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Universal laws 

and architectures:
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Turing’s 3 step research:
0.   Virtual (TM) machines
1. hard limits, (un)decidability 

using standard model (TM)
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Implications
• Large, thin, nonconvex everywhere… 
• TMs and UTMs are perfectly repeatable
• But perfectly unpredictable
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to active
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• Video biking game with trails and bumps
• Balancing stick (inverted pendulum)
• Vision and VOR with object and head motion
• Balancing body with vision, vestibular, and 

proprioception

Theory

• Quantitative match with theory (but equipment)
• Qualitative (but easy to do live demos)
• Both
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cranial nerves
• similar diameters
• diverse lengths
• diverse composition
• bottlenecks?

Olfactory
Optic

Vestibular



105106

1

10

.1

Olfactory

Optic

Vestibular
Auditory

Sciatic Av
g.

 A
xo

n 
di

am
. (
µm

)

No. of axons per nerve
107 104

Large 
nerves

Small 
nerves

cranial nerves

Olfactory
Optic

Vestibular



105106

1

10

.1

Olfactory

Optic

Vestibular
Auditory

Sciatic Av
g.

 A
xo

n 
di

am
. (
µm

)

No. of axons per nerve
107 104

Large 
nerves

Small 
nerves



105106

1

10

.1

Olfactory

Optic

Vestibular
Auditory

Sciatic Av
g.

 A
xo

n 
di

am
. (
µm

)

No. of axons per nerve
107 104

Large 
nerves

Small 
nervesSmall 
nerves

Large 
axons

Large 
nerves

Equal area

Small 
axons



105106

1

10

.1

Olfactory

Optic

Vestibular
Auditory

Sciatic Av
g.

 A
xo

n 
di

am
. (
µm

)

No. of axons per nerve
107 104

Large 
nerves

Small 
nervesSmall 
nerves

Large 
axons

Large 
nerves

Equal area

Small 
axons



105106

1

10

.1

Olfactory

Optic

Vestibular
Auditory

Sciatic Av
g.

 A
xo

n 
di

am
. (
µm

)

No. of axons per nerve
107 104

Large 
nerves

Small 
nerves

Equal area

Large 
axons

Small 
axons



105106

1

10

.1

Olfactory

Optic

Vestibular
Auditory

Sciatic

⟵
Fa

st

⟵Accurate

Av
g.

 A
xo

n 
di

am
. (
µm

)

No. of axons per nerve
107 104

Large 
nerves

Small 
nerves



⟵
Fa

st

⟵Accurate

Olfactory

Optic

Vestibular
Auditory

Sciatic

Equal area



⟵
Fa

st
⟵Accurate

Olfactory

Optic

Vestibular
Auditory

Sciatic

log(delay)

-log(bandwidth)

Equal area



⟵
Fa

st
⟵Accurate

log(T )

-log(R )

R Tαλ=

Simon Laughlin
Terry Sejnowski

areaαλ ∝

log(delay)

-log(bandwidth)

Equal area



Fast

InaccurateAccurate

Slow Optic

Vestibular

Speed vs 
Accuracy

Sciatic

⟵
Fa

st

⟵Accurate

Olfactory

Optic

Vestibular
Auditory

Sciatic

Nerves

R Tαλ=

R Tαλ=



Extremely 
DiverseWhy?

Physiology

Fast

InaccurateAccurate

Slow Optic

Vestibular

Nerves

SciaticR Tαλ=



Cerebellum

Cortex
eye vision

Act delay

Inner
ear

fast

Object

Head

Error
+

vest
nuclei

Vestibulo-
Tune

muscles
balance

reticular formation

balance

Extremely 
Diverse/ 

Heterogeneous

Tradeoff

VOR

vision

proprioFast

InaccurateAccurate

Slow Performance
Physiology

Fast

InaccurateAccurate

Slow Optic

Vestibular

Nerves

Sciatic
R Tαλ=



Tradeoff

VOR

vision

proprioFast

InaccurateAccurate

Slow Performance

Fast

InaccurateAccurate

Slow Optic

Vestibular

Nerves

Sciatic

Cerebellum

Cortex
eye vision

Act delay

Inner
ear

Object 
motion

Head 
motion

Error
+

vest
nuclei

Vestibulo-
Tune

muscles
balancediaphragm

vomiting

pharynx
larynx
regurg.

sweat

GI tract
nausea

reticular formation

Planning
Balance
Reflex
Motion sickness

Performance
Physiology

Theory

R Tαλ=



( )1

1

1
2i

i

T
T Ra a aδ −

=

− 
+ + − 

 
∑

P

L

H r

w

T
rT

R
Fast

Rigid

Reflex

Inaccurate
Flexible

Planning

Accurate

Slow

Law

Architecture

Fast

InaccurateAccurate

Slow

Law
Architecture

Optic

Vestibular

Performance

Nerves

Theory

( ) 1
2 | |R a

−
−

R Tαλ=



Fast

Rigid

Reflex

Inaccurate
Flexible

Planning

Accurate

Slow

Law

Architecture

Fast

InaccurateAccurate

Slow

Law

Optic

Vestibular

Performance

MusclesSensory
Nerves

Fast
Strong

InaccurateAccurate
Cheap

Slow

Law

Slow oxy

Fast oxy

Fast glyco

( )1

1

1
2i

i

T
T Ra a aδ −

=

− 
+ + − 

 
∑

( ) 1
2 | |R a

−
−

R Tαλ=



Cerebellum

Cortex
eye vision

Act delay

Inner
ear

Object 
motion

Head 
motion

Error
+

vest
nuclei

Vestibulo-
Tune

muscles
balancediaphragm

vomiting

pharynx
larynx
regurg.

sweat

GI tract
nausea

reticular formation

Planning
Balance
Reflex
Motion sickness

Fast

Rigid

Reflex

Inaccurate
Flexible

Planning

Accurate

Slow

Law

Architecture

Fast

InaccurateAccurate

Slow

Law
Architecture

Optic

Vestibular

Performance

Nerves

Physiology

Theory
Experiments



Slow

Fast

Object 
motion

Head 
motion

Bumps

Trail

Experiments

10

100

Length, m
.1 1.5.2

2

hardest!

hard

( ) ( )
exp ln

exp
T z pp

z pT
τ

∞

 + ≥
−

∫

( )exp z pp
z p

τ +
−

Waterbed












Slow

Fast

Object 
motion

Head 
motion

Bumps

Trail

Experiments

10

100

Length, m
.1 1.5.2

2

hardest!

hard

( ) ( )
exp ln

exp
T z pp

z pT
τ

∞

 + ≥
−

∫

( )exp z pp
z p

τ +
−

Waterbed

• Video biking game with trails and bumps
• Balancing stick (inverted pendulum)
• Vision and VOR with object and head motion
• Balancing body with vision, vestibular, and 

proprioception

Theory

• Quantitative match with theory (but equipment)
• Qualitative (but easy to do live demos)
• Both
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Reaching time ≈ speed 

≈ accuracy

Reaching time = 𝑎𝑎 + 𝑏𝑏 log2(
2𝐷𝐷
𝑊𝑊

)
Fitts law

const
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Virtualized (added) speed-accuracy tradeoff
• Delay session: 30 second for each setting (T = -4, -3, -2, -1, 0, 1, 2)

• Quantizer session: 30 second (L = 1, 2, …, 7)

• Delay and Quantizer session: 30 second for each pair of settings
Delay
Quantizer
Delay and Quantizer
Sum(Delay, Quantizer)

Advance warning Delay Advance warning Delay



Delay in vision and in action

• Vision delay

• Action delay
30 seconds

No delay 1-step delay 2-step delay 3-step delay

No delay 1-step delay 2-step delay 3-step delay

Vision delay Action delay
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A control architecture perspective



Fig 2. The longevity-mass data set is well 
described by a triangle in log space.

Szekely P, Korem Y, Moran U, Mayo A, Alon U (2015) The Mass-Longevity Triangle: Pareto Optimality and the Geometry of Life-
History Trait Space. PLOS Computational Biology 11(10): e1004524. https://doi.org/10.1371/journal.pcbi.1004524
http://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1004524

http://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1004524
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An illustration of Peto’s Paradox. 
Cancer is a disease of uncontrolled 
cell growth and division, and the risk 
of developing cancer increases with 
the number of cell divisions during 
the lifetime of an organism. Thus, 
the expected cancer rate for large 
and/or long-lived species is 
higher than for smaller short-lived 
ones. 

The solid red line indicates a linear relationship 
between cancer rate and (body mass)*(lifespan) 
and the dashed red line represents an 
approximation of the expected cancer rate 
assuming a model describing the probability of an 
individual developing colorectal cancer after a given 
number of cell divisions [4]. The solid blue 
line represents the observation that there is no 
relationship between cancer risk and (body 
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