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Four experiments examined the effect of phonological similarity between items and distractors on complex
span performance. Item–distractor similarity benefited serial recall when distractors followed the items they
were similar to, but not when distractors preceded the items they were similar to. These findings are predicted
by C-SOB (contextual serial order in a box), a computational model of complex span. The model assumes that
distractors are involuntarily encoded into memory, being associated to the preceding item’s list position.
Distractors interfere with items by superposition of distributed representations that are associated to the same
position. Superposition distorts item memory; this distortion is less severe when the distractor is similar to the
item. Further support for the assumption that distractors are encoded at the position of the preceding item
comes from the finding that intrusions of distractors at recall tended to come from the position of the target
item. In addition, intruding distractors tend to replace items to which they are similar, showing that lack of
distinctiveness also contributes to interference.
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One of the most common findings in research on working memory
is the impairment of short-term maintenance by a concurrent process-
ing task. The impact of concurrent distractor processing on memory is
a distinguishing feature of many working memory paradigms that sets
them apart from more traditional short-term memory paradigms
(Daneman & Carpenter, 1980) and contributes to their predictive
power for complex cognitive tasks (Ackerman, Beier, & Boyle, 2005;
Bayliss, Jarrold, Gunn, & Baddeley, 2003; Daneman & Merikle,
1996).

Three explanations have been proposed for the detrimental
effect of processing on memory. Early theories attributed it to
increased demand on a common resource that needs to be shared
between storage and concurrent processing (Case, 1985; Just &
Carpenter, 1992). A second explanation is based on the assumption
that representations in working memory rapidly decay over time
unless refreshed by active maintenance (e.g., by articulatory re-
hearsal or by directing attention to them) and concurrent process-
ing prevents active maintenance (Baddeley, 1986; Barrouillet,

Bernardin, & Camos, 2004; Towse, Hitch, & Hutton, 2000). The
third explanation refers to interference between memory represen-
tations and the representations involved in the concurrent process-
ing task (Oberauer & Lewandowsky, 2008; Saito & Miyake,
2004). This article determines how the processing of distractors
impacts on items to be maintained. Specifically, it examines the
extent to which distractors are encoded into working memory and
the processes by which this encoding detrimentally affects mem-
ory for list items.

What Causes Forgetting in Complex Span?

The first goal of this article is to examine the potential role of
interference in forgetting from working memory. To this end, we
investigated the effect of similarity between memory items and dis-
tractors (i.e., material of the processing task) in a complex span
paradigm. In complex span tasks, participants try to remember a list
of items, and presentation of each item alternates with a brief period
during which the participants engage in a processing task that is
typically unrelated to the items. Among the earliest examples of this
paradigm are reading span (Daneman & Carpenter, 1980), counting
span (Case, Kurland, & Goldberg, 1982), and operation span (Turner
& Engle, 1989). Complex span tasks are extensively used to measure
working memory performance (Conway et al., 2005), and they have
been identified as good predictors of performance in a large range of
complex cognitive activities (Conway, Jarrold, Kane, Miyake, &
Towse, 2007). Thus, understanding forgetting in complex span would
be a major step toward understanding the limitations on cognition.

We manipulated similarity between items and distractors within a
class of stimuli (i.e., two-syllable nonwords), analogous to manipu-
lations of similarity between list items in many other studies (e.g.,
Baddeley, 1966; Conrad & Hull, 1964). This similarity manipulation
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is diagnostic because a similarity effect would be consistent only with
interference-based explanations of the impact of processing on main-
tenance. In contrast, classic resource sharing accounts (e.g., Just &
Carpenter, 1992) offer no reason to assume that maintenance is
impaired any more or less by distracting material that is similar to the
memory items, compared to material that is dissimilar. All that should
matter is the proportion of the shared resource consumed by the
processing task. The same holds for time-sharing accounts (Barrouil-
let et al., 2004; Towse, Hitch, & Hutton, 1998): On the assumption
that processing prevents active maintenance (e.g., rehearsal or refresh-
ing) of decaying memory traces, there is again no basis for expecting
an effect of item–distractor similarity. All that should matter is how
long the processing task engages the mechanism needed for active
maintenance. Therefore, any systematic effect of item–distractor sim-
ilarity counts as evidence for a role of interference between memory
items and distractors in explaining forgetting from working memory.

To foreshadow, in the present experiments we obtained such evi-
dence. Following from this, our second goal is to shed light on the
precise mechanisms of interference. We detail our hypotheses about
these mechanisms in the following section. These hypotheses emerge
from an application of the contextual serial order in a box (C-SOB)
model (Farrell, 2006) to the complex span paradigm (Oberauer &
Lewandowsky, 2008; Oberauer, Lewandowsky, Farrell, Jarrold, &
Greaves, 2011). Therefore, our third goal is to test specific predictions
from C-SOB.

Three Mechanisms of Interference

We consider three mechanisms of interference that have been
discussed as causes of forgetting from both short-term memory and
episodic memory: interference by lack of distinctiveness, feature
overwriting, and interference by superposition. The three mechanisms
are not mutually exclusive. In fact, the C-SOB model implements two
of these (lack of distinctiveness and superposition). Likewise, many
other models of memory assume interference by lack of distinctive-
ness together with some other mechanism of forgetting. Nevertheless,
it is useful to consider the three mechanisms separately because they
make different predictions for the effect of item–distractor similarity.
We first discuss the predictions from the individual mechanisms in a
general context. Later, after introducing our experimental paradigm,
we present simulations with C-SOB that generate specific predictions
for our experiments.

Lack of Distinctiveness

There is a long tradition of theories arguing that memory failure
arises primarily from the inability to discriminate the searched-for
memory representation from competing ones, such that either a com-
petitor is retrieved or the competing retrieval candidates block each
other, preventing any retrieval (for reviews of theories built on this
form of interference, see Crowder, 1976; Surprenant & Neath, 2009).
This mechanism of interference is invoked, among others, by the
theory of interference through cue overload (Watkins & Watkins,
1975) and theories of temporal distinctiveness (Brown, Neath, &
Chater, 2007). The common denominator of these theories can be
summarized as follows: Retrieval is based on cues, and any informa-
tion available at the time of retrieval that is related to the target
memory representation can serve as a cue (e.g., information similar to
the target representation or information associated to it by learning,

such as the spatial or temporal context of an event). Cues activate the
target memory trace, but they also activate other, competing traces to
some degree. The probability of retrieving each trace is a function of
its relative activation in comparison to all other traces, given the cue.
Interference occurs to the degree that the competing traces come close
to, or even supersede, the activation of the target trace. This happens
to the extent that the cues fail to distinguish the target trace from its
competitors.

This generic theory of interference by lack of distinctiveness
predicts that increasing the similarity between two memory traces
decreases their distinctiveness at retrieval if the dimension on
which similarity is varied plays a role in cuing. Consider, for
example, the well-established detrimental effect of phonological
similarity on immediate serial recall of verbal items (Conrad,
1964; Conrad & Hull, 1964). Lists like “cat, rat, bat” are more
likely to be recalled in the wrong order than lists like “cat, dog,
fish.” The most common explanation of this phenomenon, which is
also implemented in the C-SOB model (Farrell, 2006; Le-
wandowsky & Farrell, 2008), is one based on the idea of interfer-
ence by lack of (phonological) distinctiveness (Burgess & Hitch,
1999; Henson, 1998; Lewandowsky & Farrell, 2008; Nairne, 1990;
Page & Norris, 1998). This idea is implemented in a number of
models by assuming two stages of retrieval, as illustrated in Figure
1A. In a first stage, an initial representation of an item is retrieved;
in many models, this retrieval is driven by a temporal or positional
context cue that contains information about the serial position of
the target item. The initial item representation contains some noisy
or partial information about the phonological composition of the
item, but it does not yet unambiguously identify which item should
be recalled. Therefore, in a second stage, the initial item represen-
tation obtained in the first stage is used as a cue for retrieving the
appropriate item representation from a set of candidate items,
which contains at least all list items. Cuing of candidates occurs on
the basis of phonological similarity between the initial item rep-
resentation (i.e., the cue of the second stage) and each candidate.
Therefore, recall candidates are activated to the degree that they
are phonologically similar to the initial item representation. When
the list consists of many similar items, many candidates are similar
to each other and therefore are likely to be similar to the initial
item representation that serves as cue. Hence, that cue activates not
only the target item among the candidates but also all other similar
list items to a high degree. As a consequence, the target item is
difficult to discriminate from other list items, and confusion errors
(i.e., recall of the wrong list item in a given position) are frequent.1

1 One prominent distinctiveness model of memory, the SIMPLE (scale-
independent memory, perception, and learning) model (Brown et al.,
2007), explains the phonological similarity effect without explicitly assum-
ing a second stage of retrieval. However, the authors clearly stated that
temporal distinctiveness—the main focus of their theory—plays a role
because the temporal location of the target item is used as a cue. By the
same rationale, phonological similarity can play a role if and only if some
knowledge about the location of the target item in phonological similarity
space serves as a cue. This knowledge can only stem from a first retrieval
stage that generates partial knowledge of the item, which is then used as the
cue in a second retrieval stage. A full implementation of the retrieval
mechanism of SIMPLE therefore must involve a two-stage retrieval pro-
cess.
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What does this theory imply for a manipulation of item–
distractor similarity in the complex span paradigm? The prediction
depends on whether the distractors are included in the candidate
set for recall. If they are not, then item–distractor similarity has no
effect. If they are, then distractors that are similar to list items will
interfere more strongly with retrieval of those items by rendering
them less discriminable. As a consequence, memory is predicted to
be impaired by increasing item–distractor similarity.

Feature Overwriting

A second mechanism of interference is feature overwriting.
According to this notion, memory representations are composed of
features, and when several representations held simultaneously in
working memory share some of their features, they compete for
these features, such that the features are lost from some of the
representations. The idea of interference by feature overwriting
was first introduced into the short-term memory literature by
Nairne (1990), who assumed that each new item overwrites (i.e.,
deletes), with a certain probability, those features that the new item
shares with the immediately preceding item. Oberauer and Kliegl
(2006) generalized feature overwriting so that every item main-
tained in working memory can overwrite features in any other
item. This loss of features from an item representation leads to a
partial degradation of that representation, so that the item is more
difficult to recover.

Consider again the list “cat, rat, bat.” If, for simplicity, we treat
each phoneme as one feature, each item would be represented by
three feature codes. Two of them, one for the vowel and one for the
final consonant, are at risk of being lost by overwriting because all
three items share these features. In general, similar items share
more features than dissimilar items. Because feature overwriting
predicts that representations in working memory degrade each
other to the extent that they share features, more similar items will
result in more degradation and, hence, worse memory. A further
prediction, in the case of item–distractor similarity in complex
span, depends on whether distractor representations are assumed to
be encoded in working memory, such that they can capture fea-
tures of list items. If they are not, their similarity to memoranda
should have no effect on recall performance. If they are—even
only temporarily—they would tend to delete features of memory
items, and higher similarity between items and distractors would
translate into greater degradation of item representations by dis-
tractors. Therefore, the mechanism of interference by feature over-
writing leads to the prediction of either no effect of similarity (if
distractors are not encoded into working memory) or an adverse
effect (if they are assumed to be encoded).

Superposition

The third interference mechanism we consider is superposition
of distributed representations. In distributed connectionist models
(Rumelhart & McClelland, 1986), memory representations are
patterns of connection weights that are all encoded within the same
set of weights. Therefore, every time a new piece of information is
encoded, all weights change to some degree, thereby distorting the
pattern of weights representing previously learned information. All
memory representations are superimposed in the same set of
weights, thereby mutually distorting each other.

Figure 1. Illustration of interference by lack of distinctiveness (A) and by
superposition (B). In Panel A, there are three layers of representations
involved in retrieval: cues, initial item representations, and candidates for
recall. Representations of cues (e.g., serial positions) are circles, and
representations of items are printed words. The level of activation is
reflected in the filling of the circles and in the size and boldness of the
words. Retrieval proceeds in two stages. The first stage starts with activa-
tion of a cue, which forwards activation to all initial item representations
according to their association to that cue. Initial item representations can be
partially corrupted; this is indicated by missing letters. The second stage
uses activated initial item representations as cues, which forward their
activation to the candidates according to their association strength. The
strength of association between an initial item representation and a candi-
date reflects their (phonological) similarity. In the example, DOG and
FROG are equally similar to the partially corrupted initial representation
_OG, so that the correct item “dog” is easily confused with “frog.” Panel
B presents the weight matrix between a distributed representation of serial
positions (vertical vector on the left) and a distributed representation of
items (horizontal vector on top). The top middle matrix represents the state
of the weight matrix after encoding of an item. The entries of the weight
matrix represent the outcome of Hebbian learning, which is the outer
product of the two vectors. The two matrices below represent two alter-
native scenarios in which a similar (left) or a dissimilar (right) distractor is
encoded after the item by associating it to the same position. Hebbian
learning updates the weight matrix by adding the outer product of the
distractor and the position to the current weights. In both cases, the weight
matrix is distorted, but the distortion is more serious in the case of a
dissimilar distractor, which wipes out most of the pattern of weights
induced by encoding the item, whereas encoding of a similar distractor
strengthens a substantial part of the pattern of weights that represents the
item–position association.
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Interference by superposition occurs in connectionist models of
working memory that code items using distributed representations.
For example, in the OSCAR (oscillator-based associative recall)
model (Brown, Preece, & Hulme, 2000) and in the C-SOB model
(Farrell, 2006; Lewandowsky & Farrell, 2008), both items and
their serial positions are represented as patterns (i.e., vectors) over
several units. A memory list is encoded by associating each item
to its position through Hebbian learning. Hebbian learning adds a
pattern of weight changes to the matrix of connection weights that
link the units representing serial positions to the units representing
items. The weight changes for successive item–position associa-
tions are thus superimposed in the common weight matrix. Super-
position leads to partial distortion of each item–position associa-
tion by all other associations encoded in the same weight matrix.

Consider now what happens when distractors are processed in
between encoding successive memory items. In an application of
C-SOB to this kind of task, we assumed that distractors are
encoded by associating them to the position of the immediately
preceding item (Oberauer & Lewandowsky, 2008). Each
distractor–position association is superimposed on the item–
position associations; hence, each distractor contributes to some
degree to the distortion of memory representations encoded in the
weight matrix. The degree of distortion depends on the strength of
encoding of the distractors, which might be lower than that of the
items to the degree that a gating mechanism can be used to filter
out distractors (Awh & Vogel, 2008). As long as distractors are
encoded at all, they will generate interference.

Figure 1B illustrates this process for the case of a distractor that
is similar to the immediately preceding item (left) and the case of
a distractor that is dissimilar to that item (right). The similar
distractor, when associated to the same position as the item, adds
a pattern of weight changes to the matrix that is similar to the
pattern that represents the item–position association. As a conse-
quence, the item–position association is distorted in some places
(i.e., where the weight change imposed by the distractor is in the
opposite direction from that imposed by the item) but reinforced in
many others (i.e., where the weight changes go in the same
direction). The dissimilar distractor, in contrast, updates the weight
matrix by a pattern that is dissimilar to the pattern that codes the
item–position association and thereby distorts more of the weights
representing the item–position association while reinforcing fewer
of them. For this reason, encoding a distractor that is similar to the
preceding item is less harmful to recall of that item than encoding
a dissimilar distractor. This leads to the prediction, unique to the
notion of interference by superposition, that similar distractors hurt
memory less than dissimilar distractors.

This beneficial effect of similar compared to dissimilar distrac-
tors will occur only under two conditions. First, we must assume
that distractors are encoded in the same way as items, so that they
create memory traces that are superimposed on those of the items.
Second, a distractor that is similar to an item has a relatively
benign effect on that item only to the degree that the distractor is
associated to the same cue as the item. In the case of positional
cues, as used in C-SOB and many other models of serial recall, this
means that the distractor must be associated to the same position as
the item it is similar to. As mentioned above, in our previous work,
we made the assumption that, in tasks such as complex span, the
distractors are associated to the position of the preceding item
because positional cues are updated only when a new item is

presented. This assumption, conjoined with the hypothesis of
interference by superposition, leads to the expectation that similar
distractors lead to better memory than dissimilar distractors if and
only if the similar distractors immediately follow the items that
they are similar to. This prediction is confirmed through simula-
tions with C-SOB, presented below.

In summary, a number of existing mechanisms make clearly
distinguishable predictions about the effects of similarity between
items and distractors. In the following section, we review existing
empirical evidence on item–distractor similarity effects before
outlining the design of our experiments, which provide a more
direct test of the mechanisms outlined.

Previous Findings on Item–Distractor Similarity

A number of previous studies have investigated the effect of
similarity between items and distractors on short-term or working
memory. Earlier experiments (e.g., Corman & Wickens, 1968;
Levy & Jowaisas, 1971; Posner & Konick, 1966; Turner & Engle,
1989) mostly manipulated similarity through the category of stim-
uli (e.g., words vs. digits). The predominant finding from these
experiments was that memory was worse when distractors came
from the same category as the memory items. Interpretation of this
result is complicated by the fact that an obvious categorical dif-
ference between items and distractors enables people to strategi-
cally exclude distractors from the set of recall candidates: A person
who knows that all memory items were words, whereas all dis-
tractors were digits, will not be tempted to recall a digit instead of
a word as a list item (Conlin & Gathercole, 2006). When items and
distractors come from the same stimulus category (e.g., both are
words), this exclusion of distractors is not possible. Thus, the
condition with items and distractors from the same category is at
a disadvantage simply because each correct item must compete for
recall with more candidates, compared to the condition where
items and distractors come from different categories.

This interpretational problem can be avoided by manipulating
similarity within a category such as words. Such a manipulation
has the additional advantage that it is comparable to the variation
of similarity between list items in typical short-term memory
experiments (i.e., simple span), where item-to-item similarity is
typically varied by manipulating similarity within the same cate-
gory (e.g., letters, words). We know of only a few experiments
investigating item–distractor similarity in complex span in this
way. Oberauer, Lange, and Engle (2004) inserted a brief distrac-
tion period between presentation and recall of a memory list.
Memory lists consisted either of words or of one of two kinds of
visuospatial stimuli (matrix patterns or line patterns). Similarity
between items and distractors was varied in three ways: phono-
logical similarity between word items and word distractors, se-
mantic similarity between word items and word distractors, and
similarity in visual form between visuospatial items and distractors
(i.e., using the same or different kinds of visuospatial stimuli).
Only semantic similarity was found to have an effect, whereby
recall was impaired when lists were followed by semantically
similar distractors.

Oberauer (2009) manipulated phonological and semantic
similarity in a complex span task using nouns as memory items
and distractors. The four memory items were dissimilar to each
other. Encoding of each item was followed by the reading aloud
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of four distractors. In a condition with high item– distractor
similarity, each item was accompanied by four distractors that
were similar to it (but not the other items). In the high-similarity
conditions of the first two experiments, distractors always im-
mediately followed the items they were similar to. With this
procedure, semantic similarity was found to be beneficial to
memory, whereas phonological similarity had no effect. In four
further experiments, distractors were assigned to serial posi-
tions at random, so that in the high-similarity condition, most of
the distractors did not immediately follow the items they were
similar to (e.g., the set of distractors similar to Item 1 followed
Item 1, 2, 3, or 4 with equal probability). In these experiments,
no effect of item– distractor similarity on serial recall was
obtained, irrespective of the type of similarity.

Two final experiments of Oberauer (2009) manipulated the
degree of phoneme overlap between items and distractors to test
the hypothesis of feature overwriting. In the high-overlap con-
dition, the phonemes of each memory item were frequently
repeated in the immediately following set of four distractors.
The item’s phonemes were distributed across the four distrac-
tors, so that no single distractor was particularly similar to the
item (e.g., memory item “time” was followed by distractors
“tight, mind, fire, foot”). In this way, feature overlap could be
manipulated largely independently of similarity (defined as
phonological neighborhood). In these experiments, high feature
overlap with low similarity led to an impairment of memory,
compared both to a control condition with low feature overlap
(and thus, necessarily low phonological similarity) and also to
a condition with high phonological similarity (which necessi-
tates high feature overlap). One tentative conclusion from these
results is that feature overlap between items and distractors
impairs memory, as predicted by the feature overwriting hy-
pothesis, and at the same time similarity has a beneficial effect
on memory. Because high similarity cannot be created without
a high degree of feature overlap, the beneficial effect of simi-
larity might be, in most cases, offset by the detrimental effect of
increased feature overlap.

In summary, the existing literature provides some evidence in
support of all three mechanisms of interference in complex span
discussed above. Interference through lack of distinctiveness is
implicated by the finding that distractors from different stimu-
lus categories (e.g., words vs. digits) disrupt memory less than
distractors from the same category; our explanation of this
finding in terms of different sizes of candidate sets presupposes
that the success of retrieving an item depends on the amount of
competition from other recall candidates. Interference through
feature overwriting is supported by the finding of Oberauer
(2009) that high feature overlap in the absence of high similar-
ity impairs memory. Interference through superposition re-
ceived some preliminary support from Experiment 2 of Ober-
auer (2009), where distractors that were semantically similar to
the immediately preceding item improved recall relative to
dissimilar distractors. No such effect, however, was found for
phonological similarity, leaving the situation ambiguous. The
present experiments address this ambiguity by a better con-
trolled manipulation of phonological similarity and an experi-
mental design based directly on model predictions.

Overview of Experiments

The design of the three experiments reported here builds on the
experiments of Oberauer (2009), in which reading and encoding of
each memory item was followed by reading of a number of
distractors. Instead of words, we used pronounceable nonwords as
list items and distractors because one explanation for the lack of a
phonological similarity effect in Oberauer (2009) is that people
chose to encode the items primarily by their meaning (Campoy &
Baddeley, 2008). Nonwords have no meaning, thus placing an
emphasis on the phonological encoding of items. Sets of rhyming
nonwords were constructed to create a strong manipulation of
phonological similarity for Experiments 1, 2, and 4. Experiment 3
used a manipulation of similarity not relying on rhymes, thereby
generalizing our results to more generic variations in similarity.

In Experiments 1–3, the similar distractors always immediately
followed the items to which they were similar. On the assumption
made in C-SOB (Oberauer & Lewandowsky, 2008) that distractors
are associated to the immediately preceding item’s position, inter-
ference by superposition predicts a benefit of similarity in these
experiments. The other two hypothetical forms of interference
predict either no effect or a cost of similarity. In Experiment 4,
similar distractors preceded the items they were similar to. If the
assumption that distractors are associated to the preceding item’s
position is correct, then any benefit of item–distractor similarity
obtained in the first three experiments should be diminished or
absent in Experiment 4. In contrast, if distractors are associated
equally strongly to the position of the preceding and of the fol-
lowing item or if they are associated to all list positions equally,
then the results of Experiment 4 should not differ from those of the
first two experiments.

One further feature of the present experiments is that, instead of
standard serial or free recall, we used serial reconstruction, asking
people to select the memory items in correct order from a set of
candidates (see Lovatt, Avons, & Masterson, 2000, for a prece-
dent). This technique enables full control over the set of response
candidates and thus the extent to which list items can be confused
with distractors in participants’ recall. In the first experiment, we
limited the candidate set to list items. With distractors excluded
from the candidate set, as in Experiment 1, there can be no
interference between items and distractors arising from lack of
distinctiveness, thereby creating a situation in which the other two
mechanisms of interference could reveal themselves without being
masked by distinctiveness effects. Experiments 2–4 included dis-
tractors and nonpresented lures (NPLs) in the candidate set, allow-
ing us to analyze distractor intrusions, which reflect interference
by lack of distinctiveness.

We proceed by presenting predictions for the four experiments
generated by simulations with C-SOB, followed by the four ex-
periments themselves.

Simulations With C-SOB

We simulated the four experiments with a new version of
C-SOB that was designed specifically to account for data from the
complex span paradigm. This model, called SOB-CS (serial order
in a box–complex span), is described in detail elsewhere (Ober-
auer et al., 2011); a summary of the model can be found in
Appendix A, and the MATLAB code for the simulations can be
downloaded from the online supplemental materials.
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In SOB-CS, memory items, distractors, and list positions are
coded by distributed representations in a neural network, which
can be described as vectors. Memory lists are encoded by associ-
ating each item to its position through Hebbian learning. Distrac-
tors are encoded by the same mechanism; specifically, distractors
are encoded by associating them to the preceding item’s position.
Interference by superposition occurs because all weight changes
induced by encoding items and by encoding distractors are added
up in the same weight matrix.

At retrieval, the positions are reinstated one by one in forward
order. Each position serves as a cue to the item associated to it. The
first stage of retrieval generates a vector that approximates the
original item but is distorted by the superposition of other items
and distractors. The second stage disambiguates the retrieved
vector by comparing it to the original vectors of all recall candi-
dates. In the present simulations, the recall candidates were the
stimuli offered for selection on the screen in each experiment.
Candidates are selected probabilistically, their selection probabil-
ity increasing as a function of their similarity to the retrieved
vector. Interference by lack of distinctiveness leads to selection of
the wrong candidate in the second stage. Because the retrieved
vector is a randomly distorted version of the correct item, the
likelihood of selecting a wrong candidate increases with that
candidate’s similarity to the correct item.

We generated sets of stimulus representations analogous to
those used in the experiments. Two sets of stimuli were generated,
one in which similar stimuli all rhymed with each other (for
Experiments 1, 2, and 4) and one in which similar stimuli were
similar in different regards (for Experiment 3). Each set of stimuli
consisted of 10 subsets of 10 representations each. The represen-
tations within an individual subset were similar to each other,
whereas representations between different subsets were dissimilar.
Lists of items were constructed by sampling n representations from
n different subsets, where n is the number of list items. Dissimilar
distractors were selected by sampling from n different subsets.
Similar distractors were selected by sampling from the same n
subsets as the list items.

The stimulus sets were constructed in SOB-CS by first gener-
ating a prototype for the whole set, which was a random vector of
1 and �1 values. From it, 10 prototypes for the 10 subsets were
generated by randomly reselecting a subset of the values while
holding the remaining values constant. Finally, 10 stimuli were
generated from the subset prototypes by again resampling a ran-
dom subset of values. For construction of rhyming subsets, the
same subset of values was held constant in all 10 stimuli of a
subset, reflecting their common rhyme. For subsets with mixed
similarity, a new subset of values was selected for rerandomization
in each stimulus. The number of values rerandomized determined
the average similarity between representations. The average sim-
ilarity between dissimilar stimuli (i.e., representations from differ-
ent subsets), measured by the vector cosine, was 0.5, and that
between similar stimuli (i.e., representations within a subset) was
0.6.

We ran 500 simulated subjects for each experiment, each com-
pleting as many trials as in the actual experiments. All simulations
were run with the standard set of parameters used in the simula-
tions reported in Oberauer et al. (2011), except for the distinctive-
ness parameter c, which we lowered from 1.3 to 0.45 (Experiments
1, 2, and 4) or 0.3 (Experiment 3) to move overall accuracy in the

simulations approximately into the range of the data. Reducing c
relative to its standard values is justified because, in our experi-
ments, we used nonwords instead of well-known verbal units such
as words or letters. A lower value for c implies that the probability
of selecting a recall candidate falls off less sharply with its dis-
similarity from the retrieved vector; this leads to worse memory
overall without otherwise distorting the pattern of model behavior.
It is plausible that representations of nonwords are less distinctive
than those of well-learned materials and that this reduced distinc-
tiveness is part of an explanation for why nonwords are harder to
recall than words. It should be stressed that the fixing of all other
parameter values means that the simulation results represent true
predictions from a model originally developed to account for data
from entirely different experiments, rather than reproductions of
the data after fitting parameters. As a consequence, we did not aim
at, and did not expect, a close quantitative fit between simulations
and experimental data; rather, the simulations served to generate
qualitative predictions for the experiments.

The simulations confirmed the predictions for the effects of
similarity discussed above: When distractors were similar to the
immediately preceding list item, memory was better than when
they were dissimilar. This effect disappeared when the similar
distractors preceded the items they were similar to. These are the
signature effects of interference by superposition. At the same
time, the model also showed the behavior expected from lack of
distinctiveness: Distractors and NPLs were selected for output
more often when they were similar to the correct item than when
they were dissimilar. The detailed results of the simulations will be
shown alongside the corresponding empirical data below.

Experiment 1

The first experiment tested the prediction of the superposition
mechanism that similarity between items and distractors benefits
ordered recall of list items when items are followed by distractors
with the same rhyme and the response set is restricted to list items.

Method

Participants. Participants were 20 students and staff of the
University of Bristol (Bristol, United Kingdom). They participated
voluntarily in a 1-hr session for remuneration of £7 (about $11
U.S.).

Materials and procedure. A Windows computer running a
MATLAB program using the Psychophysics Toolbox (Brainard,
1997; Pelli, 1997) was used to display stimuli and record re-
sponses. On each trial, participants were presented with five items,
each followed by a pair of distractors, and all stimuli were read
aloud. Items and distractors were sampled from a set of 30 non-
words (10 rhyming groups, each containing three nonwords;
shown in Appendix B). On high-similarity trials, five rhyming
groups were chosen at random to construct a trial. One stimulus
from each group was chosen at random to be an item, and the other
two stimuli were used as the pair of distractors that immediately
followed that item. On low-similarity trials, five rhyming groups
were chosen at random as sources of the items, and a further five
groups were chosen as sources of the distractors. One stimulus was
chosen at random from each of the first five groups to serve as
items; two stimuli from each of the second five groups were
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chosen at random to serve as distractors. In this way, no pair of
distractors rhymed with any item in a low-similarity trial. The two
distractors in a pair, however, still rhymed with each other. Table
1 schematically represents the composition of the stimulus se-
quence in the encoding phase.

Each trial commenced with presentation of a black fixation
cross for 1,500 ms in the center of the screen, followed by
sequential presentation of list items and distractors, at the rate of
one stimulus per 1,000 ms (900 ms on, 100 ms off). At encoding,
stimuli were displayed centrally on a white background; items
were red, distractors black. Participants were instructed to read all
items and distractors aloud as soon as they appeared. Following
presentation of the last distractor, the five items appeared onscreen
in blue, each in a blue box, arranged in random order in a
pentagonal formation surrounding a blue question mark. Partici-
pants selected recall choices by mouse-clicking inside an item’s
box, upon which they heard a click sound through headphones to
indicate that a valid response had been recorded. If participants
could not remember the serial order of items, they were instructed
to guess.

Each participant completed 100 test trials, 50 in each similarity
condition, in a random order. Participants were prompted to take
self-paced breaks every 25 trials. In addition, there were four
practice trials at the start, two in each condition. Participants’
speech was recorded throughout the experiment to confirm post
hoc that all stimuli had been read aloud correctly.

Results and Discussion

Responses were scored as correct when the correct item was
clicked on in a given serial position. Figure 2 shows accuracy by
serial position and similarity condition; simulations with SOB-CS
are presented in the top panel, and experimental data in the bottom
panel. The complete input–output matrix of the experimental data

is presented in Appendix C. In the experiment, memory was better
when distractors were similar to the immediately preceding items
than when they were dissimilar, F(1, 19) � 28.4, partial �2 � .60,
p � .001. The effect of serial position, F(1, 19) � 58.8, partial
�2 � .76, p � .001, reflects a U-shaped serial position curve. The
similarity effect was largely additive with serial position—
interactions with the linear and the quadratic contrast of serial
position were small in size (partial �2s � .16 and .01, respectively)
and nonsignificant (ps � .07 and .75, respectively). This pattern
qualitatively matches the predictions from the simulations.

The advantage of similar over dissimilar distractors is as pre-
dicted from interference by superposition, together with the as-
sumption that distractors are associated to the position of the
immediately preceding item. The prediction follows uniquely from
the conjunction of these two assumptions and therefore lends
support to them both. These two assumptions were taken from the
C-SOB model (Lewandowsky & Farrell, 2008; Oberauer & Le-
wandowsky, 2008), and therefore, our findings also lend support to
that model and its application to complex span, SOB-CS (Oberauer
et al., 2011).

Whereas the simulation correctly predicted the effect of item–
distractor similarity across serial positions, it underpredicted the
extent of the recency effect in the data, which was uncharacteris-
tically large for serial recall data. We can only offer a post hoc
explanation for this deviation: The model parameters were set to

Table 1
Example Sequence of Stimuli at Encoding, Experiment 1

Kind of
stimulus

Similar
(schematic)

Dissimilar
(schematic)

Similar
(example)

Dissimilar
(example)

I1 J1 J1 baff baff
D1.1 J2 P1 daff jaab
D1.2 J3 P2 haff maab
I2 K1 K1 vame vame
D2.1 K2 Q1 rame zegg
D2.2 K3 Q2 pame yegg
I3 L1 L1 nidd nidd
D3.1 L2 R1 jidd vipe
D3.2 L3 R2 gidd yipe
I4 M1 M1 muzz muzz
D4.1 M2 S1 nuzz voke
D4.2 M3 S2 luzz roke
I5 N1 N1 goss goss
D5.1 N2 T1 hoss beej
D5.2 N3 T2 joss feej

Note. Kinds of stimuli are item (I) or distractor (D). The second and third
columns show the schematic composition of trials; capital letters indicate
a stimulus’s rhyming group; numbers indicate individual stimuli from that
rhyming group. The last two columns present an example trial. Experi-
ments 2 and 4 used the same schema, but with four items (eight distrac-
tors).

Figure 2. Serial position curves for high and low item–distractor simi-
larity (I-D Sim), Experiment 1. Top: predictions from simulations with
SOB-CS (serial order in a box–complex span); bottom: experimental data.
Error bars are 95% confidence intervals for within-subject comparisons
(Bakeman & McArthur, 1996).
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reproduce serial position curves from experiments that involve
silent visual presentation of memory items. In the present exper-
iment, items (and distractors) were read aloud. Items heard or read
aloud are known to generate larger recency effects than visual
stimuli encoded silently (Penney, 1975).

The beneficial effect of phonological similarity obtained here
contrasts with the failure of finding such an effect in Experiment
1 of Oberauer (2009), which manipulated the phonological simi-
larity of items to the immediately following distractors. There are
two plausible reasons for this discrepancy. One is that we used
nonwords instead of words, thereby minimizing semantic encod-
ing, so that participants could not as easily avoid relying on
phonological representations. The other is that we confined the
candidate set to list items, thereby eliminating the influence of lack
of distinctiveness, which would produce an advantage for dissim-
ilar distractors. Accordingly, it could be that in the experiments of
Oberauer, the beneficial effect of item–distractor similarity arising
from superposition was masked by the detrimental effect of item–
distractor similarity arising from lack of distinctiveness. Experi-
ment 2 tested this possibility by introducing distractors in the
candidate set, thereby allowing for an additional effect of lack of
distinctiveness when items and distractors were similar. If that
additional effect is strong enough to mask the similarity benefit
from superposition, that similarity benefit should disappear. The
introduction of distractors as recall candidates also meant that
memory for distractors could be measured. In particular, we asked
whether presented distractors are more appealing as recall candi-
dates than lures that were never presented and whether there is
evidence for distractors being associated with the position of the
preceding item, as predicted by C-SOB.

Experiment 2

In the second experiment, we extended the set of recall candi-
dates presented on the screen during the reconstruction phase. In
addition to the list items themselves, the recall screen included one
distractor from each pair and an equal number of NPLs, that is,
nonwords not presented in the present trial. Because the larger
candidate set was expected to make the task harder, we reduced the
list length to four items.

Method

Participants. Participants were 25 students and staff of the
University of Bristol. They participated voluntarily in a 1-hr ses-

sion for remuneration of £7. None of the participants had taken
part in Experiment 1.

Materials and procedure. All experimental parameters, pro-
cedures, and materials were the same as in Experiment 1 except
that list length was reduced from five to four items and the choices
available at recall included an expanded set of candidates. Specif-
ically, the recall candidate set contained the four list items, four of
the distractors (one chosen at random from each pair), and four
NPLs. The NPLs were nonwords chosen at random from the same
stimulus set as the items and distractors. In the condition with high
item–distractor similarity, the NPLs were chosen at random from
four rhyming groups not used in that trial, such that the NPLs did
not rhyme with any item (or distractor) in that trial. In the low-
similarity condition, each NPL was chosen from the same rhyming
group as one of the items, such that each NPL was similar to one
item. Thus, the similarity structure of the candidate set was the
same for both conditions: It consisted of four pairs of rhyming
nonwords (with one element of each pair being a list item) and four
nonwords not rhyming with any other nonword. At recall, the 12
choices were displayed in a 3 � 4 matrix, with no question mark.
The 12 recall candidates were assigned to the 12 matrix cells at
random. Table 2 schematically represents a trial’s recall candidate
list.

Results

The complete input–output matrix is presented in Appendix C.
Figure 3 shows the proportion of correct responses by serial
position and similarity condition, with simulation results from
SOB-CS in the top panel and experimental data in the bottom
panel. As predicted by the simulations, serial reconstruction was
better when distractors were similar to the preceding items, F(1,
24) � 39.3, p � .001, partial �2 � .62. The serial position effect,
F(3, 72) � 16.7, p � .001, partial �2 � .41, again reflected a
U-shaped curve. The linear trend of serial position interacted
significantly with the similarity manipulation, F(1, 24) � 8.2,
partial �2 � .26, p � .008. This interaction reflects a subtle
increase of the similarity effect toward the end of the list. (A
similar trend, just missing conventional significance, was apparent
in Experiment 1.)

Responses were classified into one of six categories: correct
item (i.e., the item that was presented in the position in which it is
recalled), item from another list position (i.e., a transposition
error), intrusions of distractors in position (defined as the selection
of the distractor that had immediately followed the item in the

Table 2
Set of Recall Candidates in Experiments 2 and 3

Condition Item Distractor NPL Item Distractor NPL Item Distractor NPL Item Distractor NPL

Similar (schematic) J1 J2 P1 K1 K2 Q1 L1 L2 R1 M1 M2 S1
Dissimilar (schematic) J1 P1 J2 K1 Q1 K2 L1 R1 L2 M1 S1 M2
Similar (example) baff daff jaab vame rame yegg nidd jidd vipe muzz nuzz feej
Dissimilar (example) baff jaab daff vame yegg rame nidd vipe jidd muzz feej nuzz

Note. Capital letters indicate a stimulus’s rhyming group; numbers indicate individual stimuli from that rhyming group. The distractors used as recall
choices were chosen at random from each distractor pair, that is, J2 could have been J3, P1 could have been P2, and so on. The example is from Experiment
2; Experiment 3 used different materials. NPL � nonpresented lure.
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current position), intrusions of other distractors (i.e., one of the
three distractors from other positions), intrusions of similar NPLs,
and intrusions of other NPLs. In the condition with low item–
distractor similarity, each NPL was similar to one item, and if the
NPL similar to the item in the current position was selected, it was
classified as “similar NPL.” Selection of one of the other three
NPLs counted as “other NPL.” In the condition with high item–
distractor similarity, the distractor in position was always similar
to the item in that position, and all NPLs were “other NPLs,”
leaving the “similar NPL” category empty.

Table 3 lists the proportions of responses in these categories in
each similarity condition. The table also shows the corresponding
response proportions from the C-SOB simulation. Although we
made no effort to quantitatively fit the model to the data, except for
the adjustment of overall accuracy through parameter c, it is
apparent that the model approximates the proportions of responses
in each category reasonably well.

Figure 4 provides a detailed view on the intrusions of distractors
into recall. The figure plots the proportion of responses that were
distractors, broken down by the relative position of the distractor
to the position of the item that it replaced in recall. If, instead of an
item, a distractor was selected that had immediately followed that
item, it was assigned to relative position 0. Distractors from the
immediately preceding position received relative position �1, and
distractors following the next list item received relative position 1;
distractors from positions twice removed were analogously clas-

sified as �2 and 2. For instance, if, in Output Position 2, a
distractor that followed the third item was selected, we classified
it as Relative Position 1. The proportions of distractors selected for
output from each relative serial position were averaged across all
those output positions for which that relative position is defined.
For instance, Relative Position �2 is defined only for Output
Positions 3 and 4, so the mean proportion of responses in that
category was averaged only across responses from Output Posi-
tions 3 and 4. In this way, the proportion of observations in each
relative position is not distorted by logical constraints on the
opportunities for such observations.

The figure shows that when a distractor was selected for output,
it was most likely to be the one that had immediately followed the
to-be-recalled item, as predicted from the assumption that distrac-
tors are associated to the preceding item’s position. This tendency
was exaggerated when the distractors were similar to the immedi-
ately preceding items. This impression was confirmed by an anal-
ysis of variance (ANOVA) with relative position (five levels) and
similarity condition (two levels) as variables. The quadratic con-
trast of relative position was the only significant polynomial con-
trast, F(1, 24) � 63.8, partial �2 � .73, p � .001. It reflects the
tendency of the relative position profile to peak at the middle (i.e.,
at Relative Position 0). The quadratic contrast interacted with
item–distractor similarity, F(1, 24) � 7.2, partial �2 � .23, p �
.013, reflecting the steeper peak in the similar condition.

The simulation with C-SOB generated predictions that matched
these data in all details. Distractor intrusions peaked at Relative
Position 0, and that peak was higher for similar than for dissimilar
distractors. In contrast, in most nonzero relative positions, distrac-
tor intrusions were less frequent in the high-similarity condition.

Our final analysis looks at NPLs selected in the low-similarity
condition. In this condition, each NPL in the candidate set was
similar to one list item. Thus, when an NPL was selected instead
of an item, the NPL similar to that particular item would be
selected by chance in one out of four cases. Of the 578 NPLs
selected across all participants in the low-similarity condition, 216
were similar to the item they replaced, and 362 were dissimilar.
The proportion of similar NPLs is significantly higher than ex-

Figure 3. Serial position curves for high and low item–distractor simi-
larity (I-D Sim), Experiment 2. Top: predictions from simulations with
SOB-CS (serial order in a box–complex span); bottom: experimental data.
Error bars are 95% confidence intervals for within-subject comparisons.

Table 3
Proportions of Response Categories in Experiment 2: Data
and Simulation

Category

Data Simulation

High I-D
similarity

Low I-D
similarity

High I-D
similarity

Low I-D
similarity

Correct .56 .48 .60 .47
Other list item .15 .17 .19 .22
Distractor in position .10 .08 .08 .07
Other distractor .10 .14 .08 .10
Similar NPL .05 .05
Dissimilar NPL .09 .09 .06 .09

Note. Distractor in position refers to responses where, instead of the
correct item, a distractor that had immediately followed that item is
recalled. Similar NPL refers to a response where, instead of the correct
item, an NPL that is phonologically similar to that item is recalled. In the
conditions with high I-D similarity, no similar NPLs existed. In these
conditions, the distractor in position is similar to the preceding item. I-D �
item–distractor; NPL � non presented lure.
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pected by chance, �2(1) � 47.18, p � .001. This tendency toward
selection of similar NPLs is also noticeable in Table 3, where the
proportion of responses in the category “similar NPL” is larger
than one third of the proportion of responses in the category
“dissimilar NPL,” in both the experimental and the simulated data.
The preference for selecting NPLs similar to the target item
mirrors the corresponding preference for distractors. The sensitiv-
ity of lure intrusions to the phonological similarity of lures to the
target item confirms that some partial information about the cor-
rect item must be available at some point during retrieval, which
nevertheless resulted in selection of the wrong candidate. This is
characteristic of a two-stage retrieval process in which the first
stage produces a partial representation of the target item and the
second stage selects a recall candidate based on the candidates’
similarity to a partial representation of the item.

Discussion

The second experiment replicated the beneficial effect of item–
distractor similarity seen in Experiment 1. The inclusion of lures
(i.e., distractors and NPLs) in the candidate set enabled interfer-
ence by lack of distinctiveness because lures could compete with
list items for recall. Lures similar to list items should be more

powerful competitors, so that lack of distinctiveness should pro-
duce an adverse effect of similarity on memory performance. We
did find evidence that lures similar to target items were more
attractive competitors than dissimilar lures, confirming a role for
interference by lack of distinctiveness in working memory, which
affects the second stage in a two-stage retrieval process. The fact
that we nevertheless found an overall beneficial effect of item–
distractor similarity shows that the relative benefit of similarity
from superposition is strong enough to overcome the impairment
due to lack of distinctiveness. One implication of this observation
is that the failure to find an effect of phonological item–distractor
similarity in Experiment 1 of Oberauer (2009) was not due to the
inclusion of distractors in the candidate set in those experiments.
This leaves as the more likely explanation the assumption that, in
Oberauer’s Experiment 1, participants tended to encode the words
semantically, rather than phonologically.

Analogous to the locality constraint on items—the finding that
items tend to be recalled in positions close to their original input
position (Henson, Norris, Page, & Baddeley, 1996)—we discov-
ered a locality constraint for distractors. Specifically, distractors
tended to be recalled in the position of the immediately preceding
item. This finding strongly supports the assumption that distractors
are encoded by association to the preceding item’s position. It
reinforces the conclusion that distracting activity does not interfere
with recall simply by taking attention away from list items (Bar-
rouillet et al., 2004; Towse et al., 1998).

Experiment 3

The preceding two experiments used rhyming nonwords to
produce a strong manipulation of similarity. However, a poten-
tially problematic consequence of manipulating similarity by
rhymes is that this could invite specific coding strategies. Exper-
iments manipulating interitem similarity in serial recall have un-
covered qualitative differences between rhyming stimuli (e.g.,
“mat, hat, fat, rat”) and stimuli that are phonologically similar
without all sharing the same rhyme (e.g., “mat, man, cat, can”).
When memory items all share the same rhyme, recall of the correct
items (regardless of order) is typically better than item recall for
dissimilar lists (Fallon, Groves, & Tehan, 1999; Gupta, Lipinski, &
Aktunc, 2005; Karlsen, Imenes, Johannessen, Endestad, & Lian,
2007). Under some conditions, even recall in correct order has
been found to be superior in rhyming lists compared to dissimilar
lists (Gupta et al., 2005; Karlsen et al., 2007). No such advantages
of similar over dissimilar lists on recall in correct position have
been observed when similarity has been manipulated in a more
varied fashion. A plausible explanation for the advantageous effect
of rhyming similarity is that people extract the common rhyme
from the list items and use it as retrieval cue or as a means to filter
out recall candidates not matching the rhyme.

It is not obvious that extracting the rhyme shared between each
list item and the two distractors following it can improve memory
in the present experimental paradigm. The list items themselves
are all dissimilar from each other, so five different rhyme catego-
ries would have to be remembered to assist recall of five items.
Thus, remembering the rhyme categories does not reduce the
demand on memory, compared to remembering the items them-
selves. Moreover, remembering the rhyme categories instead of, or
in addition to, the complete items would be helpful if and only if

Figure 4. Relative position plots for selection of distractors, Experiment
2. Each data point reflects the proportion of responses that were distractors
from five input positions defined relative to the current position of recall.
For each relative position, proportions of responses are averaged across all
output positions for which that relative position exists. Error bars are 95%
confidence intervals for within-subject comparisons. I-D Sim � item–
distractor similarity.
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the rhymes helped to discriminate the correct list items from other
elements in the candidate set provided. This was the case in
Experiment 1, where only list items were presented as recall
candidates. However, in Experiment 2, remembering the rhymes
would not suffice to distinguish the correct item from the distractor
similar to it that is included in the candidate set. Hence, it is not
clear how strategically encoding the common rhymes could aid
memory in the high-similarity condition of Experiment 2. Never-
theless, to rule out the possibility that the similarity benefit ob-
served in the first two experiments was due to intentional encoding
of the rhyme shared between items and the following distractors,
we manipulated similarity in a more varied fashion in Experiment
3. When similarity is introduced in a variable fashion (i.e., where
different pairs of words share different phonemes), there is no
substructure of the (non)word strings that is common to all list
items that could be used as a retrieval cue or a filter.

Method

Participants. Participants were 29 students and staff of the
University of Bristol. They participated voluntarily in a 1-hr ses-
sion for remuneration of £7. They had not participated in any of the
preceding experiments.

Materials and procedure. The design and procedure were the
same as in Experiment 2, but with a new set of materials used. We
constructed new groups of similar of nonwords, such that pairs of
nonwords in each group were similar to each other either by sharing
the rhyme or by sharing the onset (i.e., the initial consonant and the
vowel). Specifically, each of the 12 similarity groups consisted of four
nonwords, such that two pairs (i.e., the first two and the second two
nonwords) had a rhyme in common and two other pairs (i.e., the first
and third and the second and fourth nonwords) had the onset in
common. For example, a group of four nonwords could be “gidd, jidd,
giss, jiss.” The full set of materials is presented in Appendix B.

Lists with high item–distractor similarity were constructed by
selecting four groups at random. From each group, one nonword
was selected at random as the item. The two distractors to accom-
pany that item were selected from the same group such that one of
them shared the rhyme with the item and the other shared the onset
with the item. As a consequence, the distractors shared only the
vowel with each other. Lists with low item–distractor similarity
were constructed by selecting four groups from which the four list
items were drawn and four different groups from which the dis-
tractors were drawn. The two distractors following each item were
drawn from a group by the same rules as for high-similarity lists,
so that they, too, shared only the vowel with each other. At recall,
the candidate set displayed in a random arrangement on the screen
consisted of the four items, four distractors (one from each list
position, selected at random), and four NPLs. In the condition with
high item–distractor similarity, NPLs were dissimilar to items and
distractors and were selected at random from four new sets of
nonwords. In the condition with low item–distractor similarity,
NPLs were similar to items (but not to distractors). They were
selected in the same way as the distractors were selected in the
high-similarity condition. Thus, when a distractor or an NPL in the
candidate set was similar to an item, it had an equal chance of
being similar by its rhyme or by its onset.

Results

The complete input–output matrix is presented in Appendix C.
Accuracy is plotted as a function of similarity condition and serial
position in the bottom panel of Figure 5; the top panel presents the
corresponding results of the simulation with C-SOB. As predicted,
there was a significant benefit of high over low item–distractor
similarity, F(1, 28) � 16.5, partial �2 � .37, p � .001. There was
a main effect of serial position, F(1, 28) � 8.7, partial �2 � .24,
p � .002, and no significant interaction between similarity and
serial position, F(1, 28) � 1.9, partial �2 � .06, p � .14.

Responses were categorized in the same way as for Experiment
2. Proportions of responses in the categories are presented in Table
4, together with corresponding results from the C-SOB simulation.
As for the previous experiment, the simulation results were in
reasonably good agreement with the data.

The proportion of distractor intrusions as a function of relative
position is plotted in Figure 6. The pattern replicates that observed
in Experiment 2: Distractor intrusions peaked at Relative Position
0, reflecting intrusions from distractors immediately following the
item that they replaced in recall. This peak was more pronounced
in the high-similarity condition, showing that distractors replaced
an item more often in recall when the two were similar. An
ANOVA with relative position (five levels) and similarity (two
levels) returned a significant effect of the quadratic contrast of
relative position, F(1, 28) � 72.7, partial �2 � .72, p � .001,
which interacted with similarity, F(1, 28) � 8.8, partial �2 � .24,

Figure 5. Serial position curves for high and low item–distractor simi-
larity (I-D Sim), Experiment 3. Top: predictions from simulations with
SOB-CS (serial order in a box–complex span); bottom: experimental data.
Error bars are 95% confidence intervals for within-subject comparisons.
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p � .006. Again, the simulation results closely matched the em-
pirical pattern of distractor intrusions.

Finally, in the condition with low item–distractor similarity,
there was again a preference for selecting NPLs similar to the
target item (301 cases) over NPLs dissimilar to the target item (578
cases). This distribution deviated significantly from the 1:3 ratio
expected by chance, �2(1) � 49.81, p � .001. Table 5 likewise
reflects this preference for similar NPLs by the ratio of “similar
NPL” and “dissimilar NPL” responses, which is larger than 1:3 for
both experiment and simulation.

Discussion

Experiment 3 replicated the pattern of results of Experiment 2.
Overall accuracy was somewhat lower in Experiment 3, and the
main effects of both similarity and serial position were smaller. All
three differences could be due to more noise in participants’
memory representations. Because the low-similarity condition in
the present experiment was equivalent to that in Experiment 2, the
quantitative difference between experiments most likely reflects
some features of the nonwords used in Experiment 3 that made
them harder to remember than those used in the preceding exper-
iments. We conclude that the relative benefit of high over low
item–distractor similarity does not depend on a manipulation of
similarity through rhymes. This generalization to a more varied
manipulation of similarity is important because manipulating sim-
ilarity between list items through common rhymes has been found
to facilitate memory in ways not observed with more variable
forms of similarity (Fallon et al., 1999; Gupta et al., 2005).
Whatever drives the effects that are specific to similarity by
rhymes cannot be responsible for the beneficial effect of item–
distractor similarity.

Experiment 4

The benefit from encoding a similar distractor, compared to a
dissimilar one, is predicted from interference by superposition
together with the assumption that the distractors are associated to

the same positions as the items they are similar to. In C-SOB, it is
assumed that distractors are associated to the preceding item’s
position. This assumption motivated the arrangement of distractors
to follow the items they were similar to in the first three experi-
ments. If that assumption is correct, then changing the relative
position of items and similar distractors should eliminate (or at
least much reduce) the beneficial effect of item–distractor simi-
larity. We tested this prediction in Experiment 4, in which similar
distractors preceded, rather than followed, the items to which they
were similar. As before, each item was followed by two distrac-
tors, but now, in the high-similarity condition, the distractors
following Item 1 rhymed with Item 2, the distractors following
Item 2 rhymed with Item 3, the distractors following Item 3
rhymed with Item 4, and the distractors following Item 4 rhymed
with Item 1. We used rhyming materials again because we wanted
to manipulate similarity as strongly as possible so that the pre-
dicted null effect cannot be attributed to insufficient strength of the
manipulation.

Method

Participants. Participants were 25 students and staff of the
University of Bristol. They participated voluntarily in a 1-hr ses-

Figure 6. Relative position plots for selection of distractors, Experiment 3.
Each data point reflects the proportion of responses that were distractors from
five input positions defined relative to the current position of recall. For each
relative position, proportions of responses are averaged across all output
positions for which that relative position exists. Error bars are 95% confidence
intervals for within-subject comparisons. I-D Sim � item–distractor similarity.

Table 4
Proportions of Response Categories in Experiment 3: Data
and Simulation

Category

Data Simulation

High I-D
similarity

Low I-D
similarity

High I-D
similarity

Low I-D
similarity

Correct .40 .36 .43 .33
Other list item .22 .21 .25 .26
Distractor in position .12 .09 .10 .08
Other distractor .15 .16 .12 .14
Similar NPL .06 .07
Dissimilar NPL .11 .12 .11 .12

Note. Distractor in position refers to responses where, instead of the correct
item, a distractor that had immediately followed that item is recalled. Similar
NPL refers to a response where, instead of the correct item, an NPL that is
phonologically similar to that item is recalled. In the conditions with high I-D
similarity, no similar NPLs existed. In that condition, the distractor in position
is similar to the preceding item. I-D � item–distractor; NPL � nonpresented
lure.
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sion for remuneration of £7. They had not participated in any of the
preceding experiments.

Materials and procedure. All experimental parameters, pro-
cedures, and materials were the same as in Experiment 2 except
that the serial order of items and their similar distractors was
altered. The condition with low item–distractor similarity was
exactly the same as in Experiment 2. In the condition with high
similarity, each pair of distractors was presented immediately
before the item with which the pair rhymed, except for the dis-
tractor pair that rhymed with Item 1, which was presented follow-
ing Item 4. The set of recall candidates remained unchanged from
Experiment 2. Table 5 schematically presents the composition of a
stimulus sequence in the encoding phase.

Results

Figure 7 plots accuracy as a function of similarity condition and
serial position. As predicted, there was no beneficial effect of
item–distractor similarity, F(1, 24) � 1, partial �2 � .00, p � .99.
The simulation confirmed this prediction and even generated a
slight detrimental effect of item–distractor similarity, which was
not evident in the data. The main effect of serial position, F(3,
72) � 9.58, partial �2 � .29, p � .001, reflected the U-shaped
serial position curve. Item–distractor similarity interacted with the
linear trend of serial position, F(1, 24) � 6.25, partial �2 � .21,
p � .02, reflecting a slight tendency for better memory with
similar distractors at the first two list positions and better memory
with dissimilar distractors in the last position. This interaction goes
in the opposite direction of the one obtained in Experiment 2 (and
to some extent in Experiment 1). Because the interactions of
similarity with serial position were small in size, inconsistent
across experiments, and not predicted by any theory or hypothesis
we are aware of, we are inclined to regard them as spurious and do
not discuss them further. The complete input–output matrix is
presented in Appendix C.

Responses were categorized in the same way as for Experiments
2 and 3, with an additional distinction between distractors in
position (defined as before as selection of a distractor that had

immediately followed the correct item) and similar distractors (i.e.,
selection of a distractor that was similar to the correct item). In
Experiments 2 and 3, these two categories were coextensive,
whereas, in Experiment 4, similar distractors never came from
positions immediately following the correct item. Proportions of
responses in all categories are given in Table 6, alongside response
proportions from the simulation with C-SOB. As in the previous
two experiments, the model approximates the data reasonably
well.

Figure 8 shows the proportion of distractor responses by relative
position, where 0 represents intrusions of distractors at their pre-
sented position. As in the preceding experiments, there was evi-
dence for a locality constraint, such that distractors selected for
recall were more likely to come from the position of the to-be-
recalled item than from other list positions. This locality constraint
was reflected in the significant quadratic contrast of relative posi-
tion, F(1, 24) � 30.8, partial �2 � .56, p � .001, which confirms
that the curve peaks for distractors in position. In contrast to
Experiments 2 and 3, high item–distractor similarity did not ex-
aggerate this peak. Rather, high similarity elevated the frequency
of intrusion of distractors from the immediately preceding posi-
tion. This is expected because similar distractors preceded the
items they were similar to. If distractors tend to intrude for items
they are similar to, they should tend to originate from Relative

Table 5
Sequence of Stimuli at Encoding, Experiment 4

Kind of
stimulus

Similar
(schematic)

Dissimilar
(schematic)

Similar
(example)

Dissimilar
(example)

I1 M1 M1 muzz muzz
D1.1 J2 P1 daff jaab
D1.2 J3 P2 haff maab
I2 J1 J1 baff baff
D2.1 K2 Q1 rame zegg
D2.2 K3 Q2 pame yegg
I3 K1 K1 vame vame
D3.1 L2 R1 jidd vipe
D3.2 L3 R2 gidd yipe
I4 L1 L1 nidd nidd
D4.1 M2 S1 nuzz voke
D4.2 M3 S2 luzz roke

Note. Kinds of stimuli are item (I) or distractor (D). The second and third
columns show the schematic composition of trials; capital letters indicate
a stimulus’s rhyming group; numbers indicate individual stimuli from that
rhyming group. The last two columns present an example trial.

Figure 7. Serial position curves for high and low
item–distractor similarity (I-D Sim), Experiment 4.
Top: predictions from simulations with SOB-CS (se-
rial order in a box–complex span); bottom: experimen-
tal data. Error bars are 95% confidence intervals for
within-subject comparisons.
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Position �1 in the high-similarity condition (i.e., distractors fol-
lowing Position 1 should be recalled in Position 2, distractors
following Position 2 recalled in Position 3, etc.). Statistically, such
a trend could be captured by the interaction of similarity with the
linear contrast of relative position, which was significant, F(1,
24) � 9.2, partial �2 � .28, p � .006. Taken together, the data in
Figure 8 provide strong evidence for an association of distractors
to the preceding item’s position and for an additional tendency for
similarity-based confusion of items and distractors.

Not only distractors but also NPLs were more attractive as recall
candidates when they were similar to the target item. This was
reflected in a ratio of “similar NPLs” to “dissimilar NPLs” larger
than 1:3 in the condition with low item–distractor similarity (see
Table 6). Statistically, this tendency was confirmed by comparing
the observed number of choices of similar (202) and of dissimilar
NPLs (379) to the frequencies expected by chance (146 and 435,
respectively), which returned a significant deviation, �2(1) � 29.5,
p � .001. Thus, as in the preceding three experiments, we obtained
evidence for interference by lack of distinctiveness from the sim-
ilarity dependence of intrusions of distractors and of NPLs.

Discussion

The disappearance of the similarity benefit in Experiment 4
confirms our prediction that this benefit occurs only if similar
distractors immediately follow the items they are similar to. This
prediction was based on the assumption that distractors are en-
coded by associating them to the preceding item’s position (Ober-
auer & Lewandowsky, 2008). Therefore, Experiment 4 supports
this assumption. Additional support for it comes from the finding
of a locality constraint on distractor selection.

In addition, Experiment 4 helps to rule out an alternative expla-
nation of the item–distractor similarity benefit suggested to us by
a reviewer. The idea is that distractors that are similar to preceding
items serve as retrieval cues to those items, such that the items are
automatically retrieved and thereby strengthened. If that were the

case, then in the present experiment, the items should act as
retrieval cues to the preceding similar distractors, thereby gener-
ating additional rehearsals that strengthen the distractors. As a
result, we would expect a reversal of the similarity effect, with
worse memory performance in the condition with high item–
distractor similarity. This was not the case. This automatic re-
trieval hypothesis would also predict a detrimental effect of item–
distractor similarity in those experiments of Oberauer (2009) in
which distractors were assigned to serial positions at random. If
distractors acted as retrieval cues that bring about rehearsal of
similar items, then assigning distractors to positions at random
would bring about rehearsal of items in random order, which
would undermine recall in the correct order. No such effect was
observed in any of Oberauer’s six experiments that used random
ordering of distractors.

General Discussion

The present work addresses the question of what causes the
disruption of short-term maintenance by concurrent processing in
experimental paradigms such as complex span. Our results provide
an answer on two levels of generality. On a general level, the
finding that within-category similarity between memory items and

Figure 8. Relative position plots for selection of distractors, Experiment
4. Each data point reflects the proportion of responses that were distractors
from five input positions defined relative to the current position of recall.
For each relative position, proportions of responses are averaged across all
output positions for which that relative position exists. Error bars are 95%
confidence intervals for within-subject comparisons. I-D Sim � item–
distractor similarity.

Table 6
Proportions of Response Categories in Experiment 4: Data and
Simulation

Category

Data Simulation

High I-D
similarity

Low I-D
similarity

High I-D
similarity

Low I-D
similarity

Correct .49 .49 .44 .47
Other list item .19 .16 .25 .23
Distractor in position .07 .08 .08 .06
Similar distractor .07 .07
Other distractor .08 .13 .07 .10
Similar NPL .05 .05
Dissimilar NPL .09 .09 .09 .09

Note. Distractor in position refers to responses where, instead of the
correct item, a distractor that had immediately followed that item is
recalled. Similar distractor and Similar NPL refer to a response where,
instead of the correct item, a distractor or NPL that is phonologically
similar to that item is recalled. In the conditions with high I-D similarity,
no similar NPLs existed. In the conditions with low I-D similarity, no
similar distractors existed. I-D � item–distractor; NPL � nonpresented
lure.
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distractors influenced the degree of memory disruption is compel-
ling evidence for a role of interference in short-term forgetting.
This finding does not, of course, rule out an additional role for
other causes. However, models of working memory that attribute
forgetting solely to time-based decay or to limited resources are
incomplete and would otherwise need to assume at least two
different mechanisms of forgetting to explain these data.

On a more specific level, our data help to identify the mecha-
nisms of interference. We considered three hypothetical mecha-
nisms: interference by lack of distinctiveness, interference through
feature overwriting, and interference through superposition of dis-
tributed associations in the same weight matrix. We obtained
evidence for two of these mechanisms, interference by lack of
distinctiveness and interference by superposition. A role for lack of
distinctiveness was evident in the observation that lures similar to
an item replaced that item at recall more often than dissimilar
lures. A role for superposition was demonstrated by the relative
benefit of similar over dissimilar distractors. The benefit of item–
distractor similarity is a unique prediction from superposition. In
Experiments 2 and 3, the two interference mechanisms generate
effects of item–distractor similarity on memory accuracy in op-
posite directions: Superposition leads to a benefit of similarity,
whereas lack of distinctiveness results in an adverse effect of
similarity. The overall benefit we observed indicates that in our
experiments, the effect of superposition was stronger than that of
lack of distinctiveness.

The present observation of a benefit from item–distractor sim-
ilarity is in contrast with earlier experiments manipulating the
similarity between word items and distractors, which returned
mostly null effects (Oberauer, 2009). One possible reason for the
difference in findings is that Oberauer (2009) used a standard
serial recall method, whereas here we used a reconstruction
method, tightly controlling the candidate set. Our finding of an
item–distractor similarity benefit regardless of whether the candi-
date set excluded (Experiment 1) or included (Experiments 2 and
3) distractors argues against that explanation. Further simulations
with SOB-CS, using a standard serial recall procedure, confirmed
that the model’s predictions do not depend on the method of
testing. Because the candidate set used by the memory system is
not known in standard serial recall, we explored two versions, one
in which the candidate set included all presented stimuli (i.e., all
items and distractors) and one in which it additionally included a
large set of nonpresented stimuli. Both versions predicted the same
pattern of item–distractor similarity effects as the model with
reconstruction and as the data. Thus, method of testing is an
unlikely explanation for the discrepancy between our findings and
those of Oberauer (2009).

To better understand this discrepancy, we first note that all but
the first two experiments in Oberauer (2009) assigned distractors
to list positions at random. Simulations with SOB-CS have shown
that the model predicts an item–distractor similarity benefit only if
similar distractors systematically follow the items they are similar
to, so that they are associated to the same positions. With reversed
order (as in our Experiment 4) or with random assignment, the
effect disappears. The present Experiment 4 confirms this predic-
tion. Therefore, the null effects in Experiments 3–6 of Oberauer
(2009) are fully consistent with the present account. Only Exper-
iments 1 and 2 in Oberauer (2009) assigned similar distractors to
the positions immediately following the items they were similar to.

In one of these experiments, manipulating semantic similarity, a
similarity benefit was obtained, providing converging evidence for
the effect demonstrated here and suggesting that the superposition
advantage is not specific to phonological similarity. In the other
experiment, manipulating phonological similarity, no effect was
found. We believe that this is because participants coded the words
semantically, thereby avoiding the large amount of phonological
interference from reading distractors aloud. The present experi-
ments, using nonwords, prevented semantic encoding and there-
fore revealed the benefit of item–distractor similarity that is pre-
dicted from the notion of interference by superposition.

So far, we have interpreted the relative benefit of similar over
dissimilar distractors as evidence for interference by superposition
because, among the interference mechanisms discussed in the
working memory literature, this is the only one to predict this
effect. In the context of the C-SOB model, however, there is an
additional mechanism that contributes to the item–distractor sim-
ilarity benefit and its modulation by relative serial position. In
C-SOB, strength of encoding of both items and distractors is
determined by their novelty: More novel stimuli are encoded more
strongly (Lewandowsky & Farrell, 2008). When similar distractors
follow the item they are similar to, then novelty-gated encoding
dampens the encoding strength of the distractor, thereby dampen-
ing the interfering effect of that distractor. In contrast, when the
distractors precede the item they are similar to, distractor encoding
would not be affected by similarity—instead, encoding of the
items would be somewhat dampened by the preceding similar
distractor. Thus, novelty-gated encoding in C-SOB contributes to
the predicted beneficial effect of item–distractor similarity in
Experiments 1, 2, and 3 and its absence (and slight reversal) in
Experiment 4. To investigate the contribution of novelty-gated
encoding to the predicted effect, we reran the simulations with
novelty gating switched off (i.e., all items and distractors received
encoding strength independent of their novelty). These simulations
generated the same pattern of similarity effects as those with the
original model, with the exception that the small detrimental effect
of similarity generated in the simulation of Experiment 4 disap-
peared. Thus, novelty-gated encoding might have contributed to
the predicted effect in C-SOB but is not its major cause.

We might ask whether novelty-gated encoding alone is suffi-
cient to explain the present findings, so that these findings would
not necessarily imply interference by superposition. This is a
logical possibility, but it is theoretically very unattractive. An
explanation based on novelty-gated encoding presupposes that
distractors are encoded into memory (so that their encoding can be
modulated by novelty) and that both items and distractors are
represented in a distributed fashion, so that their novelty is defined
(as the degree of mismatch of two patterns). These two assump-
tions together are sufficient to imply interference by superposition.
Therefore, a model with novelty-gated encoding but without in-
terference by superposition is incoherent. We conclude that our
findings demand the assumption of interference by superposition
and, by implication, the assumption that items and distractors are
represented in working memory in a distributed fashion. In addi-
tion, our findings are compatible with, but do not imply, novelty-
gated encoding.

We obtained no evidence for the third hypothetical mechanism
of interference, feature overwriting. Feature overwriting as defined
by Nairne (1990) and Oberauer and Kliegl (2006) predicts that
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distractors disrupt memory more when they are similar to the
items. We found the opposite. Nevertheless, our data do not rule
out a contribution from feature overwriting because the negative
effect of item–distractor similarity caused by feature overwriting
could have been overshadowed by a stronger positive effect of
item–distractor similarity caused by superposition, in the same
way as the negative effect of similarity generated by lack of
distinctiveness is overcompensated by the beneficial effect caused
by superposition. The design of the present experiments did not
afford separating the potential effect of feature overwriting from
that of superposition, and therefore, the experiments remain incon-
clusive with regard to overwriting. Other experiments with the
complex span paradigm (Oberauer, 2009) and other paradigms
(Lange & Oberauer, 2003; Oberauer & Lange, 2008) provide
evidence that feature overwriting is likely to also contribute to the
mix of mechanisms responsible for the disruption of memory by
distractor processing. That said, our data imply that the effect of
feature overwriting cannot be very strong. A strong, deterministic
version of feature overwriting would assume that every feature
shared between more than two representations in working memory
is lost to all but one of these representations. As a consequence,
there could be no reinforcement of associations by superposition
because such reinforcement occurs only when encoding of two
different stimuli adds to the weight matrix the same weight change,
representing the same feature-to-position association. If a feature
was never included in the working memory representation of two
different stimuli at the same time, such overlap would never
happen. It follows that feature overwriting can at best occur
probabilistically, so that it eliminates only a modest subset of the
feature-to-position associations shared between representations.

Our data have one further implication for theories of working
memory. We obtained evidence that distractors are involuntarily
encoded into working memory. Specifically, distractors were as-
sociated to the position of the immediately preceding item even
though participants were never tasked with remembering the dis-
tractors. The assumption that distractors are associated to the
position of the immediately preceding list item is a prerequisite for
our confirmed prediction of a beneficial effect of item–distractor
similarity through superposition and the equally confirmed predic-
tion that this benefit disappears when similar distractors precede,
rather than follow, the items they are similar to. The association of
distractors to the preceding item’s position is directly reflected in
the locality constraint on intrusions of distractors. The assumption
of obligatory encoding of distractors is a cornerstone of interfer-
ence theories of working memory such as C-SOB because it
provides an explanation for why concurrent processing impairs
immediate memory: Every processing task involves attending to
additional material, which thereby is encoded and adds to inter-
ference in the memory system. One implication of this notion is
that individual differences in working memory capacity are likely
to arise from how well people prevent encoding of distractors and
how well they can remove distractors from working memory once
they have encoded them. Over the last years, substantial support
has accumulated for that idea (Jost, Bryck, Vogel, & Mayr, 2011;
Sauseng et al., 2009; Vogel, McCollough, & Machizawa, 2005).

Taken together, our results provide strong support for one model
of serial recall in working memory, the C-SOB model (Farrell,
2006; Lewandowsky & Farrell, 2008; Oberauer & Lewandowsky,
2008). This model predicts three of our findings: First, the advan-

tage of high item–distractor similarity for memory performance,
which is modulated by the relative position of similar items and
distractors, is predicted by the superposition of distributed item–
position associations in C-SOB, together with the assumption that
distractors are associated to the preceding item’s position. Second,
the locality constraint on distractor intrusions is again predicted
from the assumption that distractors are associated to the preceding
item’s position. Third, the increased frequency of distractor intru-
sions for distractors that were similar to the items they replaced is
predicted from the role of distinctiveness that is built into the
second stage of the model’s retrieval mechanism.

Simulations with a new version of the model (Oberauer et al.,
2011) reproduced all qualitative aspects of the data pattern. It is
unlikely that such detailed correspondence between simulated and
real data could come about with a model that is built on funda-
mentally wrong assumptions. The close correspondence between
simulations and data was not achieved by fitting the model to the
data. Rather, we developed the model to account for a range of
phenomena with simple and complex span tasks (Oberauer et al.,
2011) and then applied it to the present experiments without
changing any assumptions or parameters, with the exception of the
distinctiveness parameter that was adjusted to accommodate the
fact that nonwords are more difficult to recall than words. Thus,
the simulation results are true predictions of the model, rather than
reproductions with parameter values optimized by fitting.

Conclusions

The present results provide direct evidence for a number of
assumptions: Interference from a concurrent distractor task con-
tributes to the impairment of immediate serial recall in the com-
plex span paradigm. This interference arises from the superposi-
tion of two kinds of distributed memory representations:
connection weights linking list items to their positions and con-
nection weights linking the distractors following that item to the
same position. In addition, intrusions of distractors are more likely
for distractors that are similar to items, showing that lack of
distinctiveness on the dimension on which similarity is varied (in
our case, phonological similarity) also contributes to interference.
All these assumptions are already incorporated in the C-SOB
model as applied to complex span (Oberauer & Lewandowsky,
2008). C-SOB predicted all the findings from the present experi-
ments, and these predictions were confirmed by simulations. Most
of these predictions are not made by any other model known to us.
Therefore, our results provide strong support for C-SOB.
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Appendix A

Brief Description of SOB-CS

Serial order in a box–complex span (SOB-CS), like contextual
serial order in a box (C-SOB), has a two-layer architecture with an
item layer and a position layer fully interconnected by modifiable
weights. At encoding, the presented item is clamped on in the item
layer, and the representation of its serial position is clamped on in the
position layer. The weight matrix is updated by Hebbian learning:

�W � �e(i)vipi
T, (A1)

with W as the weight, vi the vector representing the ith presented
item, and pi the position representation for the ith serial position.
Position representations were created so that their similarity falls
off with ordinal distance; neighboring positions have a fixed
cosine of 0.5.

The encoding strength for the ith item, �e(i) is a function of the time
spent encoding, te, the encoding rate R, and an asymptote A(i):

�e�i	 � A�i	�1 � exp� � teR		. (A2)

The asymptote is a function of the novelty of the encoded item,
computed as its energy, Ei:

Ei � � vi
TWpi. (A3)

The asymptote is computed as a logistic function of energy, such
that more novel items are encoded with higher strength:

A�i	 �
1

1 � exp� � �Ei � e	g	
, (A4)

with e and g as threshold and gain parameters, respectively, of the
logistic function.

Retrieval uses representations of the positions as cues. For forward
retrieval, the system reinstantiates the position representations in the
position layer one by one in forward order to retrieve the associated
items. Because of interference by superposition, the outcome of
retrieval when cuing with position representation pi is not the original

item associated to that position, vi, but rather an approximation to that
item, vi
:

vi
 � Wpi. (A5)

This retrieved vector is used in a second stage to select one of the
elements of the candidate set as the stimulus to be selected for
recall. The second stage computes the similarity of vi
 to the vector
representations of all the candidates:

s�vi
,vj	 � exp��cD�vi
,vj	
2�. (A6)

Here, the Euclidean distance measure D is weighted by the free
parameter c, which determines the discriminability between re-
trieval candidates. Larger values of c imply a steeper generaliza-
tion gradient, so that the candidates are more strongly discrimi-
nated from each other on the similarity scale. Finally, the
probability of selecting a candidate j is computed by the Luce
choice rule (with n for the number of retrieval candidates).

P�vj	 �
s�vi
,vj	

�
k�1

n

s�vi
,vk	

. (A7)

The actual candidate selected in a simulation run is determined
by sampling each candidate with its probability P(vj). Recall is
followed by response suppression, implemented as removal of the
recalled stimulus from the weight matrix by Hebbian antilearning:

�W � � �s�j	vo jPj
T, (A8)

with vo,j as the stimulus recalled in position j, and �s(j) the strength of
antilearning, which in turn depends on the time spent on retrieval, the
removal rate r, and the energy of the recalled stimulus. Finally, output
interference is modeled by adding Gaussian noise with standard
deviation No to the weight matrix after each recall.

In complex span, distractors are encoded in the same way as
items. They are associated to the position representation of the

(Appendices continue)
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immediately preceding item. One novel feature of SOB-CS is
that when there is free time following encoding of a distractor,
it can be used to remove that distractor from the weight matrix.
In the simulations in this article, we make no use of that
mechanism.

The parameters used in our simulations were the ones that we
used for the simulations in Oberauer et al. (2011), with the excep-
tion of the c parameter, as explained in the main text: c � 0.45 (0.3
in Experiment 3), e � �1,000, g � 0.0033, R � 6, r � 1.5, and
No � 1.5.

Appendix B

Stimulus Sets

Appendix C

Full Input–Output Matrices

Table C1
Experiment 1

Input order

High item–distractor similarity Low item–distractor similarity

R1 R2 R3 R4 R5 R1 R2 R3 R4 R5

Item 1 586 209 135 61 9 517 192 152 109 31
Item 2 211 495 184 95 15 178 469 190 130 35
Item 3 137 169 504 175 17 146 201 424 179 50
Item 4 58 109 155 616 63 128 105 197 478 94
Item 5 8 18 22 53 896 31 33 37 104 790

Note. Rows represent the item’s input position; columns (R1–R5) represent response (or output) positions. Table entries are frequencies of recalling the
item indicated by the row in the output position indicated by the column. Proportions of responses can be obtained by dividing by the sum of columns,
which gives the total number of trials per condition, 1,000.

(Appendices continue)

Table B1
Stimulus Set of Experiments 1, 2, and 4

Rhyming group Nonwords

1 baff daff haff
2 jaab laab maab
3 pame rame vame
4 tegg yegg zegg
5 beej deej feej
6 gidd jidd nidd
7 sipe vipe yipe
8 goss hoss joss
9 roke voke zoke

10 luzz muzz nuzz

Table B2
Stimulus Set for Experiment 3

Similarity group Nonwords

1 yabb vabb yass vass
2 jaab laab jarp larp
3 pame rame pabe rabe
4 tegg yegg temm yemm
5 feej deej feab deab
6 gidd jidd giss jiss
7 sipe bipe sije bije
8 koss joss koll joll
9 roke zoke rofe zofe

10 luzz tuzz lujj tujj
11 fowt howt fowb howb
12 boyt doyt boif doif
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Table C2
Experiment 2

Candidates

High item–distractor similarity Low item–distractor similarity

Example R1 R2 R3 R4 Example R1 R2 R3 R4

Item 1 baff 600 70 35 21 baff 550 55 34 25
Distractor 1 daff 91 39 33 9 jaab 37 69 52 26
NPL 1 maab 20 18 24 9 haff 64 38 30 24
Item 2 vame 82 495 76 18 vame 100 419 55 19
Distractor 2 rame 59 91 36 22 zegg 41 65 56 33
NPL 2 yegg 25 34 31 16 pame 34 47 31 23
Item 3 nidd 26 90 504 62 nidd 42 80 416 67
Distractor 3 jidd 29 62 95 27 vipe 35 66 64 59
NPL 3 yipe 31 21 30 17 gidd 29 37 65 27
Item 4 muzz 8 29 84 655 muzz 22 45 124 518
Distractor 4 nuzz 5 23 36 127 voke 21 47 41 139
NPL 4 roke 24 28 16 17 luzz 25 32 32 40

Note. Rows represent the recall candidates ordered by input position (for items and distractors). Nonpresented lures (NPLs) in the low-similarity condition
are assigned to the input position of the item they were similar to; the assignment of NPLs to input positions in the high-similarity condition is random.
Columns (R1–R4) represent response positions. Table entries are frequencies of selecting the candidate given by the row in the output position given by
the column. Proportions of responses can be obtained by dividing by the sum of columns, which gives the total number of trials per condition, 1,000.

Table C3
Experiment 3

Candidates

High item–distractor similarity Low item–distractor similarity

Example R1 R2 R3 R4 Example R1 R2 R3 R4

Item 1 tegg 519 93 65 47 jarp 493 87 56 43
Distractor 1 yegg 123 71 48 55 vass 65 67 60 53
NPL 1 pabe 27 23 27 30 larp 80 55 44 36
Item 2 yabb 86 396 103 64 temm 97 357 100 47
Distractor 2 yass 72 127 53 44 deab 46 83 69 60
NPL 2 howb 33 38 44 28 tegg 41 68 38 41
Item 3 rofe 78 135 407 78 tuzz 78 119 367 70
Distractor 3 roke 57 93 138 55 koll 58 88 96 85
NPL 3 tuzz 22 43 40 39 tujj 48 63 78 37
Item 4 doyt 83 73 112 517 bipe 91 75 111 431
Distractor 4 boyt 33 45 92 172 gidd 24 51 83 182
NPL 4 lujj 27 23 31 31 sipe 39 47 58 75

Note. Rows represent the recall candidates ordered by input position (for items and distractors). Nonpresented lures (NPLs) in the low-similarity condition
are assigned to the input position of the item they were similar to; the assignment of NPLs to input positions in the high-similarity condition is random.
Columns (R1–R4) represent response positions. Table entries are frequencies of selecting the candidate given by the row in the output position given by
the column. Proportions of responses can be obtained by dividing by the sum of columns, which gives the total number of trials per condition, 1,160.

(Appendices continue)
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Table C4
Experiment 4

Candidates

High item–distractor similarity Low item–distractor similarity

Example R1 R2 R3 R4 Example R1 R2 R3 R4

Item 1 muzz 585 51 33 48 muzz 573 64 36 20
Distractor 1 daff 47 81 52 29 jaab 51 43 39 27
NPL 1 maab 28 26 31 19 haff 49 43 28 27
Item 2 baff 82 483 66 35 baff 71 441 55 26
Distractor 2 rame 38 63 87 37 zegg 46 59 58 35
NPL 2 yegg 22 25 15 17 pame 35 55 27 26
Item 3 vame 57 101 412 88 vame 42 81 421 59
Distractor 3 jidd 31 52 75 78 vipe 37 69 70 57
NPL 3 yipe 23 26 23 22 gidd 32 38 64 23
Item 4 nidd 14 47 128 492 nidd 16 42 119 537
Distractor 4 nuzz 40 30 48 111 voke 26 31 39 129
NPL 4 roke 33 15 30 24 luzz 22 34 44 34

Note. Rows represent the recall candidates ordered by input position (for items and distractors). Distractors are ordered by their own input position,
whereas similar nonpresented lures (NPLs) are ordered by the input position of the items they are similar to. Therefore, in the high-similarity condition,
similar distractors precede the items they were similar to, reflecting the actual presentation order, whereas in the low-similarity condition, similar NPLs
follow the items they are similar to. Columns (R1–R4) represent response positions. Table entries are frequencies of selecting the candidate given by the
row in the output position given by the column. Proportions of responses can be obtained by dividing by the sum of columns, which gives the total number
of trials per condition, 1,000.
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