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Abstract
The Penn Electrophysiology of Encoding and Retrieval Study (PEERS)
aimed to characterize the behavioral and electrophysiological (EEG) cor-
relates of memory encoding and retrieval in highly practiced individuals.
Across five PEERS experiments, 300+ subjects contributed more than 7,000
90 minute memory testing sessions with recorded EEG data. Here we tell
the story of PEERS: its genesis, evolution, major findings, and the lessons it
taught us about taking a big science approach to the study of memory and
the human brain.

Introduction

Although Herman Ebbinghaus is known to students of memory for his herculean inves-
tigations of list learning comprising nearly 2,000 hours of self experimentation (Ebbinghaus,
1885/1913), nearly all of what we have come to know about human memory in the last cen-
tury has been gleaned from single-session experiments typically performed by samples of
fewer than 100 students, often in fulfillment of a psychology course requirement. This ap-
proach contrasts with research areas such as perception where a small handful of observers
contribute data across 5-20 experimental sessions. Whereas larger samples permit broader
inference, intensive study of a small number of subjects can enable detailed analyses and
model-fitting of individual behavior1.

The Penn Electrophysiology of Encoding and Retrieval Study (PEERS) sought to
obtain high-resolution, within-subject data from a large number of subjects performing a
variety of episodic memory tasks. We pursued three primary aims across five experiments:
(1) to obtain sufficient trial-level data so that we could apply models to individual subject’s
performance measures, (2) to obtain sufficient data across subjects to permit the analysis of
individual differences, and (3) to obtain high-quality continuous EEG data during memory

1Smith and Little (2018) articulate the benefits of small N studies.
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encoding and retrieval, thus allowing us to relate brain measures to indices of performance
with high reliability. For the purpose of studying individual differences, we also collected
a variety of psychometric measures, including scales of intelligence, personality, mood and
anxiety.

We achieved these goals through a 10 year data collection effort in which more than
300 subjects contributed data from more than 7,000 sessions of recall and recognition tasks.
Although findings emerging from these studies have appeared in more than 20 scientific
publications, the present paper presents the overarching motivation, methods, behavioral
and electrophysiological results and implications of this large memory study.

Background and Motivation

For science to advance humanity’s most noble goals, society must trust the work of
scientists. Failures to replicate high-profile scientific findings have captivated the attention
of both scientists and the lay public, calling into question the enterprise of scientific inquiry.
Although research on human memory has fared better than some sub-disciplines, our field
faces the same forces that impede replicability. One such force is the extreme variability
of human cognition, behavior, and physiology (e.g., Kahneman, Sibony, & Sunstein, 2021;
Kahana, Aggarwal, & Phan, 2018). Empirical patterns can differ reliably across individuals
and even within an individual and variability in these effects do not arise simply due to
external variables, such as the memorability of items, or the conditions of encoding and
retrieval. Rather, it appears that variability results from endogenous factors within each
individual (Kahana et al., 2018; Weidemann & Kahana, 2021).

Cognitive neuroscience faces even greater challenges to replicability than does cogni-
tive psychology. This is because variability in task performance must give rise to variability
in brain activity, but measured brain activity includes additional sources of variability be-
yond that seen in overt behavior. In the case of EEG, these sources of variability include
electromyographic (EMG) signals produced by eye and muscle movements, as well as other
sources of electrical noise outside of the subject. In the case of functional-magnetic resonance
imaging, noise can come from head movements and non-cognitive predictors of intracerebral
blood flow (Liu, 2016). In addition, these measurement modalities record only a small frac-
tion of brain activity, with the precise neural activity recorded varying across individuals
and recording sessions. Moreover, many features of brain activity that vary in a session
have little to do with task performance, but may be correlated with other brain signals for
uninteresting reasons. Thus, it should not surprise anyone that finding robust results using
brain recording methods should require substantially greater numbers of observations than
those relying only on measures of task performance to achieve the same level of statistical
power. Yet, the cost of obtaining neural measures forces researchers to economize on data
collection, thus fueling variability across experiments. Finally, the highly multivariate na-
ture of neural data encourages researchers to look at their data in myriad ways, thereby
increasing the chance of false positives unless every step of an analysis pipeline has been
“preregistered” (Simmons, Nelson, & Simonsohn, 2011).

To advance our understanding of these methods in the face of the above challenges,
we need some way of estimating the power of our neural measurements. To probe the upper-
bound of what could be learned using scalp EEG, we assembled the PEERS datasets, which
comprise millions of encoding events and recall responses. The large number of trials and
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sessions contributed by each subject allowed us to conduct analyses at the individual trial
level and validate these analyses across sessions, people, and task manipulations.

Given that nearly all cognitive neuroscience datasets encompass fewer than 100 hours
of experimental data collection, increasing our dataset by a factor of 10 would have been
sufficient to address replicability. In PEERS, we exceeded this benchmark by a factor
of 100. Beyond replicability, PEERS sought to provide adequate data for the study of
individual differences in both overt behavior and physiology, and also to provide data with
sufficient resolution for individual subject modeling (e.g., Healey & Kahana, 2016, 2014).
The ultimate goal of this program, which we have yet to achieve, is a detailed model-based
analysis of subject-specific electrophysiology. Rather than waiting until all of the work is
done, we have embraced an open-science approach and have been disseminating the PEERS
data for several years. We feel that it is now time to pull together the as-yet-incomplete
PEERS story, both in the interests of fostering a discussion of big science approaches to the
study of human cognition, and to facilitate dissemination of the PEERS data to interested
scientists.

Methods Overview

Below we provide a concise summary of the methods for each of the five PEERS exper-
iments. Each experiment involved multiple sessions of memory tasks with EEG recording.
Due to the very substantial investment of time and resources each subject first participated
in a screening session to ensure that they understood the demands of the experiment prior
to signing on for the full experiment. Subjects completed the first three PEERS experiments
across a series of 20 sessions involving word list recall and recognition tasks. In addition, this
cohort also completed two sessions of neuropsychological tests. Table 1 gives the number
of subjects who completed each experiment. Whereas Experiments 1-3 included encoding
task manipulations, variation in distractor conditions, and end-of-session recognition and
final-recall tests, PEERS Experiment 4 sought to maximize the statistical power of data
collected in a delayed recall-task without any encoding task manipulations. We estimated,
based on the earlier PEERS studies, that subjects would not be able to complete more than
24 two-hour long sessions in a single term. With the goal of maximizing our statistical
power we thus recruited subjects for a 24 session experiment, striving to enroll 10 subjects
at the start of each term (we typically completed around 7). Because human speech is
the most natural medium for recalling information, we collected vocal responses which we
annotated (offline) for accuracy and response times. Because vocalization causes significant
EMG artifact in EEG data, we conducted a fifth PEERS experiment designed specifically
to control for pre-motor correlates of retrieval. This was the last PEERS study completed
prior to the start of the COVID-19 pandemic. Below we provide a concise description
of the experimental methods, with additional details provided in an online appendix at
memory.psych.upenn.edu.

PEERS Experiments 1 and 3

Because Experiments 1 and 3 were virtually identical, we describe their methods
together. As illustrated in Figure 1A, each session comprised a series of 16 immediate free
recall trials, each involving a unique list of 16 visually-presented words. Each session ended
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PEERS experiment N Sessions Dates
Preliminary Experiment ∼700 1 2010-2019
Exp. 1: Immed. recall + task manip. Final-
free recall. Recognition.

172 7 2010-2014

Exp. 2: Recall + distractors. Final-free recall.
Recognition.

157 7-9 2010-2014

Exp. 3: Exp 1 + externalized recall. Final-
free recall. Recognition

60 (IFR), 92 (EFR) 4 (IFR), 6 (EFR) 2010-2014

Exp. 4: Delayed recall 98 24 2015-2018
Exp. 5: Long-delay recall + pre-motor control 57 10 2019-2020

with a recognition test (yellow box). Half of the sessions were randomly chosen to include
a final free recall test before recognition (in final free recall, subjects attempt to recall as
many words as they can remember from all 16 lists) Experiment 3 differed from Experiment
1 in that a subset of subjects received externalized free recall instructions. In externalized
recall (Kahana, Dolan, Sauder, & Wingfield, 2005) subjects verbalized all words that came
to mind at the time of test, even if they thought those words did not occur in the most
recent list or had already been recalled during the current recall period, and to press the
spacebar following any such error.

Subjects encountered three types of lists: (1) No-task lists, which they studied with
the generic instruction of trying to learn the items for a subsequent test, (2) task lists,
where each item appeared concurrently with a cue indicating one of two judgments (size
or animacy) the subject should make for that word, and (3) task shift lists, where subjects
alternated between size and animacy tasks every 2-6 items within each list. The size task
asked subjects “Will this item fit into a shoebox?”; the animacy task asked “Does this word
refer to something living or not living?” The current task was indicated by the color, font
and case of the presented item. Each session included 12 task lists and four no-task lists.
The first session of PEERS Experiment 1 included equal numbers of size, animacy and
task-shift lists; subsequent sessions included three size, three animacy, and six task-shift
lists. We constructed a pool of 1,638 words for use in PEERS1-3. Based on the results of
a prior norming study, only words that were clear in meaning and that could be reliably
judged in the size and animacy encoding tasks were included in the pool.

PEERS Experiment 2

Experiment 2 introduced a within-subject, within-session, distractor manipulation
(Figure 1B). In addition to immediate free recall trials, as in Experiments 1 and 3, this
experiment introduced delayed free recall and continual distractor free recall, with distractor
intervals of varying duration. In each distractor interval, subjects solved math problems
of the form A + B + C =?, where A, B, and C were positive, single-digit integers. When
a math problem appeared, subjects typed the sum as quickly as possible consistent with
high accuracy (they received a monetary bonus based on the speed and accuracy of their
responses). For the distractor intervals in the first two lists, one list had a distractor period
following the last word presentation for 8 s and the other had an 8 s distractor period prior
to and following each word presentation. In the remaining 10 lists, Subjects performed free
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recall with 5 possible durations for the between-item and end-of-list distractor tasks, such
that 2 lists had each of the 5 conditions. As listed here, the first number indicates the
between-list distractor duration and the second number indicates the end-of-list distractor,
both in seconds: 0-0, 0-8, 0-16, 8-8, 16-16. A 0 s distractor refers to the typical, non-filled
duration intervals as described for Experiments 1 and 3. Subjects encoded all items using
either a size or an animacy judgment task. Session one included seven size-judgment lists
and seven animacy judgment lists. Subsequent sessions included six task-shift lists, three
size-task lists and three animacy-task lists.

PEERS Experiment 4

This experiment sought to simplify the methodology used in previous experiments,
focusing exclusively on delayed free recall. Here each of 98 subjects completed 24 sessions
of delayed free recall. Each session consisted of 24 trials, with each trial containing a list of
24 individually presented words followed by a 24-second distractor period (see Figure 1C).
A random half of the lists (excluding the first list) were preceded by a 24-second, distractor-
filled delay. A free recall test followed the post-list distractor on each list.

The word pool for this experiment consisted of a 576-word subset of the 1638-word
pool used in a previous PEERS experiment, and subjects saw the same 576 words (24 lists
× 24 items) on each of sessions 1 through 23 with the ordering of words randomized for each
session. The 24th session introduced a set of novel words, as described in the Appendix.
Subjects were given a short break (approximately 5 minutes) after every 8 lists in a session.

PEERS Experiment 5

The fifth PEERS experiment sought to contrast neural correlates of retrieval following
a very long delay, with neural correlates of retrieval of a just presented single item. During
each of the first five sessions, subjects quietly read each of the 576 words used in Experiment
4. After reading each word, they waited 1 sec (or longer) before saying the word aloud.
These 576 immediate recall trials occurred in 24 blocks of 24 items, each preceded by a
countdown, thus mimicking the 24 list structure of Experiment 4.

At the start of session six, subjects were given a surprise free recall task in which
they were instructed to recall as many words as possible from the previous sessions in any
order, while also vocalizing any additional words that come to mind in their attempt to
recall these items (Externalized recall instructions: Kahana et al., 2005; Lohnas, Polyn, &
Kahana, 2015; Zaromb et al., 2006). We administered this long-delay recall task as the
start of each of the sessions 6 through 10, giving subjects 10 minutes to recall as many of
the 576 words as they could remember. After this free recall test, subjects continued with
the same immediate recall task as in earlier sessions.

Compensation and Performance-based Bonus

In each of the PEERS experiments, subjects received a base salary for their partici-
pation. In addition, they received a modest bonus for performance and a separate bonus for
completing all of the sessions. The performance bonus varied slightly across experiments,
but it incentivized subjects for achieving high levels of recall while maintaining a high-level
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Figure 1 . Schematic of PEERS methods. See text for details.
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of performance on the arithmetic distractor tasks. In addition, we provided a bonus to
subjects for maintaining a low blink rate during critical item presentation events.

PEERS Raw Data Repository and online Methods description

All PEERS data may be freely obtained from the Computational Memory Lab web-
page, hosted by the University of Pennsylvania: http://memory.psych.upenn.edu The
same website also provides a detailed methods description of each of the PEERS studies
briefly described above.

Results

Here we present our results organized into five major sections. Section 1 provides
an overview of the major behavioral findings. Section 2 discusses both experimental and
endogenous sources of variability in recall of items and lists. Section 3 focuses on EEG
correlates of successful memory encoding. Section 4 focuses on individual differences and
model-based analyses of performance. Section 5 discusses EEG correlates of memory re-
trieval.

1. Overview of Major Behavioral Findings

The PEERS free-recall experiments replicated many classic findings, including serial
position effects, temporal and semantic organization of memories, the exponential growth
of inter-response times with output position, and subjects’ tendency to commit extra-list
and prior-list intrusions as a function of their temporal and semantic relation to the just-
recalled items. Having subjects make size or animacy judgments during word encoding
led to worse overall performance than free encoding (for similiar findings, see Polyn, Nor-
man, & Kahana, 2009; Long et al., 2017; Mundorf, Lazarus, Uitvlugt, & Healey, 2021).
Subjects exhibited strong temporal and semantic organization regardless of encoding task
condition, but both size and animacy encoding tasks led to more semantic organization and
less temporal organization as compared with no-task lists (for temporal organization see
Figure 3A). On lists where subjects had to switch from size to animacy at random points,
recall transitions were more likely between items encoded with the same task instruction
(accounting for the lag between these items in the study list).

PEERS Experiment 2 replicated all of the classic findings concerning distractor ef-
fects, including the reduction in recency with increased length of an end-of-list distractor,
but recovery of recency with increased length of a within-list (inter-item) distractor (Kahana
(2017); Lohnas and Kahana (2014); see, also, see Figure 2). Here we can also see the striking
similarity in recall initiation across immediate and continual-distractor free recall, and the
substantial attenuation in recency in delayed free recall (Figure 2c). As first demonstrated
by Howard and Kahana (1999), the contiguity effect does not differ across the distractor
conditions, indicating that whatever enables subjects to make transitions between neighbor-
ing items depends on the relative and not the absolute distances between the items. Finally,
we find striking effects of semantic similarity on free recall (e.g. Manning, Sperling, Sharan,
Rosenberg, & Kahana, 2012), across all distractor conditions, as illustrated by Figure 2E
(Kahana, 2017).
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Figure 2 . Recency and contiguity as a function of distractor conditions in PEERS
Experiment 2. A. Illustration of immediate, delayed, and continual distractor free recall
tasks (IFR, DFR and CDFR). B. Serial position analysis showing recency in IFR, attenuated
recency in DFR, and long-term recency in CDFR. C. Recall initiation, as measured by the
probability of first recall, shows that initiating with recenct items does not differ between
DFR and CDFR. D. Contiguity is generally preserved in all three conditions. E. Subjects
are more likely to recall items that are semantically related to the just-recalled item.

PEERS Experiment 3 compared free recall under standard and externalized recall
instructions. In externalized recall, the experimenter instructs subjects to recall any item
that comes to mind as they are trying to remember the lists, even if they realize that
it was not a studied item, or if it is an item that they have already recalled. In these
cases, we instruct subjects to press the space bar to “reject” the item they just recalled. As
expected from prior work (Kahana et al., 2005; Zaromb et al., 2006) externalized instructions
elicit many more prior-list and extra-list intrusions, but have little or no effect on correct
recalls (Lohnas et al., 2015). Inclusion of externalized recall instructions provided valuable
data on intrusions which occur only rarely in standard free recall.

Because subjects participated in PEERS Experiments 1 – 3 as a series of experiments,
data from PEERS Experiment 3 provides valuable information on free recall under condi-
tions of high practice (i.e., in each session of PEERS Experiment 3, subjects will have been
doing word-list free recall and recognition for a dozen or more prior sessions). Here we found
a positive effect of practice on recall performance, but a large effect on temporal organiza-
tion, with subjects increasingly exhibiting a tendency to make successive transitions among
items studied in neighboring serial positions (see Figure 3B). This finding also appeared in
PEERS Experiment 4, as described below.

PEERS Experiments 1 – 3 included two additional measures of memory following all
of the lists in a given session: On a random half of sessions, subjects performed a final free
recall (FFR) test on all prior lists. This FFR test came immediately after the recall period
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for the final list (see Figure 1). In FFR, subjects exhibited a long-term recency effect,
seen in the much higher recall rates for items on the last few lists. Subjects also exhibited a
negative within-list recency effect, as seen in worse FFR recall rates for the last few items in
each list (Craik, 1970). Kuhn, Lohnas, and Kahana (2018) found that the negative recency
effect critically depended on when subjects recalled those terminal list items during their
initial free recall. Specifically, negative recency arose primarily due to subjects recalling
terminal list items at the start of the recall period. When the lag between studying and
recalling an item was short, subjects were significantly less likely to recall the item in final
recall than when the lag was long. Kuhn et al. (2018) interpreted this finding in relation
to the well-known spacing effect: the greater the spacing between two encoding events (in
this case the second being the retrieval of an item) the better the memory for those events.
As further support for their interpretation, Kuhn et al. (2018) found greater evidence of
negative recency in earlier than later output positions of the DFR and CDFR conditions of
PEERS Experiment 2.

After FFR (or if absent, after the immediate free recall period of the last list), all
subjects performed a recognition memory task, with confidence judgments, on a percentage
of items studied across all of the lists (see, Lohnas & Kahana, 2013; Weidemann & Kahana,
2016, for details). Given that retrieval is highly cue-dependent, we wanted to include
additional assays of memory for the purpose of obtaining more information on the successful
encoding of studied items and also to provide additional means of examining the neural
correlates of retrieval (see, e.g., Weidemann & Kahana, 2019). Performance in these tasks
replicated classic findings, including the relation between confidence and response times
in recognition (Murdock & Dufty, 1972), and the shape of the ROC curves (Lockhart &
Murdock, 1970; Van Zandt, 2000).

PEERS Experiment 4 created a much simpler experimental scenario in which to
examine the electrophysiology of memory encoding and retrieval. Free encoding instructions
simplified item presentation and minimized eye movements evoked by the task cue in Peers
Experiments 1-3. Delayed free recall facilitated aggregation across list items by reducing
the size of the recency effect. Owing to its simplicity and repetitive structure, PEERS
Experiment 4 provides a particularly rich dataset for the study of variability in memory,
across items, lists and sessions (see Section 2). The large number of trials obtained in this
study also allowed us to conduct detailed analyses of inter-response times during recall, as
described in Goldman and Kahana (2022). A discussion of the EEG correlates of memory
encoding and retrieval in each of the PEERS studies appears in later sections.

2. Variability in recall across items and lists

Cognitive processes that unfold during the encoding, retention, and retrieval of an
item all contribute to performance in recall and recognition memory tasks. As such, neural
measurements during these phases can help disentangle their respective contributions to
subsequent memory. By measuring EEG activity during memory encoding, for example,
we can observe variability across items in the mnemonic processes that predict subsequent
retrieval. Successful encoding of words, however, may also reflect psycholinguistic properties
of items. Here we first examine how properties of words and lists relate to their subsequent
memorability; we then consider the possibility that endogenous processes, unrelated to
experimentally controlled factors, may also underlie variability in memory performance.
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Figure 3 . Conditions influencing the contiguity effect. A. The contiguity effect is
smaller when assigned a task on how to encode the items (a size or animacy judgment)
than when not given instructions on how to encode the list. B. Task experience amplifies
the contiguity effect: a large contiguity effect is present in the 1st session and grows larger
by the 23rd session. C. The contiguity effect also increases with intellectual ability, as
measured by WAIS IQ. D. Contiguity is preserved across the lifespan, but is larger for
younger adults than for older adults.

Consider how memory for a word varies with the word’s frequency of occurrence in the
English language. Here, classic studies report a large word frequency effect in recognition
memory, with subjects exhibiting superior memory for rare words than for common words
(Schulman, 1967; Shepard, 1967). In free recall, however, studies have reported inconsistent
effects, with some researchers finding superior recall for rare words, and other researchers
finding superior recall for common words. Lohnas and Kahana (2013) sought to clarify
this issue by analyzing the effects of word frequency on both free recall and recognition
in PEERS Experiment 1. In recognition memory, they found the expected pattern: with
increasing word frequency, hit rates declined and false alarm rates increased. However, in
free recall, they found a U-shaped pattern of results: subjects exhibited superior recall for
both rare and common words (see, Figure 4).

A unique aspect of PEERS Experiment 4 is that subjects studied the same set of 576
words in each of the 23 experimental sessions. Results from this dataset showed us that
some words, lists, and sessions are easier to recall than others. What is the source of this
variability? Aka et al. took a psycholinguistic approach to answer this question and studied
how word features relate to both word and list-level memorability. A multivariate model fit
to word-level recall data revealed positive effects of animacy, contextual diversity, valence,
arousal, concreteness, and semantic structure (listed in descending order of importance)
on recall of individual words. In their list-level recall model, Aka, Phan, and Kahana
(2021) examined how the average word features in each list influenced the average recall
probability of that list. Here, average contextual diversity, valence, animacy, semantic
similarity (weighted by temporal distance), and concreteness (listed in descending order of
importance) emerged as significant predictors of list-level recall.

Although psycholinguistic variables, such as those examined by Aka et al (2021), can
account for significant variability in item recall, these factors account for a surprisingly
small fraction of variability in recall performance at the list level. Kahana et al. (2018)
asked whether this variability in list-level recall could be due to experimentally-determined
factors, including both average item difficulty and list number. Although each of these fac-
tors explained significant variability in list-level recall (see Figure 5 for data on list number,
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Figure 4 . Word frequency effects in recall and recognition. A. Subjects recalled
higher proportions of both low frequency and high frequency words as compared with inter-
mediate frequency words, regardless of whether the item was presented without an encoding
task (filled squares) or with an encoding task (filled circles). B. Subjects were more likely
to incorrectly accept lures with increasing word frequency (open symbols) and less likely
to correctly recognize targets with increasing word frequency (filled symbols), regardless
of whether the items were presented with an associated encoding task (circles) or no task
(squares). Data from Peers Experiment 1 (984 words) included in these analysis were par-
titioned into deciles on the basis of their word frequency counts in the CELEX2 database.
Error bars represent 95% confidence intervals.


