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Application Programming Interface

API
Advanced Risc Machines, British Chip Design Developer. The ARM Chips are produced

ARM
by many companies.
ARM Is the name of a CPU architecture starting with ARMv7 which has some things in
Cortex common like floating point support (Cortex-A). Cortex-A, Application profile Cortex-R,
Real-time profile Cortex-M, Microcontroller profile
Cortex This CPU design offers about 3.5 to 4 DMIPS/Mhz which makes it about 30% percent
Al5 faster than older Cortex A9 designs at the same clock rate. The Tegra K1 32 Bit CPU is
based on a quad-core Cortex A15 design with an additional power saving core.
CPU Central Processing Unit
Csl Camera serial interface, connection to cameras
CUDA Compute Unified Device Architecture, from NVidia developed programming model,
which allows code to be executed on the GPU. The programming model allows to write
parallel computing programs which can be much faster than code running on the CPU.
Embedded Computer which does a specialized task (e.g. control task) in contrast to a desktop
System computer.
eMMC embedded Multimedia Card, the board has on-board 16 GB eMMC flash memory
GPIO General purpose input/output pin which can be used to control external hardware (switch
on/off something)
GPU Graphical Processing Unit
ISP Image signal processor, used for processing input data from cameras
OpenCL Open Computing Language
OpenGL 3D API for PC's and also embedded systems
OpenVG 2D API for vector- and bitmap graphics
USB 2.0 Universal Serial Bus - here mouse, keyboard and other devices are connected.
LED Light Emitting Diode
HDMI High Definition Multimedia Interface (Jetson TK1 supports HDMI Version 1.4) The
maximum screen resolution is 4096x2160@30 on the HDMI interface.
PCIE Peripheral Component Interconnect Express, is a high-speed serial computer expansion
bus
RAM Random Access Memory, the main memory
RS-232 serial interface (the Jetson TK1 has one RS-232 interface) which can be used for
diagnosis.
SD Card Secure Digital Memory Card. If you buy an SD card it's good to choose a higher class
SD card like class 10.
SoC System on Chip, means that different functions like processing and video interfaces and
Input/Output interfaces are integrated on one chip
SPI Serial Peripheral Interface, interface to displays
Tegra Is a SoC series developed by Nvidia. The 32 Bit Tegra K1 is a Cortex A15

multicore CPU design combined with a 192 core Kepler GPU (graphics engine). The 32
Bit K1 modelname is T124. Kepler is just a name for a GPU microarchitecure
developed by Nvidia. The K1 is produced with a 28 nm process. Nvidia is also

developing a 64 Bit Tegra K1 chip with the same GPU.

Vil
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aliive e sl Uniformly aliiie (<o ol pdal) Lgall eliadl Sl (Sars .processing cores
S A&l ey 5 Uniform Memory Access (UMA) aliiiall 3 SISl 4 .non-uniformly
48y () adlgal) (AL S aBlse ) S e ity s A el SN 8 aBga (]
Non Uniform Memory Access aliiiall je 3,SIl Slas 8 5SIA1)0 8 aBse () Sl zellall

B0 adge (Y Ml by (yiludia (48 K13 IS L(NUMA)

:Message Passing Platform il i daia —w

interaction Jel&ill gaaing «aldll aiglic cliads cdualall 45,53 1Y) oda & mllae JS1 22y
o3 (o pcdl Lol iy Agaly aaaids ety Bl Jols Dla (e dalledll 55
¢ Synchronize action AS)al) Ay Jaally cchbarall Jail Jilpl) Jals aadion . cDle lal)
abida zaliy 245 message passing paradigms bl juyad = 3t ae X ale (<G5 ciladlagl)
sl Jliials Qo) (& ool z3sail 138 6 3l Cililaally odie o P s3ie IS
Glalleall (0 JSI unique identification 1% Aasa iyt Jiuy method Ak 3ga ot WS

.parallel application ()l siall (gaaill il

10



Aailaidl e Awsal) bl IV Juadl)

Parallel programming 4jsiall Aaaull Ll 2 .1
patterns

Overview 4ale 5,433 .1 .2 .1

53 e b Slesel) Aallae sans Y L Al5ial) daasall Lol e 58l o3a (A Cuaal) S

Baaxie (g sl Cibiaguu ] Anllaa sang pladialy il elpas A sall Aansgalls ¢ (g3lsal) dlle Cilakes
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3-0 SN 3 (e o LS 5amy Aad (g0 pfi 5o il 8 Aall Adaally fiagl

e

Scatter il Jaci 3-0 <&

i Bae a5 Ladie (gl thread collisions caulill cp adlaal 3sag s & oLal¥) Cany Ling
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Maialy 2wl 138 aay 4S5l 5,803 20403 cooperating threads
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CUDA ¢l J£2-0 J<a
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38 clalles (o S 232} o el AESH e candal) 322 (IS 136 . 20wl 3850 e
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Scalability of a CUDA application
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8eadll e threads cawlill A 5aa GPU Compute Engine <ol syl dadlas sas g A sa &lyae
e S oLl mapping dalhe ke 3-0 JSAN G calane dojlazal caslia JSG0 device
dayb JAV1 SMs Gl (gaanie Cpallans (A5Y) (optiline Cilaa gy Fallae Saag o caulal

.SMs axil) 3aaee Calallas

A Multi-threaded CUDA application with a linear array of 8 blocks

Block 0 || Block 1 || Block 2 || Block 3 || Block 4 || Block 5 || Block 6 || Block 7

| smo | | sm1 | smo | | sm1 | | sm2 | | sm3 |
| Block 0 | | Block 1 | [ Block 0 | | Block 1 | | Block 2 | | Block 3 |
| Block 2 | | Block 3 | | Block 4 | | Block 5 | | Block 6 | | Block 7 |

| Block 4 | | Block 5 |

A GPU with 4 Streaming Multiprocessors

| Block 6 | | Block 7 |

A GPU with 2 Streaming Multiprocessors [19]
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A oh oo Aaluy Yl 13 S JTeslas Quadro Jie 3dlia¥) cilaiadl 1) Tegra
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‘47globa147 void kernel function name (parameter list)

seledinl 3 35 device syeaill e dars code Slayll G () global__ daabidall ZalSl i
2ph (i daa kernel 8l a5 & 08 thread et JS elac) & .host code avadll Sy (3
O threadldx uxie dad O3S0 Jkernel 35l DA (0 Aalie 42 4S5 cthreadldX ams ID
single dimensional array el duslal Zabia Job Ao caulill i (S Gusy pualic EDI
Oo el 3083 2 candl Lalaf Aekes arrange anp Jal (e ADE S ey < ddbial
threadldx.x JIA (e oamnd oy 2adl 25U Abdall i Jal (e cthreadldx.x uaid) Sl
P e thread index sl (lsie Cles 238 2adll 4805 dakall W cthreadldx.y s
e daladl) ol malipd) (shaie dasass & acluw V3 .threadldx.zs threadldx.y cthredldx.x

.[18] volumes asaalls matrix <lé seaalls vectors dadd!

5 LS ) A o A8l ) dolal Ak (S5 blocks JiSIs threads cawlaill CUDA
2ol Balat grid 3us (e blocks (S adats 8 @bl ui ¢ L3l 2 cthreads cawlill alas
blocks (I st dslie (S Sy L thread blocks cawliil) € (e aeall A8 o aeall 3505
ial) Ay (awads three component vector palisll g el P e grid AEN ana
-blockldx.z 5 blockldx.y s blockldx.x salic 4335 41 (sMls blockldx

aslll ALY (e threads bl sae JAT Jiear ol cthread block cowsl) A0S slad -
By eledily LKAl asty o paliall 28N 4K blockDim Giwe Cijaall i) (paca
: b WS ckernel launch 315l ($Uals slawsally <CUDA

kernel function name<<<NUM BLOCKS, THREADS PERBLOCKS>>> (parameter 1list);
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GPU e susl) Aallae Bang ijlane S Ll

i) aaay et el dal (e ooliti] a3 ASH (BSH a3 NUM_BLOCKS el sasy
s LS block ALSY (e Lgalsan 233U S threads sl sae THREADS_PER_BLOCK

thread

?thread block

/ grid

1 doSomething<<<2,3>>>()
M M M M doSomething<<<4,2>>>()

Execution model i) z34034-0 J<&)

asls RAM ilsiiall 3l 55035 CPU aSyall Aadlaal a5 Ziani CUDA dnay b o
zeliy ol il .device 33l GPU e sus )l Aallae 3any daend alig chost Ciuadll
3 @ilyhaall e CUDA

Host Memory allocation for the 4sstaddl cilyaiall Jal (e Cacaal) 3513 anass o
required variables
Device Memory allocation for the variables <) ysiall Jal (e 83eail) 5513 avass o

Copying the values from host to device 8¢l ] Canaall e adll s o

CUDA (55 3acbue e (g))5ial) il 2 aladinly @llhg 3iaeall Je il dpwss o
Computation of the results on the device by the use of parallel threads executing
with the help of CUDA kernels.

Copying the computed values back to the auaall ) 250 5y Ao gnall aall G @
host
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NEON Baag :*:D\AM Sl M\

o -

404

(= ARM Cortex-A Gilallas duslid 420 oS SIMD 128-bit 4jlaze e 3lae o4 NEON 4.
consumer multimedia 2y saaxial) Jailas ol il oyt Jaf (e Creara ¢AARM 3855
i L axiiall Bsale (S8 oY) didas Aoyl @lly dadie Oy Jle JSG applications
Aagaiall Ayg)l) Jasky 128-bit (myms dawss 16 5l) 64-bit (myms Jawe 32 NEON 4jlans

-(dual view

BLEY) dallae Slie))lsds multimedia saasiall Iilugll 4 auly JS& NEON 48 aadid
Aallasy il puall cobal 1 ealaY1 4800 ) 1608 Cla sl ¢ syl a0 iy a5 i Raadyl
.[19] sound synthesis < guall S5 dadilell eV La) ¢ jpall dalles ¢ IS

ul...\.ﬁ 63\:131.:; E;uS,I \.g_su. d.qlaﬂ\j NEON :\:\J\AM e‘d:lmb Z\AA).\J‘ GJL\A CJ.J: d.».a/d\ [K¥Y =3
3o 3Kl Ciladden ) 8)kanll pllins Lladl A ¢ dlpa) I daall dald) cllaadldl)
Abadl cladaill g3yl e store (30l load Jaeadl) Slileal el aladnny)

Load and Stores (njailly Jeaadl) .1 .3

Tty Ligla 5ypem Loal aagy 4l ash o (usale lae Jliar ead) s Gy ylaall AUSEA) pgdl
Gsthad) GIS5 R, G, B, R, G, B,... JS& 5,813 8 3550 <BLSull IS of dus (RGB <y 24
Akl oo L Bxe .3)3 el ol S C deail) e A dallae Lolee i

INEON alasiushy 50Uy cosllaal) gl 4l

GBS e a8 RGB whhes cilay ashy (531 (alad) load Juesil) aladiad o)
daa N aps 1-0 JSE L ADle s 3y sea) Gislll daas ddee daay lasdl)
cmasks Ax8Y) aladinl sl e el e JA) eda o adieall eyl Jal AP0 e
Josaydl alll e BULYI e 50U 53 3 Y Y1 135 .combining mallg shifting 23
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NEON 3as5 ujlane ) Jadl

VLDI.8 {d0, d1, d2], [10]

R5 | B4 R4 dl

Loading RGE data with a linear load.

3l daeaill olasiul RGB ililars Jieai 1-0 JSA)
Gl a8 G AL OV i & 2o bl (p3a% s Jaaad Giladed 400 NEON Agylers (0§

oS Jd) s o LA cDlase ) ol iy gl 8 Jeadig 5,SIA1 e ilidandll
2-0 U . aghueat ol (3) 315 padVls ¢ paal) Jandl VID3 daddadll aladiiud

VLD3.8 {dO, dl, d2 ], [r0]

RT7 RA R5 R4 R3 R2 Rl RO do

e[ [=[]e]=] -

BT | B6 | B5 | B4 | B3 | B2 | Bl BO d2

Loading RGB data with a structure load.
@il Jsanl o35l RGB ililasa Jses 2-0 (<)

Ol C e (p Laiill 3-0 JKEIL miage g8 LS VSWP dO, 02 daddail) padis oll aay
re-interleaving <Lliall sale) ae 3, SIA 1) 4l 530 cilidanall S 23 25 3315 jeal
VST3 lgansl dgaliie Aaddat alasiiuly
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https://community.arm.com/cfs-file/__key/communityserver-blogs-components-weblogfiles/00-00-00-21-42/2642.100310_5F00_MC_5F00_diag2.png

NEON 3as5 ujlane ) Jadl

VSWP dO,d2

~ B7 | B6 | BS5 | B4 | B3 | B2 | BI BO do

BROREERnE

» R7 R6 | R5 R4 R3 R2 RI RO d2

Swapping the contents of registers dO and d2.
d2 5 d0 Cpladd) Gliging Jan 3-0 J<al)

interleave ¢Llially de-interleave dLliil elil) Jas fasa .1 .1 .3
64- e NEON <Dlase N 8803 (e cillandl) 5l NEON iy Jpeatll cilandas o 58
e aliie IS Al el Jasd LS . 5aY1 a3 13 de-interleaving clliall elad) ae <bit
JSAIL (e 5o LS 5SS J8 sl (0 cilidaral) re-interleaving <Ll sale)

memaory memory
VLI VET
From memory e NEON From NECM registers
registers [dil, d1, d2 ) {0, d1, d2] to v

{1E 10 RO

RO

-8 B
0x2 BD B
| K1

=

Oxd Rl

Nl

Ox5 Bl Bl
Oah RI

\ -

R7 | Ré | RS | R4 | R3 | R2 | R1 | RO | «O

B7 | B6 | BS | B4 | B3 | B2 | Bl | BD | 2

NECQM structure lomds and stores.

Agull NEON clinasy cDueai4-0 JLA
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NEON Baag :*:IJ\AM Sl d.».a.d\

Syntax dadadll cuSys |

5-0 JSa L el Ased (e Lysuidl NEON iailly daesall cilealad ()65

Interleave pattern (1, 2, 3or4)  NEON register list

VLD 2 .16 {dO,dl), [rO]

Lowd (VLD or store (VST Element type (8, 16 or 32)  Address in ARM register

T'he structure load and store syntax.,

VST j loads Jxasill VLD W) a4 instruction mnemonic laiwall dalaill anl o
.stores (p)aall

dal e D) (e 230 a5 ((s222) interleave pattern bl Jaail) J<all o
gty O Cpaa Adbeidl paliell G Jaldl) Leadl sas el

el zolsd)l yaliall peca GG dae 23ay Element type paiall g5i o

LA o2l (Kary leal) KU §f 5,031 (e Jaasiill 64-bit NEON cMlacss (e 4l o
cebilall aail) JK81 e adiey 135 Clae Fayf B (g5 0

O SN (8 4l Al a3 adsall e (s5in0 ARM address register daase Olsic o
L s lgial) uaat Keall (hag caie Jaeatl) ) ad) Al Ja

Interleave Pattern <lldal gh.am Ja ¢

Lzl ol cinterleave <LLil estore ¢pyaall cload Jaesil) dal e NEON cilaglss 7 3
A als aie Gu b dsluial elements ualiall (1 2ae e (553 Ay de-interleave

.32-bit s} «16-bit 8-bit yaiall aan 55K of (Sary . palic day)l
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NEON Baag a:uum Sl da.a.d\

e ey Bl af ) daie (g0 dasy gk Cua cdia Javl & 5 VLDL e
oo Adgiias dallae 2y Ledie 2350 Lde-interleaving Ll elal) gl 050 (3,81
AU pe calilasl)

il Ll bl asiy o Olhaealy Chlanse o)l sl Galaiss Jaealy ags VLD2 e
Stereo  awaall Gigall Glbidare Jadl a0diid LDl 038 Gpaa a2jall5 Aaag )
Gy S (Bl audio

Jeadl 3uke a5 . Dlaase N Gan bl slally dresill cillesy o585 VLD3 o
(s EDE I RGB o) DSy

Jal e Bube oy Blas a)l an bl o)y aeatl) Gldens a5 VLD4 o
\ARGB g5 (14 5)puall Cilbidara dallas

Element types waliall 151 —z

i Ao Al pada Gipasall paall e Gpadlls dueaill Glilee @bl jualic adiad
16-bit pany palic au)l Ll &3 VLD2.16 aladinls 64-bit NEON (Aaie Jrans Jial
JCA & mnge s WS S o) (e 16-Dit paas pealic auls «JsY) Jasal) (yaia
Aladie e () 58I o 3yslaial) uabial) (e 21531 daads cliliall o&)) a5 .6-0

memory

VLDZ 16 (o, dl ], [r]

Oxl ED
ax2 (03]
Ox4 El
né [&]]
Ox8 E2 \ \ |
. | h| L |
E3 E2 El ED s[4}

03 02 0l (8 14] dl

Loadmpg mnd deinterleaving | 6-hit data.
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NEON Baag :*:IJLAM Sl d.».a.d\

Ulallods & S blaadll (o el (udd Jiesd ) 32-bit () jesiall aas juad (50505
16- (e Y 32-bit Jl paic JS aan Hudd Cuw (ppaic e bid S g Ll S
LS Aliatie Dlase ) 58I e Lol 2 jally L g3l jealiall Joais sty 5aY) 1385 .bit

T-0 IS 8 reage 5o

memaory

VLD232 (0, db ), (0]

=0 ED
(nd o0
1533 El
(| ol
%10 E2 !

L 1

El E di

ol on dl

Loading and deinterleaving 32-hit duin

032 e Slhbes bl slally Jaead 7-0 I3
paall Chuags o3 13) ale (<& .endian handling k!l dalaill o jpualiall aas fis
i 3y 5NN e bl 3ol At laie cpiaally Jresill Giladal aa paiall maiall
Little-endian sl ikl 53 3adail) e IS o Slopl) (i Jans Cgl) (puiing ecanlia
.lBig-endian sl (?A:‘)H\}
Bllaall asxd LS . pointer alignment 5l 8lilas e il Al jeanldl paa (U Algl)
o e olladl) Qs aUas cllbiia aa] ()5S Larys clogee Juadl elal juaiall anal
[19] 32-bit N yuaie Jsf lsic Blilas oy (32-bit aamy pualic Jaead oL (JE)
Single or Multiple Elements saadall o) aasll jaliadl .2 .1 .3
t2 s O (NEON Uaase S (e ¢ Li€ar LS 3, SIA1 (e bl lally Jaeatl) 3 a5

3-0 J<a ‘._?A Ome sa LS cdahida paliay Multiple lanes 8aaxia ajlue Jaand @

OGS S Slad) ) Gl (n RS S Sl i RS pa Wy ekl ]
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NEON Baag Z\:DLQM Slil) da.a.d\

8-0 M\@wﬁwcﬁhﬂ\deﬁAujmw °
9'0 d&ﬁ\ .‘):\:IE (_.'ST O}J Lﬁ)&ij‘ &_IJL.\.AAS\ "ﬂ‘).j@d:\;} iy 2 g &__D.A.AA(bAA.}* 3

VLD3.8 [dO[]. d1[], d2[]}. [vD]

Loading and deinterleaving to all vector lanes.
Y] Cjle gaead clilial) ol&) 5 Jrand 8-0 J<a)

BRI L 5 fieae clidara (g g et U 2y Ledie 5k 5AY) Aaaall da

VLD3.E [dO[3], d1[3], d2[3]}]. [rD]

R di
G dl
B dz2

Loading and deinterleaving to a single vector lane.
Bng g et oy @l elally Jaeas 9-0 IS
UL ae Baxxie jualic ) da jeaic LS el o Jilas aca a3aill Cilaed 355
Addressing 4igall .3 .1 .3
BSIA cpglie Chuadl juall e e iailly dueadl) A Gilaalad ae
[Rn {,:align}] :Register Jaue o

.UAAAM ub.i.c (aa Qw\ U:l);:’} M@m\ 6}53 tlt:\; .:L:ém.la.uui o.dhj
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https://community.arm.com/cfs-file/__key/communityserver-blogs-components-weblogfiles/00-00-00-21-42/0488.100310_5F00_MC_5F00_diag4.png

NEON Baag :*:D\AM Sl M\

[Rn {,:align}]! :Register with increment after 4.1l .} e Jaie @
O Dala el aas Ml aal) f diaatl aas el Cuaaty Aadedll a8
e 5L (gsluis + yaliall (o AN Aajall 3an 5 Jeatd 2001 dadanl) Jaf
el 8 (e BsiSal) gl 3o jiall i)
[Rn {,:align}], Rm :Register with post-index &Y Jala o Jaie @
Jansall (pann 535 pall Tl jl3has gall 50l Aaglal osi o ,SIAN ) Bl g
O5S5  jealial) (e Ao gana LS 32l DS (o Tnba Y1 128 355 .RM
e (8Lt B llana 3ol ol Levie jeY) 138 o JEaSy dugluia alal Alsenia
85
Lossall p1a33ub (RN aa 0p0pai &3 (6A1 i gall Blalaal) Caua g ciuall JS e ¢S
[19] 5,810 Ml llee g Lo WLE sl3laall Canass of Gua align (gylay!

Other Loads and Stores ¢ujailly Jseadl) (e a1 J&l .4 .1 .3
G opiailly Jaeatl) i ol (e NEON cilaed g aslaal) (s clgid ol Jlie Jalaty
NEON laslel daja (455 Lo 32-it 5 16-it 5 8-bit ana (3o ilihans £lsil cilaglerill 538 ac

L

64-bit et 1y Jawse (333 5 Jeadl VSTR 5 VLDR o
Gl g 035 Jaf (g Bk A5 -64-Dit AaiS 3a3w%e CDlase J1axi VSTM 5 VLDM

Lslad) ye dddall e g Jaladl) .2 .3
Handling non-multiple array lengths

Jsh cilieliae e (e dalleall Aliadl ualiall sae (s Ladie Aaild A1<5a gjall 138 Caay
Al sa g ledll Jsha 8 <64-bit Jase (s 16-bit yualic dalledd Jlad) da o .o Leil
A JA)) Gldare ddbia gad o (S Gl gag L16-bit sualic Y aui of oS 4

[19] Adsbeal) Bl o Ay 8 yaliall Wi Aallas oy Ladie L16-bit Jshas Ipuaie (ppdes
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NEON Baag :*:D\AM Sl M\

Leftovers Llad) .1 .2 .3

Y sales paic 16 (N4 o ledsh o ) 3t e glless NEON ilaglas sale o588
oo Sae i HSE Aalleas dall Oy g ledll Jb @lieliae e J3al) Adia Jsb O
emiie (S jealiall Ll Anllae o5 Wany . JolSl) ¢ Ldll Jsh alasiuly jealial

Example problem <&l e Jéa .2 .2 .3
Gead iy LS5 Blee S ey Jpeaie 21 (55a3 J30 Adba 35as Al ghall 138 (iajey
(Y LS Sidee (e S e pralic ke dallaa p . jealic Aald (585 & dallaay
Al ISl ddee yavm pealic (eed Aallee bib 25 s
bbbl Gun e Liars Leiany (e dabide 3ihkll sdas (LR o2a dalled 33k 2D aas
odn daxt Nl g ul) dalall i pe Llad) pe Jalaill de g 2ali e L 5loll paas el
1 oh WS Gibhall

Larger arrays Sl cilasa aladinl e

Overlapping Jalxall e

Single element processing suasll jalizll dalles o

Using Larger Arrays sl Gldta aladiul .3 .2 .3
Aozl g Ll aaad 300 Cilie Loaall Addal) Jgh 52l lldy (2l Clishn aas i (e
Lle 2o Lo ) 46 50ballh NEON ladded! e 1385 .padding elements géa jalic
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NEON Baag Z\:IJLQM Sl da.a.d\

Z:D\)S:\ﬂ J.a.a.\.{; 24 él d;.ﬂ\ Z.Q_.}M E&BJQJC"‘“‘:’ cd';.) J.\a.tr— 21 (- u}m}d\ dlld\ Lf
10-0 J<al . coldarall Jaine Cuyds (o O30 e elgm¥ L 251N

20 0 array

20 L]

Padding an array (gray) to fill an integer number of vectors
i) (e momaa 220 s (aley)) Oslll) Adtia siia 10-0 IS
o FEY s dah letig ) Al Algs 8 slaid) pial) jealic zlas a8 :ABadl
paliall g Cano Ydie (Aditia peal & daleall Cil€ 1Y (JUal) duw o Oluall daw
S Asball e Loall el alasy Lleal) cul€ 13 daml)l fY S jhea Aok 3uaal)
35 ol oKe ) Aalae V) il saall jualiall clac) Laid
b Aaall sk Ak g
OIS 13 ey IS0 533 sels (s« ST 8,813 Ll clisiia (anan dllgig o
Byuadll Glakiall e uael) Slia
cobaal) dags o 55 Y daks pdal) jualic R 5 of AV a8 oSe Y e
AN (e de senal range Jlas alay) die Jlad) Jus e
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NEON 3aa Z:I)Lu.a Sl Jadll

Code fragment jlayd) ¢a
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NEON Baag a:uum Sl da.a.d\

Overlapping Jalall .4 .2 .3
daphall 03 s o (Sars - (aire Asbeall aa yealiall (aey dallee Jalall 3l e
YA oae
18 Jsha gl aladiuly paic 21 Aalladl

T N0 e aliadl Y1 S ey o

20 (N 13 e peabial) Gl IS ey o
U‘“‘JSLMU;’JAJ*‘L"J“’& A;\}:\SU:IE‘)A7°J15 wﬂw\@#\c&él.d%m
11-0 JS30 8 emse s LS Sty S 48 ()

20 0 darray
O | vl
7
7 0
) 4
12 5
) 4
20 13
Overlapping vectors. Elements in orange are processed twice

Ofiye Al jealiall Aalles o3 Gus (Alalaidl 22591 11-0 J<a
5o VT Gy 43l ey 1385 idempotent (& Golead) 0585 Lavie Jadé Jalail) alasind ooy
sl (Ko (Jial Qs e L3l clilare e Lleall Gadst Cilye 2o e Talaiel ol
At pead lgalatind (Ko YV Ly JAlibia Gan jpaayl sl <Y1 jeatadl slady A2kl o3
LCiye ganias ALY pualiall oY
Jsb o ST Jaall A jualic dae €13 Jatd Jalanl) da ke aladind So sAdiadla
.vector iteration AU 1S5 (ol Gaa Ayl s3a ki (K Vs g el
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NEON BJA} Z\ZIJLQM

Gl Jasall

Code fragment jLayll gia

@ rO0 = input array pointer
@ rl = output array pointer
@ r2 = length of data in array

@ We can assume that the operation is idempotent, and the array is

greater

@ than or equal to one vector long.

ands r3, r2, #7
after

beg loopsetup
length
vectors,

can begin

v1ldl.8 {d0}, [x0], 3
array,

elements

vstl.8 {d0}, [rl]l, r3
and

loopsetup:

lsr r2, r2, #3
length
loop:

subs r2, r2, #1

vldl.8 {d0}, [xO0]!
update

vstl.8 {dO0}, [rl1l]!
and

bne loop

@ calculate number of elements left over

()

processing complete vectors using
data length & (vector length - 1)
@ if the result of the ands is zero, the

()

@ of the data is an integer number of
@ so there is no overlap, and processing
@ at the loop

@ handle the first vector separately
@ load the first eight elements from the

@ and update the pointer by the number of
@ left over

@ process the input in d0

@ write eight elements to the output array,
@ wupdate the pointer

@ now, set up the vector processing loop

@ divide the length of the array by the

@ of a vector, 8, to find the number of
@ wvectors of data to be processed

@the loop can now be executed as normal.the
@first few elements of the first vector will

@overlap with some of those processed above

@ decrement the loop counter, and set flags
@ load eight elements from the array, and

@ the pointer
@ process the input in d0
@ write eight elements to the output array,

@ update the pointer
@ if r2 is not equal to 0, loop
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NEON Baag Z\:IJLQM Sl da.a.d\

Single Element processing tagll paisll dallea .5 .2 .3

(o Baag paalie Je daall o 530 (p3a5s Jaead Giladad NEON Claalsd daja (0§
shals cumy paie o goimn (i g lad Jread baie (S Glagdsill 028 aladanlys ¢ Ledll
BRI 8 aY jeaiall LS S cagle lleall

18 Jsha gl aladiuly paic 21 Aalladl

T N0 e paliall J¥1 LSl ey @
cdatie G20 ) 16 (0 paaliall Aallaas o585 separate loop dladic 4als o

Cillany Aliadic Aila o550 ladie dallaall jualic 5 Jaid Lo «cp))S5 Uyl (e elgiV) 2y
e dalal) e 5yl gl Al NEON bl alasinly yealiall 03 (3% 5 dallaally Juanll
.12-0 M‘(ﬁ@éjﬂ}“ LQSMAJS.&.\‘)AM\ Y

0 0 array

16

ad

20

Processing single elements
sangll paliall dallee 12-0 S
:Uaadla

.j"* !S:'. -
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NEON

BJA} Z\:IJLQM

Sl Jasall

:JDSSg;ﬂ;.EAHiQ;UEQ\bAQ(ﬁh buﬁ‘cA Jalzall e

vector iterations AN 1Sa Jal o —
dagll panl) cllee dal o -

bl e Loyl ke ddeliae ) (525 1ay

Laaé destination element dgasll jpaic dad juath dasll paiall et dalad a8 e
g il S e Jant ) cilales dalaal) conlind 13 L s gl G5 g bl Al i

Al dng paic Js) el U8 Lanlie s ¢ ladl) L3 2 Lic WPADD i

L) Aha Aallee Bilgs 5 Ay die Lef saumsl) ealial) danha Gadai oSa

Code fragment jlayll ga

Q@ rO0
@ rl
@ r2

lsrs

to be

beq singlesetup

%3, ©2,

#

input array pointer
output array pointer
length of data in array

to
vectors:

subs r3, r3, #

v1ldl.8 {d0}, [rx0]!
update

vstl.8 {dO0}, [rl1l]!
and

bne vectors
singlesetup:

ands r3, r2, #
process

beq exit
branch
singles:

subs r3, r3, #

v1ldl.8 {dO0[0]1}, [xO]!
the

@

™

@

calculate the number of complete vectors

processed and set flags
if there are zero complete vectors, branch

the single element handling code
process vector loop

decrement the loop counter, and set flags
load eight elements from the array and

the pointer

process the input in d0

write eight elements to the output array,
update the pointer

if r3 is not equal to zero, loop

calculate the number of single elements to
if the number of single elements is zero,
to exit

process single element loop

decrement the loop counter, and set flags
load single element into dO, and update
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@ pointer

@ process the input in dO[0]

vstl.8 {dO[0]}, [r1l]! @ write the single element to the output
array,

®

and update the pointer
if r3 is not equal to zero, loop

®

bne singles

exit:

Alignment 3\l .6 .2 .3

5,513 ) 3Ll ~Lawll cache lines Zulall Jaghal cpiaally duasill cpglic 3lilae o3 o) i
Cortex-A8 ilallaa e (&) e 16-word dlilae callany 1day 3ol < <
e yabial) dallee diniy ladie zally Jaall cilisseal 2l ilae oSl e e IS 13
Apiall Aless By vie yualiall G Aallee Ko 4l e 13y sy ealiaS 53l
Aasls gl O Man dags Cua (Adbiall Caaiia & paliall )5 manng By jalinS
:64 address qualifiers (lsiall COase aladinl gt axe g 3KIAN ) Sl 3lilas xie
1 S papal) i€ e el el dal e Gialls Jaeatl) cilade’ aae 1256 51 1128
.[19] Zabisall Glilaall (uianlly Jaaadl) calaalail 265300 cycles &lysall 2= Cortex-A8

SV aie € e daall angll piaiall dallas diph Ges ARM cileddad alasiud Koy
Dl G ol Qs 1) 505 Les NEON s ARM U (e 581300 dalisa (puiit e cpiaill
.NEON pipelines <5 <Ll (e slgxV) 21 of N ARM pipelines <ulsi (e 3,681 cililee
.[19] NEON 5 ARM $)ley (3e JS i (1

Matrix Multiplication <\dstaal) wpa .3 .3

Adanll o3 addiud Cum L Jlad IS8 4x4 Gubi lighina Capn 1S (e Ylia 353l 038 iaya

Claghadl o Jial 138 feca (i Gua LAl A Gl ge)l) Aalles e ) Sia K50
.OpeNGL-ES J8 (e dardivual) innall a5 3aee M oY) Cuiill Can 3,513 6 A3
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Used Algorithm 4dediical) dajlsadl .1 .3 .3
Wl S (s Ao lilae a3 (K cligiaaal) Cipin dee Jualis e Dl
-NEON ilaalai aladiuly

x4 aE xf v w4 yB vl wlvld + 54wl + xBy2 + aCy3
x5 19 aD vl w5 ¥9 vD vl & x5v] & x32 & xDy3
. —
il xb xA xE y2 vb yA yvE A2yl + byl + xAY2 + xEy3d .
il x7 xB xF v} ¥7 yB yF vl + xTwl 4 xByl 4+ xFy} ..
Malrix mu Riplic ution show ng one column of resulls

il e dmg dsee el G shias apa 13-0 J<al)
Gyl (peaY) Ol maasall) A5V Adgeaall sl (e d5ee U< ) 13-0 IS (e LDl
Capdall 3l Adla) iy ey (339 Ol 3aUall) Al 28 ghoaal) 8 Allie Bas s dashy
z:.AA ))S:\ 33:\3.\3\ Z\AM (a_..\ﬂ‘ L}Q;\J}AQ ‘?_Lu__) \AA} 613-0 dS.:d\ ‘?A@A}A }Q L&M\
gl Aghian 8 53ec Y] AL Jal (e dleal

VMUL.F32 g2, gl. dOj0]

=t

x3

xl x0) ql v3 y2 vl v q0

ORORORO

x3y0 | x2v0 | x1y0 | xov0 | g2

MNEOMN vector-by-scalar multiplication.
NEON 4.4 jaua Ziga pa &L«.& L pa 14-0 J<a)

o gall aladinly & Ledll G ya danlad 8 ladie (NEON dase Gaua g lad g4 agee IS OIS 1)
ey 3eliS ST (8 Aail) 48 siean (pan e JS b o5& vector-by-scalar multiply
Al padauds Aleall o8 aladiuly 14-0 JSAl (8 cpiall Lo daludll dae jll daleall la)

) A shiaall dga (S (pa Aiesall Cpuall i AaShyal Copiall Tkl 2SI
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Sy el ol by a3 e dges Talse A1 A8 ghadl saal o danlls JEal 138 a5
ALl cpiaally daeatl) claded ) a3 Yy cAabad Gl 52 5,810 )y e _jualial)

Implemented Code jadiall Loy .2 .3 .3

oo Cpyaic e o D g5t dase ISV (e .64-bit Jaase D5 (i) NEON 3aa 5 éllas
) 2 i shas NS e pealiall S dsand oKay Ml 32-bit (a e Aailal) Al ¢ 53
016 (e 35l D D lawsa a5 - laShaS Lgalaiinl (gl clase ¢lis ae (NEON Dlaase
oas d7 ) d0 (e 4l D Cildsiinn ey - I Zdsiindl) e Tpaie 16 lows d23 )
Al 38 gpeadll (e lpaic 16

) Aan)l e Aighiac dgee IS olgaY Q O lase Aailall Alaldly Copall cillee 22300
:128-bit Jsh 52 285 Q daase (paia aniii Allg 32-bit ¢ 58 Aaile Aak

Floating-point 4aslal) dlualal) —|

single precision 3xag 43y Aailal) Aaldllh Cliggas iy Gblee Hlad) Aayka La (4 jen

-floating-point 32-bit &5 48 16 e Adshias JS (g5a7 Cua (floating-point matrices

dsanll i AR 05 Eua JNEON clase ) 581301 e ldghaal)l Jaad Aol
BRI e s (S A58 A sheadll saecl o8 JELs ccolumn-major order Ljs eV
SSIA ) 43S salely WLDL Aadeill ity NEON cllane (o Ssae (a3 (Sass

VSTL alasiuly

vldl.32 {d16-d19}, [rl]!
vldl.32 {d20-d23}, [rl]!
vldl.32 {d0-d3}, [r2]!
vldl.32 {d4-d7}, [r2]!

load first eight elements of matrix
load second eight elements of matrix
load first eight elements of matrix
load second eight elements of matrix

@ @ @ @
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Lo NEON (yn cilaglel da)l alasinly i) asee oln (o

vmul . £32 gl2, g8, dO[O]
vmla.f32 ql2, g9, dO[1]
vmla.f32 ql2, gl0, d1[0]
vmla.f32 ql2, gll, di[1]

multiply col element by matrix col
multiply-acc col element by matrix col
multiply-acc col element by matrix col

@
@
@
@ multiply-acc col element by matrix col

o IS i gy L (14-3) JSal (e dseasall Aalaal) Slails vmulf32 (131 Zalatl) o 5
G Leiiad o8 (d0 Jasdl) (e 0 ypaiall) YO 2 (08 sl (a) X35 X2 X1 X0
.q12 d;*u&

Jansall panm i) oS0 Gum L Y1 A gtadl) o (5AY) 3202 Y1 e Zaad Cilagletll Jans
Aaiill 38 geadl 2l (10 J3¥) 2senll clac 12
A 00 a )l ey D Ease ) oyl cilaglad b axiisall scalar gssall ey :Akiadle
Q Jawws pladiul GNU assembler pase Jus ¥ 38 «d1[1] OIS 5! LS dadll s g qO[3]
D Jaasall 2ol g sall Chaa st Camy 131 L e sall ) 35LED
Oaa A0l dalee 2 Ally (Jlad IS5 ddstiaa &l&& Gpa dlee Bl Sl g
Aailll Asiadl) o JsY) asendl Clusy Giladl Slapl) agty Gl aay 2 aleY) AEDE Slae sas)l
G N 48 ghaey A shiae o Al Jol Gl zlings (4 gian iy Jal (e L
0L dassall 8 y4-y7 sl GG LSl aadien e
2 Jassall (3 yB-yb all Gl IS andi e

Aal) claball 5 Sl slis) (Sal 13 Bsale IS5 gllaall jloll bt (Sans

.macro mul col f32 res g, col0 d, coll d

vmul . £32 \res g, 98, \col0 d[O0] @ multiply col element by matrix
col

vmla.f32 \res g, 99, \col0O d[1] @ multiply-acc col element by
matrix col

vmla.f32 \res g, gl0, \coll d[0] @ multiply-acc col element by
matrix col

vmla.f32 \res g, gll, \coll d[1] @ multiply-acc col element by
matrix col

.endm
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t oY) Lol Llie Ailal) Abaldll 534 54 Adgias iy e sy ladic

v1ldl.32 {dl16-d19}, [rl1l]! @ load first eight elements of matrix
v1ldl.32 {d20-d23}, [rl]! @ load second eight elements of matrix
v1ldl.32 {d0-d3}, [r2]! @ load first eight elements of matrix
v1ldl.32 {d4-d7}, [r2]! @ load second eight elements of matrix
mul col f32 gl2, dO, dl @ matrix * matrix col

mul col £32 gl3, d2, d3 @ matrix * matrix col

mul col £32 gl4, d4, d5 @ matrix * matrix col

mul col f32 gl5, d6, d7 @ matrix * matrix col

vstl.32 {d24-d27}, [x0]! @ store first eight elements of result
vstl.32 {d28-d31}, [rO0]! @ store second eight elements of result

Fixed Point 4G\l dlaldl) —o

Auluall laleall e g pud Lie fixed point arithmetic Al Alalall Zubuall claleall ol 3y
et ol 4S5 sehal J8 5,803 Aajs mpe llam L3S L floating-point deilall ALalill,

dacl e dadaall llaadl (st (g gyl dagaiall adll Cpn of Lasee <8 iy Lgalaznn
il ALl

) L) (Al Alalilly blaall ehal die gyl (ho lld o

&Y i overflow (Gamsll) oladlall cuail jia <& representation Jaall jLail e
.saturation
cGndll a3 ) il 8 A8l Aay e Blial) e
a2y Aalall ALaldly o) S s () A ALl Aasiuls i gheanl) oy Slad) 4ndy
O oSadl) (e (§AY! ganall 4 glaall cilasbertl) ulim g Q114 A3l Alaldl) dxua Jlad) 12
ol LS 5 Sl g oShall ) Adabaal) ALl AalY) s ) i i

.macro mul col sl6 res d, col d
vmull.sl6 gl2, dl6, \col d[0] @multiply col element0 by matrix col
vmlal.sl6 qgl2, d17, \col d[1] @multiply-acc col elementl by matrix col
vmlal.sl6 qgl2, d18, \col d[2] Q@multiply-acc col element? by matrix col
vmlal.sl6 gl2, d19, \col d[3] @multiply-acc col element3 by matrix col
vgrshrn.s32 \res d, ql2, # @shift right and narrow accumulator into
@Q1.14 fixed point format,with saturation
.endm

e Appgall Al b ddlal) Alalall dain & aadiuad) o Sl xe 45l
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Sl Jasall

Aladiu) (Kars -32-bit a2 (& 16-Dit (e Legie S (paxe Capa da )
Ladlas 3gns -Q Clawse e Lgiami (pid s LY VMLAL 5 VMULL Sialss
paal) dielae jualic aladinl damll iy gwea e

L2 o Aa)) e D Dbl (e 131 (32-bit (e Y3 16-bit Lia 2l (i ye

e Jpanlls 32-bit 58 aShall Jola (U (16-bit Liaym Audledll Al OS5 O g o

fo Aanlaill 03 o685 Cua L [19] VQRSHRN danlaill andind 16-bit J sl Aaits
raic Kl i JSG0 3500l deil) il
Oadd) () gaa)y)
;s eaie aas Gaal ) Aall g L)

Jaant (Kay Gun 381 Glagly aae e il 4l 16-hit ) 32-bit (e paiall ali) o) WS
fooly LS Al Alald A ghias Jal e 2 DU Slopll any L B8 il aladinls cilidanal) (3

v1ldl.16
vldl.1l6

{dl6-d19}, [rl]
{d0-d3}, [r2]

mul col sl6 d4, dO
mul col sl6 d5, dl
mul col sl6 d6, d2
mul col sl6 d7, d3

vstl.

16

{d4-d7}, [x0]

()

@ @® @ @

load sixteen elements of matrix
load sixteen elements of matrix

matrix
matrix
matrix
matrix

matrix
matrix
matrix
matrix

* * * *

col
col
col
col

store sixteen elements of result

Scheduling gl —¢

lales a5 ¢ I 5 SLl 8y cladetl) A gan PA e 93k A staas Caa ool Grun (Ko
Llee JS elgail s 5 NEON el Ao cansy 13 ¢ davceall Gt Je 0USIL 3 glaiall o puall
Al dadeall Tas o U8

o lagin (9aY) Sladadll Agan DA e sl atn e sadisal cladeil) (oad (Ko
GAY) Clabal) pn ol claball s3a o) Koy Gua L ilaedl)

GRS

R B

Ae) PA
6Dl Dlaase accesses il Aabua A2y Lol ai salels I Jia) s AL

vmul .
vmul .
vmul .
vmul .

£32
£32
£32
£32

qlz,
gL,
qld,
qls,

as,
a8,
as,
as,

do[0]
d2[0]
d4[0]
de[0]

@ @ @ @

rslt
rslt
rslt
rslt

colO
coll
col?2
col3

(mat0 col0)
(mat0 col0)
(mat0 col0)
(mat0 co0l0)

*
*
*
*

(matl
(matl
(matl
(matl

colO
coll
col?2
col3

elt0)
elt0)
elt0)
elt0)
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vmla.f32 ql2, g9, dO[1] @ rslt col0 += (matO coll) * (matl col0 eltl)
vmla.f32 ql3, g9, d2[1] @ rslt coll += (mat0 coll) * (matl coll eltl)

Cortex- alai e 48 ghime dshian i el Lo Cie Ly ¢ Jloll (e laal) 13s aladinls
.A8

Shift operations 4al¥) cldse .4 .3
I Gleel o 3y eall lidane Ll Lgalatin) 185 (NEON al)) cllee 558l 038 o8
ol (<8 Laasid)
:NEON ilaglet Aaja Ui (g 35 3al AalY) cladad e gll Jlaall 2tk
saturation & L&Y rounding cayll g 2 558 (ya AxdS Arjos Fandy Capin Cililec @
AT gl e clill s Aal) ldee o
lower SaY) 48 xie 2l 4aS)yag high precision adlal) 434 ve 850 Slblus o

.precision

Shifting Vectors 4x&y) 4a)j) .1 .4 .3

Gl B ARM by (e 3asasall 2aly) clbilee € J<E ) NEON dal)) dolee 4lis
@l dalas i Dl ol laas g el pualic (o peaie JS e il @ity Zaliy) g Cua
Byslaal) jealiall ) agiali) fu Y Cus ¢ geaie IS b ) cna (e haiked Cy

bl 3al) g s DA g sl adail) e Fae Cn PA e dalY) lsie Chasi (Ko
naiall dad e Taliel Jaall g bk (g peaie IS ) AalY) Gadad 5y Aali) g L aladin) die
A5 signed value 3550 aiS AabY) Andl jualic ge dabaall g AalY) g lad 2 Gilsal)
per-element uaic JS (bl o diae o6 el Mg bl iy cpadl J) 3abY) olé
15-0 J<& .basis
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VSHL.U16d2,dl1,dO

dl 0 -8 16 8 do

- e - -
8 16 8

Shifting a vector by another vector,
AahY) £ lad pladiuly o e 2al3) 15-0 J<al)
adaill 3hyall gl DA (e 2230 Bpd5e palic (e g lad o Guad) ) 4al) dae )
ARM ey (i arithmetic shift Auluadl Al J ;4K 1y . aie IS 3)L0) dadie
sign extend 3,LaY) 22 Y spd5all e AadY) Ao dadad) sl Loy

Shifting and inserting JWuayls 4aly) .2 .4 .3

st Jadl daw Ao L opelad g Gl el danyla JRSY) ae NEON daly] ciladas 243
source iaall glad palic (w paie JSAaBl (VLSI) JAY) & bl ) 2ahY) Al
e Aalsall Sl 4 peaie S Cpar ) AR saaad) @il o Gus Ll Y vector
16-0 J<&) .destination vector dgasll g s
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VSLL32dl, do, #16

........................

- dl : A L do

dl

Shifting a vector and inserting the results into another vector.
DAl glad ) mall) d&qu glad 4ah) 16-0 J<al

Shifting and accumulating 4asiyalls 4ay! .3 .4 .3
s3ia Ay AT £t e il RSl lisas g lell jpualic 3al3y NEON ciladed aa g
Aaiiie 2y o)y g Aail) es U Adle Ay T5e bl dae @ Al SV

Instruction Modifiers dadail) cNisa .4 .4 .3

@l ZalY) Adee (p Lt Y V) sdag . SST ) aaly Jlee 34T da))) daded (<) oKa
5 aap Lo Jlase e el f bias Sl ABY clajadly cdlaadl bus 3 (oK)
AalY) cladenl Y xa

R 2 J «Rounding «wy@ll e

N D e J5 (Narmow (sua e

L DA (e diiclong pae o

Q P& (e Jx (Saturating g Lay! e

OS)ep L) Jaaal 4aliie a5 .U 463Uy Q Zaled) DA (e J ¢ pdigall 2 g LY) o

Byh5e e ol Bpdise J23 adojllac) i Ledie pige e Jlad Aaade A Gl
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NEON s (s anss ¥ s casbe IS ilibanll Y el 038 SlaS5i (s ot ¥
Aaygpa Gl (VQSHR gimans Sy lls) Gnall Axadial) Aal3Y) () ¢ JEal) s e .1l
el Jlaal giad glas 3l<a] adal ABLRYL ¢ jrual il axi cpadl 2a3Y1 oY
Table of shifts available daliall da}y) cladaty Jgaa .5 .4 .3
Gy labe La)<s 23 Al Y 3eall Gasn B 5e NEON 2ali] cilada paen 1-0 Jsanll (iayes
AP dadail) HladY Jsaall ) sagall laaie (Kay ¢ J3ne IS dae daales (bl Giaa 1)

NEON (saa dalyy) cliee 1-0 Jsan

Rounding
Long Marow Long MNarrow
Left {lmm) VEHL VEHLL
Left (Reg V3HL VRSHL
Right (Tmmj VEHR VEHRN VRSHR VRSHREN
Left insert (Lmm) V5L1
Right insert (Imim) VERI
Right accumu late (lmm VERA VRSRA
Sl ing
Rounding
Long Murrow Long MNurrow
Lett {Tmm) VSHL
Left (Reg VSHL VRSHL
Right (Tmim) VIJSHRMN VQRSHRN
Unsigned Saturating
Founding
Long Marrow Long MNarrow
Left {Imm) VQSHLU
Left (Reg
Right (Imm) VQSHRUN VRSHRUMN

Shifts available on NEOM. (Imm) is a literal shift, (Reg) is Register specified shift.

Color Depth Conversion Ggll (3ae Jugas &,.5.\.523 Jis .6 .4.3
s 055 Lo Bale ua o lbesell Aallee b 5)5S0e Alee 05l Glael o dismill 3ey
Y Jasll Jeud RGB88S disas ilihanal) (K1 .16-hit RGB565 (5! dama 8 zyall i Jaal
S e ldanal) g5l anh ped (6 3ag Y Cun (NEON 5asy alasinl Jla 4 Lo

-RGB565
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8 bits

RGERE8 and RGB 565 color formats.

RGB565 5 RGB888 (sl gaa 17-0 J<al)

Gllee alaziul 35U ST (S5 RGB565 ilidars s Jaleall NEON 5aa 5 ko ¢lld aa
AN aal)

888 dima I 565 dima (s Jusadll -]

00 Jasll of M) Jall i 5ids \RGBBBS dima ) RGB565 Axna (e dusalll Yyl o
cehanll CBLll Slojl) Lol RGBB65 dimany 16-bit (aps Oy A e gy
.d4 u;ldz Cii;&wd\djk‘sk}chﬁecﬁAL JuaUc u;lcglﬂb Q)Qﬁdb

vshr.u8 gl, g0, #3 shift red elements right by three bits,
discarding the green bits at the bottom of
the red 8-bit elements.

shift red elements right and narrow,
discarding the blue and green bits.

shift green elements right and narrow,
discarding the blue bits and some red bits
due to narrowing.

shift green elements left, discarding the
remaining red bits, and placing green bits
in the correct place.

shift blue elements left to most-significant
bits of 8-bit color channel.

remove remaining red and green bits by
narrowing to 8 bits.

vshrn.il6 d2, gl, #5

vshrn.il6 d3, g0, #5

vshl.1i8 d3, d3, #2

vshl.il6 g0, g0, #3

vmovn.il6 d4, g0

@ ® o ®® e ® ®®E ®m® @ @

J<a sl JS e s3aiall Aulaall =58 Ky oS3 codled ciladanll paa Gaddad IS 580 Couag
:gé‘ﬁsﬂ)uﬁ$ﬁ

b e IS ) b A A cblee alasiul s)yslatiall fgiall G5lll cibidase Al o

.dyabd\

e JS1 15 e Bl 8 gl ilidaes paa gl Al Aa) shal e

.8-bit ] 16-bit (0 pairll aas (alaly Narrowing (il ddec aladiul e
o Hlady (16-bit 5 8-bit jualiall Zigiel A0l 138 e jaiell el;;i plasing :dlaada
-masking operations a.uill Glilae
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¢l Slayll aladinls RGB88S daua () RGB565 diua (e dusaill ans 1) sl 3352
5LE (S e Lial) BN ol o s 1385 calS U< Loanl 05 0l ) sl e
asts -[OX1F, OX3F, OX1F] s RGB565 Aamas diaall (sl o - colanlsll (50 Yoy Hlewal o5
AU o3 Ja Kars (RGBBBS dasa & [0XF8, OXFC, OXF8] () 4alisaiy bl Slall
s JBY) bl e Uy SV il (e ians paasl Jeall ol Zal3Y) aladiuly

565 4dsa ) 888 dana (1 Jagadll —@

o) 32 Cus .RGB565 dara ) RGBESS dana (o dagaill 3uS Jlial) 138 6 L)l jelay
el sl DSy 58 Ml . aldl SLapl (e 3l gal) Zanall (o A RGBBBS Cilidase

O e Jana OS shsial g «d2 A0 (e Dlans DG e Algenia )Ny uadlls
.02 Jawdll (paia RGB565 daas 16-bit 2 palic 4uLdS daml) (3an sy . pualic

vshll.u8 g2, d0, # shift red elements left to most-significant
bits of wider -bit elements.

vshll.u8 g3, dil, # shift green elements left to most-significant
bits of wider -bit elements.

shift green elements right and insert into
red elements.

shift blue elements left to most-significant
bits of wider -bit elements.

shift blue elements right and insert into
red and green elements.

vsri.l6 g2, 93, #
vshll.u8 g3, d2, #

@
@
@
@
@
@
@
@
vsri.lo6 g2, 93, # @
@

1l8 U Jal e ¢ uaidie (S

s Y B Y ol Gilidars Aal) &5 16-bit eaie (S Jsha Jes ah o
Aail) Jase (yaun A5l 3U8 IS gl JASY) ae el ) AsDY) Adee sha) o

Instructions to permute 4x&Y) Adalua cilades .5 .3
vectors
Introduction 4siia .1 .5 .3

dojgpa cgladll Gan jealil) Guii s e Lol cpermutations Aslull Cllee e
5asasall Clilanall Aina a5 sasall Anluall Ciladedll ol ade vie AaiY) Aallas b Glal
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EDlase PIA e ) 2als Janse 0o Wl Adalia g2 pealic HLEAL a5 Cua DLl Gara
bl laagh Al NEON clalas Jadl (<30 3alday Gy aiaa g ld JuSinl Badetia

iy salels Anghy a5 el Gus e cmove Jaill culaalss Permutation aaleddl calaalas aslis
sale] A Aslall s o as JS0 Geaad) by lsall (e L lead Jaaad (e ST cillaadl
Gladed aldin dals dla Q€ 13 L gleall 389 Qe bl Gbheall iy

.[19] Ol (yaa permutation

Alternatives Jiadl .2 .5 .3

s peall e gl sale] iadl Abad) (bl (e apaall Gllia

Baa Gan Glianal) (585 dalee 45 0 A8 (450 (e 335 . J3) Cililare i Bole) o
38U Gy @lld may Lol daeadll die sl sale) ) dalall il dua Gl
cldanal) i ss U8 3l ol e 5l ciblaadll gige Gluall

e Jilas 230 s lly Aibide dae)yled aagi o) Sa G i) ) meaiale) o
AR Luay Glasal) pe Jala S Aallaall @lslad

Akl S (Al dallee dal Chidh s ehal OSar AR LW Aadleall da )y iaas o
el sale) blee Y Aalall il o Qi of 3910 & cldaeall opias L Sl

Sle 5l s Jheat Giladed alasinly @llds ASL) cliaally cDleadll aladiul o
ae dls of Baie e bl sale) ) dalad) b ol 136 Lol ol el
AP dusleay) clalal)

oo BeliS ST 0 o oS S IS8 bl o3 aladind o Cua byl zed e
ALy sl sale] caladas

o die ¢lualdl leaen daibud) il 34 ae b Aulial) Aapall e Jpaadl S ol 1)
LAl laalad aladsiul
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VMOV and VSWP Swap Jsasills Move Jail) —i

douly af Cua cpermute instructions Al Ciladed Javad VSWP 5 VMOV liasbeill 323
o ) e ms) Om el swap diais asii ) AT Jase ) Jasa) JalS Ciligine
ol Lgalasil (K Gua e sale] cilales Ll e el Sl ane Ko @lld e a2l
i) Aslaas VSWP 00, d1 558 Jial Jusns led .Q Janse US55 3 D dlaese (yacm il
0 e Wys IV <Y 64-bit )

VREV Reverse (uSall —w

dt&aﬁ Sy kP a5 6&“\&\ Craaa 32-bit 5 ¢16-bit ¢8-bit palic (uip WSay VREV ?353
:dahid g

£ el e 16-bit yualic A 8-bit Lucdll paliall (e 755 IS (uSa3 VREV16
G 32-bit _yalic A1ia 16-hit (e cplil 5l 8-bit (3 Aucp jealic da) LuSxd VREVE2
.&la.dd\

& el (e 32-bit Gapaic 5l 16-bit daay) Sl (B-bit alic 3uld S5 VREV64

clgiall Jalal 5 o) clShe Aol 5l ccilidandl) endianness cililgs (uSal VREV a2iiud
LG gall Gilual

VEXT Extract g ,aiN) -z

waall e ledll 3 cluld) o s kel 308V e 255 (e 2 @l ¢ led VEXT g AL
o Gy plad gy mad gy - S daleall Jand ey (V) el el (g (02

839294 :\.:.Jj B.A.cl,\.o Oe 2\;31_1 Jml.}.c
FIR Gladie A5nte a5 coelad o Gliare o 385a00 8380 Slady VEXT aladinl (Sa
byte- <luldly ddbeiall oysall cililae 3Saal Lealadind (Kas cpermutation Aoluad) Jal (ye

2l alae (0 ST g L) (udd aladiinl 2 Ledie wise rotate operation
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VTRN Transpose gwagall Jaasd —a

alic Jalaig AiY) (e 253 Om 32-bit 5 16-bit 5 «8-bit yualiall e Jiaiis VTRN asis
Adstias U pnse haty astis 2x2 il shaeS Axdd)

OsSE Jld) Jae o SV Gligtadl punge daail VIRN iledes sac alasid oS
VTRN Gl aladinls eannse s (Kar 16-bit ualic (0 4x4 4shias

Aad) (pias 8 5 Jaestl) e VSTA 5 VLDA e S J8 (e Akl lewsis Glaall a5
Cilala (e 2l Ganadil a2 5,SIA 2 gly b Clje aladiuls saany o J8 Clae] Lotk Cans
Ai€ee @y (& i VTRN

VZIP and VUZP Unzip !l dig Zip Jaral) — 2

& Lleall o3a5 33V (ge g3l 32:bit 5 16-bit sl (B-bit yealic Sl Ll VZIP A
L o3 1) VZIP (e Y VST2 alasiad (S 130 (il Jd VST2 Jd (g 2isall Lewsds
BRI ) Lt U §yilie calidasdl)

AxdN) 2 193f (s 32-bit ol 16-bit sl (8-bit yualic i ¢lally ellg (VZIP (uSe VUZP Jaxd
3)SIA G Jaenil) 20 VD2 J8 (e 820l Lgusdh o8 Aolaal) o2ay

VTBL, VTBX Table Extend gygall Jgaadly Table Jgaad) — g

.index vector (el & lad ) ddlayl i) e Jsda (e s glad <Ll VTBL a5
.byte-wised table lookup operation <aluldl dlaia Jeanll sy dolac =Y

Ooedl) ¢ led e s IS aaiiugs yglaie D Dlase Aanyl ) dasse e Jsaad) 05S
sl am Al g bed ) A peial) dal) Jla) 2 Gum L And) Jpan Gain s Aujedl
couel) g lad Gaa ol Jalall a8 gl (35l
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zero f aldl:dO

~\h/

VTBL d2, {d0, d1}, d3

sedl) Jase Jae T2 18-0 JSa)

.out-of-range indexes 3Uaill Z)la (uyledl) aa Jaladll 32yyka & VIBX 5 VTBL (e JS bias
glad s Ghiall Il Ljia dad Jal VTBL ass cdsaall Jsba Gupedll slad 134
18-0 JSa . yuas 6l (50 Aaiill gl (aua B3 g gal) Aagdll VTBX ey Latyy daitl

I8 g leall Aobie Sladl (A et VIBL g eJsaaS mag jaiae glad axddul Jla 8
dala e dalaall pladsin) o \59\; .index register 4wyl Jae dac) Gl e clly cgin\,f.'\s:\
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Introduction to Iris (uad) 4aa)d (e maad ) JAsa .1 4
L ocalization

Aoyie sl Ausell aaan Al (he Hiige Ak o Iris recognition ) ouall A e oyl

mathematical pattern- 4wl @)l Ll ol PRER: gﬂ\j biometric identification

3 Adlpdie halail e (ggiat Al calf¥) e i) sea e recognition techniques

A3 peme Lol e s B Gl Baa 8 pladind Bhiag A B Aile (g lging) (Sag B

1-0 JSAI -l sla JelS DA i3 030 (g0 siall asnal) leaat ol o jemne

Ol A Ae (e 3y5ea

Ol daaal Ao 350 1-0 JS)

ehyenll ciat LadVL 4883 selia) b DoalSll Laglei€s fuall a3 o Capanll A8 20800
Oa Byapall Ll Cllgall ransi Baaaall Guall A e Adle Jaaliy jpea o Jaanll
2l Gana il o Al Apga awaay AilasYls Ayl Glaplall DA e Bl o2
Cdlas Ll cile s matcher engines dalaal GilSma DA e Aasadl Qllgall Gilasall

el b Aaliie Aglaall Uad Y arary (CPU saals 35S0 dallas 3aa sy Al 5l

Slo oyl Al Y allall Jea Aabide il e GalidY1 (e ) el class Ji)
Slea aladnn dalal) s dndisall agaall e alai e dallly Aged) (@l cuall L
Saal) O - Lasl il 038 e saciaall Atk sl Ay 5e]) daat alat e Lehadat ) A8LaaY s ¢ il
elad¥ adlall \giniless Aalaall L lgtiepe cauila () copadl Ba3i o Cagenll Al Al

Jesla ally e Ol e AR sime L3S Aanall daslie o4 ¢l
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) ALY L dil) Alally Gl 2385 g Wpaas axe Adlial ojie on danS (el An i jeids
Cilblad) 2ol (grine o Galad¥) Ao sl aand LS LAl dalsal) (e aS 2ae
Ajie sall el 3 L A sul) Balaally Gl ciblaal il (ulieS 2lslly duilasl
sall Aall 550 Sw Ly Al Jalsll Speech DS signatures adlsll Jie (gAY
e e el e 5 dke L 0dll sl 50 i) e lpdell lgaans <L) S8 Jal (g
by A ed Jully oalal sl e JA s

de gl BeaY) e waall paa Llle Guall Laf o Capal) e lsa alasind Wla i)
a2 s portable Iris scanners i sesall cuall a3 sl ) dadidll Cudsall 15 5
lede hiai sl araat & Al CPU 35Sl Aalleal) 5any o adied Al 536aY1 o34
AP

el daaias cale aladinl @y eNT Ll e A0Sl dadlea 5oy Ao sadina) aluill )
au ledy .sequential processing devices Al Aallas cilygaiS Cajat . ilanlal) t\)ﬁ
ALUS shidly Glaall lasg DA (e i Aledll iy jaes ol 2 Yl cladell (ila
O 230 20 S Mg aals ALU Glaies Claa 3ag (e SS1 3)skinall cilallaal) (g9a3
ALU Ghidly Cluall Glas g axes 530 Baall ciladlaall (688 lld aay . (g)lall Ao ciladail)
Sty lallee )l e ST GG Y 138 Liagy 8 45S5al) Aadlaal) Clang alaas ¢leSla

Gkl el S Ma 05S of S0 GPUS e sl Aallaa iy alasial o

L e G Alee s Iris biometric identification sy sl Laai@ll dhea aaan
«preprocessing aalleall 4 L dabyal il cfshadll e gshais pattern recognition
aaay feature representation (=iladll Jias feature extraction (ailasll »)ya)
computation Al e e an clshall s auess .identification  dsed)
Aol siall b lenalls cilae) el alasinly (i IS8 geliS Gaua (Ser 431 V) ccomplexity
elf (Ggina o Ahaladl o Aisell waan clle bin Gl Loie lgual Jak Al
QlE e bl e (ggint o bl (gsiall @3 bl 2elsdl (S Al gl Cilidaadl
Lwgall 08 Jally @Sl e Bila oS dallas Lgie Baaly IS cllginn Cua Al

cdaadl dagll dall e Al sl
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Glagpll el Ao Lid sl GPUS Glusuyll Aallee claag aladinl  pasty Y
oahe V) allia ae Jalaill Leadf axaiis Js visualization sills Graphics Rendering
Cilaasu )l Aallee langy Blal ans JElls Gausal) (o i oS Gl ) gAY dalal
ey .GPGPUs i General Purpose Graphics Processing Units dalal (zalie U
Jpeanll 50 sng DS L) Balall Lgabaa)jloa 2 zliny ) Slal) 3 GPGPUS JI Gy

Ay il e
«Image acquisition s;swall Jaass dalye ) oobod (€8 Gl o Capeil) dlee anis
4kl & Template generation &l adg clris Localization sl olSe maas

:2-0 J<all & mmge s LS Matching

s OIS waat e lsa el o € IS Guall B e il 8 JSH el aae
& sl gl oLl 33sa ) 8yseall gl CadS ol (e Ailenll 3 305Y) Alayall (<
oaibad ¢k ulg e Template generation llsall g Asje OS5 Gllarall 5208
Al 3ysea e saalsiall i) Balail Jidat DA e @lldg 5)5all 38 feature victor
Ghlie Juad Jal (e Faajall danlally Bl agaal) slag) il e paad Aage Jadiig

A alleall 8 Ala Lol Gl lly 33580 5 p0all

Template
Generation

Pattern

Image Matchi —» Result

Acquisition 1 Iris Localization

V

Template
Database

Oadl a i e Capill aa daadiiual Jalyall 2-0 US4
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Lo lexige aaaall Bundll Bypeay Sl e ALY Ll 5ysa (e AS 3-0 JSA ek
Tanla 250al JANys a5l A G peasiall s Bseall (e Alall 53 el o G Lol
LOsialls el Basal) e Al Ladl iy LeS L da il

Osiall 8 (e aiall giall Al) 052 L jall adge apaa il 3-0 JSil)
Ja (e automated Iris recognition (pedl a8 e ngS{\ @il o 5ehe a3 5 1987 ble A
sl sely o 3aY iy 8 dans (sl a8 30T Laag ¢[20] Lk )l aslé 35
3auY) Ao Wwaes a8 . “Iris Recognition Technology” "Cuall duaji e Cajaill 2l () giny
Ll a8 (61 Laghane Ao aaiad daa))sa A i)l Analay 3601 [22] [21] latss Osa
Gl lsd Bae ol & g)AY) Bely olgll dayg L lgin Bac dan 1Al Bely Ao lde daany
Ol 53 Baa) sd e Juml 2l gy B (olasd Al o e

Iris Recognition (mad) 4ajd Ao Gapdl) .3 .4
complex random texture patterns 5atxa Akl JISKE 53 zaws Ao Glul) Cpe G (gsiad
plaaiuly template B Gada Whaass o5 QL)) Guad daad)ll 5)seall (o Leabalul (Sa Al
QI (ginss - ldaea 52018 Jals I 138 (i3 (e Cum Aaad ) 5yl Aalles il
1385 Iris Aa3all (e 2333} 5054l lashaall mathematical representation by il e

b 5206 (el pe 3l s
Jaala B gleesd B (e el i e el operational Jesll QB alas Jof el o
bl 330050 A1 el A8 le g edipe Gladsn a8l Cua (1994 ale z 3yl
ASE L g Jal o il Slagles = )A3WY multi-scale quadrature 2D Gabor wavelets
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daadl) b e pmsall dojlanl) dalady) adiany [21] IrisCode &ajill ey e <y 2048 3
Ayl o3 e Wls leanen

DA (e glag o Ak Slad] (Sa padldaS

An Integro differential operator 4.a;lally dudslall 5ol Cad<] gms:m Jalall Jales o
to detect the inner and outer boundaries
Lay il Glaglan o hAsY (aball 3207 Apaw pll 2l 8 Hgle Cilaige miipe o
Multi-scale quadrature 2D Gabor wavelets to duaj@ll 5ty i B8 Al il
extract texture information in form of unique binary vectors constituting the IrisCode
Laiall 5l o dsela Adbie Glusy a9t (53 (gda.m XOR Jalxs) Sl las o

A statistical matcher (logical XOR  <ilbdasall 32018 & (pall danid cililays Jaadll

operator) which finds out the hamming distance between the input IrisCode and the
IrisCodes in the database

Oaa Gagyeall gl Jdiay [23] aoals alls ol colasgr Jas s dagall JlaeY) e
adide Aujua a8 aw laplacian pyramids oDl clabal eli] DA e cpall Gas
normalized correlation akiiall Loyl plaainly 158 Cus L different resolution values
.42 model image z 3saill 3)5ea class cia (o Aiadll 3)guall culS 1Y) Lad oLl
bl @l gadll e RWilde da oSy

A Hough Transform for Iris localization 4usjall lSe 2l Caga g o

cre Goaidl sheall Rl pailadl) Jaal ((uball aamie Jaall) GLdlY aja e

Laplacian pyramid (multi-scale decomposition) to represent distinctive (jLu3y)
spatial characteristics of human Iris

Modified normalized idisall sshad Jal o Jiaall aliiiall Ll Zdec o

.correlation process for the matching step
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Iris Localization (sad) 4a3d l€a Lasd .4 .4
Iris recognition (pall A d Ao Capeill dlae Cpe IV Ala ) cpal) Baa GlKe maan (K
eyelids (yses Sale Jidis . cpall (aa Aliadll region of interest alia¥! ddkie Jie Caxg

Iris region 4usjall dakid occluding parts s5Ldl ehaY) e eyelashes Cpsll (ise)s

sl 5 Osiad) A ams Lle Jpamal) o5 530na L] e EonB Byem 4-0 (S (i

Oseal) AB) ae Call Zon G1<e 285 4-0 S
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rlshad EDE e Gladsd Al s gpal) a e Capail) ddee il

o R selia) aladid ae Ay g1 Lol Alasiuly cpuall 3y0m Juan 1 Y0 Bghadl)
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Oe Ol B )anuls a g Al Iris localization (pal) Aa38 adge auaas 1AGN §ghadl)
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blurred Zsalgll ye Adial) Cliiiall aa  adaall adll e Gl & 520 (63 Iris localization
3BY) ae (x0,Y0) 3Syalls 1kl Caiatl (gl Gusdll sk e 8ysuall partial derivative
.[22] [24] 5,5l normalized contour integral alaiiell JalSl) Jassa Hhd Coad Gluall

I(x,y)

r,Xo,yo) 27'[7"

ds | (2-4)

0
max(r, 30, )16 + 5 |

adbde Glbigis elhae) (Sar csmoothing kernel aaiill 85 G, (1) 5 $ysall Jid I(x,y) Cus
g e USI Wil 0 sS0 Y o) }Qdiwum&.cjmgdmwﬁm\w
CalS IS 51 LS IS (S Jabaall iy - ginl) (idhall Aanssiall aill 381 DA (3o unl
Aoy Byt ntS) I bl (3yka (ge any Liad 2y circular edge detector (g5l Aila

.[26] [25]

S Sl 355 e pi e laally il ) gl Bn e ol Adee 3305 Y
5SS e Yang uadall ) 3l sl ) Adlal ) () 3581 e sl i) o)
JSY s rings a3lsalls corypts Lbadly cfurrows Ay Jie maall Lladl e glat 50 3ayk
dal e w2048 k) wlea &b clris Localization Zaajall & st Als je 223 .cOrONA
Ll i b Cus ldand) 320l e Aieall (Il ae 43ijlae & Iris el dni
IrisCode 4@l ley cally .2D Gabor demodulation ax) S sle daaad (RIS aladnnl
IrisCode Zuajall ley el 3&aa 2048 J) 22y by ) 8l cldasall (e < 2048 (e
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Wilde et al.’ s Scheme (g aly alilgdabia .2 .4 .4
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JAA (« gradient based edge detection scheme )il e aaiay (53 ddlall CaiS Jalads
image intensity gradient &) sall 23S =5 JUadl c_afy\ Al eladi

V6(x,y) *1(x,y), whereV=(/5,.%5) (2-4)

(x—x0)*+(y—¥0)?
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2mo?

G(x,y) =

[30] [29] [28] Hough Transforms —aga <Dlasas aladiuls voting procedure < seaill Mg
.iris boundary contours duaisall daaiall Calsad ddassall Claaaall e

1Al Aaleall Caga Jasan asy

n
H(-xc' Ve, T) = z h(xj' yj' Xer» Ve T) (4'4)

j=1

1 if g(x,v5,%0yer) =0 (5-4)

h Xi) Vi Xc» T ={
(] VirXerYe ) 0 otherwise

g(x];y]; thyCl T) = (x] - xc)z + (y] - yC)Z - Tz (6-4)
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w32
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Gllee (ga L5 ) zlias A eBa¥) Jia L35S feature extraction (ailadll & )atul
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Omny ey sl Ladie faa Al 4y Traditional Hough Transform (sl Casa (Jisad ey
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H(xc' yc’r) = Z h(xj' YVirXc, Yer ) (1-5)
j=1
ITEN
1 i Xi, Vi, Xe, Ve, 7) =0
h(x"yf’x“yc’r)z{o o];ilge(r\;/i};]e wver) (29)

g(xj:yj:xwyc:r) = (xj - xc)z + (yj - yc)z —r? (3-5)

[33] il Caga Jagad e cilivadll e daall Slad) S

[28] OlSall maat Ao Cueatl 28N Canny callsS Cash Jisad xe Galll ey andiulg
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y =b +rsinf (5-5)
A 2as adg (glall Casa Jusan 8L ALS 5yl JEE 4550360 ) 0 (e 0 Aad yuity
Gand) Ay A G e aypall e Bl 0s$ ob Adle Adlaa) W 05 s (6, y,7)
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cGndl il (S0 leS)pe Gands Aldina) HUaEY) Caliall paeny Silsall e il 2 15 el
IS e oadial) sl gans ¢ inan Ll Chaiy 8501 e i dalas JSU 32a)5 aS1e Adsiea (4
Aldaall ilall Al e aliell ail) Jio ldie (Al Al e pungs aShall 4
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Parallel Algorithm Slsill dsajlsd .2 .5

sasg e G lsall mapping Allee Lolee U Aaiiall Labuadill il gadl) 2 28y daa) lsil) 7 i
Abaloal Gaay ) e Andial) lpndi (A (J5Y) Clshall o) dus (GPU Cilaasal dallas
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5PN TN RN g CORR PR PN owalal) sl

(width — 2 1) * (height — 2 x 1) (8-5)
slmd Gan JuSul) aumge Cluny ot OS a ki ccann 72 (S5l 35S S paa o Gaa
um‘ éb«d‘ QSA; (.\3 'é):i\dn &J\_’; 'é))m %) 'é)_s.nAM dus:\.\ d_..m;'.'\.y 63_55:\ LQJ:_I “JJA
.‘?_'u.d\ bl Caadl

ERITPERURICE AT

Algorithm 1 SerialLocalize (Image)

I: img ¢ Loadlmage( Image)

2. Apply edge detector to produce an edge image img.
3: Define array imgV alue with value 1 for all edge pixels and 0 for others.

1: Define minimum and maximum search radius as ro, and 7o

=

Create arrays maxValues, x Positions, yPositions and radiusValues all of size

T'max — Tmin
6: m 4 T2

T i40

8 for r « rpn 10 Tpee dO

0: n 4 (width — 2 «r) * (height — 2 % r)

10: Create accumulator array houghspace; of size n and initialize with all 0.

11: for Circle 'y, C,, ..., C, cach of radius value r do

12: for Points Py, P, ..., Py, on circle C; do

13: if Center of the circle on which Py lies, represents an edge point then
14: Increment houghspace; at the edge point.

15: end if

16 end for

17: end for

18: Find maz(houghspace;) and add this value to maxValues|i] and update
other arrays radiusValues , rpositions and yPositions according to this value.

19: 141

20: end for

21: max(mazValues) corresponds to a circle in image space.
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sl dsall 30532 dua) I

Algorithm 2 ParallelLocalize (I'mage)
1: img ¢ LoadlImage(Image)

2. Apply edge detector to produce an edge image img.

3: Define array imgData with value 1 for all edge pixels and 0 for others.

4: Define minimum and maximum search radius as rad,, and ..

5: Create arrays maxValues, x Positions, yPositions and radiusV alues all of size
Fmar — Trmin

6: 140

7. for r 4+ rupin 10 Ty do

8: Create accumulator houghspace; and initialize with all 0.

0 gridSize = (width — 2+ r) * (height — 2 % r) blocks

10: blockSize « T2threads

11: Call parallel Kernel(img, r, houghspace;) for each thread

12: Find max(houghspace;) and add this value to mazValues|il.

13: Record corresponding radius and center

14: Update other arrays radiusValues , x Positions and yPositions accordingly.

15¢: t4—i+41

16: end for

17: max(mazxValues) corresponds to a circle in image space .

s 853 B 2

Algorithm 3 Kernel (img, radius, houghspace)
1: Calculate position of a pixel drawn on a circle in the hough space

2: Load the image pixel at the corresponding center position pos from the circle

edge image.

Get the pixel value pizValue at the position pos

L

il pizValue > 0 then

b ]

Update houghspace at the pixel value piz in the hough space
6: end il
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daey sall Jal e . JuSs imgsize = width * height (S5l 3Uazall 3ysuall ana o) (2 il
QoS ) i) il Liall daidl) (g5l o) Sy extreme case (padll Y Jd cGalulosl)
sl old MLy - JeSu d = \/width? + height? @ysall ki sl calaall dailly aals
od Bygeall Hld ) (golon Al Hladll Chai il )

(e Ploall (e width * height )& e oLl G @lall Hld Caall 408 S dal e
72 Glas oy« il Caleal i A3)lie b S 5ypall pan o G lad g slad
Byila JS dal e dais
d * imgsize + 72 g iy dluludll Faas lall i)l e ()

T, = 0(d * imgsize) (9-5)
dad S Jal o ol Coai p (e d 220 g Jaladl) Lad 5 005150 Aa)yleadl Jal (g
i 72 e g gt JS cwidth « height () sl S (e 220 oLl 4y el Caa
(aga eliad e Baag By awfly o g8 A IS
o iy ol 2 Ol sl e Jaxd width  height x 72 calil) e 220 o L
Sl

T, = 0(d) (10-5)
e <0t IS ae Jalaill (il (e alS aae dlia G801 3oL Anlud) Aabaall Jaas

ol 2ae J3 1Y) Ty clicbias e el Dad muay (o A
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Cililail) papasis ki (b palidl Lanas Jetson TKL s skaill 8laf asacal o5 . (g AY) iV sl
Ul 354 00 «GPU-accelerated embedded applications <l ge ) Aadlas a5 aladinls Al
el Glaudall A Dlgind b Lale jigs 3ol oY) Adle Al dallaall dx\<d)
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Jetson TKL _sdaill 8l 1-0 J<a

53 @sl) Jl NVIDIA Tegra K1 gllee e lasaai 8 Jetson TKL s skall 8l cuadicl
EMMC aaslll e (1334535135 «2GB daws RAM Slsdic Jgas 3513 aa «CUDA 353 192
Ay .1/0 ports zyally Jaall dlieg peripherals <bdyhall (pe aaadl ) 3Lyl 16GB Aa
Gudsall & eadiiall [40] NVIDIA Kepler GPU i suspl) dallas 3asg Gjlase creadind
Jetson skl 3 i35 . Tegra K1 3 e alled) Jom eld¥) Adlad) o sal) dadasfy 38,18
«Board Support Package s lll ac i daja (peuats Cailagll ALIS NVIDIA CUDA 4aia TK1
(» -NVIDIA VisionWorks toolkit s gkl <l ) 28layL «OpenGL 4.4 «CUDA 6.5
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192 CUDA
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JaVL 38155 s B4-bit laaly 32-bit o) Al Tegra K1 cilalles (e ¢hlacal aas
quad-core g 85l Auely L3KHall Aalladll saay 32-bit laaY) aadies .pin compatible!
Superscalar? il 53 <2.3GHz | Joad dele cilian <Y aea Ao Jaad Cortex-A15 CPU
dau Glblare 4ulds 32KB L1 Instruction Cache dawy Cladsd duld cllarg cJalye S
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«Superscalar Jaly aaw 2.5GHz ) Joat Zelu Glian a¥iae o Jasd daiad 3l
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Ol Jadh 3 13 e sl LS B4-bit 3as lacal Jae 3)sY NVIDIA 4558 a5 sl
o Lk ol b lanll axdiin (53 say cadll 13 8 Jadh 35l el 32-bit o)
Jetson TK1 s glaill 3l

Aaall Jay¥) Ludil daiadall Cillagll i elliay 430 pin-compatible sl a5 sleall aaiy
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Tegrad Gl Jaall e ST de sl 30U

Ledfia cilydh CUDA 353 192 anaius Kepler GPU Giliagenl) dalles aag dujlara o
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GPU alasinly Aoyl Lo gl clisadais aalall Joad) lall Jal e elaY15 2300
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A8 b Al 5ol e

81



iy Laall Sl Cualdll il

Universal galiiall e aladl difidl/dusall angin cdaulal) =dldl odgl dalayly
Al &.43\ on Glbbedl daayn Asynchronous Receiver/Transmitter (UART)
Ll e U dlidiall balasll dgals MIPI DSI/CSIHSE e S i Laiy 4403 sl
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sdg Secure Digital Input/Output (SDIO) ¢Mobile Industry Processor Interface gctuaj\
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full duplex aan Jass (palyie cilidasa Jo3 aa

CPU 4jSyall dallaal) 3aa9.1 .2 .6

Blsill el Cortex A5 Anlars 8l NVIDIA 455 (e Alglas Jsl Tegra 4 dasydll culS
Tegra dsapd Cpainl L1.9GHz () dasli Aol ciliast G ara (e Jead il (Tegra dlulud
Gl Ve o lelee Jio Glisatll (s NVIDIA ol ae oK1 CPU 4 jlane (i K1
Ssise i die %040 o el eldl iy Tegra K1 4ul€e) o) Cua .2.3GHz ) doai Ao L
SPECINt2000 (bl daila i Aiuea ol ddas die Jazs 48N pe %45 Digiul o (sl
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g51 43Sy dallas 3as Tegra K1 (e 32-bit Hlaal) axdiiw sl oda 43lay A e g8 WS
Superscalar «2.3GHz J) Jiai Al ciliay cl¥azar Jasd ‘f*l\} «lsill 4ely Cortex-Al5
Cortex (s a¥) bl L32KB L1 ilidars 413 5 32KB L1 clalad Al Lels cdalye O
Bang 8lsi 2ag +(3-0 JSA (B (pwe g WS) dayha 16 @ Adail i 2MB aaas L2 duls ALS
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* Tegra K1 4sapdll (e 3a5asall Kepler GPU g50 Cliagu)ll dallas 32a5 do)lera ()
I Adle Al b desdid) Kepler GPU biases )l Aallae 5ang G jlenal Lual i) 2l
.Tegra K1 s NVIDIA Tesla K40C (e ISV 4slidl) ailadll [y -16J50a sadly

"power consumption’ (& Eus .NVIDIA (e Tegra K1 5 Tesla K40C (pn caluladl) 45)lee-1-6J san
) sediall JE Glall (e Ao sena (i U GPU Ui (e @llgidl 48U dau sie

K40C Tegra K1
Memory Clock Rate [Hz] 3GHz 950MHz
Peak single FP perf. [FLOPS] 4.29TFLOPS 364GFLOPS
Memory Bandwidth [GB/s] 288 17
Memory Size [GB] 12 1.7
# of SMX unit 15 1
# of CUDA cores 2880 192
Power consumption [W] ~100 Sub 2

:\,\ sadll e .3 .6

A sl Sty GullS CPU Baasu )l Aalladl sans o Saiall sl Gadail gha p23
Gaay )sall s s Uniw CPU ) 3y LS L aibuliall e lad) alal Leihal 35l 4l il
Iris Cpall A3 alse st duay il (lsiall Bl ey Alol) sSHl L lale Al
B ehal ) cilidaadll decomposed (il 4lSa) & sl & Localization algorithm
(sl e adan (Say Al

Implementation Environment Ll 44w .1 .3 .6
Gk Vsl 2 A dslanall e 53eally b gidl) salal)l Csmlall G oY) Al Jal e
LS iy Lgiea i sale] & Adausgie Gildialger Jsane Cisula Slea o dalulal) 4 )lsal)
i) Aoy Cus (ge bl A5)las NVIDIA Jetson TKL skl 83 e s (o 50
die kil ol un e aoputl) lote Aylaey dojlsiall Aueyleadl 2an 5 8 cABUal) Dl
Q& adas (uilaie e A0S Jasid NEON 5355 GPU il gusyl) Aadlas Basg iy alidl

.Embedded mobile heterogeneous system
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e AoV aaal o G e Al 38 () (& Uagale 1hgd CUDA (555 (0 (SH 238l Canly
50 Aein (e coal LS L clandill (e dsag g bds il il ellae) e 08 (gl
cleall LSy Jaall 2y Joaldi 2-0 Jsan edas . Lala 150 GPU 38135 GPU (558 (o alall

ekl dal (e aasi)

) A Jualin 2-0 Jsaa

Platform ‘ Samsung Ultrabook Series 5 ‘ NVIDIA Jetson TK1
GPU NVIDIA GeForce 620M GPU NVIDIA® Kepler™
Architecture
GPU 96 CUDA cores, 1GB GPU 192 CUDA cores, 2GB Shared
Specifications Memory Memory
Processor Intel Core i5 3370M, 1.70 GHz NVIDIA 4-Plus-1™ Quad-
Core ARM Cortex-A15 "r3"
System Memory 12 GB DDR3 2 GB DDR3L
Operating System Windows 10 Ubuntu 14.04 LAT
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hough2d.h

#include <iostream>
#include <math.h>

#define GRAYLEVELS 256

// CUDA functions

extern "C" void Hough2D CUDA(float* img, int width, int height, int
radMin, int radMax, int* posX, int* posY, int* maxVal, int* resRad);
extern "C" void imadjustCUDA (unsigned char *inImg, unsigned char
*outImg, int width, int height, float lowPerc, float highPerc) ;
extern "C" void adjustGammaCUDA (unsigned char *inImg, unsigned char
*outImg, int width, int height, float gamma) ;

hough2d.cu

#include "hough2d.h"
#include "main.h"
#include <sm 32 atomic functions.h>

#define BLOCK SIZE 512

#define BLOCK SIZE HOUGH 360

#define STEP SIZE 5

#define NUMBER OF STEPS 360/STEP SIZE

// Circ mask kernel storage
__constant  int maskKernelX[NUMBER OF STEPS];
__constant  int maskKernelY[NUMBER OF STEPS];

// Function to set precalculated relative coordinates for circle
boundary coordinates
extern "C" void setMaskKernel (int *maskX, int *maskY)
{

cudaMemcpyToSymbol (maskKernelX, maskX, NUMBER OF STEPS*sizeof (int))

cudaMemcpyToSymbol (maskKernelY, maskY, NUMBER OF STEPS*sizeof (int));
}
// Kernel to set all pixel values to specified value
__global  void setAllValuesKernel (int* houghSpace, int height, int
width, float wvalue)
{

int const index = blockIdx.x * BLOCK SIZE + threadIdx.x;

if (index < height*width) {

houghSpace[index] = value;
}
___syncthreads() ;

}

extern "C" void setAllValuesToCUDA (int* houghSpace, int height, int
width, float wvalue)
{

//cout << "Setting all values to " << value << "..." << endl;

dim3 dimGrid = (ceil((float)width*height/(float)BLOCK SIZE)) ;

dim3 dimBlock = (BLOCK SIZE) ;

setAllValuesKernel<<<dimGrid, dimBlock>>>(houghSpace, height, width,
value) ;

cudaThreadSynchronize () ;

}
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// Kernel to perform circular Hough transform
__global  void houghTransformKernel (int* cudaHough, float* img, int
height, int width, int radius)
{
if (threadIdx.x < BLOCK SIZE HOUGH) {
// Arrays to hold coordinates for circle pixels
__shared  float circVals[NUMBER OF STEPS];

// There are 10 hough pixels calculated in each block

int whichPixel = (int)threadIdx.x / NUMBER OF STEPS;

// Calculate position for pixel in hough space

int cpixIDy = (int) ( ((float) (blockIdx.x*STEP SIZE+whichPixel))
/ (float) (width-(radius*”))) + radius;

int cpixIDx = (blockIdx.x*!0+whichPixel) % (width-(radius*”)) +
radius;

// Load image pixel from circle edge

int xVal = cpixIDx + maskKernelX[threadIdx.x % NUMBER OF STEPS];

int yVal = cpixIDy + maskKernelY[threadIdx.x % NUMBER OF STEPS];

// Get the pixel value from the image

float pixVal = img[yVal*width + xVal];

//float pixVal = img[cpixIDy*width + cpixIDx]; // ## TO DELETE,
INCORRECT

//int houghVal = cudaHough[cpixIDy*width + cpixIDx];
__syncthreads() ;

if (pixval > 0) {
atomicAdd (cudaHough + cpixIDy*width + cpixIDx, 1);

}
__syncthreads() ;

}

// Calls the Hough transform kernel
extern "C" void performHoughTransformCUDA (int* cudaHough, float* img,
int height, int width, int radius)
{

// Define grid and block dimensions

dim3 dimGrid = ( ceil((float) (width-(”*radius)) * (height-
(?*radius)) / (float)STEP SIZE) );

dim3 dimBlock = (BLOCK SIZE HOUGH) ;

// Perform Hough transform and sync threads to get the final result

houghTransformKernel<<<dimGrid, dimBlock>>>(cudaHough, img, height,
width, radius);

cudaThreadSynchronize () ;

}

// Bnalyse the defined image area for circles using Hough Transform
extern "C" void Hough2D CUDA(float* img, int width, int height, int
radMin, int radMax, int* posX, int* posY, int* maxVal, int* resRad)
{

int* houghSpace;

houghSpace = (int*)malloc(width*height*sizeof (int)) ;

// Arrays for results
int *posxArray, *posyArray, *maxValArray, *radArray;
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// Allocate correct memory for arrays

posxArray = (int*)malloc((radMax-radMin) *sizeof (int)) ;
posyArray = (int*)malloc((radMax-radMin) *sizeof (int)) ;
maxValArray = (int*)malloc((radMax-radMin) *sizeof (int)) ;
radArray = (int*)malloc((radMax-radMin) *sizeof (int)) ;

// Allocate memory for CUDA images and matrices
float *cudaImg;
int *cudaHough;

cudaMalloc ((void **)&cudalmg, width*height*sizeof (float)) ;

cudaMalloc ((void **)&cudaHough, width*height*sizeof (int)) ;

// Copy image from host to device

cudaMemcpy (cudaImg, img, width*height*sizeof(float),
cudaMemcpyHostToDevice) ;

int ctrArr = 0, radius;
for (int i=radMin; i < radMax; i++) {
// Set all elements to zero
setAllValuesToCUDA (cudaHough, height, width, 0);

// Precalculate relX and relY
radius = 1i;
int ctr = 0;
int* relX, *relY;
relX = (int*)malloc (NUMBER OF STEPS*sizeof (int)) ;
relY = (int*)malloc (NUMBER OF STEPS*sizeof (int)) ;
for (int theta=0; theta < ; theta+=STEP SIZE) {
// Calculate x and y coordinates
float angle = (theta*PI) / 8

relX[ctr] = (int) (-radius*cos(angle)) ;
relY[ctr] = (int) (-radius*sin(angle)) ;
ctr++;

}

// Set mask coordinates for circle
setMaskKernel (relX, relY);

// Free memory
free (relX) ;
free(relY) ;

//performHoughTransformCUDA (cudaHough, cudalmg, height,
radius, relX, relY, angleNum) ;

width,

performHoughTransformCUDA (cudaHough, cudaImg, height, width,

radius) ;

// Copy matrix from device to host

cudaMemcpy (houghSpace, cudaHough, width*height*sizeof (float),

cudaMemcpyDeviceToHost) ;

// Find max value in the houghSpace
*maxVal = 0;

int index;

int tempPosX, tempPosY, tempMaxVal = 0;

for (int y=0; y < height; y++) {
for (int x=0; x < width; x++) {
//index = radius*width*height + y*width + x;

index = y*width + x;
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if (tempMaxVal < houghSpace[index]) {
tempMaxVal = houghSpace[index] ;
tempPosX = x;
tempPosY V2

}

// Write results to arrays
posxArray[ctrArr] = tempPosX;
posyArray[ctrArr] = tempPosY;
maxValArray[ctrArr] = tempMaxVal;

radArray[ctrArr] = i;

cout << "Current (radius: " << i << ") MaxVal: " <<
maxValArray[ctrArr] << " ctr: " << ctrArr << endl;

ctrArr++;

} // end for

// Find the maximum value from arrays

*maxVal = 0;
for (int j=0; j < (radMax-radMin); Jj++) {
cout << "MaxValArray: " << maxValArray[j] << " " << posxArrayl[j]
<< " " << posyArray[j] << " " << radArray[j] << endl;

if (*maxVal < maxValArray[]]) {
*maxVal = maxValArray[j];
*posX = posxArray[jl;
*posY = posyArray[j];
*resRad = radArray[j];

}

// Free cuda memory
cudaFree (cudalmg) ;
cudaFree (cudaHough) ;

// Free array memory
free(posxArray) ;
free(posyArray) ;
free (maxValArray) ;
free(radArray) ;

/] HEERE AR
// #### IMADJUST ###4#
/] HEERE AR

__global  void AdjustImagelIntensityKernel (float *imgOut, float *imgIn,
int width, int height, float lowin, float lowout, float scale)

{
__shared  float bufData[BLOCK SIZE];

// Get the index of pixel
const int index = blockIdx.x * BLOCK SIZE + threadIdx.x;

// Load data to shared variable
bufData[threadIdx.x] = imgIn[index];
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// Check that it's not out of bounds
if (index < (height*width)) {

// Find the according multiplier
float tempLevel = ( bufData[threadIdx.x] - lowin)*scale +
lowout ;

// Check that it's within required range
if (templevel < 0) {

bufData[threadIdx.x] = 0;
}
else if (tempLevel > 1) {
bufData[threadIdx.x] = 1;
}
else {
bufData[threadIdx.x] = templevel;
}

// Write data back
imgOut[index] = bufData[threadIdx.x];

}

// Synchronise threads to have the whole image fully processed for
output
__syncthreads() ;

}

// Resize the image
__global  void ImageScalingKernel (float *imgOut, float *imgIn, int
width, int height)
{
__shared  float inData[BLOCK SIZE];
// Get the index of pixel
const int index = blockIdx.x * BLOCK SIZE + threadIdx.x;

// Load data to shared variable
inData[threadIdx.x] = imgIn[index];

if ( index < (width*height) ) {
imgOut[index] = inData[threadIdx.x] / (float) g
}

__syncthreads() ;

void ImageHistogramCUDA (float *pSrc, int width, int height, int *

imghist)
{
const int GrayThres = ;
for (int i=0; i< GrayThres; i++) imghist[i] = O;

for (int i=0; i< width*height; i++) {
int level = (int) (pSrc[il* )
imghist[level]+=1;
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// Strech limit
void ImageStretchLimitCUDA (float *pSrc, int width, int height,
float tol low, float tol high, float *low, float
*high )
{
const int GrayThres = g
int imghist][ 1;

double cdf[GrayThres], sum;
int i;
bool bLowFound=false, bHighFound=false;

//histogram
ImageHistogramCUDA (pSrc,width,height,imghist) ;

// the below segment can be implemented on CPU only;
//*************************************************
// cdf
cdf[0]=imghist[0];
for (i=1;i<GrayThres;i++)
cdf[i] = cdf[i-1] + imghist[i];
sum = cdf[GrayThres-1];
for (i=0;i<GrayThres;i++)
cdf[i] /= sum;

// find low and high
for (i=0;i<GrayThres;i++)

{
if (cdf[i]>=tol low && (bLowFound == false))
{
*low = (float) (1)
bLowFound = true;
}
if (cdf[i]>=tol high && (bHighFound == false))
{
*high = (float) (i) ;
bHighFound = true;
}
}

// convert to range [0 1]
*low /= (GrayThres-1);
*high /= (GrayThres-1);

}
// Adjusts image intensity depending on the current gray levels of the
image (histogram stretching)
extern "C" void imadjustCUDA (unsigned char *inImg, unsigned char
*outImg, int width, int height, float lowPerc, float highPerc)
{

const int grayLevels = ;

float lowin, highin;

float *tempBuffer = new float[width*height];

float *imgInput, *imgBuffer, *imgOutput;

clock t init, final gpu;

// Convert input image to float

for (int i=0; i < (width*height); i++) {
tempBuffer[i] = (float) inImg[i];

}
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// ### ALLOCATE CUDA ARRAYS ###

cudaMalloc ((void **)&imgInput, width * height * sizeof(float));
cudaMalloc ((void **)&imgBuffer, width * height * sizeof(float));
cudaMalloc ((void **)&imgOutput, width * height * sizeof (float));

// ### COPY TO CUDA MEMORY ###
cudaMemcpy (imgInput, tempBuffer, width * height * sizeof(float),
cudaMemcpyHostToDevice) ;

// Get number of blocks
int gridSize = ceil( (float) (height*width) / (float)BLOCK SIZE ) ;

// Assign sizes
dim3 blocks( gridSize );
dim3 threads( BLOCK SIZE ) ;

// Image scaling Kernel

ImageScalingKernel<<<blocks, threads>>>(imgBuffer, imgInput, width,
height) ;

cudaThreadSynchronize () ;

// Copy image buffer back to host memory (for ImageStretchLimit
function)

cudaMemcpy (tempBuffer, imgBuffer, width * height * sizeof(float),
cudaMemcpyDeviceToHost) ;

// find out the 1% pixel intensity value and set it to "low"

// find out the 99% pixel intensiy valeu and set it to "high"

//ImageStretchLimitCUDA (tempBuffer, width, height,
0.01f,0.99f, &lowin, &highin) ;

ImageStretchLimitCUDA (tempBuffer, width, height,
lowPerc,highPerc,&lowin, &ighin) ;

// Adjust image intensity

float lowout = 0, highout = 1;
float range = highin-lowin;
float rangeout = highout-lowout;
float scale = rangeout/range;

printf ("Adjusting image intensities on GPU (CUDA)...\n");

// Start timer

init = clock();

// Call the adjust image intensity kernel

AdjustImageIntensityKernel<<<blocks, threads>>>(imgOutput,
imgBuffer, width, height, lowin, lowout, scale);

cudaThreadSynchronize () ;

// Copy the result back
cudaMemcpy (tempBuffer, imgOutput, width * height * sizeof(float),
cudaMemcpyDeviceToHost) ;

// Take time

final gpu=clock()-init;

printf("Time taken for imadjust on GPU (CUDA): %f sec\n",
(double) final gpu / ((double)CLOCKS PER SEC)) ;

// convert it back to unsigned char
for (int i =0; i< width*height; i++) {

outImg[i] = (unsigned char) (tempBuffer[i]* )
}
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// Free memory

cudaFree (imgInput) ;

cudaFree (imgBuffer) ;

cudaFree (imgOutput) ;
}

[/ HHEREAE AR
// #### ADJUSTGAMMA ###4#
VAR ST E SR LSS

__global  void AdjustGammaKernel (float *imgOut, float *imgIn, int
width, int height, float gamma, float minVal, float maxVal)

{
__shared  float bufData[BLOCK SIZE];

// Get the index of pixel
const int index = blockIdx.x * BLOCK SIZE + threadIdx.x;

// Load data to shared variable
bufData[threadIdx.x] = imgIn[index];

// Check that it's not out of bounds
if (index < (height*width)) {

// Find the according multiplier
float tempLevel = ( bufData[threadIdx.x] - minVal) / maxVal;

tempLevel = powf (tempLevel, (double)l/gamma) ;

// Check that it's within required range

if (tempLevel < 0) {
bufData[threadIdx.x] = 0;

}

else if (tempLevel > 1) {
bufData[threadIdx.x] = 1;

}

else {
bufData[threadIdx.x] = tempLevel;

}

// Write data back
imgOut [index] = bufData[threadIdx.x];

}

// Synchronise threads to have the whole image fully processed for
output
___syncthreads() ;

}

extern "C" void adjustGammaCUDA (unsigned char *inImg, unsigned char
*outImg, int width, int height, float gamma)
{

const int grayLevels = ;

float lowin, highin;

float *tempBuffer = new float[width*height];

float *imgInput, *imgOutput;

clock t init, final gpu;

float minvVal = , maxvVal = 0;
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// Convert input image to float
for (int i=0; i1 < (width*height); i++) {
tempBuffer[i] = (float) inImg[i];

// Calculate min and max values in the image ## CAN BE ADDED TO
DO ON CUDA LATER ON ##
if (minval > tempBuffer[i]) {
minVal = tempBuffer[i];
}
if (maxVal < tempBuffer[i]) ({
maxVal = tempBuffer[i];

}

// ### ALLOCATE CUDA ARRAYS ###
cudaMalloc ((void **)&imgInput, width * height * sizeof(float));
cudaMalloc ((void **)&imgOutput, width * height * sizeof(float));

// ### COPY TO CUDA MEMORY ###
cudaMemcpy (imgInput, tempBuffer, width * height * sizeof(float),
cudaMemcpyHostToDevice) ;

// Get number of blocks
int gridSize = ceil( (float) (height*width) / (float)BLOCK SIZE ) ;

// Assign sizes
dim3 blocks( gridSize );
dim3 threads( BLOCK SIZE ) ;

printf ("Adjusting gamma on GPU (CUDA)...\n");

// Start timer

init = clock() ;

// Image scaling Kernel

AdjustGammaKernel<<<blocks, threads>>>(imgOutput, imgInput, width,
height, gamma, minVal, maxVal) ;

cudaThreadSynchronize () ;

// Copy the result back
cudaMemcpy (tempBuffer, imgOutput, width * height * sizeof(float),
cudaMemcpyDeviceToHost) ;

// Take time

final gpu=clock()-init;

printf("Time taken for gamma adjustment on GPU (CUDA): %f sec\n",
(double) final gpu / ((double)CLOCKS_PER_SEC)) ;

// convert it back to unsigned char
for (int i =0; i< width*height; i++) {

outImg[i] = (unsigned char) (tempBuffer[i]* )
}

// Free memory
cudaFree (imgInput) ;
cudaFree (imgOutput) ;
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//IplImage *imgResult = cvLoadImage ("eye edge2.png");
IplImage *imgResult = cvLoadImage("./images/test 3.bmp") ;
if ('img) {
cout << "Error: Couldn't open the image file." << endl;
return |;

}

// Blur the image

cout << "Gaussian blur on CPU..." << endl;

// Start timer

init=clock() ;

cvSmooth( img, img, CV_GAUSSIAN, 3, )

// Stop timer

final=clock()-init;

cout << "Time taken to perform Gaussian blurring CPU:" <<
(double) final / ((double)CLOCKS PER SEC) << "s" << endl << endl;

// Resize the image to SCALE % of the size
IplImage *img small =

cvCreateImage ( cvSize((int) (img->width*SCALE) ,

(int) (img->height*SCALE) ) ,img->depth, img->nChannels ) ;
cvResize (img, img small);

// Adjust the intensity of the image
imadjustInput (img small, , )

// Create new image for storing edge image
IplImage *edgeImg = cvCreateImage( cvGetSize(img small),
IPL DEPTH 8U, ) ;

// Canny edge detection

cout << "Canny edge detection on CPU..." << endl;

// Start timer

init=clock() ;

cvCanny( img small, edgelmg, 0 , 3);

// Stop timer

final=clock()-init;

cout << "Time taken to perform Canny on CPU:" << (double)final /
((double) CLOCKS PER SEC) << "s'" << endl << endl;

// Dilate image to thicken edges
//cvDilate ( edgelImg, edgeImg, 0, 1);

// Display edge image
cvNamedWindow ("Edge Image:'", CV_WINDOW AUTOSIZE) ;
cvShowImage ("Edge Image:", edgelmg) ;

// Wait for the user to press a key in the GUI window.
//cviWaitKey (0) ;

int posX, posY, maxVal, radius;

// Define minimum and maximum radius
int radMin = (int) * SCALE;
int radMax = (int) * SCALE;

cout << "Finding pupil in the image using Hough transform..." <<
endl;
// Start timer
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init=clock() ;

// Find circles

//findCircleHoughCPU (edgeImg, radMin, radMax, &posX, &posY, &radius,
&maxVal) ;

// Stop timer

final=clock()-init;

cout << "Time taken to perform Hough on CPU:" << (double)final /
((double) CLOCKS PER SEC) << "s'" << endl << endl;

// Print out results

//cout << "CPU results: MaxVal (" << maxVal << ") was found a
position (" << posX << "," << posY << ") with radius: " << radius <<
endl;

// Start timer

init=clock() ;

cout << "Finding pupil in the image using Hough transform on
CUDA..." <L endl;

findCircleHoughCUDA (edgeImg, radMin, radMax, &posX, &posY, &radius,
&maxval) ;

// Stop timer

final=clock()-init;

cout << "Time taken to perform Hough on CUDA:" << (double)final /
((double) CLOCKS PER SEC) << "s'" << endl << endl;

// Rescale values to match full size image
posX = (int)posX/SCALE;

posY = (int)posY/SCALE;

radius = (int)radius/SCALE;

// Print out results

cout << "CUDA results on pupil: MaxVal (" << maxVal << ") was found a
position (" << posX << "," << posY << ") with radius: " << radius <<
endl;

// Draw the circle
cvCircle (imgResult, cvPoint (posX, posY), radius, CV_RGB(0,0, ),

cvShowImage ("Orig Image:", imgResult) ;
cviWaitKey (0) ;

AR ETETE L

// ### FINDING IRIS ###

/] #EHEHAR A

// Calculate area where iris is located

int t1 x = posX - 4*radius;
int tl y = posY - 4*radius;
int dim = 8*radius;

// Redefine radMin and radMax
radMin = (int)radius* *SCALE;
radMax = (int)radius* *SCALE;

int posX i, posY i, maxVal i, radius 1i;

// Crop the image
cvSetImageROI (img, cvRect(tl x, tl y, dim, dim));
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IplImage *img cropped = cvCreatelImage (cvGetSize (img), img->depth,
img->nChannels) ;
cvCopy (img, img cropped, NULL) ;
// Reset ROI
cvResetImageROI( img ) ;
IplImage *img cropped s =
cvCreateImage( cvSize ((int) (img cropped->width*SCALE) ,
(int) (img cropped->height*SCALE) ) ,img cropped->depth,
img cropped->nChannels ) ;
cvResize (img cropped, img cropped s) ;

// Adjust the intensity of the image
imadjustInput (img cropped s, , )

// Create new image for storing edge image
IplImage *edgelImgCropped = cvCreatelImage( cvGetSize (img cropped s),
IPL DEPTH 8U, 1 );

// Canny edge detection

cout << "Canny edge detection on CPU..." << endl;

// Start timer

init=clock() ;

cvCanny( img cropped s, edgeImgCropped, , , 2

// Stop timer

final=clock()-init;

cout << "Time taken to perform Canny on CPU:" << (double)final /
((double) CLOCKS PER SEC) << "s'" << endl << endl;

// Dilate image to thicken edges
cvDilate ( edgeImgCropped, edgelImgCropped, 0O, 1);

// Display edge image
cvNamedWindow ("Edge Image:", CV_WINDOW AUTOSIZE) ;
cvShowImage ("Edge Image:", edgelmgCropped) ;

// Start timer

init=clock() ;

cout << "Finding iris in the image using Hough transform on CUDA...
<< endl;

findCircleHoughCUDA (edgeImgCropped, radMin, radMax, &posX i,
&posY i, &radius i, &maxVal 1i);

// Stop timer

final=clock()-init;

cout << "Time taken to perform Hough on CUDA:" << (double)final /
((double) CLOCKS PER SEC) << "s'" << endl << endl;

// Rescale values to match full size image
posX i = (int)posX i/SCALE;

posY i (int)posY i/SCALE;

radius i = (int)radius i/SCALE;

// Print out results

cout << "CUDA results on iris: MaxVal (" << maxVal i << ") was found
a position (" << posX i << "," << posY i << ") with radius: " <<
radius i << endl;

// ##4 TEMP ### Display the image
cvCircle (img cropped, cvPoint (posX i, posY i), radius i,
CV_RGB (0,0, ), 4);
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cvNamedWindow ("ROI Image:", CV_WINDOW AUTOSIZE) ;
cvShowImage ("ROI Image:", img cropped) ;

cviWWaitKey (0) ;

// Free the resources.
cvDestroyWindow ("Orig Image:");
//cvReleaselImage (&img) ;

cvDestroyWindow ("Edge Image:") ;
cvReleaseImage (&edgelImg) ;

return 0;

}

int findCircleHoughCPU(IplImage *edgeImg, int radMin, int radMax, int¥*
resX, int *resY, int *resRad, int *resVal)
{

// Get dimensions of the image

int width = edgeImg->width;

int height = edgeImg->height;

cout << "Width: " << width << ", Height: " << height << endl;
cout << "Rad min: " << radMin << ", Rad max: " << radMax << endl;

// Convert IplImage to an array
uchar *data;
cvGetRawData (edgeImg, (uchar*¥*)&data) ;
int* imgData;
imgData = (int*)malloc(width*height*sizeof (int)) ;
for (int i=0; i < width*height; i++) {
if (datal[i]l > 0) {

imgData[i] = 1;
}
else {

imgDatal[i] = O;
}

}

// Image array for CUDA
float* imgDataCUDA;
imgDataCUDA = (float*)malloc(width*height*sizeof (float))
for (int i=0; i < width*height; i++) {
if (data[i] > 0) {

imgDataCUDA[i] = 1;
}
else {

imgDataCUDA[i] = O;

}
}
// Variables for Hough
int radius;
int posX, posY, maxVal;
// Arrays for results
int *posxArray, *posyArray, *maxValArray, *radArray;
// Allocate correct memory for arrays

posxArray = (int*)malloc((radMax-radMin) *sizeof (int)) ;
posyArray = (int*)malloc((radMax-radMin) *sizeof (int)) ;
maxValArray = (int*)malloc((radMax-radMin) *sizeof (int)) ;
radArray = (int*)malloc((radMax-radMin) *sizeof (int)) ;
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// Perform task for all the radius
int index = 0;
for (int r=radMin; r <= radMax; r++) {
// Perform Hough transform
radius = r;
Hough2D CPU(imgData, width, height, radius, &posX, &posY,
&maxval) ;
// Write results to arrays

posxArray[index] = posX;
posyArray[index] = posY;
maxValArray[index] = maxVal;
radArray[index] = radius;
index++;

}

// Find the maximum value from arrays
maxVal = 0;
for (int i=0; i < (radMax-radMin); i++) {
if (maxVal < maxValArray[i]) {

maxVal = maxValArray[i];

*resX = posxArray[i];

*resY = posyArray[i];

*resRad = radArray[i];

*resVal = maxVal;

}

cout << "maxVal: " << maxVal << endl;

return 0;

}

int Hough2D CPU(int* img, int width, int height, int radius, int* posX,
int* posY, int* maxVal)
{

int* houghSpace;

houghSpace = (int*)malloc(width*height*sizeof (int)) ;

// Set all elements to zero

for (int i=0; i < width*height; i++) {

houghSpace[i] = O;
}

// Perform hough transform
for (int x=radius; x < width-radius; x++) {
for (int y=radius; y < height-radius; y++) {
// 'Draw' a circle
for (int theta=0; theta < ; theta+=5) {
// Calculate x and y coordinates
float angle = (theta*PI) / g
int tempX (int) (x - radius*cos(angle)) ;
int tempY = (int) (y - radius*sin(angle));
// If edge is detected, add vote
if (img[tempY*width+tempX] == 1) {
houghSpace[y*width+x] = houghSpace[y*width+x] + 1;

}
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// Find max value in the houghSpace
*maxVal = 0;
int index;

for (int y=0; y < height; y++) {
for (int x=0; x < width; x++) {
//index = radius*width*height + y*width + x;
index = y*width + x;
if (*maxVal < houghSpace[index]) {

*maxVal = houghSpace[index];
*posX = x;
*posY = y;

}

return 0;

}

int findCircleHoughCUDA (IplImage *edgeImg, int radMin, int radMax, int*
resX, int *resY, int *resRad, int *resVal)
{

// Get dimensions of the image

int width = edgeImg->width;

int height = edgeImg->height;

// ### Convert IplImage to an array ###

unsigned char *inImg, *temp2;

inImg = new unsigned
char[edgeImg->width*edgeImg->height*edgeImg->nChannels];

temp2 = inImg;

// pointer to imageData
unsigned char *templ = (unsigned char¥*) edgeImg->imageData;
// copy imagedata to buffer row by row
for (int i=0;i<edgeImg->height;i++)
{
// memory copy
memcpy (temp2, templ, edgeImg->width*edgeImg->nChannels) ;
// 1imageData jump to next line
templ = templ + edgeImg->widthStep;
// buffer jump to next line
temp2 = temp2+ edgelImg->width*edgeImg->nChannels;

}

// Saving the matrix to file
ofstream fout;
fout.open ("houghinput.dat") ;

for (int y=0; y < height; y++) {
for (int x=0; x < width; x++) {
fout << (int)inImg[y*width + x] << " "
}
fout << endl;
}
fout.close(); // File closed
// Image array for CUDA
float* imgDataCUDA;
imgDataCUDA = (float*)malloc(width*height*sizeof(float))
for (int i=0; i < width*height; i++) {
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if (inImg[i] > 0) {
imgDataCUDA[1i] = 1;
}
else {
imgDataCUDA[i] = O;
}
}
// Variables for Hough
int radius;
// Arrays for results
int *posxArray, *posyArray, *maxValArray, *radArray;
// Allocate correct memory for arrays

posxArray = (int*)malloc((radMax-radMin) *sizeof (int)) ;
posyArray = (int*)malloc((radMax-radMin) *sizeof (int)) ;
maxValArray = (int*)malloc((radMax-radMin) *sizeof (int)) ;
radArray = (int*)malloc((radMax-radMin)*sizeof (int)) ;

// Perform task for all the radius
Hough2D CUDA (imgDataCUDA, width, height, radMin, radMax, resX, resY,
resVal, resRad);

return 0;

}

int imadjustInput (IplImage *cvImg, float lowPerc, float highPerc)
{

// Get dimensions of the image

int width = cvImg->width;

int height = cvImg->height;

// ### Convert IplImage to an array ###

unsigned char *inImg, *temp2, *outImg;

inImg = new unsigned
char[cvImg->width*cvImg->height*cvImg->nChannels];

outImg = new unsigned
char[cvImg->width*cvImg->height*cvImg->nChannels] ;

temp2 = inImg;

// pointer to imageData
unsigned char *templ = (unsigned char¥*) cvImg->imageData;
// copy imagedata to buffer row by row
for(int i=0;i<cvImg->height;i++)
{
// memory copy
memcpy (temp2, templ, cvImg->width*cvImg->nChannels) ;
// imageData jump to next line
templ = templ + cvImg->widthStep;
// buffer jump to next line
temp2 = temp2+ cvImg->width*cvImg->nChannels;

}

// Adjust image intensity
imadjustCUDA (inImg, outImg, width, height, lowPerc, highPerc);

// Convert the image back to openCV format
cvSetData (cvImg, outImg, width) ;
return 0;
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Abstract

The algorithms used in Digital Signal Processing, such as Image Processing,
Object Detection fields are used in important works research, thus require
highly intensive and complex computing which usually executed on
Supercomputers located in big research centers. These supercomputers
consume a lot of power and came with prohibitive cost which can't be afforded
by most of researchers especially in MENA region.

Offering low-cost Mobile Heterogeneous Computer for scientist and
researchers to be used as supercomputer will accelerate scientific experiments,
thus implementation results can be achieved with an acceptable time rather
than waiting a long time or stay in a theoretical study only.

In this research, a study on how to use Graphical Processing Units GPUs as a
general purpose programming tool GPGPU involved in heterogeneous
computing has been made, and how much affect the speed and performance of
algorithms and computation which used in Digital signal processing. Then
Mobile Heterogeneous Computing had introduced by giving examples on how
to use the NEON module in ARM-based SoCs to speed up the calculation for
some arithmetic operations, then the result compared against normal
heterogeneous computers in important keys like performance, cost, power
consumption and the size.

For the real implementation, techniques used in Iris Recognition systems
have been studied, and the focus was on Iris Localization step to accelerate
it by converting available serial code to parallel code, then the result had
checked to show how much speedup it can get after porting the code to
Jetson TK1 development kit from NVIDIA.
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