A DECOMPOSITION-BASED GROSSBAR
SOLVER AND FPGA-ACCELERATED
IMPLEMENTATION
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MEMRISTIVE CROSSBAR

Explore using memristive crossbars to perform
linear operator (MVM) in the analog domain

« Can deliver transformative energy efficiency vs systolic
array

In practice, requires careful crossbar sizing and

mapping
Need fast simulation tools to evaluate impact of
electrical and device effects
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MEMRISTIVE CROSSBAR
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SOLVER

e Construct

_aplacian matrix:

Crossbar size: m rows and n columns
Laplacian matrix size = 2mn X 2mn

rL1,1 = Gy + Gura,n 1
P——
Ly, = Gmpe1,1) + Gai

P——
Li, =1Ly = _GMR(l,l)
P ——————
Liz =1Lz =Gy,
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L2,8 — L8,2 = —Gpy,
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Solve node voltages:
s GV =1

Decompose: G = LU
« LUV =1
« Sety=UV

Forward substitution: solve Ly =1

Backsubstitution: solve UV =y
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BATCH SOLVING

» LU decompositive is expensive
compared with forward/back
substitution
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* Neuroarchitecture search requires
solving in batches
» LU decomposion performed once

» Amoratize LU decomposition cost over
batch of solves
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FORWARD AND BABI(- SIIBSTITll'I'IIIN

Forward substitution

Backsubstitution
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PARTITIONING

 Pipeline forward and backsubstitution to process multiple solves in parallel
* Pipeline latency: depends on the critical path

* Pipeline throughput: can initiate pipeline every 2mn cycles
« Required for reading I vector and writing V vector to off-chip memory

« L and U matrices are stored on-chip

DP sub Batch size 1000 Batch size 10000
Xbar Size DP mults subs/ DP divides a.c oTze 2 C oLee
adds cycles | time(us) | ops/cycle | cycles | time(us) | ops/cycle
2X2 26 29 3 9041 25.40 6.97 31041 227.64 7.77
4X4 ‘ ‘ 235 32 37502 105.34 15.01 325502 914.33 17.30

8X8 1943 : 160839 451.94 24.89 1312889 3687.89 30.51
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HARDWARE COST

Xbar Size

FFs

Fmax (MHz)

2X2
4X4
8X8

18234
62218
243221

356
356
356

Xbar Size

Matrix
Size

HLS
Compile
Time (sec)

2X2
4X4
8X8

8X38
32X32
128X128

16.87
141.76
19507.3

 For pipelined solvers, HLS compile time and resource usage scales poorly

 Largest practical pipelined solver is 8x8 (32x32 matrix)
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PARTITIONING

» Partitioning needed to solve
larger crossbars

« Store all partition matrices
on chip

» Solve sequentially
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PARTITIONING

o Star-mesh transform:

3x3 crossbar
18x18 Laplacian

o

6 nodes
5 resistors
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5 nodes
10 resistors

Upper 2x2 partition
8x8 Laplacian
Provides 1/, ..., Vg




PARTITIONING PERFORMANGE
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PERFORMANGCE RESULTS

Matlab FPGA *
Intel Xeon Gold 5220R (2% 2 partitions)

. . Batch si Batch si
Batch size 1000 Batch size 10000 atchl size atehl size Number BRAM

1000 10000 .
Best Best of requirement
partition Solve Solve Solve FPGA vs Matlab Solve FPGA vs Matlab | partitions (fpo4

, artition . . :
size time bz size time time speedup time speedup values)

4x4 4X4 54.5 ns 4X4 33.1 ns 10.2 ns 5.34 9.11 ns 3.64 256
83X 8 4x4 109 ns 4x4 78.2 ns 40.6 ns 2.68 36.4 ns 2.15 1024
16X 16 4X4 456 ns 8X8 306 ns 163 ns 2.80 146 ns 2.10 4096
32X32 88X 38 1.41 ps 4X4 1.24 ps 650 ns 2.17 583 ns 2.13 16384
64X 64 4x4 5.57 us 8X8 4.97 ps 2.60 ps 2.14 2.33 us 2.13 65536
128X 128 4x4 22.3 us 8X8 19.8 ps 10.4 ps 2.14 9.32 ps 2.12 262144

* Use 2x2 to minimize
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« Decomposition-based solver for crossbar arrays
« Support for batching and partitioning
 FPGA-based implementation

* Objective: deploy as part of a FPGA-based whole-system
emulator
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