Database Storage
Engines

Martin Hausler, PhD
Consulting Architect @ IBM
Engineering Kiosk Alps, May 2026

B2 martin.haeusler892@gmail.com O https://github.com/MartinHaeusler


mailto:martin.haeusler89@gmail.com
https://github.com/MartinHaeusler







SELECT * FROM Student

WHERE id




SELECT * FROM Student

WHERE id




SELECT * FROM Student
WHERE id = '123"'

Database
Management
System
(DBMS)

Permissions




SELECT * FROM Student
'123'

Database
Management
System
(DBMS)

Permissions

Storage Engine } Database



SELECT * FROM Student
WHERE id = '123"'

Query Parser
: Database
Schema Validator g | Management
@ System
Query Planner L
4 £ (DBMS)
Transaction Manager a
J
Storage Engine } Database
File System OS Cache Your worst enemy
(Unreliable Channel)
Physical HDD / SSD



SELECT * FROM Student
WHERE id = '123"'

Query Parser
: Database
Schema Validator g | Management
@ System
Query Planner D
S (DBMS)
Transaction Manager o
J
Storage Engine Database
File System OS Cache Your worst enemy

(Unreliable Channel)

Physical HDD / SSD




SELECT * FROM Student
WHERE id = '123"'

Query Parser
_ Database
Schema Validator g \ Management
@ System
Query Planner BL
£ (DBMS)
Transaction Manager o
J
Storage Engine Database
File System OS Cache Your worst enemy

(Unreliable Channel)

Physical HDD / SSD

__}



Tables and other pretty little lies

id firstname  lasthame birthdate
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\ Table = List of Records



Database comes down
to a list of Key-Value pairs.
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/A Simplifying Assumptions on Slides: \

Slides only show keys to reduce visual clutter

Values can always be “carried along” (e.g. via Suffix Encoding)
Keys are actually byte arrays...

\ ... but we will use strings or numbers for visualization )
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General Problem: Searching is O(N)

Search Time

Number of Entries
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\ Searching in sorted list is O(log(N))

Search Time

Number of Entries
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orted

Q sorted

/ s2:t1d/

adjective INFORMAL * BRITISH ENGLISH

adjective: sorted

organized, arranged, or dealt with satisfactorily.




\ So we want our data sorted...
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\ So we want our data sorted...

.. to be able to search in O(log(N))...

.. but sorting the data in the first place...

.. 15 0(n * log(N))
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NG ; - Start with an empty list
."sii'ni"‘ e——
-y 'ﬁv-.,,.lmb IIII"' ‘-f:l:- i - A d .
m S = JEer et - - s new data comesiin...

- ..wesortitin...

- ...sothat the new state is again
sorted!
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\ Binary Search Tree




\ Binary Search Tree

1 Arrow = 1 Random Lookup on disk
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How do you save a tree structure to disk?

“Page” of Memory
Usually 1 KB ~4 KB

Simplifying Assumptions:

A - 1Page =1 fileondisk
- 1Page =1nodeinthetree

Page Manager keeps track of loaded
pages and caches them in memory.

Modified pages become “pinned”
(flagged as “dirty”) and need to be
written to disk before unpinning.







1970: Rudolf Bayer hits the stage

D1-82-0989

ORGANIZATION AND MAINTENANCE OF LARGE

ORDERED INDICES

by

and

E. McCreight

Rudolf Bayer
Mathematical and Tnformatton Sciences Report No. 20 Technical University of Munich

Mathematical and Information Sciences Laboratory

BOEING SCIENTIFIC RESEARCH LABORATORIES

July 1970
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The B-Tree

Core idea by Rudolf Bayer:

e Storenot just one, but a list of B entries per node

o

Binary search tree is special case with B = 2

e Entriesinthe same node are stored in the same page

o

No further disk lookups are required to check those

e Highervalue of B

o

(@)
@)
@)

means tree height gets reduced

means fewer pages need to be loaded per search
means faster lookups

typical value in practice is B = 8

22 23 24 25
17 18 19 20
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The Ubiquitous B-Tree

DOUGLAS COMER
Computer Science Department, Purdue Unwersity, West Lafayette, Indiana 47907

B-trees have become, de facto, a standard for file organization. File indexes of users,
dedicated database systems, and general-purpose access methods have all been proposed
and implemented using B-trees This paper reviews B-trees and shows why they have
been so successful It discusses the major variations of the B-tree, especially the B*-tree,
contrasting the relative merits and costs of each implementation. It illustrates a general
purpose access method which uses a B-tree.

Keywords and Phrases: B-tree, B*-tree, B*-tree, file organization, index

CR Categories: 3.73 3.74 4.33 4 34
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\ Binary Search Tree

Command:

Insert 8.
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Treeis unbalanced!

If we keep going like this, it will degrade
into a linked list!

We have to re-balance!
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Binary Search Tree

@ We managed to rebalance the tree...

... but ALL pages are dirty!

A single insert turned into many disk
writes.

This is called High Write Amplification



Problem #1:

B-Tree inserts have unpredictable\
performance due to high write
amplification in random pages.



Problem #2:
Operations on B-Trees are not \
atomic by default since all pages

are mutable.



Problem #3:
Since a mutation can occur in any\
page at any point in time, B-Trees

cannot be efficiently compressed.
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\ Binary Search Tree on disk

V.

Command:

Get all entries in the
tree.

Result:
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Hard drive go
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Problem #4:

Reading a B-Tree sequentially doe\
not translate to sequential disk

dCCeESS.




\ But what about SSDs?




SSDs work differently...

e SSDs store datain segments
o 1segmentistypically between 128KB and 512KB depending on the hardware

e When you access an address on disk, the SSD always loads the entire segment
o  When you load 1 page (4KB) the next 127 in sequence come for free...
o ...if (and only if) you keep reading sequentially

e Overwriting the same segment over and over again is bad for the hardware
o Modern SSDs can rewrite the same segment around 10.000 times before it “dies”
o  Wear leveling on hardware tries to mitigate this...
o ...butstill, continuously modifying the same page over and over is bad news for SSDs!



Problem #5:

B-Trees do not align well with the\
properties and features of modern
hardware.
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LevelDB (Google, Open Source)
2011

LevelDB: A Fast Persistent Key-Value Store

Wednesday, July 27, 2011

LevelDB is a fast key-value storage engine written at Google that provides an ordered
mapping from string keys to string values. We are pleased to announce that we are open

sourcing LevelDB under a BSD-style license.




RocksDB (Meta, Open Source)
\ 2012

(4

7 .
28



\ ... and many more

BT E CASSANDRA



\ Database Eras

Wild West Era : B-Tree Era : LSM Tree Era
| | >

1970 2012 2026
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LSM Tree: Insertion

New Data

(Likely to change again soon) In-Memory
(“Memtable”, sorted)

This is awesome because:

Datais written to disk in larger
chunks and sequentially
Append only: datais only written
once and then never modified
again

Entries in each file are sorted and > Files on Disk
can be efficiently compressed _ (“SST Files” sorted)
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THAT’S diJlTE BIG



High tree

-> Long search paths
-> Slow lookups

-> High disk footprint

THAT’SQ{UITE BIG
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\ Major Compaction




String SorTed Files (SST)

A

Fully sorted, self-indexed file

o Rapid lookup
Keys ordered sequentially on disk

o Rapid iteration

o Perfectly utilizes hardware burst loading
Compressed

o Very efficient disk utilization



\ Anatomy of an SST File



Anatomy of an SST File

- Last block of an SST file
- Acts as a “header” and contains Meta-Information
- largest key, smallest key, total count, ...
- compression algorithm of data blocks
- file format version information
- checksums
- Index block start & end offset
- Usually very small, < 8KB



Anatomy of an SST File

- Can be one or more blocks
- For each datablock:

- First key

- Last key

- Start offset

- End offset



Anatomy of an SST File

- Eachdatablock is compressed (snappy, 1z4, gzip, zstd, ...)
- Datablocks are big compared to traditional pages (~8MB)
- Contain key-value pairs sorted by key
- May contain a “Block Index” for faster search
- Selection of keys (e.g. every 1000th key) and their offsets



\ There's so much more but...



There’'s so much more but...

It’s time to stop
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Summary

- Every database is a (sophisticated) Key-Value Store
- Tables, Graphs, Documents, ...

- When choosing a database, the access language / format should not be your primary

concern
- What are your Access Patterns and does the database support them efficiently?
- How much data do you expect and does the database scale to that level?
- How important are transactions in your application and does your database support them?

- LSM Trees as the next step of evolution in Storage Engines
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Where to Learn More?

https://github.com/MartinHaeusler/Ism4k
My own LSM Tree Implementation (700% hand-written!)

... ask the Engineering Kiosk team to invite me again for Part 2!

Why File Systems are fast, unreliable and sometimes evil
Write Ahead Logs

Recovery

Transactions

Multi-Version Concurrency Control
...and more!



THANK YOU!

https://github.com/MartinHaeusler/lIsm4k
My own LSM Tree Implementation (100% hand-written!)

2 martin.haeusler89@gmail.com
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Suffix Encoding: Combining key & value

mykey ... my value ... )

To extract key length:

data.slice(totalLength - sizeof(int), totallLength) UL (5 T Al [EE s
To extract kev: data e Minimal overhead (32 bit)

<EY: ) e Norestriction on keys or values
data.slice(@, keylLength) o Neelideen? nes
To extract value: o W el bt
data.slice(keyLength, totalLength - sizeof(int)) o o SEEEe oy

e Keystaysinfront




WiscKey
Lanyue Lu, 2016

WiscKey: Separating Keys from Values
in SSD-conscious Storage

Lanyue Lu, Thanumalayan Sankaranarayana Pillai, Andrea C. Arpaci-Dusseau,
and Remzi H. Arpaci-Dusseau, University of Wisconsin—Madison

https://www.usenix.org/conference/fast16/technical-sessions/presentation/lu




