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Abstract. This paper discusses the relationship between brain activity and re-

peatability of actions during the process of embodied knowledge acquisition. 

Subjects watched a video clip of a working procedure and executed the same 

series of actions. We conducted the same experiments twice. After the first ex-

periment, we set up three practice trials. In the observation task, the trend in oxy-

hemoglobin levels shifted toward a low-level increase in the dorsolateral prefron-

tal area and a low-level decrease in the frontal lobe with improvement in per-

forming the skill. In the execution task, the trend in oxy-hemoglobin shifted to-

ward an increase in the dorsolateral prefrontal area and toward a decrease in the 

frontal pole with improvement in performing the skill. These results suggest that 

activities in the frontal area shift during the process of embodied knowledge ac-

quisition. 
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1 Introduction 

Explicit knowledge can be expressed as text, figures, tables, etc. On the other hand, 

knowledge that is not easily expressed is called tacit knowledge [1, 2]. In this study, we 

define tacit knowledge to include embodied knowledge, which is a set of skills based 

on experiences and intuitive sense as seen in performing an art, sport, craft, or other 

skilled task. Embodied knowledge cannot be easily communicated and shared because 

of the difficulty in evincive expression. For this reason, both the learner’s and instruc-

tor’s efforts are important for acquisition of embodied knowledge.  

In core manufacturing industries, embodied knowledge includes skills pertinent to 

making products, and effective sharing of knowledge is an important issue for devel-

oping human resources. Instructors with a lot of embodied knowledge can provide ad-

vice to learners regarding the quality of their work and products. However, from a prac-
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tical standpoint, ensuring that instructors have the time to practice with learners is dif-

ficult [3]. In addition, because of the difficulty in evincive expression, the learner’s 

level of embodied knowledge is difficult to evaluate. An example of a method to eval-

uate the level is a practical exam taken by the learner. Exam monitors need to be experts 

in the skill, and they evaluate the learner’s level based their experiences. Due to the 

nature of embodied knowledge and the reality regarding the practical work site, learners 

need to objectively evaluate their own level of embodied knowledge to acquire the 

knowledge on their own. Acquiring embodied knowledge involves high levels of infor-

mation manipulation such as internalization of tacit knowledge. Measuring brain activ-

ity is an appropriate method for objective evaluation of the level of internalization. 

Thus, we used near-infrared spectroscopy (NIRS) to investigate the relationship be-

tween brain activity and embodied knowledge during the process of embodied 

knowledge acquisition. Evaluation of the level of knowledge acquisition with monitor-

ing of brain activity can be an objective indicator of the learner’s degree of skill pro-

gression. Evaluation of the learner’s degree of acquisition enables one to predict im-

provement with modeling and to present options for more effective methods of learn-

ing. Therefore, our final goal is constructing a new learning model and improving learn-

ing efficient by the learning model via brain science.  

During the process of embodied knowledge acquisition in core manufacturing in-

dustries, it is essential to remember the operation procedures of the process machinery. 

In this paper, we targeted procedural memory and imitation learning and investigated 

the relationship between brain activity and repeatability of actions. 

2 Measurement of frontal area activity by NIRS 

2.1 Optical brain imaging system 

When neural activity occurs in the brain, blood flow increases in the tissue near the 

active neurons, and the rate of oxygenated and deoxygenated hemoglobin (oxyHb, de-

oxyHb) in the blood changes. Near-infrared light (700-900 nm) is harmlessly transmit-

ted through the human body, and hemoglobin characteristically changes following 

near-infrared absorbance, depending on the oxygen level in the hemoglobin. These 

properties enable non-invasive measurement of brain activities. Another advantage of 

NIRS is that it allows subjects to move, unlike other brain function measurement tech-

niques. NIRS has relatively high spatial resolution, and the NIRS device is small and 

portable. Thus, in this study of the process of learning embodied knowledge, NIRS is a 

valid measurement technique. 

2.2 Measurement of the frontal area and removal of artifact due to biofunction 

The dorsolateral prefrontal area is closely related to working memory, as it establishes 

long-term memory [4]. The ability to later remember a verbal experience is predicted 

by the amplitude of activation in the left prefrontal and temporal cortices during that 

experience [5]. In a previous experiment we conducted, in which the subject remem-

bered a set of simple body actions by imitation learning followed by execution, the 



oxyHb level increased in the dorsolateral prefrontal area and decreased in the frontal 

pole [6]. Thus, we measured activities in the frontal lobe and analyzed the same areas 

including the right prefrontal area (Channel 20), frontal pole (Channel 23), and left 

prefrontal area (Channel 26) (Fig. 1).  

In NIRS, optical fibers are placed on the scalp of the subject based on the interna-

tional 10-20 system. Because of the fibers and scalp contacts, the measurements are 

affected by the subject’s body motion, metabolism, and breathing. Thus, assuming that 

such artifacts are similar in all brain regions, we employed global average references 

[7]. In this article, the effectiveness of the global average references was verified using 

NIRS for static tasks such as listening to music, reading text, solving puzzles, or other 

static tasks. However, global average references were applied assuming that artifacts 

are similar in all brain regions, and this hypothesis can be applied to such experiments 

involving body motion. For each trial, results were standardized to the measurement 

result at rest before the task (Pre-Rest) with Eq. (1).  

 ∆oxy(𝑡)𝑍−𝑆𝐶𝑂𝑅𝐸 ∶=
∆𝑜𝑥𝑦(𝑡)𝑟𝑎𝑤−𝜇𝑝𝑟𝑒−𝑟𝑒𝑠𝑡

∆oxy

𝜎𝑝𝑟𝑒−𝑟𝑒𝑠𝑡
∆𝑜𝑥𝑦  (1) 

Where ∆oxy(t) denotes the measured value of oxyHb at time t on each channel, 

𝜇𝑝𝑟𝑒−𝑟𝑒𝑠𝑡
∆oxy

 is the average oxyHb change in the Pre-Rest time, and 𝜎𝑝𝑟𝑒−𝑟𝑒𝑠𝑡
∆𝑜𝑥𝑦

 is the stand-

ard deviation for the Pre-Rest time. Then, the standardized measurement result was 

averaged for each of the 32 channels in time. Finally, this result was subtracted from 

the standardized measurement result at each point with Eq. (2).  

 ∆𝑜𝑥𝑦(𝑡)𝐺𝑅 ∶= ∆𝑜𝑥𝑦(𝑡)𝑍−𝑆𝐶𝑂𝑅𝐸 −
∑ ∆𝑜𝑥𝑦𝑙(𝑡)𝑍−𝑆𝐶𝑂𝑅𝐸

𝑛
𝑙=1

𝑛
  (2)  

Where n denotes the total number of channels. In this experiment, n is defined as 32 

channels, the total number of channels.  

 

Fig. 1. Region of NIRS measurement 
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3 Measurement of brain activation during the learning of work 

procedures 

3.1 Imitation learning to form procedural memory simulating skills in 

industries 

Simulating skill acquisition in core manufacturing industries involves acquiring em-

bodied knowledge, which leads to procedural memory of a skill. Subjects remember 

and execute a set of procedures by imitation learning. The purpose of this experiment 

was to measure the trends in changes in brain activities with development of a skill by 

imitation learning. 

The subjects were seated at a desk so that they could see a display in front of them (Fig. 

2). One experiment was composed of three trials. The portion of the trial during which 

the subject carried out the experimental task lasted 180 seconds, and the rest time before 

and after the task lasted 30 seconds. This trial was executed three times by each subject. 

Instructions for the task were shown on the display for 5 seconds after the task started, 

and the instructions ended 5 seconds before the task ended. During the rest time, the 

subject was told to rest without thinking. In the first trial, the subject rested throughout 

the trial (the rest trial). In the second trial, the subject observed and remembered a set 

of procedures shown in the display, which was a video clip of assembly work (the ob-

servation trial). The assembly work lasted 157 seconds, and then the clip of the finished 

product lasted 13 seconds. The parts for assembly were placed on the desk after the 

trial. In the third trial, the subject executed the procedures that he remembered in the 

observation trial (the execution trial). The end of the task was indicated on the display, 

and the subject signaled with a buzzer only in the execution trial. Before the experiment, 

the experimental structure and instructions to remember the procedures as distinct from 

the finished product were explained to the subject. To carefully handle the assembly 

parts, subjects assumed a bent forward posture. The subjects were instructed to main-

tain the bent forward posture, because changes in position cause artifacts. The subjects 

were five healthy men in their early twenties (A, B, C, D, E) who provided consent for 

participation in the experiment. The experiment ran for 2 days (Table 1), and the subject 

practiced the tasks without undergoing NIRS to improve the skill. The subject per-

formed the observation task and the execution task after measurement on the first day, 

and then performed these tasks two times in a row before measurement on the second 

day. 

 

 

 

 

 

 

 

 

 



3.2 Repeatability of the remembered procedures 

We evaluated the procedures that each subject executed in the trial for repeatability, 

which indicates the degree of imitation. In general, an expert in the skill determines the 

skill level. However, in this experiment, we objectively determined the skill level due 

to limited skills in the procedures for the assembly work. Therefore, the procedures 

were broken down into 12 numerically ordered steps and scored by an additional 

method. If the number of the executed procedure was higher than that of the previous 

procedure, one point was scored. This method allowed a score of up to 11 points. Asym-

metrical shapes and colors of the assembly parts were distinguished.  

Evaluation of the procedures is shown in Table 2. Each subject scored low, around 0 to 

2 points, on the first day that the subject was instructed to perform the assembly work. 

On the second day, all subjects scored 10 points. This result suggests that all subjects 

improved their skills during the trials. 

 

Fig. 2. Experimental design  
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Table 1. Experimental schedule. The numbers indicate the subject’s accumulated performance 

counts. 

 
First day Second day 

Measure-

ment 

After 

measurement 

Before 

measurement 

Before 

measurement 

Measure-

ment 

Task 1 

Rest 
1 - - - 2 

Task 2 

Observation 
1 2 3 4 5 

Task 3 

Execution 
1 2 3 4 5 

 

Table 2. Results of the execution procedure  

Subjects 
The execution procedures 

(The numbers indicate the number of procedures ) 
Total 

A 
First day 1 4 2 - - - - - - - - - 1 

Second day 1 2 3 4 5 6 7 9 10 11 12 - 10 

B 
First day 2 1 - - - - - - - - - - 0 

Second day 1 2 3 4 5 6 7 9 10 11 12 - 10 

C 
First day 1 4 2 - - - - - - - - - 1 

Second day 1 2 3 4 6 7 8 9 10 11 5 12 10 

D 
First day 1 2 4 - - - - - - - - - 2 

Second day 1 2 3 4 5 6 7 8 9 10 11 - 10 

E 
First day 2 - - - - - - - - - - - 0 

Second day 1 2 3 4 5 6 7 8 10 9 11 12 10 

 

3.3 The Relationship between Brain Activity and Repeatability of Actions 

during the Process of Embodied Knowledge Acquisition 

The result of oxyHb in the rest trial was compared with that in the observation trial 

(Fig. 3). The oxyHb in the rest trial was stable at low levels on both days. The oxyHb 

in the observation trial increased in Channels 20 and 26 and decreased in Channel 23. 

These tendencies stabilized at a low level, and the confidence interval of the oxyHb 

narrowed on the second day. The outcomes indicate that the frontal area activities dur-

ing formation of procedural memory by imitation learning tended to stabilize at a low 

level due to practice. One explanation for this may be that practice resulted in a reduced 

amount of information to remember from the video clip and that frontal area activities 

shifted to a similar tendency as in the rest trial. 

The result of oxyHb in the rest trial was compared with that in the execution trial 

(Fig. 4). The oxyHb in the rest trial was the same as in Fig. 3. The result on the first day 



showed a similar tendency as the oxyHb in the rest trial. The oxyHb in the execution 

trial increased in Channels 20 and 26 and decreased in Channel 23. The differences in 

Channels 23 and 26 on the second day were significant. The outcomes indicate that the 

trend in frontal area activities during the execution of remembered procedures is am-

plified due to practice. The subject had more information about the assembly work on 

the second day, and this increase was related to the function of retrieving the memory, 

executing the remembered procedures, or both. 

Comparing the results on the first day with the second day, repeatability was im-

proved by imitation learning, which may increase skill levels. Limited acquisition of 

embodied knowledge due to procedural memory produced an increase in the oxyHb 

level in Channels 20 and 26 and a decrease in Channel 23 in the observation trial during 

the early stage. The tendencies were mitigated due to a reduction in the amount of in-

formation to remember. In the execution trial, oxyHb did not show a trend that de-

pended on the task during the stage. The increase in oxyHb in Channels 20 and 26 and 

the decrease in Channel 23 were due to an increased amount of information to execute. 

We compared the summed total amounts of the adjusted oxyHb levels during the 

task period in each subject on the first day with the second day to focus on the change 

in the trend (Fig. 5). The total amounts in the rest trial were low on both days. The 

amounts in the observation trial showed positive high levels in Channels 20 and 26 and 

a high negative level in Channel 23, and these shifted to a lower level. The amounts in 

the execution trial were low in the three channels and shifted to positive high levels in 

Channels 20 and 26 and a high negative level in Channel 23. 

These outcomes suggest that frontal area activities shift during embodied knowledge 

acquisition, improving assembly work. Assuming these activity shifts are applicable to 

more high-level skills, we can predict a degree of improvement based on brain activi-

ties. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Fig. 3. Comparison of mean oxyHb variation in the observation trial with the rest trial (P < 

0.05). (A) First day. (B) Second day. (a) The right dorsolateral prefrontal area (Channel 

20). (b) The frontal pole (Channel 23). (c) The left dorsolateral prefrontal area (Channel 

26).  
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Fig. 4. Comparison of mean oxyHb variation in the execution trial with the rest trial (P < 0.05). 

(A) First day. (B) Second day. (a) The right dorsolateral prefrontal area (Channel 20). 

(b) The frontal pole (Channel 23). (c) The left dorsolateral prefrontal area (Channel 26). 
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Fig. 5. Comparison of the total oxyHb during the task period on the first day with the second 

day. (A) The rest trial. (B) The observation trial. (C) The execution trial. (a) The right 

dorsolateral prefrontal area (Channel 20). (b) The frontal pole (Channel 23). (c) The left 

dorsolateral prefrontal area (Channel 26). 
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4 Conclusion 

In this paper, by limiting acquisition of procedural memory through imitation learning, 

we analyzed the relationship between brain activity and repeatability of actions during 

the process of embodied knowledge acquisition. With low repeatability, the oxyHb 

level increased in the right and left dorsolateral prefrontal areas and decreased in the 

frontal pole during the process of observing and remembering the procedures. The level 

stabilized to a level similar to that in the rest trial during execution of the task. With 

high repeatability during observing and remembering, the oxyHb level stabilized to a 

level similar to the level during rest. The oxyHb level increased in the right and left 

dorsolateral prefrontal areas and decreased in the frontal pole during the process of 

execution. These outcomes suggest that the frontal area activities shift during embodied 

knowledge acquisition. In the future, we intend to perform more long-term experiments 

and reliable analyses by increasing the number of subjects and changing the tasks. Ad-

ditionally, although analytical methods can be used to reduce the effect of the subject’s 

body motion, an experimental method that separates brain activities elicited by a task 

from the effect of body motions is needed. 
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