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;�ILK�K�A1DGS*CGHÏ�A1D'EhÈLA�Î7;lI>I>A.C�HJI·Ë�È>HWS�È(EGÈ>A7;bEyEGChHJÏ><�EGAwÔb;l=<>AØS�ÈL;lI>ÑlA�D9UbÔlA1C9EGHÎØAlO«Ö{ÈLA
Ôr;l=<LA�U�É�EhÈ>Aw;bEyEGChHJÏ><�EGA�;bE��(��	�)�*���+�%� ������HWD,���������-	��.OQÖ{È\<LD�;bE';lIgÌµÉÊ<�Eh<LChA�EGHÎØAVÍ>E�.
����	�������+���������*Í>EhÈ>A�Ôb;�=J<>A�UlÉ8EhÈLA�;bEyEGChHJÏ><�EGA�HJD/���������-	��102��� ��	��$�%� �"!��43 �65bO

?�UV=�É�DhUlI0A*E9;�=´O�<LDhA¤;�K>;�EG;�ÎØU\K>A.=�Ë�È>HWS�È0DyEhUVChA�D+;lI0UVÏ�ÕFA1S*E5� D{DFE�;�ChEpEGHÎØAlÍQDFE�;�ChEhHJI>Ñ
=U�S.;�EhHJUlI«Í�;�ILK�;9ÔlA.=JU�S*HEFÌ�ÔVA1S*EhUlC -=�1�10�O.T�;�EG;lÏL;lDhA²<>Ð@K>;bEGA1D,;�CGA�ÑlA1I>A.C�;bEGA1K�Ï\Ì'EGÈ>AjUVÏ�ÕFA1S*E
Ë�È>A.IBH�E�D¤=U�S1;bEhHJUlI"K�A1ÔgHW;bEGA1D�ÎØUlCGA�EGÈL;�I";NÑlHJÔlA1I(EhÈLChA�DyÈ>UV=JK(ÉÊChUVÎ�EhÈLA�=JU�S.;�EhHJUlI�EhÈL;�E
ËpUV<>=JK0Ï�A�S*UlÎØÐ><>EhA1KNÏ\Ì7EGÈ>A�K>;bE�;�ÏL;VDyAVO

Ç_IåUlC�K�A.CwEhU�Ð>CGU\S.A1DGDw×g<>A1ChHJA1DwHJIãCGA1;lDhUlIQ;�Ï>=JAØEhHJÎØAlÍ�EhÈLANK>;�EG;·Î�<LDyE�Ï�ANHILK>A*Ý�A1K�O
�\UlÎØAµ;l<�EhÈ>UVCGD�ÈL;rÔlA°K>HJDGS*<LDGDhA1K"HJILK�A*Ý�HJI>Ñ(Ð>CGA1DhA.IgEw;lILK"ÉÊ<�EG<>CGAµÐ�UVDhH�EGHUVILD�UlÉ{ÎØUbÔ\HJI>Ñ
UlÏ�ÕFA�S�EGD - �LÍ����lÍ �>Í87>Í>��0´O �'EhÈLA.C;l<�EhÈLUlC�D8K�HWDhS.<LDGD«HJILK�A*Ý�HJI>Ñ9EGÈ>AjÐQ;lDyE8ÐQUgDyHEhHJUlIQD«U�É>ÎØUbÔ\HJI>Ñ
UlÏ�ÕFA�S�EGD - � 0�O

Ç_I�- � 0´ÍgEGÈ>A�;l<�EhÈLUlC�D²Ð>CGUlÐ�UVDhA'HJILK�A.Ý\HJI>Ñ�EhÈ>A1HC�K�Ì\IL;lÎ�HWS';�EyEGChHJÏ><�EGA1D1O\Ö{Ë+Uw;l=�EGA.CGIL;bEGA
;�Ð>Ð>CGUV;VS�È>A1D�;lChA9Dh<>ÑlÑVA1DyEhA�K�HJI -=���>0�OlÖ{È>A�ßQCGDyE²HJD�EhÈ>A9Ôb;l=<>A.ÒvEGHÎØA9CGA.ÐLChA�DyA1IVE�;bEGHUVI�DhÐL;lS.A
Ë�È>A.CGAw;lI%UlÏ�ÕFA�S�E�HWD�ÎØ;lÐ>Ð�A1K	EGU0;7EGCG;�ÕFA1S*EhUlCGÌ°EGÈL;bE�Ð>=JU�EGD�HEGD�=U�S.;�EhHJUlI·;VD';ØÉÊ<LILS�EGHUVI
U�É«EGHÎØAlO�Ç_IµEhÈ>A¤;�=EhA1ChIQ;bEhHJÔlA�HIgEGA.C�S*A.Ð>EyÒ_Dy=JUlÐ�A'CGA.Ð>CGA1DhA.IgE�;bEhHJUlI°DhÐL;VS*AlÍgEGÈ>A�=JU�S.;�EhHJUlIµHWD+;
ÉÊ<>ILS�EGHUVI	U�É,EhHJÎ�AVÍ:9�à<;yá=&?>/0A@B;�O

� K�<L;l=+EhC�;�ILDyÉÊUlCGÎ7;bEhHJUlIåDGS�È>A1Î�A0HJD�;�=WDhU(<LDhA1KåHJI - �10{HJIãË�È>HWS�ÈÞEhÈLAµEGCG;�ÕFA1S�EGUlCGHA�D
U�É²ÎØUbÔ\HI>ÑµUlÏ�ÕFA�S�EGD�;�CGA�EhC�;�IQDFÉÊUVChÎØA1K0ÉÊCGUlÎ EhÈLA�EhHJÎØA*Ò´EhC�;bÕFA�S�EhUVChÌ0Ð>=W;�I>AwHIgEhU0;µDh=UVÐQA.Ò
HIgEhA1CGS.A.Ð�E¤Ð>=W;�I>AVO�Ö{È>A.Ì%<LDhAØ;�I�P/C�Ò´EhCGA.Aw;lILK(È@�jÒ´EhCGA.AwEhU	DyEh<LK�Ì	EGÈ>AØÐQA1CyÉÊUVChÎ7;lILS*AwU�É
EhÈ>A¤EGCG;lILDFÉÊUVChÎ	O

Ç_I - 7 0´Í���;�=EhA1I>HJDwA*E�;�=´O<LDhAµ;%Ôb;lChHW;�IgE�U�É�EGÈ>AµP,CrÒvEGChA1AµS.;l==JA1KÞ;·Ö�:jP{Ò´EhCGA.A(àÊEhHJÎ�A
ÐL;�C�;�ÎØA*EGA.CGHJDhA1K·EhCGA.Ará�EhU%HJILK�A.Ý�EGÈ>AµS.<>ChCGA.IgE�;�IQKBÉÊ<�Eh<>CGA°=JU�S.;bEGHUVILD1O�?äÈ>H=JAµÑVU\U\K�ÉÊUVC
Ð>ChA�K�HWS�EhHJI>Ñ�=U�S.;�EhHJUlILDHJI�EhÈ>A+I>A�;�CÉÊ<�Eh<>CGAlÍ�EGÈ>AjÎØHJI>HÎw<>Î»Ï�Ul<>IQK�HILÑ'Ï�UrÝ\A�D8Ë+Ul<L=JK�ÑVChUbË
EhU°S*UbÔVA.CpEhÈ>A�A1IgEhHJChA�EhC�;lS�ÓµHI	Ul<LC{;lÐ>Ð>=JHJS1;bEGHUVI«O

�9I°;�=EhA1ChIQ;bEhHJÔlA�HJILK�A.Ý�HI>ÑwDhS�È>A1ÎØA�ÉÊUlC�ÉÊ<>Eh<>CGA'=JU�S.;bEGHUVILD�HWD²Ð>CGA1DhA.IgEGA1K�HI.-=��0´ÍVË�È>A.CGA
S*UlIQDFE�;�IgE²DyÐ�A.A�K�ÎØU�EGHUVIØHIØ;�DFEGCG;lHÑVÈgE,=JHILA�HJD�;VDhDh<>ÎØA1K�O�8pÈLUlIØ;bEj;�=´ObÐ>CGA1DhA.IgE²;�I�HIQK�A*Ý
DhS�È>A1ÎØA�ÉÊUlC9ÐQ;lDyE1ÍLÐLChA�DyA1IVE�ÍQ;lILKNÉÊ<�Eh<LChA�Ð�UVDhHEhHJUlILD - �90´O�Ö{È>A.ÌN<LDhA�;7DyÐQ;lS*A.ÒvEGHÎØA�ÐQ;�ChEhHÒ
EhHJUlI>HJI>Ñ¤DhS�È>A1ÎØApË�È>A1ChAjEhÈ>A�K>;�EG;�DyÐL;VS*A+HJD�K�HJÔ\HJK>A1KD�E�FG�"!�FG� OVÖ{È>A.HJC�;lDGDy<>ÎØÐ�EGHUVI�HWDEhÈL;�E
Î�UbÔ\HJI>ÑµUVÏ�ÕFA1S*EGD�ÈL;rÔVA�I>UNÎØUlCGA�EGÈL;�I�Èg<LILK�CGA1K>D�U�É+ÐQUVHIgE�D.O�Ö{È>A�ÑlCGHJK·HJD�Î7;�HJIgEG;lHI>A�K
HI	Î7;�HJI0ÎØA1Î�UVChÌVO

Ç_IA- � 0�Í�EhÈLA°;�<�EGÈ>UlC�D�<LDyA7Ôb;lChHW;�IgEGD�UlÉ{;lIBP{Ò´EhCGA.AVÍ«S.;l==JA1K ��Ö�P{Ò´EhCGA.A7;�IQKBÖ;�pÒ´EhCGA.AVÍ
EhU7HJILK�A*ÝNÐL;lDyE�È>HWDFEGUlCGHA�D.O>Ö{È>A�DyA�;lChA¤Ôb;�CGHW;�IgEGD+HJI0EGÈ>A�DhA.ILDhA�EhÈL;�E�EhC�;bÕFA�S�EhUVChHJA1D+HJILDyEhA1;VK
U�É�=U�S1;bEhHJUlIQD';�CGA�S*UVIgEG;�HJI>A�K	HI	EGÈ>A�ÎØHJI>HÎw<>Î5ÏQUV<>ILK�HJI>Ñ°Ï�UrÝ�A1D1OLÇ_I%UV<>C�;lÐ>Ð>=JHJS1;bEhHJUlI8Í
EhÈ>A�EhC�;bÕFA�S�EGUlCGHA�D';�CGAwS.UlILDyEG;lIgEh=JÌ	S�ÈQ;�I>ÑVHI>Ñ0Ë�È>HWS�È·=JA1;lKLD'EGUN;µÔlA1ChÌ	=W;�CGÑlA�I\<>ÎwÏQA1C¤U�É
ÏQUV<>ILK�HJI>Ñ7Ï�UrÝ\A�D.O

H I &,À(&KJ+À�Â²Á,&ML�" &�¿'Ã5¾V¿�Ã�"ON9Æh¿PL

�\A.ÔVA.C�;�=L;l<�EhÈ>UVCGDjÈL;rÔlA9Dh<>ÑVÑlA1DyEhA�K�Ï><>HJ=JK�HJI>ÑwÎ�UbÔ\HJI>Ñ�UVÏ�ÕFA1S*EpK>;bE�;�ÏL;VDyA�D�UlIØEGUlÐ°UlÉ�ChA1=J;�Ò
EhHJUlIL;l=�UVCpUVÏ�ÕFA1S*EyÒ�ChA1=J;�EhHJUlIL;l=QK>;�EG;lÏL;lDhA1D - �LÍ>�
�VÍ �LÍ � Í 	 Í>� � 0´O�æ'UbËpA1ÔlA.C�ÍlUV<>C+A*Ý�ÐQA1ChHJÎØA.IgEGD
DyÈ>UbË EhÈL;�E9ChA1=J;�EhHJUlIL;l=�T �{R���D�É�;�=J=«DyÈ>UVCyE�HJINEFËpUØË{;rÌ\D1O

�HJC�DFE�ÍV;�CGA.=W;bEGHUVIL;�=QK>;bE�;�ÏL;VDyA9CGA*EG<>CGILDj;�CGA.=W;bEGHUVI°;lD²EhÈ>A�ChA�Dy<L=�EjUlÉ8;�×g<>A.CGÌlOgÇ_I7EGÈ>HJD
ÐL;�C�;lK�HJÑlÎ	ÍbEGÈ>A'K>;�EG;lÏL;lDhA9DyA1ChÔVA.C�<LDh<L;l==JÌwS.ChA�;bEhA�D²;¤CGA.=W;bEhHJUlI�ÉÊUVC²EhÈLA9A.IgEhHJCGA9ChA�Dy<L=�Ej;lILK



EhÈ>A1IBK�A1=HJÔlA1CGD�HE�EGUµEGÈ>AwCGA1×g<>A�DFEGHILÑ0S*=JHJA.IgE1O �LUlC¤DyUVÎ�AØ×g<>A.CGHJA1D�Dy<LS�È�;lD�ChA1Ð>=W;rÌgHJI>Ñµ;lI
A.IgEhHJChApCG;VS*AVÍ.EGÈ>A{ChA�Dy<>=EHWDÉ�;�CEhU\U�=J;lChÑVA�EhU¤K�A.=JHJÔlA.C�;bE�UlIQS*AlO9�\HJILS*ApEhÈLA+CGA1Dh<>=E,S1;�I>I>UlEßLE
HIgEhU�ÎØ;lHIµÎ�A1ÎØUlCGÌlÍlHEpHWDjEhA.ÎØÐ�UlC�;�CGH=JÌ�Ë�CGHEyEhA1I7EhUwK�HJDhÓ@ÍlÉÊ<LCyEGÈ>A.C+;lK>K�HJI>Ñ�EhU�UbÔVA.CGÈ>A1;VK�O
Ç_ILDFEGA1;VK0Ë+A�Ë{;�IgE�EhU7=JU�S.;bEGA�×g<>HJS�Ó\=JÌ7EhÈLA�ÏQA1ÑlHJI>I>HJI>Ñ7U�É�EGÈ>A�K>;bE�;7;�ILK0EGÈ>A.I(K�A1=HJÔlA1C9HE
HILS.ChA1ÎØA.IgEG;l==JÌ�HJIØ;�EGHÎØA{ÉÊC�;�ÎØA+EhÈL;�E²HJD�I>U�Ë+UlC�DhAjEGÈL;�IØ;lS*Eh<L;l=�CG;VS*A+EhHJÎØAlOlÖ{È>HWD�;�=J=JUbË9D
ÉÊUlC9;�ChA�;lDhUlIL;lÏ>=JA�Ô\HWDy<L;l=HWDG;bEhHJUlI0U�É,EhÈ>A�KL;bEG;�HJI%;wÑVCG;lÐ>È>HWS.D{K�HWDyÐL=J;rÌVO

�\A1S.UlILK�=JÌlÍlËpA{ÉÊUV<>ILKØEGÈL;bEp;�DG;�ÎØÐ>=JA�U�É�CGA.=W;bEGHUVIL;�=>T �{R���DjDhHJÎ�ÐL=ÌØS.;lI>I>U�Ej;lILDhËpA1C
EhÈ>A'×g<>A1ChHJA1DjËpA�Ð�UVDhA1K«OVÖ{È>A�DyA'×g<>A1ChHJA1Dj;�CGA�ÑlHJÔlA.IØHJI �\A�S�EhHJUlI �QO�?BA9EhCGHJA1KØUl<LCj;�Ð>ÐL=HWS.;�Ò
EhHJUlIØUlIØ;¤ÐQUVÐ><>=W;�C²S.UlÎØÎØA.C�S*HW;�=�CGA.=W;bEhHJUlIQ;�=�K>;bE�;�ÏL;VDyAVÍ�:�UVDyEhÑVChA1�����µ;lILK�Î�Ì,�����²O�Ö{ÈLA
=Ug;lK�EhHJÎØA1D²É�;�CjA.Ý>S*A.A�K�A1K�EGÈ>A�DG;�ÎØÐ>=JA9C�;lS.A{EhHJÎ�AVOVÇ_I°;VK>K�HEhHJUlI«ÍgDyUVÎØA'×g<>A.CGHA�D�É�;lH=JA1K�EGU
S*UlÎØÐ>=JA*EGA�HI	;ØCGA1;lDhUlIQ;�Ï>=JA9EGHÎØAlO

Ç_I0UV<>C�K>;bE�;wÎØU�K�A1=vÍLKL;bEG;�HWD�DFEGUlCGA1K0;lD�à �´Í��VÍ��bÍ �nÍ���Í
	\Í���á+Ë�È>A.CGA ��HJD+EGÈ>A�EhHJÎØA�U�É
EhÈ>A�DG;�ÎØÐ>=JA��à������.á+HWD+EhÈ>A¤=JU�S.;bEGHUVIN;�E{EhHJÎ�A ��O�nÍ��p;lILK�	�;lChA�EhÈLA�=J;lÐ0I\<>ÎwÏQA1C1Í>DhÐQA1A1K�Í
;�ILK°;lÐ>ÐL;lChA1IVE+È>A1;VK�HJI>Ñw;�EjEhHJÎØA ���;�ILK��0CGA.Ð>CGA1DhA.IgEGDp;�I\Ì�U�EhÈLA.C{;bEyEGChHJÏ><�EGA1DpEhÈQ;bE{ÎØ;rÌ
ÏQA�K�A�DyHJCGA1K�O

Ö{È>AjK>;�EG;9HWD,DFEGUlCGA1K¤UlI�K>HJDhÓ�DyU�EGÈL;bE�;�=J=gKL;bEG;�ÉÊUlC8A�;lS�È�A1IVEGCG;lIgE8HJDHJI�EhHJÎØApDhA1×g<>A.IQS*AlO
Ö{Èg<QD�UlILS.ApEGÈ>A9DyEG;�ChE�U�ÉQEhÈ>A9K�A�DyHJCGA1K�K>;bE�;'HWD�=JU\S1;bEGA1K�Í�K>;�EG;�Î7;rÌ�ÏQA�CGA1;VKwDhA1×g<>A1IgEhHW;�=J=ÌVO

8pUlILDhHJK>A.CGHI>Ñ�EhÈ>A�IL;�Eh<>CGA�UlÉ8EGÈ>A�×V<LA.CGHA�D�àvK�A1DGS*CGHÏ�A1K0HJI��\A�S�EhHJUlI��gá*ÍgEhÈ>CGA.A�HIQK�A*Ý�A1D
;�CGAµS*UVILDFEGCh<QS�EhA�K�OÖ{ÈLA°ßLC�DFE�HIQK�A*Ýå;�IQK"EhÈ>A0Î7;�HJIãS*UVIVEGChHJÏ><�EGHUVIÞU�É�EGÈ>HJDwCGA1DhA1;�C�S�È"HJD
EhÈ>AØDyÐQ;bEhHJU�EGA.ÎØÐ�UlC�;�=8HJILK�A.Ý�O@Ö{ÈLAw;�ÐLÐ>ChUg;lS�È%Ë+A�E�;�ÓlA�HJD�EhU0ÐL;�ChEhHEhHJUlI(EhÈ>AØK>;bE�;µDhÐL;lS.A
<>I>HÉÊUlCGÎ�=JÌ°Ï\ÌØEhÈLA�;�CGA1;�S.UbÔlA1ChA�K�OgÖ{ÈLHJD{HWD{HI	S*UVIgEhC�;lDyEjEhU�EGÈ>A�P{ÒvEGChA1A�;�ILKµH�E�D{Ôr;lChHW;�IgE�D
Ë�È>HJS�Èã<LDyA0ÎØHI>HJÎ�<LÎ ÏQUV<>ILK�HJI>ÑBÏQUrÝ�A1D�EhUBÐL;�ChEhHEhHJUlI"EGÈ>A	K>;bE�;·DhÐL;lS.AlO,Ç�EwHWD�;l=JDhU(HJI
S*UlIgEGCG;VDFE�EhU�EhA�S�È>I>HW×V<LA1D7Dh<LS�ÈÛ;VD�;"×g<L;VK\EhCGA.ANË�È>HWS�ÈÛCGA1S.<>CGDhHJÔlA.=JÌÞK�HJÔgHWK�A�D�EGÈ>A%;�CGA1;LO
Ç_ILDFEGA1;VK�Ë+A+K>HÔ\HWK�A+EhÈ>A�;�CGA1;'HIgEGU�<LI>H�ÉÊUVChÎ Dy<>ÏQ;�CGA1;lD,;lS1S*UVCGK�HJI>Ñ'EhU�EhÈ>A{A*Ý�Ð�A1S*EhA1K�K>;�EG;>O
Ö{È>HJD{K�HJÔ\HJDhHJUlI°HWDpK>UlI>A�ÏQA.ÉÊUlCGA�K>;�EG;�HJDp=Ug;lK�A�K°;�=EhÈLUl<>ÑVÈ°UlI>A�S*UV<>=JK°A1;lDhHJ=ÌØCGA.Ï><>HJ=WK7EhÈLA
HILK>A*Ý0HÉ�;�I>UlEhÈ>A1C{K>HÔ\HWDyHJUlI	Ë+A.CGA�K�A�DyHJCGA1K�O

�'D9;lI%A*Ý>;�ÎØÐ>=JAlÍLS.UlILDhHWK�A.C�EGÈ>A�S1;lDhA�U�É�;�I%UbÔb;�=�EGCG;VS�Ó@O,�HJÑl<LChA ��DhÈ>UbË9D+EGÈ>A�EhC�;lS�Ó
Ë�H�EGÈ	;ØDh<>Ï@K�HÔ\HWK�HJI>Ñ7ÑlCGHJKNDh<>ÐQA1ChHJÎØÐQUgDyA�KµUVI	H�E�O

����� ¢��\¢ ¸pa�c*q�[.�L^_]y[.kh§��²mt^F¥7[�z1]Fm�|�s_fVZ�YG]Fmn`�Z�c�s_Y�|



Ö{È>A°DyÐQ;bEhHJU�EGA.ÎØÐ�UlC�;�=�HIQK�A*Ý"A.ÎØÐ>=JUbÌ�D�EFËpU	=JA.ÔlA1=JD1O �+E�EGÈ>AØßLC�DFE�=JA.ÔVA.=²HWD�;N=UVÑlHWS.;l=
�9Ò�� Î7;bEGChHÝÞ<LDhHI>ÑBDyÐQ;�C�DyA0ÎØ;�EhCGH�Ý"EGA1S�È>I>HW×g<>A1D1O�Ö{ÈL;bEØHJD1Í,EhÈ>ANUlIL=ÌÞS*A1==WDwË�È>HJS�È�;�CGA
;�=J=U�S.;�EhA�K�ÎØA.ÎØUlCGÌ�UVC,K>HJDhÓ�DyÐL;VS*Aj;lChAjEhÈ>UgDyAjEhÈL;�E,S.UlIgEG;lHI�;VS�EG<L;�=\K>;bE�;�à �\A.A �HJÑl<LChA �lá�O
?�A�ÏQA1ÑlHJI·Ï\Ì(;�=J=JU\S1;bEGHI>ÑNDyÐQ;lS*A�ÉÊUlC�EhÈLAwA1IVEGHCGAwK>HJDyEG;lILS*A�A*Ý�Ð�A1S�EGA1K(EhUNÏQA7S*UbÔVA.CGA1K	HJI
EhÈ>A��9Ò_;bÝ�HWD.O%8pA1==WD�;�CGA�;l==JU�S.;�EhA1K(ÉÊUlC¤EGÈ>A��'Ò_;bÝ�HJD¤;VD�ILA.A1K>A1K�O«Ö{È\<LD�EGÈ>A��9Ò�� ÎØ;�EhCGH�Ý
UlI>=JÌwS.UlIgEG;lHILDjS*A.=J=WD�EhÈL;�EpS*UbÔVA.C�;�CGA1;�U�S.S.<>Ð>HJA1K7;�EjDyUVÎ�A�Ð�UlHJIgE²HIØEGHÎØA9Ï\Ì�EhÈ>A9ÎØUbÔ\HJI>Ñ
UlÏ�ÕFA�S�EGD1O

X X matrix

stored on disk
Data blocks

Y node

Y

Logical X−Y matrix

Spatiotemporal
index internal nodes

� � � ¢��L¢ ilZg[.^Fmnc1^FYG`�Z�c1]y[1�Lmna\|lYG¶w|g[.^y[�s�^_]FfgkG^Ffl]FY



Ç_I �,HJÑl<>CGA7��Í@EGÈ>A7=UVÑlHWS.;l= �9Ò�� ÎØ;�EhCGH�Ý�HJD�DhÈ>UbË�I";�Ï�UbÔlAwEhÈ>A7<LÐ>ÐQA1C�K>;VDyÈ>A�KB=HJI>AlO
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