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What is sensed matters. 

Unstable poles Unstable zeros 



1 

2 

4 

8 

.1 1 .05 .5 .2 

0l l≈

0 1l l≤ =

Length  (meters)  

Fragility 

ln z p
p

p

z

τ

+
+

−
.1sτ =

( ) 2 2
0

l1 n n2l z ppT j d
p p

p
z

ω ω
π ω

τ
∞  

≥ + 

+
+

−∫

.3sτ =



Measure  
Length 
l0, m 

Length l to CoM, m 

  

  

0.2 0.4 0.6 0.8 1 

0.4 

0.6 

0.8 

1 

1.2 

1 

1.5 

2 

2.5 

3 

3.5 easy 

hard 
hard 

robust 
(easy) 

fragile 
(hard) 



vision 

Act 

delay + Neuroscience 

Completing the story 

Balancing 
an inverted 
pendulum 

Mechanics+ 
Gravity + 
Light + 

( ) 2 2
0

1 ln

ln

pT j d
p

z pp
z p

ω ω
π ω

τ

∞  
 + 

+
≥ +

−

∫



Fast 

Slow 

Flexible Inflexible 

Vision 

Explain this 
amazing 
system. 



Robust vision with motion 

Vision 

Motion 

• Neuroscience motivation 



Experiment 
• Motion/vision control without blurring 
• Which is easier? 
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Chandra, Buzi, and Doyle 

UG biochem, math, 
control theory 

Most important paper so far. 
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Weaknesses so far 

• Some flaws as presented  
• See if we can find the flaws and fix them 
• What could be improved? 

– Model 
– Theory 
– Experiment 

• Suggestions? 
 



Model? 

• 1 dimension with 4 states? 
• What about the other 2 dimensions? 
• Let’s imagine (but not derive) a 10 state 

model and see what would happen 
• New issues arise 
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Model to Theory? 
• Linearization?  Mostly ok. 
• Actuation and sensing, mostly ok. 
• Noise model? Needs work. Why?  
• Noise and delay is from measuring distance 

using stereopsis .  How to model this? 
 

• What about all the detailed physiology of 
muscle, joints, bone, nerves, etc? 

• Need layered control architectures. 
 



Theory 
• Analytic results are not scalable 
• Aim not analytic formulas but tractable algos 

 



Main lessons 

• Theory: hard limits on closed loop 
performance, aggravated by 
– Instability (unstable poles) 
– Delay 
– Unstable zeros 

• Neuroscience specific 
 



Instabilities in technology 

• Efficiency 
• Autocatalysis 

 
 



Select instabilities in biology 
Working backwards 
• Society/agriculture/weapons/etc 
• Bipedalism 
• Maternal care 
• Warm blood 
• Flight 
• Mitochondria 
• Translation (ribosomes) 
• Glycolysis (see 2011 Science paper) 
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