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Where do we come from? FFEE

MEMORY

ki

mmm) Flexible, butoptimizationis hard!
CONTROL ARITHMETIC
UNIT LOGIC
~ UNIT
1
et | outeur Make the common case fast !
Instruction Level Parallelism Data Parallelism
Pipelining SIMD execution
Superscalar execution Task Parallelism
Data Access Locality SMT
Memory Hierarchy Multicore
Hardware Prefetcher Multisocket
Cluster
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Hardware i Software interaction

The machineview:

Algorithm

ISA (Machine code)

y

Machine

Real Process:

Algorithm

ISA (Machine code)

4

Machine

Multicore
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Its even more complicated [ &=

Autovectorize, Autoparallelize, Auto-xxx
Its always the compilers fault!

The compiler cannot solve principal design flaws
Only an integral solution can solve the problem

Next generation languages address some of these
Issues

Multicore
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How to achieve Performance rr?—
(for data intensive FP codes)

Clock SIMD NUMA
-2004 1998 2003
[ _ [ _ o @ @ [
1990 2001 2005
Caches Prefetching Multicore

Performanceis enabled through:

AILP (Pipelining 3-4X, Superscalar 2X, SMT 30%)

ASIMD (DP 2-4X, SP 4-8X)

Arhread level parallelism (4-32X)

ANUMA (2-4X)

ACaches (4-6X)

Mistributed memory parallelism (unlimited J , 1000X)

Mode Performance: 1TFlops/s (200-300 GFlops/s)
50-100 GB/s memory bandwidth

Multicore
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The driving forces behind performance [ ==

Total Floating Point (FP) Performance:

P=nNce*F*S*n

c N.oe Numberofcores: 4

FPinstructions per cycle: 2
(1 MULT and 1 ADD)

FP operations/instruction: 4 (dp)/8 (sp)
(256 Bit SIMD registers)

Sandy Bridge

e.g..
Intel Core i7-2600K

n Clock speed (Cycles per second): 3.4 GHz

P = 108.8 GF/s (dp) / 217.6 GF/s (sp)

But: P=6.8 GF/s (dp) for serial,i n ome c t o rciodee d 0

Multicore
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Stages of software tuning [ &=

- Application : Application Microarchitectural
'g Insight . + Arch Insight Insight
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Effort
Application Insight: Identify and understand behavior of hot code
to apply better algorithms or choose best data structures.

Application and Architectural Insight: Issues related to modern
processordesignin general (caches, branch prediction, SIMD).

Microarchitectural Insight: Subtle, often undocumented features of
aspecific processorimplementation (Queue sizes, alignment)

Multicore
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Transistor count

Welcome to the multi-/manycore era rr
Thefreelunchisover:But Moor eds | aw cont i n (-

In 1965 Gordon Moore claimed:
# of transistors on chip dog

2,000,000,000— Intel Nehalem EX: 2.3 Billion oo nanun 2 @8 OU09-Core i Tukwia
1,000,000,000 FOWERS. _ @Rv70

Itankim 2 with B8 cacha & /’ -
LAt
Cogre 2 Quad ™ »

;ora 2 Dun
tanum 2 @ .7 1 EE'

100,000,000 — R
F_q/-..-’ # Barion
. e ] -1 Frequency [MHz]
urve shows 'Moore's Law': L
10,000,000 — transistor count doubling S 1R 10000
evary two years JEA—
» @ Fantium
. Intel x86 clock speed 4 **°
P 1000
1,000,000 .
msgff 100
100,000 — e
10 -
zf&w
~1DIGG.D_ 1 4 TIT T T T T r rr1r1r r1rr1r 1111t T rTrrrrrrprrrrri
8t S IS I - R s
2,300 4004 @ A 8006 0,1
Year
1971 1980 1990 2000 2008

We are living in the multicore era A Is really everyone aware of that?

Multicore
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Welcometo the multi-/manycoreera rr?:
The game is over: B u t Mooreds | aw conti nue s —
By courtesy of D. Virsalovic, Intel P |
: . ¥ ower envelope.
N transistors ( intel P
Max. 951 130 W

B Di:kCor: 2N transistors

Harfarmcies 1.73x
. EOWET 4 Power
consumption:

1.00x AP =T * (Veore)?

V... ~0.9i 1.2V

Same process

Over-clocked  Max Frequency HIIEIEY -3 technology:
+20% -20%
(+20%) (20%) .
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Trading singlethread performance for parallelism rrEE

Power consumption limits clock speed: P ~ f2 (worst case ~f3)
Core supply voltage approaches a lower limit: Vs~ 1V
TDP approaches economical limit: TDP ~ 80 W, é, 13

P5 /80586 (1993) | Pentium3 (1999) | Pentium4 (2003) | Core i7i 960 (2009)

66 MHz 600 MHz 2800 MHz 3200 MHz

23W@V:=2V |[68W@V:=15V | 130W @ V=13

130 nm /55 M 45nm /730 M
Quad-Core

TDP/
Coresupplyvoltage

Process technology/
Number oftransistorsin million

Mooreds | aw is still wvalide
A more cores + new on-chip functionality (PCle, GPU)

Be prepared for more cores with less complexity and slower clock!

Multicore
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The x86 multicoreevolution so far

Intel Single-Dual-/Quad-/Hexa-/-Cores (one-socket view)

e ©
2005 N F adom o dual2006: -
79 <
® 2 o
e N
= o cI5 O
QO @)
{ i
2008: 2010/11: Wider SIMD units
Hyperthreading/SMT SSEA AVX
is back! 128 Bit A 256 Bit
Nehalem EP Westmere EP Sandy Bridge (Desktop)
ACore 170 ACore 170 ACore i 70
45nm 32nm 32nm
Multicore Principles of Multicore Optimization 13
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Welcometo the multicore era FFT'_
A new feature: shared on-chip resources

Shared outer-level cache

Data Coherency!

Increased intra-cache traffic?
Scalable bandwidth?

MPI parallelization?

Fast data transfer

Fast thread synchronisation

AMD Opteron
Istanbul

Intel Xeon
Westmere

6 cores @ 2.8 GHz 6 cores @ 2.93 GHz

L1: 64 KB L1: 32 KB
L2: 512 KB Memory L2: 256 KB
L3: 6 MB L3: 12MB

2 X DDR2-800 3 X DDR3-1333
A 12.8 GB/s Memory bottleneck! A 31.8GBIs
2 X QPI16.4

HT2000 A 8 GB/s/dir

Multicore
Challenge
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From UMAto ccNUMA rr?_

Basic architecture of commodity compute cluster nodes —
Dual-socket I ntel ACore20 node:

> i ;

g8}

=

9 Uniform Memory Architecture (UMA):

7))

§_’ Flat memory ; symmetric MPs

Memory

But: system fnani so

Shared Address Space within the node!

Dual-socket AMD (Istanbul) /Intel (Westmere) node:

____________________________________

Cache-coherent Non-Uniform Memory
<] Architecture (ccNUMA)

HT / QPI provide scalable bandwidth at
the expense of ccNUMA architectures:
Memory Memory Where does my data finally end up?

Multicore
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Back to the 2-chip-per-case age:
AMD Magny-Cours i a 2x6-core socket

A MD :Maginy-Courso

12-core socket comprising two 6-core chips
connected via 1.5 HT links

Main memory access: A 2 DDR3-Channels per 6-core chip

2 socket server

4 socket server:

10,

=)

A 1/3 DDR3-Channel per core

L . i

O EEFEmee

A 4 memory locality domains g ....u‘,i:

A ccNUMA within a socket! e o

4P

N—

i

=)
)

10—

\E\:\t@.

Sl . o XIGM

Network balance (QDR+2P Magny Cours) ~ 240 GF/s / 3 GB/s =80 Bytes/Flop
(2003: Intel Xeon DP 2.66 GHz + GBit ~ 10 GF/s / 0.12 GB/s =80 Bytes/Flop)

Multicore
Challenge
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Trading singlethread performance for parallelism:
GPGPUsvs. CPUs

GPU vs. CPU Control ALU  ALU
light speed estimate: ALU ALV

CPU

Compute bound: 4-5 X
Memory Bandwidth: 2-5X

GPU

Intel Core i51 2500 Intel X5650 DP node NVIDIA C2070
(AnSandy Br i dWestmereo )

(NFerm

Cores@Clock 4 @ 3.3 GHz 2X6 @ 2.66 GHz 448 @ 1.1 GHz
Performance*/core 52.8 GFlop/s 21.3 GFlop/s 2.2 GFlop/s
Threads@stream 4 12 8000 +
Total performance* 210 GFlop/s 255 GFlop/s 1,000 GFlop/s

Stream BW 17 GB/s 41 GB/s 90 GB/s (ECC=1)

Transistors / TDP 1 Billion* / 95 W 2 X (1.17 Billion /95 W) | 3 Billion /238 W

+Single Precision * Includes on-chip GPU and PCI-Express  Complete compute device
Multicore

Challenge Principles of Multicore Optimization

17



Parallel programming models T a—
on multicore multisocket nodes

Shared-memory (intra-node) A
Good old MPI (current standard: 2.2)

OpenMP (current standard: 3.0)
POSIX threads

Intel Threading Building Blocks

Cilk++, OpencCL, St arpélsm%dellsorl?qur#%eme i
awareness of

Distributed-memory (inter-node) > topology and affinity

MPI (current standard: 2.2) Issues for getti ng
PVM (gone) best performance
out of the machine!
Hybrid
Pure MPI
MPI+OpenMP
MPI + any shared-memory model y
Multicore Principles of Multicore Optimization 18
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Parallel programming models: rr?:
Pure MPI

Machine structureisinvisibleto user:
A Very simple programming model m=)>
A MP I nknows what to d
Performanceissues
Intranode vs. internode MPI
Node/system topology

communication network

Multicore
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Parallel programming models: rr?:
Pure threading on the node

Machine structureisinvisibleto user

A Very simple programming model =) master thread
Threading SW (OpenMP, pthreads, v
TBB, ) should know Cork 7 ~
Performanceissues _ parallel
Synchronization overhead v region
Memory access . . /
join ~
Node topology serial
region
\ 4 /
PIlP|P| P P/ P P P
CaraEaEs bl e e eam o
i R S EaRRERE | Il | L3 | threads
. coherent |
T - link
Memory Y\ Lxxx\\\\xx\E\l‘ Memory J \ 4
Multicore Principles of Multicore Optimization 20
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Section summary: What to take home [ &=

Multicoreis here to stay
Shifting complexity form hardware back to software
Increasing core counts per socket (package)
4-12 today, 16-32 tomorrow?
X2 or x4 per cores node
Shared vs. separate caches
Complex chip/node topologies

UMA is practicallygone; ccNUMA will prevail
AEasyo bandwidth scalability, but pr
Bandwidth bottleneck prevails on the socket

Programming models that take care of those changes are still in
heavy flux

We are left with MPI and OpenMP for now

This is complex enough

Multicore
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Probing node topology

Standardtools
likwidtopology
hwloc



How do we figure out the node topology? =

Topology =
Where in the machine does core #n reside? And do | have to remember this
awkward numbering anyway?

Which cores share which cache levels?

Whi ch hardware threads (nlogical cor
Linux
cat /proc/cpuinfo is of limited use
Core numbers may change across kernels [ $numactl - hardware
and BIOSes even on identical hardware available: 4 nodes (0 -3)
nodeOcpus:012345
node O size: 8189 MB
: node O free: 3824 MB
numactl - hqrdware | prints . node 1 cpus: 6 789 10 11
ccNUMA node information C node 1 size: 8192 MB
node 1 free: 28 MB
_ _ node 2 cpus: 18 19 20 21 22 23
Information on caches is harder node 2 size: 8192 MB
to obtain node 2 free: 8036 MB
node 3 cpus: 12 1314 1516 17
node 3 size: 8192 MB
\ node 3 free: 7840 MB
Multicore Principles of Multicore Optimization 24
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How do we figure out the node topology? =

LIKWID tool suite:

Like

I

Knew

What

IO m

Doing

Open sourcetool collection J. Treibig, G. Hager, G. Wellein: LIKWID: A

(d eveloped at RRZE); lightweight performance-oriented tool suite

for x86 multicore environments. Accepted for

_ _ PSTI2010, Sep 13-16,2010, San Diego, CA

http://code.google.com/p/likwid http://arxiv.org/abs/1004.4431

Multicore
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Likwid Tool Suite [T ==

Command linetools for Linux:
easy to install
works with standard linux 2.6 kernel
simple and clear to use
supports Intel and AMD CPUs

Currenttools:
likwid-topology: Print thread and cache topology
likwid-pin: Pin threaded application without touching code
likwid-perfctr: Measure performance counters
likwid-mpirun: mpirun wrapper script for easy LIKWID integration
likwid-bench: Low-level bandwidth benchmark generator tool

Multicore
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likwid-topology T Topology information =

Based on cpuid information

Functionality:
Measured clock frequency
Thread topology

Cache topology
Cache parameters (-c command line switch)

ASCII art output (-g command line switch)

Currently supported (more under development):
Intel Core 2 (45nm + 65 nm)
Intel Nehalem + Westmere (Sandy Bridge in beta phase)
AMD K10 (Quadcore and Hexacore)
AMD K8
Linux OS

Multicore o _ S
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likwid-topology FFT':
Single source of node information

Nodeinformation is usually scattered in various places

likwid-topology provides all informationin a singlereliable
source

All informationis based on cpuid directly
Features:
Thread topology
Cache topology
NUMA topology
Detailed cache parameters (-c command line switch)
Processor clock (measured)
ASCII art output (-g command line switch)

Multicore
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Usage: likwid-topology

CPU type: Intel Core Westmere processor

Sockets: 2

Cores per socket: 6

Threads per core: 2 || 32kB || 32kB || 32kB || 32kB || 32kB || 32kB | |
HWThread Thread Core Socket

2 8 (l’ 8 | 256KB | | 256KB | | 256KB | | 256KB | | 256KB | | 256KB | |
2 0 2 0

Socket0: (012113214315416517)
Socket 1: (6 18 7198209211022 11 23)

Cache Topology

Level: 3

Size: 12 MB 111 13]] 2] 14]]
Type: Unified cache

Associativity 16

Number of sets: 12288

Cacheline size: 64

Non Inclusive cache

Shared among 12 threads

Cache groups: (012113214315416517)(6187198

NUMA Topology
NUMA domains: 2

Domain 0:
Processors: 012345121314 1516 17
Memory: 11615.9 MB free of total 12276.3 MB

Information can also be queried in library.

Domain 1. NUMA information extracted from Linux sys fs.
Processors: 6 78910 11 18 19 20 21 22 23
Memory: 12013.9 MB free of total 12288 MB

Multicore
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hwloc

Alternative: http://www.open-mpi.orqg/projects/hwloc/

Successorto (and extension of) PLPA, part of OpenMPI

development

Comprehensive APl and
command linetool to
extracttopologyinfo

Supports several
OSs and CPU types

Pinning APl available

Multicore
Challenge

Machine (16GE)

Socket p#0 Socket p#1

L3 (4096KE) L3 (4095KE)

L2 (1024KE) L2 (1024KE) L2 (1024KE) L2 (1024KEB)

L1 (16KE) L1 (16KE) L1 (16KE) L1 (16KE)

Core p#0 Core p#l Core p#0 Core p#l

_ _ it PP FU P FU s
Socket p#2 Socket p#3

L3 (4096KE] L3 (4096KE)

L2 (1024KE) L2 (1024KB) L2 (1024KB) L2 (1024KE)

L1 (16KE) L1 (16KE) L1 (16KE) L1 (18KE)

Core p#F0 Core p#l Core p#0 Core p#l

PU pE2 PU p#E10 PU p#& PU p#14 PU p#3 PU p#11l PU p#7 FU p#15

Principles of Multicore Optimization
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http://www.open-mpi.org/projects/hwloc/
http://www.open-mpi.org/projects/hwloc/
http://www.open-mpi.org/projects/hwloc/

Enforcing thread/process-core affinity
under the Linux OS

Standardtools.and-OS affinity facilities
under program control

likwickpin



Example: STREAM benchmark on 12-core Intel Westmere: rrT.—
Anarchy vs. thread pinning

45000 T T T T T T T T T T T T
40000 {— _ —
i % |
35000 — E —
I ey ]
' 30000 — g | =
o) . % a@%* i
2
= ¢ /
— 25000 - ; —
- Ly
3 T I ]
= 20000 -
o] | 45000 T T T | T ‘ T T T ‘ T T T T T
[ L - |
S 15000 g - -
L o 40000 — T, = - =_ T _ .
10000 - No pinning i %@ T %= 1
L 35000 — T % —
5000 — B %% 7
L _ 30000 - —
0 | | | | | | | | | | | | | ‘ | | | ‘ | | | é — =
0 2 4 6 8 10 12 14 16 18 20 = B |
number of threads é =000 | % |
EQ(}ODO— T —
There are severalreasons for caring about 15000 = .
affinity: 10000 L |
L . - Pinning (physical cores first) |
Eliminating performancevariation s000l |
Making use ofarchitectural features ol
o . 0 2 4 6 8 10 12 14 16 18 20 22 24 26
Avoiding resource contention number of threads
Multicore . : L
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Generic thread/process-core affinity under Linux r r
Overview

taskset [OPTIONS] [MASK | -Cc LIST ] \
[PID | command | args J...]

taskset  binds processes/threads to a set of CPUs. Examples:

taskset 1c0,2 mpirun Tnp 2./ aout # doesnot al ways

taskset Ox0006./ a.out
taskset T1c4 33187

Processes/threads can still move within the set!

Alternative: let process/thread bind itself by executing syscall

#include < sched.h >

int  sched_setaffinity (pid_t pid , unsigned int len ,
unsigned long *mask);

Disadvantage: which CPUs should you bind to on a non-exclusive
machine?

Still of value on multicore/multisocket cluster nodes, UMA or ccNUMA

Multicore
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Generic thread/process-core affinity under Linux [T a'—

Complementary tool: numactl

Example: numactl -- physcpubind=0,1,2,3 command [args]
Bind processto specified physical corenumbers

Example: numactl -- cpunodebind=1 command [args]
Bind processto specified ccNUMA node(s)

Many more options (e.g., interleave memory across nodes)
A see section on ccNUMA optimization

Diagnostic command (see earlier):
numactl -- hardware

Again,thisis not suitable for a shared machine

Multicore
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Morethread/Process-cor e affinity (npi n)

Highly OS-dependent system calls
But available on all systems

Linux: sched_setaffinity () , PLPA (see below) A hwloc
Solaris: processor_bind ()
Windows: SetThreadAffinityMask ()
é
Support f-autdma&mico pinning i n som

compilers/environments
Intel compilers > V9.1 (KMP_AFFINITY environment variable)
PGI, Pathscale, GNU
SGI Altix dplace  (works with logical CPU numbers!)
Generic Linux: taskset , numactl , likwid -pin (see below)

Affinity awareness in MPllibraries
SGI MPT
OpenMPI
Intel MPI
é

Multicore
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- -1
MiE
Inspired by and based on ptoverride (Michael Meier, RRZE) and taskset
Pins processes and threads to specific cores without touching code
Directly supports pthreads, gcc OpenMP, Intel OpenMP
Allows user to specify skip mask (shepherd threads should not be pinned)

Based on combination of wrapper tool together with overloaded pthread
library

Can also be used as a replacement for taskset

Supportslogical core numbering within a node and within an existing CPU
set

Useful for running inside CPU sets defined by someone else, e.g., the MPI
start mechanism or a batch system

Configurable colored output

Usage examples:
likwid -pin Tt intel -c0,24 -6 ./ myApp parameters
mpirun  likwid -pin -sO0Ox3 -c¢0,3,5,6 / myApp parameters

Multicore
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Likwid-pin rrT—
Example: Intel OpenMP

Running the STREAM benchmark with likwid-pin:

$ export OMP_NUM_THREADS=4
$ likwid -pin -sOxl1 -c¢0,1,4,5 ./stream

[likwid - pin] Main PID ->core0 - OK Main PID always
pinned

Double precision appears to have 16 digits of accuracy

Assuming 8 bytes per DOUBLE PRECISION word

[... some STREAM output omitted ...]
The *best* time for each test is used
*EXCLUDING?* the first and last iterations

[pthread wrapper] PIN_MASK: 0 ->11 ->42 ->5

[pthread wrapper] SKIP MASK: Ox1 Skip shepherd
[pthread wrapper O] Notice: Using libpthread.so.0 ) thread

threadid 1073809728 - > SKIP
[pthread wrapper 1] Notice: Using libpthread.so.0
threadid 1078008128 ->core l - OK

[pthread wrapper 2] Notice: Using libpthread.so.0 >\
threadid 1082206528 ->core4 - OK :
[pthread wrapper 3] Notice: Using libpthread.so.0 Pin all sp_awned
threadid 1086404928 ->core5 - OK _ threads in turn

[... rest of STREAM output omitted ...]

Multicore
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Likwid-pin rr?—

Using logical core numbering

Corenumbering may vary from system to system even with
identical hardware
Likwid-topology delivers this information, which can then be fed into likwid-
pin
Alternatively, likwid-pin can abstract this variation and provide a
purelylogical numbering (physical cores first)

Socket 0: Socket 0:
A + Ao e e e +
|+ —=-—- + 4+ - + 4 - + 4 - +] |+ —-—- + 4 - + 4 - + 4 - + |
[10 111 23]]45]]67]] ||08||19||210||311II
|+ == + 4+ - + 4 - + 4 - +] |+ - + 4 - + 4 - + 4 - + |
|+ - + 4 - + - + 4 - + |+ - + e + - + e + |
|| 32kB|| 32kB| socket 1: [l 32kBJ | 32kB| Socket 1:
[ + |+ e - . +
[+ = |+ = e 4+ - ++ -+ [+ = 4 IR A S T A A ok |
| | 256kB| | 256kB | | 8 9|10 11 |12 13| |14 15| | | |256kB] | 2568 | | 4 12| | 513 | 6 l4| | 715/
[+ = - e et P P | [+ o 4 T A P S
|+ s | E - R —— R e — R e — + | |+ e | + - i —— s S—— B e — +
[ 8MB || 32kB|| 32kB|| 32kB|| 32kB|| [ 8MB || 32kB|| 32kB|| 32kB|| 32kB| |
e [ S T ey | + e [ |
+-- I + 4 - + 4 - + 4 - + | Fommmme e |+ - + 4 - + 4 - + 4 - + |
| | 256kB] | 256kB| | 256kB| | 256kB| | |l 256kB| | 256kB| | 256kB| | 256kB] |
|+ e A e - +A e+ | + R ik St b SETE R S R
|+ + | | + S — + |
I 8mB I [ 8mB I
| + ——————— ———- + | | + T — + |

AcCross aII cores in the node:
OMP_NUM_THREADSH#Bwid -pin -cN:O -7 ./ a.out

Across the cores in each socket and across sockets in each node:
OMP_NUM_THREADS#Bwid -pin -¢S0:0 -3@S1:0-3 ./ a.out

Multicore
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Likwid-pin

Using logical core numbering

Possible unit prefixes

Multicore
Challenge

Defaultif i cis not
specified!

node

socket

NUMA domain %

outer level cachegroup =

Chipset

[ Memory ]

Principles of Multicore Optimization
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Monitoring the Binding

How can we see whether the measures for binding are really effective*
sched_getaffinity(),

top:

top - 16:05:03 up 24 days, 7:24, 32 users, load average: 5.47,4.92, 3.52
Tasks: 419 total, 4 running, 415 sleeping, O stopped, 0 zombie

Cpu(s): 95.7% us, 1.1% sy, 1.6% ni, 0.0% id, 1.4% wa, 0.0% hi, 0.2% si
Mem: 8157028k total, 8131252k used, 25776k free, 2772k buffers
Swap: 8393848k total, 93168k used, 8300680k free, 7160040k cached

PIDUSER PR VIRT RES SHR NI P S %CP
23914 unrzb5 25 277m223m 2660 02R99.9 2
24284 unrzb5 16 8580 1556 928 02R 0.2 0.0

4789 unrzb5 1540220 14521448 00S 0.0 O.
4790 unrzb5 15 7900 552 548 03S 0.0 0.0

oMEM TIME COMMAND
23:42 dmrg_0.26_ WOODY
00 top

:00 sshd

0 tcsh

Press AHO f or showi n

r ead

Multicore o _ S
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Probing performance behavi

lor [T ==

How do we find out aboutthe performancerequirements of a

parallel code?

Profiling via advanced tools is often overkill
A coarseoverview is often sufficient

likwid-perfctr ( si mi | ar to Aperfexo on | RI X,
Linux/Altix)
Simple end-to-end measurement of hardware performance metrics
AMar kero API for start. /stoP ng
counters [ RANCH Branch predlctlon miss rate atlo
CACHE: Data cache miss rate/ratio
Multiple measurement region CLOCK: Clock of cores
support DATA: Load to store ratio

Preconfigured and extensible
metric groups, list with

likwid - perfctr  -a mEEm) <

FLOPS DP: Double Precision MFlops/s
FLOPS_ SP: Single Precision MFlops/s
FLOPS X87: X87 MFlops/s

L2: L2 cache bandwidth in MBytes/s
L2CACHE: L2 cache miss rate/ratio

L3: L3 cache bandwidth in MBytes/s
L3CACHE: L3 cache miss rate/ratio

Multicore
Challenge

MEM: Main memory bandwidth in MBytes/s
\. TLB: TLB miss rate/ratio
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likwid-perfctr rr?—

Example usage with preconfigured metric group

$ env OMP_NUM_THREADSHEkwid - perfctr -CNO -3 it intel -g FLOPS DP ./stream.exe

CPU type: Intel Core Lynnfield processor
CPU clock: 2.93 GHz
Measuring group FLOPS_DP Always Configured metrics
T T T measured / (th IS grou p)
YOUR PROGRAM OUTPUT
S R R —— S Am— S S —— R ——— +
| Event | core O | core 1l | core 2 | core 3
e e e R T — T — T —— +
| INSTR_RETIRED_ANY e+08 | 2.31001e+08 | 2.30963e+08 | 2.31885e+08 |
| CPU C CQO 56999e+08 | 9.58401e+08 | 9.58637e+08 | 9.57338e+08 |
| - ~ = — “FP_| | 4.00294e+07 | 3.08927e+07 | 3.08866e+07 | 3.08904e+07 |
| FP_COMP_OPS EXE_SSE _FP_SCALAR 882 | 0 | 0 | 0 |
\EP_COMP_OPS EXE_SSE_SINGLE _PRECISION 0 | 0 | 0 | 0 |
| | 4.00303e+07 | 3.08927e+07 | 3.08866e+07 | 3.08904e+07 |
S . R T— S SR——— S T—— S SR +
LS R S B R — S S — +
| Metric | core 0 | core 1 | core?2 | core3 |
| Runtime [s] | 0.326242 | 0.32672 | 0.326801 | 0.326358 |
| CPI | 4.84647 | 4.14891 | 4.15061 | 4.12849 | Derived
| DP MFlops /s (DP assumed) | 245.399 | 189.108 | 189.024 | 189.304 | / metrics
| Packed MUOPS/s | 122.698 | 94.554 | 94.5121 | 94.6519 |
| Scalar MUOPS/s | 0.00270351 | 0 | 0 | 0 |
| SP MUOPS/s | 0 | 0 | 0 | 0 |
| DP MUOPS/s | 122.701 | 94.554 | 94.5121 | 94.6519 | D
Multicore
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likwid-perfctr rr—.—
Best practices for runtime counter analysis

Thingsto look at Caveats

Load balance (flops, instructions, Load imbalance may not show in

BW) CPI or # of instructions
_ Spinloopsin OpenMP barriers/MPI
In-socket memory BW saturation blocking calls

Shared cache BW saturation :
In-socket performance saturation

may have various reasons
Flop/s, loads and stores per flop y

metrics
Cache miss metrics are overrated
SIMD vectorization If | really know my code, | can often
calculate the misses
CPIl metric Runtime and resource utilization is

much more important

# of instructions,
branches, mispredicted branches

Multicore
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Section summary: What to take home [ &=

Figuring outthenodetopologyis usuallythe hardest part
Virtual/physical cores, cache groups, cache parameters
This information is usually scattered across many sources
LIKWID-topology

One tool for all topology parameters
Supports Intel and AMD processors under Linux (currently)

Generic affinity tools
Taskset, numactl do not pin individual threads
Manual (explicit) pinning from within code
LIKWID-pin
Binds threads/processes to cores
Optional abstraction of strange numbering schemes (logical numbering)

LIKWID-perfctr
End-to-end hardware performance metric measurement
Finds out about basic architectural requirements of a program

Multicore

Challenge Principles of Multicore Optimization 44



Tutorial outline _

A Introduction A Microbenchmarking and
A Basics computer architecture Performance modeling
A Architecture of multisocket A Triad benchmark
multicore systems A Balance metric
ANomenclature Aln-cache performance analysis
ACurrent developments A Impact of processor/node
AProgramming models topology on performance
A Multicore performancetools A Bandwidth saturation effects
A Finding out about system topology A Programming for ccNUMA
A Affinity enforcement A Simultaneous multithreading (SMT)
APerformance counter A Case studies for shared memory
- measurements A Wavefront temporal blocking of
A Onlinedemo: likwid tools stencil solver
A topology A Optmizing a medical imaging
A pin application
/A Monitoring the binding A Summary
A pprfr‘fr basics.and._best pmr‘fir‘pc
Multicore
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Live demo:

LIKWID tools

Multicore
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Tutorial outline _

A Introduction A Microbenchmarking and
A Basics computer architecture Performance modeling
A Architecture of multisocket A Triad benchmark
multicore systems A Balance metric
ANomenclature A In-cache performance analysis
ACurrent developments A Impact of processor/node
AProgramming models topology on performance
A Multicore performance tools A Bandwidth saturation effects
A Finding out about system topology A Programming for ccNUMA
A Affinity enforcement A Simultaneous multithreading (SMT)
APerformance counter A Case studies for shared memory
- measurements A Wavefront temporal blocking of
A Onlinedemo: likwid tools stencil solver
Atopology A Optmizing a medical imaging
Apin application
AMonitoring the binding A Summary
A pprfm‘r hasics.and hest pram‘ir‘pQ
Multicore
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Microbenchmarking and Performance
Modeling



Why do it? [ &=

Itis crucial to for optimizations to have an estimate what
performanceyou expecton a given platform
For an estimate you need two things:
Machine properties
Performance Model
Machine properties can be obtained by microbenchmarking
STREAM benchmark
likwid-bench
Get an explorerinthe Jungle of Microarchitecture!
Creating a performance model forces you to gain a better

understanding of your code properties and code/hardware
Interaction.

Optimizations will be more focused and you prevent dead ends

Multicore
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The parallel vector triad benchmark
Adniswiss army knifeo for mi

Simple streaming benchmark:

for(int j=0; j < NITER; j++){
#pragma omp parallel for
for(i=0; i < N; ++i)
a[i]=b[i]+c[i]*d[i];
If(OBSCURE)
dummy(a,b,c,d);

}

Report performance for different N
Choose NITER so that accuratetime measurementis possible

Alternative: likwid-bench offers all relevant microbenchmark
kernelsreadyto use.

Multicore o _ S
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The parallel vector triad benchmark =
Optimal code on x86 machines

timing(&wect_start, &cput_start); /I size = multiple of 8
#pragma omp parallel private()) int vector_size(int n){
{ turn int(pow(1.3,n))& - 8):
for(j=0; j<niter; j++){ ) return int(pow(1.3,n))&( );
if(size > CACHE_SIZE>>5) { )

#pragma omp paratetr-for—
#pragma vector always
#pragma vector aligned > Large-N version (NT)
#pragma vector nontemporal
for(i=0; i<size; ++i)
a[i]=b[i]+c[i]*d[i]; <
} else {

#pragma omp paratelfor—
#pragma vector always

#pragma vector aligned > Small-N version
for(i=0; i<size; ++i) (NONT)
a[i]=bl[i]+c[i]*d[i];
} _

if(a[5]<0.0)
cout << a[3] << b[5] << ¢[10] << d[6];
}

}
timing(&wct_end, &cput_end);

Multicore
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The parallel vector triad benchmark
Performance results on Xeon 5160 node

5000 — - —
— serial

— OpenMP 1 thread

L1 performance model
4000 = = = = = — = = = = — = = —

OMP overhead i
_~ and/or lower

« 3000 optimization w/ —
é‘ OpenMP active
=
2000 —
1000 —
ﬂ | IIIIIII| | IIIIIII| 1 IIIIIII| | IIIIIII| | IIIIIII| |
10" 10° 10’ 10° 10] 10°
NG A N H—/
Y Y
L1lcache L2 cache memory
Multicore
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The parallel vector triad benchmark
Performance results on Xeon 5160 node

5000 —
—— OpenMP 2 threads | socket
| —— OpenMP 2 threads 2 sockets (smal |) L2 7
2000 = bottleneck |
3000 — —
&
E L .
=
2000 |- —
1000 1= Aggregate m
i L2
{:I / | IIIIII| | | IIIIII| | 1 IIIIII| | 1 11111l
10" 10° 10’ 10° 10° 10°
Cross- N
socket synch

Multicore
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The parallel vector triad benchmark
Performance results on Xeon 5160 node

I IIIIIII| I IIIIIII| T IIIIIII| I I T TTTTI I T T TTTTT I -E
5000 — — !
OpenMP 4 threads inner parallel —_c_
- |—— OpenMP 4 threads outer parallel -
4000 _
Memory
3000 - Team restart _|
£
£ \ \
E | -
p=
2000 — —
1000 — | —
{:I b 1 | | IIIIII| 1 | IIIIII| | | IIIIII| | 1 IIIIII| |
10’ 10° 10° 10° 10 10°
N
Multicore . . o
Principles of Multicore Optimization 54

Challenge



The parallel vector triad benchmark
Performance results on Xeon 5160 node

1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| ] T T TTTI ] -:
5000 — — :
— OpenMP 4 threads outer parallel !
| |— OpenMP 4 threads outer parallel NT stores . S N
4000 -
i | Memory
@ 3000 — \ —
)
E - -
=
2000 — —
1000 — ‘m’\ —
Du - | | IIIIII| | | IIIIII| | | IIIIII| 1 L I>
10" 10° 10’ 10\ : 10°
N NTstores
Multicore . : o
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Bandwidth limitations: Memory =

Some probl ems get even worseé

System balance = PeakBandwidth [MByte/s]/ PeakFlops [MFlop/s]
Typical balance ~ 0.25 Byte / Flo% 4 Flop/Byte A 32 Flop/double
——

feto5 I~ T 1T " 1T 7 1 A L L —
- [@—® Peak Banawidth ¢ 1 Balancevalues:
- |0 Peak Flops .
[ ¢ |
I  as - Scalar product:
® 100001 . core 2quad 34 1 FlOp/double
) - Core2Dw 30 3 A 1/32 Peak
= N . ]
n - % ]
ke o E Dense
L 1000F 0% . -
= B == 3 Matri xAVe
B & 1 2Flop/double
- o _
I > | A 1/16 Peak
P 200 E
100 3§ 4 Large
F oy J= S i i
1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 MatrixMatrix
year (BLAS3)
Multicore Principles of Multicore Optimization 56

Challenge



In-Cache Performance Modeling



Micro Architecture Intel Nehalem FFEE

L1 Cache Successor of P6 architecture

¢ 16 byte / cycle

Pre-Decoder

Harvard architecturein L1 level

Léﬁ_ byte cycle CISCinstructions are
instructions / cycle
Decoder convertedinuops

¢ 4 instructions { cycle (4-1-1-1 ops)

Very mature implementation of
Loop Buffer 28 ops

) out-of-order superscalar
Reorder Buffer (ROB) 4:’@ deSig n
¢ 4 ops | cycle 3 Read Ports
o —— Throughput4uops/cycle
lp‘ﬂr‘tﬂ lpﬂr‘tl lpﬂr‘tS lpﬂr‘tz lpﬂﬂilﬂ't’l TWO 16_byteW|de SIMD
Instructions/cycle (DP 2
ALU O ALU 1
FP Mult| |FPAdd| [AW 2| | toad | | Store multadd/SP 4 multadd)
Two 16-bytetransfers per cycle
L1D Cache - load store L1 performance
128 bit bidirectional / cycle
Multicore
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Case Study: Stream Triad [ &=

void triad_c(double * restrict A,
const double *const restrict B,
const double *const restrict C ,
const double *const restrict D,
const int size)

Characteristics:

2 flops per loop iteration
3 loads and 1 store per
iteration

inti;
double alpha=1.3;

for (i=0;i< size;i++){ L1 cache Performance:
Ali] = BJ[i] + C[i] * D[i 1; Cycle1l: 1L +1S
} Cycle 2: 1L
} Cycle 3: 1L

3 cycles per SIMD iteration.
3 GHz/3 *4 Flops =4 GFlops

Multicore
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L2 Cache Performance (stream triad) [ &=

Stream

Intel Core 2 (inclusive,write allocate) :

il 8 cycles Ideal: 16 cycles per cachelineupdate
lgzb‘m 24 bleycle Measured: 22.4 cycles

o o cycies Overhead: 1.6 cycles per doubleiteration
I“MN oo Effective Bade|dth: 22986 MB/s

. Real Bandwidth: 30648 MB/s

AMD Shanghai (exclusive, write allocate):

COTE | g cyces Ideal: 20 cycles per cachelineupdate
191,,*N e Measured: 25.6 cycles
L, Lo Overhead: 1.4 cycles per doubleiteration
Y7 Effective Bandwidth: 17248 MB/s
384 $ ,«TM 32 bicycle Real Bandwidth: 34496 MB/s
L2

Multicore
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L3 cache performance

Intel AMD
24 24
Stream
24.73 48.5
. 32 34
Triad
31.03 66.5

Nehalem overlaps L1 loads and L3-

L2 loads and is therefore very
efficientin L3

AMD effective L3 bandwidth is very
low (main memory level)

Multicore
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Stream
Core 8 cycles
142 bTT¢ 24 bjcycle
L1 8 cycles
256 bm¢ 32 bicycle
L2 8 cycles
256 bWi 32 bicycle
L3
Stream
Core B cycles
192 bTTl 24 bjeycle
L1 _gf_ 8 cycles
128
= 256 b
128 b
~af
L3 |

4 cycles 192b

32 bfcycle

4 cycles

Triad

Core

12 cycles

256 D

uit

B4 b3 cycles

L1l

10 cycles

3200 TTTTi 32 bfcycle

3200

L2 10 cycles
¢ 32 bicycle
L3
Triad
Core 12 cycles

256 b AA?F'

64 b3 cycles

10 cycles

[YYY

6 cycles

320D

192 b

6 cycles
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Jacobi Standard Performance [T ==

500 x 50 x 10: ca. 4 MB (L3 domain) core | 27 cycles
per cacheline
577 MLUPS (36.8 cycles) W
Prediction: 35to 47 cycles ¥ 0 evles
500 x 80 x 80: ca 50 MB (Memory) ?ﬁﬁ“ml .
470 MLUPS (45.2 cycles) B ..
cycles

Prediction: 40 to 67 cycles m

L3 8.0 mem cycles

TTL = ¢a. 20 cycles

ME.M1
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Jacobi Standard Performance [T ==

Non temporal stores

500 x 80 x 80: ca 50 MB (Memory) Core | 27 cycles.
per cacheline
548 MLUPS (38.8 cycles), 8774 MB/s W
Prediction: 33to 53 cycles
L1 6 cycles
1920 W 32 bicycle
= 6 cycles
192 b m 32 blcycle
L3 5.3 mem cycles
= ca. 14 cycles
128 b T 24 bimem cycle
——»=  MEM
Multicore Principles of Multicore Optimization 63
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Tutorial outline _

A Introduction A Microbenchmarking and
A Basics computer architecture Performance modeling
A Architecture of multisocket A Triad benchmark
multicore systems A Balance metric
ANomenclature Aln-cache performance analysis
ACurrent developments A Impact of processor/node
AProgramming models topology on performance
A Multicore performance tools A Bandwidth saturation effects
A Finding out about system topology A Programming for ccNUMA
A Affinity enforcement A Simultaneous multithreading (SMT)
APerformance counter A Case studies for shared memory
- measurements A Wavefront temporal blocking of
A Onlinedemo: likwid tools stencil solver
Atopology A Optmizing a medical imaging
Apin application
AMonitoring the binding A Summary
A pprfm‘r hasics.and hest pram‘ir‘pQ
Multicore
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Bandwidth saturation effects in cache and
memory

Lowlevelbenchmarkesults



Bandwidth limitations: Main Memory
Scalability of shared data paths inside NUMA domain (A(:)=B(:) EE

24 | I | I | I | I

[ Westmere i
22 | 0= SandyBridge —
O MagnyCours —~LF N
18- _—"" - onwith
1 thread saturates gﬁuratcllon wit _
bandwidth reass -
u._. 141 / _

= 10| = il
3 10 -
2 | i
O 8} _
= i 1 thread cannot i
6 B saturate bandwidth |
4 | u—
ol |
0 i . | . | . | . | . | . ]

0 1 2 3 4 5 6

cores
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Bandwidth limitations: Outer-level cache o —
Scalability of shared data paths in L3 cache

160

(g W Westmete SandyBridge:
OO SandyBridge |  \eyw design with

14000 MagnyCours| segmented L3cache load n
- connected bywidering /:I .
120 bus.Bandwidth scales! Westmere: |
Queue-based sequential
i Copy access.Bandwidth does
100 notscale.
~{]

60 -

Bandwidth [GB/s]
3
|
|

40
20| Magny Cours:
Exclusive cache with
i larger overhead for
0 ' | ' ' L ' ' ' ' ' streaming access.
0 1 2 3 4 S  Bandwidth scaleson
cores low level. No difference
betweenload and copy.
Multicore
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Case study:
OpenMP-parallel sparse matrix-vector
multiplicationin depth

A simple (but'sometimes rsatsimple)
example for bandwidbdound code and
saturation effects in memory



Case study: Sparse matrix-vector multiply [ &=

Important kernel in many applications (matrix diagonalization,
solving linear systems)

Strongly memory-bound for large data sets
Streaming, with partially indirect access:

ISOMP parallel do
doi=1,N )
do j = row_ptr(i), row_ptr(i+1) -1
c(i) = c(i) + * b(col_idx(}))
enddo
enddo
ISOMP end parallel do

Usually many spMVMs required to solve a problem

Following slides: Performance dataon one 24-core AMD Magny
Cours node

Multicore
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Application: Sparse matrix-vector multiply
Strong scaling on one Magny-Cours node

Casel: Large matrix

(16x+8x) i

Memory
1]
Memory

Memory
| |
Memory

Intrasocket
bandwidth
bottleneck

Multicore
Challenge

8000

7000

6000

5000

4000

MFLOPS/s

3000

2000

1000

cant, 62451x62451, non-zero: 4007383

CRS-magnycour% i

Good scaling
across sockets

0 5 10 15
threads

Principles of Multicore Optimization
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Application: Sparse matrix-vector multiply M —

Strong scaling on one Magny-Cours node

Case 2: Medium size

(16x+8x) i

Memory
1]
Memory

Memory
| |
Memory

Intrasocket
bandwidth
bottleneck

Multicore
Challenge

MFLOPS/s

10000

9000

8000

7000

6000

5000

4000

3000

2000

1000

mc2depi, 525825x525825, non-zero: 2100225

L] ] L] — L]
CRS-magnycours —+
I Working set fits j
I in aggregate -
cache
O~ -
0 5 10 15 20 25
threads
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Application: Sparse matrix-vector multiply

Case 3: Small size

(16x+8x) i

Memory
1]
Memory

Memory
| |
Memory

No bandwidth
bottleneck

ﬁ I
| [TE=
Strong scaling on one Magny-Cours node —
rbs480a, 480x480, non-zero: 17088
4500 r r ' r
CRS-magnycours —+
4000 Y -
3500 |
T+
3000 -
%
a
O 2500 -
o
=
2000 -
Parallelization
1500 overhead -
dominates
1000 f= -
500 [ [l [ [l
0 5 10 15 20 25
threads
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Bandwidth-bound parallel algorithms: rr?:
Sparse MVM

Datastorage formatis crucial for performance properties
Most useful general format: Compressed Row Storage (CRS)
SpMVM is easily parallelizable in shared and distributed memory

For large problems, spMVMis HMeP
Inevitably memory-bound N =92527872
Intra-LD saturation effect N= 6201600
on modern multicores
N\
MPI-parallel spMVM is often
communication-bound
See hybrid part for what we
can do about this
Multicore Principles of Multicore Optimization 73
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SpMVM node performance model [ &=

Doubleprecision CRS: do i = 1,N,

do j = row_ptr(i), row_ptr(i+i) - 1
C(i) = C(i) + val(j) * B(col_idx(j))
enddo 3 9 8 o \
enddo
/\ 12 +24 /Ny, + K\ bytes
DP CRS code balance bcrs = > flop
k quantifies extra traffic
for loading RHS more than — (6 12 n K\ bytes
once Noyr 2 ) flop '

Predicted Performance = streamBW/Brs
Determine k& by measuring performance and actual memory BW

G. Schubert, G. Hager, H. Fehske and G. Wellein: Parallel sparse matrix-vector multiplicationas a test case

forhybrid MPI+OpenMP programming. Workshop on Large-Scale Parallel Processing (LSPP 2011), May 20th,
2011, Anchorage, AK. Preprint: arXiv:1101.0091

Multicore
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http://arxiv.org/abs/1101.0091

Test matrices: Sparsity patterns [ &=

Analysis for HMeP matrix (N,,,a 1)®n Nehalem EP socket

BW used by spMVM kernel =18.1GB/sA s houl d get & 2. 66
spMVM performance

Measured spMVM performance = 2.25 Gflop/s
Solve 2.25 Gflop/s = BW/Bcrs for ka 2. 5

A 37.5 extra bytes per row
ARHS is |l oaded a6 times from mg,malrby,

times
A about 25% of BW goes into RHS

Special formats that exploit features of the sparsity pattern are not
considered here

Symmetry

Dense blocks

Subdiagonals (possibly w/ constant entries)

Multicore
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Test systems

[ Memory J

[ Memory J

AMD Magny Cours
(Opteron 6172)

STREAM triad BW:
12.8 GB/s perdomain

Multicore
Challenge

Intel Westmere EP (Xeon 5650)

STREAM triad BW:
20.6 GB/s per domain

( Memory ) ( Memory )

———————————————————————————————————————————————

(xg+x91) Hodsuel] JadAH watayon

Coherent HyperTransport (16x+8x)

| Memory ] | Memory |
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Node-level performance for HMeP: Westmere EP rr?:
(Xeon 5650) vs. Cray XE6 Magny Cours (Opteron 6172) e
S0 P
i /
<=1 bandwidth STREAM:Triad (Westmere) .
> 4> bandwidth STREAM:Triad (MagnyCours) )/ ds

N

o
|
-
A

- performance spMVM (HMeP -- Westmere) K 1. %
- L performance spMVM (HMeP -- MagnyCours) ;/ ] 7 “g_
o I : % H P
O, 30 acrossNUMA |1 °6
F=2N | 18.1 GB/s | gomains @
5 | ' >0
E i e . i %
C 20} A-——<t——— - == - / 14 €
_g - _,,--'" Cores uselessfor [T, ! / O
< computation! ,,é 30
S . ? =
10 Z AN -2
7 7
Z 7
Z AN 1
) ¢
oL - Z AN
5 6 1 AMD 1 node
Cores socket
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OpenMP sparse MVM.: rr?_
Take-home messages

Yes, sparse MVM is usually memory-bound

This statementis insufficient for afullunderstandingof what 06
going on
Nonzeros (matrix data) may not take up 100% of bandwidth
We can figure out easily how often the RHS has to be loaded

A lotof researchis putinto bandwidth reduction optimizations for
sparse MVM

Symmetries, dense subblocks, subdiagonals, é

Bandwidth saturation A using all cores may not be required
There are free resources 1T what can we do with them?

Turn off/reduce clock frequency
Put to better use A see hybrid case studies

Multicore
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Efficient parallel programming
on ccNUMA nodes

Performance characteristicccoNUMAodes
Firsttouch placement policy
ccNUMAocality and dynamic scheduling
ccNUMAocality beyond first touch



ccNUMA performance problems LEE
AnThe other affinityo to care abo
CcNUMA:
Whole memory is transparently accessible by all processors
but physically distributed
with varying bandwidth and latency
and potential contention (shared memory paths)

How do we make sure that memory access is always as "local”
and "distributed" as possible?

y . y
Page placement is implemented in units of OS pages (often 4kB, possibly
more)

Multicore
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Intel Nehalem EX 4-socket system =
ccNUMA bandwidth map

0 1 2 3

15.5 GB/s

10.5 GB/s

| 1>—<3 I
I—o—72
Bandwidth map created with likwid-bench.All cores used inone

NUMA domain, memoryis placed in a different NUMA domain.
Test case: simplecopy A(:)=B(:) ,largearrays

Multicore o _ o
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AMD Magny Cours 2-socket system =
4 chips, two sockets

0 1 2 3

8.8 GB/s
5.0 GB/s
4.2 GB/s
—o -]
. 0>_<2 .

Multicore
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AMD Magny Cours 4-socket system rr?:
Topology at its best? —

0 1 2 3 4 5 6 7

8.7 GB/s

I
5.1 GB/s
4.3 GB/s |
3.7 GB/s . \

2 p—
2.7 GB/s \
» - 7 _l
2.0 GB/s ‘
e
Multicore . : L
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ccNUMA locality tool numactl: o —
How do we enforce some locality of access?

numactl caninfluencetheway abinary maps its memory pages:

numactl -- membind=<nodes> a.out # map pages only on <nodes>
-- preferred=<node> a.out # map pages on <node>
# and others if <node> is full
-- interleave=<nodes> a.out # map pages round robin across

# all <nodes>

Examples:

env OMP_NUM_THREADS=Zumactl -- membind=0 T cpunodebind=1 ./stream

env OMP_NUM_THREADS=4 numactl -- interleave=0 -3 \
likwid -pin -cN:0,4,8,12 ./stream

Butwhatis the default without numact|?

Multicore
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ccNUMA default memory locality [ &=

"Golden Rule" of ccNUMA:

A memory page gets mapped into the local memory of the
processorthatfirsttouches it!

Exceptif there is not enough local memory available
This might be a problem, see later

Caveat: "touch" means "write",not"allocate"

Example: Memory not
/— mapped here yet

double *huge = (double*)malloc(N*sizeof(double));

for(i=0; i<N; i++) // or i+=PAGE_SIZE

hugeli] = 0.0; \

Mappingtakes
place here

Itis sufficientto touch a singleitem to map the entire page
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Coding for Data Locality [ &=

The programmer must ensurethat memory pages get mapped
locallyin thefirst place (and then prevent migration)

Rigorously apply the "Golden Rule"

|.e. we have to take a closer look at initialization code
Some non-locality at domain boundaries may be unavoidable
Stack data may be another matter altogether:

void f(int s) { /[ called many times with different s
double a[s]; /I c99 feature
I/l where are the physical pages of a[] now???
e

}

Fine-tuning is possible (see later)

Prerequisite: Keep threads/processes wherethey are
Affinity enforcement (pinning) is key (see earlier section)
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Coding for ccNUMA data locality

Simplest case: explicitinitialization

integer,parameter :: N=1000000
real*8 A(N), B(N)

A=0.dO0

ISOMP parallel do

integer,parameter :: N=1000000
real*8 A(N),B(N)

ISOMP parallel do schedule(static)

doi=1, N
A(i)=0.d0
end do

ISOMP parallel do schedule(static)

doi=1, N doi=1, N
B(i) = function (A(i)) B(i) = function (A(i) )
end do end do
Multicore

Challenge

Principles of Multicore Optimization

87




Coding for Data Locality

Sometimes initializationis not so obvious: I/O cannot be easily
parallelized, so "localize" arrays before I/O

integer,parameter :: N=1000000
real*8 A(N), B(N)

READ(1000) A
ISOMP parallel do

integer,parameter :: N=1000000
real*8 A(N),B(N)

ISOMP parallel do schedule(static)
dol=1,N

A(i)=0.d0

end do

READ(1000) A

ISOMP parallel do schedule(static)

dol=1,N dol=1, N
B(i) = function (A(i)) B(i) = function ( A(i) )
end do end do
Multicore
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Coding for Data Locality [ &=

Required condition: OpenMP loop schedule of initialization must
bethe same as in all computational loops
Best choice: static ! Specify explicitly on all NUMA-sensitive loops, just to
be sureeée
Imposes some constraints on possible optimizations (e.g. load balancing)

Presupposes that all worksharing loops with the same loop length have the
same thread-chunk mapping
Guaranteed by OpenMP 3.0 only for loops in the same enclosing parallel region
In practice, it works with any compiler even across regions

If dynamic scheduling/tasking is unavoidable, more advanced methods may
be in order

How about global objects?
Better not use them

If communication vs. computation is favorable, might consider properly
placed copies of global data

In C++, STL allocators provide an elegant solution (see hidden slides)
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NS

Coding for Data Locality: S
Placement of static arrays or arrays of objects OQ\

Speaking of C++: Don'tforget that constructorstend to touchthe
datamembers of an object. Example:

class D {
double d;
public:
D(double _d=0.0) throw() : d( d) {
inline D operator+(const D& 0) throw() {
return D(d+o0.d);
}
inline D operator*(const D& 0) throw() {
return D(d*o.d);

}
%
Y placement problem with
D* array = new D[1000000];
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Coding for Data Locality:
Parallel first touch for arrays of objects

Solution: Provide overloaded new operator or special function that places

the memory before constructors are called (PAGE_BITS = base-2 log of
pagesize)

template <class T> T* pnew(size t n) {
Size t st = sizeof(T);
int ofs,len=n*st; parallel firsttouch
inti,pages = len >> PAGE_BITS;
char *p = new charllen];
#pragma omp parallel for schedule(static) private(ofs)
for(i=0; i<pages; ++i) {
ofs = static_cast<size t>(i) << PAGE_BITS;
plofs]=0;

}

#pragma omp parallel for schedule(static) private(ofs)
for(ofs=0; ofs<n; ++ofs) {
new(static_cast<void*>(p+ofs*st)) T,
} e

return static_cast<T*>(m); placement
} new!
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Coding for Data Locality:
NUMA allocator for parallel first touch in std::.vector<>

template <class T> class NUMA _Allocator {
public:
T* allocate (size type numObijects, const void
*localityHint=0) {
size type ofs,len = numObijects * sizeof(T);
void *m = malloc(len);
char *p = static_cast<char*>(m);
int i,pages = len >> PAGE_BITS;
#pragma omp parallel for schedule(static) private(ofs)
for(i=0; i<pages; ++i) {
ofs = static_cast<size t>(i) << PAGE_BITS;
plofs]=0;
}
return static_cast<pointer>(m);

}

Y Application:
vector<double, NUMA Allocator<double>

> x(1000000)
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Memory Locality Problems [ ==

Locality of referenceis key to scalable performance on ccNUMA
Less of a problem with distributed memory (MPI) programming, but see below

What factors can destroy locality?

MPI programming:
Processes lose their association with the
CPU the mapping took place on originally

OS kernel tries to maintain strong affinity, but
sometimes fails

Shared Memory Programming
(OpenMP, é)
Threads losing association with the CPU the
mapping took place on originally
Improper initialization of distributed data

All cases:

Other agents (e.g., OS kernel) may fill
memory with data that prevents optimal
placement of user data
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Diagnosing Bad Locality [ ==

If your codeis cache-bound,you might not notice any locality
problems

Otherwise, bad locality limits scalability at very low CPU numbers
(whenever anodeboundaryis crossed)

If the code makes good use of the memory interface

But there may al so be a gener al prob

Consider using performance counters
LIKWID-perfctr can be used to measure nonlocal memory accesses
Example for Intel Nehalem (Core i7):

env OMP_NUM_THREADS=8
likwid - perfctr -gMEM TCN:0O -7 1t intel ./ a.out
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Using performance counters for diagnosing bad ccNUMA FFT'_
access locality —T

Intel Nehalem EP node:

Uncore events only
countedonce persocket

[ B Fommmmmmmee S B F
Event | core0 | corel | core2 | core3 | core4 | core5 | core

INSTR_RETIRED_ANY | 5.20725e+08 | 5.24793e+08 | 5.21547e+08 | 5.23717e+08 | 5.28269e+08 | 5.29083e+08 | 5.30103

+
I

+ R . R S — P P
|

| CPU_CLK_UNHALTED_CORE |1.90447e+09 | 1.90599e+09 | 1.90619e+09 | 1.90673e+09 | 1.90583e+09 | 1.90746e+09 | 1.90632

I

I

[cNeoNeNe)

UNC_QMC_NORMAL_READS_ANY | 8.17606e+07 | O | O | 0 | 8.07797e+07 | 0 |
UNC_QMC_WRITES_FULL_ANY | 553837e+07 | O | O | 0 | 5.51052e+07 | 0 |
| UNC_QHL_REQUESTS REMOTE_READS $.84504e+07 | 0 | 0 | 0 | 6.8107e+07 | 0 |
| UNC_QHL_REQUESTS LOCAL_READS | 6.82751e+07 | 0 | 0 | 0 | 6.76274e+07 | 0 |
+ F S B TR TS E
RDTSC timing: 0.827196 s
+ B T R T [ T—— S S [ T + +
| Metric | core0 | corel |core2 | core3 | core4 | core5 |core6 |core7 |
+ B T R S B T B T S [ + +
| Runtime [s] | 0.714167 | 0.714733 | 0.71481 | 0.715013 | 0.714673 | 0.715286 | 0.71486 | 0.71515 |
| CPI | 3.65735 | 3.63188 | 3.65488 | 3.64076 | 3.60768 | 3.60521 | 3.59613 | 3.60184 |
| Memory bandwidth | MBytes /s] | 106108 | 0 | O | O |105134 | O | O | O |
| Remote Read BW [ MBytes/s] | 5296 | 0 | O | O |526943 ] 0 | O | O |
+ B B —— [ — S B —— + +
Half of read BW comes
from other socket!
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f all failssé [T ==

Even if all placementrules have been carefully observed, you may
still see nonlocal memory traffic. Reasons?

Program has erratic access patters A may still achieve some access
parallelism (see later)

OS has filled memory with buffer cache data:

#numactl -- hardware # idle node!
available: 2 nodes (O -1)
node O size: 2047 MB
node O free: 906 MB —
node 1 size: 1935 MB
node 1 free: 1798 MB

- 14:18:25 up 92 days, 6:07, 2 users, load average: 0.00, 0.02, 0.00

Mem: 4065564k total, 1149400k used, 2716164k free, 43388k buffers
Swap: 2104504k total, 2656k used, 2101848k free, 1038412k cached
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ccNUMA problems beyond first touch: rrTI:
Buffer cache

OS uses part of main memory for FECEEEITreer :
disk buffer (FS) cache
If FS cache fills part of memory,
apps will probably allocate from
foreign domains
A non-local access!
Asynco IS not
drop buffer cache blocks

Remedies
Drop FS cache pages after user job has run (a d mi jobd s

Usercanrun i s we e p e rthat allocatdseand touches all physical
memory before starting the real application

numactl tool can force local allocation (where applicable)
Linux: There is no way to limit the buffer cache size in standard kernels
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ccNUMA problems beyond firsttouch:

Buffer cache

Real-world example: ccNUMA vs. UMA and the Linux buffer cache
Compare two 4-way systems: AMD Opteron ccNUMA vs. Intel UMA, 4 GB

main memory

Run 4 concurrent
triads (512 MB each)
after writing a large
file

Report perfor-
mance vs. file size

Drop FS cache after
each data point
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