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AiM Concept « AiIM Subsystem and Software Stack
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CACM’'20: Domain Specific Accelerators
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DSAs gain efficiency from specialization
and performance from parallelism.

BY WILLIAM J. DALLY, YATISH TURAKHIA, AND SONG HAN

Domain-
Specific
Hardware
Accelerators

A domain-specific accelerator is a
hardware computing engine that is
specialized for a particular domain of
applications.

Accelerators can offer orders of
magnitude improvements in-
mance/cost and performance/W com-

pared to general-purpose computers.



AiM as a Domain Specific Memory sK

DOI:10.1145/3361682

DSAs gain efficiency from specialization
and performance from parallelism.

Accelerator-in-Memory

Efficiency: specialization for a particular domain of applications
Target domain: memory bound DNN applications

Main goals:
1) Performance: high degrees of bank-level parallelism
2) Power: reduce significant data movement

3) Cost: commodity DRAM-based (GDDR®6)
|



GDDR6-AIM Key Operation: Matrix x Vector
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GDDR6-AIM Key Operation: Matrix x Vector
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Multiply-And-Accumulate (MAC) BANKO BANK1 BANK15

Performs MAC operation on sixteen BF16

weight matrix and vector elements m 378

(corresponds to a single DRAM column
. 2KB
access, i.e. 32B).
Computation results are stored in a
dedicated MAC_REG set and can be later Weights GLOBAL BUEFFER
accessed by the user. Activations D—
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« MAC and Activation Function operations can be performed in all banks in parallel.

*  Weight matrix data is sourced from Banks; Vector data is sourced from the Global Buffer.
* MAC results are stored in latches collectively referred to as MAC_REG.

e Activation Function results are stored in latches collectively referred to as AF_REG.
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GDDR6-AIM Key Operation: Matrix x Vector
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« MAC and Activation Function operations can be performed in all banks in parallel.
*  Weight matrix data is sourced from Banks; Vector data is sourced from the Global Buffer.

* MAC results are stored in latches collectively referred to as MAC_REG.

e Activation Function results are stored in latches collectively referred to as AF_REG.
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Activation Function Module

Performs Activation Function (AF)
computation by linearly
interpolating pre-stored AF
template data using MAC
calculation results.

Interpolation results are stored in a
dedicated AF_REG set and can be
later accessed by the user.
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GDDR6-AiM Feature Summary SK i

o

SK hynix’s very first GDDR6-based processing-in-memory (PIM) product sample, called Accelerator-in-Memory (AiM)

GDDR6-AiM*
DRAM Type GDDR6
Process Technology 1y
Memory Density 8Gb (4Gb DDP)
Organization 2CH/Chip, x16 mode only
10 Data rate 16 Gb/s/pin (@1.25V)
Bandwidth 64 GB/s
Processing Unit (PU) 16 PU/die, 32 PU/Chip
Operating Speed 1 GHz
Compute Throughput 1TFLOPS/Chip
Numeric Precision Brain Floating Point 16 (BF16)
Activation Function suppo Sigmoid, tanh, GELU, RelLU, Leaky
ree* ReLU, ... i
Targets Memory-bound DNN applications [GDDRE-AIM Floorplan]

*S. Lee, et al. “A 1lynm 1.25V 8Gb, 16Gb/s/pin GDDR6-based Accelerator-in-Memory supporting 17TFLOPS MAC Operation and Various Activation Functions for Deep-Learning Applications”, 2022 INTERNATIONAL SOLID-STATE CIRCUITS CONFERENCE (ISSCC). IEEE, 2022
** With using internal lookup table and linear interpolation unit. Any customized function may apply with accuracy limitation.
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Process lTechnology

Memory Density

8Gb (4Gb DDP)

Organization 2CH/Chip, x16 mode only
10 Data rate 16 Gb/s/pin (@1.25V)

Processing Unit (PU)

16 PU/die, 32 PU/Chip

Operating Speed

1 GHz

Compute Throughput

Numeric Precision

Brain Floating Point 16 (BF16)

Activation Function suppo
rt**

Sigmoid, tanh, GELU, RelLU, Leaky
RelU, ...

Targets

Memory-bound DNN applications

No compromise on

verformance

[GDDR6-AIM Floorplan]

*S. Lee, et al. “A 1lynm 1.25V 8Gb, 16Gb/s/pin GDDR6-based Accelerator-in-Memory supporting 17TFLOPS MAC Operation and Various Activation Functions for Deep-Learning Applications”, 2022 INTERNATIONAL SOLID-STATE CIRCUITS CONFERENCE (ISSCC). IEEE, 2022

** With using internal lookup table and linear interpolation unit. Any customized function may apply with accuracy limitation.
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New Commands introduced in AiM
o
Bank Activation
ACT4, ACT16 Activate four/sixteen banks in parallel
ACTAF4, ACTAF16 Activate rows storing Activation Functions LUTs in four/sixteen banks in parallel
Compute Commands
MACSB, MAC4B, MACAB | Perform MAC in one/four/sixteen banks in parallel
AF Compute Activation Function in all banks
EWMUL Perform element-wise multiplication
Data Commands
RDCP Copy data from a bank to the Global Buffer
WRCP Copy data from the Global Buffer to a bank
WRGB* Write to Global Buffer (often Activation vector data)
RDMAC* Read from MAC result register
RDAF* Read from Activation Function result register
WRMAC* Write to MAC result register (or WRBIAS as often BIAS data is written)
WRBK Write to all activated banks in parallel

* Commands marked as CMD* require a special Mode Register set to be recognized.

10
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AiM Subsystem: High-Performance Scalable Reference Desigr?,..

AiM Subsystem is a hardware bridge between the host and the AiM devices. It is designed to 1) maximize compute
throughput for a set of AiM devices and to 2) minimize software stack overhead.
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AiM Subsystem: High-Performance Scalable Reference Design”,..

AiM Subsystem is a hardware bridge between the host and the AiM devices.
It is designed to 1) maximize compute throughput for a set of AiM devices

and to 2) minimize software stack overhead.
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AiM Command/Data DMA engine

Decodes AiM instructions from software and
provides direct memory access for the host.

@ AiM Multicasting Interconnect

Enables efficient workload distribution through
flexible instruction parallelism. Supports unicast,
multicast, and broadcast modes.

UNICAST

<+—> CTRLO

<+—> CTRL1

-]

<+«— CTRL3

<+«— CTRL4

<+ CTRLS5

<« CTRL6

<+ CTRL7

MULTICAST BROADCAST

@ AiM Controller

Generates and schedules low-level AiM and
typical DRAM commands.
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AiM Control Flow from Host Processor

SK

o
 New commands named AiM commands are introduced to control computing operations in AiM

* AiM software stack generates AiM Host (Macro) Instructions and each Macro Instruction is converted into
the corresponding multiple AiM (Micro) commands by the Command Generator and AiM Controller

AiM Command

Single Instruction

o Bank Activation
ISR InStrUCtlons ACT4, ACT16 Activate four/sixteen banks in parallel
ACTAF4, ACTAF16 Activate rows storing Activation Functions LUTs in four/sixteen banks in
ISR_WR_GB - 0x03 lc. OPSIZE ‘ G CH_MASK ‘ GPR_ADDR” ’ coL ‘ parallel
ISR_WR_BIAS? - 0x04 - OPSIZE CH_MASK ’ GPR_ADDR Compute Commands
MACSB, MAC4B, MACAB Perform MAC in one/four/sixteen banks in parallel
ISR WR AFLUTY - 0x05 - OPSIZE CH_MASK ’ AF_IDX — —
s AF Compute Activation Function in all banks
ISR_RD_MAC? - 0x06 - OPSIZE CH_MASK” ’ GPR_ADDR EWMUL Perform element-wise multiplication
2 ) Data Commands
ISR_RD_AF? 0x07 OPSIZE CH_MASK ’ GPR_ADDR
RDCP Copy data from a bank to the Global Buffer
ISR_MAC_ABK - b - ki Gl B - WRCP Copy data from the Global Buffer to a bank
ISR AF _ 0x0D ‘p‘ 57 RELU_SLOPE CH_MASK WRGB* Write to Global Buffer (often Activation vector data)
RDMAC* Read from MAC result register
RDAF* Read from Activation Function result register
WRMAC* Write to MAC result register (or WRBIAS as often BIAS data is written)
WRBK Write to all activated banks in parallel

=» Multiple Commands (Max 64)

/

/v 4
Host AiM Host (Macro) Instruction Micro / AiM AiM (Micro) Command :
Command | (&> GDDR6-AM
Processor (PCle Protocol) Generator |x64 | controller (DRAM Command Protocol)
AiM
x86 Server FPGA * AiM Controller = GDDR6 Controller + AiM Command Scheduling 16
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MOtivation Slz,’ﬁynix

o

* In order to increase the value of new memory solutions such as AiM, expanding the ecosystem is of
paramount importance.

» To achieve this goal, we have developed an SDK to allow any DNN models to be easily adapted by operator-
level APlIs.

* The proposed API abstracts the functionality of PIM operations and provides ease of programmability to
users.

BUSINESS
PARINER

AiM SDK
+ distrib

Expading
Ecosystem

Y

CUSTOMERS

(AiM HW Platform)
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AiM Execution Sequence for Fully Connected Layer
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AiM Software Stack K

o
* SK hynix has implemented full software stack (device drivers, runtime library, frameworks and applications)

* Supports an AiM software emulator that allows users to develop Al applications without evaluation board

—

Application (G_I;T-Z, LSTM, ...)

Deep Learnir#g Frameworks

- ONNX
O PyTorch SUNTIVE
User Space — AiM Extension AiM Execution Provider

4

AiM Run':ime Library

Memory <« AiM OP <+— ISR Instruction
Manaisment T Kernel |_t : Generator
AiM Device Driver Z/ DMA
Kernel Space — M&mory L Instruction W . :
. Device Driver
Allocator Dispatcher
AiM Software Emulator
AiM
Function Simulator
User Space — It — Hardware
AiM
Performance Model

- Software Hardware _J




AiM Operation Kernels S i

: ; : , : : o
* The AiM Runtime Library provides a number of AiM OP kernels for Deep Learning \ i G |
Frameworks and Al Applications by exposing operator-level APIs. .

AiM OP Kernel API gg Msm|or\l/\iM Device Driv?r:struction / De\z:?eMDzver
g Allocator 4_Dispatcher A
1 il s —
11 12 13 14 T 1 1 AiM Software Emulator ‘,;’g‘ e |
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° RU”AIMLI”EGI’OP iAE  pR2 538 G | b3 Performance Model = [B)lE)]
T Software Hardware

hidden layer 1  hidden layer 2 hidden layer 3

input layer

* CreateAiMSeqOp
* RunAiMSeqOp

AiM OP Kernel API

* CreateAIMRNNOp e he A .

*  RunAiMRNNOp ( w - - . Creat?AlMCustomOp
' N . > PRt * RunAiMCustomOp

* CreateAiMLSTMOp ﬁi ® ® ]

*  RunAiMLSTMOp e E :

* CreateAIMGRUOp ) )

«  RunAiMGRUOp Basic RNN LSTM GRU




AiM Integration on PyTorch

(8

* The framework provides abstraction functions for various PIM operations and easy

programmability for developers.

* If users simply apply “to_aim” API to any PyTorch operations, the runtime library will
convert them to the operator-level AiM APIs defined in the runtime library.

model _cpu = torch.nn.LSTM(input_size,

num_layers).to(torch.device(“cpu”), torch.float32)

hidden_size,

model slto_aim(model_cpu)‘l' —————
/
/

/
/

/4
outp'ut, (hidden, cell) = model(X)

-
-

.:' PyTorch
‘\\ DNN Application
\\ *

Conversion API (to_aim())

PyTorch Cu§tom Ops

LT
| AiM Extension (C++)

AiM Runt}me Library

torch.nn.LSTM

— Python

AiIMLSTM
\

RunAiMLSTMOp
| — C++
RunAiMLSTMOp()

Application (GET-Z, LSTM, ...)
Im
—— Deeoleam g Frameworks
O PyTorch - SO
AiM Extension AiM Execution Provider
T
AiM Runtime Library
Memory f AiM OP ISR Instruction
Managgment +|_l Kernel | - Genergtor
Tt
1T
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AiM Integration on ONNX Runtime

* In order to run ONNX Runtime applications on AiM, developers simply add
“AiMExecutionProvider” to the “EP_List”, which will make the AiM execution provider

the default provider, and some nodes in the ONNX graph will be offloaded to AiM.

onnx_file = ‘my_model.onnx’
EP_list = "AimExecutionProvider’,I’CPUExecutionprovider’]

-~

sess_aim = rtJ’InferenceSession(onnx_fiIe, sess_options, providers=EP_list)

~——

res_aim = seps_aim.run(None, {input_name: input}, )

o

Application (GET-Z, LSTM, ...)
B 2

User
Space

Deep Learnin,

O PyTorch

T
AiM Runtime Library

Memory
Management
t

ISR Instruction
Genergtor

|
[ AiM Device Driver

Kernel

space

User

' ONNX Graph Partitioning

1
]
i ONNX Runtime ( )
CPU
@ " L In-Memory L Graph L Provider Suberanh - Execution Provider
ONNX Model (.onnx) Graph Partitioner Registry -
: JV'_T Subgraph - Execution Provider
: Distributed
i Graph Runner cPU
I: | -i- subgraph - Execution Provider
‘ T
‘\\ Execution Providers
\
ST AiM CPU T
Subgraph - . .
Executiorl*Provider Execution Provider Exacution Provider
i AIM
. AI M . ST - Executiorl| Provider
Runtime Library L 24 )




AiM Memory Allocator sK
, o
 The memory allocator allocates buffers from the AiM and host DRAM, and manages | oo G2 5
the virtual address of each buffer for each process. This allocator manages three types | = oo™
of memory (Host DRAM, AiM, and FPGA GPR) and has a hierarchical structure. -
P
TY i AiM Devfte Dri
o o Shared Buffer Weight Data Buffer 85| Mocsor
- | Between Kernel and User Matrix Vector, Bias, Etc. A sofvare Emulaor
& s g 11 1] o
$ < 'S || SLAB Allocator Heap Allocator | Eetornancs ot
v C
2 S5 [ [
o Back-End Allocator
i |
3 . AiM Memcl»r./ Allocator A
. = 11 11
S <§? a Host Memory Allocator Device Memory Allocator
& s 11 11 L1
] A Chunk Pool SLAB Allocator Heap Allocator .
§ T AiM Memory Allocator API
x X .
2 g Buddy Allocator e AiMMalloc
== * AiMMatrixMalloc
' * AiMMemcpy
E Host DRAM AiM GPR in FPGA * AiMFree

For Host Memory

For Device Memory
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AiM Host (ISR) Instruction Generator

I
SK,’ﬁynix

* The process of generating the host instructions and dispatching them to the hardware. oo G2 5 |
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AiM Software Emulator K, i

, , , , o
* With the AiM performance model, users can estimate not only the total execution | oo 2570 |
time of Al applications but also the execution time of each individual host instruction. L rmal o Eome

* The other benefit of using the software emulator is the flexibility of the hardware. ng
T8 | AM Device Driver _/ oA
85| Mocsor LR e
) AIM Software Emulator @ ”““

AiM Software Emulator

total latency with PCL
TWRGB : 2240 ns

:innS : 24464 PCle IP AiM Subsystem

¢ 145408 n

Function Simulator Interface

y
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Perfomance Evaluation: GPT-2 and GPT-3

SK Fynix

* Performance Evaluation on GPT-2 and GPT-3 (Memory intensive workload)

o

* Higher gains are expected if AiM is directly deployed on the memory channels running at 16Gb/s/pin, as
demonstrated by “AiM Projected” with our performance analytical model

* By having a more memory intensive workload, AiM will be more effective

GPT-2 Model Architecture

Performance on GPT-2 XL

Performance on GPT-3 13B Configuration

+) Elementwise-Add
Fully Connected Layer

Fully Connected
Fully Connected Layer

J

Normalization

(+) Elementwise-Add

1
1
1
1
1
i
I Fully Connected Layer
Decoder Block :
o | Concatenation |
Decoder Block '| t

| Scaled Dot Product Attention |
Input Embedding

GPT-2 model | Normalization |

One block of the GPT-2 model

Fully Connected Layer

@ Offloaded to AiM

16

CPU (FP32) AiM (BF16) AiM (BF16)
14 Measured Projected
(4ch,@2Gbps) (4ch,@16Gbps)
12
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SK hynix can provide the following items for your research
v' AiM SDK (including AiM Software Emulator)
v [Optional] AiM FMC card X 2

Please contact us at = SKhynix_PlIM@skhynix.com

¥

AiM Platform Distribution

|
. hynix
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