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I.  Introduction


A. Purpose of this review


This document reviews the existing literature on theoretical and empirical research in experimental cognitive psychology as it pertains to training, with a particular focus on the training of astronauts and other military personnel.  The aim is to identify evidence-based principles of training that are well enough established that they might be implemented in actual training regimens.  The principles vary to some degree in their empirical support, but this review includes only those for which there is convincing evidence and theoretical understanding.  Nevertheless, for purposes of organization, those principles that are strongly established are distinguished from those that are promising but require additional validation.


B. Some important distinctions


There are some important distinctions to keep in mind that influence the organization of this document and the implications that can be drawn from it.  



1. Training principles, guidelines, and specifications 


The most important distinction is one raised by Salas, Cannon-Bowers, and Blickensderfer (1999) among training principles, training guidelines, and training specifications. Principles, guidelines, and specifications all relate to how training is best accomplished.  In effect, they provide a conduit between training theory and training practice.  A principle, which is the level addressed in this review, is an underlying truth or fact about human behavior.  A guideline, in contrast, is a description of actions or conditions that, if correctly applied, could improve training.  A specification is a detailed, precise statement of how training should be designed by operationalizing training guidelines in the development of training programs.  This review, thus, provides an initial step towards designing training programs that can optimize on-the-job performance. Additional developmental or applied research will be required to translate these principles into guidelines and, subsequently, to specifications.  This review focuses primarily on training principles but also offers suggested guidelines that might be examined in further research.


2. Training vs. education


People generally think of training and education as being essentially the same.  However, in this paper, a distinction is drawn between these processes.  Education relates to general knowledge and skills identified with particular domains, such as history or physics.  Training, in contrast, relates to particular jobs or tasks that also require knowledge and skills but are more specific to the goals of those activities.  Thus, principles of training are tied to the improvement of performance of duties in particular occupations, such as electrician or computer programmer.  The principles of training are not necessarily the same as principles of education although there is undoubtedly a good deal of overlap.  Both training and education represent a transaction between teachers and students.  The principles of training considered here recognize that relationship and apply to both teachers and students.



3. Training of knowledge vs. training of skills


The principles discussed here apply to both declarative information (knowledge) and procedural information (skills).  Knowledge consists of facts, discriminations, and concepts about a domain, which are generally explicit and a part of a person’s awareness about a given task.  In contrast, skills consist of knowing how to use those facts, which might be implicit and outside of person’s awareness or consciousness.  For example, in statistics, knowledge includes the fact that the standard deviation is a measure of data dispersion, whereas skills include executing the sequence of steps needed to compute a standard deviation in a data set.  Both knowledge and skills are hierarchical and are logically linked together; facts at every level of abstraction are associated with procedures for using them.  Note that training applies primarily to skill learning, whereas education emphasizes fact learning, although fact and skill learning are involved in both training and education.


C. Scope of this review 


Principles of training will be reviewed for which there is at least some experimental evidence.  The principles will be presented in categories or clusters.  One basis of this organization is the degree of empirical support because some principles are strongly supported by the evidence, whereas the evidence for others is partial and incomplete.  Within these broad categories, grouping relies on similarity of effects.  It should be recognized at the outset that both these broad and more specific categories are somewhat arbitrary.  A given principle might have been categorized differently or placed in more than one category, but only a single category choice was used here.  Where necessary, cross linkages between categories are referenced.

II. Fundamental cognitive processes underlying training


Training implicates three fundamental underlying cognitive processes: acquisition (learning), retention (memory), and transfer (generalization).  There are basic principles that apply at the level of these fundamental processes, which are the starting point of the review.


A. Acquisition: Power law of practice


There are two major measures of performance during the acquisition of knowledge and skills: accuracy and speed of responses.  With respect to response speed, Newell and Rosenbloom (1981) have argued that the Power Law of Practice describes the acquisition process for most skills.  This law formalizes the relationship between trials of practice and time to make a correct response as a power function, R = aN-b, where R is response time on trial N, a is response time on trial 1, and b is the rate of change. It follows that the relationship between response time and trial number is linear in log-log coordinates, log R = log a – b log N.  In some cases, where more than one strategy can be used in the task, separate power functions apply to the different strategies (Delaney, Reder, Staszewski, & Ritter, 1998; Rickard, 1997).  This principle affords a way of predicting performance in a variety of tasks as a function of degree of practice (but see Roediger, 2008).  With respect to response accuracy, a similar function seems to apply (e.g., Bourne, Healy, Parker, & Rickard, 1999) although a power function has not been proposed for such data.  


In some cases, speed and accuracy might not be positively correlated (e.g., Pachella, 1974).  People sometimes trade speed for accuracy or vice versa.  Likewise, the speed of executing the different steps of a complex task may not be positively correlated, with people slowing down on one step in order to be faster on another step (Healy, Kole, Buck-Gengler, & Bourne, 2004; Kole, Healy, & Bourne, 2008).  In these cases, the power law of practice might not be a good description for all measures.  Furthermore, for optimal training, instructors need to be aware of what are the various steps in any task as well as whether speed or accuracy is more important in each step, so that the more important aspect can be emphasized in training.


B. Retention: Power law of forgetting


With the passage of time and the lack of opportunity to rehearse or refresh acquired knowledge or skills, performance declines, reflecting forgetting of what was learned.  This decline in performance, exhibited in increased response time (or decreased accuracy), has been known since the time of Ebbinghaus (1885/1913), who used a measure of savings (i.e., the amount of relearning required to achieve the criterion level of performance during original learning).  Subsequently this relationship between response time and retention interval was described as a power law (Wickelgren, 1974), R = d + fT-g, where R is response time, T is the retention interval, d is the criterion of original learning, f is a scaling parameter, and g is the rate of forgetting.  This Power Law of Forgetting (Wixted & Carpenter, 2007; see also Rubin & Wenzel, 1996) can be thought of as the inverse of the power law of practice (but see Roediger, 2008).


C. Transfer: Laws relating to similarity


Training on a particular task has implications for performance on other related tasks.  The effect of training on one task can be either positive (facilitation) or negative (interference) on performance of another task.   When the acquisition of one task affects performance on another, that effect is called transfer.  The major variable determining the extent and direction of transfer is similarity between the two tasks.  Osgood  (1949) has conceptualized this relationship in the form of a transfer surface, which relates transfer magnitude both to response similarity and to stimulus similarity between the training and the transfer tasks.  When the stimuli in the two tasks are varied in their similarity and the responses are held constant, positive transfer is obtained, with its magnitude increasing as the similarity between the stimuli increases.  On the other hand, when the stimuli are held constant and the responses are varied in their similarity, negative transfer is obtained, with its magnitude decreasing as the similarity between the responses increases.  Finally, when both the stimuli and responses are simultaneously varied in their similarity, negative transfer is obtained, with its magnitude increasing as the similarity between stimuli increases.  Shepard (1987) has given a quantitative expression to such similarity functions, which he refers to as a universal law of generalization.

III. Well established training principles


Well established training principles will now be reviewed, under the following categories: (a) resource and effort allocation, (b) context effects, (c) task parameters, and (d) individual differences.  Again, readers should keep in mind that the category scheme is arbitrary and that a given principle might be relevant to more than one category. 


A. Principles relating to resource and effort allocation


Implementation of some training principles requires the learner to direct or allocate cognitive resources and effort to particular aspects of the knowledge or skills to be acquired.



1. Deliberate practice


Practice makes perfect, but not all practice is equivalent in terms of its effectiveness.  Deliberate (i.e., highly focused and highly motivated) practice is best in terms of promoting skill acquisition and expertise (Ericsson, Krampe, & Tesch-Römer, 1993).  Indeed, learners, even those who might be highly talented or have a high aptitude for the training domain, will not acquire their highest level of performance if they do not engage in deliberate practice over a prolonged period of time with many repetitions of the skill to be performed.  Guideline:  By initial instructions to trainees, try to engage deliberate practice at the outset and throughout the training process.



2. Depth of processing


One aspect of deliberate practice relates to how deeply the material to be learned is processed.  Activities during training that promote deep or elaborate processing of materials yield superior retention (e.g., Craik & Lockhart, 1972; but see Roediger, 2008).  The depth of processing principle can be achieved in various ways, including simply presenting the material in a format that requires a translation process or speech coding.  Counter to intuition, when numerical data must be entered into some system, the numbers should be presented in word format (e.g., three-five-two) rather than numeral format (3-5-2) to maximize memory for the numbers.  Word format, but not numeral format, requires translation from the words to the digits represented on a keyboard and facilitates speech coding of the digits.  This additional process enhances long-term memory for the material (Buck-Gengler & Healy, 2001).  Guideline: To enhance the durability of training material, promote deep processing of the material to be learned either by explicit instructions or by incidental task demands.



3. Active versus passive learning


In general, it is better to use active learning rather than passive learning techniques.  For example, if the task is to memorize a set of procedures for troubleshooting a piece of equipment, the trainees should try to generate the procedures from memory, rather than simply to read or reread them.  Then the trainees should check the accuracy of their actively generated responses against the correct list and make note of any errors.  They should actively generate the list again until they are able to produce it without error. This recommendation follows from the generation effect (the finding that people show better retention of learned material when it is self-produced, or generated, than when it is simply copied or read; e.g., Crutcher & Healy, 1989; McNamara & Healy, 1995, 2000; Slamecka & Graf, 1978; but see Roediger, 2008).  


More generally, a trainee is typically passive, with the trainer controlling the course of events during training.  However, there is evidence to believe that actively involving the trainee in the learning process facilitates training efficiency and the level of achievement reached (see, e.g., Hockey & Earle, 2006; Norman, 2004; Péruch & Wilson, 2004; Vakil, Hoffman, & Myzliek, 1998).  Active involvement entails some self-regulation by the trainee.  There has been relatively little research focused, however, on the self-regulation process and on the self-regulation skill (Perels, Gürtler, & Schmitz, 2005; Schunk, 2005).  There are, though, some basic cognitive processes related to active learning and self-regulation that have been studied in detail.  Among those processes are the aforementioned generation effect, metacognition (e.g., Mazzoni & Nelson, 1998; Sperling, Howard, Staley, & DuBois, 2004), and discovery learning (e.g., McDaniel & Schlager, 1990).  It is possible that self-regulation might enhance training efficiency, and it is also possible that self-regulation might have a positive impact on the durability of skills and their transfer to performance in new contexts although there is little relevant evidence presently available. 


Bjork, deWinstanley, and Storm (2007) make three points about learners that are relevant to self-regulation: (a) Learners often are far from accurate when monitoring their level of comprehension about material they are studying.  (b) How learners rate their comprehension determines how they allocate resources for further study, allocating more resources to those aspects of the material that they do not yet understand.  (c) Learners can inaccurately assess their comprehension due to “illusions of comprehension” that are caused by conditions of learning (such as massed practice) that enhance or support performance during study but actually impair long-term retention and/or transfer (Bjork, 1999; Simon & Bjork, 2001).


Bjork et al. (2007) examined whether or not students can discover the benefits of using generation for learning and then put it into use as they study (deWinstanley & Bjork, 2004; Koriat, 1997).  Making students aware of the benefits of generation as a learning tool led them to adopt better strategies for encoding new information while studying.  However, just putting students in a condition that requires generation is not likely to induce students to discover and then adopt the more effective strategies in subsequent study times.  Students may need to experience the performance consequences of any differentially effective study methods before they can grasp the differences and then make use of such knowledge in their future learning and study activities. 


Kornell and Bjork (2007) found that students make study decisions by what is more urgent at the moment (usually last minute cramming) rather than by trying to maximize long-term learning. Students need to learn how to learn (Bjork, 2001).  They conclude that for students to enhance their long-term memory they need to know how learning works and use that knowledge to go against some of their intuitions and indices of short-term memory.


Guideline: Trainers should use whatever methods are possible to engage trainees actively in the learning process, including requiring them to generate answers to questions periodically, instructing them directly or indirectly to maintain awareness about their progress in learning, and allowing them to experience the consequences of their study strategy.


B. Principles relating to context effects


Some training principles reflect the fact that training is often context specific, meaning that the knowledge and skills learned are bound, at least to some degree, to the circumstances in which they were acquired.  The following are the two most important, well-established principles of this type.



1. Procedural reinstatement


The procedural reinstatement principle implies that duplicating at test procedures that were required during learning facilitates subsequent retention and transfer (Clawson, Healy, Ericsson, & Bourne, 2001; Healy et al., 1992; Healy, Wohldmann, & Bourne, 2005).  This principle is similar to others that had been derived primarily from studies of list learning, including the principles of encoding specificity (memory for information is best when retrieval cues elicit the original encoding operations; e.g., Tulving & Thomson, 1973), transfer appropriate processing (memory performance will be best when test procedures evoke the procedures used during prior learning; e.g., Morris, Bransford, & Franks, 1977; Roediger, Weldon, & Challis, 1989), and context-dependent memory (memory for information is worse when tested in a new context than when tested in the original context in which it was learned; e.g., Kole, Healy, Fierman, & Bourne, 2010; Smith & Vela, 2001).  An important corollary to this procedural reinstatement principle is that specificity (limited transfer) occurs for tasks based primarily on procedural information, or skill, whereas generality (robust transfer) occurs for tasks based primarily on declarative information, or facts (Healy, 2007; Healy et al., in press).  Thus, for skill learning, retention is strong but transfer is limited, whereas for fact learning, retention is poor but transfer is robust.


As mentioned above, an important distinction to keep in mind in any discussion of training is the difference between implicit and explicit learning.  Implicit learning usually refers to the acquisition of skill or procedures, which is often accomplished by repetition and practice and does not necessarily involve intention.  Furthermore, the skill that results from implicit learning is not necessarily conscious and can be applied automatically.  In contrast, explicit learning usually refers to the acquisition of facts or new associations (also referred to as declarative knowledge).  Explicit learning is generally accomplished intentionally by instruction, is applied consciously, and may not require repetition for its acquisition.  This distinction between explicit and implicit learning provides an alternative formulation for the procedural reinstatement principle:  Facts that are acquired explicitly may be rapidly forgotten; however, if they are available, they transfer broadly across new situations (e.g., Postman & Underwood, 1973).  In contrast, skills that are acquired implicitly are well retained but transfer minimally to new situations (Ivancic & Hesketh, 2000; Lee & Vakoch, 1996; Maxwell, Masters, Kerr, & Weedon, 2001).  It should be noted, however, that explicit learning might, with extended practice, become implicit, as in the proceduralization (or knowledge compilation) hypothesis of Anderson’s (1983) ACT-R theory.


Guideline: Trainers should reinstate the conditions of study as closely as possible when taking a test or performing in the field.  If trainers are able to anticipate the test or field conditions, then they should modify their study conditions to match them.  To make learning generalizable, training should be related to explicit declarative facts, whereas to make learning durable, training should be related to implicit procedural skills.



2. Specificity of training


Instructors often assume that teaching a primary task without extraneous secondary task requirements will benefit the learning process.  However, if such secondary task requirements exist in the field, then use of this training method will not provide optimal transfer to field performance.  Research has shown that to be effective, training must incorporate the complete set of field task requirements, including all secondary task requirements imposed in the field.  This effect works both ways.  That is, training with extraneous secondary task requirements will not be optimal if field performance does not include those requirements.  In general, learning is highly specific to the conditions of training.  This observation follows from both the specificity of training principle (retention and transfer are depressed when conditions of learning differ from those during subsequent testing; Healy & Bourne, 1995; Healy et al., 1993) and the functional task principle (secondary task requirements are often integrated with primary task requirements during learning, resulting in the acquisition of a single functional task rather than two separate tasks; Healy, Wohldmann, Parker, & Bourne, 2005; Hsiao & Reber, 2001).  Guideline:  For optimal performance, the entire configuration of task requirements during training, including secondary as well as primary tasks, needs to match those in the field as closely as feasible.


C. Principles relating to task parameters


Training can vary along a number of dimensions depending, for example, on the task demands and properties.  Certain training principles follow from variations in these task characteristics.  The most well-established of these principles are described next, grouped by the task parameters entailed.



1. Spacing


When training new knowledge or skills involves repeated practice trials, learning is more efficient when rest intervals are interpolated between trials (i.e., spaced or distributed practice) than when the trials are administered without rest intervals (i.e., massed practice) (see, e.g., Bourne & Archer, 1956; Underwood & Ekstrand, 1967).  A related spacing effect involves the separation of repetitions of a given item within a list of items (see, e.g., Glenberg, 1976; Hintzman, 1974).  Although usually some rest between repetitions improves performance, the rest interval cannot be increased indefinitely.  There is an optimal rest interval for at least some tasks (Bourne, Guy, Dodd, & Justesen, 1965), but more research needs to be done to determine the generality of this effect.  With respect to retention of the learned material, this spacing effect does not always hold when the retention interval (interval between the last repetition and the test) is very short.  Generally, the advantage of spacing holds for pure lists with a single interval as well as for mixed lists including intervals varying across different items (Kahana & Howard, 2005).  All of this work is based on single-session training paradigms with short spacing and retention intervals.  


In a different paradigm, Bahrick (1979) used long spacing intervals separating learning sessions and long retention intervals between the end of learning and final testing to study the acquisition of English-Spanish vocabulary pairs.  Bahrick systematically varied the interval between practice sessions (intersession interval) during learning from 0 to 30 days, and he tested performance 30 days after the last learning session.  He found that the level of performance on the final test session depended more on the spacing between learning sessions than it did on the level of performance achieved in the final learning session.  Unlike findings from experiments with short intervals between practice trials or items (cited above), which generally show an advantage for spaced practice, performance on the final learning session of Bahrick’s study was greatest when the intersession intervals were shortest, but performance on the final test session was highest when the intersession intervals were longest (so that they resembled the retention interval).  Bahrick, thus, concluded that for optimal knowledge maintenance, practice should be spaced at intervals approximating the length of the eventual retention interval.  Bahrick and Phelps (1987) and Bahrick, Bahrick, Bahrick, and Bahrick (1993) confirmed this conclusion in studies involving retention intervals up to 50 years.  For a summary of this work, see Bahrick (2005; but see Roediger, 2008).  


More recently, Pashler, Rohrer, Cepeda, and Carpenter (2007) also looked at the effects of varying the intersession interval (ISI).  They found that spacing has strong effects over substantial retention intervals (RIs) and that test performance after a given RI is optimized when the ISI takes some intermediate value.  However, longer than optimal spacing is not nearly as harmful to final memory as is shorter than optimal spacing.  They suggest that to promote retention over years, ensuring an ISI of several months or even a few years is likely to be far more effective than using shorter intervals.  They found that the same spacing principles are applicable to at least some forms of mathematical skill learning, but perceptual categorization tasks do not seem to show such effects.  Kornell and Bjork (2008) showed that the induction of painter’s styles was aided by spacing exemplars of each painter as compared to massing the exemplars.  This result was surprising in that it had been thought that massed presentation would enable the subjects to more easily discover the similarities of the paintings by each painter.  The authors proposed a new hypothesis that involved differentiating the individual styles of each painter rather than highlighting the similarities of one painter’s works.  Seeing the painters’ paintings interleaved forced subjects to differentiate better.


Arithmetic problems can often be solved either by calculation or by direct retrieval of the answer from memory.  Calculation usually requires several steps and thus takes longer.  Rickard, Lau, and Pashler (2008) found that with practice on the same problems direct retrieval from memory tends to replace calculation of the answer.  They also discovered that in the training session this transfer from the slower calculation to the faster direct retrieval occurred sooner when the specific problems were spaced closer to each other (fewer other problems in between) than they did when they were spaced farther away (more other problems in between).  However, in a test session days later the opposite result was found.  These results are also consistent with the training difficulty hypothesis, which states that a condition that causes difficulty during learning is beneficial to later retention and transfer (see below). 


Rickard, Cai, Rieth, Ard, and Jones (2008) looked at the widely believed idea that sleep consolidation enhances skilled performance (see Marshall & Born, 2007; Stickgold, 2005; Walker, 2005; Walker & Stickgold, 2004, 2006).  Rickard et al. used a sequential finger-tapping task and did find results that fit with sleep enhancement when data were averaged in the usual manner, that is, when 1 min or more of task performance at the end of the training session was compared with performance in the test session.  This averaging could cause an illusory enhancement effect.  However, they identified four aspects of the design and analysis not related to sleep consolidation that could lead to this enhancement effect.  When they controlled for these factors in the data analyses or in the design, they did not find sleep enhancement as measured by either accuracy or reaction time.  Rickard et al. concluded that sleep does not enhance learning for the explicit motor sequence task they used.  They propose that the effects can be explained in terms of performance fatigue.  With a long training session substantial fatigue builds up and creates an apparent asymptote in learning.  This fatigue dissipates between sessions, which results in an apparent sleep enhancement effect on the test.  This is the same effect that can be observed in spaced practice (as opposed to massed practice) in which the fatigue buildup dissipates during the space between practices.  Rickard et al. suggest that although sleep might not produce performance enhancement, it might yield a protection from forgetting (stabilization).  This protection could be achieved in either an active or a passive manner.  The active form would involve a mechanism that complements waking consolidation in producing stabilization.  The sleep consolidation mechanism would presumably have a unique, and perhaps subtle, role that is distinct from the waking consolidation.  On the other hand, the effect of sleep on protection from forgetting may be passive.  That is, sleep may allow a purely time-based consolidation mechanism to operate more efficiently because during sleep there is no new motor learning to interfere with ongoing consolidation (see Wixted, 2004, for an analogous mechanism for explaining sleep effects for declarative memory tasks).


Guideline:  For optimal benefits from training, repeated practice on particular items or responses should be spaced in time.  The amount of spacing (length of the time interval between repetitions) should be related to the amount of time that is likely to pass between training and eventual testing.  Generally, it seems desirable to match the time between repetitions during training to the time between training and test.



2. Feedback


Two distinct questions have been asked about the effects of feedback: what form it should take and when to provide it.




a. What kind of feedback to provide


What type of feedback to provide is also a crucial issue for optimizing training and retention of knowledge and skills (Schmidt & Bjork, 1992).  Trial-by-trial feedback has been shown to facilitate rate of learning in many tasks, possibly by motivating participants to set increasingly higher standards of performance or by identifying errors and how to correct them.  But, if participants have a good sense anyway of how well they responded, then trial-by-trial feedback might be distracting, resulting in inferior performance on later acquisition trials, on retention tests, or on tests with tasks requiring slightly different responses.  In such circumstances, periodic summary feedback, given only on some proportion of training trials, is often a more effective procedure for promoting long-term retention than is trial-by-trial feedback (see, e.g., Schmidt, Young, Swinnen, & Shapiro, 1989, for illustration of this finding in a ballistic timing task).  Indeed there is some suggestion in the literature that the amount of feedback given during acquisition can be gradually reduced or faded without serious or adverse effects on acquisition performance and at the same time produce beneficial effects on long-term retention (Schmidt & Bjork, 1992).  Other studies suggest, however, that any effects of feedback during training might not persist into later testing for retention (Bourne, Healy, Pauli, Parker, & Birbaumer, 2005).  




b. When to provide feedback


In a declarative memory task, such as vocabulary learning, feedback is most effective for learning and retention when it serves to correct erroneous responses.  Pashler, Cepeda, Wixted, and Rohrer (2005) examined the effects of feedback to the learner in a foreign vocabulary-learning task.  Different groups of subjects were provided with (a) simple right/wrong feedback after every learning trial, (b) feedback that signaled the correct responses, or (c) no feedback at all.  They found that feedback had a facilitative effect on learning and on subsequent delayed recall of newly learned vocabulary but only when the feedback was provided after an incorrect response.  Feedback had no benefit on correct response trials even when those responses were given with low confidence.  On the other hand, in a concept-learning task Bourne, Dodd, Guy, and Justesen (1968) found facilitative effects of feedback on both correct response and incorrect response trials.  The difference between the effects of feedback on the two types of tasks might relate to differing task requirements and the fact that there is an underlying abstraction in the concept-learning task used by Bourne et al. but not in the verbal associative task used by Pashler et al.  Thus, in the concept-learning task, feedback serves to either confirm or disconfirm on every trial the learner’s current hypothesis about the underlying concept, whereas in the verbal associative task, feedback on any given trial pertains only to a specific association, which has already been formed on the correct response trials.  In a task different from both vocabulary and concept learning, namely recall of trivia, Smith and Kimball (2010) found facilitative effects of feedback following correct responses as well as errors, but these effects depended on the introduction of a delay before feedback is presented.  Thus, the issue of task differences needs to be clarified in future research.


In a study of message comprehension in a navigation task, Schneider, Healy, Buck-Gengler, Barshi, and Bourne (2007) found that training with immediate feedback led to worse performance at test than did training with delayed feedback.  These results suggest that immediate feedback, even when it provides supplemental information otherwise not available, might not always be desirable.  In some cases, it might interfere with memory because of the interruption of the processing stream that supports learning.  Further along those lines, Butler, Karpicke, and Roediger (2007) found not only that delayed feedback was better than immediate feedback for long-term retention but also that a longer delay (1 day) was better than a shorter delay (10 min.).  An explanation for the benefit of delaying the presentation of feedback after a test is that feedback then serves as an additional spaced presentation of the information (see above).  Immediate feedback is more consistent with massed presentations.  Pashler et al. (2007) agree that immediate feedback may not be optimal and that delayed feedback may provide spaced practice especially after correct answers.  Likewise, Wulf, Shea, and Whitacre (1998) point out that in learning a motor skill knowledge of results (KR) given too frequently or to quickly after the response can enhance performance during practice but degrade learning more than practice with less frequent KR or with somewhat delayed KR (Gable, Shea, & Wright, 1991; Schmidt et al., 1989; for a review, see Schmidt 1991).


Guideline:  Informative feedback to the trainee is almost always desirable, especially early in the training process.  However, the frequency of feedback can be reduced as the trainee acquires the required knowledge and skill.  In fact, reduced feedback during training often facilitates long-term retention.  Feedback with respect to erroneous responses is generally more effective than feedback with respect to correct responses, and delayed feedback is sometimes preferable to immediate feedback, presumably because of a spacing effect (see above). 



3. Rehearsal




a. Mental versus physical rehearsal


Often a skill-based task can be practiced either physically (i.e., by making the actual required responses) or mentally (i.e., by merely imagining the required responses).  A number of studies have reported no benefits of mental practice (e.g., Shanks & Cameron, 2000), whereas other studies have reported benefits on tasks that are largely cognitive, but not on tasks that are largely motoric (e.g., Driskell, Copper, & Moran, 1994; Minas, 1978).  But other studies have shown clear benefits to performance after mental practice even for motoric tasks (e.g., Kohl & Roenker, 1983), and Decety, Jeannerod, and Preblanc (1989) reported behavioral similarities between mental and physical practice of walking, either blindfolded or by imagination, to specified locations at varying distances.  Furthermore, Wohldmann, Healy, and Bourne (2007) demonstrated in the context of a simple perceptual-motor laboratory task that some aspects of mental and physical practice are similar behaviorally in that mental practice is just as effective as physical practice both for learning a new motor skill and for maintaining a previously learned motor skill across a 3-month delay.  In fact, Wohldmann, Healy, and Bourne (2008a) established that mental rehearsal is in some circumstances better than physical rehearsal in promoting the acquisition, durability, and transferability of perceptual-motor skill because mental rehearsal does not suffer from interference effects attributable to physical movements.




b. Fixed versus expanding rehearsal


The studies of spacing effects reviewed above all used fixed intertrial intervals during training.  Landauer and Bjork (1978) suggested that constant intervals, regardless of their length, might not be optimal for learning and retention.  They examined a training procedure in which the intervals between test trials gradually increased during learning.  This expanding rehearsal procedure produced greater eventual performance than did a rehearsal procedure with uniform intervals between tests.  The positive effects of expanding rehearsal have been replicated by Cull, Shaughnessy and Zechmeister (1996; see also Morris & Fritz, 2000), but there have been some failures to replicate (Cull, 2000).  In fact, Karpicke & Roediger (2010) suggested that the positive effects of expanding rehearsal might be due to the greater amount of spacing under expanded, as opposed to fixed, rehearsal conditions.  When the amount of spacing was controlled, the difference between fixed and expanding conditions disappeared in their study.  Nevertheless, an interesting possible extension for future experimental study is to expand the intervals between training sessions following the work of Bahrick (1979, 2005) summarized above.  Although Bahrick found it optimal to match the interval between training sessions to the retention interval separating the last training session and the test session, it may be instead that optimal performance occurs with an expanding set of intervals between training sessions, with only the last equal to the retention interval.


Guideline: Type and scheduling of rehearsal opportunities can have important impacts on the acquisition, retention, and transfer of knowledge and skill.  In general, mental rehearsal should be employed whenever physical practice is difficult or impractical.  Also, expanding rehearsal might be considered as a possible strategy, if there is sufficient time during training to allow for the spacing that is entailed, but the supporting empirical evidence is still lacking.



4. Testing


Tests are usually thought of as performance assessment tools, but there is increasing evidence that people learn from taking tests often as much or more than they learn from pure study.  This phenomenon has been referred to as a “testing effect” (Carpenter & DeLosh, 2005; Izawa, 1992; McDaniel & Fisher, 1991).  Specifically, the testing effect is the advantage in retention for material that is tested relative to material that is presented for additional study.  A number of theoretical explanations have been proposed for the testing effect (see Dempster, 1996, and Roediger, 2009, for reviews), such as those involving the amount of processing and retrieval practice.  This effect has been demonstrated for both semantic (e.g., words) and nonsemantic (e.g., unfamiliar faces) materials (Carpenter & DeLosh, 2006) (but see Roediger, 2008). 


Marsh, Roediger, Bjork, and Bjork (2007) found that it is detrimental to students to be exposed to plausible wrong answers on a multiple-choice test, even if the students choose the right answer.  In addition, multiple-choice lures may become integrated into the learners’ more general knowledge and lead to erroneous reasoning about concepts. However, the authors believe that the overall positive effect of testing outweighs any negative consequences and they show, in several studies, that the learning of lure answers was balanced by a decrease in other wrong answers on the final tests.  Marsh et al. make three suggestions to help prevent the problem of lures being produced on a later test. First, give immediate feedback.  Such feedback reduces multiple-choice lure production on a later test (Butler & Roediger, 2006) (but see the discussion above concerning immediate vs. delayed feedback).  Second, follow the SAT II’s example of offering a “don’t know” option, with a penalty for selecting a wrong answer.  Being given the option of “don’t know” and being penalized for wrong answers yielded a small but significant reduction in lure production on a later cued recall test.  And third, change the ways in which concepts are tested across exams.  Switching from a definitional to an application cued recall question reduced but did not eliminate the negative consequences of multiple-choice lures.


Pashler et al. (2007) point out that the testing effect has been found for free recall (e. g., Allen, Mahler, & Estes, 1969; Carpenter & DeLosh, 2006); cued recall, including foreign vocabulary learning (Carrier & Pashler, 1992); face-name learning (Carpenter & DeLosh, 2005); definitions (Cull, 2000); and general knowledge facts (McDaniel & Fisher, 1991).  They also found that covert retrieval practice, a form of mental rehearsal, in which subjects are asked to retrieve without providing an observable response, enhances learning.  McDaniel, Roediger, and McDermott (2007) illustrated the testing effect in real life, that is, in an actual course at a university.  They found that initial short-answer and multiple-choice tests, compared to no tests, were significantly beneficial to subsequent or final test performance.  They also found that short-answer tests (production or recall) were more helpful to subsequent performance than were multiple-choice tests (recognition), even when the final tests were in the multiple-choice format.  In addition, they found that the benefits of short-answer tests significantly exceeded the benefits of focused study of the target material, and these effects were most prominent when initial tests included corrective feedback.


Note that the testing effect has been examined primarily in declarative leaning tasks, where it is possible to separate pure study from test performance.  In skill learning tasks, study and tests are usually integrated into the trial-by-trial acquisition procedure, with each trial necessarily including a testing component.  The testing effect is really, thus, not directly applicable to skill learning although mental practice (or even observation) might be considered an analogue of studying without testing. 


Guideline:  A lot of learning occurs during test taking.  Therefore tests should be embedded in the training process whenever possible.



5. Overlearning


Training usually ends when the trainee reaches some predesignated performance criterion, such as one or more error-free training trials.  Overlearning refers to practice beyond the performance criterion (Pashler et al., 2007).  Overlearning has been shown to increase later performance in comparison to lesser amounts of practice (Krueger, 1929) and has often been advocated as a generally useful learning strategy when long-term retention is the focus (Driskell, Willis, & Cooper, 1992; Foriska, 1993).  However, overlearning might not be an efficient way to strengthen acquired knowledge and skill.  For example, in a study by Rohrer, Taylor, Pashler, Wixted, and Cepeda (2005) subjects were taught novel vocabulary pairs.  They saw each word pair either 5 or 10 times.  After 1 week, the subjects who saw the pairs 10 times showed a substantial benefit over the subjects who saw the pairs 5 times, but the difference had disappeared after 4 weeks.  Rohrer and Taylor (2006) conducted a similar study using a new math skill.  One group of subjects had three times the number of practice problems but no difference was found after either the 1-week or the 4-week retention interval.  Thus, Pashler et al. conclude that for long-term memory, overlearning seems to be inefficient as a training technique.  They point out, however, that sometimes overlearning is the only alternative for a skill that might need to be performed with no errors much later (e.g., the Heimlich maneuver or landing the space shuttle).  They also say that overlearning may enhance speed long after retrieval accuracy has reached ceiling (e.g., Logan & Klapp, 1991) and that speedup may sometimes be useful.


A related phenomenon has been identified as “the failure of further learning effect.”  This effect was first demonstrated by Kay (1955) and Howe (1970), and subsequently studied by Fritz, Morris, Bjork, Gelman, and Wickens (2000).  Repeated studying of text passages presented out loud to subjects yields little new learning beyond that attained in the initial study period, even though there is much additional information to be learned and the learning is spaced rather than massed.  The explanation offered by Fritz et al. for this effect is that the learner develops a schema (or mental summary) reflecting his or her comprehension of the text as a result of the first study episode and that schema creates some resistance to improving learning after it has been established.  They also interpret the findings in terms of Haviland and Clark’s (1974) distinction between “given” (i.e., known) and “new” (i.e., yet to-be-learned) information, with the hypothesis that learners neglect information that they consider to be given (because it was included previously) even though they have not been able to recall it.


Guideline:  Overlearning is recommended as a training technique only when training time is not severely limited and when it crucial to have the strongest possible representations of knowledge and skill. 



6. Task difficulty


Interference is a source of difficulty in training that occurs when conditions allow incorrect answers to come to the trainee’s mind, along with the correct answer, thereby requiring the trainee to choose the correct answer from among several alternatives.  Increasing interference during training has been shown to impede training speed but ultimately to enhance the durability and flexibility of what is learned.  For example, mixing material across categories during training, as opposed to grouping the material by category, enhances interference, which may inhibit initial acquisition, but should yield better retention and transfer.  In fact, it has been shown that many things that make learning difficult (not just interference) facilitate transfer to a new task as well as long-term retention of the original task.  This recommendation follows from both the effects of contextual interference (interference during learning facilitates later retention and transfer; Battig, 1972, 1979; Carlson & Yaure, 1990; Lee & Magill, 1983; Schneider, Healy, & Bourne, 1998; Schneider, Healy, Ericsson, & Bourne, 1995; Shea & Morgan, 1979; but see Wulf & Shea, 2002, for some exceptions) and, more generally, the training difficulty principle (generally, any condition that causes difficulty during learning facilitates later retention and transfer; Schmidt & Bjork, 1992; Schneider, Healy, & Bourne, 2002; but see McDaniel & Einstein, 2005, and Young, Healy, Gonzalez, Dutt, & Bourne, in press, for some qualifications).  


Not all sources of difficulties during training are desirable, however (see Bjork, 1994).  McDaniel and his colleagues (McDaniel & Butler, in press; McDaniel & Einstein, 2005) argue that difficulties introduced during training are facilitative only when they cause the learner to engage in task-relevant processes that otherwise would not take place.  


Guideline:  Counter to intuition, trainers should consider introducing sources of interference into any training material.  If durable retention and flexible transfer are the goals of training, then mixing materials during training is advisable for most learners.  Trainers might consider enhancing the difficulty of training exercises in other ways as well with the caveat that task-relevant cognitive processes must be engaged.



7. Stimulus-response compatibility


Cognitive skills can be divided into three stages: (a) perception of the stimulus, (b) decision making and response selection, and (c) response execution (Proctor & Dutta, 1995).  The most ubiquitous phenomenon observed in the second stage of skill acquisition is the effect of stimulus-response compatibility (Fitts & Deininger, 1954; Fitts & Seeger, 1953; Proctor & Vu, 2006).  This effect reflects a difference in performance attributable to the mapping of individual stimuli to responses, such that performance is best when the stimulus set and the response set are configured in a similar way and each stimulus is mapped to its corresponding response (e.g., left-right stimulus locations are mapped to left-right responses).  Stimulus-response compatibility effects have been extensively studied using stimuli and responses with spatial properties, but they occur for any dimension of similarity between stimuli and responses. The detrimental effects of incompatibility are not easily overcome, even after extensive practice (e.g., Dutta & Proctor, 1992).  Guideline:  It is important to maintain stimulus-response compatibility during training to avoid the prolonged, detrimental effects that incompatibility can have on performance.



8. Seeding


When tasks require having a certain type of quantitative knowledge, providing a small number of examples, called seeds, is often sufficient knowledge to encompass an entire domain.  For example, for a quantitative estimation task (e.g., estimating the distances between geographical locations), providing a small number of specific relevant quantitative facts can greatly improve overall estimation ability.  A small number of sample distances is extremely beneficial not only to immediate estimation but to estimation performance after long delays.  This recommendation follows from the seeding effect (Brown & Siegler, 1996, 2001; Kellogg, Friedman, Johnson, & Rickard, 2005; LaVoie, Bourne, & Healy, 2002).


However, seeding might not work in all cases.  For example, in a study simulating scanning by airport screeners (TSA agents) (Smith, Redford, Washburn, & Taglialatela, 2005), when targets were sampled with replacement and repetition, participant screeners relied on recognizing familiar targets and had great difficulty generalizing to new or unfamiliar targets.  Specifically, performance improved as test images repeated but dropped sharply when unfamiliar targets from the same categories were added.  Thus, participant screeners relied on familiarity showing the difficulty of using category-general information.  These results suggest that seeding effects might be limited to certain domains such as those involving quantitative estimates.


Guideline:  Seeding (training on a few specific examples of a selected domain) can be effective but should be used judiciously in non-quantitative domains, based on the likelihood of seeding effects in those domain.


9. Serial Position

Better memory has been found for the initial and final items in a to-be-learned list of items (Nipher, 1878).  This bow-shaped serial position function, with both primacy and recency components, is found at the start of learning but diminishes as repeated trials on the same material are given (Bonk & Healy, 2010).  The same effect is observed for short lists (as few as 4 items) and long lists (40 items or more), for tasks that require item learning or response-sequence learning, and for both immediate recall and serial learning.  The relative magnitude of primacy and recency effects differs depending on many variables, especially the testing procedure.  In any event, the items in the middle of a list are at a disadvantage when it comes to both short-term memory and long-term acquisition.  Thus, training will require more practice on items in the middle of a list than on those at either end.  Guideline:  For tasks that require training on a sequence of informational items or responses, the trainer should place greater emphasis on items in the middle of the sequence than on those at the beginning or end.

D. Principles relating to individual differences


Training principles are likely to apply unequally across individuals and to the same individual in different circumstances.  There are some systematic inter- (between) and intra- (within) individual differences that should be considered in the design of training routines.



1. Zone of learnability


As an example of an important individual difference that applies both among different individuals and within the same individual at different times is the “zone-of-learnability.”  The zone-of-learnability refers to material that contains information that is a little beyond what a particular student already knows, neither too close to nor too far away from what is already known (Wolfe, Schreiner, Rehder, Laham, Foltz, Kintsch, & Landauer, 1998).  People learn most efficiently when the material to be learned is within their zone of learnability.  This principle has also been referred to as the “Goldilocks hypothesis” (implying that the material to learn is just right, neither too simple nor too difficult).  Related to this principle is the established finding that background knowledge facilitates learning from text (e.g., McKeown, Beck, Sinatra, & Loxterman, 1992; Means & Voss, 1985; Moravscsik & Kintsch, 1993), so that a central feature of learning from text is linking up the information in the text to the reader’s prior knowledge.  That is, new information in a text must be integrated with prior knowledge.  If there is no relevant information base, then the integration cannot take place, and no learning will occur.  For optimal learning, text difficulty should be matched to the student’s level of background knowledge, so that easier texts should be used for students with a lower level of prior knowledge.  According to the zone-of-learnability principle, the amount learned from a text will increase as a function of prior knowledge up to a point and will decrease after that point.


One way to establish the zone of learnability in a group of students is to use the newly developed clicker technology, which is based on periodic multiple-choice testing within an ongoing lecture.  The technique makes use of a personal response system provided to each student with which the student responds to the multiple-choice probe questions.  When most students respond correctly, the trainer can assume that the material presented is well within the students’ zone of learnability and can move forward.  If most students respond incorrectly, the trainer has reason to assume the material is not yet within the zone of learnability so that clarification or repetition is necessary.  Evidence to date on the clicker technology is limited but promising (Anderson, Healy, Kole, & Bourne, 2010; Mayer et al., 2008).


When training involves learning information from text (e.g., from written instructions), it is also important to consider the type of text to be used.  In general, coherent text (a text that is logically consistent and harmonious) is desirable.  However, the benefits of text coherence depend on the readers’ prior domain knowledge (McNamara & Kintsch, 1996; McNamara, Kintsch, Songer, & Kintsch, 1996).  Readers with low knowledge learned more effectively with high-coherence text, whereas, counter to intuition, readers with high knowledge benefited from a low-coherence text according to some measures.  Specifically, there was little effect of text coherence for high knowledge readers’ memory in terms of recall and accuracy on fact-based comprehension questions that relied on single ideas from the text (and not relations between ideas).  But there was substantial benefit for reading low-coherence text on measures of high-knowledge readers’ conceptual understanding of the text.  In summary, only low-knowledge readers benefit from highly coherent text, and high-knowledge readers actually show a better conceptual understanding after reading text that is low in coherence (McNamara, 2001), which is consistent with the concept of zone-of-learnability.


Guideline:  It is important for the trainer to be sensitive to the trainee’s current level of knowledge in the relevant domain and to attempt to find learning materials that are appropriate to that level of knowledge.  To establish the level of knowledge of a group of trainees, the newly developed clicker technology should be considered. 



2. Strategy variation


Trainers need to be sensitive to the fact that different strategies might be optimal for different learners, at different stages of skill or knowledge acquisition, and with different learning material.  For example, some materials might be best mastered by rote learning or memorizing specific instances, whereas other materials might benefit from a more abstract rule-learning approach.  Instance-based strategies are preferred and lead to more efficient performance in simple tasks, whereas rule-based strategies are optimal in more complex tasks (Bourne et al., 1999; Bourne, Healy, Kole, & Raymond, 2004).  Rules might be particularly important to formulate and use when the number of instances to be dealt with challenges or exceeds available memory and when the individuals lack confidence in their ability to remember instances (Touron, Hoyer, & Cerella, 2004).  Further, rules tend to be more durably represented in memory than are instances.  When performance after a delay is of crucial concern, then training procedures need to emphasize rule-based strategies, rather than instance-based strategies, because the rule will be better retained than instances across a delay (Bourne, Healy, Kole, & Graham, 2006; Bourne, Parker, Healy, & Graham, 2000).  Although these effects hold in the aggregate, individuals vary in the extent to which they rely on instance memory versus a rule-based strategy, some individuals persisting in a rule strategy long after others have switched to memory-based responses (Bourne, Raymond, & Healy, in press; Rickard, 2004).  Guideline:  When the most effective strategies for a given task are known, instructors would be advised to adopt procedures that can bring these strategies forward earlier than usual in the training process.  



3. Chunking


When a series of items (e.g., a list of words) is presented, subjects can usually recall about seven of them, which is called the immediate memory span.  Classic research has shown that it does not matter much what the items are; they can be digits, letters, words, or even phrases.  The limit is always about seven.  This finding gives rise to the idea that people can combine presented material into units of different sizes, which are called “chunks” (Miller, 1956) and that they can recall about seven chunks, regardless of what is in them.  This result suggests that a good memory strategy is to try to find ways to chunk material that needs to be remembered.  Indeed it is possible, with deliberate practice that builds on existing chunks of digits such as dates and running times, to increase the digit span to a very large number (Ericsson, Chase, & Faloon, 1980).  This expansion of memory is not without limits.  As the size of the unit to be remembered increases, the number of chunks that can be recalled shrinks.  Some people have suggested that, at least with very large chunks, the immediate memory span is closer to three (Broadbent, 1975; Cowan, 2001, 2010).  For example, in experiments simulating communication between pilots and air traffic controllers as to navigation in space, Barshi and Healy (1998, 2002) found that subjects could recall up to three commands with very little error.  Beyond that number, however, recall performance fell off dramatically, although practice was able to offset the decline to some extent.  Guideline:  Trainers should encourage a chunking strategy wherever possible for acquiring and recalling large amounts of material.  Furthermore, when providing a sequence of information to be recalled, trainers should divide the material into segments that include no more than three units or steps at a time.

IV. Partially established training principles


Some training principles are not fully established at the present time and require additional supportive research.  Important partially established training principles will now be reviewed, under the same four categories as used above for the well established principles: (a) resource and effort allocation, (b) context effects, (c) task parameters, and (d) individual differences.  


A. Resource and effort allocation



1. Focus of attention


It is possible for a learner to deploy or focus attention in various ways during training.  Furthermore, a learner might be instructed effectively about how to focus attention.  Some studies have compared an external focus of attention (i.e., attention to the results of a movement) of learned motor skills to an internal focus of attention (i.e., attention to the body movements themselves).  That research has consistently found, at least after some initial training, that there is an advantage for the external focus of attention with respect to learning, retention, and transfer of motor skills (McNevin, Shea, & Wulf, 2003; Shea & Wulf, 1999; Wulf, McNevin, & Shea, 2001).  This result is explained by the constrained action hypothesis, according to which well developed motor skills are represented by automatic mechanisms within the body that are impaired by conscious attention to them (Beilock, Bertenthal, McCoy, & Carr, 2004).  Guideline:  Trainers should encourage learners to adopt an external focus of attention on the target of their movements rather than on the bodily movements themselves.



2. Strategic use of knowledge


When trainees need to learn a large amount of new information, that information should be related to their existing knowledge.  Previously acquired knowledge can be used as a structure for organizing otherwise unrelated facts even when the facts themselves fall outside the domain of existing knowledge.  For example, if trainees know a lot about baseball, they can use that knowledge to organize and, thus, quickly learn a large set of facts about members of their crew.  The idea is to associate each member of the crew with a famous individual from the baseball domain.  Although additional associations might seem to complicate the task at hand, connections to existing knowledge will enhance performance both in terms of accuracy and speed of responding with the new information, following the strategic-use-of-knowledge principle (learning and memory are facilitated whenever pre-existing knowledge can be employed as a mediator in the process of acquisition; Healy, Shea, Kole, & Cunningham, 2008; Kole & Healy, 2007; Van Overschelde & Healy, 2001).  Chunking is a special case of the strategic use of existing knowledge (see above).  Guideline:  Trainees should be instructed to use their previously acquired knowledge when learning a new set of facts, even if the existing knowledge seems irrelevant to the new facts. 



3. Cognitive antidote to fatigue and boredom


Prolonged work on a given task often results in deterioration of performance, despite ongoing skill acquisition.  It has been found that prolonged work sometimes produces an increasing speed-accuracy tradeoff in performance, such that accuracy declines over trials while at the same time response speed improves (Healy et al., 2004; see the discussion of speed-accuracy tradeoffs above).  The deterioration is attributable to fatigue, task disengagement, or boredom on the part of subjects.  This deterioration can be counteracted by the introduction of a simple cognitive requirement on each response.  For example, subjects might be required to make a simple computation before each response or to alternate terminating keystrokes after each response (Kole et al., 2008).  Under these conditions, the speed-accuracy tradeoff is eliminated; that is, the decline in accuracy disappears although responses continue to speed up across practice trials.  These results have led to a cognitive antidote training principle (the introduction of cognitive activities can counteract fatigue, task disengagement, and boredom effects, resulting in performance maintenance or even improvement during sessions of prolonged work).  Guideline: Instructors should consider adding a cognitive component to a routine task on a trial-by-trial basis to avoid disengagement and boredom.  This added cognitive component is likely to be most effective when it is relevant to the ongoing training task or simple in nature.


B. Context effects



1. Part-task training


Under certain conditions part training (training only a part of a task before training the whole task) is more effective than whole training (training the whole task from the beginning).  Part training can either involve forward chaining (when the initial segment of a task is trained first) or backward chaining (when the final segment of the task is trained first).  For complex tasks that can be divided into components, the conditions for part-training superiority appear to be a function of the organization of subtasks.  Complex tasks can be organized in at least two different ways:  A segmented task contains parts that are performed sequentially, whereas a fractionated task contains parts that are performed simultaneously.  Part-task training is most beneficial when performing a backward-chaining procedure in a segmented task (but see Peck & Detweiler, 2000, for a demonstration of the effectiveness of a forward-chaining technique).  Wightman and Lintern (1985) argue that the backward-chaining method is superior because there is a strong association between performance level on the terminal task and knowledge of results (i.e., the feedback resulting from task completion).  The results of Marmie and Healy (1995) with part training on a backward-chaining segmented task add support to this argument.  In contrast, for a fractionated task, Adams and Hufford (1962) found that training first on only one procedure initially disrupted performance on the whole procedure.  Marmie and Healy (1995) offer the following explanation:  In both types of tasks, during the initial part-training phase, independent procedural representations are constructed for each part of the whole task.  When transfer to the whole task occurs, there is only a single interruption between the two parts in a segmented task but multiple interruptions in a fractionated task.  Thus, the procedural representations can remain intact and independent only in a segmented task; in a fractionated task a new procedural representation must be established, which requires integration of the two parts, because the parts in that case are performed as an interlocking unit.  In addition, findings described below suggest that segment difficulty as well as segment position in the sequence must be considered when designing a part-task training method.


Naylor and Briggs (1963) found support for the hypothesis that the relative efficiency of part-task and whole-task training is related to an interaction between task complexity and task organization.  For an unorganized, complex task, they found that part practice surpassed whole practice in efficiency, but on all other combinations of task complexity and task organization, groups trained by the whole method were superior to progressive-part groups during transfer.  Brydges, Carnahan, Backstein, and Dubrowski (2007) supported the view that a motor skill involving high organization and high complexity needs to be practiced under whole practice conditions, probably because moving from one skill to another in part practice changes the kinematic characteristics of each component.  On the other hand, Anderson (1968) found that for first graders trained to solve concept-attainment problems, the part-task group performed better than the whole-task group on terminal training problems and on similar problems presented again later to measure retention; however, there was no difference between these groups on transfer problems.  Newell, Carlton, Fisher, and Rutter (1989) suggest that the benefits of part-task training depend on the nature of the part task trained in prior practice.  Only when the part-task training involves smaller subtasks with natural interconnected units will part-task training enhance whole-task skill acquisition.  In agreement with this idea is Holding’s (1965) suggestion that practice subtasks should represent “small wholes” rather than isolated parts.


Guideline:  Whether or not initial training of a complex task should involve only parts of that task depends on a number of task characteristics.  Trainers need to be sensitive to these characteristics before deciding to use part-task training.  Among the important factors are (a) forward versus backward chaining of the parts, (b) segmented versus fractioned nature of the whole task, and (c) dependency among the task components. 



2. Easy-difficult ordering


Tasks can be divided into parts based on aspects of the stimuli involved, such as their difficulty.  This division raises the question in part-task training as to which parts of a stimulus set should be trained first.  When a task involving a stimulus set is trained incrementally, the question arises as to whether the easier or the more difficult stimuli in the set should be trained first.  Pellegrino, Doane, Fischer, and Alderton (1991) found that initial training on a difficult subset of stimuli was beneficial relative to initial training on an easy subset of the stimuli in a visual discrimination task.  [Related results in the training of motor skills have been reviewed by Schmidt and Lee (1999).]  According to Pellegrino et al. (1991; see also Doane, Alderton, Sohn, & Pellegrino, 1996; Doane, Sohn, & Schreiber, 1999), incremental training should begin with the part of the stimulus set that yields the most effective strategic skills.  However it is not always the more difficult part that yields the optimal strategic skills.  For example, Clawson et al. (2001) found that initial training on easy stimuli in a Morse Code reception task led participants to adopt an effective unitization strategy for representing codes, whereas initial training on difficult stimuli led to a less effective strategy in which individual elements were separately represented and then integrated.  


Spiering and Ashby (2008), on a difficult perceptual categorization task, found that the effect of different training orders depended on the type of categories used.  In rule-based category learning, explicit reasoning processing was used.  In this type of learning the rule is often easy to describe verbally (Ashby, Alfonso-Reese, Turken, & Waldron, 1998).  For information-integration category learning, accuracy is best when information from two or more stimulus components is integrated before a decision is made.  The optimal strategy is difficult or even impossible to describe verbally (Ashby et al., 1998).  When the categories could be learned by explicit reasoning (rule-based task), the order in which training was presented did not matter.  However, when the categorization rule was difficult to describe (information-integration task), difficult training first was the most effective method for learning. 


A related issue that has been explored by Maxwell et al. (2001) is what they call errorless learning (see also Terrace, 1963, for earlier work with animals).  For a motor skill, subjects should begin with the easiest task, where few if any errors are made, and progress to increasingly harder tasks to minimize the overall number of errors made.  In golf putting, for example, learners would begin with a short-distance putt and progress to longer and longer putts.  Maxwell et al. equate errorless learning with implicit learning and error-prone learning with explicit learning.  It has been shown that skills that have been learned in an error-prone manner demand more explicit, attention-demanding resources than do skills acquired in an errorless manner. Because there is less attention needed to perform the skill learned in errorless training, which seems to be more like implicit learning, distractions, such as a secondary task, cause less disruption. Hardy, Mullen, and Jones (1996) and Masters (1992) also found that skills learned implicitly are more immune to the negative effects of psychological stress (see the discussion above concerning the distinction between implicit and explicit learning).  


Kern, Green, Mintz and Liberman (2003) found support for errorless learning as a technique that can compensate for neurocognitive deficits as they relate to the acquisition of new skills and abilities in the work rehabilitation of persons with schizophrenia.  In contrast, in other clinical research, in this case involving patients with phonological disorders, Gierut (2001) reported that training on the more complex properties of the phonological system resulted in the greatest generalization and change.  This effect has also been shown with aphasic patients (Kiran & Thompson, 2003; Thompson, Shapiro, Ballard, Jacobs, Schneider, & Tait, 1997; Thompson, Shapiro, Tait, Jacobs, & Schneider, 1996) and in normal language development (Au, 1990; Au & Laframboise, 1990; Au & Markman, 1987; Eckman, 1977; Eckman, Bell, & Nelson, 1988; Gass, 1979; Hyltenstam, 1984).  These results indicate that there are limits on the benefits of errorless learning, at least in some domains, so that additional research is required to determine what order of components to use in training of a specific task. 

Guideline: Whether or not training should begin with the easiest or most difficult components of a fractionated task depends once again on a number of task characteristics.  Trainers need to be sensitive to these characteristics before deciding on the order of the subtasks.  Among the important factors are (a) the parts that yield the best strategic skills, (b) explicit or implicit category definition in categorization task, (c) explicit or implicit learning in motor skills, and (d) the domain of knowledge and skill to be trained. 


C. Task parameters



1. Variability of practice


Variable practice conditions (in which individuals train on a number of different tasks) typically yield better performance at transfer testing than do constant practice conditions (in which individuals train on a single task), even when testing is conducted on the same task as trained under constant practice.  The benefits of variable practice were first recognized by Schmidt (1975) for discrete motor tasks and explained by him in terms of a schema theory, according to which variability promotes effective and general use of rules (schemata) relating external task requirements to internal movement commands.  Wulf and Schmidt (1997) extended these findings to a continuous, feedback-regulated tracking task, and Schmidt and Bjork (1992) extended them further to tasks that do not involve motor learning, such as concept formation and text processing.  Recently, Goode, Geraci, and Roediger (2008) also found that variable practice yielded superior transfer over repeated practice on anagram solutions.  Specifically subjects practiced solving anagrams in one of three ways: repeatedly solving the same anagram that was later tested, repeatedly solving a different anagram from the one that was later tested, or solving different variations of the anagram that was later tested.  The group that had variable practice on different versions of an anagram had more improved test performance in relation to repeated practice, even when the test anagram was the one that had been repeatedly practiced.  


Contrary to these findings, in a feedback-regulated non-tracking perceptual-motor task, Healy, Wohldmann, Sutton, and Bourne (2006) found that performance was worse for variable practice conditions relative to constant practice conditions involving the same task used during transfer testing.  However, in a subsequent study involving the same perceptual-motor task, Wohldmann, Healy, and Bourne (2008b) found benefits of variable practice when subjects were given multiple targets under the same perceptual-motor reversal conditions, as opposed to being given the same targets in multiple perceptual-motor reversal conditions (Healy et al., 2006).  Wohldmann et al. explained their findings by pointing out that if each reversal condition is assumed to involve a distinct configuration of responses (i.e., a distinct generalized motor program), practicing with multiple reversal conditions might not strengthen any one configuration, but practicing with multiple target locations within a single reversal condition should strengthen that configuration.  In any event, an examination is warranted of the generality and boundary conditions of the variability of practice principle across task environments.


Guideline:  Trainers should vary the conditions of practice to facilitate generalization of the trained skill.  There are some limits, however, which involve how variability is introduced into the task.  Current evidence suggests that variability is most effective when a single motor program is being learned so that variability applies to the context rather than the core program itself.  



2. Modality effects


Presenting verbal information in the auditory modality generally aids memory for that information relative to presenting it in the visual modality (i.e., memory for verbal information is improved when it is heard rather than seen) (see, e.g., Gardiner, Gardiner, & Gregg, 1983).  Explanations for this modality effect have included both the proposal by Penney (1989) that auditory and visual items are processed in different streams and the proposal by Mayer (2001) that multimedia learning includes two parallel channels, one for visual/pictorial material and the other for auditory/verbal material.  By Penney’s account, the advantage for auditory presentation is due to the automatic encoding of auditory material in a relatively large capacity and long-lasting acoustic code, which is unavailable for visual material.  Items presented in both modalities have available a phonological code, and a more limited visual code is available for items presented visually.  By Mayer’s account, spoken words have a direct path to the auditory/verbal channel, but written words are at a disadvantage because they do not have a direct path to either channel although both channels are involved indirectly in processing written words.  Future research is needed both to verify that the auditory modality is superior in other domains (see Schneider, Healy, & Barshi, 2004, for one such recent verification in the domain of message comprehension), to clarify which of the alternative explanations is most consistent with the observed results, and to determine whether the same modality effects that apply to acquiring information also apply to the long-term retention and transfer of that information.  Guideline: When the information to be learned is verbal (i.e., textual), then trainers should use auditory presentation rather than visual presentation to facilitate acquisition.


D. Individual differences


There are individual differences in abilities, performance, and preferences on any task.  In fact, selection of trainees in the military and in industrial settings is generally based on tests of individual differences.  The existence of individual differences suggest the possibility that people differ in their style or approach to performing particular tasks.  Moreover, individual differences might change as a function of training.  Both of these possibilities are considered in this section.



1. Learning styles 


The idea that individuals differ in learning style is intuitive and popular (for a review see Kozhevnikov, 2007), but the evidence supporting these differences is weak.  Pashler, McDaniel, Rohrer, and Bjork (2009) reviewed the evidence and concluded that it was not substantial enough to warrant any accommodations to training based on learning style.  For example, studies comparing “visualizers” (individuals who prefer to work with pictorial materials) and “verbalizers” (individuals who prefer text-based materials) did not show convincingly that matching materials to purported learning styles resulted in any significant benefit, or in any aptitude-treatment interaction (ATI) (Massa & Mayer, 2006).  Guideline: Until additional evidence is available, trainers should not attempt to tailor training to trainee preferences or alleged styles. 



2. Effects of practice on individual differences


In addition to the amount of practice on a skill, individual abilities play a big part in the level of performance trainees achieve.  Whether or not practice in a skill makes individuals more similar or more different depends on the task (Ackerman, 2007).  For tasks that can be performed by most people, such as driving a car, consistent practice reduces the differences among people.  Novices may start off with big individual differences in performance ability but have much smaller individual differences with practice.  On more complex tasks, especially those that allow for successful performance by the use of differentially effective strategies that are beyond the capabilities of many, some people become very fast and accurate, whereas others remain at the novice level, leading to enhanced individual differences.  Thus, for these complex tasks, the individual differences become larger with practice.  After some level of automaticity is reached, two abilities are good predictors of performance after extensive practice: perceptual speed and psychomotor function.  


For tasks that depend on declarative knowledge, performance levels depend on whether the tasks are “open” or “closed.”  Closed tasks are bounded by a reasonably finite domain of knowledge, whereas open tasks increase with complexity.  Thus, for open tasks (but not for closed tasks) there will be an increasing difference between the levels of the highest- and lowest-performing people.  For tasks that allow individuals to build on existing knowledge, individual differences in prior knowledge have a larger effect on the acquisition of new knowledge than do individual differences in working memory (Baddeley, 2007), or memory for recently presented material and actions (e.g., see Beier & Ackerman, 2005).  Having both high preexisting specific domain knowledge and high general crystallized abilities provides a greater advantage to learners than having a high level of reasoning ability or working-memory ability.  In other words, what one already knows is a more important determinant of the knowledge one acquires than is one's working memory capacity, although this difference is much smaller in math and physical sciences than it is in areas such as health literacy or financial planning (see the discussion above on the strategic use of existing knowledge in learning new facts).


Guideline:  Trainers should keep in mind that individual differences in performance might increase or decrease with practice depending on the complexity of the task to be learned and the relevant domain of knowledge.  This fact suggests that the amount of training required to reach a criterion will differ across individuals, especially in complex tasks and in open tasks building on declarative knowledge.

V. Other considerations


There are other, miscellaneous factors, beyond those reviewed above, that need to be considered when developing a training program although they do not directly suggest specific training principles.


A. Global versus local processing


Under normal conditions the processing of global features dominates, or has precedence over, the processing of local features (Navon, 1977, 1991).  In experiments involving large letters made up of small letters, individuals were usually faster to identify the large letter (global feature) than to identify the small letter (local features).  An asymmetrical interference was also found in which the identity of the global features interferes with the processing of the local features but the identity of the local features does not interfere with the processing of the global features (Kimchi, 1992; Kinchla, 1974; Navon, 1991; Navon & Norman, 1983; Robertson & Lamb, 1991).  The global precedence effect is sensitive to perceptual manipulations such as visual angle (Kinchla & Wolfe, 1979), eccentricity of the stimuli (Navon & Norman, 1983), density of letters (Martin, 1979), and quality of information (Hoffman, 1980).  Attentional demands can also affect global processing dominance.  These attentional demands include varying the expectancy of target presence at the global or local level (Kinchla, Solis-Macias, & Hoffman, 1983; Ward, 1982) and dividing attention between the global or local level (Robertson, Egly, Lamb, & Kerth, 1993; Stoffer, 1993).  Research has shown that it is difficult to filter out irrelevant global information even if that global information is present in an unattended stimulus (Paquet, 1992, 1994; Paquet & Wu, 1994).  There is some evidence that global information may be inhibited when processing of local information is required (Bavelier, Deruelle, & Proksch, 2000; Briand, 1994; Robertson et al., 1993; Shedden & Reid, 2001; Van Leeuwen & Bakker, 1995).  Dulaney and Marks (2007) showed that global dominance could be eliminated.  They found that extensive training at local identification eliminated interference from the global forms in the compound stimuli.  Also, local interference was found after extensive training on local features.  Thus, the usual nature of global/local processing can be modified by attentional manipulations. However, it took over 10,000 training trials to achieve this modification.


The global and local letter task (Navon, 1977) has also been used to prime global and local processing in other tasks.  For example, it has been shown that priming subjects with global processing improved face recognition accuracy whereas priming with local processing impaired face recognition accuracy (Macrae & Lewis, 2002).  On the other hand, a local superiority effect was demonstrated when subjects who had prior local processing were faster at face recognition in a facial composite task than were subjects who had prior global processing (Weston & Perfect, 2005).


The implication of these findings is that trainers need to keep in mind the degree to which local processing is required in a given task.  When local processing is necessary, extensive training might need to be provided.  


B. Stress conditions


Performance changes with level of stress on the trainee.  At low levels of stress, performance might be poor, but as stress increases gradually, performance improves.  At a certain point, stress level is optimal for performance in any given task.  Beyond the optimum, additional stress might degrade performance, and when stress becomes extreme the trainee might choke or panic (Staal, Bolton, Yaroush, & Bourne, 2008).  However, stress has been shown to affect speed and accuracy of response differently.  For example, the stress that comes from fatigue developed as a result of continuous work on a task leads to faster but less accurate performance (see the discussion above of speed-accuracy tradeoffs; Healy et al., 2004).  Similarly, Wolfe, Horowitz, Cade, and Czeisler (2000) found that sleep deprivation led to an increase in errors on a visual search task for a target among varying numbers of distractors as well as to a reduction in the slope of the function relating response time to the number of distractors (see also Horowitz, Cade, Wolfe, & Czeisler, 2003).  Thus, sleepy observers responded quickly but carelessly.  Consequently, adding stressors to a training regime could be harmful (e.g., in the case of accuracy) or beneficial (e.g., when speed is the primary requirement) depending on what aspects of the task are most crucial and on the ambient level of stress.  The implication of these findings for trainers is that they need to be aware of both trainee stress level and whether response speed or accuracy needs to be maximized.


C. Situational awareness


As automation has increased in many areas of life, the issue of how to maintain situational awareness (SA) has become crucial.  SA is specific to dynamic systems in human-system interactions.  Good SA is usually necessary, but is not sufficient, for good performance.  SA involves not only an awareness of what is happening but also the implications for possible future outcomes (Endsley, 1995).  Two things are necessary for maintaining SA: selective attention and long-term memory.  Selective attention is needed to perceive or notice the important events in the situation, and long-term memory is needed to update knowledge of the situation.  Most important is the trade-off between workload and SA (Wickens, 2002).  As automation increases, workload decreases, but SA also decreases.  The decrease in SA is due to both less monitoring of the process that is automated and less memory for the system state because changes in that state were not made by the human operator but by another agent (automation) (Endsley, 1995).  The best way to mitigate this problem is still being researched (Wickens, 2008) (also see Dekker & Hollnagel, 2004; Dekker & Woods, 2002, for some criticisms of the concept of SA).  In general, little is known at present concerning how to enhance SA through training, especially when automated systems are involved.


D. Just-in-time training


Learners need relevant task-specific information and skills to perform learning tasks and to learn from them.  This necessary information must be active in working memory when performing the task.  One way to reach this goal is to present the necessary information and skill training before the learners start working on the task, so that the knowledge and skills are encoded in schemas in long-term memory and subsequently activated in working memory if or when needed for the task (“just-in-case” training).  Another way is to present the necessary information or skill training precisely when the learners need them during task performance.  In this case, information and skill are activated in working memory when they are necessary to perform the learning task.  This method of training is called “just-in-time training” (JIT, JITT or JiT, also called “on-the-spot-training,” “on-call experts,” “real-time support,” “point-of-use information,” and “on-the-job” training).  There is not an unequivocal answer to the question of which of the two ways (training before or just in time) is better.  For tasks with a high-intrinsic complexity, it seems advisable to present the relevant information or skill training before the learners start on the learning tasks.  Because learners have little cognitive capacity left for additional processing while working on the tasks, the simultaneous processing of intrinsically complex information or skills can easily lead to cognitive overload.  If the information or skills are studied beforehand, a cognitive schema may be constructed in long-term memory that can subsequently be activated in working memory during task performance.  Low-complexity information or skills, however, may better be presented precisely when learners need them during their work on the learning tasks.  Because of their low-complexity, there is little or no chance of cognitive overload (Kester, Kirschner, & van Merriënboer, 2006; Kester, Kirschner, van Merriënboer, & Baumer, 2001).  Further research is necessary to confirm this speculation with unequivocal evidence as to when just-in-time training is desirable and superior to alternative training regimens. 
VI. Summary and Conclusions


This paper has reviewed the empirical and theoretical literature on training.  This review strongly supports some training principles and more weakly supports other principles.  These principles, even those that are strongly supported, do not necessarily apply for all tasks under all circumstances.  Thus, it is important for a trainer to keep in mind certain distinctions that qualify these principles.  Possibly the most critical of these distinctions is the difference between skill and knowledge (sometimes equated with the distinction between declarative and procedural information or the difference between implicit and explicit learning).  Optimal training will differ depending on whether developing skill or acquiring knowledge is the primary goal.

The review also acknowledges the three fundamental cognitive processes underlying training, namely acquisition, retention, and transfer.  Training principles in some cases apply differentially across those processes, such that some manipulations might facilitate acquisition but impede retention and/or transfer.  Likewise, some training principles might impact particular performance measures but not others, especially under conditions involving a speed-accuracy tradeoff.  Trainers need to be alert to the primary goal of training, which in some cases might be training efficiency but in other cases might be durability or generalizability.  Similarly, trainers need to recognize the aspects of behavior that are most important to be optimized by training, which in some cases will be accuracy and in other cases speed of response.  


Beyond the training principles that have been described, there are certain miscellaneous considerations about training that might impact how and when those principles are utilized.  Among these is an assessment of the degree to which the task involves local versus global processing, keeping in mind that typically global processing takes precedence.  Another consideration is the stress level induced by the training context or brought to training by the trainee because it is well known that performance in general varies from poor to optimal as a function of stress level.  Situational awareness is necessary for good performance in any training task or context, and so it should be promoted by the trainer.  These last two considerations are related:  Supra-optimal stress is known to shrink the perceptual field, thereby causing reduced situational awareness and the possibility of ignoring relevant information (Staal et al., 2008).  The final consideration relates to when to provide task-relevant training.  Typically, training is given well in advance of performance in the field.  It is possible, however, that training of a part of a complex task might be effectively given only right before that part of the task is needed.  The conditions under which such just-in-time training is effective are yet to be determined.


The training principles outlined here should be applicable in a variety of real-world training contexts including the training of astronauts and other military personnel. However, these are training principles, not training guidelines and certainly not training specifications (Salas et al., 1999).  This review provides the first step in the design of optimal training programs.  Additional developmental or applied research needs to be undertaken to translate these principles into guidelines and, subsequently, to specifications.  Although this review focuses on training principles, it also offers brief suggested guidelines that might be examined and elaborated in the future.  Particular applications must be based on research that refines the guidelines and translates them into usable training specifications.
References

Ackerman, P. L. (2007).  New developments in understanding skilled performance.   Current Directions in Psychological Science 16, 235–239. 

Adams, J. A., & Hufford, L. E. (1962).  Contributions of a part-task trainer to the learning and relearning of a time-shared flight maneuver.  Human Factors, 4, 159-170.

Allen, G. A., Mahler, W. A., & Estes, W. K. (1969). Effects of recall tests on long-term retention of paired associates.  Journal of Verbal Learning and Verbal Behavior, 8, 463-470.

Anderson, J. R. (1983). The architecture of cognition. Cambridge, MA: Harvard University Press.
Anderson, L. S., Healy, A. F., Kole, J. A., & Bourne, L. E., Jr. (2010, April). The clicker technique: An effective method of training compression.  Poster to be presented at the 80th Annual Convention of the Rocky Mountain Psychological Association, Denver, CO.
Anderson, R. C. (1968 ). Part-task versus whole-task procedures for teaching a problem-solving skill to first graders. Journal of Educational Psychology 69, 207-214.

Ashby, F. G., Alfonso-Reese, L. A., Turken, A. U., & Waldron, E. M. (1998). A neuropsychological theory of multiple systems in category learning. Psychological Review, 105, 442–481.

Au, T. K. (1990). Children’s use of information in word learning.  Journal of Child Language, 17, 393-416.

Au, T. K. & Laframboise, D. E. (1990). Acquiring color names via linguistic contrast: The influence of contrasting terms. Child Development, 61, 1801-1823.

Au, T. K. & Markman, E. M. (1987). Acquiring word meanings via linguistic contrast.  Cognitive Development, 2, 217-236.

Baddeley, A. (2007). Working memory, thought, and action. New York: Oxford University Press.
Bahrick, H. P. (1979).  Maintenance of knowledge: Questions about memory we forgot to ask.  Journal of Experimental Psychology: General, 108, 296-308.

Bahrick, H. P. (2005). The long-term neglect of long-term memory: Reasons & remedies. In A. F. Healy (Ed.), Experimental cognitive psychology & its applications (pp. 89-100). Washington, DC: American Psychological Association.

Bahrick, H. P., Bahrick, L. E., Bahrick, A. S., & Bahrick, P. E. (1993).  Maintenance of foreign language vocabulary and the spacing effect.  Psychological Science, 4, 316-321.

Bahrick, H. P., & Phelps, E. (1987).  Retention of Spanish vocabulary over 8 years.  Journal of Experimental Psychology: Learning, Memory, and Cognition, 13, 344-349.

Barshi, I., & Healy, A. F. (1998).  Misunderstandings in voice communication:  Effects of fluency in a second language.  In A. F. Healy & L. E. Bourne, Jr. (Eds.), Foreign language learning: Psycholinguistic studies on training and retention (pp. 161-192).  Mahwah, NJ: Erlbaum.

Barshi, I., & Healy, A. F. (2002).  The effects of mental representation on performance in a navigation task.  Memory & Cognition, 30, 1189-1203.

Battig, W. F. (1972).  Intratask interference as a source of facilitation in transfer and retention.  In R. F. Thompson & J. F. Voss (Eds.), Topics in learning and performance (pp. 131-159).  New York: Academic Press.

Battig, W. F. (1979).  The flexibility of human memory.  In L. S. Cermak & F. I. M. Craik (Eds.), Levels of processing in human memory (pp. 23-44).  Hillsdale, NJ: Erlbaum. 

Bavelier, D., Deruelle, C., & Proksch, J. (2000). Positive and negative compatibility effects. Perception and Psychophysics, 62, 100–112.

Beier, M. E., & Ackerman, P. L. (2005). Age, ability and the role of prior knowledge on the acquisition of new domain knowledge. Psychology and Aging, 20, 341–355.

Beilock, S. L., Bertenthal, B. I., McCoy, A. M., & Carr, T. H. (2004). Haste does not always make waste: Expertise, direction of attention, and speed versus accuracy in performing sensorimotor skills.  Psychonomic Bulletin & Review, 11, 373-379.

Bjork, E. L., deWinstanley, P. A., & Storm, B. C. (2007). Learning how to learn:  Can the outcome of different strategies enhance subsequent encoding?  Psychonomic Bulletin & Review, 14, 207-211.

Bjork, R. A. (1994). Memory and metamemory considerations in the training of human beings.  In J. Metcalfe & A. Shimamura (Eds.), Metacognition: Knowing about knowing (pp. 185-205). Cambridge, MA: MIT Press.
Bjork, R. A. (1999). Assessing our own competence: Heuristics and illusions. In D. Gopher & A. Koriat (Eds.), Attention and performance XVII: Cognitive regulation of performance. Interaction of theory and application (pp. 435-459). Cambridge, MA: MIT Press. 

Bjork, R. A. (2001, March). How to succeed in college: Learn how to learn. APS Observer, 14, 9.

Bonk, W. J., & Healy, A. F. (2010). Learning and memory for sequences of pictures, words, and spatial locations: An exploration of serial position effects.  American Journal of Psychology, 123, 137-168.
Bourne, L. E., Jr., & Archer, E. J. (1956). Time continuously on target as a function of distribution of practice. Journal of Experimental Psychology, 51, 25-33. 

Bourne, L. E., Jr., Dodd, D. H., Guy, D. E., & Justesen, D. R. (1968). Response-contingent intertrial intervals in concept identification.  Journal of Experimental Psychology, 76, 601-608.

Bourne, L. E., Jr., Guy, D. E., Dodd, D. H., & Justesen, D. R. (1965). Concept identification: The effects of varying length and informational components of the intertrial interval.  Journal of Experimental Psychology, 69, 624-629.

Bourne, L. E., Jr., Healy, A. F., Kole, J. A., & Graham, S. M. (2006).  Strategy shifts in classification skill acquisition: Does memory retrieval dominate rule use? Memory & Cognition, 34, 903-913.

Bourne, L. E., Jr., Healy, A. F., Kole, J. A., & Raymond, W. D.  (2004, November).  Bases for strategy choice and strategy transitions in binary classification tasks.  Paper presented at the 45th Annual Meeting of the Psychonomic Society, Minneapolis, MN.

Bourne, L. E., Jr., Healy, A. F., Parker, J. T., & Rickard, T. C. (1999).  The strategic basis of performance in binary classification tasks: Strategy choices and strategy transitions.  Journal of Memory and Language, 41, 223-252.

Bourne, L. E., Jr., Healy, A. F., Pauli, P., Parker, J. T., & Birbaumer, N. (2005). The influence of stimulus array on training of a speeded response.  American Journal of Psychology, 118, 385-411.

Bourne, L. E., Jr., Parker, J. T., Healy, A. F., & Graham, S. M. (2000, November).  Strategy transitions and strategy retention in binary classification tasks.  Paper presented at the 41st annual meeting of the Psychonomic Society, New Orleans, LA.

Bourne, L. E., Jr., Raymond, W. D., & Healy, A. F. (in press). Strategy selection and use during classification skill acquisition.  Journal of Experimental Psychology: Learning, Memory, and Cognition.
Briand, K. A. (1994). Selective attention to global and local structure of objects: Alternative measures of nontarget processing. Perception and Psychophysics, 55, 562–574.

Broadbent, D. E. (1975). The magic number seven after fifteen years. In A. Kennedy & A. Wilkes (Eds.), Studies in long-term memory (pp. 3–18). New York: Wiley.
Brown, N. R., & Siegler, R. S. (1996). Long-term benefits of seeding the knowledge base. Psychonomic Bulletin & Review, 3, 385-388. 

Brown, N. R., & Siegler, R. S. (2001).  Seeds aren’t anchors.  Memory & Cognition, 29, 405-412. 

Brydges, R., Carnahan, H., Backstein, D., & Dubrowski, A. (2007). Application of motor learning principles to complex surgical tasks: Searching for the optimal practice schedule. Journal of Motor Behavior 39, 40-48.

Buck-Gengler, C. J., & Healy, A. F. (2001).  Processes underlying long-term repetition priming in digit data entry.  Journal of Experimental Psychology: Learning, Memory, and Cognition, 27, 879-888. 

Butler, A. C., Karpicke, J. D., & Roediger, H. L. III. (2007). The effect of type and timing of feedback on learning from multiple-choice tests.  Journal of Experimental Psychology: Applied, 13, 273-281.

Butler, A. C.,  & Roediger, H. L., III (2006, May).  Feedback neutralizes the detrimental effects of multiple-choice testing.  Poster presented at the annual meeting of the Association for Psychological Science, New York.

Carlson, R. A., & Yaure, R. G. (1990).  Practice schedules and the use of component skills in problem solving.  Journal of Experimental Psychology: Learning, Memory, and Cognition, 16, 484-496.

Carpenter, S. K., & DeLosh, E. L. (2005). Application of the testing and spacing effects to name learning.  Applied Cognitive Psychology, 19, 619-636.

Carpenter, S. K., & DeLosh, E. L. (2006). Impoverished cue support enhances subsequent retention: Support for the elaborative retrieval explanation of the testing effect.  Memory & Cognition, 34, 268-276.

Carrier, M., & Pashler, H. (1992). The influence of retrieval on retention. Memory & Cognition, 20, 633-642.

Clawson, D. M., Healy, A. F., Ericsson, K. A., & Bourne, L. E., Jr.  (2001).  Retention and transfer of Morse code reception skill by novices: Part-whole training.  Journal of Experimental Psychology: Applied, 7, 129-142.

Cowan, N. (2001). The magical number 4 in short-term memory: A reconsideration of mental storage capacity.  Behavioral and Brain Sciences, 24, 87-185.
Cowan, N. (2010). The magical mystery four: How is working memory capacity limited, and why?  Current Directions in Psychological Science, 19, 51-57.
Craik, F. I. M., & Lockhart, R. S. (1972).  Levels of processing: A framework for memory research.  Journal of Verbal Learning and Verbal Behavior, 11, 671-684.

Crutcher, R. J., & Healy, A. F.  (1989).  Cognitive operations and the generation effect.  Journal of Experimental Psychology:  Learning, Memory, and Cognition, 15, 669-675. 

Cull, W. L. (2000). Untangling the benefits of multiple study opportunities and repeated testing for cued recall. Applied Cognitive Psychology, 14, 215-235.  

Cull, W. L., Shaughnessy, J. J., & Zechmeister, E. B. (1996). Expanding understanding of the expanding-pattern-of-retrieval mnemonic: Toward confidence in applicability. Journal of Experimental Psychology: Applied, 2, 365-378.

Decety, J., Jeannerod, M., & Preblanc, C.  (1989).  The timing of mentally represented actions.  Behavioral Brain Research, 72, 35-42.

Dekker, S., & Hollnagel, E. (2004). Human factors and folk models. Cognition, Technology, and Work, 6,79–86. 

Dekker, S. W. A., & Woods, D. D. (2002). MABA-MABA or abracadabra? Progress on human-automation coordination. Cognition, Technology, and Work, 4, 240–244. 

Delaney, P. F., Reder, L. M., Staszewski, J. J., & Ritter, F. E. (1998). The strategy-specific nature of improvement: The power law applies by strategy within task. Psychological Science, 9, 1-7.

Dempster, F. N. (1996). Distributing and managing the conditions of encoding and practice. In E. L. Bjork, & R. A. Bjork (Eds.), Handbook of perception and cognition: Memory (pp. 317–344). San Diego, CA: Academic Press.

deWinstanley, P. A., & Bjork, E. L. (2004). Processing strategies and the generation effect: Implications for making a better reader. Memory & Cognition, 32, 945-955. 

Doane, S. M., Alderton, D. L., Sohn, Y.W., & Pellegrino, J. W. (1996). Acquisition and transfer of skilled performance: Are visual discrimination skills stimulus specific?  Journal of Experimental Psychology: Human Perception and Performance, 22, 1218-1248.

Doane, S. M., Sohn, Y.W., & Schreiber, B. (1999). The role of processing strategies in the acquisition and transfer of a cognitive skill.  Journal of Experimental Psychology: Human Perception and Performance, 25, 1390-1410.

Driskell, J. E., Copper, C., & Moran, A.  (1994).  Does mental practice enhance performance?  Journal of Applied Psychology, 79, 481-492.

Driskell, J. E., Willis, R. P., & Copper, C. (1992). Effect of overlearning on retention. Journal of Applied Psychology, 77, 615-622.

Dulaney, C. L., & Marks, W. (2007). The effects of training and transfer on global/local processing. Acta Psychologica, 125, 203-220.

Dutta, A., & Proctor, R.W. (1992). Persistence of stimulus-response compatibility effects with extended practice. Journal of Experimental Psychology: Learning, Memory, & Cognition, 18, 801-809.

Ebbinghaus, H. (1913). Memory: A contribution to experimental psychology. New York: Teachers College, Columbia University. (Original work published 1885)

Eckman, F. R. (1977). Markedness and the contrastive analysis hypothesis.  Language Learning, 27, 315-330.

Eckman, F. R., Bell, L., & Nelson, D. (1988). On the generalization of relative clause instruction in the acquisition of English as a second language. Applied Linguistics, 9, 1-20.

Endsley, M. R. (1995). Toward a theory of situation awareness in dynamic systems. Human Factors, 37, 32–64.

Ericsson, K. A., Chase, W. G., & Faloon, S. (1980). Acquisition of a memory skill. Science, 208, 1181-1182.

Ericsson, K. A., Krampe, R. T., & Tesch-Römer, C. (1993).  The role of deliberate practice in the acquisition of expert performance.  Psychological Review, 100, 363-406.

Fitts, P. M., & Deininger, R. L. (1954). S-R compatibility: Correspondence among paired elements within stimulus and response codes. Journal of Experimental Psychology, 48, 483-492. 

Fitts, P. M., & Seeger, C. M. (1953).  S-R compatibility:  Spatial characteristics of stimulus and response codes.  Journal of Experimental Psychology, 46, 199-210. 

Foriska, T. J. (1993). What every educator should know about learning.  Schools in the Middle, 3, 39-44.

Fritz, C. O., Morris, P. E., Bjork, R. A., Gelman, R., & Wickens, T. D. (2000). When  further learning fails: Stability and change following repeated presentations of  text. British Journal of Psychology, 91, 493-511.

Gable, C. D., Shea, C. H., & Wright, D. L. (1991). Summary knowledge of results. Research Quarterly for Exercise & Sport, 62, 285-292.

Gardiner, J. M., Gardiner, M. M., & Gregg, V. H. (1983).  The auditory recency advantage in longer term free recall is not enhanced by recalling prerecency items first.  Memory & Cognition, 11, 616-620.

Gierut, J. A. (2001). Complexity in phonological treatment: Clinical factors. Language, Speech, and Hearing Services in Schools, 32, 229-241.

Gass, S. (1979). Language transfer and universal grammatical relations.  Language Learning, 29, 327-344.

Glenberg, A. M. (1976). Monotonic and nonmonotonic lag effects in paired-associate and recognition memory paradigms.  Journal of Verbal Learning and Verbal Behavior, 15, 1-16. 

Goode, M. K., Geraci, L., & Roediger, H. L., III. (2008). Superiority of variable to repeated practice in transfer on anagram solution. Psychonomic Bulletin & Review, 15, 662-666.

Hardy, L., Mullen, R., & Jones, G. (1996). Knowledge and conscious control of motor actions under stress.  British Journal of Psychology, 87, 621-636.

Haviland, S. E., & Clark, H. H. (1974).  What’s new? Acquiring new information as a process in comprehension.  Journal of Verbal Learning and Verbal Behavior, 13, 512-521.

Healy, A. F. (2007).  Transfer: Specificity and generality.  In H. L. Roediger, III, Y. Dudai, & S. M. Fitzpatrick (Eds.), Science of memory: Concepts (pp. 271-275).  New York: Oxford University Press.

Healy, A. F., & Bourne, L. E., Jr. (Eds.). (1995). Learning and memory of knowledge and skills: Durability and specificity. Thousand Oaks, CA: Sage. 

Healy, A. F., Clawson, D. M., McNamara, D. S., Marmie, W. R., Schneider, V. I., Rickard, T. C., Crutcher, R. J., King, C., Ericsson, K. A., & Bourne, L. E., Jr. (1993).  The long-term retention of knowledge and skills. In D. Medin (Ed.), The psychology of learning and motivation: Advances in research and theory (Vol. 30, pp. 135-164).  New York: Academic Press. 

Healy, A. F., Fendrich, D. W., Crutcher, R. J., Wittman, W. T., Gesi, A. T., Ericsson, K. A., & Bourne, L. E., Jr. (1992). The long-term retention of skills.  In A. F. Healy, S. M. Kosslyn, & R. M. Shiffrin (Eds.), From learning processes to cognitive processes: Essays in honor of William K. Estes, Volume 2 (pp. 87-118).  Hillsdale, NJ: Erlbaum. 

Healy, A. F., Kole, J. A., Buck-Gengler, C. J., & Bourne, L. E., Jr. (2004). Effects of prolonged work on data entry speed and accuracy.  Journal of Experimental Psychology: Applied, 10, 188-199.

Healy, A. F., Shea, K. M., Kole, J. A., & Cunningham, T. F. (2008). Position distinctiveness, item familiarity, and presentation frequency affect reconstruction of order in immediate episodic memory.  Journal of Memory and Language, 58, 746-764.
Healy, A. F., Wohldmann, E. L., & Bourne, L. E., Jr. (2005). The procedural reinstatement principle: Studies on training, retention, and transfer.  In A. F. Healy (Ed.), Experimental cognitive psychology and its applications (pp. 59-71).  Washington, DC: American Psychological Association.

Healy, A. F., Wohldmann, E. L., Kole, J. A., Schneider, V. I., Shea, K. M., & Bourne, L. E., Jr. (in press).  Training for efficient, durable, and flexible performance in the military.  In W. Arthur, Jr., E. A. Day, W. Bennett, Jr., & A. Portrey (Eds.), Individual and team skill decay: State of the science and implications for practice.  New York: Taylor & Francis.
Healy, A. F., Wohldmann, E. L., Sutton, E. M., & Bourne, L. E., Jr. (2006). Specificity effects in training and transfer of speeded responses. Journal of Experimental Psychology: Learning, Memory, and Cognition, 32, 534-546.

Healy, A. F., Wohldmann, E. L., Parker, J. T., & Bourne, L. E., Jr. (2005).  Skill training, retention, and transfer: The effects of a concurrent secondary task.  Memory & Cognition, 33, 1457-1471.

Hintzman, D. L. (1974).  Theoretical implications of the spacing effect.  In R. L.  Solso (Ed.), Theories in cognitive psychology: The Loyola symposium (pp. 77-99). Potomac, MD: Erlbaum.

Hockey, G. R. J., & Earle, F. (2006). Control over the scheduling of simulated office work reduces the impact of workload on mental fatigue and task performance. Journal of Experimental Psychology: Applied, 12, 50-65.

Hoffman, J. E. (1980). Interaction between global and local levels of a form. Journal of Experimental Psychology: Human Perception and Performance, 6, 222–234.

Holding, D. H. (1965). Principles of training. London: Pergamon.

Horowitz, T. S., Cade, B. E., Wolfe, J. M., & Czeisler, C. A. (2003). Searching night and day: A dissociation of effects of circadian phase and time awake on visual selective attention and vigilance. Psychological Science, 14, 549-557.

Howe, M. J. A. (1970). Repeated presentation and recall of meaningful prose.  Journal of Educational Psychology, 61, 214-219.

Hsiao, A. T., & Reber, A. S. (2001).  The dual-task SRT procedure: Fine-tuning the timing.  Psychonomic Bulletin & Review, 8, 336-342.

Hyltenstam, K, (1984). The use of typological markedness conditions as predictors in second language acquisition: the case of pronominal copies in relative clauses.  In R. Anderson (Ed.), Second languages (pp. 39-58). Rowley, MA: Newbury House.

Ivancic, K., & Hesketh, B. (2000). Learning from errors in a driving simulation: Effects on driving skill and self-confidence. Ergonomics, 43, 1966-1984.

Izawa, C. (1992). Test trial contributions to optimization of learning processes: Study/test trials interactions. In A. F. Healy, S. M. Kosslyn, & R. M. Shiffrin (Eds.), From learning processes to cognitive processes: Essays in honor of William K. Estes, Volume 2 (pp. 1-33). Hillsdale, NJ: Erlbaum.

Kahana, M. J., & Howard, M. W. (2005).  Spacing and lag effects in free recall of pure lists.  Psychonomic Bulletin & Review, 12, 159-164.

Karpicke, J. D., & Roediger, H. L., III. (2010).  Is expanding retrieval a superior method for learning text materials?  Memory & Cognition, 38, 116-124.

Kay, H. (1955). Learning and retaining verbal material. British Journal of Psychology, 46, 81-100.

Kellogg, R. T., Friedman, A., Johnson, P., & Rickard, T. C. (2005).  Domain-specific knowledge in intellectual skills: A symposium in honor of Lyle E. Bourne, Jr. In A. F. Healy (Ed.), Experimental cognitive psychology and its applications (pp. 3-15).  Washington, DC: American Psychological Association.

Kern, R. S., Green, M. F., Mintz, J., & Liberman, R. P. (2003). Does ‘errorless learning’ compensate for neurocognitive impairments in the work rehabilitation of persons with schizophrenia? Psychological Medicine, 33, 433-442.

Kester, L., Kirschner, P. A., van Merriënboer, J. J. G. (2006). Just-in-time information presentation: Improving learning a troubleshooting skill.  Contemporary Educational Psychology, 31, 167-185.

Kester, L., Kirschner, P. A., van Merriënboer, J. J. G., & Bäumer, A. (2001). Just-in-time information presentation and the acquisition of complex cognitive skills. Computers in Human Behavior, 17, 373–391. 

Kimchi, R. (1992). Primacy of wholistic processing and global/local paradigm: A critical review. Psychological Bulletin, 112, 24–38.

Kinchla, R. A. (1974). Detecting target elements in multi-element arrays: A confusability model. Perception & Psychophysics, 15, 149–158.

Kinchla, R. A., Solis-Macias, V., & Hoffman, J. (1983). Attending to different levels of structure in a visual image. Perception & Psychophysics, 33, 1–10.

Kinchla, R. A., & Wolfe, J. M. (1979). The order of visual processing: “Top-down,” “bottom-up,” or “middle-out.” Perception & Psychophysics, 25, 225–231.

Kiran, S., & Thompson, C. K. (2003). The role of semantic complexity in treatment of naming deficits: Training semantic categories in fluent aphasia by controlling exemplar typicality. Journal of Speech, Language, and Hearing Research, 46, 773-787.

Kohl, R. M., & Roenker, D. L.  (1983). Mechanism involvement during skill imagery.  Journal of Motor Behavior, 15, 179-190.

Kole, J. A., & Healy, A. F. (2007).  Using prior knowledge to minimize interference when learning large amounts of information.  Memory & Cognition, 35, 124-137.

Kole, J. A., Healy, A. F., & Bourne, L. E., Jr. (2008).  Cognitive complications moderate the speed-accuracy tradeoff in data entry: A cognitive antidote to inhibition.  Applied Cognitive Psychology, 22, 917-937.

Kole, J. A., Healy, A. F., Fierman, D. M., & Bourne, L. E., Jr. (2010). Contextual memory and skill transfer in category search. Memory & Cognition, 38, 67-82.
Koriat, A. (1997). Monitoring one’s own knowledge during study: A cue-utilization approach to judgments of learning. Journal of Experimental Psychology: General, 127, 349-370. 

Kornell, N., & Bjork, R. A. (2007). The promise and perils of self-regulated study. Psychonomic Bulletin & Review, 14, 219-224.

Kornell, N. & Bjork, R. A. (2008). Learning concepts and categories: Is spacing the "enemy of induction"? Psychological Science, 19, 585-592.

Kozhevnikov, M. (2007). Cognitive styles in the context of modern psychology: Toward an integrated framework of cognitive style.  Psychological Bulletin, 133, 464-481.

Krueger, W. C. F. (1929). The effect of overlearning on retention. Journal of Experimental Psychology, 12, 71-78.

Landauer, T. K., & Bjork, R. A. (1978). Optimum rehearsal patterns and name learning. In M. M. Gruneberg, P. E. Morris, & R. N. Sykes (Eds.), Practical aspects of memory (pp. 625-632). New York: Academic Press.

LaVoie, N. N., Bourne, L. E., Jr., & Healy, A. F. (2002).  Memory seeding: Representations underlying quantitative estimations.  Journal of Experimental Psychology: Learning, Memory, and Cognition, 28, 1137-1153.

Lee, T. D., & Magill, R. A. (1983).  The locus of contextual interference in motor-skill acquisition.  Journal of Experimental Psychology: Learning, Memory, and Cognition, 9, 730-746.

Lee, Y., & Vakoch, D. A. (1996). Transfer and retention of implicit and explicit learning. British Journal of Psychology, 87, 637-651.

Logan, G. D., & Klapp, S. T. (1991). Automatizing alphabet arithmetic: I. Is extended practice necessary to produce automaticity? Journal of Experimental Psychology: Learning, memory, & Cognition, 17, 179-195.

Macrae, C. N., & Lewis, H. L. (2002). Do I know you? Processing orientation and face recognition. Psychological Science, 13, 194-196.
Marmie, W. R., & Healy, A. F. (1995).  The long-term retention of a complex skill.  In A. F. Healy & L. E. Bourne, Jr. (Eds.), Learning and memory of knowledge and skills: Durability and specificity (pp. 30-65).  Thousand Oaks, CA: Sage.

Marsh, E. J., Roediger, H. L., III, Bjork, R. A., & Bjork, E. L. (2007). The memorial consequences of multiple-choice testing. Psychonomic Bulletin & Review, 14, 194-199.

Marshall, L., & Born, J. (2007). The contribution of sleep to hippocampus- dependent memory consolidation. Trends in Cognitive Sciences, 11, 442– 450.

Martin, M. (1979). Local and global processing: The role of sparsity. Memory & Cognition, 7, 476–484.

Massa, L. J., & Mayer, R. E. (2006). Testing the ATI hypothesis: Should multimedia instruction accommodate verbalizer-visualizer cognitive style?  Learning and Individual Differences, 16, 321-336.

Masters, R. S. W. (1992). Knowledge, knerves and know-how: the role of explicit versus implicit knowledge in the breakdown of a complex motor skill under pressure. British Journal of Psychology, 83, 343-358.

Maxwell, J. P., Masters, R. S. W., Kerr, E., & Weedon, E. (2001). The implicit benefit of learning without errors. Quarterly Journal of Experimental Psychology: Human Experimental Psychology, 54A, 1049-1068.

Mayer, R. E. (2001).  Multimedia learning.  New York: Cambridge University Press.

Mayer, R. E., Stull, A., DeLeeuw, K., Almeroth, K., Bimber, B., Chun, D., Bulger, M., Campbell, J., Knight, A., & Zhang, H. (2008). Clickers in college classrooms: Fostering learning with questioning methods in large lecture classes. Contemporary Educational Psychology, 34, 51-57.
Mazzoni, G., & Nelson, T. O. (Eds.) (1998). Metacognition and cognitive neuropsychology: Monitoring and control processes.  Mahwah, NJ: Lawrence Erlbuam Associates.

McDaniel, M. A., & Butler, A. C. (in press).  A contextual framework for understanding when difficulties are desirable.  In A. S. Benjamin (Ed.), Successful remembering and successful forgetting: A festschrift in honor of Robert A. Bjork. New York: Psychology Press.

McDaniel, M. A., & Einstein, G. O. (2005). Material appropriate difficulty:  A framework for determining when difficulty is desirable for improving learning.  In A. F. Healy (Ed.), Experimental cognitive psychology and its applications (pp. 73-85).  Washington, DC: American Psychological Association.

McDaniel, M. A., & Fisher, R. P. (1991). Tests and test feedback as learning sources. Contemporary Educational Psychology, 16, 192-201.

McDaniel, M. A., Roediger, H. L., III., & McDermott, K. B. (2007). Generalizing test-enhanced learning from the laboratory to the classroom. Psychonomic Bulletin & Review, 14, 200-206.

McDaniel, M. A., & Schlager, M. S. (1990).  Discovery learning and transfer of problem-solving skills.  Cognition and Instruction, 7, 129-159.

McDaniel, M. A., & Fisher, R. P. (1991). Tests and test feedback as learning sources. Contemporary Educational Psychology, 16, 192-201.

McKeown, M. G. Beck, I. L., Sinatra, G. M., & Loxterman, J. A. (1992). The contribution of prior knowledge and coherent text to comprehension.  Reading Research Quarterly, 27, 79-93.

McNamara D. S. (2001).  Reading both high-coherence and low-coherence texts: Effects of text sequence and prior knowledge. Canadian Journal of Experimental Psychology, 55, 51-62.

McNamara, D. S., & Healy, A. F. (1995).  A procedural explanation of the generation effect:  The use of an operand retrieval strategy for multiplication and addition problems.  Journal of Memory and Language, 34, 399-416.

McNamara, D. S., & Healy, A. F. (2000).  A procedural explanation of the generation effect for simple and difficult multiplication problems and answers.  Journal of Memory and Language, 43, 652-679.

McNamara, D. S. & Kintsch, W. (1996). Learning from texts: Effects of prior knowledge and text coherence. Discourse Processes, 22, 247-288.

McNamara, D.S., Kintsch, E., Songer N. B., & Kintsch, W. (1996).  Are good texts always better? Interactions of text coherence, background knowledge, and levels of understanding in learning from texts. Cognition and Instruction, 14, 1-43.

McNevin, N. H., Shea, C. H., & Wulf, G. (2003). Increasing the distance of an external focus of attention enhances learning. Psychological Research, 67, 22-29.

Means, M., & Voss, J. (1985). Star Wars: A developmental study of expert and novice knowledge structures. Memory and Language, 24, 746-757.

Miller, G. A. (1956). The magical number seven, plus or minus two: Some limits on our capacity for processing information. Psychological Review, 63, 81-97.

Minas, S. C.  (1978).  Mental practice of a complex perceptual motor skill.  Journal of Human Movement Studies, 4, 102-109.

Moravscsik, J. E., & Kintsch, W. (1993). Writing quality, reading skills, and domain knowledge as factors in text comprehension. Canadian Journal of Experimental Psychology, 47, 360-374.

Morris, C. D., Bransford, J. D., & Franks, J. J. (1977).  Levels of processing versus transfer appropriate processing.  Journal of Verbal Learning and Verbal Behavior, 16, 519-533.

Morris, P. E., & Fritz, C. O. (2000). The name game: Using retrieval practice to improve the learning of names. Journal of Experimental Psychology: Applied, 6, 124-129.

Navon, D. (1977). Forest before trees: The precedence of global features in visual perception. Cognitive Psychology, 9, 353–383.

Navon, D. (1991). Testing a queue hypothesis for the processing of global and local information. Journal of Experimental Psychology: General, 120, 173–189.

Navon, D., & Norman, J. (1983). Does global precedence really depend on visual angle. Journal of Experimental Psychology: Human Perception and Performance, 9, 955–965

Naylor, J. C., & Briggs G. E. (1963). Effects of task complexity and task organization on the relative efficiency of part and whole training methods. Journal of Experimental Psychology, 65, 217-224.

Newell, A., & Rosenbloom, P. S.  (1981). Mechanisms of skill acquisition and the power law of practice.  In J. R. Anderson (Ed.), Cognitive skills and their acquisition (pp. 1-55). Hillsdale, NJ: Erlbaum.

Newell, K. M., Carlton, M. J., Fisher, A.T., & Rutter, B. G. (1989). Whole-part training strategies for learning the response dynamics of microprocessor driven simulators. Acta Psychologica, 71, 197-216.

Nipher, F. E. (1878). On the distribution of errors in numbers written from memory.  Transactions of the Academy of Science of St. Louis, 3, ccx - ccxi.
Norman, G. (2004). Editorial -- What’s the active ingredient in active learning? Advances in Health Sciences Education, 9, 1-3.

Osgood, C. E. (1949).  The similarity paradox in human learning: A resolution.  Psychological Review, 56, 132-143.

Pachella, R. G. (1974). The interpretation of reaction time in information-processing research. In B. H. Kantowitz (Ed.), Human information processing: Tutorials in performance and cognition (pp. 41-82). Hillsdale, NJ: Erlbaum.

Paquet, L. (1992). Global and local processing in nonattended objects: A failure to induce local processing dominance. Journal of Experimental Psychology: Human Perception and Performance, 18, 512–529.

Paquet, L. (1994). Does the attentional state determine processing dominance in to-be-ignored compound stimuli? Acta Psychologica, 85, 155–169.

Paquet, L., & Wu, Y. (1994). Global dominance in to-be-ignored compound stimuli: The influence of attentional set. Current Psychology of Cognition, 13, 169–188.

Pashler, H., Cepeda, N. J., Wixted, J. T., & Rohrer, D. (2005). When does feedback facilitate learning of words?  Journal of Experimental Psychology: Learning, Memory, and Cognition, 31, 3-8.

Pashler, H., McDaniel, M., Rohrer, D., & Bjork, R. (2009).  Learning styles: Concepts and evidence.  Psychological Science in the Public Interest, 9, 105-119.

Pashler , H., Rohrer, D., Cepeda, N. J., & Carpenter, S. K. (2007). Enhancing learning and retarding forgetting: Choices and consequences. Psychonomic Bulletin & Review, 14, 187-193.

Peck A. C., & Detweiler, M. C.  (2000). Training concurrent multistep procedural tasks.  Human Factors, 42, 379-389.

Pellegrino, J. W., Doane, S. M., Fischer, S. C. & Alderton, D. (1991). Stimulus complexity effects in visual comparisons: The effects of practice and learning context. Journal of Experimental Psychology: Human Perception and Performance, 17, 781-791.

Penney, C. G. (1989).  Modality effects and the structure of short-term verbal memory.  Memory & Cognition, 17, 398-422.

Perels, F., Gürtler, T., & Schmitz, B. (2005). Training of self-regulatory and problem-solving competence.  Learning and Instruction, 15, 123-139.

Péruch, P., & Wilson, P. N. (2004). Active versus passive learning and testing in a complex outside built environment.  Cognitive Processing, 5, 218-227.

Postman, L., & Underwood, B. J. (1973). Critical issues in interference theory.  Memory & Cognition, 1, 19-40.

Proctor, R. W., & Dutta, A. (1995).  Skill acquisition and human performance. Thousand Oaks, CA: Sage publications.

Proctor, R.W., & Vu, K.-P.L. (2006). Stimulus-response compatibility principles: Data, theory, and application. Boca Raton, FL: CRC Press.

Rickard, T. C. (1997).  Bending the power law: A CMPL theory of strategy shifts and the automatization of cognitive skills. Journal of Experimental Psychology: General, 126, 288-311.

Rickard, T. C. (2004). Strategy execution in cognitive skill learning: An item-level test of candidate models. Journal of Experimental Psychology: Learning, Memory, and Cognition, 30, 65-82.

Rickard, T. C., Cai, D. J., Reith, C. A., Ard, M. C., & Jones, J. (2008). Sleep does not enhance motor sequence learning. Journal of Experimental Psychology: Learning, Memory, and Cognition, 34, 834-842.

Rickard, T. C., Lau, J. S.-H., & Pashler, H. (2008).  Spacing and the transition from calculation to retrieval.  Psychonomic Bulletin & Review 15, 656-661.

Robertson, L. C., Egly, R., Lamb, M. R., & Kerth, L. (1993). Spatial attention and cuing to global and local levels of hierarchical structure. Journal of Experimental Psychology: Human Perception and Performance, 19, 471–487.

Robertson, L. C., & Lamb, M. C. (1991). Neuropsychological Contributions to theories of part/whole organization. Cognitive Psychology, 23, 299–330.

Roediger, H. L., III. (2008). Relativity of remembering: Why the laws of memory vanished. Annual Review of Psychology, 59, 225-254.

Roediger, H. L., III. (2009, November). The critical role of retrieval in enhancing long-term memory: From the laboratory to the classroom.  Keynote address at the 50th Annual Meeting of the Psychonomic Society, Boston, MA.

Roediger, H. L., III, Weldon, M. S., & Challis, B. H. (1989). Explaining dissociations between implicit and explicit measures of retention: A processing account.  In H. L. Roediger, III, & F. I. M. Craik (Eds.), Varieties of memory and consciousness: Essays in honour of Endel Tulving (pp. 3-41).  Hillsdale, NJ: Erlbaum.

Rohrer, D., & Taylor, K. (2006).The effects of overlearning and distributed practice on the retention of mathematics knowledge.  Applied Cognitive Psychology, 20, 1209-1224.

Rohrer, D., Taylor, K., Pashler, H., Wixted, J. T., & Cepeda, N. J. (2005). The effect of overlearning on long-term retention,  Applied Cognitive Psychology, 19, 361-374.

Rubin, D. C., & Wenzel, A. E. (1996). One hundred years of forgetting: A quantitative description of retention.  Psychological Review, 103, 734-760.

Salas, E., Cannon-Bowers, J. A., & Blickensderfer, E. L. (1999). Enhancing reciprocity between training theory and practice: Principles, guidelines, and specifications. In G. R. Ferris (Ed.), Research in personnel and human resources management (Vol. 17, pp. 291-321). Stamford, CT: JAI Press.
Schmidt, R. A. (1975).  A schema theory of discrete motor skill learning.  Psychological Review, 82, 225-260.

Schmidt, R. A. (1991). Frequent augmented feedback can degrade learning: Evidence and interpretations. In J. Requin & G. E. Stelmach (Eds.), Tutorials in motor neuroscience (pp. 59-75). Dordrecht, The Netherlands: Kluwer.

Schmidt, R. A., & Bjork, R. A. (1992).  New conceptualizations of practice: Common principles in three paradigms suggest new concepts for training.  Psychological Science, 3, 207-217. 

Schmidt R. A., & Lee, T. D. (1999). Motor control and learning: A behavioral emphasis. Champaign, IL: Human Kinetics.

Schmidt, R. A., Young, D. E., Swinnen, S., & Shapiro, D. C. (1989).  Summary knowledge of results for skill acquisition: Support for the guidance hypothesis.  Journal of Experimental Psychology: Learning, Memory, and Cognition, 15, 352-359.

Schneider, V. I., Healy, A. F., & Barshi, I.  (2004).  Effects of instruction modality and readback on accuracy in following navigation commands.  Journal of Experimental Psychology: Applied, 10, 245-257. 

Schneider, V. I., Healy, A. F., & Bourne, L. E., Jr. (1998).  Contextual interference effects in foreign language vocabulary acquisition and retention.  In A. F. Healy & L. E. Bourne, Jr. (Eds.), Foreign language learning: Psycholinguistic studies on training and retention (pp. 77-90).  Mahwah, NJ: Erlbaum.

Schneider, V. I., Healy, A. F., & Bourne, L. E., Jr. (2002).  What is learned under difficult conditions is hard to forget: Contextual interference effects in foreign vocabulary acquisition, retention, and transfer.  Journal of Memory and Language, 46, 419-440.

Schneider, V. I., Healy, A. F., Buck-Gengler, C. J., Barshi, I., & Bourne, L. E., Jr. (2007, July). The effects of feedback on learning to follow navigation instructions.  Poster to be presented at the joint meeting of the Experimental Psychology Society and the Psychonomic Society, Edinburgh, Scotland.

Schneider, V. I., Healy, A. F., Ericsson, K. A., & Bourne, L. E., Jr. (1995).  The effects of contextual interference on the acquisition and retention of logical rules.  In A. F. Healy & L. E. Bourne, Jr. (Eds.), Learning and memory of knowledge and skills: Durability and specificity (pp. 95-131).  Thousand Oaks, CA: Sage.

Schunk, D. H. (2005). Commentary on self-regulation in school contexts.  Learning and Instruction, 15, 173-177.

Shanks, D. R., & Cameron, A.  (2000).  The effect of mental practice on performance in a sequential reaction time task.  Journal of Motor Behavior, 32, 305-313.

Shea, C. H., & Wulf, G. (1999). Enhancing motor learning through external-focus instructions and feedback. Human Movement Science, 18, 553-571.

Shea, J. B., & Morgan, R. L. (1979).  Contextual interference effects on the acquisition, retention, and transfer of a motor skill.  Journal of Experimental Psychology: Human Learning and Memory, 5, 179-187.

Shedden, J. M., & Reid, G. S. (2001). A variable mapping task produces symmetrical interference between global information and local information. Perception & Psychophysics, 63, 241–252.

Shepard R. N. (1987).  Toward a universal law of generalization for psychological science.  Science, 237, 1317-1323.
Simon, D., & Bjork, R. A. (2001). Metacognition in motor learning. Journal of Experimental Psychology: Learning, Memory, and Cognition, 27, 907-912. 

Slamecka, N. J., & Graf, P. (1978).  The generation effect: Delineation of a phenomenon.  Journal of Experimental Psychology: Human Learning and Memory, 4, 592-604.

Smith, J. D., Redford, J. S., Washburn, D. A., & Taglialatela, L. A. (2005).  Specific-token effects in screening tasks: Possible implications for aviation safety. Journal of Experimental Psychology: Learning, Memory, and Cognition, 31, 1171-1185.

Smith, S. M., & Vela, E. (2001).  Environmental context-dependent memory: A review and meta-analysis.  Psychonomic Bulletin & Review, 8, 203-220.

Smith, T. A., & Kimball, D. R. (2010). Learning from feedback: Spacing and the delay-retention effect. Journal of Experimental Psychology: Learning, Memory, and Cognition, 36, 80-95.

Sperling, R. A., Howard, B. C., Staley, R., & DuBois, N.  (2004). Metacognition and self-regulated learning constructs.  Educational Research and Evaluation, 10, 117-139.

Spiering, B. J., & Ashby, F. G. (2008). Initial training with difficult items facilitates information integration, but not rule-based category learning. Psychological Science, 19, 1169-1177.

Staal, M. A., Bolton, A. E., Yaroush, R. A., & Bourne, L. E., Jr. (2008). Cognitive performance and resilience to stress.  In B. J. Lukey & V. Tepe (Eds.), Biobehavioral resilience to stress (pp. 259-300).  Boca Raton, FL: CRC Press.  

Stickgold, R. (2005). Sleep-dependent memory consolidation. Nature, 437, 1272–1278. 

Stoffer, T. H. (1993). The time course of attentional zooming: A comparison of voluntary and involuntary allocation of attention to the levels of compound stimuli. Psychological Research, 56, 14–25.

Terrace, H. S. (1963). Discrimination learning with and without “errors.” Journal of the Experimental Analysis of Behavior, 6, 1-27.

Thompson, C. K., Shapiro, L. P., Ballard, K. J., Jacobs, B. J., Schneider, S. L., & Tait, M. E. (1997). Training and generalized production of wh- and NP-movement structures in agrammatic aphasia. Journal of Speech, Language, and Hearing Research, 40, 228–244.

Thompson, C. K., Shapiro, L. P., Tait, M. E., Jacobs, B. J., & Schneider, S. L. (1996). Training wh-question production in agrammatic aphasia: Analysis of argument and adjunct movement. Brain and Language, 52, 175–228.

Touron, D. R., Hoyer, W. J., Cerella, J. (2004). Cognitive skill learning: Age-related differences in strategy shifts and speed of component operations. Psychology and Aging, 19, 567-580.

Tulving, E., & Thomson, D. M. (1973).  Encoding specificity and retrieval processes in episodic memory.  Psychological Review, 80, 352-373.

Vakil, E., Hoffman, Y., & Myzliek, D. (1998). Active versus passive procedural learning in older and younger adults.  Neuropsychological Rehabilitation, 8, 31-41.

Van Leeuwen, C., & Bakker, L. (1995). Stroop can occur without Garner interference: Strategic and mandatory influences in multidimensional stimuli. Perception & Psychophysics, 57, 379–392.

Van Overschelde, J. P., & Healy, A. F. (2001).  Learning of nondomain facts in high- and low-knowledge domains.  Journal of Experimental Psychology: Learning, Memory, and Cognition, 27, 1160-1171.

Underwood, B. J., & Ekstrand, B. R. (1967). Studies of distributed practice:  XXIV. Differentiation and proactive inhibition.  Journal of Experimental Psychology, 74, 574-580.

Walker, M. P. (2005). A refined model of sleep and the time course of memory formation. Behavioral and Brain Sciences, 28, 51–104.

Walker, M. P., & Stickgold, R. (2004). Sleep-dependent learning and memory consolidation. Neuron, 44, 121–133. 

Walker, M. P., & Stickgold, R. (2006). Sleep, memory, and plasticity. Annual Review of Psychology, 57, 139 –166. 

Ward, L. M. (1982). Determinants of attention to local and global features of visual forms. Journal of Experimental Psychology: Human Perception and Performance, 8, 562–581.

Weston, N. J., & Perfect, T. J. (2005). Effects of processing bias on the recognition of composite face halves.  Psychonomic Bulletin & Review, 12, 1038-1042.

Wickelgren, W.A. (1974). Single-trace fragility theory of memory dynamics. Memory & Cognition, 2, 775–780.

Wickens, C. D. (2002). Situation awareness and workload in aviation. Current Directions in Psychological Science, 11,128–133. 

Wickens, C. D. (2008). Situation awareness: Review of Mica Endsley’s 1995 articles on situation awareness theory and measurement. Human Factors, 50, 397-403.

Wightman, D. & Lintern, G. (1985). Part-task training for tracking and manual control. Human Factors, 27, 267-283.

Wixted, J. T. (2004). The psychology and neuroscience of forgetting. Annual Review of Psychology, 55, 235–269. 

Wixted, J. T., & Carpenter, S. K. (2007). The Wickelgren power law and the Ebbinghaus savings function. Psychological Science, 18, 133-134.

Wohldmann, E. L., Healy, A. F., & Bourne, L. E., Jr. (2007).  Pushing the limits of imagination: Mental practice for learning sequences.  Journal of Experimental Psychology: Learning, Memory, and Cognition, 33, 254-261.

Wohldmann, E. L., Healy, A. F., & Bourne, L. E., Jr. (2008a). A mental practice superiority effect: Less retroactive interference and more transfer than physical practice.  Journal of Experimental Psychology: Learning, Memory, and Cognition, 34, 823-833.

Wohldmann, E. L., Healy, A. F., & Bourne, L. E., Jr. (2008b). Global inhibition and midcourse corrections in speeded aiming.  Memory & Cognition, 36, 1228-1235.

Wolfe, J. M., Horowitz, T. S., Cade, B. E., & Czeisler, C. A. (2000, November). Searching when sleepy: Trading accuracy for efficiency. Paper presented at the 41st annual meeting of the Psychonomic Society, New Orleans, LA.

Wolfe, M. B. W., Schreiner, M. E., Rehder, B., Laham, D., Foltz, P. W., Kintsch, W. & Landauer, T. K. (1998). Learning from text: Matching readers and text by latent semantic analysis. Discourse Processes, 25, 309-336.

Wulf, G., McNevin, N. H., & Shea, C. H. (2001). The automaticity of complex motor skill learning as a function of attentional focus. Quarterly Journal of Experimental Psychology, 54A, 1143-1154.

Wulf, G., & Schmidt, R. A. (1997).  Variability of practice and implicit motor learning.  Journal of Experimental Psychology: Learning, Memory, and Cognition, 23, 987-1006.

Wulf, G., & Shea, C. H. (2002).  Principles derived from the study of simple skills do not generalize to complex skill learning.  Psychonomic Bulletin & Review, 9, 185-211.

Wulf, G., Shea, C. H., & Whitacre, C. A. (1998). Physical-guidance benefits in learning a complex motor skill, Journal of Motor Behavior, 30, 367-380.
Young, M. D., Healy, A. F., Gonzalez, C., Dutt, V., & Bourne, L. E., Jr. (in press).  Effects of training with added difficulties on RADAR detection.  Applied Cognitive Psychology.
