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ABSTRACT

While existing theories of analogical mapping nicely capture a variety of analogy-related phenomena, they have only limited ability to integrate analogy and other problem-solving skills.  In this paper we discuss how the path-mapping theory achieves such integration by modeling analogical mapping in the ACT-R cognitive architecture.  The path-mapping theory posits that people represent analogs with roles, map analog objects according to their role paths, and organize mappings with higher-level skills.  Using the theory, we have developed a number of illustrative models of important analogical phenomena and a larger detailed model that interleaves mapping with other skills such as encoding and responding.
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INTRODUCTION

Analogy — the process of finding and using correspondences between similar concepts — plays an important role in everyday cognition.  Analogical mapping, the central component of analogy, is the process by which we map the elements of one concept onto those of another; for example, a mapping of the concepts of the atom and solar system might relate the nucleus to the sun and the electrons to the planets.  Because of the ubiquity of analogy in human reasoning, researchers have studied analogy and analogical mapping in great detail to better understand their role in general cognition.

Existing theories of analogy and their computational embodiments illustrate a variety of ways in which to think of these processes.  The structure-mapping theory and SME model state that analogy centers on the mapping between the relations and objects that comprise the conceptual analogs (Gentner, 1983).  The IAM model uses a similar scheme except that the mapping process incrementally considers the various parts of the analogs (Keane, Ledgeway, & Duff, 1994).  The LISA model posits that analogy arises from activation spreading in distributed representations (Hummel & Holyoak, 1997).  These and other theories and models attempt to account not only for mapping but also several other processes involved in analogy, such as access and inference.

Although existing theories vary a great deal in specifics, they share the common goal of integrating analogy into general cognition and problem solving.  All existing theories approach this goal in a similar manner: they begin with a model of analogy with the intention of generalizing this model to the rest of cognition.  While the theories have enjoyed great success at accounting for analogy and its component processes, as yet they have had difficulty integrating analogy with general cognition.  Because of this difficulty, the theories are tested primarily with qualitative results or with quantitative results that do not easily map onto real-world metrics.

THE PATH-MAPPING THEORY AND MODEL

In this paper we describe the path-mapping theory of analogical mapping and an ACT-R computational model that embodies the central elements of the theory (Salvucci & Anderson, in press).  Unlike existing theories of analogy, the path-mapping theory starts with a general theory of cognition, ACT-R (Anderson & Lebiere, 1998), and builds a model of analogical mapping using the constraints of the general theory.  This approach has at least three significant advantages.  First, the general theory constrains the theory of analogy such that analogy must obey the same principles as any other problem-solving process.  Second, because analogy simply represents a type of problem-solving process, the general theory allows easy integration of analogy with other cognitive and attentional processes such as the encoding of analogs and the output of the results of analogy.  Third, this integration allows task models to make predictions at the level of real-world metrics such as time and accuracy.

The path-mapping theory comprises three components: the representation of analogs, the mapping of analog paths, and the organization of path mappings.  We now describe these components in turn.

Representation

Representation in the path-mapping theory posits that analogs comprise three distinct elements: objects, relations, and roles.  Objects are the most primitive units of representation that form the basis of the analogs.  Relations are the associations between primitive objects.  Roles are the representational units that link relations to objects, and include the following elements:

•
parent: pointer to the parent relation

•
parent-type: semantic type of the parent relation

•
slot: relation slot that the object fills in the relation
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child: pointer to the child object or relation

•
child-type: semantic type of the child object or relation

Thus the roles link relations and objects into conceptual structures that represent the analogs that participate in analogical mapping.  Figure 1 shows sample representations for the solar-system and atom domains.  In ACT-R, objects and relations are arbitrary chunks, while roles are chunks of the specific type role that contain slots corresponding to the elements above.

This representation for analogs has a number of advantages.  The inclusion of the parent-type, slot, and child-type information allow semantic similarity to play a role in mapping, while the inclusion of the parent and child chunk pointers allow for structural consistency.  However, there can be interesting interactions between similarity and structure that account for a number of effects in the literature.  In addition, the representation closely resembles distributed representations in LISA (Hummel & Holyoak, 1997) and positional representations in list-memory models (Anderson et al., 1998).

Path Mapping

Given analogs in the above representation, path mapping maps a single object in the source analog to a single object in the target analog.  Path mapping operates in two stages.  The first stage begins with the source object and retrieves its role in the analog, producing a parent relation.  It then retrieves this relation’s role and parent relation, etc., until the top-most relation is reached.  The sequence of roles retrieved along the way is defined as the source path.  The bold lines in the source analog in Figure 1 represent a sample source path for the ss-planet object.

The second stage of path mapping retrieves a target path in the target that is analogous to the source path in the source.  This stage begins by retrieving the top-most target role that is most similar to the top-most source role in the source path.  It then continues to retrieve relations and roles down the target path such that each role along the target path is similar to its analogous role in the source path.  Finally, when a target object is reached, this target object is defined as the analogous object to the original source object.  The bold lines in the target analog in Figure 1 represent a sample target path for the at-electron object that is analogous to the source path for the ss-planet object.

In ACT-R, path mapping is implemented as a single subgoal in a set of seven production rules.  These path-mapping productions take as input the source object to map and return the target object to which it maps.  Optionally, the productions can be constrained to a particular role for either the source or target object.  The implementation of path mapping as a single subgoal allows any ACT-R model to perform analogical mapping, thus enabling the integration of analogy and general problem solving.

Organization

While path mapping maps single objects across analogs, analogy and analogical tasks in general typically require more than a single object mapping; for instance, they may require encoding of analogs or output of the results of the mapping process.  The organization component of the path-mapping theory accounts for these types of behavior.  Organization, as we define it, comprises the higher-level knowledge and skills needed to integrate path mapping with real-world behavior.  In ACT-R terms, organization comprises the additional knowledge — declarative and procedural — needed to model behavior in particular tasks.  Thus, while ACT-R models of different analogical tasks share the same path-mapping representation and mechanism, they may have very different organizational knowledge such as is required for encoding, responding, etc. in each task domain.

PATH-MAPPING MODELS 

We have applied the path-mapping theory to several illustrative domains that cover a number of interesting results in the analogical mapping literature.  In each domain we developed an ACT-R model that uses the path-mapping representation and productions with minimal organizational knowledge.  A model of the probability-problem task (Ross, 1989) demonstrates the interplay between surface similarity and role correspondence.  A model of the soap-opera task (Spellman & Holyoak, 1996) shows how pragmatic emphasis can affect choice of mappings.  A model of the attribute-mapping task (Keane, Ledgeway, & Duff, 1994) shows the effects of analog ordering on mapping.  Other models demonstrate how the path-mapping theory accounts for non-one-to-one mappings and mappings of relations with different numbers of arguments.

In addition to the smaller models above, we have developed a more comprehensive path-mapping model of a story-mapping task in which people form mappings between characters in two stories.  In the story-mapping experiment, we recorded participants’ eye movements and keystrokes to analyze the step-by-step process by which they analogize.  The story-mapping model nicely fits the experimental data with respect to accuracy, study and mapping times, gaze counts, gaze transitions, and keystrokes.  In doing so, the model demonstrates how a path-mapping model can integrate analogy and general problem solving to make fine-grained quantitative predictions about real-world metrics.

FUTURE WORK

While the path-mapping theory provides an excellent model of analogical mapping, it does not account for other processes that comprise analogy, such as inference and transfer.  These processes could likely be implemented as subgoals that precede or follow analogical mapping in a common organizational structure.  We hope to extend the theory to these processes to allow for more comprehensive models of analogy and analogical problem solving
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Figure 1.  Sample path-mapping representations of the solar-system and atom domains.  Ovals represent objects and relations in the domains, while rectangles represent roles connecting objects and relations.  The darker links represent sample source and target paths used in path mapping.











� All models are publicly available from the “Published Models” link on the ACT-R home page, located at http://act.psy.cmu.edu/ .  Interested readers can consult Salvucci & Anderson (in press) for full descriptions of the models.





