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YcTtpouctso 3ebra

— Mactep — ynpasnaeT "MAepCTBOM,
3HAET, r4e N YTO NeXUT

— Tabnet-cepsepbl (TS) — XxpaHAT AaHHbIE,
OTBEYaloT Ha 3anpocbl YTeHMsA/3anmcu
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[lamn c npobaemHOU MaLLUHDbI

Count Size ClassName
475148 19005920 ConcurrentDictionary 2+Node[String, UInt32]
475148 22807104 ConcurrentDictionary 2+Node[UInt32, String]
165667 25765328 System.Char|]
473931 54997872 System.Object]]

207928 57476304 System.Int32]]

4590319 110167656 System.Object
1505479 136176586 System.String
173753 969062931 System.Byte[]



[lamn c npobaemHOU MaLLUHDbI

Count Size ClassName
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475148 22807104 ConcurrentDictionary 2+Node[UInt32, String]
165667 25765328 System.Char|]
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HabntoneHna npo ConcurrentDictionary

— Overhead B 1 06beKT Ha Ky4e Ha KaXXayto 3anmnchb
— lMepeco3anaHne scex Node Ha KaxKabin Resize
— Lock npu 3anucu

— bonbwe notpebnaer yem obbI4HBLIM Dictionary



O




KaKyto IOKaNbHYIO 3a4a4y peLlaem?

— Monsa Tabauy,
— Append-only
— Multiple readers

— Single writer



Kakue TpeboBaHMA npeabABASEM?

— Single writer multiple readers moaensb
— HeT overhead a no obbeKTam
— Lock-free yteHus

— YMeHblieHne noTpebneHmna namaTtu



[Tpo ycTpOnCTBO CnoBaps

g A /~ N
Buckets: 0 1 2 N n Key:  ***
N Y, Value; *****
<i> \\Hash:Z Y.

ConcurrentDictionary.Node



Kak B Dictionary Ha camom gene

0) 1 2 n
4 A\
- 4 2 n
Buckets: \ \ J /Entry N\
key: TKey
value: TValue
p . | hash: l.,lint
Entries: 0 1 2 3 TZT L. Im Qext: int Yy,
N N N / J




Kak B Dictionary Ha camom gene

0 1 2 n
4 Y
: 4 3 n
Buckets: N y /Entry: struct)
key: TKey
value: TValue
p N hash: uint
les: 0 1 2 ﬁ TAT Im next: int
Entries i 1 3 E £ ) \n )




[lobaBneHune

var hashCode = (uint)key.GetHashCode();

ref int bucket = ref GetBucket(buckets, hashCode);
ref Entry entry = ref entries[count];

entry.hashCode = hashCode;
entry.next = bucket;
entry.key = key;
entry.value = value;

bucket = count;
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[lobaBneHune

var hashCode = (uint)key.GetHashCode();

ref int bucket = ref GetBucket(buckets, hashCode);
ref Entry entry = ref entries[count];

entry.hashCode = hashCode;
entry.next = bucket;
entry.key = key;
entry.value = value;

bucket = countL]




[TonckK

var buckets = buckets;
var entries = _entries;

var hashCode = (uint)key.GetHashCode();
int bucket = ref GetBucket(buckets, hashCode);

// NVHENHbIn Nouck no bakeTy
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[TonckK

var buckets = buckets;
var entries = _entries;
var hashCode = (uint)key.GetHashCode();

int bucket = ref GetBucket(buckets, hashCode);

// NVHENHbIn Nouck no bakeTy




Moaenb namaTmn™

Conforming implementations of the CLI are free to execute programs
using any technology that guarantees, within a single thread of
execution, that side-effects and exceptions generated by a thread are
visible in the order specified by the CIL.

*ECMA-3351.12.64



https://www.ecma-international.org/wp-content/uploads/ECMA-335_6th_edition_june_2012.pdf

[lobaBneHune

var hashCode = (uint)key.GetHashCode();

ref int bucket = ref GetBucket(buckets, hashCode);
ref Entry entry = ref entries[count];

entry.hashCode = hashCode;
entry.next = bucket;

entry.key = key;
entry.value = value;
bucket = count;




[lobaBneHune

var hashCode = (uint)key.GetHashCode();

ref int bucket = ref GetBucket(buckets, hashCode);
ref Entry entry = ref entries[count];

entry.hashCode = hashCode;
entry.next = bucket;
bucket = count;
entry.key = key;
entry.value = value;




PacwunpeHune

var hashCode = (uint)key.GetHashCode();

ref int bucket = ref GetBucket(buckets, hashCode);
ref Entry entry = ref entries|[count];

ResizeIfNeeded();

// 3anucb B entry



PacwunpeHune

void ResizeIfNeeded()
{

Array.Copy(entries, newEntries);

// pacnosioxeHne B HOBble 6aKeThl

newEntries;
newBuckets;

entries
buckets



[ OHKa Npu paclwmnpeHnu

void ResizeIfNeeded()
{

Array.Copy(entries, newEntries);

// pacnosioxeHne B HOBble 6aKeThl

newEntries;
newBuckets;

entries
buckets




[ OHKa Npu paclwmnpeHnu

TValue TryGetValue(Tkey key)
{

var entries = _entries;
var buckets = buckets;
var hashCode = (uint)key.GetHashCode();

int bucket = ref GetBucket(buckets, hashCode);

// NVHEeWNHbIn Nouck no bakeTy



count ana nepedyncneHuma

var hashCode = (uint)key.GetHashCode();

ref int bucket = ref GetBucket(buckets, hashCode);
ref Entry entry = ref entries[count];

// 3anucb B entry

bucket = count;

count++;




count ana nepedyncneHuma

var hashCode = (uint)key.GetHashCode();

ref int bucket = ref GetBucket(buckets, hashCode);
ref Entry entry = ref entries[count];

count++;

// 3anucb B entry

bucket = count;



OHKaMM |\



Pewaem npobnemy npu pacliMpeHmnu

ResizeIfNeeded()
{

Array.Copy(entries, newEntries);

// pacnonoxeHne B HOBble 6aKeThl

newEntries;
newBuckets;

entries
buckets



Pewaem npobnemy npu pacliMpeHmnu

ResizeIfNeeded()
{

Array.Copy(entries, newEntries);

// pacnosoxeHne B HOBble 6aKeTbl

- entries newEntries;
-  buckets newBuckets;
+ tables = new Tables(newEntries, newBuckets);



Pewaem npobnemy npu pacliMpeHmnu

TValue TryGetValue(Tkey key)
{

var entries = _entries;
var buckets = buckets;

var hashCode = (uint)key.GetHashCode();

int bucket = ref GetBucket(buckets, hashCode);

// NVHEeNHbIn Nouck no bakeTy



Pewaem npobnemy npu pacliMpeHmnu

TValue TryGetValue(Tkey key)

{

- var entries = _entries;
- var buckets = buckets;
+ var tables = tables;

var hashCode = (uint)key.GetHashCode();

- 1int bucket
+ 1int bucket

ref GetBucket(buckets, hashCode);
ref GetBucket(tables.buckets, hashCode);

// NVHEeNHbIn Nouck no bakeTy



Pewaem npobnemy npu pacliMpeHmnu

TValue TryGetValue(Tkey key)
{

var tables = tables;
var hashCode = (uint)key.GetHashCode();

int bucket = ref GetBucket(tables.buckets, hashCode);

// NVHENHbIn NMonck no bakeTy



OnTMmMmmsaumMm KOMNUNATOPA

— instructions reordering



Q: 3aBepwnTCA NU?

static int data = 0;

void Run()

{
Task.Delay(1l).ContinueWith(_ => data = 1);

var iterations = 0;
while (data == 9)
iterations++;

Console.WritelLine(iterations);



Q: 3aBepwnTCA NU?

static int data = 0;
void Run()

{
Task.Delay(1).ContinueWith(_ => data = 1);

var iterations = 0;
: |
iterations++; A:Het:

Console.WritelLine(iterations);



RaK caenaet KOMNUNATOP

static int data = 0;

void Run()

{
Task.Delay(1l).ContinueWith(_ => data = 1);

var datalocal = data;

var iterations = 0;

while (datalocal == 0)
iterations++;

Console.WritelLine(iterations);



Bo 4TO CKOMNUAUpyeTcA

mov  ecX,dword ptr [rsi+8] ecx = data

test ecx,ecx if (ecx != 0)
return 9;

jne

inc  eax do {

test ecx,ecx eax++

je } while (ecx != 0);

ret return eax;



OnTMmMmmsaumMm KOMNUNATOPA

— instructions reordering

— loop read hoisting



Q: chomaeTcAa, ec/in 3aBUCUT OT NOPAAKA
YTEeHMA NepemMeHHbIX?

public void Foo()
{

if (B < 0)
throw new Exception();

A;
B;

var a
var b

// your algorithm



Q: chomaeTcAa, ec/in 3aBUCUT OT NOPAAKA
YTEeHMA NepemMeHHbIX?

public void Foo()

{ el

if (B < 0)
throw new Exception();

A;
B;

var a
var b

// your algorithm



RaK caenaet KOMNUNATOP

public void Foo()
{

[TopAaaoK
yTeHUM A B
U3MeHUICA

var bLocal = B;
if (bLocal < 0)
throw new Exception();

var a
var b

A;
bLocal;

// your algorithm



OnTMmMmmsaumMm KOMNUNATOPA

— instructions reordering
— loop read hoisting

— read elimination



Q: Bo3amoxKeH NullReferenceException?

private Object _obj = new Object();

void PrintObj() {
Object obj = _obj;
if (obj != null)
Console.WriteLine(obj.ToString());
}

void Uninitialize() {
_obj = null;
}



Q: Bo3amoxKeH NullReferenceException?

private Object _obj = new Object();

void Printobj() { @

Object obj = _obj;
if (obj != null)
Console.WriteLine(obj.ToString());
}

void Uninitialize() {
_obj = null;
}



RaK caenaet KOMNUNATOP

private Object _obj = new Object();

void PrintObj() {

if [(_obj |!= null)
Console.WriteLinek_obj.ToString());

¥

void Uninitialize() {
_obj = null;
}



OnTMmMmmsaumMm KOMNUNATOPA

— instructions reordering
— loop read hoisting
— read elimination

— read introduction



[Tpo volatile

— instructions reordering



Acquire cemaHTUKa™

int _a;
volatile int b;
int c;

void Foo()

{

int a = _a; // Read 1

int b = b; // Read 2(volatile)

int ¢ = _c; // Read 3 _Tl
}

*ECMA-33415.54
ECMA-3351.12.6.7



https://www.ecma-international.org/wp-content/uploads/ECMA-334_5th_edition_december_2017.pdf
https://www.ecma-international.org/wp-content/uploads/ECMA-335_6th_edition_june_2012.pdf

Acquire cemaHTUKa™

int _a;
volatile int b;
int c;

void Foo()

{

int b = b; // Read 2(volatile)
int a = _a; // Read 1
int ¢ = _c; // Read 3



Acquire cemaHTUKa™

int _a;
volatile int b;
int c;

void Foo()

{

int b = b; // Read 2(volatile)
int ¢ = _c; // Read 3
int a = _a; // Read 1



Release cemaHTUKa™

int a;

volatile int b;

int c;

void Foo()

{
a =1; // Write 1 )
b =1; // Write 2(volatile)
c =1; // Write 3

*ECMA-33415.5.4
ECMA-3351.12.6.7



https://www.ecma-international.org/wp-content/uploads/ECMA-334_5th_edition_december_2017.pdf
https://www.ecma-international.org/wp-content/uploads/ECMA-335_6th_edition_june_2012.pdf

Release cemaHTUKa™

int a;
volatile int b;
int c;

void Foo()

{
a =1; // Write 1
c =1; // Write 3
b =1; // Write 2(volatile)



Release cemaHTUKa™

int a;
volatile int b;
int c;

void Foo()

{
c =1; // Write 3
a =1; // Write 1
b =1; // Write 2(volatile)



Pewlaem npobnemy c nepectaHOBKaMM

var hashCode = (uint)key.GetHashCode();

ref int bucket = ref GetBucket(tables, hashCode);
ref Entry entry = ref tables.entries[count];

ResizeIfNeeded();
// obHoBnsaem entry

bucket = count;
count++;



Pewlaem npobnemy c nepectaHOBKaMM

var hashCode = (uint)key.GetHashCode();

ref int bucket = ref GetBucket(tables, hashCode);
ref Entry entry = ref tables.entries[count];

ResizeIfNeeded();
// obHoBnsaem entry

bucket = count;
count++; |// volatile write




Pewlaem npobnemy c nepectaHOBKaMM

var hashCode = (uint)key.GetHashCode();

ref int bucket = ref GetBucket(tables, hashCode);
ref Entry entry = ref tables.entries[count];

ResizeIfNeeded();

// obHoBnsaem entry

bucket = count;

count++; // volatile write



Pewlaem npobnemy c nepectaHOBKaMM

var hashCode = (uint)key.GetHashCode();

ref int bucket = ref GetBucket(tables, hashCode);
ref Entry entry = ref tables.entries[count];

ResizeIfNeeded();

// obHoBnsaem entry

Volatile.Write(ref bucket, count);

count++; // volatile write



BHyTpun Volatile.Write()

void Write(ref int location, int value)

{

Thread.MemoryBarrier();
location = value;

¥



Pa3Hble apXUTeKTypbl NpoLeccopoB

Type

Loads can be reordered after loads

Loads can be reordered after stores
Stores can be reordered after stores
Stores can be reordered after loads
Atomic can be reordered with loads
Atomic can be reordered with stores
Dependent loads can be reordered

Incoherent instruction cache/pipeline

Memory ordering in some architectures(®Il!

RISC-V SPARC
Alpha | ARMv7 MIPS PA-RISC POWER

WMO TSO RMO PSO TSSO
Y Y Y Y Y Y
Y Y Y Y Y Y
Y Y Y Y Y Y
Y Y depend on Y Y Y Y Y Y
Y Y implementation | y Y Y
Y Y Y Y Y Y
Y
Y Y Y Y Y Y Y Y

https://en.wikipedia.org/wiki/Memory ordering

x86 2] AMDG64
Y Y
Y

IA-64 | z/Architecture

< | <X | <[ <| <| <


https://en.wikipedia.org/wiki/Memory_ordering

[lepeCTaHOBKM B Pa3HbIX apXUTEKTYypaX

X86, X64 ARM
LOAD - LOAD Het Na
LOAD - STORE Het Oa
STORE — STORE Het Na
STORE - LOAD Oa Oa




Operations without reordering

volatile int a; volatile int a; volatile int _a;
volatile int b; volatile int b; volatile int b;
{ { {
~a = 1; var a = _a; var a = _a,;
b =1; var b = b; b =1;



Volatile write-read reordering

volatile int a;
volatile int b;

void Foo()

{

a =1; // Write (volatile)

var b = b; // Read (volatile)



Volatile write-read reordering

volatile int a;
volatile int _b; MoryT 6bITb
nepecras/ieHbi!

void Foo()

{

a =1; // Write (volatile)

var b = b; // Read (volatile)



ApXUTeKTypa X386, x64

— YTeHuna n 3anucu nmeto acuire/release-cemaHTUKY

— JIT He reHepupyeT AONONHUTENBHbIX MHCTPYKUMUN ANA
volatile-nonen

— Mpedwukc lock (aka full-fence) ana:
— Thread.MemoryBarrier()
— Interlocked.[Exchange|CompareExchange]()



[lepeCTaHOBKM B Pa3HbIX apXUTEKTYypaX

X86, X64 ARM
LOAD - LOAD Het Na
LOAD - STORE Het Oa
STORE — STORE Het Na
STORE - LOAD Oa Oa




ApxuteKTtypa ARM

— JIT moxxeT* reHepupoBaTb UHCTPYKUUtO DMB ans:
— volatile fields
— Thread.MemoryBarrier()
— Interlocked.[Exchange|CompareExchange]()

— *Nna ARM64 (ARMv8) LDAR STLR

*ARM Barriers



https://developer.arm.com/documentation/100941/0100/Barriers

PaboTatlowee nobaBneHune

var hashCode = (uint)key.GetHashCode();

ref int bucket = ref GetBucket(tables, hashCode);
ref Entry entry = ref tables.entries[count];

ResizeIfNeeded();

// obHoBnAaem entry

Volatile.Write(ref bucket, count);
count++; // volatile write






beHUYMapKH

BenchmarkDotNet=v0.13.1
OS=Windows 10.0.19043.1415 (21H1/May2021Update)
AMD Ryzen 7 4700U with Radeon Graphics
1 CPU, 8 logical and 8 physical cores
.NET SDK=5.0.303
[Host] : .NET Core 3.1.22, X64 RyuJIT



beHUYMapKH
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AppendOnly without initial capacity
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6.486 ms
49.816 ms

Allocated
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beHUYMapKH

TryGetValue Missing
Method Mean Allocated

AppendOnly | 3.762 ns =
Concurrent 9.102 ns -

TryGetValue Existing
Method Mean Allocated

AppendOnly 5.325 ns -
Concurrent 13.277 ns -
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beHUYMapKH

TryGetValue Missing

Method

AppendOnly
Concurrent

Mean

3.762 ns
9.102 ns

TryGetValue Existing

Method

AppendOnly
Concurrent

Mean

5.325 ns
13.277 ns

Allocated

Allocated




beHUYMapKH

Enumeration
Method
AppendOnly
Concurrent

719.8 us
1,199.1 us

Allocated




beHUYMapKH

Enumeration
Method
AppendOnly
Concurrent

719.8 us

1,199.1 us

Allocated




PaboTa c namaTblo

ZQGB

LQGB

PO DOPL W FFTTEVIN SORTRITY1 FPTITTIVIN TR RTI Widikbbibdit [ LTTTITTI SO e 7 bk B

ConcurrentDictionary

=y ]

AppendOnlyDictionary

1,0 GB

. Heap generation 0
. Heap generation 1
. Heap generation 2
| |LOH and POH



CpaBHeHue c ConcurrentDictionary

Lock-free reads Lock-free single-writer Objects overhead

ConcurrentDictionary [a Hert Aa

AppendOnlyDictionary Aa Oa Her







HanocnenokK

— [Mpobyn Nnncatb CBOE, eCNn roTOBOE He yCTpanBaeT
— Pewawn KOHKpeTHYIo 3aaa4y

— byaeTt HenpocTo, HO nHTepecHo!



YTO noymTaTbh?

— CtaHgapTt ECMA-334 (C# Language Specification)

— CtangapTt ECMA-335 (Common Language Infrastructure)

— CH#H Memory Model in Theory and Practice pt. 1

— CH#H Memory Model in Theory and Practice pt. 2

— CbopkKa ctaten 1 goknaanos npo memory model un volatile



https://www.ecma-international.org/wp-content/uploads/ECMA-334_5th_edition_december_2017.pdf
https://www.ecma-international.org/wp-content/uploads/ECMA-335_6th_edition_june_2012.pdf
https://docs.microsoft.com/en-us/archive/msdn-magazine/2012/december/csharp-the-csharp-memory-model-in-theory-and-practice
https://docs.microsoft.com/en-us/archive/msdn-magazine/2013/january/csharp-the-csharp-memory-model-in-theory-and-practice-part-2
https://boyarincev.net/articles/dotnet/volatile-memory-barriers-models/

Bonpocsl 1=

Heuyyrosckmux AHTOH

KoHTYyp e-mail: nechugovskikh@kontur.ru

telegram: @ryzhes
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