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How many friends do you have?
You have more friends than I do  

(at least on average)

😉😉

Friendship paradox



Sadamori Kojaku, Jisung Yoon, Isabel Constantino, and Yong-Yeol Ahn. Residual2Vec: Debiasing graph embedding with random graphs. NeurIPS (2021)

😘 😜
A B

😉😉
In which friend list am I  

likely to appear?
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3 times more likely  
to appear in the  

B’s friend list
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Friendship paradox
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…because more friends someone has,  
more likely the someone appears in your friend list.

Your friends have more friends than you do  
(on average)

Can introduce biases in graph embeddings
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📣 Sadamori Kojaku Jisung Yoon Isabel Constantino Yong-Yeol Ahn

Residual2Vec: 
Debiasing graph embedding  
using random graphs

https://arxiv.org/abs/2110.07654
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Graph embedding
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Sequence  
of nodes

Embed by  
word2vec

Word embedding
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Sequence  
of nodes

How to generate 
 the sequence from a graph?
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Random walker
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Friendship paradox

The walker is likely to visit a node with many friends.

Following edges is a biased sampling that preferentially  
leads the walker to nodes with many neighbors.
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Toy example

Core Periphery

A B
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Toy example

Core Periphery

A B
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Toy example

Core Periphery

A B

Core nodes are overrepresented   
due to the friendship paradox!
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Does the sampling bias have 
negative impact?

word2vec trained with negative 
sampling has an overlooked built-

in debiasing feature!

We demonstrate how to leverage 
this feature to debias other biases!
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Negative Sampling is used for training word2vec*
Simplified

*Mikolov, Tomas, Ilya Sutskever, Kai Chen, Greg Corrado, and Jeffrey Dean. 2013. “InDistributed Representations of Words and Phrases and Their Compositionality.” In Advances in Neural Information 
Processing Systems, 1389–99.

Noise Contrastive Estimation (NCE) 💪💪
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Noise Contrastive Estimation (NCE) 💪💪

*Gutmann, Michael, and Aapo Hyvärinen. 2010. “Noise-Contrastive Estimation: A New Estimation Principle for Unnormalized Statistical Models.” In Proceedings of the Thirteenth International 
Conference on Artificial Intelligence and Statistics, edited by Yee Whye Teh and Mike Titterington, 9:297–304. Proceedings of Machine Learning Research. Chia Laguna Resort, Sardinia, Italy: PMLR.
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*Gutmann, Michael, and Aapo Hyvärinen. 2010. “Noise-Contrastive Estimation: A New Estimation Principle for Unnormalized Statistical Models.” In Proceedings of the Thirteenth International 
Conference on Artificial Intelligence and Statistics, edited by Yee Whye Teh and Mike Titterington, 9:297–304. Proceedings of Machine Learning Research. Chia Laguna Resort, Sardinia, Italy: PMLR.
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*Gutmann, Michael, and Aapo Hyvärinen. 2010. “Noise-Contrastive Estimation: A New Estimation Principle for Unnormalized Statistical Models.” In Proceedings of the Thirteenth International 
Conference on Artificial Intelligence and Statistics, edited by Yee Whye Teh and Mike Titterington, 9:297–304. Proceedings of Machine Learning Research. Chia Laguna Resort, Sardinia, Italy: PMLR.
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P (Y = 1|x)

<latexit sha1_base64="I0H3ia0Tn/mhw3QFnaQuhl2C+W8=">AAACBHicbVDLSsNAFJ34rPUVdSHqZrAI7aYkItiNUHTjsoK1xSaUyXTSDp1MwsxEWkLAjb/ixoWCuPUbxJ1u3PoZTh8LbT1w4XDOvdx7jxcxKpVlfRgzs3PzC4uZpezyyuraurmxeSXDWGBSxSELRd1DkjDKSVVRxUg9EgQFHiM1r3s28Gs3REga8kvVj4gboDanPsVIaalp7lbyvcKJ4wuEEztNrlOH9KK8r8VC08xZRWsIOE3sMcmVS19v25/fO5Wm+e60QhwHhCvMkJQN24qUmyChKGYkzTqxJBHCXdQmDU05Coh0k+EPKTzQSgv6odDFFRyqvycSFEjZDzzdGSDVkZPeQPzPa8TKL7kJ5VGsCMejRX7MoArhIBDYooJgxfqaICyovhXiDtJ5KB1bVodgT748TWqHRfuoaFsXOo5TMEIG7IF9kAc2OAZlcA4qoAowuAX34BE8GXfGg/FsvIxaZ4zxzBb4A+P1B2uVmu4=</latexit>

P (x) =
1

Z
exp(f(x))

asymptomatically 
unbiased for

Also unbiased for  
a general model 

*Gutmann, Michael, and Aapo Hyvärinen. 2010. “Noise-Contrastive Estimation: A New Estimation Principle for Unnormalized Statistical Models.” In Proceedings of the Thirteenth International 
Conference on Artificial Intelligence and Statistics, edited by Yee Whye Teh and Mike Titterington, 9:297–304. Proceedings of Machine Learning Research. Chia Laguna Resort, Sardinia, Italy: PMLR.
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Noise Contrastive Estimation (NCE)

<latexit sha1_base64="I0H3ia0Tn/mhw3QFnaQuhl2C+W8=">AAACBHicbVDLSsNAFJ34rPUVdSHqZrAI7aYkItiNUHTjsoK1xSaUyXTSDp1MwsxEWkLAjb/ixoWCuPUbxJ1u3PoZTh8LbT1w4XDOvdx7jxcxKpVlfRgzs3PzC4uZpezyyuraurmxeSXDWGBSxSELRd1DkjDKSVVRxUg9EgQFHiM1r3s28Gs3REga8kvVj4gboDanPsVIaalp7lbyvcKJ4wuEEztNrlOH9KK8r8VC08xZRWsIOE3sMcmVS19v25/fO5Wm+e60QhwHhCvMkJQN24qUmyChKGYkzTqxJBHCXdQmDU05Coh0k+EPKTzQSgv6odDFFRyqvycSFEjZDzzdGSDVkZPeQPzPa8TKL7kJ5VGsCMejRX7MoArhIBDYooJgxfqaICyovhXiDtJ5KB1bVodgT748TWqHRfuoaFsXOo5TMEIG7IF9kAc2OAZlcA4qoAowuAX34BE8GXfGg/FsvIxaZ4zxzBb4A+P1B2uVmu4=</latexit>

P (x) =
1

Z
exp(f(x))

<latexit sha1_base64="r5I8izpGsaYWpllqg0UNlslXGJ0="></latexit>

P (Y = 1|x) = 1

1 + exp(�f(x) + lnP0(x) + c)

<latexit sha1_base64="h5m0+pURIgE7eQrI1utXEcvSUhQ=">AAAB9XicbVDLSgMxFL3js9ZX1aWb0CJUhDIjgm6EohuXFaytdIaSSTNtaCYzJpniMPQvBDcuFMSt/+Kuf2P6WGjrgcDhnHO5N8ePOVPatkfW0vLK6tp6biO/ubW9s1vY279XUSIJrZOIR7LpY0U5E7Sumea0GUuKQ5/Tht+/HvuNAZWKReJOpzH1QtwVLGAEayN5tfLDpeOagEZPx+1Cya7YE6BF4sxIqVp0T55H1bTWLny7nYgkIRWacKxUy7Fj7WVYakY4HebdRNEYkz7u0pahAodUednk6CE6MkoHBZE0T2g0UX9PZDhUKg19kwyx7ql5byz+57USHVx4GRNxoqkg00VBwpGO0LgB1GGSEs1TQzCRzNyKSA9LTLTpKW9KcOa/vEgapxXnrOLYt6aOK5giB4dQhDI4cA5VuIEa1IHAI7zAG7xbA+vV+rA+p9ElazZzAH9gff0A9t2UXA==</latexit>

P (Y = 1|x)

<latexit sha1_base64="bns1VPSKBsxyR2dX/ZlGv9JE698="></latexit>

P (Y = 1|x) = 1

1 + exp [�(f(x) + lnP0(x)) + lnP0(x) + c]

Negative sampling*

<latexit sha1_base64="6kvhV02+6NsxR/DQBLunTq+V+XE=">AAACC3icbZC9S8NAGMYv9avWr6iDiEu0iO1SEhHsIhRdHCNYW2xCuVwv7dHLJdxdpCVkdvFfcXFQEFd3cdPF1T/D68egrQ8c/Hje9+W99/EiSoQ0zQ8tMzM7N7+QXcwtLa+srunrG1cijDnCVRTSkNc9KDAlDFclkRTXI45h4FFc87png3rtBnNBQnYp+xF2A9hmxCcISmU19V270CueOD6HKLHS5PogtZumshzciwq+gmJTz5slcyhjGqwx5Cvlr7etz+9tu6m/O60QxQFmElEoRMMyI+kmkEuCKE5zTixwBFEXtnFDIYMBFm4yPCU19pXTMvyQq8ekMXR/TyQwEKIfeKozgLIjJmsD879aI5Z+2U0Ii2KJGRot8mNqyNAY5GK0CMdI0r4CiDhRfzVQB6pYpEovp0KwJk+ehtphyToqWeaFiuMUjJQFO2APFIAFjkEFnAMbVAECt+AePIIn7U570J61l1FrRhvPbII/0l5/AG+NnQM=</latexit>

P (x) =
1

Z 0P0(x) exp(f(x))

<latexit sha1_base64="eRvlQV4nG3sHsPOvMK4w5U2/Q98=">AAAB7XicbVBNS8NAEJ3Ur1q/oh69LC1iRSiJCHosevFYwdhCG8pmu2mXbjZhdyOG0N/gpQcF8er/8dZ/4/bjoK0PBh7vzTAzL0g4U9pxJlZhbX1jc6u4XdrZ3ds/sA+PnlScSkI9EvNYtgKsKGeCepppTluJpDgKOG0Gw7up33ymUrFYPOosoX6E+4KFjGBtJC88q76cd+2KU3NmQKvEXZBKvdy5GE/qWaNrf3d6MUkjKjThWKm26yTaz7HUjHA6KnVSRRNMhrhP24YKHFHl57NjR+jUKD0UxtKU0Gim/p7IcaRUFgWmM8J6oJa9qfif1051eOPnTCSppoLMF4UpRzpG089Rj0lKNM8MwUQycysiAywx0SafkgnBXX55lTQva+5VzXUeTBy3MEcRTqAMVXDhGupwDw3wgACDV3iDd0tYY+vD+py3FqzFzDH8gfX1A4GokUU=</latexit>

f 0(x)

asymptomatically 
unbiased for

<latexit sha1_base64="XWZtyFiHej4zq2ocTziZE1c7/oQ=">AAACBnicbVC7SgNBFJ31GeNr1UJEi8EgSZqwK4JphKCNZQRjgtklzE5mkyGzs8vMrCQsaWz8FRsLBbH1E8ROG1s/w8mj0MQDFw7n3Mu993gRo1JZ1ocxMzs3v7CYWkovr6yurZsbm1cyjAUmFRyyUNQ8JAmjnFQUVYzUIkFQ4DFS9TpnA796Q4SkIb9UvYi4AWpx6lOMlJYa5l45182fOL5AOLH7yXW275BulPOzWs43zIxVsIaA08Qek0yp+PW2/fm9U26Y704zxHFAuMIMSVm3rUi5CRKKYkb6aSeWJEK4g1qkrilHAZFuMvyiDw+00oR+KHRxBYfq74kEBVL2Ak93Bki15aQ3EP/z6rHyi25CeRQrwvFokR8zqEI4iAQ2qSBYsZ4mCAuqb4W4jXQiSgeX1iHYky9Pk+phwT4q2NaFjuMUjJACu2Af5IANjkEJnIMyqAAMbsE9eARPxp3xYDwbL6PWGWM8swX+wHj9ATxUm1A=</latexit>

P (x) =
1

Z 0 exp(f
0(x))

<latexit sha1_base64="r5I8izpGsaYWpllqg0UNlslXGJ0="></latexit>

P (Y = 1|x) = 1

1 + exp(�f(x) + lnP0(x) + c)

<latexit sha1_base64="h5m0+pURIgE7eQrI1utXEcvSUhQ=">AAAB9XicbVDLSgMxFL3js9ZX1aWb0CJUhDIjgm6EohuXFaytdIaSSTNtaCYzJpniMPQvBDcuFMSt/+Kuf2P6WGjrgcDhnHO5N8ePOVPatkfW0vLK6tp6biO/ubW9s1vY279XUSIJrZOIR7LpY0U5E7Sumea0GUuKQ5/Tht+/HvuNAZWKReJOpzH1QtwVLGAEayN5tfLDpeOagEZPx+1Cya7YE6BF4sxIqVp0T55H1bTWLny7nYgkIRWacKxUy7Fj7WVYakY4HebdRNEYkz7u0pahAodUednk6CE6MkoHBZE0T2g0UX9PZDhUKg19kwyx7ql5byz+57USHVx4GRNxoqkg00VBwpGO0LgB1GGSEs1TQzCRzNyKSA9LTLTpKW9KcOa/vEgapxXnrOLYt6aOK5giB4dQhDI4cA5VuIEa1IHAI7zAG7xbA+vV+rA+p9ElazZzAH9gff0A9t2UXA==</latexit>

P (Y = 1|x)

asymptomatically 
unbiased for
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Negative sampling

<latexit sha1_base64="6kvhV02+6NsxR/DQBLunTq+V+XE=">AAACC3icbZC9S8NAGMYv9avWr6iDiEu0iO1SEhHsIhRdHCNYW2xCuVwv7dHLJdxdpCVkdvFfcXFQEFd3cdPF1T/D68egrQ8c/Hje9+W99/EiSoQ0zQ8tMzM7N7+QXcwtLa+srunrG1cijDnCVRTSkNc9KDAlDFclkRTXI45h4FFc87png3rtBnNBQnYp+xF2A9hmxCcISmU19V270CueOD6HKLHS5PogtZumshzciwq+gmJTz5slcyhjGqwx5Cvlr7etz+9tu6m/O60QxQFmElEoRMMyI+kmkEuCKE5zTixwBFEXtnFDIYMBFm4yPCU19pXTMvyQq8ekMXR/TyQwEKIfeKozgLIjJmsD879aI5Z+2U0Ii2KJGRot8mNqyNAY5GK0CMdI0r4CiDhRfzVQB6pYpEovp0KwJk+ehtphyToqWeaFiuMUjJQFO2APFIAFjkEFnAMbVAECt+AePIIn7U570J61l1FrRhvPbII/0l5/AG+NnQM=</latexit>

P (x) =
1

Z 0P0(x) exp(f(x))

word2vec trained with Skip-gram
(SGNS) is asymptomatically unbiased for

Baseline probability Residual from the baseline

Built-in debiasing feature for frequency bias! 

<latexit sha1_base64="XclDkETB0cxR5ylUWv6B2+GzNxs="></latexit>

⇠ P0( ) / {Frequency of }�😎 😎

😘😎😘😎

<latexit sha1_base64="6z14EIXaUH/51fQCKdf7BgvS8bE="></latexit>

Pw2v ( | ) =
1

Z
P0( ) exp

�
u>v

�
😎

😳

Information other than frequency
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The friendship paradox has no effect thanks to the built-in 
debiasing feature of SGNS word2vec if sada.

Sampling bias due to the friendship paradox*

😎

*Masuda, Naoki, Mason A. Porter, and Renaud Lambiotte. "Random walks and diffusion on networks." Physics reports 716 (2017): 1-58.

😘😎😘😎

<latexit sha1_base64="6z14EIXaUH/51fQCKdf7BgvS8bE="></latexit>

Pw2v ( | ) =
1

Z
P0( ) exp

�
u>v

�
😎

<latexit sha1_base64="XclDkETB0cxR5ylUWv6B2+GzNxs="></latexit>

⇠ P0( ) / {Frequency of }�😎 😎

<latexit sha1_base64="UwGHqCROCb7AWKB3gU+IwqBW9jQ=">AAAB8nicdVDLSgNBEJyNrxhfUY+KDAbB07IbgvEiBL14TMCYYLKE3skkGTIzu8zMCiHk6B948aAgXv2AfIc3v8GfcJIo+CxoKKq66e4KY8608bxXJzU3v7C4lF7OrKyurW9kN7cudZQoQqsk4pGqh6ApZ5JWDTOc1mNFQYSc1sL+2cSvXVOlWSQvzCCmgYCuZB1GwFjpqtkFIQCfYL+VzXluIV84Kubxb+K73hS50u648nazNy63si/NdkQSQaUhHLRu+F5sgiEowwino0wz0TQG0ocubVgqQVAdDKcXj/CBVdq4Eylb0uCp+nViCELrgQhtpwDT0z+9ifiX10hM5zgYMhknhkoyW9RJODYRnryP20xRYvjAEiCK2Vsx6YECYmxIGRvC56f4f1LLu37B9b2KjeMUzZBGO2gfHSIfFVEJnaMyqiKCJLpF9+jB0c6d8+g8zVpTzsfMNvoG5/kdIt2UFQ==</latexit>

� = 1

<latexit sha1_base64="h8VCTZpxIYB7qzLWjZ8TcTxoCBA="></latexit>

⇢
Frequency of
in the sentence

�

<latexit sha1_base64="eJps5l90tFeKPPJjC6YvxUL/SYE="></latexit>

⇢
# neighbors of

in the graph

�
😎

<latexit sha1_base64="HnPQVTEGwTmAt0nFNMtQbA4gJgc=">AAAB73icbZDLSgMxFIYzXut4q7p0EyyCqzIjgm7EohuXFaxTaIeSSdM2NJOE5IxQhj6EGxcKIrjySdy7Ed/G9LLQ1h8CH/9/DjnnJFpwC0Hw7S0sLi2vrBbW/PWNza3t4s7unVWZoaxGlVCmnhDLBJesBhwEq2vDSJoIFiX9q1Ee3TNjuZK3MNAsTklX8g6nBJwVNbVRGlSrWArKwVh4HsIplC4+/HP99uVXW8XPZlvRLGUSqCDWNsJAQ5wTA5wKNvSbmWWa0D7psoZDSVJm43w87hAfOqeNO8q4JwGP3d8dOUmtHaSJq0wJ9OxsNjL/yxoZdM7inEudAZN08lEnExgUHu2O29wwCmLggFDD3ayY9oghFNyFfHeEcHbleYiOy+FJOQxuglLlEk1UQPvoAB2hEJ2iCrpGVVRDFPXRA3pCz572Hr0X73VSuuBNe/bQH3nvP53/kzU=</latexit>

/

🤯
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Residual2Vec

<latexit sha1_base64="5uIRaVq0TpyxrztC+x+9sWuy4rY="></latexit>

Pr2v( | ) =
1

Z
P0( | ) exp(u>v)

😘 😎
😘😎 😘😎

Model the baseline 
explicitly to control bias
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<latexit sha1_base64="5uIRaVq0TpyxrztC+x+9sWuy4rY="></latexit>

Pr2v( | ) =
1

Z
P0( | ) exp(u>v)

😘 😎
😘😎 😘😎

Residual2Vec

😃

😎

😃
😃

😃

😃

😘
😀 😀😀

😀😀

😀

😜😉 😘😜😃…

Random  
walks

<latexit sha1_base64="EmfHZouizv2tAKwm9bkpzx06zjo=">AAACAHicbVDNSsNAGNzUv1r/ooIXL0uLUBFKIoIei148VrC20ISw2WzapZtN3N0IIfbgO/gEXjwoiFcfw1vfxm3ag7YOLAwz8/F9O37CqFSWNTZKS8srq2vl9crG5tb2jrm7dyfjVGDSxjGLRddHkjDKSVtRxUg3EQRFPiMdf3g18TsPREga81uVJcSNUJ/TkGKktOSZBy3Pqjv3KQqgo3MKFvzYM2tWwyoAF4k9I7Vm1Tl5Hjezlmd+O0GM04hwhRmSsmdbiXJzJBTFjIwqTipJgvAQ9UlPU44iIt28uH8Ej7QSwDAW+nEFC/X3RI4iKbPI18kIqYGc9ybif14vVeGFm1OepIpwPF0UpgyqGE7KgAEVBCuWaYKwoPpWiAdIIKx0ZRVdgj3/5UXSOW3YZw3butF1XIIpyuAQVEEd2OAcNME1aIE2wOARvIA38G48Ga/Gh/E5jZaM2cw++APj6wdB3Jhl</latexit>

P0( | )😘😎

Randomize

😎 😜

😘

😃

😃

😃

😃

😃

😉

😀 😀

😀

😀
😀

😀

Can be done analytically without simulations!

How can we model the baseline?
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Dimension, K

Link prediction Community detection

G

H

r2v-config (w/ oÆset)

r2v-config (w/o oÆset)

node2vec (q=1)

node2vec (q = 0.5)

node2vec (q = 2)

DeepWalk

Fairwalk

Glove (w/ oÆset)

Glove (w/o oÆset)

NetMF

LEM

GCN

GraphSAGE

GAT

OÆset zi + zj

residual2vec

Performed the best or nearly the best for all 
the six graphs of different domains
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The best or the second 
best performer for a 
community detection 

benchmark

Link prediction Community detection

G

H

Link prediction Community detection

G

H
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Case studies

Issue

Citation 
(weighted)

Citation graph of academic issues

240K issues and 250M citations
Constructed using the Web of Science
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Glove*
Year of issues

Subject of issues

Issue

Citation 
(weighted)

*Jeffrey Pennington, Richard Socher, and Christopher D. Manning. "Glove: Global vectors for word representation." Proceedings of the 2014 conference on 
empirical methods in natural language processing (EMNLP). 2014.
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Year of issues

Subject of issues

Residual2Vec 
(temporal biases are debiased) Glove
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Predicted the impact factor and 
the subject of journals well
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Summary

word2vec has a built-in debiasing feature 
attributed to negative sampling

Inspired by this finding, propose residual2vec that 
can negate other types of structural biases

Good performance and enable more control on  
the biases in embedding.
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Discussion

We demonstrated a new potential of 
negative sampling as a way to  

mitigate bias in representations

This figure is taken from https://www.bbc.co.uk/programmes/w3ct1ls5

https://www.bbc.co.uk/programmes/w3ct1ls5
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github.com/skojaku/residual2vec 📧 skojaku@iu.edu

Residual2Vec: 
Debiasing graph embedding 
using random graphs

Sadamori Kojaku Jisung Yoon Isabel Constantino Yong-Yeol Ahn

https://arxiv.org/abs/2110.07654

http://github.com/skojaku/cidre

