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A number of researchers have discussed the
important role of apalogical reasening in science
and education.[1-12,20-22] Thia  paper describes
research on the spontaneows use of analogies in
problem solving by scientifically traiped subjects.
This occurs when the =ubject first spontanecusly
ahifts hia attention to a situation B which differs
in some significant way from the original problem
situation &, and then tries to apply [indings from
B to A. This is difficult for many people to do,
posaibly because it Involves breaking out of the
asaumptions built up In considering the original
problem, As 2 result, although apontaneous
analogies are a more naturaliastie phenomenon to
study than provoked analogles, they are difficult
te ecapture and record, However, by lntentionally
focusing on subjects who are knmown to have done
creative work In the past, a pumber of such cases
have been documented,

Ten experienced problem awolvars were
interviewed on a variety of problema. MHost were
video-taped. The subjects were advanced doctorszl
students and professors in technical fielda. The
findings aummarized here are based on detailed
protoeol  analysea of aix of the problem solutions
from thias group that lncluded the most significant

uses of analogies, This brief paper concentrates
on examples from the protocol of a single subject,

The rirst finding 1= that: spontanecus
analogies have been observed to play a significant

trained subjectas, Solutions have lasted up to 90
minutes and scme include reasoning patterns that
are very complex. T™is complexity has led to a
research focua of working Gtoward 2 macro-level
theory of the dynamie proceases by which analogies
are generated, evaluated, and applied. This is an
appropriate initial astrategy for mapping out a
complex domain of proceases about which little |is
known From transeript analyaea the general
hypothesls was formulated that the following
processes are fundamental in making an inference by
analogy: [2)

(1) Given the initial conception A of an
incompletely understood aituation, the analogous
conception B 1s génerated or "comes to mind™:

"goniirmed"

{3) conception B must be well understood, or at
least predictive and

(4) the subject tranafers conclusiens or methods
{rom B back to 4.

This hypothesis 1a consistent with our ocbservstion
that many succesaful sclutions by analogy are not
"inatant solutions®. Anazlogies are often proposed
tentatively, and processes (2} and (3) especlally
can be quite Ltime consuming, The last Lthree
processes can occur in any order, and aubjeeta are
often observed to move back and forth hetween them
several times wvhile gradually completing each atep,
This suggests that the subjects do not use a
simple, well-ordered procedure for controlling
their solutign proceases at this level, This paper
focuses on steps (1) and {2), As will be shown
there appear to be not cne, hut several ways of

generating nalogles. and several waya of

confirming them. oOther discuasions of analogical
problem soiving appear in [23-27].

EXAMPLE OF A SOLUTION CONTAINING ANALOGIES

Five aubjectas have generated analeogies |in
thinking aloud about the followlng prcblem:

121

l rmich

Spring Coils Problem. A weight fs hung on a
spring. The original spring ias replaced with a
apring made of the same kind of wire, with the
same number of coils, but with coila that are
twice aa wide {n diameter, Will the spring
stretch from ita patural length, more, leas, or
the same amount under the same weight? {Assume
the mass of the apring is negligible compared to
the mass of the weight.) Why do you think so?

This problem was glven to seven subjects. Four
attempted to relate the problem to the analogy of a
bending rod, as 1in the following verbatim,
condensed transcript:
{1) 52: Um, I have one good idea to start with,
It oceurs to me that a spring is nothing but a
red wound up, uh, and therefore maybe 1 could
anawer the question for a rod. (Draws fig.
2)... I have a strong intuition, a physiecal
Imagistic {ntuition that this (rod a) will bend
a lot more than that {rod b} will, 1In fact, the
intuition is conflrmed by taking 1t to the
limiting case. It becomes {ntujtively obvious
to me that as one moves the weight closer and
closer to the fulerum that the thing will not
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bend at all.
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52 goes on to infer that if the rod asjtuation 13
truly analogous, the wider apring will streteh
farther, Here the subject Is able to achleve a
high degree of certainty about the behavior of the
roda (process 3 above). He reports doing thia on
the basis of what he calls physical {ntultion and
by thinking about an extreme case, glving us reason
to  suspect that he 13 wvaing seme type of imagistie
almulation progcesa. PBPetk he 13 upcertaln as to
whether he can confirm the 1dea that the apring and
the rod are analogous,
(2) s2: But it ocecurs to me that there's
something elearly wrong with that metapher
because,..its zlope [the bending rod's] would
steadily {ncreass as you... went away from the
point of attachment, whereas in a [(stretched]
spring, the alope of the spiral 1a conatant...
I don't aee how that could maks the bow go away:
just to wind it [the rod] uwp, Damn it! [13]
He apends a large part of hia U5 minute aclution
trying to resoive this fasye. This transeript and
others indicate that procesaex ¥ through U above
can indeed take place separately, 52 has
apparently cowpleted processes 1, 3, and 4 so far.

METHODS FOR CONFIAMING ANALOGY RELATIONS,

Determining 2 match between %51 retationships
tn  both sltuvaticons 13 the flirat and most obvious
methed for confirming 2nalogy relations (process 2
above} (5], Thus subjsct 352 above 1is worried
because he canpot obtaln a3 match bebtwsen the
changing slope 1In a bending rod and the constant
alope in a astretched apring. However, other
canfirmaticon methods are alaos posalble,

Confirmation via bridging analogles, Rather
than throwing ocut the rod analogy, 52 proceeded to
generate a second related analogy! the "zig-zag
sprimg" shown in  flig. 3. Such subjecta are
observed to generate an intermediate case when they
refer te a altuation that has aspects in common
with two previoua attuations A and B, It is
hypothesized that 52 attempts here to form a
cognitive bridging analegy which links  his
conceptual frameworks for the rod situaticon and the
original apring situatien.

Figure 4 shows how such a bridging analogy can
be effective [2]. The 1ink labeled 1 repressnts
the Iritial tentative analogy relation corjectured
to exiat between conceptions A and B, Here A 13
the poorly understood initial problem asltuatien and

B ts a well understood situation. Inadequately va.
well_understood conceptiona are representad by
dotted va, solid 3quares, respsctively, and
tentative va, confirmed analogy relations are
represented by dotted va, 301id 1links between
aquares, respectively. Figure & shows how Lthe
subject might establish a confirmed link between A
and B by bridging back to conception A via
conception C. If the apalogy links (2) and (3} are
confirmed (with respect to the same salient
relationships between variasbles), them A can become
well underatood and become analogous to B, aince
under the above conditlions, A belng analogous to C
and ¢ being analogous to B mesns that A {2
analogous to B. We cell this analogical
transitivity., It should be emphasized that since
“EEETT?EEH“Z generally means "{ntuitively
compelling” rather than "proven" in this context,
analogical transitivity 13 considered a form of
ptausible reascning which does not lead te
conclusions carrying the forece of a logleal
implication. This diagramming aystem also allows
one to construct macro-level "maps™ of hypotheslzed
cognitive procesaess  occurring during complex
solutions invelving meny anazlogies.[3]
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A second bridge. Unfortunately, at this point
the aubject 2atill could not reconcile the bending
going on in the zlg-zag spring with the lack of
change in slope in the origlinal helical spring
(1irk 3 13 vnconfirmed), 30 his initial attempt at
a bridge falled. However, he later generates a
second, more successful attempt at 3 bridge ip the
form of an analogy to a polygonal spring. He 1s
confident that a apring with hexagonal coils would
not be essentially different from one with circular
colls, and this leads him to a really new {nalght:
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Fig. 5 Filg. 6

{31) 52: Ahal.., What ir J start with a rod and
bend 1t once (makes bending motion with hands)
and...bend 1t agaln.. Clearly there can't be 2



hell of a lot of difference between the circle
and say, a hexagon...(Draws flg. 5) Now that's
interesting. Just looking at this 1t cecurs to
me that when force i3 applied here, you not only
get a bend on this segment, but because there's
a plvot here, you get a torsion effect...hAhal
Maybe the behavior of the apring has something
to do with twist forces.,. Let me accentuate
the torsion force by making a square (draws fig,
6) where there's a right angle. How...I have
two  forces introducing a streteh, T have the
force that benda this...segment [a) and 1in
addition I have a torslon force which twiats at
vertex, um, x...Now I feel I have a pgood model
af a apring... Mow making the sides longer
certainly would make the [3quare] spring stretch
more,

I: How can you tell?

sz2: Fhysical intvition, . .and also
recollection,. the leonger the segment (movea
hands apart) the more the bendability (moves
hands as {f bending a reod)... HNow the same
thing would happen to bthe teoralen I think,
because {f I have a longer rod {(moves hands
apart), and I put a twist on it (moves hands as
if twisting a rod), it seems to me-—again
physical intultion-~that Lt will twiast amore.,.
agaln, now I'm confirming that by using thia
methed of 1imits, As I bring my hand up {moves
right hand slowly toward left hand) closer and
closer to the original place where I hold {t, I
realize very clearly that it will get harder and
harder to twiabt... And my confidence i3 now 95%
[that the wide spring stretches more].,.I feel 8
lot better about {t, [1u]
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Here he {3 able to firmly connect the original
apring to the bending rod case via the bridging
analeogy of a polygonal spring. In addition,
considering the polygonal spring triggers the

recognition of a toralon effect. Thus, 1in the
zubject's final understanding of the spring, the
spring ia linked via the Intermediate square spring

case to two aimpler cases, the twisted rod and the
bent red, as shewn in fig.7. The torsion factor is
an  important insight, because not only i3 it true
that wider aprings stretch farther, but 1n fact the
force provided by a helical spring 1s primarily due
to toraicen rather thar to hending.

In summary, two major processes {nvolved 1in
confirming analogy relatiens have been identified:
matching key features or relationships; and
forming a bridging analogy.

ANALOGY GENERATICN HECHANISMS

Analysis of transcripta has led ua to propose
the hypothesia that there are not one, but at least
three types of analogy generation mechanisma:
generatfon via an abatract principle, generative
tranaformations, and assgciative leaps,

Generation from e principle. A plausible
mechanism for generating analogies can be derived
from the common situation 1n sclence where a sipgle
equation or abstract principle applies to two or
more different contexts, aweh as a pendulum and an
oseillating electrical eireuit. This suggests that
analogies may be formed by firat recognizing that
the original problem situation, A, 15 an example of
an abatract equatien or principle, P. The
analogous situation, B, is then recalled or
generated as 3 second example of principle P,
However, although evidence for thia pattern has
been obaerved on occcasion in interviews, 1little
evidence of 1t was observed in the analogles
generated for the aspring problem. Instesd, two
othar typeas of snalogy formation processes appear
to predominate, whiech I have called genarative
transformations and asacciative leaps,

Generative tranaformations. These oceur when
a subject modifies ap aspect of problem A to create
a new situation B. ~ Examples ol evidence for
gererative tranaformationa from the  present
protocol are: (1) The aubject refers to bendipg a
red inte a polygon {protocol asgment 3). (2) The
subject referring to the spring as a “rod wound up”
In the first line of the transcript indicates that
the rod {dea may have beep generated by thinking
about unwinding the spring. At another point he
refers to the rod as an "unwound spring.”

Asaccjative leaps. 1In contrast to modifying
the problem in a generative transformation,
evidence for an assoclative leap occurs when the
sublect refers to an analogous aituation B which is
very different qualitatively §n a number of ways
from the original situation, The subject may also
refer to "belng reminded of" B. 52 generated
evidence [for aseveral asscclative leaps in the
middle of the protocol when he a2aid: "I feel as
thecugh I'm reasoning in circles and I think T'11
make a deliberate effort to break out of the ¢ircle




wmehow. .., 1ike rubber tanda, moleculea,
polyestera,,.", apparently attempting to 1link the
apring probl em to other aitvaticona he knows
something about, Although he waa unable to use any
of the associative leaps above effectively In this
case, subjects have been observed to use thia type
of analogy generation technique succesafully in
cther protocels, For example, one Aublect used an
analogy te a U-tube to solve a problem about
hydraullc forces in an apparatus whoae shape and
topology were quite different.

It 13 hypotheaized that an aasociative leap
takea rlace when an established conceptual
framework for sitvation B in memory ls activated by
an  associati{en to some aspect of the original
situation A, and that a generative tranaformation
oecurs whep the 3aubject focuses on an internal
repredentation of the exiating problem situstion A
and changes an aspect of it to create aituation B,
This leads to the prediction that an analogy
generated via a transformation should more often be
a3 novel invention {such as the hexagonal apring)
and should more often contribute as 3 simpler case
rather than as a more fapiliar case. Geperative
transformations and associative leaps have been the
primary analogy generation methods cbaerved by “us
s far [15].

METHODS FOR UNDERSTANDING A& SITUATION AND FOR
TRANSFERRING RNOWLEDGE FROM B BACK TO A

With regard to procesas 3 above, the
requirement that conception B muat be predictive or
well understood, we note briefly that this can be
achleved via lactual knowledge, physical intultion,
analysis in terms of a theory, or {(recuraively) via
another analogous case C. Scome methods for
applying knowledge from B to A {process U above)
are: (1} transferring a prediction directly from B
to corresponding variable relationships tn A; {2}
tranaferring a partial wunderstanding of certain
varizble relationshipa, which with further analysia
can lead to a prediction {in A; and ({(3)
transferring a method of attack from B to A. [29]

EXTREME CASES AND PHYSICAL INTUITION

Mirnimizing or maximizing & feature of the
problem sometimes makes the problem easler to
analyze, and we call this using an extreme case.
Extreme cases seem to be generated primarily via
generative tranaformations or problem operators,
Interestingly, the apparent function of many g{ Lthe
extreme cases obaerved ao far has been to enhance

the subject's use of physical intultlon EE the form
2{ imagistie simulations. 52 indicates that his
final understanding i3 based at the lowest level on
auch  phyaical iIntuitlona, This suggests that
certain relationships between forces and other
phyaical wvarlables asuch as "hending" can be
represented at 3 deep level in terms of imaglstic
Intultiona rather than abatract principleas or

equations, {See ref, [311).

CONCLUSION
Further research s needed in order to

evaluate and add to the results of this expleoratory
study. A number of baaic concepts f{or analyzing
patterna of analogical reasoning have been
proposed, ineluding: the generatien of analogies
via tranaformations and asscclative leaps; the
evaluation of analogy relations via the formation
of bridges and the matching of key relationsahips;
and the understanding of sltuations via the vae of
extreme cases which can enhance physical
intvitiona, Aecuraive combinations of  these
proceasea can account for many of the patterns
obaerved In octher complex sclutiens 1pvelving 3
mmber of linked analogies, Many sclutions by
analogy are« not "inatant asclutions®, but & more
extended proceas of conjecture and testing. This
gives us reason to believe that some of these
processes are  learpable, rather than being
exclusively 3 product of "geriua®, and that
developing students' abilities to use geperative
transformations, leaps, and bridges may be posaible
and deslrable,

T “When a tranaformation leads to a confirmable
analogy, we call it a conaerving tranaformation
since 1t conserves the sallent relationmships in the
problem, In a broader sense, conserving
transformations appear to play a fundamental role
at  different levels in physica, mathematics,
technological invention, and  muale [16-19,28].
Conaerving transformations appear to be an
important cognitive process worthy of further
investigation,.

In the case of 52, the bendipg rod analogy
served a3 a first corder model which gave him an
initial handhold on the problem, Peraiastent
critici=mas and transformations of this model during
hia vigorous U5 minute scliuvtion eventually led him
to evolve a much better wmodel in the form of a
square apring with toraton  effecta, Thua,
sophiaticated vaes of analogy in relatively
difficult problemsa can involve a repeated
conjecture, criticlsm, and wodificatior process
that csan produce chains of succeasively more
power ful  analogies, Analogous cases rcan elther
play a temporary heuristic recle in helping to

gefierate conjecfures during the solutior, or they

can play the more permanent role of a model in the

final solution, or both. Certain paratlels between

these processes and processes of aclence described
in [6-8,15], among others, suggest that further
research along these lines may be of interesat to
those atudying the processes of hypothesis
formation and model conatruction in science,
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