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Abstract
The question of whether repeated studies bring more variability or less to our brain is a

critical problem before scientist continue their further study about memory. In the past ten years,
a series of neural pattern representation studies have found that under the condition of spaced
learning, the neural pattern similarity(NPS) between two encoding stages increases, and the
researchers claimed that these results support the idea that repeated studies bring more similarity
along with repetition in our brain, which is conflicted with the encoding variability theory(Feng et
al., 2019; Y. Lu et al., 2015; Xue et al., 2010, 2011a). However, we doubt this viewpoint because
we think the difference between encoding processing cannot be used to represent the difference
between memory states. In current experiments, we used a new experimental paradigm with a
longer lag and elaboration learning task to test the encoding variability theory. By comparing the
difference between neural pattern dissimilarity(NPDS1)(spaced learning - one-time learning) and
NPDS2(massed learning - one-time learning) in the final test (retrieval) stage, we get the result
that the NPDS1 was significantly greater than NPDS2 in the parietal lobe of 400ms and the right
frontal lobe of 600ms, which is more fitting to the encoding variability mechanism. However, we
believe that there is no contradiction between these two experimental evidences. On the contrary,
we think they reflect different aspects of the process of spaced learning. We propose that the
deficient processing in encoding stage exactly lead to less encoding variability in our memory.
More importantly, this result gives us reason to double the paper published ten years ago in
Science, which claimed repetition brings greater neural pattern similarity.
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Intro
Spaced learning effect refers to the phenomenon that a longer learning interval can bring

better memory effects when learning two or more times (Toppino & Gerbier, 2014). For brevity’s
sake, we could break this process down into the steps of study1(encoding1)-lag (learning
interval)-study 2(encoding2)-retention interval (RI)-final test(retrieval). The focus of spaced
learning is to find out the most optimal interval between study1 and study2. Under the optimal
learning interval, it can avoid the inhibitory effect brought by massed learning (Feng et al., 2019)
and avoid the forgetting brought by too long retention interval (RI) (Li & Dekeyser, 2019), so that
help people take full advantage of consolidation or reconsolidation, bringing higher learning
efficiency.
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(theory base) Brief Review and Reconstruction of Classic Theories
There are three basic learning theories: deficient processing mechanism, encoding

variability mechanism, and study-phase-retrieval mechanism (Toppino & Gerbier, 2014).
Deficient-Processing Mechanisms try to explain that the interval should not be too short,

and if the interval is too short, the second learning will result in insufficient processing, either
because of the inhibition effect or because the retrieval effort is less, which will lead to poor
memory gain effect (HINTZMAN et al., 1973). For example, some researchers believe that after
the first presentation of an information unit, there is a residue in short-term memory, during which
the learners are temporarily unable or unwilling to deal with the second presentation(Koval, 2019;
Neural Correlates of the Spacing Effect in Explicit Verbal Semantic Encoding Support the
Deficient‐processing Theory, n.d.).We can imagine the most extreme situation: the stimulus
continuously takes twice as long, and many experiments have shown that the learning time is not
the influencing factor of learning results ("a spreading activation theory of memory," 1983).

Is it good that the interval is extended as long as possible? No, as the time interval is
extended, it can increase the effort of retrieval, but if it is too long, it will lead to a decreased
successful rate of retrieval (Metcalfe et al., 1994). That is, there is no reminding process (Bui et
al., 2014), and the failed retrieval has no promotion effect on memory (Bui et al., 2014; Spellman
& Bjork, 1992). Therefore, the emphasis of study-phase-retrieval mechanisms is to make the
interval as long as possible on the premise of being able to recall successfully. This theory focuses
on the definition of the maximum length of RI, which is similar to a related theory about retrial
(Mozer et al., n.d.; Raaijmakers, 2003), this theory is more inclined to seek a balance between
success and difficulty (McDermott, 2021).

Encoding-Variability Mechanisms emphasize that the essential reason for better learning
results from spaced learning is to increase the coding traces of items and cues of recall bringing
richer context to help people improve the success of retrieval (Glenberg, 1979). This theory also
has the problem of cue overload (Watkins, 1975). In addition, this theory is supported by the
evidence of neuroscience reconsolidation (C. D. Smith & Scarf, 2017).

In addition to these three basic theories, there are many compound theories, the
study-phase retrieval theory is generally combined with one of the other two (Toppino & Gerbier,
2014). For example, some theories combine study-phase retrieval with encoding variability theory
(Mozer et al., n.d.; Raaijmakers, 2003), and some theories combine study-phase retrieval with
deficient-processing (Braun & Rubin, 1998). Few researchers combine encoding variability
theory with encoding variability. Furthermore, some studies even claim that they support
deficiency-processing theory while opposing the encoding variability theory (Feng et al., 2019; Y.
Lu et al., 2015; Xue et al., 2010, 2011a). However, in our opinion, there is no conflict between
deficiency-processing theory and encoding variability theory, since they only describe different
aspects of the whole spaced learning process, and we will explain a new integration idea of these
three theories in the discussion part.
(methond)Review and Classification of the Experimental Paradigm
Behavioral Paradigm Classification

The classification of behavioral paradigms can be divided according to the length of lag
and type of learning task: 1. short lag versus long lag (Gerbier & Toppino, 2015) and 2.
meaningless learning versus meaningful learning.

The paradigm of short lag+ meaningless learning is the most common combination, and
most of them can stably produce the spacing effect (Zhao et al., 2015; Toppino et al., 1991; Feng
et al., 2019; Xue et al., 2011b). Long lag + semantically related materials can also lead to stable
spacing effect (Bahrick et al., 1993; Cepeda et al., 2008, 2008; Glenberg & Lehmann, 1980;
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Toppino et al., 2018). However, experiments on short lag + semantic materials or long lag +
meaningless materials are few, since the two combinations are difficult to produce results: for
semantic materials, there is a big gap between short lag and its best lag, which leads to a ceiling
effect. Similarly, for meaningless materials, long lag brings complete forgetting to most items,
which leads to a floor effect. The different combination of paradigms is shown below in Table 1.

Short lag Long lag
Meaningless frequent few
Meaningful few less
Table 1: Classification of Behavioral Paradigm

Neuroscience paradigm classification
In addition to the previous classification criteria, according to the different EEG collected

stages, we can divide the research paradigm into two categories: encoding stage versus final test
stage.

As before, we transform the whole experiment into small steps: Encoding 1 – LAG --
Encoding 2 -- RI -- Retrieval. The idea of comparing the encoding process can be simply
presented as similarity of spaced learning (encoding 2-encoding 1) versus similarity of massed
learning (encoding 2-encoding 1), which we call Encoding Similarity (ES).

Here we put forward to compare the retrieval processes, which can reflect memory states
more directly than encoding processes，which may be dominated by other factors besides
memory. We do not directly compare the retrieval stage of spaced learning and massed learning,
instead, we compare them with the retrieval stage of once-learning (Encoding – RI -- Retrieval).
This idea can be simply presented as dissimilarity (spaced-once) versus dissimilarity
(massed-once), which we call Retrieval Dissimilarity, RD for short.

These two analytical ideas, combined with the previous two commonly used behavioral
paradigms, can lead to four research methods: 1. short lag + meaningless materials +ES, which
has been done many times (Feng et al., 2019; Y. Lu et al., 2015); 2. Short lag + meaningless
material +RD, which has not been studied yet; 3. The situation of long lag + meaningful material
+encoding is difficult to conduct because the study process of meaningful materials is not a
process that can be simply restricted and documented by time since the stimulus appears with
EEG recording, so it can only be abandoned; 4. long lag + meaningful material +retrieval, which
has not been studied too.

The fourth combination is adopted in this study.
Short lag + is meaningless Long lag+ semantics

Encoding similarity 1 have 2 Difficult to achieve
Retrieval dissimilarity 3 without 4 without
Table 2: Classification of Neuroscience

Two kinds of EEG indicators are used to measure dissimilarity here. One is traditional
ERP. We know that a large number of experiments have shown that some components of ERP,
like LPC, are related to memory retrial performance (Friedman & Johnson, 2000). We doubt
whether this difference can be revealed in the retrieval stage between massed learning and spaced
learning, Some fMRI experiments have shown that although repeated learning can enhance
memory, it does not blindly bring about the enhancement of brain regions’ activation, but some
regions are enhanced while some areas are weakened (Hashimoto et al., 2011), which is more in
line with the thought of evolutionary psychology. It is unreasonable that while the memory is
strengthened, the retrieval process will cause more energy consumption. Therefore, we assume
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that the difference between once, spaced, and massed may be difficult to detect with simple EEG
amplitude analysis.

On the other hand, we draw lessons from the previous neural pattern similarity (NPS)
(Cavanagh et al., 2018; Haxby, 2001; Z. Lu & Ku, 2020) and Spatiotemporal pattern similarity
(STPS) (Y. Lu et al., 2015). In order to meet the experimental requirements, a new analysis
algorithm has been formed, which we call spatiotemporal pattern dissimilarity based on ERP
(STPDS), checking the pipeline in the supplementary material. We made some changes based on
the original STPS. We replaced the comparison of trial with the comparison of ERP. At the same
time, the similarity was changed to dissimilarity for thinking habit. Because the three groups of
words A, B, and C in the experiment were not the same words, we could not conduct the
within-item STPS study. In between-item STPS, the differences between individual words are
likely to overpower the differences in memory strength. In addition, using ERP rather than EEG
single-trial can greatly reduce the amount of computation. The detailed analysis process will be
described in part of experiment 2.

According to the encoding variability theory, we put forward two hypotheses, that is,
while spaced learning can achieve better behavior performance, first, there is no significant
difference between ERP difference (spaced-once) and ERP difference (massed-once); Second,
STPDS (spaced-once) > STPDS (massed-once) will be significant.
Learning Materials and Tasks

As to the theory of encoding variability, we know that it depends on the thought of
context drift (Glenberg, 1979; Klatzky, 1975). However, experiments have shown that richer
contexts may not bring better memory effects because there is a cue-overload situation (Watkins,
1975), that is, different contexts are difficult to be integrated or conflict with each other, and bring
negative effects to subjects’ memory. In order to avoid this situation, we quoted the concept of
meaningful study (Mayer, 2002). Mayer subdivided learning into rote learning and meaningful
learning in different degrees according to the characteristics of arbitrary. This concept emphasizes
understanding, and through understanding, through logical connection with the knowledge in our
long-term memory, reduces the arbitrariness of the association when we produce elaboration. To
some extent, this is a special kind of elaboration, and we can see the shadow of meaningful
learning in some previous experiments on elaboration experiments (Bradshaw & Anderson,
1982).
Keyword Method with Meaningful Learning Properties

The keyword method learning task is often used in memorizing word-pairs (Pressley et
al., 1982). Some experiments require the subjects to memorize Russian-English pairs in this way.
First, they provide the pronunciation of Russian words, then they are asked to associate pictures
with homophonic sounds, and then they establish contact with elaboration according to the
association. For example, the Russian word for "building" (zddnie) is pronounced somewhat like
"zdawn-yeh" with emphasis on the first syllable. Using "dawn" as the keyword, then one could
imagine the pink light of dawn reflected in the windows of a tall building (Pressley et al., 1982).

Let’s analyze this process closer. We can find out that the subjects actually had
transformed the study of the pair into two relatively simple associative learning parts. That is,
zddney-"zdwan-yeh"-dawn and dawn–imagine–building. However, this process has strong
subjective characteristics, which means that although this elaboration’s thoughts conform to the
thinking habits of the experiment designer, it does not necessarily match the thought pattern of the
subjects, and the subjects are not given the necessary post-test after the completion of the study to
check their views on the materials themselves. The worst-case may be that they even think that
rote memorization is more effective than this complex association.
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Furthermore, if we want subjects to score their associative learning, what method can we
adopt? Some researchers simply use the strength of association to score subjectively (Nelson et
al., 2004), but this way completely ignores the nature of different association processes, just like
here. The first associative learning bridges the pronunciation similarity between foreign words
and keywords, and the second associative learning derives from the inferences from keywords to
translation. It is unreasonable to evaluate the strength of zddnie-dawn and dawn-building
association in a degree together. The two associations are not even of the same type, how would
we guide the subjects to score their learning result?

At first, we introduce an index to measure the association strength, and KWM is the
comprehensive embodiment of the two association strengths. The following describes an example
of our modification to the traditional KWM, for example, we let the subjects remember an
English-Chinese word pair, disrupt–破坏. We presume the subject did not know the word
‘disrupt’ before, and ‘毁坏’ is the Chinese translation of this word.

In the practice stage, we let the subjects review a simplified version of Green's formula
(Campbell, 1999), which describes the transformation forms between cognate words and can help
us to establish the connection between homologous words logically and naturally. For example,
this rule holds that the vowels A E I O U can be transformed into each other. For example, we can
let Chinese students establish the connection between the familiar and simple word ‘ripe’ and
unknown homologous root ‘-rupt’(destruction) according to this rule (if ‘I ’was replaced by ‘U’).
This can help the subjects complete the first stage of associative learning, and it is not an
unfounded and arbitrary association, it is based on real knowledge, which means high logicality.
Then, using etymology, the simple familiar words and definitions linked in the previous stage are
logically deduced to translation. The word disrupt can be split into dis-+-rupt, and ‘dis-‘ can be
connected to the familiar word dispart or disperses, combined with ‘-rupt’ described before, we
can establish such a logical clue: the unknown word ‘disrupt’ means splits dispersedly which also
equal destruction

Therefore, the whole logical process is transformed into a process of two associations: 1.
disrupt = dis (dispart)+rupt (rip)；2. split on all sides= destruction（破坏）. We consider that
the characteristics of arbitrariness are inversely proportional to the logicality of the association of
words. At each test stage including an initial test conducted immediately after the learning
process and final test after around 48 hours, we not only ask subjects to recall Chinese translation
according to English words but also ask the subjects to score their logical thinking process by
asking questions like: ‘Is the material facilitating your memorizing the word pair? How
reasonable is it? Could you score for it from 0, which means no logical inference aroused by it, to
10, which means smooth inference?’

It is worth noting that although the subjects we are looking for do not know word pairs,
they are familiar with the simple words after splitting. Later, we will describe in detail how to
match the learning materials with the subjects. The first association depends largely on the
familiarity of a simple paronym.
Word pair simple paronym
Unknown Known

We expected to get the result that spaced learning can bring about memory improvement,
and this memory improvement is accompanied by refining our understanding of the material,
which means a higher logical score.
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Making and Evaluation of Experimental Materials
Screening Words and Subjects

At first, the vocabulary of CET-4 and CET-6(新东方考试研究中心, 2016b, 2016a) is
subtracted from GRE vocabulary (ED.M, 2010). From the rest of the vocabulary, three college
students who have passed CET-6 are randomly selected to select 200 specific words that they
think they have never seen before, and the corresponding etymological explanations of the words
are relatively reasonable. After that, 27 students whose CET-4 scores are between 430 and 550
points are selected to access the words chosen. These 27 students stopped taking part in the
subsequent experiments and only made vocabulary assessments.
Assessing and Grouping Vocabulary Lists

First, present an English word and ask them to judge whether they know the meaning of
the word. In order to avoid not remembering the meaning temporarily, then present the words and
translation together, and ask them to score the familiarity of this word pair again from 1 to 5. If
you feel familiar with them, you should choose the first option, if you have not seen them at all,
you should choose the last one. It is worth noting that as long as the subjects choose to know at
the first question, the system will give this word 5 points of familiarity by default.

Figure 1: Vocabulary Assessing Every word has two questions. In the first question, only
English words will be present with options of remember and don’t remember; In the
second question, the translation will be provided with the five-question representing
different familiar levels.

Add all the scores of each word across all 27 students to get a sum of familiarity scores,
and sort them, as shown in figure1, select 96 words with the lowest familiarity total points. The
96 words are divided into three groups: A, B, and C. Group A and B correspond to spaced
learning and massed learning conditions, while Group C corresponds to one-time learning.

There is no significant difference in familiarity evaluation scores among the
three-word groups, F(2,93)=0.0747, P=0.9281, and there is no significant difference in
word length, F (2, 93) = 0.002125, P=0.99
Material Processing

The way of editing materials is shown in the following figure 2. Besides English-Chinese
word pairs, there is also the structural analysis of words, which splits unknown words into
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familiar and simple words (the first association), and finally adds the logical derivation process
(the second association). All the simple cognate words here have been confirmed to belong to
CET4 vocabulary.

Figure 2: Learning Material Example

Average split

A, B and C were divided into six lists……: a1a2, b1b2, c1c2 … and the familiarity is
equally distributed.

Experiment 1
Experimental Method
Experimental design

The first experiment is a one-factor intra-subject design, and the three levels are one-time
learning, spaced learning, and massed learning. In this experiment, spaced learning is defined as
cross-day learning, which requires an interval longer than 48 hours, while massed learning is
defined as cross-hour learning, which requires an interval shorter than 2 hours. In the final test
stage, two behavior indicators were collected: a three-class judgment including 1. Can recall; 2.
Can't recall, but can be recollected at the sight of Chinese options; 3. Can’t recall at all. The other
is the logical score of word-pair. In addition, if subjects can't remember the words at all, the logic
score should be 0. The test details will be explained below.
Participants' choice

Twelve college students from Chongqing universities were recruited in the experiment.
Their CET-4 scores ranged from 425 to 500. They had not passed CET-6 or failed CET-6, with an
age of 19.6±1.1, including 4 male subjects and 8 female subjects. All subjects are right-handed.
Adhering to the principle of voluntary participation, this experiment was conducted after
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obtaining the consent of all subjects. At the same time, everyone who participated in the
experiment signed the informed consent form of the experiment. After the formal experiment, the
subjects will receive a certain amount of cash as a bonus.
Experimental procedure

Total Experimental Process

Figure 3

A. Every participant has to learn a total of 3 lists of words in 3 conditions. For the
spaced condition, the lag between two studies is more than 48 hours; for the massed
condition, the lag between two studies is less than two hours; for the once learning
condition, the participants only learn the corresponding list once. 
B. In each learning trial, a participant will be present an English word first, they can click
the space key to skip it and watch the explanation of the word pair. If they think they
cannot recall the Chinese translation in the later test, they should choose the repeat
option, which will repeat the trial in the next round. inversely, if they choose the option of
remembering, then this word will be a drop from the list in the next round. After all the
words are marked as remember, we ask the participant to fill a table as an initial test, in
which they have to type in the keywords and Chinese translation and give a logical score
to the reminding process. + criteria
C. In the final test stage, participants will be asked to complete a multiple choices test
followed by three options:1 I can remember the word immediately; 2 I can remember
when I see the translation; 3 I can’t remember, and a logical score rating task.

Practice procedure
Be familiar with the basics principle of Green's formula, the procedures of memorizing

words. In order to avoid the effect of practice and the change of strategies, the subjects were
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asked to complete a 10 words list of learning including processes of study and an initial test. If
not all of the words were filled out (more than one or say, ten percent), the subjects were asked to
repeat the whole procedure, and afterward, they were asked whether they had mastered this
learning method and then asked to describe their experience.

Learning Procedure
The learning process is generally divided into two steps, one is to memorize words with

the help of materials provided, and the other is an initial test that requires subjects to fill in the
test form, with the goal that the subjects must reach the upper limit of 100% recall rate
representing the peak performance obtained in the task(C. D. Smith & Scarf, 2017).

According to the foregoing, we regard the KWM as a combination of two associations,
one is to associate English unknown words with simple and familiar words, and the other is to
derive Chinese translation from these English words. The logical score is an evaluation of the
whole of these two associations. In the initial test, it is required to type out the mediation words,
that is, familiar simple cognate words (if you remember them), and give a score for the logical
degree of the whole learning process. The score is based on a ten-point system, including the
score of the whole KWM logical chain. 0 indicates that the word cannot be associated with
long-term memory or can just be learned by rote rehearsal, and 10 indicates that the
corresponding familiar words can be completely associated with existing knowledge, and the
logic for deriving the Chinese meaning of new words from the familiar words is very smooth.

After the initial test is completed, check whether the subjects have completed all recall of
a list. If more than two are not filled out or filled in incorrectly, the subjects are required to repeat
the learning process. This is to ensure that every word has completed the retrieval-feedback study,
which means the memory strength is over the threshold of recalling(Kornell et al., 2011b).

Test Procedure
Type 1 Test

The test procedure is as follows: present the word for 2 seconds, and then present four
Chinese interpretations in turn, one of which is correct, and each interpretation is presented for
1.5~1.8 seconds. Ask the subjects to press the space bar when the correct answer appears, and
finally ask the subjects to judge: 1. recalled the word's meaning immediately; 2 remembered it
once the correct interpretation was seen; 3 can't remember.

Type 2 Test

Participants were asked to recall the whole train of thought from English words to
Chinese translation the moment they saw the words and then scored the deduction process. They
were told it is the same score process they did in the study phase and if they cannot recall the
meaning of the word, they could just give a lower score.

Behavioral Data Analysis
We analyze the hit rate and logical score by condition. One-way analysis of variance and

paired-sample t-test was conducted to examine the lag effect in the retrial stage.
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Experimental Result

Figure 4
A. Spaced learning brings a higher recall rate than massed learning.
B. Spaced learning leads to a higher logical score than massed learning.

Test 1 Result (total score of memory):
If the subject chooses option 1 (recalled the word’s meaning immediately), one point will

be added to the sum, if the subject chooses 2 or 3, correspondingly two or three points will be
added. Then every participant gets a total score for each condition.

At first, it is verified whether there is obviously spaced learning effect in the learning
process of the subjects. The results show that the main effect of the learning style is significant,
with F (2, 22) = 11.48, P=0.0004, R squared=0.5107. According to previous experiments, we
already know that repeated learning will have a better memory effect than once learning, so we
only need to do paired sample t-test on the total recall scores of spaced learning and massed
learning, t=3.764, df=11, P=0.0031, R squared=0.5629. The results show that it has an obvious
spaced learning effect.

Learning effect: spaced > massed.

Test  2 Results:
On the basis that spaced learning has better memory results than massed learning, we

can't help but ask whether the improvement of memory results is consistent with the logical score.
We compared the average logical score among these three levels and found out the variance
analysis of once learning, massed learning, and spaced learning is significant, F =7.260 P=0.0034.
After repeated comparison, it can be seen that the main differences come from once learning
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condition and spaced learning, which indirectly shows that there are differences between massed
learning and spaced learning. Generally speaking, spaced learning can bring more meaningful
learning.

Logical score: spaced > massed > once

Experiment 2

The recall rate can be used as an indirect measurement index of memory strength with
feedback retrieval initial test (Kornell et al., 2011a; Spellman & Bjork, 1992). From the above
behavior results, it can be seen that spaced learning will bring better memory strength,
meanwhile, the meaningful score may rise, which shows that the subjects have a deeper
understanding of the learning materials. This result makes us think that there is some correlation
between the logical level and memory strength. The reason behind this is probably related to
reconsolidation and activation diffusion. Spaced learning can bring more brain area connections
(C. D. Smith & Scarf, 2017), more reasonable context integration, better long-term memory, and
more reasonable storage construction, which should not be accompanied by stronger retrieval
activation, and there is less control of resources needed during memory retrieval, but there are
more different activation modes. Therefore, it is necessary to pay attention to the indicators of
EEG. Here, we compare ERP (spaced-once) vs ERP (massed-once) on the one hand, TPDS
(spaced-once) vs TPDS (massed-once) on the other hand (all channels together), and further
compare STPDS (spaced-once) vs STPDS (massed-once).

Experimental Hypothesis

According to the encoding variability theory, spaced learning will lead to an increase in
recognition rate and higher logical scores, and at the same time, it will lead to more differences in
EEG representation in the retrial stage, but it will not lead to obvious amplitude differences.

Materials and Methods

Experimental Design

The learning procedure is the same as Experiment 1. In the testing stage, the type 1 test
was changed to an old-new recognition task while the type 2 test remained the same. The EEG
signal was recorded at the test stage.

Figure 5: Overall Experimental Process of Experiment 2
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Experimental Materials

In order to meet the needs of EEG experiments, the words were screened by the same
method, and the table of each situation was expanded to 50 words. After the balance of familiarity
and length, the difference is not significant. We also choose 100 English words with low
familiarity scores as disturbance terms for the old-new tests.
Participants.

Thirty-four university students from Chongqing University of Arts and Sciences (Five
were excluded due to absence, lack of sleep, poor EEG data quality, and absence) have taken the
Oxford English test, and their scores are in the range. The average score in CET4 is 460±29.8 and
the mean age was 19.9±1.1.

Behavioral data Analysis

EEG Recording and Preprocessing

Participants were seated about 60cm away from the computer screen in a soundproof,
light-adjustable room. Continuous EEG data were recorded with a sampling rate of 512 Hz using
a 64-channel BP EEG device. Ag-AgCI electrodes were mounted according to the xxx system.

We preprocessed EEG data with a Python-based toolbox called MNE(Gramfort et al.,
2013) and in-house Python scripts. We re-referenced EEG data to the average of all electrodes
and filtered it with a band-pass filter of 0.1-40 Hz. EEG movements were identified and corrected
using an independent components analysis algorithm. The continuous data was then segmented
into epochs from -200 to 800ms according to stimulus onset. The pre-stimulus interval (-200 to
0ms) was used as the baseline for baseline removal procedure. Then we apply Autoreject(Jas et
al., 2017) to reject and correct the trials automatically.

Univariate event-related potential (ERP)
We averaged the EEG responses corresponding to memorized items with confidence

scores larger than 2 for each condition, then every participant got three ERPs. Then we calculated
ERP difference (spaced-once) versus ERP difference (massed - once) and got no significant
cluster.

The code from MNE (Gramfort et al., 2013) is used to search for a significant cluster of
ERP components. This code is based on the algorithm idea put forward by Gramfoort et al.,
aiming at setting a more objective threshold to define whether ERP components are significant or
not (S. Smith & Nichols, 2009).

TPDS and STPDS
Every subject has three corresponding ERPs, taking 100ms as the time window, sliding

by one-time point, and calculating neural pattern dissimilarity (NPDS) of once versus massed (red
line) and once versus spaced (blue line) in each time window.

Spearman correlation coefficient is used for correlation calculation between neural
patterns in each time window. Specifically, we calculated RDM with codes from Neurora (Z. Lu
& Ku, 2020) and then extracted the corresponding neural pattern dissimilarity value from it. Then
every subject got two lists of values of dissimilarity, which can be drawn like figure7.

In order to check whether this difference is significant, TPDS and STPDS are carried out.
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Firstly, we do statistics on neural pattern dissimilarity (NPDS), which calculate a pair
t-test at each time point and draw a heat map, and the area of the picture framed means significant
difference (Z. Lu & Ku, 2020). Here we label consecutive time points (≥5), which include p less
than 0.01, as significant cluster figure 8.

To improve spatial resolution, we further calculate the STPDS, which use the identical
calculation procedural as NPDS, except we divide the whole brain into six regions
Experimental Result
Behavioral results

Figure 5
A. Spaced learning brings a higher recognition rate than massed learning.
B. There is no d’ difference between massed and spaced learning conditions.
C. Spaced learning brings a higher logical score than massed learning.

Recognition Rate
The variance analysis of the old-new judgment experiments showed that the main effects

of once learning, spaced learning, and massed learning were significant F (2, 84) = 38.60,
P<0.0001, and then the massed and spaced learning were tested by t, and the results were
significant t=2.776, df=28, P=0.0097.

The recognition rate is still, spaced > massed.

D’

The analysis of variance for three levels of d' showed that the main effect was significant
(F=17.02, P<0.0001), and the t-test for spaced and massed (t=2.141, df=28, P=0.0411<0.01)
showed no significant difference. It shows that there is no significant difference in d’ between
spaced and massed.

D’: spaced ≈ massed > once
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Logical Score

The variance analysis of the average logical scores of the three learning styles showed
that the main effect was significant, F=51.25, p < 0.0001;

Therefore, the logical score is still spaced > massed > once

EEG results

Figure 6
A. Spaced learning brings a higher recognition rate than massed learning.
B. there is no d’ difference between massed and spaced learning condition.
C. spaced learning brings a higher logical score than massed learning.

EEG -ERP
After calculation, no significant cluster is found. It can be seen that although spaced

learning brings a better memory effect and more meaningful changes, it cannot be reflected by
simple ERP amplitude. Figure 8: Significant Cluster Analysis

EEG -NPDS
It can be seen that in the early stage because the baseline part (0-0.1) is included, the

dissimilarity is very large (because EEG signals fluctuate randomly). With entering the
stimulation state, the representation difference begins to decrease, and then with the passage of
time, the dissimilarity begins to rise. However, it can be seen that the dissimilarity (dispersed vs
once) is always greater than dissimilarity (concentrated vs once).

We also find that the difference in representation gradually increases as time goes by.
However, it is still below the baseline part (using the comparison between the baselines in the
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first 200ms as the baseline).
TPDS and STPDS

It can be found that in the case of the whole brain, in the middle and late stages, there are
significant differences around 0.4s and 0.6s. This is consistent with the retrieval of semantic
memory in time, which shows that there are differences in the extraction of this part: NPDS
(spaced - once) > NPDS (massed - once).
EEG – STPDS

Through STPDS calculation, we can find out that the significant region around 0.3-0.4s is
regions 3 and 4. The significant region around 0.5-0.6s is regions 2 and 4.

Discussion
Part 1: Conclusions and Achievements

The first experiment shows that spaced learning can get a better recall rate, and
accordingly, the logical score has increased (as shown above). Although the second
experiment adopted a relatively simple old-new recognition test in the final test stage,
there is still a significant increase in the correct rate. The key point is that with the better
hit rate, the logical score has also been improved, which shows that the enhancement of
memory strength is related to the improvement of meaningfulness in the process of
learning semantic materials.

Furthermore, according to the results of experiment 2, with the increase of
memory strength and meaningful score, there is no significant difference between ERP
(spaced-once) and ERP (massed-once), which indicates that the improvement of
long-term memory is obviously different from that of short-term memory in mechanism,
it is not simply the change of activation magnitude. According to the nuclear magnetic
resonance experiment in 2011 (Kornell et al., 2011a), some brain regions were activated
while others were weakened by repeated learning. Through the study of TPDS
characterized by whole-brain EEG, we can observe that at about 400ms and 600ms,
TPDS (spaced-once) is significantly greater than TPDS (massed-once). Further doing
STPDS, we found that the difference near 400ms mainly comes from the area 3 and 4,
that is, near the parietal lobe, while the late difference mainly comes from the area 2 and
4, the right upper part of the brain-frontal lobe. This is more in line with expectations
because about 400ms happens to be the time for the semantic transformation of the
temporal lobe. The difference here shows that the semantic transformation or semantic
retrieval process of spaced learning is quite different from the results of one-time
learning, which is greater than the difference between massed learning and one-time
learning. Meanwhile, the difference in the late frontal lobe can be guessed to be caused
by the fewer control resources needed in spaced learning.
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Part 2: Comparison of Results
Theoretical Renewal

Overall, these two experiments show that spaced learning can bring greater
changes in brain storage than massed learning, and the memory of subjects becomes more
logical. Moreover, this process does not blindly strengthen the activation of brain regions
when extracting knowledge but produces a more different dynamic process of
representation. This provides excellent proof for the theory of encoding variability.
However, this does not negate the deficient processing theory, nor does it conflict with
experimental results before (Xue et al., 2010). On the contrary, if we think about these
two experimental phenomena together, we can get a complete picture of neural
representation changes in the whole spaced learning process.

First, let's rethink why the similarity of representation of two encoding increases
instead of decreases in the case of spaced learning. We believe that is because the
difference in encoding does not represent the difference in memory storage. Why can't
encoding processing be used to measure memory in comparing learning results between
spaced learning and massed learning? There is a completely different success rate of
reminding in the secondary learning of spaced learning and massed learning, and the
difference in information processing nature has far exceeded the influence of memory
difference.

Let's make a detailed analysis. Firstly, it is clear that the essence of spaced
learning is to study the interval between primary learning and secondary learning, which
is a complex psychological phenomenon (study1 – lag – study2 – RI - final test). When it
comes to repetitive learning, we need to subdivide the two learning methods, restudy and
retrieval learning (McDermott, 2021). According to whether the retrieval is successful or
not, it can be divided into two forms. If retrieval is successful, it will produce retrieval
effects. If retrieval fails, it will be a simple restudy. Under the condition of the same
learning interval and the same retention interval, the effect of retrieval on memory
strength is greater than that of restudy (McDermott, 2021). Another more appropriate
theory is the Reminding Effect (Wahlheim et al., 2014). Simply put, whether the subjects
know that they have learned or seen the learning materials will also affect the learning
effect. If retrieval and restudy have different learning effects, we have reason to think that
they have completely different neural representations (McDermott, 2021).

Furthermore, the success rate and spontaneity of retrieval are closely related to
retention interval (RI) (McDermott, 2021; Wahlheim et al., 2014), in the classic
experiment, it is easy to find that in the case of massed learning, that is, extremely short
RI, the subjects will naturally judge, "Isn't this what I just saw?" This means that the
participants remind successfully, but with the increased span of lag and the interference
of information, the success rate of this judgment will decrease, that is to say, in the case
of massed learning, more retrieval processes are involved, while in the case of spaced
learning, it is more likely to be restudied without reminding. In this way, the difference in
the encoding stage probably comes from the difference between the two kinds of
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cognitive processes, even if both cases are successfully recalled in the final test stage.
Therefore, in Xue Gui's experiment, the representation difference in encoding does not
reflect the difference in related memory, but only the difference in the proportion of
encoding from top to bottom and from bottom to top, which is the difference in
processing mechanism. Therefore, by default, the experiment that regards secondary
learning from spaced learning and massed learning as cognitive processing of the same
nature, and then thinks the difference comes from memory storage is completely wrong.
Some people will question since the spaced learning is more retrieval, shouldn't it have a
better memory effect? To be clear here, the premise that retrieval is better than restudy is
that they have the same RI. Accordingly, this possibility can be ruled out by comparing
the similarity of representation in the retrieval stage rather than encoding.

Now, we can see the whole picture of neural representation in spaced learning. In
the case of effective spaced learning, with the increase of lag between the two studies,
because there are fewer memories extracted, the process of cognitive encoding is more
similar, so the similarity of representation between the two encodings rises, while the
retrieval process in final test is directly affected by the extractable memories and the
difference of representation rises. That is to say, the study2 process of spaced learning is
more similar to the encoding processing of the study1 process, but the memory finally
formed has greater changes.

In this way, we put forward another idea of theory integration: these three
classical theories actually explain different aspects of spaced learning.
Deficient-Processing Mechanisms and study-phase-retrieval mechanisms focus on
describing the conditions triggering spaced learning. That is, when lag is too short, the
difference between the two encoding processes increases. Compared with the first
encoding, the second encoding has more retrieval processes from top to bottom, which
leads to deficient processing. When the lag is too long, retrieval fails completely and
becomes a simple restudy without reminding. Therefore, the best interval should be
between these two boundaries when a considerable part of retrieval can occur, and new
information is incorporated, so the learning effect at this point may be the best.

Encoding-Variability Mechanisms try to describe the internal mechanism of effective
decentralized learning, that is, why. When we study repeatedly and integrate the learned
knowledge with the existing knowledge, the whole memory structure will change, which
is mutually confirmed with the trace transformation theory (TTT) of consolidation.

Supplementary material
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ERP significant cluster calculation
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Figure 7  cluster

Figure 8 STPDS pipeline
the pipeline of STPDS analysis
A. Selection of spatial location, which could include either all 64 electrodes or electrodes
in one of the regions of interest. 
B. Selection of the temporal window, which was defined as a 100ms sliding window with
a 2ms step. 
C. Vectorization, which converts the spatiotemporal features o a given trial into a vector.
Then every participant got three vectors corresponding to three conditions at every time
point.
D. Dissimilarity calculation, which calculates the pattern dissimilarity(Pearson correlation)
across ERP. 
E. Data arrangement, which arranges all participants’ pattern dissimilarity(massed vs
once) and pattern dissimilarity(spaced vs once) into two lists.
F. Statistical analysis, which compares the pattern dissimilarity across different
participants and generates a statistical map, the continuous significant cluster will be a
circle with a yellow line.
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