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Gaussian Data: sigma = mu = 250

"Gaussian"
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DP Histogram without workload Information

"DP Histogram no workload information"
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DP Histogram, Incorporating workload Knowledge

"DP histogram with workload information"

� * �W� *�HF�5�#�;*�$*bg*,�5* � 3 � %~79�#�;IJ*�E	&'���2�#��q>65*�I � ( � %~79�#�;IJ*�E�&'���2�#��q>65*�I SW�?�#&vSQ�>6#k�E;�>*>.J�?$' M�

/l�;q�H'65"R_'�{�`$F(+��657�>65*��#�;$'q8�G��65k�E?�m*�.*ey$'�,SWE?":.9q�"
(+*�$8�2�#�;E?E���3�2"�6#j>"Y�;$8q�"�$'"+60*�E� M��6l65*�$'q�"inmH'"+65�?":�	�5&F*,�D�;$��#&F"
"��2�#�;IJ*,�5�?�>$<�� W6#":�2HFE=�8�#�?K�"��� M��6�60*�$'q>"�nmH'"+65�?":�+o��#&F"�"+656#�>6
�;$X�#&F"� M65"�nmH'"�$F(@A1":�4�5�?IJ*��#"� M��6y(@"+E;E��~�;$L*�$�A13'HF(0k�"+�gq>"@�0�
Si"+�;q�&m�#":.%3mAL�#&F"�60*�$'q>"J"@u��#"�$>�-�� U�#&F"�3'HF(0k>"@�:Og/'��E;E;�,SUs
�;$'q�0 ^Y�E8 	 _�)�6*�$-"+6565��6DI�"@�#65��(i(�*�$-3"p(+��$F�2�#65HF(@�#"�.�SW&'��(0&
I��?$F�?I��;K+"��-�5&'"vj,*�65�;*�$F(@")�� p�5&'" J#*�6#":*hL1�;$F�#�;.'")3FHF(0k�"+�5��O
b~"@�5*��?E��p*�6#"y*Vj,*��;E;*�3'E?"y"�E;�#"+SW&'"�6#"10 d�e 	 _�4�6�O
Ç���¯ ¦ ����¹ ¦ ���W°³º � ¦  ���º �t h! �L"v(@�>I-7*�65"�.%�5&'"t":�4�5�?IJ*�s
�#�;��$ *�(+(+H'60*�(@A �� Ob3^Do W nmH'�?� ��.��5&	o W nmH'� bN"�79�#&	o1*�$F.
fX*�uGb~�?�lO
eU&'"g�4�0*�6#�#�;$'q�7h���;$>�i�� T":*�(0&�nmH'"�6#A-65*�$'q�"N�;�QH'$'�? M��65I�E?A

.9���4�56#�;3'H9�5"�.w�,j�"�6-�#&'"X*��2�#65�;3'H9�#"X.'��IJ*��;$	oU*�$F.z�#&F"1"+$F.�s
�;$'qy7�>�?$m�{�;�DHF$'�= M�>6#I�E;A�.9���2�#65�?3'H'�#"�.�3h"@�4Si"+"+$��#&F"p�4�0*�6#�#�;$'q
7h���;$>�N*�$F.��#&'"r"�$F.)�� l�#&'"�*��2�#65�;3'H9�#"r.9�>IJ*��;$	O
/l�?q>H'65"�� � � � * � *�$F. � � � 3 � 7F6#":�2"�$>�-�#&F"��56#"�$F.'�-�?$w*�(@s

(@HF65*>(@A)�� f�5&'"��5&'6#"�"�*�E?q>��65�=�5&'IJ�W M��6y.'*��5*��#"@�Rb � *��N�#&F"
$�H'I83h"+6Y�� 3FHF(0k�"+�5�{�;$F(@65"�*>�2":� � /l�?q>H'65" � � � * �2� *�$F.�o�*>�D�#&F"
$�H'I83h"+6W�� D(+"+E;E;�U�;$F(+6#":*��#"�� � /l�;q�H'65" � � � 3 �#� O

� !�� � � ��� � � ¦ �,� ¦  
8p���2�#��q>65*�IJ��*�65"/*�E;�#�xHF�#"@ MHFEN M�>6t":�4�5�?IJ*,�5�?$Fqx�5&'"/65"��#H'E?�
�#�?K�"~�� '}4���;$tnmH'"�6#�;"���O����W&F*��i3h"+"+$)*�65q�H'":.J�;$ 0 �E^F_`'�6��#&F*��
�#&F"/"+6565��6J�;$ �#&'"L"��2�#�;IJ*,�#"/�� y�#&'"GnmH'"+65Az65"��#H'E?�t�#�?K�"X�;�
I��?$F�?I��;K+"�.�SW&'"+$J�5&'"Nj,*�6#��*�$F(+"W�� C�#&F"~(@�>H'$m�5�Y�� � M65"�nmH'"+$'s
(@�;"��i�;$�":*�(0&�3'H(0k�"@�U���QI��;$'�;I-�;K+":.�OfeU&'���Q�#H'65$F�i��H9�i�#�-3h"
�#&F"8�#*�I�"�*��p�>H'6 	V	VW I-"+�#65�;(�OU�L"�$F"@u��N7'65"��#"+$m�N�5*�I�7'E;"
"@u97h"+65�?I�"�$>�0*�Eh6#":�2HFE=�0�f�;$mj>"��2�#�;q>*��#�;$'qr�#&F"~*�(�(@H'60*�(+A��� 9}4���;$
65"��#H'E=�-�2�;K+"�":�4�5�?IJ*��#�;��$<�� Wj,*�65�;��HF�y�4A�7h"��8�� W&'���4�5��q�60*�IJ��O
f1�>6#"W.9���#(+HF�5�2�;��$�*�$F.-"+u�7h"+65�;I-"�$m�5*�EF6#":�2H'E?�5�{*�6#"W*Vj,*��;E�*�3'E;"
"+E��#"+SW&'"�6#"�0 d�e 	 _�4t6|O
Ç���¯ ¦ ����¹ ¦ ���W°³º � ¦  ���º �t h! eU&'" *�E?q>��65�=�5&'IJ� (@�>I-s
7F*�6#":.8*�65"sb3^Do W nmH'�;� ��.��#&	o W nmH'� bN"�79�#&�*�$F. W $F.9s ni��*��#"�.
��W n�� � O9/F��6�*�E?Ei�5&'"�q>65*�7'&F���;$��5&'���-�#H'3F�#"�(@�#�;��$x.'"�*�E;�;$'q
SW�?�#& *�(�(@H'60*�(+A��� r":�4�5�?IJ*,�5�?�>$	oi�#&'"L�4�0*�$F.'*�65.�.9"�j��;*��#�;��$
�� ��#&'"r7F6#":.9�;(@�#�;��$)"+656#�>6Q���UHF�#"�.v*��i7'65"+j��;��HF�#E;A��2H'q>q�":�4�5"�.
0 �E^F_�'�6|O
/l�?q>H'65"�� �>�>� * � *�$F. �>�>� 3 � 7'65"��#"+$m�{�#&'"g*�(�(@H'60*�(+A��� C�#&F"

*�E;q��>6#�?�#&FI��~ M�>6 b � SW�?�#&%�;$F(@65"�*>�2�;$'q)$mHFI83h"+6r�� U3'HF(0k>"@�0�
� /l�;q�H'65" �>�>� * �2� *�$.�oNSW�?�#&��?$F(+6#":*��#�?$Fq�$�H'I83h"+6v�� 8(+"+E;E;�
� /l�;q�H'65" �>�>� 3 �2� O /F��6Q�#&'���i.'*,�0*8�#"@�W*�$F.� M�>6Q*��2IJ*�E;Eh$mHFI�s
3h"+6Y��  M65"�nmH'"�$F(@�;"���o�b3^<���Y*�3'E?"U�5��7'65"�.9��(^�{�5&'"{}4�>�?$J65"��#H'E?�
�#�?K�"y*�E?I��m�4�W"@u'*>(^�#E;A�O

� � df_.t�gVx.7�9;_y4 j ���þ25�auA:
�`$��#&F�;�{7*�7h"+6:o�Si"W&F*Vj�"W�2�#HF.9�;"�.-�5&'"p7'65��3FE?"�I �� �(@�>I�7'H9�2s
�;$'qt�>79�#�;IJ*�ED&'���4�5��q>65*�I���ohSW&'�;(0&LI��?$'�;I��?K�"8�5&'"�"+656#�>6p M�>6
*Lq��;j�"+$w*�I���HF$>�J�� ~�27*�(@">Ox�G"v&F*Vj�")7'65�,jm��.9":.x�#"+j�"�65*�E
*�E;q��>6#�?�#&FI���3F*>�2":.x�>$z.9A�$F*�I-��(t7'6#�>q�60*�I�I��?$FqX�#&*,��*�65"
�#&F" "F60�4�r�5�/"�HJ(+�?"�$m�#E;AG*�$F.%7'65"�(@���#"+E;AL(@�>I�7'H9�#"���79�5�?IJ*�E
&'���4�5��q>65*�I��lH'$.9"+6Y*yE�*�65q�"W(+E;*>�#�D�� h"�6#65��6DI�"@�56#��(+��o��;$F(@E;HF.�s
�;$'q/�5&'")SQ"�E?E?s|k�$'�,SW$J�NsE%~7'�#�;I�*�EU&'�;�2�#�>q�60*�IJ��oD*�$F.<&F*Vj>"
�#&'�,SW$)�#&F*��p�#&'"87"�62 M�>6#IJ*�$(@"r�� D��HF6N*�E;q��>6#�?�#&'IJ�W(�*�$13h"
�;I-7F6#�,j>"�.)3�Av�#"+j>"+60*�E	�>65.'"+60�W�� fIJ*�q>$'�?�#HF.9"8�#&'65��HFq�&v�#&F"
HF�#"X�� ��#"+j>"+60*�EW$'�>$>�56#�;j��;*�Ep��7'�#�;I-�;K�*��#�;��$F��Oo%~H'6�"+u�7h"+65�?s
I�"+$m�5�)�#&'�,S �#&F*��t�5&'"L*�E?q>��65�=�5&'IJ����3'�5*��;$ �#�?q>$'�I"(+*�$>�5E?A
3h"@�2�5"+6N*>(+(+H'65*>(@A��5&F*�$)�#&F"rkm$F�,SW$�&'"�H'6#���2�#��(+��O
�G"g&*Vj�"y*�E��2���4�5HF.9�;"�.��#&'"r.9H*�E�7'65��3'E;"+I �� �I��;$'�;I-�;K@s

�;$'q/�5&'"v�27F*>(@"t6#":n>HF�?65"�.��#�/I�"�"@��*Xq>�?j>"+$x"�6#65��6�3�>H'$F.�o
*�$.x&F*Vj>"t7F6#�>7�m�2":.z*GSU*VA<�� g*�H'q�I�"�$>�5�?$FqG&F�;�2�#�>q�60*�IJ�
�#�t6#"+�#H'65$ < � c,- [!]]=Ja � c�b#c,?] �A� \� M��6g�2"�E?":(^�#�;j��=�4Av":�4�5�?IJ*,�5�?�>$
nmH'"+65�;"���O1/l�;$F*�E;E;A�o	Si"�&F*Vj�"�"@u��5"+$F.9":./�>H'6y�#":(0&'$'��nmH'"��g�5�
�;$F(@�>6#7h��60*,�5"�k�$'�,SWE?":.9q�"r�� f�#&F"�nmH'"+65AvSQ�>6#k)E;�>*�.1*�$F.v�5�
��.9"+$m�#�? MA-��79�5�?IJ*�EF&'�;�2�#�>q�60*�IJ�� M��6f60*�$Fq�"W*�$F.~}4�>�?$JnmH'"+65�;"���O

� tauA_.d�^ g;��7y4f���þ��_3`o:
>5U�C { � G|YOZ ��YON��±C {Äh N�MOT;UmYOZ\in�X£ 0 U�M } G�Y }j{ C 0 U�M } G�Y;CFM;C�£ 0 CSMOi?��Nh ZmZFMR£��5C { {�} G  ZLC { {�} � } GP£mÇ�i } l 3 ZJM { £m= { ��MONV¥��"��iq� ¡ � Z�£ 13} � ZJpinCJZJG � } � } MOZ l ZJ� ijZ\G°C { ����M } ��U�CFM��|CF[¤CJG�¥5CJ[��3�±ZFM ~ CFij��CJE�ijN5� } G�pTP��GQG } Z { G�C { �.T�Z\[�[�N { YOGDZ { YOU�N?¥8M } YONP� l GPW�ÅeN©CJijGQZ"YOU�C { � YOU�NMON ~�} N�¥5NVMOG©�±ZFM5YOU N } M©TPZ\[�[�N { YOGP£LC { � h NVYQY�� ��CJi ¡ EoN�MOIy�±ZFM8Z ~ N�MQpGQNPN }j{ I�YOU N l MON l CSM;CFY } Z { ZF��YOU N|µ { CFi l C l N�MRW

j �
	P�°�a��_�t���:
� 0 � h� '����aW ( W 0 Z { YON.C { � 0 CFMOi���N h ZmZJMRW��8Á��V¿�����¼�À��;Â�����¹¿����;½��OÀ\Á�� �oÀ\Á Â"!O½#!%$&� �§À\Á ªL«��;½±¼('�¿1½)�.À;»L»*�Q«RÀ+�,'�W ¢ T�p

- M;CP¥ �3} iji ) ��E i } GQU }j{ I 0 Z\[ l C { �m£  �6 � '�W
� � h 6 � � 0 CFMOiD��N h ZmZFMRW ) NVMOGQZ { CFiDTPZJ[�[1� { } TRCFY } Z { W  �6$6 � W
� - 9 �;+�%.�/>|W - CFGQGQN�MR£
/�W 9�{ I\NPi¾£°C { � h W ��N } ��N�MQYRW 1 Z { l CSM;CFp[�N�YQM } T���N { G } Y��¯NPG�Y } [¤CSY } Z { W�� ���1032�¼�ÀJ¼40n£ ��N l YONP[�pEoN�M  "6#+�%�W
� � �;6�'�� ) W � CJCJG�C { �y=.W&�m¥8CF[ } W5��NR m��N { Y } CFi5��CJ[ l i }j{ I ) MOZJpTPNR����MONPG|��ZJM65|��N�MQ� � }n¡ N 9 G�Y } [¤CSY } Z { W87&�Q«.�,�9�Q¬J½#�mª�!«;:8�6<�=>2@?"A3=)º3BDC&2�À��EBA½F�éªL«�CG<��|£ l CJIJNPG�/#-; �H

/�%&!�£I/J� { N  �6$6$'�W



40

60

80

100

120

140

160

0 5 10 15 20 25 30

Av
er

ag
e 

Er
ro

r

Number of Buckets

Census Data D2: N=732

"EquiDepth"
"EquiWidth"

"MaxDiff"
"DP"

20

40

60

80

100

120

140

100 200 300 400 500 600 700

Av
er

ag
e 

Er
ro

r

N

Census Data D2: B=10

"EquiDepth"
"EquiWidth"

"MaxDiff"
"DP"

� * � b � �D�`$F(@65"�*>�2�;$'q�n � 3 � b � �{�`$F(@65"�*>�2�;$'q��
/l�?q>H'6#" � � �9b ^Do W nmH'�?� ��.��5&	o W nmH'� b~"+79�5&	o�fX*�uGb~�?�X M��6 b �

1000

10000

100000

1e+06

1e+07

1e+08

0 5 10 15 20 25 30

St
an

da
rd

 D
ev

ia
tio

n 
of

 E
rro

r

Number of Buckets

Census Data D2: N=732

"EBV"
"EquiWidth"
"EquiDepth"

"MaxDiff"
"DP"

1

10

100

1000

10000

100000

1e+06

1e+07

1e+08

100 200 300 400 500 600 700

St
an

da
rd

 D
ev

ia
tio

n 
of

 E
rro

r

N

Census Data D2: B=10

"EBV"
"EquiWidth"
"EquiDepth"

"MaxDiff"
"DP"

� * � b � �D�`$F(@65"�*>�2�;$'q�n � 3 � b � �{�`$F(@65"�*>�2�;$'q��
/l�?q>H'6#" �>� �9b ^Do W nmH'�;� �;.��5&	o W n>HF� b~"+79�5&	o W n���o�fX*�uGb~�?�X M��65b �

�  Z\C$6$/�� �1W  ZLC { {�} � } GPW z|{�}j~ N�MOGOCJi } Y��ÄZJ�6GQNVM } CFi5U } G�YOZJIJM;CJ[�GPW
7��«.��0e«;: ¼('�� ��� ¼(' ?,� ¼40�<�«�� :.0(«���¸����VÂ��kÀ��éª �
B.ÀJ¼�À��;À"! ��!O£ l CJI\N�G2'#%#*.H;'#* � £ ( N�TPNP[1EoNVM� "6#6$/�W

�  ) 6�%.� �1W  ZLC { {�} � } G(C { ����W ) ZmZ\GOCFinC�W h CJinC { T }j{ I�U } G�pYOZ\IFM;CJ[ Z l Y } [¤CJi } Y��´C { � l M;CFT�Y } TRCJi } Y����±ZFM3 ���N�MQ��MON�pGQ� iqY¤G }j¡ N�NPG�Y } [¤CFY } Z { W 7&�Q«.��0"« : �6<�= 2@?"A3=)º3BA£
l CFI\NPG2'#/#/�H;'.-$-�£ ¢ CP�  �6$6�%mW

� / 3 ��6#+"� � W���W /LCFILCJ� } GQUk£ 1|} T � 3 ZJ����CJGP£�C { � 3 W 0 W ��N ~ T } � W
0 U ZmZJG }n{ I h ��T � N�Y h ZJ� { � CFM } NPG§��ZJM¦C �|} G�YOZJIJM;CJ[§W
	 ��½�
����,!;½�¼¾Ây«;:�o«���«�� ¼�«��1� �,' ��½��OÀ\Á�� �r»�«��;¼)C����|¹������J£¢ CP�  �6$6$+�W

� 3 ZmZ�+#!"� �.W ) W 3 ZmZ } W�� '��y«V»�¼¾½�¿1½��RÀJ¼¾½é«"�e«;:��%�����;½F��!A½#� �9��ÁjÀJ¹
¼¾½é«���À\Á�¬LÀJ¼�À��;À"! ��!OW ) U ( YOU NPG } GP£ 0 CFGQN.Å(NPG�YON�M { �fN�pGQN�M ~ N�M z3{ }j~ N�MOG } Y��m£���N l Y  �6$+#!�W

� B 1 ��6$!�� �.W@/�W�B } l YOZ { £�/�W Ç©W 1 CJ� IJUmYOZ { £�C { � ( W�=.W���TVU { N } p��N�MRW ) M;CJTVY } TPCJi�GQN�inN�T�Y }j~�} Yr��NPG�Y } [¤CSY } Z { YOU�MOZJ� IJU
C\��C l Y }j~ N)GOCF[ l i }j{ I�W 7&�Q«.��0�«;: �6<�= 2@?"A3=)º3BA£
l CFI\NPG  �H  $ \£ ¢ CP�  �6$6$!�W

� ¢ 0 ��+#+"� ¢ W��.W ¢ C { { }j{ Z�£ ) W 0 U��k£oC { �´>|W ��CFI\N�MRW ��Y;CSY } G�Y } pTRCJi l MOZJµ ijNfN�G�Y } [¤CSY } Z {�}j{ � CSY;CJE�CFGQN3G���G�YONP[�GPW1�6<�=
<�«J¿|»���¼¾½(��ª�2 � ��
��VÂ"!O£ '#!�²�/L³��7 "6$'.H;'#', J£ ��N l Y  �6$+#+�W

� ¢�) �;6$+�� �aW ¢ ��YOU�� � M } GQU { C { £���W ) ZmZ\GOCFi�C�£�C { ��>|W,��� N�iéW1� l pY } [¤CJi �3} G�YOZJIJM;CF[�G©¥ } YOU 5|� CJi } Y�� - � CFM;C { YON�NPGPW ����Á±Á
�DÀ!�%!��1� �,' ��½��OÀ\Á"� �r»�«��;¼¾£ ¢ CP�  "6$6#+�W

� ���2+#*"� Ç©W �|i � N { C { � ( W �fZJYONP[§W � } [ l ijN¤M;C { ��Z\[ GOCJ[�p
l i }j{ I���MOZ\[ MONPinCFY } Z { CJi���CFY;CFE�CJGQN�GPW 7&�Q«.��0¤«;:(¼('��
�$# ¼('�?,� ¼40 <�«�� :.0A«�� ¸����VÂ%�DÀ"�éª � ByÀJ¼�À!�OÀ�!%��!O£"=f��p
I\��G�Y� �6$+#*�W

� )� 6 � � ��W ) ZmZJGOCJinC�C { � ��W  Z\C { {�} � } GPW ��N�inN�T�Y }j~�} Yr��NPG�Y } [¤CFpY } Z { ¥ } YOU Z\��Y�YOU�NÄCSYQYQM } E ��YON ~ CJij� N }j{ ��N l N { ��N { T�NCJGQGQ��[ l Y } Z { W*7&�Q«.��0o«;:5¼('�� # �+��¬ ?,��¼40 <�«"�.:.0o«��)¸����;Â
�DÀ��¾ª �DB.ÀJ¼�À��;À"! ��!O£a=f� IJ� G�Y  "6#6 � W

� )�r� �;6$*"����W ) ZmZ\GOCJinC�£ �1W  Z\C { {�} � } GP£ ) W � CJCJGP£�C { �
9 W ��U N � } Y;C�W  [ l MOZ ~ NP�§U } G�YOZ\IFM;CJ[�G|��ZJMyGQNPijNPT�Y }j~�} Y��NPG�Y } [¤CFY } Z { ZJ�"M;C { IJN l MONR� } TPCFYONPGPW 7��«.��0y« :��6<�=
2@?"A3=)º3BA£ l CFI\NPG4'#6&-"H5/$!�%m£ /\� { N  "6#6$*�W

� � 0 +&-�� - W ) W ��U C l } MOZ�C { � 0 W 0 Z {�{ NPiji¾W�=3TPT���M;CFYON3NPG�Y } [¤CFpY } Z { ZJ�©YOU�N { � [�EoN�M3ZJ�©YO� l ijNPG3GOCFY } G���� }j{ I�C¤TPZ { � } pY } Z { W 7��«.��0|«;:��6<�= 2@?"A3=)º3BA£ l CJIJNPG '$%&*�H,' � *�£
 "6#+#-�W

� & } l -�6"� - W 3 W & } l ��W('���¿�À��)�,�9'�À�
R½é«�� �¤À"�o¬´¼('��|»*�;½#�*��½ »oÁ��«;:�Á��QÀ�!O¼ ��*3«��;¼¾W =3� � } GQZ { péÅeN�GQinNV�m£ �fNRC\� }j{ I�£ ¢ =.£
 "6&-�6�W


