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Abstract
How recognition memory is mediated has been of interest to researchers for decades. But the apparent consensus implicating
continuous mediation has been challenged. McAdoo, Key, and Gronlund (Journal of Experimental Psychology: Learning,
Memory, and Cognition, 2018. Advanced online publication) demonstrated that recognition memory can be mediated by either
discrete or continuous evidence, depending on target-filler similarity. The present paper expands on this research by showing that
different recognition tasks also can be mediated by different evidence. Specifically, recognition memory was mediated by
continuous evidence in a ranking task, but by discrete evidence in a confidence-rating task. We posit that participants utilize a
control process that induces a reliance on discrete or continuous evidence as a function of efficiency (Malmberg, 2008) to suit the
demands of the task.
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Introduction

Recognition memory serves many important functions in our
daily lives. This can be as innocuous as recognizing your favor-
ite actor in the latest summer blockbuster, or as high-stakes as
choosing a culprit from a police lineup. Investigations into the
cognitive processes underlying recognition memory decisions
have often relied upon the power of formal computational and
mathematical models (Hintzman, 1991; McClelland, 2009).
Formal models allow researchers to theorize about the processes
that govern recognition memory. One aspect of recognition de-
cisions informed by formal theorizing is how memory evidence
is represented at the cognitive level of analysis.

Two theoretical approaches to this question have been pro-
posed. One is that memory evidence is available on a continu-
um of graded information, as in signal detection theory (SDT;
e.g., Macmillan & Creelman, 2005), the diffusion model
(Ratcliff, 1978), and general recognition theory (GRT; Ashby
& Townsend, 1986). The other approach is that memory evi-
dence is available in discrete states (detect or not), representing

the operation of an all-or-none process, as in the two-high
threshold model (2HTM; Bröder, Kellen, Schütz, &
Rohrmeier, 2013) and the low-threshold model (LTM; Luce,
1963). After decades of support for continuous models (see
Wixted, 2007 for a review), renewed debate has examined
whether continuous or discrete models better describe how rec-
ognition memory is mediated (e.g., Batchelder & Alexander,
2013; Bröder & Schütz, 2009; Dubé, Starns, Rotello, &
Ratcliff, 2012; Erdfelder & Buchner, 1998; Malmberg, 2002;
Pazzaglia, Dubé, & Rotello, 2013; Province & Rouder, 2012;
Starns, Hicks, Brown, & Martin, 2009).

The purpose of the present paper is to provide evidence that
recognition memory is not mediated continuously, nor discrete-
ly, but can be mediated by either continuous or discrete evi-
dence (see McAdoo, Key, & Gronlund, 2018; McAdoo &
Gronlund, under review). We posit that the mediation of recog-
nition memory depends on the function of a control process:

Control processes…are selected, constructed, and used
at the option of the subject and may vary dramatically
from one task to another even though superficially the
tasks appear very similar. The use of a particular control
process in a given situation will depend upon such fac-
tors as the nature of the instructions, the meaningfulness
of the material, and the individual subject’s history
(Atkinson & Shiffrin, 1968, p. 90).
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The rest of this paper is organized as follows. First, we
outline the core properties of discrete and continuous models
using the 2HTM and SDTas our prototypical examples. Next,
evidence in favor of a flexible approach to the mediation of
recognition memory is outlined, including a review of the
factors that influence the proposed control process. We then
describe an experiment that shows that mediation is dependent
on the type of task, despite the superficial similarity of the two
tasks examined. Specifically, we show that different task de-
mands induce discrete or continuous mediation, despite the
control of encoding and individual differences, across the
two tasks. Finally, we outline a framework for the mediation
of recognition memory that incorporates evidence from previ-
ous studies and the current study.

Discrete and continuous models

Although there are several discrete and continuous models, we
outline themost prototypical of each for illustrative purposes: the
two-high threshold model (2HTM) and signal detection theory
(SDT). For context, we use a simple old-new recognition mem-
ory task. In this task, a participant studies a list of stimuli (words,
faces, pictures, etc.). These stimuli are encoded into memory and
serve as targets in a later test. If some targets are studied more
than others (either through a repetition or study-time manipula-
tion), those targets are strongly encoded, whereas targets studied
for less time or fewer repetitions are weakly encoded. After a
short delay, participants are shown a sequence of targets and
fillers (stimuli that were not previously studied). During this test
phase, the participant makes either binary decisions or confi-
dence ratings to indicate how sure he or she is that a test item
is BOld^ or BNew.^ Responses are classified into four categories:
(1) targets labeled BOld^ (hits), (2) targets labeled BNew^ (mis-
ses), (3) fillers labeled BNew^ (correct rejections), and (4) fillers
labeled BOld^ (false alarms). Models formalize the processes
that give rise to two aspects of performance, discriminability,
the ability to endorse targets as BOld^ and fillers as BNew,^
and response bias, the willingness to endorse items as BOld.^

The 2HTM (Fig. 1) posits that memory for the status of test
items is determined in an all-or-nonemanner (we expand on this
tenet later). Targets are either detected as BOld^ (with probabil-
ity DO) or, failing detection (with probability 1 – DO), endorsed
as BOld^ (with probability g) or incorrectly as BNew^ (with
probability 1 – g). If one fails to detect a target as BOld,^ the
2HTM assumes the participant has zero mnemonic information
about that item (complete information loss). Fillers can be de-
tected as BNew^ (with probability DN) or, failing detection (with
probability 1 – DN), may be incorrectly guessed to be BOld^
(with probability g) or correctly as BNew^ (with probability 1 –
g). DO and DN govern discriminability; higher probabilities in-
dicate better discrimination between targets and fillers. The pa-
rameterg represents response bias; g is greater when participants
are more likely to endorse items as BOld.^

Two assumptions of discrete models are worth explicit
mention. First, the certainty assumption posits that items that
are detected will be endorsed as BOld^ or BNew^ with high
confidence. We discuss below how this assumption has been
challenged (Bröder & Schütz, 2009; Province & Rouder,
2012). The second assumption is conditional independence,
which arises from the all-or-none nature of discrete models. If
targets are encoded with varying levels of strength, condition-
al independence posits that strongly and weakly encoded tar-
gets experience the same degree of information loss
(complete) if they are not detected. Continuous models like
SDT, which we outline next, do not share the certainty and
conditional independence assumptions, making these assump-
tions (especially conditional independence) useful for testing
between the two model classes.

Continuous models like the SDT (Fig. 2) posit that
memory evidence is available in a graded fashion.
Targets and fillers are described by separate distribu-
tions of evidence, with targets having more evidence
on average, but overlapping with fillers. This is appar-
ent in Fig. 2 as the weak target distribution is shifted to
the right along the x-axis relative to the filler distribu-
tion. Figure 2 also depicts the effect of increased
encoding strength, depicting a strong target distribution
shifted further up the x-axis. Discriminability (measured
by d’) is a function of the overlap between the target
and filler distributions (Fig. 2 displays equal-variance
SDT). In an old-new recognition task, a participant eval-
uates the memory evidence of a test item by comparing
it to a criterion (C), which reflects a participant’s re-
sponse bias. The further C is to the right on the x-axis,
the more conservative the participant. If the evidence is
greater than C, the item is endorsed as BOld.^

Signal detection theory does not rely on a certainty
assumption. Rather, it assumes that confidence ratings
reflect a test item’s amount of evidence. Conditional
independence also does not apply. A strongly encoded
target that is missed (respond BNew^) possesses greater
memory evidence, on average, than the miss of a weak-
ly encoded target. That is, graded information exists for
targets even when they fail to exceed C.

The purpose of the current experiment, and the proposed
framework, is not to test between the 2HTM and SDT, or to
test any specific model of recognition memory; rather, the
purpose is to test whether recognition memory evidence is
treated in an all-or-none or graded manner. To put a finer point
on it, the critical measures we utilize assess whether misses are
treated as instances of complete information loss (a discrete
assumption) or some information loss (a continuous assump-
tion) – that is, whether and, more importantly, when condi-
tional independence holds or fails. Batchelder and Riefer
(1999) and Batchelder and Alexander (2013) suggest that
the debate between whether memory is always continuous
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or always discrete is not a fruitful one. Rather, both discrete
and continuous models can be useful as long as their param-
eterizations are psychologically plausible. We expand on this
notion by proposing that both types of parameterizations are
psychologically plausible (making them both useful represen-
tations), because the kind of evidence that is made available
depends on how various factors influence a control process
(Atkinson & Shiffrin, 1968). Our proposed framework is an
attempt to begin to identify some of these factors and specu-
late about how they impact the memory system in a psycho-
logically plausible way.

We turn next to consideration of the shape of receiver op-
erating characteristic (ROC) curves, which were thought to
provide a definitive test between continuous and discrete
models. We review this evidence to motivate the development
of alternative tests of continuous and discrete mediation. We
then outline these alternative tests, and how these new tests
point to a more nuanced view regarding the mediation of
recognition memory, which motivates the current experiment.

Critical tests of discrete and continuous models

Receiver operating characteristic (ROC) analysis

Discrete models, like the 2HTM, predict linear ROC curves
(Fig. 1, inset), but continuous models, like SDT, predict

curvilinear ROC curves (Fig. 2, inset). ROC curves obtained
empirically are almost always curvilinear, so discrete models
were rejected early on for not fitting the observed patterns of
data (Egan, 1958; cf., Luce, 1963). Moreover, most ROC
curves using confidence ratings (see Wixted, 2007, for a
review) and experimental manipulations of bias (e.g., Dubé
& Rotello, 2012; Dubé, Starns, & Ratcliff, 2012) show evi-
dence of continuous mediation (SDT) at both the group and
the individual-subject level. However, others have made the
argument that the shape of ROC curves is not conclusive.

Bröder and Schütz (2009) (see also Krantz, 1969;
Malmberg, 2002) demonstrated that the linear ROC predicted
by discrete models relies on the aforementioned certainty as-
sumption when constructed via confidence ratings. When that
assumption is relaxed, discrete models can predict curvilinear
ROC curves. Bröder and Schütz also ran three experiments in
which ROCs were constructed by varying response bias rather
than through confidence ratings, and found that the 2HTM fit
empirical ROC curves better than SDT in all three experi-
ments. The authors concluded that ROC shape does not pro-
vide a conclusive test between these model classes. Other
researchers (Kellen, Klauer, & Bröder, 2013; Kellen et al.,
2015; Province & Rouder, 2012) demonstrated similar results
to Bröder and Schütz. Given the conflicting and inconclusive
results regarding ROC shape, and the danger of mono-method
bias, other critical tests of these models have been proposed

Fig. 1 The two-high threshold model (2HTM). Targets are either detected
as BOld,^ with probabilityDO, or failed to be detected with probability (1
– DO) and then guessed to be BOld^ with probability g, or incorrectly
guessed as BNew^ with probability (1 – g). Fillers are similarly either

detected as BNew^ (DN) or, failing detection (1 – DN), guessed to be
BOld^ (g) or BNew^ (1 – g). The inset depicts the linear receiver operating
characteristic (ROC) curve predicted by the 2HTM (solid line)

Mem Cogn (2019) 47:683–695 685



(Kellen & Klauer, 2014, 2015; Starns, Dubé, & Frelinger,
2018). We describe two of these critical tests next, which form
the motivation for the current experiment.

Ranking task, c2

Kellen and Klauer (2014) addressed some of the problems asso-
ciated with a reliance on ROC data by utilizing a ranking task
and evaluating the presence or absence of conditional indepen-
dence.1 In this task, participants studied words once or three
times for an encoding strength manipulation (denoted weak
and strong, respectively). At test, participants were given four-
(Exp. 1) or three- (Exp. 2) item arrays, consisting of one strong or
weak target, and three (Exp. 1) or two (Exp. 2) fillers.
Participants were instructed to rank each item in an array from
most likely to have been seen before, to least likely to have been
seen before. The critical measure was the probability that a target
was ranked second, given that it was not ranked first; P(Rank 2nd

| Rank 2nd , Rank 3rd) = c2. Kellen and Klauer proved that

discrete models predict cweak2 = cstrong2 due to conditional

independence. If a target is not ranked first, there is complete
information loss for that target, independent of whether the target
is weak or strong. Therefore, a non-detectedweak target is just as
likely to be ranked second as a non-detected strong target (note,
this is independent of response bias as well). Conversely, contin-

uous models predict that cweak2 < cstrong2 because continuous
models do not assume conditional independence. A strong target
that is not ranked first is more likely to be ranked second than a
weak target, because the strong target will have more mnemonic
evidence, on average, than a weak target.

Kellen and Klauer (2014) found evidence supporting con-

tinuous mediation (cweak2 < cstrong2 ), and McAdoo and
Gronlund (2016) found similar results using faces to the study
stimuli. However, Kellen et al. (2016) and McAdoo and
Gronlund (under revision) found that the low-threshold model
(Luce, 1963), a discrete model, fit the c2 data and curvilinear
ROCs just as well as SDT did. This finding suggests that more
converging evidence is required before concluding in favor of
continuous models.

Confidence rating task, θ

Kellen and Klauer (2015) proposed another critical measure
that could be used to test between discrete and continuous

1 Note that Chen, Starns, and Rotello (2015) found violations of conditional
independence in the 2HTM, utilizing ROC analysis. However, these analyses
focused on Byes^ responses to targets; Kellen and Klauer focused on erroneous
Bno^ responses to targets.

Fig. 2 Signal detection theory (SDT). Graded memory strength
(evidence) is represented on the x-axis. Fillers, weak targets, and strong
targets have variable memory strength represented as overlapping
Gaussian distributions. When an item is presented, its strength is com-
pared to a criterion (C). If the strength falls above C, it is endorsed as
BOld,^ and it is endorsed as BNew^ if the strength falls below C.

Discriminability (d’) is a function of the distance between the target and
the filler distributions, scaled against the variability of the distributions
(which are equal in this example). Discriminability will be greater for the
strong target distribution because it is further along the x-axis than the
weak target distribution. The inset depicts the curvilinear ROC predicted
by SDT (solid line)
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models. The authors reanalyzed nine previously published
studies that had encoding strength manipulations and tested
participants using six-point confidence scales (ranging from 1
– sure new, to 6 – sure old). The key data involved targets
rated as BNew^ (misses), from which they computed the con-
ditional probability that these tests received a confidence rat-
ing of 1 or 2, given that it was a miss (i.e., rated 1, 2, or 3;
P(1,2 | 1,2,3) = θ ). Kellen and Klauer proved that discrete
models predict that θstrong = θweak. This arises due to condi-
tional independence, because complete information loss dic-
tates that non-detected weak and strong targets will be rated as
1 or 2 with equal probability. Continuous models, on the other
hand, predict that θstrong < θweak. When weakly encoded tar-
gets are rated as BNew,^ they will be more likely to receive
ratings of 1 or 2, because weak misses will, on average, have
less mnemonic evidence than strong misses (see Fig. 2 in
McAdoo et al., 2018, for a graphic depiction).

Kellen and Klauer (2015) found evidence supporting dis-
crete mediation utilizing the θ measure. McAdoo et al. (2018)
also found evidence favoring discrete mediation in a new ex-
periment, but only when targets and fillers were semantically
dissimilar (e.g., Barrow^ and Btoad^). McAdoo et al. found
evidence for continuousmediationwhen targets and fillers were
semantically similar (e.g., Barrow^ and Bbow^). Note that
Malmberg (2008) seemingly came to the opposite conclusion,
demonstrating that discrete recall-to-reject strategies were used
to respond correctly to fillers in studies where targets and fillers
were highly similar. However, McAdoo et al. focused their
analyses on erroneous responses made to targets, which in
fact Malmberg found relied on continuous, familiarity
judgments, suggesting a convergence of evidence rather than
a disagreement. Additionally, Malmberg and Xu (2007) found
that discrete strategies were used more by participants engaged
in rating paradigms (such as Kellen and Klauer and McAdoo
et al.) than in binary, yes-no recognition decisions.

In sum, the disparate findings between the c2 and θ mea-
sures, and the differential mediation across Experiments 1 and
2 in McAdoo et al., suggest a more complex picture:
Recognition decisions are not mediated by discrete or contin-
uous evidence; rather, both are needed.

McAdoo et al. (2018) speculated that the results of their
study were driven by participants’ desire to be efficient
(Malmberg, 2008). When targets and fillers were similar, par-
ticipants need to utilize graded information in order to dis-
criminate between the stimuli and be as accurate as possible
(or at least as accurate as a participant deemed necessary). But
when targets and fillers were dissimilar, participants did not
require (or possibly did not have access to) continuous evi-
dence and could rely on discrete mediation (it was sufficient).
Kellen and Klauer (2015) also speculated that ranking tasks
require continuous mediation (as was found in Kellen &
Klauer, 2014; McAdoo et al., 2018; McAdoo & Gronlund,
2016), but confidence-rating tasks rely on discrete mediation

(as found in Kellen & Klauer, 2015; McAdoo et al., 2018,
Exp. 2).

We expand on the positions of these authors in two impor-
tant ways. First, we present a within-subject manipulation that
tests the hypothesis that the two different tasks are responsible
for inducing the differential mediation of recognition memory.
Second, we propose a conceptual framework of recognition
memory decisions based on previous and current findings.
This framework incorporates a control process, like those the-
orized byAtkinson and Shiffrin (1968), which governs wheth-
er recognition memory is mediated by continuous or discrete
evidence.

Current study

The current study uses a within-subject manipulation to eval-
uate whether the differential mediation of memory is due to
differing task demands induced at retrieval (and not a function
of possible encoding differences). Participants completed a
ranking task (providing c2 estimates) and a confidence-rating
task (providing θ estimates), the order of which was randomly
assigned (see Kellen, Klauer, & Singman, 2012, for a similar
approach). If c2 and θ measures provide evidence of discrete
and continuous mediation on the different tasks, we take this
as evidence that the tasks can induce the differences in medi-
ation. On the other hand, if the c2 and θ measures provide
evidence for either discrete or continuous mediation (but not
both), we will conclude that the type of task does not govern
mediation. However, given the results of previous studies
using the c2 measure (Kellen & Klauer, 2014; McAdoo &
Gronlund, 2016), we expected to find evidence of continuous
mediation for the ranking task. And given the results of pre-
vious studies using the θ measure (Kellen & Klauer, 2015;
McAdoo et al., 2018, Exp. 2), we expected to find evidence
of discrete mediation for the confidence-rating task (using
semantically dissimilar fillers).2

Method

Participants

University of Oklahoma introductory psychology students (N
= 118) completed this study in exchange for partial course
credit. They were mostly female (N = 92), with a median
age of 18.0 years. Participants’ self-reported ethnicity broke
down as Caucasian (N = 82), Asian (N = 12), African
American (N = 9), American Indian/Alaska Native (N = 6),
Hispanic (N = 5), Middle Eastern (N = 1), and No Response
(N = 3).

2 We used dissimilar fillers to focus on the influence of task on recognition
mediation. McAdoo et al. (2018) found that similar fillers produced evidence
of continuous mediation, which obscures the impact of our task manipulation.
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Materials

Words were drawn from the Nelson, McEvoy, and
Schreiber (1998) University of South Florida Free
Association Norms database. We selected English nouns
with a forward-strength score of .40 (40% of participants
provided the same freely associated word), and a word-
frequency count (Kučera & Francis, 1967) of at least 3.
This list was randomized, and the first 200 items were
chosen to be targets across the two phases of the experi-
ment. To select fillers, Appendix D of the Nelson et al.
database was used to identify two idiosyncratic associa-
tions for each of the 200 target words (two fillers are need-
ed for the ranking task). Idiosyncratic associations are
words that only one participant associated with the target
word when prompted. For example, for the target word
arrow, the word thief served as an idiosyncratic filler.
This resulted in 200 targets with their 400 semantically
dissimilar fillers. Fillers were validated such that, to the
best of our ability, a filler that was dissimilar to one target
was not similar to any other target(s) or filler(s). Before the
experiment began, the 200 targets were randomly split into
two 100-word sets. The first 100 targets and their two id-
iosyncratic fillers were chosen for the ranking task. The
remaining 100 targets, and one of their respective idiosyn-
cratic fillers (chosen randomly), were used for the rating
task. Words were chosen in this manner for each partici-
pant to reduce the potential for specific stimuli effects.

Procedure

Figure 3 depicts the procedure for the current study. The entire
experiment took place in a room with five cubicles, each with
a personal computer. Data collection was controlled using E-
Prime 2.0 (Psychology Software Tools, 2012). First, partici-
pants provided consent and demographic information (gender,
age, and ethnicity). This was followed by one of two possible
tasks (either rating or ranking), which we describe in detail
next. The order of these tasks was randomly assigned to each
participant. Following the completion of the first task, there
was a 2-min delay followed by the second task. Participants
were given exactly the same instructions prior to each study
phase. After both tasks were completed, the participants were
debriefed and dismissed. The entire experiment lasted about
45 min. The procedure was reviewed and approved by the
University of Oklahoma Institutional Review Board and
followed American Psychological Association ethical
guidelines.

Ranking task: c2

Participants studied a list of 100 words. Each word was
presented for 1,000-ms, followed by a 500-ms fixation

cross. Fifty of the words were presented one time, for a
weak encoding manipulation, and the remaining 50 words
were presented three times, for a strong encoding manipu-
lation. Which words were weakly or strongly encoded was
random for each participant, and all the words were pre-
sented in a randomized order. Following the study phase,
participants completed a distractor task consisting of 10
math problems. Next, participants completed a test phase,
which required either rankings or ratings. Here we discuss
the ranking task. Arrays consisting of one target (weak or
strong) and two fillers (drawn from the pool of possible
fillers) were presented one at a time. The participants were
informed that each array always included one target, and
that their task was to indicate which word they believed
was most likely, second most likely, and least likely to
have been studied before. Participants made their ranking
responses using the numbers across the top of the computer
keyboard. The order of the target and fillers in each array
was random, as was the order of the target presentations.
There was a total of 100 test trials, 50 with weak targets
and 50 with strong targets.

Study Phase 1:
50 words 1x

50 words 3x

Distractor Task 1:
10 math problems

Test Phase 1:
Ranking (c2) OR
Rating (θ)

2 Minute Break

Study Phase 2:
50 words 1x

50 words 3x

Distractor Task 2:
10 math problems

Test Phase 2:
Rating (θ) OR
Ranking (c2)

Task 1

Task 2

Fig. 3 General procedure for the current study. Participants studied a
series of words, followed by a distractor task, and then either the
ranking or rating task. After a break, participants studied a new list of
words, followed by a distractor task, and then either the rating or ranking
task, whichever one they did not complete initially
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Rating task: θ

The study phase for the rating task was identical to that
for the ranking task. Following the distractor, participants
moved to the test phase. One hundred targets (50 weak,
50 strong) and 100 fillers were presented to participants
one at a time in a random order. For each test, participants
were instructed to rate how confident they were that the
presented word was BNew^ or BOld,^ using a six-point
confidence scale (again responding on the computer key-
board). The points on the scale were: 1 – Sure New; 2 –
Probably New; 3 – Maybe New; 4 – Maybe Old; 5 –
Probably Old; 6 – Sure Old.

Results

Table 1 displays the relevant descriptive and inferential statis-
tics. We begin by looking at performance across the two tasks
to verify the required manipulation of target strength. We then
consider c2 and θ measures from the ranking and rating tasks,
respectively, to evaluate evidence regarding continuous or dis-
crete mediation. Next, we describe the effect that the order of
the tasks had on our analyses. Finally, we discuss how choos-
ing different priors in our Bayesian analysis affected our con-
clusions. Both frequentist and Bayesian statistics are reported
for completeness, with deference to Bayesian analysis when
drawing conclusions.3

Performance

Hits in the ranking task occur when targets are ranked most
likely to have been seen before. Across participants, a one-
tailed, paired-samples t-test indicated that the hit rate for
strong targets (M = .725, SD = .170) was significantly greater
than the hit rate for weak targets (M = .583, SD = .127), t(117)
= 12.95, p < .001. Using the method developed by Rouder,
Speckman, Sun, Morey, and Iverson (2009), we calculated
Bayes factors in favor of the alternative hypotheses (BF10),
interpreted using the Jeffreys’ (1961) criteria. The BF10 in
favor of the hypothesis Hit(Weak) < Hit(Strong) in the ranking
task was > 1,000, indicating decisive evidence in favor of a
difference in hit rates.

In the rating task, hits occur when targets are rated 4 –
Maybe Old, 5 – Probably Old, or 6 – Sure Old. A one-tailed,
paired-samples t-test indicated that the hit rate for strong tar-
gets (M = .645, SD = .267) was significantly greater than the
hit rate for weak targets (M = .535, SD = .187), t(117) = 7.28,
p < .001. The BF10 in favor of the hypothesis Hit(Weak) <
Hit(Strong) in the rating task was > 1,000, providing decisive
evidence in favor of a difference in hit rates. Given a success-
ful encoding strength manipulation, we can confidently utilize
the c2 and θ measures to test for continuous and discrete
mediation.

Ranking task: c2

Four participants who did not rank any strong targets second
or third (therefore making calculation of c2 impossible) were
excluded from the c2 analysis. An additional two participants

Table 1 Descriptive and inferential statistics for hit rate, c2, and θ

Variable n M (SD)

Weak Strong t BF10

Hit Rate

Ranking Task 118 .583 (.127) .725 (.170) 12.95*** >1000

Rating Task 118 .535 (.187) .645 (.267) 7.28*** >1000

c2
Full Group 112 .596 (.121) .638 (.195) -2.13** 1.82

Diagnostic & Stable 68 .596 (.104) .674 (.121) -4.16*** 452.89

Diagnostic & Stable, ranking task first 39 .590 (.108) .685 (.127) -3.37*** 37.46

Diagnostic & Stable, rating task first 29 .604 (.101) .660 (.114) -2.48** 5.19

θ

Full Group 112 .681 (.252) .683 (.268) 0.17 (ns) 0.09

Diagnostic & Stable 48 .645 (.220) .618 (.222) -1.26 (ns) 0.586

Diagnostic & Stable, ranking task first 29 .670 (.174) .637 (.191) -1.28 (ns) 0.73

Diagnostic & Stable, rating task first 19 .607 (.282) .589 (.267) -0.47 (ns) 0.35

Note. ns = p > .05; ** = p < .01; *** = p < .001

BF10 = Bayes Factor in favor of the alternative hypothesis (cweak2 < cstrong2 or θstrong < θweak ).

3 All data and stimuli are publicly available on the Open Science Framework
at https://osf.io/mygcd/
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were excluded for having no ratings of 1, 2, or 3 for strong
targets in the rating task. Because this is a within-subject ma-
nipulation, if participants were excluded from analysis of one
task, they were excluded from analysis of the other task (final
N = 112).

The c2 measure is calculated for each participant by taking
the number of targets (weak and strong) ranked second and
dividing by the number of targets ranked second or third. This
produces two c2 measures for every participant, cweak2 and

cstrong2 . Evidence for continuous mediation is found if cweak2 <

cstrong2 , and evidence for discrete mediation is found if cweak2 =

cstrong2 . A one-tailed, paired-samples t-test indicated that mean

cweak2 (M = .596, SD = .121) was significantly less than mean

cstrong2 (M = .638, SD = .195), t(111) = -2.135, p = .017,
Cohen’s d = -.26, which signals continuous mediation. But a

BF10 of 1.82 in favor of the hypothesis cweak2 < cstrong2 indicates
that this significant result is not very strong (barely worth a
mention under the Jeffreys’ criterion).

The validity of the c2 measure is enhanced by (1) a suc-
cessful strength manipulation, and (2) a reasonable number of
misses. Consequently, we next report on participants who
were Bdiagnostic^ (the strength manipulation worked for a
given participant; see also Kellen & Klauer, 2015), and
Bstable^ (had at least ten misses for both weak and strong
targets). For this analysis, 68 participants were retained. A
one-tailed, paired-sample t-test indicated that cweak2 (M =

.596, SD = .104) was significantly less than cstrong2 (M =

.674, SD = .121), t(67) = -4.16, p < .001, Cohen’s d = -.69.

A BF10 in favor of the hypothesis cweak2 < cstrong2 of 452.88
signaled decisive evidence. These results are consistent with
the conclusion of the full group analysis and indicate evidence
for continuous mediation for the ranking task.

Rating task: θ

The same participants excluded from the c2 analysis were
excluded here for the same reasons (final N = 112). The θ
measure is calculated by dividing the number of weak and
strong targets rated 1 or 2, by the number of targets rated 1,
2, or 3. This provides θweak and θstrong estimates for every
participant. Evidence for discrete mediation is found if θstrong

= θweak, and for continuous mediation if θstrong < θweak. A one-
tailed paired t-test indicated that θweak (M = .680, SD = .252)
was not significantly different from θstrong (M = .683, SD =
.268), t(111) = 0.17, p = .87, Cohen’s d = -.008. A BF10 in
favor of the hypothesis θstrong < θweak of 0.09 indicates deci-
sive evidence in favor of no difference. The results of the full
group θ analysis support discrete mediation.

Like the c2 measure, the validity of θ is enhanced by a
successful strength manipulation and a reasonable number of
misses. We therefore analyzed only participants with strong

hit rates greater than weak hit rates (diagnostic), and with at
least ten misses for both weak and strong targets (stable). For
this analysis, 48 participants were retained. A two-tailed
paired t-test indicated that θweak (M = .645, SD = .220) was
not significantly greater than θstrong (M = .618, SD = .222),
t(47) = -1.26, p = .107. A BF10 in favor of the hypothesis
θstrong < θweak of .59 indicates substantial evidence in favor
of no difference. The results involving the diagnostic and sta-
ble participants support the full group conclusion in favor of
discrete mediation.

Order effects

In order to examine the effect that task ordering had on the
critical measures, we analyzed support for the hypotheses

cweak2 < cstrong2 and θstrong < θweak conditioned on the order of
the tasks (ranking followed by rating, rating followed by rank-
ing). When a rating task is done before a ranking task, the
BF10 in favor of the continuous mediation hypothesis ðcweak2

< cstrong2 Þ is smaller (less decisive) than when the ranking task
is done first (see Table 1). Similarly, when a ranking task is
done before a rating task, the BF10 in favor of the continuous
mediation hypothesis (θstrong < θweak) is larger than when the
rating task is done first (see Table 1). These small order ef-
fects, although perhaps candidates for further study, do not
appreciably change the interpretation of the current findings.

Effect of priors on Bayes factors

One could argue that our use of the default Jeffrey’s prior is
not appropriate given the noisiness of (especially) the rating
task. To address this concern, we re-analyzed our data using
an informative prior from a Cauchy distribution with a loca-
tion and scale parameter both equal to 0.2. For the full dataset
(all subjects included) this did not appreciably change our
conclusions. Specifically, for c2 we obtained a BF10 = 3.00
(changed from 1.82 with the default prior) in favor of the

hypothesis cweak2 < cstrong2 and for θ we obtained a BF10 =
0.244 in favor of the hypothesis θstrong < θweak (changed from
0.092 in the full group analysis). For the diagnostic and stable
participants, for c2 we obtained a BF10 = 391.06 (changed
from 452.89 with the default prior) in favor of the hypothesis

cweak2 < cstrong2 . For θ we obtained a BF10 = 1.013 (changed
from .59 with the default prior) in favor of the hypothesis
θstrong < θweak. Therefore, the interpretation of our rating task
results is somewhat tempered under the different priors.

The results of the experiment support the hypothesis that
task demands influence whether memory is mediated by dis-
crete or continuous evidence. Controlling for within-subject
influences (which we return to below), measures derived from
a ranking task (c2) indicate a reliance on continuous media-
tion, and measures derived from a rating task (θ) indicate a

690 Mem Cogn (2019) 47:683–695



reliance on discrete mediation. We next outline a recognition
memory framework, incorporating the results of the current
and previous studies, which includes a control process that can
modify whether memory evidence is treated as discrete or
continuous.

Framework for recognition memory decisions

The current study indicates that discrete or continuous medi-
ation is dependent on the nature of the recognition task. This
Bdifferential mediation^ is driven by several influences that
we have examined, including target-filler similarity (McAdoo
et al., 2018), encoding strength (McAdoo & Gronlund, under
revision), and task demands (current study). Figure 4 displays
a proposed framework that encompasses these results. In the
larger, left plate of Fig. 4, a control process governs whether
recognition evidence is mediated discretely or continuously.
This control process is influenced by variables specific to the
participant (top plate), and those specific to the testing envi-
ronment (right plate). Efficiency is a key factor that regulates
the functioning of this control process (Malmberg, 2008). We
detail each of these components next, and then apply the
framework to the extant data. The approach we take has
much in common with an approach to memory control
outlined by Benjamin (2008) and with dual process accounts
such as Atkinson and Juola (1974) and Mandler, Pearlstone,
and Koopmans (1969), who examined target-filler similarity,
like McAdoo et al. (2018). However, right now, we present
this as a new conceptual framework rather than as a formal-
ized model. We return to how our framework is similar to, and
different from, dual process models in the Discussion.

Control process

The large, left plate of Fig. 4 includes the control process, from
which either discrete or continuous mediation can emanate.
Here, a central mechanism integrates information from inter-
nal (participant-specific) and external (task-specific) influ-
ences, which can induce discrete or continuous mediation.
The resulting evidence is the basis for a recognition response,
which is then evaluated with regard to its efficiency.
Efficiency, as defined by Malmberg (2008), is the capability
of a system to achieve a goal, given time and cognitive re-
source constraints (similar to satisficing; Krosnick, 1991). If
the evidence arising from the control process allows a partic-
ipant to achieve his or her memory goal (i.e., the efficiency is
adequate), no adjustment need bemade by the control process.
However, if a participant adopts, for example, a discrete re-
sponse strategy, and finds that he or she is unable to achieve a
satisfactory level of performance, the control process might
attempt to provide continuously mediated evidence. This ad-
justment could be accomplished, without experimenter feed-
back, by way of metacognitive judgments that assess how

well an individual believes he or she is performing (perhaps
akin to making a judgment of learning). For example, partic-
ipants completing the ranking task may have judged that in
order to rank words adequately, they needed to adopt a con-
tinuously mediated strategy.

External influences

The right plate of Fig. 4 depicts variables that influence the
control process, but whose influence is external to the partic-
ipant. These are variables that often are under the control of
the experimenter. These include the nature of the task goals
(what the participant must do in order to complete the task
correctly, like respond quickly or minimize false alarms), and
the nature of the stimuli being evaluated. Specific examples
include target-filler similarity (McAdoo et al., 2018),
encoding strength (McAdoo & Gronlund, under revision),
and task demands (current study), which we describe in turn.

Regarding target-filler similarity, if participants are unable
to use discrete evidence to achieve the desired level of accu-
racy, they may switch to use continuous evidence in an effort
to improve performance.McAdoo et al. (2018) speculated that
when targets and fillers were dissimilar, this relationship made
efficient responding possible with discrete mediation. When
targets and fillers were similar, however, weighing of graded
evidence may be required to respond efficiently. These find-
ings suggest that discrete mediation may be Beasier^ than
continuous mediation, and therefore may be relied upon when
a goal exists to reduce the reliance on cognitive resources.

Another external influence is encoding strength. McAdoo
and Gronlund (under revision) found that the discrete LTM
model fit the strong encoding data better than did SDT, but
SDT fit the weak encoding data better than did the LTM.4 The
authors speculated that strong encoding facilitated the use of
discretely mediated responses (a participant recollects a
strongly encoded word or not). Some theories conceptualize
recollection as a discrete process (e.g., Yonelinas, 1994),
whereas others conceptualize it as continuous (e.g., Wixted
& Mickes, 2010). Brainerd, Gomes, and Moran (2014) pro-
posed two types of recollection – context and target. Much
like the framework proposed here, the Brainerd et al. concep-
tualization allows for both continuous and discrete processes.
For example, target recollection (conscious reinstatement of
the target independent of any accompanying contextual infor-
mation) may bemore likely to bemediated discretely, whereas
contextual recollection (reinstatement of contextual details re-
lated to the target, but not the target itself) may be mediated
continuously (see Brainerd, Gomes, & Nakamura, 2015). For
example, strong encoding may promote better memory of the

4 Note the LTM can account for performance in the ranking task (see Kellen
et al., 2016; McAdoo&Gronlund, under revision) but the authors are unaware
of any extensions of the LTM made to confidence-rating tasks.
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target representation (independent of context), resulting in a
reliance on target recollection (a discrete process), whereas
weak encoding may promote, or require, reliance on context
recollection (a continuous process, a function of the number of
contextual details retrieved).

A final example of external influences is demonstrated by
the current study. Here, participants completed both a ranking
and a confidence-rating task. Because the experimental design
held encoding constant across conditions, we isolated the ex-
ternal influence of task structure from possible internal influ-
ences of the participants (next section). According to our re-
sults, when a participant engages in a ranking task, control
processes dictate the use of continuous mediation. However,
when participants engage in a rating task, discrete mediation is
utilized (if semantically dissimilar targets and fillers are used).
These results indicate that the type of task exerts an indepen-
dent influence on the control process.

Internal influences

Our framework posits influences of individual differences
such as motivation, working memory capacity, general
intelligence, and other related constructs on the functioning
of the control process. These influences are depicted in the
top plate of Fig. 4. Given that studies typically average
across individuals, how these constructs interact with the
proposed control process, and with the aforementioned
external influences, is not yet understood. However, studies
indicate that the contribution of individual differences to
memory performance is not negligible. For example,
Aminoff et al. (2012) found that individual differences exist
for participants’ ability to shift response bias across manipu-
lations. Although some participants were able to shift re-
sponse bias appropriately to reflect shifting base rates in target
presentation, others were not, with these differences mediated
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by a variety of within-subject factors. However, Franks and
Hicks (2016) found that task (an external influence) affected
criterion placement more than did individual differences.
Bender and Raz (2012) found that age and working memory
capacity contributed to participants’ ability to form new asso-
ciations in memory, with older adults showing reduced work-
ing memory capacity and less ability to form associations than
younger adults. Association strength, as well as the ability to
notice repetitions, which influence whether a common trace is
strengthened or multiple traces encoded (Raaijmakers, 2010),
might also influence mediation. A large-scale individual dif-
ferences study in which participants engage in tasks designed
to influence continuous and discrete processes would reveal
how internal influences affect the proposed control process.

Malmberg (2008) suggests that the goals of the participant
may influence how he or she defines efficiency. Consequently,
internal variables, like motivation, could influence what a par-
ticipant sets as a threshold for efficient performance. For ex-
ample, less motivated individuals might set a lower bar for
performance, which could influence whether discrete or con-
tinuous mediation is used. Specifically, those with a lower
threshold for good performance may be more likely to use
discrete mediation, perhaps because it is the least demanding
of the two processes. Of course, the interaction of internal and
external influences is also possible. For example, a participant
may use discrete mediation on a ranking task (whereas the
majority of participants use continuous mediation) because
he or she is less motivated than other participants, and is sat-
isfied assigning ranks of second and third randomly rather
than evaluating relative item strengths. Another possibility is
that participants share a common goal to be accurate, but
accuracy is a more salient goal in the ranking task than in
the rating task. Experimenter instructions highlighting the dis-
tinction between Bmaybe,^ Bprobably,^ and Bsure^ new/old
decisions may influence how participants approach the rating
task, and subsequently induce the use of continuous
mediation.

Discussion

Utilizing a within-subject design to control encoding
and individual differences, we found that task demands
influence whether recognition memory is mediated dis-
cretely or continuously. Specifically, a ranking task was
mediated continuously and a confidence-rating task was
mediated discretely. The results of this study contribute
to a general framework of mediation (Fig. 4) that posits
a control process (Atkinson & Shiffrin, 1968), utilizing
the concept of efficiency (Malmberg, 2008), to explain
how participants can utilize either discrete or continuous
mediation, and highlights some factors that shape medi-
ation in various contexts.

Although our proposed framework is a first step, there is
much about it that requires additional scrutiny. There is the
unexplored issue of the effect that variable confidence criteria
have on the results of the rating task. It is possible that decision
noise (Benjamin, Diaz, & Wee, 2009) produced the non-
significant results (see Colloff, Wade, Strange, & Wixted,
2018, and Wetmore, McAdoo, Gronlund, & Neuschatz,
2017, for studies exploring the effect of noisy decision
criteria). However, we note that the results of McAdoo et al.
(2018) suggest that more than just a noisy decision is at play;
when targets and fillers were similar, continuous evidence was
observed using the same (rating) task as used in the present
study. Reaction time data may help elucidate key features of
the framework. Starns, Dubé, and Frelinger (2018) examined
second-choice reaction time data and found evidence for con-
tinuous mediation, but also found that the discrete LTM could
account for their data. Although we did not examine reaction
time in the present analyses, this is an important direction for
future research. For example, speed/accuracy tradeoff manip-
ulations may influence mediation. Emphasizing speed may
induce discrete mediation, even in tasks (such as the ranking
task) where continuous mediation is typically observed.

It will be important to consider how the external and
internal factors that influence our framework interact. The
results of McAdoo et al. (2018) suggest that a within-subject
manipulation of target-filler similarity can induce the use of
discrete or continuous mediation by the same participant on
different trial blocks. However, it is possible, given a within-
subjects manipulation, that the use of one mode of mediation
carries over (from one trial block to the other), thereby miti-
gating the effect of target-filler similarity. This remains to be
investigated. Another open question is whether switching
tasks within (rather than between) study blocks induces dif-
ferential mediation (as the current results suggest), or if par-
ticipants would select for discrete or continuous mediation
regardless of task, in order to maintain efficiency. Perhaps
the cognitive load required to switch mediation from trial-to-
trial might itself be inefficient. Task order may introduce an-
other interaction, in which use of discrete or continuous me-
diation in one task carries over to influence the strategy in a
subsequent task.

How does our framework compare to dual process models
like that proposed by Atkinson and Juola (1974; or Yonelinas,
1994)? In Atkinson and Juola’s model, recognition decisions
are based on a direct-access familiarity process and a search
process (see Fig. 1 in Gillund & Shiffrin, 1984). If the evi-
dence arising from the familiarity process exceeds a high cri-
terion, or falls below a low criterion, familiarity governs the
recognition decision. But if the evidence from familiarity is
intermediate, the recognition decision will depend on a search
process. If direct access is continuous and search is discrete,
our framework is similar. But a key difference is that our
framework, and our data, indicate that the type of task is
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influencing, across the whole of the task, whether a continu-
ous or a discrete process is engaged. The Atkinson and Juola
model, like the Yonelinas model, assumes that the mediation
of recognition is a mixture of both processes. Lastly, whether
recollection is discrete (Yonelinas, 1994) or continuous
(Wixted & Mickes, 2010) may find resolution under this
new framework; perhaps it is both (Brainerd et al., 2015),
and factors like study strength and task characteristics affect
which it will be.

Finally, our findings have potential practical implica-
tions. For example, an eyewitness to a crime is tasked
with choosing a face from a lineup that matches his or
her memory of the perpetrator. Our framework may guide
researchers to determine what variables lead eyewitnesses
to make a choice using discrete versus continuous evi-
dence. McAdoo and Gronlund (2016) demonstrated that
lineup identifications are likely to be based on continuous
memory evidence. But to take another example, discrete
mediation may be preferable for tasks that require quick
Bdetect or don’t^ decisions, like recognizing symptoms of
trauma during a disaster. Super (1984) developed the
START procedure for rapid treatment in disaster areas, a
fast-and-frugal heuristic that resembles a discrete model.
Other tasks, like identifying a brain tumor, likely require
the evaluation of continuous evidence, which can give
rise to a radiologist assigning a probabilistic prognosis
rather than a crude Bmalignant or not^ decision. In these
high-stakes situations, choosing the Bwrong^ type of me-
diation could have serious, adverse consequences.

In closing, students of memory owe a great debt to
Atkinson and Shiffrin (1968). Their highly influential paper,
and the approach it demonstrated, forever changed how
scientists study memory. Of particular importance to our
own work is the construct of control processes, which
inspired the framework in Fig. 4. As Atkinson and Shiffrin
(1968, p. 191) wrote, B… control processes are such a perva-
sive and integral component of human memory that a theory
which hopes to achieve any degree of generality must take
them into account.^We hope we have made a small contribu-
tion to that endeavor.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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