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PF3
<latexit sha1_base64="YrcA4N/2LiY3HpKR2NbULOOsHEc=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0laQY9FQTxWsLXQhLLZbNqlm92wuxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzwpQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjrpaZIrRDJJeqF2JNORO0Y5jhtJcqipOQ08dwfDPzH5+o0kyKBzNJaZDgoWAxI9hYyfdDyaO8fTsdNNGgWnPr7hxolXgFqUGB9qD65UeSZAkVhnCsdd9zUxPkWBlGOJ1W/EzTFJMxHtK+pQInVAf5/OYpOrNKhGKpbAmD5urviRwnWk+S0HYm2Iz0sjcT//P6mYmvgpyJNDNUkMWiOOPISDQLAEVMUWL4xBJMFLO3IjLCChNjY6rYELzll1dJt1H3mvXG/UWtdV3EUYYTOIVz8OASWnAHbegAgRSe4RXenMx5cd6dj0VrySlmjuEPnM8fToqRMw==</latexit>

PFn
<latexit sha1_base64="yHNpaaq3U02EVZNJgQRYTzkCl2w=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiIB4r2A9oQtlsNu3SzW7Y3Qgl9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRR8tMEdomkkvVC7GmnAnaNsxw2ksVxUnIaTcc38787hNVmknxaCYpDRI8FCxmBBsr+X4oeZS37qYDgQbVmlt350CrxCtIDQq0BtUvP5IkS6gwhGOt+56bmiDHyjDC6bTiZ5qmmIzxkPYtFTihOsjnN0/RmVUiFEtlSxg0V39P5DjRepKEtjPBZqSXvZn4n9fPTHwd5EykmaGCLBbFGUdGolkAKGKKEsMnlmCimL0VkRFWmBgbU8WG4C2/vEo6jbp3UW88XNaaN0UcZTiBUzgHD66gCffQgjYQSOEZXuHNyZwX5935WLSWnGLmGP7A+fwBqDGRbg==</latexit>

⇡
<latexit sha1_base64="BD88AXvjS3lujLi2A79/yugFl1Y=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYdeKvpu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AE+/jc0=</latexit><latexit sha1_base64="BD88AXvjS3lujLi2A79/yugFl1Y=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYdeKvpu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AE+/jc0=</latexit><latexit sha1_base64="BD88AXvjS3lujLi2A79/yugFl1Y=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYdeKvpu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AE+/jc0=</latexit><latexit sha1_base64="BD88AXvjS3lujLi2A79/yugFl1Y=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYdeKvpu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AE+/jc0=</latexit>

Linear Gaussian 
image model 

Generative model
Inference direction

PFi
<latexit sha1_base64="Fm+FtmtP3T/mGa2ZyjrkAj+s7GY=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiIB4r2A9IQ9lsNu3SzW7YnQgl9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSq4Adf9dkpr6xubW+Xtys7u3v5B9fCoY1SmKWtTJZTuhcQwwSVrAwfBeqlmJAkF64bj25nffWLacCUfYZKyICFDyWNOCVjJ74dKRHnrbjrgg2rNrbtz4FXiFaSGCrQG1a9+pGiWMAlUEGN8z00hyIkGTgWbVvqZYSmhYzJkvqWSJMwE+fzkKT6zSoRjpW1JwHP190ROEmMmSWg7EwIjs+zNxP88P4P4Osi5TDNgki4WxZnAoPDsfxxxzSiIiSWEam5vxXRENKFgU6rYELzll1dJp1H3LuqNh8ta86aIo4xO0Ck6Rx66Qk10j1qojShS6Bm9ojcHnBfn3flYtJacYuYY/YHz+QNGzZE/</latexit>

= Projective 
Field/feature 

represented by 
neuron i

Bridging Marr’s 
three levels[10]

⇥
<latexit sha1_base64="y3ZFcWqBEabekax7ttofWU1jMYg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0alXvolq7v6zUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPt3mPOA==</latexit>

p (xk = 1|x¬k, I) / exp

✓
1

�2
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⇣
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⌘

<latexit sha1_base64="feuINHR24R7XFtTyxcAQAo5/B/s="></latexit>

p (xk = 1|x¬k, I) / exp

✓
1

�2
||I�PFTx||2

◆

nY

i

⇡xi

⇣
1� ⇡(1�xi)

⌘

<latexit sha1_base64="feuINHR24R7XFtTyxcAQAo5/B/s="></latexit>

Gibbs sampling for binary x with sparse prior:

...
<latexit sha1_base64="hx9vrypjtBJpcEsh1w05CZs9G34=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0GPRi8cKthbaUDabTbt2sxt2J4VS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8MBXcoOd9O4W19Y3NreJ2aWd3b/+gfHjUMirTlDWpEkq3Q2KY4JI1kaNg7VQzkoSCPYbD25n/OGLacCUfcJyyICF9yWNOCVqp1R1FCk2vXPGq3hzuKvFzUoEcjV75qxspmiVMIhXEmI7vpRhMiEZOBZuWuplhKaFD0mcdSyVJmAkm82un7plVIjdW2pZEd67+npiQxJhxEtrOhODALHsz8T+vk2F8HUy4TDNkki4WxZlwUbmz192Ia0ZRjC0hVHN7q0sHRBOKNqCSDcFffnmVtGpV/6Jau7+s1G/yOIpwAqdwDj5cQR3uoAFNoPAEz/AKb45yXpx352PRWnDymWP4A+fzB8y9j0Y=</latexit>

0 = no spike
1 = spike

MCMC Gibbs 
Sampling

Marr’s Level 2
ALGORITHM/

REPRESENTATION

Probabilistic Inference

COMPUTATIONAL 
GOAL

Marr’s Level 1

Marr’s Level 3

IMPLEMENTATION
Network of leaky 

integrate and fire (LIF) 
neurons

Example spike raster

Feedforward connection 
weight: ITPFi

<latexit sha1_base64="PG9Ym66ktresxjFH9KtBXcLtnDE=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJWkCrosCqK7Cn1BE8NkMm2HTiZhZiKUEDf+ihsXirj1L9z5N07aLLT1wIXDOfdy7z1+zKhUlvVtlJaWV1bXyuuVjc2t7R1zd68jo0Rg0sYRi0TPR5IwyklbUcVILxYEhT4jXX98lfvdByIkjXhLTWLihmjI6YBipLTkmQdOiNRIhOltBu9bjh+xIG1eZx71zKpVs6aAi8QuSBUUaHrmlxNEOAkJV5ghKfu2FSs3RUJRzEhWcRJJYoTHaEj6mnIUEumm0w8yeKyVAA4ioYsrOFV/T6QolHIS+rozv1fOe7n4n9dP1ODCTSmPE0U4ni0aJAyqCOZxwIAKghWbaIKwoPpWiEdIIKx0aBUdgj3/8iLp1Gv2aa1+d1ZtXBZxlMEhOAInwAbnoAFuQBO0AQaP4Bm8gjfjyXgx3o2PWWvJKGb2wR8Ynz9/VJbq</latexit>

Recurrent connection
weight: �PFT

i PFj
<latexit sha1_base64="84uDP1JugmlTtozjiU8Zrz/Y/7I=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBjWWmCrosCuKyQl/QjkMmk7axmWRIMkIZCm78FTcuFHHrT7jzb0zbAbX1wIWTc+4l954gZlRpx/mycguLS8sr+dXC2vrG5pa9vdNQIpGY1LFgQrYCpAijnNQ11Yy0YklQFDDSDAaXY795T6Sigtf0MCZehHqcdilG2ki+vXfcCQQL0+rVyKfwtvbzuvPtolNyJoDzxM1IEWSo+vZnJxQ4iQjXmCGl2q4Tay9FUlPMyKjQSRSJER6gHmkbylFElJdObhjBQ6OEsCukKa7hRP09kaJIqWEUmM4I6b6a9cbif1470d1zL6U8TjThePpRN2FQCzgOBIZUEqzZ0BCEJTW7QtxHEmFtYiuYENzZk+dJo1xyT0rlm9Ni5SKLIw/2wQE4Ai44AxVwDaqgDjB4AE/gBbxaj9az9Wa9T1tzVjazC/7A+vgGXdWXWQ==</latexit>

Feedforward Recurrent input 
from other 
neurons

Firing Rate Input Current/
<latexit sha1_base64="/pOdjMbgnEEAHQqhPmZ0FVW0K94=">AAAB+3icbVBNS8NAEJ3Urxq/qj16WSyCp5J4UQ9i0YvHCsYW2lA2m027dJMNuxuhhIr/xIsHFa/+Bu/e/Ddu2h609cHA470ZZuYFKWdKO863VVpaXlldK6/bG5tb2zuV3b07JTJJqEcEF7IdYEU5S6inmea0nUqK44DTVjC8KvzWPZWKieRWj1Lqx7ifsIgRrI3Uq1TtbiB4iPJuKkWqBRoju1epOXVnArRI3BmpXXza548A0OxVvrqhIFlME004VqrjOqn2cyw1I5yO7W6maIrJEPdpx9AEx1T5+eT4MTo0SogiIU0lGk3U3xM5jpUaxYHpjLEeqHmvEP/zOpmOTv2cJWmmaUKmi6KMI/NkkQQKmaRE85EhmEhmbkVkgCUm2uRVhODOv7xIvOP6Wd25cWqNS5iiDPtwAEfgwgk04Bqa4AGBETzBC7xaD9az9Wa9T1tL1mymCn9gffwACTmVbg==</latexit><latexit sha1_base64="lqoou6oGzl5BNjgLY3loEv2Kenc=">AAAB+3icbVBNS8NAEN34WeNXtEcvi0XwVBIv6kEsevFYwdhCG8pms2mXbrLL7kYIof4VD3pQ8epv8O5F/Ddu2h609cHA470ZZuaFglGlXffbWlhcWl5ZrazZ6xubW9vOzu6t4pnExMeccdkOkSKMpsTXVDPSFpKgJGSkFQ4vS791R6SiPL3RuSBBgvopjSlG2kg9p2p3Q84iWHSF5EJzOIJ2z6m5dXcMOE+8Kamdf9hn4vHLbvacz27EcZaQVGOGlOp4rtBBgaSmmJGR3c0UEQgPUZ90DE1RQlRQjI8fwQOjRDDm0lSq4Vj9PVGgRKk8CU1ngvRAzXql+J/XyXR8EhQ0FZkmKZ4sijMGzZNlEjCikmDNckMQltTcCvEASYS1yasMwZt9eZ74R/XTunvt1hoXYIIK2AP74BB44Bg0wBVoAh9gkIMH8AxerHvryXq13iatC9Z0pgr+wHr/AflFluI=</latexit><latexit sha1_base64="lqoou6oGzl5BNjgLY3loEv2Kenc=">AAAB+3icbVBNS8NAEN34WeNXtEcvi0XwVBIv6kEsevFYwdhCG8pms2mXbrLL7kYIof4VD3pQ8epv8O5F/Ddu2h609cHA470ZZuaFglGlXffbWlhcWl5ZrazZ6xubW9vOzu6t4pnExMeccdkOkSKMpsTXVDPSFpKgJGSkFQ4vS791R6SiPL3RuSBBgvopjSlG2kg9p2p3Q84iWHSF5EJzOIJ2z6m5dXcMOE+8Kamdf9hn4vHLbvacz27EcZaQVGOGlOp4rtBBgaSmmJGR3c0UEQgPUZ90DE1RQlRQjI8fwQOjRDDm0lSq4Vj9PVGgRKk8CU1ngvRAzXql+J/XyXR8EhQ0FZkmKZ4sijMGzZNlEjCikmDNckMQltTcCvEASYS1yasMwZt9eZ74R/XTunvt1hoXYIIK2AP74BB44Bg0wBVoAh9gkIMH8AxerHvryXq13iatC9Z0pgr+wHr/AflFluI=</latexit>

p(neuron spikes now|Image, state of other neurons)

Conclusion

p =
1

�t
=


⌧ ln

✓
Iinput current

Iinput current + (Vrest �Vthreshold)

◆��1

<latexit sha1_base64="3+yS5m5qMEcbHCtmVZOu64fB4As="></latexit><latexit sha1_base64="3+yS5m5qMEcbHCtmVZOu64fB4As="></latexit><latexit sha1_base64="3+yS5m5qMEcbHCtmVZOu64fB4As="></latexit>

I Vs P in LIF neuron for fixed input:

In
pu

t C
ur

re
nt

   0.0        0.5           1.0

Probability

Vrest = �70mV
<latexit sha1_base64="NPWJijRU7zWS3fIJN4acLmnSPx8=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8GJJRagehKIXjxVMW2hD2Gw27dLdTdjdCCXEi3/FiwcVr/4Mb/4bt20O2vpg4PHeDDPzgoRRpR3n2yotLa+srpXXKxubW9s79u5eW8WpxMTFMYtlN0CKMCqIq6lmpJtIgnjASCcY3Uz8zgORisbiXo8T4nE0EDSiGGkj+fZBP4hZCLO2n0midJ7DK3jacHjbt6tOzZkCLpJ6QaqgQMu3v/phjFNOhMYMKdWrO4n2MiQ1xYzklX6qSILwCA1Iz1CBOFFeNv0gh8dGCWEUS1NCw6n6eyJDXKkxD0wnR3qo5r2J+J/XS3V04WVUJKkmAs8WRSmDOoaTOGBIJcGajQ1BWFJzK8RDJBHWJrSKCaE+//Iicc9qlzXn7rzavC7SKINDcAROQB00QBPcghZwAQaP4Bm8gjfryXqx3q2PWWvJKmb2wR9Ynz9o+pXC</latexit><latexit sha1_base64="NPWJijRU7zWS3fIJN4acLmnSPx8=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8GJJRagehKIXjxVMW2hD2Gw27dLdTdjdCCXEi3/FiwcVr/4Mb/4bt20O2vpg4PHeDDPzgoRRpR3n2yotLa+srpXXKxubW9s79u5eW8WpxMTFMYtlN0CKMCqIq6lmpJtIgnjASCcY3Uz8zgORisbiXo8T4nE0EDSiGGkj+fZBP4hZCLO2n0midJ7DK3jacHjbt6tOzZkCLpJ6QaqgQMu3v/phjFNOhMYMKdWrO4n2MiQ1xYzklX6qSILwCA1Iz1CBOFFeNv0gh8dGCWEUS1NCw6n6eyJDXKkxD0wnR3qo5r2J+J/XS3V04WVUJKkmAs8WRSmDOoaTOGBIJcGajQ1BWFJzK8RDJBHWJrSKCaE+//Iicc9qlzXn7rzavC7SKINDcAROQB00QBPcghZwAQaP4Bm8gjfryXqx3q2PWWvJKmb2wR9Ynz9o+pXC</latexit><latexit sha1_base64="NPWJijRU7zWS3fIJN4acLmnSPx8=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8GJJRagehKIXjxVMW2hD2Gw27dLdTdjdCCXEi3/FiwcVr/4Mb/4bt20O2vpg4PHeDDPzgoRRpR3n2yotLa+srpXXKxubW9s79u5eW8WpxMTFMYtlN0CKMCqIq6lmpJtIgnjASCcY3Uz8zgORisbiXo8T4nE0EDSiGGkj+fZBP4hZCLO2n0midJ7DK3jacHjbt6tOzZkCLpJ6QaqgQMu3v/phjFNOhMYMKdWrO4n2MiQ1xYzklX6qSILwCA1Iz1CBOFFeNv0gh8dGCWEUS1NCw6n6eyJDXKkxD0wnR3qo5r2J+J/XS3V04WVUJKkmAs8WRSmDOoaTOGBIJcGajQ1BWFJzK8RDJBHWJrSKCaE+//Iicc9qlzXn7rzavC7SKINDcAROQB00QBPcghZwAQaP4Bm8gjfryXqx3q2PWWvJKmb2wR9Ynz9o+pXC</latexit>

Sampling time =5ms
<latexit sha1_base64="/+07PUNW4NCjscM8g9A5SzHtCyw=">AAACD3icbVDLSgMxFM34rPU16tJNsIiuyowo6kIounFZ0dpCZyiZ9LYNTTJDkhHKMJ/gxl9x40LFrVt3/o3pY6GtBwKHc+7l5J4o4Uwbz/t25uYXFpeWCyvF1bX1jU13a/tex6miUKMxj1UjIho4k1AzzHBoJAqIiDjUo/7V0K8/gNIslndmkEAoSFeyDqPEWKnlHgRRzNvZLRE2TXZx0NMJoZD5QuSGCcAXOMcnQrfcklf2RsCzxJ+QEpqg2nK/gnZMUwHSUE60bvpeYsKMKMMoh7wYpBpsUp90oWmpJAJ0mI0OyvG+Vdq4Eyv7pMEj9fdGRoTWAxHZSUFMT097Q/E/r5mazlmYMZmkBiQdB3VSjk2Mh+3gNlNADR9YQqhi9q+Y9ogi1NgOi7YEf/rkWVI7Kp+XvZvjUuVy0kYB7aI9dIh8dIoq6BpVUQ1R9Iie0St6c56cF+fd+RiPzjmTnR30B87nD6winIg=</latexit><latexit sha1_base64="/+07PUNW4NCjscM8g9A5SzHtCyw=">AAACD3icbVDLSgMxFM34rPU16tJNsIiuyowo6kIounFZ0dpCZyiZ9LYNTTJDkhHKMJ/gxl9x40LFrVt3/o3pY6GtBwKHc+7l5J4o4Uwbz/t25uYXFpeWCyvF1bX1jU13a/tex6miUKMxj1UjIho4k1AzzHBoJAqIiDjUo/7V0K8/gNIslndmkEAoSFeyDqPEWKnlHgRRzNvZLRE2TXZx0NMJoZD5QuSGCcAXOMcnQrfcklf2RsCzxJ+QEpqg2nK/gnZMUwHSUE60bvpeYsKMKMMoh7wYpBpsUp90oWmpJAJ0mI0OyvG+Vdq4Eyv7pMEj9fdGRoTWAxHZSUFMT097Q/E/r5mazlmYMZmkBiQdB3VSjk2Mh+3gNlNADR9YQqhi9q+Y9ogi1NgOi7YEf/rkWVI7Kp+XvZvjUuVy0kYB7aI9dIh8dIoq6BpVUQ1R9Iie0St6c56cF+fd+RiPzjmTnR30B87nD6winIg=</latexit><latexit sha1_base64="/+07PUNW4NCjscM8g9A5SzHtCyw=">AAACD3icbVDLSgMxFM34rPU16tJNsIiuyowo6kIounFZ0dpCZyiZ9LYNTTJDkhHKMJ/gxl9x40LFrVt3/o3pY6GtBwKHc+7l5J4o4Uwbz/t25uYXFpeWCyvF1bX1jU13a/tex6miUKMxj1UjIho4k1AzzHBoJAqIiDjUo/7V0K8/gNIslndmkEAoSFeyDqPEWKnlHgRRzNvZLRE2TXZx0NMJoZD5QuSGCcAXOMcnQrfcklf2RsCzxJ+QEpqg2nK/gnZMUwHSUE60bvpeYsKMKMMoh7wYpBpsUp90oWmpJAJ0mI0OyvG+Vdq4Eyv7pMEj9fdGRoTWAxHZSUFMT097Q/E/r5mazlmYMZmkBiQdB3VSjk2Mh+3gNlNADR9YQqhi9q+Y9ogi1NgOi7YEf/rkWVI7Kp+XvZvjUuVy0kYB7aI9dIh8dIoq6BpVUQ1R9Iie0St6c56cF+fd+RiPzjmTnR30B87nD6winIg=</latexit>

LIF ⌧ = 10ms
<latexit sha1_base64="OMhWk+mHlacV84T11SdYnnohpio=">AAACDHicbVDLSgMxFM3UV62vUZduglVwVWZEUBdCURAFFxUcW+gMJZPJtKHJZEgyQhn6A278FTcuVNz6Ae78G9N2Ftp6IHDuOfdyc0+YMqq043xbpbn5hcWl8nJlZXVtfcPe3LpXIpOYeFgwIVshUoTRhHiaakZaqSSIh4w0w/7FyG8+EKmoSO70ICUBR92ExhQjbaSOveeHgkUwv7m+HEK/p1KESe5ybgqNMngGXYerjl11as4YcJa4BamCAo2O/eVHAmecJBozpFTbdVId5EhqihkZVvxMEbOpj7qkbWiCOFFBPr5mCPeNEsFYSPMSDcfq74kccaUGPDSdHOmemvZG4n9eO9PxSZDTJM00SfBkUZwxqAUcRQMjKgnWbGAIwpKav0LcQxJhbQKsmBDc6ZNniXdYO605t0fV+nmRRhnsgF1wAFxwDOrgCjSABzB4BM/gFbxZT9aL9W59TFpLVjGzDf7A+vwBypuaTQ==</latexit><latexit sha1_base64="OMhWk+mHlacV84T11SdYnnohpio=">AAACDHicbVDLSgMxFM3UV62vUZduglVwVWZEUBdCURAFFxUcW+gMJZPJtKHJZEgyQhn6A278FTcuVNz6Ae78G9N2Ftp6IHDuOfdyc0+YMqq043xbpbn5hcWl8nJlZXVtfcPe3LpXIpOYeFgwIVshUoTRhHiaakZaqSSIh4w0w/7FyG8+EKmoSO70ICUBR92ExhQjbaSOveeHgkUwv7m+HEK/p1KESe5ybgqNMngGXYerjl11as4YcJa4BamCAo2O/eVHAmecJBozpFTbdVId5EhqihkZVvxMEbOpj7qkbWiCOFFBPr5mCPeNEsFYSPMSDcfq74kccaUGPDSdHOmemvZG4n9eO9PxSZDTJM00SfBkUZwxqAUcRQMjKgnWbGAIwpKav0LcQxJhbQKsmBDc6ZNniXdYO605t0fV+nmRRhnsgF1wAFxwDOrgCjSABzB4BM/gFbxZT9aL9W59TFpLVjGzDf7A+vwBypuaTQ==</latexit><latexit sha1_base64="OMhWk+mHlacV84T11SdYnnohpio=">AAACDHicbVDLSgMxFM3UV62vUZduglVwVWZEUBdCURAFFxUcW+gMJZPJtKHJZEgyQhn6A278FTcuVNz6Ae78G9N2Ftp6IHDuOfdyc0+YMqq043xbpbn5hcWl8nJlZXVtfcPe3LpXIpOYeFgwIVshUoTRhHiaakZaqSSIh4w0w/7FyG8+EKmoSO70ICUBR92ExhQjbaSOveeHgkUwv7m+HEK/p1KESe5ybgqNMngGXYerjl11as4YcJa4BamCAo2O/eVHAmecJBozpFTbdVId5EhqihkZVvxMEbOpj7qkbWiCOFFBPr5mCPeNEsFYSPMSDcfq74kccaUGPDSdHOmemvZG4n9eO9PxSZDTJM00SfBkUZwxqAUcRQMjKgnWbGAIwpKav0LcQxJhbQKsmBDc6ZNniXdYO605t0fV+nmRRhnsgF1wAFxwDOrgCjSABzB4BM/gFbxZT9aL9W59TFpLVjGzDf7A+vwBypuaTQ==</latexit>

Vthreshold = �55mV
<latexit sha1_base64="xVCnO3ANEKI3E3lPBXakSXzwsAQ=">AAACBnicbVDLSsNAFJ34rPUVdSnIYBHcWBKxqAuh6MZlBdMW2hAmk0kzdDIJMxOhhOzc+CtuXKi49Rvc+TdO2yy09cCFM+fcy9x7/JRRqSzr21hYXFpeWa2sVdc3Nre2zZ3dtkwygYmDE5aIro8kYZQTR1HFSDcVBMU+Ix1/eDP2Ow9ESJrwezVKiRujAachxUhpyTMP+n7CApi3vVxFgshIv4oCXsGTRiNuQ8+sWXVrAjhP7JLUQImWZ371gwRnMeEKMyRlz7ZS5eZIKIoZKar9TJIU4SEakJ6mHMVEuvnkjgIeaSWAYSJ0cQUn6u+JHMVSjmJfd8ZIRXLWG4v/eb1MhRduTnmaKcLx9KMwY1AlcBwKDKggWLGRJggLqneFOEICYaWjq+oQ7NmT54lzWr+sW3dnteZ1mUYF7INDcAxscA6a4Ba0gAMweATP4BW8GU/Gi/FufExbF4xyZg/8gfH5A9jKmDA=</latexit><latexit sha1_base64="xVCnO3ANEKI3E3lPBXakSXzwsAQ=">AAACBnicbVDLSsNAFJ34rPUVdSnIYBHcWBKxqAuh6MZlBdMW2hAmk0kzdDIJMxOhhOzc+CtuXKi49Rvc+TdO2yy09cCFM+fcy9x7/JRRqSzr21hYXFpeWa2sVdc3Nre2zZ3dtkwygYmDE5aIro8kYZQTR1HFSDcVBMU+Ix1/eDP2Ow9ESJrwezVKiRujAachxUhpyTMP+n7CApi3vVxFgshIv4oCXsGTRiNuQ8+sWXVrAjhP7JLUQImWZ371gwRnMeEKMyRlz7ZS5eZIKIoZKar9TJIU4SEakJ6mHMVEuvnkjgIeaSWAYSJ0cQUn6u+JHMVSjmJfd8ZIRXLWG4v/eb1MhRduTnmaKcLx9KMwY1AlcBwKDKggWLGRJggLqneFOEICYaWjq+oQ7NmT54lzWr+sW3dnteZ1mUYF7INDcAxscA6a4Ba0gAMweATP4BW8GU/Gi/FufExbF4xyZg/8gfH5A9jKmDA=</latexit><latexit sha1_base64="xVCnO3ANEKI3E3lPBXakSXzwsAQ=">AAACBnicbVDLSsNAFJ34rPUVdSnIYBHcWBKxqAuh6MZlBdMW2hAmk0kzdDIJMxOhhOzc+CtuXKi49Rvc+TdO2yy09cCFM+fcy9x7/JRRqSzr21hYXFpeWa2sVdc3Nre2zZ3dtkwygYmDE5aIro8kYZQTR1HFSDcVBMU+Ix1/eDP2Ow9ESJrwezVKiRujAachxUhpyTMP+n7CApi3vVxFgshIv4oCXsGTRiNuQ8+sWXVrAjhP7JLUQImWZ371gwRnMeEKMyRlz7ZS5eZIKIoZKar9TJIU4SEakJ6mHMVEuvnkjgIeaSWAYSJ0cQUn6u+JHMVSjmJfd8ZIRXLWG4v/eb1MhRduTnmaKcLx9KMwY1AlcBwKDKggWLGRJggLqneFOEICYaWjq+oQ7NmT54lzWr+sW3dnteZ1mUYF7INDcAxscA6a4Ba0gAMweATP4BW8GU/Gi/FufExbF4xyZg/8gfH5A9jKmDA=</latexit>

Simulation details:
Iinput current = Irecurrent + Ifeedforward

<latexit sha1_base64="wGFQB+562VVrEsT/52cC0EG++5o="></latexit><latexit sha1_base64="wGFQB+562VVrEsT/52cC0EG++5o="></latexit><latexit sha1_base64="wGFQB+562VVrEsT/52cC0EG++5o="></latexit>

dV

dt
= V �Vrest + Iinput current

<latexit sha1_base64="8NVIRQBl9EBfTNhc8jaTziDzFio="></latexit><latexit sha1_base64="8NVIRQBl9EBfTNhc8jaTziDzFio="></latexit><latexit sha1_base64="8NVIRQBl9EBfTNhc8jaTziDzFio="></latexit>
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LIF equation(unitless):

Binary samples of x can be interpreted as spikes

Feedforward and Recurrent Weights of LIF 
neuron derived from Gibbs sampling equations

Good agreement between posterior implied by LIF network 
spikes and Gibbs samples for an example image

Mean Square Errors (MSE) across many images

Approximately contrast-
invariant tuning curves
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Good agreement between posterior implied by LIF network 
spikes and Gibbs samples for an example image

(D) Near Poisson variability in LIF network with Input + Synaptic noise
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Network of leaky 
integrate and fire 

(LIF) neurons

IMPLEMENTATION
Marr’s Level 3

Binary samples of x can be interpreted as spikes

Feed-forward + recurrent input to LIF neuron
=   function of Gibbs sampling based        
conditional probability

MCMC Gibbs 
Sampling

ALGORITHM/
REPRESENTATION

Marr’s Level 2

Feedforward Recurrent input 
from other 
neuronsFiring Rate Input Current/

<latexit sha1_base64="/pOdjMbgnEEAHQqhPmZ0FVW0K94=">AAAB+3icbVBNS8NAEJ3Urxq/qj16WSyCp5J4UQ9i0YvHCsYW2lA2m027dJMNuxuhhIr/xIsHFa/+Bu/e/Ddu2h609cHA470ZZuYFKWdKO863VVpaXlldK6/bG5tb2zuV3b07JTJJqEcEF7IdYEU5S6inmea0nUqK44DTVjC8KvzWPZWKieRWj1Lqx7ifsIgRrI3Uq1TtbiB4iPJuKkWqBRoju1epOXVnArRI3BmpXXza548A0OxVvrqhIFlME004VqrjOqn2cyw1I5yO7W6maIrJEPdpx9AEx1T5+eT4MTo0SogiIU0lGk3U3xM5jpUaxYHpjLEeqHmvEP/zOpmOTv2cJWmmaUKmi6KMI/NkkQQKmaRE85EhmEhmbkVkgCUm2uRVhODOv7xIvOP6Wd25cWqNS5iiDPtwAEfgwgk04Bqa4AGBETzBC7xaD9az9Wa9T1tL1mymCn9gffwACTmVbg==</latexit><latexit sha1_base64="lqoou6oGzl5BNjgLY3loEv2Kenc=">AAAB+3icbVBNS8NAEN34WeNXtEcvi0XwVBIv6kEsevFYwdhCG8pms2mXbrLL7kYIof4VD3pQ8epv8O5F/Ddu2h609cHA470ZZuaFglGlXffbWlhcWl5ZrazZ6xubW9vOzu6t4pnExMeccdkOkSKMpsTXVDPSFpKgJGSkFQ4vS791R6SiPL3RuSBBgvopjSlG2kg9p2p3Q84iWHSF5EJzOIJ2z6m5dXcMOE+8Kamdf9hn4vHLbvacz27EcZaQVGOGlOp4rtBBgaSmmJGR3c0UEQgPUZ90DE1RQlRQjI8fwQOjRDDm0lSq4Vj9PVGgRKk8CU1ngvRAzXql+J/XyXR8EhQ0FZkmKZ4sijMGzZNlEjCikmDNckMQltTcCvEASYS1yasMwZt9eZ74R/XTunvt1hoXYIIK2AP74BB44Bg0wBVoAh9gkIMH8AxerHvryXq13iatC9Z0pgr+wHr/AflFluI=</latexit><latexit sha1_base64="lqoou6oGzl5BNjgLY3loEv2Kenc=">AAAB+3icbVBNS8NAEN34WeNXtEcvi0XwVBIv6kEsevFYwdhCG8pms2mXbrLL7kYIof4VD3pQ8epv8O5F/Ddu2h609cHA470ZZuaFglGlXffbWlhcWl5ZrazZ6xubW9vOzu6t4pnExMeccdkOkSKMpsTXVDPSFpKgJGSkFQ4vS791R6SiPL3RuSBBgvopjSlG2kg9p2p3Q84iWHSF5EJzOIJ2z6m5dXcMOE+8Kamdf9hn4vHLbvacz27EcZaQVGOGlOp4rtBBgaSmmJGR3c0UEQgPUZ90DE1RQlRQjI8fwQOjRDDm0lSq4Vj9PVGgRKk8CU1ngvRAzXql+J/XyXR8EhQ0FZkmKZ4sijMGzZNlEjCikmDNckMQltTcCvEASYS1yasMwZt9eZ74R/XTunvt1hoXYIIK2AP74BB44Bg0wBVoAh9gkIMH8AxerHvryXq13iatC9Z0pgr+wHr/AflFluI=</latexit>

Feedforward and 
Recurrent Weights 
of LIF neuron derived 
from Gibbs sampling 
equations

Example 
spike raster

Gibbs sampling equation for binary x with sparse 
prior:

p (xk = 1|x¬k, I) / exp
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<latexit sha1_base64="feuINHR24R7XFtTyxcAQAo5/B/s="></latexit>

(A)

x1
<latexit sha1_base64="Z7jxfJr8/pbKF9IEHv5u2p28PzU=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+l6/XHGr7lxkFbwcKpCr0S9/9QYxSyOukElqTNdzE/QzqlEwyaelXmp4QtmYDnnXoqIRN342X3VKzqwzIGGs7VNI5u7viYxGxkyiwHZGFEdmuTYz/6t1Uwyv/EyoJEWu2OKjMJUEYzK7mwyE5gzlxAJlWthdCRtRTRnadEo2BG/55FVoXVQ9y3eXlfp1HkcRTuAUzsGDGtThFhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzmfPwuyjaA=</latexit><latexit sha1_base64="Z7jxfJr8/pbKF9IEHv5u2p28PzU=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+l6/XHGr7lxkFbwcKpCr0S9/9QYxSyOukElqTNdzE/QzqlEwyaelXmp4QtmYDnnXoqIRN342X3VKzqwzIGGs7VNI5u7viYxGxkyiwHZGFEdmuTYz/6t1Uwyv/EyoJEWu2OKjMJUEYzK7mwyE5gzlxAJlWthdCRtRTRnadEo2BG/55FVoXVQ9y3eXlfp1HkcRTuAUzsGDGtThFhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzmfPwuyjaA=</latexit><latexit sha1_base64="Z7jxfJr8/pbKF9IEHv5u2p28PzU=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+l6/XHGr7lxkFbwcKpCr0S9/9QYxSyOukElqTNdzE/QzqlEwyaelXmp4QtmYDnnXoqIRN342X3VKzqwzIGGs7VNI5u7viYxGxkyiwHZGFEdmuTYz/6t1Uwyv/EyoJEWu2OKjMJUEYzK7mwyE5gzlxAJlWthdCRtRTRnadEo2BG/55FVoXVQ9y3eXlfp1HkcRTuAUzsGDGtThFhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzmfPwuyjaA=</latexit><latexit sha1_base64="Z7jxfJr8/pbKF9IEHv5u2p28PzU=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+l6/XHGr7lxkFbwcKpCr0S9/9QYxSyOukElqTNdzE/QzqlEwyaelXmp4QtmYDnnXoqIRN342X3VKzqwzIGGs7VNI5u7viYxGxkyiwHZGFEdmuTYz/6t1Uwyv/EyoJEWu2OKjMJUEYzK7mwyE5gzlxAJlWthdCRtRTRnadEo2BG/55FVoXVQ9y3eXlfp1HkcRTuAUzsGDGtThFhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzmfPwuyjaA=</latexit>
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<latexit sha1_base64="ZOxEE2rYHyryNCfAXVq/Ix/usLc=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiIB4r2A9oQtlsNu3SzW7Y3Qgl9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRR8tMEdomkkvVC7GmnAnaNsxw2ksVxUnIaTcc38787hNVmknxaCYpDRI8FCxmBBsr+X4oeZS37qYDDw2qNbfuzoFWiVeQGhRoDapffiRJllBhCMda9z03NUGOlWGE02nFzzRNMRnjIe1bKnBCdZDPb56iM6tEKJbKljBorv6eyHGi9SQJbWeCzUgvezPxP6+fmfg6yJlIM0MFWSyKM46MRLMAUMQUJYZPLMFEMXsrIiOsMDE2pooNwVt+eZV0GnXvot54uKw1b4o4ynACp3AOHlxBE+6hBW0gkMIzvMKbkzkvzrvzsWgtOcXMMfyB8/kDS4CRMQ==</latexit>

Independent sparse 
prior

· · ·<latexit sha1_base64="UPokKVheDhmbefXjKuY8gEj6EYo=">AAAB7XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgv2ANpTNZtOu3WTD7kQoof/BiwdFvPp/vPlv3LY5aOsLCw/vzLAzb5BKYdB1v53S2vrG5lZ5u7Kzu7d/UD08ahuVacZbTEmluwE1XIqEt1Cg5N1UcxoHkneC8e2s3nni2giVPOAk5X5Mh4mIBKNorXafhQrNoFpz6+5cZBW8AmpQqDmofvVDxbKYJ8gkNabnuSn6OdUomOTTSj8zPKVsTIe8ZzGhMTd+Pt92Ss6sE5JIafsSJHP390ROY2MmcWA7Y4ojs1ybmf/VehlG134ukjRDnrDFR1EmCSoyO52EQnOGcmKBMi3sroSNqKYMbUAVG4K3fPIqtC/qnuX7y1rjpoijDCdwCufgwRU04A6a0AIGj/AMr/DmKOfFeXc+Fq0lp5g5hj9yPn8ArlmPLw==</latexit><latexit sha1_base64="UPokKVheDhmbefXjKuY8gEj6EYo=">AAAB7XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgv2ANpTNZtOu3WTD7kQoof/BiwdFvPp/vPlv3LY5aOsLCw/vzLAzb5BKYdB1v53S2vrG5lZ5u7Kzu7d/UD08ahuVacZbTEmluwE1XIqEt1Cg5N1UcxoHkneC8e2s3nni2giVPOAk5X5Mh4mIBKNorXafhQrNoFpz6+5cZBW8AmpQqDmofvVDxbKYJ8gkNabnuSn6OdUomOTTSj8zPKVsTIe8ZzGhMTd+Pt92Ss6sE5JIafsSJHP390ROY2MmcWA7Y4ojs1ybmf/VehlG134ukjRDnrDFR1EmCSoyO52EQnOGcmKBMi3sroSNqKYMbUAVG4K3fPIqtC/qnuX7y1rjpoijDCdwCufgwRU04A6a0AIGj/AMr/DmKOfFeXc+Fq0lp5g5hj9yPn8ArlmPLw==</latexit><latexit sha1_base64="UPokKVheDhmbefXjKuY8gEj6EYo=">AAAB7XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgv2ANpTNZtOu3WTD7kQoof/BiwdFvPp/vPlv3LY5aOsLCw/vzLAzb5BKYdB1v53S2vrG5lZ5u7Kzu7d/UD08ahuVacZbTEmluwE1XIqEt1Cg5N1UcxoHkneC8e2s3nni2giVPOAk5X5Mh4mIBKNorXafhQrNoFpz6+5cZBW8AmpQqDmofvVDxbKYJ8gkNabnuSn6OdUomOTTSj8zPKVsTIe8ZzGhMTd+Pt92Ss6sE5JIafsSJHP390ROY2MmcWA7Y4ojs1ybmf/VehlG134ukjRDnrDFR1EmCSoyO52EQnOGcmKBMi3sroSNqKYMbUAVG4K3fPIqtC/qnuX7y1rjpoijDCdwCufgwRU04A6a0AIGj/AMr/DmKOfFeXc+Fq0lp5g5hj9yPn8ArlmPLw==</latexit><latexit sha1_base64="UPokKVheDhmbefXjKuY8gEj6EYo=">AAAB7XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgv2ANpTNZtOu3WTD7kQoof/BiwdFvPp/vPlv3LY5aOsLCw/vzLAzb5BKYdB1v53S2vrG5lZ5u7Kzu7d/UD08ahuVacZbTEmluwE1XIqEt1Cg5N1UcxoHkneC8e2s3nni2giVPOAk5X5Mh4mIBKNorXafhQrNoFpz6+5cZBW8AmpQqDmofvVDxbKYJ8gkNabnuSn6OdUomOTTSj8zPKVsTIe8ZzGhMTd+Pt92Ss6sE5JIafsSJHP390ROY2MmcWA7Y4ojs1ybmf/VehlG134ukjRDnrDFR1EmCSoyO52EQnOGcmKBMi3sroSNqKYMbUAVG4K3fPIqtC/qnuX7y1rjpoijDCdwCufgwRU04A6a0AIGj/AMr/DmKOfFeXc+Fq0lp5g5hj9yPn8ArlmPLw==</latexit>

x2
<latexit sha1_base64="8ur8Qnjf68veizOKVqkUmBXGiPw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+rV+ueJW3bnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+ZlQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZRsCN7yyavQqlU9y3cXlfp1HkcRTuAUzsGDS6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwANNo2h</latexit><latexit sha1_base64="8ur8Qnjf68veizOKVqkUmBXGiPw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+rV+ueJW3bnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+ZlQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZRsCN7yyavQqlU9y3cXlfp1HkcRTuAUzsGDS6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwANNo2h</latexit><latexit sha1_base64="8ur8Qnjf68veizOKVqkUmBXGiPw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+rV+ueJW3bnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+ZlQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZRsCN7yyavQqlU9y3cXlfp1HkcRTuAUzsGDS6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwANNo2h</latexit><latexit sha1_base64="8ur8Qnjf68veizOKVqkUmBXGiPw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+rV+ueJW3bnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+ZlQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZRsCN7yyavQqlU9y3cXlfp1HkcRTuAUzsGDS6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwANNo2h</latexit>

x3
<latexit sha1_base64="AII+YquknBh492N6v2CGV+dFT6s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxov2ANpTNdtIu3WzC7kYsoT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GZabz2i0jyWD2acoB/RgeQhZ9RY6/6pd94rV9yqOxNZBi+HCuSq98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYlDRC7WezVSfkxDp9EsbKPmnIzP09kdFI63EU2M6ImqFerE3N/2qd1IRXfsZlkhqUbP5RmApiYjK9m/S5QmbE2AJlittdCRtSRZmx6ZRsCN7iycvQPKt6lu8uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+R8/gAOuo2i</latexit><latexit sha1_base64="AII+YquknBh492N6v2CGV+dFT6s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxov2ANpTNdtIu3WzC7kYsoT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GZabz2i0jyWD2acoB/RgeQhZ9RY6/6pd94rV9yqOxNZBi+HCuSq98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYlDRC7WezVSfkxDp9EsbKPmnIzP09kdFI63EU2M6ImqFerE3N/2qd1IRXfsZlkhqUbP5RmApiYjK9m/S5QmbE2AJlittdCRtSRZmx6ZRsCN7iycvQPKt6lu8uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+R8/gAOuo2i</latexit><latexit sha1_base64="AII+YquknBh492N6v2CGV+dFT6s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxov2ANpTNdtIu3WzC7kYsoT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GZabz2i0jyWD2acoB/RgeQhZ9RY6/6pd94rV9yqOxNZBi+HCuSq98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYlDRC7WezVSfkxDp9EsbKPmnIzP09kdFI63EU2M6ImqFerE3N/2qd1IRXfsZlkhqUbP5RmApiYjK9m/S5QmbE2AJlittdCRtSRZmx6ZRsCN7iycvQPKt6lu8uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+R8/gAOuo2i</latexit><latexit sha1_base64="AII+YquknBh492N6v2CGV+dFT6s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxov2ANpTNdtIu3WzC7kYsoT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GZabz2i0jyWD2acoB/RgeQhZ9RY6/6pd94rV9yqOxNZBi+HCuSq98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYlDRC7WezVSfkxDp9EsbKPmnIzP09kdFI63EU2M6ImqFerE3N/2qd1IRXfsZlkhqUbP5RmApiYjK9m/S5QmbE2AJlittdCRtSRZmx6ZRsCN7iycvQPKt6lu8uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+R8/gAOuo2i</latexit>

xn
<latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit><latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit><latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit><latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit>

I ⇠ N
 

nX

i

PFixi,�
2

!

<latexit sha1_base64="QITLenZ26IKXSsQ1058cUSI4yiE="></latexit>

PF2
<latexit sha1_base64="n+OEsj3osa7R07v0rWiBAZHxEhk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiIB4r2A9oQtlsNu3SzW7Y3Qgl9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRR8tMEdomkkvVC7GmnAnaNsxw2ksVxUnIaTcc38787hNVmknxaCYpDRI8FCxmBBsr+X4oeZS37qaDBhpUa27dnQOtEq8gNSjQGlS//EiSLKHCEI617ntuaoIcK8MIp9OKn2maYjLGQ9q3VOCE6iCf3zxFZ1aJUCyVLWHQXP09keNE60kS2s4Em5Fe9mbif14/M/F1kDORZoYKslgUZxwZiWYBoIgpSgyfWIKJYvZWREZYYWJsTBUbgrf88irpNOreRb3xcFlr3hRxlOEETuEcPLiCJtxDC9pAIIVneIU3J3NenHfnY9FacoqZY/gD5/MHTQWRMg==</latexit>

PF3
<latexit sha1_base64="YrcA4N/2LiY3HpKR2NbULOOsHEc=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0laQY9FQTxWsLXQhLLZbNqlm92wuxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzwpQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjrpaZIrRDJJeqF2JNORO0Y5jhtJcqipOQ08dwfDPzH5+o0kyKBzNJaZDgoWAxI9hYyfdDyaO8fTsdNNGgWnPr7hxolXgFqUGB9qD65UeSZAkVhnCsdd9zUxPkWBlGOJ1W/EzTFJMxHtK+pQInVAf5/OYpOrNKhGKpbAmD5urviRwnWk+S0HYm2Iz0sjcT//P6mYmvgpyJNDNUkMWiOOPISDQLAEVMUWL4xBJMFLO3IjLCChNjY6rYELzll1dJt1H3mvXG/UWtdV3EUYYTOIVz8OASWnAHbegAgRSe4RXenMx5cd6dj0VrySlmjuEPnM8fToqRMw==</latexit>

PFn
<latexit sha1_base64="yHNpaaq3U02EVZNJgQRYTzkCl2w=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiIB4r2A9oQtlsNu3SzW7Y3Qgl9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRR8tMEdomkkvVC7GmnAnaNsxw2ksVxUnIaTcc38787hNVmknxaCYpDRI8FCxmBBsr+X4oeZS37qYDgQbVmlt350CrxCtIDQq0BtUvP5IkS6gwhGOt+56bmiDHyjDC6bTiZ5qmmIzxkPYtFTihOsjnN0/RmVUiFEtlSxg0V39P5DjRepKEtjPBZqSXvZn4n9fPTHwd5EykmaGCLBbFGUdGolkAKGKKEsMnlmCimL0VkRFWmBgbU8WG4C2/vEo6jbp3UW88XNaaN0UcZTiBUzgHD66gCffQgjYQSOEZXuHNyZwX5935WLSWnGLmGP7A+fwBqDGRbg==</latexit>

⇡
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Linear Gaussian image 
model 

Generative model
Inference direction

PFi
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= Projective Field/
feature represented by 
neuron i

...
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Probabilistic 
Inference

COMPUTATIONAL
GOAL

Marr’s Level 1

0 = no spike
1 = spike

Bridging Marr’s 
three levels

Feedforward 
connection 
weight: ITPFi
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Recurrent 
connection
weight:�PFT

i PFj
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p(neuron spikes now|Image, state of other neurons)

⇥
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Negative causal influence 
between neurons of similar RFs

Approximately contrast-
invariant tuning curves

contrastsPF of neuron
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Good agreement between posterior implied by LIF network 
spikes and Gibbs samples for an example image

(D) Near Poisson variability in LIF network with Input + Synaptic noise
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Network of leaky 
integrate and fire 

(LIF) neurons

IMPLEMENTATION
Marr’s Level 3

Binary samples of x can be interpreted as spikes

Feed-forward + recurrent input to LIF neuron
=   function of Gibbs sampling based        
conditional probability

MCMC Gibbs 
Sampling

ALGORITHM/
REPRESENTATION

Marr’s Level 2

Feedforward Recurrent input 
from other 
neuronsFiring Rate Input Current/
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Feedforward and 
Recurrent Weights 
of LIF neuron derived 
from Gibbs sampling 
equations

Example 
spike raster

Gibbs sampling equation for binary x with sparse 
prior:

p (xk = 1|x¬k, I) / exp
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Independent sparse 
prior
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x2
<latexit sha1_base64="8ur8Qnjf68veizOKVqkUmBXGiPw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+rV+ueJW3bnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+ZlQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZRsCN7yyavQqlU9y3cXlfp1HkcRTuAUzsGDS6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwANNo2h</latexit><latexit sha1_base64="8ur8Qnjf68veizOKVqkUmBXGiPw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+rV+ueJW3bnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+ZlQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZRsCN7yyavQqlU9y3cXlfp1HkcRTuAUzsGDS6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwANNo2h</latexit><latexit sha1_base64="8ur8Qnjf68veizOKVqkUmBXGiPw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+rV+ueJW3bnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+ZlQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZRsCN7yyavQqlU9y3cXlfp1HkcRTuAUzsGDS6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwANNo2h</latexit><latexit sha1_base64="8ur8Qnjf68veizOKVqkUmBXGiPw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+rV+ueJW3bnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+ZlQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZRsCN7yyavQqlU9y3cXlfp1HkcRTuAUzsGDS6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwANNo2h</latexit>

x3
<latexit sha1_base64="AII+YquknBh492N6v2CGV+dFT6s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxov2ANpTNdtIu3WzC7kYsoT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GZabz2i0jyWD2acoB/RgeQhZ9RY6/6pd94rV9yqOxNZBi+HCuSq98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYlDRC7WezVSfkxDp9EsbKPmnIzP09kdFI63EU2M6ImqFerE3N/2qd1IRXfsZlkhqUbP5RmApiYjK9m/S5QmbE2AJlittdCRtSRZmx6ZRsCN7iycvQPKt6lu8uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+R8/gAOuo2i</latexit><latexit sha1_base64="AII+YquknBh492N6v2CGV+dFT6s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxov2ANpTNdtIu3WzC7kYsoT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GZabz2i0jyWD2acoB/RgeQhZ9RY6/6pd94rV9yqOxNZBi+HCuSq98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYlDRC7WezVSfkxDp9EsbKPmnIzP09kdFI63EU2M6ImqFerE3N/2qd1IRXfsZlkhqUbP5RmApiYjK9m/S5QmbE2AJlittdCRtSRZmx6ZRsCN7iycvQPKt6lu8uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+R8/gAOuo2i</latexit><latexit sha1_base64="AII+YquknBh492N6v2CGV+dFT6s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxov2ANpTNdtIu3WzC7kYsoT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GZabz2i0jyWD2acoB/RgeQhZ9RY6/6pd94rV9yqOxNZBi+HCuSq98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYlDRC7WezVSfkxDp9EsbKPmnIzP09kdFI63EU2M6ImqFerE3N/2qd1IRXfsZlkhqUbP5RmApiYjK9m/S5QmbE2AJlittdCRtSRZmx6ZRsCN7iycvQPKt6lu8uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+R8/gAOuo2i</latexit><latexit sha1_base64="AII+YquknBh492N6v2CGV+dFT6s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxov2ANpTNdtIu3WzC7kYsoT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GZabz2i0jyWD2acoB/RgeQhZ9RY6/6pd94rV9yqOxNZBi+HCuSq98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYlDRC7WezVSfkxDp9EsbKPmnIzP09kdFI63EU2M6ImqFerE3N/2qd1IRXfsZlkhqUbP5RmApiYjK9m/S5QmbE2AJlittdCRtSRZmx6ZRsCN7iycvQPKt6lu8uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+R8/gAOuo2i</latexit>

xn
<latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit><latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit><latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit><latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit>
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<latexit sha1_base64="QITLenZ26IKXSsQ1058cUSI4yiE="></latexit>

PF2
<latexit sha1_base64="n+OEsj3osa7R07v0rWiBAZHxEhk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiIB4r2A9oQtlsNu3SzW7Y3Qgl9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRR8tMEdomkkvVC7GmnAnaNsxw2ksVxUnIaTcc38787hNVmknxaCYpDRI8FCxmBBsr+X4oeZS37qaDBhpUa27dnQOtEq8gNSjQGlS//EiSLKHCEI617ntuaoIcK8MIp9OKn2maYjLGQ9q3VOCE6iCf3zxFZ1aJUCyVLWHQXP09keNE60kS2s4Em5Fe9mbif14/M/F1kDORZoYKslgUZxwZiWYBoIgpSgyfWIKJYvZWREZYYWJsTBUbgrf88irpNOreRb3xcFlr3hRxlOEETuEcPLiCJtxDC9pAIIVneIU3J3NenHfnY9FacoqZY/gD5/MHTQWRMg==</latexit>

PF3
<latexit sha1_base64="YrcA4N/2LiY3HpKR2NbULOOsHEc=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0laQY9FQTxWsLXQhLLZbNqlm92wuxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzwpQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjrpaZIrRDJJeqF2JNORO0Y5jhtJcqipOQ08dwfDPzH5+o0kyKBzNJaZDgoWAxI9hYyfdDyaO8fTsdNNGgWnPr7hxolXgFqUGB9qD65UeSZAkVhnCsdd9zUxPkWBlGOJ1W/EzTFJMxHtK+pQInVAf5/OYpOrNKhGKpbAmD5urviRwnWk+S0HYm2Iz0sjcT//P6mYmvgpyJNDNUkMWiOOPISDQLAEVMUWL4xBJMFLO3IjLCChNjY6rYELzll1dJt1H3mvXG/UWtdV3EUYYTOIVz8OASWnAHbegAgRSe4RXenMx5cd6dj0VrySlmjuEPnM8fToqRMw==</latexit>

PFn
<latexit sha1_base64="yHNpaaq3U02EVZNJgQRYTzkCl2w=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiIB4r2A9oQtlsNu3SzW7Y3Qgl9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRR8tMEdomkkvVC7GmnAnaNsxw2ksVxUnIaTcc38787hNVmknxaCYpDRI8FCxmBBsr+X4oeZS37qYDgQbVmlt350CrxCtIDQq0BtUvP5IkS6gwhGOt+56bmiDHyjDC6bTiZ5qmmIzxkPYtFTihOsjnN0/RmVUiFEtlSxg0V39P5DjRepKEtjPBZqSXvZn4n9fPTHwd5EykmaGCLBbFGUdGolkAKGKKEsMnlmCimL0VkRFWmBgbU8WG4C2/vEo6jbp3UW88XNaaN0UcZTiBUzgHD66gCffQgjYQSOEZXuHNyZwX5935WLSWnGLmGP7A+fwBqDGRbg==</latexit>

⇡
<latexit sha1_base64="BD88AXvjS3lujLi2A79/yugFl1Y=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYdeKvpu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AE+/jc0=</latexit><latexit sha1_base64="BD88AXvjS3lujLi2A79/yugFl1Y=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYdeKvpu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AE+/jc0=</latexit><latexit sha1_base64="BD88AXvjS3lujLi2A79/yugFl1Y=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYdeKvpu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AE+/jc0=</latexit><latexit sha1_base64="BD88AXvjS3lujLi2A79/yugFl1Y=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYdeKvpu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AE+/jc0=</latexit>

Linear Gaussian image 
model 

Generative model
Inference direction

PFi
<latexit sha1_base64="Fm+FtmtP3T/mGa2ZyjrkAj+s7GY=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiIB4r2A9IQ9lsNu3SzW7YnQgl9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSq4Adf9dkpr6xubW+Xtys7u3v5B9fCoY1SmKWtTJZTuhcQwwSVrAwfBeqlmJAkF64bj25nffWLacCUfYZKyICFDyWNOCVjJ74dKRHnrbjrgg2rNrbtz4FXiFaSGCrQG1a9+pGiWMAlUEGN8z00hyIkGTgWbVvqZYSmhYzJkvqWSJMwE+fzkKT6zSoRjpW1JwHP190ROEmMmSWg7EwIjs+zNxP88P4P4Osi5TDNgki4WxZnAoPDsfxxxzSiIiSWEam5vxXRENKFgU6rYELzll1dJp1H3LuqNh8ta86aIo4xO0Ck6Rx66Qk10j1qojShS6Bm9ojcHnBfn3flYtJacYuYY/YHz+QNGzZE/</latexit>

= Projective Field/
feature represented by 
neuron i

...
<latexit sha1_base64="hx9vrypjtBJpcEsh1w05CZs9G34=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0GPRi8cKthbaUDabTbt2sxt2J4VS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8MBXcoOd9O4W19Y3NreJ2aWd3b/+gfHjUMirTlDWpEkq3Q2KY4JI1kaNg7VQzkoSCPYbD25n/OGLacCUfcJyyICF9yWNOCVqp1R1FCk2vXPGq3hzuKvFzUoEcjV75qxspmiVMIhXEmI7vpRhMiEZOBZuWuplhKaFD0mcdSyVJmAkm82un7plVIjdW2pZEd67+npiQxJhxEtrOhODALHsz8T+vk2F8HUy4TDNkki4WxZlwUbmz192Ia0ZRjC0hVHN7q0sHRBOKNqCSDcFffnmVtGpV/6Jau7+s1G/yOIpwAqdwDj5cQR3uoAFNoPAEz/AKb45yXpx352PRWnDymWP4A+fzB8y9j0Y=</latexit>

Probabilistic 
Inference

COMPUTATIONAL
GOAL

Marr’s Level 1

0 = no spike
1 = spike

Bridging Marr’s 
three levels

Feedforward 
connection 
weight: ITPFi

<latexit sha1_base64="PG9Ym66ktresxjFH9KtBXcLtnDE=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJWkCrosCqK7Cn1BE8NkMm2HTiZhZiKUEDf+ihsXirj1L9z5N07aLLT1wIXDOfdy7z1+zKhUlvVtlJaWV1bXyuuVjc2t7R1zd68jo0Rg0sYRi0TPR5IwyklbUcVILxYEhT4jXX98lfvdByIkjXhLTWLihmjI6YBipLTkmQdOiNRIhOltBu9bjh+xIG1eZx71zKpVs6aAi8QuSBUUaHrmlxNEOAkJV5ghKfu2FSs3RUJRzEhWcRJJYoTHaEj6mnIUEumm0w8yeKyVAA4ioYsrOFV/T6QolHIS+rozv1fOe7n4n9dP1ODCTSmPE0U4ni0aJAyqCOZxwIAKghWbaIKwoPpWiEdIIKx0aBUdgj3/8iLp1Gv2aa1+d1ZtXBZxlMEhOAInwAbnoAFuQBO0AQaP4Bm8gjfjyXgx3o2PWWvJKGb2wR8Ynz9/VJbq</latexit>

Recurrent 
connection
weight:�PFT

i PFj
<latexit sha1_base64="84uDP1JugmlTtozjiU8Zrz/Y/7I=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBjWWmCrosCuKyQl/QjkMmk7axmWRIMkIZCm78FTcuFHHrT7jzb0zbAbX1wIWTc+4l954gZlRpx/mycguLS8sr+dXC2vrG5pa9vdNQIpGY1LFgQrYCpAijnNQ11Yy0YklQFDDSDAaXY795T6Sigtf0MCZehHqcdilG2ki+vXfcCQQL0+rVyKfwtvbzuvPtolNyJoDzxM1IEWSo+vZnJxQ4iQjXmCGl2q4Tay9FUlPMyKjQSRSJER6gHmkbylFElJdObhjBQ6OEsCukKa7hRP09kaJIqWEUmM4I6b6a9cbif1470d1zL6U8TjThePpRN2FQCzgOBIZUEqzZ0BCEJTW7QtxHEmFtYiuYENzZk+dJo1xyT0rlm9Ni5SKLIw/2wQE4Ai44AxVwDaqgDjB4AE/gBbxaj9az9Wa9T1tzVjazC/7A+vgGXdWXWQ==</latexit>

p(neuron spikes now|Image, state of other neurons)

⇥
<latexit sha1_base64="y3ZFcWqBEabekax7ttofWU1jMYg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0alXvolq7v6zUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPt3mPOA==</latexit>

Approximately contrast-
invariant tuning curves

Approximately contrast-
invariant tuning curves
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spikes and Gibbs samples for an example image

(D) Near Poisson variability in LIF network with Input + Synaptic noise
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Network of leaky 
integrate and fire 

(LIF) neurons

IMPLEMENTATION
Marr’s Level 3

Binary samples of x can be interpreted as spikes

Feed-forward + recurrent input to LIF neuron
=   function of Gibbs sampling based        
conditional probability

MCMC Gibbs 
Sampling

ALGORITHM/
REPRESENTATION

Marr’s Level 2

Feedforward Recurrent input 
from other 
neuronsFiring Rate Input Current/

<latexit sha1_base64="/pOdjMbgnEEAHQqhPmZ0FVW0K94=">AAAB+3icbVBNS8NAEJ3Urxq/qj16WSyCp5J4UQ9i0YvHCsYW2lA2m027dJMNuxuhhIr/xIsHFa/+Bu/e/Ddu2h609cHA470ZZuYFKWdKO863VVpaXlldK6/bG5tb2zuV3b07JTJJqEcEF7IdYEU5S6inmea0nUqK44DTVjC8KvzWPZWKieRWj1Lqx7ifsIgRrI3Uq1TtbiB4iPJuKkWqBRoju1epOXVnArRI3BmpXXza548A0OxVvrqhIFlME004VqrjOqn2cyw1I5yO7W6maIrJEPdpx9AEx1T5+eT4MTo0SogiIU0lGk3U3xM5jpUaxYHpjLEeqHmvEP/zOpmOTv2cJWmmaUKmi6KMI/NkkQQKmaRE85EhmEhmbkVkgCUm2uRVhODOv7xIvOP6Wd25cWqNS5iiDPtwAEfgwgk04Bqa4AGBETzBC7xaD9az9Wa9T1tL1mymCn9gffwACTmVbg==</latexit><latexit sha1_base64="lqoou6oGzl5BNjgLY3loEv2Kenc=">AAAB+3icbVBNS8NAEN34WeNXtEcvi0XwVBIv6kEsevFYwdhCG8pms2mXbrLL7kYIof4VD3pQ8epv8O5F/Ddu2h609cHA470ZZuaFglGlXffbWlhcWl5ZrazZ6xubW9vOzu6t4pnExMeccdkOkSKMpsTXVDPSFpKgJGSkFQ4vS791R6SiPL3RuSBBgvopjSlG2kg9p2p3Q84iWHSF5EJzOIJ2z6m5dXcMOE+8Kamdf9hn4vHLbvacz27EcZaQVGOGlOp4rtBBgaSmmJGR3c0UEQgPUZ90DE1RQlRQjI8fwQOjRDDm0lSq4Vj9PVGgRKk8CU1ngvRAzXql+J/XyXR8EhQ0FZkmKZ4sijMGzZNlEjCikmDNckMQltTcCvEASYS1yasMwZt9eZ74R/XTunvt1hoXYIIK2AP74BB44Bg0wBVoAh9gkIMH8AxerHvryXq13iatC9Z0pgr+wHr/AflFluI=</latexit><latexit sha1_base64="lqoou6oGzl5BNjgLY3loEv2Kenc=">AAAB+3icbVBNS8NAEN34WeNXtEcvi0XwVBIv6kEsevFYwdhCG8pms2mXbrLL7kYIof4VD3pQ8epv8O5F/Ddu2h609cHA470ZZuaFglGlXffbWlhcWl5ZrazZ6xubW9vOzu6t4pnExMeccdkOkSKMpsTXVDPSFpKgJGSkFQ4vS791R6SiPL3RuSBBgvopjSlG2kg9p2p3Q84iWHSF5EJzOIJ2z6m5dXcMOE+8Kamdf9hn4vHLbvacz27EcZaQVGOGlOp4rtBBgaSmmJGR3c0UEQgPUZ90DE1RQlRQjI8fwQOjRDDm0lSq4Vj9PVGgRKk8CU1ngvRAzXql+J/XyXR8EhQ0FZkmKZ4sijMGzZNlEjCikmDNckMQltTcCvEASYS1yasMwZt9eZ74R/XTunvt1hoXYIIK2AP74BB44Bg0wBVoAh9gkIMH8AxerHvryXq13iatC9Z0pgr+wHr/AflFluI=</latexit>

Feedforward and 
Recurrent Weights 
of LIF neuron derived 
from Gibbs sampling 
equations

Example 
spike raster

Gibbs sampling equation for binary x with sparse 
prior:

p (xk = 1|x¬k, I) / exp

✓
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<latexit sha1_base64="feuINHR24R7XFtTyxcAQAo5/B/s="></latexit>

(A)

x1
<latexit sha1_base64="Z7jxfJr8/pbKF9IEHv5u2p28PzU=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+l6/XHGr7lxkFbwcKpCr0S9/9QYxSyOukElqTNdzE/QzqlEwyaelXmp4QtmYDnnXoqIRN342X3VKzqwzIGGs7VNI5u7viYxGxkyiwHZGFEdmuTYz/6t1Uwyv/EyoJEWu2OKjMJUEYzK7mwyE5gzlxAJlWthdCRtRTRnadEo2BG/55FVoXVQ9y3eXlfp1HkcRTuAUzsGDGtThFhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzmfPwuyjaA=</latexit><latexit sha1_base64="Z7jxfJr8/pbKF9IEHv5u2p28PzU=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+l6/XHGr7lxkFbwcKpCr0S9/9QYxSyOukElqTNdzE/QzqlEwyaelXmp4QtmYDnnXoqIRN342X3VKzqwzIGGs7VNI5u7viYxGxkyiwHZGFEdmuTYz/6t1Uwyv/EyoJEWu2OKjMJUEYzK7mwyE5gzlxAJlWthdCRtRTRnadEo2BG/55FVoXVQ9y3eXlfp1HkcRTuAUzsGDGtThFhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzmfPwuyjaA=</latexit><latexit sha1_base64="Z7jxfJr8/pbKF9IEHv5u2p28PzU=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+l6/XHGr7lxkFbwcKpCr0S9/9QYxSyOukElqTNdzE/QzqlEwyaelXmp4QtmYDnnXoqIRN342X3VKzqwzIGGs7VNI5u7viYxGxkyiwHZGFEdmuTYz/6t1Uwyv/EyoJEWu2OKjMJUEYzK7mwyE5gzlxAJlWthdCRtRTRnadEo2BG/55FVoXVQ9y3eXlfp1HkcRTuAUzsGDGtThFhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzmfPwuyjaA=</latexit><latexit sha1_base64="Z7jxfJr8/pbKF9IEHv5u2p28PzU=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+l6/XHGr7lxkFbwcKpCr0S9/9QYxSyOukElqTNdzE/QzqlEwyaelXmp4QtmYDnnXoqIRN342X3VKzqwzIGGs7VNI5u7viYxGxkyiwHZGFEdmuTYz/6t1Uwyv/EyoJEWu2OKjMJUEYzK7mwyE5gzlxAJlWthdCRtRTRnadEo2BG/55FVoXVQ9y3eXlfp1HkcRTuAUzsGDGtThFhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzmfPwuyjaA=</latexit>

PF1
<latexit sha1_base64="ZOxEE2rYHyryNCfAXVq/Ix/usLc=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiIB4r2A9oQtlsNu3SzW7Y3Qgl9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRR8tMEdomkkvVC7GmnAnaNsxw2ksVxUnIaTcc38787hNVmknxaCYpDRI8FCxmBBsr+X4oeZS37qYDDw2qNbfuzoFWiVeQGhRoDapffiRJllBhCMda9z03NUGOlWGE02nFzzRNMRnjIe1bKnBCdZDPb56iM6tEKJbKljBorv6eyHGi9SQJbWeCzUgvezPxP6+fmfg6yJlIM0MFWSyKM46MRLMAUMQUJYZPLMFEMXsrIiOsMDE2pooNwVt+eZV0GnXvot54uKw1b4o4ynACp3AOHlxBE+6hBW0gkMIzvMKbkzkvzrvzsWgtOcXMMfyB8/kDS4CRMQ==</latexit>

Independent sparse 
prior

· · ·<latexit sha1_base64="UPokKVheDhmbefXjKuY8gEj6EYo=">AAAB7XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgv2ANpTNZtOu3WTD7kQoof/BiwdFvPp/vPlv3LY5aOsLCw/vzLAzb5BKYdB1v53S2vrG5lZ5u7Kzu7d/UD08ahuVacZbTEmluwE1XIqEt1Cg5N1UcxoHkneC8e2s3nni2giVPOAk5X5Mh4mIBKNorXafhQrNoFpz6+5cZBW8AmpQqDmofvVDxbKYJ8gkNabnuSn6OdUomOTTSj8zPKVsTIe8ZzGhMTd+Pt92Ss6sE5JIafsSJHP390ROY2MmcWA7Y4ojs1ybmf/VehlG134ukjRDnrDFR1EmCSoyO52EQnOGcmKBMi3sroSNqKYMbUAVG4K3fPIqtC/qnuX7y1rjpoijDCdwCufgwRU04A6a0AIGj/AMr/DmKOfFeXc+Fq0lp5g5hj9yPn8ArlmPLw==</latexit><latexit sha1_base64="UPokKVheDhmbefXjKuY8gEj6EYo=">AAAB7XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgv2ANpTNZtOu3WTD7kQoof/BiwdFvPp/vPlv3LY5aOsLCw/vzLAzb5BKYdB1v53S2vrG5lZ5u7Kzu7d/UD08ahuVacZbTEmluwE1XIqEt1Cg5N1UcxoHkneC8e2s3nni2giVPOAk5X5Mh4mIBKNorXafhQrNoFpz6+5cZBW8AmpQqDmofvVDxbKYJ8gkNabnuSn6OdUomOTTSj8zPKVsTIe8ZzGhMTd+Pt92Ss6sE5JIafsSJHP390ROY2MmcWA7Y4ojs1ybmf/VehlG134ukjRDnrDFR1EmCSoyO52EQnOGcmKBMi3sroSNqKYMbUAVG4K3fPIqtC/qnuX7y1rjpoijDCdwCufgwRU04A6a0AIGj/AMr/DmKOfFeXc+Fq0lp5g5hj9yPn8ArlmPLw==</latexit><latexit sha1_base64="UPokKVheDhmbefXjKuY8gEj6EYo=">AAAB7XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgv2ANpTNZtOu3WTD7kQoof/BiwdFvPp/vPlv3LY5aOsLCw/vzLAzb5BKYdB1v53S2vrG5lZ5u7Kzu7d/UD08ahuVacZbTEmluwE1XIqEt1Cg5N1UcxoHkneC8e2s3nni2giVPOAk5X5Mh4mIBKNorXafhQrNoFpz6+5cZBW8AmpQqDmofvVDxbKYJ8gkNabnuSn6OdUomOTTSj8zPKVsTIe8ZzGhMTd+Pt92Ss6sE5JIafsSJHP390ROY2MmcWA7Y4ojs1ybmf/VehlG134ukjRDnrDFR1EmCSoyO52EQnOGcmKBMi3sroSNqKYMbUAVG4K3fPIqtC/qnuX7y1rjpoijDCdwCufgwRU04A6a0AIGj/AMr/DmKOfFeXc+Fq0lp5g5hj9yPn8ArlmPLw==</latexit><latexit sha1_base64="UPokKVheDhmbefXjKuY8gEj6EYo=">AAAB7XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgv2ANpTNZtOu3WTD7kQoof/BiwdFvPp/vPlv3LY5aOsLCw/vzLAzb5BKYdB1v53S2vrG5lZ5u7Kzu7d/UD08ahuVacZbTEmluwE1XIqEt1Cg5N1UcxoHkneC8e2s3nni2giVPOAk5X5Mh4mIBKNorXafhQrNoFpz6+5cZBW8AmpQqDmofvVDxbKYJ8gkNabnuSn6OdUomOTTSj8zPKVsTIe8ZzGhMTd+Pt92Ss6sE5JIafsSJHP390ROY2MmcWA7Y4ojs1ybmf/VehlG134ukjRDnrDFR1EmCSoyO52EQnOGcmKBMi3sroSNqKYMbUAVG4K3fPIqtC/qnuX7y1rjpoijDCdwCufgwRU04A6a0AIGj/AMr/DmKOfFeXc+Fq0lp5g5hj9yPn8ArlmPLw==</latexit>

x2
<latexit sha1_base64="8ur8Qnjf68veizOKVqkUmBXGiPw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+rV+ueJW3bnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+ZlQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZRsCN7yyavQqlU9y3cXlfp1HkcRTuAUzsGDS6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwANNo2h</latexit><latexit sha1_base64="8ur8Qnjf68veizOKVqkUmBXGiPw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+rV+ueJW3bnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+ZlQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZRsCN7yyavQqlU9y3cXlfp1HkcRTuAUzsGDS6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwANNo2h</latexit><latexit sha1_base64="8ur8Qnjf68veizOKVqkUmBXGiPw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+rV+ueJW3bnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+ZlQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZRsCN7yyavQqlU9y3cXlfp1HkcRTuAUzsGDS6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwANNo2h</latexit><latexit sha1_base64="8ur8Qnjf68veizOKVqkUmBXGiPw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+rV+ueJW3bnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+ZlQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZRsCN7yyavQqlU9y3cXlfp1HkcRTuAUzsGDS6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwANNo2h</latexit>

x3
<latexit sha1_base64="AII+YquknBh492N6v2CGV+dFT6s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxov2ANpTNdtIu3WzC7kYsoT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GZabz2i0jyWD2acoB/RgeQhZ9RY6/6pd94rV9yqOxNZBi+HCuSq98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYlDRC7WezVSfkxDp9EsbKPmnIzP09kdFI63EU2M6ImqFerE3N/2qd1IRXfsZlkhqUbP5RmApiYjK9m/S5QmbE2AJlittdCRtSRZmx6ZRsCN7iycvQPKt6lu8uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+R8/gAOuo2i</latexit><latexit sha1_base64="AII+YquknBh492N6v2CGV+dFT6s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxov2ANpTNdtIu3WzC7kYsoT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GZabz2i0jyWD2acoB/RgeQhZ9RY6/6pd94rV9yqOxNZBi+HCuSq98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYlDRC7WezVSfkxDp9EsbKPmnIzP09kdFI63EU2M6ImqFerE3N/2qd1IRXfsZlkhqUbP5RmApiYjK9m/S5QmbE2AJlittdCRtSRZmx6ZRsCN7iycvQPKt6lu8uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+R8/gAOuo2i</latexit><latexit sha1_base64="AII+YquknBh492N6v2CGV+dFT6s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxov2ANpTNdtIu3WzC7kYsoT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GZabz2i0jyWD2acoB/RgeQhZ9RY6/6pd94rV9yqOxNZBi+HCuSq98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYlDRC7WezVSfkxDp9EsbKPmnIzP09kdFI63EU2M6ImqFerE3N/2qd1IRXfsZlkhqUbP5RmApiYjK9m/S5QmbE2AJlittdCRtSRZmx6ZRsCN7iycvQPKt6lu8uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+R8/gAOuo2i</latexit><latexit sha1_base64="AII+YquknBh492N6v2CGV+dFT6s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxov2ANpTNdtIu3WzC7kYsoT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GZabz2i0jyWD2acoB/RgeQhZ9RY6/6pd94rV9yqOxNZBi+HCuSq98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYlDRC7WezVSfkxDp9EsbKPmnIzP09kdFI63EU2M6ImqFerE3N/2qd1IRXfsZlkhqUbP5RmApiYjK9m/S5QmbE2AJlittdCRtSRZmx6ZRsCN7iycvQPKt6lu8uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+R8/gAOuo2i</latexit>

xn
<latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit><latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit><latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit><latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit>
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<latexit sha1_base64="QITLenZ26IKXSsQ1058cUSI4yiE="></latexit>

PF2
<latexit sha1_base64="n+OEsj3osa7R07v0rWiBAZHxEhk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiIB4r2A9oQtlsNu3SzW7Y3Qgl9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRR8tMEdomkkvVC7GmnAnaNsxw2ksVxUnIaTcc38787hNVmknxaCYpDRI8FCxmBBsr+X4oeZS37qaDBhpUa27dnQOtEq8gNSjQGlS//EiSLKHCEI617ntuaoIcK8MIp9OKn2maYjLGQ9q3VOCE6iCf3zxFZ1aJUCyVLWHQXP09keNE60kS2s4Em5Fe9mbif14/M/F1kDORZoYKslgUZxwZiWYBoIgpSgyfWIKJYvZWREZYYWJsTBUbgrf88irpNOreRb3xcFlr3hRxlOEETuEcPLiCJtxDC9pAIIVneIU3J3NenHfnY9FacoqZY/gD5/MHTQWRMg==</latexit>

PF3
<latexit sha1_base64="YrcA4N/2LiY3HpKR2NbULOOsHEc=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0laQY9FQTxWsLXQhLLZbNqlm92wuxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzwpQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjrpaZIrRDJJeqF2JNORO0Y5jhtJcqipOQ08dwfDPzH5+o0kyKBzNJaZDgoWAxI9hYyfdDyaO8fTsdNNGgWnPr7hxolXgFqUGB9qD65UeSZAkVhnCsdd9zUxPkWBlGOJ1W/EzTFJMxHtK+pQInVAf5/OYpOrNKhGKpbAmD5urviRwnWk+S0HYm2Iz0sjcT//P6mYmvgpyJNDNUkMWiOOPISDQLAEVMUWL4xBJMFLO3IjLCChNjY6rYELzll1dJt1H3mvXG/UWtdV3EUYYTOIVz8OASWnAHbegAgRSe4RXenMx5cd6dj0VrySlmjuEPnM8fToqRMw==</latexit>

PFn
<latexit sha1_base64="yHNpaaq3U02EVZNJgQRYTzkCl2w=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiIB4r2A9oQtlsNu3SzW7Y3Qgl9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRR8tMEdomkkvVC7GmnAnaNsxw2ksVxUnIaTcc38787hNVmknxaCYpDRI8FCxmBBsr+X4oeZS37qYDgQbVmlt350CrxCtIDQq0BtUvP5IkS6gwhGOt+56bmiDHyjDC6bTiZ5qmmIzxkPYtFTihOsjnN0/RmVUiFEtlSxg0V39P5DjRepKEtjPBZqSXvZn4n9fPTHwd5EykmaGCLBbFGUdGolkAKGKKEsMnlmCimL0VkRFWmBgbU8WG4C2/vEo6jbp3UW88XNaaN0UcZTiBUzgHD66gCffQgjYQSOEZXuHNyZwX5935WLSWnGLmGP7A+fwBqDGRbg==</latexit>

⇡
<latexit sha1_base64="BD88AXvjS3lujLi2A79/yugFl1Y=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYdeKvpu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AE+/jc0=</latexit><latexit sha1_base64="BD88AXvjS3lujLi2A79/yugFl1Y=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYdeKvpu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AE+/jc0=</latexit><latexit sha1_base64="BD88AXvjS3lujLi2A79/yugFl1Y=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYdeKvpu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AE+/jc0=</latexit><latexit sha1_base64="BD88AXvjS3lujLi2A79/yugFl1Y=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYdeKvpu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AE+/jc0=</latexit>

Linear Gaussian image 
model 

Generative model
Inference direction

PFi
<latexit sha1_base64="Fm+FtmtP3T/mGa2ZyjrkAj+s7GY=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiIB4r2A9IQ9lsNu3SzW7YnQgl9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSq4Adf9dkpr6xubW+Xtys7u3v5B9fCoY1SmKWtTJZTuhcQwwSVrAwfBeqlmJAkF64bj25nffWLacCUfYZKyICFDyWNOCVjJ74dKRHnrbjrgg2rNrbtz4FXiFaSGCrQG1a9+pGiWMAlUEGN8z00hyIkGTgWbVvqZYSmhYzJkvqWSJMwE+fzkKT6zSoRjpW1JwHP190ROEmMmSWg7EwIjs+zNxP88P4P4Osi5TDNgki4WxZnAoPDsfxxxzSiIiSWEam5vxXRENKFgU6rYELzll1dJp1H3LuqNh8ta86aIo4xO0Ck6Rx66Qk10j1qojShS6Bm9ojcHnBfn3flYtJacYuYY/YHz+QNGzZE/</latexit>

= Projective Field/
feature represented by 
neuron i

...
<latexit sha1_base64="hx9vrypjtBJpcEsh1w05CZs9G34=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0GPRi8cKthbaUDabTbt2sxt2J4VS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8MBXcoOd9O4W19Y3NreJ2aWd3b/+gfHjUMirTlDWpEkq3Q2KY4JI1kaNg7VQzkoSCPYbD25n/OGLacCUfcJyyICF9yWNOCVqp1R1FCk2vXPGq3hzuKvFzUoEcjV75qxspmiVMIhXEmI7vpRhMiEZOBZuWuplhKaFD0mcdSyVJmAkm82un7plVIjdW2pZEd67+npiQxJhxEtrOhODALHsz8T+vk2F8HUy4TDNkki4WxZlwUbmz192Ia0ZRjC0hVHN7q0sHRBOKNqCSDcFffnmVtGpV/6Jau7+s1G/yOIpwAqdwDj5cQR3uoAFNoPAEz/AKb45yXpx352PRWnDymWP4A+fzB8y9j0Y=</latexit>

Probabilistic 
Inference

COMPUTATIONAL
GOAL

Marr’s Level 1

0 = no spike
1 = spike

Bridging Marr’s 
three levels

Feedforward 
connection 
weight: ITPFi

<latexit sha1_base64="PG9Ym66ktresxjFH9KtBXcLtnDE=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJWkCrosCqK7Cn1BE8NkMm2HTiZhZiKUEDf+ihsXirj1L9z5N07aLLT1wIXDOfdy7z1+zKhUlvVtlJaWV1bXyuuVjc2t7R1zd68jo0Rg0sYRi0TPR5IwyklbUcVILxYEhT4jXX98lfvdByIkjXhLTWLihmjI6YBipLTkmQdOiNRIhOltBu9bjh+xIG1eZx71zKpVs6aAi8QuSBUUaHrmlxNEOAkJV5ghKfu2FSs3RUJRzEhWcRJJYoTHaEj6mnIUEumm0w8yeKyVAA4ioYsrOFV/T6QolHIS+rozv1fOe7n4n9dP1ODCTSmPE0U4ni0aJAyqCOZxwIAKghWbaIKwoPpWiEdIIKx0aBUdgj3/8iLp1Gv2aa1+d1ZtXBZxlMEhOAInwAbnoAFuQBO0AQaP4Bm8gjfjyXgx3o2PWWvJKGb2wR8Ynz9/VJbq</latexit>

Recurrent 
connection
weight:�PFT

i PFj
<latexit sha1_base64="84uDP1JugmlTtozjiU8Zrz/Y/7I=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBjWWmCrosCuKyQl/QjkMmk7axmWRIMkIZCm78FTcuFHHrT7jzb0zbAbX1wIWTc+4l954gZlRpx/mycguLS8sr+dXC2vrG5pa9vdNQIpGY1LFgQrYCpAijnNQ11Yy0YklQFDDSDAaXY795T6Sigtf0MCZehHqcdilG2ki+vXfcCQQL0+rVyKfwtvbzuvPtolNyJoDzxM1IEWSo+vZnJxQ4iQjXmCGl2q4Tay9FUlPMyKjQSRSJER6gHmkbylFElJdObhjBQ6OEsCukKa7hRP09kaJIqWEUmM4I6b6a9cbif1470d1zL6U8TjThePpRN2FQCzgOBIZUEqzZ0BCEJTW7QtxHEmFtYiuYENzZk+dJo1xyT0rlm9Ni5SKLIw/2wQE4Ai44AxVwDaqgDjB4AE/gBbxaj9az9Wa9T1tzVjazC/7A+vgGXdWXWQ==</latexit>

p(neuron spikes now|Image, state of other neurons)

⇥
<latexit sha1_base64="y3ZFcWqBEabekax7ttofWU1jMYg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0alXvolq7v6zUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPt3mPOA==</latexit>
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(D) Near Poisson variability in LIF network with Input + Synaptic noise
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Network of leaky 
integrate and fire 

(LIF) neurons

IMPLEMENTATION
Marr’s Level 3

Binary samples of x can be interpreted as spikes

Feed-forward + recurrent input to LIF neuron
=   function of Gibbs sampling based        
conditional probability

MCMC Gibbs 
Sampling

ALGORITHM/
REPRESENTATION

Marr’s Level 2

Feedforward Recurrent input 
from other 
neuronsFiring Rate Input Current/
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Feedforward and 
Recurrent Weights 
of LIF neuron derived 
from Gibbs sampling 
equations

Example 
spike raster

Gibbs sampling equation for binary x with sparse 
prior:
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Linear Gaussian image 
model 

Generative model
Inference direction
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= Projective Field/
feature represented by 
neuron i
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Probabilistic 
Inference

COMPUTATIONAL
GOAL

Marr’s Level 1

0 = no spike
1 = spike

Bridging Marr’s 
three levels

Feedforward 
connection 
weight: ITPFi
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Recurrent 
connection
weight:�PFT

i PFj
<latexit sha1_base64="84uDP1JugmlTtozjiU8Zrz/Y/7I=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBjWWmCrosCuKyQl/QjkMmk7axmWRIMkIZCm78FTcuFHHrT7jzb0zbAbX1wIWTc+4l954gZlRpx/mycguLS8sr+dXC2vrG5pa9vdNQIpGY1LFgQrYCpAijnNQ11Yy0YklQFDDSDAaXY795T6Sigtf0MCZehHqcdilG2ki+vXfcCQQL0+rVyKfwtvbzuvPtolNyJoDzxM1IEWSo+vZnJxQ4iQjXmCGl2q4Tay9FUlPMyKjQSRSJER6gHmkbylFElJdObhjBQ6OEsCukKa7hRP09kaJIqWEUmM4I6b6a9cbif1470d1zL6U8TjThePpRN2FQCzgOBIZUEqzZ0BCEJTW7QtxHEmFtYiuYENzZk+dJo1xyT0rlm9Ni5SKLIw/2wQE4Ai44AxVwDaqgDjB4AE/gBbxaj9az9Wa9T1tzVjazC/7A+vgGXdWXWQ==</latexit>

p(neuron spikes now|Image, state of other neurons)
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invariant tuning curves
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Good agreement between posterior implied by LIF network 
spikes and Gibbs samples for an example image

(D) Near Poisson variability in LIF network with Input + Synaptic noise
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Network of leaky 
integrate and fire 

(LIF) neurons

IMPLEMENTATION
Marr’s Level 3

Binary samples of x can be interpreted as spikes

Feed-forward + recurrent input to LIF neuron
=   function of Gibbs sampling based        
conditional probability

MCMC Gibbs 
Sampling

ALGORITHM/
REPRESENTATION

Marr’s Level 2

Feedforward Recurrent input 
from other 
neuronsFiring Rate Input Current/

<latexit sha1_base64="/pOdjMbgnEEAHQqhPmZ0FVW0K94=">AAAB+3icbVBNS8NAEJ3Urxq/qj16WSyCp5J4UQ9i0YvHCsYW2lA2m027dJMNuxuhhIr/xIsHFa/+Bu/e/Ddu2h609cHA470ZZuYFKWdKO863VVpaXlldK6/bG5tb2zuV3b07JTJJqEcEF7IdYEU5S6inmea0nUqK44DTVjC8KvzWPZWKieRWj1Lqx7ifsIgRrI3Uq1TtbiB4iPJuKkWqBRoju1epOXVnArRI3BmpXXza548A0OxVvrqhIFlME004VqrjOqn2cyw1I5yO7W6maIrJEPdpx9AEx1T5+eT4MTo0SogiIU0lGk3U3xM5jpUaxYHpjLEeqHmvEP/zOpmOTv2cJWmmaUKmi6KMI/NkkQQKmaRE85EhmEhmbkVkgCUm2uRVhODOv7xIvOP6Wd25cWqNS5iiDPtwAEfgwgk04Bqa4AGBETzBC7xaD9az9Wa9T1tL1mymCn9gffwACTmVbg==</latexit><latexit sha1_base64="lqoou6oGzl5BNjgLY3loEv2Kenc=">AAAB+3icbVBNS8NAEN34WeNXtEcvi0XwVBIv6kEsevFYwdhCG8pms2mXbrLL7kYIof4VD3pQ8epv8O5F/Ddu2h609cHA470ZZuaFglGlXffbWlhcWl5ZrazZ6xubW9vOzu6t4pnExMeccdkOkSKMpsTXVDPSFpKgJGSkFQ4vS791R6SiPL3RuSBBgvopjSlG2kg9p2p3Q84iWHSF5EJzOIJ2z6m5dXcMOE+8Kamdf9hn4vHLbvacz27EcZaQVGOGlOp4rtBBgaSmmJGR3c0UEQgPUZ90DE1RQlRQjI8fwQOjRDDm0lSq4Vj9PVGgRKk8CU1ngvRAzXql+J/XyXR8EhQ0FZkmKZ4sijMGzZNlEjCikmDNckMQltTcCvEASYS1yasMwZt9eZ74R/XTunvt1hoXYIIK2AP74BB44Bg0wBVoAh9gkIMH8AxerHvryXq13iatC9Z0pgr+wHr/AflFluI=</latexit><latexit sha1_base64="lqoou6oGzl5BNjgLY3loEv2Kenc=">AAAB+3icbVBNS8NAEN34WeNXtEcvi0XwVBIv6kEsevFYwdhCG8pms2mXbrLL7kYIof4VD3pQ8epv8O5F/Ddu2h609cHA470ZZuaFglGlXffbWlhcWl5ZrazZ6xubW9vOzu6t4pnExMeccdkOkSKMpsTXVDPSFpKgJGSkFQ4vS791R6SiPL3RuSBBgvopjSlG2kg9p2p3Q84iWHSF5EJzOIJ2z6m5dXcMOE+8Kamdf9hn4vHLbvacz27EcZaQVGOGlOp4rtBBgaSmmJGR3c0UEQgPUZ90DE1RQlRQjI8fwQOjRDDm0lSq4Vj9PVGgRKk8CU1ngvRAzXql+J/XyXR8EhQ0FZkmKZ4sijMGzZNlEjCikmDNckMQltTcCvEASYS1yasMwZt9eZ74R/XTunvt1hoXYIIK2AP74BB44Bg0wBVoAh9gkIMH8AxerHvryXq13iatC9Z0pgr+wHr/AflFluI=</latexit>

Feedforward and 
Recurrent Weights 
of LIF neuron derived 
from Gibbs sampling 
equations

Example 
spike raster

Gibbs sampling equation for binary x with sparse 
prior:

p (xk = 1|x¬k, I) / exp
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<latexit sha1_base64="feuINHR24R7XFtTyxcAQAo5/B/s="></latexit>

(A)

x1
<latexit sha1_base64="Z7jxfJr8/pbKF9IEHv5u2p28PzU=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+l6/XHGr7lxkFbwcKpCr0S9/9QYxSyOukElqTNdzE/QzqlEwyaelXmp4QtmYDnnXoqIRN342X3VKzqwzIGGs7VNI5u7viYxGxkyiwHZGFEdmuTYz/6t1Uwyv/EyoJEWu2OKjMJUEYzK7mwyE5gzlxAJlWthdCRtRTRnadEo2BG/55FVoXVQ9y3eXlfp1HkcRTuAUzsGDGtThFhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzmfPwuyjaA=</latexit><latexit sha1_base64="Z7jxfJr8/pbKF9IEHv5u2p28PzU=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+l6/XHGr7lxkFbwcKpCr0S9/9QYxSyOukElqTNdzE/QzqlEwyaelXmp4QtmYDnnXoqIRN342X3VKzqwzIGGs7VNI5u7viYxGxkyiwHZGFEdmuTYz/6t1Uwyv/EyoJEWu2OKjMJUEYzK7mwyE5gzlxAJlWthdCRtRTRnadEo2BG/55FVoXVQ9y3eXlfp1HkcRTuAUzsGDGtThFhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzmfPwuyjaA=</latexit><latexit sha1_base64="Z7jxfJr8/pbKF9IEHv5u2p28PzU=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+l6/XHGr7lxkFbwcKpCr0S9/9QYxSyOukElqTNdzE/QzqlEwyaelXmp4QtmYDnnXoqIRN342X3VKzqwzIGGs7VNI5u7viYxGxkyiwHZGFEdmuTYz/6t1Uwyv/EyoJEWu2OKjMJUEYzK7mwyE5gzlxAJlWthdCRtRTRnadEo2BG/55FVoXVQ9y3eXlfp1HkcRTuAUzsGDGtThFhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzmfPwuyjaA=</latexit><latexit sha1_base64="Z7jxfJr8/pbKF9IEHv5u2p28PzU=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+l6/XHGr7lxkFbwcKpCr0S9/9QYxSyOukElqTNdzE/QzqlEwyaelXmp4QtmYDnnXoqIRN342X3VKzqwzIGGs7VNI5u7viYxGxkyiwHZGFEdmuTYz/6t1Uwyv/EyoJEWu2OKjMJUEYzK7mwyE5gzlxAJlWthdCRtRTRnadEo2BG/55FVoXVQ9y3eXlfp1HkcRTuAUzsGDGtThFhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzmfPwuyjaA=</latexit>

PF1
<latexit sha1_base64="ZOxEE2rYHyryNCfAXVq/Ix/usLc=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiIB4r2A9oQtlsNu3SzW7Y3Qgl9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRR8tMEdomkkvVC7GmnAnaNsxw2ksVxUnIaTcc38787hNVmknxaCYpDRI8FCxmBBsr+X4oeZS37qYDDw2qNbfuzoFWiVeQGhRoDapffiRJllBhCMda9z03NUGOlWGE02nFzzRNMRnjIe1bKnBCdZDPb56iM6tEKJbKljBorv6eyHGi9SQJbWeCzUgvezPxP6+fmfg6yJlIM0MFWSyKM46MRLMAUMQUJYZPLMFEMXsrIiOsMDE2pooNwVt+eZV0GnXvot54uKw1b4o4ynACp3AOHlxBE+6hBW0gkMIzvMKbkzkvzrvzsWgtOcXMMfyB8/kDS4CRMQ==</latexit>

Independent sparse 
prior

· · ·<latexit sha1_base64="UPokKVheDhmbefXjKuY8gEj6EYo=">AAAB7XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgv2ANpTNZtOu3WTD7kQoof/BiwdFvPp/vPlv3LY5aOsLCw/vzLAzb5BKYdB1v53S2vrG5lZ5u7Kzu7d/UD08ahuVacZbTEmluwE1XIqEt1Cg5N1UcxoHkneC8e2s3nni2giVPOAk5X5Mh4mIBKNorXafhQrNoFpz6+5cZBW8AmpQqDmofvVDxbKYJ8gkNabnuSn6OdUomOTTSj8zPKVsTIe8ZzGhMTd+Pt92Ss6sE5JIafsSJHP390ROY2MmcWA7Y4ojs1ybmf/VehlG134ukjRDnrDFR1EmCSoyO52EQnOGcmKBMi3sroSNqKYMbUAVG4K3fPIqtC/qnuX7y1rjpoijDCdwCufgwRU04A6a0AIGj/AMr/DmKOfFeXc+Fq0lp5g5hj9yPn8ArlmPLw==</latexit><latexit sha1_base64="UPokKVheDhmbefXjKuY8gEj6EYo=">AAAB7XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgv2ANpTNZtOu3WTD7kQoof/BiwdFvPp/vPlv3LY5aOsLCw/vzLAzb5BKYdB1v53S2vrG5lZ5u7Kzu7d/UD08ahuVacZbTEmluwE1XIqEt1Cg5N1UcxoHkneC8e2s3nni2giVPOAk5X5Mh4mIBKNorXafhQrNoFpz6+5cZBW8AmpQqDmofvVDxbKYJ8gkNabnuSn6OdUomOTTSj8zPKVsTIe8ZzGhMTd+Pt92Ss6sE5JIafsSJHP390ROY2MmcWA7Y4ojs1ybmf/VehlG134ukjRDnrDFR1EmCSoyO52EQnOGcmKBMi3sroSNqKYMbUAVG4K3fPIqtC/qnuX7y1rjpoijDCdwCufgwRU04A6a0AIGj/AMr/DmKOfFeXc+Fq0lp5g5hj9yPn8ArlmPLw==</latexit><latexit sha1_base64="UPokKVheDhmbefXjKuY8gEj6EYo=">AAAB7XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgv2ANpTNZtOu3WTD7kQoof/BiwdFvPp/vPlv3LY5aOsLCw/vzLAzb5BKYdB1v53S2vrG5lZ5u7Kzu7d/UD08ahuVacZbTEmluwE1XIqEt1Cg5N1UcxoHkneC8e2s3nni2giVPOAk5X5Mh4mIBKNorXafhQrNoFpz6+5cZBW8AmpQqDmofvVDxbKYJ8gkNabnuSn6OdUomOTTSj8zPKVsTIe8ZzGhMTd+Pt92Ss6sE5JIafsSJHP390ROY2MmcWA7Y4ojs1ybmf/VehlG134ukjRDnrDFR1EmCSoyO52EQnOGcmKBMi3sroSNqKYMbUAVG4K3fPIqtC/qnuX7y1rjpoijDCdwCufgwRU04A6a0AIGj/AMr/DmKOfFeXc+Fq0lp5g5hj9yPn8ArlmPLw==</latexit><latexit sha1_base64="UPokKVheDhmbefXjKuY8gEj6EYo=">AAAB7XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgv2ANpTNZtOu3WTD7kQoof/BiwdFvPp/vPlv3LY5aOsLCw/vzLAzb5BKYdB1v53S2vrG5lZ5u7Kzu7d/UD08ahuVacZbTEmluwE1XIqEt1Cg5N1UcxoHkneC8e2s3nni2giVPOAk5X5Mh4mIBKNorXafhQrNoFpz6+5cZBW8AmpQqDmofvVDxbKYJ8gkNabnuSn6OdUomOTTSj8zPKVsTIe8ZzGhMTd+Pt92Ss6sE5JIafsSJHP390ROY2MmcWA7Y4ojs1ybmf/VehlG134ukjRDnrDFR1EmCSoyO52EQnOGcmKBMi3sroSNqKYMbUAVG4K3fPIqtC/qnuX7y1rjpoijDCdwCufgwRU04A6a0AIGj/AMr/DmKOfFeXc+Fq0lp5g5hj9yPn8ArlmPLw==</latexit>

x2
<latexit sha1_base64="8ur8Qnjf68veizOKVqkUmBXGiPw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+rV+ueJW3bnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+ZlQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZRsCN7yyavQqlU9y3cXlfp1HkcRTuAUzsGDS6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwANNo2h</latexit><latexit sha1_base64="8ur8Qnjf68veizOKVqkUmBXGiPw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+rV+ueJW3bnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+ZlQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZRsCN7yyavQqlU9y3cXlfp1HkcRTuAUzsGDS6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwANNo2h</latexit><latexit sha1_base64="8ur8Qnjf68veizOKVqkUmBXGiPw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+rV+ueJW3bnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+ZlQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZRsCN7yyavQqlU9y3cXlfp1HkcRTuAUzsGDS6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwANNo2h</latexit><latexit sha1_base64="8ur8Qnjf68veizOKVqkUmBXGiPw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+rV+ueJW3bnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+ZlQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZRsCN7yyavQqlU9y3cXlfp1HkcRTuAUzsGDS6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwANNo2h</latexit>

x3
<latexit sha1_base64="AII+YquknBh492N6v2CGV+dFT6s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxov2ANpTNdtIu3WzC7kYsoT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GZabz2i0jyWD2acoB/RgeQhZ9RY6/6pd94rV9yqOxNZBi+HCuSq98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYlDRC7WezVSfkxDp9EsbKPmnIzP09kdFI63EU2M6ImqFerE3N/2qd1IRXfsZlkhqUbP5RmApiYjK9m/S5QmbE2AJlittdCRtSRZmx6ZRsCN7iycvQPKt6lu8uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+R8/gAOuo2i</latexit><latexit sha1_base64="AII+YquknBh492N6v2CGV+dFT6s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxov2ANpTNdtIu3WzC7kYsoT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GZabz2i0jyWD2acoB/RgeQhZ9RY6/6pd94rV9yqOxNZBi+HCuSq98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYlDRC7WezVSfkxDp9EsbKPmnIzP09kdFI63EU2M6ImqFerE3N/2qd1IRXfsZlkhqUbP5RmApiYjK9m/S5QmbE2AJlittdCRtSRZmx6ZRsCN7iycvQPKt6lu8uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+R8/gAOuo2i</latexit><latexit sha1_base64="AII+YquknBh492N6v2CGV+dFT6s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxov2ANpTNdtIu3WzC7kYsoT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GZabz2i0jyWD2acoB/RgeQhZ9RY6/6pd94rV9yqOxNZBi+HCuSq98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYlDRC7WezVSfkxDp9EsbKPmnIzP09kdFI63EU2M6ImqFerE3N/2qd1IRXfsZlkhqUbP5RmApiYjK9m/S5QmbE2AJlittdCRtSRZmx6ZRsCN7iycvQPKt6lu8uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+R8/gAOuo2i</latexit><latexit sha1_base64="AII+YquknBh492N6v2CGV+dFT6s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxov2ANpTNdtIu3WzC7kYsoT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GZabz2i0jyWD2acoB/RgeQhZ9RY6/6pd94rV9yqOxNZBi+HCuSq98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYlDRC7WezVSfkxDp9EsbKPmnIzP09kdFI63EU2M6ImqFerE3N/2qd1IRXfsZlkhqUbP5RmApiYjK9m/S5QmbE2AJlittdCRtSRZmx6ZRsCN7iycvQPKt6lu8uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+R8/gAOuo2i</latexit>

xn
<latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit><latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit><latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit><latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit>
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Linear Gaussian image 
model 

Generative model
Inference direction
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= Projective Field/
feature represented by 
neuron i
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Probabilistic 
Inference

COMPUTATIONAL
GOAL

Marr’s Level 1

0 = no spike
1 = spike

Bridging Marr’s 
three levels

Feedforward 
connection 
weight: ITPFi
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Recurrent 
connection
weight:�PFT
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Good agreement between posterior implied by LIF network 
spikes and Gibbs samples for an example image

(D) Near Poisson variability in LIF network with Input + Synaptic noise
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Network of leaky 
integrate and fire 

(LIF) neurons

IMPLEMENTATION
Marr’s Level 3

Binary samples of x can be interpreted as spikes

Feed-forward + recurrent input to LIF neuron
=   function of Gibbs sampling based        
conditional probability

MCMC Gibbs 
Sampling

ALGORITHM/
REPRESENTATION

Marr’s Level 2

Feedforward Recurrent input 
from other 
neuronsFiring Rate Input Current/
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Feedforward and 
Recurrent Weights 
of LIF neuron derived 
from Gibbs sampling 
equations

Example 
spike raster

Gibbs sampling equation for binary x with sparse 
prior:

p (xk = 1|x¬k, I) / exp
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<latexit sha1_base64="Z7jxfJr8/pbKF9IEHv5u2p28PzU=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+l6/XHGr7lxkFbwcKpCr0S9/9QYxSyOukElqTNdzE/QzqlEwyaelXmp4QtmYDnnXoqIRN342X3VKzqwzIGGs7VNI5u7viYxGxkyiwHZGFEdmuTYz/6t1Uwyv/EyoJEWu2OKjMJUEYzK7mwyE5gzlxAJlWthdCRtRTRnadEo2BG/55FVoXVQ9y3eXlfp1HkcRTuAUzsGDGtThFhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzmfPwuyjaA=</latexit><latexit sha1_base64="Z7jxfJr8/pbKF9IEHv5u2p28PzU=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+l6/XHGr7lxkFbwcKpCr0S9/9QYxSyOukElqTNdzE/QzqlEwyaelXmp4QtmYDnnXoqIRN342X3VKzqwzIGGs7VNI5u7viYxGxkyiwHZGFEdmuTYz/6t1Uwyv/EyoJEWu2OKjMJUEYzK7mwyE5gzlxAJlWthdCRtRTRnadEo2BG/55FVoXVQ9y3eXlfp1HkcRTuAUzsGDGtThFhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzmfPwuyjaA=</latexit><latexit sha1_base64="Z7jxfJr8/pbKF9IEHv5u2p28PzU=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+l6/XHGr7lxkFbwcKpCr0S9/9QYxSyOukElqTNdzE/QzqlEwyaelXmp4QtmYDnnXoqIRN342X3VKzqwzIGGs7VNI5u7viYxGxkyiwHZGFEdmuTYz/6t1Uwyv/EyoJEWu2OKjMJUEYzK7mwyE5gzlxAJlWthdCRtRTRnadEo2BG/55FVoXVQ9y3eXlfp1HkcRTuAUzsGDGtThFhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzmfPwuyjaA=</latexit><latexit sha1_base64="Z7jxfJr8/pbKF9IEHv5u2p28PzU=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+l6/XHGr7lxkFbwcKpCr0S9/9QYxSyOukElqTNdzE/QzqlEwyaelXmp4QtmYDnnXoqIRN342X3VKzqwzIGGs7VNI5u7viYxGxkyiwHZGFEdmuTYz/6t1Uwyv/EyoJEWu2OKjMJUEYzK7mwyE5gzlxAJlWthdCRtRTRnadEo2BG/55FVoXVQ9y3eXlfp1HkcRTuAUzsGDGtThFhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzmfPwuyjaA=</latexit>

PF1
<latexit sha1_base64="ZOxEE2rYHyryNCfAXVq/Ix/usLc=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiIB4r2A9oQtlsNu3SzW7Y3Qgl9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRR8tMEdomkkvVC7GmnAnaNsxw2ksVxUnIaTcc38787hNVmknxaCYpDRI8FCxmBBsr+X4oeZS37qYDDw2qNbfuzoFWiVeQGhRoDapffiRJllBhCMda9z03NUGOlWGE02nFzzRNMRnjIe1bKnBCdZDPb56iM6tEKJbKljBorv6eyHGi9SQJbWeCzUgvezPxP6+fmfg6yJlIM0MFWSyKM46MRLMAUMQUJYZPLMFEMXsrIiOsMDE2pooNwVt+eZV0GnXvot54uKw1b4o4ynACp3AOHlxBE+6hBW0gkMIzvMKbkzkvzrvzsWgtOcXMMfyB8/kDS4CRMQ==</latexit>

Independent sparse 
prior

· · ·<latexit sha1_base64="UPokKVheDhmbefXjKuY8gEj6EYo=">AAAB7XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgv2ANpTNZtOu3WTD7kQoof/BiwdFvPp/vPlv3LY5aOsLCw/vzLAzb5BKYdB1v53S2vrG5lZ5u7Kzu7d/UD08ahuVacZbTEmluwE1XIqEt1Cg5N1UcxoHkneC8e2s3nni2giVPOAk5X5Mh4mIBKNorXafhQrNoFpz6+5cZBW8AmpQqDmofvVDxbKYJ8gkNabnuSn6OdUomOTTSj8zPKVsTIe8ZzGhMTd+Pt92Ss6sE5JIafsSJHP390ROY2MmcWA7Y4ojs1ybmf/VehlG134ukjRDnrDFR1EmCSoyO52EQnOGcmKBMi3sroSNqKYMbUAVG4K3fPIqtC/qnuX7y1rjpoijDCdwCufgwRU04A6a0AIGj/AMr/DmKOfFeXc+Fq0lp5g5hj9yPn8ArlmPLw==</latexit><latexit sha1_base64="UPokKVheDhmbefXjKuY8gEj6EYo=">AAAB7XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgv2ANpTNZtOu3WTD7kQoof/BiwdFvPp/vPlv3LY5aOsLCw/vzLAzb5BKYdB1v53S2vrG5lZ5u7Kzu7d/UD08ahuVacZbTEmluwE1XIqEt1Cg5N1UcxoHkneC8e2s3nni2giVPOAk5X5Mh4mIBKNorXafhQrNoFpz6+5cZBW8AmpQqDmofvVDxbKYJ8gkNabnuSn6OdUomOTTSj8zPKVsTIe8ZzGhMTd+Pt92Ss6sE5JIafsSJHP390ROY2MmcWA7Y4ojs1ybmf/VehlG134ukjRDnrDFR1EmCSoyO52EQnOGcmKBMi3sroSNqKYMbUAVG4K3fPIqtC/qnuX7y1rjpoijDCdwCufgwRU04A6a0AIGj/AMr/DmKOfFeXc+Fq0lp5g5hj9yPn8ArlmPLw==</latexit><latexit sha1_base64="UPokKVheDhmbefXjKuY8gEj6EYo=">AAAB7XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgv2ANpTNZtOu3WTD7kQoof/BiwdFvPp/vPlv3LY5aOsLCw/vzLAzb5BKYdB1v53S2vrG5lZ5u7Kzu7d/UD08ahuVacZbTEmluwE1XIqEt1Cg5N1UcxoHkneC8e2s3nni2giVPOAk5X5Mh4mIBKNorXafhQrNoFpz6+5cZBW8AmpQqDmofvVDxbKYJ8gkNabnuSn6OdUomOTTSj8zPKVsTIe8ZzGhMTd+Pt92Ss6sE5JIafsSJHP390ROY2MmcWA7Y4ojs1ybmf/VehlG134ukjRDnrDFR1EmCSoyO52EQnOGcmKBMi3sroSNqKYMbUAVG4K3fPIqtC/qnuX7y1rjpoijDCdwCufgwRU04A6a0AIGj/AMr/DmKOfFeXc+Fq0lp5g5hj9yPn8ArlmPLw==</latexit><latexit sha1_base64="UPokKVheDhmbefXjKuY8gEj6EYo=">AAAB7XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgv2ANpTNZtOu3WTD7kQoof/BiwdFvPp/vPlv3LY5aOsLCw/vzLAzb5BKYdB1v53S2vrG5lZ5u7Kzu7d/UD08ahuVacZbTEmluwE1XIqEt1Cg5N1UcxoHkneC8e2s3nni2giVPOAk5X5Mh4mIBKNorXafhQrNoFpz6+5cZBW8AmpQqDmofvVDxbKYJ8gkNabnuSn6OdUomOTTSj8zPKVsTIe8ZzGhMTd+Pt92Ss6sE5JIafsSJHP390ROY2MmcWA7Y4ojs1ybmf/VehlG134ukjRDnrDFR1EmCSoyO52EQnOGcmKBMi3sroSNqKYMbUAVG4K3fPIqtC/qnuX7y1rjpoijDCdwCufgwRU04A6a0AIGj/AMr/DmKOfFeXc+Fq0lp5g5hj9yPn8ArlmPLw==</latexit>

x2
<latexit sha1_base64="8ur8Qnjf68veizOKVqkUmBXGiPw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+rV+ueJW3bnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+ZlQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZRsCN7yyavQqlU9y3cXlfp1HkcRTuAUzsGDS6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwANNo2h</latexit><latexit sha1_base64="8ur8Qnjf68veizOKVqkUmBXGiPw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+rV+ueJW3bnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+ZlQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZRsCN7yyavQqlU9y3cXlfp1HkcRTuAUzsGDS6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwANNo2h</latexit><latexit sha1_base64="8ur8Qnjf68veizOKVqkUmBXGiPw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+rV+ueJW3bnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+ZlQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZRsCN7yyavQqlU9y3cXlfp1HkcRTuAUzsGDS6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwANNo2h</latexit><latexit sha1_base64="8ur8Qnjf68veizOKVqkUmBXGiPw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+rV+ueJW3bnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+ZlQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZRsCN7yyavQqlU9y3cXlfp1HkcRTuAUzsGDS6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwANNo2h</latexit>

x3
<latexit sha1_base64="AII+YquknBh492N6v2CGV+dFT6s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxov2ANpTNdtIu3WzC7kYsoT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GZabz2i0jyWD2acoB/RgeQhZ9RY6/6pd94rV9yqOxNZBi+HCuSq98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYlDRC7WezVSfkxDp9EsbKPmnIzP09kdFI63EU2M6ImqFerE3N/2qd1IRXfsZlkhqUbP5RmApiYjK9m/S5QmbE2AJlittdCRtSRZmx6ZRsCN7iycvQPKt6lu8uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+R8/gAOuo2i</latexit><latexit sha1_base64="AII+YquknBh492N6v2CGV+dFT6s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxov2ANpTNdtIu3WzC7kYsoT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GZabz2i0jyWD2acoB/RgeQhZ9RY6/6pd94rV9yqOxNZBi+HCuSq98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYlDRC7WezVSfkxDp9EsbKPmnIzP09kdFI63EU2M6ImqFerE3N/2qd1IRXfsZlkhqUbP5RmApiYjK9m/S5QmbE2AJlittdCRtSRZmx6ZRsCN7iycvQPKt6lu8uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+R8/gAOuo2i</latexit><latexit sha1_base64="AII+YquknBh492N6v2CGV+dFT6s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxov2ANpTNdtIu3WzC7kYsoT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GZabz2i0jyWD2acoB/RgeQhZ9RY6/6pd94rV9yqOxNZBi+HCuSq98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYlDRC7WezVSfkxDp9EsbKPmnIzP09kdFI63EU2M6ImqFerE3N/2qd1IRXfsZlkhqUbP5RmApiYjK9m/S5QmbE2AJlittdCRtSRZmx6ZRsCN7iycvQPKt6lu8uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+R8/gAOuo2i</latexit><latexit sha1_base64="AII+YquknBh492N6v2CGV+dFT6s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxov2ANpTNdtIu3WzC7kYsoT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GZabz2i0jyWD2acoB/RgeQhZ9RY6/6pd94rV9yqOxNZBi+HCuSq98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYlDRC7WezVSfkxDp9EsbKPmnIzP09kdFI63EU2M6ImqFerE3N/2qd1IRXfsZlkhqUbP5RmApiYjK9m/S5QmbE2AJlittdCRtSRZmx6ZRsCN7iycvQPKt6lu8uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+R8/gAOuo2i</latexit>

xn
<latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit><latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit><latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit><latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit>
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<latexit sha1_base64="QITLenZ26IKXSsQ1058cUSI4yiE="></latexit>

PF2
<latexit sha1_base64="n+OEsj3osa7R07v0rWiBAZHxEhk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiIB4r2A9oQtlsNu3SzW7Y3Qgl9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRR8tMEdomkkvVC7GmnAnaNsxw2ksVxUnIaTcc38787hNVmknxaCYpDRI8FCxmBBsr+X4oeZS37qaDBhpUa27dnQOtEq8gNSjQGlS//EiSLKHCEI617ntuaoIcK8MIp9OKn2maYjLGQ9q3VOCE6iCf3zxFZ1aJUCyVLWHQXP09keNE60kS2s4Em5Fe9mbif14/M/F1kDORZoYKslgUZxwZiWYBoIgpSgyfWIKJYvZWREZYYWJsTBUbgrf88irpNOreRb3xcFlr3hRxlOEETuEcPLiCJtxDC9pAIIVneIU3J3NenHfnY9FacoqZY/gD5/MHTQWRMg==</latexit>

PF3
<latexit sha1_base64="YrcA4N/2LiY3HpKR2NbULOOsHEc=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0laQY9FQTxWsLXQhLLZbNqlm92wuxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzwpQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjrpaZIrRDJJeqF2JNORO0Y5jhtJcqipOQ08dwfDPzH5+o0kyKBzNJaZDgoWAxI9hYyfdDyaO8fTsdNNGgWnPr7hxolXgFqUGB9qD65UeSZAkVhnCsdd9zUxPkWBlGOJ1W/EzTFJMxHtK+pQInVAf5/OYpOrNKhGKpbAmD5urviRwnWk+S0HYm2Iz0sjcT//P6mYmvgpyJNDNUkMWiOOPISDQLAEVMUWL4xBJMFLO3IjLCChNjY6rYELzll1dJt1H3mvXG/UWtdV3EUYYTOIVz8OASWnAHbegAgRSe4RXenMx5cd6dj0VrySlmjuEPnM8fToqRMw==</latexit>
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Linear Gaussian image 
model 

Generative model
Inference direction

PFi
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= Projective Field/
feature represented by 
neuron i

...
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Probabilistic 
Inference

COMPUTATIONAL
GOAL

Marr’s Level 1

0 = no spike
1 = spike

Bridging Marr’s 
three levels

Feedforward 
connection 
weight: ITPFi
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Recurrent 
connection
weight:�PFT
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p(neuron spikes now|Image, state of other neurons)
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Approximately contrast-
invariant tuning curves

contrastsPF of neuron
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Good agreement between posterior implied by LIF network 
spikes and Gibbs samples for an example image

(D) Near Poisson variability in LIF network with Input + Synaptic noise
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Network of leaky 
integrate and fire 

(LIF) neurons

IMPLEMENTATION
Marr’s Level 3

Binary samples of x can be interpreted as spikes

Feed-forward + recurrent input to LIF neuron
=   function of Gibbs sampling based        
conditional probability

MCMC Gibbs 
Sampling

ALGORITHM/
REPRESENTATION

Marr’s Level 2

Feedforward Recurrent input 
from other 
neuronsFiring Rate Input Current/
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Feedforward and 
Recurrent Weights 
of LIF neuron derived 
from Gibbs sampling 
equations

Example 
spike raster

Gibbs sampling equation for binary x with sparse 
prior:

p (xk = 1|x¬k, I) / exp
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Independent sparse 
prior

· · ·<latexit sha1_base64="UPokKVheDhmbefXjKuY8gEj6EYo=">AAAB7XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgv2ANpTNZtOu3WTD7kQoof/BiwdFvPp/vPlv3LY5aOsLCw/vzLAzb5BKYdB1v53S2vrG5lZ5u7Kzu7d/UD08ahuVacZbTEmluwE1XIqEt1Cg5N1UcxoHkneC8e2s3nni2giVPOAk5X5Mh4mIBKNorXafhQrNoFpz6+5cZBW8AmpQqDmofvVDxbKYJ8gkNabnuSn6OdUomOTTSj8zPKVsTIe8ZzGhMTd+Pt92Ss6sE5JIafsSJHP390ROY2MmcWA7Y4ojs1ybmf/VehlG134ukjRDnrDFR1EmCSoyO52EQnOGcmKBMi3sroSNqKYMbUAVG4K3fPIqtC/qnuX7y1rjpoijDCdwCufgwRU04A6a0AIGj/AMr/DmKOfFeXc+Fq0lp5g5hj9yPn8ArlmPLw==</latexit><latexit sha1_base64="UPokKVheDhmbefXjKuY8gEj6EYo=">AAAB7XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgv2ANpTNZtOu3WTD7kQoof/BiwdFvPp/vPlv3LY5aOsLCw/vzLAzb5BKYdB1v53S2vrG5lZ5u7Kzu7d/UD08ahuVacZbTEmluwE1XIqEt1Cg5N1UcxoHkneC8e2s3nni2giVPOAk5X5Mh4mIBKNorXafhQrNoFpz6+5cZBW8AmpQqDmofvVDxbKYJ8gkNabnuSn6OdUomOTTSj8zPKVsTIe8ZzGhMTd+Pt92Ss6sE5JIafsSJHP390ROY2MmcWA7Y4ojs1ybmf/VehlG134ukjRDnrDFR1EmCSoyO52EQnOGcmKBMi3sroSNqKYMbUAVG4K3fPIqtC/qnuX7y1rjpoijDCdwCufgwRU04A6a0AIGj/AMr/DmKOfFeXc+Fq0lp5g5hj9yPn8ArlmPLw==</latexit><latexit sha1_base64="UPokKVheDhmbefXjKuY8gEj6EYo=">AAAB7XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgv2ANpTNZtOu3WTD7kQoof/BiwdFvPp/vPlv3LY5aOsLCw/vzLAzb5BKYdB1v53S2vrG5lZ5u7Kzu7d/UD08ahuVacZbTEmluwE1XIqEt1Cg5N1UcxoHkneC8e2s3nni2giVPOAk5X5Mh4mIBKNorXafhQrNoFpz6+5cZBW8AmpQqDmofvVDxbKYJ8gkNabnuSn6OdUomOTTSj8zPKVsTIe8ZzGhMTd+Pt92Ss6sE5JIafsSJHP390ROY2MmcWA7Y4ojs1ybmf/VehlG134ukjRDnrDFR1EmCSoyO52EQnOGcmKBMi3sroSNqKYMbUAVG4K3fPIqtC/qnuX7y1rjpoijDCdwCufgwRU04A6a0AIGj/AMr/DmKOfFeXc+Fq0lp5g5hj9yPn8ArlmPLw==</latexit><latexit sha1_base64="UPokKVheDhmbefXjKuY8gEj6EYo=">AAAB7XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgv2ANpTNZtOu3WTD7kQoof/BiwdFvPp/vPlv3LY5aOsLCw/vzLAzb5BKYdB1v53S2vrG5lZ5u7Kzu7d/UD08ahuVacZbTEmluwE1XIqEt1Cg5N1UcxoHkneC8e2s3nni2giVPOAk5X5Mh4mIBKNorXafhQrNoFpz6+5cZBW8AmpQqDmofvVDxbKYJ8gkNabnuSn6OdUomOTTSj8zPKVsTIe8ZzGhMTd+Pt92Ss6sE5JIafsSJHP390ROY2MmcWA7Y4ojs1ybmf/VehlG134ukjRDnrDFR1EmCSoyO52EQnOGcmKBMi3sroSNqKYMbUAVG4K3fPIqtC/qnuX7y1rjpoijDCdwCufgwRU04A6a0AIGj/AMr/DmKOfFeXc+Fq0lp5g5hj9yPn8ArlmPLw==</latexit>

x2
<latexit sha1_base64="8ur8Qnjf68veizOKVqkUmBXGiPw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+rV+ueJW3bnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+ZlQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZRsCN7yyavQqlU9y3cXlfp1HkcRTuAUzsGDS6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwANNo2h</latexit><latexit sha1_base64="8ur8Qnjf68veizOKVqkUmBXGiPw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+rV+ueJW3bnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+ZlQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZRsCN7yyavQqlU9y3cXlfp1HkcRTuAUzsGDS6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwANNo2h</latexit><latexit sha1_base64="8ur8Qnjf68veizOKVqkUmBXGiPw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+rV+ueJW3bnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+ZlQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZRsCN7yyavQqlU9y3cXlfp1HkcRTuAUzsGDS6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwANNo2h</latexit><latexit sha1_base64="8ur8Qnjf68veizOKVqkUmBXGiPw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+rV+ueJW3bnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+ZlQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZRsCN7yyavQqlU9y3cXlfp1HkcRTuAUzsGDS6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwANNo2h</latexit>

x3
<latexit sha1_base64="AII+YquknBh492N6v2CGV+dFT6s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxov2ANpTNdtIu3WzC7kYsoT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GZabz2i0jyWD2acoB/RgeQhZ9RY6/6pd94rV9yqOxNZBi+HCuSq98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYlDRC7WezVSfkxDp9EsbKPmnIzP09kdFI63EU2M6ImqFerE3N/2qd1IRXfsZlkhqUbP5RmApiYjK9m/S5QmbE2AJlittdCRtSRZmx6ZRsCN7iycvQPKt6lu8uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+R8/gAOuo2i</latexit><latexit sha1_base64="AII+YquknBh492N6v2CGV+dFT6s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxov2ANpTNdtIu3WzC7kYsoT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GZabz2i0jyWD2acoB/RgeQhZ9RY6/6pd94rV9yqOxNZBi+HCuSq98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYlDRC7WezVSfkxDp9EsbKPmnIzP09kdFI63EU2M6ImqFerE3N/2qd1IRXfsZlkhqUbP5RmApiYjK9m/S5QmbE2AJlittdCRtSRZmx6ZRsCN7iycvQPKt6lu8uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+R8/gAOuo2i</latexit><latexit sha1_base64="AII+YquknBh492N6v2CGV+dFT6s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxov2ANpTNdtIu3WzC7kYsoT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GZabz2i0jyWD2acoB/RgeQhZ9RY6/6pd94rV9yqOxNZBi+HCuSq98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYlDRC7WezVSfkxDp9EsbKPmnIzP09kdFI63EU2M6ImqFerE3N/2qd1IRXfsZlkhqUbP5RmApiYjK9m/S5QmbE2AJlittdCRtSRZmx6ZRsCN7iycvQPKt6lu8uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+R8/gAOuo2i</latexit><latexit sha1_base64="AII+YquknBh492N6v2CGV+dFT6s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxov2ANpTNdtIu3WzC7kYsoT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GZabz2i0jyWD2acoB/RgeQhZ9RY6/6pd94rV9yqOxNZBi+HCuSq98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYlDRC7WezVSfkxDp9EsbKPmnIzP09kdFI63EU2M6ImqFerE3N/2qd1IRXfsZlkhqUbP5RmApiYjK9m/S5QmbE2AJlittdCRtSRZmx6ZRsCN7iycvQPKt6lu8uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+R8/gAOuo2i</latexit>

xn
<latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit><latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit><latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit><latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit>
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<latexit sha1_base64="QITLenZ26IKXSsQ1058cUSI4yiE="></latexit>

PF2
<latexit sha1_base64="n+OEsj3osa7R07v0rWiBAZHxEhk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiIB4r2A9oQtlsNu3SzW7Y3Qgl9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRR8tMEdomkkvVC7GmnAnaNsxw2ksVxUnIaTcc38787hNVmknxaCYpDRI8FCxmBBsr+X4oeZS37qaDBhpUa27dnQOtEq8gNSjQGlS//EiSLKHCEI617ntuaoIcK8MIp9OKn2maYjLGQ9q3VOCE6iCf3zxFZ1aJUCyVLWHQXP09keNE60kS2s4Em5Fe9mbif14/M/F1kDORZoYKslgUZxwZiWYBoIgpSgyfWIKJYvZWREZYYWJsTBUbgrf88irpNOreRb3xcFlr3hRxlOEETuEcPLiCJtxDC9pAIIVneIU3J3NenHfnY9FacoqZY/gD5/MHTQWRMg==</latexit>

PF3
<latexit sha1_base64="YrcA4N/2LiY3HpKR2NbULOOsHEc=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0laQY9FQTxWsLXQhLLZbNqlm92wuxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzwpQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjrpaZIrRDJJeqF2JNORO0Y5jhtJcqipOQ08dwfDPzH5+o0kyKBzNJaZDgoWAxI9hYyfdDyaO8fTsdNNGgWnPr7hxolXgFqUGB9qD65UeSZAkVhnCsdd9zUxPkWBlGOJ1W/EzTFJMxHtK+pQInVAf5/OYpOrNKhGKpbAmD5urviRwnWk+S0HYm2Iz0sjcT//P6mYmvgpyJNDNUkMWiOOPISDQLAEVMUWL4xBJMFLO3IjLCChNjY6rYELzll1dJt1H3mvXG/UWtdV3EUYYTOIVz8OASWnAHbegAgRSe4RXenMx5cd6dj0VrySlmjuEPnM8fToqRMw==</latexit>

PFn
<latexit sha1_base64="yHNpaaq3U02EVZNJgQRYTzkCl2w=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiIB4r2A9oQtlsNu3SzW7Y3Qgl9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRR8tMEdomkkvVC7GmnAnaNsxw2ksVxUnIaTcc38787hNVmknxaCYpDRI8FCxmBBsr+X4oeZS37qYDgQbVmlt350CrxCtIDQq0BtUvP5IkS6gwhGOt+56bmiDHyjDC6bTiZ5qmmIzxkPYtFTihOsjnN0/RmVUiFEtlSxg0V39P5DjRepKEtjPBZqSXvZn4n9fPTHwd5EykmaGCLBbFGUdGolkAKGKKEsMnlmCimL0VkRFWmBgbU8WG4C2/vEo6jbp3UW88XNaaN0UcZTiBUzgHD66gCffQgjYQSOEZXuHNyZwX5935WLSWnGLmGP7A+fwBqDGRbg==</latexit>

⇡
<latexit sha1_base64="BD88AXvjS3lujLi2A79/yugFl1Y=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYdeKvpu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AE+/jc0=</latexit><latexit sha1_base64="BD88AXvjS3lujLi2A79/yugFl1Y=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYdeKvpu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AE+/jc0=</latexit><latexit sha1_base64="BD88AXvjS3lujLi2A79/yugFl1Y=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYdeKvpu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AE+/jc0=</latexit><latexit sha1_base64="BD88AXvjS3lujLi2A79/yugFl1Y=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYdeKvpu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AE+/jc0=</latexit>

Linear Gaussian image 
model 

Generative model
Inference direction

PFi
<latexit sha1_base64="Fm+FtmtP3T/mGa2ZyjrkAj+s7GY=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiIB4r2A9IQ9lsNu3SzW7YnQgl9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSq4Adf9dkpr6xubW+Xtys7u3v5B9fCoY1SmKWtTJZTuhcQwwSVrAwfBeqlmJAkF64bj25nffWLacCUfYZKyICFDyWNOCVjJ74dKRHnrbjrgg2rNrbtz4FXiFaSGCrQG1a9+pGiWMAlUEGN8z00hyIkGTgWbVvqZYSmhYzJkvqWSJMwE+fzkKT6zSoRjpW1JwHP190ROEmMmSWg7EwIjs+zNxP88P4P4Osi5TDNgki4WxZnAoPDsfxxxzSiIiSWEam5vxXRENKFgU6rYELzll1dJp1H3LuqNh8ta86aIo4xO0Ck6Rx66Qk10j1qojShS6Bm9ojcHnBfn3flYtJacYuYY/YHz+QNGzZE/</latexit>

= Projective Field/
feature represented by 
neuron i

...
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Probabilistic 
Inference

COMPUTATIONAL
GOAL

Marr’s Level 1

0 = no spike
1 = spike

Bridging Marr’s 
three levels

Feedforward 
connection 
weight: ITPFi
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Recurrent 
connection
weight:�PFT

i PFj
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p(neuron spikes now|Image, state of other neurons)
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Approximately contrast-
invariant tuning curves

contrastsPF of neuron
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Good agreement between posterior implied by LIF network 

spikes and Gibbs samples for an example image

(D) Near Poisson variability in LIF network with Input + Synaptic noise
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Network of leaky 
integrate and fire 

(LIF) neurons

IMPLEMENTATION
Marr’s Level 3

Binary samples of x can be interpreted as spikes

Feed-forward + recurrent input to LIF neuron
=   function of Gibbs sampling based        
conditional probability

MCMC Gibbs 
Sampling

ALGORITHM/
REPRESENTATION

Marr’s Level 2

Feedforward Recurrent input 
from other 
neuronsFiring Rate Input Current/
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Feedforward and 
Recurrent Weights 
of LIF neuron derived 
from Gibbs sampling 
equations

Example 
spike raster

Gibbs sampling equation for binary x with sparse 
prior:

p (xk = 1|x¬k, I) / exp
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Independent sparse 
prior
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x2
<latexit sha1_base64="8ur8Qnjf68veizOKVqkUmBXGiPw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+rV+ueJW3bnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+ZlQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZRsCN7yyavQqlU9y3cXlfp1HkcRTuAUzsGDS6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwANNo2h</latexit><latexit sha1_base64="8ur8Qnjf68veizOKVqkUmBXGiPw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+rV+ueJW3bnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+ZlQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZRsCN7yyavQqlU9y3cXlfp1HkcRTuAUzsGDS6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwANNo2h</latexit><latexit sha1_base64="8ur8Qnjf68veizOKVqkUmBXGiPw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+rV+ueJW3bnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+ZlQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZRsCN7yyavQqlU9y3cXlfp1HkcRTuAUzsGDS6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwANNo2h</latexit><latexit sha1_base64="8ur8Qnjf68veizOKVqkUmBXGiPw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuix6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+rV+ueJW3bnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+ZlQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZRsCN7yyavQqlU9y3cXlfp1HkcRTuAUzsGDS6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwANNo2h</latexit>

x3
<latexit sha1_base64="AII+YquknBh492N6v2CGV+dFT6s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxov2ANpTNdtIu3WzC7kYsoT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GZabz2i0jyWD2acoB/RgeQhZ9RY6/6pd94rV9yqOxNZBi+HCuSq98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYlDRC7WezVSfkxDp9EsbKPmnIzP09kdFI63EU2M6ImqFerE3N/2qd1IRXfsZlkhqUbP5RmApiYjK9m/S5QmbE2AJlittdCRtSRZmx6ZRsCN7iycvQPKt6lu8uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+R8/gAOuo2i</latexit><latexit sha1_base64="AII+YquknBh492N6v2CGV+dFT6s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxov2ANpTNdtIu3WzC7kYsoT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GZabz2i0jyWD2acoB/RgeQhZ9RY6/6pd94rV9yqOxNZBi+HCuSq98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYlDRC7WezVSfkxDp9EsbKPmnIzP09kdFI63EU2M6ImqFerE3N/2qd1IRXfsZlkhqUbP5RmApiYjK9m/S5QmbE2AJlittdCRtSRZmx6ZRsCN7iycvQPKt6lu8uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+R8/gAOuo2i</latexit><latexit sha1_base64="AII+YquknBh492N6v2CGV+dFT6s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxov2ANpTNdtIu3WzC7kYsoT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GZabz2i0jyWD2acoB/RgeQhZ9RY6/6pd94rV9yqOxNZBi+HCuSq98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYlDRC7WezVSfkxDp9EsbKPmnIzP09kdFI63EU2M6ImqFerE3N/2qd1IRXfsZlkhqUbP5RmApiYjK9m/S5QmbE2AJlittdCRtSRZmx6ZRsCN7iycvQPKt6lu8uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+R8/gAOuo2i</latexit><latexit sha1_base64="AII+YquknBh492N6v2CGV+dFT6s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxov2ANpTNdtIu3WzC7kYsoT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GZabz2i0jyWD2acoB/RgeQhZ9RY6/6pd94rV9yqOxNZBi+HCuSq98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYlDRC7WezVSfkxDp9EsbKPmnIzP09kdFI63EU2M6ImqFerE3N/2qd1IRXfsZlkhqUbP5RmApiYjK9m/S5QmbE2AJlittdCRtSRZmx6ZRsCN7iycvQPKt6lu8uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+R8/gAOuo2i</latexit>

xn
<latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit><latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit><latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit><latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit>
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<latexit sha1_base64="QITLenZ26IKXSsQ1058cUSI4yiE="></latexit>

PF2
<latexit sha1_base64="n+OEsj3osa7R07v0rWiBAZHxEhk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiIB4r2A9oQtlsNu3SzW7Y3Qgl9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRR8tMEdomkkvVC7GmnAnaNsxw2ksVxUnIaTcc38787hNVmknxaCYpDRI8FCxmBBsr+X4oeZS37qaDBhpUa27dnQOtEq8gNSjQGlS//EiSLKHCEI617ntuaoIcK8MIp9OKn2maYjLGQ9q3VOCE6iCf3zxFZ1aJUCyVLWHQXP09keNE60kS2s4Em5Fe9mbif14/M/F1kDORZoYKslgUZxwZiWYBoIgpSgyfWIKJYvZWREZYYWJsTBUbgrf88irpNOreRb3xcFlr3hRxlOEETuEcPLiCJtxDC9pAIIVneIU3J3NenHfnY9FacoqZY/gD5/MHTQWRMg==</latexit>

PF3
<latexit sha1_base64="YrcA4N/2LiY3HpKR2NbULOOsHEc=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0laQY9FQTxWsLXQhLLZbNqlm92wuxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzwpQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjrpaZIrRDJJeqF2JNORO0Y5jhtJcqipOQ08dwfDPzH5+o0kyKBzNJaZDgoWAxI9hYyfdDyaO8fTsdNNGgWnPr7hxolXgFqUGB9qD65UeSZAkVhnCsdd9zUxPkWBlGOJ1W/EzTFJMxHtK+pQInVAf5/OYpOrNKhGKpbAmD5urviRwnWk+S0HYm2Iz0sjcT//P6mYmvgpyJNDNUkMWiOOPISDQLAEVMUWL4xBJMFLO3IjLCChNjY6rYELzll1dJt1H3mvXG/UWtdV3EUYYTOIVz8OASWnAHbegAgRSe4RXenMx5cd6dj0VrySlmjuEPnM8fToqRMw==</latexit>

PFn
<latexit sha1_base64="yHNpaaq3U02EVZNJgQRYTzkCl2w=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiIB4r2A9oQtlsNu3SzW7Y3Qgl9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRR8tMEdomkkvVC7GmnAnaNsxw2ksVxUnIaTcc38787hNVmknxaCYpDRI8FCxmBBsr+X4oeZS37qYDgQbVmlt350CrxCtIDQq0BtUvP5IkS6gwhGOt+56bmiDHyjDC6bTiZ5qmmIzxkPYtFTihOsjnN0/RmVUiFEtlSxg0V39P5DjRepKEtjPBZqSXvZn4n9fPTHwd5EykmaGCLBbFGUdGolkAKGKKEsMnlmCimL0VkRFWmBgbU8WG4C2/vEo6jbp3UW88XNaaN0UcZTiBUzgHD66gCffQgjYQSOEZXuHNyZwX5935WLSWnGLmGP7A+fwBqDGRbg==</latexit>

⇡
<latexit sha1_base64="BD88AXvjS3lujLi2A79/yugFl1Y=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYdeKvpu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AE+/jc0=</latexit><latexit sha1_base64="BD88AXvjS3lujLi2A79/yugFl1Y=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYdeKvpu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AE+/jc0=</latexit><latexit sha1_base64="BD88AXvjS3lujLi2A79/yugFl1Y=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYdeKvpu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AE+/jc0=</latexit><latexit sha1_base64="BD88AXvjS3lujLi2A79/yugFl1Y=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYdeKvpu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AE+/jc0=</latexit>

Linear Gaussian image 
model 

Generative model
Inference direction

PFi
<latexit sha1_base64="Fm+FtmtP3T/mGa2ZyjrkAj+s7GY=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiIB4r2A9IQ9lsNu3SzW7YnQgl9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSq4Adf9dkpr6xubW+Xtys7u3v5B9fCoY1SmKWtTJZTuhcQwwSVrAwfBeqlmJAkF64bj25nffWLacCUfYZKyICFDyWNOCVjJ74dKRHnrbjrgg2rNrbtz4FXiFaSGCrQG1a9+pGiWMAlUEGN8z00hyIkGTgWbVvqZYSmhYzJkvqWSJMwE+fzkKT6zSoRjpW1JwHP190ROEmMmSWg7EwIjs+zNxP88P4P4Osi5TDNgki4WxZnAoPDsfxxxzSiIiSWEam5vxXRENKFgU6rYELzll1dJp1H3LuqNh8ta86aIo4xO0Ck6Rx66Qk10j1qojShS6Bm9ojcHnBfn3flYtJacYuYY/YHz+QNGzZE/</latexit>

= Projective Field/
feature represented by 
neuron i

...
<latexit sha1_base64="hx9vrypjtBJpcEsh1w05CZs9G34=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0GPRi8cKthbaUDabTbt2sxt2J4VS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8MBXcoOd9O4W19Y3NreJ2aWd3b/+gfHjUMirTlDWpEkq3Q2KY4JI1kaNg7VQzkoSCPYbD25n/OGLacCUfcJyyICF9yWNOCVqp1R1FCk2vXPGq3hzuKvFzUoEcjV75qxspmiVMIhXEmI7vpRhMiEZOBZuWuplhKaFD0mcdSyVJmAkm82un7plVIjdW2pZEd67+npiQxJhxEtrOhODALHsz8T+vk2F8HUy4TDNkki4WxZlwUbmz192Ia0ZRjC0hVHN7q0sHRBOKNqCSDcFffnmVtGpV/6Jau7+s1G/yOIpwAqdwDj5cQR3uoAFNoPAEz/AKb45yXpx352PRWnDymWP4A+fzB8y9j0Y=</latexit>

Probabilistic 
Inference

COMPUTATIONAL
GOAL

Marr’s Level 1

0 = no spike
1 = spike

Bridging Marr’s 
three levels

Feedforward 
connection 
weight: ITPFi
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Recurrent 
connection
weight:�PFT
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p(neuron spikes now|Image, state of other neurons)
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Approximately contrast-
invariant tuning curves

contrastsPF of neuron
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Good agreement between posterior implied by LIF network 
spikes and Gibbs samples for an example image

(D) Near Poisson variability in LIF network with Input + Synaptic noise
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Network of leaky 
integrate and fire 

(LIF) neurons

IMPLEMENTATION
Marr’s Level 3

Binary samples of x can be interpreted as spikes

Feed-forward + recurrent input to LIF neuron
=   function of Gibbs sampling based        
conditional probability

MCMC Gibbs 
Sampling

ALGORITHM/
REPRESENTATION

Marr’s Level 2

Feedforward Recurrent input 
from other 
neuronsFiring Rate Input Current/
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Feedforward and 
Recurrent Weights 
of LIF neuron derived 
from Gibbs sampling 
equations

Example 
spike raster

Gibbs sampling equation for binary x with sparse 
prior:

p (xk = 1|x¬k, I) / exp

✓
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Independent sparse 
prior
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x3
<latexit sha1_base64="AII+YquknBh492N6v2CGV+dFT6s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxov2ANpTNdtIu3WzC7kYsoT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GZabz2i0jyWD2acoB/RgeQhZ9RY6/6pd94rV9yqOxNZBi+HCuSq98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYlDRC7WezVSfkxDp9EsbKPmnIzP09kdFI63EU2M6ImqFerE3N/2qd1IRXfsZlkhqUbP5RmApiYjK9m/S5QmbE2AJlittdCRtSRZmx6ZRsCN7iycvQPKt6lu8uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+R8/gAOuo2i</latexit><latexit sha1_base64="AII+YquknBh492N6v2CGV+dFT6s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxov2ANpTNdtIu3WzC7kYsoT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GZabz2i0jyWD2acoB/RgeQhZ9RY6/6pd94rV9yqOxNZBi+HCuSq98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYlDRC7WezVSfkxDp9EsbKPmnIzP09kdFI63EU2M6ImqFerE3N/2qd1IRXfsZlkhqUbP5RmApiYjK9m/S5QmbE2AJlittdCRtSRZmx6ZRsCN7iycvQPKt6lu8uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+R8/gAOuo2i</latexit><latexit sha1_base64="AII+YquknBh492N6v2CGV+dFT6s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxov2ANpTNdtIu3WzC7kYsoT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GZabz2i0jyWD2acoB/RgeQhZ9RY6/6pd94rV9yqOxNZBi+HCuSq98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYlDRC7WezVSfkxDp9EsbKPmnIzP09kdFI63EU2M6ImqFerE3N/2qd1IRXfsZlkhqUbP5RmApiYjK9m/S5QmbE2AJlittdCRtSRZmx6ZRsCN7iycvQPKt6lu8uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+R8/gAOuo2i</latexit><latexit sha1_base64="AII+YquknBh492N6v2CGV+dFT6s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxov2ANpTNdtIu3WzC7kYsoT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5AIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GZabz2i0jyWD2acoB/RgeQhZ9RY6/6pd94rV9yqOxNZBi+HCuSq98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYlDRC7WezVSfkxDp9EsbKPmnIzP09kdFI63EU2M6ImqFerE3N/2qd1IRXfsZlkhqUbP5RmApiYjK9m/S5QmbE2AJlittdCRtSRZmx6ZRsCN7iycvQPKt6lu8uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+R8/gAOuo2i</latexit>

xn
<latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit><latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit><latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit><latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit>
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<latexit sha1_base64="QITLenZ26IKXSsQ1058cUSI4yiE="></latexit>

PF2
<latexit sha1_base64="n+OEsj3osa7R07v0rWiBAZHxEhk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiIB4r2A9oQtlsNu3SzW7Y3Qgl9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRR8tMEdomkkvVC7GmnAnaNsxw2ksVxUnIaTcc38787hNVmknxaCYpDRI8FCxmBBsr+X4oeZS37qaDBhpUa27dnQOtEq8gNSjQGlS//EiSLKHCEI617ntuaoIcK8MIp9OKn2maYjLGQ9q3VOCE6iCf3zxFZ1aJUCyVLWHQXP09keNE60kS2s4Em5Fe9mbif14/M/F1kDORZoYKslgUZxwZiWYBoIgpSgyfWIKJYvZWREZYYWJsTBUbgrf88irpNOreRb3xcFlr3hRxlOEETuEcPLiCJtxDC9pAIIVneIU3J3NenHfnY9FacoqZY/gD5/MHTQWRMg==</latexit>

PF3
<latexit sha1_base64="YrcA4N/2LiY3HpKR2NbULOOsHEc=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0laQY9FQTxWsLXQhLLZbNqlm92wuxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzwpQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjrpaZIrRDJJeqF2JNORO0Y5jhtJcqipOQ08dwfDPzH5+o0kyKBzNJaZDgoWAxI9hYyfdDyaO8fTsdNNGgWnPr7hxolXgFqUGB9qD65UeSZAkVhnCsdd9zUxPkWBlGOJ1W/EzTFJMxHtK+pQInVAf5/OYpOrNKhGKpbAmD5urviRwnWk+S0HYm2Iz0sjcT//P6mYmvgpyJNDNUkMWiOOPISDQLAEVMUWL4xBJMFLO3IjLCChNjY6rYELzll1dJt1H3mvXG/UWtdV3EUYYTOIVz8OASWnAHbegAgRSe4RXenMx5cd6dj0VrySlmjuEPnM8fToqRMw==</latexit>

PFn
<latexit sha1_base64="yHNpaaq3U02EVZNJgQRYTzkCl2w=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiIB4r2A9oQtlsNu3SzW7Y3Qgl9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRR8tMEdomkkvVC7GmnAnaNsxw2ksVxUnIaTcc38787hNVmknxaCYpDRI8FCxmBBsr+X4oeZS37qYDgQbVmlt350CrxCtIDQq0BtUvP5IkS6gwhGOt+56bmiDHyjDC6bTiZ5qmmIzxkPYtFTihOsjnN0/RmVUiFEtlSxg0V39P5DjRepKEtjPBZqSXvZn4n9fPTHwd5EykmaGCLBbFGUdGolkAKGKKEsMnlmCimL0VkRFWmBgbU8WG4C2/vEo6jbp3UW88XNaaN0UcZTiBUzgHD66gCffQgjYQSOEZXuHNyZwX5935WLSWnGLmGP7A+fwBqDGRbg==</latexit>

⇡
<latexit sha1_base64="BD88AXvjS3lujLi2A79/yugFl1Y=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYdeKvpu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AE+/jc0=</latexit><latexit sha1_base64="BD88AXvjS3lujLi2A79/yugFl1Y=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYdeKvpu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AE+/jc0=</latexit><latexit sha1_base64="BD88AXvjS3lujLi2A79/yugFl1Y=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYdeKvpu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AE+/jc0=</latexit><latexit sha1_base64="BD88AXvjS3lujLi2A79/yugFl1Y=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYdeKvpu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AE+/jc0=</latexit>

Linear Gaussian image 
model 

Generative model
Inference direction

PFi
<latexit sha1_base64="Fm+FtmtP3T/mGa2ZyjrkAj+s7GY=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiIB4r2A9IQ9lsNu3SzW7YnQgl9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSq4Adf9dkpr6xubW+Xtys7u3v5B9fCoY1SmKWtTJZTuhcQwwSVrAwfBeqlmJAkF64bj25nffWLacCUfYZKyICFDyWNOCVjJ74dKRHnrbjrgg2rNrbtz4FXiFaSGCrQG1a9+pGiWMAlUEGN8z00hyIkGTgWbVvqZYSmhYzJkvqWSJMwE+fzkKT6zSoRjpW1JwHP190ROEmMmSWg7EwIjs+zNxP88P4P4Osi5TDNgki4WxZnAoPDsfxxxzSiIiSWEam5vxXRENKFgU6rYELzll1dJp1H3LuqNh8ta86aIo4xO0Ck6Rx66Qk10j1qojShS6Bm9ojcHnBfn3flYtJacYuYY/YHz+QNGzZE/</latexit>

= Projective Field/
feature represented by 
neuron i

...
<latexit sha1_base64="hx9vrypjtBJpcEsh1w05CZs9G34=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0GPRi8cKthbaUDabTbt2sxt2J4VS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8MBXcoOd9O4W19Y3NreJ2aWd3b/+gfHjUMirTlDWpEkq3Q2KY4JI1kaNg7VQzkoSCPYbD25n/OGLacCUfcJyyICF9yWNOCVqp1R1FCk2vXPGq3hzuKvFzUoEcjV75qxspmiVMIhXEmI7vpRhMiEZOBZuWuplhKaFD0mcdSyVJmAkm82un7plVIjdW2pZEd67+npiQxJhxEtrOhODALHsz8T+vk2F8HUy4TDNkki4WxZlwUbmz192Ia0ZRjC0hVHN7q0sHRBOKNqCSDcFffnmVtGpV/6Jau7+s1G/yOIpwAqdwDj5cQR3uoAFNoPAEz/AKb45yXpx352PRWnDymWP4A+fzB8y9j0Y=</latexit>

Probabilistic 
Inference

COMPUTATIONAL
GOAL

Marr’s Level 1

0 = no spike
1 = spike

Bridging Marr’s 
three levels

Feedforward 
connection 
weight: ITPFi

<latexit sha1_base64="PG9Ym66ktresxjFH9KtBXcLtnDE=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJWkCrosCqK7Cn1BE8NkMm2HTiZhZiKUEDf+ihsXirj1L9z5N07aLLT1wIXDOfdy7z1+zKhUlvVtlJaWV1bXyuuVjc2t7R1zd68jo0Rg0sYRi0TPR5IwyklbUcVILxYEhT4jXX98lfvdByIkjXhLTWLihmjI6YBipLTkmQdOiNRIhOltBu9bjh+xIG1eZx71zKpVs6aAi8QuSBUUaHrmlxNEOAkJV5ghKfu2FSs3RUJRzEhWcRJJYoTHaEj6mnIUEumm0w8yeKyVAA4ioYsrOFV/T6QolHIS+rozv1fOe7n4n9dP1ODCTSmPE0U4ni0aJAyqCOZxwIAKghWbaIKwoPpWiEdIIKx0aBUdgj3/8iLp1Gv2aa1+d1ZtXBZxlMEhOAInwAbnoAFuQBO0AQaP4Bm8gjfjyXgx3o2PWWvJKGb2wR8Ynz9/VJbq</latexit>

Recurrent 
connection
weight:�PFT

i PFj
<latexit sha1_base64="84uDP1JugmlTtozjiU8Zrz/Y/7I=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBjWWmCrosCuKyQl/QjkMmk7axmWRIMkIZCm78FTcuFHHrT7jzb0zbAbX1wIWTc+4l954gZlRpx/mycguLS8sr+dXC2vrG5pa9vdNQIpGY1LFgQrYCpAijnNQ11Yy0YklQFDDSDAaXY795T6Sigtf0MCZehHqcdilG2ki+vXfcCQQL0+rVyKfwtvbzuvPtolNyJoDzxM1IEWSo+vZnJxQ4iQjXmCGl2q4Tay9FUlPMyKjQSRSJER6gHmkbylFElJdObhjBQ6OEsCukKa7hRP09kaJIqWEUmM4I6b6a9cbif1470d1zL6U8TjThePpRN2FQCzgOBIZUEqzZ0BCEJTW7QtxHEmFtYiuYENzZk+dJo1xyT0rlm9Ni5SKLIw/2wQE4Ai44AxVwDaqgDjB4AE/gBbxaj9az9Wa9T1tzVjazC/7A+vgGXdWXWQ==</latexit>

p(neuron spikes now|Image, state of other neurons)

⇥
<latexit sha1_base64="y3ZFcWqBEabekax7ttofWU1jMYg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0alXvolq7v6zUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPt3mPOA==</latexit>

Visual processing is 
often characterized as 
implementing 
probabilistic inference.
[1]

One candidate algorithm 
to do probabilistic 
inference, is ‘neural 
sampling’[2,5,7]. 

We derive a spiking 
neural network model 
using deterministic 
leaky integrate-and-fire 
(LIF) neurons and 
stochastic synapses 
[11] whose responses 
represent binary 
samples from the joint 
posterior in a linear 
model[9] of the retinal 
input.

Approximately contrast-
invariant tuning curves

contrastsPF of neuron
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(D) Near Poisson variability in LIF network with Input + Synaptic noise
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(LIF) neurons

IMPLEMENTATION
Marr’s Level 3

Binary samples of x can be interpreted as spikes

Feed-forward + recurrent input to LIF neuron
=   function of Gibbs sampling based        
conditional probability

MCMC Gibbs 
Sampling

ALGORITHM/
REPRESENTATION

Marr’s Level 2

Feedforward Recurrent input 
from other 
neuronsFiring Rate Input Current/
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Feedforward and 
Recurrent Weights 
of LIF neuron derived 
from Gibbs sampling 
equations

Example 
spike raster

Gibbs sampling equation for binary x with sparse 
prior:

p (xk = 1|x¬k, I) / exp
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Independent sparse 
prior
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xn
<latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit><latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit><latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit><latexit sha1_base64="Rd8/+B65EjBItZgzm/BuI4Pwlc4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjRfsBbSib7aZdutmE3YlYQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9m9fYj10bE6gEnCfcjOlQiFIyite6f+qpfrrhVdy6yCl4OFcjV6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrUdGIGz+brzolZ9YZkDDW9ikkc/f3REYjYyZRYDsjiiOzXJuZ/9W6KYZXfiZUkiJXbPFRmEqCMZndTQZCc4ZyYoEyLeyuhI2opgxtOiUbgrd88iq0Lqqe5bvLSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hj5zPH2gmjd0=</latexit>

I ⇠ N
 

nX
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PFixi,�
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<latexit sha1_base64="QITLenZ26IKXSsQ1058cUSI4yiE="></latexit>

PF2
<latexit sha1_base64="n+OEsj3osa7R07v0rWiBAZHxEhk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiIB4r2A9oQtlsNu3SzW7Y3Qgl9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRR8tMEdomkkvVC7GmnAnaNsxw2ksVxUnIaTcc38787hNVmknxaCYpDRI8FCxmBBsr+X4oeZS37qaDBhpUa27dnQOtEq8gNSjQGlS//EiSLKHCEI617ntuaoIcK8MIp9OKn2maYjLGQ9q3VOCE6iCf3zxFZ1aJUCyVLWHQXP09keNE60kS2s4Em5Fe9mbif14/M/F1kDORZoYKslgUZxwZiWYBoIgpSgyfWIKJYvZWREZYYWJsTBUbgrf88irpNOreRb3xcFlr3hRxlOEETuEcPLiCJtxDC9pAIIVneIU3J3NenHfnY9FacoqZY/gD5/MHTQWRMg==</latexit>

PF3
<latexit sha1_base64="YrcA4N/2LiY3HpKR2NbULOOsHEc=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0laQY9FQTxWsLXQhLLZbNqlm92wuxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzwpQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjrpaZIrRDJJeqF2JNORO0Y5jhtJcqipOQ08dwfDPzH5+o0kyKBzNJaZDgoWAxI9hYyfdDyaO8fTsdNNGgWnPr7hxolXgFqUGB9qD65UeSZAkVhnCsdd9zUxPkWBlGOJ1W/EzTFJMxHtK+pQInVAf5/OYpOrNKhGKpbAmD5urviRwnWk+S0HYm2Iz0sjcT//P6mYmvgpyJNDNUkMWiOOPISDQLAEVMUWL4xBJMFLO3IjLCChNjY6rYELzll1dJt1H3mvXG/UWtdV3EUYYTOIVz8OASWnAHbegAgRSe4RXenMx5cd6dj0VrySlmjuEPnM8fToqRMw==</latexit>

PFn
<latexit sha1_base64="yHNpaaq3U02EVZNJgQRYTzkCl2w=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiIB4r2A9oQtlsNu3SzW7Y3Qgl9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRR8tMEdomkkvVC7GmnAnaNsxw2ksVxUnIaTcc38787hNVmknxaCYpDRI8FCxmBBsr+X4oeZS37qYDgQbVmlt350CrxCtIDQq0BtUvP5IkS6gwhGOt+56bmiDHyjDC6bTiZ5qmmIzxkPYtFTihOsjnN0/RmVUiFEtlSxg0V39P5DjRepKEtjPBZqSXvZn4n9fPTHwd5EykmaGCLBbFGUdGolkAKGKKEsMnlmCimL0VkRFWmBgbU8WG4C2/vEo6jbp3UW88XNaaN0UcZTiBUzgHD66gCffQgjYQSOEZXuHNyZwX5935WLSWnGLmGP7A+fwBqDGRbg==</latexit>

⇡
<latexit sha1_base64="BD88AXvjS3lujLi2A79/yugFl1Y=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYdeKvpu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AE+/jc0=</latexit><latexit sha1_base64="BD88AXvjS3lujLi2A79/yugFl1Y=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYdeKvpu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AE+/jc0=</latexit><latexit sha1_base64="BD88AXvjS3lujLi2A79/yugFl1Y=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYdeKvpu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AE+/jc0=</latexit><latexit sha1_base64="BD88AXvjS3lujLi2A79/yugFl1Y=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYdeKvpu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AE+/jc0=</latexit>

Linear Gaussian image 
model 

Generative model
Inference direction

PFi
<latexit sha1_base64="Fm+FtmtP3T/mGa2ZyjrkAj+s7GY=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiIB4r2A9IQ9lsNu3SzW7YnQgl9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSq4Adf9dkpr6xubW+Xtys7u3v5B9fCoY1SmKWtTJZTuhcQwwSVrAwfBeqlmJAkF64bj25nffWLacCUfYZKyICFDyWNOCVjJ74dKRHnrbjrgg2rNrbtz4FXiFaSGCrQG1a9+pGiWMAlUEGN8z00hyIkGTgWbVvqZYSmhYzJkvqWSJMwE+fzkKT6zSoRjpW1JwHP190ROEmMmSWg7EwIjs+zNxP88P4P4Osi5TDNgki4WxZnAoPDsfxxxzSiIiSWEam5vxXRENKFgU6rYELzll1dJp1H3LuqNh8ta86aIo4xO0Ck6Rx66Qk10j1qojShS6Bm9ojcHnBfn3flYtJacYuYY/YHz+QNGzZE/</latexit>

= Projective Field/
feature represented by 
neuron i

...
<latexit sha1_base64="hx9vrypjtBJpcEsh1w05CZs9G34=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0GPRi8cKthbaUDabTbt2sxt2J4VS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8MBXcoOd9O4W19Y3NreJ2aWd3b/+gfHjUMirTlDWpEkq3Q2KY4JI1kaNg7VQzkoSCPYbD25n/OGLacCUfcJyyICF9yWNOCVqp1R1FCk2vXPGq3hzuKvFzUoEcjV75qxspmiVMIhXEmI7vpRhMiEZOBZuWuplhKaFD0mcdSyVJmAkm82un7plVIjdW2pZEd67+npiQxJhxEtrOhODALHsz8T+vk2F8HUy4TDNkki4WxZlwUbmz192Ia0ZRjC0hVHN7q0sHRBOKNqCSDcFffnmVtGpV/6Jau7+s1G/yOIpwAqdwDj5cQR3uoAFNoPAEz/AKb45yXpx352PRWnDymWP4A+fzB8y9j0Y=</latexit>

Probabilistic 
Inference

COMPUTATIONAL
GOAL

Marr’s Level 1

0 = no spike
1 = spike

Bridging Marr’s 
three levels

Feedforward 
connection 
weight: ITPFi

<latexit sha1_base64="PG9Ym66ktresxjFH9KtBXcLtnDE=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJWkCrosCqK7Cn1BE8NkMm2HTiZhZiKUEDf+ihsXirj1L9z5N07aLLT1wIXDOfdy7z1+zKhUlvVtlJaWV1bXyuuVjc2t7R1zd68jo0Rg0sYRi0TPR5IwyklbUcVILxYEhT4jXX98lfvdByIkjXhLTWLihmjI6YBipLTkmQdOiNRIhOltBu9bjh+xIG1eZx71zKpVs6aAi8QuSBUUaHrmlxNEOAkJV5ghKfu2FSs3RUJRzEhWcRJJYoTHaEj6mnIUEumm0w8yeKyVAA4ioYsrOFV/T6QolHIS+rozv1fOe7n4n9dP1ODCTSmPE0U4ni0aJAyqCOZxwIAKghWbaIKwoPpWiEdIIKx0aBUdgj3/8iLp1Gv2aa1+d1ZtXBZxlMEhOAInwAbnoAFuQBO0AQaP4Bm8gjfjyXgx3o2PWWvJKGb2wR8Ynz9/VJbq</latexit>

Recurrent 
connection
weight:�PFT

i PFj
<latexit sha1_base64="84uDP1JugmlTtozjiU8Zrz/Y/7I=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBjWWmCrosCuKyQl/QjkMmk7axmWRIMkIZCm78FTcuFHHrT7jzb0zbAbX1wIWTc+4l954gZlRpx/mycguLS8sr+dXC2vrG5pa9vdNQIpGY1LFgQrYCpAijnNQ11Yy0YklQFDDSDAaXY795T6Sigtf0MCZehHqcdilG2ki+vXfcCQQL0+rVyKfwtvbzuvPtolNyJoDzxM1IEWSo+vZnJxQ4iQjXmCGl2q4Tay9FUlPMyKjQSRSJER6gHmkbylFElJdObhjBQ6OEsCukKa7hRP09kaJIqWEUmM4I6b6a9cbif1470d1zL6U8TjThePpRN2FQCzgOBIZUEqzZ0BCEJTW7QtxHEmFtYiuYENzZk+dJo1xyT0rlm9Ni5SKLIw/2wQE4Ai44AxVwDaqgDjB4AE/gBbxaj9az9Wa9T1tzVjazC/7A+vgGXdWXWQ==</latexit>

p(neuron spikes now|Image, state of other neurons)

⇥
<latexit sha1_base64="y3ZFcWqBEabekax7ttofWU1jMYg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0alXvolq7v6zUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPt3mPOA==</latexit>

Near Poisson variability 
in LIF network with 

Input + Synaptic noise

Simulating the LIF network 
we find,

agreement between 
posterior implied by LIF 
network spikes and Gibbs 
samples 
approximately contrast-
invariant tuning curves  
near Poisson variability
small noise correlations 
with mean of close to 
zero[6]

negative causal influences 
between neurons of similar 
receptive fields[12]
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