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Abstract 
Nonverbal communication relies on human actions to convey information through signals. In Bunraku puppetry 

performance, a UNESCO Intangible Cultural Heritage, three puppeteers manipulate a single puppet using the 

rhythmic structure of "Hodo" and "Zu". The puppeteer master embeds cues, "Hodo" and "Zu", into the puppet's 

movements, guiding coordination. However, the mechanics of these cues remain unclear. Despite this, shared 

gestures and rhythms enable seamless collaboration. This paper proposes a signal analysis framework using 

Principal Component Analysis and Hilbert-Huang Transform to investigate how puppeteers achieve nonverbal 

communication, synchronizing movements and rhythmic variations to manipulate the puppet with natural fluidity. 

The correlation analysis using Procrustes Analysis, Mutual Information, and Canonical Correlation Analysis, 

along with the examples identified through this method, all meet statistical significance across these three 

validation approaches, confirming the effectiveness of our method. 
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1. Introduction 

Communication is the act of conveying information through signals, 

cues, and other means. Non-verbal communication, by coordinating 

cues, suggests a structural hierarchy and priority among the participants 

in the communication, facilitates the flow of the interaction, and 

provides communication and meta-feedback [1]. 

Nonverbal communication is also utilized in various artistic 

performances, such as theater and dance. This paper focuses on 

nonverbal communication in Bunraku (文楽), a traditional Japanese 

performing art. Bunraku, also known as Ningyo Joruri (人形浄瑠璃), 

is one of the world's most beautiful forms of puppetry and has been 

inscribed on UNESCO's Intangible Cultural Heritage list. In Bunraku, 

three puppeteers manipulate a puppet using special cues called "Hodo" 

and "Zu". These cues serve as a nonverbal means of communication that 

enables the three puppeteers to control the puppet's movements, yet 

many aspects of their function remain unclear [2]. 

There are numerous studies on Bunraku. For example, [3] and [4] 

investigate the relationship between synchronization and 

asynchronization of breathing and movement in Bunraku puppeteers. [5] 

examines the coordination mechanisms among Bunraku puppeteers. [6], 

[7], and [8] focus on the cooperative movements of Bunraku puppets. 

[9], [10], and [11] analyze the relationship between the phase and 

amplitude of the motion axes of Bunraku puppets. [12] and [13] study 

the mechanism of "Jo-Ha-Kyu (序破急)" in Bunraku. [14], [15], and 

[16] explore the application of the "Jo-Ha-Kyu" mechanism in robotics.  

However, none of these studies have sufficiently analyzed the 

nonverbal communication among the three Bunraku puppeteers. In 

particular, there has been no analysis of "Hodo" and "Zu" in the 

nonlinear frequency domain of puppet motion. Additionally, "Hodo" 

and "Zu" are embedded within the improvisational rhythmic variations 

of "Jo-Ha-Kyu", causing the puppet motion that follows these rhythm 

changes to become a nonlinear signal. To analyze these nonlinear 

movements of "Hodo" and "Zu", this paper employs Principal 

Component Analysis and Hilbert-Huang Transform. 

In this paper, we analyze nonverbal communication in Bunraku 

puppet manipulation by applying Principal Component Analysis and 

the Hilbert-Huang Transform to motion-captured puppet motion data. 

This method extracts features in the nonlinear frequency domain of the 

puppet's motions. By comparing the extracted features with the rhythms 

of the shamisen (三味線) and Gidayu (義太夫), we discuss insights and 

new findings regarding "Hodo" and "Zu".  
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1.1 The structure of Puppet  
Much of the theatrical expression in Bunraku, a traditional Japanese 

puppet theater, is one of the typical forms of nonverbal communication 

[2]. Bunraku consists of three elements: the shamisen, the narrator 

(Gidayu), and the puppet itself.  

 

 

 
Figure 1. (a) One bunraku puppet. One puppet is operated by one 

puppeteer master, one left puppeteer, and one foot puppeteer1. (b) 

Structure of a bunraku puppet. The puppet consists of four parts: a 

right arm, a left arm, a head, and a body. (c) Sensor positions of one 

bunraku puppet in this experiment (head, left shoulder, right shoulder, 

left arm, right arm, and chest) [2].  

The performance is carried out by a shamisen player who plays the 

music, a narrator who provides the narration, and three puppeteers who 

manipulate the special puppets. As shown in Figure 1(a), a single puppet 

is operated by a main puppeteer, a left-hand puppeteer, and a foot 

puppeteer. As shown in Figures 1(b) and (c), the puppeteer master 

controls the head and the right hand, the left-hand puppeteer controls the 

left hand, and the foot puppeteer controls the feet. The puppeteers grasp 

the handles of the puppet and manipulate its various parts.  

 
 

1 Credit: BUNRAKU-KYOKAI (The Bunraku Association). 

1.2 "Hodo" and "Zu" 
The following are the basic movements of "Hodo" and "Zu", which 

have been partially clarified in studies of Bunraku puppet theater by 

Ueda and others [2]: 

The Shamisen and Gidayu control the puppeteer's movements by 

giving a slow and rapid rhythm. 

Each of the three puppeteers manipulates a different part of the puppet 

by using the handle of the puppet. While one puppeteer manipulates the 

movement of one puppet, the other two puppeteers are aware of the 

nonverbal cues that are given in response to the movements of the main 

puppeteer. These cues are "Hodo" and "Zu". 

The overall movements and actions of the puppets can be categorized 

into approximately 140 different "kata (型)", or short coordinated 

movements. The puppeteer master uses "Hodo" to signal the start of 

coordinated movements, and "Zu" to direct the movements of the left 

puppeteer and foot puppeteer. 

The term "Hodo" refers to the subtle signaling motion made by the 

master puppeteer using their left hand to guide the puppet movement 

(back and forth, left and right, or up and down), typically timed with the 

backbeat of the Gidayu. While the puppet position remains fixed in front 

of the audience, this signal initiates a directional shift. The puppet then 

follows the indicated direction with a neck rotation, known as "Zu". 

However, some principal puppeteers, especially those who are called 

"masters", give instructions to the left puppeteer only with "Hodo". Here, 

"Hodo" is defined as a signal by the principal puppeteer to instruct the 

left puppeteer to start moving the left hand by shifting the puppet back 

and forth, left and right, up and down with the left arm. 

1.3 Puppet Motion Capture and Retargeting 
The puppet used for the motion capture in this paper was not a 

standard Bunraku puppet without joints, but a special Bunraku puppet 

with joints, as shown in Figure 2, prepared by Living National Treasure 

Kanjuro Kiritake (桐竹勘十郎). This puppet features a cotton-stuffed 

torso and limbs with joints. The scene in Figure 2 captures the motion 

of the protagonist, Omiwa (お三輪), from the fourth act, "Sugisakaya 

(杉酒屋)", of the Bunraku play "Imoseyama Onna Teikin (妹背山婦

女庭訓)". 

As shown in Figure 2(a), optical and magnetic motion capture 

systems (optical motion capture: MAC3D System, magnetic motion 

capture: Polhemus G4) were used to capture the movements of the 

bunraku puppets' movements. The sampling rate was 120 Hz. The 

sensors are attached to the puppet by both sticking and sewing to the 

surface of the puppet's clothing with thread. Because the sensors used 

are very light and there are no extra wires to interfere with the operation 

of the puppet, there will be no burden that affects the performance, as 

confirmed by the puppeteer masters. Regarding the noise, the data was 

captured and processed by Nac Image Technology Inc. to ensure that 

the data accuracy can meet the analysis requirements of this paper. 
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Figure 2. (a) The positions of the sensors on the puppet. (b) One of the 

representative "kata (型)" motion, "Joining the hands"2. 

Figure 1(c) shows the conceptual arrangement of the motion capture 

sensors attached to the puppet. The sensor positions are shown in Figure 

1(c). However, as shown in Figure 2(a), the actual Bunraku puppet used 

was one provided by Living National Treasure Kanjuro Kiritake, which 

has joints in the limbs and torso. The sensors were placed at positions 

where the puppet's joints were easiest to fix. Apart from the presence of 

joints and torso, the Bunraku puppet prepared by Kiritake is identical to 

the one shown in Figure 1. 

As a result, the position data is obtained by fixing the optical maker 

to the puppet body as in Figure 2(a). Then, to perform motion analyses 

from a kinematic view, we reconstructed the puppet's skeleton and 

applied inverse kinematics to estimate the joint angles in each frame 

using MotionBuilder. Given the structural complexity of the Bunraku 

puppet, we carefully designed the joint setup by focusing on the key 

rotation centers that are most actively manipulated during performance. 

The resulting motion data were exported in BVH format [17], which 

represents motion using a hierarchical skeletal structure. All subsequent 

analysis in this study was conducted based on this skeletal model. 

1.4 The "Hodo" and "Zu" captured in the motion 
capture experiment 

In this study, the focus will be on the coordinated communication 

between the puppeteer master and the left-hand puppeteer, while the 

 
2 Credit: BUNRAKU-KYOKAI (The Bunraku Association). 

nonverbal communication with the foot puppeteer will not be discussed. 

The puppeteer sub-master synchronizes the left hand with the head's 

movement and begins to move it in the direction of the puppeteer master. 

Eventually, the left and right hands of the puppet are brought together at 

the center of the puppet's body, near the chest. 

The synchronization signal from the puppeteer master to the 

puppeteer sub-master is the "Zu". These two synchronized movements 

are fully integrated into the puppet's actions, which are synchronized 

with the rhythm of the Gidayu narration.  

The motion of the Bunraku is complex and the signals are 

superimposed, so they have to be viewed in a decomposed way. Though 

there are other ways to decompose the action signals as well, such as 

Short-time Fourier Transform (STFT) [18] and Continuous Wavelet 

Transform (CWT) [19]. However, according to previous research [20-

22], HHT is more suitable than both STFT and CWT in motion 

decomposition. Thus, we use HHT to analyze Bunraku's motion in this 

study. 

1.5 Hilbert-Huang Transform 
1.5.1 Definition 

The Hilbert-Huang Transform (HHT) consists of Empirical Mode 

Decomposition (EMD) [23] and Hilbert Spectrum Analysis (HSA) [24]. 

HHT primarily uses EMD to decompose a signal into Intrinsic Mode 

Functions (IMFs) and then applies HSA to each IMF to obtain its 

instantaneous frequency spectrum [25]. The characteristic of HHT is its 

ability to represent nonstationary and nonlinear signals as instantaneous 

frequencies. 

1.5.2 Hilbert Transform 
For any monochromatic signal 𝑐௜(𝑡) , Hilbert Transform (HT) 

𝑑௜(𝑡) can be calculated [26]. Here, the monochromatic time signal 

𝑐௜(𝑡) is treated as a pseudo-monochromatic wave IMF. However, i 

represents the index of the IMF. 

𝑑௜(𝑡) =
1

𝜋
𝑃න

𝑐௜(𝜏)

𝑡 − 𝜏
𝑑𝜏

ାஶ

ିஶ

(1) 

𝑃  is the Cauchy principal value of the singular integral, and the 

monochromatic analytic signal 𝑧௜(𝑡), its real part 𝑐௜(𝑡), imaginary 

part 𝑑௜(𝑡), instantaneous amplitude 𝑎௜(𝑡), and instantaneous phase 

angle 𝜃௜(𝑡) are expressed as follows. 

𝑧௜(𝑡) = 𝑐௜(𝑡) + 𝑗𝑑௜(𝑡) = 𝑎௜(𝑡)𝑒
௝ఏ೔(௧) (2) 

𝑎௜(𝑡) = ට𝑐௜
ଶ(𝑡) + 𝑑௜

ଶ(𝑡) (3) 

𝜃௜(𝑡) = tanିଵ
𝑑௜(𝑡)

𝑐௜(𝑡)
(4) 

Here, 𝑗 is the imaginary unit, and the instantaneous frequency 𝜔௜(𝑡) 

is 

𝜔௜(𝑡) =
𝑑𝜃௜(𝑡)

𝑑𝑡
(5) 

The nonmonochromatic original signal 𝑥(𝑡) can be decomposed into 
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each IMF, which is assumed to be monochromatic, using EMD, and the 

original signal can be expressed by the following equation: 

𝑥(𝑡) = Re෍ 𝑎௜(𝑡)𝑒
௝ఏ೔(௧)

௡

௜ୀଵ

= Re෍ 𝑎௜(𝑡)𝑒
௝ ∫ఠ೔(௧)ௗ௧

௡

௜ୀଵ
(6)

 

Here, 𝑛 represents the number of decomposed IMFs, and Re denotes 

the real part of the signal. 

In contrast, traditional methods such as the Fourier Transform 

decompose a signal into components with fixed frequency and 

amplitude, expressed as 𝑥(𝑡) = Re∑ 𝑎௞𝑒
௝ ∫ఠೖௗ௧ஶ

௞ୀଵ . When applied 

to non-stationary and nonlinear signals, such as human or puppet motion, 

a large number of components 𝑘  is required, resulting in limited 

physical interpretability of the decomposition. Given that the "Hodo" 

and "Zu" motions are subtle and complicated, often characterized by 

localized and temporally varying movement, HHT provides superior 

interpretability and resolution for identifying their frequency 

characteristics compared to fixed-basis methods. This theoretical 

advantage is one of the key motivations for selecting HHT in our 

analysis. 

2. Data analyzed by Principal Component 
Analysis (PCA) and HHT 

The motion capture data of the puppet is retargeted and converted into 

BVH data [17]. BVH data consists of Euler angles on local coordinates 

fixed to each joint, and Euler angles are introduced by Leonhard Euler 

to describe the rotation directions of a rigid body relative to a fixed 

coordinate system. 

Euler angles can be defined by a combination of basic geometric 

shapes or rotations [27]. The Euler angles are local coordinate angles 

fixed to the joints, and they do not necessarily correspond to the 

movement angles of the puppet's motions. To discover the primary 

angular directions aligned with the puppet's actions, this paper applies 

Principal Component Analysis (PCA) [28] to the 𝜃௫ ,  𝜃௬,  𝜃௭ 

angles of each joint, where they are, respectively, the rotation angles of 

x, y and z axes.  

On the one hand, since each joint in the motion data has three degrees 

of freedom corresponding to 3D rotational values, we need to reduce the 

dimensionality before analyzing the phase of each joint. On the other 

hand, PCA has been proven to be very effective in reducing the 

dimension of motion data [29-31]. Then, we adopt PCA to project the 

3D rotational data of each joint onto a one-dimensional principal 

component. Specifically, Multivariate EMD (MEMD) [32] is 

performed on the principal component rotation angle 𝜃௣, which is the 

first principal component of each joint's rotation motion, to analyze the 

"Hodo" and "Zu" actions performed by the puppeteer master. 

Dimensionality reduction allows us to analyze the synchronization 

between the movements of puppeteer masters (Spine and Head joints) 

and puppeteer sub-masters (Left forearm), thereby confirming the 

temporal correspondence between the detected "Hodo" and "Zu".  

3. Results 

In this study, we analyze the relationship between the puppeteer 

master and puppeteer sub-master in a scene from the fourth act 

"Sugisakaya (杉酒屋)", of the Bunraku play Imoseyama Onna Teikin 

(妹背山婦女庭訓), where one of the protagonists, Omiwa (お三輪), 

puts the hands together. This analysis is conducted using PCA, the 

Hilbert spectrum obtained through the Hilbert-Huang Transform, and 

the Hilbert instantaneous phase (Equation (4)). 

In this experiment, about 11 cases of motion data in which the left 

hand was used were collected. The same results were obtained in all 

cases. Among them, the results of the putting the hands together scene, 

in which cooperative motion is particularly important, are shown below. 

Since "Joining the hands" operation in Figure 2 is a rather complex 

task, Figure 3 shows a time series of nonverbal communication as a 

conclusion. Figure 3 is used as a reference to understand the analysis in 

section 3.1 and below. 

In Figure 3, the puppeteer master begins with "Hodo" at ❶ (Figure 

5(a, b), IMF5). Before finishing the "Hodo", the puppeteer master starts 

the "Zu" at ❷ (Figure 6(a), 7(a), IMF6), and 0.09 seconds later, the 

puppeteer master finishes the "Hodo" ❸ (Figure 5(a, b), IMF5). 

From the start of the "Zu" in ❷, after 0.19 seconds, in 4 the puppeteer 

sub-master begins to follow the "Zu" (Figure 6(b), 7(b), IMF6). In❺, 

the puppeteer master finishes the "Zu" (Figure 6(a), 7(a), IMF6), and 

after 0.25 seconds, the hands come together. In 6 the puppeteer sub-

master finishes following the "Zu" (Figure 6(b), 7(b), IMF6). During 

about 2 seconds, a dense nonverbal communication takes place between 

the shamisen player, the Gidayu, the puppeteer master, and the 

puppeteer sub-master. 

 

Figure 3. Time series of Bunraku nonverbal communication. 

In particular, during the period between❶ and ❸, while the "Hodo" 

signal is being given, it is clear that the "Zu" signal begins at ❷. This 

indicates that for the puppeteer master, "Hodo" and "Zu" are not separate, 

distinct signals, but unified signals. Additionally, from the timing of the 

signals given by the narrator and the puppeteer master, it is revealed 

through Empirical Mode Decomposition that "Hodo" and "Zu" are each 

decomposed into IMF 5 and 6, respectively. 

The following sections follow the details of the time series data, 

focusing on Sections 3.1 ,3.2 and 3.3. 

3.1 Comparison of results for STFT, CWT and HHT 
Figure 4 shows the comparison of the original signals of spine and 

head in PC1 direction after PCA processing and the PC1 results after 
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STFT, CWT and HHT processing. As shown in Figure 4, only the HHT 

method can analyze the non-linear motions like "Hodo" and "Zu" in the 

instantaneous frequency domain, which cannot be observed by other 

methods that pointed out by the red circles. For example, STFT and 

CWT can capture the approximate timing of the "Zu" motion, as shown 

in Figures 4(f) and 4(g). In contrast, HHT (Figure 4(h)) reveals more 

detailed features of "Zu", including a 1 Hz IMF that corresponds to a 1-

second motion segment, which was confirmed by the video analysis. 

This is also consistent with previous research [20-22]. Therefore, in the 

present study, we use HHT to detect and analyze the "Hodo" and "Zu". 

 

Figure 4. Analytical results of STFT, CWT, and HHT in the time-

frequency domain. (a)-(d) are the results of the spine's motion on PC1, 

STFT, CWT and HHT, respectively. (e)-(h) are the results of the 

head's motion on PC1, STFT, CWT and HHT, respectively. 

3.2 Analysis Using Instantaneous Phase and 
Instantaneous Frequency 
3.2.1 Analysis Procedure 

In the following analysis, we identify the IMF signals that capture the 

cueing behavior emitting "Hodo" and "Zu". That is, based on the Hilbert 

spectrum intensity or the magnitude of each IMF signal amplitude in 

Figure 6, the IMF signal of the desired action is identified as IMF5 for 

"Hodo" and IMF6 for "Zu". The event occurrence and termination times 

are then estimated from the phase angle data. 

Based on the amplitude, IMF5 and IMF6 were identified as the 

estimated signals. To estimate the timing of the puppeteer master's 

signal, "Hodo" and "Zu", and the subsequent movements of the left 

forearm following these cues, the phase angles of IMF5 ("Hodo") and 

IMF6 ("Zu"), obtained through intrinsic mode decomposition in the 

Hilbert-Huang transform, are used. 

3.2.2 Analysis of "Hodo" 
Next, since the "Hodo" here is a simple and small movement in which 

the puppeteer master simply shifts the puppet to the left, Figure 5(a) 

shows the Hilbert spectrum obtained by applying PCA and HHT to the 

BVH data of the Euler angle of the marker on the back of the puppet 

body. The x-axis is time, the y-axis is instantaneous frequency, and each 

curve is the spectrum of the decomposed IMF. The color bar on the right 

indicates the instantaneous amplitude of each spectrum. 

Figure 5(b) shows the Hilbert instantaneous phase angles 𝜃(𝑡) of 

the Intrinsic Mode Function (IMFs) 5 and 6 defined by Equation (4) for 

the back of the puppet (Spine). The x-axis represents time, and the y-

axis represents the Hilbert instantaneous phase angles 𝜃(𝑡) of IMFs 5 

and 6. The range of 𝜃(𝑡) in the figure is −𝜋 ≤ 𝜃(𝑡) ≤ 𝜋. 

 

 

Figure 5. (a) Hilbert Spectrum of the spine. (b) Hilbert Instantaneous 

Phase of the spine. 

In Figure 5, at approximately 1.68 seconds, the puppeteer master 

shifts the puppet to the right, signaling "Hodo". This is confirmed by 

IMF5 in Figure 5(b). The puppeteer manipulates the puppet in 

accordance with the rhythm, and each cycle is one movement. The red 

line indicates the Hilbert instantaneous phase of "Hodo" (hereafter 

called instantaneous phase). As shown in Figure 5, about 0.4 seconds 

from about 1.68 seconds to 2.04 seconds of IMF5 is the "Hodo", and the 

"Hodo" signal is detected by the instantaneous phase.  

Here, the puppeteer master's "Hodo" movement is a small movement 

that merely shifts the puppet to the left. Although no strong spectrum 

can be read from the IMF5 spectrum in Figure 5(a), it is found of the 

IMF5 instantaneous phase in (b). 

3.2.3 Analysis of "Zu" 
Figure 6 shows the Hilbert spectrum of the instantaneous frequency 

of the first principal component joint angle after applying principal value 

analysis to each Euler angle of the head and left forearm joint. The x-
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axis indicates time, the y-axis indicates instantaneous angular frequency, 

each curve indicates the decomposed IMF spectrum, and the color bar 

on the right indicates the instantaneous vibration amplitude. 

Figures 6(a) and (b) show the Hilbert spectrum of the instantaneous 

angular frequencies of the head and left forearm joint, respectively. 

IMF6 in Figure 6(a) is considered to indicate the "Zu" movement of the 

head. In Figure 6(a), the yellow vertical line (start time of "Zu") is 

approximately 1.95 seconds, and the next vertical line (end time of "Zu") 

is approximately 2.75 seconds. 

 

 
Figure 6. Hilbert Spectrum of Joint Angles. (a) and (b) represent the 

Hilbert spectrum for the head and left forearm, respectively. 

Figure 6(b) shows the Hilbert spectrum of the left forearm joint. The 

first yellow vertical line represents approximately 2.14 seconds, and the 

next yellow vertical line represents approximately 3.0 seconds. IMF6 

represents the Hilbert spectrum of the left forearm's movement, where 

the puppeteer sub-master moves the left hand to clasp it in front, 

following the puppeteer master's "Zu" cue. 

Figure 7 shows the instantaneous phase of each head and left forearm 

joint angle IMF5 and 6, respectively, in Figure 7 x-axis represents time 

and y-axis represents the instantaneous phase angle 𝜃(𝑡). In Figure 

7(a), the IMF6 spectrum from about 1.95 seconds to 2.75 seconds, 

which is surrounded by the red line, corresponds to the "Zu" produced 

by the puppeteer master. Figure 7(b) shows the instantaneous phase 

angles of IMF5 and IMF6 in the left forearm. The period from about 

2.14 seconds to 3.0 seconds shows the left-hand movement of the left 

forearm following the "Zu" and clasping the hands together. The left 

forearm responds to the "Zu" cue of the puppeteer master with a delay 

of about 0.2 second and moves for about 0.2 second longer.  

"Hodo" is the signal for the start of "Zu". In other words, the 

puppeteer master uses the direction, speed, and magnitude of the 

"Hodo" movement, to send information to the puppeteer sub-master. 

With this information, the puppeteer sub-master can smoothly follow 

the "Zu" and bring out the left hand of the puppet. 

In this sense, the puppeteer master gives the next size, speed, direction, 

etc. of the next action as a signal of "Hodo". Thus, the speed and 

direction of the puppets' motion are improvised by the puppeteer master 

on the spot during the performance and are communicated to the other 

Bunraku or Joruri performers by the "Hodo". 

The role of "Hodo" is important in this way, as the puppeteer master 

and puppeteer sub-master need to synchronize each movement of the 

left hand with the right hand to move it accurately. In this manner, the 

puppeteer sub-master, in coordination with the puppeteer master, uses 

"Hodo" and "Zu" to achieve collaborative puppet manipulation. The 

"Hodo" and "Zu" are embedded in the puppet performance and remain 

unnoticed by the audience. 

 

 

Figure 7. (a) and (b) Hilbert phase of IMF6 corresponding to "Zu" for 

the head and left forearm. 

3.3 Time series similarity analysis of "Hodo" and 
"Zu" 

As mentioned above, in Section 3.1, we calculated the occurrence 

times of "Hodo" and "Zu". Next, we will analyze the similarity of their 

motion trajectories in terms of velocity vectors and direction vectors. To 

quantify the relationship between "Hodo" and "Zu", we employ 

Procrustes analysis (PA) [33], Mutual Information (MI) [34], and 

Canonical Correlation Analysis (CCA) [35], which are commonly 

adopted for calculating the similarity of motions [36-38], to measure the 

similarities between both velocity and direction vectors of Hodo 

trajectories that are "spine" ones and Zu trajectories that are "head" or 

"left forearm" trajectories. 

PA, MI, and CCA were selected for their wide applicability and 

minimal assumptions. On the one hand, the motion capture data used in 
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this study, consisting of time-series 3D velocity and directional vectors, 

do not strictly follow a normal distribution. On the other hand, PA and 

MI are non-parametric methods and do not require normality. While 

CCA assumes linear relationships and benefits from normally 

distributed data for statistical testing, the canonical correlation scores 

obtained in our analysis exhibit an approximately symmetric 

distribution across samples. Although other methods could be 

considered, the three selected similarity analysis techniques are 

sufficient for the sensitivity analysis conducted in this study. Therefore, 

we used them as the basis for the t-tests in our evaluation of detecting 

"Hodo" and "Zu" using HHT. 

 Specifically, we will prepare two sets of paired 3-dimensional 

vectors to verify our detection method: one representing "Hodo" and 

"Zu" and another consisting of unrelated "Hodo" and "Zu" vectors. The 

first set includes 11 paired vectors, where the spine vector for "Hodo" 

has dimensions 3 × 𝐹ଵ; and the head vector for "Zu" has dimensions 

3 × 𝐹ଶ. Since the frame lengths 𝐹ଵ  and 𝐹ଶ  differ, interpolation is 

applied to normalize their lengths. The second set consists of 11 

unrelated paired vectors, where both the spine and head vectors have 

dimensions 3 × 𝐹ଷ. To ensure a fair comparison, the frame length of 

each pair was determined based on the duration of the corresponding 

"Zu" segments. Since the original "Hodo-Zu" pairs are not aligned on a 

shared timeline, the unrelated pairs were randomly selected as the 

arbitrary motion segments from other sequences while matching the 

same frame length, thus preserving the similar temporal structure as 

much as possible for a fair comparison.  

For each set, we will compute the similarity of speed vectors and 

direction vectors using Procrustes Analysis, MI, and CCA. This results 

in 11 similarity scores for each measure in both sets. Finally, a t-test will 

be conducted to compare the mean similarity scores between the two 

sets and determine whether the difference is statistically significant. 

Table 1 presents the similarity analysis of speed vectors between the 

spine and head using Procrustes Analysis, Mutual Information (MI), 

and Canonical Correlation Analysis (CCA). Table 2 provides similar 

analysis of direction vectors between the spine and head using 

Procrustes Analysis, MI, and CCA. Table 3 presents the similarity 

analysis of speed vectors between the spine and left forearm using 

Table 1. Speed vector (spine and head) 

 

Table 2. Direction vector (spine and head) 

 
 

Table 4. Direction vector (spine and left forearm) 

 

Table 3. Speed vector (spine and left forearm) 
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Procrustes Analysis, MI, and CCA. Table 4 provides the similarity 

analysis of direction vectors between the spine and left forearm using 

Procrustes Analysis, MI, and CCA. The bold values indicate the best 

results between the two groups for each analysis method. 

At the end of Tables 1, 2, 3, and 4, a t-test is conducted for Procrustes 

Analysis (PA), Mutual Information (MI), and Canonical Correlation 

Analysis (CCA) to compare "Hodo-Zu" and non-"Hodo-Zu" cases, 

with the results presented as p-values. 

Figure 8 illustrates the mean values of Procrustes Analysis (PA), 

Mutual Information (MI), and Canonical Correlation Analysis (CCA) 

across four categories: Speed Vector (spine and head), Direction Vector 

(spine and head), Speed Vector (spine and left forearm), and Direction 

Vector (spine and left forearm), under both "Hodo-Zu" and non-"Hodo-

Zu" conditions. The figure also includes significance markers from the 

t-test results. The x-axis represents the categories, while the y-axis 

indicates the mean values. Green bars represent the "Hodo-Zu" 

condition, and yellow bars represent the non-"Hodo-Zu" condition. 

Statistical significance from the t-test is, respectively, denoted by 

asterisks: * for p < 0.05, ** for p < 0.01, and *** for p < 0.001.  

As shown in Figure 8, the correlation of both speed vectors and 

direction vectors is significantly higher in the "Hodo-Zu" condition 

compared to the non-"Hodo-Zu" condition. Additionally, all p-values 

are below 0.05, indicating strong statistical significance. 

These results show that the paired vectors formed by "Hodo" and 

"Zu" exhibit significantly higher similarity in both speed and direction 

vectors compared to randomly selected paired vectors (arbitrary 

motions). This indicates that the "Hodo" motion, initiated by the 

puppeteer master through the movement of the spine, successfully 

drives the subsequent "Zu" motion, involving the head (puppeteer 

master) and the left forearm (puppeteer sub-master). Furthermore, the 

three different similarity measures all consistently highlight the same 

pattern, reinforcing the reliability of the findings. These results validate 

the effectiveness of our proposed Hilbert-Huang Transform-based 

detection method in analyzing the interaction between "Hodo" and "Zu" 

in Bunraku nonverbal communication. 

4. Conclusion 

Bunraku puppet manipulation relies heavily on nonverbal cues like 

"Hodo" and "Zu", which have been passed down through hands-on 

training and remain largely undocumented. Despite recent research 

using motion capture, analyzing these nonlinear and improvisational 

movements remains challenging. To address this, we propose a novel 

motion capture and analysis framework, enabling the extraction of 

"Hodo" and "Zu" as nonlinear signals (IMF 5, 6) for the first time. Our 

analysis, employing retargeting, Principal Component Analysis, and 

Hilbert-Huang Transform, proves effective for complex motion studies 

beyond Bunraku. Moreover, the 11 examples identified using this 

method, all of which meet statistical significance across these three 

validation methods, confirm the effectiveness of our approach, though 

further applications remain for future research. This study can be 

summarized as follows: 

(1) In this study, motion sensors were attached to the joints of the 

upper body of a Bunraku puppet with the joint structure shown 

in Figure 2, which was prepared by the Living National Treasure, 

Kiritake Kanjuro's group (桐竹勘十郎一座). The motion of one 

of the characters, Omiwa (お三輪), in Bunraku performances 

such as Sugisakaya, Yondan, Imoseyama Onna Teikin, (妹背山

婦女庭訓四段杉酒屋) was captured. 

(2) The captured motion data was retargeted and corrected to match 

the standard human body structure, and was primarily processed 

as BVH data as follows. 

(3) PCA was applied to the motion data of each joint, represented by 

𝜃௫ ,  𝜃௬,  𝜃௭. For the first principal component of each joint, 

which is the rotational motion angle (i.e., the main rotational 

motion angle 𝜃௣), EMD was performed to obtain the Hilbert 

spectrum and instantaneous phase. Then, the "Hodo" and "Zu" 

signals were extracted. 

(4) In this experiment, the following findings were discovered and 

confirmed regarding the operation of Bunraku puppets:  

① The puppeteer master uses a signal called "Hodo", which involves 

gently shaking the puppet's torso up and down or side to side, to 

 
Figure 8. The mean values of PA, MI and CCA under the "Hodo-Zu" and non-"Hodo-Zu" conditions. 
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notify the other puppeteers to begin the coordinated movement. 

② The puppeteer master moves the puppet's head and uses the signal 

"Zu" to guide the puppeteer sub-master's left-hand movements. 

The puppeteer sub-master moves the left hand in response to the 

head's "Zu" movement. 

③ It was confirmed that the "Hodo" movement corresponds to the 

phase of IMF5 in Figure 5(b), and the "Zu" movement 

corresponds to the phase of IMF6 in Figure 7. The phase period 

of "Hodo" is about half of that of "Zu". In other words, the 

puppeteer master instructs the puppeteer sub-master on the speed 

and magnitude of the next movement ("Zu"). 

(5) Through Procrustes Analysis and correlation analysis using MI 

and CCA, we observe that the correlation in the "Hodo-Zu " 

condition is significantly higher than in the non-"Hodo-Zu " 

condition. This suggests that in Bunraku, puppeteers exhibit a 

high degree of coordination during "Hodo-Zu".  

(6) "Hodo" plays an important role in puppet movements, and it is 

assumed that the puppeteer master uses "Hodo" to convey 

various types of leading information. However, this remains for 

future research to explore. 

For future work, we will explore a broader range of statistical 

methods to analyze and improve the detection algorithm of "Hodo" and 

"Zu" with higher precision, ultimately facilitating the development of 

AI-driven interactive systems based on our findings of the Bunraku 

nonverbal communication mechanism. 
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