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SIMD Computing
Performance you have already payed for
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I am building Unum since 2015
A neuro-symbolic computing framework

Hey, I’m Ashot!


👶 Wrote my first line of code in the elementary school.

👦 Received my first freelance Web-Dev order in the middle school.

🧔 Launched my first profitable IT business in the high school.

🔭 Dropped my Astrophysics degree. Twice.

🏢 Already spent 5 years building Unum without external funding.

🌍 Visited over 50 countries across 4 continents, lived in 11 of them.

👅 Fluent in Russian, Armenian & English. Intermediate in a few other languages. 

💻 These days I code in C++ 20, Python, Swift & LISPs.
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https://unum.xyz/


Why am I here?
I love all kinds of computing and want to share!

Analog Electrical Optical Quantum
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Let’s compare substring search performance on x86 silicon 

Python 
10 MB/s

C/C++ 
2 GB/s

SIMD 
12 GB/s
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Why are you here?

github.com → 
AshVardanian → 
CppBenchSubstrSearch

http://github.com


The contents
Won’t be covered

• What’s parallelism?

• What’s SIMD?

• Branchless coding

• Boyer-Moore-Horspool

• Knuth-Morris-Pratt

• Rabin-Karp

• Aho-Corasic

• Commentz-Walter
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• Brute Force Substring Search

• AVX2

• Speculative execution

• ARM NEON vs. x86 AVX-2

• The evil in AVX-512

• L0, L1, L2 Licenses

• Tools & Benchmarks

• Recommendations & Stories

Will be covered



Definitions
According to Intel

• Mnemonic is a register-invariant operation name.

• Compare Equality.

• Add.

• Multiply.

• And. 


• Intrinsic is a built-into-compiler function that is replaced with instruction(s).

• __m256i _mm256_cmpeq_epi32 (__m256i a, __m256i b);


• Instruction is register-specific.

• vpcmpeqdy 0x3 (%rcx), %ymm0, %ymm4
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SIMD Computing
Substring Search
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What have we accomplished so far?
Meet our lab rats!
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Benchmark IoT Laptop Server

python 4 MB/s 14 MB/s 11 MB/s

stl_t 560 MB/s 1,2 GB/s 1,3 GB/s

naive_t 520 MB/s 1 GB/s 900 MB/s



3 levels of IFs instead of 2 ?!
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What have we accomplished
With prefix matching
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Benchmark IoT Laptop Server

python 4 MB/s 14 MB/s 11 MB/s

stl_t 560 MB/s 1,2 GB/s 1,3 GB/s

naive_t 520 MB/s 1 GB/s 900 MB/s

prefixed_t 2 GB/s 3,3 GB/s 3,5 GB/s
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SIMD Computing
Speculative Out-of-Order Execution

17



3 levels of IFs instead of 2 ?!

Yes, with 4x less comparisons 
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256 bits fits 8x 32-bit integers!

Let’s compare 4x8 prefixes per loop cycle!
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uint32_t needles[8] = {0,0,0,0,0,0,0,0};

uint32_t matches[8] = {a[0] == b[0], a[1] == b[1], … };

(matches0 | matches1) | (matches2 | matches3)

__m256i → int → bool
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What have we accomplished so far?
Our first SIMD approach using AVX2 is 3x faster!
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Benchmark IoT Laptop Server

python 4 MB/s 14 MB/s 11 MB/s

stl_t 560 MB/s 1,2 GB/s 1,3 GB/s

naive_t 520 MB/s 1 GB/s 900 MB/s

prefixed_t 2 GB/s 3,3 GB/s 3,5 GB/s

prefixed_avx2_t 8,5 GB/s 10,5 GB/s



Let’s speculate a little!
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Same Mnemonics + More Instructions = Higher Performance?!
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What have we accomplished so far?
Speculation-restricting SIMD is ~30% slower than flexible.
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Benchmark IoT Laptop Server

prefixed_t 2 GB/s 3,3 GB/s 3,5 GB/s

prefixed_avx2_t 8,5 GB/s 10,5 GB/s

speculative_avx2_t 12 GB/s 9,7 GB/s

speculative_avx512_t 10 GB/s

speculative_neon_t 4,3 GB/s



How much can the CPU speculate?
intel.com doesn’t say
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http://intel.com


How much can the CPU speculate?
wikichip.org knows the L1 cache size

In theory we have up to 32KiB instructions cache per core.

The practical OoOE queue depth should probably be closer 

to 16 load/store entries.
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http://wikichip.org


ARM & x86: How different are they?
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ARM is efficient!
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IoT IoT IoT Laptop Server

ISA ARM ARM ARM X86 X86

Process 12 nm TSMC 12 nm TSMC 12 nm TSMC 14 nm Intel 14 nm Intel

Cores 2 4 8 8 (16t) 22 (44t)

TDP/Core 2 W 1 W 0,5 W 5,6 W 6,3 W

CPU Frequency 2,1 GHz 1,7 GHz 1,2 GHz 2,3 GHz 2,1 GHz

Performance/Core 3,3 GB/s 2,5 GB/s 2,1 GB/s 12 GB/s 10,5 GB/s

Bytes/Joule 1,6 GB/J 2,5 GB/J 4,2 GB/J 2,1 GB/J 1,6 GB/J



ARM-ageddon
Is coming to consumer desktops
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• Intel i9-9980HK 

• 45 W

• 6870 points

• 152 points/W


• Apple Silicon M1

• 10 W

• 7433 points

• 753 points/W


5 nm ARM is 5x more 
efficient than 14 nm Intel.



Can the the compiler replace us?
Auto-vectorization quality varies between LLVM & GCC
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Benchmark IoT Laptop Server

prefixed_t 2 GB/s 3,3 GB/s 3,5 GB/s

prefixed_avx2_t 8,5 GB/s 10,5 GB/s

speculative_avx2_t 12 GB/s 9,7 GB/s

speculative_avx512_t 10 GB/s

speculative_neon_t 4,3 GB/s

prefixed_autovec_t ~ 1,5 GB/s ~ 4 GB/s
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SIMD Computing
Tooling & Benchmarks
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Intel Advisor
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Intel VTune
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We collected 19e9 L1 cache hits and 30e9 L1 cache misses,  
when requesting nearby addresses!

Some mysteries are just not meant to be solved!
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Google Benchmark!



The Tools
And the pitfalls

• Intel Advisor.

• Static analysis.


• Godbolt.

• Less assembly doesn’t mean faster.

• Code execution order is loosely defined on OoOE CPUs. 


• Intel VTune.

• Runtime profiling.

• When measuring code vectorization - only includes floats.

• Subjectively, as complicated as CMake.


• Google Benchmark.

• CPU frequency scaling should be turned off on desktop.
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SIMD Computing
Pitfalls & Recommendations
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Diminishing returns with AVX-512
High Complexity

Year 1997 1999 2001 2004 2006 2006 2008 2011 2013 2015

Extension MMX SSE SSE2 SSE3 SSSE3 SSE4.1/2 AVX FMA AVX2 AVX-512

Mnemonics +46 +62 +70 +10 +16 +54 +89 +20 +135 +347

Minimal Support (Intel-only)
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It gets worse
L0, L1, L2 Frequencies on Intel Xeon Gold 5120
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Frequency scaling
Brands by Intel

• 2005, Enhanced Intel SpeedStep Technology (EIST)

• 2006, Dynamic Acceleration Technology (DAT)

• 2008, Turbo Boost Technology (TBT)

• 2010, Turbo Boost Technology 2.0 (TBT 2.0)

• 2015, Speed Shift Technology (SST)

• 2016, Turbo Boost Max Technology 3.0 (TBMT)

• 2018, Thermal Velocity Boost (TVB)

• 2019, Speed Select Technology (SST)
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Frequency scaling licenses
In case of Intel

Mode Instruction Base 
Frequency

All Turbo 
Frequency

1-Core Turbo 
Frequency

Potential 
Base Loss

Potential 
Turbo Loss

L0
_mm_add_epi64,  

_mm256_add_epi64, 
_mm256_addnot_si256

2,2 GHz 2,6 GHz 3,2 GHz 0% 0%

L1
_mm256_mul_epu32,  
_mm256_add_ps, 

_mm512_mul_epi64
1,8 GHz 2,2 GHz 3,1 GHz 18% 31%

L2
_mm256_mullo_epi64,  

_mm512_add_ps, 
_mm512_mullox_epi64

1,2 GHz 1,6 GHz 2,9 GHz 45% 38%
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Mixing Light & Heavy instructions
Causes Soft & Hard Transitions and CPU Halting

• Heavy operations:

• Load/Store

• All float operations

• Integer multiplication ≥ 256b

• Shuffle/Blend ≥ 256b


• Use of any AVX-512 causes hard L1 transition

• Other transitions are soft and need sufficient demand

• Mean transition time is ~8 micro seconds or ~25K CPU cycles!
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Final Recipe
What to use aside from vanilla C++?

• Integer operations: 

• 256b AVX2 instructions on x86

• 128b NEON instructions on ARM


• Floating-point operations:

• Most FP programs are data-parallel and auto-vectorizable

• For other critical operations use 128b instructions


• Avoid integer divisions & modulus at any cost of 50 cycles on Cannon Lake!

• Obviously don’t use AVX-512 unless you absolutely need to

• Video coders process 8x8 pixels x8-bits per color = 512 bits at a time
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Final Recipe
When to use? To optimize hot data path 

• When you have less data than GPU threads

• More data than GPU memory

• When latency is more important than throughput, examples:

• Deep Learning inference


• Solution has linear worst case complexity

• Solution isn’t data parallel, examples:

• Compression

• Encoding

• Parsing
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• CISC becomes CISC-ier:

• X86 receives Advanced Matrix eXtensions

• ARM receives SVE • NEON = SVE2 with up to 2048-bit registers

• L4 cache prefetching intrinsics for Sapphire Rapids?


• RISC becomes RISC-ier more popular!

• A RISC core already lives in every CISC core

• Simpler ISAs generally have higher frequencies to compensate throughput

• Custom chips for every workload in hyperscalers: AWS, GCP, Azure

• Flexible compilers, domain-specific plugins: MLIR, TVM

What’s the future like
For Assembly developers
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Expected Results
What we have achieved @ unum.xyz

• ML-oriented Geometry:

• Vanilla Cpp ~16 ns

• SIMD ~3 ns


• Set Lookups:

• std::unordered_set ~ 150 ns

• unum::set ~ 15 ns


• Random Numbers Generators:

• rand() ~ 900 MB/s

• unum::rand() ~ 12 GB/s
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• RegEx Matching:

• std::regex ~ 300 MB/s

• unum::regex ~ 14 GB/s


• DB Scans:

• PostgreSQL ~ 50 MB/s

• UnumDB ~ 3 GB/s


• Text Indexing:

• ElasticSearch ~ 10 MB/s

• UnumDB ~ 450 MB/s

http://unum.xyz

