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When Attention Sink Emerges in Language Models: An Empirical View

Attention sink phenomena

<latexit sha1_base64="JB4dto+oogA/E+2xBfrvhvUYXEI="></latexit>

ql,h
t kl,h

j

>

<latexit sha1_base64="VT+iunVTCDNCwulJ5I4u37i4Jhg=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0iKVI9FLx4r2FpoQtlsJ+3azW7Y3Qgl9D948aBH8eqf8ea/cdvmoK0PBh7vzTAzL0o508bzvp3S2vrG5lZ5u7Kzu7d/UD086miZKQptKrlU3Yho4ExA2zDDoZsqIEnE4SEa38z8hydQmklxbyYphAkZChYzSoyVOgFw3q/3qzXP9ebAq8QvSA0VaPWrX8FA0iwBYSgnWvd8LzVhTpRhlMO0EmQaUkLHZAg9SwVJQIf5/NopPrPKAMdS2RIGz9XfEzlJtJ4kke1MiBnpZW8m/uf1MhNfhTkTaWZA0MWiOOPYSDx7HQ+YAmr4xBJCFbO3YjoiilBjA6rYEPzll1dJUHf9httwfc9z/buLWvO6CKWMTtApOkc+ukRNdItaqI0oekTP6BW9OdJ5cd6dj0VrySlmjtEfOJ8/wa+QIQ==</latexit> ` 2
-n
or
m

Block

<latexit sha1_base64="NLPJSw2Uyz3wgI7raN6UVw0Q4IM=">AAACC3icbVC7TsMwFHXKq5RXgBEGiwqJKUoQKowVLIxForRSEyLHcVqrjhNsp1IVZWHhV1gYYESs/AAbf4PTdoCWI1k+Oude3XtPkDIqlW1/G5Wl5ZXVtep6bWNza3vH3N27k0kmMGnjhCWiGyBJGOWkrahipJsKguKAkU4wvCr9zogISRN+q8Yp8WLU5zSiGCkt+eahGyQslONYf/mo8HPlcvIAneI+Z4Vv1m3LngAuEmdG6mCGlm9+uWGCs5hwhRmSsufYqfJyJBTFjBQ1N5MkRXiI+qSnKUcxkV4+uaKAx1oJYZQI/biCE/V3R45iWS6qK2OkBnLeK8X/vF6mogsvpzzNFOF4OijKGFQJLCOBIRUEKzbWBGFB9a4QD5BAWOngajoEZ/7kReKeWk7DaliObVvOzVm9eTkLpQoOwBE4AQ44B01wDVqgDTB4BM/gFbwZT8aL8W58TEsrxqxnH/yB8fkDX5aagw==</latexit>

vl
t 6=1

<latexit sha1_base64="1NZz5lp+NW6YsdvwARYjTtfJIUw=">AAACBXicbVC9TsMwGHT4LeUvgMTCYlEhMUUJQoWxgoWxSJRWakLkOE5r1XEi26lUhQy8CgsDjIiVd2DjbXDaDNBykuXT3ffJ5wtSRqWy7W9jaXlldW29tlHf3Nre2TX39u9lkglMOjhhiegFSBJGOekoqhjppYKgOGCkG4yuS787JkLShN+pSUq8GA04jShGSku+eegGCQvlJNZXPi783Ckeclb4ZsO27CngInEq0gAV2r755YYJzmLCFWZIyr5jp8rLkVAUM1LU3UySFOERGpC+phzFRHr5NH8BT7QSwigR+nAFp+rvjRzFsoyoJ2OkhnLeK8X/vH6moksvpzzNFOF49lCUMagSWJYBQyoIVmyiCcKC6qwQD5FAWOnK6roEZ/7Li8Q9s5ym1bQc27ac2/NG66oqpQaOwDE4BQ64AC1wA9qgAzB4BM/gFbwZT8aL8W58zEaXjGrnAPyB8fkD32CYEw==</latexit>

vl
1

Sink

Near zero value

Key

Q
ue

ry

Value

Block

<latexit sha1_base64="VT+iunVTCDNCwulJ5I4u37i4Jhg=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0iKVI9FLx4r2FpoQtlsJ+3azW7Y3Qgl9D948aBH8eqf8ea/cdvmoK0PBh7vzTAzL0o508bzvp3S2vrG5lZ5u7Kzu7d/UD086miZKQptKrlU3Yho4ExA2zDDoZsqIEnE4SEa38z8hydQmklxbyYphAkZChYzSoyVOgFw3q/3qzXP9ebAq8QvSA0VaPWrX8FA0iwBYSgnWvd8LzVhTpRhlMO0EmQaUkLHZAg9SwVJQIf5/NopPrPKAMdS2RIGz9XfEzlJtJ4kke1MiBnpZW8m/uf1MhNfhTkTaWZA0MWiOOPYSDx7HQ+YAmr4xBJCFbO3YjoiilBjA6rYEPzll1dJUHf9httwfc9z/buLWvO6CKWMTtApOkc+ukRNdItaqI0oekTP6BW9OdJ5cd6dj0VrySlmjtEfOJ8/wa+QIQ==</latexit> ` 2
-n

or
m <latexit sha1_base64="cpzyia10td2AmVd5LZ5+8JiIszI=">AAACA3icbVA7T8MwGHTKq5RXeGwsFhUSU5QgVBgrWBiLRGmlJkSO47RWHSeyHaQSRfwVFgYYESt/go1/g9NmgJaTLJ/uvk8+X5AyKpVtfxu1peWV1bX6emNjc2t7x9zdu5NJJjDp4oQloh8gSRjlpKuoYqSfCoLigJFeML4q/d4DEZIm/FZNUuLFaMhpRDFSWvLNAzdIWCgnsb7yUeE79zkrfLNpW/YUcJE4FWmCCh3f/HLDBGcx4QozJOXAsVPl5UgoihkpGm4mSYrwGA3JQFOOYiK9fJq+gMdaCWGUCH24glP190aOYlkG1JMxUiM575Xif94gU9GFl1OeZopwPHsoyhhUCSyrgCEVBCs20QRhQXVWiEdIIKx0YQ1dgjP/5UXinlpOy2pZjm1bzs1Zs31ZlVIHh+AInAAHnIM2uAYd0AUYPIJn8ArejCfjxXg3PmajNaPa2Qd/YHz+AO99lvk=</latexit>

hl
1

<latexit sha1_base64="GmjTPswhi5+XK+YPvLFwdbHXUDg=">AAACC3icbVC7TsMwFHV4lvIKMMJgUSExRQlChbGChbFIlFZqQuQ4TmvVcYLtIFVRFhZ+hYUBRsTKD7DxNzhtBmg5kuWjc+7VvfcEKaNS2fa3sbC4tLyyWlurr29sbm2bO7u3MskEJh2csET0AiQJo5x0FFWM9FJBUBww0g1Gl6XffSBC0oTfqHFKvBgNOI0oRkpLvnngBgkL5TjWXz4s/Fy5nNxDp7jLWeGbDduyJ4DzxKlIA1Ro++aXGyY4iwlXmCEp+46dKi9HQlHMSFF3M0lShEdoQPqachQT6eWTKwp4pJUQRonQjys4UX935CiW5aK6MkZqKGe9UvzP62cqOvdyytNMEY6ng6KMQZXAMhIYUkGwYmNNEBZU7wrxEAmElQ6urkNwZk+eJ+6J5TStpuXYtuVcnzZaF1UoNbAPDsExcMAZaIEr0AYdgMEjeAav4M14Ml6Md+NjWrpgVD174A+Mzx9JOJp1</latexit>

hl
t 6=1

Hidden states
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• QK angle matters

Massive activations

Pre-LN

Multi-Head Self-
Attention (MHSA)
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LM pre-training
Optimization Data distribution

Loss function

Model architecture
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Sink on the 
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• Key of the first token is 
distributed in a different 
manifold

• Attention sink even exists in Pythia-14M
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overfitting overfitting

• Small Learning rates 
mitigate attention sink

• Attention sink emerges after training on sufficient unique training data
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L2 regularization

• Weight decay encourages 
attention sink
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More prefix tokens

• Sink token shifts from the first position to 
other positions within the prefix  

• Attention sink appears on the absolute, not 
the relative first token

Find more interesting conclusions in our paper!
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<latexit sha1_base64="t8yEiy5GTZzbVnNqBSRnoO/S8I0=">AAACAXicbVC9TsMwGHT4LeUvlJHFokJCDFGCUGGsYGEsEqWVmlA5jttadezIdiqqKK/CwgAjYuUt2HgbnDYDtJxk+XT3ffL5woRRpV3321pZXVvf2KxsVbd3dvf27YPagxKpxKSNBROyGyJFGOWkralmpJtIguKQkU44vin8zoRIRQW/19OEBDEacjqgGGkj9e2aHwoWqWlsrmySP2Zned+uu447A1wmXknqoESrb3/5kcBpTLjGDCnV89xEBxmSmmJG8qqfKpIgPEZD0jOUo5ioIJtlz+GJUSI4ENIcruFM/b2RoVgV8cxkjPRILXqF+J/XS/XgKsgoT1JNOJ4/NEgZ1AIWRcCISoI1mxqCsKQmK8QjJBHWpq6qKcFb/PIy8c8dr+E0HM91He/uot68LkupgCNwDE6BBy5BE9yCFmgDDJ7AM3gFb1ZuvVjv1sd8dMUqdw7BH1ifP2jtliE=</latexit>

v⇤

Default

Block

Attention biases

<latexit sha1_base64="VT+iunVTCDNCwulJ5I4u37i4Jhg=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0iKVI9FLx4r2FpoQtlsJ+3azW7Y3Qgl9D948aBH8eqf8ea/cdvmoK0PBh7vzTAzL0o508bzvp3S2vrG5lZ5u7Kzu7d/UD086miZKQptKrlU3Yho4ExA2zDDoZsqIEnE4SEa38z8hydQmklxbyYphAkZChYzSoyVOgFw3q/3qzXP9ebAq8QvSA0VaPWrX8FA0iwBYSgnWvd8LzVhTpRhlMO0EmQaUkLHZAg9SwVJQIf5/NopPrPKAMdS2RIGz9XfEzlJtJ4kke1MiBnpZW8m/uf1MhNfhTkTaWZA0MWiOOPYSDx7HQ+YAmr4xBJCFbO3YjoiilBjA6rYEPzll1dJUHf9httwfc9z/buLWvO6CKWMTtApOkc+ukRNdItaqI0oekTP6BW9OdJ5cd6dj0VrySlmjtEfOJ8/wa+QIQ==</latexit> ` 2
-N

or
m

 R
at

io softmax
sigmoid,.

Block

Scale up to 1B LLMs

• Large attention scores  

<latexit sha1_base64="yRGP449aaIQJ94XLnblOWJY96kQ=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0hEqseiF48VrBaaUDbbSbt0dxN3N0IJ/QtePOhRvPpvvPlv3LQ5aOuDgcd7M8zMi1LOtPG8b6eysrq2vlHdrG1t7+zu1fcP7nWSKQodmvBEdSOigTMJHcMMh26qgIiIw0M0vi78hydQmiXyzkxSCAUZShYzSkwhBRIe+/WG53oz4GXil6SBSrT79a9gkNBMgDSUE617vpeaMCfKMMphWgsyDSmhYzKEnqWSCNBhPrt1ik+sMsBxomxJg2fq74mcCK0nIrKdgpiRXvQK8T+vl5n4MsyZTDMDks4XxRnHJsHF43jAFFDDJ5YQqpi9FdMRUYQaG0/NhuAvvrxMgjPXb7pN1/c81789b7SuylCq6Agdo1PkowvUQjeojTqIohF6Rq/ozRHOi/PufMxbK045c4j+wPn8AZ/Uj4M=</latexit>

6=

important in semantic
• Attention sink adjusts dependence 

among other tokens

<latexit sha1_base64="7ifRMGmnT/79ObV3mUjh+K+cSG4="></latexit>

v†
i =

iX

j=1

sigmoid(
qik

>
jp

dh
)vj

<latexit sha1_base64="DM3QqIKKD8o4icLBBKtqJa+A4wE="></latexit>

v†
i =

iX

j=1

mlp(qi)mlp(kj)>p
dh

vj

• No normalization • Allow negative attention


