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Why performance is important?

• Responsiveness – customer experience $

• Scalability – scale and earn more $

• Capacity – optimize and save more $

• Power – CPU uses power, which costs $

• Heat – CPU generates heat, contributes to global warming!

2



Without data you’re just another 
person with an opinion

— W. Edwards Deming, a data scientist
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The worst performance optimization is 
one that is based on incorrect 

measurements; unfortunately, manual 
benchmarking often leads into this trap.

- Sasha Goldshtein, Performance Guru
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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

„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 usage 
of particular instructions, or the frequency and duration of function calls. 

Most commonly, profiling information serves to aid program optimization.”
Wikipedia
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https://en.wikipedia.org/wiki/Benchmark_(computing)
https://en.wikipedia.org/wiki/Profiling_(computer_programming)
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The Contributors
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What is BenchmarkDotNet?

„BenchmarkDotNet is a powerful .NET library for benchmarking.”

Kestrel SignalR Entity Framework F# Orleans

Elasticsearch Dapper ImageSharp RavenDB NodaTime
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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


Sample
public class ParsingBenchmarks
{

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

}

void Main(string[] args) 
=> BenchmarkRunner.Run<ParsingBenchmarks>();
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Sample Results
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Statistics
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• Min, Lower Fence, Q1, Median, Mean, Q3, Upper Fence, 
Max, Interquartile Range, Outliers

• Standard Error, Variance, Standard Deviation

• Skewness, Kurtosis

• Confidence Intervals

• Percentiles (P0, P25, P50, P67, P80, P85, P90, P95, P100)

• Statistical tests: Welch's t-test, Mann–Whitney U test



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(1);

[Benchmark]
public void Bimodal() => Multimodal(2);

[Benchmark]
public void Trimodal() => Multimodal(3);

[Benchmark]
public void Quadrimodal() => Multimodal(4);

}
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Histogram
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Expectation and reality
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Outliers
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Frequency trails

16See also: http://www.brendangregg.com/FrequencyTrails/intro.html

http://www.brendangregg.com/FrequencyTrails/intro.html


RPlot Sample
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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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BenchmarkSwitcher
void Main(string[] args)

=> BenchmarkSwitcher
.FromAssembly(typeof(Program).Assembly)
.Run(args);

Use `--filter` and `--list`!
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--list

• --list flat | tree
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How does it work?

• Auto mode (default):
• Jitting

• Pilot

• Overhead Warmup

• Overhead Actual

• Workload Warmup

• Workload Actual

• Specific (configured):
• Overhead Warmup

• Overhead Actual

• Workload Warmup

• Workload Actual
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Jitting
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Pilot stage – perfect invocation count

24
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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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"))
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The difference
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Warmup stage
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Heuristic

job.WithWarmupCount(count)
or

--warmupCount
--minWarmupCount
--maxWarmupCount

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


Actual Workload

29
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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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() { }

}

33
More info

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


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

34



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

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

targetDelegate(); 

}

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();

}

}
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More info

job.WithUnrollFactor(count) or --unrollFactor

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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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

40See: 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)

• We need a clean CPU cache

• CLR can apply some optimizations

• [InProcessToolchain] does not spawn new process
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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

42See: AppConfigGenerator, Generator, EnvMode, GcMode



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.Sqrt(2) + Math.Sqrt(3) + Math.Sqrt(4) +
Math.Sqrt(5) + Math.Sqrt(6) + Math.Sqrt(7) + Math.Sqrt(8) +
Math.Sqrt(9) + Math.Sqrt(10) + Math.Sqrt(11) + Math.Sqrt(12) +
Math.Sqrt(13) + Math.Sqrt(14);

}
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LegacyJit vs RyuJit
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Why 0ns for RyuJIT?!? Is it a bug?



Different GC modes
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[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
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• More settings available:
• CpuGroups
• AllowVeryLargeObjects
• RetainVM
• NoAffinitize
• HeapAffinitizeMask
• HeapCount



Validators
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Compare frameworks
[ClrJob(baseline: true), MonoJob, CoreJob, 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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.NET Core vs .NET vs Mono vs CoreRT
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--runtimes

--runtimes net46 netcoreapp2.0 netcoreapp2.1
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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 RyuJit

• GC Workstation vs GC Server

• .NET vs Mono vs Core vs CoreRT

• It limits us to only known frameworks

• InProcessToolchain runs in process (-i)

51



Diagnosers

• Plugins that allow to get some extra diagnostic information

• Can attach to the child process using available events

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

• Peforms an extra iteration at the end of Actual Workload

• Uses available API:
• AppDomain.CurrentDomain.MonitoringTotalAllocatedMemorySize

• GC.GetAllocatedBytesForCurrentThread()

• No API for Mono

• Accuracy limited to the APIs and GC allocation quantum
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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 Diagnoser results

55



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.BranchMispredi
ctions, HardwareCounter.BranchInstructions)]
public class Cpu_BranchPerdictor
{

private static int Branch(int[] data)
{

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

if (data[i] >= 128)
sum += data[i];

return sum;
}

private static int Branchless(int[] data)
{

int sum = 0;
for (int i = 0; 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
BranchInstructions

/Op
BranchMispredictions

/Op

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 Diagnoser

• Attaches at the end (no extra run)

• Uses ClrMD to get the ASM, Mono.Cecil for IL

• 32 and 64 bit exe embeded in the resources

• Supports:
• desktop .NET: LegacyJit (32 & 64 bit), RyuJIT (64 bit)

• .NET Core 2.0+ for RyuJIT (64 & 32 bit)

• Mono: 32 & 64 bit, including LLVM

• Does not work for CoreRT (yet)
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Disassembly Diagnoser: Sample
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Sample HTML report

61



ASM diffs
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PMC + ASM
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PMC + ASM = skids ;(
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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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BenchmarkDotNet: Summary
• Accurate, Repeatable and Stable Results
• Powerful Statistics
• Rich support:

• C#, F#, VB
• .NET 4.6+, .NET Core 2.0+, Mono, CoreRT
• Windows, Linux, macOS

• 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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Questions?
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Thank you!
Docs: http://benchmarkdotnet.org/

Code: https://github.com/dotnet/BenchmarkDotNet

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

