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How To Build A Fast Database：Pre Process VS Runtime Process

•Materialized View


•Aggregate Data When Load


•Index


•Cache



How To Build A Fast Database:   Architecture Perspective

•Level 1: Optimized Multiple Nodes


•Level 2: Optimized Multiple Cores


•Level 3: Optimized Single Core



How To Build A Fast Database:  Data Flow Perspective 1



How To Build A Fast Database:  Data Flow Perspective 2

•Partition And Bucket Prune


•Read Necessary Column 


•Read Compressed Data


•Skip Data By Index


•Skip Data By Metadata


•Late Materialization


•Operations On Encoded Data


•Vectorized Process



How To Build A Fast Database:  Data Flow Perspective 3

•Shuffle By Column 


•Compress Data By Column


•Global Runtime Filter


•Operations On Encoded Data


•Colocate Join


•Replication Join


•Bucket Shuffle Join



How To Build A Fast Database:  Data Flow Perspective 4

•Data Structure and Algorithms


•Vectorization


•SIMD


•Adaptive Strategy


•Cache Optimization


•C++ Low Level Optimization



How To Build A Fast Database:  Resource Perspective

•Read Data Less And Fast   (IO)


•Transfer Data Less And Fast   (Network)


•Process Data Less And Fast   (CPU & Memory)
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CPU Instruction Execution



CPU FrontEnd And Backend



CPU Time



CPU Performance Analysis Top-Down Hierarchy



CPU Performance Analysis Top-Down Hierarchy



CPU Time



What SIMD

SISD SIMD



SIMD Registers

xmm (128 bit wide register)


ymm (256 bit wide register)


zmm (512 bit wide register)



Many Ways to Vectorize



Compile Auto Vectorize

•Countable loop


•Function call should be inline or simple math function


•No data dependencies


•No complex conditions



Compile Hint Vectorize: Restrict

Which is Faster ?



Compile Hint Vectorize: Restrict

Restrict Tells The Compile The Arrays In Distinct Locations In Memory



How to Ensure SIMD Instructions Used

•-fopt-info-vec-optimized


•-fopt-info-vec-missed


•-fopt-info-vec-note


•-fopt-info-vec-all



How to Ensure SIMD Instructions Used



Many Ways to Vectorize



Vector Intrinsics

•Load Store


•ADD, SUB, MUL, DIV, SQRT, MAX, MIN


•AND, OR, XOR, ANDN, ANDPS, ANDNPS


•==,<,<=,>,>=,!=

•ps


•pd


•epi8/epi16/epi32/epi64


•epu8/epu16/epu32/epu64



Vector Intrinsics

https://www.intel.com/content/www/us/en/docs/intrinsics-guide/index.html



Vector Intrinsics Examples：HLL Merge

6X Performance Improvement

•Alignment


•Tail Process


•Compatibility


•Only Simple Operation
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The Challenge Of  Database Vectorized

                           Not Only The CPU SIMD


It's A Huge Performance Improvement Project Based On CPU



The Challenge Of  Database Vectorized

•Data Use Column Layout All Time: Disk, Memory, NetWork


•All Operations Need To Be Vectorized


•All Expressions Need To Be Vectorized


•Use SIMD Instructions As Much As Possible


•Redesign Memory Manage


•Redesign Data Structure


•Overall Performance Improve 5x —— All Operations And Expressions Need Improve 5X



Database Vectorized：Disk Column Store



Database Vectorized：Memory Column Layout



Database Vectorized：Column Layout



Database Vectorized —— Operators & Expresses



Database Vectorized —— Operator



Database Vectorized —— Express Compute

Input Null — Output Null

This Way Always Faster ?



Database Vectorized：SIMD Branch

Compute Both Branches + Select

Branchless Programming in C++ - Fedor Pikus - CppCon 2021    Great Talk

https://www.youtube.com/watch?v=g-WPhYREFjk


Database Vectorized —— SIMD Filter



Database Vectorized —— SIMD Filter



Database Vectorized：Shuffle By Column

• Efficient Compress


• Efficient Serde


• Efficient Compute



Database Vectorized：Hash Aggregate



Database Vectorized：Hash Aggregate



Database Vectorized：Hash Aggregate



Database Vectorized：Hash Aggregate



Database Vectorization —— Hash Join

Balancing vectorized query execution with bandwidth-optimized storage

https://pure.uva.nl/ws/files/4321270/68049_09.pdf


Database Vectorized —— Chunk Size



Database Vectorized Improvement Methods



1 High-Performance Third-Party Lib：Parallel Hashmap

3X Performance Improvement

• Parallel Hashmap


• Fmt


• Simdjson


• Hyperscan



2 Data Structure and Algorithms：Operations On Encoded Data

Int Compare is Very Faster Than String



2 Data Structure and Algorithms：Operations On Encoded Data

3X Performance Improvement For Aggregate

• Scan


• Filter


• Agg


• Sort


• Join


• String Functions



3 Adaptive Strategy：Join Runtime Filter Compute

Prefer The Low Selectivity Filter



4 SIMD Optimization：Improve Ascii Substring

5X Performance Improvement

Validate Ascii String


Ascii Chars From 0x00 To 0x7F



5 C++ Low level Optimization

• Inline


• Loop Optimization


• Unrolling 


• Resize No Initialize 


• Copy To Move


• Std::vector 


• Compile-time Computation



5 C++ Low level Optimization：Remove Unnecessary Copy

1X Performance Improvement

Reduce 2 Copy



6 Memory Manage：HLL Memory Manage

5X Performance Improvement

• Allocate By Chunk


• Reuse Memory



7 CPU Cache Optimization: Why



7 CPU Cache Optimization: Why

The Performance Bottleneck Will Vary



7 CPU Cache Optimization

• Improve Locality (Spatial And Temporal)


• Align The Code And Data


• Reduce Memory Footprint


• Block


• Prefetch



7 CPU Cache Optimization：Hardware Prefetch

Hardware Prefetch



7 CPU Cache：Hash GroupBy



7 CPU Cache：Batch Hash And Prefetch Value (More Better)

40% ~ 50% Performance Improvement

• Must Be Useful


• Need Right Time


• Need Right Distance



Profile Tools:  godbolt.org

https://godbolt.org/



Profile Tools:  quick-bench

https://quick-bench.com



Profile Tools:  Perf



Profile Tools:  VTune



Profile Tools:  VTune



Profile Tools:  Toplev

https://github.com/andikleen/pmu-tools/wiki/toplev-manual



Profile Tools:  BOLT

https://github.com/facebookincubator/BOLT

• Code Layout


• Link-Time Optimization (LTO)


• Profile-Guided Optimization (PGO)



Profile Tools:  BOLT

https://github.com/facebookincubator/BOLT
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Thinking —— The Underlying Principle Is Similar



Thinking —— High Performance Database Need



Thinking —— Fuse Vectorized And Compilation

• Complex Expression


• UDF, UDAF, UDTF


• Sort, Aggregate


• GPU



Thinking —— Accelerate Database With GPU Or FPGA



Thinking —— To Be Impossible

•探险思维


•第⼀性原理


•奇迹思维


•解决者思维


•证伪思维


•压⼒测试


•迭代思维



Some Resources: Performance Optimization & Vectorized 

•数据库学习资料 

•性能优化


• Profile ⼯具


• CPU 微架构


• CPU Cache


•向量化

• How To Build A Fast DataBase

https://blog.bcmeng.com/post/database-learning.html
https://blog.bcmeng.com/post/fastest_database.html
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