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Generative AI through Transformers

Image Text
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Plan
• Transformer and Least Action


• Matrix Algebra, HighDim Geometry, MLP / SelfAttention


• Quantum Chaos / Statistical Physics


• RMT, Double Descent / Scaling Law, Interactive Fields


• From QC to Transformers


• Left/Right Symmetries, Real/Complex Multiplication, Predictions
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What is a Transformer
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“Attention Is All You Need”

··· 

<latexit sha1_base64="Fjuh0VcUyPnzOMh0e7SaBNEdNQI="></latexit>

X(t+ 1) = X(t) + Attention(X(t))

X(t+ 2) = X(t+ 1) +MLP(X(t+ 1))
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Physics = Symmetry Breaking Principle

“Asymmetrical effects must 
have asymmetrical causes.”


—Pierre Curie, 1894
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Minimal Path Principle
Input

Output

<latexit sha1_base64="9f40NiHF5fcROn5ef5cDCmL7IJ4="></latexit>

X(t)

<latexit sha1_base64="b4pgc2UIpFkxXo2yXuUV1ZbB/zE="></latexit>

Ẋ = MLP(X) + Attention(X)
?
= →V (X)

This talk
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From Word Vector 
To Sentence Matrix

<latexit sha1_base64="DOVvarMzYKor9pAN1F77EUeyMhU="></latexit>

X =





“The”
“quick”
“brown”

. . .
word N





<latexit sha1_base64="w+YCgoQxaCiMe1vxL42/rwXK5ME=">AAACPXicbVDNSgMxGMz6W2vVVk/iJVgET8uu1iqCUPDisQX7A9ulZNO0DU02S5IVSyn6Ml71EXwOH8CbePVqttuDbR1IGGa+MF8miBhV2nE+rJXVtfWNzcxWdju3s7uXL+w3lIglJnUsmJCtACnCaEjqmmpGWpEkiAeMNIPhbeI3H4hUVIT3ehQRn6N+SHsUI22kTv6wHXDY8txr/8Zz7PM2dOxScl34nXzRsZ0p4DJxZ6QIZqh2Clau3RU45iTUmCGlPNeJtD9GUlPMyCTbjhWJEB6iPvEMDREnyh9P/zCBJ0bpwp6Q5oQaTtW/L8aIKzXigZnkSA/UopeI/3lerHtX/piGUaxJiNOgXsygFjApBHapJFizkSEIS2p2hXiAJMLa1DaX8piuOqcleVoIpublgE9Mf+5iW8ukcWa7ZbtcKxUrtee0yQw4AsfgFLjgElTAHaiCOsDgCbyAV/BmvVuf1pf1nY6uWLP2D8AcrJ9fVkOspw==</latexit>

X[1 :] = [0.3 0.4 0.5]
<latexit sha1_base64="HZn0GjV3H6jt2xBbh/KOJltSmCM="></latexit>

X[1 :]W = [0.7 0.8 0.9]
<latexit sha1_base64="ToOWYTe2xxcd3oHTolu/JFaZAhY="></latexit>

W→R3→3

→↑

<latexit sha1_base64="bIjMtXIbqqvsLCggECDNlnymqv0="></latexit>

X =





“Le”
“rapide”
“brune”

. . .
mot N





X = The quick brown fox jumps over the lazy dog.

<latexit sha1_base64="xLC9AOpVpMI3zVHrgNEEBM1FH1c="></latexit>

ω(W ) = {ε1,ε2,ε3}
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HighDim

Normalization Layer Is Almost Linear:  
HighDim R.V. Concentrates on Sphere

Dim = 2, 3, …
9



MLP = Learnable Conic Projection
<latexit sha1_base64="DOVvarMzYKor9pAN1F77EUeyMhU="></latexit>

X =





“The”
“quick”
“brown”

. . .
word N





<latexit sha1_base64="6K9WJZZSAJ1BPods/4cbvo3ukmo="></latexit>

(XWin)+ =





“Le”+
“rapide”+
“brune”+

. . .
mot N





<latexit sha1_base64="eNqkFvbGMfGJIRgfHYwGj5R5Sjk="></latexit>

(XWin)+Wout =





“The”
“ultrasonic”
“caramel”

. . .
word N





<latexit sha1_base64="bHV0bGRiLZ2jUh5mxhK3AlPesko="></latexit>

XWin =





“Le”
“rapide”
“brune”

. . .
mot N





X = The quick brown fox jumps over the lazy dog. MLP(X) = The ultrasonic caramel unicorn bounces over the snoozing python.

<latexit sha1_base64="ypd/RUrNazOp8yldx5GiJQQaxaU="></latexit>

X[1 :]Win = [0.7 → 0.8 0.9]
ReLU→↑ (X[1 :]Win)+ = [0.7 0. 0.9]

ReLU MLP = Tropical Rational Map
X + MLP(X) = “Projected Gradient Flow”
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SelfAttention: Cubic/Nonlinear

<latexit sha1_base64="YvO0d3TrwFn/xx7mFN1f1b9VI2w="></latexit>

LinearAttention(X) = (XQ)︸ ︷︷ ︸
“query”

(XK)︸ ︷︷ ︸
“key”

→ (XV )︸ ︷︷ ︸
“value”

O
→

<latexit sha1_base64="+tJ77wO2C/u1Gee/eU8niQpAFPw="></latexit>

SoftmaxAttention(X) = RowSoftmax(XQK
→
X

→)XV O
→

11



<latexit sha1_base64="DOVvarMzYKor9pAN1F77EUeyMhU="></latexit>

X =





“The”
“quick”
“brown”

. . .
word N





Right (Token-Wise) vs Left (Neuron-Wise) Multiplication

<latexit sha1_base64="JlEHuD4ouW8/UJySGdAWLztMOu0="></latexit>

MLP(X) = XWinW
→
out

<latexit sha1_base64="PJ5uzl5ijsGB2GoW+JFo7fUOJLM=">AAACJ3icbVDNTgIxGGzxDxEV9OilkZh4IrvGoEcSLx4hcYEENqRbCjS0203bNZINiW/gVR/Bp/Fm9Oib2GU5uOCXNJnMfM3MN0HEmTaO8w0LW9s7u3vF/dJB+fDouFI96WgZK0I9IrlUvQBryllIPcMMp71IUSwCTrvB7C7Vu49UaSbDBzOPqC/wJGRjRrCxlDcIBOoNKzWn7iwHbQJ3BWpgNa1hFZYHI0liQUNDONa67zqR8ROsDCOcLkqDWNMIkxme0L6FIRZU+8ky7QJdWGaExlLZFxq0ZP/+SLDQei4Cuymwmep1LSX/0/qxGd/6CQuj2NCQZEbjmCMjUXo6GjFFieFzCzBRzGZFZIoVJsYWlHN5yqLmuNTPSMl1ng7Ewvbnrre1CTpXdbdRb7Sva832c9ZkEZyBc3AJXHADmuAetIAHCGDgBbyCN/gOP+An/MpWC3DV/inIDfz5BUcvpug=</latexit>

X
<latexit sha1_base64="Nd5A+Pgr4DgzaXXRmJNSFWq9w94=">AAACNXicbVDNSkJBGJ1rf2ZWWss2QxLYRu6NsJZCmxYFCvkDKjJ3HHVw5s5l5rulXIRepG09Qs/Sol207RUafxapHRg4nPMN53D8UHADrvvhJDY2t7Z3krupvfT+wWEme1QzKtKUVakSSjd8YpjgAasCB8EaoWZE+oLV/eHN1K8/Mm24Ch5gHLK2JP2A9zglYKVOJtsCNoL4/q48ybd8iRvnnUzOLbgz4HXiLUgOLVDuZJ10q6toJFkAVBBjmp4bQjsmGjgVbJJqRYaFhA5JnzUtDYhkph3Puk/wmVW6uKe0fQHgmfr3R0ykMWPp20tJYGBWvan4n9eMoHfdjnkQRsACOg/qRQKDwtMhcJdrRkGMLSFUc9sV0wHRhIKdayllNK+6pE3zQClhlmVfTux+3upa66R2UfCKhWLlMleqPM+XTKITdIryyENXqIRuURlVEUVP6AW9ojfn3fl0vpzv+WnCWax/jJbg/PwCQzGr5A==</latexit>

MLP(X)
<latexit sha1_base64="+HEuuUcrdk/51plvKeRDRoNKBUA=">AAACNXicbVDLTgIxFO3gCxEVdOmmkZi4IjPGoEsSNy4hkUcCE9IpBRra6aS9o5AJiT/iVj/Bb3Hhzrj1F+wACwFv0uTknNucc08QCW7AdT+czNb2zu5edj93kD88Oi4UT5pGxZqyBlVC6XZADBM8ZA3gIFg70ozIQLBWML5L9dYj04ar8AGmEfMlGYZ8wCkBS/UKxW4gcauXdIFNIOHhbNYrlNyyOx+8CbwlKKHl1HpFJ9/tKxpLFgIVxJiO50bgJ0QDp4LNct3YsIjQMRmyjoUhkcz4yTz7DF9Ypo8HStsXAp6zf38kRBozlYHdlARGZl1Lyf+0TgyDW99eFMXAQrowGsQCg8JpEbjPNaMgphYQqrnNiumIaELB1rXiMllEXeFSP1BKmFU6kGl/3npbm6B5VfYq5Ur9ulStPy+azKIzdI4ukYduUBXdoxpqIIqe0At6RW/Ou/PpfDnfi9WMs2z/FK2M8/ML6iys1w==</latexit>

Win
<latexit sha1_base64="3a0YRa7qEKc1+XiDmzlkNaPt9GE=">AAACNnicbVBPSwJBHJ21f2ZWascuQxJ0kt0I6yh06aiQf0CXZXYcdXBmZ5n5bSjLQp+ka32EvkqXbtG1j9CuekjtwcDjvd/wHs8PBTdg2x9Wbmd3b/8gf1g4Kh6fnJbKlY5RkaasTZVQuucTwwQPWBs4CNYLNSPSF6zrT+8zv/vEtOEqeIR5yFxJxgEfcUoglbxSZeBL3PXiAbAZxCqCJPFKVbtmL4C3ibMiVbRC0ytbxcFQ0UiyAKggxvQdOwQ3Jho4FSwpDCLDQkKnZMz6KQ2IZMaNF+UTfJkqQzxSOn0B4IX690dMpDFz6aeXksDEbHqZ+J/Xj2B058Y8CCNgAV0GjSKBQeFsCTzkmlEQ85QQqnnaFdMJ0YRCutdaymxZdU3L8kApYdZlX2b7OZtrbZPOdc2p1+qtm2qj9bxcMo/O0QW6Qg66RQ30gJqojSiaoRf0it6sd+vT+rK+l6c5a7X+GVqD9fML99ytYg==</latexit>

Wout

From MLP to Attention
<latexit sha1_base64="I1zEB87wJuLL5qijhKmYV9LHVXQ="></latexit>

Attention(X) = XQK
→
X

→
XV O

→

MultiHead MLP = Wide MLP
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The Quantum Physics Analogy
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“Spectral statistics of complex 
systems are universal and 
determined solely by symmetry 
class — they are described by 
random matrix ensembles.” 

—Eugene Wigner, 1959

From Quantum Chaos to ML

14



From Disordered Systems to ML

<latexit sha1_base64="9QGh1cz+GnlwTTb6KflgIAcm8R0="></latexit>

Im(ω(W ))

<latexit sha1_base64="AZnPiYsZtQdcyN6UJuh9igYABkI="></latexit>

Re(ω(W ))

<latexit sha1_base64="GP3UR1gNqHu78Gc+zkIkvkWg3wI="></latexit>

<latexit sha1_base64="9QGh1cz+GnlwTTb6KflgIAcm8R0="></latexit>

Im(ω(W ))

<latexit sha1_base64="AZnPiYsZtQdcyN6UJuh9igYABkI="></latexit>

Re(ω(W ))

<latexit sha1_base64="g/GzmtvMXNnBoXZUAKcwS8unxic="></latexit>

Before Learning (MaxEntropy) After Learning (Correlated Weights)

<latexit sha1_base64="qoSIklgRylYPQPBNUxEi0TgZnRg="></latexit>

ω(W ) = {ε1,ε2,ε3, . . .} → C

15



Generalization and Double Descent

<latexit sha1_base64="nERpR7GEYDQ9gzjTP6C0cT5+QNQ="></latexit>

ω(WW →)

<latexit sha1_base64="0Qbd9vOR/Fzj6GDh2dUHIjMAcW0="></latexit>

P(ω(WW →))

<latexit sha1_base64="516QNBa/h/61MZfjoxMiGAfsnec="></latexit>

Signal
Noise (“Bulk”)

<latexit sha1_base64="VKZUeg4aNS5SeKOcbLtpFYHmPus="></latexit>

<latexit sha1_base64="jIMKY3PtmhrTf8aAKAnfRFvNIOk="></latexit>

W → RC→d<latexit sha1_base64="XbqdpgzY3YAI0mOX77V8ALsjraI="></latexit>

<latexit sha1_base64="nERpR7GEYDQ9gzjTP6C0cT5+QNQ="></latexit>

ω(WW →)

<latexit sha1_base64="nERpR7GEYDQ9gzjTP6C0cT5+QNQ="></latexit>

ω(WW →)

<latexit sha1_base64="wAnGsMGsLiGqVbMb2GdwHztRvmo="></latexit>

d → C

<latexit sha1_base64="FDeGSWiRKaehPL6n1GaIFp0bff0="></latexit>

d → C

<latexit sha1_base64="nPI/uWrhPAwj4e1GxCLtkIy88r8="></latexit>

d → C

Tiny

Small

Large

Model Size

c.f. Low-Rank QK / VO

c.f. Wide MLP: WinWout

(Bad / Singular Case)

16



MLP <-> Attention 
Free <-> Interactive Systems

Quadratic Energy Quartic Energy
<latexit sha1_base64="LxUdC6Z5qRaYLTwlxpED0JYGxOA="></latexit>

V2(X) = Tr(XWX→)
<latexit sha1_base64="pl8aOv9x/OxkS7Db4pao38xxzBc="></latexit>

Attention(X) =
ωV4

ωX→ = XWX→W

<latexit sha1_base64="AKVNEBbnfkNixAIFUY1mBMy29XA="></latexit>

MLP(X) =
ωV2

ωX→ = XW

“Free” Interactive
17

<latexit sha1_base64="bGHjkdWFXKCjU5pCENkFw8++iUQ="></latexit>

V4(X) =
1

2
Tr(XWX→XWX→)



<latexit sha1_base64="LxUdC6Z5qRaYLTwlxpED0JYGxOA="></latexit>

V2(X) = Tr(XWX→)

Are these potential fields canonical?
We need: We also need:

<latexit sha1_base64="uE928NNPB9Aw/T0GeF9gyjYQzfg="></latexit>

V (X) =?…but, what forms of are ALL we need???

18

<latexit sha1_base64="bGHjkdWFXKCjU5pCENkFw8++iUQ="></latexit>

V4(X) =
1

2
Tr(XWX→XWX→)



The Bridge: Symmetry

19



Symmetry / Invariance of Energy
Axiom


Universality 


Perm/Rot Symm 

Learnable Symm 

Low-Rank

<latexit sha1_base64="zFRIL7N5m7gU5hNn3BTMLbRX1wQ=">AAACNHicbVBPSwJBHJ3tr5mV1rHLkgSBILsS1iUQunRUyFXQZZmdHXVwdmeZ+a0kIvRButZH6LsE3aJrn6FZ10NqDwYe7/2G93h+zJkCy/owtrZ3dvf2cwf5w8LR8UmxdOookUhC20RwIbs+VpSziLaBAafdWFIc+px2/PF96ncmVComokeYxtQN8TBiA0YwaMkrFp07x7Mrjler9HkgQHnFslW1FjA3ib0kZbRE0ysZhX4gSBLSCAjHSvVsKwZ3hiUwwuk8308UjTEZ4yHtaRrhkCp3tqg+Ny+1EpgDIfWLwFyof3/McKjUNPT1ZYhhpNa9VPzP6yUwuHVnLIoToBHJggYJN0GY6Q5mwCQlwKeaYCKZ7mqSEZaYgF5rJeUpq7qipXkgBFersh/O9X72+lqbxKlV7Xq13rouN1rP2ZI5dI4u0BWy0Q1qoAfURG1E0AS9oFf0Zrwbn8aX8Z2dbhnL9c/QCoyfX8Cpqxw=</latexit>

V = V1 + V2 + . . .

<latexit sha1_base64="JpVGEtntmfXEyvdXLKamyrYQ2Dg=">AAACOXicbVBPSwJBHJ21f2ZWWnTqMiTBepHdCOsSCF06hUKrgi4yO446OLOzzMxGsgh9la71EfokHbtF175Ao+shtQcDj/d+w3u8IGJUacf5sDIbm1vbO9nd3F5+/+CwUDxqKhFLTDwsmJDtACnCaEg8TTUj7UgSxANGWsH4dua3HolUVIQPehIRn6NhSAcUI22kXuGkaXv2fbkbcNgu3zTtlPQKJafizAHXibsgJbBAvVe08t2+wDEnocYMKdVxnUj7CZKaYkamuW6sSITwGA1Jx9AQcaL8ZN5/Cs+N0ocDIc0LNZyrf38kiCs14YG55EiP1Ko3E//zOrEeXPsJDaNYkxCnQYOYQS3gbAzYp5JgzSaGICyp6QrxCEmEtZlsKeUprbqkzfK0EEwtywGfmv3c1bXWSfOi4lYr1cZlqdZ4TpfMglNwBmzggitQA3egDjyAQQJewCt4s96tT+vL+k5PM9Zi/WOwBOvnF4fkq9s=</latexit>

V (U(N)X) = V (X)

<latexit sha1_base64="7Z6QyfJvmQgjv3Pu8XSuJWtH5YQ="></latexit>

V (XCU(C)(W )) = V (X)

<latexit sha1_base64="PJ5uzl5ijsGB2GoW+JFo7fUOJLM=">AAACJ3icbVDNTgIxGGzxDxEV9OilkZh4IrvGoEcSLx4hcYEENqRbCjS0203bNZINiW/gVR/Bp/Fm9Oib2GU5uOCXNJnMfM3MN0HEmTaO8w0LW9s7u3vF/dJB+fDouFI96WgZK0I9IrlUvQBryllIPcMMp71IUSwCTrvB7C7Vu49UaSbDBzOPqC/wJGRjRrCxlDcIBOoNKzWn7iwHbQJ3BWpgNa1hFZYHI0liQUNDONa67zqR8ROsDCOcLkqDWNMIkxme0L6FIRZU+8ky7QJdWGaExlLZFxq0ZP/+SLDQei4Cuymwmep1LSX/0/qxGd/6CQuj2NCQZEbjmCMjUXo6GjFFieFzCzBRzGZFZIoVJsYWlHN5yqLmuNTPSMl1ng7Ewvbnrre1CTpXdbdRb7Sva832c9ZkEZyBc3AJXHADmuAetIAHCGDgBbyCN/gOP+An/MpWC3DV/inIDfz5BUcvpug=</latexit>

X
<latexit sha1_base64="uyRufkb9MT80x6a3GjgVl31IXEo=">AAACNXicbVDNSgMxGMzWv1qrtnr0EiyCeCi7ItVjwYs3W7A/0K4lm2bb0GSzJFm1LAVfxKs+gs/iwZt49RXMdntwWwfyMcx84RvGCxlV2rY/rNza+sbmVn67sFPc3dsvlQ/aSkQSkxYWTMiuhxRhNCAtTTUj3VASxD1GOt7kOvE7D0QqKoI7PQ2Jy9EooD7FSBtpUCr3PQ67yWgn4/b+bFCq2FV7DrhKnAWpgAUag7JV7A8FjjgJNGZIqZ5jh9qNkdQUMzIr9CNFQoQnaER6hgaIE+XG8+wzeGKUIfSFNC/QcK7+/REjrtSUe2aTIz1Wy14i/uf1Iu1fuTENwkiTAKeH/IhBLWBSBBxSSbBmU0MQltRkhXiMJMLa1JW58pRGzWjJPS0EU1nZ4zPTn7Pc1ippn1edWrXWvKjUm89pk3lwBI7BKXDAJaiDG9AALYDBI3gBr+DNerc+rS/rO13NWYv2D0EG1s8vQGCrVA==</latexit>

XV O
→

Invariance Closed Form

<latexit sha1_base64="+NjmrlpI3KXqdKcK6fJ9O8yZPRY="></latexit>

V (X) = V (X→X)

<latexit sha1_base64="KwBjgm+QCV6IiFHAfqSu7MIq2GY="></latexit>

Vk(X) = Tr(· · ·WN→NXWC→CX
↑ · · · )

<latexit sha1_base64="aAXu3uKHgWB/SLoHSqfIDKBa/AQ="></latexit>

W → {QK
→,V O

→,WinW
→
out}

Double-Trace / Hilbert Space Contraction

<latexit sha1_base64="NX03NNH6nbuG/tg6dl7m+aGHnVY="></latexit>

V (X) = Tr(
∏

i

XWiX
→)

Geoffrey Hinton: “Hand Shaking Analogy”

20



Input

Output

<latexit sha1_base64="9f40NiHF5fcROn5ef5cDCmL7IJ4="></latexit>

X(t)

Real and Complex-Valued Systems
<latexit sha1_base64="fSoLj/Q7v7AapYIEzWcjcie9EDk="></latexit>

S(X) =
∫
(Kinetic→ Potential) dt

<latexit sha1_base64="vLId2wCm9KuXwVgPlrb91f1PbDw="></latexit>

Ẋ = MLP(X) + Attention(X)

<latexit sha1_base64="Di7X04BWcmRjFDjVW2CAXeTkwIg="></latexit>

V2(X) = Tr(XWX→)

<latexit sha1_base64="RKXYNkgcDkXFyk9G+swhfi6ZIDg="></latexit>

ωS/ωX→ = 0

Least Action:

Kinetic Term

Potential Term

Anti-Symplectic Terms

The Transformer ODE

Euler-Lagrange Equation 

<latexit sha1_base64="EJCYapeNbW/9OyS2YJqk45R5Z/0="></latexit>

Re(x)

<latexit sha1_base64="ZmzmAk/TrymGASE+LDQ5ogZZFSs="></latexit>

Im(x)

Complex Multiplication

Unitary Group

21

<latexit sha1_base64="d19zYpQEpGDNpczECuxPo5LOBIg="></latexit>

V2(X) = Tr(XWX→)

V4(X) =
1

2
Tr(XWX→XWX→)

<latexit sha1_base64="SGHVthqwvDK5d5hsAI+C8JIOO50="></latexit>

K(X) = ẊX→ →XẊ→



Linear versus Softmax Attention: 
Effective and Entropic Interactions

<latexit sha1_base64="C+XBXa5B0AVg6gvUZwuSwJ6kqvc="></latexit>

V4(X) = Tr(XWX→XWX→)

<latexit sha1_base64="tw5G/9biRCN5ABjRBR+h8QdvZKI="></latexit>

ωVent

ωX→ =
nHead∑

i=1

RowSoftmax(
1→
C
XWiX

→)XWi

Recall: LinearAttention

22

<latexit sha1_base64="ROqhgdmcI/2oErjOMLf6APCgDcg="></latexit>

Vent(X) =
nHead∑

i=1

N∑

j=1

log
N∑

k=1

exp([
1→
C
XWiX

→]jk)



Renormalization

NO MORE TERMS!!!

“Effective Field”
<latexit sha1_base64="bLa5Ls2t2pqc2Pz/RnwHvmxaLHo="></latexit>

V2+4(hX) = h
2
V2(X) + h

4
V4(X) +O(h6)

<latexit sha1_base64="OPxCtl7TNarOyz4wMIuXVfMXFzI="></latexit>

as h → 0Hot Limit:

Entropic Regularization / “Free Energy”
<latexit sha1_base64="39SL6B68DBd8zCB0p2gX6mLBSMo="></latexit>

V2+ent(hX) = h2V2(X) +
∑

i,j

LogSumkExp(h
2[XWiX

→]jk)
Head, Token

Cold Limit:
<latexit sha1_base64="To/2iOrr4TRkQWfdMZ+jqrWfl4s="></latexit>

as h → ↑ Concentrates on Max Token

Multi-Scale Interaction

Scale-Separated Interaction
LinearAttention

SoftmaxAttention
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Hot Limit: Vanishes Too



Applications: Predicting Structures 
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• Minimal Example (C=3)

• Improved Generalization

• Accelerated Convergence

• Applies to ReLU-Attention

CoLU: orthogonal/rotary symmetry

ReLU: permutation symmetry

Embedding Space Favors Orthogonal Symmetry
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Scaling Up Conic Activations

Diffusion Transformer 0.8B 

(Oxford102)

ResNet-56 
(CIFAR10) ReLU CoLU

Forward FLOPs 0.252M 0.257M
Test Accuracy 92.7282 ± 0.357 93.5851 ± 0.442

Diffusion Model 
(CIFAR10) ReLU CoLU (Faster)

Train Loss 0.1653 0.1458
Early Samples

GPT2 MLP 
(FineWeb10M) ReLU CoLU

Forward FLOPs 39.064M 39.101M
Test Loss 3.4569 ± 0.1182 3.3804 ± 0.1159

Conic linear units: improved model fusion and rotational-symmetric generative model. VISIGRAPP 2024.

Conic activation functions. UniReps@NeurIPS 2024. PMLR 2025.
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Gated Activation: 
Multi-Trace Model

<latexit sha1_base64="M+o5tTiGTXH1r1kmzC82A+g5BOE="></latexit>

V3(X) = (XW )→ (XW )(XW )→

=↑ ωV3/ωX
→ = (XW )→ (XW )W →

ReLU↓↔ (XW )→ (XW )+W
→
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Sparse Attention: 
Non-Commutative Systems

“Fail to Commute between Tokens  Turn off the Gate”
<latexit sha1_base64="xDcxSgGqHg0zFCshJ10wv0AYVyg="></latexit>

=→
28



Reference:  
https://changqingfu.com/pdf/transformer.pdf
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