�ɥř���ʰ�������Ŝ������Ś���ʳ��Ś���ʫʰ�ɫƀ�Ƈ
���ŵŵ�����ʰ�ɪɥʩ�����ʫ�ɬɰʩ�������ʫ�ɨɨʩ�����
������������ʰ�ſ������ƃ�ƄƋɥŜɪƀ�ʫ�ſ������ƃ�ʫɨƄƋɥŜɬɰƀ�ʫ�ſ������ƃ�ʫɩƄƋɥŜɨɨƀŚ
���������ƃ���Ƅ�ʰ�����Ś���
���������ƃ�ʫɨƄ�ʰ�����Ś���
���������ƃ�ʫɩƄ�ʰ�����Ś��
ƈ

1RWH�WKDW�HDFK�SL[HO�DFWXDOO\�WDNHV�IRXU�VSRWV�LQ�WKH�SL[HO�DUUD\��RQH�IRU�HDFK�RI�5HG��*UHHQ��
%OXH��DQG�$OSKD�YDOXHV���ZKLFK�LV�ZK\�ZH�LQFUHPHQW�RXU�DUUD\�LWHUDWRU�E\���
�
8SGDWLQJ�WKH�FDQYDV
$IWHU�PRGLI\LQJ�WKH�SL[HOV��ZH�QHHG�WR�XSGDWH�WKH�LPDJH�GLVSOD\HG�E\�WKH�FDQYDV��:H�GR�VR�E\�
UHSODFLQJ�WKH�FXUUHQW�YDOXH�RI�WKH�SL[HOV�E\�WKH�PRGLILHG�YDOXH�

�������Ŝ������������ſ���������ř�ɥř�ɥƀŚ
$V�EHIRUH��ZH�FDQ�SRVLWLRQ�WKH�QHZ�SL[HOV�DQ\ZKHUH�ZLWKLQ�WKH�FDQYDV��DQG�LQ�WKH�H[DPSOH�
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DERYH��ZH�KDYH�SRVLWLRQHG�LW�DW�WKH�FDQYDV�RULJLQ�
�
$�FRPPRQ�LPDJH�HGLWLQJ�RSHUDWLRQ�SHUIRUPHG�XVLQJ�WKH�&DQYDV�$3,�LV�WKH�LPSOHPHQWDWLRQ�RI�
LPDJH�ILOWHUV��6HH�WKH�IROORZLQJ�OLQN�IRU�D�GHPR��RI�VRPH�&DQYDV�$3,�LPDJH�ILOWHUV��LQFOXGLQJ�
VRPH�FRQYROXWLRQ��VKDUSHQ��/DSODFH��HWF���ILOWHUV�
KWWS���ZZZ�KWPO�URFNV�FRP�HQ�WXWRULDOV�FDQYDV�LPDJHILOWHUV�
,I�\RXU�LPDJH�HGLWLQJ�DSSOLFDWLRQ�LV�OLPLWHG�WR�ILOWHUV�ZKHUH�\RX�ZLOO�SHUIRUP�WKH�VDPH�RSHUDWLRQ�
IRU�HYHU\�SL[HO��H�J��\RX�ZLVK�WR�SHUIRUP�D�IL[HG�VWHQFLO�FRQYROXWLRQ�RYHU�WKH�LPDJH���ZH�
UHFRPPHQG�\RX�OLPLW�WKH�XVH�RI�+70/��&DQYDV�RQO\�IRU�SURWRW\SLQJ��DQG�XVH�:HE*/�RU�&66�
ILOWHUV��GHVFULEHG�ODWHU��IRU�WKH�DFWXDO�UHOHDVH�FRGH��7KH�ODWWHU�RSWLRQ�ZLOO�SUHYHQW�WKH�H[SHQVLYH�
-DYDVFULSW�ORRS�RYHU�DOO�WKH�SL[HOV��DQG�FDQ�LQVWHDG�EH�H[HFXWHG�LQ�SDUDOOHO�DV�*38�VKDGHUV�

$QLPDWLRQ
5HPHPEHU�WKDW�WKH�+70/��FDQYDV�RSHUDWHV�LQ�³LPPHGLDWH´�PRGH��DQG�GRHV�QRW�VDYH�DQ\�
LQIRUPDWLRQ�DERXW�WKH�REMHFWV�GUDZQ�RQ�LW��*LYHQ�WKLV�LPPHGLDWH�PRGH��DQLPDWLRQ�LV�SHUIRUPHG�
E\�PRGLI\LQJ�WKH�SRVLWLRQ�RI�WKH�DQLPDWHG�REMHFW�DQG�VLPSO\�UHGUDZLQJ�WKH�UHJLRQ�RI�WKH�FDQYDV�
WKDW�KDV�FKDQJHG��,Q�PRVW�FDVHV��WKH�PRGLILHG�UHJLRQ�LQFOXGHV�WKH�HQWLUH�FDQYDV�
�
KWWS���ERPRPR�FRP�
KWWS���ZZZ�EOREVDOODG�VH�
�
3HUIRUPDQFH�,PSURYHPHQW
7UDGLWLRQDOO\��WKH�FRGH�IRU�DQLPDWLRQ�XVLQJ�-DYDVFULSW�XWLOL]HV�D�WLPHU��ZKHUH�VRPH�FRGH�
IRU�XSGDWLQJ�WKH�SRVLWLRQ�RI�HOHPHQWV�LQ�WKH�EURZVHU�LV�LQYRNHG�DW�UHJXODU�LQWHUYDOV��XVLQJ�
WKH�³����������ſʳ��������ʴřʳ�������ɏ��������ʴƀ´�IXQFWLRQ�FDOO���7KH�SUREOHP�ZLWK�WKDW�
DSSURDFK�LV�WKDW�FRPSOH[�DQLPDWLRQV�FDQ�VORZ�GRZQ�WKH�EURZVHU�DQG�SURGXFH�DQ�XQGHVLUDEOH�
XVHU�H[SHULHQFH��7KH�QHZ��SUHIHUUHG�PHWKRG�LV�WR�XVH�WKH�QHZ�����������������������
IXQFWLRQ�WKDW�LQGLFDWHV�WKDW�ZH�ZLVK�WR�DQLPDWH�WKH�FRQWHQWV�RI�WKH�EURZVHU�ZLQGRZ�DW���+]�
�LGHDOO\��RU�DV�IDVW�DV�SRVVLEOH�IRU�WKH�EURZVHU��LI�QRW���+]���7KLV�DOORZV�WKH�EURZVHU�WR�RSWLPL]H�
FRGH�IRU�XV��DQG�DOVR�SUHYHQWV�WKH�KRVW�FRPSXWHU�IURP�EHLQJ�XQQHFHVVDULO\�VORZHG�GRZQ�GXH�WR�
RXU�DQLPDWLRQ�
�
7KHUHIRUH��ZH�FDQ�XVH�WKH�IROORZLQJ�FRGH�VWUXFWXUH��RULJLQDOO\�IURP�KWWS���SDXOLULVK�FRP������
UHTXHVWDQLPDWLRQIUDPH�IRU�VPDUW�DQLPDWLQJ���
�

ŵŵ�����������������������������������	�������������������
������Ŝ����������������	�����ʰ�������Ŝ����������������������	�����ŶŶ�
������Ŝ�������������������	�����ŶŶ�������Ŝ������������������	����Ś
�
ŵŵ���������������������������	������������������������������������
����������������������ſ����ƀ�Ƈ
���ŵŵ���������������������������������������������ɭɥ��
���������Ŝ����������������	����ſ�������������ř�������ƀŚ

����ŵŵ��������������������������ſ����������������������������������������
�����ƀ
�������������ſƀŚ
ƈ
�

�
7KH�IROORZLQJ�OLQN�GHVFULEHV�WKH�XVH�RI�����������������	�����DQG�RWKHU�KLQWV�IRU�LPSURYLQJ�
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SHUIRUPDQFH�RQ�+70/��&DQYDV�
KWWS���ZZZ�KWPO�URFNV�FRP�HQ�WXWRULDOV�FDQYDV�SHUIRUPDQFH�
�

&RPSDULVRQ�ZLWK�69*
6RPH�UHDGHUV�ZLOO�KDYH�REVHUYHG�WKH�VLPLODULW\�EHWZHHQ�WKH�SDWK�GUDZLQJ�DQG�ILOOLQJ�FDSDELOLWLHV�
RI�WKH�+70/��&DQYDV�DQG�WKRVH�RI�WKH�6FDODEOH�9HFWRU�*UDSKLFV��69*��VSHFLILFDWLRQ�FRPPRQO\�
LPSOHPHQWHG�RQ�PRGHUQ�ZHE�EURZVHUV��,Q�PDQ\�DVSHFWV��WKH�+70/��&DQYDV�LV�VLPLODU�WR�69*��
,Q�WKLV�VXE�VHFWLRQ��ZH�SRLQW�RXW�WKH�GLIIHUHQFHV�EHWZHHQ�WKH�WZR��HVSHFLDOO\�WKRVH�WKDW�DUH�
UHOHYDQW�IRU�JUDSKLFV�SURJUDPPHUV�
�
7KH�PDLQ�GLIIHUHQFH�EHWZHHQ�WKH�+70/��&DQYDV�DQG�69*�LV�WKHLU�UHQGHULQJ�PRGH��+70/��
&DQYDV�XVHV�LPPHGLDWH�PRGH��ZKLOH�69*�XVHV�GHFODUDWLYH�PRGH��%\�XVLQJ�GHFODUDWLYH�PRGH��
ZH�FDQ�DFFHVV�LQGLYLGXDO�69*�HOHPHQWV�WKURXJK�WKH�'20�DQG�PRGLI\�WKHLU�SURSHUWLHV��VXFK�DV�
SRVLWLRQ��FRORU��YLVLELOLW\��ZLWKRXW�QHHGLQJ�WR�UH�GUDZ�WKH�GUDZLQJ�DUHD��7KH�UH�GUDZ�LV�KDQGOHG�
E\�WKH�EURZVHU��,Q�WKLV�VHQVH��DQ�69*�HOHPHQW�LV�VLPLODU�WR�DQ�+70/�HOHPHQW�����ZH�FDQ�FKDQJH�
WKH�LQGLYLGXDO�HOHPHQW�SURSHUWLHV�G\QDPLFDOO\�DQG�WKH�ZHE�SDJH�LV�UH�GUDZQ�DXWRPDWLFDOO\�
�
7KH�GHFODUDWLYH�PRGH�RI�69*�DOVR�LQFOXGHV�DQRWKHU�IHDWXUH��JURXSLQJ��9HFWRU�DUWZRUN�FDQ�EH�
FRPELQHG�LQWR�RQH�JURXSV��VHYHUDO�RI�ZKLFK�FDQ�EH�IXUWKHU�FRPELQHG�LQWR�DQRWKHU�JURXS��DQG�
VR�RQ��6XFK�D�KLHUDUFKLFDO�RUJDQL]DWLRQ�RU�DUWZRUN�LQ�VHPDQWLFDOO\�UHOHYDQW�JURXSV�DOORZV�XV�
WR�VSHFLI\�UHJLRQV�RI�LQIOXHQFH�RI�ORFDO�WUDQVIRUPDWLRQV��XVHIXO�IRU�DGGLQJ�GHWDLOV�WR�H[LVWLQJ��
DQLPDWHG�YHFWRU�DUWZRUN��IRU�H[DPSOH��
�
$QRWKHU�GLIIHUHQFH�EHWZHHQ�69*�DQG�+70/��&DQYDV�LV�WKH�XVH�RI�ILOWHU�HIIHFWV�LQ�69*��:KLOH�
69*�GRHV�QRW�RIIHU�GLUHFW�E\WH�OHYHO�DFFHVV�WR�SL[HOV�OLNH�+70/��&DQYDV�GRHV��D�IL[HG�VHW�RI�
LPDJH�ILOWHUV�FDQ�EH�DSSOLHG�GLUHFWO\�WR�WKH�69*�HOHPHQWV��ZLWKRXW�QHHGLQJ�WR�ZULWH�WKHP�LQ�
�VORZHU��-DYDVFULSW��6HH�WKLV�VLWH�IRU�DQ�H[DPSOH�
KWWS���LH�PLFURVRIW�FRP�WHVWGULYH�*UDSKLFV�KDQGV�RQ�FVV��KDQGV�RQBVYJ�ILOWHU�HIIHFWV�KWP
�
:H�VKDOO�H[SORUH�69*�ILOWHU�HIIHFWV�LQ�PRUH�GHWDLO�LQ�WKH�QH[W�VHFWLRQ�RQ�&66���ZKHQ�ZH�
GHVFULEH�&66�VKDGHUV���
�
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&66
5HPHPEHU�WKDW�WKH�DIWHU�EXLOGLQJ�WKH�'20�WUHH��WKH�EURZVHU�SHUIRUPV�D�OD\RXW�SURFHVV��)RU�WKH�
SXUSRVH�RI�WKLV�FRXUVH��WKLQN�RI�WKH�OD\RXW�DV�WKH�SODFHPHQW�RI�UHFWDQJXODU�UHJLRQV��RQH�IRU�HDFK�
+70/�EORFN�HOHPHQW��ZLWKLQ�WKH��'�VSDFH�RI�WKH�EURZVHU�ZLQGRZ��$V�PHQWLRQHG�EHIRUH��WKH�
UXOHV�XVHG�E\�WKH�EURZVHU�IRU�GLVSOD\LQJ�HDFK�YLVXDO�HOHPHQW��H�J��WKH�EDFNJURXQG�FRORU�RI�WKH�
UHFWDQJXODU�UHJLRQ��DUH�SURYLGHG�E\�WKH�&66�VW\OH�DVVRFLDWHG�ZLWK�WKDW�HOHPHQW�
�
,Q�WKLV�VHFWLRQ��ZH�GHVFULEH�VRPH�RI�WKH�QHZ�IHDWXUHV�LQ�&66�WKDW�DUH�UHOHYDQW�IRU�JUDSKLFV�
SURJUDPPHUV��7KHVH�QHZ�IHDWXUHV�VLJQLILFDQWO\�LPSURYH�WKH�DELOLW\�WR�G\QDPLFDOO\�FKDQJH�WKH�
GLVSOD\�VW\OHV�RI�+70/�HOHPHQWV��PRVW�QRWDEO\�WKH�SRVLWLRQ�DQG�RULHQWDWLRQ�RI�WKRVH�HOHPHQWV��
&66�DOORZV�XV�WR�HDVLO\�SURGXFH�DQLPDWLRQV�ZLWKRXW�QHHGLQJ�DQ\�-DYDVFULSW�FRGH�WR�XSGDWH�
SRVLWLRQV�SURJUDPPDWLFDOO\��6LQFH�WKLV�WUDQVIHUV�WKH�DQLPDWLRQ�IXQFWLRQDOLW\�IURP�QRQ�QDWLYH�
�-DYDVFULSW��FRGH�WR�QDWLYH�DQG�FDUHIXOO\�RSWLPL]HG��EURZVHU��E\WH�FRGH��LW�XVXDOO\�SURGXFHV�
VLJQLILFDQW�SHUIRUPDQFH�LPSURYHPHQWV����
�
6LPLODU�WR�WKH�+70/��&DQYDV�VHFWLRQ��ZH�LQWURGXFH�WKH�JUDSKLFV�FDSDELOLWLHV�RI�&66�E\�VKRZLQJ�
KRZ�&66�FDQ�EH�XVHG�WR�LPSOHPHQW�IXQFWLRQDOLW\�FRPPRQO\�QHHGHG�E\�JUDSKLFV�DSSOLFDWLRQV��
:H�VKDOO�FRQVLGHU�WZR�DSSOLFDWLRQV��SODQHV�LQ�VSDFH��DQG�LPDJH�ILOWHUV�

3ODQHV�LQ�6SDFH
7KH�WHUP�³SODQHV�LQ�VSDFH´�UHIHUV�WR�WKH�DELOLW\�WR�SODFH��'�SODQDU�SRO\JRQV�DW�DQ\�SRVLWLRQ�DQG�
RULHQWDWLRQ�LQ��'�VSDFH��3UHYLRXVO\�ZH�FRXOG�SODFH�DQ\�+70/�EORFN�HOHPHQW�DW�DQ\�SRVLWLRQ�
ZLWKLQ�WKH��'�ZLQGRZ��7\SLFDOO\�WKLV�ZDV�GRQH�E\�FKDQJLQJ�WKH�³OHIW´�DQG�³WRS´�VW\OH�DWWULEXWHV�IRU�
WKDW�HOHPHQW�
�
&RQVLGHU�WKH�WDVN�RI�SODFLQJ�D��GLY!�HOHPHQW�DW�D�KRUL]RQWDO�GLVWDQFH�����SL[HOV�DQG�D�YHUWLFDO�
GLVWDQFH�RI����SL[HOV�IURP�WKH�WRS�OHIW�FRUQHU�RI�WKH�EURZVHU�ZLQGRZ��:H�XVH�WKH�IROORZLQJ�FRGH�
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:H�FDQ�DGG�D��'�HIIHFW�WR�WKH��'�HOHPHQW�E\�PDNLQJ�LW�URWDWH�E\����GHJUHHV�DERXW�WKH�YHUWLFDO�
�<��D[LV��,I�ZH�XVH�D�EURZVHU�XVLQJ�WKH�:HENLW�OD\RXW�HQJLQH��H�J��*RRJOH�&KURPH��$SSOH�
6DIDUL���ZH�XVH�WKH�IROORZLQJ�FRGH�
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:H�FDQ�VSHFLI\�PRVW�FRPPRQ�W\SHV�RI��'�WUDQVIRUPDWLRQV��URWDWH��WUDQVODWH��VFDOH��VNHZ��
DQG�SHUVSHFWLYH��RQ�DQ\�EORFN�HOHPHQW��:H�FDQ�HYHQ�VSHFLI\�GLUHFWO\�WKH��[��WUDQVIRUPDWLRQ�
PDWUL[�WR�EH�DSSOLHG�WR�WKH�HOHPHQW��6HH�KWWS���GHY�Z��RUJ�FVVZJ�FVV��WUDQVIRUPV��IRU�WKH�$3,�
FXUUHQWO\�SURSRVHG�IRU�&66�WUDQVIRUPV��$OVR�VHH�KWWS���GHVDQGUR�JLWKXE�FRP��GWUDQVIRUPV��IRU�
DQ�H[FHOOHQW�H[SODQDWLRQ�RI�WKH�&66�WUDQVIRUPV�LQ�GHSWK�
�
7KH�EHQHILW�RI�DSSO\LQJ��'�WUDQVIRUPV�WR�D�EORFN�HOHPHQW�LV�WKDW�DIWHU�WUDQVIRUPLQJ�WKH�
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HOHPHQW��WKH�EURZVHU�FRQWLQXHV�WR�LQWHUDFW�ZLWK�FRQWHQWV�RI�WKH�HOHPHQW�DV�EHIRUH��7H[W�LQ�WKH�
HOHPHQW�UHPDLQV�VHOHFWDEOH��OLQNV�VWLOO�ZRUN��DQG�YLGHRV�RU�LPDJHV�DUH�GLVSOD\HG�ZLWK�FRUUHFW�
WUDQVIRUPDWLRQV��7KLV�PDNHV�WKH�&66��WUDQVIRUPV�YHU\�XVHIXO�IRU�FUHDWLQJ��'�LQWHUDFWLYH�XVHU�
LQWHUIDFHV��7KH�OLQNV�EHORZ�JLYH�VRPH�H[DPSOHV�
�
$�VLPSOH�LPDJH�IOLS�RQ�PRXVH�RYHU�
KWWS���ZZZ�ZHENLW�RUJ�EORJ�ILOHV��G�WUDQVIRUPV�LPDJH�IOLS�KWPO
�
0RUH�DGYDQFHG�LPDJH�HIIHFWV�XVLQJ�&66�
KWWSV���GHYHORSHU�PR]LOOD�RUJ�HQ�86�GHPRV�GHWDLO��G�LPDJH�WUDQVLWLRQV�ODXQFK
�
3ODFLQJ�ZHESDJH�HOHPHQWV�LQ��'�VSDFH�
KWWS���ZZZ�ZHENLW�RUJ�EORJ�ILOHV��G�WUDQVIRUPV�PRUSKLQJ�FXEHV�KWPO
�
1RWH��<RX�PD\�EH�ZRQGHULQJ�ZK\�ZH�QHHGHG�WR�XVH�WKH�SUHIL[�³Ş������Ş´�IRU�VW\OH�DWWULEXWHV�
OLNH������������7KH�QHZHU�&66�VW\OHV�DUH�QRW�\HW�ILQDOL]HG�E\�WKH�:�&��,Q�RUGHU�WR�DOORZ�
EURZVHUV�WR�VXSSRUW�WKH�QRQ�ILQDOL]HG�IHDWXUH�RU�DQ�LQFRPSOHWH�LPSOHPHQWDWLRQ�RI�WKH�IHDWXUH��
LQGLYLGXDO�EURZVHUV�VXSSRUW�WKH�SUHIL[HG�IRUPV�RI�WKH�VW\OH�DWWULEXWH��%URZVHUV�ZLWK�WKH�:HENLW�
OD\RXW�HQJLQH��H�J��*RRJOH�&KURPH��$SSOH�6DIDUL��ZLOO�UHVSHFW�WKH�����������DWWULEXWH�ZLWK�
WKH�³Ş������Ş´�SUHIL[��6LPLODUO\��0R]LOOD�EDVHG�)LUHIR[�QHHGV�WKH�³Ş���Ş´�SUHIL[��,QWHUQHW�
([SORUHU�WKH�³Ş��Ş´�SUHIL[��DQG�2SHUD�WKH�³Ş�Ş´�SUHIL[��7KLV�LV�D�WHPSRUDU\�VROXWLRQ�XQWLO�WKH�
&66�VSHFLILFDWLRQ�LV�ILQDOL]HG�E\�WKH�:�&�DQG�XQLYHUVDOO\�DGRSWHG�E\�DOO�EURZVHUV��8QWLO�WKHQ��
\RX�QHHG�WR�VSHFLI\�DOO�WKH�SUHIL[HV�IRU�WKH�QHZ�VW\OH�DWWULEXWHV�VR�\RXU�FRGH�PD\�UXQ�RQ�DOO�
EURZVHUV��<RX�FDQ�XVH�WRROV�OLNH�³3UHIL[�IUHH´��KWWS���OHDYHURX�JLWKXE�FRP�SUHIL[IUHH���WR�SURGXFH�
WKH�SUHIL[HG�YHUVLRQV�RI�WKH�&66�DWWULEXWHV�DXWRPDWLFDOO\�DW�VFULSW�UXQWLPH�
�

$QLPDWLRQV
,Q�WKH�GHPRV�DERYH��HOHPHQWV�SODFHG�E\�&66�DUH�DQLPDWHG��:H�FDQ�FRQWURO�WKH�PDQQHU�LQ�
ZKLFK�WKH\�PRYH�IURP�RQH�SRVLWLRQ�WR�WKH�RWKHU��$�VLPSOH�PHWKRG�WR�EULQJ�DERXW�DQLPDWLRQ�
LV�YLD�&66�WUDQVLWLRQV��)RU�H[DPSOH��RXU�H[DPSOH�DERYH�IRU�URWDWLQJ�WKH�ʳ���ʴ�HOHPHQW�FDQ�
EH�DQLPDWHG�E\�DSSO\LQJ�D�WUDQVLWLRQ�RQ�WKH�����������VW\OH�DWWULEXWH��7KH�����������VW\OH�
DWWULEXWH�LWVHOI�LV�PRGLILHG�ZKHQ�WKH�XVHU�FOLFNV�RQ�WKH�HOHPHQW�
�
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DQ\�GXUDWLRQ��DQG�ZLWK�GLIIHUHQW�WLPLQJ�IXQFWLRQV��HDVH�LQ��HDVH�RXW��OLQHDU��HWF����7KH�FRPSOHWH�
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$�&RQFUHWH�([DPSOH

6HWWLQJ�XS�:HE*/
/RDGLQJ�6KDGHUV
/RDGLQJ�3URJUDPV
6HWWLQJ�XS�*HRPHWU\
'UDZLQJ�WKH�6FHQH

+LJKHU�/HYHO�/LEUDULHV
$FKLHYLQJ�+LJK�3HUIRUPDQFH

3LFNLQJ�LQ�*RRJOH�%RG\
3DUWLFOH�6\VWHPV
6SULWH�(QJLQHV
3K\VLFDO�6LPXODWLRQ

&RQFOXVLRQ

�

,QWURGXFWLRQ
�
:HE*/�EULQJV��'�JUDSKLFV�WR�WKH�+70/��SODWIRUP��:HE*/��LQ�VKRUW��LV�DQ�DOWHUQDWLYH�UHQGHULQJ�
FRQWH[W�IRU�WKH�+70/��&DQYDV�HOHPHQW��ZKLFK�SURYLGHV�WKH�2SHQ*/�(6�����$3,�WR�-DYD6FULSW�
�
2SHQ*/��DQG�2SHQ*/�(6��VXSSO\�D�SURYHQ�UHQGHULQJ�PRGHO��EXW�RQH�ZKLFK�GLIIHUV�IURP�RWKHU�
JUDSKLFV�$3,V�RQ�WKH�:HE��,Q�2SHQ*/��2SHQ*/�(6�DQG�:HE*/��WKH�WULDQJOH�LV�WKH�EDVLF�
GUDZLQJ�SULPLWLYH��'DWD�IRU�PDQ\�WULDQJOHV�LV�SUHSDUHG�RQFH��EXW�GUDZQ�PDQ\�WLPHV��7KH�GDWD�
XSORDGHG�WR�WKH�JUDSKLFV�SURFHVVLQJ�XQLW��*38��LQFOXGHV�FRQFHSWV�OLNH�YHUWH[�SRVLWLRQV��FRORUV��
WH[WXUHV��DQG�PRUH��6KDGHUV����VPDOO�SURJUDPV�WKDW�H[HFXWH�GLUHFWO\�RQ�WKH�*38����GHWHUPLQH�
WKH�SRVLWLRQ�RI�HDFK�WULDQJOH�DQG�WKH�FRORU�RI�HYHU\�SL[HO�RQ�WKH�VFUHHQ�
�
7KH�:HE*/��2SHQ*/�(6�DQG�2SHQ*/�$3,V�DUH�GHYHORSHG�E\�WKH�.KURQRV�*URXS��D�QRQ�
SURILW�LQGXVWU\�FRQVRUWLXP�FUHDWLQJ�RSHQ�VWDQGDUGV�IRU�WKH�DXWKRULQJ�DQG�DFFHOHUDWLRQ�RI�SDUDOOHO�
FRPSXWLQJ��JUDSKLFV��G\QDPLF�PHGLD��FRPSXWHU�YLVLRQ�DQG�VHQVRU�SURFHVVLQJ�RQ�D�ZLGH�YDULHW\�
RI�SODWIRUPV�DQG�GHYLFHV�
�
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6WUHDP�3URFHVVLQJ
�
:HE*/�H[SRVHV�D�VWUHDP�SURFHVVLQJ�PRGHO��(DFK�SRLQW�LQ��'�VSDFH�KDV�RQH�RU�PRUH�VWUHDPV�
RI�GDWD�DVVRFLDWHG�ZLWK�LW��IRU�H[DPSOH��SRVLWLRQ��VXUIDFH�QRUPDO��FRORU��RU�WH[WXUH�FRRUGLQDWH��,Q�
2SHQ*/��DQG�:HE*/���WKHVH�VWUHDPV�DUH�FDOOHG�YHUWH[�DWWULEXWHV��7KHVH�VWUHDPV�RI�GDWD�IORZ�
WKURXJK�WKH�YHUWH[�DQG�IUDJPHQW�VKDGHUV�
�

�

9HUWH[�DQG�)UDJPHQW�6KDGHUV
�
9HUWH[�DQG�IUDJPHQW�VKDGHUV�DUH�VPDOO��VWDWHOHVV�SURJUDPV�ZKLFK�UXQ�RQ�WKH�*38�ZLWK�D�KLJK�
GHJUHH�RI�SDUDOOHOLVP��7KH�YHUWH[�VKDGHU�LV�DSSOLHG�WR�HDFK�YHUWH[�RI�HDFK�WULDQJOH��,WV�SULPDU\�
JRDO�LV�WR�RXWSXW�WKH�ORFDWLRQ�ZKHUH�WKH�YHUWH[�VKRXOG�DSSHDU�LQ�WKH�RQ�VFUHHQ�ZLQGRZ��7KH�
YHUWH[�VKDGHU�PD\�DOVR�RXWSXW�RQH�RU�PRUH�DGGLWLRQDO�YDOXHV����FDOOHG�YDU\LQJ�YDULDEOHV����WR�WKH�
IUDJPHQW�VKDGHU�
�
)RU�HDFK�WULDQJOH��WKH�*38�ILJXUHV�RXW�ZKLFK�SL[HOV�RQ�WKH�VFUHHQ�DUH�FRYHUHG�E\�WKH�WULDQJOH��
7KH�*38�WKHQ�UXQV�WKH�IUDJPHQW�VKDGHU�RQ�HDFK�RI�WKRVH�SL[HOV��$W�HDFK�SL[HO��WKH�*38�
DXWRPDWLFDOO\�EOHQGV�WKH�RXWSXWV�RI�WKH�YHUWH[�VKDGHU�EDVHG�RQ�ZKHUH�WKH�SL[HO�OLHV�ZLWKLQ�WKH�
WULDQJOH��7KH�IUDJPHQW�VKDGHU�WKHQ�GHWHUPLQHV�WKH�FRORU�RI�WKH�SL[HO�EDVHG�RQ�WKRVH�LQSXWV�
�
9HUWH[�GDWD�LV�XSORDGHG�LQWR�RQH�RU�PRUH�EXIIHU�REMHFWV�ZKLFK�UHVLGH�RQ�WKH�*38��7KH�YHUWH[�
DWWULEXWHV�LQ�WKH�YHUWH[�VKDGHU�DUH�ERXQG�WR�WKH�GDWD�LQ�WKHVH�EXIIHU�REMHFWV�
�
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�

$�&RQFUHWH�([DPSOH
�
1RZ�ZH¶OO�JR�WKURXJK�D�FRQFUHWH�H[DPSOH��DGDSWHG�IURP�*LOHV�7KRPDV¶�/HDUQLQJ�:HE*/�
/HVVRQ����7KH�FRGH�LV�FKHFNHG�LQ�WR�WKH�ZHEJOVDPSOHV�SURMHFW�DQG�FDQ�EH�YLHZHG�GLUHFWO\�LQ�D�
:HE*/�HQDEOHG�EURZVHU��7KH�JRDO�RI�WKLV�H[DPSOH�LV�WR�GH�P\VWLI\�:HE*/�E\�VKRZLQJ�DOO�RI�WKH�
VWHSV�QHFHVVDU\�WR�GUDZ�D�FRORUHG�WULDQJOH�RQ�WKH�VFUHHQ�
�

�
7KH�YHUWH[�VKDGHU�IRU�WKLV�H[DPSOH�LV�YHU\�VLPSOH�
�

http://learningwebgl.com/blog/?p=134
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DWWULEXWH�YHF��SRVLWLRQ$WWU�
DWWULEXWH�YHF��FRORU$WWU�
�
YDU\LQJ�YHF��Y&RORU�
�
YRLG�PDLQ�YRLG��^
����JOB3RVLWLRQ� �YHF��SRVLWLRQ$WWU�������
����Y&RORU� �FRORU$WWU�
`

�
,Q�WKLV�H[DPSOH��WKH�YHUWH[�VKDGHU�ZLOO�EH�H[HFXWHG�D�WRWDO�RI�WKUHH�WLPHV��EHFDXVH�ZH�DUH�RQO\�
GUDZLQJ�RQH�WULDQJOH�FRQWDLQLQJ�WKUHH�YHUWLFHV��,Q�D�W\SLFDO�DSSOLFDWLRQ��WKRXVDQGV�RU�WHQV�RI�
WKRXVDQGV�RI�WULDQJOHV�DUH�W\SLFDOO\�GUDZQ�WRJHWKHU�
�
7KH�IUDJPHQW�VKDGHU�IRU�WKLV�H[DPSOH�LV�DOVR�YHU\�VLPSOH�
�

SUHFLVLRQ�PHGLXPS�IORDW�
�
YDU\LQJ�YHF��Y&RORU�
YRLG�PDLQ�YRLG��^
����JOB)UDJ&RORU� �Y&RORU�
`

�
7KH�YDOXH�RI�WKH�Y&RORU�YDU\LQJ�YDULDEOH�FRPHV�IURP�D�ZHLJKWHG�FRPELQDWLRQ�RI�WKH�FRORUV�
VSHFLILHG�DW�WKH�WKUHH�LQSXW�YHUWLFHV��%DVHG�RQ�WKH�ORFDWLRQ�RI�WKH�SL[HO�ZLWKLQ�WKH�WULDQJOH��WKH�
*38�DXWRPDWLFDOO\�EOHQGV�WKH�FRORU�WKDW�ZDV�VSHFLILHG�DW�HDFK�YHUWH[�
�
7KH�IUDJPHQW�VKDGHU�ZLOO�EH�H[HFXWHG�EHWZHHQ�D�GR]HQ�WR�WHQV�RI�WKRXVDQGV�RI�WLPHV��
GHSHQGLQJ�RQ�WKH�VL]H�RI�WKH�FDQYDV��5HFDOO�WKDW�WKH�IUDJPHQW�VKDGHU�H[HFXWHV�DW�HDFK�SL[HO�RQ�
WKH�VFUHHQ�FRYHUHG�E\�D�JLYHQ�WULDQJOH�
�
7KH�VKDGHU�WH[W�IRU�WKLV�H[DPSOH�LV�HPEHGGHG�GLUHFWO\�LQ�WKH�ZHE�SDJH�XVLQJ�VFULSW�HOHPHQWV��
,W�LV�HQWLUHO\�XS�WR�WKH�DSSOLFDWLRQ�KRZ�WR�PDQDJH�WKH�VRXUFHV�IRU�LWV�VKDGHUV��6FULSW�WDJV�ZHUH�
FKRVHQ�WR�KROG�WKH�VKDGHUV�IRU�WKLV�H[DPSOH�IRU�VLPSOLFLW\��$�UHDO�ZRUOG�DSSOLFDWLRQ�PLJKW�
GRZQORDG�WKH�VKDGHUV�IURP�WKH�VHUYHU�XVLQJ�;0/+WWS5HTXHVW��JHQHUDWH�WKH�VRXUFH�FRGH�IRU�LWV�
VKDGHUV�XVLQJ�-DYD6FULSW�FRGH��RU�RQH�RI�PDQ\�RWKHU�RSWLRQV�
�

�VFULSW�LG �VKDGHU�YV��W\SH �[�VKDGHU�[�YHUWH[�!�
��DWWULEXWH�YHF��SRVLWLRQ$WWU�
��DWWULEXWH�YHF��FRORU$WWU�
�����
��VFULSW!�
�VFULSW�LG �VKDGHU�IV��W\SH �[�VKDGHU�[�IUDJPHQW�!�
��SUHFLVLRQ�PHGLXPS�IORDW�
��YDU\LQJ�YHF��Y&RORU�
�����
��VFULSW!

�

6HWWLQJ�XS�:HE*/
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�
1RZ�ZH¶OO�ORRN�DW�KRZ�WKH�H[DPSOH�LQLWLDOL]HV�:HE*/�DV�LW�EHJLQV�WR�UXQ�
�

YDU�JO� �QXOO�
YDU�FRQWH[W1DPHV� �>��ZHEJO����H[SHULPHQWDO�ZHEJO��@�
IRU��YDU�LL� ����LL���FRQWH[W1DPHV�OHQJWK����LL��^
����WU\�^
��������JO� �FDQYDV�JHW&RQWH[W�FRQWH[W1DPHV>LL@��
��������LI��JO�
������������EUHDN�
����`�FDWFK��H��^
����`
`
LI���JO��^
����DOHUW��&RXOG�QRW�LQLWLDOLVH�:HE*/��VRUU\�������
`

�
7KLV�LVQ¶W�WKH�EHVW�HUURU�GHWHFWLRQ�ORJLF��LW¶V�GHOLEHUDWHO\�NHSW�VKRUW�LQ�RUGHU�WR�NHHS�WKH�H[DPSOH�
VLPSOH��&RQVXOW�RWKHU�H[DPSOHV�LQ�WKH�ZHEJOVDPSOHV�UHSRVLWRU\��VXFK�DV�WKH�:HE*/�$TXDULXP��
IRU�EHWWHU�UHIHUHQFHV�ZKHQ�EXLOGLQJ�UHDO�DSSOLFDWLRQV��<RX�VKRXOG�OLQN�WR�KWWS���JHW�ZHEJO�RUJ��LI�
\RXU�DSSOLFDWLRQ¶V�LQLWLDOL]DWLRQ�IDLOV�
�
�1RWH�WKH�QHHG�WR�FKHFN�IRU�ERWK�WKH�ZHEJO�DQG�H[SHULPHQWDO�ZHEJO�FRQWH[W�W\SHV��7KLV�
LV�D�WHPSRUDU\�VLWXDWLRQ�ZKLOH�WKH�:HE*/�VSHFLILFDWLRQ�LV�UHDFKLQJ�D�FHUWDLQ�GHJUHH�RI�
FRQIRUPDQFH�DFURVV�ZHE�EURZVHUV�DQG�RSHUDWLQJ�V\VWHPV��,Q�WKH�QHDU�IXWXUH�LW�LV�H[SHFWHG�
WKDW�DOO�ZHE�EURZVHUV�VXSSRUWLQJ�:HE*/�ZLOO�EHJLQ�WR�DGYHUWLVH�WKH�ZHEJO�FRQWH[W�W\SH��DQG�WKH�
H[SHULPHQWDO�ZHEJO�FRQWH[W�W\SH�ZLOO�QR�ORQJHU�KDYH�WR�EH�TXHULHG�E\�DSSOLFDWLRQV��
�

/RDGLQJ�6KDGHUV
�
7KH�QH[W�VWHS�LQ�D�:HE*/�DSSOLFDWLRQ�LV�WR�ORDG�LWV�VKDGHUV��$�VSHFLILF�VHTXHQFH�RI�VWHSV�LV�
IROORZHG�WR�GR�WKLV�
�

Ɣ &UHDWH�WKH�VKDGHU�REMHFW�±�YHUWH[�RU�IUDJPHQW�
Ɣ 6SHFLI\�LWV�VRXUFH�FRGH�
Ɣ &RPSLOH�LW�
Ɣ &KHFN�ZKHWKHU�FRPSLODWLRQ�VXFFHHGHG�

�
7KH�FRPSOHWH�VRXUFH�FRGH�IRU�WKHVH�VWHSV�IROORZV��6RPH�HUURU�FKHFNLQJ�LV�HOLGHG�IRU�EUHYLW\�
�

IXQFWLRQ�JHW6KDGHU�JO��LG��^
��YDU�VFULSW� �GRFXPHQW�JHW(OHPHQW%\,G�LG��
��YDU�VKDGHU�
��LI��VFULSW�W\SH�  ��[�VKDGHU�[�YHUWH[���^
����VKDGHU� �JO�FUHDWH6KDGHU�JO�9(57(;B6+$'(5��
��`�HOVH�LI��VFULSW�W\SH�  ��[�VKDGHU�[�IUDJPHQW���^
����VKDGHU� �JO�FUHDWH6KDGHU�JO�)5$*0(17B6+$'(5��
��`
��JO�VKDGHU6RXUFH�VKDGHU��VFULSW�WH[W��
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��JO�FRPSLOH6KDGHU�VKDGHU��
��LI���JO�JHW6KDGHU3DUDPHWHU�VKDGHU��JO�&203,/(B67$786���^
����DOHUW�JO�JHW6KDGHU,QIR/RJ�VKDGHU���
����UHWXUQ�QXOO�
��`
�
��UHWXUQ�VKDGHU�
`

�
1RWH�WKDW�WKH�:HE*/�$3,�FDOOV��VKDGHU6RXUFH��FRPSLOH6KDGHU��HWF���PDWFK�YHU\�FORVHO\�WKH�
ZULWWHQ�GHVFULSWLRQ�RI�ZKDW�QHHGV�WR�RFFXU�GXULQJ�ORDGLQJ�RI�WKH�VKDGHU�
�

/RDGLQJ�3URJUDPV
�
7KH�QH[W�VWHS�LV�WR�FRQVWUXFW�D�SURJUDP�REMHFW��$�SURJUDP�REMHFW�FRPELQHV�WKH�YHUWH[�DQG�
IUDJPHQW�VKDGHUV��DQG�FRPSOHWHO\�VSHFLILHV�KRZ�D�SLHFH�RI�JHRPHWU\�LV�UHQGHUHG��$JDLQ��D�
VSHFLILF�VHTXHQFH�RI�VWHSV�LV�IROORZHG�WR�ORDG�WKH�SURJUDP�
�

Ɣ /RDG�HDFK�VKDGHU�VHSDUDWHO\�
Ɣ $WWDFK�HDFK�WR�WKH�SURJUDP�
Ɣ /LQN�WKH�SURJUDP�
Ɣ &KHFN�ZKHWKHU�OLQNLQJ�VXFFHHGHG�
Ɣ 3UHSDUH�YHUWH[�DWWULEXWHV�IRU�ODWHU�DVVLJQPHQW�

�
7KH�FRPSOHWH�VRXUFH�FRGH�IRU�WKHVH�VWHSV�IROORZV�
�

YDU�SURJUDP�
IXQFWLRQ�LQLW6KDGHUV���^
��SURJUDP� �JO�FUHDWH3URJUDP���
��YDU�YHUWH[6KDGHU� �JHW6KDGHU�JO���VKDGHU�YV���
��JO�DWWDFK6KDGHU�SURJUDP��YHUWH[6KDGHU��
��YDU�IUDJPHQW6KDGHU� �JHW6KDGHU�JO���VKDGHU�IV���
��JO�DWWDFK6KDGHU�SURJUDP��IUDJPHQW6KDGHU��
��JO�OLQN3URJUDP�SURJUDP��
��LI���JO�JHW3URJUDP3DUDPHWHU�SURJUDP��JO�/,1.B67$786��
����DOHUW��&RXOG�QRW�LQLWLDOLVH�VKDGHUV���
��JO�XVH3URJUDP�SURJUDP��
��SURJUDP�SRVLWLRQ$WWU� 
����JO�JHW$WWULE/RFDWLRQ�SURJUDP���SRVLWLRQ$WWU���
��JO�HQDEOH9HUWH[$WWULE$UUD\�SURJUDP�SRVLWLRQ$WWU��
��SURJUDP�FRORU$WWU� 
����JO�JHW$WWULE/RFDWLRQ�SURJUDP���FRORU$WWU���
��JO�HQDEOH9HUWH[$WWULE$UUD\�SURJUDP�FRORU$WWU��
`

�

6HWWLQJ�XS�*HRPHWU\
�
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1RZ�ZH�QHHG�WR�VHW�XS�WKH�JHRPHWU\�WKDW�ZLOO�EH�GUDZQ�WR�WKH�VFUHHQ��7KLV�VWHS�LV�LQGHSHQGHQW�
RI�WKH�LQLWLDOL]DWLRQ�RI�WKH�VKDGHUV�DQG�SURJUDP�REMHFW��LW�FRXOG�MXVW�DV�ZHOO�EH�GRQH�EHIRUH�WKH�
SURJUDP�ZDV�ORDGHG��,W�LV�D�WZR�VWHS�SURFHVV��ILUVW�D�EXIIHU�REMHFW�LV�DOORFDWHG�RQ�WKH�*38��
DQG�WKHQ�WKH�JHRPHWULF�GDWD�FRQWDLQLQJ�DOO�RI�WKH�YHUWH[�VWUHDPV�LV�XSORDGHG��7KHUH�DUH�PDQ\�
FKRLFHV�WR�PDNH�ZKHQ�GHFLGLQJ�KRZ�WR�RUJDQL]H�WKH�JHRPHWU\��LQFOXGLQJ�ZKHWKHU�WR�XVH�
LQWHUOHDYHG�RU�QRQ�LQWHUOHDYHG�YHUWH[�GDWD��XVLQJ�RQH�RU�PRUH�EXIIHU�REMHFWV��ZKHUH�WR�SODFH�
YHUWH[�GDWD�ZLWKLQ�WKH�EXIIHU�REMHFW��HWF��$V�H[SHULHQFH�ZLWK�WKH�2SHQ*/�DQG�:HE*/�$3,�
LV�JDLQHG��PDQ\�RI�WKHVH�GHFLVLRQV�EHFRPH�PRUH�HDVLO\�DSSDUHQW��,Q�JHQHUDO��LW�LV�VWURQJO\�
GHVLUDEOH�WR�XVH�DV�IHZ�EXIIHU�REMHFWV�DV�SRVVLEOH��6ZLWFKLQJ�EHWZHHQ�WKHP�LV�H[SHQVLYH�
�
7KH�FRPSOHWH�FRGH�IRU�WKH�VHWXS�RI�WKLV�H[DPSOH¶V�JHRPHWU\�IROORZV�
�

YDU�EXIIHU�
IXQFWLRQ�LQLW*HRPHWU\���^
��EXIIHU� �JO�FUHDWH%XIIHU���
��JO�ELQG%XIIHU�JO�$55$<B%8))(5��EXIIHU��
�����,QWHUOHDYH�YHUWH[�SRVLWLRQV�DQG�FRORUV
��YDU�YHUWH['DWD� �>
�������9HUWH[���SRVLWLRQ
��������������������
�������9HUWH[���&RORU
�����������������������
�������9HUWH[���SRVLWLRQ
���������������������
�������9HUWH[���FRORU
�����������������������
�������9HUWH[���SRVLWLRQ
��������������������
�������9HUWH[���FRORU
����������������������
��@�
��JO�EXIIHU'DWD�JO�$55$<B%8))(5�
����QHZ�)ORDW��$UUD\�YHUWH['DWD���JO�67$7,&B'5$:��
`

�
7KLV�LV��DJDLQ��D�YHU\�VLPSOH�H[DPSOH��0RVW�UHDO�DSSOLFDWLRQV�ZRXOG�VWRUH�FRPSOH[�PRGHOV�RQ�
WKH�VHUYHU�DQG�WUDQVPLW�WKHP�XVLQJ�DQ�HIILFLHQW�UHSUHVHQWDWLRQ��VXFK�DV�WKDW�VXSSOLHG�E\�WKH�
:HE*/�/RDGHU�SURMHFW�
�

'UDZLQJ�WKH�6FHQH
�
$W�WKLV�SRLQW��DOO�RI�WKH�SLHFHV�DUH�LQ�SODFH�LQ�RUGHU�WR�GUDZ�WKH�VFHQH��7KH�VWHSV�WR�GR�VR�DUH�
YHU\�VLPSOH�
�

Ɣ &OHDU�WKH�YLHZLQJ�DUHD�
Ɣ 6HW�XS�YHUWH[�DWWULEXWH�VWUHDPV�
Ɣ ,VVXH�WKH�GUDZ�FDOO�

�
7KH�FRPSOHWH�FRGH�IROORZV�
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�
IXQFWLRQ�GUDZ6FHQH���^
��JO�YLHZSRUW�������FDQYDV�ZLGWK��FDQYDV�KHLJKW��
��JO�FOHDU�JO�&2/25B%8))(5B%,7�_�JO�'(37+B%8))(5B%,7��
�
��JO�ELQG%XIIHU�JO�$55$<B%8))(5��EXIIHU��
�
�����7KHUH�DUH���IORDWLQJ�SRLQW�YDOXHV�SHU�YHUWH[
��YDU�VWULGH� ���
�)ORDW��$UUD\�%<7(6B3(5B(/(0(17�
�
�����6HW�XS�SRVLWLRQ�VWUHDP
��JO�YHUWH[$WWULE3RLQWHU�SURJUDP�SRVLWLRQ$WWU�
�������JO�)/2$7��IDOVH��VWULGH�����
�����6HW�XS�FRORU�VWUHDP
��JO�YHUWH[$WWULE3RLQWHU�SURJUDP�FRORU$WWU�
�������JO�)/2$7��IDOVH��VWULGH�
������
�)ORDW��$UUD\�%<7(6B3(5B(/(0(17��
�
��JO�GUDZ$UUD\V�JO�75,$1*/(6��������
`

�
7KDW¶V�LW��7KH�WULDQJOH�QRZ�DSSHDUV�RQ�WKH�VFUHHQ�
�

+LJKHU�/HYHO�/LEUDULHV
�
1RZ�WKDW�ZH¶YH�GUDJJHG�\RX�WKURXJK�D�FRPSOHWH�H[DPSOH��PDQ\�OLEUDULHV�DOUHDG\�H[LVW�WR�
PDNH�LW�HDVLHU�WR�XVH�:HE*/��2QH�OLVW��QRW�FRPSUHKHQVLYH��LV�PDLQWDLQHG�RQ�WKH�:HE*/�ZLNL�
DW�KWWS���ZZZ�NKURQRV�RUJ�ZHEJO�ZLNL�8VHUB&RQWULEXWLRQV�)UDPHZRUNV��$�IHZ�VXJJHVWLRQV�IRU�
IUDPHZRUNV�WR�ORRN�DW�
�

Ɣ 7KUHH�MV��XVHG�LQ�WKH�5RPH�GHPR��PU��GRRE¶V�GHPRV��DQG�PDQ\�RWKHUV�
Ɣ &XELF95��XVHG�LQ�0R]LOOD¶V�:HE*/�GHPRV�VXFK�DV�1R�&RPSO\�
Ɣ 7'/��XVHG�LQ�WKH�:HE*/�$TXDULXP�DQG�PRVW�RI�WKH�RWKHU�ZHEJOVDPSOHV�GHPRV�
Ɣ &RSSHU/LFKW��VDPH�GHYHORSHU�DV�,UUOLFKW�
Ɣ 3KLOR*/��IRFXV�RQ�GDWD�YLVXDOL]DWLRQ�
Ɣ */*(��XVHG�IRU�HDUO\�SURWRW\SHV�RI�*RRJOH�%RG\�
Ɣ 6FHQH-6��XQLTXH�DQG�LQWHUHVWLQJ�GHFODUDWLYH�V\QWD[�
Ɣ 6SLGHU*/��ORWV�RI�LQWHUHVWLQJ�YLVXDO�HIIHFWV�

�

$FKLHYLQJ�+LJK�3HUIRUPDQFH
�
7KHUH�DUH�D�IHZ�³ELJ�UXOHV´�DVVRFLDWHG�ZLWK�ZULWLQJ�2SHQ*/�SURJUDPV��)LUVW�DQG�IRUHPRVW�LV�
WR�UHGXFH�WKH�QXPEHU�RI�GUDZ�FDOOV�SHU�IUDPH��2SHQ*/¶V�HIILFLHQF\�FRPSDUHG�WR�PDQ\�RWKHU�
JUDSKLFV�$3,V�FRPHV�IURP�LWV�DELOLW\�WR�VHQG�ODUJH�DPRXQWV�RI�JHRPHWU\�WR�WKH�*38�ZLWK�YHU\�
OLWWOH�RYHUKHDG��6HQGLQJ�GRZQ�VPDOO�EDWFKHV��RU�HYHQ�ZRUVH��RQH�RU�WZR�WULDQJOHV�SHU�GUDZ�FDOO��
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https://developer.mozilla.org/en-US/demos/detail/no-comply/launch
http://threedlibrary.googlecode.com
http://www.ambiera.com/copperlicht/
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GRHV�QRW�JLYH�WKH�*38�WKH�RSSRUWXQLW\�WR�RSWLPL]H�WKH�KDQGOLQJ�RI�PDQ\�WULDQJOHV�DW�RQFH�
�
,Q�RUGHU�WR�GUDZ�PDQ\�WULDQJOHV�DW�RQFH��LW�LV�W\SLFDOO\�QHFHVVDU\�WR�VRUW�WKH�REMHFWV�LQ�WKH�
VFHQH�E\�WKHLU�UHQGHULQJ�VWDWH��IRU�H[DPSOH��REMHFWV�XVLQJ�WKH�VDPH�WH[WXUH�VKRXOG�EH�GUDZQ�
ZLWK�FRQVHFXWLYH�GUDZ�FDOOV��UDWKHU�WKDQ�GUDZLQJ�RQH�REMHFW�ZLWK�WH[WXUH����DQRWKHU�REMHFW�ZLWK�
WH[WXUH����DQG�D�WKLUG�REMHFW�ZLWK�WH[WXUH���
�
2EMHFWV�VKRXOG�EH�VRUWHG�DQG�GUDZQ�DFFRUGLQJ�WR�WKH�IROORZLQJ�FULWHULD��LQ�GHFUHDVLQJ�RUGHU�RI�
LPSRUWDQFH�
�

Ɣ 7DUJHW�IUDPHEXIIHU�RU�FRQWH[W�VWDWH
ż %OHQGLQJ��FOLSSLQJ��GHSWK�WHVW��HWF�

Ɣ 3URJUDP��EXIIHU��RU�WH[WXUH
ż 6ZLWFKLQJ�WKHVH�RIWHQ�UHTXLUHV�D�SLSHOLQH�IOXVK

Ɣ 8QLIRUPV�DQG�VDPSOHUV
ż 6ZLWFKLQJ�WKHVH�LV�UHODWLYHO\�FKHDS��PRGXOR�-DYD6FULSW�RYHUKHDG

�
�7KDQNV�WR�%HQ�9DQLN�DW�*RRJOH�IRU�WKLV�LQIRUPDWLRQ��
�
:KHUHYHU�SRVVLEOH��VRUW�WKH�REMHFWV�LQ�WKH�VFHQH�DKHDG�RI�WLPH��DQG�PDLQWDLQ�WKH�REMHFWV�DV�D�
VRUWHG�OLVW�IRU�UHQGHULQJ�SXUSRVHV��:DONLQJ�WKH�REMHFW�KLHUDUFK\�DQG�SHUIRUPLQJ�D�VRUW�RI�REMHFWV�
SHU�IUDPH�FDQ�FDQFHO�WKH�JDLQV�IURP�EDWFKLQJ�GUDZ�FDOOV��*HQHUDWH�\RXU�FRQWHQW���'�PRGHOV��
HWF���VR�WKDW�LW�FDQ�EH�HDVLO\�EDWFKHG��PHUJH�EXIIHUV��WH[WXUHV��HWF�
�
,Q�:HE*/��DOO�RI�WKH�2SHQ*/�³ELJ�UXOHV´�DSSO\��DORQJ�ZLWK�DQRWKHU�RQH��RIIORDG�DV�PXFK�
-DYD6FULSW�WR�WKH�*38�DV�SRVVLEOH��ZLWKLQ�UHDVRQ��2IWHQ�WKH�*38�FDQ�EH�XVHG�WR�UHSKUDVH�D�
FRPSXWDWLRQ�WKDW�ZRXOG�RWKHUZLVH�QHHG�WR�EH�GRQH�LQ�-DYD6FULSW��DQG�\RX�FDQ�DFKLHYH�QRW�RQO\�
EHWWHU�SDUDOOHOLVP�EXW�RIWHQ�EHWWHU�SHUIRUPDQFH�E\�GRLQJ�VR��7KH�IROORZLQJ�H[DPSOHV�VKRZ�KRZ�
WKLV�UXOH�LV�DSSOLHG�LQ�WKH�FRQWH[W�RI�D�IHZ�UHDO�ZRUOG�H[DPSOHV�
�

3LFNLQJ�LQ�*RRJOH�%RG\
�
�7KDQNV�WR�WKH�*RRJOH�%RG\�WHDP�IRU�WKLV�LQIRUPDWLRQ��
�
*RRJOH�%RG\�LV�D�EURZVHU�IRU�WKH�KXPDQ�DQDWRP\��2ULJLQDOO\�GHYHORSHG�DW�*RRJOH�/DEV��LW�LV�
QRZ�DYDLODEOH�DV�=\JRWH�%RG\��IURP�WKH�FRPSDQ\�WKDW�GHYHORSHG�WKH��'�PRGHOV��7KH�PRGHOV�LQ�
WKLV�DSSOLFDWLRQ�DUH�KLJKO\�GHWDLOHG����RYHU�D�PLOOLRQ�WULDQJOHV����\HW�VHOHFWLRQ�LV�YHU\�IDVW��2QH�FDQ�
FOLFN�DQ\�ERG\�SDUW�WR�KLJKOLJKW�LW�DQG�VHH�LWV�QDPH�
�
+RZ�FDQ�SLFNLQJ�EH�LPSOHPHQWHG"�2QH�FRXOG�FRQVLGHU�GRLQJ�UD\�FDVWLQJ�LQ�-DYD6FULSW��:KHQ�
WKH�PRXVH�LV�FOLFNHG��VHW�XS�D�UD\�VWDUWLQJ�DW�WKH�H\H�SRLQW��JRLQJ�WKURXJK�WKH�QHDU�SODQH�RI�
WKH�³FDPHUD´��DQG�LQWHUVHFW�WKDW�UD\�ZLWK�DOO�RI�WKH�WULDQJOHV�LQ�WKH�VFHQH��2QH�FRXOG�DWWHPSW�WR�
GR�TXLFN�GLVFDUGV�LI�WKH�UD\�GRHVQ¶W�LQWHUVHFW�DQ�REMHFW¶V�ERXQGLQJ�ER[��WR�DYRLG�UD\�WULDQJOH�WHVWV�
IRU�REMHFWV�WKDW�DUH�REYLRXVO\�PLVVHG�E\�WKH�UD\��5HJDUGOHVV��WKLV�LV�VWLOO�D�ORW�RI�PDWK�WR�GR�LQ�
-DYD6FULSW�
�
,QVWHDG��*RRJOH�%RG\�XVHV�WKH�*38�WR�LPSOHPHQW�SLFNLQJ��:KHQ�WKH�PRGHO�LV�ORDGHG��HDFK�
RUJDQ�LV�DVVLJQHG�D�GLIIHUHQW�FRORU��:KHQ�WKH�PRXVH�LV�FOLFNHG��WKH�PRGHO�LV�UHQGHUHG�RIIVFUHHQ�
ZLWK�D�GLIIHUHQW�VKDGHU�WKDQ�XVXDO��7KLV�VKDGHU�GUDZV�HDFK�VKDSH�ZLWK�LWV�SUHDVVLJQHG�FRORU��

http://www.zygotebody.com/
http://www.zygotebody.com/
http://www.zygotebody.com/
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ZLWKRXW�DQ\�WH[WXULQJ��OLJKWLQJ��RU�WUDQVSDUHQF\��$�WKUHVKROG�LV�XVHG�WR�GHWHUPLQH�ZKHWKHU�WR�
GUDZ�WUDQVOXFHQW�OD\HUV�GXULQJ�WKLV�SURFHVV��OD\HUV�ZKLFK�DUH�³WRR�WUDQVSDUHQW´�WR�SLFN�DUH�VLPSO\�
QRW�GUDZQ��$IWHU�WKLV�UHQGHU�SDVV�LV�FRPSOHWHG��WKH�FRORU�XQGHU�WKH�PRXVH�SL[HO�LV�UHDG�EDFN�WR�
WKH�&38�XVLQJ�UHDG3L[HOV��7KH�VDPH�WHFKQLTXH�ZRUNV�DW�GLIIHUHQW�OHYHOV�RI�JUDQXODULW\��IRU�
H[DPSOH��HDFK�WULDQJOH��UDWKHU�WKDQ�HDFK�REMHFW��FRXOG�EH�DVVLJQHG�D�GLIIHUHQW�FRORU�WR�DFKLHYH�
ILQHU�GHWDLO�ZKHQ�SLFNLQJ��7KH�IROORZLQJ�WKUHH�VFUHHQVKRWV�VKRZ�WKH�SLFNLQJ�SURFHVV�ZKLOH�
GLIIHUHQW�OD\HUV�RI�WKH�PRGHO�DUH�YLVLEOH�
�

�
1RWH�WKDW�WKLV�WHFKQLTXH�XVHV�WKH�*38�IRU�ZKDW�LW�LV�EHVW�DW����UHQGHULQJ��,W�HVVHQWLDOO\�FRQYHUWV�
WKH�SUREOHP�RI�SLFNLQJ�LQWR�RQH�RI�UHQGHULQJ��'HVSLWH�WKH�QHHG�WR�SHUIRUP�D�UHDGEDFN�IURP�WKH�
*38�WR�WKH�&38�DW�WKH�HQG�RI�WKH�DOJRULWKP��WKH�SHUIRUPDQFH�JDLQV�IURP�XVLQJ�WKH�*38�DUH�
ZRUWK�LW�
�



6LJJUDSK������&RXUVH��*UDSKLFV�3URJUDPPLQJ�IRU�WKH�:HE��:HE*/�

3DUWLFOH�6\VWHPV
�
3DUWLFOH�V\VWHPV�DUH�D�WHFKQLTXH�FRPPRQO\�XVHG�WR�GUDZ�JUDSKLFDO�HIIHFWV�OLNH�H[SORVLRQV��
VPRNH��FORXGV��DQG�GXVW�
�
7KH�PRVW�REYLRXV�ZD\�WR�LPSOHPHQW�D�SDUWLFOH�V\VWHP�LV�WR�FRPSXWH�WKH�SRVLWLRQV�RI�WKH�
SDUWLFOHV�RQ�WKH�&38��XSORDG�WKH�YHUWLFHV�WR�WKH�*38��DQG�GUDZ�WKHP�LQ�D�VLQJOH�GUDZ�FDOO��7KLV�
WHFKQLTXH�FDQ�ZRUN�IRU�VPDOO�SDUWLFOH�V\VWHPV��EXW�GRHV�QRW�VFDOH�ZHOO�EHFDXVH�PDQ\�YHUWLFHV�
DUH�XSORDGHG�WR�WKH�*38�HDFK�IUDPH��$GGLWLRQDOO\��PDWKHPDWLFDO�RSHUDWLRQV�DUH�QRW�\HW�DV�IDVW�
LQ�-DYD6FULSW�DV�WKH\�DUH�LQ�&�RU�&����$�GLIIHUHQW�WHFKQLTXH�LV�GHVLUHG�
�
*UHJJ�7DYDUHV�KDV�GHYHORSHG�D�SDUWLFOH�V\VWHP�GHPRQVWUDWLRQ�LQ�WKH�:HE*/�GHPR�UHSRVLWRU\�
ZKLFK�DQLPDWHV�URXJKO\������SDUWLFOHV�DW����IUDPHV�SHU�VHFRQG��$OO�RI�WKH�DQLPDWLRQ�PDWK�LV�
SHUIRUPHG�RQ�WKH�*38��(DFK�SDUWLFOH¶V�PRWLRQ�LV�GHILQHG�E\�DQ�HTXDWLRQ��LQLWLDO�SRVLWLRQ��YHORFLW\��
DFFHOHUDWLRQ��VSLQ��DQG�OLIHWLPH��:KHQ�WKH�SDUWLFOH�LV�FUHDWHG��WKHVH�SDUDPHWHUV�DUH�VHW�XS�
RQFH�DQG�QHYHU�PRGLILHG�DIWHUZDUG��(DFK�IUDPH��RQO\�RQH�SDUDPHWHU�QHHGV�WR�EH�VHQW�IURP�
WKH�&38�WR�WKH�*38��WKH�FXUUHQW�WLPH��7KH�YHUWH[�VKDGHU�HYDOXDWHV�WKH�HTXDWLRQ�RI�PRWLRQ�DQG�
PRYHV�WKH�SDUWLFOH�LQWR�LWV�GHVLUHG�ORFDWLRQ�IRU�WKH�FXUUHQW�IUDPH��7KLV�WHFKQLTXH�HQVXUHV�WKDW�WKH�
DEVROXWH�PLQLPXP�DPRXQW�RI�-DYD6FULSW�ZRUN�LV�GRQH�SHU�IUDPH�
�

�
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1LKLORJLF¶V�:RUOGV�RI�:HE*/�GHPRQVWUDWLRQ�VKRZV�D�VLPLODU�SDUWLFOH�V\VWHP�WHFKQLTXH��,Q�WKLV�
GHPRQVWUDWLRQ��SDUWLFOHV�DVVHPEOH�WR�IRUP�YDULRXV�VKDSHV��IDOOLQJ�WR�WKH�IORRU�EHWZHHQ�VFHQHV�
DQG�DQLPDWLQJ�VPRRWKO\�EHWZHHQ�WKHP��7KH�DQLPDWLRQ�LV�GRQH�VLPLODUO\�WR�*UHJJ�7DYDUHV¶�
SDUWLFOH�V\VWHP�DERYH��)RU�HDFK�VFHQH��UDQGRP�SRVLWLRQV�IRU�WKH�SDUWLFOHV�DUH�FKRVHQ�DW�VHWXS�
WLPH��7KH�WLPH�SDUDPHWHU�LQWHUSRODWHV�EHWZHHQ�WZR�YHUWH[�DWWULEXWH�VWUHDPV�DW�DQ\�JLYHQ�WLPH��
RQH�VWUHDP�FRQWDLQV�WKH�SDUWLFOH�SRVLWLRQV�RQ�WKH�IORRU��DQG�WKH�RWKHU�WKH�SDUWLFOH�SRVLWLRQV�IRU�
WKH�FXUUHQW�VKDSH��2QFH�WKH�FXUUHQW�VKDSH�KDV�EHHQ�DVVHPEOHG��WKH�QH[W�LQWHUSRODWLRQ�WDUJHW�
EHFRPHV�WKH�SDUWLFOHV�RQ�WKH�IORRU�DJDLQ��-DYD6FULSW�GRHV�DOPRVW�QR�FRPSXWDWLRQ�
�

6SULWH�(QJLQHV
�
,Q�URXJKO\�HDUO\�������)DFHERRN�UHOHDVHG�D�VSULWH�HQJLQH�EHQFKPDUN�FDOOHG�-6*DPH%HQFK�
FRPSDULQJ�YDULRXV�WHFKQLTXHV�IRU�UHQGHULQJ�DQLPDWHG�VSULWHV�ZLWKLQ�D�ZHE�EURZVHU��LQFOXGLQJ�
PRYLQJ�DURXQG�'20�HOHPHQWV�DQG�GUDZLQJ�ZLWK�ERWK��'�&DQYDV�DQG�:HE*/��6SULWHV�DUH�
JHQHUDOO\�VLPLODU�WR�SDUWLFOH�V\VWHPV��EXW�DUH�WHUPLQRORJ\�PRUH�FRPPRQO\�XVHG�ZKHQ�DXWKRULQJ�
FHUWDLQ�NLQGV�RI��'�JDPHV��-6*DPH%HQFK�GRHVQ¶W�DSSHDU�WR�EH�XQGHU�DFWLYH�GHYHORSPHQW�DQ\�
PRUH��EXW�VRPH�OHVVRQV�FDQ�EH�OHDUQHG�DERXW�LWV�VWUXFWXUH�DQG�SHUIRUPDQFH�FKDUDFWHULVWLFV�
�
$W�WKH�WLPH�-6*DPH%HQFK�ZDV�UHOHDVHG��LWV�:HE*/�EDFNHQG�SHUIRUPHG�RQH�GUDZ�FDOO�SHU�
VSULWH��,W�VHHPHG�WKDW�GUDZLQJ�WKH�HQWLUH�VSULWH�ILHOG�ZLWK�RQH�GUDZ�FDOO�ZRXOG�EH�DQ�REYLRXV�
SHUIRUPDQFH�ZLQ��VR�D�SURWRW\SH�VSULWH�HQJLQH�OLEUDU\�ZDV�GHYHORSHG�WR�WHVW�WKLV�K\SRWKHVLV�
�
7KH�ILUVW�TXHVWLRQ�ZDV�ZKHWKHU�LW�ZDV�HYHQ�SRVVLEOH�WR�GUDZ�DOO�RI�WKH�VSULWHV�DW�RQFH��WKH\�
XVH�DOSKD�EOHQGLQJ��VR�WKH�RUGHU�WKH\�DUH�GUDZQ�LV�LPSRUWDQW��,W¶V�D�OLWWOH�NQRZQ�IDFW�WKDW�
2SHQ*/�DFWXDOO\�JXDUDQWHHV�WKH�RUGHU�WKH�WULDQJOHV�DUH�GUDZQ�LQ�ZKHQ�JO'UDZ$UUD\V�DQG�
JO'UDZ(OHPHQWV�DUH�FDOOHG��$SSDUHQWO\�*38V�FRQWDLQ�TXLWH�D�ELW�RI�VLOLFRQ����WKH�5HQGHU�2XWSXW�
XQLW��RU�523����WR�SURYLGH�WKLV�JXDUDQWHH��WKDQNV�WR�1DW�'XFD�DW�*RRJOH�IRU�WKLV�LQIRUPDWLRQ��
7KHUHIRUH�LW�ZDV�WHFKQLFDOO\�SRVVLEOH�WR�GUDZ�WKH�HQWLUH�VSULWH�ILHOG�DW�RQFH��VLQFH�WKH�RUGHU�WKH�
VSULWHV�ZHUH�GUDZQ�WR�WKH�VFUHHQ�ZRXOG�EH�FRQVLVWHQW�IURP�IUDPH�WR�IUDPH�
�
7KH�QH[W�TXHVWLRQ�ZDV�KRZ�WR�PHUJH�WRJHWKHU�WKH�VSULWHV¶�PXOWLSOH�LPDJHV��2QH�REYLRXV�ZD\�
ZRXOG�EH�WR�SXW�DOO�RI�WKH�VSULWHV¶�LPDJHV�LQWR�D�VLQJOH�WH[WXUH��VR�WKDW�WKH�GUDZ�FDOO�ZRXOG�
UHIHUHQFH�RQO\�RQH�WH[WXUH��7KLV�VHHPHG�OLNH�DQ�LQIOH[LEOH�VROXWLRQ��VLQFH�LW�ZRXOG�EH�ERXQGHG�
E\�WKH�PD[LPXP�VL]H�RI�DQ�LQGLYLGXDO�WH[WXUH��,QVWHDG��WKH�GHVLUHG�VROXWLRQ�ZDV�WR�SDVV�GRZQ�
PXOWLSOH�WH[WXUHV�WR�WKH�IUDJPHQW�VKDGHU��DQG�KDYH�WKH�VKDGHU�FKRRVH�ZKLFK�RQH�WR�VDPSOH�IRU�
WKH�VSULWH¶V�LPDJH�
�
&RQFHSWXDOO\��ZH�ZRXOG�OLNH�WR�VHQG�GRZQ�D�XQLIRUP�DUUD\�RI�VDPSOHUV��H�J���XQLIRUP�
VDPSOHU�'�WH[WXUHV>�@��DQG�FRPSXWH�DQ�LQGH[�LQWR�WKLV�DUUD\��8QIRUWXQDWHO\��WKH�:HE*/�
VKDGLQJ�ODQJXDJH��ZKLFK�LV�HVVHQWLDOO\�WKH�VDPH�DV�WKH�2SHQ*/�(6�VKDGLQJ�ODQJXDJH��
GRHVQ
W�DOORZ�WKLV�NLQG�RI�LQGH[LQJ�H[SUHVVLRQ�LQ�D�IUDJPHQW�VKDGHU��7KH�RQO\�NLQG�RI�LQGH[LQJ�
H[SUHVVLRQ�DOORZHG�LV�RQH�LQYROYLQJ�FRQVWDQWV�DQG�ORRS�LQGLFHV�
�
7KH�ILUVW�DWWHPSW�DW�WKH�WH[WXUH�VHOHFWLRQ�IUDJPHQW�VKDGHU�ORRNHG�OLNH�WKLV��,W�SDVVHG�GRZQ�D�
YHFWRU�RI�FRHIILFLHQWV�IRU�HDFK�YHUWH[��ZKLFK�VHOHFWHG�RQH�RI�WKH�IRXU�LQFRPLQJ�WH[WXUHV�
�
��JOB)UDJ&RORU� 
�����WH[WXUH�'�XBWH[WXUH���YBWH[&RRUG��
�YBWH[WXUH:HLJKWV�[��
�����WH[WXUH�'�XBWH[WXUH���YBWH[&RRUG��
�YBWH[WXUH:HLJKWV�\��

http://www.nihilogic.dk/labs/worlds_of_webgl/
http://www.nihilogic.dk/labs/worlds_of_webgl/
http://www.nihilogic.dk/labs/worlds_of_webgl/
http://www.nihilogic.dk/labs/worlds_of_webgl/
http://www.nihilogic.dk/labs/worlds_of_webgl/
https://github.com/facebook/jsgamebench


6LJJUDSK������&RXUVH��*UDSKLFV�3URJUDPPLQJ�IRU�WKH�:HE��:HE*/�

�����WH[WXUH�'�XBWH[WXUH���YBWH[&RRUG��
�YBWH[WXUH:HLJKWV�]��
�����WH[WXUH�'�XBWH[WXUH���YBWH[&RRUG��
�YBWH[WXUH:HLJKWV�Z��
�
7KLV�ZRUNHG��EXW�XQIRUWXQDWHO\��WKH�UHVXOWLQJ�GHPR�ZDV�VORZHU�WKDQ�WKH�H[LVWLQJ�:HE*/�
EDFNHQG�RI�-6*DPH%HQFK����DERXW�����RI�WKH�SHUIRUPDQFH��([SHULPHQWV�ZHUH�GRQH�WR�UHPRYH�
WKH��H[SORVLRQ��VSULWH��ZKLFK�LV�WKH�ODUJHVW�RI�DOO�WKH�VSULWHV�����[�����ILOOLQJ�D�����[�����
WH[WXUH���DQG�VHOHFWLQJ�WKH�VSULWHV�IURP�WKH�UHPDLQLQJ�WKUHH�VKHHWV��7KLV�\LHOGHG�D�VLJQLILFDQW�
VSHHGXS��ZKLFK�VWURQJO\�LQGLFDWHG�WKDW�WKH�WH[WXUH�EDQGZLGWK�RQ�WKH�FDUG�ZDV�EHLQJ�H[KDXVWHG�
�
1DW�'XFD�VXJJHVWHG�WR�XVH�D�VHULHV�RI�LI�WHVWV�LQ�WKH�IUDJPHQW�VKDGHU�WR�VDPSOH�WKH�GHVLUHG�
WH[WXUH��3UHYLRXV�H[SHULHQFH�KDG�EHHQ�WR�DYRLG�LI�WHVWV�LQ�VKDGHUV�DW�DOO�FRVWV��LQ�HDUOLHU�ZRUN��
HYHU\�WLPH�DQ�LI�WHVW�LQ�D�VKDGHU�KDG�EHHQ�UHSODFHG�ZLWK�D�QRQ�EUDQFKLQJ�RSHUDWLRQ�OLNH�D�FODPS�
RU�VWHS��SHUIRUPDQFH�KDG�LPSURYHG��1DW�LQGLFDWHG�WKDW�RQ�PRGHUQ�FDUGV��LI�WKH�EUDQFK�ZLOO�JR�WKH�
VDPH�ZD\�RYHU�ODUJH�UHJLRQV��ZKLFK�LW�ZLOO�LQ�WKLV�FDVH��LW
V�FRQVWDQW�DFURVV�WKH�HQWLUH�VXUIDFH�RI�
WKH�VSULWH���LW�ZLOO�ZRUN�ZHOO��7KH�IUDJPHQW�VKDGHU�ZDV�UHZULWWHQ�DV�IROORZV�
�
��YHF��FRORU�
��LI��YBWH[WXUH:HLJKWV�[�!�����
����FRORU� �WH[WXUH�'�XBWH[WXUH���YBWH[&RRUG��
��HOVH�LI��YBWH[WXUH:HLJKWV�\�!�����
����FRORU� �WH[WXUH�'�XBWH[WXUH���YBWH[&RRUG��
��HOVH�LI��YBWH[WXUH:HLJKWV�]�!�����
����FRORU� �WH[WXUH�'�XBWH[WXUH���YBWH[&RRUG��
��HOVH����YBWH[WXUH:HLJKWV�Z�!����
����FRORU� �WH[WXUH�'�XBWH[WXUH���YBWH[&RRUG��
��JOB)UDJ&RORU� �FRORU�
�
7KLV�WHFKQLTXH�ZRUNHG�ZHOO��RQ�WKH�GHYHORSPHQW�PDFKLQH��LW�UHQGHUHG������RU�PRUH�VSULWHV�DW�
WKH�VDPH�IUDPH�UDWH�WKDQ�WKH�:HE*/�EDFNHQG�RI�-6*DPH%HQFK�DW�WKH�WLPH��-6*DPH%HQFK�
ZDV�VXEVHTXHQWO\�XSGDWHG�WR�XVH�VLPLODU�EDWFKLQJ�WHFKQLTXHV�
�
7KH�VRXUFH�FRGH�IRU��DQG�PRUH�GHWDLOV�RQ��WKLV�VSULWH�HQJLQH�SURWRW\SH�DUH�DYDLODEOH�LQ�WKH�
:HE*/�VDPSOHV�SURMHFW�LQ�WKH�VSULWHV�VXEGLUHFWRU\��VHH�WKH�GRFXPHQWDWLRQ�DQG�OLYH�GHPR�
�

3K\VLFDO�6LPXODWLRQ
:HE*/�VXSSRUWV�IORDWLQJ�SRLQW�WH[WXUHV�DV�DQ�H[WHQVLRQ��PHDQLQJ�WKDW�HYHU\�WH[HO�FDQ�VWRUH�RQH�
RU�PRUH�IORDWLQJ�SRLQW�YDOXHV��7KH�IDFW�WKDW�WKH�*38�FDQ�RSHUDWH�RQ�VR�PXFK�IORDWLQJ�SRLQW�GDWD�
DW�RQFH�PHDQV�WKDW�LW�LV�SRVVLEOH�WR�SHUIRUP�DGYDQFHG�WHFKQLTXHV�LQ�:HE*/�VXFK�DV�SK\VLFDO�
VLPXODWLRQ��$Q\�LWHUDWLYH�FRPSXWDWLRQ�ZKHUH�HDFK�VWHS�UHOLHV�RQO\�RQ�QHDUE\�QHLJKERUV�LV�D�JRRG�
FDQGLGDWH�IRU�PRYLQJ�WR�WKH�*38�
�
(YJHQ\�'HPLGRY�KDV�GHYHORSHG�VHYHUDO�GHPRQVWUDWLRQV�VKRZLQJ�KRZ�WR�VLPXODWH�ZDYHV��
LQWHUIHUHQFH�SDWWHUQV���'�IOXLG�G\QDPLFV�DQG�RWKHU�WHFKQLTXHV�LQ�:HE*/�
�
(YDQ�:DOODFH�KDV�GHYHORSHG�GHPRQVWUDWLRQV�XWLOL]LQJ�IORDWLQJ�SRLQW�WH[WXUHV�WR�VLPXODWH�
LQWHUDFWLYH�ZDWHU�LQ�D�SRRO�DQG�HYHQ�GR�UD\�WUDFLQJ�LQ�:HE*/�

http://code.google.com/p/webglsamples/
http://code.google.com/p/webglsamples/
http://code.google.com/p/webglsamples/
http://code.google.com/p/webglsamples/
http://webglsamples.googlecode.com/hg/sprites/readme.html
http://webglsamples.googlecode.com/hg/sprites/index.html
http://webglsamples.googlecode.com/hg/sprites/index.html
http://webglsamples.googlecode.com/hg/sprites/index.html
http://www.ibiblio.org/e-notes/webgl/gpu/contents.htm
http://madebyevan.com/
http://madebyevan.com/webgl-water/
http://madebyevan.com/webgl-water/
http://madebyevan.com/webgl-water/
http://madebyevan.com/webgl-water/
http://madebyevan.com/webgl-water/
http://madebyevan.com/webgl-water/
http://madebyevan.com/webgl-water/
http://madebyevan.com/webgl-water/
http://madebyevan.com/webgl-water/
http://madebyevan.com/webgl-water/
http://madebyevan.com/webgl-water/
http://madebyevan.com/webgl-water/
http://madebyevan.com/webgl-path-tracing/
http://madebyevan.com/webgl-path-tracing/
http://madebyevan.com/webgl-path-tracing/


6LJJUDSK������&RXUVH��*UDSKLFV�3URJUDPPLQJ�IRU�WKH�:HE��:HE*/�

&RQFOXVLRQ
:HE*/�LV�DQ�HYROYLQJ�VSHFLILFDWLRQ�DQG�HFRV\VWHP��:H�ORRN�IRUZDUG�WR�\RXU�SDUWLFLSDWLRQ�LQ�WKH�
FRPPXQLW\��
�

Ɣ :HE*/�ODQGLQJ�SDJH�DW�WKH�.KURQRV�*URXS
Ɣ :HE*/�ZLNL
Ɣ :HE*/�VSHFLILFDWLRQ��HGLWRU¶V�GUDIW�
Ɣ :HE*/�GHYHORSHUV¶�PDLOLQJ�OLVW��IRU�GLVFXVVLQJ�WKH�XVH�RI�:HE*/�
Ɣ :HE*/�SXEOLF�PDLOLQJ�OLVW��IRU�GLVFXVVLQJ�WKH�VSHFLILFDWLRQ�

�

http://www.khronos.org/webgl/
http://www.khronos.org/webgl/
http://www.khronos.org/webgl/
http://www.khronos.org/webgl/
http://www.khronos.org/webgl/
http://www.khronos.org/webgl/
http://www.khronos.org/webgl/
http://www.khronos.org/webgl/
http://www.khronos.org/webgl/
http://www.khronos.org/webgl/
http://www.khronos.org/webgl/
http://www.khronos.org/webgl/
http://www.khronos.org/webgl/
http://www.khronos.org/webgl/wiki
http://www.khronos.org/webgl/wiki
http://www.khronos.org/webgl/wiki
http://www.khronos.org/registry/webgl/specs/latest/
http://www.khronos.org/registry/webgl/specs/latest/
http://www.khronos.org/registry/webgl/specs/latest/
http://groups.google.com/group/webgl-dev-list
http://groups.google.com/group/webgl-dev-list
http://groups.google.com/group/webgl-dev-list
http://groups.google.com/group/webgl-dev-list
http://groups.google.com/group/webgl-dev-list
http://groups.google.com/group/webgl-dev-list
http://groups.google.com/group/webgl-dev-list
http://www.khronos.org/webgl/public-mailing-list/
http://www.khronos.org/webgl/public-mailing-list/
http://www.khronos.org/webgl/public-mailing-list/
http://www.khronos.org/webgl/public-mailing-list/
http://www.khronos.org/webgl/public-mailing-list/
http://www.khronos.org/webgl/public-mailing-list/
http://www.khronos.org/webgl/public-mailing-list/


 

!

!

 

Graphics!Programming!on!the!Web!

WebCL!Course!Notes!
Siggraph!2012!

Mikaël Bourges-Sévenier1 
Motorola Mobility, Inc. 

!
!
!
!
!
!
Abstract!
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1 What!is!WebCL?!
In short, WebCL is to OpenCL what WebGL is to OpenGL. WebCL is a JavaScript API over OpenCL API; 

Khronos Group is defining all these international standards. Historically, OpenGL was defined as a standard for 
hardware accelerated graphics, hence Graphics Language. OpenGL was first a fixed pipeline a programmer could 
change various states to produce images. Then, OpenGL pipeline became programmable using shaders, pieces of C like 
code that can be inserted at some points of the OpenGL rendering pipeline. 

As the need for more complex applications arise, programmers realized that shaders could be used for more 
general programming problems, taking advantage of the massively parallel nature of GPUs; this became known as 
GPGPU. But shaders can only provide limited features for such applications. 

Few years ago, Apple proposed OpenCL to the Khronos Group, a more general framework for computing, hence 
the term Compute Language. Not only OpenCL allows usage of GPUs but also any devices that has a driver in the 
machine: CPUs, DSPs, accelerators, and so on. 

It is important to note that OpenCL doesn’t provide any rendering capability, unlike OpenGL; it only processes 
data, lots of data. The source of such data could be OpenGL buffers such as vertex buffers, pixel buffers, render 
buffers, and so on. 

To understand WebCL, it is necessary to understand the OpenCL programming model. 

2 Glossary!and!conventions!
Work-item The basic unit of work of an OpenCL device 
Work-group Work-items execute together as a work-group 
Kernel The code of a work-item, a C99 function 
Program A collection of kernels and other functions, same as a dynamic library 
Context The environment within which work-items executes. This includes devices, their memories, their 

command queues, and so on 
 
In this course, we will use the following conventions: 

• Code is a yellow box 
o All lines are numbered 
o WebCL/OpenCL keywords and methods are in bold red 
o Comments are in light green 
o Language keywords are in bold dark purple 
o Strings are in blue 

 
1 __kernel 
2 void multiply(__global const float *a, // a, b, c values are in global memory 

 
• The method console.log() is simplified to log(). 
• All WebCL calls throw exceptions (unlike WebGL that return error codes). For simplicity, we  may omit 

try/catch in this document, but you should not! 
• OpenCL qualifiers start with __ (two ‘_’). For example, one could use __kernel or kernel 

interchangeably. In this document, we always use __kernel. 
• We use interchangeably CL for OpenCL and WebCL, GL for OpenGL ES 2.x and WebGL. 
• OpenCL files end with extension ‘.cl’. On web pages, we use <script type = “x-webcl”>, although both 

are not defined by any standard. 
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3 Thinking!in!parallel!
Programming a massively parallel device is challenging and, for many developers, may require learning new 

programming skills. By massively parallel, we mean that many hardware-processing units run at once or, said 
differently, many hardware threads are running concurrently. While CPUs tend to have 2, 4, or 8 cores, GPUs can have 
thousands of cores. Even on mobile devices, GPUs with hundred of cores are coming. For web developers used to 
sequential event-based programs, with JavaScript language not providing threading support, it is a radical shift. 

The following example shows the main idea:  
• A traditional loop over a (large) set of data can be replaced by a data-parallel kernel 
• Each work-item runs a copy of the kernel function. 
• With n work-items, the computation is executed in 1 pass vs. n passes with a traditional loop 

The OpenCL concepts are introduced in the next section. 
 

3 // in JavaScript 
4  
5 function multiply(a, b, n) 
6 { 
7   var c=[]; 
8    for(var i = 0; i < n; i++) 
9      c[i] = a[i] * b[i]; 
10  
11    return c; 
12 } 

 
1 // in OpenCL 
2  
3 __kernel 
4 void multiply(__global const float *a, // a, b, c values are in global memory 
5               __global const float *b, 
6               __global float *c, int n) 
7 { 
8   int id = get_global_id(0); // work-item globalID 
9    if(id >= n) return;        // make sure work-item don’t read/write past array size 
10    c[id] = a[id] * b[id]; 
11 } 

Code 1 – Representing a JavaScript method into a WebCL kernel. 

4 OpenCL!memory!model!
Before we enter into OpenCL programming details, it is important to understand its platform model: 

• A Host contains one or more Compute Devices. A Host has its own memory. 
• Each Compute Device (e.g. CPU, GPU, DSP, FPGA...) is composed of one or more compute units (e.g. 

cores). Each Compute Device has its own memory. 
• Each Compute Unit is divided in one or more Processing Elements (e.g. hardware threads). Each 

processing element has its own memory. 
In general, we will refer to Host for the device onto which the WebCL program is executed (i.e. within the 

browser). We refer to Device for a compute device onto which an OpenCL Kernel is executed. Hence, a CPU can be 
both a Host and a Compute Device. 
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Figure 1 - OpenCL platform model 

OpenCL defines 4 types of memory spaces within a Compute Device: 
• Global memory – corresponds to the device RAM. This is where input data are stored. Available to all 

work groups/items. Similar to system memory over a slow bus, rather slow memory. Not cached. 
• Constant memory – cached global memory 
• Local memory – high-speed memory shared among work-items of a compute unit (i.e. for a work-

group). Similar to L1 cache. Reasonably fast memory. 
• Private memory – registers of a work-item. Very fast memory. 

However, private memory is small and local memory is often no more than 64 KB. As a result, programmer must 
choose carefully which variables leave in a memory space for the best performance / memory access performance 
tradeoff. 

Another type of memory is Texture Memory, which is similar to Global Memory but is cached, optimized for 2D 
spatial locality, and designed for streaming reads with constant latency. In other words, if your device has image 
support and your data can fit in texture memory, it may be better than using buffers in global memory. 
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Figure 2 – OpenCL memory model 

Finally, at an even lower level, work-items are scheduled as a group called warp (NVidia) or wavefront (AMD); 
this is the smallest unit of parallelism on a device. Individual work-items in a warp/wavefront start together at the same 
program address, but they have their own address counter and register state and are therefore free to branch and execute 
independently [8]. Threads on a CPU are generally heavyweight entities and context switches (when the operating 
system swap two threads on and off execution channels) are therefore expensive. By comparison, threads on a GPU 
(i.e. work-items) are extremely lightweight entities. Since registers are allocated to active threads, no swapping of 
registers and state occurs between GPU threads. Once threads complete, its resources are de-allocated. 

Each work-item has a global ID into an N-Dimensional index space, where N can be 1, 2 or 3. An N-dimensional 
range (or NDRange) is defined by an array of N values specifying the extent of the index space in each dimension 
starting at an offset F (0 by default). Within a work-group, a work-item also has a local ID. 

 

Figure 3 – Global and Local IDs for a 2D problem. 

Using a 2D example, as depicted in Figure 3, with a global NDRange of size [Gwidth, Gheight] and local NDRange of 
size [Lwidth, Lheight],  

1. Indexes always go from 0 to range-1 in each dimension 
2. localID of work-item at index (lx, ly) is lx + ly * Lwidth 
3. globalID of work-item at index (gx, gy) is gx + gy * Gwidth 

To favor memory coalescing (i.e. the device accesses memory in a batch rather than individual accesses that 
would require serialized accesses to memory), it is useful to keep: 

1. The Gwidth of the problem as a multiple of the maximum work-group size, eventually adding extra 
columns with appropriate padding. The maximum work-group size is given by 
cl.KERNEL_WORK_GROUP_SIZE 

2. The Lwidth of a work-group as a multiple of the warp/wavefront size. This value is given by 
cl.KERNEL_PREFERRED_WORK_GROUP_SIZE_MULTIPLE 

Both limits can be queried on a WebCLKernel object once it is created. They are extremely important for 
maximum throughput. 

Host and devices communicate via buffers defined in an OpenCL context. Commands are sent to devices via 
command-queues. Commands are used for memory transfers from host and devices, between memory objects in a 
device, and to execute programs. 
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5 Programming!with!WebCL!
Programming with WebCL is composed of 2 parts: 

• The host side (e.g. in the web browser) that sets up and controls the execution of the program 
• The device side (e.g. on a GPU) that runs computations i.e. kernels. 

5.1 Host/Browser!side!
All WebCL methods may throw exceptions (rather than error codes as in WebGL), so you should wrap your 

WebCL methods with try/catch, even though for simplicity we will omit them in this document. 
1 try { 
2   webclobject.method(…); 
3 } 
4 catch(ex) { 
5    // an exception occurred 
6    log(ex); 
7 } 

Code 2 – Always wrap WebCL method calls with try/catch! 

Unlike WebGL, WebCL is a global object so that it can be used in a Web page or within a Web Worker. 
Consequently, we first need to create a WebCL object: 
1 var cl = new WebCL(); 

Code 3 – Creating the WebCL object. 

The remainder of this section will detail how to use all WebCL objects in Figure 4. 
 

 

Figure 4 – WebCL objects. 

The typical workflow is described in Figure 5 and consists in 3 phases: 
• Initialize the platform layer 
• Load and compile programs/kernels 
• Interact with devices through the runtime layer 
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Figure 5 – OpenCL startup sequence 

5.1.1 Platform!layer!

The OpenCL platform layer implements platform-specific features. They allow applications to query OpenCL 
devices, device configuration information, and to create OpenCL contexts using one or more devices. 
1 // let’s get all platforms on this machine 
2 var platforms = cl.getPlatforms(); 
3   
4 // dump information about each platform 
5 for (var i = 0, il = platforms.length; i < il; ++i) { 
6    var p = platforms[i]; 
7    var profile = p.getInfo(WebCL.PLATFORM_PROFILE); 
8    var version = p.getInfo(WebCL.PLATFORM_VERSION); 
9    var extensions = p.getInfo(WebCL.PLATFORM_EXTENSIONS); 
10   
11    // list of devices on this platform p 
12    var devices = p.getDevices(WebCL.DEVICE_TYPE_ALL); 
13   
14    // find appropriate device 
15    for (var j = 0, jl = devices.length; j < jl; ++j) { 
16      var d = devices[j]; 
17      var devExts = d.getInfo(WebCL.DEVICE_EXTENSIONS); 
18      var devGMem = d.getInfo( WebCL.DEVICE_GLOBAL_MEM_SIZE); 
19      var devLMem = d.getInfo( WebCL.DEVICE_LOCAL_MEM_SIZE); 
20      var devCompUnits = d.getInfo( WebCL.DEVICE_MAX_COMPUTE_UNITS); 
21      var dev_hasImage = d.getInfo( WebCL.DEVICE_IMAGE_SUPPORT); 
22      var devHasImage = d.getInfo( WebCL.DEVICE_IMAGE_SUPPORT); 
23     
24      // select device that match your requiremenents 
25      … 
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26   } 
27   
28   // assuming we found the best device, we can create the context 
29   var context = cl.createContext( { 
30    ‘platform’: platform, 
31    ‘device’: device, 
32 } ); 

Code 4 – Query WebCL platforms and devices features. 

In general, to ensure your algorithm is portable across various devices (even on the same machine!), it is necessary 
to know details about features on each device. For example, if you require image support, ensure the device you choose 
support them and up to what size, and how many images can be supported at once. If your kernel requires atomics, 
make sure device’s extensions return ‘cl_khr_int64_base_atomics’. On embedded devices, knowing that ‘cl_khr_fp16’ 
is supported (i.e. 16-bit floats or half-floats) can lead to twice more performance. When optimizing algorithms, 
knowing the maximum workgroup size, the number of work-items per dimension, the number of parameters to a kernel 
function, the maximum size of a memory object, and other features, are crucial elements to adapt your applications at 
runtime. 

On the other end, if you just want to use the best device on the machine and let the browser find it for you, you 
could just do: 
1 var ctx = cl.createContext( { 
2    deviceType : cl.DEVICE_TYPE_GPU 
3 } ); 
4   
5 // query the platform/device found by the browser 
6 try {  
7   devices = ctx.getInfo(cl.CONTEXT_DEVICES); 
8 catch(ex) { 
9   throw "Error: Failed to retrieve compute devices for context!"; 
10 } 
11  
12 var device = null, platform = null; 
13  
14 for(var i=0, il=devices.length; i < il; ++i) { 
15   device_type = devices[i].getInfo(cl.DEVICE_TYPE); 
16   if (device_type == cl.DEVICE_TYPE_GPU) { 
17     device = devices[i]; 
18     break; 
19   } 
20 } 
21   
22 if (device) 
23   platform = device.getInfo(cl.DEVICE_PLATFORM); 

Code 5 – Let the browser figures the best platform/device for a context. 

Note: in practice, the algorithm in Code 5 is often simplified with  
1 var devices = ctx.getInfo(cl.CONTEXT_DEVICES); 
2 var device = devices[0]; 
3 var platform = device.getInfo(cl.DEVICE_PLATFORM); 

but this assumes the machine has only 1 GPU device! 
 
Now that we have created a WebCLContext object, we need to set it up for our program and run it! 

5.1.2 Runtime!layer!

The runtime layer manages OpenCL objects such as command-queues, memory objects, program objects, kernel 
objects in a program and calls that allow you to enqueue commands to a command-queue such as executing a kernel, 
reading, or writing a memory object. 

WebCL defines the following objects: 
• Command Queues 
• Memory objects (Buffer and Images) 
• Sampler objects describe how to sample an image being read by a kernel 
• Program objects that contain a set of kernel functions identified with __kernel qualifier in the program 

source 



 

 10 

• Kernel objects encapsulate the specific __kernel functions declared in a program source and its 
argument values to be used when executing the __kernel function 

• Event objects used to track the execution status of a command as well as to profile a command 
• Command synchronization objects such as Markers and Barriers 

5.1.2.1 Loading,and,building,programs,

WebCL, like WebGL 1.0, assumes program to be provided in source code form i.e. a large string. Currently, any 
WebCL device is required to have an internal compiler. The source code is first loaded to the device, then compiled. As 
with any compiler, CL defines standard compilation options including the standard –D (predefined name and value) 
and –I (include directory). Code 6 shows how to properly catch compilation errors using 
WebCLProgram.getBuildInfo(). 

 
1 // Create the compute program from the source strings 
2 program = ctx.createProgram(source); 
3  
4 // Build the program executable with relaxed math flag 
5 try { 
6   program.build(device, "-cl-fast-relaxed-math"); 
7 } catch (err) { 
8   throw 'Error building program: ' + err 
9         + program.getBuildInfo(device, cl.PROGRAM_BUILD_LOG)); 
10 } 

Code 6 – Load and build a CL program. 

Note: WebCL currently only supports source code as a set of strings. 
 
At this point, our program is compiled, and contains one or more kernel functions. These kernel functions are the 

entry points of our program, similar to entry points of a shared library. To refer to each kernel function, we create a 
WebCLKernel object: 
1 // Create the compute kernels from within the program 
2 kernel = program.createKernel(‘kernel_function_name’); 

Code 7 – Create a kernel object for each kernel function in the program. 

In the next section, we will discover how to pass arguments to the kernel functions. 

5.1.2.2 Passing,arguments,to,kernels,

A kernel function may have one or more arguments, like any function. Since JavaScript only offers the type 
Number for numerical values, we need to pass the type of such value to the kernel object for each argument. For other 
type of values, we must use WebCL objects: 

• WebCLBuffer and WebCLImage that wrap a Typed Array [1] 
• WebCLSampler for sampling an image 

5.1.2.3 Creating,memory,objects,

A WebCLBuffer object stores a one-dimensional collection of elements. Elements of a buffer can be scalar type 
(e.g. int, float), vector data type, or user-defined structure. 
1 // create a 1D buffer 
2 var buffer = ctx.createBuffer(flags, sizeInBytes, optional srcBuffer); 

 
Flag Description 
cl.MEM_READ_WRITE Default. Memory object is read and written by kernel 
cl.MEM_WRITE_ONLY Memory object only written by kernel 
cl.MEM_READ_ONLY Memory object only read by kernel 
cl.MEM_USE_HOST_PTR Implementation uses storage memory in srcBuffer. srcBuffer must 

be specified. 
cl.MEM_ALLOC_HOST_PTR Implementation requests OpenCL to allocate host memory. 
cl.MEM_COPY_HOST_PTR Implementation request OpenCL to allocate host memory and copy 
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data from srcBuffer memory. srcBuffer must be specified. 
 
Reading from a WRITE_ONLY memory object, or Writing to a READ_ONLY memory object, is undefined. 

These flags are mutually exclusive. 
srcBuffer must be a Typed Array already allocated by the application and sizeInBytes ≥ srcBuffer.byteLength. 
MEM_USE_HOST_PTR is mutually exclusive with MEM_ALLOC_HOST_PTR and 

MEM_COPY_HOST_PTR. However, MEM_COPY_HOST_PTR can be specified with MEM_ALLOC_HOST_PTR. 
On AMD and NVidia GPUs and on some operating systems, using MEM_ALLOC_HOST_PTR may result in pinned 
host memory to be used, which may result in improved performance [8][9]. 

A sub-buffer can be created from an existing WebCLBuffer object as a new WebCLBuffer object. 
1 // create a sub-buffer 
2 var subbuffer = buffer.createSubBuffer(flags, offset, size); 

 
Note: only reading from a buffer object and its sub-buffer objects or reading from multiple overlapping sub-buffer 

objects is defined. All other concurrent reading or writing is undefined. 
A WebCLImage is used to store a 1D, 2D, or 3D dimensional texture, render-buffer, or image. The elements of an 

image object are selected from a predefined list of image formats. However, currently, WebCL only supports 2D 
images. 
1 // create a 32-bit RGBA WebCLImage object 
2 // first, we define the format of the image 
3 var InputFormat = { 
4   'order' : cl.RGBA, 
5   'data_type' : cl.UNSIGNED_INT8, 
6   'size': [ image_width, image_height ], 
7   'rowPitch': image_pitch 
8 }; 
9   
10 // Image on device 
11 var image = ctx.createImage(cl.MEM_READ_ONLY | cl.MEM_USE_HOST_PTR, format, imageBuffer); 

 
'order' refers to the memory layout in which pixel data channels are stored in the image. 'data_type' is the type of 

the channel data type. 
'size' refers to the image size. 
'rowPitch’ refers to the scan-line pitch in bytes. If imageBuffer is null, it must be 0. Otherwise, it must be at least 

image_width * sizeInBytesOfChannelElement, which is the default if rowPitch is not specified. 
imageBuffer is a Typed Array that contain the image data already allocated by the application. 

imageBuffer.byteLength >= rowPitch * image_height. The size of each element in bytes must be a power of 2. 
 
A WebCLSampler describes how to sample an image when the image is read in a kernel function. It is similar to 

WebGL samplers. 
1 // create a sampler object 
2 var sampler = ctx.createSampler(normalizedCoords, addressingMode, filterMode); 

normalizedCoords is cl.TRUE or true indicates image coordinates specified are normalized. 
addressingMode indicated how out-of-range image coordinates are handled when reading an image. This can be 

set to CL_ADDRESS_MIRRORED_REPEAT, CL_ADDRESS_REPEAT, CL_ADDRESS_CLAMP_TO_EDGE, 
CL_ADDRESS_CLAMP and CL_ADDRESS_NONE. 

filterMode specifies the type of filter to apply when reading an image. This can be cl.FILTER_NEAREST or 
cl.FILTER_LINEAR. 

5.1.2.4 Passing,arguments,to,a,kernel,

Passing arguments to a kernel function is complicated by JavaScript un-typed nature: JavaScript provides a 
Number object and there is no way to know if this is a 32-bit integer, a 16-bit short, a 32-bit float, and so on. In fact, 
JavaScript numbers are typically 64-bit double. As a result, developers must provide the type of arguments used in a 
kernel function. 
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The WebCLKernel.setArg() method has two definitions: one for scalar and vector types and one for memory 
objects (buffers and images) and sampler objects. Table 1 provides the relationships between OpenCL C types and 
values used in kernel methods’ arguments and setArg() arguments.  

Values referring to local memory use the special type cl.type.LOCAL_MEMORY_SIZE because local variables 
can’t be initialized by host or device but host can tell the device how many bytes to allocate for a kernel argument. 

As a rule of thumb, scalar values are passed by value directly in setArg(). Buffers/Images/Vectors values are 
passed by commands to transfer their host memory to the device memory. 
1 // Sets value of kernel argument idx with value of scalar/vector type 
2 kernel.setArg(idx, value, type); 
3  
4 // Sets value of kernel argument idx with value as memory object or sampler 
5 kernel.setArg(idx, a_webCLObject); 

Code 8 – WebCLKernel.setArg() definition 

For example, 
1 // Sets value of argument 0 to the integer value 5 
2 kernel.setArg(0, 5, cl.type.INT); 
3  
4 // Sets value of argument 1 to the float value 1.34 
5 kernel.setArg(1, 1.34, cl.type.FLOAT); 
6  
7 // Sets value of argument 2 as a 3-float vector 
8 // buffer should be a FloatBuffer 
9 kernel.setArg(2, buffer, cl.type.FLOAT | cl.type.VEC3); 
10  
11 // Sets value of argument 3 to a buffer (same for image and sampler) 
12 kernel.setArg(3, buffer); 
13  
14 // Allocate 4096 bytes of local memory for argument 4 
15 kernel.setArg(4, 4096, cl.LOCAL_MEMORY_SIZE); 

Code 9 – Setting kernel arguments. 

Kernel argument type setArg() value setArg() cl.type Remarks 
char, uchar scalar CHAR, UCHAR 1 byte 
short, ushort scalar SHORT, USHORT 2 bytes 
int, uint scalar INT, UINT 4 bytes 
long, ulong scalar LONG, ULONG 4 bytes 
float scalar FLOAT 4 bytes 
half, double scalar HALF, DOUBLE No on all 

implementations 
2 bytes (half), 8 bytes 
(double) 

<char…double>N WebCLBuffer VECN N = 2, 3, 4, 8, 16 
May be null if global or 
constant value 

char, …, double * WebCLBuffer  May be null if global or 
constant value 

image2d_t WebCLImage   
sampler_t WebCLSampler   
__local  LOCAL_MEMORY_SIZE Size initialized in kernel 

Table 1 – Relationships between C types used in kernels and setArg()’s cl.type.* 

If the argument of a kernel function is declared with the __constant qualifier, the size in bytes of the memory 
object cannot exceed cl.DEVICE_MAX_CONSTANT_BUFFER_SIZE. 

 
Note 1: OpenCL allows passing structures as byte arrays to kernels but WebCL currently doesn’t for portability. 

The main reason is that endianness between host and devices may be different and this would require developers to 
format their data for each device’s endianness even on the same machine. 
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Note 2: all WebCL API calls are thread-safe, except kernel.setArg(). However, kernel.setArg() is safe as long as 

concurrent calls operate on different WebCLKernel objects. Behavior is undefined if multiple threads call on the same 
WebCLKernel object at the same time. 

5.1.2.5 Controlling,device,execution,with,command,queues,

Operations on WebCL objects such as memory, program and kernel objects are performed using command 
queues. A command queue contains a set of operations or commands. Applications may use multiple independent 
command queues without synchronization as long as commands don’t apply on shared objects between command 
queues. Otherwise, synchronization is required. 

Commands are queued in order but execution may be in order (default) or out of order. This means that if a 
command-queue contains command A and command B, an in-order command-queue object guarantees that command 
B is executed when command A finishes. If an application configures a command-queue to be out-of-order, there is no 
guarantee that commands finish in the order they were queued. For out-of-order queues, a wait for events or a barrier 
command can be enqueued in the command-queue to guarantee previous commands finish before the next batch of 
commands is executed. Out-of-order queues are an advanced topic we won’t cover in this course. Interested readers 
should refer to Derek Gerstmann Siggraph Asia 2009 on Advanced OpenCL Event Model Usage [20]. Moreover, 
device support for out-of-order queues is optional in OpenCL and many current drivers don’t support it. It is useful to 
test for out-of-order support and, if an exception is thrown, then create an in-order queue. 

 
1 // Create an in-order command queue (default) 
2 var queue = ctx.createCommandQueue(device); 
3  
4 // Create an in-order command queue with profiling of commands enabled 
5 var queue = ctx.createCommandQueue(device, cl.QUEUE_PROFILING_ENABLE); 
6  
7 // Create an out-of-order command queue  
8 var queue = ctx.createCommandQueue(device, cl.QUEUE_OUT_OF_ORDER_EXEC_MODE_ENABLE); 

 
Note: a command queue is attached to a specific device. And multiple command queues can be used per device. 

One application is to overlap kernel execution with data transfers between host and device [8]. Figure 6 shows the 
timing benefit if a problem could be separated in half: 

• The first half of the data is transferred from host to, taking half the time of the full data set. Then kernel is 
executed, possibly in half time needed with the full data set. And finally result is transferred back to device in 
half the time of the full result set. 

• Just after the first half is transferred, the second half is transferred from host to device, and the same process 
is repeated. 

 
Figure 6 – Using multiple command-queues for overlapped data transfer. 

5.1.2.6 CommandDqueue,execution,

Once a set of commands have been queued, WebCL offers two ways to execute the command-queue: 
1 // execute a task 
2 queue.enqueueTask(kernel); 
3   
4 // execute a NDRange 

Copy Host to Device Compute on Device Copy Device to Host

Copy Half Host 
to Device Compute on Device Copy Half Device 

to Host

Copy Half Host 
to Device Compute on Device Copy Half Device 

to Host

Single queue

Multiple queues
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5 queue.enqueueNDRange(kernel, offsets, globals, locals); 

With enqueueTask(), the kernel is executed using a single work-item. This is a very restricted form of 
enqueueNDRange(). 

enqueueNDRange() has first parameters: 
• kernel – the kernel to execute 
• offsets – offsets to apply to globals. If null, then offsets=[0, 0, 0] 
• globals – the problem size per dimension 
• locals – the number of work-items per work-group per dimension. If null, the device will choose the 

appropriate number of work-items 
Recall Figure 3 where globals and locals relationships are depicted. If we want to execute a kernel over an image 

of size (width, height), then globals may be [width, height] and locals may be [16, 16]. 
Since enqueueNDRange() will fail if locals size is more than cl.KERNEL_WORK_GROUP_SIZE, in practice, it 

may be useful to do 
1 locals[0] = kernel.getWorkGroupInfo(device, cl.KERNEL_PREFERRED_WORK_GROUP_SIZE_MULTIPLE); 
2 locals[1] = kernel.getWorkGroupInfo(device, cl.KERNEL_WORK_GROUP_SIZE) / locals[0]; 
3 globals[0] = locals[0] * divUp(width, locals[0]); 
4 globals[1] = locals[1] * divUp(height, locals[1]); 
5   
6 // Helper to get next up value for integer division of x/y 
7 function divUp(x, y) { 
8    return (x % y == 0) ? (x / y) : (x / y + 1); 
9 } 

Code 10 – A way to optimally setup locals and globals NDRanges. 

5.1.2.7 Command,Synchronization,

Nearly all commands available in WebCLCommandQueue class have two final parameters: 
• event_list – an array of WebCLEvents 
• event – an event returned by the device to monitor the execution status of a command 
By default, event_list and event are null for a command, meaning that the command is executed as blocking the 

host thread until it is queued in the device’s command queue. If a programmer doesn’t want to block the host thread 
while a command is being executed, the device can return an event and the host code can register a callback to be 
notified once the command complete. 
1 // Enqueue kernel 
2 try { 
3   kernel_event=new cl.WebCLEvent(); 
4   queue.enqueueTask(kernel, null, kernel_event); 
5 } catch(ex) { 
6   throw "Couldn't enqueue the kernel. "+ex; 
7 } 
8  
9 // Set kernel event handling routines 
10 try { 
11   kernel_event.setCallback(cl.COMPLETE, kernel_complete, "The kernel finished successfully."); 
12 } catch(ex) { 
13   throw "Couldn't set callback for event. "+ex; 
14 } 
15   
16 // Read the buffer 
17 var data=new Float32Array(4096); 
18 try { 
19   read_event=new cl.WebCLEvent(); 
20   queue.enqueueReadBuffer(clBuffer, false, 0, 4096*4, data, null, read_event); 
21 } catch(ex) { 
22   throw "Couldn't read the buffer. "+ex; 
23 } 
24  
25 // register a callback on completion of read_event 
26 read_event.setCallback(cl.COMPLETE, read_complete, “Read complete”); 
27   
28 // wait for both events to complete 
29 queue.waitForEvents([kernel_event, read_event]);  
30   
31 // kernel callback 
32 function kernel_complete(event, data) { 
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33    // event.status = cl.COMPLETE or error if negative 
34    // event.data is null 
35   // data should contain "The kernel finished successfully." 
36 } 
37  
38 // read buffer callback 
39 function read_complete(event, data) { 
40    // event.status = cl.COMPLETE or error if negative 
41    // event.data contains a WebCLMemoryObject with values from device 
42   // data contains “Read complete” 
43 } 

Code 11 –Using WebCLEvent callbacks. 

In Code 11, for the commands we wish to get notified on their cl.COMPLETE status, we first create a 
WebCLEvent object, pass it to the command, then register a JavaScript callback function.  

Note 1: the last argument of WebCLEvent.setCallback() can be anything. And this argument is passed untouched 
as the last argument of the callback function. 

Note 2: in the case of enqueue Read/Write WebCLBuffers or WebCLImages, as in line 22, clBuffer ownership is 
transferred from host to device. Thus, when read_complete() callback is called, clBuffer ownership is transferred back 
from device to host. This means that once the ownership of clBuffer is transferred (line 22), the host cannot access or 
use this buffer any more. Once the callback is called, line 40, the host can use the buffer again. 

5.1.2.8 Profiling,commands,

To enable timing of commands, one creates a command-queue with option cl.QUEUE_PROFILING_ENABLE. 
Then, WebCLEvents can be used to time a command. Code 12 shows how to profile an enqueueReadBuffer() 
command. 
1 // Create a command queue for profiling 
2 try { 
3   queue = context.createCommandQueue(device, cl.QUEUE_PROFILING_ENABLE); 
4 } catch(ex) { 
5   throw "Couldn't create a command queue for profiling. "+ex; 
6 } 
7   
8 // Read the buffer with a profiling event 
9 var prof_event=new cl.WebCLEvent(); 
10 try { 
11   queue.enqueueReadBuffer(data_buffer, true, 0, data.byteLength, data, null, prof_event); 
12 } catch(ex) { 
13   throw "Couldn't read the buffer. "+ex; 
14 } 
15   
16 // Get profiling information in nanoseconds 
17 time_start = prof_event.getProfilingInfo(cl.PROFILING_COMMAND_START); 
18 time_end = prof_event.getProfilingInfo(cl.PROFILING_COMMAND_END); 
19 total_time = time_end - time_start; 

Code 12 – How to profile a command. 

Note: timestamps are given in nanoseconds (10-9 seconds). 
Likewise, to profile the duration of a kernel: 

1 // Enqueue kernel 
2 try { 
3   queue.enqueueNDRangeKernel(kernel, null, globals, locals, null, prof_event); 
4 } catch(ex) { 
5   throw "Couldn't enqueue the kernel. "+ex; 
6 } 

Code 13 – Profiling a kernel. 

5.2 Device!side!
Kernels are written in a derivative of C99 with the following caveats: 

• A file may have multiple __kernel functions (similar to a library with multiple entry points) 
• No recursion since there is no call stack on devices 
• All functions are inlined to the kernel functions 
• No dynamic memory (e.g. malloc(), free()…) 
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• No function pointer 
• No standard libc libraries (e.g. memcpy(), strcmp()…) 
• No standard data structures (except vector operations) 
• Helper functions 

o Barriers 
o Work-item functions 
o Atomic operations 
o Vector operations 
o Math operations and fast native (hardware accelerated) math operations 
o IEEE754 floating-point 
o 16-bit floats and doubles (optional) 

• Built-in data types 
o 8, 16, 32, 64-bit values 
o Image 2D (and 3D but not in WebCL 1.0), Sampler, Event 
o 2, 3, 4, 8, 16-component vectors 

• New keywords 
o Function qualifiers: __kernel 
o Address space qualifiers: __global, __local, __constant, __private (default), 
o Access qualifiers: __read_only, __write_only, __read_write,  

• Preprocessor directives (#define, #pragma) 
 
Appendices A.3 and A.4 provide examples of kernels. 

6 Interoperability!with!WebGL!
Recall that WebCL is for computing, not for rendering. However, if your data already resides in the GPU and you 

need to render it, wouldn’t it be faster to tell OpenGL to use it rather than reading it from the GPU memory to CPU 
memory and send it again to OpenGL on your GPU? This is where WebGL comes in. 

Since WebCL is using data from WebGL, the WebGL context must be created first. Then, a shared WebCL 
context can be created. This GL share group object manages shared GL and CL resources such as  

• Textures objects – contain texture data in image form,  
• Vertex buffers objects (VBOs) – contains vertex data such as coordinates, colors, and normal vectors, 
• Renderbuffer objects – contain images used with GL framebuffer objects. 
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Figure 7 – Typical algorithm for WebCL – WebGL applications 

6.1 Fun!with!2!triangles!
Applications such as image processing and ray tracing produce an output image whose pixels are drawn onto the 

screen. For such applications, it suffices to map the output image onto 2 unlit screen-aligned triangles rendered by GL. 
A compute kernel provides more flexible ways to optimize generic computations than a fragment shader. More 
importantly, texture memory is cached and thus provides a faster way to access data than regular (global) memory. 
However, in devices without image memory support, one should use WebCLBuffers and update GL textures with Pixel 
Buffer Objects.  

In this section, we use Iñigo Quilez excellent ShaderToy’s Mandelbulb fragment shader [24] converted as a CL 
kernel, depicted in Figure 8. The whole WebGL scene consists in 2 textured triangles filling a canvas. WebCL 
generates the texture at each frame. Therefore, for a canvas of dimension [width, height], WebCL will generate width * 
height pixels. We will detail each step and the full program is given in Appendix A. In [24], you can find more cool 
shaders that you can easily convert by the following the guidelines for this sample. 

  

Figure 8 – Two triangles filling the canvas to draw a WebCL generated image. 
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6.1.1 General!CLLGL!interoperability!algorithm!

Since CL uses GL buffers for compute, WebGL context must first be initialized and then WebCL context is 
created sharing that WebGL context. Once both contexts are initialized, it is possible to create shared objects by 
creating first the WebGL object, then the corresponding WebCL object from the WebGL object. 

The general algorithm is as follows: 
1 function Init_GL() { 
2    // Create WebGL context 
3    // Init GL shaders 
4    // Init GL buffers 
5    // Init GL textures 
6 } 
7  
8 function Init_CL() { 
9    // Create WebCL context from WebGLContext 
10    // Compile programs/kernels 
11    // Create command queues 
12    // Create buffers 
13 } 
14   
15 function Create_shared_CLGL_objects { 
16    // Create WebGL object glObj (vertex array, texture, renderbuffer) 
17    // Create WebCL object clObj from WebGL object glObj 
18 } 
19   
20 // called during rendering, possibly at each frame 
21 // or in a separate Web Worker 
22 function Execute_kernel(…) { 
23    // Make sure all GL commands are finished 
24    gl.flush(); 
25   
26    // acquire shared WebCL object 
27    queue.enqueueAcquireGLObjects(clObj); 
28  
29    // Execute CL kernel 
30    // set global and local parameters 
31    try { 
32      queue.enqueueNDRangeKernel(kernel, null, global, local); 
33    } catch (err) { 
34      throw "Failed to enqueue kernel! " + err; 
35 } 
36  
37    // Release CL object 
38    queue.enqueueReleaseGLObjects(clObj); 
39   
40    // make sure all CL commands are finished 
41    queue.flush(); 
42 } 
43  
44 // This is the main rendering method called at 
45 // each frame 
46 function display(timestamp) { 
47    // Execute some GL commands 
48    … 
49  
50    Execute_kernel( … ); 
51  
52    // Execute more CL and GL commands 
53    … 
54 } 

Code 14 – General algorithm for WebCL-WebGL interoperability. 

The remainder of this section will focus on how to create shared CLGL objects and how to use them. 

6.1.2 Using!shared!textures!

Initialize a WebCLImage object from a WebGLImage object as follows: 
1 // Create OpenGL texture object 
2 Texture = gl.createTexture(); 
3 gl.bindTexture(gl.TEXTURE_2D, Texture); 
4 gl.texParameteri(gl.TEXTURE_2D, gl.TEXTURE_MAG_FILTER, gl.NEAREST); 
5 gl.texParameteri(gl.TEXTURE_2D, gl.TEXTURE_MIN_FILTER, gl.NEAREST); 
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6 gl.texImage2D(gl.TEXTURE_2D, 0, gl.RGBA, TextureWidth, TextureHeight, 0, gl.RGBA, 
gl.UNSIGNED_BYTE, null); 

7 gl.bindTexture(gl.TEXTURE_2D, null); 
8  
9 // Create OpenCL representation of OpenGL texture 
10 try { 
11   clTexture = ctx.createFromGLTexture2D(cl.MEM_WRITE_ONLY, gl.TEXTURE_2D, 0, Texture); 
12 } 
13 catch(ex) { 
14   throw "Error: Failed to create WebCLImage. "+ex; 
15 } 
16   
17 // To use this texture, somewhere in your code, do as usual: 
18 glBindTexture(gl.TEXTURE_2D, Texture) 

Code 15 – Initialize a WebCLImage object from a WebGLImage object. 

Set the WebCLImage as an argument of your kernel: 
1 kernel.setArg(0, clTexture); 
2 kernel.setArg(1, TextureWidth, cl.type.UINT); 
3 kernel.setArg(2, TextureHeight, cl.type.UINT); 

Finally, here is how to use this WebCLImage inside your kernel code: 
1 __kernel 
2 void compute(__write_only image2d_t pix, uint width, uint height) 
3 { 
4   const int x = get_global_id(0); 
5   const int y = get_global_id(1); 
6  
7   // compute pixel color as a float4 
8  
9   write_imagef(pix, (int2)(x,y), color); 
10 } 

Code 16 – Using a WebCLImage data inside a kernel. 

Note: it should be possible to use write_imagei() or write_imageui() with int4 colors. However, at the time of 
writing (May 2012), this doesn’t seem to work with latest AMD and NVidia drivers. The code presented in this section 
is the only way I found to work with textures between CL and GL. 

6.1.3 Using!shared!buffers!

A WebCLBuffer is created from a WebGLBuffer as follows. On line 6, it is important to specify the correct 
sizeInBytes of the buffer. 
1 // create a WebGLBuffer 
2 pbo = gl.createBuffer(); 
3 gl.bindBuffer(gl.ARRAY_BUFFER, pbo); 
4  
5 // buffer data 
6 gl.bufferData( gl.ARRAY_BUFFER, sizeInBytes, gl.DYNAMIC_DRAW); 
7 gl.bindBuffer( gl.ARRAY_BUFFER, null); 
8  
9 // Create WebCLBuffer from WebGLBuffer 
10 try { 
11   clPBO = context.createFromGLBuffer( cl.MEM_WRITE_ONLY, pbo); 
12 } 
13 catch(ex) { 
14   throw "Error: Failed to create WebCLBuffer. "+ex; 
15 } 

Code 17 – Using a WebCLImage data inside a kernel. 

Since a GL ARRAY_BUFFER can be used for vertices, normals, colors, texture coordinates, texture data, and 
more, WebCL can be used to schedule processing of these buffers. 

If the device doesn’t support texture interoperability between CL and GL, a buffer can be used to update a 
WebGLImage sub-texture as follows with the assumption that WebCLBuffer contains RGBA values for each pixel. 
1 // Create OpenGL texture object 
2 Texture = gl.createTexture(); 
3 gl.bindTexture(gl.TEXTURE_2D, Texture); 
4 gl.texParameteri(gl.TEXTURE_2D, gl.TEXTURE_MAG_FILTER, gl.NEAREST); 
5 gl.texParameteri(gl.TEXTURE_2D, gl.TEXTURE_MIN_FILTER, gl.NEAREST); 
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6 gl.texImage2D(gl.TEXTURE_2D, 0, gl.RGBA, TextureWidth, TextureHeight, 0, gl.RGBA, 
gl.UNSIGNED_BYTE, null); 

7 gl.bindTexture(gl.TEXTURE_2D, null); 
8   
9 // To render using this texture 
10 gl.bindTexture(gl.TEXTURE_2D, TextureId); 
11 gl.bindBuffer(gl.PIXEL_UNPACK_BUFFER, pbo); 
12 gl.texSubImage2D(gl.TEXTURE_2D, 0, 0, 0, TextureWidth, TextureHeight, gl.RGBA, gl.UNSIGNED_BYTE, 

null); 

Code 18 – Updating a texture from a WebGLBuffer 

6.1.4 Example!

The following example consists of 2 module objects, whose code is given in Appendix A: 
• Graphics – encapsulates WebGL calls 
• Compute – encapsulates WebCL calls 

The code is rather large for just setting up WebCL and WebGL but, fear not, this is just boilerplate you can reuse! 
The main method works as follows: 

• Create a Canvas object 
• Instantiate Graphics and Compute objects 
• Launch the main rendering method 

• If the window is resized, we call Graphics to configure the shared GL texture. Then, we call 
Compute to configure the CL texture from this GL texture. 

• At each frame, we reset the kernel argument with the current timestamp in seconds. Then, the 
kernel is executed. 

• Finally, Graphics renders the frame 
1 var COMPUTE_KERNEL_ID = "mandelbulb.cl"; // <script> id 
2 var COMPUTE_KERNEL_NAME = "compute";     // name of __kernel 
3 var Width; 
4 var Height; 
5 var Reshaped = true; 
6 var log = console.log; 
7  
8 /* 
9  * reshape() is called if document is resized 
10  */ 
11 function reshape(evt) { 
12   Width = evt.width; 
13   Height = evt.height; 
14   Reshaped = true; 
15 } 
16  
17 (function main() { 
18   log('Initializing'); 
19  
20   document.setTitle("Mandelbulb demo"); 
21   var canvas = document.createElement("mycanvas", Width, Height); 
22    
23   // install UX callbacks 
24   document.addEventListener('resize', reshape); 
25  
26   // init WebGL 
27   var gfx=Graphics(); 
28   try { 
29     gfx.init(canvas); 
30   } 
31   catch(err) { 
32     alert('[Error] While initializing GL: '+err); 
33     gfx.clean(); 
34     return; 
35   } 
36    
37   // init WebCL 
38   var compute=Compute(); 
39   try { 
40     compute.init(gfx.gl(), COMPUTE_KERNEL_ID, COMPUTE_KERNEL_NAME); 
41   } 
42   catch(err) { 
43     alert('[Error] While initializing CL: '+err); 



 

 21 

44     compute.clean(); 
45     return; 
46   } 
47    
48   // render scene 
49   var startTime=-1; 
50   var fpsFrame=0, fpsTo=0; 
51    
52   (function update(timestamp) { 
53     if(timestamp) { 
54       if(startTime==-1) { 
55         startTime=fpsTo=timestamp; 
56       } 
57       var ltime = timestamp-startTime; 
58     } 
59     
60     // reinit shared data if document is resized 
61     if (Reshaped) { 
62       log('reshaping texture'); 
63       try { 
64         var glTexture=gfx.configure_shared_data(Width,Height); 
65         var clTexture=compute.configure_shared_data(gfx.gl(), glTexture); 
66         Reshaped=false; 
67       } 
68       catch(err) { 
69         alert('[Error] While reshaping shared data: '+ex); 
70         return; 
71       } 
72     } 
73     
74     // set kernel arguments 
75     compute.resetKernelArgs(ltime/1000.0, Width, Height); 
76      
77     // compute texture for this timestamp 
78     try { 
79       compute.execute_kernel(gfx.gl()); 
80     } 
81     catch(err) { 
82       alert('[Error] While executing kernel: '+ex); 
83       return; 
84     } 
85      
86     // render scene with updated texture from CL 
87     try { 
88       gfx.display(ltime); 
89     } 
90     catch(err) { 
91       alert('[Error] While rendering scene '+err); 
92       return; 
93     } 
94      
95     // Calculate framerate 
96     fpsFrame++; 
97     var dt=timestamp - fpsTo; 
98     if( dt>1000 ) { 
99         var ffps = 1000.0 * fpsFrame / dt; 
100         log("myFramerate: " + ffps.toFixed(1) + " fps"); 
101         fpsFrame = 0; 
102         fpsTo = timestamp; 
103     } 
104      
105     requestAnimationFrame(update); 
106   })(); 
107 })(); 

Code 19 – Main method for CL-GL program. 

The kernel for such applications has the form: 
1 __kernel 
2 void compute(__write_only image2d_t pix, const float time) 
3 { 
4   const int x = get_global_id(0); 
5   const int y = get_global_id(1); 
6   const int xl = get_local_id(0); 
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7   const int yl = get_local_id(1); 
8   const int tid = xl+yl*get_local_size(0); // local work-item ID 
9   const int width = get_global_size(0); 
10   const int height = get_global_size(1); 
11   
12   // init local memory 
13   … 
14   // perform interesting computations for pixel (x,y) 
15   … 
16   // write (r,g,b,a) value at pixel (x,y) 
17   write_imagef(pix, (int2)(x,y), rgba); 
18 } 

Code 20 – Kernel for texture-based rendering. 

Note 1: we don’t pass the size of the shared texture since the dimension of our problem is the full size of the 
texture itself. In other words, when executing the kernel with enqueueNDRange(), the globals argument is [ width, 
height ], and that’s what we retrieve in lines 9 and 10 in Code 20. 

 
Note 2: for this example, we only pass the timestamp of the current frame to the kernel. For user interactivity, one 

should also pass mouse coordinates, window size, and other user/application attributes. 
 
In Appendix, we provide the fragment shader code of the Mandelbulb shader by Iñigo Quilez [24], as well as the 

direct transformation to OpenCL and an optimized OpenCL version. We chose this example because the ray-marching 
algorithm (also known as sphere tracing [25]) used to render the mandelbulb fractal requires lots of operations per 
pixel; a good candidate for CL optimizations. Note that this is not necessarily the fastest way to render such 
mathematical objects. On our machine, this leads to 6 fps for WebGL version [24], 8 fps for non-optimized OpenCL 
version (Appendix A.2), and 12 fps for the optimized OpenCL version (Appendix A.4). 

6.2 Other!applications!
In general, CL applications perform many matrix operations, whether the result is to be rendered directly onto the 

screen (e.g. in a texture) or not. For example, the famous N-body simulation calculates at each frame the position of 
astronomical objects, which are then rendered by GL [23]. An array of structures that contains position and other 
attributes is shared between host and device; the device performing all the calculations of the interactions between 
objects. 

CL can also share vertex buffers and render buffers with GL. This allows developers to do all kind of complex 
geometry and special effects that can be inserted in GL’s rendering pipeline. 

7 Tips!and!tricks!
NVidia and AMD excellent programming guides [8][9] provide lots of tips to optimize OpenCL programs. In our 

experience, we recommend following this strategy: 
• Use Host code for serial code, use Device code for parallel code 
• Write your code in serialized form (i.e. test it on a host CPU) and identify the areas that are good 

candidates for data-parallel optimizations 
o As a rule of thumb: identify where iterations are repeated on data, these are good candidates 

for data-parallel optimizations 
• In your kernel, initialize first local memory with data from global memory that will be used often in 

your algorithm 
• Group memory transfers together, this favors memory coalescing 
• Identify where synchronization between work-items of the same work-group is necessary 
• At the end of your kernel, write results from local memory back to global memory 
• Rewrite your algorithm to minimize control flow divergence (i.e. if, switch, for, do, while). If threads in 

the same warp/wavefront take different execution paths, these execution paths will be serialized, thereby 
reducing throughput until the execution paths converge again. 



 

 23 

7.1 From!GLSL!to!OpenCL!C!
In converting GLSL shader to OpenCL C, we recommend following these guidelines: 

• GLSL’s vecN type are changed to OpenCL’s floatN type 
o Initializations in OpenCL are: (floatN)(val1,...,valN) instead of vecN(val1,…,valN) in GLSL 

• by default all floating point values are double in CL, make sure to add ‘f’ at the end. 
• out arguments of methods must be pointers 
• if numerical precision is not too important, compile with –cl-fast-relaxed-math, -cl-mad-enable, and use 

native_* functions (i.e. native_sin() instead of sin()). 
• Use rsqrt() instead of 1.0f/sqrt() 

7.2 Barriers!
Barriers are an important mechanism to wait for all work-items to be synchronized at points in the code. However, 

it is very important NOT to use barriers in if/else constructs. The reason is that some work items may not sync at the 
barrier, while others may block at the barrier; resulting in a deadlock of the GPU (i.e. you would have to reset your 
machine!). 

The pattern to use a barrier is: 
• Load values into local memory 
• barrier(CL_LOCAL_MEM_FENCE); // wait for load to finish 
• Use local memory in your algorithm 
• barrier(CL_LOCAL_MEM_FENCE); // wait for all work-items 

7.3 Local!workLgroup!size!
When running a kernel, the method enqueueNDRangeKernel(), takes the parameters: 

• global_work_size – the global number of work-items in N dimensions i.e. the size of the problem. 
• local_work_size – the number of work-items that make up a work-group. Synchronization between 

work-items (with barriers) can only be within a work-group. 
If local_work_size[0] * local_work_size[1] * … * local_work_size[N-1] > kernel.getWorkGroupInfo(device, 

cl.KERNEL_WORK_GROUP_SIZE), the program won’t execute! 
cl.KERNEL_PREFERRED_WORK_GROUP_SIZE_MULTIPLE can be used to make block-size multiple of that 

size. AMD calls that size wavefront size and NVidia calls it warp size. Note: this value is often 32 for NVidia GPUs, 
64 for AMD GPUs. 

Since kernels can’t allocate memory dynamically, one trick could be to compile a small program to get such 
kernel dependent values, add them on top of your real program code as constants (or #define) before compiling it. 

7.4 Learn!parallel!patterns!!
Parallel programming is not new. In fact, it might be as old as modern computers. Since the 60s lots of work has 

been done on supercomputers and many patterns have been found but they are still an active area of research. Learning 
how to use these patterns can simplify your code and more importantly lead to faster performance for your programs 
0[13][21]. Algorithms such as map, reduce, scan, scatter/gather, stencils, pack [21], Berkely Parallel Computing 
Laboratory’s pattern language for parallel computing [32], and Murray Cole’s algorithmic skeletons 0 are examples of 
such parallel algorithms and methodologies you need to know. 

8 WebCL!implementations!
At the time of writing, the following prototypes are available: 

• Nokia WebCL prototype [16] as a Mozilla FireFox extension 
• Mozilla FireFox implementation [18] 
• Samsung WebKit prototype [17] 
• Motorola Mobility node-webcl module [15], a Node.JS based implementation. 
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Motorola Mobility node-webcl implementation is based on Node.JS, which uses Google V8 JavaScript engine, as 

in Google Chrome browser. This implementation is up to date with the latest WebCL specification and allows quick 
prototyping of WebCL features before they become available in browsers. Coupled with Node.JS features, it also 
enables server-side applications using WebCL. All examples in this course have been developed and tested first with 
node-webcl. 

9 Perspectives!
This course provided the foundations for developers to experiment with the exciting world of high-performance 

computing on the web. OpenCL is a rather young technology and it is not uncommon to find bugs in current 
implementations. However, WebCL implementations would abstract these technical issues for safer, more robust, more 
secure, and more portable applications, as the specification mature with feedback from users, hardware manufacturers 
and browser vendors. Meanwhile, prototype WebCL implementations are already available and we hope this course 
gave you all the excitement to start hacking your GPUs today for cool applications tomorrow  
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Appendix!A CL>GL!code!
This appendix provides source code for applications described in section 6.1.4. The first two sections provide the 

Graphics and Compute module objects. The third section is a direct translation from GLSL to OpenCL kernel language 
using techniques described in section 7.1. The last section is an example optimized version using local memory and 
work-groups. 

A.1 Graphics!object!
1 /* 
2  * Graphics module object contains all WebGL initializations for a simple 
3  * 2-triangle textured screen aligned scene and its rendering. 
4  */ 
5 function Graphics() { 
6   var gl; 
7   var shaderProgram; 
8   var TextureId = null; 
9   var VertexPosBuffer, TexCoordsBuffer; 
10  
11   /* 
12    * Init WebGL array buffers 
13    */ 
14   function init_buffers() { 
15     log('  create buffers'); 
16     var VertexPos = [ -1, -1,  
17                       1, -1,  
18                       1, 1,  
19                       -1, 1 ]; 
20     var TexCoords = [ 0, 0,  
21                       1, 0,  
22                       1, 1,  
23                       0, 1 ]; 
24  
25     VertexPosBuffer = gl.createBuffer(); 
26     gl.bindBuffer(gl.ARRAY_BUFFER, VertexPosBuffer); 
27     gl.bufferData(gl.ARRAY_BUFFER, new Float32Array(VertexPos), gl.STATIC_DRAW); 
28     VertexPosBuffer.itemSize = 2; 
29     VertexPosBuffer.numItems = 4; 
30  
31     TexCoordsBuffer = gl.createBuffer(); 
32     gl.bindBuffer(gl.ARRAY_BUFFER, TexCoordsBuffer); 
33     gl.bufferData(gl.ARRAY_BUFFER, new Float32Array(TexCoords), gl.STATIC_DRAW); 
34     TexCoordsBuffer.itemSize = 2; 
35     TexCoordsBuffer.numItems = 4; 
36   } 
37  
38   /* 
39    * Compile vertex and fragment shaders 
40    *  
41    * @param gl WebGLContext 
42    * @param id <script> id where the source of the shader resides 
43    */ 
44   function compile_shader(gl, id) { 
45     var shaders = { 
46       "shader-vs" : [  
47           "attribute vec3 aCoords;", 
48           "attribute vec2 aTexCoords;",  
49           "varying vec2 vTexCoords;", 
50           "void main(void) {",  
51           "    gl_Position = vec4(aCoords, 1.0);", 
52           "    vTexCoords = aTexCoords;",  
53           "}" ].join("\n"), 
54       "shader-fs" : [ 
55            "#ifdef GL_ES", 
56            "  precision mediump float;", 
57            "#endif", 
58            "varying vec2 vTexCoords;", 
59            "uniform sampler2D uSampler;", 
60            "void main(void) {", 
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61            "    gl_FragColor = texture2D(uSampler, vTexCoords.st);", 
62            "}" ].join("\n"), 
63     }; 
64  
65     var shader; 
66     var str = shaders[id]; 
67  
68     if (id.match(/-fs/)) { 
69       shader = gl.createShader(gl.FRAGMENT_SHADER); 
70     } else if (id.match(/-vs/)) { 
71       shader = gl.createShader(gl.VERTEX_SHADER); 
72     } else { 
73       throw 'Shader '+id+' not found'; 
74     } 
75  
76     gl.shaderSource(shader, str); 
77     gl.compileShader(shader); 
78  
79     if (!gl.getShaderParameter(shader, gl.COMPILE_STATUS)) { 
80       throw gl.getShaderInfoLog(shader); 
81     } 
82  
83     return shader; 
84   } 
85  
86   /* 
87    * Initialize vertex and fragment shaders, link program and scene objects 
88    */ 
89   function init_shaders() { 
90     log('  Init shaders'); 
91     var fragmentShader = compile_shader(gl, "shader-fs"); 
92     var vertexShader = compile_shader(gl, "shader-vs"); 
93      
94     shaderProgram = gl.createProgram(); 
95     gl.attachShader(shaderProgram, vertexShader); 
96     gl.attachShader(shaderProgram, fragmentShader); 
97     gl.linkProgram(shaderProgram); 
98  
99     if (!gl.getProgramParameter(shaderProgram, gl.LINK_STATUS)) 
100       throw "Could not link shaders"; 
101  
102     gl.useProgram(shaderProgram); 
103  
104     shaderProgram.vertexPositionAttribute = gl.getAttribLocation(shaderProgram, "aCoords"); 
105     gl.enableVertexAttribArray(shaderProgram.vertexPositionAttribute); 
106  
107     shaderProgram.textureCoordAttribute = gl.getAttribLocation(shaderProgram, "aTexCoords"); 
108     gl.enableVertexAttribArray(shaderProgram.textureCoordAttribute); 
109      
110     shaderProgram.samplerUniform = gl.getUniformLocation(shaderProgram, "uSampler"); 
111   } 
112  
113   /* 
114    * Render the scene at a timestamp. 
115    *  
116    * @param timestamp in ms as given by new Date().getTime() 
117    */ 
118   function display(timestamp) { 
119    // we just draw a screen-aligned texture 
120    gl.viewport(0, 0, gl.viewportWidth, gl.viewportHeight); 
121    
122    gl.enable(gl.TEXTURE_2D); 
123    gl.bindTexture(gl.TEXTURE_2D, TextureId); 
124    
125    // draw screen aligned quad 
126    gl.bindBuffer(gl.ARRAY_BUFFER, VertexPosBuffer); 
127    gl.vertexAttribPointer(shaderProgram.vertexPositionAttribute, 
128        VertexPosBuffer.itemSize, gl.FLOAT, false, 0, 0); 
129    
130    gl.bindBuffer(gl.ARRAY_BUFFER, TexCoordsBuffer); 
131    gl.vertexAttribPointer(shaderProgram.textureCoordAttribute, 
132        TexCoordsBuffer.itemSize, gl.FLOAT, false, 0, 0); 
133    
134    gl.activeTexture(gl.TEXTURE0); 
135    gl.uniform1i(shaderProgram.samplerUniform, 0); 
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136    
137    gl.drawArrays(gl.TRIANGLE_FAN, 0, 4); 
138    
139    gl.bindTexture(gl.TEXTURE_2D, null); 
140    gl.disable(gl.TEXTURE_2D); 
141     
142    gl.flush(); 
143   } 
144    
145   /* 
146    * Initialize WebGL 
147    *  
148    * @param canvas HTML5 canvas object 
149    */ 
150   function init(canvas) { 
151     log('Init GL'); 
152     gl = canvas.getContext("experimental-webgl"); 
153     gl.viewportWidth = canvas.width; 
154     gl.viewportHeight = canvas.height; 
155    
156     init_buffers(); 
157     init_shaders(); 
158   } 
159    
160   /* 
161    * Configure shared data i.e. our WebGLImage 
162    *  
163    * @param TextureWidth width of the shared texture 
164    * @param TextureHeight height of the shared texture 
165    */ 
166   function configure_shared_data(TextureWidth, TextureHeight) { 
167     if (TextureId) { 
168       gl.deleteTexture(TextureId); 
169       TextureId = null; 
170     } 
171  
172     gl.viewportWidth = TextureWidth; 
173     gl.viewportHeight = TextureHeight; 
174  
175     // Create OpenGL texture object 
176     gl.activeTexture(gl.TEXTURE0); 
177     TextureId = gl.createTexture(); 
178     gl.bindTexture(gl.TEXTURE_2D, TextureId); 
179     gl.texParameteri(gl.TEXTURE_2D, gl.TEXTURE_MAG_FILTER, gl.NEAREST); 
180     gl.texParameteri(gl.TEXTURE_2D, gl.TEXTURE_MIN_FILTER, gl.NEAREST); 
181     gl.texImage2D(gl.TEXTURE_2D, 0, gl.RGBA, TextureWidth, TextureHeight, 0, 
182         gl.RGBA, gl.UNSIGNED_BYTE, null); 
183     gl.bindTexture(gl.TEXTURE_2D, null); 
184  
185     return TextureId; 
186   } 
187      
188   return { 
189     'gl': function() { return gl; }, 
190     'TextureId': function() { return TextureId; }, 
191     'configure_shared_data': configure_shared_data, 
192     'init': init, 
193     'display': display, 
194     'clean': function() {} 
195   }; 
196 } 

A.2 Compute!object!
The compute object reads a kernel from a string. The string may come from a <script type=”x-webcl”> or from a 

file. 
1 /* 
2  * Compute contains all WebCL initializations and runtime for our kernel 
3  * that update a texture. 
4  */ 
5 function Compute() { 
6   var cl=new WebCL(); 
7   var /* cl_context */        clContext; 
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8   var /* cl_command_queue */  clQueue; 
9   var /* cl_program */        clProgram; 
10   var /* cl_device_id */      clDevice; 
11   var /* cl_device_type */    clDeviceType = cl.DEVICE_TYPE_GPU; 
12   var /* cl_image */          clTexture; 
13   var /* cl_kernel */         clKernel; 
14   var max_workgroup_size, max_workitem_sizes, warp_size; 
15   var TextureWidth, TextureHeight; 
16   var COMPUTE_KERNEL_ID; 
17   var COMPUTE_KERNEL_NAME; 
18   var nodejs = (typeof window === 'undefined'); 
19  
20   /* 
21    * Initialize WebCL context sharing WebGL context 
22    *  
23    * @param gl WebGLContext 
24    * @param kernel_id the <script> id of the kernel source code 
25    * @param kernel_name name of the __kernel method 
26    */ 
27   function init(gl, kernel_id, kernel_name) { 
28     log('init CL'); 
29     if(gl === 'undefined' || kernel_id === 'undefined' 
30       || kernel_name === 'undefined') 
31       throw 'Expecting init(gl, kernel_id, kernel_name)'; 
32      
33     COMPUTE_KERNEL_ID = kernel_id; 
34     COMPUTE_KERNEL_NAME = kernel_name; 
35      
36     // Pick platform 
37     var platformList = cl.getPlatforms(); 
38     var platform = platformList[0]; 
39  
40     // create the OpenCL context 
41     clContext = cl.createContext({ 
42       deviceType: clDeviceType,  
43       shareGroup: gl,  
44       platform: platform }); 
45  
46     var device_ids = clContext.getInfo(cl.CONTEXT_DEVICES); 
47     if (!device_ids) { 
48       throw "Error: Failed to retrieve compute devices for context!"; 
49     } 
50  
51     var device_found = false; 
52     for(var i=0,l=device_ids.length;i<l;++i ) { 
53       device_type = device_ids[i].getInfo(cl.DEVICE_TYPE); 
54       if (device_type == clDeviceType) { 
55         clDevice = device_ids[i]; 
56         device_found = true; 
57         break; 
58       } 
59     } 
60  
61     if (!device_found)  
62       throw "Error: Failed to locate compute device!"; 
63  
64     // Create a command queue 
65     try { 
66       clQueue = clContext.createCommandQueue(clDevice, 0); 
67     } 
68     catch(ex) { 
69       throw "Error: Failed to create a command queue! "+ex; 
70     } 
71  
72     // Report the device vendor and device name 
73     var vendor_name = clDevice.getInfo(cl.DEVICE_VENDOR); 
74     var device_name = clDevice.getInfo(cl.DEVICE_NAME); 
75     log("Connecting to " + vendor_name + " " + device_name); 
76  
77     if (!clDevice.getInfo(cl.DEVICE_IMAGE_SUPPORT))  
78       throw "Application requires images: Images not supported on this device."; 
79  
80     init_cl_buffers(); 
81     init_cl_kernels(); 
82   } 
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83  
84   /* 
85    * Initialize WebCL kernels 
86    */ 
87   function init_cl_kernels() { 
88     log('  setup CL kernel'); 
89  
90     clProgram = null; 
91  
92     if(!nodejs) { 
93       var sourceScript = document.getElementById(COMPUTE_KERNEL_ID); 
94       if (!sourceScript)  
95         throw "Can't find CL source <script>"; 
96    
97       var str = ""; 
98       var k = sourceScript.firstChild; 
99       while (k) { 
100         if (k.nodeType == 3) { 
101           str += k.textContent; 
102         } 
103         k = k.nextSibling; 
104       } 
105       if (sourceScript.type == "x-webcl")  
106         source = str; 
107       else  
108         throw "<script> type should be x-webcl"; 
109     } 
110     else { 
111       log("Loading kernel source from file '" + COMPUTE_KERNEL_ID + "'..."); 
112       source = fs.readFileSync(__dirname + '/' + COMPUTE_KERNEL_ID, 'ascii'); 
113       if (!source)  
114         throw "Error: Failed to load kernel source!"; 
115     } 
116      
117  
118     // Create the compute program from the source buffer 
119     try { 
120       clProgram = clContext.createProgram(source); 
121     } 
122     catch(ex) { 
123       throw "Error: Failed to create compute program! "+ex; 
124     } 
125  
126     // Build the program executable 
127     try { 
128       clProgram.build(clDevice, '-cl-unsafe-math-optimizations -cl-single-precision-constant -cl-

fast-relaxed-math -cl-mad-enable'); 
129     } catch (err) { 
130       throw "Error: Failed to build program executable!\n" 
131           + clProgram.getBuildInfo(clDevice, cl.PROGRAM_BUILD_LOG); 
132     } 
133  
134     // Create the compute kernels from within the program 
135     try { 
136       clKernel = clProgram.createKernel(COMPUTE_KERNEL_NAME); 
137     } 
138     catch(ex) { 
139       throw "Error: Failed to create compute row kernel! "+ex; 
140     } 
141  
142     // Get the device intrinsics for executing the kernel on the device 
143     max_workgroup_size = clKernel.getWorkGroupInfo(clDevice, cl.KERNEL_WORK_GROUP_SIZE); 
144     max_workitem_sizes=clDevice.getInfo(cl.DEVICE_MAX_WORK_ITEM_SIZES); 
145     warp_size=clKernel.getWorkGroupInfo(clDevice, cl.KERNEL_PREFERRED_WORK_GROUP_SIZE_MULTIPLE); 
146     log('  max workgroup size: '+max_workgroup_size); 
147     log('  max workitem sizes: '+max_workitem_sizes); 
148     log('  warp size: '+warp_size); 
149   } 
150  
151   /* 
152    * (Re-)set kernel arguments 
153    *  
154    * @param time timestamp in ms (as given by new Date().getTime() 
155    * @param image_width width of the image 
156    * @param image_height height of the image 
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157    */ 
158   function resetKernelArgs(time, image_width, image_height) { 
159     TextureWidth = image_width; 
160     TextureHeight = image_height; 
161      
162     // set the kernel args 
163     try { 
164       // Set the Argument values for the row kernel 
165       clKernel.setArg(0, clTexture); 
166       clKernel.setArg(1, time, cl.type.FLOAT); 
167     } catch (err) { 
168       throw "Failed to set row kernel args! " + err; 
169     } 
170   } 
171  
172   /* 
173    * Initialize WebCL buffers 
174    */ 
175   function init_cl_buffers() { 
176     //log('  create CL buffers'); 
177   } 
178    
179   /* 
180    * Configure shared data with WebGL i.e. our texture 
181    *  
182    * @param gl WebGLContext 
183    * @param glTexture WebGLTexture to share with WebCL 
184    */ 
185   function configure_shared_data(gl, glTexture) { 
186     // Create OpenCL representation of OpenGL Texture 
187     clTexture = null; 
188     try { 
189       clTexture = clContext.createFromGLTexture2D(cl.MEM_WRITE_ONLY, 
190           gl.TEXTURE_2D, 0, glTexture); 
191     } catch (ex) { 
192       throw "Error: Failed to create CL Texture object. " + ex; 
193     } 
194  
195     return clTexture; 
196   } 
197    
198   /* 
199    * Execute kernel possibly at each frame before rendering results with WebGL 
200    *  
201    * @param gl WebGLContext 
202    */ 
203   function execute_kernel(gl) { 
204     // Sync GL and acquire buffer from GL 
205     gl.flush(); 
206     clQueue.enqueueAcquireGLObjects(clTexture); 
207  
208     // Set global and local work sizes for kernel 
209     var local = []; 
210     local[0] = warp_size; 
211     local[1] = max_workgroup_size / local[0]; 
212     var global = [ clu.DivUp(TextureWidth, local[0]) * local[0], 
213                    clu.DivUp(TextureHeight, local[1]) * local[1] ]; 
214  
215     // default values 
216     //var local = null; 
217     //var global = [ TextureWidth, TextureHeight ]; 
218  
219     try { 
220       clQueue.enqueueNDRangeKernel(clKernel, null, global, local); 
221     } catch (err) { 
222       throw "Failed to enqueue kernel! " + err; 
223     } 
224  
225     // Release GL texture 
226     clQueue.enqueueReleaseGLObjects(clTexture); 
227     clQueue.flush(); 
228   } 
229    
230   return { 
231     'init':init, 



 

 31 

232     'configure_shared_data': configure_shared_data, 
233     'resetKernelArgs': resetKernelArgs, 
234     'execute_kernel': execute_kernel, 
235     'clean': function() {} 
236   } 
237 } 

A.3 Mandelbulb!kernel!(direct!conversion)!
The Mandelbulb 3D fractal, raymarched and colored with orbit traps and fake ambient occlusion by Iñigo Quilez 

[24] with authorization, is converted directly to an OpenCL kernel. 
 

1 // forward declarations 
2 bool isphere( float4 sph, float3 ro, float3 rd, float2 *t ); 
3 bool iterate( float3 q, float *resPot, float4 *resColor ); 
4 bool ifractal( float3 ro, float3 rd, float *rest, float maxt, float3 *resnor, float4 *rescol, 

float fov ); 
5  
6 inline bool isphere( float4 sph, float3 ro, float3 rd, float2 *t ) { 
7   float3 oc = ro - sph.xyz; 
8   float b = dot(oc,rd); 
9   float c = dot(oc,oc) - sph.w*sph.w; 
10  
11   float h = b*b - c; 
12   if( h<0 ) 
13     return false; 
14  
15   float g = sqrt( h ); 
16   t->x = - b - g; 
17   t->y = - b + g; 
18  
19   return true; 
20 } 
21  
22 #define NumIte 7 
23 #define Bailout 100 
24  
25 inline bool iterate( float3 q, float *resPot, float4 *resColor ) { 
26   float4 trap = (float4)(100); 
27   float3 zz = q; 
28   float m = dot(zz,zz); 
29   if( m > Bailout ) { 
30     *resPot = 0.5f*log(m); ///pow(8.0f,0.0f); 
31     *resColor = (float4)(1); 
32     return false; 
33   } 
34  
35   for( int i=1; i<NumIte; i++ ) { 
36     float x = zz.x; float x2 = x*x; float x4 = x2*x2; 
37     float y = zz.y; float y2 = y*y; float y4 = y2*y2; 
38     float z = zz.z; float z2 = z*z; float z4 = z2*z2; 
39  
40     float k3 = x2 + z2; 
41     float k2 = rsqrt( k3*k3*k3*k3*k3*k3*k3 ); 
42     float k1 = x4 + y4 + z4 - 6*y2*z2 - 6*x2*y2 + 2*z2*x2; 
43     float k4 = x2 - y2 + z2; 
44  
45     zz.x = q.x + 64*x*y*z*(x2-z2)*k4*(x4-6.0*x2*z2+z4)*k1*k2; 
46     zz.y = q.y + -16*y2*k3*k4*k4 + k1*k1; 
47     zz.z = q.z + -8*y*k4*(x4*x4 - 28*x4*x2*z2 + 70*x4*z4 - 28*x2*z2*z4 + z4*z4)*k1*k2; 
48  
49     m = dot(zz,zz); 
50  
51     trap = min( trap, (float4)(zz.xyz*zz.xyz,m) ); 
52  
53     if( m > Bailout ) 
54     { 
55       *resColor = trap; 
56       *resPot = 0.5f*log(m)/pow(8.0f,i); 
57       return false; 
58     } 
59   } 
60  
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61   *resColor = trap; 
62   *resPot = 0; 
63   return true; 
64 } 
65  
66 inline bool ifractal( float3 ro, float3 rd, float *rest, float maxt, 
67     float3 *resnor, float4 *rescol, float fov ) { 
68   float4 sph = (float4)( 0.0, 0.0, 0.0, 1.25 ); 
69   float2 dis; 
70  
71   // bounding sphere 
72   if( !isphere(sph,ro,rd,&dis) ) 
73   return false; 
74  
75   // early skip 
76   if( dis.y<0.001f ) return false; 
77  
78   // clip to near! 
79   if( dis.x<0.001f ) dis.x = 0.001f; 
80  
81   if( dis.y>maxt) dis.y = maxt; 
82  
83   float dt; 
84   float3 gra; 
85   float4 color; 
86   float4 col2; 
87   float pot1; 
88   float pot2, pot3, pot4; 
89  
90   float fovfactor = 1.0f/sqrt(1+fov*fov); 
91  
92   // raymarch! 
93   for( float t=dis.x; t<dis.y; ) { 
94     float3 p = ro + rd*t; 
95  
96     float Surface = clamp( 0.001f*t*fovfactor, 0.000001f, 0.005f ); 
97  
98     float eps = Surface*0.1f; 
99  
100     if( iterate(p,&pot1,&color) ) { 
101       *rest = t; 
102       *resnor=normalize(gra); 
103       *rescol = color; 
104       return true; 
105     } 
106  
107     iterate(p+(float3)(eps,0.0,0.0),&pot2,&col2); 
108     iterate(p+(float3)(0.0,eps,0.0),&pot3,&col2); 
109     iterate(p+(float3)(0.0,0.0,eps),&pot4,&col2); 
110  
111     gra = (float3)( pot2-pot1, pot3-pot1, pot4-pot1 ); 
112     dt = 0.5f*pot1*eps/length(gra); 
113  
114     if( dt<Surface ) { 
115       *rescol = color; 
116       *resnor = normalize( gra ); 
117       *rest = t; 
118       return true; 
119     } 
120  
121     t+=dt; 
122   } 
123  
124   return false; 
125 } 
126  
127 __kernel 
128 void compute(__write_only image2d_t pix, float time) { 
129   int x=get_global_id(0), y=get_global_id(1); 
130   const int width = get_global_size(0); 
131   const int height = get_global_size(1); 
132   float2 resolution=(float2)(width,height); 
133   float2 gl_FragCoord=(float2)(x,y); 
134  
135   float2 p = (float2)(-1.f + 2.f * gl_FragCoord.xy / resolution.xy); 
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136   float2 s = p*(float2)(1.33,1.0); 
137  
138   float3 light1 = (float3)( 0.577f, 0.577f, 0.577f ); 
139   float3 light2 = (float3)( -0.707f, 0, 0.707f ); 
140  
141   float fov = 1; 
142   float r = 1.4f+0.2f*cospi(2.f*time/20.f); 
143   float3 campos = (float3)( r*sinpi(2.f*time/20.f), 
144                             0.3f-0.4f*sinpi(2.f*time/20.f), 
145                             r*cospi(2.f*time/20.f) ); 
146   float3 camtar = (float3)(0,0.1,0); 
147  
148   //camera matrix 
149   float3 cw = normalize(camtar-campos); 
150   float3 cp = (float3)(0,1,0); 
151   float3 cu = normalize(cross(cw,cp)); 
152   float3 cv = normalize(cross(cu,cw)); 
153  
154   // ray dir 
155   float3 rd; 
156   float3 nor, rgb; 
157   float4 col; 
158   float t; 
159  
160   rd = normalize( s.x*cu + s.y*cv + 1.5f*cw ); 
161  
162   bool res=ifractal(campos,rd,&t,1e20f,&nor,&col,fov); 
163  
164   if( !res ) { 
165     rgb = 1.3f*(float3)(1,.98,0.9)*(0.7f+0.3f*rd.y); 
166   } 
167   else { 
168     float3 xyz = campos + t*rd; 
169  
170     // sun light 
171     float dif1 = clamp( 0.2f + 0.8f*dot( light1, nor ), 0.f, 1.f ); 
172     dif1=dif1*dif1; 
173  
174     // back light 
175     float dif2 = clamp( 0.3f + 0.7f*dot( light2, nor ), 0.f, 1.f ); 
176  
177     // ambient occlusion 
178     float ao = clamp(1.25f*col.w-.4f,0.f,1.f); 
179     ao=0.5f*ao*(ao+1); 
180  
181     // shadow 
182     if( dif1>0.001f ) { 
183       float lt1; 
184       float3 ln; 
185       float4 lc; 
186       if( ifractal(xyz,light1,&lt1,1e20,&ln,&lc,fov) ) 
187         dif1 = 0.1f; 
188     } 
189  
190     // material color 
191     rgb = (float3)(1); 
192     rgb = mix( rgb, (float3)(0.8,0.6,0.2), (float3)(sqrt(col.x)*1.25f) ); 
193     rgb = mix( rgb, (float3)(0.8,0.3,0.3), (float3)(sqrt(col.y)*1.25f) ); 
194     rgb = mix( rgb, (float3)(0.7,0.4,0.3), (float3)(sqrt(col.z)*1.25f) ); 
195  
196     // lighting 
197     rgb *= (0.5f+0.5f*nor.y)* 
198            (float3)(.14,.15,.16)*0.8f + 
199            dif1*( float3)(1.0,.85,.4) + 
200            0.5f*dif2*( float3)(.08,.10,.14); 
201     rgb *= (float3)( pow(ao,0.8f), pow(ao,1.00f), pow(ao,1.1f) ); 
202  
203     // gamma 
204     rgb = 1.5f*(rgb*0.15f + 0.85f*sqrt(rgb)); 
205   } 
206  
207   float2 uv = 0.5f*(p+1.f); 
208   rgb *= 0.7f + 0.3f*16.0f*uv.x*uv.y*(1.0f-uv.x)*(1.0f-uv.y); 
209   rgb = clamp( rgb, (float3)(0), (float3)(1) ); 
210  
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211   write_imagef(pix,(int2)(x,y),(float4)(rgb,1.0f)); 
212 } 

A.4 Mandelbulb!kernel!(optimized)!
The main idea is to move to local memory all parameters necessary for computation. 
 

1 #define WARPSIZE 256 
2  
3 typedef struct { 
4   float3 origin; 
5   float r; 
6   float2 dis; 
7 } Sphere; 
8  
9 typedef struct { 
10   float3 origin; 
11   float3 dir; 
12   float3 nor; 
13   float4 col; 
14   float fovfactor; 
15   float t; 
16   float3 rgb; 
17   Sphere sph; 
18 } __attribute__((aligned(16))) Ray; 
19  
20  
21 // forward declarations 
22 bool isphere( __local Ray *ray ); 
23 bool iterate( const float3 q, float *resPot, float4 *resColor ); 
24 bool ifractal( __local Ray *ray); 
25  
26 inline bool isphere( __local Ray *ray ) { 
27   const float3 oc = ray->origin - ray->sph.origin; 
28   const float b = dot(oc,ray->dir); 
29   const float c = dot(oc,oc) - ray->sph.r*ray->sph.r; 
30  
31   const float h = b*b - c; 
32   if( h<0 ) 
33     return false; 
34  
35   const float g = native_sqrt( h ); 
36   ray->sph.dis = (float2) ( - b - g, - b + g); 
37  
38   return true; 
39 } 
40  
41 __constant int NumIte=8; 
42 __constant float Bailout=100; 
43 __constant float EPS=0.001f; 
44 __constant float MAXT=1e20f; 
45 __constant float3 light1 = (float3)( 0.577f, 0.577f, 0.577f ); 
46 __constant float3 light2 = (float3)( -0.707f, 0, 0.707f ); 
47  
48 inline bool iterate( const float3 q, float *resPot, float4 *resColor ) 
49 { 
50   float4 trap = (float4)(100); 
51   float3 zz = q; 
52   float m = dot(zz,zz); 
53   if( m > Bailout ) { 
54     *resPot = 0.5f*native_log(m); // /pow(8.0f,0.0f); 
55     *resColor = (float4)(1); 
56     return false; 
57   } 
58  
59 #pragma unroll 4 
60   for( int i=0; i<NumIte; i++ ) { 
61     const float x = zz.x; const float x2 = x*x; const float x4 = x2*x2; 
62     const float y = zz.y; const float y2 = y*y; const float y4 = y2*y2; 
63     const float z = zz.z; const float z2 = z*z; const float z4 = z2*z2; 
64  
65     const float k3 = x2 + z2; 
66     const float k2 = rsqrt( k3*k3*k3*k3*k3*k3*k3 ); 
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67     const float k1 = x4 + y4 + z4 - 6*y2*z2 - 6*x2*y2 + 2*z2*x2; 
68     const float k4 = x2 - y2 + z2; 
69  
70     zz.x = q.x + 64*x*y*z*(x2-z2)*k4*(x4-6.0*x2*z2+z4)*k1*k2; 
71     zz.y = q.y + -16*y2*k3*k4*k4 + k1*k1; 
72     zz.z = q.z + -8*y*k4*(x4*x4 - 28*x4*x2*z2 + 70*x4*z4 - 28*x2*z2*z4 + z4*z4)*k1*k2; 
73  
74     m = dot(zz,zz); 
75  
76     trap = min( trap, (float3)(zz.xyz*zz.xyz,m) ); 
77  
78     if( m > Bailout ) { 
79       *resColor = trap; 
80       *resPot = 0.5f*native_log(m)/native_powr(8.0f,i); 
81       return false; 
82     } 
83   } 
84  
85   *resColor = trap; 
86   *resPot = 0; 
87   return true; 
88 } 
89  
90 inline bool ifractal( __local Ray *ray) { 
91   __local Sphere *sph=&ray->sph; 
92   sph->origin = (float3)( 0); 
93   sph->r = 1.25f; 
94  
95   // bounding sphere 
96   if( !isphere(ray) ) 
97     return false; 
98  
99   // early skip 
100   if( sph->dis.y<EPS ) return false; 
101  
102   // clip to near! 
103   if( sph->dis.x<EPS ) sph->dis.x = EPS; 
104  
105   if( sph->dis.y>MAXT) sph->dis.y = MAXT; 
106  
107   float dt; 
108   float3 gra; 
109   float4 color, col2; 
110   float pot1, pot2, pot3, pot4; 
111  
112   // raymarch! 
113   float t=sph->dis.x, Surface, eps; 
114   float3 p = ray->origin + ray->dir * t; 
115  
116   while(t < sph->dis.y) { 
117     if( iterate(p,&pot1,&color) ) { 
118       ray->t = t; 
119       ray->nor = fast_normalize(gra); 
120       ray->col = color; 
121       return true; 
122     } 
123  
124     Surface = clamp( EPS*t*ray->fovfactor, 0.000001f, 0.005f ); 
125     eps = Surface*0.1f; 
126  
127     iterate(p+(float3)(eps,0.0,0.0),&pot2,&col2); 
128     iterate(p+(float3)(0.0,eps,0.0),&pot3,&col2); 
129     iterate(p+(float3)(0.0,0.0,eps),&pot4,&col2); 
130  
131     gra = (float3)( pot2-pot1, pot3-pot1, pot4-pot1 ); 
132     dt = 0.5f*pot1*eps/fast_length(gra); 
133  
134     if( dt<Surface ) { 
135       ray->col = color; 
136       ray->nor = fast_normalize( gra ); 
137       ray->t = t; 
138       return true; 
139     } 
140  
141     t += dt; 
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142     p += ray->dir * dt; 
143   } 
144  
145   return false; 
146 } 
147  
148 __kernel 
149 void compute(__write_only image2d_t pix, const float time) { 
150   const int x = get_global_id(0); 
151   const int y = get_global_id(1); 
152   const int xl = get_local_id(0); 
153   const int yl = get_local_id(1); 
154   const int tid = xl+yl*get_local_size(0); 
155   const int width = get_global_size(0)-1; 
156   const int height = get_global_size(1)-1; 
157  
158   const float2 resolution = (float2)(width,height); 
159   const float2 gl_FragCoord = (float2)(x,y); 
160  
161   const float2 p = (float2)(-1.f + 2.f * gl_FragCoord / resolution); 
162   const float2 s = p*(float2)(1.33,1.0); 
163  
164   const float fov = 0.5f, fovfactor = rsqrt(1+fov*fov); 
165  
166   const float ct=native_cos(2*M_PI_F*time/20.f), st=native_sin(2*M_PI_F*time/20.f); 
167   const float r = 1.4f+0.2f*ct; 
168   const float3 campos = (float3)( r*st, 0.3f-0.4f*st, r*ct ); 
169   const float3 camtar = (float3)(0,0.1,0); 
170  
171   //camera matrix 
172   const float3 cw = fast_normalize(camtar-campos); 
173   const float3 cp = (float3)(0,1,0); 
174   const float3 cu = fast_normalize(cross(cw,cp)); 
175   const float3 cv = fast_normalize(cross(cu,cw)); 
176  
177   // ray 
178   __local Ray rays[WARPSIZE+1],*ray=rays+tid; 
179   ray->origin=campos; 
180   ray->dir = fast_normalize( s.x*cu + s.y*cv + 1.5f*cw ); 
181   ray->fovfactor = fovfactor; 
182  
183   barrier(CLK_LOCAL_MEM_FENCE); 
184  
185   const bool res=ifractal(ray); 
186  
187   if( !res ) { 
188     // background color 
189     ray->rgb = 1.3f*(float3)(1,0.98,0.9)*(0.7f+0.3f*ray->dir.y); 
190   } 
191   else { 
192     // intersection point 
193     const float3 xyz = ray->origin + ray->t * ray->dir; 
194  
195     // sun light 
196     float dif1 = clamp( 0.2f + 0.8f*dot( light1, ray->nor ), 0.f, 1.f ); 
197     dif1=dif1*dif1; 
198  
199     // back light 
200     const float dif2 = clamp( 0.3f + 0.7f*dot( light2, ray->nor ), 0.f, 1.f ); 
201  
202     // ambient occlusion 
203     const float aot = clamp(1.25f*ray->col.w-.4f, 0.f, 1.f); 
204     const float ao=0.5f*aot*(aot+1); 
205  
206     // shadow: cast a lightray from intersection point 
207     if( dif1 > EPS ) { 
208       __local Ray *lray=rays+256; 
209       lray->origin=xyz; 
210       lray->dir=light1; 
211       lray->fovfactor = fovfactor; 
212       if( ifractal(lray) ) 
213         dif1 = 0.1f; 
214     } 
215  
216     // material color 
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217     ray->rgb = (float3)(1); 
218     ray->rgb = mix( ray->rgb, (float3)(0.8,0.6,0.2), (float3)(native_sqrt(ray->col.x)*1.25f) ); 
219     ray->rgb = mix( ray->rgb, (float3)(0.8,0.3,0.3), (float3)(native_sqrt(ray->col.y)*1.25f) ); 
220     ray->rgb = mix( ray->rgb, (float3)(0.7,0.4,0.3), (float3)(native_sqrt(ray->col.z)*1.25f) ); 
221  
222     // lighting 
223     ray->rgb *= (0.5f+0.5f * ray->nor.y)* 
224                  (float3)(.14,.15,.16)*0.8f + 
225                  dif1*(float3)(1.0,.85,.4) + 
226                  0.5f*dif2*(float3)(.08,.10,.14); 
227     ray->rgb *= (float3)( native_powr(ao,0.8f), native_powr(ao,1.0f), native_powr(ao,1.1f) ); 
228  
229     // gamma 
230     ray->rgb = 1.5f*(ray->rgb*0.15f + 0.85f*native_sqrt(ray->rgb)); 
231   } 
232  
233   const float2 uv = 0.5f*(p+1.f); 
234   ray->rgb *= 0.7f + 0.3f*16.f*uv.x*uv.y*(1.f-uv.x)*(1.f-uv.y); 
235  
236   ray->rgb = clamp( ray->rgb, (float3)(0), (float3)(1) ); 
237  
238   write_imagef(pix,(int2)(x,y),(float4)(ray->rgb,1.0f)); 
239 } 

Appendix!B OpenCL!and!CUDA!terminology!
NVidia provides CUDA, an older API than OpenCL very used on their devices. CUDA and WebCL/OpenCL 

share similar concepts but a different terminology that we give below, borrowed from AMD article [30] and adapted to 
WebCL. 

 
Terminology 

WebCL/OpenCL CUDA 
Compute Unit (CU) Streaming Multiprocessor (SM) 
Processing Element (PE) Streaming Processor (SP) 
Work-item Thread 
Work-group Thread block 
Global memory Global memory 
Constant memory Constant memory 
Local memory Shared memory 
Private memory Local memory 

 
Writing kernels: qualifiers 

WebCL/OpenCL CUDA 
__kernel function __global__ function 
(no annotation necessary) __device__ function 
__constant variable __constant__ variable 
__global variable __device__ variable 
__local variable __shared__ variable 

 
Writing kernels: indexing 

WebCL/OpenCL CUDA 
get_num_groups() gridDim 
get_local_size() blockDim 
get_group_id() blockIdx 
get_local_id() threadIdx 
get_global_id() No direct equivalent. Combine blockDim, 
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blockIdx, and threadIdx to get a global index. 
get_global_size() No direct equivalent. Combine gridDim and 

blockDim to get the global size 
 

Writing kernels: synchronization 
WebCL/OpenCL CUDA 
barrier() __syncthreads() 
No equivalent __threadfence() 
mem_fence(CLK_GLOBAL_MEM_FENCE | 
CLK_LOCAL_MEM-FENCE0 

__threadfence_block() 

read_mem_fence() No equivalent 
write_mem_fence() No equivalent 

 
Important API objects 

WebCL/OpenCL CUDA 
WebCLDevice CUdevice 
WebCLContext CUcontext 
WebCLProgram CUmodule 
WebCLKernel CUfunction 
WebCLMemoryObject CUdeviceptr 
WebCLCommandQueue No equivalent 

 
Important API calls 

WebCL/OpenCL CUDA 
No initialization required cuInit() 
WebCLContext.getInfo() cuDeviceGet() 
WebCLContext.create() cuCtxCreate() 
WebCLContext.createCommandQueue() No equivalent 
WebCLProgram.build() No equivalent. CUDA programs are built off-

line 
WebCLContext.createKernel() cuModuleGetFunction() 
WebCLCommandQueue.enqueueWriteBuffer() cuMemcpyHtoD() 
WebCLCommandQueue,enqueueReadBuffer() cuMemcpyDtoH() 
Using locals of 
WebCLCommandQueue.enqueueNDRange() 

cuFuncSetBlockShape() 

WebCLKernel.setArg() cuParamSet() 
Using WebCLKernel.setArg() cuParamSetSize() 
WebCLCommandQueue.enqueueNDRangeKernel() cuLaunchGrid() 
Implicit through garbage collection cuMemFree() 
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