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Even years later, Twitter doesn’t 
delete your direct messages

TechCrunch 
Feb ’19

Deletes are fast and slow in an LSM Small Datum 
Jan ’20

“LSM-based data stores perform suboptimally for 
workloads with deletes.”
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exponentially larger capacity

size ratio = T 
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amortized compaction cost 
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pointers  

get(5)

fewer disk I/Os
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Now, let’s talk about deletes!



6

deletes in LSM-tree  

delete := insert tombstone 
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delete := insert tombstone 

valuekey

RID TS flag

value

RID timestamp name department location

key

deletes in LSM-tree  
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<latexit sha1_base64="6ZEMLnluHjTKLO5GMBFu3JxZnwM=">AAAB63icdVA9SwNBEJ2LXzF+RS1tFoNgFXYNauyCNpYRzAckIextNsmS3btjd08IIX/BxkIRCxv/kJ0/w9bKvUsEFX0w8Hhvhpl5fiSFsRi/eZmFxaXllexqbm19Y3Mrv71TN2GsGa+xUIa66VPDpQh4zQoreTPSnCpf8oY/ukj8xg3XRoTBtR1HvKPoIBB9wahNpLaJVTdfwMVjTM5OMMJFnCIlZVIiiMyVQqX08f4MANVu/rXdC1mseGCZpMa0CI5sZ0K1FUzyaa4dGx5RNqID3nI0oIqbziS9dYoOnNJD/VC7CixK1e8TE6qMGSvfdSpqh+a3l4h/ea3Y9sudiQii2PKAzRb1Y4lsiJLHUU9ozqwcO0KZFu5WxIZUU2ZdPDkXwten6H9SPyoSXCRXLo1zmCELe7APh0DgFCpwCVWoAYMh3MI9PHjKu/MevadZa8abz+zCD3gvn2wukW8=</latexit><latexit sha1_base64="aUJhnWnoZIRO2q3SLHYfOzst+6I=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4KonPuiu6cVnBPqAdSibNtKHJzJBkhDL0F9y48IFb/8aVO79C3LoyM62gogcuHM65l3vv8SLBtUHo1cnNzM7NL+QXC0vLK6trxfWNhg5jRVmdhiJULY9oJnjA6oYbwVqRYkR6gjW94VnqN6+Y0jwMLs0oYq4k/YD7nBKTSh0dy26xhMqHCJ8cIYjKKENGKngfQzxVStX9j/f7g7fnWrf40umFNJYsMFQQrdsYRcZNiDKcCjYudGLNIkKHpM/algZEMu0m2a1juGOVHvRDZSswMFO/TyREaj2Snu2UxAz0by8V//LasfErbsKDKDYsoJNFfiygCWH6OOxxxagRI0sIVdzeCumAKEKNjadgQ/j6FP5PGntljMr4wqZxCibIgy2wDXYBBsegCs5BDdQBBQNwDW7BnSOdG+fBeZy05pzpzCb4AefpE/eWk1c=</latexit><latexit sha1_base64="aUJhnWnoZIRO2q3SLHYfOzst+6I=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4KonPuiu6cVnBPqAdSibNtKHJzJBkhDL0F9y48IFb/8aVO79C3LoyM62gogcuHM65l3vv8SLBtUHo1cnNzM7NL+QXC0vLK6trxfWNhg5jRVmdhiJULY9oJnjA6oYbwVqRYkR6gjW94VnqN6+Y0jwMLs0oYq4k/YD7nBKTSh0dy26xhMqHCJ8cIYjKKENGKngfQzxVStX9j/f7g7fnWrf40umFNJYsMFQQrdsYRcZNiDKcCjYudGLNIkKHpM/algZEMu0m2a1juGOVHvRDZSswMFO/TyREaj2Snu2UxAz0by8V//LasfErbsKDKDYsoJNFfiygCWH6OOxxxagRI0sIVdzeCumAKEKNjadgQ/j6FP5PGntljMr4wqZxCibIgy2wDXYBBsegCs5BDdQBBQNwDW7BnSOdG+fBeZy05pzpzCb4AefpE/eWk1c=</latexit><latexit sha1_base64="zSUqHIbK+tHu823ElcgX+PR7SgY=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4GhJFrbuiG5cV7APaoWTStA1NMkOSEcrQX3DjQhG3/pA7/8bMdAQVPXDhcM693HtPGAtuLEIfXmlpeWV1rbxe2djc2t6p7u61TZRoylo0EpHuhsQwwRVrWW4F68aaERkK1gmn15nfuWfa8Ejd2VnMAknGio84JTaT+iaRg2oN+WcIX54jiHyUIyd1fIohLpQaKNAcVN/7w4gmkilLBTGmh1Fsg5Roy6lg80o/MSwmdErGrOeoIpKZIM1vncMjpwzhKNKulIW5+n0iJdKYmQxdpyR2Yn57mfiX10vsqB6kXMWJZYouFo0SAW0Es8fhkGtGrZg5Qqjm7lZIJ0QTal08FRfC16fwf9I+8THy8S2qNa6KOMrgAByCY4DBBWiAG9AELUDBBDyAJ/DsSe/Re/FeF60lr5jZBz/gvX0CYiSOcQ==</latexit>

i=1

L-1

delete persistence latency 

L3 

L2 

L1 

     

L4 

   

delete(5) within a threshold time: Dth 

unbounded delete 
persistence latency 

15



16

the problems 

space amplification

write amplification

poor read perf. 

ti
X

<latexit sha1_base64="6ZEMLnluHjTKLO5GMBFu3JxZnwM=">AAAB63icdVA9SwNBEJ2LXzF+RS1tFoNgFXYNauyCNpYRzAckIextNsmS3btjd08IIX/BxkIRCxv/kJ0/w9bKvUsEFX0w8Hhvhpl5fiSFsRi/eZmFxaXllexqbm19Y3Mrv71TN2GsGa+xUIa66VPDpQh4zQoreTPSnCpf8oY/ukj8xg3XRoTBtR1HvKPoIBB9wahNpLaJVTdfwMVjTM5OMMJFnCIlZVIiiMyVQqX08f4MANVu/rXdC1mseGCZpMa0CI5sZ0K1FUzyaa4dGx5RNqID3nI0oIqbziS9dYoOnNJD/VC7CixK1e8TE6qMGSvfdSpqh+a3l4h/ea3Y9sudiQii2PKAzRb1Y4lsiJLHUU9ozqwcO0KZFu5WxIZUU2ZdPDkXwten6H9SPyoSXCRXLo1zmCELe7APh0DgFCpwCVWoAYMh3MI9PHjKu/MevadZa8abz+zCD3gvn2wukW8=</latexit><latexit sha1_base64="aUJhnWnoZIRO2q3SLHYfOzst+6I=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4KonPuiu6cVnBPqAdSibNtKHJzJBkhDL0F9y48IFb/8aVO79C3LoyM62gogcuHM65l3vv8SLBtUHo1cnNzM7NL+QXC0vLK6trxfWNhg5jRVmdhiJULY9oJnjA6oYbwVqRYkR6gjW94VnqN6+Y0jwMLs0oYq4k/YD7nBKTSh0dy26xhMqHCJ8cIYjKKENGKngfQzxVStX9j/f7g7fnWrf40umFNJYsMFQQrdsYRcZNiDKcCjYudGLNIkKHpM/algZEMu0m2a1juGOVHvRDZSswMFO/TyREaj2Snu2UxAz0by8V//LasfErbsKDKDYsoJNFfiygCWH6OOxxxagRI0sIVdzeCumAKEKNjadgQ/j6FP5PGntljMr4wqZxCibIgy2wDXYBBsegCs5BDdQBBQNwDW7BnSOdG+fBeZy05pzpzCb4AefpE/eWk1c=</latexit><latexit sha1_base64="aUJhnWnoZIRO2q3SLHYfOzst+6I=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4KonPuiu6cVnBPqAdSibNtKHJzJBkhDL0F9y48IFb/8aVO79C3LoyM62gogcuHM65l3vv8SLBtUHo1cnNzM7NL+QXC0vLK6trxfWNhg5jRVmdhiJULY9oJnjA6oYbwVqRYkR6gjW94VnqN6+Y0jwMLs0oYq4k/YD7nBKTSh0dy26xhMqHCJ8cIYjKKENGKngfQzxVStX9j/f7g7fnWrf40umFNJYsMFQQrdsYRcZNiDKcCjYudGLNIkKHpM/algZEMu0m2a1juGOVHvRDZSswMFO/TyREaj2Snu2UxAz0by8V//LasfErbsKDKDYsoJNFfiygCWH6OOxxxagRI0sIVdzeCumAKEKNjadgQ/j6FP5PGntljMr4wqZxCibIgy2wDXYBBsegCs5BDdQBBQNwDW7BnSOdG+fBeZy05pzpzCb4AefpE/eWk1c=</latexit><latexit sha1_base64="zSUqHIbK+tHu823ElcgX+PR7SgY=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4GhJFrbuiG5cV7APaoWTStA1NMkOSEcrQX3DjQhG3/pA7/8bMdAQVPXDhcM693HtPGAtuLEIfXmlpeWV1rbxe2djc2t6p7u61TZRoylo0EpHuhsQwwRVrWW4F68aaERkK1gmn15nfuWfa8Ejd2VnMAknGio84JTaT+iaRg2oN+WcIX54jiHyUIyd1fIohLpQaKNAcVN/7w4gmkilLBTGmh1Fsg5Roy6lg80o/MSwmdErGrOeoIpKZIM1vncMjpwzhKNKulIW5+n0iJdKYmQxdpyR2Yn57mfiX10vsqB6kXMWJZYouFo0SAW0Es8fhkGtGrZg5Qqjm7lZIJ0QTal08FRfC16fwf9I+8THy8S2qNa6KOMrgAByCY4DBBWiAG9AELUDBBDyAJ/DsSe/Re/FeF60lr5jZBz/gvX0CYiSOcQ==</latexit>

i=1

L-1

DPL

ti
X

<latexit sha1_base64="/1dBJ/g5v4FlC4zkyRh6HFijANM=">AAAB63icbVC7SgNBFL3rM8ZX1NJmMAhWYTcRtAzaWEYwD0iWMDuZTYbMzC4zs0JY8gs2Fj6w9W+s7PwKsbVyNkmhiQcuHM65l3vvCWLOtHHdD2dpeWV1bT23kd/c2t7ZLeztN3SUKELrJOKRagVYU84krRtmOG3FimIRcNoMhpeZ37ylSrNI3phRTH2B+5KFjGCTSR2diG6h6JbcCdAi8WakWK18fz2dfr7VuoX3Ti8iiaDSEI61bntubPwUK8MIp+N8J9E0xmSI+7RtqcSCaj+d3DpGx1bpoTBStqRBE/X3RIqF1iMR2E6BzUDPe5n4n9dOTHjup0zGiaGSTBeFCUcmQtnjqMcUJYaPLMFEMXsrIgOsMDE2nrwNwZt/eZE0yiWvUipf2zQuYIocHMIRnIAHZ1CFK6hBHQgM4A4e4NERzr3z7LxMW5ec2cwB/IHz+gPHa5M5</latexit>

i=1

L-1

Dth

unbounded delete 
persistence latency 



17

deletes on a secondary attribute 



17

deletes on a secondary attribute 

value

RID timestamp name department location

key

TS flag

sort key delete key

delete all entries older than: D days 



18

deletes on a secondary attribute 

value

RID timestamp name department location

key

TS flag

sort key delete key

L3 

L2 

L1 

L4 

   
  

delete all entries older than: D days 

scattered occurrences



18

deletes on a secondary attribute 

value

RID timestamp name department location

key

TS flag

sort key delete key

delete all entries older than: D days 

superfluous I/Os 

latency spikes

     

L3 

L2 

L1 

L4 



19

the problems 

space amplification

write amplification

poor read perf. 

ti
X

<latexit sha1_base64="6ZEMLnluHjTKLO5GMBFu3JxZnwM=">AAAB63icdVA9SwNBEJ2LXzF+RS1tFoNgFXYNauyCNpYRzAckIextNsmS3btjd08IIX/BxkIRCxv/kJ0/w9bKvUsEFX0w8Hhvhpl5fiSFsRi/eZmFxaXllexqbm19Y3Mrv71TN2GsGa+xUIa66VPDpQh4zQoreTPSnCpf8oY/ukj8xg3XRoTBtR1HvKPoIBB9wahNpLaJVTdfwMVjTM5OMMJFnCIlZVIiiMyVQqX08f4MANVu/rXdC1mseGCZpMa0CI5sZ0K1FUzyaa4dGx5RNqID3nI0oIqbziS9dYoOnNJD/VC7CixK1e8TE6qMGSvfdSpqh+a3l4h/ea3Y9sudiQii2PKAzRb1Y4lsiJLHUU9ozqwcO0KZFu5WxIZUU2ZdPDkXwten6H9SPyoSXCRXLo1zmCELe7APh0DgFCpwCVWoAYMh3MI9PHjKu/MevadZa8abz+zCD3gvn2wukW8=</latexit><latexit sha1_base64="aUJhnWnoZIRO2q3SLHYfOzst+6I=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4KonPuiu6cVnBPqAdSibNtKHJzJBkhDL0F9y48IFb/8aVO79C3LoyM62gogcuHM65l3vv8SLBtUHo1cnNzM7NL+QXC0vLK6trxfWNhg5jRVmdhiJULY9oJnjA6oYbwVqRYkR6gjW94VnqN6+Y0jwMLs0oYq4k/YD7nBKTSh0dy26xhMqHCJ8cIYjKKENGKngfQzxVStX9j/f7g7fnWrf40umFNJYsMFQQrdsYRcZNiDKcCjYudGLNIkKHpM/algZEMu0m2a1juGOVHvRDZSswMFO/TyREaj2Snu2UxAz0by8V//LasfErbsKDKDYsoJNFfiygCWH6OOxxxagRI0sIVdzeCumAKEKNjadgQ/j6FP5PGntljMr4wqZxCibIgy2wDXYBBsegCs5BDdQBBQNwDW7BnSOdG+fBeZy05pzpzCb4AefpE/eWk1c=</latexit><latexit sha1_base64="aUJhnWnoZIRO2q3SLHYfOzst+6I=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4KonPuiu6cVnBPqAdSibNtKHJzJBkhDL0F9y48IFb/8aVO79C3LoyM62gogcuHM65l3vv8SLBtUHo1cnNzM7NL+QXC0vLK6trxfWNhg5jRVmdhiJULY9oJnjA6oYbwVqRYkR6gjW94VnqN6+Y0jwMLs0oYq4k/YD7nBKTSh0dy26xhMqHCJ8cIYjKKENGKngfQzxVStX9j/f7g7fnWrf40umFNJYsMFQQrdsYRcZNiDKcCjYudGLNIkKHpM/algZEMu0m2a1juGOVHvRDZSswMFO/TyREaj2Snu2UxAz0by8V//LasfErbsKDKDYsoJNFfiygCWH6OOxxxagRI0sIVdzeCumAKEKNjadgQ/j6FP5PGntljMr4wqZxCibIgy2wDXYBBsegCs5BDdQBBQNwDW7BnSOdG+fBeZy05pzpzCb4AefpE/eWk1c=</latexit><latexit sha1_base64="zSUqHIbK+tHu823ElcgX+PR7SgY=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4GhJFrbuiG5cV7APaoWTStA1NMkOSEcrQX3DjQhG3/pA7/8bMdAQVPXDhcM693HtPGAtuLEIfXmlpeWV1rbxe2djc2t6p7u61TZRoylo0EpHuhsQwwRVrWW4F68aaERkK1gmn15nfuWfa8Ejd2VnMAknGio84JTaT+iaRg2oN+WcIX54jiHyUIyd1fIohLpQaKNAcVN/7w4gmkilLBTGmh1Fsg5Roy6lg80o/MSwmdErGrOeoIpKZIM1vncMjpwzhKNKulIW5+n0iJdKYmQxdpyR2Yn57mfiX10vsqB6kXMWJZYouFo0SAW0Es8fhkGtGrZg5Qqjm7lZIJ0QTal08FRfC16fwf9I+8THy8S2qNa6KOMrgAByCY4DBBWiAG9AELUDBBDyAJ/DsSe/Re/FeF60lr5jZBz/gvX0CYiSOcQ==</latexit>

i=1

L-1

DPL

ti
X

<latexit sha1_base64="/1dBJ/g5v4FlC4zkyRh6HFijANM=">AAAB63icbVC7SgNBFL3rM8ZX1NJmMAhWYTcRtAzaWEYwD0iWMDuZTYbMzC4zs0JY8gs2Fj6w9W+s7PwKsbVyNkmhiQcuHM65l3vvCWLOtHHdD2dpeWV1bT23kd/c2t7ZLeztN3SUKELrJOKRagVYU84krRtmOG3FimIRcNoMhpeZ37ylSrNI3phRTH2B+5KFjGCTSR2diG6h6JbcCdAi8WakWK18fz2dfr7VuoX3Ti8iiaDSEI61bntubPwUK8MIp+N8J9E0xmSI+7RtqcSCaj+d3DpGx1bpoTBStqRBE/X3RIqF1iMR2E6BzUDPe5n4n9dOTHjup0zGiaGSTBeFCUcmQtnjqMcUJYaPLMFEMXsrIgOsMDE2nrwNwZt/eZE0yiWvUipf2zQuYIocHMIRnIAHZ1CFK6hBHQgM4A4e4NERzr3z7LxMW5ec2cwB/IHz+gPHa5M5</latexit>

i=1

L-1

Dth

unbounded delete 
persistence latency 

superfluous I/Os 

latency spikes



20

space amplification

write amplification

poor read perf. 

ti
X

<latexit sha1_base64="6ZEMLnluHjTKLO5GMBFu3JxZnwM=">AAAB63icdVA9SwNBEJ2LXzF+RS1tFoNgFXYNauyCNpYRzAckIextNsmS3btjd08IIX/BxkIRCxv/kJ0/w9bKvUsEFX0w8Hhvhpl5fiSFsRi/eZmFxaXllexqbm19Y3Mrv71TN2GsGa+xUIa66VPDpQh4zQoreTPSnCpf8oY/ukj8xg3XRoTBtR1HvKPoIBB9wahNpLaJVTdfwMVjTM5OMMJFnCIlZVIiiMyVQqX08f4MANVu/rXdC1mseGCZpMa0CI5sZ0K1FUzyaa4dGx5RNqID3nI0oIqbziS9dYoOnNJD/VC7CixK1e8TE6qMGSvfdSpqh+a3l4h/ea3Y9sudiQii2PKAzRb1Y4lsiJLHUU9ozqwcO0KZFu5WxIZUU2ZdPDkXwten6H9SPyoSXCRXLo1zmCELe7APh0DgFCpwCVWoAYMh3MI9PHjKu/MevadZa8abz+zCD3gvn2wukW8=</latexit><latexit sha1_base64="aUJhnWnoZIRO2q3SLHYfOzst+6I=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4KonPuiu6cVnBPqAdSibNtKHJzJBkhDL0F9y48IFb/8aVO79C3LoyM62gogcuHM65l3vv8SLBtUHo1cnNzM7NL+QXC0vLK6trxfWNhg5jRVmdhiJULY9oJnjA6oYbwVqRYkR6gjW94VnqN6+Y0jwMLs0oYq4k/YD7nBKTSh0dy26xhMqHCJ8cIYjKKENGKngfQzxVStX9j/f7g7fnWrf40umFNJYsMFQQrdsYRcZNiDKcCjYudGLNIkKHpM/algZEMu0m2a1juGOVHvRDZSswMFO/TyREaj2Snu2UxAz0by8V//LasfErbsKDKDYsoJNFfiygCWH6OOxxxagRI0sIVdzeCumAKEKNjadgQ/j6FP5PGntljMr4wqZxCibIgy2wDXYBBsegCs5BDdQBBQNwDW7BnSOdG+fBeZy05pzpzCb4AefpE/eWk1c=</latexit><latexit sha1_base64="aUJhnWnoZIRO2q3SLHYfOzst+6I=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4KonPuiu6cVnBPqAdSibNtKHJzJBkhDL0F9y48IFb/8aVO79C3LoyM62gogcuHM65l3vv8SLBtUHo1cnNzM7NL+QXC0vLK6trxfWNhg5jRVmdhiJULY9oJnjA6oYbwVqRYkR6gjW94VnqN6+Y0jwMLs0oYq4k/YD7nBKTSh0dy26xhMqHCJ8cIYjKKENGKngfQzxVStX9j/f7g7fnWrf40umFNJYsMFQQrdsYRcZNiDKcCjYudGLNIkKHpM/algZEMu0m2a1juGOVHvRDZSswMFO/TyREaj2Snu2UxAz0by8V//LasfErbsKDKDYsoJNFfiygCWH6OOxxxagRI0sIVdzeCumAKEKNjadgQ/j6FP5PGntljMr4wqZxCibIgy2wDXYBBsegCs5BDdQBBQNwDW7BnSOdG+fBeZy05pzpzCb4AefpE/eWk1c=</latexit><latexit sha1_base64="zSUqHIbK+tHu823ElcgX+PR7SgY=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4GhJFrbuiG5cV7APaoWTStA1NMkOSEcrQX3DjQhG3/pA7/8bMdAQVPXDhcM693HtPGAtuLEIfXmlpeWV1rbxe2djc2t6p7u61TZRoylo0EpHuhsQwwRVrWW4F68aaERkK1gmn15nfuWfa8Ejd2VnMAknGio84JTaT+iaRg2oN+WcIX54jiHyUIyd1fIohLpQaKNAcVN/7w4gmkilLBTGmh1Fsg5Roy6lg80o/MSwmdErGrOeoIpKZIM1vncMjpwzhKNKulIW5+n0iJdKYmQxdpyR2Yn57mfiX10vsqB6kXMWJZYouFo0SAW0Es8fhkGtGrZg5Qqjm7lZIJ0QTal08FRfC16fwf9I+8THy8S2qNa6KOMrgAByCY4DBBWiAG9AELUDBBDyAJ/DsSe/Re/FeF60lr5jZBz/gvX0CYiSOcQ==</latexit>

i=1

L-1

DPL

ti
X

<latexit sha1_base64="/1dBJ/g5v4FlC4zkyRh6HFijANM=">AAAB63icbVC7SgNBFL3rM8ZX1NJmMAhWYTcRtAzaWEYwD0iWMDuZTYbMzC4zs0JY8gs2Fj6w9W+s7PwKsbVyNkmhiQcuHM65l3vvCWLOtHHdD2dpeWV1bT23kd/c2t7ZLeztN3SUKELrJOKRagVYU84krRtmOG3FimIRcNoMhpeZ37ylSrNI3phRTH2B+5KFjGCTSR2diG6h6JbcCdAi8WakWK18fz2dfr7VuoX3Ti8iiaDSEI61bntubPwUK8MIp+N8J9E0xmSI+7RtqcSCaj+d3DpGx1bpoTBStqRBE/X3RIqF1iMR2E6BzUDPe5n4n9dOTHjup0zGiaGSTBeFCUcmQtnjqMcUJYaPLMFEMXsrIgOsMDE2nrwNwZt/eZE0yiWvUipf2zQuYIocHMIRnIAHZ1CFK6hBHQgM4A4e4NERzr3z7LxMW5ec2cwB/IHz+gPHa5M5</latexit>

i=1

L-1

Dth

unbounded delete 
persistence latency 

superfluous I/Os 

latency spikes

FADE

the solution 
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FAst DElete 

5

delete(5) within a threshold time: Dth 
d1

d2

d3

L�1X

i=1

di  Dth

<latexit sha1_base64="S/hxuQ0a9Lbfn0yPzCFdScag4mI="></latexit>

di = T · di�1
<latexit sha1_base64="REvHLgdNiiiSiLqK8F7XvTpJJ8s=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gIbixJXehGKLpxWaEvaEOYTKbt0MlMmJkIJRQ3/oobF4q49Svc+TdO2yy09cCFwzn3cu89YcKo0q77bRVWVtfWN4qbpa3tnd09e/+gpUQqMWliwYTshEgRRjlpaqoZ6SSSoDhkpB2Obqd++4FIRQVv6HFC/BgNOO1TjLSRAvvIcaKAwmvYgD0cCQ2jIKPn3sRxArvsVtwZ4DLxclIGOeqB/dWLBE5jwjVmSKmu5ybaz5DUFDMyKfVSRRKER2hAuoZyFBPlZ7MXJvDUKBHsC2mKazhTf09kKFZqHIemM0Z6qBa9qfif1011/8rPKE9STTieL+qnDGoBp3nAiEqCNRsbgrCk5laIh0girE1qJROCt/jyMmlVK95FpXpfLddu8jiK4BicgDPggUtQA3egDpoAg0fwDF7Bm/VkvVjv1se8tWDlM4fgD6zPH5SFlPw=</latexit>
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FAst DElete 

delete(5) within a threshold time: Dth 
d1

d2

a1

d3

L�1X

i=1

di  Dth

<latexit sha1_base64="S/hxuQ0a9Lbfn0yPzCFdScag4mI="></latexit>

di = T · di�1
<latexit sha1_base64="REvHLgdNiiiSiLqK8F7XvTpJJ8s=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gIbixJXehGKLpxWaEvaEOYTKbt0MlMmJkIJRQ3/oobF4q49Svc+TdO2yy09cCFwzn3cu89YcKo0q77bRVWVtfWN4qbpa3tnd09e/+gpUQqMWliwYTshEgRRjlpaqoZ6SSSoDhkpB2Obqd++4FIRQVv6HFC/BgNOO1TjLSRAvvIcaKAwmvYgD0cCQ2jIKPn3sRxArvsVtwZ4DLxclIGOeqB/dWLBE5jwjVmSKmu5ybaz5DUFDMyKfVSRRKER2hAuoZyFBPlZ7MXJvDUKBHsC2mKazhTf09kKFZqHIemM0Z6qBa9qfif1011/8rPKE9STTieL+qnDGoBp3nAiEqCNRsbgrCk5laIh0girE1qJROCt/jyMmlVK95FpXpfLddu8jiK4BicgDPggUtQA3egDpoAg0fwDF7Bm/VkvVjv1se8tWDlM4fgD6zPH5SFlPw=</latexit>
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FAst DElete 

delete(5) within a threshold time: Dth 
d1

d2

a1

d3

L�1X

i=1

di  Dth

<latexit sha1_base64="S/hxuQ0a9Lbfn0yPzCFdScag4mI="></latexit>

di = T · di�1
<latexit sha1_base64="REvHLgdNiiiSiLqK8F7XvTpJJ8s=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gIbixJXehGKLpxWaEvaEOYTKbt0MlMmJkIJRQ3/oobF4q49Svc+TdO2yy09cCFwzn3cu89YcKo0q77bRVWVtfWN4qbpa3tnd09e/+gpUQqMWliwYTshEgRRjlpaqoZ6SSSoDhkpB2Obqd++4FIRQVv6HFC/BgNOO1TjLSRAvvIcaKAwmvYgD0cCQ2jIKPn3sRxArvsVtwZ4DLxclIGOeqB/dWLBE5jwjVmSKmu5ybaz5DUFDMyKfVSRRKER2hAuoZyFBPlZ7MXJvDUKBHsC2mKazhTf09kKFZqHIemM0Z6qBa9qfif1011/8rPKE9STTieL+qnDGoBp3nAiEqCNRsbgrCk5laIh0girE1qJROCt/jyMmlVK95FpXpfLddu8jiK4BicgDPggUtQA3egDpoAg0fwDF7Bm/VkvVjv1se8tWDlM4fgD6zPH5SFlPw=</latexit>
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FAst DElete 

delete(5) within a threshold time: Dth 

d2

d3

d1
a1 L�1X

i=1

di  Dth

<latexit sha1_base64="S/hxuQ0a9Lbfn0yPzCFdScag4mI="></latexit>

di = T · di�1
<latexit sha1_base64="REvHLgdNiiiSiLqK8F7XvTpJJ8s=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gIbixJXehGKLpxWaEvaEOYTKbt0MlMmJkIJRQ3/oobF4q49Svc+TdO2yy09cCFwzn3cu89YcKo0q77bRVWVtfWN4qbpa3tnd09e/+gpUQqMWliwYTshEgRRjlpaqoZ6SSSoDhkpB2Obqd++4FIRQVv6HFC/BgNOO1TjLSRAvvIcaKAwmvYgD0cCQ2jIKPn3sRxArvsVtwZ4DLxclIGOeqB/dWLBE5jwjVmSKmu5ybaz5DUFDMyKfVSRRKER2hAuoZyFBPlZ7MXJvDUKBHsC2mKazhTf09kKFZqHIemM0Z6qBa9qfif1011/8rPKE9STTieL+qnDGoBp3nAiEqCNRsbgrCk5laIh0girE1qJROCt/jyMmlVK95FpXpfLddu8jiK4BicgDPggUtQA3egDpoAg0fwDF7Bm/VkvVjv1se8tWDlM4fgD6zPH5SFlPw=</latexit>
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FAst DElete 

delete(5) within a threshold time: Dth 
d1

d3

a2

L�1X

i=1

di  Dth

<latexit sha1_base64="S/hxuQ0a9Lbfn0yPzCFdScag4mI="></latexit>

di = T · di�1
<latexit sha1_base64="REvHLgdNiiiSiLqK8F7XvTpJJ8s=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gIbixJXehGKLpxWaEvaEOYTKbt0MlMmJkIJRQ3/oobF4q49Svc+TdO2yy09cCFwzn3cu89YcKo0q77bRVWVtfWN4qbpa3tnd09e/+gpUQqMWliwYTshEgRRjlpaqoZ6SSSoDhkpB2Obqd++4FIRQVv6HFC/BgNOO1TjLSRAvvIcaKAwmvYgD0cCQ2jIKPn3sRxArvsVtwZ4DLxclIGOeqB/dWLBE5jwjVmSKmu5ybaz5DUFDMyKfVSRRKER2hAuoZyFBPlZ7MXJvDUKBHsC2mKazhTf09kKFZqHIemM0Z6qBa9qfif1011/8rPKE9STTieL+qnDGoBp3nAiEqCNRsbgrCk5laIh0girE1qJROCt/jyMmlVK95FpXpfLddu8jiK4BicgDPggUtQA3egDpoAg0fwDF7Bm/VkvVjv1se8tWDlM4fgD6zPH5SFlPw=</latexit>
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FAst DElete 

delete(5) within a threshold time: Dth 
d1

d3

a2

L�1X

i=1

di  Dth

<latexit sha1_base64="S/hxuQ0a9Lbfn0yPzCFdScag4mI="></latexit>

di = T · di�1
<latexit sha1_base64="REvHLgdNiiiSiLqK8F7XvTpJJ8s=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gIbixJXehGKLpxWaEvaEOYTKbt0MlMmJkIJRQ3/oobF4q49Svc+TdO2yy09cCFwzn3cu89YcKo0q77bRVWVtfWN4qbpa3tnd09e/+gpUQqMWliwYTshEgRRjlpaqoZ6SSSoDhkpB2Obqd++4FIRQVv6HFC/BgNOO1TjLSRAvvIcaKAwmvYgD0cCQ2jIKPn3sRxArvsVtwZ4DLxclIGOeqB/dWLBE5jwjVmSKmu5ybaz5DUFDMyKfVSRRKER2hAuoZyFBPlZ7MXJvDUKBHsC2mKazhTf09kKFZqHIemM0Z6qBa9qfif1011/8rPKE9STTieL+qnDGoBp3nAiEqCNRsbgrCk5laIh0girE1qJROCt/jyMmlVK95FpXpfLddu8jiK4BicgDPggUtQA3egDpoAg0fwDF7Bm/VkvVjv1se8tWDlM4fgD6zPH5SFlPw=</latexit>
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FAst DElete 

delete(5) within a threshold time: Dth 
d1

d2

d3

a3

L�1X

i=1

di  Dth

<latexit sha1_base64="S/hxuQ0a9Lbfn0yPzCFdScag4mI="></latexit>

di = T · di�1
<latexit sha1_base64="REvHLgdNiiiSiLqK8F7XvTpJJ8s=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gIbixJXehGKLpxWaEvaEOYTKbt0MlMmJkIJRQ3/oobF4q49Svc+TdO2yy09cCFwzn3cu89YcKo0q77bRVWVtfWN4qbpa3tnd09e/+gpUQqMWliwYTshEgRRjlpaqoZ6SSSoDhkpB2Obqd++4FIRQVv6HFC/BgNOO1TjLSRAvvIcaKAwmvYgD0cCQ2jIKPn3sRxArvsVtwZ4DLxclIGOeqB/dWLBE5jwjVmSKmu5ybaz5DUFDMyKfVSRRKER2hAuoZyFBPlZ7MXJvDUKBHsC2mKazhTf09kKFZqHIemM0Z6qBa9qfif1011/8rPKE9STTieL+qnDGoBp3nAiEqCNRsbgrCk5laIh0girE1qJROCt/jyMmlVK95FpXpfLddu8jiK4BicgDPggUtQA3egDpoAg0fwDF7Bm/VkvVjv1se8tWDlM4fgD6zPH5SFlPw=</latexit>
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FAst DElete 

delete(5) within a threshold time: Dth 
d1

d2

d3=a3

L�1X

i=1

di  Dth

<latexit sha1_base64="S/hxuQ0a9Lbfn0yPzCFdScag4mI="></latexit>

di = T · di�1
<latexit sha1_base64="REvHLgdNiiiSiLqK8F7XvTpJJ8s=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gIbixJXehGKLpxWaEvaEOYTKbt0MlMmJkIJRQ3/oobF4q49Svc+TdO2yy09cCFwzn3cu89YcKo0q77bRVWVtfWN4qbpa3tnd09e/+gpUQqMWliwYTshEgRRjlpaqoZ6SSSoDhkpB2Obqd++4FIRQVv6HFC/BgNOO1TjLSRAvvIcaKAwmvYgD0cCQ2jIKPn3sRxArvsVtwZ4DLxclIGOeqB/dWLBE5jwjVmSKmu5ybaz5DUFDMyKfVSRRKER2hAuoZyFBPlZ7MXJvDUKBHsC2mKazhTf09kKFZqHIemM0Z6qBa9qfif1011/8rPKE9STTieL+qnDGoBp3nAiEqCNRsbgrCk5laIh0girE1qJROCt/jyMmlVK95FpXpfLddu8jiK4BicgDPggUtQA3egDpoAg0fwDF7Bm/VkvVjv1se8tWDlM4fgD6zPH5SFlPw=</latexit>
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FAst DElete 

delete(5) within a threshold time: Dth 
d1

d2

d3

 

   

L�1X

i=1

di  Dth

<latexit sha1_base64="S/hxuQ0a9Lbfn0yPzCFdScag4mI="></latexit>

di = T · di�1
<latexit sha1_base64="REvHLgdNiiiSiLqK8F7XvTpJJ8s=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gIbixJXehGKLpxWaEvaEOYTKbt0MlMmJkIJRQ3/oobF4q49Svc+TdO2yy09cCFwzn3cu89YcKo0q77bRVWVtfWN4qbpa3tnd09e/+gpUQqMWliwYTshEgRRjlpaqoZ6SSSoDhkpB2Obqd++4FIRQVv6HFC/BgNOO1TjLSRAvvIcaKAwmvYgD0cCQ2jIKPn3sRxArvsVtwZ4DLxclIGOeqB/dWLBE5jwjVmSKmu5ybaz5DUFDMyKfVSRRKER2hAuoZyFBPlZ7MXJvDUKBHsC2mKazhTf09kKFZqHIemM0Z6qBa9qfif1011/8rPKE9STTieL+qnDGoBp3nAiEqCNRsbgrCk5laIh0girE1qJROCt/jyMmlVK95FpXpfLddu8jiK4BicgDPggUtQA3egDpoAg0fwDF7Bm/VkvVjv1se8tWDlM4fgD6zPH5SFlPw=</latexit>
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FAst DElete 
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timely delete persistence  

reduced space amplification 

improved read performance

higher write amplification 

1M 1KB entries, 1MB buffer, T=10
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within Dth 
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FAst DElete 

timely delete persistence  

reduced space amplification 

improved read performance

higher write amplification 
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superfluous I/Os 

latency spikes 
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FAst DElete 
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improved read performance

higher write amplification 
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the solution 

FAst DElete 
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improved read performance

higher write amplification 
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Key Weaving storage layout

delete all entries older than: D days
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Key Weaving storage layout

Smin=1 :: Smax=99 
Dmin=1D :: Dmax=90D

Smin=1 :: Smax=24 
Dmin=3D :: Dmax=80D

Smin=29 :: Smax=60 
Dmin=9D :: Dmax=90D

Smin=61 :: Smax=79 
Dmin=1D :: Dmax=89D

Smin=80 :: Smax=99 
Dmin=7D :: Dmax=85D

pa
ge

 1
pa

ge
 2

pa
ge

 3
pa

ge
 4

page 1
1

34D

4

69D

9

3D

14

79D

15

8D

19

80D

20

23D

24

24D

29

88D

32

90D

33

28D

40

74D

44

9D

52

76D

56

81D

60

64D

63

82D

67

1D

71

67D

72

77D

73

89D

78

65D

79

12D

84

41D

86

62D

87

7D

91

25D

94

85D

95

59D

99

19D

61

75D

80

70D

page 2

page 3

page 4

delete all entries with timestamp <= 65D
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Key Weaving storage layout

Smin=1 :: Smax=99 
Dmin=1D :: Dmax=90D

Smin=1 :: Smax=24 
Dmin=3D :: Dmax=80D

Smin=29 :: Smax=60 
Dmin=9D :: Dmax=90D

Smin=61 :: Smax=79 
Dmin=1D :: Dmax=89D

Smin=80 :: Smax=99 
Dmin=7D :: Dmax=85D

pa
ge

 1
pa

ge
 2
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ge

 3
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ge
 4

page 1
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79

12D

84

41D
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95

59D

99
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80
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page 2

page 3

page 4

1 I/O

1 I/O

1 I/O

1 I/O

delete all entries with timestamp <= 65D
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Key Weaving storage layout

delete all entries with timestamp <= 65D

Smin=1 :: Smax=99 
Dmin=1D :: Dmax=90D

Smin=1 :: Smax=24 
Dmin=3D :: Dmax=80D

Smin=29 :: Smax=60 
Dmin=9D :: Dmax=90D

Smin=61 :: Smax=79 
Dmin=1D :: Dmax=89D

Smin=80 :: Smax=99 
Dmin=7D :: Dmax=85D

pa
ge

 1
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ge
 2
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ge

 3
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 4
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Key Weaving storage layout

Smin=1 :: Smax=99 
Dmin=1D :: Dmax=90D

pa
ge

 1
pa

ge
 2

pa
ge

 3
pa

ge
 4

de
le

te
 ti

le
 1

de
le

te
 ti

le
 2

delete all entries with timestamp <= 65D

partitioned on S 

Smin=1 :: Smax=24 
Dmin=3D :: Dmax=80D

Smin=29 :: Smax=60 
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full page drops reduces 
superfluous I/Os 

reduced latency spikes
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higher lookup cost
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Lethe strikes balance between 
cost, performance, and latency

suboptimal state of the art design

FADE persists deletes timely

KiWi supports efficient  
secondary range deletes

for workloads with deletes  

using latency-driven compactions 

by key-interweaved data layout

Thank You!

midas.bu.edu/lethe 
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