Visual scene analysis



What is this?
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Correct label: Afghan hound



Wallisch & Movshon (2008)
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Visual working memory as a superposition of

‘what’ and ‘where’ bindings
(Eric Weiss, Ph.D. thesis)
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Example encoding




Example queries

Where is the ‘'5°?

answer= V5O M
= V5O VeOliz0 + Vs Ozt + VaO =2 + ...)

~ noise + i1 + noise + ..

What object is in the center?

answer = Feenter O, m
— rcenter* © (VG O, r’t=0 + v5 O, rt=1 + v4 © r’t=2 + )

~ Vs + noise + noise + ...
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Spatial reasoning

What is below a ‘2’ and to the left of a ‘1’7

(a) Example image (b) "below a 2” (c) ’tothe leftofa 1™ (d) Combined

T

a1 = f1(rdown (V2" © m))

az = f1(lest (V1" © mM))
di O az
answer =f(a1 0 az2) om



Factorization



Factorization is central to perception and cognition
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Resonator Networks for factorizing HD vectors

x € X :={x09,X1,...,Xp}
Combinatorial capacity

_ cvY:= . Vi,.---,¥Vn .
Let b=x®y®z Y yo,y1 yn} exceeds competing

2 C L= 20,215+, %n} methods by two orders of
magnitude
Problem: You are given b, what are x, y and z?
10°; === Alternating Least Squares
Solution: Resonate x T Ferterte st Treshting
: et "
T ]_ ]_ | | | E 103 — :::oi:::rmc?rg::;u::h OLS weights (ours)
Xt—|—]_ — g (XX (b ® yt ® Zt )) X — X|1 X|2 X|n = Resonator Circuit with i)Pwe:igilts iot:rs):
) sl oA s | =
Yt‘|‘]. — g(YYT(b ® Xt 1 ® Zt 1)) Y = Yir Y2 - ¥Yn * 1500 1600 1700 1800 1900 2000 2100 2200
L | N
5 T c—1 o o1 ' Three factors, F =
Ziy1 = g(ZZ (b®x,  ®y, )) N ree factors, F =3
| |

g(x) = sgn(zx)

Frady EP, Kent S, Olshausen BA & Sommer FT (2020) Resonator Networks for factoring distributed
representations of data structures. Neural Computation (in press) https://arxiv.org/abs/2007.03748

Kent S, Frady EP, Sommer FT & Olshausen BA (2020) Resonator Networks outperform optimization methods at
solving high-dimensional vector factorization. Neural Computation (in press) https://arxiv.org/abs/1906.11684
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Energy function?



Energy function?

1,000,000 combinations! (n=100)

(1BiMx1Q®Yy1®21 + ... + B XiQ®Y; @z, + ... + ApBnTnXn @Yn @ Zy)

-

F=-b x®y® z)

n n n
X = E A X4y, Y = E Biyi, z= E Vi 4
i=1 i=1 i=1



Visual scene analysis

Input Image Neural Network VSA encoding
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Representing position with complex-valued vectors

« Base vector:

6.7 01
e] 92

- Value x Is represented as:
ejglw ejezw

6] 02 L “ > i .
z(T) = . W P

Frady EP, Kleyko D, Kymn CJ, Olshausen BA, Sommer FT (2022). Computing on Functions Using Randomized Vector
Representations (in brief). In: Proceedings of the 2022 Annual Neuro-Inspired Computational Elements Conference.

Frady EP, Kleyko D, Kymn CJ, Olshausen BA, Sommer FT (2021). Computing on Functions Using Randomized Vector
Representations. arXiv:2109.03429



Encoding real numbers via fractional binding

Key idea 1: Represent any number x, by binding Z
x-times with itself:

E/—/
X times

clelelcic

T.A. Plate, “Holographic Recurrent Networks,” Advances in Neural Information Processing Systems (NIPS), pp. 34-41, 1992.
T.A. Plate, “Distributed Representations and Nested Compositional Structure,” University of Toronto, PhD Thesis, 1994.



Encoding real numbers via fractional binding

Key idea 1: Represent any number x, by binding z
x-times with itself:

z(x) =20 - Oz=12"
Af—/
X times

Key idea 2: Extend this definition to support
encoding of non-integer x values

x=0.00

OG0

T.A. Plate, “Holographic Recurrent Networks,” Advances in Neural Information Processing Systems (NIPS), pp. 34-41, 1992.
T.A. Plate, “Distributed Representations and Nested Compositional Structure,” University of Toronto, PhD Thesis, 1994.



Representing position with complex-valued vectors

z(x) - z(x + Ax)

Similarity kernel

Vector multiplication corresponds to variable addition
z(x) ©z(y) = z(z +y)

Frady EP, Kleyko D, Kymn CJ, Olshausen BA, Sommer FT (2022). Computing on Functions Using Randomized Vector
Representations (in brief). In: Proceedings of the 2022 Annual Neuro-Inspired Computational Elements Conference.

Frady EP, Kleyko D, Kymn CJ, Olshausen BA, Sommer FT (2021). Computing on Functions Using Randomized Vector
Representations. arXiv:2109.03429



Representing sets or functions
- A set of values {x; X, ... X, } may be represented in
superposition:

s=1z(x1)+2z(x2) + ...+ 2z(x,)

» A probability distribution over values may be represented as
a weighted superposition:.

P = p(xl)z(xl) —I—p(QZQ)Z(ZEQ) T .. —I-p(ZEn)Z(ZIJn)

Frady EP, Kleyko D, Kymn CJ, Olshausen BA, Sommer FT (2022). Computing on Functions Using Randomized Vector
Representations (in brief). In: Proceedings of the 2022 Annual Neuro-Inspired Computational Elements Conference.

Frady EP, Kleyko D, Kymn CJ, Olshausen BA, Sommer FT (2021). Computing on Functions Using Randomized Vector
Representations. arXiv:2109.03429



