Today'’s lecture

» Orthogonality
* Review of HD algebra
» Visual working memory/attention

« Factorization

» Visual analogies (Spencer/Navneedh)



Random HD vectors are nearly orthogonal
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Computing with high-dimensional vectors

Concepts, variables, attributes are represented
as high-dimensional vectors (e.g., 10,000 bits)

Three fundamental operations:

unbinding
multiplication (binding) t=cOx x=c Ot
. - =x+y+ ..
- addition (combining) ~ Z: E@Xy+ d@]y Foo]
- permutation (sequencing) p(x)

Approximates a field

Kanerva P (2009) Hyperdimensional Computing: An Introduction to Computing in Distributed
Representation with High-Dimensional Random Vectors. Cognitive Computing, I: 139-159.



Factorization



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

x € X:={x0,X1,...,Xp} Combinatorial capacity

let b=xRy®z y €Y :={yo,¥1,--¥n} exceeds competing
z €7 :=120,21,.-,%n} methods by two orders of
magnitude

Problem: You are given b, what are x, y and z?

== Alternating Least Squares
w==_[terative Soft Thresholding

Solution: Resonate : o et
g eipd h
Multiplicative Weights
~ —|— ~ 1 ~ 1 [ | | | ] E 105- — :::o:::::rl:s:ri:al}ttzu:iih OLS weights (ours)
Xt_|_]_ — g (XX (b ® yt ® Zt )) X = X] Xo . Xy, === Resonator Circuit with OP weights (ours)
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Zi+1 = g(ZZ (b XX, QY )) Z=|2 2z ... 2, Three factors, F=3

Frady EP, Kent S, Olshausen BA & Sommer FT (2020) Resonator Networks,1: An efficient solution for factoring
distributed representations of data structures. Neural Computation, 32(12).

Kent S, Frady EP, Sommer FT & Olshausen BA (2020) Resonator Networks outperform optimization methods at
solving high-dimensional vector factorization. Neural Computation, 32(12).


http://www.rctn.org/bruno/papers/resonator1.pdf
http://www.rctn.org/bruno/papers/resonator2.pdf

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)
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Factorization of shape, color and position
(Paxon Frady)

u®* = horizontal position x;
vYi = vertical position y;
w,. = color channel c

(O 10 20 30 40 50

S = Z[(aji,yj, c)u” v¥ w,

2,],C
Given s, find x, y, ¢ and p via resonator:
Xii] = g(XXT (s ® Sft_l 0 (A:t_l R f)t_l)) horizontal position
( (s®%,'®¢; P @p; ) vertcal position
Cti1 = g(CCT (s ® )Act_l X }Aft_l 0% f)t_l)) color
( ! S@)A(;1®Sf;1®é;1)) pattern

VR



Visual scene analysis via factorization of HD vectors
(Paxon Frady)

Color Letter Vertical Horizontal

< A b

blue cyan red adg jmpsvy 0 1020304050 0 10 20 30 40 50




Other efforts

- Berkeley/Stanford EE (Rabaey, Salahuddin, Mitra, Wong) -
hardware implementation, cnFET’s, PCM/RRAM

-+ Waterloo (Eliasmith) - SPAUN

- U Maryland (Fernmuller, Aloimonos) - event-based camera
robot navigation

- BMW (Mirus, Blouw, Stewart, Conradt) - vehicle position
monitoring and prediction.

- VSA online seminar series: https://sites.google.com/Itu.se/
vsaonline/winter-2021

- Website: https://www.hd-computing.com



https://sites.google.com/ltu.se/vsaonline/winter-2021
https://sites.google.com/ltu.se/vsaonline/winter-2021
https://www.hd-computing.com

