
���������	��

�


����

� ������

� 
�������
���� �! #"$��� % &�'�()��
�()�

*,+.-0/1+2*3+4-65�798:/1+<;0=?> @BADC.EGFH@IAKJLAD/G8M=ON�E�-0AK-
P�QSRUTWVOXOYZQS[�X0\W].^4\_YZR:`:XOQSVba:cedfQS[McSQhgi0[Mdkj�QSVlg?dkXnmo\W]Dp3dfgqce\�[MgOdk[
rtsuT_v:dfgO\_[wyxtw{z p�|MP}Tym�XO\�[~a�X{|s�T_vtd�g?\�[9�tp3���W��� z_� i�at�
�:�D�M�6�K���e�������9�.�M�K�9�}�q�.�9�9�}�e�����

�I  N�¡t8:AK>¢¡
£G¤:Q~R:Vq\_¥:¦fQSY#\_]b§M[Uvtdk[M¨�Xq¤:Q~¥UQ{gnX©T_[Mg?ª«QSVlg¬XO\­T�®�`:QhVOm®�`:d�cl¯�¦fm_��VlT°Xq¤:QSV�XO¤MT_[)§M[Mv:dk[:¨~TW¦f¦KTW[MgOª«QSVlgS�Udfg}\W]4dk[McSVOQ{T_g?±df[:¨²dfYZRU\�V?XlTW[McSQ³T�g}VOQh¦fTWXOdf\_[MT_¦�v:TWXqT_¥MT_gOQhg}TWVqQ´T_R:R:¦fdkQ{v�df[Y¬`M¦µXqdkYZQhv:dfT¶TW[Mv�vtQ{ced�g?df\_[:±·gO`:R:R¢\_VOX�vt\�YZT_dk[UgS|¸�b[¹TWR:±R:Vq\�T�cl¤�Xq\ºQS»©cedfQS[�XO¦fm	T_[MgOª4QhVOdf[:¨~g?`Mcl¤�¼q£6\�R	½�¾)®�`MQSVqdkQ{gd�g�XO\�T_`:¨_YZQh[�X�Xq¤:Q�®�`:QSVqm�ª�dkXO¤!T_[­T_v:vtdkXOdf\_[UTW¦.gOQS¦fQhceXOdf\_[XO¤UT°X0R:Vq`:[:Q{g«TyªGTymZXO¤MQ}`M[�ªGTW[�XqQhv²RU\�V?Xqdk\�[²\_]6XO¤MQ�TW[MgOª4QhVgOQeXh|K£G¤:QbVOd�g?¯´dfg1XO¤MTWX4dk]�XO¤:Q�g?Qh¦kQ{c¿XOdf\_[oVqQeXq`:Vq[MgD]ÀQSª«QSV.XO¤MT_[XO¤MQ�v:QhgOdkVqQhv�[�`MY¬¥¢QSVG\W]DTW[MgOª4QhVqgh��XO¤:Q�QeÁtQ{ce`tXqdk\�[�Y¬`UgnX�¥¢QVqQhg?XqTWVOXOQ{vLÂÃª�dµXq¤ÄTI¦kQ{gOg�g?Qh¦kQ{c¿XOdfj_Q	§M¦kXOQhVlÅe|Æp	Q­R:Vq\_R¢\�gOQTÇ[:Qhª��4R:Vq\_¥UTW¥:df¦kd�g?XOd�cºT_R:R:Vq\�T�cl¤!XO\!®�`:QhVOm�\_RtXqdkYZdfÈhT°Xqdk\�[XO¤UT°X�®�`MT_[�Xqdµ§UQhgGXq¤:dfgbVOd�gO¯²TW[UvºgOQSQh¯tgGXO\oYZdf[:dkYZdfÈSQ�\°j�QSVlTW¦f¦ce\�gnX³dk[Uce¦f`Mvtdf[:¨�Xq¤:Q)ce\�gnX³\W]bR¢\�gqg?df¥:¦fQ²VqQhg?XqT_V?XlgS|	p	QºT_¦fgO\R:VqQhgOQS[�X�TW[�QSÁ�XqQS[MgOdfj_QÇQeÁtR¢QSVqdkYZQS[�XlTW¦¬g?XO`Mv:m,XO\,v:QSYZ\_[t±g?XOVlT°XOQ4XO¤UT°X1R:Vq\_¥MT_¥:df¦kd�gnXqdfc«£<\_R´½3®�`:QhVOm�\�RtXOdfYZdkÈ{T°Xqdk\�[´cST_[gOdk¨�[:dµ§¢cSTW[�Xq¦km~VqQhvt`McSQ¬Xq¤:QZTyj_QSVlTW¨�Q�®�`:QSVqm)QeÁtQhcS`tXOdf\_[�XOdfYZQª�dkXO¤3VqQS¦�T°XOdfj_Qh¦km�YZ\
v:Qhg?X©dk[McSVOQ{T_gOQhgZdf[IXO¤:Q�\_RtXqdkYZdfÈhT°Xqdk\�[XOdfYZQ_|
É Ê -4¡t8:+�ËbFb>¢¡:=?+.-
�Ì[BXO¤:Q)Y´`:¦kXOdfY³Q{vtd�T­vt\_YoTWdf[9�«£6\�RI½Í\�VÇ¼qÎ}QeXoXq¤:Q)¥¢Qhg?XYoT°Xlcl¤:Qhgq¾¬®�`:QhVOdfQhg«TWVqQ�cS\_YZYZ\_[9|K£G¤:Q}[:\WXqdk\�[©\W]6XO¤:Q�¥¢Qhg?XYoT°Xlcl¤,dfg�Xnm
R:d�cSTW¦f¦fm�]À`:ÈhÈSm��bTW[Mv3XO¤:QÇce`tXq\WÏ2ÂÀ¤:\°ªÐYoT_[�mTW[Ug?ª«QSVlg�Xq\ÇVOQSXO`:Vq[UÅ´dfgoT_R:R:Vq\yÁtdkYoT°XqQ_�K¥:`:XoXO¤:Q~df[�XqQS[�Xodfgce¦fQhT_Vh|K£G¤:Q}\WXq¤:QSV�T_VOQ{T¬ª�¤:QhVOQ�£<\_R²½�®�`:QhVOdfQhgGTWVqQ}dkYZR¢\_VO±XqT_[�X4d�g.vtQ{ced�g?df\_[�gO`:R:R¢\_VOXh��ª�¤:QhVOQ0`Ug?QhVqg.\W]ÑXOQh[©ªGTW[�X1XO\´g?QhQXO¤MQ�¤:df¨_¤~\_V�Xq¤:Q�¦f\°ª¶Qh[Mv~\W]KgO\_YZQ�\_VlvtQSVqQhvºVqQhgO`:¦kXbg?QSXh|G�Xnm
R:d�cSTW¦KQSÁ:TWYZR:¦fQodfg~¼qÒ<df[Mv�XO¤MQ whz cl¤:QhT_RUQ{gnX�chTWVlgS| ¾L£G¤MQdfY³R¢\_VOXqT_[MceQ«\W]¢£6\�R¬½I®�`MQSVqdkQ{g6d�g�`:[MvtQhVqgqce\�VOQ{v�¥
m�Xq¤:Q«]ÃT_ceXXO¤UT°X.YZ\�g?X.YoT°Ón\�V1ce\�Y³YZQhVqcSdfT_¦MP�ÔGs�a:g1df[Mce¦f`MvtQ0¦�TW[M¨_`MT_¨_Q
Õ6Ö?×ÌØ«ÙµÚ·Ú·ÙkÛ¿ÜºÝÑÛ´Þ·ÛÌß_à¬áMÙkÝkâ{Û¿ã{Ý�äÌÖ·Ö�å¿ækæ9Û¿×4ß{å¿×ÌÝ.Ûçä�ÝkâhÙkÚ�Ø«åeÝ�ÖO×ÌÙkåeæ9ÙµÚè ×Ãå¿Ü°ÝÑÖ·éDßW×ÃÛ¿êqÙkéeÖ·é�Ýkâ{åeÝUÝkâ{Ö1Þ·ÛÌß_ÙkÖOÚ�å¿×çÖ1ÜWÛ¿ÝUØ«åeéSÖ.Û¿×Ké¿ÙkÚëÝ�×ÌÙ�ìnã{ÝÑÖëé6änÛ¿×é¿Ùk×ÃÖ·Þ?Ý.Þ·Û¿Ø«ØGÖ?×ÃÞOÙkåeæ<åeé¿êlå¿Ü°ÝÑå è ÖÌíGÝkâ{Ö�î�ïtðDñBÞ·ÛÌß_à¿×ÌÙ è âhÝ.ÜWÛ¿Ý�ÙfÞëÖ�åeÜWéÝkâ{Ö�Ý�ÙµÝ�æ Ö�Ûçä�Ýkâ{ÖGßWã°ìnæ ÙkÞ·å¿Ý�ÙfÛ¿Ü)å¿ÜWéZÙµÝ�Ú�éSå¿ÝÑÖ�åÌßeß{Öëåe×ëí�å¿ÜWéZÜWÛeÝfÙfÞ·Ö�ÙµÚè ÙµêlÖ?Ü�Ýkâ{å¿ÝtÞ·ÛÌßWà¿ÙkÜ è ÙµÚ9ìnà�ß{Ö?×ÌØ«ÙµÚ·Ú·ÙkÛeÜbÛçä9ÝµâyÖGî_Ö?×Ìà<ï�åe× è Ö6ð.å¿ÝÑå�ñ<å¿ÚÌÖò9ÜWéeÛ¿áMØGÖOÜ°ÝÑó�ôWÛ�Þ·ÛÌß_à}Û¿Ýkâ{ÖO×ÌáMÙkÚÌÖÌí<Û¿×«ÝÑÛb×çÖÃßWã°ì?æ ÙkÚÃâSí<×ÃÖ·õ?ã{Ùµ×çÖ?Ú«åDänÖëÖå¿ÜWéÌö�Û¿×.Ú�ßhÖ·ÞOÙkå¿æ°ß{Ö?×ÌØ«ÙµÚ·Ú·ÙkÛeÜGä·×çÛ¿Ø3Ýkâ{ÖDò9ÜWéeÛ¿áUØ«ÖOÜ°ÝÀó
÷GøeùMú{ûWû�ü¢ý�þ¢ÿ���ù������¢û	��
�����
��������bùtþ��ÃûWøeû�þ¢ú{û���«ü¢ý�þ����¢øeÿ������Uú{ù��� "!
þ¢ü��$#&%�%�%�'

ce\�[Mg?XOVq`Mc¿Xlgb]À\�V�QeÁtR:VqQhgqg?df[:¨~g?`Mcl¤	®�`:QSVqdkQ{gS|´�Ì[t]À\_VqYZdµÁ�gO`:Rt±R¢\_VOXqg)(�*,+.-&/10¢��s)dfcSVO\�g?\_]ÑXK¤MT_g�-�2�/1+�354.6.3,7.0�/80��W�nÔGs:9 gP}Ô x ¤UT_g)(�2�/�6�;1(�*,+.-�/<01+�354�-13&0�=�>��WT_[Mv@?�VqT�ce¦fQGgO`:Rt±R¢\_VOXqgA=�*,B�*,/</�3C0D+�354.-U|£G¤:Q)gOdkYZR:¦fQhg?Xoª«Tym	XO\­gO`:R:R¢\_VOX©£6\�R�½Í®�`:QSVqdkQ{g³dfg³Xq\QeÁtQ{ce`tXqQbXq¤:Q�®�`MQSVqm_�
g?\�V?X«XO¤:Q}VqQhgO`:¦µXGdf[©XO¤MQ�v:QhgOdkVqQhvo\�Vqv:QSV{�TW[Uv)XO¤MQS[ÇvtdfgqcST_Vqv�TW¦f¦�¥M`tX�XO¤:Q³§MVlgnX�½LXO`:RM¦kQ{gS|³^4\�YZR:`tX?±df[:¨�T_[Mv�gO\_VOXOdf[:¨�T�¦fT_VO¨�Q�df[�XqQSVqYZQhvtd�T°XqQ�VqQhgO`:¦µXZTW[Mv!XO¤:Qh[vtd�gOchTWVlvtdf[:¨)YZ\�g?X´\W]0dkX´d�g¬Tuª«T�gnXqQ©\W]0VqQhgO\_`:VlceQ{gS|~�·X³ª«T�ggO¤:\°ª�[FE G,H�XO¤UT°X�¦fT_VO¨�Qb¨�TWdf[Mg«dk[²RUQhV?]À\�VOYoTW[UceQ�TWVqQbR¢\�gqg?df¥:¦fQª�¤:Qh[oXO¤:Q�v:TWXqTW¥UT_gOQ0g?mtg?XOQSY `tXqdk¦fdfÈSQhg.XO¤MQb]ÃT�c¿X.Xq¤MT°X«\_[:¦fmZTceQhV?XlTWdf[²[
`:Y´¥UQhV�\W]KTW[MgOª«QSVlg«T_VOQ}[:QhQhvtQ{v�|�¸£<\_RL½ ®�`:QhVOm�\_[¹T_[¹T°XOXOVqdk¥M`tXOQJI!�´vtQh[:\WXqQhv�¥
mKML�N�OP��:d�gGQh®�`:dfj°TW¦fQS[�X�XO\³XO¤MQ�g?dfYZR:¦kQ�gOQS¦fQhceXOdf\_[~®�`:QSVqm�Q
KRL�N OP1S1T ORU�V Â w Å

ª�¤:QhVOQ V d�gZTJWYX�Z\[^]`_�acbdacegfhZifhb³vtQeXqQSVqYZdk[:Q{v!¥
mkj T_[Mv¥
m	XO¤:Q~v:T°XlTuvtd�gnXqVOdf¥:`tXqdk\�[9|!^4\_[MgOdfv:QSV´XO¤:Q�]À\_¦f¦k\°ª�df[:¨�QSÁ
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QhceXOdf\_[��M|Çp�Q~vtQe±j_Qh¦k\�R�Xq¤:d�g©d�vtQhT�]À`:VOXO¤:QhV©df[3atQhc¿Xqdk\�[8wM�Gª�¤:QSVqQ~ª4QugO¤:\°ª¤:\°ª3Xq\´\�¥tXqT_dk[ºg?Qh¦kQ{c¿Xqdkj
dkXnm©TW[Mv²cSTWVlvtdf[MTW¦fdkXnmZv:dfg?XOVqdk¥M`tXOdf\_[Mg]À\_V�j°T_VOdf\_`MgG¯
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TW[MvoT¬j°TWVqdfT_[�X4dk[²ª�¤:dfcl¤©XO¤:Q�`Mg?QhV4chTW[�gORUQ{cedk]ÀmoTR:Vq\_¥MT_¥:df¦kdkXnm¬Xq¤MT°X«VOQSXO`:Vq[:Q{voTW[MgOª4QhVqg.ª�dk¦f¦¢dk[McS¦k`UvtQ�T_¦k¦«¼nXq\_R½b¾M�MXq¤:QSVqQS¥
m~ce\�[�XqVO\�¦k¦fdf[:¨ZXO¤:Q¬XOdfYZQ¬VqQh®�`:dfVOQ{v�Xq\²cS\_YZR:`tXqQTW[Ug?ª«QSVlgS|

z @B7�{nA�¡t76Ë}| +18:/
^«TWVqQSm�TW[MvC~�\�gqg?YoT_[DE Gt� w HbR:Vq\_R¢\�gOQhv�TÇ[MQSªH\_R¢QSVlT°XO\�VcST_¦k¦fQhv�a:£M?��u�bÒD£A����½ Âça:£M?��~]À\_V�g?¤:\�V?X¿Å�Xq\�XOQhVOYZdf[MT°XqQce\�YZR:`tXqTWXOdf\_[,TW]ÑXOQSV²XO¤MQu§MVlgnXº½ VqQhgO`:¦µXlg�T_VOQ�cS\_YZR:`tXqQhv�|m6T_VO¨�QbR¢QSVO]À\_VqYoTW[McSQb¨�T_dk[Ug«T_VOQ�RU\�gOgOdf¥:¦kQ}ª�¤:Qh[�Xq¤:Q�at£M?��\_R¢QSVlT°Xq\_V´dfg³R:`MgO¤:Q{v�vt\°ª�[�XO¤:QºR:¦�TW[!XqVOQhQ_|­�Ì[Bce\_[�XqVqT�gnX{�ª�¤:df¦kQ~ª«Q)cSTW[�`MgOQ²Xq¤:Quat£M?�� \_R¢QSVlT°Xq\_VZT°XZXO¤:Q~Vq\
\WXZ\W]XO¤MQb®�`:QSVqm³gO`:¥oR:¦�TW[6�_ª«Q0[:QSj�QSV1RM`Mg?¤ZXq¤:Q}a:£M?��Ç\_R¢QSVlT°XO\�Vvt\°ª�[	XO¤MQoR:¦fT_[	XOVqQSQ_|²�Ì[Mg?XOQhT�v��6ª«QoR:`MgO¤ÇXO¤MQoQh®�`:dfjyT_¦kQh[�XgOQS¦fQhc¿Xqdk\�[,Â w Å¿�K`MgOdk[M¨�g?XqTW[Uv:TWVlv	XOQ{cl¤:[:d�®�`MQhg�]À\�V¬¤MT_[Mvt¦fdk[M¨gOQS¦fQhc¿Xqdk\�[Mgh|)?�`:VGTWRMR:VO\�T_cl¤ocST_[o¦kQ{T_vZXq\´gOdk¨�[:dk§UcST_[�Xq¦km³¥¢QeX?±XOQhV0R:¦�TW[MgGdf[)g?\�YZQ�g?dkXO`MTWXOdf\_[Mgh�:T_g0dk¦f¦k`UgnXqVqTWXOQhv²df[)QeÁ:TWYZR:¦fQR:¦�TW[Mg©dk[,Ò�df¨M| w |�a
`:RMRU\�g?Q~Xq¤MT°X©Xq¤:Qu¥¢Qhg?X�R:¦�TW[B]À\_`M[Mv¥
mÇXO¤:Q)at£M?��¹R:`MgO¤Mvt\°ª�[!d�g´XO¤:Qº\_[:Q~gO¤:\°ª�[!df[�Ò�dk¨U| wÂÃT�Å¿|�?�¥
j
dk\�`Mg?¦fm_�WXO¤:d�g1R:¦�TW[©chTW[o\�[:¦km´¥UQ�YoT_vtQ0cl¤:Q{TWR¢QSV1¥
mVqQSR:¦�T_cSdk[:¨�XO¤MQ�at£M?��L\_R¢QSVlT°XO\�VoTW¥¢\°j_Q~VOQh¦fTWXOdf\_[8�Íª�dµXq¤XO¤MQ�Q{®�`Mdkj°TW¦fQS[�X�g?Qh¦kQ{c¿Xqdk\�[�TW[Mv©XO¤
`Mg«QS¦fdfY³df[MTWXOdf[:¨¬Xq¤:Q�g?\�V?XO±df[:¨M�bT�g²gO¤:\°ª�[3df[ Ò�dk¨U| w ÂÀ¥UÅe| ½b\WXqdfcSQuXO¤UT°XºXO¤:Q�§M[MTW¦a�?��D£ dfg³g?XOdf¦k¦4[:QhcSQhgqgOT_VOm�dk[­¥¢\WXq¤!j_QhVqgOdk\�[Mg�¥¢QhchTW`MgOQoXO¤MQ¤MT�g?¤}Ón\_df[ovt\
QhgK[M\WX.R:VqQhgOQSVqj_QGgO\_VOXOdf[:¨M|)�R���yXO¤:Q0dfYZR:¦fQSYZQS[t±XqTWXOdf\_[Mg«\_]Dat£M?���VOQ{®�`:dkVqQ�T°X�¦kQ{T_g?X«RUTWVOXOd�TW¦�g?\�V?Xqdk[M¨´\_]6XO¤MQdf[:R:`tX4g?XOVqQhT_Y~��TW[UvxE w H¢R:Vq\_R¢\�gOQhg�XOQ{cl¤:[:d�®�`:Qhg1]À\_V1VqQhvt`Ucedf[:¨XO¤MQ�g?\�V?Xqdk[M¨uce\�g?Xh|~�Ì[!cS\_[�XOVlT_g?Xh�<\_`:V¬T_R:R:Vq\�T�cl¤	vt\
Q{g�[:\_XVqQh®�`:dfVOQ�gO\_VOXOdf[:¨M�
QeÁ:cSQSRtX�]À\�VGXO¤:Q�§M[UTW¦�VqQhgO`:¦µX{|

A

HASH JOIN

SORT + STOP

EQUIV SELSORT + STOP

A

SORT + STOP

B B

(b)(a)

HASH JOIN

Ò�dk¨�`:VqQ w Q�£G¤:Q´R:¦fT_[uª�dkXO¤uQ{®�`Mdkj°TW¦fQS[�X�g?Qh¦kQ{c¿XOdf\_[!ÂÃ¥UÅbYZTym¥¢Q�Y¬`Mcl¤~cl¤:QhT_RUQhVGXO\oQSÁ
Q{ce`tXqQ_|

£<Qhcl¤:[:d�cST_¦k¦fm_�«Xq¤:Q)]À\tce`Mg�\W]�\_`MV©RMTWR¢QSV²dfg�\_[3T­R:Vq\_¥:±TW¥Mdk¦fdfg?XOd�c�]ÀVqT_YZQSª«\_Vq¯I]À\_V)\_R:XOdfY³dfÈhTWXOdf\_[9��gORUQ{cedk§UcST_¦k¦fm3]À\�Vce\�YZR:`tXOdf[:¨�Xq¤:QbgOQS¦fQhc¿Xqdk\�[³cS`tXO\_Ï�]À\�V1£6\�RZ½ ®�`MQSVqdkQ{gS|�£G¤:dfgR:Vq\_¥:¦fQSY d�g¬[:\_X´ce\�[MgOdfvtQhVOQ{vÇdk[�E Gt� w H«\_V´\WXO¤MQSV¬RMVOQhj�df\_`Ugª«\_Vq¯¢|��ce\�[Mce`:VqVqQS[�X«ª«\_Vq¯xE x H9¤MT_g«df[MvtQhRUQh[MvtQS[�Xq¦kmºg?`:¨�¨_Q{gnXqQhvXO¤UT°X}XO¤:Q³\_RtXqdkYZdfÈSQhVqg�gO¤:\_`:¦�v)YZdf[:dkYZdfÈSQZQeÁtR¢QhceXOQhv�ce\�gnX}\W]Tu®�`:QhVOm���T_[Mv�XO¤:QhVOQS]À\_VqQo¤MTyj_Qodf[�XOVq\
v:`MceQ{v	XO¤:Q©RMVO\�¥MTW¥:df¦k±dkXnm³vtd�g?XOVqdk¥:`:XOdf\_[Mg1]À\_V.cSQSVOXqTWdf[oRMT_VqT_Y³QSXOQhVqgh|�rb\°ª4Qhj_QSV{�°Xq¤:dfgª«\_Vq¯uvt\
Qhg�[:\_X¬vtQhT_¦Kª�dµXq¤Ç£<\_RÇ½2®�`:QSVqdfQhgh�9ª�¤:d�cl¤�d�g�XO¤MQ]À\tce`Mg0\W]<\�`:V0TWRMR:VO\�T_cl¤9|
� � 8:AKJ 7l�	+.8:/��q+.8���8:+   A   =^{O=?N�¡:=?>���Fb798���:� ¡:=?J =���A�¡:=n+.-
�1j�QSVqm)£6\�R�½ ®�`MQSVqm)dfg}Qh®�`:dfj°TW¦fQS[�X}XO\~T²gOQS¦fQhceXOdf\_[�®�`:QhVOmÂÃgOQSQ��.®¢|.Â w Å?Å�ª�dkXO¤´T�g?R¢QhcSdµ§Uc.ce`tXq\WÏ´RUTWVlTWYZQeXqQSV V@��V��\�d��� |Ò:\�VOYoT_¦k¦fm_� V��\�d��� d�g}vtQe§M[MQhvuT�g�XO¤MQ´¦�TWVq¨_Q{gnXbcS`tXO\_Ï	RMT_VqT_Y³±QeXqQSV V Xq¤MT°Xbvt\
Q{gG[:\WX0cST_`MgOQ}VqQhg?XqT_V?X{|<�·]Kce\�YZR:¦kQSXOQ�¯
[:\°ª�¦k±Qhv:¨_Q­\W]oTW¦f¦¬gOQS¦fQhceXOdfj�dkXOdfQhg�TW[Mv�v:TWXqT3vtd�gnXqVOdf¥:`tXqdk\�[Mg)ª«QSVqQTyj°TWdf¦fT_¥:¦fQ_�yVOQ{gnXlTWVOXqg<ª4\�`:¦�v�[:Qhj_QSVD¤MT_R:R¢QS[´gOdf[MceQG\_[MQ4ª«\_`:¦�vTW¦fªGTym
g«cl¤:\
\�gOQ V	�<V �\�n��� |$r0\°ª«QSj_QhVh��g?df[McSQ�Xq¤:Q}\_RtXqdkYZdfÈSQSV\_[M¦km)¤MT�g�TWR:RMVO\yÁtdfYZTWXOQ´¯�[M\°ª�¦kQ{vt¨_Q´\W]«v:dfg?XOVqdk¥M`tXOdf\_[Mg�T_[MvgOQS¦fQhc¿Xqdkj
dkXOdfQhgh�4dkX©d�gZdkYZR¢\�gqg?df¥:¦fQ~XO\Ç¨_`MT_VqT_[�XOQSQ²XO¤UT°X©YZ\_VqQXO¤UTW[¶½ XO`:RM¦kQ{g²ª�df¦f¦}¥¢Q�Qhj_Qh[�Xq`MTW¦f¦fmBVqQeXqVOdfQSj�Qhv��0gO¤:\�V?Xº\W]cl¤:\
\�gOdf[:¨ V�� �R¡ | ½b\_[:QSXO¤:Qh¦kQ{gOgh��ª«Q�cST_[ÄgnXqdk¦f¦¬VqQhTW±gO\_[�T_¥U\�`tX´Xq¤:Qº¦kdf¯_Qh¦kdf¤:\
\tv!\W]0VqQhg?XqT_V?XZTW[Mv�cl¤:\
\�gOQ V T_ce±ce\�Vqv:dk[:¨�¦km�|�£6\ºQS[UTW¥:¦fQ³gO`Mcl¤�R:VO\�¥MTW¥Mdk¦fdfg?XOd�c´VOQ{T_gO\_[:df[:¨M�¢ª«QR:Vq\_R¢\�gOQ1Xq\£¢�fh¤�fhbdac�¦¥�§tf©¨hfY��f�WYZª¥�«t¥�Zª¬­fh¨�Zª¥�egacZifh¨®Zi[�¨Yfh�"fdWYZ¯¥�«o¥�Z¯¬_�bd[&°�a&°Y¥��¦¥�Z¯¬±vc¥²¨�Z¯b�¥³°hX�Z¯¥³[c¤�¨Y´p	Q}cS\_[MgOdfv:QSV�TW¦f¦�g?Qh¦kQ{c¿XOdfj
dµXqdkQ{g4XO\³¥UQ�VlTW[Mvt\�Y jyT_VOd�TW¥M¦kQ{gTW[Uv²vtQh[:\WXqQ�T³RU\�dk[�X0df[²Xq¤:d�g�Y¬`:¦kXOd�vtdfYZQS[MgOdk\�[MTW¦�RMVO\�¥MTW¥:df¦k±dkXnmºgORMT_cSQ¬T_g T TW[Mv)XO¤:Q³T_gqg?\tced�T°XqQhvºR:Vq\_¥MT_¥:df¦kdkXnm²T�g$N<Â T Å¿|p	Q©XO¤MQS[�R¢\�g?XO`M¦fTWXOQ©Xq¤MT°X´XO¤:Qº\_R:XOdfY³dfÈSQhVqg´g?¤M\_`:¦�vÇ§M[Mv�TR:¦�TW[�ª�dkXO¤�XO¤MQ1YZdk[:dfY¬`MYµfduh_.f�WYZ\f�v�j°TW¦f`:Q1\_]�Xq¤:Q.ce\�gnX�¶ZÂ T Å�Q

·©Â¯¶�Å �D¸ T ¶ZÂ T Å�N�Â T Å Â x Å

�1j�QS[ºXO¤M\_`:¨�¤)XO¤:d�g0ª«\_Vq¯©]À\tcS`Mg?Q{g0\�[~XO¤:Q´VqT_[Mvt\_YH[MTWXO`:VqQ\W]KgOQS¦fQhc¿Xqdkj
dkXnm�Q{gnXqdkYoT°XqQhgh�:\_`MV0TWR:R:Vq\�T�cl¤²T_R:R:¦fdkQ{gGXO\o\_XO¤:QhV`:[McSQSVOXqT_dk[­®�`MTW[�XqdµXqdkQ{g}XO¤MTWX�QS[�XOQhV¬ce\�gnX�]À\_VqY¬`M¦fT�g�g?`Mcl¤­T�g
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TW¦f¦f\
chT°XqQhv�YZQSYZ\_Vqm�T_[Mv�cS\_[:[:Q{c¿Xqdk\�[�¥MTW[Mv:ª�dfv
Xq¤Mgh|6�Ì[�]ÃT�c¿Xh�XO¤MQº\�¥MgOQSVqjyTWXOdf\_[�XO¤MTWX©\_RtXqdkYZdfÈSQSVlgZg?¤M\_`:¦�v�YZdf[:dfY³dfÈSQ)QSÁ
±R¢Qhc¿XqQhv!cS\�g?X�ª«T�g�ce\�[Mce`MVOVqQS[�XO¦fmuYoT_v:Q©¥
m­^4¤
`9�¹rbT_¦kR¢QSVq[TW[Uv¬a
QhgO¤MT�vtVOd�E x H
T_[Mv�T_R:R:¦fdkQ{v�XO\�XO¤:Q4R:Vq\_¥:¦fQSY�\W]:YZQhY³\�VOmj°TWVqdfT_¥:df¦kdkXnm_|�«X1Xq¤:dfg.RU\�dk[�X1ª«Q0[:\_XOQGXO¤UT°Xh��XOVlT_v:dµXqdk\�[MTW¦f¦km��_\�RtXOdfYZdkÈhQSVlgQSj°T_¦k`MTWXOQ�T)cS\�g?X�]À`:[MceXOdf\_[Ç]À\�V¬QeÁtR¢QhceXOQhvÇj°T_¦k`:Q{g�\W]�df[:R:`tXRMT_VqT_Y³QSXOQhVqg�¶ZÂ³·©Â T Å?Å¬dk[�XO¤:Qº¤:\�RUQ²XO¤MTWX¬Xq¤:dfg³d�gZTu¨_\
\tvTWRMR:VO\yÁtdfYoT°XOdf\_[�]À\_V�\°j�QSVlTW¦f¦DQeÁtRUQ{c¿XqQhvÇj°TW¦f`:Qo\W]«XO¤MQ©ce\�g?Xh|r0\°ª«QSj�QSV{�
dµX0d�gGª4Qh¦k¦6¯�[M\°ª�[©XO¤UT°X�XO¤MQ�TWR:R:Vq\yÁtdkYoTWXOdf\_[sQ
·©Âª¶ZÂ T Å?Å�º<¶ZÂ³·�Â T ÅOÅ ÂÃ��Å

d�g�XqVO`:Q�[c¤��»¬¼¥ ½­¶Hd�g¬T)¦fdf[:QhT_V�]À`:[MceXOdf\_[�\W] T ª�dµXq¤:df[!XO¤MQVlTW[:¨�Q¬\W]«j°TWVqdfT_¥:dk¦fdkXnmº\_] T |³p3¤:df¦kQZYZ\�g?X}\_].Xq¤:Qoce\�g?X}]À\_VO±Y¬`M¦fT�g«T_VOQ�[:\WXG¦fdk[:Q{TWV{�
dk[²R:VqT�c¿XqdfcSQ_��XO¤:Qhm©TWVqQ�`Ug?`MT_¦k¦fmZª4Qh¦k¦TWRMR:VO\yÁtdfYoT°XOQ{vZ¥
mo¦kdf[:QhT_V4j°T_¦k`:Q{g.df[²XO¤:Q}VqT_[:¨_Qb\W]6j°TWVqd�TW¥:¦fQRMT_VqT_Y³QSXOQhVqgGTW[Uv²cS\_[MgOQh®�`:Qh[�Xq¦km��.�.®¢|�ÂÃ��Å«¤:\_¦�v:gh|�1Vq\_¥M¦kQhY \W]:£<\_R�½­\�RtXOdfYZdkÈ{T°Xqdk\�[9�ydfg<TGXnm
R:dfchTW¦�QeÁ:TWYZR:¦fQª�¤:QhVOQ¾�.®¢|�ÂÃ��Å«vt\
QhgG[:\_XG¤M\_¦�v��:¥¢QhcST_`MgOQbXq¤:QGÓn`:YZR~dk[ºXO¤MQXO\_XqT_¦GcS\�g?Xg¶ vt`:QºXO\�XO¤MQºVqQhg?XqT_V?Xoce\�gnXg¿Íd�g´ª�dkXO¤Mdk[BXO¤MQVlTW[:¨�Q�\W]9R¢\�gqg?df¥:¦fQ�ce`:XO\WÏ~j°TW¦f`:Qhgh|��·]6ª4Q�vtQS[:\_XOQbXO¤:Q�dk[:dkXOd�TW¦ce\�gnXo¥
mJÀU��TW[Mv�df[�XqVO\tvt`UceQuTÇgnXqQSRB]À`:[MceXOdf\_[ÂÁ­ª�¤:d�cl¤Idfgz ª�¤:Qh[	VqQhg?XqT_V?X�vt\
Q{g�[:\WX�¤MT_R:R¢QS[!TW[Uv w \_XO¤:QhVOª�d�g?Q��9ª«Q¤MTyj�Q&Q ¶ZÂ T Å � À¢Â T ÅÄÃkÁ�Â T Å�¿ZÂ T Å ÂÅw
Å
p	Q�[:\_XOQbXO¤MTWX.XO¤MQ}gOQS¦fQhceXOdfj�dkXnm³\W]�XO¤MQ}cS`tXO\_Ï V d�g.df[Mce¦f`MvtQ{vdf[�Xq¤:Q@�.®¢|uÂ³w�Å}T_g�\�[:Q©vtdfY³Qh[MgOdk\�[�\_] T |��b¦fgO\M���.®¢|uÂÅw
ÅT_gqgO`:YZQhg<XO¤MTWXK\_[:¦fm�\_[:QGVqQhg?XqT_V?X�dfgDR¢\�gqg?df¥:¦fQ_|��1j_Qh[�Xq¤:\_`:¨�¤Y¬`M¦µXqdkR:¦fQ�VOQ{gnXlTWVOXqgGce\�`:¦�v©¥¢Q�dk[McS¦k`UvtQhv²dk[²XO¤Mdfg«]ÀVlTWYZQSª«\_Vq¯��dkX«ª«\_`:¦�vo¥¢Q�dfYZR:VlT_c¿XqdfchTW¦MXO\¬\�RtXOdfYZdkÈhQb]À\�V4Y´`:¦kXOdfR:¦kQ�ce`:XO\WÏRMT_VqT_Y³QSXOQhVqgh|6£G¤:QhVOQS]À\_VqQ_�{dk[�\�`:V6YZ\tvtQh¦ç�yVqQhg?XqTWVOX6\�RUQhVqTWXOdf\_[TWYZ\�`:[�Xqg}XO\~VqQeXqVOdfQSj
df[:¨ºXO¤:Q©cS\_YZR:¦fQSYZQS[�X�\W]«XO¤:QoQ{®�`:dkj°TW±¦fQS[�X²gOQS¦fQhc¿Xqdk\�[3®�`MQSVqm_��g?\�V?Xqdk[M¨�Xq¤:QuVqQhgO`:¦kX�TW[Mv3g?XO\�R:R:df[:¨T°]ÑXqQSV4VOQ{®�`MdkVqQhv³[
`:Y¬¥¢QSV«\W]�Xq`:R:¦fQhg4dfg.VOQSXO`:Vq[:Qhv9|���gOgO`:YZdk[M¨XO¤UT°X�¿¶dfg4TWR:RMVO\yÁtdfYZTWXOQh¦km´¦kdf[:QhT_V1df[ZXO¤:Q�RU\�gOgOdk¥M¦kQbgOQS¦fQhceXOdfj�±dkXOdfQhg�\_] V �:ª4Q�chTW[ºª�VOdkXOQ�Q

·�Âª¶�Å�º1·©Â³À
ÅÄÃp·©Â³¿�Å ¸ T Á¢Â T Å,N�Â T Å Âç��Å

Æ T Á�Â T Å,N�Â T Å1dfg.XO¤MQ�R:Vq\_¥UTW¥:df¦kdkXnm³\W]9VqQhg?XqTWVOX�Â³Ç°Å.ª�¤:d�cl¤cST_[ºT_¦fgO\³¥UQ�ª�VqdµXOXOQS[~T_g«Xq¤:Q�R:Vq\_¥MT_¥:dk¦fdkXnmZXO¤MTWX«]ÀQhª4QhVGXO¤MT_[j TW[MgOª4QhVqgGT_VOQ�¨_Qh[:QSVlT°XqQhvlQ
Ç �

PMÈsÉ
¸Ê5ËlÌ

N�ÂÅÍ6Å Â � Å

ª�¤:QhVOQ�N<ÂÅÍ6Å6d�g9Xq¤:Q4RMVO\�¥MTW¥:df¦fdµXnm�XO¤MTWX<Xq¤:Q«dk[:RM`tXDchTWVlvtdf[MTW¦fdµXnmXO\³Xq¤:Q�£6\�R)½�\_R¢QSVlT°XO\�VGª�dk¦f¦�¥UQ¾ÍK|Ò�dk[UTW¦f¦km��b`MgOdk[M¨�Xq¤:Q	XOVlT_vtdkXOdf\_[MT_¦}T_R:R:Vq\yÁtdkYoT°Xqdk\�[ÄÂ³�4®U|ÂÃ��Å?Å©XO¤:Q	\_¥:ÓnQhc¿Xqdkj�Q�]À`M[Mc¿Xqdk\�[9�bRMT_VqT_YZQeXOQhVOdfÈSQ{v3¥
m V ¥¢Qe±ce\�YZQhgoQ
^4\�g?X{Â V Å$º,�Ì[:dkXyÂ V ÅsÃkÇtÂ V Ål��Q{gnXyÂ V Å Âë�_Å

ª�¤:QhVOQ1�Ì[MdµXyÂ V Å9vtQh[:\WXqQhg6XO¤:Q.XOVlT_vtdkXOdf\_[UTW¦�cS\�g?X<\_]:R:VO\tcSQhgqg?df[:¨XO¤MQ«®�`:QhVOm�ª�dkXO¤´cS`tXO\_ÏoRMTWVlTWYZQeXqQSV V T_[MvÎ��Q{gnXyÂ V Å6v:QS[:\_XOQhg

Equivalent
Selection
Estimator

Statistics

Optimizer
Traditional

Cost

Query

(optimal) Q, κκ

Ò�dk¨�`:VqQ x Q!�bVqcl¤:dkXOQ{c¿Xq`:VOQu]À\_Vºdk[McS\_VqRU\�VqTWXOdf[:¨ V Qhg?XOdfYZTWXO\�Vdf[�Xq\oT³XOVlT_vtdkXOdf\_[MT_¦�P�Ô¶g?mtg?XOQSY~|

XO¤MQ�XOVlT_vtdkXOdf\_[UTW¦6cS\�g?Xb\W]DR:Vq\
cSQhgqg?df[:¨ZXq¤:Q�VqQhg?XqTWVOX�XO¤UT°Xbª�df¦k¦ce\�YZR:¦kQSXOQ�Xq¤:Q�TW[MgOª«QSV«XO\³XO¤MQ�®�`MQSVqm_|
� cS`tXO\_Ï�RMTWVlTWYZQeXqQSV{� V ��dfgÏ[d_�Zª¥�egac�«dk]¬dµX~YZdk[MdkYZdfÈSQhgXO¤MQºj°T_¦k`:Q~\_]bXO¤MQ~®�`:QhVOm�ce\�g?X³]À`:[Mc¿Xqdk\�[�Â³�.®¢|�Âë�WÅOÅ¿|Ip	QVqQhg?XqT°XqQ©Xq¤:Q²RMVO\�¥:¦kQhY \W]b\�RtXOdfYZdkÈhdk[:¨ÇT�£<\_RB½ ®�`:QhVOm­T�gXO¤MQºRMVO\�¥:¦kQhY#\W]�§M[Mvtdf[:¨�XO¤:Q~\_R:XOdfYZT_¦0ce`tXq\WÏ,RMT_VqT_YZQeXOQhV

V�Ð\Ñ � TW[Uv!Xq¤:QºT�gOgO\tced�T°XqQhv­QSÁ
Q{ce`tXqdk\�[�R:¦�TW[6|�£6\�§M[Mv�XO¤MQYZdk[MdkY´`:Y \W]bXO¤:Q)ce\�gnX³]À`:[MceXOdf\_[�Â³�4®U|¶Âë�WÅOÅ�ª«Q~cSTW[�`MgOQT­g?XqTW[Uv:TWVlv�]À`:[Mc¿Xqdk\�[3YZdk[:dfYZdkÈ{T°Xqdk\�[,TW¦f¨_\_VqdkXO¤:Y¸gO`Mcl¤,T�gÎ}\_¦�vtQh[ºa
Q{c¿XOdf\_[ºa
QhT_Vqcl¤¼E w �,Hë|K£G¤:Q}R:Vq\_¥MT_¥:dk¦fdkXnm³\_]9VOQ{gnXlTWVOXd�gGQSj°TW¦f`MT°XqQhv²]À\_V�Qhj_QhVOmZXqVOd�TW¦ V `Ug?df[:¨g�.®¢|�Â � Å¿|Ô«m¹`MgOdf[:¨�XO¤MQ3XOVlT_vtdkXOdf\_[UTW¦�T_R:R:Vq\yÁ
dfYoT°Xqdk\�[Mg�]À\_V�QSÁ
±R¢Qhc¿XqQhvucS\�g?X0j°TW¦f`:Qhg´Â³�.®¢|�Âë�_Å?Åe�Uª«Q¬TWVqQ�TW¥M¦kQ�Xq\©VqQS`MgOQ�XO¤MQXOVlT_v:dµXqdk\�[MTW¦G®�`:QSVqm­\_RtXqdkYZdfÈSQhV¬]À\�VZ£<\_RB½ ®�`:QhVOm­gO`:¥tXqVOQhQ\_R:XOdfY³dfÈhTWXOdf\_[9| £G¤:Q	VOQh¦fTWXOdf\_[MgO¤:dfR3¥UQSXnª4QhQS[3Xq¤:Q�Q{®�`:dkj°TW±¦fQS[�X´gOQS¦fQhc¿Xqdk\�[3Â V Å�Qhg?XOdfYoT°XO\�Vh�DgOm
g?XOQhYÆg?XqTWXOd�gnXqdfchg¬TW[Uv	T_[\_R:XOdfY³dfÈSQhV³T_VOQºg?¤M\°ª�[!dk[BÒ�dk¨U| x |:�.®�`:dfjyT_¦kQh[�XZgOQS¦fQhceXOdf\_[Â V Å´Qhg?XOdfYoT°XO\�V´`Ug?Q{gZÎ}\�¦fv:QS[BatQhTWVlcl¤­Xq\�§M[Uv�\�RtXOdfYoTW¦ V �TW[Uv�df[BXO¤:Q)RMVO\tceQ{gOgochTW¦f¦fg³Xq¤:Q)\_R:XOdfY³dfÈSQhV©VqQSR¢QhT°XqQhvt¦fm­Xq\QSj°T_¦k`MTWXOQ´�Ì[:dµXyÂ V ÅbT_[MvÒ��Q{gnXyÂ V Å0T_[Mvuce\�[MgO`:¦µXlg0Xq¤:Q´gOmtgnXqQSYg?XqT°Xqdfg?XOd�cSgh|�Ò:\�V�Î}\�¦fvtQh[�gOQhT_Vqcl¤uT_¦k¨�\_VqdµXq¤:Y~�U\�[:Q´[MQSQhvMg0Xq\¥¢\_`:[Mv©XO¤:Q V |K�Ì[:dµXqdfT_¦�¥U\�`:[Mv©ª«\_`M¦fv�¥UQ�XO¤:Q�ce\�¦k`MY³[²YZdk[t±dfY¬`:Y ]À\�V¬Xq¤:Q²¦f\°ª TW[UvÇXO¤:Q~ce\�¦k`MY³[�YoT°ÁtdkY´`:Y ]À\_V´XO¤MQ¤:df¨_¤9|1Î}\�¦fvtQh[�gOQhTWVlcl¤oTW¦f¨_\�VOdkXO¤:YLXO¤MQS[²gO`MchceQhgqgOdkj�QS¦fm´gOR:¦kdkXqgXO¤MQ�¥U\�`:[Mvº`:[�XOdf¦9dkX0¥UQ{ce\_YZQ{g�g?`t»©cSdkQh[�Xq¦kmºg?YoT_¦k¦ë|
�Ì[:dkX{Â V Å)T_[MvÓ��Qhg?X{Â V ÅuTWVqQ­QeÁtRUQh[MgOdkj�Q­QeÁtR:VqQhgqg?df\_[Mg²Xq\QSj°T_¦k`MTWXOQ�¥¢QhchTW`MgOQ�XO¤MQSmHVOQ{®�`MdkVqQ�\_RtXqdkYZdfÈhT°Xqdk\�[Ð\W]ÇXO¤MQ®�`:QSVqm�gO`:¥tXqVOQhQ_|±?�[	XO¤MQ©\WXq¤:QSV�¤MT_[Mv��<XO¤:Qo¥¢Qhg?X¬R:¦�TW[	]À\�V�Ì[:dkX{Â V Å0TW[MvÒ�0Qhg?X{Â V Å�T_VOQ�¦fdf¯_QS¦fmº[:\WX0Xq\�cl¤MT_[:¨_Q�]À\�VbgOYZT_¦k¦cl¤MT_[:¨_Q{gbdf[ V |Z^4\�[MgOQh®�`:QS[�Xq¦km���T²]À`:VOXO¤MQSV�TWR:RMVO\yÁtdfYZTWXOdf\_[ª«\_`:¦�vÇ¥UQ²XO\�§M[MvÇXq¤:Q�¥¢Qhg?XZR:¦fT_[Ç]À\_V´XO¤:Q{g?Q�Xnª4\�®�`MQSVqdkQ{g\_[M¦kmÄ\�[MceQ�|Ô?b]~ce\_`MVqgOQ_�Z�Ì[:dkX{Â V Å	T_[MvÕ�0Qhg?X{Â V Å	g?¤M\_`:¦�vg?XOdf¦k¦<¥UQ�VqQe±·QSj°T_¦k`MTWXOQ{v�]À\�V0QSj�QSVqm©XqVOd�TW¦ V ¥UQ{cST_`Mg?Q�Xq¤:Q´cS\�g?Xª�df¦k¦Kcl¤MT_[:¨_Q¬v:QSR¢QS[Mvtdf[:¨º\_[ V Qhj_QS[�dµ]1Xq¤:Q³R:¦fT_[�vt\
Qhg�[:\_Xcl¤MT_[:¨_Q�|

ÖÄ×³Ø Ù£ÚcÛ�Ü�Ý.Ü�Þªß³ÞÅà�á8â	ÞªãYàoÚcÞÅÜ¹äÄàtÞ³Û�åJæqÝ�Þ³å�àoç�å�Ý.å�è&ç
�Ì[�XO¤:d�gog?Q{c¿Xqdk\�[�ª«Q~v:QhgqceVqdk¥¢Q²¤M\°ª2XO\ÇR:VlT_ceXOd�cSTW¦f¦fm	YoT_dk[t±XqT_dk[ochTWVlvtdk[UTW¦fdµXnm�vtd�g?XOVqdk¥:`:XOdf\_[MgoéWXq¤:Q�dfv:QhT_g.TWR:R:¦fm�Xq\}YoT_dk[t±XqT_dk[Mdk[:¨Bg?Qh¦kQ{c¿Xqdkj
dkXnm,vtdfg?XOVqdf¥:`tXOdf\_[Ug²T�g�ª«QS¦f¦ç|2�Ì[ ¨_QS[MQSVlTW¦ë�TIcST_Vqvtdf[MT_¦kdkXnm,vtd�gnXqVOdf¥:`tXqdk\�[�d�g)ce\�YZR:¦kQSXOQh¦km�g?R¢QhcSdµ§MQ{v ¥
mÂ³êYë�Çcì�í\Ísë�î³í\ïið �±ñ ë�îÅò�ó�ô³N�Ç,L5õhë�õ�í\î³í\ïiðtÅ�RUTWdfVqgh��¥M`tX«YoT_dk[�XqT_dk[:±df[:¨)TW¦f¦1g?`Mcl¤	RMT_dkVlg}dfg�[M\WX�R:VlT_c¿XqdfchTW¦ë|³�2gOdfY³RM¦kQoTWRMR:VO\yÁtdk±YoT°Xqdk\�[odfg1XO\�\_[M¦kmZgnXq\_VqQ0T�ceQhV?XlTWdf[o[�`MY¬¥¢QSV1\_]�chTWVlvtdf[MTW¦fdµXnmj°TW¦f`:Qhg4ª�¤:\�g?Q}T_gqg?\tced�T°XqQhvoRMVO\�¥MTW¥:df¦fdµXqdkQ{g.TWVqQ�T_¦k¦¢Xq¤:Q}gqTWYZQ�|
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df[:¨�Xq¤:Q}`:[:dk]À\_VqY³dkXnmoT_gqg?`MY³R:±XOdf\_[6|bp3¤:Qh[�v:T°XlTod�gbVqQhT_¦k¦fm²`M[:dµ]À\�VOY Â�¸ � z Å¿�¢Xq¤:Q¬[MT_dkj�Q

TW[Uv,Xq¤:Q­R:Vq\_¥MT_¥:dk¦fd�gnXqdfcÇTW¦f¨_\�VOdkXO¤MY ¤MTyj_Q�XO¤:Q!gqTWYZQ	RUQhV?±]À\_VqYoTW[McSQ_| p3dµXq¤¹T3¦�TWVq¨_Q­v:TWXqT,gO¯_Qhª���`:[:dk]À\_VqY³dkXnm�T_g?±gO`:YZRtXOdf\_[©¥¢QhcS\_YZQhg«gOdk¨�[:dµ§¢cSTW[�Xq¦km³j
dk\�¦fTWXOQhvoT_[MvZXq¤:Qb[MT_dkj�QTW¦f¨_\�VOdkXO¤MY ]ÀVOQ{®�`MQS[�XO¦fm�Vq`:[MgZdf[�XO\ÇVOQ{gnXlTWVOXqgh|B½b\WXqdfcSQ~XO¤MTWXVqQhg?XqTWVOXqg�T_VOQ³YZ\_VqQoQeÁtR¢QS[MgOdkj�Q³XO¤MTWX�XO¤:QoXqVqT�vtdkXOdf\_[MT_¦1gOchTW[Ã¹g?\�V?X0TWRMR:VO\�T_cl¤9|K£G¤:Q�RMVO\�¥MTW¥:df¦fdfg?XOd�c�TW¦f¨_\�VOdkXO¤:Y2¤UTW[Mvt¦fQhggO¯_QSª¹¨_VlT_ceQS]À`:¦f¦km~¥
mZÓn`Mg?X�¥¢QhcS\_YZdf[:¨²YZ\�VOQ´RUQ{gOgOdkYZd�gnXqdfc³df[cl¤:\
\�gOdf[:¨¬Xq¤:Q�ce`:XO\WÏD|® ä
R¼Ü�ç�ÚÏÛZV\¹�ä�è>¶�ç�àoã{­ Ò�dk¨U|ky�gO¤:\°ª0g�Xq¤MT°XoT_g¬XO¤MQ[
`:Y¬¥¢QSVº\W]�¥M`Mcl¯_QSXqg©df[McSVOQ{T_gOQhgh�GXO¤:Q	vtdµÏ�QSVqQS[UceQ�¥¢QeXnª«QSQh[XO¤MQbR:Vq\_¥MT_¥:df¦kd�gnXqdfc�T_[Mv³XO¤MQ0[MTWdfj_Q�TW¦f¨_\_VqdkXO¤:YL¥UQ{ce\_YZQ{g1¦fQhgqgR:Vq\_[:\�`:[McSQhv�|D£G¤:d�g4d�gGvt`:Q}XO\´XO¤MQb]ÃT�c¿X«XO¤MTWXGª�dkXO¤ºT¬¦�TWVq¨_QhV[
`:Y¬¥¢QSV<\W]:¥:`Ucl¯_QeXlgS�hXO¤MQ.¤:d�gnXq\_¨�VqT_Y QSVqVq\_V�]ÃTW¦f¦�g6¥¢QS¦f\°ª xWzLzdf[ºª�¤Mdfcl¤~cST�g?Q}XO¤MQ�[MTWdfj_Q�TW¦f¨_\�VOdkXO¤MY2ª�dk¦f¦9[:\_X0VOQ{gnXlTWVOXh|« Û¬� ® ãoç�ß³ç�è&àoçK�D­ Ò�dk¨U|$Gog?¤:\°ª0g4Xq¤MT°X�Xq¤:Q�[MTWdfj_Q�T_[MvXO¤MQuR:Vq\_¥MT_¥:dk¦fd�gnXqdfc)T_¦k¨�\_VqdµXq¤:Y¸ce\�[
j_QSVq¨_Q~T_g j dk[McSVOQ{T_gOQhgh|£G¤:d�god�g©¥¢QhcST_`MgOQº\_]�XO¤:Q)]ÃT�c¿XoXq¤MT°X�Qhj_Qh[�Xq`MTW¦f¦fm­XO¤:Q xWzLz\°j_QhVOQ{gnXqdkYoTWXOQ!¥¢QhcS\_YZQhg­T�vtQh®�`MTWXOQ¶Âçce\�[Mg?QhVOj°TWXOdfj_Q{Åe�´RMVO\_±j
dfv:QhvºXO¤UT°X�½�d�g�¦�TWVq¨_Q�QS[M\_`:¨�¤9|«ÒM\_VbgOYoTW¦f¦6½�� xWzKz \_¥
j
dk±\_`Ug?¦fm�vt\
QhgG[M\WX0R:Vq\°j
dfvtQ}QS[M\_`:¨�¤ºgqT°]ÀQSXnm©YoTWVq¨_df[9|�ÄÝ[R��¹ß³çµ�ÄÞ�º�çW­ Ò�df¨M| whz gO¤:\°ª0g�Xq¤MT°X}XO¤MQ³gqTWYZR:¦fQ¬gOdkÈhQ\W] w{z_z \_V�Y³\�VOQ!ÂçT_g�R:VOQ{vtd�c¿XOQ{vI¥
mC�4®U|2Â w ��ÅOÅZd�g�gqT°XOd�g?±]ÃT_ceXO\�VOmZ]À\�V4Xq¤:d�g4QSÁtRUQhVOdfYZQS[�Xh�:T_[MvoXq¤MT°XGXO¤MQ}R¢QSVO]À\_VqYoTW[McSQ\W]�XO¤MQ�R:VO\�¥MTW¥Mdk¦fdfg?XOd�c�TW¦f¨_\�VOdkXO¤:Y$dfg�[M\WXbgOQS[MgOdµXqdkj�Q�XO\ogOYZT_¦k¦j°TWVqdfTWXOdf\_[Mg«df[ºXO¤:Q�gqTWYZR:¦fQ�g?dfÈSQ�|
³Ä×�~ « ÛZ� ® Û�å5Q��lä�Þ/��»lÛ�Þ³å�U@ä�ç�ÚcÞ³ç�ã
^4\_[Ug?d�vtQSV�TW[�Q{®�`Mdµ±fÓn\_df[¬®�`:QSVqm}\W]tXnª«\0dfv:QS[�XOd�cST_¦WXqT_¥:¦fQhg6XO¤MTWX¤MTyj�Q.\_[³Tyj_QhVqT_¨_Q x_z vt`:RM¦kd�cSTWXOQhg�]À\�VDQhT_cl¤¬jyT_¦k`MQ4df[¬Xq¤:Q�Ón\_df[ce\�¦k`MY³[6��TW`M¨_YZQS[�XOQ{v¬¥
m³£6\�RZ½I\�RUQhVqTWXO\�V�\�[oTW[Zdk[UvtQSR¢QS[t±vtQh[�Xq¦km�vtd�g?XOVqdk¥:`:XOQhv´ce\�¦k`:YZ[9|��Ì[�Xq¤:dfgDgOQhceXOdf\_[9�yª«Q4ce\�YZRMTWVqQXO¤MQ�RUQhV?]À\�VOYoTW[UceQ}\W]D[MTWdfj_Q�TW[MvºR:Vq\_¥UTW¥:df¦kd�g?XOd�c�T_¦k¨�\_VqdµXq¤:Yog\_[­Q{®�`:dµ±fÓn\_df[!®�`:QSVqdfQhg¬gO`Mcl¤!T�g�XO¤:d�gh|up�Q²`MgOQhv	XO¤MQ²gqTWYZQv:TWXqT©¨�QS[:QhVqTWXO\�VbT_g0]À\_V�XO¤:QZg?Qh¦kQ{c¿Xqdk\�[�®�`:QSVqdkQ{gS�¢ª�¤:d�cl¤udfY´±R:¦fdkQ{g0Xq¤MT°X�XO¤:Q³Tyj_QhVqT_¨_Q�[
`:Y¬¥¢QSV}\W].vt`MR:¦kd�cSTWXOQ{g�]À\_V�T©cSQSVO±XqT_dk[�T°X?XqVOdf¥:`tXqQ¬j°TW¦f`:Q�d�g xWz |�p	Q´v:dfgqce`MgqgbXO¤:Q´RMTWVlTWYZQeXqQSVlgj°TWVqdkQ{v²T_[Mv�XO¤:Q�cS\_VqVOQ{g?R¢\_[Mv:dk[:¨´§M¨�`:VOQ{gG[:QeÁ
X{|â±Ý�àoÝ¼�f¶�ç{·o­ Ò�dk¨U| w_w g?¤:\°ª0g�XO¤:Q²dk[UceVqQhT_gOQhvÇ¨�TWR­df[R¢QSVO]À\_VqYZT_[MceQoT�g�XO¤:Q²v:T°XlT)g?¯�QSª dk[McSVOQ{T_gOQhg�df[:dkXOd�TW¦f¦km���vt`MQXO\¬XO¤:Qb]ÃT_ceX1XO¤MTWX.Xq¤:Qb[MT_dkj�QbTW¦f¨_\�VOdkXO¤MYLVq`:[Mg.dk[�XO\¬VOQ{gnXlTWVOXqgh|��Q{gnXlTWVOXqg¬]À\_V´XO¤:Q)½bT_dkj�Q²T_¦k¨�\_VqdµXq¤:Y ¥UQ{ce\_YZQºYZ\_VqQ²ce\�Y³±YZ\_[�]À\_VZdk[UceVqQhT_gOdf[:¨�gO¯_Qhª2¥UQ{cSTW`Ug?Q²XO¤:Q~¤:d�g?XO\_¨�VqT_YÆQ{gnXqdµ±
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Skew in the data frequencies (Z parameter)

Fixed N = 1K, buckets = 1, sample = 100

20% Overestimate heuristics
Probabilistic optimization

traditional

Ò�dk¨�`:VqQ©��QÎ�KÁtQhcS`tXOdf\_[�XOdfYZQojtgS|©v:TWXqT~gO¯_QSª��6`Mg?df[:¨ºXOVqdfj�d�TW¦Â w ¥:`Ucl¯_QeX¿Å«¤:d�gnXq\_¨_VlTWY~|
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Histogram Size [KB]

Fixed Z = 1, N = 1K, sample = 100

20% Overestimate heuristics
Probabilistic optimization

traditional

Ò�dk¨�`:VqQFy.Qk�1ÁtQhce`:XOdf\_[3XqdkYZQ	j
gh| [�`MY¬¥¢QSVº\W]�¥:`Mcl¯�QeXlg�df[¤:d�gnXq\_¨�VqT_Yº|
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Top N required

Fixed Z = 1, buckets = 1, sample = 100

20% Overestimate heuristics
Probabilistic optimization

traditional

Ò�dk¨�`:VqQÎG.Q �KÁtQhcS`tXOdf\_[ºXOdfYZQ�]À\_V}vtdkÏ¢QhVOQh[�X�jyT_¦k`MQhg0\_]1£6\�R~½gOQS¦fQhc¿XqQhv	ÂÀdf[)RUQhVqcSQS[�XqgG\_]<VqQS¦�T°Xqdk\�[ºgOdkÈhQ{Åe|
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Random Sample Size

Fixed Z = 1, N = 1K, buckets = 1

20% Overestimate heuristics
Probabilistic optimization

traditional

Ò<df¨_`MVOQ whz Q��KÁtQ{ce`tXqdk\�[�XqdkYZQ�jtgh|4gqTWYZR:¦fQ�g?dfÈSQ�`MgOQhv²Xq\©cSTW¦k±ce`:¦�T°XqQ�c{|
YoT°XqQhg²¥UQ{ce\_YZQ�dk[McSVOQ{T_gOdk[M¨_¦fm�`:[MVOQh¦kd�TW¥:¦fQ_|�r0\°ª«QSj�QSV{�0TW¦k±¨_\�VOdkXO¤MYZg}ce\�[
j_QSVq¨_Q�]À\_V�XO¤:QZQeÁ
XqVOQhY³Q³g?¯�QSª0g�¥UQ{cST_`Mg?Q´XO¤MQVqQhgO`:¦µX«\W]�Xq¤:QbQ{®�`Mdµ±fÓn\_df[�®�`:QSVqm³¨_\
Qhg1XO\¬ÈhQSVq\©ÂÀ[:\´YoT°Xqcl¤MQhglÅTW[Uv�¥U\_XO¤¬T_¦k¨�\_VqdµXq¤:Yog6gOQS¦fQhceX6XO¤MQ.ª�¤:\�¦kQ4VOQ{g?`:¦kX4Âç½�d�g6¦�TWVq¨_QhVXO¤UTW[ºXO¤:Q�VqQhgO`:¦kX0g?dfÈSQyÅ¿|�ÄÞ�º&ç¼ÛZV2XxÞªãYàtÛZS�ÚcÝ[R5­ Ò<df¨M| wyx g?¤M\°ª0g.Xq¤MT°XbXO¤:Q�[MT_dkj�QTW¦f¨_\�VOdkXO¤MYÐdkYZR:Vq\°j_Q{g}T�g�XO¤:Qo¤:d�g?XO\_¨�VqT_Yog�¥¢QhcS\_YZQZ¦fT_VO¨�QSV{�T_g1QeÁtRUQ{c¿XqQhv�|K£G¤:Q�R:Vq\_¥UTW¥:df¦kd�g?XOd�c�TW¦f¨_\_VqdkXO¤:YÄdfYZR:Vq\°j_Qhg�Xq\
\¥:`tX�Xq¤:Q�XOVqQS[Uv²d�g«XO\
\©gOYoTW¦f¦�XO\Z¥UQ�j
d�g?df¥:¦fQ_|« Û¬� ® �sç�ßªç�è&àoçK�H­ Ò�dk¨U| w ��g?¤:\°ª0g�XO¤MTWX¬XO¤MQ²vtdkÏ¢QhV?±QS[UceQhg�¥UQSXnª4QhQS[ T_¦k¨�\_VqdµXq¤:Yog©TWVqQu¦fQhgqg©R:Vq\_[M\_`:[McSQhvIª�¤:Qh[¦�TWVq¨_QSV4½ d�g4gOQS¦fQhceXOQ{v��
¥UQ{cSTW`Ug?QbXO¤:Q xWzKz \°j�QSVqQhg?XOdfYoT°XOQ�¥¢Qe±ce\�YZQhgKT_v:Qh®�`MT°XqQ«]À\_V1¦�TWVq¨_QhVD½¬|_£G¤:Q�VqQhT�g?\�[:dk[M¨�¤:QhVOQGd�gDXO¤MQgqTWYZQ�T_gGdf[~gOdf[:¨_¦fQ}XqTW¥M¦kQ�cST�g?Q�|® ä
R¼Ü�ç�ÚxÛWV�»sÛ�Þªå�ã{­ Ò�dk¨U| w wºgO¤:\°ª0gbXO¤MTWX�XO¤:QZ[MT_dkj�QTW¦f¨_\�VOdkXO¤MY v:\�Q{g.[M\WXGª4\�VO¯³]À\_V«YZ\_VqQ0Xq¤MTW[ x ªGTym}Ón\_df[Mg.\�[XO¤MQGXOQhg?X1v:T°XlT:|D£G¤:QGVOQ{T_gO\_[¬]À\_VDXO¤MdfgKd�g�Xnª«\W]À\_¦�v�|�Ò<dfVlgnX{�WXO¤MQ®�`MTW¦fdkXnm)\W]1Xq¤:QZQhg?XOdfYZTWXOQ{g}v:QeXOQhVOdf\_VlT°XqQhg�VqT_R:d�vt¦km)ª�dkXO¤�XO¤MQ[
`:Y¬¥¢QSV�\_]UÓn\�dk[UgS�
Xq¤�`UgGYZT_¯
dk[:¨³Xq¤:Q�VOQ{gnXlTWVOXqg«YZ\_VqQ�¦fdf¯_QS¦fm_|a
Q{ce\_[Uv���XO¤:Q³R:`:[MdfgO¤:YZQS[�X}]À\_V�VOQ{gnXlTWVOX�gO¯�m
Vq\tcl¯_QeXlgbvt`MQ¬Xq\XO¤MQº¦�TWVq¨_Q´Ón\_df[Ig?dfÈSQ­Â w{z_z � z�z_zY½	xWz�½	xWz XO`:RM¦kQ{g³]À\_VZXO¤MQ�°±·ªGTym�Ón\_df[UÅ¿|

�Ì[o¨_Qh[:QSVlTW¦ë�eÓn\�dk[�QeÁtRUQhVOdfYZQS[�Xqg.VOQ@�MQhceX1XO¤MQ0]ÃT_ceX.Xq¤MT°X«Qhg?±XOdfYoT°Xqdk[:¨uÓn\_df[IgOQS¦fQhceXOdfj
dµXnm�dfg�Y¬`Mcl¤IYZ\_VqQuvtdk»ocS`:¦kX©XO¤MT_[Qhg?XOdfYoT°Xqdk[:¨ZgOQS¦fQhc¿Xqdkj
dkXnmZ\W]6VlTW[:¨�Q0R:VqQhvtd�cSTWXOQ{gRE w5H·�tTW[Mv²ce\_[:±gOQh®�`:QS[�Xq¦km��hXq¤:Q1R:Vq\_¥UTW¥:df¦kd�g?XOd�c1TWR:RMVO\�T_cl¤}dfg6\W]:¨_VqQhTWXOQhV�jyT_¦k`MQdf[²Xq¤:d�g0cST�g?Q�|
¾ Ê J � 8:+<;.76J 76-4¡:N +.- §G+.J 7 ¿�+.J J +.-À + �ªÁ ��Fb798�� þ ;DA){?F0A�¡:=n+4-bN
�Ì[�XO¤:d�g�gOQhc¿Xqdk\�[�ª«Qoce\�[Mg?d�vtQhV�Xnª«\)cST�g?Q{g�df[	ª�¤:dfcl¤ÇgOdk¨�[:dµ]Ñ±d�cSTW[�X�T�v:vtdkXOdf\_[MT_¦<dfYZR:Vq\°j_QSYZQh[�Xlg�\°j_QhV�XO¤MQ´g?XqTW[Uv:TWVlv)£6\�R½ ®�`MQSVqmºRMVO\tceQ{gOgOdf[:¨�TWVqQ�R¢\�gqg?df¥:¦fQ&Qb£<\_R�½¹\�[�TW¨�¨_VqQS¨�TWXOQ®�`:QSVqdfQhg�TW[Uv²£<\_R)½�\°j_QhVGv:dfg?XOVqdk¥M`tXOQ{v²`M[:dk\�[Mgh|
Â ×³Ø Q�Ãkè&Þªç�å�àOQ��.Ý.ß³ä�Ý�àtÞ³Û�åDÛWV « Û¬� ® U@ä�ç�ÚcÞ³ç�ã±Û�åÄ SZS�ÚcçKS�Ý�àtç�ã
^4\_[Ug?d�vtQSV©T­£<\_R3½ T_¨_¨�VOQh¨�T°XqQ²®�`:QhVOmBg?`Mcl¤IT_goXO¤:d�go\_[MQT_gO¯
dk[M¨�]À\�VKXO¤MQ0½3YZ\�g?X.ce\_YZYZ\_[ZTW¨�QhgKT_Y³\�[:¨�QSYZR:¦f\°m_QhQhgoQ

ãtç�ß³ç�è5à TW¨_Q���cS\_`:[�XyÂÃTW¨�Q{Å VªÚcÛWR �1YZR:¦f\°m_QhQhg1QhYZRS�ÚcÛ�ä,�ÂÜlá T_¨_Q Û�Ú���ç�Ú@Ülá ce\_`M[�XyÂÃT_¨_Q{ÅãoàoÛZ�ÂÝ[V¯àoç�Ú ½
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Skew in the data frequencies (Z parameter)

Fixed N = 1K, M = 0.5

20% Overestimate heuristics
Probabilistic optimization

traditional

Ò�dk¨�`:VqQ w�w Q)�KÁtQ{ce`tXqdk\�[�XqdkYZQ�jtgS|Kv:TWXqTZgO¯_QSª�|
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Size of the histograms [KB]

Fixed N = 1K, Z = 1

20% Overestimate heuristics
Probabilistic optimization

traditional

Ò�dk¨�`:VqQ wyx QÄ�1ÁtQhce`:XOdf\_[�XqdkYZQ�jtgh|6[
`:Y¬¥¢QSVK\_]U¥:`Ucl¯_QeXlg�dk[³XO¤MQ¤:d�gnXq\_¨�VqT_Yº|
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Top N selected [100 tuples]

Fixed Z = 1, M = 0.5

20% Overestimate heuristics
Probabilistic optimization

traditional

Ò�dk¨�`:VqQ w ��Q��KÁtQ{ce`tXqdk\�[ZXOdfY³Qb]À\_V.v:dµÏ�QSVqQS[�X4j°T_¦k`:Q{g1\_]�£<\_R©½gOQS¦fQhc¿XqQhv	ÂÀdf[~XO¤:\�`MgqTW[Mv²\W]<XO`:R:¦fQhglÅ¿|
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Number of joins

Fixed N = 1K, Z = 1, M = 0.5

20% Overestimate heuristics
Probabilistic optimization

traditional

Ò<df¨_`MVOQ w w�Q®�KÁtQhcS`tXOdf\_[~XqdkYZQ´v:QSR¢QS[MvtQh[Mcem~\�[~XO¤:Q´[�`MY¬¥¢QSV\W]MÓn\�dk[UgS|
Î}dfj_QS[ T�g?YoTW¦f¦©cST_[Mvtd�v:T°XqQ3g?QSXÇ\_]�¼?]ÀVOQ{®�`MQS[�Xq¾�TW¨�Qhgh�ª«QZchTW[ÇgOchTW[�XO¤:Q©vMT°XqT²Xq\uce\_YZR:`:XOQoT_chce`:VlT°XqQ´]ÀVqQh®�`:Qh[Mcemce\�`:[�Xqgh�¬YoTWdf[�XqT_dk[:df[:¨¶\_[:Q�YZT_dk[¹Y³QhYZ\_Vqm�cS\_`:[�XqQSV�R¢QSVcST_[Mvtd�v:T°XqQ0TW¨�Q_�_T_[Mv³XO¤:Qh[©g?Qh¦kQ{c¿XKXq¤:Q�XO\�Ro½3¥
m�]ÀVqQh®�`:QS[Ucem_|£G¤:Q�YoTWdf[ZR:Vq\_¥:¦fQSYÄd�gDXq\�dfvtQh[�XOdk]Àm´T�gOYZT_¦k¦:gOQeX1\_]U]ÀVqQh®�`:Qh[�XTW¨�Q�j°TW¦f`:Qhg0XO¤MTWX�df[Mce¦f`MvtQ{g�XO¤MQ�XO\�R�½ÄT_¨_Qhg0¥�m²]ÀVqQh®�`:QS[Ucem_|p	Q�vtdfgqce`UgOg«Xnª«\oTW¦kXOQSVq[MTWXOdfj_Q}QSj°TW¦f`MT°Xqdk\�[ºg?XOVlT°XqQS¨�dkQ{gS|
Å�Æ+Ç � çK��ä�è&àoÞ³Û�å<àtÛpÝ.å Æ è�ç�Ü�ç�Ú:S�Ugä�ç�Ú,áA­ £G¤:Q�d�vtQ{Td�g«XO\ZVOQhR:¦�T_ceQ}Xq¤:Q�£6\�R~½�\�RUQhVqTWXO\_VG¥
moXq¤:Q�Qh®�`:dfj°TW¦fQS[�X0g?QS±¦fQhc¿Xqdk\�[9|,p	Q)[:QSQ{v�XO\­Qhg?XOdfYoT°XqQ~XO¤:Q�cS`tXO\_Ï j°TW¦f`:Q V ]À\�Vce\�`:[�X{ÂçTW¨_QyÅ¿�bXO¤:Qh[¶¨�VO\�`:R,QSYZR:¦f\°m_QhQhg²¥
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Traditional
Probabilistic, Z = 2
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Probabilistic, Z = 1
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E w5H�Ü.T_[:[:d�g®�b|
�Ì\�TW[M[:dfv:dfg«TW[Mvºa�XqTyj
Vq\�gG^4¤:VOd�g?XO\tvt\_`M¦fT_¯�d�gh|?�[�XO¤:QºR:Vq\_RMT_¨�T°Xqdk\�[­\W]}QSVqVO\�Vqg¬dk[�XO¤:Q)gOdkÈhQ²\_]1Ón\_df[VqQhgO`:¦kXqgh|��Ì[�ß®bn[tWdf�f�vc¥�¤�¢c¨Ò[�½ �Nâ
ç)è#éKá"ê�ç´ëJå�â$[5¤¬è½hfYbnfY¤�W�f [5¤qç¼ac¤�aY¢�fhegfY¤�ZA[�½Iå�acZia°� w G&G w |
E �,HÎr¬| ì´|CÞ�T_¨�T_v:dfgO¤9�9½0d�cl¯Ò~�\_`Uv:T_gh�6a�|9s)`tXq¤
`:¯
VOd�g?¤M[MTW[9�ì�dfgOª«T_[MT°Xq¤ �D\
\�gqTW¦�T:�¼~�Qh[Æa
QSj
d�cl¯��	T_[Mv £<\_VlgnXqQS[a
`MQS¦ë|D?�RtXOdfYoTW¦0¤Mdfg?XO\�¨_VlTWYogZª�dµXq¤3®�`UTW¦fdµXnm�¨_`MT_VqT_[t±XqQSQhgh|0�Ì[µß bn[oW�f�f�vc¥�¤�¢c¨�[^½­Zbà.f?áh¤�Zifhb�¤�acZ¯¥³[c¤�ac��â)[5¤o½hfYb èfY¤�W�f­[5¤íã�fYb�¬Nä�acbª¢�f�å�acZiaNæRa,¨Yfh¨¿� w G�G&y:|
E � HÎrbQS¦fQS[�ÞM|)pÇTW[M¨ªÞ�\�gOQSRM¤ s­|Fr0QS¦f¦fQSVlgnXqQSdf[9�C�DQSXOQhVÞU|)rbT_T�gS|p?�[:¦fdf[:Q)TW¨_¨�VOQh¨�TWXOdf\_[9|��Ì[5ß®bd[oW�f�f�vc¥�¤�¢5¨ [^½�Nâ
ç)è#éKá"êHç�ëJåîâ$[c¤t½hfhbdfh¤�Wdf�[c¤mç¼ac¤�aY¢�fhegfY¤�Z�[^½å�acZia°�M£<`Mchg?\�[9�:�0VqdkÈh\_[MTM� w G&G
�
|
E �tH��¬|Z½¬|g~�\_¦fY³\�¨_\�VO\°j�| ^4\_[:§UvtQS[UceQ�¦kdfYZdµXlg�]À\�VBT_[`:[M¯�[M\°ª�[ vtd�gnXqVOdf¥:`tXqdk\�[,]À`:[MceXOdf\_[9| �Ì[`�R¤�¤�´�çÒa5Z/à�´é�Z\a5Zª¥²¨�Zi´f�tRMTW¨�Qhg w �Mw r�w � �M� w G5w w |
E ycH��b¦k\�[Óm6QSj
m_���b[MTW[UvD�bT°Ó?TWVlTWYoT_[9�}T_[Mv¼Þ_\�TW[:[q?�VO±vtdf¦f¦kQ�|Lï�`:QSVqm
dk[M¨«¤MQeXOQhVO\�¨_Qh[:QS\�`Mg�dk[:]À\_VqYZTWXOdf\_[�gO\_`:VlceQ{g`MgOdf[:¨�gO\_`:VlceQºvtQhgqceVqdfRtXOdf\_[Mgh|	�Ì[�ß®bn[tW�f�fdv5¥�¤�¢5¨x[^½ Zbà.f

áh¤�Zifhb�¤�acZ¯¥³[c¤�a5�pâ$[c¤t½hfhbnfY¤�W�fµ[c¤ðã�fYb�¬ÒäÄa5bª¢�f'å�acZiaæRa,¨Yfh¨l� w G&G � |
E GcH�P�\_[MT_¦fvD~�\�gqgOYZT_[:[�s)dfcl¤UTWQS¦dÞU|}^«T_VOQhm_| ?�[ÄatTym�±df[:¨,¼d�1[:\�`:¨_¤­�0¦fVqQhT_v:mWË ¾ dk[�aZï�m1|)�Ì[�ß®bd[oW�f�f�vc¥�¤�¢5¨[^½��Nâ
çoè#éná:ê�ç�ëJåñâ$[c¤t½hfhbnfY¤�W�f£[c¤�ç¼ac¤�ao¢�fYegfh¤�Z)[^½å�acZia°�M£<`Mchg?\�[9�:�0VqdkÈh\_[MTM� w G&G
�
|
E whz H?ì�dfgOª«T_[MT°Xq¤Î�D\
\�gqTW¦�T:��Ü.T_[:[:d�g9�Ì\�TW[:[:d�vtd�gS�c�DQSXOQSV�rbT�T_gh�T_[Mvg�1`:¨�QS[:Q}a
¤:QS¯
dkXqTM|9�ÌYZR:VO\°j�Qhv³¤:d�gnXq\_¨�VqT_YZgK]À\_VGg?QS±¦fQhceXOdfj�dkXnm�Q{gnXqdkYoTWXOdf\_[Ç\W]GVqT_[:¨_Q³R:VqQhvtd�cSTWXOQ{gS|©�Ì[�ß®bd[:èW�f�f�vc¥�¤�¢5¨ [�½ �Nâ
ç)è#éKá"ê�ç´ëJåòâ)[5¤o½hfYbnfY¤�W�f [c¤pç¼a5¤¬èao¢�fYe fY¤�ZA[�½2å�acZia°�MRMTW¨�Qhg x G&w°r
� z �:�LÞ�`:[:Q w G�G � |
E w_w HÎ�0T_¨_¤
` �0TWYoTW¯
VqdfgO¤:[MT_[³T_[Mvo�0j
dUatdk¦f¥UQhVqgqcl¤MTWXOÈ_|�atchTW¦k±T_¥:¦kQ}df[�XqQS¨�VqTWXOdf\_[�\_]�v:TWXqT³ce\�¦k¦fQhceXOdf\_[�\�[�Xq¤:Q�ª4Qh¥9|D�Ì[ó�f�W�à�¤�¥³W�ac�,ôRf\_�[cb�Z.õGâ,éWè>óWô�è�öj÷jè�ø"ù[ú:ûy|�i0[:dfj_QhVqgOdµXnm�\W]p3d�gOcS\_[MgOdf[t±·s�T_vtd�g?\�[9�nÞ_`M[:Q w G&G�y:|
E w{x HÎm6QS\_[UTWVlv²P´|¢a
¤UTWR:dfVO\U|DÞ�\_df[ºRMVO\tceQ{gOgOdf[:¨odk[)v:TWXqT_¥MT_gOQgOmtgnXqQSYog­ª�dkXO¤ ¦�TWVq¨_Q3YoTWdf[2YZQSYZ\_VqdfQhgh| �Ì[ �Nâ
çó.bnac¤�¨Ya&WYZª¥³[5¤.¨p[c¤¼å a5Z\a�°dac¨Yfpé�¬,¨�Z\fYe­¨¿��j�\_¦f`:YZQ w_w �RMT_¨_Q{g x �&G°r xW� wM� w G&y � |
E w �cH?ì�dkj�QS¯ ��|!½�TWVlT_gqTym
m�T a
`MVqTWÓndµX ^4¤MT_`Mvt¤
`:Vqdç�`�0TW±ÓnQhQSj!s)\_Xnª«T_[:dç|k�bTW[Mvt\�Y gOT_YZR:¦kdf[:¨�]À\_VZ¤:d�gnXq\_¨�VqT_YcS\_[Mg?XOVq`Mc¿Xqdk\�[sQAr0\°ª�Y´`Mcl¤ud�g�Qh[:\_`M¨_¤ZÎ$�Ì[´ß®bd[oW�f�f�v:è¥�¤�¢c¨¼[�½±�Nâ,ç)è#éná:ê�ç�ëAåüâ$[c¤o½hfYbnfY¤�W�fÏ[c¤íçÒa5¤�ao¢�f@èegfh¤�Z®[^½2å a5Z\aW�:RMTW¨�Qhg w�� � r�w&wt�
� w G&G�y:|
E w w5H�£<\_¦f¨�TÇi0Vq¤MT_[9�«sudfcl¤MT_QS¦IÞU|.ÒMVqT_[:¯
¦kdf[9�GTW[Mv8m6T_`:VqQS[�X�bYZgqTW¦fQS¨U|K^4\�gnX�¥MT�g?Q{v²®�`:QhVOm²gOcSVqT_Y¬¥:¦fdk[M¨¬]À\�V�dk[:dkXOd�TW¦vtQh¦fTymtgh|¶�Ì[ýß bn[oW�f�f�vc¥�¤�¢c¨F[^½±�Nâ
ç)è#éKá:ê�ç�ëJåüâ$[5¤¬è½hfYbnfY¤�W�f@[c¤pçÒa5¤�ao¢�fYe fY¤�Z£[�½?å�acZia°�9RMT_¨_Q{g w � z r w w w �w G&G&yM|
E w �,H¬atT_`:¦9��|tp3df¦f¦kd�TWY r¬|��1VqQhgqgh��Ô«VqdfT_[	�D|:Ò�¦fT_[:[:QhVOm©T_[Mvp3df¦k¦fd�TWY £�|,ìKQSX?XOQhVO¦fdf[:¨M|GþÎX�e fYb�¥³W�ac�
ôRf�Wh¥ _�f�¨@¥�¤'âJõókà.f®�Rb�Z�[�½�élWh¥³fY¤�Z¯¥ ÿ�Wdâ$[ceM_�X�Z¯¥�¤�¢�´U^«TWY´¥:Vqdfvt¨�Q4ib[:dµ±j�QSVlg?dkXnm@�1VqQhgqgS� w G&G_�M|
E wh� H¬Î³|)~Z|J°¢dkR:]n|��ÎX�e a5¤�æRf9à.ac«t¥³[cb¼a5¤�v�Zbà.frß®b�¥�¤�Wh¥ _���f[^½_ä�f�a,¨�Z���]M[5b�Zç|��bv:vtd�gO\_[t±·p�Q{g?¦fQSm�����Q{T_vtdf[:¨M�«su���w G5w�GM|

422


