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I'lnaH goknapa

— Y10 Takoe SIMD?

— WNHcTpymeHTapum SIMD B .NET
— Haw akcnepumeHT ¢ SIMD

— PesynbTraTbl 3KCnepumeHTa

— BblBOAbI 1 COBETHI

— [lone3Hble CCbINKU
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BeKTOpHbIe perucTpbl

BekTopHbie peructpsl (SIMD)
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BeKTopHble MHCTPYKLA
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Ctanpapt SIMD

CTaHOanT LLInpnHa Kon-Bo 4vucen
AR perncrpa, out Float32
SSE 128 4
x86 / x86-64
Intel, AMD AVX / AVX2 256 8
AVX-512 510 >
ARM / ARM64 ARM Neon 128 4
Apple, Qualcomm, AWS  gyE / gyE2 oT 128 1o 2048 oT 4 no 64
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ne SIMD yXxe nobegun?

KOo/M1OHO4YHbIe 6a3bl
AAaHHbIX

ClickHouse, DuckDB

JlokanbHbIn UHTEpdhenc
HenpoceTeun

llama.cpp, openVINO, ONNIX Runtime

O6paboTka mynbTMegua
n rpapukmn

FFmpeg, Skia Graphics Engine, Unity

Kpuntorpagpus

OpenSSL, BoringSSL
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Vector128/256/512
TnnanpoBaHHbIe BEKTOPbI PUKCUPOBAHHOIO pa3Mepa
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CuHTeTu4ecKumn npumep

public static double[] Sum(double[] left, doublel[] right)

{
int length = left.Length;

double[] result = new double[length];

CyMMmnpoBaHne BEKTOPOB

return result;
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Vector

int vectorSize = Vector<double>.Count;
int remaining = length % vectorSize;
int 1 = 0;

for (; i < length - remaining; i += vectorSize)
{

new Vector<double>(left, 1i);

new Vector<double>(right, 1i);:

var vl
var v2

(vl + v2).CopyTo(result, i);

1
for (; i < length; i+)
{
result[i] = left[i] + right[i];
1
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Vector
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Vector

int vectorSize = Vector<double>.Count;
int remaining = length % vectorSize;
int 1 = 0;

for (; i < length - remaining; i += vectorSize)
{

new Vector<double>(left, 1i);

new Vector<double>(right, 1i);:

var vl
var v2

(vl + v2).CopyTo(result, i);

1
for (; i < length; i++)
{ result[i] = left[i] + right[i];
1
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TunusunpoBaHHbIN Vector

int vectorSize = Vector256<double>.Count;
int remaining = length % vectorSize;
int 1 = 0;

for (; i < length - remaining; i += vectorSize)
{

Vector256.Create(left.AsSpan(i));
Vector256.Create(right.AsSpan(i));

var vl
var v2

(vl + v2).CopyTo(result, i);

1
for (; i < length; i+)
{
result[i] = left[i] + right[i];
1
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TunusunpoBaHHbIN Vector

int vectorSize = Vector256<double>.Count;
int remaining = length % vectorSize;
int 1 = 0;
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Hardware Intrinsics

int
int
int
for

{

for

vectorSize = Vector2b56<double>.Count;
remailning = length % vectorSize;
1 = 0;

(; 1 < length - remaining; i += vectorSize)

Vector256.Create(left.AsSpan(i));
Vector256.Create(right.AsSpan(i));

var vl
var v2

Avx2.Add(vl, v2).CopyTo(result, i);

(; i < length; i+)

result[i] = left[i] + right[i];
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Hardware Intrinsics

int
int
int
for

{

for

vectorSize = Vector2b56<double>.Count;
remailning = length % vectorSize;
1 = 0;

(; 1 < length - remaining; i += vectorSize)

Vector256.Create(left.AsSpan(i));
Vector256.Create(right.AsSpan(i));

var vl
var v2

Avx2.Add(vl, v2).CopyTo(result, i);

(; i < length; i+)

result[i] = left[i] + right[i];
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[lpoBepka cTaHpgapTa

Vector.IsHardwareAccelerated // SIMD noddepwxuBaeTcs annapaTHO
Avx2.IsSupported // lModdepxka AVX2

Avx512F.IsSupported // MNoddepxka AVX-512

AdvSimd.IsSupported // Moddepxka ARM Neon

Sve2.IsSupported // MModdepxka SVE2
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ABTOoBeKTOpMu3auusa JIT
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Maccwusbl T[ ], Span nnn ReadOnlySpan Tsakenble if 1 PUNBTPLI BHYTPY UMKA TOMaOT MacKu
— [1pocToM wWar uukna >_ Bbi30Bbl MeTOAOB
CTporasa nHkpemMmeHTaums i++ 6e3 NpbiKKOB Ecnn JIT He cmor 3anHNanHNUTL METOA, BEKTOPU3aLUS
OTMEHSETCS
5+ TlOHAATHbIE rpaHuLbl
[MaTTepH | < span.Length nossonset JIT yb6paTb <~ [lpunBegeHue TunoB
npoBepkn Bounds Check [TocTosAAHHas KoHBepTauusa (Hanpumep, int « float) ybusaet
onTUMM3aunto
2 ba3oBasi apudmeTUKa
CnoxxeHue, yMHOXeHUe, casurn, Math.Min / Max
£ He3aBUCUMOCTb AaHHbIX
TekyLas utepauns He 3aBUCUT OT pel3ynbTaTa
npegblaywen
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Oo6wwume TpeHabl SIMD B .NET
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CoBpeMeHHble
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MHTerpauus
B NPUKNagHoOn ypoBEeHb

PoKyC Ha nokKaJsibHble
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Y10 HOBOro B .NET 11

‘ O6HOBNEeHa mogesnib CTOUMOCTU

t 2 MNMoppepxxka AVX10 n SVE2 y
WHCTPYKLUN

B Moapepxka manopaspsigHbIX TUMOB @ [oBbieHne cucTemHbix
TpeboBaHun gna ARM64

P N3meHeHusa B 6a30BON 6Mb6nnorteke

& (BCL) Y AnnapaTtHblie macku Ha x64
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UaeanbHbIN pe3ynbtat 6eHYMapkKa

Method Median, ns
Sum — Scalar 1213.7 1.00
Sum — SIMD 320.9 0.26

YckopeHue B 3.7 pa3a ﬁ
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BbluncnutenbHbI moAaynb

4 ) 4
SIMD He npumeHum UpeanbHo ana SIMD
Pac4yeT maTpuLbl CHETOB BbluncneHne BeposATHOCTEN
CnoxxHasi noruka, BETBNEHUS N YHUKANbHbIE CyMMUPOBaHNA 3NEMEHTOB MaTpULbI
aJIrfoOpuUTMbl gNa Ka>XXgoro snga cnoprta. C (bl/lJ'Ipr&Ll,I/IGf/I Nno NHOeKcam
lonbl rocremn NMocnepoBaTenbHbIN pacyeT coobITUN (UX TbiCSAYN):
> Coo6biTue 1: Nobena xo3seB SIMD
PO, 0 PO, 1 PO, 2
CoobbiTne 2: Totan 6onbLue 2.5 SIMD
®
g P1,0 P1,1 P1,2
; Co6biTue N: YéTHbIn TOTan SIMD
S P2,0 P2,1 P2,2
I
fMnoTes3a: yCKopeHne
X4 - X8
nocne npumeHeHus SIMD
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OKCNepuMeHT

4 )
[ dTtan 1 ]

Bbigensem poKyc-
rpynny

BmecTo nepenncbiBaHNA BCEX

COBbLITUN U30NNPYEM
HECKOJIbKO pPernpe3eHTaTUBHbIX
dpunsTPOB

-

- J

Hawa uenb

\_

| 3man2 |

NepenucbiBaem Koa

Peannsyem nornky o6paboTku
TOJIbKO A1 POKYyC-rpynnbl

B HOBOM BEKTOPHOM hopmaTte
SIMD

for
+

Vector

-

J

\_

| 3man3 |

CpaBHuBaem

[1lpoBognM 3amepbl
NpPoOn3BOANTENBHOCTU
N30INPOBAHHOW YacTn

[TpoBepnTb XKU3HECMOCOOBHOCTb UAEN HA HECKObKUX COObITUSX,
npexae Yem TporaTb OCTasllbHOW Kof
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CkanspHbin Ko

public static Probability CalculateProbability(double[][] matrix)

{ var resultProbability = 0d;
for (var homeScore = 0; homeScore < matrix.Length; homeScore++)
{ var minAway = int.IsEvenInteger(homeScore) ? 0 : 1;
for (var awayScore = minAway; awayScore < matrix[homeScore].Length; awayScore += 2)
{ resultProbability += matrix[homeScore][awayScore];
-
} return new(resultProbability);
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BeKkTOpHbIN KO

var vectorSize = Vector<double>.Count;
var sumVector = Vector<double>.Zero;

var evenIndicesMask = new double[vectorSize];
var oddIndicesMask = new double[vectorSize];

for (var i = 0; i < vectorSize; i++)

{

int.IsEvenInteger(i) ? 1d : 0d;
int.IsEvenInteger(i) ? 0d : 1d;

evenIndicesMask|[i]
oddIndicesMask|[i]

}

var evenMultiplier = new Vector<double>(evenIndicesMask);
var oddMultiplier = new Vector<double>(oddIndicesMask);

BoiyncneHue
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BeKkTOpHbIN KO
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BoiyncneHue
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BeKkTOpHbIN KO

for (var homeScore = 0; homeScore < matrix.Length; homeScore++)

{

var awayScore = 0;

for (; awayScore < matrix[homeScore].Length ; awayScore += vectorSize)

{
var data = new Vector<double>(matrix[homeScore], awayScore);
var multiplier = int.IsEvenInteger(homeScore + awayScore)
? evenMultiplier
: oddMultiplier;
sumVector += data * multiplier;
}

06paboTKa OCTaBWWWACSH 3JIEMEHTOB

}

resultProbability += Vector.Sum(sumVector);
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BeKkTOpHbIN KO
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BeKkTOpHbIN KO

for (var homeScore = 0; homeScore < matrix.Length; homeScore++)

{
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{
var data = new Vector<double>(matrix[homeScore], awayScore);
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}
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BeKkTOpHbIN KO

for (var homeScore = 0; homeScore < matrix.Length; homeScore++)
{
var awayScore = 0;
0bpaboTKa 3/1eMEHTOB BeKTOopaMu ..

for (; awayScore < matrix[homeScore].Length; awayScore++)

{
if (int.IsEvenInteger(homeScore + awayScore))
{
resultProbability += matrix[homeScore][awayScore];
1
1

}

var resultProbability += Vector.Sum(sumVector);
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IlnHaMmu4yeckoe BbipaBHUBaHUE CTPOK

OObIYHbIN
MaccuB 80800 0080 008

(pa3smep 11)

A MeaneHHbIN CKansaApHbIN «XBOCT»

Camauncc e O OOG0 QOO

(pa3Mep 12) @ Tonbko BeKTOpHas obpadoTka

® Vector @ Scalar () Padding
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BeKkTOpHbIN KO

for (var homeScore = 0; homeScore < matrix.Length; homeScore++)

{

var awayScore = 0;

for (; awayScore < matrix[homeScore].Length ; awayScore += vectorSize)

{
var data = new Vector<double>(matrix[homeScore], awayScore);
var multiplier = int.IsEvenInteger(homeScore + awayScore)

? evenMultiplier
: oddMultiplier;
sumVector += data * multiplier;
}

}

resultProbability = Vector.Sum(sumVector);
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CpaBHeHue

Method Median, us
Calculate — Scalar 2.816 1.00
Calculate — SIMD 2.349 0.83

\& YcKOpeHuUs NoYTn HeT
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MoXXeT ObiTb aBTOBEKTOpU3aLua?

®AKTUYECKWUMN JIT-KO A1 (SCALAR)

MO1_LOO:
mov r10, [rbx+r8%8+10]
vaddsd xmm@, xmmO, qword ptr
[r10+r8%8+10]

; WHcTpykuyus sd (Scalar Double)
; MuHumanbHbil peeuctp xmm@ (128 6uT)
;, 06bpabaTeBOEeM no odHoMYy Yyucsy 340 pas

inc edx
; 1lnc yBenuyuBaeT Wwae uukna Ha 1

cmp edx, eax
jl short MO1_LOO
; [IpbKOK HO HAYas10 CKAJSAPHO20 LUKId

FMNOTETUYECKUW KO A (SIMD)

MO1_L35:
mov r10d, edx

vaddpd ymml,ymml, [r8+r10x8+10]

; WHcTpykuyusa pd (Packed Double)

; Peauctp ymml (256 6uT).

; 30 00UH pa3 CKAobIBAKWTCHA 4 3J1IEMEHTA

add edXx, 4

; add yBenu4yuBaeT wae UUKIA HA 4
cmp r8d, edx

jge short MO1_L35

; [IpbDKOK HO HA4Ya/10 BEKTOPHO20 LUKdA
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OnTumusauusa 1: JinHeapunsaumsa martpwviy

Bbicokasa (pparmeHTayus Kaw-nosbHOCTb

3y64aTtbin maccus (Jagged) Nnockun maccus (Flat)
double[][] _matrix; double[] _flatfMatrix; index = row * width + col

4 ) 4 )

—

Heap _

(Ky4a): [0l[0] [0][1] [O][2] [OII3] [MamaTb: [0] [1] [2] [3] |[4] [5] [6] [7]1

[I0] [0 [11[2]1 [1]08] I[m 1 [10] [11]
[2[0] [21] [2][2] [2](3]

\_ J \_ J
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OnTnumunsauus 2: BeKTopHble MacKu BMeCcTO
BETBJIEHUN

f

i+ BEeKTopHble MacKku

.
[eHepupyeTca cneunanbHas BEKTOpHas

Macka: o L . 1 . 1 Macka. C nomMoLLblo annapaTHoro
cenekTopa oTunsTpoBaHHbIE JaHHbIE

rotoBbl K CYMMNPOBaAHUIO.
BeposTHOCTK PO P2 P3 P5

Vector<long> mask = Vector.GreaterThan(

+ vectorl,

vector?2);

S = PO + P2 + P3 + P5 var result = Vector.ConditionalSelect(
mask,
vector,

Vector<double>.Zero);
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duHanbHbLIN KOO

public static Probability CalculateProbability(ReadOnlySpan<double> flatMatrix, int size)
{

var vectorSize = Vector<double>.Count;

var sumVector = Vector<double>.’Zero;

var sizeVector new Vector<long>(size);
var stepVector new Vector<long>(vectorSize);
var oneVector = Vector<long>.0ne;

var initialAwayScores = new long[vectorSizel];
for (var i = 0; i < vectorSize; i+)

.{
}

initialAwayScores[i] = i;

new Vector<long>(new long[vectorSize]);
new Vector<long>(initialAwayScores);

var homeScores
var awayScores

BoiducneHune ..

return new(resultProbability);
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duHanbHbLIN KOO

for (var i = 0; i < flatMatrix.Length; i += vectorSize)

{
var data = new Vector<double>(flatMatrix.Slice(i));
var totalSum = homeScores + awayScores;
var mask = Vector.IsEvenInteger(totalSum);
sumVector += Vector.ConditionalSelect(mask, data, Vector<double>.Zero);
var newAwayScores = awayScores + stepVector;
var wrapMask = Vector.GreaterThanOrEqual(newAwayScores, sizeVector);
awayScores = Vector.ConditionalSelect(wrapMask, newAwayScores - sizeVector, newAwayScores);
homeScores = Vector.ConditionalSelect(wrapMask, homeScores + oneVector, awayScores);
}

var resultProbability = Vector.Sum(sumVector);
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CpaBHeHue

Median, us
Calculate — Scalar 2.816 1.00
Calculate — SIMD 2.349 0.83
Calculate — SIMD Optimized 5.195 1.84

\& Ctano meaneHHee
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Mpumep nepBbIN

[
CkansipHbin npoxopn
| e,ne | 8,1 l 8,2 B,3 8,4 | e,5 ‘ 8,6 ‘ B,7
1,0 | 1,1 ‘ 1,2 l 1,3 1,4 1,5 ‘ 1,6 1,7 ‘
| 2,8 | 2,1 l 2,2 2,3 2,4 | 2 2,6 ‘ 2,7
3,0 | 3,1 ‘ 3,2 I 3,3 , G 3,5 ‘ 3,6 3,7 ‘
NnxXm
Onepauyunn =
ckanap 2
YcnoBHasa npoBepka n obpadboTtka
\_

[
BekTOopHbIN npoxopa (SIMD)
8,8 8,1 8,2 8,3 8,4 8,5 8,6 8,7
1,8 &z d 1,2 1,3 1,4 1,5 1,6 1,7
2,8 2,1 2,2 2,3 2,4 2,5 2,6 2,7
3,8 3,1 3,2 3,3 I 3,4 3,5 3,6 3,7
N XM
Onepayunn =
BEKTOP 4
3arpyska 6510KoB no 4 anemeHTa
\
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NMpumep nepBbin. CpaBHEHMe

Method Median, ns
Calculate Even — Scalar 478.3 1.00
Calculate Even — SIMD 196.6 0.41
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Mpumep BTOPpOI

-
CkansipHbin npoxopn
| e,ne | 0,1 0,2 0] 0,4 0] 0,6 0,
1,0 | 1,1 l 1,2 1,3 1,4 1 1,6 1,
2,0 2,1 ‘ 2,2 2,3 2,4 2 2,6 2
3,0 3,1 3,2 I 3,3 4 3 3,6 3
Orlepau,l/u/lCKaijp =min(n,m)
O6paboTka gnaroHasnbHbIX A/IEMEHTOB
\§

\_

BekTOopHbIN npoxopa (SIMD)

8,8 8,1 8,2 8,3 0,4 e,5 0,6 0,7
J

1,8 1,1 1,2 1,3 1,4 1,5 1,6 1,7

2,8 2,1 2,2 2,3 2,4 2 2,6 2y T

3,8 3,1 3,2 3,3 3,4 3,5 3,6 3,7

Onepauyunn =min(n,m)

BEKTOP

O6paboTka BEKTOPOB C AnaroHasibHbIMU 3fIEMEHTaMU
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Mpumep BToOpon. CpaBHeHUue

Method Median, ns
Calculate Draw — Scalar 20.65 1.00
Calculate Draw — SIMD 91.89 4.45
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BekTopu3aLuusa ¢ Mmackamm

var data = new Vector<double>(flatMatrix.Slice(i));

var totalSum

= homeScores + awayScores;

var mask = Vector.IsEvenInteger(totalSum);

sumVector +=

Vector.ConditionalSelect(mask, data, Vector<double>.Zero);

var newAwayScores = awayScores + stepVector;

var wrapMask

awayScores
homeScores

= Vector.GreaterThanOrEqual(newAwayScores, sizeVector);

Vector.ConditionalSelect(wrapMask, newAwayScores - sizeVector, newAwayScores);
Vector.ConditionalSelect(wrapMask, homeScores + oneVector, awayScores);
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BekTopu3aLuusa ¢ Mmackamm
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NMpumep nepBbin. CpaBHEHMe

Method Median, ns

Calculate Even — Scalar 478.3 1.00
Calculate Even — SIMD 196.6 0.41
Calculate Even — SIMD Optimized 537.7 1.12
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Pdusnyeckue orpaHn4eHus

Normal Operation Heavy SIMD Load
s A
RN
) RN )
4.5 GHz
Scalar / Integer Code 256/512-bit AVX Units
_ y,

AVX Frequency Offset / Thermal Throttling
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UTor akcnepumeHTa

Method

Median, us

Y




Kak pewunnacb 6u3Hec-3agava?

. OnTumnsaumst paboTbl C NamMsTbo U cHATUE Harpy3kn ¢ GC

m  To4deyHble anropuTMNUYECKNE YNyHLLEHNS
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Korga SIMD He HyXeH

x 1/0 bound cueHapuwn
x [lapannenn3am — noByLUKa NageHnsa 4acToThl
x Cno)kHasi normka nogrotoBkuy AaHHbIX

x BblCcOKasa LueHa nogaep xKu
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[TpaBuna urpobl

3

3

CHa4vana NpoeKTUpynTe pacrnonoXXeHne AaHHbIX B MamMsTu

Hukakown Bepbl Ha CJIOBO — TOJIbKO YECTHblIE 3aMepbl
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[lone3Hble maTepuanbi .

th
.NET & Hardware Intrinsics By o e
Ml
Hardware Intrinsics in .NET Core 3.0 and beyondﬂ ,f tlz | n“.

HokymenTaumsa no SIMD n Hardware Intrinsics B NET

CnpaBoyHuk API: [pocTpaHcTBO MMEH System.Nurr]érlos b .

Iy Iy N N

CnpaBo4Huk API: System.Runtime.Intrinsics.X86 / Arm .5 i ﬂ. e .
beg g R
1T R | |

ApXUTEKTypa NPoLEeCCOpPOB 1 MHCprKu,vm L

; |
I 35 |

~ Intel® Intrinsics Guide
~  ARM Architecture Reference Manual

7] Agner Fog’s Instruction Tables & Microarchitecture Guides u

(L . e ||

‘ 'g} Wl (11
H . - e s

| b2kl ST 0

L i . ;- N )

- |
- F
et e

¢\ | TG/VK: @altenar_b2b



https://devblogs.microsoft.com/dotnet/hardware-intrinsics-in-net-core/
https://learn.microsoft.com/en-us/dotnet/standard/simd
https://learn.microsoft.com/en-us/dotnet/api/system.numerics
https://learn.microsoft.com/en-us/dotnet/api/system.runtime.intrinsics
https://www.intel.com/content/www/us/en/docs/intrinsics-guide/index.html
https://developer.arm.com/documentation
https://www.agner.org/optimize/

Cnacnbo
3a BHUMaHune!

Kupunn lNaHvH
Crapwunn .NET paspabotyuk Altenar

a @kapanin590




