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1. Introduction

Working memory can be characterized as a system that holds a small number of representations
temporarily available for goal-directed processes. Many theories assume that this is accomplished
by activation of these representations (Anderson, Reder, & Lebiere, 1996; Just & Carpenter, 1992). Acti-
vation is sufficient to single out a set of items but does not serve a second function of working mem-
ory, namely to establish and maintain relations between these items. Typical tasks used to investigate
working memory involve the recall of a list of items in their serial order, or by their spatial location
(Oberauer, 2005c¢), requiring memory not only for which items were on the list but also for the rela-
tions between each item and its serial position, or its position in space. More pertinent to our everyday
use of working memory, tasks such as text comprehension, deductive reasoning, planning, and prob-
lem solving, which have been shown to strongly depend on working memory capacity, all involve the
construction and maintenance of relational representations (Oberauer, Siif3, Wilhelm, & Sander, 2007).

Building and maintaining new relations in working memory requires a mechanism for temporary
binding, that is, for linking together component representations. Reasoning involves the rapid manip-
ulation of relational representations; bindings in working memory therefore must be quickly estab-
lished and quickly dissolved again. We see the short-lived nature of bindings in working memory
as the main characteristic that distinguishes them from associations in long-term memory. The focus
of this article is on characterizing the mechanism of binding for verbal contents of working memory,
and how bindings relate to activation of component representations on the one hand, and to the estab-
lishment of more permanent associations on the other hand.

Bindings in working memory operate on at least two levels. Lower-level bindings serve to combine
features or parts into objects or events. Objects in visual working memory, for example, can be char-
acterized by visual features such as form, color, texture, and size, and each object is a combination of
these features. When more than one object has to be held in visual working memory, bindings are
essential to remember which features belong together (Luck & Vogel, 1997; Wheeler & Treisman,
2002). Likewise, elements in verbal working memory such as words are composed of syllables and
phonemes, and an adequate binding of these components is necessary in order to avoid erroneous
conjunctions (e.g., recalling “pan, fool” instead of “fan, pool”). Erroneous conjunctions of phonemes
are among the most frequent errors in serial recall of nonwords (Treiman, 1995). On a higher level,
content elements (i.e., objects or events) are bound to context representations, such as temporal con-
text or position in space. Recall of a list of items in serial order, for example, requires binding the items
to their serial positions, and many formal models of serial recall assume that this is accomplished by a
direct link between each list element and an ordinal context representation (Brown, Preece, & Hulme,
2000; Burgess & Hitch, 1999; Henson, 1998).!

The purpose of the present work is to test a theoretical framework that specifies the relationship
between activation and binding. We will apply the framework to short-term recognition tasks de-
signed to separate the influence of activation and of bindings on recognition decisions (Oberauer,
2001, 2005a). We will derive from our framework, and subsequently test, four hypotheses: (1) activa-
tion and binding are two basic functions of working memory that are reflected in two separable pro-
cesses in recognition, assessment of familiarity and recollection. (2) The capacity limit of working
memory applies to the maintenance of bindings but not to the allocation of activation; hence, recol-
lection is capacity limited but familiarity is not. (3) Familiarity does not draw on bindings, whereas
recollection has automatic access to bindings. (4) Temporary bindings in working memory are trans-
lated into associations in long-term memory through gradual Hebbian learning.

The plan of the remainder of this article is as follows. In the next section we will explain our the-
oretical framework, followed by an introduction of the experimental paradigm and a detailed expla-
nation of the four hypotheses. We then present three experiments testing these hypotheses with a
short-term recognition paradigm, using nonwords as material. We present a mathematical model

1 Rather than binding features or components of elements together directly, lower-level bindings could also be accomplished by
binding features or components to a common location, or closely adjacent locations, in the cognitive coordinate system. The
findings of Olson and Marshuetz (2005) that spatial location is encoded automatically in visual working memory could be
interpreted as pointing to location as a mediator for feature binding.
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specifying our assumptions about how the two processes, familiarity assessment and recollection,
interact in this task. This dual-process model will serve as a framework to test the four hypotheses;
in addition, we will compare the dual-process model to a single-process model.

1.1. Three embedded components of working memory

We propose an architectural framework of working memory in which activation and binding are
assigned to different components of the system, and associated with different processes. The frame-
work builds on the work of Cowan (1995, 1999) and has been presented more comprehensively else-
where (Oberauer, 2002, 2006). We conceptualize working memory as a system that makes
representations in long-term memory (LTM) available for goal-directed manipulation. Representa-
tions can attain three states of availability. First, representations are activated above baseline through
a match with perceptual input or through spread of activation in long-term memory. The set of rep-
resentations activated above baseline at any moment constitutes the first, most encompassing com-
ponent of the working memory system, the activated part of LTM. Second, a few activated
representations are bound temporarily to a common cognitive coordinate system, thereby forming
a new relational representation. A common coordinate system can be a temporal or spatial context
in which content representations are bound to positions (e.g., words bound to list positions), or a sche-
ma in which content elements are bound to slots (e.g., words bound to a syntactic schema or numbers
bound to roles in an equation). The capacity limit of working memory arises from a limit on the main-
tenance of bindings (Oberauer, 2005a; Oberauer et al., 2007). The elements bound in a common coor-
dinate system constitute the second component of working memory, the region of direct access. The
third state of availability is reached when a representation is selected as the object of manipulation.
We assume that a single representation is selected at any time by the third component of working
memory, the focus of attention. The focus of attention is not the focus of the present article; for a dis-
cussion of its role in short-term recognition see McElree (2006). Fig. 1 presents a graphical illustration
of our theoretical framework.

The contents of the three components of working memory enter into cognitive processes in differ-
ent ways. Obviously, the element in the focus of attention is the one that can be directly affected by a
goal-directed operation, such as incrementing a digit by two or moving a chess figure to another posi-
tion on the board. Elements in the direct-access region are immediately accessible in the sense that
the focus of attention can select them by their role or position in the cognitive coordinate system.
Moreover, cognitive operations are sensitive to the relations between elements in the direct-access re-
gion (for example, in thinking through a chess problem, the figure in the focus of attention can be
moved into a specific relation to other figures on the board when those figures are held in the di-
rect-access region). Representations in the activated part of LTM cannot be accessed directly, but they
can be retrieved (i.e., brought into the direct-access region) when they are associated to cues in the
direct-access region, and retrieval is faster for highly activated representations. Activation of represen-
tations can affect cognitive operations, but only in an additive way—the effects of all activated repre-
sentations are independent of each other, disregarding relations between them.

Fig. 1. Sketch of the three-component framework of working memory. The nodes and the thin links between them represent a
section from the associative network of representations in long-term memory. A subset of the nodes, highlighted in black, is
activated (first component). Out of the activated part of long-term memory a subset is temporarily bound to positions in a
mental coordinate system. The bindings are represented by bold dotted lines; the rectangle stands for a two-dimensional
coordinate system. The subset of nodes bound into a common coordinate system constitutes the region of direct access (second
component).Within it, the focus of attention, illustrated by the bold oval, selects one representation element as the object of
processing (third component). From Oberauer (2006).



K. Oberauer, E.B. Lange / Cognitive Psychology 58 (2009) 102-136 105
1.2. Activation and binding in short-term recognition

We propose that the distinction of activation and binding in working memory can be mapped onto
the distinction of familiarity and recollection in recognition. Dual-process theories of recognition
(Atkinson, Herrmann, & Wescourt, 1974; Mandler, 1980; Yonelinas, 2002) assume that recognition
decisions are based on two sources of evidence, the degree of familiarity of a probe and the availability
of an explicit recollection of having experienced the probe in the required context (e.g., having seen
the given word in the last studied list). The assessment of familiarity is assumed to be automatic
and fast, whereas recollection is assumed to be a controlled and relatively slow process. When recol-
lection succeeds, however, it is assumed to dominate familiarity and determine the recognition
decision.

In the context of our theoretical framework, we assume that familiarity arises from activation of
representations: probes are automatically matched against representations in the activated part of
LTM, and each representation elicits a familiarity signal corresponding to its level of activation and
its degree of match with the probe. The overall familiarity signal is computed as an additive function
of the familiarity values from individual representations, ignoring any structures the representations
might be part of through associations or bindings. Recollection, on the other hand, is a structure-sen-
sitive process. It is based on access to bindings between list elements and their list context in the di-
rect-access region. These bindings provide the information whether the probe item has been
experienced before in the relevant context (e.g., the memory list of the current trial). Recollection is
cue-based retrieval, using the probe to retrieve the list context bound to it, or using the relevant list
context as a cue to retrieve the items bound to it (Oberauer, 2008). Retrieval means that the recol-
lected conjunction of a list item and its list context is brought into the focus of attention for compar-
ison with the probe.

In the modified Sternberg paradigm (Goéthe & Oberauer, 2008; Oberauer, 2001), familiarity and rec-
ollection can be disentangled through a method akin to the process-dissociation procedure of Jacoby
(1991). Participants memorize two short lists, distinguished by their color and their position on the
screen. After the lists have disappeared, a cue indicates which of the two lists is relevant for the rec-
ognition task. A probe is presented after a variable cue-stimulus interval (CSI), and participants make a
speeded decision whether the probe was in the relevant list (see Fig. 2 below). Conflict is generated by
probes from the irrelevant list, for which familiarity suggests a positive response, whereas they are to

CSl:

0.1o0r .

2s Probe types

»

Positive: TUC
New: DRAS
Irr.-Original: LIN
Rel.-Reordered: TUM
Irr.-Reordered: CEN

CEP LIN
GCOM TUC

Fig. 2. Sequence of events in the modified Sternberg task as used in Experiments 1 and 2. Different colors are represented by
different line width and font. In the example the bottom list is cued as relevant and the probe is an original probe from the
irrelevant list; examples of other probes used in Experiment 1 are shown in the box (repeated probes are not shown because
they depend on the history of previous trials).
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be rejected on the basis of recollection (i.e., a comparison with each item on the relevant list resulting
in no match, or a memory of having seen the probe in the irrelevant list). This conflict is reflected in
longer reaction times (RTs) to probes from the irrelevant list compared to new probes, and in more
errors. The size of this difference in RTs or error rates, which we call intrusion cost, reflects the relative
strength of familiarity and recollection. Intrusion costs are highest when familiarity is strong and rec-
ollection is weak.

Previous experiments with the modified Sternberg task lend some support for the distinction be-
tween activated LTM and the direct-access region. Intrusion costs were substantial even with the lon-
gest CSI studied (5 s), although the length of the irrelevant list ceased to have an effect on RTs at CSIs
larger than 1s (Oberauer, 2001, 2005b). These findings suggest that the irrelevant list is removed
within about 1 s from the direct-access region, but its contents remain activated in LTM for at least
several seconds.

Bindings of items to their list context, as investigated in previous studies with the modified
Sternberg task, are higher-level bindings. In the present experiment we used the modified Sternberg
paradigm with nonwords as items. This enabled us to also investigate lower-level bindings, that is,
bindings between phonemes creating a pronounceable string. Bindings that code the order of pho-
nemes play a crucial role in one function of working memory, supporting the learning of new word
forms (Baddeley, Gathercole, & Papagno, 1998). Whereas in memory for words, phoneme bindings
are assisted by lexical or semantic representations (Jefferies, Frankish, & Lambon Ralph, 2006), little
top-down assistance is available for maintaining the order of phonemes in lists of nonwords, so that
information about which phonemes belong to which CVC in which order must rely heavily on the
binding mechanism of working memory. In Baddeley’s theory of working memory (Baddeley,
1986), maintaining the order of phonemes is the function of the phonological loop. In our frame-
work the phonological loop is not a separate system but rather emerges from the application of
two basic mechanisms of working memory, activation and binding, to representations of phonemes.
Specifically, the phonemes of each trigram are activated in LTM, and their order—both the order
within a trigram and the order of trigrams in a list—is maintained by temporary bindings between
each activated phoneme and a representation of its serial position (Burgess & Hitch, 1999; Henson,
1999).

1.3. Hypotheses

We will test the following four sets of hypotheses, which are motivated by applying the embedded-
component framework to the modified Sternberg paradigm with nonwords:

(1) Familiarity arises from activation of existing representations in LTM, disregarding their rela-
tions. Whereas encoding a word activates corresponding unified lexical and semantic represen-
tations in LTM, no such representations exist for nonwords. The LTM representations activated
by nonwords will consist mostly of representations of individual letters or their corresponding
phonemes. In the modified Sternberg paradigm, we can measure familiarity through the intru-
sion costs elicited by probes related to items on the irrelevant list—they all have to be rejected
regardless of their degree of match to memory representations, and rejection will be more dif-
ficult the higher their familiarity. In Experiments 1 and 3 we will compare original CVCs from
the irrelevant list and CVCs generated by recombining letters from the irrelevant list as probes.
Because both kinds of probes match all the letters of the irrelevant list and differ only in how
well they match these letters’ combinations, we predict that both kinds of probes elicit approx-
imately equal intrusion costs.

Recollection is the process that accesses bindings to determine whether a probe matches a
memory item with regard to the particular conjunction of letters. Maintenance of bindings is
capacity limited, whereas the activation of representations in LTM is not. This implies, first, that
memory for bindings is more difficult than memory for features. Second, memory for bindings
will be more sensitive than memory for features to an increase of memory load through increas-
ing the number of nonwords that have to be held in the direct-access region. These predictions
were tested in Experiments 1 and 2.

(2

~—
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(3) Binding information in the region of direct access enters recollection automatically. Thus, even
when memory for the conjunctions of letters into CVCs is not needed for a task, it will still affect
recognition. In particular, bindings between letters will affect recollection, because recollection
is automatically sensitive to bindings. This hypothesis will be tested in Experiment 3, in which
participants made recognition decisions on the basis of the identities of the letters in the CVCs,
while their conjunctions into nonwords were irrelevant to the task.

(4) Bindings in working memory result in gradual, cumulative strengthening of corresponding
associations in LTM. To test this hypothesis, we included a manipulation in Experiment 1 mod-
eled after the Hebb paradigm (Hebb, 1961): a small subset of nonwords was repeated many
times over the experiment. Over many repetitions, we predicted that new unified representa-
tions of these nonwords would be established in LTM, a process we call codification (Salasoo,
Shiffrin, & Feustel, 1985). After codification, encoding a nonword will not only activate its indi-
vidual phonemes in LTM but also the unified representation. Thus, its overall familiarity will be
higher than that of not codified nonwords. This should lead to two effects. When used as posi-
tive probes (i.e., original probes from the relevant list), repeated nonwords should be accepted
faster and with less errors than other nonwords. When used as intrusion probes (i.e., original
probes from the irrelevant list), repeated nonwords should be rejected more slowly and with
more errors than other nonwords.

We will outline more detailed predictions in the context of each experiment. After presenting the
results of Experiment 1 we will introduce a mathematical model that formalizes our assumptions and
serves as a tool to estimate the contribution of feature information and conjunction information to
recognition decisions.

2. Experiment 1

In the first experiment we used the modified Sternberg paradigm and asked participants to decide
for each probe trigram whether it has been on the relevant list. The main comparison of interest was
between three kinds of intrusion probes: original and recombined trigrams from the irrelevant list,
and recombined trigrams from the relevant list. For example, if the relevant list was BOL, KUG, and
the irrelevant list was FEG, NAX, an original intrusion probe from the irrelevant list could be FEG, a
recombined probe from the irrelevant list could be FEX, and a recombined probe from the relevant list
could be KUL. Because they match letters activated in LTM, we expect that all three probes will be re-
jected more slowly and with more errors than new probes consisting of letters not involved in the
present trial, such as DIZ.

To reject original probes from the irrelevant list, recollection must exclude the irrelevant items (i.e.,
a match of a probe to an irrelevant item must not be regarded as evidence for accepting the probe). In
our theoretical framework, this can be accomplished either by removing the irrelevant list from the
region of direct access, or by distinguishing relevant and irrelevant list within the direct-access region
on the basis of bindings between items and their list context. Intrusion probes matching irrelevant-list
items will nevertheless elicit familiarity because the familiarity signal is generated automatically in
proportion to the activation of matching representations in LTM. Therefore, intrusion probes related
to irrelevant-list items are ideal for measuring the contribution of familiarity to recognition decisions,
and the factors contributing to it.

By comparing the original and the recombined probes from the irrelevant list we can assess
whether, and to what degree, information about the conjunction of letters influences the familiarity
of probes. If conjunction information enters into familiarity, then intrusion costs for original probes
from the irrelevant list should be larger than those for a recombined probe from the irrelevant list.
Unfortunately, the converse is not true: if familiarity rests only on activation of individual letters,
regardless of their conjunction, it is still possible that intrusion costs are higher for an original than
a recombined probe from the irrelevant list. This can occur because the exclusion of the irrelevant list
from recollection is not necessarily perfect—people may in some trials erroneously take an item from
the irrelevant list to be a relevant-list item. In that case, recollection would produce a false alarm to a
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probe matching that item (i.e., an original probe from the irrelevant list), but not, or less likely, to a
probe only partially matching that item (i.e., a recombined probe from the irrelevant list). Therefore,
finding equal intrusion costs for original and recombined probes from the irrelevant list provides
strong evidence for the hypothesis that familiarity is only driven by activation of component represen-
tations, regardless of their combination. Finding larger intrusion costs for original than for recombined
intrusion probes, however, is less diagnostic. The sizes of intrusion costs for these two probe types are
nonetheless informative in the context of our mathematical model, which allows a quantitative esti-
mate of the relative contributions of letters and their conjunctions to familiarity.

The third kind of intrusion probe, recombined from the relevant-list items, is predicted to be even
more difficult to reject than probes related to irrelevant-list items, for two reasons. One is that recol-
lection of items from the relevant list will result in partial matches with these probes—the probe KUL,
for example, matches the initial bigram of KUG in the above example. The other reason is that whereas
activation in LTM of irrelevant representations can be gradually reduced over time, activation of rel-
evant items remains high. Therefore, familiarity of recombinations of relevant-list items will be higher
than familiarity of probes matching irrelevant-list items to the degree that the latter are deactivated.
Previous studies with the modified Sternberg task (Oberauer, 2001) suggest that irrelevant represen-
tations are gradually deactivated over several seconds following the cue indicating which list is rele-
vant. We included a manipulation of the cue-stimulus interval (CSI) in the present experiment to test
this aspect of our framework. If the assumptions outlined above are correct, intrusion costs of probes
related to the irrelevant list should decline with increasing CSI, whereas those of probes created by
recombining relevant-list items should be largely unaffected by CSI.

A further manipulation in this experiment served to investigate the gradual codification of non-
words in LTM. Four of the nonwords were repeated much more often throughout the experiment than
all other nonwords. In some trials these nonwords were used as probes, either from the relevant list
(i.e., as positive probes) or from the irrelevant list (i.e., as original intrusion probes). Codification cre-
ates a new, unified representation in LTM that is activated when a repeated nonword is part of a mem-
ory list. This additional activation boosts the familiarity of a repeated nonword when used as probe.
We predicted that repeated positive probes would be recognized faster and more accurately than non-
repeated positive probes, whereas repeated intrusion probes would be rejected slower and less accu-
rately than non-repeated intrusion probes.

2.1. Methods

2.1.1. Participants
Participants were 24 students from the University of Potsdam, Germany (20 women, 4 men) with a
mean age of 23.0 years (range 19-29). They received course credit or 7 Euros per session.

2.1.2. Materials

Starting from a complete set of all possible CVC trigrams with two different consonants, we elim-
inated all trigrams that were well known acronyms, words of German, or frequent words of English or
French that are likely to be known by our German participants. The elimination decisions were made
by two research assistants. The remaining 582 trigrams were used to construct trials for the modified
Sternberg task. First, four CVC trigrams were selected at random for each participant as the trigrams to
be repeated frequently over the course of the experiment (the same set of repeated trigrams was used
throughout the two test sessions). Then a set of trials was constructed for each participant. Each trial
consisted of two lists of two trigrams each, one was the relevant list and the other was the irrelevant
list. Each trial contained one of the repeated trigrams. Over every four consecutive trials, each of the
four repeated trigrams was included once. Repeated trigrams were selected in random order, and they
were placed in random list positions, half of them in the relevant list and the other half in the irrele-
vant list. The other three CVCs in each trial were selected at random from the remaining pool of 578
trigrams, with the constraint that among the four CVC trigrams forming a trial exactly one consonant
is repeated in two of them once, and no vowel is repeated. The repetition of one consonant was intro-
duced to discourage a strategy of encoding only one letter of each trigram. Table 1 shows a set of
example trials.
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Table 1

A set of consecutive trials as used in Experiment 1

Memory items Probes

Rel 1 Rel 2 Irr 1 Irr 2 Pos New Rel-R Irr-O Irr-R
TAL BUR NER ZIM TAL GOP BUL NER NIR
GIT ROL MAG VES ROL PUF RIL VES MAS
BOC LIN RAZ FEL LIN ZUM BON FEL RAL
DOP FEC RIN HUP DOP VAL FOP HUP HUN
NAS GIT SOP ZER NAS TUC GAT sopr ZEP
HEG TOL ZIM LAR TOL CUF TOG LAR ZIR
MIE NUP FEC COL NUL RAX FEL CcoL FOL
BUX RAZ XIM NES BUX TOF XEM NES XIS

Note: Each row represents one trial. Rel, relevant; Irr, irrelevant; Pos, positive; R, recombined; O, original. Frequently repeated
CVCs are printed in bold; the consonant repeated within each trial is underlined. One of the five prefabricated probes, or the
frequently repeated CVC, is presented as probe for each trial, depending on the probe-type condition.

For each trial five probes were constructed, representing the five probe types used in this experi-
ment: (1) positive probes, that is, original trigrams from the relevant list, (2) new probes, constructed
entirely from letters not appearing in any of the four list items, (3) recombined intrusion probes from
the relevant list, formed by recombining elements from the two trigrams in the relevant list, (4) ori-
ginal intrusion probes, that is, trigrams from the irrelevant list, and (5) recombined intrusion probes
from the irrelevant list. For none of these probe types the frequently repeated CVC was selected. The
frequently repeated CVC was added as a sixth possible probe; it was a repeated positive probe or a
repeated intrusion probe depending on which list contained the repeated CVC in the trial.

The recombined probes (probe types 4 and 5) were constructed by first selecting one of two types
of recombination at random; one type was to recombine the initial CV bigram of one CVC with the
final consonant of the other CVC, and the other was to combine the C_C frame of one CVC with the
vowel of the other. The third possibility, combining the initial consonant of one CVC with the VC rime
of the other, was not used because it would have created probes that rhymed with original nonwords.
After determining the type of recombination, one CVC of the list was selected at random to provide the
first component, and the other component was taken from the remaining CVC. For each participant,
110 trials were constructed in this way. A further set of 110 trials was constructed without repeated
CVCs. This set was used for the first session, which was a practice session.

The experiment consisted of three sessions. The first session was used for practice and did not con-
tain frequently repeated trigrams, it served to raise overall performance because we wished to obtain
enough correct responses for analyzing RTs. The remaining two test sessions each consisted of two
warm-up blocks with eight trials each, followed by two test blocks with 96 trials each. One of the test
blocks used a CSI of 100 ms, and the other used a CSI of 2000 ms; the order of CSIs was alternated from
one participant to the next. The two warm-up blocks used the two CSIs in the same order as the test
blocks. The initial practice session had the same structure as the two test sessions.

The 96 trials in each test block were built from eight replications of a basic design of 12 trials: 6
trials with positive probes (5 non-repeated and 1 repeated), 2 with new probes, 2 with original intru-
sion probes from the irrelevant list (1 non-repeated and 1 repeated), and 1 each with a recombined
intrusion probe from the relevant or from the irrelevant list, respectively. The order of the 96 trials
in a block was random. For each trial displayed in the course of a block, one of the 110 prefabricated
trials was selected at random without replacement; the warm-up trials were drawn from the same
pool. Depending on the probe-type condition, one of the prefabricated probes for the selected trial
was displayed.

To summarize, each participant completed 2 x 192 test trials in 14 experimental conditions (5 ba-
sic probe types + 2 probe types with frequently repeated trigrams, for 2 levels of CSI). Across the two
test sessions the basic 12-trial design was repeated 16 times for each level of CSI, yielding 16 replica-
tions in the smallest design cells. Across the two test sessions, participants encoded each of the fre-
quently repeated CVCs 96 times as part of a memory list. The remaining CVCs occurred on average
3.34 times across all three sessions.
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2.1.3. Procedure

At the beginning of each session participants decided which of the two arrow keys (left or right)
they wished to assign to the “yes” response. Each trial began with the simultaneous presentation of
the two lists of CVC trigrams, one in a row in the upper half of the screen and the other in a row in
the lower half of the screen, both centered horizontally. The top row was red on a black background
and the bottom row was blue. For each trial it was determined at random whether the relevant list
was to be displayed in the top or the bottom row. The two lists were presented for 6 s. Seven hundred
milliseconds after their disappearance a frame was displayed centrally in red or blue, indicating the
relevant list. The probe was displayed in the frame, in the same color, either 100 or 2000 ms after
frame onset, depending on the CSI condition. Both frame and probe remained on the screen until a re-
sponse was recorded. Each response was immediately followed by the display of a green disk of about
1 cm diameter for correct responses, or a red disk for error responses, displayed at the bottom of the
screen for 500 ms. After 800 ms the next trial started. Fig. 2 illustrates an example trial.

Participants were instructed to decide for each probe whether it was an element of the relevant list.
We wanted to maximize overall accuracy, therefore the instruction emphasized accuracy more than
speed, and we promised a small surprise bonus for each participant surpassing an unspecified accu-
racy criterion. At the end of the experiment each participant received a chocolate bar.

To test whether participants acquired explicit knowledge about the repeated trigrams, we tested
their knowledge at the end of the last session with a brief questionnaire. The first question revealed
that four CVCs were repeated often during the experiment, and asked to write down these four tri-
grams. The second question, on a separate page, presented participants with four rows of eight CVC
trigrams each, and asked them to circle in each row the one trigram that was repeated frequently
in the experiment. Each row contained one of the repeated trigrams and seven lures. One lure was
built by recombining elements from two of the repeated trigrams, the other lures were randomly se-
lected from the set of non-repeated trigrams used in the experiment.

2.2. Results

Data from the practice session and the warm-up trials were discarded. Only RTs from correct re-
sponses were used for the analyses. After first filtering extreme outliers (>10 s), we determined out-
liers as RTs smaller than 200 ms, or exceeding an individual’'s mean by three intra-individual
standard deviations; these outliers (1.8% of all data points) were discarded. An « level of .05 was
adopted for statistical tests for all experiments.

The points in Fig. 3 show the mean RTs and the error rates by probe type for the two CSI conditions
(the lines represent model fits, to be explained below). Only data from non-repeated probes were in-
cluded in this plot. These data were evaluated by two analyses of varianc (ANOVAs)—one for RTs and
one for error rates—with the four negative probe types and CSI as independent variables. Positive
probe types were excluded because they reflect a different response and therefore cannot be com-
pared to RTs on “no” responses. The probe-type variable was decomposed by orthogonal contrasts.
The first probe-type contrast (PTC1) tested new probes against the mean of the three intrusion probes
to test for overall intrusion costs. The second contrast (PTC2) tested the recombined probe from the
relevant list against the two intrusion probes from the irrelevant list to test whether intrusion probes
from the relevant list were more difficult to reject than those from the irrelevant list. The final contrast
(PTC3) compared the RTs of original and recombined probes from the irrelevant list. Table 2 summa-
rizes the effects from these ANOVAs.

The main effect of CSI replicates previous findings (Oberauer, 2001); RTs became faster and accu-
racy slightly better with a longer CSI. RTs to all three kinds of intrusion probes were substantially long-
er than RTs to new probes, showing that intrusion costs were obtained not only for original CVCs from
the irrelevant list but also for recombined CVCs. Intrusion costs were largest for recombined probes
from the relevant list, followed by original probes from the irrelevant list and recombined probes from
the irrelevant list. Intrusion costs for original probes from the irrelevant list were slightly but signif-
icantly larger than those for recombined probes from the irrelevant list (averaged over the two levels
of CSI: 299 ms and 248 ms, respectively).
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Fig. 3. Mean reaction times (top) and error rates (bottom) by CSI and probe type, Experiment 1. Points are data, and lines are
predictions of the best-fitting dual-process model (Model 2). Pos, positive probes; Rel-R, recombined probes from the relevant
list; Irr-O, original probes from the irrelevant list; Irr-R, recombined probes from the irrelevant list. Error bars represent 95%
confidence intervals for within-subject comparisons computed by the method of Bakeman and McArthur (1996).

Table 2
Summary of statistical tests for Experiment 1
Effect RTs Errors

F1,23) p Partial 2 F(1,23) Partial 72
CSI 128.1 <.001 .85 9.25 .006 .29
PTC1: new vs. 3 intrusion probes 134.3 <.001 .85 83.6 <.001 .78
PTC2: recombined relevant list vs. 2 irrelevant-list probes 20.6 <.001 47 438 <.001 .66
PTC3: irrelevant list original vs. recombined 7.33 013 24 6.57 017 22
PTC1 x CSI 83.9 <.001 .76 4.38 .048 .16
PTC2 x CSI 11.9 .002 34 2.09 .16 .08
PTC3 x CSI .25 .62 .01 1.64 21 .07

Note: RT, reaction time; CSI, cue-stimulus interval; PTC, probe-type contrast.
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The same order of probe types was observed in the error rates. Again, original probes from the irrel-
evant list elicited slightly more false alarms than recombined probes from the irrelevant list (.039 and
.018, respectively). The most conspicuous effect in the error rates, however, was the dramatic surge of
false alarms on recombined probes from the relevant list. Nothing comparable was found in the RT
data.

In the RT data, the first and the second probe-type contrast interacted with CSI; a similar pattern,
though statistically less reliable, was observed in the error data. The improvement of performance
with longer CSI was more marked for the intrusion probes than the new probe, and particularly
marked for the intrusion probes from the irrelevant list. The latter observation was predicted from
the assumption that irrelevant, but not relevant representations are gradually deactivated over a long-
er CSIL As a consequence, the misleading familiarity of irrelevant list probes is reduced at the longer
CSL In contrast, the longer CSI did nothing to reduce the high false-alarm rate on recombined probes
from the relevant list, as would be expected if the relevant list is not deactivated over the longer CSI.

A second set of analyses compared non-repeated probes to corresponding repeated probes. The
points in Fig. 4 show the relevant mean RTs and error rates. Repeated positive probes were accepted
faster than non-repeated probes, F(1,23) = 6.64, p =.017, partial #2 = .22. The effect on errors was sig-
nificant only in a one-tailed test, F(1,23) = 2.97, p = .05, partial #2 = .11. Looking at repeated nonwords
in the irrelevant list, repeated original intrusion probes were rejected as fast as non-repeated ones,
F<1, but there were more false alarms on repeated original intrusion probes, F(1,23)=5.94,
p =.023, partial #% = .21. The effects on RTs to positive probes and on errors for intrusion probes both
went in the expected direction, but the fact that in both cases only one of the two dependent variables
showed significant effects lowers confidence in these effects. We therefore calculated MANOVAs for
the two comparisons of probe types to test the effects on both dependent variables jointly. The MANO-
VA for the positive probes was significant, Wilk’s lambda = .677, F(2,22) = 5.24, p = .014; the MANOVA
for the intrusion probes just failed the conventional level of significance, Wilk’s lambda =.783,
F(2,22)=3.05, p =.068. To conclude, frequent repetition of a subset of probes made it easier to accept
these probes as positive probes. The corresponding increase in intrusion costs when the repeated non-
words were used as intrusion probes was not clearly established.

At the end of the experiment, participants were able to freely recall on average 1.46 of the four re-
peated trigrams. In the recognition test, their hit rate for selection of the repeated CVC out of seven
alternatives was .64 (SD =.27). The probability of picking the recombined lure, built out of elements
of two repeated trigrams, was no higher than the probability of picking another lure (.052 vs. .049);
t(23) = —.14. Hence, there was no evidence for intrusion costs from recombined repeated trigrams
in the final recognition data.

2.3. Discussion

The first experiment showed three results of theoretical interest. First, there were substantial intru-
sion costs not only for original probes from the irrelevant list but also for recombined probes from
both the relevant and the irrelevant list. This finding shows that familiarity of nonwords arises at least
in part from representations on a level below the whole trigram, as would be expected if familiarity
arises from activation of existing representations in LTM. Second, intrusion costs were larger for ori-
ginal than for recombined probes from the irrelevant list. The effect was small but significant. It seems
to point to a contribution to familiarity from a representation on the level of the whole nonword. An
alternative explanation is that the additional intrusion effect for original irrelevant-list probes stems
from errors of recollection: if items from the irrelevant list are not perfectly excluded from recollec-
tion, then the recollection process can mistake a match between the probe and an irrelevant-list item
for a match with a relevant-list item, and this would generate additional false alarms for original
probes from the irrelevant list. We will come back to this issue in the context of the model-based anal-
ysis below.

Third, frequent repetition of the same nonword throughout the experiment made it easier to accept
that nonword as a positive probe, and possibly harder to reject it as an intrusion probe. The effects
were small, and in particular the effect on intrusion costs might not be trustworthy. In a close repli-
cation of Experiment 1 we obtained again a significant effect of repetition on accuracy of acceptance as



K. Oberauer, E.B. Lange / Cognitive Psychology 58 (2009) 102-136 113

-4 |7 CsI=100
-&- CSI=2000

1400

1200
|

ng
=

2 g

€8 = y

Z & &
3 ] Yay A

T T T T
Pos Pos-rep Irr-O Irr-O-rep

Probe Type
—A— CSI=100
— -A- CSI=2000

Proportion of errors
0.00 0.05 0.10 0.15 0.20 0.25 0.30
1

Pos Pos-rep Irr-O Irr-O-rep
Probe Type
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the best-fitting dual-process model (Model 2). Error bars represent 95% confidence intervals for within-subject comparisons
computed by the method of Bakeman and McArthur (1996).

positive probes, but the effect on intrusion costs was not significant. Taking both experiments to-
gether, the emerging pattern seems to be that frequent repetition improves hit rate but does not affect
intrusion costs.

Rather than explaining each aspect of the data pattern individually, in the next section we intro-
duce a formal model that represents our theoretical framework and its application to the modified
Sternberg task with nonwords. We apply this model to the data from Experiment 1 and contrast it
with an alternative model that explains recognition purely in terms of similarity between probes
and memory representations.

3. Two models for recognition of features and conjunctions

In this section we compare two mathematical models describing accuracies and mean RTs in the
modified Sternberg paradigm. The first model is a dual-process model that represents our assump-
tions about the roles of the two components of working memory—the direct-access region and acti-
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vated LTM—in generating familiarity and recollection. The second model is a generic single-process
model in which recognition decisions depend on the similarity between the probe and the most sim-
ilar memory item, and similarity is computed as a weighted sum of matches on various feature
dimensions.

Both models take as input the following features characterizing the experimental conditions: tri-
gram-match (TM), with a value of 1 if the probe matches a CVC trigram in one of the lists completely,
and 0 otherwise; bigram match (BM), reflecting the proportion of pairs of letters in the probe that
match any CVC in one of the lists (1 for original probes, 1/3 for recombined probes, 0 for new probes);
letter match (LM), reflecting the proportion of individual letters in the probe that matches a letter in
any of the CVCs in one of the lists (1 for original and recombined probes, 0 for new probes); exclusion
(E), set to 1 if the probe comes from the irrelevant list and to 0 otherwise; repetition (R), set to 1 if the
probe is one of the four frequently repeated CVCs and O otherwise; relevant-set size (RSS) and irrele-
vant-set size (ISS), representing the number of CVCs in the relevant and the irrelevant list, respectively
(both were always 2 in the present experiment), and CSI (0.1 or 2).

3.1. The dual-process model

The dual-process (DP) model computes familiarity as

mm:uw+ﬁM+@+uMM[
1+f+g

Thus, familiarity derives from a weighted sum of letter matches (with unit weight), bigram matches
(with weight f) and trigram matches (with weight g). Repetitions would gradually strengthen LTM
representations of the frequently repeated trigrams, and the resulting increment of familiarity from
trigram activation is represented by parameter u. The weighted sum of all contributions to familiarity
is standardized by dividing it by the sum of the weights of all contributions the system would expect
for a positive probe; parameter u is not included in the denominator because it represents an occa-
sional boost of familiarity due to long-term associations, which is not expected by the system. Because
we assume that familiarity arises from activation of existing representations in LTM, and we further
assume that novel nonwords have at best very weak representations of their bigrams or trigrams in
LTM, we expect that parameters f and g will have very low values.

For positive probes familiarity is computed as in Eq. (1), and for new probes, familiarity is always 0.
For intrusion probes from the irrelevant list, the familiarity as computed from Eq. (1) is increasingly
dampened over the CSI because activation of irrelevant-list representations declines. For irrelevant-
list probes, familiarity is therefore multiplied with (1 —i)!, where i is a free parameter reflecting
the rate of decline of activation over time.

Recollection reflects how well the probe matches the closest matching item out of those items in-
cluded in the recollection process. We assume that relevant-list items are always included, and that
exclusion of irrelevant-list items succeeds with a probability represented by parameter e; with prob-
ability 1 — e items from the irrelevant list are erroneously included in recollection. Therefore, we com-
pute the evidence from recollection for a full trigram match as

M; = [(1 —E) + (1 — e)E]TM, (2a)

that is, evidence for a trigram match is obtained if the probe has a trigram match with an item of the
relevant list (i.e., TM = 1 and E = 0), or if the probe has a trigram match with an item of the irrelevant
list (i.e.,, TM=1 and E = 1), and that item was not excluded, which happens with probability 1 — e. In
the same way, evidence for bigram matches and letter matches is computed:

(1)

My = [(1 - E) + (1 - e)E|BM, (2b)

M, =[(1—-E)+ (1 —e)E]LM. (20)
The three components of evidence arising from recollection are combined into a weighted average:

rec — M; + rMy + bM, 3)

(1+r+b)



K. Oberauer, E.B. Lange / Cognitive Psychology 58 (2009) 102-136 115

We assume that in the present task, in which information about the conjunction of letters is critical for
a correct decision, recollection will be driven largely by representations of conjunctions (i.e., bindings).
Therefore, we expect that letter matches will play a negligible role for recollection, and we fixed
parameter b to zero for all but one model test (see below).

In contrast to familiarity, recollection can also provide negative evidence, that is, evidence that a
probe was not in the relevant list. Negative evidence arises from an exhaustive recall of relevant items
from the region of direct access—finding no match of any relevant item to the probe provides evidence
for a mismatch, resulting in a recollection-based rejection. Negative recollection evidence is computed
as

(1—-M;)+r(1-M,)+b(1 fMl).

negrec = d5r+b)

(4)

Overall recollection evidence is defined as rec minus negrec. A further assumption in our framework is
that recollection, but not familiarity, is constrained by the capacity limit of the direct-access region,
which limits the robustness of bindings. The more items are held in the region of direct access, the
more interference between their bindings occurs, leading to an increasing degradation of binding
information. We use the equation developed by Oberauer and Kliegl (2006) to describe how the
strength of recollection declines with increasing set size due to interference:

recoll = (1 — C/2)*5%~ (rec — negrec). (5)

Here, C represents the mean proportion of feature units (i.e., hypothetical units of feature representa-
tions) that are shared between any two items held in the direct-access region at the same time. Each
feature unit can be bound to only one item at a time, so when two items share that unit, one of them
loses it. On average, each item loses C/2 feature units to each other item in working memory. Setsize
represents the effective number of items in the direct-access region, which is the relevant-set size
(RSS) plus any items from the irrelevant list (ISS) that were not successfully excluded:

Setsize = RSS + (1 — e)ISS. (6)

Because set size was not varied in the present experiment, we could not estimate C from the
data. A variation of set size was included in Experiment 2, and fitting the model to that exper-
iment yielded a best-fitting estimate of C close to .5; therefore, we set C=.5 for the present
experiment.

The next step is to combine the information from familiarity and recollection. Géthe and Oberauer
(2008) tested two classes of models for the modified Sternberg task. The dominance model incorporates
the assumption made in many dual-process models that recollection and familiarity generate separate
decisions, and recollection overrides familiarity (Jacoby, 1991; Yonelinas, 1994). In this class of mod-
els, familiarity determines the response if and only if recollection fails to return a decision. The inte-
gration model, in contrast, integrates information from familiarity and recollection into a single
quantity that is fed into a signal-detection process to determine the recognition decision (see Rotello,
Macmillan, & Reeder, 2004; Wixted, 2007, for related approaches). We chose an integration model
here for two reasons—it is easier to apply to RT data and it fit the data slightly better in Géthe and
Oberauer (2008). Thus, a combined signal was computed as a weighted average of fam and recoll
(Eq. (7) below).

To compute predictions for RTs and proportion correct we used the diffusion model introduced by
Ratcliff (1978), drawing on the simplified version of Wagenmakers, van der Maas, and Grasman
(2007). The diffusion model describes the decision process as the gradual accrual of evidence in an
accumulator that starts in a neutral position and drifts toward one of two response boundaries, one
representing the correct and the other representing the wrong decision. The EZ diffusion model of
Wagenmakers et al. is characterized by three parameters, the drift rate v, the separation between
the two response boundaries, a, and a non-decision component, Te,, reflecting sensory and motor pro-
cesses. In our model, a and T, are free parameters, and drift rate is a function of the combined recog-
nition signal and a decision criterion:

v=w-fam + (1 — w)recoll — 7. (7)
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Parameter w is the relative weight of familiarity, and 7 represents the decision criterion—if the com-
bined signal exceeds 7, a probe is accepted, otherwise it is rejected. Eq. (7) applies to positive probes;
for negative and intrusion probes it is multiplied by —1 to turn negative evidence into a positive drift
rate because the upper response boundary always represents the correct decision.

Using the equations from Wagenmakers et al. (2007), we computed mean RT and proportion cor-
rect as

a
RT =Te + o (1 —expy)), (8a)
1
A EXTI (&)
with
va
yo g

Parameter s reflects the standard deviation of Gaussian noise that is added to the drift process. Due
to this noise, the decision time varies from trial to trial, and the drift sometimes meets the incorrect
response boundary. Following the convention in diffusion model fits, s was fixed to 0.1.

Because CSI was varied across blocks and we assume that participants adapted their response
boundaries to the perceived difficulty of the task, which is arguably lower in the long CSI condition,
we allowed two different boundary separation parameters, a, for the short CSI and a, for the long CSI.

To summarize, the full DP model had 13 free parameters—f, g, and u describing familiarity, r and b
describing recollection, e and i describing exclusion and deactivation of the irrelevant list, respectively,
C reflecting the amount of interference affecting recollection, w representing the relative weight of
familiarity and recollection, 7 as the decision threshold, and T, a;, and a, as diffusion-model param-
eters to translate the combined recognition signal into RT and accuracy measures. Parameters b and C
were fixed in the application of the model to Experiment 1, leaving 11 free parameters.

The model fitting procedure, implemented in the nonlinear regression module of SPSS, searched for
the parameter values that maximized the Likelihood of the data under the model. Models were com-
pared using the Akaike Information Criterion (AIC) and the Bayes Information Criterion (BIC). AIC and
BIC are derived from —log(Likelihood), adding penalties for the number of free parameters; smaller
values reflect a better compromise between maximizing the Likelihood of the data and minimizing
the number of free parameters. Details of the fitting procedure can be found in the Appendix.

The relatively large number of free parameters in the DP model was introduced to test several
hypotheses within a common modeling framework. We tested the following hypotheses: (1) param-
eters fand g can be fixed to zero without much loss of fit, because familiarity of CVC nonwords is dri-
ven only by their match to individual letters in the memory lists, regardless of their conjunctions into
bigrams and trigrams. (2) Parameter u cannot be fixed to zero without substantial loss of fit, reflecting
the hypothesis that repetition of CVC trigrams increases their familiarity. (3) Parameter e cannot be
fixed to 1, reflecting the hypothesis that exclusion of the irrelevant list from recollection is less than
perfect. (4) Both familiarity and recollection are needed to account for the data. We tested this hypoth-
esis by fitting two reduced versions. The recollection-only model was obtained by fixing w to 0 while
allowing b, the weight for letter match in recollection, to vary freely. The familiarity-only model was
obtained by fixing w to 1, allowing f and g to vary freely.

Table 3 summarizes the outcomes of fitting the full DP model as well as model versions with dif-
ferent constraints, reflecting the four hypotheses above. The table contains log(Likelihood), with high-
er values reflecting a better fit, and AIC and BIC, with lower values reflecting a better fit.

In Model 1, the full model with 11 free parameters, the parameters f and g were estimated to 0
(their lower boundary). Therefore Model 2, which fixed these parameters to 0, made exactly the same
predictions, yielding the same Likelihood. Its AIC and BIC are better because this model has only nine
free parameters. The predictions of Model 2 are visualized by lines in Figs. 3 and 4; the parameter esti-
mates are listed in Table 4. The model reproduced all the qualitative effects in the data. One notewor-
thy feature of the model is that it reproduced the difference between original and recombined
intrusion probes from the irrelevant list. This prediction results not from a contribution of binding
information to familiarity, but from the less-than-perfect exclusion of irrelevant items from recollec-
tion (i.e., a value of e<1).
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Table 3

Summary of model fits to data from Experiment 1

No. Description N par log(L) AIC BIC LR, x BF, x
Dual-process model

1 All free 11 44.8 —67.7 -53.0 1.0 28.5

2 f=0;g=0 9 44.8 -71.7 -59.7

3 e=1 10 444 —68.9 —55.5 1.5 8.2

4 f=0;g=0;e=1 8 42.5 —69.1 —58.4 10.0 1.9

5 f=0;g=0;u=0 8 39.0 -61.9 -51.3 330.3 66.7

6 w=0 (b free) 7 224 58.7 69.0 1.5 x 102 8.8 x 10%7
7 w=1 8 27.3 —38.6 -27.9 4.0 x 107 8.0 x 10°
Single-process model

8 All free 11 29.9 —37.7 —231 3.0 x 10° 8.9 x 107
9 e =ey,fh=fi,&=& 8 -9.4 34.7 454 3.4 x 10?3 6.6 x 10?2

N par, number of free parameters; log(L), log(Likelihood); AIC, Akaike Information Criterion; BIC, Bayesian Information Crite-
rion; LR, , Likelihood ratio between Model 2 and the model in each row; BF,,, Bayes factor for comparing Model 2 to the model
in each row.

Table 4

Best-fitting parameter estimates for the dual-process model

Parameter Experiment 1 Experiment 2 Experiment 3
f(bigram weight for familiarity) (0) (0) (0)
g (trigram weight for familiarity) (0) (0) (0)
u (repetition increment for familiarity) .05 — —
d (familiarity for single letters in Experiment 3) - - .09
r (bigram weight for recollection) 19 (1.9) 22
b (letter weight for recollection) (0) (0) 32
e (exclusion success) .89 41 .96
i (decline of activation over CSI) 12 (.12) .19
C (interference) (.5) .57 (.5)
w (weight of familiarity vs. recollection) 71 .56 33
7 (decision threshold) .70 .57 0
Ter (non-decision component of RT) .62 .68 .89
a; (response boundary 1) 17 11 .19
a, (response boundary 2) 13 .14 .14

Notes: Parameter values in parentheses were fixed. Parameters a; and a, are response boundaries for short and long CSI,
respectively, in Experiments 1 and 3; in Experiment 2, they are response boundaries for small and large set sizes, respectively.

The obvious alternative explanation for the difference between original and recombined intrusion
probes is that exclusion is perfect, but conjunction information—that is, information about bigram and
trigram matches—does affect familiarity. This alternative was tested through Model 3, with e fixed to 1
and f and g free to vary. This model did slightly worse on both fit indicators, but the difference be-
tween Models 2 and 3 is too small to conclusively adjudicate between them. Fixing both e to 1 and
fand g to 0 generates Model 4, which still fits well but predicts no difference between original and
recombined probes from the irrelevant list, a qualitative misprediction. Fixing u to O led to a substan-
tial decrease in quantitative fit, because Model 5 no longer predicted the difference between repeated
and non-repeated probes.

An attempt to explain all the data through recollection only, by fixing w to 0 and allowing letter
match information to enter recollection by setting b free, failed convincingly (Model 6). The familiar-
ity-only model (Model 7) fared somewhat better but still clearly worse than Model 2.

3.2. The single-process model

The single-process (SP) model served to represent a class of models that explain recognition on the
basis of similarity between probe and memory representations alone, without distinguishing familiar-
ity and recollection. Our SP model was inspired by the model of Brockdorff and Lamberts (2000) in
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that it bases the recognition decision on a weighted average of matches on several dimensions, treat-
ing elementary features and their conjunctions alike. The details of the decision process, however, dif-
fer because we wanted to use the diffusion model as a common modeling framework for all our
models.

A critical feature of the SP, which renders it more powerful than the familiarity-only version of the
DP considered above (Model 7), is that it includes not only conjunctions of letters but also conjunc-
tions of items with their contexts (here: conjunctions of a nonword with its list) as features. It can
thereby distinguish between items from the relevant list and items from the irrelevant list by treating
the former but not the latter as similar to the probe on the list-match dimension. Different from the
DP, however, list membership is not used to exclude items from the irrelevant list from the compar-
ison with the probe, but rather the list-membership feature is treated in the same way as other fea-
tures. Thus, the SP model computes a single quantity reflecting the degree of match of a probe to the
best-matching memory item, integrating letter match, bigram match, trigram match, and list match
(i.e., whether the probe was on the relevant or the irrelevant list). The first three match components
were computed by Eqgs. (2a)-(2c) above. List match (LIM) was set to 1 for positive probes, to —1 for
intrusion probes, and to 0 for new probes. The overall match was computed as

eLIM + LM + fBM + gTM
e+1+f+g ’

Match = (10)
Because CSI was varied between blocks, we allowed for the possibility that participants assigned dif-
ferent weights to the four match dimensions in the two CSI conditions; therefore, there were two
parameters e, f, and g, one for each CSI condition. Drift rate v was computed as Match—7 for positive
probes, and as—(Match—1) for negative probes. Predictions for RT and accuracy were computed using
Egs. (8) and (9).

The SP model accounted moderately well for the present data, but its fit indices were clearly worse
than those of the DP model (see Table 3). Fixing parameters e, f, and g to the same values across both
levels of CSI resulted in a substantial loss of fit.

One problem of the SP model was that it tended to overpredict the size of the difference between
original and recombined probes from the irrelevant list. This overprediction arose because the SP com-
bines all information additively, and therefore weights trigram matches to irrelevant-list items as
heavily as those to relevant-list items. A substantial weight for trigram matches is necessary to explain
people’s ability to discriminate original and recombined CVCs from the relevant list; but with that
weight for trigram matches, the SP model overpredicts the difference between original and recom-
bined CVCs from the irrelevant list. The DP model does not have that problem because it uses high-
er-level bindings (i.e., item-list bindings) to largely exclude the irrelevant list from recollection of
lower-level bindings. This, together with the distinction of familiarity and recollection, permits the
DP model to give conjunction information (i.e., bigram and trigram matches) a large role for compar-
isons with relevant-list items, but a small role for comparisons with irrelevant-list items, while at the
same time giving feature information (i.e., letter matches) from irrelevant-list items a large weight.
These are the characteristics that allow the DP model to predict the main aspects of our results: Rea-
sonably good discrimination between original and recombined nonwords from the relevant list, and
large intrusion costs for nonwords from the irrelevant list, which differ only little for original and
recombined nonwords.

4. Experiment 2

The purpose of Experiment 2 is to test the hypothesis that recollection is capacity limited whereas
familiarity is not. Experiment 2 used the modified Sternberg task with a manipulation of set size.
There were three set-size conditions: In the 4 + 0 condition, two lists of two CVCs each had to be
remembered and treated as relevant lists; there was no irrelevant list. In the 2 + 2 condition, one list
had to be treated as relevant and the other as irrelevant; this condition was equivalent to the proce-
dure in Experiment 1. In the 2 + 0 condition, participants remembered only one list with two CVCs,
which was the relevant list. With four items to be held in the direct-access region in condition
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4 + 0, each representation should be more severely degraded than in the 2 + 0 condition, resulting in
worse recollection. Recollection in condition 2 + 2 should be in between these conditions, and lean
more toward the 2 + 0 condition the more successful participants are with excluding the irrelevant
list. Familiarity should be unaffected by set size. We tested these assumptions by incorporating them
into the DP model and fitting the model to the data.

4.1. Methods

4.1.1. Participants
Participants were 24 students from the University of Potsdam, who took part for course credit (2
male and 22 female, mean age 23.4 years, SD = 3.9).

4.1.2. Materials

The materials were constructed in the same way as for Experiment 1 with the following exceptions.
First, there were no frequently repeated CVCs. Second, not all of the five probe types could be realized
with each set-size condition. In the 2 + 0 condition, there were 50% positive probes, 30% new probes,
and 20% recombined probes from the relevant list. In the 2 +2 condition, there were 50% positive
probes, 20% new probes, 10% recombined probes from the relevant list, 10% original intrusion probes
from the irrelevant list, and 10% recombined probes mixing components from the relevant and the
irrelevant list. In the 4 + 0 condition, there were 50% positive probes, 30% new probes, 10% recombined
probes from one of the relevant lists, and 10% recombined probes mixing components from both rel-
evant lists.

A new set of trials was constructed by a computer program for each participant. The experiment
consisted of 8 blocks with 60 trials each. Each block contained 20 trials for each set-size condition,
and these 20 trials were distributed among the probe types according to the proportions given above.
Thus, for the most infrequently occurring probe types there were 16 replications per set-size condition
for each participant. Four further blocks of 60 trials were constructed for the practice session preced-
ing the two test sessions, and each test session began with another 10 warm-up trials. Practice and
warm-up trials were constructed by the same algorithm as the test trials but were not analyzed.

4.1.3. Procedure

Each trial began with the simultaneous presentation of one list (condition 2 + 0) or two lists (con-
ditions 2 + 2 and 4 + 0) of two CVCs each. When two lists were presented, one was displayed in the top
third of the screen and the other in the bottom third, both centered horizontally. When only one list
was presented, its vertical placement was determined at random. Presentation times were 3 s for a
single list and 6 s for two lists. All lists were displayed in white on a black background. The cue indi-
cating the relevant list or lists was displayed 100 ms after list offset; it consisted of a rectangular red
frame surrounding the location of each relevant list. In condition 2 + 0 one frame was placed around
the location of that list; in the 2 + 2 condition one frame surrounded one of the two list locations, se-
lected at random, and in the 4 + 0 condition two frames were presented, one around each list location.
The three set-size conditions were randomized within blocks, so that participants could distinguish
the 2 + 0 condition from the other two conditions at the onset of the CVCs, and they could distinguish
between conditions 2 + 2 and 4 + 0 only at the onset of the relevance cue.

After a CSI of 2 s the probe CVC was displayed in the center of the screen, between the two possible
locations of the lists, and outside the frames. Participants were instructed to make a decision as to
whether the probe was in (one of) the relevant list or lists, using the left and right arrow keys as in
Experiment 1. They received immediate feedback in the form of a green (correct) or red (incorrect)
disc displayed for 500 ms in the lower part of the screen. After the feedback the screen went blank,
and the next trial commenced after 800 ms.

The experiment consisted of one practice session and two test sessions on different days. Each ses-
sion consisted of four blocks and lasted about 1 h. As in Experiment 1, participants were instructed to
respond as quickly and accurately as possible, with special emphasis on accuracy. They were promised
a small surprise reward if they met an unspecified criterion of accuracy; all participants received a
chocolate bar as reward at the end of the experiment.
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Fig. 5. Mean reaction times (top) and error rates (bottom) by set-size condition and probe type, Experiment 2. Points are data,
and lines are predictions of the best-fitting dual-process model (Model 2). Pos, positive probes; Rel-R, recombined probes from
the relevant list; Mix, recombined probes mixed from both lists; Irr-O, original probes from the irrelevant list. Error bars
represent 95% confidence intervals for within-subject comparisons computed by the method of Bakeman and McArthur (1996).

4.2. Results

We analyzed mean error rates and means of correct RTs after removal of outliers (1.6% of correct
RTs) by the same procedure as in Experiment 1; these data are plotted in Fig. 5. We conducted three
sets of analyses, the results of which are summarized in Table 5. The first analysis was an ANOVA
focusing on the comparison of new probes and recombined probes from the relevant list across the
three set sizes. Set size was coded by two non-orthogonal contrasts. Set-size contrast 1 compared con-
ditions 2 + 0 and 2 + 2, testing for the effect of adding an irrelevant list. Set-size contrast 2 compared
condition 2 + 2 to condition 4 + 0, testing for the benefit of being able to exclude one list from consid-
eration. The significant main effect of the second set-size contrast shows that participants reduced the
effective load on working memory by removing the irrelevant list from the region of direct access. The
significant main effect of the first set-size contrast shows that this removal was not completely suc-
cessful. New probes and recombined probes were more difficult to reject in condition 2 + 2 than con-
dition 2 + 0. This effect cannot be attributed to misleading familiarity from the irrelevant list because
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Table 5
Summary of statistical tests for Experiment 2
Effect RTs Errors

F(1,23) p Partial 72 F(1,23) p Partial 72
ANOVA of set size (3) x probe type (2, new vs. relevant recombined)
SSC1:2+0vs.2+2 5.4 .029 .19 9.7 .005 .30
SSC2:2+2vs. 4+0 6.7 .017 23 4.7 .041 17
Probe type 69.5 <.001 .75 60.7 <.001 73
SSC 1 x probe type 5.1 .033 18 8.8 .007 .28
SSC 2 x probe type 3.1 .094 12 3.6 .072 13
Set-size contrasts for individual probe types
Positive, SSC 1 7.8 .010 25 47.9 <.001 .68
Positive, SSC 2 34.4 <.001 .60 03 .603 .01
New, SSC 1 0.1 775 0 0.1 718 .01
New, SSC 2 18.0 <.001 44 2.0 173 .08
Recombined Rel., SSC 1 5.9 .023 21 9.4 .005 .29
Recombined Rel., SSC 2 4.9 .037 18 4.2 .052 15
Pairwise comparisons of probe types in condition 2 +2
Recombined Rel. vs. original irrelevant 5.22 .03 .19 0.5 .50 .02
Recombined Rel vs. mixed 8.4 .008 27 1.9 .18 .08

Note: RT, reaction time; SSC, set-size contrast; Rel., relevant.

the two probe types included in this analysis had no relation to the irrelevant list in condition 2 + 2.
Therefore, the additional difficulty of condition 2 + 2 must be due to the residual load of the irrelevant
list on working memory.

The significant main effect of probe type replicates the finding from Experiment 1 that probes
recombining letters from relevant-list CVCs are much harder to reject than new CVCs. The finding
of interest is that this effect increased from condition 2 +0 through 2 +2 to 4 + 0, as reflected by
the interactions of probe type with the set-size contrasts. In other words, increasing the load on work-
ing memory affected the difficulty of the recombined probes more than the difficulty of new probes.
This is what we would expect if increasing working memory load primarily impairs the ability to
maintain robust bindings, because successful rejection of recombined probes requires recollection
of bindings, whereas rejection of new probes can be based on (lack of) familiarity alone.

The second set of analyses investigates the effect of set size on individual probe types. Set-size con-
trast 1 (2 +0 vs. 2 +2) was significant for positive and for recombined probes—these are the probe
types that can be distinguished from each other only on the basis of bindings. Set-size contrast 1
was not significant for new probes, which can be rejected on familiarity alone. Set-size contrast 2
(2 +2 vs. 4 +0) was significant for RTs of all three probe types, and marginal for accuracies of recom-
bined probes. Thus, load had a small but significant effect even on new probes. This would be expected
if, although not necessary, recollection contributes to the rejection of these probes.

The third set of analyses concerned comparisons of probe types that were specific to condition
2 + 2. As in the previous experiment, rejecting recombined probes from the relevant list was more dif-
ficult than rejecting original probes from the irrelevant list. In contrast to Experiment 1, however, this
time the effect showed only in RTs. The same was true for the comparison of recombined probes from
the relevant list to mixed recombined probes, that is, probes containing one or two letters from the
irrelevant list.

4.3. Model fits

We fitted versions of the DP and the SP model to the data of Experiment 2 in the same way as to the
data from Experiment 1. Parameter u was dropped because there were no frequently repeated tri-
grams. Because there was no variation of CSI in this experiment, we fixed parameter i to the value ob-
tained in Experiment 1, i = 0.12. Exploration of the model revealed that the value of parameter r had
hardly any influence on the model’s behavior and fit, so we fixed it to the value obtained in Experi-
ment 1, 7= 1.9. The interference parameter C was free to vary because the manipulation of set size en-
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Table 6
Summary of model fits to data from Experiment 2
No. Description N par log(L) AIC BIC LRy x BF«
Dual-process model
1 All free 9 431 —68.2 -57.6 1.0 245
2 f=0;g=0 7 43.1 ~722 —64.0
3 e=1 8 27.7 —39.5 —30.1 4.8 x 10° 2.3 x 107
4 f=0;g=0;e=1 6 18.6 -25.1 -18.1 44 % 10" 9.3 x 10°
5 w=0 (b free) 7 20.6 —27.2 -19.0 5.9 x 10° 5.9 x 10°
6 w=1 (i free) 6 17.5 -229 ~159 1.3 x 10! 2.8 x 10%°
7 f=0;g=0;C=0 6 17.4 227 -15.7 1.5 x 10! 3.1 x 10%°
8 f=0, g=0, capacity limit on familiarity 7 20.7 -273 -19.1 5.4 x 10° 5.6 x 10°
Single-process model
9 All free 11 35.8 —49.5 —36.6 1480.3 8.9 x 10°
10 Cc=0 10 234 —26.8 -15.0 3.6 x 10° 4.4 x 10"
11 e2=el, f2=f1, g2=g1 8 22.1 —282 -18.8 1.3 x 10° 6.5 x 10°

N par, number of free parameters; AIC, Akaike Information Criterion; BIC, Bayesian Information Criterion; LR, ,, Likelihood ratio
between Model 2 and the model in each row; BF,,, Bayes factor for comparing Model 2 to the model in each row.

abled an estimation of this parameter. To obtain an acceptable fit, two different response criteria had
to be assumed, a; for conditions with small relevant sets (2 + 0 and 2 + 2) and a, for the condition with
large relevant set (4 + 0). This distinction is justifiable because conditions with higher load are likely to
be perceived as more difficult, and participants could use the fairly long CSI (2 s) to adapt their re-
sponse criterion to the perceived difficulty of each trial.

Table 6 shows the fit indices of the full DP model and a set of more constrained models. The full
model again gave a satisfactory fit to the data. As before, fixing parameters f and g to zero in Model
2 led to a negligible loss in log(Likelihood), and improved the fit indices that adjusted for the number
of free parameters. All further constraints decreased these fit indices (see Models 3 through 7), there-
fore we regard Model 2 as the best model. The predictions of Model 2 are illustrated in Fig. 5 as con-
tinuous lines (condition 2 + 0), broken lines (condition 2 +2), and dotted lines (condition 4 + 0). The
parameter estimates of that model are listed in Table 4.

With fand g set to zero, Model 2 reflects our assumption that only letter matches drive familiarity.
Eliminating familiarity altogether (Model 5) led to an appreciable loss of fit. A familiarity-only version
(Model 6) also did not fit the data well, even when parameter i, the decline of activation over time, was
left free to vary. A further model version, Model 7, tested whether the interference parameter was nec-
essary to account for the present data. Fixing C to zero led to a large loss of fit relative to Model 2. Thus,
modulating the strength of recollection by the effective set size is an essential feature of the model,
supporting the assumption that recollection is capacity limited. Model 8 implements the assumption
that familiarity, too, is capacity limited, by multiplying fam with the term (1 — C/2)%¢*?¢~1, Because f
and g were estimated to zero in this model version, we fixed them to zero, thereby making this model
directly comparable to the best fitting model version so far, Model 2. With the same number of free
parameters, Model 8 fit much worse than Model 2. The problem of Model 8 was that it underpredicted
the intrusion costs in the 4 + 0 condition (more so than Model 2), and overpredicted accuracy of po-
sitive probes in the 2 + 0 and 2 + 2 conditions. The reason for this misspecification is that the model
assumes too little familiarity in the condition with high load (4 + 0), thereby creating too small intru-
sion effects, and it assumes too much familiarity in the conditions with low load, thereby helping per-
formance on positive probes too much.

Table 6 also shows the fits of three versions of the SP model to the present data. The first version
(Model 9) is a capacity-limited SP model: we multiplied the Match signal by the interference term,
(1 = ¢J2)5etsize=1 with C as a free parameter. The SP model does not assume that the irrelevant set
is removed from working memory; rather, probes matching items in the irrelevant set are rejected be-
cause of a mismatch on the list-context dimension, which can be detected only if the irrelevant list is
still remembered. Therefore, the SP model must assume Setsize = 4 for conditions 2 + 2 and 4 + 0, and
Setsize = 2 for condition 2 + 0. With this assumption, the model gave a reasonable fit. Fixing C to zero
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(Model 10) resulted in a substantial decrease of fit. Both versions of the SP model, however, performed
clearly worse than the best version of the DP model (Model 2). With equal weights for the four match
dimensions across conditions (Model 11), the fit became even worse.

4.4. Discussion

The main contribution of Experiment 2 was to provide a test of the assumption that increasing the
load on working memory would impair the ability to maintain bindings, resulting in worse recollec-
tion, whereas familiarity would be unaffected by load. The data supported this hypothesis in two
ways. First, increasing working memory load made recognition decisions more difficult on those
probes that require recollection of bindings to distinguish them: positive probes and recombined
probes from the relevant list. Working memory load had a much smaller effect on new probes which
don’t require access to binding to be rejected. Second, the DP model suffered a substantial loss of fit
when the C parameter was fixed to zero, thereby effectively removing the model’s ability to modulate
recollection efficiency as a function of memory load. The model still could differentiate the set-size
conditions to some degree through the distinction of two response criteria, a; and a,, but this was
not sufficient to achieve as good a fit as with the C parameter left free to vary. Factoring in the capacity
limit with familiarity, in contrast, led to a worse fit.

Experiment 2 also provided an opportunity to test the viability of the DP model. The DP model again
clearly outperformed the SP model. An important test is whether parameter estimates are consistent
across experiments, or vary in a way that is theoretically predicted. Of the four parameters that were
freely estimated in both Experiments 1 and 2 (e, w, 7, and Te,), one showed substantial divergence across
experiments. Parameter e was estimated to a lower value in the present experiment, reflecting less suc-
cessful exclusion of the irrelevant list than in Experiment 1. This was not predicted butit can be explained
by assuming that people find it hard to exclude an irrelevant list if only every third trial, on average, re-
quires such an exclusion (i.e., the condition 2 + 2), whereas in Experiment 1, participants had more prac-
tice with excluding anirrelevant list,and could prepare for the exclusion on every trial. A manipulation of
the set-size conditions between blocks or sessions could be used to test this explanation.

5. Experiment 3

The main purpose of Experiment 3 was to test the hypothesis that recollection accesses and uses bind-
ings automatically, even when information about the conjunction of components is not necessary for the
task. Experiment 3 used the same paradigm as the previous experiments but with a different instruction.
Participants were asked to accept a probe if and only if all its individual letters were contained in some
trigram of the relevant list, regardless of their conjunction. This task did not require bindings of letters (or
phonemes) into larger units. We expected that people would nevertheless encode the trigrams as non-
words, not as lists of separate letters, that is, they would establish bindings in working memory holding
the letters of each trigram together. When comparing a probe to the relevant list, the need to exclude the
irrelevant list forces participants to rely to a large degree on recollection. We assume that recollection
automatically accesses bindings and uses them, such that the match between the probe and the contents
of the direct-access region is computed not only on the letter level but also on the level of bigrams and
trigrams. We therefore predict that positive probes are accepted faster and more accurately when they
fully match one of the CVCs in the relevant list than when they consist of a recombination of letters in the
relevant list. At the same time, we expected that familiarity is driven largely, if not exclusively, by the
activation of individual letters. Therefore, we expected little difference in the difficulty of rejecting ori-
ginal vs. recombined intrusion probes from the irrelevant list.

5.1. Methods
5.1.1. Participants

Participants were 24 students from the University of Potsdam (22 women, 2 men), with a mean age
of 23.0 years (range 19-37). They received course credit or 7 Euros for each session.
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5.1.2. Materials and procedure

Materials were constructed from the same set of 582 CVC trigrams used in Experiment 1. Two tri-
grams for each of the two lists of each trial were selected from this set at random, with the constraint
that no letter was repeated across the four trigrams. No trigrams were frequently repeated across the
experiment.

There were nine probe types. Three probe types were positive, (1) single consonants from the rel-
evant list, (2) original trigrams from the relevant list, and (3) reordered trigrams from the relevant list.
Each of them occurred in 1/6 of all trials. Two probe types were entirely new, (4) single new conso-
nants, and (5) trigrams consisting of new letters. Three probe types were derived from the irrelevant
list, (6) single consonants from the irrelevant list, (7) original trigrams from the irrelevant list, and (8)
reordered trigrams from the irrelevant list. Finally, there were (9) mixed probes consisting of one or
two letters from the relevant list and the remaining letter(s) from the irrelevant list; these probes
served to discourage a strategy of comparing only one letter of the probe to the contents of the rele-
vant list. Each of the negative probe types (i.e., types 4-9) occurred in 1/12 of all trials. The mixed
probes were equally often constructed according to the patterns RRI, RII, IRR, and IIR (with I = irrele-
vant, and R = relevant). We constructed a new set of 100 trials for each participant. The actual trials
displayed were selected from this pool at random without replacement within each session, and
the probe to be displayed was selected according to the condition assigned to the trial by a separate
randomization mechanism.

There were three identical sessions. Each session consisted of two test blocks of 96 trials each,
one with a CSI of 0.1s and the other with a CSI of 2s. Each block contained eight trials of the
least frequent probe types, yielding 16 replications of the smallest design cells across the two test
sessions. The order of CSI conditions alternated between participants. The first block in each ses-
sion was preceded by a warm-up block with six trials; in the first session, the warm-up block
had 12 trials. The whole first session was regarded as practice. The sequence of events in each
trial was exactly as in Experiment 1.

Participants were instructed to compare each probe with the contents of the relevant list and ac-
cept the probe if and only if all its letters were present in one of the trigrams of the relevant list. It was
pointed out that the probe letters could be distributed over the two trigrams in the relevant list. The
instruction stressed speed and accuracy equally.

5.2. Results

RT data were treated as in Experiments 1 and 2; 1.5% of correct RTs were discarded as outliers.
Mean RTs and error rates are shown in Fig. 6. RTs and errors were analyzed by three ANOVAs each.
The first analysis focused on the positive probes, using CSI and probe type as independent variables.
The probe-type variable was decomposed into two non-orthogonal contrasts, comparing the single-
letter probe to the original trigram probe (S vs. TO), and comparing the original trigram to the recom-
bined trigram (TO vs. TS). The second ANOVA focused on negative probes and crossed three indepen-
dent variables, CSI, probe size (single letters vs. trigrams), and probe type (new vs. intrusion). Only
original trigrams from the irrelevant list were included as trigram intrusion probes. The third ANOVA
investigated the contrast between original and recombined trigrams from the irrelevant list, crossing
this variable with CSI. Table 7 summarizes the test statistics from these analyses. The main effect of
CSI is omitted from the table because it is redundant; in analyses over all eight probe types the main
effect of CSI was significant for both dependent variables, F(1,23) = 100.9, partial #* = .81 for RTs, and
F(1,23)=13.8, partial 5? = .38, for error rates, both p <.001.

The analysis of positive probes showed that original trigrams were accepted fastest and with high-
est accuracy, followed by single-letter probes, and recombined trigrams were most difficult to accept.
The large difference between original and recombined trigrams demonstrates that list items and
probes were encoded as integrated units, implying that bindings between individual letters are ac-
cessed automatically by the recognition process. These bindings were strong enough to make access
to a trigram as a whole easier and faster than access to one of its component letters. We call the advan-
tage of original trigram probes over single-letter probes the nonword-superiority effect in working
memory.
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Fig. 6. Mean reaction times (top) and error rates (bottom) by CSI and probe type, Experiment 3. Points are data, and lines are
predictions of the best-fitting dual-process model (Model 2), with separate lines for positive and to-be-rejected probes. Pos,
positive probe; New, new probe; Irr, probe from the irrelevant list; S, single letter; TO, trigram original; TR, trigram recombined;
Mix, recombined probes mixed from both lists. Error bars represent 95% confidence intervals for within-subject comparisons
computed by the method of Bakeman and McArthur (1996).

The analysis of new and intrusion probes showed again large intrusion costs. They were of equal
size for single letters and trigrams, and for both CSIs. Single-letter probes were more difficult to reject
than whole trigrams, and this nonword-superiority effect was equally strong for both new and intru-
sion probes.

The RTs for original and recombined probes from the irrelevant list differed, and the difference
went in the opposite direction from that observed in Experiment 1. Here, recombined intrusion probes
were rejected more slowly than original ones. No such effect was observed for error rates.

5.3. Model fits

We applied both models to the data from Experiment 3. The following modifications were intro-
duced to the DP model relative to the version applied to Experiment 1. First, because there were no
frequently repeated CVCs, parameter u was dropped. Second, because the task required looking for
matches on the letter level rather than the trigram level, we assumed that the recollection process
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Table 7
Summary of statistical tests for Experiment 3
Effect RTs Errors

F(1,23) p Partial 72 F(1,23) p Partial #?
ANOVA 1: Positive probes
Probe size: S vs. TO 38.7 <.001 .63 56.6 <.001 71
Probe type: TO vs. TR 80.8 <.001 .78 432 <.001 .65
Probe size x CSI 21.5 <.001 48 1.8 193 .07
Probe type x CSI 0.2 .66 .01 4.7 .040 17
ANOVA 2: New and intrusion probes
Probe size: S vs. TO 46.4 <.001 .67 73.0 <.001 .76
Probe type: New vs. intrusion 51.8 <.001 .69 11.6 .002 34
CSI x probe size 0 913 0 0.3 .565 .02
CSI x probe type 0.6 439 .03 0.2 .691 .01
Probe size x probe type 0.8 368 .04 1.0 339 .04
CSI x probe size x probe type 0.7 425 .03 52 .033 18
ANOVA 3: Intrusion probes, original vs. recombined
Probe type: TO vs. TR 5.1 .033 18 0.1 701 .01
CSI x probe type 0.4 534 .02 0 .838 0

Note: RT, reaction time; CSI, cue-stimulus interval; S, single-letter probe; TO, trigram probe original; TR, trigram probe
recombined.

would be set to focus more on the letter level than in the previous experiments, although not exclu-
sively so. Therefore, we left parameter b, the weight for letter matches in the equations for recollection
(Egs. (3) and (4)), free to vary. Third, the equations for computing familiarity and recollection had to be
adapted to single-letter probes. Familiarity and recollection of single-letter probes were defined as
follows

fam = dLM, (11a)
_ bMm,
rec “A5r+b) (11b)
_ b(1-M)
negrec “A1r+b) (11¢)

Thus, familiarity is a function of whether the single-letter probe matches any letter presented as part
of a CVC in the present trial, weighted by a new parameter d that scales familiarity of single-letter
probes relative to familiarity of trigram probes. Parameter d allowed for single-letter probes to elicit
more or less familiarity than corresponding trigram probes. Recollection of single letters was com-
puted as for trigrams, except that no information is available regarding matches or mismatches on
the bigram and trigram levels, thereby leaving single-letter probes with less recollection evidence
than trigram probes.

As shown in Table 8, the best fit was again achieved with DP Model 2, although closely followed by
Model 3. Model 2 involves fixing f and g to zero, implying that familiarity derived only from letter
matches. The fact that Model 3, with e fixed to 1, was nearly equally good suggests that exclusion
of the irrelevant list was nearly perfect in this experiment—this is consistent with the freely estimated
value of e =.96 in Model 2. As shown in Fig. 6, Model 2 reproduced most of the qualitative effects in
the data, but displayed some clear quantitative mispredictions: The nonword-superiority effect was
predicted to be equally large for positive and new probes, whereas in the data it was smaller for po-
sitive probes. The model also underpredicted the effect of CSI on RTs for several probe types, probably
because it had to accommodate the negligible effect of CSI on error rates at the same time. Finally, the
model had no way to predict the advantage of original over recombined trigram probes from the irrel-
evant list that we saw in the RT data.

We considered one potential explanation for the latter effect: participants could have used
recollection to determine that a trigram probe has been on the irrelevant list, and thereby reject it.
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Table 8

Summary of model fits to data from Experiment 3

No. Description N par log(L) AIC BIC LRy x BF, x
Dual-process model

1 All free 12 -8.6 41.1 60.1 0.9 31.5

2 f=0;g=0 10 -8.7 373 53.2

3 e=1 11 -8.6 39.1 56.6 0.9 5.5

4 f=0;g=0;e=1 9 -10.5 39.0 533 6.1 1.1

5 w=0 7 —62.2 138.5 149.6 1.7 x 10% 8.6 x 10%°
Single-process model

6 All free 10 -113.2 246.4 262.3 2.4 x 10% 2.5 x 10%
7 all free + 2 © 11 —-73.5 168.9 186.3 1.4 x 108 8.0 x 10?8

N par, number of free parameters; AIC, Akaike Information Criterion; BIC, Bayesian Information Criterion; LR, , Likelihood ratio
between Model 2 and the model in each row; BF,,, Bayes factor for comparing Model 2 to the model in each row.

This process has been discussed in the recognition literature as “recall-to-reject” (Rotello & Heit,
1999).2 We added a recall-to-reject parameter to increment negrec, the negative evidence from recollec-
tion, specifically for original trigrams from the irrelevant list. This parameter, however, was estimated to
zero. Thus, at least in the context of our model, adding the recall-to-reject assumption does not help to
explain the present data. The reason for this failure is probably that recall-to-reject decreases the pre-
dicted RTs on original nonwords from the irrelevant list, whereas the model needs to increase the pre-
dicted RTs on recombined nonwords from the irrelevant list (see Fig. 6).

Table 8 also shows that reducing the DP model to its recollection process (Model 5) dramatically
impaired its fit. We were unable to obtain any reasonably close fit with a familiarity-only version
(i.e., fixing w to 1).

We also applied the SP model to the data from Experiment 3. We tried several alternatives for com-
puting overall match for single-letter probe, using the letter-match and the list-match dimension. The
best fit was achieved by just removing the bigram and trigram dimension from Eq. (10):

eLIM + LM

Match = —————.
ate e+1+f+g

(12)
Still, the SP model fit the data poorly. Its main problem was that it did not get the nonword-superiority
effect right. It correctly predicted more and faster hits for original trigrams than single letters among
positive probes, but it predicted no difference between new trigrams and new single letters, and it pre-
dicted better performance on single letters than original trigrams from the irrelevant list (i.e., intru-
sion probes). The reason for this misprediction is that the SP model knows only positive evidence
for accepting a probe, and rejections are based on lack of positive evidence. To produce more and fas-
ter hits for trigrams than for single letters, the model must assign more evidence to trigrams than to
single letters from the relevant list, and it does this by adding bigram and trigram matches to the over-
all match signal. The same, however, happens for trigams and single letters from the irrelevant list, so
that the misleading positive evidence for trigrams exceeds that for single letters. As a consequence,
single letters from the irrelevant list are easier to reject than trigrams. For new probes, no positive evi-
dence is available for either trigrams or single letters, and therefore no difference between trigrams
and single letters is predicted. The DP model does not have this problem because it assumes that rec-
ollection provides both positive and negative evidence. For probes coming from the relevant list, rec-
ollection of single letters yields weaker positive evidence than recollection of original trigrams,
making single-letter probes more difficult to accept. For probes not coming from the relevant list, rec-
ollection yields weaker negative evidence for single letters than for trigrams, thereby making single
letters more difficult to reject.

2 Recall-to-reject must not be confused with negative evidence from recollection as defined in our equations for negrec. The
latter derives from mismatches between the probe and items on the relevant list, that is, determining that the probe was not on the
relevant list, whereas recall-to-reject derives from recalling that the probe was on the irrelevant list.
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The nonword-superiority effect for all three probe types is an instance of the mirror effect in rec-
ognition (Glanzer & Adams, 1985): some conditions yield both higher hit rates and lower false-alarm
rates, that is, both acceptance and rejection are easier than in other conditions. Mirror effects are dif-
ficult to handle for signal-detection based recognition models, of which the SP model is an instance. A
common way of handling mirror effects is to allow different decision criteria for different conditions.
Therefore, we tried to salvage the SP model by introducing a separate t parameter for single-letter
probes. This modification improved the model’s fit substantially, as shown in the last row of Table
8. The model still fit poorly, though, and it still mispredicted the nonword-superiority effect, albeit
in a different way: among the intrusion probes, single letters were predicted to be harder than original
trigrams from the irrelevant list, but now the model predicted nonword inferiority among the positive
probes, and it still predicted no difference for the new probes. We found no way to further improve the
SP model.

5.4. Discussion

Three results from this experiment are noteworthy. First, recombined nonwords from the relevant
list were much harder to accept than original nonwords, demonstrating that bindings between letters
or phonemes are built in working memory and accessed for recognition decisions even when not
needed for the task. Second, accepting original nonwords was easier than accepting single-letter
probes, even though accepting a complete original trigram requires three matches of letters whereas
the single letter probe requires only one. This nonword-superiority effect clearly demonstrates that
nonwords in working memory are accessible more easily as units than as sets of separate letters or
phonemes. Because the nonword-superiority effect was observed for intrusion probes as well as for
positive probes, it must be attributed to recollection. If nonwords elicited a larger familiarity signal
than single letters, they would be easier to accept as positive probes, but more difficult to reject as
intrusion probes. Hence, the first two findings together provide compelling evidence that recollection
accesses the units formed through lower-level bindings in verbal working memory more readily than
the features or components they are built from.

Third, intrusion costs for original trigrams from the irrelevant list were not larger than those for
recombined trigrams (indeed, in this experiment the recombined trigrams yielded larger intrusion
costs). This observation provides, for the first time, compelling evidence that familiarity depends only
on the degree of match between individual features of the probe and the memory items, independent
of their conjunctions into trigrams. If familiarity depended on the degree of match on the bigram or
trigram level, familiarity of original trigrams from the irrelevant list must be larger than that for
recombined trigrams from the irrelevant list, resulting in larger intrusion costs for the original tri-
grams. Finding a small but significant trend in the opposite direction makes any claim that conjunc-
tion information feeds into familiarity very difficult to sustain.

Taken together, these three findings demonstrate a dissociation between recollection and familiar-
ity. Whereas recollection accesses low-level bindings even when they are not necessary for the task,
familiarity is not affected by these bindings. The need to distinguish familiarity and recollection was
also corroborated by our model-based analysis. Whereas the dual-process model provided an accept-
able account of the data, the single-process model failed dramatically. Reducing the DP model to one
of its components (by fixing w=0 or to 1) also led to a large loss of fit. A viable model of the present
data needs to incorporate two processes, one reflecting the degree of match between the probe and
memory representations of all list items on the letter level, and another reflecting the match or mis-
match of probes and representations of the relevant list, taking into account not only letters but also
their conjunctions, as represented by bindings.

The DP model is only a coarse approximation to a fully satisfactory model of cognitive processes in
the present experimental paradigm, as shown by its substantial quantitative deviations from the data.
We had to make several simplifying assumptions for pragmatic reasons, the most important of which
probably is that we assumed evidence from all levels to accrue in parallel. A more realistic model
might assume that recollection first retrieves a whole trigram into the focus of attention, and then
the focus zooms in on individual letters when needed, yielding information about letter matches only
in a second step. Indirect evidence for such a two-step process comes from the relatively long RTs and
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the unusually long non-decisional time component, Te;. Inserting an additional process into a se-
quence of steps is known to shift the RT distribution to the right with little effect on its shape (Hockley,
1984), and such a shift would lead to a larger T, parameter in the diffusion model. Explicitly modeling
such a two-step process is difficult because it requires assumptions about the degree of temporal over-
lap and the relative rates of the two processes, and there are no ready analytic solutions for predicting
RTs and error rates simultaneously.

Several other parameters also differed between Experiment 3 and the other two experiments. Bi-
gram matches seem to have played a much smaller role in the present experiment, as shown by the
low value of r. This might be a consequence of the instruction to look for letter matches, ignoring their
conjunctions. Parameter r, however, represents the weight of bigram matches relative to trigram
matches (which always receive unit weight), and if participants simply followed instructions, they
should have down-weighted trigram matches as much as bigram matches. The high weight of trigram
matches relative to both bigram matches (parameter r) and letter matches (parameter b) points again
to the conclusion that recollection must access the nonwords as units. Accessing the whole trigrams
could be an obligatory first step, after which either bigrams or letters can be emphasized, depending
on instructions. The effect of the instructional variation between Experiments 1 and 3 would then be
to shift the relative weights of parameters r and b.

A further difference between Experiment 3 and the previous experiments is the smaller relative
weight of familiarity. The smaller value of w is probably a reflection of the relatively small intrusion
costs obtained here, compared to Experiments 1 and 2. The reason for the larger weight of recollection
could be that some distinctions between positive probes and intrusion probes rested on very subtle
recollection information. For single-letter probes as well as recombined trigrams, only recollection
of letter information provided valid discriminating evidence. Recollection of letter matches received
a relatively small weight relative to recollection of full trigram matches (b =.32), and to compensate
for the weakness of this crucial piece of information, the cognitive system had to amplify the contri-
bution of recollection to the integrated signal by reducing w.

6. General discussion

This research set out to test a dual-process model of immediate recognition, cast in the three-
embedded-components framework of working memory (Oberauer, 2002, 2005b). The model makes
six assumptions: (1) recognition is a function of familiarity and recollection. (2) Familiarity is deter-
mined by the degree of match of the recognition probe to all activated LTM representations. (3) Rec-
ollection retrieves relational information by accessing bindings in the central component of working
memory (i.e., the region of direct access). Bindings represent information about which features or
components belong together to form an integrated object or event (i.e., low-level bindings), and infor-
mation about which object or event was part of the currently relevant memory list (i.e., high-level
bindings). (4) The region of direct access has limited capacity due to interference between bindings
(Oberauer & Kliegl, 2006). Therefore, recollection is fallible, and its quality depends on the load on
the direct-access region. Familiarity is not affected by this capacity limit. (5) Binding information en-
ters recollection automatically even when not needed for a task. (6) Temporary bindings in working
memory are gradually translated into more durable associations in LTM by gradual strengthening of
connections between the bound representations. We next discuss the evidence obtained from the
present experiments for each of these assumptions.

6.1. Familiarity and recollection in working memory

The strongest evidence for the distinction of familiarity and recollection comes from the inability of
models using only one process to account for our results. We considered three single-process models:
we constrained our DP model to use only its recollection process by fixing w to 0. This move damaged
the model’s fit considerably in all three experiments. The same happened for the complementary con-
straint, fixing w to 1. Finally, we tested a generic SP model that combines information about match
between the probe and memory representations on four levels (letters, bigrams, trigrams, and list).
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When given generous leeway (i.e., free parameters for weighting the dimensions, separate for different
conditions), the model did fairly well for Experiments 1 and 2, although it never reached the degree of
fit of the DP model. In Experiment 3, the SP model failed completely. Therefore, Experiment 3 provides
particularly compelling evidence for the distinction of familiarity and recollection.

Familiarity and recollection are defined differently in different dual-process theories (for a review
see Yonelinas, 2002), so we should be explicit about what we see as their critical distinguishing fea-
tures. Deviating from several popular dual-process models (Jacoby, 1991; Yonelinas, 1994), we don’t
assume that familiarity and recollection play different roles in the recognition decision, with recollec-
tion as a discrete event that, if it occurs, overrides familiarity. Rather, familiarity and recollection are
combined into a single continuous signal that drives the recognition decision as in signal-detection
theory based models (see Rotello et al., 2004; Wixted, 2007, for other models combining familiarity
and recollection in this way). We are not committed to this additive combination of familiarity and
recollection—a dominance version of the model might fit the data equally well (cf. Géthe & Oberauer,
2008)—but we find its simplicity appealing, and we see no need to assume different roles for familiar-
ity and recollection in the decision process.

In our model their difference rather relates to what information they deliver. First, recollection
accesses temporary bindings, whereas familiarity reflects activation of matching representations. Ac-
cess to high-level bindings (i.e., bindings between nonwords and their list context) enables recollec-
tion to exclude items from the irrelevant list (although not perfectly), whereas the familiarity
assessment cannot screen off activation of irrelevant matching representations. Access to low-level
bindings enables recollection to distinguish between original and recombined probes. These two dif-
ferent roles of high-level and low-level bindings seem to be important. The SP model, which uses low-
level bindings (i.e., bigram and trigram matches) and high-level bindings (i.e., list matches) in an addi-
tive way fared less well with the data than the DP model in which the two levels of bindings interact
(i.e., low-level bindings are registered only for those representations that are selected as relevant on
the basis of high-level bindings). The ability of recollection, but not familiarity, to exclude irrelevant
representations can be regarded as one sense in which recollection is a “controlled” process whereas
familiarity assessment is “automatic”.

A second difference we postulate is that recollection is affected by the capacity limit of working
memory, whereas familiarity is not. The present Experiment 2 provided evidence for this assumption:
the best model fit was achieved through modulating recollection but not familiarity by memory load.

As a third difference we assume that recollection provides negative evidence (i.e., evidence that the
probe was not on the relevant list) whereas familiarity does not. The present experiments clearly indi-
cate that negative recollection evidence is important, because without it the mirror effects of load in
Experiment 2 and of the contrast between single letters and trigrams in Experiment 3 are difficult to
explain. Our experiments don’t show, however, that familiarity does not provide negative evidence
(i.e., a novelty signal). Evidence that familiarity, too, provides negative evidence comes from the
“extralist feature effect” described by Mewhort and Johns (2000): probes are easier to reject the more
of their features are not shared with any item on the memory list. Future research should try to deter-
mine whether negative recollection evidence is sufficient to explain this effect or whether an addi-
tional novelty signal contributing to the familiarity component must be assumed.

6.2. The source of familiarity

Evidence for our second assumption, that familiarity reflects activation of individual matching rep-
resentations in LTM and is insensitive to relational information, comes from the comparison of intru-
sion costs for original and recombined irrelevant-list probes in Experiments 1 and 3. In Experiment 1,
original probes elicited slightly larger intrusion costs, whereas in Experiment 3, intrusion costs were
slightly larger for recombined probes. The finding from Experiment 1 seems to suggest a contribution
of relational information to the familiarity signal that produces the intrusion effect. The model-based
analysis tells a different story, however. Parameters f and g, deliberately included to give the DP model
a chance of adding relational information to the familiarity signal, were consistently estimated to zero.
The difference between original and recombined irrelevant-list probes in Experiment 1 was accounted
for by incomplete exclusion of irrelevant items from recollection, reflected by e < 1. A value of e< 1
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was also obtained in Experiment 2, which did not include the comparison of original and recombined
irrelevant-list probe, and this finding provides independent evidence that exclusion of the irrelevant
list is often less than perfect. In Experiment 3, exclusion apparently was virtually perfect (e =.96), and
that explains why original probes from the irrelevant list were not harder to reject than recombined
probes. An explanation for why they were rejected even somewhat faster in this experiment is cur-
rently beyond the scope of the model.

An alternative to the assumption that familiarity derives from activation of component represen-
tations is the view—endorsed, for instance, by Mandler (1980)—that familiarity arises from strength-
ened intra-item associations, that is, strengthened associations between an item’s features and
components. When the probe is processed, these associations make processing faster and easier,
and this increased fluency of processing is registered as familiarity. In the present experiments, this
would mean that familiarity comes from strengthened bindings or associations between the letters
or phonemes of a nonword. We cannot conclusively rule out this alternative. If familiarity was based
on strengthened intra-item associations, parameters f and g in the DP model should have non-zero
values reflecting the contribution of these associations to familiarity. Although the model did not
use this option when all parameters were free, it did settle for small but positive values for f and g
when e was fixed to 1, and this model version (Model 3) fit the data only slightly worse than Model
2 in Experiments 1 and 3. In Experiment 2, however, Model 3 failed more clearly, thus corroborating
our preference for Model 2, in which familiarity is based only on activation of individual letters.

That said, we don’t believe that familiarity in long-term recognition—that is, recognition of events
after several minutes up to years—arises from continuing activation of representations of previous
events over these time scales. For long-term recognition, we believe that Mandler’s notion of strength-
ened intra-item association is a much more plausible source of familiarity. We propose that both
sources feed into a common mechanism of familiarity assessment, which probably consists of measur-
ing the fluency (i.e., speed and effortlessness) of processing the probe and comparing it against an ex-
pected level of fluency (Whittlesea, Jacoby, & Girard, 1990; Whittlesea & Williams, 2000). The fluency
of processing a stimulus is enhanced by both prior activation of its components and strengthened
associations between them. Different situations give different relative weights to these two sources
of familiarity. In short-term recognition paradigms, the task is to decide whether the probe has been
presented a few seconds before, and this event must often be discriminated from prior occurrences in
previous trials, just minutes before. In this case, the short-lived increase of activation of the probe’s
representation discriminates well between positive and “new” probes. In long-term recognition tasks,
where the task is to decide whether the probe has occurred some time ago, and that occurrence is rel-
atively unique in a person’s recent history, longer lasting strengthened of intra-item associations are a
reliable and often the only available source of familiarity.

6.3. Capacity limited, automatic recollection of bindings

Evidence for the third assumption, that recollection accesses bindings, comes most directly from
people’s ability to discriminate between original and recombined relevant-list probes in Experiment
1. The fourth assumption, sensitivity of recollection to working memory load, was supported by the
effects of set size in Experiment 2. Rejecting a recombined probe from the relevant list became more
difficult with a larger set size. Adding a relevant list had a larger effect than adding an irrelevant list, as
predicted by the assumption that the irrelevant list is removed from the capacity-limited direct-access
region of working memory, thereby easing the effective load. Adding an irrelevant list nonetheless had
an effect, too, suggesting that removal of the irrelevant list was not perfect after a CSI of 2 s. We incor-
porated the impairment of recollection with increasing numbers of items in the direct-access region
into the model through the interference parameter C. Fixing C to zero led to a substantial loss of fit,
thereby corroborating the capacity-limit assumption. In contrast, introducing an analogous capacity
limit to familiarity impaired the model’s fit. Our experimental evidence for a capacity limit that selec-
tively affects recollection converges with correlational evidence that recollection, but not familiarity,
correlates with working-memory capacity (Oberauer, 2005a).

The fifth assumption, automatic access of recollection to bindings, was strongly supported by the
two key findings of Experiment 3: even when the configuration of letters was irrelevant for the task,
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accepting trigram probes in their original configuration was much easier than accepting recombined
trigrams. Moreover, accepting original trigrams was even easier than accepting a single-letter probe.
This latter finding, the nonword-superiority effect, points to the strength of the contribution of bind-
ings to recollection. The large weight of bindings in recollection was also reflected in the parameter
estimates of the DP model, in which letter matches weighed considerably less than trigram matches
(b =.32 for letter matches, relative to trigram matches always weighted as 1).

Our conclusion that memory for bindings is capacity limited seems at odds with the view of Luck
and Vogel (1997) that holding bindings between features in visual working memory requires no
capacity beyond that needed for remembering individual features. Indeed, Luck and Vogel found that
recognition accuracy depended only on the number of separate objects to be held in working memory,
regardless of whether each object consisted of one, two, or three features. It seems that a visual object
with three features requires no more capacity than a single-feature object. If the same principle holds
for verbal working memory, we might expect that a three-letter nonword requires no more capacity
than a single letter. This is clearly not the case. Our experiments did not contrast memory for four non-
words to memory for four single letters, but prior research has established that letters are easier to
recall and faster recognized than nonsense syllables (Cavanagh, 1972). Moreover, our finding of sub-
stantially worse performance on reordered probes from the relevant list, compared to new probes,
shows that, even when the number of letters held in memory is constant, memory for conjunctions
between letters is more difficult than memory for letter identity.

Our results can be reconciled with those of Luck and Vogel (1997) by noting a limiting condition on
their finding of equivalent memory for single features and bound feature conjunctions. When features
from the same dimension are conjoined into objects, memory for conjunctions is worse than memory
for features. For instance, when objects consisting of two parts with different colors are compared to
single-colored objects, memory depends on the total number of different colors to be remembered,
not on the number of objects (Xu, 2002). In our experiments, the equivalents of objects are nonwords
composed of letters. The three letters of a nonword are features that vary on the same dimension, let-
ter identity. Our nonwords are therefore more comparable to objects composed of three parts with
different colors, than to objects with three features from different dimensions (e.g., color, shape,
and size). Thus, our finding that bindings between letters place a load on capacity is fully compatible
with the comparable findings in the literature on visual working memory. If binding in visual and ver-
bal working memory operates by the same principles, we would also expect that in visual working
memory, as in our experiments, recombinations of old features are more difficult to reject than probes
containing new features. This is indeed the case (Mewhort & Johns, 2000). Further, we would expect
that conjunctions of features from different dimensions don’t pose an extra load in verbal working
memory—this is a prediction yet to be tested.

6.4. From temporary bindings to long-term associations

One aspect of Experiment 1 was to provide an opportunity for gradually building long-term asso-
ciations between features of frequently repeated nonwords. The logic of this manipulation is analo-
gous to that of the Hebb effect (Hebb, 1961): when in serial recall tasks the same list is repeated
frequently, performance improves specifically for that list. The Hebb effect can be interpreted as
reflecting a gradual transition of higher-level bindings (i.e., linking items to their list positions) into
corresponding associations in long-term memory. Our findings go some way to show an analogous ef-
fect for lower-level bindings, using recognition instead of a recall task. Frequently repeated CVCs were
accepted somewhat better as positive probes than rarely repeated ones. Moreover, the final recall and
recognition test revealed good memory for the repeated nonwords. This latter finding makes clear that
the long-term learning effect, although incidental, resulted in explicit memory.

Our original hypothesis was that repeating a CVC frequently would lead to its codification, that is, the
building of a new representation of the nonword as a unit, which could become a carrier of activation and
therefore an additional source of familiarity. Codification should therefore have led to larger intrusion
costs for repeated than for non-repeated CVCs. The evidence for that effect was not conclusive. The mod-
el-based analysis, however, supported the assumption that repetition adds to familiarity—fixing the
parameter that reflects this addition (parameter u) to O led to a non-negligible loss of fit.
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We can only offer a speculative explanation for why repeated exposure did not have a more sub-
stantial effect on the familiarity of nonwords. Frequent repetition over a 1-h session might be suffi-
cient to strengthen the associations between letters in LTM, but not sufficient for codification, that
is, the creation of a new, separate representation of the nonword as a single entity. Strengthened in-
tra-item associations would be sufficient to support long-term recognition and recall, but they don’t
create a new carrier of activation that adds to familiarity in short-term recognition. Dumay and Gask-
ell (2007) showed that evidence of lexicalization (their word for what we called codification) of a re-
peated nonword emerged only after one night of sleep. Recognition of the new nonwords did not
require this consolidation phase in their study. It should be noted, however, that our participants
experienced the frequent repetition of the same four CVCs in two sessions on separate days, so their
codification should have benefited from consolidation of at least the experiences of the first session in
the intervening nights, and this benefit could be reflected in the small but significant addition to famil-
iarity as reflected in the model. Nonetheless, the results of Dumay and Gaskell demonstrate a disso-
ciation of long-term recognition and codification, and the difference between the two could
underlie our finding of good recall and long-term recognition of the repeated nonwords, accompanied
by only a small change in these nonwords’ ability to acquire short-term familiarity.

7. Conclusions

The overall picture emerging from the present and previous research can be summarized as fol-
lows. When several nonwords are encoded into working memory, they are encoded as mental objects
held together by temporary bindings between representations of their components in the region of
direct access. At the same time, the component representations are activated in LTM. The components
are individual letters or phonemes, and possibly larger sublexical units (bigrams or biphones).

A short-term recognition decision is based on two sources of evidence, familiarity and recollection.
Familiarity is assessed by comparing the fluency of processing the probe to an expected level of flu-
ency. Fluency of processing is largely driven by the level of activation of a representation of the
probe—if one exists—or else of the probe’s components. The activation of individual component rep-
resentations combines additively to determine familiarity. Recollection consists in retrieving list ele-
ments from the direct-access region into the focus of attention and comparing them to the probe. The
recollection process retrieves the objects in working memory that are formed by lower-level bindings
between features. In the case of nonwords, these objects are complete nonwords. If the task requires
comparisons with the probe on the level of letters, information about matches on the letter level also
contribute to recollection, but a large influence still comes from the match or mismatch of complete
nonwords. Therefore, whole nonwords are easier to compare than individual letters.

Temporary bindings are automatically translated into associations in long-term memory. There is
evidence for repetition priming for new nonwords after a single exposure (Dorfman, 1999; Light, La
Voie, & Kennison, 1995), showing implicit learning of new associations linking sublexical features.
When the experienced configuration is highly distinctive, a single exposure of a few seconds is suffi-
cient to generate even explicit long-term memories (e.g., when recognizing a distinctive building or
face). In our experiments, each exposure to a nonword must have strengthened the associations be-
tween its features a little bit—otherwise there could not have been any accumulation of such strength-
ening that eventually led to explicit memory of the frequently repeated nonwords at the end of
Experiment 1. Because our nonwords were everything but distinctive, however, the small increment
in intra-item associations each episode added to LTM would not have been strong enough to support
accurate recollection of which nonwords occurred in the relevant list of each trial. Therefore, we as-
sume, there is a division of labor between working memory and LTM, similar to the division of labor
between the hippocampus and the cortex within LTM (McClelland, McNaughton, & O’Reilly, 1995).
Temporary bindings in the direct-access region of working memory are established quickly and dis-
banded quickly after they are no longer needed, thereby minimizing proactive interference from trial
to trial. Associations are strengthened (and others weakened) on a much slower time scale, so that
successive small changes in strength can accumulate over many events. Longer lasting changes must
be small because otherwise they would lead to catastrophic interference. By this division of labor,
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bindings in working memory can be used to assemble ad hoc combinations of representational ele-
ments, whereas associations in LTM extract the stochastic regularities in the environment. Essentially,
working memory represents what belongs together right now, whereas LTM learns what belongs to-
gether most of the time.

Appendix

Each data point fitted by the models in this paper is the mean of a sample of size N, where N is the
number of participants in each experiment. According to the central limit theorem, the distribution of
sample means is normal, and its standard deviation is the standard error (SE) of the mean. Therefore,
we assume that the Likelihood of each data point, given a model with a set of parameter values, fol-
lows a normal distribution with the mean given by the point estimate of the model, and the standard
deviation being the SE of the data point. The normal probability density of a given data point under a
given normal distribution can be conveniently computed with the pdf.norm function of SPSS.

The Likelihood of the data under a model is the product of the Likelihoods of all data points, and
log(Likelihood) of the model is the sum of the log(Likelihood) values of individual data points. From
the log(Likelihood) of the model AIC and BIC are computed as

AIC = -2log(L) + 2k
BIC = —2log(L) + klog(n)

where k is the number of free parameters in a model and n is the number of data points to be fitted.
The Likelihood Ratio of two models, Model 1 and Model 2, can be computed as

LR, » = exp(log(L) — log(Lz)).

For instance, when LR ; = 3.0, the data are three times as likely under Model 1 than under Model 2
(assuming the best-fitting parameter estimates for each model).

In Bayesian statistics, alternative models can be compared on the basis of the Bayes factor. The
Bayes factor is similar to the Likelihood Ratio, except that it integrates the Likelihood of the data under
each model over all possible parameter values, rather than using just the estimates that maximize the
Likelihood. As a consequence, the model with more free parameters (i.e., the more complex model) is
penalized because its Likelihood integrates over a larger space of parameter values for which the data
are extremely unlikely. This penalty is captured by the penalty term in the BIC. Therefore, the Bayes
factor can be approximated by the difference between the BIC values of two models (Wagenmakers,
2007).

BF,, = exp|(BIC; — BIC,)/2].

According to the guidelines introduced by H. Jeffreys, the strength of evidence reflected by a Bayes fac-
tor between 1 and 3 is “barely worth mentioning”, from 3 to 10 it is “substantial”, from 10 to 30 it is
“strong”, between 30 and 100, “very strong”, and above 100, “decisive” (Bayes Factor, 2008).
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