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Acceleration Method and Performance

Evaluation of Sparse Matrix Products on
CGRA~

Sugahara Takuya

Abstract

In recent years, terms such as machine learning and SLAM have been gaining
attention. In these applications, sparse matrix products have become the bottle-
neck, and there is a need for hardware that can process complex sparse matrix
product calculations at high speed. Conventionally, when processing sparse
matrix operations, it is standard practice to store the matrices in a specific
format and perform software optimization to speed up general-purpose com-
puters. This is because it was more reasonable to expect hardware performance
improvement through semiconductor miniaturization and higher operating fre-
quency, rather than to reduce generality and improve performance by adding
a sparse matrix calculation mechanism to hardware. However, now that we
cannot hope for further miniaturization of semiconductors and improvement in
operating frequency, it is difficult to expect further performance improvement
in general-purpose computers. Therefore, a number of implementation meth-
ods using dedicated hardware (Domain Specific Accelerator (DSA)) or Field
Programmable Gate Array (FPGA) have been reported. However, the former
lacks versatility, and the latter has a structural problem in that its operating
frequency is lower by an order of magnitude. The Coarse Grain Reconfigurable
Architecture (CGRA) has been attracting attention as an architecture that can

solve the above-mentioned problems. However, conventional CGRAs do not

*Master’s Thesis, Department of Information Science, Graduate School of Information Science,
Nara Institute of Science and Technology, NAIST-IS-MT, March 18, 2022.
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have an address calculation mechanism, which is essential for sparse matrix
calculation, and can only be applied to dense matrices. Therefore, we expect
that In-Memory Accelerator eXtension (IMAX), which has an address calcu-
lation mechanism, can be used for sparse matrix calculation. In this study,
we propose an implementation method of sparse matrix product suitable for
IMAX. We also proposed two sparse matrix formats specifically for IMAX and
implemented a sparse matrix product suitable for the proposed format. Com-
pared with the running time of the dense matrix product 1024x1024 with the
conventional method, we confirmed that the proposed method reduces the com-
putation time by 92% when the sparse matrix fraction is 95%. We also bench-
marked the sparse matrix-vector product on 10 real data sets and found that

the computation time was reduced by 99.5% on average.
Keywords:

CGRA, accelerator, edge computing, CSR, sparse matrix product computing
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00000000 Unit0000O0O0O0DODOODOOO,00000000000
ooodooooooooo,IMAXOODOOO DMAOODODOOOOOODOOOO
O00,0000 CHIPOODOOOOOODOOOOOODOO.
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0x0000000000

0x007FFFFFFF
0x0080000000

0x00A0000000
0x00B0000000

0x00FD500000
0x00FD510000
0x00FD520000
0x00FD530000
0x00FD540000
0x00FD550000
0x00FD560000
0x00FD570000

0x0400000000

0x047FFFFFFF
0x0480000000

0x04FFFFFEFF

0x0500000080
Ox05FFFFFF

0x0800000000

0x087FFFFFF

DDR-Low

A

I(LPD-PL interface)
I(FPD-PL(HPMO)interface 256MB)

i(FPD-PL(HPMl)interface 256MB)

|L_EPDDMA-CHI interface 4xB |

(FPDDMA-CH2
(FPDDMA-CH3
(FPDDMA-CH4
(FPDDMA-CH5
(FPDDMA-CH6
(FPDDMA-CH7
(FPDDMA-CHS8

4KB)
4KB)
4KB)
4KB)
4KB)
4KB)
4KB)

interface
interface
interface
interface
interface
interface
interface

FPD-PL (HPM0O) 2GB+2GB
vAddr-Range,

y Ctrl Registers,Conf, REGV
A

i (FPD-PL (HPM1) (mak/4GB))

DDR-High 2GB (max )
V. pAddr

<> HPMO

PIO
pAddr2

(1) DMA control register space
mmap () ->vAddr

(2) EMAX6 register space

(2) LMM DMA space
mmap () ->pAddr2->vAddr2

Ctrl
Regs

—— vAddr
vStage

oo ||

lvm;h:k\ﬁ pAddr
lvAdcu\\H pAddr
[vaddr | paAddr

0x1000000000
0x47FFFFFFFF
0x4800000000
Ox7FFFFFFFFF

i(FPD—PL(HPMO) 224GB)

i (FPD-PL (HPM1) 224GB)

DMA

pAddr — pAddr2

FSM

I‘ﬁLI
Range (o]

l

vAddr

| EMAX

[vRange|[re]
[vRange][12a1]
5

‘\'(3) DDR memory space
mmap () ->pAddr->vAddr

0 3.3 MemoryMap O QOO
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3.2 00400

D000000,00000000000 IMAXOOOOOO. 0000000
0D00000000000000000000000000000000000
0000000000000000000000 Deep Learning 0000000
0000000000 34:)0mmO0000000340b)0 CO00000
000000034(c) 00 mit0000000 10000 H+1 (00)xW (O)
000 IMAXOOOODODOOODOOOOO0DO0O0000000 Clrow][col] O
0000 Afrow][*] x B[*][col] 00 D000 HOOODOOOO,1 00 unit[*mod
Hl[colmod W] OO OOOO0O000D0DOD0D00000HXxWOOODOODOOOO0OO
000000000000000000 Coc, Co8, Co4, Co0 0O DD DO AOO
x B0cO A01 x B18, A02 x B24, A03 x B300 DD DOOOOOOOOOO CO0,
C04, C08, COc, ..., COM-4) 00 00000000000000000O0O0O0
00000000 HxWOOOOOOOOO0O0O000oooooowoooooo
00000000 M/HODOOOOOOODODOODOOOO Coo, Cot, ..., CO(M-1) O
00000034d) 0000000 A0ONOOOOODODOODOOOOOOOO
D0000000000 AD100MDOOx GRPOOOOOOBO 100M
00000000000000000. 00005000000 IMAXOOOO
100000000000, c¢hip0000000000000,00000000
O0AO0OGRPOOOOOBOOOODODODDDODOD. 0D0DDODOO blkO 00
O0M-1000000,000000000000000000000 AO GRP
00000,000000000000 Cx0,Cx1,...,Cx(M-1)0 GRPO
0000000000. 00,00 BO,bkOOODOODOO0OO0O0OODOOD HOOOO
0D000000000000000000. 00000000000000000
0,IMAXO00000O0 (H+10000)000000000000000000
D00 M3/(HxWxN)OOO. 00,00000000 A,B,CO00000O
D0000000DDROOOOOOOODOODODO M2x30000000,0
00000000 ADCO MxGRP,BO MxHOOOOOODODOOOOO
O0,AD0 CO00 M?, BOM2xM/GRP(M=GRP 000 M?2000.NO
000. 0000000000 )000000. 000 IMAXOOODOOOO 3.1
0000.03.1000000000000000000. O0O,DRAINOOOO
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— bt | bli#t4 o0 .. cod | M ~—Wcol#0 .. col#td
row#0 |A00|A01(A02|A03] ... B00|B01{B02|B03|B04]B05| 8062807 B08|B09{B0a|BOb| ... CO0JCO1|C02|COZCO4CO5 CO6|CO7ICOg] ...

row#1 |A10|/A11(A12|A13 % B10|B11{B12 B13IB14IB15 B16{B17|B18|B19|B1a|B1b
row#2 |A20|A21|A22|A23 =k | |B20|B21|B22|B23|B24|B25/B26|B27B28|B29| B2a|B2b -
row#3 |A30|A31|A32|A33 B30|B31{B32|B33|B34|B35|B36|B37|B38|B39|B3a|B3b

=

3

(a) Data structure of matrix multiplication (C=A*B)

for (row=0; row<M; row++) {

for (col=0; col<M; col++) {
for (n=0; n<M; n++) {
if (n==0) C[row][col] = A[row][n] * B[n][col];
else  C[row][col] += Afrow][n] * B[n][col];}}}

(b) C code of basic matrix multiplication

for (top=0; top<M/N; top+=GRP) {

for (blk=0; blk<M; blk+=H) {

for (chip=0; chip<N; chip++) {
for (row=0; row<GRP; row++) {
for (col=0; col<M; col+=W) {

H+1

for (w=0; w<W; w++) { /* horizontal (parallel) execution */
- for (h=0; h<H; h++) { /* vertical (pipelined) execution */
if (blk == 0 && h == 0)
Cl[chip*M/N+top+row][col+w] = A[chip*M/N+top+row][blk+h]*B[blk+h][col+w];

B34-37
C04-07 else
SK/_J\?' 3&7 C00-03 C[chip*M/N+top-+row][col+w] += Alchip”M/N+top+row][blk-+h]*B[blk+h][col+w]:
co1 co2 C

i) throughput = HxWxN FMAs/cycle (in the case FMA is not pipelined)
(c) Temporal snapshot of matrix multiplication

on 5x4 systolic array with LMM (d) C code for matrix multiplication on (H+1)xWxN systolic arrays

il
03

034 0ODOO0OOO

000000000000 0000000D00OO0CONFOOODOODODODOO
O0OO0DUODOUODODREGVOOOOODOOOOOOOOO,RANGEODOOOOOOO
00000000000000000000000 DMA(LOAD) DDODOOOOO
O0D0D0OC0CODEXECODODOOODD.O00DO,000000000000000
000000000000 00000350000.000,0000 CHIPODO 1
O00. 0000000,LOADDO DRAINOODOODOODOOODODODOOOOOOO
ggb.goobboooobbboooobobobooooon.

1.Local Memory OO0 000000000 DOOODOOOODOODODOODO.
2.00000000,LOADODOOOOOOOO.
ggoboboogoboboooobobboooo,gobboboooboobooboooon.

17



031 IMAXOOOOOOO 0o0oooO

00000 | 00000 PIO/DMA
CONF | 0000000 PIO
REGV | 00000000 PIO
RANGE | 00000000000 P10
DRAIN | DMA OO (00O00000-000) | DMA
LOAD |DMAOO (00O0-0000000) | DMA
EXEC | 0000 PIO

400 A

350 7

300 ~

250 7

200 A

150 A

Execution time[ms]

100 -

1003

o
— L
™

Length per square matrix side

035 00O0OOooooooooo
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040 0000

oooDoo0o,IMAXODODDOOODOODODODODOODOODDODOODODODOOO. OO
O, IMAXODODOOOODODDODOOD.O0OD,000000000000D00
ggooo,bbobobbobobbbbbbooo0dddd000oooouuoa
0. 00000000000000O0O0,DNNDO SLAMODOODOOOOOOOO
gooooobooobboobbuooobooob. bobboooboog
ggodooooobobobooboo.obo,gobooboboobooboboboboooouo,bood
goooooob. gobboooboooobbooobboobobooooboobooa
g, 0dodd. bbb bbobooooooooboo,b0bbbog
gogoboboooooboobog.

4.1 000000 O0OO0OOOO

OO0oo IMAXOOODODOOOODODOOODOOOoOoooooOoo. oooooo
goooboooooooooooo, oo ooooooooooon
O00. 0000000000000 COOI Coordinate list0 CSRI Compressed
Sparse Rowd CS(J Compressed Sparse ColumnO0O0 00 O00000.00 CSR
00000000000 ,Jagged Diagonal Storage (JDS) D000 OD. 00O
OO0 CSRO JDSO IMAXOODOODDUOODDOODODOO. ooOo,CSR OO
0041 0000.CSROODOO0O0O0OO0OO valOD0OOODOODO,colOOOOO
gbooboooooobooobooobooobo,ptrddodoooooooooon
0. 000000000000000D00 CSROOODOOODODOO,0000
doodoooboboooobooobo, 0000000000 oooood
0.000000D00DooOo JbSooooooog.

JDSODODO0DO00D00D0D0D000, 0000000000000, ooo, IMAX
0000000000 00oDoOo JbSO00000n0o042000. 042000
00000DOOooooOo,0000000ooog. 042b0 CSROOOOOO
00000000000 D,0000d0D0000D000o00d indexdd OO
O.o00ooooouoon O(N2)|:|DD.DDD4.2.CDDDDDDDDDDD

19



-

ptr| 0 | 45| 6| 8|10

col

041 CSROO

goooobooooouob.gooobbooooobbbbooooobobo, o
ygoooobobooobbododoooooooo,oboboobboooooooon.
ggodoooboboboobobbbbbdodooo. goooobobboboobbbbood
gg,bbobobbbbbbbbbbbooo0dddd0000UUUUuUou g
0000000000000000000,0000000000000 O(N)O
ggodo. oobboooobbbooddooooooooooboooobobooo
00b0o000bO0D0. 0ob0o42d0000000000D00O0ODODODODOO
O0. IMAXOODOOOOO,000000000000,000000000A0.
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EITEHT,
IndexZ& R 77
EEEEE—)

H stEeony

A Sort
HEE0N)

IMAXDEIEIZES
&5IZzero padding

i —— :

N R ol

=
=
=~
ag
e
=

042 JDSOO

000000000000 0o0oUoouooUon (Padding) DOOOODOOOOO
00000D000. 042d0 HO IMAXODODOOODOODOO MarginO HOO
000000000000 DO0DDO0D000. MarginOODOODODOODOODOO
Padding 0 IMAX OO OOOOOOOOOGOOQO.

CeUD GPUOUODOOOODOODOODOODODOUODOODOOOOO indexOO
O0o00oo0ooDooo. 0Do00,IMAXDODODOODODODOOOOooODOooDooOO
0,00 indexO000D00000ODOOODOOOODOOODOOD. ODOODOO
O0000430000.043.2a0000 indexOODODO 32bit000000O0O0O
O00000,043b0 index000000,00 indexU 64bit0 000000
go.0dgdbbodoobobbooo, bbb oooUobbboUuog
O043a00000000000,0D000D000O0DOO0ODOOODOODO
0.0000043a0043b000000O000O0O0O0O0O0O0O0O0O0O0O0OO,O
goo.
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a8 & index Bt b:{& &indext v k
3bit  32bit 32bit  32bit

N
\

AN
\
\

\ /
"/
T T[] LT T 11
|

043 00 indexOOOODOOO

4.2 IMAXOODODODODOODOODOD

goooooooooooboibibobooooooooooooooooadd
000000000000, 000,0000000000 ADO,000000
OO0 BOODO. 00 IMAXOODO Unit 000 Local Memory 0 OO LMM O
O0. 00 Format 000000 indexOODOOOOO0OOOOOOOOODOOO
O000. 0000000000000 440000, 0000000 0OO0OO0OO
O00000000. 00 Unitd 200000000 ADODOOOOOO BO
offset OO DUDO. 10000 IMAX ODOO WxPortx2(32bitx2) O offset 0 O
000,000 UnitOO0O offset 0000000 BOOOODODO LoadO0O. O
000000 WO 400 Port 00 200000,16Unit 00 offset DO DO OO
000000000, o0 1eUnitd0 1000000,IMAXDOODODOOODOO
00000D0. 00044000000000. Unitl 00 aindex O aindex1 O
00oooo0oO0.000JDSO0000 indexOOOODO. aindexOOOOOO
OindexOOOOOOOOO,64bit00000. aindex 00000000 DODOO
0oooooooooo,0bo000o0oo0ooO0 BOoOoooooooo. ooo
0000000000000 000D0DDO0000D00d. Unit200 Unitl OOO
00000 aindexaindex](000 BOODOD)O IMAXOOOODDODODOOOO
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OO0 BOOOOboftset 0000000 LMMOODODODOO BODOO Load O
000000 boffsetl ,boffset2 000 00. Unit3 00 Unit200000000
boffsetl,boffset2 0 Base 00000000000 DO0O0OO, 000000000
O000BOODO Load00O. OO0 ADOODOO Arow D Basel 0000
00000000000 LeadOO. BO Unit00O00O00O0O BaseOOGOOO
O000,A0 BaseO Unit 000000000, Unitd 00 Unit3000000
ald blO0DO0DO0O0OD,0000000.000000000,boffsetl 0000
Ooffset 00DODOOODODO,32bit 000D OOODOONO offset O Unito OO OO
Unith 0O Unitd 000000 c1 0 a20 b2000000000000O0O0O0OO
ggo.gooboobdoooobobboooobobobboooobobobooo.og,d
0000 Index-Value-Separate 0 (IVSO)ODO0O.

O0 Format 000000 indexOOOOOOOOOODOOODOOODOO. OO
obooOoo0oobOoo4h50000. DDOODOOOODODOODOODODOO
O00.00Unit0D 100000000 AODDOODOODO. DOODOOOOO
0O A(64bit) DO O 32bit 000 32bit 0 index DO 0. OO0 Unit 00 Unit 00O
0000 A0ODD indexOODOOODODDOO BOODOODOODDOOO,000 BO
Load OD0O. OO0 Unit0 2000 Unit 000000 AODODDOOOOOOOO
OUnit0 00000000 BOODOODOOO. ODOO 3UnitO000OO00OOO0OO
O000D0.0000000 1Unit 00000000 DO0OO0OOODODOO,04.40
O00indexOOODOOO Unit0O00O0O0OD0O0OO. OODOOOOCOODOO,BO
000000000 for00000D00O0OODO0OO. DOD04500000000
O.UnitlO00 ald LoadO0. Unit20000000000 alO indexOOO
O00 blO LoadO,a20 Load OO. Unit3 00 Unitl 00000 al 000
OD0O0,Unit2000000 b1 0OOOD0,0000000. 00000000O0DOO
000ooooo. 00,00000 Index-Value-Join O (IVJO)DOOO.

OO0oOopoOobooobo e0Unit 0 ODOODODOODOODOO,0440000
48(16x3)Unit 0 D 0000000000, 0450000000000000
2Unit 0000 S8Unit 000 0OO0DOODOO. O0OO0OO0OODOOoJIvVJoooooo
ooobOooOO0o0obOOo. ooboobo,0o0b0obo IvJoobooooboobooo
OOoooooo. IVvJODooooooo,32pit00000 indexdOOOOOO
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Get Get T
aindex aindex1 Unit 1

A

Get Get Unit 2
boffset b ffsetl
Load T Unit 3
a1 b1

‘ / I_L;_ _I‘oad

Cq1 = aAq * b1 e I I P A b2 Unlt 4
[— e I SS——
1 =
A I | Load ] I.oad 1
€z = @z *bytcy SN A " Unit 5
__J e——— S
A
< ] — ,
| c3 = az* bztcy ‘ \ A / | Load Igad Unit 6
e s MO
= boffset i
Unit n

044 IVSOOOO

boffsetl=aindex +boffset
boffset2=aindex1+boffset

Addr=Basel+arow, Addr1=Base+boffsetl,
a,=Load(Addr), by=Load(Addr1)

Addr=Base2+arow, Addr1=Base+(boffset1<<32)
ay=Load(Addr), ba=Load(Addr1)

Addr=Base3+arow, Addr1=Base+boffset2,
az=Load(Addr), b3=Load(Addr1)

Addr=Based4+arow, Addr1=Base+(boffset2<<32)
a4=Load(Addr), b4=Load(Addr1)

E Fused Multiply-Add

OO, IMAXOOOOOO SIMDOOOODOODOUODOOOOOOoOd. SIMD OO
O00000,000 BO 32bitx2000000000000 AO 32bit 0 index
00000000 32bitx20000,000 BOODODOOOOOOOoOoOooOO
OO0 IMAXOOODOOOOOODOOOODOO. O00,0460000 FMA
00000000000, Address Calculator O Local Memory O FPU O O OO
ODO00D0ODO0O,FMADODODO64bit 000 32bit0 0000000000000
O000000. 0000 32bitd0d0d00o0ooouoooo IMAXOOO
goodobboooobooobo, 00000 oooooog
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Load
a1
Load Load
ax b1
p— |
‘ c. = aixh | l Lbad Load
1 1 1 FMA™Y a3 b2
L/ 1 —
A I Ldad B Load
| €2 = @z ¥ byt ¢y ‘ FMA | f a4 bs
/ ! =
~a —
— Ldad
€3 = az *bztc, FMA / " Llc]':d
3
—tf L -l
\ 3
Y / —
| Cy = ay *xbytcg ‘ FMA Lgad Load
I/ ag b5
——] L —
\A
— arow
| Cs = as *bs+cy o

Unit 1
Unit 2

Unit 3

Unit 4

Unit 5

Unit 6

Unit 7

Unitn

045 IVvJOOOO

Addr=Baset+arow,
aji=Load(Addr)

Addr=Basel+arow, Addr1=Baset+(a, >>32),
a,=Load(Addr), b,=Load(Addr1)

Addr=Base2+arow, Addr1=Base+(a, >>32),
az=Load(Addr), b,=Load(Addr1)

Addr=Base3+arow, Addr1=Base+(az >>32),
a,=Load(Addr), b3=Load(Addr1)

Addr=Base4+arow, Addr1=Base+(a4 >>32),
az=Load(Addr), by=Load(Addr1)

Addr=Base5+arow, Addr1=Base+(ag >>32),
ag=Load(Addr), bz=Load(Addr1)

Fused Multiply-Add

O000000o0. 000000000000 AoDoOoo Bo SIMDOOOOO
ggoo. googoooooobobbb,oooooobobbbbbooooooodgd
0000000. 0000000000000 0D0O00D Cooooooooo
O.JDSO00D000 A0DDODOODOD, 00000000 CoOooOoDood
O0000. 000 CGRAOODODODOOOOoOOoOOOoOOoOoOoOooooo,00000
00000000000 IMAXOOODDODOODDODOOoODoODOoooOo, IMAXO
goboooobobooo,0boo0obbuodoobboooobbo. oob,od
Unit00000470000.00000000000000 perm_offset 000
O Unit00OD0O,perm_offset 0 Base 00000000000 O0OODOOOO
O00000.000000000000D0000 selfaccumulate 0 00,0000
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32bit

A

32bit

Load
al
. \"'
{ Load Load
\ a2 b1 ¥
/”
[ Ibad Load
29y i a3 b2
[
.ﬁ
v
Load Load
FMA a4 b3
rI I y
Ldad Load
FMAY ¥ a5 b4
]
A ¥
Liad Load
I a6 b5
7
FMA

046 0O00OO0OOOO

gogobobuoooobbuoooobbuoooooo.
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AC

LMM

AC Address Calculator

Local Memory

Fused Multiply-Add

' Floating Point Add

Floating Point Unit



perm_offset

ll_l T

—a
‘ Cpz = App*by 2ty 3 | — [ I 1ha -| Load Unit N-2 Addr=Base+a_row, Addr1=Base+(a,_; >>32),
_," a1 | b1 @,,_;=Load(Addr), b,,_;=Load(Addr1)
\ -
‘ Cp1 = Ap_1* by gt chp ‘ \ FMA / Unit N-1
* - Addr=Base+perm_offset
_ . Unit N -
‘ Cn_ = CntCn ‘ S C,, = Store(Addr)
n

Floating Point Add

Self Accumulate E Fused Multiply-Add

047 0ODOOOOO

4.3 Local Memory 00000

000000000000 IMAXOOOOODOOOOO,000 AODODOO
OO00Oo0O0DO0O BOO UntOOO0OOO0OOOOOOOOD. ODOODOOOOO
vddddododooooooooooooobbobbbbbbbobbbbobooboobo
000000. 000 BOODOO,000 AOO UnitO Local Mermoy(LMM)
000000000000 00O. OO0 ADODODO BOoUOODOOOOOOO
LMMODODOOOOOODO,0000D0000000DODOODO. DOO,b000
AODO GroupODOODODOODOOODO IMAXOOOODOODODOODDODODOODOO
0, IMAXOOOOOOOODODODOO0O0OO0O0O0O0O0O0O00000oooooo
Oo0oO0OoO0O,000 ADDDODOOOOOODOODOO IMAXOODODODDODODODO
O00O00. 00000 AQO0O0Oooooo LMMOOOOOOOOOOOOO
Oo0ooo0O0o,LMMOOOOOODOOOD ADODODODODOOOOOOOODO,D0O0
bboobboobbooobuoooboobbuoobobo. obbooboboooon
oo0oC0o0o0O0OO0,000 A00O0OO0O0U0UU0UOoO,DDoDoooooooOoOO
O000000D0. 000048a0000 AOODODDODOOOODODODODOOOOO
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] Local Memory n—

AT o I - =

EMEMEME
] ] ] =
— 1 _—1 _—1 —1 —

PFMHEMEIMEHM®

I

2]

=
—1 —1 —1 —1 —1]

A
A
/] =
A
A

b(After)

o H X AGRP

BRITHIA

0 4.8 AGRPOODO

oo0oO0O0,048b000000000DOOODODOOODODOOODO. WO
IMAXOOODOHOOODODODO,AGRPD ADOODODOOODDOOOOOOOO
0. AGRPOOUO0DDODDOOOODODOODOOOOD.0DDOOO0O0O0ODOOOO0OO
O0oooDoooooOo,LMMOOOO AODODOOOOOOOODOODO. O
O0000,000 LMMOOODOOOOOO00 AGRPOOODO,0000000
000 A0DD000DOOO0ODOO0OOOO0DOOO0O0OOO00OOODO0ODOOOOOOO
O00. 04820000000 ADOO xHOOO IMAXODOODOOOOO
O00000,048b00 A0D00O xHxAGRPOOOOOO. OO,LMMOOO
000000000000 0000 BOLMMOOOOOODO ADODDOOOO
000000000 0o0oooDooooO0O0,000 ADDOOD LMMOOOOO
000000000000 BODODODOOOODOD.ODO BOODOD4s80O0O0O0DOO
O00O0DO UnitOODOOOOODOODOOOOODOOOODOODOO.ODODOO
000000 AO0DDOO BOO LMMDO 200000000000000,00
0000000000 IMAXOO UnitO00O0OO DMAOOOODODOOO
000000DbO000,000 BODODODOOODOODOD UnitODOO0ODODOO
ggoobo,bobogoobooboggoobooo,bgoobooooa.
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4.4 Local Memory 000

000000000 0oD0ooo IMAXOOODODOOODODOoOooo,00000
goodoodgooooo. oogooo (4.4.1)DDD (4.4.5)|:||:||:]D.|]
O0,000000000000 A,000 BOODOOoOooooooooOo COd
O0. Acolumn, Arow 00000000 AODOODOOOO,Beolumn, Brow O O
000000 BOOOOOODOO. HOODDODODOODODODODODOOODOO IMAX O
OoDoooooo,wWoOoOoooo. NCHIPO IMAXO CHIPOOOOOOO.
LMMSIZED LMM OOO0OOOOODO,00000 64kbyteC00O. OO, 0O
OO0DO00o00O0 UnitO LMMOOODO CO 64Kbyte OO O, 00000 Unit
OLMMOOODO AODOO BO 32KbyteOODOODOODOOO0OOO. AGRP O
BGRPO CGRPUOUDODODOO A,000 B,000 CO LMMOOOOOO
000D00ooDoodo. bod AGRP.BGRP,CGRPOUOOOODOOO LMM
Ooo0oDoooo. IMAXOHOODOODODODOO,0DO0D0O0O0O0O Acolumn O
000D HOODOOOODODOOO. oo0 IMAXOOOOODOOOoOooooo
00000490000, 00,JMAXOOOOODOOOD (4.4.1) 000 (4.4.10)
0000000000, HOOODODODODDODDDDODODDOOOOOOOOOO
(441)00000. Acolumn 0 HOOUOOOOODOO,O0O0O0OO0O ArowO 0
goooooooo. ooooooooooooobooboo,oooooooon
Ooooo. IMAXOHOOODODOODOO,000DOO0O Acolumn OO0 O
HOOOODODOODODOO. IMAXOOOODODODODOOODOODOOO For-Loop
Jddddddooo,0ddo LMMOODODODOODOOOOOOOOOOOOd
O0.00000LMMOOUOOOOOOUODOOUODOOUOOUO. O 442)000
(443)0000 A00000O0OODOODOO. O (4.4.2)0 Arow x AGRP O DMA
0010000 LMMOODODOOODOOO,LMMSIZE OOODOO0O 32Kbyte O
000000000 D0O00. 00000 40000000000 byteOd OO
00000000. 00000 20000000000 AdD0O0O0OOODOOOO
000 8byteJOUDDODOODDODOO. O (443)0 BlockOODODOOO A
0000000000000 000000000000. U (444)000 (4.4.8)
00 BOODODOOUOODOODODUOOODODOO cOooOoOooooDOooooo. O
0000000000000 ADODODOoOODOoOoOoOO,000 BOODOoODOoOO C
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OCHIPOODODOODODODOOODODOO,000000 NCHIPOOODO.O
O,BGRPO CGRPOOOOOODOOOOOOOOODODO. OOOBOOODOC
00000000000 000O000,00000 BOODO GRPOODOOOOO
000o00,00000000 COODUOODO LMMOODODOO,0000000
coooooOoooOooo LMMODOOODOOOOOOOOOUODOODOO, OO0
Oo000O0ooooO0O0oooooooo.0o49000 CGRPO BGRPOOOO
00000000000. 0000 (448)000000000. 0 449 000
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LMMSIZE
Brow x BGRP x 4 <= + (4.4.4)
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