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Ῑ῝₲ἒ

Å ἬᵷҬαIEDM β ⸗ αISSCC VLSI βỡ῾ῶαMICRO ISCA βᾛ ײַ

ᾑεỡNature/Science Ԋגּ֮ ᾑε 3-5 ᾑ♅

Åᴈ ở 20%ι֫ ε2-3Қ ζ▄Ԅ ᾰἩ  ιӮ10֪ ₲ἒ

AIו ᵷ ○
Å ҽ AIז ᵸχFused- layer cnn accelerators EyeriessιGoogle TPU
Å ᾺԌAIז ᵸεᶽ₩ᶚTransformer Neural ODE MANN/DNC PINN ζ
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FPGA ○ εᴵ ᶒ ᴵ יּ ζ
ḟԄј Ӡ ᶞᶳⱣᵷ ○
Å ᴿ Ḹ εAES RSAζ εMPEG ζ ӡ εLDPC Polar ζ

Ҽ CPU ○
Å ҸקBranch Predictor Load-Store ḕ ᴨ ҷ⁄ ḕ ớ

ᾚԋ῀ ○
Å ḕ ӌ/ỵḕ ӌ Ḓ תⱶӡỤᶴוּ NoC ᶒת
Å ᶢ҈ᵅᾐṉ CMOSᵸҭ￼‟‗ε₩Ὁ ‟‗ ḙדט ‟‗ ζ
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Å ᴑ σ ᶡ῞ ḑ

Dumoulin, Vincent, and Francesco Visin. arXiv 

2016.
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Wang, Cong, et al. Nature Nanotechnology 2021.
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Å ᶸấ
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ȣ
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●►▄╪■
●░□▌

Å ⁴Ἠ
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Å ᶹᵔῙ ԃ

ᾰṂᾛ’2

ὢὯ ὼὲ ÃÏÓ
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ὔ
Ὧὲ ὭÓÉÎ

ς“

ὔ
Ὧὲ

Zhao, Han, et al. Nature 

Communications 2023.
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Ḕ Ӌצԏᶙ ḑï 

Å ᴴᶿᾙᶡ (L-P ᾎ)

ὒ ● ◌ ὼ ύ

Å ₀₫ (p=2)

Å ῌᵞ (p=1)

σἷᾎַײ

ὒ ● ◌ ὼ ύ

Å ₳ᾭ

Â 01Ѩσὒ ὒ В ὼ ύ

Âԍң ֘σὒ Вὼέὶὼȟύ

ὒ ● ◌ ὼ ύ ὼ ςὼύ ύ

1σẦỡַײ

2σ₱ᵘַײ

2σᵆ ẇᾛ ײַ

1σ—ᴹַײ
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Ḕ Ӌצԏᶙ ḑï ₳ᾭ

Å ₳ᾭ Ḫ♪ᾛ’1

ÂᴴҧᶳⱣҮổḓ Ѩ

Â ֑ԃɇɇ  ѯ

Âᶹ₉ὺӏɇɇ  ᾩ

ὒ ὼέὶὼȟύ

WL ԃ

BL ԃọ ᵷ⸗ḿ

ᶡṈ ᶿ⸗∫ ֦

Lin, Huai, et al. Advanced Materials Technologies 2021.



ộỳ ץԒḳẊיּ

῀-ҕᶼḘק ︡ҬӋ ῶ

2024Ẉ ḖḘῙ

ѭ σ ḝ
< 14 >

Ḕ Ӌצԏᶙ ḑï ₳ᾭ

Å ₳ᾭ Ḫ♪ᾛ’2

Â  Ẑ֮ᶀḦ

Â ӣַײ ֮ᵘ ԃ

Âᾀἵᶹbit

ὒ ὼέὶὼȟύ

BL ԃ
ọ ᵷ⸗ḿ
(⁴ῳẐ֮)ᶡṈ ᶿ⸗∫ ֦

Å ԃẐ֮ (⸗ᴘ)

0 ʞ (0, Vr )

1 ʞ (Vr,0)

Å ⁴ῳẐ֮ (⸗ḿ)

0 ʞ (Gh, Gl)

1 ʞ (Gl, Gh)

Å ԃẐ֮ (⸗ᴘ)

(1000ε0100ε

0010ε0001)

Å ⁴ῳẐ֮ (⸗ḿ)

(1000ε0100ε

0010ε0001)

Ẑ֮ ᾛẩבֿ

XOR XNOR

Zhu, Xuan, et al. IEICE 

Electronics Express 2013.

Kang, Ji-Hoon, et al. Nature 

Materials 2023.
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Ḕ Ӌצԏᶙ ḑï ₳ᾭ ( ἄ₦ḽ)

Å  ἄ₦ḽ

Âẉ

Â ֦ צ

 ἄ₦ḽ ₳ᾭ

ὼέὶὼȟύÅ ᶹῪẐ֮

Å ֵᾘר

Å ѢῪẐ֮

Å ₱ᵘ

ὼέὶὼȟύ π ȩ

Å ẫԃїԊịӇ X ʞ (0, 0) ỡ (Gl, Gl) Å ẫԃїԊịӇ X + ֦ צ

Mao, Ruibin, et al. Nature communications 2022. Liu, Fangxin, et al. DAC 2022.



ộỳ ץԒḳẊיּ

῀-ҕᶼḘק ︡ҬӋ ῶ

2024Ẉ ḖḘῙ

ѭ σ ḝ
< 16 >

Ḕ Ӌצԏᶙ ḑï ₀₫

Å ₀₫ Ḫ♪

Â֑ὺӏấ ᶼ ʞ Ổꜝ ԃẐ֮ẇᾛ ײַ

Âẫԃẇᾛ ʞ ⁴ῳẐ֮ẇᾛ ײַ

Â ḽᴰ ₦ ₔ◕ײַ ֘ʞ H Ổꜝ—ᴹַײ

ὒ ὼ ύ ὼ ςὼύ ύ

ύ

ὓ

ὓ

ς

Å —ὊᶡṈ ᶿḦỄ

Ὅ ὼύ
ὓ

ς
ᶻ

ύ

ὓ

ὼύ
ύ

ς

Å ᵷҬ⸗ḿ M Ῠ

Å ԃѻҹᴨMẼᵟ Ó
Jeong, YeonJoo, et al. Nano letters 2018.
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Ḕ Ӌצԏᶙ ḑï ₀₫

Å ₀₫ ҷצ

ÂỴṜẇᾛ

Â ԃΉᾂ + ΰ Ήᾂ

ὒ ὼ ύ ὼ ςὼύ ύ

ύ

ὒ

Å —ὊᶡṈ ᶿḦỄ

Ὅ ὼύ
ρ

ς
ὒzz

ύ

ὒ

ὼύ
ύ

ς

Å ᵷҬ⸗ḿ L Ῠ

Å ԃ Ῠᶇ₇ẁ ᵿ

Å ᶸַײᵷҬ ÓWang, Rui, et al. Nature communications 2022.
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Ḕ Ӌצԏᶙ ḑï ὑẐ

Å ὑẐσṃ ῢҀᾢ ᾎὊӹײַ ε Ḧᾛ←ἸԊ ḓ Ẑὑ֮

ÂỂὑẐᾎὊḔӳѬᵷҬ⸗ḿ

ÂWLѕַײ⸗ᴘᾰṂѬᾎὊ◦

Ӈẉ ὺӏḪ♪῏Ṇ/ᶼөὥ

← ֹ ẘ ╞╝╦ ⸗ ј ֮ ֹᴴἣṜ

Prasad, Ananth Krishna, et al. HPCA 2021.
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Ḕ Ӌצԏᶙ ḑï ὑẐ

Å ὑẐҷצ

Â ẘҷצʞ Ή ᾇַײὑẐ ← ╞╝ ╦

ÂᴴἣṜ ҷצʞ є ( ֮ ⁴εẉ εᶹөᵷҬ)

ÂὑẐᾎὊᶀḦ
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Ḕ Ӌצԏᶙ ḑï ⱳở ֪Ṵ

Å ₇ ֪ṴḪ♪ᾛ’1

Ὢὼ
ρ

ς“„
ÅØÐ

ὼ ‘

ς„
 ὢ ͯ ὔ‘ȟ„

2σᾀἵᴴὔᴟᾎ1σ ῡᾎⱳở

Å ọ ᵷ ᵸᶱ (C2C ῡ )

Ὢὼ
ρ

ςὦ
ÅØÐ

ὼ

ὦ

Å ᶹᵷҬҒⱳ ᾙ֪Ṵ (Ѧịῴ ḦⱣ)

ὢ  ὭȢὭȢὨ

ὢ ͯ ὔὲ‘ȟὲ„

Å ᶹөọ ᵷ

Å Үổ֪ṴַײѦị
ῴ ḦỄ

В ὢ ‘

В„

 ͯ ὔπȟρ

Lin, Yudeng, et al. Nature Machine Intelligence 2023.

Ḿ҈꜠ Ẋᵃ‾֫ṵεIIDζ￼  ᴪ ιᴏӔᴝḊᴪ   јῗ

⃰ỗ֫ṵι‰֝ק‾ ᶎӪ￼Ἲ‾֫ṵѼ ᵇ҈‰֝⃰ỗ֫ṵ

https://zh.wikipedia.org/wiki/%E6%AD%A3%E6%80%81%E5%88%86%E5%B8%83
https://zh.wikipedia.org/wiki/%E6%AD%A3%E6%80%81%E5%88%86%E5%B8%83
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Ḕ Ӌצԏᶙ ḑï ⱳở ֪Ṵ

Å ₇ ֪ṴḪ♪ᾛ’2

Å ọ ᵷ⸗ḿ֪Ṵ (D2D ῡ ) Å ᶹөọ ᵷ + їᵂọ ᵷ

Å ӏṭ (₇ ֪Ṵַײ )

Ὃ Ὃ  ͯ 
ὔ‘ ‘ȟ„ „

Å ᴄ ῡᾎσ ᶹᵷҬ 1-2ᵷҬ

Å ֪Ṵσ ᵷҬ ᶹ ᵷҬ

Å ‒σ ᾩ

ᾛ’1       ᾛ’2

Bonnet, Djohan, et al. Nature communications 2023.

Ὢὼ
ρ

ς“„
ÅØÐ

ὼ ‘

ς„
 ὢ ͯ ὔ‘ȟ„

2σᾀἵᴴὔᴟᾎ1σ ῡᾎⱳở
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Ḕ Ӌצԏᶙ ḑï ֳ ֨ᾎ

Å ֳ ֨ᾎפἭσ

Â ֨ᾎ

Âἷᾎ֨ᾎ

Âḽᾎ֨ᾎ

Âє ֨ᾎ

Âᴥє ֨ᾎ

ÂᴤΈ֨ᾎ

ώ ὼ

ώ ὥ

ώ ÌÏÇὼ

ώ ÓÉÎὼ

ώ ÁÒÃÓÉÎὼ

ώ ÓÉÎÈὼ

Å Ṝấמ⇔

ώ Ὡ ρ ὼ Ễ
ὼ

ὲȦ

Å Ѻ ←

ώ ὥὼ ὥ ὼ Ễ ὥ
ὥὼ ὥ ὼ Ễ ὼ  ὥ

Å  ἄ + Ὗө

ӽ ḃε ᾩҠԒḔѦὝᴧ

ԍңө ᴧḽ῏ὓ өὟөַײᾛẩ

Å ԍң ←σCORDIC, BKM

ấ ểᶼ

ấ ᶼ

Ҽ Ḫ♪ᾛ’

Å ᾎḓᶞ

Å + -Óó

Ḕӳấ ᶼ

︡Ҭᴣḃ

ẁⱴ
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Ḕ Ӌצԏᶙ ḑï ֳ ֨ᾎ

Å CORDIC ←

Âᶡ῞ᴜⱣσҿᾟ

Âᶡ῞ σ ểᶹ⁸ҿᾟ  אָָבּ ẘε₤⁸ҿᾟ ײַ ẘ ἬᾛӜ өײַ

ὼ

ώ
ÃÏÓ—

ρ ÔÁÎ—
ÔÁÎ— ρ

ὼ

ώ

ὼ

ώ
ÃÏÓ— ρ ς

ς ρ

ὼ

ώ

— ÁÒÃÔÁÎς ȟÔÁÎ— ς

ṃ◄╪▪ צ
ở Ӈ

ὑ ÃÏÓ— πȢφπχςυςωσυ ὲᴼ Њ

ὼ ὼ ‘Ὠ ς ώ

ώ ώ Ὠ ς ὼ

ᾀ ᾀ Ὠ—

Å ◑░ Ḫ♪ ẘ ו

Å ▀░ ὔֹᾟ ᾛᵆ

Å Ⱨ Ἤᶐ 

ÔÁÎ— —

ς τυЈ

ς ςφȢυφυЈ

ς ρτȢπσφЈ

ς χȢρςυπЈ

ς σȢυχφσЈ

ς ρȢχψωωЈ

ς πȢψωυρЈ

Zhang, Zihan, et al. 

GLSVLSI. 2020.
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Ḕ Ӌצԏᶙ ḑï ֳ ֨ᾎ

Å CORDIC ọײַ← ᵷ ֮Ḫ♪

Â שּ꜠

Â ҥ⁸ᾎᶀḦ

Â ẘẌεᾩ

ὼ ὼ ‘Ὠ ς ώ

ώ ώ Ὠ ς ὼ

ᾀ ᾀ Ὠ—

Å ◑░ Ḫ♪ ẘ ו

Å ▀░ ὔֹᾟ ᾛᵆ

Å Ⱨ Ἤᶐ 

Å є ַ֪Ḫ♪σ
ȟ ░

Å ײַ░◑ ᶇᶸ

Å ●░ ᵘ◐░ ᴥ
ᶵ ҥ

Å ї Ӈᾎײַ
⁸ ḡ

Ӈὺӏ ᴿCMOS⸗ Ḫ♪εӆᾴẉї ᴿọ ᵷ ֮

Zhang, Zihan, et al. 

GLSVLSI. 2020.



ộỳ ץԒḳẊיּ

῀-ҕᶼḘק ︡ҬӋ ῶ

2024Ẉ ḖḘῙ

ѭ σ ḝ
< 25 >

ᶹ Ḕ Ӌ ḑַײẓⱴ

Wang, Rui, et al. Nature 

communications 2022

Jiang, Mingrui, et al. Nature 

Communications 2023

Å ᶡ҇ ḑַײ
ẓⱴ

Å ᶡ҇ ḑַײ
ẓⱴ

Å ᶡ҇ ḑᵘ
ḑ═ᴿַײẓⱴ

Lin, Yudeng, et al. Nature 

Machine Intelligence 2023

Â שּ ᵆ ѹ←

Â שּ שּ ѹ←

Â ᴸᴩὈ

Â ɖɖ

Â ₳ᾭ

Â ₀ẩ

Â ὑẐ

Â ɖɖ

ẓⱴ֪
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ḑσӬỈ֪ᾛ ₱

Å ӬỈ֪ᾛ ₱ αּש ᵆ ѹ←β

ÂᶇᾎḘ ◓Ᵽᴢṩ ἆῠѦẓⱴ ẁẌ↑εѼ ѕἈ ҍᾛ ѬᾎḘ◓Ᵽᾛ

Âӓⱴọ ᵷ ֮Ḫ♪ּש ᵆ ѹ←εⱴ҇ ᴴ₦ ҥ←₱ ӬỈ֪ᾛ

Zidan, Mohammed A., et al. Nature Electronics 2018
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ḑσ ←

Å K ᶍө ←α₀₫ β

Â ᾢנּר ←εᾧᶇṃ ᵆ ԃ֪֭Ѭ K ѥ εᴎḽΊ  ᾎὊ

Âӓⱴọ ᵷ ֮Ḫ♪₀₫ ₦ײַ ε ᾢ ︢ө

Jeong, YeonJoo, et al. Nano letters 2018.
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ḑσ ←

Å ᾰṂ ←α₀₫ β

Â ᾢנּר ←εᾧᶇ ḘѼ ԃ ѦַײᾎὊεⱳở ѥӈ ᾌַײᾰṂ

Âӓⱴọ ᵷ ֮Ḫ♪₀₫ ₦ײַ εⱴ҇Ḿἄ῏Ӓר ᴄӹαBMUβ

Wang, Rui, et al. Nature communications 2022
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═ᴿ ḑσח Ώ׆

Å שּ+αὑẐא֫҈ ᵆ ѹ←β

Âḽ ҈ ֪֭εӓỆᵂ ֪֭Ԓַײ ҈ἩῑּגӅַײ◕Ềεᴴⱴ֪҇ Ҭ֪א

Âӓⱴọ ᵷ ֮Ḫ♪ὑẐᵘּש ᵆ ѹ←εⱴ҇׆Ώᵘ ὕⱣ
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═ᴿ ḑσ ᴸᾙ

Å ᴸᾙ α₇ ֪Ṵⱳở+ּש ᵆ ѹ←β

Âΰ ᾴ ѥ֪Ṵ Ḧөεᴴҧ Ӂ ᴿⱣ ≡өַשײ Ύ ї︢Ḧײַ≡

Âӓⱴọ ᵷ ֮Ḫ♪₇ ֪Ṵΰ ᵘּש ᵆ ѹ←εⱴ҇ ᴸᾙ ὕⱣ

Lin, Yudeng, et al. Nature Machine Intelligence 2023 Bonnet, Djohan, et al. Nature communications 2023.
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═ᴿ ḑσ ọᶬẵ

Å ọᶬẵ α₳ᾭ שּ+ ᵆ ѹ←β

ÂᶇҼ ײַ ⁴ᶙᶡ︠ѕᶬוḔӳ⁴ᶑεⱴ҇⁴Ἠᶸ ọ

Âӓⱴọ ᵷ ֮Ḫ♪ּש ᵆ ѹ←ᵘ₳ᾭ εⱴ҇ ὕⱣᵘTCAM

Mao, Ruibin, et al. Nature communications 2022.

Tao, et. al, MICRO 2021
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Ḕ ӋײַצἹỢᴢΊΎṜῗ

Å ᵷҬ ♆

Å ᴴ

Å ᾚ ᴜⱣὒ

Å Ή Ᵽ

Å ΉḦ ᾛ Ὓ

Å Ḷⱳᾇẓ

Å IR Drop

︡Ҭ ᴜⱣ

Å ԆẩẓⱴẺẩ

Å ᴄӹ ῶҷצ

Å ֮ ῶҷצ

ḑ ẓⱴ

ώὸ Ὣίȟὼὸȟὸ ὼzὸ
Ὠί

Ὠὸ
Ὢίȟὼὸȟὸ

Ὥ π ὺ π

ᵷҬ ֮ ᵷҬ ֮
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Ɏ⸗ɏŸɎӾ⸗Ầῶɏ

ÅӾּײַ⸗₦גᶽ▒ҷםσῑῗ ֗ặ׀ Ảײַ ᵈᵅ♆ ה αḔӳψβ

כּ

ӾҼ

כּ

⸗ ↓Ҽ

כּ

ҧᶼ⁴ᶙὕⱣѬӔ
αԏᶙ ָ Ả ~50msβ

~30ms

<ms

<ms

~10ms

~10ms

ặ׀♪◦

ᶵ

ᶵ

ᾭὯ
ѧỌ

⸗ ○

Ӿ⸗Ầῶ
○ ᶹ◓Ᵽᶞ

Ầῶ ○
αӾ ⸗ β

ῳᴉ ở

ṁ ở

ᵂ○ ở

ặ׀ ₡

Ḕӳ

ӾҠҼ ╔ ָḔӳ/

ᶹ◓Ᵽᶞ

Ầῶ

Ҽ
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Ӿ⸗ẦῶᾴΊΎ ἆῠײַג▄Ԏ῏ײַ ềѲ

ÅӾ⸗Ầῶσᾣ ⸗אל Ɑ εᴠᾮ ᶉḪⱴ

◕Ṉ

8086 ᴄ–ᴄ CPU

ᴄ–ᶹ CPU

ᶹ–ᶹ CPU

ẉᴦGPU

ᴴ FPGA

ASIC

һ GTX

Virtex

TPU/NPU

⸗

◕Ṉ

◕Ṉ

ᶡ

SRAM/DRA

M/Flash Ḕ

ᶡԑḲ
ọ ᵷḔ

ᶡḔ Ӌ
α҆ ῥᾔ β

ᾫ εּכᴙζ
₩Ὁ

εּכᴙ/ּכּ/╙כ ζ

₡ ҆ ₡

Ӿ⸗Ầῶ
є Ӿ

є ₡

Ӿ⸗Ầῶ ԄӾ ḑ

ᵹ ₡ Ҋ ₡

ԄӾ
ḑἣṜ

ԄӾḔӳ

ԄӾ

ѕ ӈ ở▫ẘ ѕ Ѧ ở▫ẘѦָӈ ѕ ở▫ẘѦָӈ ѕ ῴ ở▫ẘῴӈ

Ṫ גּ

֯ ₩
ṇ
ᶊ

Ӿ⸗Ầῶ
ẇ Ӿ α⅜ ᶡṩ β

ṩ ở
▫
֮ ⁴
ᶼ ᾮ
ᶉ

ḿ ḑ

Ӿ ḑ

ḑ
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Ɏ⸗ɏŸɎӾ⸗Ầῶɏ

ÅӾ⸗Ầῶַ2ײѥṕ⁸σӾ⸗ẦῶҼ αҒѝᴦṜѦβ Ӿ⸗Ầῶ αḘῠᴦṜѦβ

Ӿ⸗Ầῶ

ӾҼ /Ӿ҉ Ӿ

Ӿ╟Driver Ӿ↓ḿ Ӿ⸗ὒ≡ Ӿᶡṽ/ ֦ԃ

⸗ Ӿ ⸗

Ӿ╟/Ӿ⸗ὒ≡ᵷҬ

҆ ẇ Ӿ ᴴ є Ӿ

Â ֯Ἓṝ

Â └Ṁỉ

Â ӿּכầ‗

Â ֮ ⁴ṯ kk

Â ᾢ ↓ḿ Ӿ ᾮ
ỴṜ Ӿ⸗Ầῶᾮ

Â ἵ є ỴḲ ג

Â ҇ Ẉ
ӿ Ӿ Ỉ♩ MZI PCM

Â ѕ
ӿ

єҊᾠ
▌Ӿᵷ

mLED LCD

◓ⱣᴜⱣ

Ӿẵ Ӈגּ ἎṂ Ṃ Ӿ ᾁ Ӭ ᾌṂ


