
数理モデルを⽤いた静⽌⽴位時のCOP解析
産総研 ⼈間拡張研究センター

サービスインテリジェンス研究コミュニティ ⽥脇裕太2 IEEE TRANSACTIONS ON NEURAL SYSTEMS AND REHABILITATION ENGINEERING, VOL. XX, NO. XX, XXXX 2017

Young, OR Young, CR Young, OF Young, CF

Older, OR Older, CR Older, OF Older, CF

-20 200 -20 200 -20 200 -20 200

-20 200 -20 200 -20 200 -20 200

(a)
40

20

0

-20

-40

40

20

0

-20

-40

40

20

0

-20

-40

40

20

0

-20

-40

40

20

0

-20

-40

40

20

0

-20

-40

40

20

0

-20

-40

40

20

0

-20

-40

(b)

Medial-lateral [mm] Medial-lateral [mm] Medial-lateral [mm] Medial-lateral [mm]

Medial-lateral [mm] Medial-lateral [mm] Medial-lateral [mm] Medial-lateral [mm]

A
nt

er
io

r-p
os

te
rio

r [
m

m
]

A
nt

er
io

r-p
os

te
rio

r [
m

m
]

A
nt

er
io

r-p
os

te
rio

r [
m

m
]

A
nt

er
io

r-p
os

te
rio

r [
m

m
]

A
nt

er
io

r-p
os

te
rio

r [
m

m
]

A
nt

er
io

r-p
os

te
rio

r [
m

m
]

A
nt

er
io

r-p
os

te
rio

r [
m

m
]

A
nt

er
io

r-p
os

te
rio

r [
m

m
]

Fig. 1. Example of COP trajectories (a: young, b: older).

have been proposed, and not only the COP but also the center
of mass (COM) have been introduced [27]. It was verified the
time-invariant mathematical models with viscosity, stiffness,
and stochastic terms to determine whether they can predict
descriptive statistics with high accuracy [25], [28]. However,
the classification accuracy and positive likelihood ratios of the
mathematical model parameters for classifying older and fall-
experienced people have not been sufficiently verified.

In this study, the COP was modeled during quiet standing
using the MSD model with viscosity, stiffness, and stochastic
terms. Six MSD parameters (damping ratio, natural angular
frequency, and stochastic coefficients) in the anterior-posterior
(AP) and medial-lateral (ML) directions were used to test the
accuracy of classifying older and fall-experienced subjects. We
used two data sets with 163 and 49 subjects to estimate the
parameters [29], [30]. In each data set, subjects performed a
quiet standing test for 60 s in four different visual and floor
conditions. Six MSD parameters were calculated in the AP
and ML directions for four conditions, and MSD parameters
were used to classify older and fall-experienced subjects using
random forests. The experimental results showed that the
MSD parameters had better classification accuracy than the
conventional descriptive statistics. Additionally, the variation
of MSD parameters implied that changes in age, visual, and
floor surface conditions lead to structural changes in the COP
control system. These results support previous studies that
assess balance ability by parameters of mathematical models
[25]– [27].

The rest of this study consists of four sections. In Section

II, the mathematical model, parameter estimation method, and
classification procedure are explained. In Section III and IV,
the experimental result is described and discussed. This paper
is concluded in Section V.

II. METHODS

A. Data set
Table 1 lists the characteristics of the two data sets, with the

study population comprised of 163 and 49 subjects in each data
set, respectively. The subjects performed a quiet standing test
for 60 s in four conditions, namely; open eyes on a rigid floor
(OR), closed eyes on a rigid floor (CR), open eyes on foam
rubber (OF), and closed eyes on foam rubber (CF) [29], [30].
During the quiet standing test, the subjects’ COP data were
acquired. In the foam condition, a 60 mm polyvinyl chloride
mat was used. Subjects performed three quiet stances in each
condition, for a total of 12 tests per person. In each data set,
subjects completed a questionnaire and listed the number of
times they had fallen in the past 12 months. Some data were
missing for subjects who could not perform the standing test
properly in the data set. In addition, one data file in the CF
condition that did not provide theoretically valid values for
parameter estimation was excluded from the analysis. Figure
1 shows examples of the COP under four conditions. The
fluctuations of COP were larger for older subjects than for
young subjects. In addition, floor and visual interventions
can also cause COP fluctuations. Using these COP data, we
calculated descriptive statistics and estimated the parameters
of the mathematical model. Since a 10 Hz Butterworth filter
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Fig. 1. Example of COP trajectories (a: young, b: older).

have been proposed, and not only the COP but also the center
of mass (COM) have been introduced [27]. It was verified the
time-invariant mathematical models with viscosity, stiffness,
and stochastic terms to determine whether they can predict
descriptive statistics with high accuracy [25], [28]. However,
the classification accuracy and positive likelihood ratios of the
mathematical model parameters for classifying older and fall-
experienced people have not been sufficiently verified.

In this study, the COP was modeled during quiet standing
using the MSD model with viscosity, stiffness, and stochastic
terms. Six MSD parameters (damping ratio, natural angular
frequency, and stochastic coefficients) in the anterior-posterior
(AP) and medial-lateral (ML) directions were used to test the
accuracy of classifying older and fall-experienced subjects. We
used two data sets with 163 and 49 subjects to estimate the
parameters [29], [30]. In each data set, subjects performed a
quiet standing test for 60 s in four different visual and floor
conditions. Six MSD parameters were calculated in the AP
and ML directions for four conditions, and MSD parameters
were used to classify older and fall-experienced subjects using
random forests. The experimental results showed that the
MSD parameters had better classification accuracy than the
conventional descriptive statistics. Additionally, the variation
of MSD parameters implied that changes in age, visual, and
floor surface conditions lead to structural changes in the COP
control system. These results support previous studies that
assess balance ability by parameters of mathematical models
[25]– [27].

The rest of this study consists of four sections. In Section

II, the mathematical model, parameter estimation method, and
classification procedure are explained. In Section III and IV,
the experimental result is described and discussed. This paper
is concluded in Section V.

II. METHODS

A. Data set
Table 1 lists the characteristics of the two data sets, with the

study population comprised of 163 and 49 subjects in each data
set, respectively. The subjects performed a quiet standing test
for 60 s in four conditions, namely; open eyes on a rigid floor
(OR), closed eyes on a rigid floor (CR), open eyes on foam
rubber (OF), and closed eyes on foam rubber (CF) [29], [30].
During the quiet standing test, the subjects’ COP data were
acquired. In the foam condition, a 60 mm polyvinyl chloride
mat was used. Subjects performed three quiet stances in each
condition, for a total of 12 tests per person. In each data set,
subjects completed a questionnaire and listed the number of
times they had fallen in the past 12 months. Some data were
missing for subjects who could not perform the standing test
properly in the data set. In addition, one data file in the CF
condition that did not provide theoretically valid values for
parameter estimation was excluded from the analysis. Figure
1 shows examples of the COP under four conditions. The
fluctuations of COP were larger for older subjects than for
young subjects. In addition, floor and visual interventions
can also cause COP fluctuations. Using these COP data, we
calculated descriptive statistics and estimated the parameters
of the mathematical model. Since a 10 Hz Butterworth filter
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TABLE I
CHARACTERISTICS OF THE TWO DATA SETS USED IN THIS STUDY.

Item Data set 1 Data set 2
Number of subjects 163 people 49 people
Number of young subjects
and the average age

87 people (aver-
age age: 28 years)

27 people (aver-
age age: 28 years)

Number of older subjects
and the average age

76 people (aver-
age age: 71 years)

22 people (aver-
age age: 67 years)

Number of fall-experienced
subjects

42 people (aver-
age age: 47 years)

11 people (aver-
age age: 42 years)

Number of data files used in
the analysis

OR: 489 files
CR: 487 files
OF: 480 files
CF: 473 files

OR: 147 files
CR: 147 files
OF: 147 files
CF: 147 files

TABLE II
REPRESENTATIVE DESCRIPTIVE STATISTICS STUDIED TO EVALUATE

POSTURAL SWAY.
Indicators Calculation method

Velocity 1
n�1

Pn�1
i=0

q
ẋ2
i + ẏ2i

Standard deviation in ML direction
q

1
n

Pn
i=0(xi � x̄)2

Standard deviation in AP direction
q

1
n

Pn
i=0(yi � ȳ)2

Maximum range in ML direction |xmax � xmin|

Maximum range in AP direction |ymax � ymin|

Length
Pn�1

i=0 (ẋi + ẏi)

Area
P359

m=0 (rmrm+1 sin(1�))

was used in the data sets, no additional low-pass filter was
used in this study.

B. Descriptive statistics
Table 2 shows seven conventional descriptive statistics.

These indicators can be categorized into position-related and
velocity-related values. The ability to control posture is based
on the vestibular system, vision, somatosensory perception,
and the central nervous system [2]. Diseases of the equilibrium
and nervous systems or aging effect change the values of these
descriptive statistics [31], [32]. Changing the visual or floor
environment makes it possible to test whether a decline in the
visual or senses occurs. Among many indices, velocity and
area have been proposed as reliable indicators [33]– [36].

C. Mathematical model
This study introduces a model equation that includes the

viscosity, stiffness, and stochastic terms. Similar mathemat-
ical models have been introduced in previous studies, and
the coefficient of determination has been verified [24], [27].
Equation (1) represents the equation in the AP direction, and
the same equation is used for the ML direction. In (1), r,
k, �, and ⌘(t) represent the viscosity, stiffness, stochastic
coefficients, and random number with a standard deviation
of one. This model equation is a linear time-invariant model
equation and represents the controlled motion of the COP
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Fig. 2. Mass-spring-damper model.

toward the equilibrium point xeq . In this study, the equilibrium
point was set to zero, which was the origin of the coordinates.
The predictive performance of this mathematical model was
already verified and confirmed that the parameters in these
mathematical models contain information on the descriptive
statistics of the original COP trajectory [25], [28].

ẍ = �rẋ� k(x� xeq) + �⌘(t). (1)

Equation (1) is equivalent to the MSD model for oscillation
phenomena [37]; therefore, (1) was transformed into the MSD
model, as shown in Fig. 2. In Fig. 2, m, d, , �, and F (t) are
the mass point, viscosity, stiffness, position, and disturbance
force, respectively. The mass point m is constrained by a
spring and a damper, and a disturbance F is applied. In this
study, the disturbance F was �⌘(t). The equation of motion
for the MSD model is expressed by (2) and rewritten as (3).

m�̈+ d�̇+ � = F. (2)

�̈+ 2⇣!0�̇+ !2
0� = F 0. (3)

⇣ =
d

2
p
m

=
r

2
p
k
.

(4)

!0 =

r


m

=
p
k.

(5)

In (3), ⇣ and !0 are the damping ratio and the natural angular
frequency, and are calculated using (4) and (5). Since the
behavior of the oscillation phenomenon can be expressed
by the damping ratio and natural angular frequency, they
can be used to predict the oscillation phenomenon when the
disturbance F is added to the MSD model.

If the damping ratio is greater than 1, it is referred to as
over-damping, and the mass point does not oscillate. On the
other hand, when the damping ratio is less than 1, the system
exhibits damped oscillations. Furthermore, the higher the
natural angular frequency, the higher the oscillation frequency
of the system. In this study, the viscosity coefficient r, the
stiffness coefficient k, and the stochastic coefficient � in (1)
were estimated in the AP and ML directions. The viscosity
and stiffness coefficients were transformed into the damping
ratio ⇣ and natural angular frequency !0 using (2)–(5).
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簡易なバネマスダンパモデルで表現することでバランス能力の衰えを定量的に評価できる
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