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a b s t r a c t

Differentiation is a theory that originally emerged from the perception literature and pro-
poses that with experience, the representation of stimuli becomes more distinct from or
less similar to the representation of other stimuli. In recent years, the role of differentiation
has played a critical role in models of memory. Differentiation mechanisms have been
implemented in episodic memory models by assuming that information about new expe-
riences with a stimulus in a particular context accumulates in a single memory trace and
these updated memory traces become more distinct from the representations of other
stimuli. A key implication of such models is that well encoded events are less confusable
with other events. This prediction is particularly relevant for two important phenomena.
One is the role of encoding strength on memory. The strength based mirror effect is the find-
ing of higher hit rates and lower false alarm rates for a list composed of all strongly
encoded items compared to a list composed of all weakly encoded items. The other is out-
put interference, the finding that accuracy decreases across a series of test trials. Results
from four experiments show a tight coupling between these two empirical phenomena
such that strongly encoded target items are less prone to interference. By proposing a pro-
cess model and evaluating the predictions of the model, we show how a single theoretical
principle, differentiation, provides a unified explanation for these effects.

� 2016 Elsevier Inc. All rights reserved.

1. Introduction

We present a unified theoretical account of how differentiation, originally proposed for the domain of perception, oper-
ates during the encoding of new memories and the retrieval of old memories. Perceptual representations represent present
experience and memory representations represent previous events. What one experiences in the present is stored in a rep-
resentation that can be retrieved later. A number of theoretical approaches to memory have borrowed important assump-
tions from theories of perception and there are important, well-established phenomena that occur in both memory and
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perception (e.g., Annis & Malmberg, 2013; Green & Swets, 1966; Malmberg & Annis, 2012). Here, we focus on a process
known as differentiation, which improves the accuracy with which stimuli are perceived and events are remembered. We
begin with a review of the role differentiation plays in perception and next turn our attention to role differentiation plays
in memory.

1.1. Differentiation

Differentiation was brought to the study of memory via research on perception. The basic theory is that experience accu-
mulates in the mind, which is expressed when previous exposure to a stimulus alters perception of the current experience
with the stimulus (e.g., Adolph & Kretch, 2015). In a classic study, Gibson and Gibson (1955) asked participants to study a
target (a spiral shape) and then make same/different judgments to series of items. Some of the items were obviously differ-
ent (e.g., triangular or cloud shaped doodles) and those were easy to reject. Other stimuli were visually similar (spirals) but
differed on a variety of dimensions (number of coils, width, etc.). Over multiple trials and without feedback, participants
learned to discriminate the similar stimuli from the target stimulus. That is, through repetition, participants learned new
information about the individual items so that what was once similar became more dissimilar. This is an example of differ-
entiation improving perception.

The hypothesis that differentiation improves cognitive capabilities has been adopted in category learning, semantic
knowledge, and episodic memory. In learning to categorize stimuli, differentiation may take the form of learning to differ-
entially weigh relevant feature dimensions (e.g., Nosofsky, 1987) or ‘‘dimension differentiation” where once integrated fea-
ture dimensions become separate (e.g., Goldstone & Styvers, 2001) or changes in self-similarity (Nosofsky & Zaki, 2003).
These same types of principles are part of the Rogers and McClelland (2008) model of semantic knowledge development,
a connectionist systemwhere the initial representation of items is similar but becomes differentiated with interleaved learn-
ing of many exemplars across many categories. They demonstrated that the notion that the learning of broad categories (e.g.,
plants vs. animals) sets the foundation for learning progressively more specific knowledge structures as individual items
become differentiated from one another (e.g., fish vs. birds, then cardinals vs. robins).

Note that the benefits of differentiation in perceptual tasks are rooted in the effect experience has on memory, namely
learning. Repeated exposures to perceptual stimuli create rich and more detailed conceptual representation of the stimuli,
which allows stimuli encountered in the future to be identified and used in more nuanced manners.

In turn, memory researchers have asked how repeated exposure to similar events affects memory for the events them-
selves. Differentiation in episodic memory was initially leveraged to describe the pattern where similar items harmed
paired-associate learning (e.g., Gibson, 1940) whereas items that were very different benefitted episodic memory (e.g.,
Wallace, 1965). Despite this early recognition of the potential role of differentiation in episodic memory, it was not formal-
ized in models of memory until decades later. Differentiation was implemented in memory models by assuming that addi-
tional encoding leads to the storage of additional information in a single episodic memory trace representing the same event.
This was in contrast to the classic memory theories assuming that additional encoding resulted in the storage of multiple
memory traces.

In the differentiation models, as a memory trace is updated, it decreases in similarity to other, randomly similar items
(e.g., Criss & McClelland, 2006; Malmberg, Holden, & Shiffrin, 2004; McClelland & Chappell, 1998; Shiffrin, Ratcliff, &
Clark, 1990; Shiffrin & Steyvers, 1997). As an illustration, assume there are two empty episodic traces, each of which contains
no information about the items that they represent, and hence they are exactly alike. As we allow for encoding of features
representing two randomly selected items, the traces themselves become more dissimilar, hence distinguishable during
retrieval. The more information is stored in each trace, the result of repetition, additional study time, or deeper encoding
tasks, the more dissimilar they become.

Memory is often tested in the laboratory by having subjects study lists of items, and later presenting them with targets
and foils, and subject are asked to discriminate the targets from the foils. The accuracy of the recognition task increases as
the proportion of positive endorsements of targets increases (hit rate; HR) and/or the proportion of positive endorsements of
foils decreases (false alarm rate; FAR). Bias is the tendency to endorse test items. As bias increases via a decrease in a crite-
rion used to decide whether at item was studied, both HRs and FARs increase.

The effect of differentiation in such experiments is twofold: Items that were studied under strong encoding conditions
and later tested are more likely to be recognized because the retrieval cues representing such targets match the memory
trace that represent the occurrence better than the retrieval cues associated with weakly encoded targets match the memory
trace that represent their occurrence. Hit rates are greater for strong targets than for weak targets. For instance, increasing
the number of presentations of an item or manipulating the ‘‘depth” of encoding items receive, increases the HR. Second,
when retrieval cues representing unstudied items (i.e., foils) are matched against traces stored under strong encoding con-
ditions, incorrect recognition of their prior occurrence (i.e., false alarms) decreases because they mismatch the well-encoded
traces more than traces stored under weak encoding conditions. False-alarm rates are lower for strong foils than for weak
foils. This pattern of greater hit rates and lower false-alarm rates under strong encoding conditions is known as the
strength-based mirror effect in the recognition memory literature lists (Cary & Reder, 2003; Criss, 2006, 2009, 2010;
Glanzer & Adams, 1985; Starns, White, & Ratcliff, 2010; Stretch & Wixted, 1998).

As reviewed in Criss and Koop (2015), several converging findings support the presence of differentiation in episodic
memory, including patterns of response time distributions (Criss, 2010), direct ratings of memory strength (Criss, 2009),
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