ASCELLA: Accelerating Sparse Computation =
by Enabling Stream Accesses to Memory
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Sparse matrices are everywhere!

Sparse matrix vector multiplication (SpMV) is a main operation in:

Neural Networks Graph Analytics Differential Equations

The weight matrix The adjacency matrix  The coefficient matrix
Is sparse is sparse Is sparse
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An ideal hardware accelerator for SpMV
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» SpMV can be accelerated:

By stream data from memory
By using a parallel dot product engine

» Ideally, we want compute time and data-transfer time for
blocks of data (e.g., A, B, C, and D) to be equal:

DataTransfer X A X B X € X D X

Computation A B C

time
>

*a block is the unit of streaming data from memory Georgia
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Decompression can cause a bottleneck

4

» Sparse matrices are often stored and transferred in
compressed forms

Example: compressed sparse row (CSR) and blocked CSR (BCSR)
» The compressed data must be first decompressed

» Decompression is slow and causes bottleneck

Data Transfer X A X 0 X BX 0 X C X 0 X DX 0 X

Computation A B C

time

>
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Why decompression is slow?

CSR and BCSR use three vectors to represent a sparse matrix
» Row indices (offsets)

» Column indices

» Values

To decompress a non-zero row, we need to
» First, read one element of row indices
» Then, read column indices and values as required
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Decompression from CSR format

CSR Format: FPGA BRAM:
/SpMV B row indices 2.2:5:7 o =>B0(2 |2 |-
Example: col.indices 0 1 0 1[2 2 3 —;81 01
312 values (32 4/5[1/3/2] -3B2[3]2 [
A 4151
312 ‘BRAM Accesses Timeline: R Read Operation C Compute Operation\
X cycle: 0 1 | 2 3 4 | 5 6
BT3/1/56 R B0O—»2 ‘ ‘
N J
cycle: 7 8 | 9 10 117 | 12 13
- Y
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Decompression from CSR format

CSR Format: FPGA BRAM:
/SpMV B row indices 2:2:5:7 o =>B0(2 |2 |-
Example: col.indices 0 1 0 1[2 2 3 —;81 01
312 values (32 4/5[1/3/2] -3B2[3]2 [
= 4151
312 ‘BRAM Accesses Timeline: R Read Operation C Compute Operation\
X cycle: 0 1 | 2 3 4 | 5 6
BT3[15/6] R BO—2 cz-o:z‘ ‘
cycle: 7 8 | 9 10 11 | 12 13
N J
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Decompression from CSR format

CSR Format: FPGA BRAM:
/SpMV B row indices 2»2:5:7 o =>B0(2 |2 |-
Example: col. indices{0]1 0 1[2 2 3 —;81 01
312 values[3]2 4/5[1/3/2] -3B2[3]2 [
= 4 5 1
312 ‘BRAM Accesses Timeline: R Read Operation C Compute Operation\
X cycle: 0 1 | 2 3 4 | 5 6
BT3[15/6] RBO—»2| C2-0=2 | RB1—0
RB2—+»3
cycle: 7 8 | 9 10 11 | 12 13
N Y
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Decompression from CSR format
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CSR Format: FPGA BRAM:
/SpMV ™ row indices 2_2_5:7 o =>B0(2 |2 |-
Example: col. indices 0[1]0 1|2 2 3 —;81 01
| - |
312 values | 3[2]4 5[1/3/2] -»B2[3 ]2
A 4151
312 ‘BRAM Accesses Timeline: R Read Operation C Compute Operation\
X cycle: 0 1 | 2 3 4 | 5 6
BT3 /1156 RBO—>2| C2-0=2 | RB1—»0 [RB1—>1
- - RB2—»3 [RB2—»2
cycle: 7 8 | 9 10 1 | 12 13
- Y
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Decompression from CSR format

-
SpMV
Example:

32

415

w =

CSR Format:

row indices 2

col. indices 0

values 3

10

2|5 7
101/223
245132

FPGA BRAM:

->B0

1

282

‘BRAM Accesses Timeline:

R Read Operation

C Compute Operation\

cycle: 0 1T 2 3 4 | 5 6
RB0O—+2| C2-0=2 | RB1—+»0 [RB1—»1 | RB0O—»2
RB2—+3  RB2—»2
cycle: 7 8 | 9 10 11 | 12 13
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Decompression from CSR format
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CSR Format: FPGA BRAM:
/SpMV ™ row indices 2:2:5:7 o =>B0(2 |2 |-
Example: col.indices 0 1 0 1[2 2 3 —;81 01
B - |
312 values |3 24 5[1/3/2 —-»B2[3]2]-
= 45 1
><3 2 ‘BRAM Accesses Timeline: R Read Operation C Compute Operation\
B731 56 cycle: 0 1 | 2 3 4 | 5 6
g Y, RBO—+»2| C2-0=2 RB1—»0 RB1—+>1 | RB0O—»2 | C2-2=0
RB2—+»3 RB2—+»2
cycle: 7 8 | 9 10 1 | 12 13
N ‘ ‘ Y
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SpMV
Example:

32

415

w =

CSR Format:
row indices 2 2 5 7

col.indices 0 1 0 1[2 2 3

values 3 2 4 5/1/3 2

FPGA BRAM:

—=2B0| 2

-?B1|0

-»B2|3

‘BRAM Accesses Timeline:

cycle: 0 1 |

2

R Read Operation

C Compute Operation\

3 4 | 5 6
RBO>2| C2-0-2 RB1»0 [RB1—>1 | RBO—»2 | C2-2-0 | RBO—=5
RB2—+»3 RB2—»2
cycle: 7 8 | 9 10 11 12 13
C 5-2=3 | R B1—>O‘ RB1—1 |RB1—2 | C7-5=2 ‘R B1—»2| RB1-»3
RB2-»4| RB2-»5 |RB2—1 RB2-»3| RB2-»2
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Decompression from BCSR format

BCSR Format @2 sub-blocks): | | FPGA BRAM: _
row indices 1 3 BO[1]3
0 B1|0([(0|2
/SpMV B col. indices 0 0'2. o 3 T
Example: values' 3 2 0 0>
= B3/ 2|50
32 450072 B4/ 003
103 2 B5 0|02
= 4151 | |
82 ‘BRAM Accesses Timeline: R Read Operation C Compute Operation\
X cycle: 0 1 2 3 4 5 6

BT3 15 6
N J

- Y

Gegrgia 7 comparch
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Decompression from BCSR format

BCSR Format (2x2 sub-blocks) : FPGA BRAM:
row indices | 1 |3 BO[1]|3
0 B1/|0|0 |2
/SpMV D col. indices 0 0,2. T
Example: values 3 2 0 0 B3215 [0
32 45007 B4[0]0]3
1032 B5[0]0]2
A AE . . .
312 ‘BRAM Accesses Timeline: R Read Operation C Compute Operation\
X cycle: 0 1 2 3 4 5 6

BT3/1 5|6 R BO—»1
N J

- Y
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Decompression from BCSR format

BCSR Format (2x2 sub-blocks) : FPGA BRAM:
row indices 1 3 ‘ BO[1]3
SoMV ~ col. indices 0 0 2 ->B1(0(0]|2
P | B2[3[4 1
Example: values 3 2 0 _07 B3 21510
32 }4 50012 B4[0[0]3
103 2 B5(0|0 |2
A AE , ,
312 ‘BRAM Accesses Timeline: R Read Operation C Compute Operation\
X cycle: 0 1 2 3 4 5 6
BT3/1 5|6 RBO—»1| C 1-0=1
N J
N J
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Decompression from BCSR format

BCSR Format (2x2 sub-blocks) : FPGA BRAM:
row indices 1 3 ‘BO 113
| -=2>B1|0(0|2
/SpMV A col. indices |0 |0 2‘ T
Example: values|3 2 0 0> B3215 [0
32 450102 B4[0[0]3
103 2 B5(0|0 |2
A 4151 ’
312 ‘BRAM Accesses Timeline: R Read Operation C Compute Operation\
X cycle: 0 1 2 3 4 5 6
\BTS 115 6/ RBO—+1| C1-0=1 | RB1—0
R B2—»3
R B3—»2
RB4—»0
R B5—+0
- Y
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Decompression from BCSR format

77777777777777 17
BCSR Format (2x2 sub-blocks) : | FPGA BRAM:
row indices 1|3 —)‘BO 113
0 -=2>B1|0(0|2
/SpMV N col. indices 0 0 2‘ T
Example: values 3 2 0 0 B3215 [0
32 45007 B4[0[0[3
103 2 B5(0]0 2
A 4151 ’
312 ‘BRAM Accesses Timeline: R Read Operation C Compute Operation\
X cycle: 0 1 2 3 4 5 6
\BTS 11516] ] RB0—+1| C1-0=1 | RB1—»0 |[RB0—+3
RB2—+»3
R B3—+2
R B4—»0
R B5—+0
- Y
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Decompression from BCSR format
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BCSR Format (2x2 sub-blocks) : | FPGA BRAM:
row indices 1 3 —)‘BO 113
0 -=2>B1|0(0|2
/SpMV ™ col. indices 0 0 2‘ S TaE
Example: values 3 2 0 0 B3 21510
32 45007 B4/0[0]3
103 2 B5(0]0 2
A 4151 |
312 ‘BRAM Accesses Timeline: R Read Operation C Compute Operation\
X cycle: 0 1 2 3 4 5 6
\BTS 115 6/ RBO—+1| C1-0=1 | RB1—»0 |[RBO—*»3 | C3-1=2
RB2—+»3
R B3—+2
R B4—»0
R B5—+0
- Y
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Decompression from BCSR format
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BCSR Format (2x2 sub-blocks) : | FPGA BRAM:
row indices 1 3 —)‘BO 113
(e R col. indices 0|0 |2 -»B1[0]0]2
SpMv | B2[3[4 1
Example: values 3 2 0 0 B3215 [0
32 4500J2 B4/0[0][3
103 2 B5(0]0]2
A 4151
2 ‘BRAM Accesses Timeline: R Read Operation C Compute Operation\
X cycle: 0 1 2 3 4 5 6
PTS 115 6/ RBO—+1| C1-0=1 |[RB1—+0 |[RBO+3 | ¢c3-1=2 |RB1—0
RB2—+»3 RB2—+»4
R B3—+»2 R B3—+»5
RB4—»0 RB4—+0
R B5—+0 R B5—>0
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SpMV
Example:

32

415

w =

-EE il ’
L - 5 4 -

Decompression from BCSR format

20

BCSR Format (2x2 sub-blocks) :
row indices 1 3

col. indices 0 02

values 3 2 0 0~
4500~

103 2

'FPGAB

RAM:

-» B0 [ 1

-3 B1

B2

B3

B4

OO Wl IO

BS

Oo|O|H|| OfwW

NIWO|[—=N

‘BRAM Accesses Timeline:

R Read Operation

C Compute Operation\

cycle: 0 1 2 3 4 5 6
RBO—+»1| C1-0=1 | RB1—+»0  RBO—+»3 | c3-1=2 |[RB1—»0| RB1—»2
RB2—»3 RB2—»4| RB2—»1
RB3—»2 RB3—+5| RB3—»0
RB4—0 RB4—+»0| RB4—»3
R B5—+0 RB5—+0| RB5—»2
-
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Key Challenge of Decompressing CSR and BCSR .,

Creating each row of data has following overheads:

» One access to the meta data
» One computation

Reading the column indices and values is sequential because

» We do not know in advance which elements of column indices and
values are going to be accessed.

» We cannot partition and allocate those two vectors across the blocks of
BRAM to guarantee parallel reads.

Segign 7 comparch



Key Insights and Solutions | 2

To address the challenge we propose Ascella

Ascella achieves the ideal streaming for sparse problems by
» Avoiding extra accesses to meta data
» Providing deterministic parallel accesses to data

Ascella is an accelerator for SpMV that sustains a balance
between computation and data-transfer time
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Ascella uses a compressed format similar to list of lists (LIL'):

2 3

0 1
32

w
N
-
o
o
N
w

row
indices

‘ values
415 3

on

N
N}
w
g

4151

w N = O

Ascella implements a lightweight microarchitecture that
» Connects the streamlines of memory to the parallel dot-product engine
» Enables ideal data streaming

1 https://docs.scipy.org/doc/scipy/reference/generated/scipy.sparse.lil matrix.html Georgia

groia 77 comparch



https://docs.scipy.org/doc/scipy/reference/generated/scipy.sparse.lil_matrix.html

4 N\ 4 n N\
oz
_row 00723 2'S B0 B1 B2 B3 B4 B5 B6 B7
E'”d'ces22300 om [offoff2][3] 31212
£ 3[2]1]2 82 2/2]3]© 4]5/3]0
-1 5 values Qo i
= 4530 sgp fow indices values
N / o )
"BRAM Accesses for Decompression: R Read Operation
cycle: 0 | 1 2
RBO—3{0|RB4 » 3
RB1—+»0|RB5—» 2
RB2 »2|RB6—» 1
\RB3—>3 RB7 » 2 )
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Decompression mechanism of Ascella

~
/
N

n N\
=
Gy N -d-r°W82§3 2 9 B0 B1 B2 B3 B4 B5 B6 B7
Indices oo —
E)F(’ample_ o gm 0 0[2]3] 3 2/1]2
' 2 Evales (312112 2% [2]2]/3 /] [4]5/3/0]
32 =2 41530 s £ row indices values
- 4 - )
A
4151
2 | . ; ™~
X BRAM Accesses for Decompression: R Read Operation
cycle: 0 1 1 2
BT3 1/5|6 RBO—»0 RB4—»3 RBO—»2|RB4—» 4
_ Y RB1—+0 RB5—+%2 RB1 —2|RB5 -5
RB2 »2 RB6—+ 1 RB2 »|2|RB6 —» 1
_ RB3—»3 RB7 2 RB3—»3|RB7 2 )
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Decompression mechanism of Ascella

~
/
N

n N
=
- ~ ,d_r°W0023 2 B0 B1B2B3 B4 B5 B6 BY
SpMV o N1CS8 212 |8 [0 2m 0/0/2[3] [3]2/1]2
Example: £ 3/2/1]2 83 2 23] 45 3]0
- 5 values o o o
3 2 e 41530 s & rowindices values
A - 4 - )
4151
2 |
X BRAM Accesses for Decompression: R Read Operation
cycle: 0 1 2
BT3 1/5|6 RBO—+»0 RB4—»3RB0O—+»2 RB4—4
- % RB1 —»0 RB5—%» 2/ RB1—+»2 RB5—%5
RB2 »2 RB6—» 1 RB2—»2 RB6—%»1|RB2 {3 |RB6-—» 2
\RBS—»S RB7 —»2 RB3—+»3 RB7—+>2 RB3 3 RB7—-»3/
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Microarchitecture of Ascella

At each step of decompression:

» read indices are used to to read the row indices

» the minimum of row indices is used to create a mask

» the mask (@) BRAM
D Register o R — :
Selects values of dense row . ST
Logic c =z 3l
Updates the read indices ~ 1 e 5|
D) + O N

% 0 S| L =)

(&) " = * GL) | @)

—| C E N % | O

; S e) % > O © | g
> > —> C [

O = @) c < i 8

>~ 1 L1 Y 5 \—/

v
To dot-product engine
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Microarchitecture of Ascella 2
Creating the first row:
B BRAM
‘SpMV D Register o ——
Example: . N (8P i
- Logic — 2‘ »g C%;L
Has L [\ 5| Bal —
3 2 B i - |o
X ol 8 KH_EJ §|C\l“ o S
B8 11s o c|0 5»8 - ig:g:ﬁmn_'
os[= 1ol et |
\___/ \—/

From memory streamlines
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Microarchitecture of Ascella o

Creating the third row:

BRAM
‘SpMV B C) Register o| —
Example: , - ' len 85
315 Logic — © o0 o3l
— O m |
—_— L Q!
Al o i ~ | Pal M
3 2 (48] o L | O
>< C\i\ 8 &l') i |(\|_\ qi 1_.\
BT 315 —> -~ O ! 1—.\ Q:_» _
. N2 % ~ | o \awl (o
N = Ol | = < TP Y |«
\___/ —__ — \__/

From memory streamlines —T

Georgia
Tech
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Microarchitecture of Ascella %

Creating the last row:

N
: BRAM
‘SpMV b C} Register o| i
E le: . - N (ep) l
xaI;1p2e Loglc o v _:»C\]“ c%‘i—
Al o A
A ~— / \ N I B |
to 1l ™ " ol Pal M
[T 372 . - D L i e
X ok I (L ~ il o] =
B73/1/ 56 — o = |
- J 8 . £13 CE) N — | L& O Wl |O —
s -—> o — 3 <t |
8 2 O @) <E ._________J: (@)
\___/ \___/ _T \__/

From memory streamlines
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Experimental Setup

We apply SpMV on a group of matrices from SuiteSparse collection

We implement Ascella and the baselines
» Using Xilinx Vivado HLS
» On ZYNQ XC7Z020FPGA.

Our comparison metrics are
» Latency
» Recourse utilization

The configurations of Ascella and baselines include
» AXI stream interfaces
» DDR3 memory
» 100 MHz frequency
» 32-bit integers
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Performance Evaluation
A

ooooo

Dataset: thermomech-TC
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Performance Evaluation

On average, Ascella executes SpMV

» 2.7x faster than using CSR

@ ASCELLA

BCSR
2 7 9w A U 9 W 94 B 7 B 7
? 9 5 7 7 7 5 7 0 7 7
EMEEEEEEEEEEN
/m 0 VW UM Um Vm Um Um Um VWM Vm Vm Vm

» 5.1x faster than using BCSR

AN «+H O

NV3IIND

%.0°0
D1-Yydawowiay|

%6¢00°0
|EUJNO[3AIT-20S

%60°0
1IN2JI0S

%10000°0
esn-peoy

%TE00
qaguossiod

%10°0
I0UsHO

%S00
ZHOOSG-OUON

%110

9TU80|-00GS-Uo)

%S00°0
600C-poomA|joH

%8800
9HSVED

%6000
JN00T-IISV

%9100
2J9yds saghag

4SO 01 poazijewJou >ucwum|_
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Resource Utilization

34

» BCSR and Ascella use more BRAM because of partitioning.

» CSR has the lowest flip-flop and look-up table (LUT) utilization because it

does not implement any parallelism.

6% —
- = o
£ 5 4% = T N
o 82% | gz iy [ T R EE
U S e o et i Hit i s Rt i
& E 0% o o o F] o - =t e -
CSR BCSR ASCELLA | CSR BCSR ASCELLA | CSR BCSR ASCELLA
Absolute Total| £ Q > o 8 N < 2 S
Size/Units: - Q s © % Q LN Q Qo
i
BRAM FF LUT
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Conclusions

Ascella is a streaming accelerator for sparse
problems that

» Streams the non-zero values of sparse matrices and
processes them as they come at the same pace

» Is a significant step towards accelerating larger sparse
problems because its storage format
facilitates partitioning large matrices

is supported in Python libraries, which makes the implementation
straightforward
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