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Motivation: Data Movement is Expensive
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Motivation: Exponential Growth of Computing Power Demand
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CNN: Convolutional Neural Networks

AloT: artificial intelligence
and Internet of things

Inference:

PIM + mapping approach
change inputs, fixed weights
reduce data movement

GEMM: general matrix-multiplication
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Motivation: Conventional Intelligent SoC may not Efficient

Conventional Intelligent SoC for AloT Applications

Programmable ML Accelerator
CPU = wi customized ISA

Other
Accelerators

. Executive Units Memory [ Computation/Memory Fused Units [l Interconnects

|
Have been researched | To be explored
OCircuit level : Ointerface PIM into SoC (system-on-chip)
|

OProgrammable architecture OReduce the difficulty of compilation




Major Contributions of this paper

OHeterogeneous memory architecture (HMA)
OThe first architecture to clarify how to interface PIM to off-the-shelf SoC
OPossess both PIM memories and traditional memories
Osimplifying the program interface,
OHMA tensor mapping approach
Othe software-to-hardware optimization
OPartition tensors and deploy the GEMM tasks to the HMA
OProvide a hardware-agnostic way to exploit PIM hardware

Obe used as a pre-design spec estimation




Heterogeneous memory architecture: pim standalone Accelerators
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V: the stream-in inputs
W: the data stored in PIM
|: the computational results

PIM Standalone Accelerator (b)

challenge: Compilation and deployment of software onto PIM hardware




Heterogeneous memory architecture: Overall HMA Structure

Heterogenous Memory Architecture

Conventional Intelligent SoC for AloT Applications

Programmable ML Accelerator
wi/ customized ISA

Other
Accelerators

[ Executive Units Memory [l Computation/Memory Fused Units [l interconnects

Other
Accelerators

attach PIM on SoC the same
<»| Way as traditional memories

Simplify the program interface

PIM standalone accelerators

extra customized instructions and
shared memory assignments
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HMA: Data Movement and Computing in Heterogeneous Memory
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iInput/output buffers to cache the input/output data
PIM can access the data in the PIM input buffer
CPU instructs PIM to be programmed




HMA: Address Assignment

Address

0x0000 0000
Ox1FFF FFFF

0x2000 0000
Ox3FFF FFFF

0x4000 0000
OxSFFF FFFF

0x6000 0000
Ox7FFF FFFF

0x8000 0000
OX9FFF FFFF

0xA000 0000
OxBFFF FFFF

0xC000 0000
OXDFFF FFFF

0xEQ00 0000
OxFFFF FFFF

Memory Blocks

block 0
Code

block 1
SRAM

block 2
Peripherals

block 3
PIM-Related

block 4

block 5

block 6

block 7

ICPU Internal Peripherals|

Operations Byte,
System Memory,
Instruction Memory, ...

Peripherals connected
to AHB/APE buses
e.g. GPIO, Timer, ...

PIM Memory

PIM Input Buffer

PIM Qutput Buffer

PIM Configure Registers

* The total width of the

address iIs 32hit.

Each 64MByte forms
as a block.

Different address
widths and memory
sizes will lead to
different division
methods
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HMA: Data Transportation

(@) Obtain PIM Computation Results
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(b) Feed PIM Inputs
PIM Input

Buffer
AHB Subordinate

| AHB Manager |

Bus

Bus Transaction Packet Size (Byte)

16 32 64
1

| |
B AHB Manager Write
® PIM Data Request Rate

P

e Y,
2 4 8
PIM Memory Array Number

Capacity/Memory Array 256kb
Compute Latency@4b Precision | 18.3ns
Max PIM Array Number/Chip 8

prerequisite:
Can afford adequate bandwidth?

experiment:

Case A, Case B

more PIM memory arrays require a
higher data transfer rate

Conclusion:

the common used AHB can handle

the PIM inputs and outputs without
additional congestion or
interconnection buffering
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HMA tensor mapplng approach: Visualization of the Mapping Approach
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HMA tensor mapping approach: Instruction List

instruction description
LD. T (x)y) Load matrix A from traditional memory
LD. W (x.y) Load matrix B from traditional memory
SD. R (x.y) Store PIM results to traditional memory
SD. M Store matrix B into PIM-memories
SD. V Store matrix A into PIM input buffer
LD. O Load the calculation results from PIM output buffer
SD.R(X, y) LD.O
LD.W By; SD.V
LDI A; LD.O
SD.V SD.R Cijparrowa . i _
DR C mpue
' i Qutput
LDI A m—— —> Buffer
SD.V
LD.O =
SD.R Cjj @ LD.I(x, y)l SD.V
LD.I AEPHTRGWA \:

LD.W(X, y) SD.M




HMA tensor mapping approach: Pseudo Code Optimization

traditional GEMM HMA tensor mapping approach
Input matrix A. B Input matrix A. B
Output C Input Input,.,,,.. Input_,;. PIM, ... PIM_;
for (intm=0;m<M; m++) { Output Schedule instruction set . result C C=A*B - multiple I=VW
for (intn=0:n<N:n++) { get the size of A B: rowA, colA, rowB, colB
Clm][n] = 0: calculate parRowA, parColA, parRowB, parColB Appropriate division and
for (intk =0; k < K: k++) { for i=0 to parRowB - 1 scheduling - Reduce
C[m][n] += A[m][k] x B[k][n]: for j=0 to parColB- 1 data movement
3 LD.W

get the result C, calculate the response time

- - -- SD.M
i i I for p=0 to parRowA -1 Method:

| ! L. fix weight matrix W,

| SD.V change input matrix V
: calculatePIM(A;,.B; ;)

| LD.O

| SD.R

|

|
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HMA tensor mapping approach: Overall Process
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HMA tensor mapping approach: Memory Access Frequency

RTcla.ssic‘: — (2 + 1+ 1) -m-n-k=4-m-n-k

Classical calculation
formula of Memory
Access Frequency

Rilprar =6 - parRowA - parCol A - parColB

where par RowA =m . Memory A]:fcess_

, . requency after using
parColA = k/length(input o), HMA architecture
parRowB = k/length(PIM,..,),
parCol B = n/length(P1Mco) using multiple PIM cores and

l the proposed mapping method

RT,,: = par RowB - parColB - (2 + 4 - par RowA)
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Experiment results: Compare Latency
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Experiment results: Area and Power Efficiency

HMA (this work) | PUMA [10]
Area (Unit: mm*)
PIM Memory 2.25
Controller and Bus (0.004 1.82
Overall 2.254 4.07
Power of On-Chip Interconnection (Unit: mW)
Controller and Bus 1.07 445

The overall area: PUMA = Save 44.6% HMA

peripheral circuit active power reduction: PUMA 416 times HMA




Experiment results: DNN Acceleration Analysis
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Summary & Prospective

OProposed a Heterogeneous Memory Architecture for improving the
efficiency of PIM on conventional small-scale embedded SoC.

OProposed a mapping algorithm to better exploit PIM’s acceleration.
OExplored the power consumption and operation latency

OGreat guidance for top-level software-hardware codesigns for PIM-related
SoC design in its early design stages.
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Kangyi Qiu
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