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Abstract

The purpose of this paper is to review the cognitive literature regarding transfer in order

to provide a context for the consideration of transfer in neural networks.  We consider

transfer under the three general headings of analogy, skill transfer and metaphor.  The

emphasis of the research in each of these areas is quite different and the literatures are

largely distinct.  Important common themes emerge, however, relating to the role of

similarity, the importance of “surface content”, and the nature of the representations that

are used.  We will draw out these common themes, and note ways of facilitating transfer.

We also briefly note possible implications for the study of transfer in neural networks.
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1 Introduction

The purpose of this paper is to review the cognitive literature regarding transfer.  This

review provides a context for the consideration of transfer in neural networks as

explored, for example, in other papers in this volume.  By transfer we mean the use of

information or skills characteristic of one domain or context in some new domain or

context.  It is generally agreed that transfer is central in learning, problem solving, and a

broad range of cognitive activities.  A consideration of transfer mechanisms is significant

from (at least) cognitive, developmental, social, educational, and linguistic perspectives,

and transfer has been much studied in all of these contexts:

“Transfer has been one of the most actively studied phenomena in psychology.  Regardless of
orientation, philosophical perspective, or school of psychology, nearly everyone has something to
say about transfer.”  (Detterman, 1993, p 5)

In short, the literature dealing with transfer is both large and diverse!  

This review considers three of the core headings under which transfer has been

studied: analogy, skill transfer, and (more briefly) metaphor.  We focus on the cognitive

(largely psychological) literature, and do not pursue work in related fields such as

Artificial Intelligence, or related topics such as induction or case based reasoning.  While

each of the three core areas we explore address aspects of the underlying topic of

transfer, the emphasis of the research in each of them is quite different and the literatures

are largely distinct.  Important common themes emerge, however, relating to the role of

similarity, the importance of “surface content”, and the nature of the representations that

are used.  We will attempt to draw out these common themes, and also some possible

implications for the study of transfer in neural networks.

In the following section we briefly explore the pivotal notion of similarity.  We then

turn to the reviews of analogy, skill transfer, and metaphor in turn.
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2 Similarity and Representation

Similarity is central in learning and transfer, and emerges as a constant theme in the

issues reviewed in this paper.   People solve problems better if they have previously

solved similar problems (Gentner, Rattermann & Forbus, 1993; Ross, 1989a; Novick,

1988).  People learn more easily if they have previously learned similar or related

information (see for example Vokey & Brooks (1992), or for a general overview of

memory see Anderson (1995)).  Similarity promotes recall from memory or

“reminding” (Wharton, Holyoak, Downing, Lange, Wickens & Melz, 1994; Ross, 1989a;

Holyoak & Koh, 1987).  “One of the most enduring findings in the field is that similarity

promotes reminding and transfer” (Gentner et al., 1993, p 525).

The relationship between similarity and transfer is strong, but it is also complex.  While

pervasive and powerful, transfer mechanisms are by no means always successful (see

discussion below).  It is necessary to distinguish between different kinds of similarity, and

to note that these appear to apply to different stages of the various transfer mechanisms.

Kinds of similarity

There are several frameworks for analysing the general concept of similarity.  In the

introduction to an important collection of papers addressing this topic Vosniadou &

Ortony (1989, pp 2 - 4), for example, review the widespread use of a distinction between

“surface” similarity (a general, salient, easily accessible “perceptual” similarity) and

“structural” or “deep” similarity (based on core underlying features).  Gentner (1989)

relates surface similarity to simple descriptions of objects (one place predicates), and

structural similarity to relations and relational structure (two place predicates).  Smith

(1989) distinguishes between global similarity (a holistic consideration) and dimensional

similarity (confining a similarity judgment to specific dimensions).

Wharton et al. (1994) note several existing taxonomies of similarity, and describe
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their own three level approach.  The first level, “Element similarity”, is based on

individual feature elements.  Entities can be similar at this level if their feature elements

overlap.  The second, “Relational similarity”, is based on relationships that can hold

between pairs of elements.  Entities can be similar at this level (incorporate the same or

similar relationships) without any element similarity, and correspondences between

elements can be established by matching the arguments of the similar relations.  The third

level, “System similarity”, is based on “second-order relation of similarity – relations

among relations”.  Entities can be similar at this level if they incorporate relations that are

somehow related to each other (e.g. by higher–order “cause and effect” relations).

Wharton et al. stress relational and system similarity as the basis of analogical

mechanisms.

Similarity, representations, and concepts

To test or operationalise the assessment of similarity and the transfer mechanisms

discussed below it is necessary to work with and compare the representations of entities

and the relationships between them.  This highlights the importance of decisions about

representational methods.  It is difficult to separate the general issues from those arising

from a given representational framework / knowledge representation formalism, and the

use of different formalisms accounts for “a lot of the diversity we observe” (Vosniadou

& Ortony, 1989, p 2).  Formalisms that have been used in research on similarity and

transfer include for example: a typed predicate calculus (Gentner, 1989), production

systems (Pennington, Nicolich & Rahm, 1995; Anderson & Thompson, 1989; Singley &

Anderson, 1989), hybrids using frame-like representations, semantic networks, and

production systems (Holyoak & Thagard, 1989a; Holyoak & Thagard 1989b), a hybrid

symbolic-connectionist “constraint network” (Wharton et al., 1994), and connectionist /

neural network approaches (see for example Holyoak & Barnden (1994), and the review

by Pratt in this volume).

Analogy and the perception of similarity are also intimately related to assumptions
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about the representation of categories and the process of categorisation (Vosniadou &

Ortony, 1989; Turner, 1988).  Does perceived similarity determine our concepts, do our

concepts determine what we perceive as similar, or is there a mutual interaction between

these processes?  There is a substantial literature addressing the nature of the category

representations and the process of categorisation.  Theories include the influential

probabilistic, and exemplar theories (Smith & Medin, 1981, 1984).  The probabilistic

approach is based on the assumption that categories are represented by some measure of

the central tendencies of the instances of the category, such as a set of characteristic

features or dimensions, or an abstract “prototype” (Rosch, 1973;  Rosch & Mervis,

1975; Rosch, 1981).  The exemplar approach proposes that categories are represented

not by a single representation, but by the separate representations of several instances of

the category (Medin & Schaffer, 1978; Brooks, 1978, 1987).

A further important topic is the way representations change during development and

learning, and to what extent these changes underlie and mediate different abilities and

strategies (Vosniadou & Brewer, 1987; Carey, 1985).  Children vs adults, and (adult)

novices vs experts, use different problem solving strategies and make different use of

analogical transfer (Goswami, 1991; Brown, 1989; Gentner, 1989).  Generally speaking,

the use of structural information increases as expertise grows (Gentner et al., 1993;

Novick, 1988; Schoenfield & Hermann, 1982).

Bearing in mind, in particular, distinctions about different kinds of similarity, we now

turn to a review of transfer mechanisms under the general headings of analogy, skill

transfer, and metaphor.
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3 Analogy

There is a large body of literature which focuses on topics variously described as analogy,

analogical reasoning, and analogical transfer.  The emphasis of this research is on the

study of “high level” problem solving and reasoning, typically in a formal experimental

setting.  A wide range of tasks has been studied, from algebra and physics to general

problems described in short texts.  A frequently cited example is Duncker’s (1945)

“tumor” problem (see for example Anderson (1995), Reeves & Weisberg (1994),

Holyoak (1984)):

Suppose you are a doctor faced with a patient who has a malignant tumor in his stomach.  It is
impossible to operate on the patient, but unless the tumor is destroyed the patient will die.  There is
a kind of ray which can be used to destroy the tumor.  If the rays reach the tumor all at once at a
sufficiently high intensity, the tumor will be destroyed.  Unfortunately, at this intensity, the healthy
tissue that the rays pass through on the way to the tumor will also be destroyed.  At lower
intensities the rays are harmless to healthy tissue, but they will not affect the tumor either.  What
type of procedure might be used to destroy the tumor with the rays, and at the same time avoid
destroying the healthy tissue?

This is a difficult problem, and few subjects are able to solve it.  Subjects are more likely

to find a solution, however, if presented with a further story, particularly if they are

explicitly told to use it as an analogy (Gick & Holyoak, 1980, 1983; Spencer & Weisberg,

1986).  The further story involves a general who has to capture a fortress.  Due to land

mines he cannot send his army down one road, but must divide it into smaller groups

that move down several roads and arrive at the fortress simultaneously (full text cited in

Anderson (1995, p 246)).  Using this story, most subjects are able to develop an

analogous solution to the tumor problem, which is to direct rays at the tumor from

several directions at once in such a way that any given ray is not strong enough to

damage healthy tissue, but where the rays meet at the tumor they are collectively strong

enough to destroy it.

Analogical reasoning is generally taken to involve the transfer of structural information

from a domain that already exits in memory (often called the source or base domain) to

the domain to be explained (the target domain) (Vosniadou & Ortony, 1989, p 6).

Analogies are “those problems that share a similar deep structure but not necessarily
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specific content” (Reeves & Weisberg, 1994, p 382), they provide “a way of focusing on

relational commonalties independently of the objects in which those relations are

embedded” (Gentner, 1989, p 201).  Very broad perspectives on analogy and thought

are presented in Holyoak & Thagard (1995), and Hofstadter (1995).

The process of analogy

There are a number of frameworks for describing the central properties of analogy as a

sequence of steps.  Vosniadou & Ortony (1989) identify three general steps:  gaining

access to an appropriate analogue; mapping some part of the information associated with

the analogue onto the target domain; and the subsequent production of more general

rules and representations.  More detailed analyses have been proposed by many authors

(e.g. Reeves & Weisberg, 1994; Gentner, 1989; Burstein, 1988; Holyoak & Koh, 1987).

Reeves & Weisberg (1994, p 382) provide a good overview, suggesting that three major

stages are “generally agreed” on: 

(1) encoding of the base and target analogues, 

(2) retrieval of a base analogue on presentation of the target (sometimes separated

into activation of multiple base analogues and the evaluation and selection of a

single analogue),

(3) application or mapping of the base to the target problem (sometimes includes a

substage of adapting a solution principle to fit the target problem),

and that a fourth major stage is “gaining favour”:

(4) schema abstraction (i.e. the extraction and storage of inferences and principles for

later use, including influencing further encoding).

Vosniadou & Ortony (1989) distinguish “within domain” or “literal” analogies where

the base and the target analogues are drawn from the same domain (e.g. physics

problems) from “between domain” or “metaphorical” analogies where they are drawn

from different domains (such as the tumor problem described above).  They suggest that

different mechanisms may be involved in these two cases, and note that between domain

8



analogies are particularly difficult for children and novices.  Keane, Ledgeway & Duff

(1994) review three computational models of analogical processes.

Following a detailed and useful review by Reeves & Weisberg (1994) we can

distinguish three main general theories of analogical transfer / reasoning, each with its

own representational assumptions and emphases.  These theories are the structure-

mapping model, the pragmatic schema model, and the exemplar models.  We now briefly

consider each in turn.

The structure-mapping model

The structure-mapping model is associated with the work of Gentner (Gentner et al.,

1993; Clement & Gentner, 1991; Gentner, 1989, 1983).  It emphasises structural /

relational similarity (see above) rather than surface elements (content / subject material) of

the domains, and focuses on the process of “structure mapping” between base and target

analogues.  Initial mappings between the target and base analogues can be made at the

level of surface features or relations at various levels, and of these candidates those that

identify similarities at the highest level (typically relations such as “causes” or “implies”)

are selected as the basis for the analogical mapping.  In the case of the tumor problem,

for example, a relevant high level relation might be “CAUSE[converge(rays, tumor),

destroy (rays, tumor)]”.  An analogue is applied to the target by using the matching

relations to establish one to one mappings between the objects in the two domains.

In this framework the role of content / surface elements is significant mainly in the

initial selection of base analogues, and less so in the later stages of the process (except in

the case of novice subjects (Gentner & Toupin, 1986)).  The role of pragmatic goals (see

below) is acknowledged, but regarded as of secondary importance.  The abstraction of

general rules / schema from base analogues is also acknowledged, but not addressed in

the model.

The pragmatic schema model
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The pragmatic schema model is associated with the work of Holyoak and colleagues

(Holyoak, 1985; Holyoak & Thagard, 1989a, 1989b; Holland, Holyoak, Nisbett &

Thagard, 1986).  It directly addresses the fact that problem solving is an active, goal

directed process.  Like the structure mapping model it emphasises high level information

in the selection of base analogues, but it differs in the way this information is defined,

stressing pragmatic / “goal oriented” constraints as primary. Both structural and surface

element based constraints are also included, and the different kinds of constraints are held

to apply at different stages of the analogical process.

The primary information used in this model is the high level “pragmatic schema”.

Pragmatic schema are “abstract representations that contain causal information directly

related to the task of problem solving” (Reeves & Weisberg, 1994, p 385).  Both the

tumor problem and the general problem, for example, share the goals of “defeat a central

obstacle” and “preserve surrounding objects”.  Similarities in causal or goal based

structures guides both the selection of base analogues and their application to the target

problems.  While similarities occurring due to the overlap of surface elements (semantic

content) can influence this process, this will only be useful in the case of analogues from

within the same domain (Holyoak & Thagard, 1989a).

This model emphasises the fourth step in the break-down of the process of analogy

outlined above, the extraction of inferences and principles for later use, in this case in the

form of the pragmatic schema.  This is held to be an active, conscious strategy (rather

than an automatic process – Reeves & Weisberg (1994) review evidence relating to this

distinction).

Exemplar models

Where the structure mapping and pragmatic schema models both emphasise abstract

representations, exemplar models focus on content / surface elements and specific
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example cases (a distinction which echoes the long running probabilistic prototype vs

exemplar debate in the categorisation literature, see above).  Research on exemplar

models of analogy has not been as active or well focused as the dominant structure and

pragmatic models.  Reeves & Weisberg (1994) suggest, however, that exemplar based

effects such as those described by Hintzman (1986, 1988) and Ross (Ross, 1984, 1987,

1989b, Ross & Kennedy, 1990) should form the core of a hybrid model of analogy.

Exemplar models predict that problem solutions are linked to the content of and

previous experience with a given domain.  Information about specific previously learned

examples is stored and used to generate solutions to new problems by identifying

mappings between objects (and the roles of objects) in the two problems.  When

presented with the tumor problem, for example, subjects will consider other medical

problems and their solutions, based on the overlap of surface elements with the tumor

problem.  (If presented, the general analogue would not initially be seen as relevant

because it shares no content).  This approach emphasises the role of content / surface

elements at all stages of transfer. Abstract information / schemata may be derived, but in

general this information is secondary, and bound to specific stored exemplars from which

it was produced.

A final point regarding the learning of exemplars, which we note here for future

discussion, is that there is evidence which suggests that episodic or contextual information

specific to the context in which problem solving occurs (and apparently irrelevant to the

problem itself) is also encoded along with the details of the problems (Ross, 1984;

Spencer & Weisberg, 1986).  This is consistent with more general findings regarding the

influence of context on general memory effects (e.g. Smith, Glenberg & Bjork, 1978;

Godden & Baddeley, 1975;  Bjork & Richardson-Klavehn, 1989).  In the prototypical

example, subjects might achieve better recall in a room which was the same colour as the

room in which learning occurred.  It should be noted, however, that the extent to which

these effects can be demonstrated is quite variable between experiments (for a brief

review see Anderson (1995, pp 224 - 229)).
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Discussion: Similarity, transfer and recall

With respect to the recall appropriate analogues Wharton et al. (1994) note that the

factors that determine the success of this process are still not well understood.  Some

studies have shown recall based on structural similarity (Johnson & Seifert, 1992; Bassok

& Holyoak, 1989; Siefert, McKoon, Abelson & Ratcliff, 1986) or mixed structural and

surface similarity (Ross, 1989b; Holyoak & Koh, 1987), but there have also been many

failures to retrieve structurally / relationally similar analogues:

“The most robust finding in the analogy literature is that people often fail to retrieve superficially
dissimilar source analogs that share substantially similar structures with a target analog ....  Such
negative findings suggest that the process by which episodes are recalled may not be sensitive to
analogical similarity, even though such similarity is often what makes retrieved information useful
in problem solving.”  (Wharton et al., 1994, p 69)

(As noted in the tumor example above, for example, “spontaneous noticing” of the

relevance of analogues that share no content is rare).  Wharton et al. suggest that at

least some of the apparent weakness of structural similarity in recall can be attributed to

inappropriate experimental methodology.  In their own experiments, using competition

between multiple potential base analogues in a hybrid symbolic-connectionist “constraint

network”, they demonstrate the influence of both structural and system similarity in

analogical reminding / recall. 

In contrast to the mixed results regarding the use of structural similarity it appears to

be comparatively clear that overlap in surface elements (content) and / or the semantic

domain of the target problem significantly promotes the access and use of base analogues

(Keane, Ledgeway & Duff, 1994; Ross, 1987, 1989; Holyoak & Koh, 1987; Keane,

1987, Gentner & Landers, 1985 cited in Vosniadou & Ortony (1989)).

It seems clear that different kinds of similarity influence different parts of the transfer

process.  Presenting experiments within the framework of the structure mapping model

Gentner et al., (1993) argue that surface similarity predominantly influences the retreival

of base analogues from memory, while structural similarity predominantly influences the

evaluation of the soundness of potential base to target analogue matches.  Essentially the
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same conclusion is reached by Burstein (1988).  Reeves & Weisberg (1994, pp 391 - 395)

present an in depth evaluation and review of the relative importance of surface elements

and abstract relational / structural information under the subheadings of “retrieval and

selection of base analogues” and “mapping of base analogue to target”.

The weight of evidence supporting the importance of surface content leads Reeves &

Weisberg (1994, p 383) to suggest, contrary to the views of the dominant structure

mapping and pragmatic schema models, that exemplar models (where surface content

naturally influences retrieval, selection, and mapping processes) should form the core of

any theory of analogical processes.  The effects of surface content also explain the relative

difficulty of between domain compared to within domain problem solving (Keane, 1987;

Ross, 1987; Gick & Holyoak, 1983).
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4 Skill Transfer

While sharing the core theme of transfer and overlapping in issues addressing underlying

theoretical concerns, the “skill transfer” literature is very different in emphasis from the

analogy literature, and generally separate from it.  The focus is on practical issues relating

to learning, training, performance, and the factors involved in achieving good transfer

from the training task to the “real world” application / performance situation.  This is a

broad topic of very general interest, and has been explored in detail particularly within

the psychological and educational literatures.  For recent reviews see for example Reder

& Klatzky (1994), VanderStoep & Seifert (1994), Detterman & Sternberg (1993),

Cormier & Hagman (1987).

Studies of skill transfer have investigated a wide range of example tasks, from

cognitive skills such as artificial “alphabet arithmetic” tasks (Logan & Klapp, 1992) or

learning the programming language LISP (Anderson, Conrad & Corbett, 1989),  to

motor skills such as throwing or mirror tracing (see the review by Schmidt & Young

(1987)),  to “real world” situations such as transfer of technical expertise in a changing

workplace (Gott, Hall, Pokorny, Dibble & Glasser, 1993) or flight training in aircraft

simulators (Ince, Williges & Roscoe, 1975).

Theoretical foundations

Theories regarding the mechanisms of transfer have focused on the similarity of the

training and performance contexts.  As a general rule transfer increases with increased

similarity, although it is often neither possible nor desirable to attempt to exactly model a

(possibly unknown) performance context (see below).  

Thorndike & Woodworth’s (1901) theory of “identical elements” proposed explicitly

that the determinant of transfer was the extent to which tasks share identical elements.

The exact nature of these elements, however, was not defined in detail.  Specifying the
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elements that should be identical across tasks in order to produce transfer has proved to

be very difficult, and several studies have shown that expectations based on similarities

between the obvious surface elements of tasks can be completely incorrect.  Logan &

Klapp (1992), for example, found in alphabet arithmetic tasks such as “given A = 1, B =

2, C = 3..., does A + 2 = D?” that there was very little transfer of gains in performance

following practice with one set of stimuli (a set of ten letters) to a second set of stimuli (a

second set of ten letters).  Conversely, MacKay (1982) reports results from an

experiment using English / German bilinguals that illustrates significant transfer from

practice at tasks involving the pronunciation of sentences in one language to the

pronunciation of the same sentences in the alternate / test language (despite the complete

change in the output motor movements required for pronunciation in the test

language)1.  In short, the degree of transfer is not necessarily correlated with the

obvious surface elements of the tasks.

More recent approaches have focused on the level of “cognitive abstractions” in their

attempts to formally specify the appropriate elements of cognitive tasks.  The dominant

theory of transfer of training is based on Anderson’s ACT theory of skill acquisition

(Pennington, Nicolich & Rahm, 1995; Reder & Klatzky, 1994).  The ACT family of

models (Anderson, 1983, 1993) proposes a distinction between a declarative memory

(containing “facts” or “assertions”) based on a kind of semantic network consisting of

nodes or chunks that may be associated by experience, and a procedural memory

(containing “skills” or “automatic procedures”) based on condition action rules /

production systems.  Singley & Anderson (1989) proposed a theory of transfer based on

ACT, which suggests that transfer between tasks occurs when the tasks share elements at

the cognitive level – either chunks in declarative memory, or productions in procedural

memory. Similar proposals are made in both the GOMS model (Bovair, Kieras & Polson,

1990; Kieras & Bovair,1986; Card, Moran & Newell, 1983), and parts of the the very

active literature regarding the SOAR model (Laird, Rosenbloom & Newell (1984) and

for a thorough review see Rosenbloom, Laird & Newell (1993)).  Gray & Orasanu

(1987) review empirical evidence supporting predictions about transfer based on the

cognitive level of abstraction as exemplified by this family of models.

1 See Reder & Klatzky (1994) for a brief description of these studies
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Sternberg & Frensch (1993) propose that the degree of transfer between two tasks

depends on four mechanisms (which are themselves derived from existing theories

regarding memory and problem solving).  These mechanisms, which can enhance or

inhibit transfer are:

(1) Encoding specificity.  The way in which an item (piece of information) is

encoded in memory.  Does the encoding make the item likely to be retrieved if it is

needed in later tasks, or is it “encapsulated and inaccessible”?  Poor (overly

specific) encoding occurs if facts are learned in isolation, without attention to their

application or without practical experience.

(2) Organisation.  The way that items are organised in memory.  To what extent

is new information consistent or inconsistent with existing information structures?

To what extent is “higher level” knowledge abstracted from examples and

employed?  Highly learned / automatised skills or strategies may be very inflexible

once invoked.

(3) Discrimination.  The way in which items are discriminated from each other.

Can the relevance / significance of information be clearly identified, or are

potentially important distinctions lost?  Discrimination can “tag” items as either

relevant or nonrelevant to future novel situations..

(4) Set.  An individual’s strategy, or expectations, or “way of seeing a task or

situation”.  Sets predispose individuals to certain methods or procedures in problem

solving, possibly advantageously, but possibly to the extent of missing more

appropriate solutions.  Individuals may have sets which are predisposed towards

solving problems using transfer, especially if they have a history of success with this

strategy.

Sternberg & Frensch relate the mechanisms of encoding specificity, organisation, and

discrimination to the commonly accepted stages of learning, namely encoding, storage

and retrieval respectively.  Set is described as a more general mechanism which can
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influence each of these three stages. Lovett & Anderson’s (1994) illustration of the effect

of “problem solving memories” on problem solving could be considered to be an

example of a set effect.

Finally, the distinction between exemplar and abstract schema / prototype models of

memory present in the categorisation and analogical reasoning literatures is also present

in the skill transfer literature, although it does not constitute such a central theoretical

focus.  Logan (1988) proposes a strong exemplar model, while research based on schema

models is described by Reed (1993), Phye (1989) and Schmidt (1975).  Bernardo (1994)

discusses both sides of this issue, proposing that schemata contain both abstract and

problem-specific information, the problem specific information aiding access to the

abstract.

Practical results

In a broad and thorough review of the transfer literature Reder & Klatzky (1994) address

several practical questions about the nature of transfer.  We summarise some of the main

points here, the reader is referred to Reder & Klatzky for more details.

As is the case in the analogical reasoning literature, skill transfer is notable both for its

successes (most of the papers covered in this review) and its failures.  Hayes & Simon

(1977), for example, showed little transfer between tasks that had the same deep / formal

structure and differed only in surface / content elements.  Carraher, Carraher &

Schliemann (1985) compare the performance of Brazilian school children at performing

calculations in the context of computing prices while serving at street stalls, where they

were 98% correct, and in solving exactly the same kinds of calculations in written

mathematics tests, where they were only 37% correct.  Other examples showing the

failure of transfer are described in Detterman & Sternberg (1993) and Patrick (1992).

Where transfer fails it often appears to be the case that performance is “over-embedded”

in or “captured by” the training context, so that the identity of elements across contexts
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never takes effect.  In the language of the production rule based theories this failure is

attributed to overly restrictive condition / “IF” clauses of productions.

While in general training situations should closely mirror the target task to achieve

transfer, it is not always possible or desirable to attempt to exactly replicate every detail

(Pattrick, 1992; Andrews, 1988).  There are also at least two significant exceptions to the

principle of mirroring the target task.  The first of these is variable practice.  It is not

usually possible to predict in detail every aspect of a target task, and in any case most

tasks are variable in at least some respects.  In the face of this inherent unpredictability an

appropriate goal of learning is to acquire robust and flexible strategies to cope with the

variation that will be encountered.  One way to promote this flexibility in transfer is to

employ a variable range of training tasks, for example by varying conditions from trial to

trial or by adding extra task requirements.  In general the effects of variable practice are

positive (see for example reviews by Schmidt (1988), Newell (1985) and Johnson (1984)).

The second case where it may not be desirable to exactly mimic the target task in

training is when the target task may advantageously be split into separately learned parts.

This part-task training involves “part-to-whole” or “vertical” transfer mechanisms.

For example, a novice pianist will often learn to play the treble (right hand) and bass (left

hand) parts of a piece separately before combining them, or novice pilots are trained on

different parts of the complex task of piloting an aircraft before these are combined.  The

efficacy of part-task training largely depends on the nature of the target task.  It has been

suggested that it produces positive transfer in tasks that are complex and / or clearly

structured, or can be decomposed into distinct perceptual, cognitive, or motor

components (Patrick, 1992; Mane, Adams & Donchin 1989; Schmidt & Young, 1987).

Another benefit of variable practice and varied training contexts may be to ameliorate

the possible influence of episodic or apparently irrelevant contextual information specific

to the training context (see discussion in the section on exemplar models of analogical

reasoning, above).  In a meta-analysis of over 50 studies of environmental context Vela

(1989, cited in Reder & Klatzky (1994)) confirmed a moderate, statistically significant

advantage for preserving the training context at test.
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Distinctions about the nature and timing of feedback, such as intrinsic (an inherent part

of the task, such as sensory feedback while riding a bicycle) vs extrinsic (supplied from

some external source such as the experimenter), or immediate vs delayed, define a large

space of possible feedback strategies.  Reviews of the effects of feedback include Schmidt

(1988), and Salmoni, Schmidt & Walter (1984).  One possibly surprising result is that

giving immediate and constant feedback during training may actually be detrimental to

transfer.  Delayed and / or intermittent feedback may produce improved transfer because

it allows subjects to develop the ability to detect and self correct errors with less reliance

on extrinsic information (see Miller (1953 cited in Reder & Klatzky (1994)), Goldstein &

Rittenhouse (1954)).

Finally, while most research has focused on the exploration of concrete experience and

the nature of the training context, training on abstract concepts and rules has been shown

to have some beneficial effects on transfer over a range of tasks (see for example Singley

& Anderson (1989), Biederman & Shiffrar (1987), Katona (1940)).  This finding is

consistent with the role of higher order / abstract information and relations proposed in

the analogical literature.
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5 Metaphor

Transfer also pervades language, and the study of language provides another perspective

on these complex and overlapping issues.  In particular, the study of metaphor addresses

very similar issues and underlying theoretical concerns as the study of analogy, although

there is little overlap in the two literatures.  Gentner et al. (1993, p 529 footnote 4) also

make this observation, referring to the literatures on analogy and metaphor as “strangely

disconnected”.  Some links between the two fields are reviewed, however, by Biela

(1993).

Anderson (1964 cited in Paivio & Walsh (1993)) defines metaphor as involving “the

application of a word or expression that properly belongs to one context to express

meaning in a different context because of some real or implied similarity in the referents

involved”.  Johnson (1988) compares analogy and metaphor:

“...if we regard analogy as primarily a matter of underlying structural isomorphism or shared
similarities, then metaphor can be seen as a type of analogical process in which we project
structures from an experiential domain of some kind (the source-domain) onto a domain of
another kind (the target domain).”  (Johnson, 1988, p 25)

An important collection of papers on the topic of metaphor can be found in Ortony

(1993).

Other linguistic mechanisms which exploit the transfer of “meaning” or “semantic

content” from one situation or utterance to another include comparison, analogy (defined

here in a constrained linguistic context), and simile, see for example Saha (1988) for one

discussion of these terms and metaphor.  The most powerful, pervasive, and complex

mechanism is taken to be metaphor:

“Metaphor pervades natural language in the way blood pervades the human body.  A cut in almost
any part of a living body reveals the blood flowing through it; analysis of almost any part of a
body of natural language reveals metaphor vivifying it.” (Saha, 1988, p 41)

Much of the richness of natural language, including poetry, idiom, irony, proverbs, and
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rhetoric, is predicated on these transfer effects.  Indeed, it is difficult to imagine a natural

language in which one could not take the bull by the horns, put a tiger in your tank, look

before you leap, or have a love that is like a red, red rose.

Metaphor and other transfer effects in language, then, are creatively and constantly

being used (Paivio & Walsh, 1993; Rumelhart, 1993).  Given that metaphor depends on

an abstract / structural mapping between domains, the frequency and ease with which

metaphor is used by most speakers appears to be at odds with the somewhat mixed

findings regarding the ease of structural transfer in the analogical and skill transfer

literatures.  Closer attention to the related study of metaphor and the psychological /

psycholinguistic mechanisms that give it its power may therefore be illuminating in the

study of analogy and skill transfer.

Paivio & Walsh (1993) review psychological approaches to metaphor, and the

mechanisms they describe do seem to address the issue of the power of metaphorical

transfer.  Paivio & Walsh note that contemporary theories view metaphor as involving

“structural or functional characteristics of long term or semantic memory”, and that the

comprehension of a metaphor involves “some kind of structural match in regard to the

information activated by the linguistic metaphor, or the construction of some new,

relational entity from such information” (Paivio & Walsh, 1993, pp 311 - 312).  They

then explore in detail four specific accounts of the “mediating process” in metaphor.

The first of these is perceptual experience and imagery.  This approach relates

metaphorical processes to the nature of perception itself, and to the power of mental

imagery.  Studies have explored such factors as the impact of the “imagery value” of

stimuli, the use of imagery instructions, and individual differences in the use of imagery.

The second approach stresses verbal associative processes, attributing the similarity

between key elements in a metaphor to common verbal associations.  Priming effects

have particularly been used to explore this hypothesis.  The third approach is abstract

representations.  This covers a range of proposals that stress the role of abstract

information such as “affective reactions” or “cognitive features”, and the way in which

they overlap.  Abstract representations may be organised into networks or hierarchies.

Finally, Paivio & Walsh propose a dual-coding approach, essentially combining the
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perceptual imagery and verbal associative approaches.  Separately the perceptual imagery

and verbal associative approaches can each account for a range of, but not all,

experimental evidence.  Paivio & Walsh (1993, p 320) propose that “the two processes

represent the activity of independent but interconnected systems that are specialised for

picking up, storing, organising, retrieving, and manipulating stimulus information”.  They

present a number of potential advantages of such a synthesis and note supporting

experimental evidence.

Of these four approaches to metaphor, current accounts of analogical mechanisms are

most similar to the abstract representations approach.  The other approaches, and in

particular the dual coding account favoured by Paivio & Walsh, appear to offer a rich

framework for explaining the power of metaphor in terms of the powerful, pre-existing

structures and systems of mental imagery and verbal association.  We suggest, then, that

in understanding the processes of structural transfer proposed in the analogical and skill

transfer literatures, it may be productive to identify and explore the way in which they

interact with (and could possibly also exploit) the systems proposed to underlie metaphor.

Chen (1995), for example, illustrates the effectiveness of schematic pictures in problem

solving.  Chen (1995, p 255) notes “the powerful facilitative effects of language based

analogies in problem solving”, but “surprisingly little research” on the use of pictorial

information.  In their introductory chapter Holyoak & Barnden (1994) also make

remarks linking analogy and perception.

Finally, in a paper titled “Why metaphors are necessary and not just nice” Ortony

(1975) advances three hypotheses regarding the reasons for the pervasive use of

metaphor.  The first of these is that metaphors are a compact way of representing a

salient chunk of cognitive and perceptual features so that they can be readily applied to

new situations.  The second, the “inexpressibility hypothesis”, is that metaphors are a

mechanism for communicating experiences that it is not possible to describe literally.  The

third hypothesis is that metaphors can provide a vivid, memorable way of representing

experience.
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6 Discussion

Themes

Although forming generally separate literatures, the studies of analogy, skill transfer and

metaphor address the common topic of transfer of information, skill, or meaning from

one domain or task to another.  Some common themes are evident.

Similarity is important, although the influence of similarity is difficult to predict.  At the

very least it appears to be necessary to distinguish between surface / content similarity

and a more abstract / structural similarity.  Transfer at the structural level is regarded as

the essence of transfer, but the effects of surface similarity on cognition appear to be

more robust (with the possible exception of linguistic mechanisms such as metaphor).

Performance is often “captured” by the surface aspects of a task or situation, limiting the

extent to which people are able to generalise their performance or recall and apply

structurally similar information (although there is some variation in this effect with levels

of expertise).  Apparently irrelevant episodic or contextual information can also influence

performance.  There is some debate in the analogy, skill transfer, and also categorisation

literatures, over whether to represent information using abstract schemata or by storing

specific exemplars, with evidence supporting the influence of both kinds of structure.

Transfer can be improved by: increasing expertise and maintaining a transfer oriented

“set”; noticing structural similarity (possibly with the aid of external hints); employing

active strategies for noticing, extracting, elaborating and storing relevant abstract /

structural information; enhancing surface similarities between problems of the same type;

training in variable contexts; managing feedback to promote self monitoring; and training

in a practical goal-oriented format.  We suggest that it may also be possible to facilitate

transfer by exploring and exploiting the mechanisms that underlie the powerful and

creative use of metaphor in language.
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Transfer vs surface content

If transfer is a powerful and desirable mechanism, should the influence of surface content

and context in cognition be regarded as nothing but a failure of transfer?  The transfer

literature certainly gives this impression, training “fails” to transfer to performance in the

target context, or subjects “fail” to recall appropriate analogues.

We suggest, however, that from a broader evolutionary perspective attending to

surface content is a fairly sensible strategy, and an imperative which competes with the

benefits of attending to abstract structural information.  Surface content after all, is

plentiful, easily processed, and typically relevant.  Gentner et al. (1993, pp 567 - 568)

make similar points, noting that “If something looks like a tiger, it probably is one”.

Although metaphor is important in language, so are contextual considerations like

pragmatics and discourse structure.  This broader perspective also allows for the influence

of apparently irrelevant contextual information.  Outside the laboratory there is no clear

distinction between “task”, “surface content”, and “irrelevant context”.  Where does

one end and the other begin?

This broad approach is strongly stated by several communities of researchers.  There is

a growing movement within several fields (such as psychology, philosophy, and artificial

intelligence), for example, that holds that learning, cognition, action, or intelligence,

should be seen as “situated” in, and logically inseparable from, the context and the

environment (e.g. Rosenschein &  Kaelbling, 1995;  Steels & Brooks, 1994; Lave &

Wenger, 1991).  Reder & Klatzky (1994) provides a brief overview of situated learning.

Proponents of “ecological psychology” (or “direct perception”) have proposed an

alternative framework for psychology based not on internal representations, but on

concepts defined over the organism-environment system (Gibson, 1979;  Michaels &

Carello, 1981), and theories which are similar in spirit are advanced by Winograd &

Flores (1986).
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Transfer and neural networks

Transfer methods have been applied to neural networks, and neural networks have been

used to model transfer processes in cognition (see Holyoak & Barnden (1994), and the

review by Pratt in this volume).  From the review presented in this paper it is clear that

there are some interesting correspondences between the properties of transfer in

cognition, and the properties of neural networks, that may be relevant to both these

endeavours.

With respect to the debate regarding abstract schemata vs exemplar based

representations, for example, consider the general tendency of neural networks to extract

measures of central tendency from the learning of examples, in particular Rumelhart,

Smolensky, McClelland, & Hinton’s (1986) model of the “rooms” schemata.  Rumelhart

et al. argue that schema-like abstract representations emerge from, and coexist with, the

representations of the separate examples (rooms).  This is a gradual process, without the

need for an explicit mechanism to initiate or build the schemata.  This graded mechanism

may provide a natural framework for working with both abstract schema and exemplar

based effects in transfer.

Similarly within the neural network framework, the influence of both surface and deep

information naturally matches the visible vs hidden unit distinction.  Visible units

represent the surface elements of items, while the representations developed by

successive hidden units represent successive abstractions derived from this information.

Similarity between items is naturally defined in terms of overlap in patterns of activation,

and patterns can overlap (items can be similar) at any level or mixture of levels within the

network.  Processes of true analogical transfer in the structural sense will depend on

identifying shared hidden units, and the difficulty of noticing abstract similarities between

superficially dissimilar items corresponds to the fact that very dissimilar input patterns do

not naturally generate similar hidden unit representations.  The crucial nature of the

coding of visible unit representations in neural networks is once again highlighted by

these considerations.  Also, as Wharton et al. (1994, p 67) point out, the need to
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simultaneously compare distributed representations highlights the “binding problem” (the

way in which the elements of patterns are grouped into unified wholes) in networks.

Much more tentatively, we suggest possible correspondences between the advantages

of feedback which is not continuous and accurate and the use of non supervised learning

strategies such as reinforcement learning, and the advantages of variability in training and

the use of noise in networks.  The use of distributed representations, with their rich

microstructure and robust generalisation also seems to provide an appropriate framework

for implementing the systems of perceptual imagery and verbal association which have

been proposed as the foundation of metaphorical transfer.  In their introductory chapter

Holyoak & Barnden (1994) also discuss the relationship between analogy and constraint

satisfaction, and outline a range of “opportunities and challenges” for connectionist

models of analogy.

In conclusion, the role of similarity and transfer in cognition has been studied

extensively, particularly under the general headings of analogy, skill transfer, and

metaphor.  There are significant similarities in the conclusions that emerge from each of

these fields, but many open questions remain.  These topics form an interesting and

possibly useful background for a consideration of transfer issues in neural networks.
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