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How Does the Brain “Work”?

Throughout History, Theorizing about the Brain Has 
Emphasized the Most Sophisticated Technology Available 

at a Given Time:  Aqueducts/Plumbing, Telephone 
Switchboards, Digital Computers, the Internet



  

“How the Brain Works”



  



  

    AND                  OR                 NOT              NAND            NOR

In What Sense Does the Brain “Compute”?

Key Distinction Between the Abstract “Computational 
Level” and the Physical Substrate

Logic Gates in Digital (Von Neumann / Turing) Computers

Together, these logical operations implement 
Two Key “Computational Primitives” for Digital Computation:

Boolean Logic and Binary Arithmetic



  

Are There Analogous “Computational Primitives”
for the Brain?

?



  

Digression I:  The Software-Hardware Distinction
is a “Red Herring” for Biological Computation



  

Digression 2:  Analog Computation:
A Rich but Under-Explored Alternative to Digital 

Computation (for very good reasons...) and Likely a Fertile 
Metaphor for Neural “Computation”



  

Candidate “Computational Primitives” for the Brain:
1. Topographic Representations and Transformations?



  

Auditory Cortex Organization in Bat and Monkey

Suga et al.

Logothetis et al.

Single Cell Recordings
in the Bat (“What it is like to be a...”)

fMRI Data in Monkey



  

Candidate “Computational Primitives” for the Brain:
2. Coherent Oscillations / Synchronization?



  

Candidate “Computational Primitives” for the Brain:
3.  Differential Geometry (Zucker et al.)

Hue flow and intensityHue channel

Figure 7: An example of color bleeding. It is most prominent in the deep concavity between the sphere and

the tabletop. Notice how it is elongated in the direction of the light source and, in particular, how it differs

from the cast shadow. The hue field shown here is based purely on local measurements of hue. While this

local field is sufficient for us to view quickly, a more careful examination reveals noise in particular places

and, more generally, the subtlety in localizing the hue borders between different regions.

ing it (Baxandall, 1995), and da Vinci wrote about it. 1 It follows, then, that color bleeding does carry some

information. One clue is that Fine et al.’s conclusion above derives from a database of images with few deep

shadows (Fine and Boynton, 2003). However, when shadows or shading or related types of inhomogeneous

illumination are considered, pure or near-pure luminance variations can arise, and humans are sensitive to this

psychophysically (Kingdom, 2003). Separating luminance and chrominance, and comparing and contrasting

their relative structure, provides information about both surface color and light-source placement that differs

from – and supplements – that of cast or attached shadows. We shall return to this topic.

2.2 The Analogy to Orientation Flows

While the apparent structure of hue may seem quite different from texture (Fig. 8), we claim that there is a

sense in which hue fields are strongly analogous to oriented texture fields. To start with the obvious, both are

1Baxandall (Baxandall, 1995) claims that da Vinci intended to dedicate an entire section of his treatise on shadow to deal with it (p.

110).
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Candidate “Computational Primitives” for the Brain:
4. Hebbian Synapses and Spike-Timing Dependent 

Plasticity?

Others?

Insert Your
Favorite

Here!



Modeling Neurons, Neural Circuits, and Neural 
Systems:  Two Approaches with Different

Levels of “Realism”

“Artificial” Neural Networks “Realistic” Neurons, Circuits, and Systems



 

Modeling Cerebellar Purkinje Cells

Cerebellum in MRI Image

Schematic of Cerebellar Cellular
Architecture

Example of Single Cell
Recordings

High-Resolution Compartmental
Model of a Cerebellar Purkinje Cell

GENESIS Neuronal Modeling System
         Wilson, Bower, De Schutter et al.

Bower and De Schutter, UTHSC, Antwerp
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2.1 Transistor versus ion-channel2.1 Transistor versus ion-channel

In 10yrs, when transistors shrink to 10nm:In 10yrs, when transistors shrink to 10nm:

They will become stochasticThey will become stochastic——just just like an ion-channellike an ion-channel
One trapped electron reduces current flow significantlyOne trapped electron reduces current flow significantly

The brain can teach us how to compute this wayThe brain can teach us how to compute this way
Present Present analog and digital analog and digital paradigms breakdownparadigms breakdown

3nm

Zagrovic & Aldrich 1999

MacKinnon et al 1998

Fertig et al. 2002

Intel 2005Intel 2005

Hiramoto et al 2000

Current (%)



  

Conclusions: What Do We Mean by 
“Computation” in “Neural Computation”?

Two Fundamental Distinctions:

 1.  Abstract “Computational Primitives”
  versus Physical Substrate

 2.  Principles (of “System Design and 
  Organization”) versus Patterns (in 
  the Data)
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