LOBACHEVSKY | DEPARTMENT OF HPC ml b
UNIVERSITY AND SYSTEM PROGRAMMING <

CpaBHeHMe NPOU3BOAUTE/IbHOCTH U ONITUMHU3ALIUA
nporpamm A4 RISC-V npoueccopos. Il puMmepsl

BaneHTuH BonoknutnH, Nocndp Meepos

Mpu yuactum E. Bacunbesa, B. Kyctukosois, E. KosanHoBa,
A. luHesa, 0. Pognmkosa, A. CbicoeBa.

HHIY um. H. U1. lo6baueBcKoro,

MHCTVITVT MH(I)OpMBLI,MOHHbIX TEXHOHOFMﬁ, MaTeMaTUKN U MeXaHUKMN,
Kad). BbICOKOﬂpOMBBOAMTeIIbeIX BbIYUCNIEHMNIA U CUCTEMHOTO nporpammMmupoBaHuUA

CynepkomnbloTepHble AHU B Poccun, Mocksa, 2023



TeMaTHKa AOKJIaja b RISC

=) Mbl aHaIM3npyem NPon3BOAUTENbHOCTb AOCTYMHbIX YCTPOWCTB
RISC-V, aemoHcTpupyem noaxoabl K oNTUMMU3aLUU KOAA

=) Mbl NOKa3blBaeM, YTO HECMOTPA Ha 3HAYUTENbHbIN MPOUTPbILL MO
BpemeHu pabotbl, yctpomnctaa RISC-V b6biCTpo nporpeccupytoT u
NOKa3bIBalOT XOpoLlee NCNOoJIb30BaHMe pecypcoB

=) Mbl AEMOHCTPUPYEM, YTO 0bLLENPUHATBIE MOAXOAbI K
onTMMMU3aunKn paboTbl C NamATbIO XopoLlo paboTtatoT u Ha RISC-V

=) Mbl M3y4aem, KaKk yaydwnTb NPOM3BOAUTENLHOCTL Ha RISC-V,
YYUTbIBAA OCOOEHHOCTU apXMUTEKTYPbl U Habopa KOMaHA

#B LLe/sIoM, Mbl AEMOHCTPUpyem noteHuman apxmtektypbl RISC-V

KaK OAHOW 13 NepPCneKTUBHbIX apxutektyp ansa HPC 2
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Mango Pi

=) Mango Pi MQ-Pro (D1) c Allwinner D1 CPU (1 x XuanTie C906,
1GHz) n 1GB DDR3L RAM.

RV64IMAFDCV ISA,
5-stage in-order execution pipeline,

L1 2-way set-associative |I-Cache and 4-way set-associative D-Cache
with a size of 32 KB each and cache line size of 64 bytes,

TLB, branch predictor, hardware prefetch for instructions and data,

16, 32, 64-bits integer and floating point scalar and 512-bit vector
operation including floating point FMA

Ubuntu 22.10 OS (RISC-V edition) and GCC 12.2 compiler



StarFive VisionFive

mm) StarFive VisionFive (v1) with StarFive JH7100 CPU (2 x StarFive

U74, 1 GHz) n 8 GB LPDDR4 RAM.
* RV64IMAFDCB ISA,
» 8-stage dual-issue in-order execution pipeline,

* L1 2-way set-associative |-Cache and 4-way set-associative D-Cache
with a size of 32 KB each, cache line size of 64 bytes,

* 128 KB 8-way L2 cache
* TLB, branch predictor, hardware data prefetch,

* 64-bits integer and 32, 64-bits floating point scalar operation
including floating point FMA

Ubuntu 22.10 OS (RISC-V edition) and GCC 12.2 compiler
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ARM u x86 CPUs

m=) Raspberry Pi 4 model B with Broadcom BCM2711 (4 x Cortex-A72,
up to 1.5 GHz) processor and 4GB LPDDR4 RAM. Ubuntu 20.04
operating system and GCC 9.4 compiler were installed.

=) Server with 2 x Intel Xeon 4310T (2 x 10 Ice Lake cores, up to 3.4
GHz) and 64 GB DDR4 RAM. CentOS 7 operating system and GCC
9.5 compiler were installed.

x86: ucronsvzyemca mosoko 10 adep CPU, umobbi UcKaro4yume
enusHue NUMA-agpgpbekmos, omcymcmeyrouwux Ha opyaux
ycmpoucmaeax ;



beHYMapKu

m=) STREAM benchmark
* 3/leMeHTapHble onepaLmmn Haj BEKTOpamu
° MO3BO/AET ONPeAeNUTb NPONYCKHYI0 CNOCOBHOCTb NaMATY

* MO3BOJINT HAM UHTEPNPETMPOBATb PE3Y/1IbTaTbl CPABHEHUSA
YCTPOWCTB
m=) TpaHcnoHMpoBaHue MmaTpuubl (in-place), Nayccosa punbTpaums
* KaK TEXHUKM oNTUMM3aLUMM paboTbl C NAaMATbIO YCKOPALIOT KOZ,
Ha yctpouncTteax RISC-V npu peanmsaumnmnm anroputmos,

NPOU3BOANTENBHOCTb KOTOPbIX OFpaHUYeHa NnapameTpamu
NoACUCTEMbI MAMATU?



MeTpHUKHU NIPOU3BOAUTEJNBHOCTH (I)

m=) Bpems BbluucneHuit, NMponyckHasa cnocob6HOCTb NamATH
* (OO6bI4YHO UCNONB3YIOTCA B Ka4eCTBE OCHOBHbIX METPUK
* OpaHaKo Mbl AONKHbI MOMHWUTb, YTO CPABHEHME BK/IHOYAET

* OO0HoA0epHbIU MaaoMoWHsbIU rpoyeccop apxumexkmypsi RISC-
V, Ha Ha4YanbHOM CTaann Pa3pPaboTKMU N BHEAPEHUS

* 10-apepHbIN cepBepHbIM Xeon, OCHOBAHHbIN HA MHOTOJIETHEM
onbiTe pa3pabotkmn HPC-ycTtponcTs

HY)-KHbI U OTHOCUTEJIbHbIE METpVIKVI!



MeTpuku npousBoauTeabHOCTH (1)

* Bpemsa BbluncaeHum, NMponyckHasa cnocobHOCTb NaMATH

=) YydlieHne OTHOCUTENIbHO HaMBHOW peannsauum anropuTma B
pe3y/sbTtate NPUMEHEHNA ONTUMMU3aL Ui, TUMUYHDbIX ONA
TpaanunoHHbix CPU

* JlononHUTENbHAsA METPUKA, MOMOTraeT NOHATb, KaKkoro
VAYYLLIEHUA MOXHO A06UTbCA B KaXKA0M KOHKPETHOM cay4yae



MeTpuku npousBoauteabHocTHU (111)

B2) Ucnonb3oBaHMe NOACUCTEMbI NAMATU

* Bbluncnaem otHolweHue Yymncnaa 6anT aaHHbix (DRAM <-> CPU) K
BPEMEHMN BbIMUCIEHUN

* [lennm 37O 3HaYeHUe Ha AOCTUTHYTYH NPOMNYCKHYIO
CMOCOBHOCTb NAMATU, U3MEPEHHYI0 B beHumapke STREAM

* Pe3ynbtaT npuHagnexut [0,1] n aBnaetca 6e3pazmepHbim

* BansocTtb K 1 nokasbiBaeT 3¢ PpeKTUBHOE NCNONb30BaAHME
namaTu

9Ta MeTpUKa No3BO/IAET CPAaBHMBATb YCTPOICTBA, HECMOTPA Ha UX

CYLLLeCTBEHHYIO pa3HULY B NPOU3BOAUTENbHOCTH
10



YucineHnHsle pe3yabTaThl. STREAM

# Llenb: nameputb NponycKkHyo cnocobHocTb namatu Ha 4 CPU
* COPY —ali]=bli]
* 16 6aunT 3a utepauyuto, HeT fp BblYMUC/IEHUN
e SCALE — a[i]=d*b[i]
* 16 6ant 1 1 FLOP 33 ntepauuto
 SUM - ali]=bl[i]+c[i])
* 24 6aunt n 1 FLOP 33 utepauyuto
* TRIAD — a[i]=b[i]+d*c[i] (FMA)
* 24 6ant 1 2 FLOP 33 ntepauuto

11



YuciaeHHble pe3yabTaTbhl. STREAM

B B s DRAM
I, 58406 \ .
o MEnEP TONbKO L1 Kaw ¢ manou npon. cnocobHOCTbIO
, ubuntu
2 506,0
EEEE— 7 030,6 manas npon. cnocobHoctb DRAM (n3-3a
rFive IS 28864
(7100 / Yype3aHHbIX KaHAN0B NaMATH)
5541
_268352 872520 nOACMCTEMa NaMATU HA
aspberrvpi TS .
Respberny? t1ola RISC-V noka yctynaet

x86 u ARM

I 2377 3220
T 12582910

Ko T s 340407,3
34 843,6

100 1000 10000 100000 1000000

MB/sec 12
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 OAWH N3 OCHOBHbIX B IMHEUHON anrebpe; memory-bound
 HauBHana peanusauusa (“Naive”)
* To, YTO peanusyoT, He Aymasn O NPOU3BOANTENBHOCTH
* He morkeT 6bITb 3dPEeKTUBHOMN Ha NHOOOM M3 pacCMaTPMBAEMbIX
YCTPOWUCTB
Transpose baseline (double * mat, 1nt size)
for (i:O; 1 < size; 1++)
for (J=i+1; J < size; j++)
mat[1i] [J] = mat[J] [1]

= w N

13
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* PacnapannenusaHue (“Parallel”)
* QOO6blyHbIN parallel for

* BaouHbiii anroputm (“Blocking”)

* JICKNOYaEeT HeHYKHble 3arpy3Kun AaHHbIX U obecnevynBaeT aAyylulee
MCMONb30BaHNE KILW-NAaMATH

Transpose block (double * mat, 1nt size)
parallel for (1 blk=0; 1 blk<size; 1 blk+=blk size)
for (J blk=i blk; j blk<size; J blk+=blk size)
for (1=1 blk; 1<i blk+blk size; 1i++)
for (j=j blk +1; j<j blk+blk size; j++)

mat[i][Jj] = mat[J][1]
14
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* YayuyweHHbIM goctyn K namatu (“Manual_blocking”)

* YayylwaeT npeablayLLyo oNTMMU3aLMIO -> NOC/eA0BaTeIbHbIM AOCTYN

* BAOKM NOArPYKAOTCA B K3LL BPYYHYIO, Aa/iee TPaHCMOHUPYHOTCA U T.A.

Transpose 1mprovedMemAccess (double * mat, 1nt size)
parallel for (i blk=0; 1 blk<size; 1 blk+=blk size)

double cache blk[blk size*blk size]

for (j blk=i blk; j blk<size; j blk+=blk size)
load block to cache (1 blk, J blk)
transpose block in cache()
swap block (j blk, 1 blk)
transpose block in cache()
store block (1 blk, j blk) 15



AJIl"OpI/ITM TPAHCIIOHHUPOBAHHUA MATPHUI]

* AuHamuyecKoe nnaHuposaHue (“Dynamic”)
* Wtorosas BepcuaA Kona

* OTAnyaeTca AUHAMUYECKUM Nna1aHUpPoOBaHUEM B NMNapasjie/;ibHOM UUKE

* YcTpaHAaeT ancbanaHc npu obxoae CTPOK TPeyronbHOW MaTpuLbl,
KOTOpPble MMET PasHyHo ANINHY

Naive Implementation (“Naive”)

Parallelization (“Parallel”)

Better Data Reuse: Cache Blocking (“Blocking”)
Improved Memory Access (“Manual_blocking”)
Dynamic Scheduling (“Dynamic”)

L
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Time, sec
[ =Y [=a] [+<]

(=]

Time, sec

Bpems BbIYMC/IEHUHA

a Matrix Size: 8192 OnTMmunsaumm, NnpoBepeHHble Ha
10,92 W MangoPI (D1) M StarFive (JH7100) M RaspberryPi Xeon 43107
x86, oTAanuHo pabortatot Ha RISC-V
x1,33 x1,43 o
/ YCTPOUCTBAX.
5,94
x1,46 x1,53 %2,93 .
1,86 5,86, Raspberry Pi umeet
x22,64 %x28,38
o I*“S 7 xess NPENMYLLLECTBO MO CKOPOCTU, HO
Naive Parallel Blocking Manual_blocking Dynamic MeH bLLIe, l"Ie’V\ Mor 6b|’ MCXOAH M3
P Matrix Size: 16834 MapameTposB NaMATU -> B

. x1,26 lStarFl\re (JH7100) M RaspberryPi Xeon 4310T VCTPOMCTBax RISC_V npo I'IyCKHaﬂ
; o - CNOCO6HOCTb NaMATH
3a4eucTByeTca nyylue.
1 X351
X5,59
x9,92 x12,41
01 17

Naive Parallel Blocking Manual_blocking Dynamic



YTuau3sanusa NnponycKHoON CnoCOOHOCTH NaMATH

Matrix Size: 8192 Matrix Size: 16834
0,8 - . 038 4,89x . :
3,17x  m Naive ® Best Implementation ' m Naive m Best Implementation
0,7 0,7 3,53x
0,6 6,28x 0,6
0,5 0,5
O.r'q 5!44}( G,"-l 4;9?}(
0,3 0,3
0,2 3,86x I 0,2
- < B I
o  mm ] [] 0 (]
MangoPI (D1) StarFive RaspberryPi  Xeon 4310T StarFive RaspberryPi  Xeon 4310T
(JH7100) (JH7100)

# MeTpKnKa NOKa3bIBAET, HACKO/bKO 3 HEKTUBHO NEPENCNONLIYIOTCA AaHHbIE,
3arpy»KeHHble U3 NaMATU, N HACKO/IbKO Bpemsa paboTbl 3aBUCUT OT CBOMCTB

NoACUCTEMbI MAaMSATHU 18



YTuau3sanusa NnponycKHoON CnoCOOHOCTH NaMATH

Matrix Size: 8192

0,38 3,17Xx  ® Naive ® Best Implementation
0,7
0,6 6,28%

0,5
0,4 5, 44x
0,3
0,2 3.86x |I\
-
5 - [ ] III

MangoPI (D1) StarFive RaspberryPi  Xeon 4310T
(JH7100)

0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1

Matrix Size: 16834

4,89x

StarFive
(JH7100)

m Naive m Best Implementation

4,97x

RaspberryPi

3,53x

Xeon 43107

Raspberry Pi: nponyckHaa cnocobHOCTb NamaATH ncnonblyetca He 3dpPpeKTuBHOo (m.6.

NOMOTYT ARM-CI’IELI,VI(I)VNHbIe onTtMummsaunmun, HO Mbl He BHEAPANUN CNeluna/ibHbIX

ONTMMU3ALUI ANA APYTUX YCTPOMCTB).

19



YTuau3sanusa NnponycKHoON CnoCOOHOCTH NaMATH

0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1

StarFive (JH7100): xopowaa yTuam3auma nponycKHOW cCnocobHOCTU NaMATH.

3,86x

[ |
MangoPI (D1)

Matrix Size: 8192

3,17x

StarFive
(JH7100)

B Naive M Best Implementation

5,44x

RaspberryPi

6,28x

Xeon 43107

0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1

Matrix Size: 16834

4,89x

StarFive
(JH7100)

m Naive m Best Implementation

4,97x

RaspberryPi

3,53x

Xeon 43107

Mango Pi (D1): HeBa)XHaA yTUAM3aLMA NPONYCKHOM cnocobHOoCTM NnamATK (Tonbko 1

YPOBEHb K3LL-MaMATU C HE CAULLKOM BoAbLIMM yayYdlleHnem oTHocuTenbHo DRAM

120



HpOME)KYTO‘-leIe ATOIr'n

* Cun C++ Koabl nerko m.b6. noptupoBaHbl Ha RISC-V ycTponcTBa

 ObuwenpuHATbIE NOAXOAbl K ONTUMMU3ALIMKN KOAA Ha X86 xopoLwlo
paboTatoT Ha ycTpomncTBax RISC-V (6banaHcmpoBKa, 6a104Has
0bpaboTKa)

111 OueHb xopowo ana pa3paboTunKos

* HecmoTpa Ha oXKuaaemo 601bLUYI0 Pa3HULY B BbIYUCIUTENbHbIX
BO3MOXXHOCTAX, npoueccopbl RISC-V aocturaroT xopoLiero
UCNO/Z1Ib30BaHUA NOACUCTEMbI NAMATHU 33 cHET OOLLLENPUHATBIX
noAxXo40B K ONTUMU3aL MK

111 Xopowunit noteHunan gna aanbHeuweun paspaboTku
21



[Ipoiio HeCKOJILKO MecCALleB

 CpaBHUTENbHO HOBOE ycTpounucTeo — Lichee Pi 4A.

RISC-V 64GCV C910*4@2GHz

=" m e - Each core contains 64KB | cache
SuPCCD g.:Q " and 64KB D Cache
LI RV ES M. - Shared 1MB L2 Cache

TR B - 8GB 64bits LPDDR4

. Eh'

https://wiki.sipeed.com/hardware/en/lichee/th1520/lp4a.html

22



BekTopusanuda aaropurmoB OpenCV Ha RISC-V

 OpenCV: yHnBepca/sibHble MHTPUHCUKM (CM. AOKNaa,
M. MunalileHKo) — cuabHaa naes, Aenarowas Koz
NepeHOCUMbIM, HYXHa INLb UX peannsauma anA
COOTBETCTBYIOLLEN NNAATPOPMbI

* Bonpoc: KaK yayylmnTb BekTopmlaumto Ha RISC-V?

* Upea: ncnonb3oBatb «6N04YHbIE» BEKTOPHbIE KOMAaHAb!
(aHanor 512-6utHbix BeKkTopos B 128-6utHom RVV 0.7.1)

23



AjganTanus yHUBepCaJbHbIX HHTPUHCUKOB AJd RISC-V

* Bonpoc: KaK yayylmnTb BekTopmdaumnto Ha RISC-V?

* WpenA: ncnonb3oBaTb «610YHbIE» BEKTOPHbIE KOMaHbl
(ananor 512-6utHbix BeKkTopos B 128-6utHom RVV 0.7.1)

* Peanusauua: moamdpukaumna ¢panna yHMBepcaabHbIX
MHTpUHCcnKoB ansa RISC-V (He Hy»KHO BHOCUTb N3MeHEeHUs
B peanusauyuto aaroputrmoB OpenCV!)

24



BbeiyuvciauTe/ibHbIE IKCIICPHUMCHTbBI

* Intel Xeon Silver (10 aaep)

* Lichee Pi4A (4 agpa n 8 b O3Y) u Mango Pi (1 agpo),
BEKTOpPHble pacwunpeHna RVV 0.7.1.

* Anroputmbl OpenCV:
* dunbTpaumAa
* Jpo3mA
* Bag-of-words n SVM

25



Pe3y/bTaThI

* Lichee Pi 4A no4tn Ha nopsaaoK bbicTpee, yem Mango Pi

* OTcTaBaHMe OT Xeon B HECKO/IbKO pa3 (HO Haao y4yecTb,
4YTO OHO ByaeTt bonblle, ecnm anropuTMbl byayT XopoLlo
pacnapanneneHbl)

* YcKopeHue Ha Lichee Pi 4A oT ynyylmeHHOW BEKTOPU3ALLMM
COCTAB/ISIET AECATKM NPOLEHTOB (B 3aBUCUMOCTU OT
anropmnTma)

26



BbIBOAbI

e OyeBuaHbIN Nporpecc yctpouncTts RISC-V
* bbictpoe apgantauma C n C++ Koaos

e CraHAaQpTHblE TEXHUKM ONTUMM3ALUN paboTatoT
oXXnaaembim obpasom

e CywecTtByeT BO3MOXHOCTb cneundmuyHbIX oNTUMMN3aLni

« Xaem npoponkeHus!l

27



KOHTAKTDI

* Nocnd Meepos, K.T.H., AOLEHT,
3aB. Kad. BbICOKONMPOM3BOAUTE/IbHbBIX BbIYMNCNEHUN U
cuctemHoro nporpammmposaHusa, HHIY, Huxunmn Hosropop,
meerov@vmk.unn.ru

 CtaTtba #1: https://link.springer.com/content/pdf/10.1007/978-3-
031-41673-6 57?pdf=chapter%20toc

* CraTtbAa #2: Ha peueH3npoBaHUN, NPENPUHT B NpoLuecce
nybankayum.

[TpoeKT noaaep*aH NPOrpammon akagemmyecKkoro
nmpepctea HHIY «lMpuoputet-2030»
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Gaussian Blur algorithm (just brief description)

* Let there be an image (tensor) containing one or three channels
at the input.

* Each pixel contains one or three intensity values, respectively,
each in the range from 0 to 255, or from O to 1, if normalization is
performed.

* The problem of filtering involves passing through the image from

left to right and from top to bottom, applying the Gaussian filter
kernel to the pixels, and calculating a discrete convolution.

* The output is an image that has the same spatial dimensions as
the input one and contains updated intensity values.

30



Gaussian Blur algorithm (just brief description)

* Necessary in many computer vision (CV) algorithms

* There are efficient implementations of the Gaussian filter for
different computing architectures, in particular, in OpenCV

e Il Discrete convolution is a basic operation of convolutional
neural networks. The performance of convolutions significantly
affects the time of a direct pass through the neural network,
which is critical in the implementing deep neural network models
in real applications

e Il Therefore, the filtering task is the first step towards deep
neural networks inference optimization on RISC-V architectures

31



Gaussian Blur algorithm. Implementations

m=) Naive Implementation (“Naive”). As a basic implementation, we use
an algorithm in which the Gaussian filter kernel is used to sequentially
calculate the intensities of each pixel of the resulting image row by row

#Unit-stride Access (“Unit-stride”). As a first modification, we change
the order of the loops so that the loop through the image channels is
inside the filter kernel application loop => unit-stride access

H

[V

N

32




Gaussian Blur algorithm. Implementations

#One-dimensional kernels (“1D_kernels”). We rearrange the
computations based on the following representation of the Gaussian

1 _xiy? 1 X 1 2
filter: G(x = e 202 = e 202 e 202
(X)) = fr2 N N
* Now we can successively apply two 1D Gaussian filter kernels instead
of using a 2D kernel 2]2]4]2]2]1
5(2[4]14]12]0 1 * (44(43(44134] *
5[(1[1]0]5]1 > *[37(24(29]139] *
0[(4[0|0]3]3 1 *[34(22(23]38] *
5]1015|114]0 *[42139]36]39] *
1 5 3 2 4 2 * * * * * *
2 2 4 2 2 1 * * * * * * * * * * * *
5(2[414]12]0 1717 [13[10[11] 2 *[44(43(44134] *
5[1[1]0]5]1 1586 [4[15]5 *[37(24(29]139] *
0[4[0]0]3]3 10196 [1[15]7 |j> *[34(22(23]38] *
5([0[5[1]14]0 1119 [13[ 4 [15] 5 * [42(39(36]39] *
1 5 3 2 4 2 * * * * * * * * * * * *




Gaussian Blur algorithm. Implementations

#Improving Memory Access (“Memory”). We use the order of loops, in
which each element of the kernel interacts with the entire row from
the original image matrix => improved memory access pattern

#Parallel Implementation (“Parallel”). The computations are
independent and well-balanced, therefore we parallelize the algorithm
trivially by using #pragma parallel for from OpenMP.

#“OpenCV" is a reference (optimized) implementation from OpenCV.

34



Numerical results. Computation time

B MangoP| (D1) m StarFive (JH7100) m RaspberryPi Xeon 4310T

100,0 384 x0,6
34,5 x1,1
13 0 X1, 7
10,0 X6,3 x6,1
x6,4 8.0

o
3
o 1,0 Xx24,3
= x37,8 37,8
|_

0,1 X222,3 IX294’2

0,0

Naive Unit-stride 1D_kernels Memory Parellel OpenCV

Naive implementation lags behind OpenCV by several orders of magnitude, regardless

of the device architecture s



Numerical results. Computation time

B MangoP| (D1) m StarFive (JH7100) m RaspberryPi Xeon 4310T

100,0 384 X0,6
34,5
13 0 X1, 7
10,0 x6,3 x6,1
x6,4 8,0

o
3
o 1,0 Xx24,3
= x37,8 37,8
|_

0,1 X222,3 IX294’2

0,0

Naive Unit-stride 1D_kernels Memory Parellel OpenCV

Computation time of the “Unit-stride” version is obviously better because of

sequential memory access which us much faster due to an efficient data prefetch iy



Numerical results. Computation time
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"1D kernels” and “Memory” implementations are faster, as expected. Large speedup

on Xeon is due to effective vectorization of the code by the compiler. 37
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Speedup of the “Parallel” implementation is limited by the number of cores and

memory channels. 38



Numerical results. Memory bandwidth utilization
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Intel Xeon 4310T: the parallel algorithm provided an
increase in the memory bandwidth usage metric due to
the presence of a larger number of memory channels,
which are not available in other devices

Mango Pi does not allow
for high performance of
the image filtering
algorithm due to the lack
of L2 cache and slow L1
cache.

StarFive lags behind
RaspberryPi in memory
access performance, but
overall, the results are
comparable.
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