
 

I. INTRODUCTION 

The jerk-based quantitative method was first introduced 

for explaining the process and prediction of hand move-

ment in space early on, and it was based on the principle 

that the maximum smoothness theory could be predicted 

by a bell-shaped velocity curve and straight line trajectory, 

which were the scales for assessing dynamic optimization 

by using kinematic end-point trajectory (Flash & Hogan, 

1985). The jerk theory involved a method for calculating 

the jerk cost at the early stage. The jerk cost was calculated 

by differentiating the position coordinates during motor 

performance three times with respect to time (Schneider 

& Zernicke, 1989). Many researchers in the field of kine-

matics discovered through the jerk theory that a skilled 

individual moved his or her arms as smoothly as possible, 

which was based on the minimum-jerk hypothesis that 

states that the intensity of jerk decreased in more skilled 

motor performance. Moreover, the smoothness was quan- 

titatively measured by integrated squared jerk (Platz, Denzler, 

Kaden, & Mauritz, 1994). In other words, from a kinematic 

perspective, this represented a concept that the integral 
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 Objective: The aim of this study is to investigate the association between dance experience 
and smoothness of hand trajectory during dance by using three jerk-based quantitative 
methods (integrated squared jerk, mean squared jerk, and dimensionless jerk). 
 
Methods: Eleven Korean traditional dancers whose experience of dancing ranged from 
5 years to 20 years participated in this study. Dancers performed the Taeguksun motion 
in Korea traditional dance. Six infrared cameras were used to capture the movement of 
the hands of the dancers. The smoothness of hand movement was calculated using three 
jerk-based methods. 
 
Results: With regard to the smoothness of the right hand, dance experience was
significantly correlated with dimensionless jerk (r=0.656, p=0.028), while dance experience
was not significantly correlated with integrated squared jerk (r=0.581, p=0.552) and 
mean squared jerk. With regard to the smoothness of the left hand, there was no correlation
between dance experience and any of the three jerk values. 
 
Conclusion: Our results showed that individuals with more dance experience performed 
the task more smoothly. This study suggests that dimensionless jerk should be used as a 
predictor for smoothness in dance movement. Thus, our results support the idea that 
smoothness is an aspect of movement quantity distinct from speed and distance. 
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value of jerk squared was minimized for the movement of 

the entire body (Zatsiorsky, 1998). 

However, other researchers discovered a problem with 

jerk cost, i.e., the jerk-cost value increased as the entire 

performance time of movement increased (Kitazawa, Goto, 

& Urushihara, 1993). In order to address this problem, jerk 

cost was quantified by methods such as mean squared 

jerk (Hogan & Sterned, 2009) and normalized jerk (Park & 

Lee, 2005), which normalized jerk cost to movement per-

formance time. These methods were used to calculate the 

jerk value of the smoothness theory by normalizing the 

time spent in performing motions that required different 

amounts of time for analysis of motion and movement. 

In recent times, analysis of jerk has been approached 

from a different perspective. Hogan and Sterned (2009) 

indicated that the reason why many studies based on the 

fundamental principle of jerk (Goldvasser, McGibbon, & 

Krebs, 2001; Wininger, Kim, & Craelius, 2009) showed in- 

consistent results was because of the sensory-motor dys- 

function that each individual has. This theory is based on 

an assumption that each individual has a varying degree of 

control over his or her own movement, and because many 

variables are involved in an individual's ability to control 

motion and movement, it is difficult to quantify and to 

analyze jerk collectively or with simple units, or specific 

variables. One of the methods proposed to address this 

problem was a dimensionless quantity (Hogan & Sterned, 

2009; Lee, Ranganathan, & Newell, 2011), which was a 

quantitative method that eliminated a variety of movement 

variables (e.g.; speed, time, etc.). Hogan and Sterned (2009) 

applied the dimensionless quantity to a jerk motion, and 

presented a method for calculating dimensionless jerk that 

eliminated unit dimensions. Those dimensions were estab- 

lished as motion time and speed that took an expressive 

movement into account and the jerk theory was re-

established through a method of eliminating the units of 

these two dimensions. 

Recently, there have been studies on quantifying a dance 

from an aesthetic perspective (Calvo-Merino et al., 2010; 

Cross et al., 2011; Torrents, Castañer, Jofre, More, & Reverter, 

2013). Bronner and Shippen (2015) trained 18 dancers on 

three types of motion and dance with speed of developed 

arabesque motion as the condition. Then, the dancers were 

divided into two groups and analyzed pre- and post-

training differences by using dimensionless jerk values. The 

results showed significant difference in dimensionless jerk 

value based on motion, but no difference was found for 

group condition. 

Ultimately, the jerk-based theory was based on the 

concept of smaller jerk amount in an individual who was 

more experienced, which was used in the prediction of 

smoothness, and this jerk-based theory has been used in 

dance-related studies, in Korea and abroad, in identifying 

smoothness of movement (Jung & Jung, 2007; Jung & 

Nam, 2007). Moreover, performing dance movements is 

considered as a representative movement expressing 

smoothness, and prediction of smoothness plays a part 

in quantifying artistic expressions and has also been used 

as a kinematic analysis method. However, among studies 

of smoothness in dancers' movement, one Korean study 

failed to find a significant difference in jerk values (Park, 

Kim, & Lee, 2014). 

This study aimed to present the jerk values during while 

performing dance movements by using three types of 

jerk-based quantitative methods indicated above and to 

investigate their differences. For this, there are two hypo- 

theses. First, a more experienced dancer will show difference 

in performing a movement, even if that movement is the 

same. If so, the second hypothesis is that in calculating 

the jerk values that quantify the smoothness of dance 

motion according to the experience levels, a dimensionless 

jerk that eliminates the unit conditions in both time and 

speed of dance performance will have a greater influence 

on smoothness theory that quantifies dance motion than 

the other two jerk calculation methods. 

II. METHODS 

1. Participants 

The participants in this study consisted of 11 dancers, 

ranging from amateur dancers majoring in traditional 

Korean dance to professional dancers with 5 to 20 years 

of dance experience. The physical characteristics of partici- 

pants were shown in Table 1. 
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2. Kinematic variable measurements 

In the experiment, images were acquired using six high-

speed infrared cameras (Motion 100) after securing enough 

space to perform traditional Korean dance motions. The 

settings were camera speed of 100 field/s, shutter speed of 

1/500, frequency of 1,000 Hz, low pass filter of 6 Hz, and 

amplifier gain of 4,000. By taking the participant's direction 

of progress as a center, the y-axis was set as forward and 

backward directions, x-axis as left and right directions, and 

z-axis as up and down directions. In order to determine the 

end-point trajectory of arm movement while performing 

traditional Korean dance motion, ball markers were attached 

to the tips of left and right fingers (middle fingers). To 

obtain the best possible position values, a control object 

point of 1×2×3 m was used for calibration over 1 min. 

3. Motion settings 

Traditional Korean dance motions were performed by 

dancers who were already familiar with Korean dance. In 

order to select motion with a medium or higher degree 

of difficulty among traditional Korean dance motions, a 

difficulty of the lower limb increased and the upper limb 

motion was set to basic motion that could best express 

the curved beauty. The lower extremity performed Dolda-

mchae motion (stand on one leg after half-revolution turn), 

which required dynamics and fast balancing, while the 

arm motion was set as a motion going from Duichoom-

hurigamgi to Taeguksun motion (semi-circular motion in 

taeguk shape with the right hand on top and the left hand 

below the chest). Although the motion has been divided 

and illustrated, as shown in Figure 1, for easier under- 

standing, the jerk value was derived at a continuous motion 

from 1 to 4. Gutgeori jangdan, a traditional Korean dance 

rhythm (1, 2, 3, 4 count) was selected as the motion time 

and the dancers were encouraged to complete the motion 

set in the study within half jangdan (3, 4 count). Each 

dancer was given 5 to 10 practice sessions to become 

familiar with the motion, after which the actual measure- 

ments for the motion were taken. 

4. Data processing 

Kwon3d XP software was used for calculation of the 

position data of fingertips (middle fingers) for this study. 

For jerk-based measures data processing, position data 

obtained from three different directions were recalculated 

as a sum vector, and the jerk values were analyzed using 

three methods as shown in Table 2. First, the position vector 

of a fingertip obtained through motion analysis was dif- 

ferentiated 3 times and the resulting value was squared, 

then subsequently integrated with respect to motion time 

to obtain the integrated squared jerk. Second, a mean 

squared jerk value that took the mean value of jerk cost 

associated with the total time required to perform the 

motion was derived. Third, total motion time and speed 

Table 1. Physical characteristics of participants 

Subject Career 
(yrs) 

Age 
(yrs) 

Height 
(cm) 

Weight 
(kg) 

1  5 18 161 48 

2  6 18 165 49 

3  7 18  165.4 50 

4 10 20 156 45 

5 12 32 165 49 

6 12 18 168 56 

7 14 30 166 51 

8 14 18 165 50 

9 15 30 168  55.4 

10 18 31  166.5 54 

11 20 33 168  47.2 

M±SD 12.09 
±458 

24.18 
±6.48 

164.90 
±3.40 

50.42 
±3.29 

 

Figure 1. Arm movement in Korea dance. 
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were set as the normalizing variables to derive dimen- 

sionless jerk. In this study, jerk-based smoothness measure- 

ments did not significantly influence the filtering (Wininger, 

Kim, & Craelius, 2009), and hence low pass filtering was 

not performed when calculating the jerk values. 

MATLAB 8.2 version (Mathworks, USA) was used as the 

analytic tool in calculating the jerk values. For testing 

changes in the jerk values according to dance experience, 

a correlation analysis was performed based on the number 

of years of dance experience for 11 dancers. The signifi-

cance level, p-value, was set to 5%. 

III. RESULTS 

1. Correlation between time difference and 
dance experience 

As a result of performing the Taeguksun motion (which 

was selected as the movement to be performed within 

half jangdan of gutgeori jangdan of Korean dance), a cor-

relation between motion expression time and dance ex-

perience was found (r=0.724, p=0.011) (Figure 2). 

2. Correlation between three types of jerk values 
and dance experience 

For comparison of jerk tendencies of the right and left 

hands, position data, primary-differentiated speed, secondary 

-differentiated acceleration, and tertiary-differentiated jerk 

graph of participant #1 with the lowest dance experience 

(5 years) and participant #11 with the highest dance 

experience (20 years) are shown in Figure 3. 

1) Right hand movement 

Jerk values and integrated squared jerk values of the 

right hand based on dance experience showed r=0.581 

and p=0.552. Mean squared jerk values showed r=0.534 

and p=0.090. Therefore, no correlation according to dance 

experience was found. Dimensionless jerk values showed 

r=0.656, p=0.028, and therefore, relationship with smooth- 

Table 2. Three types Jerk-based measure of movement smoothness and their dimensions 

Types Formula Dimension Study 

A 
  Platz, Denzler, Kaden, & Mauritz (1994) 

B 
  Wininger, Kim, & Craelius (2009) 

C 

 
None Hogan & Sternad (2009) 

Note. t1= time of initial movement; t2= time of final movement; x(t)= position variable; L= length; T= time; D= duration of the 
trial; Vmean= average velocity of the trial. 

Figure 2. Correlation result of motion time between dance 
experience. 



KJSB Correlation Analysis between Dance Experience and Smoothness of Dance Movement by Using Three Jerk Methods 5 

http://e-kjsb.org 

ness based on dance experience was found to be cor-

related (Figure 4, R(A), R(B), R(C)). 

2) Left hand movement 

Jerk values and integrated squared jerk values of the 

left hand based on dance experience showed r=0.201, p= 

0.166, while mean squared jerk values showed r=0.147 

and p=0.666. Dimensionless jerk values showed r=0.383 

and p=0.244, and therefore, all three types of jerk calcula- 

tion results were found to have no correlation with smooth- 

ness based on dance experience (Figure 4, L(A), L(B), L(C)). 

 

Figure 3. Graph of position and jerk result of right and left hand by each subject 1 and subject 11. A, B, C, and D show the 
position, velocity, acceleration and jerk result graph in the right and left hand of subject 1 (5 yrs dance experience). E, F, G, and H 
show the position, velocity, acceleration and jerk result graph in the right and left hand of subject 11 (20 yrs dance experience). 
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IV. DISCUSSION 

In dance, even with the same beat and motion, a tem- 

poral error in movement can occur depending on expres- 

 

 

 

 

 

sion by the dancer. This can be explained by the synchro- 

nization of music in dance expressions that can appear 

when the same music is used, and studies on motion 

expression error and synchronization are already being con- 

Figure 4. Statistically significant relationship between 3-types Jerk values vs. dance experience. R(A), R(B), R(C) show regression 
analysis in the right hand jerk values. L(A), L(B), L(C) show regression analysis in the left hand jerk values. Correlation of deter-
minations (R2 ) and linear regression models are shown from simple regression analysis. 
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ducted using various methods. Minvielle-Moncla, Audiffren, 

Macar, & Vallet (2008) reported that in a solo dance, factors 

that make the timing of the dancer more complicated and 

require focused concentration from the dancer could in-

crease timing errors not only in complex movements that 

have a high degree of difficulty, but also in simple walking 

movements. Recently, there have been studies on the ability 

of dancers to control their expressions. For example, Bläsing 

et al. (2012) conducted a study on the effects of concen- 

tration and experience of dancers on timing and motion 

performance synchronization, and the study reported that 

the timing skills of a dancer were related to experience 

with performing individual movements. According to the 

results of the study by Woolhouse & Lai (2014), the 

assessment of the ability to synchronize dance expressions 

with the music showed that a group which received dance 

training (six college students) was able to synchronize to 

music with a beat better than the group that did not receive 

dance training (14 college students). In other words, prior 

studies reported that having more experience in dancing 

had a significant effect on the timing of motion expression 

in a dance. Our finding that the timing of motion expres- 

sion was shorter for a more experienced dancer seems to 

be consistent with the results of prior studies, when the 

same motion was performed with the same given beats 

(r=0.724, p=0.011). The dance motions presented in this 

study consisted of standing on one leg accompanied by 

doldamchae (sitting then standing), while performing wrap- 

ping the arms behind the back, to Taeguksun motion. This 

motion is a basic motion in Korean dance with a high 

degree of difficulty. The motion requires standing on one 

foot after a half-revolution turn; thus, when a dancer is 

able to maintain balance on one leg for a longer period 

of time, the expression can appear to be more stable and 

skilled. To explain this from an opposing concept; having 

less dance experience results in expressing highly difficult 

motion for a short time and expressing a motion with 

low difficulty for a long time. Therefore, the results in this 

study that showed that dancers who had more experience 

had shorter motion time can be interpreted as performing 

the difficult motion of standing on one foot for a longer 

period of time to use less time for the motion of sitting 

and standing, which resulted in a shorter total motion time 

(motion analysis measured the time taken for standing up 

completely). Therefore, this study showed a correlation of 

dance motion performance time based on the experience 

and skill level of a dancer, and such a correlation is poten- 

tially caused by the jerk-based calculation method for 

predicting the smoothness, which is the primary goal of 

this study. 

In this study, three types of jerk-based calculation methods 

were used to calculate the smoothness in arm movements 

of a dancer. A significant correlation based on dance ex- 

perience was found only in the dimensionless jerk values 

of the right hand movement (round movement above the 

head) that expressed a large movement path in creating 

Taeguksun motion. The left hand motion showed a slightly 

larger correlation tendency line in the graph of dimen- 

sionless jerk (Figure 4, L(C)) from the three types of jerk-

based calculations. However, no significant difference was 

found in the three types of jerk-based calculations for 

prediction of smoothness. From the perspective of move- 

ment analysis on the end point in motion performance of 

dancers, the dancers selected for this study were amateurs 

and professionals who were studying or had already studied 

dance, and as such, there was no difference in smoothness 

based on dance experience when performing movements 

with low degree of difficulty, such as the motion of going 

from waist wrapping from the back to stretching the body 

forward that was similar to a basic motion. 

The study found a significant correlation that dimen- 

sionless jerk calculation results became smaller as the 

experience of a dancer increased for the right hand, which 

was more dynamic and had a bigger movement path (r= 

0.656, p=0.028). Dimensionless jerk was applied first in a 

study by Yashiro, Nakamura, Mizumori, Yatani, & Takada 

(2004). It was a method proposed as a product of six 

different jerk-based calculations for design of a mouth 

guard to be used for effective use of the temporoman- 

dibular joint when people were giving speeches. It is also 

a proven method for predicting completely different pat- 

terns of smoothness based on comparisons of integrated 

squared jerk, mean squared jerk, normalized by peak speed 

jerk, and normalized by mean speed jerk values. Teulings, 

Contreras-Vidal, Stelmach and Adler (1997) also used di- 

mensionless jerk to improve smoothness in performance 

of movement in patients with Parkinson's disease and age-

matched healthy people, while Ketcham, Seidler, Gemmert, 
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& Stelmach (2002) used dimensionless jerk to find and 

quantify the factors that diminish qualitative movement in 

elderly. 

Dimensionless quantification is widely used in the fields 

of engineering or physics, and in particular, it is used as a 

solution on how to specify physical properties when the 

size and scale of such properties are different. As an 

example, it is similar to the Froude number (ratio of inertia 

force relative to gravity), and quantification by dimen- 

sionless method has been used to predict optimal gait 

speed under environments with varying gravitational force 

(Minetti, 2001). 

Jerk is not the only method to measure the smoothness. 

Rohrer and Hogan (2003, 2006) developed a very powerful 

and sensitive statistical method for discriminating basic 

movement sequences in continuous movement. However, 

this method has a problem of discarding most of the 

usable data. The beginning of smoothness is dependent 

on the flow of all data and measurement of this can be 

considered a statistically reliable method, given an adequate 

significance of quantification. With this significance in mind, 

the dimensionless-applied jerk-based calculation method 

was presented as a simple method that could quantify 

meaningful lines (shapes) and smoothness (Horgan & 

Sternad, 2009). 

The dimensionless jerk calculation method used in the 

present study considered the dimensions as two factors, 

in other words motion time and motion speed, and made 

the calculations by eliminating them, just as in a prior study 

(Horgan, & Sternad, 2009). The first jerk-based calculation 

method in the present study, integrated squared jerk, did 

not take into account the two dimensions, while the second 

calculation method, mean squared jerk, took into account 

only the dimension of motion time. Ultimately, as shown 

in the results of this study, for expression of motion by 

the dancers, speed and distance can be viewed as being 

separate from a qualitative movement perspective and 

these two factors must be independent. Finally, the dimen- 

sionless jerk method that considers these two factors as 

being dimensionless seems to be more appropriate for 

predicting smoothness. Moreover, the present study used 

calculated dimensionless jerk values to prove that a longer 

dance experience led to an increase of smoothness in 

dance expression. 

V. CONCLUSION 

The present study used three types of jerk-based calcu-

lation methods (integrated squared jerk, mean squared 

jerk, and dimensionless jerk) to calculate and to analyze jerk 

values for proving the correlation between dance experi- 

ence and smoothness. As a result, the following conclusions 

were derived: 

 

1. A correlation between the total time for motion per- 

formance and Korean dance experience was found, in 

that a dancer with longer experience showed shorter 

time in performing sitting and standing on one leg. 

2. With respect to relating Taeguksun motion of a dancer 

to Korean dance experience, longer experience was 

correlated with an increase of smoothness for dynamic 

motion and motion requiring large expressions (right 

hand motion in the present study). 

3. The calculation results of integrated squared jerk, mean 

squared jerk, and dimensionless jerk showed a signifi- 

cant correlation between dimensionless jerk values and 

dance experience. Therefore, in order to assess smooth- 

ness in motion expression of a dancer, it would be 

appropriate to eliminate the two factors of time and 

speed of motion. 
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