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l, 7The analysis of the exact sciences that I have given

80 far gterted off from a definition of classical physics as a
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hough it could be strietly falsified by
certain eonceiveble evenits, could be falsifled by sctual evenle
only under certein conditions acknowledged by the personsal
judgment of the secientist. Another element of personsal
knowledge sppesred Go be clamed by the scientist when &ppx
the internsl rational quelities of a Gheory. Ihe Joint essess-
meat of Ghe Ctheory's correspondence to experience together wich
ite inbellectual ettractiveness wes the ground on which the
plGimete ecknowledgement of its credibility was seen Go rest.

Age we went on to gquantum mechsnics we noted Ghat

B

ghaet ¢ apsepsmant of correspondence between thesry and acth

c

s had become massively and ostensibly dependent on personal
uventicative statements of probabllity were

recognised es exact scientific laws which prescribed a

unambiguous predictions abiub them,

HBut Ghere are ocher arees in the exact scleonces where

)i ilormalism ere the law of simple proportions in chemistry and

Llography,

3, ¥, U 4os combine, it is possible to discover for esch element

a characteristic quantity called Lhe atomic w
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for the quantity of the element contained

which as the measur
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=

In any compound will result in the expresaion of the elementary
composition of the compound by a set of small integers.

fhere ere two inter-related terms by which the reference
of such 2 formalism to experience relies more heavily on acts
of personal appraisal than does the formalism of classical
physles, 'hey are the terms 'small' and "integer'., Yo

ascertein a simple proportion of integers, from a measurement

of weight or length demands that we go beyond the method of

flcation of predictions in

ldentifying arithmetic proportions of measured quantities with

integer fraections, While the transition from sets of

instrument readings to numbers accepted as measured, can be

formelised up (o a point by the assumntion of random errors to
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'nis ect is complicated, moreover, by the inevitable
demand thet the integer be small, 1t may be considered obvious
that 1f the relation of the measured proportions of carbon to
hydrogen in & sample of methane and a sample of ethylene comes
out at 0,504 with a probable error of 0.04, we should assume

yresented by the integer fraction 1/2; but

this is only so becsuse we 1lmplicitly assume that the ratio
mst be eimple, 1.,e, made up of small integers, Much closer

approximations would be offered by teking the ratios of large:

b

ntegers, By choosing from these we could always achieve a

perfect fit, as we would by tseking 1008 : 2000 %o represent the

mossured ratio 0,504,
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It is meanin loss therefore to speak of establishing a

correspondence between memsured gquantities and integers unless
the condition ie included that the integers should be small or
their fraction simple, A formalism containing unknown
mantities which stend for empirically established simple

integer fractions relies on our capacity for identifying such

3 &

frections from messured numbers in which they are reflacted,

in accepting as significant a law of nature such &s Ghat of
gimple chemiecal proportions we cleim that we can evaluate
ybserved megnitudes in terms of simple integer fractions. Lhe
knowledge to which we lay claim by asserting such laws coniaing
at this point esn addaitional element of our personal
pertieipation, The law of rational indices in crystallography
says that we can find for each crystal a system of three (not
glways rectangular) co-ordinates so that it will be possible
further to choose a characteristie length as & unit for
measuring the intercepts of crystal planes on these co-ordinates

1th the result that 8ll intercepts of crystal planes will be

found %o be small integers. .
{fne addicional gap opened up in the correspondence between
cheory and experience by the representation of experience in
terms of infegers can be illustrated best by an example in
which a proposed representation of this kind is still under
controversial discussion, Eddington deduced that the "fine
structure constant™ (which in the usual symbols has the
formula E%%;z— ) is equael to the integer 137 but no degree
of approximation of Che measured number te this thesretical
value will convince those who reject the thesry that the number
is an integer,
Lo the extent to which the attribute of simpliecity is

vegue, the demends which a law of simple proportions mekes on
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4,

experience are indeterminste, If future observations of
chemical proportfions could be represented only by larger integers
Chan Ghose found spposite to hitherto analysed compounds we ‘may

80l increasingly dissppolinted ia the theory and be eventuslly
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altogether discouraged frow relying on it, Sut the process

would resemble more the gradugl relinquishing of a supposed
statisticel law which has repeatedly failed to find corroboration,
then Ghe rejection of an unambiguous theory which hes met with

8 séeries of conflicting observetions,

4« 16 18 true that the chemical analysis of & substznce

2 molecular weight mey lead to proportions described by

large integers, Ihe end-group of 2 long chain of carbon atoms
may be formed by some elemsnt X, so that the proportion of X to

cerbon (measured in atomiec weight units) may be 1:1000 or even

i

higher, ‘hen & chemical as2lysis is interpreted in these terms
e no longer rely on the law of simple proportions but on the
atomic Gheory which hes come o replace it a2s the conceptusl
iramework of chemistry, Atoms can be counted, and Cheir
counting wounld necesserily lead to integer proportions of

shemical compounds, Froportions obteined by counting are

obeerved integer fractions which need not be simple, indeed,

if we could count the number of sodium and chlorine particles

in & crystal of rock salt we would find s slight excess of one
or the other kindi of particles and the proporiion of the two
would be something like 1,000,000,02031,000,000,001, Therefore,
#hen we meet with chemical proportions which cannot be expressed
by smell integers we may yebt interpret them as integer

proportions if this appears Justified by uwore direct evidence

concerning the atomle structure of the analysed substances,
Bimilarly, the law of rational eryatallogrsphic indices is today

no longer refutable by measurements regarding the position of

crystal planes, If we obtain, as we sometimes do, intercepts
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the ratios of which camnot be represented by simple integer

iractions, we explain the result in terms of Che atomic

patterns on which the theory of crystals today ultimately relie
5: bBut we must remember that the laws of simple
roportlions were egtavlished both in enistry and crystall-
BT y _before 1 tomic theory was invoked for their
xplanstion, or at any rate, before 1t was independently

1
]

heir subsequent confirmation and re-
inGerpredation by the Jray analysls ol atomic arrangements

that the holding of selentific kmowledge in Ghe form of such

nstified, the personal judgment involved in

avaiugetl easured pr réions as @ lnteger raeéios may
el by T 0L Che eXacyv gclienc "

B BC yith Ghe capascity oi
pgtablishing a personal knowledge of definite simple integer
tioa, corresponding to the proportions of given measured
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spynnetry in crystallogrephic theory,. this thesry has devel
bodsay inCo a speclial branch of geonetry but this ultimate
1 jork was arrived at through a serie f earlier astages

rticularly if they were ala> beautifully coloured like rub
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ideal polyhedron and erystalliographie theory proceeds next ©o

gulericy of these

-

O

discover & principle echaracterising the r
polyhedra. this prineiple is found resldine in the svmmetry of
crystnls, '"Symmetry'! is a word with commotations almost s wide
a8 ‘order', when applied to objectis we may use it to
distinguish an unaymmetrical face from snother having perfect
SymmetIy. A scalene triangle is unsymmectrical, an isosceles
triangle is symmetricel but an eguilateral triangle is more
highly symmeGrical than the isosceles triangle, Symmetry is
usged here as a sfendard to which ebserved objects may apyroximate

and woich can hsve different degrees of its own perfect quality,

7« <his kind of gymmetry Iimplies the possibility of

transforming one pert of a figure or body into mnother part by
applying Go it a prescribed operation, such as mirroring, By
mirroring right hand L can tvranspose it in & left hand hence

ateral triangle is more symmeétricel than an isosceles mey be
ressed by polinting out that it hss three plsnes of symnetry

instesad of one. Alternatively, we may introduce a new aymmetry

ybserving that the mquilateral triangle can be brought

vertical
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with itself by rotating
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axis passing through its centre, ¢ may readily think of
gymmetry operations for osher regular fipures and in extension of

the same principle, also for regular polyhedra,

ihe example of the equilatersl triangle shows that the
presence ol threc planes of symmetry croesing each other along

turn

=
3

one line &nd forming angles of 120" with each other wi.
their crossing line inte a threefold axis of symmetry. Lhe

- |

geometry of regulsr sollds explores such relationships between

co=-oxisting elementary symmetries and determinss the possibilities
for combining such symmetries in one and the same polyhedron,
The principles of crystal symmetry was discovered by assuming l
[
|
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gystem of gymmetries the law of rationsl indices which I

deseribed earlier in this lecture, designates all possible ideal
polyhedra corresponding o individual erystal specimens,

'he only sherp distinetions leid down by this Cheory is
G betwe the 32 classes of ymmetry. They are distinct
forms of 8 esrtein kind of order, Just as the ideal polyhnedror
of a erystel specimen, exhaustively reépresents the regularity of

zryet al specimen, =0 the class of symmetry into which the

polyhedron £ e, haustively represents the remulerity of Lhe

: 2 1 .'- o i $ 4 £
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ech el of symmetry is a distinctive standard of
srfect order to which observed specimens spproximate but these
LA GTUE J BE! ifferent d JETread yf their m form of
yerfection, ‘he 32 classes of symmetry cen be arranged roughly

in & line of descending symmetries, from the highest cubic to

e 7 T rs 4o mnloa f o4 \ -} 4 . .
v LOWes? LIriclLinlc ClLE8s, i 480100 QOWLH GO1E BeXries 1B
QALONELlVE 800 OonlYy The Digaer CLABSes pOoSEREBE BulilclanG LDeauvy

0 Hake Liglir specimens valued as precious stones,

i@ heve here, in briei the exhaustlive formelisation of

our sppreciation of regularity ingcrystals, including that of
the existence of distinctive kinds of such regularities and of

o ke R e L i3] gand 4= . 2 e x =~ ol el
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e a further analyvesis nf the relation of bthis

he hidden structursl pattern of which it is todey regarded as

e

'he atomie the ry of crystals defining this structure

opheticelly mooted in the 19th emd triumphantl]
arly in the 20th century has unified and greatly
em of order enframed in the *2 c¢las=es of

ficance of the planes and

ited by 2 erystal is further reduced, rhese

e
@

res are now regarded as merely indicating ¢

an underlying stomic orderliness from which the 32

yymmetyy and the law of rational indices can all 'be

- ¥
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{ne: 2 of mic orderli 1s an extenslon of
of gymuetry, I an oper: ich bringe one
4 ing ) B ; Ghe I t of 16 18
8 productive of & symmetry, & @Gitiv Gtern like
wal r me e regarded as meetrical in view of
th its paraliel displacement brings 16 Go coinecide
plf, except for the edges, which we may disregard 1f the

ry symmetry possessed by & regular repetitive

M~ 3 .

be called translationsl identiiys it ean be
W ¥

1 4 5 ay 1}

ily conceived of in ons two three or more dimensions, The
|

al theory of erystels assumes Fhet they are built as

'ly repetitive three dimensionel arreys of atoms,

Buch errays, when taken Go extend im alli direcllions to

i
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can be readily seen to poscsess symuetries of the kind

observed in

£ O £ P

erystals, and it can be proved that they can possess

those six elementary symmetries which are found in crystals,

rperisnce until I have suprlemented it by an account
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10,
Jwing to certein alternmative possibilities of regular atomic
structure not affecting the symmetry of the crystel as obser

aacroscopically, the underlying three dimensional atomic patterns

cen have 230 distinetive rhythmsg which are manifested in onl;
32 distinotive principles of orystalline regulsrity. Fhe law of

rational indices is obteinsed from the plausible physcial
aspumption that planes which within a cryatal lattice are more
densely packed with atoms have a tendenly for appearing as plane
boundaries of a erystal constituted by such a lattice

iy iray analysis we can determine Che atomic pattern of

& crystelline material without paying any attention Go the
presence of crystal surfaces, which msy be completely absent,

pursuit of this method has gine far towards substentisting

=
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the exisbtence of the postulated 270 principles of atomic order,
l am ipeclined to accepi this achievement, and our whole
gnowledge of crystal siructures for which sets the framework, as
Ghe gupreme vindication of the primitive attraction exercised by
crystels and of che intimation entalled in iF of a hidden

principle underlying their peculiar shepeliness,

may now turn more closely to the question, on what
I iples our acceptence of cryatallogre ¢ theory restsy
yhile avoiding as far as p ible the repetiti yf what has
alr r been said about pirical conditions for our acceptance
of and contGinmed belief in the rule of retional indices,

{he theories of the 22 classes of symmetry and of the 230
repetitive patterns called 'space groups' are geometrical
statements, As such they speek in terms defined only by the
fect thet they satisfy the axiome of the cheory, The spabial
pictures by which we keep in mind Gheir meening are merely a

possible model which embodies this mesning, However, geometry

even in the form of a spatial model, says nothing about
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exXperience, its acceptance rests on our velidation of 1ts
¢onelstency, ingemility end profundity, But it does besx .
entlally on experience, for there is eslways a pospgibillsy
vhet experience mpy present us with models for a geometrical
chesry, tuch experience may be contrived, consisting in an
rtificial model or alternstively, the interpretation of
geometry may be found in the naturel oxder of things, Uar
conceptual imsasgination like ifts artistic counferpsart, drawe

inspiration from col ects with experience, And ika the works

a

tend

=t

constructions of mathematics

therefore to disclose those hidden princinles of the experienged

rld of which some seattered traces had first stimlated the
etile process by which they were conceived, fnelidean geometry

when Groek methematics

L]

eviesed s deductive system that seemed capable of being embodi
in the behaeviour of observable things insofer as they are, in
roximation, idesl solids We lnow slso how this construction

praoved desper than its first understanding by its autiors, Like

approgching the

=
-
- M
L
(=
a
-
=
e
e
&

. | -, % & ¥
SLULlabes, yol1la L1TGE AEL | ;. 800D lay open 1 JCLEGLY DY caESstG1ng
J ! E A
loose from this very ¢ ption, on at last geometr
S . 3 - o T I i 1 4 ard 5 F s oo am B v : T - 3 «
palised 1ivs capi Cle%Yy Ior modllyin i%8 &Xlioms, 10U reieased such

e B & b o s M=t o i o el b e & 2 o e e
naew powers o1 conceptusl construciion Tnsag lt ank J.G{. ]'Uf}ll 8

A 1 Paatvran P =walna =4 1ornamiee maner h ~ & |
formel features of relalivistie aynamice, ARONE e DawW

(o]
m
€5
B
L8
W
(=
ct
.
=
it ]
= o
;

geometri me concelivable There was one whicn,

O

embodies in terms of experience, proved to represent & system of
dynamics far surpassing Che hitherto accepted system in coherence

and power, When experience 1s teken to be an embodiment of

geometry, geometry comes to be regarded as the image of experience
and it may become possible to test its correspondence to

experience, The observetion of relativistic phenomens hes served
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a8 an experimental test for declding whether the material
universe wes an instance of Riemann's geometry formulated 1

sinstein's rules (when combined with

. : _ . p "
c 1ine roupé of poly énd the 250 space groupt
{ - 1 oxds = o ¥ i - .
= ndelin.vely exvand paiterns ol pol in Bpace,
pHeTry conabruc Gion: 1al ly initiated by a
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COLLeIn “i0O0 01 Crystalis and culations asbout thelr atomie
G vuIe § a ralc) Wl ;end to refer o these matters
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{ 16 15 11 1@ I0LLO0WLNE Up o1l (hls relerence oy
) A o} v en cal grounds for r agceplance of
CXysel D § nic theory must be found,
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reprs v rystal 1) 6 fall iné iy of the 32
C 18 01 &Yy W, ¢laimed by o tellogrephle bhe Lo

the might lesd o ivs modificstion, (2) up 3 on
the other hand that ell crystals were found to beleng to one
4 £ | & | ] 1 1 = - e P . . 1. -
le . e alleged to be possible, Though this
conflict with the system it might febelly wesken 1
rendering it practicsasily pointless,
ha +ha F arnnAS W <14 . 3 o I e
110 LU y 0L SPECE=- QuUpe culd be invi G oy
experience only in the latter way, lts claims to be & com

conceivably be
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21 contact with ex ynee supelying W
& subsequent creative performance, The elaborste deduction of
ihe systems of symmetry is valid 1 4n the first pliace by the
intellectual pleasure offered by i in l co the

its menifold ingenuity and the fascinag
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