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O uyém byaem pasroeapueaTh’
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MoTtuneauus

XoTuUM, 4T0bbI MporpaMMbl paboTanu
OYeHb DBLICTPO 1 KyWanyu Mano namstul
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3Hai cBoli bottleneck

bottleneck
['botinek] ABBYY Lingvo Live

1. cyw.
1) rOpAbIWKO 6YTHITKKA

7) y3KMWA npoxog
3) npo6ka (B yNUYHOM [IBMXEHWUM)
4) yakoe mMecTo
5) BoeH pedune
6) Mys.
cnaiig-urpa (TexHuKa Urpbl Ha ruTape, NPU KOTOPOii K CTPYHaM NPUXMMaioT MeTanMyeckyto NNacTUHKY WK

npucnocobneHue B hopme ByTbINOUHOIO ropnbillka), 60TAHeK, cnaiy (npucnocobneHune As cnama-urpbl Ha
rutape)

2. .
1) cospaBaTb 3aTop, NPO6KY

7) NPOTOAKHYTb (4TO-71.) Yyepes 3aTop
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3Hai cBoli bottleneck

o« CPU
Database
/O
Network

Concurrency

Main memory (BoT npo Heé n Gyaem pa3roBapuBaTthb)
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VicTopusa ogHoli onTuMusauuu
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VicTopusa ogHoli onTuMusauuu

[enaem 3amep Bpemenn (oanH) fo n nocne:

[lo 50ms

[Tocne | 45ms
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VicTopusa ogHoli onTuMusauuu

[enaem 3amep Bpemenn (oanH) fo n nocne:

[lo 50ms

[Tocne | 45ms

Bonpoc: a ctano am nyywe?
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[locMoTpuM Ha pacnpefeneHuns

30 40 50 60 70
Bpena (mc)

Mocne

30 40 50 60 7o
Bpema (Mc)
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KpaTkoe cofepxaHue Aoknasa

CerogHsi Mbl y3Haem:
e V13 yero cknagbiBaeTCs NPON3BOAUTENBHOCT NaMSATI?

e 10 cnocobos HanucaTb HeKOppPeKTHbIK memory benchmark
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KpaTkoe cofepxaHue Aoknasa

CerogHsi Mbl y3Haem:
e V13 yero cknagbiBaeTCs NPON3BOAUTENBHOCT NaMSATI?

e 10 cnocobos HanucaTb HeKOppPeKTHbIK memory benchmark
Ob6cyxxaaemble TemMbli:

e CPU Cache (cache line size, associativity, .. .)

e Cache Bank Conflicts

e Alignment

e Struct Promotion

e Prefetching

e Store forwarding; 4K aliasing

e TpyanHoctu pabotsl ¢ GC n pinned objects

e Large Object Heap; Full Framework vs Mono
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YacTtb 2

Beenenue

9/79 2. Beepenune



OTKa3 OT OTBETCTBEHHOCTU

Hy>xHO noHumaTtb
® Bce npuMepbl akafeMrUHeCKMe, HY>XXHbI ANs UAOCTpaLumu naei
® [lorpelwHOCTU Masbl, NS Ueeidl AoKaja NMU MOXHO npeHebpedb

® Ha Bawem xenese uudpbl MOryT ObITb Apyrue, 3TO HOPMasbHO

MoponbiTHOE Xene3o
® Tvy Bridge Core i7-3632QM CPU 2.20GHz
® Haswell Core i7-4702MQ CPU 2.20GHz
® Skylake Core i7-6700HQ CPU 2.60GHz

Nudopmauyusa o 6eHumapkax
® BenchmarkDotNet v0.10.6 (supported by the .NET Foundation)
® Gist c ncxogHukamu: https://git.io/v9dV8

10/79 2. Beeperne =


https://git.io/v9dV8

[lagaiiTe nosamepsiem Bpems!

// Hruyuasusupyem cobCmeenHyw Teumany
var dict = new MyAwesomeDictionary<int, int>();
dict.Put(0, 0);
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[lagaiiTe nosamepsiem Bpems!

// Hruyuasusupyem cobCmeenHyw Teumany
var dict = new MyAwesomeDictionary<int, int>();
dict.Put(0, 0);

// A menepv HeMnO20 noberumapraem:

var sw = Stopwatch.StartNew();

for (idnt i = 0; i < 1000000; i++)
dict.Get(0);

sw.Stop() ;

WriteLine(sw.Elapsed);
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[lagaiiTe nosamepsiem Bpems!

// Hruyuasusupyem cobCmeenHyw Teumany
var dict = new MyAwesomeDictionary<int, int>();
dict.Put(0, 0);

// A menepv HeMnO20 noberumapraem:

var sw = Stopwatch.StartNew();

for (idnt i = 0; i < 1000000; i++)
dict.Get(0);

sw.Stop() ;

WriteLine(sw.Elapsed);

Ectb in npobaemsbi ¢ aTum beHdmapkom?
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Hy>kHO npaBuabHO AU3aiiHNTL memory-beHYMapKu
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Hy>kHO npaBuabHO AU3aiiHNTL memory-beHYMapKu

MpoOyiiTe pa3Hble NaTTepHbl AOCTyNa K NaMsaTun
e [locnenoBaTenbHbI gocTyn
o Cny4aiiHblii gocTyn
e [lonb3oBaTenbCKUii CLeHapuii
o “Xutpbie’ cnyyau
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Hy>kHO npaBuabHO AU3aiiHNTL memory-beHYMapKu

MpoOyiiTe pa3Hble NaTTepHbl AOCTyNa K NaMsaTun
e [locnenoBaTenbHbI gocTyn
o Cny4aiiHblii gocTyn
e [lonb3oBaTenbCKUii CLeHapuii
“Kntpoie’ cnyyau

MNpobyiiTe pa3Hble pa3mepbl paboyeii namaTn

OuyeHb ManeHbKui

OueHb bonbLoi

3HayeHust, banskne k pasmepy L1, L2, L3
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[Torosopum npo CPU Cache
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JlocTyn K namMsiTh — 3TO BaM He KOHCTaHTal

Ji BPU t
| Legacy Decode |

MSROM Decoded Icache
(DSB) ¢ Pipeline p%T

4 vops/oycle 6uopsfeyde 5 uops/cyde
I 1 -

Instruction Decode Queue (IDQ,, or micro-op queue)

Hs

DMIT
| T
Brdg

System Agent
Allocate/ o/MoveElimination/Zeroldiom
!
Schecler \ ice
12 Cote
(Unified)
Port0 Port 1 Port5 Port6
Ay, | Ay, | |
IntALU,
Vec FMVA, Fast LEA, Fast LEA, i
VecMUL, | | VecFMA, | | VecSHUF, nk Shit, Y
Branchl,

Vec Add, Vec MUL, Vec ALU,

Vec ALU, Vec Add, Processor Graphics/
iR =
Divide, Vec Shft, —
Branch2 Int MUL,
Slow LEA

Figure 2-1. CPU Core Pipeline Functionality of the Skylake Microarchitecture
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(Benumapk) CPU Cache

/* Ckoasbko cmoum cdenams N urkpemenmog? */
private const int N = 16 * 1024 * 1024;
private byte[] data;

[Params(1, 2, 4, 8, 16, 32, 64, 128, 256, 512,
1024, 2048, 4096, 6144, 8192, 16384, 32768)]
public int SizeKb;

[Setup] public void Setup() => data = new byte[SizeKb * 1024];

[Benchmark]
public void Calc() {
var mask = data.Length - 1;
for (int i = 0; i < N; i++) // Bezaem no maccuey c wazom 6 64B
datal[(i * 64) & maskl++; // U meikaemcs & snemerms

Windows 10, .NET 4.6.2, LegacyJIT-x86

3. Morosopum npo CPU Cache



(PesynstaTel) CPU Cache

Ckonbko crout cgenate N uHkpemenTtos?
| Cache Level | Ivy Bridge | Skylake
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(PesynstaTel) CPU Cache

Ckonbko crout cgenate N uHkpemenTtos?

Cache Level | lvy Bridge | Skylake

4 KB ~20ms | ~18ms
8 KB L1 ~20ms | ~18ms
16 KB ~20ms | ~18ms
32 KB ~20ms | ~18ms
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(PesynstaTel) CPU Cache

Ckonbko crout cgenate N uHkpemenTtos?

Cache Level | lvy Bridge | Skylake

4 KB ~20ms | ~18ms

8 KB L1 ~20ms | ~18ms
16 KB ~20ms | ~18ms
32 KB ~20ms | ~18ms
64 KB ~36ms | ~22ms
128 KB | L2 ~36ms | ~22ms
256 KB ~36ms | ~22ms
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(PesynstaTel) CPU Cache

Ckonbko crout cgenate N uHkpemenTtos?

Cache Level | lvy Bridge | Skylake

4 KB ~20ms | ~18ms

8 KB L1 ~20ms | ~18ms
16 KB ~20ms | ~18ms
32 KB ~20ms | ~18ms
64 KB ~36ms | ~22ms
128 KB | L2 ~36ms | ~22ms
256 KB ~36ms | ~22ms
512 KB ~b0ms | ~36ms
1 MB ~50ms | ~36ms
2MB | L3 ~b0ms | ~36ms
4 MB ~b4ms | ~40ms
6 MB ~b4dms | ~40ms
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(PesynstaTel) CPU Cache

Ckonbko crout cgenate N uHkpemenTtos?

Cache Level | lvy Bridge | Skylake

4 KB ~20ms | ~18ms

8 KB L1 ~20ms | ~18ms
16 KB ~20ms | ~18ms
32 KB ~20ms | ~18ms
64 KB ~36ms | ~22ms
128 KB | L2 ~36ms | ~22ms
256 KB ~36ms | ~22ms
512 KB ~b0ms | ~36ms
1 MB ~50ms | ~36ms
2MB | L3 ~b0ms | ~36ms
4 MB ~b4ms | ~40ms
6 MB ~b4dms | ~40ms
8 MB ~80ms | ~70ms
16 MB | RAM ~102ms | ~80ms
32 MB ~108ms | ~83ms
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[Torosopum npo CPU Cache Levels
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(CxemaTuyeckoe ycrpoiicteo) CPU Cache Levels

CPUO | CPU1l CPU2|CPU3
L1 L1 L1 L1
L2 L2 L2 L2

L3
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(Benumapk) CPU Cache Levels

private const int N = 16 * 1024 * 1024;
private byte[] data;

[Params (2048, 4096, 6144)] // Hazpyska na L3
public int SizeKb;

[Setup] public void Setup() => data = new byte[SizeKb * 1024];

[Benchmark]
public void Calc() {
var mask = data.Length - 1;
for (int 1 = 0; i < Nj; i++)
datal[(i * 64) & mask]++;

Windows 10, .NET 4.6.2, LegacyJIT-x86, Skylake
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(PesynstaTel) CPU Cache Levels

Ycnosus Mean Min Max
2 MB 35.38ms | 34.92ms | 36.08ms
4 MB | CrepunbHbie 39.49ms | 39.01ms | 40.06ms
6 MB 40.44ms | 39.87ms | 40.92ms

20/79
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(PesynstaTel) CPU Cache Levels

Ycnosus Mean Min Max
2 MB 35.38ms | 34.92ms | 36.08ms
4 MB | CrepunbHbie 39.49ms | 39.01ms | 40.06ms
6 MB 40.44ms | 39.87ms | 40.92ms

2 MB | Firefox, Rider, IDEA, | 44.50ms | 36.75ms | 52.34ms
4 MB | TEXstudio, Dropbox, | 97.64ms | 63.14ms | 172.74ms
6 MB | GoogleDrive, ... 75.02ms | 42.07ms | 154.55ms
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(Pacnpegenenne) CPU Cache Levels

ity
N
[}
e
©
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[Torosopum npo CPU Cache Associativity
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(Berumapk) CPU Cache Associativity

private int[,] a;
[Params (511, 512, 513)] public int N;
[Setup] public void Setup() => a = new int[N, NJ;

// HMyem MaKCuMansbHblG SAeMeEHMm 8 KOAOHKE
[Benchmark] public int Max() {
int max = 0;
for (int i = 0; i < N; i++)
max = Math.Max(max, al[i, 0]);
return max;

Windows 10, .NET 4.6.2, LegacyJIT-x86, Skylake
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(Pesynbtatel) CPU Cache Associativity

N Max
511 | ~844ns
512 |~1330ns
513 | ~844ns

5. MNoroeopum npo CPU Cache Associa

tivity
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(Teopus) CPU Cache Associativity

2-Way Associative Cache

Memory
s Line
Line
Critical
Stride
. Line
Line

5. Noroeopum npo CPU Cache Associativity

Cache



(Teopus) CPU Cache Associativity

var criticalStride = cacheSize / associativity;
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(Teopus) CPU Cache Associativity

var criticalStride = cacheSize / associativity;

Level | Size | Associativity | Critical Stide
L1| 32KB 8-way 41KB
L2 | 256KB 4-way 04KB
L2 | 256KB 8-way 32KB
L3| 6MB 12-way 512KB




MuHyTka 3aHnmaTensHoro npo Skylake

Mountaem Intel(R) 64 and |A-32 Architectures Optimization Reference Manual:
2.1.3. THE SKYLAKE MICROARCHITECTURE: Cache and Memory Subsystem

e Simultaneous handling of more loads and stores enabled by enlarged

buffers.

e Page split load penalty down from 100 cycles in previous generation
to 5 cycles.

e L3 write bandwidth increased from 4 cycles per line in previous
generation to 2 per line.

e L2 associativity changed from 8 ways to 4 ways.
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[Torosopum npo Cache Bank Conflicts
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(Bernumapk) Cache Bank Conflicts

int[] data = new int[2 * 1024 * 1024];
[Params (15, 16, 17)] public int Delta;
// Ecmb au y Hac napst aaemenmos Ha paccmosnuu Delta,
// 6 KomopelT nepeoe “ucao Menbwe 6mopozo?
[Benchmark] public unsafe bool Calc() {
fixed (int* dataPtr = data) {
int* ptr = dataPtr;
int d = Delta;
bool res = false;
for (int i = 0; i < 1024 * 1024; i++) {
res |= (ptrl0] < ptrldl);

ptr++;
}
return res;
}
}
Windows 10, .NET 4.6.2, LegacyJIT-x86

6. Morosopum npo Cache Bank Conflicts



(Pesynbtatet) Cache Bank Conflicts

Delta 15 16 17

Skylake: BoinyweH 2015-08-05, mukpoapxutektypa Skylake
Ivy Bridge: Bbinywen 2012-04-29, mukpoapxutektypa Sandy Bridge
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(Pesynbtatet) Cache Bank Conflicts

Delta 15 16 17
Skylake | ~1.05ms|~1.05ms|~1.05ms

Skylake: BoinyweH 2015-08-05, mukpoapxutektypa Skylake
Ivy Bridge: Bbinywen 2012-04-29, mukpoapxutektypa Sandy Bridge
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(Pesynbtatet) Cache Bank Conflicts

Delta 15 16

17

Skylake | ~1.05ms|~1.05ms
lvy Bridge | ~1.07ms | ~1.30ms

Skylake: BoinyweH 2015-08-05, mukpoapxutektypa Skylake

~1.0bms
~1.07/ms

Ivy Bridge: Bbinywen 2012-04-29, mukpoapxutekTypa Sandy Bridge
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(Manyan) Cache Bank Conflicts

Mountaem Intel(R) 64 and |A-32 Architectures Optimization Reference Manual:
3.6.1.3. Handling L1D Cache Bank Conflict

In Intel microarchitecture code name Sandy Bridge, the internal organization
of the L1D cache may manifest a situation when two load micro-ops whose
addresses have a bank conflict. When a bank conflict is present between
two load operations, the more recent one will be delayed until the conflict

isresolved. A bank conflict happens when two simultaneous load operations

have the same bit 2-5 of their linear address but they are not from the same
set in the cache (bits 6-12).




(Manyan) Cache Bank Conflicts

Mountaem Intel(R) 64 and |A-32 Architectures Optimization Reference Manual:
3.6.1.3. Handling L1D Cache Bank Conflict

In Intel microarchitecture code name Sandy Bridge, the internal organization
of the L1D cache may manifest a situation when two load micro-ops whose
addresses have a bank conflict. When a bank conflict is present between
two load operations, the more recent one will be delayed until the conflict

isresolved. A bank conflict happens when two simultaneous load operations

have the same bit 2-5 of their linear address but they are not from the same
set in the cache (bits 6-12).
With the Haswell microarchitecture, the L1 DCache bank conflict issue does

not apply.
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[Torosopum npo Alignment
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(Benumapk) Alignment

public struct Struct3 {
public byte X1, X2, X3;

¥

public struct Struct8 {
public byte X1, X2, X3, X4, X5, X6, X7, X8;

+

private Struct3[] struct3

private Struct8[] struct8

new Struct3[256];
new Struct8[256];
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(Benumapk) Alignment

[Benchmark] public int S3() {
int res = 0;
for (int i = 0; i < struct3.Length; i++) {
var s = struct3[i]; res += s.X1 + s.X2;
+
return res;
}
[Benchmark] public int S8() {
int res = 0;
for (int i = 0; i < struct8.Length; i++) {
var s = struct8[i]; res += s5.X1 + s.X2;
+

return res;
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(PesynbTatsr) Alignment

LegacyJIT-x64 Mono
S3 ~1276ns | ~1146ns
S8 ~241ns | #2232ns
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(PesynbTatsr) Alignment

LegacyJIT-x64

Mono

S3
S8

~1276ns | ~1146ns
~241ns | »2232ns

Marshal.SizeOf (typeof (S3))

Full .NET Framework

1/ 1|1|2

2

2‘ 3‘ 3\

314|144

5|5

7. Norosopum npo Alignment

5
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[ToroBopum npo Struct promotion
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(Benumapk) Struct promotion

// A umo 6yoem nod RyuJIT-x64?
[Benchmark] public int S3() {
int res = 0;
for (int i = 0; i < struct3.Length; i++) {
var s = struct3[i]; res += s.X1 + s.X2;

b

return res;
}
[Benchmark] public int S8() {
int res = 0;
for (int i = 0; i < struct8.Length; i++) {
var s = struct8[i]; res += s.X1 + s.X2;
+

return res;
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(PesynstaThl) Struct promotion

RyuJI'T-x64
S3 ~280ns
S8 ~280ns




(Cmotpum ASM) Struct promotion

©okkk S3 xxx

J

- res += s.X1 + s.X2;

J

add eax, rl0d
add eax, r9d

© kxx S8 kxkx

J

;- res += s.X1 + s.X2;

J

movzXx r9d, byte ptr [rsp+20h]
add eax, rod
movzx r9d, byte ptr [rsp+21h]

add eax, rod
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(Texywas peannsayus) Struct promotion

Nuoraa RyulJIT! moxeT annouuposaTb CTpyKTypy
B Perucrpax, a He Ha CTeke
e The struct must not be address-taken.

e It must have no overlapping fields.
e It must have only primitive fields.

e It must not be an argument or a return value that is passed in
registers.

e It can't be larger than 32 bytes.
e It can't have more than 4 fields.

1Cnpasegnveo ans v4.6.1637.0, noseaenne MOXET NOMeHATLCS, cM. coreclr#6733

8. Morosopum npo Struct promotion =]
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[Torosopum npo Prefetching
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(Benumapk) Prefetching

// [Modz2omasausaem OaHHblE

int[] data = new int[32 * 1024 * 1024];
int[] next = new int[32 * 1024 * 1024];
int n = 2000;

42/79 9. MNorosopum npo Prefetching =]
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(Benumapk) Prefetching

// [Modz2omasausaem OaHHblE

int[] data = new int[32 * 1024 * 1024];
int[] next = new int[32 * 1024 * 1024];
int n = 2000;

var random = new Random(42);

for (int i = 0; i < data.Length; i++)
datal[i] = random.Next();

for (int i = 0; i < next.Length; i++)
next[i] = random.Next(data.Length);

9. Morosopum npo Prefetching



(Benumapk) Prefetching

// CPU-bound method
[MethodImpl (MethodImplOptions.NoInlining) ]
private static int IsNice(int x) {

if (x % 183==0 | x % 17 =0 |
xh19==0 | x % 43==0 |
x h71 =0 | x% 101 == 0 |
x %233 =01 x 7% 383 ==0 |
X %h 479 == 0 | x % 541 == 0)
return 1;

return O;
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(Benumapk) Prefetching

[Benchmark]
public int Simple() {
var res = 0;
var index = 0;
for (int i = 0; i < n; i++) {
index = next[index];
var x = datal[index];

res += IsNice(x);
}

return res;

3
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(Benumapk) Prefetching

[Benchmark]
public int EEipEeRPrefetch() {
var res = 0;
var index = @§next[0]; var y = datalindex];
for (int i = 0; i < n; i++) {
index = next Lindexds var x - 7;
¥ar x — datafindex); index = next[index]; y = datalindex];

res += IsNice(x);
}

return res;

3

45/79 9. MNorosopum npo Prefetching =]



(PesynstaThl) Prefetching

Simple |~101lus
Prefetch| ~96us

Windows 10, .NET 4.6.2, LegacyJIT-x86, Haswell
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(MuHyTka 3aHnmatensHoro) Prefetching

Mountaem Intel(R) 64 and |A-32 Architectures Optimization Reference Manual:

3.7.2. Hardware Prefetching for First-Level Data Cache

The additional instructions to load data from one member in the modified
sequence can trigger the DCU hardware prefetch mechanisms to prefetch
data in the next cache line, enabling the work on the second member to

complete sooner.

; Without prefetching ; With prefetching

mov eax, [ebx+4] mov eax, [ebx+4]
mov eax, [ebx+4]
mov eax, [ebx+4]

9. Morosopum npo Prefetching
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[Torosopum npo 4K aliasing
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Store forwarding

CPU

L1
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Store forwarding

CPU
Store Buffer
L1
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Store forwarding

CPU

l T

Store Buffer Load Buffer

L1
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Store forwarding

CPU

l T

Store Buffer Load Buffer

>

l Store forwarding T

L1
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BbipaBHBaHneM goctyn K namsaTn Ha 4KB

byte[] data = new byte[32 * 1024 * 1024];
int baseOffset; // Xomum evposrsame na 4KB
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BbipaBHBaHneM goctyn K namsaTn Ha 4KB

byte[] data = new byte[32 * 1024 * 1024];
int baseOffset; // Xomum evposrsame na 4KB

GCHandle handle = GCHandle.Alloc(data,

GCHandleType.Pinned) ;
IntPtr addr0fObject = handle.AddrO0fPinnedObject();

53/79 10. MNorosopum npo 4K aliasing



BbipaBHBaHneM goctyn K namsaTn Ha 4KB

byte[] data = new byte[32 * 1024 * 1024];
int baseOffset; // Xomum evposrsame na 4KB

GCHandle handle = GCHandle.Alloc(data,

GCHandleType.Pinned) ;
IntPtr addr0fObject = handle.AddrO0fPinnedObject();

long address = addr0fObject.ToInt64();
const int align = 4 * 1024; // 4KB
baseOffset = ((int) (align - (address % (align))));

53/79 10. MNorosopum npo 4K aliasing =]



(Benumapk) 4K aliasing

public int StrideOffset; // [Params]

[Benchmark]

public void ArrayCopy() => Array.Copy(
sourceArray: data,
sourcelndex: baseOffset,

destinationArray: data,
destinationIndex: baseOffset +
24 x 1024 + StrideOffset, //2/KB

length: 16 * 1024); //16KB

54/79 10. MNorosopum npo 4K aliasing



(PesynstaTsl) 4K aliasing

StrideOffset ‘ Haswell ‘ Comment
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(PesynstaTsl) 4K aliasing

StrideOffset ‘ Haswell ‘ Comment
-33 ‘ ~390ns ‘ Unaligned
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(PesynstaTsl) 4K aliasing

StrideOffset ‘ Haswell ‘ Comment
-33| =390ns
-32 | ~330ns

Unaligned
Aligned
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(Pesynbrater) 4K aliasing

StrideOffset | Haswell | Comment
-33| ~390ns | Unaligned
-32| ~330ns | Aligned
-31| ~390ns | Unaligned
-1| ~390ns | Unaligned
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(Pesynbrater) 4K aliasing

StrideOffset | Haswell | Comment
-33| ~390ns | Unaligned
-32| ~330ns | Aligned
-31| ~390ns | Unaligned
-1| ~390ns | Unaligned
0| ~290ns | Aligned
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(Pesynbrater) 4K aliasing

StrideOffset | Haswell | Comment
-33| ~390ns | Unaligned
-32| ~330ns | Aligned
-31| ~390ns | Unaligned
-1| ~390ns | Unaligned

~290ns | Aligned

1| »1250ns | 4K aliasing

2 | ~1250ns | 4K aliasing

31| »1250ns | 4K aliasing
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Rider: B3rnag s VTune Amplifier

General Exploration : 3 ang

Back-End Bound -: 552% R of Pipeline Slots
Memory Bound “: 34 2% M of Pipeline Slots
L1 Bound : 13.2% R of Clocklicks
DTLE Overhead -: 10.7% ™ of Clockticks
Loads Blocked by Store Forwarding = 0.7%  of Clockticks
Lock Latency ~: 0.8% ™ of Clockiicks

SpiitLoads ”: 00% _ofClockicks | dh | A Elﬁirlg -1.8% F
|4KAIiasing : 1.8% M | of Clockficks —
EB Full 46% M of Clockticks

L3 Bound : of Clockticks
Contested Accesses 13%  of Clockiicks
Data Sharing ~: 0.9%  of Clockiicks
L3 Latency 10.6% ® of Clockticks
SQFull - 0.6% M of Clockticks

DRAM Bound - : of Clockiicks
Memory Latency : of Clockticks

LLC Miss 7.1%  of Clockiicks

Store Bound : 3.7%  of Clockiicks
Store Latency ~: 68.1%  of Clockiicks
False Sharing ~: 0.3%  of Clockiicks
Split Stores " 02%  of Clockiicks
DTLE Store Overhead ~: 0.7%  of Clockiicks

Core Bound ~: 209% M of Pipeline Slots
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(Manyan) 4K aliasing

Mountaem Intel(R) 64 and |A-32 Architectures Optimization Reference Manual:
11.8. 4K ALIASING

To resolve 4K aliasing, try the following methods in the following order:
e Align data to 32 Bytes.
e Change offsets between input and output buffers if possible.

e Use 16-Byte memory accesses on memory which is not 32-Byte
aligned.

10. MNorosopum npo 4K aliasing
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[Torosopum npo GC

58/79 11. Norosopum npo GC



GC: nepdomMaHcHble KpeanThbi

Possible politically incorrect language

agarbagecollector — asanitation worker

The term garbage collector may be considered
outdated, disrespectful, or offensive. Consider
changing the word or phrase.
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CekpetHas Rider-dpuya

|£| Memory Usage - m} s

*** Backend Memory Usage ***
Allocated managed memory :|108M

Working set 1| 666M
Private memory size : 656M
Virtual memory size : 1288M
GC (0) : 402

GC (1) : 93

GC(2) : 13
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DakTbl 00 0AHOM SKCNEPUMEHTE
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DakTbl 00 0AHOM SKCNEPUMEHTE

« CpeaHecTtatuctudeckunin working set nocne
3arpysku: 560MB.
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DakTbl 00 0AHOM SKCNEPUMEHTE

« CpeaHecTtatuctudeckunin working set nocne
3arpysku: 560MB.

« bonbwnHcTBO Ntogen nmeroT bonbLue
CPEAHECTAaTUCTUYECKOrO KOMMYECTBA HOT.
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[locMoTpuM Ha pacnpegeneHune

Rider Memory

0.0100
0.0075
0.0050
0.0025

0.0000

400 500 600 700

Memory (MB)
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[locmMoTpuM Ha cHamwoT

Large Object Heap
NI B

Generation 2

Pinned Object

Generation 1
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[locmoTpuMm Ha Kop

var myListener = new HttpListener();

/)

while (myListener.IsListening)

{
HttpListenerContext ctx = null;
try
{

ctx = myListener.GetContext(); // A umo enympu?
string rstr = ProcessRequest(ctx.Request);
byte[] buf = Encoding.UTF8.GetBytes(rstr);
ctx.Response.ContentLength64 = buf.Length;
ctx.Response.QOutputStream.Write(buf, 0, buf.Length);
}
/o
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[IpopgonaemM cmMoTpeTb Ha Koj

public HttplListenerContext GetContext() {
if(Logging.On)Logging.Enter(Logging.HttpListener, this, "GetContext™, "");

SyncRequestContext memoryBlob = null;
HttpListenerContext httpContext = null;
bool stoleBlob = false;

try {
CheckDisposed();
if (m_State==State.Stopped) {
throw new InvalidOperationException(SR.GetString(SR.net_listener_mustcall, "Start()"));
1
if (m UriPrefixes.Count==0) {
throw new InvalidOperationException(SR.GetString(SR.net_listener_mustcall, “"AddPrefix()™"));
1
uint statusCode = UnsafeNclNativeMethods.ErrorCodes.ERROR_SUCCESS;
uint size = 4096;
ulong requestld = 0;
memoryBlob = [new SyncRequestContext((int) size);|
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[IpopgonaemM cmMoTpeTb Ha Koj

internal unsafe class SyncRequestContext : RequestContextBase

{

private GCHandle m_PinnedHandle;

internal SyncRequestContext(int size)

{
BaseConstruction(Allocate(size));
¥
private UnsafeNclNativeMethods.HttpApi . HTTP_REQUEST* Allocate(int size)
{
if (m_PinnedHandle.IsAllocated)
{
if (RequestBuffer.Length == size)
{ . o
return RequestBlob; U3-3a HecKkonbKux pinned-6ailT umeeM nuUwWHUX 200MB
}
m_PinnedHandle.Free();  [GCHandle.Alloc(RequestBuffer, GCHandleType.Pinned);
SetBuffer(size);
if (RequestBuffer == null)
{
return nullj
m_PinnedHandle =|GCHandle.Alloc(RequestBuffer, GCHandleType.Pinned)d
return (UnsafeNclNativeMethods.HttpApi. HTTP_REQUEST*) Marshal.UnsafeAddrOfPinnedArrayElement(RequestBuffer, 0);
¥
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Yactb 12

[Torosopum npo LOH
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[Torosopum npo LOH

Large Object Heap
P (bonbwe 85000 6aKkT)

Generation 2

Generation 1

Cnpasegnueo gns Full .NET Framework, .NET Core
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(BeHumapk) LOH

public class ChunkedArray // Yydo-kaacc, komopel
{ // cnacaem om LOH
private readonly List<object[]> arrays;

public ChunkedArray(int n, int chunkSize)

{
arrays = new List<object[]>();
while (n > 0)
{
var size = Math.Min(n, chunkSize / IntPtr.Size);
arrays.Add(new object[size]);
n -= size;
}
}
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(BeHumapk) LOH

public class Node // BcnomozamensHhslli Kaacc,

{ // Komopelli nomoxem Ham 6eHumapKams
public ChunkedArray Array { get; }
public Node Next { get; }
public int X;

public Node(ChunkedArray array, Node next)
{

Array = array;

Next = next;

b

// Ouenv nonesuvlll Puranudamop
“Node () => X++;

70/79 12. MNorosopum npo LOH =



(BeHumapk) LOH

// *¥*¥*% Allocate ***
var node = new Node(new ChunkedArray(N, ChunkSize),
null);
for (int i = 0; i < 1000; i++)
node = new Node(new ChunkedArray(N, ChunkSize),
(1 % 50 == 0) ? null : node);
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(BeHumapk) LOH

// *¥*¥*% Allocate ***
var node = new Node(new ChunkedArray(N, ChunkSize),
null);
for (int i = 0; i < 1000; i++)
node = new Node(new ChunkedArray(N, ChunkSize),
(1 % 50 == 0) ? null : node);

// **x Force Collect (.NET 4.5.1+) *xx

GCSettings.LargeObjectHeapCompactionMode =
GCLarge(ObjectHeapCompactionMode.CompactOnce;

GC.Collect();

GC.WaitForPendingFinalizers();
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(PesynstaTsl) LOH

Announpyem MHOro 60bLLINX 0O0BLEKTOB,
cobupaem mMycop n 3amepsieMm Bpems:

ChunkSize| Full Framework | Mono
80000  |~3.3s ~2.0s

Windows 10, .NET 4.6.2, RyuJIT-x64, Mono 4.6.2, Skylake
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(PesynstaTsl) LOH

Announpyem MHOro 60bLLINX 0O0BLEKTOB,
cobupaem mMycop n 3amepsieMm Bpems:

ChunkSize| Full Framework | Mono
80000 ~3.3s ~2 0s
00 ~]1.9s ~1.bs

Windows 10, .NET 4.6.2, RyuJIT-x64, Mono 4.6.2, Skylake
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[lo paHHOMY beHuUMapKy:
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[lo paHHOMY beHuUMapKy:

« Henb3st genaTb BbIBOALI O paHTaliMax
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[lo paHHOMY beHuUMapKy:

« Henb3st genaTb BbIBOALI O paHTaliMax

« Henbzs AeNaTb BbIBOAblI O TOM, HYTO XKE
NCMNOJIb30BATb B MPOAaKLLUEHE
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[lo paHHOMY beHuUMapKy:

« Henb3st genaTb BbIBOALI O paHTaliMax

« Henbzs AeNaTb BbIBOAblI O TOM, HYTO XKE
NCMNOJIb30BATb B MPOAaKLLUEHE

. Boobuie Henbsa Tak benumapkats GC,
NPUMEP CNNLLIKOM aKageMudeCcKubi
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[Toyemy Rider Bcé ellé ncnonbayer vaHkm?
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[Toyemy Rider Bcé ellé ncnonbayer vaHkm?

Henb3s npocTto Tak B3SiITb N HavaTb
pecdakTopuTh legacy

HyxHo nmogymaTb npo:
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[Toyemy Rider Bcé ellé ncnonbayer vaHkm?

Henb3s npocTto Tak B3SiITb N HavaTb
pecdakTopuTh legacy

HyxHo nmogymaTb npo:
o PazHblie OC 1 paHTaiimbl
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[Toyemy Rider Bcé ellé ncnonbayer vaHkm?

Henb3si npocTto Tak B3siTb N HaydaTb
pecdakTopuTh legacy
HyxHo nmogymaTb npo:
o PazHblie OC 1 paHTaiimbl
. PasHble Harpysku u cueHapum
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[Toyemy Rider Bcé ellé ncnonbayer vaHkm?

Henb3si npocTto Tak B3siTb N HaydaTb
pecdakTopuTh legacy
HyxHo nmogymaTb npo:
o PazHblie OC 1 paHTaiimbl
. PasHble Harpysku u cueHapum

. Llenesbie meTpuku: latency, footprint
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App history  Startup  Users Details  Services

[To ywin B cBone

CPU =
[ 46% 2,16 GHz hﬂenﬁory 16.0 GB DDR3
Memary usage 15.9 GB
Memory
15.9/15.9 GB (100%)
Disk 0 (C)
100%
Ethernet 60 seconds 0
5 0 R: 0 Kbps In use (Compressed) Available Speed: 1600 MHz
16GB (475MB) 28MB  Soues 20f4
Ethernet Form factor: SODIMM
Not connected Committed Cached Hardware reserved: 120 MB
36.2/40.0 GB  14.3 GB
“S‘?‘;_Ff:lﬁ Kbps Paged pool Men-paged pool
- 671 MB 651 MB
v

12. MNorosopum npo LOH
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3aknroyeHmne
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3akato4eHne

Onsa memory-bound 6eHuYmMapknHra Hy>kHO MHOro
NOHNMATb

e Obuwasn metomonorus
(pa3mep paboueli naMsATK, NaTTepHbI 4OCTyNa U BCE Takoe)

e YCTpOICTBO »Kene3a U paHTaiiMoB

e [lonb3oBaTenbckue CueHapun
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3akato4eHne

Onsa memory-bound 6eHuYmMapknHra Hy>kHO MHOro
NOHNMATb

Obuwas meTogonorus
(pa3mep paboueli naMsATK, NaTTepHbI 4OCTyNa U BCE Takoe)

VCTpoicTBO »enesa 1 paHTaimMoB

[lonb3oBaTenbckue CueHapun

HanomwuHaHusa

70 bbIN goKNag o 3amepax, a He 0b onTMU3aLnsx

B bonblwinHCcTBE Cnyyaes BCE He TaK YXK 1 MAOXO
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MeToandeckass amtepaTypa

NET Handbooks

gl??ﬁeﬁ:‘;“ﬂ::agemem Sys tems

Pt Performance

Chris Farrell and Nick Harrison Pro
ADVANCED e se o

.NET Performance

Optimize Your C# Applic

99,
R0

XX

$0.69090.
OOPQOCOO0)
9 909990

o

ANAAKN

-EHI?'.WI?
\

Apress

o Intel(R) 64 and IA-32 Architectures Optimization Reference Manual

e An optimization guide for assembly programmers and compiler makers
e What Every Programmer Should Know About Memory
+ 6202 —  [:]]]1:] MNogennteca #431610

XXX: BOT 3aBopAT nwau cebe cembM, HaxoAAT Aeeywek, ob3arogaTca xo66w, a noToMm yAMENAKTCA,
novyeMy OHW TAK NNOX0 ZHANT aApPXHMTeKTypy x806_64.
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Anppeli AKMHbLLINH
http://aakinshin.net
https://github.com/AndreyAkinshin
https://twitter.com/andrey akinshin
andrey.akinshin@gmail.com
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