Building High Performance Threaded
Applications using Libraries
or

Why you don’t need a parallel
compiler

Jim Cownie
Principal Engineer

intel.



Outline

Overview of Intel®Threading Building Blocks (Intel® TBB)
Problems that Intel® TBB addresses

Origin of Intel® TBB

Parallel Algorithm Templates

BREAK

How it works

Synchronization

Concurrent Containers

Miscellenea

When to use native threads, OpenMP, TBB

Quick overview of TBB sources

PACT 2007, Brasov

(intel, 2
Soltware

Copyright © 2007, Intel Corporati i served.
*Intel and the Intel logo are rks of Intel Corporation. Other brands and names are the property of their respective owners



Overview

Intel® Threading Building Blocks (Intel® TBB) is a C++ library

that simplifies threading for performance
P g P @
Intel
-Move the level at which you program above [ Threading
Building Blocks
threads to tasks

eLet the run time library worry about how
many threads to use, scheduling, cache etc

eCommitted to:
compiler independence

processor independence "fntel
OS independence Threading

Building Blocks

*GPL license allows use on many platforms;
commercial license allows use in products

ORELLY s B ki
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Problems exploiting parallelism

Gaining performance from multi-core requires parallel
programming

Even a simple “parallel for” is tricky for a non-expert to write
well with explicit threads
Two aspects to parallel programming

eCorrectness: avoiding race conditions and deadlock

ePerformance: efficient use of resources
— Hardware threads (match parallelism to hardware threads)
— Memory space (choose right evaluation order)
— Memory bandwidth (reuse cache)
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Threads are Unstructured

pthread_t id[N_THREAD];
for(int i=0; i<N_THREAD; i++) {

int ret = pthread_create(&id[i], NULL, thread_ routine, (void*)i);

assert(ret==0);
¥
parallel goto

for(inti =0; i < N_THREAD; i++ ) {
int ret = pthread_join(id[i], NULL);

assert(ret==0);
ks
parallel comefrom
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Off-Chip Memory Is Slow : L1 cache | L1 cache

so cache behavior matters...

Latency o length of arrow

Bandwidth oc width of arrow
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Locality Matters! Consider Sieve of
Eratosthenes for Finding Primes

Start with odd integers

3|5|7]9(11{13|15(17(19(21(23|25(27(29|31|33|35|37|39

Strike out odd multiples of 3

3|57 .11 13.17 19.23 25.29 31.35 37.

Strike out odd multiples of 5

5[ [+ Il o o Bl B

Strike out odd multiples of 7

5[ [+ Il o [ B B
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Running Out of Cache

Current multiple of k

Strike out odd multiples of k l

I I I I I I I I I I I I - -

cache

A

Each pass through array has to reload the cache!
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Optimizing for Cache Is Critical
Optimizing for cache can beat small-scale parallelism

Serial Sieve of Eratosthenes

1E+2
g ~pia
(¢b)
s
A 1E+0 - — Restructured for Cache
o Optimized by blocking into \/n_sized chunks
o
o 1E-1
(«B)
&
o 1E-2 -
§ Intel® TBB has an
= 1E-3 example version that is
restructured and parallel.
1E-4 | ‘
1E+5 1E+6 1E+7 1E+8

n (log scale)
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One More Problem: Nested Parallelism

Software components are built from smaller components

—uy g ——Wa —G
Ta _Tlog g Tglhd o e _Te
— 00— o0 o—g WO 0w 0 T

If each turtle specifies threads...
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Effect of Oversubscription

Text filter on 4-socket 8-thread machine with dynamic load balancing

37 peaked at 4 threads

25 -
Q 2
=) — Best Run
© ‘—'—‘
8 15 - — Geomean
g —wors Fun
n 4

05 -

0 [ [ [ |
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Logical Threads

ﬁ_/

oversubscription
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Summary of Problem

Gaining performance from multi-core requires parallel
programming

Two aspects to parallel programming
eCorrectness: avoiding race conditions and deadlock

ePerformance: efficient use of resources
— Hardware threads (match parallelism to hardware threads)
— Memory space (choose right evaluation order)
— Memory bandwidth (reuse cache)
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Three Approaches for Improvement

New language

* Cilk, NESL, Fortress, ...

* Clean, conceptually simple

* But very difficult to get widespread acceptance

Language extensions / pragmas

* OpenMP, HPF

* Easier to get acceptance

* But still require a special compiler or pre-processor

Library
* POOMA, Hood, MPI, ...
* Works in existing environment, no new compiler needed

* But Somewhat awkward
— Syntactic boilerplate
— Cannot rely on advanced compiler transforms for performance
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Family Tree

1988

1995

2001

Pragmas

OpenMP*
fork/join
tasks

Languages Threaded-C STL
continuation tasks

4« task stealing

Cilk
space efficient scheduler
cache-oblivious algorithms

OpenMP taskqueue
while & recursion

ECMA .NET*
parallel iteration classes

Chare Kernel
small tasks

generic
programming

Libraries
JSR-166 v
(FJTask) STAPL

containers  recursive ranges

e

Intel® TBB

*Qther names and brands may be claimed as the property of others
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Generic Programming

Best known example is C++ Standard Template Library

Enables distribution of broadly-useful high-quality algorithms and
data structures
Write best possible algorithm in most general way

®* Does not force particular data structure on user (like std::sort)

— parallel _for does not require specific type of iteration space, but only that
it have signatures for recursive splitting

Instantiate algorithm to specific situation

e C++ template instantiation, partial specialization, and inlining make
resulting code efficient

* E.g., parallel loop templates use only one virtual function

| assume you all saw Bjarne Stroustrup yesterday, so know all about
this!
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Key Features of Intel® Threading Building Blocks

You specify task patterns instead of threads (focus on the work, not
the workers)

* Library maps user-defined logical tasks onto physical threads,
efficiently using cache and balancing load

* Full support for nested parallelism

Targets threading for robust performance

* Designed to provide portable scalable performance for
computationally intense portions of shrink-wrapped applications.

Compatible with other threading packages
* Designed for CPU bound computation, not 1/0 bound or real-time.

* Library can be used in concert with other threading packages such
as native threads and OpenMP.

Emphasizes scalable, data parallel programming

* Solutions based on functional decomposition usually do not scale.
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Relaxed Sequential Semantics

TBB emphasizes relaxed sequential semantics

* Parallelism as accelerator, not mandatory for correctness.
Examples of mandatory parallelism

* Producer-consumer relationship with bounded buffer

* MPI programs with cyclic message passing

Evils of mandatory parallelism

* Understanding is harder (no sequential approximation)

* Debugging is complex (must debug the whole)

* Serial efficiency is hurt (context switching required)

* Throttling parallelism is tricky (cannot throttle to 1)

* Nested parallelism is inefficient (all turtles must run!)
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Scalability

How the performance improves as we add hardware threads.

Ideally you want Performance «« Number of hardware threads, but
Amdahl tells us this is hard.

Generally prepared to accept Performance OC\/ Number of threads

Impediments to scalability

— Any code which executes once for each thread (e.g. a loop starting
threads)

— Coding for a fixed number of threads (can’t exploit extra hardware;
oversubscribes less hardware)

— Contention for shared data (locks cause serialization)

TBB approach

— Create tasks recursively (for a tree this is logarithmic in number of tasks)

— Deal with tasks not threads. Let the runtime (which knows about the
hardware on which it is running) deal with threads.

— Try to use recursive tasks to avoid the need for locks.
* Provide efficient atomic operations and locks if you really need them.
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Intel® TBB Components

Generic Parallel Algorithms
parallel for
parallel_while

Concurrent Containers
concurrent_hash_map

parallel _reduce
pipeline
parallel sort
parallel _scan

Task scheduler

Synchronization Primitives
atomic, spin_mutex, spin_rw_mutex,
queuing_mutex, queuing_rw_mutex, mutex

concurrent _queue
concurrent_vector

21 PACT 2007, Brasov

Copyright © 2007, Intel Corporation. All rights reserved.
*Intel and the Intel logo are registered trademarks of Intel Corporation. Other brands and names are the property of their respective owners



Outline

Overview of Intel®Threading Building Blocks (Intel® TBB)
Problems that Intel® TBB addresses

Origin of Intel® TBB

Parallel Algorithm Templates

BREAK

How it works

Synchronization

Concurrent Containers

Miscellenea

When to use native threads, OpenMP, TBB

Quick overview of TBB sources

PACT 2007, Brasov

(intel, 22
Soltware

Copyright © 2007, Intel Cor| i i eserved.
*Intel and the Intel logo are arks of Intel Corporation. Other brands and names are the property of their respective owners



Parallel Algorithm Templates : parallel for

template <typename Range, typename Body, typename Partitioner=>
void parallel_for(const Range &range, const Body &body, const Partitioner &partitioner);

Requirements for parallel for Body

Body::Body(const Body&) Copy constructor
Body::~Body() Destructor

void Body::operator() (Range& subrange) const Apply the body to
subrange.

parallel _for schedules tasks to operate in parallel on
subranges of the original, using available threads so that:

* Loads are balanced across the available processors
* Available cache is used efficiently

* Adding more processors improves performance of existing
code (without recompilation!)

PACT 2007, Brasov

Copyright © 2007, Intel Corporation. All rights reserved.
*Intel and the Intel logo a rks of Intel Corporation. Other brands and names are the property of their respective owners



Range is Generic

Requirements for parallel for Range

R::R (const R&) Copy constructor

R::—~R( Destructor

bool R::empty() const True if range is empty

bool R::is_divisible() const True if range can be partitioned
R::R (R& r, split) Split r into two subranges

Library provides blocked range and blocked range2d
You can define your own ranges
Partitioner calls splitting constructor to spread tasks over range

Puzzle: Write parallel quicksort using parallel for, without recursion!
(One solution is in the TBB book which you’ll get at the end of the
tutorial)
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How this works on blocked range2d

e 4
=

Split range...

.. recursively...

tasks available to thieves

...until < grainsize.
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Partitioning the work

Like OpenMP, Intel TBB “chunks” ranges to amortize
overhead

Chunking is handled by a partitioner object
* TBB currently offers two: the auto_partitioner() and the
simple_partitioner()
— Normally use the auto_partitioner
— parallel _for( blocked range<int=(1, N), Body() , auto_partitioner());
— Simple_partitioner reserved for special cases using a manual grain size
— parallel_for( blocked range<int>(1, N, grain_size), Body() );
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Tuning Grain Size

too fine = too coarse =
scheduling overhead dominates lose potential parallelism

00000000
00000000
00000000
00000000
0000000
00000000
00000000
O0O0000000

Tune by examining single-processor performance

* Typically adjust to lose 5%-10% of performance for grainsize=o0

* When in doubt, err on the side of making it a little too large, so that
performance is not hurt when only one core is available.

* To begin with use the auto partitioner
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parallel for
Matrix Multiply: Serial Version

void SerialMatrixMultiply( float c[M][N], float a[M][L], float b[L][N] ) {
for( size_ti=0; i<M; ++i) {
for( size_tj=0; J<N; ++j) {
float sum = 0O;
for( size_t k=0; k<L; ++k)
sum += a[i][K[*b[K][];
c[i][j] = sum;
}
}
}
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Matrix Multiply: parallel for Body

class MatrixMultiplyBody2D {
float (*my_a)[L], (*my_b)[N], (*my_c)[N];
public:
void operator()( const blocked range2d<size t>&r) const {
ﬁoat (*a)[L] = my_a; // a,b,c used in example to emphasize
float (*b)[N] = my_b; // commonality with serial code
float (*c)[N] = my_c;
for( size_t i=r.rows().begin(); i'=r.rows().end(); ++i ) {
for( size_t j=r.cols().begin(); j'=r.cols().end(); ++j) { | b
float sum = 0; N
for( size_t k=0; k<L; ++k ) @c
sum += a[i][KI*bIK][]; =)
c[i](i] = sum;

\_ Y

MatrixMultiplyBody2D( float c[M][N], float a[M][L], float b[L][N] ) :
my_a(a), my_b(b), my_c(c) {}

Matrix C
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Matrix Multiply: parallel for

#include “tbb/task scheduler_init.h”
#include “tbb/parallel_for.h”
#include “tbb/blocked range2d.h”

tbb::task scheduler_init tbb_init(); // Initialize task scheduler
tbb::parallel_for (/*Range*/ blocked_range2d<size t>(0, N, 32, 0, N, 32),
[*Body*/ MatrixMultiplyBody2D(c,a,b) );
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