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Exploring techniques for encoding spoken instructions in working memory: A comparison of

verbal rehearsal, motor imagery, self-enactment, and action observation

Abstract

Encoding and recalling spoken instructions is subject to working memory capacity limits. Previous
research suggests action-based encoding facilitates instruction recall, but has not directly compared
benefits across different types of action-based techniques. The current study addressed this in two
experiments with young adults. In Experiment 1, participants listened to instructional sequences
containing four action-object pairs, and encoded these instructions using either a motor imagery or
verbal rehearsal technique, followed by recall via oral repetition or enactment. Memory for
instructions was better when participants used a motor imagery technique during encoding, and
when recalling the instructions by enactment. The advantage of using a motor imagery technique
was present in both verbal and enacted recall. In Experiment 2, participants encoded spoken
instructions whilst implementing one of four techniques (verbal rehearsal, motor imagery,
observation of others’ actions, or self-enactment), and then recalled the instructions by oral
repetition or enactment. For both verbal and enacted recall, memory for instructions was least
accurate in the rehearsal condition, while the other encoding conditions did not differ from each
other. These novel findings indicate similar benefits of imagining, observation, and execution of
actions in encoding spoken instructions, and enrich current understanding of action-based benefits

in working memory.

Key words: working memory, rehearsal, observation, imagery, enactment
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Introduction

Spoken instructions are frequently used as a guide to complete tasks that are organized as a

series of successive action steps. For example, instructions on how to send an email might include:

logging into one's email account, opening a new message box, specifying the email address of the

recipient, including an informative subject line, and finally typing the message in the main field of the

email before clicking 'send'. Such instructions can be encountered across many real-world contexts

(Allen et al., 2023, for a review). The ability to successfully perform actions to command is

particularly valuable in educational and work-related settings where failure to remember and act

upon instructions can impede progress in individual learning activities, and over time delay the

development of desired skills and proficiencies (Gathercole et al., 2008). Given the cognitive

complexity of translating spoken commands into concrete action steps (Allen et al., 2023; Li et al.,

2022), a range of factors determine whether instructions will be successfully implemented (e.g.,

sensory perception, language comprehension, working memory capacity). The primary focus of the

two experiments reported here is on encoding techniques that can be incorporated to boost

immediate memory for spoken multi-step instructions. Specifically, we sought to compare the

efficacy of verbal encoding, self-enactment, action observation, and motor imagery in the following

instruction task. This comparison allows us to provide further insights into the constraints of

successful instruction-following, helping us tailor instruction-based information to facilitate its

effectiveness.

How well an event is encoded predicts how well it is remembered, and verbal encoding is an
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important part of everyday memory. As the focus of this research is on spoken instructions, the

nature of the task necessitates verbal encoding and, subsequently, verbal rehearsal for which adult

participants repeat the information out loud or sub-vocally (e.g., Dunlosky & Kane, 2007; Friedman

& Miyake, 2004; Unsworth, 2016). For both adults (e.g., Morrison et al., 2016) and children (Tam et

al., 2010), verbal rehearsal is a frequently reported strategy when maintaining verbal information in

working memory and accordingly studies of instruction-guided behavior have recognized a vital role

for verbal working memory in maintaining the content of spoken instructions in children (e.g., Engle

et al., 1991; Gathercole et al., 2008; Jaroslawska et al., 2016) and adults (e.g., Jaroslawska et al.,

2018; Li et al., 2022; Yang et al., 2016). A number of studies conducted to date have used dual-task

methodology to explore the potential role of different parts of the multiple-component working model

(Baddeley, 1986; Baddeley & Hitch, 1974; Baddeley et al., 2021) in this context using adult

participants. Across these studies, memory for instructions was disrupted by concurrent activities

that taxed phonological short-term memory, spatial short-term memory, and executive control,

indicating that the encoding and storage of verbal instructions depends on multiple sub-components

of the system (e.g., Jaroslawska et al., 2018; Li et al., 2022; Yang et al., 2016; Yang et al., 2014).

A major source of insight regarding working memory for instructions has been drawn from use

of self-enactment during encoding and/or recall, an experimental approach that has a long and

productive history in the context of long-term memory for actions (e.g., Engelkamp & Zimmer, 1989;

Kormi-Nouri et al., 1994; Mohr et al., 1989; Norris & West, 1993; Zimmer et al., 2000). Within the

working memory literature, an encoding-based enactment advantage occurs when the physical

performance of instructed action steps at the time of presentation improves subsequent recall in
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both adults (Allen & Waterman, 2015; Charlesworth et al., 2014; Lui et al., 2018) and children

(Jaroslawska et al., 2016; Waterman et al., 2017; Wojcik et al., 2011). A related mnemonic effect of

physical movement is the enacted recall advantage which is observed when sequences of

instructions are physically performed at recall, rather than verbally repeated at recall; and this

advantage shows in children (Gathercole et al., 2008; Jaroslawska et al., 2016; Yang et al., 2017)

as well as in adults (e.g., Allen & Waterman, 2015; Koriat et al., 1990; Yang et al., 2014). When the

two manipulations are combined in a single study protocol, the benefit of self-enactment during

encoding typically is reduced or removed when performance is also tested through enactment. This

pattern of findings has been observed in primary school-aged children (Jaroslawska et al., 2016;

Waterman et al., 2017) and young adults (Allen & Waterman, 2015) but not in older adults who

appear not to benefit from enactment at encoding (Coats et al., 2021; Jaroslawska et al., 2021). The

interactive effect of enactment at encoding and recall can be explained in terms of the generation of

motor representation in working memory: When performing physical actions during encoding, or

planning for action recall, participants may actively construct action plans that incorporate spatial-

motoric information and mental representations of intended movements (Koriat et al., 1990).

Consequently, planning to execute action sequences does not improve recall to the same extent

when the instructions had already been enacted at encoding, because the motoric memory trace

generated through action execution has already been taken advantage of. Recent findings from

adult participants suggest that the enacted recall advantage may rise from active action planning for

enacted recall (Jaroslawska et al., 2018; Li et al., 2022), which facilitates the binding of action and

related objects in the environment (Makri & Jarrold, 2021; Yang et al., 2016). In line with this, there
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is evidence that concurrent motor activity can disrupt encoding-based enactment effects in adults

(Plancher et al., 2019).

Many procedural tasks are taught and learned through face-to-face or video demonstration,

which is another technique of interest. Demonstration typically consists of a set of verbal instructions

through which the different steps required to accomplish a particular task are described,

accompanied by manual demonstration of how each of these steps are to be carried out. This form

of instruction is particularly popular in the context of manual skills such as teaching surgical

procedures (e.g., Mentis et al., 2014), driving (e.g., Deppermann, 2015), or bike repair (e.g., Arnold,

2012). Different forms of demonstration have also recently been explored in tasks requiring short-

term storage and recall of multi-step instruction sequences. For example, Yang et al. (2015) showed

that, when compared to purely auditory presentation of verbal instructions, silent video

demonstration led to substantially better recall in adults (see also, Yang et al., 2019, 2022) as well

as in children (Yang et al., 2017). Subsequently, Waterman et al. (2017) studied how planning for

action, self-enactment, and researcher-demonstration influenced children's performance on the

task. They found that the benefits of self-enactment at encoding were inconsistent and contingent

on sequence complexity, whereas demonstration enhanced recall even when the sequences were

complex. More recently, Allen et al. (2020) showed that video demonstration boosted adults'

memory performance, compared to spoken presentation, while self-enactment only had relatively

modest effects (see also, Coats et al., 2021). Together these findings illustrate that visual

demonstration can substantially benefit performance in working memory.

It is worth noting that it is presently unclear whether the benefit of demonstration varies as a
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function of recall modality. On the one hand, some studies reported larger demonstration benefit
when verbal rather than enacted recall was required in adults (Lui et al., 2018; Yang et al., 2022).
This implies that, as was the case in the context of enactment at encoding, demonstration may
provide additional visuo-spatial and motor information that boosts verbal recall but not enacted
recall. On the other hand, other evidence suggests that demonstration has a comparable facilitating
effect for both verbal and enacted recall (Waterman et al., 2017, adults; Yang et al., 2015, children),
indicating that demonstration could provide additional benefits above action planning (for enacted
recall), such as provision of an integrated representation without consuming limited working memory
resources for action planning.

As should be clear from the above, studies of encoding-based manipulations have so far
focused almost exclusively on actual or observable activity, either in the form of self-enactment or
demonstration. However, a more recent investigation attempted to utilize the possibility that the
enacted recall effect is at least partly driven by the generation of an imagined action plan during
encoding. Yang et al. (2021) examined the potential benefit of imagination on following instructions
in working memory by explicitly asking child participants to imagine performing the instructions
during presentation. It was found that recall performance was superior when children imagined the
actions compared to verbal encoding, providing evidence for benefits of forming an action-based
representation via motor imagery in a developmental population. Furthermore, the motor imagery
benefit was similar in magnitude irrespective of the type of recall required, contrary to the interactive
pattern found when self-enactment/demonstration at encoding is followed by enactment at recall.

Thus, directing participants to imagine (rather than verbally rehearse) during encoding may provide
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benefits that go beyond those derived from planning to carry out the instructions at recall.

The present study

Based on the findings outlined above, we sought to address two gaps in the extant literature.

First, the benefit of motor imagery versus verbal rehearsal in children requires replication and more

importantly, should be investigated in adults. For instance, the same type of action-related benefits

may vary in children and adults, with self-enacting during encoding improving performance of

following spoken instructions in young adults (Allen & Waterman, 2015; Coats et al., 2021;

Jaroslawska et al., 2021; Lui et al., 2018), but the effect being weaker and less consistent in

children (Jaroslawska et al., 2016; Waterman et al., 2017) and older adults (Coats et al., 2021;

Jaroslawska et al., 2021). Indeed, whether adults show similar benefits from motor imagery strategy

and rehearsal is less investigated and remains unclear. Second, no study has directly compared the

benefits of motor imagery, action observation, and self-enactment, relative to rehearsal strategy in

following spoken instructions. The present study is therefore novel in contrasting imagery with other

forms of encoding condition, and in examining the impacts of each of these encoding conditions on

either verbal or enacted recall. It thus provides a more detailed picture concerning how different

forms of action-based processing interact in working memory.

The present study used an adaptation of the paradigm implemented with children by Yang et al.

(2021), itself a development of the following instructions task introduced by Gathercole et al. (2008,

see Allen et al., 2023 for a review). This task requires immediate memory for sequences of
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instructions containing features (action, color, and object type) that are arbitrarily paired and
repeatedly re-presented across trials. This minimizes contributions of episodic and semantic long-
term memory and emphasizes the need to create new working memory representations on each
trial (see Baddeley et al., 2009, for a similar approach in the exploration of prose memory).
Research using both dual-task and individual difference approaches has shown that this task relies
on working memory capacity (Jaroslawska et al., 2018; Yang et al., 2016; Yang et al., 2014). We
used this paradigm to address two unresolved issues. Experiment 1 built on the developmental
study by Yang et al. (2021) by contrasting verbal rehearsal and motor imagery strategies. This was
replicated and extended in Experiment 2, with four encoding techniques (verbal rehearsal, motor
imagery, action observation, and self-enactment) compared. In both experiments, young adult
participants recalled the instructions by repetition or enactment to examine the potential interaction
between encoding technique and recall modality (i.e., verbal vs enacted recall). Hypotheses are
presented in each experiment. As in the previous studies with adults (Allen & Waterman, 2015; Yang
et al., 2019), serial position curves were examined to assess how different encoding techniques

support memory at different points of the instruction sequence.

Experiment 1

In this experiment, we aimed to compare two encoding techniques: motor imagery versus
verbal rehearsal on following spoken instructions. Based on the previous work in children (Yang et
al., 2021), we predicted an advantage of motor imagery compared with a verbal rehearsal

technique, an enacted recall advantage (i.e., better performance under verbal than enacted recall
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condition), and no interaction between the encoding technique and recall modality.

Methods

Participants

We used the G*Power 3.1.9.7 (Faul et al., 2009) to estimate the required sample size to detect
a motor imagery effect. Yang et al. (2021) observed an effect size of n,? = 0.29 for the motor
imagery benefit (compared with verbal rehearsal) in children. This effect size was transformed to
Cohen’s f = 0.64, and finding this effect size in a F test with repeated-measure and as a within-
subject factor, alpha = .05 and 80% power required an estimated total sample size of 23. A total of
24 native Mandarin Chinese speakers (50% female, 50% male) with a mean age of 23.08 (SD =
2.78) years participated in the experiment. Participants had an average of 16.25 years (SD = 2.07)
of education. The present study was approved by the ethics committee of the first author in this
study (the name of the university/institute was omitted for blind review), and all the participants

provided informed consent.

Design and Procedure

The study used a 2 (encoding technique: motor imagery vs. verbal rehearsal) x 2 (recall
modality: verbal vs. enacted) within-participants design'. The two encoding technique conditions

were performed in separate blocks, and all conditions were counterbalanced across participants.

' This experiment was not pre-registered.
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The main dependent variable was proportion of action phrases recalled correctly (i.e., the proportion
of action-object pairs recalled in their correct serial position in the sequence). The proportion of

correct action-object pairs for each serial position was also calculated (range from 0 to 1).

Instruction task

The instruction task was adapted from Yang et al. (2021). There were 12 objects, distributed in
the same configuration for each participant (the lower row from left to right: a white eraser, a yellow
ruler, a blue ruler, a green eraser, a red pencil, a black pencil; the upper row from left to right: a
white basket, a yellow basket, a blue folder, a green folder, a red bag, a black bag) and 6 types of
actions (pull, push, tap, lift, flip, spin). The task included four lists (see Appendix A), with each list
containing 12 trials (2 practice trials and 10 formal trials) and each trial comprising 4 action-object
pairs (e.g., “tap the black bag, flip the blue folder, spin the red pencil, pull the yellow basket’)?.
Sequences were recorded by a native Chinese female speaker at a moderate speed.

Participants were tested individually by an experimenter in a quiet room. In each condition,
participants sat at a desk facing an array of objects, and the locations of objects remained the same
throughout the test. The experimenter first familiarized participants with the names of the objects
and actions, and demonstrated the actions until all the names were recalled correctly and all the
actions were copied correctly by the participants. The experimenter then demonstrated a practice

trial and allowed participants to have a practice on the same trial, and any incorrect behavior was

2 We used a fixed length to ensure enough trials (power) to examine the serial position curves. Most previous studies
involving fixed length of instruction adopted the four action-object pairs (Jaroslawska et al. 2018; Li et al., 2022; Yang et

al., 2019 Experiment 3), and therefore we used this length in this study.
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corrected during the time. In the verbal rehearsal condition, the experimenter demonstrated how to

correctly repeat the action-object during encoding. In the motor imagery condition, the experimenter

demonstrated the process of imagining actions by verbally describing the enacting process in detail.

The exact wordings of all task instructions can be found in Appendix B.

The procedure for each trial is displayed in Figure 1(b). At the beginning of each trial, the

experimenter said ‘prepare’, followed by the first action-object pair (approx. 2.5 s), and a silent 2.5 s

interstimulus interval (ISI) for the required encoding activity (verbal rehearsal or motor imagery,

depending on the condition). The second action-object pair and another ISI then followed. During

the ISI, the participants imagined themselves performing the actions on the objects in the motor

imagery condition, or they quietly repeated the instructions in the verbal rehearsal condition. The

participants were not allowed to touch the objects during the entire presentation phase. At the end

of the presentation phase, participants heard a beep sound and recalled the instructions either by

physical enactment or verbal recall. The participants were required to recall the pairs in the same

order in which they were presented and used “blank” to replace any forgotten item for both verbal

and enacted recall.

All scoring was based on the formal trials (i.e., excluding practice trials). An action-object pair

was considered as correct (score = 1) when both features (i.e., action and object) and their serial

positions were correct. The total number of correct action-object pairs was divided by 40 (i.e., the

total action-object pairs in a list), which led to the proportion correct of action-object pairs of the

list/condition (range: 0 to 1). For each serial position, the number of correct action-object pairs

across trials were summed up and divided by 10 (humber of formal trials), yielding the proportional
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correct of action-object pairs in that serial position (range: 0 to 1). The data and analytic files are

available through this link (https://www.scidb.cn/anonymous/UWZhNkIz).

Results

All analysis was carried out in JASP (https://jasp-stats.org/). Data were analyzed with repeated
measures ANOVA, firstly on the overall 2 x 2 design, and then with the additional factor of serial
position (i.e., 2 x 2 x 4). In addition to frequentist analysis, a Bayesian ANOVA was also implemented
for the 2 x 2 and 2 x 2 x 4 models, with Bayes factors (BF) reported as an estimation of the strength
of evidence for the data under the null and alternative hypotheses. These correspond to BFinq, i.e.,
the strength of evidence for the inclusion of each factor and interaction in the model. BF < 1 indicates
support for the null hypothesis, and BF > 1 supports for the alternative hypothesis. Bayes factors
provide a continuous estimate of strength of evidence, but to aid interpretation we use the
classification scheme in which BF 1-3 equates to anecdotal evidence, BF 3—10 as moderate evidence,
and BF > 10 as strong evidence (Jeffreys, 1961; Lee & Wagenmakers, 2013).

Proportion correct of action-object pairs in the list/condition

Proportion correct of action-object pairs as a function of encoding technique and recall modality,
is presented in Table 1 and Figure 2. A 2 (encoding technique: motor imagery, verbal rehearsal) x 2
(recall modality: verbal vs. enacted) repeated measures ANOVA was conducted. There was a
significant main effect of encoding technique, showing as superior performance in the motor
imagery than the verbal rehearsal condition, F(1, 23) = 17.26, MSE = 0.02, p < .001, n,? = 0.43,

BFi0> 10000. There was also a significant main effect of recall modality, showing as superior
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enacted recall than verbal recall, F (1, 23) = 100.16, MSE = 0.01, p < .001, n,2= 0.81, BFyo >
10,000. The interaction between encoding technique and recall modality was not significant, p
=.160, BF1 = 1.97. The effect sizes for each of these effects are presented in Table 1.
Serial position curve

The proportion correct of action-object pairs of the four serial positions was calculated and
shown as serial position curves. The serial position curves as a function of presentation modality
and recall modality are presented in Figure 3. A 2 (encoding technique) x 2 (recall modality) x 4
(serial position) repeated measures ANOVA was conducted. Here, we only report effects relating to
serial position. There was a significant main effect of position, F(3, 69) = 34.60, MSE = 0.02, p
<.001, ny,? = 0.60, BF1> 10,000. Serial position interacted significantly with recall modality, F(3, 69)
= 36.43, MSE = 0.02, p < .001, n,? = 0.61, BF10> 10,000. Post-hoc comparisons with Bonferroni
corrections revealed continuous decrement of performance between adjacent positions in the verbal
recall conditions (all p values < .05), in contrast to a slower decrement from the first to third position
(p =.003, no significant decrement between the first to second position, and the second to third
position) and a recency effect (increase between the third and last position, p =.009) in the enacted
recall conditions. Serial position did not interact with encoding technique, p =.334, BFio= 0.19 and

there was no significant three-way interaction, p = .779, BF1o= 0.04.

Discussion

Consistent with the hypotheses, we found a significant benefit of motor imagery at encoding

compared with verbal rehearsal, an enacted recall advantage, and no interaction between encoding
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technique and recall modality. These findings are consistent with a recent study in children (Yang et

al., 2021), suggesting that for both children and young adults, motor imagery improves verbal and

enacted recall to a similar extent.

We also examined serial position curves in this experiment. These patterns varied with recall

modality, replicating previous findings in adults (Allen & Waterman, 2015; Yang et al., 2019). In the

verbal recall conditions, there was a large primacy effect, followed by continuous decrement of

recall from the first to the last serial positions, indicating rapid loss of information by decay or

interference during verbal output. In the enacted recall conditions, the decrement across serial

positions was slow and there was a large recency effect. These differences also reflected an

increased enacted recall advantage from the first to later positions, suggesting this advantage is

particularly useful for maintaining later actions in the sequence. This unique advantage for later

actions may be associated with a more robust action-based representation and a more efficient

retrieval process of enacted recall, as evidenced by reduced preparation time and recall duration in

enacted than verbal recall (Yang et al., 2019). In contrast, motor imagery facilitated all items in the

sequence to a similar extent but did not alter the pattern of rapid memory decay in verbal recall. As

both motor imagery and enacted recall involve action planning that strengthens the memory

representation, the additional boost to later items by enacted recall may thus reflect the advantage

of efficient retrieval (Yang et al., 2019), though Allen and Waterman (2015) observed a similar

pattern of later position improvement for self-enactment during encoding. These findings, therefore,

indicate both overlap and differences between different forms of action-based advantage.
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Experiment 2

There were two aims of this second experiment. First, we aimed to replicate the findings of
Experiment 1 (i.e., benefits of motor imagery at encoding and an enacted recall advantage, with no
interaction between encoding technique and recall modality). Second, we added two further
encoding conditions (action observation and self-enactment), and compared the resulting four
encoding techniques. We predicted superior performance in the three conditions involving action-
related processing (motor imagery, action observation and self-enactment) compared with the
verbal rehearsal condition. Given the inconsistent findings relating to observing and performing
actions during encoding, and absence of studies comparing the two techniques with the motor

imagery technique, we made no specific hypotheses regarding this.

Methods

Participants

We used the G*Power 3.1.9.7 (Faul et al., 2009) to estimate the required sample size to detect
a motor imagery effect (n,? = 0.43) based on Experiment 1. This effect size was transformed to
Cohen’s f=0.87, and finding this effect size in an F test with repeated-measure and as a within-
subject factor, alpha = .05 and 80% power required an estimated total sample size of 14. Given that
recall modality was a between-participants variable, we increased sample size to 40 (i.e., N =20 in
each recall condition). A total of 40 native Mandarin Chinese speakers (67.5% female, 32.5% male)

with a mean age of 19.90 (SD = 1.75) years, and an average of 14.95 years (SD = 1.88) of
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education, participated in the experiment and provided informed consent.

Design

The study used a 4 x 2 mixed design with encoding technique manipulated within-participants
(i.e., verbal rehearsal, motor imagery, action observation and self-enactment) and recall modality
(i.e., verbal vs. enacted recall) manipulated between-participants®. The dependent variable was the
proportion of action-object pairs correctly recalled in their correct serial position in the sequence.

The order of encoding conditions was counterbalanced across participants.

Instruction task

The paradigm was the same as in Experiment 1. The instructions lists were similar to
Experiment 1 except that the action “push” was replaced with “shake” to avoid confusion of the
actions “pull” and “push” during self-enactment condition (see Appendix A for the lists). For
demonstration, short video clips were taken for all possible combinations of action-object pairs.
Each video clip was taken from the perspective of the person performing the action, showing as a
hand manipulating an object (see Figure 1a), which lasted about 2.5 sec. These short clips of
actions were combined with the audio files to form a coherent video file for each instruction trial. To
show the video clips, a computer screen was placed on the desk behind an array of the objects
throughout the experiment.

The procedures of the motor imagery and verbal rehearsal conditions were the same as those

3 This experiment was not pre-registered.
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used in Experiment 1. In the self-enactment condition, the procedure was similar except participants
performed the action after the audio play of each action-object pair. In the action observation
condition, participants watched the video clip of the action after hearing the action-object pair. As in
Experiment 1, recall was either verbal or via enactment. The exact wordings of all task instructions

can be found in Appendix B.

Results

Action-object pairs

Descriptive results of action-object pairs are presented in Table 1 and Figure 4. A 4 (encoding
technique: verbal rehearsal, motor imagery, action observation, self-enactment) x 2 (recall modality:
verbal vs. enacted) mixed ANOVA was conducted. There was a significant main effect of encoding
technique, F(3, 114) = 26.03, MSE = 0.01, p < .001, ny? = 0.41, BF1o> 10,000. Post-hoc analysis
with Bonferroni corrections indicated a similar level of performance among the motor imagery,
action observation, and self-enactment conditions (all p values > .05, BF1o < .5), which were all
superior to performance in the verbal rehearsal condition (all p values < .001, BF10> 10,000). There
was also a significant main effect of recall type, showing as superior enacted recall than verbal
recall, F(1, 38) = 13.55, MSE = 0.01, p = .001, n,2=0.26, BF1o = 30.61. The interaction between
recall modality and encoding technique was not significant, p = .923, BF1 = 0.31. The effect sizes of

these effects are presented in Table 1.
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Serial positions curve

A 4 (encoding technique) x 2 (recall modality) x 4 (serial position) mixed ANOVA was
conducted. The descriptive results are shown in Figure 5. Here, we only report effects relating to
serial position. There was a significant main effect of position, F(2.31, 87.80) = 43.12, MSE = 0.02,
p < .001, n,% = 0.53, BF1o> 10,000. Position interacted significantly with recall modality, F(2.31,
87.80) = 12.21, MSE = 0.02, p < .001, ny? = 0.24, BF1o= 22142. Post-hoc comparisons with
Bonferroni corrections revealed a rapid decrement of performance in the first three positions (all p
values < .05) but not in the last position (p = 1.000) in the verbal recall conditions, in contrast to a
slower decrement from the first to third position (p = .002, but no significant decrement between
adjacent positions including the first to second position, and the second to third position) and no
further decrement from the third to last position (p = .351) in the enacted recall conditions. Although
there was a significant interaction between serial position and encoding technique, F(6.00, 228.04)
=2.19, MSE = 0.02, p = .045, n,? = 0.06, BF1o = 1.52, Bayesian analysis indicated anecdotal
evidence for this interaction. Further exploration indicated this encoding technique x serial position
interaction to reflect improved recall for later sequence positions in the self-enactment condition. An
analysis focusing only on the conditions from Experiment 1 (i.e., verbal rehearsal and motor
imagery) replicated the null interaction between the encoding technique and serial positions from
that experiment (p = .437, n,? = 0.02, BF1o = 0.24). There was no significant three-way interaction, p

= .850, BF1o=0.007.
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Discussion

All findings from Experiment 1 were replicated, including the enacted recall advantage, the

benefit of motor imagery over verbal rehearsal, and the absence of an interaction between encoding

techniques and recall modality. Enacting the actions during encoding led to better memory

performance relative to using the verbal rehearsal technique, which is consistent with previous

findings based on comparing self-enactment during encoding with no requirement for encoding in

adults (i.e., baseline conditions; Allen et al., 2020; Allen & Waterman, 2015; Coats et al., 2021;

Jaroslawska et al., 2021; Lui et al., 2018) as well as in children (Jaroslawska et al., 2016). In the

present study, the self-enactment benefit at encoding was similar in the verbal and enacted recall

conditions. Given enacted recall already facilitates the action planning process, the presence of the

self-enactment advantage in enacted recall conditions thus suggests an additional benefit provided

by self-enactment during encoding. It is possible that the experience of enactment upon objects

during encoding may provide motor and tactile feedback, which were unavailable in action planning;

this sensory feedback may then serve as additional memory cues during recall. However, this

finding is in contrast to previous studies where the benefit of self-enactment relative to baseline

conditions was reduced or eliminated in the enacted recall conditions (Allen & Waterman, 2015;

Jaroslawska et al., 2021; Jaroslawska et al., 2016; Lui et al., 2018). It is worth noting that in both

working memory and long-term memory domains, self-enactment benefits are robust when applied

during encoding. In contrast, enactment effects at retrieval appear to be more likely in working

memory than long-term memory tasks. The enacted-recall advantage in working memory has been
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attributed to active action planning during encoding and a more efficient retrieval process (Allen &

Waterman, 2015(Waterman et al., 2017; Yang et al., 2019). These cognitive processes may be

particularly beneficial when participants need to encode and recall action phrases in sequence. In

contrast, long-term memory tasks examining this question have typically required participants to

recall nouns based on verb cues (Kormi-Nouri et al., 1994; Saltz & Dixon, 1982), and physically

performing the verb action was less helpful to recall nouns unless the enactment could be

integrated with the nouns such as body parts (Kormi-Nouri et al., 1994). In a long-term memory

study that did require participants to recall all action phrases (mostly involving body parts),

enactment did benefit when implemented at recall (Norris & West, 1993). These findings suggest

enactment at the retrieval stage may be particularly beneficial for recalling action-objects or verb-

nouns combinations. Future research may compare these enactment effects in working memory

and long-term memory to clarify the similarity and differences underlying the mechanisms in the two

domains.

Observing actions during encoding also improved memory performance relative to rehearsal,

replicating findings in adults (Coats et al., 2021; Lui et al., 2018; Yang et al., 2015; Yang et al.,

2022). As previously stated, this benefit may be driven by a richer memory representation that

contains additional visual, spatial and motor information from action observation (Allen et al., 2020).

In the present study, the observation advantage was similar for verbal and enacted recall. This

finding supports some previous studies of following instructions in adults (Waterman et al., 2017;

Yang et al., 2015, but see Lui et al., 2018; Yang et al., 2022), indicating an additional benefit of

action observation above action planning, such as providing a more integrated and errorless
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representation.

A key novel finding in this experiment emerged from the comparison of three forms of action-

based processing during encoding, with instruction recall being equivalent in the imagery,

observation and self-enactment conditions. The serial position curves also indicated similarity

between the three forms of action-based encoding (see Figure 5). These findings fit with the

empirical evidence of similar brain networks among motor imagery, observation and execution of

actions (Hardwick et al., 2018). The comparisons among the three forms of action advantages are

discussed in the next section.

General Discussion

In two experiments, we compared the effects of different forms of action-based encoding on

following spoken instructions in adults. The first experiment showed a similar benefit of motor

imagery in both verbal and enacted recall. The second experiment replicated these findings and

further indicated a similar benefit of motor imagery, action observation, and self-enactment relative

to verbal rehearsal, in both verbal and enacted recall.

In both experiments, we observed an advantage of using motor imagery to encode spoken

instructions compared with the commonly used verbal rehearsal technique. Moreover, this

advantage was present in both verbal and enacted recall, which extends the findings from children

to young adults and indicates different age groups can benefit from motor imagery during encoding.

The current findings also supplement the largely overlooked area of motor imagery in working

memory, and link to the beneficial effect of motor imagery in long-term memory (Ecker &
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Engelkamp, 1995; Ma et al., 2021) and skill learning (Kim et al., 2020) in adults; together, they

emphasized the value of motor imagery for improving memory within both short-term and long-term

timeframes.

The present study indicated similar effects of motor imagery and action observation in

facilitating memory of instructions, compared with verbal rehearsal. This novel finding supplements

limited research on comparing motor imagery and action observation in memorizing action

sequences (Gatti et al., 2013, adults). On the one hand, adopting and implementing a motor

imagery strategy might conceivably be more demanding, compared to the benefits gained from

observing demonstration of actions being carried out on objects. However, for adults, action

planning abilities may be relatively mature, and so a self-generated memory representation can be

as effective in enhancing performance as a representation provided by demonstration. Motor

imagery may also provide additional benefits such as a sense of effort, agency and simulated

kinesthetic input, which may compensate for any deficiency of self-generated representation (Vogt

et al., 2013). In contrast, the ability to plan actions is still developing in children (Spruijt et al., 2015),

and so self-generated memory representations of action sequence may be less effective relative to

representations derived from demonstration. Children might then benefit more from action

observation than from motor imagery, a hypothesis that awaits examination.

In the present study, motor imagery also yielded a similar pattern of performance as self-

enactment. Unlike action observation, both motor imagery and self-enactment require action

planning. Compared with motor imagery, self-enactment has additional physical motor movement

components, which may provide an additional boost to memory. In fact, a recent meta-analysis
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involving 18-60 years old adults indicates a moderate benefit of self-enactment relative to imagery

in long-term memory (Roberts et al., 2022), with the authors suggesting that the additional

advantage of self-enactment is associated with genuine action planning and real physical actions.

The findings from Experiment 2 suggest this might not apply to a working memory context.

However, without a direct comparison between short- and long-term memory tasks using otherwise

equivalent methodology, confident conclusions cannot be drawn about the relative pattern of effects

and possible underlying mechanisms. This points to a new avenue of research comparing action-

based advantages in different memory contexts.

In terms of the two encoding techniques that are often compared together in previous studies

(i.e., action observation and self-enactment), the present study reported similar levels of memory

performance whereas the previous findings are rather inconsistent. Three studies of following

instructions reported a larger or a more stable action-observation benefit than self-enactment effect

in both adults (Allen et al., 2020; Coats et al., 2021) and children (Waterman et al., 2017), whereas

another study showed larger benefit of self-enactment than action observation in adults (Lui et al.,

2018). Observation superiority has mainly been found when using simple objects (i.e., 2D geometric

shapes). Engelkamp’s multimodal theory suggests self-enactment facilitates item specific

processing while action observation improves item relational processing in long-term memory

(Engelkamp, 2001). For instance, research on goal-related action sequence found that action

observation of goal-directed actions improved memory for order recall and subjective organization

of action sequence, whereas self-enactment enhanced recognition of actions during delayed recall

(Schult et al., 2014). In the long term memory research using pure lists and free recall, self-
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enactment improves item specific information at the cost of relational processing whereas action

observation facilitates relational processing at the expense of item-specific information, and these

benefits may cancel each other out (Steffens et al., 2015). Recent evidence suggests that self-

enactment facilitates binding of actions onto to-be-performed objects in tasks involving following

spoken instructions in young adults (Makri & Jarrold, 2021). Therefore, self-enactment may

particularly facilitate binding of features within an action phrase in the present following instruction

paradigm. In terms of action observation, while its mechanism in working memory remain unclear,

we suspect the manipulation may also improve relational processing in working memory as in long-

term memory. For instance, action observation may help associate actions in the sequence to form

an integrated action representation. Therefore, the unique advantages of action observation and

self-enactment have led to equivalent memory performance in the present study. As the advantage

of self-enactment over action observation tend to vary with task paradigms in long-term memory

such as the test type (recognition vs. free recall) and the list type (mixed vs. pure) (Steffens et al.,

2015), working memory research may also consider this issue. For instance, when the study

employs a recognition test that emphasizes item-specific information, self-enactment might then

lead to better memory than action observation.

In short, future work is especially warranted to clarify the similarities and differences between

the mechanisms underlying action observation and self-enactment in working memory. In addition,

previous research indicated a developmental changes of enactment effects in long-term memory,

showing as younger children (< 10 years old) tending to benefit more from action observation while

older children (> 12 years old) benefit more from self-enactment (Badinlou et al., 2018; Badinlou et



COMPARING TECHNIQUES IN ENCODING INSTRUCTIONS 26

al., 2017; Yang & Wang, 2021), similar to adults (Roberts et al., 2022). These long-term findings

concord with the aforementioned working memory study in which school-age children showed larger

and more stable benefits from action-observation than self-enactment when encoding spoken

instructions (Waterman et al., 2017). Together, these findings point out a potentially fruitful route for

investigating different enactment effects in both working memory and long-term memory from a

lifespan perspective.

The action-based encoding conditions implemented in this study in each case were compared

against each other (Experiment 2), and against rehearsal (both experiments). The latter comparison

was intended to serve as a condition in which verbal encoding was emphasized, and action-based

processing minimized. Verbal rehearsal is commonly implemented as a spontaneous strategy by

participants (e.g., Morrison et al., 2016, adults; Tam et al., 2010, children), although there is little

evidence that it serves to enhance performance (Oberauer, 2019, a review). Typically, when

participants are not instructed to use any directed encoding strategy in a working memory task, they

will likely implement a myriad of techniques, with this varying between and even within individuals,

tasks, and trials (e.g., Gonthier, 2021, a review). This is of a piece with the view that working

memory ‘capacity’ reflects contributions from various contributory components drawn from a

‘cognitive toolbox’ (Logie et al., 2021). Thus, a ‘no-strategy condition’ would not in fact be strategy-

free. Our use of an articulatory rehearsal condition in the present study therefore serves to provide a

verbal contrast to imagery, observation, and self-enactment. Nevertheless, future work should

explore the extent to which different forms of directed encoding strategy contrast both with each

other and with conditions in which participants are free to spontaneously adopt strategic approaches
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to the task.

It remains to be seen how motor imagery might be incorporated along with action planning,

enactment, and observation effects into theoretical approaches to working memory. Perceptual and

motor storage and processing may be fundamentally important aspects of working memory when

considering a ‘standard model’ of the mind (Laird et al., 2017), and several broad theoretical

frameworks within working memory have at least begun to consider how such information may be

handled (e.g., Baddeley et al., 2021; Barrouillet & Camos, 2021; Logie et al., 2021 see Li et al.,

2022 for a brief discussion). Within the multicomponent model as described by Baddeley et al.

(2021), for example, visuospatial and motoric information might be incorporated into a more detailed

specification of the visuospatial sketchpad and combined with other sources of information within a

modality-general episodic buffer (Allen & Waterman, 2015; Li et al., 2022), while the addition of a

specialized motor store has also been suggested (Jaroslawska et al., 2018). Alternatively, the

impacts of action-based processing on working memory may be considered by a theoretical

approach that rejects the need for specialized buffers and instead views working memory as

reflecting the operation of an object-oriented action system that co-opts perceptual-motor

processing (e.g., Macken et al., 2015), though the extent to which such an approach primarily differs

in terminology and levels of explanation remains controversial. At a broad level, for reasons of

parsimony and simplicity we presently prefer the Baddeley et al. (2021) framework as related to

memory for action and instruction by Li et al. (2022). However, the current study was not designed

to differentiate between the broad leading frameworks that are available. Indeed, they are likely not

sufficiently detailed to support meaningful speculation in this regard, though most do incorporate or
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acknowledge the likely availability of modality specific storage and processing capabilities along

with a means of pulling together such information into conscious awareness. Effectively capturing

how rich, multi-dimensional processing that includes different forms of action planning, input, and

output might be achieved in working memory will require considerable theoretical development and

supporting empirical evidence.

Research has started to explore to what extent multiple types of action-based intervention might

improve long-term memory. For instance, researchers observed that combining action observation

and motor imagery lead to superior superior cognitive and skill performance, relative to independent

action-observation or motor imagery training (Kim et al., 2020). Similary, adding motor imagery

during physical practice can further boost mental representations of motor skills in adults (Frank et

al., 2014). The combined benefit of action observation and motor imagery has also been observed

in rehabilitation in patients with Parkinson’s disease (Caligiore et al., 2017). As these findings

focused on long-term memory, it remains unclear whether mutiple forms of action-based encoding

can also boost following instructions in working memory, and whether it adds additional benefit

above a single form of action-based encoding (e.g., self-enactment, motor imagery, action

observation). Establishing this will have useful theoretical and practical implications.

In addition to encoding-based action benefits, we also found an enacted recall advantage,

which occurred in all encoding conditions. The observation of an enacted recall advantage in action-

encoding conditions might suggest additional benefits occurring at retrieval. Indeed, a previous

study (Yang et al., 2019) has found that enactment retrieval led to more rapid access of memory

representation and more efficient output production than oral repetition. To examine this possibility
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further, we re-analyzed the reaction time data of that study and found the enacted-recall advantage
for preparation duration (d = 1.22) was larger than for recall duration (d = 0.73) in the spoken
instruction conditions. This would imply a relatively larger contribution of representation accessibility
than retrieval efficiency to the enacted-recall advantage. However, as we did not measure reaction
time in the present study, we do not know whether the same results hold true for action-based
encoding conditions (i.e., motor imagery, self enactment, action observation). Future research
should include reaction time data to understand the potential contributions of retrieval process in
enacted-recall advantages in working memory.

In conclusion, the present study provided empirical evidence that motor imagery, action
observation and self-enactment all facilitate adults’ ability to follow spoken instructions relative to
rehearsal. These action-based benefits are present for both verbal and enacted recall and appear
similar in size. It will be important to establish whether these different action-based encoding
techniques have a similar effect on recall for children, or whether children obtain different levels of
benefit from motor imagery, enactment and observation, relative to non-action based conditions.
Understanding the presence and size of relative benefits to memory of different strategies in
different populations will contribute to our understanding of how working memory develops, as well
as informing applied contexts such as the education sector where the requirement to follow

instructions is a frequent and critical part of the task environment (Gathercole et al., 2008).
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Tables

Table 1. Descriptive results of proportion correct of action-object pairs and action advantages in

Experiment 1 and 2

Enacted vs
Verbal Recall Enacted recall Verbal
recall
M (SD) Cohen'sd M (SD) Cohen'sd Cohen's d
Experiment 1
Verbal rehearsal condition 0.54 (0.14) 0.71 (0.16) 1.15
Motor imagery condition 0.64 (0.16) 0.85 (0.12) 1.57
Motor imagery vs verbal rehearsal 0.67 1.06
Experiment 2
Verbal rehearsal condition 0.57 (0.16) 0.69 (0.15) 0.81
Motor imagery condition 0.72 (0.19) 0.85 (0.10) 0.88
Action observation condition 0.74 (0.15) 0.89 (0.11) 1.15
Self-enactment condition 0.73 (0.17) 0.85 (0.10) 0.90
Motor imagery vs verbal rehearsal 0.61 0.91
Action observation vs verbal rehearsal 0.78 1.12
Self-enactment vs verbal rehearsal 0.69 0.90
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Figures

Figure 1

The following instruction task

(a) Display of following instruction task in Experiment 1 and 2

(b) An example of instruction trial in Experiment 1 and 2

T T (a) Rehearse . (a) Rehearse — (a) Rehearse = (a) Rehearse Verbal
blagﬁ ba . B> (b) Imagine [ F"? t|he blue N (b) Imagine Spin th‘i”red N (b) Imagine Pullthe P\ (b) Imagine --p or
(c) Observe older (c) Observe pencl (c) Observe yellow basket” | "1 (c) Observe Enacted
25s (d) Perform 25s (d) Perform 25s (d) Perform 25s (d) Perform 08s recall
25s 25s 25s 25s

Notes. Experiment 1 contained the (a) Rehearse and (b) Imagine conditions. Experiment 2 contained

all four conditions. The computer screen was turned off in all conditions in Experiment 1 and 2 except

for the action observation condition in Experiment 2.
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Figure 2

Proportion correct of action-object pairs as a function of encoding technique and recall modality in

Experiment 1

Verbal rehearsal Motor imagery

1.00 A

0.75 1

Proportion correct
o
(&)
o

0.25 1

0.00 -

Enacted Verbal Enacted Verbal
Recall modality

Notes. Error bars represent standard errors, and grey points show individual participants.
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Figure 3

Proportion correct of action-object pairs as a function of serial position, encoding technique, and

recall modality in Experiment 1
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Notes. Error bars represent standard errors.
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Figure 4

Proportion correct of action-object pairs as a function of encoding technique and recall modality in

Experiment 2
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Notes. Error bars represent standard errors, and grey points show individual participants.
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Figure 5

Proportion correct of action-object pairs as a function of serial position, encoding technique, and

recall modality in Experiment 2
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Figure captions as a list

Figure 1. The following instruction task

Figure 2. Proportion correct of action-object pairs as a function of encoding technique and recall
modality in Experiment 1

Figure 3. Proportion correct of action-object pairs as a function of serial position, encoding technique,
and recall modality in Experiment 1

Figure 4. Proportion correct of action-object pairs as a function of encoding technique and recall
modality in Experiment 2

Figure 5. Proportion correct of action-object pairs as a function of serial position, encoding technique,

and recall modality in Experiment 2
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Appendix A

Lists of instructions for Experiment 1

Practice trials

1. Tap the white basket, pull the yellow ruler, lift the red bag, push the black pencil

2. Push the black bag, flip the blue folder, spin the red pencil, pull the yellow basket
Formal trials

1. Pull the green folder, tap the blue ruler, push the white basket, flip the black bag

2. Spin the red bag, pull the white eraser, tap the yellow basket, push the green folder
3. Flip the yellow ruler, spin the black pencil, lift the blue folder, tap the white eraser
4. Lift the black pencil, pull the red pencil, flip the white eraser, spin the blue ruler

5. Tap the green eraser, flip the yellow basket, push the blue ruler, pull the white basket
6. Flip the blue ruler, spin the green folder, pull the black bag, lift the yellow ruler

7. Pull the blue folder, push the green eraser, lift the black pencil, tap the red bag

8. Flip the red pencil, lift the white basket, spin the green eraser, push the blue folder
9. Lift the white eraser, push the red bag, tap the green folder, spin the yellow ruler

10. Spin the yellow basket, tap the black bag, lift the red pencil, flip the green eraser

List 2

Practice trials

1. Lift the blue folder, push the yellow ruler, tap the white eraser, pull the red pencil

2. Pull the yellow basket, spin the blue ruler, push the green folder, flip the white basket
Formal trials

1. Push the red bag, flip the green eraser, pull the black pencil, tap the black bag

2. Tap the yellow ruler, push the red pencil, spin the white basket, Pull the blue ruler

3. Lift the black bag, tap the blue folder, flip the green eraser, spin the red bag

4. Flip the white eraser, spin the yellow basket, lift the blue ruler, pull the green eraser
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5. Push the blue ruler, pull the green folder, tap the black bag, flip the yellow ruler

6. Pull the green eraser, lift the red bag, flip the blue folder, spin the yellow basket

7. Lift the green folder, tap the white basket, pull the red pencil, push the white eraser
8. Spin the black pencil, push the white eraser, flip the red bag, lift the blue folder

9. Tap the yellow basket, spin the red pencil, lift the black bag, push the black pencil

10. Lift the white basket, flip the black pencil, spin the yellow ruler, tap the green folder

List 3

Practice trials

1. Pull the red bag, Tap the black pencil, push the blue folder, lift the white eraser

2. Push the green folder, flip the yellow basket, pull the white eraser, spin the blue ruler
Formal trials

1. Tap the red pencil, pull the blue folder, flip the green folder, push the black bag

2. Pull the green eraser, push the blue ruler, spin the red pencil, tap the black pencil
3. Spin the white basket, flip the green eraser, tap the yellow ruler, lift the blue folder
4. Pull the black pencil, lift the yellow ruler, spin the yellow basket, flip the red bag

5. Flip the yellow ruler, tap the green folder, pull the black bag, push the white basket
6. Spin the blue folder, flip the red pencil, lift the white basket, Pull the green eraser
7. Push the white basket, pull the green folder, tap the black bag, lift the blue ruler

8. Lift the white eraser, flip the red bag, push the green eraser, spin the yellow ruler
9. Spin the blue ruler, lift the black bag, tap the yellow basket, push the red bag

10. Tap the white eraser, spin the yellow basket, flip the red pencil, lift the black pencil

List 4

Practice trials

1. Tap the green eraser, spin the yellow basket, push the black pencil, flip the white eraser
2. Push the green folder, flip the yellow ruler, spin the red bag, pull the blue folder

Formal trials
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1. Pull the blue ruler, lift the white basket, push the green eraser, spin the red pencil

2. Lift the blue folder, flip the red bag, pull the black bag, tap the green folder

3. Pull the yellow basket, spin the green eraser, tap the white eraser, lift the yellow ruler
4. Tap the black bag, pull the red pencil, flip the blue folder, push the white basket

5. Spin the yellow ruler, flip the red bag, push the yellow basket, pull the black bag

6. Flip the white basket, lift the blue folder, spin the red pencil, tap the white eraser

7. Pull the white eraser, tap the black pencil, flip the blue ruler, lift the yellow basket

8. Flip the red pencil, push the blue ruler, lift the green folder, spin the black pencil

9. Spin the green eraser, lift the black bag, tap the white basket, push the red bag

10. Lift the black pencil, push the green folder, pull the yellow ruler, tap the blue ruler

Lists of instructions for Experiment 2

List 1

Practice trials

1. Tap the white basket, pull the yellow ruler, lift red bag, shake the black pencil

2. Shake the black bag, flip the blue folder, spin the red pencil, pull the yellow basket
Formal trials

1. Pull the green folder, tap the blue ruler, shake the white basket, flip the black bag

2. Spin the red bag, pull the white eraser, tap the yellow basket, shake the green folder
3. Flip the yellow ruler, spin the black pencil, lift blue folder, tap the white eraser

4. Lift black pencil, pull the red pencil, flip the white eraser, spin the blue ruler

5. Tap the green eraser, flip the yellow basket, shake the blue ruler, pull the white basket
6. Flip the blue ruler, spin the green folder, pull the black bag, lift yellow ruler

7. Pull the blue folder, shake the green eraser, lift black pencil, tap the red bag

8. Flip the red pencil, lift white basket, spin the green eraser, shake the blue folder

9. Lift white eraser, shake the red bag, tap the green folder, spin the yellow ruler

10. Spin the yellow basket, tap the black bag, lift red pencil, flip the green eraser
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List 2

Practice trials

1. Lift blue folder, shake the yellow ruler, tap the white eraser, pull the red pencil

2. Pull the yellow basket, spin the blue ruler, shake the green folder, flip the white basket
Formal trials

1. Shake the red bag, flip the green eraser, pull the black pencil, tap the black bag

2. Tap the yellow ruler, shake the red pencil, spin the white basket, pull the blue ruler
3. Lift black bag, tap the blue folder, flip the green eraser, spin the red bag

4. Flip the white eraser, spin the yellow basket, lift blue ruler, pull the green eraser

5. Shake the blue ruler, pull the green folder, tap the black bag, flip the yellow ruler
6. Pull the green eraser, lift red bag, flip the blue folder, spin the yellow basket

7. Lift green folder, tap the white basket, pull the red pencil, shake the white eraser
8. Spin the black pencil, shake the white eraser, flip the red bag, lift blue folder

9. Tap the yellow basket, spin the red pencil, lift black bag, shake the black pencil

10. Lift white basket, flip the black pencil, spin the yellow ruler, tap the green folder

List 3

Practice trials

1. Pull the red bag, tap the black pencil, shake the blue folder, lift white eraser

2. Shake the green folder, flip the yellow basket, pull the white eraser, spin the blue ruler
Formal trials

1. Tap the red pencil, pull the blue folder, flip the green folder, shake the black bag

2. Pull the green eraser, shake the blue ruler, spin the red pencil, tap the black pencil

3. Spin the white basket, flip the green eraser, tap the yellow ruler, lift blue folder

4. Pull the black pencil, lift yellow ruler, spin the yellow basket, flip the red bag

5. Flip the yellow ruler, tap the green folder, pull the black bag, shake the white basket

6. Spin the blue folder, flip the red pencil, lift white basket, pull the green eraser
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7. Shake the white basket, pull the green folder, tap the black bag, lift blue ruler
8. Lift white eraser, flip the red bag, shake the green eraser, spin the yellow ruler
9. Spin the blue ruler, lift black bag, tap the yellow basket, shake the red bag

10. Tap the white eraser, spin the yellow basket, flip the red pencil, lift black pencil

List 4

Practice trials

1. Tap the green eraser, spin the yellow basket, shake the black pencil, flip the white eraser
2. Shake the green folder, flip the yellow ruler, spin the red bag, pull the blue folder
Formal trials

1. Pull the blue ruler, lift white basket, shake the green eraser, spin the red pencil

2. Lift blue folder, flip the red bag, pull the black bag, tap the green folder

3. Pull the yellow basket, spin the green eraser, tap the white eraser, lift yellow ruler
4. Tap the black bag, pull the red pencil, flip the blue folder, shake the white basket
5. Spin the yellow ruler, flip the red bag, shake the yellow basket, pull the black bag
6. Flip the white basket, lift blue folder, spin the red pencil, tap the white eraser

7. Pull the white eraser, tap the black pencil, flip the blue ruler, lift yellow basket

8. Flip the red pencil, shake the blue ruler, lift green folder, spin the black pencil

9. Spin the green eraser, lift black bag, tap the white basket, shake the red bag

10. Lift black pencil, shake the green folder, pull the yellow ruler, tap the blue ruler
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Appendix B

Procedure and instructions for Experiment 1 and 2
Most instructions were the same for Experiment 1 and 2, with differences indicated in the text or in

the footnotes.

1. Practice of naming objects

The experimenter said, ‘This is a memory test. Before testing, let us get familiar with these items. The
objects include: a white eraser, a yellow ruler, a blue ruler, a green eraser, a red pencil, a black pencil,
a white basket, a yellow basket, a blue folder, a green folder, a red bag, a black bag. Now please tell
me the name of these objects from left to right.’” If the participants provided an incorrect answer, the
experimenter corrected it immediately and required the participants to name it again until all the

names of objects were provided correctly.

2. Practice of the actions

The experimenter said, ‘Next, let us get familiar with the actions.” The experimenter demonstrated
each action while speaking the names (push/shake®, pull, spin, tap, lift, flip). While speaking the action
push, pull, and lift, the experimenter moved the object approximately 5 cm away from the original

position. For the action tap, the experimenter patted the object from above. For the action flip, the

4 In Experiment 2, the action “push” was replaced with “shake” to avoid confusion of the actions “pull” and “push” during

self-enactment condition. While speaking the action shake, the experimenter picked and jiggled the object.
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experimenter picked up the object and turned it upside down. For the action spin, the experimenter
rotated the object clockwise by 45 degrees (only for demonstration, the exact rotation angle was not
required in the formal test). For the action shake, the experimenter picked up the object and jiggled it
from side to side. After demonstration, the experimenter said, ‘Now, | will do each action and you tell
me the name of the action.” Six action-object pairs were provided (push/shake the white eraser; pull
the yellow ruler; spin the blue ruler; tap the green eraser; lift the red pencil; flip the black pencil). The
experimenter then performed each action one at a time and the participants gave the name of the
action, any inaccurate answer was immediately corrected by the experimenter. Finally, the
experimenter said, ‘Next, | will say the names of the actions, and you do the actions.’ Six action-object
pairs were provided (push/shake the white basket; pull the yellow basket; spin the blue folder; tap the
green folder; lift the red bag; flip the black bag). The experimenter needed to check whether the
participants could understand and operate the actions correctly and smoothly, as well as checking
that the six types of actions were distinguishable. The details of the movement such as the distance
of movement and the angle of rotation were not strictly required to be exactly the same as the
experimenter’s demonstration. Any mistake when performing actions during practice was immediately

corrected by the experimenter.

3. Overall introduction of the experiment

The experimenter said, ‘There were four conditions of the test, and | will introduce the overall rules of

the test. You will hear spoken instructions or see videos of demonstrated instructions played on the
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computer. Each instruction contains a series of action-object pairs such as push/shake® the white
eraser, tap the yellow ruler. Then, the experimenter said, ‘There are silent pauses between action-
object pairs, and you need to memorize the actions using the strategy required by the experimenter.
At the end of an instruction, when you hear a reminding tone du, you need to recall the entire
instruction in order.’

Next, the experimenter said, ‘There are some rules for the task. First, you need to put your hands
on your lap before each instruction starts. Second, while the instruction is playing, you need to listen
carefully and avoid making any hand movements. Third, you need to remember all the action-object
pairs in the correct order. If you forget an element, you can say “blank” instead. A blank represents a
forgotten action or object. For example, if the instruction is shake the white eraser and tap the yellow
ruler, and 1) you forget the action shake, you need to say blank the white eraser and tap the yellow
ruler; 2) you forget the object white eraser, you need to say shake the blank and tap the yellow ruler;
3) you forget the first action-object pair, you need to say blank and tap the yellow ruler. Now, let’s start
the first game.’ In the formal test, if a participant forgot to say blank, the experimenter would remind

the participant after the trial ended.

4. Task introduction and practice instructions for different conditions

There were four conditions in Experiment 1 (i.e., conditions 1-4), and eight conditions in Experiment

2 (i.e., conditions 1-8). The descriptions of the task introduction and practice are presented below.

5 In Experiment 2, the action “push” was replaced with “shake” to avoid confusion of the actions “pull” and “push” during

self-enactment condition. While speaking the action shake, the experimenter picked and jiggled the object.
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The instructions for the formal test were the same and are presented in part 5.

Condition 1: Verbal rehearsal-verbal recall condition

The experimenter first introduced the task requirement by saying, ‘I will play the spoken

instructions on my computer. Each instruction contains a series of action-object pairs and there is a

silent pause after each one. During this time, you need to repeat the action-object pairs quietly. At the

end of the instruction, you will hear the reminding tone du, and you need to speak out loud all the

action-object pairs of the instruction in order.’

The experimenter then demonstrated the procedure, and said, ‘I will demonstrate, and you must

observe how | perform it.” The experimenter played the sample recording and repeated each action

quietly, and repeated the entire instruction after hearing the du sound. After the demonstration, the

experimenter said, ‘This time, | will play the instructions, and you do the task as | just demonstrated.

After each action, you must repeat it quietly, and when you hear the du sound, say out loud all the

action-object pairs in order. Let’s practice.” The experimenter played two practice trials, and observed

and corrected any rule-breaking behaviors until the participants could perform the task as required.

The experimenter paid attention to the typical errors that might occur during the encoding stage (e.qg.,

repeating the instructions aloud or silently; pointing to or touching objects; simulating enactment).

These rule-breaking behaviors were prohibited by the experimenter.

After the experimenter had ensured the participants could understand and perform the task

correctly, the experimenter started the formal test.
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Condition 2: Verbal rehearsal-enacted recall condition

The experimenter first introduced the task requirement by saying, ‘I will play the spoken

instructions on my computer. Each instruction contains a series of action-object pairs and there is a

silent pause after each one. During this time, you need to repeat the action-object pairs quietly. At the

end of the instruction, you will hear the reminding tone du, and you need to perform all the action-

object pairs of the instruction in order. Please be aware that you can use one hand or both hands to

complete the task, but do not use both hands at the same time on the same object.’

The experimenter then demonstrated the procedure, and said: “I will demonstrate, and you must

observe how | perform it.” The experimenter played the sample recording and repeated each action

quietly, and performed the entire instruction sequentially after the du sound. After recall, the

experimenter put all the objects back in their initial locations. After the demonstration, the

experimenter said, ‘This time, | will play the instructions, and you do as | just demonstrated. After each

action, you should repeat it quietly, and when you hear the du sound, perform all the action-object

pairs in order. Let’s practice.’ The practice procedure was similar to that in Condition 1 except for the

additional typical error (i.e., placing the object back immediately after enactment in the middle of

recalling process). After practice, the formal test began.

Condition 3: Motor imagery-verbal recall condition

The experimenter first introduced the task requirement by saying, ‘I will play the spoken

instructions on my computer. Each instruction contains a series of action-object pairs and there is a
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silent pause after each one. During this time, you need to imagine completing the action in your mind.

At the end of the instruction, you will hear the reminding tone du, and you need to speak out loud all

of the action-object pairs of the instruction in order.’

The experimenter then demonstrated the procedure, and said, ‘I will demonstrate and describe

how | imagine the actions; but in the formal test, you do not need to speak out loud what you are

doing’. The experimenter then played the first sample recording pull the white eraser, and said ‘In my

mind, | imagine my hand moves away from lap, stretches towards the white eraser, takes hold of the

white eraser and pulls it towards me, and the white eraser leaves the previous location and moves

toward me’. The experimenter then played the second sample recording tap the yellow ruler, and said

‘In my mind, | imagine my hand moves away from lap, stretches towards the yellow ruler, and taps it'.

After this demonstration, the experimenter said, ‘This time, | will play the instructions, and you do

as | just demonstrated. Please try to imagine the process of completing the action after hearing it. You

don't need to speak out loud what you are doing as | just demonstrated, just imagining it in your head

is fine. When you hear the du sound, speak out loud all the action-object pairs in order’. The

experimenter then played the two practice trials (same as demonstrations). After the participants

recalled the instructions, the experimenter asked, “To what extent do you think you can imagine the

actions in the instruction?’ then the participants selected from the following options (1=cannot imagine

the actions at all; 2=have difficulty imagining the actions; 3=can imagine the actions a little; 4=can

imagine the actions quite a lot; 5=can imagine the actions completely). If the participants reported

difficulty with motor imagery (option 1 or 2), the participants had further motor imagery practice with

eyes closed, or speaking out loud as they engaged in the imagery process. In the formal test, all
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participants were required to imagine the actions silently with eyes open.

After that, the experimenter said, ‘Let’'s have some more practice.’ The experimenter played two

practice trials, and observed and corrected any rule-breaking behaviors until the participants could

perform the task as required. The formal test then began.

Condition 4: Motor imagery-enacted recall condition

The experimenter first introduced the task by saying, ‘I will play the spoken instructions on my

computer. Each instruction contains a series of action-object pairs and there is a silent pause after

each one. During this time, you need to imagine completing the action in your mind. At the end of the

instruction, you will hear the reminding tone du, and you need to perform all of the action-object pairs

of the instruction in order. Please be aware that you can use one hand or both hands to complete the

task, but do not use both hands at the same time on the same object.’

After that, the experimenter demonstrated motor imagery, with the process being the same as

that described in Condition 3. Given the counterbalancing of conditions across participants, the

experimenter only needed to demonstrate motor imagery technique in the first motor imagery

condition and skipped this process in the second motor imagery condition.

Then, the experimenter repeated the requirements of the task, and asked participants to practice.

The practice process was similar to Condition 3, including two trials and the question about the clarity

of motor imagery. The formal test then began.
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Condition 5: Action observation-verbal recall condition

The experimenter first introduced the task requirement by saying, ‘I will play the video clips on

my computer. Each instruction contains a series of action-object pairs and there is a silent pause after

each one. During this time, you just need to watch the video clips carefully. At the end of the instruction,

you will hear the reminding tone du, and you need to speak out loud all the action-object pairs of the

instruction in order.’

The experimenter then demonstrated the procedure, and said, ‘I will demonstrate, and you must

observe how | perform it.” The experimenter played the sample video clip and watched it, and repeated

the entire instruction after hearing the du sound. After the demonstration, the experimenter said, ‘This

time, | will play the video clip, and you do the task as | just demonstrated. When you hear the du

sound, say out loud all the action-object pairs in order. Let’s practice.” The experimenter played two

practice trials, and observed and corrected any rule-breaking behaviors until the participants could

perform the task as required.

After the experimenter had ensured the participants could understand and perform the task

correctly, the experimenter started the formal test.

Condition 6: Action observation-enacted recall condition

The experimenter first introduced the task requirement by saying, ‘I will play the video clips on

my computer. Each instruction contains a series of action-object pairs and there is a silent pause after

each one. During this time, you just need to watch the video clips carefully. At the end of the instruction,
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you will hear the reminding tone du, and you need to perform all the action-object pairs of the

instruction in order. Please be aware that you can use one hand or both hands to complete the task,

but do not use both hands at the same time on the same object.’

The experimenter then demonstrated the procedure, and said, ‘| will demonstrate, and you must

observe how | perform it The experimenter played the sample video clip and watched it, and

performed the entire instruction sequentially after the du sound. After the demonstration, the

experimenter said, ‘This time, | will play the video clip, and you do the task as | just demonstrated.

When you hear the du sound, perform all the action-object pairs in order. Let’s practice.” The practice

procedure was similar to that in Condition 5. After practice, the formal test began.

Condition 7: Self-enactment-verbal recall condition

The experimenter first introduced the task requirement by saying, ‘I will play the spoken

instructions on my computer. Each instruction contains a series of action-object pairs and there is a

silent pause after each one. During this time, you need to you need to perform the action-object pair

and place the object back immediately. At the end of the instruction, you will hear the reminding tone

du, and you need to speak out loud all the action-object pairs of the instruction in order.’

The experimenter then demonstrated the procedure, and said, ‘| will demonstrate, and you must

observe how | perform it The experimenter played the sample recording, performed each action-

object pair and placed that object back immediately, and repeated the entire instruction again after

hearing the du sound. After the demonstration, the experimenter said, ‘This time, | will play the

instructions, and you do the task as | just demonstrated. After each action, you must perform it
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immediately and place the object back, and when you hear the du sound, say out loud all the action-

object pairs in order. Let’s practice.” The experimenter played two practice trials, and observed and

corrected any rule-breaking behaviors until the participants could perform the task as required.

After the experimenter had ensured the participants could understand and perform the task

correctly, the experimenter started the formal test.

Condition 8: Self-enactment-enacted recall condition

The experimenter first introduced the task requirement by saying, ‘I will play the spoken

instructions on my computer. Each instruction contains a series of action-object pairs and there is a

silent pause after each one. During this time, you need to perform the action-object pairs and place

the object back. At the end of the instruction, you will hear the reminding tone du, and you need to

perform all the action-object pairs of the instruction in order. Please be aware that you can use one

hand or both hands to complete the task, but do not use both hands at the same time on the same

object.’

The experimenter then demonstrated the procedure, and said, ‘| will demonstrate, and you must

observe how | perform it.” The experimenter played the sample recording, performed each action-

object pair and placed the object back immediately, and performed the entire instruction again after

hearing the du sound. After the demonstration, the experimenter said, ‘This time, | will play the

instructions, and you do the task as | just demonstrated. After each action, you must perform it

immediately and place the object back, and when you hear the du sound, perform all the action-object
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pairs in order. Let’s practice.’ The practice procedure was similar to that in Condition 7. After practice,

the formal test began.

5. Instruction of formal test

The experimenter said, ‘The official game is about to begin, please put your hands on your lap.
Are you ready?’ The experimenter said ‘ready’ at the beginning of each instruction trial, and then

played the audio recordings or the video clips based on the conditions.



