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R-tree of size 48, and B =3.
: next link

���
	 ¬��5¬ �¾jNi^e9e�h�l5y�t·j^walve9¹;j¶eFlcjNi^tueFw

Ý E<=�@<B9Þv8JW7C�8J6zß�Þ;]�ÞJ:<=�O_:76zß98J:7C(=�ÞJ]�ß9E<=³ßDB9=�=�OX6#C�8;V_VP=�W�8������
��Z7T E<=�:�ßDE<=�ß9BD=�=�O_6
@<BDÞq8JW<C�8J6zß*OP:»8´6zO_:<QJV_=ºCFE78J:<:<=�V¶=�:5å5OPB9ÞJ:7?[=�:qß�G-ß9E<=ºC�æ5C�VP=ºVP=�:<Q;ß9E±O_6[8cß�V_=�8v6^ß�� �G"]ÌÞvB
6zÞv?[=*C�ÞJ:76zß98J:qß������vZ<TU=�8J696z47?[=³ß9E<B9ÞJ4<QvE<ÞJ4Lß�ß9E78cß'8S@<BDÞq8JW<C�8J6zßD=�W¿ßDB9=�=�ÞJ@�=�æL6/ßDE7=
��� ��� "!$#&%(')%*#+',��%"!-��.á�E<=�:¾:<ÞLWL=/�âO_6A@<B9Þv8JW7C�8J6zß�]ÌÞvB�ß9E<=��7B96zß[ßDO_?[=�O_:ó8öC(æLC(V_=JG�ßDE7=à78;B9=�:qßÞ;])��á/8J6�@<B9Þv8vW<C�8v6^ß�=�8JBDV_O_=�BO_:Aß9E<=�698;?S=�C(æLC(V_=JZv>�=�:¡C(=JG;ßDE<=�B9Þ5Þ;ß¶OX68;V_áf8}æL6�ßDE7=
�7B96zß�:<ÞLWL=³@<B9Þv8JW7C�8J6zß�Z5TU=�6D8}æ�8SC(V_O_=�:qß��*0�'1�2#�%*�� I:<ÞLWL=�3 á�E<=�:ºß9E<=*C(V_O_=�:qß/ßD4<:<=�6/OP:qß9Þ
ßDE<=¿@<B9Þv8vW<C�8v6^ß'ßDÞ B9=�C�=�O_åJ=43»8;:7WU=�ãL8J?SOP:<=�6'ßDE<=¿=�:qßDB9OP=�6�8;@�ÞJ4Lß53¾8J:7W637� 6�CFE<OPVXWLB9=�:-Z
T E<=�:»:7ÞJ:<=�ÞJ]83�� 6�CFE7OPVXWLB9=�:±:<=�=�W<6*ßDÞ´@�=º=�ãLà<VPÞvBD=�Wö]Ì4<Bzß9E<=�B�G73¾OX6�8;::9 � '1%+#<;&9,�!-=?>��

� #@;���G<Þ;ß9E<=�B9á�O_6D=�3 O_6#C�8;V_V_=�W�8(')%*#@;�9,�!A=?>���:<ÞLWL=vZ
\�:óÞJ@��^=�CÂßDO_åJ=�Þ;]'ÞJ4<BSáfÞJB9b±O_6[ß9Þâ?[O_:<O_?SOPî�=&ß^áfÞâà78;BF8;?S=�ßD=�BF6<."ß9E<=B!A9 � = �DC !-=?EF�

á�E<O_CFE C�ÞJ4<:qß96¿ßDE<=½:54<?A@¡=�B�Þ;]³O_:7WL=(ã :<ÞLWL=�6¿=(ãLà<V_ÞJB9=�WóWL4<B9OP:7Q±ÞJ:<=½íq4<=�BDæ¾8J:7WóßDE7=
� � !G� � ��#á�E<O_CFE�C(Þv4<:qß96aßDE<=ÆßDÞJß98;VË:54<?A@¡=�BIÞJ]":<ÞLWL=�6I@<B9Þv8vW<C�8v6^ßa@5æSß9E<='69CFE<=�WL4<V_=�BIW<4<BzKOP:<Q�ß9E<=¿=(ãL=�C(4Lß9OPÞv:öÞJ]Iß9E<=ºíq4<=�B9æJZ-M½OP:<O_?SOPî�OP:7Q�ßDE<=¿:54<?A@¡=�B*Þ;]/4<:<à<B9ÞLWL47C(ßDO_åJ=S:<ÞLWL=�6
C(ÞJB9B9=�6Dà¡Þv:7W<6IßDÞS?SOP:7OP?SO_î�O_:<QSßDE<=³ß94<:<O_:<QSßDO_?S=JZ
\#6[8;V_BD=�8JWLæâ6^ßF8cß9=�W�GÅßDE<=�69CFE<=�WL47VP=�B�?¿8}æU8vW<W¾8vW<WLOPßDO_ÞJ:78JVa=�:vß9BDO_=�6�ßDÞ´ßDE<=&@<B9Þv8JWLK

C�8J6zßD=�W±:<ÞLWL=�6�Z �Æ:<=�6z47CFE¾=�:qßDB9æâ476z=�W±O_:¾ÞJ47B[6DÞJV_4LßDO_ÞJ:¡6*OX6 �IH@J�K(ðL�Lõ". �IH@J,K(ðL�Lõ�O_6AßDE7=
8JW<WLB9=�696¶ÞJ]-ßDE7=Æ:<ÞLWL='O_:�ßDE7=Æ@<B9Þv8vW<C�8v6^ßf8c]òßD=�Bf8JVPV�WL=�6DC�=�:7W<=�:qß96IÞ;]M�SE78}åv=�@�=�=�:&@<B9Þv8JWLK
C�8J6zß�Z Ý E7O_6�C�8;:�@¡=*8S6DOP@<V_O_:<Q¿Þ;]7��ÞJB�8[E<O_QJE<=�BzKNWL=�QvBD=�=ÆC�ÞJ476DOP:"G<8J6�6DE<Þcá�:&O_: ��OPQv4<BD=4�JZ
\�:�O_:7WL=�ãS:7Þ5W<=#OX6aå5O_=�áf=�W¿8J6IÞJ:7=�à78JCFbv=(ßaO_:¿ß9E<=Æ@7BDÞq8JW<C�8J6zß�ZJ\#:º8;VPßD=�BD:78;ßD=�á/8}æ[Þ;]

?[=�8J6D4<B9OP:<Q'áfÞJ4<VXW*@�=fßDÞ �<ã*ß9E<=/à78JCFbv=(ß6zO_î�=/8;:7W[C(Þv4<:qßÅß9E<=�:54<?�@�=�B�ÞJ]¡à78vCFbJ=(ßF6-ß94<:<=�W
OP:qßDÞ�ðÌá�E<OXCFEº:7Þcá C(ÞJ:qßF8;O_:º8*:54<?A@¡=�BIÞJ]-OP:7W<=(ã�:<ÞLWL=�69õ(ZqTU= �7:7W�8J:º=�åc8JVP478;ßDO_ÞJ:�@¡8J6D=�W
ÞJ:±ß9E<=&:54<?A@¡=�BSÞ;]�O_:7WL=(ã»:7Þ5W<=�6[?SÞJB9=º?S=�8J:<OP:7Q;]Ì4<VI]ÌÞJBSC(Þv?[à¡8;B9OP:<QöÞJ4<B[6^ß9B98;ßD=�QJO_=�6�Z



>#8}å5OP:7Q»ßDÞ¾ßD4<:7=öO_: ]ÌÞJB�8»:7Þ5W<=öOX6º?SÞvBD=öBD=�VP=�å}8J:qßºßDÞ¾ßDE<=Uà�=�BD]ÌÞJB9?S8J:7C(=½ßDE78J: ßDE7=
:q47?�@�=�B�Þ;]�@5æqßD=�6/B9=�C�=�O_åJ=�W�]ÌÞvB�8A:7Þ5W<=JZ

� ��*��¶Ø¶×7Ü^Ö��  ���FØ¶×�� Ø
	'Ü�*�(�� *DÜ,("ÕIÖ)��,ÜNÖ�����Ü  ÜNÖ�("Ù�� (+ Ø¶×��

N:,ß9E<OX6º6D=�CÂß9OPÞv: áI= à<B9=�6D=�:qßSßDE7BD=�=½8;V_QJÞJB9OPßDE<?¿6[]ÌÞJBº=(ãL=�C�4LßDO_:<Q»8âíq4<=�B9æ,WL47BDO_:<QâßDE7=
@<BDÞq8JW<C�8J6zß¶Þ;]-8;:¿O_:7WL=�ãAß9BD=�=�á�E<=�:¿ßDE<=Æ?SÞJ@<O_VP=ÆC(V_OP=�:vßIE78J6a?[=�?SÞJB9æAÞJ]�6DO_î�=��vG���� �	
�Z
Tö=�8J696z47?[=&ßDE¡8cßS=�8JCFE��z4<:<OPß��öÞ;]Æ?[=�?SÞJB9æâC�8;:ó6^ß9ÞJB9=�ßDE7=�8vW<WLB9=�696*ÞJ]Æ8´:7Þ5W<=�8J:7W
ÞJàLß9OPÞv:78;V_VPæA8�6z?¿8;V_VL:54<?�@�=�BaÞ;]ËÞ;ßDE7=�B¶=�:vß9BDO_=�6�Z;R-O_?SO¸ß9=�WS?S=�?SÞvBDæ*O_?Sà<V_OP=�6�ßDE78;ßa8�C(V_OP=�:qß
?S8}æA:<Þ;ßI@¡=#8J@<V_=�ßDÞ*6zßDÞvBD=�8JVPV¡BD=�VP=�å}8J:qß¶OP:L]ÌÞvBD?¿8;ßDO_ÞJ:SBD=�C(=�OPåv=�W[=�8JBDV_OP=�B¶8;:7WSV_Þv6DO_:<Q�W<8cßF8
C�8;:�O_:7C(B9=�8v6z='ßDE7=³ßD4<:<O_:<Q[ßDO_?S=JZ
Ý E<=a8;V_QJÞvBDOPßDE7?S6-Þ;]¡35=�CÂßDO_ÞJ:¡6+�<Z2�¶8;:¡W1�<Z·è/8J696z47?[=¶ßDE78;ß"ßDE7=aO_:7WL=(ã'ßDB9=�=aO_6Å@<B9Þv8JW7C�8J6zß

OP: à<B9=�ÞvB9W<=�B�GLá�O¸ß9E<ÞJ4LßÆBD=�à<VPOXC�8;ßDO_ÞJ:±ðÌO�Z =JZ_G7=�åv=�B9æº:<ÞLWL=A8;à<à�=�8JB96/Þv:7C(=*O_:�ßDE7=*@<B9Þv8JW7C�8J6zß
C(æLC(V_=�õ(G78;:7W�á�OPßDE½8��IH@J,K�K�=�:qßDB9æ�]ÌÞvB�=�åv=�B9æ�:<ÞLWL=JZ Ý E<=³ß^áIÞ�8JVPQvÞJB9O¸ß9E<?¿6�WLOPä�=�B�ÞJ:�E<Þcá
ßDE<=�æ&WL=�C(OXWL=³á�E78cß�=�:vß9BDO_=�6fß9Þ¿WL=�V_=(ß9=�á�E<=�:�B9=�íq4<O_BD=�W�ß9ÞA]ÌB9=�=³4<à�?S=�?SÞvBDævZ Ý E<=�OP:¡WL=(ã
ßDB9=�='O_6IQJ=�:<=�BF8cß9=�W¿á�OPßDE<Þv4Lß/bq:7Þcá�OP:<Q��³8;:7W¿ßDE5476/WLOPä�=�BD=�:vß�C(V_O_=�:qß96/C�8J:�E78}åv=ÆWLOPä�=�BD=�:qß
?[=�?SÞJB9æ½6zO_î�=�6�Z2�Æ:<V_æ ß9E<=¿à<B9ÞJQJBF8;? =�ã5=�C(4Lß9=�Wö@5æ ßDE<=�C�VPO_=�:qß�OX6'ß98;O_V_ÞJB9=�W ß9Þcáf8JB9W76ÆOPß96
�JZ Ý E<=º8;V_QJÞvBDOPßDE7? WL=�69C(B9O_@¡=�WöO_:»35=�C(ßDO_ÞJ:%�<Z � 8J696D4<?S=�6'ßDE7=¿OP:7W<=(ãUßDB9=�=¿OX6�@<B9Þv8JW7C�8J6zß
á�O¸ß9Eö:<ÞLWL=[B9=�à<V_O_C�8cß9OPÞv:-Z Ý E7=[8J?[Þv4<:qß'ÞJ]a:<ÞLWL=[BD=�à<V_O_C�8cßDO_ÞJ:´O_6³WL=�ßD=�B9?SOP:7=�Wö@qæ��vGËßDE7=
6zO_î�='Þ;]ÅßDE<=³?S=�?SÞJB9æJZL\ñC(V_O_=�:qßfá�OPßDE 8A?S=�?SÞJB9æ¿6zO_î�=�6D?S8JVPV_=�BIßDE¡8;:&ßDE<=�CFE<Þq6z=�:��³WLÞ5=�6
:<Þ;ß*Qv=(ß*ß9E<=�8JWLåc8J:vßF8;Qv=[ÞJ]�:<ÞLWL=¿BD=�à<V_O_C�8cßDO_ÞJ:"Z"\#W<W<O¸ß9OPÞv:78;V¶=�:qßDB9OP=�6*C�8J:U@�=º8vW<WL=�Wöß9Þ
ßDE<=�@<B9Þv8vW<C�8v6^ß9=�WºOP:7W<=(ãºß9BD=�='ßDÞ¿8;V_VPÞcáÿ@¡=�ßzß9=�B�à�=�BD]ÌÞJB9?¿8;:7C�=#]ÌÞvB�6z47CFE C�VPO_=�:qß96�Z

�! #" $�%'&#(*),+.-�/10324&5-76589%

Tö=�8J696D4<?S=#ß9E78cß�=�åv=�B9æS?[Þv@<O_VP=�C(V_O_=�:qß�?S8JOP:qßF8;O_:76/8Aíq4<=�4<=;:AZ Ý E7=³íq4<=�4<='O_6/O_:<OPßDOX8;V_VPæ
=�?SàLß^æ�8;:7W 8;ßÆ8;:5æ&ßDO_?[=�O¸ß³C(ÞJ:qßF8;O_:76�8cßÆ?[Þq6^ß<�*=�:vß9BDO_=�6�Z7TU=�8v6D6D4<?S=�ßDE¡8cßÆWL=�VP=�ßDO_ÞJ:76
C�8;:â@�=ºWLÞv:<=¿ÞJ:â@�Þ;ßDE±=�:7W<6�ÞJ]Iß9E<=ºíq4<=�4<=JZ"\Æ6D6D4<?S=SßDE7=�?SÞJ@<O_VP=�C�VPO_=�:qßA6zß98JBzß9=�WößDE7=
=(ãL=�C�4LßDO_ÞJ:±ÞJ]�8´ív47=�B9æU8J:7WâO_6*ßD4<:7OP:<QöOP:âß9Þ½B9=�C(=�OPåv=º8;:¡Wâ=(ãLà<V_ÞJB9=¿:<ÞLWL= ��Z2�]8�öO_6A8
à<BDÞLWL4¡CÂßDO_åJ=¿:7Þ5W<=JG�ß9E<=�:±V_=(ß��>=@?BACADAC? �FE�@�=¿ß9E<=ºCFE<O_V_W<BD=�:UÞJ] �´ßDÞ @�=�=(ãLà<V_ÞJB9=�W-Z!G�ÞLWL=�6
�>=@?'ADACAD?*�FE�8;B9=�à<4<ßfO_:qßDÞIH @qæ[ß9E<=ÆÞvB9W<=�BaÞJ]�ßDE<=�OPBfà�Þv6DO¸ß9OPÞv:�OP:ºßDE<=Æ@<B9Þv8JW7C�8J6zß�Z �<ÞvBI=�8JCFE
:<ÞLWL= �KJDGËáI=[B9=�C(ÞvB9W ßDE<=S8JW<W<BD=�6D6ÆÞ;]��KJfO_:½ß9E<=S@<BDÞq8JW<C�8J6zßÆ8J6Æáf=�V_V�8v6'=�:qßDB9æ��IH<J�K(ðL�LõÂZ
35E<ÞJ47V_W�H @�=�C�ÞJ?S=�]Ì4<VPV�G:<ÞLWL=�6¿8;B9=�WL=�VP=�ßD=�W¾476DO_:<Q � ,� � ?¿8;:78JQJ=�?[=�:qß�Z�\�]òßD=�B¿ßDE7=
=(ãLà<V_ÞJBF8cßDO_ÞJ:¿ÞJ]M�¿8;:7Wºà¡Þq6D6DO_@<VPæSOPß96/CFE<O_V_W<BD=�:-GJß9E<=':<=(ã5ß/:<ÞLWL=#ß9ÞA@�='=(ãLà<V_ÞJB9=�W¿OX6a=�O¸ß9E<=�B
]ÌÞJ4<:7W�OP:Sß9E<=Æíq4<=�4<=�ÞJBIOP:¿=�:qßDB9æ �IH@J,K(ð �5õ(Zq\ÉE<O_QJE¿V_=�åJ=�V¡WL=�6DC�BDO_àLß9OPÞv:¿Þ;]ËßDE<='8;V_QJÞvBDOPßDE<?
=(ãL=�C�4LßD=�W�@qæ�8�C�VPO_=�:qß#OX6�QvOPåv=�:�OP: ��O_QJ4<B9=Aè<Z	��OPQv4<B9=1��6zE7Þcá�6/ßDE<=*ßDBF8}åJ=�BF698;V�Þ;]¶8[ß9BD=�=
á�E<=�:ºßDE<=�íq4<=�B9æ¿:<=�=�W<6IßDE7='W<8;ß98[6^ß9ÞJB9=�W¿O_:�VP=�8}åJ=�6IêL? ��?<��ú�?FèKML? �;ê�8J:7W � �LZ��<ÞJBN�PO��<G
:<=(ã5ß�V_OP:<bL6�8JBD=³476D=�Wº]ÌÞJ4<B�ßDO_?[=�6�Z
÷ãLà<V_ÞJB9OP:<Q�8º:7Þ5W<=4� E¡8}åqO_:<Q.Q´CFE7OPVXWLB9=�:öC�Þv6zß96�RSðSQ<õÆßDO_?S=JZ-\#696D4<?S=4� OX6³4<:<à7BDÞJK

WL47CÂß9OPåv=JZ	�]ßDE<=[ív47=�4<=*OX6Æ:<Þ;ß#=�?SàLß^æJG¡ßDE<=�:´WL=�VP=�ßDO_:<Q¿ßDE7=�?SÞv6zß#B9=�C(=�:qßDV_æ�8vW<WL=�W�:7Þ5W<=
]ÌBDÞv? ßDE7=ºíq4<=�4<=ºQJO_åJ=�6'ß9E<=�:<=�ã5ß�:<ÞLWL=SßDÞ½ßD4<:<=ºOP:qßDÞ¡Z Ý E<OX6*:<ÞLWL=¿E¡8JWâ8 à<B9ÞLWL47CÂß9OPåv=
à78;B9=�:qß�G5@<4<ß/OPß�C�8;:&@¡=³à<B9ÞLWL47C(ßDO_åJ='ÞJBf4<:<à<B9ÞLWL47CÂß9OPåv=JZLT E<=�:�ß9E<=�ív47=�4<=³OX6I=�?SàLß^æJG5áf=
ßD4<:<=#OP:¿8cß �IH@J�K(ðL�LõÂZ Ý E<OX6:<ÞLWL=�?¿8}æAE78}åJ=fE78JWS8J:[47:<à<B9Þ5W<47CÂß9OPåv=�à78;B9=�:qß�Z��7ÞJB¶8³QvOPåv=�:
ív47=�B9æJG}ßDE7=�B9=I=�ã5OX6zß69C(=�:78;B9O_Þv6Å]ÌÞJB�á�E<OXCFE[8³C�VPO_=�:qß�ßD4<:7=�6O_:[8;ßUTSð 
WVFXIYZ õ"47:<à<B9Þ5W<47CÂß9OPåv=:<ÞLWL=�6�Z



¥�� 	�� © � ¨����	��
��� � ©����������
È �ÂÊ ����lvm;yve � tuwah³yqh(jzh'lqm;yJe ¨������

yve9j^eDi^k�t¸lvefj ® eIi^eF²ueF|�h�lqsFe�m�n�j ® e�yvh�jzhÆj^mÆj ® e�ÄcpqeDiN~
���X§��
����lvm;yve � tuwah'gvi^m;yJpqs9j^tu|}e/lvm;yve ¨������

²ue9j ���� !�#"� �$�$%$� &�#' ¯Le/j ® e/s ® tu²¸yJi^e9l[m�n � j^m'¯Le�e9¹Jgq²um�i^eÂy<�5h(iNizh�lv°�eÂy
tulAj ® efm�izyveDiaj ® e9~Ah�gvgLeÂh�iatul[j ® ef¯vi^m}h�yvsÂh�w�j�(
tulqwNe9iNjas ® tu²¸yJi^eFl � �  &� "  �$�$%$� !� ' t¸lcj^m'Ä;pveFpqe*) m�n-wNtuÇFe,+�tulAm�izyveDiIm�n-¯vi^m�h�yvsFh�w�jÂ�
yveF²ue9j^tulv°³pqwNtulq°.-qi^w�jNÀ£tul0/1-vi^w�jNÀ£m�pvji^pv²ue#(
Î-¹Jgv²¸m�i^e12'È �3� Ê
���54 ���

���54 ���
È76�Ê ����Äcpqe9pqe82ótuw¶eFk�gvj�~ ¨������

Î-¹Jgv²¸m�i^e12'È:9;�<�=FÈ � ÊNÊ
���X§��

²ue9j?>,¯Le/j ® e/lqm;yJe/i^e9j^pvi^lveÂy*µ ® eFl¿yJeF²ue9j^tulq°'j ® e/k�m�w�j¶i^eFsFe9l;j^²·~Ah�yvyveÂy
lqm;yJefn_i^m�k@)A(
Î-¹Jgv²¸m�i^e12'È:>fÊ

���54 ���
���54â¥�� 	�� © � ¨����	��
��� � ©1���

� �2	 ¬�B7¬ o�²utueFlcjIh�²u°�m�i^tuj ® k nXm�iIÄcpqeDiN~AeD¹ve9sFpvj^tum�l[yvpJi^t¸lv°�hÆjNi^eFe�¯Ji^m}h�yvsÂh�w�jaµ¶t·j ® lve9¹;jC-5eF²¸yJw

0

at   0:  1, 31
at   1:  2, 13, 31
at   2:  3,   7, 10
at   3:  4,   5,   7
at   4:  5,   7
at   5:  7
at   7:  --

at 10: --
at 13: 17
at 17: 18, 20
at 18: 20
at 20: --
at 21: --

at 31: 32, 40
at 32: 33, 40
at 33: 34, 35, 40
at 34: 35, 40
at 35: 40
at 40: --

1

2

3

4 5 6

7

8 9

10

11 12

13

14

15 16

17

18 19 20

21

22

23 24

25

26 27

28

29 30

31

32

33

34 35 36

37

38 39

40

41

42 43

44

4645 47

R-tree of size 48, B=3.

: Node relevent to the query.
Memory s=3.

: using next link

: using queue
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R-tree of size 48, B=3.

: Node relevent to the query.
Memory: s=3.

: Next_repl link.
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Data set of size 75431, Marion County, IN from TIGER Data
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rectangle query on a point data set of size 150,000 (without NoInfo)
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Double (rectangle query on a point data set of size 150,000)
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