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Fig. 5. (a): 1st layer features without feature scale clipping. Note that one feature dom-
inates. (b): 1st layer features from Krizhevsky et al. [18]. (c): Our 1st layer features. The
smaller stride (2 vs 4) and filter size (7x7 vs 11x11) results in more distinctive features
and fewer “dead” features. (d): Visualizations of 2nd layer features from Krizhevsky
et al. [18]. (e): Visualizations of our 2nd layer features. These are cleaner, with no
aliasing artifacts that are visible in (d).

1 & 2). This model, shown in Fig. 3, significantly outperforms the architecture
of Krizhevsky et al. [18], beating their single model result by 1.7% (test top-5).
When we combine multiple models, we obtain a test error of 14.8%, an improve-
ment of 1.6%. This result is close to that produced by the data-augmentation
approaches of Howard [15], which could easily be combined with our architec-
ture. However, our model is some way short of the winner of the 2013 Imagenet
classification competition [28].

Table 1. ImageNet 2012/2013 classification error rates. The ∗ indicates models that
were trained on both ImageNet 2011 and 2012 training sets.

Val Val Test
Error % Top-1 Top-5 Top-5

Gunji et al. [12] - - 26.2
DeCAF [7] - - 19.2
Krizhevsky et al. [18], 1 convnet 40.7 18.2 −−
Krizhevsky et al. [18], 5 convnets 38.1 16.4 16.4
Krizhevsky et al. ∗[18], 1 convnets 39.0 16.6 −−
Krizhevsky et al. ∗[18], 7 convnets 36.7 15.4 15.3

Our replication of
Krizhevsky et al. , 1 convnet 40.5 18.1 −−
1 convnet as per Fig. 3 38.4 16.5 −−
5 convnets as per Fig. 3 – (a) 36.7 15.3 15.3
1 convnet as per Fig. 3 but with
layers 3,4,5: 512,1024,512 maps – (b) 37.5 16.0 16.1
6 convnets, (a) & (b) combined 36.0 14.7 14.8

Howard [15] - - 13.5
Clarifai [28] - - 11.7

Varying ImageNet Model Sizes: In Table 2, we first explore the architecture
of Krizhevsky et al. [18] by adjusting the size of layers, or removing them entirely.
In each case, the model is trained from scratch with the revised architecture.
Removing the fully connected layers (6,7) only gives a slight increase in error (in
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• Architectural similarity between CNNs and visual cortex


• Similarity of the receptive fields of CNNs and direction selective cells



Does brain do backpropagation?
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The update rule is non-local
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Iµ � information available to cell µ
<latexit sha1_base64="nz39xb4PEkuJlPwHDmHeJxN3cz4=">AAACG3icbVDLSgMxFM3UV62vqks3wVZwY5kpgi6LbnRXwT6gLUMmvdOGJjNDkimWof/hxl9x40IRV4IL/8ZMOwttvRA4nHPvzT3HizhT2ra/rdzK6tr6Rn6zsLW9s7tX3D9oqjCWFBo05KFse0QBZwE0NNMc2pEEIjwOLW90neqtMUjFwuBeTyLoCTIImM8o0YZyi9VbtytifIa7Gh50wgI/lGKmYTImjBOzCOsQU+Acl01reeoWS3bFnhVeBk4GSiirulv87PZDGgsINOVEqY5jR7qXEKkZ5TAtdGMFEaEjMoCOgQERoHrJzNsUnximj81V5gUaz9jfEwkRSk2EZzrN3UO1qKXkf1on1v5lzxiOYg0BnX/kxzw1mwaF+0wC1XxiAKGSmVsxHRJJqDZxFkwIzqLlZdCsVhy74tydl2pXWRx5dISO0Sly0AWqoRtURw1E0SN6Rq/ozXqyXqx362PemrOymUP0p6yvHy4IoNs=</latexit><latexit sha1_base64="nz39xb4PEkuJlPwHDmHeJxN3cz4=">AAACG3icbVDLSgMxFM3UV62vqks3wVZwY5kpgi6LbnRXwT6gLUMmvdOGJjNDkimWof/hxl9x40IRV4IL/8ZMOwttvRA4nHPvzT3HizhT2ra/rdzK6tr6Rn6zsLW9s7tX3D9oqjCWFBo05KFse0QBZwE0NNMc2pEEIjwOLW90neqtMUjFwuBeTyLoCTIImM8o0YZyi9VbtytifIa7Gh50wgI/lGKmYTImjBOzCOsQU+Acl01reeoWS3bFnhVeBk4GSiirulv87PZDGgsINOVEqY5jR7qXEKkZ5TAtdGMFEaEjMoCOgQERoHrJzNsUnximj81V5gUaz9jfEwkRSk2EZzrN3UO1qKXkf1on1v5lzxiOYg0BnX/kxzw1mwaF+0wC1XxiAKGSmVsxHRJJqDZxFkwIzqLlZdCsVhy74tydl2pXWRx5dISO0Sly0AWqoRtURw1E0SN6Rq/ozXqyXqx362PemrOymUP0p6yvHy4IoNs=</latexit><latexit sha1_base64="nz39xb4PEkuJlPwHDmHeJxN3cz4=">AAACG3icbVDLSgMxFM3UV62vqks3wVZwY5kpgi6LbnRXwT6gLUMmvdOGJjNDkimWof/hxl9x40IRV4IL/8ZMOwttvRA4nHPvzT3HizhT2ra/rdzK6tr6Rn6zsLW9s7tX3D9oqjCWFBo05KFse0QBZwE0NNMc2pEEIjwOLW90neqtMUjFwuBeTyLoCTIImM8o0YZyi9VbtytifIa7Gh50wgI/lGKmYTImjBOzCOsQU+Acl01reeoWS3bFnhVeBk4GSiirulv87PZDGgsINOVEqY5jR7qXEKkZ5TAtdGMFEaEjMoCOgQERoHrJzNsUnximj81V5gUaz9jfEwkRSk2EZzrN3UO1qKXkf1on1v5lzxiOYg0BnX/kxzw1mwaF+0wC1XxiAKGSmVsxHRJJqDZxFkwIzqLlZdCsVhy74tydl2pXWRx5dISO0Sly0AWqoRtURw1E0SN6Rq/ozXqyXqx362PemrOymUP0p6yvHy4IoNs=</latexit><latexit sha1_base64="nz39xb4PEkuJlPwHDmHeJxN3cz4=">AAACG3icbVDLSgMxFM3UV62vqks3wVZwY5kpgi6LbnRXwT6gLUMmvdOGJjNDkimWof/hxl9x40IRV4IL/8ZMOwttvRA4nHPvzT3HizhT2ra/rdzK6tr6Rn6zsLW9s7tX3D9oqjCWFBo05KFse0QBZwE0NNMc2pEEIjwOLW90neqtMUjFwuBeTyLoCTIImM8o0YZyi9VbtytifIa7Gh50wgI/lGKmYTImjBOzCOsQU+Acl01reeoWS3bFnhVeBk4GSiirulv87PZDGgsINOVEqY5jR7qXEKkZ5TAtdGMFEaEjMoCOgQERoHrJzNsUnximj81V5gUaz9jfEwkRSk2EZzrN3UO1qKXkf1on1v5lzxiOYg0BnX/kxzw1mwaF+0wC1XxiAKGSmVsxHRJJqDZxFkwIzqLlZdCsVhy74tydl2pXWRx5dISO0Sly0AWqoRtURw1E0SN6Rq/ozXqyXqx362PemrOymUP0p6yvHy4IoNs=</latexit>

Ii � information available to cell i
<latexit sha1_base64="IdB9RXM4PqQLTGvygWPlalLjpxQ=">AAACF3icbVDLSsNAFJ34rPUVdelmsBXcGBIRdFl0o7sK9gFtCJPpTTt08mBmUiylf+HGX3HjQhG3uvNvnKRZaOuFgcM599655/gJZ1LZ9rextLyyurZe2ihvbm3v7Jp7+00Zp4JCg8Y8Fm2fSOAsgoZiikM7EUBCn0PLH15nemsEQrI4ulfjBNyQ9CMWMEqUpjzTuvUYPsVdBQ9qwqIgFmGuYDIijBO9BqsYU+AcV1l16pkV27LzwovAKUAFFVX3zK9uL6ZpCJGinEjZcexEuRMiFKMcpuVuKiEhdEj60NEwIiFId5L7muJjzfSwvkm/SOGc/T0xIaGU49DXnfrqgZzXMvI/rZOq4NLVdpNUQURnHwUpz6xmIeEeE0AVH2tAqGD6VkwHRBCqdJRlHYIzb3kRNM8sx7acu/NK7aqIo4QO0RE6QQ66QDV0g+qogSh6RM/oFb0ZT8aL8W58zFqXjGLmAP0p4/MHyN+fCQ==</latexit><latexit sha1_base64="IdB9RXM4PqQLTGvygWPlalLjpxQ=">AAACF3icbVDLSsNAFJ34rPUVdelmsBXcGBIRdFl0o7sK9gFtCJPpTTt08mBmUiylf+HGX3HjQhG3uvNvnKRZaOuFgcM599655/gJZ1LZ9rextLyyurZe2ihvbm3v7Jp7+00Zp4JCg8Y8Fm2fSOAsgoZiikM7EUBCn0PLH15nemsEQrI4ulfjBNyQ9CMWMEqUpjzTuvUYPsVdBQ9qwqIgFmGuYDIijBO9BqsYU+AcV1l16pkV27LzwovAKUAFFVX3zK9uL6ZpCJGinEjZcexEuRMiFKMcpuVuKiEhdEj60NEwIiFId5L7muJjzfSwvkm/SOGc/T0xIaGU49DXnfrqgZzXMvI/rZOq4NLVdpNUQURnHwUpz6xmIeEeE0AVH2tAqGD6VkwHRBCqdJRlHYIzb3kRNM8sx7acu/NK7aqIo4QO0RE6QQ66QDV0g+qogSh6RM/oFb0ZT8aL8W58zFqXjGLmAP0p4/MHyN+fCQ==</latexit><latexit sha1_base64="IdB9RXM4PqQLTGvygWPlalLjpxQ=">AAACF3icbVDLSsNAFJ34rPUVdelmsBXcGBIRdFl0o7sK9gFtCJPpTTt08mBmUiylf+HGX3HjQhG3uvNvnKRZaOuFgcM599655/gJZ1LZ9rextLyyurZe2ihvbm3v7Jp7+00Zp4JCg8Y8Fm2fSOAsgoZiikM7EUBCn0PLH15nemsEQrI4ulfjBNyQ9CMWMEqUpjzTuvUYPsVdBQ9qwqIgFmGuYDIijBO9BqsYU+AcV1l16pkV27LzwovAKUAFFVX3zK9uL6ZpCJGinEjZcexEuRMiFKMcpuVuKiEhdEj60NEwIiFId5L7muJjzfSwvkm/SOGc/T0xIaGU49DXnfrqgZzXMvI/rZOq4NLVdpNUQURnHwUpz6xmIeEeE0AVH2tAqGD6VkwHRBCqdJRlHYIzb3kRNM8sx7acu/NK7aqIo4QO0RE6QQ66QDV0g+qogSh6RM/oFb0ZT8aL8W58zFqXjGLmAP0p4/MHyN+fCQ==</latexit><latexit sha1_base64="IdB9RXM4PqQLTGvygWPlalLjpxQ=">AAACF3icbVDLSsNAFJ34rPUVdelmsBXcGBIRdFl0o7sK9gFtCJPpTTt08mBmUiylf+HGX3HjQhG3uvNvnKRZaOuFgcM599655/gJZ1LZ9rextLyyurZe2ihvbm3v7Jp7+00Zp4JCg8Y8Fm2fSOAsgoZiikM7EUBCn0PLH15nemsEQrI4ulfjBNyQ9CMWMEqUpjzTuvUYPsVdBQ9qwqIgFmGuYDIijBO9BqsYU+AcV1l16pkV27LzwovAKUAFFVX3zK9uL6ZpCJGinEjZcexEuRMiFKMcpuVuKiEhdEj60NEwIiFId5L7muJjzfSwvkm/SOGc/T0xIaGU49DXnfrqgZzXMvI/rZOq4NLVdpNUQURnHwUpz6xmIeEeE0AVH2tAqGD6VkwHRBCqdJRlHYIzb3kRNM8sx7acu/NK7aqIo4QO0RE6QQ66QDV0g+qogSh6RM/oFb0ZT8aL8W58zFqXjGLmAP0p4/MHyN+fCQ==</latexit>

The update rule is local

! !

cell µ
<latexit sha1_base64="AWC6qH/yDtJmzXlDxhPE4mEwcV4=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4KokIeix68VjBfkATymY7bZduNmF3Uiyh/8SLB0W8+k+8+W/ctjlo64OBx3szzMyLUikMet63s7a+sbm1Xdop7+7tHxy6R8dNk2SaQ4MnMtHtiBmQQkEDBUpopxpYHEloRaO7md8agzYiUY84SSGM2UCJvuAMrdR13QDhCXMOUk4DGsRZ1614VW8Oukr8glRIgXrX/Qp6Cc9iUMglM6bjeymGOdMouIRpOcgMpIyP2AA6lioWgwnz+eVTem6VHu0n2pZCOld/T+QsNmYSR7YzZjg0y95M/M/rZNi/CXOh0gxB8cWifiYpJnQWA+0JDRzlxBLGtbC3Uj5kmnG0YZVtCP7yy6ukeVn1var/cFWp3RZxlMgpOSMXxCfXpEbuSZ00CCdj8kxeyZuTOy/Ou/OxaF1zipkT8gfO5w/LJ5O+</latexit><latexit sha1_base64="AWC6qH/yDtJmzXlDxhPE4mEwcV4=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4KokIeix68VjBfkATymY7bZduNmF3Uiyh/8SLB0W8+k+8+W/ctjlo64OBx3szzMyLUikMet63s7a+sbm1Xdop7+7tHxy6R8dNk2SaQ4MnMtHtiBmQQkEDBUpopxpYHEloRaO7md8agzYiUY84SSGM2UCJvuAMrdR13QDhCXMOUk4DGsRZ1614VW8Oukr8glRIgXrX/Qp6Cc9iUMglM6bjeymGOdMouIRpOcgMpIyP2AA6lioWgwnz+eVTem6VHu0n2pZCOld/T+QsNmYSR7YzZjg0y95M/M/rZNi/CXOh0gxB8cWifiYpJnQWA+0JDRzlxBLGtbC3Uj5kmnG0YZVtCP7yy6ukeVn1var/cFWp3RZxlMgpOSMXxCfXpEbuSZ00CCdj8kxeyZuTOy/Ou/OxaF1zipkT8gfO5w/LJ5O+</latexit><latexit sha1_base64="AWC6qH/yDtJmzXlDxhPE4mEwcV4=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4KokIeix68VjBfkATymY7bZduNmF3Uiyh/8SLB0W8+k+8+W/ctjlo64OBx3szzMyLUikMet63s7a+sbm1Xdop7+7tHxy6R8dNk2SaQ4MnMtHtiBmQQkEDBUpopxpYHEloRaO7md8agzYiUY84SSGM2UCJvuAMrdR13QDhCXMOUk4DGsRZ1614VW8Oukr8glRIgXrX/Qp6Cc9iUMglM6bjeymGOdMouIRpOcgMpIyP2AA6lioWgwnz+eVTem6VHu0n2pZCOld/T+QsNmYSR7YzZjg0y95M/M/rZNi/CXOh0gxB8cWifiYpJnQWA+0JDRzlxBLGtbC3Uj5kmnG0YZVtCP7yy6ukeVn1var/cFWp3RZxlMgpOSMXxCfXpEbuSZ00CCdj8kxeyZuTOy/Ou/OxaF1zipkT8gfO5w/LJ5O+</latexit><latexit sha1_base64="AWC6qH/yDtJmzXlDxhPE4mEwcV4=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4KokIeix68VjBfkATymY7bZduNmF3Uiyh/8SLB0W8+k+8+W/ctjlo64OBx3szzMyLUikMet63s7a+sbm1Xdop7+7tHxy6R8dNk2SaQ4MnMtHtiBmQQkEDBUpopxpYHEloRaO7md8agzYiUY84SSGM2UCJvuAMrdR13QDhCXMOUk4DGsRZ1614VW8Oukr8glRIgXrX/Qp6Cc9iUMglM6bjeymGOdMouIRpOcgMpIyP2AA6lioWgwnz+eVTem6VHu0n2pZCOld/T+QsNmYSR7YzZjg0y95M/M/rZNi/CXOh0gxB8cWifiYpJnQWA+0JDRzlxBLGtbC3Uj5kmnG0YZVtCP7yy6ukeVn1var/cFWp3RZxlMgpOSMXxCfXpEbuSZ00CCdj8kxeyZuTOy/Ou/OxaF1zipkT8gfO5w/LJ5O+</latexit>

cell i
<latexit sha1_base64="GO6htCvnHU4HS/Mgo9aDEhr4Lg4=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaWDbbSbt0swm7E7WE/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYyup37rAbQRsbrDcQJ+xAZKhIIztNJ9F+EJMw5STrpU9MoVt+rOQJeJl5MKyVHvlb+6/ZinESjkkhnT8dwE/YxpFFzCpNRNDSSMj9gAOpYqFoHxs9nVE3pilT4NY21LIZ2pvycyFhkzjgLbGTEcmkVvKv7ndVIML/1MqCRFUHy+KEwlxZhOI6B9oYGjHFvCuBb2VsqHTDOONqiSDcFbfHmZNM+qnlv1bs8rtas8jiI5IsfklHjkgtTIDamTBuFEk2fySt6cR+fFeXc+5q0FJ585JH/gfP4AutSSpA==</latexit><latexit sha1_base64="GO6htCvnHU4HS/Mgo9aDEhr4Lg4=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaWDbbSbt0swm7E7WE/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYyup37rAbQRsbrDcQJ+xAZKhIIztNJ9F+EJMw5STrpU9MoVt+rOQJeJl5MKyVHvlb+6/ZinESjkkhnT8dwE/YxpFFzCpNRNDSSMj9gAOpYqFoHxs9nVE3pilT4NY21LIZ2pvycyFhkzjgLbGTEcmkVvKv7ndVIML/1MqCRFUHy+KEwlxZhOI6B9oYGjHFvCuBb2VsqHTDOONqiSDcFbfHmZNM+qnlv1bs8rtas8jiI5IsfklHjkgtTIDamTBuFEk2fySt6cR+fFeXc+5q0FJ585JH/gfP4AutSSpA==</latexit><latexit sha1_base64="GO6htCvnHU4HS/Mgo9aDEhr4Lg4=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaWDbbSbt0swm7E7WE/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYyup37rAbQRsbrDcQJ+xAZKhIIztNJ9F+EJMw5STrpU9MoVt+rOQJeJl5MKyVHvlb+6/ZinESjkkhnT8dwE/YxpFFzCpNRNDSSMj9gAOpYqFoHxs9nVE3pilT4NY21LIZ2pvycyFhkzjgLbGTEcmkVvKv7ndVIML/1MqCRFUHy+KEwlxZhOI6B9oYGjHFvCuBb2VsqHTDOONqiSDcFbfHmZNM+qnlv1bs8rtas8jiI5IsfklHjkgtTIDamTBuFEk2fySt6cR+fFeXc+5q0FJ585JH/gfP4AutSSpA==</latexit><latexit sha1_base64="GO6htCvnHU4HS/Mgo9aDEhr4Lg4=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaWDbbSbt0swm7E7WE/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYyup37rAbQRsbrDcQJ+xAZKhIIztNJ9F+EJMw5STrpU9MoVt+rOQJeJl5MKyVHvlb+6/ZinESjkkhnT8dwE/YxpFFzCpNRNDSSMj9gAOpYqFoHxs9nVE3pilT4NY21LIZ2pvycyFhkzjgLbGTEcmkVvKv7ndVIML/1MqCRFUHy+KEwlxZhOI6B9oYGjHFvCuBb2VsqHTDOONqiSDcFbfHmZNM+qnlv1bs8rtas8jiI5IsfklHjkgtTIDamTBuFEk2fySt6cR+fFeXc+5q0FJ585JH/gfP4AutSSpA==</latexit>

�Wµi = f
⇣

Iµ, Ii

⌘

<latexit sha1_base64="e7FH5DlbW/z+9TEILaCMyg65YYU=">AAACFHicjZDLSgMxFIYz9VbrbdSlm2ARKkqZEUE3QqkudFfBXqAzDJk004YmmSHJCGXoQ7jxVdy4UMStC3e+jZm2CxUFD4T8fP85nOQPE0aVdpwPqzA3v7C4VFwurayurW/Ym1stFacSkyaOWSw7IVKEUUGammpGOokkiIeMtMPhee63b4lUNBY3epQQn6O+oBHFSBsU2AfeBWEawXaQeTyFdAzPYOTVab8CrwJDDj1zU5iT/cAuu1VnUvBvUQazagT2u9eLccqJ0Jghpbquk2g/Q1JTzMi45KWKJAgPUZ90jRSIE+Vnk0+N4Z4hPRjF0hyh4YR+ncgQV2rEQ9PJkR6on14Of/O6qY5O/YyKJNVE4OmiKGVQxzBPCPaoJFizkREIS2reCvEASYS1ybH0vxBaR1XXqbrXx+VafRZHEeyAXVABLjgBNXAJGqAJMLgDD+AJPFv31qP1Yr1OWwvWbGYbfCvr7RPYdpwm</latexit><latexit sha1_base64="e7FH5DlbW/z+9TEILaCMyg65YYU=">AAACFHicjZDLSgMxFIYz9VbrbdSlm2ARKkqZEUE3QqkudFfBXqAzDJk004YmmSHJCGXoQ7jxVdy4UMStC3e+jZm2CxUFD4T8fP85nOQPE0aVdpwPqzA3v7C4VFwurayurW/Ym1stFacSkyaOWSw7IVKEUUGammpGOokkiIeMtMPhee63b4lUNBY3epQQn6O+oBHFSBsU2AfeBWEawXaQeTyFdAzPYOTVab8CrwJDDj1zU5iT/cAuu1VnUvBvUQazagT2u9eLccqJ0Jghpbquk2g/Q1JTzMi45KWKJAgPUZ90jRSIE+Vnk0+N4Z4hPRjF0hyh4YR+ncgQV2rEQ9PJkR6on14Of/O6qY5O/YyKJNVE4OmiKGVQxzBPCPaoJFizkREIS2reCvEASYS1ybH0vxBaR1XXqbrXx+VafRZHEeyAXVABLjgBNXAJGqAJMLgDD+AJPFv31qP1Yr1OWwvWbGYbfCvr7RPYdpwm</latexit><latexit sha1_base64="e7FH5DlbW/z+9TEILaCMyg65YYU=">AAACFHicjZDLSgMxFIYz9VbrbdSlm2ARKkqZEUE3QqkudFfBXqAzDJk004YmmSHJCGXoQ7jxVdy4UMStC3e+jZm2CxUFD4T8fP85nOQPE0aVdpwPqzA3v7C4VFwurayurW/Ym1stFacSkyaOWSw7IVKEUUGammpGOokkiIeMtMPhee63b4lUNBY3epQQn6O+oBHFSBsU2AfeBWEawXaQeTyFdAzPYOTVab8CrwJDDj1zU5iT/cAuu1VnUvBvUQazagT2u9eLccqJ0Jghpbquk2g/Q1JTzMi45KWKJAgPUZ90jRSIE+Vnk0+N4Z4hPRjF0hyh4YR+ncgQV2rEQ9PJkR6on14Of/O6qY5O/YyKJNVE4OmiKGVQxzBPCPaoJFizkREIS2reCvEASYS1ybH0vxBaR1XXqbrXx+VafRZHEeyAXVABLjgBNXAJGqAJMLgDD+AJPFv31qP1Yr1OWwvWbGYbfCvr7RPYdpwm</latexit><latexit sha1_base64="e7FH5DlbW/z+9TEILaCMyg65YYU=">AAACFHicjZDLSgMxFIYz9VbrbdSlm2ARKkqZEUE3QqkudFfBXqAzDJk004YmmSHJCGXoQ7jxVdy4UMStC3e+jZm2CxUFD4T8fP85nOQPE0aVdpwPqzA3v7C4VFwurayurW/Ym1stFacSkyaOWSw7IVKEUUGammpGOokkiIeMtMPhee63b4lUNBY3epQQn6O+oBHFSBsU2AfeBWEawXaQeTyFdAzPYOTVab8CrwJDDj1zU5iT/cAuu1VnUvBvUQazagT2u9eLccqJ0Jghpbquk2g/Q1JTzMi45KWKJAgPUZ90jRSIE+Vnk0+N4Z4hPRjF0hyh4YR+ncgQV2rEQ9PJkR6on14Of/O6qY5O/YyKJNVE4OmiKGVQxzBPCPaoJFizkREIS2reCvEASYS1ybH0vxBaR1XXqbrXx+VafRZHEeyAXVABLjgBNXAJGqAJMLgDD+AJPFv31qP1Yr1OWwvWbGYbfCvr7RPYdpwm</latexit>
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Main question:

Given unsupervised aspect of learning and locality of 
synaptic plasticity rules, can we engineer a learning 

algorithm that leads to a good generalization 
performance? 
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Learning algorithm

neurons, which is defined below. The function g(Q) is a non-linear learning activation function that
is discussed below; vi are visible neurons or training examples. During the unsupervised phase of the
training the weights are initialized from a standard normal distribution. Then a sequence of training
examples is presented one at a time and the weights are updated according to (2). It can be shown
that as t ! 1 the weights Wi converge to a sphere of radius R, defined using L

p norm.
|W1|p + |W2|p + ...+ |WN |p = R

p

In order to see this consider the time derivative of the p-norm of the weight vector

⌧L
d

dt

⌦
W,W

↵
= pg(Q)

⌦
W,v

↵h
R

p �
⌦
W,W

↵i

Provided that g(Q)

⌦
W,v

↵
� 0, if the p-length of vector W is less than R its length increases on the

dynamics, if it is greater than R its length decreases. Thus, although the training procedure starts with
random values of the synaptic connections, eventually these connections converge to a sphere. The
positivity bound g(Q)

⌦
W,v

↵
� 0 is satisfied for a broad class of activation functions, for example

for any power n in (1). In practical applications, we will use this learning rule even in situations when
the positivity constraint is violated. It turns out that if the violation is weak, which is justified by the
small parameter � (see Fig.2 below), the weights still converge to a sphere of radius R.

In situations when the network has more than one hidden unit, which are enumerated by index µ,
each vector Wµ will have an external index, as will the inner product. In this case the fixed points of
the plasticity dynamics are such that synapses of each hidden unit converge to their own unit vector
on a sphere.

It can also be shown that plasticity rule (2) has a Lyapunov function (see appendix A)

L =

KX

µ=1

G

" ⌦
Wµ,v

↵
µ

⌦
Wµ,Wµ

↵ p�1
p

µ

#
, where G

0
(Q) = g(Q) (3)

that monotonically increases on the dynamical trajectory of synapses. Lastly, if one works on the
ordinary Euclidean sphere with p = 2 and the function g(Q) = Q is linear, our learning rule reduces
to the famous Oja rule [18]. In the following the radius of the sphere is set to R = 1.

2.2 A biologically inspired learning algorithm

A good set of weights in the neural network should be such that different hidden units detect different
features of the data. Neither BCM algorithm, nor the plasticity rule (2) address this issue of differential
selectivity. In order to do this, we introduce a neural network with global inhibition between the
hidden neurons and dynamical equations

⌧

dhµ

dt

= Iµ � winh
X

⌫ 6=µ

r(h⌫)� hµ, where Iµ = hWµ,vi (4)

In this equation the activities of the hidden neurons are denoted by hµ, r(hµ) = max(hµ, 0) are the
corresponding firing rates (we use a ReLU), Iµ is the input current from the visible layer, winh is a
parameter that defines the strength of the global inhibition, constant ⌧ ⌧ ⌧L defines the dynamical
time scale of individual neurons.

The pipeline of the unsupervised part of the algorithm in shown in Fig.2. Using the weights Wµi a
raw input is converted into a set of input currents Iµ. These currents drive the dynamics of hidden
units, as is shown in Fig.2. The strength parameter of the global inhibition is set so that in the final
state only a small fraction of hidden units have positive activity (in this case h3, h1, and h5). The
values of this steady state activities are then used as arguments in the non-linear learning activation
function g(h) in (2). This function implements temporal competition between the patterns, so that
it is positive for the activities exceeding a threshold h⇤, and negative for the activities in the range
0 < hµ < h⇤. Activities that are below zero do not contribute to training. The intuitive idea behind
this choice of the activation function is that the synapses of hidden units that are strongly driven
are pushed towards the patterns that drive them, while the synapses of those hidden units that are
driven slightly less are pushed away from these patterns. Given a random temporal sequence of the
input stimuli this creates a dynamic competition between the hidden units and results in the synaptic
weights that are different for each hidden unit and specific to features of the data. The idea of having
an activation function that is positive for activations above the threshold h⇤, and negative below the
threshold h⇤ is inspired by the BCM theory [17] and the existence of LTP and LTD [11].
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NX
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The weights of each hidden 
unit dynamically converge to 
the surface of a unit sphere
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We introduce Equilibrium Propagation, a learning framework for energy-based models.

It involves only one kind of neural computation, performed in both the first phase (when

the prediction is made) and the second phase of training (after the target or prediction

error is revealed). Although this algorithm computes the gradient of an objective function

just like Backpropagation, it does not need a special computation or circuit for the

second phase, where errors are implicitly propagated. Equilibrium Propagation shares

similarities with Contrastive Hebbian Learning and Contrastive Divergence while solving

the theoretical issues of both algorithms: our algorithm computes the gradient of a

well-defined objective function. Because the objective function is defined in terms of

local perturbations, the second phase of Equilibrium Propagation corresponds to only

nudging the prediction (fixed point or stationary distribution) toward a configuration

that reduces prediction error. In the case of a recurrent multi-layer supervised network,

the output units are slightly nudged toward their target in the second phase, and the

perturbation introduced at the output layer propagates backward in the hidden layers.

We show that the signal “back-propagated” during this second phase corresponds to

the propagation of error derivatives and encodes the gradient of the objective function,

when the synaptic update corresponds to a standard form of spike-timing dependent

plasticity. This workmakes it more plausible that amechanism similar to Backpropagation

could be implemented by brains, since leaky integrator neural computation performs both

inference and error back-propagation in our model. The only local difference between the

two phases is whether synaptic changes are allowed or not. We also show experimentally

that multi-layer recurrently connected networks with 1, 2, and 3 hidden layers can be

trained by Equilibrium Propagation on the permutation-invariant MNIST task.

Keywords: artificial neural network, backpropagation algorithm, biologically plausible learning rule, contrastive

hebbian learning, deep learning, fixed point, Hopfield networks, spike-timing dependent plasticity

1. INTRODUCTION

The Backpropagation algorithm to train neural networks is considered to be biologically
implausible. Among other reasons, one major reason is that Backpropagation requires a special
computational circuit and a special kind of computation in the second phase of training. Here,
we introduce a new learning framework called Equilibrium Propagation, which requires only
one computational circuit and one type of computation for both phases of training. Just like

Scellier and Bengio Equilibrium Propagation

FIGURE 3 | Training and validation error for neural networks with one hidden layer of 500 units (top left), two hidden layers of 500 units (top right), and

three hidden layers of 500 units (bottom). The training error eventually decreases to 0.00% in all three cases.

2. Run the free phase until the hidden and output units settle to

the free fixed point, and collect ρ
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3. Run the weakly clamped phase with a “small” β > 0 until

the hidden and output units settle to the weakly clamped fixed

point, and collect ρ
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4. Update each synapseWij according to
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ρ
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− ρ

(
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)
ρ

(
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))
. (39)

The prediction is made at the free fixed point u0 at the end of
the first phase relaxation. The predicted value ypred is the index of
the output unit whose activation is maximal among the 10 output
units:

ypred := argmax
i

y0i . (40)

Note that no constraint is imposed on the activations of the
units of the output layer in our model, unlike more traditional
neural networks where a softmax output layer is used to constrain
them to sum up to 1. Recall that the objective function that we
minimize is the square of the difference between our prediction
and the one-hot encoding of the target value:

J =
1

2

∥∥d − y0
∥∥2 . (41)

5.1. Finite Differences
5.1.1. Implementation of the Differential Equation of
Motion
First we clamp x. Then the obvious way to implement
Equation (4) is to discretize time into short time lapses of
duration ϵ and to update each hidden and output unit si
according to

si ← si − ϵ
∂F

∂si
(θ , v,β , s). (42)

This is simply one step of gradient descent on the total energy F,
with step size ϵ.

For our experiments, we choose the hard sigmoid activation
function ρ(si) = 0 ∨ si ∧ 1, where ∨ denotes the max and ∧ the
min. For this choice of ρ, since ρ′(si) = 0 for si < 0, it follows
from Equations (8) and (9) that if hi < 0 then ∂F

∂hi
(θ , v,β , s) =

−hi > 0. This force prevents the hidden unit hi from going in the
range of negative values. The same is true for the output units.
Similarly, si cannot reach values above 1. As a consequence si
must remain in the domain 0 ≤ si ≤ 1. Therefore, rather than
the standard gradient descent (Equation 42), we will use a slightly
different update rule for the state variable s:

si ← 0 ∨

(
si − ϵ

∂F

∂si
(θ , v,β , s)

)
∧ 1. (43)

This little implementation detail turns out to be very important: if
the i-th hidden unit was in some state hi < 0, then Equation (42)
would give the update rule hi ← (1 − ϵ)hi, which would imply
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Abstract

Animal behaviour depends on learning to associate sensory stimuli with the desired motor com-
mand. Understanding how the brain orchestrates the necessary synaptic modifications across
different brain areas has remained a longstanding puzzle. Here, we introduce a multi-area neu-
ronal network model in which synaptic plasticity continuously adapts the network towards a global
desired output. In this model synaptic learning is driven by a local dendritic prediction error that
arises from a failure to predict the top-down input given the bottom-up activities. Such errors oc-
cur at apical dendrites of pyramidal neurons where both long-range excitatory feedback and local
inhibitory predictions are integrated. When local inhibition fails to match excitatory feedback an
error occurs which triggers plasticity at bottom-up synapses at basal dendrites of the same pyra-
midal neurons. We demonstrate the learning capabilities of the model in a number of tasks and
show that it approximates the classical error backpropagation algorithm. Finally, complement-
ing this cortical circuit with a disinhibitory mechanism enables attention-like stimulus denoising
and generation. Our framework makes several experimental predictions on the function of den-
dritic integration and cortical microcircuits, is consistent with recent observations of cross-area
learning, and suggests a biological implementation of deep learning.

Introduction

While walking on the street we are constantly bombarded with complex sensory stimuli. Learning

to navigate such complex environments is of fundamental importance for survival. In the brain,

these forms of learning are believed to rely on the orchestrated wiring of synaptic communication

between different cortical areas, such as visual and motor cortices (Petreanu et al., 2012; Manita

et al., 2015; Makino and Komiyama, 2015; Poort et al., 2015; Zmarz and Keller, 2016; Attinger

et al., 2017). However, how to correctly modify synapses to achieve an appropriate interaction

between brain areas has remained an open question. This fundamental issue in learning and

development is often referred to as the credit assignment problem (Rumelhart et al., 1986; Sutton

and Barto, 1998; Roelfsema and van Ooyen, 2005; Friedrich et al., 2011; Bengio, 2014). The brain,

* Corresponding authors: {sacramento},{senn}@pyl.unibe.ch
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Figure 4: Learning to classify real-world, structured stimuli with a multi-area network. (A)
A 784-500-500-10 (i.e. with two hidden areas) network of pyramidal neurons learns to recognize
and classify handwritten digits from the MNIST data set. Only a subset of connections is shown to
enhance clarity. (B) Competitive accuracy (< 2%, an empirical signature of backprop-like learning)
is achieved on the standard MNIST testing dataset by our network (solid blue). For comparison the
performance of a shallow learner (i.e. a network in which only output weights are adapted, dashed
black) and of a standard artificial neural network trained with backprop (dashed red, see Methods)
are also shown.

reference mark of non-convolutional artificial neural networks optimized with backprop (1.53%) and

comparable to recently published results that lie within the range 1.6-2.4% (Lee et al., 2015; Lillicrap

et al., 2016). This was possible even though interneurons had to keep track of changes to forward

weights as they evolved, simultaneously and without phases. Indeed, apical compartment voltages

remained approximately silent when output nudging was turned off (data not shown), reflecting

the maintenance of a self-predicting state throughout learning. Moreover, thanks to a feedback

alignment dynamics (Lillicrap et al., 2016), the interneuron microcircuit was able to translate the

feedback from downstream areas into single neuron prediction error signals, despite the asymmetry

of forward and top-down weights and at odds with exact backprop.

Disinhibition enables sensory input generation and sharpening

So far we assumed that feedback from downstream neurons is relayed through fixed top-down

synapses. However, this need not be so. As we demonstrate next, the interneuron microcircuit

is capable of tracking changes to the top-down stream dynamically as learning progresses. This

endows the model with important additional flexibility, as feedback connections — known to mediate

attention and perceptual acuity enhancement in sensory cortices — are likely plastic (Huber et al.,

10

test error = 2-3%
test error = 1.96%
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Conclusions

1. Generalization performance of the “biologically plausible” neural network is 
close to that of the neural network trained end-to-end. 


2. The weights of the intermediate layers          ,         , etc., do not have 
information about the task the network will have to solve eventually. Thus, 
they produce a “general” representation of the data.
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