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[3]. sl SIFT feature += image 7} scaling ©] W3}FAY rotation =
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image®| ™3t Gaussian pyramid generation ©A2} ©] pyramidE ©]-&3l
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2.1.1.1 Gaussian pyramid generation

SIFT &31852 Gaussian pyramidE ©| g3} key—pointE =3t}
Gaussian pyramidi AZ tE 74 9% Gaussian filtering® images =
TAEL, 712 Al Gaussian filtering AR 2 (2.1)S o] g3 ST}

source image I(x,y)°l Gaussian kernel G(x,y,0;) 5 ©]&3}%] convolution

2
>
o

T3ystt}. Filtering 2¥ image?! Gaussian image+ L(x,y,i) 2Fil

.

-

ke
)
=

L(x,y,i) = G(x,y,0;) *1(x,y) (2.1)

Gaussian kernel> 2] (2.2) ¢} 2t} o7]M ¢, Gaussian sigma®s
oJulstH, g;°0] 9% kernel® ZA7]% AXIY}. index i+ scale index#}il
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_x%+y?

e 207 (2.2)
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< Ly
< Ly
< L,y ,0)

octave 0 octave 1 octave 2

1% 2.2 Gaussian pyramid® 74 (S = 3, Oct = 3)

10



2.1.1.2 Key-point detection

Gaussian pyramid=S 7A3F t}2, SIFT 4185 0] 23} scale index2)
Gaussian image?] 2} 92F<l Difference of Gaussians (DoG) imageS 2

(2.4) & o]&3t] Bt

D;(x,y) = L(x,y,i + 1) — L(x,y,0) (2.4)

39 octave o= EF 649 Gaussian image’} QloF®E. 3
octaveol A AAIEE DoG image? F+ 5Folth. 1 v, 3 F2 DoG
image 8} ©] %3t scale index® DoG image 2732 o]&3te] DoG Fk2 local

TC -

maximum ¥+ minimum< &3} key—point X 72 A 8 stt},

Octave 0°] 3t DoG image A} DoG extremum A7 HHE 1¥

rl
n

2.39} &t} Octave 00 €£A3F= 642 Gaussian imageE ©| &3] EF

ut

54 DoG image D;(x,y)+ At 4 At Di(x,y) A key—point FHE
AE3sH7] f18l o] %3t scale index® D;_;(x,y) ¢ D1 (x,y) 5 Fxsr). v+
D;i(x,y) 2l Al $1x% DoG pixelo] o]t 871 DoG pixel=, st
A E 0] L3 scale index Di_1(x,y) & Diyi(x,y) 2 A FHFe} o] L3
e As 1870¢ DoG pixel tiH] FHujo]AY HA #d AF T4
A8k DoG pixel key—point $H=Z AFHTE ©] DoG extremumoli=
H=4E 91A9] scale, octave FH7} @FHE T DoG extremum<- 438} scale
index® DoG image’} EAsoF 78 <+ UASEE, Di(xy), D(xy),
D3 (x,y) A9t key—point7} A& E ).

AZ¥Y EE key—point $Hi+= location refinement, Low contrast

11



rejection, 1% 1 Edge response elimination ©A4S AxA HEZ<Q key—
point¢l#]  FHFHT} Location refinement® key—pointe] stability=

checkdt= ©Ao)1, Low contrast rejectione DoG Extremum = &

o

threshold®t} Y& Athd oz HHE DoG image 92 HAEH FTH

i

A A= @Alelt}, vpx]Hk Edge response elimination DoG Extremum

corner®} 2] & pixeld TFEHI| HA X2 edgeE A A= WA o T}

P, is extrema if
it's maximum or minimum

5

0923 among {P; ... Py}
4

0923

0 3 DH_]_(JC,y)

0923
2

0923

1 ~ Di(x,y): target DoG
0'02;

o]
0 Di—1 (%)

octave 0 DoG images

1% 2.3 DoG image AAt} DoG extremum A4 W

12
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2.1.1.3 Gradient magnitude-orientation generation

Key—point7t #AZ¥3 Y™, key—pointE TFEst=d  AMSHE

descriptorE AAFstt). SIFT descriptors 949 gradient #S ©]-&3}o

L

AAE 7] W&, Gaussian pyramid®lA key-—point7t AE¥E L(x,y,1),
L(x,v,2) , L(x,y,3) ©] ©i3t gradient magnitude®} orientation (GMO)Z
Al4betth, Gaussian image©l thek GMOE AAret7] &4, 94 Gaussian
image pixel?] AFst&-5-ol 913 o] 23t pixel#2] =} Fko] gradient dx, dy &

AREgtt, o] Ak A (2.5) & o] &38to] ALtEH

dx=Li(x+1,y) - Li(x—1,y)
' (2.5)
dy = Li(x,y +1) — Li(x,y — 1)

A4 gradient dx, dye 2 (2.6)E& o]&3slo] HFZHOZE GMO7}

ArtE T

mag(x,y) = {dx? + dy?

(2.6)
ori(x,y) = tan‘l(%)

Descriptors A/dst=t] A& = dHlolH &= AE% key—point?] local—
patch W-ol £x3F= GMO dHlolElt}. o]u local—patch W& GMO H|o]E+=
key—point7} &% Gaussian image°lA] Al4tE dHolHE 74 &t} Local—
patch®] width (Wpgaeen) = key—point7} 7 &% Gaussian image 2] sigma kel

vl #lakm, o]= A (2.7) ¢} o] A

13



15
Wpatcn = 2Round (— oi) +1 (2.7)

V2

SIFT descriptor+ rotation—invariant3t E42 7] 98to] local—
patchell *3td  pixel52 GMO dHPolHE o]&3] AAE  dominant
orientation?t& local—patchE 3] ZA]Z1t}. Dominant orientation® A4t

o Sy} 7he} 3609 9] 2] gradient orientation= 10°%9] 2 Uir & 36—

®

bin®] gradient histogram®l gradient magnitude %S =7 3tth o] g A

d

T3l histogram®] # 42 bin®] dominant orientation® 2 27 ¥t} 7
dominant orientation® magnitude® 80% ©]73Ql & ThE bino| £A3HH o]
bin'= ¥ YE dominant orientation® ® AP HTE & =-oA] A Ak SIFT
3t=91o]= single dominant orientation®t ARg3tth @iukslw multiple
dominant orientations AFEE ¢, WA & ok 3+ descriptor 7} S7Fsh=

HEA matching performance+= & 2Fo] 7} WHAYSHX] 9k7] wjo] T},

14



2.1.1.4 Descriptor generation

SIFT descriptorg A k= A4S 3714 @A Z o] FH Xty WA AAke
dominant orientation® 2 local—patchE 3]AdA|ZIt}. o] &L rotation
normalization®]|2}3l 3}al, o] & £33l SIFT descriptor+ rotation—invariantgt
548 ZA Ak 2 g3 olE 5x59 sub—blockC.® Witk Z7te] sub-
blocks2  wapgel fA% 1670¢] A= FHCE 8—bin gradient
histogram< T3t} o & S50 I8 249 A pixel2 ©]%3F hist[0] [0],
hist[0] [1], hist[1][0], and hist[1][1]¢] gradient histogramel] A=
ek olm A pixel€ a, b, ¢, dot8 A7t TMkeTE w2 TMEAR
gradient histogram®l gradient amplitude’} FZ €t} olg} e o
Local—patch el £A13t= & pixelel thsle] A &3kt 18] F 4x4x8,
12878¢] gradient magnitude® /% descriptor vector’} ZAZHT}
HEFEA o7  descriptor vector=  ©]  vector® normE& @ ©9]&3}Y

normalization® t}. ©] #}g & E3&| SIFT descriptors brightnessel 74213t

[c]=0 1 2 3
Pixel A —

dominant [0]
orientation 7 6 5

0

1
o
S

[M=3 2

hist[r][c][o]

13 2.4 Descriptor 273 ¥4 o ot A
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SIFT &ug&2 W2 AAEs 767 wEol A Ag7E o
o]yt SAE S &AL SIFT AAIZF 2 2lE $3l general—purpose graphic
processing unit (GPGPU) & ©]& 3} SIFT AAts 7h5ak= A9k specific
designed hardwareE ©]&3}o] 7}&36= A7 A H AT 274 HLH
= SIFT 14 745 A= ob i o} 2ot

SIFT &aelFe] 4 5 &5 918t GPGPUE 83 A7) v+
/0 =tk [16—18]. Heymann et al 7} #AAg GPGPU 7|¥t SIFT A4t

745 T

3
o

VGA 9G2tel tiste] 20frames/sec (fps) 2] A &5 =
Bt 20fps AAF Hi= AARR] A AT FrEe 5 ok 29y, e
st=glo] Panet 395 2587w, SIFT gagEoe] s 2449 5
9+ portable 71714l o] &3t7]el AgatA] Atk o] @S ST 95k
Mobile CPU ¢} GPUZE ©]€3to] SIFT a4ks 7143} s A7) oAt

[19-21]. ©] AFSo|A= Mobile 71719 HZA3$E SIFT <1zZ&S

A sFE o, 7 wE B2 £ E Hol= Rister et al o SIFT dud&

oAl 320x280 =17]12] AdAtel tste] 9.9fpse] »® T& £ = wolEt) [19].

okst, GPUE &83%t SIFT <diugs2 AAdA &0z &83517]9

N

4=

T EEE By FHrhe 5 glvh wbd, SIFT darg el 343t

iz
J
o

et al. °l fl8 A|A# SIFT st=sloli= QVGA (320x240) F7del sk
30fps®] 1= &4 7Festtt [22]. Yao et al, Mizuno et al., Huang et al.,
Qasaimeh et al. 1213 Kim et alo] AAIg F=9ol= VGA (640x480)
Vgl thste] AL A2t Zhs ettt [23-24], [26-29]. B3 Chiu et al. 9

16



StE9ol= 1080p (1920x1080) =719 <dAke] tistel AAzF A7}t
7Fsskth [25]. ol¢t e AT AYEES FE SIFT A4ke] Az A&

&A= specifically designed hardwareE ©o]£3F= HLHo] avxo|gt=
AE L Ut
stedol®2 Fd% SIFT ¢85S software® 738 ¥ SIFT ¢85

robustd EAS I E 7FA 1 ook AA applicatione] ©]€= 4 Ut}

—

atAIRE 7]Ee] Aljb® SIFT hardwarei SIFT ¢4 hardwareol # -8t
Aoz WmygstAY weEstsidth. ol#d WA AN AbE SIFT
hardware®] matching &% £x] &2 9IS v|H T}l Bonato et al <
H35hA] =t [22]. Yao et al. =

= =
o El‘;g_-l—a = A

descriptor A A] key—point?] scale2

[eZ]

filo
e K

==Y

AAF ¥ scale ¢ octave FE =9 1. descriptor?)
21 =5 AaA AT [23]. Chiu et al 9 3t=9191E Gaussian filter 2]
coefficientES AA @=3AZTE Kim et al. & descriptor vector A A
descriptor normalizatione F333F4] &ttt [28]. o2} #> SIFT AAHe]
@<=3k= hardware 7789 W& Foli A & s olEo] ARt

5 953
st=lol= SIFT duese A HASA o} software® F-d¥ SIFTS}

SIFT ¢32]% 2 matching &= t}. ¥FH Mizuno et al 7} A|ekdk

mm

FASE A e& BRolFo) [24]. 8FATF o] 3F=$)o] = regions of interest (Rol)
g e sgste] Hlshr] wWiEel HAR A 7te e 2 =7F Yok Huang et
al, & AA| software® 738 ¥ SIFT ¢1g|=7 A HUs YT L2 Hol=
st=dol & Albslth [26]. HE3E o] st=dol= VGA Z1719] 7ol st

30fps® =#ro] 7}5ste], 7]&of AetE SIFT hardware & 7F& g A<l

A

hardware architectureE #|<FsF3i o},
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Huang et al. ©] AA3F SIFT 3t=dols 52 £59f AT =1 A

ut

b2 gt A3bE BojF AR, Bsh W Wi mEe S ARshE wA =

N

JU 1 gtk Huang ef al. 9] st=¢lo]= SIFT ¢14kS 913
e U wEEE o] &ste] ST webA 640x480 719 P4
22 8}7] 918k 5.729Mbits ] T3k U5 v e S o] g3t} o] 9 o] Yo

il
ko
o
ko
rln
=
ko
o

U3 w2 g S AFge 9 hardware cost”} F A ZE7}F3kth. 18] 2 2 practical
SIFT st=dolE #4338t flaids ulF wlxe a5 H438 a7 9%
wto] 2 8.
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2.2 ASIFT ¢8| 9 dAat /&8 A+

2.2.1 affine invariant extension of SIFT (ASIFT)

SIFT ¢a1g]&F2 scale, rotation invariant 3tth= 8-S Ad wbd
viewpoint W $te| FHoksltl, Morel er al & ©] FAHEES HIAst7] ¢3Ho]
affine—invariant extension of SIFT (ASIFT) <%iglss ALsHSl).
ASIFT ¢85 949 affine W&ol AT 54
FAo]l Ao qHE Fhvlele] viewpoint W3k wet thE A YERE thordt

affine ¥4 A== AlEH|AsY. I b5 AlEHC)E @ Gl SIFT

ox,
mlo
Jo
o
off
o
)
1o
ol
ol
£
ot
4

1% 2.5+ source image® camera pose 9 #WAE HoJFETh Camera
posei= source image u % TU AH o= THORE Fi= W HIEAE

o] g3t & H ) Camera pose”’} source image® oA W3lst uj

o] & ¢l3l JAF o =+S A EH o)A 3 affine transformed image = latitude (@),

longitude (@), zoom parameter (1), spin parameter ()& 7} 3 &}
ol 2 (2.8)3 vk R, ¥S 3 AAI7IE= rotation matrix©] L, Tyq =
Aol 3715 W3 A 7]E scaling matrix©]th. ASIFT du@]EoAE zoom

parameter®} spin parameter+ z}Z} 13 0. % 117 Ht}.

cosp —singl .,
A=Ty 1R, = [0 1/t”sm(p Cos(p],t—l/cosﬁ (2.8)

Affine transform ©]g3to] AlEdoldst 942 4 (2.9 Ao pe
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affine transformed image? 9] pixel F3E 0], source image 2olA] o]
pixel# AT H] &= q=(qy, q,) °1TF W H= 22} source image u9]

width®} heightE 2] v] st}
p=Aq =Ty1,:Ryq, 0<qg<Wand0<q,<H (2.9)
I8 2.62 source image©] T3 affine transform AL WAEE
HojFth (a)+= source imageE HOIFH, o= Ryoll 23 (b) & 7ol prt=

e Y A2 T ol d8l v= WFeR 1/t F scaling® o

Affine transform®¢] 5% A3} I 18 2.69 (c) 9 £t

4 Spin :LP/%/

0(,— ’——— -

{ -3 K
“u: Source imqgg‘/ @: L(_)rl_g_lty_dex

1% 2.5 Source image 8} camera pose AFo] 2] #A A
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|Wcose + Hsing|

> X > X > X
¢ | =
. =
H R, 2
S
e (qx, Qy) 'i
v u T
y y 3
[%]
&

(a) (b) (c)

19 2.6 Source image®l] thdt affine transform AAFe] @7 14

ASIFT €185 fully affine—invariant3}l”Z] & vz A2 ¥ latitude
() ¢} longitude (@)ZE ©]83}4] affine transformes 33t} LatitudeE
F3 3= = U2 parameter?! tilt (¢t = 1/cos0) 2] WA= [tmin, tma = [1, 44/2]
o], longitude®] WA= [ @ min, @ madd = [0°, 180" 1 o]t} Tilts}
longitude®] sampling step 22} At =+2 & Ap =72° /t °|t}. AAH
latitude @} longitude? W2} sampling stepe W= viewpoints= E5F
427FA10)aL, o] ¥ 2.1°04 RojFEth ® 2.1904 Z}zZFe] viewpoint 9] el

vAE 25 kol A= viewpointE TSl §%F viewpoint index©]t}

FH

Viewpoint index i ° t3d}e], ©] viewpointel] 3@ 3st+= affine transform
matrixi= 4; = Xt 283 A4, & olgste] F3E= ASIFT Aibe
ASIFT(i) 2Fal 7138ty AlAlE viewpointell 3138t AlEHo]AE FAto]

A E o] JAFell A SIFT feature”} &3k, ASIFT(i)7F €5 ¥ o},
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3 2.1 Original ASIFTY affine transform parameter

(LS:;:;?) Longitude (Degree)
0
0 (1]
m @ 6 @
45 0 51 102 153
60 G © 0 ©® ©
(1] 36 72 108 144
69 (10) (11) (12) (13) (14) (15 (16)
(1] 25 51 76 102 127 153
76 (17) (18) (19) (20) (21) (22) (23) (24) (25) (26)
(1] 18 36 54 72 90 108 126 144 162
80 27) (28) (299 (30) (31) (32) (33) (34) (35 (36) (37) (38) (39) (40) (41
0 13 25 38 51 64 76 89 102 115 127 140 153 165 178
22
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2.2.2 ASIFT A4l 71431 A+

ASIFT <18&L2 source images UFst viewpointoll Al  HpepE

il
-
m{f‘
)

Al &Y o)A E images Tt AT o] Ao A SIFT feature
sk A= HlolHZe] 14w 7h7te] S7beth. S, ASIFT 2rare]s9] At
oF%e SIFT dxugs9 14w AE=Z HEsA av. o33t ASIFT

AdygEe pEkor AHYsdtr] ¢dte] Codreanu et al. + GPGPUZE o] &3

At HEE FGA ASIFT A4 Ug= 2xsH [30]. o] GPU-

ZF £ E HolFErh oA ARFAQl desk—top PCE 145
CPU?! Intel Core i7—2600KE ©]8-3}= ASIFT software©l B3l 408 W&
4 Stk v GPU-ASIFTY 4557 A S @& ol 54,
AN A7 Thsetttal Bebrlels SikehA] ekt e, GPU-ASIFT7}
ojJdEe H5 FHE o]F & NVIDIA GTX690 dual-GPGPU cardeh=
7k el v gE FHT JFE A

SIFT &ag]5e <At 7k o] <& E¥ GPGPUE °] &8 71

ATFHT} specifically designed hardwareE ©o]&3F Aol gl A<l

= elo] 1 g2 FUshEA AAZE Aite] bssth B2 melFlth T,

ASIFT A 7F& aATto] QoA ASIFT dugSe] HA3E stegols=

ofA 74A) arE Zlo] gluk.
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2.3 AAIZEASIFT StEY O] TS §5 AT g

2 =S AAREe® ASIFT 4ugEs AHYstes st=de +x2E
At ASIFT st=sof= A4l Befet viewpointel A B2kt affine
transform¥® imageE W=+ Affine transform module®, Al E#o]AH
image°l|A SIFT featureE F=3}= SIFT generation module® /3 #t}.
SIFT generation module 2.1.28o|4 Aast Ay o] HAAZF F2Ho]

b et vheket sk=of 7zt olul AljkE o] Qlth. 1 & Huang et al. ©]

AlQket SIFT stEdol= 54 529} SIFT feature®] g% WHolA 71 £
AHRE BHoAFAUT sHATE dAAte] Abgetes Be WEE s W R E
o] &-3to] TEBIY Y] wjEof, =] H|E =wo|A daFHo|A| Falrh E

i

oAM= Kim ef al. o] Ak 23 o] SIFT st=dlo] o] L wwe
& 9 dEge] AXAA YR HEe AgES HAHsee AEHE
o} o] Wo] =dole] T& £EE AdsiA XA &) 9lste], 2
o= &% wWEeY bandwidthg® FHAssh= Weks EAST 9%
o= Wi wre el ge] 239 HolElE o2 cycle FHeoll A& gttt o] g

W22 latencys SIFT st=9o19 & S5 AstAA 4 Q). o]

ok
L

e
=

(i
el

v

o =
-z

AR S AASE] S, 2 = A ARy I e 248 olF Eole

o

ek Atste] 9% w2l interface”} HAl A4k bottle—necko]

o7 gt o]z stEsole] T LEE ASA7|A] ek owA] tEso] v &

=0l AIE olFH F Atk o] #ato] A= 3 elA] 2HAE] &gt
ASIFT st=9o19 2 & Hslstthe= S9elA affine transform

P

module< SIFT generation module®] utilizationS H@ojrg] x| 7] ¢3)
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SIFT generation module®| affine transform¥ imageE Q3 uj
SR o7 Ay ¢ ojof dtry. o] MM Affine transform A
E2eA]) 7] wl ol Adabe] AR E = cycle TA7F B A =t Wb affine
transform g o)A imageE rotationAl7]= ©@AlE QF wlEF el AFgH

source imageE raster order scand} o] 7}Z HWeko g L&A 0 7 9lo] @ A

-

b= 212 2 vl By latency 2 Q13 F& A3HE A7 Aok EAE5H

o

1

w2y HAITE Slof7] Y5ty 2 =52 A2 affine transform 1At

oL
1>
mlo

T3t} SIFT features rotation—invariantdtths= EA) S 7}RIT), o]

i
o
o

o

] 439 affine transform®] rotation ©HAIE F3sHA] LA s F

U ol o] #gk A A= 473l A ATf e

32
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A 3 A 2] X | 23] bandwidthS A 723+ A A 7¢
SIFT 3tEgo] 7+-%

ol A= ASIFT ¢8|+ 7 53345 A4k @AQ1 SIFT feature A4

BGE AAte R FYT S e F=de] FRE Ae FEd<l

st=9o] Hlg-2] SIFT st=dlolE AAS7] flal, SIFT AAte] &3 dolH

s A8k buffers 27 wlRE e XA 7= HEHE F sk o] 2 At
o1 W2 latency Z T2 FE7F fhadhe BAE A7) HE, o5 v=

T2 AR TE 37HA Wb o] & 488 SIFT st=9o] 725 Alqksit

l

ol

293 SIFT sh=dole 9% vime A2 2agn 4 4% 2HS F

3.1 & W 2o AAE SIFT 942 7+ dolg &

SIFT st=9o] o] Wi mliie] 2715 4217171 918, 7Hd 2717 2 data
bufferg % wWlRgZ tjA|stth SIFT featured FEshs g A A
oy & @ wXxEe Fol Fadt dolHE Gradient magnitude &
orientation (GMO) H|o|H X+ Gaussian imaget. 1§ 3.1°0] HoF=
Huang et al. ©] #A|AIgt st=glo] 77325 B, VGA =ZL7]9] I4& A28t

Y&l 2.778Mbits® T GMO bufferg AFE3sl= A& & 4 At} o]o nlg|
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Gaussian image buffers= Atfal oz 22 138 2KbitsE x}A| st} whd
Mizuno et al ©] AASH & SIFT st=¢9]+= Gaussian image AAE
AF3s7] Y&l & Gaussian image bufferE AFg3sta, thal GMO buffer:=
5}ke] local—patch® GMO HolEIRE A}e 4= Q= A7|= T4 8kt [24].
vkl Mizuno et al. 2] buffer 7%= Huang et al°] A|A|3g+ SIFT 3F=9]o]
Tz A&Esthd GMO buffers 123.79Kbits® 74 %= WA, Gaussian
image bufferi= 2.657Mbits® A7|7} F7Fgtth. @oksld, SIFT st=go) 7}
Abgsles Wi WEE] dFE S WEZE giAste] st=do] BlES
Ao u, yF drg 3279 #4A " SdoA & Gaussian image buffers

HESHE, GMO buffer® HEFHE A9 A% A0e 97 ek,

Gaussian filtering & Keypoint detection Descriptor generation

\
A

»>

O N
Source (230.4Kbits) (52.5Kbits) _ |:| rocessing modu
Source GF & DoG Descriptor
image_' buffe_r g generator generator
(128Kbits) Gaussian GMO GMO |:| Memory
»| image buffer P buffer g
(138.2Kbits) calculator (2.778Mbits)

719 3.1 Huang et al. ©] #A|A1$ SIFT st=9o] % [26]

st=golo] YR wEeE o vz A u, a ol sf= = U
208 9% vl2g latency® IAF Eflo] F& £E9] FFATE Gaussian
imagett GMO datax= SIFT <ditelld A A<1 dHolHolE=® wIR s/
wEele] ¢la, 2ot} 9lF WX g bandwidth7} S7Fskd latency A
S7FetAl =l st=dlole] g 7] Aol Aotk olg m#aEy] fldl,
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Gaussian image H+= GMO Hlo]HE o HEZo] AR w St
QI W B e g A s

3 3.1 Gaussian image bufferg 24 wlZ el AAAHE 4-F, SIFT
st=gloj7b o wEge] drhy FrtekeA §#e] FREE HoETh
Source image loadys 9% image?t S octaveE ¢ 3 down—sampling®
imageE ¢olev oW WEY HIE HoFH, & ZHAS A sk
12.9MBitsE #23$}. Next octave source writei= Uk octave AHS 9] 3
% wEZle] down—sampling® imaged A= HES  9v|dch
Gaussian image writex= 24 ¥ Gaussian imageE descriptor A4 A], ThA]
ARESE7] Sla 2l R e AAste 2= grlebH, 87.09Mbits 2
HAL5Fo] A3t External Gaussian image buffero] #%4% Gaussian
image= key—pointZ7t AEH S W, descriptors A7) $lElA thA
A& A, 247.56Mbits= 7P WS o wWED HIFS AHET o3
3000718 key-point7} AEE AFe 7HHs FAH. mpA|gter AGE
descriptor® 9% vlRzle] Ags=d 3.07Mbitse 9F wRgl FHo
Ay sk

3% 3.2 GMO bufferg o wZg o] AXAHS o TAs= 9F
W] %S RolFEth Source image load, next octave source write,
descriptor writeo] 23 Q¥ HWEZ HIHFS ¥ 3.1 =43 GMO
write? readE 91 HHE 22 94.35Mbits9} 250.51Mbitsth. 0] 51
300070 €] key—point7} HEE A&s 7Hds FAv. Tl B, Gaussian
image bufferg &% HRgeo] HAAHE A o2 Qs gF wxE

bandwidth &7} 334.65Mbitso]lil, GMO buffers 2% WRIE 3
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= 344.86Mbits® F A BT A9 HAdstt}t A e, Gaussian

image¢t GMO Ulo]E] 5 oj¥ HolHE 9§ vl Agst= P& @

rlo

bandwidth 27} A7} Ao}, 71 ko] 7e] FAsrhz A& ST 5 9,
Gaussian image bufferE 2]% W2 g o] ¢ A3t%8S i, SIFT ==

AAZro 2 FAA7]17] Y8 &%+ bandwidth® 10.587Gbpst. UwWHA

=

SoC FHelx o]¢ 7}s% 16 data bitsE #|¥3l= SDRAM@133MHz,
DDR2@400MHz®] bandwidth+= Z}7Z} 2,128Mbpset 12.8Gbpsth. weEhA
SDRAM@133MHzE ©] &3+ SoC el Wit SIFT st=dole= AAIRE
&4ol ol¥& "tE9 bandwidth & 7%5 ¥tk DDR2@400MhzE ©] &3
A9 HE SIFT st=dofs AAzE 2o shssitt dxzts 83%<
t}.
olgl FAE dFsy] Sl SIFT sh=91°2 bandwidth &7%S 4
Al7171 918 A7 L 25

H =58 Gaussian image buffer2} GMO buffer oA Q% wEE

bandwidthES SIFT st=¢ol7} =Ads2 2 SoC Hol AA 95 7)

ok
iy

bandwidthE # 23} sl=dl 4%3% Gaussian image bufferE 7 #WEZ =
A &t} Gaussian imagei GMO dlo]g o] v]d] £JF W X2 bandwidthE
Zolz=d At 374 54& 7HA I vk A WA= %2 scale®] Gaussian
imaget W+ scale®] Gaussian imageE ©]-&3to] A & Qlok= 540t
o] 72 271¢] o] X% key—point®] local-patch?] && HolHE AHAHEE o,
WAL 7Hs gk HlolH & o a4 o = ol &dt. F HAE, Gaussian
image+ low—pass filtering® image ©|= % H% 9| anti—aliasing filtering
8lo] down—sampling % interpolation®] 7}&3dfth=  Aoltl. Gaussian

imageS down—samplingdt ¥ 2% wEZo AH#s A bandwidth=
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ayAocr =4 4 Ut} A H O F Gaussian image? significant bits7}
GMO data®l ¥l o= Folt}. o] IS o] €319 Gaussian image? pixel
A7]= SIFT featured A& 71AE H 43} 3t HY oA =9 4= )

=

¥ 3.1 External Gaussian image bufferE AFg3F+= SIFT 3F=¢]9] 9

o5 m Be] 4w

Source Next Gaussian Gaussian .
. . octave . . Descriptor
Operation image source image image write Total
load write write read
Memory
access 12.90 2.30 87.09 247.56 3.07 352.93
(Mbits)

3 3.2 External GMO buffer& AF&-3l= SIFT st=<9o1 9] o5 w =g

SER
Source Next
. . octave GMO GMO Descriptor
Operation  image . . Total
source write read write
load .
write
Memory
access 12.90 2.30 94.35 250.51 3.07 363.14
(Mbits)
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3.2 9|8 W 2 2] bandwidthS Z£0]7] 93l vet

B =00 GQIFT 3t=¢o]+= Gaussian image buffer® 2% w2 g o

AAA 7= &

[

i

Al ekstt}, o] A9 descriptors A3H7] Y& Gaussian

imageE local—patch @92 ¢Joj o= F&o 2 23] ¢F v e bandwidth7}
w435t S7kekAl ®h ol 9F W R e bandwidth 571 «=AlE dlEsH7]

el 2 =52 3714 bandwidth & & 3} WebS Akt

mlo

3.2.1 Local-patch A AF-&- H}-oF

External Gaussian image buffero] thst &% wng] HIHS 0]V
8, dA&aA AHYEE key—pointe local-patch AFo]e] =& dolg =
AR SF= whekS A|qkstt}. 19 3.2 (a) + local—patch Aol o] T o] g 7}
WAL= o E BoFuh AS A block A& ¥ key—pointE 2
EH = kppoll A k= kHAZ key—point7F HEFH NS ouldtch AEE A
AZ¥ key—point kpy & kpp1 = A UE descriptor Aol o] A a1, o]uj

external Gaussian image buffero]A ¢Joj2 3 A blockl® XEAIH 279

local—patch Atofell= 3| o2 A | FA 3} o] T Jdo] =4 5

W kp, © descriptors AT Hd ¢JoJ2 local-patchE internal
bufferoll A&s]FH, kper, 2 descriptors AAdsh uf 3|4 o =35t

pixel HolEZ 24 wZe oA 7}4 A ¢, internal buffere] A&E A&
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M= A5 E local—patch Abol 9] S5 F9= S Aol T st

e AEA 07 HEFH key—point? scale index”7} A& thEthd, o]
& F3= local—patch 9A] A2 ©tE Gaussian image®] &3ty 19 3.2
(b)= olgh #EH o5 BAFH AKH R AEH kpy, kpkar, kpps’t 7T
scale 1, scale 2, scale 3¢l &3l JlvbH, o]of 3 &3}= local—patch A A=
tHE scale®] Gaussian image®ll %387 €t} o] T1glo] AvgelF= 23} o]
A&LEH o7 AEH key—pointo] FE Ao Z F&H o] WAS ghF 717to]
Aty steEte M E e scaled] oA HEH AT local-patch
Abole] FE-H tlofBl = EAEHA] ket

ol@ AFsle)| A local—patch AAILEES =o]7] YA 2 =& o

U
o

= R
scale®] Gaussian imageE ZA&3%t Gaussian sigma® filteringshd H<
scale® Gaussian images A I Jvh= 5 S o] &3t} [28]. scale 19

Gaussian image+= o, 2] Gaussian filter2 filtering® image©|al, A3l oF
=

3k scale i 2] Gaussian image°l d@shi= sigma’l o; Y4 A5, F7HAQA

Gaussian filter?] sigma#k o', 2} (3.1) 2.2 AAH [31].

0O =40; —012 (31)

R

External memory©°ll&= scale 19 Gaussian image®t A %3ttt 12
& scale? key—pointel] th3d}lo] scale 19 Gaussian image°olr w3t
212 9] local—patchZ= 2]o]-&t}. © scale 2, 39 key—pointel tha] A= local—

patch®] A Ao ¢ =] 3F pixel?] F7}4 Q1 Gaussian filteringS 183} 2=+ ¢
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£ local—patchE ¢Jo]2t}. o]gf st HlotS o] f-3hH 1 (c) @} o] key—

3.2
point® scale index®} 3 $lo] local—patch A}o] &5 dlo]g| 7} WS,

£ oo

ol T3l AN WRY JIFE AR oE Y 7 A

Reusedpixel

scale3 scale3

kpy, Gaussian filtering
KDj11

a
/ scale 2

scale 1

scale 2

[

; scalel " kpyaz
Reusedpixels

(@) (b) (©

(o]
—

kA AWt local—patch AAFE WbE SIFT st=sofel +dst7] 23l
#HE modules A8 AL, ol 19 3.3 (a)# 2t Local—patch #AAHE
module<> patch boundary calculator, load requester, overlap detector,
local—patch reuse buffer, Gaussian filter® ¥t W kp, 7} A& o

olo] th3dt local—patch= external Gaussian image bufferoA] ¢Jo]&rtl1

-

7} 3kAF. 12 patch boundary calculator?}t kpy ¢ local—patch®] 747

il

A F= sty 8 ed B ARt EHElFH st ©] local—patch®] 9% At
A0 HARE vt ed, = St 285% HAAY HRE grdth Be

local—patcht A3 Fejo] 22 o] st, 9} edy & local—patch® 37

i

Aolg 4 It} st & edpy & FF3I9] load requesti= kpy @l local—patchd
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pixel& +=2t4o® QFsth 8 H ¥ pixel® #H3iE p.,E overlap detectorel
A3, overlap detectors= boundary register®l] A &¥ o] key—point2]

local—patch®] A AR sty , edp_y T FZ3 preg 7F AAHE 7S

st & xFJFxe} yHEE oA, edi (X)) & edi_1(v) © edy_, & xF3Ee}
yEEE o] gt

Stg-1 (%) < preq(x) < edy_1(x) and ( )
3.2
Stk—l(Y) < preq(Y) < edk—l(Y)

AbE local—patch AAFE- Wt key—point7} oJH scaled] HEY =
scale index 19 Gaussian image®l 4| local—patch® 7}FA-&t}. 187] wZj
scale®] F7F8tHAA] local—patch Z7]7F AAok ski= FHol st, 2 edy ©l
R Ejojok st} Scale 1, 2914 #AE¥ key-—point®] 4% local—patche]
7} Q1 Gaussian filtering®] 3 5], scale 1, 22] Gaussian image pixel<
AArsfol sttt o|w local—patch A $1X3t pixel? filteringS ¢34 =
local—patch 259 pixelo] F7}5 o2 FQsity. o3t olF= F7ishe
local—patch Z7] 9 A] st 9 ed, ol HF3 ¥ of o &tr},

Dreq”F kpr-12l local—patch W-ol 91x|a] vty A=, o] pixel>
o]u] reuse bufferel #7= o] vp= A& St} wpebA| o] pixel external

Gaussian image buffer7} o} reuse buffer7} #A|&% ] Gaussian filter®
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HA¥th Reuse buffer®] read—, writer—pointers= pye, ot sty, ed,, 181
Sty—q, edx_y @EE 7HA1L &P H ). Read—pointer= @A 2 H p.q F3E9]
pixel®] reuse buffer o= Ao AFEHo] Ql=A LHFtt. Writer—
pointer+ X ¥ pixel®] T3 key—pointE 93l reuse buffer?] oj= £ x|
AgEolof t=A] dETT. WY preg 7F kpr-18l local—patch 2]l 214

T s o] pixel external Gaussian image bufferol| A 7FA4 -2t}

;O

et

o1 ¥ pixel write—pointer7} €¢# T+ reuse buffer T4 AFHT}.

off

Al o] pixel> Gaussian filter2 A% o] 43t scale® Gaussian image
pixelZ W7 ¥ o] GMO calculatorel]l A&¥t},

19 3.3 (b= A& A8 5= F key—pointg local—patch Ale] &
dolel 5 HE3h= A3 o] reuse buffer’} @A 52 3}=%] A1}
Local—patch® AAFS37] Al AAsk= &F7HQ1 reuse buffer= UWHF
WEg 2 F3EH, write—pointer® read—pointer® AojHT}, 7]
pointer+= 2702] address register® A EC st UHE #2229 local—
patch® & row?] A& AH F4E5 7. ©] address= W% # &9
A e row A2 A= 7H Rt B0l pointer7t 5 7FE memory &30
e A AHA rowse] A AFS 7FeZY o€ ¢85 & pointer®
AH&3tH reuse bufferi= local—patche] HWHA rows AA WF =HZEg 9
AWA row P AAEFA Yolx: Ht} tE address registers 7]
address register7} 7] 7]+ rowolA A dHolE 7} HEyH+= e Hd2E
column 4% 7l 71t} Write—pointer= M= &H ¥ pixelS #&3 -
7FEAIM, kpe & local—patchE 3+ Zlojth. vk p,, 7F &5 =R oA

AL debd, o] AL write—pointer7} 7FE27]= Aol AAE I, writer—
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pointeri= % 7F¢tth. Read—pointer= kpg_; & local-patch® Tx4o =2
2387 93t RO F, read—pointer’} 7FE7]E pixelo] AANE 71EEkdH
A A AR AAE 7§ pixel write—pointer7F 72 71= A o
AddAct AALEs 4= ubd read—pointer:= 19 S7FE M, o] pixeld
garbage value’} ¥t Reuse buffer’7} AAA o=z FAHHW write—

pointert read—pointers %A 24 = glth. 1§ 3.3 (b) ¢] reuse buffero]A

rir

& 4 Ql%o], o] buffert local—patch®E.t} 319 rows ©] AZE 4 3l
A7)t} o] F7FAQl F7Fo 2 Q3 read—pointer$} write—pointer7} WIW 3k
ZZo] WA HEY, o]F <3t stall cycleo] AFE}RIT) Reuse bufferd] =7]+
scale 3% key—point® local—patch width (Wyaeen)SF sigma #tol o5 <!

Gaussian filter?] tap size (Wyqyss) ©ll &3l A7 E .
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sty

. kpy Patch
ed

Keypoint » boundary k o Load

detector requester
calculator

Stp_1 $ preq
Boundary Ed"‘l‘ Overlap
register "] detector
preq

v kpy

st wr-ptr ™~ v
ed; ctrl o Gaussian GMO
Sti-1 rd-ptr Besebuits 4 filter _’calculator
edy_q ctrl scalel scale k
* ) Address
Preq generator
External memory
(a)
sty Pixels going to be reused
: Newly stored pixels
{’{ Reused pixels
Sty
Read k-1 L’Vpatch + Wgauss + 1‘
ead- @ Write- = >
. el < . 1A
pointer > |5""“"""1;” a pointer s
=
Q
- Write-pointer o) ||
K ed;  Read-pointer > +
Pk-1
LN ] g
Q
I NE
e | |7
—————————»
+
Wpatch + Wgauss +1 |EEE : 'N

Reuse buffer

(b)

719 3.3 Local—patch A|AFES §3F module?} reuse buffer =2} A1

-1 =2 O
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AdkA o7 SIFT st=9ol+= AE5+= key—point 4t Z descriptors

A sttt metA key—point #E AW E local-patchs ¢lo] 27 ¥HH, o]
=4+ Gaussian image? MAFEEO & JIFS vt I 34 ()=

frame—based raster scan order® key—pointE #AZ3F AsHS HojEFr)

o

< A boxi key—pointE 2"|stH, key-—point kp, 8l k= AE TAE

¢

ot #=}. key—point ¥ 32 boxE local—patchS 2n| sttt AA Fags=
7}7} 9] pixel line®l A key—point®] A& WS 87, A sHtiEe pixel
line scan®] A5 dHFoh 17 3.4 (a) 9 AFolA = frame—based raster
scan order® ©o|g3td A= WES] local-patch AAFEEO] Yrolzity
Jukstd Az WeEo® <QlH3lt key—point’t AEow® AEFE FEo] U
ot} kp, @ local—patch®}t kpgy, 2l local—patchi= A2 W&oz 7}7}o]
AAE Q7] Wil &5 dolErt EAlsty. 18y kpgy, & local—patch”b
kprsr & local—patch®th WA AN, kpp,, 5 AT u] kp, 2 local—
patchi= reuse buffero 4] = =] A #c}.

st=go] Fde] QlojA block @HlE AabE Tt A AREAR]
Aotk whgbA SIFT st=91o1% block W92 F&st=E A H At ©]

A key—point HE Ao & 9 v T WL Wy 2714 blocks

lf
oY,
i
_c;Lr
X,
il
gE

7150 2 block—based raster scan order® key—pointer
a9 4.3 (b) &} ol A& WFO R local—-patch7t AHAHE-E 7Aool AXIH
Whioek 715 block—based raster scan< source images 7}=2 WO =
Wiioer ) width®] 9] block &= Y+ &, Z2+2F9] block QFell A raster scan
order® key—pointgE FHE3ste 2& @t} ole} e HE A4 E o] &34,

™ 4.3 (b) & o] Az wgFor e o, dsHor AEHA xXId
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T key—point7} %A 02 HEH 750 =olXth Al WO local—
patch7} A|AFE-E 72 Wblockﬂ' source image® width thy] 7252
e,

Local—patch  AAHEET Wyoee At0lS]l #AE  F2ldh7] §18ko]

ol\

tlo

Mikolajczyk et al. 7} A|A8F 8702] Oxford test imageE< ©]&3fo] A3
Ayt [32]. 1 Ay= 2§ 359 Zrk o] 2 EZY TFEFE WyaE
Uetlal, AZ2F%S AAFEEE pixeld] 75 RAFELh o] TeZeA &
NZO] Wyioer 7t BHA2T5 AAMEE = pixel] 71 48, Wyoa 7t 324
W 7Hd WS 59 pixelo] AAREETH Wy 7b 32HTH B FrobAH 23]
AWAHE pixel & FAstd. A3H o= o] A9 AnE Fall local-patch?
AAEES HUst sH7] Yl Wy 7t 322 A= oo st} upebr]
=R E WS 322 A7 3

Block ©91% key—pointE #H&E3h= 21> block AA 7h7ke] X%
pixelE°] 29 &5 wEe oA gJ&] A ok Shrhs RS AUtk wWEbA] Wy s
Ui gAl A8kl ='W, local-patch AARECZ lal FhA¥ o) g
bandwidth”} block A <3 pixele] 2¥ & AHA 716l bandwidthell
oal &37F TAE 5 Auh 1" 3.6 Wy & block @] 9dAbe] <]t
QA o wREel FEE dolH#E HolEtt o] T XA &
O] Wyioer©1 322 A78E A9, redundancy”} ZHE3stch, A2 o7 o]
A AHE Fall Wy FHATE 96 o]4o] HojofF redundancy”t w4 3HA
gtk 2S94 Qdth

2 S Whoa s 322 A 3HHA]

=
=3
95l key—pointe] &8 £AES AE A9 =24 = wers Akt



ol¢} 2 key—point AWIELE 19 3.4 (0)¢ o] olFFY. Key—point
HEL 3X Wy =96 919 block width@ block—based raster scan
order® o|#FzIt}, T1el¥ redundantst F& &5 W& HIF> 19 3.600A4]
& 3ol FAsH AastA "v. HEE key-—pointe WHE WA H
3702] FIFO°l A&E . Wy 9121 AHA blockell Al HE¥ key—point=
HAAA FIFOol #7d¥tt. F®WA blockellAl A&¥ key-—pointe FHA
FIFO° A &=, vpx7tA] 2 M¥HA blockolA =% key—point= wFA] 2
FIFOel A€t gd, A FIFOo| A4¥ key—point7} EF Azd
w) 7}2] Y %] FIFOe A &¥ key—points tf7] st} RAHA FIFO2S key—
point7} A& ¥ FRA FIFOC] key—point7} A 2Hth vii7x 2 FRA|
FIFOS] dlol¥ A7} ¢tx ¥, npAut FIFO®] dHlolE 7} A e}, o] g} 2

o
.

THOZE key—point A&} key—point A&7} F38EHH, key—point 7

=
=
%ko

_

PR Wyioer 7F 9691 213 o] F2eto] redundant?dt €% wime] A

ry

!

F4sA "ok Tl key—point HEE Wyee /b 3290 3 o] 43
local—patch A 52 FH s} Ho}.

Redundant®t 9|5 w52l 4o3F& & 9 #A2A717] $18H9, key—point

i

=

FIFOE & 4 %ol 93t= Was agale F Aok 284, oldl A
key—point FIFOE T8zt AREE= Wi wliie]e] A71E S/
T3k B B FIFOE 29skAl HWH o 7]1%] &3 stall cycle©] key—
point FIFO?] &8-S A2 sl+= GMO calculatoroll A 2AE 4= it} 9 & =

A e} FHA blockd] key—point7} SA8FA] ¢Fo} o] &= FIFO1 3}
FIFO27} H]o] a1, FIFO3e|9t key—point7} EAsttta e, A

blockel] th3t key—point A=0] TR A Zow FIFO3° £A3= key—
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o

point= A gld 4 it

FIFOE Wo] &9 &= stall time AoX| A dt}. wpbA] & =12 block?]

]9 o] 2 GMO calculator?] stall time<> 57F= W,

A A< pixelel et T4 o wre] FHo] wAstkaL, ¥ o] adtAoR

fol

ZHaw A 9= A1 Wy 7F 9691 HS A gk}
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(b) Block—based raster scan order
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(c) Key—point reordering with three FIFOs

19 3.4 M7}A] data scan order®} HlolE AHALEE A 1Y
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3.2.2 Local-patch down-sampling *g-<F

oI WEe HITFS FAAT7] fIske], # =i external Gaussian
image buffero] AT+ images 7lZ, A2 #go=w Z+7F 1/2 down—
samplingd}= Wek2 #|ek3tt}. o] ¢~ Gaussian imagesS 4 HE g of 2211
glo] 7] 93k bandwidth7} 75%74E 4 Atl. Local-patch down-—
sampling Weto] A L39S uf 522 73 3.73% Z o} Gaussian filterel 2] &)
A E Gaussian images down—samplerel] o2& 7l=2 A2 Wdo=w 1/2
down—sampling¥ t}. 18] 31 down—sampling® image+ external Gaussian
image buffere] A&¥Ht}. Key—point7} FHAE=5 3., key—point % local—
patch’} Q34 interpolatort 2% WX & oA Gaussian image? dF
dolEE 7}A 231, interpolatione 335t 243t local—patchE A st}
AlkE SIFT st=9%1°19] interpolatori linear interpolationg %3l local—

patchE ATFA s}t 2H4 9 local—patchs GMO calculatorel]l Ag-# ), o] 9

i
tlo

2 7ls& SIFT st=dojelA 2% WX bandwidthE <£°l& 9
3 3= BW optimization module W<l ++& ¥ o}
AHFA © 2 imageE down—samplingd}’] Aol anti—aliasing filtering=

Asko] Yol nFT R AART o] aliasing LA AT I

1o

<
T
=S Wrxeta SIFT <dag=e AIdw

%5 W=t} ¥bd Gaussian
imager WX anti—aliasing filteringS 38 L7} Qo fukshd

Gaussian image+= ©]"] Gaussian filter® 3 low—pass filtering¥
Aol 7] uwiEolt;. Agtd SIFT 3t=9oj+= % HEZ S scale 191
[e)

Gaussian images A733%tt}. webA local—-patch down—sampling b

Gaussian imageE down—samplingdloF 3tt}. Scale 1?1 Gaussian imagei=
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Gaussian sigma”} g, = g, x 21/3¢1 finite impulse response (FIR) Gaussian
filter g(n) & filtering® Jd°Ith glx,00) Y FIF J9S AHR7] 93
g(n) 9 discrete Fourier transform (DFT) A¥el |6(Q)|E AHEH ¢
3.8 At} o]3 o] A dS flal 19 3.8°A] A|AlE DFTE] A #+= sampling
domain®! 7}23% & radian®® AP |6(2)|4 30dB stop—band corner
frequencyE X1 0.223 x 2n radian®]t}. = stop—band corner frequency”}
1/2n B} #ro vz o] filter® low—pass filtering® scale index 19!
Gaussian image: 1/2 down-—sampling®©]% aliasing +A7} A EHA]
or=t}, 8= 2, At¥ ASIFT st=¢o]l= 714 <l anti—aliasing filterE

F7VeFA] 231 Gaussian image ] o3 down—sampling= 5-3j gt}

45



BW optimization module
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19 3.7 Local—patch sampling ®<Fe] 2 &
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3.2.3 Gaussian image 2] less signification bits #|

71&o] Aty thEE 9 SIFT st=¢o]= Gaussian image?] 3t pixel
A43s=d 3bytesE I3t} o]F oA lbyter integer parts A& s

&7kl

1S

, YA 2bytes= fractional partE A= F7rojt). Wt

oy

Gaussian image pixeld] &3 bit 5 43 E SIFT feature?] T
Z QFo] vk mHAow oF wEE bandwidthE &dH o= &9 F
wWeto] & = Qi

9]

)=
1
A FHS W local—patcholl E8HE pixel? AU E=7F 7HA4AE 4= Qo) A vt

o)

rlr

w2 g]e] A &I = Gaussian image pixelel] THH bit F=

SIFT ¥¢318&2 local-patch W4 9242 pixel gradientE histogram?©l

24 3lo] descriptorgs AAds7] Wl 22 pixel® fraction—bit Ho|H &

rlr
o,
o
flo
u
N
52
o
+
30
£
o
e
flo
i

A Az % descriptorel] ®| X
Gaussian image pixeldl 9dE bit 5 44 HE AASAE SIFT
dugFe Aol vwAe FFE vnE F Qe Zojth o] FES
AgA oz Flslr] 935, Mikolajezyk et al”} A|A g 8712 Oxford test

image set¥} 'matching score'#} image feature 4159 AIEE

\0

S48t metrice ol&3to] AAS st I A= 19, 3.9%9F Eoh
stds bit 7F 249w A3 o) ALEH test image setol] thdt H+F matching
scoret= 32.2%7 =t}. Matching scorex= A& % key—point 4 tiH] dvpu
W2 correct matchesE RN =A HAIFE= metrico]l7] wiol &5

image feature ¢iE8lF9 5ol =55 ou|sttt. 19 3.904 HoF

bl
©

st E bitE s =oJ 2w matching scores™ 32% ©]42 FAX 3= AL &

I Qo). SHAI R 8—bit 1wkl -9 324 3FA matching score’} At} o] &
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%3] Gaussian image pixeld] %% bit % integer parto] %% bit7}
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rlr
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wbzbA Aekel SIFT 3dt=4¢1ol= Gaussian image pixel® less significant
bits®| fraction partE & wlEg o] AAAsIA] &=t} o]& F3| Gaussian

images 9% WEIY A E= ¢l=d A= bandwidth’l 66.6%

Gaussian image 5} o}y 2} SIFT ¢1g] o] YA &= thekst 1 Al
HlolBl 5 SIFT st=sojel A€t o] vlole el 4 bit = 3% 3.3
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33.000

32.000

31.000

30.000

29.000

Matching score (%)

28.000

27.000
4 6 8 10 12 14 16 18 20 22 24

The number of bits

1% 3.9 Gaussian image pixel®l] &3 % bit 4 J¥H] matching score

¥ 3.3 SIFT &g+ &1t diojgel & bit 4

Word length (Bits)

Data i
Integer Fraction
Source image 8 0
DoG pixel 9 16
Gradient magnitude 9 8
Gradient orientation 9 8
Each element of 8 0

descriptor
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3.2.4 Bandwidth = %] 3} ®eto] A &+ SIFT st=9o] +%

7 =0l Agteli= AAIZE SIFT st=9lo] 32+ 19 3.10% 2t}
At SIFT 3t=¢lo]i= Gaussian imageE 9% wlXelo] #7dtct oju)
34
block® = ZAIE modulesol 7d= . Bl& X blocke® FEAE A2
A w2 g = on]3ta, M blocks AwWHA el AAF modules 9w 3t}

AbE SIFT st=gloj= 9 wlEZlelA source images ¥ wo}l

rlo

F45H Z71E = 9% W28 bandwidthE Zo]7] 93 37k#] Her

source bufferell A%3tth Gaussian filteringS F33}7]0 &3 o] €7}
source buffere] 2ro]w o] do]E]:&= Gaussian filtering (GF) & DoG
generatorel] AZE} GF & DoG generators= Gaussian pyramid= 84 sl a1

o]& o]&3to] DoG images+= A%t AHE DoG images DoG
bufferel Ag¥ i, FAlel scale index”’} 1?1 Gaussian imagei= BW
optimization module® XUzt AA SIFT st=¢o]+= thS octaveo] t)sh

SIFT AAFS F=33}7] ¢ 3s}e], scale index”’} 321 Gaussian images HE

Qi W glo] Atk 13 3.102 %38 1HEAS 98 v octaveS &l
Q3 AL A= B modules E3 3R 23dth. DoG bufferel key—

points #H=3}7] FE3 dlolE 7} 2ol key—point detectorE ©]& ]9
7} key—points A& AEE key—pointE 3719 key—point FIFO®]
A&t BW optimization module”} A ®F2 scale index”F 191 Gaussian
imaget sub—sampler®] 2]&] down—sampling® 3, truncatore] <£]3}
fractional—bit7} AAHTE 18] Gaussian image®] Hl°ol¥ Z7|= 7]E9]
8.3%7} #rt}. WA external Gaussian image buffero] HoJE|Z 7] Q)&

A sk vlolEl# 9 A 7]1FE U] 8.3% % 7483t
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AZ9 key—pointi= 3.2.18 4 gt g H o] mre} 2 -3 key—pointE
BW optimization module®] A&3tt}. 181 BW optimization module< 2]
HEelef A 3dE local-patchE ¢lo]&t}. oW overlap detectori= 2|4
H oA glofetol 3= pixel©] reuse bufferol] EA3=%] HAFSH,
reuse buffero] AFstctd o]5 ¢JojuUlA interpolatore] H&3dtt}. o]9}
&Alell o] pixel U local—-patch® A2ld w AAEH7] 918l reuse
buffer®] ©& F4o] AT WA 2% pixelo] reuse buffere] {Itis
2H HRBZg oA o]F 2olojett #FrHE down—sampling® local—-patch™=
interpolatore] 2Js] ¢33t =2 AAtE U3 Gaussian filterZ HAEH T}
ukel &z A 2] st key—point7} scale 1X.t} Athd, R local—patch?)
scales ¥=9]7] 98] Gaussian filtering®] ©]&HZIt}. Scaleo] %3 % local—
patchi= GMO calculatore] AEE 1, AAkE GMO datai= GMO bufferel
ATt HEXA O R descriptor generators GMO HoJEE o] &3 Iy
key—point2] descriptors 74 g+c}.

% 3.10004 BT ARbE SIFT st=doli= 19 3104 RolFE
Huang et al ©] AAISH SIFT st=9olet Ui wEg =77} g2t} Akd
SIFT 3t=9l°o]& block—based raster scan order®Z key—points %39
local—patch AAFGE2 = th ol fl8 ¥dd dibs 3 s= GF & DoG
generator?} key—point detector 9IA] block ©¢= EZ3ic), ulgba] o]
module®] ¢ dolE el =¥ HolHE A3t source buffer®t DoG
buffer®] widthi= image widthel|lA] 96 2% ZHolxlt}. Source buffer® 79,
block?] Al 9 x3F pixel® Gaussian filteringS ¢ 384+ block ¥t 15

pixels (=Gaussian filtering window 2] tap 2] Zqh) o] F7148 02 I 9 s}t

ol



L3 3x3 DoG window & 7/3t7] #l8ll 1719 pixele] ¥ #asith. o] g7 &
16 pixelso] 96 =719 blocke] 2 AAlel H HQsity, wehA sk
blocke A3tz flaix <fF wlEgelx gjolgol sh= H°lE 2] widthe
1280] Ft}. Source buffer?] heighti= Gaussian filtering= 33H7] &l 31
pixels (=Gaussian filtering window$] tap ) ©¢] HQ 3t} 7|9 1 pixel
lineo] F7FA o2 A8ttt o= 9F wWEeoA ¢lo]L HolEE A shs
7t} GF & DoG generatore] #&sk HolHE ¢lojes F1to] A
s 2

8bits=32.8Kbits = A g ¥t}

Ol
rir

A

| 98 &% gdoltt. Adx}A o7 Source buffer?] =L7]+ 128 x 32 X

3x3 719 DoG windows T/d3k7] $l8ko], blocke] Z7All 14 &
pixel< block e 170¢] F7} pixele] ZQslt}. webd DoG buffer?)
widthi= block ] width=96% 29 170 F7}4 pixels Wt 982 A ).
DoG buffer?] height= 3 x3 DoGE FAst7] 98 39| T ojoF 3t} b
pixel line2 3709 DoG pixel registers®@ thAlE 4 3lth. wWebd DoG
buffer®] heighti 27} ® T} DoG imagei= & 57l scale®] EASE2, DoG
buffer®] Z7]& 98 X 2 x 5 x 25bits =24.5Kbitsth. A|FH st=goj= GMO
bufferE 27] AFg-stth. GMO bufferi= GMO calculator”} 2231, descriptor
generator’} 81+ &%t bufferty. 1¥d], descriptor generator GMO
buffer? dolEE ¢]1 A2 W, GMO calculator:= GMO buffere] Ho|HE &
F Atk ks descriptor generatori dominant orientation-s Al4tsh=
19, gradient histogram= AlAtst= 19, F 2W 88 of 517] wfjitolth. mhetA
GMO buffer”7} descriptorel 5385 11 1S W] GMO calculator”} Hlo|EH E &

F7FA <l GMO buffer7} 23t} o]& E3] GMO generator®} descriptor



generator® utilizatione] =712 4 itk Ayzroxr GMO buffer=
240.24Kbits®] A7]E zHA Hrt.

Aqke SIFT st=%1°l:= Huang et al°] A& SIFT st=¢o 2 W+
wWEe A7) 2l key—point detector2} GMO calculator® 2]&4do] t}p=r1},
Huang et alo] A A3t t=9)ol= key—pointE 1834 11 GMO HolH =
5 dzele] A3ttt ek GMO buffer®] =717 At} thAl Gaussian
image buffer7} H A3t dlolgwt 7[x1 Qojx ¥HE==E 1 =77} Zu)
Atd SIFT st=dlol= GMO buffer?] 715 A 3Fal, 4l Gaussian
image buffere] AA imageE A&st== AASIATE Al o] bufferg &+
W g o] XAATE GMO buffer?] A715 43 d7] fl&l, ©] buffere
171¢] local—patch®+& $st dlolHE AAste= sksith. wabx GMO
calculatori= key—point detectore] ¢J&Esto] &A=k olel s
o]&AL GMO calculator7} key—pointE dg W S =28 A|ZE 22
ole] W delay’b AT 4= Qlrh sFARE o= SIFT st=dlole] AA &2

Al Zbol= 2 ¢S v XA BEsto) duksH descriptor generator”F F A
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3.3SIFT st=d oo gt 44 23

3.3.1SIFT st=¢of & A~

Alekel SIFT st=9lo) 71Eof At SIFT st=dlo] ol Jg=9}
= S A state—of—the—art®l Huang et al. 2] st=9o] 9} st=9o] vl &

SHS vlwstt; [26]. ol & 3.43 2ok FHA €2 Huang ef al. ©] AA|

rlr

SIFT st=901e] WEg A7]E HAget, AdHA 9 #ekd SIFT
SFE=E9 o1 2] baselineo]

3 & Q& Kim et al?d st=do] +25 HEE
A71E HolFErd (28], &, AW

A Aol Ft=dols Kim et al ©] Atd
StE ol 9F Gaussian filter® =7], A4S 7]1E block ©¢ So] it Alx|
vlx2g] =I7]|= tlEt) Baseline st=¢919F Huang et al 2 3t=Edol=
Hl 3}, block &9 AA4te =2 Q13 source buffer$} DoG buffere] =7]7}
A #ZAskAeh w3 &2 local-patch® HolE T AFshs Fx o]BR
GMO buffer® =717} A #2423t ¥bH Gaussian image buffers= =LA
7Vl 1y AljkE SF=4¢)o]= Gaussian image bufferg 2|4 v =2
Azl witel st=glo] Hlgo]l FrbskAl ¢eth E 349 (D F
W2 S oujsttl, U A IS baseline d=9¢o]o] local—patch reuse
7150l F7HESEs el WEe AV|E HojEth o] wWels o]&d B¢
Gaussian image buffere] scale 1W<l Gaussian imageE A &stE=Z 1
A717F 29k & o8 e vy Z7] ZAhE Kim et al. o) A+E 7z wpE
Aol 2 7 =9 contribution> ot [26]. Local—patchE AAHE-3}17]

913l reuse buffer7} F7FE a1, B AAFE 91380 logic] A717F S7FskATh
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th3© 2 local—-patch sampling ®et Z8€% WA Gaussian image buffer,
reuse buffer®] Z7|7} AA #AsAF L, o] F2ZS AosHr] % 1.4K
gates? logic®] F7}E ATt v O Z  fraction—bit truncationS E3f
Gaussian image buffer®} reuse buffer® =A7]7} FA3STh o= <3k
matching score A& 0.2%°l B2 =2, o] 2 13 A5 Tae vv|strt
A#A 072 ARbH SIFT dt=91°l+= Huang et al. ©] AQbst st=gofe] n]s

10.93% ¥ A2 WF ¥EgE ARgdvs 2e &

rO
o
=5
38
offl S}
2
[-'O
i
2
ey
;-]

Ft=¢lo]+= 130nm process technology S %@l A g 3¢
T3 190MHzo, A&k U vl e $32 396.03Kbitst. o] =17]+=
3 34004 A Y wEY A7|Ro 29 o Ak 2 olfE X 340
S A ¢k processing moduleo A ARgsk= W WEE 7 25 O Q7

ol t},

kl

=)
o

3 3.4 vEY A7) ¥l

Proposed BW optimization (Bits)

Temporary Huang No BW
[26] optimization .
buffer (Bits) [28] (Bits) Local-patch A + local-patch B + fraction-
reuse - - .
sampling (B) bit truncation
(A)
Source buffer 128.00K 32.77K 32.77K 32.77K 32.77K
DoG buffer 230.40K 24.50K 2450 K 2450 K 2450 K
Gaussianimage 138 54 29.03M* 9.68M* 2.42M* 806.40K*
buffer
Key-point buffer 52.48K 52.03K 52.03K 52.03K 52.03K
GMO buffer 2778.88K 240.24K 240.24K 240.24K 240.24K
Reuse buffer 0.00 0.00 144.77K 49.92K 14.08K
L o Matching score
Trade-off - - Loglltzﬁcr:; sse by Logllc4||2cr§?:: by decrease by
9 e 9 0.2%
* External memory
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3.3.2 9|4 | 2 2] bandwidth & 7% &4

Aere SIFT t=goj7F 95 wW Ry oA Gaussian imageE ¢]o] e +=d]
E& doly & & 3.58 &t o] A3 17 3.110] BojF+= 8712 Oxford
test imageE A}&3te] SAFEHATH E 359 FwWA 4 779 test
image°l Xl HZ¥ key—point? FE HAFI, AHA DS test image
2715 RojFEnh viAl 42 Ake BW HAskE A48t ¢4 baseline
st=gloje] g wWEeE HIHE Holerh 3o wpA ) S FHA A<l test
image 7] tin] o|F wiRe] HIEH vES HolEn. AlE bandwidth
optimization< A €31+ &o™ HHAOF source image? 24.74¥]2 2]F
Hxg o] wAste}, 5 A AL local—patch AAFE- Weto] 285 ¢S o

Gaussian image ¢17]1E 93t 9F WET HIHS HoF o] AS

=)
3!
iv)
i)
ru
o
o
X
N
N
>«
o,
2
0]
o
o
=
(@]
D
5
[aN)
0/¢]
(@)
A
~N
)
R
—
\]
w
O
=
il
i
2
iy
2 o
£ 4

1179} o] wime] Ado] MAs i, o] 3L AAlE Wheto] A§-5A] &gk
w vl 95% a® FAvh AHOE AFE bandwidth #H A3 Wb
Aoz oF Wy HIHFS HAA7IH, BAAOE source imagel
L17vfe) o) vl 2wk AsA g2 Eskqlvy 18| =2 Ajke SIFT
st=dlols Aoz thekst SoCell WEs o A2 F Qv FxEhal ¢

gk,

-
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(a) ‘Bikes’ (b) *Tree’

(c) ‘Graf’ (d) *Wall’

(e) ‘Bark’ (f) 'Boat’

(g) ‘Leuven’ (h) *Ubc’

719 3.11 Oxford test images
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¥ 3.5 External Gaussian image©l th3t &17] 2%

No BW Local-patch reuse A + Local-patch B + Fraction-bit
Image I:un_me_r of Image size optimization [_28] (A) . sampling (B_) truncation ((_I)
ey-points (Bytes) Read accesssize Read access size  Read access size  Read access size
(pixels) (pixels) (pixels) (pixels)
Barkl 1841 376,832 14,962,596 6,642,693 1,920,684 640,228
Bikel 1577 690,432 1,344,768 7,302,942 2,031,717 677,239
Boatl 1550 565,760 12,985,770 6,703,269 1,918,128 639,376
Grafl 1134 512,000 9,629,103 5,323,380 1,485,765 495,255
Leuvenl 1036 537,600 8,767,632 4,856,745 1,366,344 455,448
Treesl 2867 690,432 23,087,499 10,809,540 3,112,689 1037,563
Ubcl 1260 512,000 10,458,594 5,291,511 1,500,756 500,252
Walll 2308 690,432 18,583,203 9,406,875 2,673,168 891,056
A"erage/ ';i‘glaccesses 24.74 12.39(50.08%)  3.52(14.24%) 1.17(4.75%)
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33353 5%

AQEH SIFT st=90 9 52 £ 55 7|l Huang et alo] #A|A]g+ SIFT

Sreslole 4 £2g wmath SIFT 2ue%e shuslolz Fdas *

BRe n&ow duelEe SRS Jo|nE g Fo B FRojgtn
2% 5 otk A, F STdelE 3RS AN A £5E vws)

9ato], AgkA =9 o] 9 key—point detection ¥4 (Gaussian filtering %
key—point detection) 2} descriptor generation ©A (GMO calculator %
descriptor generation) 7} Huang et al ©] AA3 SIFT 3= o]}
RRA R EAA 0 R FASIEE Alo] WRls WAST [26]. ohAl e,
key—pointZ} ZAZ& 5 9] descriptor’} A = 7] A Z8HA, key—point detection
Al e EEES $%e WEW. 193l descriptor Aol ¢EwH,
key—point detection @AI7} AZ/NA . TS Huang er al ©] #|<tgt SIFT
st=dlee] Adl F2 Xt 100MHzo| 22 Aty SIFT st=¢loje] F2

T35 100MHzE 24351, 5934 1bytes/cycle® source images

O

Holem= 9F wre latency MES AAsih npv o 2 £
7ol A8-¥ source image Huang et al. ¢ st=$o17F VGA (640x480)
719 source imageo|M W FZEFH TR VGA =719 source images
A3

# 3.6°0= SolA AWd @M SHE T ost=doe w3 St
A E o] ek, A e AHE-E test image= Oxford test imageE VGA ZL7| £
scalingA1Z1 th AREsEIY. FRIA Aol AAE Huang et alo]l #|A|&
st=dlole] & S [26]014 AAS studlo] 2 SEE thEshs A
(3.3)= &l AArE Aot A (3.3)2 tha3 &t
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Processing time of one VGA image

(3.3)
= 3.4 ms + # of features x 0.0331 ms

=
e
X,

o

23 dAA A A A

)

A AR AojE SIFT
st=dfloi7t Zh 2y [2] oA AAl ¥ descriptor generation FE-& AFEE o, &
Ao A AAE descriptor generation RES AEE wo T HFEE
HojFErh, AWA delM AAE T2 HRs AkE st=9o]e] Gaussian

filtering DoG generation, key—point detection ©°| ZAg+= A7+ A

(3.3) ol #| A% descriptor generator?] EZ A7t AHE ghalo] AALE Q).

FRA A AA DS wlwed, Ak SIFT sF=91019] descriptor
generators A Qs Yz FiFol F2Z £57F Huang er alo] A AISH
stegjolrtt 0.894) =gth= AS gl 4 Ut} od A#rt Y2 o) f+
Aotd SIFT 3dt=¢lol= Gaussian image % Wb olyg} U3 octave:
Fy3l=d HQ3 down—sampling® source images EF 2F wHEY ]
FZHth A Huang ef al9 st=gols BE R
o A2 ST e i w R AR

9 =g s =24 A Aol E Fal w2 AlZE we
T 55 HoFt o] A% At®E SIFT st=9¢l°ol& Huang ef alf)
descriptor generatorg AF$E wo] Hl&] 1.5%, Huang et al®l #A
st=glojo] vls) 1.39 o e §% SRE HojErh o8} o] H o
o|F X FRL B oAFoAx] F& 3Tt descriptor generator’} Huang et al©]
A3t descriptor generator®.tF ¢ wErlE A oujsitl, mlxu gL

AekH SIFT sF=9912] key—point detection ©A 2} descriptor generation
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WAV BEHoR BAF el BF $EF HolFrh oMY FF Sut
Huang et al®] St=slole] vla) 1.96% o etk o] g Lo B4 w7t

ofk

AEl 712 key—point detection A2} descriptor generation %YWA 7}
E|

Gaussian image buffer AFg3tch % wRgE= AA Fxko] H7] wjFof

ok
2

o7 F2E F s AAEHNY] uFolth AdE =40 external

Gaussian image AAE A& 4= Ao}, wh2tA GF & DoG generator®} key—
point detector™= GMO calculator$} descriptor generator?] AFe) 2} F#3HA
=2  utilization®.® FZo]  Jls3dltk. GMO calculator?} descriptor
generators= A key—point?} Gaussian image AXEW R EH kA
EEde] & & glel &#o] Zhsstth. wEbA zlRbE SIFT sh=4loj =
key—point detection 7| ¢} descriptor generation ¥4 7} Hd A o7 FZo]
7Vs3k Zoltl., whA Huang et alll SIFT 3t=¢]o]®= Gaussian image

buffer®] W& wlxgZ Fdste], WHE-

b

T wWEARE St=do] vl &
dekstr] Qe mEe ¥ Hador dAsAnh. AWbA 0% Descriptor
generation WA= Gaussian filtering 1AF Bt =gt} mebA| Gaussian
filtering?} #HH RELS descriptor generation A7} Gaussian image
buffer®] HolHE ABlsiE wW7hA] 7Ivbd 5 Hiol fle o&4do] HA s
old o]f= <3 o] =gl key—point detection ©AI2} descriptor

generation @A|7} W HE A 02 42 5 gt

=~

A
=

¥ 3.7 AgtE SIFT st=doie Hul &2 L5 RoFrh

T3+ SIFT st=dofe 3t dys Fxste] 190MHzE AAsHS 1

o

M

AFEE QR v e= 2.46bytes/cycle?] bandwidth® H|OJEE A Fsle=

TAske] AT Ao AFEH test imager Oxford test image 871&
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o
N
o,
2

K
w
ﬂ
1

VGA (640x480)=71¢} HD (1280x720) 27| & scaling
ARA AL VGAZZ]9 images 1% 2 & Hzld = QA B+

At st=doj= AA imageel ©iste]l HWHAHOF 114.68fpsE A
7}& 3t} Source image? 715 HDE S7MAHS A9 52 £5& 61 A
AoA] HoJFETh AQtE SIFT st=¢o]i= HD imaget+ H 4 2.2 40.83fps?]
£ 2 AHY 7teds HoAFEo AEHO=E ARME SIFT st=4doli= HD

gl tlal ANz Bl A ekekal @ & 5 gk

¥ 3.6 VGA imagee°l tI3t 52 £ % (52 53+ 100MHz 7]15)

Image Huang [26] Proposed Serial Proposed Proposed
Serial w/ DG in [26] Serial Parallel

(ms) (ms) (ms) (ms)
Grafl 28.79 33.18 23.60 15.35
Bark1 51.99 56.38 36.67 26.45
Boatl 33.75 38.14 2'6.03 17.64
Treel 41.17 45.56 29.87 20.56
Leuvenl 26.17 32.56 21.53 13.18
Ubcl 28.49 32.88 22.76 14.70
Bikel 29.25 33.64 23.62 15.33
Wall1l 30.77 35.16 23.15 14.59
Average 33.80 38.19 25.90 17.23

DG: descriptor generator
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3% 3.7 Algke SIFT =99 Ho 73 £ ¢

(&2 T3+ 190MHz)

640x480 (VGA) 1280x720 (HD)
Image Numbe_r of Proposed Numbe_r of Proposed
key-points (Frames/sec) key-points (Frames/sec)

grafl 767 123.36 1781 55.41
barkl 1468 69.93 4592 22.37
boatl 917 108.93 2856 36.93
treel 1141 89.55 4042 25.92
leuvenl 688 141.57 1666 58.63
ubcl 758 131.05 2311 44.83
bikel 781 124.03 1998 50.57
walll 827 129.06 3282 31.96
Average 918.38 114.68 2816 40.83

3.3.4 Feature matching 7§ &+ %=

B =BoA AtE bandwidth A3 Wets3m =90 TS 98
floating—point ¥¢ A4S fixed—point @9 Ao ® HAAI= &

/¥ = SIFT feature®] A&cl I vHE o+ = AFFEolvh. webA

2
r (o]
i
N
)
1o,
o

5ol SIFT featured o] oW T vx =X A&
Z3) ettt A& x H 7= Mikolajezyk et al. ©] A A3k 'matching score'
metrice ©]&3to] =8 ¥ 11, Oxford test imageE ©|-8-3}3th.

¥ 3.82 A¢t¥ bandwidth #Z 3} ®elo] matching scoree] WA +&=
FFe GAAs7] Slell DA A AIAE BojFrh FHA AL software®
THE SIFT €12]59 matching score®s HoJFt. ©] softwarei= Hess”}

Fdsto] F/NSE SIFT softwareeltd [33]. 3WHAl €2 fixed—point A

64



W& o8-8k baseline st=9101 9 s HojFr) & 3.8914 & & 9%
fixed—point A2 ©]&€3H floating—point GAkel]l vl HF 1.75%
matching score’} At} 4¥WA] dL2 local—patch sampling oS

#83k3lS ™ matching scores BJE o] 4 HF 1 H =7} vv]shA vk

=

°k7F°] matching score”} @AEQITE 1 o] Gaussian image©] Tt
down—sampling?} interpolation= %3] image blurring®] ©]¥ %1, o|A
pixel gradient® WEAEZ ZAFU7] wWiEolztr AlRET Down-—
sampling¥} interpolation®] ¢]3%t @3+ ¢ =0.713% Gaussian filteringsh+=
Ao} FYsttt. AA R Gaussian images o = 0.713= tHA] 9 1 Gaussian
filtering & 4%, 5WlAl 43 FU3t 32.23%°] H+ matching scores
Ho]F o}t 5 A 98 Gaussian image pixel? fractional part= A7 81952
o] g3} o] A9 0.23%2 matching score #Aa7} WA Local—

patch AAFEHFOFS matching score®l o}l GekS v X x] k7] wjiof

5

3.8l AAsHA] 2ok

a9 3122 AdE SIFT dt=9dlol¢k Hessel <&l ¥7l€ SIFT
AZE ]9 matching scores thekdt G4 W3 oA RojFt}, SIFT
st=go1e] key—point detectori= key—point #E A4 key—point
localization& F¥dtA ok=tt. ¥F 3 BluwE 98 SIFT LZESo]oA %
Y Aibes F¥ex ¢E WPt O9" 31204 AL SIFT
=901 9] matching scoreE R T, S SIFT 42X E 999 matching
scores HoFU HHHoR F SIFT dazls: +#2 matching score

Apol= 1.74 %0 1t o] R vm| & =] F otk ot & 5 vk

65



¥ 3.8 Bandwidth # &3} #Felo] matching score®l B X]+= 93 (%)

Test sets s/w SIFT With fixed- With Without
[17] point sampling fraction-bit
Bikes 45.78 43.00 43.56 43.11
Tree 24.49 23.07 23.08 23.00
Graf 16.12 15.82 15.94 15.79
Wall 30.00 28.25 28.34 28.07
Bark 15.56 13.93 14.02 13.89
Boat 25.00 23.56 23.47 23.19
Leuven 61.27 59.38 59.85 59.63
Ubc 51.73 48.92 49.54 49.35
Average 33.74 31.99 32.23 32.00
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A 4 A ASIFT 3tEY o] %

47Fo = AtE SIFT st=9lojel affine transform 7] & F7}st
AAREe R FFo] Jhssk ASIFT st=dlo] 25 Alcketth. 71E affine
et o]f+&} o] wAlE AT
H <82

o
it
I

transform AAto] st=doj 2 F+3E A

N

A 28 affine transform AAF WFA1S A|Qtst). 18] &84l AAk

915 W ®E] bandwidth A5 E3] ASIFT 3t=$o17F & utilization .2
548 5 Qi A4 22 Acka.

4.1 ASIFT 3= o ol & 3Hst affine transform -2

4.1.1 A 2 & affine transform 2]

ASIFT 3st=goj7t n&Ho= F&As] fexes 7P 533t daks
43 3F= SIFT generation module®] < utilization®. & F#& 4= Qlojo}

st} 127] §J8iA = SIFT generation module’} 918 dlolElE Q33
affine transform module©] latency $lo] QA Hlo]E = A ¥-si= = ook
steh, 28 4.1 3FF9 image scan orderE HoOFth I8 4.1 (a)=

source image%} &7 &5 vl E 2 ¢ pixelo] AFH A& AN A PR E

23 HolFth 1™ 4.1 (h)E Y¥EAQl affine transform SARS =3
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transform¥ source image2?} SIFT generation module®] 233} pixel
TAE AACR B A SRR HolEd o] &gt
4.1 (a)9]
pixel#& Q33 A9 affine transform modules 2|F W EZ A A3gw
= e} 27| source images @] o] eko}
Z7Fstt). Z718 latency s AA7]7]
t}. o]

transforml.z® FEdygg w 0oz 1A%

pixel®] =4+ 189

A o7 FH

o= L

A Ak ol 2t} SIFT generation module©] ©]

sta, o]ju 9JF W EE latency”’}

fsko], & =2 ARE

2
£

transform W22 A HkAl O ASTRT & g]Zo] 7hd g} E*E affine
spin parameter (y)& % 43|
4@ttt 01 A3 O% 4.1 (0)7F RAFE E£UYE affine transform¥

imaget. 1% 4.1 (0)9 #H24 AAM s = o] imageel| tigt SIFT

oo t]-§3F= pixel?
shak of 2ot

generation module?] pixel H+ +=A4E HoFt}

O

T4 & source image°l|A] ZrolR ™ 19 4.1 (a) 9 A2 A
pixel &L <=4]+= source image 2] pixele] 2]
Zolth, Aoz, o]gst ©lo]H
A& 7]1E affine transforms o] &3 of Bry &F w R oA source
images ¢lo] 2= Sl SlojA 4 a& %o wE)

1% 4.1 (o) 9 #o] affine transform¥ images 7] Y&, £ =&
Zhdl ekl spin parameter Yy & —uRbE I AAZIY oAl HEl, 7]E affine

transform AE ©] €3} transform¥ imageE —u e 3| AA| Xt} o] A 2§

(A

transform< matrix Bet1 XA} AjE-E affine transform matrix B &
o] €3}t transform S 19 4.27} AAE] HoF=r} 19 4.2 (a) = matrix
AZ transform¥® imageE HIFt}. Parameter pu+ x%3 transform¥

image® ° 15 AAM ARelel ALE ofu|drh. wEbM o] transform¥
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imageE —uWtE 3| AAZIAl WA o] image®| 9% AAAo] xF1 A
Aok 28w I8 4.1 (o) oA BHoEFE 2L 9 transformed image”}
A ETE 2 (4.1)2 source image°ll &9 pixel® X g2 oo o5t

matrix BE £3l transform¥ image?] pixel F3E r AFo] 2] #A S H o]},

cos
r=Bq=R_,T11Rpq, 1 =acos L4 — (4.1)
, | Sing
cosp +t—2

3 -

(a) (b) (c)
9 4.1 F 79 affine transform® /¢l th3t raster scan W3y} oo

-3} source image©l| A& scan W3
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—\/tzcos((p)2 + sin(@)*W
> X 1

> X
(px —~ - A Jt2cos(p)? + sin( )2 !

-u

(a) (b)

1% 4.2 71F affine transform matrix A%} A 22 matrix B AFo]2] &4

SIFT €185 rotation—invariantet 57Jo] Qlt}. webA matrix Aol
ol&l transform¥ image¢! 18 4.1 (b) oA F=3F SIFT feature®}, matrix
Be] A Z-E rotation matrix R_ ol &3l 3 @A o] 3)dE 29 4.1 (o) olA
FE% SIFT featurex= F&=el QoA olEH o= Ao|7l fltf. shxvk
TF&of ol A ZE F=719 rotation matrix+ po 2=l e} interpolationS
dow stal, o]l dk Ak g 0= pixel gho] @b & EAl= SIFT feature?]

et 22 FF= v 5 9l o] s AT8H] $15H Mikolajezyk et

=~

alo] [32]9)A A|A3F 'matching score' metric®} Morel et al®] [15] oA
A A3 test imageSS ©| €319 affine transform matrix W7o W& Jsx
2tolE A5kl 1 A¥, matrix AS AMESHE ASIFT dues +d7
matrix BE AFE3= ASIFT €185 789 matching score z}o]l= 0.2%
gulE 7Hd g gle FEoldith AE84 o2, AER affine transform A&
o] &atof = ASIFT ¢e]Fo] det el Wyt gloka we &= itk

A (4.1) o] AAlE affine transform matrix B 2 (4.2) 2} 79| scaling

matrix 9} skewing matrix = 3= F 9t}
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B=S, sty—[(l) ][ ] (4.2)

Scaling matrix Tesy © WXH =719 imageE sxW xsyH Z17]%
scalingdl= 7]15S @93ttl o] 7] 4] scaling parameter (sx,sy) & 0 < sx,sy <
121 W elel gt S, skewing matrix® image= gibE 71 &0l Ve s

odsit). 2421 9] parameter sx, sy, g 2 (4.3) S E8 AAtEc

1
Jt2cos(p)? + sin(¢p)? (4.3)
g = tant = (% - t) sin(¢p)cos(p)

1
x = ?\/tzcos((p)z + sin(p)?, sy =

M ZL affine transform matrix B & HW&XEY H23 #HEE 3719
=1 oA 7]E affine transform matrix B.tF @& 4ot} 19 4.3 2 (4.2) &

o] g-3to] affine transforme st 4L WAEZ HojZrh 19 4.3

)
o

(a) = source images HojFEth dHE 2 source image?] H|°o|E =7|7}
7] ol o) wlRee] A= vk |Z& affine transform matrix&
o] &3to] source image®l pixele] A&Eo] Q= A2 affine transform
module©] source image?| pixel& ¢l 2= =417} viewpointsl F#3HA
) raster scan order® AX|gth o] A9, 17 4.1 (b) g Ey] &) wWEE
latency 7} ZF4etth. 818X source image: 19 4.3 (b) 8} 2o Ty, g, ¢l 24l
down—sampling® t}. Down—sampling¥ image+ source image%} Z7|7} &AL
o Zt} A7l scaled imagey  affine transform¥ image®t €E EE

viewpointell tfste] 2ARZE FEolr] wEo] B8 Fx7F AME FEHQ
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AukA el wWy] Ax]o A Aw 7] Agslr). B =i A A Qkski= affine transform

module> ASIFT dAbo]| AFE-% = W W E 2o scaled images A 7d3slo] W &g

w sxW sxW
> X > X > X
Y A m SYH| A m .. A syH
Tsx,sy Sg ’x; iy) T
° (qX’ qy) v v
v u
y y y

19 4.3 M 22 affine transform matrix B ©]8 3t transform 7
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4.1.2 Y& image buffer?] w2 e &1 243}

Scaled image+ skew transforme] Z#£€%¥ U square—shaped
kernelE ©] &3l SIFT feature AA4tell FQs3t filtering AAte] g€ 1
HAL 78 447 RAAFEY 1% 4.4 (a)= UHF image buffere] #A&%
scaled image® H.olFTh o] imagew “1¥H 4.4 (b) 2 o] 5,0 93] skewing
transform¥ Th5 Ul wlZ2gfeo] A&e ) skewed image”} filterings 33 3}17]
T AERE H¥HEH  square—shaped kernelZ TAE filterel ]3]
filtering®t}. o]+= 19 4.4 (o) 2oh 19 4.4 (o)A AL A AL filtering©|
2 pixel 2u|dt1, FH diamond® ZA|E pixelE5- o] filtering AAke] & 23t
o] %3 pixel=olth. A= AT ¥ vhel o] AREAQl transform ¥ 3 filtering
77 o] affine transform module WollA] o] X thH, skewed imageE #7%sh=

el = 7129 image® FEHE A8 A& 22 23 background

o)
Tz

Sk A W Ze ol ol strt. o] &2 13| o] W2l widthi= scaled image?]
width®th AAof sty 18 4.4 AAE oo A% scaled image? width&
1691 ¥ skewed imageE A& sfoF dhi= UHF W29 widthis 23°] Fojof
st} Affine transform module 3% 2,194 HolF= R E viewpointel] o st
affine transforms F&8T 4 lojof sy, 127] fl8iA+= skewed image®:
AAst= Wi w28 width® source image?] width® 1.39u7} ¥ oo} 3k},

o172 ARG E A & HolE7HA] Wi v i el S o v St

d

11 scaled image©l skewing transform< 4 €3 U} square—shaped
kernels # €3t 7 4l scaled image©l skewing transformo] Z 8%
kernelS A g3tehd, ok A Awst B Q3 wEy] IS A|AS 4= Q). 9]

=

skewed kernel> %WHA Rl square—shaped kernelel S_, & %83}
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873

=

t}. Skewed kernels ©] €3t image filteringS 18 4.5% 7}A I

b

28 vk 2% 45 (@8 ©9 () #FHE H2A 2 filtering©]
A pixels w8t o) 27 4.4 ()9 (¢,r) 9} t-&5 & pixelelth 19
45 (@9 HAAXo=z HAE 7]2oF boxi= skewed kernel® filtering
window& o] v|3hH, 71 Qtof] $JX]3k A My} 3] M ] diamond % filtering®l]
AFEE o] %% pixelgS ov|gtt}. E A pixelE integer—pointe] £ X| 3k
pixelo] I, 3|4 pixel5E integer—point 7} obd e 21X 3 pixelE<
oJm] gt} o] pixelEL ©]%3F integer—point?] pixelS<S #F3sto] AXbalof
3t} Skewed kernel scaled imageE raster scan order® 3t pixel®
A g8k, filtering® pixel> I¥ 4.5 (b) &} o] wEE e AZFEh
Filtering® pixelS % integer—pointe] $*3F pixel5S 3 o=
FAERT, TEHA] L pixelES 3 A Yo7 FAFSQTE Integer—point7}
obd flAolA EAek= pixelgol HEZ o] AFEE= o]+, tha skewed
kernelZ filtering®t W] F a3t pixelso]”7] wizolth. webA o] pixels&
W gof] As F the skewed kerneld ©]&3 filterings 333 o,
interpolations F33ato] A AL o7t glojxdn. o] pixelg2 59

integer—point F#o] ¢ X3t pixelS A& FIFo] H]o] Q7] uwFEo o]

ol
>

o] A3ttt 17 non integer—point2 pixelS A &A3sl7] Y3k F71AQ

2
kg
AC)

7ol HQdkx 9kl AWMA skewed kernelS ©] &3t filtering©]
A5 HH, 5 skewed kernels ©]83t filteringe] A& &M, o= I3 4.5
()¢} Zoh kA Awst 213 o] ojuwf H Q39 non integer—point 39
pixel& 19 4.5 (b) 9] 34 pixel=¥ Zo| oju] WEZ o] EAjst7] wo

o] = F 3 714 ¢l interpolation logice] & 2 3}#] &
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s

skew transform 94+ square—shaped
°

Q.
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o]
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OO]

=
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719 4.4 Scaled image®l tf



sxW

v

Needs to be interpolated
SOOI
QOOY

syH

Exists in memory A

(a)

sxW »l
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(c)

1% 4.5 Skewed kernel2 ©]8-3F scaled image®l 3l filtering GAF A2
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4.2 ASIFT St=go] o] +%

4.2.1 712 stE9o] 7% Y scaling A4 AL

Albst= ASIFT st=goo] 7|24 32+ 1% 4.6% 2ol ASIFT
st=go]+= A affine transform module®} SIFT generation module®
T3tk ASIFT st=9loj &= oF Aol A st Al 2% affine transform ¥4 &
o] g3lo] AAkS S8t} SIFT generation module 37 oA A|Fst SIFT
St=golE o] &ato] FAE T of7]el ok AT skewed kernels ©] 8%t
filtering 214+ 7]5 0] F71 3t

I 4.70] HolFE= A3} o] A|jbsk= ASIFT st=gol= 17019 affine
transform module®} 170¢] SIFT generation module® ©|F %t} whehA

thekst viewpointol ©igt ASIFT A4kS 337 98] 2712 module©]

X

HpE

Ry

g4 o7 o]gHt}. Affine transform module &% X g oA source
imageE ¢]o]& t}2 ¢9]& down—samplingdtt}. o] #}A o] A affine transform
module®] =¥ ©loJE]2] A7]= o HloJE 8] A7 Aot o] d Y
] &9 dloly A719 #AtE latency® oF7|sta, o2 A3 SIFT
generation module®| utilization®] 7FA3Stt}. o]t latency s FFAA]7]7]
A&, & =% o]d viewpointE & A scaling A4t A5 AELE 5

rEdo] FFE Agkstth, o]5 &l affine transform moduleo]+&

rlr

38

source image, pre—scaled image, scaled image % 32 ¥ HolHE

Ae9ed 4 3= source muxZF A% Source image= ASIFT(0)E <13l
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AelE T} Scaled image+s ©]% viewpoint?] ASIFT AAto| A AAHE Ao =7,
vkl HA AXF F9<l viewpoint?] scaling parameter”’} o] &y FAE uf
At o] B, 181X scaled image= A skaAk & A3 FA7 Flojm g
o scaling ¢4F glo] vFE SIFT generation module® HAY¥E T} Pre—
scaled imager YW A Ao Aelx= 4 dolet}. ASIFT 3t=9o)7}
ASIFT(0) & S33l7] 93l source images ¢JoI$kS W, source imagei
SIFT generation module ¥ % o}yz} low—pass filterol = A &¥ ). Affine
transform Qo)A scaling®] 3% 7] A aliasing ZAZS &3k27]7] 230

source image? I3 AES A AFoF st} o] 98-S low—pass filter7}

3 stt}. Filtering® source image+ pre—scaler®l] 2]3l scaling parameter
(sx,sy) = (1, 1) ¢ (sx,sy) = (0.5, 1)& o]€3| pre—scaled image®
HekdAn 7Y dA AEstal 3l viewpoint®] sx 7} 0.5¢]8kEd 0.5x1
3719 pre—scaled image”} affine transform moduled] %2 dHo|Eg =
AbgE e A9 1x1 2719 pre—scaled image”} A€l €t} o] 9} e
StEde] x5 o] 48t A W affine transform module AAd|oF =
scaled image®t 7Fg A ¥ dHolgE A€d &+ Qlth o] affine
transform module®] {1&¥ dHolge 7] #olE F9HA latencyE
ZdaAd Bonk oopyel, oF wEe HIHEE ATV el ASIFT

SF= 9ol 9] utilizations A 7] =d] 7] o st}
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ASIFT hardware

1Affine transform module

1 Path2: Source mux | !

1 Scaled image :

! Source image — IST;%? —>

i [Pathl: > ' [SIFT generation module
i |Pre-scaled images ¢ !

i Pre-scaler [ Lom;grass !

_________________________________

1% 4.6 ASIFT st=9oj9 718 4%
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4.2.2 Affine transform parameter2] 74

4.2.2.1 Longitude offset W7 S &3} scaled image AAIEE A

Scaled image® AAEES =o]7] $18to], ¥ =7 longitude offset<

H

ol
o

o}, A F viewpoint? latitude”’} Y3}, longitude’} 90° =
7o 2 AP U™E F viewpoint®] scaling parameter (sx,sy)i Zth.
a9 3] viewpointE A w AA W scaled image’t WA EH =
viewpoint® A& W 243] AAHEH F Aok AXEE F U= scaled
imaged & =87] 93, ¥ =2 longitude offset> 7 3tt}, Latitude”}
Zy7y 45° ,60° , 69° , 80" & u, o] 3|F3t= longitude? offsets 7]&

0° oA Z+zF 14° , 18" |, 14, 1° = WA}, 19 4.7 longitude W17 #

)

59 viewpoint 9XE HoFET I 4.7 (a)x= Morel et ale]l A

(o

viewpointE HoF11, (b) = longitude® WA WS w9 viewpointE H ot}

oE 59, 7]F (sxs5,sys)+ (1, 0.5)0]3, (sxg,5y9) = (0.86, 0.58)°]t},
Longitude offset& WA 31 YA (sxs,sy5) 2 (sxq,5y9) 5 (0.92, 0.52) 2
WA Y, 789 viewpoint 55 #1383 A ¥ scaled imageT viewpoint 99
3t ASIFT ate w382 o A2 5 vk @34 S =2 Longitude offset
.

73& B8 AAEE & scaled image $27F 67014 17702 F713h)
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A viewpoint (a) <}

]

M7l
viewpoint (b)

=
=

1% 4.7 Longitude offset
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4.2.2.2 Tilt sampling step =7}el 23 ASIFT AAFF 7+ 4

ASIFT dug]Fe kst AlF9 images AlE#HOIAES 3H7] witol
SIFT &arg]s whH] Agsliof pixel?] 7F 148 S7bekaivt. o2t =%
AL @5 wlel 1702 SIFT generation moduleg AF&3F= ASIFT
o= AAIFFO R BE viewpointe]l theh ASIFT AxbS $343t7] o et
ek 2 =R = viewpointE AT uw] ALL-E = tilt sampling step
(At)& 719 V2olA 22 WHATS 3 a7He AdES 71E9 43%%
HaAZHT AtE T7HA 715 2 ASIFT dag)Ee] Jg=d 9 & &
ity 53| fully affine invariant3t EAdo] & Y3 vzl 4+ o o4
FHEE ARE AT Y8kl Morel et ale] AAE test imageES
o] -&3to] matching scored FA3ATE A A3, H3t matching scorex
712 83.57% % 7+AsFA T dAIHEF Morel et al©] #|A|3F = viewpoint
zfoleof  tfste] BEF FEet &S] correct matches® FREE S
sHlstith. thAl @, latitude’t 76°  o]akql EE AEelA At E 2%
Ad7gstol®= kg4l matchinge] 7hestthes A= @eladln. A2Ho®,

AtE V2ol 27 WA o] HAad Aakgke] wiel E7}9 34l matching

At

AkR ASIFT st=9ol = At7) 29 o A9 E = 2E viewpointo] of §t
AlEd ol A3 SIFT AAke Fa83h ojm 2] viewpointi= 3# 4.10] HolE
AW A e AHA A7x = 2+ viewpoint index ¢} latitude, longitude =

HoFErh 83 494 Gy oA DL viewpoint?] scaling parameter

83



(sx,sy) 5 HAAFt vx| 8 A& viewpoint AF°]9] scaled image & 7Fs
of o we} WolA pair RS HojFrh pEta FAE F 719 viewpoint®
scaling parameter”’} E=43}o] scaled imageE &7 4 = A2 oul it}
2 U 2 349 99 viewpointi= scaled imageE IHE T gl

viewpointE 523ttt

3 4.1 Tilt sampling step®] 2% W] scaling parameter ¢} scaled image

387} 753k viewpoint pair X

Viewpoint Latitude  Longitude

index (Degree)  (Degree) Sx sy Pair info.
0 0 0 1.00 1.00 Us
1 60 18 0.96 0.52 P,
2 54 0.71 0.70 P,
3 90 0.50 1.00 A
4 126 0.71 0.70 P,
5 162 0.96 0.52 P,
6 76 0 1.00 0.25 U,
7 18 0.95 0.26 P,
8 36 0.82 0.30 Py
9 54 0.62 0.40 P,
10 72 0.39 0.64 P
1 90 0.25 1.00 Us
12 108 0.39 0.64 Ps
13 126 0.62 0.40 P,
14 144 0.82 0.30 P,
15 162 0.95 0.26 P,
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4.2.3 ASIFT st=9lo] +x A1

© wolA Aljkeks ASIFT st=9o]9] 3= 11 4.83 ) Aljbd
ASIFT 3st=9¢ol+= affine transform module® affine transform 47 oj 4
WSk latency S 7FAAIA SIFT generation module?] &2 Q3 7]
AZRE ldth olget A ASIFT 3st=9o19] utilizations sl AlA
A H 5 g ge] 7lofstt). 19 4.8 A blocks AR S processing
modules °oJv]sta, "WlE X block< affine transform <Atz #FHH
module& &7 gt} 3|4 block> W WEZZ 44 ¥ moduleo] 12, #H 24
block ¢4 WX & o|n|str},

Ak ASIFT st=gloe] 2 29 4.900 AAE Ak Ao uhet

THEC 18 49004 9 el EA]E £A= viewpoint indexE SoHLh PR
¥AE viewpoint index %2 scaled imageE ¥ F Y+ viewpointE

Fo- Aol Rt & U;ekal EA]¥E viewpoint index+= scaled imageE &
F oo AS =g dE W Qo7 EAY viewpoint:E scaled imageE
Ao Sk viewpointE EE T, MO E EA]E viewpointi= pre—
scaled imageE A 3loF st A& Lot

ASIFT st=9of 2] 52 17 4.8% 13 4.95 7M1 31 A a}. Affine
transform module®] ¥3%¥ source mux+ AA] A& oF = viewpoint
indexel] A33st 48 ©lo]HE source image, pre—scaled image, scaled
image FollA A€sttt ASIFT =907t AWAAZ ASIFT(0) S S8l of
S22 source images AESHT}. B, i identity matrix®] 22 vertical

scaler+ source imageE bypassd}o] source buffere] ##stt}. Horizontal

85



scaler 9 A] source buffero] A&¥ source imageE bypassdte] scaled
image bufferel] A %3ttt 1 th3, low—pass filter= source image® 153}
&S A A Low—pass filtering® image+ external 1x1 pre—scaled
image buffere] #7¢¥t}. ©] imaget pre—scaling parameter sx,; & 1=
A Est 1x1 pre—scaled image#}al Stt}h. F Ao, 1x1 pre—scaled image+
horizontal 1/2 scaler® Hg¥ o] 7}Z WEFS 2 1/2 down—sampling® tt.
181 9] image™ external 0.5x1 pre—scaled image bufferel] #&# ). o]
imagei= pre—scaling parameter sx,s & 0.5 A3 0.5x1 pre—scaled
image@}til 3l 2709 pre—scaled image”’} A ¥+ A4 FA]of scaled
image buffere] A% source imager SIFT generation module®|%
AgE o] SIFT feature Aol A|Z¥ Tl B, identity matrixe]® 2 SIFT
generation module?] affine transform®} THE moduleEY skew
transform< 48314 &2 AHE A4S 53y st

ASIFT(0)7} &€5¥ % X viewpoint index: X5+ AHZA3 scaled
images 7FAekA F2Ellok slof sttd. whEbA] source muxi pathl &
path2E AE3tA frt ASIFT(1)E AAsh7] 9184 source muxi pathlE
AEskal, pre—scaled image muxi= sx,g = floor(2 X sx;)/2 ]! pre—scaled
images AYgtt sx; + 0.96°|2E sx,; 7t 190 pre—scaled image¥E
A et} Vertical scaler= A ¥ ¥ image® vertical scaling parameter sy;
7 down—sampling3t Tk source bufferel A%ttt Affine transform
module®] & ¥ RE scaler&<2 nearest neighbor (NN) interpolation
HkAl S o] £3}9] image scalingS 33t} wabA vertical scalere= A EE

image°llAl A3 pixel lines A3t ¢lojeos WAooz 7 wek

86



scaling= 3%t} sy, &= 0.52°]2 % source bufferdl= 1x0.52 FA7|=
scaling® pre—scaled image’} A ZE ). vwlx]®w OS2 horizontal scaler+
source buffere] A% imageE horizontal scaling parameter sxl-/sxm%
o]-§-3to] image scaling T SHTE ASIFT(1)2] A%, sx; & 0.960] 3L, sx, T
10|22 0.96°] horizontal scaler® scaling parameter® A%}
AA o7 0.96x0.52 FA7|Z scaling® image”’} scaled image buffer®l
AAET) o] scaled images SIFT generation module®] #| 3 T). F A
scaled imagei external scaled image bufferel] #7&% o] ASIFT(5) ol 4]
AMAE-E FH]E @t} SIFT generation modules —g; W& skewing®
filtering kernel& ©]-€3}o] SIFT generation< $-3j 3ttt

ASIFT(1) 7} 8% t& 9 4.97} RojFE= Ax} 7ro] ASIFT(5) 7}
AP} ASIFT(5)E 3 v, source muxE ©o]Ao] AAHE 0.96x0.52
3719 scaled imageE AAMESF7] fl@l path2E AdEstth. o] A-¢ F7FA<
scaling <1Ako] Q3R] 4O T F vertical scaler?t horizontal scaler+
bypass gttt

Affine transform module®] 7-&@¥ low—pass filteri= Gaussian filtering
kernels o]g3sle] 11 F35 AES A AS. Morel et als low—pass
filter® Gaussian sigma(o) & tell Bl#Elste] F7A 2T & =l e 89
golde Sl# o 0.5 13Tt
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ASIFT hardware

h |
" |
" |
" |
) " . |
External scaled ] External Gaussian | RIIEETE) »| Local-patch [
Source image buffer Ml image buffer loader buffer i
mux " P :
11| BW optimization T i H
"
Source Vertical Source | |Horizontal || Iscmil‘;g " module Keypoint Gaussian E
ima scaler buffer scaler Hi !
e buffer A T buffer kernel !
T i ;
il |
¢ Hi Skewed T ¢ H
1
Exle_rnal 0-5d Horizontal Low-pass |i}! GFEERG Key-point GMO i
Pre-scaled _pre-scaled % scaler filter " rrc detector calculator :
! image buffer i !
image mux N i
} 7 t v :
External 1x1 " '
Pre-scaled H DoG Bl Descriptor i
image buffer I »( DoG extrema '
‘ E | buffer detector generator E
Pre-scaled images Path 1: Pre-scaled images : 1! !

Latitude: 76°

I:l Processing module |:| Transform module I:l Internal memory - External memory

1% 4.8 ASIFT =90 -

U .
2 Write 1x1 and @ Nothing
0.5x1 pre-scaled images
@ Write pre-scaled images

Uy
Write scaled image
P

_____ R Us

S_--.

N N7 \
I I II l @
T T T
VA RN /1

19 4.9 ASIFT st=9ol9] & 44

Latitude: 60 {
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4.3 ASIFT st=gofo dist A8 A3

4.3.1 A affine transform W2 o) 23t W2 latency 74

A etE affine transform ]S o] 83+ 74 -¢ affine transform module<

BE viewpointol] thall raster scan order® source imageZ 2]o]2 4 it}

O

|2 <13l 7|¥& affine transform W2l& ©o]&3 we] nlsf <F #XEg
latency & AA E°]HA] source imageE ¢]0] 2+ Zlo] 7hsali ittt o] AL
ASIFT stE=9017F VGA A719] images Helshs 43S 7Hdstch ASIFT
st=dlol= SDRAMS o WEEE AHEshs SoC &4 SF=HAUT o
SDRAM?] initial latencys= 11 cycle©]l, Ths data F-Eli= lcycleel &
word® A& = Stk o] SoCY bus system< 32 bitsE ¥ word®
TA &, 9 9] burst transfer® 16709 wordE A &3k}

7]

i

affine transform& ©]&3tH AHHO=E ¢lojglol st= wordf
Fa7t BASGEE AdEo] Wol HolHE ¢ol e+ latency’t AM, o]
wordell AE 4789 pixel T HQsHA] &2 Hole7l £34d 5 Qv WA
A|QFE affine transform 215 o] g3, o) W R ol AH pixel?] 49}
affine transform module©] ¢&Jojelol 3= pixel? =47} ZobA burst
transfers FHU=Z &8 5 vk, WA source images ¢lo] &=
AREE cycle 771 AA A" F7FHCE AR affine transform
HkAlS o] 834 ¥ pre—scaling et} scaled image reuse WekS o] st
I A HH, o]F <l o2 3 word WO thF-#9] pixele] validst 27}
ol
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¥ 4.2 AkE  affine transform W22 A& {Fo weh 9

H 22| e A source imageE ¢]o] @ =H dwuttt cycleo] AR EA S HolFET)
WA AL viewpoint indexE HolF 1, FHA 42 7]E affine transform
WA S ARESE A9 9 wlEe A cycle FE BojEHh EE viewpoint©l]
st AA cycle = 12.09M cycleo]t}. 5+ #|etH affine transform W41 S
ARk Q) wEE HEE Y dA cycle £ 5.36M cycle® 7]E]
2ok v A 92 AlbE affine transform module©] pre—

scaling Wers A L39S W cycle £ HolFH, AA cycle £+ 3.58M
cycle® 7431t} o 7] o) scaled image reuse ®W¢E7hA] o] €3t AA cycle
i 2.35M cycle® A%t} o] A& Aoty Weke daE] o] &5HA] U

449 19.46% % AA A% o]t}

X 4.2 2F HE YA source images o] +=d AR Y= cycle

Original affine  Proposed affine ~ A+Pre-scaling  B+scaled image

s

transform transform (A) (B) reuse
0 124,800 124,800 124,800 124,800
1 799,551 96,224 96,224 96,224
2 1,416,965 580,272 580,272 580,272
3 1,686,069 844,800 62,400 62,400
4 1,417,482 580,272 580,272 61,152
5 801,988 96,224 96,224 60,016
6 31,200 31,200 31,200 31,200
7 395,288 57,040 57,040 57,040
8 568,348 182,304 182,304 182,304
9 708,389 327,360 327,360 327,360
10 807,796 514,976 227,088 227,088
11 843,029 844,800 422,400 422,400
12 808,082 514,976 230,128 30,400
13 708,873 327,360 327,360 29,952
14 568,447 182,304 182,304 29,952
15 401,291 57,040 57,040 30,008
Total 12,087,598 5,361,952 3,584,416 2,352,568
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4.3.2 Affine transform module®] =¥ bandwidth &4}

Affine transform module 2] &9 bandwidthE °]7] &), & =Fo|M =
pre—scaling Wet¥} scaled image A &g HoFS A}E-3}+ affine transform
module TFE ATt % 4.3 AFE affine transform module -39

2 bandwidthE 37}8l7] §J3F A& A|A|stt}. o] ¥ = affine transform
module?] ¥ HolH 2 7] thH] & HolH o 47| Hl&S Holer, v
©] bandwidth ratio”} 1¢]2}H, %% bandwidth& affine transformo] &%
HE 2o A ¢]o] 2= ¥ bandwidthe} #ohs A& on|sith. oAl 23, o]
H|£o] 1o|g}+= Z& SIFT generation module< affine transform module©]
EASHA ar Q) w4 AA scalinge] ¢E% images Yoo+ A
e EE® HolHE ol F At As usith 1 4.39 AWMA &
viewpoint index& X+t FWHA] € affine transform module©] 22
source image®t A8 &to] ¢jojzk w2l bandwidth ratio® HolEth o] A9,
bandwidth ratiov= HddC% 0.37¢] #r}. AJFE  affine transform
module2 NN interpolations ©]g€3] scaling A4S 3stch, o] HWHS
bandwidth ratiog 3ol &vpAeltt. divpsial ofF R A=
image°ll Al 243t pixel lineg ¢]°] 2 vertical scaling®] ¢+5.5 7] o]t}
NN interpolationgs AFE3tH AMHA do] HAFE= A3 o] bandwidth
ratio’} ¥+ 0.727F ®th. WHAl 42 NN interpolation®} =] pre—
scaling methodZE ©]€% w2 bandwidth ratios Xoj=t}. ojufeo] Hf
bandwidth ratioi= 0.81°]t}. wlAEF S 2 scaled image AAFE Weto] F=714

] = bandwidth ratiox= 0.897} ®t}. o] A& A|¢te 725 AREsHA] 49k

o
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woll Blel 2.44] T4k gholtt,

¥ 4.3 99 doly Z7] tiH] &4

dlole o] 7] vla

vi None NN.based A + Pre-scaling B + scaled image
scaling (A) (B) reuse
0 1.00 1.00 1.00 1.00
1 0.49 0.95 0.95 0.95
2 0.49 0.70 0.70 0.70
3 0.50 0.50 1.00 1.00
4 0.49 0.70 0.70 1.00
5 0.49 0.95 0.95 1.00
6 0.25 1.00 1.00 1.00
7 0.25 0.95 0.95 0.95
8 0.24 0.80 0.80 0.80
9 0.24 0.60 0.60 0.60
10 0.24 0.38 0.75 0.75
11 0.25 0.25 0.50 0.50
12 0.24 0.38 0.75 1.00
13 0.24 0.60 0.60 1.00
14 0.24 0.80 0.80 1.00
15 0.25 0.95 0.95 1.00
Average 0.37 0.72 0.81 0.89
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4.3.3 ASIFT st=9lo] o] A9 3} 52 &£

F 445 B =FeA Aests ASIFT sh=¢01 9] design specifications
HoFEr o] st=9¢9)+= 130nm process technologyE =3l 34 =it}
SIFT 3t=99]9 gate count¥ 574Kolx, %z 7bs3t Hu Fu4=
190MHzt}t. AFg-3h= wiH- MR F2 481.36Kbitsth.

¥ 4.4 ArE ASIFT sF=¢lo] specification

Technology 130nm
Maximum operating frequency 190MHz
Gate count(except memory) 574K
Internal memory size 481.36Kbits
External memory size 9.67Mbits

Alket= ASIFT st=glole] 52 25 S743817] 913, VGA (640x480)
9719 source imageE @ &H=d 2 QW= A7FS RTL A& o] AS o] &4
SAsA. o] AlEH A &2 FugEes Adtee st=lole] Hd s
250l 190MHzZE A3t 1, source image Mikolajczyk et al. ©] #|<F3h
Oxford test images= AF&sIAith 2 £% 54 Alg#oldo] +id

BAS 4.3.1 Hol|A] AWE SoC 3HA0] o] &5, AFEHE 92 wmg o]
2 31 A

[

bandwidth+ 2.46bytes/cycle®]t}. Al & 9]

A2 test image?d °|E5S HolF1, FHA A& key—pointl] FE Hol=



npAu AL [framed At A2QHE A A7HS HolFETh B 4.57)

oY,
rr

oo

rlr

32

A 7ol A¢k® ASIFT 3st=gol= 2,500701¢ key—point7}

JAte]| thsle] 30fpse =& £E 7 ASIFT ¢ugE5S 33 &

Fl

4.5 Aekd ASIFT =419 2] VGA image°] thdt 52 £ %

Test images Key-points Operating time (ms)
Leuven 1 2,228 31.57
Wall 1 2,435 32.03
Ubc 1 2,574 33.86
Graf 1 2,644 34.39
Bike 1 2,678 34.65
Boat 1 3,188 38.13
Tree l 3,220 39.28
Bark 1 4,386 47.99
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4.3.4 Feature matching 4 &%

H X

- -

of A A|ekst ASIFT st=go] +dS 93t o8] Wt feature

o

matching &%) FFS vH 5 Utk olZAS FH7F 871 9@, original
ASIFT <aglss 7ds 2z Eg o]l Algkel ko] A8 ~xE o] g
st= 9o 9 feature matching FE TS vlwdtth, A& oA AFL-% original
ASIFT AXEgo]= Morel et al®] [15]e|A &7l affine transform
function®} Hess”?} [33]]4 ¥7l38t SIFT generation functione ©]-g3}4
T %2t} Feature matching A& %+E Mikolajezyk et al”F [32]1A4
A oF3t 'matching score' metrice ©]&3o] H 7}t a1, A3 oA AFEH test
image+ Morel et al®] & 713t test imageE2 ©]-£3F3t}. Matching scoreE
=45l AXEYo]= Mikolajezyk et al®] #3713 AT EQ NS F7 35t
AFEELA Y. FAIA S 2 feature matching function®] ASIFTe] # 3l
S =tk ASIFTel 4 %38t feature matching functiona 3hbo] Al Ego] A
H image°ol X F=% featureE 32 setl® FAISHL, feature set T =
matchinge] FaHTE o= 50| image 13 image 27} matching® th4,
imagelol &3t slu9] featurei= image 29 A= th& feature setel] ZE¥
AE2 9E 9 feature® matching® 4 Qltl. ©] ¢ feature matching
function 171 ¢] correct matches& W sklvhal 3 7Fstot

Morel et al. ©] A3 test image= 1¥ 4.107 %] Painting_zooml,
Painting_zoom1R, Magazine_zoom4, Painting_zoom10, Painting_zoom10R,
Magazine_tilt2, Magazine_tilt4 = T EH Painting_zoom]1,

Painting_zoom1R, Magazine_zoom4, Painting_zoom10, Painting_zoom10R
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EAE JdelA S FUNE latitude ZEE 07 oA FH 80" =
Z7MA1 718 #ZdE AAdEZ A FET Magazine_tilt29F Magazine_tilt4d+=
magazine A2 t =29 t =42 AEfol A longitudeE 0° oA HE 90° 71X
T/HA7IMA G AUER FAEIT oY test images= ©]E-5ho]

%l

o
o

HAW EAE AZ S viewpointellA #J AEje|A correct
matchinge] 7bFs@4 @b & oA #FEh 53] Magazine_tili2s)
Magazine_tilt4 2] 7% #9JH F image BF 7]&oX1 AHollA matching©]

FedtA #1E 5 Ut 3RS AT oA

o

image7} JHAA Zg

Z X 2 matchingsl”] o &2 Aol
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(a) Painting_zoom1 (b) Painting_zooml1R

(c) Magazine_zoom4 (d) Painting_zoom10

(e) Painting_zoom10R (f) Magazine_tilt2

(g) Magazine_tilt4

19 4.10 Morel et al©] A3t test images [15]
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4.3.4.1 Ar¥ affine transform ¥4 ¥ parameter®] W= matching

4

et

Tl

3 4.6 ASIFT st=do] 739 ag4dS wol7] flal Albd vt
HoltEo] wE ASIFT 21839 matching score WS HoZF=th A A
A2 Aol AREH test imaged olge HoETh FRIA A2 original
affine transform ®21& AF£8 W] 2] matching scoreE HoF} AW 9
B =Fo A AQket Al 22 affine transform ®H2-S 0] 833 S W 2] matching
scores HOJFT 3 4.60] HolFE A} o] AREH affine transform % &
S-Io] we} dElAE= matching score =Fo]E= 0.2F  mlm|sich o 7)o

FIHA O 7 4.2.2 114 s A3} 729] longitude offsetS WA H9 H

ol

matching scorex 2k7F 453t} o] 712 viewpointQ offset2 W7 shHA]
viewpoint 9] X7} & © ddAMAHA 2 gHoh mpA o2 affine
transform module® image scalerE°] NN interpolation 7]RF image
scalingS 38 79, o]Z o] matching scoreo] v X+&= &S 5HA Ao
Kot} 42 © 2 matching scoret 0.76 A%t} nix|uto g2 6 Al 42

Aol Al A|QF3t local—patch sampling H{FS Fr7ld oz A3 7H99

matching scoreS X o]t}
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X 4.6 Aoty Wers= Qs ASIFT €382 matching score W3}

=1 T
. Original Modified affine B " Modified . €+ NN.
Test image set ) longitude offset  interpolation
affine transform transform (B)

© (D)
painting_zoom1 21.70 22.00 23.82 23.02
painting_ zoom1R 21.41 21.63 24.21 23.44
magazine_zoom#4 35.16 33.96 36.50 35.34
painting_zoom10 22.09 21.61 26.66 25.59
painting_zoom10R 19.83 19.72 25.07 23.72
magazine_tilt2 19.83 19.72 25.07 14.28
magazine_tilt4 5.02 4.94 7.18 6.83
Average 18.19 17.99 21.13 20.38
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4.3.4.2 Tilt &4 parameter? H7Ao| W& matching &% vl

=M= ASIFT st=dlojo] AAtsd elstE ¢lél tilt sampling
step(At) & 71E9 V2 olA 22 WA olgd At o] WAL ASIFT
G Fo Adatgs V1= 43% 2 A o] A GPGPUE ©] 43 ASIFT
daugF 78 AT (GPU-ASIFT) oM = AtE W14 3t A s 7159
42001 22 HABATE o] 2 QA& ASIFT g5 9] dakse 7]E9 4592
Zo] St} o] A B =Ro| M AtE 27 WA A A TUd AakEF
aE JhH2h oleh Zo] ¢ o #HE FrA HIHel wE feature
matching® A& 5+ 19 4.119)4 X5t} Conventional ASIFT+ ASIFT

A= = A= Rl )

GPU-ASIFTE tar

A9E w3, proposed ASIFTE At =291 AE,

25 Auistt. Ag A9 Aac s 22 TRE AT
matching score+= original ASIFT €185 ti¥] 83.57% % A%ttt GPU-
ASIFT® 7% latitude %% longitude® Zt%=7F 22 79 proposed
ASIFTH T ¥ 31 conventional ASIFT®} A2l fAF8F matching score®
HojFEo) ¥hd latitude =+ longituded] 27} 57845 matching score+
wASHA sk o] B8, proposed ASIFT Ruh ¥ @o] g,
E3] proposed ASIFTS A$ EE Ao thsle] correct matches&
AFAHE GPU—ASIFTS 79 magazine_tilt4 2] 7-$ longitude”} 30°

o1l A% AU E correct matchesE 5314 st As BHolFrh ol&
Z3) At = 2E A s= A-$ol+= H]= matching score”} 83.57% 7FAdFA 4k,

fully affine invariantst 542 o3 3] F-A5 1 9155 & 4 Q).
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50 50

45 =eo—Conventional ASIFT 45 =—e—Conventional ASIFT
<40 =—8—Proposed ASIFT <40 =B—proposed ASIFT
535 - 535
E 30 == GPU-ASIFT E 30 —4—CGPU-ASIFT
§25 §25
z 20 z 20
=15 =15
=10 =10

5 5
0 0
45 50 55 60 65 70 75 80 45 50 55 60 65 70 75 80
Latitude (Degree) Latitude (Degree)
(a) Painting_zoom1 (b) Painting_zoom1R

4512 4512 =—o—Conventional ASIFT
<40 <40 —8-—Proposed ASIFT
535 @35 —4—GPU-ASIFT
830 530
25 25
£20 £20
G 15 [ =—8=Conventional ASIFT S15
§ 10 |[-=@=—=Proposed ASIFT § 10

g —+—GPU-ASIFT g
10 20 30 40 50 60 70 80 45 50 55 60 65 70 75 80
Latitude (Degree) Latitude (Degree)
(c) Magazine_zoom4 (d)Painting_zoom10

50 50 -

45 =e—Conventional ASIFT 45 —8— Conventional ASIFT
$40 =—8—Proposed ASIFT £40 =& pProposed ASIFT
23 —#—GPU-ASIFT 2% —#=GPU-ASIFT
330 330
8 8
225 225
£20 £20
215 215
=10 =10

5 5
0 0
45 50 55 60 65 70 75 80 10 20 30 40 50 60 70 80 90
Latitude (Degree) Longitude (Degree)
(e) Painting_zoom10R (fH)Magazine_tilt2
50 -
45 —&—Conventional ASIFT
<40 =—8—Proposed ASIFT
ggg —+—GPU-ASIFT
(=3
%25
£20
S1s
=
=10
5 —_— 8 F—
0 -

10 20 30 40 50 60 70 80 90
Longitude (Degree)

(9) Magazine_tilt4
1% 4.11 original ASIFT, At = 291 ASIFT, t,,,, = 22! ASIFT (GPU-

ASIFT) ¢ matching score H] L
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4.3.4.3 ASIFT 3t=¢ o] ¢} ASIFT AZE 999 matching &% H|

A EYOIR Fd¥ ASIFT &1g5S X A A4S floating—point
718k AALo 7 S&Ek= Hbd ASIFT 3t=¢lo]+= fixed—point 7| 5F A2 GARS:
Fagth, o]y W= ASIFT st=¢lo9] Jgme] £
th 19 4.12% ASIFT st=9o] ¢ ASIFT st=9dlo] of U g
parameter® setting® ASIFT AXE9o]9 matching scoreE 8w 3k
HolEE HolFEth 7|4 AF&¥ ASIFT 3st=9oj& SIFT generation
module®] 2] WX E] bandwidth # %3} Wek(local—patch sampling %

fractional bits A|A)o] F7pHo =z AEHJth F ASIFT dudls 739

3 7 matching score= B shd, ASIFT st=¢o] 7} AZ E 9 o]of H]3] 97.98%

matching score’} $2 Aoz ZAHSIT. 184 ASIFT st=doj= Ee
latitude &} longitude ¥ 3}ol| o)} correct matchesE &R 4= Q= H o=
Ak, thAl Zal ASIFT st=$lloli= fully affine invariant$t 542

FA8 7 9rhe Ao] Sl
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45 cocte.. ASIFT sW 45 eooeo. ASIFT sw
§40 —8— ASIFT hw 40 —8— ASIFT hw

45 50 55 60 65 70 75 80 45 50 55 60 65 70 75 80
Latitude (Degree) Latitude (Degree)
(a) Painting_zoom1 (b) Painting_zoom1R
50 50
45 se#ees ASIFT sw 45 oo o#ees ASIFT sW

ggg —B—ASIFThw 840 —8— ASIFT hw
®
530
%25
£20
=
S15
©
510
5
0
10 20 30 40 50 60 70 80 90 45 50 55 60 65 70 75 80
Latitude (Degree) Latitude (Degree)
(c) Magazine_zoom4 (d)Painting_zoom10
50 50
5 oo o®e.  ASIFT sw 5 seo®ees ASIFT sw
§40 —s—pSIFThw | 840 —8—ASIFT hw

45 50 55 60 65 70 75 80 10 20 30 40 50 60 70 80 90
Latitude (Degree) Longitude (Degree)
(e) Painting_zoom10R (fH)Magazine_tilt2
50
45 +ooee ASIFT SW
K40 —8— ASIFT hw

10 20 30 40 50 60 70 80 90
Longitude (Degree)

(9) Magazine_tilt4
1% 4.12 ASIFT 22 E9]o] 9 ASIFT 8= 4191 9] matching score M|l
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A5 HAE

2 =woA= ASIFT ¢ags

mlo

Arrow S 5 9l ASIFT
Sddlolo xS Agow Atatdt. ASIFT dugEe F 94k AlolofA
scale change, rotation, viewpoint change® image transformation®]
WAstol e QMg A 0% image matchings FIE F e w2 LS
Hol&= local featureth. Zefuh o] s IS Rl flste] theFet
viewpoint®l] th3t A]E# o)A, Gaussian scale space A4t & HA3| W

AALS 8o} P E software®™ TS 9 AAZF A g o] of

o)
Ak webd @g Sl 4AE B uFE AN gl g AT

2 =ES 83 sbsd ASIFT st=de] x5 A S8k
AWM Z 7]E] ARbE SIFT st=9lol7t AAZI-E& dretr] 98 F=g
U7 WEE ARt 2AE sldsklt ol el SIFT AAte] AR8-¥ =
Wi Fke /ey HEYE E8ek FASa,  oF HERY
bandwidth7} S7FetAA 25 ®=2e latency® 18 52 H At HAE
A3tz 9% bandwidth 223} ek Adskadey. =3 &2 SIFT
st=dlo] AR T2 F34 &4} key—point detection step?} descriptor
generation step®] WH F&o] ThsslA 7€ state—of—the art
st=glojret o wE HD (1280x720) A719] 942 30fps= A + Ue
st=eolE AA s

THAZ, AJFE SIFT F=9o]E ASIFT AAkell =2 utilization® =

o] 8-3}7] Y&l throughputS =¢! affine transform module T+Z%= A|¢ts}3th.
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AntAQl affine transform QAR rotation GARS ETHeH, o)== Qi

=

| =2]ell A% source images =AEZQ WEE FAE HIEA wET
olglgt 1% wlRY A2 latencyE WIWS] WAA7]aL, o]& <13l affine
transform module®] %% £%=7F AstdEu. 2 =& SIFT <daglFo)
rotation—invariant3dtthi= 545 ©]&3l affine transform 2} lA] rotation
GAE AASR L, olE <Qla £F HWEY latency® IF £ AdE
A3kt TSk affine transform ¥ % image scalings 53 A], o] A
THE scaling A AIE AAED F e FE2E ARESEe], affine
transform module®] &2 £LE FAAIZAT. AHFor ARME  affine
transform module> &3 H|o]E & SIFT st=golo] 11502 AFE = A
Ha, HFAORE AskE ASIFT st=dlols= VGA (640x480) 2719
973S 30fpse FE= A2lE 4 Sl

SIFT ¢aglFoly ASIFT digs2 =2 212 %9 correspondence
AEE AT 7 AR, AAFor FAsof ok A AF A= TS A
Q7% el A=
st s VGA 94 30fpsE A

ojFTt AaeM A=Hom &

2
|o
u
ek
ofo
i)
N
(s

Aty B =R 3w ASIFT

F1L Q7] el

) _VE
i)
>
30
rlr
1P
ol
i
S
_1

computer vision systemXEt} ¢ WE £E9 A4S AdEsE &+ S

ROz 7l e,
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Abstract

A Novel Hardware Architecture for Real Time
Extraction of Local Features

Joohyuk Yum
Electrical and Computer Engineering
The Graduate School

Seoul National University

In the computer vision applications, scene matching with local features is
an essential function for object recognition, motion estimation, and 3D
reconstruction. Scale—Invariant Feature Transform (SIFT), proposed by
Lowe, is one of the most widely used local features because it is
invariant to scale, and rotation. However, SIFT does not guarantee the
matching performance when an axis orientation of the camera is changed.
In order to maintain the performance of SIFT against the change of
viewpoint, an affine invariant extension of SIFT (ASIFT) is proposed by
Morel et al. ASIFT simulates many images which are obtained by using
affine transforms for various viewpoints of the camera. Then, SIFT
features are extracted from the simulated images. Because ASIFT
explores many simulated images considering various viewpoints, ASIFT
achieves affine—invariance, and more correspondences can be found
comparing with the conventional SIFT.

In order to achieve real—time ASIFT extraction, this paper proposes
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fast SIFT hardware architecture. In the research area, a number of SIFT
acceleration works have proposed, and most of all satisfy real—time
operation (30frames/sec). However previous works use a large amount
of internal memory, which limits a wider use of SIFT. In order to reduce
internal memory size, a new SIFT hardware architecture was proposed,
which reduces the amount of required internal memory by storing
temporary data into external memory. The use of external memory
demands an excessive bandwidth for the external memory. In order to
reduce the external memory bandwidth, this paper proposes three
schemes: local—patch reuse, local—patch sub—sampling, and fraction—bit
truncation. As a result, the proposed hardware processes HD-—sized
(1280x720) video at 30fps with 3,300 key—points. This is achieved
because the external memory access is reduced to only 4.75% of that
without the proposed schemes and also because the size of the internal
memory is reduced to 10.93% compared to the size required in the
previous work.

In order to increase the operating speed of the ASIFT hardware, the
affine transform module should provide a pixel of affine transformed
images to the SIFT generation module without delay. A proposed affine
transform method modifies the order of data read into the raster scan
order, which reduces the latency of an external memory access. In the
proposed ASIFT hardware architecture, scaled images are reused for

multiple viewpoints, which improves the efficiency of external memory
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access. As a result, the amount of cycles for accessing the external
memory 1s reduced by 80.54% and bandwidth between the affine
transform module and the SIFT hardware is increased by 240%. In order
to achieve the real—time operation, the amount of computation is reduced
to 43% by changing a parameter for view simulation, but the proposed
method maintains the characteristics of fully affine invariance. The
proposed hardware processes a VGA—sized (640x480) video at 30 fps

with 2,500 key—points.

Keywords : SIFT, ASIFT, Hardware accelerator, Bandwidth optimization,
Data reuse, Affine transform hardware
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