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CerogHsa B nporpamMmme

Buabl komnunaumn JIT n Native AOT 1 nx otnmums
[1OCTOMHCTBA M HeAOCTaTKN Kaxkaoro noaxoaa

Bbi6op nogaepxmeaemMblx HabopoB kKomaHAa npu komnunauum Native AOT B
MaLLUVHHbIN KO

OcobeHHocTU TecTnpoBaHua Native AOT B BenchmarkDotNet

CpasHeHune npoussogutenbHocTn JIT vs Native AOT B BenchmarkDotNet B
Pa3HbIX a/TropuUTMax ¢ pasHbiMy Habopamum KomaHa,

BbiBOAbI



O cebe

3akoHuunn MIYTIC (ABTOMaTuKa 1 TernemexaHuka Ha x/g TpaHcrnopTte)

[Mporpammupyto npumepHo ¢ 1996 roga, c MS DOS Ha Intel i386 (Pascal,
C++, ASM)

Ha C# .NET c nepsbix Bepcuin. Microsoft Certified Professional 2016

[Tncan ctaTbn Mo apxuTekType MUKponpoLeccopos And cantos iXBT.com,
fcenter.ru, 3dnews.ru

[MpuHMMman ydyactue B paspaboTtke cuctemMHbix ytunut ana Windows: B Nero
AG (Nero Burning Rom) n B TuneUp (TuneUp Utilities)

Pa3pabatbiBato Desktop n Backend npunoxexust Ha C# .NET



AHpapen NMopoxxHakoB «Native AOT. Bo3MOXHOCTU N OrpaHUYeHns»
DotNext 2024

Cnukepsbl

Native AOT. BoaMoOXXHOCTU
MU orpaHUJYeHus

Anapei MNopoXHAKOB
SKAI

WHorga .NET-NpUNoKeHHA 2anycKaloTeA AoNblWe, YeM HYXHO. 3T0 CBAZAHO ¢ 0COBeHHOCTAMM

JIT-KOMAKMAALWKA — NPpW KaxaomM cTapTe IL-Kof KOMNHWAKMPYETCA B MAWWHHBIE WHCTRYKLMK.

Mpofinema CTAHOBWTCA 3AMETHOR, KOTAA NPUAOMEHUA JANYCKAKDTCA YacTo, HanpumMep, Npuy

peanuzaluu Faas.

Pewexwenm momeT ctath ahead-of-time, wnu AQT-kOMNMAALUKWA. 3To oOHa W3 hyHKLWE, Hag
KoTopol cedvac paboTaet rpynna ASPNET Microsoft. OHa reHepupyeT MalMHHBIE
MHCTPYKLMM Ha 3Tane cOopKu NpMAoxeHns, 1 MoxHo obontuce Oez IL-koga. Ho Takon nogxon

npeaLABNAeT pAg TpeGoBaHMi K NPUNoKEeHHIo W paspaboTke.

Pacckamy, KaK YCKOPWTE 3anyck NpUAOMeHMA 3a cueT ADT-KoMnunALKK. PaccMoTpHM
TpeboBaHWA W orpaHuyYeHA NyGnukauum Native AOT. OTgensHo ckamy o nogaepxke Minimal
APl W reHepaToOpOB MCXOAHOMD KO, 0 NAKICAX, MHHYCEX W NPaKTUIECKOR NONb3E TEXHONOMMH,

https://dotnext.ru/archive/2024/talks/a24ece9645844bbea7fc1bf313b359¢ee/
https://vk.com/vide0-144195266 456239144


https://vk.com/video-144195266_456239144
https://dotnext.ru/archive/2024/talks/a24ece9645844bbea7fc1bf313b359ee/

JIT (Just-In-Time) kKoMmnNMNAUNSA

cxoaHbivt ko (C#) KOMNUIMPYETCS B NPOMEXYTOUHbIN A3bIK (IL), KOTopbIn
COXpaHsieTcsa B coopke

[Mpn 3anycke npunoxeHus JIT-koMnunaTop TpaHcanpyeT IL B MalUVHHbIN
KO, B MOMEHT NepBoro NCNO/IHEHUA KaxKaoro metoga



JIT (Just-In-Time) kKoMmnNMNAUNSA

+ KpoccnnartgoopMeHHOCTb

+ OnTumMusaLmsa noj KOHKPETHbIW NpoLeccop

+ PGO-ontnmmnsaumm ropsaumnx MeToaoB

+ [MonHaa noagepxka pednekcnum n ANHaMuKmn

+ MoanepxmnBarotcs Bce Tunbl CH-NPOeKToB

— MepneHHbIn "xonoaHblin” ctapT (first-hit latency)

— TpebyeTt yctaHoBkn .NET Runtime Ha uenesoi mawnHe (nnu self-
contained)



NativeAOT (Ahead-Of-Time) komnnnaums

* KoMmunsauus B MalUWHHbIM KOA NPOMCXOAUT OANH pa3 BO Bpems nyoankauum
npoekTa

* Becb Ko (BK1KOHaAA paHTanUM) npeodpasyeTcs B AAIBOUYHbIA MaLLVMHHbIN KOA
0149 3afaHHbIX apXUTeKTYpbl npoueccopa (x64, ARM64, RISC etc) n OC
(WinAPI, Linux API etc)



NativeAOT (Ahead-Of-Time) komnnnaums

+ Ob6ecneurBaeT o4YeHb ObICTPbIN 3anyck

+ He TpebyeTca paHTanM (BCE BK/THOYEHO U OTKOMMNUIMPOBAHO)

+ OnTMMmn3aummn He orpaHuyeHsbl no rnyonHe 1 BpemMeHn KOMINAALNK
— Cbopka npuBAsaHa k apxuTtektype npoueccopa n OC Ha ypoBHe API
— PGQO o4eHb C/TI0XHbI B NPUMEHEHNN

— MNopgaepxka pedonekcmnn orpaHndyeHa TPUMMUHIOM

— He pab6oratot unu pabortalT C orpaHMYeHNS MU MHOrne TUMbl MPOEKTOB



NativeAOT (Ahead-Of-Time) komnunauns

MonHocTbio nogaepxusatoT Native AOT

Tun npoekTa | MpunoxeHune YpoBeHb noaaepXxku MpumeyaHus
Console tools | CLI-yTunutsbl OT1nnyHas Nyywnin cueHapuin ana AOT
Minimal APIs (ASP.NET Core) OTtnnyHas CneuuanbHbiii WabnoH webapiaot
gRPC services Xopoulad lNonHoCTLIO NogaepXKnBaeTcs
Worker Service | Background Service Xopowas OTnnyHo noaxoant
Blazor WebAssembly Xopowas SERTIEIL R (I 20Er

NPOV3BOANTENBHOCTH
Dapper + ADO.NET / SQL.ite XopoLuas PekomeHpyeTtca BmecTto EF Core




NativeAOT (Ahead-Of-Time) komnunauns

OrpaHnyeHHO noagepxmearoT (padoTaeT ¢ OroBopKamm)

Tun npoekTa | MpunoxeHune

.NET MAUI (Windows)

YpoBeHb nogaepxku
kcnepumeHTasibHasn /

OCHOBHbIe OorpaHnyeHus
[Moonepxka yny4liaeTcs, HO noka He

YactnyHas cTabunbHa Ha Bcex naargpopmax
. . MoaaepxnBaeTcs nyyule, Yem
Windows App SDK / WinUI 3 Xopoluas Knacenueckuii WPE/MWiInEorms
Blazor Hybrid (8 MAUI) OrpaHn4yeHHas PaboTaeT HeCcTabunbHO
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NativeAOT (Ahead-Of-Time) komnunauns

He noggepXxmsarwT UMnN noaaepXXmMBardT O4YEHb MNJ10XO0

Tun npoekTa | MpunoxeHune

ASP.NET Core MVC | Razor
Pages

Crartyc
He nogaepxunBaetcs

MpuunHa

CunbHas 3aBMCMMOCTb OT runtime
reflection

SignalR

He nogaepxnsaeTcs

Blazor Server

He nogaepxuBaeTtcs

Entity Framework Core (EF
Core)

He pekomeHayeTtca

Microsoft opuumasibHO He coBeTyeT
ncnosb3osarb B production c AOT

WPF

Mnoxo / He nogaepxmBaetcs

CunbHas 3aBUMcMMOCTb OT reflection

Windows Forms (WinForms)

Nnoxo / PaboTaeT ¢
OorpaHnyeHnsiMu

CunbHaga 3aBucuMocTb oT reflection npwu
3arpyske pecypcos

C++ICLI npoekTbl

He noaaepxuBaeTcst

MonHOCTLIO 3anpeLeHo

Runtime code generation
(System.Reflection.Emit)

He nogaepxunsaeTcs

3anpelieHo B AOT

AuHamunuyeckas 3arpyska
coopok (Assembly.Load)

He nognepxnBaetca

3anpeLleHo
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ReadyToRun komnunauusa

Bo Bpems nyonukaummn npoekta C# KOMNUIMPYETCSH B NPOMEXYTOUHbIN A3bIK
(IL) n npekoMnuInpyeTca B MalLUMHHbIN KoA (He BCce meToAbl)

B cbopke coxpaHsieTcsa Kak IL, Tak 1 MalWMHHbIN KoA 4119 3afaHHbIX
apxuTeKkTypbl (x64, ARM64, RISC etc) n OC (WinAPI, Linux API etc)
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ReadyToRun komnunauusa

+ Ob6ecneunBaeT 60/1ee BbICTPbLIN 3amMycK

+ JIT MOXEeT oNnTUMU3NPOBATb KO Mo, KOHKPETHbI NPoLIeccop BO BPeEMS
NCMNOSTHEHUS

+ [NonHasa nogaepxka pedsiekcnn n AMHaMnKn
+ MopaepxunBatotcs Bce Tunbl CH# NPOeKToB

+ KpoccnnartgpopMeHHOCTb

— TpebyeT yctaHoBKM .NET Runtime Ha uenesoi matunHe (nnu self-
contained)

— Pa3mep naketa c6opku yBenmumBaetcs B 2-3 pas3a
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NativeAOT komnunauusa

<PropertyGroup>
<OutputType>Exe</OutputType>
<TargetFramework>netl0.0</TargetFramework>

</PropertyGroup>
> dotnet publish -c Release -r win-x64 --self-contained [p:PublishAot=true

14



NativeAOT komnnnauusa

A Kakol Habop KoMaHO UcCro/ib3yem KoMIusimop 0715 x86-647?
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Intel SIMD ISA Evolution
SIMD extensions on top of x86/x87 J . | .
64b 128b ; §
F:\").4
baseline

.NET 10

SSE4.1

SSSE3 SSSE3 SSSE3 SSSE3

SSSE3 || SSSE3 | SSSE3 |

Of:: Bt
OR:: :f!
Ol iRt
O el

Ol

PIl (1997) PNl | P4 P4 Core2 Duo Core2 Duo Corel Gen Core?2 Gen Core 4 Gen : Xeon Phi™ Core 6 Gen
(Katmai, , (Willamette, I (Prescott, {Merom, (Penryn, (Nehalem, (Sandy Bridge, (Haswell, (Sky Lake,
1999) ! 2000) I 2004) 2006) 2007) 2008) 2011) 2013) 2017)

i
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NativeAOT komnnnauusa
<llcinstructionSet>

<PropertyGroup>
<PublishAot>true</PublishAot>

<IlcInstructionSet>avx2</IlcInstructionSet>
<l——<TIlcInstructionSet>native</IlcInstructionSet>-—->

</PropertyGroup>

Disclimer:
-instruction-set options were explicitly specified to be undocumented and

subject to change without notice
https://github.com/dotnet/runtime/issues/119353
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https://github.com/dotnet/runtime/issues/119353

<llcInstructionSet> B .NET 10 nna x86-64

YpoBeHb
HaGopbl KomaHp, MUKpO- BeeKrT:chI:Ie NMokoneHue npoueccopoB
APXUTEKTYPblI P P
g?%zfault) Ba3oBbiil X64 (SSE2) X86-64-v1 128 bit Ba30BbIii 415 Boex x86-64 CPUs (2000)
SSE (1, 2,3,4.1,4.2) + . Intel Core i* 1 Gen: Intel Nehalem (2008) ,
sse4.2  popCNT XB6:00.¥E 1 ot AMD Bulldozer (2011)
128 bit no yMON.  |n¢e| Core i* 2 Gen: Intel Sandy Bridge (2011)
avx AVX + npepgbl ne ' y 9
PEASIAYER %256 bit ¢ vectort256 AMD Bulldozer (2011)
AVX2 + BMI1 + BMI2 + FMA . Intel Core i* 4 Gen (Intel Haswell 2013)
2ixa + LZCNT + MOVBE + F16Cc  X86-64-v3 25 [eh: AMD Excavator (2015)
256 bit no ymon. Intel Core i* 6 Gen (Skylake-X 2017) server,
avx512 AVX512 (F, CD, BW, DQ, VL) x86-64-v4 Core i* 10 Gen (Rocket Lake 2021) desktop
*512 bit ¢ vectort512 AMD Zen 4 (2022)
hative e [aHHbIli CPU

(kak y JIT)
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A 4TO, ec/nin 3agaTb HEBEPHO?

<PropertyGroup>

<PublishAot>true</PublishAot>
<IlcInstructionSet>avx512</IlcInstructionSet>

</PropertyGroup>

public static void Main(string[] args)

{
}

Console.WriteLine("Hello, World!");
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A 4TO, ecnn 3aaaTtb HEBEPHO?

The current CPU is missing one or more of the required instruction sets.

20



.NET 11 breaking change

Minimum hardware requirements updated

https://learn.microsoft.com/en-us/dotnet/core/compatibility/jit/11/minimum-hardware-requirements

(0133 Previous JIT/AOT New JIT/AOT Previous R2R New R2R target
minimum minimum (.NET 11) target (.NET 11)
Apple x86-64-v1 x86-64-v2 (SSE4.2) | x86-64-v2 (SSE4.2) (No change)
Linux x86-64-v1 x86-64-v2 (SSE4.2) | x86-64-v2 (SSE4.2) | x86-64-v3 (AVX2)
Windows x86-64-v1 x86-64-v2 (SSE4.2) | x86-64-v2 (SSE4.2) | x86-64-v3 (AVX2)
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https://learn.microsoft.com/en-us/dotnet/core/compatibility/jit/11/minimum-hardware-requirements

.NET 11 breaking change

Nlydwaa npounssoamntensHocTb Native AOT no ymondaHuto
YnpouleHue KoaoBon 6a3bl, CHMKEHUE C/TOXHOCTU Noaaep»XKKu

«BblpaBHMBaHne» ¢ tTpedbosaHusamm OC (Windows 11)
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Intel SIMD ISA Evolution
SIMD extensions on top of x86/x87 J . | .
R2R target
64b 128b : ;
SIMD | SIMD NET 11
baseline : --
~eTu [

[ = = = =— V¥ % AVX

SSE4.1

og: : :p!
1 -EC: B

S Il SSSE3

SSSE3 | SSE3 SSSE3

O el

Core 2 GEII Core 4 Gen I Xeon Phi™ Core 6 Gen

Core 2 Du‘ Core 1 Gen

PIl (1997) Pl ICore 2 Duo
(Katmai, (Willamette, (Prescott, | (Merom, (Penryn,I (Nehalem, (Sandy Brid?e, (Haswell, (Sky Lake,

1999) 2000) 2004) 2006) 2007) 2008) | 2011) 2013) | 2017) 23
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.NET 11 breaking change

o Apmunnctpatop: XA\Windows\System32\cmd.exe

{c) KopnopauwA MakkpocodT (Microsoft Corporation), 2819. Bce npaBa ZalWMueHbl.

h:\nativell>TestAot2-nativell.exe

current CPU is missing one or more of the following instruction sets: S5E,
S5E4.1, SS5E4.2, POPCNT
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<llcInstructionSet> B .NET 11 anga x86-64

{3l BeKTOpHbIe

perucTpsl NMokoneHue npoueccopos

Ha6opbl KOMaHg MUKpPO-
apXUTEKTYpbI

base SSE (1, 2,3,4.1,4.2) + Intel Core i* 1 Gen: Intel Nehalem (2008) ,

(by defaul) POPCNT A 1104 Lo AMD Bulldozer (2011)
128 bit N0 yMON. e Core i* 2 Gen (Intel Sandy Bridge 2011)
avx AVX + npepbl ne y 9
PEARIAYLL 4956 bit ¢ vectort256 AMD Bulldozer+ (2011)
AVX2 + BMI1 + BMI2 + FMA - Intel Core i* 4 Gen (Intel Haswell 2013)
e + LZCNT + MOVBE + F16Cc  X86-64-v3 Al AMD Excavator+ (2015)
256 bit no ymon. Intel Core i* 6 Gen (Skylake-X 2017) server
avx512 AVX512 (F, CD, BW, DQ, VL) x86-64-v4 /Core i* 10 Gen (Rocket Lake 2021) desktop
*512 bit ¢ vectort512 AMD Zen 4 (2022)
native ABTSIBALL TERGIIET® CIPL JlaHHbIii CPU
(kak y JIT)
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<llcInstructionSet> .NET 11 nna x86-64

BeKkTOpHbIe

perucTpbl NMokoneHue npoueccopos

HaGopbl KomaHp,

256 bit no ymon. Intel Core i* 9 Gen (Ice Lake 2019) server

avxb512v2 avx512 +|IFMA+VBMI /Core i* 10 Gen (Rocket Lake 2021) desktop
*512 bit c vectort512 AMD Zen 4 (2022)

AUxE12v3 %)g);é\l/\lz% SITALG+VBMI2+VNNI+ 256 'i'“ LD PN Kﬁl) Cz%rr? 2(12% 262(§n (Ice Lake 2019)
*512 bit c vectort512

avx1i0ovl ? ?

avx10v2 ? ?
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<|lcInstructionSet>

https://github.com/dotnet/runtime/blob/main/src/coreclr/nativeaot/docs/optimizing.md
Optimizing programs targeting Native AOT
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https://github.com/dotnet/runtime/blob/main/src/coreclr/nativeaot/docs/optimizing.md

<l|lcInstructionSet>

> cd %USERPROFILE%\.nuget\packages\runtime.win-x64.microsoft.dotnet.ilcompiler\10.0.10\tools
> ilc --help

X64: base, sse4.2, avx, avx2, avx512, avx512v2, avx512v3, avx10vl, avx10v2, apx, aes,
aes Vv256, aes _v512, avx512vp2intersect, avxifma, avxvnni, gfni, gfni_v256, gfni_v512, sha,
waitpkg, x86serialize, vectort128, vectort256, vectort512, avxvnniint, avxvnniint_v51

arm64: base, neon, aes, crc, dotprod, rdma, shal, sha2, Ise, rcpc, vectort128, rcpc2, sve, sve2

The following CPU names are predefined groups of instruction sets and can be used in --instruction-
set too:

x86-64-v2, x86-64-v3, x86-64-v4, armv8-a, armv8.1-a, armv8.2-a, armv8.3-a, armv8.4-a, armv8.5-a,
armv8.6-a, apple-m1l
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TecTtbl B BenchmarkDotNet
JIT vs AOT
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JIT vs AOT (x64):

BenchmarkDotNet

- base (NET10 SSE?2)
- sse4.2 (NET11 base )

- avx2

- avx512 (BbIGOPOUHO)

JIT vs AOT (ARM64):
- base

- native
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BenchmarkDotNet

AMD Ryzen 5 5600U (AVX2), Typ60-6yCT OTK/1HOUEH, YacToTa orpaHuyeHa
2300 Ml'u

AMD RYZEN Al MAX+ PRO 395 (AVX-512) Typ60-6ycT 5,1 'y
Apple M2 (ARM64)
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BenchmarkDotNet

[Tonck B CTpoKax

Regex

Ling

Ceprnanusauyma n gecepunanmsaumna Json n XML

CKOpPOCTb 3arnycka NpuiaoXeHnin ¢ pasHbIMU HACTPONKaMU
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BenchmarkDotNet

<PropertyGroup>
<OutputType>Exe</OutputType>
<TargetFrameworks>net10.0</TargetFrameworks>
<AllowUnsafeBlocks>true</AllowUnsafeBlocks>
<PublishAot>true</PublishAot>

</PropertyGroup>
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BenchmarkDotNet

[SimpleJob(RuntimeMoniker.Netl10 0) ]
[SimpleJob(RuntimeMoniker.NativeAot10 0)]
public class AOT

[Benchmark]

public int DoWork()
{

}
[Mog kakon Habop KoMaH4 KOMMNUANPYETCS 3TOT TeCT?

IlcInstructionSet = native (!)
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BenchmarkDotNet

// JIT job
var jobNetl1@Jit = NewJob
WithRuntime(CoreRuntime.Corel® 0)

.AsBaseline();
var config = DefaultConfig.Instance.AddJob(jobNet10Jit);
// AOT «base» toolchain
var aotToolchainBase = NativeAotToolchain.CreateBuilder()
.UseNuGet ()
.IlcInstructionSet("base")

.TargetFrameworkMoniker("netl10.0")
.ToToolchain();

// AOT «base» toolchain
var jobAotBase = NewJob.WithToolchain(aotToolchainBase)

WithRuntime(NativeAotRuntime.Netlo 0);

config.AddJob(jobAotBase);
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BenchmarkDotNet

// AOT «avx2» toolchain

var aotToolchainAvx2 = NativeAotToolchain.CreateBuilder()
.UseNuGet ()
.IlcInstructionSet("avx2")

.TargetFrameworkMoniker("netl10.0")
.ToToolchain();

// AOT «avx2» toolchain
var jobAotNative = NewJob.WithToolchain(aotToolchainAvx2)

WithRuntime(NativeAotRuntime.Netl1lo 0);

config.AddJob(jobAotAvx2);

// Run tests
BenchmarkRunner.Run<TestClass>(config);
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MemoryExtensions.SequenceEqual()

[Params (500 * 1024)]
public int N;

[GlobalSetup]
public void Setup()

_bufferl = new byte[N];
_buffer2 = new byte[N];
}
[Benchmark]

public void SequenceEqual()

var buflSpan = _bufferl.AsSpan();
var buf2Span = _buffer2.AsSpan();
B = buflSpan.SequenceEqual(buf2Span);
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MemoryExtensions.SequenceEqual()

SequenceEqual
35

29,76
30 29,29

25
20 18,47
17,14
15
10
0

AOT base AOT sse4.2 AOT avx2 JIT

us

(&)




AMDZ1

RYZEN Al
PRO MAX

MemoryExtensions.SequenceEqual()

SequenceEqual
10
9
8
7
6
) 5
4
3
2
1
0
AOT base AOT sse4.2 AOT avx2 AOT avx512
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MemoryExtensions.SequenceEqual()

14

12

10

us
(o] oo

N

N

12,12

AOT base

SequenceEqual
Apple M2

12,11

AOT native

12,07

JIT
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string.IndexOf()

[Params ("unboxed") ]
public string StringToSearch = string.Empty;

[GlobalSetup]
public void Setup()

// 558 bytes string
StringToTest = "The object type is an alias for System.Object in .NET. .. unboxed."

}
[Benchmark]
public void StringIndexOfOrdinal()
{
res = StringToTest.IndexOf(StringToSearch, StringComparison.Ordinal);
}
[Benchmark]
public void StringIndexOfOrdinalIgnoreCase()
{
res = StringToTest.IndexOf(StringToSearch, StringComparison.OrdinalIgnoreCase);
}
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String.IndexOf()

[Ordinal, OrdinallgnoreCase]

IndexOf(Ordinal) IndexOf(OrdinallgnoreCase)

160 151,8 180 1655 168,4

130,0 160
140

120

100

, € 80

51,1 50

40

20

0

AOT base AOT sse4.2 AOT avx2 JIT AOT base AOT sse4.2 AOT avx2

140

120

100

80

ns

60

40

20




0
c

AMDZ1

RYZEN Al
PRO MAX

50
45
40
35
30
25
20
15
10

6]

String.IndexOf()

[Ordinal, OrdinallgnoreCase]

IndexOf(Ordinal)

43,01 43,04

25,81

. I

AOT base AOT sse4.2 AOT avx2 AOT avx512

23,24

%)
I |
JIT

70

60

50

40

IndexOf(OrdinallgnoreCase)

62,53

55,73
I 33,94 32,13

AOT base AOT sse4.2 AOT avx2 AOT avx512

27,95

JIT
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ns

70
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40

30

20

10

[Ordinal, OrdinallgnoreCase]

IndexOf(Ordinal)

58,6

Apple M2

58,1

AOT base

AOT native

String.IndexOf()

53,8

JIT

ns
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60
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40
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20

10

IndexOf(OrdinalignoreCase)

66,0

AOT base

Apple M2

66,2

AOT native

JIT
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String.IndexOf()

[Benchmark]
public void StringIndexOfCurrentCulture()

{

}

[Benchmark]
public void StringIndexOfCurrentCultureIgnoreCase()

{
}

res = StringToTest.IndexOf(StringToSearch, StringComparison.CurrentCulture);

res = StringToTest.IndexOf(StringToSearch, StringComparison.CurrentCultureIgnoreCase);
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%]
3

30

25

20

15

10

(&)

24,13

AOT base

IndexOf(CurrentCulture)

23,89

AOT sse4.2

String.IndexOf()

[CurrentCulture, CurrentCulturelgnoreCase]

23,9

AOT avx2

20,01

JIT

30

25

20

0

IndexOf(CurrentCulturelgnoreCase)

23,87

AOT base

23,81

AOT sse4.2

AOT avx2
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String.IndexOf()

[CurrentCulture, CurrentCulturelgnoreCase]

IndexOf(CurrentCulture) IndexOf(CurrentCulturelgnoreCase)
Apple M2 Apple M2
800 900 840 842 832
700 667 670 800
600 700
600
500
500
. 400 0
< S 400
300
300
200 200
100 100
’ 0 0
‘ M2 AOT base AOT native JT AOT base AOT native JIT
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Regex.Count() #1

// The Adventures of Sherlock Holmes by Arthur Conan Doyle
private static readonly string book = new HttpClient()
.GetStringAsync("https://www.gutenberg.org/files/1661/1661-0.txt").Result;

private const string pattern = @"\byear\b";

// Interpreted
private Regex _regexInterpreted = new Regex(pattern, RegexOptions.IgnoreCase);

[Benchmark]
public int CountlInterpreted()

> _regexInterpreted.Count(book);

// Compiled
private Regex _regexCompiled = new Regex(pattern, RegexOptions.Compiled | IgnoreCase);

[Benchmark]
public int CountlCompiled() => _regexCompiled.Count(book);

// SourceGenerated
[GeneratedRegex(pattern, RegexOptions.IgnoreCase, "en-US")]
private static partial Regex RegexlSourcegenerated();

[Benchmark]
public int CountilSourceGenerated() => RegexlSourcegenerated().Count(book);

48


https://www.gutenberg.org/files/1661/1661-0.txt

us

200

180

160

140

120

100

80

60

40

20

Regex.Count() #1

Regex.Count() #1

178,0

B AOT base
B AOT sse4.2
B AOT avx2
mJIT

Regex Interpreted Regex Compiled Regex SourceGen

49



Regex.Count() #1

Regex.Count() #1

60
56,4 56,2
53,8
50
40
[ |
352 36,3 AOT base
B AOT sse4.2
B AOT avx2
) 30 B AOT avx512
mJIT
20
10
AMDZ1
S 4=\ W\ Regex Interpreted Regex Compiled Regex SourceGen 50

PRO MAX




us

90

80

70

60

50

40

30

20

10

0

73,6

71,9 71,6

Regex Interpreted

Regex.Count() #1

Regex.Count() #1
Apple M2

71,6 71,7

Regex Compiled

79,4

Regex SourceGen

m AOT base
m AOT native
mJIT

51



Regex.Count() #2

// The Adventures of Sherlock Holmes by Arthur Conan Doyle
private static readonly string book = new HttpClient()
.GetStringAsync("https://www.gutenberg.org/files/1661/1661-0.txt").Result;

private string pattern = "Holmes | Watson|Lestrade|Hudson|Moriarty|Adler|Moran|Morstan|Gregson";

// Interpreted
private Regex _regexInterpreted = new Regex(pattern, RegexOptions.IgnoreCase);

[Benchmark]
public int Count2Interpreted()

> _regexInterpreted.Count(book);

// Compiled
private Regex _regexCompiled = new Regex(pattern, RegexOptions.Compiled | IgnoreCase);

[Benchmark]
public int Count2Compiled() => _regexCompiled.Count(book);

// SourceGenerated
[GeneratedRegex(pattern, RegexOptions.IgnoreCase, "en-US")]
private static partial Regex RegexlSourcegenerated();

[Benchmark]
public int Count2SourceGenerated() => RegexlSourcegenerated().Count(book);
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movaps
lea

lea

lea

call

jmp
movaps
pshufb
movaps
movaps
movaps
lea

lea

lea

call
movaps
movaps
pand
movaps
test

jne
movaps
movaps

call

jmp
movaps
pshufb

base (SSE2)

xmmword ptr [rsp+30h], xmm15
rdx,[rsp+40h]
r8,[rsp+30h]
rcx,[rsp+0CO0h]
S_P_CorelLib_System_Runtime_Intrinsics_Vector128__Shuffle -« =
(O7FF60CE7E804h)
XxmmO, Xmm6
XxmmoO, xmm15
xmmword ptr [rsp+0COh], xmmO
xmmword ptr [rsp+40h], xmm?7
xmmword ptr [rsp+30h], xmm14
rdx,[rsp+40h]
r8,[rsp+30h]
rcx,[rsp+0BOh]
S P_CorelLib_System_Runtime_Intrinsics_Vector128__Shuffle
xmmO, xmmword ptr [rsp+0CO0h]
xmm1, xmmword ptr [rsp+0BO0h]
xmmO, xmm1
xmmword ptr [rsp+0EOh], xmmO
byte ptr [g_cpuFeatures (07FF60D418260h)],1 // check SSSE3
(O7TFF60CE7E870h)
xmmword ptr [rsp+40h], xmm8
xmmword ptr [rsp+30h], xmm15

S P_CorelLib_System_Runtime_Intrinsics_Vectorl28__Shuffle
(O7FF60CE7E882h)
xmml,xmm8§
xmml,xmm1l5

movaps
pshufb
movaps
pshufb
pand
movaps
pshufb
movaps
pshufb
pand
movaps
palignr
movaps
palignr
pand
movaps
pshufb
movaps
pshufb
pand
pand
movaps
movaps

SSE 4.2

Xmmz2, Xmme6
xmmz2, XxmmO
xmma3, xmm?7
xmm3, xmm1l // SSSE3
Xxmmz2, Xxmm3
Xxmm3, Xmm8
Xxmm3, XmmO
xmm4, Xxmm9
Xxmm4, xmm1l
xmma3, Xxmm4
Xxmm4, xmm2
xmm4, xmm12,0Eh
Xxmmb5, xmm3
xmm5, xmm13,0Fh
xmm4, xmm5
Xxmmb5, xmm210
xmm5, XxmmO
XxmmO, xmm11
xmmO, xmm1
XxmmO, Xxmm5
xmmO, xmm4
xmml2, xmm?2
Xxmml3, xmm3

56



[Intrinsic]
public static Vectorl128<byte> Shuffle(Vectorl28<byte> vector, Vectorl28<byte> indices)

{
Unsafe.SkipInit(out Vectorl28<byte> result);

for (int index = @; index < Vectorl28<byte>.Count; index++)

{ byte selectedIndex = indices.GetElementUnsafe(index);
byte selectedValue = 0;
if (selectedIndex < Vectorl28<byte>.Count)
selectedValue = vector.GetElementUnsafe(selectedIndex);
y result.SetElementUnsafe(index, selectedValue);

return result;
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BenchmarkDotNet
TecTbl Ling
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#1 Ling: Where + Select + ToUpper + ToLlist

// Simple filtering + projection + materialization

[Benchmark]

public List<string> WhereSelectTolList()

{

return _peoplelist

.Where(p => p.Age >= 30 && p.IsActive)
.Select(p => p.Name.ToUpper())
.TolList();
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#1 Ling: Where + Select + ToUpper + ToLlist

list. Where().Select().ToList()
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#1 Ling: Where + Select + ToUpper + ToLlist

list. Where().Select().ToList()
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#1 Ling: Where + Select + ToUpper + ToLlist

BbligeneHne namaTtiu

Memory allocation
list. Where().Select().ToList()

6,81
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o - N w IN o1 o ~ o

AOT JIT
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#2 Ling: Inner Join List

// Join collections

[Benchmark]

public object List InnerJoin()

{

return (from o in _orders

join e in _employees on o.CustomerId equals e.Id
where o.Amount > 1000
select new OrderInfo

OrderId = o.1Id,

EmployeeName = e.Name,

Amount = o.Amount,

Department = e.Department
}).ToList();
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#2 Ling: Inner Join List

List: Inner Join + Where() + ToList()
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#2 Ling: Inner Join List

List: Inner Join + Where() + ToList()
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#2 Ling: Inner Join List

BbligeneHne namaTtiu

Memory allocations
List: Inner Join + Where() + ToList()
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#3 Ling: Complex chained query

// Complex chained query
[Benchmark]
public Dictionary<string, int> ComplexQuery()

{
return _peoplelist
.Where(p => p.IsActive && p.Age >= 25)
.GroupBy(p => p.City)
.Select(g => new
{
City = g.Key,
Count = g.Count(),
AvgAge = (int)g.Average(p => p.Age)
})
.OrderByDescending(x => x.Count)
.Take(10)
.ToDictionary(x => x.City, x => x.Count);
}
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#3 Ling: Complex chained query
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#3 Ling: Complex chained query

ComplexQuery
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#4 Ling: Array vs List

[Benchmark(Description = "Array: Where + Select + Sum")]
public long Array WhereSelectSum()
{

return _peopleArray
.Where(p => p.Age > 40)
.Select(p => (long)p.Id)
.Sum();

[Benchmark(Description = "List: Where + Select + Sum")]
public long List WhereSelectSum()

return _peoplelist
.Where(p => p.Age > 40)
.Select(p => (long)p.Id)
Sum();
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#4 Ling: Array vs List (aeBupTyanmsawns)
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#4 Ling: Array vs List (aeBupTyanmsawns)

Array vs List: Where().Select().Sum()

Apple M2
3
2,77
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2,63 2,59
2
B AOT base
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S
1
0

Array List
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#5 Ling: Deferred query

[Benchmark(Description = "Deferred: Same query enumerated 5 times with foreach")]
public int Deferred_EnumerateFiveTimes()
{

var query = _peoplelist

Where(p => p.Age >= 30 && p.IsActive)
.Select(p => p.Name.Length);

// N =5
int total = ©;
for (int i = 0; i < N; i++)
foreach (var length in query)
total += length;
}
}

return total;
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#5 Ling: Deferred query
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Cepunanmsaumsa JSON uepes
System.Text.JsonSerializer: source generated

[Benchmark]
public void SerializeJsonUsingSourceGen()
{

Json2 = JsonSerializer.Serialize(PnrList, SourceGenerationContext.Default.PnrList);
}
[Benchmark]
public void DeserializeJsonUsingSourceGen()
{

PnrList = JsonSerializer

.Deserialize<PnrList>(Json, SourceGenerationContext.Default.PnrList);

}
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Cepuanunsaumna JSON yepes
System.Text.JsonSerializer: reflection

[Benchmark]
[RequiresUnreferencedCode("...")]
[RequiresDynamicCode("...")]
public void SerializeJsonUsingReflection()
{

Json2 = JsonSerializer.Serialize(PnrList, options);
}
[Benchmark]
[RequiresUnreferencedCode("...")]
[RequiresDynamicCode("...")]
public void DeserializeJsonUsingReflection()
{

PnrList = JsonSerializer.Deserialize<PnrList>(Json, options);
}
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Cepuanunsaumna JSON yepes
System.Text.JsonSerializer: reflection

<Project Sdk="Microsoft.NET.Sdk">
<PropertyGroup>
<PublishAot>true</PublishAot>
</PropertyGroup>
<ItemGroup>
<TrimmerRootAssembly Include="ClassLibraryForDeserialization" />
</ItemGroup>
<ItemGroup>
<ProjectReference Include="..\ClassLibraryl\ClassLibraryForDeserialization.csproj" />
</ItemGroup>

</Project>
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Cepuanunsaumna JSON yepes
System.Text.JsonSerializer: reflection

[GlobalSetup]

[DynamicDependency(DynamicallyAccessedMemberTypes.All, typeof(List<FlightSegment>))]
[DynamicDependency(DynamicallyAccessedMemberTypes.All, typeof(List<HotelStay>))]
[DynamicDependency(DynamicallyAccessedMemberTypes.All, typeof(List<CarRental>))]
[RequiresUnreferencedCode(".")]

[RequiresDynamicCode(".")]

public void Setup()

{

options = new JsonSerializerOptions()

TypeInfoResolver = new DefaultJsonTypeInfoResolver(),
5

PnrList = new PnrList { Pnrs = PnrFactory.CreateMany(100).ToArray() };
Json = JsonSerializer.Serialize(PnrList, SourceGenerationContext.Default.PnrList);
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Cepunanmnsaumsa n pecepunannsauma JSON
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Cepurnanmnsaumnsa n pecepuannsauma XML
(reflection only)

[GlobalSetup]

[DynamicDependency(DynamicallyAccessedMemberTypes.All, typeof(List<FlightSegment>))]
[DynamicDependency(DynamicallyAccessedMemberTypes.All, typeof(List<HotelStay>))]
[DynamicDependency(DynamicallyAccessedMemberTypes.All, typeof(List<CarRental>))]
[RequiresUnreferencedCode("...")]

[RequiresDynamicCode("...")]

public void Setup()

{
PnrList = new PnrList { Pnrs = PnrFactory.CreateMany(100).ToArray() };

XmlSerializer = new XmlSerializer(typeof(PnrList));

var stringWriter = new StringWriter();
XmlSerializer?.Serialize(stringWriter, PnrList);
Xml = stringWriter.ToString();
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Cepurnanmnsaumnsa n pecepuannsauma XML
(reflection only)

[Benchmark]
[RequiresUnreferencedCode("...")]
[RequiresDynamicCode("...")]

public void SerializeXmlInStringWriter()
{

var stringWriter = new StringWriter();
XmlSerializer?.Serialize(stringWriter, PnrList);
Res = stringWriter.ToString();

}

[Benchmark]
[RequiresUnreferencedCode("...")]
[RequiresDynamicCode("...")]
public void DeserializeXml()

PnrList2 = XmlSerializer?.Deserialize(new StringReader(Xml)) as PnrlList;
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Cepunannsauma XML (reflection)
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Cepunannsauma XML (reflection)
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Hecepuanmnsauna XML (reflection)
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Cepunanmnsaumnsa n pecepuannsauma XML
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Native AOT. CKOpOCTb NPOCTOro KOHCO/1LHOIO
NPUNOXEeHNS

public static void Main(string[] args)

{
var json = File.ReadAllText(args[0]);

var pnrList = JsonSerializer.Deserialize<PnrList>(json, PnrlListContext.Default.PnrList);

var flighsByFlightNumber = pnrlList!.Pnrs
.SelectMany(x => x.Flights.Select(f => new { f.FlightNumber, Pnr = x }))
.GroupBy(x => x.FlightNumber)
Where(x => x.Count() > 1)
.OrderBy(x => x.Key)
.Select(x => x.Key)
.ToArray();

var str2 = JsonSerializer.Serialize(flighsByFlightNumber, StringArrayContext.Default.StringArray);

Console.WritelLine(str2.Substring(1, 7));
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Native AOT. CKOpOCTb NPOCTOro KOHCO/IbHOTIO

NMPUJT0XXEHUSA
JIT

ReadyToRun framework-dependent
ReadyToRun self-contained
Native AOT base

Native AOT native (nydwmimn Habop KomaHa Ans AaHHOro npoueccopa -
AVX2+)
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AOT. CKOpOCTb BbINO/THEHUA MPOCTOro
KOHCO/IbHOro npunoxeHma .NET 10

Startup and one-time execution .NET 10.0
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AOT. CKOpOCTb BbINO/THEHUA MPOCTOro
KOHCOJIbHOro npunoxenma .NET 11

Startup and one-time execution .NET 11.0
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AOT. dnsmyeckaa namaTb npouecca
NET 10, .NET 11
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AOT. CKOpOCTb NPOCTOr0 KOHCOJ/1ILHOIO
NPUNOXEeHUS

 Pa3smep .exe-thanna — 4 MB

* TpunoxeHne AOT (.NET10) paboTtaet gaxe nog Windows 7 x64!
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BbiBOAbI
JIT reHepupyeT 60/1ee NPon3BOANTE/NbHbIN KOO HA OJIMHHBIX AUCTaHLUUAX
B O0/IbLLUNHCTBE CUeHapuneB

AnanTupyeT Npon3BOANTENIbHOCTb MO KOHKPETHbI NpoLUeccop C
NCMNO/Ib30BaHMEM ero paclumpeHHbIX Habopos komaHg, (AVX2 n ap.)

IL-6BMHAPHMKN NOPTUPYEMbIE U YHUBEPCA/IbHbIE
Ho 6osiee measieHHbIe npu 3anycke

R2R yckopsieT 3anyck, HO He OYeHb CyLLeCTBEHHO
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BbiBOAbI

Native AOT-6MHapPHUKN BbINTPbIBAKOT B HECKOJ/IbKO pa3 B CKOPOCTU 3amnycka u
NCMONTHEHUS MPOCTbIX, «KOPOTKOXUBYLLINX>» YTUNT

Annouupytot Ha 15 MB MeHbLIe pru3nyeckon namMmsaT nNpu 3anycke
MpuBAa3saHbl K nnargopme (npoueccop n OC)

C nomoulbto coincTBa <llcinstructionSet> MoXHO BbI6paTb HAGOP KOMaH/,
N creHepupoBaTb 60s1ee BbICTPLIN KOA A1 COBPEMEHHbIX NMPOoLIEeCcCopoB

Kaxxgoe pelweHne (JIT unm Native AOT) nmeet cBoto chepy NpUMeEHeHUs
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JIT vs NativeAOT

CkopocTb 3anycka (Cold MepgneHHee (Hy>XeH Nporpes, OueHb GLICTPO

Start) BpeMSA Ha KOMMUIALNIO)
AnHamunyeckas
" CTtatnyeckas
Ontumnsauma nog CPU  (Ha uenesou MalluMHe) No mepe .
4 a (Ha 4 ) P (3apaétcsa npu cbopke)
Heo6xoa4uMocCTU
Bbiwe npu ctapte (+truntime), HUXe

[MoTpebneHne namaTu Hwe npu cTtapTe, Bbille B paboTe

B pa6ore

HyxxeH .NET paHTanwm

PaHTainm
(nnu self-contaned)

He Hy)XXeH (aBTOHOMHbIiA)

[Mopaepxka pedpnekcum

MonHasn CunbHO orpaHnyeHa
N AUHaAMUKN

BbicOKadA: oguH IL ansa noo6oun [MpuBA3aH K apxutektype CPU n OC
gonip e apxutektypbl CPU n OC Ha ypoBHe API
[MpumeHeHne HeckTon, Web API, pa3spaboTtka Serverless, CLI, High-perf
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CCbINIKA

* dotnet runtime 11.0 with restored SSE2 baseline
https://github.com/ymalich/runtime-sse2

 TestAOT benchmarks
https://github.com/ymalich/TestAOT-for-DotNext2026
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CCbINIKA

Optimizing programs targeting Native AOT
https://github.com/dotnet/runtime/blob/main/src/coreclr/nativeaot/docs
/optimizing.md

Minimum hardware requirements updated
https://learn.microsoft.com/en-us/dotnet/core/compatibility/jit/11/minimum-
hardware-requirements

Updating the managed baselines to x86-64-v2 and armv8-a + Ise-
https://github.com/dotnet/runtime/pull/118101

Not possible to specify licinstructionSet < sse4.2
https://github.com/dotnet/runtime/issues/119353
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Cnacnbo 3a BHUMaHume!
Bonpochbi?

KOHTaKThI:

email: yurymalich@yandex.ru

&)  @vury_Malich

) ntps:igithub.comiymalich
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