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1. Introduction

This Best Practice Guide (BPG) extends the previously developed series of BPGs [1] (these older guides are
gtill relevant as they provide valuable background information) by providing an update on new technologies and
systems for the further support of European High Performance Computing (HPC) user community in achieving a
remarkable performance of their large-scale applications. It covers existing systems and aims to provide support
for scientists to port, build and run their applications on these systems. While some benchmarking is part of this
guide, the results provided are mainly an illustration of the different systems characteristics, and should not be
used as guidesfor the comparison of systems presented nor should be used for system procurement considerations.
Procurement [2] and benchmarking [3] arewell covered by other PRACE work packages and are out of thisBPG's
discussion scope.

This BPG document has grown to be a hybrid of field guide and a textbook approach. The system and processor
coverage provide some relevant technical information for the users who need a deeper knowledge of the systemin
order to fully utilise the hardware. While the field guide approach provides hints and starting pointsfor porting and
building scientific software. For this, a range of compilers, libraries, debuggers, performance analysis tools, etc.
are covered. While recommendation for compilers, libraries and flags are covered we acknowledge that there is
no magic bullet asall codes are different. Unfortunately thereis often no way around the trial and error approach.

Some in-depth documentation of the covered processorsis provided. Thisincludes some background on the inner
workings of the processors considered; the number of threads each core can handle; how these threads are imple-
mented and how these threads (instruction streams) are scheduled onto different execution unitswithin the core. In
addition, this guide describes how the vector units with different lengths (256, 512 or in the case of SVE - variable
and generally unknown until execution time) are implemented. As most of HPC work up to now has been done
in 64 bit floating point the emphasisis on this datatype, specially for vectors. In addition to the processor execut-
ing units, memory in its many levels of hierarchy is important. The different implementations of Non-Uniform
Memory Access (NUMA) are also covered in this BPG.

The guide gives a description of the hardware for a selection of relevant processors currently deployed in some
PRACE HPC systems. It includes ARM 64 (Huawei/HiSilicon and Marvell)1 and x86-64 (AMD and Intel). It pro-
videsinformation on the programming model s and development environment aswell asinformation about porting
programs. Furthermore it provides sections about strategies on how to analyze and improve the performance of
applications. While this guide does not provide an update on all recent processors, some of the previous BPG
releases[1] do cover other processor architectures not discussed in this guide (e.g. Power architecture) and should
be considered as a staring point for work.

This guide aims also to increase the user awareness on energy and power consumption of individual applications
by providing some analysis on usefulness of maximum CPU frequency scaling based on the type of application
considered (e.g. CPU-bound, memory-bound, etc.).

As mentioned earlier, this guide covers processors and technologies deployed in European systems (with a small
exceptionto ARM SVE - soon to be deployed in EU). While European ARM and RISC-V arejust over the horizon,
systems using these processors are not deployed for production at the time of this writing (Q3-2020). As this
European technology is till a couple of years from deployment it's not covered in the current guides, however,
this new technology will require substantial documentation. Different types of accelerators are covered by other
BPGs[1] and a corresponding update for these is currently being devel oped.

Emphasis has been given to providing relevant tips and hints via examples for scientists not deeply involved into
the art of HPC programming. This document aims to provide a set of best practices that will make adaptation to
these modern processors easier. It is not intended to replace an in depth textbook, nor replacing the documentation
for the different tools described. The hope is that it should be the first document to reach for when starting to
build a scientific software.

As for programming languages used in examples these are either C or Fortran. C is nice as it maps nicely to
machine instructions for the simple examples and together with Fortran makes up the major languages used in

YWhile the vector enabled Fujitsu A64FX with SVE processor is not covered there is a short section about Scalable Vector Extension (SVE)
included.
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HPC. While knowledge of assembly programming is not as widespread as before the examples are on alevel of
simplicity that the should be easily accessible.

This current guide is a joined guide from several different guides in the past. The previous guides where each
processor had it's own guide is athing of the past. This guide coversall relevant processors (see above), but each
processor chapter is still a separate chapter. The merger is not yet fully completed.

Furthermore, this guide will provide information on the following, recently deployed, European flagship super-
computing systems:

* Fulhame @ EPCC, UK

» MareNostrum @ BSC, Spain

SuperMUC-NG @ LRz, Germany

Hawk @ HLRS, Germany

Betzy @ SIGMA2, Norway
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2. ARM Processors

The ARM processor architecture is the most shipped processor class and is used in amost every aspect of com-
putation, phones, pads, cars, embedded etc. The only segment where it currently is not dominant isthe data center
segment.

ARM processors in HPC have shown a growing interest over the last years. There are different reasons for this
ranging from the obviouslike reduced processor cost to moreinteresting oneslike moreflexible development (e.g.
SVE) and the larger memory bandwidth due to requirements mainly stemming from HPC user community. The
decision by large compute centers like RIKEN [57] and the European Processor Initiative, EPI [58] isto develop
tailored ARM processors [59], [61] and for their need also add to the acceptance of ARM as an architecture for
HPC.

Large companies like Atos, Cray, Fujitsu and HPE offer systems based on ARM architecture, thus naturally con-
tributing to the acceptance of ARM as a valuable architecture for HPC.

ARM®64 processor architectures have been documented in the previous version of the Best Practice Guides [4].
In this updated version more emphasis is put on the newer features and the current processors available on the
market. The Kunpeng 920 is discussed in this version along with more updated information about Thunder X2.
In addition, vector instructions (SVE) are briefly discussed and at time of this writing the access to SVE enabled
processors are very limited.

2.1. Architecture

There are multiple vendorsimplementing the ARM 64 architecture for HPC workloads. The most common models
available on the market are tested and covered in this guide. The Amazon Graviton processors (Graviton and
Graviton2) [49] and Ampere Altra[50] are more general purpose and machine learning processors and not really
targeted for HPC and hence not evaluated.

At the time of this writing the only ARM processor supporting Scalable Vector Extension (SVE) is the Fujitsu
AB4FX. Thisiscurrently not generally available and could not be tested, for moreinformation see[62]. However,
SVE support with more vendors will be available in the 2020/2021 time frame. See [60] for areview.

M odels evaluated

» Huawei - Kunpeng 920 (HiSilicon 1620), Huawei server [54].

* Marvell - ThunderX2, Gigabyte server [56].

Both of these implementations are ARM v8 compliant, while the Kunpeng 920 processor support the ARM v8.2
the ThunderX2 support ARM v8.1, see [63] and [71].

2.1.1. Kunpeng 920

The Kunpeng 920 (HiSilicon 1620) processor is the successor to the HiSilicon 1616 processor. The HiSilicon
1620 comes with more and faster cores, with an updated instruction set architecture, full NEON (128-bit vector
unit), 16 bits floating point, and a range of other improvements. Eight DDR4 memory controllers provide a high
memory bandwidth (see later for measurements).




Best Practice Guide
Modern Processors

Hi1620 Specifications Overview

CPU core Up to 64 ARMv 8.2 cores, 3.0 GHz, 48-bit physical address
4 issue 00O superscalar design
64 KB L1 1 Cache and 64 KB L1 D cache

512 KB private per core, 24 MB total
48 MB shared for all (1 MB/core), Partitioned

Memory 8-channel DDR4-2400/2666/2933/3200

16 ranks/channel, 1DPC and 2DPC configurations
X4/x8 support

ECC, SDDC, DDDC

40 lanes of PCle Gen4.0 16x

Integrated /0 8 lanes of ETH, Combo MACs, supporting 2 x 100GE, 2 x 40GE, 8 x
25GE/10GE,10 x GE, supporting SR-IOV

RoCEv2/RoCEv1

x4 USB

3.0 x8 SAS 3.0 x2 SATA 3.0

Crypto engine AES, DES/3DES, MD5, SHA1, SHA2, HMAC, CMAC
Up to 100 Gbit/s

Compression GZIP, LZS, LZ4
Up to 40 Gbit/s (compress)/100 Gbit/s (decompression)

EZC RAIDS/6, DIF, XOR, PQ acceleration
CCIX Cache coherency interface for accelerator, like Xilinx FPGA
World's 1st CCIX solution

Coherent SMP interface for 2P/4P
3*240Gbps bandwidth

TDP ~150 W (48C 2.6 GHz)

2*100GE/2*40GE/
240Gbps per port 8*25GE/8*10GE/8*GE

111 1111414

SAS
ISATA3.0

\_ . etc. Y,
e om0l Y

Up to 40lanes

Figure 1. Kunpeng 920 block diagram [51]

Huawei reports the core supports amost al the ARMv8.4-A |SA features with a few exceptions, but including
dot product and the FP16 FML extension, see [64].

2.1.2. ThunderX?2

The ThunderX2 is an evolution in the ThunderX family of processors from Cavium, now part of Marvell. The
ThunderX2 provide full NEON 128 bhits vector support, Simultaneous Multi Thread (SMT) support [72] and up
to eight DDR4 memory controllers for high memory bandwidth (see later for measurements).

Trust Zone Power Management

el 32 GORES
CORE OR OR

CORE CORE CORE CORE

CORE OR CORE
CORE 2OR CORE

CORE -OR CORE

Interconnect

CORE JOR CORE CORE

Gen2 Cavium Coherent Processor

Figure 2. Thunder X2 block diagram [52]
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Inst Inst Inst Inst
4-Way Decode
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< 7
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@
INT ALU INT ALU INT ALU | LSU | LSU | [Store Data b=
FP ALY INT MUL Branch 5:
NEON [128-bit) FP ALU =
| Crypto | 16B/cycle 16B/cycle
NEON (128-bit) EUs
Execution Engine
| | Load Buffer Stare Buffer f Fnrwarding| 2
(64 entries) (36 entries)
\g
L1 Data Cache <
. a
32KiB 8-Way S

Memory Subsystem

Figure 3. Thunder X2 block diagram [53]

From the core diagram above we can establish that there are two 128 bits NEON SIMD execution units and two
scalar floating point execution unitsin addition to integer and load/store units.

2.1.2.1. SMT

Simultaneous Multi Thread [72] is a technique that provide the possibility to run multiple threads (instructions
streams) on a single core, also known as Thread Level Parallelism (TLP). The core provide several parallel paths
for threads and also a set of context for each thread. The implementation is somewhat more complex, see Figure 3,
“ThunderX2 block diagram [53]".

The practical manifestation is that it looks like there are twice (SMT-2) or four SMT-4) times as many coresin
the processor. This can be beneficial for some application where less context switching can improve performance.
In HPC the benefit is not always observed as most application are limited by memory bandwidth or the fact that
the different threads share the same executional units. It may look like there are four times as many cores, but in
reality there are no more compute resources. This is documented in Section 2.6, “ Simultaneous Multi Threading
(SMT) performance impact”.

2.1.2.2. New release - Thunder X3

With the release of Thunder X3 Marvell takes a new generation of their ARM processors to the market. Press
coverage [65] tell about a major upgrade in performance. With up to 96 cores with SMT-4 yielding 384 logical
cores, four 128 NEON SIMD units (no SVE yet). With expected 3x performance over Thunder X2. This new
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processor might prove formidable upgrade. Littleis known at the time of writing, but the processor should hit the
market during second half of 2020.

2.1.3. NUMA architecture

All the evaluated architectures presented in this guide are Non Uniform Memory Architectures (NUMA). Thisis
guite common, but nevertheless requires programmers and users to pay attention to thread and rank placement,
particularly when dealing with SMT enabled systems, as process and thread placement and binding to cores and
NUMA banks can significantly impact performance. Seefor [7] an overview.

The ThunderX2 can be booted with SMT off (one thread per core), SMT-2 (two threads per core) or SMT-4 (four
threads per core). Optimal settings vary, there is no setting that fits all. One general rule is that more threads
require more attention to NUMA placement. The performance may vary as more threads can help hiding memory
latencies. On the other hand applications that are sensitive to memory bandwidth might show less benefit from
more threads.

The recommendation for general usage would be to turn SMT off. The extra threads seems to have little benefit
for a range of HPC codes. In selected cases the SMT-2 or SMT-4 can be tried. Please review the benchmark
section for more information on this. As the benchmarks are not universal it's often atrial and error process for
the relevant applications.

2.2. Programming Environment

A good set of software ecosystem for development now exist for the ARM processors. Compilers, performance
libraries and debuggers are al readily available.

2.2.1. Compilers

Compilersevaluated
* GNU 9.1 and GNU 9.2
* ARM HPC compiler 19.2 and 19.3

The compilers come with alarge range of compiler flags which have a varying degree of impact on performance
of the generated code. It's amost impossible to get the optimal set of compiler flags for a given code. Experience
has shown that a certain set of compiler flags will provide code with a good performance. Suggested flags are
given below.

Table 1. Suggested compiler flagsfor Kunpeng 920

Compiler Suggested flags
GNU -O3 -march=armv8.2-a+simd -mcpu=native -fomit-frame-pointer
ARM HPC compiler -Ofast -march=armv8.2-a+simd -mcpu=tsv110 -fomit-frame-pointer

The +simd is default for all combinations of -march and -mcpu. While the usage of the keyword "simd" is more
intuitive for HPC users the gcc manual also uses the keyword vector. The v8.2-aincludes support for dot product
[66], which can be enabled by the +dotprod flag which also enables simd so only the flag armv8.2-a+dotprod is
needed. As the dot product instruction does not support floating point it is of minor importance for most HPC
applications.

AsHuawei reports, almost all of the ARM v8.4-ainstructions are implemented the flag -march=armv8.4-a+fp16
can be tried, +fp16 enable simd and dot product. Please review the gecc/g++/gfortran man pages or ARM HPC
compiler documentation.

The usage of armv8.3-aand armv8.4-arequire afairly new kernel and assembler. Check the glibc version using
I dd --version

RHEL 8 comes with 2.28 and Ubuntu 18.04 comes with 2.27 which both work fine.
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Table 2. Suggested compiler flagsfor Thunder X2

Compiler Suggested flags
GNU -03 -march=armv8-a+simd -mcpu=thunderx2t99 -fomit-frame-pointer
ARM HPC compiler -Ofast -march=armv8-a+simd -mcpu=thunderx2t99 -omit-frame-pointer

2.2.1.1. Effect of using SIMD (NEON) vector instructions

The NEON SIMD 128 hit vector execution unit can improve performance significantly. Even short vector units
at 128 hit size can handle two 64 bit floating point numbers at the time, in principle double the floating point
performance.

The NEON unit is IEEE-754 compliant with afew minor exceptions, (mostly related to rounding and comparing)
[67]. NEON should therefore be as safe regarding numerical precision to use the NEON instructions as the scalar
floating point instructions. Hence vector instructions can be applied ailmost universally.

Testing has shown that the performance gain is significant. Tests compiling reference implementation for matrix
matrix multiplication, NASA Parallel Benchmark (NPB) [115] BT and areal life scientific stellar atmosphere code
(Bifrost, using its own internal performance units)[123] demonstrate the effect :

Table 3. Effect of NEON SIMD

Benchmark Flags Performance
Matrix matrix -Ofast -march=armv8.2-a+nosimd 1.88 GFLOPS
multiplication -Ofast -march=armv8.2-at+simd 3.18 GFLOPS
NPB BT -Ofast -march=armv8.2-a+nosimd -mcpu=tsv110 142929 Mop/s total
-Ofast -march=armv8.2-a+simd -mcpu=tsv110 158920 Mop/s total
Stellar atmosphere |-Ofast -march=armv8-a+nosimd -mcpu=thunderx2t99 13.82 Mz/s
(Bifrost) -Ofast -march=armv8-a+simd -mcpu=thunderx2t99 16.10 Mz/s

Speedups ranging from 1.69 to 1.11 for benchmarks are recorded while a speedup of 1.17 was demonstrated for
real scientific code. These tests demonstrate the importance of a vector unit, even with anarrow 128 bit unit like
the NEON.

With the significant performance gain experienced with NEON there is a general expectation that SVE will pro-
vide a substantial floating point performance boost. The experience from the x86-64 architecture leave room for
optimism. However, without real benchmarksthisis still uncharted territory.

2.2.1.2. Usage of optimisation flags

The optimisation flags O3 and Ofast invoke different optimisations for the GNU and the ARM HPC compiler.
The code generation differs between O3 and Ofast. The Ofast can invoke unsafe optimisations that might not
yield the same numerical result as O2 or even O3. Please consult the compiler documentation about high level
of optimisation. Typical for the Ofast flag is what the GNU manual pages states : "Disregard strict standards
compliance." This might be OK or cause problems for some codes. The simple paranoia.c [92] program might be
enough to demonstrate the possible problems.

2.2.2. Vendor performance libraries

The ARM HPC Compiler comeswith aperformancelibrary built for the relevant ARM implementations. It contail
the usual routines, see [129] for details.

The syntax when using the ARM HPC compiler is shown in the table below.

Table 4. Compiler flagsfor ARM performancelibrary using ARM compiler

Library type Flag
Serid -armpl

10
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Library type Flag
Serial. Infer the processor from the system -armpl=native
Parallel / multithreaded -armpl=parall€l

Just adding one of these to the compiling command linewill invoke linking of the appropriate performancelibrary.

Scalar math functionslibrary, commonly known aslibm, when distributed by the operating systemisalso available
in an optimised version, called libamath.

Before the Arm Compiler links to the libm library, the compiler automatically links to the libamath library to
provide enhanced performance by using the optimised functions. Thisis a default behaviour and does not require
that user supplies any specific compiler flags to initiate this behaviour.

The performance of awell known benchmark called Savage [122] which exercise trigonometric functions expe-
riences about 15% speedup when using the ARM library libamath compared to the standard libm.

For detailed information please consult the ARM HPC compiler documentation [129].

2.2.3. Scalable Vector Extension (SVE) software support

The SVE [70] will represent amajor leap in floating point performance, see[68]. The 256 and 512 bit vector units
with other architectures provide a major advantage in the floating point performance. While NEON could perform
alimited set of 128 bit vector instructions the introduction of SVE will put the floating point capabilities on par
with the major architecture currently deployed for HPC.

At time of writing thereisonly one ARM processor supporting SVE [59]. However, the compilersand librariesare
ready. Both GNU compilersand the ARM HPC compilers support SVE (Cray and Fujitsu should a so support SVE
but thisis not tested in this guide). The code generation has been tested using arange of scientific applicationsand
SVE code generation work well. The exact performance speedup remains to be evaluated due to lack of suitable
hardware.

Most of the scientific applications need to be recompiled with SVE enabled. Few problems have ever sprung up
when selecting SVE generation. From the compiler and building point of view there should be no major issues.
However, without real hardware to run on the performance gain is hard to measure.

Table 5. Flagsto enable SVE code generation

Compiler SVE enabling lags
GNU -march=armv8.1-at+sve
ARM HPC compiler -march=armv8.1-atsve

The SVE flag apply to all armv8-aand later versions. Asthe vector length in the current hardware is unknown the
GNU flag "-msve-vector-hits" is set to "scalable" as default (-msve-vector-bits=scalable). This flag can be set to
match the current hardware but thisis not recommended, as the hardware vector length can vary and can be set at
boot time. Best practiceis to leave the vector length unknown and build vector length agnostic code.

2.2.3.1. Examples of SVE code generation

Consider acommonly known loop (Stream benchmark):

n

DO 60 j 1,
b(j) + scalar*c(j)

a(j)
60  CONTI NUE

The compiler will generate NEON instructions if "+simd" is used, look at the Floating-point fused multiply-add
to accumulator instruction (fima) and fused multiply-add vectors (fmad).

11
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. LBBO_5: /1l %ector.body26
/1 =>This Inner Loop Header: Depth=1
.l oc 127 1is stm 1 /1 fma-1oop.f:27:1
I dp gl, q2, [x21, #-16]
I dp g3, q4, [x20], #32
add x21, x21, #32 /] =32
subs x19, x19, #4 /[l =4

fma v3.2d, vO0.2d, vl1.2d
fma v4.2d, vO0.2d, v2.2d

stp g3, q4, [x22, #-16]
add X22, x22, #32 /] =32
b. ne .LBBO_5

while using the "+sve" flag SVE instructions will be generated.

. LBBO_5: /1 %ector. body30
/1 =>This Inner Loop Header: Depth=1
add x11, x19, x8, Isl #3
.1 oc 127 1is stm 1 /1 frma-1oop.f:27:1
add x12, x11, x9

| d1d { z1.d }, pO/z, [x12]
| d1d { z2.d }, pO/z, [x11]

.1 oc 1281 /1 frma-1oop.f:28:1
i ncd x8

.1 oc 1271 /1 frma-1oop.f:27:1
add x11, x11, x10

f mad z1l.d, p2/m z0.d, z2.d
st 1d { z1.d }, pO, [x11]
whil el o p0.d, x8, x20

b. m .LBB0_5

It's interesting to see the nice use of predicate register to handle the remainder loop, see [69] for some documen-
tation about thistopic. The usage of SVE isalargetopic. An own tutorial would be needed just to cover the basics,
for astarting point see [70]. However, tests have shown that SVE instructions are generated by the compilers and
hence a significant performance boost should be expected. Other architectures like Power and x86-64 have had
vector units for many years and thereislot of experience to be the drawn from.

The command lines used to generate these codes were (SVE was introduced in v8.2-a) :
arnflang -O3 -S -g -march=arnv8. 2-a+sind -o frma-1oop.S fma-1oop.f
arnflang -3 -S -g -nmarch=arnv8. 2-a+sve -0 fma-1oo0p.S fma-1oop.f

The ARM HPC compiler libraries are also SVE enabled from version 19.3 and later.
2.3. Benchmark performance
2.3.1. STREAM - memory bandwidth benchmark - Kunpeng 920

The STREAM benchmark [119], devel oped by John D. McCalpin of Texas Advanced Computing Center, iswidely
used to demonstrate the system's memory bandwidth via measuring four long vector operations as bel ow:

Copy: a(i) = b(i)
Scale: a(i) =q *

b(i)
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Sum a(i) = b(i) + c(i)
Triad: a(i) = b(i) + q * c(i)

Thefollowing table shows the obtained memory bandwidth measured using the OpenM P version of the STREAM
benchmark. The table shows the highest bandwidth obtained using different settings found for processor bindings.
Thebar chart illustrated in Figure 4 shows the need for thread/rank core bindings. It'svital to get thisright in order
to get a decent performance.

The STREAM benchmark was built using gcc with OpenMP support and compiled with a moderate level of
optimisation, -O2.

Table 6. Stream performance, all numbersin MB/s

Pr ocessor Binding Copy Scale Add Triad
Kunpeng 920 | PROC BIND 322201 322214 324189 323997
Kunpeng 920 |GOMP_CPU_AFFINITY =0-127 275666 275142 282769 280507
Kunpeng 920 | Numact! - 237508 238412 232506 232840
400 - XX\ Proc-Bind
vz Affininity
— 350+ == numactl
E 7 \%7
O 300 % W
< / v
© 250 % v

0%

Scéle Aad
Stream test

Cdpy

Figure4. Stream memory bandwidth Kunpeng 920, OpenM P, 128 cor es, 224GiB footprint (87% of installed
RAM)

The table and figures show that thread binding is important, the actual settings of the binding is less important.
Just setting the environment variable OMP_PROC_BINDING to "1" or "true" is making all the difference.

The memory bandwidth performance numbers are impressive compared to the majority of currently available
systems. For applications that are memory bound this relatively high memory bandwidth will yield a performance
benefit. From the benchmark results published by the vendorsit isal so evident that the ARM systemshave memory
bandwidth advantage.

2.3.2. STREAM - memory bandwidth benchmark - Thunder X2

Here, we show STREAM performance again for the Thunder X2 processor, but using the OpenMPI version rather
than the OpenMP version. Using the OpenMPI version allows scaling and benchmarking across nodes, although
in this case we are strictly focused on the single node case.
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Figure 5. Stream memory bandwidth on Thunder X2 with OpenMPI, Size N=400000000, including SMT
settings impact

The above performance plot shows MPI STREAM for 3 different SMT configurations— SMT-1 (up to 64 process-
es), SMT-2 (up to 128 processes, 2 hardware threads per core) and SMT-4 (up to 256 processes, 4 hardware
threads per core). The array size that was chosen for this test is 400 million elements, which satisfies the rule that
the memory requirements for the test should be greater than 3 times the LLC size. For this test, STREAM was
compiled with GCC v9.2 and OpenMPI v4.0.2, using the compilation flags:

-2 -nctnodel =large -fno-PIC

The results shown are the maximum performance achieved over 5 runs. As can be seen from the performance
numbers, the highest bandwidth is achieved when using 64 MPI processes, regardless of the SMT configuration.
The performance drops by almost 10M B/s when using 256 M PI processesin SMT-4 mode; given that the SMT-4
configuration isusing all the available hardware threads, thisis still very good performance.

2.3.3. High Performance Linpack

The table below shows the results from running High Performance Linpack (HPL) on Fulhame. The tests were
run with different SMT values but with the processor frequency set at 2.5GHz, i.e. it's highest value. To achieve
this, memory turbo was disabled to allow the frequency to boost above the nominal 2.2GHz. Compilation was
performed with GCC 9.2 and OpenMPI 4.0.2 linking to the ARM performance libraries.

Table 7. HPL performance numbersfor Fulhame. All numbersin GFLOPS

SMT | Ranks 64 128 256
Off 742 N/A N/A

2 741 626 N/A

4 636 636 548

Asmight be reasonably expected, SMT-1 givesthe best performance results. All hardware cores are fully engaged
and there is no contention on their resources from hyper-threads. For comparison, with the frequency fixed at
1.0GHz (the lowest available on the ThunderX?2), the performance of the SMT-4 with 256 processors case is
184GFLOPS.
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2.4. MPI1 Ping-pong performance using RoCE

RDMA (Remote Direct Memory Access) [74] over Converged Ethernet (RoCE) [75] has attracted alot of interest
recently. The cost compared to InfiniBand is lower and for smaller 2 clusters the performance is acceptable. The
testing below was done on the Kunpeng 920 system.

The MPI ping pong latency is measured at about 1.5 microseconds, the bandwidth is approaching wire speed at
peak bandwidth with medium to large sized MPI messages.
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Figure 6. MPI bandwidth using two nodes with RoCE

Figure 6 shows typical profile for MPI ping-pong measurements, with the well known transition where transport
mechanism is changed. For MPl messages at one M egabyte the bandwidth approaches wire speed.

For many small to medium sized clusters with applications not very sensitive to latency Converged Ethernet with
Remote Memory Access could be an option.

2.5. HPCG - High Performance Conjugated Gradients

The High Performance Conjugate Gradients (HPCG) benchmark [116] is an alternativeto HPL whichiscurrently
also used to rank the fastest systems in the world. HPCG is designed to exercise computational and data access
patterns that more closely match a different and broad set of current large-scale HPC applications, and to give
incentiveto computer system designerstoinvest in capabilitiesthat will haveimpact on the collective performance
of these applications.

The ARM based systems are known to perform well when running HPCG mainly due to the high memory band-
width.

The Kunpeng 920 results are obtained from a small cluster of four Kunpeng 920 nodes using 100GbE RoCE as
interconnect. HPCG is built using ARM HPC 19.3 compiler and libraries.

2what this number of nodes is debated, but departmental clusters of 16-32 nodes are seen as small.
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2.6. Simultaneous Multi Threading (SMT) performance
impact

Memory bandwidth is an important parameter of a system, and the impact of threaded memory bandwidth with
respect to the Simultaneous Multi Threading (SMT) should be documented.

gloo §
50 §

Copy Scale Add
Stream test

Figure 9. Memory bandwidth impact of SMT setting using OpenM P version of Stream

The Simultaneous Multi Threading (SMT) supported on the ThunderX2 processor has impact on application per-
formance. Some benchmarks and applications have been run to explore the impact of this setting. The runs were
done using al cores (64, 128 and 256 in the different SMT settings, this might explain the poor scaling for NPB
in OpenMP versus good scaling in MPI versions).
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Figure 10. Performance impact on benchmarks and application (OpenMP and MPI) of SMT setting

L esson from the figure above isthat memory bandwidth is affected by the SM T setting and the highest bandwidth
is obtained when SMT isturned off, but the penalty for using SMT-2 isrelatively small. While some benchmarks
seem to benefit from turning SMT on, the applications seem tp perform better with the SMT turned off.

When running tests with different core counts one is not only testing scalability performance of the cores, but also
the scalability of the application. MPI application generally scale better than OpenMP applications. This affect
the performance when running at higher core count. In addition the usage of SMT can show different impact on
threaded OpenM P applications than on MPI applications. When testing the SMT impact the thread count with
best performance were reported, this might not be all threads. The total performance of the compute node is the
number of interest at the given SMT.

Thefigure below shows how SMT setting might affect application performance, Bifrost [123]. The code on test is
known to scale well beyond the numbersin thiswork. Consequently the performance differences seen should only
be attributed to the processor and node itself. It is also known to be sensitive to memory bandwidth and Figure 9
show that SMT settings impact the memory bandwidth.
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Figure 11. Application performance impact of SMT setting using the stellar atmosphere simulation MPI
code Bifrost [123]

From the numbers presented in the figure above it's clear that turning the SMT off yields the best performance.
Similar numbers have been reported for other applications like the material science code VASP.

2.7. 10R

The IOR benchmark suite is used to test file system performance on a variety of different supercomputers. It is
easily configurable and uses MPI to coordinate multiple processes each reading or writing to stress a file system.

For thistest, asingle Thunder X2 node was used, with SMT-1. Theversion v3.2.1 of the benchmark was compiled
with the GCC v9.2 toolchain and OpenMPI v4.0.2. Tests were carried out against a HDD-based LUSTRE file
system mounted across an InfiniBand link with the rest of the system idle. Two different tests were configured
and run, File Per Process (FPP) - onefile per MPI rank and Single shared file (SF) - asingle shared MPI-10 file.

Table 8. I0R performance. HDD-based L USTRE Filesystem. All numbersin MiB/s

Num. Procs Read (FPP) Write (FPP) Read (SF) Write (SF)
1 921 962 1090 966
2 1422 1114 1400 1106
4 2062 1089 2411 1068
8 2729 1027 4173 818
16 3043 777 2959 425
32 4921 803 2923 303
64 3880 645 4482 321

2.8. European ARM processor based systems
2.8.1. Fulhame (EPCC)

Fulhame, named for Elizabeth Fulhame, a Scottish chemist who invented the concept of catalysis and discovered
photoreduction, is a 64-node fully ARM-based cluster cluster housed at EPCC's ACF datacentre. It is part of the
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Catalyst collaboration between HPE, ARM, Cavium, Mellanox and three UK universities: Edinburgh, Bristol and
Leicester.

2.8.1.1. System Architecture / configuration

The Fulhame system architectureisidentical to the other Catalyst systems. They comprise 64 compute nodes, each
of which has two 32-core Cavium ThunderX2 processors. These processors run at a base frequency of 2.1GHz
with a boost available of up to 2.5GHz controlled via Dynamic Voltage and Frequency Scaling (DVFS). Each
processor has eight 2666 MHz DDR4 channels and runs with 128 GiB of memory giving 4 GiB/core (1GiB/thread
in SMT-4) for atotal of 256 GiB/node. Fulhame uses Méllanox Infiniband for the interconnect between compute
nodes, login/admin nodes and the storage system. Fulhame and the other Catalyst systems are fully ARM-based
and use Thunder X2 nodes for storage servers and all login/admin nodes.

2.8.1.2. System Access
Account requests can be made to the EPCC Helpdesk: epcc-support@epcc.ed.ac.uk
2.8.1.3. Production Environment

The production environment on Fulhame is SUSE Linux Enterprise Server, v15.0. SUSE isapartner isthe Catalyst
project and provides support for this architecture specifically. The other two Catalyst systemsrun SLES 12sp3.

2.8.1.4. Programming Environment

The programming environment is that of SLES v15.0 with the GNU v9.2 suite of compilers and libraries. ARM
supply v20.0 of their performance libraries and compilers, with the libraries providing modules for both GNU
and ARM toolchains. Libraries, compilers and software are provided via the normal Linux modules environment.
Mellanox provide the relevant performance InfiniBand drivers and libraries directly to the Catalyst sites for this
architecture.
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3. Processors Intel Skylake

Skylake is the codename for a processor microarchitecture developed by Intel as the successor to the Broadwell
microarchitecture. Skylake is a microarchitecture redesign using the same 14nm manufacturing process technol -
ogy as its predecessor, serving as a "tock" in Intel's "tick—tock" manufacturing and design model, and it was
launched in August 2015. Breaking with this "tick—tock" manufacturing and design model, Intel presented Kaby
Lakein August 2016, a processor microarchitecture that represents the optimised step of the newer "process-ar-
chitecture-optimisation" model. Skylake CPUs share their microarchitecture with Kaby Lake, Coffee Lake and
Cannon Lake CPUs. This guide concentrates on features common to Skylake and its optimisations.

3.1. Architecture

The Skylake microarchitecture builds on the successes of the Haswell and Broadwel| microarchitectures. The basic
pipeline functionality of the Skylake microarchitectureis depicted in Figure 12 [112].

32K L1 Instruction
i " Cache

MSROM Decoded Icache Legacy Decode
(DSB) Pipeline
14 uops/cycle 6 uops/cycle 5 lePS/DIC|e l

‘ Instruction Decode Queue (IDQ,, or micro-op queue)

!

‘ Allocate/Rename/Retire/MoveElimination/Zeroldiom |

A

| Scheduler |
256K L2 Cache
oz | (Unified)
Port0 Port 1 Ports Port 6 | wysta [
Int ALU, Int ALU, Int ALU, A
Int ALU,
Vec FMA, Fast LEA, Fast LEA, .| Port3
VecMUL, | | VecFma, Vec SHUF, Int Shit, "| LojstA Y
Vec Add, Vec MUL, Vec ALU, L _
Vec ALU, Vec Add, T Porta 32K L1 Data Cache
Veec Shft, Vec ALU, L
Divide, Veec Sht, 1L >
Branch2 Int MUL,
Slow LEA Port 7
STA

Figure 12. CPU Cor e Pipeline Functionality of the Skylake Microar chitecture

The Skylake microarchitecture introduces the following new features:

* Intel® Advanced Vector Extensions 512 (Intel® AV X-512) support.

» More cores per socket (max 28 vs. max 22).

» 6 memory channels per socket in Skylake microarchitecture vs. 4 in the Broadwell microarchitecture.
* Bigger L2 cache, smaller non inclusive L3 cache.

* Intel® Optane™ support.

* Intel® Omni-Path Architecture (Intel® OPA)
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3.1.1. Memory Architecture

Skylake Server microarchitecture implements amid-level (L2) cache of 1MiB capacity with aminimum load-to-
uselatency of 14 cycles. The mid-level cache capacity isfour timeslarger than the capacity in previous Intel Xeon
processor family implementations. The line size of the mid-level cacheis 64B and it is 16-way associative. The
mid-level cache is private to each core. Software that has been optimised to place datain mid-level cache may
have to be revised to take advantage of the larger mid-level cache available in Skylake Server microarchitecture.

Thelast level cache (LLC) in Skylake is a non-inclusive, distributed, shared cache. The size of each of the banks
of last level cache has shrunk to 1.375MiB per bank. Because of the non-inclusive nature of the last level cache,
blocks that are present in the mid-level cache of one of the cores may not have a copy resident in a bank of last
level cache. Based on the access pattern, size of the code and data accessed, and sharing behavior between cores
for a cache block, the last level cache may appear as a victim cache of the mid-level cache and the aggregate
cache capacity per core may appear to be a combination of the private mid-level cache per core and a portion of
thelast level cache.

3.1.2. Power Management

Skylake microarchitecture dynamically selects the frequency at which each of its cores executes. The selected
frequency depends on the instruction mix; the type, width, and number of vector instructions that execute over a
given period of time. The processor also takes into account the number of coresthat share similar characteristics.
Intel® Xeon® processors based on Broadwell microarchitecture work similarly, but to a lesser extent since they
only support 256-hit vector instructions. Skylake microarchitecture supports Intel® AV X-512 instructions, which
can potentialy draw more current and more power than Intel® AV X2 instructions. The processor dynamically
adjusts its maximum frequency to higher or lower levels as necessary, therefore a program might be limited to
different maximum frequencies during its execution. Intel organises workloads into three categories:

e Intel® AV X2 light instructions. Scalar, AV X128, SSE, Intel® AVX2w/o FPor INT MUL/FMA

e Intel® AV X2 heavy instructions + Intel® AVX-512 light instructions: Intel® AVX2 FP + INT MUL/FMA,
Intel® AVX-512 without FP or INT MUL/FMA

* Intel® AV X-512 heavy instructions: Intel® AVX-512 FP + INT MUL/FMA

Figure 13 is an example for core frequency range in a given system where each core frequency is determined
independently based on the demand of the workload. The maximum frequency (POn) is an array of frequencies
which depend on the number of cores within the category. In the case of the Intel Xeon Platinum 8160 CPU and
with all the cores running the same workload, the PO for the non-AV X, the AV X2 and the AV X-512 are 2.8GHz,
2.5GHz and 2.0GHz respectively.

Mixed Workloads

T —--
PON-AVX2 |- -gume -~ - - - U P g
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POn-AVX-512 |- T eeeed T
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[ =
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ra . M N < S
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Figure 13. Skylake frequencies with mixed workloads
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3.2. Programming Environment

3.2.1. Compilers

All of the compilers described in the following support C, C++ and FORTRAN (90 and 2003), al with OpenMP
threading support. On most of the applications running on Skylake, we observed a better performance using the
Intel Compilers suite.

Compilersevaluated

* Intel compiler suite (icc, ifortran, icpc). Version 2017.4
» GNU compiler suite (gcc, gfortran, g++). Version 7.2.0
The suggested flags for the evaluated compilers are:

Table 9. Suggested compiler flags

Compiler flags
Intel Compilers -mtune=skylake -xCORE-AV X512 -m64 -fPIC
GNU compiler -march=skylake -O3 -mfma

3.2.1.1. Effect of using AVX-512 instructions

Aswe commented on the previous section, Skylake microarchitecture dynamically selects the frequency depend-
ing on the instruction set used. Some workloads do not cause the processor to reach its maximum frequency as
these workloads are bound by other factors. For example, the HPL benchmark is power limited and does not reach
the processor's maximum frequency. The Table 10, “HPL Performance with different instruction set” shows how
frequency degrades as vector width grows, but, despite the frequency drop, performance improves. The data for
this graph was collected on an Intel Xeon Platinum 8180 processor.

Table 10. HPL Performance with different instruction set

Instruction set Performance (GFLOPS) |Power (W) Frequency (GH2)
AVX 1178 768 2.8
AV X2 2034 791 25
AVX-512 3259 767 2.1

It is not always easy to predict whether a program's performance will improve from building it to target Intel
AV X-512 instructions. Some programs that use AV X-512 instructions may not gain as much, or may even lose
performance. Intel recommends to try multiple build options and measure the performance of the program. To
identify the optimal compiler optionsto use, you can build the application with each of the following set of options
and choose the set that provides the best performance:

Table 11. Compiler flagsfor different instruction sets

Instruction set Intel compiler flags GCC compiler flags

AVX -XAV X -mprefer-vector-width=128
AV X2 -XCORE-AV X2 -mprefer-vector-width=256
AVX-512 -XCORE-AV X512 -mprefer-vector-width=512

3.2.1.2. Compiler Flags for debugging and profiling

In this section we present the compiler flags needed for profiling and/or debugging applications. The table below
shows common flags for most compilers:
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Table 12. Compiler Flags

-g | Produce debugging information in the operating system's native format (stabs, COFF, X COFF, or DWARF
2). GDB can work with this debugging information.

-p |Generate extra code to write profile information suitable for the analysis program prof. Y ou must use this
option when compiling the source files you want data about, and you must also use it when linking.

-pg | Generate extracode to write profile information suitable for the analysis program gprof. Y ou must use this
option when compiling the source files you want data about, and you must also use it when linking.

3.2.2. Available Numerical Libraries

The most common numerical libraries for Intel based systems are the Intel Math Kernel Library, MKL [33] and
the Intel Performance Primitives (IPP) [32]. The MKL library contains a large range of high level functions like
Basic Linear Algebra, Fourier Transforms etc, while I PP contains a large number of more low level functions for
e.g. converting or scaling. For even lower level functions like scalar and vector versions of simple functions like
square root, logarithmic and trigonometric functions there are libraries like libimf and libsvml.

3.2.2.1. Math Kernel Library, MKL

Intel MKL is an integrated part of the Intel compiler suite. The simplest way of enabling MKL isto just issue
the flag -mkl, this will link the default version of MKL. For a multicore system this links the threaded version.
There are both a single threaded sequential version and a threaded multicore version available. The sequential
version is very often used with non-hybrid MPI programs. The parallel version honors the environment variable
OMP_NUM_THREADS.

Table 13. Invoking different versions of MKL

MKL Version Link flag
Single thread, sequential -mkl=sequential
Multi threaded -mkl=parallel or -mkl

MKL contains a huge range of functions. Several of the common widely used libraries and functions have been
incorporated into MKL.

Librariescontained in MKL:

* BLASand BLAS95

FFT and FFTW [114] (wrapper)

LAPACK

* BLACS

ScaLAPACK

Vector Math

Most of the common functions that are needed are part of the MKL core routines, Basic linear algebra (BLAS
1,2,3), FFT and the wrappers for FFTW. Software often requires the FFTW package. With the wrappers there is
no need to install FFTW, which is outperformed by MKL in most cases.

MKL isvery easy to use, thefunctions have simple namesand the parameter listsarewell documented. Anexample
of amatrix matrix multiplication is shown below:

call dgemm('n', 'n', N, N, N, alpha, a, N, b, N, beta, ¢, N
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Another example using FFTW syntax:

call dfftw plan_dft_r2c_2d(plan, M N,in, out, FFTW ESTI MATE)
call dfftw execute_dft _r2c(plan, in, out)

The calling syntax for the matrix matrix multiplication is just as for dgemm from the reference Netlib BLAS
implementation. The same applies to the FFTW wrappers and other functions. Calling semantics and parameter
lists are kept as close to the reference implementation as practically possible.

The usage and linking sequence of some of the libraries can be somewhat tricky. Please consult the Intel com-
piler and MKL documentation for details. There is a Intel Math Kernel Library Link Line Advisor [https://
software.intel.com/en-us/articles/intel-mkl-link-line-advisor] available from Intel. An example for building the
application VASP is given below (list of object files contracted to *.0):

npiifort -nkl -lstdc++ -0 vasp *.0 -Llib -Idny\
-1 nkl _scal apack | p64 -1 nkl _blacs_intelnpi | p64 -1fftwdxf_intel | p64

or even simpler for aFFTW example:

ifort fftw2d.f90 -o fftw 2d.f90.x -nkl
3.3. Benchmark performance

3.3.1. MareNostrum system

Figure 14 showsthe power consumption and performance of aMareNostrum (described in Section 3.6.1) compute
node when executing HPL benchmark across distinct maximum CPU frequencies.
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Figure 14. Performance and aver age power consumption of a MareNostrum compute node acr oss distinct
maximum CPU frequencies when executing HPL benchmark
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Asit can be seen, the performance and the power consumption of the HPL benchmark increase with higher fre-
guencies, but only up to 2.1GHz. Then, the performance and power consumption stay constant. By default, the
MareNostrum nodes have a maximum frequency limit of 2.1GHz, and in spite of the HPL benchmark run on an
unlimited node in terms of frequency, we can observe how it is limited due to the power consumption.

Figure 15 showsthe power consumption and performance of aMareNostrum compute node when executing HPCG
benchmark across distinct maximum CPU frequencies.
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Figure 15. Performance and average power consumption of a MareNostrum compute node across distinct
maximum CPU freguencies when executing HPCG benchmark

As HPCG is not as computationally intense as HPL, we can observe that the performance does not vary much
and it isaround 38 GFL OPS with the different frequencies. Although, power consumption has the same behaviour
that we can see with the HPL benchmark.

Figure 16 showsthe power consumption of aMareNostrum compute node when executing FIRESTARTER bench-
mark across distinct maximum CPU frequencies. We observe a similar behavior as seen on the HPL benchmark,
but in this case, the benchmark reaches the maximum power consumption with 1.8 GHz.
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Figure 16. Average power consumption of a MareNostrum compute node across distinct maximum CPU
frequencies when executing FIRESTARTER benchmark

Figure 17 shows the power consumption and performance of a MareNostrum compute node when executing

STREAM benchmark across distinct maximum CPU frequencies. As expected, the performance variation is neg-
ligible when the frequency scales, as it had bee seen on the HPCG benchmark.
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Figure 17. Performance and aver age power consumption of a MareNostrum compute node acr oss distinct
maximum CPU freguencies when executing STREAM benchmark
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The table below shows the results from running | OR benchmark on a MareNostrum compute node across distinct
maximum CPU frequencies. The Benchmark version was v3.2.1 compiled with the Intel Compiler and Intel MPI
2017.4.

Table 14. 10R performance. GPFS Filesystem.

Frequency (GH2) Read (MiB/s) Write (MiB/s)
12 28536.72 618.49
18 34485.54 3201.50
21 46776.62 7774.43
2.3 55492.45 7678.14
2.7 55431.33 7751.33

3.3.2. SuperMUC-NG system

Figure 18 shows the performance and average power consumption of a SuperMUC-NG (described in Section
3.6.2) compute node when executing HPL benchmark at different maximum CPU frequencies, namely at 1.2GHz,
1.8GHz, 2.1GHz, 2.3GHz, and 2.7GHz. The data represents an average of 3 different HPL executions per max-
imum CPU freguency. Within each individual HPL run, the HPL tests were repeated 3 times. The maximum per-
formance recording in 205W TDP mode for thisnode is 2.9TFLOPS.
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Figure 18. Performance and aver age power consumption of a Super M UC-NG compute node acr oss distinct
maximum CPU fregquencies when executing HPL benchmark

As can be seen from Figure 18, the TDP limit was already reached at 2.1 GHz maximum CPU frequency leading
to performance saturation. Figure 19 and Figure 20 show the Average Power Consumption (APC) and Time-to-
Solution (TtS) results when running single node HPL on SuperMUC-NG. As expected, APC increases and the
execution time, i.e. TtS decreases with higher maximum CPU frequency limits.

28



Best Practice Guide
Modern Processors

500 4

NN CPUO PKG
mm CPUL PKG AR
ez CPUO DRAM BT
i CPULDRAM (RXXXXXKENN 8888 SRR savaeen ETCT) ppamane
1 RN XX R y! EXED S VPR EAT A
400 1 =& REST PP RIS
=
5
€3OO_ 20 % I 41 % 41 %
E OO0
2 RS HEEHH 39 % EHE
S S o ee HHH HHF
o
= 200 4
] N
s N N\
£ \
100 A o o 41 %
Prts 41 % 41/»\
1.8 GHz 2.1 GHz 2.3 GHz 2.7 GHz

Maximum CPU Frequency

Figure 19. Average power consumption distribution of a SuperMUC-NG compute node across distinct
maximum CPU frequencies when executing HPL benchmark
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Figure 20. Time-to-Solution (TtS) bar chart of a SuperMUC-NG compute node acr oss distinct maximum
CPU frequencieswhen executing HPL benchmark

In addition to the recorded APC measurements, Figure 19 also illustrates the power consumption distribution
across different components of the compute node. Given that each SuperMUC-NG compute nodes is equipped
with 2 processors, the segments labeled as"CPUO PKG" and "CPU1 PKG" correspondingly show the APC of the
first and second processors. The segments labeled as "CPUO DRAM" and "CPU1 DRAM" show the associated
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averaged DRAM power consumption for first and second processors respectively. Finaly, the segments labeled
as"REST" and colored in green illustrate the average power consumption of the other componentsresiding on the
compute node. The per segment power consumption data was achieved with the help of LIKWID toolkit [140].

Figure 21 illustrates the power distribution of a SuperMUC-NG compute node when executing HPCG benchmark.
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Figure 21. Performance and aver age power consumption of a SuperM UC-NG compute node acr ossdistinct
maximum CPU freguencies when executing HPCG benchmark

Local domain dimensions for HPCG benchmark were set to 192x192x192, which translated to approximately
5.3GB of RAM usage per socket. The average recorded performance for the considered compute node across
different valid runs of HPCG benchmark resulted in 39.84 GFL OPS. On average, with the described configuration,
it took 49.68 minutes to complete a single HPCG benchmark.

Figure 22 provides adetailed view on average power consumption distribution when executing HPCG benchmark.
As expected, the aggregated average power consumption increases with maximum CPU frequency.
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Figure 22. Average power consumption distribution bar chart of a Super MUC-NG compute node acr 0ss
distinct maximum CPU freguencies when executing HPCG benchmark

Figure 23 shows the earlier mentioned average power consumption distributions of a SuperMUC-NG compute
node when executing FIRESTARTER benchmark [118] across distinct maximum CPU frequencies. Here also,
the data represents an average of 3 different runs each executing for 15 minutes.
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Figure 23. Average power consumption distribution bar chart of a SuperMUC-NG compute node acr oss
distinct maximum CPU frequencies when executing FIRESTARTER benchmark
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As expected, the power consumption of the processors increases with the maximum CPU freguency. Due to the
nature of the FIRESTARTER benchmark which generates near peak power consumption for acompute node (and
keeps a steady workload character without fluctuations) the results recorded for this benchmark exhibit the highest
power consumption. As can be seen from Figure 23 the processors of the compute node reached their TDP limits
already at maximum CPU fregquency of 2.1GHz.

Figure 24 illustrates the recorded performance and average power consumption when executing a single node
STREAM [119] benchmark on SuperMUC-NG system.
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Figure 24. Performance and average power consumption acr oss distinct maximum CPU fregquencies when
executing STREAM benchmark

The first bar from the left of Figure 24 colored in blue diagonal stripes shows the best rate of copy function
performance measured in MB/s across distinct maximum CPU frequencies. Similarly, the second, third, and fourth
bars correspondingly illustrate the recorded best performance rates for scale, add, and triad functions. The last,
fifth bar colored in red, indicatesthe recorded average power consumption at different maximum CPU frequencies.

Since STREAM is a memory-bound application, as expected, apart from increased power consumption rates at
higher CPU frequencies as illustrated in Figure 24, no major performance gains were recorded. This once again
stresses the fact that one should not specify higher CPU frequencies for memory-bound applications.

Figure 25 illustrates the average power consumption distribution among the discussed components of a Super-
MUC-NG node when executing the IOR [120] benchmark. The average power consumption rates seen in Figure
25 clearly indicate the 1/O boundedness of the benchmark.
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Figure 25. Average power consumption distribution of a SuperMUC-NG compute node across distinct
maximum CPU frequencies when executing | OR benchmark

When summarizing all the benchmarks from power consumption perspective, it can be seen, that each of the
CPUs, when not idling, is responsible for 30%-41% of the overall power consumption within a compute node
even for memory or 1/0-bound applications. The power consumption per DIMM (dua in-line memory module)
was recorded between 3%-7%.

Given the rising energy costs, the shown benchmarks once again indicate that users should only request high
CPU fregquencies only for the use cases where application would have a significant benefit from it, e.g. when the
application isa CPU-bound application. Doing otherwise, would only introduce additional energy costs and won't
result in any significant performance improvements.

3.4. Performance Analysis

This chapter explains the performance analysis of CPUs (scientific codes performance analysisin CPU). Here we
show how to use some of the standard performance analysistools such as Intel Application Performance Snapshot,
Arm Forge, Scalasca, and PAPI for the performance analysis of the scientific codes.

3.4.1. Intel Application Performance Snapshot

The shared memory programming model (OpenMP) and distributed programming model (MPI) can be profiled
and analysed quickly by using the Intel Application Performance Snapshot (APS) as an initia stage of profiling
scientific codes. It is easy to use because it has low overhead and high scalability. APSis part of the Intel Parallel
Studio [26], which provides the necessary tools (for example, Intel compiler, math libraries, performance analysis
tools, etc.) to maximise the code performance on Intel CPUs. Figure 26 shows the workflow for the profiling and
performance analysiswithin the Intel Parallel Studio. During the analysis, APS considers the CPU, Floating Point
Unit (FPU), and Memory.

The end results show how much time the code spends on MPI, MPI and OpenMP imbalance, 1/0 and memory
footprint, Memory access efficiency, FPU usage, and Vectorisation. A performance analysis will be shown as
a snapshot, including the key performance analysis and critical areas where further optimisation is needed. The
output result can be converted to the HTML format and can be opened in the web browser to view the results.
Many metrics are available for the APS and can be used for different scenarios, which arelisted in [12]. And aps-
report —help command line reference shows the available resource for the APS.
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Figure 26. Intel profiling and performance analysiswithin the Intel Parallel Studio

3.4.1.1. OpenMP

Here we show how one can very easily and quickly analyze the performance of the OpenMP programming model.
Figure 27 shows the generic workflow model of the APS for OpenM P [27], where profiling isinitially done; later,
it can be viewed either in the command line or by using the HTML format in the browser. Furthermore, it can be
analyzed and tuned for the better performance.

Run Analysis View Report > Analyse Metrics > Next steps
Commad line Application tuning
Web browser (HTML) Intel VTune profiler
Intel Advisor

Figure 27. Intel schematic performance analysis workflow for the shared memory programming model

To show an example, we have considered a simple matrix-matrix multiplication. The below example shows how
to compile, profile, and collect the data for the non-MPI programming model.

# conpil ation

$ icc -qopennmp mat _mat _multiplication.c

# code execution

$ aps --collection-node=all -r report_output ./a.out

$ aps-report -g report_out put # create a .htm file
$ firefox report_output_<postfix>. htnl # APS QU in a browser
$ aps-report report_out put # command | i ne out put

Once we have collected the data, we can visualise the performance analysis values either in the web browser or in
the command line. Figure 28 shows the OpenMP APS in HTML format in the web browser. Here we can see the
important performance factors and the metrics (CPU utilisation, memory access efficiency, and vectorisation). For
example, to solve the OpenM P imbalance, dynamic scheduling can be considered. We can aso see the GFLOPS
(single precision and double precision) performance of the code (how fast the code is executed in the given archi-
tecture). More importantly, Intel APS GFLOPS is available only for the 3rd, fourth and 5th generation of Intel
cores. Similarly, we can also see the attained CPU frequency of the given code, which will also give an overview
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of the given code. To see the full list of APS metrics, please refer to [28]. And also, to know further information
about the APS, please type aps -help; thiswill list out profiling metrics optionsin APS.

Applicatio a.out

R n date: 2020-09-24 10:08:26

O ds: 28

H Intel(R) Xeon(R) Processor code named Skylake
2.59 GHz

Fi
L

e Count per node: 28
Collector type: Driverless Perf system-wide counting

0.07s 2.20K

0.00 GFLOPS

Single Precision Double Precision

Serial Time
0.01s
21.07%R of Elapsed Time

0.02s

Memory Footprint
Resident total: 11.04 MB
Virtual total: 1932.87 MB

OpenMP Imbalance

Your application is memory bound.
Use memory access analysis tools like Intel® VTune™ Amplifier for a detailed metric breakdown by
memory hierarchy, memory bandwidth, and correlation by memory objects.

Current ¢ Target
21.07%r <15%
mbalance 35.42%RK <10%
64.20%r <20%
0.00%r >70%

0.55 GFLOPS 2.58 GHz

Average CPU Frequency.

Vectorization
0.00%P of Packed FP Operations

Memory Stalls
64.20%RN of pipeline slots

35.42%NK of Elapsed Time

Cache Stalls Instruction Mix:
11.60% of cycle:

o e P FLOPs
DRAM Stalls 0.00% of uops
1.10% of cycles

DP FLOPs

DRAM Bandwidth

1.80% of uOps

Packed: 0.00% from DP FP
128-bit: 0.00%
256-bit: 0.00%
512-bit: 0.00%

Scalar: 100.00%R from DP FP

83.70%NK of remote accesses

98.10% of uOps
FP Arith/Mem Rd Instr. Ratio

Figure 28. OpenM P APS (.html format from the browser)

On the other hand, as we have mentioned before, we can aso see the command line's APS performance results.
The below table shows the command line output summary for the OpenM P programming model.

# command | i ne out put
$ aps --report report_out put

| Summary information

Application

Report creation date
OpenMP t hr eads nunber
HW Pl at f orm

Skyl ake

Frequency

Logi cal core count
Col I ector type
Used statistics

per node:

menory bandw dt h,

a. out

2020- 09- 24 10:08: 26

28

Intel (R} Xeon(R) Processor code naned

2.59 GHz

28

Driverless Perf systemw de counting
/path/to/folder/report_all _output

Your application is nmenory bound.

Use nmenory access analysis tools like Intel (R VTune(TM Anmplifier
for a detailed nmetric breakdown by nenory hierarchy,

and correlation by nmenory objects.

El apsed tine: 0.07 sec

SP GFLOPS: 0. 00

DP GFLOPS: 0.55

Aver age CPU Frequency: 2.58 Gz

CPl Rate: 2.20
The CPI val ue nay be too high.

|
| This could be caused by such issues as nenory stalls,
|

i nstructi on starvati on,

branch m sprediction,
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| or long latency instructions.

| Use Intel (R} VTune(TM Anplifier General Exploration analysis
| to specify particular reasons of high CPI.

Serial Tinme: 0. 01 sec 21.07%

| The Serial Time of your application is significant.

| It directly inpacts application Elapsed Time and scal ability.
| Explore options for parallelization with Intel (R) Advisor
| or algorithmor mcroarchitecture tuning of the serial

| code with Intel (R VTune(TM Anplifier.

OpenMP | mbal ance: 0.02 sec 35.42%

| The nmetric value can indicate significant time spent by

| threads waiting at barriers. Consider using dynanm c work

| scheduling to reduce the inbal ance where possible.

| Use Intel (R) VTune(TM Anplifier HPC Perfornmance

| Characterization analysis to review i nbal ance data

| distributed by barriers of different |exical regions.
Menory Stalls: 64. 20% of pipeline slots

| The metric value can indicate that a significant

| fraction of execution pipeline slots could be stalled

| due to demand nenory | oad and stores. See the second | evel
| metrics to define if the application is cache- or

| DRAM bound and the NUVA efficiency. Use Intel (R) VTune(TM
| Anplifier Menory Access analysis to review a detail ed

| metric breakdown by menory hierarchy, nmenory bandw dth

| information, and correlation by nenory objects.

Cache Stalls: 11. 60% of cycl es
DRAM St al | s: 1.10% of cycles
Aver age DRAM Bandw dt h: 1.24 @B/s
NUMA: % of Renpte Accesses: 83. 70%

| A significant amount of DRAM | oads was serviced fromrenote DRAM
| Wherever possible, consistently use data on the sane core,

| or at |east the sanme package, as it was allocated on.

Vectori zati on: 0. 00%

| A significant fraction of floating point arithmetic

| instructions are scalar. Use Intel Advisor to see

| possible reasons why the code was not vectorized.

I nstruction M x:

SP FLOPs: 0. 00% of uOps

DP FLOPs: 1.80% of uQps
Packed: 0.00% from DP FP
128-bit: 0. 00%

256-bit: 0. 00%

512-bit: 0. 00%

Scal ar: 100. 00% from DP FP

| A significant fraction of floating point arithmetic

| instructions are scalar. Use Intel (R) Advisor to see possible

| reasons why the code was not vectorized.

Non- FP: 98. 10% of uQOps

FP Arith/Mem Rd Instr. Ratio: 0. 20

| The nmetric value mght indicate unaligned access to

| data for vector operations. Use Intel (R) Advisor to

| find possible data access inefficiencies for vector operations.

FP Arith/ MemW Instr. Ratio: 0.73
Menory Footprint:

Resi dent : 11. 04 MB
Virtual : 1932.87 MB
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3.4.1.2. MPI (and also for the MPI1+OpenMP)

APS also provides performance analysis for the MPI (and even for the hybrid programming model (MPI+Open-
MP)) programming model. Figure 30 shows the generic workflow model in Intel Parallel Studio for the MPI
application, where MPI results were analyzed. Later, it can be tuned using Intel or other open source platforms
[41]. The APS provides a quick overview of metrics, e.g., MPI time, time taken of MPI functions, memory stalls,
and 1/0 bound. This can be clearly seen in figure 29, which shows the profiling of the MPI programming model
using the APS.

ion: heart_demo
Rer ation date: 2020-09-24 09:54:24
28

Your application has significant OpenMP imbalance.

2 Use OpenMP profiling tools like Intel® VTune™ Amplifier to see the imbalance details.

3 nk: 2
Intel(R) Xeon(R) Processor code named Skylake.
2.50 GHz

Current 1 Target D
23.19%K <10%  =o——

25.93%RK <10%  Ee———

12.70% <20%
3.90%K >70%
0.00% <10%

int per node: 28 )
yoe:  Driverless Perf system-wide counting MPI Time

71.78s 0:93

Elapsed Time (MAX 0.53, MIN 0.53)

0.05 GFLOPS 42.30 GFLOPS 3.01 GHz

single Precision Double Precision Average CPU Frequency

OpenMP Imbalance Memory Stalls

18.61s 12.70% of pipeline siots
25.93%R of Elapsed Time

Vectorization
3.90%H of Packed FP Operations

Instruction Mix:

N/A Memory Footprint
0.00%N of Elapsed Tin

Resident

TOP 5 MPI Functions

Per node

Waitall 1671 ot rank 141

Isend 3.7

Barrier 1.88 Virtual PEAK AVG cess

Irecv 0.44 Per node 14206.19 MB 14206.19 MB

Init 0.35  Perrank 536.85 MB 507.36 MB

" 3.25
0 KB

Figure29. MPI only APS

Run Analysis [ Run Report View Report ——! Analyse Metrics —> Next steps

Commad line
Web browser (HTML)

Communication tuning
mpitune - unility

Intel Trace Analyzer and
collector
Intel VTune profiler

Figure 30. Intel schematic performance analysis workflow for distributed (MPI) programming model

After collecting the data (performance analysis), we can a so quickly filter the results (metrics that we want to see)
that we are interested in, for example, function summary for all ranks (aps-report ./report_all_output/ -f), MPI
time per rank (aps-report ./report_all_output/ -t), etc,. More information about detailed MPI analysis (anaysis
charts) please refer to Intel APS MPI charts[113]. And aso to focus on the MPI imbalance in the code, we need
to set export APS_IMBALANCE_TYPE=2, thiswill help usto figure out the MPI imbalance in the code [29]. The
example of compiling and executing the MPI application commands are shown below.

# conpil ation

$ npiicc mat_mat_nultiplication.c

# code execution

$ npirun -np 32 aps --collection-nmode=npi -r result_output ./a.out
$ aps-report -g report_out put # create a .htnml file

$ firefox report_output. htn # APS GUJ in a browser

$ aps-report report_out put # command | i ne out put
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The above results can also be viewed from the command line, for example, below command shows the resullt.

# command | i ne out put
$ aps-report -a report_out put
| Summary information

Application : heart_deno

Report creation date : 2020-09-24 09:54: 24

Nurmber of ranks . 28

Ranks per node : 28

OpenMP t hreads nunber per rank: 2

HW Pl at f orm : Intel (R Xeon(R) Processor code
naned Skyl ake

Frequency : 2.59 Gz

Logi cal core count per node : 28

Col I ector type : Driverless Perf systemw de counting
Used statistics : ./report_all _output/

| Your application has significant OQpenM i nbal ance.
| Use OpenMP profiling tools like Intel (R) VTune(TM Anplifier
| to see the inbal ance details.

El apsed tine: 71.78 sec

SP GFLOPS: 0. 05

DP GFLOPS: 42. 30

Aver age CPU Frequency: 3.01 Gz

CPl Rate: 0.53

VPl Ti me: 16. 64 sec 23.19%

| Your application is MPI bound. This may be caused by high

| busy wait time inside the library (inbalance), non-optimal

| communication schema or MPI library settings. Explore the

| MPI Inbalance netric if it is available or use MPI profiling
| tools like Intel (R) Trace Anal yzer and Collector to explore
| possible performance bottl enecks.

MPI | mbal ance: N A*

| * No information about MPI Inbal ance tinme is avail able.

| Set the MPS_STAT_LEVEL

| value to 2 or greater or set APS_| MBALANCE TYPE to

| 1 or 2to collect it.

Top 5 MPI functions (avg tine):

Wit al | 11.99 sec (16.71 %
| send 2.72 sec ( 3.79 %
Barrier 1.35 sec ( 1.88 %
I recv 0.32 sec ( 0.44 %
I nit 0.25 sec ( 0.35 %
OpenMP | mbal ance: 18. 61 sec 25.93%

| The nmetric value can indicate significant time spent by
| threads waiting at barriers. Consider using dynanm c work
| scheduling to reduce the inbal ance where possible.

| Use Intel (R} VTune(TM Anplifier HPC Perfornmance

| Characterization analysis to review i nbal ance data

| distributed by barriers of different |exical regions.

Menory Stalls: 12. 70% of pi peline
slots
Cache Stalls: 14. 50% of cycl es
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DRAM St al | s:

Aver age DRAM Bandw dt h:
NUMA: % of Renpte Accesses:
Vectori zati on:

| A significant fraction of
| instructions are scal ar.

2.70% of cycles

11.58 GB/s
7.20%
3.90%
floating point arithmetic
Use Intel Advisor to see

| possible reasons why the code was not vectorized.

I nstruction M x:

SP FLOPs:

DP FLOPs:

Packed:

128-bit:

256-bit:

512-bit:

Scal ar:

| A significant fraction of
| instructions are scal ar

. 00% of uQOps
. 60% of uQps
.90% from DP FP
. 90%
. 00%
0. 00%

96. 10% from DP FP

floating point arithmetic

O Wwwoul o

Use Intel (R) Advisor to
| see possible reasons why the code was

not vectorized.

Non- FP: 74. 40% of uOps

FP Arith/ Mm Rd Instr. Ratio: 0.84

FP Arith/ MemW Instr. Ratio: 3.25

Di sk 1/ 0O Bound: 0.00 sec ( 0.00 %
Dat a read: 5.3 MB

Data witten: 26.0 KB

Menory Footprint:

Resi dent :

Per node:

Peak resident set size
Aver age resident set size :
Per rank:

Peak resident set size
Aver age resident set size :
Virtual :

Per node:

Peak nenory consunption

Aver age menmory consunption :

Per rank:
Peak nenory consunption

Aver age menmory consunption :

3.4.1.3. Filtering Capabilities

1638.38 MB (node iris-163)
1638. 38 MB

141.88 MB (rank 0)
58.51 MB
14206.19 MB (node iris-163)

14206. 19 MB

536. 85 MB (rank 0)
507. 36 MB

Sometimes it can be that we need to profile the code that can scale up to 1000 CPU cores, but on the other hand,
results may contain 1000s of line, which might be hard to understand. To overcomethis, one can usethe Intel APS
command line filtering capabilities, which will show the requested results in the command line or GUI. There are
three modules available in APS, which are as follows:

« filtering by Key Metric[23].

# to show all
$ aps-report
# out put :

| Message Sizes summary for all

lines in the result summary
-V O -NO-maps_result

r anks
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262144 8340 11. 6789 33360
524288 8340 11. 6789 16680
1048576 8340 11. 6789 8340
2097152 8280 11. 5948 4140
4194304 8160 11. 4268 2040
131072 8130 11. 3848 65040
65536 7650 10. 7126 122400
32768 5805 8. 129 185760
16384 2966. 25 4. 15377 189840
8192 1500 2. 10052 192000
8388608 1440 2.0165 180
16777216 960 1. 34433 60
4096 750 1. 05026 192000
2048 375 0. 525129 192000
1024 187.5 0. 262565 192000
512 93. 75 0.131282 192000
256 46. 875 0. 0656411 192000
128 23. 4375 0. 0328206 192000
64 11.7188 0.0164103 192000
32 5. 85938 0. 00820514 192000
16 2.92975 0. 00410266 192004
8 1. 49738 0. 00209684 196264
4 0. 749222 0. 00104917 196404
2 0. 308998 0. 000432704 162004
1 0. 143055 0. 000200326 150004
60 0.000114441 1.60257e-007 2
12 2.28882e-005 3.20513e- 008 2
0 0 0 214062

| s —————————————————

| TOTAL 71411 100 3466586

# to skip all the lines which are having | ess than 10% vol unme size:
$ aps-report =V 10 -N O -m aps_result

# out put:

| Message Sizes sunmary for all ranks

| _____________________________________________________________

| Message size(B) Vol ume( MB) Vol ume( %9 Transfers

| _____________________________________________________________
262144 8340 11. 6789 33360
524288 8340 11. 6789 16680
1048576 8340 11. 6789 8340
2097152 8280 11. 5948 4140
4194304 8160 11. 4268 2040
131072 8130 11. 3848 65040
65536 7650 10. 7126 122400

| [skipped 21 lines]

| TOTAL 71411 100 3466586

Filtering by Number of Lineg[24].

# to display over all just two lines in top, nmiddl e and bottom
$ aps-report -V 0O -N 2 -m aps_result
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# out put:
| Message Sizes sunmary for all ranks
| ____________________________________________________________
| Message size(B) Vol ume( MB) Vol ume( %9 Transfers
| ____________________________________________________________
262144 8340 11. 6789 33360
524288 8340 11. 6789 16680
| [skipped 11 lines]
2048 375 0. 525129 192000
1024 187.5 0. 262565 192000
| [skipped 11 lines]
12 2.28882e-005  3.20513e-008 2
0 0 0 214062
| ==/
| TOTAL 71411 100 3466586

 Using Filter Combinationg[25].

# to conbine volune of data (hide |less than 1%
# and nunber of lines (just 2 |lines)
$ aps-report -V 1-N 2 -m aps_result

# out put :

| Message Sizes sunmary for all ranks

| _____________________________________________________________

| Message size(B) Vol ume( MB) Vol ume (% Transfers

| _____________________________________________________________
262144 8340 11.6789 33360
524288 8340 11.6789 16680

| [skipped 3 Iines]
131072 8130 11. 3848 65040
65536 7650 10. 7126 122400

| [skipped 4 |ines]
16777216 960 1. 34433 60
4096 750 1. 05026 192000

| [skipped 15 |ines]

| TOTAL 71411 100 3466586

Finally, APS provides the region control profiling for the MPI programming model (and also for the hy-
brid programming MPI+OpenMP). Where the interested region can only be included by using the Intel APS
MPI_Pcontrol(). For example, if you want to mark region start with MPI_Pcontrol (<regions >) and to end with
MPI_Pcontrol(-<region >). In some cases, we need to ignore the profiling on a particular region; in that case,
we should do, start a region with MPI_Pcontrol (0) and end with MPI_Pcontrol(1). Codes that are in 0-1 will be
ignored for the profiling tracing and metrics.

# to ignore and consider the region during the profiling
MPI _Pcontrol (0);

ierr = MPlI _Conm rank(MPI _COVMM WORLD, &ny_id);

ierr = MPI _Conm si ze( MPI _COMM WORLD, &num procs);

MPI _Pcontrol (1);

profiling particular region with if and el se condition
f(

#
if(nmy_id == root_process)
{
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MPI _Pcontrol (5);

/* do sone conputation*/
MPI _Pcontrol (-5);

}

el se

{
MPI _Pcontrol (6);

/* do sone conputation*/
MPI _Pcontrol (-6);

}

3.4.2. Scalasca

Scalasca[34] isaperformance analysistool that supports large-scale systems, including IBM Blue Gene and Cray
XT and small systems. The Scalasca provides information about the communication and synchronisation among
the processors. This information will help to do the performance analysis, optimisation, and tunning of scientific
codes. Scalasca supports OpenM P, MPI, and hybrid programming model, and analysis can be done by using the

GUI, which can be seenin Figure 31.

R ——

Report
manipulation

4 Optimizea-rﬁe_a-su rement configuration i
Measurement Summ?try
library repo
Instr. HwC Local event —— parallel wait- Wait-state
target traces —— state search report
o Hglplestion _
é o i Scalasca frace analysis
o . -
Instrumented . Where in the Which
]
Which problem?
n executable P program? process?
Instrumenter l:ﬂ = I::hl:ce I Flat view W System tree Boff Plox

compiler / linker

[

Source
modules

.00
635

Lo
L3628y ncive_

Figure 31. Scalasca workflow

Performance analysis in Scalasca has three stages; they are, instrument (skin), analyze (scan), and
examine(square)[42]. The following steps provide the detail information about these procedures.

e Instrument (or skin)

# instrunent
$ scorep npicxx exanpl e. cc

» Analyse (or scan)

# anal yze

P parasiel @x_sof
cenp 4o @ 5o
Semp mplicit barri
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$ scal asca -analyze npirun -np 28 ./a.out

e Examine (or square)

# exam ne

$ scal asca -exanmine -s scorep_a 28 sum

I NFO Post-processing runtime summarization report...

INFO Score report witten to ./scorep_a 28 sum scorep. score

# initial command |ine sinple overview
$ head -n 25 scorep_a_28_suni scorep. score

Estimat ed aggregate size of event trace: 7kB
Estimated requirenments for |argest trace buffer (max_buf): 495 bytes
Estimated nenory requirements ( SCOREP_TOTAL_MEMORY) : 4097kB

(hint: Wen tracing set SCOREP_TOTAL_MEMORY=4097kB to avoid

intermedi ate flushes or reduce requirenents using USR regions filters.)

flt type max_buf[B] visits time[s] time[% time/visit[us] region
ALL 494 274 2.70 100.0 9863.88 ALL

USR 364 194 0. 00 0.1 9.85 USR

MPI 104 64 2.70 99.9 42192.33 MPI

com 26 16 0. 00 0.0 30.25 cCov

USR 286 176 0. 00 0.0 0.22 double

initial _condition
(doubl e, doubl e)

USR 52 2 0. 00 0.0 140.83 void timestam()

MPI 26 16 0. 00 0.0 0.40 MPI_Conmm si ze

MPI 26 16 0. 00 0.0 3.08 MPI _Comm rank

MPI 26 16 2.68 99.1 167375.28 MPl _Init

Ccom 26 16 0. 00 0.0 30.25 int main(int,char**)
MPI 26 16 0. 02 0.8 1390.56 MPI _Finalize

USR 26 16 0. 00 0.1 99.33 void update(int, int)
# analyse with filtering

$ scal asca -analyze -q -t -f npb-bt.filt mprirun -np 16 ./a. out

graphi cal visualisation
scal asca -exam ne result _fol der

&+ H*

all ocate the menmory for the score;

nd this can be adjusted according to nmenory availability
export SCOREP_TOTAL_MEMORY=32M
scal asca -analyze -q -t -f npb-bt.filt npirun -np 28 ./a.out

B H*

for more insight in the application
export SCAN ANALYZE OPTS="--tine-correct”
scal asca -analyze -a npirun -np 28 ./a.out

@ A H*

Since it can apply to a large system with a massive parallel option, sometimes, it is necessary to avoid wrong
performance data due to excessive measurement overhead. For this, we can also choose the selective traces by
selecting, for example, using runtime filtering, selective recording, or manual instrumentation controlling mea-
surement. The initial report can be seen in the command line with a given number of lines in the file. Topology
and placement optimisation is recommended for numerical computations such as, for example, stencils, collective
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operations on subsets of ranks, and neighborhood operations; the Scalasca can easily analyze these. Furthermore,
scorep —help and scalasca —help provides the useful option that can be useful during the performance analysis.

3.4.3. Arm Forge Reports

Arm Forge [37] is another commercial standard tool for debugging [36], profiling [38], and analyzing [39] scien-
tific code on the massively parallel computer architecture. They have a separate toolset for each category with
the common environment, namely DDT for debugging, MAP for profiling, and performance reports for analysis.
It also supports the MPI, UPC, CUDA, and OpenMP programming models for a different architecture with dif-
ferent variety of compilers. Both DDT and MAP will launch the GUI, where we can debug and profile the code
interactively. Whereas perf-report will provide the analysis resultsin .html and .txt file. The following command
shows how to work on Arm Forge, and figure 32 shows the performance analysis of the hybrid programming
(OpenMP+MPI).

for debuggi ng
ddt npirun -np 16 ./a .out

& #*

for profiling
map npirun -np 16 ./a . out

& #*

for analysis
perf-report nmpirun -np 16 ./a . out

& #*
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Summary: heart_ demo is MPIl-bound in this configuration

C t Time spent running application code. High values are usually good.
om DU € 41.3% - This is low: consider improving MPI or I/Q performance first
Time spent in MPI calls. High values are usually bad.
M P' 52.6% - This is high; check the MPI breakdown for advice on reducing it
Time spent in filesystem /0. High values are usually bad.
”O <0.1% This is very low; however single-process I/0 may cause MPI wait times

This application run was MPI-bound. A breakdown of this time and advice for investigating further is in the MP| section

below.

CPU

A breakdown of the 47 2% CPU time:
Single-core code 97.9% N
OpenMP regions 1%

Scalar numeric ops  5.1% |

Vector numeric ops 0.2%

Memory accesses  74.6% ([

Per-process performance is dominated by serial sections of

computation. Use a profiler to find these or run with fewer
threads and more processes.

The per-core performance is memaory-bound. Use a profiler to
identify time.consuming loops and check their cache
performance.

I/O

A breakdown of the <0 1% IO time:

Time in reads 0.0% |

Time in writes 0.0% |

Effective process read rate  0.00 bytes/s |

Effective process write rate 0.00 bytes/s |

Maost of the time is spent in write operations with a very low
effective transfer rate. This may be caused by contention for

the filesystem or inefficient access patterns. Use an I/O profiler
to investigate which write calls are affected.

Memory

Per-process memaory usage may also affect scaling:
Mean precess memory usage 41.8 MiB 1

Peak process memory usage 51.7 MiB N

Peak node memory usage 12.0% 1

The peak node memaory usage is very low. Running with fewer
MPI processes and more data on each process may be more
efficient.

Figure 32. Arm For ge Performance Report

3.4.4. PAPI

MPI

A breakdown of the 52 6% MPI time:

Time in collective calls 28.7% W
Time in point-to-point calls 71.3% 1R
Effective process collective rate 387 kBis |

Effective process point-to-point rate  17.5 MB/s

Mast of the time is spent in point-to-paint calls with a low
transfer rate. This can be caused by inefficient message sizes,
such as many small messages, or by imbalanced workloads
causing processes to wait.

OpenMP

A breakdown of the 2.1% time in OpenMP regions:
Computation % |

Synchronization 99.9% N

Physical core utilization 100.0% N

System load 355.1% N

Significant time is spent synchronizing threads in parallel
regions. Check the affected regions with a profiler.

The system load is high. Ensure background system processes
are not running.

Energy

A breakdown of how the 0.359 Wh was used:

CcPU 100.0% |

System not supported % |

Mean node power not supported W |

Peak node power 000w |

The whole system energy has been calculated using the CPU
energy usage.

System power metrics: No Arm IPMI Energy Agent config file
found in fvar/spool/ipmi-energy-agent. Did you start the Arm
IPMI Energy Agent?

The Performance Application Programming Interface [40] is an opensouce performance analysistool, which hasa
routines (low level and high level) that will provide the performance counters on the modern processors. Figure 33
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shows the PAPI architecture, and papi_avail will list out the current available events. The simple example below
shows the usage of PAPI.

#i ncl ude <stdi o. h>
#i ncl ude <stdlib. h>
#i ncl ude <papi . h>

void InitBlock(float *a, float *b, float *c, int blk)

{

int len, ind;

int i,j;

[ en = bl k*bl k;

for (ind = 0; ind < len; ind++)

{ a[ind] = (float)(rand()%l000)/100.0; c[ind] = 0.0; }
for (i =0; i < blk; i++) {

for (j =0; j <blk; j++) {

b[j*blk+i] = (i==))? 1.0 : 0.0;

H}

void BlockMult(float* c, float* a, float* b, int blk)
{

int i,j,k;

for (i = 0; i < blk; i++)

for (j =0; j <blk; j ++4)

for (k = 0; k < blk; k++)

c[i*bl k+j] += (a[i*blk+k] * b[k*blk+j]);

}

int main(int argc, char* argv[])

{

int nunEvents = 4;
l ong | ong val ues[4];
int events[4] = {PAPI_L2_TCA, PAPI _L2_TCM PAPI _L3_TCA, PAPI _L3_TCM;

if (PAPI _start_counters(events, nunEvents) != PAPI _CK)
exi t (EXI T_FAI LURE)

float *a, *b, *c;

/* Conpute the array dimfromthe same parameters. */
int sidesize;

if (argc == 3)

sidesize = atoi(argv[1l]) * atoi(argv[2]);

el se {

fprintf(stderr, "usage: mmult m bl k\n");
exit(1l);

}

/* allocate the nenory for the arrays. */

a = (float*)mall oc(sizeof (float)*sidesize*sidesize);
b = (float*)mall oc(sizeof (float)*si desi ze*si desi ze);
c = (float*)mall oc(sizeof (float)*sidesize*sidesize);
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/* check for valid pointers */

if ('(a & b && c)) {

fprintf(stderr, "%: out of menory!\n", argv[O0]);
free(a); free(b); free(c);

exit(2);

}

[* initialize the arrays */
InitBlock(a, b, c, sidesize);

[* Multiply. */
Bl ockMult (c, a, b, sidesize);

/* check it */

int i;

for (i =0 ; i < sidesize*sidesize; i++)

if (a[i] !'=c[i])

printf("Error a[%l] (%) !'=c[%] (%) \n", i, a[i],i,c[i]);

printf("Done.\n");
free(a); free(b); free(c);

if ( PAPI_stop_counters(val ues, nunEvents) != PAPI _CK)
exi t (EXI T_FAI LURE)

printf("Level 2 total cache accesses: %\ n", val ues[0]);
printf("Level 2 cache m sses: %\ n", val ues[1]);
printf("L2 m ss/access ratio: %\ n", (doubl e)val ues[ 1]/ val ues[ 0] );

printf("Level 2 total cache accesses: %\ n", val ues[2]);
printf("Level 3 cache m sses: %\ n", val ues[3]);
printf("L3 mss/access ratio: %\ n", (doubl e)val ues[ 3]/val ues[2]);

return O;

}

# conpil ation
$ gcc test.c -lpap

# out put result

$ ./a.out 15 15

Level 2 total cache accesses: 314918
Level 2 cache m sses: 281496

L2 m ss/access ratio:2147483620
Level 2 total cache accesses: 281496
Level 3 cache m sses: 3

L3 m ss/access ratio:2147483625

From the above example, we can get anideaabout L 2 and L 3 cache misses. Thereare many other countersavailable
(PAPI Present Events), which can be used for other specific purposes (for example, floating point operations and
instruction cache hits).
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PAPI Low Level PAPI High Level
Portable
Layer

PAPI Machine Dependent Substrate
Machme Kernel Extension
Specific
Layer
Operationg System
Hardware Performance Counters

Figure 33. PAPI architecture

# shows the avail abl e PAPI Present Events
$ papi_avail

Avai |l abl e PAPI preset and user defined events plus hardware infornmation.
PAPI version : 5.6.0.0
Operating system : Linux 3.10.0-957.1.3.el 7. x86_64

PAPI Preset Events

Nane Code Avail Deriv Description (Note)

PAPI _L1_DCM 0x80000000 Yes No Level 1 data cache nisses

PAPI _L1_I1CM 0x80000001 Yes No Level 1 instruction cache nisses
PAPI _L2_DCM 0x80000002 Yes Yes Level 2 data cache nisses

O 108 possible events, 59 are available, of which 18 are derived.

3.5. Tuning

This section explains performance tuning for the Intel CPU. Performance optimisation for the Intel processor can
be donein different ways. Moreover, Intel is providing the Intel Parallel Studio XE, which has many toolsthat can
help to optimise the code. This chapter covers tuning suggestions for shared memory programming, distributed

memory programming, and hybrid programming model.

3.5.1. Compiler Flags

Table 15 shows some common optimisation flag that will enable optimisation and vectorisation in the code. To
see the performance results, one should see the output results; the flags for this are defined in Table 16. Table 17
shows enabling the OpenM P, choosing the library, and enabling static and dynamic scheduling. Table 18 shows
theimportant floating point compiler flags. Finally, Table 19 shows how to generate the code for the Intel Skylake

processor.
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Table 15. Optimisation

Flags Comment

-00 No optimisation

-01 Small optimisation in performance, many be useful for large/
database applications where memory paging due to large code
Sizeisan issue.

-02 It is adefault setting with maximum speed. It enables
vectorisation and intra-file interprocedural optimisations.

-03 Recommended for the loops that have many floating point
operations, sometime a performance could be lower compare
to-02.

-Ofast enable -0O3 -no-prec-div -fp-model fast=2 optimisations

Table 16. Optimisation Reports

Flags

Comment

-qopt-report[=n]

Generates an optimisation reports, n ranges from 0-5. Default
is 2, and 0 disable the optimisation report output.

-qopt-report-file=[stdout - stderr - <file>]

Specify file name for the report output.

-qopt-report-phase=<phase>[,<phase>,...]

Define the phase (profiling) for the report output.

Table 17. OpenM P and Parallel Processing

Flags Comment

-parallel automatically generates multi-threaded code from serial code,
by paralelizing the for loop.

-gopenmp Generates the multithreaded code based on the OpenM P

directives. To disable use -gno-openmp.

-gopenmp-stubs

OpenM P program becomes serial code and ignores OpenMP
directivesin the parallel code.

-qopenmp-lib=<ver>

Link with OpenMP library.

-par-schedul e-dynamic[=n]

Iteration loop size is divided by n, otherwise 1

-par-schedul e-static[=n]

Iteration loop size is divided by n, otherwise equally divided

Table 18. Floating Point

Flags

Comment

-fp-model <name>

precise - alows val ue-saf e optimisations consistent -
reproducible results for the different optimisation level. Many
options available, please refer to -help.

-fp-specul ation=<mode>

fast - speculate floating point operations (DEFAULT) safe -
speculate only when safe strict - same as off.

-[no-]prec-sart

certain square root optimisation is enabled if needed.

Table 19. Code Generation: Skylake

Flags

Comment

-XSKYLAKE-AVX51

Generates the code to run on the Intel Skylake processor.

-mtune=skylake-avx512

Code is optimised by compiler’s defaullt.

-XHost

Generates optimised code on the given processor.
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Flags Comment
-march=skylake-avx512 Generates the code exclusively for the given CPU.

3.5.2. Serial Code Optimisation

By using the Intel compiler flag (-parallel) a serial code with a for-loop can be automatically parallelised. By
default it uses the available threads from the multiprocessor system. The below pseudocode example shows the
possibilities of the parallelisation in the for-loop.

# serial code exanple

void serial (int *a, int *b, int *c)
{

for (int i =0; i < 100; i++)

a[i] = a[i] + b[i] * c[i];

}

# parallel code exanple
void parallel(int *a, int *b, int *c) {
int i;
/1 Thread 1
for (i=0; i < 50; i++)

a[i] =a[i] + b[i] * c[i];

/1 Thread 2

for (i=50; i < 100; i ++)

a[i] =a[i] + b[i] * c[i];

From the above example, as we can see that, there is no data dependencies in the for-loop, so in that case the for-
loop can be easily paralelised. By compiling with -parallel option the given code can be easily parallelised, the
below example shows the auto paralldlisation is achieved in the code.

# conpil ation
$ icc -c -parallel exanple.cc

# conpilation to read the report

$icc -c -parallel -gopt-report-phase=par -qopt-report:2 exanple.cc
$ icc: remark #10397: optimsation reports are

generated in *.optrpt files in the output |ocation

# sanpl e out put
LOOP BEA N at exanple_2.cc(37, 3)

remark #17109: LOOP WAS AUTO PARALLELI ZED
LOOP END

Another way of vectorisation can also be easily achieved by using the optimisation flag -O2, and SIMD instructions
will unroll aloop. Thereisalso away to check how theloop is vectorised. The below code showsthe vectorisation
examplein the serial code.

# exanpl e code

void ser(int *a, int *b, int *c)
{

for (int i = 0; i < 100; i++)
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a[i] =a[i] + b[i] * c[i];
}

# conpil ation
$ icc -2 -qopt-report-phase=vec -qopt-report=5 exanple.cc

# sanpl e out put

LOOP BEA N at exanple_2.cc(37, 3)
remark #15300: LOOP WAS VECTORI ZED
LOOP END

# conpil ation
$ icc -2 -qopt-report-phase=vec -qopt-report=5 -no-vec exanple.cc

# sanpl e out put

LOOP BEA N at exanple_2.cc(37, 3)

remar k #15540: | oop was not vectorized: auto-vectorization
is disabled with -no-vec flag

LOOP END

There are some guidelines for vectorisation, which are as follows:

» Writeastraight-line code (asingle basic block); this means avoid the branchesin the code, for example, switch,
goto and return.

» And aso write asimple for-loop and avoid complex loop termination.
 Avoid the dependenciesin the for-loop and also make sure there is no read-after-write dependencies.
» Avoid the function callsin the for-loop (other than math library calls).

e Usethearray indexing for the dataincrement (read and write); thiswill avoid the output solution's error.

3.5.2.1. Using Structure of Array versus Array of Structures

In memory, an array is stored as a contiguous collection of data, and this data can be organised as an Array of
Structure (AoS) and Structure of Array (SoA). For vectorizing the code, SoA is more suitable because it provides
the unit-stride memory references. On the other hand, AoS, does not provide the unit-stride, and also the fetched
data that are in the cache line might be unused (during the vectorisation). To increase vectorisation performance
of vectorised code, especialy with along trip count, one should use the compiler flag -qopt-dynamic-align. The
below pseudocode shows the difference between AoS and SoA.

# Array of Structure # Structure of Array

struct Point struct Points
{ {
float r; float* r;
float g; float* g;
fl oat b; float* b;
} }
RBIGR B[R Bl G RIRIR BB BG3d3dd

Important points need to be considered before vectorisation are as follows:
* Make sure your datais vector friendly.

 Organise your loop row-major-order (for C and C++) for better locality.
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» For vectorisation use the SoA.

3.5.2.2. Interprocedural Optimisation

Interprocedural optimisation (IPO) enables the application performance significantly when the program has small
and medium functions and also which are used frequently within the loops. The IPO's output profile gives an idea
about the analysis of the whole program and suggests possible further optimisation. By default, it uses the O2
optimisation and also can use the O1 optimisation for the inline functions. It can also be used for asinglefile and
also for multiple files. Below, Table 20 shows the different compilation flag options for code optimisation.

Table 20. Interprocedural Optimisation

Flags

Comment

-|p

Singlefile interprocedural optimisations, including selective
inlining, within the current source file.

-ipo[n]

Permits inlining and other interprocedural optimisations
among multiple source files. The optional argument n controls
the maximum number of link-time compilations (or number

of object files) spawned. Default for nis O (the compiler
chooses).

-ipo-jobgn]

Specifies the number of commands (jobs) to be executed
simultaneously during the link phase of Interprocedural
Optimisation (IPO). The default is 1 job

-finline-functions -finline-level=2

This option enables function inlining within the current source
file at the compiler's discretion. This option is enabled by
default at -O2 and -O3.

-finline-factor=n

This option scales the total and maximum sizes of functions
that can be inlined. The default value of nis 100, i.e., 100% or
ascale factor of one.

The benefits IPO are as follows:

* it decreases the overhead, jumps, and calls within the code

 sinceit optimisestheinline function, it reduces the call overhead

* gives better code vectorisation and loop transformations

« efficient cache usage through limited data layout optimisation

3.5.2.3. Intel Inspector

It detects and locates the memory, deadlocks, and data races in the code. The below example shows the simple

test case with the memory leak problem.

# detect | eaks

$ inspxe-cl -collect m1l -result-dir m1l -- ./a.out

# result show
$ cat inspxe-cl.txt

=== Start: [2020/04/08 02:11:50] ===

2 new probl en(s) found

1 Menory | eak problen(s) detected
1 Menory not deal |l ocated problen(s) detected

=== End: [2020/04/08 02:11:55]
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3.5.2.4. Intel Advisor Tool

Intel Advisor tools provide the set of collection tools for the metrics and traces that can be used for further tunning
in the code; they also provide GUI visualisation, which will be explained in the later chapter. Intel advisor has
five collection methods, which are asfollows:

» survey: analyze and explore an idea about where to add efficient vectorisation and threading

» dependencies: identify and explore the dependenciesin loop-carried marked loops.

» map: show and explore the complex memory access for the marked loops.

suitability: check if the annotated program is predicted parallel performance.
* tripcountes: show how many iterations are executed.
The below command lines show the example of running Intel Advisor and check the resuilt.

collecting the netrics and traces
advi xe-cl -collect survey -project-dir ny_result -- ./a.out

& H#*

report preparation
advi xe-cl -report survey -project-dir ny_result

& H#*

list of analysis types
advi xe-cl -help collect

& H#*

list of available reports
advi xe-cl -help report

& H#*

3.5.2.5. Intel VTune Amplifier Tool

Intel VTune amplifier providesthe set of analysisthat helpsto tune the code further. They also provide a GUI that
can be efficiently used for shared memory programming (OpenMP) and distributed memory programming (MPI).
Below examples show the simple command line tools can be quickly used to check code.

traces and netrics collection
anpl xe-cl -collect hotspots-r ny result ./a.out

©“

report seeing
anpl xe-cl -report hotspots -r ny_result

©

list of analysis types
anpl xe-cl -help collect

©

list of available reports
anpl xe-cl -help report

©

3.5.3. Shared Memory Programming-OpenMP

A shared memory programming model refers to sharing the global address space among all the processors. And
multiple processes can act independently but also can share the same memory resources. And the same time,
changes in the memory location by one processor are visible to other processors. Generally, its architecture is
classified asUniform Memory Access (UMA), Non-Uniform Memory Access (NUMA), and Cache Only Memory
Access (COMA).
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There are two categories of programming models that exist for shared memory architecture. That is a shared
memory programming model (without thread), and with thread (POSIX, OpenMP, CUDA, etc.). In this section,
we will focus on the performance tuning for the OpenMP, which is an Application Programme Interface (API)
for multi-threaded and shared memory parallelism. It has three components, namely, compiler directives, runtime
library routines, and environmental variables.

OpenMP threaded application performance is mostly dependent upon the following things:

* single threaded code will underlying performance

* need to check for the CPU utilisation, idle threads, and load balancing

* the percentage of the application is run by multiple threads

» how synchronisation and communication among the threads are handled in the application

» overhead appearance because of creating, manage, destroy, and synchronise the threads. And overhead appears
to be worse by the number of single-to-parallel or parallel-to-single transitions called fork-join transitions

« due to limited shared resources, performance can be limited, such as memory, bus bandwidth, and CPU fre-
quency

» wrong results because of the memory conflicts caused by shared memory or falsely shared memory

Table 21 shows some of the useful optimisation flags. For example, To know more about the valid categoriesin
the Intel environment, one can use icc -help category , which will print out the list of the available options and
categories.

Table21. List of useful Flagsfor the OpenM P

Compiler Flags Description

-mtune=skylake-avx512 Optimises code for processors that support the specified
Intel(R) microarchitecture code name.

-ipo Enable multi-file I P optimisation between files.

-[no-]unroll-aggressive Enables more aggressive unrolling heuristic.

-[no-]complex-limited-range Enable/disable (DEFAULT) the use of the basic algebraic

expansions of some complex arithmetic operations. This can
allow for some performance improvement in programs which
use alot of complex arithmetic at the loss of some exponent
range.

-gopenmp Enable the compiler to generate multi-threaded code based
on the OpenMP* directives (same as -fopenmp) Use -gno-
openmp to disable. SIMD is enabled by default.

-gopenmp-lib=<ver> Choose which OpenMP library version to link with compat
- use the GNU compatible OpenMP run-time libraries
(DEFAULT).

3.5.3.1. Environmental Variables

Intel and GNU provide environmental variables to bind the OpenM P threads to the physical processor. The usage
of those might be quite useful depending on the machine topology, application, and operating system as accessing
the cache and cores from the same socket will give a better performance. Figure 34 shows how close and spread
mapped the binding can be done on a compute node. As can be seen from the figure, close binding will perform
better compared to spread. It is mainly because closer threads have better accessibility with cache and main mem-
ory, especially when you have different sockets. Typically the GNU has the following environmental variables
for pinning, which are set as follows:

* OMP_PLACES=<sockets, cores, threads>
« OMP_PROC_BIND=<close, spread, master>
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0/1/2/3 4]5/6/7 0/2]4]6 13507
caches caches caches caches
main memory main memory main memory main memory

A
‘ ] | ]
interconnect interconnect
MP_PROC_BIND=close MP_PROC_BIND=spread

Figure 34. Example illustration of OMP_PROC_BIND=close and OMP_PROC_BIND=spread (numbers
represent the threads associated to the physical cores)

And Intel has the following environmental variables, which are asfollows:
« KMP_ALL_THREADS - sets the maximum number of threads that can be used by any parallel region
« KMP_AFFINITY - threads can bind on the CPU cores depends on the option, for exampl e, scatter, compact, etc.

* KMP_BLOCKTIME - the threads can wait in the parallel region with the given time, if thereis another parallel
region afterward, it does not need to be awakened again.

* KMP_LIBRARY - selects the OpenMP runtime library during the execution mode.
3.5.3.2. numactl

numactl isaLinux command that hel psto choose the physical memory and CPU coresin the shared memory node.
For example, a single compute node can have multiple nodes (sockets where the physical CPU islocated), which
might have anumber of CPU cores. Each node has its own memory and cache, and they are exclusively available
for the cores within the nodes. In general, choosing the CPU cores and local memory leads to better performance
and less latency. Because accessing the cache and memory of the local CPU is faster than accessing the across
node (via interconnect). By using the numactl API, the memory and CPU can be defined, for example, choosing
the node is shown below and also man numactil shows the list of options available in the numactl API.

# to see the hardware i nfornmation

$ numact!| --hardware

avai |l abl e: 2 nodes (0-1)

node O cpus: 0 2 4 6 8 10 12 14 16 18 20 22 24 26

node 0 size: 64989 MB

node 0 free: 40111 MB

node 1 cpus: 1 357 9 11 13 15 17 19 21 23 25 27
node 1 size: 65536 MB

node 1 free: 38489 MB

node di st ances:

node 0 1

0: 10 21

1. 21 10

# exanple (choosing the CPUs within the node 0)
$ numact!| --cpunodebi nd=0 ./a. out

# out put

Thread 16 is running on CPU 2
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Thread 15 is running on CPU 0
Thread 12 is running on CPU 4

Thr ead

3 is running on CPU 10
Thr ead 1is running on CPU 14
Thr ead 0 is running on CPU 26
Thr ead 8 is running on CPU 6

As we can see from the above example, we have chosen only the socket 0, this means all the threads will utilise
the cores and memory from the socket 0. Final remark would be that, choosing the number of threads might give
the different performance on different applications. An ideal option would be map the number of threads into
available cores.

3.5.4. Distributed memory programming -MPI

3.5.4.1. Intel Inspector

Intel inspector can be used for the MPI programming also. The example below shows the data race and deadlock
methodology in Intel Advisor.

# execution for the intel inspector
$ mpirun -np 16 inspxe-cl -collect=ti2 -r result ./a.out

# to see the result output

$ cat inspxe-cl.txt

0 new problen(s) found

=== End: [2020/04/08 16:41:56] ===
=== End: [2020/04/08 16:41:56] ===

0 new problen(s) found

=== End: [2020/04/08 16:41:56] ===

3.5.4.2. Intel Advisor Tool

It suggestswhereto add efficient vectorisation and/or threading, finding how many iterations are executed, identify

the loop carries dependencies and complex memory access. For example, Figure 35 shows the instance of vectori-
sation is needed in some parts of the code. Commands below show how to collect metrics and visualise the results.

# code execution

$ mpirun -n 4 advixe-cl --collect survey --project-dir result -- ./a.out
# command |ine report

$ advixe-cl --report survey --project-dir result

vi sual i sation
advi xe-gui result

& #*

list of a possible way to see the report
advi xe-cl -h report

& #*

list of a possible way to collect traces
advi xe-cl -h collect

& #*
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[ Summary % Survey & Roofline ™[ Refinement Reports.

w /A Higher instruction set architecture (ISA) available
Consider recompiling your application using a higher ISA.

= e . N CPU Time
8 +!|=| Function Call Sites and Loops Total Time
S
= [loop in Task::make_rk_step$ompsparallel_for@365 at | n/a
Ll [loop in Task::make_rk_stepsomp$parallel_for@351 at | n/a
[loop in Task::make_rk_step$ompsparallel_for@379 at | nja
« § _libm_exp_|9 0,140s0
. | LR_l::compute 0,290s0
s § _libm_log_I9 0,020sl1
.5 f _gnu_cxx::_ops::_lter_equal_to_iter::operater()<_gny 0.010s}
i f exp 0,010sl

+ O [loop in Task::make_rk_step$ompsparallel_for@278 at L 0,010s!

+ O [loop in Task::make rk_step$ompsparallel_for@306 at |. 0,010s!
i § _start 1,640 E
s § main 1,640 mmm
4 § Mesh::Mesh 0,019sl
4/ [loop in Mesh::read_points at mesh.cpp:25] 0,009s1
i/ § Mesh::read_points 0,008sl1
4109 Tinan in Mesh:read tete at mech con:S71 n.010si

Figure 35. Intel Advisor Vectorisation

3.5.4.3. Intel VTune Amplifier Tool

Self Time Type
nfa Vectorized (Body) ..
nja Vectorized (Body) ..
nja Vectorized (Body) ..

0,140s [JEEIEM Function

0,120sE=mm Function

0.020s8 Function

0.010s0 Inlined Function
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0.010s0 Peeled/Remainder

0,000s! Function

0,000s| Function

0,000s1 Function

0.000s| Scalar

0,000s1 Function

n.nnnsi Sralar

Why No Vectorized Loops

Vectorization? vecto Effici... w | Gain Esti
1,26x
1,26x
1.07x

& 1 vectorization ..

& inner loop was

B Inon contral va

VL (Ve... | Comp
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2
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It shows the information where your application spends most of the time, the efficiency of the multi-thread appli-
cation, and the power usage of the application/system. To optimise or tune the code, one should first look at the
hotspot in the code; for example, this can be seen in Figure 36. The red barsin the figure shows underutilised core
time during the execution of the certain functions. However, having a hotspot does not mean that the algorithm
behaves badly; sometimes, it is necessary for some routines to be run multiple times. In order to determine the
efficiency, one should not look at only the hotspots, but retiring slots, CPI changes, and code should be studied.
For moreinformation please refer to [31]. The -collect uarch-exploration gives the detailed information about the
cache misses, data sharing, and low level hardware information, that will be quite useful to optimise the program
further. Figure 37 shows urach-exploation from Intel Vtune Amplifier Tool.

# runni ng vtune anplifier

$ mpirun -np 4 anpl xe-cl -coll ect

# report collection

$ anmpl xe-cl -report uarch-exploration -report-output output

# vizualisation
$ anpl xe-gui vt une_npi

# shows the list of available reports

$ anpl xe-cl -h report

uar ch-expl oration -r vtune_npi

# shows the list of available collection analysis

$ anpl xe-cl -h collect

./ a. out

-r vtune_npi
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Figure 36. Intel VTune Amplifier (hotspots)
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Figure 37. Intel VTune Amplifier (uarch-exploration)
3.5.4.4. Intel Trace Analyser and Collector

Intel Trace Analyser and Collector (ITAC) provides the profiling information about the bottlenecks, improving
correctness and achieving high performance on the MPI applications. ITAC comes with the GUI, which included
detailed analyses of the MPI application. Thiswill aso help to improve the weak and strong scaling for small and
large applications. The below command line shows the example for the trace collection in ITAC.

# conpilation and code execution
$ npiicc -trace exanple.cc
$ mpirun -np 16 ./a.out

# to create just one single file result
$ export VT_LOGHI LE_FORMAT=STFSI NGLE
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# visualisation of the results
$ traceanal yzer a.out*.stf

Tracing values can be specific such as, for example, filtering by the collective, P2P, |oad imbal ance operations, and
statistics. Statistics collector can be used to understand the functions calls and their communication. This statics
collector can be used even if thereisno trace collection, that means, it can use as an early stagelight analysis. The
below list shows the important tracing list and its explanation.

trace-collectives — to collect information only about collective operations

trace-pt2pt — to collect information only about point-to-point operations

* trace-imbalance - to collect MPI functions that cause application load imbalance

print-statistics - it useful for the early stage application when application tracing is unmanageable

The bel ow examples show the trace collections and Figure 38 shows the summary of the ITAC, where we can see
the quick information about the time spent on the MPI function and percentage of the programming part (serial,
OpenMP and MPI). Figure 39 shows the statistics of the collective operations profile, point-to-point communica-
tion, function profile (flat profile, load balance, call tree, and call graph). More importantly, it shows the quanti-
tative timeline and event timeline, which will enable us to get an impression on parallelism and load balance in
the program. And Figure 40 shows the detail view of the event timeline.

conpilation with trace collection
npiicc -trace exanple.cc
mpirun -np 16 -trace-collective ./a.out

export VT_STATI STI CS=CON
stftool tracefile.stf --print-statistics

@ P @ B H*

= /mntfirisgp krist ITAC/MPI_OpenMP/Cardiac_demo/heart_demo_ITAC.stf [ =0E

Summary: heart demo ITAC.stf
Continue >

Ratio Top MPI functions

This section represents a ratio of all MP| calls to the rest of your This section lists the most active MP| functions from all MPI calls in the application.
code in the application.

‘ MPI_Waitall I 199 sec (10.7 %)
MPI_Isend [ 64.1 sec (3.46 %)
MPI_lrecv [ 16.6 sec (0.897 %)
MPI_Barrier [l 13.5 sec (0.728 %)
MPI_Scatterv 0.046 sec (0.00248 %)
W Serial Code - 1.56e+03 sec 84.1 %
M OpenMP - 0 sec 0%
W MPI calls - 293 sec 15.8 %

Where to start with analysis
For deep analysis of the MPI-bound application click "Continue >" to open the To optimize node-level performance use:

tracefile View and leverage the Intel® Trace Analyzer functionality: Intel® VTune™ Amplifier for:

- Performance Assistant - to identify possible performance problems - algurithmic level tuning with hpc-performance and threading efficiency
- Imbalance Diagram - for detailed imbalance overview analysis; N ) )

- Tagging/Filtering - for thorough customizable analysis - microarchitecture level tuning with general exploration and bandwidth

analysis;
Intel® Advisor for:
- vectorization optimization and thread prototyping.

For more information, see documentation for the respective tool:
Analyzing MPI applications with Intel® VTune™ Amplifier
Analyzing MPI applications with Intel® Advisor

Figure 38. Intel Traceand Collector summary
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Figure40. ITAC: event time

3.5.4.5. MPI Tuner

In general, MPI tuner has four modules, they are, cluster specific, application-specific, fast application-specific,
and topology rand placement optimisation. Among these, cluster specific is the default. For the remaining setup,
see below.

# application specific tuning
$ npitune --application "npirun -n 32 ./a.out" -of ./nmyprog.conf
$ npirun -tune ./nyprog.conf -n 32 ./a.out
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# fast application-specific tuning

$ nmpitune --fast --application "nmpirun -n 32 ./mnmyprog" -o ./nyprog.conf
$ mpirun -tune ./nyprog.conf -n 32 ./a.out

# topol ogy awar eness rank placenment optim sation

$ npitune --rank-placenment --application "nmpirun -n 32 ./nmyprog"
--hostfile-in hostfile.in --config-out ./nyprog.conf

$ mpirun -tune ./nyprog.conf -n 32 ./a.out

Topology and placement optimisation is recommended for numerical computations such as, for example, stencils,
collective operations on subsets of ranks, and neighborhood operations.

3.5.5. Environment Variables for Process Pinning OpenMP+MPI

While programming for shared memory and distributed memory, it is advisable to pin and bind the processors or
threads across the avail able compute cores. By doing this, threads and processors can be put to close to each other;
this will minimise the costly operation of remote memory access. Table 22 shows the important environmental
variables and their explanation.

Table 22. Environment Variablesfor Process Pinning

Variable Explanation

|_MPI_PIN=<arg> enable - yes - on - 1 Enable process pinning; disable - no - off -
0 Disable process pinning

|_MPI_PIN_PROCESSOR_LIST=<value> <>, <I>-<m>and <k>,<I>-<m>: CPU cores can be chosen in

here

|_MPI_PIN_CELL=<cell> unit: Basic processor unit (logical CPU);core: Physical
processor core

|_MPI_PIN_DOMAIN=<mc-shape> processors or threads can share a resource in caches and
NUMA

|_MPI_PIN_ORDER=<order> order: can be scatter, compact, spread and bunch.

The | _MPI_PIN_DOMAIN variable defines the processor pinning for the OpenMP/MPI hybrid programming.
This aso controls how the physical CPU cores are grouped for the MPI processor. And I_MPI_PIN_ORDER
defines how the those grouped (physical CPU cores) MPI cores mapped on the compute node. There are different
ways to map using different options; for more options, please refer to[30]. Figure 41 illustrates the compact CPU
cores mapping and Figure 42 illustrates CPU cores spread methodol ogy.

_PI N_DOVAI N=2

exanpl e for conpact
I
| _PI'N_ORDER=conpact

#
$ 1_MPI
$ 1_MPI
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Rank O Rank 1 Rank 2 Rank 3

CPU1 CPU3 CPU5 CPU7
CPU9 CPU1T1 CPU13 CPU15

Figure 41. Examplefor |_MPI_PIN_DOMAIN=21_MPI_PIN_ORDER=compact

# exanple for scatter
$ | _MPI _PI N_DOVAI N=2
$ | _MPI_PIN_ORDER=scatter
Rank O Rank 2 Rank 1 Rank 3

Figure 42. Examplefor I|_MPI_PIN_DOMAIN=21 _MPI_PIN_ORDER=spread

OpenMPI aso offers similar functiondity like Intel MPI. For example, two flags --bind-to-core and --bind-to-
socket puts the MPI cores and OpenM P threads closer to each other for the better computational performance.

| _PI N_DOVAI N=2

exanpl e for scatter
| _MP
| _MPI _PI N ORDER=scatter

#
$
$

The above example shows the processor pinning for the Intel compilers. But, we can also use the other MPI com-
pilersfor Intel Skylake. The below environmental variables show an example case for OpenMPl and MVAPICH2
compilers.

# exanple for OQpenMPl (set cores close to each other)

export OVP_NUM THREADS=2

# Set npi processes close to each other and print out CPU affinity
srun -n 56 --bind-to core --map-by core --report-bindings ./a.out
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# exanple for MVAPICH2 (set cores close to each other)

export M2_ENABLE AFFI NI TY=0 # Disable for hybrid node
export M2_CPU BI NDI NG PCLI CY=hybrid # Enable hybrid (hybrid|bunch|scatter)
export M2_CPU BI NDI NG LEVEL=cor e # Bi nding MPI processes
(core| socket | numanode)
export M2_SHOW CPU BI NDI NG=1 # Print out the CPU affinity
export OPM NUM THREADS=2 # Number of threads (opennp)

srun -n 56 ./a.out
3.6. European SkylLake processor based systems

3.6.1. MareNostrum 4 (BSC)

MareNostrum4 is a supercomputer based on Intel Xeon Platinum processors from the Skylake generation. It is
a Lenovo system composed of SD530 Compute Racks, an Intel Omni-Path high performance network intercon-
nect and running SUSE Linux Enterprise Server as operAting system. Its current Linpack Rmax Performance is
6.2272PFLOPS.

This general-purpose cluster consists of 48 racks housing 3456 nodeswith agrand total of 165,888 processor cores
and 390TB of main memory. Compute nodes are equipped with:

» 2 sockets Intel Xeon Platinum 8160 CPU with 24 cores each @ 2.10GHz for atotal of 48 cores per node (L1d
32kiB; L1i cache 32kiB; L2 cache 1MiB; L3 cache 1.375MiB)

* 96GB of main memory 1.880GB/core, 12x 8GB 2667 MHz DIMM (216 nodes high memory, 10368 cores with
7.928GB/core)

* 100Gbps Intel Omni-Path HFI Silicon 100 Series PCI-E adapter

* 10Gbps Ethernet

» 200GB local SSD available as temporary storage during jobs ($TMPDIR=/scratch/tmp/[jobid])
* Lenovo Rear-door Heat Exchanger

» Slurm batch system
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)

Figure 43. MareNostrum 4 System at BSC

MareNostrum uses a Rear-Door Heat Exchanger (RDHX) for the cooling of the racks. The RDHX brings water
to the rack to reduce heat. Similar to a car radiator, the RDHX replaces the rear door of the rack and absorbs heat
from the exhaust of air-cooled systems (Figure 44). The Lenovo ThinkSystem SD530 nodes have 5 hot-swap fans
which are used to cool al components (Figure 45). In addition, each power supply has its own integrated fan.

Cold Aisle air

Cool air
from
RDHX

Warm air
from server

Figure 44. Rear-door Heat Exchanger
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Figure 45. L ocation of hot-swap fans

3.6.1.1. Power consumption measurment on MareNostrum

On MareNostrum, the average power consumption of any job can be obtained on the BSC UserPortal web (https://
userportal .bsc.es) provided by the centre. The HPC User Portal is ajob and resource monitoring platform devel-
oped by the BSC Support Team’ s software engineers. With it, every HPC machine user can check the status and
general resource usage metrics of the jobs launched. This web also provides ajob metric histogram, which will
show how the job has evolved during the time of its execution in terms of CPU usage, memory usage and power
consumption. The power consumption reported by the web is gathered by Slurm. Slurm gets energy consumption
data from hardware sensors on each core/socket, using RAPL (Running Average Power Limit) sensors.

The main page of the HPC User Portal is the job monitoring screen. It will list al your jobs launched in all the
machines by every account you have, asit can be observed on the Figure 46 . This list contains a brief listing of
the general characteristics of each job (like its name, user, status, hode/task configuration...). If the job listed is
inthe “running” status, it will also show you the current CPU and memory usage.

(( e HPC | User Portal i
All accounts All machines » ‘ Q
D Name Status User Machine Q0s Submit time Start Wallclock Nodes Tasks cru @ Memory ©
5163149 sh Completed MareNostrum 4 debug ;g’fﬁ;im ? ;2/:373/52401 000200 1 48 N/A N/A
5154871  sh Failed MareNostrum 4 debug ET,Q?W lgﬁangom 00-02:00 1 48 N/A N/A
5154732 ringtest Completed MareNostrum 4 debug 132;822019 :é/gsézzom 00-02:00 8 384 N/A N/A
5154436 sh Completed MareNostrum 4 debug ;?gfﬁm ;2/553/222019 00-02:00 1 48 N/A N/A
5154371  ringtest Completed MareNostrum 4 xlarge ;2/?;;%]019 g/?;/zzﬁmu 00-05:00 512 24576 N/A N/A
5148929  sh Completed MareNostrum 4 debug E?ﬁﬁow :i/?jfgow 00-02:00 1 48 N/A N/A
5145029 sh Completed MareNostrum 4 debug Efzﬁmg :é/f;ézemg 00-02:00 1 48 N/A N/A
1420600  ws Completed CTE-Power 9 debug 85/5063/022019 ;gfjﬁmg 00-02:00 1 1 N/A N/A
1420565 ws Completed CTE-Power 9 debug ;g;ofgzéme ;g/zof/g‘img 00-02:00 1 1 N/A N/A

Figure 46. HPC User Portal - Home page and list of jobs

Once the desired job is located, you can check its properties using either the preview button or the view button.
The difference between them is the level of detail that they will give. Clicking on the view button will show how
thejob has evolved during the time of its execution in terms of CPU usage, memory usage and power consumption
asit can be observed on Figure 47. Y ou can a so download thisinformation by clicking in the top right corner of
each histogram and selecting your preferred format option, including CSV format.
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3.6.2. SuperMUC-NG (LRZ)

SuperMUC-NG isthe current leadership class system of Leibniz Supercomputing Centre (LRZ). Itisalntel Xeon
Skylake processor based machine [104] with apeak performance of 26.8 PFLOPS. SuperMUC-NG wasthe fastest
supercomputer of European Union and 9th in the world according to TOP500 November 2019 rankings [55].
According to recent, TOP500 June 2020 rankings SuperMUC-NG is currently 13th fastest supercomputer in the
world.

Figure 48. SuperMUC-NG System at LRZ

SuperMUC-NG is a Lenovo-built system featuring 6,336 thin and 144 fat nodes correspondingly with 96GB and
768GB per node memory. Each of these Lenovo ThinkSystem SD650 [105] compute nodesis equipped with 2x24
core Intel Skylake Xeon Platinum 8174 processors. The Thermal Design Power (TDP) mode of the compute nodes
in regular user operation is 205W. The Figure 49 illustrates the inside view of two SD650 nodes sharing a tray
and a water-loop.

6 DIMMs

per CPU
Power
Board 2AEP

per CPU
CPUs x16 PCle Slot

Water Outlet
- Disk Drive
(140°F) M.2 Slot
Water Inlet

Figure 49. Lenovo ThinkSystem SD650 [105], [106]

Like the predecessor SuperMUC Phasel and Phase2 systems [131], [132] , SuperMUC-NG uses direct hot water
cooling for chilling its active components like processors, memory, and voltage regulators. LRZ’s SD650 nodes
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were developed to withstand up to 50°C inlet temperatures. Depending on the running workload, the outlet tem-
perature of a SD650 node can reach 60°C which is sent through adsorption chillers for the generation of the
cold water (typically 20°C) used for cooling storage and networking equipments. The electricity used for Super-
MUC-NG aswell as for predecessor SuperMUC system, is generated using 100% renewable energy sources. Su-
perMUC-NG system uses SLURM [109] as a resource management and scheduling system and Intel OmniPath
100G interconnect network. The system features IBM Spectrum Scale (GPFS) high performance parallel filesys-
tem with a capacity of 50PB with 500GB/s I/O bandwidth. 20PB capacity with 70GB/s bandwidth is available
for long term data storage.

Additionally, SuperMUC-NG system features aseparately operated segment for cloud computing. Thetable below
outlines some details of this system segment [104].

Table 23. Detailed view of the cloud computing segment

Cloud Node Type | Number of Nodes CPU Cores RAM (GB) GPU Type
Cloud 82 40 (@ 2.4GHz) 192 -
Compute Node
Cloud GPU Node 32 40 (@ 2.4GHz) 768 2x NvidiaTesla
V100 16GB
Cloud Huge Node 1 192 (@ 2.1GHz) 6000 -
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4. AMD Rome Processors

AMD EPYC 2 Rome is the second generation of EPY C processors, based on the Zen2 microarchitecture. The
7002-series family lineup has 15 models for two-socket server configuration (Table 24). AMD decided that its
processor lines - Naples, Rome, as well as the next generation - Milan, will be compatible.

Based on the variations of number of cores (Table 24 and Table 25) several selections are possible for the new
Rome line:

* Whilethe 8-core version isalow price solution, it is unsuitable for HPC environments
e 12-, 16-, 24-cores provide generally good performance and are suitable for many HPC workloads

» 32-core EPYC2 CPU offers great price/performance with relatively good core count and suitability for HPC
workloads

e 48-, 64-core EPYC2 CPU - suitable for many HPC workloads. While the higher number of cores provides
great cost effectiveness and energy-efficiency, many memory-bound HPC applications might show diminishing
results. If the application is not memory-bound, those EPY C2 models are excellent selection.

In this respect, many of the family models provide over 1 TFLOPS double precision performance, with several
CPUs capable of over 2 TFLOPS (Figure 50 illustrates the performance details).

1000 1500 2000 2500 3000 3500
I 1 1 | |

G1igaFLOPS (floating-point operations / sec)
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I

2 A R I O R N
f@"? o &q (,9"8 $ ff’ PO 'ﬁ’ 09 S R
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Figure 50. AMD EPY C2 Family Theoretical Peak Performance (AV X2 instructions)

Severa centers, two of which are presented in section Section 4.6, “European AMD processor based systems”,
have already selected EPY C 7742 processors for their new systems. In September 2019 AMD introduced the
EPY C 7H12, which uses 7nm Zen 2 architecture (64 cores/128threads, 256 MiB L3 cache, and 128 PCI-4 lanes).
The new processor utilises the highest base clock speed, running at 2.6 GHz and boosts up to 3.3GHz, making it
thefastest Rome 64 CPU available (7742, by comparison, runsat 2.25GHz). The 7H12isgeared for liquid-cooling
buildsin order for the high TDP of 280W to be maintained.

The Zen 2 microarchitectureis based on the x86-64 architecture and it follows the AMD multichip module design,
although significant design changes are observable in the Zen2 microarchitecture, including the support of PCle
version 4.0.
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Table 24. AMD Family Information

Basic Description

I nformation

Architecture Zen 2

codename

Launch date 7 Aug 2019

Base frequency Minimum2GHz

L1 cache 4MiB

L2 cache 32MiB

L3 cache 256MiB

Manufacturing 7nm, 14nm

process

technology

Maximum 3.4GHz

frequency

Number of Up to 64 per socket (with options for 8-, 12-, 16-, 24-, 32-, 48-, 64-cores)
cores

Number of Up to 128 per socket

threads

Notable changes Up to 16 double-precision FLOPS per cycle per core. Full support for
inZen2 256-bit AV X2 instructions with two 256-bit FMA units per CPU core
NUMA Simplified design - one NUMA domain per CPU Socket Uniform
Architecture latencies between CPU dies and fewer hops between cores

A simple comparison with the Intel Cascade Lake CPUs highlights the tremendous performance advantages of
EPY C Rome chips, compared to the ones offered by Intel (see Table 25).

Table 25. Comparison between AMD Rome and Intel

Feature EPYC ROME Xeon Cascade Lakes-SP | Xeon Cascade L akes-AP
Cores 8to 64 61028 32t056
PCI Generation 4 3 3
PCI Lanes 128 48 64 (available: 40)
Memory Channels 8 6 12
Max. Memory Speed 3200MHz 2933MHz 2933MHz
Max. Memory Capacity 4TiB 1-4.5TiB 3TiB
Lithography 7nm chip module and 14nm 14nm

14nm 1/O module

4.1. System Architecture

Zen 2 continues the multichip module design architecture, with the Rome processors designed around 9 chiplets
(known as multi-chip modules) in amixed process design. Eight of those are Compute core dies (CCD), which are
with a size of 74mm?. Each of the CCDs contains two Compute Core complexes (CCX) which have four Zen 2
cores with their own L2 cache and a shared L3 cache. Each CCX has 16 MiB of L3 cache. Each of the logic chips
contains 3.9 billion transistors and are manufactured on TSMC 7nm process. The 7-nanometer process produces
twice the transistor density, leading to a total of 39.54 billion transistors on the chip. Both the CPU and cache
complexes, being built on the 7nm process are able to significantly reduce the power and space required in order
to double the cores and the available L 3 cache. Each core supports simultaneous multi threading (SMT), allowing
the execution of 2 threads per core.
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Figure51. AMD Comparison between Monolithic, Naples and Rome Designs[46]

For Zen2, AMD has reshaped the communication structure entirely. The die positioned in the middle (ninth die)
is a dedicated Input/Output die (I0D) and is responsible for connecting each compute die to al others as well
asto other CPUs through the infinity fabric links (see Figure 51 upper right plot). In other words, no chiplet can
directly communicate with another, they connect first through the 1/0 die. Within the 1/O chip are al the PCI
lanes for the processor, the memory channels and the Infinity Fabric links. It is etched in the Global Foundies
14nm proces surrounded by the processing chiplets containing the core complexes (see Figure 51). Compared
to the Naples microarchitecture, where to send data across CCXes, each CCX is connected to a Scalable Data
Fabric (SDF) by means of he Cache-Coherent Master (CCM), quite alot of balancing issues were observed. In
the Zen2, due to the presence of an 1/0 central hub, all communications occur off-complex chip. This makes the
software optimisation significantly easier, compared to the NAPLES since each processor would have only one
memory latency environment and thus each core will have the same latency to simultaneously reach al eight
memory channels.

In Zen2 the I/O chip houses atotal of 4 DDR blocks, containing a pair of memory controllers, contributing to a
total of 8 memory controllers. The controllers support a memory of 3200MT/s and if al the memory dlots are
filled, one can yield amaximum of 410GiB/sec peak memory bandwidth per socket. In Romethe 1/O chip support
PCle 4.0 lanes, which are used to bind a pair of Rome complexes (64 bi-directional lanes used to connect the
Rome chips to one another via Infinity fabric). The Rome processor has 128 PCle 4.0 lanes that are able to reach
out to peripheral devices, as well as the ability to be utilised as NUMA interconnects in a two-socket server. In
atwo-socket system, although each processor supports 128 PCle lanes, the NUMA coupling requires 64 lanesto
implement the NUMA links between the two sockets, therefore leaving a total of 128 PCle lanes for peripherals
that are configurable in avariety of ways (Figure 52). One PCle 4.0 x16 is able to provide up to 36 GB/s in both
directions, providing up to 288GB bi-directional bandwidth. Since each CPU has 8x16 PCle 4.0 links present,
they can be split up between up to 8 devices per PCle root. Since Rome implements version 4 of the PCle, it is
capable of doubling the bandwidth and supports 100Gbits/s and 200Gbits/s adapters. Moreover, the lanes can
be used singly, can be paired (x2) for storage purposes, potentially providing around 50 NVMe drives as well as
access to a high-speed host adapter (i.e. 200Gbits adapter (HDR) from Mellanox). Moreover, thereis a maximum
of 512Bytes Direct-Memory Access payload size through the PCle links.
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Figure 52. AMD Rome PCleand how bifurcation can be used: with a x16 PCleyou can split it in multiple

ways: 1 x8 and 2x4, or 4x4[45]
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There are some changes in the cores within the Zen2 architecture. There are four arithmetic logic units (ALUS),
and the address generation unit (AGU) count in Zen2 is increased to three. Both ALU and AGU schedulers are
improved in Zen2, with increased size for the register file and reordering of the buffers. The imbalance in simul-
taneous multi threading (SMT) observed in Naples ALUs and AGUs is dealt with by tweaking the algorithms.

32K L1I Cache (8 way) Branch Prediction
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Figure54. Integer and floating-point instruction unitsin the Zen 2 cores[46]

The new architecture has improved the branch target buffer (BTB) instruction pre-fetching, larger op cache, and
optimised instruction cache compared to Naples. AMD enlarged the pOP cache to increase the instruction stream
throughput, as well as adapted the pOP cache tags.

Sincethe BTB which holdsthe branch instruction address and their respectivetarget (Figure 56) attemptsto predict
the branches so possible pipeline stalls can be mitigated, EPY C Rome architecture has extended almost twice the
branch capacity. The L1 BTB is now of size 512 entry, while the L2 being of 7168 entries. Along with the LO
BTB at 16 entries (8 forward and 8 backward taken branches) and the indirect target array to 1K entries, thisleads
to a decrease of about 30% of the mispredict rate, which in turn helps to save power.

Due to the huge pipeline length and width, a bad branch prediction can lead to more than 100 slots being flushed
which causes aloss in performance. To mitigate this, AMD preserves the hashed perceptron prefetch engine for
L1 fetches, it improved the TAGE prediction, which is used for L2 prefetches and beyond by adding the ability
for longer branch histories by using additional tagging. Branch evaluation is performed later, thereby allowing the
actual branch solution to ater the fetching of instruction and consequently refine the prediction.

To predict areturn address from anear call, the system uses a 32-entry return address stack (RAS) with 31 entries
available in single-threaded mode, and 15 per thread in two thread mode. If the RAS can't recover from amispre-
diction (which israrely the case) it is flushed.

Zen?2 has doubled the indirect target array prediction size to 1024-entries, which is responsible for instance cals
through a function pointer. Therefore in a situation where a branch has multiple targets, the prediction selects
among them based on the global history located at the L2 BTB.

Importantly the transl ation between virtual and physical fetch addresses have been moved in the ZEN architecture
into the branch unit, which enables earlier instruction fetching. The trandation is supplemented through a two-
level trandlation lookaside buffer (TLB). It has retained the same sizein ZEN2 asin the previous generation. The
L1 instruction TLB which is fully-associative and has 64 entries. It can hold 4kiB, 2MiB, or 1GiB page table
entries. The L2 instruction TLB is 8-way set-associative and has 512 entries and can hold 4kiB and 2MiB page
table entries.
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For the vector size, Naples had apair of 128-bit vectors and therefore two operations were required to accomplish
an AV X-256 instruction. In the Zen2 microarchitecture, the vector is extended to 256 and thus there is only one
instruction required per clock, which naturally leads to less wasted power and performance gains. To feed the
increasing floating-points, Rome has extended the L 1 read/write bandwidth to 256 Bytes per cycle. Additionally,
the loads and stores are extended to 256-hit, providing a continuous feeding of the FMA units. While double-pre-
cision multiply necessitated four cycles in the previous generation EPY C processors, in Rome it requires only
three, improving not only the throughput but the power efficiency of floating-point (Figure 55 for vector size
improvement, although it islisted only for integer) operation. Moreover, in the floating-point unit, there are up to
four micro-ops per cycle accepted in the queues from the dispatch unit, feeding into a 160-entry physical registry
file. Consequently, those are moved into four execution units, fed with 256 Bytes of data (Ioad/store mechanism).
When we consider theinteger unit, it isableto take up to six micro-ops each cycle, feeding into a224-entry reorder
buffer. The integer unit, for instance, has 7 execution ports, consisting of 4 ALUs (arithmetic logic unit) and 3
AGUs (address generation unit).

Finally, the floating-point width for the Rome is 256bits, as well as the bandwidth into and out of load/store
units consisting of 256-hit data paths. The floating-point registers are as well of size 256 bits. This ensures 4x
floating-point performanceincrease of Rome compared to Naples, due to the presence of twice as many cores and
vector units that are doubled in width.
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Figure55. IPC for integer instructions [46]
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Figure56. AMD Zen 2 core diagram [44]

4.1.1. Cores - «real» vs. virtual/logical

The cores in a modern processors are very complex, there is a number of executional units within each one: de-
coding-; load/store-; integer-; floating point-; vector- units, just to mention a few. For some of these even more
than one. To take advantage of this the core have a mode where it can run multiple streams of instructions, simul-
taneous multi threading (SMT) [72] or Hyper Threading (HT) [73].

In practical termsthe SMT manifestsitself by providing aset of virtual cores. In the case of selecting SMT-2 mode
twice as many and for SMT-4 four times. Seen from the Operating System's view (including user perspective) it
looks like we have 2x or 4x number of coresto use. Most tools and queriesto the OS report the number of virtual
cores. It takes a closer look to reveal if the cores are virtual or not.
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The mentioned larger number of cores is somewhat deceiving as the executional units are the same. For diverse
load with a wide spectrum of different applications and processes this can be beneficial. It can also help to hide
both memory and 1/O wait as the other instruction streams can continue without any context switching. This
has been less beneficial for HPC workloads where the instruction streams are normally equal as MPI jobs tend
to run multipls copies of the same executable and OpenMP created multiple identical threads from a parallised
loop. Hence the instructions streams tend to request the same executional units of which there a fixed amount of
regardless of how many virtual coresthere are.

4.1.2. Memory Architecture

The 4 memory blocks on the Zen2 support 2 DDR4 DIMM per block, each of amaximum of 3200MT/s, aswell as
support for RDIMM, LRDIMM, 3DS, and NVDIMM form factors. Thus the maximum capacity with two DIMMs
per channel will be 4TiB.

When we consider the bandwidth on the chip, one should note that the bus width of the memory controller is
8 bytes per channel, making the maximum memory bandwidth per socket 8 x 8 x 3200 = 204.8GiB/s. In the
previous generation (Naples), the chiplets could perform a 16 Byte read and 16 Byteswrite operation in onefabric
clock. Respectively in Rome, the chiplets can perform 32 Bytesread and 16 Byteswrite per fabric clock as shown
in figure [47] . Each of the four memory blocks contains 2 controllers in charge of 2 DIMMSs each. According
to AMD there is an improved average memory latency by 24ns (19%), while the minimum (local) latency only
increases 4ns with chiplet architecture.

On a 64 core socket the memory controllers (see Figure 59), each with two memory channels, interconnected
through the Infinity fabric with a 16 Byte write at memory clock Figure 59 point to a bottleneck at the entry point
of theinternal chip interconnect, which serves two PCI-4 128 bits, therefore twice decreasing the maximum data
transfer from external memory to processor. Thus a DDR4 running at 3200MHz in reality transfers data with a
frequency of 1600MHz. The bus width of each memory controller is 8 bytes per channel, achieving a maximum
memory bandwidth for a socket at 8 x 8 x 3200 = 204.8GiB/s.

Two CCDs (each with 8 cores) will each have alocal connection to amemory controller with two dedicated 32B
read and 16B write links through the infinity fabric (which putsit at maximum 1600MHz). The GMI-2 interface
functions as an extension of the data fabric from the I/O dies to the CCDS therefore allowing a bi-directional 32-
lane IFOP link which issimilar to the die-to-die linksin the EPY C Naples and Threadripper processors. Therefore
AMD increases the die-to-die bandwidth from 16 B reads + 16B write to 32B read + 16B write per f-clock.

Each Rome CPU, based on Figure 58 will have the following byte per flop memory ratio. Considering the highest
frequency memory isused - DDR43200MHz and the fact that Rome has 8 memory channelswith reading 32Bytes
per clock, we will have 32bytes x 8channels x 1600MHz = 409600Bytes, and the peak performance of 7742
processor being 2.25TFLOPS, thus the byte per FLOP ratio is 409600/(2.25 x 1000000) = 0.18.
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Figure 57. AMD Zen 2 improved memory latency. Switch (depicted in brown): 2 FCLK (1.46GH2z) (low-
load bypass, best-case). The yellow lines represent repeater: 1 FCLK (1.46GHZz). The green parts depict
asignledomain [47]
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For the cache size, each Zen2 core has an available 32 kiB L1 instruction cache. The freed physica space (in
Naples the L1-1 was 64kiB) is alocated for the op and branch prediction units. L1 data and instruction caches
(both at 32kiB) are with an eight-way associativity, with a doubled floating-point data path width. Both of them
resideinside of the core next to each other. The L2 cache hasa512kiB 8-way associativity. Compared to L2 which
isan inclusive cache, the L3 is non-inclusive. The L3 cache available for each chiplet is 16 MiB (CCX with each
having a 32MiB of L3 cache (see Figure 58)), with all 8 chiplets reaching a combined capacity of 256MiB L3
cache. Due to the fact that the size of L3 is dightly increased, latency increases as well. L1 remains 4-cycle, L2
12-cycle, while L3 goesto ~40 cycles (indicative for larger caches, which end up with somewhat slower latency).

16MB L3

16MB L3

re3

Figure 58. AMD Rome Cache Representation for a CCX.Upper plot represent how cores (Z2), L2 and
shared L3 within a CCX. Lower plot representsthe L3 cache for a group of 4 coreswith the CCX and its
respective L 3 segmentation reach
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Asfor the caches feeding the Zen 2 cores, al of the structures supporting the caches are bigger and provide more

throughput, driving up that Instructions Per Cycle (IPC) as seen from Figure 60.
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4.1.3. NUMA

EPYC™ 7002 SERIES PROCESSORS EPYC™ 7002 SERIES PROCESSORS

NPS = NUMA Nodes Per Socket NPS = NUMA Nodes Per Socket

Figure 61. AMD Rome Numa Repr esentations [47]

One of the big performance improvements is the new way the NUMA domains are created. For a two socket
configuration, in Naples, there were 8 NUMA domains and 3 different distances from any die to another, where
the memory is hanging. In Rome where there are only 2 NUMA domains and just two different distances (see
Figure 61) - just one hop from one chiplet through the 1/0 hub to the memory attached to any processor, and
another hop through the infinity fabric to a second 1/0 hub where the memory is situated at. Rome thus requires
fewer NUMA hops when moving data from one part of a processor complex to another. Each of the complexes
can also represent asingle NUMA domain, achieving more even and therefore better performance across broader
types of tasks.

One should keep in mind that although the entire 64-core chip is a one big NUMA node, the chip isin essence
16x4 cores, each having a 16MiB L 3-caches. That means that once you fill the 16MiB cache, the main DRAM
needs to be accessed, although using prefetching can alleviate some of this problem.

Because each chiplet connects to the same I/O and memory hub, one would require one less NUMA hop to reach
from one chiplet to another, therefore simplifying the NUMA socket structure and decreasing the sharing memory
overhead across the chiplets within a socket and across sockets.

For instance, the EPY C 7702P 64 coretopology in aSupermicro W10 1U platform would be seen below withan L3
cache split acrossthe cores. If one uses 256 GiB of memory, the entire oneisattached to alarge NUMA node (since
all 64 cores are one NUMA node). Similarly, the PCle is attached to a single NUMA node (compared to Naples
where both memory and PCl€e's would have been attached across four NUMA nodes). Moreover keeping each
socket asasingle NUMA domain simplifies virtualisation and application sizing, while keeping the performance
consistent.

[

Figure 62. AMD Rome 7702P Supermicro WIO 1U platform [48]
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In atwo-socket variant (128 cores/256 threads) the topology is seen Figure 63:

e

Figure 63. Two socket variant for a WI1O platform [48]

Interestingly, AMD Rome allows for multiple NUMA domains on asystem, in asimilar manner to the Intel Xeon
Sub-NUMA clustering (SNC). Thus we can partition the EPY C 7002 into four NUMA nodes, which provides up
to two compute dies and % of the 1/O die for each NUMA node. Consequently, we are able to keep data flowing
through the shortest paths in the system. The default setting in Rome 7002 system is NPS=1 (as seen in Figure 62
and Figure 63). One requires the NPS to be changed to 2 or 4 for testing purposes.

4.1.4. Balance of AMD/Rome system

The balance between memory bandwidth and floating point performance is a key factor in high performance
computing. The ratio of floating point operations per byte of memory bandwidth is of great importance.

The memory bandwidth might look impressive, but taken into account that thisis an aggregate number for al the
128 coresthe number per coreisless. The memory bandwidthisjust 2.7 GiB/s per core. With amemory bandwidth
of up to 340GiB/s and 3690GFL OPS the number for each of the nodes on the system Betzy (Section 4.6.2)
(with 128 core nodes) is about 10-11 floating point operation per byte of memory bandwidth. Using net measured
numbers.

4.2. Programming Environment

4.2.1. Available Compilers

All compilers that run under x86-64 will normally run on the EPY C processor. However, not all compilers can
generate optimal code for this processor. Some might just produce a smallest possible common subset of instruc-
tions, using x86 instructions and not even attempt to use the vector units. This varies from compiler to compiler
and is both vendor and version dependent. There are obvious candidates, the Intel compiler cannot be expected to
support the EPY C processor for natural reasons. On the other hand GNU compilers might do agood job optimizing
and generating code for the EPY C.
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Compilersinstalled and tested:

* AOCC/LLVM compiler suite, clang ,flang / cc, fortran (version 2.0.0)
» GNU compiler suite, gcc, gfortran, g++ (version 9.1.0)

* Intel compiler suite (Commercial) , icc, ifortran, icpc (version 19.0.4)

» PGI compiler, pgce, pgCC and pgfortran (version 20.1)

4.2.2. Compiler Flags

4.2.2.1. AOCC

Table 26. Suggested compiler flagsfor AOCC compilers

Compiler Suggested flags

clang compiler -O3 -march=znver2 -mfma -fvectorize -mfma-mavx2 -m3dnow
clang++ compiler -O3 -march=znver2 -mfma-fvectorize -mfma-mavx2 -m3dnow
flang compiler -O3 -mavx2 -march=znver2

The clang compiler is under development with assistance from AMD. The options may change, more information
about the usage of the clang compiler is available online [127]. For the Fortran compiler online documentation is
also available[128]. This compiler suiteisunder heavy development and subject to change. Please visit the AMD
developer site to obtain the latest information and rel eases.

The optimisation flags O3 and Ofast invoke different optimisations. The Ofast can invoke unsafe optimisations
that might not yield the same numerical result as O2 or even O3. See Section 2.2.1.2, “Usage of optimisation
flags’ for more on this.

The Zen architecture in the EPY C processor does no longer support FMA4. However, sources claim it still is
available and works, See [44]. However, it might suddenly just vanish, hence any usage of the flag -mfma4 should
be avoided.

4.2.2.2. GNU

Table 27. Suggested compiler flagsfor GNU compilers

Compiler Suggested flags

gcc compiler -03 -march=znver2 -mtune=znver2 -mfma-mavx2 -m3dnow -fomit-frame-pointer
g++ compiler -O3 -march=znver2 -mtune=znver2 -mfma-mavx2 -m3dnow -fomit-frame-pointer
gfortran compiler -O3 -march=znver2 -mtune=znver2 -mfma-mavx2 -m3dnow -fomit-frame-pointer

4.2.2.3. Intel compiler

ThelIntel compiler isdeveloped and targeted for the Intel hardware and hence it has some minor issues when using
it with AMD hardware.

Table 28. Suggested compiler flagsfor Intel compilers

Compiler Suggested flags

Intel C compiler -O3 -march=core-avx2 -fma-ftz -fomit-frame-pointer

Intel C++ compiler -O3 -march=core-avx2 -fma-ftz -fomit-frame-pointer

Intel Fortran compiler -O3 -march=core-avx2 -align array64byte -fma -ftz -fomit-frame-pointer

The flag "-march=core-avx2" is used to force the compiler to build AV X2 code using the AV X2 instructions
availablein EPY C. The generated assembly code doesindeed contain AVX (AVX and AV X2) instructions which
can be verified by searching for instructions that use the "ymm" registers. The documentation states about the "-
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march" flag "generate code exclusively for a given <cpu>" It might not be totally safe to use this on none Intel
processors.

AMD claims that the EPY C processor fully supports AV X2, so it should be safe to use "-xAVX". Using the "-
XCORE-AVX2" can aso betried, but it might fail in some cases, see below. In addition this might change from
version to version of the Intel compiler. The only sureway istesting it by trial and error. To illustrate this point, in
some cases like the HPCG (an aternative top500 test) benchmark, the option "-march=broadwell" worked well,
e.g. produced the best performing code.

Testing have shown that full vector/AV X support ispossible, if the main() function is not compiled with full AV X/
AV X2 support, e.g. using the flag "-xavx", "-xavx2" "-xcore-avx2". If the main is compiled with any of these the
test is triggered and program will just abort with messages that the processor is not compatible. In addition the
flag "-ipo" must be avoided, if thisis omnipresent the test will also be triggered and program will abort.

Performance gain can be quite significant. The table below show atest with the reference implementation of matix
matrix multiplication (N=5000). Only the dgemm.f file have been compiled with the different flags. The testing
program is compiled with only "-O3".

Table 29. Performance effect of Vectorisation flags

Vectorisation flag Single cor e performance
-03 4.33GFLOPS
-O3 -march=core-avx2 4.79GFLOPS
-O3 -xavx 17.97GFLOPS
-03 -xavx2 26.39GFLOPS
-O3 -xcore-avx2 26.38GFLOPS

If on the other side the peak performance is not paramount the safe option would be to use the "-xHost" which
generate instructions for the highest instruction set and processor. The flag "-axAV X" can be used which let the
run time system performs checks at program launch to decide which code should be executed. On the other hand
just omit any flag setting the processor type. Please verify performance as optimal code might not be generated.

When operating an amixed GNU g++ and Intel C++ environment the flags controlling C++ standard areimportant.
The flag "-std=gnu++98" is needed to build the HPCG benchmark and in other cases newer standards like "-gnu
++14" are needed.

4.2.2.4. PGI

Table 30. Suggested compiler flagsfor PGl compilers

Compiler Suggested flags

PGI C compiler -0O3 -tp zen -Mvect=simd -Mcache_align -Mprefetch -Munroll
PGI C++ compiler -03 -tp zen -Mvect=simd -Mcache_align -Mprefetch -Munroll
PGI Fortran compiler -O3 -tp zen -Mvect=simd -Mcache_align -Mprefetch -Munroll

PGI C++ uses gcc version to set the different C++ versions. The installed versions support C++17 and older.
Online documentation is available [126].

Analysis of the generated code shows that using the SIMD option as suggested does generate 256 bits wide vector
instructions and that the call for Zen architecture also triggers generation of 256 bits wide FMA and other vector
instructions.

4.2.3. AMD Optimizing CPU Libraries (AOCL)

AOCL areaset of numerical libraries tuned specifically for AMD EPY C™ processor family. They have asimple
interface to take advantage of the latest hardware innovations. The tuned implementations of industry standard
math libraries enable fast development of scientific and high-performance computing projects.
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Table 31. Numerical librariesby AMD

Library name Sour ce code Functions

BLIS Open Basic Linear Algebra
Subprograms (BLAS)

libFLAME Open LAPACK routines

FFTW [114] Open Collection of fast C routines

for computing the Discrete
Fourier Transform (DFT) and
various special cases thereof

ScalL APACK Open Library of high-performance
linear algebraroutines for parallel
distributed memory machines

Random Number Generator Library Closed Pseudorandom number
(RNG) generator library
Secure Random Number Generator Open Library that provides APIsto
(RNG) access the cryptographically
secure random numbers
libM Closed Math library (libm.so,

sart, exp, sin etc)

For more detailed information about the AMD libraries please consult the AMD web pages about libraries [139].

4.2.4. Intel Math Kernel Library

While Intel MKL [33] is not fully supported on AMD by Intel for natural reasons it can nevertheless be used
with AMD EPYC.

4.2.4.1. MKL with Intel compiler

When building code for Rome using the Intel compiler and the flags suggested in Table 28, “ Suggested compiler
flagsfor Intel compilers’ the simple solution isto just include -mkl in order to link with the Math Kernel Library.

4.2.4.2. MKL with GNU compiler

When using the GNU compiler the situation is somewhat more complicated. The following lines from the HPL
build script might serve asa guideline.

-L/opt/intel/nkl/1lib/intel 64 \
-W,--start-group \
lopt/intel/nkl/lib/intel 64/1ibnkl _gf | p64.a \
fopt/intel/nkl/lib/intel 64/1ibnkl _gnu_thread.a \
fopt/intel/nkl/lib/intel64/1ibnkl _core.a \

-l nkl _avx2 -W,--end-group -Ipthread -1dl -Im

Using amore simplified pure dynamic linking could look like this:

-L/opt/intel/nkl/lib/intel 64 -1kl _gnu_t hread\
-1kl _avx2 -1 nkl _core -Inkl _rt

There are several combinations that work, it isbit trial and error. The web page "Intel® Math Kernel Library Link
Line Advisor" [111] can offer some help.

As always with threaded libraries the OpenM P flag should be set both compile time and link time.

The support Math Kernel Library for AMD is limited.
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4.2.5. Library performance

Comparing library performance is not trivial, there are literally hundreds of different functions. Only very few
functions can be tested and only selected libraries can be evaluated. As most HPC computation involve Linear
algebraand Fourier transformsthose two have been selected for comparison. Numbers below arefor asingle node.

Table 32. Performancelibrary performance

Benchmark test
HPL (128 cores)
FFT 1d (62500MiB) (Single core)

AMD libraries (2.1)
3400GFLOPS
197.428 seconds

Intel MK L (2018.5)
3411 GFLOPS
103.584 seconds

The Math Kernel Library isavery good option for AMD processors, even if not fully supported.

4.3. Benchmark performance

4.3.1. Stream - memory bandwidth benchmark

The STREAM benchmark [119] iswidely used to demonstrate the system's memory bandwidth, see Section 2.3.1
for an introduction. In short the following operations are performed:

Copy: a(i) = b(i)

Scale: a(i) =q * b(i)

Sum a(i) = b(i) + c(i)
Triad: a(i) =Db(i) +q * c(i)

The table shows the highest bandwidth obtained using some of the highest performing processor binding. The
figures show the need for thread core placement and binding.

Table 33. Compiling options used for STREAM benchmarking on AMD Rome

System and Compiler

Compiler Options

Betzy (Section 4.6.2), Intel icc
(2018.5) incl. MKL

-Ofast -DN=2500000000 -DNTIMES=10 -DSTATIC -mcmodel=large
-qopenmp -shared-intel -ffreestanding -gopt-streaming-stores always

The compilation flags used are a.0. selecting steaming stores which effectively bypass some cache layers and
might not be beneficial for applications that reuse already fetched data. The streaming stores are beneficial when
the data are not being reused, e.g. they will not fill up the caches unnecessarily.

The results below is obtained from a single compute node on the Betzy system (described in Section 4.6.2).

Table 34. STREAM results (humbersin M B/sec)

Binding Threads Copy Scale Add Triad
OMP_PROC_BIND=true 128 322201 322214 324189 323997
KMP_AFFINITY =Scatter 128 322235 322344 324225 324220
OMP_PLACES=cores 128 322155 322100 324118 323948
OMP_PLACES="{0:16}, 128 325624 327319 323229 327059
{16:16} {32:16} ,{48:16},

{64:16} {80:16} ,{96:16},

{112:16}"

OMP_PLACES="{0:8:2}, 64 337715 337884 340005 340011
{16:8:2} ,{32:8:2} ,{48:8:2},
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Binding Threads Copy Scale Add Triad
{64:8:2},{80:8:2} ,{96:8:2},

{112:8:2}"

OMP_PLACES="{0:4:2}, 32 322360 321852 313485 312295

{16:4:2} {32:4:2} {48:4:2},
{64:4:2} ,{80:4:2} {96:4:2},
{112:4:2}"

400
N\ Bind-128

7777 Affininity-128
Place-cores-128
Place-fixed-128

w
(0]
o

w
(o))
o

XXX Place-fixed-64
HHH  Place-fixed-32

w
g
o

Memory Bandwidth [GB/s]
0
o

Scale
Stream test

Figure 64. Betzy STREAM benchmark, please see Table 34 above for details of the different runs

Memory bandwidth in excess of 340GiB/s is relatively good for compute nodes of this class. The importance of
processor pinning clearly demonstrated by the performance of fixing threads on 64 cores, 32 cores per socket.
Spreading the memory load optimally. No tests to assess the power usage vs. processor frequency have been
performed with Betzy.

4.3.2. High Performance Linpack

The table below shows the results from running HPL on a single node on Betzy. The tests were run with hyper-
threading, SMT on, yielding atotal of 256 cores, two virtua cores or threads per core, (Section 4.1.1). Processor
placement was used. The processor frequency was monitored and found be at it's nominal value at 2.25GHz. The
HPL was built using OpenMPI (4.0.2) and Intel compiler suite (2018.1.163) including MKL as multithreaded
BLAS ibrary.

Table 35. HPL performance numbersfor single nodein Betzy. All numbersin GFLOPS

Ranks/ Threads HPL parameters® 128 cores 256 cores (SMT-2)
8/16 N=160000 NB=192 3691.28 n.d.
16/8 N=160000 NB=192 3648.54 n.d.
16/16 N=160000 NB=192 n.d. 3276.79
32/8 N=160000 NB=192 n.d. 3209.83

&Mlinor parameters; WROOC3L 3.

As might be expected, 128 cores gives the best performance results. All hardware cores are fully engaged and
there is no contention on their resources from hyper-threads. The combination of number of ranks versus number
of threads per rank for hybrid models are always a tradeoff. A bit of testing is aways good. Scaling properties of
the multithreaded library is always important.
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4.4. Performance Analysis

There are several toolsthat can be used to do performance analysis. The eco-system of performance analysistools
spans over a wide range of frameworks for profiling, tracing and (most often) combination of both techniques.
Below an outlook of the most wide-spread tools for the standard CPUs as well as tools for AMD processors is
given, which can be used on the high-performance AMD systems.

4.4.1. perf (Linux utility)

The package perf isasimple easy to use performance monitoring and analysistool for Linux. Perf is based on the
perf_events system, which is based on event-based sampling, and it uses CPU performance countersto profile the
application. It can instrument hardware counters, static tracepoints, and dynamic tracepoints. It also provide per
task, per CPU and per-workload counters, sampling on top of these and source code event annotation. It does not
instrument the code, so that it has areally fast speed and generates precise results[135].

Y ou can use perf to profile with perf record and perf report commands:

1 perf record -g <app> <options>
2 perf report

The perf record command collects samples and generates an output file called perf.data. To get the call graph,
we pass the -g option to perf record. The perf.data file can then be analyzed using perf report and perf annotate
commands.

Below isan example of using the perf tool for the Conjugate Gradient (CG) from the NAS Parallel benchmark with
the OpenMP programming model (NPB-OpenMP). The CG application of the C class with the AMD Optimizing
C/C++ Compiler (AOCC) was compiled and run on one AMD Rome compute node with 4 OpenMP threads.

$ cd ~/ NPB3. 4/ NPB3. 4- OVP/
$ perf record ./bin/cg.C x
$ perf report
# To display the perf.data header info, please use --header/--header-only
# options.
#
# Total Lost Sanmples: O
#
# Sanpl es: 576K of event 'cycles:u
# Event count (approx.): 479959862103
#
# Overhead Command Shared bject Synbol
B
#
81.92% cg.C. x cg. C. x [.] MAIN__5F1L462_
6.16% cg.C. x cg. C. x [.] sparse_
5.76% cg.C. X i bomp. so [.] __knp_hardware_tinestanp
3.58% cg.C. x i bomp. so [.] _knp_hyper _barrier_rel ease
1.82% cg.C x i bomp. so [.] _knp_barrier
0.09% cg.C. x cg. C. x [.] randlc_
0.06% cg.C. x cg. C. x [.] sprnvc_
0.04% cg.C. x libc-2.28.so0 [.] __nmenmmove_avx_unal i gned_erms
0.03% cg.C. x [ unknown] [kK] Oxffffffffa9c0lc20
0.03% cg.C. x [ unknown] [kK] Oxffffffffa93390b7
0.02% cg.C. x [ unknown] [kK] Oxffffffffa9255c7hb
0.02% cg.C. x [ unknown] [k] Oxffffffffa9226¢c6b
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0.02% cg.C. x l'ibc-2.28.so0 [.] __sched yield
0.02% cg.C. x [ unknown] [kK] Oxffffffffa9c00010
0.01% cg.C. x [ unknown] [k] Oxffffffffa9a55d59
0.01% cg.C. x [ unknown] [k] Oxffffffffa9c0001lc
0.01% cg.C. x i bormp. so [.] _knp_yield

0.01% cg.C. x cg. C. x [.] MAIN__4F1L306_
0.01% cg.C. x l'ibc-2.28.so0 [.] __menmset_avx2_unal i gned_ermns
0.01% cg.C. x [ unknown] [k] Oxffffffffa92e6le3
0.01% cg.C. x cg. C. x [.] MAIN__1F1L167_
0.01% cg.C. x [ unknown] [k] Oxffffffffa92e568c
0.01% cg.C. x [ unknown] [kK] Oxffffffffa92e9690
0.01% cg.C. x [ unknown] [kK] Oxffffffffa9a68800
0.01% cg.C. x [ unknown] [kK] Oxffffffffa92f17d7
0.01% cg.C. x [ unknown] [kK] Oxffffffffa92df320
0.01% cg.C. x [ unknown] [k] Oxffffffffa9c00013
0.01% cg.C. x [ unknown] [k] Oxffffffffa92f1450
0.01% cg.C. x [ unknown] [k] Oxffffffffa9226bl5

Perf is based on the perf_events interface exported by recent versions of the Linux kernel. More information is
available in the form of amanual [136] and tutorial [137].

Newer Linux kernels have a sysfs tunable /proc/sys/kernel/perf_event_paranoid which allows the user to adjust
the available functionality of perf _events for non-root users, with higher numbers being more secure (offering
correspondingly less functionality):

e -1- not paranoid at all;

» 0- disalow raw tracepoint access for unprivileged users;
» 1-disalow CPU events for unprivileged users,

o 2 - disallow kernel profiling for unprivileged users.

More clearly the Linux perf_event_paranoid setting is shown in Figure 65.

low level of security high level of security

perf_event paranoid

-1 0 1 2
Kernel profiling Kernel profiling Kernel profiling
CPU events CPU events

Raw tracepoint access

Figure65. Linux perf_event_paranoid setting

4.4.2. perfcatch

The perfcatch utility provides a performance profile for an MPI program or SHMEM program. This profiling tool
gathers statistics that show information such as the following:

* the amount of time that your program spendsin MPI;
« the number of messages sent;

* the number of bytes sent.
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For example, the perfcatch utility runs an MPI program with a wrapper profiling library (libmpi.so) that prints
MPI call profiling information to a summary file upon MPI program completion.

The following format shows how to use the perfcatch command:
npi exec_npt [ npi_paranms ] perfcatch [ -i ] cnmd [ args ]

By default, perfcatch assumes an MPT program. The perfcatch utility accepts the following arguments.
e Thempi_params argument specifies the MPI parameters used to launch the program (optional).

» The-i argument specifiesto use Intel MPI.

» The cmd argument specifies the name of the executable program.

» The args argument specifies additional command-line arguments (optional).

To use perfcatch with an MPI from HPE program, insert the perfcatch command in front of the executable file
name, as the following examples show:

npi exec_npt -np 64 perfcatch a.out
To use perfcatch with Intel MPI, add the -i option, asfollows:
npi exec_npt -np 64 perfcatch -i a.out

The perfcatch utility output file is called MPI_PROFILING STATS. Upon program completion, the
MPI_PROFILING_STATSfileresidesin the current working directory of the MPI process with rank O.

This output file includes a summary statistics section followed by a rank-by-rank profiling information section.
The summary statistics section reports some overal statistics. These statistics include the percent time each rank
spent in MPI functions and the MPI process that spent the least and the most timein MPI functions. Similar reports
are made about system time usage.

In the rank-by-rank profiling information, thereisalist of every profiled MPI function called by a particular MPI
process. Thereport includes the number of callsand the total time consumed by these calls. Some functions report
additional information, such as average data counts and communication peer lists [102].

4.4.3. AMD pProf

The AMD pProf is a suite of powerful tools to perform CPU and Power analysis of applications running on
Windows and Linux operating systems on AMD processors. It allows devel opersto better understand the runtime
performance of their application and to identify waysto improveits performance. The AMD pProf has a graphical
user interface (GUI). Additional information can be found at the AMD web pages [101].

A workflow of the AMD pProf profiler consists of the following steps:
« creating a profile configuration;

* creating the profile;

 analyzing the profile data.

The AMD pProf profiler follows a statistical sampling-based approach to collect profile data to identify the po-
tential performance bottlenecks. The profile data collection can be triggered by — 60S timer, core PMC events
and IBS. AMD pProf offers user various Ul sections:

« SUMMARY (hotspots);
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* ANALYZE (profile data at various granularities);

» SOURCES (the data at source line and assembly level);

* TIMECHART (system metrics).

As an example of using the AMD pProf profiler, the Scalar Penta-diagonal solver (SP) from the NAS Parallel
Benchmark with the OpenM P programming model (NPB-OpenMP) was taken. The SP application of the C class
with the AMD Optimizing C/C++ Compiler (AOCC) was compiled and run on one AMD Rome compute node
with 128 OpenM P threads. Figure 66 showsthe Hot Spots Window in SUMMARY pagefor the"Not halted cycle"

metric.

Figure 67 shows data grouped by processin ANALY ZE page. In this case, the data is grouped by the OpenMP

threads.

Hottest Parts

Hot Functions

Hot Modules

Hot Threads

Not halted cycle .

Function Cycles not in Halt [absol count] Modul
compute_rhs_ 1F1L18_ 2657217 sp.Cx

_ _kmp_fork_barrier(int, int) 913726 libomp.so
_ kmp_hardware_timestamp | 845333 libomp.so
tzetar__1F1L23_ 448116 5p.C.x
z_solve_ 1F1134 427972 sp.C.x

Module

Cycles not in Halt [absolute count]

NPB3.4/NPB3.4-OMP/bin/sp.C.x

4127861

compiler/aocc/2.0.0/aocc-compiler-2.0.0/lib/libomp.so 2104742

Jusrflib64flibc-2.28.50

4877

jusrilib64fld-2.28.50

202

compilerfaoce/2.0.0/aocc-compiler-2.0.0/lib/libflangrti.so | 1

Thread

Cycles not in Halt [absolute count]

Thread-238581 (TID 238581)

62995

Thread-238563 (TID 238563)

62895

Thread-238660 (TID 238660)

62825

Thread-238646 (TID 238646)

62820

Thread-238617 (TID 238617)

62797

Figure 66. AMD pProf: the SUMMARY section for the SP application on 128 OpenM P threads
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Process Misalign loads Not halted cycle Ret inst DC miss Data cache refill | DTLB L1M
sp.C.x (PID 238554) 100.00% 100.00% 100.00% 100.00% 100.00% 100.00%
Load Modules
W Threads
Thread-238560 (TID 238560) 1.10% 1.01% 1.02% 1.03% 1.04% 1.06%
Thread-238682 (TID 238682) 1.09% 1.01% 0.98% 1.07% 1.04% 1.26%
Thread-238642 (TID 238642) 1.08% 1.01% 0.97% 1.06% 1.00% 0.98%
Thread-238659 (TID 238659) 1.08% 1.00% 0.91% 1.09% 1.02% 0.97%
Thread-238591 (TID 238591) 1.08% 1.00% 1.06% 1.05% 1.04% 0.99%
Thread-238580 (TID 238580) 1.07% 1.00% 0.99% 1.11% 1.06% 1.00%
Thread-238656 (TID 238656) 1.07% 1.00% 1.05% 1.01% 1.02% 0.97%
Thread-238563 (TID 238563) 1.07% 1.01% 0.95% 1.08% 1.02% 0.99%
Thread-238630 (TID 238630) 1.06% 1.01% 0.95% 1.01% 0.99% 0.96%
Thread-238588 (TID 238588) 1.06% 1.01% 0.94% 1.09% 1.03% 0.98%
Thread-238640 (TID 238640) 1.06% 1.00% 1.02% 1.06% 1.05% 0.98%
Thread-238619 (TID 238619) 1.06% 1.00% 1.06% 0.93% 0.97% 0.96%
Thread-238676 (TID 238676) 1.05% 1.01% 0.95% 1.03% 0.99% 0.98%
Thread-238670 (TID 238670) 1.05% 1.00% 1.00% 1.01% 1.01% 0.99%
Thread-238660 (TID 238660) 1.05% 1.01% 1.01% 1.04% 1.00% 0.96%
Thread-238649 (TID 238649) 1.05% 1.01% 0.99% 1.02% 1.01% 0.96%
Thread-238646 (TID 238646) 1.05% 1.01% 0.92% 1.07% 0.99% 0.96%
Thread-238653 (TID 238653) 1.05% 1.00% 1.04% 1.00% 1.01% 0.96%
Thread-238681 (TID 238681) 1.05% 1.01% 1.02% 0.98% 0.98% 1.16%
Search : Type function name...
Functions (for sp.C.x (PID 238554)) | Misalign loads | Not halted cycle Ret inst DC miss Data cache refill DTLB L1M
compute_rhs__1F1L18_ 58.65% 42.60% 36.89% 53.11% 38.85% 1.14%
z_solve_ 1F1L34_ 12.64% 6.86% 7.83% 13.14% 40.06% 95.41%
y_solve_ 1F1L30_ 11.98% 3.05% 3.44% 13.42% 13.55% 1.93%
x_solve_ 1F1L30_ 9.41% 1.53% 1.99% 5.78% 2.99% 0.09%
add__1F1L20_ 6.73% 1.48% 0.56% 2.95% 1.85% 0.01%
exact solution_ 0.31% 0.05% 0.06% 0.03% 0.01% 0.08%
exact_rhs_ 1F1L21_ 0.07% 0.04% 0.04% 0.08% 0.09% 0.41%
_ kmpec_threadprivate cached 0.04% 0.01% 0.01% 0.01% 0.01% 0.02%
initialize_1F1L23_ 0.03% 0.01% 0.01% 0.01% 0.00%
__kmp_get_global_thread_id_reg 0.02% 0.00% 0.01% 0.00% 0.00% 0.01%
__kmpc_for_static_fini 0.02% 0.01% 0.01% 0.01% 0.01% 0.01%
_ ts_get_addr 0.01% 0.00% 0.00% 0.00% 0.00% 0.01%
__kmpc_master 0.01% 0.00% 0.00% 0.00% 0.00% 0.01%
[PLT] __kmpc_for_static_fini 0.01% 0.00% 0.00% 0.00% 0.00% 0.00%
error_norm__1F1L25_ 0.01% 0.00% 0.00% 0.00%
__kmp_finish_implicit_task 0.01% 0.00% 0.00% 0.01% 0.01% 0.02%
error_norm__2F1L70_ 0.01% 0.00% 0.00% 0.00%
__kmpc_for_static_init_8 0.00% 0.01% 0.00% 0.00% 0.01% 0.03%
__kmp_invoke_task_func 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
__kmp_invoke_microtask 0.00% 0.00% 0.00% 0.01% 0.00% 0.00%

Figure 67. AMD pProf: the ANALY ZE section for the SP application on 128 OpenM P threads

The AMD pProf supportsdifferent typesof profiling. For this, the Linux kernel must have the corresponding value
of thevariable perf_event_paranoid. This variable from a sysfstunable /proc/sys/kernel/perf_event _paranoid can
take the values shown in Figure 65. Applicable to the AMD pProf profiler this means the following:

 Support Event-Based Profile (EBP) of process(es), when the perf_event_paranoid is set to <= 2.

* Support Time-Based Profile (TBP) of process(es), when the perf_event_paranoid is set to <= 1.

Support Instruction-Based Sampling (IBS) of process(es), when the perf_event_paranoid is set to <= 0.

Support profiling of all the processes running in the system, when perf_event_paranoid is set to <= 0.

Support EBP with multiplexing, when perf_event_paranoid is set to "-1".
Setting perf_event_paranoid to "-1", will support al the profile types[103].

More clearly the Linux perf_event_paranoid setting is shown in Figure 68.
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low level of security high level of security

perf_event_paranoid

-1 0 1 2

EBP with multiplexing EBP EBP EBP
TBP TBP TBP
IBS IBS

Figure 68. Linux perf_event_paranoid setting for AMD pPr of

A full description of all the AMD pProf featuresis on-line available in the user guide [138].

4.5. Tuning

Tuning isamultidimensional problem, in addition the dimensions are not independent. Someone once described
it as balloon squeezing, akathe balloon effect [110].

4.5.1. Introduction

Most of the tuning used to tune applications and programs for Skylake also apply to the AMD EPY C processors,
please review Section 3.5. Most of the Intel tools run fine on AMD EPY C. Thereis also a comprehensive tuning
chapter in the earlier version of the AMD EPY C guide [5]. This guide is written for the EPY C processor and
contain specific options for the EPY C processor variant.

4.5.2. Intel MKL

ThelIntel Math Kernel Library triesto figure out the processor it's being run on. In the case of AMD EPY C it does
not get the correct answer for obvious reasons. There is aflag to tell MKL what kind of processor it being used
on, setting this to an appropriate value helps MKL to provide the best possible performance on EPY C Rome.
export MKL_DEBUG CPU TYPE=5

The table below illustrates the effect when using a pure MPI HPL run using aserial MKL BLAS library.

Table 36. Performance using Intel MKL with different processor settings

Environment Flag HPL performance [GFLOPS]
unset MKL_DEBUG_CPU_TYPE 843.16
MKL_DEBUG_CPU_TYPE=5 32175

Test with the Intel 2020.1.217 version of the compiler with its associated MKL library no longer honor this flag.
While this the case with the version tested, it is not known how widespread thisis. Users are advised to run their
own tests.

4.5.3. Memory bandwidth per core

Withthe steadily increasing core count which vastly outgrow the modest growth in memory bandwidth the memory
bandwidth per core is shrinking. This has major implications for systems with processors having avery high core
count.

When running a memory bandwidth bound application on a system equipped with processors with very high core
count the performance is limited by the relatively low memory bandwidth per core. In selected cases experience
have shown that by using only every second core the performance is higher.
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Applying models like the roof line model [93] help to understand and possible mitigate the problem.
4.6. European AMD processor based systems

4.6.1. HAWK system (HLRS)

In 2018 the High-Performance Computing Center of the University of Stuttgart (HLRS) and Hewlett Packard En-
terprise (HPE) have launched ajoint cooperation to build and deliver for HLRS a next-generation supercomputer.
The new system called Hawk is the flagship supercomputer of the HLRS. At time of installation (Q1 2020), it was
among the fastest high-performance computersin the world and the fastest general -purpose machine for industrial
production in Europe.

Designed with the needs of HLRS's users in mind, Hawk is optimised for engineering simulation applications.
In concert with other platforms at HLRS for high-performance data analytics and artificial intelligence, Hawk
enables the support of new kinds of workflows that combine data generation, simulation, big data analysis, deep
learning, and other data science methods [100].

Hawk, based on HPE's next-generation HPC platform running a next generation AMD EPY C™ processor code
named Rome, has asystem peak performance of 26 PFL OPS, and consist of a5,632-node cluster [99]. The compute
nodes are interlinked by a high speed InfiniBand HDR (200Ghit/s) network.

4.6.2. Betzy system (Sigma2)

Betzy is a Norwegian AMD Rome based Bull Sequana XH2000 system supplied by Atos, installed at NTNU
in Trondheim, owned and operated by Sigma2. It will provide computational cycles to the Norwegian general
academic community with a broad range of disciplines and applications.

The system comprise 1344 dual socket nodesin 14 racks combined into five cells with atotal of 172032 compute
cores. A gross peak performance of about 6 PFLOPs. All nodes are interconnected by Mellanox InfiniBand. The
five cellsare set up in a Dragonfly topology. Cluster storage is supplied by DDN with a capacity about 2PBytes.
[/0 bandwidth is in excess of 50GB/second.

Power consumption is about 1MW with a 95% heat capture to water. Water inlet temperature is about 18°C and
outlet temperature is in the range of 25°C to 28°C.

The systems runs CentOS 7 operating system with SLURM as the resource management and scheduling system.
Storage is based on the LUSTRE file system.
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Figure 69. A bladewith 3 dual socket nodes

The Figure 69 shows a single blade holding three dual processor compute nodes. Only the first processor of each
node has the water cooling installed, making it possible to view the processors and memory DIMMSs.

Each compute node is equipped with:
* Two AMD Rome 7742 processors, 64 cores at 2.25GHz, for atotal of 128 cores per node
» Processor cache: L1 cache 4MiB, L2 cache 32MiB, L3 Cache 256 MiB

 Processor vector units: up to 4 (using FMA) x AV X-256 (16 double precision FLOPS) per clock cycle, e.g.
36 GFLOPS per core

» 256GiB main memory, 2GiB per core, 16 x 16GiB DIMMS, DDR4 3200MT/s
» PCle4.0 (16GT/s, 1.969GB/s per lane)

* Meéllanox HDR-100 InfiniBand, 100Gbits/s

* Ethernet 10Gbits/s and 1Ghits/s

Each compute node has a theoretical double precision performance of 4.6 TFLOPS. Aggregated performance for
all the 1344 nodesis 6.19PFLOPS.

Table 37. Power usage running HPL

HPL Performance Nodes/ Cores Processor Frequency Power usage
4.71709 PFLOPS 1328 /169984 2.25GHz 899.6kW

Power per GFLOPS comes out at 5.2GFLOPS/W.
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System is being installed during spring of 2020 and went into production early October 2020.
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A. Acronyms and Abbreviations

1. Units

Gi

Ti
Byte
kiB
MiB
GiB
TiB
GHz
MHz
nm

MT

w

2. Acronyms

ALU
AVX
CPU

AGU

BLAS

BTB

S.I. Unit nano = 10°

S.I. Unitkilo=10°

S.I. Unit Mega = 10°

S.I. Unit Giga = 10°

S.I. Unit Tera= 10"

ISO/IEC 8000 Unit kibi = 21°
ISO/IEC 8000 Unit Mebi = 2%°
ISO/IEC 8000 Unit Gibi = 2%
ISO/IEC 8000 Unit Tibi = 2%
8 hits, (an octet)

219 Bytes

2?0 Bytes

2% Bytes

2% Bytes
GigaHertz, Hertz is frequency, events per second.
Mega Hertz, Hertz is frequency, events per second.

Nano meter.

Mega Transactions, millions of transactions per second, often used for mem-
ory transactions and network (InfiniBand) transactions

Waitt, units of energy per second, Joules/second

Arithmetic Logical Units, one of the executional units within the processor
(CPU)

Advanced Vector Instructions, aset of extravector (SIMD) instructions added
to the SSE vector instruction set. Thereis also aan extra addition, AV X2

Centra Processing Unit, refer to a single core or the complete package to fit
in a socket, ambiguous

Address Generating Unit

Basic Linear Algebra Subprograms (comesin 3 levels, level 1: scalar vector,
level 2: Vector matrix, level 3: Matrix matrix operations) [9]

Branch Target Buffer, Branch prediction buffer
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CCD

CCX

DDR4

DIMM

DVFS
BPG
BSC
EPCC
EPI
FFTW
FLOPS
FPP
GMI
HPC
HLRS
IPP

HDR

IB
LAPACK
LLC

LLVM

LRZ
MKL
MPI
NUMA

NVDIMM

PGI

OpenMP

Compute Core Die. For example, an AMD CPU with 8 coreswill haveaCCD
with two 4-core CCXs

Compute Core compleX (AMD term) a group of four CPU cores and their
CPU caches, CCX refers to a four-core grouping inside of each core chiplet
die (CCD)

Double Data Rate 4 Synchronous Dynamic Random-Access Memory

Dual Inline Memory Module, variants RDIMM (registered ECC), LRDIMM
(Load Reduced DIMM)

Dynamic Voltage and Frequency Scaling

Best Practice Guide

Barcelona Supercomputing Center

Edinburgh Parallel Computing Centre

European Processor Initiative

Fastest Fourier Transformation in the West [114]

Floating Point Operation per Second

In LUSTRE file context : one File Per Process (one file per MPI rank)
Global Memory Interconnect

High Performance Computing

High Performance Computing Center Stuttgart

Intel Performance Primitives, a set of low level functions[32]

Mellanox InfiniBand High Data Rate, 200 Gbits/s. HDR-100 is a split of the
4x IB into two 2x each with 100 Gbits/s capacity

InfiniBand
Linear algebra package, higher level linear algebra subroutines, [10]
Last Level Cache, often meaning Level 3 cache

Origina "Low Level Virtua Machine", thisterm is no longer applicable. It's
presently a compiler project

L eibniz Supercomputing Centre

Math Kernel Library, Intel's performance mathematical library [33]
Message Passing Interace [8]

None-Uniform Memory Access

None Volatile DIMM, memory that retains its contents even when electrical
power isremoved

Formerly Portland Group Inc. Presently part of NVIDIA, products are now
known as PGl compilers

Open Multi-Processing [6]
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RAS

RDMA

RoCE

SCALAPACK

SF

SIMD

SLURM

SMT

TAGE

TDP

TLB

Return Address Stack. Thetermisalso used in memory context, meaning Row
Address Strobe

Remote Direct Memory Access (RDMA) [74]

Remote direct memory access (RDMA) over converged Ethernet [75]
Scaleable Linear Algebra Package [11]

In LUSTRE context, Single File, one shared common file for all MPI ranks
Single Instructions Multiple Data

Simple Linux Utility for Resource Management

Simultaneous Multi Threading [72]

Scalable Vector Extension [70]

TAgged GEometric length predictor, tagged branch predictor

Thermal Design Power

Trandation Lookaside Buffer, a cache for trandation from virtual addresses
to physical addresses
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