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Cell Leavmmﬂ Theovxji )

Nofes onJoMf wovk with Michae| Chappuis. /(Bfef‘uf? ﬁ)epwb/em we follow
the ((com/)e(:ﬁl/\'ﬁ ma/o” papev (L] and consider cell lines perfirbagens ancd

gene expression . A cell line is a culture of animal cells that can be propagated

ms/)eaf@d(j (perhaps Indefnitely) andl ave #hua convenient fov in vitro stuclies.
Exam,o/e - the immovtalised mouse Sertoli cell line MSC-1  Cell lines cive
offenwsed in ploce of primavy cells 4y sfucly biological proctases,, but-some

e is mgwm/ when j’anem/ﬁw'@ +o /gw’mazy cells.

The central c/oyma oF molecul ar bio/oglj (clue o Cvick) states that DNA/RNA
are hpmﬁ?/m what gyn_)’ax is fo (O/Jemf?'ona/) semantics. More concretely
5ememlfj S}Jeahmg Heve ave thvee clasres of information cawymﬁ b/o/oo(ymem

in Iiw‘/\ﬂ orjawmm . DNA, RNA amd/)m}‘e/'/)f. The hzins fens of informarion

hatave Rnown o occur -

< DNA * DNA—DNA ( DNA vePl\'caHOm)
J,T « DNA - wmRNA (h’amcvipﬁon> jememl hawnsfen
C RNA + mRNA = Rotein (o lation )
Frotein - RNA — RNA (ANA mpll‘caﬁon>

- RNA —> DNVA (vevene MV);cw'pHOn) sFeciql hansfers .
« DNA —> Profein

Tt may be arg(/tecl #at computation is the most funclam enfal aﬂPeC/'(f}ﬂ life [A]
Rejaro(mj the subsef of computations faking place within cells, the phys ical
mechavisms uhich suppovt computation include gene veguloﬂrog networhs .

Such anefuworla is a wllechion a}pmyulaﬁd That govern the gene expvession
level of mRNA and profeins. These regulators can be DNA; RNA, profein

and “complexes” of these.



for example some proteins serve fo activate other genes, and 1hese Franscviption
Fuctos (TFs) ave fhe main players in vequlaton networks. By binding fo he promoter
region o the stavi of o fher genes they fun them Ton” More precisely, For
Mwscm’pﬁmh fahepla(e fhe enzyme hat th?"h@oi&w RNA, RNA polymercise
mwtatach fo the DNA near a gene ancl it s 7he Jtmm‘cm;pﬁbm Facton which

recanif RN A Fo(ymerme. A gene may be vequire multiple houwn scription factous.

The same. reqporve element sequence may be localed in fhe contol regions

dfo{ffﬁ@””fﬁey’w, sofhat these genes may be shmulated &imm/fcmeo(w{y by
Qa s:'mgfe fransc m'/n'?'()n 7[6107[0f.

A bansciphon program s « fcfﬁfﬁfwcﬁona//j velated and w—mju/afec/jeww LPM ]

Such programs can be Mde/)enc/ewtly reyu/afed wing vombinations of 715 We can
maghfy covsicler four clasres of TFs

* Claw A - “(/)owe}{eep/nf ewa/)Jed n most or all cell 7‘3}0@.
« Class B - ((Siymalde/ﬂenalenf’" PMe/lf/n latent fovm in un—shimulated cells

U[)oﬂ acfivation these T 7(4/2%2/5 achivate or cepress theiv favget geven.
These TFs ave )Dv*e—made (PRGs)

*Class C expression inducect bj Class B TFJ) no/L/ovrewnac(e (SKGS)

- Class P l;’neagz—;})eciﬁc) e xpress celltype - specific genen.

Pm‘mmﬁ Response Genes (PRG:) can be incluced eprelly and o not vequire de noyp $anslation
for their induction, wherean Slow Qeopome Gener (SRGs) ave incluced J/ouuly) require de 1o vo

Hanslafion for theiv induction gnd ave nyu/afed bj PRG /Dvoff/n /Dmolbld‘.r [FJR]

Note Zyj/l/e an /\deq/ n [M/‘}'RS, /DA’ T there ave ~ 20,000 9ene and 100,000 ca/):/
and [N estimater ~1600 TFy in the human genome .



T

GO
Simp]e lOafC model ,S(/\PPO/E Ceis csed Uﬁgeweﬁ) and Afor each gene g let

C{cﬁ\/e(‘j) = 9eneg U5 acHve

AssumeJor each 36& we have an emwcll'ng ‘L(‘?J) (fwj O\V\mrQQEV> of the
reapon se elementfor 9 (asiwme thave isonly one pev gene ) and an encoding
R(@) efthe hanscriphion fachor. Then the previous paragraph may be

envoded by the axiom

Fg'eC (ache(9)Ak(EV=9(3) ) = ackiwe(9). )

Suppose given some infal fuck T = {QCHW ¢) }W_g for S € G which
Puopou’ﬁom active (9) are (o9ical consequences o these inifial fack 7 o &

is finile then the {io//owz'ng itevafive procedure (fovward chaining (RN, 59.3] )
veacher a fixed Poz%/': sef F, = ol staements cleducilole from Fa-)

and i axiom rchema (£) in oﬂefﬁe/o_

!

l—’l

achve (9:) = Falte e raive Pwadwvﬂ B ()= Twi
: >

ac‘H\m. (3"}: Tue achwe (If-n ) = TwA

— )

Imkmmuz onlo’em 5uppme axampw) Ulp’ﬁfUl fbHDu/ing form ave \C]h/ka
(30) Q) whoe 9o € Goond R < Cis finjke | 4o be recd eus ajo
';fjnih‘al(yatﬁl/f and af fimt 00 the et Q (and Pojlilof:y ofhev genwo ) ave ackive "
Tn principle we can mn fixed /poirﬁ‘ Hevation SfaVﬁr\g with. 190) and ree
L QL beomes actire Jo devive a dishbufion over axipms (¥) .

AﬁJuWhﬁ Cais /arge This is )'mpo»rf//o(em the se faf axioms is [arge .

So instead we could formulale areaked inference wa/emi ﬁwﬁgioen Q
Pvedn‘c’r P S G fnike and wn e fixed Fo}nf i mﬁOV\J'uwi'j%r
o axioms wolmﬂ {30} vPh 2Q.



Simp]e\/ed‘or mode) SU\PPore Ceis a se] querwﬂ cmc{’ﬁgreac_\/k ﬂe&
we have an enwding or repreeniation of the onpoﬂﬁom achve (9)
of- the Fo”owmg form - a fixed unﬁ‘uﬂd'or TeH and a vechor v(9)€H

suchthal ouv belief in achve() is / <\/(9) T> € [0,1] whewe v(a)’ /],\,[9)“
Here H s some Hilbevt space.

Suppore alio we l/u;uns emoodlngs

k(3), 2(9) €H sothat R(9)=9(9)
\smpaud(oj

)N 9 (9) Then a Csoft" @mwdmgcﬂe () s

A a a %N
E{j’e&( W) 2T ~ R(3Dxq(2)) = v(9) =T (51)
A simple analog of The fixed point teradion in fhe logic seffing is the rule

which stark £ Wi’H/\ a set S € aﬂacﬁ.ﬁege/\w) seb V() =T for

seS and v(9) =L for 9¢S (heve T i “pue" and L is “fulse” and

we ocsume <L, T > = O) Infhe Feredive slep ue look-ateach q

anc\ [‘f‘a\(\j 3 with <5],(3) k(9 ) ’Gtv’ge_ han \/[9) T we should
Move closerto T. One vule achieving i is

£q(9), K(s) >

e
v(9) «— v(9) + Z, Zeéq(a\)um V(‘Jl)

31 G N

(3.2)

ANE) 2 = S(q0) = k()T

‘éz,g(%Eﬂ)@PZS‘))L

(M = L

(3.3)

Assaming some kinc o normalisation, +his has Hiu rame fixed Po"mt



With some added mmp)exi@ this “J/'mp)e vector model" s o, Transfovmev,
with each iferation of the Transformer block m/m/wemﬁvg one ik ration
The gever or “enfifies" play the vole of words in lanquage modelling and
we have fhe following dictionavy

Tran sformer Gene mgu\aﬁon
enﬁ@ gene
query enwded reoponse element
he}j encoded ‘i’YU_VJICT]RP‘HOV)‘FELCJ—DV‘
value enwded achvation

Sowne Hﬂoug‘/li

o The Cswih T4 L via ifeiationto a fixed point " makes each
evtfy behave like avaviable it “name’ given by the quevy
ond content L)y 1he value vechor} and ieration simulalens subiditution
(subditufion of a complex ferm m ighi be simulated waing
mulﬁpleheads)

clt



cltr

Skelch o cellular Jeaming model (1)

The tank of the model is fo learn #he a/gom’fhm unc/ev/wng fhe changeoin. mRNA
and /m/em concenfrations. We assume a comepondence befween depth and
wall fime in #he cell evolufion, and suppose that each expeviment invo(ves

a cell ine, a perfurbagen at-some concenpration | and meanurements of

mRN A /aopu/aﬁom at-some wllechion of Himes b <--- < Er.

yﬂﬁ There is a &ec{uemce M&m%ﬁmj didecl into 7hree jmu/of

- gL S22 B

Cellli\ne pe»/‘h/\rbageh &tmx}l\'aﬂgzne nMA (e emooc[;"n 5

emoclihg emwclir\j encodings prmed J ' 4
(one per enhfy )

(2,9‘ e
p-&D )

Nofe hat the perturbagen enther havea learnecl encoding of
(Peffwloagen, concenpation ) /oa/'m.

Loss  Assume some mapping = fom fimes Fo c}ep?%r F(t ) <---« /:/z(n)

> predich
«l:;.[‘\l:@"' ® ¢ - - — o e ---© /o - — _ _ _ _ _ .] CLC%VCLHOV)S

(
’ > Y‘QOl f\C}.
ackvuhons

cell-line " pevtuvhagen ;\::m genes

S Y

D conc -



cltt

The auleian qenes ave meant o be “Frfi[oansd“ l)j the conte t mﬂ cell-line

and Pefvlu/)oag@/\‘b inclucle whichevergenes ave wmpLAb'h ana](a velevant .

Remarks (i) We bin the conenhahon levels and vepresent Hem by some

number of fokens .., Cn.



clH

Skefch ffﬁcheHu‘ar |eammﬂ model (\‘2)

The fzetj diffevence between mode//mg 9ene vegula}ﬂ):/\ prog ams and natural language

is that the Pmbabi!/*g dishibution over pourible next wovdls in a renfence (achvation of

o gene) dependson the other wovds in the wnfext (acﬁ'vegenm) buf not on other words
(inachve genes). However gven some inifial sef G oF achve genes, fhe pw babilify
fhat & given gere g will be athive at fime T depencts indivectly on Go via genss h € Go
which ave incluad by the genws in le.

If we accept the bosic model ouftined above, this yneans the “new problem" beyonel
(qmguage w;odellinj Fv be solved is fbpmd/‘cfﬁﬂe “aux//x'ag jenw" P detevmimed by (o
(that i, Jo that me ssage-pagsing [aflention on PUG. Jomclm‘v well the activation

level o any ). To #his endl we divide ik fuo nehwor ks (partly inspived by fhe onginal
AlphaGo architectare and its boofsfrap valve funchion)

Stafic network ()

Giiven o cell-line c, aPeH—uvbagen W, o concendration v, a listef active genes &o)
and a gene g , preclichs 7LMe}molocfb/'/hiz/ thaf when the given pevtuvbagen is inheduced
fo the given cell-line aF ﬁ/mgiven wncentrabion in a stzik wheve the genen in Co are active,

al-some e  between fhis moment and the end (;F wiecw uvem e Nt j will be cctive .

% Pvedfcﬁ on

thevated Transformer block ][,9 (7 {)
oy, o r s im0
cell line peiturbagen prmar gene en cocling s queny gene
ewwclihg emwc[ir\j :
(one pevenhly ) (9)

(<) (u and V) (Gs)



We “Pm}mm” his static network on ouv datasel, in he pvo was ﬁ@neraﬁwj embecldings
forcell linen, pevfuvbagens, concenhrations and genes. We call these the Sfzic ne fwovk

evwlaedcll'ngs. The network 16 lecins which gene) are relevant fo fie clynamres, but
Vot 1he dynamn‘rf itelf.

Nle - probalbly wewank £o fo be a generafire model not-aclarsifiev, see usage below.

T Hhis case wre would wse the Transformer in i standard encoder-cdecoder fom and predict
a set of advafed genes.

D\jmaml‘c nefuork (9‘7”)

Given acel-line ¢, peviurbagen u and conenhvation v, a list of active genes (o and
o “&luevg i geme g, /Dyedr'cf the achvahon level U'ﬂj at some Parﬁculav fAime .

The embeclding& ave initialised o the stafic embedolfngs] but ama/lomd%\/a\,y
withh Wim’/lj o ¥

(e ) —— PvedFCHDV\

iferated Tmmfovmev block j’ur

(7.2)

® ---- ® o ® ®e - - - - ©®© ®©® - _ - .- ®& ]
e - ~— ~—

cell line pe»/ﬁ/\rbageh amx/(/ﬁ\y gent encocling 71/{6‘/&7 gene
ewwc{ihﬁ eV)LOG[ir\j 7ewe emwc[lry)‘

(o)
() (4 aneh v) (7 (o)

Here ure wse the nehwork 7[@ o sample a/a]L/ch]g amxi/favy/ ve/evawfj enen .

o predick achvation of g o fime NT we use N Herations of 9y . T idea

is fnat-the @ K,V yeren associated 4o ecich gene ave a “micwseopic progrem’
and these micowwdes ave made o inferack uia self-alfention it §v. To some

exdent this infevacion must model the actnal gene expreation program i gy
can predictfig activafion levels afarbﬂ%ny gene.



T make full ure of fhe hraiining dat, anelfovealise tha iclea that #he afention micwocles

should wode| e undeilying gene expreasion puogram, we ask the network 7o pved ick
noUwﬁ the final achvedion of the quen gene but final and infewmediale achverhion; of
aM generin P UG- U {97 af some chundard fime poials comesponding +o mecuurements.

= Fmdr& achvatons

theated Transformer block. Gy

T T = .
/[ /I\ [ > FWC’UC{_QCH\‘C{HOHI
G- oG - D (N atimeT
(¢ o
iferated Tvansformer block models one
fD j% Hime interval
C€H H\f]e Pevl‘h/\rb(lgeh ANX) //'Ot\y jem encool}/\j é(l/ielﬂj 96\/)?
ewwdihﬁ (),V)(/Oclir\j geve enwcling (Cw)

(C) ((A and V) (P) (8)

Conbaat-Fo the [ilevature

We fake a ‘{pVOgmm Sgwfhcms ! poim‘zfﬂ View, which seeks fo wiodel gene activations
ovevhime an mieanurements of cn 01going wmpmhﬁbﬂa/pwwf. The wodel is the
Fime - evolving mpvwem‘aﬁom in a Transformer network | moqgwaf 2% “reghrﬁm“
(9enes, enfifies) (ntermachng via a flenfion [meﬂfage/ﬁaff/ﬂﬂ)_ This is /n vonfvant 7o
pepess [ he [N AR 5] which ave focwed on classifreation on the bewis uf Jeavnecl
representations of individual ~ gene-cell activation makiws.



Tokeniscion

This model faces a similar /o;/ob/em fo Transformers in NL’? mqme/j Fheve are oo many
genes (words) Tf fhe muwlbe\/ofgemm is on the ovder of 50,000 then fhis is
wompctfible with standord (vansformiers on wodevn havdwore (&PT hos ~ 40,000 +okeos)

bmfﬁﬁﬂ- 15 [a rge/ ﬁ)en shmkg )'% /l'}le BPE Vy]c{tj b{ M?d (https://huggingface.co/transformers/tokenizerﬁsummary.html)

Transformen co cla&sr’}\“caﬁcm

To PvedicP the achvation level of A geve we we Hie final hidden state of e w'gh}mbd}
“C[ue@” emw) which is {ed foa classification layer. ThisAfollows sfand ard Pmd—,‘& [8ERT] -

Class
Label

E[CLS] E1 Ez EN
L = i B 8l
[CLS] Tok 1 Tok 2 Tok N

Single Sentence

Posifion ewcodi'rg

Tansfovmen on(j Yee" the ovder of Their /’n/m/? via pwiﬁon encocling , and we_choose
e so hat the nefwork is invaviant fo pevmm'zn%m within fhzgwajw of inpufe nhhen
n (2.1), (&.1) buf 50 that the 9WUps appear in the J/oecfﬁed orcler.



m‘n er—ovdev inbermchions

The analogier hehween the atenton mechanism and “logic" modlels at fhe beginning
of this voke, and elaborated further below, mggw% al the architecture is a 5000/
fiffor genes requining a J/nj/e TF o be incluced. forgenes vequiving mulfiple TF

we are in the situdtion o (28] where there /s prelimincuy evidenwe that higher - order

atlenfon can h@/f Transformew mode/ h{j}//er—ofder mterachions.

Recwoniwg with Transformen

In many ways the queot fo realise reaooning within artificial neural networks parallels
Boole!s attempt 4o ymoclel human reasoning by algebra., whichwan the beginning Uf
moderm logic [Boole | This jnfluenc i shong  (and pevhaps unconsciow) me.g. [H].

6. It is designed, in the next place, to give expression in this treatise to the
fundamental laws of reasoning in the symbolical language of a Calculus. Upon
this head it will suffice to say, that those laws are such as to suggest this mode of
expression, and to give to it a peculiar and exclusive fitness for the ends in view.
There is not only a close analogy between the operations of the mind in general
reasoning and its operations in the particular science of Algebra, but there is to
a considerable extent an exact agreement in the laws by which the two classes of
operations are conducted. Of course the laws must in both cases be determined
independently; any formal agreement between them can only be established
a posteriori by actual comparison. To borrow the notation of the science of
Number, and then assume that in its new application the laws by which its use is
governed will remain unchanged, would be mere hypothesis. There exist, indeed,
certain general principles founded in the very nature of language, by which the
use of symbols, which are but the elements of scientific language, is determined.

[@oolz]

Ultimately, major progress in artificial intelligence will come about
through systems that combine representation learning with complex
reasoning. Although deep learning and simple reasoning have been
used for speech and handwriting recognition for a long time, new
paradigms are needed to replace rule-based manipulation of symbolic

expressions by operations on large vectors'*'. m

LeCun, Bengio, Hinfon [LBH |



There is q way of fh/nlzmg about affention and Tremsfoymers which dvaws out the
confinuthes with Boole!s worR, em/ohm;'s;'ng the cenfral wle afglgebmm spaces

of representations. In Boole's wovk. e )ovopox/ﬁon p abouf the wovld is an element

ot analgeloa (#hought of as an operatov on some hypothesial state which puojech onto
confiquvahons s atisfying /3) and conjunction is mulfiplication. In Transformen
a relatonship befween enthes is vepresented by cL “head " [25, Remavk 2.1]
which is c hansformation of entitier fo vectous in an inner /owcLucF space H.

The Clifford algebva CI(H) is an associative unital /R”Ollgelom 6ewem+€d by H
subject-to the relotions Y t4x = 2<x) gL where <, is the paing

(eg. clof FWde‘ on H= IR&) The uVldex/lLJ\'vxg ut’dvr&])a(e Uf CU(H) how a
Z»ﬂmclmﬂ in the sense that

CI(H) = (), @ i)y @ ---

w 1 e Cl(H)q
A= [, r (4] + [4): ecitrde

Example Hl = le/ <, 7 is the dot Puocluwjr fhen for X =X € +%,8, Y= Y€+ )%
in K, with 20,9y ER £, 1202, n CI(H)

JCﬂ = (1[el‘i_xLeL)<yl’eL+\j;_ez_)
2
- x(j‘ell’\‘l(“j;elez + XY, ,¢ ‘f‘X:‘jy_Q?_
But 2ef =<eey-L =21 s el=¢7=1 and

ele;'“‘e)__e(: 2(3‘,21>'1:O Jo

oy = (2, + 2292 -4 + (292 — 729, ) @ey

\_/\/—/

(=4 it ot puodich
of 1,y in Cl(H)g =[R.



Le} Y he leavned representations o entities in H. The Transformer re])vwel/nL: the
induchve bias that o relationship behween these entities existsfothe exdent#hat
Fhe dof product <297 is large anc Pow’ﬁvﬁ - We may think of This an a propevhy
of- the pwduct 24 in Cl (H), sothal measuring the degree of velation between
e entifien is fecctoved info several steps

p\/odm& Yj’_‘o
Heg H —— cled) > CI(H) s, Ci(H),=R

(13-
1$j JL@j Xy [xﬂo =<dxyy 1

_—— ———

—

embed info ain algebm mulbply m fhab extact meaaurve of
atgebm relationship

OFcouwe his is unnecsanily complex in the case oF /JI'V)OH/:/ relations, buf juat asin Boole s
work fhe vihue U?ﬂ an alge bvaic /Jew/oecﬁve on /\ecwowmy be comies imore a/aloarfnf
when more entifies ave fnvolved - Tn [2ST i is exploinec bow o wse fw same idea

fo model fhree -way (and hfgber—oder) inferactons in the setting of Transformew

Trancformens leam o route and panstorm information waing the 3eomdv>‘c algebra
038 dot onduch) and the success of these wodels acwoss many drfticult tonks {Mdudfng
reachontounits in AlphaSter and puotein folding in Alphateld ) makws it clear
that his algebm & attention Ju/opm’; some form of reasoning with vepresentations
(one definthon of reasoning is deductions made on fhe bonis 4 algebraic ope rations
on a vtpmewfaﬁon of existing knowldge [Bo]. Tndeed thot is precisely Boole s [deq U

This avguably gor Towardp vea//smg he ve]o/acemenb{ “le-baned 59 mbolic e xpreasions
by o pevations o large vecton” asin [LBH]. More complex a[j@bmp may J(A/J/Jo/f‘

move wmp)ex rea/oomng.

This concludes the skefch on our appwach%o um'zfymg lo\g(c with deep leavning via

alge\ora - Undev +he Curyg-Howad. comespondente his alro velates to Tronsforme v modellmg wde
(e it wompuder code or gene regulation progvaims ).
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