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Why does deep and cheap learning work so well?

Henry W. Lin and Max Tegmark
Dept. of Physics, Harvard University, Cambridge, MA 02138 and |
Dept. of Physics & MIT Kavli Institute, Massachusetts Institute of Technology, Cambridge, MA 02139

(Dated: September 29, 2016)

We show how the success of deep learning depends not only on mathematics but also on physics:
although well-known mathematical theorems guarantee that neural networks can approximate arbi-
trary functions well, the class of functions of practical interest can be approximated through “cheap
learning” with exponentially fewer parameters than generic ones, because they have simplifying

s properties tracing back to the laws of physics. The exceptional simplicity of physics-based functions

“We show how the success of deep learning depends not only on
mathematics but also on physics: although well-known
mathematical theorems guarantee that neural networks can
approximate arbitrary functions well, the class of functions of
practical interest can be approximated through “cheap learning”
with exponentially fewer parameters than generic ones, because
they have simplifying properties tracing back to the laws of
physics.”
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stood why deep learning works so well. In contrast to
GOFAI (*good old-fashioned AI”) algorithms that are
hand-crafted and fully understood analytically, many al-
gorithms using artificial neural networks are understood
only at a heuristic level, where we empirically know that
certain training protocols employing large data sets will
result in excellent performance. This is reminiscent of the
situation with human brains: we know that if we train
a child according to a certain curriculum, she will learn
certain skills — but we lack a deep understanding of how
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vised learning, classification and prediction. For exam-
ple, if we are interested in classifying faces, then we may
want our neural network to implement a function where
we feed in an image represented by a million greyscale
pixels and get as output the probability distribution over
a set of people that the image might represent.

When investigating the quality of a neural net, there are
several important factors to consider:

e Expressibility: What class of functions can the
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rektangularisering

ing av multiskala modeller med

Langt mer malrettet utvikling av 3
fenotypingsteknologi

e Radikalt forbedret diagnostikk
* Radikaltforbedrede medisineringsregimei

» Radikaltforbedret medisinutvikling | al-
identifisering, utvikling, testing, godkjenning)

e Radikalt forbedrede muligheter for%rsontilpésr)i
(preventivt og terapeutisk)




The _Dig'ital Salmon

- from a reactive to a preemptive R&D strategy -
- piggybacking on biomedical R&D-
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THE CLASSIC TEXT
ON THE CONDUCT
OF WARFARE

“I1f you know the enemy and
know yourself, you need not
fear the result of a hundred
battles.

If you know yourself but
not the enemy, for every
victory gained you will also

suffer a defeat.

If you know neither the
enemy nor yourself, you will
succumb in every battle.”

— Sun Tzu, The Art of War
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livestock's long shadow

“The livestock sector
emerges as one of the
top two or three most
significant contributors
to the most serious
environmental
problems, at every
scale from local to
global.”
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strial blotechno1og
modern use and
appllcatlon of

biotechnology for the
| sustainable processing and
a‘\; producti v\gof chemicals,
| materl(i



Science, 355, 38 (6. januar 2017) RESEARCH

integration of these with systems biology tech-

R E v I E w S U M M A RY niques, such as next-generation sequencing
and high-sensitivity “omics” methods, has al-
lowed for the design and potential development
of millions of chemical production pathways.

s s ° The use of genome engineeri_ng technologies—
Industrial biomanufacturing: The ol el bl
future of chemical production I G s e e e
in screening and select-

James M. Clomburg, Anna M. Crumbley, Ramon Gonzalez* ing for edited organisms
Read the full article  USing biosensors have re-

Feedstock Biochemical Processing Chemical Products
- Advantages of industrial biomanufacturing
= Microbial Fermentation I S = Designer products at high selectivity, carbon & energy efficient, mild conditions

BIOENGINEERING

« Lower operational complexity, small scale, capital efficient, lower financial risk

fi Enzymatic Catalysis + Faster innovation, distributed, access to new markets & remote resources
Sacchpiffication _- * Enables and benefits from an economies of unit number model

p ﬁ P Detergents/Soaps/Cosmetics
Gl Culture I Biotransformation | Textiles
Lubricants/Surfactants
=] Py N Polymers/Plastics
;.-.‘ i = “i:. Industrial gases
Biomass g% I~ DL oo am A Vg Agrichemicals

Building Blocks
Inorganics

Petrochemicals

Gasoline
‘ Diesel

Fig. 2. Industrial biomanufacturing for fuel and chemical production. Exploiting biological processes can enable the conversion of numerous industrially
relevant feedstocks to the array of chemical products currently produced through industrial chemical manufacturing with considerable economic, environmental,
and societal advantages.
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Karbonkilder:

| Naphtha

Glycerol
Propylene
Crude Oil
'. Ethylene
/Palm kernel oil
s Sugar
| Methanol
'~;' Ethanol
R 1 'Com
: m l Natural gas
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L e Ekspansjon

. e Robusthet

N A\ S e Berekraft/omdgmme
e Arbeidsplasser

e Utvikling av norsk
bioteknologisk industri




Bioprotein-teknologien virker i industriell
skala -m IRIS

e Resultat av 10 ars F&U, engineering og drift ledet

Global produksjon av Statoil og DuPont

. Fiskemelprisen
av fiskemel

$3,000

s | e 40% reduksjon av CO2 sammenliknet med
= .
* 000 | forbrenning
$500
$0
N

SREERNNSERIE®

Bioprotein som for ble EU-godkjent i 2008 (ogsa
for svin + kylling) (fullverdig erstatning for
fiskemel)

Millioner tonn/ar
ONPO®
coocooo
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1984

1988

1992
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2008

2012

* Norferm AS sitt anlegg pa Tjeldbergodden
leverte til produksjon av laksefor

e Driften ble avviklet i 2006, etter 6 ars drift

e | 2008 inngikk Statoil avtale med IRIS, UiB og
NMBU om overfgring av teknologirettigheter

Kilde: Torkell Gjerstad, IRIS



carg” i Worldwide Stories Contact Q
thrive

About Cargill Sustainability Products & Services News ill I R I S
_ HOME // NEWS // NEW VENTURE SELECTS CARGILL'S TENNESSEE SITE TO PRODUCE CALYSTA FEEDKIND PROTEIN

New venture selects Carqill’s

- . Tennessee site to produce
Calysta FeedKind Protein

C Stat t . . 2 ek
Slkeainda Site will house one of the largest gas fermentation facilities to produce

Motia Contadts sustainable fish feed ingredient

Logos, Images & Video

Star pa skuldrene av norskutviklet teknologi og betydelig norsk FoU-
virksomhet over 20 ar, > 1 milliard NOK

Kan effektivt lukke et stort mulighetsvindu for utvikling av norsk
bioteknologisk industri generelt

Er det slik vi gnsker fruktene av norsk FoU-arbeid skal hgstes?

| fall ikke = behov for mer politisk entrepengrskap og nasjonal
samordning

Kilde: Torkell Gjerstad, IRIS

6 September 2017






e Dyrket mark:1500 MH
- Forproduksjon tit husdyr: 470 MH
 Permanent be—itela‘nd‘"34’60 MH
. Skoger¢3870 MH
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developed and made to do a great deal of our chemistry for
us. With a greater knowledge of what are called hormones,
+a tha A Y R AR 1 d i see o op's

| 1982 vil vi ha avsluttet

tullet med a fore opp en

AL kylling for a spise kun
- brystet og vingene. Da vil vi

dyrke disse delene i et

A
- eghet medium.
. TS TRITSA) VS LLUp MV rUGVPLLLGLW UL dlitaly Just UCYUnu
our finger-tips in the breeding of human beings, and the shap-
/ ing of human nature. It used to be said, ‘Though you have
210
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Meat without brain and pain - teknologi

Industrisegment 1:

Metan --> metanotrofer --> (genom-editering)--> storskala

produksjonsteknologi --> storskala fraksjoneringsteknologi
--> avanserte cellekulturblandinger (aminosyrer, vitaminer,
vekstfaktorer)

Industrisegment 2:

Satelittceller (myoblaster) --> myotuber --> muskelfibre -->
organogenese --> muskler

Industrisegment 3:

Muskelfiberstrukturer/kjgttdeig/muskler --> prosessering
--> variert produktspekter for menneskelig konsum

En rekke muligheter for norsk industriutvikling!



- What is it that enables living

. things, apparently so moist,

fragile and evanescent, to
persist while towering
mountains dissolve into

dust, and the very
~ continents and oceans dance
into oblivion and back?
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- avbildningen i et gitt
- milje er usedvanlig
forutsigbar!

- 59/192



“"“Cybernetics:

Morfogenetisk kybernetikk

Self-transcendent unfolding of system dynamics
and
movement in morphospace

Initial conditions and system configuration

Systelm state Systlem state System state
! !

Boundary conditions = Environment




COME. BWRY FR0M
THE WINDOW! YOU DON'T
WANT TO BE A CHILD




“Bond graphs deal with energy
transfer between different physical
systems and make a distinction

between the supply, storage,
transmission and dissipation of Henry M. Paynter
energy. “ (1923 —2002)

-~ > @
sysfem .
Jynamicss
and E[]I'I|T[]|m' |
with Bond™
Graph -
Modeling =~

Wolfgang Borutzky

Bond Graph
Methodology

Development and Analysis of
Multidisciplinary Dynamic System Models

Javier A. Kypuros -

@ CRC Press




Bond graphs - ngkkelen til
transdisiplinaritet?

Standardised units:

Peter Hunter

Potential name
(u)

Quantity (a)
Flow (v) =
Rate of flow (a) =
Elastance E()
Resistance R()
Inductance L()

Time

Length

Mass

Temperature

Current

Amount of substance

Luminous intensity

force
J.m1(N)

m.s2

J.m?
J.s.m?
J.s2.m?

Second

Metre
Kilogram
Kelvin
Ampere

Mole

Candela

Biochemical Electrical Electro-
reactions circuit magnetic
torque pressure chem potential temperature elect potential
Jrad-1(Nm)  J.m3(Pa) J.mol (G) Jel(K) 1.CT (V) J.cd?
rad m3 mol e C cd
rad.s? m3.s?t mol.s? e.st C.s? cd.s?
rad.s? m3.s2 mol.s? e.s? C.s? cd.s?
J.rad? J.m® J.mol? J.e? J.C? J.cd?
J.s.rad? J.s.m® J.s.mol? J.s.e? J.s.C? J.s.cd?
J.s%.rad? J.s2.m® J.s2.mol? J.s2.e? J.s2.C? J.s?.cd?

Duration of 9,192,6731,770 periods of the radiation corresponding to the transition
between the two hyperfine levels of the ground state of the caesium-133 atom

Distance for light to travel 1/299,792,458 seconds (1/c) in a vacuum
Such that Planck constant is 6.6260693x1034J.s

Such that Boltzmann constant k; = 1.3806505x1023 J.K1
Suchthat1C=1A.s

Such that the Avogadro constant is 6.0221415x10%3 mol!

The intensity, in a given direction, of a light source at 540x10'2 Hz
with a radiant intensity in that direction of 1/683 W/steradian
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Behov for en mer systematisk tilnaerming?

e Er det grunnlag for a stimulere til utvikling av |
en oppdrettsorientert bioteknologisk industri i
Norge med store folgeeffekter?

-» Avklaring av markedsmessige, teknologiske,
| baerekraftsmessige, gkonomiske og
industripolitiske forutsetninger

* Harmonert aktivering av virkemiddelapparatet
nar en vet hva som kreves av tilrettelegging pa
kort og mellomlang sikt
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Transistoren

Laseren

Solcellen

Unix
Kommunikasjonssatelitten
Mobiltelefonen
Fiber-optiske kabelen

Visjoneert lederskap
Tvungen interdisiplinaritet
Orientert forskningsfrihet
Institusjonell talmodighet
Attraksjon av talent
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“Give me the fruitful error any time,
full of seeds, bursting with its own
corrections. You can keep your sterile
truth for yourself.”

Vilfredo Pareto (1848-1923)

Nistepakke:

« Bioteknologi spenner veldig vidt

o Utviklingstrender: L+ M + E

« Kan bidra til & lgse store
utfordringer

« Undervisningsmessig
tilrettelegging for
transdisiplinaritet

o Skal Norge bli en synlig aktar
Innen bioteknologi trengs det
statlig entrepengrskap.




