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῟

ᾰ  ԋ

Ѯ╙ᶽ₩ᶚ

https://pika.artShah, Viraj, et al. arXiv:2311.13600 (2023).

ᶃӵᵀἄ

Transformer
Ѯẇ

ᶾ ᵸҚ

https://ai.baidu.com/unit/v2/static/socialbot
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ἷ  RNN CNN Transformer

ᾭὯ⸗ề ῶẑẑ֯ ᶺ ⁪ ᵇ

ẑ֯ᶴת ã X ã

ᴵẊ ớ X ã ã

Transformer ₩ᶚҸמ

Transformer

RNN

CNN

ᴵҨệֹׁ
ꜛỗ￼ӡỤ

ј ᵃℓ Ԅ

ᴵҨᵃℓ Ԅ

ј ệֹ
ԅṕӡỤ

ᵙἍῶ Ԅ

ᴵҨᵃℓ Ԅ

↕ổגῡֹ
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Transformer ҭ

From LLaMA/LLaMA 2, ᾭὯᾠ ҈A100-80GB

⁴ᶙᵃ ᾩ (GPU-hours) (MWh) ὑᾄ (tCO2eq)

OPT-175B 809472 365 137

BLOOM-175B 1082880 475 183

LLaMA

7B 82432 36 14

13B 135168 59 23

33B 530432 233 90

65B 1022362 449 173

LLaMA-2

7B 184320 83 31

13B 368640 162 62

34B 1038336 396 154

70B 1720320 748 291

Ὴ ᶶ ẙ

ὕὲ Ὠ

n: ẑ֯ ẙ
d: ẙ

ảῊ ₩
ᶚᶭᶽᶬו

Ẑ֮ ẘ(32K)ᶬᶼ

Үז ᶬᶹ ḔԐ ẙᶭᶽ

├Ỵד₩ᶒ
ảῊᶬו

₩ᶚ
ᶭᶽᶬו

Ԅ ẙᶭᶽ
Ṁ ᶬו

ảῊ

ASIC/

љⱴו ᵷ
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Transformer њּזז ᵸ

ṩӏ ᴄӇ ḔӳҞ Ḕ ⁴ẩ ו ⁴ᶙ ∫○/Ұּט

ReTransformer ReRAM Transformer

SRAM Transformer

ReBERT KAIST ReRAM BERT

TranCIM SRAM BERT

X- Former SRAM/RRAM / BERT

P3ViT SRAM ViT

H3DAtten SRAM/RRAM / Swin Transformer

MulTCIM SRAM
MML 

Transformer

TransPIM DRAM BERT+GPT

Liu, Shiwei, et al. ISSCC 2023 Tu, Fengbin, et al. ISSCC 2023
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Transformer њּזז ᵸὠἇ

ASIC/њּזז ᵸảῊ&

⁴ᶙ ו
֟Ṉ

⁴ᶑ ו
ᾦᾭὯ ẙ

ḑ ו
ז њῶ Ḓ

ѭ ḑ ḑ

ᵇ Ѻ│(MVM) GELU

Ѻ│(MatMul) LayerNorm

⅍Ṯ ז Softmax

Ѷḽљῑ ḑַײᾀἵ

ԃᵘΰ їᶀḦ ח Ặ צ

ᾎὊ ẘᵘҼ ┼ẘ
їᵂ

1

Ѩ
ԃ

2 ↕ổג ῶ
ḔӳҞ SRAM DRAM RRAM PCM Flash

ḳ 1MB 160GB 4MB 21.25MB 80MB

⁴ᶙᴟᾎ ᶼ

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

2017 2019 2021 2023

ᴟᾎ (Қ)

Ḕ Ӌ ○῏ᶼḲ

їר

ὠἇ3ὠἇ2ὠἇ1
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Transformer ‗
ᶢ  ‗χᶺ ᵸ-ᶺ ᵸ

ӈ

ENCODER DECODER

ENCODER

ENCODER

DECODER

DECODER

tokens

Åᶡ῞ ῶχ

ÂᶺѦ ᵸṖ-ᶺѦ ᵸṖ

Å ԃẐ֮χ

Âּי token ἄ

Â⅛Ѧtokenѭ Ѧᵇ Ѧ ⁞

Âẑ֯Ầ᷃[CLS]ɋɋᴯḒᵇ

Â Ԅ₩ᶚׁ embedding Ṗ

Åembedding χ

Â Ԅ χḔԐӡỤ

Âӈ χӈ ӡỤ
ℓ =ᴒ
⁄ᶽṇ

ᾑ῞Ẑ֮χѕ ֩ᾭ ᶂӴχᴒ ѭ ᵇ

Vaswani, Ashish, et al. NIPS 2017
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Transformer ‗
ᶺ᷃├Ỵד ֺ

ᾣ♇Ѻ├Ỵד ֺ

ṕ ⁴ᶑ ѭ ḑ ḑ

embedding ├Ỵד₩ᶒ ᵇ Ѻ│(MVM) GELU

ᵸ ׁ Ѻ│(MatMul) LayerNorm

ᵸ ⅍Ṯ₩ᶒ ⅍Ṯ ז Softmax

LayerNorm

GELU

Softmax

ḑ

ὃ ὗὑ

ὣ ὃὠ

ᾯӌ ᾣ
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ẁ ⁴ᶙ BERTιRoBERTa GPTιLLAMA T5ιBART

ᴿҮז ֫ үח үח үח

ԃ ֦◕Ề ἍῶtokenẊ Ԅ ԄӘ ҈і ₭￼ ֧ ֧ẶӘ ҈ Ԅ

ו ᵷ◕Ề ᵈᵅ ӈẢᾩ ӈẢᾩ

ẉ ∫₯ẉ ֪ ₡ẉ ֪ ₡ẉ

Transformer
Å—Ὂ ῶᴴ֪Ѭχ
ÅEncoder-onlyψDecoder -onlyψEncoder-Decoder

ᵸ

ᵸ

<GO>

Iamgood

youareHow ?

Encoder-only Decoder-only Encoder-Decoder

ԃӗ ҇
ѕ ײ⁸ַ ֦

∫₯

ӈẢᾩ ∂

֪ ₡Ẋ



῀-ҕᶼḘק ︡ҬӋ ῶ

2024Ẉ ḖḘῙ

ѭ σ ḝ

Åֿכ ᾼ
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Å⁴ᶙᴘ

Å ꜠ ᶳⱣ

Å⁴ᶑ ו
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Å׀ ו

Å ḑ ו

Å ḑו

Å ḑו

Å ᴢṜῗ

ẹ
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ΰ ᶵⱴ

Ṗ/
Ṗ

Å ᶵֶⱴ ѧ￼• ֫

Å Ӊ₩ᶚΰ Ḕӳ ∂

Å Ӊ︡Ҭ ∂

Ώ׆
Å ֵᴞї ￼├
Ỵד ẙ/᷃

Å Ӊ ҭ

Å⁴ᶙᴘ σ ҭ ׁ ←Ҹק

₩ᶚ ז χ₩ᶚᴙ

⁴ᶙ צ

 

☼╗

֧

Å Ḿ▌∟/ΰ / ֦ ק

Å Ӊ₩ᶚΰ Ḕӳ ∂

Å Ӊ ҭ ẘ ∂

ӈ ֪

 
Å Ṅ  Ἴ֫ѭ֡Ѧ
Ӊ ￼ ᵀ

Å Ӊ₩ᶚ Ḕӳ ∂

ˍ ˎ

ˏ ː
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₩ᶚ ז χ₩ᶚᴙ

Q-BERT TernaryBERT I-BERT BinaryBERT PTQ4ViT FQ-ViT BiT

INT8 єө INT8 ҆ө INT8 INT4 ҆ө

⁴ᶙ צ

׀אָ ֪ ₦ḄԄ ὓṕᴴḪ♪єө/҆ө ẘі 5%ҧԒεINT8ᾢὄ

Ώ׆

Xia, Mengzhou, et al. arXiv:2310.06694 (2023)

Ώ׆

ὖֿבᵆ zᴟј
—Ὂz

ῶ׆צΏ
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Åΰ ᶵⱴ

₩ᶚ ז χ₩ᶚᴙ

Lin, Zhouhan, et al. ICLR 2017 Takase, Sho, and Shun Kiyono. SustaiNLP 2023Xiao, Tong, et al. IJCAI 2019

↕ổ⁴גᶑΰ Ӆגּ

1 їᵂ ẘѲ ΰ Ӆגּ
ᶺѦ ẙḙѽᵃ‾￼Ѡ

2 їᵂṕѲ ΰ Ӆגּ
їᵂṕַײΰ ￼JSᾫẙ

▄Ҧ ӆẙ

↕ổג Enc-Dec ↕ổג

ṕ / ẘ ΰ ᶵⱴ

—Ὂΰ Ӆגּ ᶵⱴ

ӉṖῶ῭ᶺᴠᾭ֑ӎALBERT

ððԅṖᶶּז
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Åӈ ֪
Å Ỉ҈זּ
Å ѧ￼  ῭Ὰѭӈ ιᴵҨּזѣѦ῭ṇ ‎
ÅἼ֫῭Ὰ  Ӊ ᾶḔ

₩ᶚ ז χ₩ᶚᴙ

Hu, Edward J., et al. ICLR 2022

שּ ӈ ֪

Å ᷈ầӪ֫ SVD

ὃ Ὗɫὠ

Ỉ ẓⱴ

Ὤ ὡὼ ɝὡὼ
ὡὼ ὄὃὼ

ὡ ᶰὙ ȟὄᶰὙ
ὃᶰὙ ȟὶḺÍÉÎὨȟὯ

ὡѭᴝ 
ɝὡѭ῭Ὰ =m

n

n

m

n

r

Ҝῑrḳẘַײḽ
ѕѬ◕Ềө
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Å ꜠ ᶳⱣσ ҭ ᵅ⸗ Ҹק
Å Ḿїᵂ ꜠ Ҹק

₩ᶚ ז χ תớᶴשּ

‗ ớשּ

‗ ớשּ

ΰ ꜠

ԃ ꜠

↕ổ⁴גᶑ
Ԓ ꜠

꜠ ᶳⱣᾛ← ◖

ᴙ
ό ᵇ ḕӴ+ שּ ᶴת
ᴅӺ( ꜠ ї Ὴ і״)

Ԅׇ“
ẘὫ᷂+Ṍ ở῞(ᵀ ׇ“
ӎ ֶᾸ)

ᴭ├Ỵד ẘὫ᷂(3Ѧ♇Ҩԓ)

░ ק ẘὫ᷂(3Ѧ♇Ҩԓ)

├Ỵׇ᷃ד“
ẘὫ᷂+Ṍ ở῞(ᵀ ׇ“
ӎ ֶᾸ)

ẢᾩὝ׳
3ӣṪᴷ

Ḕӳ Ѭ
30%Ṫᴷ
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өַײ ײַ ẫ+ ײַ ḉӇ ἷ

Åΰ ꜠
Å⁞Ὧ ᵇשּ ὶḾ Ԅ ׇ

₩ᶚ ז χ תớᶴשּ

שּ꜠ ꜠ שּ ẓⱴ

Å שּ ->ᴙ +ό ᵇ

Å ⁞Ὧό ᵇ Ḿ ԃ ׆
Å CSCχὟ֯ᴙ

Å CSRχὟ ᴙ

Å COOχḕӴᶑ‰

ᶐ 

Liu, Shiwei, et al. ISSCC 2023
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Å ԃ ꜠
Åֵ ᴞ Ḿј ￼ Ԅ

₩ᶚ ז χ תớᶴשּ

єᶑFIFO
Å FIFO_L: ʑ ҈ Ӫ￼token

Å FIFO_I: ҈ Ӫ￼token

Å FIFO_S: ṇ҈ Ӫ￼token

₦ ᵷ
Å ⅝ Ḿ ᶁḧѭ Ӫ

Å token Ẋ ⅝

ὺӏ∫
Å Ỉעḫא

Å Ỉעѧ₿ ‰χ
Â FIFO_S/FIFO_LԓӺ Ѧᾭ
ᵙ ḧӪ Ẹ

ệ♩ԒḲ
Å ֳḉצχ

Â Ӫѭ[CLS]

Â ἍῶtokenᾣԄFIFO_I

Â ḧFIFO_I

Å ᶵχ
Â Ӫ⅝ ẊᾣԄFIFO

Å ệ♩ֵᾘχ
Â ◑ ∂ֱ ֧

Â ј◑ֱ ḧFIFO_S/L

Â ӪѭԎѧ   Ѧtoken

Tu, Fengbin, et al. ISSCC 2023
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Å↕ổ⁴גᶑԒ ꜠
Åֶ ⱴ↕ổגῡֹΉԊ↕҇Ԋ Ề◕ײַ

₩ᶚ ז χ תớᶴשּ

Liu, Ze, et al. CVPR 2021

ᴭ├Ỵד

Kang, Myeonggu, Hyein Shin, and Lee-Sup Kim, TCAD 2021

↕ổ֪גᾎַײ ᵘ
90%֫ṵᶈ84tokenҨԓ

Å Ὗ├Ỵד₩ᶒ῭ԋ
├ ‰

Å ‰ ᴵҨᴱᵙ
token ├Ỵ
ד

ᶂӴ

ᾑ῞
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Å↕ổ⁴גᶑԒ ꜠
Åֶ ⱴ↕ổגῡֹΉԊ↕҇Ԋ Ề◕ײַ

₩ᶚ ז χ תớᶴשּ

Wang, Hanrui, Zhekai Zhang, and Song Han. HPCA 2021

░ ק

Å ὟӇ ι јῗὟtoken

Å ⅛₭ ԃ/ΰ ￼ Ѧ⅝⸗

Å ֶᾸ ֧ῗᵋẇᾐ

Å јẈᾯɋɋṰ ḫא├Ỵוד

├Ỵׇ᷃ד“

Å ᴿṖᴿ᷃├Ỵ֫דᾭ ו
Â ᴿ᷃ ז ṭểᶼגּ‛

Â ᶽṇԋ ᶈᴾṕ

Å ώׁ ├Ỵׇ᷃ד“

Voita, Elena, et al. ACL 2019
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Å↕ổ⁴גᶑ ῶ֪ῷ
ÅᾭὯ ẙѮ ♇χMatMul ểἍῶtoken￼ ớṖ ​

Å̔ ῶו ₱σ
Å╙↨Ẋ ֫ ⅎẊ

₩ᶒ ז χ├Ỵד₩ᶒז

ᶺ᷃├Ỵד ֺ

ᾣ♇Ѻ├Ỵד ֺ

ὃ ὗὑ

ὣ ὃὠ

ᾯӌ ᾣ
ᵸ

ᵸ

<GO>

Iamgood

youareHow ?

Ѩ ԃẉ ԃ
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Å∫₯ẉ
ÅṄ ԄἼ֫ѭᶹᶑ֫○ώ ⁄Ọַּזꞌ
ÅQ/K/V ớṖ ӇҨẊ ֒Ԅ  ᵙ

₩ᶒ ז χ├Ỵד₩ᶒז

Tu, Fengbin, et al. ISSCC 2022 Yang, Xiaoxuan, et al. ICCAD 2020

ԃ֫○ ∫₯
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Å∫₯ẉ
Å Ἴ֫ Ҩώׁ֒Ԅ

₩ᶒ ז χ├Ỵד₩ᶒז

Yang, Xiaoxuan, et al. ICCAD 2020

֑ԃᾩ
ểּת

╚╣ ╧ ╦╚
╣ ╧╣ ╦╚

╣

֑ԃᾐѥ
(ỡ ѥ֫○)ַײ
Kᵆ ײַ

Ὕ֑׀ԃ ԃ
ײַ ὓṃבּ+

W K
T֑ԃ

₦ χ
ώׁẦḊ
֒ԄᾛӐι
֟Ṉ ᶩ
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Å֪ ₡ẉ
Å ♩ẺẌίᵙἍῶtoken ├Ỵד

₩ᶒ ז χ├Ỵד₩ᶒז

Zhou, Minxuan, et al. HPCA 2022

♩ẺẌί

Ҽ  + ♩ẺẌί ḔҼ
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Å֪ ₡ẉ
Å Ḿᶹ⁴ Ԅ ֮  Ɑі֫ṵ
Åώ –ịֶⱴ♆ι ӉὸᾸảῊ

₩ᶒ ז χ├Ỵד₩ᶒז

Tu, Fengbin, et al. ISSCC 2023

ᶹ⁴ ԃַײ

Å Ҽ ΰ ֪Ṵχјᵃℓ ᶈјᵃ ⁄Ọḫא

Å ᶹ⁴ ԃχјᵃ ⅎ ảῊјᵃ

Å Ṁ ᶺ₩ỗ Ԅјש Ὴғּו ᶸẢᾩ

֗ᾛ’

Å ⁄ỌḔӳᶹүΰ

Å ⁴זַּ ḽ ᴬ

Å ֫ ώ ҭַּזꞌ
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Å ԃ◕Ềɋɋ tokenѳ ￼ӪṮ ᶽ
Å↕ổגῡֹ  ￼ῗӔ₩ᶚ῭ԋ├ԋ ӈ
Åsoftmax ֩ᾭҺᾣᶽ ᶽ ֧ι Ӫ ṇ ֧Һὶ ҈0

Å Ԅׁ ῑᾇӇḳᶍ ᾛӐ

₩ᶒ ז χׁ ז

ῑᾇӇḳᶍ

Tu, Fengbin, et al. ISSCC 2023

Å Ԅ₅╜ῑᾇӇḳ

Å ᶎ ῶᾦӈḴ

Å ῑᾇӇḳẐ֮ Ԅ

Å ⁞Ὧᶍ ―  

Å ⁞Ὧᶎ ⁪ὶᾠ ֧
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Åֿכ ᾼ

Å⁴ᶙ ו

Å⁴ᶙᴘ

Å ꜠ ᶳⱣ

Å⁴ᶑ ו
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Å׀ ו

Å ḑ ו

Å ḑו

Å ḑו

Å ᴢṜῗ

ẹ
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Å ḑו
Åԅ ὶṖ ├Ỵד ֺ ViT￼ᴒ ⅍Ṯ ╧ᴣẂ ѺזᾛӐ
ÅҨMVM ḒᵙMatMul ḒѭѮ
ÅMVM Ḓχΰ שּ ᶀḦι Ԅᵇ ᴵᴪ
ÅMatMul ḒχѣѦ Ԅ јᶁḧι⅛₭ ׁ ו ΰ שּ

Ḓ ז χ ớ Ḓז

MatMul Ḓҝᴉ0.5%ṫᴸ

ḑ ֪Ṵ ḑ ֪Ṵ

שּ ו ᴵ ᴉὯỄ ￼ảῊ

Ganesh, Prakhar, et al. TACL 2021 Kang, Myeonggu, Hyein Shin, and Lee-Sup Kim. TCAD 2021
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ÅḔ ֪
Å ח ז֮ Ѻ│ ז

Ḓ ז χ ớ Ḓז

ח ֮⁭ồ

֟ṈḕӴᵸ ẘῊ

ח ֮ẓⱴ

☼
╗

  Å MVM/ Matmul
Ḓ

ᶴתᵸᴅӺ‗
ἄ￼҇ ⁪

Kung, Hsiang-Tsung. Computer 1982 Jouppi, Norman P., et al. ISCA 2017
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Å Ḕ
ÅḕӴ ֯ ֧ᶴᶭז ᴅӺι֞ṇҼ ψDRAM SRAM ḕӴҟ
ÅѺ│ ɋɋ֒ԄῊ‴ז ῊẽᵠMatMul Ḓḫא

Ḓ ז χ ớ Ḓז

Ḕ

Ḕ ‟‗

ḕḕ ḕ

ḕḕ ḕ

Liu, Shiwei, et al. ISSCC 2023
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ÅḔԒ
ÅḕӴ ֯ԓḢἄѺ│ ז ιώ ᵈᵅᵙ ᾇψỎ ᵸ SRAM ḕӴҟ
Åַ Ґᴢזּ ֯ḫאɋɋ֒ԄῊ ῊẽᵠMatMul Ḓḫא

Ḓ ז χ ớ Ḓז

ḔԒ ‟‗

ḕ

ḕ

ḕ

ḕ

ḕ

ḕ₀ḈḦỄ

ᶡṈ ᶿḦỄ

Å ː⁴ἨḔԒ σ
Â Ầᵏᶺ ὶḫא ז

Å ˑᾎḓḔԒ σ
Â ᴅ Ầᵏιᶈ ֯ԓḢἄѺ│

Å ḑḪ♪χ
Â MVM Ḓḫא ᾦ

Â ֫ҟ ј ᵀMatMul Ḓ

Shafiee, Ali, et al. ACM SIGARCH Computer Architecture News 2016
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Å ḑו
Å֫ ѭ /ј Ԅ⸗ề￼ ֫

Ḓ ז χ ớ Ḓז

ṕ ⁴ᶑ ѭ ḑ ḑ

embedding ├Ỵד₩ᶒ ᵇ Ѻ│(MVM) GELU

ᵸ ׁ Ѻ│(MatMul) LayerNorm

ᵸ ⅍Ṯ₩ᶒ ⅍Ṯ ז Softmax

GELU

ὋὉὒὟὼ πȢυὼρ ÅÒÆ
ὼ

ς

ὩὶὪὼ
ς

“
Ὡὼὴὸ Ὠὸ

ї ԃ◕Ề

LayerNorm

ὒὥώὩὶὔέὶάὼ
ὼ ‘

„
ȟ

‘
ρ

ὅ
ὼȟ„

ρ

ὅ
ὼ ‘

ԃ◕Ề

Softmax

ὛέὪὸάὥὼὼ
ÅØÐὼ

В ÅØÐὼ
ȟ

ὼ ὼȟȣȟὼ

ԃ◕Ề

֨ᾎו

ԃ◕Ề ו
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Å ḑו σ ԃ◕Ề
ÅᶎӪ /ΆṮ /Ὕᾭ

Ḓ ז χ ớ Ḓז

Kim, Sehoon, et al. PMLR 2021 Wang, Meiqi, et al. APCCAS, 2018.

ὺὥὶ‘
ρ

ὅ
ὼ

Å ᶍө
Â ẹ ᵙӪᵙᾭ

Â⅛₭ᾭὯ╙ Ὴ῭Ὰ

Å ᾛṭ
Âᾭḙ ‗ѭ

Â ẹẈΆӪᵙᾭ

Â⅛₭ᾭὯ╙ Ὴ῭Ὰ

Å ἷᾎ
Â ẹἍῶᾭὯ￼Ὕᾭ

ÂᶈᾭὯ ֧ῊḢἄ

ᾎὊ∫ѕ
ו
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Å ḑו σ ֨ᾎו
Åѣ ộ χṄ ớ֩ᾭᴪѭ ớ֩ᾭ/ ὶḫא ớ֩ᾭ

Ḓ ז χ ớ Ḓז

֨ᾎו

♪ὓḪבּ
֨ᾎ

Å LUT: ‬ἧ

Å DLC: ᾭḔ כּ ḫא

Å MLS: Ỏ ᵸ Ὰᵸҭḫא

Å OO: ᾛӐᴓ ֹⱭᶹḢἄ

ṃ ֨ᾎ
ᴩѬԍң֨ᾎ

Å ḫא: NEON-Net

Å ᾎḘ ẩ ӆ: I-BERT

Manglik, Aditya, et al. arXiv:2211.05730 (2022)
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Å ֨ᾎḪ♪σLUT( ἄ )
Åҷ σᵃ‾￼ּכ ‗ᴵҨּ҈זḫאјᵃ￼ ớ֩ᾭιԏῶ ḧ￼ ∟
Å χᶽ ᶀ Ԅ ᶼḲ Ḕӳ ֮

Ḓ ז χ ớ Ḓז

֪Ṵᶇ
֦Ӈ

Å Ὕ׀Ḕӳ ז‛

Å ᴴỴṜ ֺχᶽ ᶀ Ԅ ᶽḳ

Å ֮ᶼṆ ֺχḕӴ ֯ᶽṇ ֺ ᶀ
Â Ἴ֫ᶺѦḑ ֮ҺṀ Ả

Song, Linghao, et al. HPCA 2017
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Å ֨ᾎḪ♪σDLC(ᾎḓ ⸗ Ḫ♪)
Åҷ σ Ả Ӊ+ӔּזἄⱦCMOSṪ Ḿ ∂ Ӊ
Å χᶁקᾭḔּכ Ṁ ∟ẘӉ+ᾭḔ ה

Ḓ ז χ ớ Ḓז

Cheng, Ming, et al. DAC 2017

֪Ṵᶇ
֦Ӈ

Å ᶀצ҂ᾎḓ ⸗

Å ḦֹצχḾ ∂ӉẊћ ảῊӉ

Å їḦֹצχ זּ ⁄Ọἆ ן┬ ᾭḫא
Â ׁ כּ ᶶ ψᵅ ẬԄѺ│ᵸιᶭ҃ז
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Ḓ ז χ ớ Ḓז

MLS(ᾚᵷҬḪ♪ )

Å ᵷҬ֪ᴘἚ ֑ԃᾛӐ

Å ҷ σ ה Ӊ+ ᴅӺ ṇ

Å σ֑ԃ +ḧֺק ∟ẘӉ+ Ễ
ᶺᵸҭᴅӺở῞

Å ֨ᾎḪ♪σMLS&OO

OO(ὺӏ○ᶸᴒ )

Å ᾭὯҽ ֹⱭᶹḢἄ

Å ҷ σ ὶַּז CPUזּ

Å σᾎὊ ח ᶺẽᵠ ᵙảῊ

Gupta, Saransh, Mohsen Imani, and Tajana Rosing. ICCAD 2018 Tu, Fengbin, et al. ISSCC 2023
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Å ֨ᾎ Ὀσ Ḫ♪
Åַ ḕזּ ӌ Ḿ ז ⅝ ￼ḫאΆẪ
Å ┌֩ᾭ ḧת ᶊ₩Ὁ ớ֩ᾭ

Ḓ ז χ ớ Ḓז

Ệָ
ᾎὊ

Manglik, Aditya, et al. arXiv:2211.05730 (2022)

₦ їᵂ ṕᶼ
Ṇַײ Ὼ֜︢♆
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Å ֨ᾎ ὈσᾎḘ ẩ Ӆ

Ḓ ז χ ớ Ḓז

Ὡὼὴὼ πȢσυψυὼ ρȢσυσ πȢσττ

GELU

LayerNorm

Softmax

Å Ṯ֩ᾭ ӆ

Å ⁞Ὧ Ԅ ᶀ ӆ

ὩὶὪὼ
ς

“
Ὡὼὴὸ Ὠὸ

ίὫὲὼ ὥὧὰὭὴὼȟάὥὼ ὦ ὦ ρ

ὼ ὼ
ὲ

ὼ
Ⱦς

Å ҦḫאẦ⁞ᴺᾦ‛

Å ᶶ

Å ᵙῳᶽӪ ặ ק

Å Ὕᾭ֩ᾭ￼ᶺ Ẫ ӆ

Å Ὕᾭ֩ᾭ/Ḿᾭ֩ᾭἼ֫2￼ᶢᾭ

ὛέὪὸάὥὼὼ
ÅØÐὼ

В ÅØÐὼ

ÅØÐὼ ὼ

В ÅØÐὼ ὼ

ÅØÐὼ ὼ ÌÎВ ÅØÐὼ ὼ ȟ

Ṇ ԃ ᵿ

Ԁ ←ᵷ

Ὡ ς ς ς
ςḺόό π
ςḻόό π

ȟό ώ ÌÏÇὩȟὺ ώ ÌÏÇὩ ό

ὰὲὊὰὲς ÌÏÇὊ ὰὲςύ ÌÏÇὯ ὰὲςὯ ρ ύȟὊ ς Ὧ

Ṇᾎ + Ӈ

Kim, Sehoon, et al. PMLR 2021 Wang, Meiqi, et al. APCCAS 2018
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Å⁴ᶙ ו

Å⁴ᶙᴘ

Å ꜠ ᶳⱣ

Å⁴ᶑ ו
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Å׀ ו
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Ở ᴣṝῺ

ASIC/њּזז ᵸảῊ&

ѷḾњּז Ḓ￼ᾟὙᾭὯ ẙᵙҽ ▄ẙ јᵃ₩ᶚᴠᾭ ᶽ

⁴ᶙ ו

⁴ᶙᴘ ꜠ ᶳⱣ

Å ֫ῳӉᴵ өֹ҆צ
Å ‗ ק ӉḕӴ ∂
Å ח Ώ֟Ṉ׆

₩ᶚ ק Ḿјᵃ￼
￼ớשּ
֯“ỗׇט

‗ ק

+

⁴ᶑ ו

↕ổג ׀

Å јᵃ￼ ј
ᵃ￼Ẋ

Å ֫‘ Ԅ/  ⸗ề

╙↨Ẋ
Ḿ Ԅ/ 
⸗ề
֫‘

֫ ⅎẊ
+

ḑ ו

ḑ ḑ

Å Ӆἆ ҥḫא ớ Ḓ
Å ֫‘ ớ Ḓ⸗ềᵙḫא

јᵃḕ
₩Ẫ/јᵃ
ḕӴҟ

ớ֩ᾭᴪ
ѭ ớ

јᵃ ớ֩
ᾭḫאΆẪ

+
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ԏᶙAI ○῾ῶ
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ặ׀ᴀḿӋ ○ҒѝᴦṜַײԊ Ɑ

Åҧ ӗῌ῾ῶ ○ѬᶡֹײַוҼ ג ҧ╤ ▲ ẩַײ ᶬג ₱
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ặ׀ᴀḿӋ ○ҒѝᴦṜַײԊ Ɑ

ÅҼ ẩ῾ῶַײ ○ ҧ ᶼאל ᵘג ᾇַײ Ɑ

Ḕ

ӳ

῞ᶉḔӳ

Ҽ  Å ӗῌ ῾ῶ

Ḕ
Ҽ

ᶳⱣᵷ

Ḕӳṽḳ ֹ ẘ

Ḕӳᵷ

ᾎὊὧ ֹ ᾇ

ᶳⱣᵷḔӳᵷ

ᾎὊ
ᾎὊ

40GB/s

1TB/s

50TB/s

1PB/s

DDR HBM SRAM

10nJ 10nJ

50pJ
5pJ

DDR HBM SRAM
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ҥ ᴀḿӋ ἆῠσḔ⅜׀○ Ӌ

ÅḔ ӋἆῠởѬᵄὯṈᾩҥữאל Ɑג ײַ ề

Ḕ

ӳ

῞ᶉḔӳ

ӗῌ ῾ῶ

Ḕ
Ҽ

Ḕ ῾ῶ

Ḕ

Ḕ

Ḕ

Ḕ

Ḕ

Ḕ

Ḕ

Ḕ

Ḕ

Ḕ

Ḕ

Ḕ
תּ

Ҽ

Ḕӳᵷ ֮

֑ԃ ᴧ

ḔԒ ῾ῶ

Ḕ

Ḕ

Ḕ

Ḕ

Ḕ

Ḕ

ḔԒ
ᾢᾎὊ

Ҽ

Ḕӳᵷ ֮
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v
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Ḫ♪Ḕ Ӌַײᶹ ḔӳҞ

ÅReRAMᾴ῏ԎᴦṜ▄ײַגᾚԋḔӳᵷѲ ε ẁ ᴿḔ Ӌ

Ḕӳᵷ ѭ ҷם јї ᾮ᷁ ᴿᶊᾼ

DRAM
Ṫ ἄⱦ
Ḹẙ

ẙӉ/ֻᾺ/

ᴱ Ӯ ḕ
ᵋ

→‟‗
■

SRAM
Ṫ ἄⱦ

IPק
ᾦӉ/ḸẙӉ ᵋ

Ӛ/
ѧṇ ד

SSD
ḳ ᶽ
ἄ Ӊ

ẙӉ/ ḕ ῗ ҉ ᶽḳ

MRAM
ᾦ/ ẙ/
Ḹẙ

ᶽ ₩ ἄ ῗ
Ӛ/
ѧṇ ד

Flash
Ḹẙ /
ἄ Ӊ

PVTᴪקᾧỵ ῗ
Ӛ/
Ӊἄ 

ReRAM
/ג ᾇ/

ḷẘ
♆▼ᶕ ᾴ

ә/
ᶼ ג

ג

ᾇ

ɓ ӗ
ῌ῾ῶ

Ḕ
῾ῶ

ḔԒ
῾ῶ

אל Ɑג

אל

ᾇ
Ɑ

ג

ḷ
ẘ

ᾇ

DRAM

SRAM
Flash

PCM

RRAM

ḔӳҞ Ḕײַ

Ӌ

SSD

MRAM
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Ḕ ӋᶇᶁԒᶸҒѝꜛᵘḘῠꜛַײṴṔ

ÅḔ ӋἆῠᴨָᶁԒᶸҒѝꜛᵘḘῠꜛַײ ẘ εṯῑ ᶹҒѝצṴṔ

ᾮ᷁ᾮ᷁

ḔԒ

Ḕ

ṰṰ

DRAM

єᾯ

HBM

ᶰג─

DRAM

AMD

DRAM

Graphcore

SRAM

Tenstorrent

SRAM

SRAM DRAM
Flash SSD

MRAM RRAM

Ѧᶁᴵ ⸗

SRAM

ᵄὯ῀

SRAM

ᶼק
SRAM

ᵡҾ₦Ҍ
ᶼḘ

SRAM
ḷ₃—ᶼḘ

SRAM

ΆῸᾙ
SRAM

Ḕרּ ἆ
Flash

IBM

PCM

Mythic

Flash

ᶼק
RRAM

Ѧᶁᴵ ⸗

RRAM

ᶼ/Ѧק

Ỉ Ứ
PCM

ӊ⅛ҌⱣṩ
RRAM

єᾯ

MRAM

ᾙᶖ
RRAM

єᾯ

SSD

ᾎὊ

SSD

NGD

SSD

◕Ṉ

PCM
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Ḫ♪Ḕ Ӌַײᶹ ἆῠ ề

ÅḔ ӋἆῠᴨָᶁԒᶸҒѝꜛᵘḘῠꜛַײ ẘ εṯῑ ᶹҒѝצṴṔ

ᶡ҇ӽ ṁ ײַ Ḕ

ᶡ҇ṦԃẩḔӳַײ Ḕ

ᶡ҇Ḕӳ ḔӳᵷַײḔԒ

ᶡ҇ᾚԋ ᾮ᷁ḔӳᵷַײḔԒ

ᴆ

ᶹ ӽ ṁ

αChiplet є

ṁ β

ḔԒ⅍ῑ

ᶹ ṦԃẩḔӳᵷ

αDRAM SRAM

β

ḔԒ⅍ῑ

ᾚԋᵷҬј⸗

῾ῶַײᴂᵂֲᾚ

ḔԒᵌ

ṃḔԒ ẓⱴ҇

ở▫ַײḔӳ Ḕӳ

ᵷαḄFlashβ

ḔԒᵌ

D. Niuet al., ISSCC 2022 M. Kim et al., JSSCC 2022

M. Giordano et al., VLSI 2021 J.H. Yoon et al., JSSC 2022
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