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| 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

> HOW to Program Intel Architecture
® 01. Parallelism, specialization, guided tour — Oct 24

* 02. Programming Intel Xeon Phi (KNC, KNL) — Oct 25 g M T WHF ?

October 2016

> HOW to Express Parallelism B 5 4 s o 7B
® (3. Automatic vectorization — Oct 26 9 10 11 12 13 14 15
® 04. Multi-threading with OpenMP - Oct 27 16 17 18 19 20 21 22
> HOW to Get Performance " =---- 2

® 05. Comprehensive demo — Oct 28

. . . November 2016
® 06. Scalar & vectorization tuning — Oct 31 &l T wl h .
® 07. Multi-threading: common issues — Nov 1 ---- -
® 08. Multi-threading: memory aspect — Nov 2 6 7 8 910 11 12
® 09. Memory traffic - Nov 3 13 14 15 16 17 18 19
> HOW to Scale » EIEIEEE

¢ 10. Distributed Computing: MPI - Nov 4 ] — Webinar+remote access
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| HOW ONLINE

Course page: colfaxresearch.com/how-16-10

> Slides (including this one), code downloads

> Video of recorded sessions

> Chat (during webinars or offline)

Additional resources:

> More workshops like this one: colfaxresearch.com/training

> Video courses: colfaxresearch.com/video-courses

com/how-16-10 RESOURCES © Colfax Internation:
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GET YOUR QUESTIONS ANSWERED

Chat (current): Forums (technical):
colfaxresearch.com/how-16-10 colfaxresearch.com/discussion

o Log nRegister

2\ eoternandesmo Helo from Recife/Brazil [:0 LFAX RESEARGH
— f e P T

gaesansi Hi, Naples, laly CONTRIBUTING TO INNOVATIONS IN COMPUTING

READ LEARN | FORUMS JoIN

Infozharish Harsh from INDIA

hpetan Hello, from Texzs. Join the Conversation

radekg 1000 Hi, Poznan/Poland Welcome to Colfax Research forums, an anline community for you to engage with HPC experts, software

architects, developers, computational researchers, scientists, students and more—so you can acquire new
knowledge, share ideas, and build new relationships.

R 7rion hello, Tokyo, 0P S|
Tap our expets and you pers o el et the chalnge of opimizing appcaons on modern harcvare, Tis s
the place to browse or post questions (and get answers) related to computational science, parallel programming
and code modernization on Intel® Architecture.

Welcome aboard. Post questions today!

Email (organizational):
training@colfax-intl.com

RESOURCES
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I HANDS-ON EXERCISES AND REMOTE ACCESS

> 96 people receive a remote access token

> Virtualized Intel Xeon CPU, real Intel Xeon [student@cdt ~1$ cowsay "Welcome!® [}
. < Welcome! >
Phi coprocessor (1st gen, KNC), SWtools |- S
\ (00)\
> Can access the system the entire 2 weeks of A
the workshop asenecar 1sl) |

> Not among the 96? Stay tuned: follow along with instructor, use own
system, or wait for a seat

> Use it or lose it: if you do not log in for a while, remote access token
goes to next student on the list

colfaxresearch.com/how-16-10 RESUURCES © Colfax International, 2013-2016
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PERFORMANCE OPTIMIZATION




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 Landing (KNL)

Multl Core Architecture Intel Many Integrated Core (MIC) Architecture

colfaxresearch.com/how-16-10 PERFDRMANBE UPTIMIZATIUN © Colfax International, 2




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?

colfaxresearch.com/how-16-10 PERFDRMANEE UPTIMIZATIUN © Colfax International, 2013-2016




CORES, THREADS AND OPENMP




| PROCESSOR HIERARCHY

Intel Xeon Phi Coprocessor Intel Xeon Processor
Core 0 Package 0 Package 1
Logical ogical Logical|  |L Core 0 Core 0
Proc 0 Proc 1 Proc 2 Proc 3
4 hardware threads per core Wizl
Proc 0 Proc 1 Proc 0 Proc 1

2 hyper-threads per core)

Hiwr 2 Proc3 Logical| |Logical Logical| |Logical
Proc 0 Proc 1 Proc 0 Proc 1

Core 1

Logical| Lo
Proc 0 Proc 1

1st gen (KNC): up to 61 cores x 4 HT

2nd gen (KNL): up to 72 cores x 4 HT Up to 18 cores Up to 18 cores
(Haswell) ... (Haswell)...
2-way architecture (NUMA)
A A A A A A A A AAAA‘AAAA
Software threads Software threads

CORES, THREADS AND OPENMP © Co International, 2013-2016




§3. MULTI-THREADING 1l: MEMORY ASPECT




THREAD AFFINITY




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
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[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%
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THREAD AFFINITY
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I THEXMP_AFFINITY ENVIRONMENT VARIABLE

KMP_AFFINITY=[<modifier>,...]<type>[,<permute>] [,<offset>]

modifier: > type=compact, scatter or
> verbose/nonverbose balanced
> respect/norespect > type=explicit,
> warnings/nowarnings proclist=[<proc_list>]

> granularity=core or thread > type=disabled ornone.

The most important argument is type:
> compact: place threads as close to each other as possible

> scatter: place threads as far from each other as possible

colfaxresearch.com/how-16-10 THREAD AFFINITY © Colfax International, 2013-2016




I THREAD AFFINITY: SCATTER PATTERN

Generally beneficial for bandwidth-bound applications.
KMP_AFFINITY=scatter,granularity=fine

Threads: 0 2 1 3

.. P
Corest | furol [ur] | |[wro [sr) || ||[s o [sr) || [1 o]y

Core 0 Core 1 Core 0 Core 1
Socket 0 Socket 1

colfaxresearch.com/how-16-10 THREAD AFFINITY © Colfax International, 2013-2016




I THREAD AFFINITY: COMPACT PATTERN

Generally beneficial for compute-bound applications.
KMP_AFFINITY=compact,granularity=fine

BRI RN
Corest N lwro| (mm] | |[rof [sr] || |[s o [sr) || {1 o] 7y

Core 0 Core 1 Core 0 Core 1
Socket 0 Socket 1

Threads:

colfaxresearch.com/how-16-10 THREAD AFFINITY © Colfax International, 2013-2016




I THREAD AFFINITY: COMPACT PATTERN WITH PERMUTATION

Same effect as “compact” without hyper-threading.
KMP_AFFINITY=compact,granularity=fine,1

Threads: 0 1 2 3

P ..
Corest | furol [ur] | |[wro [sr) || ||[s o [sr) || [1 o]y

Core 0 Core 1 Core 0 Core 1
Socket 0 Socket 1

colfaxresearch.com/how-16-10 THREAD AFFINITY © Colfax International, 2013-2016




I THREAD AFFINITY: COMPACT PATTERN WITH AN OFFSET

Useful for partitioning a system between multiple processes.
KMP_AFFINITY=compact,granularity=fine,0,4

AR,
Corest N lwro| (mm] | |[rof [sr] || |[s o [sr) || {1 o] 7y

Core 0 Core 1 Core 0 Core 1
Socket 0 Socket 1

Threads:

colfaxresearch.com/how-16-10 THREAD AFFINITY © Colfax International, 2013-2016




I BANDWIDTH-BOUND, KMP_AFFINITY=scatter

vega@lyraj export OMP_NUM_THREADS=32

vega@lyraj, export KMP_AFFINITY=none

vega@lyraj, for i in {1..4} ; do ./rowsum_stripmine | tail -1; done
Problem size: 2.980 GB, outer dimension: 4, threads: 32

Strip-mine and collapse: 0.061 +/- 0.002 seconds (52.89 +/- 1.31 GB/s)
Strip-mine and collapse: 0.059 +/- 0.002 seconds (54.11 +/- 1.56 GB/s)
Strip-mine and collapse: 0.077 +/- 0.001 seconds (41.71 +/- 0.69 GB/s)
Strip-mine and collapse: 0.070 +/- 0.005 seconds (45.59 +/- 3.14 GB/s)
vega@lyraj, export OMP_NUM_THREADS=16

vega@lyraj export KMP_AFFINITY=scatter

vega@lyraj, for i in {1..4}; do ./rowsum_stripmine | tail -1 ; done
Problem size: 2.980 GB, outer dimension: 4, threads: 16

Strip-mine and collapse: 0.059 +/- 0.004 seconds (54.47 +/- 3.25 GB/s)
Strip-mine and collapse: 0.061 +/- 0.004 seconds (52.30 +/- 3.30 GB/s)
Strip-mine and collapse: 0.062 +/- 0.005 seconds (51.37 +/- 4.29 GB/s)
Strip-mine and collapse: 0.058 +/- 0.001 seconds (55.48 +/- 1.27 GB/s)

THREAD AFFINITY




COMPUTE-BOUND, KMP_AFFINITY=compact/balanced

double* A = (double*) mm_malloc(sizeof (double)*N*N1ld, 64);
double* B = (double*) mm_malloc(sizeof (double)*N*N1ld, 64);
double* C (double*) mm _malloc(sizeof (double)*N*N1d, 64);

for(int k = 0; k < nlIter; k++) {
dgemm(&tr, &tr, &N, &N, &N, &v, A, &N1d, B, &N1ld, &v, C, &N);

double flopsNow = (2.0*N*N#N+1.0*N*N)*1e-9/(t2-t1);
printf("Iteration %d: %.1f GFLOP/s\n", k+1, flopsNow);
}

mm_free(A); mm_free(B); _mm_free(C);

om/how-16-10 THREAD AFFINITY

fax International, 2013-2016



COMPUTE-BOUND, KMP_AFFINITY=compact/balanced

vega@lyraj icpc -o bench-dgemm -mkl -mmic bench-dgemm.cc
vega@lyraj, micnativeloadex ./bench-dgemm

Iteration 1: 312.7 GFLOP/s
Iteration 2: 346.5 GFLOP/s
Iteration 3: 348.5 GFLOP/s
Iteration 4: 347.2 GFLOP/s
Iteration 5: 348.3 GFLOP/s

vega@lyraj, micnativeloadex ./bench-dgemm -e "KMP_AFFINITY=compact"

Iteration 1: 626.8 GFLOP/s
Iteration 2: 769.1 GFLOP/s
Iteration 3: 769.4 GFLOP/s
Iteration 4: 769.3 GFLOP/s
Iteration 5: 769.4 GFLOP/s

THREAD AFFINITY




I THEXMP_HW_SUBSET ENVIRONMENT VARIABLE

Only for Xeon Phi, control the # of cores and # of threads per core:

KMP_HW_SUBSET=[<cores>c,]<threads-per-core>t

Complements KMP_AFFINITY:

vega@lyra-mic0% export KMP_HW_SUBSET=61c,3t # 3 threads per core
vega@lyra-mic0% export KMP_AFFINITY=balanced
vega@lyra-mic0% ./my-native-app

or

vega@lyraj, export MIC_ENV_PREFIX=XEONPHI

vega@lyraj, export XEONPHI_KMP_HW_SUBSET=60c,3t # 3 threads per core
vega@lyraj, export XEONPHI_KMP_AFFINITY=balanced

vega@lyraj, ./my-offload-app

.com/how-16-10 THREAD AFFINITY x International, 2013-2016




NUMA LOCALITY




I NUMA ARCHITECTURES

NUMA = Non-Uniform Memory Access. Cores have fast access to local

memory, slow access to remote memory.

Non-Uniform
Memory Architecture
(NUMA)

Examples:

> Multi-socket Intel Xeon processors

> Second generation Intel Xeon Phi
NUMA LOCALITY

|

Xeon Phi™ Processor

| ———

© Colfax Interna

al, 2013-2016
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ALLOCATION ON FIRST TOUCH

> Memory allocation occurs not during _mm_malloc(), but upon the
first write to the buffer (“first touch”)

> Default NUMA allocation policy is “on first touch”

> For better performance in NUMA systems, initialize data with the
same parallel pattern as during data usage

float* A = (float*) _mm_malloc(n*m*sizeof (float), 64);

// Initializing from parallel region for better performance
#pragma omp parallel for
for (int i = 0; i < n; i++)
for (int j = 0; j < m; j++)
Ali*m + j] = 0.0f;

colfaxresearch.com/how-16-10 NUMA LDCALITY © Colfax International, 2013-2016



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

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

NUMA LOCALITY




I IMPACT OF FIRST-TOUCH ALLOCATION

30

E=A  Intel Xeon processor E5-2697 V2
[ Intel Xeon Phi coprocessor 7120P (KNC)
|'|ZZ2 Intel Xeon Phi processor 7210 (KNL)

5]
W

20

—_— —_ 1353
= w =

Performance, billion values/s (higher is better)

w

Vectorized Parallel Code Parallel Initialization
(Private Variables) (First-Touch Allocation)

NUMA LOCALITY




I BINDING TO NUMA NODES WITH numactl

> numactl — a Linux tool for controlling NUMA policy for processes

vega@lyraj, numactl --hardware
available: 2 nodes (0-1)
node O cpus: 0 1 2 3 4 5 12 13 14 15 16 17
node 0 size: 65457 MB
node 0 free: 24426 MB
node 1 cpus: 6 7 8 9 10 11 18 19 20 21 22 23
1 size: 65536 MB
1 free: 53725 MB
node distances:
node 0 1
0: 10 21
1: 21 10
vega@lyraj, numactl --membind=<nodes> --cpunodebind=<nodes> ./myApplication

node
node

NUMA LUCALlTY C fax International, 2013
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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/how-16-10 NESTED PARALLEI.ISM © Colfax International, 2013-2016




| OPENMP HOT TEAMS

Xeon Xeon Phi
> OMP_NUM_THREADS=2,14 > OMP_NUM_THREADS=60,4
> OMP_NESTED=1 > OMP_NESTED=1
0MP:PROC_BIND=spread,close OMP:PRDC_BIND=spread,close
OMP_PLACES=cores OMP_PLACES=threads
> KMP_HOT_TEAMS_MODE=1 > KMP_HOT_TEAMS_MODE=1

KMP_HOT TEAMS MAX LEVEL=2  KMP_HOT TEAMS_MAX LEVEL=2
OMP_MAX_ACTIVE_LEVELS=2 OMP_MAX_ACTIVE_LEVELS=2

colfaxresearch.com/how-16-10 NESTED PARALLEI.ISM © Colfax International, 2013-2016




I SMALL MATRIX LU DECOMPOSITION WITH NESTED PARALLELISM

Decomposing 10° small square matrices of size 1024 x 1024,

Double Precision Performance, GFLOP/s

300
250
200
150
100

50

Small-Matrix LU Decomposition with Nested Parallelism

CPU
MIC|

1 2 4 8 1216 2432 4860 120
Threads per Team

See HOW Series “Tools” (MKL webinar).

colfaxresearch.com/how-16-10

NESTED PARALLELISM
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I LOOP SCHEDULING MODES IN OPENMP

Scheduling Threads Iterations Scheduling Threads Iterations
0 [T 2 3 7567 1] 0 04 8 12 16 20 24 28 ]
1 39 10 i1 12 13 14 15 ] [smic,q 1 O3 9 1317212529 ]
2 D617 18 19 20 2122 23 | 2 [2—6 10 14 18 22 26 30|
3 [24 25 26 27 28 29 30 31] 3 [3—7 11 15 1923 27 31 ]
0 0 1617
- 1 - 1 IR | T | TR P
5 2 Z15 1.
3 3 [67 1[2021 ]...
0 [0 12 3l[0e 17][24 [29 1] 0 0 1 2 3|[16 17][2425
1 [45 6 7 1[2021][25 1 4 5 6 7 |[2021][2627
2 8 010 11 2 8 910 11 J[1819 1[2829
3 12131415 22 23 3 12131415 22 23][3031
Time Time

I.UUP SCHEDULING Colfax International,




I CONTROL OF SCHEDULING MODES

To set scheduling for a particular loop in code (example):

1 | #pragma omp parallel for schedule(dynamic,4)
2 /) ...

To set scheduling for the entire application at run time (example):

1 | #pragma omp parallel for schedule(runtime)

2 /) ...

vega@lyraj, export OMP_SCHEDULE=dynamic,4
vega@lyraj, ./run-my-app

I.UUP SGHEDULING © Colfax International, 2013-2016
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I ITERATIVE JACOBI SOLVER

1 |int IterativeSolver(int n, double* M, double* b, double* x, double minAccuracy){

2 double accuracy; int iters=0; double bTrial[n] __attribute__((aligned(64)));
3 x[0:n] = 0.0; // Initial guess

4 do { iters++; // The Jacobi method - iterate until convergence

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

6 double c = 0.0;

7 | #pragma vector aligned

8 for (int j = 0; j < n; j++) c += M[ixn+jl*x[j]l; // Iterate

9 x[i] = x[i] + (b[i]l - c)/M[i*n+il; }

10 bTrial[:] = 0.0; // Verification

11 for (int i = 0; i < mn; i++)
12 | #pragma vector aligned

13 for (int j = 0; j < n; j++) bTrialli] += M[ixn+jl=*x[j];

14 accuracy = RelativeNormOfDifference(n, b, bTrial); // Check convergence
15 } while (accuracy > minAccuracy); // Must achieve the requested accuracy
16 return iters; }

LOOP SCHEDULING




AN ITERATIVE JACOBI SOLVER

#pragma omp parallel for
for (int ¢ = 0; ¢ < nBVectors;
IterativeSolver(n, M, &bl[c*n]

c++)

&x[c*n], accuracylc])
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AN ITERATIVE JACOBI SOLVER WITH DYNAMIC SCHEDULING

1 | #pragma omp parallel for schedule(dynamic,4)
2 for (int ¢ = 0; c < nBVectors; c++)
3 IterativeSolver(n, M, &bl[c*n], &x[c*n], accuracylcl);

® Advanced Hotspots Hotspots viewpoint (change) @

Intel VTune Amplifier XE 2015 M Advanced Hotspots Hotspots viewpoint (change) @ Intel VTune Amplifier XE 2015
© Avaiyais Torget] [ Analysis Type] (B Collecton Log & Bottom-up) [+ Callencaiies own Tree] [ Tasks and Frames © Ansiyal Target] [ Analyai Type] (W Collection Log) [ Summan g asks and
. =
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I PERFORMANCE OF ITERATIVE JACOBI SOLVER
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§4. REVIEW AND WHAT'S NEXT




| SUMMARY

This session:

1.

SEF NN

Setting affinity prevents thread migration
Affinity pattern “scatter” for bandwidth-bound
Affinity pattern “compact” for compute-bound
NUMA locality: use parallel first touch

. Nested parallelism: reduce memory overhead/expose more

work-items

. Tune scheduling: tradeoff between load balancing and overhead

Next session: optimization of memory traffic.

colfaxresearch.com/how-16-10 REVIEW AND WHAT'S NEXT © Colfax International, 2013-2016
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I HOW SERIES: KNIGHTS LANDING

HOW SERIES “KNIGHTS LANDING":

PROGRAMMING AND OPTIMIZATION FOR
INTEL XEON PHI X200 FAMILY

Free 2-hour video course

colfaxresearch.com/how-knl/

LEARN MORE



http://colfaxresearch.com/how-knl/
http://colfaxresearch.com/how-knl/

| TEXTBOOK

ISBN: 978-0-9885234-0-1 (508 pages, Electronic or Print)

Parallel Programming
and Optimization with

Intel® Xeon Phi™
Coprocessors

Handbook on the Development and
Optimization of Parallel Applications
for Intel® Xeon® Processors
and Intel® Xeon Phi"" Coprocessors

© Colfax International, 2015

HANDBOOK ONTHE
DEVELOPMENT AND
OPTIMIZATION OF
PARALLEL
APPLICATIONS FOR
INTEL XEON'
PROCESSORS
ANDINTEL*
XEONPHI"
COPROCESSORS

COLFAX INTERNATIONAL
ANDREY VLADIMIROV | RYO ASAI | VADIM KARPUSENKD

http://xeonphi.com/book

m/how-16-10 LEARN MUHE

© Colfax International, 2013-2016



http://xeonphi.com/book
http://xeonphi.com/book

| COLFAX RESEARCH

COLFAX RESEARCH

GONTRIBUTIN T0NNOUATIONS I GOUPLTIG.

 roputer

The Hands-on Tutorials (HOT) webinars:
details on effcient programming for
el aschitectuze

‘The Hands-on Workshop (HOW) Series

Introduction to ntel PAAL, Part &

Polymonial Regression with Baich Mode

Introduction t ntel DAAL,Fat 1 Plynomnial Regression with Bach Computation
Mode Computation

Ivul iing Book

Fluid Dynanics with Fortran on Intcl

Software Developer’s Introduction to~ Xeon Phi coprocessors

the HGST Ultrastar Archive Hato SMR

 consultinz [N

@Y @ Bshare

Configuration and Benchmarks of
Peer-to-Peer Communication over
infiniBand in a

Colfaoffers consulting sences fo enterrise,researc
helpyou

» optmie yur g st to e s
paralcts, from vectr

Justers and |

< Ftare ot e apptcaon o spcmng e - Interview with James Reinders: future

[ ———

Intratucion o
parale pogramming.
deep dscussion of
opumization
techniques,exercses

, optimization Techniques for
e e e
[= Falc Sharing and

roduction o el DARL,
B o

ith Baih Mode Commputaton

I s,

@ G | reatureavideo

B % tneel wic architeceure.
vart 10f 3: Muld Threading.
and Parallel Reduction

Lad i Petormanc o con'raion

hy xx
eeeeration may i nough)

of Intel MIC architecture, parallel
= nvestgate the potental ystem configuratons that sty your cost, power programming, education

 prformance reureners

- rpmputing pro

Episode 2. Purpose o the MIC archiecture

s softwa

[

parallel Computing in the Search for
New Physics at LHC

|
http://colfaxresearch.com/

LEARN MORE



http://colfaxresearch.com/
http://colfaxresearch.com/

	Welcome
	Course Roadmap
	Resources

	Refresh
	Performance Optimization
	Cores, Threads and OpenMP

	Multi-Threading II: Memory Aspect
	Thread Affinity
	NUMA Locality
	Nested Parallelism
	Loop Scheduling

	Review and What's Next
	Learn More


