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你能讀懂這些⽂字嗎？

I find it rea*l* amazin* t*at 
y*u ar* abl* to re*d t*is te*t. 
You* brai* i* abl* t* fill in 

missi*g info*matio*.



資訊動態重組！

⼤腦還是可以藉由神經
元連結，動態組合記憶
中的資訊，呈現較為完
整的圖案。

即便輸入的圖案受到
雜訊⼲擾……
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“
⾃旋流 與 磁性記憶體
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2009 2019

Should a scientist work on something he is good at? 

Or, should a scientist work on something he is excited about?



⽤⾃旋流操控
磁性記憶體

材料與物理跨領域
合作，突破 MRAM 
過往60年技術瓶頸 6



磁性記憶體 (MRAM)

Nature Physics 14, 220 (2018)

Free layer

Pinned layer
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磁矩⽅向相同時，電⼦
容易穿過 — 低電組態

磁矩⽅向相反時，電⼦
不易穿過 — ⾼電組態



電流 V.S. ⾃旋流

電⼦帶有電荷，移動就
會產⽣電流。

由於相對論效應，電⼦
也帶有⾃旋，那是否能
創造出⾃旋流呢︖
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charge

spin



⾃旋-軌道 交互作⽤
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<latexit sha1_base64="6kokwSPo4DazjwBbCsvLcielW44="></latexit>

由於相對論性效應，電⼦在電
場中運動會感受到「磁場」

spin-dependent scattering

Nature Physics 10, 340 (2014)

電⼦運動軌跡與⾃旋⽅向有關

電流通過重⾦屬薄膜時，由於
⾃旋-軌道交互作⽤，⾃旋⽅
向相反的電⼦，也往相反⽅向
運動，可有效產⽣⾃旋流



“
兩個突破
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多組態記憶體

⽤⾃旋控制電流

⽤電流產⽣⾃旋流
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過往多組態記憶體操作
時，都必須回到「起始
態」，因此讀寫不便。

藉由⾃旋的⾃組裝動⼒
學，任何組態間的轉變，
可由電流脈衝直接操控。



交換偏移 (EXCHANGE BIAS)

12

Meiklejohn & Bean (美國通⽤電氣) 
於1956年發現交換偏移效應

若要改變交換偏移⽅向：
(1) 升⾼溫度 (2) 施加外場
(3)退⽕，但這種操控⽅式
無法與⽬前製程結合。

試試⾃旋流，如何︖



電控交換偏移
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電流脈衝產⽣
⾃旋流，除了
翻轉鐵磁層，
居然……

過往無法有效操控
的交換偏移，藉由
⾃旋流即可翻轉！



⼤發現？或是⼤錯特錯？
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May 24, 2017 

…… Gathering all responses and evidences, I come to the 
following suspicion: Is it possible that our findings are so 
unconventional so that it takes extra efforts to be appreciated?  

I know this sounds very arrogant, especially after receiving 
rejection from Nature Communications. 

 …I have a different suggestion. What about submitting the 
manuscript to Nature Materials?



介⾯效應：⾃旋流 V.S. ⼒矩
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Landau-Lifshitz-Gilbert equation + corrections

⾃旋流是⼆階張量，
並非向量，其散度會
貢獻到⼒矩，因此介
⾯效應顯著。

Nature Materials 18, 335 (2019)
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Two important time scales 𝜏௠ ൌ 𝐶௠/𝐾௠ and 𝜏௦ ൌ 𝐶௦/𝐾௦emerge in the coupled dynamical 

equationsǡ denoting heatǦdissipation time in the metal layers and the substrate 

respectivelyǤ One dimensionless parameter 𝛾௖ ൌ 𝐶௠/𝐶௦  also appears because the 

temperature changes of the metal layers and the substrate due to the same amount of 

heat are differentǤ These three parameters are key factors to determine the dynamical 

behavior of pulse heating in the systemǤ 

 

To obtain the temporal variations of both temperaturesǡ one needs to solve the coupled 

dynamical equations numericallyǤ Because metals dissipate heat much fasterǡ one expects 

that 𝜏௠ ≪ 𝜏௦ Ǥ In additionǡ the capacity of the substrate is much larger than that of the 

metal layers so that the dimensionless parameter 𝛾௖  shall be small as wellǤ Due to the 

above materials constraintsǡ the temporal variations of the temperatures can be sorted 

into two categoriesǣ 

 

 
Figure S͵Ǥ Temporal variations of 𝑇௠ሺ𝑡ሻ  for metal layers ȋorangeȌ and 𝑇௦ሺ𝑡ሻ  for the 
substrate ȋlight blueȌ in the twoǦcomponent heating modelǤ The time unit of the 
horizontal axis is set by the pulse period and the temperature unit for the vertical axis is 
CelsiusǤ The number of heating pulses is ͳͲ with preǦpulse and postǦpulse periods set to 
unit pulse period for observing transient behaviorsǤ ȋaȌ 𝜏௦ is longer than the pulse period 
and ȋbȌ 𝜏௦ is much shorter than the pulse periodǤ 
 

理論學家做實驗
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�hen the voltage changes from ͲǤͶ to ͳ VǤ This indicates the lo�Ǧlevel voltage used for 𝑅0 

measurement does not significantl� heat up the deviceǤ Furthermoreǡ �e also used the dc 

measurement �ith the voltage of ͲǤͶǡ ͲǤ͹ and ͳ V for confirmationǤ The measured dc 

resistance is slightl� larger than that e�tracted from the OFF  period ȋ𝑅dc ε 𝑅pulseȌǡ but the 

difference is less than 0.35 Ω Ǥ This is e�pected because more heat is dumped into the 

s�stem in the dc measurementǡ confirming 𝑅0 e�tracted from the OFF period is not an 

overestimateǤ 

 

The TRRM data for a t�pical pulse profile �ith pulseǦon �idth  𝜏on = 10 Ɋs  for SOT 

s�itching is sho�n in Figure SͶǤ The initial resistance 𝑅0 = 106.56 Ω is e�tracted from 

the OFF period ȋ2 Ɋs hereȌǤ The highǦlevel voltage ȋ͵Ǥʹ VȌ during the ON period is appliedǡ 

the same as used for SOT s�itching ȋFigure Sʹ ȋdȌȌǤ  During the ON periodǡ the resistance 

goes up to about 110.02 Ω but remains constant up to statistical fluctuationsǤ  

 

 

 

Figure SͶǤ ȋaȌ TimeǦresolved resistance measurement ȋTRRMȌ for pulse �idth 𝜏on  =
10 ɊsǤ The pulseǦoff ȋOFFȌ and pulseǦon ȋONȌ periods are 2 and 10 Ɋsǡ respectivel�Ǥ  The 
applied voltage is ͵Ǥʹ V during the ON period and ͲǤ͹ V during the OFF periodǤ ȋbȌ TRRM 
for a fourǦpulse series sho�s the same temporal profileǤ The sample measured is Pt 
ȋʹȌȀCo ȋͳǤʹȌȀ IrMn ȋ͸ȌǤ 
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從頭設計奈⽶/微秒尺度的溫標



電控交換偏移 — 完整版
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Nature Materials 18, 335 (2019)



“
⼤腦是神經元網絡︖
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腦內的森林

1000億個神經元細胞 
1000兆的神經連結 
複雜的神經元網絡
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⼈類連結體計畫

與渥太華的腦科學中⼼合作，研
究⼤腦的集體激發現象，進⼀步
瞭解認知與意識的動⼒學。

建構神經元間的連結，
試著⽤全域角度來瞭解
⼤腦的運作。
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資訊動態重組！

⼤腦還是可以藉由神經
元連結，動態組合記憶
中的資訊，呈現較為完
整的圖案。

即便輸入的圖案受到
雜訊⼲擾……
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HOPFIELD NEURAL NETWORK

Wij = pi ⇥ pj
<latexit sha1_base64="oZ74wCIXtFjQ/aNtWjY3qH8WnP8=">AAACAnicdVDLSsNAFJ3UV42vqCtxM1gEVyURnwuh6MZlBfuANoTJdNJOO3kwcyOUUNz4K25cKOLWr3Dn3zhpK1TRAxcO59zLvff4ieAKbPvTKMzNLywuFZfNldW19Q1rc6uu4lRSVqOxiGXTJ4oJHrEacBCsmUhGQl+whj+4yv3GHZOKx9EtDBPmhqQb8YBTAlryrJ2Gl/H+CF/gxOO4DTxkStO+aXpWyS7bY+AZcmw75ycOdqZKCU1R9ayPdiemacgioIIo1XLsBNyMSOBUsJHZThVLCB2QLmtpGhG9ys3GL4zwvlY6OIilrgjwWJ2dyEio1DD0dWdIoKd+e7n4l9dKIThzMx4lKbCIThYFqcAQ4zwP3OGSURBDTQiVXN+KaY9IQkGnlofw/Sn+n9QPy45ddm6OSpXLaRxFtIv20AFy0CmqoGtURTVE0T16RM/oxXgwnoxX423SWjCmM9voB4z3Ly0Vlfw=</latexit><latexit sha1_base64="oZ74wCIXtFjQ/aNtWjY3qH8WnP8=">AAACAnicdVDLSsNAFJ3UV42vqCtxM1gEVyURnwuh6MZlBfuANoTJdNJOO3kwcyOUUNz4K25cKOLWr3Dn3zhpK1TRAxcO59zLvff4ieAKbPvTKMzNLywuFZfNldW19Q1rc6uu4lRSVqOxiGXTJ4oJHrEacBCsmUhGQl+whj+4yv3GHZOKx9EtDBPmhqQb8YBTAlryrJ2Gl/H+CF/gxOO4DTxkStO+aXpWyS7bY+AZcmw75ycOdqZKCU1R9ayPdiemacgioIIo1XLsBNyMSOBUsJHZThVLCB2QLmtpGhG9ys3GL4zwvlY6OIilrgjwWJ2dyEio1DD0dWdIoKd+e7n4l9dKIThzMx4lKbCIThYFqcAQ4zwP3OGSURBDTQiVXN+KaY9IQkGnlofw/Sn+n9QPy45ddm6OSpXLaRxFtIv20AFy0CmqoGtURTVE0T16RM/oxXgwnoxX423SWjCmM9voB4z3Ly0Vlfw=</latexit><latexit sha1_base64="oZ74wCIXtFjQ/aNtWjY3qH8WnP8=">AAACAnicdVDLSsNAFJ3UV42vqCtxM1gEVyURnwuh6MZlBfuANoTJdNJOO3kwcyOUUNz4K25cKOLWr3Dn3zhpK1TRAxcO59zLvff4ieAKbPvTKMzNLywuFZfNldW19Q1rc6uu4lRSVqOxiGXTJ4oJHrEacBCsmUhGQl+whj+4yv3GHZOKx9EtDBPmhqQb8YBTAlryrJ2Gl/H+CF/gxOO4DTxkStO+aXpWyS7bY+AZcmw75ycOdqZKCU1R9ayPdiemacgioIIo1XLsBNyMSOBUsJHZThVLCB2QLmtpGhG9ys3GL4zwvlY6OIilrgjwWJ2dyEio1DD0dWdIoKd+e7n4l9dKIThzMx4lKbCIThYFqcAQ4zwP3OGSURBDTQiVXN+KaY9IQkGnlofw/Sn+n9QPy45ddm6OSpXLaRxFtIv20AFy0CmqoGtURTVE0T16RM/oxXgwnoxX423SWjCmM9voB4z3Ly0Vlfw=</latexit><latexit sha1_base64="oZ74wCIXtFjQ/aNtWjY3qH8WnP8=">AAACAnicdVDLSsNAFJ3UV42vqCtxM1gEVyURnwuh6MZlBfuANoTJdNJOO3kwcyOUUNz4K25cKOLWr3Dn3zhpK1TRAxcO59zLvff4ieAKbPvTKMzNLywuFZfNldW19Q1rc6uu4lRSVqOxiGXTJ4oJHrEacBCsmUhGQl+whj+4yv3GHZOKx9EtDBPmhqQb8YBTAlryrJ2Gl/H+CF/gxOO4DTxkStO+aXpWyS7bY+AZcmw75ycOdqZKCU1R9ayPdiemacgioIIo1XLsBNyMSOBUsJHZThVLCB2QLmtpGhG9ys3GL4zwvlY6OIilrgjwWJ2dyEio1DD0dWdIoKd+e7n4l9dKIThzMx4lKbCIThYFqcAQ4zwP3OGSURBDTQiVXN+KaY9IQkGnlofw/Sn+n9QPy45ddm6OSpXLaRxFtIv20AFy0CmqoGtURTVE0T16RM/oxXgwnoxX423SWjCmM9voB4z3Ly0Vlfw=</latexit>

定義所有神經元間的連結     

p1 = +1
<latexit sha1_base64="MOY3AGYKxZI4GqaN8YSUFhVKvsE=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIsgCGUjgl6EohePFewHtEvJptk2NJtdk6xQlv4JLx4U8erf8ea/MW33oK0PBh7vzTAzL0ikMNbzvlFhZXVtfaO4Wdra3tndK+8fNE2casYbLJaxbgfUcCkUb1hhJW8nmtMokLwVjG6nfuuJayNi9WDHCfcjOlAiFIxaJ7WTHsHX+Iz0yhWv6s2AlwnJSQVy1Hvlr24/ZmnElWWSGtMhXmL9jGormOSTUjc1PKFsRAe846iiETd+Nrt3gk+c0sdhrF0pi2fq74mMRsaMo8B1RtQOzaI3Ff/zOqkNr/xMqCS1XLH5ojCV2MZ4+jzuC82ZlWNHKNPC3YrZkGrKrIuo5EIgiy8vk+Z5lXhVcn9Rqd3kcRThCI7hFAhcQg3uoA4NYCDhGV7hDT2iF/SOPuatBZTPHMIfoM8fB8COow==</latexit><latexit sha1_base64="MOY3AGYKxZI4GqaN8YSUFhVKvsE=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIsgCGUjgl6EohePFewHtEvJptk2NJtdk6xQlv4JLx4U8erf8ea/MW33oK0PBh7vzTAzL0ikMNbzvlFhZXVtfaO4Wdra3tndK+8fNE2casYbLJaxbgfUcCkUb1hhJW8nmtMokLwVjG6nfuuJayNi9WDHCfcjOlAiFIxaJ7WTHsHX+Iz0yhWv6s2AlwnJSQVy1Hvlr24/ZmnElWWSGtMhXmL9jGormOSTUjc1PKFsRAe846iiETd+Nrt3gk+c0sdhrF0pi2fq74mMRsaMo8B1RtQOzaI3Ff/zOqkNr/xMqCS1XLH5ojCV2MZ4+jzuC82ZlWNHKNPC3YrZkGrKrIuo5EIgiy8vk+Z5lXhVcn9Rqd3kcRThCI7hFAhcQg3uoA4NYCDhGV7hDT2iF/SOPuatBZTPHMIfoM8fB8COow==</latexit><latexit sha1_base64="MOY3AGYKxZI4GqaN8YSUFhVKvsE=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIsgCGUjgl6EohePFewHtEvJptk2NJtdk6xQlv4JLx4U8erf8ea/MW33oK0PBh7vzTAzL0ikMNbzvlFhZXVtfaO4Wdra3tndK+8fNE2casYbLJaxbgfUcCkUb1hhJW8nmtMokLwVjG6nfuuJayNi9WDHCfcjOlAiFIxaJ7WTHsHX+Iz0yhWv6s2AlwnJSQVy1Hvlr24/ZmnElWWSGtMhXmL9jGormOSTUjc1PKFsRAe846iiETd+Nrt3gk+c0sdhrF0pi2fq74mMRsaMo8B1RtQOzaI3Ff/zOqkNr/xMqCS1XLH5ojCV2MZ4+jzuC82ZlWNHKNPC3YrZkGrKrIuo5EIgiy8vk+Z5lXhVcn9Rqd3kcRThCI7hFAhcQg3uoA4NYCDhGV7hDT2iF/SOPuatBZTPHMIfoM8fB8COow==</latexit><latexit sha1_base64="MOY3AGYKxZI4GqaN8YSUFhVKvsE=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIsgCGUjgl6EohePFewHtEvJptk2NJtdk6xQlv4JLx4U8erf8ea/MW33oK0PBh7vzTAzL0ikMNbzvlFhZXVtfaO4Wdra3tndK+8fNE2casYbLJaxbgfUcCkUb1hhJW8nmtMokLwVjG6nfuuJayNi9WDHCfcjOlAiFIxaJ7WTHsHX+Iz0yhWv6s2AlwnJSQVy1Hvlr24/ZmnElWWSGtMhXmL9jGormOSTUjc1PKFsRAe846iiETd+Nrt3gk+c0sdhrF0pi2fq74mMRsaMo8B1RtQOzaI3Ff/zOqkNr/xMqCS1XLH5ojCV2MZ4+jzuC82ZlWNHKNPC3YrZkGrKrIuo5EIgiy8vk+Z5lXhVcn9Rqd3kcRThCI7hFAhcQg3uoA4NYCDhGV7hDT2iF/SOPuatBZTPHMIfoM8fB8COow==</latexit>

p2 = +1
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p3 = �1
<latexit sha1_base64="0rAsPY1F/7x4zfqy8xl6RThL2oE=">AAAB7nicbVBNS8NAEJ3Ur1q/oh69LBbBiyVRQS9C0YvHCvYD2lA22027dLNZdjdCCf0RXjwo4tXf481/46bNQVsfDDzem2FmXig508bzvp3Syura+kZ5s7K1vbO75+4ftHSSKkKbJOGJ6oRYU84EbRpmOO1IRXEcctoOx3e5336iSrNEPJqJpEGMh4JFjGBjpbbsX9yc+ZW+W/Vq3gxomfgFqUKBRt/96g0SksZUGMKx1l3fkybIsDKMcDqt9FJNJSZjPKRdSwWOqQ6y2blTdGKVAYoSZUsYNFN/T2Q41noSh7YzxmakF71c/M/rpia6DjImZGqoIPNFUcqRSVD+OxowRYnhE0swUczeisgIK0yMTSgPwV98eZm0zmu+V/MfLqv12yKOMhzBMZyCD1dQh3toQBMIjOEZXuHNkc6L8+58zFtLTjFzCH/gfP4AlaGOZw==</latexit><latexit sha1_base64="0rAsPY1F/7x4zfqy8xl6RThL2oE=">AAAB7nicbVBNS8NAEJ3Ur1q/oh69LBbBiyVRQS9C0YvHCvYD2lA22027dLNZdjdCCf0RXjwo4tXf481/46bNQVsfDDzem2FmXig508bzvp3Syura+kZ5s7K1vbO75+4ftHSSKkKbJOGJ6oRYU84EbRpmOO1IRXEcctoOx3e5336iSrNEPJqJpEGMh4JFjGBjpbbsX9yc+ZW+W/Vq3gxomfgFqUKBRt/96g0SksZUGMKx1l3fkybIsDKMcDqt9FJNJSZjPKRdSwWOqQ6y2blTdGKVAYoSZUsYNFN/T2Q41noSh7YzxmakF71c/M/rpia6DjImZGqoIPNFUcqRSVD+OxowRYnhE0swUczeisgIK0yMTSgPwV98eZm0zmu+V/MfLqv12yKOMhzBMZyCD1dQh3toQBMIjOEZXuHNkc6L8+58zFtLTjFzCH/gfP4AlaGOZw==</latexit><latexit sha1_base64="0rAsPY1F/7x4zfqy8xl6RThL2oE=">AAAB7nicbVBNS8NAEJ3Ur1q/oh69LBbBiyVRQS9C0YvHCvYD2lA22027dLNZdjdCCf0RXjwo4tXf481/46bNQVsfDDzem2FmXig508bzvp3Syura+kZ5s7K1vbO75+4ftHSSKkKbJOGJ6oRYU84EbRpmOO1IRXEcctoOx3e5336iSrNEPJqJpEGMh4JFjGBjpbbsX9yc+ZW+W/Vq3gxomfgFqUKBRt/96g0SksZUGMKx1l3fkybIsDKMcDqt9FJNJSZjPKRdSwWOqQ6y2blTdGKVAYoSZUsYNFN/T2Q41noSh7YzxmakF71c/M/rpia6DjImZGqoIPNFUcqRSVD+OxowRYnhE0swUczeisgIK0yMTSgPwV98eZm0zmu+V/MfLqv12yKOMhzBMZyCD1dQh3toQBMIjOEZXuHNkc6L8+58zFtLTjFzCH/gfP4AlaGOZw==</latexit><latexit sha1_base64="0rAsPY1F/7x4zfqy8xl6RThL2oE=">AAAB7nicbVBNS8NAEJ3Ur1q/oh69LBbBiyVRQS9C0YvHCvYD2lA22027dLNZdjdCCf0RXjwo4tXf481/46bNQVsfDDzem2FmXig508bzvp3Syura+kZ5s7K1vbO75+4ftHSSKkKbJOGJ6oRYU84EbRpmOO1IRXEcctoOx3e5336iSrNEPJqJpEGMh4JFjGBjpbbsX9yc+ZW+W/Vq3gxomfgFqUKBRt/96g0SksZUGMKx1l3fkybIsDKMcDqt9FJNJSZjPKRdSwWOqQ6y2blTdGKVAYoSZUsYNFN/T2Q41noSh7YzxmakF71c/M/rpia6DjImZGqoIPNFUcqRSVD+OxowRYnhE0swUczeisgIK0yMTSgPwV98eZm0zmu+V/MfLqv12yKOMhzBMZyCD1dQh3toQBMIjOEZXuHNkc6L8+58zFtLTjFzCH/gfP4AlaGOZw==</latexit>

p4 = �1
<latexit sha1_base64="XnMrPnbWOorruvf2FShn9OVdq6k=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgl6EohePFUxbaEPZbDft0s1m2d0IJfRHePGgiFd/jzf/jZs2B219MPB4b4aZeaHkTBvX/XZKa+sbm1vl7crO7t7+QfXwqK2TVBHqk4QnqhtiTTkT1DfMcNqViuI45LQTTu5yv/NElWaJeDRTSYMYjwSLGMHGSh05aNxceJVBtebW3TnQKvEKUoMCrUH1qz9MSBpTYQjHWvc8V5ogw8owwums0k81lZhM8Ij2LBU4pjrI5ufO0JlVhihKlC1h0Fz9PZHhWOtpHNrOGJuxXvZy8T+vl5roOsiYkKmhgiwWRSlHJkH572jIFCWGTy3BRDF7KyJjrDAxNqE8BG/55VXSvqx7bt17aNSat0UcZTiBUzgHD66gCffQAh8ITOAZXuHNkc6L8+58LFpLTjFzDH/gfP4AlymOaA==</latexit><latexit sha1_base64="XnMrPnbWOorruvf2FShn9OVdq6k=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgl6EohePFUxbaEPZbDft0s1m2d0IJfRHePGgiFd/jzf/jZs2B219MPB4b4aZeaHkTBvX/XZKa+sbm1vl7crO7t7+QfXwqK2TVBHqk4QnqhtiTTkT1DfMcNqViuI45LQTTu5yv/NElWaJeDRTSYMYjwSLGMHGSh05aNxceJVBtebW3TnQKvEKUoMCrUH1qz9MSBpTYQjHWvc8V5ogw8owwums0k81lZhM8Ij2LBU4pjrI5ufO0JlVhihKlC1h0Fz9PZHhWOtpHNrOGJuxXvZy8T+vl5roOsiYkKmhgiwWRSlHJkH572jIFCWGTy3BRDF7KyJjrDAxNqE8BG/55VXSvqx7bt17aNSat0UcZTiBUzgHD66gCffQAh8ITOAZXuHNkc6L8+58LFpLTjFzDH/gfP4AlymOaA==</latexit><latexit sha1_base64="XnMrPnbWOorruvf2FShn9OVdq6k=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgl6EohePFUxbaEPZbDft0s1m2d0IJfRHePGgiFd/jzf/jZs2B219MPB4b4aZeaHkTBvX/XZKa+sbm1vl7crO7t7+QfXwqK2TVBHqk4QnqhtiTTkT1DfMcNqViuI45LQTTu5yv/NElWaJeDRTSYMYjwSLGMHGSh05aNxceJVBtebW3TnQKvEKUoMCrUH1qz9MSBpTYQjHWvc8V5ogw8owwums0k81lZhM8Ij2LBU4pjrI5ufO0JlVhihKlC1h0Fz9PZHhWOtpHNrOGJuxXvZy8T+vl5roOsiYkKmhgiwWRSlHJkH572jIFCWGTy3BRDF7KyJjrDAxNqE8BG/55VXSvqx7bt17aNSat0UcZTiBUzgHD66gCffQAh8ITOAZXuHNkc6L8+58LFpLTjFzDH/gfP4AlymOaA==</latexit><latexit sha1_base64="XnMrPnbWOorruvf2FShn9OVdq6k=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgl6EohePFUxbaEPZbDft0s1m2d0IJfRHePGgiFd/jzf/jZs2B219MPB4b4aZeaHkTBvX/XZKa+sbm1vl7crO7t7+QfXwqK2TVBHqk4QnqhtiTTkT1DfMcNqViuI45LQTTu5yv/NElWaJeDRTSYMYjwSLGMHGSh05aNxceJVBtebW3TnQKvEKUoMCrUH1qz9MSBpTYQjHWvc8V5ogw8owwums0k81lZhM8Ij2LBU4pjrI5ufO0JlVhihKlC1h0Fz9PZHhWOtpHNrOGJuxXvZy8T+vl5roOsiYkKmhgiwWRSlHJkH572jIFCWGTy3BRDF7KyJjrDAxNqE8BG/55VXSvqx7bt17aNSat0UcZTiBUzgHD66gCffQAh8ITOAZXuHNkc6L8+58LFpLTjFzDH/gfP4AlymOaA==</latexit>

這些神經元對的
激發狀態相反。

W13 = W14 = W23 = W24 = �1
<latexit sha1_base64="3b5fMEUpd6dMLMQAv7vQJ3lecwE=">AAACDnicdZDLSgMxFIYz9VbrbdSlm2ApuLFMpkNbF0LRjcsKthXaYcikaRuauZBkhDL0Cdz4Km5cKOLWtTvfxkwvoKIHQn6+/xyS8/sxZ1JZ1qeRW1ldW9/Ibxa2tnd298z9g7aMEkFoi0Q8Erc+lpSzkLYUU5zexoLiwOe0448vM79zR4VkUXijJjF1AzwM2YARrDTyzFLHS1FlCs9hJhwt9G0vgZ0BeIo8s2iVz+pV26lCq2xZNWSjTNg1p+JApElWRbCopmd+9PoRSQIaKsKxlF1kxcpNsVCMcDot9BJJY0zGeEi7WoY4oNJNZ+tMYUmTPhxEQp9QwRn9PpHiQMpJ4OvOAKuR/O1l8C+vm6hB3U1ZGCeKhmT+0CDhUEUwywb2maBE8YkWmAim/wrJCAtMlE6woENYbgr/F227jKwyunaKjYtFHHlwBI7BCUCgBhrgCjRBCxBwDx7BM3gxHown49V4m7fmjMXMIfhRxvsX7yqY3Q==</latexit><latexit sha1_base64="3b5fMEUpd6dMLMQAv7vQJ3lecwE=">AAACDnicdZDLSgMxFIYz9VbrbdSlm2ApuLFMpkNbF0LRjcsKthXaYcikaRuauZBkhDL0Cdz4Km5cKOLWtTvfxkwvoKIHQn6+/xyS8/sxZ1JZ1qeRW1ldW9/Ibxa2tnd298z9g7aMEkFoi0Q8Erc+lpSzkLYUU5zexoLiwOe0448vM79zR4VkUXijJjF1AzwM2YARrDTyzFLHS1FlCs9hJhwt9G0vgZ0BeIo8s2iVz+pV26lCq2xZNWSjTNg1p+JApElWRbCopmd+9PoRSQIaKsKxlF1kxcpNsVCMcDot9BJJY0zGeEi7WoY4oNJNZ+tMYUmTPhxEQp9QwRn9PpHiQMpJ4OvOAKuR/O1l8C+vm6hB3U1ZGCeKhmT+0CDhUEUwywb2maBE8YkWmAim/wrJCAtMlE6woENYbgr/F227jKwyunaKjYtFHHlwBI7BCUCgBhrgCjRBCxBwDx7BM3gxHown49V4m7fmjMXMIfhRxvsX7yqY3Q==</latexit><latexit sha1_base64="3b5fMEUpd6dMLMQAv7vQJ3lecwE=">AAACDnicdZDLSgMxFIYz9VbrbdSlm2ApuLFMpkNbF0LRjcsKthXaYcikaRuauZBkhDL0Cdz4Km5cKOLWtTvfxkwvoKIHQn6+/xyS8/sxZ1JZ1qeRW1ldW9/Ibxa2tnd298z9g7aMEkFoi0Q8Erc+lpSzkLYUU5zexoLiwOe0448vM79zR4VkUXijJjF1AzwM2YARrDTyzFLHS1FlCs9hJhwt9G0vgZ0BeIo8s2iVz+pV26lCq2xZNWSjTNg1p+JApElWRbCopmd+9PoRSQIaKsKxlF1kxcpNsVCMcDot9BJJY0zGeEi7WoY4oNJNZ+tMYUmTPhxEQp9QwRn9PpHiQMpJ4OvOAKuR/O1l8C+vm6hB3U1ZGCeKhmT+0CDhUEUwywb2maBE8YkWmAim/wrJCAtMlE6woENYbgr/F227jKwyunaKjYtFHHlwBI7BCUCgBhrgCjRBCxBwDx7BM3gxHown49V4m7fmjMXMIfhRxvsX7yqY3Q==</latexit><latexit sha1_base64="3b5fMEUpd6dMLMQAv7vQJ3lecwE=">AAACDnicdZDLSgMxFIYz9VbrbdSlm2ApuLFMpkNbF0LRjcsKthXaYcikaRuauZBkhDL0Cdz4Km5cKOLWtTvfxkwvoKIHQn6+/xyS8/sxZ1JZ1qeRW1ldW9/Ibxa2tnd298z9g7aMEkFoi0Q8Erc+lpSzkLYUU5zexoLiwOe0448vM79zR4VkUXijJjF1AzwM2YARrDTyzFLHS1FlCs9hJhwt9G0vgZ0BeIo8s2iVz+pV26lCq2xZNWSjTNg1p+JApElWRbCopmd+9PoRSQIaKsKxlF1kxcpNsVCMcDot9BJJY0zGeEi7WoY4oNJNZ+tMYUmTPhxEQp9QwRn9PpHiQMpJ4OvOAKuR/O1l8C+vm6hB3U1ZGCeKhmT+0CDhUEUwywb2maBE8YkWmAim/wrJCAtMlE6woENYbgr/F227jKwyunaKjYtFHHlwBI7BCUCgBhrgCjRBCxBwDx7BM3gxHown49V4m7fmjMXMIfhRxvsX7yqY3Q==</latexit>

這些神經元對的
激發狀態相同。

W12 = W34 = +1
<latexit sha1_base64="7YSaEPxiBolc67Wl/x3cYDwWlZE=">AAAB/XicdZDLSgMxFIYzXmu9jZedm2ARBGHI9N6FUHTjsoK9QDsMmTRtQzMXkoxQh+KruHGhiFvfw51vY6atoKI/BD7+cw7n5PcizqRC6MNYWl5ZXVvPbGQ3t7Z3ds29/ZYMY0Fok4Q8FB0PS8pZQJuKKU47kaDY9zhte+PLtN6+pUKyMLhRk4g6Ph4GbMAIVtpyzcO2m9j5KTyHGgrFFM5s18whC5VLtQKCyCohu1KraUCoXC3koa0hVQ4s1HDN914/JLFPA0U4lrJro0g5CRaKEU6n2V4saYTJGA9pV2OAfSqdZHb9FJ5opw8HodAvUHDmfp9IsC/lxPd0p4/VSP6upeZftW6sBlUnYUEUKxqQ+aJBzKEKYRoF7DNBieITDZgIpm+FZIQFJkoHltUhfP0U/g+tvGUjy74u5uoXizgy4Agcg1NggwqogyvQAE1AwB14AE/g2bg3Ho0X43XeumQsZg7ADxlvn1p6kzg=</latexit><latexit sha1_base64="7YSaEPxiBolc67Wl/x3cYDwWlZE=">AAAB/XicdZDLSgMxFIYzXmu9jZedm2ARBGHI9N6FUHTjsoK9QDsMmTRtQzMXkoxQh+KruHGhiFvfw51vY6atoKI/BD7+cw7n5PcizqRC6MNYWl5ZXVvPbGQ3t7Z3ds29/ZYMY0Fok4Q8FB0PS8pZQJuKKU47kaDY9zhte+PLtN6+pUKyMLhRk4g6Ph4GbMAIVtpyzcO2m9j5KTyHGgrFFM5s18whC5VLtQKCyCohu1KraUCoXC3koa0hVQ4s1HDN914/JLFPA0U4lrJro0g5CRaKEU6n2V4saYTJGA9pV2OAfSqdZHb9FJ5opw8HodAvUHDmfp9IsC/lxPd0p4/VSP6upeZftW6sBlUnYUEUKxqQ+aJBzKEKYRoF7DNBieITDZgIpm+FZIQFJkoHltUhfP0U/g+tvGUjy74u5uoXizgy4Agcg1NggwqogyvQAE1AwB14AE/g2bg3Ho0X43XeumQsZg7ADxlvn1p6kzg=</latexit><latexit sha1_base64="7YSaEPxiBolc67Wl/x3cYDwWlZE=">AAAB/XicdZDLSgMxFIYzXmu9jZedm2ARBGHI9N6FUHTjsoK9QDsMmTRtQzMXkoxQh+KruHGhiFvfw51vY6atoKI/BD7+cw7n5PcizqRC6MNYWl5ZXVvPbGQ3t7Z3ds29/ZYMY0Fok4Q8FB0PS8pZQJuKKU47kaDY9zhte+PLtN6+pUKyMLhRk4g6Ph4GbMAIVtpyzcO2m9j5KTyHGgrFFM5s18whC5VLtQKCyCohu1KraUCoXC3koa0hVQ4s1HDN914/JLFPA0U4lrJro0g5CRaKEU6n2V4saYTJGA9pV2OAfSqdZHb9FJ5opw8HodAvUHDmfp9IsC/lxPd0p4/VSP6upeZftW6sBlUnYUEUKxqQ+aJBzKEKYRoF7DNBieITDZgIpm+FZIQFJkoHltUhfP0U/g+tvGUjy74u5uoXizgy4Agcg1NggwqogyvQAE1AwB14AE/g2bg3Ho0X43XeumQsZg7ADxlvn1p6kzg=</latexit><latexit sha1_base64="7YSaEPxiBolc67Wl/x3cYDwWlZE=">AAAB/XicdZDLSgMxFIYzXmu9jZedm2ARBGHI9N6FUHTjsoK9QDsMmTRtQzMXkoxQh+KruHGhiFvfw51vY6atoKI/BD7+cw7n5PcizqRC6MNYWl5ZXVvPbGQ3t7Z3ds29/ZYMY0Fok4Q8FB0PS8pZQJuKKU47kaDY9zhte+PLtN6+pUKyMLhRk4g6Ph4GbMAIVtpyzcO2m9j5KTyHGgrFFM5s18whC5VLtQKCyCohu1KraUCoXC3koa0hVQ4s1HDN914/JLFPA0U4lrJro0g5CRaKEU6n2V4saYTJGA9pV2OAfSqdZHb9FJ5opw8HodAvUHDmfp9IsC/lxPd0p4/VSP6upeZftW6sBlUnYUEUKxqQ+aJBzKEKYRoF7DNBieITDZgIpm+FZIQFJkoHltUhfP0U/g+tvGUjy74u5uoXizgy4Agcg1NggwqogyvQAE1AwB14AE/g2bg3Ho0X43XeumQsZg7ADxlvn1p6kzg=</latexit>



“
世故的眼睛
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哪個顏⾊深？哪個顏⾊淺？
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哪個顏⾊深？哪個顏⾊淺？

A, B 顏⾊⼀模⼀樣， 
但看起來卻不同。
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圖形辨識

Figure 3.1: Lenna image and principle component As stated in the main paragraph, the 512 by
512 image is broken into pieces(upper right, with red grid line.). The extracted first twelve
components are shown, here the black and white represent the relative sign different, since the
synaps weight is normalized to one, the overall sign difference is allowed, meaning that the
sign has no particular biological correspondence, or one could say it has excitatory/inhibitory
duality.

3. Principle component and Hebb’s rule, practical use

Let’s see how the Hebb’s rule and principle components really look like when they are put into
practice, often the problem is related to image encoding/decoding, that is, suppose we collect
numerous images, each image consists of 64 pixels, hence, we need a vector space of 64 dimension to
fully describe an image, however, statistically, images that our visual system is recognizable often
has some non-trivial statical behavior, for instance, we can distinguish edge, depth, facial patterns
etc. Thus, we may now ask what if we reconstruct images with only first few principle components?

將圖⽚剪成 8X8 的⼩圖⽚，當成訓練神經網
絡的素材，什麼結果會浮現呢︖
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圖形辨識 2

Figure 3.1: Lenna image and principle component As stated in the main paragraph, the 512 by
512 image is broken into pieces(upper right, with red grid line.). The extracted first twelve
components are shown, here the black and white represent the relative sign different, since the
synaps weight is normalized to one, the overall sign difference is allowed, meaning that the
sign has no particular biological correspondence, or one could say it has excitatory/inhibitory
duality.

3. Principle component and Hebb’s rule, practical use

Let’s see how the Hebb’s rule and principle components really look like when they are put into
practice, often the problem is related to image encoding/decoding, that is, suppose we collect
numerous images, each image consists of 64 pixels, hence, we need a vector space of 64 dimension to
fully describe an image, however, statistically, images that our visual system is recognizable often
has some non-trivial statical behavior, for instance, we can distinguish edge, depth, facial patterns
etc. Thus, we may now ask what if we reconstruct images with only first few principle components?

replace xxT by covariance matrix R, this leads to :

w(t + 1) = w(t) + ⌘
⇣
Rw(t) � wT (t)Rw(t)w(t)

⌘
+ ⌘n (2.11)

where n is noise operator resulting from replacing x(t)xT (t) by R, in the following context we would
drop it for convenience. To show Eq.2.11 converge to first principle component, i.e. the one with
largest eigenvalue, in the absence of noise, let’s first write Eq.2.11 in differential equation form :

dw
dt

= Rw(t) � wT (t)Rw(t)w(t) (2.12)

Expand w(t) in terms of q(`) and rewrite Eq.2.12

w(t) =
X

`

✓`(t)q(`) (2.13)

d✓`(t)

dt
= �`✓`(t) � ✓`(t)

⇣ X

m

�m✓2
m(t)

⌘
(2.14)

To show ✓1 is upmost important, let’s define :

↵k ⌘ ✓k

✓1
, k 6= 1 (2.15)

d↵k

dt
= �✓k

✓1

1

✓1

d✓1

dt
+

✓k

✓1

1

✓k

d✓k

dt
(2.16)

= �(�1 � �k)↵k (2.17)

Since �1 is largest eigenvalue of all and all eigenvalues are non-negative, all ↵k with k 6= 1 will
approach zero eventually. The remaining part is ` = 1 in Eq.2.14. Since ✓` is bounded for all `, we
could write Eq.2.14 as :

d✓1

dt
= �1✓1(1 � ✓2

1) x1 x2 x3 x4 y2 y1 y3 (2.18)
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Figure 2.2: Lateral inhibition and extraction of multi-component.

component synapse weight is extracted, we begin to subtract which from the input, so �2 becomes
the largest one. i.e. :

x � w(1)(w(1) · x) = x � w(1)y(`) =
nX

`=2

a`w(`) (2.19)

since y(`) = x · w(`) we see the input to second component is modified as x ! x � w`y(`), in terms
of multiple components, we can rewrite Eq.2.9 as :

�w(`) = ⌘
⇣
y(`)x � y(`)

`�1X

m=1

y(m)w(m) � y2
(`)w

(`)
⌘

(2.20)

In sum, the updating procedure `�th component contains three parts, the first is original Hebb’s rule,
the second one is subtraction of first ` � 1 components, and the final part is normalized constrained.
Iterate one component until it converges then begin with the next one, scheme procedure can be
summarized in Fig.2.2. For a simple data characterization, see Fig.2.3
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Figure 2.3: Bivariate data set. (a) suppose we have two clusters on x-y plane, project which along
abscissa or ordinate results in two distribution. (b) By running principle component algorithm,
we can extract the largest variance projection direction.c training time versus learning rate ⌘,
from Eq.2.11, one can see that the faster the learning, the larger the fluctuation.

拿成千上萬的⼩圖形訓練
神經網絡，藉由學習改變
網絡權重，分析圖形隱含
的主要分量。
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圖形辨識 3

Figure 3.2: Reconstruction of Lenna image Using the training synapse weight, we reconstruct the
Lenna image by first few principle components.

How many components should we need to discern the image?

The following Fig.3.2 is a famous demo example, the famous Lenna image, the image is of size 512
⇥ 512, to do find the principle components, we cut the image into pieces, in this example, the size of
image is chopped into 4096 pieces, each pieces is 8 by 8 of size, so we have 4096 pieces in total. These
pieces are the training set for finding the principle components, here the learning rate is ⌘ = 0.0001,
and the first twelve components are shown, numerically they are not exactly orthogonal to each
other, also, it requires longer training epoch for the higher principle components to be extracted.
Nevertheless, we select first twelve components as primary vector to encoding image.

The principle components demonstrated in Fig.3.2 indicate the fact the delicate structure often
contributes less than some simpler structure. I personally believe there is an Fourier analysis in
behind, our neuron should encode the low frequency components the most, by low frequency I mean
the wave vector on this 8 by 8 block, rather than the full image. It is possible our visual system,
would scan the image in a way it break image into pieces, some typical bio-length would set the
small block length, just like 8 by 8 pieces in this example, then the neuron encoding the image
information by means of projection and each principle component only excites the corresponding
neuron in the V1 system, perhaps. Such a structure forms a prototype of hierarchical structure, it is
possible we construct the third or more layer to do deeper characterisation.
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圖形辨識 4

Figure 3.3: Visual pattern recognition Using the training set from Lenna image, we do the similar
thing for another two different images. This aims to show the synapse weight training through
the Lenna image is not a special class but a general image feature statistics. Meaningful Image,
by nature, has some in-built statistics that are not simply just white noise or Gaussian.

4. Action of Hebb’s rule? A first glimpse

In classical mechanics, one knows the minimizing the action S leads to Newton’s second law, which
serves as an algorithm for updating physical states such as position or momentum. Likewise, the
Hebb’s rule, if possible, shares the same status of second law, it is intriguing to ask, is there anything
we could somehow minimize so as to re-derive the Hebb’s rule. The short answer is yes, but just like
action in classical mechanics, it is quite a hindsight if one just aim to re-derive the second law. As a
matter of fact, it is quantum physics that makes people realizes the fruitful part of action, so, even
we can re-derive Hebb’s rule from a more fundamental aspect, I think it is still lack of a "Q-part"
that makes us appreciate its elegance.

Here I intend to introduce the derivation of Hebb’s rule, a word of notice, I tend to show how the rule
emerges rather than explaining the full detail, since details is hard to digest and time consuming to
comprehend, worst of all, it is less useful when putting into practical use. The formalism here aiming
to provide a path to see things through top to bottom as counter-direction that we comprehend this
by means of practical example.

The starting point is sources separation, consider random variables s = si(t) serve as the in-
dependent source so that E(sisj) = 0 if i 6= j The linear mixing of multiple sources results in
x = As, here A is mixing matrix. So the synapse matrix W plays a rule as source separation,
meaning that y = Wx = WAs, the desired result here is hopping some algorithm could successfully
construct W = A�1. Don’t get confused with principle components formalism, as emphasized

同樣的主要分量也適⽤於其他⾃然的照片⋯⋯
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“U(1) Neuronal Netowork
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UNN: U(1) NEURONAL NETWORK

⼤腦內的「颱風對」
消失，神經元同步現
象加劇，⼤腦資訊處
理效率會降低。
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U(1) NEURONS
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量化資訊

Claude Shannon (1916-2001)

“ Information is the 
resolution of uncertainty.

H =
X

n

pn log2(1/pn)
<latexit sha1_base64="5fBZYViSaaxuv7m+WRzlOE8UbLU=">AAACBXicdVDLSgMxFM3UV62vUZe6CBahbupM8bkQim66rGAf0BmGTJrW0EwyJBmhDN248VfcuFDErf/gzr8xbUeoogcunJxzLzf3hDGjSjvOp5Wbm19YXMovF1ZW19Y37M2tphKJxKSBBROyHSJFGOWkoalmpB1LgqKQkVY4uBr7rTsiFRX8Rg9j4keoz2mPYqSNFNi7NXgBPZVEAYexKY+JflApuYfmcRDYRafsTABnyLHjnp+40M2UIshQD+wPrytwEhGuMUNKdVwn1n6KpKaYkVHBSxSJER6gPukYylFElJ9OrhjBfaN0YU9IU1zDiTo7kaJIqWEUms4I6Vv12xuLf3mdRPfO/JTyONGE4+miXsKgFnAcCexSSbBmQ0MQltT8FeJbJBHWJriCCeH7Uvg/aVbKrlN2r4+K1cssjjzYAXugBFxwCqqgBuqgATC4B4/gGbxYD9aT9Wq9TVtzVjazDX7Aev8ClwWWtg==</latexit><latexit sha1_base64="5fBZYViSaaxuv7m+WRzlOE8UbLU=">AAACBXicdVDLSgMxFM3UV62vUZe6CBahbupM8bkQim66rGAf0BmGTJrW0EwyJBmhDN248VfcuFDErf/gzr8xbUeoogcunJxzLzf3hDGjSjvOp5Wbm19YXMovF1ZW19Y37M2tphKJxKSBBROyHSJFGOWkoalmpB1LgqKQkVY4uBr7rTsiFRX8Rg9j4keoz2mPYqSNFNi7NXgBPZVEAYexKY+JflApuYfmcRDYRafsTABnyLHjnp+40M2UIshQD+wPrytwEhGuMUNKdVwn1n6KpKaYkVHBSxSJER6gPukYylFElJ9OrhjBfaN0YU9IU1zDiTo7kaJIqWEUms4I6Vv12xuLf3mdRPfO/JTyONGE4+miXsKgFnAcCexSSbBmQ0MQltT8FeJbJBHWJriCCeH7Uvg/aVbKrlN2r4+K1cssjjzYAXugBFxwCqqgBuqgATC4B4/gGbxYD9aT9Wq9TVtzVjazDX7Aev8ClwWWtg==</latexit><latexit sha1_base64="5fBZYViSaaxuv7m+WRzlOE8UbLU=">AAACBXicdVDLSgMxFM3UV62vUZe6CBahbupM8bkQim66rGAf0BmGTJrW0EwyJBmhDN248VfcuFDErf/gzr8xbUeoogcunJxzLzf3hDGjSjvOp5Wbm19YXMovF1ZW19Y37M2tphKJxKSBBROyHSJFGOWkoalmpB1LgqKQkVY4uBr7rTsiFRX8Rg9j4keoz2mPYqSNFNi7NXgBPZVEAYexKY+JflApuYfmcRDYRafsTABnyLHjnp+40M2UIshQD+wPrytwEhGuMUNKdVwn1n6KpKaYkVHBSxSJER6gPukYylFElJ9OrhjBfaN0YU9IU1zDiTo7kaJIqWEUms4I6Vv12xuLf3mdRPfO/JTyONGE4+miXsKgFnAcCexSSbBmQ0MQltT8FeJbJBHWJriCCeH7Uvg/aVbKrlN2r4+K1cssjjzYAXugBFxwCqqgBuqgATC4B4/gGbxYD9aT9Wq9TVtzVjazDX7Aev8ClwWWtg==</latexit><latexit sha1_base64="5fBZYViSaaxuv7m+WRzlOE8UbLU=">AAACBXicdVDLSgMxFM3UV62vUZe6CBahbupM8bkQim66rGAf0BmGTJrW0EwyJBmhDN248VfcuFDErf/gzr8xbUeoogcunJxzLzf3hDGjSjvOp5Wbm19YXMovF1ZW19Y37M2tphKJxKSBBROyHSJFGOWkoalmpB1LgqKQkVY4uBr7rTsiFRX8Rg9j4keoz2mPYqSNFNi7NXgBPZVEAYexKY+JflApuYfmcRDYRafsTABnyLHjnp+40M2UIshQD+wPrytwEhGuMUNKdVwn1n6KpKaYkVHBSxSJER6gPukYylFElJ9OrhjBfaN0YU9IU1zDiTo7kaJIqWEUms4I6Vv12xuLf3mdRPfO/JTyONGE4+miXsKgFnAcCexSSbBmQ0MQltT8FeJbJBHWJriCCeH7Uvg/aVbKrlN2r4+K1cssjjzYAXugBFxwCqqgBuqgATC4B4/gGbxYD9aT9Wq9TVtzVjazDX7Aev8ClwWWtg==</latexit>

向農(Shannon)提出⽤機率倒數取
對數的期望值，當成量化不確定性
的指標，這便是⼤名鼎鼎的熵。
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⾃旋-軌道 ⼒矩

Rashba interaction

Spin Hall Effect

Phys Rev Lett 109, 096602 (2012)

 

(Field-like torque)

 

(Damping-like torque)

Nature 476, 189-193 (2011)
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現在 (STT MRAM) V.S. 未來 (SOT MRAM)

Materials Today 20, 530 (2017)38

2-terminal device 3-terminal device



多組態磁性記憶體

Pulses: Rise/Fall time: 20 ns
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magnetization. The most interesting case is N = 2, where the 
final magnetization after SOT switching can be tuned continu-
ously by the current density. As the current density exceeds the 
critical value, the SOT drives the reversal of the magnetization. 
It is quite remarkable that, upon increasing current density, the 
switched magnetization decreases continuously to the demag-
netized state. This SOT switching behavior makes multilevel 
storage without initialization possible as elaborated in the fol-
lowing paragraphs.

By varying the in-plane field and the current density simul-
taneously, we can map out the complete phase diagrams for 
the SOT switching in Co/Pt multiplayers as shown in Figure 2. 
For N = 1 case, robust binary switching from the saturated ini-
tial magnetization (blue) to the reversed one (red) is typical 
(for Hx > 15 Oe). The threshold current density Jc decreases 
linearly with the longitudinal in-plane field. For N = 4 case, the 
switching behavior changes completely: the saturated initial 
magnetization (blue) turns into the demagnetized state (green). 
The N = 2 case shows a rich phase diagram for SOT switching. 
When crossing the threshold current density Jc, there exists a 
wide region where the magnetization can be manipulated by 
the current density and the in-plane magnetic field.

Here we would like to demonstrate how multilevel states in 
the N = 2 Co/Pt multilayers can be achieved without any extra 
initialization. We apply 600 sequential pulses of 100 ns dura-
tion time with random directions and modulated amplitudes 
between 5 × 107 and 9 × 107 A cm−2 as shown in Figure 3a. 
The final magnetization states driven by these randomly dis-
tributed pulses are shown in Figure 3b. When the current den-
sity is smaller than the critical Jc = 6.9 × 107 A cm−2, the final  
magnetization states retain their initial properties with slight 
modifications, possibly originated from the domain-wall depin-
ning caused by the electric pulse (see Section S2 in the Sup-
porting Information for more discussions).[26–28] Upon crossing 
the threshold current density, the resultant magnetization 
states converge rather nicely: solely determined by the ampli-
tudes of the applied pulses and independent of the preceding 
pulse conditions. To demonstrate the capability of multilevel 
storage, we performed the read/write test on the Co/Pt 
multilayers (potential free layers for SOT-MRAM) by applying 
600 sequential pulses of 100 ns duration time with four ran-
domly alternating pulse conditions, as shown by the dash lines 
in Figure 3b.[24,29,30] As presented in Figure 3c, the resultant 
magnetization states are well separated and show no trace of 
initialization influences. The histogram for the multilevel states 
is shown in Figure 3d. The standard deviations of the distri-
butions are small, around 4–5% M/Ms where the noise and 
time-dependent variations from FMOKE are already about 
2–2.5% M/Ms. Hence, robust multilevel states with reliable 
writing scheme are demonstrated by SOT mechanism without 
any initialization step.

To achieve precise manipulation of the multilevel states 
demonstrated previously, it is important to reveal the SOT 
switching mechanism in the Co/Pt multilayers. First of all, the 
demagnetized states in the phase diagram hint that the multi-
domain formation must play an important role. Skipping the 
theoretical derivations momentarily, the phase diagram for the 
SOT switching can be explained by the multidomain dynamics 
within the generalized Landau–Lifshitz–Gilbert theory as shown 
in Figure 4. The experimental observations (Figure 1 and 2) 
agree with the theoretical predictions (Figure 4) rather well. 
The physics picture is relatively simple to understand: the 
multidomain dynamics is captured by the relaxation of mag-
netic clusters (roughly the size of activation volume). The SOT 
from the electric pulse and the longitudinal magnetic field tilt 
the magnetization of each cluster out of the plane with an angle 
θt. Afterward, magnetizations of the magnetic clusters relax 
into the easy-axial directions and self-organize themselves into 

Adv. Mater. 2017, 29, 1601575

www.advancedsciencenews.com www.advmat.de

Figure 1. Spin–orbit torque switching curves of the Co/Pt multilayers  
a) show the sketch of the setup for measuring the SOT switching 
curves by using FMOKE, where an electric pulse (duration = 10 µs and 
fall time = 20 ns) is applied through the 5 µm × 10 µm Co/Pt multi-
layers single wire under the presence of the external magnetic field, Hx. 
The SOT switching curves of the Co/Pt multilayers wires under either  
Hx = 300 Oe (left) or Hx = −300 Oe (right) are shown in (b–d) for N = 1, 2, 
and 4, respectively. The initial magnetization of the red curves is positively 
saturated; the blue ones are negatively saturated.
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magnetization. The most interesting case is N = 2, where the 
final magnetization after SOT switching can be tuned continu-
ously by the current density. As the current density exceeds the 
critical value, the SOT drives the reversal of the magnetization. 
It is quite remarkable that, upon increasing current density, the 
switched magnetization decreases continuously to the demag-
netized state. This SOT switching behavior makes multilevel 
storage without initialization possible as elaborated in the fol-
lowing paragraphs.

By varying the in-plane field and the current density simul-
taneously, we can map out the complete phase diagrams for 
the SOT switching in Co/Pt multiplayers as shown in Figure 2. 
For N = 1 case, robust binary switching from the saturated ini-
tial magnetization (blue) to the reversed one (red) is typical 
(for Hx > 15 Oe). The threshold current density Jc decreases 
linearly with the longitudinal in-plane field. For N = 4 case, the 
switching behavior changes completely: the saturated initial 
magnetization (blue) turns into the demagnetized state (green). 
The N = 2 case shows a rich phase diagram for SOT switching. 
When crossing the threshold current density Jc, there exists a 
wide region where the magnetization can be manipulated by 
the current density and the in-plane magnetic field.

Here we would like to demonstrate how multilevel states in 
the N = 2 Co/Pt multilayers can be achieved without any extra 
initialization. We apply 600 sequential pulses of 100 ns dura-
tion time with random directions and modulated amplitudes 
between 5 × 107 and 9 × 107 A cm−2 as shown in Figure 3a. 
The final magnetization states driven by these randomly dis-
tributed pulses are shown in Figure 3b. When the current den-
sity is smaller than the critical Jc = 6.9 × 107 A cm−2, the final  
magnetization states retain their initial properties with slight 
modifications, possibly originated from the domain-wall depin-
ning caused by the electric pulse (see Section S2 in the Sup-
porting Information for more discussions).[26–28] Upon crossing 
the threshold current density, the resultant magnetization 
states converge rather nicely: solely determined by the ampli-
tudes of the applied pulses and independent of the preceding 
pulse conditions. To demonstrate the capability of multilevel 
storage, we performed the read/write test on the Co/Pt 
multilayers (potential free layers for SOT-MRAM) by applying 
600 sequential pulses of 100 ns duration time with four ran-
domly alternating pulse conditions, as shown by the dash lines 
in Figure 3b.[24,29,30] As presented in Figure 3c, the resultant 
magnetization states are well separated and show no trace of 
initialization influences. The histogram for the multilevel states 
is shown in Figure 3d. The standard deviations of the distri-
butions are small, around 4–5% M/Ms where the noise and 
time-dependent variations from FMOKE are already about 
2–2.5% M/Ms. Hence, robust multilevel states with reliable 
writing scheme are demonstrated by SOT mechanism without 
any initialization step.

To achieve precise manipulation of the multilevel states 
demonstrated previously, it is important to reveal the SOT 
switching mechanism in the Co/Pt multilayers. First of all, the 
demagnetized states in the phase diagram hint that the multi-
domain formation must play an important role. Skipping the 
theoretical derivations momentarily, the phase diagram for the 
SOT switching can be explained by the multidomain dynamics 
within the generalized Landau–Lifshitz–Gilbert theory as shown 
in Figure 4. The experimental observations (Figure 1 and 2) 
agree with the theoretical predictions (Figure 4) rather well. 
The physics picture is relatively simple to understand: the 
multidomain dynamics is captured by the relaxation of mag-
netic clusters (roughly the size of activation volume). The SOT 
from the electric pulse and the longitudinal magnetic field tilt 
the magnetization of each cluster out of the plane with an angle 
θt. Afterward, magnetizations of the magnetic clusters relax 
into the easy-axial directions and self-organize themselves into 
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Figure 1. Spin–orbit torque switching curves of the Co/Pt multilayers  
a) show the sketch of the setup for measuring the SOT switching 
curves by using FMOKE, where an electric pulse (duration = 10 µs and 
fall time = 20 ns) is applied through the 5 µm × 10 µm Co/Pt multi-
layers single wire under the presence of the external magnetic field, Hx. 
The SOT switching curves of the Co/Pt multilayers wires under either  
Hx = 300 Oe (left) or Hx = −300 Oe (right) are shown in (b–d) for N = 1, 2, 
and 4, respectively. The initial magnetization of the red curves is positively 
saturated; the blue ones are negatively saturated.
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我們有個臨界腦？

above. Finally, of all the potential neighbours, three of them are counted as connected, we end this
up with saying this particular voxel has three neighbours.

Voxel by voxel, we could find out the connected neighbour for every of them, this leads to a
distribution of connectivity. In this context, the number of connected voxels to a specific one is called
"degree". In the above example, the red one has degree of three. Now we can do the histogram
with both x-axis and y-axis are plotted in logarithmic scale, if power-law shows up, it would be
as clear as a strait line. We do the same thing in fMRI data as well as 2D Ising model. And the
followings are what fMRI data comes out : and for the 2D Ising model : So, what presents in the

�
� � � ������������������������������������������

�
���
������������������

��
�������������������
�������
���
�
��������
�
�����
��
������
����
�
�����
�
�������
�
���
�
�
�
��
��
�

�

��������
����
�
��
�
�
��
���
�

�
���
�
�
�
����
�
���
����
�
�����
��
����
�����������
���
���
�
�����
�
���������
���������
���������
��
��
������
����

��
���
�������
��
��
���
��
��
�
���
�

�
����
�

�
�����
��
��
�
�
�
���
��
���

�����
������

�
�����
��
��

���

��
�
�
�
��
�
�
�
��
����
��

�

�
�
�
��
�
���
��
��
�
�
�
�
���
�
�

�

�
����
��
�

�
�
�

�
���

�
�
�
�

���

�
�����

��
��
��
�

�

�
��
��
�
�

��
���
���
�
�
��
��
�
�
�
�
�

��

�
��
�

�

����

�

���

�
���
��
�
��
�

�
�
�

�
��
�

�

�

�

�
�����
�
�

�
�
�������
�

���
�
�����
�
�

�
��

��
��
�
���
�

���
�
���
�
�
�

��
�
���
��
�

�

�
���
��
���
���
���
���

��
���
�����
�

��
���
�

�

�
���
�

������
�

�
��
�
�
��
�
���
�
�
�
��
�
�
��
�
�
��

�

��
����
���
�

���

�
�
�
�
�

�

��

��

�

�

��

�
��
�
�

�
���
�����
�
�
�

��
�

�

�

���
���
�
�
�������
�

�
�����
�

�
�

�
��

�

�
�
��
���
���
�
�
��
�
�

���
�
��
�

��
�
�

�

��
�
��
��

�

�
��
��
�
�
�
�
��
�
��
�
���������
�
�
��
��
�
��

��
�
�
�
�
��
�

�
�
�

����
���
�
�

�

�

��
�
����
�

����
�
�

�
�
����

��

��
�

�
�
�

����
�
�

�

�
��
�
�
�
�
��
�
�
����
�
�
���
�
��

�����

�
�
����

�

����
��

�

�
��
�
�
�
�
�
��
�
�
�
�
�
��
�
����

�

�

��
�

�

�
��
��
��
�
�������
��
��
�
��
�
�

�

��
�
���
�
�����
�
�
�����
�

�

�
�

�
�
�
���
��
��

����
��

�
�
��
�
�
�����
�

�

�
�
����
�
����
�
�

�

�

�

�

��
��
�
�
������
��
���
��
���
��
���
�
������
�
��

�

�

��
�

�

��

�

�

�
�

�

�
�

����
�

�

�

�

��
�

�

�

�
�

�

�

�

�

�
�

�

����
�
���
�
��

�

�

��

�
�
��
�

��

�

�

�

�

�
�
�
�

�

�

�

�

�

�

���

�

�

�

���

�

��

�

�

��

����

��

��������������������������������������������

�
� � � ��

���������������������������������������������������
��
������������
���������
�
���
��
����
����
�
�������������
�
���
�
�����
��
���
���
�
�������
�
�
�
������������������
��
�
�
��
������
�����
����������
��
��
�
������
��
�
����
�
��
���
��
�
�
�
���
�
���

�
��
�
�

�
��
�����
����
�
�
�
�
�

�
���
����
���
�
����
��
�

����
�
�����
�
��
�
��
�����
�

�
�
�
��
�
�
������
�
�
��
�

��

�

�
���
��

�

�
���
��

�

�
�
�
�
�
��
������

��

�
�
�
�
���
����
�
�
�

���

��

�

����
�

��

��
��
����
��
�
�
�
�

�

�

��
�
�

��
�
�
�
�������
�
��
�

��

�
�
�
��
���
�

�

�

�
�
�����
�

������
��
�

�

�������
����
�
�
�
���

�

��
�
��
�
���
���
����

���
��

��
���

�
�
�
�
��
�

�
�
�
��
����
��
�
�
��
��
�
��
�
�

�
�
�

�

�
���
��

�

����

�
��
�

��
�
��
��
�
�
�

�

�
�
�����
�
�

�
�
��
���
������
����������
�
�
���
��

�
�����
�

��

�

��
���
�
�
�

��
�

�

����
�
�
����
��
�
���
�
�

�

�
������

�

�

�

�
��
���
�
�
�

�

�
�
��
����
��
�

�

�
�
��
�
�
�
�

�
������
��

�

�
�
��

���

�

����
�

�
�
�
���
�
��
��
�

��

�
��
�
�
�
��
�
�
�
�
�

���
�
���

�
�
���
������

�

���
�
�
�

�
�
�
�
��
��

��
����

��
��
��
�
�
�
������
�
��

�

�

�

�
������

�

�

�
�
��
�
��
�

�
�
�

�

�

�

�
�
�

��

�
�
��
�
�
��
��
�
�
���

�
�

�

�

�

�

�

�
�
�

��

��

�

�

�������

�
�
�

���������������������������

� �
�

�
�
�
����������������������������

��
������
������
�����������������
�
�
������
��
��
������
���
�
���
����
�
������
�
����
�

�
��
���
�
����
��
���
����
�
��
�����
�����

�

�
�
�
�
�
��
�������
������
�
����
�

�
��
�����
�
���
���
�
��
���
���
��������
�

�
���
�
�
�

��
��
�
���

�

�
���
�
��
�
�

�

�

�
�
�
�
�
�����
������
��

�

�
�

�
���
�

�
�
��

�

�

�
�
��
�
�

�
�
��������
��
��
���
���
���

��
����
��
�
�
�
�
�
���
�

�
�
�

���
����
�

�

�
�
�
��

�
�

�

�

��

�

���
��
���
���
���
��

�
�

�

��
�
��
��

�

�
���
��
�

������

�

��

��
�
�
�
�
�����
�
��

�
�
��

�

��
�
��
�

����

�

�
��

�

���
�

�

�������

�
��
�
��
�
�

�
�

�

���
��

�

�
�
�
�������

���
�
���
�
�
�
�
�
�
�
��
�

�
��
�
�
�
�
�

�
�
��

���

��
���
�

���
�
�
��
�

�

�
�
�
�
�
��

�

�
��

�

�

�

�

�

�

��
�

�

�

�

�
�

�

�

�
��

�

�
��
�

�

�

�

�

�

����

�

�

�

����������

��

����������������

�
�

�
�
�
�
����

�������������������������
���
����������
�����
�
������������������������

�����
�
�
�
����������
�
�
�

�
�������
�����
�
��
�
�
����
�

�
���
��
�
�
�
��

�

�

��
��
�
����

�

�
�
�
��

�

�
�

�
�
�

�
��

�

�
�
�
�
�

�
�

�
��

�
���
��
�
���
�
�
�

�
��
�

��

�
�
�
�

�

�

��
��

��

��
��

�

��

��

�

�
�
�

�

�
�

�
�

�

���
�

�

�

�

�

�

�

�

�

�

�
�
��

��

�
�
��

�

�

�

�

��

�
�

�

��
�

��
�
�
��

�
�

���

��

����

��

�

�

������������������������
��� ��� ��� ������

���

���

���

���

rc=0.90
rc=0.85
rc=0.80
rc=0.75

������� � 	

�

�
� � �����������������������

���������
��
������������������������

���
�������
������
���
�������
�
����
�
�
�

�
�����
���
������������
������
�������
�
��
�������������������
�
�
�
���������
������
�
��
����
�
�
�

�
�
�
���
�
�����

�
������
�

�

�
�
�
��
�����
���
�

�
��
��
�
����
��
�

�
�
������
�
���

�
��
������
��
�
�

�
���
�
�����
�
�������������
��
���
��

�
���
���
�

���
�
�
�
���
�
������
�
�
�
��
������
�
�
�
��
�

�

�������
�

�
���
��
��
�
��
��
�

���
�
��
�
�
�����
���
�
���
�
��
�
�����
�
�������
�
�
����
��

�
�
�
��
�

���
�
�
�
�
�
�
�
�
�
�
������
��
���
��
�
�����
��

�
�

�

����
�

�
��
�
����
��
�
�
�
�
�
�
���
���
�
��
��
��
�
���
�
����
����
�
��
������
�
��
�

�
��
��

����
����
��
���
��
�
��

��

��
�
�
���
��
��
��
�

�
���
�
�
�
�
��
�
�

��

��

�
�

���
�
�
�
�
�
�
��
��
��
�
����
�

��
��
�
���
�
�

����
�
�
�
�
�
�����
��
�
�
����
��

�

��
�
�
�
�

�

���
��
������
�
��

�

�
��

�������
�
�

�

�
��
��
�
�����
�
�
��

�

�
�
�����
��
����
�
���
���
�

�

��

�

�
�

�

����

�

�
��
����

�
�
���
����

�
�
�

�

����

�

������
�
�
�����
����

��
��
�
���
�

����
�

��
���
��
���
�
�
����
��
�
���
�

��
��
�
�
�

�

�
����
�
��
���
��
�
�
�
�
�

��
��

��

�
��
��

�

�
�
���
����

�

��
�

�

�
�
�
�

�

����
����
�
������

�

�
���������

�

���
�

�
�
�
����

�

��
�

��

�

�
��
�
�

�
�����
�
�
�

���
���
��
�
�
�

����
�

���
��
�

�
���
�

�
��
��
�

�
�
�
�

�

���
�

�
��
�
�
�
�
�
���
��
��
�
�
�

�
�
���

�

�

�

����
�����
��
�

�

�
�
��
�
�
�
��

�

��

�
�
��
�
�����
�
�

�
�

��

��
����
�
�

�

�

�

�

�
��

�

�

��
���
�
�
�

���
�

�

�

�

�
�
�

�
�

�

�
��

�

�

��

�
�

��

�

�

�

��

��

�

�

��

�

�
�
�

�

�

��

�

�

�
�

������

�
����

��

�

�

�

���

�

��

�

�

�
�

�

�����

�

��

�

���������������������������������������������������������������

�

� � � �
�������

��������������������������������������������������������
�
�
��
����
���
�
�
���
�
�
�
�
��
����������
������
��
������
���������
�
�������������
�
��
�
�
�����
��
�
�
�
����
�
��
���

�

��
�
���
�
���
�����
�
���
����
��
��

�
��
�
��
��
���������
���
��
�
�
��
����
���
����
�
�
��
�
����
�

�

����
����
�

�
��
�
�
�
����
��
��

��
��
�
�
�
��
�
����
�

�
���
��
�
����
�
��

�

������
�������
���
��
���

�

��
��
�
�
�
�
��
�
���
�
��
���
�������
�
�
�
�
����
�
����
�

����������
�
�
�����
�
�
�
�
�
��
�
�
��
����
��
�
��
�
�
�
��
���
�
��
�
��
��
�
�
��
��
�

��
�
����
�
�
��
�
�
���
��
�
�

�

��
�
��
��
�
�
�
�
�
��
��
���
����

�

�
�

�
�
��
�

�

��

�
�
����
���
�
�
�����

�
��
�

�
���
�
���
�
����
�

��
�
�
�
����
���
�
�
�

�

��
��

�

�

�
�
�
�

�
�
�
�
��
�������
�
�������
����
���

�
��
�
�
�
�
�
�
�
�
���
�

�

�
�

���

�
��
�

��
�

�
�

�

��
�

�

�

��
��
��

�

��

��
�
�
�
�
����
�

�

��
���
�
�����
��
�
���
�

�
�

��
�

�
�

�

��
��
���
�
��
�
�
��
��
�

�

�
�

�
�

�

�

�
�
��
�

�

�
�

�

��
�
�

��
��
�

�
�
�
��
�
�
�
�
�

���
�������
�

�

��
�
��
��

�

�

�
�
�
�

�
���

�

�

�

�

�

�
�
�

�
�
�
���
�

�

�

��
��

�

���
�����

�
��
�

�

�

�

�

�

����

��

�

�
���
�
�

�

�
�
�
�

��
���

�

�
�

�
��
�
�
���
�

��
�

��

�
��
��

��

�
�
��

�

��
��

��

�

�
�

�

���

�

��

��

��

�
�

��

�

��

�

�

���

��

�

��

�

���

�

�

�

�����

��

����������������������������������������������

�
�

�
�
�
��

��
����������������������

���������������
����
�
���
�
�
�
�����������
����
�
�
���
�
���
��
���������
�����
����
���
��������
�����
�
���
�
��
�
���
�
�
����
�
��
����
������
�
��
�
����
�
�������
���

�

�
�
����
�
�

�
������
�
���
���

�

�����������
����
�
�
��
�������
�
��
��
�
��
�
���
��
���
�
�
��
�����
�

�
������
�
���
�
���

�
�
��
��
�
�
�
�

��������
��

�
�
�

�

�
�

�
�
�
���
���

�

���
����
�
�
�
�

����
�
�

�
����

�
�
�
��

�
�
�
��
�

�
��
��
�
�
�

�

�
�

�

����
���
�

�

�
��

��
��

�

�
�
�

�

�
��

��

�

�

�

�

�

��
�
�

�

�

�

�

�
��

�

�
�

��

�

��
�
�

�
�
��

�

����

�

�
�

�

���

��

�

�

�

�

��

�

��

��������������������

�
�

�

�
�
�
�
�
������

���������������������
��
�
�
���
��������
��

�

�
�����
�
����
�����
�
�����������
���
�
�������
�
����
�
�
��
�����
�
�
�
������
�
���������
���
�
����
�
�
���
�
��������
�
��
��
�
��

�

�

��

�

��
���
�

�

��
�
��
�
�

�

�
�

�

�

�

�

�
����
��

�

����
�
�
�
�

���
�
�
�

�
��
�

�

�

�
�

�

��
�

�
�

�

�

�
�

�

�

�

��

�

�

��

��

���

�

�����������
��� ��� ��� ������

���

���

���

���

rc=0.85
rc=0.80
rc=0.70
rc=0.65

������� � 	

�

� � � ������������������������������������
�
������������������

�������������������
�������
���
��
���
��
��
�
�������
�
��������
�����
��
�������
��
��
�
��
�
��
��
����
�����
�
�
�����
�
�
��
��
�������
�
�
�������
�
��
�
����
�
��
���
�
������
��
�
�

�
�
�
����
�

�

���
���

�����
���
�
�
��
��
�
�
���
���
��
��
�
��
�������
�
��

������
�
����
�

��
�
�
�����
����
��
��
�

�

����
����
�����
�
�
��
�
�
��
���
��
�����
�
�
���
�
�
������
�
�
�

�

�����
��
�
��
��
�
����
�
���
�
�

�

�
�
�
��
�
�

�

�
�
�

���
��

�
�

�

�
�
��
�
�

�
�
��
��

�
�
���
���
����
�
�
�
�
�
�
�

�

�
�

��
�
�

����
��
�

�

��
�
�

�

�
�

�

�

�

�
����
�
��
�
�
��
�

�
������
������
���
�
�
�
��
�
�
���
��
�

�

�

�

�
�
�

�
�
�
�
�

�
�

���
��
�
���
�

�

�

��
��
�

�

�

�

�

�

�
���

�
�
�
�
�

�
��
�

�

�
��
��

��
�
�
��
�����

�
�
�
�
��

�

�

�
�

�
�
�
���

�
�
�

�
�
�
�
�
��
���
�
�
��
�

�
�

�

��
�

��

�

���

�

�

�

�
�

���
�

��
��
�
�

�
����
�
��

�
��

��
��
���
��

�
�
��
��

�
�

�
�
�
��
�
�
�
�
�
��
��
�
���
�
�
��
��
��
�
�
���
���
�

��
��
�
�
�
��

�

�
�
�
��
���
�

�

�
�

�
��

�
��
���
�
�

������
�
�

�

��

�

���

�

���

�
�����

�

����
�

�

���
�
��

�

�

�����
������
��
�����������
���
�

�
�
�
��
��

�
�

�

��
�
������
�

�����
��
����
��
�

��
�
��
����
�
�
��
�
�
���
�
��

�
�

�
���
�
���

�
��
��
���
��
�
���
�
�
�

�
������
�

�
�����
�
�����
�
��
�
��

��

�
��
�

�
�

�

�
���
��
��
�
�
��
����
�
�
�
�
�
�
���
�
��

��
����
�
�

�

�
�
�
��

�

��
�
�
�
�
�
�
�
��
��
�

�

��
��
��
��
�
�
�

�
�
�
�

�

�

�

�
�����
�

�
���
�
�
�

�
��

����
�

�

�
��
����
�
�
�

�

��
�
�

�

��
�

�
���

�

�

�
��

�

��
�

�

��
�
�

�
�
�

�
�

�

�

�

�

�
�
�

�

��

�

�

�

�
�
��

�

�

��

�
�
�

��

�

�

�

��

�

������

�

�

�

�

��

��

�

�������������������������������

�

� � � ������
�������������������������������������������

���������������
����
��
��
�

�
�
�
��������
��
�
����
�
�
�����
�
�����
�
�
��
���
�
�����
��
�
��
�
�
�
�
�
���
�
��
�
�
�
��������
�
���
��
����
�
���
����
�

�
�
�
��
�
����
�
������
��
�����
�
��
����
�

�

�
�
�
���
�

��
�
��
��
�
�
����
�
�

�
����
�

�
�
�
�
�

������
��
�
����
�
���
��������
����
���
�
�
�
��
�
��
�
�

���
����
�

��
��
�

�

���

�
��
�
�����������
�
�

�
�

�

�
�
�
�
����
��
���

�

��

�
�

��������
�

�

�
��
��

�

����

�

�
�

�

�

�
��

�
��
���
��
����
�

�

�

��

��

�
��
�
�

�

�
�

��
�

�
�
�
�
�
���
����
�

�

�

�

�
�

����
�
��
��
��

���
�
�
��

�
��
�

��
��

�

�
�
�

�

���
�

�
��
������
��
�
�
��
��

��
�

��
�
��
��
�
�
�
�

�

���
�
�
�

��
�
��
�

��

�

�

�

�

�

�

���

�

�
����
�
���
��
�
�
�����
�
��
�
�

�

���
�

��
��
�
�

����
��
�
�
��
�����
���
�
�
�
�

��
���

�
�
�
����
�
�

�

�
��
������
�
�
��
���
��
�
��
�

�

�

���

�
�
�
�
�
�
�
���
����
�
�
�
�
�
�
�
��
�

����
��

��

�

�

���
�
�
�
�

�

��

�
�
�
��

�

��
���

�

��
�
�
�
��
�
����
���
�

�

���
��
��
����
�
���
�
�
�
��
��
��
����
�����
����
��
�

���
��
�
����
�

�

�
��
����
�����
���
�

�
���
��
�
��
�

�
��
�
�
��

�
�
�
��
��
���
���
������

�

������

�

��

�
�����

�
���
�

�

�
�
�
�

�
�
��

�

�

�

��
�
�
�
��
�
�
�

�

�
�

���

�

�

��
�
�
�

���

�

�

���

�

�

�

�
���

�

�

�

�
�

�

�

��

�

��������

�

������������������������

� �

�
�
�
�
��
�������

����������������������������������

�
�������
�����
������������
���
�
�
�

����
�
��
�
�
����
�
���
�
�
�
��
������
�������
�
�
���
�
��

�

�
���
�����

�

�
�
�����
�
�

�
�
�

�
�
�
���

�

�
��
�
�

�

�
�

�

�
�
�
�
�

�
��

�

�����
��
�
���
�
���
�
�
�
�
�

�
�
�
����
�

��
����

�
�

�

�

�

�
��
�

�
�
������������

�

���

�

�

�

�
��
�

���
������
�
�

�
��

�
�
���
�

��
�
���
��
����
�
�
�

�

�

�
�
�
�

�
�
�
���
��
����
��

�
�
�

�

�

�

��������
��
�
���
�
��

�

��
�
�
��
�
��
�

�
�
�
�

�

��

��
��
�
�

�

�

�

�
���

�
��

�

�
�
����

�

��
�
�
����
��
��
�

����
�
�����
�
�����
����
�
��
���
�
�

�

�
��
�
�
�

��
�
�����
�

�
�
��

��

�
�

�

�

�

�
�
�
�
�
�

�
�
�

��

�

��

����������

�

�������������������

�

�

�
�
�
����

��������
������������

��
���
����
�
���
����
�
���
��
��
�

��
��
�
��
�
�
�
�
�
��
�
���
�
�
�
�
�
�
��
�

����
������
����
�

�

�
���

�
���
�
��
�
�����
�

�

�
��

�
�
�
�

�

��
����
���
�������

�
�
�
�
�
�
�
�

��
��
�
�
��
��

�

�

�
����

�
�

�

����
���

�
�
�
���
�

�

��
��

����
����
�

�
�
��
�
��
�
��

�
������
��
�
�

�
��
�
�
�

�
�

�
�

�
����
�����
�
��
�
���
�

�
��
�

��

���
�
�
�
�
���

��

�

��

�

������
��� ��� ��� ������

���

���

���

���

rc=0.90
rc=0.85
rc=0.75
rc=0.70

������� � 	

N
eu

ro
n

no
te

9
La

tt
ic

e
co

nn
ec

ti
on

sc
he

m
e

D
ec

em
be

r,
14

th
,2

01
7

1.
Q

ui
ck

re
vi

ew

In
co

nt
ra

ry
to

pr
ev

io
us

no
te

,t
he

co
nn

ec
tio

n
sc

he
m

e
he

re
is

ra
th

er
lo

ca
la

nd
po

te
nt

ia
lly

em
bo

di
es

th
e

in
tr

ic
at

e
sp

at
ia

ls
tr

uc
tu

re
.

T
he

ra
nd

om
co

nn
ec

tio
n

sc
he

m
e

is
pr

ev
io

us
no

te
is

on
av

er
ag

e
st

at
ist

ic
al

ly
eq

ui
va

le
nt

to
fu

lly
co

nn
ec

te
d

ne
tw

or
k,

in
su

ch
a

ca
se

,a
ny

fir
in

g
pa

tt
er

n
di

ffe
re

nt
fr

om
ho

m
og

en
ou

s
ov

er
al

ln
et

w
or

k
is

ha
rd

to
di

st
in

gu
is

h
it

se
lf

fr
om

th
e

ot
he

rs
,f

or
th

e
ra

nd
om

ne
ss

m
ak

es
th

em
lo

ok
al

lt
he

sa
m

e.
O

w
in

g
to

th
is

,t
he

ne
tw

or
k

w
it

h
di

m
en

si
on

N
is

sp
lit

in
to

N
-1

ra
nd

om
m

od
es

an
d

on
e

ho
m

og
en

ou
sm

od
e,

th
is

fe
at

ur
e

m
an

ife
st

si
ts

el
fb

y
hi

er
ar

ch
ic

al
ei

ge
nv

al
ue

di
ffe

re
nc

e
be

tw
ee

n
th

em
.

Fr
om

th
e

an
at

om
ic

al
st

ud
ie

s,
it

is
al

so
su

gg
es

ti
ng

th
e

ne
ur

on
ne

tw
or

k
to

be
sh

or
t

ra
ng

e.
Fr

om
th

e
m

or
ph

ol
og

y
st

ud
ie

s,
th

e
py

ra
m

id
al

ce
ll

ha
s

ba
sa

ld
en

dr
it

es
an

d
ap

ic
al

de
nd

ri
te

s,
ro

ug
hl

y
sp

ea
ki

ng
,

th
e

fo
rm

er
te

nd
to

ha
ve

co
nt

ac
t

w
ith

su
rr

ou
nd

in
g

ce
lls

w
hi

le
th

e
la

tt
er

te
nd

to
re

ce
iv

e
sig

na
ls

fu
rt

he
r

aw
ay

.
Fo

r
th

is
re

as
on

,I
te

nd
to

ra
is

e
th

e
qu

es
ti

on
th

at
w

ha
t

it
is

go
in

g
to

be
lik

e
if

th
e

ne
ur

on
s’

co
nn

ec
ti
on

is
sh

or
t.

2.
N

ea
re

st
ne

ig
hb

or
w

it
h

in
te

rn
al

st
ru

ct
ur

e

To
be

gi
n

w
it

h,
th

e
ve

ry
fir

st
as

su
m

pt
io

n
he

re
is

th
e

co
nn

ec
ti

on
st

re
ng

th
be

tw
ee

n
sa

m
e

sp
ec

ie
s

ar
e

eq
ua

l,
if

A
,
B

ar
e

bo
th

ex
ci

ta
to

ry
ne

ur
on

s
sit

tin
g

ne
xt

to
ea

ch
ot

he
r,

th
en

th
e

co
nn

ec
tio

n
is

bi
la

te
ra

l
w

it
h

eq
ua

ls
tr

en
gt

h.
To

re
co

nc
ile

w
it

h
th

e
fa

ct
ou

r
ne

ur
on

s
si

tt
in

g
on

th
e

co
rt

ic
al

su
rf

ac
e

an
d

th
e

ra
tio

of
E

/I
ne

ur
on

s
is

fo
ur

to
on

e,
le

t’s
st

ar
t

w
ith

tw
o

di
m

en
si

on
la

tt
ic

e
st

ru
ct

ur
e

w
ith

ea
ch

la
tt

ic
e

po
in

t
co

ns
is

ts
fo

ur
ex

ci
ta

to
ry

ne
ur

on
s

an
d

on
e

in
hi

bi
to

ry
ne

ur
on

,a
ll

of
th

em
ar

e
sh

or
t

ra
ng

e.
T

he
co

nn
ec

tio
n

he
re

ha
s

tr
an

sl
at

io
na

li
nv

ar
ia

nc
e

so
w

av
e

ve
ct

or
s

ar
e

go
od

qu
an

tu
m

nu
m

be
r,

th
is

w
ou

ld
le

ad
to

so
m

et
hi

ng
re

se
m

bl
e

to
th

e
ba

nd
st

ru
ct

ur
e.

A
ls

o,
ow

in
g

to
in

te
rn

al
st

ru
ct

ur
e,

w
e

ex
pe

ct
fiv

e
di

ffe
re

nt
ba

nd
s

w
ou

ld
ap

pe
ar

.
N

on
et

he
le

ss
,w

ha
t

w
e

ca
lc

ul
at

e
he

re
is

no
t

th
e

en
er

gy
ei

ge
ns

ta
te

bu
t

th
e

di
ss

ip
at

io
n

ra
te

,i
t

is
th

e
le

as
t

di
ss

ip
at

iv
e

m
od

e
or

th
e

m
ax

im
um

ga
in

m
od

e
w

e’
re

in
te

re
st

ed
.

T
he

fir
in

g
ra

te
eq

ua
ti

on
co

ul
d

be
ex

pr
es

se
d

as
fo

llo
w

s
:

P
(k

)
(c

ou
nt

)
(2

.1
)

1

Neuron note 9
Lattice connection scheme

December, 14th, 2017

1. Quick review

In contrary to previous note, the connection scheme here is rather local and potentially embodies the
intricate spatial structure. The random connection scheme is previous note is on average statistically
equivalent to fully connected network, in such a case, any firing pattern different from homogenous
over all network is hard to distinguish itself from the others, for the randomness makes them look
all the same. Owing to this, the network with dimension N is split into N -1 random modes and
one homogenous mode, this feature manifests itself by hierarchical eigenvalue difference between them.

From the anatomical studies, it is also suggesting the neuron network to be short range. From the
morphology studies, the pyramidal cell has basal dendrites and apical dendrites, roughly speaking,
the former tend to have contact with surrounding cells while the latter tend to receive signals further
away. For this reason, I tend to raise the question that what it is going to be like if the neurons’
connection is short.

2. Nearest neighbor with internal structure

To begin with, the very first assumption here is the connection strength between same species are
equal, if A, B are both excitatory neurons sitting next to each other, then the connection is bilateral
with equal strength. To reconcile with the fact our neurons sitting on the cortical surface and the
ratio of E/I neurons is four to one, let’s start with two dimension lattice structure with each lattice
point consists four excitatory neurons and one inhibitory neuron, all of them are short range. The
connection here has translational invariance so wave vectors are good quantum number, this would
lead to something resemble to the band structure. Also, owing to internal structure, we expect five
different bands would appear. Nonetheless, what we calculate here is not the energy eigenstate but
the dissipation rate, it is the least dissipative mode or the maximum gain mode we’re interested.
The firing rate equation could be expressed as follows :

k (degree) (2.1)
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Neuron note 9
Lattice connection scheme

December, 14th, 2017

1. Quick review

In contrary to previous note, the connection scheme here is rather local and potentially embodies the
intricate spatial structure. The random connection scheme is previous note is on average statistically
equivalent to fully connected network, in such a case, any firing pattern different from homogenous
over all network is hard to distinguish itself from the others, for the randomness makes them look
all the same. Owing to this, the network with dimension N is split into N -1 random modes and
one homogenous mode, this feature manifests itself by hierarchical eigenvalue difference between them.

From the anatomical studies, it is also suggesting the neuron network to be short range. From the
morphology studies, the pyramidal cell has basal dendrites and apical dendrites, roughly speaking,
the former tend to have contact with surrounding cells while the latter tend to receive signals further
away. For this reason, I tend to raise the question that what it is going to be like if the neurons’
connection is short.

2. Nearest neighbor with internal structure

To begin with, the very first assumption here is the connection strength between same species are
equal, if A, B are both excitatory neurons sitting next to each other, then the connection is bilateral
with equal strength. To reconcile with the fact our neurons sitting on the cortical surface and the
ratio of E/I neurons is four to one, let’s start with two dimension lattice structure with each lattice
point consists four excitatory neurons and one inhibitory neuron, all of them are short range. The
connection here has translational invariance so wave vectors are good quantum number, this would
lead to something resemble to the band structure. Also, owing to internal structure, we expect five
different bands would appear. Nonetheless, what we calculate here is not the energy eigenstate but
the dissipation rate, it is the least dissipative mode or the maximum gain mode we’re interested.
The firing rate equation could be expressed as follows :

k (degree) (2.1)
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Neuron note 9
Lattice connection scheme

December, 14th, 2017

1. Quick review

In contrary to previous note, the connection scheme here is rather local and potentially embodies the
intricate spatial structure. The random connection scheme is previous note is on average statistically
equivalent to fully connected network, in such a case, any firing pattern different from homogenous
over all network is hard to distinguish itself from the others, for the randomness makes them look
all the same. Owing to this, the network with dimension N is split into N -1 random modes and
one homogenous mode, this feature manifests itself by hierarchical eigenvalue difference between them.

From the anatomical studies, it is also suggesting the neuron network to be short range. From the
morphology studies, the pyramidal cell has basal dendrites and apical dendrites, roughly speaking,
the former tend to have contact with surrounding cells while the latter tend to receive signals further
away. For this reason, I tend to raise the question that what it is going to be like if the neurons’
connection is short.

2. Nearest neighbor with internal structure

To begin with, the very first assumption here is the connection strength between same species are
equal, if A, B are both excitatory neurons sitting next to each other, then the connection is bilateral
with equal strength. To reconcile with the fact our neurons sitting on the cortical surface and the
ratio of E/I neurons is four to one, let’s start with two dimension lattice structure with each lattice
point consists four excitatory neurons and one inhibitory neuron, all of them are short range. The
connection here has translational invariance so wave vectors are good quantum number, this would
lead to something resemble to the band structure. Also, owing to internal structure, we expect five
different bands would appear. Nonetheless, what we calculate here is not the energy eigenstate but
the dissipation rate, it is the least dissipative mode or the maximum gain mode we’re interested.
The firing rate equation could be expressed as follows :

k (degree) (2.1)

1

review article is reproduced here, the fMRI data I used here are autism subjects, but this wouldn’t
alter the fact that we see the scale free behaviour over a certain range and many subjects(here only
6 are presented.). The fMRI data corresponds to the 2D Ising model case when temperature is at

Analysis of fMRI data from Ottawa
Feburary, 113th, 2018

1. description

The whole analysis here originated from one intriguing review paper published in nature physics titled
"Emergent complex neural dynamics", in which summarise the works done by different groups in the
past decade. But the one that really catches our attention is the figure 3 in the article, the figure set
is about comparing two completely different systems. One is highly reputable two-dimensional Ising
model, which is widely used in statistical system, especially for the demonstration of continuous
phase transition and critical phenomenon. And the other is the fMRI data, which belongs to an
alien realm for us(surely not you).

Despite the physical differences between ferromagnetism and brain activity, it is surprising that, if we
apply what we’re used to do in fMRI analysis to the 2D-Ising model, i.e., scanning this ferromagnetic
piece of sample as if this is your subject, grab the data and analyse it with same procedure. We end
up with seeing similar behaviour as brain, provided that the temperature is at the critical point.
And this is exactly this the figure 3 in the review article trying to tell us.

Seeing this, we can’t feel exciting even any further, for we have the fMRI data from Ottawa
as well as the familiar 2D-Ising model simulator(by several lines of programming). We began our own
comparison at once and the results seems promising. Before showing the results, let me elaborate
more about analysis : In the fMRI analysis, what interests us is the functional connectivity, that is,

A. B. C.

the regional time correlation. This could be done by extracting the time series from each voxel and
find any two voxels correlation by the following formula :

r =
hV (i)V (j)i � hV (i)ihV (j)i

�V (i)�V (j)
; hOi ⌘ 1

N

NX

a

O(ta) (1.1)

Here V (i) represents the voxel activity time record at point i, � is standard deviation and r is
desired correlation between ±1. Next we defined functional connecting neighbour, for instance, the
above figure part A contains eight voxels, thus 28 correlations among all possible connection(avoid
self-to-self correlation, which is trivial.). Now, for a given voxel, as shown in part B, we could use
the recorded activity time series to determine the correlation between all the others. Now we assign
a threshold value rc, if any correlation exceed the threshold, then we denote such pair as connected
one. This is shown in the above part B as black ones are below threshold while the green ones are

1

above. Finally, of all the potential neighbours, three of them are counted as connected, we end this
up with saying this particular voxel has three neighbours.

Voxel by voxel, we could find out the connected neighbour for every of them, this leads to a
distribution of connectivity. In this context, the number of connected voxels to a specific one is called
"degree". In the above example, the red one has degree of three. Now we can do the histogram
with both x-axis and y-axis are plotted in logarithmic scale, if power-law shows up, it would be
as clear as a strait line. We do the same thing in fMRI data as well as 2D Ising model. And the
followings are what fMRI data comes out : and for the 2D Ising model : So, what presents in the
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Neuron note 9
Lattice connection scheme

December, 14th, 2017

1. Quick review

In contrary to previous note, the connection scheme here is rather local and potentially embodies the
intricate spatial structure. The random connection scheme is previous note is on average statistically
equivalent to fully connected network, in such a case, any firing pattern different from homogenous
over all network is hard to distinguish itself from the others, for the randomness makes them look
all the same. Owing to this, the network with dimension N is split into N -1 random modes and
one homogenous mode, this feature manifests itself by hierarchical eigenvalue difference between them.

From the anatomical studies, it is also suggesting the neuron network to be short range. From the
morphology studies, the pyramidal cell has basal dendrites and apical dendrites, roughly speaking,
the former tend to have contact with surrounding cells while the latter tend to receive signals further
away. For this reason, I tend to raise the question that what it is going to be like if the neurons’
connection is short.

2. Nearest neighbor with internal structure

To begin with, the very first assumption here is the connection strength between same species are
equal, if A, B are both excitatory neurons sitting next to each other, then the connection is bilateral
with equal strength. To reconcile with the fact our neurons sitting on the cortical surface and the
ratio of E/I neurons is four to one, let’s start with two dimension lattice structure with each lattice
point consists four excitatory neurons and one inhibitory neuron, all of them are short range. The
connection here has translational invariance so wave vectors are good quantum number, this would
lead to something resemble to the band structure. Also, owing to internal structure, we expect five
different bands would appear. Nonetheless, what we calculate here is not the energy eigenstate but
the dissipation rate, it is the least dissipative mode or the maximum gain mode we’re interested.
The firing rate equation could be expressed as follows :

k (degree) (2.1)
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Neuron note 9
Lattice connection scheme

December, 14th, 2017

1. Quick review

In contrary to previous note, the connection scheme here is rather local and potentially embodies the
intricate spatial structure. The random connection scheme is previous note is on average statistically
equivalent to fully connected network, in such a case, any firing pattern different from homogenous
over all network is hard to distinguish itself from the others, for the randomness makes them look
all the same. Owing to this, the network with dimension N is split into N -1 random modes and
one homogenous mode, this feature manifests itself by hierarchical eigenvalue difference between them.

From the anatomical studies, it is also suggesting the neuron network to be short range. From the
morphology studies, the pyramidal cell has basal dendrites and apical dendrites, roughly speaking,
the former tend to have contact with surrounding cells while the latter tend to receive signals further
away. For this reason, I tend to raise the question that what it is going to be like if the neurons’
connection is short.

2. Nearest neighbor with internal structure

To begin with, the very first assumption here is the connection strength between same species are
equal, if A, B are both excitatory neurons sitting next to each other, then the connection is bilateral
with equal strength. To reconcile with the fact our neurons sitting on the cortical surface and the
ratio of E/I neurons is four to one, let’s start with two dimension lattice structure with each lattice
point consists four excitatory neurons and one inhibitory neuron, all of them are short range. The
connection here has translational invariance so wave vectors are good quantum number, this would
lead to something resemble to the band structure. Also, owing to internal structure, we expect five
different bands would appear. Nonetheless, what we calculate here is not the energy eigenstate but
the dissipation rate, it is the least dissipative mode or the maximum gain mode we’re interested.
The firing rate equation could be expressed as follows :

k (degree) (2.1)
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Neuron note 9
Lattice connection scheme

December, 14th, 2017

1. Quick review

In contrary to previous note, the connection scheme here is rather local and potentially embodies the
intricate spatial structure. The random connection scheme is previous note is on average statistically
equivalent to fully connected network, in such a case, any firing pattern different from homogenous
over all network is hard to distinguish itself from the others, for the randomness makes them look
all the same. Owing to this, the network with dimension N is split into N -1 random modes and
one homogenous mode, this feature manifests itself by hierarchical eigenvalue difference between them.

From the anatomical studies, it is also suggesting the neuron network to be short range. From the
morphology studies, the pyramidal cell has basal dendrites and apical dendrites, roughly speaking,
the former tend to have contact with surrounding cells while the latter tend to receive signals further
away. For this reason, I tend to raise the question that what it is going to be like if the neurons’
connection is short.

2. Nearest neighbor with internal structure

To begin with, the very first assumption here is the connection strength between same species are
equal, if A, B are both excitatory neurons sitting next to each other, then the connection is bilateral
with equal strength. To reconcile with the fact our neurons sitting on the cortical surface and the
ratio of E/I neurons is four to one, let’s start with two dimension lattice structure with each lattice
point consists four excitatory neurons and one inhibitory neuron, all of them are short range. The
connection here has translational invariance so wave vectors are good quantum number, this would
lead to something resemble to the band structure. Also, owing to internal structure, we expect five
different bands would appear. Nonetheless, what we calculate here is not the energy eigenstate but
the dissipation rate, it is the least dissipative mode or the maximum gain mode we’re interested.
The firing rate equation could be expressed as follows :

k (degree) (2.1)

1

review article is reproduced here, the fMRI data I used here are autism subjects, but this wouldn’t
alter the fact that we see the scale free behaviour over a certain range and many subjects(here only
6 are presented.). The fMRI data corresponds to the 2D Ising model case when temperature is at

⼤腦的動態連結似乎顯⽰它就在臨界點附近
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⼤腦演化快速

現代科技改變年輕⼈⽣活型態，
也加速⼤腦神經網絡演化： 
多感官、多⼯、⾼互動、短專注



阿茲海默症

左邊是正常⼤腦，右邊是阿茲海默症患者⼤腦，
出現不正常的萎縮症狀



神經細胞傳導不良

Lisa Genova (TED 2017)

突觸是神經傳導必經之
處，累積的化學雜質腦
內會⾃發清理。

若是化學雜質累積結
塊，就會阻擾神經傳
導，則突觸就喪失功
能。



蛇在扭？還是⼤腦在扭？
48



分數鎖模現象

�&�-��: ��� �� ����� �

Figure �: = . The period ratio of
of neuron � (blue) and neuron � (red) is
roughly �.�� �/�. Therefore, there is a
� blue � � red spikes in a bigger period.
The gray action potential is the solo
�ring of neuron �.

Figure �: = . The synchronization
happens in the �rst few periods. Di�er-
ent colors denote �� phase shift (from
�.� to ), which all converge to a not
zero phase shift.

With an increment of coupling strength , the seeding spike
between the ��-�� red spikes in Fig.� are growing and the synchro-
nization region are also growing -by- . The �:� ratio is lower to �:�
at = (Fig.�).

Figure �: = . The �:� period
mapping is destroyed by a stronger
coupling, the bigger envelope tend to be
� blue spikes � � red spikes.

Then the synchronization ratio goes over all (n��)/n quickly and
converge to � before = � (Fig.�). There’s always a constant

� A = neuron � input is averaged
to �� nA/cm in their period. To drag
the �ring rate from �.��� ms to
�.��� ms we need a further DC
input for ��-�� � �� nA/cm . However,
with the pro�le of an action potential,
we can achieve the �ring rate more
e�ciently, which only need average
current �.� �� � �.� nA/cm . Which
means no matter the phase di�erence,
the action potential is a better trigger
for another action potential.

phase shift between the input (neuron �) and output (neuron �), it
could be an intrinsic retarded e�ect of HH neuron. Further, with a
high enough coupling strength = � , we can see an emergence

� The kind of input seems to go be-
yond the tolerant of a neuron (I ���
nA/cm ), however, the simulation is
done for a record to the behavior of an
HH equation. To make a story, we can
imagine a collective coherent input from
all the synapse...

of frequency doubling (Fig.�).
Figure �: = . The two neuron is
fully synchronized, however, there is still
a constant phase shift between them.We can classi�ed the above spike train into three steps; the ultra-

sync (n to �), coherent-sync (� to �), and weak-sync (n�� to n). From
the phase analysis, we know that the initial phase di�erence between
neuron � and neuron � doesn’t make much di�erence. The controlled
parameter would be the coupling strength and the spontaneous �ring
rate.

�&�-��: ��� �� ����� �

Figure �: = . An ultra strong
coupling would result in an emergence
of frequency doubling.

In the weak-sync step, we have the fractional relation, therefore,
Fig.� shows the fractional synchronization relation as we increase the
coupling strength . Then we de�ne the , as the number of
spikes in the synchronization cell of neuron � and neuron �.
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Figure �: In the synchronization period
of weak-sync Phase, there are n��
neuron � (input) spikes and n neuron
� (output) spikes. Left) The I/O spikes
ratio respect to . Right) n respect
to . The plot is done as DC � ��
nA/cm and DC � �� nA/cm (SFR �
� SFR ).

Lead fast tango

Despite the above mentioned Phase, we have another slip-sync Phase
�; that a neuron’s �ring pattern slipping between synchronization and � "Phase" with a capital P describes the

state and "phase" with a lowercase p
describes the position of a limit cycle.

normal �ring. The kind of Phase is happened when we decrease the
coupling strength (Fig.�-��) from the weak-sync Phase.

分數鎖模現象可以做為
邏輯閘的設計基礎
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