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Outline: Laws and architectures

* Motivating case studies
— Brains
— Computers, networks
— Cells
— Physiology
* Layered architecture of the cell
— replication, transcription, translation
— metabolism, signaling, chemotaxis
— 2CST and cross layer control
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Wolpert, Grafton, etc

Brain as_ostimal controller

« Automate




What I'm not going to talk about

Connections between robustness and risk
sensitivity

Asymmetry between false positives and
negatives

Risk aversion and risk seeking

Uncertainty is more in models than in
probabillities

Life I1s not like a casino



Going beyond black box: control is
decentralized with internal delays.

A

Huge theory progress in last
decade, year, mo., ...

2"d hour (after break)

- Andy Lamperski

- Nikolai Matni ) ‘—\\l1
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Going beyond black box: control is
decentralized with internal delays.
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1. Detection of rotation
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* Act

Same actuators
Delay iIs limiting
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Versus standing on one leg
 Eyes open vs closed
 Contrast

— young surfers

— old football players

Move
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Same actuators
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Computational complexity of

Compute - .
* Designing control algorithms
* Implementing control algorithms
Software
Delay Is Hardware
even more ~5
important | Digital |
In control Analog

A Control

Control Sense plant K Act




Issues for neuroscience
 Brains and UTMs?
— Time is most critical resource?
— Space (memory) almost free? ' ~ ’

« Read/write random access
memory hierarchies?

e Brain >> UTM?

Gallistel and King

Memory and the
Computational Brain

Why Cognitive Science Will Transform Neuroscienc

Conjecture N —
 Memory potential = «
« Examples

— Insects

— Scrub jays

— Autistic Savants
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Why Cognitive Science Will Transform Neuroscience

$WILEY-BLACKWELL

Sensori-motor memory potential ~ oo (Ashby)
Limits are on speed of
— nerve propagation delays
— learning
But control Is never centralized
Is there a random access read/write memory?
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The EvoPsycho

Slow guestion: why?

Flexible

Sensori-motor memory potential ~ oo (Ashby)
Limits are on speed of
— nerve propagation delays (fish parts?)
— learning ???
I'm probably confused
What about robust learning
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What I'm not going to talk about

It's true that most “really smart scientists” think
almost everything in this talk is nonsense

Why they think this
Why they are wrong

Time (not space) is our problem, as usual

Don’t have enough time for what is true, so have
to limit discussion of what isn’t

No one ever changes a made up mind (almost)



What I'm not going to talk about

Compute Communicate
Turing Shannon
Delay is Delay is
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important important
Carnot
Bode Boltzmann

ContrOI, OR Heisenberg Physics
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Catabolism

e ATP

[ Precursors J

or “metabolism first”
origins of life?

Inside every cell

Mature red blood
cells live 120 days



Core metabolism Inside every cell
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Modularity 2.0

Constraints

dopamine

Blood

Glucose
Oxygen




sports Modularity 2.0

music
dance Reward
crafts Drive
art Control
toolmaking Memory
sex
food that
deconstrain
Organs
Tissues
Cells

Molecules




Universal reward/metabolic systems
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Inside every cell
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Nikolaev, ..., Elucidation and Structural Analysis of Conserved

Pools for Genome-Scale Metabolic Reconstructions, Biophysical
Journal, Volume 88, Issue 1, January 2005, Pages 37-49

GLU ,1p H,0 (P1) Total NAD moiety: [NAD*] + [NADH]
IR
ADP P .
G6P ! (P2) Total adenylate moiety: [ATP] + [ADP] + [AMP]

2
b FI@ ATP AMP (P3) Total carbon moiety: 2[GLU] + 2[G6P] + 2|F6P] + 2[F1,6P] + [DHAP] + -
DICAN ¢ Constrameﬁ (conserved):
B0 " pADP*” " ADP Total NAD molety
% (P4) Total phosphate moief] Total Adeny|a’[e mo|ety

) Total Carbon moiety
DHAP+——» G3P Total phosphate moiety

ONOOTR W

- )I’?P“ | Total oxygen moiety ~
AR oG (Po) Total oxygen motety: Oxidized state of metabolites
ADP- y Reduced state of metabolites
ATP QGB (P6) Oxidized state of mets ngh energy pOtentIaI release
[
2PG (P7) Reduced state of metabolites: 2[GLU] + 2[G6P] + 2[F6P] + 2[F1,6P] +
IO /I 10 + [DHAP] + [G3P] + [NADH]
AppPEP
jv'] 1 (P8) High energy potential release: 2| GLU] + [G6P] + |F6P] + [3PG] + [2PG] +
ATP

VR + [PYR] + [ADP] + 2[AMP] + [H,O]
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Robust=maintain energy charge
w/fluctuating cell demand

Efficient=minimize metabolic
waste and overhead

Autocatalysis

Feedbacks




Minimal model?

Autocatalysis




Minimal model
~1 equilibrium
2 metabolites
3 “reactions” Control

Plus
Autocatalytic
Feedback

Rest of cell




Minimal model
~1 equilibrium
2 metabolites
3 “reactions’

- T~

“F6P. consumed
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v UG biochem, math,
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Glycolytic Oscillations and Limits 0N .o me sy wo s

. = molecules are consumed upstream and four are

Robust Efficiency prodwed dowmres, which omlizs 0. - |
(each y molecule produces two downstream) with

kamene exponent a = 1 To highhght essential
trade-ofts with the simplest possible analysis, we
nommalize the concentrabom such that the un-
perturbed (& = 0) steady states are ¥ = 1 and
¥ = 1 /k [the system can have one additional
deady state, which is unstable when (1, k) 15 sta-
ble]. [See the supporting onlme materal (S0M)
part ). The basal rate of the PFK reaction and
the consumption rate have been normalized to
1 (the 2 in the numerator and feedback coefh-

Fiona A. Chandra,’* Gentian Buzi,® John C. Doyle®

Both engineering and evolution are constrained by trade-offs between efficiency and robustness,
but theory that formalizes this fact is limited. For a simple two-state model of glycolysis, we
explicitly derive analytic equations for hard trade-offs between robustness and efficiency with
oscillations as an inevitable side effect. The model describes how the trade-offs arise from
individual parameters, including the interplay of feedback control with autocatalysis of network
products necessary to power and catalyze intermediate reactions. We then use control theory to
prove that the essential features of these hard trade-off "laws” are universal and fundamental, in
that they depend minimally on the details of this system and generalize to the robust efficien . . . . )
of anyr‘:’:ﬂucztal',rﬁc nemar?k. The theory also mgge.’;_'i wnrst-cagse condiions that are |:|::|r'|5i5t+e.=nr:'lr {f“mEE of ““““"’““_m“’”‘?” from Lhcwmm"_iluﬂ'_
el s aes . tions). Our results hold for more general systems
'I'ﬂth lmm" Hpenmenm' i iscaimnad halassr and o OOWRT e i

v v b reae

Chandra, Buzi, and Doyle

AYAAAS

Most important paper so far.

www.sciencemag.org SCIENCE VOL 333 8 JULY 2011



(May 21): Hard tradeoff in glycolysis

disturbance

Fragile
energy %
Rest
of cell
Robust =
Robust Maintaln energy

(ATP concentration)
despite demand fluctuation



disturbance Accurate vs

sloppy
Fragile %

What makes this hard?
1. Instablility (autocatalysis)
2. Delay (enzyme amount)

Robust

Robust

~Disturbance rejection
~ Accurate



Fragile
What makes this hard?

1. Instability
2. Delay

The CNS must cope with both
Robust

Today’s important point
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enzymes catalyze
reactions, another
source of autocatalysis

Reaction
1 (“PFK”
( ) energyl Rac
of cell
(7))
- Q
Reaction Protein ;
2 (“PK”) biosyn N
(D)
enzymes
Efficient =

low metabolic overhead
~ l[ow enzyme amount



enzymes catalyze
reactions, another

reaction source of autocatalysis
rates
oC
enzyme energy oct
amount @ of cell
nZyme 0

Can’t make S _ O
too many Pbirc?;em e
enzymes yn N
here, enzymes . - v
need to Efficient =
supply rest low metabolic overhead
of the cell. ~low enzyme amount

(= slow reactions)



Fragile

AATP
Robust =
Maintain
ATP
Robust
Efficient Wasteful
Efficient =

low enzyme amount
(= slow reactions)
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(May 21): Hard tradeoff in glycolysis is

* robustness vs efficiency

* absent without autocatalysis

* too fragile with simple control

* plausibly robust with complex control

Simple, -bUt ijln‘S(Ja))‘( . / zjda)
too fragile 7 Lt
Z+p
complex =n Z— p|

No tradeoff

10"



(May 21): Hard tradeoff in glycolysis is
* robustness vs efficiency

* absent without autocatalysis

* too fragile with simple control

* plausibly robust with complex control

fragile
10" Simple, but too
fragile
Z+ P
L—P

complex

No tradeoff

 Evolution can

* increase complexity

* to improve robustness
tradeoffs.

* But this complexity
creates new fragilities

* so there is always
more to this story.

-1 0 1
10 k 10" expensive 10



GLU

ATP H,0__(P1) Total NAD moiety: [NAD'] + [NADH]
KADPX Constrained (“conserved”):
G6P - -
I Moleties
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']‘K :ﬁ 2. Adenylate [2PG] + [PEP] + [PYR]
1,07/~ ADP 3. Carbon
4. phosphate HAP] + [G3P] +
/\ 5. oxygen + PR
DHAP 6 Gap DP] + [P;]
NAD*«}» P. . :
jﬂ 6. Oxidized state of metabolites 1+ (O]
MPkec | 7. Reduced state of metabolites |7
ADPJ s |8. High energy potential release |,
ATP A + [PEP] + [PYR] + [NAD*]
9
i —
_|_
‘I IIn‘S( a))‘ dw = In ]
ADP~ | 7T Z + C() Z—DP |
N
ATP]'

PYR

+[PYR] + [ADP] + 2[AMP] + [H,0]



What makes the bacterial
biosphere so adaptable?

< Environment

Deconstrained Action

Core conserved
constraints facilitate
tradeoffs

+

Active control of

the genome
(facilitated
variation)

Deconstrained




What makes the bacterial
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Environment
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Fast Action
Inflexible

Core conserved
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Shared
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Architecture
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\System/

Architecture
“Emergent”: =Constraints
“Nontrivial”
consequences Protocols
of other
constraints

Components




Systems requirements:
Survive in hostile

environments

ConstraM\

Components and materials:
“Chemistry”




Constrained (“conserved”):
Moieties

1. NAD

2. Adenylate

3. Carbon

4. phosphate

5. 0Xygen
6. Oxidized state of metabolites
7. Reduced state of metabolites
8. High energy potential release

- /0 X

ConstraM\

Components and materials:
“Chemistry”




Bacterial biosphere

 carriers: ATP, NADH, etc
* Precursors, ...

* Enzymes

* Translation
 Transcription

Protocols

* Replication

Architecture = protocols
= “constraints that deconstrain”



Systems requirements:
functional, efficient,

Hard constraints:
Thermo (Carnot)
Info (Shannon)
Control (Bode)
Compute (Turing) .

Protocols

Constraints/\

Components and materials:
Energy, moieties
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functional, efficient,
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Components and materials:
Energy, moieties




OPEN a ACCESS Freely available online PLOS BIOLOGY

Viruses' Life History: Towards a Mechanistic
Basis of a Trade-Off between Survival
and Reproduction among Phages

Marianne De Paepe, Francois Taddei

Laboratoire de Genetique Moleculaire, Evolutive et Medicale, University of Paris 5, INSERM, Paris, France

July 2006 | Volume 4 | Issue 7 | €193

| recently found this paper, a rare example of exploring
an explicit tradeoff between robustness and efficiency.
This seems like an important paper but it is rarely cited.





//upload.wikimedia.org/wikipedia/commons/5/52/Phage.jpg
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Accurate vs sloppy is now

TradeOffS? an implicit dimension of
robust/fragile

Inflexible

A

5 slow ( ~ fragile)
programmable: control

response?

flexible

>
Cheap metabolic eXpenSive

overhead?



Conjecture: human brain tradeoffs dominated by
fast vs flexible more than robust vs cheap

1. For hunter/gatherer metabolism is far above
basal, and dominated by active muscle

2. Brain homeostasis is a much greater challenge
than basal metabolic demands

Creates new fragilities in modern lifestyle

Not true for sedentary organisms with limited
nutrient diets (e.g. Koala, Panda, ...)



Conjecture: human brain tradeoffs dominated by
fast vs flexible more than robust vs cheap

Fragility dimensions with most important tradeoffs:
1. latency/delay/speed of control vs.
2. flexibility/adaptability

Inflexible

Inflexible t
A pro:‘eCE_>
fragile
A

>
expensive

slow
/7

expensive




Consistent tradeoff across
very different systems :

* Nervous system
Slow . cell y
Flexible
e computer

(that have some shared
architecture)

Expense is
complicated tradeoff
between

* design effort

* fabrication cost

* energy use

* etc etc

Inflexible




Slow
Flexible

Gallistel and King

3 frontﬂ

Memory and the
Computational Brain
Why Cognitive Science Will Transform Neurosc ience

SWILEY-BLACKWELL

Sensori-motor memory potential ~ oo (Ashby)
Limits are on speed of
— nerve propagation delays
— learning
But control Is never centralized
Is there a random access read/write memory?
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Horizontal
Meme
Transfer

Horizontal

App
Transfer

Horizontal Most
Gene e software and hardware

Transfer * new ideas (humans)
 new genes (bacteria)

Is acquired by “horizontal” transfer,
though sometimes it is evolved locally



Sequence ~100 E Coli (not chosen randomly)
« ~ 4K genes per cell

« ~20K different genes In total

« ~ 1K universally shared genes

‘D

DNAp Gene DNA

¢ RNAp [ RN m

Ribo

Horizontal
Gene
Transfer

See slides on
bacterial
biosphere

‘9’/

ATP

10SIN231d
wsijoqeleD




Exploiting
layered
architecture

Horizontal
Bad App
Transfer

Horizontal
Bad Meme
Transfer

Horizontal
Bad Gene ¥ Virus
Transfer

' Fragility?

Parasites &
Hijacking




Depends Build on Turing to show
crucially on what is necessary to make
layered this work.
architecture
Horizontal
Meme
« Acquire Transfer
 Translate/
Integrate Horizontal
e Automate App
Transfer
. Amazingly
Horizontal Flexible/
Gene Adaptable
Transfer
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slow But efficiency

tradeoffs are
different.
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Cell metabolic
expense lines
up nicely

Fast
Inflexible
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What you see:
The hardware
Interface and
the application
function

Need shared

architecture and
App Infrastructure
(mostly hidden)




. App ! Horizontal
\ App
Nets Transfer

Virtual

OS
App architecture and ‘ ‘
/A N Infrastructure
(mostly hidden)
Amazingly
Flexible/

Adaptable




Large Memory

\ |
Net | Fast Memory
CPU |
Hardware
App | Software

—

Need shared

architecture and
Infrastructure
(mostly hidden)



Hardware ‘

‘Software OS
Need shared l Horizontal _

architecture and AED VTENEED Amazingly

Flexible/
Infrastructure Adaptable

(mostly hidden)



| More Large Memory

Horizontal

New /O | Hardware
Transfer
>L_l OS
New
Hardware

Need shared
architecture and
Infrastructure
(mostly hidden)

Amazingly
Flexible/
Adaptable




Layered architectures .
Essentials

Deconstrained _
(Applications) Few global variables

Don’t cross layers

(- h
Constrained | OS Control, share, virtualize,
and manage resources
—
Processing
Memory

Deconstrained /O

(Hardware)
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Very Slow
Process

Slow

Flexible
l Horizontal | Software
App Transfer Hardware

Tradeoff across
multiple layers
 Distributed

* Analog Analog
 ASICs
 FPGA

« Compiled

result

Fast
Inflexible

* Interpreted
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1 TERABYTE

A $200 HARD DRIVE
THAT HOLDS
260,000 SONGS

460 TERABYTES

ALL THE DIGITAL
WEATHER

DATA COMPILED
BY THE NATIONAL
CLIMATIC DATA
CENTER

PE
A G

TH

THE END OF THEORY

Scientists have always relied on hypothesis

and experimentation. Now, in the era of
massive data, there’s a better way.

530 TERABYTES

ALL THE VIDEOS
ON YOUTUBE

T

THE END

OF THEORY

"ALL MODELS ARE WRQ)

Rimed statistician George
ox 30 years ago, and he was right. But
what choice did we have? Only mod-
els, from cosmological equations ta
theories of human behavior, seemed to
be able to consistently, if imperfectly,
explain the world around us. Until now.

All models are wrong, and increasingly

abundant data, don't have to settle for
wrong models. Indeed, they don't have
to settle for models atall

Sixty years ago, digital computers
made information readable. Twenty
years ago, the Internet made it reach-
able. Ten years ago, the first search
engine crawlers made it a single data-
base. Now Google and like-minded

the gMildren of the Petabyte Age.
he Petabyte Age s different
because more is different. Kilobytes
were stored on floppy disks. Mega-
bytes were stored on hard disks.
Terabytes were stored in disk arrays,
Petabytes are stored in the cloud.
As we moved along that progression,
we went from the felder analogy to
the file cabinet analogy to the library
analogy to—well, at petabytes we
ran out of organizational analogies.
At the petabyte scale, information
is not a matter of simple three- and
. .

good enough. No semantic or causal
analysis is required. That's why
Google can translate languages with-
out actually "knowing” them (given
equal corpus data, Google can trans-
late Klingon into Farsi as easily as it
can translate French into German).
And why it can match ads to content
without any knowledge or assump-
tions about the ads or the content.
Speaking at the O'Reilly Emerg-
ing Technology Conference this
past March, Peter Norvig, Geogle's
research director, offered an update
ox's maxim: "All mo

g, and increasingly you
Laithout tham.”

and order,

but of dimensionally agno

se the tether of data as something
that can be visualized in its totality. It
forces us to view data mathematically
first and establish a context for it later.
For instance, Google conquered the
advertising world with nothing more
than applied mathematics. It didn't
pretend to know anything about the
culture and conventions of advertis-
ing—it just assumed that better data,
with better analytical tools, would win
the day. And Google was right.
Google's founding philosophy is
that we don't know why this page
is better than that one: If the statis-

gfincoming linke <o ba

you can succeed without them.”

This is a world where massive
amounts of data and applied mathe]
matics replace every other tool

that might be brought to bear. Out
with every theory of human behavjor,
from linguistics to sociology. Forgd
taxonomy, ontology, and psycholofiy.
Who knows why people do what fhey
do? The point is they do It, and w

can track and measure it with u
edented fidelity. Wi




Save our
children,
stop

There s a
treatment.
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How general is this picture?

Implications for
human evolution?
Cognition?
Technology?

Basic sciences?
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