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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¿|�?�¥jdk\�`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\oQSÁQ{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¦fªGTymg«cl¤:\\�gOQ V	�<V �\�n��� |$r0\°ª«QSj_QhVh��g?df[McSQ�Xq¤:Q}\_RtXqdkYZdfÈSQSV\_[M¦km)¤MT�g�TWR:RMVO\yÁtdfYZTWXOQ´¯�[M\°ª�¦kQ{vt¨_Q´\W]«v:dfg?XOVqdk¥M`tXOdf\_[Mg�T_[MvgOQS¦fQhc¿XqdkjdkXOdfQhgh�4dkX©d�gZdkYZR¢\�gqg?df¥:¦fQ~XO\Ç¨_`MT_VqT_[�XOQSQ²XO¤UT°X©YZ\_VqQXO¤UTW[¶½ XO`:RM¦kQ{g²ª�df¦f¦}¥¢Q�Qhj_Qh[�Xq`MTW¦f¦fmBVqQeXqVOdfQSj�Qhv��0gO¤:\�V?Xº\W]cl¤:\\�gOdf[:¨ V�� �R¡ | ½b\_[:QSXO¤:Qh¦kQ{gOgh��ª«Q�cST_[ÄgnXqdk¦f¦¬VqQhTW±gO\_[�T_¥U\�`tX´Xq¤:Qº¦kdf¯_Qh¦kdf¤:\\tv!\W]0VqQhg?XqT_V?XZTW[Mv�cl¤:\\�gOQ V T_ce±ce\�Vqv:dk[:¨�¦km�|�£6\ºQS[UTW¥:¦fQ³gO`Mcl¤�R:VO\�¥MTW¥Mdk¦fdfg?XOd�c´VOQ{T_gO\_[:df[:¨M�¢ª«QR:Vq\_R¢\�gOQ1Xq\£¢�fh¤�fhbdac�¦¥�§tf©¨hfY��f�WYZª¥�«t¥�Zª¬fh¨�Zª¥�egacZifh¨®Zi[�¨Yfh�"fdWYZ¯¥�«o¥�Z¯¬_�bd[&°�a&°Y¥��¦¥�Z¯¬±vc¥²¨�Z¯b�¥³°hX�Z¯¥³[c¤�¨Y´p	Q}cS\_[MgOdfv:QSV�TW¦f¦�g?Qh¦kQ{c¿XOdfjdµXqdkQ{g4XO\³¥UQ�VlTW[Mvt\�Y jyT_VOd�TW¥M¦kQ{gTW[Uv²vtQh[:\WXqQ�T³RU\�dk[�X0df[²Xq¤:d�g�Y¬`:¦kXOd�vtdfYZQS[MgOdk\�[MTW¦�RMVO\�¥MTW¥:df¦k±dkXnmºgORMT_cSQ¬T_g T TW[Mv)XO¤:Q³T_gqg?\tced�T°XqQhvºR:Vq\_¥MT_¥:df¦kdkXnm²T�g$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¿XqdkjdkXnm�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�dfvXq¤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¬aQhgO¤MT�vtVOd�E x HT_[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<TGXnmR: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 ÂÅwÅ
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���.®¢|uÂÅwÅT_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\~VqQeXqVOdfQSjdf[:¨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·©Â³ÀÅÄÃp·©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
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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¦km³jdk\�¦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|® äR¼Ü�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|$Gog?¤:\°ª0g4Xq¤MT°X�Xq¤:Q�[MTWdfj_Q�T_[MvXO¤MQuR:Vq\_¥MT_¥:dk¦fd�gnXqdfc)T_¦k¨�\_VqdµXq¤:Y¸ce\�[j_QSVq¨_Q~T_g j dk[McSVOQ{T_gOQhgh|£G¤:d�god�g©¥¢QhcST_`MgOQº\_]�XO¤:Q)]ÃT�c¿XoXq¤MT°X�Qhj_Qh[�Xq`MTW¦f¦fmXO¤:Q xWzLz\°j_QhVOQ{gnXqdkYoTWXOQ!¥¢QhcS\_YZQhgT�vtQh®�`MTWXOQ¶Âçce\�[Mg?QhVOj°TWXOdfj_Q{Åe�´RMVO\_±jdfv:QhvºXO¤UT°X�½�d�g�¦�TWVq¨_Q�QS[M\_`:¨�¤9|«ÒM\_VbgOYoTW¦f¦6½�� xWzKz \_¥jdk±\_`Ug?¦fm�vt\QhgG[M\WX0R:Vq\°jdfvtQ}QS[M\_`:¨�¤ºgqT°]ÀQSXnm©YoTWVq¨_df[9|�ÄÝ[R��¹ß³çµ�ÄÞ�º�çW Ò�df¨M| whz gO¤:\°ª0g�Xq¤MT°X}XO¤MQ³gqTWYZR:¦fQ¬gOdkÈhQ\W] w{z_z \_V�Y³\�VOQ!ÂçT_g�R:VOQ{vtd�c¿XOQ{vI¥mC�4®U|2Â w ��ÅOÅZd�g�gqT°XOd�g?±]ÃT_ceXO\�VOmZ]À\�V4Xq¤:d�g4QSÁtRUQhVOdfYZQS[�Xh�:T_[MvoXq¤MT°XGXO¤MQ}R¢QSVO]À\_VqYoTW[McSQ\W]�XO¤MQ�R:VO\�¥MTW¥Mdk¦fdfg?XOd�c�TW¦f¨_\�VOdkXO¤:Y$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[:QeÁX{|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	jgh| [�`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¤:QZQeÁXqVOQhY³Q³g?¯�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�jd�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�|® äR¼Ü�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_|aQ{ce\_[Uv���XO¤:Q³R:`:[MdfgO¤:YZQS[�X}]À\_V�VOQ{gnXlTWVOX�gO¯�mVq\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¦fQhceXOdfjdµXnm�dfg�Y¬`Mcl¤IYZ\_VqQuvtdk»ocS`:¦kX©XO¤MT_[Qhg?XOdfYoT°Xqdk[:¨ZgOQS¦fQhc¿XqdkjdkXnmZ\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�|

0

20

40

60

80

100

120

0 2 4 6 8 10 12 14 16

E
xe

cu
tio

n 
tim

e 
[s

ec
]

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¥m,TW¨_QÇTW[Uv ce\�Y³±R:`tXqQ�Xq¤:Q³cS\_`:[�XlgbTW¥¢\°j_Q�XO¤:Q³ce`tXq\WÏD|�Î}dfj_Qh[~XO¤:QZce`tXq\WÏ V �ª«Q²cST_[XO`MVO[Xq¤:Q~TW¥¢\°j_Q�£<\_R�½ ®�`:QSVqmÇdk[�XO\	TW[!�ncSQS¥¢QSVq¨®�`:QSVqm_��TW¦f¦k\°ª�df[:¨)`Mg�XO\u`MgOQZXO¤MQ�TW¦f¨_\�VOdkXO¤:Yog�R:Vq\_R¢\�gOQhv	df[E �cH·��T�g1]À\�¦k¦f\°ª0gYQMÓn`Mg?X«VqQSR:¦�T_cSQ�XO¤MQ ãoàoÛZ�pÝ[V¯àoç�Ú cS¦fT_`Mg?Q�ª�dµXq¤T�Ýj�sÞªå,S ce\_`M[�XyÂÃT_¨_Q{Å£ V |<ibgOdf[:¨GXO¤:d�g6T_R:R:Vq\�T�cl¤9�eXq¤:Q.TW¦f¨_\_±VqdµXq¤:YogG\W]®E �,H9VqQh®�`:dfVOQ�Xnª«\¬]À`:¦f¦9gqcSTW[Ug4\_]6Xq¤:Q�v:T°XlT_gOQeX�ÂÀ\_[MQXO\	d�vtQS[�XOdk]ÀmÇXO¤MQ�¼?]ÀVOQ{®�`MQS[�Xq¾�TW¨_Q{gS�KT_[Mv!\�[:Q©Xq\	cS\_YZR:`tXqQXO¤MQSdfV«cS\_`:[�XqglÅ¿�TW[UvZXO¤:QhVOQ�dfg.XO¤MQ�R¢\�gqg?df¥:df¦kdkXnmZ\W]6T�v:vtdkXOdf\_[MT_¦gqcSTW[Ug0df[)XO¤:QZcST�g?Q¬\W]1VqQhg?XqTWVOX´Âçvt`:Q�Xq\©Xq¤:Q´£<\_R�½L[MTWXO`:VqQ\W]D\_`MV«YoT_dk[)®�`:QSVqm:Å¿|
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Probability of restart requested

Fixed C=5000 M=0.25

Traditional
Probabilistic, Z = 2

Probabilistic, Z = 1.5
Probabilistic, Z = 1
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