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Evaluation of Media Processors
with Stereo Depth Extraction
Yuho SHIMIZU
Abstract

Recently, the performance of computers has been increasing rapidly, but it
is not enough for image processing which needs a huge amount of calculation.
Therefore, the large-scale systems using a multiprocessor or propriety hardware
are proposed to achieve real time image processing. On the other hand, large-
scale propriety systems spend not only development time and cost, but also
having a problem on consuming high power consumption. Especially, when
we want to apply these applications to power-aware products, such as cellular
phones, digital cameras, or surveillance cameras, the miniaturization of power
supply equipment and the passive air cooling system which does not require a
fan are indispensable. So reducing power consumption is an important subject.

Considering these backgrounds, I thought that the general-purpose proces-
sor with powerful media processing features becomes important in the future,
because it can process images with low power consumption and at high per-
formance. To establish my prediction, I researched techniques which accelerate
a stereo depth extraction, using Fujitsu VLIW processor FR-V and general-
purpose microprocessors which have media instructions. A VLIW architecture
can be expected low power consumption, becase in this case, a compiler per-
forms scheduling of operations so, a circuit scale will be smaller and it uses less
power than a superscalar architecture which performs scheduling by hardware.
The reason why I picked up the stereo depth extraction as the target applica-
tion, is that this appliocation is needed for an automatic surveillance system
and such system is expected to use widely in real world.

The stereo depth extraction is based on detecting the distance to an object
in the stereo images by measuring the disparity of the corresponding points.
The SSD (Sum of Squared Difference) algorithm is used in order to find the
corresponding points from images on either side. This algorithm uses a property
that the difference of surrounding pixel value is close to zero at the corresponding

points. However the SSD requires huge amount of calculation, so, there is
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another algorithm called the SAD (Sum of Absolute Difference) which uses a
sum of the absolute difference of pixel value to reduce the amount of calculation.
In this paper, using the SAD algorithm, I accelerate a comparison process which
occupies most of a stereo depth extraction with media instructions. Although
comparison processing using media instructions varies from a kind of instruction
sets carried in each processor, it can be realized almost as follows. First, pixel
data is stored as an arrangement on the memory. The data of one pixel is
loaded to the register from small windows on either side, next absolute values of
pixel difference is calculated and accumulated. The SSE and SSE2 (streaming
SIMD extended instruction sets) on Intel IA-32 processors, the VIS (Visual
Instruction Set) on SPARC processors, can calculate sum of absolute difference
directly. On the other hand, on FR-V processors, there are no such instructions
are not defined, so, I attempted to process SAD quickly by combining the
addition/subtraction operation with saturation. The FR550, the highest version
of FR-V, can execute 8-parallel in one VLIW instruction, but there is restriction
that addition/subtraction operation with saturation can be issued only four of
eight slots. The idea is that multiply and accumulate operation is also used
for addition operation. Moreover, operational scheduling which can use VLIW
efficiently is also performed, and coding was performed so that six operations
might be executed at the maximum.

Using above techniques for high speed processing, 1 evaluated the perfor-
mance and power consumption of each processors in a stereo depth extraction.
As a result, the performance of stereo depth extraction improves dramatically
by using media instructions in any processors. Moreover, as a result of com-
paring using the evaluation measure (fps/ Watt) in consideration of both the
performance and power consumption, FR550 is the most excellent as expected.
Also, by adding an operation that directly calculates a sum of absolute differ-
ence to FR550, the performance can be improved about 32% by the number of
steps. And by improving the number of parallel operations, the performance

can be improved about 52% by the number of steps.
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LDFT Li+ LDFI Ri+1 MQADDHUS Y ~ MQADDHUS U~ MIMACHS S7+3 MIMACHS T+3
IDFI Li+2 LDFI Ri+2 MMACHS Si+/ MIMACHS T4+
IDFI Li+3 LDFI Ri+3 MBTOH L3 MBTOH R4 MJMACHS X MQVACHS Z
LDFI L3+ LDFI Ri+ MBIGH Li+!  MBIOH Ri+1 MQMACHS Y MQMACHS U

LDFI L7+5 LDFI Rz+5 MBIUH LZ+2 MBIUH Rz+2 MQJSUBHUS S  MQSUBHUS T4

LDFT Li+6 LDFT Ri+6 MBIOH L<+3  MBIOH Ri+3  MQSUBHUS St+1 MQSUBHUS Ti+1
LDFT Li+7 LDFT Ri+7 MBIGH Li+4 MBTGH Ri+4 MQSUBHUS S<+2 MQSUBHUS T7+2
LDFT Li+8 LDFT Ri+8 MBIOH L<+5  MBIOH Ri+5  MQSUBHUS St¢+3 MQSUBHUS T7+3
MBIOH LZ+6  MBIOH Ri+6  MQSUBHUS St¢+4 MQSUBHUS Ti+4
MBIOH L<+7  MBIOH Ri+7  MQSUBHUS St¢+5 MQSUBHUS Ti+5
MBTOH L2+8  MBIOH R#+8  MQSUBHUS S<+6 MQISUBHUS Ti+6

MOSUBHUS S¢+7 MGSUBHUS Ti+7 MIMACHS Si  MIMACHS Ts
AD L. ADD R MQSUBHUS S7+8 MOSUBHUS T1i+8 MMACHS Si+1 MMACHS Ti+1
IDFI L3 IDFI Ri MOADDHUS X MOADDHUS Z ~ MOMACHS Si+2 MMACHS Ti+2
IDFT Li+1  IDFI Ri+ | MQADDHUS Y MQADDHUS U MQUACHS Si+3 MQMACHS Ti+3
IDFI Li#2  LDFI Ri+2 MQMACHS St/ MMACHS T4+
IDFI Li#3  IDFI Ré#3  MBIOH Lq VBTOH R% MMACHS X MOMACHS Z
IDFI Li+,  LDFI Ré#/  MBIOH Li+#1  MBIOH Ri+l MMACHS Y  MQMACHS U

LDFI Li+5 LDFI Ri+5 MBTOH L<+2 MBTGH Rz+2 MQSUBHUS S¢  MQSUBHUS T%

LDFT Le+6 LDFI Ri+6 MBTOH L<+3 MBTOH RZ+3 MQSUBHUS S%+1 MQSUBHUS T4+1
LDFI LZ+7 LDFT Re+7 MBIGH Li+4 MBIGH Ri+4 MQSUBHUS St+2 MQSUBHUS T7+2
LDFT L¢+8 LDFT Re¢+8 MBTOH Li+5 MBICH Ri+5 MQSUBHUS S<+3 MQSUBHUS T%+3
MBIOH Li+6 MBIUH Ri+6 MQSUBHUS S<+4 MQSUBHUS Ti+}
MBTOH LZ+7 MBIGH Rz+7 MQSUBHUS S+5 MJSUBHUS Ti+5
MBIOH LZ+8 MBIOH Rz+8 MQSUBHUS St¢+6 MQSUBHUS Ti+6

MQSUBHUS S%+7 MQSUBHUS T+4+7 MIMACHS S7 MQVACHS T2
ADD L ADD R MQSUBHUS S%+8 MQSUBHUS T4+8 MIMACHS Si+1 MIMACHS T7+1
LDFI L2 LDFI Rz MQADDHUS X MQADDHUS Z MQVACHS Si+2 MMACHS Ti+2
LDFI L2+1 LDFI Re+1 MQADDHUS Y MQADDHUS U MQMACHS Si+3 MMACHS Ti+3
LDFI Li+2 LDFI Ri+2 MQVACHS Si+4 MMACHS T3+
LDFT Li+3 LDFI Ri+3 MBTGH Lz MBTGH Rz MQMACHS X MQVACHS Z
LDFT Li+4 LDFI Ri+4 MBTOH L7+1 MBTGH Rz+1 MQMACHS Y MQMACHS U

LDFI Li+5 LDFI Ri+5 MBTGH L<+2 MBTGH Rz+2 MQSUBHUS S¢  MQSUBHUS T%
LDFI Li+6 LDFI Ri+6 MBTOH L+3 MBTOH RZ+3 MQSUBHUS S7%+1 MQSUBHUS T%+1
LDFT Le+7 LDFI Re+7 MBTIGH Li+4 MBTGH Ri+4 MQSUBHUS S7+2 MQSUBHUS T2+2
LDFT L¢+8 LDFT Re+8 MBTOH Li+5 MBIOH Ri+5 MQSUBHUS St+3 MQSUBHUS T7+3
MBIGH Li+6 MBIGH Ri+6 MQSUBHUS S+ MQSUBHUS Ti+
MBTOH LZ+7 MBTGH R+7 MQSUBHUS S¢+5 MJSUBHUS Ti+5

O 10: FRA00 00 O0O00O0ODOOODOODOOoObOooOon
o000 F, F,,y 000O00OMQSUBHUS S OO MQSUBHUS T: U ODOOD OO O

T, = SUB(G;,F;) =G, - F; (10)

00000 0OMRADDHUS XU O O

X = Sips+ Sive (11)
Sit7 + Sits (12)

~
|
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Z = Tiys+Tige (13)
U = Ti7+Tis (14)

OO00O0DOMQUACHS s 00 0S, 00000000 goobobobooboogn
gbogdobboobbbbbbobobobobooobbbooooooban
02000000000000000000000600O (COODODOOO)O
gobobouoggobobbuogooobgd

3.3 Intel IA-320000000
3.3.1 MMX, SSE
MMXOOOOMMXOOOOOODODO PentiumO 00000 Pentium 110
000000DIA-320000000000000 SIMDODOOO [11]OMMX
O00DOMMXODOOOOOOOO (D00OOMMXOOOOOOD)0O00O0DO
0000000000000 00000000000000000000000
000000000 0000000000000000000
0000000000 SIMDOOOO (SSE)O OPentium 10000000
0000 IA200000000000000000000000000000
000 2D000 3DO0000000000000000000000000NOO
0000000 0000000000000000000000000 OIA-320
0000000000 00000000000000000000SSEDD O
64000 MMXOOOOO6O0O0O0 0000 0000000000 0O00000
D000 SIMDOODOODOOOOOOOOODOO0DO00OSSED MMX O
SIMDOOOOOODOOOOOODONCOIR000000000000000
00000000000 000000000000000000000000
O0OMMXOOOOOOOOOOOOOOOOOOO0O00O0000000
D0 OMMXOOOOOOOOOFRVOOOOOOOOOOOOOOOOOO
D0000O00SSECD0ON0ODNOOOODONONOODDO PSADBWO OO
D000000IA320000000000SSE0DO0ONONDNONONOONOONOO
SSE0 PSADBWO OO 01280000 XMMOODOOOOODOO640 000
MMXOOOOOOOOOOOOOOOOOO MMXOOOOOOOO0OOOOO
100 PSADBWOOOOO 8000 000000000000 O000000
000020000000000000000000000000
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L[i] | L[i+1] R[i] | R[i+]]
AEY [R[G]B]0[R][G]B]0] [RIG[BJ0[R]G[B]0]
Movq | Movq |
L & X 4 MMI [x7|x6|xs[xa|xs[xe|x1[x0]  MM2|v7|ve]vs|[va]|vs|ve|vi]|vo]

( TEMP [essusoses o us]os] )
|
MM2 [0]0[0[0f0]0 [suo)
PADDD 1 16bit
MM3 [ofo]ofo]o]o] S |

64bit

O 11: MMX, SSEOOO0O0O0OO0OO0O0DODOODOO

00000000 1100000000000000000000000 20
000000D0000MOVQOOD0O00000 L, Lli+100 MMXOO
00 MMIOR[], Rli+1]00 MM20 00000000 OPSADBWOOOO
064000000800000000000000000000000O000
0 MM2000000000O0PADDDOOOOOONOOOOOOOOOOO
MM3OOO0OO000

000000000000000

MOVQ Move Quadword. 64000 000000000D0O0O0OOO
MMXOOOO (DODOOOOOOO)0DooooooMMXOOOO
oooOoooDood

PADDD Add Packed Integers. 000 00000 0O0O00O00O0ODOOOO
00000000 0ooO00oooooo0oooooooooood
0000000000000 00DODOOO0ODODOoOOoOoOooOOoOoog
ooood

PSADBW Compute Sum of Absolute Differences. 2000 0000 O
00000000000 0000o00ooooooooooooog
OO00000O0O00o0d0oooooboOooooooooOooooOon
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movq L[Z], L[%+1] - mml
movq R[Z], R[4+1] - mm2
psadbw mml, mm2 - mm2

paddd mm2, mm3 - mm3

O 12: MMXO SSEOCOO0O0O0OOOOOOO0

goboboogobbogobdob nnogogo

7

SUM(7...0) = > ABS;
=0
7

= ) |Xi—Yi (15)

=0

ooooobooboooMMXOODOoooooodg

MMXO SSEDOO0O00000O00000 1200000000000000
000000000810 000000800000 (400)0000000 1
000000000000000000Intel IA-32000000000000
00O0O0O0OVLIWOOOOOOOOO0O0O000000000000
3.3.2 SSE2

0000000 SIMDOODODO 2 (SSE2)0 OPentium 40 00000000
00 IA-32000000000000000000000000000000
003D000000000000000000000000000000000
000000000000000000000000000000000000
00000IA2000000000000000000000000000
ooooo

SSE20 OMMX O SSE0 OO0 OSIMDOOOOOO0O00000SSE200 0
SSE0 SIMDOOOO0O000000000000000000000 12800
0000000000000000000

SSE20000000000000 SSE00OOONOOOOONOSSE2D
PSADBW OO0 SSEOOOD 1280 0000000000000160000
0000000000000400000000000000000000

00000000 1300000000000000000000000 40
0000000000MOVDQUOOOO0O000 L[i], L[i+1], L[i+2], Lli+3]
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L[i] | L[+1] § L[i+2] | L[i+3] R[i] | R[i+1] | R[i+2] | R[i+3]
[RIG[B[o[R[G[B[]0[R|G[B]0[R|G[B]0| [R[G[B]O[R|G[B[0O[R|G[B]0[R|G[B][0]
XML movbau | XM MovDQu |
Iagxaaxagxigxixig xo| xs|x7[x6[xs [ xa[xs[xa[x1]x0|  Mrgvidvigvidyulviq vo[vs[vr|ve[vs[va]vs[va[v1]|vo]

PSADBW

( TEMP [sss5] 11 s sasu | sssuspssmsansiansepssams ansansopsifas )
|
xm2 [oJoJoJofJofokmsfolofofo[o]o[smew.o
PADDD | 16bit
xMms [oJoJoJofJofJo] s [olofofo[ofo] S |

64bit 64bit

O 13: SSE20 000000000000

00 XMMOO OO XMM10 000 OR[i], Rli+1], R[i+2], R[i+3]0 0 XMM?2

000000000 0PSADBWOOO 128000000000 8000000

000000000000000000 XMM20O000000000PADDD

00000000000000000XMM3000000
000000000000000

MOVDQU Move Unaligned Double Quadword. 00 000 XMMO O
OOooXMMOOODOOOOOooOOoooo XMMOOOOOOOOOdd
oo oooooooooooood

PADDD MMX0O PADDDO 1280 0000000000 0O00OOSSEO
ogoooooood

PSADBW SSEO PSADBWO 1280 0000000000 DOOOOO
goooi13o000od

7

SUM(7...0) = Y ABSi (16)
=0
15

SUM(15...8) = > ABSi (17)
1=8

OO00o0oO0oOooOobobOoooSsE0ooopoooooo

SSE20 000000000000 40D000b0obobooboboobooooo
0000008 0O0O00oOoOos8OUOOD (200)0000000 1000
OO0 SSE0 PSADBWOOOOOODOODO SADOOOOOSSEODDOODOO
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movdqu L[%], L[%+1], L[<+2], L[%+3] —» xmml
movdqu R[%2], R[%2+1], R[Z+2], R[%¢+3] —» xmm2
psadbw xmml, xmm2 - xmm2

paddd xmm2, xmm3 - xmm3

O 14: SSE200000000DO0

L[i] | L[i+1] R[i] | R[i+]]
AE [R|G|B[o]|R[G|B|0] [R|G|B[0|R|G[B]0]
LDl lLD
L RA Li[xr|xe|xs|xa|xs|xz]|x1[xo] Ri [v7|ve|vs|va[vs|ve[vi]vo]
PDIST
TEMP |asstpesqnshnsiansdspsgapsians|
J
TEMP | SUM(7..0) |
B
S | S |

64bit

O 15 VISOOODOOoOOoOOooooooo

gobboguogugooboobogan

3.4 SPARCOOOODOOO

SPARCO 00000 O OVIS (Visual Instruction Set) D D000 000 [12]0
Intel0 SSEOO O OO OSIMDOOOOOOOOOOOOOO/O0O00000O
O000000000000oOSPARCODDOOOOOODODODODOOOODLO

gobuoggooobboboubbooouon

SSEDO PSADBW O OO OODO OUltraSPARCO VISO O PDISTO OO O
guobooobogoditedbogbogogoosgoboogagoooboon
OO000O0OO0OD0DODOOO0OSSED PSADBWOOODOODODOODOOOODDOO 3
OO00O0OOoDbO0obObOOoO0O00bb0oobo0ooooobooooooosAbDOO
gboguodobobgboooboobbooboooboobobbooboboobon

O1i00vVISOOooooooooooooboooooooooooooo
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1d L[{%], L[4+1] - L4
1d R[Z], R[%+1] - R4
pdist L%, Rz, S-S

O16: VISOODODODOOOOGOoo

00200000000000LDO00000O00L[H,Li+1]000000
0L;00000R[],R[i+1]00 R,000000000OPDISTOOOO0O
6000000800000 SIMDOIONOONONONONONONOOOOODOOOO
000000000000SO00000000000PDISTOOOO

S « S+ SUM(T...0) (18)

gogboobgoodno

O1i00vVISOOooooooooooooobooooooooobooo
00000080 0O0O0OoOoos8OUO0D (400)00000OO 1000
OO00000000000SSE, SSe2000000D000DO0oO0obDOooDDO
goodgno

040 OO

4.1 0O0O0OOOO

gboobbboboogbob2000ooboobobooboboboooobobn
PC (Pentium III 1IGHzOFreeBSD) O OO OO OOOO0OODO LANODDOODOO
gbogdgbobbooooobbogbobobobboobobooboon
OO pPCOOODODODOOOOOOODOOOODODDOOOFR-VOODOOO
OO00000O Windows 20000 00000000000 SorruNed O OO0
O0ORS-232C000 FR-VOOOOOOOODODOOOOD 1ivooOO

U Rgoooodgooboogogoooboimooobboooogo
gbobgguoooodbouooboooobboobbboobbbbboooaod
gobobbbogobbouogobboooobn

O10000000000FR-VOOODOOOCOoOoooDO SorTuned O
gobuodobbogogooobooooboobobobobobobobon
OO00OD0O0ODO0ODO0O0O0O0DbOOoCcODOoOonbogn gee-O20 00000000 DO
OO0O00D00000000000000D000O0SO Olntel TA-320 FreeBSDO
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HEAPC

LAN

pa— | Windows 2000

1 I i gt

- #23|L| |R BB ER A

FARTLA * * 7__@_1%5! iy
©jo E{EAPC | | | Intel IA-32
n FreeBSD | | | YRTFLA
.| SPARC
RT L

Ulr-000ooo

U118 gbgbgbogaboooo

SPARCO SolarisOd O O O

4.2 O0000O0OOOOO
gboggoo2ougbogbog210bogbobgg20b00oobbood

gbogbooboboguobbogbobboogbbbobuobboooboboobod
O0000D0O0D0D0ODODO0ODO0O0O000DIntel IA-320000000 130
“Hooooooooooboog
D000 21000000000 FRe 0O DODOOOOOODOOOOO
gbogbobbbogogboogbbobobobboubobbbooogoood
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iré

01: 0000 [13, 14, 15, 16]

00 000 [MHz] |[0D00O [W] 00000000000
FR500 + 0000 10 s COO0O0O00 SorTuNed 00000
FR500 + Media 0 O 000000000000000000000
FR550 + 0000 166 )10 COO0O0O0O00 SorTuNed 00000
FR500 + Media 0 O 000000000000000000000
Pentium 111 + 000 O 1000 ’i 1 COO0O000 gee-02000000
Pentium 111 + MMX,SSE MMX, SSE0D 000000000000
Xeon + 0000 COO0O000 gee-02000000
Xeon + SSE2 20 o SSE20 000000000000
UltraSPARC I1 + 00 0 O 100 " COO0O000 gee-02000000
UltraSPARC II + VIS VISOOOO0OO00O000000
UltraSPARC 111 + 000 O 000 o COO0O000 gee-02000000
UltraSPARC III + VIS VISOOOO0OO00O000000
UltraSPARC Ile + 0O 0O 00 " COO0O000 gee-02000000
UltraSPARC Ile + VIS VISOOOO0OO00000000
SPARC64 GP + 00 0O 100 ” COO0O000 gee-02000000

SPARC64 GP + VIS

visoooooooooooogd




19 gboouboooggn

80
70
60
50
40
30
20
10

- ass
[ ] Media@i %

0200000 [s]

0000000000000 (170000 Mips/Waett 0O OO OOOO

Instruction/Delay (19)

Power /Delay

guogbougoobobdbooooooboubobuoobooboboon
00000000000 0000Mips/WattDODODODOOOODOO O fps/ Watt

OoO0ooO0o0od
frames per second

(20)

Power
0000000000000 o00ooooooooo 200000000000

O0bOooboboobobooooobobbb0o0o0 FROODOODDOOODOOO
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1500

1200

900

600

300

021: 00000 [Ws

- sas
[ ] Mediadi %

107! (]

1072

1073
107
00 Y
¢ Q@QQ quQ & Qé}o\\ §~°\\\ Qg)\\e’ @O@(
<? F & &S

O 22: fps/ Watt

ood

OO0OFRSODDOODO0O0OO0O0O0OOODODOOO8IOOOOoooooog
O0000000000DO000 410000000000 000 sMOOO
O0O00O07sMO00000000466MHz0 191000000 890MO O
O00000000000000 CPI (Cycle per Instruction 000 VLIWDO O
0100000000)0 12600000
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OOO0OOFR-VOO VISO PDISTOOOOOODOOODOOOOOODOO
ODO0o0b00o0obo0obbO0obobO0ob040b0bD000CUODOOPDISTOOO
ObOooooobooboboobOo 1go0gbobbobb0odbboOUdFERbSS0
gobuodgbobboguobobobb b oouugouoboobonboo
000 32%000000000000

OO0O00DoOo0oDPpDISTOOOOOODOOOO40000000000DOO
00000000000 6000000000D0O000O0O0O0O %0000
goooood

st oo

Ooooovnhiwboioooboooooob FrR-VOOODDODOODOOOOOOO
godubogbouggbgobogbodboboboooubbooogoo
gobbgoubbobbooobooboobobobobbbbobbobobd
gobbbobobodboboooboooboooouoobooboooboobog
00000000 fps/WaettDOODOOO FR5000000000000000CO
gobogboboobobobbbboogoooboboooboboon
OoOooogbooobo FR-VOUOooooooooo
OOOOFRA0DO0D0DOOVISO PDISTOOODOOOOOODOODODOO
00000000000 000032%C00000000000000000
pDISTOCOODOOOOOOD 400000000000 DO0O0OODODDOOO
00000 52%000000000000000000
gbogbbobobuobbdooooboooboooboboobooon
gboguogobbbboooobbbuooobbobobobooobobon
gboboooogbbbooobboobboooooooon

0O

gbobuggdoogugougobobooboooobbooobod
guogbbooouogooboggoboboooooboboboooboboog
gobobobooobobooobbbooboboboboobboooagon
OO00O0O0o0ooboobobooooooboboboobooooo LsIoooobog
gobobbobobboobbooooobooobobobboouooboboboo
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