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COSI 167A 
Advanced Data Systems

The LSM-Compaction Design Space

https://ssd-brandeis.github.io/COSI-167A/

https://ssd-brandeis.github.io/COSI-167A/


Class logistics
and administrivia 

The first paper review is due on Tue, Oct 1.

Make sure to go over the sample review.

Project proposal is due on Tue, Oct 8.

Second guest lecture: next Tuesday (Oct 1) by Andy Huynh.



Paper review
How to write a good review?

learn

critique

What is the problem? Why is it important?
What is the state of the art and why is it not enough?
What is the key idea and why/how does it work?

What is missing? How can we improve this idea?
Does the paper support all its claims?
What are some possible next steps of the work?



Paper presentation
and discussion

Register for paper presentation! (https://shorturl.at/4P0IT)



Today in COSI 167A
What’s on the cards?

compactions

analyzing the LSM compaction design space



D

tunable read-write 
performance 

good space 
utilization 

fast writes 

Why LSM?
What’s the hype all about?



Buffering ingestion

Immutable files on storage

Periodic data layout reorganization

Out-of-place updates & deletes

Operating principles
The foundational pillars!



level 4 

buffer 

level 2 

level 3 

level 1 

: pages in bufferP
<latexit sha1_base64="kXJOtC0Q+7S8drNnPDQp6Ty5n8I=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6 VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1VqrXmk08jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGqTYzW</latexit>

: entries/pageB
<latexit sha1_base64="mxAirIotijmauiCEBBqGklzDcEk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ez gt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZ7HUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flRWMyA==</latexit>

: #levels L
<latexit sha1_base64="b4yaNqEsiUf6kUcRaHNyy4jRZ4A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcC ZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>

: size ratioT
<latexit sha1_base64="SLHnCyxAtuYZIE/CwqAS9gT2cZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOC v2U40JZRM6wp6lkkao/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>



most data  
on storage



most data  
on storage



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++as3iFkaoTRMUK27npsYP6PKcC ZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>

: size ratioT
<latexit sha1_base64="SLHnCyxAtuYZIE/CwqAS9gT2cZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOC v2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtlsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+wXYza</latexit>

How does the storage layer affect performance?



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

any limitations?



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: 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>

Write cost: 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+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6 VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1VqrXmk08jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGqTYzW</latexit>

: entries/pageB
<latexit sha1_base64="mxAirIotijmauiCEBBqGklzDcEk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ez gt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZ7HUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flRWMyA==</latexit>

: #levels L
<latexit sha1_base64="b4yaNqEsiUf6kUcRaHNyy4jRZ4A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcC ZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>

: size ratioT
<latexit sha1_base64="SLHnCyxAtuYZIE/CwqAS9gT2cZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOC v2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtlsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+wXYza</latexit>

: #entriesN
<latexit sha1_base64="TAIL0DmqaJ4hbEEdPJVrqUCa7ZI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWat71yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4 HTUi/VmFA2pkPsWipphNrP5odOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmX5MBV8iMmFhCmeL2VsJGVFFmbDYlG4K3/PIqadeq3kW11rys1Ot5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AadFjNQ=</latexit>

: FPR of BF�
<latexit sha1_base64="vfnJsCKOhrAAHGhTD6JQR1zPmBI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeAF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8MOVMG9f9diobm1vbO9Xd2t7+weFR/fikq5NMEdohCU9UP8SaciZpxzDDaT9VFIuQ0144vSv83hNVmiXy0cxSGgg8kSxiBJtCGqYxG9UbbtNdAK0TryQNKNEe1b+G44RkgkpDONZ64LmpCXKsDC OczmvDTNMUkyme0IGlEguqg3xx6xxdWGWMokTZkgYt1N8TORZaz0RoOwU2sV71CvE/b5CZ6DbImUwzQyVZLooyjkyCisfRmClKDJ9Zgoli9lZEYqwwMTaemg3BW315nXRbTe+q2Xq4bvh+GUcVzuAcLsGDG/DhHtrQAQIxPMMrvDnCeXHenY9la8UpZ07hD5zPHxQ8jkE=</latexit>



Data Layout
leveling [eager]

1 run  
per level

tiering [lazy]

T runs  
per level

: pages in bufferP
<latexit sha1_base64="kXJOtC0Q+7S8drNnPDQp6Ty5n8I=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6 VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1VqrXmk08jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGqTYzW</latexit>

: entries/pageB
<latexit sha1_base64="mxAirIotijmauiCEBBqGklzDcEk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ez gt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZ7HUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flRWMyA==</latexit>

: #levels L
<latexit sha1_base64="b4yaNqEsiUf6kUcRaHNyy4jRZ4A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcC ZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>

: size ratioT
<latexit sha1_base64="SLHnCyxAtuYZIE/CwqAS9gT2cZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOC v2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtlsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+wXYza</latexit>

: #entriesN
<latexit sha1_base64="TAIL0DmqaJ4hbEEdPJVrqUCa7ZI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWat71yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4 HTUi/VmFA2pkPsWipphNrP5odOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmX5MBV8iMmFhCmeL2VsJGVFFmbDYlG4K3/PIqadeq3kW11rys1Ot5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AadFjNQ=</latexit>

: FPR of BF�
<latexit sha1_base64="vfnJsCKOhrAAHGhTD6JQR1zPmBI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeAF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8MOVMG9f9diobm1vbO9Xd2t7+weFR/fikq5NMEdohCU9UP8SaciZpxzDDaT9VFIuQ0144vSv83hNVmiXy0cxSGgg8kSxiBJtCGqYxG9UbbtNdAK0TryQNKNEe1b+G44RkgkpDONZ64LmpCXKsDC OczmvDTNMUkyme0IGlEguqg3xx6xxdWGWMokTZkgYt1N8TORZaz0RoOwU2sV71CvE/b5CZ6DbImUwzQyVZLooyjkyCisfRmClKDJ9Zgoli9lZEYqwwMTaemg3BW315nXRbTe+q2Xq4bvh+GUcVzuAcLsGDG/DhHtrQAQIxPMMrvDnCeXHenY9la8UpZ07hD5zPHxQ8jkE=</latexit>

what about space amplification?



Data Layout
leveling [eager]

1 run  
per level

tiering [lazy]

T runs  
per level

: pages in bufferP
<latexit sha1_base64="kXJOtC0Q+7S8drNnPDQp6Ty5n8I=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6 VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1VqrXmk08jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGqTYzW</latexit>

: entries/pageB
<latexit sha1_base64="mxAirIotijmauiCEBBqGklzDcEk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ez gt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZ7HUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flRWMyA==</latexit>

: #levels L
<latexit sha1_base64="b4yaNqEsiUf6kUcRaHNyy4jRZ4A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcC ZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>

: size ratioT
<latexit sha1_base64="SLHnCyxAtuYZIE/CwqAS9gT2cZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOC v2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtlsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+wXYza</latexit>

: #entriesN
<latexit sha1_base64="TAIL0DmqaJ4hbEEdPJVrqUCa7ZI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWat71yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4 HTUi/VmFA2pkPsWipphNrP5odOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmX5MBV8iMmFhCmeL2VsJGVFFmbDYlG4K3/PIqadeq3kW11rys1Ot5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AadFjNQ=</latexit>

: FPR of BF�
<latexit sha1_base64="vfnJsCKOhrAAHGhTD6JQR1zPmBI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeAF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8MOVMG9f9diobm1vbO9Xd2t7+weFR/fikq5NMEdohCU9UP8SaciZpxzDDaT9VFIuQ0144vSv83hNVmiXy0cxSGgg8kSxiBJtCGqYxG9UbbtNdAK0TryQNKNEe1b+G44RkgkpDONZ64LmpCXKsDC OczmvDTNMUkyme0IGlEguqg3xx6xxdWGWMokTZkgYt1N8TORZaz0RoOwU2sV71CvE/b5CZ6DbImUwzQyVZLooyjkyCisfRmClKDJ9Zgoli9lZEYqwwMTaemg3BW315nXRbTe+q2Xq4bvh+GUcVzuAcLsGDG/DhHtrQAQIxPMMrvDnCeXHenY9la8UpZ07hD5zPHxQ8jkE=</latexit>

Space amplification
the ratio of logically invalid data size to the total data size



Data Layout
leveling [eager]

1 run  
per level

tiering [lazy]

T runs  
per level

: pages in bufferP
<latexit sha1_base64="kXJOtC0Q+7S8drNnPDQp6Ty5n8I=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6 VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1VqrXmk08jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGqTYzW</latexit>

: entries/pageB
<latexit sha1_base64="mxAirIotijmauiCEBBqGklzDcEk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ez gt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZ7HUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flRWMyA==</latexit>

: #levels L
<latexit sha1_base64="b4yaNqEsiUf6kUcRaHNyy4jRZ4A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcC ZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>

: size ratioT
<latexit sha1_base64="SLHnCyxAtuYZIE/CwqAS9gT2cZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOC v2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtlsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+wXYza</latexit>

: #entriesN
<latexit sha1_base64="TAIL0DmqaJ4hbEEdPJVrqUCa7ZI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWat71yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4 HTUi/VmFA2pkPsWipphNrP5odOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmX5MBV8iMmFhCmeL2VsJGVFFmbDYlG4K3/PIqadeq3kW11rys1Ot5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AadFjNQ=</latexit>

: FPR of BF�
<latexit sha1_base64="vfnJsCKOhrAAHGhTD6JQR1zPmBI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeAF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8MOVMG9f9diobm1vbO9Xd2t7+weFR/fikq5NMEdohCU9UP8SaciZpxzDDaT9VFIuQ0144vSv83hNVmiXy0cxSGgg8kSxiBJtCGqYxG9UbbtNdAK0TryQNKNEe1b+G44RkgkpDONZ64LmpCXKsDC OczmvDTNMUkyme0IGlEguqg3xx6xxdWGWMokTZkgYt1N8TORZaz0RoOwU2sV71CvE/b5CZ6DbImUwzQyVZLooyjkyCisfRmClKDJ9Zgoli9lZEYqwwMTaemg3BW315nXRbTe+q2Xq4bvh+GUcVzuAcLsGDG/DhHtrQAQIxPMMrvDnCeXHenY9la8UpZ07hD5zPHxQ8jkE=</latexit>

Space amplification
the ratio of logically invalid data size to the total data size



Data Layout
leveling [eager]

1 run  
per level

tiering [lazy]

T runs  
per level

: pages in bufferP
<latexit sha1_base64="kXJOtC0Q+7S8drNnPDQp6Ty5n8I=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6 VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1VqrXmk08jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGqTYzW</latexit>

: entries/pageB
<latexit sha1_base64="mxAirIotijmauiCEBBqGklzDcEk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ez gt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZ7HUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flRWMyA==</latexit>

: #levels L
<latexit sha1_base64="b4yaNqEsiUf6kUcRaHNyy4jRZ4A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcC ZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>

: size ratioT
<latexit sha1_base64="SLHnCyxAtuYZIE/CwqAS9gT2cZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOC v2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtlsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+wXYza</latexit>

: #entriesN
<latexit sha1_base64="TAIL0DmqaJ4hbEEdPJVrqUCa7ZI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWat71yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4 HTUi/VmFA2pkPsWipphNrP5odOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmX5MBV8iMmFhCmeL2VsJGVFFmbDYlG4K3/PIqadeq3kW11rys1Ot5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AadFjNQ=</latexit>

: FPR of BF�
<latexit sha1_base64="vfnJsCKOhrAAHGhTD6JQR1zPmBI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeAF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8MOVMG9f9diobm1vbO9Xd2t7+weFR/fikq5NMEdohCU9UP8SaciZpxzDDaT9VFIuQ0144vSv83hNVmiXy0cxSGgg8kSxiBJtCGqYxG9UbbtNdAK0TryQNKNEe1b+G44RkgkpDONZ64LmpCXKsDC OczmvDTNMUkyme0IGlEguqg3xx6xxdWGWMokTZkgYt1N8TORZaz0RoOwU2sV71CvE/b5CZ6DbImUwzQyVZLooyjkyCisfRmClKDJ9Zgoli9lZEYqwwMTaemg3BW315nXRbTe+q2Xq4bvh+GUcVzuAcLsGDG/DhHtrQAQIxPMMrvDnCeXHenY9la8UpZ07hD5zPHxQ8jkE=</latexit>

Space amplification
the ratio of logically invalid data size to the total data size



Data Layout
leveling [eager]

1 run  
per level

tiering [lazy]

T runs  
per level

: pages in bufferP
<latexit sha1_base64="kXJOtC0Q+7S8drNnPDQp6Ty5n8I=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6 VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1VqrXmk08jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGqTYzW</latexit>

: entries/pageB
<latexit sha1_base64="mxAirIotijmauiCEBBqGklzDcEk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ez gt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZ7HUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flRWMyA==</latexit>

: #levels L
<latexit sha1_base64="b4yaNqEsiUf6kUcRaHNyy4jRZ4A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcC ZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>

: size ratioT
<latexit sha1_base64="SLHnCyxAtuYZIE/CwqAS9gT2cZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOC v2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtlsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+wXYza</latexit>

: #entriesN
<latexit sha1_base64="TAIL0DmqaJ4hbEEdPJVrqUCa7ZI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWat71yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4 HTUi/VmFA2pkPsWipphNrP5odOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmX5MBV8iMmFhCmeL2VsJGVFFmbDYlG4K3/PIqadeq3kW11rys1Ot5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AadFjNQ=</latexit>

: FPR of BF�
<latexit sha1_base64="vfnJsCKOhrAAHGhTD6JQR1zPmBI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeAF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8MOVMG9f9diobm1vbO9Xd2t7+weFR/fikq5NMEdohCU9UP8SaciZpxzDDaT9VFIuQ0144vSv83hNVmiXy0cxSGgg8kSxiBJtCGqYxG9UbbtNdAK0TryQNKNEe1b+G44RkgkpDONZ64LmpCXKsDC OczmvDTNMUkyme0IGlEguqg3xx6xxdWGWMokTZkgYt1N8TORZaz0RoOwU2sV71CvE/b5CZ6DbImUwzQyVZLooyjkyCisfRmClKDJ9Zgoli9lZEYqwwMTaemg3BW315nXRbTe+q2Xq4bvh+GUcVzuAcLsGDG/DhHtrQAQIxPMMrvDnCeXHenY9la8UpZ07hD5zPHxQ8jkE=</latexit>

Space amplification
the ratio of logically invalid data size to the total data size



Data Layout
leveling [eager]

1 run  
per level

tiering [lazy]

T runs  
per level

: pages in bufferP
<latexit sha1_base64="kXJOtC0Q+7S8drNnPDQp6Ty5n8I=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6 VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1VqrXmk08jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGqTYzW</latexit>

: entries/pageB
<latexit sha1_base64="mxAirIotijmauiCEBBqGklzDcEk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ez gt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZ7HUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flRWMyA==</latexit>

: #levels L
<latexit sha1_base64="b4yaNqEsiUf6kUcRaHNyy4jRZ4A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcC ZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>

: size ratioT
<latexit sha1_base64="SLHnCyxAtuYZIE/CwqAS9gT2cZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOC v2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtlsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+wXYza</latexit>

: #entriesN
<latexit sha1_base64="TAIL0DmqaJ4hbEEdPJVrqUCa7ZI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWat71yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4 HTUi/VmFA2pkPsWipphNrP5odOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmX5MBV8iMmFhCmeL2VsJGVFFmbDYlG4K3/PIqadeq3kW11rys1Ot5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AadFjNQ=</latexit>

: FPR of BF�
<latexit sha1_base64="vfnJsCKOhrAAHGhTD6JQR1zPmBI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeAF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8MOVMG9f9diobm1vbO9Xd2t7+weFR/fikq5NMEdohCU9UP8SaciZpxzDDaT9VFIuQ0144vSv83hNVmiXy0cxSGgg8kSxiBJtCGqYxG9UbbtNdAK0TryQNKNEe1b+G44RkgkpDONZ64LmpCXKsDC OczmvDTNMUkyme0IGlEguqg3xx6xxdWGWMokTZkgYt1N8TORZaz0RoOwU2sV71CvE/b5CZ6DbImUwzQyVZLooyjkyCisfRmClKDJ9Zgoli9lZEYqwwMTaemg3BW315nXRbTe+q2Xq4bvh+GUcVzuAcLsGDG/DhHtrQAQIxPMMrvDnCeXHenY9la8UpZ07hD5zPHxQ8jkE=</latexit>

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

how about tiering?



Data Layout
leveling [eager]

1 run  
per level

tiering [lazy]

T runs  
per level
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: entries/pageB
<latexit sha1_base64="mxAirIotijmauiCEBBqGklzDcEk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ez gt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZ7HUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flRWMyA==</latexit>

: #levels L
<latexit sha1_base64="b4yaNqEsiUf6kUcRaHNyy4jRZ4A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcC ZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>

: size ratioT
<latexit sha1_base64="SLHnCyxAtuYZIE/CwqAS9gT2cZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOC v2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtlsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+wXYza</latexit>

: #entriesN
<latexit sha1_base64="TAIL0DmqaJ4hbEEdPJVrqUCa7ZI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWat71yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4 HTUi/VmFA2pkPsWipphNrP5odOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmX5MBV8iMmFhCmeL2VsJGVFFmbDYlG4K3/PIqadeq3kW11rys1Ot5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AadFjNQ=</latexit>

: FPR of BF�
<latexit sha1_base64="vfnJsCKOhrAAHGhTD6JQR1zPmBI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeAF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8MOVMG9f9diobm1vbO9Xd2t7+weFR/fikq5NMEdohCU9UP8SaciZpxzDDaT9VFIuQ0144vSv83hNVmiXy0cxSGgg8kSxiBJtCGqYxG9UbbtNdAK0TryQNKNEe1b+G44RkgkpDONZ64LmpCXKsDC OczmvDTNMUkyme0IGlEguqg3xx6xxdWGWMokTZkgYt1N8TORZaz0RoOwU2sV71CvE/b5CZ6DbImUwzQyVZLooyjkyCisfRmClKDJ9Zgoli9lZEYqwwMTaemg3BW315nXRbTe+q2Xq4bvh+GUcVzuAcLsGDG/DhHtrQAQIxPMMrvDnCeXHenY9la8UpZ07hD5zPHxQ8jkE=</latexit>
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<latexit sha1_base64="CN07A5RlIjitcMmVEQVh4siqYsI=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBHqpiZV0GXBjSut0Be0oUymk3boZBJmJoUS+iduXCji1j9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zba2tb2xubRd2irt7+weH9tFxS0WJJLRJIh7Jjo8V5UzQpmaa004sKQ59Ttv++C7z2xMqFYtEQ09j6oV4KFjACNZG6tt2L8R6RDBPH2dl97Jx0bdLTsWZA60SNyclyFHv21+9QUSSkApNOFaq6zqx9lIsNSOczoq9RNEYkzEe0q6hAodUeek8+QydG2WAgkiaJzSaq783UhwqNQ19M5nlVMteJv7ndRMd3HopE3GiqSCLQ0HCkY5QVgMaMEmJ5lNDMJHMZEVkhCUm2pRVNCW4y19eJa1qxb2qVJ+uS7WHvI4CnMIZlMGFG6jBPdShCQQm8Ayv8Gal1ov1bn0sRtesfOcE/sD6/AFfVZLd</latexit>

how about tiering?
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: entries/pageB
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<latexit sha1_base64="b4yaNqEsiUf6kUcRaHNyy4jRZ4A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcC ZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>
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: pages in bufferP
<latexit sha1_base64="kXJOtC0Q+7S8drNnPDQp6Ty5n8I=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6 VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1VqrXmk08jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGqTYzW</latexit>

: entries/pageB
<latexit sha1_base64="mxAirIotijmauiCEBBqGklzDcEk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ez gt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZ7HUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flRWMyA==</latexit>

: #levels L
<latexit sha1_base64="b4yaNqEsiUf6kUcRaHNyy4jRZ4A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAxsIiARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxjcz/+EJleaxvDeTBP2IDiUPOaPGSs27frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcC ZwWuqlGhPKxnSIXUsljVD72fzQKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Gsy4AqZERNLKFPc3krYiCrKjM2mZEPwll9eJe1a1buo1pqXlXo9j6MIJ3AK5+DBFdThFhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6Q9jNI=</latexit>

: size ratioT
<latexit sha1_base64="SLHnCyxAtuYZIE/CwqAS9gT2cZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOC v2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3KtlsdRgHO4gCvw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZeuGk8+cwR84nz+wXYza</latexit>

: #entriesN
<latexit sha1_base64="TAIL0DmqaJ4hbEEdPJVrqUCa7ZI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWat71yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4 HTUi/VmFA2pkPsWipphNrP5odOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmX5MBV8iMmFhCmeL2VsJGVFFmbDYlG4K3/PIqadeq3kW11rys1Ot5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AadFjNQ=</latexit>

: FPR of BF�
<latexit sha1_base64="vfnJsCKOhrAAHGhTD6JQR1zPmBI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeAF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8MOVMG9f9diobm1vbO9Xd2t7+weFR/fikq5NMEdohCU9UP8SaciZpxzDDaT9VFIuQ0144vSv83hNVmiXy0cxSGgg8kSxiBJtCGqYxG9UbbtNdAK0TryQNKNEe1b+G44RkgkpDONZ64LmpCXKsDC OczmvDTNMUkyme0IGlEguqg3xx6xxdWGWMokTZkgYt1N8TORZaz0RoOwU2sV71CvE/b5CZ6DbImUwzQyVZLooyjkyCisfRmClKDJ9Zgoli9lZEYqwwMTaemg3BW315nXRbTe+q2Xq4bvh+GUcVzuAcLsGDG/DhHtrQAQIxPMMrvDnCeXHenY9la8UpZ07hD5zPHxQ8jkE=</latexit>

Space amplification: 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>
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Data Layout
leveling [eager] tiering [lazy]

What happens if T becomes too large?
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sorted array log



Data Layout

sorted array

log

leveling

tiering

update cost

re
ad

 c
os

t
T=2

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



leveling tiering

Data Layout

read 
optimized 

write 
optimized 

1-leveling L-leveling

So, how do we reason about the data layout?



v v

v v

performance workload data layout



data layout

Compaction 
black box



?

?

?

?
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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?
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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
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data moved per compaction 

Compaction Granularity



consecutive 
levels 

2
data moved per compaction 

Compaction Granularity

Problems with full-level compaction?
Thought Experiment 1

Cascading compactions!
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Compaction Granularity

Problems with full-level compaction?
Thought Experiment 1

Cascading compactions!



2
data moved per compaction 

Compaction Granularity

high latency spikes 

unpredictable perf. 
write stalls

Cascading compactions!



2
data moved per compaction 

Compaction Granularity

partial compaction
granularity: files
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level 4 

partial compaction
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buffer 

level 2 

level 3 

level 1 

level 4 

partial compaction



2
data moved per compaction 

Compaction Granularity

partial compaction
~same data movement

predictable performance 

amortized cost for 
compactions

files



2
data moved per compaction 

Compaction Granularity

files

Limitations of partial compactions?
Thought Experiment 2

More #compactions 
triggered



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

tiered compaction

reduced space amplification 
triggered infrequently 



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 



level saturation 

4 Compaction Trigger
invoking the compaction routine 



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
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Granularity

Compaction 
Trigger

Data Movement 
Policy

1 2 3 4



Data Layout Compaction 
Granularity

Compaction 
Trigger

Data Movement 
Policy

Any Compaction Algorithm

SarkarVLDB21



Data Layout Compaction 
Granularity

Compaction 
Trigger

Data Movement 
Policy

Any Compaction Algorithm



Data Layout Compaction 
Granularity

Compaction 
Trigger

Data Movement 
Policy

Any Compaction Algorithm



Data Layout Compaction 
Granularity

Compaction 
Trigger

Data Movement 
Policy

Any Compaction Algorithm



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 

SarkarVLDB21
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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

DayanSIGMOD18



2

2.5

3

4

size ratio
4

3

2

1

#runs

Storage Layer Design Continuum

variable #leveled / #tiered levels 

variable #runs/level

DayanSIGMOD19



Storage Layer Design Continuum
variable #runs/level

variable #leveled / #tiered levels 

variable size ratio

The LSM storage layer  
design continuum
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Optimizing Compactions
Background 
Compactions

non-blocking reads/writes 
improves write throughput
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Optimizing Compactions
Background 
Compactions

Compaction 
Priority

write 
pressure 

prioritize 
writes over 
compaction 



write 
pressure 

Optimizing Compactions
Background 
Compactions

Compaction 
Priority



write 
pressure 

Optimizing Compactions
Background 
Compactions

Compaction 
Priority

sustain heavy write bursts 
tree becomes out of shape 



Data Placement Variations



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 



More on LSMs

Next time in COSI 167A

robust LSM tuning
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Prof. Subhadeep Sarkar         
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COSI 167A 
Advanced Data Systems

The LSM-Compaction Design Space

https://ssd-brandeis.github.io/COSI-167A/

https://ssd-brandeis.github.io/COSI-167A/

