
Write-Optimized Data Structures
Mathis Chenuet, Noah Delius



Write-Optimized Data Structures

Use cases: databases with more writes than reads;

optimize for fast writes and reasonably fast reads


- e.g. logs (with extra indices)


Idea: reducing random disk IO = minimizing number of block transfers



B-Trees

From Michael A. Bender, Stony Brook & Tokutek, “Write-Optimized Data Structures” talk, 2012



Log-Structured Merge Tree

Idea: Defer and batch operations 

Multiple components: Ci 

- C0 is in memory 
Skiplist, B-tree, red-black tree 

- Ci>0 consists of Sorted String Tables (LevelDB), B-trees (original paper), …



SSTable

Concept: sorted key-value pairs 
in an immutable array 

On disk: contiguous array
From Alex Petrov, “On Disk IO, Part 3: LSM Trees”, 2017

len key1 value1 key2 value2 ... count offset1 offset2 ...



Log-Structured Merge Tree

LevelDB strategy 

- C0: skiplist 
 

- C1: SSTables with overlapping key ranges 
 

- C2+: SSTables with disjoint key ranges
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...



Log-Structured Merge Tree

LevelDB strategy 

- C0: skiplist 
 

- C1: SSTables with overlapping key ranges 
 

- C2+: SSTables with disjoint key ranges

5, 6, 80

25, 46, 120

105, …, 15045, …, 911, 11, 23, 42

...

insert



Log-Structured Merge Tree

LevelDB strategy 

- C0: skiplist 
 

- C1: SSTables with overlapping key ranges 
 

- C2+: SSTables with disjoint key ranges

25, 46, 1205, 6, 80

105, …, 15045, …, 911, 11, 23, 42

...

flush



Log-Structured Merge Tree

LevelDB strategy 

- C0: skiplist 
 

- C1: SSTables with overlapping key ranges 
 

- C2+: SSTables with disjoint key ranges

3, 62

25, 46, 1205, 6, 80

105, …, 15045, …, 911, 11, 23, 42

...



LSM Tree merge behavior

From Ben Stopford, “Log Structured Merge Trees”, 2015
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• for  key-value pairs, maintain  sorted arrays (levels)N ⌊log2 N⌋ + 1

• for , level  is empty or contains  elements0 ≤ i ≤ ⌊log2 N⌋ i 2i

• level  full   least significant bit of  is i ⟺ ith N 1

• insert: find smallest empty array, merge all levels below (and the new 
element) into it, clear lower levels

• query: perform binary search on all levels
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Complexity (block transfers) 

• assume elements have 
size � 


• assume
�  
(cache is big enough to 
hold a block of all arrays)


• insertion is �  in 

worst case (need to 
merge all elements)

O(1)

M > B log2 N + 1

O ( N
B )

amortized per-element 
cost for sequential 
writes is � ,


an element is only 
written when it’s 
merged,


an element can only 
be merged �  
times

O ( 1
B )

O(log N)

• amortized: �O ( log N
B )
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Complexity (block transfers) 

• assume elements have 
the same size � 


• otherwise, binary 
search doesn’t work

O(1)
• binary search costs  

 per array

O (log N
B )

= O(log N − log B)

• have  arrays of size O(log N − log B) ≥ B

• ⇒ query complexity is 

O ((log N − log B)2)
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Lookaheads

• idea: speed up queries using fractional cascading

• every eighth key of array  is replicated in array  as a lookahead 
pointer

i i − 1

• sorted order of array maintained

• every fourth element of array  is a duplicate lookahead pointer, points 
to the nearest left and right lookaheads

i

• queries: sequentially scan through arrays, using lookahead pointers to 
determine upper/lower bounds
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not yet!
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Thanks for listening!

Deletions for a key can be treated as insertions with a special marker, so we can
generally ignore them in our analysis.

Notice that all write operations are purely sequential; we are simply writing an
array onto disk in order, after all.

In the worst case, inserting an element leads us to copy the whole array, which
amounts to O

�
N

B

�
block transfers.2 However, this only occurs seldomly; in general, a

merge involving 2i elements only happens on every 2i-th insertion.
The most elements we can ever merge is N; none of these elements could have

moved to a higher level than blog2 Nc, so they participated in a merge at most log2 N

times.
For small arrays, a merge is free in the EMM once we have loaded them into the

cache once. For larger arrays of size � B, a merge to level i costs O(2i/B) block transfers.
In total, inserting all N elements costs

O(log N)
blog2 Nc

Â
j=0

O

✓
2i

B

◆
= O

✓
log N

N

B

◆

block transfers. Therefore, the amortized cost for inserting an element is O
⇣

log N

B

⌘
.

Queries for a key are performed by simply performing a binary search through each
array, prioritizing lower levels in case a key appears more than once.3 Since we have
O
�
log N

B

�
arrays of size � B (searching through the other ones is assumed to be free

once they’ve been loaded once) and performing a binary search in each array i costs
O

⇣
log 2i

B

⌘
✓ O(log N � log B), the overall cost is O

�
(log N � log B)2�.
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