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Abstract

Gait is a fundamental human activity. One of the main joints that participate
in walking process is knee joint. This joint is considered to be the largest and most
complex joint in human body. This complexity comes from possibility of translation
and rotation along and around all axes. All of these movements have
corresponding pattern.

Main purpose of this doctoral thesis is to identify and analyze standard
values and patterns of basic movement parameters of healthy individuals.
Experimental research was done in Clinical Centre Kragujevac on healthy
individuals and on patients with deficient/diseased soft tissue and/or cartilaginous
knee structures. Three systems were used for acquiring data – OptiTrack, Kinetic
XBOX camera and simple web camera. Mathematical model of a knee was
created for calculating identified gait parameters.

It is concluded, with a help of statistical methods, that there is a significant
difference in gait pattern between healthy individuals and patients with
deficient/diseased knee joint structures.

For the purpose of getting objective results, models for
predicting/classification (based on logistic regression and neural network models)
possible damage/illness of knee joint based on walk parameters values and gait
curves were created. Models for predicting/classification are valued by diagnostic
tests.

Results showed that this approach can help in better understanding of
processes in knee joint that occur during walking, can help to achieve objectivity in
walking process evaluation, improve rehabilitation process depending on level of
recovery of the patient, etc.

Keywords: mechanics, MoCap systems, parameters of knee joint, logistic
regression, neural networks
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funded by Ministry of Education, Science and Technological Development of the
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( )C wM R M t , (4-5)

C - ,

W  - ,

t - , 

R - .

 4.5.

4.4.2 

, . 
:

 (f);

 pixel - ,
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 x- ,  y-  ( , );

 ( ); 

.

, 
 [Trucco E. (1998)]:

( )im x xx x o s , (4-6.1)

( )im y yy y o s , (4-6.2)

xim, yim -  pixel - ,

ox,oy -  pixel - , 

sx,sy -  pixel - 
 mm.

. 
, , 

. . 

 (  4.6).

 4.6.

 (  4.6). 
 [Trucco E. (1998)], Wang A. (2009)]:

2 4
1 21dx x k r k r , (4-7.1)

2 4
1 21dy y k r k r , (4-7.2)
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x,y - ,

xd,yd - ,

k1, k2 -  (k2<< k1, k2 0),

r2=xd
2+zd

2 - .

 4-7.1  4-7.2, 
, . 

k1 k2 ( ) , 
, 

.

, .

.

4.5  – 

. 
, 

,  [Hart J.
(2008)].

, 
:

, 

.

 ( .) 
 (  4.7).  

 ( )  (
C M) , m. 

,  ( ) 
C’

m’ [Hart J. (2008), Geng Z. (2014)].

  
 l' m’.

. .
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,  

 [Sturm
P. (2011), Geng Z. (2014)].

 4.7.

.
’,  .   (  4.7).

 [Sturm P. (2011), Hart J. (2008), Geng Z. (2014)].

. 
. 

. 
m m’

 [Hart J. (2008), Cleju I. (2010)]:

' 0Tm Fm (4-8)

:

m’=[x’,y’,1]T - ’, 

m=[x,y,1]T - .

, :

'lm Fm . (4-9)

,

 [Cleju I. (2010)]:
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' 0Tp Ep (4-10)

:

p’, p -  ,

=tR - .

:
TE K FK 1TF K EK (4-11)

. , 

.

4.6 

, , 

.

, 
 Z. Zhang- . , 

 [Zhang Z. (2004)]:

 3  - 
 3

. 
;

 2  - 

;

 1  - 
; 

 ( ) - 
. 

.
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4.6.1 3

. 
 L  (   4.8).

)

)

 4.8. : )  [INRIA
(2015)], )  [Wikipedia Chessboard (2015)]

:

1. ,

2. ,

3. , 

4. .

 (  4.8 ),

 3  ( ). 
(X,Y,Z) m(x,y)

:
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11

12

13

14
1 1 1 1 1 1 1 1 1 1

21
1 1 1 1 1 1 1 1 1 1

22

23

24

31

32

33

34

1 0 0 0 0
0 0 0 0 1

.... 0
1 0 0 0 0

0 0 0 0 1
n n n n n n n n n n

n n n n n n n n n n

p
p
p
p

X Y Z x X x Y x Z x
p

X Y Z y X y Y y Z y
p
p

X Y Z x X x Y x Z x
p

X Y Z y X y Y y Z y
p
p
p
p

. (4-12)

.

:

P A R T B b B AR b AT , (4-13)

:

2 2 2

2 2

1 1

x c
T T

c y

x xy x k k x
K BB AA xy y y k k y

x y x y
. (4-14)

 4-4 
 (s) 

 1. , 
33=1.

, 
, :

13x K , (4-15)

23y K , (4-16)

2 0yk y , (4-17)
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ck xy
, (4-18)

2 2 0xk x , (4-19)

1R A B , (4-20)

1t A b . (4-21)

, 
, . 

.

4.6.2 2
 (  4.9)

.

 4.9.  2  [Packt (2015)]

. ,
.

 (Z=0), 
M(X,Y,Z) m(x,y)
:

1 2 3 1 2 30
1 1

1

X
x X

Y
s y A r r r t A r r r t Y sp HP . (4-22)

:
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1 1 1

2 2 2 1 2 3

2 3 3

| |
| | [ | | ]
| |

i j k

i j k

i j k

h h h
H h h h h h h

h h h
. (4-23)

,
:

1 2 3 1 2[ ] [ ]h h h A r r t , 1
s . (4-24)

. 
, 

:

1 2 1 2 0Tr r r r 1
1 2 0T Th A A h (4-25)

, :

1 2 1 1 2 2, T Tr r r r r r , 

1 1
1 1 2 2 1 1 2 2
T T T T T Th A A h h A A h h Bh h Bh (4-26)

, , 
:

2 2 2

2
1

2 2 2 2 2 2 2

2 2

2 2 2 2 2 2 2

11 12 13

12 22 23

13 23 33

1

1

1

T

y x

y x yB A A

y x y xy x y y

B B B
B B B
B B B

(4-27)

Ka B  (B =B), 
6D :

11 12 22 13 23 33, , , , , Tb B B B B B B . (4-28)

H , 
b H  (4-22  4-23) 
 ( b) :
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1 1 11 1 2 2 1 12 2 2 13 2 3 3 2 23 3 3 33 0i j i j i j i j i j i j i jh h B h h h h B h h B h h h h B h h B

1 1 2 2 3 3

2 2 2 2 2 2
11 1 2 1 2 12 13 2 3 2 3 23 332 3 0

i j i j i ji i j j i i j jh h B h h h h B h h B h h h h B h h B
(4-29)

b,  
:

12 13 11 23
2

11 22 12

B B B By
B B B

, (4-30)

2
13 12 13 11 23

33
11

B y B B B B
B

B
, (4-31)

11B
, (4-32)

11
2

11 22 12

B
B B B

, (4-33)

2
12B , (4-34)

2
13Byx , (4-35)

, 
, :

1
1 1r A h , (4-36)

1
2 2r A h , (4-37)

3 1 2r r xr , (4-38)

1
3t A h . (4-39)

, 
, . .

4.6.3 1

 (  4.10). 
. 

B.
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 4.10. 1

B , C
B:

B A L , (4-40)

A BC A B , (4-41)

,A B -  (  C 

0.5A B ).

, 
:

' ' 'sm A R t M PM , (4-42)

 1
, :

R=I  t=0.

:
1

AA z A a , (4-43)
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1
BB z A b , (4-44)

1
CC z A c . (4-45)

 C, :
1 1 1

C A A B Bz cA z aA z BA

1 1 1 /C A A B Bz cA z aA z BA A

/C A A B Bz c z a z B xc

0 A A B Bz axc z bxc

A
B A

B

axc bxc
z z

bxc bxc (4-46)

 4-43  4-44  4-4 :
1

B AB A L A z b z a L

1 2 1 2 2A T T T
A A A

B

axc bxc
z A a L z h A A h z h Bh L

bxc bxc
. (4-47)

 4-47 
zA, h

:

A

B

axc bxc
h a b

bxc bxc
. (4-48)

, B
 6 b:

2 2 2

2
1

2 2 2 2 2 2 2

2 2

2 2 2 2 2 2 2

11 12 13

12 22 23

13 23 33

1

1

1

T

y x

y x yB A A

y x y xy x y y

B B B
B B B
B B B

11 12 22 13 23 33, , , , , Tb B B B B B B . (4-49)
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1 2 3, , Th h h h 2
Ax z b ,  4-47

:
2Tv x L (4-50)

2 2 2
1 1 2 2 1 3 2 3 3,2 , ,2 ,2 ,

T
v h h h h h h h h h .

 n  1 ,  n  4 – 50

1 2 3 6, , ,...,, Tx x x x x . 

, :

2 4 1 5
2

1 3 2

x x x xy
x x x

, (4-51)

2
4 2 4 1 5

6
1

A

x y x x x x
z x

x
, (4-52)

1

Az
x

, (4-53)

1
2

1 3 2

Az x
x x x

, (4-54)

2
2

A

x
z

, (4-55)

2
4

A

xyx
z

. (4-56)

, 
, . .

4.6.4 

.
, 

.

4.7 
, . 
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. , 

. 

, ), .

, 
:

 Opti rack  (Natural Point, Inc., Oregon, www.naturalpoint.com),

 Microsoft Kinect XBOX 360TM (Microsoft, USA, www.microsoft.com), 

 Fujitsu lifebook E series (Fujitsu, Japan, www.fujitsu.com).

4.7.1 OptiTrack 
 Opti rack  3

 ARENA.  (V100:R2) 
, , 

. 
 4.1.

 4.1.  V100:R2

45,2x74.7x3.6mm

0,1kg

640x480

 frame- 100 FPS

56°

46°

12.2m

V100:R2 
, . LED , 

 (  4.11).

.
, 

 (  10mm).  4.11. V100:R2 
[OptiTrackFLEX (2015)]

http://www.naturalpoint.com)/
http://www.microsoft.com)/
http://www.fujitsu.com)./


. 

56

 V100:R2 .

 (  4.12). 
.

 4.12.

, , 
 (  4.13).

 4.13.

. 1
,  ARENA.  , 

a 
 (  4.14). 



. 

57

, 
.

 4.14. K

, 
.

 “L” . 

 (  4.15).
 4.15.

, 
, 

 (
4.16). 

.
 4.16.
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, 
 (  4.17). 

,  3 . 
, 

. 
.

 4.17.

4.7.2 Microsoft Kinect XBOX 360TM

Microsoft Kinect 
 [Zhang Z. (2012)] ( . 4.18).

 4.18. Kinect  XBOX 360TM [Zhang Z. (2012), Rafibakhsh N. (2012)]

 ( )
e . 

,  Kinect ,  ( . Red
Green Blue – RGB)  ,  .  

,  3
, , . (   4.19) [Zhang Z. (2012)].
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 4.19. ,  [Zhang Z. (2012),
Rafibakhsh N. (2012)]

 4. 2.

 4.2.  Kinect  [Rafibakhsh N. (2012)]

640x480

frame- 30 FPS

57°

43°

1.2 m  10m

. 
, e .

 ( . Light Coding) 
 3 .  

 CMOS ( . Complementary etal- xide emiconductor) 
.

PS1080 SoC ( . System on a Chip) 
. 

 [Villaroman N. (2011)].

 Kinect 
, 

, . OpenNI
[Villaroman N. (2011)].

4.7.3  Fujitsu lifebook E series
Web . , 
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 Internet
(  4.20).

 4.20. Fujitsu lifebook E series web 

Web 

 (  CMOS) (  4.21). 
, 

 [ExplainThatStuff (2016)]

Web 
 (

, 
“). 

.
Fujitsu lifebook E series web 

 1.3 megapixela
[ExplainThatStuff (2016)] 4.21.  [ExplainThatStuff

(2016)]
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,

, , 
, 

. 
 5.1.

5.1 K
:

,

, 

.
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:

,

,

, 

.

 5.1. 

11 5 36 0 5 0 9 5

. 
. 16 36 5 14

 ± . 28.74±5.66 28.79±6.71 28.6±1.2 68.79±5.98

 ± ., kg 72.43±2.79 82.24±11.75 87±7.9 81.5±16.18

 ± ., cm 177.94±4.72 182.59±8.19 186.2±3.9 167.86±8.51

-

 - 

 - 

 - 

  3.  4. Kellgren-Lawrence
[Braun H.J. (2012)].

, 
, . 

.

 – 
. . 

 - . 
, 

.  ( .
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pivot schift ) 
.

, , ,  ( .
Magnetic resonance imaging  - MRI)  OptiTrack .

 MRI  (
), 

 (  5.1).

,
 OptiTrack , Kinect  

 web  (  5.1).

 5.1.   

, 
. 
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Kellgren-Lawrence  –
 3.  4.  OptiTrack 

Kinect   (  5.2).

 OptiTrack 
 – ,  – 

,  – ,  – 
 – .

 Microsoft Kinect XBOX 360TM

 – .

 5.2.   

 Fujitsu lifebook E
series  – ,  –

 – .

5.2 
5.2.1  - OptiTrack 

, 

. 
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 (  5.3). 
 (   5.4):

,

 ( ),

,

,

 ( ), 

.

 5.3.

 5.4.
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 (  5m) 
(  5.5  5.5 ). 

 (   5.5 ).

.

. .

) )

)
 5.5. : ) ) , )

 ARENA, , 
. 

 .C3D . 
,

 3 . 
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, c3daccess.xls,  Microsoft Visual
Basic  [c3d (2014)].

 .C3D   :

  .C3D 
Sub ShowPoint()
    Dim nWidth, nTemp, iCount, nChannels As Integer
    Dim sTemp As String
    Dim data As Variant
    Dim nFirst, nLast, nRatio, nFrames, i, j, c As Integer
Dim fRes As Single
    If bFileopen = False Then
        Exit Sub
    End If
        nFirst = itf.GetVideoFrame(0)
    nLast = itf.GetVideoFrame(1)

    If nLast > nFirst + 1199 Then
        nLast = nFirst + 1199
    End If
        nFrames = nLast - nFirst + 1
    nChannels = itf.GetNumber3DPoints
        For cord = 0 To 2
        Cells(nActiveRow, 1).Value = Switch(cord = 0, "Marker
Data X Cord", cord = 1, "Marker Data Y Cord", cord = 2,
"Marker Data Z Cord")
        With ActiveSheet.Range(Cells(nActiveRow, 1),
Cells(nActiveRow, 2))
            .Merge
            .Font.Bold = True
End With
        nActiveRow = nActiveRow + 1
                Cells(nActiveRow, 1).Value = "Frame"
        For c = 0 To nChannels - 1
            sTemp = "Marker " + CStr(c + 1)
            Cells(nActiveRow, c + 2).Value = sTemp
        Next c
        nActiveRow = nActiveRow + 1

           For i = nFirst To nLast
            sTemp = CStr(i)
            Cells(nActiveRow, 1).Value = sTemp
            For c = 0 To nChannels - 1
             data = itf.GetPointData(c, cord, i, 0)
                sTemp = CStr(data)
             Cells(nActiveRow, c + 2).Value = sTemp
            Next c
            nActiveRow = nActiveRow + 1
        Next i
Next cord
    Cells(nActiveRow, 1).Value = "Residuals for Point Data"
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  .C3D
 ( )

With ActiveSheet.Range(Cells(nActiveRow, 1),
Cells(nActiveRow, 2))
            .Merge
        .Font.Bold = True
    End With
    nActiveRow = nActiveRow + 1
        Cells(nActiveRow, 1).Value = "Frame"
    For c = 0 To nChannels – 1
sTemp = "Marker " + CStr(c + 1)
        Cells(nActiveRow, c + 2).Value = sTemp
    Next c
    nActiveRow = nActiveRow + 1

    For i = nFirst To nLast
        sTemp = CStr(i)
        Cells(nActiveRow, 1).Value = sTemp
        For c = 0 To nChannels - 1
                         fRes = itf.GetPointResidual(c, i)
             Cells(nActiveRow, c + 2).Value = CStr(fRes)
                    Next c
        nActiveRow = nActiveRow + 1
    Next i
    Cells(nActiveRow, 1).Value = "Camera Mask for Point
Data"
    With ActiveSheet.Range(Cells(nActiveRow, 1),
Cells(nActiveRow, 2))
        .Merge
        .Font.Bold = True
    End With
    nActiveRow = nActiveRow + 1

    Cells(nActiveRow, 1).Value = "Frame"
    For c = 0 To nChannels - 1
        sTemp = "Marker " + CStr(c + 1)
        Cells(nActiveRow, c + 2).Value = sTemp
    Next c
    nActiveRow = nActiveRow + 1

       For i = nFirst To nLast
        sTemp = CStr(i)
        Cells(nActiveRow, 1).Value = sTemp
        For c = 0 To nChannels - 1

             sMask = itf.GetPointMask(c, i)
             Cells(nActiveRow, c + 2).Value = sMask

Next c
        nActiveRow = nActiveRow + 1
    Next i
End Sub
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 frame-ova xyz
 ( .

5.2). 

. 
.  MATLAB- .

 5.2.  .c3d 

X
Frame  1  2  3  4 …  n

1 x11 x12 x13 x14 … x1n
2 x21 x22 x23 x24 … x2n
…
n xn1 xn2 xn3 xn4 … xnn

Y
Frame  1  2  3  4 …  n

1 y11 y12 y13 y14 … y1n
2 y21 y22 y23 y24 … y2n
…
n yn1 yn2 yn3 yn4 … ynn

Z
Frame  1  2  3  4 …  n

1 z11 z12 z13 z14 … z1n
2 z21 z22 z23 z24 … z2n
…
n zn1 zn2 zn3 zn4 … znn

5.2.2  - Microsoft Kinect XBOX 360TM

 Kinect 
 (  Processing)  Leon D’ Angio

[LeonDAngio (2015)]. 
, :

,

, ,

, ,

, ,

, ,

, , 

, .
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, 
. , 

 Kinect , . „ “
 (  5.6). 

, 
. , .

 5.6.

, .
, 

(  5.7). , 
.

 5.7.

  :



. 

71

kinect.getJointPositionSkeleton(userId, jointsToTrack[i],
currentPosition);
positionToWrite = currentPosition;
switch(i)
{
case(0):
outputHead.println(positionToWrite.x + "\t" +
positionToWrite.y + "\t" + positionToWrite.z);
break;
case(1):
outputNeck.println(positionToWrite.x + "\t" +
positionToWrite.y + "\t" + positionToWrite.z);
break;
case(2):
outputLShoulder.println(positionToWrite.x + "\t"  +
positionToWrite.y + "\t" + positionToWrite.z);
break;
case(3):
outputRShoulder.println(positionToWrite.x + "\t"  +
positionToWrite.y + "\t" + positionToWrite.z);
 break;
case(4):
outputLElbow.println(positionToWrite.x + "\t"  +
positionToWrite.y + "\t" + positionToWrite.z);
break;
case(5):
outputRElbow.println(positionToWrite.x + "\t"  +
positionToWrite.y + "\t" + positionToWrite.z);
break;
case(6):
outputLHand.println(positionToWrite.x + "\t"  +
positionToWrite.y + "\t" + positionToWrite.z);
break;
  case(7):
outputRHand.println(positionToWrite.x + "\t"  +
positionToWrite.y + "\t" + positionToWrite.z);
break;
case(8):
outputTorso.println(positionToWrite.x + "\t"  +
positionToWrite.y + "\t" + positionToWrite.z);
break;
case(9):
outputLHip.println(positionToWrite.x + "\t" +
positionToWrite.y + "\t" + positionToWrite.z);
break;
case(10):
outputRHip.println(positionToWrite.x + "\t" +
positionToWrite.y + "\t" + positionToWrite.z);
break;
case(11):
outputLKnee.println(positionToWrite.x + "\t" +
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  ( )
positionToWrite.y + "\t" + positionToWrite.z);
break;
case(12):
outputRKnee.println(positionToWrite.x + "\t"  +
positionToWrite.y + "\t" + positionToWrite.z);
break;
case(13):
outputLFoot.println(positionToWrite.x + "\t" + positionToWrite.y
+ "\t" + positionToWrite.z);
break;
case(14):
outputRFoot.println(positionToWrite.x + "\t" + positionToWrite.y
+ "\t" + positionToWrite.z);
break;
default:
break;
  }
}

, 

.5.3).   MATLAB- .

 5.3.  .txt 

X Y Z

x1 y1 z1
x2 y2 z2
… … …
xn yn zn

5.2.3  -  Fujitsu lifebook E
series

. 
, 

, .

,  
 (   5.8) [Petrovic Savic S. (2015)]:

, 

.

. 
, 
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.  frame  frame,  frame-
.

, 
,  (  5.9).

 5.8.
 [Petrovic Savic S.

(2015)]

 5.9.
[Petrovic Savic S. (2015)]

 (  MATL B) 
  :

1. 
2.   
3. 

while(vidA. <=100 )
data = (vidA);

4. , , 

    
    
    
    
5. 



. 

74

  ( )
6. : r= (s)
7. :

for object = 1: r
        b_Box = s (object).BoundingBox;
        b_Cent = s (object).Centroid;

8.  x  y:
       b_Cent_x= b_Cent(1)
       b_Cent_y= b_Cent(2)
9. :
10.
11. 
end
end

 MS Excell
 ( .5.4).   MATLAB- .

 5.4. 

. X Y X Y ...

1 x11 y11 x12 y12 ...
2 x21 y21 x22 y22 ...
… … … … … ...
n xn1 yn1 xn2 yn2 ...
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. 
, . , , 

, . ,
, 

 [Dym C.L. (2004), Lawson D. (2008)].

 [Dym C.L. (2004), Lawson D.
(2008)].

. ,
 – 

. 
, 

. 
 6.1 [Dym C.L. (2004)].

, 
, , .
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, 

.

 6.1.  [Dym C.L. (2004)]

6.1 

 [Kharab A.
(2011)]. 

,  (  „ “) 
. , . 

. 
  ( ) 

. gait cycle).
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,  (  6.2) [Kharab A. (2011),
Umberger B.R. (2010), Liu Y. (2014)]:

 ( . stance phase contact phase), 
 ( . swing phase).

.   , 
. 

.

 6.2.  [Umberger B.R. (2010)]

, 
 ( , 
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). ,   [Kharab A. (2011),
Umberger B.R. (2010), Chambers M.D. (2002)]:

1.  ( .Initial contact),
2.  ( .Opposite toe off),
3.  ( .Heel rise),
4.  ( .Opposite initial contact),
5.  ( .Toe off),
6.  ( .Feet adjacent), 
7.  ( .Tibia vertical).

:

1.  ( .Loading response),
2.  ( .Mid-stance),
3.  ( .Terminal stance), 
4.  ( .Pre-swing).

:

1.  ( . Initial swing),
2.  ( .Mid-swing), 
3.  ( .Terminal swing).

 6.2 . 
. 

,  ( . double
support). , 

. , 
 ( . single support) 

. 

.

),  (
).

.  60% 
 40% , 

10% . , 
, , . 

, .

, .  ( . non-support phase),  
 [Novacheck T. F. (1998)].
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, 
, 

, , . 
, .

, .

.

,  [Kharab A.
(2011)]:

 ( . wight acceptance) 
 – 

,
 ( .single limb support) 

 – 
, 

 ( .limb advancement) 
 – ,  –

, .

 (  6.3).

 (
), 

. 

 (

).

) )

 6.3. : ) 
, )  [SlideShare

(2016)]

 (  6.3 ) , 
, . 

.
 (  6.3 ), , 

.  „ “ 
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. 
.

(  6.4), 

.

 (
) 

.

) )

 6.4. : ) , )
 [SlideShare (2016)]

 (   ) (
6.4 ),  .

. 

.

 (
) (  6.4 ), . , 

. 
.  ( .

trailing position). 
.

 (  6.5),
 – 

  .

 ( ) (  6.5 ). 
, 

. 
 ( . weight relise) 

.

,  ,  
 ( ) (  6.5 ).
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) ) ) )

 6.5. : ) , ) , )
, )  [SlideShare (2016)]

, 
 ( ) (  6.5 ).  ,  

.

, 
(  6.5 ).  , 

, 
.

6.2 

 ( . gait
determinants).  , ,

, 
 [Kuo A.D. (2007)].  

:

1.  ( .
lateral pelvis tilt)  (  6.6), a 

 ( . pelvis drop)
- 

.

.

 6.6. 

[CommanderFitness (2016)]
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;

2. 
 ( . knee flexion

during stance phase)  (
6.7) – 

, 

. 
, 
, 

. ,

,

.  6.7. 
 [ClinicalBiomechanicsOfGait (2016)]

3.  4. , 
 ( . Interaction of knee,

ankle and foot)   (  6.8) – 

. 
, 

,
. . 

, 
.

 (
), 

. 6.8. ,
 [123RF (2016)]
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5.  ( .
Pelvis rotation)  (  6.9)  –

,
 (

) 

. ,

. 

.  6.9.
[ClinicalBiomechanicsOfGait (2016)]

6.  ( . lateral displacement of pelvis)
(  6.10) – , 

. , 

, , .

 5cm.

 6.10.  [ClinicalBiomechanicsOfGait (2016)]

. 
 „ “. 

. , 
.

6.3 

. 
, 

. 
, , 
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. , 
:

 – ,
 – ,

,
 – ,

, 
.

, 
.

6.3.1 

 (  6.11). ,
, 

 [Filipovi  N. (2013)]:

 – ,

1( ) ( )TTAP AP i AP id TT TT (6-1)

 6.11.

 – ,

1( ) ( )TTML ML i ML id TT TT (6-2)

,

1( ) ( )TTIS IS i IS id TT TT (6-3)

:
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1( )AP iTT  i+1 
 – ,

( )AP iTT  i 
– ,

1( )ML iTT  i+1 
- ,

( )ML iTT  i -
,

1( )IS iTT  i+1 
- , 

( )IS iTT  i -
.

 ( ) 
:

1.  .xls 
2.   
3.    n
4. :

 i= 1: n
1( ) ( )TTAP AP i AP id TT TT

1( ) ( )TTML ML i ML id TT TT

1( ) ( )TTIS IS i IS id TT TT

5. 

6.3.2 
. ,

(y )  (z ). 
, 

,  (  6.12):

2 1 2 1,AB y y z z , (6-4)

4 3 4 3,C D y y z z . (6-5)
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 6.12.  ( )  [AlexanderTechnique (2016)]

 [Prodanovi
N. (2015)], :

cos AB CD
AB CD

, (6-6)

arccos . (6-7)

 ( ) 
:

1.  .xls 
2.   
3.    n
4. :

  i= 1: n

2 1 2 1,i i i i iAB y y z z

4 3 4 3,i i i i iCD y y z z

5. 

 i= 1: n

cos i i
i

i i

AB CD

AB CD

6. 
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6.3.3 

, 
.

. 
 (  6.13 ).

, 
, .

 ( )
 ( ) .  (

P1), .
, 

 ( 1) (  6.13 ). , 
 ( P2) , 

 ( 2) (  6.13 ) [Matic A. (2012)].

 (
). 

:

2 3 4 5 6
0 1 2 3 4 5 6p t c c t c t c t c t c t c t , (6-8)

:

0 1 2 3 4 5 6, , , , , ,c c c c c c c - , 

t .

, 
:

2 3 4 5
1 2 3 4 5 6( )k t p t c c t c t c t c t c t , (6-9)

, 
:

1
tan ( )k t

. (6-10)
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)

) )

 6.13. ) , ) 
t1, ) 

t2  [Matic A. (2012)]

:

1 1 2 2, , ,T BK T BKP P P P - P , PBK t1, t2,

1 1,T BKt t - , t1,

2 2,T BKt t - , t2,

1 1,T BKn n - , t1,

2 2,T BKn n - , t2,

1 2, - , 

t1, t2.

,
:

BK TugaoIE . (6-11)

:

BK

, 

T -  - .

, 
 frame-a u frame:
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1Pr _ i iom ugaoIE ugaoIE ugaoIE . (6-12)

 ( ) 
:

1.  .xls 
2.   
3.    n
4. :

  i= 1: n
2 3 4 5 6

0 1 2 3 4 5 6p t c c t c t c t c t c t c t

( )k t p t

1
tan ( )k t

BK TugaoIE

1Pr _ i iom ugaoIE ugaoIE ugaoIE

5. 

6.3.4  – 
 – 

. 
, , 

 (  6.14).

 6.14.  ( ) 
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. 
, 

 (
).

.

6.4 
6.4.1 OptiTrack 

6.4.1.1 

, 
 OptiTrack ,  6.15  6.16. 

, 
. 

 6. . 
. ,

 6.1.

 –  
, 

 (  6.15). ,
,  ( .6.1). 

, 
. 

,  (
) (  6.16 ) 

 (  6.16 ) ( .1).

 – 

 (  6.15).   (  6.16). 
.

.6.1).
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 6.1. 

0.06±0,26 1,82±0,57 1,33±1,13 0,07±0,35 0,08±0,31 0,05±0,21

0,52±0,59 0,46±0,14 0,35±0,16 0,05±0,07 0,19±0,11 0,24±0,09

0,28±0,41 -0,29±0,36 0,24±0,43 0,43±0,38 -0,06±0,33 0,06±0,27

1,23±1,51 4,66±0,52 6,35±0,51 8,16±0,59 43,88±1,33 16,04±1,41

0,02±0,01 0,02±0,08 0,01±0,02 0,05±0,01 0,04±0,02 0,19±0,09

- ,

 - ,

 - ,

 – ,

 - ,

 - ,

 –  – ,

 –  – ,

 –  – ,

 –  - , 

 –  - .

 – , 
, 

(  6.15).  „ “
(  6.16). , .

 6.1.

 – 
(  6.15) ( .6.1). , 

 (  6.16) ( .6.1).  
.

 – 
 (  6.15) ( .6.1). 

 (  6.16) ( .
6.1).

 – 
, 

 (  6.15)  ( .6.1).  
 (  6.16) ( .6.1).
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)

)

)
 6.15. : ) , )  –

, )  - 
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-1
0
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-
,m

m

,%
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, %
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)

)
 6.16. : )  – , )  –

6.4.1.2 

, 
 OptiTrack , 

 6.17  6.18. 
, 
.  6.

. 

. , 
 6.2.

0
10
20
30
40
50
60
70
80

0 20 40 60 80 100

,°

,%

-6
-5
-4
-3
-2
-1
0
1
2
3
4
5
6

0 20 40 60 80 100

,°

,%



. 

94

 6.2. 

7,23 ±9,05 4,72±1,57 1,33±0,53 0,07±0,31 0,08±0,07 0,05±0,21

2,49±0,92 1,08±1,17 0,56±0,37 0,64±0,23 0,33±0,22 0,32±0,16

1,23±0,51 1,15±0,83 0,31±0,27 0,48±0,17 0,28±0,13 0,15±0,11

24,71±3,31 24,29±0,62 23,16±0,26 24,76±1,19 44,59±13,54 43,56±17,9
5

1,17±0,98 2,37±0,35 1,77±0,52 0,36±0,37 0,24±0,11 0,39±0,08

- ,

 - ,

 - ,

 – ,

 - ,

 - ,

 –  – ,

 –  – ,

 –  – ,

 –  - , 

 –  - .

 –  
 (

6.17). 
 ( . 6.1 . 6.2). 

. 
, . 

, 
. , 

 ( ) (  6.18 )  
 (  6.18 ) ( .6.2).

 – 
  (  6.17 ).

,  (  6.17 ).  

 ( . 6.2  6.18).

 – 
 (  6.17

  6.17 ). 
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 (  6.18 ),   (
6.18 ).  6.2.

)

)

)
 6.17. : ) , )  – ,

)  – 

-3
-2
-1
0
1
2
3
4
5
6
7
8
9

10

0 20 40 60 80 100

,m
m

,%

-3
-2
-1
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1
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3
4
5
6
7
8
9

10

0 20 40 60 80 100

-
,m

m

,%

-3
-2
-1
0
1
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3
4
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6
7
8
9
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, m
m

, %
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)

)
 6.18. : )  – , )  –

 –   , 
 - ,

 –  ( . 6.2) (  6.17
6.17 ). , 

 (   6.17 ).  (
6.18 ) ( . 6.2) 

 (  6.18 ).

 – 
 (  6.17) ( .6.2). 

, 
 (  6.18) ( . 6.2).

0
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 –  (  6.17), 
 (  6.18) ( . 6.2).

Wilcoxon  ( . 6.3) 
, 
- 

.
, 

, p = 0.01,
 < 0.01  > 99%. 

.

 6.3. Wilcoxon

 OptiTrack 

 vs. sig.= 0.00**

 vs. sig.= 0,028

 vs. sig.= 0,18

 vs. sig.= 0,028

 vs. sig.= 0.00**

6.4.1.3 

,  OptiTrack ,
 6.19 ,6.20, 6.21  6.22. 

, 
. 

 6. . :

 ( , 
 – );

 (
 – ).



. 

98

,  6.4
,  6.5 

.

6.4.1.3.1 

 –  
, 

  (  6.19
6.19 ).  (  6.20 ) 

 (  6.20 ).

 6.4. 

-3,39 ±1,53 -4,21±0,39 -2,73±0,43 -1,27±0,44 -0,97±0,16 -0,86±0,15

0,11±0,26 0,04±0,28 0,11±0,41 0,02±1,28 0,07±0,72 -0,03±0,71

-0,59±0,39 0±0,13 0,12±0,11 0,07±1,33 0,11±0,65 -0,03±0,39

11,76±0,99 13,45±0,12 15,53±0,54 18,47±2,01 46,97±12,92 37,25±7,64

0,12±0,23 0,42±0,17 0,04±0,04 -0,11±1,04 -2,35±1,12 -0,15±0,53

- ,
 - ,

 - ,
 – ,

 - ,
 - ,
 –  – ,
 –  – ,
 –  – ,
 –  - , 
 –  - .

 – 
,  (

6.19   6.19 ),   – 
 (  6.19 ).  (  6. 20 ) 

 (  6.20 ).

 – 
, , , 

 (  6.19
6.19 ).   (  6.20 ), 

 (  6.20 ).
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)

)

)
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)

)
 6.20. : )  – , )  –

 –  (  6.20 ) 
,  (  6.19). , 

, .

 – 
 (  6.19). 

 (  6.20).

 – , 
 (   6.19).  
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, 
 (   6.20)

Wilcoxon  ( . 6.5) 
, 
- 

.
, 

, p = 0.01,
 < 0.01  > 99%. 

.

 6.5. Wilcoxon

 OptiTrack 

 vs. sig.= 0.00**

 vs. sig.= 0,028

 vs. sig.= 0,463

 vs. sig.= 0,028

 vs. sig.= 0.00**

6.4.1.3.2 

,  -  -
. , 

 ( ).

.

.
 1 –  – 

 4 . 

. , 
(  6.21) ( . 6.6). 
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. , 
 (  6.22) ( . 6.6).

 6.6. 

1 – 2 – 3 – 1 – 2 – 3 – 

-0,38 ±1,08 0,03±0,31 -0,38±0,63 -0,03±0,12 0±0,28 -0,01±0,36

-0,42±2,42 -0,56±2,58 2,11±1,75 0,01±0,04 0,05±0,11 0,15±0,25

1 – –  1 – ,

2 –  -  2 – ,

3 – –  3 – ,

 –  – ,

 –  - .

 2 –  – 
,  2 . 

 –  –
. , 

(  6.22) ( . 6.6).

)
 6.21. : ) – , ) –

 3 –  – 
 3  4 . 

. , 

-6
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 ,m
m

,frames



. 

103

, 
.

)
 6.21. : ) – , ) –

 ( )

)

)
 6.22. : ) – , ) –
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Wilcoxon  ( . 6.7) 
, 
- 

.
, 

, p = 0.01,
 < 0.01  > 99%.

 6.7. Wilcoxon

 OptiTrack 

 vs. sig.= 0.00**

 vs. sig.= 0.00**

6.4.1.4 

,
 OptiTrack , 

 6. 23  6.24. 
, 
.  6.

. ,  6.8.

 –  
, 

,   (
6.23   6.23 ).  (
6.24 ), 

 (  6.20 ).

 – 
,  (

6.23   6.23 ),   – 
 (  6.23 ).  (

6. 24 )  (  6.24 ).

 – 
, , , 

 (  6.23
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6.23 ). , 
(  6.24 ).

 6.8. 

-0.46±0.91 -0.58±0.05 -0.49±0.13 -0.54±0.16 -0.84±0.22 -0.32±0.31

-0.02±0.15 0.08±0.09 -0.02±0.19 0.11±0.09 -0.01±0.13 -0.01±0.21

0.54±1.15 1.07±1.15 0.54±0.64 1.01±0.39 0.45±0.19 -0.02±0.32

4.09±0.13 4.32±0.05 4.3±0.14 4.69±0.24 11.23±2.48 5.13±1.56

0.02±0.03 0±0.01 0.03±0.06 0±0.01 0.01±0.01 0.01±0.01

- ,

 - ,

 - ,

 – ,

 - ,

 - ,

 –  – ,

 –  – ,

 –  – ,

 –  - , 

 –  - .

)
 6.23. : ) , ) –

, )  – 
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 – 
 (  6.24).  

 (  6.24 ).

)

)
6.23. : ) , ) –

, )  –   ( )

 – 
 (  6.23). 

 (
6.24 ).

 – , 
 (   6.23).  

, 
 (   6.24)
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)

)

 6.24. : )  – , )  –

Wilcoxon  ( . 6.9) 
, 

/ 
. 

, 
, p = 0.01,  < 0.01 

 > 99%. 
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 6.9. Wilcoxon

 OptiTrack 

 vs. sig.= 0,116

 vs. sig.= 0,046

 vs. sig.= 0,046

 vs. sig.= 0,00**

 vs. sig.= 0,753

6.4.2 Kinect 

6.4.2.1 

 Kin ct 
. , 

. , 
 Kin ct 

. , 
. 

 – .

 – ,
 Kin ct , 

 6.25. 
,  –

. 
.  6. . 

 –  6.10.

 –  
 ( ).

 – 
.

 – 
.

 –  
.
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 6.10.  – 

13,87±6,61 7,07±2,99 4,63±3,22 8,71±5,49 40,28±13,81 59,69±15,55

- ,

 - ,

 - ,

 – ,

 - ,

 - , 

 –  - .

 6.25.  –   

 – 
, 

.

 – 
.

6.4.2.2 

 – ,
 Kin ct , 

 6.26. 
,  –
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.  6. . 
 –  6.11.

 6.11.  – 

5,23±0,11 5,42±0,18 8,58±3,57 11,84±0,15 12,65±0,51 8,87±2,93

- ,

 - ,

 - ,

 – ,

 - ,

 - , 

 –  - .

 – 
. , , 

.

 – - 
, .

 6.26.  –   

 – 
.
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.
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 – 
, 

.

Wilcoxon  ( . 6.12) 
, 

. , 
, p

= 0.01,  < 0.01  > 99%.

 6.12. Wilcoxon

 Kinect 

 vs. sig.= 0.00**

6.4.3 Web 
 Kinect ,  web 

. 
, 

. 
 ( ).

, 
,  6.27. 

, 
. 

. 
 6. . 

 6.13.

 –  (
),  ( )  (

). 
, .

 – , 
.

 – 
. .
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 6.13. 

0.83±0,46 1,35±0,19 0,31±0,31 0,28±0,09 0,24±0,09 0,14±0,06

0,29±0,92 0,51±0,1,38 0,1,95±0,91 0,59±2,67 0,49±1,33 2,27±1,54

-0,21±1,61 -0,71±1,63 0,72±1,99 0,08±1,72 -0,12±1,72 0,58±1,86

- ,

 - ,

 - ,

 – ,

 - ,

 - ,

 –  – ,

 –  – ,

 –  – ,

 –  - , 

 –  - .

 –  
,   

.

 – 
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.
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 – 
, 

.

)

)
 6.27. : ) , )  - ,

)  –  ( )

6.5. 
, , 

 (  6.28). 
. 

, 
 (

)  .   MATLAB
 - stlread.m

(Copyright 2011 The MathWorks, Inc.).
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 6.28. 

, . 
,  , 

.

1.  .stl 
2.  .xls  (

)
3. 
4.  ( , )
5.   
6. 
7. 
8. 
9. :
for i=1:N
    translacija =
makehgtform('translacija',[u_pravcu
Xose(i) u_pravcu Yose (i) u_pravcu
Zose(i)]);
    rotacija_oko_Zose =
makehgtform('rotacija_oko_Zose', N(i));
    set(t,'Matrix', translacija*
rotacija_oko_Zose);
end
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 .stl 
function varargout = stlread(file)

if ~exist(file,'file')
        error(['File ''%s'' not found. If the file
is not on MATLAB''s path' ...

', be sure to specify the full path
to the file.'], file);

end
    fid = fopen(file,'r');

if ~isempty(ferror(fid))
        error(lasterror); %#ok

end
    M = fread(fid,inf,'uint8=>uint8');
    fclose(fid);

    [f,v,n] = stlbinary(M);

    varargout = cell(1,nargout);
switch nargout

case 2
            varargout{1} = f;
            varargout{2} = v;

case 3
            varargout{1} = f;
            varargout{2} = v;
            varargout{3} = n;

otherwise
            varargout{1} =
struct('faces',f,'vertices',v);

end
end
function [F,V,N] = stlbinary(M)
F = [];
    V = [];
    N = [];
if length(M) < 84
        error('MATLAB:stlread:incorrectFormat', ...

'Incomplete header information in
binary STL file.');

end
    numFaces = typecast(M(81:84),'uint32');

if numFaces == 0
        warning('MATLAB:stlread:nodata','No data in
STL file.');

return
end

T = M(85:end);
    F = NaN(numFaces,3);
V = NaN(3*numFaces,3);
    N = NaN(numFaces,3);
    numRead = 0;
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 .stl  (nastavak)
while numRead < numFaces

        i1    = 50 * numRead + 1;
        i2    = i1 + 50 - 1;
        facet = T(i1:i2)';
n  = typecast(facet(1:12),'single');
        v1 = typecast(facet(13:24),'single');
        v2 = typecast(facet(25:36),'single');
        v3 = typecast(facet(37:48),'single');

        n = double(n);
        v = double([v1; v2; v3]);

        fInd  = numRead + 1;
        vInd1 = 3 * (fInd - 1) + 1;
        vInd2 = vInd1 + 3 - 1;

        V(vInd1:vInd2,:) = v;
        F(fInd,:)        = vInd1:vInd2;
        N(fInd,:)        = n;
        numRead = numRead + 1;

end
end

function [F,V,N] = stlascii(M)
    warning('MATLAB:stlread:ascii','ASCII STL files
currently not supported.');
    F = [];
    V = [];
    N = [];
end

function tf = isbinary(A)
if isempty(A) || length(A) < 5

        error('MATLAB:stlread:incorrectFormat', ...
'File does not appear to be an ASCII or

binary STL file.');
end
if strcmpi('solid',char(A(1:5)'))

        tf = false; % ASCII
else

        tf = true; % Binary
end

end
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, , 
. , 

 [Nilsson N.J. (1996)]:
,

, ,
, .

, 
, 

. , , 
. 

, , ,  
, , .

 (
) 

.  [Shvalev – Shwartz S. (2014)]:

,
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,
, .

, :
,

,
,

,
, .

a a 
. N.J. Nilsson 

Introduction to machine learning (an early draft of proposed textbook), S. Shvalev -
Shwartz  S. Ben – David Understanding Machine Learning: From Theory
to Algorithms, E. Alpaydin Introduction to Machine Learning,  A. Ng

Machine Learning – Lecture Notes
. , 

[Nilsson N.J. (1996), Ng A. (2003), Shvalev – Shwartz S. (2014), Alpaydin E.
(2010)].

7.1 

.  [Shvalev – Shwartz
S. (2014), Ng A. (2003)]:

 ( . Supervised Learning) – 

. 
  

, . ,
, 

. 
, 

:
1. ,
2. ,
3. 

, 
4. ;
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 ( . Unsupervised Learning) – 
  

. a
priori . e 

, 
. , 

 ( . clustering) [Hinton G. (1999), Kotsiantis S.B. (2004)];
 ( . Semi-Supervised Learning) –

. , 
“  [Chapelle . (2006)];

 ( . Reinforcement Learning)  –  

.  on-line

 [Sutton R.S. (2012)]; 
 ( . Multi-tasking Learning)  –

 [Caruana R. (1997)].

7.2 
)

 x(i)

.  y(i)

.  (x(i),  y(i))
, , 

,  {(x(i),  y(i)); i=1,…,m}. 
X, Y  [Ng

A. (2003)].

 7.1.   [Ng A. (2003)]
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:h X Y
( )h x y.
h . 

 7.1.

 ( ) ,
. 

, 
 [Ng A. (2003), Smola . (2008)].

7.3 

, 
[Jani  P. (2010)]. , 

, h, :

y f x , (7-1)

f x - x ,  [Ng A. (2003)]:

0 1 1 2 2( ) ( )f x h x h x x x , (7-2)

i –  ( ) 
X Y.

0 1x 0

. , 
 [Ng A. (2003), Hastie . (2009), Bishop C.M. (2006)]:

0
( )

n
T

i i
i

h x x x . (7-3)

,  ( .
Cost Function), J , . 

, 
 [Ng A.

(2003)]. :
2

1

1
2

m
i i

i
J h x y . (7-4)



. 

121

 7-4 
. , 

 ( . Gradient descent), 
. 

) )
[Ng A. (2003)]. :

:j j
j

J , (7-5)

 – .

 7-5. 
. :

2

0

1
2

12
2

j j

j

n

i i
ij

i

J h x y

h x y h x y

h x y x y

h x y x

. (7-6)

 7-6  7-5 
:

: i i i
j j jy h x x 1. (7-7)

 7-7 
 ( . Least mean squares), , , Widrow-Hoff

 [Ng A. (2003)].

7.4 
, 

, 
[Tsochantaridis I. (2005), Mazzocco T. (2012)]:

1( ) ( )
1

t
T

x
h x g x

e
, (7-8)

1  „ :=b“  
b.
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1( )
1 zg z

e
 - ,  (  7.2).

( ) 1g z z ( ) 0g z z .
, ( )g z ( )h x  0  1 (  7.2).

 7.2.  [Artint (2014)]

, 0 1x ,
 [Ng A. (2003), Hastie .(2009), Bishop C.M.(2006)]:

0
1

n
T

j j
j

x x . (7-9)

:

2

1'( )
1
1

1

1 11
1 1

( ) 1 ( )

z

z

z

z z

dg z
dz e

e
e

e e

g z g z

. (7-10)

. 
 [Ng A. (2003), Ryali

S. (2010)]. 

. 1| ;P y x h x , 

0 | ; 1P y x h x .

(7-11 )

(7-11 )

 7-11 :
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1
| ; 1

y y
P y x h x h x . (7-12)

m
, 

:

1

1

1

| ;

| ;

1
i i

m
i i

i

m y y
i i

i

L p y X

p y x

h x h x

.
(7-13)

, 
 [Al-Ghamdi A.S.

(2002)]:

1

log

log 1 log 1
m

i i i i

i

l L

y h x y h x
. (7-14)

.  ( . Gradient ascent). 
, :

: l . (7-15)

 (x,y)  
'( ) ( ) 1 ( )g z g z g z , 

:

1 11
1

1 11 1
1

1 1

T
T T

j j

T T T
T T

j

T T
j

j

l y y g x
g x g x

y y g x g x x
g x g x

y g x y g x x

y h x x

(7-16)

 7-16 
:
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: i i i
j j jy h x x . (7-17)

Newton  [Ng  A.
(2003), Hastie . (2009)]. :f R R

0f , R . 

:

:
'

f
f

. (7-18)

Newton  [Ng A. (2003), Hastie .(2009)]  f
f

 0.  7.3
.  7.3

f. 0f .

=4.5 (  7.3 ). Newton
f =4.5. 

0f , =2.8 (  7.3 ).

Newton , , f =2.8, 
0f .

) )

)

 7.3. Newton  [Ng A. (2003)]
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Newton – 
l ' 0l .

'f l , 

:

'
:

''
l
l

. (7-19)

, 
Newton-  ( Newton-Raphson ), 

:

1: H l , (7-20)

l  - l ,

H - nxn  ( (n+1)x(n+1) , 
), . Hessian

:

2

ij
i j

l
H . (7-21)

, Newton
. 

l

, Fisher .

7.5 

 ( ) 
. , 

, 
 .xls 

. 
,  (

1)  (   0).

, 
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.  
 7.1. 

.

 7.1.  [Matic A. (2016)]

B . Wald df P –
. Exp(B)

Exp(B) (95%CI)

0.162 0.067 5.716 1 0.017 1.176 1.013 1.365

0.812 0,125 42.352 1 0.000 2.252 1.939 2.613

Likehood ratio test = 233.762, =0.05,
Hosmer&Lemeshow Test = 6.137   P -  = 0.632,
Cox and Snell R Square=0.595, Negelkerke R Square=0.839

 – ,  – 
** 95%CI  95% 

 B  Wald
.  Exp (B) 

,  1.1758  (95% C.I.) 
.  Exp (B) 

,  2.2516  (95% C.I.) 
.

Hosmer&Lemeshow Test  P -  0,05 
, 

[Matic A. (2016)].

.

 ( ) 
:

1.  .xls  ( )

2.  x(i) (
)   y(i) (0  1)

3. 
x = preslikavanje(x(i) (:,1), x(i) (:,2));

4. 
:



. 

127

 [m, n] = (x);

5. 

6. : 1( )
1 zg z

e

7. :

8. :
J = zeros( , 1);

9. :

10.  Njutnov - Rapson meto
 i = 1: 

1( ) ( )
1

t
T

x
h x g x

e
2

1 1

1 log 1 log 1
2

m n
i i i i

j
i j

J y h x y h x
m m

1: H l
2

ij
i j

l
H

11. :
u – 
v – 

12. z x
 i = 1: (u)
 j = 1: (v)

    z(i,j) = (u(i),v(j)) ;
  

13. - 
contour(u, v, z)
legend(' ', ' '',

')

14. - 
contour(u, v, z)
legend(' ', ' '',

')
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15. 
 i=1:

(i) = sigmoid([1 ( (i)) (i) (  (i)*  (i))...(
(i)^( -1)) (  (i)^( -1)) (………… * );

16.  20% :
20%

17.  20%  0,5
k=0;

 j=1:  20% 
 prob(j)>0.5

     k=k+1 ;

     k=k+0;

18. 
 80%  20% >0.5

  disp(' ')

  disp (' ')

,  (  7.4). 

. 
, 

.

 7.4. 
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7.6 
7.6.1. 

 (  7.5) [Hajek M. (2005), Arbib M.A. (2003), Hagan M.T.
(2015), Haykin S. (2009)]:

1. ,
2. , 
3. .

. , .
, 

.

 7.5.  [Haykin S. (2009)]

.  (  7.6) [Haykin S. (2009)]:

 - , 
,

 – 
, 

.

 7.6.  [TheRemino (2016)]
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. .
.

7.6.2 

.  7.7 
 [Haykin S. (2009), Nilsson N.J. (1996), Hajek

M. (2015), Hagan M.T. (2015)]:

1. , ,   
 ( . Weight),  ( . Strength). 

jx , j k ,  

kjw ;

2. 
; 

3. .
 „ “ ( . Squashing

function) 
.

4. ,    7.6, :

0

p

k kj j
j

v w x , (7-22)

k ky v (7-23)

5. 
6. kv  - , 

7. ky  - .

 7.7.  [Haykin S. (2009), Hajek M. (2005), Hagan M.T. (2002)]
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7.2 [Haykin S. (2009), Hajek M. (2005), Hagan M.T. (2002)].

 7.2.

) 1
1 vv

e

1
1

v

v
ev
e

7.6.3 
 ( . Multilayer feedforward

network)  [Hajek M. (2005), Shvalev – Shwartz
S. (2014)]. , , 

 [Yuste R. (2015)]. 
 7.8. . 

. 10 – 4 – 2  10 , 4  
 2 .

 – 
, . 

 – , 
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. 
.

 7.8.  [Hajek M. (2005)]

.
, 

.

7.6.4 

 ( . Backpropagation algorithm).
.

, 
 - . ,

, . 
. , 

.
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 Hajek M. [Hajek M. (2005)].

7.6.4.1 

. 
, :

0 1 ... xn
x x x x  - 1xn

0 1 ... hn
h h h h  - 1hn

0 1 ... yn
y y y y - yn

0 1 ... un
u u u u  - 1w

0 1 ... vn
v v v v - 2w

1 1 1
10 11 1

11 1
1 20 21 2

1 1 1
0 1

...

...
...... ...

...

x

x

h h h x

n

n

n n n n

w w w

ww w
w

w w w

 - 1h xn n

2 2 2
10 11 1

22 2
2 20 21 2

2 2 2
0 1

...

...
...... ...

...

h

h

y y y h

n

n

n n n n

w w w

ww w
w

w w w

 - 1y hn n

, 
 7.9.

 7.9.    [Hajek M. (2005)]

 7.9, 
:

1u w x , (7-24- )
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h u , (7-24- )

2v w h , (7-24- )

y v . (7-24- )

7.6.4.2 

 (  7.10) i n
 [Nagathan A. (2014), Nawi N.M. (2013)]:

i i ie n y n d n , (7-25)

iy n  - i n , 

id n  - i n .

 7.10.  [Hajek M. (2005)]

, I n

. Instantenous criterion)  ,  
 [Nawi

N.M. (2013)]:

2

1

1 1
2 2

n
T

i
i

I n e n e n e n . (7-26)

 ( . Overall criterion) 

:
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1 1

1 1
2

N N
T

n n
J I n e n e n

N N
. (7-27)

. 

. 
.

7.6.4.3 2w

2
ij

I n
w n

2
ijw . 

:

2 2
i i i

ij i i i ij

I n I n e n y n v n
w n e n y n v n w n

, (7-28)

:

i
i

I n
e n

e n
, (7-29- )

1i

i

e n
y n

, (7-29- )

'i
i

i

y n
v n

v n
, (7-29- )

2
i

j
ij

v n
h n

w n
. (7-29- )

 (7-29- )  7-28, 
:

2 'i i j
ij

I n
e n v n h n

w n
, (7-30)

2
ijw n . :

2 2
2ij i j
ij

I n
w n n h n

w n
, (7-31)

2 'i i i
i

I n
n e n v n

v n
 . (7-32)
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2
i n  - .

, 
 [Nawi N.M. (2013)]:

2 2 21ij ij ijw n w n w n . (7-33)

7.6.4.4 1w

1
ji

I n
w n

1
jiw . 

:

1 1
j j

ji j j ji

h n u nI n I n
w n h n u n w n

, (7-34)

:

2

1 2

1

2 2

1

1
2

y

y

y

n

k n
k k k k

k
kj j k k j

n

k kj
k

e n
I n e n y n v n

e n
h n h n y n v n h n

n w n

(7-35)

'j
j

j

h n
u n

u n
, (7-36)

1
j

i
ji

u n
x n

w n
. (7-37)

 7-35, 7-36  7-37  7-34, :

2 2
1

1
'

yn

k kj j i
kji

I n
n w n u n x n

w n
, (7-38)

1
jiw n . :

1 1
1ji j i
ji

I n
w n n x n

w n
, (7-39)

1 2 2

1
'

yn

j k kj j
k j

I n
n n w n u n

u n
 , (7-40)
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1
j n  - .

, 
 [Nawi N.M. (2013)]:

1 1 11ji ji jiw n w n w n . (7-41)

7.7 

 6. 
.  , 

, 
. 

.

. 
 ( .7.3).

 7.3.

. . 

2 3/3 . .

2 3/3 . .

2 3/3 . .

 – 

** .  - 

*** .  – 

****  – 

*****  – 

******  – 

******* . – 
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, 
 (  0), 

 (  1) 
 .xls .  

. :

 – 70% ,
 – 15% , 
 – 15% .

 ( ) 
:

1. 

2.  1: zdrav:

 0

3.  2: bolestan

 1

4. : (0  1)

5. :

 =
,[ _

],...
{' '...

'},...
');

5. :

=70% ;
=15% ;

=15% ;

6. 

, ~, ]=
);

7. , ROC   ROC  
:

[~,~,~, _
ROC_ ]=perfcurve( ,1)

)
_ROC_ , )
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8. 

9.  .xls 

10. 

)

)

11. 

 - 

,  – 
 (  7.11). 

-
/ / 

.

)

)
 7.11. : ) ,

) , ) 
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)
 7.11. : ) ,
) , )  ( )

7.8 
7.8.1 

 ( . Confusion matrix), 
  ( . Contigency table), 

. 
(  7.12). , n , 
nxn.

) )

7.12. : ) , ) 

,
. , 

, 
. 
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, 
(  7.12).

2x2
 (  7.13) [Sokolova M. (2009), Fawcett T.

(2006), Oprea C. (2014)]:

1.  ( ) ( . True Positive) – 
 (

),

 7.13.  –  [Fawcett T. (2006)]

2.  ( ) ( . True Negative) – 
 (

),
3.  ( ) ( . False Positive) – 

 (
, ), 

4.  ( ) ( . False Negative) – 
 (

, ).

7.8.2 

,  [Fawcett T.
(2006), Oprea C. (2014)]:

 ( . Accuracy), 
. Success Rate), 

:

IP INtacnost
IP IN LP LN

, (7-42)
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,

, , ,IP IN LP LN - 
.

 ( . Error Rate) 
:

1LP LNstopa greske tacnost
IP IN LP LN

; (7-43)

 ( . Sensitivity), 
 ( . True Positive Rate), 

. , 
 (

 –  –
):

IPsenzitivnost
IP LN

; (7-44)

 ( . Specificity), 
 ( . True Negative Rate), 

. , 
 (

 –  –
):

INspecificnost
IN LP

; (7-45)

 ( . Precision) 
. , 

:

IPpreciznost
IP LP

; (7-46)

 ( . Recall), 
, :

IPodziv
IP LN

; (7-47)

. F –  ( . F – measure):
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2 2
2

preciznost odziv IPF mera
preciznost odziv IP LP LN

. (7-48)

7.8.3 ROC 
,

, . ,
. 

. ROC  ( . Receiver Operating Characteristic – ROC
Curve) 

, 
1 (1- ). , 

 1 (1- ) (  7.14)
[Vuk M. ( 2006), Jani  B. (2011)].

 7.14. ROC , 

 7.14.  ROC , :

 ROC  100% 
,  0% .

, . ,
, 

. 
;

 ROC 

. ,
 50:50% 
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. , , 
 ( . Chance diagonal).  ROC

,
; 

 ROC , ,
.

 ROC , 
. , 

 ROC  – AUC ( .
Area Under (ROC) Curve – AUC) [Vuk M. ( 2006), Jani  B. (2011)]. 
AUC – , 

 [Jani  B. (2011)]:

 0,9 – 1,0 – ,
 0,8 -0,9 – ,
 0,7 – 0,8 – ,
 0,6 – 0,7 – , 
 0,5 – 0,6 – .

7.8.4 

. 
(  7.15) 

 ( .7.4), 
ROC  (  7.16).

(  7.15 )  83,7% 
(41,3%  42,4% ). 

 16,3%  (6,3% 
 10% ).

 (  7.15 ) 
 91,2%  (47,7%  44,1% 

).  8,8 %  (
).

 (  7.15 ) 
 89,6%  (42,1%  47,4% 
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).  10,5%  (7,9% 
 2,6% 

).

) ) ) )

 7.15. : ) , )
, ) , ) 

 (  7.15 ) 
 87,5%  (37,5%  50% 

).  12,5%  (
).

 7.4.

 -  -  - 

0,837 0,921 0,895 0,875

0,163 0,088 0,105 0,125

0,805 0,516 0,942 1

0,871 1 0,857 0,8

0,867 0,843 0,942 1

0,805 0,516 0,842 0,75

 - 0,834 0,915 0,889 0,857

AUC, % 93,33 91,67 89,92 87,50

 – 
**  –  – 
***  –  – 
****  –  – 

 ( . 7.4),  ROC  (
7.16).
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, , . , 
.

, 
, 

 (  80,5%
,  –  51,6% ,  –  84,2% ,  – 

100% ).

) )

) )
7.16. ROC : ) , ) 

, ) , ) 

, 
, 

 (
87,1% ,  –  100% ,  –  85,7% , 
–  80% ).

,  – , .
, , 

 ROC .  ROC 
 (  93,33%  –  91,67%),

 (  –  89,92%  –  87,5%) 
.
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. , 
 ( ), 

. 

.

, , .

 6. .

, .

.

, 
. 
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, 
, 

, 
.

8.1 

) 

. 
, . 
, 

.

 6. 
. 

 ( ) 
 OptiTrack .

. 

 [Carse B. (2013)]. 
 OptiTrack 

.

 Kinect , , , 
. 

. 

. 
. 

.

Web 
 – .

, 
. 

, .

.
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, 
 OptiTrack , 

 web .

 OptiTrack  Kinect 
. .

 Kinect , 
. 

. 
 OptiTrack , 

 0 
.

 web 

. 
.

8.1.1  – OptiTrack 

 (
).  OptiTrack . 

 [Testa R.
(2012)].

 OptiTrack   
. . 

, . 

 [Lugade V. (2015)].

, 
. , 

 [Furtado D.A. (2013)]. 

 [Yang P.F. (2012)]. .

, 
. , 

. ,
. 

, .
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 (
, , 

). 

.  Furtado
D.A. et al. 

. .
, 

[Furtado D.A. (2013)]. , Murphy M.A. et al. 
 ProReflex .

[Murphy M.A. (2006)].

. , 
 [Murphy M.A. (2006)]. 

,
 Vicon .

 (Vicon)
 Desloovere K. et al. 

 3  [Desloovere
K. (2010)].

. 
.

, 

.

8.1.2  – Kinext XBOX 
, . 

 ( . 
, , .) [Shingade A. (2014)]. 

.
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 4. 
,  Kinect 

 Leon D’ Angio – a  [LeonDAngio (2015)].
, , 

, , 
, ,

, 

 ( ). 
.

, .
. 

. , 
, , 

. , 
. 

, 
. 

. 
, 
, 

 [Bonnechére B. (2012)].

. . 
, 

.

. , 
.

,  Kinect 
, 

.  Leon D’ Angio - a
[LeonDAngio (2015)], 

 .txt 
. 

, 
. 

. 

 ( ) 
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. 
, . 

 Galna B. et al. 
 [Galna B. (2014)].

. . Plantard P. et al. 
 Kinect 

 [Plantard P.
(2015)].

,  Kinect 

. 
.

8.1.3  – Web 
.

, 
. , 

 web . 

.

, 
.  a

, o , 

. , 
. 

. 
, 

. 
. ,

 web .

8.2 

 6. . 
.
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8.2.1 

. 
. 

, , 
. 

 [Cross M. (1996)]. , 

. 

 [Simon D. (2015)].

.

, 

. , 

. ,

. , 

 [Webster K.E. (2012)].

. 
. 

 [Lohmander L.S. (2004)] 
 [Victor J. (2010), Shelburne K.B.

(2005)]. , 
 „ “ 

, 
, . 

 Hurd W.J. et al. 
. 

. 
, 

 [Hurd W.J. (2007)]. 



. 

154

,  [Li G. (2006)]. 

.

    [Wu
J.L. (2010)]. , 

. 

.  

. , 
 [Dyrby C.O. (2004)]. 

, 
.

, 
. , 

. 
 [Lorbach O. (2012), Imbert P.

(2014), Kothari A. (2012)]. 
.  Lewek M. 

  

 [Lewek M. (2002)]. 

, 
, 

 [Iwaki H. (2000), Seon J.K.
(2006)].  [Kozanek M. (2009)]. 

, 

.

Andriachi T.P.  Dyrby C.O. 

. 
, 

, 

 [Andriacchi T.P. (2005)].
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. Kvist J. et
al. 

. , 
 [Kvist J. (2007)].

, .  Kozanek . et
al. 

 [Kozanek M. (2009)].

, 
, 

, 
.

8.2.2 

. 
.

 ( )
, 

 [Amis A.A. (2006)]. , 
.

, . 

.  80-  90-
 [Markolf K.L. (1997)]. 

, 
. 

.

, 
 [Dowd G.S.E. (2004)]. Gollehon 

 [Gollehon D.L. (1987)]. 
.
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. 

. 
, . 

 je o
Wang  C.-J.   je  

, 
. 

 [Wang C.J. (2002)]. , 

.

. ,
.

. 

 [Janousek A.T. (1999)]. , 
. , 

, 

.

. 
, 

 [Dowd
G.S.E. (2003)].

, 
.  Grood E.S. et  al.  

 90 . 

[Grood E.S. (1988)]. 

. . LaPrade R.F. 
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, ,  [LaPrade
R.F. (2002)].

 90 . 

.

, 
. 

. 

. 

. 
, , 

. 
.

. 

.  
, 

. 
.  90 
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