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Tn o fiod order phase hamsifion #he ;Lcmpem/um or preasure are vavied, heveby
changing the Giihhs Po/-fmﬁa/ i such a way thal huo Jocal minjma ((whose
“identity" ancl separation ave presewed by the vaviation) switch roles @
fhe global minima Each minimet is a phare , and the ditfevent
madevial PVO/)@I/%@A of he phate include diffeving values of molav energy,
enhopy and ofher parameter [Callen, 5 9] T, geneal we may use any
thevmodynamic /oofem%m/ i place of the Cuilobs lso}enﬁa/ and o
qcamilj of intenave Pammefew i place of tempevature and pressure,
but the essential POW isthat finf-ovder phave hansifrons are cbouk
the wnﬁ?umﬁon aﬂcm’/—fca/\/ameﬂ in IR [Ca”ﬂ’"‘) /3,22,0] _

In a second ovdler phase hransifion the “module" & the 1hevmoclyn amic
Folcm{ﬁaf C. (e9. T, P) arevavied sothat as o funchon of #he exlensive
wordinale  (e.g. V) the potenfial has a degenevate cw’ﬁcallbo;‘n/' (Fypically
the vesult o mulfiple minima “wolliding"as  (7,7) — (Teq, For )) Towr a
sewnA—orolerPhare Fansifion is aboat the configurahion a%cw’ﬁ‘ca/'po/n/x n

the space of wodulc -

/%//owmj Watanabe we focured i @ on the free energy

= ()= — Eflg [dwsture T

o E[logjdw 6—@Hn(w)]

\
where  |Hn (w) = nl, (w)— // loﬂtf(w)} o) our f%eymadymam[c Fo{-e ntial . Here
E L1 denofes the expectochon with reapecto the dataset Dn. The propored.
nkensive coordinatey ave m,ﬁ ﬂ’lomgl/tlLd;g an [nvene JLemPeth‘E/J. But there s an

(1)

obviop /)Wb/em - what js the ana/ogue df the extensive coovdinate V 4



Watanabe discusses /Dhafe hansitons in LW, Remark 6.17] (f—=), [w, Table &.2]
(which suggers the exisfence of phase Pransifpns as a /po/nfaf ditlevence between regular
and sinqular wiodels ) and in more detmil in LW2, S9.47] and Hhe Jectureo [W3].
The above issue is sideskeppec] (perhaps comecHy) by defining a “phase bandifion" o

be an infrnitesimal cume in modul spate along «hich the poutenior changeo
“tfvmﬁka//j to[w2, Def" 297, ﬁrfu%k{'en+lg large i Thisis a subtle ancl imprecise
definifion, Jowe adopf a more pedesmian approach.

Suppose given an analtﬂ'}\c function NV * W —> R . We define

—n LR(W)
FGpgv)— —F oaf dus $w) & °F ] (21
We can inhoduce a similar \/*dependeme%o The avevrage energy (J and em‘w/oy
We define o phase fo be a cviheal pomzL 4 F [ﬂ;ﬂ/ V) affixed m/ﬁ o) aﬁmcﬁan AV

I‘__ /N
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Fivt-order p\naoe‘h’amﬂiom \ohme 2
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(< [Callen, Fig. 7.4]) \/\/ <2 <13
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(2-2)
Se cond— order Iphov)e Jransthion
in n af fﬁxec{ ﬁ

W\(V)1<n3

(cf [Callen, Fig. 75])
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| Studying the free enevy
2
SMPPoJe \/ = =l is he Norm , amd W S JR with coorc[iﬂoﬂ-m Wy wy
Wy W
F 4 -
- ——_ oé]—@vior
\‘/\/ S R / PJ’F(W'D“)
Vo \‘/l \ T T~ N \(_\ rhcuta 1
v y (3.1)
%thouo \‘ll
v v, T w

The minima. of 1he free enegy cowerpond fo regions where the pastenor is von cenivated,
o defected by he pwjecﬁ’on V Vawing 1he pammefem n) B will vaw the Fostiw
dishibufion (e.3-#he locodion of i maximain W ) and genevically his el almw
caure vaviations in [~ vefleching these changea in the posterior. Heuaw we use

1he geome/'\ydf Fa a proxy fcw the beha\//awfof he /Do;few'or.

Noke fhat the average energy and entopy may differ behueen phones, in he sense
That avevaging over the posterior near he shown regiont in 1V (or more precijely
a range of-level sefs pear Vo, V, ) may give different values. For instance 1he
Sunchion K may have “rmore singular” cutical points near {w] viw) =V}
Fronwear §@ V() =Y, ] (indleed we eX/JeCWh/S)‘ One also disfinguishes
phases bj ciffevent values of hryber denvatives of evmody namfc/i)o/“emlfa/L

A reanonalole mtuition is that each /Dhcue of he frple (P25 ) with vespect

T 1he chosen \/ 15 o d/)%yfﬂf/e/hdnf candidale solufion o #he /pwb/em gf
moc/e///'nj The tuwre /s Prhation.




@
The most natural examples of phares, or (vcal minmma of the fice energy,
ave those associaled fo 5mc]ulam’h'w of K (meaning a crifical point we W
wheve [<(w)=0) . An example of fwo phases associaled fo sinqulavities /o, F,
is shown pelocw
F N
L (41)

However if is )mpow‘wﬁ fo note that notall pha(e/) ave assocjated with lpoim‘rof W

Tn genevul we expect a phove associated Fo any (veal minimatof K i the following sense :

H:ﬂ;oﬂm;‘; suppore that we W has the ]Dvoloeﬁﬁf that for £ Jm#{c{ewﬂj small, (\/0 =\/ (u)o))

K(we)= mf{ Klw) [ i—e< V(») < V, + €] (4.2)

Let €(V) = exp(- F(V)) and noke that (ignoing EL-])
d v
g(\/"> - dT)—[ fyo—a E(v)dV 1 \U=Vo

] L) (4.3)
= &D[JQ do 3() P ](u=vo

Vv

where Qy = {WC‘ w / V,—& &V (w) < U}. Since Qv is fem:'—analj;'fc Hhe
aﬂ\jmpbﬁc methocls of [W] app?j (fee eq. [W/ §7.6] although Mis is nok
m;%’cfemfly cavﬁ[m') and we are also Puw%’nﬂ on Some. ole)‘ails).



(F.r)

—n n (W —nNn n )"L\n( o —n N o
JQ o $l) L) _ L? doo F(o) B (Lalw w))e £ln(wo)

v

/}P}alymg the veoolution /DVOCedurefb K— K(ws) on Qu j;'elc[s

—n n (Woe - W — K (s
_ . Blal )f@ o §(w) € R (Kl )

_ o) ((OHM/I o0
_ 6vw/zL(w Jjn%)_j&d%*f dt S(f )

where )\ s the RLCT@? [W/ K(w) = K{WD)} /) Qo [#7/7/J may be asrociated +o
a /aom% on 1he level set jJW/ V(w) = va} ofhev #hon We , so he caufipw /)) and.
s(pu) = 7P e T desciben Fluchuations. Hence

()= ¢ "F& (m)(loz—;)w‘a%[ JQUC[&*deJrS(/e,M)]lUZVQ (5.2)

anc\ So

F(\/c) = mﬁLn (wo) + Alogn —’(m—l)lt)giojn (=3)

— tog (4ol Jo 2t e ste 1, )

Noke Fhat the final Term depends on/a’ buf not n . This is Fevhaps an jnclication that
phare hansihons /‘nvolvmg avaviation 1 B are move subtle . Fov e moment cre
aSJuW,eﬂ:ﬁo is fixed, and n lonﬁe ewomg)’\ so fhat we may v)e?lec} Hre )Ojleﬂ ferm,

so that o an appwximaﬁ‘ow

F(Ve) =~ mﬂoLm(wn) ‘I-)\,oynJrcomP (& 4)

-

QV\EVEM elﬂh/a/?j




Since the RLCT A the level ref {w] K(w)=k(we) YN Qu is rational,
Vo s a local minima of $he free energy. Thu astociatec! fo any local wminima

A K inthe abore precite sense is a Jocal minima of the free enevgy, Hhal 1s, a phayse .

Some of there phanes will be assocrated, arin (4.1), with 3/01061/ mimma K

but #he learning procs is ﬁpverned by ﬁm%—orc}er/ohare ansFons fmvelving non—global

local minima, aswe descvibe in the nextsection

In 5ummarya cfmfi;@cm’wﬂ !/'E ,p%Cwe/J 0{ the /Gaum'ng machine is C/Dfe/y relaled o
the classification (in the anal sense of singulaiify theow ) of crifical poinfs o K
(or what is the same, smgu/qw’%@ A Jevel reh f K ).

2. Fiubt-order phase hansifions

Theve can be no fint-order /Dhafe Prangfon /n\/o/umg fuo phases associated fo
;/nju/aw’}?'@w;f Wo anin (4.1), because vavfing n cannot revene the fnec[m/f/y
behween theiv free enerien, which by (%) are defevmined solely by their
Jocal RLCT. So wonsider the following move general situation

\ [ \ N (6.1)
\ ! = IE\/&\ fe}
Vo Vi v o \

\ K(w) = K(W;)

]ewel seb - \\(

K (w) =K(we) v v >

where Wo, w) c W are tuo local minimo o K (wrd N/ in the srense of (5‘-2))) V= K{we)
ﬁ)r gé{O,lH and 024; = {WE W[ Vo—g < V(v < Vif_g} {ow sorme small £
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We suppose K(WO) < K(w) but %) <A, wheve \¢ denoles the RLCT o the level
sef {w/ K(w) = K(we)F we claim thot His ymplier a Fint-order phaae%mmﬁ%m where
phare L s fﬂva[ﬁV/‘fd by fhe/posz‘pnbr for small n and f)ha/f O s fmfewfcl for large n.

We assume n Js /alfge emouy% o La(we)=L, i app wx/mak/j /nc/e/oemdemL ﬂ/ n
with Lo < Ly (s can be made precire woing K —> Y 5o that (ap to & onchunt )

(:(\/5) ~ n/}o L, + ;\L'/ojn (71)

Then by g raphing the free energy o c funchion of n we can ree the Posr/bz'/h‘y of
a fink-order Plf)a/)e hansiton (mL n, in the dn“ager\) g

"\fﬁo L] T )I [0‘3"

=
r\/@,LoJr)o(ogn
(7.2)
W Y o )
A Tk
4/ Pﬁ(u)“)n.)

For small n, the pheve (“canddote Jo(u/iom”) which is Jower enhopy may be Pm{ewd

by the postevior even if if han higher ervor but as n — o0 jhe wonshaint on enor
comer o dlominale ("at” n=cO the posfevior concentvales ak Fhe point £ lowest enfrpy o Wo )

Remark  As far an T koow the only discussion of fiot-order phove Hansitions jn ST
isin [W3T . The above s /arge/j based on that discussion.



Remark  Recall fvom @ j’@ that we should Think of the Fayes
j@nem//‘faﬁoﬂ ewor s = F= the extensive Thevmodynamic
voortdinale wrywyafe b the “inveuve fem/pemﬁmc "N Asin (2.1)
we can add a V—dependence fo 1he gemem/fmﬁbm error, and
frora (7:1) we find thaf he 9emem10a+{‘om evror associoted o
a phase is [aF least formally )

Bj(/’;/g)\/) = %F(V‘) c::ﬂo Lo + FA—V; (&.1)

The case wheve Lo =0 15 covered by [W ], we leave a vigovouwn clisewnsion
of 1he yemem/ (e Fo elrewhere  Note #hat +he prefevred phaue is relectec!
fo minimise (7.1) not (81), sothe “fbl" ELBy] will display a
chavadenshc race of the fint—order pheue PansiFrons as shown below

nfo i+ A logn
r\/@,LoJr}o[ogn

F’ /]

(§.2)

e o\f)SevveaQ_ EXBQJ

ﬁDLWA‘/V\ (8.3




Nok the d;‘anﬁnuilrﬁ mthe olsened genevalisafion. evror at the phave Hranction
which is fypical for extencive chsevvables [Callen, P 220 ] gnd conenponds fo
1he c[/‘fwmﬁnw@ in the slope of F a7a/m’f n at The phose fransifion

Froblem 1 Demomﬁfak The exislence Uf first-ovder Plﬂafe MW&/#OM n small

g €um/ Weﬁuovk&
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3. Second-order phoue hanstions

The leavning machine o OLT $3 5 determined by ifs Bolf2mann dirhibution
which vavies with the ])ammeh@w O=(0,0)=(n,R) I the previow

section we examined fuch vanations viatheir effecton 7= F(V) @ e proxy

for a direct exammination of-#he postevior: We now stucly fhe posferior directly.
Obsewe thaf given an infinitesimal vaviation DO, and wrifing P(B) = p(w] Pn, ©)

- 9P
P(O+A08) = P(O) + 2.: DO 56

P(O1AG) 26° 9P
ey b 2. 7(6) 26°

P(6 +46) N AB“AG 37 P
o [ FLEEAS) A 4ae ok oF
( PO) J Zé P(B) 26¢ ZZL‘JJ' P(0)* 20¢ 20

Hence

KL( P(O+400) | P(O) ) o fdw [F(@) +ZI&A(9}2%T7—] ‘
{Z A6C 2P 1< ABAS 5P op }

CP©O) 96 ZLT P(e) 20004

i of 1 ¢ r g 2P oF
= ZL0* [dw 3 —z% o, fdwﬂg)ww
e, L 2r o _,,

s

oP L 2
BM» fdwa_@: = BE‘? IO(WP =9@£(1): O Jo

(ilo-1)

Dloa P(®) QlogP(O)
fduo o 1 P(O)

L[ P(0+26) [ P(8)) = L 5 apia@ YTy

|'/J'




This means ot if we wantFo undewtund how vavighions in (O affeck the Po“r}em'//
we muwt begin with the Fishev infovmation matix, whichis a symmemc Z —form
on the space ot o panameter 0

2 log P(O) 3 log P(6)
9’3((9) = jdw P((9> 03(95 30V (i)

We note that a prion this /nfeara/ may ot exist for all valuer o &, and even if the
matix F(O) = ( ’J—',-J»(())) b exish it moy nof be posifive definite . Tfis the
former phenomenon that s of infeest in connection with second-order phase

}ramiﬁong becawse if ;D;J' (0) — © an @ —> O +hen small vaviations

in 1) 3 near Ne, Ber have divergent effech on the poslevior (and thus on
omy C{Mam}ﬁ'j onc[u(ed bymi‘egm-hoy\ over the }bosl—el/lov‘) T leavned this
formahon - theoretic point of view Fom [oF L, [PLow J

Remark Tt is impoﬁtm}ﬁ) d(‘&ﬁngw’\rh 1the Fisher mapix on ¢ ahove from the
Fsher mafx on V\/ consiclered ﬁwexamp [V\)j

p (4l x/W)"((I> Py % W)ﬂ(x)
: '1 W
w' (U,Z)
f(W( D"/§)

/ 34 Q confovmal Symme‘hﬁ
O 2. Elow
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@
Remark IJ (0) ac?"uo{/‘j a vandom mapix dueJo the stochaatic {)y in Dn.
Now recall that (of-wune this mahen no repse cumvently for (9":1/»)
2 =1 e
= —a5ilyZ = F g5 [dw explonpLa(w)¥()
(12-1)

- Zfdw 3(9[ —nBLa(w) | exp(—npLn(w)) F(w)
- EE[ s npta} ]
Honce, f e comle. X- = g7 (afLa(9)),
2 gp(s) = aolog [ = exp(oaplaa) ¥(w) |
= 2 rplaw ] =55 legZ (12)
- —{ x- —EL[x] |
Hence
F (6) = fdw< X —EL[x] j( X’ — Ef[XJ]> PO)  (z2)

is the covaviance mahix ofthe rmndor Vanable X') X (heuce in parkicular
Pofh’?’ve semi—definile ). The meaning of X* s 57Lmi7%h[ovward [waic, (9) ]

><2 = nl., (UU) “error (}L#)

Ef[X2] = nla(ws) + nGe “Girbbs fm/m'/\ﬂ enor



The 2n denvative is move subte, cincl we are fempled o sef
X' = (ar)BLan(w) — AL (w) (13.1)
exceptthat ar i} stonds +his doer nof make rense. However it seems are should associake
EL [X'] o fht Bayes hraining error, o provicionally we tink £ X s  focal
demm for the Bayes baiining error
By Appendix A we have
() = a;:;%_ v Ef[aemfnp} ]
and hence
F (o) = om + EL[ Xt
T (6) = Fa(0) = aaa; FEL] n(n) ] (13.5)
Toa (0O) = %ﬁz
Hence ping (12:1), (12:41)
() = 75 EL[X"] = n3gCe(np) o

Refuming now fo fhe fopic of recond-order pheue pansitions, if some oompomenf
of F diverges as (J approaches some (imifing value, henthere are “effectively
nfinikely maw&” stafistically disfinck postenior dispibutions along a frik parh in Cad
(e [DFL ST | ). Tn the next secion we sRefch, wmng the venovmalisafion group,

whal 1he existence af such a phave hansifon suggests fov #he Ciibbs Fainjng error



b Fower |aws and The renormalisation group

This recfion is Jpecmlaﬁwj and 15 aim Is 7o /Dn%eﬁ/L a /pof‘(/'/o/e /Da/% fowards c/€M\V/"17

/oowelr Iaws ama/oyow)h ﬁl()l{ In @ w//%/h SLT, Theve is some D\/@V{a/:) w;'/k
fV\/L}] but this remams 7o be undewstooc] . Tor animbodyuction fo venovmalisaton Jee [F__(

The mebnc fensor F ow 2€ s a h/‘gklj nonhivial obJ“echj but )’ﬂozmuyen some
natural Symmeitw'ew From which wecan aim 4o exhact ch}mg lows. The ryrﬂme%n‘eﬂ

n ciumhbn quise fomthe fack that there is no canonica) scale Hor Vl,ﬁ and thas These

PQWVW@+€M may be “rescaled" without “erenfially chenging " the stakishies (up #o a scale)
f

associaled
More IDV‘ECUe)j let aﬁ* be the open subset of 3 where OF O and Fis 4 d below
Pos/ﬁrf ~definike, So 9‘6*:3 a Riemannian mantold, with woordinaten
T="a, T='g O-(57) (11.1)

"
Te Fisher infovmation is the 160”0(/01713 2 ~founn on o

?(m,@) dmdfg

Fl> 1) %—C} d‘T%édT

I

|
= e F(T,T)dTdT

(
—;73

L * =2
Ne wnle 9:* = 7 Jo That in /Da/ﬁcu)ar Fan T2 2R Ge (33 T)

SI/IIDJJDIQ that %* admifs a conformal Symmeﬁg associated o the aforementioned.
resealing, with infinites )'malﬁewemibr

> — T+ ekK'(8) + 0(€?) (14.2)
T — T+ eK6)+ 0(€*)



W‘ﬂ@l/ﬁ K’;—_AT) KLCB‘J_) ﬁy constants A/B He(p@mﬁ“ow {DFL—j
o we assume thal ere is an “inbinsic dimension” ol a» in [DFL, (42) ]

and that therve is a fixed /Domfcyﬁ e RG {low at (0, 1) then this impliesr a
system of diffevential equations for %t ?T:, %+ on 3" 1, Pavﬁ‘cular

g:jQ—Kl)l T g:;:—KZ?— ¥ ?:1/r Kr T dg:* =0

/ 22

(1)

wheve omman in subsciph demvte dematveranin [DFL, (5-2)7 This 31@(0/:
¥ 2 3 ¥
2BF., + AT (FL) +B8Ts(FL) = —dFL

AJ ag—f(j’:zi/) n BT;‘T(?:;) = (pd—28> ?jz

*
WhrcV) Swggwﬁ Sc-u_ s 7(4510[—%01/}/)03@/}@0010 . SMPPD‘}”\‘] ?_:— — ,TM__’.VW\e
obtain uAT T 4+ vBT*T" = (~d-2B)T“T" henee

uA+vB =—d-2B (Ir-2)
Fooni this ure o btain for (’J)T);‘: (O/l)

—~ —3 *2..;;L w \Y%

J T ajg aé ~ T _]_

>
28 Le ~ TR TY

a% ~ /) TVH—BT‘Q_ wnst (/o wws;-;,ﬂ—)

and hene g n — o

P

u+s + const. (15-3)
YL

ﬁe(”, 1) ~




Uncler many ophimistrc hypotheses and ignoving seveal mathematical iscues his
giver . “dlevivation” of powey law behavionr for the Ciibbs J[VH/'/I/'/)ﬁ eywor an a
Funchon of e dataset s/ze n. e relation of the Ciibbs gememh‘rah‘om evvor
o deep Jeavning Pmcﬁ‘ce (modulo the relation if SGD F 1he /poj,ém‘w) waj

‘DD)lI’)‘}\GC{ out in P @.

TLAvm’ng his avound ) one would vead e existence aﬁpowerlaw behaviour in

Tansformer models an evidence for second-ovder phase hransitions in The

associated |ea vning wia dnnen

Remavks Here are some fhoughﬁ on 1‘wm'n3 Hnis info real mathematics -

(i) One thing thatis jn»'%‘a“f/ oo/\ﬁwfnj is thal in o second —owc{e.//olf)afe PanciHon
(/I/)l/lQ/’j some jet’)em/)}éd chepﬁb/‘/@ c/fvegg% atthe cvitical /Lempemﬁtrf.
Sine ZT~3 T-° ;7@616 appeawv in ?* a» /Dngow this c/uomﬁzfy cliverges

-~

more I/o“)/fj than T3 (1e. U, whichjs negaﬁn/@/ sabefien |wl < 33 as T—>0

we have convergence of the Ciibbs /‘minmg evror: I is oP woume nolclear
how fo actually prove Jul < 3.

(i) The skefeh of renormalisation group methods above assumen that-the RG
tvan cformation is mpec[a/lg simple (1e- that the Flows “shoy in FE "), This
s unlikely Tt seems that a proper freatment muitreconcile RO Hows
n the informatkion geometny setting with reaolutions ot sing ulavihes

(i) A fundamental app wach 1o Mnﬁnﬂ N an wortinuous must be ﬁmnc()
an at the moment 1his Iorevem'x much 7 s Jecture from being forma lised.



(i) In the realisable case by [ W, Theovem 6. 0] we have nGe— Gl oand
N
E[Q{k]: ’ﬁ——v(ﬁ) o we exlaec)‘

G (n,2) ~ 5 — v (171)

which 4ifs (15:3) with w=-2. In [W4‘] Woatanahe shows that Hwno//’ﬁwﬂ#
I€avna{0/’/17’y 0]4 /ndex 7/ ’ /mp/y 7%0# [WL'L) (M)]

Y
Gy (n, 1) ~ nr t const. (17.2)

for some constant 0. The topie of renormalisatron isdiscusrec fom oo ditfevent
pornt of viewin [wh,§6 2]

(v) Nofe that we also expect power laws for the other covaowewﬁ of /Tr: see (13.3).

(vi) Ttis probably unrealistic fo expect Ho prove the existence of second-order
phase francifions in a nonhvial deep neural nefwork, and fo vigoransly devive
the scaling ex/Jonel/lJ’:. But # doen seem practable o conchuct a mathematical
framewovk in which the RG Flow fs well-defined, and prove fnaf it a
Johme hans/Hon exisk then ceviain velations hold among the exponenk efe
The yoga of univenality classen, velevant opevaton efe., would alte be

valuable in clavfying the ovevall shucture of a mathemalical /7’9057
of deep leavning.

(vﬁ) The treatment mﬁ fhe jﬁchmﬁk/ﬁ/ n Dn ahove s /'ncomislemt and This

is another area where some nonmvial effortseems to be newsfany.



5. lonclusion

This bnngs wito the end of fhe invitation o the ﬂwovy vﬂdee/o /ea:/n/‘ng) consisting of
OED) OLTD s this document. As outhned in OLTID #he clrscoveny uf/aower laws
Fow‘ends the emergence of dleep leavning an a general purpose fechnology . The
mafhematical theow behind This fechnology is hoth beautiful and Irkely fo

have /Dlmfow’)c/ jmpacsk in the real wovld ar the scale o£ deep Jearning Jj:%ems
increasen (ink faclones or chem;'ca//o/am):r),

Some pavts of this theony ave alveady clear; while othen remain o be uncouered
and are presently only visible inoutline. In QLT2) we gave an imhoduchion o
Walanabe's singular leavnng theow as a thermudynoamics of deep leammg,
and in this lecture we discusred fint-order phase hansFions and, more
specalatively, second-order phase ransitons which wmay (with work) give

a teovehical bass fo the aforementioned emlom\caﬂy o bsened Powerlaws.

If s frulj remarkakle thaf resolution of sinqulonfier, ove of the decpest ronults
in algehvaic geomehy , fogether with The theoy of cnfical phepomena and the
renormaliration grovp, some o the deepent icleasn in physics, ave both
implicated in fhe emerging mathemafical fheovy of deep leavning. This is

pevhaps a hinf of he fundamental shucfure of infe//l"gemc’) both
arfficial and natural. There /s much fo be done /
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