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Sparse Matrix-Vector Multiplication

SpMV is widely used in

Sparse Matrix-Vector multiplication

Al workload Graph analysis



Outer Product SpMV




Conventional Compression Format

for (i=0;i < N_ROWS; i++){
sum = 0;
for (j = row_ptrlil; j < row_ptr[i+1]; j++) {
sum += val[j] * vec[cols[j]];
}
. SpMV using conventional format (“out)[i] += sum;

- Causes indirect access }
- HBM-PIM can’t support indirect access <5pMV using CSR format>

+ Fetched data wasted

32B

Fetching 2B of useful data along with 30B of unnecessary data

- :Unused 2B data
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Without Software Optimization
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Without Software Optimization
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Without Software Optimization
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Problems Of Previous Work

HBM-PIM

Bank

Scalareg. CMD reg.

Data reg.

SIMD SIMD
adder multiplier

<SpMV>

—_———

: Non-zero element

Lee, Sukhan, et al. "Hardware architecture and software stack for PIM based on commercial DRAM technology: Industrial product." 2021 ACM/IEEE 48th Annual International Symposium on Computer Architecture (ISCA). IEEE, 2021.




Problems Of Previous Work

N
HBM-PIM . Webbase-1M

- Sparsity over 99.99%

« Size of matrix = over 1,000,000

Compute unit wasted

Matrix row used in SpMV

\q y,
. : Matrix-vector multiplication result

: Non-zero element

Lee, Sukhan, et al. "Hardware architecture and software stack for PIM based on commercial DRAM technology: Industrial product." 2021 ACM/IEEE 48th Annual International Symposium on Computer Architecture (ISCA). IEEE, 2021.



Tackling SpMV Challenges

Limitations of SpMV execution

Indirect access

Load imbalance & low accumulation ratio
SparsePIM: SW Optimization + Compression format +
New HW architecture to handle SpMV




Overview

DRAF
1KB
e
Column Idx.[Rsvd] Values Row Idx. Partial result |Vec. Rsvdl
28B 4B 224B 448B 288B 14B 18B
SW optimization
f K-Means ] Setting
Cap.
- — pChannel
~||BGO|BG1
GO
|eca|ec3

BG accumulator

Reg Evenbank Evenbank Reg

Index queue Index queus

Index comparator

Comparatar

Reg RAW | Reg BOAT
winit unlt

Adder
cantroller

BG Accumulator
Reg Oddbank Oddbank Reg
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DRAF: DRAM Row Aligned Format

100B

@ Col idx(4B) Row idx(4B x 16) Value (2B x 16)
1KB
Col idx(4B) | Row idx(4B x 16) | Value (2B x 16) |
@ GROUP1 GROUP2 GROUP6 GROUP7 Buffer | Vector Rsvd
1KB
® 32B 32Bx8 32Bx 16 32Bx 9 32B
28B 4B 224B 448B 288B 14B 18B

.

" DRAM row aligned format
* Single index represents 16 values

* Includereserved area for partial results
* Fit column access granularity
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SW Optimization: Bounded-cap K-means

Repeat until # of NZEs > threshold or All columns grouped

-
012345678 910

-

Pick

[T T TTITT]e

Centroid
column

K-means
(" Checkdistance )
01 02

\

Long Short distance

distance = Cluster!!

J

(Setting Cap.\
Check NZEs

02 F

pChannel

BGO | BG1
GO

BG4 | BG3

See paper for additional refinement step
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Execution Flow & Architecture

NZEs (7 x 16)

Row index (7 x 16)

Partial result buffer | Vector (7)

Rsvd

Column index (7)| Rsvd
A 28B 4B

224B

448B

288B _14B-~

18B

-
———
—

’—

Columnindex (7) | Rswd MNZEs (7 x 16)

SIMD adder

SIMD multiplier

Register file

Row index (7 x 16)

| Partial result huffar IVBctnr[?]l Rsvd CulunnindnxlﬂlevdI MZEs

|7 x 16) Row index (7 x 16) Partial result buffer

Index queue Index queue

HBM-PIM'’s PU

SIMD adder

SIMD multiplier

Register file

Index comparator

Comparator

Flush controller

RegR/W | RegR/W
unit unit

Adder
controller

HBM-PIM'’s PU

BG Accumulator

Activate
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Execution Flow & Architecture

,_—_

1

Register file BMOV

Column index (7)| Rsvd NZEs (7 x 16) Row index (7 x 16) Partial result bufferll Vector (7) ;Rsvd
28B 4B 224B 448B 288B | 14B J 18B
| | Vector | Vector
D adde SIMD adder
D olie SIMD multiplier
Index queue Index queue
] Index comparator
Comparator
Flush controller
RegR/W | RegR/W
unit unit
Adder
controller
HBM-PIM’s PU BG Accumulator HBM-PIM’s PU
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Execution Flow & Architecture

r _____
Column index (7)| Rsvd: NZEs (7 x 16) ' Row index (7 x 16) Partial result buffer | Vector (7) | Rsvd
28B 4B 224B ) 448B 288B 14B  18B
x16 | | | x16
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Flush controller
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unit unit
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controller
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Execution Flow & Architecture

Column index (7)| Rsvd NZEs (7 x 16) Row index (7 x 16) Partial result buffer | Vector (7) | Rsvd
28B 4B 224B \ 448B ) 288B 14B 18B
[B1Indices (32B)] | | | [ ]
D adde ldx 11 Idx 11 D adde
ldx 10 ldx 10
Idx 9 Idx 9
D plie Id.x3 Id).(3 D plie
Idx 2 Idx 2
Idx 1 Idx 1
Index queue Index queue BACC
] Index comparator ]
[RIRRRIRRRIRRRIRRRRIRR] Comparator [RIRRRIRRRIRRRIRRRRIRR] BACC
E|E|E|E|E|E|E|E E|E|E|E|E|E|E|E
Flush controller
RegR/W | RegR/W
unit unit
Adder
controller
HBM-PIM’s PU BG Accumulator HBM-PIM’s PU
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Execution Flow & Architecture

Column index (7)| Rsvd NZEs (7 x 16) Row index (7 x 16) Partial result buffer | Vector (7) | Rsvd
28B 4B 224B 448B 288B 14B 18B
I I [ |
D adde Idx 16 Idx 16 D adde
Idx 15 ldx 15
Idx 14 ldx 14
) plie Idx 3 Id):3 D plIE
Idx 2 Idx 2
ldx 1 Idx 1
Index queue Index queue
Register file if L_IQ.front == R 1Q.front !
Index comparator | pop L_IQ SAME :
[RRRRRRRIRRIRRRIRRIRRI
Comparator | pop R—_IQ . :
- Send signal to R/W unit_
Flush controller else if L_IQ.front > R_IQ.front
N _popRIQ__ ______
RegR/W | RegR/W A
unit unit
Adder
controller
HBM-PIM’s PU BG Accumulator HBM-PIM’s PU




Execution Flow & Architecture

Column index (7)| Rsvd NZEs (7 x 16) Row index (7 x 16) Partial result buffer | Vector (7) | Rsvd
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controller
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Execution Flow & Architecture

Column index (7)| Rsvd NZEs (7 x 16) Row index (7 x 16) Partial result buffer | Vector (7) | Rsvd
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Execution Flow & Architecture

Column index (7)| Rsvd NZEs (7 x 16) Row index (7 x 16) Partial result buffer | Vector (7) | Rsvd
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Execution Flow & Architecture

’
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Execution Flow & Architecture

Column index (7)| Rsvd NZEs (7 x 16) Row index (7 x 16) Partial result buffer | Vector (7) | Rsvd
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Evaluation Methodology

(" Evaluation methodology
* Modified DRAMsim3 to support SparsePIM

Baseline

* NVIDIA GeForce RTX 3090 + cuSPARSE

Benchmark

« 16 Sparse matrix workloads from SuiteSparse Matrix Collection

\_

Field Config
Memory type HBM2 Field Config
No. of pseudo-channels 16 Data register / 2 banks 512B
No. of BG 4 Scalar register / 2 banks 32B
No. of banks per BG 4 Command register / 2 banks 128B
No. of DRAM rows 16,384 Index queue 4B x 16 entry
No. of DRAM columns 128 Total No. of SIMD FPU 128
Clock frequency 1GHz Total No. of BG accumulator 64
Timing parameter a;fsllgfulr)n I?ﬁngim3 Hardware configuration

Simulator configuration



N £ = »

Execution time

o

Result: Performance

B GPU @SparsePIM mSparsePIM + Opt.

cant crank. I|hr71 pdb1. rmal0 soc.  Stan. s. cons. ct20. ohne. ship. ASIC. xen.

g Performance
« Without optimization: average 1.69x faster than GPU
« With optimization: average 2.16x faster than GPU
« Upto5.61xfaster than GPU

\  Benefits of DRAF & Software optimization are details in the paper Y

ﬂﬂﬂjﬂﬂﬂdﬂﬂﬂﬂﬂﬂjhﬂ
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Result: Power & Area

Field Result
Area 0.00275 mm?
Gate count 8853
Compared to HI.BM-PIM > = 2.21% area overhead
PIM logic
Dynamic power 31.8530 uW
Y P (less 8% than SIMD multiplier)

-
Power & Area

* Design Compiler, SAED 14nm FinFET process

o 2.21% area overhead compared to the HBM-PIM design

 Power constraint compare with SIMD multiplier

.
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Conclusion

/SpM V challenges

* |rregular/Indirect memory accesses
 Conventional PIMs support

SparsePIM

« Bank group accumulator (BGA)

« DRAM row aligned sparse matrix compression format (DRAF)
 Bounded cap K-means clustering

Key result
\- Up to 5.61x speedup than RTX3090
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