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Abstract—Embodied knowledge is the knowledge remembered
by the human body and reflected by the dexterity in the motion of
the body. In this paper, we propose a new method using singular
value decomposition for extracting embodied knowledge from the
time-series data of the motion which is measured with various
sensors such as an accelerometer, a motion capture system and
a force sensor. We compose a matrix from the the time-series
data and use the left singular vectors of the matrix as the
patterns of the motion and the singular values as a scalar,
by which each corresponding left singular vector affects the
matrix. Two experiments were conducted to testify the method.
One is a gesture recognition experiment in which we categorize
gesture motions by two Kkinds of models with the indexes of
similarity and estimation using left singular vectors. The other is
an ambulation evaluation experiment in which we distinguished
the levels of walking disability using a 3D hyperplane constructed
by the singular values. Finally we discuss the characteristic and
significance of the embodied knowledge extraction using singular
value decomposition proposed in this paper.

I. INTRODUCTION

Embodied knowledge, sometimes called tacit knowledge, is
the skill ability internalized in the body. Embodied knowledge
plays an important role in acquiring skills, e.g. for the athletes
to moving economically, for the martial artists to make move-
ment more flexible, for the musicians to uplift feeling, and for
the ceramists to acquire specific finger sensitivity. Such skill is
a native human endowment which is not ordinarily accessible
to consciousness.

The information of motion, such as trajectory, speed and
acceleration, has been measured to extract and analyze the
embodied knowledge [1]-[4]. Time-series data analysis is
usually necessary to extract features from the measurement
data. Various methods for analysing physical movement have
been proposed. Mitra et al. [5] surveyed methods of gesture
recognition, and suggested that the Hidden Markov model
is effective for gesture motion data analysis. Jerde et al.
[6] measured the angles of the hand joints for recognizing
fingerspelling hand shapes, and reduced the dimension of hand
by discriminant analysis using Principal Component Analy-
sis (PCA). Williamson et al. [7] measured the acceleration
of the shank and detected the main phases of normal gait
during walking using machine learning. Jakobsen et al. [8]
assess knee joint range of motion (ROM) during rehabilitation
based on correlation coefficients and smallest real difference.
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However, the Hidden Markov model is not effective when
the number of states is large or the data is discontinuous.
Since neural network is too sensitive in time-series data length,
the accuracy is not so well. Principal Component Analysis
reduces the number of explanatory variables, and is a kind of
model for visualization with principal component variables. It
is possible however to lose significant principal component
variables when the proportion of variance is low and the
number of the data is inadequate. The accuracy of PCA
declines when the contribution ratio is low due to shortage
of data.

In this paper, we propose a new method to extract embodied
knowledge of body motion using Singular Value Decomposi-
tion (SVD) [9]. The left and right singular vectors, and singular
values are decomposed from a Hankel matrix defined from
the time-series data. Since the left singular vector represents
Hankel matrix characteristics and the singular value means the
strength of the left singular vector, it is used more generally
as a method for extracting characteristics from observed data.
Recently, the SVD has been used in time-series data analysis
for data mining [10] and motion analysis to extract similarities
and differences in human behavior [11].

We applied the proposed methods to a hand gesture recog-
nition experiment and a walking disability evaluation experi-
ment. In the hand gesture recognition experiment we distin-
guish 5 kinds of gestures according to the similarity and esti-
mation using the left singular vectors. In the walking disability
evaluation experiment we distinguished the levels of walking
disability by a three-dimensional hyperplane constructed by
the singular values. The characteristic and significance of the
embodied knowledge extraction using SVD is discussed based
on the results of the two experiments.

II. EMBODIED KNOWLEDGE EXTRACTION USING SVD

Suppose M is an m-by-n matrix, then there exists a
factorization of the form:M=UXV, where U=(u1, us, ..., Um)
contains the left singular vectors of M, V=(v{, v2, ..., Uy)
contains the right singular vectors of M, and the matrix ¥ is a
m-by-n diagonal matrix with nonnegative real singular values
on the diagonal. The SVD is an important factorization of a
rectangular real or complex matrix, with many applications
in signal processing and statistics. Applications using SVD
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Time-series data

Fig. 1: Design of Matrix M;gG

include computing the pseudo inverse, least squares data
fitting, matrix approximation, and determining the rank, range,
and null space of a matrix [9].

Suppose that there are w measurement points
(P1,Ps,-+- ,P,) on the human body to measure the
body motion. On point P;, the measured data series of the
movement G is denoted as 7>¢. The data series of 75¢
consists of 3-dimentional data (X*% Y% Z4G), From this
time-series data 75¢ = (XH¢ YCG Z6GY [ n vectors by m
data sampling are extracted by overlapping, and the matrices
M;;G,M;;G, and M}G are constructed as a collective of
the measurement data on the X,Y, and Z coordinates of
the gestures, respectively. Fig. 1 shows the design how to
construct the matrix MY ©% The matrices M&G,MXZ,G, and
M ’ZG are described as follows

M.;G (Xi’GaXéyG"" 7Xriz’G)T ey
M;/’G — (le,G, Y;’G, . 7er7G)T (2)
MzE = (27,25, Zi0)T 3)
where, X;;G = (1’;’?,1‘;’3,'“ 7ml ?n)) p= 1)27"' , 105 and

a is a datum on the X coordinate. We define ;> and Z¢
in the same way.

Suppose M’G, k = {X,Y,Z} is an m-by-n matrix as
gencgal format of M %Y, MES, MY, The SVD of the matrix
My

4G _ 1716,G52i,G p1,4,G T
M =U"87{Ve 7} 4)
G G i,G 0,G y - .
where U™ = (uy g, uy gy, up ) is an m-by-m umtary

matrix, {V’ G}T denotes the conjugate transpose of V
(vb f, vh f, e v;(,i) which is an n-by-n unitary matrix, and
the matrix Z”G is a m-by-n diagonal matrix. The diagonal
entries of X Y are the singular values of M’ ¢ The matrix
Uk 5G contams the left singular vectors of M, G and the matrix
Vy *“ contains the right singular vectors of M LG

Now, take M;(G as an example of matrix M LG (o discuss

the motion analysis. The matrix M;, can be decomposed into

a product of U;}G, Z}G and VoY by the SVD. Intuitively,
the left singular vectors in U;é form a set of patterns of
M;}G and the diagonal values in matrix Z}G are the singular
values, which can be considered as scalars by which each
corresponding left singular vectors affect the matrix M;gG.
Suppose that the number of left singular vectors is /, and the
element number of the j th left singular vector is g. Let us
denote the couples of the singular values and the left singular

i,G i,G i,G i,G oG i,G
VeCGtOI' as (é“1 X’é"l x): (03 )g“2 X5 ) » (o0x,ux)), for
i ~ %, Az, Az,
Uiy = (U ks Uy xes gy xs qu)C;n the descend-
ing order of the smgular values, where ﬂz x is the h th

element of the j th left singular vectoru’ g’; The left singular
vector expresses the characteristic of the whole time-series
data better if its corresponding singular value singular is larger.
That is, the greater the singular value is, the more dominant
the corresponding pattern is.

ITI. GESTURE RECOGNITION WITH LEFT SINGULAR

VECTORS

The left singular vectors (uii,ugi, e ,uZ)G() represent

the characteristic of hand gestures well. We conducted a ges-
ture recognition experiment to demonstrate the effectiveness
of feature extraction using the left singular vectors.

A. Hand Gesture Measurement Using Left Singular Vectors

5 kinds of hand gestures, CH (Come here), GA (Go
away), GR (Go right), GL (Go left), and CD (Calm down),
were performed by two subjects, SW and ST, who were
male in their 20s. These gestures are commonly used in
daily life for guidance. The gestures were performed in a
50cm x 50ecm x 50cm cubic space, whose zero point and
coordinate system are shown in Fig. 2. The motions of the
hand gestures are measured with Movetr/3D and GE60/W
(Library, Tokyo, Japan). Five markers, M; on the tip of the
thumb, M, on the tip of the middle finger, M3 on the tip of
the little finger, My on the thumb-side of the wrist and M5
on the little finger side of the wrist, were measured.

The motion of subject SW performing CH is shown in
Figure 3 by 9 frames extracted from the experiment video
every 1/6 s. The measurement time-series data of M when
subject SW performed the five kinds of gestures are shown
in Figure 4. In Figure 4, a movement change as for GA, CH,
and CD is big in the top and bottom direction (onto z-axis)
and in the front and back direction (onto y-axis), and as for
GR and GL, the movement change is big in the right and left
direction (onto x-axis).

One gesture was executed 9 times by each subject. Data
of the first 5 times execution were used as acquisition of
patterns of the gesture. Data of last 4 times were used to be
distinguished.

We proposed two kinds of gesture recognition methods
using the left singular vectors extracted from the time-series
data of gesture motion: gesture recognition based on the
similarity between gesture distances and gesture recognition
based on the similarity between gesture vectors .
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Fig. 3: Example of Gestures

B. Gesture Recognition based on Similarity between Gesture
Distances

Suppose that the observed data series are divided into
two groups: TTgD as training data series, and TCgD as
checking data series. Let us denote the left singular vector

7';((;, grp for training data related to the X coordinate values

z G
of the point P; on the hand for the gesture G as Uy 7pp =
i,G z,G o i,G f i,G _
(“1 X, TRD> ¥ 2.XTRD> ) Uy XGTRD) or ujxrgpp =
~ 1, ~ 1, Az,
(ungTRD’UZJXTRD’ uthTRD?"' ]XTRD)

We define the left singular vectors 7 - for checking

“1 X CHD)
U’hg X,CHD>

data as Uk cpp = (i x cmpsUb x,crp

for UJ X,CHD — (U’lg X,CHD> UZJ,X,CHD’ T
Uy x.cpp) in the same way.

To recognize hand gesture, three kinds of similarity criteria
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Fig. 4: Five Kinds of Hand Gestures

are defined on the data 75¢ = (X4¢ V&G 76GY a5 follows;

Sy rl(UTRD’ Ué’HD)

3quZ|Za;zJGkTRD

k=1 j=1 h=1
Sy (UTRDaUCHD)

qu Z Z Z |a;zJGL TRD

k=1 j=1 h=1
S3 : (UTRDaUCHD)

3lq Z Z Z “hf k7D ~ Uhjipcrp)?® (D

j=1 h=1

q
> dbiwenpl )
h=1

a;zj,k,OHD| (6)

The similarity S; is defined by the absolute differential of
the total left singular vector between the training data and
the checking data. The similarity S» is defined by the total
absolute differential of the left singular vectors between the
training data and the checking data at the same order. The
similarity Sz is defined by the Euclidean distance between the
left singular vectors of the training data and the checking data
on the multidimensional space.

Since there are w measurement points (P, Ps,--- , P,,), the
estimated gesture G* is identified by the following two kinds
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TABLE I: Recognition of Gestures

Similarity | Similarity | Similarity
(S (S2) (S3)
Estimation
(E1) 70.0 90.0 80.0
Estimation
(E2) 60.0 80.0 80.0

of estimations;

E, :G" = {Gf|maxz G’

i=1

for Glf ={Gyl mm ri(UTRD’ Ubup)}} )

By :G* = {Gy|min Zn Ufnh-Ubup)} O
i=1
where, G is the f th gesture among the five hand gestures,
and n(G’) is a counting function which is n(G’) =1 if the
condmon G;c is satisfied at the P; point on the hand

The estimation FE; is defined for gesture by counting the
large number of minimal similarity values. The estimation Fs
is defined by the minimal total similarity values.

Table I shows the recognition results among both of the two
subjects’ gesture patterns based on the three kinds of differ-
ence similarities, Equation (5), Equation (6) and Equation (7).
In the calculation, m = 125,n = 5,q = 125, = 1,w = 5.
The recognition results suggest that the similarity Sy and Ss
leaded to relatively higher correct recognition rates. Especially,
the pair of the similarity S and the estimation E; leads to a
significantly high accuracy of 90.0%. The result suggests that
the pair of Sy and Ej is more feasible to be used in gesture
recognition. However, in general it is hard to distinguish
between a gesture of GR (Go Right) and GL (Go Left), and
so the results are understandable.

In the experiment, the positions of the five markers on the
right hand were measured. However, it is possible that not all
the positions of these markers may have a high relevance to
the gestures. Reducing the number of markers considered in
the recognition might not only reduce the calculation but also
improve the recognition accuracy. Next, by calculating the left
singular vectors at each markers, we compared the accuracy
on each marker for gesture recognition with similarity So
and estimaiton F. Table II shows the large counting number
of minimized similarity values. As a result, the first marker
M; was selected as the most important marker because the
accuracy is 93.85%, and the highest. Since M; measures the
time series at the tip of the thumb and it’s largely related to
movement of the thumb, it is suggested that the motion of the
thumb is important in gesture recognition.

C. Method for Similarity between Gesture Vectors

As for the second method, gesture recognition is based on
the similarity between gesture vectors. Now, consider the data

TABLE II: Comparison of Markers by Gesture Distances

Sub./Ges. Markers
™ My Mo M3 My Ms
CH 4/GA 4/GA 4/CD 4/GA | 4/GA
GA 8/GA 9/GA 9/GA 8/GA 8/GA
GR 7/GR 8/GR 8/GR 6/GR | 5/GR*
GL 5/GL 4/GL* | 4/GL* | 5/GL 5/GL
CD 6/CD 5/GA 5/GA | 7/CD 8/CD
ST My Mo M3 My Ms
CH 8/CH 9/CH 11/CH | 9/CH 7/CH
GA 7/1GA 9/GA 9/GA | 9/GA 5/CD
GR 9/GR 10/GR | 11/GR | 6/GR 9/GR
GL 7/GL 8/GL 10/GL | 5/GL 8/GL
CD 4/CD* 5/GL 5/GL 5/CD 6/CD

Accuracy
(%) 93.85 80.28 81.58 93.75 86.15

series in M;}G of Equation (1). If one of the data series X;;G
is replaced by another data series X¢ 7, the singular values
and left singular vectors of M oy, Will be different from
those of M;(G
M oup = (X%, ’X;’?pXé‘HD’X;fN”' XRT a0
The difference between the left singular vectors of M;}G
and MY oy p is determined by how X¢,,, is different from
the other p — 1 data series. The patterns of M crp Will
change more when X G is replaced by a quite dissimilar data
series than when it is replaced by a similar one. Therefore,
the difference between the left singular vectors of M;(;G and
X&pp can be considered as a measure of the difference
between X}, and the other data series. If X}, comes
from another kind of hand gesture, the difference can be
utilized as a criterion for judging whether X}, ;, comes from
the same kind of hand gesture as the other data series. In our
algorithm, the location of X}, is fixed in the end of data
series. Therefore, only the n th X>¢ is replaced by another
data series X¢ ;5 in Equation (10).
To recognize hand gesture, three kinds of similarity criteria
are defined on the data 75¢ = (X4¢ Y&G 76G) a5 follows:

Sy : Ti(UTRDa UCHD)

3quZ|Z%JGLTRD

k=1 j=1 h=1

Ss : ri(UT’gD, UCHD)

q
> b g ompl (11)
h=1

~1,G i
3quZZ|UZJkTRD hjk,cHD| (12)
k=1 j=1 h=1
i\G
Se : 7i(Ugrps Ubmp)
3 q
~i.G V!
31,12 Z u;kaTRD i p.crp)® (13)
j=1h=1
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TABLE III: Results of Method for Similarity between Gesture
Vectors

Similarity | Similarity | Similarity
Sub. | Ges. (Sa) (Ss) (Se)
CH 1 2 1
GA 3 4 4
™ GR 2 3 3
GL 1 3 3
CD 0 3 3
CH 2 2 2
GA 1 4 4
ST GR 3 4 4
GL 0 3 2
CD 0 4 4
Accuracy
(%) 30.3 80.0 75.0

The meanings of Sy, S5, and Sg are the same as those of
Sy, S5, and Sg respectively. Since there are w measurement
points (P, P»,-- -, P,,), the estimated gesture G* is identified
by the following estimations:

w
By : G* = {Gylmind_ri(Uyah, Ubnp)} (19
i=1

In the proposed method, all of the time series must have
the same number of data in order to compose matrix M;(;G
as shown in Equation (1). However, the lengths of the hand
gestures in real measurement are different according the kinds
of gestures and the subjects to perform them. Therefore,
preprocessing is necessary to make the data series have the
same number of data. In this paper, the number of data was
set to be the average number. If a data series contains more
data than the average number, data are deleted from the data
series at the same interval. If a data series contains fewer data
than the average number, data are interpolated in to the data
series at the same interval. The interpolated data are calculated
using quadric interpolation.

Table IIT shows the recognition results based on the three
kinds of similarity definitions of Sy, S5, and Sg, in Equa-
tion (11), Equation (12), and Equation (13) respectively. The
recognition results suggest that similarity definitions of S and
Se leaded to relatively higher correct recognition rates while
the correct rate of the recognition based on S; was very low.
Therefore, S5 and Sg are more feasible in gesture recognition.

As same as comparison of makers in the method by simi-
larity between gesture distances, we compared the accuracy of
markers in this method by similarity between gesture vectors
with similarity Sy and estimaiton E3. Table IV shows the large
counting number of minimized similarity values. The first M;
was selected as the most important marker as same as Table
II. We realize that the movement of thumb is greatly related
to gesture recognition by the results.

TABLE IV: Comparison of Markers by Gesture Vectors

Sub./Ges. Markers
™ My Mo M3 My Ms
CH 2/IGA 2/GA 2/IGA 3/GA 2/IGA
GA 4/GA 4/GA 2/IGA* 4/GA 4/GA
GR 3/GR 3/GR 3/GR 3/GR 3/GR*
GL 3/GL 3/GL 3/GL 3/GL 3/GL
CD 3/CD 2/GA 3/GA 2/CD 2/CD
ST My Mo M3 My Ms
CH 2/CH* | 2/CH* | 2/CH* | 2/CH* | 2/CH*
GA 4/GA 4/GA 4/GA 4/GA 4/CD
GR 4/GR 4/GR 4/GR 3/GR 3/GL
GL 4/GL 4/GL 4/GL 3/GR 4/GR
CD 4/CD 4/CD 4/CD 3/CD 4/CD

Accuracy
(%) 93.94 87.50 83.87 80.00 58.06

D. Discussions

The recognition results of the two method show that the
left singular vectors extracted from the time-series data can
be used as knowledge to distinguish gestures. Especially, the
total absolute differential of a left singular vectors at the same
order is significantly effective because the left singular vectors
expresses a time-dependent weight for identifying the whole
movement. Regarding the incorrect recognitions, motion data
was quite similar although the motion was incorrectly recog-
nized as a gesture different from the intended one. Gestures
GR and GL, for example, have the opposite meanings but
their motions are very similar in that the hand waves left and
right. Their difference lies in that the hand moves faster from
left in to right in GR while faster from right to left in GL.
Even human beings sometimes mistake distinguishing between
them.

IV. WALKING DISABILITY EVALUATION USING SINGULAR
VALUES

A. Acceleration Measurement with Wearable Wireless Ac-
celerometers

The acceleration is measured by 3 wearable wireless 3-
axis accelerometers (Motion Recorder MVP-RF8, Microstone
Nagano, Japan): M1 on the back of the waist (B. Waist),
M2 on the midpoint of the right shank (R. M. Shank),
and M3 on the midpoint of the left shank (I.. M. Shank),
as shown in Fig. 5. Sampling rate of the sensor was 100
Hz. When the subject stands upright, the sensors’ x-axis is
front/back, y-axis up/down, and z-axis right/left. However,
since the orientation of the sensors changes during walking,
the coordination system will also change. In the experiment,
we examined the acceleration of walking difficulty simulated
by restricting the right leg with knee supporters and weight
bands (Fig. 5). The knee supporter bound around the knee joint
decrease the range of movement (ROM) of the knee joint and
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the weight band bound around the ankle joint can simulate the
weakness in muscle strength. The simulation is very important
in testing our method since it does not endanger the safety of
the disabled during the development phase of the method. Two

levels of walking difficulty were simulated by two levels of
restraint in the experiment. Weak restraint was simulated with
one knee supporter and one weight band (1 kg), and strong
restraint with two knee supporters and two weight bands (2
kg). Totally, 3 statuses (Normal without restraint, Weak, and
Strong) were examined.

Six healthy volunteers (YJ, TK, KT, KS, TF, and RT, 5
males and 1 female) aged 21-31 yr (mean 26 yr) participated
in the experiment. Subjects were instructed to walk straight
about 4m along a straight line. The experiment was carried in
the status order of Normal, Weak, and Strong. For each status,
each subject walked 4 times.

The measurement time-series data in x coordinate of the
three sensors when subject YJ walked in the status of Weak
are shown in Fig. 6. The fluctuation of the acceleration was
significant when the right foot or the left foot landing. There
are 5 strides in Fig. 6a. Acceleration data of the first stride
are extracted and shown in Fig. 6b. All the acceleration at
the B. Waist, R. M. Shank, and L. M. Shank significantly
fluctuated when the right foot pushed off from the floor or
stepped on the floor. The fluctuation in the acceleration at
L. M. Shank was more significant than that at R. M. Shank
since the right leg was restricted by the knee supporter and the
weight band. The fluctuation in the acceleration at B. Waist
was the smallest among the three measurement points. This
showed that the trunk of the body, especially the waist, was
relatively kept stable to maintain the body balance even when
there is disability in lower limbs.

B. Relationship between Singular Values and Walking
Disability

We focused on the acceleration change around the time
when the right foot pushed off and stepped on the floor. The
acceleration data around right foot landing were analyzed. The
matrix M for the SVD was designed according to the local
maximum turning points, as shown in Fig. 6. It took 5 strides
to walk 4 m in the experiment. Acceleration data of the middle
3 strides, which do not involve the initiation and termination
of the walking movement, were extracted for analysis. The
data from 0.5s before the maximum turning point to 0.5s
after the maximum turning point were extracted as column
vectors. For each turning point, 9 column vectors (3 sensors,
each has 3 coordinates) were extracted. The column vectors
from the same acceleration data series composed a matrix M .
Therefore, M was a matrix of 100 rows and 3 columns. In this
paper, only the first singular value and the first left singular
vector were considered. Thus parameter [ was 1.

The first singular values extracted from the acceleration data
with SVD are listed in Table V. In spite of the individual
differences in walking, similar singular value changes of all
the 6 subjects were shown. The singular values of M2 and M3
decreased with the increase of walking difficulty, especially
those of M2 decreased in all the X, Y and Z axes. However,
the decrease did not show at M1. Waist is the center of the
body and is always kept balanced during movement. Fig. 6
shows that the waist was relatively kept stable to maintain the
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TABLE V: Singular Value of Ambulation Experiment

Restraint My M> Ms
Subjects | Ambulation X Y Z X Y Z X Y Z
Normal 17.7 | 234 | 21.8 | 579 | 52.7 | 509 | 46.8 | 55.6 | 334
TF Weak 17.0 | 233 | 269 | 333 | 34.7 | 39.4 | 425 | 48. 28.4
Strong 17.6 | 228 | 27.3 | 31.7 | 303 | 37.7 | 40.4 | 43.1 | 278
Normal 11.4 9.4 12.1 | 459 | 405 | 222 | 473 | 48.2 | 189
YJ Weak 10.9 8.2 154 | 234 | 11.2 | 139 | 439 | 335 | 147
Strong 183 | 104 | 185 | 195 | 102 | 13.0 | 42.0 | 25.6 | 13.7
Normal 18.1 | 193 | 12.6 | 51.1 | 343 | 34.0 | 51.9 | 47.8 | 30.1
TK Weak 206 | 204 | 17.0 | 27.5 | 25.1 | 26.4 | 457 | 458 | 273
Strong 20.2 | 20.0 | 15.7 | 253 | 20.1 | 21.9 | 428 | 385 | 277
Normal 20.2 | 19.0 | 128 | 604 | 58.8 | 363 | 57.3 | 664 | 25.8
KS Weak 19.7 | 158 | 19.0 | 36.8 | 32.0 | 21.5 | 524 | 550 | 20.1
Strong 188 | 159 | 192 | 335 | 293 | 189 | 39.6 | 346 | 193
Normal 28.0 | 245 | 19.6 | 70.8 | 53.7 | 375 | 58.7 | 58.0 | 325
RT Weak 245 | 223 | 178 | 60.7 | 349 | 273 | 569 | 58.1 | 304
Strong 225 | 237 | 19.1 | 515 | 333 | 20.8 | 50.3 | 52.7 | 26.1
Normal 234 | 275 | 179 | 57.1 | 653 | 403 | 60.6 | 743 | 32.0
KT Weak 21.6 | 315 | 243 | 403 | 374 | 254 | 46.0 | 59.6 | 22.1
Strong 185 | 243 | 224 | 385 | 26.8 | 16.0 | 385 | 464 | 164
Normal 19.8 | 205 | 16.1 | 57.2 | 50.9 | 369 | 53.8 | 58.4 | 28.8
Ave. Weak 19.1 | 203 | 20.1 | 37.0 | 29.2 | 25.7 | 479 | 50.0 | 23.8
Strong 193 | 195 | 204 | 333 | 25.0 | 214 | 423 | 40.2 | 218
body balance. The first singular values of M2, therefore, are
suggested to be effective criteria to evaluate walking difficulty. P
That is, the first singular values from the acceleration of the - +
restricted leg decreases with the increase of walking difficulty. 07
C. R-Plane for Visualization of Walking Disability “"
The results in Table V show the possibility of evaluating 0 Weak‘l:
walking disability using the singular values. In order to provide L g L
a more understandable presentation of the data for the physical Z ‘n? e LT
therapists and the patients, we propose a visualization tool, a o0t a;:. ’ @.u +
rehabilitation plane (R-Plane), to assist in the evaluation of &‘u & 1
walking disability. =0 ‘
The first singular values extracted from the acceleration data 3
at M2 are plotted in a 3D space in Fig. 7. The singular values

of the 4 times of walking are plotted in different shape and
color according to the 3 statuses. The average singular values
of the 3 statuses are connected by black lines. Fig. 7 shows that
the first singular values are clustered according to the statuses.
The line connecting the average values can be considered as
severity line of walking difficulty. A plane can be defined by
the average singular values of the 3 statuses. Given a patient’s
singular values of walking, draw a perpendicular line from the
point defined by the singular values to the lines connecting the
average singular values, then the patient’s walking disability
can be evaluated intuitively by the position of the intersection

Fig. 7: Singular Values of the 3 Statuses

point. The plane is called a R-Plane which can be used for
walking disability evaluation in rehabilitation to assess the
recovery of the patients.

The conceptual diagram of the R-Plane is shown in Fig. 8.

1207



J
Normal A. / Patient A (5,2, 0,4, 0,%)
(oxN o-yN’ OZN) ®
N Rehabilitation Plane
(R Plane)
(.(OiA'
Weak C. A. Y
g
(0, 0,,0,) 7 Strong C. A.
=0}, )
X

Fig. 8: Conceptual diagram of R-Plane

Suppose the normal vector of the R-Plane is 77 = (ng, ny,nz)
and the average singular values of the status Normal is

(o, aév, olV), the R-Plane can be described by Equation (15).

nm(w—aév)+ny(y—aév)+nz(z—aiv):0 (15)

Suppose the coordinates of patient A in the 3D space are
(0x,0y,07) whose projection to the R-Plane is (0, 0%).
The projection of (o}, O'JB) to the line connecting the average

i 7]
singular values is (07, 07) = (0%, 0y, 0%). Then the walking

disability and recovery of patient A can be assessed by the
position of (o7,07) and the distances of (o}, f) to the

average singular values.

As an example, take subject TK as the patient A and draw
the R-Plane based on the average singular values of the other
5 subjects. The equation of the plane is

—0.810z + 0.532y + 0.2462 + 9.284 = 0 (16)

The R-Plane is shown in Fig. 9. Subject TK’s singu-
lar values in the statuses of Normal, Weak, Strong are
(NL,WC,SC) whose projection to the lines in the R-Plane
are (NL*, W(C*,SC*). Although status Normal is not so
accurately, Statuses Weak and Strong are correctly located in
the figure. The results show the effectiveness of the R-Plane
in intuitively presenting the walking disability and providing
visual information of the patient’s recovery.

V. CONCLUSION

A new method for embodied knowledge extraction from
the time-series data of motion is proposed based on the SVD.
The effectiveness of the method was shown by the gesture
recognition using the left singular vectors and the walking
disability evaluation using the singular values.
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