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Abstract

SIFT(Scale Invariant Feature Transform) is an algorithm to extract vectors at pixels around keypoints, in which the
pixel colors are very different from neighbors, such as vertices and edges of an object. The SIFT algorithm is being

actively researched for various image processing applications including 3-D image constructions,

and 1ts most

computation-intensive stage is a keypoint localization. In this paper, we develope a fixed—point model of the keypoint
localization and propose its efficient hardware architecture for embedded applications. The bit-length of key variables are
determined based on two performance measures: localization accuracy and error rate. Comparing with the onginal
algorithm (implemented in Matlab), the accuracy and error rate of the proposed fixed point model are 93.57% and 2.72%
respectively. In addition, we found that most of missing keypoints appeared at the edges of an object which are not very
important in the case of keypoints matching. We estimate that the hardware implementation will give processing speed of
10 ~ 15 frame/sec, while its fixed point implementation on Pentium Core2Duo (2.13 GHz) and ARM9 (400 MHz) takes 10

seconds and one hour each to process a frame.
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(1) 9% /=4 DA(Resize Image)
(2) d|A~ETW &3} WA (Histogram Equalization)

G
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(3) 7kt 8 G4 A4 DA (Gaussian
Filtering)
(4) DoG %7 AAAGA (DoG Processing)

- ¥
Resizelmage : i
Rescale(x,y) = i(x,y) x 2" (n=1~-2, initial value=1) |

HistogramEqualizelmage :
Equalizelmage(x,y) = Re

Gaussianimage : (s =0)
Gaussianlmage(x,y,s) =

! R L
Gaussianlmage : (s = 1~9)
Gaussianimage(x.y,s) =

GaussianFilterMask{x,y,d) x

R

Store the keypoint’s information to SDR-SDRAM
Keypoint Localization Data :
P(xy, y1), P2(Xz2,y2), P33
Orient Assignment Data :
{t) : 10t {t = 0~35)

. T . NO

a8 1. SIFT S2F fIA 24 12|52l s8&

Fig. 1. SIFT keypoints localization algorithm flow.
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BG) EZ™ 1 AA dA (Keypoints Candidate)
(6) AX] A& A|A T4 (Eliminate Edge Response)
(7) ¥k A4 A (Orient Assignment)
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Table 1. Bilinear interpolation algorithm.

for(y = 0; y < 960; y++)
for(z = 0; z < 1280; xz++)
{
src_x =z / (float) src_x;
src_y =y / (float) src_y;
o =src_x - x/ src_x;
B =srcy -y / src_y
Az =z / 2, Ay =y / 2;
Bxr = Az + 1, By = Ay,
Cr = Ax, Cy = Ay + 1;
Dxr = Az +1 Dy = Ay + 1;
E=(int) (hputinage[ Ay*640+Az]=(1-a)+
hyputinagel By*640+ Bz lxa );
F=(int) (hputfnagel Cy*640+Crl*(1-q) +
hputinage Dy+640 +Dxl*a );
Resizelmagel y [z 1=(float ) ( E*(1- B)+ Fx3),;
}
}

¥ 2 Fos4 s
Table 2. Algorithm of image reduction.

Resizelmage = 0

k = reduction parameter;

for(y=0; y<Height; y=y-k)
for(z=0; x<Width, z=x-k)
{
for(ky=y; ky<k; ky++)
for(kzx=z; kx<k, kx++)
Resizelmage(k,z,y)=Resizelmage(k,z,y) +
hputinage(k,kx,ky);

Resizelmage(k,z,y)=Resizelmage(k,z,y) / 2;
)
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w= ceil (4% sigma,)

GaussianMask Width = (int)(2w+1)

Mask(z) = exp(—0.5X% 2= w)g)

51 gma
length
ace= Mask(z)
z =0
M
GaussianFilterMask(z )= a;fc(x) (1)
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Table 3. Caiculate o and application filter mask for
making the ten slice of gaussian filter image.
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o = \/(UOX k"l)Q— on’
GaussianImage[0] =

GaussianFilter Func(o, Equalizelmage)
for(s=1; s<10; s++)
{

o = KV x50 x 1—%
\ k

Gaussianlmage[ s ] =
GaussianFilter Func(o, Gaussiantnage [s —1])

}
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&& ( i(DoG(s,z,y)) < Threshold )

Keypoint Candidate (s,z,y) = i(DoG(s,z,y))
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Table 4. Elminating edge response of  keypoint
candidates.
_ DoG(s,z,y+1)— DoG(s,z,y—1) |
D= 2
_DoG(s,x+1,y)— DoG(s,z—1,y)
Dy= 2
Ds= DoG(s+1,z,y) — DoG(s—1,2,y)
2
Drz=DoG(s,z,y+1)+ DoG(s,z,y—1)—
2(DoG(s,z,y))
Dyy=DoG(s,x +1, )-I—DoG(s,x—l,y)—-
2{DoG(s,2,y)) |

Dss=DoG(s+ l.z,y)+ DoG(s — L,z,y) —
2(DoG(s,z,y))

_DoG(s,c+Ly+1)+ DoGls,z—1,y—1)

Dzy 1
DoG(s,z+1,y—1)+DoG(s,z—1,y+1)
4
Dis= DoG(s+1,2,y+1) ZDOG(s—l,:}:,y—l) B
DoG(s+1,z,y—1)+DoG(s—1,z,y+1)
4
Dys= DoG(s+1,a:+1,y)ZDoG(s—1,a:1,y) 3
DoG(s+1,x—1,y)+DoG(s+1,z+1,y)
4

dz=((-Dz>06) 2 1:0) + (-Dx<-06) 2 -1 : Q)
dy=((-Dy>06) 2 1:0) + (-Dy<-06) ? -1 : 0)

Dz* + Dy + Ds*
2

val=DoG(s,z,y) -

(Drz + Dyy)*

SCore=
Dxx X Dyy— Dxy X Dry

if(dz==0 && dy==0)
if(fabs(Val) > 0.005)
if(score<12.1 && score>=0)
if( fabs(— Dx) < 1.5)
if(fabs (= Dy) < 1.5)
if(fabs(—Ds) < 1.5)

{
Keypoint(s,x,y) = DoG(s,z,y)
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Fig. 2. PR, ER test result of Equalizelmage variable.

2. 7t AIQH HE 25

7HS-A1or e REAE 7920 HE AT
B vlAa3 5 A9 1A A4A W4t 9t o] F 7}
At HE wlAF(GaussianFilterMask) = 4 (1)
NN BAE 124 vfAAE 231 PoE HE3

A oz WIstan 181 7H-A¢eF HE
(Gaussianlmage)~= 7F-A|¢F 2 Y vlAAE 835}
T4 GAEE H2EE 533

2
Boox K

\d

o 7FAIF EE OA3(GaussianFilterMask)

3 WMaE 7}AQ WE wpaas
H 3% Zol 314 A5dE A %‘:oﬂ 2 PR 3} ER H|
2EE TG EST HeTE AR AAUYE &
A F7k oF 700%7HA %om% ERe| ozt
19 32 GaussianFilterMask ¥49] 24 A5 9A
of & PR ¥ ER HAE A3E B}
800.00%
700.00%
600.00%
500.00%
~ 400.00%
< 300.00%
§ 200.00%
& 100.00%
0
0.00%
0 10 20 30
nH ASF #Ao Yol
PR “ER
1% 3. GaussianFilterMask HH=2| 11X A=A ciAG|
(2 PR 2} ER HAE Z1}
Fig. 3. PR, ER test result of GaussianFilterMask
variable.

SIFT S34 ?Ix| 83

(628)

T
rst
e

Lt Z7tAIeH 2E HAHGaussianimage)
Gaussianlmage ¥+ I8 4ollA B Qo] 0HE
E ARgafof sEAITE Ao Bl fAste] wiH A
A B3t EXAHo] AAHE a8 E&F U W
ol 168 EZ A3} 18 4% Gaussianlmage B2
IR 254 dlo] W& PR ERYZE A3E Bt
120.00%
100.00%
80.00%
_ 60.00%
5
< 40.00%
C
S 20.00%
O
O 0.00%
0 10 20 30
TH A4 Wbl 2ol
PR ™ER
a8l 4, Gaussianimagefie| 1A 4A=H CHAO HE
PR, ER HAE &1t |

Fig. 4. PR, ER test resut of Gaussianimage variable.

3. DoG(Difference of Gaussian) 2&

DoG &AM 14 425 Hee DoG "ot
DoG B2 4 ()% 2ol 7HAISE 947129 =
g o] &3t AAEE GAolr] Wl wo] AR H
EdZ HAEE & o]f7 itk wWeEkd DoGHlT=
AN el 4F 254 HESE mEY

4. SHH 9% 2

EAY TRE 4 (S)iﬂr o] 3x3x3 A AM 9 =
gtol AR o]l e H 4ollA AW AR i

120.00%
100.00%
80.00%

~ 60.00%

£ 40.00%

3

= 20.00%

o

0.00%
T A4H 80| 20|
+PR &ER
a8 5 X MF AHA zEo =EEE score Hig
258 HlEo| E PR, ER HAE &3
Fig. 5. PR, ER test result of score variable in the edge

eliminating module.



20081 62 MAIZEE =2 M 45 2 SD H H 6 = 55

120.00% Oy 72 B8k AA BEe Dx, Dy WY A3 v
100.00% Egd WE pine AT g 1Y E eI
80.00% St Al e 19 2~729 7o UEhd Hks} o

5 60.00% BA AFA H9 ZolE Equalizelmage¥ T 16H]
E 40.00% E, Gaussianlmage® T+ 168 E, GaussianFilterMask
S 20.00% W= 16HIE, scored s+ 27HIE, val¥l<ee 13H]E,
T 0.00% Dx, DyE SH|EZ ZA%} 2ea A4 7 Mol
O 1175 LeE ?_.4“—293 20| * qg HEFE 488 24 A7y REE Fv &7

~PR *ER 24 iy AEB=(PR) 9357%, S &-&(ER) 2.72%2 A

a8 6. Xl d& HA nh™ol| ZEE val Mo o
& HExo| 2 PR, ER HAE Z1}

Fig. 6. PR, ER test resuit of val variable in the edge
eliminating module.

B P

—

AA HAZE AXA Hol A A& AL ¢
Jd, HHAEE 14 4544 WSE score, val ©|th

a9 55 92 AR AA BE val Ho] diF &
+4 HESd| w2 PR} ER H2AES 23S Rolx,
a8 62 AA AE AA ZEQ score B AFH

H|ESo] w2 PR¥ ER HAE9 ZA#E HQITH

oA Eas HolERE TAste Y]

120.00%
100.00%
80.00%
_ 60.00%
5°
S 40.00% F
c :
S 20.00%
Q
@ 0.00% |
0 5 10
DH 4t Hee Lol
~PR  *ER |
a2l 7. gsF MAE 2=E° Dx Dy ol WWE pin o
st Mtz & LIEH A1}

Fig. 7. Result of accuracy about bin  variable
according to Dx, Dy in the orient assignment
module.

G4 mdo] BB 45F

o}, 283 PRe|] ERET o] HES ZAA F3E 7|
B2 PRRME o838ty HETE AAT 7 Ut 1
8 [1]oA E g MEIY A% BY F& &3
2dy 13 253 2l ERF §x|d thsto vE}
dot X2 FAlE el SAAY fXE v,
do g FAG Hio| 1A AFH EHA AAdE =
AHE Sz EE 5 v FEot

A AZFE FE A 299 3% HEAPCAA
oF 16%, Ytz SAA oF 33X Hst] 1A
A Rde AEY PCAA & 10, Y= 84
oA ok N AR BE &4 2d div] 60~70%
Axo e AME $%& YeEpdt I8 82 FF
AFAERdY BluEs AF e 2AME HEEd X g
EAFo] AAE 1R AFF EEES B

IV. 3tEMI0 24 7=

B gAE 14 257 29 wgoz sugo
4AE A% PEE ALB 17 9= Il 4
¥ 2E 59 915t W @ Holet F53

(1) Resize Module

SDRAM®| A 4¥ -34S Input Image Bufferol)
FRA o7 gojgl 4uAle] Fd/E:AE AN
SDRAM®] &Aldll #1743t



56 SoC SIERC MAS T SIFT SHY X 23 ¢nelge 1d 243 22E 4 45 24 dHEte @
O% 8 RE 47 YD HUHE A MR X SAFE0| MAHE 1Y 2y ZE
Fig. 8. Fixed point model eliminating keypoints on edge of the object compared to floating point model.

(630)




2008 68 MXtS

o3| ==X H 45 # SD &

A 6= 57

. Core Module
BR_CLK - IF.CLK : e e
—BR_RST——— FnRST——w Resize Module Keypoints Localization Module
PLO-peCS— Interface ! | -
- _BROATANBUSI15 0. Module ¥ DATAINBUSI(15:0]— Octaved | Localizatlon Procossor
———8A_N0E——» SR OATAGUTBUS15:0L ?-ur_nanounususzmﬂ Process | | —i— 5 aussian —
—8#_ADDRBUSIZ3:0}-» +—IF-ADDRBUS(23:0}—» G:'-ll‘llif:rgn = |  Memory0 ]
8R_NWE—» i Locallzatlon |1280:16b|tx3 [
I 'I OCTO Module .................................
! i memory Controller
- PoRsn — iF_nWE E1‘230x16blt18 " &ou(ieo -
! f e BR_NOE——— F.n0E | : et seee e
PLD.ADDﬂBuS_. i i -
23:01 ._.L Octavel i Gaussian Gaussian
Process [ _ Flitert « | Memory1
! BEERE e 1280x16bitx3
; I Line T
s f—oett 1 | Counter | | DoG i,
; 1 memory | ||| | e I__'I Moedule? -
Reslze S —
Module ] 540x16bitxd
O Controller| ||| | g || ) | O Gaussian
Eridse stacs Spumis® | limors?
} ounter i
odule Register Octavez |__ b 1280x16bitx3
S ' “™ Process ||| | | || oo
i ; DoG -
— ; 1 Module2
Address | | T ocTz2 O
Decoding ; sjgle‘:“ﬁ%'iz ) - J Gausslan Gaussian
Rbad - Resize Image Fllter3 12%3?1?{1313 !
ey Mel’ﬂo’:y . *¢ '
%omlmind octaves 1280x16bitx18 Extroma
ster : ;
o9 *~  Process |* ] i Detector
_________________________________ : Histogram | Orlent
. : i | Equalization | ; Assignment
i i Parameter = : . Module | | Module
| Register : i memory [ SN B
: 320xt6bitx1 % )
por vt T Tar s et an s aan i - SDMM schedular
Reygister
' : File ! _
i i i
| ' SDRAM_BUSY  SDRAM_DATAOUTI31:0] SDRAM.DATAINI31:0]  SDRAM_CMDACK SDRAM_CMDI2:0] SDRAM_ADDRESS[23:0]
. ;
¥ t
——| ;
i
j SDRAM Controller
XMlinx Virtex 4 xc2v70 FPGA

EX|X
— o™

32 9, SIFT

Ax| 2 &g

5 steslof Pk

— SDRAM Slgnals

Fig. 9. Hardware architecture of SIFT Keypoints localization algorithm.
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