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| How to improve energy efficiency?
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How to improve energy efficiency?
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ENERGY EFFICIENCY

How to improve energy efficiency?
Improve (parallel) efficiency of your code!
So, we can go home today...
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ENERGY EFFICIENCY

How to improve energy efficiency?
Improve (parallel) efficiency of your code!
So, we can go home today... or not?
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ENERGY EFFICIENCY

| Why should | improve energy efficiency (and potentially reduce
performance) of my application?
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ENERGY EFFICIENCY

| Why should | improve energy efficiency (and potentially reduce
performance) of my application?

| Better energy efficiency does not imply worse performance

VSB TECHNICKA



END OF MOOR'S LAW

Projected Performance Development

10 EFlop/s

| Scaling e
Power wall 100 PFiops ‘,a:::““““
Target 20 MW power limit for exascale 1?::: | ":. 2 s
| =50 GFlop/W J— ’..,-" Pl _..__,__..--"'
| Soft limit § B '},o ‘u‘““ ...__.‘_-'
| General hardware optimised for all e a4
possible workloads => silicon area wasted " i
to maximize single thread performance oreps A
| New heterogenous hardware — GPU, FPGA, ... ™" s wm 205 200 205 a0 200
| Specialized computing units
Top500 11/2022
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TOP500

Rmax = Linpack Performance
Rpeak = Theoretical Peak

11/2022

Fi

nk

System

Frontier - HPE Cray EX235a, AMD Optimized 3rd
Generation EPYC 64C 2GHz, AMD Instinct MI250X,
Slingshot-11, HPE

DOE/SC/0ak Ridge National Laboratory

United States

Supercomputer Fugaku - Supercomputer Fugaku, A84FX
48C 2.2GHz, Tofu interconnect D, Fujitsu

RIKEN Center for Computational Science

Japan

LUMI - HPE Cray EX235a, AMD Optimized 3rd Generation
EPYC 84C 2GHz, AMD Instinct MI230X, Slingshot-11, HPE
EuroHPC/CSC

Finland

Leonardo - BullSequana XH2000, Xeon Platinum 8358 32C
2.66Hz, NVIDIA A100 SXM4 64 GB, Quad-rail NVIDIA
HOR100 Infiniband, Atos

EuroHPC/CINECA

Italy

summit - IBM Power System AC922, IBM POWERY 22C
3.07GHz, NVIDIA Volta GV100, Dual-rail Mellanox EDR
Infiniband, IBM

DOE/SC/0ak Ridge National Laboratory

United States

Sierra - IBM Power System AC922, IBM POWERY 22C
3.1GHz, NVIDIA Volta GV100, Dual-rail Mellanox EDR
Infiniband, IBM / NVIDIA / Mellanox
DOE/NNSA/LLNL

United States

Sunway TaihuLight - Sunway MPP, Sunway SW246010 260C
1.45GHz, Sunway, NRCPC

National Supercomputing Center in Wuxi

China

Perlmutter - HPE Cray EX235n, AMD EPYC 7763 64C
2.45GHz, NVIDIA A100 SXM4 40 GB, Slingshot-10, HPE
DOE/SC/LBNL/NERSC

United States

Selene - NVIDIA DGX A100, AMD EPYC 7742 64C 2.25GHz,
NVIDIA A100, Mellanox HDR Infiniband, Nvidia

NVIDIA Corporation

United States

Tianhe-2A - TH-IVB-FEP Cluster, Intel Xeon E5-2692v2
12C 2.2GHz, TH Express-2, Matrix-2000, NUDT
National Super Computer Center in Guangzhou

China

Cores

8,730,112

7,630,848

2,220,288

1,463,616

2,414,392

1,572,480

10,649,600

761,856

555,520

4,981,760

Rmax
[PFlop/s]

1,102.00

442,01

309.10

17470

148.60

9%.64

923.01

70.87

63.46

61.44

Rpeak
[PFlop/s)

1,685.65

537.21

428.70

255.75

200.79

125.71

125.44

93.75

79.22

100.68

Power
(kw)

21,100

Qe
29,899 The List.

6,016

5,610
10,0946
7,438

15,37
2,589
2,646

18,482
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TOP500

Rmax = Linpack Performance
Rpeak = Theoretical Peak

Exascale goal is
20 MW limit

50 GFlops/watts

11/2022

Rank

System

Frontier - HPE Cray B>
Generation E
1, HPE

k Ridge National Laboratory
United States

Slingsh:

Supercomputer Fugaku - 5
, Tofu interconn

mputer Fugaku, A
ct O, Fujitsu

Center for Computational Science

LUMI - HPE Cray EX235a, AMD Optimized 3rd Generation
. AMD Instinct MI230X, Slingshot-11, HPE

Finland

Leonardo - Bull
GHz, NVID
HDR100 Infini
EuroHPC/CINEC!
Italy

AC922, IBM POWER? 22C

Summit - IBM Power ¢ l
00, Dual-rail Mellanox EDR

3.07GHz, NVIDIA Volta GV
nfiniband, IBM
DOE/SC/0ak Ridge National Laboratory
United States

Sierra - |IBM Po System AC922, IBM POWERY 22C
3.1GHz, NVIDIA Volta GY100, Dual-rail Mellanox EDR
nfiniband, IBM / NVIDIA / Mellanox

DOE/NNSA/LLNL

United States

Sunway TaihuLight - Sunway MPP, Sunway SW246010 260C

NRCPC

mputing Center in Wuxi

1.45GHz, Sun

National Su
China

Perimutter - HPE C
z, NVIDIA A
LBNL/NERSC
United States

10, HPE

Selene - NVIDIA DGX A100, AMD EPYC 7742 64C 2.25GHz,
NVIDIA A100, Mellanox HDR Infiniband, Nvidia

NVIDIA Corporation

United States

Cores

8,730,112

7,630,848

2,220,288

1,463,616

2,414,392

1,572,480

10,649,600

761,856

555,520

4,981,760

Rmax
[PFlop/s]

1,102.00

442,01

309.10

174.70

148.60

94.64

93.01

70.87

63.46

61.44

Rpeak Power
[PFlop/s) kw)

1,685.65 21,100

2021

537.21 29,899

2020

42870 6,016

2022

25573 5,610

2022

200.79 10,096

2018

125,71 7,438

2018

12544 15,37

2016

93.75 2,589
2021
79.22 2646

2020

100.68 18,482

2018

x1.9=57 MW

x3.3=20 MW

X6 =34 MW

X5 =44 MW

x8 =60 MW

x8 =123 MW

x11=28 MW

x13 =34 MW

x10=185 MW

b [ ¥
- W

The List.
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11/2016

Exascale computing

Rank Site

—

National Supercomputing Center in
Wuxi
China

2 National Super Computer Center in
Guangzhou

China

3 DOE/SC/0ak Ridge National Laboratory
United States

4 DOE/NNSA/LLNL
United States

T DOE/SC/LBNL/NERSC
United States

READEXZ=

Runtime Exploitation of Application Dynamism
for Energy-efficient eXascale computing

System

Sunway TaihuLight - Sunway
MPP, Sunway SW26010 260C
1.45GHz, Sunway

NRCPC

Tianhe-2 (MilkyWay-2) -
TH-IVB-FEP Cluster, Intel
Xeon E5-2692 12C 2.200GHz,
TH Express-2, Intel Xeon Phi
31S1P

NUDT

Titan - Cray XK7, Opteron
6274 16C 2.200GHz, Cray
Gemini interconnect, NVIDIA
K20x

Cray Inc.

Sequoia - BlueGene/Q, Power
BQC 16C 1.60 GHz, Custom
IBM

Cori - Cray XC40, Intel Xeon
Phi 7250 68C 1.4GHz, Aries
interconnect

Cray Inc.

Cores

10,649,600

3,120,000

560,640

1,572,864

622,336

Rmax Rpeak Power
(TFlop/s) (TFlop/s) (kW)
93,014.6  125,435.9 15371

x8 = 123 MW
33,862.7 54,9024 17,808

x19 = 340 MW
17,590.0 27,1125 8,209

x38 = 310 MW
17,173.2 20,132.7 7,890

x50 = 395 MW
14,014.7 27,880.7 3,939

x37 = 145 MW

7 4

Horizon 2020
European Union funding
for Research & Innovation

=—— Commission

1)

[




" HARDWARE TRENDS I

| CPUs
Rising number of cores
Chiplets (tiles)

Purpose specific units
| Al, crypto, matrix calculation

| GPUs

| Tensor cores

| FPGAs \ )

1
vo & oon 8

c - .

Yo WO o Vo

32C Die Cost 32C Die Cost
1.0X 0.59X?

Die Area = 777mm? Die Area = 852 mm?

VSB TECHNICKA
” “ UNIVERZITA | NAR
OSTRAVA




GREENS5O00

TOP500 Rmax Power

Energy Efficiency

The

>0Q

Rank Rank System Cores [PFlop/s) (kW) [GFlops/watts)
1 755 Henri - ThinkSystem SR470 V2, Intel 8,288 288 44 £5.396 & 1 Frontier - HPE Cray EX235a, AMD 8,699,904 1,194.00 22,703 52.992
Xeon Platinum 8362 32C 2.8GHz, Optimized 3rd Generation EPYC 64C
NVIDIA H100 80GB PCle, Infiniband 2GHz, AMD Instinct MI250X,
HOR Lenovo L Slingshot-11, HPE AMD MI250X
Flatiron Institute NVIdIa H 100 DOE/SC/0ak Ridge National Laboratory
United States United States
2 34 Frontier TDS - HPE Cray EX235a, AMD 120,832 19.20 309 62.684 7 3 LUMI - HPE Cray EX235a, AMD 2,220,288 309.10 6,016 51.382
Optimized 3rd Generation EPYC 64C Optimized 3rd Generation EPYC 64C
2GHz, AMD Instinct MI250X, 2GHz, AMD Instinct MI250X,
Slingshet-11, HPE Slingshet-11, HPE
DOE/SC/0ak Ridge National LabcratéM D M I250X EuroHPC/CSC AM D M I250X
United States Finland
3 12 Adastra - HPE Cray EX235a, AMD 319,072 4610 221 58.021 8 483 amplitUDE [GPU Partition] - 6,768 1.95 38 51.343
Optimized 3rd Generation EPYC 64C MEGWARE D50DNP, Xeon Platinum
2GHz, AMD Instinct MI250X, 8480+ 36C 2GHz, NVIDIA H100 80GB
slingshot-11, HPE AM D M |250X PCle, Infiniband NDR, MEGWARE o e
Grand Equipement National de Calcul University of Duisburg-Essen NVIdIa H 100
ntensif - Centre Informatigue National Germany
de I'Enseignement Suprieur [GENCI-
CINES] 9 70 BGoethe-NHR - Supermicro AS-4124G5- 96,768 9.09 195 46.543
France - I
TNR, AMD EPYC 7452 32C 2.35GHz,
AMD Instinct MI210 64 GB, Mellanox
4 17 Setonix = GPU - HPE Cray EX235a, 181,248 2716 &77 56.983 nfiniBand EDR, MEGWARE /
AMD Optimized 3rd Generation EPYC Supermicro
64C 26Hz, AMD Instinct MI250X, Universitaet Frankfurt MI210
Slingshet-11, HPE Germany
Pawsey Supercomputing Centre, AM D M IZSOX
Kensington, Western Australia 0 187 ATOS THX.A.B - BullSequana XH2000, 25056  3.50 86 41411
Australia Xeon Platinum 8358 32C 2.6GHz,
NVIDIA A100 SXM4 64 GB, Quad-rail
5 77 Dardel GPU - HPE Cray EX235a, AMD 52,864 8.26 144 56.491 NVIDIA HDR100 Infiniband, Ates o me
Optimized 3rd Generation EPYC 64C Atos NVI dla A100
2GHz, AMD Instinct MI250X, AMD MIZSOX France 6/2023
Slingsheot-11, HPE
KTH - Royal Institute of Technology VSB TECHNICAL ITAINNOVATIONS
Sweden || I UNIVERSITY | NATIONAL SUPERCOMPUTING
OF OSTRAVA CENTER




ENERGY EFFICIENCY sl
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Power management
and monitoring
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ENERGY

Energy = Power X Time
Power [W]
1W*1s=1)
IW*1h=1Wh=3600)J




ENERGY

Power [W]
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Energy = Power X Time

—— Blade (HDEEM) samples [W]
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ENERGY

Energy = Power X Time
Power [W]
1W*1s=1)
IW*1h=1Wh=3600)J

Y " PowerSample;

T
Energy(t) = Power(x)dx ~
9y(t) /[;. (@) Sampling Frequency



POWER MONITORING

On node components
| CPU, GPU, memories, NIC

Top view showing water cooling of all components

Four AMD MI200 GPUs

The rear has

Node
Rack
Sytem
Data hall
Building

¥ OAK RIDGE

-Natic nal Labor: tory

“)ENERGY

Images of HPE Cray, OLCF Frontier

AMD EPYC CPU

2 Slingshot 11 NICs 2 Slingshot 11 NICs

I“ft‘y JINCIHER

7““‘_—..

Slingshot 11
Connectors

and
Power input

Water cooled DDR4 Cooling Manifolds
Switch — gyitch
Chassn’s Blades g
Compute 3
Chassis 2
Compute

Blades A,

Cooling
Manifolds

Wi

Rectifiers Distribution

Unit




POWER MONITORING SYSTEMS FOR HPC

name original purpose | out/in | sampling sensors o
band rate

ADEPT | energy measurement | out 1 MHz blade, CPUs, DRAMS, {

ACC, HDD, NIC =
DiG anomaly monitoring | out 50 kHz blade ' e
HDEEM | energy measurement | out 1kHz / blade, CPUs, DRAMS, =

100 Hz NIC*, VAUX* L &

NVML | power management | in <66.7Hz (82| | GPU
ocCcC power management | in- 4 kHz blade
PI energy measurement | both 1kHz CPUs, DRAMs, ACC
PM2 energy measurement | out 1kHz / 3kHz | 8 sensors
RAPL power management | in 1kHz Package, DRAM™*,

PP0*, PP1*, Platform™

Yoy PowerSample;

t
E ty=|[ P dz ~
nergy( ) ~/D oweT(I) t SamplingFrequency
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IN- AND OUT-OF-BAND POWER MONITORING

| In-band

| Vendor dependent
| HW performance counters

| Out-of-band

| High overhead of communication -> can be avoided by reading post mortem
| (usually) fine-grain power measurement
| Custom sensors

RAPL DiG
¥
W User - Space ﬂ 0 c
_ 3 . ser - Space
» sw
Remote HW
' Man. Node] |
BMC PE1 _PE2 PE3

\T User:f
PSU ~{DCDC

VSB TECHNICKA
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HIGH DEFINITION ENERGY EFFICIENCY MONITORING (HDEEM) [

| Bull|Atos technology available for production systems (Bullx B7xx and Bull Sequana)
| On board out-of-band technology for power monitoring

hdeem_init
| Power domains:
| Blade (1kHZ) hdeem_start Start collection
|  VRs (100 Hz) CPUs, DRAMSs, NIC*, VAUX*
hdeern_g:;t_global Acquisition:
| 2% of accuracy uncertainty I - asurement
| Clibrary as well as command line utility: —
| startHdeem _ T
| stopHdeem — — - hdeem_stop Stop collection
| checkHdeem ,
| printHdeem m———
A isition
| clearHdeem Use% e | [user-space S — of taet dota
— . [ B
Management Node| | hdeem_close
IPMI

VSB TECHNICKA
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POWER KNOBS

| Intel

| AMD

| Nvidia

| IBM

| ARM

CPU - core frequency, uncore frequency, power capping

ACC (PVC) - GPU frequency, memory frequency, power capping

ACC (KNL) - core frequency, power capping This list is incomplete

CPU - core frequency, power capping, Data Fabric frequency
ACC - power capping, frequency — system, Data Fabric, display controller, SOC, memory, PCle

GPU - SM frequency, memory frequency, power capping

CPU - core frequency, power capping
+ GPU and node power capping

AG4FX - core frequency, FLA (floating-pointops) and EXA (integer ops) pipelineselimination, memory
frequency

EPI - core frequency, power capping, ??7?

VSB TECHNICKA
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OS POWER MANAGEMENT et

ACPI (Advanced Configuration and Power Interface) is an open industry specification
establishes industry-standard interfaces enabling OS-directed configuration, power
management, and thermal management of mobile, desktop, and server platforms.

ACPI defines performance states (P-States)

P-States correspond to different performance levels that are applied while the
processor is actively executing instructions

Intel CPUs from Haswell architecture provide Voltage regulators per core, so each core
has its own P-State

Applications
Scaling driver OS power management
. . ACPI
| Acpi-cpufreq, intel _psate, ...

Scaling governor HW: CPU, BIOS, etc.
| Performance, powersave, userspace, ondemand, conservative

Intel hardware P-state —

|| || UNIVERZITA
| OSTRAVA

ITAINNOVATIONS
NARODNI SUPERPOCITACOVE
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INTEL CPU CORE TURBO FREQUENCY

| Turbo Boostis a technology that opportunistically allows the processor to run faster than the nominal
frequency if the CPU is operating below power, temperature and current limits

| There are three different levels of the turbo core frequency based on instruction set— SSE, AVX/AVX2,
AVX-512

| The turbo frequency limit also relies on the number of active cores

| Turbo Boost frequency is selected by the firmware of the CPU — no OS control

| Be careful when using an islands of AVX instructions, there is always a transition latency

3.9 —e— HSW SSE —e— BDW SSE —@— SKL SSE —e— CSL SSE
-®- HSW AVX -®- BDW AVX -@- SKL AVX -@- CSLAVX
37 -®- SKL AVX-512 --@- CSL AVX-512
35 |
fcore | |
< -~ | |
5 331
= f | |
g std | I
g31 I |
£ favxs17 t 1
5771 - | |
© ‘o-:i0--0--0--0- : | |
: . |
2.7 1 L -0 -0 —0-0-0-0-0-9 I |
2.5 RRPSIPY Eihrottid 1 tdelay 1
2 ® @00 . .
3 VSB TECHNICKA ITAINNOVATIONS
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 || || UNIVERZITA | NARODNI SUPERPOCITACOVE
I OSTRAVA CENTRUM

Number of active cores



INTEL CPU UNCORE FREQUENCY

| MSR MSR_UNCORE_RATIO_LIMIT (0x620)

frequency of subsystems in the physical processor package that are shared by multiple processor cores
last level cache, on-chip ring interconnect or the integrated memory controllers, etc.

occupies approximately 30 % of a chip area

specification of the maximum and minimum limit E'

Core

620H MSR UNCORE_RATIO_LIMIT Package Uncore Ratio Limit (R/W) Level 3 Cache

Out of reset, the min_ratio and max_ratio fields Power Uncore
represent the widest possible range of uncore Cloch
frequencies. Writing to these fields allows software to
control the minimum and the maximum frequency that
hardware will select.

63:15 Reserved

148 MIN_RATIO

Writing to this field controls the minimum possible
ratio of the LLC/Ring.

Reserved

6:0 MAX_RATIO
This field is used to limit the max ratio of the LLC/Ring.

DRAM G124Y)

VSB TECHNICKA
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INTEL RUNNING AVERAGE POWER LIMIT (RAPL) 1

| Sysfs: /sys/devices/virtual/powercap/intel-rapl/intel-rapl:X/intel-rapl:0:Y

| Power domains:

Package: limits the power consumption for the entire package of the CPU, this includes cores and uncore components
Short (1.2 * TDP, ~ milliseconds) and long window (TDP, ~ second)

DRAM: is used to power cap the DRAM memory = memory monitoring, P-State scaling.

PPO/Core: is used to restrict the power limit only to the cores of the CPU

only for server architectures, no client
single time window
in default is turned off

no new server
single time window

PP1/Graphic: is used to power limit only the graphic component of the CPU

PSys/Platform: controls entire System on Chip

no server
Single time window

shortand long window
available from Skylake architecture
requires support from vendor

Domain Machine Specific Register Address
Package MSR PKG POWER_ LIMIT 0x610
DRAM MSR DRAM POWER_LIMIT 0x618
PPO MSR_ PPO_ POWER_LIMIT 0x638
PP1 MSR PP1 POWER_ LIMIT 0x640
Platform | MSR_PLATFORM POWER_ LIMIT | 0x65C

VSB TECHNICKA
|||| UNIVERZITA
OSTRAVA
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INTEL RUNNING AVERAGE POWER LIMIT (RAPL) @i+

| MSR MSR_PKG_POWER_LIMIT (0x610)

6362 56 55 4948 4746 2N 24 23 171615 14 0
L
2 e o Pkg Power Limit #2 Dime window Pkg Power Limit #1
K

L Enable limit #1

—— Pkg clamping limit #1
Enable limit #2
Pkg clamping limit #2

| MSR MSR_RAPL_POWER_UNIT (0x606)
| Power units
| Energy status units
| Time units

| Energy consumption measurement
| MSR MSR_PKG_ENERGY_STATUS (0x611)
| MSR MSR_DRAM_ENERGY_STATUS (0x619)
| MSR MSR_PPO_ENERGY_STATUS (0x639)
| MSR MSR_PP1_ENERGY_STATUS (0x641)
| MSR MSR_PLATFORM_ENERGY_COUNTER (0x64D)

320 T T T T T T T T T T 2000
300 =gt ol Unnps EACKAGE) Frequencyl {100
280 Max power limit set 41600
260 41400
a 240+ 41200
ﬁ 220+ 41000
S 200+ 800
5 180 1600
2 160} {a00 T
o 140 1200
g 120+ 10
2 100}
< sof
60 -
40 NS b o & o & o
20 I AT S auigs
0o 10 20 30 40 50 60 70 80 90 100 110
Time (sec)

Haidar etal: Investigating power capping toward energy-efficient scientificapplications

63 32 31 0

Reserved

Total Energy Consumed

I:l Reserved
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NVIDIA GPU SM FREQUENCY TUNING

| A100-SXM4

| 1410 MHz SM max turbo frequency
| 1095 MHz SM nominal frequency

| Mandelbrot benchmark

1 1
M _ﬂ__###,,_ﬂi — float — T
T T ___ .________,___——-'__ —— double —
S ———— L 101 10° 4 —— ha
=== L 10 03 half2 i
N~ | T s [ —— tensor
0 =~ - —— ___..-—-"—-_.—”. - E —
10 === A = Bfloat
— _'.'“'-=-n_.__
—_— . T se———— 5 —— tensor double
‘-"‘-qh_‘ —————————— d
2 ______ Il SR L w 2 ——
) e ———— ______._.--"""—‘ E T | =] o —— 1
g —===sa -~ = —
w pi S ?E
___________ )
— float ——- float time I Q 102 i e ——
~— double ~ = double time w T
10-1 ([T ===-a___ — half2 — = half2 time
" —— tensor == tensor time | . —T
—— Bfloat —— Bfloat time — _ | ““‘*-——-»..__\ﬁ
—— tensordouble == tensor double time | T ===+ -1
700 800 900 1000 1100 1200 1300 1400 700 800 900 1000 1100 1200 1300 1400

Frequency [MHz]

Spetko et al: DGX-A100 Face to Face DGX-2—Performance, Powerand Thermal Behavior Evaluation.

Frequency [MHz]
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NVIDIA GPU SM FREQUENCY TUNING AT

| A100-SXM4
| 1410 MHz SM max turbo frequency
| 1095 MHz SM nominal frequency

| Mandelbrot benchmark

Frequency  Time Time Energy  Energy  Performance  Energy Efficiency
[MHZz] [s] Difference [J] Savings [TFLOPS] [GFLOPS/W]
doubl 1410 8.43 2285 9.71 35.86
© 1035 1149 136.19% 1601 29.91% 7.13 51.16 _
float 1410 4.23 958 19.37 85.53
1035 5.76 136.13% 721 24.76% 14.23 113.68
Bfloat 1410 211 494 38.75 165.74
1035 2.88 136.19% 364 26.40% 28.46 225.17
half2 1380 * 1.09 439 75.04 186.69
1020 1.48 135.65% 289 34.15% 55.32 283.53
tensor half 1410 0.27 101 307.02 810.80
¢ 1020 0.37 138.18% 65 35.86% 222.18 1264.15
reor doubl 1410 421 1321 19.44 62.02
| ensor double 1020 58  138.19% 887  32.82% 14.07 92.32 _

Spetko et al: DGX-A100 Face to Face DGX-2—Performance, Power and Thermal Behavior Evaluation. Ivgsl SEECE;%‘Q\
Il
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- A100 VS V100

A100

V100

Frequency  Time Time Energy  Energy  Performance  Energy Efficiency
[MHz] [s] Difference [J1 Savings [TFLOPS] [GFLOPS/W]
doubl 1410 8.43 2285 9.71 35.86
ouble 1035 11.49 136.19% 1601 29.91% 7.13 51.16
foat 1410 4.23 958 19.37 85.53
0a 1035 5.76 136.13% 721 24.76% 14.23 113.68
Bfloat 1410 2.11 494 38.75 165.74
0a 1035 2.88 136.19% 364 26.40% 28.46 225.17
half 1380 * 1.09 439 75.04 186.69
1020 1.48 135.65% 289 34.15% 55.32 283.53
. Lol 1410 0.27 101 307.02 810.80
ensor 1020 0.37 138.18% 65 35.86% 22218 1264.15
. doubl 1410 421 1321 19.44 62.02
ensor double 1020 5.82 138.19% 887 32.82% 14.07 92.32
Frequency  Time Time Energy Energy Performance  Energy Efficiency
[MHZz] [s] Difference [J] Savings [TFLOPS] [GFLOPS/W]
doubl 1597 10.02 3303 8.17 24.80
ouble 1050 15.25 152.16% 2015 39.01% 5.37 40.67
foat 1597 5.01 1596 16.34 51.33
1057 7.57 150.99% 982 38.50% 10.82 83.46
Half 1597 2.51 870 32.69 94.18
1057 3.78 151.05% 531 38.97% 21.64 154.30
censor half 1597 0.63 219 130.65 374.90
ensor 1057 0.95 151.04% 132 39.58% 86.50

620.51
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GPU TUNING

STREAM benchmark
A100 + core frequency tuning

Energy [k]]

1.10 1

1.05 A1

=
o
=]

o
o
L

o
o
=]

"""""""""""""""""""""""""""" 1550
— Copy -—- copy BW
——— scale ~—~ scale BW

— add === add BW

triadd triadd BW

- 1300

- 1250

L - 1200

700 800 a00 1000 1100 1200 1300 1400

Frequency [MHz]
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o
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I

w
[=]
1

oo
un
1

o
=]
L

7.5 7
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triadd

700

800

900 1000 1100 1200 1300 1400
Frequency [MHz]

VSB TECHNICAL IT4AINNOVATIONS
|| Il UNIVERSITY | NATIONAL SUPERCOMPUTING
OF OSTRAVA CENTER



GPU TUNING

STREAM benchmark
A100 + core frequency tuning

Frequency Time Time Energy Energy Throughput Energy Efficiency
[MHZz] [s] Difference [J1 Savings [GBpsl [GBps/W]

1410 5.97 1094 1328.16 7.25

cOPY 945 6.01 100.69% 798 27.07% 1319.02 9.94
1 1410 5.98 1084 1325.90 7.31
seale 945 6.02 100.77% 796 26.59% 1315.73 9.96
~dd 1410 5.83 1095 1360.35 7.23
945 5.73 98.39% 799 27.05% 1382.62 9.92

triadd 1410 5.82 1058 1360.62 7.49

945 5.73 98.39% 775 26.79% 1382.92 10.23
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ENERGY AND POWER AWARE HPC CENTERS

' RIKEN Fugaku:

| #1 in Top500 since 6/2020
| Using Fujitsu A64FX (48 compute cores + 4 assistant cores for OS daemon and MPI offload)

| No TDP, no nominal frequency => no turbo frequency

| Available frequencies 1.6, 2.0, or 2.2 GHz
CPU core frequency

| User-controlled options Peak DP perf (FP64)
Peak SP perf (FP32)

| Power mode (scheduler option)
Peak HP perf (FP16)

| Boost - 2.2 GHz frequency

| ECO — 2.0 GHz frequency + use one of two FP units only + reduces its standby power
| Boost ECO - 2.2 GHz frequency + FPU elimination
| Core retention ON/OFF

|  Eliminates standby power idle CPU cores

| See: https://sites.google.com/view/rikenfugakushowcase/home

| Normal - 2.0 GHz frequency Memory peak bandwidth

1.8 | 2.0
| 27 | 30|
55 | 6.1
EEE

1024

VSB TECHNICKA
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TFLOPS
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https://sites.google.com/view/rikenfugakushowcase/home

ENERGY AND POWER AWARE HPC CENTERS m

Power consumption of Fugaku @SC20 FUjiTsu

4.50E+06 Raw readout of ~1/8 of Fugaku

(20,736 nodes)
2.2 GHz forTOPSOO ‘ 29 9MW 14 783GF/W 4 hours

4006406

= 2.0 GHz for Green500, 26.2MW, 15. 4186F/W 4, 4 .
S 350606 e e s e &
3
\
= 2506406 o L
] Fugaku's normal mode runs 10% slower but saves 4% energy

NeHdaaduaNYnNes

vt et e e e e e e et NN NN NN NN AN NN ANNANNOANANNOSNANNANANSNNSNANNMNMNMSNOSNN ™ottt

IONS
Supercomputer Fugaku & ABAFX CPU, MALC WS, June 15, 2021 9 Copyright 2021 FUNTSU UMITED PERPOCITACOVE
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ENERGY AND POWER AWARE HPC CENTERS a#iicil «

LRZ SuperMUC-NG:
| #8 in Top500in 11/2018, Rmax 20 PFlops

| Using Intel Xeon Platinum 8174 (24 cores)
| Intel default
| 240 W TDP
| 2.4 GHz CPU uncore frequency
‘ |  Turbo CPU core frequencies
| 3.9 GHz SSE, 3.8 GHz AVX-2, 3.8 GHz AVX-512

| LRZ Default
See:

| 205 W power limit (-14.6%) https://doku.lrz.de/display/PUBLIC/Details+of+Compute+Nodes

| 1.8 GHz CPU uncore frequency https://doku.lrz.de/display/PUBLIC/Energy+Aware+Runtime

| Turbo CPU core frequencies

| 3.7 GHz SSE, 3.6 GHz AVX-2, 3.5 GHz AVX-512

| Alljobs executed under Energy Aware Runtime (EAR)

VSB TECHNICKA | ITAINNOVATIONS
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https://doku.lrz.de/display/PUBLIC/Details+of+Compute+Nodes
https://doku.lrz.de/display/PUBLIC/Energy+Aware+Runtime

ENERGY AND POWER AWARE HPC CENTERS i1

| CINECA's systems:

| Itis possible to access and change all the power knobs without special permission on all CINECA's systems,

the SLURM scheduler takes care to restore a default configuration afterthe termination of power-aware jobs.

| Marconi

| Intel Xeon 8160 Skylake, 24 cores, 150 W TDP

|  User-controlled knobs - Power capping, frequency scaling, power driver
| Marconil00

| #9 Top500 6/2020

| IBM POWER9 AC922, 16 cores

| User-controlled knobs - Power capping, frequency scaling, power driver

| Galileo100
| Intel Xeon 8260 Cascade lake, 24 cores, 165 W TDP
| Support under development

| User-controlled knobs - Power capping, frequency scaling, power driver

S srun-A SPROJECT
--partition=skl_usr_prod
--gres=msrsafe,sysfs --exclusive

S srun -A SPROJECT
--partition=m100_usr_prod
--gres=sysfs --exclusive

S srun-A SPROJECT

--partition=g100_usr_prod

--gres=msrsafe,sysfs --exclusive
VSB TECHNICKA | IT4I
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ENERGY AND POWER AWARE HPC CENTERS

IT4l's systems:
| Itis possible to access and change power knobs and monitor energy consumption

| Barbora
| Intel Xeon Cascade Lake 6240, 18 cores, 150 W TDP / Intel Skylake Gold 6126, 12 cores, 120 W TDP + Nvidia V100, 300 W TDP
|  User-controlled knobs
| CPU: Power capping, core + uncore frequencies scaling, power driver
| GPU: Power capping, Mem + SM frequencies scaling
| Power monitoring — Intel RAPL, Atos|Bull HDEEM / Intel RAPL, Nvidia NVML
| Karolina
| AMD EPYC 7h12, 64 cores, 280 W TDP / AMD EPYC 7763, 64 cores, 280 W TDP + Nvidia A100, 400 W TDP
| IT4l settings: 7h12 3.3GHz -> 2.1GHz, 7763 3.5GHz -> 2.6GHz, A100 1.41GHz -> 1.29GHz

500 CERTIFICATE
| U Se r‘co n t ro | I ed k n 0 b s Karolina, GPU partition - Apollo 6500, AMD EPYC 7763 64C 2.45GHz, NVIDIA A100 SXM4 40 GB,

Infiniband HDR200
IT4l i National Supercomputing Center, VSB-Technical University of Ostrava, Czechia

| CPU: Power capping, core frequency scaling

among the World's TOPS00 Supercomputers

| GPU: Power capping, Mem + SM frequencies scaling

|  Power monitoring — AMD RAPL / AMD RAPL, Nvidia NVML




\\\

ENERGY AND POWER AWARE HPC CENTERS a5 [ il

NSCC's system:
| Itis possible to access and change power knobs and monitor energy consumption

| Devana
| Intel Xeon Gold 6338, 32 cores, 205 W TDP / Intel Xeon Gold 6338, 32 cores, 205 W TDP + Nvidia A100, 400 W TDP

|  User-controlled knobs

S srun-A SPROJECT
--partition=ncpu

|  GPU: none --gres=msrsafe,sysfs --exclusive

| CPU: core + uncore frequencies scaling, scaling governor

|  Power monitoring — Intel RAPL / --, Nvidia NVML
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HPC POWERSTACK ARCHITECTURE P

SR "\ Cluster-level power bound,
5 _ . faimess and priority requirements
=5 requirements g
@ J
-
H-. 3
D . Job-level power bound, physical
Q P — Customlzed ’ pnwn:lar- node allocation for a single job
3 ! aware job-scheduling 11
A
1
g 1 Coarse-grained, utilization :
= : and throughput driven, ~mins Application-level CPU and DRAM power bound,
o ! : vendor specific mechanisms
E i [ e perfnrmance tuning .
3 : : and power-balancing n
1 r
@ ———_—L—_—_—_ ! Fine-grained, driven by application Component-level
Applicatiun } phases and critical path, ~millisec measurement
Profiles (DB) and control
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HPC POWERSTACK ARCHITECTURE

Sub Module #1...
Policies Site Admin / Facility Confi Job Scheduler Resource Sub Module #0
(for state n) > Managers ontie. mnanager (could be hierarchical)
7% (it [Vl ‘ . (SLURM, PBSPro)
o } State ) _ 1g.
Procurement change| [Action App profile
document J Contract J min/max/avg.
freq.impact) .
' Site/Facility-level Tools Application Manager
(Cluster Manager) Cluster (GEOPM)
 y— DB
-- STATES -- Do, s~ E.g. GEOPM PlatformlO
1. Normal Operation L g Yo,
. I 25, . ~
2. Benchmarking : Hon, | S
3. Maintenance 1 = l /
4 E I Y v Platform Manager
mergency I e o (Variorum, PowerAPI,
5 | utof-Ban n-8and | pApi, HDEEM)
|

¢ EEEE

ACPI, OPAL, IPMI, msr-safe

Facility/Mechanical System
(Power-gen, chiller,...) v v
System Components




REGALE ARCHITECTURE

submits
job

system manager

workflow engine

& .
** receives: submits policy! resource g workflow engine
) ) job & resources usage @
> admin policy g - integrates with user applications
> JOb reques-ts system manager Job Scheduler !Int'
> application profiles power | resource job status - applies optimized and elastic
> job status status | g g resource management
—— =
[
«* decides on: poner ower pr g g
budget m_anagemen! man_agemenr g
= JOb IaunCh v ¥ hints settings .,g
> resource allocation e s Nl : monitoring data
> power budgets action e g 5 DB
(e.g. power capping) e
=
jOb manager application application ‘i‘
. rofil z
- receives: :m: —
-  policy and resources v node manager
- power management settings node node —
, - receives power budget and hints
- rovides
p . fabric — . .
- power management hints - applies actions at the node level,
(e.g., idle event like MPI wait) storage i.e., setting up HW knobs

accordingly
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Energy-aware
dynamic tuning
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EE RUNTIME SYSTEMS

BSC EAR

- CPU core frequency tuning based on executed instructions

CINECA/UniBo COUNTDOWN

- CPU core frequency tuning during MPI communication phases
LLNL Conductor

- Power overprovisioning per loop iteration

Atos BDPO

- CPU core frequency tuning based on HW metrics sampling
to identify HW execution phase

- CPU core frequency tuning during MPI communication phases

Intel GEOPM

- Power overprovisioning or CPU core frequency tuning for instrumented regions (manual, MPIl, OMP)
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READEX PROJECT R

READEXC.

| Applications exhibit dynamic behavior
] ] Runtime Exploitation of Application Dynamism
| Changing resource requirements for Energy-efficient eXascale computing

| Computational characteristics
| Changing load on processors over time

W Ffle Edit Chart Filter Window Help TECHNISCI.-I.E
ErLBeTIERES &SV IIII|||II|IIINIIIiIIIIII|I|IIIII1I|IIITIIIImHIell!InIIEIHIII|III|iI|uII|IIIIMIIIIIIIIII||I|IIINIiIII||IHII'uil:%l!'s'!%!éllléllllIl|III1IIlIIIuIIIthIhIIIIII|IIIlIIII|IIII|IIIIIIhII||II|iIIIiIlIIII|uIIIIﬁl!% @ gEIE\‘,SEDRESI‘:TAT m

69s 70s 71s 72 s 73 s 74 s 75s 76s 77 s 78 s 79 s 80s 81s

Process 0 TN B D e D e e mme Deeen D Do e s D Demee  meees  peees  peees memes
Thread 03 ] EEE = = == == = = =8 == VSB TECHNICAL | IT4INNOVATIONS

| Thread 0:9 =r_§ EE E E % %’ E = E;E_ E ||| UNIVERSITY | NATIONAL SUPERCOMPUTING
Thread 0:21 g8 ES= EE= === == s== B=E E== =2 rEE

All, Values of Counter "killamook/watts" over Time (<]
300 -

250 °

—+

7S NUI Galway
| OE Gaillimh
= 200 o
150 | (. ’w
100 - l n te g n s

| Goal was to create a tools-aided methodology for automatic tuning of parallel applications

| Dynamically adjust system parameters to actual resource requirements o et e
||||| gg%f\silm rgé\f‘?ggé SUPERPOCITACOVE
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DYNAMICITY e | ey
) =
BD 1
70 4 100
0.1-1.0 flops per byte Typically < 2 flops per byte O(10) flops per byta
A A A
s N O 4 " 60 4 50
nsity 5 %0 §
o] a0 ] il E
SpMV 3
BLA.S‘I.ZI Particle 30 1 L a0
Stencils (PDEs) FFTs. Danes Methods
Lattice Boltzmann Spectral Methods Linear Algebra 20 -
. Methods , B8 ; 20
A i A s
o(1) O( log(N} ) O(N) 10
o T T T T T T T T T T ]
- . . 2 q 5] g 10 12 14 16 18 20
(ﬁ) AITDW pI'E':SEIltlIlg a ra,nge Df apphca,tlﬂns Arithmetic intensity [F/B]
of various arithmetic intensities (b) Roofline model of the Intel Xeon Gold
https://crd.lbl.gov/divisions/amcr/computer-science- )
amcr/par/research/roofline/introduction/ 6240 pI‘DCE’;SSDI‘ When executlng a WDI'k]D&d

of AVX-512 instructions.
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STATIC TUNING FOR VARIOUS Al

Ratio from 1:9
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STATIC TUNING FOR VARIOUS Al AT

RatIO frOI n 2:8 0.1-1.0 flops per byte Typically < 2 flops per byte 0O(10) flops per byte
A A A
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Ratio from 3:7
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STATIC TUNING FOR VARIOUS Al

0.1-1.0 flops per byte Typically < 2 flops per byte 0O(10) flops per byte
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STATIC TUNING FOR VARIOUS Al AT

Ratl O frO m 4:6 0.1-1.0 flops per byte Typically < 2 flops per byte 0O(10) flops per byte
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STATIC TUNING FOR VARIOUS Al

Ratio from 5:5

Average energy consumption [J]
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STATIC TUNING FOR VARIOUS Al

Ratio from 6:4
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STATIC TUNING FOR VARIOUS Al AT
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STATIC TUNING FOR VARIOUS Al

Ratio from 8:2
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STATIC TUNING FOR VARIOUS Al AT
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DYNAMIC TUNING sl

int main(void) {

Phase region rl\_

I\
laplace3D();

// Initialize application
// Initialize experiment variables

int num_iterations = 2;

Significantregion

Significantregion

for (int iter = 1; iter <= num_iterations; iter++) {
// Start phase region FREQ=2 GHz
// significant region
residue = reduction(); // insignificant region
fftw_execute(); // significant region
// End phase region
}
FREQ=1.5 GHz

// Post-processing:
// Write noise matrices to disk for visualization

// Terminate application

MPI_Finalize();
return 0;
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HW PARAMETERS TUNING

| Behavior of the simple application with two kernels

Two kernels with 1:1 Energy Energy savings
workload ratio consumption

Low computational intensity — DGEMV
Default settings 2017) - -
High computational intensity - DGEMM Static tuning 1833 184) 9%
. Dynamic tuning 1617) 4001 20%
Tuning of three parameters
| CPU core and uncore frequency, number of OpenMP threads
Low ClI (DGEMV) High Cl (DGEMM) Statlc tunlng for both kernels
= 1,600 F . 1= 1400 ! ‘ , 1= ;
< 10 threads < " 12 threads (UCR[GHz UCR] | 1 2500 12 threads |
8| 2.2 GHz UCF g™ 12GHzZUCF = 1 || 2 2.2 GHz UCF
2 10| 1.2 GHz CF |51y 2.5 GHz CF 15,0 2.4 GHz CF |
3 § 1,100 | §
%>~D EDI,OOO— | E>5 2,200
: 15 ol |5 20
§ _% 800 |- 7% 2,000
% % 700 % 1,900 —
§ , . , . ‘ | % 600 ‘ ( 1.2GHz UCF, 2.50 GHz, CF: 619:41 JW) §-1,800 | ( 2.2GHz UCF, 2‘40GHZ\C;':\;;ZSIQ§‘ FH
1.2 14 1.6 1.8 2 2.2 2.4 26 © 1.2 1.4 1.6 1.8 2 2.2 2.4 26 © 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6

CPU core frequency [GHz]

CPU core frequency [GHz]

CPU core frequency [GHz]
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I
Energy-efficiency

STATIC TUNING T2

PROPOSAL MANUAL STATIC
: savings
T - 2 2 S-S ; AMG2013 12.5 %
Manual - : Blasbench 74 %
+20% | Dymamle e 17.6% | Test Suite MAX 115 %
__"’_)Objectivel E ------------- 12.6% ; Test Suite AVG 17.6 %
+10/‘ State-of the-at ------------- 4.3% Test Suite MIN  [INIZEERE! 11.0 %
e : BEMA4I 157 %
s8¢ INDEED 17.6 %
758 ESPRESO 43 %
SIS
L R 159%
23 12.6 %
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Energy-efficiency

DYNAMIC TUNING T2

PROPOSAL MANUAL DYNAMIC _
_ ___________________ Savings
Objective2_: : AMG2013 12.5 %

Test Suite MAX 34.1% :
: proposal goal: up to 30%

Manual - : Blasbench 15.3 %

r20% i " ------ S.T.GEt_S_“_it_e_Al/g____lJ-_"/&_.: Kripke 18.5 %

¥ i F | TestSuite MIN _ 82% | ik 8.7 %
I s B . [ o
BEM4I 341 %

INDEED 19.5 %
ESPRESO 8.2 %

OpenFOAM 20.1%

Default energy-efficiency of
currentand future exascale
HPC applications

Average 17.5 %
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IMPROVING PERFORMANCE AT SCALE ir STl

| Strong scaling of ESPRESO FEM code

| Improved performance and energy consumption i ESPRESO

<%

o

ASM

e

ppppp ditioner Create 52

\“ Default | Default | Tuned | Tuned Time | Energy
#nodes time energy time energy | savings | savings

R

N ) [s] [k)] [s] [k)] [s] [%]

1 1293 372 1437 343  -11.1
—E=n 2 686 398 755 365  -10.1 8.2
—EE (s 4 33.2 38.0 356 343 7.2 9.8
0 o 8 21.5 496 229 447  -6.8 9.9
=] 16 13.4 60.8 143 535 6.3 12.1
T 32 7.7 62.2 7.2 50.6 6.1 18.7
64 4.0 69.9 3.6 52.4 9.3 25.0
128 3.6 1196 238 80.1 222  33.0




BEMA4|

PR

— assemble k assemble \ gmres solve prmt vtu main
Application runtime

default runtlme 10 2 27 3
9.8 10.6 6.1 2.4 29.0
7.0 7.2 7.9 2.1 243
-82.3% 79.1% 40.5% 56.8% 6.2%
30.6%  -20.9% 23.2% 62.9% 10.9% |4
"static": {
"FREQUENCY": "25" S 2.5 GHz
"NUM_THREADS": "12", G 12 OpenMP threads
"UNCORE_FREQUENCY": "22" } P S— 2.2 GHz

Hardware: dual socket system with 2x12 CPU cores —"”standard HW” in HPC centres

Region description:

assemble_k and assemble_v —high utilization of vector units, extreme level of optimization — fully
compute bound great utilization of both sockets and all cores

gmres_solve —uses DGEMV from MKL— memory bound, suffers on NUMA effect; this routine is more
efficient on single socket

"assemble_k": {
"FREQUENCY™": "23",
"NUM_THREADS": "24",

"UNCORE_FREQUENCY":"16"

7

"assemble v": {
"FREQUENCY": "25",
"NUM_THREADS": "24",

"UNCORE_FREQUENCY": "14"

b

"gmres_solve": {
"FREQUENCY™: "17",
"NUM_THREADS": “8",

"UNCORE_FREQUENCY™": "22"

b

"print_vtu": {
"FREQUENCY": "25",
"NUM_THREADS": “6",

"UNCORE_FREQUENCY": "24"

}

print_vtu—single threaded 1/0 and network bound region why stores data to a file on LUSTRE system

VSB TECHNICAL ITAINNOVATIONS
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BEMA4I T2

"assemble_k": {

assemble k assemble \ gmres solve prlnt vtu maln "FREQUENCY": "23",

default energ 1476 1484 2733 1 142 6872 "UNCORE_FREQUENCY":"16"

1962 2015 1366 420 5792 b
1467 1462 1259 293 4531 assemble v" |

"FREQUENCY": "25",

-338%  -35.8% 50.0% 63.2% 15.7% "NUM_THREADS": "24",
0.6% 1.5% 53.9% 74.3% 34.1% «} "UNCORE_FREQUENCY":"14"
"static": { \gmres_solve” {
"FREQUENCY : 25, " <-mmmmmme- 2.5 GHz "FREQUENCY™: “17"
NUM_THREADS - "12 , <=-=mm-——- 12 OpenMP threads "NUM_THREADS": "8",
"UNCORE_FREQUENCY": "22" } T 2.2 GHz "UNCORE_FREQUENCY": "22"
Large energy savings is combination of optimal HW settings and runtime I
savings due to mitigation of NUMA effect by optimal settings of OpenMP "print_vtu": {
threading "FREQUENCY" "25",
. - . o o _ "NUM_THREADS": "6",
« Without savings in runtime caused by similarapplication will "UNCORE_FREQUENCY": "24"

* Energysavingsapprox.15-20% }

* Runtimesavings approx. -15%
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MERIC LIBRARY T e L

- MERIC runtime system provides dynamic applicationtuning

- Lightweight & easy to install & easy to use
- C/C++ API and Fortran module
- MPI, OpenMP and CUDA parallelization

- Performance and power aware

|4
Support for a wide range of architectures READ EX'—

Runtime Exploitation of Application Dynamism
- Xx86

for Energy-efficient eXascale computing
- IBM OpenPOWER,
- ARM,

- Nvidia GPUS, Tracing / Optimization /

Monitoring / System Status

System
Management

Applications

Execution Environment

Power monitoring systems srconcco
. Intel/AMD RAPL,
. 0CC coumoonm: 70~
- ATOS HDEEM, ScaLAsA
- NVML,

I0-SEA
WorkFlow

ParaStation

StreamFlow ClusterTools

Job-Level

xHC / HAN Heap Extension Object Store
(Collectives) (TeraHeap, xmap)

=EUPEX

ParaStation MPI OpenMPI

LLView Storage
. = Node
. D|G’ 2 GPUDirect Slum+ParaStation Stack OcaRneore ] European Pilot for Exascale
_é BEO Adaptation Resource Manager Ocean-stack
AB64FX s
. 2
4 P VSB TECHNICAL ITAINNOVATIONS
araStation HealthChecker Hardware
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POWER KNOBS

| Intel
| CPU - core frequency, uncore frequency, power capping
| ACC (PVC) - GPU frequency, memory frequency, power capping
| ACC (KNL) - core frequency, power capping
| AMD

| CPU - core frequency,

| ACC - power capping, frequency — system, Data Fabric, display controller,SOC, memory, PCle
| Nvidia

| GPU - SM frequency, memory frequency, power capping
| IBM

| CPU - core frequency, power capping

+ GPU and node power capping

| ARM

| AB4FX - core frequency, FLA (floating-point ops) and EXA (integer ops) pipelineselimination, memory
frequency

| EPI - core frequency, power capping, ???
| Jetson - core frequency, memory frequency VEB TECHNICKA

|| || UNIVERZITA | NAR
OSTRAVA |




MERIC PARAMETERS

export MERIC_FREQUENCY=2400MHz
export MERIC_UNCORE_FREQUENCY=2GHz
export MERIC_NUM_THREADS=24

export MERIC_MEASURE=RAPL,HDEEM-S
export MERIC_COUNTERS=papi

| And many more, see MIERIC README

VSB TECHNICKA
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https://code.it4i.cz/vys0053/meric/-/blob/dev/README.md

MERIC API

| void MERIC_Init()
| At the beginning of the main() or in case of MPI applications follows after MPI_Init()

| void MERIC_Close()
| At the end of application run, but before MPI_Finalize()

void MERIC_MeasureStart(const char * regionName)

double MERIC_MeasureStop(const char * regionName)

double MERIC_MeasureStopStart(const char * regionName)
|  Optimized transition, removes switching to configuration of the parent region

| void MERIC_CaptureScope(const char * regionName)
| Resource Acquisition Is Initialization (RAII)

| void MERIC_IgnoreStart() | |
| void MERIC_IgnoreStop() | ViaveRzzTa



STATIC TUNING WITHOUT INSTRUMENTATION

tools/energyMeasuereStart + tools/energyMeasureStop
Commandline energy measurement

The tuneable parameters also possible to specify

S ./energyMeasureStart -e RAPL energyMeasureStart parameters:

$ sleep 5 -e = energy measurement system "RAPL" or "NVML"
-c= CPU corefrequency [Hz]

S ./energyMeasureStop -e RAPL -u= CPU uncore frequency [Hz]

Runtime [s] =5.03672 -t = #OpenMP threads

RAPL RAM_0 [J] =38.2296 -p = power capping power limit [mW]

RAPL RAM_1 [J)]=27.3747 -W = power capping time window [ms]

RAPL_PCKG_0[J] =249.266 -s = GPU SM frequency [Hz]

RAPL_PCKG_1[J] =256.062 -r = GPU memory frequency [Hz]
- - -g = GPU power capping power limit [mW]

RAPL Energy consumption [J] =570.932 energyMeasureStop parameters:
-e = energy measurement system "RAPL" or "NVML"

-b = node baseline (static) power [W]
-q = print the overall consumed energy only [J]

VSB TECHNICKA
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STATIC BINARY INSTRUMENTATION

Tool using Dyninst library (or MAQAOQ library) to produce a new binary that contains

MERIC instrumentation
| Inserts all the necessary shared libraries dependencies Dyn
| Inserts MERIC_Init() and MERIC_Close() NSt

| In case of MPI applications generates also a new binary of MPI library that contains these functions
| LD_PRELOAD=S(pwd)/libmpi.so mpirun -n SNUMPROC ./application [APP_PARAMS]

| Instruments all the selected application’s functions

| Detects selected functions in the binary and changes the instructions of the function to add
MERIC_MeasureStart(“funcName”) call at the function beginning and MERIC_MeasureStop() call as
the last function instruction

1100

| How to select functions to instrument? “rot10)

“\10‘1_91 o

N\

| any profiler

| or TIMEPROF (part of MERIC repository) provides runtime of the instrumented
functions (application binary can be also instrumented with TIMEPROF using dinst_instrument.cpp
tool)
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DYNAMISM INVESTIGATION

| Dynamism investigation = running the application
in different configurations

| MERIC stores measurements for each configuration
for each instrumented application region

| systeminfo tool provides an overview what is the
current status of the CPU and what are the

available configurations

S meric/tools/systeminfo

# SYSTEM INFORMATION
Sockets per Node: 2
Cores per Socket: 8
Threads per Core: 2

# CPU FREQUENCIES
Currentscaling driver:  intel_pstate
Currentscaling governor: powersave
Available governors: performance powersave
Hardware controlled P-State: not available

Turbo CPU core frequencies: 3400000(1) 3400000(2)

3200000(3) 3100000(4) 3000000(5) 2900000(6)
2800000(7) 2800000(8) kHz(#cores)

Nominal CPU core frequency: 2600000 kHz
Min CPU core frequency: 1200000 kHz

Max CPU uncore frequency: 3000000 kHz
Min CPU uncore frequency: 1200000 kHz

# RAPL POWER LIMITS
RAPL time window unit:976.562 us
PKG max power limit: 180 W
PKG min power limit: 34 W
DRAM max power limit: 36 W
DRAM min power limit: 16.5 W

# DEFAULT RAPL POWER LIMITS
PKG power limit #1: enabled +clampingenabled
PKG power limit #1: 90 W
PKG time window #1: 1s
PKG power limit #2: enabled +clampingenabled
PKG power limit #2: 108 W
PKG time window #2: 0.0078125 s

# AVAILABLE ENERGY MEASUREMENT SYSTEMS
RAPL

VSB TECHNICKA
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DYNAMISM INVESTIGATION

MERICwrapper

| Provides algorithms for state
space search — the tool will
execute the application in

{

various configurations to find the

optimal one for each region

| A json configuration file:

"MPI": "true",
"PARAMETERS" : {
"FREQUENCY" : {
"MAX" : 3600000000,
"MIN" : 1200000000,
"STEP": 200000000
13
"UNCORE_FREQUENCY" : {
"MAX" : 2800000000,
"MIN" : 1200000000,
"LIST": [2800000000,2100000000,
1600000000,1200000000]
|3
"NUM_THREADS" : {
"MAX" : 36,
"MIN":1,
"STEP": 4
}
b
"MERIC" : {
"MEASURE" : "RAPL",
"PWRCAP_POWER":0,
"PWRCAP_TIME" :0,
"COUNTERS" :"msr",
"AGGREGATE" :1,
"CONTINUAL" :1,
"DETAILED" :1,
"SAMPLES" :0,
"BARRIERS" :"all",
"OUTPUT_DIR" : "mericMeasurement"

L
"ALGORITHM" : {

}

"ALGORITHM" : {
"NAME" : "EXHAUSTIVE"
}
"ALGORITHM" : {
"NAME" : "EVO",
"PARAMETERS" : {
"END_CONDITION": 2,
"POPULATION":10
}
}
"ALGORITHM" : {
"NAME" : "PSO",
"PARAMETERS" : {
"END_CONDITION": 2,
"PARTICLES": 10,
"CONST_CP" : 2.05,
"CONST_CG" :2.05,
"CONST_W" :0.9
}
}

VSB TECHNICKA | ITAINN
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ANALYSIS WORKFLOW eI e el

v Application profiling

s ¢ Identification of significant regions _ Binary instrumentation tool
: Dyninst / MAQAO
Y | ® Application instrumentation )
L
i | * Application analysis
S~ MERIC wrapper
e Optimal configuration identification

RADAR visualizer
PyQt5 tool

App’s behavior visualization

Production runs and dynamic tuning

y { &
.
|
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RADAR VISUALIZER TR L el

- Visualisation of applicatin behavior in various configuration
- Tables

- Overall application evaluation
- Summary of nested regions' behavior
- Each region behavior description

Heatmaps - EFE ) )

]
20 Mol 1,600
[ ] P I Ots — \/o:(a;s rszuia(nr:gg: ::1 10 th reads .
100 o r
= 2,2 GHz UCF
. I _® £ .l 1.2 GHz CF
B =% I —
- Power timeline -
& gh‘h‘ﬂ] T
- =] " s
- Cluster analysis S 1m0 —
» g 1,100 : — N : ‘ . —
8 | ;
- Call-path grap e e et
12 14 1.6 L8 2 22 24 26
CPU core freguency [GHZ]
- 12 14 1.6 18 2.0 2.2 2.4 26 2.8 3.0
1.2 13.200.02 12,7171 12,621.78 12,507.38 12,774.16 13,108.6  13,604.2
14 13,1619 | 12.507.78 12.802.26 1300584 13.450.8
settings | values | configuration savings savings 16 13,2066  12,640.76 1257092 13,126.44 13,370.24
Runtime of function [s], | Xl | I 206Hz,  ||) 00s (0.00% 0-2195; of 1.8 13,082.66 12,700.92 12.574.6 12,831.82 13,081.62 13,206.04
Job info - rapl 25GHz || 77° 2.5GHz 005 (0.00%) (0_'75;,) 2 13.327.12 1200262 12,544.82 124048 12,680.32 13,038.86 13.207.38 13,4748
TR 2.2 13,240.14 12,851  12,760.98 12,802.24 12,993.44 13,260.38 13,497.6 13.767.62
Egar%:;g\"}ifﬁ_ 32%%:2 800.37 22‘;%:22 10.70 2.26%)|| 780.67 2.4 13,568.68 13,447.18 12,973.38 13,2386 13,332.7 13,388.7 13.777.68
-rapl: : : (5.96%) 25 13,553.84 1330024 1335446 1347236
Run-time change
with the energy +0.14s (107.04 % of default time) VSB TECHNICAL ITAINNOVATIONS
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SERVICES

- walBerla

g
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SERVICES

- walBerla

Default Static tuning Dynamic tuning Dynamic tuning
constant runtime
Runtime [s] 66.86 70.75 66.64 77.69
Energy consumption [kJ] 99.04 90.88 91.24 80.17
Solver energy-efficiency [MLups/W]|  0.548 0.667 0.595 0.734
Runtime extension [%)] - 5.82 —0.4 16.2
Energy savings (%) - 9.2 7.9 19.1
- LaB$
Default Static tuning Dynamic tuning Dynamic tuning
constant runtime
Runtime || 1797.9 1942.73 1807.13 1871.14
Energy consumption [kJ] 3102.3 1942.73 2726.7 2496.71
Solver energy-efficiency [MLups/W|  0.054 0.059 0.056 0.056
Runtime extension [%)] - 8.1 0.5 4.1
Energy savings [%)] - 15.1 12.1 19.5

SCALABLE

DRIVING THE EXASCALE TRANSITION

,’F--

~P

CE
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