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INTRODUCTION
Focus on performance optimization in .NET Code and
not architecture.



ESOTERIC
Being called out for premature optimizations.



AT SCALE IMPLEMENTATION
DETAILS MATTER

“Scale for an application can
mean the number of users that
will concurrently connect to the
application at any given time,
the amount of input to process
or the number of times data
needs to be processed.

For us, as engineers, it means we
have to know what to ignore
and knowing what to pay close
attention to.” David Fowler

https://speakerdeck.com/davidfowl/implementation-details-matter




Avoid excessive allocations to reduce the GC
overhead
Avoid unnecessary copying of memory



Avoid excessive allocations to
reduce the GC overhead
Think at least twice before using LINQ or unnecessary
enumeration on the hot path



Avoid LINQ on the hot path.

public class AmqpReceiver {
 
 ConcurrentBag<Guid> _lockedMessages = new ();
 
 public Task CompleteAsync(IEnumerable<string> lockTokens)
  => CompleteInternalAsync(lockTokens);
 
 Task CompleteInternalAsync(IEnumerable<string> lockTokens)
 {
  Guid[] lockTokenGuids = lockTokens.Select(token => new Guid(token)).ToArray();
  if (lockTokenGuids.Any(lockToken => _lockedMessages.Contains(lockToken)))
  {
    // do special path accessing lockTokenGuids
    return Task.CompletedTask;
  }
  // do normal path accessing lockTokenGuids
  return Task.CompletedTask;
 }
}
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 Task CompleteInternalAsync(IEnumerable<string> lockTokens)

public class AmqpReceiver {1
 2
 ConcurrentBag<Guid> _lockedMessages = new ();3
 4
 public Task CompleteAsync(IEnumerable<string> lockTokens)5
  => CompleteInternalAsync(lockTokens);6
 7

8
 {9
  Guid[] lockTokenGuids = lockTokens.Select(token => new Guid(token)).ToArray();10
  if (lockTokenGuids.Any(lockToken => _lockedMessages.Contains(lockToken)))11
  {12
    // do special path accessing lockTokenGuids13
    return Task.CompletedTask;14
  }15
  // do normal path accessing lockTokenGuids16
  return Task.CompletedTask;17
 }18
}19

  Guid[] lockTokenGuids = lockTokens.Select(token => new Guid(token)).ToArray();

public class AmqpReceiver {1
 2
 ConcurrentBag<Guid> _lockedMessages = new ();3
 4
 public Task CompleteAsync(IEnumerable<string> lockTokens)5
  => CompleteInternalAsync(lockTokens);6
 7
 Task CompleteInternalAsync(IEnumerable<string> lockTokens)8
 {9

10
  if (lockTokenGuids.Any(lockToken => _lockedMessages.Contains(lockToken)))11
  {12
    // do special path accessing lockTokenGuids13
    return Task.CompletedTask;14
  }15
  // do normal path accessing lockTokenGuids16
  return Task.CompletedTask;17
 }18
}19

  if (lockTokenGuids.Any(lockToken => _lockedMessages.Contains(lockToken)))

public class AmqpReceiver {1
 2
 ConcurrentBag<Guid> _lockedMessages = new ();3
 4
 public Task CompleteAsync(IEnumerable<string> lockTokens)5
  => CompleteInternalAsync(lockTokens);6
 7
 Task CompleteInternalAsync(IEnumerable<string> lockTokens)8
 {9
  Guid[] lockTokenGuids = lockTokens.Select(token => new Guid(token)).ToArray();10

11
  {12
    // do special path accessing lockTokenGuids13
    return Task.CompletedTask;14
  }15
  // do normal path accessing lockTokenGuids16
  return Task.CompletedTask;17
 }18
}19



Avoid LINQ on the hot path.

public class AmqpReceiver {
 
 // ...
 // Compiler generated chunk we are not really interested in right now
 
 private Task CompleteInternalAsync(IEnumerable<string> lockTokens)
 {
  Enumerable.Any(Enumerable.ToArray(Enumerable.Select(lockTokens, <>c.<>9__2_0 ??
   (<>c.<>9__2_0 = new Func<string, Guid>(<>c.<>9.<CompleteInternalAsync>b__2_0)))),
    new Func<Guid, bool>(<CompleteInternalAsync>b__2_1));
  return Task.CompletedTask;
 }
 
 [CompilerGenerated]
 private bool <CompleteInternalAsync>b__2_1(Guid lockToken)
 {
  return Enumerable.Contains(_lockedMessages, lockToken);
 }
}
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  Enumerable.Any(Enumerable.ToArray(Enumerable.Select(lockTokens, <>c.<>9__2_0 ??
   (<>c.<>9__2_0 = new Func<string, Guid>(<>c.<>9.<CompleteInternalAsync>b__2_0)))),

public class AmqpReceiver {1
 2
 // ...3
 // Compiler generated chunk we are not really interested in right now4
 5
 private Task CompleteInternalAsync(IEnumerable<string> lockTokens)6
 {7

8
9

    new Func<Guid, bool>(<CompleteInternalAsync>b__2_1));10
  return Task.CompletedTask;11
 }12
 13
 [CompilerGenerated]14
 private bool <CompleteInternalAsync>b__2_1(Guid lockToken)15
 {16
  return Enumerable.Contains(_lockedMessages, lockToken);17
 }18
}19

    new Func<Guid, bool>(<CompleteInternalAsync>b__2_1));

  return Enumerable.Contains(_lockedMessages, lockToken);

public class AmqpReceiver {1
 2
 // ...3
 // Compiler generated chunk we are not really interested in right now4
 5
 private Task CompleteInternalAsync(IEnumerable<string> lockTokens)6
 {7
  Enumerable.Any(Enumerable.ToArray(Enumerable.Select(lockTokens, <>c.<>9__2_0 ??8
   (<>c.<>9__2_0 = new Func<string, Guid>(<>c.<>9.<CompleteInternalAsync>b__2_0)))),9

10
  return Task.CompletedTask;11
 }12
 13
 [CompilerGenerated]14
 private bool <CompleteInternalAsync>b__2_1(Guid lockToken)15
 {16

17
 }18
}19



Avoid LINQ on the hot path.

public Task CompleteAsync(IEnumerable<string> lockTokens)
 => CompleteInternalAsync(lockTokens);
 
Task CompleteInternalAsync(IEnumerable<string> lockTokens)
{
 Guid[] lockTokenGuids = lockTokens.Select(token => new Guid(token)).ToArray();
 foreach (var tokenGuid in lockTokenGuids)
 {
  if (_requestResponseLockedMessages.Contains(tokenGuid))
  {
   return Task.CompletedTask;
  }
 }
 return Task.CompletedTask;
}
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 foreach (var tokenGuid in lockTokenGuids)
 {
  if (_requestResponseLockedMessages.Contains(tokenGuid))
  {
   return Task.CompletedTask;
  }
 }

public Task CompleteAsync(IEnumerable<string> lockTokens)1
 => CompleteInternalAsync(lockTokens);2
 3
Task CompleteInternalAsync(IEnumerable<string> lockTokens)4
{5
 Guid[] lockTokenGuids = lockTokens.Select(token => new Guid(token)).ToArray();6

7
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 return Task.CompletedTask;14
}15



Avoid LINQ on the hot path.

public Task CompleteAsync(IEnumerable<string> lockTokens)
 => CompleteInternalAsync(lockTokens);
 
Task CompleteInternalAsync(IEnumerable<string> lockTokens)
{
 Guid[] array = Enumerable.ToArray(Enumerable.Select(lockTokens,
  <>c.<>9__2_0 ??
  (<>c.<>9__2_0 = new Func<string, Guid>(<>c.<>9.<CompleteInternalAsync>b__2_0))));
 
 int num = 0;
 while (num < array.Length)
 {
  Guid item = array[num];
  if (_requestResponseLockedMessages.Contains(item))
  {
   return Task.CompletedTask;
  }
  num++;
 }
 return Task.CompletedTask;
}

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

 Guid[] array = Enumerable.ToArray(Enumerable.Select(lockTokens,
  <>c.<>9__2_0 ??
  (<>c.<>9__2_0 = new Func<string, Guid>(<>c.<>9.<CompleteInternalAsync>b__2_0))));

public Task CompleteAsync(IEnumerable<string> lockTokens)1
 => CompleteInternalAsync(lockTokens);2
 3
Task CompleteInternalAsync(IEnumerable<string> lockTokens)4
{5

6
7
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 9
 int num = 0;10
 while (num < array.Length)11
 {12
  Guid item = array[num];13
  if (_requestResponseLockedMessages.Contains(item))14
  {15
   return Task.CompletedTask;16
  }17
  num++;18
 }19
 return Task.CompletedTask;20
}21



Benchmarking Time!
We can only know the before and a�er when we
measure it.



 ~20-40% 
 ~20-40%





LINQ TO COLLECTION-BASED OPERATIONS
Use Array.Empty<T> to represent empty arrays
Use Enumerable.Empty<T> to represent empty
enumerables
Prevent collections from growing
Use concrete collection types
Leverage pattern matching or
Enumerable.TryGetNonEnumeratedCount
Wait with instantiating collections until really
needed



Avoid LINQ on the hot path.

public Task CompleteAsync(IEnumerable<string> lockTokens)
 => CompleteInternalAsync(lockTokens);
 
Task CompleteInternalAsync(IEnumerable<string> lockTokens)
{
 Guid[] lockTokenGuids = lockTokens.Select(token => new Guid(token)).ToArray();
 foreach (var tokenGuid in lockTokenGuids)
 {
  if (_requestResponseLockedMessages.Contains(tokenGuid))
  {
   return Task.CompletedTask;
  }
 }
 return Task.CompletedTask;
}
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 Guid[] lockTokenGuids = lockTokens.Select(token => new Guid(token)).ToArray();

public Task CompleteAsync(IEnumerable<string> lockTokens)1
 => CompleteInternalAsync(lockTokens);2
 3
Task CompleteInternalAsync(IEnumerable<string> lockTokens)4
{5

6
 foreach (var tokenGuid in lockTokenGuids)7
 {8
  if (_requestResponseLockedMessages.Contains(tokenGuid))9
  {10
   return Task.CompletedTask;11
  }12
 }13
 return Task.CompletedTask;14
}15



Avoid LINQ on the hot path.

public Task CompleteAsync(IEnumerable<string> lockTokens) {
 IReadOnlyCollection<string> readOnlyCollection = lockTokens switch
 {
  IReadOnlyCollection<string> asReadOnlyCollection => asReadOnlyCollection,
  _ => lockTokens.ToArray(),
 };
 return CompleteInternalAsync(readOnlyCollection);
}
 
Task CompleteInternalAsync(IReadOnlyCollection<string> lockTokens)
{
 int count = lockTokens.Count;
 Guid[] lockTokenGuids = count == 0 ? Array.Empty<Guid>() : new Guid[count];
 int index = 0;
 foreach (var token in lockTokens)
 {
  var tokenGuid = new Guid(token);
  lockTokenGuids[index++] = tokenGuid;
  if (_requestResponseLockedMessages.Contains(tokenGuid))
  {
   return Task.CompletedTask;
  }
 }
 return Task.CompletedTask;
}
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 IReadOnlyCollection<string> readOnlyCollection = lockTokens switch
 {
  IReadOnlyCollection<string> asReadOnlyCollection => asReadOnlyCollection,
  _ => lockTokens.ToArray(),
 };

public Task CompleteAsync(IEnumerable<string> lockTokens) {1
2
3
4
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 return CompleteInternalAsync(readOnlyCollection);7
}8
 9
Task CompleteInternalAsync(IReadOnlyCollection<string> lockTokens)10
{11
 int count = lockTokens.Count;12
 Guid[] lockTokenGuids = count == 0 ? Array.Empty<Guid>() : new Guid[count];13
 int index = 0;14
 foreach (var token in lockTokens)15
 {16
  var tokenGuid = new Guid(token);17
  lockTokenGuids[index++] = tokenGuid;18
  if (_requestResponseLockedMessages.Contains(tokenGuid))19
  {20
   return Task.CompletedTask;21
  }22
 }23
 return Task.CompletedTask;24
}25

Task CompleteInternalAsync(IReadOnlyCollection<string> lockTokens)

public Task CompleteAsync(IEnumerable<string> lockTokens) {1
 IReadOnlyCollection<string> readOnlyCollection = lockTokens switch2
 {3
  IReadOnlyCollection<string> asReadOnlyCollection => asReadOnlyCollection,4
  _ => lockTokens.ToArray(),5
 };6
 return CompleteInternalAsync(readOnlyCollection);7
}8
 9

10
{11
 int count = lockTokens.Count;12
 Guid[] lockTokenGuids = count == 0 ? Array.Empty<Guid>() : new Guid[count];13
 int index = 0;14
 foreach (var token in lockTokens)15
 {16
  var tokenGuid = new Guid(token);17
  lockTokenGuids[index++] = tokenGuid;18
  if (_requestResponseLockedMessages.Contains(tokenGuid))19
  {20
   return Task.CompletedTask;21
  }22
 }23
 return Task.CompletedTask;24
}25

 int count = lockTokens.Count;
 Guid[] lockTokenGuids = count == 0 ? Array.Empty<Guid>() : new Guid[count];

public Task CompleteAsync(IEnumerable<string> lockTokens) {1
 IReadOnlyCollection<string> readOnlyCollection = lockTokens switch2
 {3
  IReadOnlyCollection<string> asReadOnlyCollection => asReadOnlyCollection,4
  _ => lockTokens.ToArray(),5
 };6
 return CompleteInternalAsync(readOnlyCollection);7
}8
 9
Task CompleteInternalAsync(IReadOnlyCollection<string> lockTokens)10
{11

12
13

 int index = 0;14
 foreach (var token in lockTokens)15
 {16
  var tokenGuid = new Guid(token);17
  lockTokenGuids[index++] = tokenGuid;18
  if (_requestResponseLockedMessages.Contains(tokenGuid))19
  {20
   return Task.CompletedTask;21
  }22
 }23
 return Task.CompletedTask;24
}25

  var tokenGuid = new Guid(token);
  lockTokenGuids[index++] = tokenGuid;

public Task CompleteAsync(IEnumerable<string> lockTokens) {1
 IReadOnlyCollection<string> readOnlyCollection = lockTokens switch2
 {3
  IReadOnlyCollection<string> asReadOnlyCollection => asReadOnlyCollection,4
  _ => lockTokens.ToArray(),5
 };6
 return CompleteInternalAsync(readOnlyCollection);7
}8
 9
Task CompleteInternalAsync(IReadOnlyCollection<string> lockTokens)10
{11
 int count = lockTokens.Count;12
 Guid[] lockTokenGuids = count == 0 ? Array.Empty<Guid>() : new Guid[count];13
 int index = 0;14
 foreach (var token in lockTokens)15
 {16

17
18

  if (_requestResponseLockedMessages.Contains(tokenGuid))19
  {20
   return Task.CompletedTask;21
  }22
 }23
 return Task.CompletedTask;24
}25



Benchmarking Time!
We can only know the before and a�er when we
measure it.



 +56%
 ~23-61%



Avoid excessive allocations to
reduce the GC overhead
Be aware of closure allocations



Remove closure allocations.

async Task RunOperation( 
 Func<TimeSpan, Task> operation,
 TransportConnectionScope scope, CancellationToken cancellationToken)
{
 TimeSpan tryTimeout = CalculateTryTimeout(0);
 // omitted
 while (!cancellationToken.IsCancellationRequested) {
  if (IsServerBusy) {
   await Task.Delay(ServerBusyBaseSleepTime, cancellationToken);
  }
 
  try {
   await operation(tryTimeout);
   return;
  }
  catch {
   // omitted
  }
 }
}
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async Task RunOperation( 1
 Func<TimeSpan, Task> operation,2
 TransportConnectionScope scope, CancellationToken cancellationToken)3
{4
 TimeSpan tryTimeout = CalculateTryTimeout(0);5
 // omitted6
 while (!cancellationToken.IsCancellationRequested) {7
  if (IsServerBusy) {8
   await Task.Delay(ServerBusyBaseSleepTime, cancellationToken);9
  }10
 11
  try {12
   await operation(tryTimeout);13
   return;14
  }15
  catch {16
   // omitted17
  }18
 }19
}20

 Func<TimeSpan, Task> operation,
async Task RunOperation( 1

2
 TransportConnectionScope scope, CancellationToken cancellationToken)3
{4
 TimeSpan tryTimeout = CalculateTryTimeout(0);5
 // omitted6
 while (!cancellationToken.IsCancellationRequested) {7
  if (IsServerBusy) {8
   await Task.Delay(ServerBusyBaseSleepTime, cancellationToken);9
  }10
 11
  try {12
   await operation(tryTimeout);13
   return;14
  }15
  catch {16
   // omitted17
  }18
 }19
}20

   await operation(tryTimeout);

async Task RunOperation( 1
 Func<TimeSpan, Task> operation,2
 TransportConnectionScope scope, CancellationToken cancellationToken)3
{4
 TimeSpan tryTimeout = CalculateTryTimeout(0);5
 // omitted6
 while (!cancellationToken.IsCancellationRequested) {7
  if (IsServerBusy) {8
   await Task.Delay(ServerBusyBaseSleepTime, cancellationToken);9
  }10
 11
  try {12

13
   return;14
  }15
  catch {16
   // omitted17
  }18
 }19
}20



Remove closure allocations.

TransportMessageBatch messageBatch = null;
Task createBatchTask = _retryPolicy.RunOperation(async (timeout) 
{
 messageBatch =
  await CreateMessageBatchInternalAsync(options, timeout);
},
_connectionScope,
cancellationToken);
await createBatchTask;
return messageBatch;
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TransportMessageBatch messageBatch = null;

 messageBatch =
  await CreateMessageBatchInternalAsync(options, timeout);

1
Task createBatchTask = _retryPolicy.RunOperation(async (timeout) 2
{3

4
5

},6
_connectionScope,7
cancellationToken);8
await createBatchTask;9
return messageBatch;10



Remove closure allocations.

if (num1 != 0) {
 this.\u003C\u003E8__1 = new AmqpSender.\u003C\u003Ec__DisplayClass16_0();
 this.\u003C\u003E8__1.\u003C\u003E4__this = this.\u003C\u003E4__this;
 this.\u003C\u003E8__1.options = this.options;
 this.\u003C\u003E8__1.messageBatch = (TransportMessageBatch) null;
 
 configuredTaskAwaiter = amqpSender._retryPolicy.RunOperation(
  new Func<TimeSpan, Task>((object) this.\u003C\u003E8__1,
    __methodptr(\u003CCreateMessageBatchAsync\u003Eb__0)),
    (TransportConnectionScope) amqpSender._connectionScope,
    this.cancellationToken).ConfigureAwait(false).GetAwaiter();
 
 // rest omitted
}
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 this.\u003C\u003E8__1 = new AmqpSender.\u003C\u003Ec__DisplayClass16_0();

  new Func<TimeSpan, Task>((object) this.\u003C\u003E8__1,

if (num1 != 0) {1
2

 this.\u003C\u003E8__1.\u003C\u003E4__this = this.\u003C\u003E4__this;3
 this.\u003C\u003E8__1.options = this.options;4
 this.\u003C\u003E8__1.messageBatch = (TransportMessageBatch) null;5
 6
 configuredTaskAwaiter = amqpSender._retryPolicy.RunOperation(7

8
    __methodptr(\u003CCreateMessageBatchAsync\u003Eb__0)),9
    (TransportConnectionScope) amqpSender._connectionScope,10
    this.cancellationToken).ConfigureAwait(false).GetAwaiter();11
 12
 // rest omitted13
}14



Remove closure allocations.

internal async ValueTask<TResult> RunOperation<T1, TResult>( 
 Func<T1, TimeSpan, CancellationToken, ValueTask<TResult>> operation,
 T1 t1,
 TransportConnectionScope scope,
 CancellationToken cancellationToken) {
 TimeSpan tryTimeout = CalculateTryTimeout(0);
 // omitted
 while (!cancellationToken.IsCancellationRequested) {
  if (IsServerBusy) {
   await Task.Delay(ServerBusyBaseSleepTime, cancellationToken);
  }
 
  try {
   return await operation(t1, tryTimeout, cancellationToken);
  }
  catch {
   // omitted
  }
 }
}
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internal async ValueTask<TResult> RunOperation<T1, TResult>( 1
 Func<T1, TimeSpan, CancellationToken, ValueTask<TResult>> operation,2
 T1 t1,3
 TransportConnectionScope scope,4
 CancellationToken cancellationToken) {5
 TimeSpan tryTimeout = CalculateTryTimeout(0);6
 // omitted7
 while (!cancellationToken.IsCancellationRequested) {8
  if (IsServerBusy) {9
   await Task.Delay(ServerBusyBaseSleepTime, cancellationToken);10
  }11
 12
  try {13
   return await operation(t1, tryTimeout, cancellationToken);14
  }15
  catch {16
   // omitted17
  }18
 }19
}20

 Func<T1, TimeSpan, CancellationToken, ValueTask<TResult>> operation,
 T1 t1,

internal async ValueTask<TResult> RunOperation<T1, TResult>( 1
2
3

 TransportConnectionScope scope,4
 CancellationToken cancellationToken) {5
 TimeSpan tryTimeout = CalculateTryTimeout(0);6
 // omitted7
 while (!cancellationToken.IsCancellationRequested) {8
  if (IsServerBusy) {9
   await Task.Delay(ServerBusyBaseSleepTime, cancellationToken);10
  }11
 12
  try {13
   return await operation(t1, tryTimeout, cancellationToken);14
  }15
  catch {16
   // omitted17
  }18
 }19
}20

   return await operation(t1, tryTimeout, cancellationToken);

internal async ValueTask<TResult> RunOperation<T1, TResult>( 1
 Func<T1, TimeSpan, CancellationToken, ValueTask<TResult>> operation,2
 T1 t1,3
 TransportConnectionScope scope,4
 CancellationToken cancellationToken) {5
 TimeSpan tryTimeout = CalculateTryTimeout(0);6
 // omitted7
 while (!cancellationToken.IsCancellationRequested) {8
  if (IsServerBusy) {9
   await Task.Delay(ServerBusyBaseSleepTime, cancellationToken);10
  }11
 12
  try {13

14
  }15
  catch {16
   // omitted17
  }18
 }19
}20



Remove closure allocations.

internal async ValueTask RunOperation<T1>( 
 Func<T1, TimeSpan, CancellationToken, ValueTask> operation,
 T1 t1,
 TransportConnectionScope scope,
 CancellationToken cancellationToken) =>
  await RunOperation(static async (value, timeout, token) =>
  {
   var (t1, operation) = value;
   await operation(t1, timeout, token);
   return default(object);
  },
 (t1, operation),
 scope, cancellationToken);
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internal async ValueTask RunOperation<T1>( 1
 Func<T1, TimeSpan, CancellationToken, ValueTask> operation,2
 T1 t1,3
 TransportConnectionScope scope,4
 CancellationToken cancellationToken) =>5
  await RunOperation(static async (value, timeout, token) =>6
  {7
   var (t1, operation) = value;8
   await operation(t1, timeout, token);9
   return default(object);10
  },11
 (t1, operation),12
 scope, cancellationToken);13

 Func<T1, TimeSpan, CancellationToken, ValueTask> operation,
 T1 t1,

internal async ValueTask RunOperation<T1>( 1
2
3

 TransportConnectionScope scope,4
 CancellationToken cancellationToken) =>5
  await RunOperation(static async (value, timeout, token) =>6
  {7
   var (t1, operation) = value;8
   await operation(t1, timeout, token);9
   return default(object);10
  },11
 (t1, operation),12
 scope, cancellationToken);13

  await RunOperation(static async (value, timeout, token) =>

   var (t1, operation) = value;
   await operation(t1, timeout, token);

 (t1, operation),

internal async ValueTask RunOperation<T1>( 1
 Func<T1, TimeSpan, CancellationToken, ValueTask> operation,2
 T1 t1,3
 TransportConnectionScope scope,4
 CancellationToken cancellationToken) =>5

6
  {7

8
9

   return default(object);10
  },11

12
 scope, cancellationToken);13



Remove closure allocations.

if (num1 != 0) {
 configuredTaskAwaiter = t1._retryPolicy
  .RunOperation<AmqpSender, CreateMessageBatchOptions, TransportMessageBatch>(
  AmqpSender.\u003C\u003Ec.\u003C\u003E9__16_0 ?? (AmqpSender.\u003C\u003Ec.\u003C\u003E9__16_0 =
   new Func<AmqpSender, CreateMessageBatchOptions, TimeSpan, CancellationToken, Task<TransportMessageBatch>>
    (object) AmqpSender.\u003C\u003Ec.\u003C\u003E9,
    __methodptr(\u003CCreateMessageBatchAsync\u003Eb__16_0))),
    t1,
    this.options,
    (TransportConnectionScope) t1._connectionScope,
    this.cancellationToken).ConfigureAwait(false).GetAwaiter();
 // rest omitted
}
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  AmqpSender.\u003C\u003Ec.\u003C\u003E9__16_0 ?? (AmqpSender.\u003C\u003Ec.\u003C\u003E9__16_0 =

    this.options,

if (num1 != 0) {1
 configuredTaskAwaiter = t1._retryPolicy2
  .RunOperation<AmqpSender, CreateMessageBatchOptions, TransportMessageBatch>(3

4
   new Func<AmqpSender, CreateMessageBatchOptions, TimeSpan, CancellationToken, Task<TransportMessageBatch>>5
    (object) AmqpSender.\u003C\u003Ec.\u003C\u003E9,6
    __methodptr(\u003CCreateMessageBatchAsync\u003Eb__16_0))),7
    t1,8

9
    (TransportConnectionScope) t1._connectionScope,10
    this.cancellationToken).ConfigureAwait(false).GetAwaiter();11
 // rest omitted12
}13



 ~74-78% 
 ~Gone!

particular.net/blog/pipeline-and-closure-allocations

https://particular.net/blog/pipeline-and-closure-allocations


HOW TO DETECT THOSE ALLOCATIONS?
Use memory profilers and watch out for excessive
allocations of *__DisplayClass* or various
variants of Action* and Func*
Use tools like  orHeap Allocation Viewer (Rider)
Heap Allocation Analyzer (Visual Studio)
Many built-in .NET types that use delegates have
nowadays generic overloads that allow to pass state
into the delegate.

https://plugins.jetbrains.com/plugin/9223-heap-allocations-viewer
https://marketplace.visualstudio.com/items?itemName=MukulSabharwal.ClrHeapAllocationAnalyzer


Remove closure allocations.

var someState1 = new object();
var someOtherState = 42;
 
var dictionary = new ConcurrentDictionary<string, string>();
 
dictionary.GetOrAdd("SomeKey", static (key, state) => {
 var (someState, someOtherState) = state;
 
 return $"{someState}_{someOtherState}";
}, (someState1, someOtherState));
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Avoid excessive allocations to
reduce the GC overhead
Pool and re-use buffers (and larger objects)



Pool and re-use buffers.

var data = new ArraySegment<byte>(Guid.NewGuid().ToByteArray());
 
var guidBuffer = new byte[16];
Buffer.BlockCopy(data.Array, data.Offset, guidBuffer, 0, 16);
var lockTokenGuid = new Guid(guidBuffer);

1
2
3
4
5

var guidBuffer = new byte[16];
Buffer.BlockCopy(data.Array, data.Offset, guidBuffer, 0, 16);

var data = new ArraySegment<byte>(Guid.NewGuid().ToByteArray());1
 2

3
4

var lockTokenGuid = new Guid(guidBuffer);5



Pool and re-use buffers.

byte[] guidBuffer =  ArrayPool<byte>.Shared.Rent(16);
Buffer.BlockCopy(data.Array, data.Offset, guidBuffer, 0, 16);
var lockTokenGuid = new Guid(guidBuffer);
ArrayPool<byte>.Shared.Return(guidBuffer);

1
2
3
4

byte[] guidBuffer =  ArrayPool<byte>.Shared.Rent(16);1
Buffer.BlockCopy(data.Array, data.Offset, guidBuffer, 0, 16);2
var lockTokenGuid = new Guid(guidBuffer);3
ArrayPool<byte>.Shared.Return(guidBuffer);4 ArrayPool<byte>.Shared.Return(guidBuffer);

byte[] guidBuffer =  ArrayPool<byte>.Shared.Rent(16);1
Buffer.BlockCopy(data.Array, data.Offset, guidBuffer, 0, 16);2
var lockTokenGuid = new Guid(guidBuffer);3

4



Benchmarking Time!
We can only know the before and a�er when we
measure it.



 +226%
 ~Gone!



Avoid excessive allocations to
reduce the GC overhead
For smaller local buffers, consider using the stack



Small local buffers on stack.

Span<byte> guidBytes = stackalloc byte[16];
data.AsSpan().CopyTo(guidBytes);
var lockTokenGuid = new Guid(guidBytes);

1
2
3

Span<byte> guidBytes = stackalloc byte[16];1
data.AsSpan().CopyTo(guidBytes);2
var lockTokenGuid = new Guid(guidBytes);3
data.AsSpan().CopyTo(guidBytes);
Span<byte> guidBytes = stackalloc byte[16];1

2
var lockTokenGuid = new Guid(guidBytes);3



Benchmarking Time!
We can only know the before and a�er when we
measure it.



 ~45%
 ~Gone!





Avoid excessive allocations to reduce the GC
overhead

Think at least twice before using LINQ or
unnecessary enumeration on the hot path
Be aware of closure allocations
Pool and re-use buffers
For smaller local buffers, consider using the stack
Be aware of parameter overloads
Where possible and feasible use value types but
pay attention to unnecessary boxing



Avoid unnecessary copying of
memory



Avoid unnecessary copying of
memory

Look for Stream and Byte-Array usages that are
copied or manipulated without using Span or
Memory
Replace existing data manipulation methods with
newer Span or Memory based variants



Avoid unnecessary copying of memory.

private static short GenerateHashCode(string partitionKey) {
 if (partitionKey == null) {
  return 0;
 }
 
 var encoding = Encoding.UTF8;
 ComputeHash(encoding.GetBytes(partitionKey), 0, 0, out uint hash1, out uint hash2);
 return (short)(hash1 ^ hash2);
}
 
private static void ComputeHash(byte[] data, uint seed1, uint seed2,
 out uint hash1, out uint hash2) {
 
 uint a, b, c;
 
 a = b = c = (uint)(0xdeadbeef + data.Length + seed1);
 c += seed2;
 
 int index = 0, size = data.Length;
 while (size > 12) {
  a += BitConverter.ToUInt32(data, index);
  b += BitConverter.ToUInt32(data, index + 4);
  c += BitConverter.ToUInt32(data, index + 8);
 
 // rest omitted
}

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

 var encoding = Encoding.UTF8;
 ComputeHash(encoding.GetBytes(partitionKey), 0, 0, out uint hash1, out uint hash2);

private static void ComputeHash(byte[] data, uint seed1, uint seed2,

private static short GenerateHashCode(string partitionKey) {1
 if (partitionKey == null) {2
  return 0;3
 }4
 5

6
7

 return (short)(hash1 ^ hash2);8
}9
 10

11
 out uint hash1, out uint hash2) {12
 13
 uint a, b, c;14
 15
 a = b = c = (uint)(0xdeadbeef + data.Length + seed1);16
 c += seed2;17
 18
 int index = 0, size = data.Length;19
 while (size > 12) {20
  a += BitConverter.ToUInt32(data, index);21
  b += BitConverter.ToUInt32(data, index + 4);22
  c += BitConverter.ToUInt32(data, index + 8);23
 24
 // rest omitted25
}26



Avoid unnecessary copying of memory.

[SkipLocalsInit]
private static short GenerateHashCode(string partitionKey) {
 if (partitionKey == null) {
  return 0;
 }
 
 const int MaxStackLimit = 256;
 
 byte[] sharedBuffer = null;
 var partitionKeySpan = partitionKey.AsSpan();
 var encoding = Encoding.UTF8;
 
 var partitionKeyByteLength = encoding.GetMaxByteCount(partitionKey.Length);
 var hashBuffer = partitionKeyByteLength <= MaxStackLimit ?
  stackalloc byte[MaxStackLimit] :
  sharedBuffer = ArrayPool<byte>.Shared.Rent(partitionKeyByteLength);
 
 var written = encoding.GetBytes(partitionKeySpan, hashBuffer);
 var slicedBuffer = hashBuffer.Slice(0, written);
 
 ComputeHash(slicedBuffer, 0, 0, out uint hash1, out uint hash2);
 
 if (sharedBuffer != null) {
  ArrayPool<byte>.Shared.Return(sharedBuffer);
 }
 return (short)(hash1 ^ hash2);
}
 
private static void ComputeHash(ReadonlySpan<byte> data, uint seed1, uint seed2,
out uint hash1, out uint hash2) {

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

 var partitionKeySpan = partitionKey.AsSpan();

[SkipLocalsInit]1
private static short GenerateHashCode(string partitionKey) {2
 if (partitionKey == null) {3
  return 0;4
 }5
 6
 const int MaxStackLimit = 256;7
 8
 byte[] sharedBuffer = null;9

10
 var encoding = Encoding.UTF8;11
 12
 var partitionKeyByteLength = encoding.GetMaxByteCount(partitionKey.Length);13
 var hashBuffer = partitionKeyByteLength <= MaxStackLimit ?14
  stackalloc byte[MaxStackLimit] :15
  sharedBuffer = ArrayPool<byte>.Shared.Rent(partitionKeyByteLength);16
 17
 var written = encoding.GetBytes(partitionKeySpan, hashBuffer);18
 var slicedBuffer = hashBuffer.Slice(0, written);19
 20
 ComputeHash(slicedBuffer, 0, 0, out uint hash1, out uint hash2);21
 22
 if (sharedBuffer != null) {23
  ArrayPool<byte>.Shared.Return(sharedBuffer);24
 }25
 return (short)(hash1 ^ hash2);26
}27
 28
private static void ComputeHash(ReadonlySpan<byte> data, uint seed1, uint seed2,29
out uint hash1, out uint hash2) {30

 var partitionKeyByteLength = encoding.GetMaxByteCount(partitionKey.Length);

[SkipLocalsInit]1
private static short GenerateHashCode(string partitionKey) {2
 if (partitionKey == null) {3
  return 0;4
 }5
 6
 const int MaxStackLimit = 256;7
 8
 byte[] sharedBuffer = null;9
 var partitionKeySpan = partitionKey.AsSpan();10
 var encoding = Encoding.UTF8;11
 12

13
 var hashBuffer = partitionKeyByteLength <= MaxStackLimit ?14
  stackalloc byte[MaxStackLimit] :15
  sharedBuffer = ArrayPool<byte>.Shared.Rent(partitionKeyByteLength);16
 17
 var written = encoding.GetBytes(partitionKeySpan, hashBuffer);18
 var slicedBuffer = hashBuffer.Slice(0, written);19
 20
 ComputeHash(slicedBuffer, 0, 0, out uint hash1, out uint hash2);21
 22
 if (sharedBuffer != null) {23
  ArrayPool<byte>.Shared.Return(sharedBuffer);24
 }25
 return (short)(hash1 ^ hash2);26
}27
 28
private static void ComputeHash(ReadonlySpan<byte> data, uint seed1, uint seed2,29
out uint hash1, out uint hash2) {30

 const int MaxStackLimit = 256;

 var partitionKeyByteLength = encoding.GetMaxByteCount(partitionKey.Length);
 var hashBuffer = partitionKeyByteLength <= MaxStackLimit ?
  stackalloc byte[MaxStackLimit] :
  sharedBuffer = ArrayPool<byte>.Shared.Rent(partitionKeyByteLength);

[SkipLocalsInit]1
private static short GenerateHashCode(string partitionKey) {2
 if (partitionKey == null) {3
  return 0;4
 }5
 6

7
 8
 byte[] sharedBuffer = null;9
 var partitionKeySpan = partitionKey.AsSpan();10
 var encoding = Encoding.UTF8;11
 12

13
14
15
16

 17
 var written = encoding.GetBytes(partitionKeySpan, hashBuffer);18
 var slicedBuffer = hashBuffer.Slice(0, written);19
 20
 ComputeHash(slicedBuffer, 0, 0, out uint hash1, out uint hash2);21
 22
 if (sharedBuffer != null) {23
  ArrayPool<byte>.Shared.Return(sharedBuffer);24
 }25
 return (short)(hash1 ^ hash2);26
}27
 28
private static void ComputeHash(ReadonlySpan<byte> data, uint seed1, uint seed2,29
out uint hash1, out uint hash2) {30

 var written = encoding.GetBytes(partitionKeySpan, hashBuffer);
 var slicedBuffer = hashBuffer.Slice(0, written);

[SkipLocalsInit]1
private static short GenerateHashCode(string partitionKey) {2
 if (partitionKey == null) {3
  return 0;4
 }5
 6
 const int MaxStackLimit = 256;7
 8
 byte[] sharedBuffer = null;9
 var partitionKeySpan = partitionKey.AsSpan();10
 var encoding = Encoding.UTF8;11
 12
 var partitionKeyByteLength = encoding.GetMaxByteCount(partitionKey.Length);13
 var hashBuffer = partitionKeyByteLength <= MaxStackLimit ?14
  stackalloc byte[MaxStackLimit] :15
  sharedBuffer = ArrayPool<byte>.Shared.Rent(partitionKeyByteLength);16
 17

18
19

 20
 ComputeHash(slicedBuffer, 0, 0, out uint hash1, out uint hash2);21
 22
 if (sharedBuffer != null) {23
  ArrayPool<byte>.Shared.Return(sharedBuffer);24
 }25
 return (short)(hash1 ^ hash2);26
}27
 28
private static void ComputeHash(ReadonlySpan<byte> data, uint seed1, uint seed2,29
out uint hash1, out uint hash2) {30

  sharedBuffer = ArrayPool<byte>.Shared.Rent(partitionKeyByteLength);

 if (sharedBuffer != null) {
  ArrayPool<byte>.Shared.Return(sharedBuffer);
 }

[SkipLocalsInit]1
private static short GenerateHashCode(string partitionKey) {2
 if (partitionKey == null) {3
  return 0;4
 }5
 6
 const int MaxStackLimit = 256;7
 8
 byte[] sharedBuffer = null;9
 var partitionKeySpan = partitionKey.AsSpan();10
 var encoding = Encoding.UTF8;11
 12
 var partitionKeyByteLength = encoding.GetMaxByteCount(partitionKey.Length);13
 var hashBuffer = partitionKeyByteLength <= MaxStackLimit ?14
  stackalloc byte[MaxStackLimit] :15

16
 17
 var written = encoding.GetBytes(partitionKeySpan, hashBuffer);18
 var slicedBuffer = hashBuffer.Slice(0, written);19
 20
 ComputeHash(slicedBuffer, 0, 0, out uint hash1, out uint hash2);21
 22

23
24
25

 return (short)(hash1 ^ hash2);26
}27
 28
private static void ComputeHash(ReadonlySpan<byte> data, uint seed1, uint seed2,29
out uint hash1, out uint hash2) {30

private static void ComputeHash(ReadonlySpan<byte> data, uint seed1, uint seed2,

[SkipLocalsInit]1
private static short GenerateHashCode(string partitionKey) {2
 if (partitionKey == null) {3
  return 0;4
 }5
 6
 const int MaxStackLimit = 256;7
 8
 byte[] sharedBuffer = null;9
 var partitionKeySpan = partitionKey.AsSpan();10
 var encoding = Encoding.UTF8;11
 12
 var partitionKeyByteLength = encoding.GetMaxByteCount(partitionKey.Length);13
 var hashBuffer = partitionKeyByteLength <= MaxStackLimit ?14
  stackalloc byte[MaxStackLimit] :15
  sharedBuffer = ArrayPool<byte>.Shared.Rent(partitionKeyByteLength);16
 17
 var written = encoding.GetBytes(partitionKeySpan, hashBuffer);18
 var slicedBuffer = hashBuffer.Slice(0, written);19
 20
 ComputeHash(slicedBuffer, 0, 0, out uint hash1, out uint hash2);21
 22
 if (sharedBuffer != null) {23
  ArrayPool<byte>.Shared.Return(sharedBuffer);24
 }25
 return (short)(hash1 ^ hash2);26
}27
 28

29
out uint hash1, out uint hash2) {30

[SkipLocalsInit]

  stackalloc byte[MaxStackLimit] :

1
private static short GenerateHashCode(string partitionKey) {2
 if (partitionKey == null) {3
  return 0;4
 }5
 6
 const int MaxStackLimit = 256;7
 8
 byte[] sharedBuffer = null;9
 var partitionKeySpan = partitionKey.AsSpan();10
 var encoding = Encoding.UTF8;11
 12
 var partitionKeyByteLength = encoding.GetMaxByteCount(partitionKey.Length);13
 var hashBuffer = partitionKeyByteLength <= MaxStackLimit ?14

15
  sharedBuffer = ArrayPool<byte>.Shared.Rent(partitionKeyByteLength);16
 17
 var written = encoding.GetBytes(partitionKeySpan, hashBuffer);18
 var slicedBuffer = hashBuffer.Slice(0, written);19
 20
 ComputeHash(slicedBuffer, 0, 0, out uint hash1, out uint hash2);21
 22
 if (sharedBuffer != null) {23
  ArrayPool<byte>.Shared.Return(sharedBuffer);24
 }25
 return (short)(hash1 ^ hash2);26
}27
 28
private static void ComputeHash(ReadonlySpan<byte> data, uint seed1, uint seed2,29
out uint hash1, out uint hash2) {30



Benchmarking Time!
We can only know the before and a�er when we
measure it.



 ~38-47% 
 ~Gone!





Look for Stream and Byte-Array usages that are
copied or manipulated without using Span or
Memory
Replace existing data manipulation methods with
newer Span or Memory based variants



Avoid excessive allocations to reduce the GC overhead
Be aware of closure allocations
Be aware of parameter overloads
Where possible and feasible use value types  
but pay attention to unnecessary boxing
Think at least twice before using LINQ  
or unnecessary enumeration on the hot path

Use Array.Empty<T> to represent empty arrays
Use Enumerable.Empty<T> to represent empty enumerables
Prevent collections from growing
Use concrete collection types
Leverage pattern matching or Enumerable.TryGetNonEnumeratedCount
Wait with instantiating collections until really needed

Pool and re-use buffers
For smaller local buffers, consider using the stack

Avoid unnecessary copying of memory
Look for Stream and Byte-Array usages that are copied or manipulated without using
Span or Memory
Replace existing data manipulation methods with newer Span or Memory based
variants



In case you are up for a challenge
The original ComputeHash method had a . 
Did you spot it?

static void ComputeHash(byte[] data, uint seed1, uint seed2, 
 out uint hash1, out uint hash2) {
 
   uint a, b, c; 
 
   a = b = c = (uint)(0xdeadbeef + data.Length + seed1); 
   c += seed2; 
 
   int index = 0, size = data.Length; 
   while (size > 12) { 
      a += BitConverter.ToUInt32(data, index); 
      b += BitConverter.ToUInt32(data, index + 4); 
      c += BitConverter.ToUInt32(data, index + 8); 
 
      // rest omitted 
   }



AT SCALE IMPLEMENTATION DETAILS MATTER

Tweak expensive I/O operations first.  
Pay close attention to the context of the code. 
Apply the principles where they matter.  
Everywhere else, favor readability.

Happy coding!

   

github.com/danielmarbach/PerformanceTricksAzureSDK

 danielmarbach daniel.marbach@particular.net
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