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Every two days we generate as much 
data as we did since the dawn of 
humanity until 2003.

— Eric Schmidt (CEO, Google), 2010 
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Ingestion-Optimized Systems
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(old) invalid 
version 

updated 
version 

out-of-place

$22B, growing at the 
rate of 31% annually

Out-of-place Data Systems

Hidden Cost: does not scale with deletes!



out-of-placeHidden Cost of Logical Deletes

increased 
operational cost 

high space 
amplification 

up to 2x

poor read 
performance 

1.5x - 5x

delete-markers / tombstones
logically invalidated data



[DLA Piper's Data 
Protection Laws of the 
World Handbook, 2022]

Logical Deletes & Data Privacy

GDPR
CCPA VCDPA
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GDPR 
(EU, UK)

persistent 
deletes

timely 
deletes 

VCDPA 
(Virginia)

Right to be forgotten Right to delete Deletion right
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UP2XZippyDB

production 
workloads

100M+ deletes/day

table 
drop 

data 
migration 

DB 
internal 

operations

deletes in 
batches

VCDPA

GDPR CCPA

privacy 
regulations 

user-generated 
deletes
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Goal: Enabling Privacy through Deletion
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Log-Structured Merge-tree
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value

RID timestamp name department location

key

LSM Basics

key-value pairs 



key-value pairs 

key value

LSM Basics
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buffer 
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put(6)
put(1)
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level 1 
immutable sorted run
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buffer 

level 2 

level 3 

level 1 

level 4 

size ratio: T
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buffer 

level 2 

level 3 

level 1 

NEW NEW NEW

level 4 

compaction
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level 3 

level 1 

level 4 

compaction



buffer 

level 2 

level 3 

level 1 

level 4 So, what about deletes?

compaction



Deletes in LSMs

delete := insert tombstone 



delete := insert tombstone 

valuekey

RID TS flag

Deletes in LSMs
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Deletes in LSMs

great for inserts 

no support for timely 
delete persistence

delete(5)
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Tree shape
Ingestion rate

File picking policy

Problem: Persisting Deletes Timely

unbounded delete 
persistence latency

. . .
Intuition: Compaction holds the key!

delete(5) within threshold: Dth
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performance workload Compaction



What are the design choices?

How does a choice affect performance?

Compaction
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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?

VLDB 2021
SIGMOD 2022-a
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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

Trigger

VLDB 2021
SIGMOD 2022-a



any existing + completely new 
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Compaction 
Trigger

Data Movement 
Policy

Any Compaction Algorithm
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piggybackdecompose tasks

SIGMOD 2020
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Realizing Retention-Based Deletes
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RID attr-1 attr-2 attr-3 attr-n

key

sort key

sort key = delete key

delete all entries older than: TSx
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delete all entries older than: TSx

value

RID timestamp attr-2 attr-3 attr-n

key

sort key
delete key

sort key ≠ delete key

Realizing Retention-Based Deletes

latency spikes

superfluous I/Os

“Applications have requirements 
for deletes every day. E.g., they 
may keep data for 30 days, …  
effectively purging 1/30 of the 
database every day.
This induces performance pains!”
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Intuition: Data Layout holds the key!
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fPQ

<latexit sha1_base64="LnqrY6vwiM0iayaCdWvtmUM8r8o=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9VgUwWML9gPaUDbbSbt0swm7G6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nbX1jc2t7cJOcXdv/+CwdHTc0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzUDvvZfb0x7ZfKbsWdg6wSLydlyFHvl756g5ilEUrDBNW667mJ8TOqDGcCp8VeqjGhbEyH2LVU0gi1n83PnZJzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwhs/4zJJDUq2WBSmgpiYzH4nA66QGTGxhDLF7a2EjaiizNiEijYEb/nlVdKqVryrSrVxWa7d5nEU4BTO4AI8uIYaPEAdmsBgDM/wCm9O4rw4787HonXNyWdO4A+czx8XW49q</latexit>

fEPQ

<latexit sha1_base64="TQrqCobu5ncvZmLWiKIK24vZtRc=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CqGXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpqVsndZrtQvStWbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCl04zX</latexit>

L

<latexit sha1_base64="7Gy0ZW49+Byo51YNunpyloqX7L8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOuk26l6z3ni4qrVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEV0o5G</latexit>

�

<latexit sha1_base64="DL/Tb7QVUBc7ihbSA77lRkF/DP8=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUY9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe5flSv2iVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6jbjNk=</latexit>

N
<latexit sha1_base64="yXWy4uLoK9aF9asSbYGLruXrDp8=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJUY8ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd12uNK5K1VoWRx7O4BwuwYMbqMI91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJarjM0=</latexit>

B

<latexit sha1_base64="RaHRgaQAGD873xMfOVgKROhZhN4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgHsJuEPUY9OIxonlAsobZSScZMju7zMwKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3BbHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSrYBqFFxi3XAjsBUrpGEgsBmMbqZ+8wmV5pF8MOMY/ZAOJO9zRo2V7oePZ91iyS27M5Bl4mWkBBlq3eJXpxexJERpmKBatz03Nn5KleFM4KTQSTTGlI3oANuWShqi9tPZqRNyYpUe6UfKljRkpv6eSGmo9TgMbGdIzVAvelPxP6+dmP6Vn3IZJwYlmy/qJ4KYiEz/Jj2ukBkxtoQyxe2thA2poszYdAo2BG/x5WXSqJS9i3Ll7rxUvc7iyMMRHMMpeHAJVbiFGtSBwQCe4RXeHOG8OO/Ox7w152Qzh/AHzucP6WqNjw==</latexit>

h⇤ = optimal delete tile size
= prop. of retention-based deletes

= prop. of empty point queries

= prop. of non-empty point queries

= prop. of short range queries
= levels in tree
= entries in tree
= entries in a page
= false positive rate of query filter
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up to 2.5x

superior delete performance 

up to 4x

better overall performance 

5M entries, buffer = file = 256 pages, T=10
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THANK YOU!

Subhadeep Sarkar         
https://subhadeep.net/ lab
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Actively seeking students and collaborators!

https://subhadeep.net/

