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Outline

Å How fast isCPU?

Å Application characteristic

Å Tools availablein PSNC

Å Roofline model

Å Example: EULAG



What determinesperformance

Å How fast is CPU?

Å How fast data can be moved?

Å Application characteristic (CPU-bound or memory-bound)

Å Performance optimization for one application may not work for the other

Å Running benchmarks helps to understand limitations of the hardware

Å Profiling code helps to understand application performance characteristic (and 
limitations)



CPU-boundvs Mem-bound

Å Compute-boundςtime to completetaskisdeterminedby the speed/numberof CPUs

Å Memory-bound - time to completetaskisdeterminedby the memorylatencyand/or
bandwidth

Å Nowadaysit is less likely to havejust one component beingresponsiblefor the time
requiredto completetask

Å Howeverstartingfrom multicoreera, the memorylatencyand bandwidthbecame
important bottleneck



How to run faster - cache

Level 1

Level 2

Level 3

...

Level n

Size of memory

Increasing distance from CPU = greater access time

Example:

L1: 32 kB, latency 3 cycles

L2: 256 kB, latency 10 cycles

L3: 8MB, latency 40 cycles

DRAM: 16GB, latency 200 cycles

DISK: 1TB, latency 1.000.000 cycles

Cache hit ïdata found in cache

Cache miss ïdata not found in cache, thus must be copied from lower memory level

Capacity miss ïcache runs out of space for new data 

Conflict miss ïmore that one item is mapped to the same location in cache



How to run fasterςcont.

Å Pipelining

ï Multiple stepsin one operation: fetch, decode, 
execute, memory, write back

ï Dependenciesand branchingmayaffect the 
pipeline

Å Instructionlevelparallelism(superscalar)

ï Multiple instructionsexecutedat the same time

ï Loopunroling

Å Multicore

ï Combinescaches, pipeliningand superscalars



Fast and slow operations

Å In termsof cost

Å Fast and inexpensive: add, multiply, sub, fma (fusedmultiply add)

Å Medium: divide, modules, sqrt

Å Slow: trans (supportin newerCPUsand GPUs)

Å Veryslow: power

Å Uselinearalgebra (BLAS, LAPACK) and math libraries(Intel MKL)



Codeoptimization

Å Usemath, BLAS, LAPACK libraries(for effcientmath routines, to utilizemax. of pipelininginstructions)

Å Efficientcodeisoften not veryportable(performance isdecreasedamongdifferent architectures)

Å Usecompilersoptimizations(but ŎŀƴΩǘoptimizeeverything)

Å Profile yourcode

Å Useaccelerators(GPUs) and coprocessors(Intel Phi)

Å Write genericcode+ specializedkernels

MKL singlecorevs naive
single corespeedup

MKL (up to 28 cores)  vs 
naivesingle core
speedup

matrix (2048x 2048) 
product

52x 543x

Cholesky(4096) 
decomposition

12x 190x



Assesingperformance ςstrongvs. weakscaling

Å Strongscaling: fixedproblem size, measurespeedupwith moreprocessors

ï Example: WRF ςclimatemodellingapplication

Å Weakscaling: test for time for fixedproblem sizeper numberof processors

ï Example: LINPACK benchmark, moreefficientwith morememory



Assesingperformance ςtime vs FLOPS

Å Doesexecutiontime giveenoughinformationaboutapplicationperformance?

Å FLOPS/s - how manyfloatingpointsoperationper secondcanyour codedo?

Å Peakperformance ςclockrate * numberof single/doubleprecision addand or muls
per clockor FMA

ï E.g. 2.0GHz * 8 FLOP / clock= 16 GFLOP/s

ï Canneverbe reach(data load/store)

Å Suistainedperformance ςapplicationdependant

Å DoesFLOP/s givesenoughinformationaboutperformance?



Intel Xeon E5 2697 v3

Å 2.6 GHz (3.6 GHz Turbo)

Å 14 cores

Å Theoretical performance  ~650 GFlops

Å Memory bandwidth68 GB/s

Å AVX 2
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DDR DDR DDR DDR

0 1 2 3 4 5 6 7 31ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ

ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ

32 x byte

8 x float

4 x double ΧΧΧΧΧΧΧΧΧ



²ȅȊǿŀƴƛŀ ǿǎǇƽƱŎȊŜǎƴȅŎƘ architektur obliczeniowych

Å 650 Gflopsonly for FMA(ang.fused multiply-add) ▀ ╪ ╫ ╬

325 Gflopsfor the other operations

Å ~ 10 flops / B

for (single precision float) Ὠ ὥ Ὠ ὧ(ὥ, ὧconstants) - 2 flops, 8 B

Å 68 GB/s, 27 G(single precision float)/s, < 9 G(double precision float)s

Å Vectorization ςSIMD

Å Multithreading ς14 cores
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Hardware performance counters

Å Set of special-purposehardware registersto storecountsof hardware-relatedactivities

Å Canhelp in spottingthe applicationbottlenecks

Å Allowfor low-levelperformance analysisand tuning, thoughimplementationmaybe 
somehowdifficult

Å Examples

ï Cache misses

ï Branchmispredictions

ï Memory latencyand bandwidth



Data access

Å Acrossnodesand to mainmemory

Å Data accesstime ismeasuredin termsof bandwidthand latency

Å Streambenchmark

Å Latencyis the startup time for memory, important for shortmemorytransfers

Å Time = latency+ lenght/bandwidth

Å Solution ςcache memoryand multithreading



bŀǊȊťŘȊƛŀ ŘƻǎǘťǇƴŜ ƴŀ ȊŀǎƻōŀŎƘ PCSS

Intel ParallelStudio XE 2017 (ƴŀƧƴƻǿǎȊŀ ŘƻǎǘťǇƴŀ ǿŜǊǎƧŀύ
Å Kompilatory

C++

C++ 11, C99, OpenMP4.1, automatyczna wektoryzacja

Fortran

Fortran IV/77/90/95/2003/2008, DO CONCURRENT,  OpenMP4.0

Å Biblioteki

Intelϯ aŀǘƘ YŜǊƴŜƭ [ƛōǊŀǊȅ όLƴǘŜƭϯ aY[)

zestaw zoptymalizowanych funkcji z dziedzin algebry liniowej (BLAS, LAPACK), transformat CƻǳǊƛŜǊΩŀ, sieci neuronowych, funkcji 
ǎǘŀǘȅǎǘȅŎȊƴȅŎƘΣ ȊŀƎŀŘƴƛŜƵ ǿƱŀǎƴȅŎƘ

RogueWaveϯIMSLϯFortran NumericalLibrary

zestaw zoptymalizowanych komercyjnych bibliotek z dziedziny analizy numerycznej oraz statystyki 

LƴǘŜƭϯ 5ŀǘŀ !ƴŀƭȅǘƛŎǎ !ŎŎŜƭŜǊŀǘƛƻƴ [ƛōǊŀǊȅ όLƴǘŜƭϯ 5!![ύ

ōƛōƭƛƻǘŜƪŀ ȊŀǿƛŜǊŀƧŊŎŀ ŦǳƴƪŎƧŜ ǿȅƪƻǊȊȅǎǘȅǿŀƴŜ ǿ ǳŎȊŜƴƛǳ ƳŀǎȊȅƴƻǿȅƳΣ ǊŜŀƭƛȊǳƧŊŎŜ ǿǎȊȅǎǘƪƛŜ ŜǘŀǇȅ ŀƴŀƭƛȊȅ ŘŀƴȅŎƘ όpreprocessing, 
ǘǊŀƴǎŦƻǊƳŀŎƧŜΣ ƳƻŘŜƭƻǿŀƴƛŜΣ ǿŜǊȅŦƛƪŀŎƧťύ

Intelϯ IntegratedPerformance PrimitivesόLƴǘŜƭϯ Ltt)

ȊŜǎǘŀǿ ŀƭƎƻǊȅǘƳƽǿ Řƻ ǇǊȊŜǘǿŀǊȊŀƴƛŀ ǎȅƎƴŀƱƽǿΣ ƻōǊŀȊƽǿΣ ƪƻƳǇǊŜǎƧƛΣ ƪǊȅǇǘƻƎǊŀŦƛƛ όƳƻȍƭƛǿŀ ƛƴǘŜƎǊŀŎƧŀ Ȋ ōƛōƭƛƻǘŜƪŊ OpenCV)

LƴǘŜƭϯ ThreadingBuildingBlocks

ƳƻŘŜƭ ǘǿƻǊȊŜƴƛŀ ǇǊƻƎǊŀƳƽǿ ǊƽǿƴƻƭŜƎƱȅŎƘ ǿ ƧťȊȅƪǳ /ҌҌΣ ŘƻǎǘŀǊŎȊŀ ƳŜŎƘŀƴƛȊƳƽǿ Řƻ allokacjiǇŀƳƛťŎƛΣ ȊŀǊȊŊŘȊŀƴƛŀ ǇǊȊŜǇƱȅǿŜƳ 
ŘŀƴȅŎƘ ƛ ƻǇŜǊŀŎƧƛ ǎȅƴŎƘǊƻƴƛȊǳƧŊŎȅŎƘ ǿ ǏǊƻŘƻǿƛǎƪǳ ǊƽǿƴƻƭŜƎƱȅƳ ƴŀ ǇƭŀǘŦƻǊƳŀŎƘ ƘŜǘŜǊƻƎŜƴƛŎȊƴȅŎƘ
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bŀǊȊťŘȊƛŀ ŘƻǎǘťǇƴŜ ƴŀ ȊŀǎƻōŀŎƘ PCSS

Intel Parallel{ǘǳŘƛƻ нлмт ·9 όƴŀƧƴƻǿǎȊŀ ŘƻǎǘťǇƴŀ ǿŜǊǎƧŀύ
Å bŀǊȊťŘȊƛŀ

LƴǘŜƭϯ VTuneϰ Amplifier XE

profilerŀǇƭƛƪŀŎƧƛ ǊƽǿƴƻƭŜƎƱȅŎƘ ό/t¦κDt¦ύ ǿȅǇƻǎŀȍƻƴȅ ǿ ƛƴǘŜǊŦŜƧǎ D¦L ŘŀƧŊŎȅ ƳƻȍƭƛǿƻǏŏ ŀƴŀƭƛȊȅ ŀǇƭƛƪŀŎƧƛ ǇƻŘ ǿȊƎƭťŘŜƳ 
ǿȅƪƻǊȊȅǎǘŀƴƛŀ /t¦Σ ǎƪŀƭƻǿŀƭƴƻǏŎƛΣ ŘƻǎǘťǇǳ Řƻ ǇŀƳƛťŎƛ ƻǊŀȊ ǿȅƪƻǊȊȅǎǘŀƴƛŀ ƧŜŘƴƻǎǘŜƪ ǿŜƪǘƻǊƻǿȅŎƘ

Intelϯ Inspector

debuggerƪƻŘǳ ǳƱŀǘǿƛŀƧŊŎȅ ȊƴŀƧŘƻǿŀƴƛŜ ōƱťŘƽǿ ȊǿƛŊȊŀƴȅŎƘ ǎȅƴŎƘǊƻƴƛȊŀŎƧŊ ƪƻŘǳ ǿƛŜƭƻǿŊǘƪƻǿŜƎƻ ƻǊŀȊ ŘƻǎǘťǇŜƳ Řƻ 
ǇŀƳƛťŎƛ

Intelϯ Advisor

ƴŀǊȊťŘȊƛŜ ǿǎǇƻƳŀƎŀƧŊŎŜ ƻǇǘȅƳŀƭƛȊŀŎƧť ƪƻŘǳ ǇƻŘ ƪŊǘŜƳ wektoryzacjiƻǊŀȊ ǇǊȊŜǘǿŀǊȊŀƴƛŀ ǿƛŜƭƻǿŊǘƪƻǿŜƎƻΣ ǿǎƪŀȊǳƧŜ ƳƛŜƧǎŎŀ 
ƻǊŀȊ ƳŜǘƻŘȅ ƪǘƽǊŜ ǇƻƳƻƎŊ ȊǿƛťƪǎȊȅŏ ǿȅŘŀƧƴƻǏŏ ƻǊŀȊ ǎƪŀƭƻǿŀƭƴƻǏŏ ŀǇƭƛƪŀŎƧƛ

LƴǘŜƭϯ ¢ǊŀŎŜ !ƴŀƭȅȊŜǊ ŀƴŘ Collector

profilerŘƭŀ ŀǇƭƛƪŀŎƧƛ ǊƽǿƴƻƭŜƎƱȅŎƘ ǿȅƪƻǊȊȅǎǘǳƧŊŎȅŎƘ ǿȅƳƛŀƴť ƪƻƳǳƴƛƪŀǘƽǿ όatLύΣ ŘƻǎǘŀǊŎȊŀ ȊŜǎǘŀǿǳ ǎǘŀǘȅǎǘȅƪ 
ǇƻȊǿŀƭŀƧŊŎȅŎƘ ƴŀ ŀƴŀƭƛȊť ƪƻƳǳƴƛƪŀŎƧƛ ƻǊŀȊ ōŀƭŀƴǎǳ ƻōŎƛŊȍŜƴƛŀ ŀǇƭƛƪŀŎƧƛΣ ŘȊƛťƪƛ ƳŀƱŜƳǳ ƴŀǊȊǳǘƻǿƛ ƴŀ ǿȅŘŀƧƴƻǏŏ ƻǊŀȊ 
ƳƻȍƭƛǿƻǏŎƛ ǇǊŀŎȅ ǿǎŀŘƻǿŜƧ ǳƳƻȍƭƛǿƛŀ ōŀŘŀƴƛŜ ǿƛŜƭƪƻǎƪŀƭƻǿȅŎƘ ŀǇƭƛƪŀŎƧƛ όҔмлƪ ǇǊƻŎŜǎƽǿύΦ
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tǊȊŜƎƭŊŘ ƴŀǊȊťŘȊƛ ǿǎǇƻƳŀƎŀƧŊŎȅŎƘ ǇǊƻƎǊŀƳƻǿŀƴƛŜ όнлмтΦлрΦом-06.01)

Å 2-Řǿǳ ŘƴƛƻǿŜ ǎȊƪƻƭŜƴƛŜ ŘƻǘȅŎȊŊŎŜ ƴŀǊȊťŘȊƛ LƴǘŜƭ ŘƻǎǘťǇƴȅŎƘ ƴŀ ƪƭŀǎǘǊȊŜ Eagle

Å Intel ParallelStudio XE

Å Intel C++ & Fortran Compilers

Å OpenMP4

Å Intel MKL

Å Intel Vtune

Å Miejsce: PCSS

Å Zapisy: https://szkolenia.man.poznan.pl
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Performance modelling

Å How to measureperformance

ï Executiontime

ï Energy usage

Å Differentmodelsto choose

Å The old way(whendata movementwas not soexpensive) : FLOPS/s ςhow many
floatingpointsoperationper second

Å Performance maybe memory-latencyor memory-bandwidthboundrather than
compute-bound

Å Performance modellingisusedto determinebestpossibleperformance on your
hardware (doesexecutiontime tell it?)



The Roofline Model

Å Pmax= Applicable peak performance, assuming data comes from L1 cache

Å I = /ƻƳǇǳǘŀǘƛƻƴŀƭ ƛƴǘŜƴǎƛǘȅ όάǿƻǊƪέ ǇŜǊ ōȅǘŜ ǘǊŀƴǎŦŜǊǊŜŘύover the slowest data path 
ǳǘƛƭƛȊŜŘ όάǘƘŜ ōƻǘǘƭŜƴŜŎƪέύ

ǒ I = W/Q

ǒ W ïFLOPs

ǒ Q - bytes

Å bs = Applicable peak bandwidthof the slowest data path utilized

Å Estimated performance:

ÅP = min(Pmax, I * bs)



The Roofline Model



The Roofline Model



The Roofline Model

ǒ To construct roofline plots we need to measure three code specific quantities: W, Q 
and T

ǒ Measuring W and Q

ǒ How to measure it?

ǒ Code analysis

ǒ Hardware Performance Counters

ǒ Instrumentation

Methodology



Code analysis

ǒ Consider the daxpyroutine
for(j = 0; j < 10; j++)

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

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

ǒ Quantities for the double precision

W = 2n

Qr>= 16n

Qw>= 8n

Q = Qr+ Qw>= 24n

I = 2/24 = 1/12

ǒ For n = 108

W = 2 GFLOP

Q >= 24 GB

Methodology



Intel Xeon CPU E5-2697 v3

Å Haswell14cores 1.2 - 2.6 GHz (3.2 - 3.6GHz turbo)

Å 32 kB L1 data cache per core

Å 256 kB L2 cache per core

Å 35MB L3 cache per chip

Å DDR4 memory interface

Å 256 bit SIMD FP unit - AVX

Å ~325GFLOP/s DP peak



NvidiaTesla K20m

Å Kepler GK110 K20m 2496 cores 0.32 - 0.7 GHz

Å 13 SMX units with 192 cores each

Å 1.25 MB L2 cache

Å 1.17 TFLOP/s DP peak

Å PCI Express

Å 3:1 SP:DP performance


