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level 1 

level 2 

level 3 

buffer 

size ratio: T

LSM Basics
: pages in bufferP

<latexit sha1_base64="kXJOtC0Q+7S8drNnPDQp6Ty5n8I=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1VqrXmk08jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGqTYzW</latexit>

: entries/pageB
<latexit sha1_base64="mxAirIotijmauiCEBBqGklzDcEk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZ7HUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flRWMyA==</latexit>

: #levels L
<latexit sha1_base64="b4yaNqEsiUf6kUcRaHNyy4jRZ4A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>

: size ratioT
<latexit sha1_base64="SLHnCyxAtuYZIE/CwqAS9gT2cZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOCv2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtlsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+wXYza</latexit>



buffer 

Buffering ingestion
put(2)
put(6)
put(1)



buffer 2

put(6)
put(1)
put(4)

Buffering ingestion



buffer 2 6

put(1)
put(4)
put(6)

Buffering ingestion



buffer 2 6 1

put(4)
Buffering ingestion



buffer 2 6 1 4

Buffering ingestion



buffer 1 2 4 6

Buffering ingestion



buffer 

Buffering ingestion



buffer 

Buffering ingestion

level 1 

low ingestion cost
fast temporal reads 
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Immutable files on storage

compact storage 
good ingestion throughput

How do we update data?
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Out-of-place updates

fast ingestion 
space amplification 
slow reads

How do we reduce this space amplification?
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level 4 

buffer 

level 2 

level 3 

Periodic compactions

level 1 

low space amplification 
makes reads better
adds write amplification 

: pages in bufferP
<latexit sha1_base64="kXJOtC0Q+7S8drNnPDQp6Ty5n8I=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1VqrXmk08jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGqTYzW</latexit>

: entries/pageB
<latexit sha1_base64="mxAirIotijmauiCEBBqGklzDcEk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZ7HUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flRWMyA==</latexit>

: #levels L
<latexit sha1_base64="b4yaNqEsiUf6kUcRaHNyy4jRZ4A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>

: size ratioT
<latexit sha1_base64="SLHnCyxAtuYZIE/CwqAS9gT2cZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOCv2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtlsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+wXYza</latexit>

capacity 
(entries)

P ·B · T
<latexit sha1_base64="AxMufVbj8t0P7+nmBmxaEneiaBs=">AAAB+HicbVDLSgMxFM34rPXRUZdugkVwVWaqoMuiG1dSoS9oh5LJZNrQTDIkd4Ra+iVuXCji1k9x59+YtrPQ1gOXezjnXnJzwlRwA5737aytb2xubRd2irt7+wcl9/CoZVSmKWtSJZTuhMQwwSVrAgfBOqlmJAkFa4ej25nffmTacCUbME5ZkJCB5DGnBKzUd0v1Ho0U4JtFa/Tdslfx5sCrxM9JGeWo992vXqRoljAJVBBjur6XQjAhGjgVbFrsZYalhI7IgHUtlSRhJpjMD5/iM6tEOFbalgQ8V39vTEhizDgJ7WRCYGiWvZn4n9fNIL4OJlymGTBJFw/FmcCg8CwFHHHNKIixJYRqbm/FdEg0oWCzKtoQ/OUvr5JWteJfVKoPl+XafR5HAZ2gU3SOfHSFaugO1VETUZShZ/SK3pwn58V5dz4Wo2tOvnOM/sD5/AG3tJKD</latexit>

P ·B · T 2
<latexit sha1_base64="AYbL/UclSUQLfF0kTPgG8k7scAk=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KkkVdFl040oq9AVtLJPJpB06yYSZiVJiP8WNC0Xc+iXu/BunbRbaeuByD+fcy9w5fsKZ0o7zba2srq1vbBa2its7u3v7dumgpUQqCW0SwYXs+FhRzmLa1Exz2kkkxZHPadsfXU/99gOViom4occJ9SI8iFnICNZG6tuleo8EQqOreWvcV/t22ak4M6Bl4uakDDnqffurFwiSRjTWhGOluq6TaC/DUjPC6aTYSxVNMBnhAe0aGuOIKi+bnT5BJ0YJUCikqVijmfp7I8ORUuPIN5MR1kO16E3F/7xuqsNLL2Nxkmoak/lDYcqRFmiaAwqYpETzsSGYSGZuRWSIJSbapFU0IbiLX14mrWrFPatU787Ltds8jgIcwTGcggsXUIMbqEMTCDzCM7zCm/VkvVjv1sd8dMXKdw7hD6zPH+cFkyc=</latexit>

P ·B · T 3
<latexit sha1_base64="XTU6RK6b8Yn/+AArt5KmOqkKVU0=">AAAB+nicbVDLTgIxFL2DL8TXoEs3jcTEFZkBE10S3bgymPBKYCSdTgcaOp1J29EQ5FPcuNAYt36JO//GArNQ8CQ39+Sce9Pb4yecKe0431ZubX1jcyu/XdjZ3ds/sIuHLRWnktAmiXksOz5WlDNBm5ppTjuJpDjyOW37o+uZ336gUrFYNPQ4oV6EB4KFjGBtpL5drPdIEGt0tWiN+2rfLjllZw60StyMlCBDvW9/9YKYpBEVmnCsVNd1Eu1NsNSMcDot9FJFE0xGeEC7hgocUeVN5qdP0alRAhTG0pTQaK7+3pjgSKlx5JvJCOuhWvZm4n9eN9XhpTdhIkk1FWTxUJhypGM0ywEFTFKi+dgQTCQztyIyxBITbdIqmBDc5S+vklal7FbLlbvzUu02iyMPx3ACZ+DCBdTgBurQBAKP8Ayv8GY9WS/Wu/WxGM1Z2c4R/IH1+QPoiZMo</latexit>

P ·B · T 4
<latexit sha1_base64="QRCrRsNcUfqZGVndC3b7pz0e24s=">AAAB+nicbVDLTgIxFL2DL8TXoEs3jcTEFZlBEl0S3bgymPBKYCSdTgcaOp1J29EQ5FPcuNAYt36JO//GArNQ8CQ39+Sce9Pb4yecKe0431ZubX1jcyu/XdjZ3ds/sIuHLRWnktAmiXksOz5WlDNBm5ppTjuJpDjyOW37o+uZ336gUrFYNPQ4oV6EB4KFjGBtpL5drPdIEGt0tWiN+2rfLjllZw60StyMlCBDvW9/9YKYpBEVmnCsVNd1Eu1NsNSMcDot9FJFE0xGeEC7hgocUeVN5qdP0alRAhTG0pTQaK7+3pjgSKlx5JvJCOuhWvZm4n9eN9XhpTdhIkk1FWTxUJhypGM0ywEFTFKi+dgQTCQztyIyxBITbdIqmBDc5S+vklal7J6XK3fVUu02iyMPx3ACZ+DCBdTgBurQBAKP8Ayv8GY9WS/Wu/WxGM1Z2c4R/IH1+QPqDZMp</latexit>

P ·B · T
<latexit sha1_base64="AxMufVbj8t0P7+nmBmxaEneiaBs=">AAAB+HicbVDLSgMxFM34rPXRUZdugkVwVWaqoMuiG1dSoS9oh5LJZNrQTDIkd4Ra+iVuXCji1k9x59+YtrPQ1gOXezjnXnJzwlRwA5737aytb2xubRd2irt7+wcl9/CoZVSmKWtSJZTuhMQwwSVrAgfBOqlmJAkFa4ej25nffmTacCUbME5ZkJCB5DGnBKzUd0v1Ho0U4JtFa/Tdslfx5sCrxM9JGeWo992vXqRoljAJVBBjur6XQjAhGjgVbFrsZYalhI7IgHUtlSRhJpjMD5/iM6tEOFbalgQ8V39vTEhizDgJ7WRCYGiWvZn4n9fNIL4OJlymGTBJFw/FmcCg8CwFHHHNKIixJYRqbm/FdEg0oWCzKtoQ/OUvr5JWteJfVKoPl+XafR5HAZ2gU3SOfHSFaugO1VETUZShZ/SK3pwn58V5dz4Wo2tOvnOM/sD5/AG3tJKD</latexit>



level 4 

buffer 

level 2 

level 3 

Periodic compactions

level 1 

low space amplification 
makes reads better
adds write amplification 

: pages in bufferP
<latexit sha1_base64="kXJOtC0Q+7S8drNnPDQp6Ty5n8I=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1VqrXmk08jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGqTYzW</latexit>

: entries/pageB
<latexit sha1_base64="mxAirIotijmauiCEBBqGklzDcEk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZ7HUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flRWMyA==</latexit>

: #levels L
<latexit sha1_base64="b4yaNqEsiUf6kUcRaHNyy4jRZ4A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>

: size ratioT
<latexit sha1_base64="SLHnCyxAtuYZIE/CwqAS9gT2cZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOCv2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtlsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+wXYza</latexit>

capacity 
(entries)

P ·B · T
<latexit sha1_base64="AxMufVbj8t0P7+nmBmxaEneiaBs=">AAAB+HicbVDLSgMxFM34rPXRUZdugkVwVWaqoMuiG1dSoS9oh5LJZNrQTDIkd4Ra+iVuXCji1k9x59+YtrPQ1gOXezjnXnJzwlRwA5737aytb2xubRd2irt7+wcl9/CoZVSmKWtSJZTuhMQwwSVrAgfBOqlmJAkFa4ej25nffmTacCUbME5ZkJCB5DGnBKzUd0v1Ho0U4JtFa/Tdslfx5sCrxM9JGeWo992vXqRoljAJVBBjur6XQjAhGjgVbFrsZYalhI7IgHUtlSRhJpjMD5/iM6tEOFbalgQ8V39vTEhizDgJ7WRCYGiWvZn4n9fNIL4OJlymGTBJFw/FmcCg8CwFHHHNKIixJYRqbm/FdEg0oWCzKtoQ/OUvr5JWteJfVKoPl+XafR5HAZ2gU3SOfHSFaugO1VETUZShZ/SK3pwn58V5dz4Wo2tOvnOM/sD5/AG3tJKD</latexit>

P ·B · T 2
<latexit sha1_base64="AYbL/UclSUQLfF0kTPgG8k7scAk=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KkkVdFl040oq9AVtLJPJpB06yYSZiVJiP8WNC0Xc+iXu/BunbRbaeuByD+fcy9w5fsKZ0o7zba2srq1vbBa2its7u3v7dumgpUQqCW0SwYXs+FhRzmLa1Exz2kkkxZHPadsfXU/99gOViom4occJ9SI8iFnICNZG6tuleo8EQqOreWvcV/t22ak4M6Bl4uakDDnqffurFwiSRjTWhGOluq6TaC/DUjPC6aTYSxVNMBnhAe0aGuOIKi+bnT5BJ0YJUCikqVijmfp7I8ORUuPIN5MR1kO16E3F/7xuqsNLL2Nxkmoak/lDYcqRFmiaAwqYpETzsSGYSGZuRWSIJSbapFU0IbiLX14mrWrFPatU787Ltds8jgIcwTGcggsXUIMbqEMTCDzCM7zCm/VkvVjv1sd8dMXKdw7hD6zPH+cFkyc=</latexit>

P ·B · T 3
<latexit sha1_base64="XTU6RK6b8Yn/+AArt5KmOqkKVU0=">AAAB+nicbVDLTgIxFL2DL8TXoEs3jcTEFZkBE10S3bgymPBKYCSdTgcaOp1J29EQ5FPcuNAYt36JO//GArNQ8CQ39+Sce9Pb4yecKe0431ZubX1jcyu/XdjZ3ds/sIuHLRWnktAmiXksOz5WlDNBm5ppTjuJpDjyOW37o+uZ336gUrFYNPQ4oV6EB4KFjGBtpL5drPdIEGt0tWiN+2rfLjllZw60StyMlCBDvW9/9YKYpBEVmnCsVNd1Eu1NsNSMcDot9FJFE0xGeEC7hgocUeVN5qdP0alRAhTG0pTQaK7+3pjgSKlx5JvJCOuhWvZm4n9eN9XhpTdhIkk1FWTxUJhypGM0ywEFTFKi+dgQTCQztyIyxBITbdIqmBDc5S+vklal7FbLlbvzUu02iyMPx3ACZ+DCBdTgBurQBAKP8Ayv8GY9WS/Wu/WxGM1Z2c4R/IH1+QPoiZMo</latexit>

P ·B · T 4
<latexit sha1_base64="QRCrRsNcUfqZGVndC3b7pz0e24s=">AAAB+nicbVDLTgIxFL2DL8TXoEs3jcTEFZlBEl0S3bgymPBKYCSdTgcaOp1J29EQ5FPcuNAYt36JO//GArNQ8CQ39+Sce9Pb4yecKe0431ZubX1jcyu/XdjZ3ds/sIuHLRWnktAmiXksOz5WlDNBm5ppTjuJpDjyOW37o+uZ336gUrFYNPQ4oV6EB4KFjGBtpL5drPdIEGt0tWiN+2rfLjllZw60StyMlCBDvW9/9YKYpBEVmnCsVNd1Eu1NsNSMcDot9FJFE0xGeEC7hgocUeVN5qdP0alRAhTG0pTQaK7+3pjgSKlx5JvJCOuhWvZm4n9eN9XhpTdhIkk1FWTxUJhypGM0ywEFTFKi+dgQTCQztyIyxBITbdIqmBDc5S+vklal7J6XK3fVUu02iyMPx3ACZ+DCBdTgBurQBAKP8Ayv8GY9WS/Wu/WxGM1Z2c4R/IH1+QPqDZMp</latexit>

How about queries?

P ·B · T
<latexit sha1_base64="AxMufVbj8t0P7+nmBmxaEneiaBs=">AAAB+HicbVDLSgMxFM34rPXRUZdugkVwVWaqoMuiG1dSoS9oh5LJZNrQTDIkd4Ra+iVuXCji1k9x59+YtrPQ1gOXezjnXnJzwlRwA5737aytb2xubRd2irt7+wcl9/CoZVSmKWtSJZTuhMQwwSVrAgfBOqlmJAkFa4ej25nffmTacCUbME5ZkJCB5DGnBKzUd0v1Ho0U4JtFa/Tdslfx5sCrxM9JGeWo992vXqRoljAJVBBjur6XQjAhGjgVbFrsZYalhI7IgHUtlSRhJpjMD5/iM6tEOFbalgQ8V39vTEhizDgJ7WRCYGiWvZn4n9fNIL4OJlymGTBJFw/FmcCg8CwFHHHNKIixJYRqbm/FdEg0oWCzKtoQ/OUvr5JWteJfVKoPl+XafR5HAZ2gU3SOfHSFaugO1VETUZShZ/SK3pwn58V5dz4Wo2tOvnOM/sD5/AG3tJKD</latexit>
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Cost analysis
w/o F&I:

: pages in bufferP
<latexit sha1_base64="kXJOtC0Q+7S8drNnPDQp6Ty5n8I=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1VqrXmk08jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGqTYzW</latexit>

: entries/pageB
<latexit sha1_base64="mxAirIotijmauiCEBBqGklzDcEk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZ7HUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flRWMyA==</latexit>

: #levels L
<latexit sha1_base64="b4yaNqEsiUf6kUcRaHNyy4jRZ4A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>

: size ratioT
<latexit sha1_base64="SLHnCyxAtuYZIE/CwqAS9gT2cZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOCv2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtlsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+wXYza</latexit>

: #entriesN
<latexit sha1_base64="TAIL0DmqaJ4hbEEdPJVrqUCa7ZI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWat71yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5odOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmX5MBV8iMmFhCmeL2VsJGVFFmbDYlG4K3/PIqadeq3kW11rys1Ot5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AadFjNQ=</latexit>

O(
X

i

log2(P · T i))
<latexit sha1_base64="UxPOad/ila85CGye+fY5Yxh1KvM=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XQbkpSBV0W3bizQl/QxDCZTNuhk0yYmQgl9Avc+CtuXCji1rU7/8ZJm4W2HrhwOOde7r3HjxmVyrK+jcLa+sbmVnG7tLO7t39gHh51JU8EJh3MGRd9H0nCaEQ6iipG+rEgKPQZ6fmT68zvPRAhKY/aahoTN0SjiA4pRkpLnllxQqTGGLH0dlZ1ZBJ6FDI+8hrVloMDrmD7ntZqnlm26tYccJXYOSmDHC3P/HICjpOQRAozJOXAtmLlpkgoihmZlZxEkhjhCRqRgaYRCol00/k7M1jRSgCHXOiKFJyrvydSFEo5DX3dmR0vl71M/M8bJGp46aY0ihNFIrxYNEwYVBxm2cCACoIVm2qCsKD6VojHSCCsdIIlHYK9/PIq6Tbq9lm9cXdebl7lcRTBCTgFVWCDC9AEN6AFOgCDR/AMXsGb8WS8GO/Gx6K1YOQzx+APjM8fvDSbPQ==</latexit>
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O(logTN/(P ·B))
<latexit sha1_base64="vArawk5H7EMFHYFA6NMGbO+eD4E=">AAACCXicbVDLSsNAFJ34rPUVdelmsAjtpiZV0GXRjataoS9oQphMJu3QSSbMTIQSunXjr7hxoYhb/8Cdf+O0zUJbD1w4nHMv997jJ4xKZVnfxsrq2vrGZmGruL2zu7dvHhx2JE8FJm3MGRc9H0nCaEzaiipGeokgKPIZ6fqjm6nffSBCUh631DghboQGMQ0pRkpLngmdCKkhRiy7m5QZH3gt2DgrN6GDA67gdaXimSWras0Al4mdkxLI0fTMLyfgOI1IrDBDUvZtK1FuhoSimJFJ0UklSRAeoQHpaxqjiEg3m30ygadaCWDIha5YwZn6eyJDkZTjyNed07vlojcV//P6qQqv3IzGSapIjOeLwpRBxeE0FhhQQbBiY00QFlTfCvEQCYSVDq+oQ7AXX14mnVrVPq/W7i9K9UYeRwEcgxNQBja4BHVwC5qgDTB4BM/gFbwZT8aL8W58zFtXjHzmCPyB8fkD1u6YhA==</latexit>

w/o F&I:

w/ index:

: pages in bufferP
<latexit sha1_base64="kXJOtC0Q+7S8drNnPDQp6Ty5n8I=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1VqrXmk08jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGqTYzW</latexit>

: entries/pageB
<latexit sha1_base64="mxAirIotijmauiCEBBqGklzDcEk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZ7HUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flRWMyA==</latexit>

: #levels L
<latexit sha1_base64="b4yaNqEsiUf6kUcRaHNyy4jRZ4A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>

: size ratioT
<latexit sha1_base64="SLHnCyxAtuYZIE/CwqAS9gT2cZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOCv2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtlsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+wXYza</latexit>

: #entriesN
<latexit sha1_base64="TAIL0DmqaJ4hbEEdPJVrqUCa7ZI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWat71yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5odOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmX5MBV8iMmFhCmeL2VsJGVFFmbDYlG4K3/PIqadeq3kW11rys1Ot5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AadFjNQ=</latexit>

O(
X

i

log2(P · T i))
<latexit sha1_base64="UxPOad/ila85CGye+fY5Yxh1KvM=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XQbkpSBV0W3bizQl/QxDCZTNuhk0yYmQgl9Avc+CtuXCji1rU7/8ZJm4W2HrhwOOde7r3HjxmVyrK+jcLa+sbmVnG7tLO7t39gHh51JU8EJh3MGRd9H0nCaEQ6iipG+rEgKPQZ6fmT68zvPRAhKY/aahoTN0SjiA4pRkpLnllxQqTGGLH0dlZ1ZBJ6FDI+8hrVloMDrmD7ntZqnlm26tYccJXYOSmDHC3P/HICjpOQRAozJOXAtmLlpkgoihmZlZxEkhjhCRqRgaYRCol00/k7M1jRSgCHXOiKFJyrvydSFEo5DX3dmR0vl71M/M8bJGp46aY0ihNFIrxYNEwYVBxm2cCACoIVm2qCsKD6VojHSCCsdIIlHYK9/PIq6Tbq9lm9cXdebl7lcRTBCTgFVWCDC9AEN6AFOgCDR/AMXsGb8WS8GO/Gx6K1YOQzx+APjM8fvDSbPQ==</latexit>
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Cost analysis
: pages in bufferP

<latexit sha1_base64="kXJOtC0Q+7S8drNnPDQp6Ty5n8I=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1VqrXmk08jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGqTYzW</latexit>

: entries/pageB
<latexit sha1_base64="mxAirIotijmauiCEBBqGklzDcEk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZ7HUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flRWMyA==</latexit>

: #levels L
<latexit sha1_base64="b4yaNqEsiUf6kUcRaHNyy4jRZ4A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>

: size ratioT
<latexit sha1_base64="SLHnCyxAtuYZIE/CwqAS9gT2cZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOCv2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtlsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+wXYza</latexit>

: #entriesN
<latexit sha1_base64="TAIL0DmqaJ4hbEEdPJVrqUCa7ZI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWat71yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5odOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmX5MBV8iMmFhCmeL2VsJGVFFmbDYlG4K3/PIqadeq3kW11rys1Ot5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AadFjNQ=</latexit>

w/o F&I:O(
X

i

log2(P · T i))
<latexit sha1_base64="UxPOad/ila85CGye+fY5Yxh1KvM=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XQbkpSBV0W3bizQl/QxDCZTNuhk0yYmQgl9Avc+CtuXCji1rU7/8ZJm4W2HrhwOOde7r3HjxmVyrK+jcLa+sbmVnG7tLO7t39gHh51JU8EJh3MGRd9H0nCaEQ6iipG+rEgKPQZ6fmT68zvPRAhKY/aahoTN0SjiA4pRkpLnllxQqTGGLH0dlZ1ZBJ6FDI+8hrVloMDrmD7ntZqnlm26tYccJXYOSmDHC3P/HICjpOQRAozJOXAtmLlpkgoihmZlZxEkhjhCRqRgaYRCol00/k7M1jRSgCHXOiKFJyrvydSFEo5DX3dmR0vl71M/M8bJGp46aY0ihNFIrxYNEwYVBxm2cCACoIVm2qCsKD6VojHSCCsdIIlHYK9/PIq6Tbq9lm9cXdebl7lcRTBCTgFVWCDC9AEN6AFOgCDR/AMXsGb8WS8GO/Gx6K1YOQzx+APjM8fvDSbPQ==</latexit>

O(L)
<latexit sha1_base64="4Dl9oM8ir7wf0NmUYHD597lEZ0g=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBItQN2WmFXRZcONCtIJ9QDuWTJppQzOZIckoZeh/uHGhiFv/xZ1/Y6adhbYeCBzOuZd7cryIM6Vt+9vKrayurW/kNwtb2zu7e8X9g5YKY0lok4Q8lB0PK8qZoE3NNKedSFIceJy2vfFl6rcfqVQsFPd6ElE3wEPBfEawNtJDL8B6RDBPbqfl69N+sWRX7BnQMnEyUoIMjX7xqzcISRxQoQnHSnUdO9JugqVmhNNpoRcrGmEyxkPaNVTggCo3maWeohOjDJAfSvOERjP190aCA6UmgWcm05Rq0UvF/7xurP0LN2EiijUVZH7IjznSIUorQAMmKdF8YggmkpmsiIywxESbogqmBGfxy8ukVa04tUr17qxUv8nqyMMRHEMZHDiHOlxBA5pAQMIzvMKb9WS9WO/Wx3w0Z2U7h/AH1ucP9YKSMA==</latexit>

w/ index:

How to avoid unnecessary I/Os?



L1 

fence  
pointers  

L4 

L2 

L3 

buffer 

get(7)

7

Cost analysis

Bloom  
filters  

w F&I: O(� · L)
<latexit sha1_base64="p2th+fX54lYfQrXClzh9wXJ8JuM=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEuilJFXRZcONCtIJ9QBPKZDJth05mwsxEKKG48VfcuFDErV/hzr9x0mahrQcuHM65l3vvCWJGlXacb6uwtLyyulZcL21sbm3v2Lt7LSUSiUkTCyZkJ0CKMMpJU1PNSCeWBEUBI+1gdJn57QciFRX8Xo9j4kdowGmfYqSN1LMPvAjpIUYsvZ1UvHhIoYdDoeH1Sc8uO1VnCrhI3JyUQY5Gz/7yQoGTiHCNGVKq6zqx9lMkNcWMTEpeokiM8AgNSNdQjiKi/HT6wgQeGyWEfSFNcQ2n6u+JFEVKjaPAdGYHq3kvE//zuonuX/gp5XGiCcezRf2EQS1glgcMqSRYs7EhCEtqboV4iCTC2qRWMiG48y8vklat6p5Wa3dn5fpNHkcRHIIjUAEuOAd1cAUaoAkweATP4BW8WU/Wi/VufcxaC1Y+sw/+wPr8ATlylrI=</latexit>

: pages in bufferP
<latexit sha1_base64="kXJOtC0Q+7S8drNnPDQp6Ty5n8I=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1VqrXmk08jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGqTYzW</latexit>

: entries/pageB
<latexit sha1_base64="mxAirIotijmauiCEBBqGklzDcEk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZ7HUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flRWMyA==</latexit>

: #levels L
<latexit sha1_base64="b4yaNqEsiUf6kUcRaHNyy4jRZ4A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>

: size ratioT
<latexit sha1_base64="SLHnCyxAtuYZIE/CwqAS9gT2cZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOCv2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtlsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+wXYza</latexit>

: #entriesN
<latexit sha1_base64="TAIL0DmqaJ4hbEEdPJVrqUCa7ZI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWat71yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5odOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmX5MBV8iMmFhCmeL2VsJGVFFmbDYlG4K3/PIqadeq3kW11rys1Ot5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AadFjNQ=</latexit>

: FPR of BF�
<latexit sha1_base64="vfnJsCKOhrAAHGhTD6JQR1zPmBI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeAF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8MOVMG9f9diobm1vbO9Xd2t7+weFR/fikq5NMEdohCU9UP8SaciZpxzDDaT9VFIuQ0144vSv83hNVmiXy0cxSGgg8kSxiBJtCGqYxG9UbbtNdAK0TryQNKNEe1b+G44RkgkpDONZ64LmpCXKsDCOczmvDTNMUkyme0IGlEguqg3xx6xxdWGWMokTZkgYt1N8TORZaz0RoOwU2sV71CvE/b5CZ6DbImUwzQyVZLooyjkyCisfRmClKDJ9Zgoli9lZEYqwwMTaemg3BW315nXRbTe+q2Xq4bvh+GUcVzuAcLsGDG/DhHtrQAQIxPMMrvDnCeXHenY9la8UpZ07hD5zPHxQ8jkE=</latexit>

O(L)
<latexit sha1_base64="4Dl9oM8ir7wf0NmUYHD597lEZ0g=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBItQN2WmFXRZcONCtIJ9QDuWTJppQzOZIckoZeh/uHGhiFv/xZ1/Y6adhbYeCBzOuZd7cryIM6Vt+9vKrayurW/kNwtb2zu7e8X9g5YKY0lok4Q8lB0PK8qZoE3NNKedSFIceJy2vfFl6rcfqVQsFPd6ElE3wEPBfEawNtJDL8B6RDBPbqfl69N+sWRX7BnQMnEyUoIMjX7xqzcISRxQoQnHSnUdO9JugqVmhNNpoRcrGmEyxkPaNVTggCo3maWeohOjDJAfSvOERjP190aCA6UmgWcm05Rq0UvF/7xurP0LN2EiijUVZH7IjznSIUorQAMmKdF8YggmkpmsiIywxESbogqmBGfxy8ukVa04tUr17qxUv8nqyMMRHEMZHDiHOlxBA5pAQMIzvMKb9WS9WO/Wx3w0Z2U7h/AH1ucP9YKSMA==</latexit>

w/o F&I:

w/ index:

O(
X

i

log2(P · T i))
<latexit sha1_base64="UxPOad/ila85CGye+fY5Yxh1KvM=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XQbkpSBV0W3bizQl/QxDCZTNuhk0yYmQgl9Avc+CtuXCji1rU7/8ZJm4W2HrhwOOde7r3HjxmVyrK+jcLa+sbmVnG7tLO7t39gHh51JU8EJh3MGRd9H0nCaEQ6iipG+rEgKPQZ6fmT68zvPRAhKY/aahoTN0SjiA4pRkpLnllxQqTGGLH0dlZ1ZBJ6FDI+8hrVloMDrmD7ntZqnlm26tYccJXYOSmDHC3P/HICjpOQRAozJOXAtmLlpkgoihmZlZxEkhjhCRqRgaYRCol00/k7M1jRSgCHXOiKFJyrvydSFEo5DX3dmR0vl71M/M8bJGp46aY0ihNFIrxYNEwYVBxm2cCACoIVm2qCsKD6VojHSCCsdIIlHYK9/PIq6Tbq9lm9cXdebl7lcRTBCTgFVWCDC9AEN6AFOgCDR/AMXsGb8WS8GO/Gx6K1YOQzx+APjM8fvDSbPQ==</latexit>

� = e�
mBF

N ·ln22
<latexit sha1_base64="k1Bbwml82c6slCSEXrdG160j5yg=">AAACEHicbVDLSgMxFM34rPVVdekmWEQ3lpkq6EYoFcSVVLAP6LRDJpNpQ5PMkGSEMswnuPFX3LhQxK1Ld/6N6WOhrQcuHM65l3vv8WNGlbbtb2thcWl5ZTW3ll/f2NzaLuzsNlSUSEzqOGKRbPlIEUYFqWuqGWnFkiDuM9L0B1cjv/lApKKRuNfDmHQ46gkaUoy0kbzCkRv3KbyEpJueuKFEOOVeWr3OsvQ2c3EQachEuVvOvELRLtljwHniTEkRTFHzCl9uEOGEE6ExQ0q1HTvWnRRJTTEjWd5NFIkRHqAeaRsqECeqk44fyuChUQIYRtKU0HCs/p5IEVdqyH3TyZHuq1lvJP7ntRMdXnRSKuJEE4Eni8KEQR3BUTowoJJgzYaGICypuRXiPjKxaJNh3oTgzL48TxrlknNaKt+dFSvVaRw5sA8OwDFwwDmogBtQA3WAwSN4Bq/gzXqyXqx362PSumBNZ/bAH1ifP9qqnHs=</latexit>
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Cost analysis

Bloom  
filters  

w F&I: O(� · L)
<latexit sha1_base64="p2th+fX54lYfQrXClzh9wXJ8JuM=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEuilJFXRZcONCtIJ9QBPKZDJth05mwsxEKKG48VfcuFDErV/hzr9x0mahrQcuHM65l3vvCWJGlXacb6uwtLyyulZcL21sbm3v2Lt7LSUSiUkTCyZkJ0CKMMpJU1PNSCeWBEUBI+1gdJn57QciFRX8Xo9j4kdowGmfYqSN1LMPvAjpIUYsvZ1UvHhIoYdDoeH1Sc8uO1VnCrhI3JyUQY5Gz/7yQoGTiHCNGVKq6zqx9lMkNcWMTEpeokiM8AgNSNdQjiKi/HT6wgQeGyWEfSFNcQ2n6u+JFEVKjaPAdGYHq3kvE//zuonuX/gp5XGiCcezRf2EQS1glgcMqSRYs7EhCEtqboV4iCTC2qRWMiG48y8vklat6p5Wa3dn5fpNHkcRHIIjUAEuOAd1cAUaoAkweATP4BW8WU/Wi/VufcxaC1Y+sw/+wPr8ATlylrI=</latexit>

: pages in bufferP
<latexit sha1_base64="kXJOtC0Q+7S8drNnPDQp6Ty5n8I=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1VqrXmk08jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGqTYzW</latexit>

: entries/pageB
<latexit sha1_base64="mxAirIotijmauiCEBBqGklzDcEk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZ7HUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flRWMyA==</latexit>

: #levels L
<latexit sha1_base64="b4yaNqEsiUf6kUcRaHNyy4jRZ4A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>

: size ratioT
<latexit sha1_base64="SLHnCyxAtuYZIE/CwqAS9gT2cZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOCv2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtlsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+wXYza</latexit>

: #entriesN
<latexit sha1_base64="TAIL0DmqaJ4hbEEdPJVrqUCa7ZI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWat71yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5odOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmX5MBV8iMmFhCmeL2VsJGVFFmbDYlG4K3/PIqadeq3kW11rys1Ot5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AadFjNQ=</latexit>

: FPR of BF�
<latexit sha1_base64="vfnJsCKOhrAAHGhTD6JQR1zPmBI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeAF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8MOVMG9f9diobm1vbO9Xd2t7+weFR/fikq5NMEdohCU9UP8SaciZpxzDDaT9VFIuQ0144vSv83hNVmiXy0cxSGgg8kSxiBJtCGqYxG9UbbtNdAK0TryQNKNEe1b+G44RkgkpDONZ64LmpCXKsDCOczmvDTNMUkyme0IGlEguqg3xx6xxdWGWMokTZkgYt1N8TORZaz0RoOwU2sV71CvE/b5CZ6DbImUwzQyVZLooyjkyCisfRmClKDJ9Zgoli9lZEYqwwMTaemg3BW315nXRbTe+q2Xq4bvh+GUcVzuAcLsGDG/DhHtrQAQIxPMMrvDnCeXHenY9la8UpZ07hD5zPHxQ8jkE=</latexit>

O(L)
<latexit sha1_base64="4Dl9oM8ir7wf0NmUYHD597lEZ0g=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBItQN2WmFXRZcONCtIJ9QDuWTJppQzOZIckoZeh/uHGhiFv/xZ1/Y6adhbYeCBzOuZd7cryIM6Vt+9vKrayurW/kNwtb2zu7e8X9g5YKY0lok4Q8lB0PK8qZoE3NNKedSFIceJy2vfFl6rcfqVQsFPd6ElE3wEPBfEawNtJDL8B6RDBPbqfl69N+sWRX7BnQMnEyUoIMjX7xqzcISRxQoQnHSnUdO9JugqVmhNNpoRcrGmEyxkPaNVTggCo3maWeohOjDJAfSvOERjP190aCA6UmgWcm05Rq0UvF/7xurP0LN2EiijUVZH7IjznSIUorQAMmKdF8YggmkpmsiIywxESbogqmBGfxy8ukVa04tUr17qxUv8nqyMMRHEMZHDiHOlxBA5pAQMIzvMKb9WS9WO/Wx3w0Z2U7h/AH1ucP9YKSMA==</latexit>

w/o F&I:

w/ index:

O(
X

i

log2(P · T i))
<latexit sha1_base64="UxPOad/ila85CGye+fY5Yxh1KvM=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XQbkpSBV0W3bizQl/QxDCZTNuhk0yYmQgl9Avc+CtuXCji1rU7/8ZJm4W2HrhwOOde7r3HjxmVyrK+jcLa+sbmVnG7tLO7t39gHh51JU8EJh3MGRd9H0nCaEQ6iipG+rEgKPQZ6fmT68zvPRAhKY/aahoTN0SjiA4pRkpLnllxQqTGGLH0dlZ1ZBJ6FDI+8hrVloMDrmD7ntZqnlm26tYccJXYOSmDHC3P/HICjpOQRAozJOXAtmLlpkgoihmZlZxEkhjhCRqRgaYRCol00/k7M1jRSgCHXOiKFJyrvydSFEo5DX3dmR0vl71M/M8bJGp46aY0ihNFIrxYNEwYVBxm2cCACoIVm2qCsKD6VojHSCCsdIIlHYK9/PIq6Tbq9lm9cXdebl7lcRTBCTgFVWCDC9AEN6AFOgCDR/AMXsGb8WS8GO/Gx6K1YOQzx+APjM8fvDSbPQ==</latexit>

� = e�
mBF

N ·ln22
<latexit sha1_base64="k1Bbwml82c6slCSEXrdG160j5yg=">AAACEHicbVDLSgMxFM34rPVVdekmWEQ3lpkq6EYoFcSVVLAP6LRDJpNpQ5PMkGSEMswnuPFX3LhQxK1Ld/6N6WOhrQcuHM65l3vv8WNGlbbtb2thcWl5ZTW3ll/f2NzaLuzsNlSUSEzqOGKRbPlIEUYFqWuqGWnFkiDuM9L0B1cjv/lApKKRuNfDmHQ46gkaUoy0kbzCkRv3KbyEpJueuKFEOOVeWr3OsvQ2c3EQachEuVvOvELRLtljwHniTEkRTFHzCl9uEOGEE6ExQ0q1HTvWnRRJTTEjWd5NFIkRHqAeaRsqECeqk44fyuChUQIYRtKU0HCs/p5IEVdqyH3TyZHuq1lvJP7ntRMdXnRSKuJEE4Eni8KEQR3BUTowoJJgzYaGICypuRXiPjKxaJNh3oTgzL48TxrlknNaKt+dFSvVaRw5sA8OwDFwwDmogBtQA3WAwSN4Bq/gzXqyXqx362PSumBNZ/bAH1ifP9qqnHs=</latexit>

<< 1
<latexit sha1_base64="bH79f4Nmh92ibI2uBz/t9EDiqvw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoIceCl48VrAf0Iay2W7apbubsLsRSuhf8OJBEa/+IW/+GzdpDtr6YODx3gwz84KYM21c99spbWxube+Udyt7+weHR9Xjk66OEkVoh0Q8Uv0Aa8qZpB3DDKf9WFEsAk57wewu83tPVGkWyUczj6kv8ESykBFsMqnZRN6oWnPrbg60TryC1KBAe1T9Go4jkggqDeFY64HnxsZPsTKMcLqoDBNNY0xmeEIHlkosqPbT/NYFurDKGIWRsiUNytXfEykWWs9FYDsFNlO96mXif94gMeGtnzIZJ4ZKslwUJhyZCGWPozFTlBg+twQTxeytiEyxwsTYeCo2BG/15XXSbdS9q3rj4brWahVxlOEMzuESPLiBFtxDGzpAYArP8ApvjnBenHfnY9lacoqZU/gD5/MH0b6NbQ==</latexit>
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Cost analysis

Bloom  
filters  

w F&I: O(� · L)
<latexit sha1_base64="p2th+fX54lYfQrXClzh9wXJ8JuM=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEuilJFXRZcONCtIJ9QBPKZDJth05mwsxEKKG48VfcuFDErV/hzr9x0mahrQcuHM65l3vvCWJGlXacb6uwtLyyulZcL21sbm3v2Lt7LSUSiUkTCyZkJ0CKMMpJU1PNSCeWBEUBI+1gdJn57QciFRX8Xo9j4kdowGmfYqSN1LMPvAjpIUYsvZ1UvHhIoYdDoeH1Sc8uO1VnCrhI3JyUQY5Gz/7yQoGTiHCNGVKq6zqx9lMkNcWMTEpeokiM8AgNSNdQjiKi/HT6wgQeGyWEfSFNcQ2n6u+JFEVKjaPAdGYHq3kvE//zuonuX/gp5XGiCcezRf2EQS1glgcMqSRYs7EhCEtqboV4iCTC2qRWMiG48y8vklat6p5Wa3dn5fpNHkcRHIIjUAEuOAd1cAUaoAkweATP4BW8WU/Wi/VufcxaC1Y+sw/+wPr8ATlylrI=</latexit>

: pages in bufferP
<latexit sha1_base64="kXJOtC0Q+7S8drNnPDQp6Ty5n8I=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1VqrXmk08jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGqTYzW</latexit>

: entries/pageB
<latexit sha1_base64="mxAirIotijmauiCEBBqGklzDcEk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZ7HUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flRWMyA==</latexit>

: #levels L
<latexit sha1_base64="b4yaNqEsiUf6kUcRaHNyy4jRZ4A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>

: size ratioT
<latexit sha1_base64="SLHnCyxAtuYZIE/CwqAS9gT2cZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOCv2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtlsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+wXYza</latexit>

: #entriesN
<latexit sha1_base64="TAIL0DmqaJ4hbEEdPJVrqUCa7ZI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWat71yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5odOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmX5MBV8iMmFhCmeL2VsJGVFFmbDYlG4K3/PIqadeq3kW11rys1Ot5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AadFjNQ=</latexit>

: FPR of BF�
<latexit sha1_base64="vfnJsCKOhrAAHGhTD6JQR1zPmBI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeAF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8MOVMG9f9diobm1vbO9Xd2t7+weFR/fikq5NMEdohCU9UP8SaciZpxzDDaT9VFIuQ0144vSv83hNVmiXy0cxSGgg8kSxiBJtCGqYxG9UbbtNdAK0TryQNKNEe1b+G44RkgkpDONZ64LmpCXKsDCOczmvDTNMUkyme0IGlEguqg3xx6xxdWGWMokTZkgYt1N8TORZaz0RoOwU2sV71CvE/b5CZ6DbImUwzQyVZLooyjkyCisfRmClKDJ9Zgoli9lZEYqwwMTaemg3BW315nXRbTe+q2Xq4bvh+GUcVzuAcLsGDG/DhHtrQAQIxPMMrvDnCeXHenY9la8UpZ07hD5zPHxQ8jkE=</latexit>

O(L)
<latexit sha1_base64="4Dl9oM8ir7wf0NmUYHD597lEZ0g=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBItQN2WmFXRZcONCtIJ9QDuWTJppQzOZIckoZeh/uHGhiFv/xZ1/Y6adhbYeCBzOuZd7cryIM6Vt+9vKrayurW/kNwtb2zu7e8X9g5YKY0lok4Q8lB0PK8qZoE3NNKedSFIceJy2vfFl6rcfqVQsFPd6ElE3wEPBfEawNtJDL8B6RDBPbqfl69N+sWRX7BnQMnEyUoIMjX7xqzcISRxQoQnHSnUdO9JugqVmhNNpoRcrGmEyxkPaNVTggCo3maWeohOjDJAfSvOERjP190aCA6UmgWcm05Rq0UvF/7xurP0LN2EiijUVZH7IjznSIUorQAMmKdF8YggmkpmsiIywxESbogqmBGfxy8ukVa04tUr17qxUv8nqyMMRHEMZHDiHOlxBA5pAQMIzvMKb9WS9WO/Wx3w0Z2U7h/AH1ucP9YKSMA==</latexit>

w/o F&I:

w/ index:

O(
X

i

log2(P · T i))
<latexit sha1_base64="UxPOad/ila85CGye+fY5Yxh1KvM=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XQbkpSBV0W3bizQl/QxDCZTNuhk0yYmQgl9Avc+CtuXCji1rU7/8ZJm4W2HrhwOOde7r3HjxmVyrK+jcLa+sbmVnG7tLO7t39gHh51JU8EJh3MGRd9H0nCaEQ6iipG+rEgKPQZ6fmT68zvPRAhKY/aahoTN0SjiA4pRkpLnllxQqTGGLH0dlZ1ZBJ6FDI+8hrVloMDrmD7ntZqnlm26tYccJXYOSmDHC3P/HICjpOQRAozJOXAtmLlpkgoihmZlZxEkhjhCRqRgaYRCol00/k7M1jRSgCHXOiKFJyrvydSFEo5DX3dmR0vl71M/M8bJGp46aY0ihNFIrxYNEwYVBxm2cCACoIVm2qCsKD6VojHSCCsdIIlHYK9/PIq6Tbq9lm9cXdebl7lcRTBCTgFVWCDC9AEN6AFOgCDR/AMXsGb8WS8GO/Gx6K1YOQzx+APjM8fvDSbPQ==</latexit>

� = e�
mBF

N ·ln22
<latexit sha1_base64="k1Bbwml82c6slCSEXrdG160j5yg=">AAACEHicbVDLSgMxFM34rPVVdekmWEQ3lpkq6EYoFcSVVLAP6LRDJpNpQ5PMkGSEMswnuPFX3LhQxK1Ld/6N6WOhrQcuHM65l3vv8WNGlbbtb2thcWl5ZTW3ll/f2NzaLuzsNlSUSEzqOGKRbPlIEUYFqWuqGWnFkiDuM9L0B1cjv/lApKKRuNfDmHQ46gkaUoy0kbzCkRv3KbyEpJueuKFEOOVeWr3OsvQ2c3EQachEuVvOvELRLtljwHniTEkRTFHzCl9uEOGEE6ExQ0q1HTvWnRRJTTEjWd5NFIkRHqAeaRsqECeqk44fyuChUQIYRtKU0HCs/p5IEVdqyH3TyZHuq1lvJP7ntRMdXnRSKuJEE4Eni8KEQR3BUTowoJJgzYaGICypuRXiPjKxaJNh3oTgzL48TxrlknNaKt+dFSvVaRw5sA8OwDFwwDmogBtQA3WAwSN4Bq/gzXqyXqx362PSumBNZ/bAH1ifP9qqnHs=</latexit>

<< 1
<latexit sha1_base64="bH79f4Nmh92ibI2uBz/t9EDiqvw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoIceCl48VrAf0Iay2W7apbubsLsRSuhf8OJBEa/+IW/+GzdpDtr6YODx3gwz84KYM21c99spbWxube+Udyt7+weHR9Xjk66OEkVoh0Q8Uv0Aa8qZpB3DDKf9WFEsAk57wewu83tPVGkWyUczj6kv8ESykBFsMqnZRN6oWnPrbg60TryC1KBAe1T9Go4jkggqDeFY64HnxsZPsTKMcLqoDBNNY0xmeEIHlkosqPbT/NYFurDKGIWRsiUNytXfEykWWs9FYDsFNlO96mXif94gMeGtnzIZJ4ZKslwUJhyZCGWPozFTlBg+twQTxeytiEyxwsTYeCo2BG/15XXSbdS9q3rj4brWahVxlOEMzuESPLiBFtxDGzpAYArP8ApvjnBenHfnY9lacoqZU/gD5/MH0b6NbQ==</latexit>

How to manage memory?
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: pages in bufferP

<latexit sha1_base64="kXJOtC0Q+7S8drNnPDQp6Ty5n8I=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1VqrXmk08jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGqTYzW</latexit>

: entries/pageB
<latexit sha1_base64="mxAirIotijmauiCEBBqGklzDcEk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZ7HUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flRWMyA==</latexit>

: #levels L
<latexit sha1_base64="b4yaNqEsiUf6kUcRaHNyy4jRZ4A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>

: size ratioT
<latexit sha1_base64="SLHnCyxAtuYZIE/CwqAS9gT2cZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOCv2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtlsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+wXYza</latexit>

: #entriesN
<latexit sha1_base64="TAIL0DmqaJ4hbEEdPJVrqUCa7ZI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWat71yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5odOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmX5MBV8iMmFhCmeL2VsJGVFFmbDYlG4K3/PIqadeq3kW11rys1Ot5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AadFjNQ=</latexit>

: FPR of BF�
<latexit sha1_base64="vfnJsCKOhrAAHGhTD6JQR1zPmBI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeAF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8MOVMG9f9diobm1vbO9Xd2t7+weFR/fikq5NMEdohCU9UP8SaciZpxzDDaT9VFIuQ0144vSv83hNVmiXy0cxSGgg8kSxiBJtCGqYxG9UbbtNdAK0TryQNKNEe1b+G44RkgkpDONZ64LmpCXKsDCOczmvDTNMUkyme0IGlEguqg3xx6xxdWGWMokTZkgYt1N8TORZaz0RoOwU2sV71CvE/b5CZ6DbImUwzQyVZLooyjkyCisfRmClKDJ9Zgoli9lZEYqwwMTaemg3BW315nXRbTe+q2Xq4bvh+GUcVzuAcLsGDG/DhHtrQAQIxPMMrvDnCeXHenY9la8UpZ07hD5zPHxQ8jkE=</latexit>

<< 1
<latexit sha1_base64="bH79f4Nmh92ibI2uBz/t9EDiqvw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoIceCl48VrAf0Iay2W7apbubsLsRSuhf8OJBEa/+IW/+GzdpDtr6YODx3gwz84KYM21c99spbWxube+Udyt7+weHR9Xjk66OEkVoh0Q8Uv0Aa8qZpB3DDKf9WFEsAk57wewu83tPVGkWyUczj6kv8ESykBFsMqnZRN6oWnPrbg60TryC1KBAe1T9Go4jkggqDeFY64HnxsZPsTKMcLqoDBNNY0xmeEIHlkosqPbT/NYFurDKGIWRsiUNytXfEykWWs9FYDsFNlO96mXif94gMeGtnzIZJ4ZKslwUJhyZCGWPozFTlBg+twQTxeytiEyxwsTYeCo2BG/15XXSbdS9q3rj4brWahVxlOEMzuESPLiBFtxDGzpAYArP8ApvjnBenHfnY9lacoqZU/gD5/MH0b6NbQ==</latexit>

Bloom  
filters  

block cache

� = e�
mBF

N ·ln22
<latexit sha1_base64="k1Bbwml82c6slCSEXrdG160j5yg=">AAACEHicbVDLSgMxFM34rPVVdekmWEQ3lpkq6EYoFcSVVLAP6LRDJpNpQ5PMkGSEMswnuPFX3LhQxK1Ld/6N6WOhrQcuHM65l3vv8WNGlbbtb2thcWl5ZTW3ll/f2NzaLuzsNlSUSEzqOGKRbPlIEUYFqWuqGWnFkiDuM9L0B1cjv/lApKKRuNfDmHQ46gkaUoy0kbzCkRv3KbyEpJueuKFEOOVeWr3OsvQ2c3EQachEuVvOvELRLtljwHniTEkRTFHzCl9uEOGEE6ExQ0q1HTvWnRRJTTEjWd5NFIkRHqAeaRsqECeqk44fyuChUQIYRtKU0HCs/p5IEVdqyH3TyZHuq1lvJP7ntRMdXnRSKuJEE4Eni8KEQR3BUTowoJJgzYaGICypuRXiPjKxaJNh3oTgzL48TxrlknNaKt+dFSvVaRw5sA8OwDFwwDmogBtQA3WAwSN4Bq/gzXqyXqx362PSumBNZ/bAH1ifP9qqnHs=</latexit>

w F&I: O(� · L)
<latexit sha1_base64="p2th+fX54lYfQrXClzh9wXJ8JuM=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEuilJFXRZcONCtIJ9QBPKZDJth05mwsxEKKG48VfcuFDErV/hzr9x0mahrQcuHM65l3vvCWJGlXacb6uwtLyyulZcL21sbm3v2Lt7LSUSiUkTCyZkJ0CKMMpJU1PNSCeWBEUBI+1gdJn57QciFRX8Xo9j4kdowGmfYqSN1LMPvAjpIUYsvZ1UvHhIoYdDoeH1Sc8uO1VnCrhI3JyUQY5Gz/7yQoGTiHCNGVKq6zqx9lMkNcWMTEpeokiM8AgNSNdQjiKi/HT6wgQeGyWEfSFNcQ2n6u+JFEVKjaPAdGYHq3kvE//zuonuX/gp5XGiCcezRf2EQS1glgcMqSRYs7EhCEtqboV4iCTC2qRWMiG48y8vklat6p5Wa3dn5fpNHkcRHIIjUAEuOAd1cAUaoAkweATP4BW8WU/Wi/VufcxaC1Y+sw/+wPr8ATlylrI=</latexit>

O(L)
<latexit sha1_base64="4Dl9oM8ir7wf0NmUYHD597lEZ0g=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBItQN2WmFXRZcONCtIJ9QDuWTJppQzOZIckoZeh/uHGhiFv/xZ1/Y6adhbYeCBzOuZd7cryIM6Vt+9vKrayurW/kNwtb2zu7e8X9g5YKY0lok4Q8lB0PK8qZoE3NNKedSFIceJy2vfFl6rcfqVQsFPd6ElE3wEPBfEawNtJDL8B6RDBPbqfl69N+sWRX7BnQMnEyUoIMjX7xqzcISRxQoQnHSnUdO9JugqVmhNNpoRcrGmEyxkPaNVTggCo3maWeohOjDJAfSvOERjP190aCA6UmgWcm05Rq0UvF/7xurP0LN2EiijUVZH7IjznSIUorQAMmKdF8YggmkpmsiIywxESbogqmBGfxy8ukVa04tUr17qxUv8nqyMMRHEMZHDiHOlxBA5pAQMIzvMKb9WS9WO/Wx3w0Z2U7h/AH1ucP9YKSMA==</latexit>

w/o F&I:

w/ index:

O(
X

i

log2(P · T i))
<latexit sha1_base64="UxPOad/ila85CGye+fY5Yxh1KvM=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XQbkpSBV0W3bizQl/QxDCZTNuhk0yYmQgl9Avc+CtuXCji1rU7/8ZJm4W2HrhwOOde7r3HjxmVyrK+jcLa+sbmVnG7tLO7t39gHh51JU8EJh3MGRd9H0nCaEQ6iipG+rEgKPQZ6fmT68zvPRAhKY/aahoTN0SjiA4pRkpLnllxQqTGGLH0dlZ1ZBJ6FDI+8hrVloMDrmD7ntZqnlm26tYccJXYOSmDHC3P/HICjpOQRAozJOXAtmLlpkgoihmZlZxEkhjhCRqRgaYRCol00/k7M1jRSgCHXOiKFJyrvydSFEo5DX3dmR0vl71M/M8bJGp46aY0ihNFIrxYNEwYVBxm2cCACoIVm2qCsKD6VojHSCCsdIIlHYK9/PIq6Tbq9lm9cXdebl7lcRTBCTgFVWCDC9AEN6AFOgCDR/AMXsGb8WS8GO/Gx6K1YOQzx+APjM8fvDSbPQ==</latexit>
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: pages in bufferP
<latexit sha1_base64="kXJOtC0Q+7S8drNnPDQp6Ty5n8I=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1VqrXmk08jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGqTYzW</latexit>

: entries/pageB
<latexit sha1_base64="mxAirIotijmauiCEBBqGklzDcEk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZ7HUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flRWMyA==</latexit>

: #levels L
<latexit sha1_base64="b4yaNqEsiUf6kUcRaHNyy4jRZ4A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>

: size ratioT
<latexit sha1_base64="SLHnCyxAtuYZIE/CwqAS9gT2cZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOCv2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtlsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+wXYza</latexit>

: #entriesN
<latexit sha1_base64="TAIL0DmqaJ4hbEEdPJVrqUCa7ZI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWat71yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5odOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmX5MBV8iMmFhCmeL2VsJGVFFmbDYlG4K3/PIqadeq3kW11rys1Ot5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AadFjNQ=</latexit>

: FPR of BF�
<latexit sha1_base64="vfnJsCKOhrAAHGhTD6JQR1zPmBI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeAF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8MOVMG9f9diobm1vbO9Xd2t7+weFR/fikq5NMEdohCU9UP8SaciZpxzDDaT9VFIuQ0144vSv83hNVmiXy0cxSGgg8kSxiBJtCGqYxG9UbbtNdAK0TryQNKNEe1b+G44RkgkpDONZ64LmpCXKsDCOczmvDTNMUkyme0IGlEguqg3xx6xxdWGWMokTZkgYt1N8TORZaz0RoOwU2sV71CvE/b5CZ6DbImUwzQyVZLooyjkyCisfRmClKDJ9Zgoli9lZEYqwwMTaemg3BW315nXRbTe+q2Xq4bvh+GUcVzuAcLsGDG/DhHtrQAQIxPMMrvDnCeXHenY9la8UpZ07hD5zPHxQ8jkE=</latexit>

Bloom  
filters  

block cache

Block Cache
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Block Cache: pages in bufferP
<latexit sha1_base64="kXJOtC0Q+7S8drNnPDQp6Ty5n8I=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1VqrXmk08jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGqTYzW</latexit>

: entries/pageB
<latexit sha1_base64="mxAirIotijmauiCEBBqGklzDcEk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZ7HUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flRWMyA==</latexit>

: #levels L
<latexit sha1_base64="b4yaNqEsiUf6kUcRaHNyy4jRZ4A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>

: size ratioT
<latexit sha1_base64="SLHnCyxAtuYZIE/CwqAS9gT2cZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOCv2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtlsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+wXYza</latexit>

: #entriesN
<latexit sha1_base64="TAIL0DmqaJ4hbEEdPJVrqUCa7ZI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWat71yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5odOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmX5MBV8iMmFhCmeL2VsJGVFFmbDYlG4K3/PIqadeq3kW11rys1Ot5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AadFjNQ=</latexit>

: FPR of BF�
<latexit sha1_base64="vfnJsCKOhrAAHGhTD6JQR1zPmBI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeAF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8MOVMG9f9diobm1vbO9Xd2t7+weFR/fikq5NMEdohCU9UP8SaciZpxzDDaT9VFIuQ0144vSv83hNVmiXy0cxSGgg8kSxiBJtCGqYxG9UbbtNdAK0TryQNKNEe1b+G44RkgkpDONZ64LmpCXKsDCOczmvDTNMUkyme0IGlEguqg3xx6xxdWGWMokTZkgYt1N8TORZaz0RoOwU2sV71CvE/b5CZ6DbImUwzQyVZLooyjkyCisfRmClKDJ9Zgoli9lZEYqwwMTaemg3BW315nXRbTe+q2Xq4bvh+GUcVzuAcLsGDG/DhHtrQAQIxPMMrvDnCeXHenY9la8UpZ07hD5zPHxQ8jkE=</latexit>

get(7)
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Block Cache: pages in bufferP
<latexit sha1_base64="kXJOtC0Q+7S8drNnPDQp6Ty5n8I=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1VqrXmk08jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGqTYzW</latexit>

: entries/pageB
<latexit sha1_base64="mxAirIotijmauiCEBBqGklzDcEk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZ7HUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flRWMyA==</latexit>

: #levels L
<latexit sha1_base64="b4yaNqEsiUf6kUcRaHNyy4jRZ4A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>

: size ratioT
<latexit sha1_base64="SLHnCyxAtuYZIE/CwqAS9gT2cZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOCv2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtlsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+wXYza</latexit>

: #entriesN
<latexit sha1_base64="TAIL0DmqaJ4hbEEdPJVrqUCa7ZI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWat71yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5odOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmX5MBV8iMmFhCmeL2VsJGVFFmbDYlG4K3/PIqadeq3kW11rys1Ot5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AadFjNQ=</latexit>

: FPR of BF�
<latexit sha1_base64="vfnJsCKOhrAAHGhTD6JQR1zPmBI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeAF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8MOVMG9f9diobm1vbO9Xd2t7+weFR/fikq5NMEdohCU9UP8SaciZpxzDDaT9VFIuQ0144vSv83hNVmiXy0cxSGgg8kSxiBJtCGqYxG9UbbtNdAK0TryQNKNEe1b+G44RkgkpDONZ64LmpCXKsDCOczmvDTNMUkyme0IGlEguqg3xx6xxdWGWMokTZkgYt1N8TORZaz0RoOwU2sV71CvE/b5CZ6DbImUwzQyVZLooyjkyCisfRmClKDJ9Zgoli9lZEYqwwMTaemg3BW315nXRbTe+q2Xq4bvh+GUcVzuAcLsGDG/DhHtrQAQIxPMMrvDnCeXHenY9la8UpZ07hD5zPHxQ8jkE=</latexit>

get(7)
Bloom  
filters  

fence  
pointers  
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Block Cache: pages in bufferP
<latexit sha1_base64="kXJOtC0Q+7S8drNnPDQp6Ty5n8I=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1VqrXmk08jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGqTYzW</latexit>

: entries/pageB
<latexit sha1_base64="mxAirIotijmauiCEBBqGklzDcEk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZ7HUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flRWMyA==</latexit>

: #levels L
<latexit sha1_base64="b4yaNqEsiUf6kUcRaHNyy4jRZ4A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>

: size ratioT
<latexit sha1_base64="SLHnCyxAtuYZIE/CwqAS9gT2cZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOCv2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtlsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+wXYza</latexit>

: #entriesN
<latexit sha1_base64="TAIL0DmqaJ4hbEEdPJVrqUCa7ZI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWat71yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5odOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmX5MBV8iMmFhCmeL2VsJGVFFmbDYlG4K3/PIqadeq3kW11rys1Ot5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AadFjNQ=</latexit>

: FPR of BF�
<latexit sha1_base64="vfnJsCKOhrAAHGhTD6JQR1zPmBI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeAF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8MOVMG9f9diobm1vbO9Xd2t7+weFR/fikq5NMEdohCU9UP8SaciZpxzDDaT9VFIuQ0144vSv83hNVmiXy0cxSGgg8kSxiBJtCGqYxG9UbbtNdAK0TryQNKNEe1b+G44RkgkpDONZ64LmpCXKsDCOczmvDTNMUkyme0IGlEguqg3xx6xxdWGWMokTZkgYt1N8TORZaz0RoOwU2sV71CvE/b5CZ6DbImUwzQyVZLooyjkyCisfRmClKDJ9Zgoli9lZEYqwwMTaemg3BW315nXRbTe+q2Xq4bvh+GUcVzuAcLsGDG/DhHtrQAQIxPMMrvDnCeXHenY9la8UpZ07hD5zPHxQ8jkE=</latexit>

get(7)
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What about range queries?
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: pages in bufferP
<latexit sha1_base64="kXJOtC0Q+7S8drNnPDQp6Ty5n8I=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1VqrXmk08jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGqTYzW</latexit>

: entries/pageB
<latexit sha1_base64="mxAirIotijmauiCEBBqGklzDcEk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZ7HUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flRWMyA==</latexit>

: #levels L
<latexit sha1_base64="b4yaNqEsiUf6kUcRaHNyy4jRZ4A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>

: size ratioT
<latexit sha1_base64="SLHnCyxAtuYZIE/CwqAS9gT2cZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOCv2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtlsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+wXYza</latexit>

: #entriesN
<latexit sha1_base64="TAIL0DmqaJ4hbEEdPJVrqUCa7ZI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWat71yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5odOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmX5MBV8iMmFhCmeL2VsJGVFFmbDYlG4K3/PIqadeq3kW11rys1Ot5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AadFjNQ=</latexit>

: FPR of BF�
<latexit sha1_base64="vfnJsCKOhrAAHGhTD6JQR1zPmBI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeAF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8MOVMG9f9diobm1vbO9Xd2t7+weFR/fikq5NMEdohCU9UP8SaciZpxzDDaT9VFIuQ0144vSv83hNVmiXy0cxSGgg8kSxiBJtCGqYxG9UbbtNdAK0TryQNKNEe1b+G44RkgkpDONZ64LmpCXKsDCOczmvDTNMUkyme0IGlEguqg3xx6xxdWGWMokTZkgYt1N8TORZaz0RoOwU2sV71CvE/b5CZ6DbImUwzQyVZLooyjkyCisfRmClKDJ9Zgoli9lZEYqwwMTaemg3BW315nXRbTe+q2Xq4bvh+GUcVzuAcLsGDG/DhHtrQAQIxPMMrvDnCeXHenY9la8UpZ07hD5zPHxQ8jkE=</latexit>

Bloom  
filters  

: selectivity LRQs
<latexit sha1_base64="mf4r/MO2VBI/Mmnsmogu59OR3vY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20a1XvqlprXlfq9TyOIpzBOVyCBzdQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4A31mM+Q==</latexit> Range Queries
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get(9,90)

Cost analysis
long range: 

: pages in bufferP
<latexit sha1_base64="kXJOtC0Q+7S8drNnPDQp6Ty5n8I=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1VqrXmk08jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGqTYzW</latexit>

: entries/pageB
<latexit sha1_base64="mxAirIotijmauiCEBBqGklzDcEk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZ7HUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flRWMyA==</latexit>

: #levels L
<latexit sha1_base64="b4yaNqEsiUf6kUcRaHNyy4jRZ4A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>

: size ratioT
<latexit sha1_base64="SLHnCyxAtuYZIE/CwqAS9gT2cZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOCv2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtlsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+wXYza</latexit>

: #entriesN
<latexit sha1_base64="TAIL0DmqaJ4hbEEdPJVrqUCa7ZI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWat71yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5odOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmX5MBV8iMmFhCmeL2VsJGVFFmbDYlG4K3/PIqadeq3kW11rys1Ot5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AadFjNQ=</latexit>

: FPR of BF�
<latexit sha1_base64="vfnJsCKOhrAAHGhTD6JQR1zPmBI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeAF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8MOVMG9f9diobm1vbO9Xd2t7+weFR/fikq5NMEdohCU9UP8SaciZpxzDDaT9VFIuQ0144vSv83hNVmiXy0cxSGgg8kSxiBJtCGqYxG9UbbtNdAK0TryQNKNEe1b+G44RkgkpDONZ64LmpCXKsDCOczmvDTNMUkyme0IGlEguqg3xx6xxdWGWMokTZkgYt1N8TORZaz0RoOwU2sV71CvE/b5CZ6DbImUwzQyVZLooyjkyCisfRmClKDJ9Zgoli9lZEYqwwMTaemg3BW315nXRbTe+q2Xq4bvh+GUcVzuAcLsGDG/DhHtrQAQIxPMMrvDnCeXHenY9la8UpZ07hD5zPHxQ8jkE=</latexit>

Bloom  
filters  

: selectivity LRQs
<latexit sha1_base64="mf4r/MO2VBI/Mmnsmogu59OR3vY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20a1XvqlprXlfq9TyOIpzBOVyCBzdQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4A31mM+Q==</latexit> Range Queries

O(s ·N/B)
<latexit sha1_base64="Bn5bYuagEwDQCwBWHyYkogmD648=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUDc1qYIuS9240gr2AU0ok8mkHTqZhJmJUEI2/oobF4q49TPc+TdO2iy0euDC4Zx7ufceL2ZUKsv6MkpLyyura+X1ysbm1vaOubvXlVEiMOngiEWi7yFJGOWko6hipB8LgkKPkZ43ucr93gMRkkb8Xk1j4oZoxGlAMVJaGpoHTojUGCOW3mY16WA/UvDmtHUyNKtW3ZoB/iV2QaqgQHtofjp+hJOQcIUZknJgW7FyUyQUxYxkFSeRJEZ4gkZkoClHIZFuOnsgg8da8WEQCV1cwZn6cyJFoZTT0NOd+bly0cvF/7xBooJLN6U8ThTheL4oSBhUEczTgD4VBCs21QRhQfWtEI+RQFjpzCo6BHvx5b+k26jbZ/XG3Xm12SriKINDcARqwAYXoAmuQRt0AAYZeAIv4NV4NJ6NN+N93loyipl98AvGxzeUWZW7</latexit>



L1 

fence  
pointers  

L4 

L2 

L3 

buffer 

get(9,15)

Cost analysis
long range: 
short range:

: pages in bufferP
<latexit sha1_base64="kXJOtC0Q+7S8drNnPDQp6Ty5n8I=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1VqrXmk08jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGqTYzW</latexit>

: entries/pageB
<latexit sha1_base64="mxAirIotijmauiCEBBqGklzDcEk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZ7HUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flRWMyA==</latexit>

: #levels L
<latexit sha1_base64="b4yaNqEsiUf6kUcRaHNyy4jRZ4A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>

: size ratioT
<latexit sha1_base64="SLHnCyxAtuYZIE/CwqAS9gT2cZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOCv2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtlsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+wXYza</latexit>

: #entriesN
<latexit sha1_base64="TAIL0DmqaJ4hbEEdPJVrqUCa7ZI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWat71yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5odOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmX5MBV8iMmFhCmeL2VsJGVFFmbDYlG4K3/PIqadeq3kW11rys1Ot5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AadFjNQ=</latexit>

: FPR of BF�
<latexit sha1_base64="vfnJsCKOhrAAHGhTD6JQR1zPmBI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeAF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8MOVMG9f9diobm1vbO9Xd2t7+weFR/fikq5NMEdohCU9UP8SaciZpxzDDaT9VFIuQ0144vSv83hNVmiXy0cxSGgg8kSxiBJtCGqYxG9UbbtNdAK0TryQNKNEe1b+G44RkgkpDONZ64LmpCXKsDCOczmvDTNMUkyme0IGlEguqg3xx6xxdWGWMokTZkgYt1N8TORZaz0RoOwU2sV71CvE/b5CZ6DbImUwzQyVZLooyjkyCisfRmClKDJ9Zgoli9lZEYqwwMTaemg3BW315nXRbTe+q2Xq4bvh+GUcVzuAcLsGDG/DhHtrQAQIxPMMrvDnCeXHenY9la8UpZ07hD5zPHxQ8jkE=</latexit>

: selectivity SRQs
<latexit sha1_base64="mf4r/MO2VBI/Mmnsmogu59OR3vY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20a1XvqlprXlfq9TyOIpzBOVyCBzdQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4A31mM+Q==</latexit>

Bloom  
filters  

O(L)
<latexit sha1_base64="e2jZdxOyCghkJRL0gJ6ZrFQylqc=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBItQN2WmFXRZcCMoWME+oB1LJs20oZnMkGSUMvQ/3LhQxK3/4s6/MdPOQlsPBA7n3Ms9OV7EmdK2/W3lVlbX1jfym4Wt7Z3dveL+QUuFsSS0SUIeyo6HFeVM0KZmmtNOJCkOPE7b3vgy9duPVCoWins9iagb4KFgPiNYG+mhF2A9Ipgnt9PyzWm/WLIr9gxomTgZKUGGRr/41RuEJA6o0IRjpbqOHWk3wVIzwum00IsVjTAZ4yHtGipwQJWbzFJP0YlRBsgPpXlCo5n6eyPBgVKTwDOTaUq16KXif1431v6FmzARxZoKMj/kxxzpEKUVoAGTlGg+MQQTyUxWREZYYqJNUQVTgrP45WXSqlacWqV6d1aqX2d15OEIjqEMDpxDHa6gAU0gIOEZXuHNerJerHfrYz6as7KdQ/gD6/MH9JuSLQ==</latexit>

Range Queries
O(s ·N/B)

<latexit sha1_base64="Bn5bYuagEwDQCwBWHyYkogmD648=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUDc1qYIuS9240gr2AU0ok8mkHTqZhJmJUEI2/oobF4q49TPc+TdO2iy0euDC4Zx7ufceL2ZUKsv6MkpLyyura+X1ysbm1vaOubvXlVEiMOngiEWi7yFJGOWko6hipB8LgkKPkZ43ucr93gMRkkb8Xk1j4oZoxGlAMVJaGpoHTojUGCOW3mY16WA/UvDmtHUyNKtW3ZoB/iV2QaqgQHtofjp+hJOQcIUZknJgW7FyUyQUxYxkFSeRJEZ4gkZkoClHIZFuOnsgg8da8WEQCV1cwZn6cyJFoZTT0NOd+bly0cvF/7xBooJLN6U8ThTheL4oSBhUEczTgD4VBCs21QRhQfWtEI+RQFjpzCo6BHvx5b+k26jbZ/XG3Xm12SriKINDcARqwAYXoAmuQRt0AAYZeAIv4NV4NJ6NN+N93loyipl98AvGxzeUWZW7</latexit>
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Buffer Implementation: vector

great for ingestion-heavy w/l 
no extra space needed 
expensive points queries 

get(7)

ingestion cost: O(1)
<latexit sha1_base64="gTUP7tW5/Suu1jurlbbVBZ+FOR0=">AAAB9XicbVDLSsNAFL2pr1pfUZduBotQNyWpgi4LblxpBfuANpbJdNIOnUzCzEQpof/hxoUibv0Xd/6NkzYLbT0wcDjnXu6Z48ecKe0431ZhZXVtfaO4Wdra3tnds/cPWipKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2x1eZ336kUrFI3OtJTL0QDwULGMHaSA+9EOsRwTy9nVbc075ddqrODGiZuDkpQ45G3/7qDSKShFRowrFSXdeJtZdiqRnhdFrqJYrGmIzxkHYNFTikyktnqafoxCgDFETSPKHRTP29keJQqUnom8kspVr0MvE/r5vo4NJLmYgTTQWZHwoSjnSEsgrQgElKNJ8YgolkJisiIywx0aaokinBXfzyMmnVqu5ZtXZ3Xq7f5HUU4QiOoQIuXEAdrqEBTSAg4Rle4c16sl6sd+tjPlqw8p1D+APr8wfMe5IV</latexit>

point query cost: O(P ·B)
<latexit sha1_base64="48xDGWNpsMiaA1T60dtGEbWC31A=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbMVEGXRTeutIJ9QGcomUzahmaSIckIZezCX3HjQhG3/oY7/8ZMOwttPRA4nHMv9+QEMaNKO863VVhaXlldK66XNja3tnfs3b2WEonEpIkFE7ITIEUY5aSpqWakE0uCooCRdjC6yvz2A5GKCn6vxzHxIzTgtE8x0kbq2QdehPQQI5beTioN6OFQaHh50rPLTtWZAi4SNydlkKPRs7+8UOAkIlxjhpTquk6s/RRJTTEjk5KXKBIjPEID0jWUo4goP53mn8Bjo4SwL6R5XMOp+nsjRZFS4ygwk1laNe9l4n9eN9H9Cz+lPE404Xh2qJ8wqAXMyoAhlQRrNjYEYUlNVoiHSCKsTWUlU4I7/+VF0qpV3dNq7e6sXL/J6yiCQ3AEKsAF56AOrkEDNAEGj+AZvII368l6sd6tj9lowcp39sEfWJ8/pdKVPQ==</latexit>

space complexity: O(P ·B)
<latexit sha1_base64="48xDGWNpsMiaA1T60dtGEbWC31A=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbMVEGXRTeutIJ9QGcomUzahmaSIckIZezCX3HjQhG3/oY7/8ZMOwttPRA4nHMv9+QEMaNKO863VVhaXlldK66XNja3tnfs3b2WEonEpIkFE7ITIEUY5aSpqWakE0uCooCRdjC6yvz2A5GKCn6vxzHxIzTgtE8x0kbq2QdehPQQI5beTioN6OFQaHh50rPLTtWZAi4SNydlkKPRs7+8UOAkIlxjhpTquk6s/RRJTTEjk5KXKBIjPEID0jWUo4goP53mn8Bjo4SwL6R5XMOp+nsjRZFS4ygwk1laNe9l4n9eN9H9Cz+lPE404Xh2qJ8wqAXMyoAhlQRrNjYEYUlNVoiHSCKsTWUlU4I7/+VF0qpV3dNq7e6sXL/J6yiCQ3AEKsAF56AOrkEDNAEGj+AZvII368l6sd6tj9lowcp39sEfWJ8/pdKVPQ==</latexit>

: pages in bufferP
<latexit sha1_base64="kXJOtC0Q+7S8drNnPDQp6Ty5n8I=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1VqrXmk08jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGqTYzW</latexit>

: entries/pageB
<latexit sha1_base64="mxAirIotijmauiCEBBqGklzDcEk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZ7HUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flRWMyA==</latexit>



Buffer Implementation: skiplist

great for mixed w/l 
some extra space needed 
good for points queries 

96 72 54 96 72 54

44 66
get(7)

RocksDB21



ingestion 
cost 

Buffer Implementation

point query 
cost

space  
complexity

skiplistvector hashmap
O(log(P ·B))

<latexit sha1_base64="7WLi60+JiSQdS+j0Hr7srf+JbDw=">AAACBHicbVBNS8NAEN3Ur1q/oh57WSxCeylJFfRY9OJJK9haaELZbLbt0s1u2N0IJfTgxb/ixYMiXv0R3vw3btoctPXBwOO9GWbmBTGjSjvOt1VYWV1b3yhulra2d3b37P2DjhKJxKSNBROyGyBFGOWkralmpBtLgqKAkftgfJn59w9EKir4nZ7ExI/QkNMBxUgbqW+XvQjpEUYsvZlWmRjCasvDodDwolbr2xWn7swAl4mbkwrI0erbX14ocBIRrjFDSvVcJ9Z+iqSmmJFpyUsUiREeoyHpGcpRRJSfzp6YwmOjhHAgpCmu4Uz9PZGiSKlJFJjO7GS16GXif14v0YNzP6U8TjTheL5okDCoBcwSgSGVBGs2MQRhSc2tEI+QRFib3EomBHfx5WXSadTdk3rj9rTSvM7jKIIyOAJV4IIz0ARXoAXaAINH8AxewZv1ZL1Y79bHvLVg5TOH4A+szx/u2ZcC</latexit>

O(log(P ·B))
<latexit sha1_base64="7WLi60+JiSQdS+j0Hr7srf+JbDw=">AAACBHicbVBNS8NAEN3Ur1q/oh57WSxCeylJFfRY9OJJK9haaELZbLbt0s1u2N0IJfTgxb/ixYMiXv0R3vw3btoctPXBwOO9GWbmBTGjSjvOt1VYWV1b3yhulra2d3b37P2DjhKJxKSNBROyGyBFGOWkralmpBtLgqKAkftgfJn59w9EKir4nZ7ExI/QkNMBxUgbqW+XvQjpEUYsvZlWmRjCasvDodDwolbr2xWn7swAl4mbkwrI0erbX14ocBIRrjFDSvVcJ9Z+iqSmmJFpyUsUiREeoyHpGcpRRJSfzp6YwmOjhHAgpCmu4Uz9PZGiSKlJFJjO7GS16GXif14v0YNzP6U8TjTheL5okDCoBcwSgSGVBGs2MQRhSc2tEI+QRFib3EomBHfx5WXSadTdk3rj9rTSvM7jKIIyOAJV4IIz0ARXoAXaAINH8AxewZv1ZL1Y79bHvLVg5TOH4A+szx/u2ZcC</latexit>

O(P ·B)
<latexit sha1_base64="48xDGWNpsMiaA1T60dtGEbWC31A=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbMVEGXRTeutIJ9QGcomUzahmaSIckIZezCX3HjQhG3/oY7/8ZMOwttPRA4nHMv9+QEMaNKO863VVhaXlldK66XNja3tnfs3b2WEonEpIkFE7ITIEUY5aSpqWakE0uCooCRdjC6yvz2A5GKCn6vxzHxIzTgtE8x0kbq2QdehPQQI5beTioN6OFQaHh50rPLTtWZAi4SNydlkKPRs7+8UOAkIlxjhpTquk6s/RRJTTEjk5KXKBIjPEID0jWUo4goP53mn8Bjo4SwL6R5XMOp+nsjRZFS4ygwk1laNe9l4n9eN9H9Cz+lPE404Xh2qJ8wqAXMyoAhlQRrNjYEYUlNVoiHSCKsTWUlU4I7/+VF0qpV3dNq7e6sXL/J6yiCQ3AEKsAF56AOrkEDNAEGj+AZvII368l6sd6tj9lowcp39sEfWJ8/pdKVPQ==</latexit>

O(1)
<latexit sha1_base64="gTUP7tW5/Suu1jurlbbVBZ+FOR0=">AAAB9XicbVDLSsNAFL2pr1pfUZduBotQNyWpgi4LblxpBfuANpbJdNIOnUzCzEQpof/hxoUibv0Xd/6NkzYLbT0wcDjnXu6Z48ecKe0431ZhZXVtfaO4Wdra3tnds/cPWipKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2x1eZ336kUrFI3OtJTL0QDwULGMHaSA+9EOsRwTy9nVbc075ddqrODGiZuDkpQ45G3/7qDSKShFRowrFSXdeJtZdiqRnhdFrqJYrGmIzxkHYNFTikyktnqafoxCgDFETSPKHRTP29keJQqUnom8kspVr0MvE/r5vo4NJLmYgTTQWZHwoSjnSEsgrQgElKNJ8YgolkJisiIywx0aaokinBXfzyMmnVqu5ZtXZ3Xq7f5HUU4QiOoQIuXEAdrqEBTSAg4Rle4c16sl6sd+tjPlqw8p1D+APr8wfMe5IV</latexit>

O(P ·B)
<latexit sha1_base64="48xDGWNpsMiaA1T60dtGEbWC31A=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbMVEGXRTeutIJ9QGcomUzahmaSIckIZezCX3HjQhG3/oY7/8ZMOwttPRA4nHMv9+QEMaNKO863VVhaXlldK66XNja3tnfs3b2WEonEpIkFE7ITIEUY5aSpqWakE0uCooCRdjC6yvz2A5GKCn6vxzHxIzTgtE8x0kbq2QdehPQQI5beTioN6OFQaHh50rPLTtWZAi4SNydlkKPRs7+8UOAkIlxjhpTquk6s/RRJTTEjk5KXKBIjPEID0jWUo4goP53mn8Bjo4SwL6R5XMOp+nsjRZFS4ygwk1laNe9l4n9eN9H9Cz+lPE404Xh2qJ8wqAXMyoAhlQRrNjYEYUlNVoiHSCKsTWUlU4I7/+VF0qpV3dNq7e6sXL/J6yiCQ3AEKsAF56AOrkEDNAEGj+AZvII368l6sd6tj9lowcp39sEfWJ8/pdKVPQ==</latexit>

O(P ·B)
<latexit sha1_base64="48xDGWNpsMiaA1T60dtGEbWC31A=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbMVEGXRTeutIJ9QGcomUzahmaSIckIZezCX3HjQhG3/oY7/8ZMOwttPRA4nHMv9+QEMaNKO863VVhaXlldK66XNja3tnfs3b2WEonEpIkFE7ITIEUY5aSpqWakE0uCooCRdjC6yvz2A5GKCn6vxzHxIzTgtE8x0kbq2QdehPQQI5beTioN6OFQaHh50rPLTtWZAi4SNydlkKPRs7+8UOAkIlxjhpTquk6s/RRJTTEjk5KXKBIjPEID0jWUo4goP53mn8Bjo4SwL6R5XMOp+nsjRZFS4ygwk1laNe9l4n9eN9H9Cz+lPE404Xh2qJ8wqAXMyoAhlQRrNjYEYUlNVoiHSCKsTWUlU4I7/+VF0qpV3dNq7e6sXL/J6yiCQ3AEKsAF56AOrkEDNAEGj+AZvII368l6sd6tj9lowcp39sEfWJ8/pdKVPQ==</latexit>

O(1)
<latexit sha1_base64="gTUP7tW5/Suu1jurlbbVBZ+FOR0=">AAAB9XicbVDLSsNAFL2pr1pfUZduBotQNyWpgi4LblxpBfuANpbJdNIOnUzCzEQpof/hxoUibv0Xd/6NkzYLbT0wcDjnXu6Z48ecKe0431ZhZXVtfaO4Wdra3tnds/cPWipKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2x1eZ336kUrFI3OtJTL0QDwULGMHaSA+9EOsRwTy9nVbc075ddqrODGiZuDkpQ45G3/7qDSKShFRowrFSXdeJtZdiqRnhdFrqJYrGmIzxkHYNFTikyktnqafoxCgDFETSPKHRTP29keJQqUnom8kspVr0MvE/r5vo4NJLmYgTTQWZHwoSjnSEsgrQgElKNJ8YgolkJisiIywx0aaokinBXfzyMmnVqu5ZtXZ3Xq7f5HUU4QiOoQIuXEAdrqEBTSAg4Rle4c16sl6sd+tjPlqw8p1D+APr8wfMe5IV</latexit>

O(1)
<latexit sha1_base64="gTUP7tW5/Suu1jurlbbVBZ+FOR0=">AAAB9XicbVDLSsNAFL2pr1pfUZduBotQNyWpgi4LblxpBfuANpbJdNIOnUzCzEQpof/hxoUibv0Xd/6NkzYLbT0wcDjnXu6Z48ecKe0431ZhZXVtfaO4Wdra3tnds/cPWipKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2x1eZ336kUrFI3OtJTL0QDwULGMHaSA+9EOsRwTy9nVbc075ddqrODGiZuDkpQ45G3/7qDSKShFRowrFSXdeJtZdiqRnhdFrqJYrGmIzxkHYNFTikyktnqafoxCgDFETSPKHRTP29keJQqUnom8kspVr0MvE/r5vo4NJLmYgTTQWZHwoSjnSEsgrQgElKNJ8YgolkJisiIywx0aaokinBXfzyMmnVqu5ZtXZ3Xq7f5HUU4QiOoQIuXEAdrqEBTSAg4Rle4c16sl6sd+tjPlqw8p1D+APr8wfMe5IV</latexit>

O(P ·B)
<latexit sha1_base64="48xDGWNpsMiaA1T60dtGEbWC31A=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbMVEGXRTeutIJ9QGcomUzahmaSIckIZezCX3HjQhG3/oY7/8ZMOwttPRA4nHMv9+QEMaNKO863VVhaXlldK66XNja3tnfs3b2WEonEpIkFE7ITIEUY5aSpqWakE0uCooCRdjC6yvz2A5GKCn6vxzHxIzTgtE8x0kbq2QdehPQQI5beTioN6OFQaHh50rPLTtWZAi4SNydlkKPRs7+8UOAkIlxjhpTquk6s/RRJTTEjk5KXKBIjPEID0jWUo4goP53mn8Bjo4SwL6R5XMOp+nsjRZFS4ygwk1laNe9l4n9eN9H9Cz+lPE404Xh2qJ8wqAXMyoAhlQRrNjYEYUlNVoiHSCKsTWUlU4I7/+VF0qpV3dNq7e6sXL/J6yiCQ3AEKsAF56AOrkEDNAEGj+AZvII368l6sd6tj9lowcp39sEfWJ8/pdKVPQ==</latexit>

Ingestion-only 
workloads

Mixed 
workloads

I/O-bound 
workloads

: pages in bufferP
<latexit sha1_base64="kXJOtC0Q+7S8drNnPDQp6Ty5n8I=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1VqrXmk08jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGqTYzW</latexit>

: entries/pageB
<latexit sha1_base64="mxAirIotijmauiCEBBqGklzDcEk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZ7HUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flRWMyA==</latexit>



Size of the Buffer

frequent flushes
smaller but more levels
poor read performance 

M1
<latexit sha1_base64="gC8b/iwpVFHJJzvgcXS7qFcmh34=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjwIohQ0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut7Oyura+sVnYKm7v7O7tlw4OmzpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYXU/91hMqzWP5aMYJ+hEdSB5yRo2VHu56Xq9UdivuDGSZeDkpQ456r/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26oScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7QheIsvL5NmteKdV6r3F+XabR5HAY7hBM7Ag0uowQ3UoQEMBvAMr/DmCOfFeXc+5q0rTj5zBH/gfP4AziKNgg==</latexit>

M2
<latexit sha1_base64="+sIK/CyiaSjJhamDv+7trT8gzPo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjwIohQ0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl3321lZXVvf2CxsFbd3dvf2SweHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Hrqt564NiJWjzhOuB/RgRKhYBSt9HDXq/ZKZbfizkCWiZeTMuSo90pf3X7M0ogrZJIa0/HcBP2MahRM8kmxmxqeUDaiA96xVNGIGz+bnTohp1bpkzDWthSSmfp7IqORMeMosJ0RxaFZ9Kbif14nxfDKz4RKUuSKzReFqSQYk+nfpC80ZyjHllCmhb2VsCHVlKFNp2hD8BZfXibNasU7r1TvL8q12zyOAhzDCZyBB5dQgxuoQwMYDOAZXuHNkc6L8+58zFtXnHzmCP7A+fwBz6aNgw==</latexit>

L1
<latexit sha1_base64="wZrzc5pry+LIqCLoUBFuaXlSYy4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjwIuihov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup76rSdUmsfy0YwT9CM6kDzkjBorPdz1vF6p7FbcGcgy8XJShhz1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns1Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzyMy6T1KBk80VhKoiJyfRv0ucKmRFjSyhT3N5K2JAqyoxNp2hD8BZfXibNasU7r1TvL8q12zyOAhzDCZyBB5dQgxuoQwMYDOAZXuHNEc6L8+58zFtXnHzmCP7A+fwBzJyNgQ==</latexit>

M1 < M2
<latexit sha1_base64="WidN8JlCwtxkijfHU/K6xHKaHxY=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4KrtV0IOHghdBChXsh7TLkk2zbWiSXZKsUJb+Ci8eFPHqz/HmvzFt96CtDwYe780wMy9MONPGdb+dldW19Y3NwlZxe2d3b790cNjScaoIbZKYx6oTYk05k7RpmOG0kyiKRchpOxzdTP32E1WaxfLBjBPqCzyQLGIEGys91gMPXaN6UA1KZbfizoCWiZeTMuRoBKWvXj8mqaDSEI617npuYvwMK8MIp5NiL9U0wWSEB7RrqcSCaj+bHTxBp1bpoyhWtqRBM/X3RIaF1mMR2k6BzVAvelPxP6+bmujKz5hMUkMlmS+KUo5MjKbfoz5TlBg+tgQTxeytiAyxwsTYjIo2BG/x5WXSqla880r1/qJcu8vjKMAxnMAZeHAJNbiFBjSBgIBneIU3RzkvzrvzMW9dcfKZI/gD5/MHwFyPGA==</latexit>

buffer size
L2

<latexit sha1_base64="Ftb2cXav34iimstlP+iARgEfTf4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjwIuihov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut7Oyura+sVnYKm7v7O7tlw4OmyZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0fXUbz1xbUSsHnGccD+iAyVCwSha6eGuV+2Vym7FnYEsEy8nZchR75W+uv2YpRFXyCQ1puO5CfoZ1SiY5JNiNzU8oWxEB7xjqaIRN342O3VCTq3SJ2GsbSkkM/X3REYjY8ZRYDsjikOz6E3F/7xOiuGVnwmVpMgVmy8KU0kwJtO/SV9ozlCOLaFMC3srYUOqKUObTtGG4C2+vEya1Yp3XqneX5Rrt3kcBTiGEzgDDy6hBjdQhwYwGMAzvMKbI50X5935mLeuOPnMEfyB8/kDziCNgg==</latexit>

L1 > L2
<latexit sha1_base64="rd54NmoMQCPorYm/JN+/NcY9uZA=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4KrtV0JMUvAj2UMF+SLss2TTbhibZJckKZemv8OJBEa/+HG/+G9N2D9r6YODx3gwz88KEM21c99tZWV1b39gsbBW3d3b39ksHhy0dp4rQJol5rDoh1pQzSZuGGU47iaJYhJy2w9HN1G8/UaVZLB/MOKG+wAPJIkawsdJjPfDQNaoH1aBUdivuDGiZeDkpQ45GUPrq9WOSCioN4Vjrrucmxs+wMoxwOin2Uk0TTEZ4QLuWSiyo9rPZwRN0apU+imJlSxo0U39PZFhoPRah7RTYDPWiNxX/87qpia78jMkkNVSS+aIo5cjEaPo96jNFieFjSzBRzN6KyBArTIzNqGhD8BZfXiatasU7r1TvL8q1uzyOAhzDCZyBB5dQg1toQBMICHiGV3hzlPPivDsf89YVJ585gj9wPn8AwFqPGA==</latexit>

#levels

good for reads
high tail latency

fewer larger levels
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#Buffer Components
immutable 
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#Buffer Components
immutable 

buffers



#Buffer Components

avoid write stalls 
improved ingestion throughput 
better bandwidth utilization 
requires more memory 

lazy flushing

immutable 
buffers



How does the storage layer affect ingestion?

most data  
on storage



How does the storage layer affect ingestion?

most data  
on storage
T = 10

<latexit sha1_base64="KaZXMkfD+CF2O3gp8YFzQnSLPug=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mtBb0IBS+Clwr9gnYp2TTbhibZJckKZelf8OJBEa/+IW/+G7PtHrT1wcDjvRlm5gUxZ9q47rdT2Njc2t4p7pb29g8Oj8rHJx0dJYrQNol4pHoB1pQzSduGGU57saJYBJx2g+ld5nefqNIski0zi6kv8FiykBFsMql167nDcsWtugugdeLlpAI5msPy12AUkURQaQjHWvc9NzZ+ipVhhNN5aZBoGmMyxWPat1RiQbWfLm6dowurjFAYKVvSoIX6eyLFQuuZCGynwGaiV71M/M/rJya88VMm48RQSZaLwoQjE6HscTRiihLDZ5Zgopi9FZEJVpgYG0/JhuCtvrxOOrWqd1WtPdYrjYc8jiKcwTlcggfX0IB7aEIbCEzgGV7hzRHOi/PufCxbC04+cwp/4Hz+ABObjaE=</latexit>

L = 4
<latexit sha1_base64="47y5ExdQ6SG82ETKGdgYw2XwPxQ=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0Y0IsQ8CLoIaJ5QLKE2UlvMmR2dpmZFULIJ3jxoIhXv8ibf+Mk2YMmFjQUVd10dwWJ4Nq47rezsrq2vrGZ28pv7+zu7RcODhs6ThXDOotFrFoB1Si4xLrhRmArUUijQGAzGF5P/eYTKs1j+WhGCfoR7UseckaNlR7urirdQtEtuTOQZeJlpAgZat3CV6cXszRCaZigWrc9NzH+mCrDmcBJvpNqTCgb0j62LZU0Qu2PZ6dOyKlVeiSMlS1pyEz9PTGmkdajKLCdETUDvehNxf+8dmrCS3/MZZIalGy+KEwFMTGZ/k16XCEzYmQJZYrbWwkbUEWZsenkbQje4svLpFEueeel8n2lWL3N4sjBMZzAGXhwAVW4gRrUgUEfnuEV3hzhvDjvzse8dcXJZo7gD5zPH51+jWI=</latexit>if &

99.9% on storage

: #levels L
<latexit sha1_base64="b4yaNqEsiUf6kUcRaHNyy4jRZ4A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>

: size ratioT
<latexit sha1_base64="SLHnCyxAtuYZIE/CwqAS9gT2cZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOCv2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtlsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+wXYza</latexit>



Storage Optimizations

Writing data 
on storage

write 
performance 

read 
performance 

space 
amplification 



Data Layout

levelingClassical LSM design:
[eager merging]



1 run  
per level

Data Layout
leveling [eager]

good read performance 
good space amplification 
high write amplification



Data Layout
leveling [eager]

1 run  
per level

tiering [lazy]

T runs  
per level

good read performance 
good space amplification 
high write amplification good ingestion performance

poor space amplification 
poor read performance 



Data Layout
leveling [eager]

1 run  
per level

tiering [lazy]

T runs  
per level

Read cost:
Write cost:

SA:

O(L · �)
<latexit sha1_base64="qnvvVgvdfIsXlaSvSyfSTfgipqk=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR6qYkVdBlwY0L0Qr2AU0ok8m0HTqZCTMToYS68VfcuFDErX/hzr9x0mahrQcuHM65l3vvCWJGlXacb6uwtLyyulZcL21sbm3v2Lt7LSUSiUkTCyZkJ0CKMMpJU1PNSCeWBEUBI+1gdJn57QciFRX8Xo9j4kdowGmfYqSN1LMPvAjpIUYsvZ1Urj0cCg29eEhPenbZqTpTwEXi5qQMcjR69pcXCpxEhGvMkFJd14m1nyKpKWZkUvISRWKER2hAuoZyFBHlp9MPJvDYKCHsC2mKazhVf0+kKFJqHAWmM7tXzXuZ+J/XTXT/wk8pjxNNOJ4t6icMagGzOGBIJcGajQ1BWFJzK8RDJBHWJrSSCcGdf3mRtGpV97Rauzsr12/yOIrgEByBCnDBOaiDK9AATYDBI3gGr+DNerJerHfrY9ZasPKZffAH1ucP2o+WiA==</latexit>

O(T · L · �)
<latexit sha1_base64="FaW4nm4d9TPX9rgMk8IUZvlK3Do=">AAACCHicbVDLSgMxFM34rPU16tKFwSLUTZmpgi4LblyIVugLOkPJpJk2NJMMSUYoQ5du/BU3LhRx6ye482/MtLPQ1gMhh3Pu5d57gphRpR3n21paXlldWy9sFDe3tnd27b39lhKJxKSJBROyEyBFGOWkqalmpBNLgqKAkXYwusr89gORigre0OOY+BEacBpSjLSRevaRFyE9xIild5Nyw8N9oeHN7PPiIT3t2SWn4kwBF4mbkxLIUe/ZX15f4CQiXGOGlOq6Tqz9FElNMSOTopcoEiM8QgPSNZSjiCg/nR4ygSdG6cNQSPO4hlP1d0eKIqXGUWAqs7XVvJeJ/3ndRIeXfkp5nGjC8WxQmDCoBcxSgX0qCdZsbAjCkppdIR4iibA22RVNCO78yYukVa24Z5Xq/XmpdpvHUQCH4BiUgQsuQA1cgzpoAgwewTN4BW/Wk/VivVsfs9IlK+85AH9gff4A5kyZSA==</latexit>

O(1/T )
<latexit sha1_base64="CN07A5RlIjitcMmVEQVh4siqYsI=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBHqpiZV0GXBjSut0Be0oUymk3boZBJmJoUS+iduXCji1j9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zba2tb2xubRd2irt7+weH9tFxS0WJJLRJIh7Jjo8V5UzQpmaa004sKQ59Ttv++C7z2xMqFYtEQ09j6oV4KFjACNZG6tt2L8R6RDBPH2dl97Jx0bdLTsWZA60SNyclyFHv21+9QUSSkApNOFaq6zqx9lIsNSOczoq9RNEYkzEe0q6hAodUeek8+QydG2WAgkiaJzSaq783UhwqNQ19M5nlVMteJv7ndRMd3HopE3GiqSCLQ0HCkY5QVgMaMEmJ5lNDMJHMZEVkhCUm2pRVNCW4y19eJa1qxb2qVJ+uS7WHvI4CnMIZlMGFG6jBPdShCQQm8Ayv8Gal1ov1bn0sRtesfOcE/sD6/AFfVZLd</latexit>

O(T )
<latexit sha1_base64="y0hN7ud+pfyaunJvn37kJ4hIu0s=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBItQN2WmFXRZcONKK/QF7VgyaaYNzWSGJKOUof/hxoUibv0Xd/6NmXYW2nogcDjnXu7J8SLOlLbtbyu3tr6xuZXfLuzs7u0fFA+P2iqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJtep33mkUrFQNPU0om6AR4L5jGBtpId+gPWYYJ7czcrN80GxZFfsOdAqcTJSggyNQfGrPwxJHFChCcdK9Rw70m6CpWaE01mhHysaYTLBI9ozVOCAKjeZp56hM6MMkR9K84RGc/X3RoIDpaaBZybTlGrZS8X/vF6s/Ss3YSKKNRVkcciPOdIhSitAQyYp0XxqCCaSmayIjLHERJuiCqYEZ/nLq6RdrTi1SvX+olS/zerIwwmcQhkcuIQ63EADWkBAwjO8wpv1ZL1Y79bHYjRnZTvH8AfW5w8BuZI4</latexit>

O(T · L/B)
<latexit sha1_base64="QggXmskG3cf3LJIWVdggXbsbGGk=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUDc1qYIui25ciFboC5pQJpNJO3QyCTMToYRs/BU3LhRx62e482+ctllo64ELh3Pu5d57vJhRqSzr2ygsLa+srhXXSxubW9s75u5eW0aJwKSFIxaJrockYZSTlqKKkW4sCAo9Rjre6Hridx6JkDTiTTWOiRuiAacBxUhpqW8eOCFSQ4xYep9Vmg72IwVvT69O+mbZqlpTwEVi56QMcjT65pfjRzgJCVeYISl7thUrN0VCUcxIVnISSWKER2hAeppyFBLpptMHMnisFR8GkdDFFZyqvydSFEo5Dj3dOTlXznsT8T+vl6jg0k0pjxNFOJ4tChIGVQQnaUCfCoIVG2uCsKD6VoiHSCCsdGYlHYI9//Iiadeq9lm19nBert/lcRTBITgCFWCDC1AHN6ABWgCDDDyDV/BmPBkvxrvxMWstGPnMPvgD4/MHZLWVpg==</latexit>

O(L/B)
<latexit sha1_base64="9Zk/njxIoMvH4L4/L+AMCfUdvIw=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRahbupMFXRZdONCtIJ9QDuUTJq2oZnMkGQKZeifuHGhiFv/xJ1/Y6adhbYeCBzOuZd7cvyIM6Ud59vKrayurW/kNwtb2zu7e/b+QUOFsSS0TkIeypaPFeVM0LpmmtNWJCkOfE6b/ugm9ZtjKhULxZOeRNQL8ECwPiNYG6lr250A6yHBPHmYlu7Ork+7dtEpOzOgZeJmpAgZal37q9MLSRxQoQnHSrVdJ9JegqVmhNNpoRMrGmEywgPaNlTggCovmSWfohOj9FA/lOYJjWbq740EB0pNAt9MpjnVopeK/3ntWPevvISJKNZUkPmhfsyRDlFaA+oxSYnmE0MwkcxkRWSIJSbalFUwJbiLX14mjUrZPS9XHi+K1fusjjwcwTGUwIVLqMIt1KAOBMbwDK/wZiXWi/VufcxHc1a2cwh/YH3+AG04kuY=</latexit>

: pages in bufferP
<latexit sha1_base64="kXJOtC0Q+7S8drNnPDQp6Ty5n8I=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1VqrXmk08jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGqTYzW</latexit>

: entries/pageB
<latexit sha1_base64="mxAirIotijmauiCEBBqGklzDcEk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZ7HUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flRWMyA==</latexit>

: #levels L
<latexit sha1_base64="b4yaNqEsiUf6kUcRaHNyy4jRZ4A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>

: size ratioT
<latexit sha1_base64="SLHnCyxAtuYZIE/CwqAS9gT2cZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOCv2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtlsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+wXYza</latexit>

: #entriesN
<latexit sha1_base64="TAIL0DmqaJ4hbEEdPJVrqUCa7ZI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWat71yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5odOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmX5MBV8iMmFhCmeL2VsJGVFFmbDYlG4K3/PIqadeq3kW11rys1Ot5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AadFjNQ=</latexit>

: FPR of BF�
<latexit sha1_base64="vfnJsCKOhrAAHGhTD6JQR1zPmBI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeAF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8MOVMG9f9diobm1vbO9Xd2t7+weFR/fikq5NMEdohCU9UP8SaciZpxzDDaT9VFIuQ0144vSv83hNVmiXy0cxSGgg8kSxiBJtCGqYxG9UbbtNdAK0TryQNKNEe1b+G44RkgkpDONZ64LmpCXKsDCOczmvDTNMUkyme0IGlEguqg3xx6xxdWGWMokTZkgYt1N8TORZaz0RoOwU2sV71CvE/b5CZ6DbImUwzQyVZLooyjkyCisfRmClKDJ9Zgoli9lZEYqwwMTaemg3BW315nXRbTe+q2Xq4bvh+GUcVzuAcLsGDG/DhHtrQAQIxPMMrvDnCeXHenY9la8UpZ07hD5zPHxQ8jkE=</latexit>



leveling tiering

hybrid designs

Data Layout

read 
optimized 

write 
optimized 



1-leveling

fewer write stalls  
increased block cache hits

low write amplification 
better read performance 

L-leveling

Data Layout
RocksDB20 DayanSIGMOD18
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Data Layout
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write 
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leveling tiering

Data Layout

read 
optimized 

write 
optimized 

So, how do we reason about the data layout?

1-leveling L-leveling



v v

v v

performance workload data layout



data layout

Compaction 
black box



1

2

3

4

How to organize the data on device?

How much data to move at-a-time?

Which block of data to be moved?

When to re-organize the data layout?

SarkarVLDB21



1

2

3

4

How to organize the data on device?

How much data to move at-a-time?

Which block of data to be moved?

When to re-organize the data layout?

Data Layout

Compaction 
Granularity

Data Movement 
Policy

Compaction 
Trigger

SarkarVLDB21



consecutive 
levels 

2
data moved per compaction 

Compaction Granularity

AsterixDB
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2
data moved per compaction 

Compaction Granularity

cascading compactions 
high latency spikes 

unpredictable perf. 
write stalls



2
data moved per compaction 

Compaction Granularity

partial compaction
granularity: files
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data moved per compaction 

Compaction Granularity

partial compaction

files



2
data moved per compaction 

Compaction Granularity

partial compaction

files



2
data moved per compaction 

Compaction Granularity

partial compaction
~same data movement

predictable perf. 

amortized cost for 
compactions

files
RocksDB



data moved per compaction 
Compaction Granularity2

sorted runs in a level



data moved per compaction 
Compaction Granularity2

sorted runs in a level



data moved per compaction 
Compaction Granularity2

sorted runs in a level



levels sorted runs in a level files

data moved per compaction 
Compaction Granularity2



3 Data Movement Policy
which data to compact

files



minimum overlap with parent level

coldest file

file with most tombstones 

round-robin

3 Data Movement Policy
which data to compact

files

!

WA

SA

PQ



level saturation 

4 Compaction Trigger
invoking the compaction routine 



space amplification  

age of a file 

level saturation 

4 Compaction Trigger
invoking the compaction routine 

SA

De

number of sorted runs



Data Layout Compaction 
Granularity

Compaction 
Trigger

Data Movement 
Policy

1 2 3 4



Data Layout Compaction 
Granularity

Compaction 
Trigger

Data Movement 
Policy

Any Compaction Algorithm

SarkarVLDB21
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Data Layout Compaction 
Granularity

Compaction 
Trigger

Data Movement 
Policy

Any Compaction Algorithm



SIGMOD Demo: Compactionary

Tuesday 
4-6PMSarkarSIGMOD22



Compactions

delete 
performance 

scan 
performance

lookup 
performance

write 
amplification

write 
performance 

space 
amplification

COMPACTION

SarkarSIGMOD20



Optimizing Compactions
Background 
Compactions



Optimizing Compactions
Background 
Compactions

non-blocking reads/writes 
improves write throughput
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Compaction 
Priority

write 
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Optimizing Compactions
Background 
Compactions

Compaction 
Priority

write 
pressure 

prioritize 
writes over 
compaction 



write 
pressure 

Optimizing Compactions
Background 
Compactions

Compaction 
Priority

sustain heavy write bursts 
tree becomes out of shape 



Optimizing Compactions
Background 
Compactions

Compaction 
Priority

I/O Scheduler



Optimizing Compactions
Background 
Compactions

Compaction 
Priority

I/O Scheduler

prioritized  
flush/compaction

eliminates write stalls 
no unnecessary high-priority 
compactions in lower levelsBalmauATC19 BalmauToCS20



Data Placement Variations

key-value separation 

<key, value>

LuFAST16



reduced write amplification 
better read performance

key-value separation 

<key, ptr>

value value value value

SSD-conscious

LuFAST16

Data Placement Variations



partitioning / sharding 

Data Placement Variations



improved ingestion throughput 
reduced write amplification 

sharding 
storage-1 storage-2 storage-3storage

partitioning
RajuSOSP17 HuangSIGMOD21

Data Placement Variations



Summary: Ingestion Optimization

main memory 
design elements

data layout 
on storage 

hardware-conscious 
designs

data 
structure 

size
flush 

strategy 

compaction 
design space 

tuning 
compactions key-value 

separation

data 
partitioning data 

sharding 



Outline

Part 1: LSM Basics

Part 2: Optimizing Ingestion in LSMs

Part 3: Navigating the LSM Design Space



LSM Design Space

Read cost

Update cost

Memory/space 
footprintAthanassoulisEDBT16



LSM Design Space
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Update cost

Memory/space 
footprint
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Re
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LSM Design Space

Read cost

Update cost

Memory/space 
footprint

Re
ad

 c
os

t

Update cost

Tuning memory 
allocation

fixed Memory

How to optimally allocate the available memory?



memory 
budget 

workload

How to allocate memory  
between buffer and BF

How to allocate memory  
among BFs in LSM

DayanSIGMOD17



buffer 

Bloom  
filters  

get(7)

1 I/O

1 I/O

1 I/O

1 I/O

1 I/O

DayanSIGMOD17



Bloom  
filters  FPR

�
<latexit sha1_base64="sEaXY875hrGBW4wgyo/KhQwS6jc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsN83S3U3Y3QglFPwFXjwo4tU/5M1/4ybtQVsfDDzem2FmXpBwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tVxqgjtkJjHqh9gTTmTtGOY4bSfKIpFwGkvmN7lfu+RKs1i+WBmCfUFnkgWMoJNLg2TiI2qNbfuFkDrxFuSGizRGlW/huOYpIJKQzjWeuC5ifEzrAwjnM4rw1TTBJMpntCBpRILqv2suHWOLqwyRmGsbEmDCvX3RIaF1jMR2E6BTaRXvVz8zxukJrz1MyaT1FBJFovClCMTo/xxNGaKEsNnlmCimL0VkQgrTIyNp2JD8FZfXifdRt27qjfa17Vm+2kRRxnO4BwuwYMbaMI9tKADBCJ4hld4c4Tz4rw7H4vWkrOM8BT+wPn8AT9ZjtI=</latexit>

�
<latexit sha1_base64="sEaXY875hrGBW4wgyo/KhQwS6jc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsN83S3U3Y3QglFPwFXjwo4tU/5M1/4ybtQVsfDDzem2FmXpBwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tVxqgjtkJjHqh9gTTmTtGOY4bSfKIpFwGkvmN7lfu+RKs1i+WBmCfUFnkgWMoJNLg2TiI2qNbfuFkDrxFuSGizRGlW/huOYpIJKQzjWeuC5ifEzrAwjnM4rw1TTBJMpntCBpRILqv2suHWOLqwyRmGsbEmDCvX3RIaF1jMR2E6BTaRXvVz8zxukJrz1MyaT1FBJFovClCMTo/xxNGaKEsNnlmCimL0VkQgrTIyNp2JD8FZfXifdRt27qjfa17Vm+2kRRxnO4BwuwYMbaMI9tKADBCJ4hld4c4Tz4rw7H4vWkrOM8BT+wPn8AT9ZjtI=</latexit>

�
<latexit sha1_base64="sEaXY875hrGBW4wgyo/KhQwS6jc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsN83S3U3Y3QglFPwFXjwo4tU/5M1/4ybtQVsfDDzem2FmXpBwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tVxqgjtkJjHqh9gTTmTtGOY4bSfKIpFwGkvmN7lfu+RKs1i+WBmCfUFnkgWMoJNLg2TiI2qNbfuFkDrxFuSGizRGlW/huOYpIJKQzjWeuC5ifEzrAwjnM4rw1TTBJMpntCBpRILqv2suHWOLqwyRmGsbEmDCvX3RIaF1jMR2E6BTaRXvVz8zxukJrz1MyaT1FBJFovClCMTo/xxNGaKEsNnlmCimL0VkQgrTIyNp2JD8FZfXifdRt27qjfa17Vm+2kRRxnO4BwuwYMbaMI9tKADBCJ4hld4c4Tz4rw7H4vWkrOM8BT+wPn8AT9ZjtI=</latexit>

�
<latexit sha1_base64="sEaXY875hrGBW4wgyo/KhQwS6jc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsN83S3U3Y3QglFPwFXjwo4tU/5M1/4ybtQVsfDDzem2FmXpBwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tVxqgjtkJjHqh9gTTmTtGOY4bSfKIpFwGkvmN7lfu+RKs1i+WBmCfUFnkgWMoJNLg2TiI2qNbfuFkDrxFuSGizRGlW/huOYpIJKQzjWeuC5ifEzrAwjnM4rw1TTBJMpntCBpRILqv2suHWOLqwyRmGsbEmDCvX3RIaF1jMR2E6BTaRXvVz8zxukJrz1MyaT1FBJFovClCMTo/xxNGaKEsNnlmCimL0VkQgrTIyNp2JD8FZfXifdRt27qjfa17Vm+2kRRxnO4BwuwYMbaMI9tKADBCJ4hld4c4Tz4rw7H4vWkrOM8BT+wPn8AT9ZjtI=</latexit>

�
<latexit sha1_base64="sEaXY875hrGBW4wgyo/KhQwS6jc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsN83S3U3Y3QglFPwFXjwo4tU/5M1/4ybtQVsfDDzem2FmXpBwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tVxqgjtkJjHqh9gTTmTtGOY4bSfKIpFwGkvmN7lfu+RKs1i+WBmCfUFnkgWMoJNLg2TiI2qNbfuFkDrxFuSGizRGlW/huOYpIJKQzjWeuC5ifEzrAwjnM4rw1TTBJMpntCBpRILqv2suHWOLqwyRmGsbEmDCvX3RIaF1jMR2E6BTaRXvVz8zxukJrz1MyaT1FBJFovClCMTo/xxNGaKEsNnlmCimL0VkQgrTIyNp2JD8FZfXifdRt27qjfa17Vm+2kRRxnO4BwuwYMbaMI9tKADBCJ4hld4c4Tz4rw7H4vWkrOM8BT+wPn8AT9ZjtI=</latexit>

Monkey 
FPR

�
<latexit sha1_base64="sEaXY875hrGBW4wgyo/KhQwS6jc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsN83S3U3Y3QglFPwFXjwo4tU/5M1/4ybtQVsfDDzem2FmXpBwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tVxqgjtkJjHqh9gTTmTtGOY4bSfKIpFwGkvmN7lfu+RKs1i+WBmCfUFnkgWMoJNLg2TiI2qNbfuFkDrxFuSGizRGlW/huOYpIJKQzjWeuC5ifEzrAwjnM4rw1TTBJMpntCBpRILqv2suHWOLqwyRmGsbEmDCvX3RIaF1jMR2E6BTaRXvVz8zxukJrz1MyaT1FBJFovClCMTo/xxNGaKEsNnlmCimL0VkQgrTIyNp2JD8FZfXifdRt27qjfa17Vm+2kRRxnO4BwuwYMbaMI9tKADBCJ4hld4c4Tz4rw7H4vWkrOM8BT+wPn8AT9ZjtI=</latexit>

�
<latexit sha1_base64="sEaXY875hrGBW4wgyo/KhQwS6jc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsN83S3U3Y3QglFPwFXjwo4tU/5M1/4ybtQVsfDDzem2FmXpBwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tVxqgjtkJjHqh9gTTmTtGOY4bSfKIpFwGkvmN7lfu+RKs1i+WBmCfUFnkgWMoJNLg2TiI2qNbfuFkDrxFuSGizRGlW/huOYpIJKQzjWeuC5ifEzrAwjnM4rw1TTBJMpntCBpRILqv2suHWOLqwyRmGsbEmDCvX3RIaF1jMR2E6BTaRXvVz8zxukJrz1MyaT1FBJFovClCMTo/xxNGaKEsNnlmCimL0VkQgrTIyNp2JD8FZfXifdRt27qjfa17Vm+2kRRxnO4BwuwYMbaMI9tKADBCJ4hld4c4Tz4rw7H4vWkrOM8BT+wPn8AT9ZjtI=</latexit>

�
<latexit sha1_base64="sEaXY875hrGBW4wgyo/KhQwS6jc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsN83S3U3Y3QglFPwFXjwo4tU/5M1/4ybtQVsfDDzem2FmXpBwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tVxqgjtkJjHqh9gTTmTtGOY4bSfKIpFwGkvmN7lfu+RKs1i+WBmCfUFnkgWMoJNLg2TiI2qNbfuFkDrxFuSGizRGlW/huOYpIJKQzjWeuC5ifEzrAwjnM4rw1TTBJMpntCBpRILqv2suHWOLqwyRmGsbEmDCvX3RIaF1jMR2E6BTaRXvVz8zxukJrz1MyaT1FBJFovClCMTo/xxNGaKEsNnlmCimL0VkQgrTIyNp2JD8FZfXifdRt27qjfa17Vm+2kRRxnO4BwuwYMbaMI9tKADBCJ4hld4c4Tz4rw7H4vWkrOM8BT+wPn8AT9ZjtI=</latexit>

�
<latexit sha1_base64="sEaXY875hrGBW4wgyo/KhQwS6jc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsN83S3U3Y3QglFPwFXjwo4tU/5M1/4ybtQVsfDDzem2FmXpBwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tVxqgjtkJjHqh9gTTmTtGOY4bSfKIpFwGkvmN7lfu+RKs1i+WBmCfUFnkgWMoJNLg2TiI2qNbfuFkDrxFuSGizRGlW/huOYpIJKQzjWeuC5ifEzrAwjnM4rw1TTBJMpntCBpRILqv2suHWOLqwyRmGsbEmDCvX3RIaF1jMR2E6BTaRXvVz8zxukJrz1MyaT1FBJFovClCMTo/xxNGaKEsNnlmCimL0VkQgrTIyNp2JD8FZfXifdRt27qjfa17Vm+2kRRxnO4BwuwYMbaMI9tKADBCJ4hld4c4Tz4rw7H4vWkrOM8BT+wPn8AT9ZjtI=</latexit>

�
<latexit sha1_base64="sEaXY875hrGBW4wgyo/KhQwS6jc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsN83S3U3Y3QglFPwFXjwo4tU/5M1/4ybtQVsfDDzem2FmXpBwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tVxqgjtkJjHqh9gTTmTtGOY4bSfKIpFwGkvmN7lfu+RKs1i+WBmCfUFnkgWMoJNLg2TiI2qNbfuFkDrxFuSGizRGlW/huOYpIJKQzjWeuC5ifEzrAwjnM4rw1TTBJMpntCBpRILqv2suHWOLqwyRmGsbEmDCvX3RIaF1jMR2E6BTaRXvVz8zxukJrz1MyaT1FBJFovClCMTo/xxNGaKEsNnlmCimL0VkQgrTIyNp2JD8FZfXifdRt27qjfa17Vm+2kRRxnO4BwuwYMbaMI9tKADBCJ4hld4c4Tz4rw7H4vWkrOM8BT+wPn8AT9ZjtI=</latexit>
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�
<latexit sha1_base64="sEaXY875hrGBW4wgyo/KhQwS6jc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsN83S3U3Y3QglFPwFXjwo4tU/5M1/4ybtQVsfDDzem2FmXpBwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tVxqgjtkJjHqh9gTTmTtGOY4bSfKIpFwGkvmN7lfu+RKs1i+WBmCfUFnkgWMoJNLg2TiI2qNbfuFkDrxFuSGizRGlW/huOYpIJKQzjWeuC5ifEzrAwjnM4rw1TTBJMpntCBpRILqv2suHWOLqwyRmGsbEmDCvX3RIaF1jMR2E6BTaRXvVz8zxukJrz1MyaT1FBJFovClCMTo/xxNGaKEsNnlmCimL0VkQgrTIyNp2JD8FZfXifdRt27qjfa17Vm+2kRRxnO4BwuwYMbaMI9tKADBCJ4hld4c4Tz4rw7H4vWkrOM8BT+wPn8AT9ZjtI=</latexit> 0

�
<latexit sha1_base64="sEaXY875hrGBW4wgyo/KhQwS6jc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsN83S3U3Y3QglFPwFXjwo4tU/5M1/4ybtQVsfDDzem2FmXpBwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tVxqgjtkJjHqh9gTTmTtGOY4bSfKIpFwGkvmN7lfu+RKs1i+WBmCfUFnkgWMoJNLg2TiI2qNbfuFkDrxFuSGizRGlW/huOYpIJKQzjWeuC5ifEzrAwjnM4rw1TTBJMpntCBpRILqv2suHWOLqwyRmGsbEmDCvX3RIaF1jMR2E6BTaRXvVz8zxukJrz1MyaT1FBJFovClCMTo/xxNGaKEsNnlmCimL0VkQgrTIyNp2JD8FZfXifdRt27qjfa17Vm+2kRRxnO4BwuwYMbaMI9tKADBCJ4hld4c4Tz4rw7H4vWkrOM8BT+wPn8AT9ZjtI=</latexit> 0

/T�
<latexit sha1_base64="sEaXY875hrGBW4wgyo/KhQwS6jc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsN83S3U3Y3QglFPwFXjwo4tU/5M1/4ybtQVsfDDzem2FmXpBwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tVxqgjtkJjHqh9gTTmTtGOY4bSfKIpFwGkvmN7lfu+RKs1i+WBmCfUFnkgWMoJNLg2TiI2qNbfuFkDrxFuSGizRGlW/huOYpIJKQzjWeuC5ifEzrAwjnM4rw1TTBJMpntCBpRILqv2suHWOLqwyRmGsbEmDCvX3RIaF1jMR2E6BTaRXvVz8zxukJrz1MyaT1FBJFovClCMTo/xxNGaKEsNnlmCimL0VkQgrTIyNp2JD8FZfXifdRt27qjfa17Vm+2kRRxnO4BwuwYMbaMI9tKADBCJ4hld4c4Tz4rw7H4vWkrOM8BT+wPn8AT9ZjtI=</latexit> 0

/T�
<latexit sha1_base64="sEaXY875hrGBW4wgyo/KhQwS6jc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsN83S3U3Y3QglFPwFXjwo4tU/5M1/4ybtQVsfDDzem2FmXpBwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tVxqgjtkJjHqh9gTTmTtGOY4bSfKIpFwGkvmN7lfu+RKs1i+WBmCfUFnkgWMoJNLg2TiI2qNbfuFkDrxFuSGizRGlW/huOYpIJKQzjWeuC5ifEzrAwjnM4rw1TTBJMpntCBpRILqv2suHWOLqwyRmGsbEmDCvX3RIaF1jMR2E6BTaRXvVz8zxukJrz1MyaT1FBJFovClCMTo/xxNGaKEsNnlmCimL0VkQgrTIyNp2JD8FZfXifdRt27qjfa17Vm+2kRRxnO4BwuwYMbaMI9tKADBCJ4hld4c4Tz4rw7H4vWkrOM8BT+wPn8AT9ZjtI=</latexit> 0

/T�
<latexit sha1_base64="sEaXY875hrGBW4wgyo/KhQwS6jc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsN83S3U3Y3QglFPwFXjwo4tU/5M1/4ybtQVsfDDzem2FmXpBwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tVxqgjtkJjHqh9gTTmTtGOY4bSfKIpFwGkvmN7lfu+RKs1i+WBmCfUFnkgWMoJNLg2TiI2qNbfuFkDrxFuSGizRGlW/huOYpIJKQzjWeuC5ifEzrAwjnM4rw1TTBJMpntCBpRILqv2suHWOLqwyRmGsbEmDCvX3RIaF1jMR2E6BTaRXvVz8zxukJrz1MyaT1FBJFovClCMTo/xxNGaKEsNnlmCimL0VkQgrTIyNp2JD8FZfXifdRt27qjfa17Vm+2kRRxnO4BwuwYMbaMI9tKADBCJ4hld4c4Tz4rw7H4vWkrOM8BT+wPn8AT9ZjtI=</latexit> 0
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�
<latexit sha1_base64="sEaXY875hrGBW4wgyo/KhQwS6jc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsN83S3U3Y3QglFPwFXjwo4tU/5M1/4ybtQVsfDDzem2FmXpBwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tVxqgjtkJjHqh9gTTmTtGOY4bSfKIpFwGkvmN7lfu+RKs1i+WBmCfUFnkgWMoJNLg2TiI2qNbfuFkDrxFuSGizRGlW/huOYpIJKQzjWeuC5ifEzrAwjnM4rw1TTBJMpntCBpRILqv2suHWOLqwyRmGsbEmDCvX3RIaF1jMR2E6BTaRXvVz8zxukJrz1MyaT1FBJFovClCMTo/xxNGaKEsNnlmCimL0VkQgrTIyNp2JD8FZfXifdRt27qjfa17Vm+2kRRxnO4BwuwYMbaMI9tKADBCJ4hld4c4Tz4rw7H4vWkrOM8BT+wPn8AT9ZjtI=</latexit>

�
<latexit sha1_base64="sEaXY875hrGBW4wgyo/KhQwS6jc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsN83S3U3Y3QglFPwFXjwo4tU/5M1/4ybtQVsfDDzem2FmXpBwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tVxqgjtkJjHqh9gTTmTtGOY4bSfKIpFwGkvmN7lfu+RKs1i+WBmCfUFnkgWMoJNLg2TiI2qNbfuFkDrxFuSGizRGlW/huOYpIJKQzjWeuC5ifEzrAwjnM4rw1TTBJMpntCBpRILqv2suHWOLqwyRmGsbEmDCvX3RIaF1jMR2E6BTaRXvVz8zxukJrz1MyaT1FBJFovClCMTo/xxNGaKEsNnlmCimL0VkQgrTIyNp2JD8FZfXifdRt27qjfa17Vm+2kRRxnO4BwuwYMbaMI9tKADBCJ4hld4c4Tz4rw7H4vWkrOM8BT+wPn8AT9ZjtI=</latexit>

�
<latexit sha1_base64="sEaXY875hrGBW4wgyo/KhQwS6jc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsN83S3U3Y3QglFPwFXjwo4tU/5M1/4ybtQVsfDDzem2FmXpBwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tVxqgjtkJjHqh9gTTmTtGOY4bSfKIpFwGkvmN7lfu+RKs1i+WBmCfUFnkgWMoJNLg2TiI2qNbfuFkDrxFuSGizRGlW/huOYpIJKQzjWeuC5ifEzrAwjnM4rw1TTBJMpntCBpRILqv2suHWOLqwyRmGsbEmDCvX3RIaF1jMR2E6BTaRXvVz8zxukJrz1MyaT1FBJFovClCMTo/xxNGaKEsNnlmCimL0VkQgrTIyNp2JD8FZfXifdRt27qjfa17Vm+2kRRxnO4BwuwYMbaMI9tKADBCJ4hld4c4Tz4rw7H4vWkrOM8BT+wPn8AT9ZjtI=</latexit>

�
<latexit sha1_base64="sEaXY875hrGBW4wgyo/KhQwS6jc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsN83S3U3Y3QglFPwFXjwo4tU/5M1/4ybtQVsfDDzem2FmXpBwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tVxqgjtkJjHqh9gTTmTtGOY4bSfKIpFwGkvmN7lfu+RKs1i+WBmCfUFnkgWMoJNLg2TiI2qNbfuFkDrxFuSGizRGlW/huOYpIJKQzjWeuC5ifEzrAwjnM4rw1TTBJMpntCBpRILqv2suHWOLqwyRmGsbEmDCvX3RIaF1jMR2E6BTaRXvVz8zxukJrz1MyaT1FBJFovClCMTo/xxNGaKEsNnlmCimL0VkQgrTIyNp2JD8FZfXifdRt27qjfa17Vm+2kRRxnO4BwuwYMbaMI9tKADBCJ4hld4c4Tz4rw7H4vWkrOM8BT+wPn8AT9ZjtI=</latexit>

�
<latexit sha1_base64="sEaXY875hrGBW4wgyo/KhQwS6jc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsN83S3U3Y3QglFPwFXjwo4tU/5M1/4ybtQVsfDDzem2FmXpBwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tVxqgjtkJjHqh9gTTmTtGOY4bSfKIpFwGkvmN7lfu+RKs1i+WBmCfUFnkgWMoJNLg2TiI2qNbfuFkDrxFuSGizRGlW/huOYpIJKQzjWeuC5ifEzrAwjnM4rw1TTBJMpntCBpRILqv2suHWOLqwyRmGsbEmDCvX3RIaF1jMR2E6BTaRXvVz8zxukJrz1MyaT1FBJFovClCMTo/xxNGaKEsNnlmCimL0VkQgrTIyNp2JD8FZfXifdRt27qjfa17Vm+2kRRxnO4BwuwYMbaMI9tKADBCJ4hld4c4Tz4rw7H4vWkrOM8BT+wPn8AT9ZjtI=</latexit>
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�
<latexit sha1_base64="sEaXY875hrGBW4wgyo/KhQwS6jc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsN83S3U3Y3QglFPwFXjwo4tU/5M1/4ybtQVsfDDzem2FmXpBwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tVxqgjtkJjHqh9gTTmTtGOY4bSfKIpFwGkvmN7lfu+RKs1i+WBmCfUFnkgWMoJNLg2TiI2qNbfuFkDrxFuSGizRGlW/huOYpIJKQzjWeuC5ifEzrAwjnM4rw1TTBJMpntCBpRILqv2suHWOLqwyRmGsbEmDCvX3RIaF1jMR2E6BTaRXvVz8zxukJrz1MyaT1FBJFovClCMTo/xxNGaKEsNnlmCimL0VkQgrTIyNp2JD8FZfXifdRt27qjfa17Vm+2kRRxnO4BwuwYMbaMI9tKADBCJ4hld4c4Tz4rw7H4vWkrOM8BT+wPn8AT9ZjtI=</latexit>

�
<latexit sha1_base64="sEaXY875hrGBW4wgyo/KhQwS6jc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsN83S3U3Y3QglFPwFXjwo4tU/5M1/4ybtQVsfDDzem2FmXpBwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tVxqgjtkJjHqh9gTTmTtGOY4bSfKIpFwGkvmN7lfu+RKs1i+WBmCfUFnkgWMoJNLg2TiI2qNbfuFkDrxFuSGizRGlW/huOYpIJKQzjWeuC5ifEzrAwjnM4rw1TTBJMpntCBpRILqv2suHWOLqwyRmGsbEmDCvX3RIaF1jMR2E6BTaRXvVz8zxukJrz1MyaT1FBJFovClCMTo/xxNGaKEsNnlmCimL0VkQgrTIyNp2JD8FZfXifdRt27qjfa17Vm+2kRRxnO4BwuwYMbaMI9tKADBCJ4hld4c4Tz4rw7H4vWkrOM8BT+wPn8AT9ZjtI=</latexit>

�
<latexit sha1_base64="sEaXY875hrGBW4wgyo/KhQwS6jc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsN83S3U3Y3QglFPwFXjwo4tU/5M1/4ybtQVsfDDzem2FmXpBwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tVxqgjtkJjHqh9gTTmTtGOY4bSfKIpFwGkvmN7lfu+RKs1i+WBmCfUFnkgWMoJNLg2TiI2qNbfuFkDrxFuSGizRGlW/huOYpIJKQzjWeuC5ifEzrAwjnM4rw1TTBJMpntCBpRILqv2suHWOLqwyRmGsbEmDCvX3RIaF1jMR2E6BTaRXvVz8zxukJrz1MyaT1FBJFovClCMTo/xxNGaKEsNnlmCimL0VkQgrTIyNp2JD8FZfXifdRt27qjfa17Vm+2kRRxnO4BwuwYMbaMI9tKADBCJ4hld4c4Tz4rw7H4vWkrOM8BT+wPn8AT9ZjtI=</latexit>

�
<latexit sha1_base64="sEaXY875hrGBW4wgyo/KhQwS6jc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsN83S3U3Y3QglFPwFXjwo4tU/5M1/4ybtQVsfDDzem2FmXpBwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tVxqgjtkJjHqh9gTTmTtGOY4bSfKIpFwGkvmN7lfu+RKs1i+WBmCfUFnkgWMoJNLg2TiI2qNbfuFkDrxFuSGizRGlW/huOYpIJKQzjWeuC5ifEzrAwjnM4rw1TTBJMpntCBpRILqv2suHWOLqwyRmGsbEmDCvX3RIaF1jMR2E6BTaRXvVz8zxukJrz1MyaT1FBJFovClCMTo/xxNGaKEsNnlmCimL0VkQgrTIyNp2JD8FZfXifdRt27qjfa17Vm+2kRRxnO4BwuwYMbaMI9tKADBCJ4hld4c4Tz4rw7H4vWkrOM8BT+wPn8AT9ZjtI=</latexit>

�
<latexit sha1_base64="sEaXY875hrGBW4wgyo/KhQwS6jc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsN83S3U3Y3QglFPwFXjwo4tU/5M1/4ybtQVsfDDzem2FmXpBwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tVxqgjtkJjHqh9gTTmTtGOY4bSfKIpFwGkvmN7lfu+RKs1i+WBmCfUFnkgWMoJNLg2TiI2qNbfuFkDrxFuSGizRGlW/huOYpIJKQzjWeuC5ifEzrAwjnM4rw1TTBJMpntCBpRILqv2suHWOLqwyRmGsbEmDCvX3RIaF1jMR2E6BTaRXvVz8zxukJrz1MyaT1FBJFovClCMTo/xxNGaKEsNnlmCimL0VkQgrTIyNp2JD8FZfXifdRt27qjfa17Vm+2kRRxnO4BwuwYMbaMI9tKADBCJ4hld4c4Tz4rw7H4vWkrOM8BT+wPn8AT9ZjtI=</latexit>

point lookup cost
>

L · �
<latexit sha1_base64="6sT9cGp78SMDtqGOOcCFDIx22xQ=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeCFw8iFewHJKFsNpt26WY37E6EUvozvHhQxKu/xpv/xm2bg7Y+GHi8N8PMvCgT3IDrfjultfWNza3ydmVnd2//oHp41DEq15S1qRJK9yJimOCStYGDYL1MM5JGgnWj0c3M7z4xbbiSjzDOWJiSgeQJpwSs5N8FNFaAg2zI+9WaW3fnwKvEK0gNFWj1q19BrGieMglUEGN8z80gnBANnAo2rQS5YRmhIzJgvqWSpMyEk/nJU3xmlRgnStuSgOfq74kJSY0Zp5HtTAkMzbI3E//z/ByS63DCZZYDk3SxKMkFBoVn/+OYa0ZBjC0hVHN7K6ZDogkFm1LFhuAtv7xKOo26d1FvPFzWmvdFHGV0gk7ROfLQFWqiW9RCbUSRQs/oFb054Lw4787HorXkFDPH6A+czx/hbJEH</latexit>

X

i

�i

<latexit sha1_base64="0c2Y4OC7RZoGAQLfUS7hGk815S4=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4kkq2A9oQthsN+3S3U3c3RRK6O/w4kERr/4Yb/4bt20O2vpg4PHeDDPzopQzbVz321lb39jc2i7tlHf39g8OK0fHbZ1kitAWSXiiuhHWlDNJW4YZTrupolhEnHai0e3M74yp0iyRj2aS0kDggWQxI9hYKfB1JkKG/HTIQhZWqm7NnQOtEq8gVSjQDCtffj8hmaDSEI617nluaoIcK8MIp9Oyn2maYjLCA9qzVGJBdZDPj56ic6v0UZwoW9Kgufp7IsdC64mIbKfAZqiXvZn4n9fLTHwT5EymmaGSLBbFGUcmQbMEUJ8pSgyfWIKJYvZWRIZYYWJsTmUbgrf88ipp12veZa3+cFVt3BdxlOAUzuACPLiGBtxBE1pA4Ame4RXenLHz4rw7H4vWNaeYOYE/cD5/AKAqkgo=</latexit>

O(L · �)
<latexit sha1_base64="qnvvVgvdfIsXlaSvSyfSTfgipqk=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR6qYkVdBlwY0L0Qr2AU0ok8m0HTqZCTMToYS68VfcuFDErX/hzr9x0mahrQcuHM65l3vvCWJGlXacb6uwtLyyulZcL21sbm3v2Lt7LSUSiUkTCyZkJ0CKMMpJU1PNSCeWBEUBI+1gdJn57QciFRX8Xo9j4kdowGmfYqSN1LMPvAjpIUYsvZ1Urj0cCg29eEhPenbZqTpTwEXi5qQMcjR69pcXCpxEhGvMkFJd14m1nyKpKWZkUvISRWKER2hAuoZyFBHlp9MPJvDYKCHsC2mKazhVf0+kKFJqHAWmM7tXzXuZ+J/XTXT/wk8pjxNNOJ4t6icMagGzOGBIJcGajQ1BWFJzK8RDJBHWJrSSCcGdf3mRtGpV97Rauzsr12/yOIrgEByBCnDBOaiDK9AATYDBI3gGr+DNerJerHfrY9ZasPKZffAH1ucP2o+WiA==</latexit>

= c · �0
<latexit sha1_base64="QN7+bOL5XlwoCZvCIo8fDSThu1M=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkpSBb0IRS8eK9gPaELYbDbt0s0m7E6EWvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvDATXIPjfFultfWNza3ydmVnd2+/ah8cdnSaK8raNBWp6oVEM8ElawMHwXqZYiQJBeuGo9uZ331kSvNUPsA4Y35CBpLHnBIwUmBXrzH1aJQC9rIhD5zArjl1Zw68StyC1FCBVmB/eVFK84RJoIJo3XedDPwJUcCpYNOKl2uWEToiA9Y3VJKEaX8yP3yKT40S4ThVpiTgufp7YkISrcdJaDoTAkO97M3E/7x+DvGVP+Eyy4FJulgU5wJDimcp4IgrRkGMDSFUcXMrpkOiCAWTVcWE4C6/vEo6jbp7Xm/cX9SaN0UcZXSMTtAZctElaqI71EJtRFGOntErerOerBfr3fpYtJasYuYI/YH1+QOAsZJX</latexit>

O(c · �0)
<latexit sha1_base64="qemK+/20/bViYiarehA37fTzHHo=">AAACA3icbVDLSsNAFJ34rPUVdaebwSLUTUmqoMuiG3dWsA9oQphMJ+3QyUyYmQglFNz4K25cKOLWn3Dn3zhps9DWAxcO59zLvfeECaNKO863tbS8srq2Xtoob25t7+zae/ttJVKJSQsLJmQ3RIowyklLU81IN5EExSEjnXB0nfudByIVFfxejxPix2jAaUQx0kYK7EMvRnqIEctuJ1Xs4b7Q0EuGNHBOA7vi1Jwp4CJxC1IBBZqB/eX1BU5jwjVmSKme6yTaz5DUFDMyKXupIgnCIzQgPUM5ionys+kPE3hilD6MhDTFNZyqvycyFCs1jkPTmV+s5r1c/M/rpTq69DPKk1QTjmeLopRBLWAeCOxTSbBmY0MQltTcCvEQSYS1ia1sQnDnX14k7XrNPavV784rjasijhI4AsegClxwARrgBjRBC2DwCJ7BK3iznqwX6936mLUuWcXMAfgD6/MHMI6XNg==</latexit>
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=
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�
<latexit sha1_base64="sEaXY875hrGBW4wgyo/KhQwS6jc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsN83S3U3Y3QglFPwFXjwo4tU/5M1/4ybtQVsfDDzem2FmXpBwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tVxqgjtkJjHqh9gTTmTtGOY4bSfKIpFwGkvmN7lfu+RKs1i+WBmCfUFnkgWMoJNLg2TiI2qNbfuFkDrxFuSGizRGlW/huOYpIJKQzjWeuC5ifEzrAwjnM4rw1TTBJMpntCBpRILqv2suHWOLqwyRmGsbEmDCvX3RIaF1jMR2E6BTaRXvVz8zxukJrz1MyaT1FBJFovClCMTo/xxNGaKEsNnlmCimL0VkQgrTIyNp2JD8FZfXifdRt27qjfa17Vm+2kRRxnO4BwuwYMbaMI9tKADBCJ4hld4c4Tz4rw7H4vWkrOM8BT+wPn8AT9ZjtI=</latexit> 0

�
<latexit sha1_base64="sEaXY875hrGBW4wgyo/KhQwS6jc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsN83S3U3Y3QglFPwFXjwo4tU/5M1/4ybtQVsfDDzem2FmXpBwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tVxqgjtkJjHqh9gTTmTtGOY4bSfKIpFwGkvmN7lfu+RKs1i+WBmCfUFnkgWMoJNLg2TiI2qNbfuFkDrxFuSGizRGlW/huOYpIJKQzjWeuC5ifEzrAwjnM4rw1TTBJMpntCBpRILqv2suHWOLqwyRmGsbEmDCvX3RIaF1jMR2E6BTaRXvVz8zxukJrz1MyaT1FBJFovClCMTo/xxNGaKEsNnlmCimL0VkQgrTIyNp2JD8FZfXifdRt27qjfa17Vm+2kRRxnO4BwuwYMbaMI9tKADBCJ4hld4c4Tz4rw7H4vWkrOM8BT+wPn8AT9ZjtI=</latexit> 0

/T�
<latexit sha1_base64="sEaXY875hrGBW4wgyo/KhQwS6jc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsN83S3U3Y3QglFPwFXjwo4tU/5M1/4ybtQVsfDDzem2FmXpBwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tVxqgjtkJjHqh9gTTmTtGOY4bSfKIpFwGkvmN7lfu+RKs1i+WBmCfUFnkgWMoJNLg2TiI2qNbfuFkDrxFuSGizRGlW/huOYpIJKQzjWeuC5ifEzrAwjnM4rw1TTBJMpntCBpRILqv2suHWOLqwyRmGsbEmDCvX3RIaF1jMR2E6BTaRXvVz8zxukJrz1MyaT1FBJFovClCMTo/xxNGaKEsNnlmCimL0VkQgrTIyNp2JD8FZfXifdRt27qjfa17Vm+2kRRxnO4BwuwYMbaMI9tKADBCJ4hld4c4Tz4rw7H4vWkrOM8BT+wPn8AT9ZjtI=</latexit> 0

/T�
<latexit sha1_base64="sEaXY875hrGBW4wgyo/KhQwS6jc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsN83S3U3Y3QglFPwFXjwo4tU/5M1/4ybtQVsfDDzem2FmXpBwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tVxqgjtkJjHqh9gTTmTtGOY4bSfKIpFwGkvmN7lfu+RKs1i+WBmCfUFnkgWMoJNLg2TiI2qNbfuFkDrxFuSGizRGlW/huOYpIJKQzjWeuC5ifEzrAwjnM4rw1TTBJMpntCBpRILqv2suHWOLqwyRmGsbEmDCvX3RIaF1jMR2E6BTaRXvVz8zxukJrz1MyaT1FBJFovClCMTo/xxNGaKEsNnlmCimL0VkQgrTIyNp2JD8FZfXifdRt27qjfa17Vm+2kRRxnO4BwuwYMbaMI9tKADBCJ4hld4c4Tz4rw7H4vWkrOM8BT+wPn8AT9ZjtI=</latexit> 0

/T�
<latexit sha1_base64="sEaXY875hrGBW4wgyo/KhQwS6jc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsN83S3U3Y3QglFPwFXjwo4tU/5M1/4ybtQVsfDDzem2FmXpBwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tVxqgjtkJjHqh9gTTmTtGOY4bSfKIpFwGkvmN7lfu+RKs1i+WBmCfUFnkgWMoJNLg2TiI2qNbfuFkDrxFuSGizRGlW/huOYpIJKQzjWeuC5ifEzrAwjnM4rw1TTBJMpntCBpRILqv2suHWOLqwyRmGsbEmDCvX3RIaF1jMR2E6BTaRXvVz8zxukJrz1MyaT1FBJFovClCMTo/xxNGaKEsNnlmCimL0VkQgrTIyNp2JD8FZfXifdRt27qjfa17Vm+2kRRxnO4BwuwYMbaMI9tKADBCJ4hld4c4Tz4rw7H4vWkrOM8BT+wPn8AT9ZjtI=</latexit> 0



available 
memory 

filter

index

buffer

The Optimal Memory Allocation

read_cost(N, mem_idx, mem_filt, mem_buf)

write_cost(N, mem_buf)

minimize overall cost given workload 
(e.g., read ratio vs. write ratio)
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available 
memory 

buffer

block 
cache 

The Optimal Memory Allocation

read_cost(N, mem_block_cache)

write_cost(N, mem_buf)

minimize overall cost given workload 
(e.g., read ratio vs. write ratio)
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available 
memory 

filter
index

buffer

available 
memory 

block 
cache 

The Optimal Memory Allocation

Holistic memory 
allocation & tuning

Read cost

Update cost

Memory/space 
footprint

[Open Problem]



Storage Layer Design Continuum

leveling tiering1-leveling L-leveling

Any design can be defined by the tuple-set: (T, i)

SarkarVLDB21



leveling tiering1-leveling L-leveling

(T, 0) (T, 1) (T, L) (T, L+1)

Any design can be defined by the tuple-set: (T, i)

Storage Layer Design Continuum

SarkarVLDB21



(T, 0) (T, 1) (T, L) (T, L+1)(T, i)… …
Storage Layer Design Continuum

SarkarVLDB21



Storage Layer Design Continuum

variable #leveled / #tiered levels 
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Storage Layer Design Continuum

variable #leveled / #tiered levels 

T

T

T

T

size ratio
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Storage Layer Design Continuum

variable #leveled / #tiered levels 
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Storage Layer Design Continuum

variable #leveled / #tiered levels 

4

3

2

1

#runs
T

T

T

T

size ratio

variable #runs/level
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Storage Layer Design Continuum

variable #leveled / #tiered levels 

variable #runs/level
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Storage Layer Design Continuum
variable #runs/level

variable #leveled / #tiered levels 

variable size ratio

The LSM storage layer  
design continuum



workload

performance 
target

performance 
modeling 

LSM designs



performance 
modeling 

worst-case

workload

performance 
target LSM designs



: pages in bufferP
<latexit sha1_base64="kXJOtC0Q+7S8drNnPDQp6Ty5n8I=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1VqrXmk08jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGqTYzW</latexit>

: entries/pageB
<latexit sha1_base64="mxAirIotijmauiCEBBqGklzDcEk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZ7HUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flRWMyA==</latexit>

: #levels L
<latexit sha1_base64="b4yaNqEsiUf6kUcRaHNyy4jRZ4A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>

: size ratioT
<latexit sha1_base64="SLHnCyxAtuYZIE/CwqAS9gT2cZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOCv2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtlsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+wXYza</latexit>

: #entriesN
<latexit sha1_base64="TAIL0DmqaJ4hbEEdPJVrqUCa7ZI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWat71yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5odOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmX5MBV8iMmFhCmeL2VsJGVFFmbDYlG4K3/PIqadeq3kW11rys1Ot5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AadFjNQ=</latexit>

: FPR of BF�
<latexit sha1_base64="vfnJsCKOhrAAHGhTD6JQR1zPmBI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeAF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8MOVMG9f9diobm1vbO9Xd2t7+weFR/fikq5NMEdohCU9UP8SaciZpxzDDaT9VFIuQ0144vSv83hNVmiXy0cxSGgg8kSxiBJtCGqYxG9UbbtNdAK0TryQNKNEe1b+G44RkgkpDONZ64LmpCXKsDCOczmvDTNMUkyme0IGlEguqg3xx6xxdWGWMokTZkgYt1N8TORZaz0RoOwU2sV71CvE/b5CZ6DbImUwzQyVZLooyjkyCisfRmClKDJ9Zgoli9lZEYqwwMTaemg3BW315nXRbTe+q2Xq4bvh+GUcVzuAcLsGDG/DhHtrQAQIxPMMrvDnCeXHenY9la8UpZ07hD5zPHxQ8jkE=</latexit>

performance 
modeling 

worst-case

7

read cost:worst-case 1 +
L�1X

i=1

�i

<latexit sha1_base64="zNGbJV3Zo3QZYA+6CIRVqFMfbxw=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEQSyZKuhGKLpx4aKCfUATw2Q6aYdOHsxMhBKCG3/FjQtF3PoV7vwbJ20WWj1w4XDOvdx7jxdzJpVlfRmlufmFxaXycmVldW19w9zcassoEYS2SMQj0fWwpJyFtKWY4rQbC4oDj9OON7rM/c49FZJF4a0ax9QJ8CBkPiNYack1d9ChLZPATdk5yu7S6yOU2fGQuazimlWrZk0A/xJUkCoo0HTNT7sfkSSgoSIcS9lDVqycFAvFCKdZxU4kjTEZ4QHtaRrigEonnbyQwX2t9KEfCV2hghP150SKAynHgac7A6yGctbLxf+8XqL8MydlYZwoGpLpIj/hUEUwzwP2maBE8bEmmAimb4VkiAUmSqeWh4BmX/5L2vUaOq7Vb06qjYsijjLYBXvgACBwChrgCjRBCxDwAJ7AC3g1Ho1n4814n7aWjGJmG/yC8fENrVaWUw==</latexit>



: pages in bufferP
<latexit sha1_base64="kXJOtC0Q+7S8drNnPDQp6Ty5n8I=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1VqrXmk08jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGqTYzW</latexit>

: entries/pageB
<latexit sha1_base64="mxAirIotijmauiCEBBqGklzDcEk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZ7HUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flRWMyA==</latexit>

: #levels L
<latexit sha1_base64="b4yaNqEsiUf6kUcRaHNyy4jRZ4A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>

: size ratioT
<latexit sha1_base64="SLHnCyxAtuYZIE/CwqAS9gT2cZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOCv2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtlsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+wXYza</latexit>

: #entriesN
<latexit sha1_base64="TAIL0DmqaJ4hbEEdPJVrqUCa7ZI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWat71yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5odOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmX5MBV8iMmFhCmeL2VsJGVFFmbDYlG4K3/PIqadeq3kW11rys1Ot5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AadFjNQ=</latexit>
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Comparison of Tunings. First, we address the question – is it
bene�cial to adopt robust tunings relative to the nominal tunings? In-
tuitively, it should be clear that the performance of nominally tuned
databases would degrade when the workloads being executed on
the database are signi�cantly di�erent from the expected workloads
used for tuning. In Figure 3, we present performance comparisons
between the robust and the nominal tunings for di�erent values of
uncertainty parameter �. We observe that robust tunings provide
substantial bene�t in terms of normalized delta throughput for
unimodal, bimodal, and trimodal workloads. The normalized delta
throughput �ŵ(�N ,�R ) shows over 95% improvement on average
over all ŵ 2 B for robust tunings with � � 0.5, when the expected
workload used during tuning belongs to one of these categories. For
uniform expected workload, we observe that the nominal tuning
outperforms the robust tuning by a modest 5%.

Intuitively, unbalanced workloads result in over�t nominal tun-
ings. Hence, even small variations in the observed workload can
lead to signi�cant degradation in the throughput of such nominally
tuned databases. On the other hand, robust tunings by their very
nature take into account such variations and comprehensively out-
perform the nominal tunings. In the case of the uniform expected
workload w0, a low value of � covers a larger area of possible
workloads then that same value would in a di�erent workload as
evident in Figure 2. In this case, when tuned for high values of �,
the robust tunings are unrealistically pessimistic and lose out some
performance relative to the nominal tuning.

Impact of Tuning Parameter �. Next, we address the question –
how does the uncertainty tuning parameter � impact the performance
of the robust tunings? In Figure 4, we take a deep dive into the
performance of robust tunings for an individual expected workload
for di�erent values of �. We observe that the robust tunings for � =
0 i.e., zero uncertainty, are very close to the nominal tunings. As the
value of � increases, its performance advantage over the nominal
tuning for the observed workloads with higher KL-divergence w.r.t.
expected workload increases. Furthermore, the robustness of such
con�gurations have logically sound explanations. The expected
workload in Figure 4 consists of just 1%writes. Hence, for low values
of �, the robust tuning has higher size ratio leading to shallower
LSM trees to achieve good read performance. For higher values of
�, the robust tunings anticipate an increasing percentage of write
queries and hence limit the size ratio to achieve higher throughput.

In Figure 5, we show the impact of tuning parameter � on the
throughput range. In Figure 5a we plot a histogram of the nom-
inal and robust throughputs for workload w11. As the value of
� increases, the interval size between the lowest and the highest
throughputs for the robust tunings consistently decreases. We pro-
vide further evidence of this phenomenon in Figure 5b, by plotting
the decreasing throughput range �B(�R ) averaged across all the
expected workloads. Thus, robust tunings not only provide a higher
average throughput over all ŵ 2 B, but they have a more consistent
performance (lower variance) compared to the nominal tunings.
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over all ŵ 2 B for robust tunings with � � 0.5, when the expected
workload used during tuning belongs to one of these categories. For
uniform expected workload, we observe that the nominal tuning
outperforms the robust tuning by a modest 5%.

Intuitively, unbalanced workloads result in over�t nominal tun-
ings. Hence, even small variations in the observed workload can
lead to signi�cant degradation in the throughput of such nominally
tuned databases. On the other hand, robust tunings by their very
nature take into account such variations and comprehensively out-
perform the nominal tunings. In the case of the uniform expected
workload w0, a low value of � covers a larger area of possible
workloads then that same value would in a di�erent workload as
evident in Figure 2. In this case, when tuned for high values of �,
the robust tunings are unrealistically pessimistic and lose out some
performance relative to the nominal tuning.

Impact of Tuning Parameter �. Next, we address the question –
how does the uncertainty tuning parameter � impact the performance
of the robust tunings? In Figure 4, we take a deep dive into the
performance of robust tunings for an individual expected workload
for di�erent values of �. We observe that the robust tunings for � =
0 i.e., zero uncertainty, are very close to the nominal tunings. As the
value of � increases, its performance advantage over the nominal
tuning for the observed workloads with higher KL-divergence w.r.t.
expected workload increases. Furthermore, the robustness of such
con�gurations have logically sound explanations. The expected
workload in Figure 4 consists of just 1%writes. Hence, for low values
of �, the robust tuning has higher size ratio leading to shallower
LSM trees to achieve good read performance. For higher values of
�, the robust tunings anticipate an increasing percentage of write
queries and hence limit the size ratio to achieve higher throughput.

In Figure 5, we show the impact of tuning parameter � on the
throughput range. In Figure 5a we plot a histogram of the nom-
inal and robust throughputs for workload w11. As the value of
� increases, the interval size between the lowest and the highest
throughputs for the robust tunings consistently decreases. We pro-
vide further evidence of this phenomenon in Figure 5b, by plotting
the decreasing throughput range �B(�R ) averaged across all the
expected workloads. Thus, robust tunings not only provide a higher
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average throughput over all ŵ 2 B, but they have a more consistent
performance (lower variance) compared to the nominal tunings.

Figure 4: Impact of � on normalized delta throughput �ŵ(�N ,�R ) for tunings with expected workload w11.
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workload in Figure 4 consists of just 1%writes. Hence, for low values
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The Key Takeaways 

The LSM design space is vast and complex.

Compactions are key to building ingestion-friendly systems.

A tuned LSM engine can offer superior performance. 



Open Research Challenges
Reduce write amplification

Workload-aware compactions & layout transformation

Privacy-aware LSM designs

Performance Stability & Holistic Tuning

Automatic Tuning & Adaptive Behavior



Please see our manuscript for all references!
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