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J Iy n 2/2)_
CButas artificers clonof work w/fh/ber,éa‘a(cumcy,
it comes Fo pass that mech anics is so d/&ﬁ'nyuzlrhecj
from jeomeﬁﬁ that what /‘_r/aerffcf/y accurate is callecl
3eome7‘w‘ca//' what is Jess 1o, is called mechanical.

» 3
However the evvon are nof-in the art bul-the arfificers.

— [\jewhﬁ/ /IZ/'MC//‘J/‘C(,

If we are nterested in the fundamental nature d'f computation, we munst reckon with

the fuct that Nature way computing for a billion years betore Church, Gidel and Wmhj.
But whalRind of computation is this, and does undersznding 1his “natural womputation”
lead us any deeper into the theory ofwmpw/'aﬁon /

In this seminar we ex/o/()/e some of 1he featurer That d/,rﬁhywk/l natural mm/Mfﬂﬁbn
from ofher models of computation that are more familar in compuler saea e, e 5. uving Machien.

Thisis aven broad Hopic, s0m order fo avoid em/w% 7mem////$% we Focws o Crene ﬁeju/a/vy
N efworks (& R/\ls) s o mamn exam/)/e, but 1his 6}/ no means the ony exaM/a/e (wam/bufaf/'on

in Iivmj JyJ/emf ( he example of neurons /)eryé/mxhj computatipns as a collechire in the
braun s Ofwurje famf/‘ar/ [fyou e able 7L0/Z°C{£/ /ﬁ/#f).

The central mathematical 0bjecf in theoretical compulter science is the program . Ore way of
d{‘:ﬁngw\shmj notural compmfuﬁbn is fo discuss how ¢ notural Pijm:” , 9. the
algariﬂ)ms embodied Lij GRMS/ chiffer ﬂum ((HO/ma////Dmymmr. We ﬁu,w on three oifferencen:

1. Nakural progians form a space Nahfﬁ\ Pmﬂmms

2. Natural programs are learned, nofconshucted. ==
TuYfY\fj Mewchines

2 Natural programs ane singu\ar



Backaroonp on CIRNS

We assume fnm///"am'%/ with the fevms DNA, mRNA, R/VA, profein, Franscription (o DNA
it mRNA by RNA }oo/jmerme )) fanslation (o mRNA info profein /y Ribosomes) and
[ransciphon Facthor (77) ( prleins, Themselves fyprcolly geve /Dmc/ua@ which requlafe genes by

promofin 9 or suppreastng Their Prams crphion into MANA.),

Def™ A Cene Requ/a/z):q Network is a collechion of geres that inferact with each ofher
to wntwl cell function, including development, diffeventiotion and responding
fo envirvnimental cuen [N]. They

. reju/afe thousands 07—0 gene +o be QXPreoJed in J/)ecfﬁc Jpa%‘a/ and fem)oora/ Paﬁems [DL]_

* vequlatoy modulea contahed in the genome receive mufhple jnputs and
”pmms hem in ways that-can be maﬁvemm‘fca/"y Va)arwenfecl ao combingtions
of-logic fiunchons (eg. “and”Sfunchins, “arteh Funchions, “or" fanchons).
AF the syshem Jeve) a gere mgu/a/ofy nefworR consisk of asrem blages of these
wformation - processing anis; Thw i v easentrally a nedworte of anabgue

compufational devices " [oL]

Exawxg)e 1 “if lactose then 6WZJ””€“ The bacfenum E . Coli has three genes ot cocle for
enzymes that enable it o S}D//'f and mefabolise lactose . Under normal conditrons (re. lactose
s noflovwem{—) fmmcw'/o#bn oﬂﬁ)weyenw is repressed by o repreasor loyo#e/n (el a gene
pyoduc%) which binds #o avegion of DNA near the three 9ene) Lactore can bind o this
reprosor and remove i, a//Owing %mnfcn'pﬁon 1 /omczecﬂ :

)

’“)///////
Pmmokr’ OPem"'Of / Ceene L / Gene 2 /Cfene_3
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1 NaTorAL Procrans rorm 4 Seace

The intevior of a cell js, in part, a stafistical mechanical System jn which large nuvn ber

of inleracting molecules move %@yma/{y and mfevactions are governed by pro babilites

and conceitrations asin chemisty. In parficular gene Panscription s stochantic

(butac RNA and /wuk/’n: can be acfive /y arffaﬁbj b}'D/Oj/’(a/ Function of levels cn low

ar e few copies percell, one should usre this framing cavefally, [Ka] ) although probabilifies
approach O or 1 at low or high concentvations of mgu/ahny molecules.

« “Sochantic gene exprearion s ;metho be the wniequence of the andom
actvation and inachvation of fransciphion duefv sucteas/ve cycles of
b//hd/hy and releave of franscriphon fach” [N, K]_

bom (BULB] | ome ealy ideason “programsin cells”

However, it is important to point out that some of the ideas
mentioned earlier are not entirely new, having their roots in the 1970s.
In the seventies of the 20th century, researchers such as Liberman (1972,
1979) established an analogy between the cells of living beings and
computers. In this analogy the computer is not a von Neumann machine
or the popular idea of a computer, but a physical system in the tradition
of Turing machines with which to study information processing, mem-
ory, and other features present in the cells of organisms. Liberman and

Minina (1996) suggested that while a program is executed in a com-
puter, in the brain, for example, the program code is written at the
molecular level in DNA/RNA, with neurons playing the role of molec-
ular computers. In this way living beings endowed with a brain are able
to predict the changes and future state of the environment around them.
According to this approach, the substitution of a base in DNA, tran-
scription, etc. are interpreted as possible transformations of the molec-
ular text in DNA. In Liberman’s view, and within the previous
theoretical framework, in living beings the cell would be under the
control of a stochastic molecular machine programmed in the DNA. Such
molecular machine is made up of enzymes, which would perform op-
erations on the DNA itself as well as on the RNA and proteins. In



Tt is recwonable 7o hink. of the GRN as /’m%mch a “ochoutic molecular machine” One
Pom'k/e abshachon is 7o thinla o a GRN a» o jmp/v/aa/ nefwork where e nodes are
genes and an edge 99 represents the requlation of 7, by e product 074(})
(e.5.a TF). Sine many gener are requlated by mulfiple apsheam 713, 1he fogical shuctare

ot this network may be (,DVV)}D/@)(/ and we can \iew concentfrations a}ﬂéaenz /DVDd,MCIT an
cAfunction as5i9710 7 each gene a real number.

e a (t)

a)= | a(e) | k'

a'(t)
(2) @

The Fime evolufion of these gene exprension vecton is sometimen described in Bayesian
tevms, and sometmes by diffevenhial equations, buk7he point relevant heve s that the

map from Genofype ﬁlpﬁem@/;e goed via a confinuouily FQWM@NRC{ sefof

]Do,r.(ila/e GRNs. One wayfo/h/hkﬂﬂfhe expreafion vecfor 4 (t) ix ar The /a/oe of a
(naive /omba/w’//ffé'c ) Univenal //uw'nj [achine, some part of which is 1he “wwhmy fape !

Jpecfaty/nj working memonj for fhe program, ard some I which it #he “'code fape "
which defermines The program bemj un .

Nofe FEve

o ce /] 1n the human bac// han 7he rame genome , so cell-typen are dl]‘ﬁhyw‘mec/
(clwfng c/eve/opmenf) by the leve( of expression r/?pjen% < clifferent @//’/VP@ un

ditbevent sefr of {(fvoymﬂ’u " But Hreve it conFnuowd vaviation even within
cell-tper [Ad].

jevxoﬂpe > phemo%‘:e

N

CiRNs



(Ve define mafum/’pmjmim o be Liberman's stochantic molecular machines , €.9 GRNs,

which ave confin uoq/)/y parametised and ffus form spaces (Fsome kind ).

This however raise) a natiral 7(4\%790)’71 how an D/\//)/ which in an /'/'g’[l//'[/ug/(g//
s discrele (a%ﬁ;e popu/aﬁon level theve is q dishibution but that is nof /%e}oomfhem)
tode for a nafural pogiam which is ontinuow? Aska bz‘o/()y/;r/‘ for the comect apswer,

but heve's a quess” one can view the genome an emwd)'nﬁ a discrete sef of }go/rﬂz
in the space N o natural programs (Jce [/Jd]) which seems consisfent with nir idea )

Remark  Natural programs existin many +forms besides URNs, we we 1his an
an illwdafive ex ample o sjgnfﬁ"came n b;'p/oyy_

He

De



2 NatoraL ProcramMs ARE [ EarNED noT ConsTRUCTED

Tn Nature computafion and /eammy are both ubic]u/y%w and 0/0/6{7 relafed Jearning
(- say 7o reapond 7o a shmulua ) fends 4o presume some form of compudation, and whether bj

evolutron or a process within a single organisms //ffjlbar; the ‘programs ? execufed by

cells (or larger sqslems ) avethe product of gradual vaviation and gpfrmization, nof reason

T4 is worth oh’sﬁnjmsh//z? several diffevent fovms of /eammj in AI‘D(OJJ g

© Fvolutipn  (re. learnng af #he level o clishibutipns over genomes )
* Brains [nervow syslems  (eg. “standard.” feaming by synaptic }o/mﬁc/'@)

* Other fissuen[organs  (e.g. the immune Jysfem)

« Cells (somewhat wmﬁovem}'a/)
e C

We have clanfed in the f)n?\/(buﬂfe(/mfl what we mean bj one example of “vatwal program,”,

nemely GRNS, g 7his leads uo now 7o examive 7he role of learnng in Fhis context. Clearly
evoluton han shaped GRNs, buf bj ac?%irg on 1he Jenomes G rather thon df/qu on SV
Does leavmnj happen within cells, within fheir lifetime ? This is more leas ontoversial
depencling on how one precirely defines learning . Inone standard clefzimFon

Def* 1 [Ba] Lmrm'nﬁ is Structured updah'nj o ryyfem properfien basecl on procoring

oﬁ new information .

By this definifion. E. Lol mpmc//njf t the presence of Jactose (new information) by
Promuﬁhg The ‘hfamcn‘)nhbh 0£ a sefof en ij% via remw/hj a vepreosor (wawhwec(
v{)odaﬁng) s umamb/'jmo(/w/j aform of- /equfllhj. Eut1hisic move ke “response g

and pechaps not what we mean b Y Jea m/}lj_



Def” 2. [Cl] Lemmna refein o any Pev:i&*ewf'amd adap‘HVe modifcahon oa[-) an orjaniJm]J
beheniour as o Funchion 0}0/'75 expevience.

Thisis befler and exclucles the. lackose example becawe the change in E.Cold's Tfate

is not FermanemL. We vefer Hhe readev fo SLT Seminar L fov our owun definibion. For The
moment we will simply gront That leavning in the sense o [C] +akes place in single cells
and direct the veader o /foc.cit for afull discuarson and exampleo.

Conclusion

Single cells continue to surprise us. Robert Hooke, peering through his microscope in the 17th cen-
tury, first likened cells to the small rooms (cellula) inhabited by monks. Fast forward to the 21st cen-
tury, and it is now banal for cell biologists to think of the cell as a miniature computer, capable of
sophisticated information processing (Bray, 2009). Among their many capabilities, it is now appreci-
ated that cells have memory, possibly in the form of a ‘histone code’ (Jenuwein and Allis, 2001;
Turner, 2002), though a precise computational understanding of this code has remained elusive.
Whatever the memory code may be, its implications for neuroscience are far-reaching: we may finally
be poised to link cellular memory codes with cognitive information processing. In this context, the
studies by Gelber and others of learning in Paramecia become freighted with significance. They

From a maﬁ?ema')v'ca//pomf of view the form af /eam/ng m cells /I/pmba/i/y move smilar fo
Reinforcement Learning /H/_) than regresnon, and is is one reanon 7o view stufishical
learning Theons with achanging fue dishibution as /mPor/m)_ Iinom’ny 7he details
/ﬁ;r now, let un suppore that woe N defermines 1he /phenoﬁ/ja@) and that

jwpn Jjome expewém(e/ meanMVEMEnﬁ/samp)m D ﬁom The envirvmment
(eg. /foaim (x, &) conf/‘fﬁng df/@hqu/ locations and bactena woncenbrations
in Gelber’s expemrmem% with [aramecia [&7) oF Jize n, it makes rence

+o wonyicler e Baywicm posterior

JENDES
p(Dn)

p(WIDn)Z

Then we expect the natural programs executed in cells fo be atfected by fwo forms of legvning
[01}’/90/)*) V'C“’V'ey evolufion and “[rve " /eam/ny/ and fov 1his influence s be medialed



in bofh cases éy fomej%/ny ke The Bay@/an Pa,ﬁ[e;qby on N (with evolufion aching on the
]Dmr Fand model class anc expenence ac/7737 via D»L)‘

L (o mPu%vr\im/ reavcle

ftgh)n! dﬁ Poa’k’l/lbr
= (o ncevivation

Io%emoty):e

Heve is the Pomf: ﬁb:’hy exlpenén(e (Dm) and M/Dc/aﬁny/modf;ly /"r)ﬂ 5y£/€m/DVD/J{>V#PA /Aehaviour
(we N) requires wmputedion | which can be realired for example an 1he st accumf-vﬁ-(y
sampling the Bayesian poskerivr. Tn this situation learning is Fhe procens A burning in"

and then sampling flom some such sampling method. These ave Furns that we use fo descrbe
Opﬁmfmi—ion or m;/n/o//}y /n compulers, buf it seems reandnable 72 oozy'e cture thatsimilar

prwsses have evolved ncﬁ‘um//y .

This leads as fo o funclamental /oo/n7‘~' since N is o continuown space and the imap S2]

7%/;4/1/7% the /Jheno}ype s many—fo-one (ree +he nexf section ), +he quw;‘an

Pcmler)br on N s smgw/ar (in the rense that the Fisher informaotren metic s
deyenemk) and hismeows that the Jearning proceas in cells (¥ if exists, and consish o

Jecrning in corfinuawly /gammezﬁ/ifec/ Jysk’fm (ke CJ/Q/\/S) is Sﬁpy)\s//y affecled by

these smdqu/aw'ﬁ% (cr we know from Sinyular Leamimj Theowy )



©

3. NATURAL FPROGRAMS ARE SINGULAR

There are q ‘fmrfmmj” numberdfdegenemc?m n the maps ﬁom yenomeﬁ GRN and
o GRN o }nhe/w@pc- fo V;ame]vwf‘ fwo

* Codon clegeneracy -mulkiple fhree bave-pair codons Specity the same armino acid
(e3- GAA, GAC. code for glutamic acid) and offen “nearty’ codons have
similarfunchon (9. NUN Jends 5 code For hydropholic amiro acids, where
N =% = ay nucleofide ) w o hind of - “Yult—olevance " This is a discrete

o{egenemcj mmma]o f—qﬂfﬁomyenome o GRNs.

* Mulhplicatve inferactions  many genes are regu/afec( by mulfiple fmmcvi/oﬁon fackya,

sp that if is possible for the sarme level c}fjene expreasion To be maintainec| while
decreaning The concentration of one TF andl increaoing (insome propoddion) the
concentakion of the other. Inthe algebraic expreasion for The exprension 1his
appear a1 multiplicative intemiction xy. Complex networtks of requlation will
display many such degeneracies, for reasons well-undevdood i [ Wa, W ||

Since vaturmal progrums are /eamea‘) ot conshucled ) and he /eam;’mg proceas cannot c//‘né‘mjufj/t
Ipoirn% wJW’EJ]/%mfdef‘erm/ne Tt (cime loehaviow’/ natura| prograims should not /DVDPQ;Z/]
be undentood an Eomb we A/ buf rather mg{om ov_phases WE N A the anmfan

/pox}ehorjovemfnj The leaming pwo bleng . If's kmrﬂwﬂ +o JPeculoHe on arelafion befweepn such
Phaow and “JFeCTalim‘Hom" n (e(h‘-fﬂaw [AD{]-
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