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About Myself

* Open Source Contributor
* BenchmarkDotNet maintainer
* Performance Champion on the .NET Team at Microsoft
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Why performance is important?

* Responsiveness — customer experience S

* Scalability — scale and earn more S

* Capacity — optimize and save more S

* Power — CPU uses power, which costs $

* Heat — CPU generates heat, contributes to global warming!



Without data you’re just another
person with an opinion



The worst optimizations are the
ones based on
invalid measurements.




Benchmark? Profiler?

,,In computing, a benchmark is the act of running a computer program, a
set of programs, or other operations, in order to assess the relative
performance of an object, normally by running a number of standard tests
and trials against it”

Wikipedia

nm n

,In software engineering, profiling ("program profiling", "software
profiling") is a form of dynamic program analysis that measures, for
example, the space (memory) or time complexity of a program, the usa?e
of particular instructions, or the frequency and duration of function calls.
Most commonly, profiling information serves to aid program optimization.”

Wikipedia



https://en.wikipedia.org/wiki/Benchmark_(computing)
https://en.wikipedia.org/wiki/Profiling_(computer_programming)

What is BenchmarkDotNet?

,BenchmarkDotNet is a powerful .NET library for benchmarking.”
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https://github.com/aspnet/KestrelHttpServer/tree/dev/benchmarks/Kestrel.Performance
https://github.com/aspnet/SignalR/tree/dev/benchmarks/Microsoft.AspNetCore.SignalR.Microbenchmarks
https://github.com/aspnet/EntityFrameworkCore/tree/dev/benchmarks
https://github.com/fsharp/fsharp/blob/master/tests/scripts/array-perf/array-perf.fs
https://github.com/dotnet/orleans/tree/master/test/Benchmarks
Elastic%20Search
https://github.com/StackExchange/Dapper/tree/master/Dapper.Tests.Performance
https://github.com/SixLabors/ImageSharp/tree/master/tests/ImageSharp.Benchmarks
https://github.com/ravendb/ravendb/tree/v4.0/bench
https://github.com/nodatime/nodatime/tree/master/src/NodaTime.Benchmarks
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Sample

public class ParsingBenchmarks
{
[Benchmark]
public int ParseInt() => int.Parse("123456789");

}

void Main(string[] args)
=> BenchmarkRunner.Run<ParsingBenchmarks>();



Sample Results

ParsingBenchmarks.ParseInt: DefaultJob
Runtime = .NET Core 2.1.5 (CoreCLR 4.6.26919.02, CoreFX 4.6.26919.02), 64bit RyuJIT; GC = Concurrent Workstation
Mean = 99.9949 ns, StdErr = ©.0912 ns (0.09%); N = 13, StdDev = ©.3290 ns
Min = 99.6271 ns, Q1 = 99.7953 ns, Median = 99.9893 ns, Q3 = 100.1618 ns, Max = 160.8099 ns
IQR = 0.3664 ns, LowerFence = 99.2456 ns, UpperFence = 100.7114 ns
ConfidenceInterval = [99.6009 ns; 100.3889 ns] (CI 99.9%), Margin = ©.394@ ns (©.39% of Mean)
Skewness = 1.15, Kurtosis = 3.36, Mvalue = 2
Histogram -
s ; 100.932 ns)

BenchmarkDotNet=v@.11.1.817-nightly, 0S=Windows 10.0.17134.376 (1803/April2e18Update/Redstone4)
Intel Core 17-5557U CPU 3.10GHz (Broadwell), 1 CPU, 4 logical and 2 physical cores
Frequency=3027349 Hz, Resolution=33@.3220 ns, Timer=TSC
.NET Core S .1.403
[Host] .NET Core 2.1.5 (CoreCLR 4.6.26919.02, CorefFX 4.6.26919.02), 64bit RyuJIT
DefaultJob : .NET Core 2.1.5 (CoreCLR 4.6.26919.02, CoreFX 4.6.26919.02), 64bit RyuJIT

Error | Stdbev |

ParseInt | 99.99 ns | ©.3940 ns | ©.3290 ns
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Statistics

* Min, Lower Fence, Q1, Median, Mean, Q3, Upper Fence,
Mayx, Interquartile Range, Outliers

e Standard Error, Variance, Standard Deviation
e Skewness, Kurtosis

e Confidence Interval (Mean, Error, Level, Margin, Lower,
Upper)
 Percentiles (PO, P25, P50, P67, P80, P85, P90, P95, P100)

11



Multimodal distribution

[MValueColumn]
[SimpleJob(RunStrategy.Throughput, 1, 0, -1, 1, "MainJob")]
public class IntroMultimodal

{
private readonly Random rnd = new Random(42);
private void Multimodal(int n) => Thread.Sleep((rnd.Next(n) + 1) * 100);
[Benchmark]
public void Unimodal() => Multimodal(1l);
[Benchmark]
public void Bimodal() => Multimodal(2);
[Benchmark]
public void Trimodal() => Multimodal(3);
[Benchmark]
public void Quadrimodal() => Multimodal(4);

}

12



Histogram
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BenchmarkSwitcher

void Main(string[] args)
=> BenchmarkSwitcher
.FromAssembly(typeof(Program).Assembly)
.Run(args);

PS C:\Projects\performance\src\benchmarks> dotnet run Release netcoreapp2.l

Use " --filter and --list’ !

14



—|ist

e -|list flat | tree

PS C:\Users\adsitnik\source\repos\BdnDemo\BdnDemo> dotnet run
BdnDemo
IntroMultimodal
Unimodal
Bimodal
Trimodal
Quadrimodal

ListBenchmarks
Add
AddLoop
Md5VsSha256
Sha256
Md5
ParsingBenchmarks
Lparselnt

Release

netcoreapp2.0

--list tree

15



How does it work?

e Auto mode (default):
* Jitting
* Pilot
* Overhead Warmup
* Overhead Actual
* Workload Warmup
* Workload Actual

* Specific (configured):
* Overhead Warmup
* Overhead Actual
* Workload Warmup
* Workload Actual

16



Jitting

OverheadJitting
WorkloadJitting

OverheadJitting
WorkloadJitting

1 op, 313475.59 ns, 313.4756 us/op
1 op, 2107784.73 ns, 2.1078 ms/op

16 op, 741242.59 ns, 46.3277 us/op
16 op, 610104.75 ns, 38.1315 us/op

17



Pilot stage — perfect invocation count

Heuristic

WorkloadPilot
WorkloadPilot
WorkloadPilot
WorkloadPilot
WorkloadPilot
WorkloadPilot
WorkloadPilot
WorkloadPilot
WorkloadPilot
WorkloadPilot
WorkloadPilot
WorkloadPilot
WorkloadPilot
WorkloadPilot
WorkloadPilot
WorkloadPilot
WorkloadPilot
WorkloadPilot
WorkloadPilot
WorkloadPilot

Voo-NowvbkwNPRE

16\op, 5615.47 ns, 350.9671 ns/op

32 lop, 6606.44 ns, 206.4513 ns/op

64 bp, 23452.86 ns, 366.4510 ns/op

128iop, 42941.86 ns, 335.4833 ns/op

256 lop, 93150.81 ns, 363.8703 ns/op

512 op, 64743.11 ns, 126.4514 ns/op

1024\ op, 148975.23 ns, 145.4836 ns/op

2048 lop, 286058.86 ns, 139.6772 ns/op

4096 lop, 540737.13 ns, 132.0159 ns/op

8192 pp, 953309.31 ns, 116.3708 ns/op

16384\ op, 1912564.43 ns, 116.7337 ns/op
32768 lop, 3450213.37 ns, 105.2922 ns/op
65536 op, 7242640.34 ns, 110.5139 ns/op
131@72}op, 13963041.59 ns, 106.5296 ns/op
262144 \op, 28827531.94 ns, 109.9683 ns/op
524288 lop, 57801396.54 ns, 110.2474 ns/op
1048576} op, 188772394.59 ns, 103.7334 ns/op
2097152 op, 216061643.37 ns, 103.0262 ns/op

/4194304 lop, 429615812.38 ns, 102.4284 ns/op

8388608 bp, 869214286.16 ns, 103.6184 ns/op

job.WithInvocationCount(count) or --invocationCount

18


https://github.com/dotnet/BenchmarkDotNet/blob/28929242608031896aec9ec931322a688ab98ef2/src/BenchmarkDotNet/Engines/EnginePilotStage.cs#L53-

OverheadActual
OverheadActual
OverheadActual
OverheadActual
OverheadActual
OverheadActual
OverheadActual
OverheadActual
OverheadActual
OverheadActual
OverheadActual
OverheadActual
OverheadActual
OverheadActual
OverheadActual
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8388608
8388608
8388608
8388608
8388608
8388608
8388608
8388608
8388608
8388608
8388608
8388608
8388608
8388608
8388608

1e477122.
16628740.
16199982.
16220131.
16184787.
16199982.
16763841.
16979542.
17134463.
1677176S.
16812399.
16797865.
17373286.
16612224.
16755914.

Result = (Result + Overhead) - Overhead

FRNMNNNMNRNNRRRRRRR
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The Overhead

[Benchmark(Description = "Interlocked.Increment(ref int)")]

[Arguments(10)]

public int Increment(ref int arg) => Interlocked.Increment(ref arg);

[Benchmark]
[Arguments(10) ]
public int Overhead(ref int arg) => 0;

DefaultConfig.Instance
With(Job.Default.WithId("NO Overhead"))
With(Job.Default.WithEvaluateOverhead(false).WithId("With Overhead"))

20



The difference

senchmarkDotNet=v0.10.14.20180425-develop, 0S=windows 10.0.16299.371 (1709/FallCreatorsUpdate/Redstone3)

ntel Core i7-6700 CPU 3.40GHz (Skylake), 1 CcPU, 8 logical and 4 physical cores

requency=3328125 Hz, Resolution=300.4695 ns, Timer=TSC

.NET Core SDK=2.1.300-preview2-008533
[Host] : .NET Core 2.1.0-preview?-26406-04 (CoreCLR 4.6.26406.07, CoreFX 4.6.26406.04), 64bit RyulIT
NO Overhead : .NET Core 2.1.0-preview2-26406-04 (CoreCLR 4.6.26406. CoreFX 4.6.26406.04), 64bit RyulIT
with Overhead : .NET Core 2.1.0-previewlZ-26406-04 (CoreCLR 4.6.26406.07, CoreFX 4.6.26406.04), 64bit RyulJIT

Job Evaluatec 1ead arg Mean

Default 10
with Overhead False 10

21



Warmup stage

WorkloadWarmup : 8388608 854038302.
WorkloadWarmup : 8388608 855850118.
WorkloadWarmup : 8388608 852839893.

WorkloadWarmup : 8388608 871725394.
WorkloadWarmup : 8388608 852693230.
WorkloadWarmup : 8388608 857685387.

job.WithWarmupCount(count)
or
--warmupCount
--minWarmupCount
--maxiarmupCount

Heuristic


https://github.com/dotnet/BenchmarkDotNet/blob/94863ab4d024eca04d061423e5aad498feff386b/src/BenchmarkDotNet/Engines/EngineWarmupStage.cs#L59-

Actual Workload

8388608 881260138.
8388608 853852330.
8388608 852393298.
8388608 853952748.
8388608 853756867 .
8388608 855847475.
8388608 858974634.
8388608 852780105.
8388608 854761046.
8388608 854717113.
8388608 854827111.
8388608 855137613.
8388608 875801237.
8388608 857909676.
8388608 862315841.

WorkloadActual
WorkloadActual
WorkloadActual
WorkloadActual
WorkloadActual
WorkloadActual
WorkloadActual
WorkloadActual

W oo~y pBwhRE

WorkloadActual
WorkloadActual
WorkloadActual
WorkloadActual
WorkloadActual
WorkloadActual
WorkloadActual

BB R R R R
uhwNnEREO®

job.WithTargetCount(count)

Heuristic


https://github.com/dotnet/BenchmarkDotNet/blob/94863ab4d024eca04d061423e5aad498feff386b/src/BenchmarkDotNet/Engines/EngineTargetStage.cs#L42-

Results

1: 8388608 837191527. 99.8010 ns/op ;f :i:zzg: :E;égg;;gl : 2§§Zp

2: 8388608 835732495, 99.6271 ns/op 3 8388608 852393298: ns/og

3: 8388608 837291945, 99.8130 ns/op 4: 8388608 853952748 . ns/op

4: 8388608 837096064. 99.7896 ns/op 5: 8388608 853756867. . ns/op

5: 8388608 839186672. 100.0388 ns/op 6: 8388608 855847475. . ns/op

6: 8388608 842313830. 100.4116 ns/op 7: 8388608 op, 858974634. : ns/op

7: 8388608 836119302. 99.6732 ns/op o maacen o il : :jgg

8: 8388608 838100243. 99.9093 ns/op . 8388608 854717113. . ns/op

9: 8388608 838056310. 99.9041 ns/op : 8388608 854827111. . ns/op

10: 8388608 838166307. 99.9172 ns/op : 8388608 855137613. . ns/op

11: 8388608 838476810. 99.9542 ns/op L R : :z;gg

: 8388608 841248872. 100.2847 ns/op WorkloadActual 15: 8388608 862315841. : ns/op
13: 8388608 845655037. 100.8099 ns/op

WorkloadResult : 8388608 837191527. 99.8010 ns/op

WorkloadResult : 8388608 835732495, 99.6271 ns/op

WorkloadResult : 8388608 837291945, 99.8130 ns/op

WorkloadResult : 8388608 837096064 . 99.7896 ns/op

WorkloadResult : 8388608 839186672. 100.0388 ns/op

WorkloadResult : 8388608 842313830. 100.4116 ns/op

WorkloadResult : 8388608 836119302. 99.6732 ns/op

. ° o lWorkloadResult : 8388608 838100243. 99.9093 ns/o

JOb . Wlt h Removeout lle rs ('False) WorkloadResult 9: 8388608 838056310. 99.9041 nsfoE

. WorkloadResult : 8388608 838166307. 99.9172 ns/op

or\ - _Outllerﬁs WorkloadResult : 8388608 838476810. 99.9542 ns/op

WorkloadResult : 8388608 841248872. 100.2847 ns/op
WorkloadResult : 8388608 845655037. 100.8099 ns/op

IsOutlier


https://github.com/dotnet/BenchmarkDotNet/blob/adea8f15aea25fd5f293e52ab02c7749d1d36792/src/BenchmarkDotNet/Mathematics/Statistics.cs#L83

Customizing the heuristic

* job.WithlterationTime(timelnterval)

* job.WithMinlterationTime(timelnterval)
* job.WithMinlnvokeCount(int)

* job.WithMaxRelativeError(double)

* job.WithMaxAbsoluteError(timelnterval)

25



The trap

public class ListBenchmarks

{

private List<int> list = new List<int>();

[Benchmark%
public void Add() => list.Add(1234);

[Benchmarkg
public void AddLoop()

list.Clear();

for (int i = @; i < 1000; i++)
list.Add(1234);

26



O 3 el e e oo 2 5 LI0
1 67108864 op, 969300202.92 ns, 14.4437 ns/op
! 67108864 op, 474111508.12 ns, 7.0648 ns/op

! 67108864 op, 390771926.20 ns, 5.8230 ns/op

OutOfMemoryException!

BenchmarkDotNet continues to run additional iterations until desired accuracy level is achieved. It's possible only if the benchmark method doesn't have any side-effects.
If your benchmark allocates memory and keeps it alive, you are creating a memory leak.

You should redesign your benchmark and remove the side-effects. You can use “OperationsPerInvoke™, “IterationSetup™ and "IterationCleanup™ to do that.

27



Stages: Summary

* Using statistics to get stable results

e Users don’t need to worry about specifying invocation count
* Results don’t contain overhead

* It takes time to do all of that

* User can specify invocation/iteration/warmup/target count
e User can customize the heuristic

* Benchmarks should not have side-effects

28



Setup & Cleanup

public class SetupAndCleanupExample

{
[GlobalSetup]

public void GlobalSetup() { }

[IterationSetup] // sets 1 iteration = 1 invocation
public void IterationSetup() { }

[Benchmark]
public void Benchmark() { }

[IterationCleanup]
public void IterationCleanup() { }

[GlobalCleanup]
public void GlobalCleanup() { }

More info

29


http://benchmarkdotnet.org/Advanced/SetupAndCleanup.htm

lteration (pseudo code)

public Measurement RunIteration(IterationData data)

{
IterationSetupAction();

GcCollect();

var clock = Clock.Start();
action(invokeCount / unrollFactor);
var clockSpan = clock.GetElapsed();

IterationCleanupAction();
GcCollect();

job.WithGcForce(false)

30



Inlining

[Benchmark(Baseline = true)]
public void OneWay() { /* one way to solve the problem */ }

[Benchmark]
public void AnotherWay() { /* another way to solve the problem */ }

What if one of the methods get inlined?
How to prevent inlining without modifying the code?

public delegate Span<byte> TargetDelegate();

private TargetDelegate targetDelegate = BenchmarkedMethod;

31



How to minimize loop overhead?

private void MainMultiAction(long invokeCount)

{
for (long i = @; i < invokeCount; i++)
targetDelegate();

private void MainMultiAction(long invokeCount)

{
for (long i = @; i < invokeCount / unrollFactor; i++)
{
targetDelegate(); targetDelegate(); targetDelegate(); targetDelegate();
targetDelegate(); targetDelegate(); targetDelegate(); targetDelegate();
targetDelegate(); targetDelegate(); targetDelegate(); targetDelegate();
targetDelegate(); targetDelegate(); targetDelegate(); targetDelegate();
}
¥

job.WithUnrollFactor(count) or --unrollFactor
More info


https://github.com/dotnet/BenchmarkDotNet/issues/611

OperationsPerInvoke

[DisassemblyDiagnoser]
public class OperationsPerInvokeSample

{

private int a;

[Benchmark]
public void IncrementLoop()

for (int 1 = 0; 1 < 4; i++)
a++;

}

[Benchmark(OperationsPerInvoke = 4)]
public void Increment()

{
}

a++; a++; a++; at+;

33



Loop has an overhead!

BenchmarkDotNet=v@.11.1.817-nightly, 0S=Windows 10.0.17134.376 (18@3/April2e@l18Update/Redstone4)
Intel Core i7-5557U CPU 3.18GHz (Broadwell), 1 CPU, 4 logical and 2 physical cores
Frequency=3027338 Hz, Resolution=33@.3232 ns, Timer=TSC
.NET Core SDK=2.1.4@3
[Host] .NET Core 2.0.7 (CoreCLR 4.6.26328.01, CoreFX 4.6.26403.03), 64bit RyuJIT
Defaultlob .NET Core 2.0.7 (CoreCLR 4.6.26328.01, CoreFX 4.6.26403.03), 64bit RyuJIT

Method Mean | Error | StdDev |

Incrementloop | 6.6442 ns | @.1663 ns | ©.2042 ns |
Increment | ©.2338 ns | ©.0036 ns | ©.0038 ns |

BdnDemo.OperationsPerInvokeSample

IncrementLoop .NET Core 2.0.7 (CoreCLR 4.6.26328.01, CoreFX 4.6.26403.03), 64bit Increment NET Core 2.0.7 (CoreCLR 4.6.26328.01, CoreFX 4.6.26403.03), 64bit
RyuJIT RyuJIT
eoea7fff ©3e71970 BdnDemo.OperationsPerInvokeSample.IncrementLoop() Peee7fff ©3e51970 BdnDemo.OperationsPerInvokeSample.Increment()
eeoa7fff @3e71970 33c0 xor eax,eax @eee7fff @3e5197@ 8b41es mov eax,dword ptr [rcx+8]
eeea7fff @3e71972 ff4les inc dword ptr [rcx+8] eeea7fff ©3e51973 ffce inc eax
eoea7fff @3e71975 ffco inc eax eeoe7fff ©3e51975 894168 mov dword ptr [rcx+8],eax
eoea7fff @3e71977 83fse4 cmp eax,4 00007 ©3e51978 ffco inc eax
eeoa7fff @3e7197a 7cfe jl eooa7fff @3e71972 eeva7fff @3e5197a 894188 mov dword ptr [rcx+8],eax
eoea7fff @3e7197¢ 3 ret @eee7fff @3e5197d ffce inc eax
eeea7fff ©3e5197f 894188 mov dword ptr [rcx+8],eax
eeee7fff @3e51082 ffce inc eax
00007fff ©3e51984 8941688 mov dword ptr [rcx+8],eax
eeea7fff 83e51987 c3 ret

34



How to prevent from Out-of-order execution?

private void MainMultiAction(long invokeCount)

{
for (long i =

{

0; 1 < invokeCount / unrollFactor; i++)

consumer.
consumer.

consumer
consumer
consumer
consumer
consumer
consumer

Consume(targetDelegate());
Consume(targetDelegate());

.Consume(targetDelegate());
.Consume(targetDelegate());
.Consume(targetDelegate());
.Consume(targetDelegate());
.Consume(targetDelegate());
.Consume(targetDelegate());

consumer.
consumer.

consumer
consumer
consumer
consumer
consumer
consumer

Consume(targetDelegate());
Consume(targetDelegate());

.Consume(targetDelegate());
.Consume(targetDelegate());
.Consume(targetDelegate());
.Consume(targetDelegate());
.Consume(targetDelegate());
.Consume(targetDelegate());



consumer

public class Consumer

{
private volatile byte byteHolder;
// (more types skipped for brevity)
private string stringHolder;
private object objectHolder;

[MethodImpl(MethodImplOptions.AggressiveInlining)]
public void Consume(ulong ulongValue)
=> Volatile.Write(ref ulongHolder, ulongValue);

36



lteration: Summary

* Use Global/Iteration Setup/Cleanup attributes

* Delegates:

e prevent from inlining
* Allow ref returning benchmark
* Allow stackonly types returning benchmarks

* Unroll factor — to minimize the overhead of loop
* Use Volatile.Write to prevent from reordering
* As the end user you just need to return the result

37



Architecture

* Host Process (console app)
* Generates
* Builds (Roslyn/dotnet cli)
* Executes Child Process

* Child Process (console app)
* Executes benchmark
* Signals events to Host
* Reports results to Host

38



Why Process-level Isolation?

* We want to have stable and repeatable results

* Order of executing benchmarks should not affect the results
* Benchmarks can have side effects
* GC is self-tuning (generation size can change over time)
* We need a clean CPU cache
* CLR can apply some optimizations

e [InProcessToolchain] does not spawn new process

39



Generating new project

* Benchmark.notcs (customized for every benchmark)

* Benchmark.csproj
* Architecture (Job.Env.Platform)
* Optimizations: ALWAYS on

e Benchmark.config - derives from Host.config file, except of:

* GC Mode (Job.Env.Gc)
* JIT: Legacy/RyulIT/LLVm (Job.Env.Jit, *LLVM only for Mono)
* & more: GCCpuGroup, gcAllowVeryLargeObjects

e Use [KeepBenchmarkFiles] to see what is generated

40



Run benchmark for all JITs

[Config(typeof(JitsConfig))]
public class MathBenchmarks

private class JitsConfig : ManualConfig

public JitsConfig()

Add(Job.Default.With(Jit.LegacyJit).With(Platform.X86).WithId("Legacy x86"));
Add(Job.Default.With(Jit.LegacyJit).With(Platform.X64).WithId("Legacy x64"));
Add(Job.Default.With(Jit.RyuJit).With(Platform.X64).WithId("Ryu x64"));

}

[Benchmark]

public double Sqrt14()
=> Math.Sqrt(1) + Math.Sqgrt 23 + Math.SqrtéB; + Math.Sqrté4; +
Math.Sgrt(5) + Math.Sqrt(6) + Math.Sqrt(7) + Math.Sqrt(8) +
Math.Sqrt(9) + Math.Sqrt(10) + Math.Sqrt(11l) + Math.Sqrt(12) +
Math.Sqrt(13) + Math.Sqrt(14);

41



Legacylit vs Ryulit

BenchmarkDotNet=v0.10.14.20180425-develop, 0S=Windows 10.0.16299.371 (1709/FallCreatorsUpdate/Redstone3)
Intel Core i7-6700 CPU 3.40GHz (Skylake), 1 CPU, 8 logical and 4 physical cores
Frequency=3328125 Hz, Resolution=300.4695 ns, Timer=TSsC
[Host] : .NET Framework 4.7.1 (CLR 4.0.30319.42000), 64bit RyulIT-v4.7.2633.0
Legacy x64 : .NET Framework 4.7.1 (CLR 4.0.30319.42000), 64bit LegacyJdI rjit-vd.7.2633.0;compatjit-v4.7.2633.0
Legacy x86 : .NET Framework 4.7.1 (CLR 4.0.30319.42000), 32bit LegacyJI i
Ryu x64 : .NET Framework 4.7.1 (CLR 4.0.30319.42000), 64bit RyulIT-v4.7

Job J1 Mean

Why ©ns for RyulIT?!? Is it a bug?
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Different GC modes

[Config(typeof(GcConfig))]
public class GcBenchmarks

{
private class GcConfig : ManualConfig
{
public GcConfig()
{
Add(Job.Default.With(new GcMode { Server = true, Concurrent = true }).WithId("Background Server"));
Add(Job.Default.With(new GcMode { Server = true, Concurrent = false }).WithId("Server"));
Add(Job.Default.With(new GcMode { Server = false, Concurrent = true }).WithId("Background Workstation"));
Add(Job.Default.With(new GcMode { Server = false, Concurrent = false }).WithId("Workstation"));
Add(MemoryDiagnoser.Default);
}
}

[Benchmark(Description = "new byte[10kB]")]
public byte[] Allocate() => new byte[10000];



Different GC modes

Method Job Server Error i an Gen 0

* More settings available:
* CpuGroups

AllowVerylLargeObijects

RetainVM

NoAffinitize

HeapAffinitizeMask

HeapCount
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Build

* For .NET and Mono we use Roslyn

* For .NET Core and CoreRT we use dotnet cli
* Build 1 exe per runtime settings (0.11.0)

* Build is done in paralell

* Any target framework: .NET Core vs .NET vs Mono vs CoreRT
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Compare frameworks

[ClrJob(isBaseline: true), MonoJob, Corelob, CoreRtJob]
public class Algo Md5VsSha256

{
private readonly byte[] data;
private readonly MD5 md5 = MD5.Create();
private readonly SHA256 sha256 = SHA256.Create();
public Algo Md5VsSha256()
{
data = new byte[10000];
new Random(42).NextBytes(data);
}
[Benchmark]
public byte[] Md5() => md5.ComputeHash(data);
[Benchmark]
public byte[] Sha256() => sha256.ComputeHash(data);
}
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Core vs .NE

vs Mono vs CoreR

(1783/FallCreatorsUpdate/Redstone3)
and 4 ysical cores

G4bit
, B4bit
eF¥ 4.5.
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--runtimes

--runtimes net46 netcoreapp2.0 netcoreapp2.1

BenchmarkDotNet=v@.11.1.817-nightly, 0S=Windows 10.0.17134.376 (1803/April2@18Update/Redstone4)
[[ntel Core i7-5557U CPU 3.10GHz (Broadwell), 1 CPU, 4 logical and 2 physical cores
requency=3027349 Hz, Resolution=330.3220 ns, Timer=TSC
.NET Core SDK=2.1.4@3
[Host] : .NET Core 2.1.5 (CoreCLR 4.6.26919.02, CoreFX 4.6.26919.02), 64bit RyulIT
Job-LWAHYW : .NET Framework 4.7.2 (CLR 4.0.30319.42000), 64bit RyulIT-v4.7.3221.0
Job-XODHOL : .NET Core 2.0.7 (CoreCLR 4.6.26328.01, CoreFX 4.6.26403.03), 64bit RyuldIT
Job-LCDRWL : .NET Core 2.1.5 (CoreCLR 4.6.26919.02, CoreFX 4.6.26919.02), 64bit RyuJIT

Method | Runtime v StdDev

ParseInt netd46 | 104.55 ns
ParseInt netcoreapp2.@ | 116.31 ns
ParseInt netcoreapp2.1 | 98.92 ns
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Executor

* Process.Start for .NET and Mono and CoreRT

* dotnet Sbenchmark.dll for .NET Core
 Communication is done over std in/out (KISS)

e Custom processor affinity can be set (--affinity)

* Benchmarks are run sequentially, not in parallel
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Architecture: Summary

* Host process generates, builds and runs .exe per benchmark
* It helps us to get repeatable results

* It allows the users to compare different settings:
* Legacy vs Ryulit
* GC Workstation vs GC Server
* .NET vs Mono vs Core vs CoreRT

* [t limits us to only known frameworks
* InProcessToolchain runs in process (-i)
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Diagnhosers

* Plugins that allow to get some extra diagnostic information

e Can attach to the child proces:
* Before anything else
* Before Main run
e After Main run
 After all
 Separate logic

* Few types: extra run / no overhead / separate logic
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Memory Diagnhoser

* Peforms an extra iteration at the end of Target Stage

* Uses available API:
* AppDomain.CurrentDomain.MonitoringTotalAllocatedMemorySize

* GC.GetAllocatedBytesForCurrentThread()
* No API for Mono

* Accuracy limited to the APIs and GC allocation quantum

52



Memory Diagnoser sample

[MemoryDiagnoser]

public class AccurateAllocations

{

[Benchmark] public void Nothing() { }
[Benchmark] public byte[] EightBytesArray() => new byte[8];
[Benchmark] public byte[] SixtyFourBytesArray() => new byte[64];

[Benchmark] public Task<int> AllocateTask()
=> Task.FromResult(default(int));
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Memory Diagnhoser results

BenchmarkDotNet=v@.11.1.817-nightly, O0S=Windows 1©.0.17134.376 (1803/April2e18Update/Redstone4)
Intel Core i7-5557U CPU 3.1@GHz (Broadwell), 1 CPU, 4 logical and 2 physical cores
Frequency=3827338 Hz, Resolution=330.3232 ns, Timer=TSC

.NET Core SDK=2.1.403

[Host] : .NET Core 2.0.7 (CoreCLR 4.6.26328.01, CoreFX 4.6.26403.03), 64bit RyulJIT
DefaultJob : .NET Core 2.0.7 (CoreCLR 4.6.26328.01, CoreFX 4.6.26403.€3), 64bit RyuJIT

Method v StdDev | Gen @/1k Op | Gen 1/1k Op | Gen 2/1k Op | Allocated Memory/Op

'| "

\ | \
EightBytesArray . . : } I
\ | \

Nothing

SixtyFourBytesArray
AllocateTask
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Hardware Performance Counters

* Performs an extra run

* Uses TraceEvent, which uses ETW to get the PMCs
* Requires to run as Admin, no virtualization support
* Windows only
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Hardware Counters Sample

[HardwareCounters(HardwareCounter.BranchMiiﬁredi

ctions, HardwareCounter.BranchInstructions
public class Cpu_BranchPerdictor

private static int Branch(int[] data)
int sum = 0;
for (int i = Q; i < N; i++)
1f (data[i] >= 128)
sum += data[i];
return sum;
private static int Branchless(int[] data)

int sum = @; . .
for (int i = @; i < N; i++)

int t = (data[i] - 128) »> 31;
sum += ~t & data[i];

return sum;

[Benchmark]
public int SortedBranch()
=> Branch(sorted);

[Benchmark]
public int UnsortedBranch()
=> Branch(unsorted);

[Benchmark]
public int SortedBranchless()
=> Branchless(sorted);

[Benchmark]
public int UnsortedBranchless()
=> Branchless(unsorted);
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Harware Counters Result

Method Mean Mispredict rate Branchl;\;t:uctions BranchM}scr;;edictions
SortedBranch 21.4539 us 0,04% 70121 24
UnsortedBranch 136.1139 us 23,70% 68788 16301
SortedBranchless 28.6705 us 0,06% 35711 22
UnsortedBranchless 28.9336 us 0,05% 35578 17
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Disassembly Diaghoser

* Attaches at the end (no extra run)
e Uses CIrMD to get the ASM, Mono.Cecil for IL
* 32 and 64 bit exe embeded in the resources

* Supports:
» desktop .NET: Legacylit (32 & 64 bit), RyulIT (64 bit)
* .NET Core 2.0+ for RyulIT (64 & 32 bit)
* Mono: 32 & 64 bit, including LLVM
* Does not work for CoreRT (yet)
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Disassembly Diagnoser: Sample

Simple

SumLocal RyuJit X64

7FFCOD2C8DBO DisDemo.Simple.Sumlocal()
var local = field;
0eaR7ffc 9d2c8dee 488b4108 mov rax,qword ptr [rcx+8]
int sum = @;
AAARAANANAAA
0eBR7ffc 9d2c8do4 33d2 xor edx, edx
for (int i = @; i < local.Length; i++)
08007ffc 9d2c8dos 33c9 xor eCX,ecx

sum += localli];
AARANAANAARAAANN

0e007ffc 9d2c8d1l 4c63c9 movsxd r9,ecx
00087ffc 9d2c8d14 4283548810 add edx,dword ptr [rax+r9*4+1@h]
for (int i = @; i < local.Length; i++)
00007ffc 9d2c8d19 ffcl inc ecx
for (int i = 8; 1 < local.lLength; i++)
AAAAAAARAARAAANN
00007ffc 9d2c8d08 448b4008 mov r8d,dword ptr [rax+8]
08007ffc 9d2c8dec 4585c0 test r8d, rad
08007ffc 9d2c8def 7ebf jle 0eae7ffc 9d2c8d2e
00007ffc 9d2c8d1b 443bcl cmp r8d,ecx
0eBR7ffc 9d2c8dle 71 ie 0eee7ffc” 9d2c8d1l

return sum;
ARARAARANAA

08007ffc 9d2c8d2@ 8bc2 mov eax,edx

SumField RyuJit X64

7FFC9D2C8D0Y DisDemo.Simple.SumField()
int sum = @;

ARAARAAANANN

20eR7ffc 9d2c8ded 33co xor eax,eax

for (int 1 = 8; i < field.Length; i++)

ARAANAAAA
80007ffc 9d2c8de6 33d2 xor edx,edx
sum += field[i];

90eR7ffc 9d2c8d15 4c8bc9 mov r9,rcx
09007ffc” 9d2c8d18 413bde cmp edx, r8d
80007ffc 9d2c8dlb 7314 jae 20007ffc 9d2c8d31
0007 ffc 9d2c8dld 4c63d2 movsxd ril@,edx
00007ffc 9d2c8d20 4303449110 add eax,dword ptr [r9+rl1@*4+1@h]

for (int i = @; 1 < field.Length; i++)
00007ffc 9d2¢8d25 ffc2 inc edx

for (int 1 = 8; i < field.Length; i++)

ARAAAANARANAARAA

00007ffc 9d2c8d@8 488b42%08 mov rex,quord ptr [rex+8]
080007ffc 9d2c8dec 448b4a108 mov r8d,dword ptr [rcx+8]
90007 ffc 9d2c8d1e 4585c0 test r8d, r8d
00007 ffc 9d2c8d13 7el7 jle 80007ffc 9d2c8d2c
00E07ffc  9d2c8d27 443bc2 cmp r8d, edx
80007ffc 9d2cB8d2a 7fe? je 20007ffc 9d2c8d15

return sum;

ARAARNAANAN

90eR7ffc 9d2c8d2c 4883c428 add rsp,28h
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Sample HTML raport

BenchmarkDotNet.Samples.LoopWithExit.LoopGoto_(System.String, System.String)

Me1_Lee

Me1_Le1

Me1_Le2

Me1_Le3

Mel_Le4

mov eax,dword ptr [rcx+8]

mov gword ptr [rsp+10h],rcx

test rex, rex

je Mel Lee

add rcx,ech

mov gword ptr [rsp+8],rdx

test rdx, rdx -F-t
je Mel Lel a e r\
add rdx, ech

test eax,eax

je Mel Le3

movzx  r8d,word ptr [rcx]
movzx  r9d,word ptr [rdx]

cmp r8d, red
jne Mel Le4
add rcx,2
add rdx, 2
dec eax
test eax,eax
jne Mel Le2
mov eax,1
add rsp,18h
ret

xor eax.eax
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PMC + ASM

mispred branch

1,33%
0.11%
0.68%

45.95%

51,93%

100,00% 100,00%

92,81%
0,00%
0,04%

3,62%
3,52%

0,00%

0,00%

DisDemo.Cpu_BranchPerdictor.Branch(Int32[])

0007 ffc

Qeee7ffc”
Qo7 ffc”
Qo7 ffc”

Qoee7ffc”
Q007 ffc”
Q007 ffc”
Qo7 ffc”

Q07 ffc”

Qo7 ffc”

Qo7 ffc”
Qo7 Tfc”

Qeee7ffc

int sum = @;
AAAAAAAAAAAA

"9d2f7184 33c@ xor
for (int 1 = @; 1 < N; i++)
9d2f7186 33d2 xor
9d2f7188 4885c9 test
9d2f718b 742d je

if (data[i] »= 128)

ARAAARAANAANANANANAN

9d2f719a 4c63c2 movsxd
9d2f719d 468b448110 mov
9d2f71a2 4181830000000 cmp
9d2f71a9 7c@3 jl

sum += data[i];
ARAAAANANAAAAAN

9d2f71ab 4103c@ add
for (int i = @; i < N; i++)
9d2f71ae ffc2 inc

for (int 1 = @; 1 < N; i++)

Aannn

9d2f71be 8lfaff7fooee cmp

9d2f71b6 7ce2 jl
return sum;

“9d2f71dd 4883c428 add

Method(s) without any hardware counters:
DisDemo.Cpu_BranchPerdictor.UnsortedBranch()

eax,eax

edx, edx
rex, rex
00007ffc 9d2f71ba

r8,edx

r8d,dword ptr [rcx+r8*4+10h]
r8d, 6h

eeea7ffc 9d2f71ae

eax,r8d

edx, 7FFFh
00007ffc 9d2171%a

rsp,28h



PMC + ASM = skids ;

mispred branch

DisDemo.Cpu_BranchPerdictor.Branch(Int32[])

00007 fc

int sum = 8;
AAAAAAAANANA

"9d2f7184 33ce

for (int 1 = 09; 1 < N; i++)
ARAAARAAN

xor

Qoee7ffc 9d2f7186 33d2 xor
Q0007ffc 9d2f7188 4885c9 test
Qoee7ffc 9d2f718b 742d jel

3ty

1,33%

0,11% 0,00%
0,68% _0.04%
45,95% |3,62%
51,93% |3,52%
- 0,00%
. 0,00%

of @RRR7fc”
Q07 fc”
Q0ee7ffc”
Q07 fc”

AeR07

00007 ffc”

Q0ee7ffc”
Qoee7ffc”

00007 fc

100,00% 100,00%
Method(s) without any hardware counters
DisDemo.Cpu_BranchPerdictor.UnsortedBranch()

if (data[i] >- 128)

AAARNANANAAARARANAN

9d2f719a 4c63c2 movsxd
9d2f719d 468b448110 mov
9d2f71a2 4181880000000 cmp
9d2f71a9 7c@3 jl

sum += datal|i];

AAANAAAAAAANAAN

9d2f71ab 4103c@ add
for (int 1 = 0; 1 < N; i++)

9d2f71ae ffc2
for (int 1 =

inc
@; i < Ny i++)

AAAAN

9d2f71b0® 8lfaff7fo000 cmp
9d2f71b6 7ce2 3l
return sum;
AAAAAANANAN
"9d2f71dd 4883c428 add

eax,eax

edx, edx
rex, rex
eeea7ffc 9d2f71ba

r8,edx

r8d, dword ptr [rcx+r8*4+10h]
r8d, 8eh

00007ffc"9d2f71ae

eax, rid

edx, 7FFFh
00007ffc 9d2f719a

rsp,28h



ETW Profiler
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Diagnosers: Summary

* MemoryDiagnoser - accurate total size of allocated memory
* DisassemblyDiagnoser - get ASM, IL and C# for any .NET

* PmcDiagnoser — Hardware Counters on Windows

* We can combine PMC & ASM

* EtwProfiler — to profile the benchmarked code

* InliningDiagnoser uses ETW to get info about inlining

* TailCallDiagnoser uses ETW to get info about Tail Call opt
 Architecture allows for more (like integration with profilers)
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Exporters

HTML

Markdown: GitHub, StackOverflow
CsV

RPlot (requires R)

XML

JSON

[AsciiDocExporter]

[CsvExporter]

[CsvMeasurementsExporter]
[HtmlExporter]

[PlainExporter]

[RP1otExporter]
[JsonExporterAttribute.Brief]
[JsonExporterAttribute.BriefCompressed]
[JsonExporterAttribute.Full]
[JIsonExporterAttribute.FullCompressed]
[MarkdownExporterAttribute.Default]
[MarkdownExporterAttribute.GitHub]
[MarkdownExporterAttribute.StackOverflow]
[MarkdownExporterAttribute.Atlassian]
[XmlExporterAttribute.Brief]
[XmlExporterAttribute.BriefCompressed]
[XmlExporterAttribute.Full]
[XmlExporterAttribute.FullCompressed]
public class IntroExporters
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RPlot Sample

Time, us

Demo.Md5VsSha256
150~
Job
[ crn=1000
[ coen=1000 o
100 Mano N<1000 g
. Cir N=10000 =
[ core N=10000
50~ [ mona N=10000
o
Md5 Sha2s6
Target
Demo.Md5VsSha256 / Md5 / N=1000
15+
10~
Job_Id
P
Cir N=1000 ="
Core N=1000 £
Mona N=1000 —
5
0-
3 i ]

Time, us

200-

150

100~

50~

208~

204-

202-

200-

Demo.Md5VsSha256
———
Mld 5
Target

Demo.Md5VsSha256 / Sha256 / Mono N=1000

4 8
Iterationindex

Sha256

Job

B8 orrN=1000
B8 core N=1000
B8 Mono N=1000
B8 G N=10000
B8 Core N=10000
E= Mono N=10000

Launch
-1

-2
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Validators

* Prevent the users from doing stupid things

PS C:\Users\adsitnik\source\repos\Demo\Demo> dotnet run Debug netcoreapp2.0
icrosoft (R) Build Engine version 15.5.180.51428 for .NET Core
opyright (C) Microsoft Corporation. All rights reserved.

Restore completed in 50,38 ms for C:\Users\adsitnik\source\repos\Demo\Demo\Demo.csproj.
Found benchmarks:

AccurateAllocations.Nothing: Defaultlob
AccurateAllocations.EightBytesArray: Defaultlob

/
/
/ AccurateAllocations.SixtyFourBytesArray: Defaultlob
/ AccurateAllocations.AllocateTask: Defaultlob

/

validating benchmarks:
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Params

public class IntroParams

{

[Params (100, 200) ]

public int A { get; set; }

[Params (10, 20)]

public int B { get; set; }

[Benchmark]

public void Benchmark()

=> Thread.Sleep(A + B + 5);

}
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ParamsSource

public class IntroParamsSource

{

[ParamsSource(nameof(ValuesForA))]
public int A { get; set; }

[ParamsSource(nameof(ValuesForB))]
public int B;

public IEnumerable<int> ValuesForA
=> new[] { 100, 200 };

public static IEnumerable<int> ValuesForB()
=> new[] { 10, 20 };

[Benchmark]
public void Benchmark()
=> Thread.Sleep(A + B + 5);

Benchmark | 188

Benchmark | 2@a
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Arguments

?ublic class IntroArguments
[Params(true, false)]
public bool Add5;

[Benchmark

Arguments (100, 10)]

[Arguments (100, 20) |

[Arguments 200, 10

Arguments (200, 20

public void Benchmark(int a, int b)

if (Add5)

Thread.Sleep(a + b + 5);
else

Thread.Sleep(a + b);
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ArgumentsSource

public class IntroArgumentsSource

{
[Benchmark]
[ArgumentsSource(nameof(Numbers))]
public double Pow(double x, double y)
=> Math.Pow(x, y);
public IEnumerable<object[]> Numbers()
{
yield return new object[] { 1.0, 1.0 };
yield return new object[] { 2.0, 2.0 };
yield return new object[] { 4.0, 4.0 };
yield return new object[] { 10.0, 10.0 };
}
¥
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Avoid having too many arguments!

[Benchmark(Inne

rIterationCount

= InnerCount)]

[InlineData(l, StringComparison.CurrentCulture)]

[InlineData
[InlineData(l,
[InlineData(l,
[InlineData(l,
[InlineData(l,
[InlineData
[InlineData
[InlineData
[InlineData
[InlineData
[InlineData

[InlineData(lea,
[InlineData(lea,
[InlineData(lea,
[InlineData(lea,
[InlineData(lea,
[InlineData(leeo,

StringComparison.
StringComparison.
StringComparison.
StringComparison.
StringComparison.O
» StringComparison.
» StringComparison
» StringComparison.
» StringComparison.
» StringComparison.

, StringComparison.

StringComparison.

StringComparison.

StringComparison

StringComparison.
StringComparison.

StringComparison.

StringComparisol

CurrentCulturelgnoreCase)]
InvariantCulture)]
InvariantCulturelgnoreCase)]
Ordinal)]

rdinallgnoreCase)]

CurrentCulture)]

.CurrentCulturelgnoreCase)]

InvariantCulture)]
InvariantCulturelgnoreCase)]
Ordinal)]

OrdinallgnoreCase)]
CurrentCulture)]
CurrentCulturelgnoreCase)]
.InvariantCulture)]
InvariantCulturelgnoreCase)]
Ordinal)]
OrdinallgnoreCase)]

n.CurrentCulture)]

ONEDOES NOT

A

?

MAKEA'BENGHMARK A UNIT TEST

[InlineData(l088,
[InlineData(1@a8,
[InlineData(leeo,
[InlineData(leeo,

(1,
{
(
(
(
(1e
(1@
(1@
(1@
(1@
(1@
[InlineData(lea,
(
(
!
(
(
(
{
{
(
(
[InlineData(l@@8,

StringComparison.

StringComparison.

StringComparison

StringComparison

StringComparison.

CurrentCulturelgnoreCase)]
InvariantCulture)]
InvariantCultureIlgnoreCase)]
.Ordinal)]

OrdinallgnoreCase)]

imgflip.com
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Strategies

* Throughput — default, perfect for microbenchmarks with a
steady state

* Monitoring
* no Pilot stage
* no Overhead evaluation
 Outliers remain untouched
1 iteration = 1 benchmark invocation

* Coldstart — no warmup, no pilot stage
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BenchmarkDotNet: Summary

* Accurate, Repeatable and Stable Results
* Powerful Statistics

* Rich support:
* CH#, F#, VB
* NET 4.6+, .NET Core 2.0+, Mono, CoreRT
* Windows, Linux, MacOS

* Great User Experience
* Strong community
* Very good test coverage
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Do you still want to wri

own harness using Sto

te your

owatch?
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Questions?
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Thank youl!

Docs: http://benchmarkdotnet.org/
Code: https://github.com/dotnet/BenchmarkDotNet



http://benchmarkdotnet.org/
https://github.com/dotnet/BenchmarkDotNet

