
Historical shifts in the use of analogy

in science
11.

Ded,re Gentner and Mirhn'el Jezinrski

Analogyiswidelyconsideredtobeanimportantmechanismofscient i f ic
thinking and a source oi.r"utin" insight in theory development (e.g., Tweney'

Chapter 13, this 
"ofo."j. 

No less ai authorityihan Johannes Kepler stated:

"And I cherish tor"-i'tun anything the Analogies' my most trustworthy

masters. They know ali the ,""r"., of Nature, and they ought to be least

neglected in Geometry; (luoted in Polya' 1954' p' 12)' In addition to its uses

in scientific discovery, analogy tunctions as pariof ^th9 
wo1\1day tool kit of

science. In instructio", 
"."iI!. 

are told to^ihint< of electricity as analogous

towaterorofaddit ion-u.unutogoustopi l ingupblocks.,andinproblem.
solving analogy is a standard toofu.ong both experts and novices (e.g., see

Clement, 1981; Collint A C"ntn"r' 1987; Gentner & Gentner' 1983; Van

Lehn & Brown, fg80)' Finally analogy is also used in everyday reasoning' as

when the stock market is saii to ,.climb to dizzying heights"or when ther€

is said to be a "uatancl of t'ud"" (see Lakoff & Johnson' 1980)'

Yet for all its usefulness, analogy is never formally taught to us' We seem

to think of analogy u, u nuturur hliman skill, and of the practice of analogy

in science as a straigrritor*---uiJ "*t"nrion 
of its use in common-sense reasoning'

For example, william james believed that "men, taken historically' reason

by analogy fong before ffif'un" learned to reason by abstract characters"

(James, 1890, //, 363)' All ihis points to an appealing intuition: that a facility

for analogical reasoning is an innate part of hu."n cognition, and that the

"on""p, 
o'-f a sound analogy is universal'

In this chapter *" ;;;i"; this intuition. we begin by discussing a frame'

work for analogical tlutoning' We then present examples of scientific uses

of analogy from three time leriods'.working backward from Sadi Carnot

(l.gu''g3,)to Rob;;Boyl sit'n-Vt',and firially to a set of alchemists active

before 1550.' On the basis of these examples, we contrast :l: 
ttyt" of anal'

ogizingpracticedbyscientistsatdifferentpointsinhistory'Webelievethere
are significant diffe;;s in the style of thinking, in what was felt to constitute

rigor, in what was 
";;;;il 

u' u souna argument and a justifiable conclusion

- in short, in ,ntui t'a' been taken to de the logical and scientific use of
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object descriptions, or both. Recall that annlogies discard object descriptions

andmaprelat ionalstructure.Mere.appearancematchesaretheopposite:
Th;y-*;p aspects of object descriptions and discard relational structure.

Literal-similarity *u,"t o map ubtn relational structure and object-

descriPtions.
Asanexample,considertheRutherfordanalogybetweenthesolarsystem

and the hydrogen 
"".. 

i.ugine a peison hearing it for the first 
1i1re 

(Assume

;;;;tbt kn-owledge aboui the solar system') Th" Person must"

setuptheobjectcorrespondencesbetweenthetwodomains:sun.+nucleus
and Planet + electron'

oifi id object attributes, such-q -YplLoW 
(sun)'

Mao base *f"il"i. r"Cii'"r-lvf-One MASSIVi' fifAN (sun, planet) to the
";;;p""ding objects in the target domain'
observe ,y*r"ii'i,iiffi;jl, i"i.k; "yriem 

of interconnected relations such

asMoREifi;dinitTH-Anlsun'lt"net;qndREVoLVES-ARoUND
(planet, 'difi;;; ri"it! u1, higher.ori|er constraining relations, such
u. cAus;,lffi'til'm" *nti" tvtt:P €n "pptv l11T 11ee1 

as well as
the base. fio", tft" deepest poteritialty common'system of relations - at

least in 1{)6 - is the central-force system:

CAUSE {AND [ATTRACTS-(sun' planet)]'

lvrOne'lvrnSsIvE-THAN (sun' planet)l''nivb-r-w'nRouND (Planet' sun))'
Discard isolated relations, iuctr as HOTTER THAN (sun' planet)'

SYstematicitY

central to our undentanding about analogy is lhal it conveys-a system of

connectedknowledge,not"'","assortmentofindependentfacts'Thesys-
tematicity principte is inctuded to formalize this tacit preferenge for coherence

anddeducti""po*",inanalogy.Thesysternaticityprinciplestatesthatin
analogy there is an iirpilit ."r"Jtion rule to seek a common system of relations

ii.". , i ,vr,"n t oln iti" base that can also apply in the target). That is, among

the possible commonalities between Uase anO target' we seek to find an

interconnect"o pr"Ji""i" structure in which higher-order- predicates enforce

;;;;;;-t* 
"r"og 

ro*"r-order predicates.3 A predicate that belongs to such

a system is more ik;t ;; be inclu.ded.in thi analogy than is an isolated

predicate: gy pro*;dg a""p relational chains, the systematicity principle

operates ,o pro'noi" pr-"ai.ui", that participate in causal chains and other

constraining relations'a
The structure-mafping dnciples have received convergent theoretical sup-

port in artifrcial i"lJlif;; ,a1d -n-svchology' 
as well. as in^other areas of

;;*" science (Bursiein, 19g3; Hesse, 1966; Hofstadter, 1981; Indurkhya,

1985; Reed, 1'987; Rumelhart & Norman' 1981; Winston' 1980' 1981' 1982)'

There is widespreao ugt""t"o, on the basic elements of one-to-one mappings
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Indiscussingthislast"nomixedanalogies'?rule'wemustdist inguishmixed
analogies from allowabl" 

"ur", 
of multiple analogies (Buntein, 1983; c'ollins

& Gentner, 1987; Schumacher & Gentner, 1987; Spiro, Feltovich, Coulson,

& Anderson, in press)' [n some cases' sereral parallel base-analogues are

used to make the runri'point"oncerning the target domain' Here' although

several analogies embody the same abstraction, each mapping stands on its

own independently oi iri" others (see the discussion of Boyle's analogies'

below). Another ailo*aure case is tirat in which the target can be partitioned

intoseparat",uu*y,t..,,eucr'wittradifferentbaseanalogue.Athirdallow.
able case of multiple ;;;G.r is that in which the analogies are alternatives'

eachusedtoi l luminat"udif f" ,"ntaspectofthetarget(e.g.,electr ic i tyas
flowing water or as crowds of moving particles [G,eniner & Gentner' 1983]

or variables viewed urlo'tuin"r. or is-unknowns [Burstein' 1983])' It does

not entail a loss 
"t 

ig* iidiff"rent analogies are Lach used separately and

consistently. Ho*"""i, *hen different analogies are merged, there is often a

ross of precision, since the various analogues may suggest different object

correspondences. A '"uton"'who shifts among analogies without establishing

firm rules of intersection risks a lack of clarity in his or her oonclusion. Thus,

whereasrnult ip leanalogiesforthesamedomainaresometimesperfect ly
rigorous, mixedunuiogi;' violate the consensual rules of sound thinking and

are vulnerable to challenge'
Finally, analogy. u"ir""""n domains is a separate.b:u" ItoT.causation 

be'

tweendomains.artrr-oughanatogycanbeusedtoinferthatidenticalcausal
relations exist wilh;; ori" ao*uin as within the other, it cannot be used to

infer causati on arr,,"n ine base and target domains; nor does evidence of a

causal relation between the domains strengthen an analogy's .
Table 1,1.1 .urruiir", these rules of siundness. Note that although the

rules concern only ii" ,oondn"ss evaluation, they are intimately related to

theprocessot'nur.ing""*inferences.Asmentionedabove,newinferences
are typically ,nuo" Ui u f'9'"11 of slsym completion after s.ome degree of

match has been esdblished. The most typicaf kind of c,1ndldate inference

occurs when a pr"Oi*t" is found such thaiil) it exists in the base but not in

thetarget;(2) i tbelongstoaninterconnectedsystemofpredicatesinthe
base; and (g) other pr;icates in its system have matching predicates in the

target. Then the pr"[i.u* is postulated to eiist in the target as well' That is'

ti""put,iuffy matching system is completed in the target'

The five *r", oo iliiett us whether the analogy is factually true; they tell

us only whether it'is souno. Verifying the factual validity of an analogy is a

separateprocess.soundnessrulesareenormouslyhelpful inthisprocess'
however,becausetheytel luswhatmustbetrueinthetaiget inorderforthe
analogy to be valid' in a rigorous system of matches' even one significant
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(ReflectionsontheMotivePowerofFire)' Inthisbook'hedescribesthe
functioningotut'ypott'eticalenginethatcanconvertheatenergytowork'
This engine consists oi".Vfina"ifilled with gas and fitted with a frictionles

piston which .un ,non"irl"ri"rfO'"ii" cylin'der. During a four-stage cycle'

the gas insid" i. 
"*puni";il;;;-*itha 

heat source (isothermal expansion)

and allowed ,o 
"oorrriu" 

aiution after the source is removed (adiabatic ex'

pansion). The gas it ti"n *tf'"""d by transmission of heat to a colder body

(isothermal *tp'"'JniJ; th":;{t" rutn"t decreases after removalof

the cold UodV (adiauJtiJ'compression;, t3ttotioe the original conditions of

the system. fn" poini of it i, 
"*"r"ir" 

is that thJ engine will have absorbed

a certain amount of i*t uno ,onn"rted it to mechanical work through the

movement of the pistoi. rrr" 
"p"r"ion 

of such an ideal engine became known

astheCarnotcycleoandtn'"'unimportantcontributiontotheearlydevel'
opment of thermodYnamics'

Early inhis ReflexJ^, c"*r, introduces the analogy bet\r,een water falling

through a waterfau ;;;;;; (heat) falling through a'heat engine. The basic

notion of an analogy between heat and noiO ** not n"t"' Indeed' the dom'

inant theory of neai uiit 
" 

tiln" was the caloric theory,6 which defined heat

as a weightless fluid tiJ rnur"a certain properties of ordinary mattel' Like

other matter, caloric *"' u *n'"'"ed quantiiy' incapable.of being created or

destroyed. Thus the idea of some commonality between heat and water was

not new with carnot, since uotr, are instantiaiions of a common abstraction

(i.e., both are nuios!'ilil;; ;"t l:Y *ut the thoroughness of his development

of the analogy - t# 
";;;ito 

wrrictr explicit causal structures from the water

O"t"f" werl'applied in the heat domain'

Carnot uses the analogy to set forth the principles of a heat engine' and

then derives further insights about the ro',in" power of a heat engine by

analyzing ttre systel oi'it"tiot" in the water engine'7

"tll According to established principles at the present time' we can compare with

* r,"ih"rc", ii"'*v tr'"'6ti* p"*"'"*l*1i1","f 

":: 
3ffi::tX'l tr'i,ffi

il[frSffifl::,n",1$.iffi;;a ;;d whatever, on ine ottrer trano'

tzt *jmru;:"rt;Til1"-"1!:pends on its.heisht.and on the quantitv

oftheliquii;'themotiveq"*-"'"11"i,i0."n""0-alsoo-ntheqrrantityofcalonc
used, and on what may be t"'t"o'tiittuiin i*t we wiil call' the height

of ix fatl,that.is to saV' ttrg-911er"ti""-ot t"tp"rature of the bodies between

r3lil"tl$"#$ltl1il:';:tTffi 'T;.lisexactrvpl"p'$9yr'lothediff erence
of level behileen the higher 

"nA 
fo"'"i"i"tJt"'oitt' In the fall of caloric the

motive p';;,;d.;;b,t-"?ly in",""."' *rii ti'" art"rence'of temperature be

tween ttre-ia#-i'tit'"'*ra u"iiltl t:ti" we do' not know whether it is

p,opo,tonjioi#afi;;;;".w""jo'nJr.now,forexample,whetherthe
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.t. . warer: DIFFERENCE (tevol <ht' 
P1"] :t:]

' heat: otrrineNce (ismp <h'' lomp <c>)

2. 'sater FLow (h' l)
' hsat FLOW (h' c)

3. ' natsr PowEB (lr' D
. haat POWEF (h' cl

4. . walet: tUAf POWER (h' l)
I heal: itAX POWEF (h' c)

5. 'watot3 cta [PowER (h' t)' DTFFERENcE{tevsl <h>', tavol <l')l

' haat: 
": 

l;il; ol 
"i' 

otttt"t*"E (tomp <h>' tsmP <c>)l

6' ' wator: cro IPOWER (h' l)' amt <h>l'

' hsat: ai teowen (h' c)' amt <h>l

' 
.;:".' ::',::',i**t li,'Til:'Jk';":'::' ;:' "],'

ai leowen (h, c)' amt <h>ll

8' ' satot: CAUSE IDIFFEBENCE (lovel <h>' lovol d>)' FLow (h' 1)l

' hoal: 
"ou"' 

io'"tttNcE (tomP <ht' tomp <c>)' FLow (h' c)l

'' : ;::::' l:llill' il' l; 
'iii':i'111ff:Ti":;::i::'

" :;::::' ::::: fi::::ff: li::l:ll ffl';'"'"J"'i"'l''1"
11.' sator: CAUSE IFLOW (h' l)' POTilER (h' l)l

' haal: cAusE [FLow (h' c)' PowER (h' c)l

Figure l1'2' Propositions derivable from Carnot's water/heat analogy'

In [2], Carnot explicates tfre an{11v more explicitfv' !V 
comparing the

difference in tempeiature between ,*" u.ol". to itt" hlight of the fall in a

waterfall's This correspondOnge b:l*:"n difference in temperature of two

bodies ana oirer"nce in t"n"t, of two i"t"t"oio is crucial to the analogy'

Carnot uses this correspondence in 
" ffit"o h:gh:::::*:relation; he as-

serts that, in each case' the power produced by thi system'depends on both

the amount of dre suustance (water o, ruroti"j that "falls" and the distance

"i 
ttt" "droP" between levdls:

DEPENDS'ox {Porvrn (high' low)-

n.o to't"il*"i'a"""iittiin;' leJelclow>)l'

lumountco'ater>l)

DEPENDSoN {ro-wen (hot' col$)-

oooo 1o'"r":*Jx"'l' lt"tpti*t"re<h&>' temperature<cold>)]'

Iamountcheat>]]

This combination of inferences - the fact that power depends on both the

difference i" f"""f""J ti"-u*ount .f ';;;i;"ce" involved - solidifies the

\ \ ,

fr

t
h
t l

t

}
t

I



q;.

I
'n

'1;;

palue^\ aq aldreurrd I{rEe roJ sapopue ro saldutuxe lere^es quo; tnd uago

all 'rezrEoyuuu rgllord B oslu ssA\ aH 'lslluelcs el{l JoJ ss ll3t$ su uosred'{e1

eql roJ elorr\ aq puE 'saruelrs eql sB lle^\ sE uo€11er pue '(qdosoFqd u! palsa

_r"ru!",r"r!r^ cgrprd u sum e1,(og .sase3 ;o scrsr(qd er{l Jo Eupuetsrepun eql

ol suounqllluoc lueuodut puu 'satp>1le pus splts Jo lunotce eql ol uopsc

-gFetc 
" 

'slueuela Jo Jeqtunu 
"qt-iut"no"slp 

ol elnoJ pcprdtua pasodord

e pue seldrcuud rno; Jo ealql ;o.pasodtuoc st Jeueru lBtll Are!^ eq1 1o anbp

-lJc s ere,n sluautqqldurocts'srl Suoty '(sog 'd '661 'ueu11pg) 
"3uqu1qt

pcrtller{r ul cfol cgltuarcs Jo tplds pcrlpc i(1nn u asnols ol ifinluec aql Jo lJortt

raqlo due usql eJoul plp,, l!'suollppe qll/{ 619[ ul urete pue I99I ur flsnoud

-uoue tuuea aatxtt-irlc 1'o4tdatg eql ss^r {Jo^r plluangut lsoul srq '(1qeqorl

'JaDBtu eluulusut ol ..elBq" puu ..e^ol" sB I{Cns selllpnb usunq tupnqpt

-le-Jo acqcsrd peerdsapm eql ssuslp ol sJalueupedxa lsrg el{l Jo auo sstn

'fulstueqc urepout Jo reqrsJ 
"qt "q 

oi '{u"t '{q paraplsuoc 'a1[og 'OO-ngi

a1{og ueqou lspualss qsqtug aql ol sree'{ 0€I reqlouB {teq a^oru ̂ \ou eA\

altog uaqog

'ftoluuu Jo esn Jgqueps uJapou eql

uro{ elqeqsrn8utlstpul s {Eoluuu Jo esn s,lolueJ 'goqs u1 't{JJBesaJ JequnJ

JoJ sEeJe peAloseJun tutlear\er u! lnJesn su'n dtopue aql lsql luepno s! lI
' , t to leuepaxluu;ouorlseE3nsoustaJeqlpuB'psp1oneejs. , ' lsaqsulBluot

Jalet\,, ss qcns 'suopeler umuop-uea'lt\leg 'selllpuotutuoc IEuollBIeJ esaql

;o suoqeclldut eql azf1vuv ol puB sulsurop o/lll eql ol uoruuloo sapuapuad

l"p ,"pro-r"q8rq aqt aieclldxa ol s{ae: eH 'ernpruN Puoqeler clluuap'(s

uo'ruroc uo sesncoJ 
"q 

ir"qrnU .saprienb aJspns eruqs queuodtuoc Eurpuods

-arJoc Jeqlaq^\ qllrrr peuJatuot lou sl eH :saqtletu elnqlJue spre3arsp eg

'seqtletu IDuoJIBIeJ uo peseq eouapuodseuot euo-ol-euo uI suleruop oA$ aql ul

*rr"1qo 
"qr 

srrna loureS .I.II alqel ut ua,rtt Eutuoseer 1e_cfoleuu snoroEu

Jo selnr a^g eqr 1""* itolnue slq Jo uollstlldde puu uoqdlrcsap s'loureJ

qrrseser n\au ol pBal uec ,(Eopuu A\o-q sel*rlsnlll slqJ 
"""i0t"J""#I'[1letll qJIqA\ le arnleraduel eql Jo sselprutar '1uelsuoc ulsulal tuoluJ Jo 'JPJ"

uairie iq pacnpord ranod aql saop (sl lgt{l lsaurtue leaq JoJ slslxe uopeleJ

etuus eql Jeqleq^\ suorlsanb ueql eH '(s1a,ro1 uee^\laq aJuaJaJJIp aql ol lEuoll
-rodord ,(prerlP ,1 ,"tn^ 1o 11"1 u"ita n 'tq p""npord renod sqr lsqr 1ruJ eql)

ranod Jels,r Jo ulsuop aql u! uolluleJ rapro-raqErq s selou ag 'sasaqtod

-{q ,nau 6upsaEtns ur ftopue Jo esn eql salsrlsuouap louJeC '[g] ut
'dtoluuu eqt ot Euolaq ruql uleluop JeleAr eql u!

seluctperd aql quoJ sles Z'tI ernErg ileeq puu JaIEA\ JoJ sploq leql eJnpruN

puoqeler uotuluos'aql t^"q. 1'11-n8tg 
'sau€ua oA\l aql uea'j$leq '(topuu

"u ,o ],lllt,u

' l lL

l L,rllfii

,/ jlli
lt 

tn'*,

s0€ f,&o1nuo t{rluncs u1 uty4s lotltolslH



\ \ .

Nt'
\ 1

<"

,h"
i I

\

H:
[ "

/

- 
[''* r

I.{:-+"
t \k
\ J \

h.

I
I

306  D.  GsNTNER AND M'  Jezronsr t

to Drove. These analogies seem to have becn intended both as communication

a"ui""t and as models to support-reasonlng'

A characteristic example oi Boyle's use of analogy occurs in his book' of the

great fficts of ,,".tois!uia ""d;;i::i:dtocatmiion' 
published in 1690' His

Purposeinthisboorwa-stodemonstratetheimportanceof..localmotion,',the
motions of many rrny ;;;;. ili" *-*Jio establish that the combined ef'

fectsofthemotionofmanytinyp-articles-eactrinuisiuleandinsignificantinitself
_ can cause lurge-.cd"'J#ng"" lff" ru,n such effects as a unifying principle acros

domains such as light; il;"d;;;; andfluids. Atthough some of his points now

seem to needno O"t"nr", it irwasinotthe case inhistime, and heclearlyfeltthe

need to pres"n, ulnpr" Juio"n"" to, ttrir conj ecture . He cites examples from one

i"rn"i"-"t 
"t 

another to support his clai

Bovle's examples;;il;;" function in two ways' First' they serve as rn-

Stancesoflocalmotionanditseffects-thatis,asinstancesofaprinciplethat
can be effectivety applied to several domains' The more numerous and varied

theinstances,themorefaithwe"unp'"'u'*blyhaveintheprinciple'second'
the examples serve * 

"*f"gt* 
thi can be compared to one another to yield

a common structural abstriction' By comparing t:111t::*ances of local

motionn Boyle led his reuder to focus-on the common causal system' Thp

iJ;;;;t;*rpt illustrates his stvle of analogizing:

(Chap. IV) Observat ' lll' Men und'ervalu'e the motians of bodies 'too srnall to be vishle

or sensible, notwitttsilnding their N*ne'ou"no'"-iiiin i"oU" them to act in Swarms'

tll [Boyle grans that most-people think of small particles as' like'grains of dust'

which,althirji-i*i.iur!,.."onotp"*t'ut"tti"bodiestheyfallupon.Asa
result, ttresJ!?aint'*nnot "tf""t 

t'he lareer bodies'l

But we tuy iun" other thoughtll;";"ll;n!i'O9t' that the Corpuscles

we spe ar< or| il, d ih" i''iry::r^:; :*Sj; :l *tffl'ru:ll#ljH:
f'mt;:Wf g'i::"'f :'i5?'Tii*;;';*tuo"sot'tt'e'minuteparts'
whereofttraiuoovconsists'ro'tr'it'i"ine-g;;;i;d1tT-lcl'':"supposeeach
,ingt"'Suiiii;;;db.i" *.u:o min-ute; vet' since we mav suppose'

.nJn,oiio ;#i;' ;G ;*" :'-:l{iffil|}'Tin.; :l lfl: rllX'l5 Ji{[!
:1,'gi1T[3:ff 

'"?:.,,nil"1il;'ilffi 
"-'i*'"aiur",tr'uiumottituo

of little Corpuscles in motion t"r'"t"'i"iit"'-eiit !l t':tlt we know' be

very switt)'Jioiil"b;'"b1" i. rr"* 
" "atioeiable 

operation upon particlo

eitherquiescent,orthath"n"utoti*ioostot"tobeperceptiblebysense'
Whichmayperhapsbeth"b"tterconc"ivedbythehelpofthisgrossexample:

l2l ?lW';,{!ru|lft ""lt*:.^11d 
with Ants-eggs,'pside down' vou mav"

sometimesseesuchaheapof"ggt,;li l iJ*itrti"n"-lobseearth'asafewof
those lnsects' if they- were yoatea loeZther' would not be able at once t0

draw after them; but if good 1"L0"i'9ii-ri"t 
ai*p"tt"themselves and range

up and d"ff;A;;;'"f, l"v,ryf$ her own egge' a'nd hurrv it awav"tis

somewhat surprizing to see (as t nl"" *iiit"pr"-"EFFtl how quickly the

heap of eggs uiilt.ue.oisptaceo, *,n"i u-rrno'i Jvery tittle egge has one of those

littla Insects to deal wltn lt'
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(b)

Figure 11.3. Boyle's analogy: the common relational structure for ants moving egs

and wind blowing leaves.

N

j  ' '

I

relative numbers of ants and eggs) that the entire mass of eggs can be displaced

by the ants. This exemplifies 15" principle that a large mass can be moved by

the actions of many small particlis. The juxtaposition of disparate examples

makes it obvious that the relevant commonalities here are the relations be'

tween the objects, as shown in Figure 11.3; characteristics of objects are

discarded. Boyle uses the anthitl unalogy as a rigorous structure-mapping' He

does not suggest that the corpuscles involved in local motion are /ike ants in

themselves; ior example, he does not suggest that they are living organisms

nor that they possess any instlnctive notions. Nor does Boyle imply that

particles of matter are white or soft or otherwise egglike. Rather, he focuses

on the relational commonality: namely, that very large numbers can com-

pensate for a very great size disadvantage, provided that penetration ofthe

iarger by the smalier can occur. Under these circumstances' many small bodies

in motion can carry off a much larger body'

.*Ft
\J"



I
'tr-

uBc slql qc!q/t{ repun uolllpuot 3I'$ lsql puB speJJe elqFl^ InFe^rod eonpoJd

ol eutqruor uBc sepluBd IIBtuS duBlu Jo uollotll eql lsqr qsllqBlse or peqsF{

dldtuls-e1r(og 'ete1s r(1rea sql lV 'eare ctdol aq1lo etpelrtoul Jo qtdep rassal

eql ol Ued ur enp eq fuu qqf 1nq - eldurexe JoJ 's.lotueJ se daep se lou

are ,(eqt - tearE 1ou s salEopue eql;o fllxaldruoc eq; 'sruelsfs PuopEIeJ
uoruuroJ lnoqe aJE 'uot1lpurl tuapotu aql ul 'se13opue aqJ 'lno letuut

IF,$ scpslJeperzqc nefqo cglcads fue teqt saeluerenE,(lengn salduexa eqt

io fr"1.r"^ raaqs eql ,peepul .uollour lerol Jo ulgtrlop laEret aqt otur qcalqo

eseq egl Jo scllslJepeJuqc cglcads aql duul ol papuelq lou eJB e'$ 'slee 0J

qu" qrr,* uosueduroc aql sv :peprBJslp eJs salnqgllu pafqg 'ecuepuods

-euoc euo-ol-auo q pereld eru spafqo aql 'sapopus sll{ Jo tlc?e uI '['Il

elqsl u! u^\or{s spJBpuBls luepotu eql ol suuoJuoc fEoluue Jo esn s.elfog
'uollolu

lsJol Jo lepolu psJNqB uu IeeAeJ ol JeqlouB euo qlF\ pereduoc eq uB'

saldruexa aql leql sl lualu! uotlltltor aql 'suoltJsJtsqB uoruuro3 Jleql Jo 3nu$

,(q raqtoue euo ol e1z1er ,{eqt lsalduuxa eseql uae,$laq r(1tnq1uoJ tr upns ql

-U q ereql '{1ddu tou op pue op saldrcugd aql q3lI{A\ ut suopsnlp slserluos

ro nuolloru IBJoI Jo ecuelsu! ue suleluoc qdurtured qteg 'elqlsneld aq fnu

uaql sezFBuruns luql lepou eql 'Jntco euautoueqd eseql Jo llE J! lsql sl

etssseu i;c11drur eqa (.Suoupruoc i(1pnba are suospudtuoc aql * lou'a6po

J,r\ou{ uprrrop lueJJnc ue,rtt 'eslnoc JO) 
'ft1prfe,r sll eleJ$uotuap ol pautls

-ep s$uglsut Jo seues palJB^ e epurord ueql pus srsaqtoddq s1q tuaserd ol q

qjeordde ptgoleqr stH 'ernpruN puo$eler uouruoc Is3lllrr eqr tuprJlldxo

flpgeruc 'selduuxa 1o 4ud euo uo llaArp lou seop e1,(og '1oure3 ell|un 'sosn

aii sar3oleuu Jo uotss€tcns ptdur aq1 s1 3ur1p,tt s.eldog Jo aJnleal EuHFls v
'salduzxe ;o les s.alfog ssorce

secuapuodsauoc eql st\olls Z'II alqeJ ..' 
' ' 'uollcerluot slt Japulq ol pue

eql ls pe$ eJa,n pBel;o spunod aJoul ueAa ro ,$x1s 'l(ug Jo lq6l3'ir e qtnoqt
'IuFrqs l! e{Blll ol alqu etertt 'staqurnu lusrt u1 duraq aqt;o sarod eql Euueluo
.JtB eql ur tutultul,rs 'sa1clgud plumq Jaqlo pue snoenbB,, eql letll soluls

puB 'JeqlBe,t\ lsloIII u! )tuFqs duraq tuteas seqFcsap ag 'slueqdale sE qtns

i1nur1u" etrel tugladord;o alqedec aru feql 'e1qts,ru1 aq o1 qtnoue elnuul

eq ,(uru q14ds pruluu qSnoqtp leql seuesqo e1,{og 'slutod snoEopue olutu
'flanlFadsar 'ador ;o uollteJluo3 eql pue .,slu1ds IBIulus" eqF sep qilqa
'sqder8erud o,vr1 SquputeJ aq.I. 'suegos apelq eql puu ,,pe1e11te d1ectsg,,

auoreq se^lesrueql Flau Jo sa;csnfuoc eql reqr lpseJ eql qlpr 'leletu eql olul

salcpsd snoautt Jo uolsuAu! eql Jo sruJel uI Isleul Jo 3ur11aur eqt sqqdxo

pue salclued lutus r(ueur;o pasodtuoc ss eJg sar.lecrad eH,'uo$otu l3J0l

Jo eJuslsq uB s? epBlg aJlul B uo eJU Jo speJJe eql sluasard a1,(og '[9] ut
:rpuprugg 'saqtugrq Euiryarq pue se^sel go Surnolq 'eeJ1 e qtnorqt tupsud

pur,$ Jo elduexe aql sellt eq '[€] ut 'alduuxa roC 'uolloul latol Jo spalJe eql

;o saldutexe snoEopuz puotllppe PJeAes epnord suolpas Eulupuler eq1

.::-

r.".
t, ,i

t
I

\,;$

1l,n

'',\,

,h[

/ { i
I i"t

tSolouo c{puaps u! s{ttls lnllotslH

:
I

i
I
L

609



,^T
3g 8,
I is s.E
TE & &.2

I
:E9
0 , ^ x
= 4

E E EE
8yga
ar*
a U
3=G
E66g

(.;,
= a.)

! : . : x
x x o

9 9

? > , o
^ 2 o
o ( ) . =
* b g

o
o
o

b a
fi, c)
o o Z
E ( ) : ' {

h 9

Sr^o a
H q )

C)

e a E

EEgF€
;tst F€

\o

rn

rO

or

q

E . ;
a ' .9=

()
h c )
6 n
- o o
<E

€

r-

0o
a.a0

s i l
Ei l
s i l
t l l
u l l
s i l
oo ll
s l
E I
\ ) l

H I
o la l
8 l
o o l
o
f3

ct

b
I
q)

4
\)
Ao

b
3
q)

q)

.i

c)

F

I
\ \

\" \n

|\**
\ \

>;*\*

h.-] l
f,

\ * t t ,

,rd*
f  

' q ,

/

.\, =_\*_.

l
a

f"-. ,
/Y-
I,+-
\ t\"

\J 
hr



t '
l1

,h

peel plnoA\ stuolqoJd aseql Jo Jeqlla Jo uopnloseJ anl 'uBtu 
Jo uollstgFnd

Ienlurds eql ol snotopuu se^\ plot olul splaut esEq eql Jo ..uo$ucggnd',
aql lsrll ss^\ Jolleq lerluec v 'seseqld{q r1eq1 tupruap ul sauBld lBuelsu
pue lBnllrrds oql ueea\leq s3IEolBuB uo ,([A?eq pallal sluarsqpB sll 'plJo,$

Fcrsfqd eql sB lle^\ ss pFoA\ IBnluds eql ulBtuop sl! s8 {ool ,(uaqcly
'(UAt'a,rot6

-peu) auols s.reqdosollld eql ss u^\ou)l tsflBlsr e pslnd 8 Jo dleq eqr qlFtl
'rallls ro plot olu peel ss qcns slelelu eseq Sulualuoc {q rftoaqt sF$ $ua^
ol ssr$ slslueqclu fueu ;o poE eqa 'reqlous euo olu! peueAuoc eq plnoc

seJuulsqns lsql os 'e1qu1nru ere,u deqa ..'lnos,, uouttuoc eql Jo suoll8$aJlu8lu

relno eql [1uo arem suroJ asetf,L 'peqo^e psq suroJ lueJoJJIp qclqa luo{
'urtrro euo peq Jeuslu 1E l€ql Jellaq aqt uodn pescq se,$ U 

'pedsal puuruuot

plnoqs lBql sernlBeJ ,(ueru puq l1 'peuEluru ueeq ueuo seq {uaqcp qtnoqt

JV 
'(6t6I 'ro1r{u;) frnluac qluealue^es eql Jo elppFu aqt qEnorqt lqtnoql

3ulluelrs ueNe/l\ u! euoJ lueulrop B se'$ 'Q96t'lpruqrlcrng) 00s 
'c'v

lsual lE ruo{ Jeqloue Jo ITIJoJ euo u! pelsue qc1q,n 'frueqcp;o acpcurd eq;
'plou

aql ssorcu uor; EuztSopus Jo sureuud Jap$uoc IIIA{ e^\ 'lsFuaqcp elEuts u

uo Sulsnro; uuql raqlug 'suotlclpard rpql tulluru u! pesn ,(eqr frpepu;s;o

suJoJ eql ez{puu puu 'slsrureqJp eql ol IcEq eaolu e,t\ ,to11 ',(3opu8 Jo esn

prlel e;o ldacuoc Jno ol truoJuoo peJappuoo e^Bq ell sefopue eql 'JeJ oS
'Oe-tZg;) a1,{og or (Zggtle1) loureJ tuory aurll ut {teq pe^ou e^eq e1y\

s'sluaq)p aql

',(EoPuu Punos
E selnl$suo3 lBq/$ Jo A\eIA Jleql uI luapotu ,(lpquessa qloq eJB daq; '[t1cpu

-ualsr(s puu fcualsJsuoJ lsJnptuls Jo slulEjlsuoJ eI$ e^Jesqo qtoq louJeJ puB

a1,(og 'saruareJJp asaql elldsap laa o,'suolllpEJl lBnpanalul 4aqf u! eJuara$lp
e ol ued ur sduqrad ro 'eup s.louJBC uI pe$xa luqt aEpal,nool ulsulop Jo
qldap releart eqt ot anp ueaq a,req duu erueraJJlp stql 'Jeqlo eql Ja$B euo
'sefopue ;o fpruu; eloq^r e sJeJJo 'lsetluoc u1 'e1{og 'Eunuera;ut JequnJ

ur saldrcuFd aql esn ol uo Euto3 ueql pue ,(laqcard t1 tulureldxa ',(3opue

auo pesn louJBC '{Eoleuz Jo asn rlaql ul lsqaeuos JaJJlp louJBO pue a1i(og

ttoutuns n :a1&og Puo toutDJ

'eJnpruls lEuollsleJ eql Jo uoll"lluslsul

alerudes e s€ ua\o slt uo spuuls aldutexa qcea isuoqelal uleulop-ueeAqeq

rou serSopus pa4ul ou alu eraql 'se;dutuxe Jo Jequnu aErul aqt;o a11ds ul
.{geurg 'seldurexa asaql lnoqEnoJql peulelulsql sI suopeleJ Jo las cpuruels,(s

sull .Jallerr ratrul aql eleuaued ol alqs aq selcrped Jellulus eql letll sl Jnelo

r"","
*' , , ;

t
,,,$.

u

'',\h

,/ {,,
t

I T g {&o1ouo c{1uatrcs u1 sttlrqs locnotslH



C
\ . \

ft-q_

!--il"r l
t

h
/

t

\,,

3 L Z  D .  G e N r N e R  A N D  M .  J s z t o n s r t

to an understanding of the other (Redgrove, 1922). This "macrocosm-mi-

crocosm" analogy was a foundation of alchemical thought (Debus & Mul-

thauf, 1.966), ,o ihut "some men pursued the renewal and glorification of

matter, guiding themselves by this analogy, others the renewal and glorifi-

cation oiman, using the same analogy" (Taylor, L949, p' 744)' The macro'

cosm-microcosm analogy was central to a wide network of correspondences,

in which nearly every iubstance or procedure considered essential to the

alchemist's crait had on" ot more analogues. These analogues could overlap'

For instance, whereas metals symbolized heavenly objects (Burckhardt,

Lg67), a combination of two metals could be viewed as a marriage (Taylor'

Ig4gi'.The alchemists exhibited prolific use of analogy when compared with

earlier or later scientists. But the matches they generated were not-necessarily

similar to analogies we would use. Indeed, Redgrove, writing iyl9n(p. xii)'

stated: "The alchemists cast their theories in a mould entirely fantastic, even

ridiculous - they dfew unwarrantable analogies - and hence theirviews cannot

be accepted in these days of modern science'"

what were the rules that governed the alchemists' use of analogy? we

begin with a prominent family of analogies that used as the base domain the

"gi 
o, the seed, and as the tlrget domain either (or both) the principles of

*utt"t or the components of a human being'

Befor" considering the analogies themselves, we need to give a brief his-

torical summary of th--e alchemists's notions of the principles of matter' " Based

on the works of Plato and Aristotle, alchemical thought postulated that there

was a primordial source of all earthly matter called First Matter.12 This Fint

Matter was manifested in a small number of primary elements - fire, air,

water ,andear th -eachofwh ichcombinedtwoof thepr imaryqua l i t ies -
ho t ,co ld ,wet ,anddry :Forexample ,asshowninTab le l l ' 3 ' f i rewashot
and dry, earth was ciA anO wet, etc. Transmutations occurred if the pro'

fortion" of the qualities changed: For example, fire (hot and dry) could be

ct anged into earth (specifically, into ash) by losing its heat. The alchemists

werJparticularly inteiested in transmutations of.metals, especially the trans'

mutation of base metals into gold. such a purifying transmutation would not

only prom.ise great wealth, but convincingly demonstrate that the art was true'

Therefore, thi theory of metals held particular interest. During the twelfth

and thirteenth centuries, metals were generally held to consist of two com-

ponents: mercury, which was fiery, active, and male; and sulfur' which was

watery, passive, and female. By the sixteenth century, the dominant belief

was that metals were composed of three components; for example, Paracelsus

(1493-1541) proposed ̂  i't io prima," of mercury, sulfur' and sall' which he

held to underlie all matter.

Theegg.Theeggwasusedwide ly inana log ies .Takenasawho le , theegg

n"-
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Figure 11.4. Object correspondences in the egg analogy'

ofsingleentit ies(e.g.,. . thestonewhichis.notastone,' ' the..brainofala.
baster"). In (2) and tgj, ti"-;po1*'1of.the egg are.succcssively compared

to the four elementr'of uncieni Greek philosophy ("1ft1' water' air' and

fire),rathelayersofaseed,andtheaspects-ofahotanbeing'Thesemultiple
;;;dt 

";e 
rather aitt"i"nt from those of Boyle' in part because the alche'

mist does not attempt to delineate a common it-.tot" that holds acros the

oily portion )

-----------3 
n"sn

several systems.
A more striking difference from Boyle arises when we consider the isue

of one_to_on" *"ppingr. tii *il be recalled that one-to-one correspondence

is one of the constraiiis in cunent analogizing' and thlt Carnot and Boyle

both honored this prinJpi"'; ngutt U'4;ho;s the object correspondences

in the above set oi anallgies. Ii is apparent that achieving one-to-one c'r'

*.ponJ"n." is not of priirary concern'.Indeed' the number of components

involved in the ,orr"rionO"nce varies from analogue to analogue' For ex'

ample, as Figure 11.4a shows, the object correspondences for the analogy

betweentheeggandthefourelementsofmatteraresuchthattheelement
of air must be either o,,.,i,,"o (hard to imagine, since it is clearly one of the

four elements of mattef o, etr" placed in iorrespondence with a previously

used element of the egi, yiefOing a mapping of four o!lect1.o1|o five' As

Figure 11.4b shows, itiJrnuppinitrot il" i*. t:-lYf::: divisions of the

seed (or aspects or u nurnun'being) is also not one-to-one, since both the
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Table].l.4.Thealchemicalsystemofcorrespondencesamongplanets,
metals, and colors

;
Planets Metals Colors

\ \
\ ' \

h-

I r-,' l
t-ir

{

Sun
Moon
Mercury
Venuir
Mars
Jupiter
Saturn

Gold
Silver
Quicksilver
Copper
Iron
Tin
Lead

Gold, Yellow
White
GraY, neutral
Green
Red
Blue
Black

n,

I

Source: Cavendish (1967, P' 26)'

notdetailtheobjectcorrespondencesbetweenthetwodomains,nordoeshe
explain how an action in Jne domain parallels an action in the other' The

mappingsandthetheoreticalbasisfortheprocedureareleftunstated.lndeed,
the actual metals U"ing i"i"r"d to are noi always clear. For example, to what

do .,earth,, and ..all ,ior" prun"t ,, refer? Does ,.heaven, or the sphere of

Saturn" refer to tin? ii;;,; the final o.spirit of heaven" derived from the

processalsotin?rrrisrast.*"..implausible,sincethegoalistoproducegold
and/or silver; yet if the final "spirit of heaven" is gold or silver' then what

about the initial "heaven"?-"il;"s"ge, 
though it exemplifies the different rules of analogizing among

thealchemists,alsoraisesquestionsconcerningthereasonsfor.thesediffer'
ences. Paracelsus ,nut". itlclear in the last sentence that clarity is not his

intent ion.Thesecret ivenaturcoftheenterpr ise,the.fact. that i twasfel t
necessary to hide results from the :otT:n 

publig an-d perhaps from com'

p",iroo,'p"rfraps teOio ihe ambiguity of the writing' Is it possible that this

ambiguityshieldedasetofinformativeanalogies?Toanswerthisquestion'
we must rook more closely at the system of analogies that supported this

reasoning.

l ' - .

.-L-)
I

t' , ,  
- * * * ;

\ h
\J--

The systern of correspondences' Metals^held il]Try,i:1{:f f"t::|t;1r,t:i:l;ffiffi ;:;;;;J;ove,metarso*'*1".i:9*i"1:i'i1:l,"T;;i::
il;o""d il-;il;; "ornpon"n, 

parts of a human being, and the trans'

;#1'ii il";;-il;s into gold or silver was felt to be analogous to the

ffi ;;i';rn*ir"" "i'" J rurther'"i "-r 11 1::l'^"i,:":*:: f ffi :
H#:;ffi;;';;' n'"'v""' or correspond:f:' l: i':"":':3::
li:['iiffi1;ilj" ""a*.".i 

oi1t " ,urroo"_{lg ""plytion 
are based on cav-

;;;]il'-;;i" dir"u"ion [cavendish' r.?ffi .' q' 26]')

;il:;#ffiG;;;;;;;r'u'ru'.'simnaritvis,e":,1",11"^'"^'^Y::':o*'
,h"'fiil;;.""ibtto, and the color Gold are linked by a common color'

I
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expectidenticalrelationstoholdacrossthesystem;thatis'wewouldexpect
io'nnA the same relations hotding for each pair:

Moon:White:: Sun:Golden :: Jupiter:Blue :: Saturn:Black

In the alchemical system there is no such requirelglt: The relations tltal

link Jupiter and Blue are allowed to be compleiely different from those that

link Moon and white.16 As another instance of relational heterogeneity, con-

siderthemqtchbetweenRedandMars.Cavendish(1967,p.27)notesthat
it is based on severar chains of associations: (1) Mars looks. Red; (2) Mars

was the god of war' war is associated with bloodshed, and blood is Red; (3)

faces are painted n"Jin war; (4) Mars is held to rule violent energy and

activity, and Red is G color sym6olizing energy. Because of these multiple

paths, Man and neJ t'"'" heli to Ue analogous' This illustrates how alche'

mistsdi f ferfrommodernanalogizerswithrespecttothe..no.extraneous
relations,, rule. In the current aeithetic, once the parallel set of relations is

established, other reiations do not add to the analogy' But for the alchemists'

finding more connections improved the correspondence'

Discussion

The alchemists, use of analogy in their writings differed from that of Boyle

andCarnotanaotnermore- .modernsc ien t is ts . In theexampleswehave
considered, it can ue seen that the alchemists violated -almost 

eyery one of

six precepts to, unutogitJrigor given in Table 11'1 and iecapitulated here:

1. Structural consistency is enforced: Objects 
"t" !,tlTjjl'one-to-one 

cone-

spondence, and predicate connectivity"(or suppor) tt tiiifiTd'

2. Relationat Jli,""ft;;;";;;;; ;"d' 
"bject 

descriptions disreearded.

3. Systematicity-i;;;d io select th" ;;'.;-i;;;ii"" .ott6n relational

h

4.
) .
6.

network.
il"t*i""-a".ain relations do not strengthen an analogy'

Mixed analogies are avoided'
Analogy is not causatton'

These disparities seem to represent a true difference in the style of ana'

togicJreasoning. Yet before drawing conclusions' we must consider two other

factors that may have contributed 1o the differences. Firs!, the vagueness

iit 
"r"n, 

in alchemical analogy might have stemmed from a desire for secrecy'

as discussed above. c;"iliy the desire for secrecy prayed a role in rhe

;;i;; quality of alchemical analogy. In order ro prevent laypeople from

understanding the tny*r"ri", of alchemy, its practitioners disguised their rec-

ipes with symbolism uJ-nugu"n"r1, ung this undoubtedly contributed to the

inliguiry lt tn" analogies. iut although this explanation_is probably conect

as far as it goes, it *iti not account for all of the facts. In particular, it will

not account for the ui"t".irtr, fondness for correspondences based on (1)

I
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Gentner & Toupin, 1986) and from novice-expert studies in learning physia
(Chi, Feltovich, & Glaser, 1981) to suggest that novice learners judge simi'
larity by common object attributes whereas adults judge similarity by common
relational structure. Such a bias can be defended on grounds of cognitive
economy: Why postulate relational commonalities until you are sure that
attribute commonalities are inadequate? Thus the alchemists' deviations on
precepts 2and3 cannot be taken as evidence ofa different style ofthinking,
only of a difference in amount of knowledge.

When we turn to the remaining precepts, the domain knowledge interpre-
tation is less plausible. The fact that the alchemists felt no need for one'to'
one correspondencesn their fondness for between-domain relations and mixed
analogies, and their propensity to ascribe causal powers to analogy and sim'
ilarity all seem to point to a true difference in their sense of the implicit rules
of analogy. Thus the alchemists, in attempting to gain an understanding of
their world, used a very different set of inference rules from that of later
scientists. Returning to the central question of this chapter, we conclude that
the rules of analogical soundness are not innate. Despite the seeming inev'
itability of the analogical precepts we now usen they are not a necessary part
of natural logic.

The style of analogical reasoning in alchemy and chemistry seems to have
changed between the time of the Paracelsus and that of Boyle (1627-91). This
change was to some degree domain-specific, for true analogies were used in
physics and astronomy before they were in alchemy and chemistry. Kepler
(1571-1630) and Galileo (156+lUZ), each working within about 70 years of
Paracelsus, were as elegant in their use of analogy as any modern thinker'
For example, Kepler, grappling with the notion of action at a distance, de'
veloped a deep analogy between light and a force he hypothesized to emanate
from the sun. Just as light cannot be apprehended as it travels through the
space, yet produces an effect when it reaches its destination, so might it be
with this new force.rs Galileo used an analogy between the earth and a ship
to argue that the earth moves despite the evidence of our senses (see Gentner,
1982). These analogies are as rigorous and systematic as the analogies of
modern scientists. This makes the contrast in analogical style between, say'
Paracelsus and the later chemists all the more striking. [t suggests a domain-
specific progression in alchemy and chemistry from one set of implicit rules
governing the practice of analogical reasoning in 15@ to another set in 1700,
(Whether a similar evolution occuned in astronomy and physics prior to 1600
and whether the practice in alchemy was influenced by the more rigorous
practice in physics and astronomy are issues beyond the scope of this chapter')

The evidence reviewed here suggests that analogical rigor as we practice it
today has not been universal in the history of science. The skilled practice 0f
analogical reasoning does not appear to be an innate human skill, and learning
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order relation among its arguments. An nth'order relation has at least one (n - l)th;order

argument.
a. i'yilmaticity is operationalized in the comPuter simulation of structure mapping as follows:

Any match between two ietations in barl and target-for example'.M9Rf MASSIVE

THAN(sun,planet)andMoREMAsslvETHAN(nucleus.e|ectron)_.isgivenahigher
evaluation if the parent relation (i.e.. the relation immediately dominating them) also matches

if.il""tt"i".t, Forbus, & Gentner, 1986, in press; Gentner' in press)'

5, As with the other prerefis, ttrere are occasional violations of this maxim: For example' in
-.- 'urv"yoftheanalogiesusedtoexp|aincognit ioninthehistoryofpsychology'Gentner

anocruoin(1985)foundthatcertainbrain.basedanalogies(suchas..concep$asreverber.
ating circuits,,) seerned ,o iur" on extra authority because of the known causal connection

between brain and cognition'

6. The caloric theory was *io.ty u.."p,"d until Joule and other experimenters in the lE40s

demonstrated the interconvertability of heat and work (Wilson, 1981), Carnot's reliance on

the caloric theory did not invalidate his basic conclusions regarding the cycle, although some

later statement s in Refl*iorts are unsound when viewed from the perspective of the me'

chanical theory of heat (Fox' 191)'

Z . ii iur U""" .uggested thai Carnot's iheories were strongly inffuenced by the work of engineen

"if,l- 
era, an?that fris book was intended to advance engineering tecinology (Cardwell'

1g65; Fox; t97t; xutrn, 19ig) and poputarize the us€ of hear power (wilson, 1981). This

p"+L-". *t"fo exptuin i,umoi's need for the analogy as an explanatory device'

e. fitirough Carnot iefers to a waterfall, his discussion may have been based not merely on

waterfatls. but on some kind of water engine, such as a water wheel or a column-of-water

engine (C.ardweil, f 965).
9..Carnot,s solution to ttris question was affected by his reliance on the questionable data of

other scientists. nor a detlibd discussion see Fox (1971). Forour purposes' howevef, the

answer to ttre question is-iot * i.pottant as the fact that the question arises from the

analogY.
10. It is temPting to speculate, a|ong the lines. of Hesse's (1966) insigntfu| discussion, tha| a|

least part of the differe;; in 
"outogi*t 

style between Carnot ind Boyle stems from iliffet'

ences in intettectual traOiiti 
"1n"nf,ft"ncir 

and English. Hesse notes that French academio

were inclined to think or 
"natogy 

ui".gu" and unsatisfactory, at best a mental crutch to use

until a formal modet could be-devised. In @nrast, in the English tradition, mechanical

;;;6;-;;;; 
".r""a "- 

*.r.* of insight, especialty with respect-to preserving causation.

From this pe*Fctive iiis not eurprisin! that 
-Boyle 

is a more enthusiastic analogizer than

Carnot.
11. This discussion is taken largely from cavendish (196?, pp. 143-180). .
12. Boyle, in the seventeenth clniury, was among the first to challenge this.doctnne.

13. Alrhough this passage *ur 
"opi"J 

in l4?8, iG.exact date of origin is difficult to pinpint'

Other manuscripts from this ollection are'believed to have existed since before the fourth

century in one form or another (Stillman' 194)'

14. However, this is an unusual (periraps a transitional) account of the elements' The elements
- 

listed are earth (or metal), water, couperose (or sulfur or sulfate) and fire' with air not

explicitlY mentioned.
15. contrastthecomplexityandelusivenessoftherelationsunderlyingTablell'4,andespecially

their variability 
"ooo 

,o*, and columns, with the factorial regularity of the relations un-

derlying the modern periodic table of the elements'

16. An alternat" n""y or i"*"riUing the alchemical aesthetic is to say that the, relations involved

ane extremely nonspccific, forixample, "associated in some way" or "often co"occuninS"'

ifu;;;i 6!;ptioi, ir," .r"rt"*isi would not bb guilty of shifting-relations between parallel

analogues. ffo*.""r. tili. a"gree of nonspecificity of reiations would still constitute a marked

difference from modern usage'
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