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Abstract

This paper proposed a new VLSI (Very Large Scale Integrated Circuit) architecture for stereo matching in real time. We
minimized the amount of calculation and the number of memory accesses through analyzing calculation of stereo matching. From
this, we proposed a new stereo matching calculating cell and a new hardware architecture by expanding it in parallel, which
concurrently calculates cost function for all pixels in a search range. After expanding it, we proposed a new hardware architecture
to calculate cost function for 2-dimensional region. The implemented hardware can be operated with minimum 250Mhz clock
frequence in FPGA (Field Programmable Gate Array) environment, and has the performance of 805fps in case of the search range
of 64 pixels and the image size of 640x480.
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Fig. 1. Similarity measurement using cost function
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Ro | Ry | Ry R3‘R4‘R5‘R,s‘R7‘R8‘R9‘R10‘R11‘R12‘R13‘
ty|Li| Ly | Ls
ts Li (L | Ls
t Li|L Ly |~
" -~ B[]
cycle
(a)
Ro|R, | Ry | Rs R4‘R5‘R6‘R7‘RS‘RQ‘Rlo‘Rn‘R\z‘RIS
t L, | Ly | Ly
t L, | Ly | Ly
t3 L | Ls L4‘ S~
cycle
(b)
Ro|R; | Ry | R3 | Ry Rs‘Ré‘R7‘RS‘Rg‘RIO‘RH‘RIZ‘RU‘
t; Ly | Lq|Ls
tr Ly | Ly | Ls
t; L L L]~ _
cycle
(c)
J8 3. AR HE ob™el of

Fig. 3. Example of stereo matching
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Table 1. Example of SAD calculation
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SAD(Li, La, Ls)

SAD(L,, Ls, L)

SAD(Ls, L4, Ls)

4

[Ro-Li[+H{R-La|HRz-Ls|

|R1-L2|+|R2-L3‘+|R3-L4‘

[Ro-L3[+|R3-La|HR4-Ls|

t

IR]—L] ‘HRz—Lz‘HR;—L;I

[Ro-Laf+{Rs-L[+{Ry-L|

|Rs-Ls}+{Ry-Lg+[Rs-Ls|

B

[Ro-Li[+Rs-Lol+Ra-Ls|

|Rs-Loj+{Ry-Ls[+[Rs-L|

[Ri-L[HRs-L+{Re-L|

ta [Rs-Li[+Ra-Lal+Rs-Ls| [R4-Lal+Rs-L3|+Re-La| [Rs-La}+{Re-Lal+{R7-Ls|
ts [R4-Li[HRs-LoH+Re-Ls| [Rs-La|+{Re-Ls|+{R-Ly| [Re-Lal+{R7-Lal+{Rs-Ls|
ts Rs-Li}+Rs-Lo[+|Ro-Ls| [Re-La[HRy-Ls[+Rs-Ly| IR-LsH+{Rs-La+{Ro-Ls|
ty |R6-Li|[+HR7-Lo[+Rg-Ls| |R7-Lo|[+Rg-Ls[+{Ro-Ly| |Rg-Ls[+Ro-La+{Ro-Ls]
tg [R7-Li[+{Rs-La|+Ro-Ls| [Rg-La|+{Ro-L3[+{Ro-Ly| [Ro-L3|HRi0-LaJ+Ri1-Ls|
to [Rs-LiH{Ro-Lal+{R10-Ls| [Ro-Lal+{R1o-La|+{Ri1-Ld| [Rio-La[HRi1-Lal+R12-Ls|
tio [Ro-Li[+Ryo-La[+|Ri1-L3| |Rio-Li[+|Ri1-La[HRi2-Ly| [R11-La+Ri2-LaJ+Ri3-Ls|
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Table 2. SAD calculation for sharing of intermediate calculating results

Cycle SAD(L;, L, Ls) SAD(L,, L3, Ls) SAD(L3, L4, Ls)

4 IRo-LiHRy-LofHRo-La|

t IRi-Li[Re-La+{Rs-Ls| IRi-LoRe-Laf+/Rs-La|

3 [Ro-Li[+{Rs-Lo|HRe-Ls| [Ro-Lo|[HRs-Ls|+HRy-Ly| |Ro-Ls|+Rs-Ly|+HRy-Ls|
4 [Ro-LFH{Re-LofHRe-Ly| R-Lof+{Re-LafHRe-L| [Rs-Lsf+{Re-LafHRe-L|
s IRs-Li | +{Rs-LolHRe-La| IRs-Lol H{Rs-Lal-H{Re-La| IRs-Lsf-HRs-Laf+/Re-Le]
ts IRs-Li[+[Re-La[HRy-La| IRs-Lol H{Re-Lal-H[Ry-La| IRs-Lsf-H{Re-Laf+Ry-Le]
tr [Re-L1|+{Ro-Lo|+{Re-Ly| [Re-Lal+Ry-La|+[Re-Ly| |Re-Ls+{Ro-Ly|+{Rs-Ls|
ts IRy-Li[+Rs-Laf+{Ro-Ls| IRy-LolRe-Laf+/Ro-Ly| IRy-LsHRy-Laf+{Ro-Ls|
ty [Rs-Li+{Ro-LoH{Rio-Ls| [Rs-La|+Ro-Lg|+[Ry-L| |Rs-Ls|+{Ro-La|+{Ry-Ls|
tio [Ro-Li[+|Ryo-La|HRus-La| |Ro-Lao[+{Ryo-Ls[HRu1-Ly| [Ro-L3|+Ryo-La+{Ru1-Ls|
ti [Rio-Li+{Ru-LaHRiz-Ly| [Rio-La[+{Rus-La[+{Riz-Ls|
ti2 IR11-Ls+{Ru2-Lu|+{Ruz-Ls|
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Fig. 4. Architecture of stereo matching calculating unit (SMCU)



674 WEFL3|=EA A18A A5s, 20139 9¢€ (JBE Vol. 18, No. 5, September 2013)

[ R > 0+0+0+0+|R-Li|

~ =
=
avs
F
—
T

P R+ 0+0+|R-Lj|

o/

I —
Sy
-y P HoCR > 04004 R4 R
ey |
> R
Ly — o SIIRAL ‘

[ R b= 0+|R-Li|+|Rr-Livi|

-/

g —
-y
Gy 5+ TR 040+1R L R L 18,
L L
E A Smiim
Liy—H{ SIIR-Lial ‘

P LR |R-Li|+|R-Li | +R-Lics|

-/

SMCU3 Lo[R ] »
(R}
—{R | F* P LR 0+|RiLit[Ri-Lysf| +|RrLiso| +|R-Liss|
™ o) —LR1
< = ‘
Livs—1= SIR-Lissl ‘

P R |R-Lio |+ [R-Lyoo [ Rr-Lis|

"/

- R
R}
—{R] }+ PR |R-Li|+|R-Li |+ Ri-Livo| +|Ry-Liss| +R-Livd]
H ——{R]
g =] |
Livy— G IR-Licd| ‘

P LR [R-Lico| +|RLiss| +|R-Liv]

-/

SMCU5 | | | LR}
R}
—{R] }+ [RLiwt| +|R-Liso| +IR-Livsl +|Rr-Livd| +|R-Livs|
o] R
> R ‘
Lis—t SJIRL ‘

PR |RLies| +|R-Liv +|Ry-Lics]

-/

SMCU6

R F—
(R}
[ R ] %* [ R |R-Lio| #|Ri-Liss| +|Ri-Liso +|R-Livs|+|R-Lisol
o
> R ‘
Lis— SIIR-L —— ‘
B‘E—' [R-Livo| +|R-Liss| +|R-Liss|
L.

L. L
Ly —| [Rj-Li+|

02/ 5. CHE MEEel oA 9is SMHCS X
Fig. 5. Architecture of SMHC with multiple matching windows

3. QAR Mlo| Jlx4-mHiSO| BiZd5}

3 20014 t52] AJ7Fo]| |R4-L1HRS5-L2[+HR6-L3|, [R4-L21+
IR5-L3[+R6-L4|, & [R4-L3[+R5-L4HR6-LS| HA4bo] =33
drk o] Al Atk AHEE 3 MR 32 R4, F WA T
< RS, 18 A WA 32 Reo| £HETH

7% 49) ©) A 79 59 o] ST 1 39)
AL 7S ST 5 A, o] HEeol 2L 4

3t 7}2 AX7)(Stereo Matching Horizontal Calculator,
SMHC)g} ghe}. 1% 5914 3x3 Aol digh Adat= Al
HA) ARE SE53, Xs F 7Y Aie FAS 5x5

=E]
=
£ 4 3FH0E Q5 o) I8 99 AL
=
|

SMHCE ¥ EH Jgde] 27]¢ webr 271 SMCU
o] 7|9} olell whe oj7] AAdAIRte] AgEt. aejar o
A FeukEe] SMCU M5 dastd ¢xig HZs}
7hedtal, B4 ool dHglo] Areog T2kl d2H
ok SMHCE= SMCU®] 93t 838 A2z 74450 317
wEoll B WS 23 4 31, SMHC W] SMCUE
TFOZ PFI B S Fold Al 2719 7 dol
gk A= kst

4. QiAt Mio| J1x4mulsko| |HESPD YA st
oA
durA oz e QL ool M AMREE AEL 24}
A 2

RELES WA W

@ %
70l 1% A% oItk o] A9l Aare HmA B
3l st=slofe] FRE destn 7o) golsith 1

E

ook
o

4
0
e 4
AU
X
o

U
= 355} ShEslol9] o] Fetsic. w5 3
2 FREE F0 AN ARES 088 4

)



M9z 919 2HE L wEE A% uAE VLSI 72 675
(Youngho Seo et al. : High-Performance VLSI Architecture for Stereo Vision

3x3 A719] BFLE ol&ate] 2HH L S s} Step2 : % W3 vlE ¢ ARSS FHE H
Stk 7HskA 9 e 9% Y ass U Step3 : B A e FHLEFY Hrow)S T
U, I8 6b)= LEF stAass Uit 9% 94 2 Bl o gelA AAskE 34
o] shAae} 7P Ak QEE QoA Y AAE Ze
e T8 Ut A G FAaSE oln o HE 919 3 GAE AIRE SAHE SFES oY 2AEHEOR
Pl2RE 225t Histal 9lal, @8 93] skas YEhHW E 33 2o 3 301 Prys 3 Dol thek SAD
= TR 0E 5E3te] SAD diks gt 2 Wk AIE9] FAZko)AL, Sxyv Pxys T4 Aotk xo}
o] XS 23 22k Al gk SADE et y© dA9] e Aol AREE A xF E yF

e oels} o] 3714 BA|(Step) 2 BT FE2 etk 1 39 o812 571 91514 218 6b)2
34 Rxo] tiak Ak Aruke Jehhdch o] d Aok
Stepl : % Wake] W ~H S AR AN B (F2) & A Feohd T 49} 20 Step3ol A v FE0i) 3x3

—

E 3. 3x3 HEH2 0188 oM £M0 oA

S O

Table 3. Example of calculation sequence using the 3x3 matching window

t D Stepl Step2 Step3

0 Roo

1 Roi | [Roi-Log|

2 Roa | [Roi-Loi[HRo2-Loy|

3 Ros | [Roi-Loi[HRo2-Loa[+Ro3-Los[=Po.

4 Rog Po2+0=So,

5 Rip

6 Rii | |Rui-Lu

7 Ria | Rui-LiiHRip-Liy

8 Riz | Rui-LiiHRi2-LioHRis-Lis=Pi2

9 Rig P124+50,=S12

10 Rop

11 Ryt | [Rai-Lay|

12 Roy | |Roi-Loji[HRo2-Loy)|

13 Ras |R2,1-La,i[HR22-Lao[+HRa3-Las|=Pa

14 Roy P2 o481,=82

15 Rsp S22,-0=SAD »
16 Rsi | [Rsi-Lsy|

17 Rs2 | |Rsi-Lsi[+HRs2-La

18 Rss | |Rsi-Lsi[+Rs2-Lag+HRs3-Las[=Ps2

19 Ry4 P32+82,=Ss,
20 R4,0 S3,2- SOVZ:SADz,z
21 R4y |R4,1-La 1
22 Riz | Rai-Lai[HRap-Lay
23 Rss | |Raj-Lai[+HRap-Lao[HRa3-Las=Psp
24 Ryg Py +S3,=S42
25 Rso S42-81,=SAD;
26 Rsi | [Rsi-Lsy|
27 Rsa | [Rsi-Lsi|[HRs2-Lsol
28 Rss | [Rsi-Lsi[HRs2-Lsa[HRs3-Ls3|=Ps.

29 Rsa Ps52+S42=Ss,

30 S52-S20=SADs




676 WEF3L3|=wA A18A A5s, 20139 9¢€ (JBE Vol. 18, No. 5, September 2013)

I 4. 3x3 MRS 0|88 HEH At =AQ] 0ffA| =2719) A3l tisk SAD 74 A3¥KSADI,0~SAD4,4)7}
Table 4. Example of parallel calculation sequence using the 3x3 = = -
matching windo’:/v ’ ! ’ =84 7 Utk 295 73 SAD #E oA HAY @
S Aelsid 1 Ao] 2HElQ AEe] A7l M (Dispar-
t D Stepl Step2 Step3 - e
L ity)oltk. H2gte Heaks B olele ol o
1 R, Poo et BlajolBE ApA|g Av2 Attt
2 Rz P, Soo
3 Ro, P So,
2 = " Ro,0|Ro,1|Ro2|Ro3|Ros
4 Ro4 Pos So2 Lii|Li2|Lis
5 R P, S Rio|Ri1|Ri2|Ri3|Rig
10 04 03 Loy |Las | Las
6 R Pio So4 Roo|R21|R22(Ry 3Ry 4
7 R Pi Sio L3 |Lsa|Lss -
3 Ris Ps S 30/ R31[R35(R53 /R34
9 Ris Pi3 Siz R4,0 R4,1 R4,2 R4,3 R4,4
10 Rao P4 Sis (a) (b)
11 R P, S -
21 20 14 2| 6. 3x3 37|9| SAD A i3t B OJA| (a) 21, (b) 22 FA9|
12 Ra» Py S20 sa
13 Ros P2, Sa1 SADio Fig. 6. Pixel example for SAD calculation of 3x3 size in (a) left, and
14 Ro4 Pas S22 SADy,; (b) right image
15 Rso P4 Sa3 SAD,»
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Fig. 7. Hardware operation for 2-dimensional cost function calculation
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Table 5. Hardware resource
Combinational Memol Dedicated Logic Block Memo

ALUTs ALUTrsy ALMs Registersg Bits Y| ek

SMCU (bypass) 17 0 9 0 0 0
SMCU 683 15 421 299 0 0

SMHC 44,197 960 27,296 3,203 0 0

DC 5,907 0 3,566 2,399 0 0

FIFO 2,112 0 0 6,656 131,072 64

Logics 1,397 0 5,628 4,531 0 0

Total 56,362 960 36,490 11,797 131,072 64

Stratix Il EP3SL340F 270,400 135,200 - 270,400 16,662,528 -

Utilization 20.84% 0.71% - 4.36% 0.79% -
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