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According to dual-process theory, recognition memory performance draws upon two processes, familiarity and recollec-

tion. The relative contribution to recognition memory are commonly distinguished in humans by analyzing receiver-

operating-characteristics (ROC) curves; analogous methods are more complex and very rare in animals but fast familiarity

and slow recollective-like processes (FF/SR) have been detected in nonhuman primates (NHPs) based on analyzing recog-

nition error response time profiles. The relative utility of these methods to investigate familiarity and recollection/recol-

lection-like processes across species is uncertain; indeed, even how comparable the FF/SR measures are across humans and

NHPs remains unclear. Therefore, in this study a broadly similar recognition memory task was exploited in both humans

and a NHP to investigate the time course of the two recognition processes. We first show that the FF/SR dissociation exists in

this task in human participants and then we demonstrate a similar profile in the NHP which suggests that FF/SR processes

are comparable across species. We then verified, using ROC-derived indices for each time-bin in the FF/SR profile, that the

ROC and FF/SR measures are related. Hence, we argue that the FF/SR approach, procedurally easier in nonhuman animals,

can be used as a decent proxy to investigate these two recognition processes in future animal studies, important given that

scant data exists as to the neural basis underlying recollection yet many of the most informative techniques primarily exist in

animal models.

Recognition memory, a form of declarative memory according to
some authors (Squire and Zola-Morgan 1991), allows us to make
explicit judgments as to the prior occurrence of stimuli based on
previous encounters. The delayed matching-to-sample (DMS)
and delayed nonmatching-to-sample (DNMS) tasks of recognition
memory have been used extensively in animal models. Both tasks
are initiated by requiring nonhuman animals to view the sample
picture (or as occurred in many earlier studies, by presenting
real objects briefly to animals in a Wisconsin General Test
Apparatus), and then after a delay in which no stimuli are present-
ed on the screen, typically two choice pictures are presented in
which animals should select the stimulus seen earlier as sample
(i.e., the “match”) in DMS task while animals should choose the
picture different from the sample (i.e., the “nonmatch”) in
DNMS task. By manipulating the length of delay between sample
and test images, which is often varied within an experiment to
test for delay-dependent deficits thatmight indexmemory process-
es; and/or by increasing the number of items to be remembered,
the difficulty and cognitive demands on both tasks increase. As
in both tasks, studied images will be represented in the test phase,
animals may make use of the relatively familiarity of test items to
differentiate studied and unstudied images. As familiarity is often
considered as an automatic process (Jacoby 1991), animals may
just rely on familiarity of studied images to solve recognition tests.
Whereas animals can clearly judge relative familiarity of stimuli,
the issue of whether animals can “recollect” discrimination per
se has been a more contentious issue.

Dual-process signal detection (DPSD) theory suggests recogni-
tionmemorymay draw upon two processes, commonly referred to

as familiarity and recollection (Yonelinas 2001, 2002; Parks and
Yonelinas 2007; Wixted 2007; Yonelinas and Parks 2007; Dede
et al. 2014; Scalici et al. 2017). In recollection, if the item/object
is judged as being encountered previously, the related contextual
information about the item/object can be recalled with more de-
tails. For instance, recollection of an item/object may prompt re-
trieval of information about when and where one was when one
encountered the item/object, what onewas doing, thinking or feel-
ing, as well as the surrounding environments. In contrast, familiar-
ity is simply a feeling of the item/object has been encountered and
generates a feeling of familiarity or knowing but without too
much details (Yonelinas 2001, 2002; Parks and Yonelinas 2007;
Wixted 2007; Yonelinas and Parks 2007; Dede et al. 2014; Scalici
et al. 2017). Accordingly, recollection versus familiarity is often
characterized as remembering versus knowing. In the assumptions
of the DPSD model, recollection and familiarity are assumed to
have different characteristics and contributions to receiver-
operating-characteristics (ROC) functions: recollection is consid-
ered to be a threshold process which generates high confidence-
level memories; while familiarity is thought to be a signal-
detectionprocess which generatesmemories of varying confidence
levels (Yonelinas 2001, 2002). The confidence levels required for
ROC plotting (across cumulative confidence levels) are measured
by asking participants to state their confidence in the accuracy of
their judgment that the stimulus has been viewed before (“old
judgments”). In ROC curve fitting, two distinct indices can be ex-
tracted: a symmetrical and curvilinear component associated with
familiarity, and an asymmetrical and linear component related to
recollection. By analyzing the shape of ROC curves in the recogni-
tion memory task, differential contributions of recollection and
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familiarity to the recognition memory task can be separated, for-
mally by deriving the recollection and familiarity indices that re-
sult from curve fitting (Yonelinas and Jacoby 1994; Yonelinas
2001, 2002; Eichenbaum et al. 2007; Parks and Yonelinas 2007;
Yonelinas and Parks 2007; Yonelinas et al. 2010).

Recent animal studies have also investigated familiarity and
recollection-like memory processes by analyzing the ROC curves
based on DPSD model (Fortin et al. 2004; Sauvage et al. 2008;
Guderian et al. 2011). A fundamental difficulty to overcome in an-
imal models using ROC is that one cannot simply ask for a confi-
dence judgment after the recognition memory judgment.
Instead, in these tasks, the animal always earns the most rewards
by answering correctly, but their willingness to indicate an item
was experienced previously should be affected by an interaction
of their confidence, the effort to respond, and the relative rewards
for answering “yes” or “no”; for example, if the animal does not re-
member the test item, and the current payoff situation is that an-
swering “no” has a small potential reward and answering “yes”
has a large potential reward, then a confident animal should still
answer “no” to the correct answer, but an unconfident animal
should take a gamble on the higher reward and answer “yes.” In
this way, the different tiers of reward/effort in animals act like
the tiers of confidence judgments in humans. The first application
of ROC curves to distinguish familiarity and recollection-like pro-
cesses in animals was in the rodent model wherein Fortin et al.
(2004) plotted ROC in rodents by varying the reward and effort re-
quired to make old versus new judgments so to allow responses to
be assessed across different levels of “confidence.” Fortin et al.
(2004) showed that these ROC looked like ROC in normal humans;
moreover, in rodents with hippocampal lesions the changed shape
of the ROC resembled the changed shape of ROC in human pa-
tients with hippocampal lesions (i.e., asymmetrical curvilinear
ROC became curved symmetrical ROC). In patients this change
may be interpreted as loss of recollection but spared familiarity;
hence in rodents with hippocampal lesions, Fortin et al. (2004)
showed that they too possibly lost a recollective-like component
to their memory but their familiarity remained intact (Fortin
et al. 2004). Subsequently, Sauvage et al. (2008) used an associative
recognition paradigm and ROC to show recollection is reduced and
familiarity increased after hippocampal lesions in rats (Sauvage
et al. 2008). These issues are not without controversy and opposing
views generated lively debate (Eichenbaum et al. 2005, 2008;
Wixted and Squire 2008). Later, Guderian et al. (2011), by biasing
macaques to respond to new and old stimuli by altering reward
amounts they could obtain for their correct responses, further con-
firmed, using ROC, that recognition memory in animals draws
upon separate familiarity and recollection-like processes in ma-
caques (Guderian et al. 2011).

A key alternative approach to investigating the relative contri-
butions of familiarity and recollection has investigated the time
course of familiarity and recollection processes. Time courses of
recollection and familiarity have also largely been investigated in
human studies. For example, Yonelinas and Jacoby (1994) calculat-
ed the peak time of familiarity and recollection in a sourcememory
task and showed thatwhile the peak time of familiarity is faster, be-
tween 600 and 800 msec, the peak time of recollection is slower,
between 800 and 1000 msec; this gives rise to the concept of faster
familiarity and slower recollection (Yonelinas and Jacoby 1994). A
faster response to retrieving familiar words (i.e., familiarity process)
has likewise been found in comparison to retrieving details of
words in a word list (i.e., recollection process) (Hintzman and
Curran 1994). Some neurological studies have also confirmed an
earlier process of familiarity compared to a later process of recollec-
tion in recognitionmemory. For instance, Curran (2000) found the
components of event-related brain potentials (ERPs) related to fa-
miliarity appears earlier at 300–400 msec than other later parietal

components associated with recollection at 400–800 msec
(Curran 2000).

Dosher and his colleagues applied a speed-accuracy trade-off
paradigm to interpret the time course of these two processes, in
which human participants must respond within a brief window
following a go-signal, which is presented at various delays after
the offset of the encoded sample items (Dosher 1984; Dosher
and Rosedale 1991). In this paradigm, a plot of false alarm errors
(i.e., errors to the lure items) against retrieval time shows a rise of
errors across extremely short retrieval time that reaches a summit
in the intermediate retrieval time then decreases in the longer re-
trieval times (Dosher 1984; Gronlund and Ratcliff 1989; Dosher
and Rosedale 1991; Hintzman and Curran 1994; Rotello and Heit
2000; Rotello et al. 2000; Brainerd and Reyna 2005; Matzen et al.
2011). The peak time of these false alarm errors has been consid-
ered to relate to the onset of familiarity, and the suppression of
false alarm errors along with the increases of accuracy during the
longer moderate/intermediate retrieval times is considered to re-
flect the onset of recollection, which is conducive to minimizing
false alarms (Brainerd and Reyna 2005). Taken together, there is
significant consensus as to “fast familiarity” and “slow recollec-
tion” (FF/SR) across the human literature, although the methodol-
ogy of speed-accuracy trade-off paradigm has been questioned in
some other human studies (Brainerd et al. 2014, 2019).

More recently, Basile and Hampton (2013) have reported
similar FF/SRprofiles inNHPs. Their study is similar to the speed-ac-
curacy trade-off paradigm used in human studies (Dosher 1984;
Dosher and Rosedale 1991), wherein the time course of familiarity
and recollection are investigated by plotting false alarm errors
against retrieval time. Basile and Hampton (2013) introduced a
modified recognition memory paradigm for NHPs in which ani-
mals were trained to select/touch a standard nonmatch button on
the touch-screen if they wished to indicate that the test image did
not match the studied image, but were trained to select/touch the
test image itself if they wished to indicate that the test item was a
match to the studied image.By this approach thisparadigmallowed
miss and false-alarm errors to be distinguished which better facili-
tates application of signal detection theory (i.e., equal-variance sig-
nal detection model, EVSD, in this case) to the NHP DMS task. By
plotting false alarm errors and d prime (i.e., discriminability/accu-
racy) against animals’ response time, the authors found that recog-
nition choices in the recognitionmemory task could be categorized
in three different ways depending on response time: (i) short-
latency errors induced by false alarms to familiar lures, deemed to
indicate the process of familiarity; (ii) medium-latency responses
are less likely to be affected by false alarms and are more accurate
(i.e., dprimereached thepeak), suggesting theonsetof recollection-
like process that could correctly reject familiar lures; and (iii) long-
latency and lowaccuracy responseswhich are deemed to be guesses
(Basile and Hampton 2013).

The EVSDmodel and UVSDmodel (i.e., unequal-variance sig-
nal detectionmodel, with its difference fromEVSDmodels pertain-
ing to whether the variance of old and new item distributions are
equal or not) are based on single process theory, which suggests
that the subjective experiences of recollection and familiarity are
the expressions of recognition memory processes resulting from
memory traces of different strength: recollection is associated
with stronger memory traces, while familiarity is associated with
weaker traces (Yonelinas 2001, 2002). The DPSDmodel in contrast
is generated based on the dual-process theory, wherein perfor-
mance on tests of recognition memory draws upon recollection
(i.e., a threshold process which generates high confidence-level
memories) and familiarity (i.e., a signal-detection process which
generates memories of varying confidence-levels). The debate
over whether recognition memory reflects a single-process, with
assumptions derived from EVSD and UVSD models, or dual-

Fast familiarity, slow recollection across species

www.learnmem.org 259 Learning & Memory



processes, with assumptions associated with DPSDmodels, are still
ongoing (Wixted and Stretch 2004; Wixted 2007; Malmberg 2008;
Koen et al. 2017). So far, any attempts to outright disconfirm either
single-process models or dual-process models in normal human
participants have failed (Malmberg 2008).

There have been criticisms of applying theDPSDmodel to dif-
ferentiate familiarity and recollection-like processes in animals,
First, the DPSDmodel assumes that recollection is a threshold pro-
cess with high confidence judgments in which human subjects ei-
ther recollect or do not recollect a stimulus; while familiarity is a
signal-detection process with various confidence judgments.
Whether animals can “recollect” discriminanda per se is still debat-
ed as discussed above, though at least some studies are favorable to
the view that some animals exhibit behavior akin to recollection
(Fortin et al. 2004; Sauvage et al. 2008; Guderian et al. 2011).
Second, animal models have had to develop proxies for humans’
reported confidence judgments. As outlined above, rats were bi-
ased to respond to new and old odor by altering the amounts of re-
wards in different heights of test cups (Fortin et al. 2004; Sauvage
et al. 2008); and macaques were biased to respond to new and
old stimuli by altering different amounts of rewards they could ob-
tain for their correct responses (Guderian et al. 2011). In the above
three animal studies, it is assumed that animals have to be suffi-
ciently confident to overcome any given level of bias, so the bias
levels can be used to estimate their confidence. However, training
animals to respond to correct new and old stimuli based on such
bias levels so as to generate ROC is difficult and time-consuming
and we are not aware of other studies that have achieved this, suc-
cessfully, in whole cohorts of animals to-date, hence while an im-
portant and influential methodology it is unlikely to become a
frequently used methodology in animal models.

Other criticisms on interpreting animal recognition memory
using DPSD models are focused upon the model itself. Malmberg
(2008) points out the lack of consistency in the measurements of
recollection and familiarity derived from DPSD model even across
different human studies (Malmberg 2008). A review from
Yonelinas and Parks (2007) raised several issues related to this in-
consistency, which should be carefully considered when applying
DPSD to animal models. A first issue considers the average perfor-
mance rate; either performing too well or too poorly will result in
the ceiling and floor effects, which will lead to the difficulties in
ROC curve fitting in the DPSDmodel andmakes the interpretation
of familiarity index based on slope of ROC less certain (Yonelinas
and Parks 2007). Second, as with human participants, if the entire
scale of confidence judgments is not utilized, then ROC curve fit-
ting is less reliable and parameter estimates extracted from ROC
curve will be less meaningful (Yonelinas and Parks 2007).
Moreover, in animal models, if animals showed significant prefer-
ences to trials with certain biases values (i.e., trials with higher bias-
es values representing larger rewards in studies of Fortin et al. 2004;
Guderian et al. 2011) then the number of reliable data points to fit
ROC curvesmay decrease. Additionally, curve fitting results are eas-
ily influenced when hits or false alarm rates on the extreme ends of
the ROC approach 0.0 or 1.0 (Yonelinas and Parks 2007); negative
values of R (recollection index) or F (familiarity index) may be re-
ported but are meaningless considering the nature of recollection
and familiarity process. All the above issues are challenges for
DPSDmodel-based interpretationofhumanROCandhavearguably
larger impact upon animal ROC studies of recognition memory.

The FF/SR paradigm on the other hand is relatively easy to im-
plement in both humans and NHPs (Dosher 1984; Dosher and
Rosedale 1991; Basile and Hampton 2013). In the NHP version of
this paradigm reviewed earlier (Basile and Hampton 2013) only
two images were used repeatedly, in each trial, so in each trial
one was the studied image to remember while the other one was
the lure (or vice versa). Basile and Hampton (2013) argued that

this was appropriate as larger sets are easier to remember (i.e.,
avoids too few errors for analysis) and also that large sets may be
too easily discriminable on the basis of familiarity; however, this
was not verified in that study. Certainly, small sets are likely to elic-
it greater proactive interference, but this is expected to be very lim-
iting indeed for recollection and familiarity per se; the task
essentially becomes a recencymemory task that weakens the inter-
pretation of Basile and Hampton’s data. Therefore, our study of FF/
SR here expands upon Basile and Hampton (2013) by looking at
both small sets and larger sets (trial-unique) of stimuli, to overcome
the aforementioned limitation and more importantly, seek gener-
alization of FF/SR effects across a range of set-sizes.

In this study, we adopted Basile andHampton’s basic recogni-
tion memory paradigm, but further refined the paradigm to probe
intraspecies comparisons across humans andNHP. First, in human
subjects, we used the tasks to assess whether response time derived
measurements of recognition errors could be used to differentiate
fast familiarity and slow recollection processes in humans using
similar paradigms to that we used in the NHP. Then, to probe the
relationship between recognition error response time (FF/SR) de-
rived and ROC derived estimates of familiarity and recollection in-
dices in humans, we first sorted trials from slowest to fastest in
order to assign trials to a series of response time bins (ranging
from fast to slow), and then fitted human ROC data to the DPSD
model and extracted familiarity and recollection indices indepen-
dently across the different response time bins. To enable compari-
son of approaches we then plotted recognition errors (i.e., miss
errors and false alarm errors) independently across similar response
time bins to those used in the ROC approach. We compared the
plots of recognition errors to plots of ROC derived familiarity/rec-
ollection indices along a common time course. Following Basile
and Hampton (2013) we hypothesized a peak of false alarm errors
associated with the short latency bins andwe further hypothesized
this “fast-familiarity” behavior would correspond with a peak of
ROC-derived familiarity index; accordingly we also hypothesized
that a peak in recognition discriminability/accuracy (d prime,
based on EVSDmodel as in Basile and Hampton (2013) would cor-
respond in time-course with the peak of the ROC-derived recollec-
tion index in the medium-latency bins. If the aforementioned
hypotheses were supported then, this would suggest that the
time course analyses of patterns of recognition errors are phenom-
enologically related to the ROC-derived familiarity and recollec-
tion indices. Then, benefiting from using a similar recognition
memory paradigm in both humans and macaque (Fig. 1), we
were able to compare plots of recognition errors against response
time in humans to those in the NHP on a similar task so to inves-
tigate the time course of familiarity and recollection across species;
accordingly we hypothesized similar “fast familiarity” (peak of
false alarm errors) and “slow recollection” (peak of discriminabil-
ity/accuracy) profiles across response time in both species. If our
first hypothesis about a relationship between recognition error-
derived and ROC-derived familiarity/recollection indices holds
then this significantly increases the validity of the response time
approach derived from recognition errors in the NHP for probing
their familiarity and recollective-like (i.e., dual-process) contribu-
tions to recognition, which is of clear benefit to future behavioral
neuroscience research in animals as to the neural basis of recollec-
tion given the inherent difficulties associated with fully exploiting
ROC approaches in animals as we reviewed earlier.

Results

Experiment 1: human behavioral study
Performance data from all 27 participants were included in the
analysis; each participant completed 180 trials (12 test trials in
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each of 15 blocks). For analysis of recognition errors, for each par-
ticipant, we first grouped their 180 trials into 10 response time (RT)
bins (therefore, each bin contained 10% of each participant’s tri-
als), and then calculated false alarm error rate, miss error rate,
and d prime (an index of discriminability/accuracy) independently
for each RT bin.

To compare our results to the results from the study of Basile
and Hampton, we also chose the EVSD model to interpret the dis-
criminability/accuracy. D prime (d′) was calculated according to
the output of an EVSD model wherein new-items and old-items
are represented by two Gaussian distributions along the dimen-
sion of memory strength with equal variance. The d′ measure de-
pends both on the separation (difference in standardized means
of new-item and old-item distributions) and the spread (standard
deviation) of new-item and old-item distributions. As the EVSD
model assumes the variance of new-item and old-item distribu-
tions are equal, d′ is effectively the distance between new-item
and old-item distributions (expressed as a z score with respect
to its magnitude relative to the standard deviations of the distri-
butions), reflecting sensitivity or discriminative ability to judging
old-items from new-items. In our recognition error analysis, d′

was calculated in each RT bin, as an indication of discriminabil-
ity/accuracy (see Table 1 EVSD model for mean RTs represented
in each bin).

Similar to plots of recognition errors and d′ found in Basile
and Hampton’s macaque study (Basile and Hampton 2013), we
found that our human participants (Fig. 2) exhibited a slight
U-shaped function: their false alarm error rate was significantly
higher in our shortest latency RT bin than in the next two RT
bins in which RT was lower (first vs. second bin: paired t-test,
t(26) = 2.431, P=0.022; first vs. third bin: paired t-test, t(26) = 3.338,
P=0.003), after the third RT bin it rose again (third vs. forth bin:
paired t-test, t(26) =−2.656, P= 0.013; third vs. tenth bin: paired
t-test, t(26) =−5.896, P<0.001). On the other hand their miss error
rate increased (left to right on Fig. 2) from the fastest RT bins to
the slowest RT bines (first vs. tenth bin: paired t-test, t(26) =
−6.214, P<0.001). Discriminability/accuracy,measured as d′, dem-
onstrated an increasing then decreasing trend across the 10 latency
bins, whose peak-to-valley value was significantly larger than zero
(second vs. tenth bin: paired t-test, t(26) = 6.958, P<0.001). It
should be noted that the peak value of d′ (d′ =2.57) appeared in
the second RT bin (average time: 1225.0 msec). The peak time of
false alarm error occurrence has been considered to correspond
to the onset of familiarity (Basile and Hampton 2013), and the
peak time of discriminability/accuracy (in parallel with a suppres-
sion of false alarm rate due to recollection/recollective-like memo-
ry processes) was considered to evidence the onset of recollection
(Basile and Hampton 2013); accordingly, the patterns and time

A

B

FIGURE 1. Diagram of the match/nonmatch recognition memory paradigms for human participants (top panel, A) and a NHP (bottom panel, B). (A) In
the recognition memory tasks for humans, participants were instructed to remember 12 gray-scale sample images, then after a delay of 1000 msec, they
were instructed to touch the test image if it matched the sample image; or selected the standard “nonmatch button” if not match (the maximal respond-
ing time for humans was 5000 msec); and then report their confidence judgments using hand gestures in each test trial; they completed blocks of 12
sample trials and then 12 test-trials in this way (15 blocks in total per session). (B) In the NHP recognition memory tasks the NHP viewed one sample
image, and experienced a delay of 3000 msec, and then was trained to touch the test image if it matched or to select a standard nonmatch button if
not match (the maximal responding time for animal was 10,000 msec); this trial structure repeated throughout the session with some samples and
test-items being novel (trial-unique) and others familiar within (but not between) daily sessions.
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profiles of recognition errors against response time in humanswere
similar to the ones found in the previous macaque study of Basile
and Hampton (2013) which also showed evidence for fast-
familiarity and slow-recollection (FF/SR) in a similar behavioral
task. The confidence ratings were also plotted across the 10 RT
bins, which showed a decreasing trend in confidence with longer
RT; this is further consistent with participants guessing to a greater
extent in longer RT bins.

To further investigate the latency of recollection and familiar-
ity in human participants, we looked for correspondence between
the aforementioned analyses and the ROC-derived approach for
deriving familiarity and recollection indices. So we next applied
the DPSD model to ROC data derived from each of the 10 RT
bins separately. The DPSD model is more complex form of model
containing a single threshold process of recollection and a pure
signal-detection process of familiarity; below is the algorithm of

this model (Koen et al. 2017) we used:

p(Lure|CL ≥ CLi) = (1− Rn)∗F(0, 1),

p(Target|CL ≥ CLi) = R0 + (1− R0)∗F
(
d′
F −Ci

sF

)
.

For all trails with confidence levels equal to or larger than the
ith confidence rating bin (i.e., CL ≥ CLi), the DPSDmodel predicts
the cumulative false alarm rate in lure-item trials and hit rate in tar-
get-item trials. Briefly, in the target and lure distributions (Φ is the
cumulative normal distribution), R0 is a target threshold parameter
labeled recollection of old stimuli, and Rn is a lure threshold param-
eter labeled “recollection” of lures. As recollection is assumed to be
a threshold process in the DPSDmodel, stimuli with a strength val-
ue above the R0 threshold will be classified as a target. In the DPSD

A B

FIGURE 2. (A) Examples of ROCs fitted from the data of two human participants in Experiment 1. (Top panel) After curve fitting, recollection index of this
participant is 0.153 and familiarity index is 0.925. (Bottom panel) After curve fitting, recollection index of that participant is 0.382 and familiarity index is
0.560; note that the higher recollection index in the bottom panel reflects the ROC curve shape being heightened on the left (corresponds to focus on
higher confidence choices) and hence asymmetrical about the diagonal, whereas the lower recollection and higher familiarity indices in the top panel re-
flects the ROC curve shape being more symmetrical and curvilinear with respect to the diagonal; (B) Recognition errors, discriminability/accuracy d prime,
confidence level, and familiarity/recollection indices as a function of response time in humans. Each bin contains 10% of each participant’s trials (ranging
from bin 1 which contains the fastest 10% of trials to bin 10 which contains the slowest 10% of trials). Error bars are ±1 SEM. False alarm errors (red solid
line) and miss errors (blue solid line) were almost the same in the first RT bin; then miss errors increased, while false alarm errors initially decreased and then
later increased across RT bins. Based on EVSDmodel, discriminability/accuracy (d prime, black solid line) demonstrated an increasing then decreasing trend
across RT bins and reached the summit in the second RT bin. Confidence level (green solid line) decreased along RT bins, consistent with participants
guessing in the longest RT bin. Based on DPSD model, recollection index (magenta solid line) demonstrated an inverted U-shape against the 10
latency bins; while familiarity index (orange solid line) showed a decreasing trend, whose peak value appeared in the first RT bin.

TABLE 1. Mean response latencies for binned human data in Figure 2

Bin
Number 1 2 3 4 5 6 7 8 9 10

EVSD
model

1074.7 ±24.2 1225.0 ± 30.7 1337.2 ± 35.9 1443.4 ±41.8 1559.3 ± 48.3 1685.0 ± 54.0 1834.8 ±62.0 2050.8 ± 72.4 2358.2 ±86.8 3089.1 ± 118.5

DPSD
model

1048.5 ±29.1 1209.4 ± 38.1 1327.4 ± 46.1 1442.9 ±56.6 1554.5 ± 64.7 1677.0 ± 73.1 1839.6 ±84.1 2067.0 ± 100.3 2358.0 ±118.9 3058.7 ± 170.4

Each bin contained 10% of the responses of each participant. For each response bin, we calculated the mean response latency (±SEM) in milliseconds for each
human participant, and then averaged those mean latencies to produce a group mean latency for each bin.
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model, as we don’t care about the lure distribution, we make it a
standard normal Gaussian function with a mean of 0 and a unit
standard deviation (Rn=0). The other two parameters, d′F and σF,
are estimates of familiarity. In the DPSDmodel we used, familiarity
is defined as a signal-detection process in which memory strength
of target and lure items falls into Gaussian functions. In our
DPSD model, we assume variances of target and lure items are
equal (σF=1), thus familiarity is defined as an EVSD model with
its parameter d′F. Based on the above assumptions, the algorithm
of DPSD model becomes:

p(Lure|CL ≥ CLi) = F(−Ci),
p(Target|CL ≥ CLi) = R0 + (1− R0)∗F(d′F − Ci).

Whenfitting ROCdata to theDPSDmodel, sufficient trials are
required to make ROC curve fitting sufficiently reliable (Yonelinas
2002; Yonelinas and Parks 2007). Therefore, for each human par-
ticipant, we took the 180 trials divided into 10 RT bins from fastest
to slowest and to ensure sufficient trials in each RT bin for curve fit-
ting, trials in the corresponding RT bins of different participants
were all combined. So, for example, the 10% fastest trials from
each participant came to bin 1, and 10% slowest trials from each
participant came to bin 10. Therefore, for analysis, there were
486 trials (i.e., 10% of total number of trials from all 27 partici-
pants) in each RT bin. Then for each RT bin independently, a
ROC was plotted cumulatively for each confidence level according
to the proportion of correct “old” judgments against proportion of
incorrect “old” judgments. The recollection index (R0) and famil-
iarity index (d′F) were extracted by fitting the model to data mini-
mizing the squared difference between the observed and
predicted data in each cumulative confidence rating bin.
Yonelinas’ research group provides an Excel worksheet which facil-
itates ROC curve fitting and index extraction (website link: https://
yonelinas.faculty.ucdavis.edu/roc-analysis/). In this way, we calcu-
lated recollection and familiarity index across 10 RT bins and plot-
ted the values on the same figure as the error-rates (and EVSD
derived d′) given both analysis approaches considered 10 RT bins
(Fig. 2; see Table 1 DPSD model for average latencies represented
by each RT bin).

The recollection index demonstrated an inverted U-shape
across the 10 latency bins, whose peak value (recollection index=
0.70) was in the second RT bin (average time: 1209.4 msec), while
the familiarity index showed a decreasing trend from a peak value
(familiarity index=2.13) in the first RT bin (average time: 1048.5
msec). The mean RTs for recollection/familiarity indices in each
bin is shown in Table 1. It should be noted that the time-course
of a significant switch from clearly high familiarity and clearly
low recollection to somewhat lower familiarity values accompa-
nied by somewhat higher recollection values appeared from the
first to the second RT bin, thereafter both indices decreased as RT
prolonged consistent with the longest latency RT bins being asso-
ciated with increased rates of “guessing” (also consistent with con-
fidence ratings reached their lowest point), and also consistent
with our observed steady decline in discriminability/accuracy
(see plot of d′ on Fig. 2) as RT increased. This is also consistent
with the aforementioned evidenced that miss rate steadily increas-
es to 50% across higher RT bins. Notably, the average time of peak
value of discriminability/accuracy or d′ in EVSD model was in the
second RT bin (average time: 1225.0 msec) and this corresponded
to the RT bin (average time: 1209.4 msec) in which the peak recol-
lection index occurred. Taken together our observations provide
strong evidence that FF/SR processes exist in humans just as ob-
served by Basile and Hampton in macaques, using broadly similar
paradigms. Moreover, the interpretation/conclusions from the FF/
SR approach appear consisted with the time profile of indices of

recollection and familiarity derived from the ROC approach, fur-
ther validating the approach.

Experiment 2: NHP behavioral study
In this experiment, the animal had completed five sessions with
more than 300 trials per session, and all of the data from these
five sessions were put into the analyses. Similar to our above anal-
yses on recognition errors in humans, we next analyzed macaque
behavioral data across five sessions in a similar task; we likewise
grouped trials into 10 RT bins, with each bin containing 10% of
macaque’s trials. In each RT bin, we calculated false alarm rate,
miss rate and d′ (discriminability/accuracy index based on EVSD
model). This analysis was done separately for sample images that
were novel (Fig. 3B) and those that were familiar (Fig. 3C) to the
macaque (also see Table 2 for mean RTs represented in each bin
for images as being novel and familiar to the monkey separately).

Consistent with previous results from the Basile and
Hampton (2013)macaque study, which considered only highly fa-
miliar stimuli consisting of a repeating small set of just two stimuli
(Fig. 3A), our plots of recognition errors for viewing larger numbers
of familiar images (Fig. 3B) and also novel images (Fig. 3C).
Both demonstrated a U-shape function in the false alarm error
rate profile across the 10 RT bins whereas the miss error rate
profile increased across the 10 RT bins. Discriminability/accuracy,
measured as d′ in the EVSD model, produced an inverted U-shape
from the fastest RT bin to slowest RT bin, whose peak-to-valley val-
ue was larger than zero. Consistent with the main conclusion in
Basile andHampton’s study andwith the pattern of recognition er-
rors in our human study (Experiment 1), we found a similar pattern
of recognition errors and d′ (discriminability/accuracy) in the
macaque: at the short response latencies, errors were mostly false
alarms consistent with performance being driven primarily by
familiarity; at moderate response latencies, the false alarm rate
dropped and d′ was higher consistent with longer-latency
recollective-like processes reducing the false alarm rate; and at
the longest response latencies, both false alarm rate and miss rate
increased and d′ reached its lowest point consistent with monkeys
guessing.

Although the familiarity level of sample pictures didn’t affect
theU-shape function of false alarm errors and the invertedU-shape
function of d′ as a function of RT, the RTbins inwhich theminimal
values of false alarm errors and the RT bins in which themaximum
discriminability/accuracy (d′) were different for the different famil-
iarity levels. To be specific, the first valley value of false alarm errors
(FA rate = 0.1) and the peak value of d′(d′ =2.66) were in the second
RT bin (average time 900.7 msec) for familiar pictures (Fig. 3B);
while the first valley value of false alarm errors (FA rate = 0.1) and
the peak value of d′(d′ =2.56) were in the fourth RT bin (average
time 1070.9 msec) for novel pictures (Fig. 3C). The mean RTs for
novel and familiar stimuli in each RT bin is shown in Table 2. As
the peak value of d′ (also corresponding to the first decrease in false
alarm error rate) may indicate the start of recollection, it appears
that novel images induce a switch from familiarity driven to recol-
lection/recollective-like driven contributions to recognition mem-
ory later with respect to time-course, compared with familiar
pictures.

Discussion

This study investigated the time course of familiarity and recollec-
tion/recollection-like processes contributing to recognition mem-
ory in both humans and NHP. A first key aim was to examine
relationships between ROC derived indices of recollection and fa-
miliarity with recognition errors derived measures of “fast-
familiarity” and “slow-recollection” (FF/SR) in humans. A second
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key aimwas to compare FF/SR analyses in humans andNHP. In the
current study, using a similar task structure across species, human
participants and amacaque performed an object recognitionmem-
ory task (with distinct match and nonmatch trials, see methods, to
distinguish two types of errors, false alarms andmisses). Our expec-
tations were that: at the shortest response latencies, false alarm
errors would be high, attributed to familiarity; intermediate-
latency responses would bemore accurate and associated with few-
er false alarm errors, attributed to an onset of recollection or
recollection-like processes reducing the false alarm errors; and at
the longest response latencies, both false alarm errors and miss er-
rors would increase in frequency and discriminability/accuracy
would reach its lowest point suggestive of guessing to a greater
degree. Indeed, in our macaque study, most of the short-latency

errors were false alarm errors, and at the intermediate response la-
tencies, false alarm errors decreased along with an increase of d′,
consistent with a slow recollective-like process to suppress false
alarm errors and increase discriminability/accuracy. In humans,
the short-latency errors were occupied by miss and false alarm er-
rors equally; at intermediate response latencies, false alarm errors
showed a decreasing trend alongwith an increasing of d′, which in-
dicates a similar start point of recollection-drivenmemory. Thus, it
is concluded that both humans and macaque can use “recollect to
reject” to override false alarm errors driven by familiarity and their
response profiles are broadly similar on the FF/SR paradigm.

Robust evidence in support of “fast familiarity and slow recol-
lection” has been provided by many human recognition memory
studies (Dosher 1984; Gronlund and Ratcliff 1989; Dosher and

TABLE 2. Mean response latencies for binned macaque data in Figure 3

Bin Number 1 2 3 4 5 6 7 8 9 10

Novel Image 781.8 ±
174.1

936.0 ±
84.4

1002.2 ±
103.2

1070.9 ±
111.2

1180.4 ±
129.3

1306.2 ±
162.8

1463.7 ±
173.4

1657.1 ±
211.4

1927.8 ±
255.5

3215.4 ±
1888.8

Familiar
Image

714.8 ±
207.6

900.7 ±
51.0

973.4 ± 54.9 1048.3 ±60.3 1133.5 ± 69.6 1245.9 ± 67.1 1384.8 ± 58.2 1563.8 ±93.1 1941.5 ±
286.0

3689.9 ±
1688.4

Each bin contained 10% of the responses of the monkey. For each response bin, we calculated the mean response latency (±SEM) in milliseconds for images as
being novel and familiar to the monkey.

A

BB C

FIGURE 3. False alarm error rate (solid line with filled circles), miss error rate (dashed line with hollow circles), and discriminability/accuracy d prime
(dashed line with hollow triangles) as a function of response time bin in the macaque. Each bin contains 10% of each macaque’s trials (ranging from
bin 1 which contains the fastest 10% of trials to bin 10 which contains the slowest 10% of trials). Panels A–C depict recognition errors and discriminabil-
ity/accuracy from: (A) data, replotted, from Basile and Hampton (2013); (B) from our macaque when viewing familiar pictures; and (C) from our macaque
when viewing novel pictures. All the panels show that false alarm errors revealed a U-shape function, miss errors increased, and d prime produced an in-
verted U-shape in relative incidence across the 10 RT latency bins in the NHP.
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Rosedale 1991; Hintzman andCurran 1994; Rotello andHeit 2000;
Rotello et al. 2000; Brainerd and Reyna 2005; Matzen et al. 2011).
For example, Gronlund and Ratcliff (1989) found little or no evi-
dence for familiarity-based retrieval of studied items at extremely
brief retrieval time (i.e., <200 ms), but as retrieval time lengthened
(i.e., 300–500 msec), familiarity-based evidence accumulated ac-
companied by increasing false alarm errors, and as retrieval time
became longer (i.e., more than 500 msec), recollection-based evi-
dence was taken into account and accumulated to suppress false
alarm errors (Gronlund and Ratcliff 1989; Brainerd and Reyna
2005). Consistent with these studies, our human and macaque re-
sults showed a U-shaped curve of false alarm errors against re-
sponse time as detailed earlier (and see Figs. 2, 3); however we
did not find the corresponding very low false alarm probability at
extremely low response times as Gronlund and Ratcliff (1989)
and other showed. One possible reason for this might be that our
studies did not include such extreme short response time periods.
Indeed, in the study of Gronlund and Ratcliff (1989) their very
short (<600 ms) latencies included both sample-to-test item delay
plus response time (also see the review by Brainerd and Reyna
2005) but in our macaque study, the delay between sample and
test image was already 3000 msec and in our human study was
1000 msec. Instead, the U-shaped functions in our study, seen
also in the macaque study of Basile and Hampton (2013), are con-
sistent with the higher response times (wherein an inverted
U-curve in seen) in the study of Gronlund and Ratcliff, in which
false alarm errors reached highest point at short response latency
and then decreased.

In this study we compared the response time profiles for
fast-familiarity (FF) and slow-recollection (SR) in a macaque and
humans; for each species we plotted recognition errors and dis-
criminability/accuracy (indicated by d′ in EVSD model) against re-
sponse time (see Figs. 2, 3). The summit of discriminability/
accuracy for humans appeared in the second RT bin, which indi-
cates that a switch from relying primarily upon familiarity to rely-
ing upon recollection has already occurred by around 1225.0 msec
(see Table 1 EVSD model for mean RTs represented in the second
bin). In Figure 2, to compare ROC-derived indices of recollection
and familiarity to the FF/SR interpretations we also plotted curves
through the values obtained fromderiving familiarity and recollec-
tion indices on the data in each bin from fitting ROC data to the
DPSDmodel. The peak values of the ROC-derived familiarity index
occurred much earlier in RT Bin 1 (corresponding to average peak
time of familiarity index of 1048.5 msec) than the peak values of
the ROC-derived recollection index in RT Bin 2 (corresponding
to average peak time of recollection index of 1209.4 msec). The
timing profiles of the ROC-derived indices of recollection and fa-
miliarity correspond with and corroborate the timing profiles of
the FF/SR based interpretations further supporting and validating
the FF/SR approach in humans. Moreover, the peak ROC-derived
recollection index based on DPSD model fell in the second RT
bin in which the discriminability/accuracy (d′, calculated based
on recognition errors in EVSD model) was also in peak, suggesting
recognition error distributions can be used as a proxy for estimat-
ing the onsets of recollection processes in humans. In ourmacaque
study, the trends of recognition errors and discriminability/accura-
cy were similar to those in humans (compare Fig. 3B,C with Fig. 2).
Accordingly, if the peak time of discriminability/accuracy can be
used as a proxy to estimate the onset of recollection processes with-
in the response time profile, then we estimate that an analogous
switch from relying primarily upon familiarity to relying upon rec-
ollection in the macaque was at an average time of around 900.7
msec for familiar sample images (Fig. 3B), and with average time
of 1070.9 msec for novel sample images.

The extent towhich image repetition affects familiarity or rec-
ollection is an issue of debate. In some studies with humans repe-

tition of studied items improves both familiarity and recollection;
image repetition was found to increase false alarm errors if partici-
pants were under pressure to respond quickly but had no effects on
false alarm errors if participants had more time to respond (Jacoby
et al. 1998; Jacoby 1999; Jones and Jacoby 2001). Other studies us-
ing the remember–know (R/K) procedure (Tulving 1985) found
that repetition of items enhanced recollection/remembering rath-
er than familiarity/knowing (Mántylá andCornoldi 2002; Pitarque
et al. 2015). In our macaque study, as mentioned above, the esti-
mate switch time from familiarity to recollective-like processes oc-
curred earlier for familiar than novel sample images. It appears that
image repetition expedites the onset of recollection-like process so
as to enhance the performance of recognitionmemory in the NHP.
In a recent macaque electrophysiological and human ERP study,
image familiarization sharpened the response dynamics of infero-
temporal neurons of macaques and of human extrastriate visual
cortex (Meyer et al. 2014). This finding illustrates that repeated
viewing of an image modulated neural responses in bothmacaque
and human visual areas, whichmay be conducive for efficient cod-
ing of stimuli. However, as only one animal was involved in this
current study, and as we didn’t carry out a similar investigation
of image repetition effects on familiarity/recollection effect in hu-
mans, our conclusions as regards the difference between familiar
and novel images should be appreciated as being limited and so
we encourage future studies to follow up on investigations on
whether this intriguing behavioral pattern can be replicated in
both species.

Some authors have argued that the introduction of stimuli
with preexisting familiarity into recognition-memory experiments
might necessitate the use of “recollection for recognition” deci-
sions (e.g., Bird 2017), such logic could affect interpretation of tri-
als that contribute to the shortest RT bin in our NHP study (see Fig.
3B) if they are therefore deemed to draw greatly upon recollection
or recollective-like processes contrary to our interpretation that
they do not.We considered this issue from the outset by designing
our study such that stimuli used in the preexperimental task-
training stages were intentionally not used again in the formal ex-
periment, so we can exclude consideration of long-term familiarity
of the stimuli affecting macaque’s recognition performance in our
Experiment 2. However, short-term (i.e., within-session) familiari-
ty remains an issue as some different or additional processes may
support recognition of recently familiar stimuli compared to recog-
nition of trial-unique stimuli (this is of course even more of an is-
sue for Basile and Hampton’s (2013) recognition memory task as
they applied a very small set-size in their task wherein the same
2 imageswere repeatedly presented throughout the task). In anoth-
er study, Basile and Hampton (2012) argued that when macaques
perform recognition memory with familiar stimuli their memory
is under “active cognitive control” based on their observations
that recognition of familiar but not novel stimuli could be im-
paired by concurrent task demands imposed in the delay period.
Human fMRI indicates that prefrontal cortex is more active during
remembrance of familiar images (Stern et al. 2001) and it has also
been argued (e.g., Bird 2017) thatwhile extra-hippocampal areas in
the medial temporal lobe can support recognition of unfamiliar
items, the hippocampus itself is required to support recognition
memory for previously experienced (i.e., familiar) items.
However, even if it is presumed that there is greater involvement
of hippocampus and/or prefrontal cortex in task performance,
that does not necessitate involvement of “recollection” per se.
An alternative view is that the additional involvement of context
(temporal context in the case of recently familiar stimuli) might
lead to the task becoming dependent upon recollection but the in-
volvement of context does not imply recollection either; this is at-
tested to by the substantial literature on episodic-like memory in
animals that highlights that even contextually structured,
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what-where-when, episodic-like memories that are also capable of
being flexibly deployed still do not amount to memories that ne-
cessitate recollection per se (Griffiths et al. 1999; Clayton et al.
2001, 2003a,b). Another possibility to consider is that recognition
of recently familiar stimuli, and the interference that is elicited, re-
cruits recencymemory processes distinct to item recognition per se
(e.g., our own earlier study showed that NHPs with fornix transec-
tion were selectively impaired at judging relative recency of indi-
vidual items in a short list but were not impaired at recognition
of items in the list [Charles et al. 2004]), such that recognition
memory for recently familiar stimuli may be based upon a recency
signal as opposed to recollection. Moreover, there is good evidence
from neuronal recordings in NHPs that signals for long-term stim-
ulus familiarity exist in several extrahippocampal areas including
TE, perirhinal, and entorhinal cortex (Xiang and Brown 1998;
Hölscher et al. 2003) so hippocampal involvement may not be es-
sential in support.While this literature as awhole leads us to expect
different brain regions/networks to be recruited and/or to interact
(e.g., frontal–temporal interactions) in recognition memory for re-
cently familiar versus trial unique stimuli, it also persuades us to
against conclusions that recollection would be required for perfor-
mance in trials that fall in our shortest time-bins in our NHP study
in Experiment 2. Empirical evidence for this study also appears to
support this view as we note that the false alarm rate and d′ values
are very similar irrespective of whether stimuli were recently famil-
iar or novel (Fig. 3: panels B vs. C). In our human experiment
(Experiment 1), all the sample images are “trial-unique” so human
participants’ performance there cannot be influenced by relative
recency.

A small number of influential animal models (with rodents
and more recently macaques) used the ROC approach to assess
contributions of familiarity and recollection-like processes to rec-
ognitionmemory. These studiesmanipulated animals’ biases to re-
spond “old” or “new” to stimuli by varying the relative amount of
reward corresponding to correct old and correct new responses
across various levels (Fortin et al. 2004; Sauvage et al. 2008;
Guderian et al. 2011). As stated earlier, these types ofmanipulation
are complex and time-consuming to train but most importantly
the bias levels cannot be treated equivalently to humans’ confi-
dence judgments, with the result that interpretation of ROC curves
in animals has been questioned and hotly debated (Eichenbaum
et al. 2008; Wixted and Squire 2008). We consider those animal
models important and influential but at the same time we recog-
nize both the practical and theoretical limitations. Indeed, this
has been a major motivation for the current study which we con-
sider successful in strengthening the interpretation of a proxy for
differentiating between familiarity and recollection-like processes
in animals, namely by investigating the time-course patterns of
recognition errors. Our data further validates this FF/SR approach
as providing valuable insight into these processes and hence future
investigations of familiarity and recollection-like processes in ani-
mals, which are in need of advancing given the scarcity of animal
models of recollection/recollective-like memory processes (see also
Hampton 2001; Hampton et al. 2004; Hampton and Hampstead
2006; Basile et al. 2009; Paxton and Hampton 2009; Basile and
Hampton 2011 for some other approaches to look at other ele-
ments of episodic memory in animals).

Finally, we turn to the general conceptual question of the use
of recognition memory tasks, as opposed to study-test paradigms,
to probe familiarity and recollection.While it is logical and appeal-
ing to think of the DMS recognitionmemory task (with individual
stimuli, or short lists) as a key probe ofworkingmemoryand to con-
trast thatprocedure to study-test paradigms (with longer lists) as key
probes of long-term declarative memory, that does not reflect how
these tests were differentially used and reported in the literature
during the development of theories about the neural substrates of

declarative memory. A key question when considering the appro-
priateness of different paradigms for probing elements of declara-
tive memory is to what extent they draw upon familiarity-based
recognition and recollective-like memory; whether the task
itself probes long-term, intermediate-term, short-term, or near-
instantaneous memory may be a complementary and to some ex-
tent dissociable issue. Certainly, the object DMS task (and its
nonmatching-to-sample variant, DNMS) has a long history in ani-
mal models (especially in NHP research); in the (predominantly)
frontal lobe oriented literature the task is often referred to as awork-
ing memory task or delayed-response task. However, in the (pre-
dominantly) MTL oriented declarative memory literature it is
more often just referred to as recognition memory or DMS/DNMS
and one early influential theory proposed that hippocampal,
parahippocampal, perirhinal, and entorhinal cortices together
comprised aMTLmemory system specialized for establishing long-
termdeclarativememory (Squire and Zola-Morgan 1991). This the-
ory was supported by highlighted observations as to the relative
magnitude of impairments upon short-term DNMS (i.e., delays
from seconds up to several minutes) following lesions of different
extents within the MTL in macaques (e.g., see Fig. 4; Squire and
Zola-Morgan 1991); subsequent factor analysis reported 2/3 of
the test paradigms that provided “good measure of declarative memo-
ry” in monkeys were trial-unique DNMS tasks (Zola Morgan et al.
1994). In contrast, unambiguously long-term associative memory
tasks such as concurrent discrimination learning (CDL) were in-
stead regarded as nondeclarative memory habit-learning probes,
especially since large lesions within the so-called “MTL declarative
memory system” initially failed to significantly impair CDL (e.g.,
Malamut et al. 1984), a distinction subsequently eroded upon dis-
covery that bothDNMSandCDLwere in fact found to be either im-
paired or unimpaired depending upon an entirely different factor,
namely stimulus set-size, highlighting instead the greater impor-
tance of demands placed by task on stimulus identification and dis-
crimination (Eacott et al. 1994; Buckley and Gaffan 1997, 2006).
The status of DMS/DNMS as purported tests of declarativememory
had nonetheless become pervasive in the MTL literature.
Accordingly, it is perhaps unsurprising that when new paradigms
such as confidence-report-derived ROCs and remember/know
procedures that aimed to formally dissociate familiarity-based rec-
ognition and recollection also adopted some short-term memory
paradigms (e.g., Yonelinas et al. 2002, 2005). As reviewed earlier,
these new paradigms have been highly influential and have gener-
ally succeeded in dissociating familiarity-based recognition and
recollection across humans, rodents, and macaques, supporting
thenotion thatwhen investigatingdissociationsof thoseparticular
processes, the long-term,medium-term, or short-termnatureof the
task may not be of primary importance. A useful parallel may be
drawn here with another prominent theory, namely relational
memory theoryof hippocampal functionwhichwas also originally
conceivedas a theoryof long-termrelationalmemory (Eichenbaum
2004), subsequently argued to also apply to short-term memory
(Hannula et al. 2006), and now is arguably extendable to encom-
pass hippocampal dependent simultaneous perceptual discrimina-
tion of spatial feature configurations/relations (Lee et al. 2005,
2006). In short, we argue that the short-term nature of the DMS
tasks we have used here in both humans and NHP are suitable
both for investigating similar mnemonic processes across primate
species and forprobing familiarityandrecollectionas theseprocess-
es are not exclusive to long-termmemory.

In summary, the conclusions from this study are that (i) “fast
familiarity” and “slow recollection” provide comparable measures
in both humans and macaque performing similar tasks; (ii) both
species applied a similar strategy of “recollect to reject” to counter-
mand false alarm errors based on recollection/recollective-like
memory processes; and (iii) image familiarization expedites
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switches from familiarity to recollection-like processes inmacaque;
and (iv) the time course of familiarity and recollection can be esti-
mated relative to the time-to-peak value of discriminability/accura-
cy based on recognition errors, and this estimation method is
validated by DPSD models used in humans.

Materials and Methods

Experiment 1: human behavioral study

Participants
Twenty seven participants (18 male, 9 female, age range 18–30 yr)
took part in this study. Participants were fluent English speakers,
right-handed, and had normal or corrected-to-normal vision.
Prior to the study, all the participants provided written consent
and went through safety screening check to make sure they had
no history of previous or current neurological or psychiatric condi-
tions and were not taking any psychoactive medication. All the
participants received monetary compensation for their participa-
tion at a standard rate for volunteers in Oxford. This study was car-
ried out with the approval of Medical Sciences Interdivisional
Research Ethics Committee, University of Oxford.

Task stimuli and apparatus
The task was an object recognitionmemory task similar to the one
used in the NHP, similarly programmed using Turbo Pascal
(Borland), run under DOS on a desktop PC and presented on a
20.1 inch color touchscreen (TFT LCD TS200H GNR). The object
images used in the task were clip-art images as in NHP study, but
in order to increase difficulty (in light of a pilot study wherein per-
formance was close to ceiling) the images were all converted to
gray-scale and the contrast toned down in an attempt to make
them harder to discriminate from each other. Additionally, the
samples were presented in lists followed by lists of choice trials,
again to reduce ceiling effects in the human version of the NHP
task. Each image subtended 10° of visual angle in width and 10°
in height to the participant sitting facing the screen. The sample
image was always presented on the right top of the screen, posi-
tioned +12° horizontal and −12° vertical from the center of the
screen. The test images were presented on the right bottom of
the screen: one was positioned 0° horizontal and +5° vertical
from the center of the screen; and the other one was positioned
+23° horizontal and +5° vertical from the center of the screen.
The background color to the screen was white.

Participants sat with their eyes a distance of 25 cm from the
screen, wearing earplugs, resting their chins on a chin-rest and
their foreheads on a head holder to stabilize their head position
throughout the experiment. They were instructed to respond to
items by touching them on the screen and gestured their confi-
dence ratings using their right hands. For example, they indicate
by raising fingers (1, 2, or 3) whether their opinion corresponding
to their being somewhat confident (1), moderately confident (2),
or absolutely confident (3) in their judgment as to whether they
considered the test-item to be old (i.e., presented before in the pre-
ceding list as a sample) or new (not seen before in the preceding list
as sample). None of the samples in this taskwere used inmore than
one list so all stimuli were trial-unique (and hence compared to the
novel/trial-unique stimuli in the NHP task).

Behavioral task
Prior to the experiment, participants were given instructions on
how to perform the task, and how to indicate their confidence
judgments (see above), and then they were introduced to the
behavioral task in a short training/practice session (comprised of
one list of 12 samples and then 12 test-item trials) of the task to
provide an opportunity to become familiarized with task proce-
dure. We used lists in the human version to avoid ceiling effects
as pilot investigations revealed the NHP task with single samples
and single test-trials to be too easy for participants. The experimen-
tal session itself contained three subsessions, with each subsession

containing 15 blocks of trials. Participants took a 10–15 min break
between each sub-session. Each block contained an encoding
phase (i.e., a list of 12 sample images), and then a short delay
(i.e., 1000msec), and then a test phase (i.e., a list of 12 test-item tri-
als). The task structure is depicted, for one block, in Figure 1 (top
panel, A); during the encoding phase, 12 sample images were pre-
sented sequentially on the screen (individually for 480msec), with
inter-stimulus-interval as 350msec. Participants were instructed to
view and try to remember each sample image. After the sample
phase (all 12 sample items) was completed, a blank screen was pre-
sented for 1 sec (delay), and then the test phase commenced (all 12
test trials). Test trials were either “match trials” or “nonmatch tri-
als.” In each test trial, either an identical stimulus to one of the pre-
ceding 12 samples (i.e., “match trials”) was shown as a test image,
or a novel and previously unseen image (i.e. “nonmatch trials”)
was shown as a test image, and that test image appeared on the
screen together with a black circle (the left/right position of the
black circle and the test-trial image were randomized between tri-
als). The maximal time allowed for a response for human partici-
pants was 5000 msec. The match and nonmatch trials were also
counter balanced (six of each per test phase of 12 test-trials) and
were put in a random order. Just as in the NHP version of the
task (Experiment 2) participants were instructed to touch the test
image if they thought it matched one of the 12 sample images,
or touch the standard “nonmatch button” (i.e., the black circle)
if they thought the test image was not a match. After responding
to the test image, participants were instructed to rate their confi-
dence as to whether the test item was new or old using a scale of
1–3 bymaking three differentmovements with their fingers, corre-
sponding to somewhat, moderate, and absolute confidence.
Participants were further instructed to try to use the entire range
of confidence responses as best they could and not simply select
the extremes of confidence as defaults.

Experiment 2: macaque behavioral study

Subject
One adult female rhesus macaque (Macaca mulatta, age 8 yr, weigh
10–13 kg) participated in this experiment. All animals in our labo-
ratory are socially housed (or socially housed for as long as possible
if later precluded, for example, by repeated fighting with cage-
mates despite multiple regrouping attempts) and all are housed
in enriched environments (e.g., swings and ropes and objects, all
within large pens with multiple wooden ledges at many levels)
with a 12 h light–dark cycle. The NHP always had ad libitumwater
access 7 d/wk. Most of its daily food ration of wet mash and fruit
and nuts and other treats was delivered in the automated testing/
lunch-box at the end of each behavioral session (this provided
“jack-pot” motivation for quickly completing successful session
performance; supplemented by trial-by-trial rewards for correct
choices in the form of drops of smoothie delivered via a sipping
tube) and this was supplemented with fruit and foraging mix in
the home enclosure. All animal training and experimental proce-
dures were performed in accordance with the guidelines of the
UK Animals (Scientific Procedures) Act of 1986, licensed by the
UK Home Office, and approved by Oxford’s Committee on
Animal Care and Ethical Review.

Task stimuli and apparatus
The object recognitionmemory task was programmed using Turbo
Pascal (Borland), run under DOS on a desktop PC. Visual stimuli
used in the taskwere clip-art images in color, whichwere presented
on a 20.1 inch color touch-sensitive screen (TFT LCD TS200H
GNR). Those clip-art images used in the task were from a large
pool of several thousand unique images. Each image subtended
5° of visual angle inwidth and 5° in height to the subject when pre-
sented on the screen. Both the sample image and test images were
presented on the right bottomof the screen. The sample imagewas
positioned +10° horizontal and +5° vertical from the center of the
screen, with equal distance to the two test images. The test images
were presented at the same horizontal level as the sample image:
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one was positioned 0° horizontal and +5° vertical from the center
of the screen; and the other one was positioned +20° horizontal
and +5° vertical from the center of the screen. The background col-
or to the screen was white. In each session, images were randomly
chosen from the pool without replacement andwere not reused on
the other testing days.

The animal was seated in a primate chair (Rogue Research,
Inc.) in front of the touch screen with its head-fixated and while
it performed the recognition memory task in a magnetic-shielded,
and partially sound-attended, testing-box. A window in the front
of the chair provided its access to the touch-screen itself. The dis-
tance between themonkey and touch screenwas fixed at 50 cm en-
abling the animal to touch the screen easily. An infrared camera
was used to monitor the general status of the monkey in the box.
A peristaltic pump device located on top of the box fed smoothie
reward through a tube and to a spout positioned in the vicinity
of the animal’s mouth. Below the screen was also an automated
lunch-box which contained the majority of the animal’s daily
meal (wetmash and fruits and nuts, etc.) andwhich opened imme-
diately at the end of the task.

Behavioral task
In the NHP study, a similar short-term recognition memory task
design has been exploited with the main difference being samples
and test phases were not blocked. In each trial, animal viewed a
sample image (shown in the right bottom of the screen) to remem-
ber and touched it to progress. Then after the 3000 msec delay pe-
riod, the NHP was tested with two choice stimuli (one an object
image and the other a black circle, left–right randomized between
trials). The NHP was required to make a choice to the touchscreen
to either the object test-image stimulus or to the black circle stim-
ulus. The object stimulus was either the identical stimulus to the
sample seen earlier in the trial or it was not identical to the sample.
The animal was rewarded by delivery of 10 mL of smoothie for
touching the test-item image if it matched the sample image (these
we refer to as “match trials”), or it was rewarded for selecting the
standard “nonmatch button” (i.e., the black circle) if the test-item
was a nonmatch (thesewe refer to an “nonmatch trials”). Themax-
imal time allowed for a response for animal was 10,000 msec. The
next trial started after a 3000 msec intertrial interval after a correct
response, or after a 10 sec “time-out” after any kind of error re-
sponse. A schematic of the recognition memory task is illustrated
in Figure 1 (bottom panel, B). Accordingly, on match trials the an-
imal could eithermake a correct response (“hit”) or an incorrect re-
sponse (“miss”) whereas on nonmatch trials the animal could either
make a correct response (“correct rejection”) or an incorrect re-
sponse (“false alarm”). The use of the black circle allowed hit/
miss rate to be calculated independently of correct rejection/false-
alarm rate; in this way the paradigm is similar to one previously use
by Basile and Hampton (2013). A key element of task design in this
paradigm for the macaque, enabled by the nonmatch “button”
(i.e., black circle), is that miss errors and false-alarm errors may
be distinguished independently in which their latencies can be
used for estimating the time of familiarity and recollection in the
macaques. We also varied the degree to which stimuli were either
familiar or novel in the session (typically there were up to 80 pairs
of novel stimuli that were trial-unique in each session, and six oth-
er familiar stimuli, grouped into three pairs, that repeated many
times through the session). This allows us to investigate how the
image familiarization (repetition of novel sample images) changes
the relationship between recognition errors and response time.
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