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SpMSpM (Sparse-Sparse Matrix Multiplication)

SpMSpM Is applied to various domains

Blg dataanaly3|s Graph processing Computational Simulation

Big data size
and randomly
distributed

# of rows:

Sparse Matrix — several millions

sparse




SpMSpM Processing

(Compressed Sparse Row/Column)

® Computed in a compressed format (CSR, CSC, etc.)
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® Basic dataflows

B |Inner Product (IP), Outer Product (OP) and Gustavson’s Product (GP)




Inner Product (SIGMA [HPCA'20])

* Sequential data access — index matching

Matrix A Matrix B Matrix C
CSR format CSC format CSR/CSC format

Unnecessary data read
Performance degrades as matrix density becomes sparser



Outer Product (OUTERSPACE [HPCA'18])
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No redundant data read ~ -2rger matrix leads to
heavier merge process



Gustavson’s Product (Gamma [ASPLOS21])

® Compute Matrix C row-by-row
Matrix A Matrix B Matrix C

CSR format CSR format Partial results CSR format
Col idx
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Merge of row vectors

No redundant data read — Reduction of merge workload



Gustavson’s Product: Challenge 1

® Difficulty in efficiently parallelizing the computation
B due to the variability of the number of nonzero elements from row to row

i Parallelization with two PEs (Processing Elements) ---------
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' Row0 | 3.1-b cld delems ! heaw i Partial results _ i
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Gustavson’s Product: Challenge 2

® Frequent random and irregular accesses to the rows of Matrix B

Matrix A

Col 1dx
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Matrix B

Irregular data size access

B e

> buffer may not store all data

sparse row

The access order depends on the col idx (0, 2, 3, ...)

Random access

— Increase data traffic and long access latency g



Conventional works and Our Proposal

Inner Product
* massive unnecessary data read
(index matching)

Our Proposal

No redundant data read
Idea 1: Distribute-Merge based SpMSpM dataflow

Outer Product « Equally distribute workloads
« heavy merge process « Parallel merge method
Row-by-Row merge ldea 2 : Efficiently designed input data loader

 Reuse Matrix B data to reduce memory traffic
« Separate read requests for irregular data size

Gustavson Product
* unbalanced workload per row
« random and irregular access to
Matrix B data 9




ldea 1: Distribute-Merge based SpMSpM dataflow

® DMP (Distribute-Merge Product) dataflow
B Equally distribute Matrix A elements to PEs

pmme Parallelization with 2 PMCUs (Partial Matrix Compute Units) ----- ;
E Matrix A fmm———————— : | _ E
I S ST e e S | :
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i . Oney distribute workloads in parallel :



PMCU (Partial Matrix Compute Unit)

n
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ldea 1: Distribute-Merge based SpMSpM dataflow

® DMP (Distribute-Merge Product) dataflow
B Equally distribute Matrix A elements to PEs

pmme Parallelization with 2 PMCUs (Partial Matrix Compute Units) ----- ;
E Matrix A L o I
| Row0 | 3 | bl eFa| 3 elems i Partial matrices | i
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i Equally Balanced ~ Process the results i
i distribute workloads in parallel i



Parallel Merger

® Parallel Merger merges 2 or more partial matrices

Partial matrices

Parallel Merger

process merge-
sort with high
throughput
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Parallel Merger

® Parallel Merger merges 2 or more partial matrices

Partial matrices  |nput Parallel Merger
Rowl Row0two [ 4 | O
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Parallel Merger

® Parallel Merger merges 2 or more partial matrices

Partial matrices | Parallel Merger
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Parallel Merger

® Parallel Merger merges 2 or more partial matrices

Partial matrices

Parallel Merger
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Parallel Merger

® Parallel Merger merges 2 or more partial matrices

Partial matrices

Parallel Merger

Output
2 elem/ cycle!!
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ldea 2.1: Reuse data for Mat B random access

colidk 0 1 2 3 4 Irregular col idx order PMCUSs
Tarbraerds 1]/ 3]0 colidx |
ef< e“\‘ cllal vl | D
g o e N \ v col idx
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----------------- read every f &

. d /] T
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Matrix B Reduce data traffic!! 18




ldea 2.2: Split Matrix B row data into multiple segments

® Can efficiently handle Matrix B even with long rows

DRAM : PMCUf

Xbar

All data cannot be stored I

Send according to  MatB Loader

Rowo| |A|B|C|DIE|F|G available space
Rowl FIG
MatB BankO Bankl
Row2 [H I data empty
ROW3 3 EAE
Matrix B Request for Row0 and Row 2 for Rowl and Row 3

‘ Read Row0 19



ldea 2.2: Split Matrix B row data into multiple segments

® Can efficiently handle Matrix B even with long rows

PMCUs
DRAM f !
Xbar
All data cannot be stored i {
MatB Loader
Row0o| |A|B|C|DIE|F|G
Rowl
oW FIG MatB BankO Bank1
Row2 [H| || data full AE‘
Row3 J EE'
Matrix B L Request | or Row0 and Row 2 for Rowd and Row 3

Read Row0 20



ldea 2.2: Split Matrix B row data into multiple segments

® Can efficiently handle Matrix B even with long rows

PMCUSs
DRAM i
Al d b d oA
ata cannot be store AE! I :
stopdata | Sendto  MatB Loader
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« for Row0O and Row 2 for Rowl and Row 3
Read Row0 21




ldea 2.2: Split Matrix B row data into multiple segments

® Can efficiently handle Matrix B even with long rows

PMCUs
DRAM i
Xbar
All data cannot be stored i {
MatB Loader
~owol 1AlBlICIDIEIElG Can handle
o P bigger data!
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‘Read RowO0 27



Our Architecture (DMSA: DMP-based SpMSpM Architecture)

PMCUs
e DMSA has p (Partial Matrix
PMCUs . Compute Unit)
Matrix A | f~..| L_PMCEUO _
"| distributor C N
B PMCU1 — Parallel ™  Post
. :| Merger | : | Processor
| MatrixB |___ : N i
Loader | PMCUp-1
 —
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Evaluation on FPGA (Xilinx ZCU106)

® Comparison metrics
B Operating frequency
B Hardware resource consumption
B # of elapsed cycles

" " [1] Li et al., IEEE Transactions on Computer-Aided Design of
® Comparlson target (LI et al' [1]) Integrated Circuits and Systems, 2023
B GP-based SpMSpM accelerator

2 configurations 10 benchmark matrices from SuiteSparse

o) S
DMSA(4, 8) | DMSA(S, 4)
"4 of PMCU raefsky1l 3,342 2.64E-3 < Densest

E' . °f N |j°’ e, | ara3seo 23,560 8.72E-4 — Sparsest
. # of multipliers In eac :
10 matrices

Both 32 = (4x8) multipliers average 7,649 4.11E-3 24



Result 1

® Operating frequency

Li et al. DMSA(4,8) DMSA(8,4) e design can
100MHz 185MHz 185MHz achieve higher
. f
® Hardware resource consumption EHHEnEY
comparable

Lietal. | 66.29%  64.42%  62.50% 2.66% 1>
DMSA(4,8)] 61.82% | 71.15%  66.67% 6.60%
DMSA(8,4)| 83.29% -\ 79.49%  66.67%  11.23%

1.36x larger
More PMCUSs need larger Parallel Merger
and larger Post Processor!! 25



Result 2 : # of elapsed cycles (set to same operating frequency)

sparser matrix Speedup over Li's Accelerator

— better performanc‘e B Lis Accelerator [l DMSA(4.8) [ DMSA(8.4)
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1.00

0.00
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normalized to 1.00 q:b@ x>

sparser - — denser 26



Conclusion

® Analyzed conventional SpMSpM dataflows
B Inner Product (IP), Outer Product (OP), Gustavson’s Product (GP)

® Improved GP-based architectures with two key ideas
B |dea 1. DMP (Distribute-Merge based SpMSpM) dataflow
B |dea 2: Efficiently designed input data loader

® Designhed DMSA (DMP-based SpMSpM Accelerator)

® Key results vs the state-of-the-art
B Operating frequency: 185 MHz vs 100 MHz
B DMSA(4, 8) is 2.52x faster with comparable resources

B DMSA(8, 4) is 4.44x faster with about 1.36x larger resources than
DMSA(4, 8)

21



Thank you for listening

23
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