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Introduction



Sample
public class ParsingBenchmarks
{

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

}

void Main(string[] args) 
=> BenchmarkRunner.Run<ParsingBenchmarks>();
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Demo
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How does it work?



BenchmarkSwitcher
void Main(string[] args)

=> BenchmarkSwitcher
.FromAssembly(typeof(Program).Assembly)
.Run(args, config: null);

10



Configuration

• [Attributes]
• Fluent API
• Command line arguments
• Every filtered benchmark 

is executed  for every Job 
defined in the Config.

11

var config = DefaultConfig.Instance

.AddJob(Job.Default.WithAbc())

.AddJob(Job.Default.WithXyz());



Jitting
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Pilot stage – perfect invocation count
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Heuristic job.WithInvocationCount(count) or --invocationCount

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


Result = (Result + Overhead) - Overhead
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DefaultConfig.Instance

.AddJob(Job.Default.WithId("NO Overhead"))

.AddJob(Job.Default.WithEvaluateOverhead(false).WithId("With Overhead"))

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

[Arguments(10)]

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

15

[Benchmark]

[Arguments(10)]

public int Overhead(ref int arg) => 0;



The difference
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Warmup stage

17
Heuristic

job.WithWarmupCount(count)
or

--warmupCount
--minWarmupCount
--maxWarmupCount

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


Actual Workload
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Heuristic

job.WithIterationCount(count)

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


Results
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job.WithOutlierMode(mode)
or --outliers

IsOutlier

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


The trap
public class ListBenchmarks
{

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

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

[Benchmark]
public void AddLoop()
{

list.Clear();

for (int i = 0; i < 1000; i++)
list.Add(1234);

}
}
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OOM
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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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How it works: Summary

• Using statistics to get stable results

• 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

• User can customize the heuristic

• Benchmarks should not have side-effects

23



Architecture



Architecture

• Host Process (console app)

• Generates a project file with C# source file (Console App)

• Builds (Roslyn/dotnet cli)

• Executes Child Process

• Child Process (console app)

• Executes benchmark

• Signals events to Host

• Reports results to Host

25See: IToolchain, IGenerator, IBuilder and IExecutor



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)

• JIT is also self-tuning (Tiered JIT + PGO)

• .NET Runtime can apply some optimizations

• [InProcessToolchain] does not spawn new process

26



How to prevent inlining?
[Benchmark(Baseline = true)]

public void OneWay() { /* one way to solve the problem */ }

[Benchmark]

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

27

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;



How to minimize loop overhead?
private void MainMultiAction(long invokeCount)
{

for (long i = 0; i < invokeCount; i++)
targetDelegate(); 

}

28
More info

job.WithUnrollFactor(count) or --unrollFactor

private void MainMultiAction(long invokeCount)

{

for (long i = 0; i < invokeCount / unrollFactor; i++)

{

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

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

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

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

}

}

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


How to prevent from Out-of-order execution?

private void MainMultiAction(long invokeCount)
{

for (long i = 0; i < invokeCount / unrollFactor; i++)
{

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

}
}
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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);
}
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Generating new project

• Benchmark.notcs (customized for every benchmark)

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

• Benchmark.config - derives from Host.config file, except of:
• GC Mode (Job.Env.Gc)
• JIT: Legacy/RyuJIT/LLVm (Job.Env.Jit, *LLVM only for Mono)
• & more: GCCpuGroup, gcAllowVeryLargeObjects

• Use [KeepBenchmarkFiles] to see what is generated

31See: AppConfigGenerator, Generator, EnvMode, GcMode



Different GC modes

32

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

private class GcConfig : ManualConfig
{

public GcConfig()
{

AddJob(Job.Default.WithGcMode(new GcMode { Server = true, Concurrent = true }).WithId("Background Server"));
AddJob(Job.Default.WithGcMode(new GcMode { Server = true, Concurrent = false }).WithId("Server"));
AddJob(Job.Default.WithGcMode(new GcMode { Server = false, Concurrent = true }).WithId("Background 

Workstation"));
AddJob(Job.Default.WithGcMode(new GcMode { Server = false, Concurrent = false }).WithId("Workstation"));

AddDiagnoser(MemoryDiagnoser.Default);
}

}

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

}



Different GC modes: sample results
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Compare frameworks
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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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:
• GC Workstation vs GC Server

• .NET Framework vs Mono vs .NET vs NativeAOT

• It limits us to only known frameworks

• InProcessToolchain runs in process (-i)

36



Features



Exporters
• HTML

• Markdown: GitHub, StackOverflow

• CSV

• RPlot (requires R)

• XML

• JSON

[AsciiDocExporter]
[CsvExporter]
[CsvMeasurementsExporter]
[HtmlExporter]
[PlainExporter]
[RPlotExporter]
[JsonExporterAttribute.Brief]
[JsonExporterAttribute.BriefCompressed]
[JsonExporterAttribute.Full]
[JsonExporterAttribute.FullCompressed]
[MarkdownExporterAttribute.Default]
[MarkdownExporterAttribute.GitHub]
[MarkdownExporterAttribute.StackOverflow]
[MarkdownExporterAttribute.Atlassian]
[XmlExporterAttribute.Brief]
[XmlExporterAttribute.BriefCompressed]
[XmlExporterAttribute.Full]
[XmlExporterAttribute.FullCompressed]
public class IntroExporters
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.\BenchmarkDotNet.Artifacts\results
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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() { }

}

40
More info

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


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);

}

41



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);
}
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Arguments
public 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 };

}
}

44



Validators
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Diagnosers

• Plugins that allow to get some extra diagnostic information

• Can attach to the child process on specific events

• Few types: extra run / no overhead / separate logic

46



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));

}

47



Memory Diagnoser: results
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Disassembly Diagnoser

• Attaches at the end (no ovehread)

• Uses ClrMD to get the ASM

• Works on Windows and Linux

• Supports x64, x86 and arm64

• Command line arguments:
• -d/--disasm

• --disasmDepth $recursiveDepth

• --disasmFilter $glob

49



Sample HTML report
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ETW Profiler (--profiler ETW)

51https://adamsitnik.com/ETW-Profiler/

https://adamsitnik.com/ETW-Profiler/


Concurrency Visualiser (--profiler CV)

52https://adamsitnik.com/ConcurrencyVisualizer-Profiler/

https://adamsitnik.com/ConcurrencyVisualizer-Profiler/


PerfCollect
(--profiler perf)

53https://adamsitnik.com/PerfCollectProfiler/

https://adamsitnik.com/PerfCollectProfiler/


EventPipe (--profiler EP)

54
https://wojciechnagorski.com/2020/04/cross-platform-profiling-.net-code-with-benchmarkdotnet/

https://wojciechnagorski.com/2020/04/cross-platform-profiling-.net-code-with-benchmarkdotnet/


Other Diagnosers

• PmcDiagnoser – Hardware Counters on Windows

• NativeMemoryProfiler - allocated and leaking native 
memory (Windows)

• InliningDiagnoser uses ETW to get info about inlining

• TailCallDiagnoser uses ETW to get info about Tail Call opt

• ExceptionsDiagnoser - reports the frequency of exceptions

• ThreadingDiagnoser - threading statistics

• Architecture allows for more (like integration with profilers)

55



Statistics



Statistical challenges

57

● Summary tables
○ Should be reproducible
○ Should not be misleading

● Benchmark comparison
● Execution strategy



58https://aakinshin.net/tags/statistics/

https://aakinshin.net/tags/statistics/
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> Normality is a myth; there never was, and never will be, a normal distribution.

> — "Testing for normality", R.C. Geary, 1947

The Normal distribution

http://webspace.ship.edu/pgmarr/Geo441/Readings/Geary%201947%20-%20Testing%20for%20Normality.pdf


60
Justin Matejka, George Fitzmaurice (2017), "Same Stats, Different Graphs: Generating Datasets with Varied Appearance and Identical Statistics through 
Simulated Annealing", CHI 2017 Conference proceedings: ACM SIGCHI Conference on Human Factors in Computing Systems

https://www.autodeskresearch.com/publications/samestats
https://www.autodeskresearch.com/publications/samestats
https://www.autodeskresearch.com/publications/samestats
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Justin Matejka, George Fitzmaurice (2017), "Same Stats, Different Graphs: Generating Datasets with Varied Appearance and Identical Statistics through 
Simulated Annealing", CHI 2017 Conference proceedings: ACM SIGCHI Conference on Human Factors in Computing Systems

https://www.autodeskresearch.com/publications/samestats
https://www.autodeskresearch.com/publications/samestats
https://www.autodeskresearch.com/publications/samestats


IO-Benchmark example

62

int N = 1000; // The number of iterations
var measurements = new long[N];
byte[] data = new byte[64 * 1024 * 1024]; // 64MB

for (int i = 0; i < N; i++)
{

var stopwatch = Stopwatch.StartNew();
var fileName = Path.GetTempFileName();
File.WriteAllBytes(fileName, data);
File.Delete(fileName);
stopwatch.Stop();
measurements[i] = stopwatch.ElapsedMilliseconds;

}



IO-Benchmark example: results
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Distribution features to support
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● Huge dispersion
● Extreme outliers
● Multimodality
● Asymmetry
● Discretization



Central tendency / The mean
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Central tendency / The median
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Central tendency
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Central tendency

68

Mean Median

Gaussian efficiency 100% ≈64%



Central tendency
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Mean Median

Gaussian efficiency 100% ≈64%

Cost 100€ 157€



Central tendency / Hodges-Lehmann
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Central tendency

71

Mean Median HL

Gaussian efficiency 100% ≈64% ≈96%

Cost 100€ 157€ 104€



Central tendency / Other estimators

72

● Trimmed mean
● Winsorized mean
● Mode
● Geometric mean
● Harmonic mean
● Interquartile mean
● Midrange
● Midhinge
● Trimean
● Huber M-estimator
● Andrews M-estimator
● Hampel M-estimator
● Biweight M-estimator
● …



Dispersion
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Dispersion / Standard deviation
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Dispersion / Median absolute deviation
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Dispersion / Other estimators
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Dispersion / Quantile absolute deviation

77https://arxiv.org/abs/2208.13459

https://arxiv.org/abs/2208.13459


Real-life distributions

78



Multimodality

79https://aakinshin.net/posts/lowland-multimodality-detection/

https://aakinshin.net/posts/lowland-multimodality-detection/


Quantile estimations / “Traditional”

80https://doi.org/10.2307/2684934

https://doi.org/10.2307/2684934


Quantile estimations / Harrell-Davis

81https://dx.doi.org/10.1093/biomet/69.3.635

https://dx.doi.org/10.1093/biomet/69.3.635


Quantile estimations / Sfakianakis-Verginis

82https://doi.org/10.1080/03610910701790491

https://doi.org/10.1080/03610910701790491


Quantile estimations / Navruz-Özdemir

83https://doi.org/10.1111/bmsp.12198

https://doi.org/10.1111/bmsp.12198


Quantile estimations / Trimmed Harrell-
Davis

84https://arxiv.org/abs/2111.11776

https://arxiv.org/abs/2111.11776


Mann-Whitney U-test
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Mann-Whitney U-test

86

Difference: 356’452’748’856 times!!!

https://aakinshin.net/posts/r-mann-whitney-incorrect-p-value/

https://aakinshin.net/posts/r-mann-whitney-incorrect-p-value/


Mann-Whitney U-test

87https://www.jstor.org/stable/2685616

https://www.jstor.org/stable/2685616


Mann-Whitney U-test

88https://dx.doi.org/10.1080/10485250310001622677

https://dx.doi.org/10.1080/10485250310001622677




Roadmap to BenchmarkDotNet 1.0.0

90

1. New statistical engine
2. Fix some bugs
3. Improve API



Conclusion



BenchmarkDotNet: Summary
• Accurate, Repeatable and Stable Results

• Powerful Statistics

• Rich support:
• C#, F#, VB
• .NET 4.6+, .NET Core 2.0+, Mono, NativeAOT, WASM
• Windows, Linux, macOS
• x64, x86, arm64, arm, S390x, LoongArch64, armv6, ppc64le

• Easy benchmark design (no boilerplate code and nice API)

• Great User Experience

• Strong community

• Very good test coverage
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Do you still want to write your 
own harness using Stopwatch?
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https://aakinshin.net
andrey.akinshin@gmail.com

@andrey_akinshin

https://github.com/dotnet/BenchmarkDotNe
t

@BenchmarkDotNet

https://adamsitnik.com
adam.sitnik@gmail.com

@SitnikAdam
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