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dyIunInuuIn 1920x1080 39NINERIT 30 LsuseIwdila lnedinspiaudediures

aguuazALugulaIsuisuiunanldanilaidu ov.ORB( lu OpenCV library

i Aenssulnia ANGLDVDUEN oo

Unsfinen 2563 AN939%8 8. NUSAWIARN coveeeeeeeee,



# # 6270102221 : MAJOR ELECTRICAL ENGINEERING
KEYWORD: Feature detection and description, ORB algorithm, FPGA, Image
Processing
Taksaporn Imsaengsuk : High-Efficient Architecture for Image Feature
Detection and Description based on ORB algorithm. Advisor: Asst. Prof.
SUREE PUMRIN, Ph.D.

This thesis proposes a high-efficient architecture for feature detection and
description based on the ORB algorithm. The proposed architecture is described in
VHDL and designed for Field Programmable Gate Arrays. The algorithm is
developed by Python to reduce the operation of the process and be beneficial for
designing FPGA architecture. The proposed algorithm adopts parallel and pipeline
techniques and changes some steps to not including complex mathematical
circuits for accelerating the system. The ModelSim simulation results show that the
proposed architecture can process the 1920x1080 pixels and support 30 frames
per second video source. The architecture could maintain the consistency of the
corner numbers and the accuracy compared with the results obtained by cv.ORB()

function in OpenCV library.
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1. umin

1.1 finuazauddny

amgnihanldeguninaslumsinundsssnanadiondoyarien uunaeanmilsioanisiiu
wielflunsusznanadvuelngaudueeiniendes 1 dliamnsafiudeyalsnua sudusdodd
wugesiatgmaTadunnlulAaziulsazidiudeiu n1sthamaseiu 139091 AIREININEDY
\eUsgneuiduniwlug (image registration and stitching) miﬁmmwﬂaaLﬁaﬂizﬂauﬂumwslmggﬂ
tranldegnavannvans 1w lunisadenmmanisunmdveanieaduenile (MR, lunisasaunuiicne
AwanganAT BRI e NENeNIINA WuRu

nMmhamgetinGeweiutiy fowmniumiinileuturesnmusiazamanSesdeuriuly
G’iwwﬂqﬁgﬂﬁaﬂ Funewiaildlunssuameenduaming Suannsdondnuas (feature) azldly
9L (keypoint) luusiazniw a$1saussens (descriptor) Wleussenudnuazuesusazqaiay
wiantu Mnduidudanriuiiifusseemileuielndifsstunniignaziedugaifisatu nansadu
PuduLarNsUTITTEgARLE At uRe IR sInegwailies daud Funevtiodlolon (scale-
Invariant Feature Transform : SIFT) [1] ﬁ:,g:u (corner) udnugiau LLazLfJuﬂﬁmqu@iuIthJ%uﬁ’U
N15981Y (scale-invariance) %umauﬁ%‘mmaa%miaw (Speeded-Up Robust Features : SURF) [2]
FuneuIsnsvnas ( Feature from Accelerated Segment Test : FAST) [3] FunerIsnsuIv (Binary
Robust Independent Elementary Features : BRIEF) [4] 38 %umau%’%lam%ﬁ (Criented FAST and
Rotated BRIEF : ORB) [5] dwiSudunewisuuulonnsd Wutuneudtiitenlumidenasnisinn
Usggnaldiudenindneniisuuay massyiumimdouiunsadiaunud (Simultaneous Localization
and Mapping: SLAM) flesannifiudunenisilddudeu LLasﬁmiiJi"quﬂmaisﬁuﬁumisumeruu'm (scale-
invariance) LLaslﬁ%uﬁumwgu (rotation-invariance)

dmunmiliianuaziBengauazaunlg) MsmseduariuLazaiIfiuTIIEYeaItuLdaL
InsssofeatlunsUszaianan wsevndesnislissuudusyuulunanada (realtime system)
sududeddndilunsussanana (computing power) tnnanuludne feidunsviavessyuu Fawiduns
wernusalunsuszaiana fie n1sldaunsalaednuuulusunsulivisereniidie (Field Programmable
Gate Arrays : FPGASs) Faanansauszananawuuunule (parallel processing) ﬁﬁmu‘[.uahumimqm@iu
wazadausTEenaLUNs I UsTInananats (CPU) ivnauuuudisfu (sequential processing) 8n
Huneudeslutunouiinmnsadunazasnesussenewuulonnituntuney Saududouldvnsiu

msthlulgtuasawsagaeniae fanaidudnaevinnieivinlildanuaiuisavasarsawistaluiidud
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Tanendnusd dumeuiBnisuavandnenssuiionsinduaaruiiluguuazussensqnnuves
MMAzgneRNLuUUNIuguYesiuneuislea1sTnianudutoulunisiuindeyas dnuaznisauim
dennnesiuvannsinuLarnsidninensvetenidiesnndu liannsaiiuanuansalunis

AUIMBaUSEREANSNEINT LA

[ % 3
1.2 mngUszasn
1. iiehiauedunawisnisnsedugawuiifuguuazaiisiussersuuiuguvesiunewisnisloan sl
AnududerlunisUssiianatiouas anusaussiananuuruulea

2. et iauean1Unenssuvesunauisn1snTaduytlarai iU sTee N lauauueinkIsloniiale

1.3 Usslowiiimndnazldsu

1. aansnsszdviamlunslininensvesendaufuazannanililunisnsadugasuiuuspuas
a¥ussssuuiiuguvestuneisuuulonisd

2. {ldanunsathaantnenssulussendldiiiaysevsnmlussuuyszanananiniidioanisnaadugaisud

Juguwazasresfusseeuuuluun’

1.4 YBULUAYDIINYITNUS

1. pankuUtuRELIIMInTITUgAuLIUIINATaS T UTsEnelunTILe 256 Dauuuguvesiunoy
Teon$Difinruieatuvesgmuazauutugilimn1 70 wWedldud

2. thiaueandnenssuiionsradugairuiuugmaradsiussensluuiuuiugurestunouleen 7

sossUdygIunwAuazBualuiiu 1920x1080p M19ns 30 IWsuseIUN

1.5 %umaumsﬁ%ﬁumu

1. AnwamidfefifedesiuiuneuiBnismsatuansiuasnisusssednuuzvegadusuuiie

2. AnwmdnmawarmifefiAsdestutureuiBnatuyuarussseyasudedunevislensd

3. genuuUtuReLITluMINTIITULLLATUTTEY AR LU U U UReTToen ST e limey
(Python)

4. veaouMInuLazA NI v rTue IS T auafen 1w ey TnewSeufisutunaiildann
#erdu cv.ORB() Tu OpenCV library

5. pRNUUUNAEIIRBsHAMIY AN Tnenssuvesiuneisnisfitiausfeniwiievfuea (VHDL: The
Very High Speed Integrated Circuit (VHSIC) Hardware Description Language)

6. ﬂixLﬁuﬂmmwLLaxﬂ’@umamﬂmmau%mauﬁ%msﬁﬁmuaﬁaaﬂwiﬁwaaqﬂwuiﬂsLLﬂiu ModelSim

7. asUraniswaslewinentinug



2. nuiuazauideiieatas
2.1 tunau33Taansd (Oriented FAST and Rotated BRIEF)
fupouisloatst ilutumeuBmamaaeiilasfosunanyuiivngluam warassussens
usiazgauiuulug (Binary descriptor) nsungaisiu Titunouisnmsuuuhas wifoisannisng
fimmavaa (Orientation) #e 13un Tevad (Oriented FAST : oFAST) msmsfiamaiiasgniilulély
fuppumsaishussenehututureumauuuuin sauden 015U3W (Rotated BRIEF : rBRIEF) lngil

neazdunnInabull

2.1.1 MImanuase1an13lenas (oFAST Feature Detection)
%umauﬁ%'ﬁi%mimsm%’mmLfﬂ'umﬂé’ﬂwmzmilﬂuum TngganmusiasgnnInazgninindugy
MnMsinsanamdiesyanmiieguulsnuseuafiauladuied r ganm g mdieguulsnanas
gnuueanidu 3 Ussan laun
1. ganmilaineninganimaudnan fe gaamitianudiannritanuduiigngudnanaiiids
#1sUegUINNIMIBIAUATALUS (threshold : t)
2. wnmdimNNaanfuaguinans fie anmilienuiduvesganimannniAeLIdvege
AudnanslidifumdaudwSelanudinipendngngudnansldifumauus
3. anmiisianingagudnans Ae gaamdidaadiiesnineuduiigagudnansiimdsionsan
9EUNNIMIBIAUATALUS
nmgudnanslafifigpamioguunnanainsniwideiinningaguinaraFesdeduinnnii N 90

a < [
YNNATAULTURALY AU

JUI 1 yanmildinrsann i duyuvesganim

https://docs.opencv.org/master/df/d0c/tutorial_py fast.html
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mngﬂﬁ 1 anuduyuuesgan I p ﬁmsmmﬂqﬂmwﬁagjﬁamauLﬂﬁﬂﬁ r = 3 §aflviaviun
16 A0 f-\;mmwﬁLﬁuﬂsxmmi’ml,ﬂuﬁ;mmwﬁﬁm’mL°i’J’3JLmqmﬂﬂ’j’lm’mLéﬁ’uﬁ@mquéﬂmdﬁﬁwé’qﬁﬁmm
agFsfiansanindugaaing LLazLﬁadmﬂﬁgma’jﬂwd’lﬁﬁanﬁaamﬁaﬁu 12 a1 mnAeATaLlves
SrauganmiiSesdedu N = 12 agléh ganm p iduganmilidusm
nMsaauieIEiel nuihwenangaiiupudwnseiudmmatureuiivsnglunw
Sniy gausuusazgadsgndnunzuuua L usdfasanlsan
1. WamdUaudesa (Harris response)
2. maimmauyﬁzﬁﬂuaqmaﬁmmmL%’maqﬁmmw (Sum of absolute intensity differences
algorithm : SAD algorithm)
Tnogauiudifianazuuuruiduguanniign 2 gausnazgniiansanindugeuasen n1sSesgaisusue
ﬂzLLuummLﬁugummmﬁﬂé’wawsﬁv’umaﬁ% (6, [7] Tnedunouisfiteudulununsiad 1

§ITNT 1 AImTUToULazUNaI D SUYNTUNLTFTASEN

Fumerding | enududeu (Complexity) | unanvles
Bubble Sort | O(n%) CPU, FPGA
Insertion Sort | O(n?) CPU, FPGA
Selection Sort | O(n?) CPU, FPGA
Quick Sort O(nlog(n)) CPU, FPGA
Heap Sort O(nlog(n)) CPU, FPGA
Merge Sort O(nlog(n)) CPU, GPU, FPGA
Shell Sort O(n(log(n))) CPU, FPGA
Tim Sort O(nlog(n)) CPU, FPGA

N5 1 wnuituseuTslunisissausavyssinntuiianududounisneiu S1uiudeyadn
WnnSeadsdmadenndentunewisuild mndeyaiidnuiuunn nslddunewisndie wu Bubble Sort,
Insertion Sort %38 Selection Sort @19lslng LHpsanANuFuauITaUANIIINTRYaVIN ALY

a1 lUNTUTEIANAUIUN I TUN DU DU

v

nnsmyaauiiluguiieiisiuieinisassduyulituegivawinvesnin Fadinnsly

s a

Tuneuitrhadiuiiszingunmaradugtlugunmdnuainsanvuinninadisos ) yuuialunmenn

@

ToauAuluyibiliamnsansadugalalunmeuedni Wevhnisanwuin yuldsutuasiidnuugi

£ o 1 A2 .:4 o o o Aa
LUAANUU LLaSa’mﬁﬂﬁli’J%U’J’]Lﬂmgulmumwmmﬂmaﬂmm ‘Vﬁa‘vnﬂu’]iﬂmi?ﬁ]ﬂ]ui{usl]aqamqmuﬂﬁﬁ



WaeUNNNAMIe8N1INaRITUNIN FeasinliuunveauRuinnsdsuwas nsussendldiissin

sUnAutumewIsnswadasiigamnsansadunufivwindeului dugadule

2.1.2 Mmsaiafisednguam

lgndnnisann1sgusiegs (down-sampling) tieasnsgun niiiauasideniosad N1sanns
dudnegneillasiadssuniu Asldiinsaauuuinddeu (Gaussian filter) Wienseadygasuniuesnte 39

ADANNTANAIREN LieanANLTUToU FINTRIMUUNAG AN T UTElAMEAINT UL IUIY

(binomial filter) [4, 8] Aanansadsudusimiiiunisaudnladie (Bit-wise operation)

U ! tdl 1 ldl . .
2.13 mammmwlmmanm (Non maxima suppression)
madszendlituneuisnmsvhadiuiislingunm enaviinsedugaruiidugaaudeiuled
° Ay Yo o A & o . v & g v <,
vanguisilnaldssiu eeitedudumiinyuvessunindeadugeiliaazuunanuduyugsn
nzdl nsldnsedaailiunnanazvhlimanuiilsanduneuisnadnildumidndifesiumadeidu

ANAUIAILNULAGTLALIRL

2.1.4 MsAuINAAN19URRaLAL (Orientation Computing)

wialinsniaduniuuazaseiiusssednume Liduiunaainnisvyusunim (rotation
invariance) ifn19veNazgnaUInieldUsznoumsaiesnusseneanuuy 1nefiansunNNasTINLUY

s mtinvesmnuluganmieglagseugalal vise lauud Asaunisn 2.1

— r
(e 2 Bl 1C0) »
— r :
my = Yy=—ryI(x,y)
deo  1(x,y) fo anudunaswosganmludunisseugaiulused r
m,  fe lwudveganluluIueu
my,  fe luwudvesganmluuuasis
TAVN9UDIYY Y50 YUVDIPALAU NI1TNDIN
m
0 = arctan (=) (2.2)
My

dle 0 Ao yuuansiiavneeauiiidugaay



& A .
2.1.5 915Us (rBRIEF : rotated BREIF descriptor)
Y oy Y A s = % & Y] & Ao
N3a319IUITENERALAUMETURaUITeSUIY (4], [9] luduneuTsnuSul TN Tunewds
USN IngiSunsiansaniameuasuniauanediiussens nguveanmiiagtunaineinusseneiuasgn
VYUNFUAIBLUULIAIAUTIAN1eRawWULLg waraseiusseeuuuluutusas Tndenisseun
ANuLLYRIgInNMGeglnseugaal vhlrnsasiiusseeme silsedyaynsuniu deudn
Wiguieudsesandiygasuniunoumefiinssaluumddsuiduiondgnnmuiieuiieuiues

dUN1T 2.3

, _ {1, p(a) <p(b)
T(p;a,b) = > (b (2.3)
0, p(a) = p(b)
de  T(p;a,b) Ao mamedeunuuluwIignnwiis @ uazsumis b
p Ao uwunmiivhnsandaaasuniuuds (patch)
p(a), p(b) #oAmrwduvesganin a fumis a uay b
WALFIUIILIBUUVUIHILIN N TATDILABZUANLNIN P d51991N
—\n i-1, .
fo(@) = Xieq 2 7(p; a;, by) (2.4)

de  fn(p) Ae dusseregeamuuuudnauin n dnveusazununm p

2.2 MsUssliunuan

TunsUsediuam NUeiINTIITUTRTUNBUITNSIULEYD Farzin wazane [10] liaue

v v
o @ @ @

fain 2 mTdn laun AnusesiuvessuIugaly (Consistency of Corner Numbers : CCN) wag A1y

Wi (Accuracy : ACU) Tun15UssiiunnnImuaeiang 93 usy

v
£ o

ANUABINUVDITIWILALY Ve uALNTeIn MAnTITulaseliTuiudy gy

FUNIU, MIVYULAENISHUALUUENNSIA (affine transformation) lagiansanaNauns 2.5

CCN =100 x 1.1 Ne=Nol (25)
e CCN fo manudesiuvesdnuiuga

N,

'
a

8 PUIUYAYNTRTIITUlAINAMALATY

o))

Ny  fie Suiugayuiinsiaduldanaminiunisidasiuusngeg



AnSuAMULIUET WRITUIINENNIT 2.6

Nm ,Nm

Ng Ng

ACU =100 % — (2.6)

Wie ACU #9 anuwsiugh

Ng;  fe fwugayuninsndulalaedinsiaduyuiideansmegaey
Ny #io druugmsmaindeyaiduaia (ground truth)
Ny, fe Swuganudwsnduldnndinnaiuiaenadesiufeyaiidusi

NNIAITANAVIURIUEINIPAUNTAINA1IIZATOUARUAIITANTU NAUINWIY UAZ HAAULTIY

v
v A o A

ey lufFinduae It
funouitlonnsTlasumufealunmsdnUssendlfifiomaneuiidupuazarshusses
wuuluuilagiamefussuuiidesnasnnaniilunisuszanana Wy mssyysumimdeuiunsaiisundi
dwiusosuddaluifvievueud Insiannantdnenssunasmadiasqieliansansiadugadiuuas
a¥aussenedetunoudtuuuTeansduasislndideegseriios W.Fang uavame [11] Wiaue
andnenssudmiviuneuisleariTuussauas Altera Stratix V FPGA Tngaiafisziingnindne
Snsn 1.25 ilelansasonuuuanidnenssuiiifasidunsuuuuinuasnisideudavituld uaed
AslewAlANTELENTURANSERINNTUIEUIANALUUAAULAZLUUIUNY (Serial-Parallel Hybrid
Workflow) nanafie Tunmsnsaadugaisiunazairssiussetsdeszanananuuafuvesiissiagunmluus
avarfutuarrhaauuiuly Fldaanailumsdsznanalasameuld dwsunsadfissdagunm
J. Weberruss wazamg [12] [fiausnsadrsdduduosssnianisannisduinedns uazlivnaes
L‘U%‘EJULﬁ&J‘Uﬁi”]muszﬁu%ummﬁwﬁmgﬂmwﬁ’ummLL;JuETWWU'j’] nafispdutugon 2 fuszwrimsan

o

nsdusegwvesiissingunmtieiiiuauusiudilunisamatuuas fugaaiu
ieaansnennslunisuszanana R. Sun uazani [13] Minedinananuenad (word length) 7
THuanslunsivogasuluiunouitersled densanswiudnguiiifirnuddnyioseen R Liu way
Az [14] wisyalutng [0,21) vonilu 32 druitonansiimmeosgayy mauvapludnuasdlissuy
annsafauUFUTmuudvesgnalatiazianaiaiiusseeuuuuI (rotated BRIEF pattern) 16
fouawi J. Huang uazaniy [15] ﬁﬂLauaam{]maﬂiimuuLaW‘ﬂ%LaﬁﬁhaaﬂﬁuﬁLﬁu%gaﬁuaaizw lny
Tesduszneuiddusioditouamudunaduniunmidonty shauwdoudu szuvezldlideadenan
ihdamhemusdmaneadedddinamnniinn
usnanendaufleniidlefitintisissinrnilumnsaiugapuaraiafussesloug &

o

Uszananadeysy1udavia (Digital Signal Processor: DSP) dagnianldlunisussaianatunawisloansdly



uAdeves G. Wang uazany [16] uastiudunsumananunindeimaia @-blending vdsannsradu
WiruazaiiiuTIes Tngmanaduvesganiniioinsaiuesusaznw %Qﬂﬁhdﬁmﬁfﬂmu
seprveanveaLiwiuiesaiy ielwisuamildanniswauiinaunduinniy
nsnsatuRuLassa iU duneuTEloonsTaunsafiunmsildsaenis
ponuuvamInensITivNzauiunInenTuardnvurNsUsTInaRaRUUTLY Welrannsalia
Uszdnsnmlunisnsiadugawmuiuuytiasasadiussens 3‘1/|EJWﬁwuﬁ“f‘:ﬁ]zﬂ%hu;q%’umauﬁ%'ﬂﬁLLax
ponuuuaninenssuuuiiuguvesiuneuitleniTifaenadesiumshauresensauisinniu &

1eazdenbuiUainbU
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TURUIBAMTUATIITULRTUTIOEIAALYBIN N ULNU YR TUR TS loesUgnUT U

wingAunsihlUldiuansawas anrnududeulunisussaiana lneiisigasidenlnedn1nsiuuesseuund

gﬂﬁ 2

l Input image

Pyramid

Binomial Filter

Resized image Fast & Corner status Corner status
> p{  NMS p| Heap
Corner score Corner score Corner score
Centers of corner
i Intensity of
>moothed image Orientation 6 »|  Rotation > BRIEF
pixel pairs

3‘1/17 2 AMNTIUTLUUNITATINIUS N WSUAYES NIIUTTE 18U IN

SEUUMTIDIULALAS 9P UTTEN8V9IN T NEBIAUSENBUVEN 8 dIUndn Lakn

1.

nsaseiisEiagunn

nsnTaduinuaznmieture IS AR LAz A INATLLY

nsvdnqauiuifianazuuuemdusslinniian
YiaisssddunEnueea s dun IR UUEY

FINTDILUUNIUIY

MIUTELNURFANIURIALAY

nsvuannluntsen e L iansvedgnyy

ANSES1FIUTTENULUUUIH

dieanaitunisuszinanauarUsuupduneuisnisiianunsaUssatanawuuruule

N-bit descriptor l

Wendnusilldeanwuuaninenssudmsunsndugaauiilugunasadsiussesnuuluu3nd

amsamvasszuuludsgud 3
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Image
source
17%8 hit ; Score
ynput image = X ‘:5 FAST corner |sCorne=r _7L> Heap Sorting
Input | pyramid | Resized ! detector s 8
»l » o ‘ —>»| Window — = isCorner Addr

= imagef  Building |image pixel =

g Buffer Score score,

3 > .

= 17x8 bits|  calculation 12 RamCormner

s

] ]

§ ¥ center of comer (x,y) neg

§ ” Binornial 5 X

* = 2438
. [e] .
< Filter £ Angle  [Angle index BRIEF  [256-6it
=) 5 243 M . » FRotator k
o Estimator rY | descriptor  [descriptor
n'ﬂl
248 1 T

BRIEF BRIEF pair pattern

pattern

U7 3 aordlnenssusmsussuun1snsaavugamuiidusuayas1eiausse1evean Im

NFUN 3 Mwsuatuszgninuludninesvesiaisiisslingunmuazannisdudegauuumen

wazluugal AuaIRuty anaadnsnlianmsaiaissiinnmazgnadludiulaidnimasoun 7x7
a1 Lieddlnsradugaunieinsadunuurhadiwasduneziuuauduys Tuvaedoaiu
naansanNsaseiisyinavdaludamnseawuuminiuiieasanmanneudyaasuniu wagludunm

susuuludnutudaly viausuuiu

nmfidaivluiuladtvmesvunn 7x7 azgnldlunisinnsananuduyurenanimuas

o

Auaiazkuuanulugalundeniu danusswesrunduuiasiazsuuunnuluguasidign
Japauuduiiasesduidonanis N eausniidapzuuuanuiluguasn doyamuviwesganimi
Jugawuasgnasludsimnupumieanudfiiunmaindinssauuniung samuauazdndnguues

'
o v o oY ' =2

RNMATIURAUgnauRiadTatsswuudUdaniardioyausazuni@divuin 31 gaamll

U

Auddiulaidislesaunn 31331 e ethlumumeusuiveqaua UL LU UWAZ LIRS
ALY
Tsnsir9gan Mg Ny, Inazdigduneutsrannfimnmaonayuiiiondisuilndides
fandvilinanuszyihslsndluunuuoutueilsifuumuauiussmuiulndiAstualuudly
LLmLLﬂué?ﬂmﬂﬁqﬂ dsludasmuusiunmitelimuguuuugandmiuainediussensuuuuiv BRIEF
«

pair pattern) Aausazaazasaludiussesusas Tmhuiewefuuazdtoonlunadnsiussens
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TuudagturensusritanasrysenaumeasAuszneuminumilouiu uansd1aieanIn
sukuuiilasuluwsar it InedunowisnisnTadugnmukuuytkazaseiiussens iUl S UL Y
TupeuIsloasinuiuustlmivasantnenssudmiuudazesduseneuliswaziBendasialuil

4 =] a

3.1 nMsaTnNnTEIaguaIw

nsldfsedingunntielviaunsansindudnuasaneiediuwadvuiasieiuls nsasefisela
amazanvwinvesgunwlussartuses Inefissdaluadivasniizdunadnnitdduanendt Tunis
annsgusiegsailvin miSeu (smoothing) Tuneuiu eantuneulunisussiianaulazaniunves

' o Ay Y & A a o g v a 1% a ' | a v o -

mhganudnldinusuninanmsiilinmseu TaglduunAnvesnisuszanueluiiadadug (bilinear
interpolation) lnemilun1sasnefiselingunn azanruinasndutuag 2 wihannawau dieldlidnuae

<)

mgidugmunammnelinnnsanmsguiegsiinmdaiull [12) agiinisaanisdusiiegidlu
Snsndn 1.25 whessnwiudie Sedndiesiudndusiu 1.2 vasilaidu ORB Tu openCV library

Tuinendnusd nsenmaduitegnasgniadu 2 uuv Ae msanmsduiegnafedaed 2
Wi 38N N13aRN13RRI0E1man waz Nsaanisdudieg1slungdin 1.25 Wi 15en n1sannsau

fegedoy dalandlugui 4

U 4 fissdlngunmiiusenausagnIsann13gusaes Uuva ks UEae

(UBIURTINUUUUYIAR UAY UAUFLAUNULUVEDE)

ToyagnnnkuUIEAUAIN (gray scale) Mveunimthanfiuniisanugt DDR3 aegnadli
wegaiiselingunmitaz 1 an1maune 8 U laglalumunadlunwiueu ililunsgudiegnsaslaviiiay

wNUANIPESUINEALUBUNBY Nt RadnsInwuIa L TunmwduuuTunsviuwassely nns
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annsgusieeuiteassiiselingunnilazldnadnsannisdudegdluseautuneunih eniiunsannis

v
o o o

guiaghaanildnadnsainmsdusitegmanseauneuiminiy dmsunisannisguiieganuuman

[

TuAvendnus danltaniznsaiunisuin wag nsaeudngadl

I =U,+L)>1 (3.1)

ge Iy Ao ANULTNYDIANINLAVAINISANNSENAIRE
Iy, I;  fie AuduvesqanImannaIndumig

Faansneenuuuandnenssuneluliludgy

h 4

Reg >>1

Iy

JUT 5 ga1Unenssugein1sann 13guaeg 19 uuvan

v

dmsunisannisguiediswuudesluingrdnusilldidentdiangnisandunisuinuasdeuldnlanall

lgo = Iy

lp =, K D+L+1L)>»2
Iy, = (L, +13) » 1
lis=Us+ U, LKD)+ 1) > 2

(3.2)

o Lgo,Lg1, laz, Iz Ao enuduvesganinilavdinisannisgusiaegne

Iy, 11,15, 13,1, fo anuiduveaganinannn ey

anusoeenuuuanUnenssunmelulanagy
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h J h J
<<1 <<l
A J
RT Ly,
IdO [dl Idz 1d3

37]77 6 a010nensIuYDINITANN 13U 08 UV VLD
3.2 Juladduinasvunn 7x7
W MAENSVAINMIdNieg1rgndunsegaiuladtiieduinn 7x7 FaUsznausie
WheAuIwuy 153ames (register) aun 7x8 Oa, Tl (FIFO : First-In-First-Out) vwn 512x8
Um, 256x8 Un, 128x8 Un waz 64x8 U soaunsuiu aud1diu 911 6 ¥a uagrovnemeisiawmes
119 7x8 Tndnads daguil 7

77 sliding window -

Pttt ———————— FIFO FIFO FIFO FIFO
| D°°| D‘”' D°2| D°3| D°4| D°5| D%H_ 512x8 | 256x8 | 1288 | 6ixg ||
| FIFo FIFO FIFO EEe)
L{ o] Puf Pif D] ] Pus DMHg 5126 || 25668 || 128x8 | 608 | | b 6sets
FIFO FIFO FIFO FIFO
! Dsol D51| D52| D53| D54| D55| D56|"— 519%8 | 256x8 | 1288 | 6axs ||
!

Lr| D60| D.;1| D.;2| D53| D64| D65| Des
1

Din

JUI 7 gorileenssudmsuiulafiviesyum 7x7

suiiuifeyaganinazgndwienuuisesdaululuniennudfisesunsuiv Tneldudyyin

Y 9

murdliiuteyalulnlvidneunihlifuneu annturesadedyaueudeyaiodouludaluing
oty enciulWinnfaduisiawmesnazlifiudoyasuin uiariudoyadiua 7 ganwliiulu
nhgANuTnTanesuny Jeyalusawmeinmuafeganinitegluuiunmuwin 7x7 Faegaiulad

Trliwlasaun 7x7 aveuAuardwolUdmenansiadudnuugnnuuurnaduaziogauImaz i
sl
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3.3 N15ATIVVUANVULNTNAVUNDUITNIFAAATNITATUIUATLUY

TAnetinusiiieonnageunnuduyudetuneuisnaduasAuinazuuunnduyuain

v
o

HATINANALY TYDIHAANANNITINYRIAN N NaunuNsIdNaneUaUBILETa e niitunawIsA I

{o o 3 '

udoutisaninunn lnedennaaeuafiniaindugawuimeynnniiegseugaiudusadl 3 gnam

ANINVBINNFULULTIgNUTT LU Tamasnuegaiuladtvnesiaguil 7 suvus p 1lusunises

v
o

ANMAMAIRIITUALIANMNAFOUIL DY LULLIAUTIURENIMUA 16 AN IANAFBUTIY 17 0NN

grgnasnnuegaiulaitviies 7x7 suvau 3 Ussiavmuaanuduvesganiniiueg dmsu

Y Y

eniinus mnaanniinniasilvannuiyaveaeufieglneseudugnusuinnaininiviedanii 12

1Y

yofaseiu sziioingetulugaeu

Le[ I | I
I;s I
Iy Iy
I3 P I
Iz Ig
I1q I
Lo Io | Is

JUT 7 dumisganmildnagevamsudunouisuuunias

N37HA13NUTNNVBIPANNABIABAITALULUNTTILUN DAANITASIINITUINKIBAUIN

'
Ao v a

themuduvesanmvadey 16 yasnuanvieauiumdautaiieifisuiuganin p Afdsiarsan
Ineninusiaahmemudurene p mun-aviuadaudaiissedafiounu wasthaedwsily
Wisuilsusumauduesis 16 animunu Ui 8
dosnnsfinsanyudeisiiflemaiifnsetuazasatupiinitussoglunangsumidng
fls Sefesfimadunmuazuuummu e useranruilinnduneuisuad Tnensinrsunan
NasmAaNysaivemaiemutivesganmiirnindugaiiuiugammileglneseu Tneidensaiii
finrsandu 3 ganmsuiertuililutuneuisnad fudu Weansuuadilunindrfaoniemud
wazUsendanianlunisuszuana 114'31/18wﬁwuéﬁasﬁwmiﬂ"ﬂmmﬂzLLuummLﬂmgmaal,wiam;mﬁﬁﬂ i
finsanlundoufunsinsanmadugaiuietuneuisvhad waylnadnsanusniemanuaies

& PN ' & ' v @ & Y P
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t p
M L L Iig \_~ L I Iig 1‘) I I|2 L
‘L h 4 * A4 * l. h 4 * v * ¢ ‘ * * l
e - T AR e ey A e
A v
connectivity connectivity k4 Addv - A4
| * | er Tree
g
N
lCorner status score

JU7 8 aortlnensaudmsutuneuiswiasuas s uaapsuuun 11 Ty

[ 1 aa < 1 =
3.4 NI13VINYALAUNUATASLUUAITUL uagu‘luu’mmjﬂ
aimadndugasuaniladilomansadulaludumisisnsiuunegusalndideaiu iean
Anugdeureany iz duganuieglndiussey 3x3 a1 nmeiiuiinzLu

anuluguasgaazgniansandugnnimdunuresganinnguiu

v
s 3

wogavdnyafifidnanuduyaliinanluinendnusifiesrUssneundeiuegaiulaituives

q

UIA 77 NANIAB UsenaumeLsaamasuuin 3x8 Us, tlnwwin 512x8 Un, 256x8 U, 128x8 Un wa
64x8 Un soaynIuiu MUaIRU 31U 2 1A wazsovnemesIawmasuun 3x8 Undnass ieliaunsn

SumaziuLnAstay 1 nnnansesiuliaunsafiansanasiag 3x3 annla daguil 9 uasiiuau

v a

AumAaziuulngIsufisuazuuunduyuveganmaudnanseiuen 8 ganmlaeseu min

nmaudnansfiipzuuuauduguinnnimninlaesey Aazkuuenululizaiy wilgalagsey

a

finzuwupnuduyuannniganmeudnansedisiles 1 90 Azuuuanuluguvegaguinasiiuazgn

< s

Uuduaudlaeviuil wwderiuganmitldligayuiazdesuuuanudugadugud

3x3 sliding window

=

I ! FIFO FIFO FIFO FIFO
' Doo| Do1| Doz - < < le—
! : 512x8 256x8 128x8 604x8

t | FIFO FIFO FIFO FIFO
L Dyg| Dia| Diale < < < .
! ! 512x8 256%8 128x8 64x8

|—: Dag| Daa| Dyzfe—— Dm

UM 9 lavilwlasamsunisydagmmuiidapeuuuniauduyulsinnign
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3.4 AadAsBeaRURANNAINAIANNTULNA B TR UATWULEY

¥
=~ A

J3audenin

s

Hosmnmansnduansiuiestuneuishad shasadueaduroude neiin
wimaidugaiuifimasuuuannduggega N auLsITY wddunsefimmasagmin
usseednwazsoly gediaeindugnruudiazgnazgninnGemunzuuunsnduspndudiulaidg
Feduneuisuuudy luuazseutesnadesdidu axdinaihyaisuiifitezuuunnuduudosaeenn
wazFuaawiulmidun Seilfausafmusdnugaeuidesnaful ifethluduniamauase
usstessliandwussauvesiulll anlinenssudmsuiatesdnugagunuanudugayusie

TunpuIsuuuEUaInsneenuuulafsgunl 10

P Level 0

APOME
SottingNode | | __|L__ Py,
1
1
1
:
1
: Lin" >
:
1
! P; { Level 1
! ﬁ
! >
: Rin _—’)
1
1

. - R
ARuuf LoutARout

L R L R | Level2

g‘dﬁ 10 a0 tmenssuaIsUTUNaWIDs 89 I UL UUSY

wogadniSsuUBUUTENOUMEEILARSEN (Sorting node) wazdudndeyadaiuaavuuuias

funtaganin degud 10 Welsulasudeyanzuuuemuluguiitusegavdnailiuinfignunassas

[

g fitdufiegnglutegadnseanuudiasiviunsias 1 elfiludvendunimwesganimiiingds

a 1 1% & o = < a ° 1 ) I
WﬁnimﬂagLLazaﬁwLUu iy)iyﬂmimu?mllﬂ%LLUUﬂ'J']@JLTJu%@J@Eﬂu 8 ‘UG]LLiﬂLL@W?LLMWQWMUU@QM 20

o

a o -1 & o a & ) 2 v A u oA Y o
UKW fyjiyﬂmwaiqﬂsﬂuiﬁﬂuﬁ]ggﬂ ULU@EJUITJLﬂUIua?uLﬂUSUE];J‘Ja Iﬂama?uﬂmﬁﬂﬂuum?ﬂﬁuﬂu £

=

Jasesardnsedidmuiudeyafiogiuuuiiaasuuunnuduyuiosan wasdoyaludinuiudoya

] q

audredidnanudugudesnideyaludiuiudoyasuun wazmndrunudeyanudreuazinuuiues

Huafiszautwiuliduieann duiudeyadmudeuazimurnivzyihmihfidudnuiu
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©
e
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Tuusazassiiidoyarzuuunnuduyuveanmlnddiun madugay vegadnSeauudiay
ddyaandludeunsuiudoyagayy (RamCorner) Tianluusy o wannsa (Address) tReausiumii

e o]

flsandatu fandu 1 dusanainfanuzdugeuuleel3esneu Weinsdndewulsgayuiisanieen

3

a1

ilesnndmmudupiiosgelisonadestuioulvvesdrudaiFes uegadnisosuuuduazstuasumis
flogdagd 20 Snndwestoyausrdsdynandnludeunsuivtoyagauuliatluns u uennsaty
WasuAndu 0 uansvanurlildgnsuiivsinsandmsunmil
dlouegalatudeyanzuuuamuiuguasuynaanimuasmadndsatadudedoa o
heapReady = ‘1’ iilel¥ifmunumiieaudfiiunmanfinsesuuniuisiEuusssnana
3.6 AINTIWUUNIUIY
mnsesuurinugninldlunisandayainsuniulunin naununisidinsesuuimdideu
dosnannsoeenuuuliléifiesisuiunmsuuuuinuasmaideudaniiiu laseaudugesnmmds

NTaAF Y ITUNIURTANLARIELNTT 3.3
Ibk = [(Ik—l 3 Ik) + (Ik + Ik+1)] > 2 (3.3)

e Ipr Ao Anuduveanmudaiuiingowiundwig k

I, Ao ANMULTNYDIIANINUDININAULUUAUILS K

waranansaeenuuuannensulansgy

Itq

Y

Reg
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2 [—*

¥

Reg

gﬂﬁ 11 aonenssuvevsInsasniniy

a8zl UiNToauUNI UL TN az LN UYDIN N TngsuannwuiuaulalunnulsasLaineu way

o

Tdfnsomdunuiliunadnsiilalununs nadnsanvinevessnsestiazgnadluiulumiseaud DDR3

dwsuldiSenidiodoinisrganmdmsumuiniianiswesgayuuaraisussenewuuluwsnely
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1 v 1
3.7 N1IEIVBYAUNUNTINIUIN 31x31 NN
dlefmdengayuiiseansiinsandalunadnsanuegadnsewuudy feuaumieaudid
Iandansesiuuaglasuideyalussazuennsavesusuivdayagayu (RamCorner) wnd
a v < ! ¥ a [ 6 [ L%
wenwnsalaidoyalu 1 uansidesiiansanlugaaudnansveduiunnuin 31x31 gan1w fauay
agdeansiu DDR3 sglnslvaea Avalon iieisendeyaganinilegaigluununinuuin 31x31 ganm

wardniseernanuduvesganmiikufmnseuuiuueds Wukas umaz 31 ganm desaludwenga

AwnludieUsEaufaweayu wavdsludwanaaieiussensuuuuIieldaieiusseny
wuuluwnssiely

o (3
3.8 mimu'amimuumlaaqmgu

aundaavuuuadugunniign N Sudiuusn avgnanuinfianiswesyuiiioldnyunguves
ANNTBUIAAULY ouNTaT1eiIuTTEILuULII Tngiiansvedyuaziiansananluuuiseugaiauly

o a

Sdl v Tuwsiazunuseugaweiu [4] Wuldniwaunis 3.4

{ My = Yi=—rxI(x,y)
my, = Yy-—r YI(x,y)

de  my, m, #e TuwusivesesganmlunuusulazuLaRs Mgy
I[(x,y) #@oarmduvesganin
amtnsnssudmsumiianweqaduasdiiunstondinnysuaneiuiamnienades
Hevlvmnanuegareunth Tnggnnmiisndunaduandugnnmilldnninsouuuiu fes

Aoelainiasuarvesuiunw fdualisudlusuiususzihmanuduvesganmilfinguiva
Uszdiunis Seoglutae —r fa r Tagasesdmiuguamnudinaiuiussdmdnduludgui 12
ntunadnsilldasdmaasuanuuuduldl (Adder tree) iiosiunadwsuaglurmiunadnsveuninou
i uardmsuimualiuiluuunds ilesnnusazunvesusiunmilianazgnauieaszd
Fuwmisrifeiuazdeyaitlduntuniiazun ssuvmurmamnduuameshesasuinuuuduliiieu
mﬂﬁ?uﬁﬂmﬁuiuﬁwmaiﬁam’%wqmﬁhﬂizﬁi’ma‘mmLwiawhLmu'ﬂ wazsafudnafeelmsuanuuy

suldd andmenssudmsudnnaluwudlusneusaziunuduluanuud 13
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+
+ -
Y Y L J Y
| Reg | |Heg| |Reg| [Reg | [Reg| [Reg | [ Res] |Ri9|
Lx1l Lx2 13><3 I,x4 LX5 I, X6 I;x7 Igx8
I9 Il 12 I13 I15

v ¥y | ¥
[<3] |<<2| |<<3||<<1| [«<1] |<<3||<<2| |<<3| [« 4]
+ + +
+ + -
«1 <2

| Reg | |Reg| |Reg| |Reg| | Reg | |Reg| | Reg |
v v v v v *

Igx9 Lo > 10 I >< 11 I, X 12 I3 %13 Lyx14 Lisx15

JUT 12 299390unIAanesgnn mius sy Fvian 1 59 15

G
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[ 15Reg | »(D)>] Res >
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+¥
Adder tree

(1) x15
A
+
T Cl |
Il 115 116 117 131 »
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L] 15

Adder tree

~
Adder tree

JU 13 2993 anin1lasiusvesgain
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3.9 MIUsEanuUiANIURALAY

TuudluluknuAtazkuILnLLaEIr gL IEluNTUTEMY VR ILNRARITIAN 199 ALY

PJu TAeRa1TuIn

6 = arctan (%) (3.5)
X

Wevanidesnrududoulunsduamiteidunilnafifnniy luinednusidonldanss
\Foulostoya (lookup table) wazuvapilu 1 annmesnidu 8 dw ilelsiaenndesnslémieanud
Yosaniidle dmiunegauszanuiAn1avesRaALALAENYTHUDY 1M, UNANTUAT
tand,, tand,, ..., tanb, uasfinsanaauysaives my, aglutiedn [m,|tand, la azldiduyy
wansfirmsvesqasuiu Inglinadnddudynadeisuuanmimouueun 4 5n (Wane 0-8) dmsy
ASARNSAUNTINMAVBITAVILANNASOWMINEYBS TN, My, DRAUSTINALAFMNIVBIRALUANSOLTL
LLmumWﬂdaqlﬁm”ﬂgUﬁ 14 Tnedanadouariesuiunuaziniemmnevasly Luum‘iuLLuaéﬁLLaxuau%Qﬂ

Y 9

deludeganyugnnmanuiieniwesusely

my
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xtanfg

JUN 14 a0 ilnenssuntsuszanadian)egnmu

3.7 MU TUnEAIWAINTIANI9Y099 Al
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ioldrviiyunanifianneqaiuud teganyunnmazidienal sind wag cos fidenndes
Audrtlyuaualumaadenlesdayanladuiinlineuwds weldlunsvyumuaunisi 3.6 usilunisaing
MusseeIn 256 I dedlddmuiuganmiieluTeuiigudnuiu 512 a0 e lunsnLaunis

o a

edpdldiiniiunisan 2048 AT Mdnlumsuin-audn 1024 a3 weanduiuaTalunisau

£
e A

enlinusiidenlduuiAnves [9] iWewnyeaulatieglunisinsninaziian x vse Y agluyis -15 e
15 agudn Aausaunsafune x - cosf , x - sinf , y - sinf uaz y - cosd laed x, y Juen
° 2 &, = P 1Y o = = o 1 SR = =
Puuduaawd 1 89 15 laneulaglddesiddishuniiaganmidudglunisiSeuiieu
WansuewiuviesgnaulanagldlunisiuSeuiiiu (BRIEF pattem) fasegavzlvinaang
Juadumdsiinunisuyudalamual famiud deludsasshusseasaly Inendnusile

sonuuvandnenssudmiunyuganwlumihsisnmaufieniswesgaganduludsgui 15
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—
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1
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4. NaN1INNadY

lunisesnuuuanUnenssuiiensiadulasusseeamuuLiugIutunewIslonsd Tunawisn
WnawegneankuuwazlsuUTIsn 1w lnmeunew weliavmnlunisusubeusuuuunmsdssaana
Tnerdafisnnuminganlunsssaanavuaninuwasilundn andudeenwuukasiauandnenssy

AUTURBUITN ReaNRUULIRIEA YT LDTALER WATNAFRUNISYINUAIENNTINaREUTUSLATY

ModelSim Tngfisneazidunnanisnnassnasa Uil

4.1 maUiuusstunauitnmadasntunlnmau
iionnaeuraNTIUTBItURBLIBRTRTUA UL UL AU UL U UTEY
funouitlonsliitiaue Inednusildveaeuanudesiuasamuuiudwesiamatugesiunou
Brsiimutuiuguninengg angrudea [17] 16un 9agu UBC uas Boat lasusigaguazdsznauly
seamAsunsLUaaE AT UNSUUaBN LI 2 i waravmAaey Block uas Lab fuandly

Ui 17

d o e
3‘1/74 17 §208NNINNATOU

(n) MWAUaTy UBC (3) 7IMauauy Boat (A) 2 Wauauy Block (9) 2Wauauy Lab
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dwsusunmanngudeya [17] Mhwmedeulneazidunasialuil
1. ganm UBC Wuganmiisznaulusenmifudamennasgiuain UPEG) inaningy (image

quality parameter) 11 100 Wosidus, 40 Wosidus uag 16 Wosidus auasu

U 18 veuauiisnsIasuyulutuneuIsminauonsnvulaiieuiunmduatiy
(n) mduavUdnainIN 100 Wesidus (1) HadnsaInNIM N
(R) mduavudnaI N 40 WoSiFusl (3) NaansvINNIN A

(3) nmduatvudinainin 16 wWesidus () HaanseInaIm 9

P 4 o o Y - 9 v 9 & aal a o &
N9 18 Wethdwgawmuiavuniasndulilaednsadugalutunewisnsinauniu
WAINAIALADIUYBITIIUgALNALELNTS 3.5 nudlirnusaaiuvessuIugaymlu 51.31

Wosldus uae 46.65 Wesidud dmsunmitaanm 40 wWesldud uaz 16 wWesidus mudiu asnud
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denmilnaunnilosas Anudesiuresiiuiugauuvessiinmaduyuianadluse iiweduyueiauae
Juinsduldanunsansiaduld Tuvazdeiuunsgeiidugeidinvaindndifesivganmineseu e

AAMIUIas msduvesungaiuasulanuenarhlidayulissdiinsndunsaneld

2. gan1mise (boat) LuganmiiuszneulumenmauuuuldiunisuUas wasnmikunsyueanuas

VYUAIELN 30 DIALAE 45 DIAINIUAU

(m) S

U7 19 yaunuiisansaesuyulutuneusininauensivsuldiiudva muatu
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1Nl 19 (n) amduaduilidumsuias (@) wadndannaim a (a) Amduadiuiingu 30
99 () KAGNENAIN A (3) AmFuRTUTIYY 45 B3 (V) HANEIINAM 4 Lﬁaﬁﬁwmu@mduﬁgﬁum
'17'imaa%’ulé’lmﬂéhm’sﬁ]ﬁuyuiu%y’umau%%m‘aﬁﬁ@umﬁﬁum’1ﬁwmmﬂ'wmmG’faﬁumaaaﬁ’mauﬁ;mumuaumi
3.5 wuildnnudeatuvesdiuaugauidu 35.04 Weddud wag 31.86 Wedidud dmdunmitldan
Fuatiufivau 30 aem uay 45 aeen AUSIFU wnUIALwerT iU uasliosailonyu
wniy é’mﬁmmmmﬁamué’wgmmnsﬁu mwﬁﬂm’1gfﬁuﬁ?uﬂmﬂgifmqﬁuﬁlﬂé’ﬂmﬂgiumwﬁuaﬁuﬁ

Lildnunisudadag fans9duansanduyuiinaininglnitudiy S1unugeamuingaduladslinedily

'
=% a1 o

usinznELATU AURBIIUYRITINIUALUT LA

dmiunmmageu Block Warn1wnadey Lab neunagauazgnuUasmensvyuninauatuniy
WuwRnduyu 30 o3 uaz 60 096 Lﬁammaaummwuﬁiamimu wazUSuruadu 0.8 Wiuag 0.5
wh LilenadauAunuiensuEsaw IdmaudesfutayauLiugUSuss AR ldTunouisnis
fithiaueriunadildanilaidu cv.0RBO Tu OpencV library Wudwmnsnad 2
13971 2 ADaTueIgALIaYATIIMALE IR N TuneuTs T B SeuI s unaldaanilad i
cv.ORB() lu OpenCV library

AN ANUABINY (% ) AU (% )
NsuUag e —

AU NN cv.ORB() NN cv.ORB()
vguEIL 30 936N 68.30 42.41 74.62 68.63
VUL 60 9aF 56.45 38.55 50.63 61.64

Block -
JSuvuadu 0.8 68.30 51.32 60.88 64.07
U%’wumﬁu 0.5 42.41 42.41 51.99 51.60
VIUfE3N 30 94PN 62.09 62.09 73.50 72.58
VIBIUSEYN 60 D36 51.32 38.55 53.80 60.25
Lab
Usuvuadu 0.8 75.13 51.32 65.88 61.54
U%’wumﬁu 0.5 62.09 31.86 47.01 41.35

e 2 AeradestutesaysuazmswiusfildnTeduneu B i iausuaran
#WaAdu cv.ORB() Tu OpenCV library :ﬁmﬁfaaaaLﬁaﬁmiLLUmﬁhmsLLUmwaguLLazmiU%“wum dle
WasuTluAsEwinarafildanduneuisiinaueuaranilesdu cv.ORB) wui Aildanduneuisns
fivnaveiienunnnidelndidestuaiilaainileitu cv.ORB) Fsanunsaldmaunuiuls

Lﬁam"%wL‘ﬁauﬁ’mmé’faaﬁ”maagﬂguﬁlﬁmﬂmimaausﬂzumau%%miﬁﬁwLauaﬁumwmaw

UBC, Boat, Block wag Lab nuiteianu@esiuvegagunn UBC uay Boat dA1deenin Block wa Lab
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A1u150n5399uUle

4.2 NM133199411591191uA281UsUN TN ModelSim
Ineniinusiimagounisihaiuresanidnenssuiitauesaelusunsu ModelSim Tneideu
TUsunsy testbench shenmwileviusadiasinsieudeyagreasildeenuuuly
foyanddusunimdmiulssananalu testbench § MHwdzunmitoglusuuuulndamas
39 (bitmap format) u1m 1920x1080 gann guamluguwuunmdadugunmliladudn vivli
@nansald STD.TEXTIO library e1utioyaainlwdgunmlfiaslnglidomiunsuisiaiienasnisiusa
foya lesanlidsunmbuniinnmiBagaegildiusia (header) voslwdlitusindoyaiieafugunn
g WU vnvessUam ATasBenTesnIn Toyad Wudu SelisudulumsUssinana Fesindaya
dwhvun 54 lusneudsezfudeyausiazanniw uazilelriaenadosiudnuasdeyaritres
antlmenssuieenuuul ilunmszdvdmeun 8 On deyaannisenlidnmidegedsaslddoyausas

duluwun 8 Imaggnuiasdudeyasedudmiig testbench lnaudasinauduusasgnnndaaunis

Grayscale = 0.299R + 0.587G + 0.114B (4.1)
@ls  Grayscale WU AAUDUYBIIANN (SEAUFIN)
R,G,B W AR AdewagdunRuvesganimiienuls auddu

diolddeyamnunduusiazgnnin Testbench azai1sdygramunuuiiliuisasuazdiaos
nsviheuresandnenssuiitiaus winsinuseniuassdnfodiunsindugaiulardiuainei
Us5818 $1aoemsvihnuueniu Tneteyadideadulu DOR3 feusvgnivdswduAululid it uny
Testbench ¥l STD.TEXTIO library 3eng1uteyanaununiseudouadnn DDR nednansinasenis

anwvesanUnenssudaguin 20 uag 3UN 21
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Tools Layout Bookmarks Window Help

FHB iRBO O MET||LL e NE %] 300 o€ 3 | sema Ero i
CEETE] | %4 = |G Tujgtatisas
e -l H T J‘ R-5h-0 -G I e
RELYEEEY

& sim - Default —— i — # & x|
[pe
the
de
tbel

I».uun the
L@ u_pyramidready the
[ standard ste
M texto tey
W std_logic_1164 st
W std_logic_arith ste|
[ std_logic_unsigned st
il altera_mf_components alb)

M aftera_common_conversion
B sftera_device_famites
I numeric_std

EERS
Signal LI
nal

image_width:
1 us

image_height: 1080
Inscance: /thorb
1lter #8é

Instance: /

Tterati
Start B:

./testbench/TbORB. vhd

D) o 4

Now: 20,945,100 ns Delta: 3 Internal

|
D

20944930300 ps to 2094510580,

!anmm ﬂTranscnpt
(n)

F-} Transcript +H 2 x|
# ** Note: image width: 15980, image_height: 1080 -
# Time: 1 us Iteration: 0 Instance: /tborb

# 'Y Note: ##### Start Binomial Filter #####

# Time: 26635 ns Iteration: 0 Instance: /tborb

# "% Note: ##### End Binomial Filter ####4#

£ Time: 20739720 ns Iteration: 0 Instance: /tborb

$ ** Note: —--—-—- Coordinate of feature Points is Ready-——-

# Time: 20945100 ns Iteration: 3 Instance: /tborb

# *' Failure: ##### End Detection #####

# Time: 20945100 ns Iteration: 3 Process: /tborb/u Test File: ../testbench/TbORB.vhd j
4 Areal in Prarsaa 1 Tear ar rearhan~h /TRORR wvhA 1ina 245 v
aPrmesses IHTranscript | ﬂﬁ]

@)
FUT 20 #an1391889071591911v09a0 1TInen TS 1un 295 UgAA A 18 lUsUN S ModelSim
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ﬁ ModelSim - INTEL FPGA STARTER EDITION 10.5b - =
File Edit View Compile Simulate Add Wave Tools Layout Bookmarks Window Help
sl 8 iR O-MEN|| Lo ey 8 “ KOX ’%H 3e- €3 | sexch LY |J LAUNiET
CEETE] |2t e B wnERBEs e[ wous]|tatiz-as
Layout [S1mulate -l H Columnlayout [Dezault vl J -5 - I N INEEH -
EECEELY
G sim -Defauit s+ o x| | Objects i JJ x| gu| Wave -Default
¥ Instance || ¥|name
+ 1l thdesariptor
M standard
N texto
B std_logic_1164
M std_ogic_arith
M std_logic_unsigned

M altera_device_famile
B sltera_mf_hint_evak
M numeric_std

M altera_mf_componer
B 'om_components

[l bm_hint_evaluation

‘. ftbdesariptor/u_Descriptor /descriptorValid u
* ftbdescriptorNsynOut

Cuscrl 4759915000;6
_|_| | |
iWavz KLl
J Transaript + %]
v WELNINg. Il 15 & T T & BLICIECIC UPELEIN, CIE TESUIC WIIl DF & TE57 ;I
l:'.ias riptor
n an arithmetic operand, the result will be 'X'(es).
:I ./testbench/TbDescriptor.vhd
; El Break ber. or 322
CECOEERET <llbsm> 5|
Now: 4,763,920 ns Delta: 1 sim: ftbdescriptor 4767815800 ps to 4772014200 p y
(n)
§ Transcript S + & x|
T RGLILIg. LHTLAT 10 Gl o | & | m 1 & 1| - 4 Gl GLICIICLLIL UPTLGid, CIT LToult wWilil T & (9]« A
# Time: 10 ns Iteration: 1 Instance: /tbdescriptor
# ** Warning: There is an 'U'|'X"|'W'"I|"'Z'|"-" in an arithmetic operand, the result will be 'X'(es).
# Time: 20 ns Iteration: 1 Instance: /tbdescriptor
# ' Failure: ##### End Descriptor Generation #####
# Time: 4769920 ns Iteration: 1 Process: /tbdescriptor/u_End File: ../testbench/TbDescriptor.vhd
# Break in Process u_End at ../testbench/TbDescriptor.vhd line 322

()
FUT 21 #an139188907139N91MYe9a0 10ReNTSUA AT IUTIE1EAe1USUN U ModelSim

91N3UT 20 nuInsasdILATITURAIAY ATIRTugRLNSNTAGe 256 YaLduTlaztien
firsan Waanlumsuszanana 20,945,100 ns luduneuiifnsewuurinushnuunuiuuae
Yeuasad 20,739,720 ns Nuteya wisuselidmiulinssduasiusssesendeyaly

mﬂgﬂﬁ 20 WUINITAIUAS VTN UESaIU 4,769,920 ns #BIINNTTVINUAIU
A3TUPAALIIES sudldanlunsusvananasiuiivay 25,715,020 ns w30 25.715020 ms
vilvanunsasessudyaanmuunn 1920x1080 9anmisns sy 30 suseduniils Adnarsowisalsl
WY 33.33 ms)

NadNSHUMsesgaNLaziussEEazgnIlsuasuulid ot iletluuszananasdese
Tusunsumwilnmeuiienagaiidugaadlainsaduldlasmamnudesiuresgayuuazaiusiug)

Ieinaguil 22
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FUT 22 9auauiidansaaduyaludunoudsiminauensiadul

v

gUAUAINAURTY

AIUTNVBINMNAFRY BLTIWIA 1920x1080 AN waznadeaunisvinauvesanUnenssu laany

walugdu 73.85%

4.3 HANISHIATITIINATHAZNNS MINSNEINS

an1dngnssuiiens19TunAzUTIENEYARUULIIEUTURaUIS leas U neenuuud iU DECA

Altera MAX 10 FPGA evaluation board Taglaluswnsy Quartus Prime 17.1 Lite Edition tunns

AUAS1EI995 LAHAGNSNS NS NENTHALHANISYIN N UUS s U B UAUNUINAEIT09A9mN5197 3

§715N9 3 n15iUSEUTigunIsIaNSNe N SUALHANISINTUSE I N N 1IN USUASI1UIFTAE 1704

ALY TH.PHAM JHuang | JWeberruss | W.Fang R.Sun R.Liu Anenfinug

NINYINT [9] [15] [12] [11] [13] [14]

Logic 12,503 80,472 206,000 25,648 28,168 56,954 27,768

element

Registers 10,574 112,166 231,973 21,791 9,528 67,809FF+ | 16,649
+449DSPs +8DSPs +33DSPs 111DSPs

Frame rate 84.4 310 72.3 67 108 55.87 30

Throughput | 175 81 150 20.5 223 17 62

(MPixel/s)

Resolution 1980x1080 | 512x512 1920x1080 640x480 1920x108 640x480 1920x1080

0
mmﬁv‘hmu 175 MHz 100 MHz | 150 MHz 203 MHz | 200 MHz 100 MHz 100 MHz

91013797 3 aziuinaateenssuiitidueaunsaUsinanady i nauaz L ua iy

1920x1080 3NN 715051 30 wlsusioIuyt ulnaudldlunisviauuag Throughput aefiAntieendn

NATANYIVDIVNTU hANALNUGIENITIENSNenstaendI Wil sldnuRsmuunenaaEns

a9 Tnefidsanusainanuuunaass neldReulvvuinesdygyrunniazsniinsy 30 suaeIuilea
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Feature Detection and Description based on ORB
algorithm for FPGA-based Image Processing

Taksaporn Imsaengsuk
Dept.of Electrical Engineering
Chulalongkorn University
Bangkok, Thailand
e-mail: taksaporn.im@gmail.com

Abstract— Feature detection and description is a key
concept of image proc g and computer vision.
Oriented FAST and Rotated BRIEF (ORB) algorithm is
one of feature detector and descriptor that is widely used
in image stitching and registration systems such as
simultaneous localization and mapping (SLAM) systems.
ORB algorithm has improved the speed of processing
and robustness. It has scale-invariance and rotational
invariance properties. However, there are some obstacles
to implement on low-power devices such as its high
computational intensity. This paper presents the feature
detection and description algorithm based on ORB
algorithm which adopted parallel and pipeline
techniques to accelerate the system and be beneficial for
designing FPGA architecture. Compared with the results
obtained by cv.ORB() function, the proposed algorithm
improves the parallelism and reduces the operation of the
process but could maintain the consistency of the corner
numbers and the accuracy.

Keywords—Feature detection and description, ORB
algorithm, FPGA, Image processing

I. INTRODUCTION

Image processing is applied in many fields for data
acquisition. Sometimes it cannot capture the whole
image by using a single sensor or camera. Image
stitching and registration play an important role in this
case. The feature points are localized in each input
image and then the descriptor of each feature point is
generated to describe the local appearance around it.
The two feature point sets of each image are matched
and merge those two images. Scale Invariant Feature
Transform (SIFT) algorithm is a classic feature detector
and descriptor which was proposed by [1] in 1999. The
keypoints are detected by using Harris Corner Detector.
Speeded-Up Robust Feature (SURF) algorithm
proposed by [2] in 2006 accelerates the detector by
using Hessian matrix-based measure. SIFT and SURF
cannot meet real-time requirements. Rublee et al. [3]
proposed Oriented FAST and Rotated BRIEF (ORB)
algorithm. The algorithm uses Feature from
Accelerated Segment Test (FAST) algorithm and
Binary Robust Independent Elementary Features
(BRIEF) algorithm as the feature detector and
descriptor, respectively. Their technique accelerates the
process to meet real-time requirements. ORB algorithm
also has scale-invariance and rotational invariance
properties. ORB algorithm is widely applied in many
applications such as satellite images and Simultaneous
Localization and Mapping (SLAM).

978-1-7281-9584-1/21/$31.00 ©2021 IEEE

Suree Pumrin
Dept.of Electrical Engineering
Chulalongkorn University
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However, the implementation of ORB algorithm on a
low-power platform is challenging for high-resolution
image processing because of its high computational
intensity. There are many previous efforts to design and
accelerate the ORB-based system on various platforms.
Field Programmable Gate Arrays (FPGA) is an
interesting hardware accelerator that can process data
in parallel. In 2017, Fang et al. [4] proposed FPGA
architecture for ORB-SLAM system. To reduce
hardware consumption, the word length in orientation
estimation is optimized. Huang et al. [S] investigated
the FPGA architecture of FAST and BRIEF algorithm.
The pipeline design technique is used for making the
system meet the real-time requirements. Minimizing
memory accesses also reduces latency. Liu et al. [6] and
Sun etal. [7] also applied pipeline structure and parallel
workflow in their system. Not only the time constraint
but also the robustness and the accuracy of the system
have to be considered. Weberrus et al. [8] suggested
that using the image pyramids with ' bilinear filter and
two sublevels of each octave could avoid quality loss.
The sublevel is calculated by applying a ¥ filter to the
previous level. Weberrus et al. [8] also used bilinear
interpolation to generate each image pyramid level by
a scaling factor of %.

These recent developments in ORB implementation
suggest that exploiting parallelism and pipelining in the
algorithm is an interesting technique to reduce
execution time. Robustness and accuracy are also
important. This article aims to design the feature
detector and descriptor based on ORB algorithm, which
adopted parallel and pipeline techniques to accelerate
the system and be beneficial for designing FPGA
architecture. This paper is organized as follows.
Section II reviews the overview of ORB algorithm.
Section III presents the proposed algorithm for feature
detection and description based on ORB algorithm.
Section I'V shows the experimental results. Finally, the
paper concludes in section V.

II. ORB ALGORITHM

ORB algorithm is built based on FAST corner
detection and BRIEF description algorithm. The multi-
scale feature and the orientation of the feature point are
taken into account to improve scale- and rotational
invariance. ORB algorithm consists of two main steps:
oriented FAST corner detection and rotated BRIEF
feature description.
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Fig. 1. Overview of the proposed algorithm.

A. Oriented FAST corner detection

FAST detection is a corner detection proposed by
[9] in 2006. The detector uses 16 pixels on the
Bresenham circle of radius 3 around a candidate pixel
to classify whether the candidate pixel is a corner. The
bright point is a pixel in Bresenham that is brighter than
the intensity of the candidate pixel plus a threshold. The
dark point is darker than the intensity of the candidate
pixel minus the threshold. The candidate pixel is
classified as a corner if the number of contiguous bright
or dark pixel is larger than nine. Since the FAST
detector could detect multiple corner points in adjacent
locations. The corner score is computed by using
Harris’s corner score or the sum of absolute difference
between the candidate point and the pixels on the
Bresenham circle. Non-maximal suppression is applied
to discard the candidate point with the lower corner
score.

Fast corner detector is applied to each level of the
image pyramid to improve scale-invariance. The image
pyramid is built by smoothing the image with a low-
pass filter and then subsampling the smoothed image.
Gaussian filter is widely used for smoothing the image.
Each level of image pyramid is computed by scaling-
down by a scaling factor of /2.

Before generating the BRIEF descriptor, the
orientation of the feature point is calculated. The
sampling pairs that are used to create the descriptor are
rotated according to the orientation of the patch in order
to improve the rotational invariance. The orientation of
the corner is estimated from the moment of the area
around the feature point. There are two components of
the moment, horizontal component m, and vertical
component m,. The moment of a feature point is
calculated by the summation of weighted intensity,

{ m, = 35— xI(x,y), (1
my, =3¥,- - yI(x,y),

where I(x,y) is the intensity of the pixel at the
coordinate (x,y). The orientation of the corner, 0, is
determined by,

6 = arctan (:%) : 2)

B. rBRIEF description

The rBRIEF descriptor is a binary descriptor. Each
bit of the descriptor is computed by comparing the
intensity of two pixels p(a) and p(b) sampled from the
image patch centered at the feature point,

1, p(a) < p(b),
0, p(a) = p(b),

where 7(p; a, b) is the comparison result between p(a)
and p(b). The coordinates of the sampled pairs are
rotated according to the orientation of the feature
point. Because rBRIEF descriptor is sensitive to noise,
the source image has to be smoothed by Gaussian
filters.

w(p;a,b) = { 3)

[II. PROPOSED ALGORITHM

For maximizing FPGA’s performance, the
algorithm implemented on FPGA should be developed
to be suitable for parallel processing and usage of
resources. The proposed algorithm is adjusted to be
more compatible with the FPGA architecture. It adds
extra steps that make the algorithm results properly.
The overview of the proposed algorithm for feature
detection and description based on ORB algorithm is
shown in Fig 1.

There are two main parts of the proposed
algorithm, which are the feature detection module and
the descriptor generator module. First of all, the image
pyramid is constructed from the input image by
downsampling with a scale factor of % and using
bilinear interpolation. Each level of the image pyramid
becomes the source image of both the feature detection
module and descriptor generation module.

In the feature detection module, the resized image
is stored in the buffer. The 7X7 pixels sliding window
moves across the image. To reduce memory access, the
intensity of pixels in sliding window are sent to FAST
module and corner score module at the same time. The
sum of absolute differences between the intensity of
the candidate pixel and each pixel on the circle is
considered as the corner score. The candidate pixels
with non-local maximum score value in 3 X3 pixels
window are removed by Non-maximum Suppression
(NMS).

After filtering with the NMS Module, some edges
are detected by FAST detector. Only the first N feature
points with the highest corner score are considered as
actual feature points. Heap sorting algorithm is used to
sort the candidate feature point from FAST detector in
non-decreasing order of the corner score of each point.
The corner score of each candidate feature point is
stored in each node of the complete binary tree.
Between a parent node and its children nodes, there is
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a sort node that swaps the value of the parent node,
left-child node and right-child node to maintain sorting
conditions. The parent node must not be greater than
the children node. The left-child node is not greater
than the right-child node. In each iteration, the smallest
one is set at the root node and compared with the
corner score of the new coming feature point. If the
new corner score is not greater than the root node, the
new point is disregarded. Otherwise, the root node is
removed and a new iteration is initiated to arrange the
remaining data and the new coming point. The number
of'the feature points that are considered in the next step
could be set by the level of the binary tree. This step
could limit the number of considered feature points
and reduce the computing time for generating the
descriptor of insignificant feature points.

In the descriptor module, the binomial filter is
applied to the resized image instead of Gaussian filter.
Because no multiplier is required, a binomial filter is
implemented effectively in FPGA [9]. The 31x31-
pixel patch centered at the detected feature points of
the smoothing image is used to estimate the orientation
of feature points. For computing the horizontal
component of the moment, the sum of pixel’s intensity
of each row on the patch is multiplied with the number
of rows according to (1). The horizontal component is
the summation of the multiplication results. In the
same way, the vertical component of the moment is the
summation of the multiplication between the sum of
the pixel’s intensity of each column on the patch and
the number of columns.

In the orientation estimation module, the angle in
the quadrant is divided into N sections. The angle that
makes the multiplication between the absolute value of
the horizontal component and the tangent of that angle
close to the absolute value of the vertical component is
considered as the orientation of the feature point.

The look-up table (LUT) is used in the rotator
module. The LUT consists of the value of sine and
cosine corresponding to the N angles. The sign of sine
and cosine value is considered from the sign of mx and
my. Generating a 256-bit descriptor requires
comparing 512 rotated pixels that means 2048
multiplications and 1024 additions are required. To
reduce the number of operations, our proposed
algorithm performs the rotation of the image patch
instead. The pixels in the rotated image at the
coordinate according to the sampling pattern are
transmitted to BRIEF module to create a descriptor.
The results of the algorithm are the coordinates of
feature points and their binary descriptor.

Our proposed algorithm for feature detection and
description based on ORB algorithm is implemented
in Python for evaluation. The experimental results and
discussion are shown in the next section.

IV. EXPERIMENTAL RESULT

In this section, the results of the proposed
algorithm are compared with the results of ORB
function, c¢v.ORB(), in OpenCV library. This paper
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uses the consistency of corner numbers (CCN) and the
accuracy (ACU) proposed by [10] as the criteria for
evaluating the performance.

The consistency of corner numbers is measured,

CCN =100 x 1.1~ Ne=Nol 4)

where Nj is the number of corners detected in the
original image and N, is the number of corners detected
in the transformed image.

The accuracy is computed from

Nm Nm
Na "Ng

ACU =100 x T

&)

where ACU is an accuracy, Ny is the number of
detected feature points, N, is the number of feature
points in the ground truth, and Ny, is the number of
matched corners compared between the feature points
of the detector and the ground truth.

Fig. 2. Example of Image data set, (a) The original of UBC, (b) The
original of Boat, (c) and (d) Transformed Boat image.

(a) (b)
Fig. 3. Example of test images, (a) Block, (b) Lab.

TABLE L THE CONSISTENCY OF CORNER NUMBERS OF THE
PROPOSED ALGORITHM
Image Set Transformation CCN (%)
UBC image quality parameter of 40 % 51.31
image quality parameter of 16 % 46.65
Boat zoom + rotation ( Fig. 2(c) ) 35.04
| Zoom + rotation ( Fig. 2(d) ) 31.86
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TABLE II. CONSISTENCY OF CORNER NUMBERS COMPARISON
BETWEEN THE PROPOSED ALGORITHM AND CV.ORB() FUNCTION
T CCN (%)
est . .
image Transformation Proposed cv.ORB() in
algorithm OpenCV
Rotating with 30° 46.65 42.41
Block - - t
Rotating with 60° 12.28 12.28
Lab Scaling by 0.8 46.65 51.32
al =
Scaling by 0.5 31.86 31.86
TABLE III. ACCURACY COMPARISON BETWEEN PROPOSED
ALGORITHM AND CV.ORB() FUNCTION
T ACU (%)
est s
image Transformation Proposed cv.ORB() in
algorithm OpenCV
Rotating with 30° 73.14 66.93
Block : -
Rotating with 60° 49.62 60.41
Lab Scaling by 0.8 65.88 61.06
4 Scaling by 0.5 47.00 41.22

For evaluation, the affine covariant regions
datasets [11], which are UBC and boat image sets, are
applied. Each image set consists of the original image
and transformed images. The original images are
shown in Fig. 2(a) and 2(b). The transformed UBC
image sets the image quality parameter of JPEG
standard of 40% and 16%. The transformed boat image
set is created by rotating and scaling the original image
as shown in Fig.2(c) and 2(d). Table I displays the
CCN of our proposed algorithm when detecting
feature points of UBC and boat image sets. It shows a
dramatic decrease in the CCN and ACU of both UBC
and boat test images. The CCN of the UBC image set
is decreased from 51.31 % to 46.65 % because of the
lower quality of images. Some pixels are classified as
corners when the image quality is low. For the boat
image set, some new objects appear in the camera
frame of the rotated image. Hence, the CCN of the boat
image set is quite low.

The proposed algorithm also evaluates block and
lab test images as shown in Fig. 3. The test images
consist of the original image and the rotated images
created by rotating the original image by 30 degrees
and 60 degrees and scaling factor of 0.8 and 0.5. The
CCN and ACU of the block and lab are displayed in
Table II and Table III, respectively. Our proposed
algorithm is able to detect the feature as well as
¢v.ORB() algorithm. The CCN decreases dramatically
during the rotational and scaling transformation but the
ACU drops gradually. The reason could be that the key
feature point still is detected by the detector of both the
proposed algorithm and cv.ORBJ().

V. CONCLUSIONS

This paper proposes a feature detector and
descriptor based on ORB algorithm. The detection and
description process could be accelerated by exploiting
parallelism and pipelining in the algorithm. By
applying binomial filter instead of Gaussian filter and
designing the data processing pipeline and orientation
estimation method make the algorithm process in
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parallel. Thus, they would be beneficial to design
hardware architecture. To balance the number of
feature points, Heap sorting algorithm is applied
before generating the descriptor, which is suitable for
FPGA implementation. The consistency of corner
numbers and accuracy of the proposed algorithm are
still maintained compared to that of cv.ORB() function
with the same parameter. However, the feature
detector in the proposed algorithm could be suitable
for detecting single corner points. It appears that the
adjacent corner points which have a common vertex
could not be detected by the proposed algorithm. In our
future work, a compatible hardware architecture based
on the proposed algorithm will be designed and
implemented on an FPGA board.
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