EEE
B COLFAX

HER Customized Solutions

MODERN CODE PRACTIGES
AND INTEL® ARCHITECTURE

Part1 of 3

Colfax International — colfaxresearch.com

September 2016

WELCOME

© Colfax International, 2013-2016


http://colfaxresearch.com/

| DISCLAIMER

While best efforts have been used in preparing this training, Colfax International makes no
representations or warranties of any kind and assumes no liabilities of any kind with respect to
the accuracy or completeness of the contents and specifically disclaims any implied warranties
of merchantability or fitness of use for a particular purpose. The publisher shall not be held
liable or responsible to any person or entity with respect to any loss or incidental or
consequential damages caused, or alleged to have been caused, directly or indirectly, by the
information or programs contained herein. No warranty may be created or extended by sales
representatives or written sales materials.
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| COURSE ROADMAP

> Part 1: Multi-threading strategies
® Minimizing synchronization
® Avoiding false sharing
* Exposing parallelism
> Part 2: Vectorization tuning
® Roles of compiler and developer
® Tuning with directives
¢ Data container optimization
* Language extensions
> Part 3: Memory traffic control
® Maximizing cache utilization
* Optimizing memory bandwidth XE_ON PHI'| &
* Intel Xeon Phi processors: high-bandwidth memory inside’
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§2. INTEL ARCHITECTURE




COMPUTING PLATFORMS




I COMPUTING PLATFORMS

Intel Xeon Intel Xeon Phi Intel Xeon Phi
Processor Coprocessor, Ist generation Processor, 2nd generation™®

Xeon Phi™ Coprocessor -
Xeon Phi™ Processor

* socket and coprocessor versions
Current: Broadwell

Upcoming: Skylake Knights Corner (KNC) Knights Landing (KNL)

Multl Core Architecture Intel Many Integrated Core (MIC) Architecture

com/moderncode COMPUTING PLATFURMS




I BOOTABLE INTEL XEON PHI PROCESSORS

Servers:

Bootable Host Processor x % x X
RHEL/CentOS/SUSE/Win ' '

Workstations:

64 cores x 4 HT, 1.3 GHz
< 384 GiB DDR4, > 90 GB/s

v vV VvV V

1

> 16 GiB HBM, > 400 GB/s - =
> PCle bus for networking x :’1‘5'
e ——

dap.xeonphi.com
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I FUTURE FORM-FACTORS

KNLF: KNL with Fabric

> Fabric integrated on CPU
® Intel OmniPath Architecture

> Socket mount processor

*KNC image

KNL Coprocessor
> PCle add-in card

® Requires host

> Multiple KNLs in a system
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IT TAKES GOOD SOFTWARE T0 UNLOCK THE PERFORMANCE!

Memory benchmark on Intel Xeon Phi processor 7210

60
BEEA  On-platform memory (DDR4)
[0 On-package high-bandwidth memory (MCDRAM)
500
N-Body Simulation Performance _ 447
3000 2
B2 Intel Xeon E5-2697 v3 (Haswell) Pize] g 400
@ Intel Xeon Phi 7120A (1st gen, KNO)| £
. 29T EZA  intel Xeon Phi 7220 (2nd gen, KNL) z
2 g
a s}
2 2000) 2 300
& 171 =
J = 230
£ 1500) =
g =
£ & 200
E 7 &
T 1000) &
& ke
(R3]
500 1% 100| %
310 261 o3
et/ .
59 08 2.1 [mmm] ofe%! ~
Step 0: Step 1: Step 2: Step 3: Step 4:
Initial Multi-threaded Scalar Tuning Vectorized w/SoA  Memory Optimization Out-of-the-box Optimized

Details on N-body simulation in Chapter 23 of this book
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PERFORMANCE OPTIMIZATION




I OPTIMIZATION AREAS

Vectorization
is SIMD parallelism used well?

Scalar Tuning Threading

what goes on in the pipeline? M emory do cores cooperate efficiently?

is cache usage maximized or
RAM access streamlined?

Communication

can coordination in a distributed or
heterogeneous system be improved?
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I KNL DIE ORGANIZATION

> Mesh interconnect relaxes data locality requirement [somewhat]

> All-to-all, quadrant or sub-numa domain communication in mesh

< 16 GiB on-package MCDRAM, ~ 400 GB/s

MCDRAM PCle MCDRAM
V—] CORE ‘CORE CORE ‘CORE CORE ‘CORE CORE ‘CORE CORE ‘CORE CORE ‘CORE
Bl L2 L2 L2 L2 L2 L |y
D 5 =
H (=4
= |2 CORE|CORE| |CORE|CORE| |CORE|CORE| ICORE|CORE| |CORE|CORE| |CORE|CORE
13 2 3
[ A L [~
% z L2 L2 L' 36 TILES 2 L2 L2 z
X Phi™ P @ S CORE‘CORE CORE‘COR_E CORE‘L72 quES“CORE CORE‘CORE CORE‘CORE S
eon Phi™ Processor ElE e - T - b3
B -
L—_J [as) ICORE ‘CORE ICORE ‘CORE CORE ‘CORE CORE ‘CORE CORE ‘CORE CORE ‘CORE
g 12 12 12 12 L2 L2
oo
0 MCDRAM MCDRAM
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§3. MULTI-THREADING: WHAT CAN GO WRONG?




THREADS AND OPENMP




"HELLO WORLD" OPENMP PROGRAM

#include <omp.h>
#include <cstdio>

int main(){
// This code is ezecuted by only 1 thread
const int nt=omp_get_max_threads();
printf ("OpenMP with %d threads\n", nt);

#pragma omp parallel
{
// This code is ezecuted in parallel
// by multiple threads
printf ("Hello World from thread %d\n",
omp_get_thread_num()) ;

THREADS AND OPENMP

> OpenMP = “Open

Multi-Processing” =
computing-oriented
framework for
shared-memory
programming

Threads — streams of
instructions that share
memory address space

Distribute threads across
CPU cores for parallel
speedup

nal, 2013-2016



I CO-EXISTENCE WITH VECTORS

Shared Memory
OpenMP Threads =
| Core] | Core] | |
Vectorization Logical Logical Logical Lﬂgical Lo, g al Logical Logical Logical
in each thread | [rocessor ””-l |- '| |' '| |' rocesso Uu-l
Vector Unit Vector Unit Vector Unit Vector Unit

Processor

Utilize cores: run multiple threads/processes (MIMD)
Utilize vectors: each thread (process) issues vector instructions (SIMD)

THREADS AND UPENMP © Colfax International, 2013-2016




| THREADS VERSUS PROCESSES

Option 1: Partitioning data set between threads/processes

Memory
Thread 1 Thread 2

Memory Memory

Process 1 Process 2

A Message Passing ¥

THREADS AND OPENMP © Colfax Internat
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| THREADS VERSUS PROCESSES
Option 2: Sharing data set between threads/processes

Memory Memory Memory

Process 1 ] Process 2

A Message Passing ¥

el v

Mutexes

Examples: particle transport simulation, machine learning (inference).

THREADS AND UPENMP © Colfax International, 2013-2016
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ISSUE 1: TOO MUCH SYNCHRONIZATION




I RACE CONDITIONS AND UNPREDICTABLE PROGRAM BEHAVIOR

1 | #include <omp.h> Thread 1
2 | #include <cstdio>

3 |int main() {

4 const int n = 1000;

5 int total = 0;

6 | #pragma omp parallel for

7 for (int i = 0; 1 < n; i++) {

8 total = total + i; // Race condition

9 } Race Condition!

10 printf ("total=}d (must be %d)\n", total,

" ((n-1)#n)/2) ; > Occurs when 2 or more

12 |} threads access the same

memory address, and at

Vega@lym?’ icpc -o app omp-race.cc -gopenmp least one of these accesses is
vegatlyral, ./app for writing

total=208112 (must be 499500)
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I AVOIDING RACES WITH THREAD-PRIVATE STORAGE

Correct and efficient code:

1 [int total = 0;

2 | #pragma omp parallel Thread 0 Thread 1 Thread 3 Thread 4
s | { I I | I |

. . 0+= 0 x1+=200 X2+=400 X3+=600 x4+=800

= 0; Thread-private | ©
o mee e = 0 O il 0= 1 x14=201 x2+=401 X3+=601 x4+=800
5 | #pragma omp for ums: |X0+= 2 x1+=202 X2+=402 X3+=602 x4+=800)
6 for (int i=0; i<n; i++)
total thr += i X0+=199 x1+=399 X2+=599 X3+=799 x4+=999
7 = 1ij;
- ’ fotal +=x0

8 Reduction atomic[total+=x1] .
s | #pragma omp atomic protected omtotal =]

i atomi =
with mutexes: atomic| total+=x3]

10 total += total_thr; | atomic[ fotal +=x4

B total=499500

ISSUE 1: TOO MUCH SYNCHRONIZATION © Colfax International, 2013-2016




EXAMPLE: BINNING PROBLEM

Computing a histogram (m << n): > Vector dependence in
1 | void Histogram( hist [J] ++

2 // Ages, values from 0.0f to 100.0f: . .

+| const float* age, > Strip-mine or use

4 // Size of array age, n=100000000: conflict detection

5 const int n,

6 // Output: counts in groups:

7 int* const hist, :

8 // Size of array hist, m=5:

9 const int m,

10 const float group_width) {
11 for (int i = 0; i < m; i++) {

12 const int j = int(agel[il/group_width);
13 hist [J] P g
1 }

non-vectorizable

o nist: (EEIENED ™ operation
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I USING REDUCTION INSTEAD OF SYNCHRONIZATION

20 T T .
_ EXA Intel Xeon Processor E5-2697 V2
g [ Intel Xeon Phi Coprocessor 7120P (KNC) 16.4
= 13 EZZ] Intel Xeon Phi Processor 7210 (KNL) |
5 13.9
5D
2
= 11.2
Q
=
s 10f -
=
2
:‘:S‘
< 5 - 4
£
b=
5]
o
0.937
B35.0.126 0117 0.046_0.035 0.017 :
Vectorized Serial Code Vectorized Parallel Code Vectorized Parallel Code
(Strip-Mining) (Atomic Operations) (Private Variables)
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ISSUE 2: FALSE SHARING




I FALSE SHARING. DATA PADDING AND PRIVATE VARIABLES

CPUO

'Thread 0'

CPU 1

(ache

same
Cache Line

T

Memory

> Occurs when 2 or more threads
acess the same cache line, and
at least one of the accesses is
for writing

> Caused by coherent caches

> Cache line is 64-byte wide
(in modern Intel architectures)

rncode ISSUE 2: FALSE SHAHING © Colfax International, 2013-2016
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I PADDING T0 AVOID FALSE SHARING

Thread 0 Thread 1 Thread2 Thread3 Thread4 Thread5 Thread 6

hist_contai i l]lhm i 1|hu iners[3][hist_contai AIV t 5]|his|7 }I
False IIIIII[[[[[IIHIII]]]]I\HHIIIIHIIIIII---
Sharing:
Cache line 1 Cache line 2 Cache line 3
Thread 0 Thread 1 Thread 2
. hist_containers[0] padding hist_containers[1] padding hist_containers[2]
With 55 55 T T T T e
Padding:
Cache line 1 Cache line 2 Cache line 3

1| // Padding to avoid sharing a cache line between threads

2 |const int paddingBytes = 64;

3 |const int paddingElements = paddingBytes / sizeof (int);

4 |const int mPadded = m + (paddingElements-m/paddingElements) ;
5 |int hist_containers[nThreads] [mPadded]; // New container

ISSUE 2: FALSE SHARING




I PADDING T0 AVOID FALSE SHARING

Performance, billion values/s (higher is better)

25

20

15

10

EXA Intel Xeon Processor E5-2697 V2

[ Intel Xeon Phi Coprocessor 7120P (KNC)
"|EZZ] Intel Xeon Phi Processor 7210 (KNL)

16.4 16.5
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12.4
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L [XX] P X

X KX

e 2ok

e 3.37 2%

25 2.61 <]

5 1.57 2%

S 0.72FF P

el e ] | AL

Parallel Code False Sharing Padded Padded Padded
(private variables) (no padding) to 64 bytes 128 bytes to 256 bytes
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ISSUE 3: INSUFFICIENT PARALLELISM




INSUFFICIENT PARALLELISM

Analy51s in Intel VTune Amphﬁer XE

point (change) @ Intel VTune Amplifier

M Concurrency Hotspots

.| a k\ DataOfnterest (U Metics) | v
Viening < Lot1» seleced sk

| 2000% eave18z o 330209

Grouping: _Function / Call Stack

[imbar.coc. | i et fober

Function / Call stack Effective Time by Utilization
Qidie @Poor Ok @ideal Pover libiomps.so!_kmp... kmp_barrier.cpp)
05

libiomps.so!_k... runtime.c:5529

5 _kmp_fork_barrer
3

B 0s 0s 05 0s 0s
S oume tumessamegpal_2a.410s o oy o o o libiomps.sot{Open...inux_util.c:750
> _kmp_join_call 0s 0110s 05 05 05 05 libpthread-2.1
o o3 o120 ] O Oy fibe-2.17.501_c...knownl{Uriknown]
> |
O e e L ane o ene e Jo 7ho [RulerArea

tor Thread #1

Thread j

= > Occurs when there are

not enough iterations or
parallel work-items
exposed to the parallel
loop in OpenMP.

Thread

3

No flters aro appiicd. RGN Any Process

SIS Uscr functions + 1~

ISSUE 3: INSUFFICIENT PARALLEI.ISM © Colfax International, 2013-2016
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EXAMPLE: DEALING WITH INSUFFICIENT PARALLELISM

n
Si = Z Mij’ i=0...m.
Jj=0
> m=4 is small, smaller than the number of threads in the system
> n =~ 10® is large enough so that matrix does not fit into cache

(1)

void sum_unoptimized(const int m, const int n, long* M, long* s){
#pragma omp parallel for
for (int i=0; i<m; i++) { // m=4
long total=0;
#pragma vector aligned
for (int j=0; j<n; j++) // n=100000000
total+=M[i*n+j];
s[i]=total; }}

colfaxresearch.com/moderncode ISSUE 3: INSUFFICIENT PAHALLEI.ISM © Colfax International, 2013-2016
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EXPOSING PARALLELISM: STRIP-MINING AND LOOP COLLAPSE

void sum_stripmine(const int m, const int n, long* M, long* s){
const int STRIP=1024;
assert (n’,STRIP==0) ;

s[0:m]=0;
#pragma omp parallel
{

long totall[m]; total[0:m]=0;
#pragma omp for collapse(2) schedule(guided)
for (int i=0; i<m; i++)
for (int jj=0; jj<m; jj+=STRIP)
#pragma vector aligned
for (int j=jj; j<jj+STRIP; j++)
total [i]+=M[i*n+j];
for (int i=0; i<m; i++) // Reduction
#pragma omp atomic
s[i]+=totall[i];
}or

colfaxresearch.com/moderncode ISSUE 3 INSUFFICIENT PAHALLEI.ISM
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EXPOSING PARALLELISM: STRIP-MINING AND LOOP COLLAPSE

Concurrency Hotspots by CPU Usage viewpoint (change) @ Intel VTune Amplifier XE 2015

& Bottom-up

Grouping:  Function / Call Stack Data Of Interest (CPU Metrics) | v |

T iewing 4 1of 10 selected stacki(d

Function / Call Stack Effective Time by Utilization B[ spintime @ OverheadTime [ 100.0% 1587875 of 158.7875) |

- Qidle @Poor 0Ok @ideal §Over [imbal...[Loc..] other | cre . [sch..[Red..] other | 2pp-CPUSUMColumns - [Unknownl™]

7875 I n
SumColumns 158.787s 0s 0s 0s 0s 0s 0s 0s libiomps.50![0p...runtime.c:6955
> _kmp_fork_barrier os 17.8145 05 0.450s ©0s ©0s 0s  Os 4‘)—')—| o | k. runtime.c:

P__kmpc_barrier 0s 16.200s 0s 0.6785s 0s 0s Os iblompS.s0!_k...runtime.c:2220
b main 1.250s] os| os| o0s| os| os| Os libiomps.so![Op...csupport.c:312
Selected 1 row(s): app-CPUISUMCo...wn]:Unknown]

' _wnltUnknown] =]

COQEQCe Ruler Area
[oMP worker T]
(oMP worker T
OMP Worker T|
(OMP worker T
[oMP Worker T|
[OMP Worker T|
[OMP Worker T|
oMP worker T
[OMP Worker T
OMP Worker T|
IOMP Winrk ar T

Thread

v cPu sample

[0  Transitions

CPU Usage

lduk CPU Time

luk Spin and ...

Thread Concu...
Liuk Concurre...

CPU Usage

Thread Con...

No filters are applied. Any Process v Jany Thread ~ [ any Module w [ any utilization

YO8 User functions + 1 . LR on |~ EERERER runctions only
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I DEALING WITH INSUFFICIENT PARALLELISM

00 EXX]  Intel Xeon processor E5-2697 V2
[C™ Intel Xeon Phi coprocessor 7120P (KNC)
400l |EZZ)  Intel Xeon Phi processor 7210P (KNL), DDR4 ,
B Intel Xeon Phi processor 7210P (KNL), MCDRAM

350 329

300F

2001

Performance, GB/s (higher is better)

404 37537
8

Unoptimized Parallel inner loop  Collapse nested loops Strip-mine and collapse

com/moderncode ISSUE 3: INSUFFICIENT PARALLELISM




OTHER OPENMP CONTROLS




I LOOP SCHEDULING MODES IN OPENMP

Scheduling Threads
0

2 1
!
3

o
<
=1
o
g
[}
[T SR =Y

W - O

Iterations

[0 1 2 3 4

5 6 7 1]

Scheduling Threads
0

[8 9 10 IT 12 13 14 15

[16 17 18 19 20 21 22 23 ]
[24 25 26 27 28 29 30 31]

[0 12 3l[0e 17][24 [29 1]
[ 56 7 J[2021][25
8 010 11

12131415 22 23

] static, 1 !
(statie] ]
3

W - O

W -0

Time
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Iterations

[0 4

8 12 16 20 24 28 ]

5 9 13 17 21 25 29 ]

10 14 18 22 26 30 |

1
2
B

11 1519 23 27 31 ]

0 1 316 17112425

2
4 5 6 7 2021112627
0

8 91

11 {1819 2829

12131415 22 23113031

OTHER OPENMP CONTROLS

Time
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I WHAT IS THREAD AFFINITY

> OpenMP threads may migrate between cores
> Forbid migration — improve locality — increase performance

> Affinity patterns “scatter” and “compact” may improve cache
sharing, relieve thread contention

CPU History
100 %

(i IRV TV

i (T I
WAL A ehAal L e

60 seconds 30 40

BD %

0%

%

0%

=
—
|

0%

30 20 10
[ cpul 19.8% [ CPu2 12.9% [ CPU3 3.0% [ CPU4 2.0%

[T cpus 2.0%  [BBM CPUG6 0.0%  [B CPU7 24.8% [ | CPUB 18.0%
[ crus 1.0% [ cpulo 0.0% [ CPU11 0.0% [0 CPU12 0.0%

D132 2 nos B ~Di114 14 noe [N FDIITR A NoL B ~DIITR T nos

) -
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I FIRST-TOUCH ALLOCATION POLICY

Poor First-Touch Allocation

array Ali]

‘ VM page 0 ‘ VM page 1 ‘ VM page 2 ‘ VM page 3 ‘

erial execution

for (i=0; i<n; i++)
A[i] = 0.0;

CPU 0

4 4 R
I
Memory of CPU 0 Memory of CPU 1
N A QPI N W
Nam—

CPU 1

NUMA Node 0

com/moderncode

NUMA Node 1

Good First-Touch Allocation

array Ali]

‘ VM page 0 ‘ VM page 1 ‘ VM page 2 ‘ VM page 3 ‘

e

]

for (i=0; i<n/4; i++)

Memory of CPU 0 QPI \Memory of CPU 1
Thread 0 —

Thread 3
for (i=3*n/4; i<n; i++)
A[i] = 0.0;
CPU 0 CPU 1
NUMA Node 0 NUMA Node 1

OTHER OPENMP CONTROLS

ax International, 2013-2016




I NESTED PARALLELISM WITH OPENMP

m 1 | #pragma omp parallel
2 | {
3 | #pragma omp parallel
OpenMP Threads N,
5 /)
(" Quadrants h ol 3
(. N )
7|}
& ) U Y > Tune granularity of
a 5N} ~ parallelism
> Improve resource
sharing in NUMA
~ 7 - systems
- J

colfaxresearch.com/moderncode DTHER UPENMP CUNTRULS © Colfax International, 2013-2016
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| HOW SERIES

THE "HOW" SERIES

DEEPDIVE

WITH CODE MODERNIZATION EXPERTS

*10x 2-hour sessions | 24-hour 2-weeks remote access to a system | Filling up fast, register now!

Interested? Sign-up at:

colfaxresearch.com/how-series
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| TEXTBOOK
ISBN: 978-0-9885234-0-1 (508 pages, Electronic or Print)

Parallel Programming
and Optimization with
Intel® Xeon Phi™

HANDBOOK ON THE
COprOCGSSOIS DEVELOPMENT AND
OPTIMIZATION OF
PARALLEL
Handbook on the Development and i —
9 o o . . INTEL" XEON'
Optimization of Parallel Applications CTTRT
for Intel® Xeon® Processors o
and Intel® Xeon Phi"" Coprocessors ity
COLFAX INTERNATIONAL
© Colfax International 2015 ANDREY VLADIMIROV | RYO ASAI| VADIM KARPUSENKD
)

http://xeonphi.com/book
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I DEVELOPER ACCESS PROGRAM (DAP)

Can’t wait to get your hands on Knights Landing?

Find out more at dap.xeonphi.com
or contact us at dap@colfax-intl.com
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