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A wide Usage of Tensor Applications
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Spatial Accelerator Architecture
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PE Array Dataflow
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The Challenge

Applications
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Outline

Memory-level data reuse analysis

Build memory data mapping

Efficient PE-memory interconnection
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Theory: Space-time Transformation

loop nest:
for (i =0; 1 < 3; i++)
for (j = 0; j < 3; j++)
for (k = 0; k < 3; k++)
instance [1,j,k]:
C[i,j] += A[i,k] * B[k,J];

Space-Time Transformation (STT):

Transform loop iteration domain into
hardware space and time

PE array has two space dimension and one
time dimension

Can be expressed with Matrix Multiplication

Example:

[ X 1 0 O
STT X l]] — [y] STT = [O 1 O
k t

1 1 1
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STT With Multi-dimensional Time

GEMM : 3-D loop nest

for 1 =1 : I
for j = : ]
for k =1 : K
MAC(C[1i][J],A[1][k],B[kI[]])

Conv2D : 6-D loop nest

for c = 1 :

for h =

for w

for k
for :
for kw = 1 : KW
MAC(Output[k][h][w],

Input[c][h+kh][w+kw],
Filter[k][c][kh][kw])

mm) STTX

Spatial part

Temporal part
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Multidimensional Time in Spatial Accelerator
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Reuse Vector in space-time analysis

| PE index

PE[2, O]

Definition: Reuse vector [dx, dy, dt]

For any x, y, t ,Tensor index accessed at
PE[x, v] cycle t equals to
PE[x+dx, y+dy], cycle t+dt

In this example,
[dx, dy, dt]=[1, 0, 1]

Reuse vector can be determined with STT

a

AUTOMATION
11




Dataflow and memory reuse in STT

|dentify two types of reuse vector: dataflow and memory

Dataflow reuse: Tensorlib

e Spatial part: same or different PE
 Temporal part: continuous time
* Implementation: PE array dataflow

D

®,

.

®,

Memory reuse: EMS

Spatial part: same PE

Temporal part: discontinuous time
Implementation: repeated access
of memory address

Cycle 4
s Lovcled.
s |LOvdle3. _ _
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Cycle 1,5...
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Use STT to model memory-level reuse

Find reuse vector for different memory access patterns

cycle | (tq,t2) cycle | (t1,t2) cycle

1 1 (1,1 1 | (1,1 1

(2, 1) (2, 1)

(3, 1) (3, 1)

4, 1) 4, 1)

(1, 2) (1, 2)

(2, 2) (2, 2)

Reuse vector [t,, t,] = [0, 1] [t,,t,] = [1,—1] [t1, t2] = [1, 0]

(Stationary
¢

Spatial part in reuse vector =0
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Building data mapping for on-chip memory

Step 1: Loop transformation

DDR Level
for c 0 = 0 to C 0-1

for ¢ = @ to C-1 f:P y_0 =6 to Y 0-1
for y = @ to Y-1 or X o = 0 to X 0-1

for x = 0 to X-1 :‘>
for fx = 6 to FX-1 SRAM Level

e for c 1 =0 to C I-1
Compute statement for y i =0 to Y_I-1

for x 1 =0 to X I-1
for fx © to FX-1

PE Level
Compute statement




Building data mapping for memory banks

Step 2: Memory bank binding

Bank ID | PE index
1 PE, ,
2 PE,,
3 PE, 3
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Building data mapping fo
Step 3: Memory data mapping

for every memory banks:
for tl in 0:T1
for t2 in 0:T2

calc tensor index with
the formula Bpv—

Y| _
Dataidx = TA-STT 1|t;| —

r memory banks

—— Temporal loop iterator index

a

—— PE index bound with memory bank index
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Inter-bank data reuse

Different PE, reuse in discontinuous time steps

[0, 2] [0, 3] [0, 4] [0, 2] [0, 3] [0, 4]
[0, 1] [0, 2] [0, 3] [0, 1] [0, 2] [0, 3]
[0, O] [0, 1] [0, 2] [0, O] [0, 1] [0, 2]

PEoo PEo.: PEo.- PEoo PEo 17" |PEo.

t1:1,t2:1 t1:1,t2:2
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Implementing inter-bank reuse

Requirement
e Data transfer in same direction
e Small hardware cost

Solution
e rotation (shuffle) network

Interconnection network

PE, ; PE,,
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Rotation (Shuffle) Network

Data from memory banks shift in the
rotation network with the same length

il% 4|1 Overflowed part is filled to the end

Rotation Network
) )

The shift length changes in different
J cycles
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Rotation (Shuffle) Network

Data from memory banks shift in the
rotation network with the same length

? il% 4|1 Overflowed part is filled to the end

Rotation Network
) ) )
5 1 2 The shift length changes in different

cycles
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Rotation Network

Cycle index
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Rotation Network

Cycle index
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Rotation Network

Cycle index
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Rotation Network

Cycle index
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Comparison with other interconnections

0, O]
0, 1]
0, 2]
0, 3]
0, 4]

PEo.: PEo.

4
v
PE

Systolic interconnection Direct interconnection Rotation interconnection

Only 1 memory bank +/ Many memory banks X Many memory banks X
Large pipeline overhead X Small pipeline overhead Small pipeline overhead

No data duplication / Data duplication X No data duplication /
Support inter-bank reuse v/ 5z




Experiment Results

Memory size reduction

*Normalized Mem Size
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Experiment Results

Hardware overhead evaluation

Direct Rotated Direct Direct Rotated Direct
w/o Dup.  w/o Dup. w/ Dup. w/o Dup.  w/o Dup. w/ Dup.

. SRAM . Interconnection Access Controller
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13% power reduction, 28% area reduction JTOMATION -




Experiment Results

FPGA Performance

Susy AutoSA Tensorlib
[ICCAD’20] | [FPGA’21] | [DAC’21]

LUT(%) 35% 58% 73%
DSP(%) 84% 77% 75%
BRAM (%) 30% 30% 73%
Freq(MHz) 220 272 245

Throughput 551 950 626
(Gop/s)

¢

10% frequency optimization with physical optimization =
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Summary

EMS: Efficient Memory Subsystem Synthesis for Spatial Accelerators

Memory-level data reuse analysis
Extended space-time transformation to model memory-level reuse

Build memory data mapping
Based on STT analysis result

Efficient PE-memory interconnection
Support direct, multicast and rotation interconnection
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