
C H A P T E R  I V

W D C  A L G O R I T H M

T h is  ch ap ter  p resen ts a  p a ttern  ch a ra cter iza tio n  ap p roach  for th e  im p u ta tio n  o f m issin g  

sa m p les  o f  t im e-ser ies  d a ta  [23]. T h e  m a in  id ea  is th e  t im e-ser ies  d a ta  are d iv id ed  in to  

sep ara te  su b seq u en ces  o f  d ifferent s izes  an d , therefore, each  su b seq u en ce  can  b e  v iew ed  

as a w in d o w . T h e  im p u ta tio n  o f m iss in g  sa m p les  is ach ieved  b y  fin d in g  a  co m p le te  su b ­

seq u en ce  sim ilar  to  th e  m iss in g  sa m p le  su b seq u en ce  an d  im p u tin g  th e  m iss in g  sam p les  

from  th is  co m p le te  su b seq u en ce . M a ck ey-G lass ch a o tic  tim e-ser ies , th e  su n sp o ts  d ata , 

th e  d a ily  ga u g e  h e ig h t a t B a n  L u an g  g a u g in g  s ta tio n , M ae T u n  stream , P in g  R iver, 

T h a ila n d  an d  th e  air tem p era tu re  a t N a k h o n  R a tch a s im a  p rov in ce, T h a ila n d , are u sed  

for ev a lu a tin g  our ap p roach . T h e  ex p er im en ta l resu lts  sh ow ed  th a t  th e  im p u ta tio n  ac­

cu racy  o f  th e  p rop o sed  a lgo rith m , n a m e ly  varied  w in d o w  c lu ster in g  (W D C ) a lgo rith m  is 

com p a rab le  or b e tte r  th a n  th e  o th ers  tra d it io n a l m eth o d s  su ch  as: th e  sp lin e  in terp o la ­

tio n , th e  m u ltip le  im p u ta tio n  (M I), an d  th e  o p tim a l co m p le tio n  s tr a te g y  fu zzy  c-m ean s  

a lg o r ith m  (O C S F C M ) in  case  o f th e  n o n -sta t io n a r y  tim e-ser ies  d a ta .

4 .1  C l a s s i f y i n g  t h e  C h a r a c t e r i s t i c  o f  I n c o m p l e t e  T i m e - S e r i e s  

D a t a

The characteristic of incomplete time-series data can be described as a series of pat­
terns. Supposing that a time-series is periodic. The periodical time-series data may be
seasonal or cyclical. We denoted K  to be the cycle of the time-series data. The data are
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p a r t i t i o n e d  a n d  a r r a n g e d  in  a  t im e - s e r i e s  f o r m  w i th  a  w in d o w  s iz e  o f  K .  E a c h  s e g m e n t  

o f  d a t a  is , t h e n ,  s t a c k e d  t o  f o r m  a  m a t r i x  A  a s  s h o w n  in  e q u a t i o n  (4 .1 ) .

X \ x 2 X K
%K+ 1 X k +2 %2K
%2K+l X2K+2 %3K

_ % N -K + 1 X N -K + 2  - - - X N

F i g u r e  4 .1 : T h e  f ig u r e  s h o w s  t h e  tw o  g r o u p s  o f  t im e - s e r i e s  d a t a .  T h e  d i r e c t io n s  o f  

s u b s e q u e n c e s  o f  d a t a  in  e a c h  c i r c le  o f  p a t t e r n  a  a r e  s im i la r .  I t  is  a l s o  t r u e  in  e a c h  o f  

p a t t e r n  b.

T h e  t im e - s e r i e s  d a t a  a r e  p l o t t e d  a n d  i l l u s t r a t e d  in  F i g u r e  4 .1 .  T h e  d a t a  c a n  b e  

c h a r a c t e r i z e d  a s  p a t t e r n  a  a n d  p a t t e r n  b. T h e  g r a d i e n t  o f  p a t t e r n  a  is  p o s i t iv e  w h i le  

t h e  g r a d i e n t  o f  p a t t e r n  b is  n e g a t iv e .  N o t i c e  t h a t  t h e  d i r e c t io n s  o f  a l l  t h e  d a t a  p o in t s  in  

e a c h  c i r c le  o f  p a t t e r n  a  a r e  s im i la r .  I t  is  a l s o  t r u e  in  c a s e  o f  p a t t e r n  b. A ll  s u b s e q u e n c e s  

o f  l e n g t h  K  a r e  l in e d  u p  in  f o r m s  o f  a  m a t r i x  a s  s h o w n  in  e q u a t i o n  4 .2 .  E a c h  ro w  o f  

m a t r i x  A  is  o f  e i t h e r  p a t t e r n  a  o r  b.
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A  =

D a t a  F o r m a t  
X \ x 2 ■ ■ ■  X K
X k + 1  X k + 2  - - - x 2K

X2K+1 X 2k +2 - - - X z k
X 3K + I X 3K+2 - - - £ 4 K

. X n - K + 1 X p f-K + 2  ■ •- X n

P a t t e r n  G r o u p  
<r- a  
« -  b

a
b

(4 .2 )

I t  is  o b v io u s  t h a t  i f  t h e r e  a r e  s o m e  m is s in g  x m  t h e n  x m  m u s t  b e  i n  e i t h e r  p a t t e r n  a  o r  

p a t t e r n  b. S u p p o s e  x m  b e lo n g s  t o  a  s u b s e q u e n c e ,  VT, o f  p a t t e r n  a .  T h i s  s u b s e q u e n c e  VT 

w ill  b e  c a l l e d  ta r g e t  s u b s e q u e n c e .  T h e  o t h e r  s u b s e q u e n c e s  b e s id e s  t h e  t a r g e t  s u b s e q u e n c e  

w ill  b e  c a l l e d  r e fe r e n c e  s u b s e q u e n c e .  T h e  c o n c e p t  o f  i m p u t i n g  t h e  v a lu e  o f  x m  is  t o  

c o m p a r e  t h e  t a r g e t  s u b s e q u e n c e  v r  w i th  a l l  r e f e r e n c e  s u b s e q u e n c e s  o f  p a t t e r n  a  in  t h e  

t im e - s e r i e s  d a t a  a n d  t o  s e l e c t  t h e  r e f e r e n c e  s u b s e q u e n c e ,  Vq,  h a v in g  t h e  m o s t  s im i l a r i t y  

w i th  t h e  t a r g e t  s u b s e q u e n c e  v r . T h e  v a lu e  o f  x m  is , t h e n ,  i m p u t e d  f r o m  a  s u b s e t  o f  Xi 

in  r e f e r e n c e  s u b s e q u e n c e  Vq.  F o r  e x a m p le ,  D a t  is  a  p e r i o d i c a l  t im e - s e r i e s  d a t a ,  w h o s e  

s e g m e n t  s iz e  is  fo u r .

D a t  =  { x 1, X 2 ,X 3 , . . . , X 24}  (4 .3 )

D a t a  F o r m a t  P a t t e r n  G r o u p
X l X 2 X 3 ? <— a
£ 5 £ 6 ? Zs * -  b
£9 X 10 X u ? a
X 3 £ 14 X l5 X 16 4-  b
£ 17 X l8 £ 19 X 2 0 4— a
X21 X 2 2 X 2 3 X 2 4  _ 4-  b

(4 .4 )

S u p p o s e  t h a t  £ 4 , X-J a n d  £12  a r e  m is s in g  a n d  a r e  d e n o t e d  b y  t h e  s y m b o l  “? ” . T h e  

s e g m e n t a t i o n  o f  D a t  is  f o r m e d  b y  e q u a t i o n  (4 .2 )  a n d  is  r e p r e s e n t e d  a s  e q u a t i o n  (4 .4 ) .  

E a c h  ro w  is  c o n s id e r e d  a s  a  s u b s e q u e n c e .  T h e r e  a r e  s ix  s u b s e q u e n c e s .  A s s u m e  t h a t
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s u b s e q u e n c e  1 is  o f  p a t t e r n  a ,  s u b s e q u e n c e  2 is  o f  p a t t e r n  b, s u b s e q u e n c e  3  is  o f  p a t t e r n  

a ,  s u b s e q u e n c e  4  is  o f  p a t t e r n  b, s u b s e q u e n c e  5 is  o f  p a t t e r n  a ,  a n d  s u b s e q u e n c e  6  is  o f  

p a t t e r n  b. I n  e q u a t i o n  4 .4 , t h e  m is s in g  £ 4  a n d  £ 12 a p p e a r  in  p a t t e r n  a  a n d  m is s in g  £ 7  

a l s o  a p p e a r s  in  p a t t e r n  b. A s s u m in g  t h a t  e a c h  p e r i o d  h a s  f o u r  d a t a .  T h u s ,  t h e  p a t t e r n  

d a t a  •{£1£ 2£ 3 ? }  in  ro w  1 a n d  t h e  p a t t e r n  d a t a  { £ g £ 10£ 11? }  in  r o w  3  p e r io d i c a l l y  a p p e a r s  

a g a in  in  ro w  5 a s  p a t t e r n  d a t a  { £ 17£ 18£ i 9£ 2o}- B a s e d  o n  t h i s  o b s e r v a t i o n ,  t h e  m is s in g  

£ 4  in  ro w  1 a n d  £12  in  ro w  3 c a n  b e  e s t i m a t e d  b y  u s in g  t h e  d a t a  £ 20 in  ro w  5 a n d  x 7  in  

r o w  2  c a n  b e  e s t i m a t e d  b y  u s in g  £ 15 i n  ro w  4  o r  £ 23 in  r o w  6 . I n  g e n e r a l ,  t h e  r e a l  w o r ld  

t im e - s e r i e s  d a t a  a r e  n o n - p e r io d i c  a n d  n o n - s t a t i o n a r y .  F i x in g  t h e  v a lu e  o f  l e n g t h  A  t o  a  

c o n s t a n t  m a y  n o t  b e  s u i t a b l e  in  t h i s  s i t u a t i o n .

4.1 .1  P a ttern  C h aracterization  w ith  V aried W indow  Sizes
T h e  i m p o r t a n t  c o n c e p t  o f  o u r  w o r k  is  t o  f in d  t h e  p r o p e r  l e n g t h ,  K , o f  t h e  s u b s e q u e n c e s  

t h a t  g iv e s  t h e  m a x i m u m  s im i l a r i t y  b e tw e e n  t h e  t a r g e t  a n d  r e f e r e n c e  s u b s e q u e n c e s .  T h e  

h y p o t h e s i s  is  t h a t  t im e - s e r i e s  d a t a  t h a t  a r e  m a n i f e s t a t i o n s  o f  n a t u r a l  p h e n o m e n a  o f t e n  

c o n t a in  c y c le s  w i th i n  t h e  s e r ie s .  A l th o u g h  a l l  p o s s ib le  v a lu e s  o f  K  m u s t  b e  in  [1, N ] ,  i t  

c a n  b e  q u i t e  d i f f ic u l t  t o  d e t e r m i n e  a n  a p p r o p r i a t e  l e n g t h  K ,  e s p e c i a l ly  w h e n  s o m e  o f  t h e  

v a lu e s  a r e  m is s in g .  W e  m e a s u r e  t h e  s im i l a r i t y  c o r r e l a t i o n  i n  t e r m s  o f  c o s in e , d e n o t e d  

b y  Ô, b e tw e e n  VT a n d  t h e  o t h e r  r e f e r e n c e  s u b s e q u e n c e s .  T h e  c o r r e l a t i o n  v a lu e  b e tw e e n  

t h e  tw o  v e c to r  r e p r e s e n t a t i o n s  o f  t h e  tw o  s u b s e q u e n c e s  is  i n  t h e  r a n g e  [—1 ,1 ] .  W h e n  

6 <  0 , t h e  tw o  s u b s e q u e n c e s  a r e  p a r t i a l l y  in  o p p o s i t e  p h a s e s .  W e  w o u ld  h a v e  t o  c o r r e c t  

a  r e f e r e n c e  s u b s e q u e n c e  b e f o r e  u s in g  i t  fo r  e s t i m a t i n g  a  m is s in g  v a lu e .  A l te r n a t i v e ly ,  

w e  c o u ld  d i s c a r d  t h e s e  s u b s e q u e n c e s  b y  s e t t i n g  t h e i r  s im i l a r i t y  v a lu e s  t o  z e ro .  I n  o u r  

im p l e m e n t a t i o n s ,  t h e  s a m p l e  v a lu e s  a r e  n o r m a l i z e d  t o  t h e  r a n g e  [0 , 1 ], s o  t h a t  t h e  c o r ­

r e l a t i o n  v a lu e  is  in  t h e  r a n g e  [0 ,1 ] .  A c c o r d in g ly ,  w e  d e f in e  t h e  d i s t a n c e  b e tw e e n  tw o
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s u b s e q u e n c e s ,  เ3, in  t e r m s  o f  Ô a s

{
1 - 6  i f  Ô >  0

(4 .5 )

1 o th e r w is e .

W e  i l l u s t r a t e  t h e  e f fe c t  o f  t h e  c h o ic e  o f  K  in  F i g u r e  4 .2  b y  a  s c a t t e r  d i a g r a m  o f  t h e  

m i n im u m  s im i l a r i t y  d i s t a n c e  (3 a s  a  f u n c t i o n  o f  t h e  s u b s e q u e n c e  l e n g th .  T h e  เ3 v a lu e  

in c r e a s e s  a n d  fa l ls  s h a r p ly  a n d  h a s  h ig h e r  v a r i a n c e  a t  t h e  lo n g e r  s u b s e q u e n c e  l e n g th .  

F i n d in g  a  g o o d  s u b s e q u e n c e  l e n g t h  b y  t r y i n g  a l l  p o s s ib le  l e n g t h s  is  c o m p u t a t i o n a l l y  

c o s t l y  a n d  t im e  c o n s u m in g .  S o m e  s t a t i s t i c a l  a n a ly s i s  a n d  e x p e r i m e n t s  m u s t  b e  in v e s t i ­

g a t e d  t o  d e t e r m i n e  a  f e a s ib le  s u b s e q u e n c e  l e n g th .The Minimum Beta Value at Various Subsequence Lengths(Air temperature)

F i g u r e  4 .2 : T h e  s c a t t e r  p l o t  o f  t h e  m in im u m  (3 v a lu e s  a t  v a r io u s  f ix e d  s u b s e q u e n c e  

l e n g t h s  o f  t h e  a i r  t e m p e r a tu r e  d a t a .

4.1 .2  T he Im p u tation  o f M issing  V alue
L e t  X m T'> b e  t h e  c o n s id e r e d  m is s in g  v a lu e  a t  t i m e  m  o f  t h e  t a r g e t  s u b s e q u e n c e  VT a n d  

X m 9'1 t h e  v a lu e  a t  t im e  m  o f  t h e  r e f e r e n c e  s u b s e q u e n c e  Vg. T h e  s u b s e q u e n c e s  VT a n d  Vg
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a r e  c o n s id e r e d  t o  h a v e  a  v e r y  s im i l a r  s h a p e .  I m p u t i n g  t h e  v a lu e  o f  m is s in g  X m r) w i th  

r e s p e c t  t o  X m 9'1 in v o lv e s  f o u r  n e ig h b o r in g  v a lu e s  x ^ - 1 , X m + 1  , ^ m - 1 , a n d  x {f . A n y  tw o  

a d j a c e n t  v a lu e s  o f  x t a n d  X t+ 1 , f o r  a n y  t ,  o f  a n y  s u b s e q u e n c e  a r e  a s s u m e d  t o  b e  c o n n e c t e d  

b y  a  s t r a i g h t  l in e .  T h i s  a s s u m p t i o n  is  v a l id  b y  t h e  fo l lo w in g  o b s e r v a t i o n .  I f  t h e  l im i t  o f  

t h e  d if f e r e n c e  b e tw e e n  tw o  a d j a c e n t  t im e s  t  a n d  t +  1 a p p r o a c h e s  z e r o  a n d  tw o  a d j a c e n t  

v a lu e s  x t a n d  X t+ 1 , fo r  a n y  t ,  is  c o n n e c t e d  b y  a  s t r a i g h t  l in e  t h e n  a l l  t h e s e  p ie c e w is e  

l i n e a r  l in e s  f o r m  a  c o n t i n u o u s  c u r v e .  H e n c e ,  t h e  v a lu e  o f  c a n  b e  c o m p u t e d  f r o m  

t h e  v a lu e  o f  e i t h e r  x ^ j \  o r  £ 1 , a n d  t h e  d i f f e r e n c e  b e tw e e n  VT a n d  Vg.

F i g u r e  4 .3 : T h e  s u b s e q u e n c e s  VT a n d  Vg h a v e  a  v e r y  s im i l a r  s h a p e .  S in c e  t h e  v a lu e  o f  

X m ^  is  m is s in g ,  b o t h  l e f t  a n d  r i g h t  d i f f e r e n c e s  a r e  u s e d  t o  i m p u t e  t h e  v a lu e  o f  ï m Tl  T h e  

c i r c le  d e n o te s  t h e  m is s in g  v a lu e .

F r o m  F ig u r e  4 .3 , t h e  d i f f e r e n c e  b e tw e e n  x ^ f \  a n d  x f f T\  is  c a l l e d  le f t  d i f fe r e n c e ,  

d e n o t e d  9i\

Jo ... Left Difference 
18 ... Right Difference

Time Step

(4 .6 )
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a n d  t h e  d if f e r e n c e  b e tw e e n  £ ^ ! \  a n d  £ ^ + 1 is  c a l l e d  r ig h t  d i f f e r e n c e 1 d e n o t e d  6r :

Or =  ฟ ้; ,1 -  ’1. (4 .7 )

W h e n  t h e  v a lu e  o f  £ m T  ̂ is  m is s in g ,  b o t h  l e f t  a n d  r i g h t  d i f f e r e n c e s  a r e  u s e d  t o  i m p u t e  t h e  

v a lu e  o f  x fn T^. T h e  e s t i m a t e d  v a lu e  o f  X m T\  d e n o t e d  b y  X m T\  c a n  b e  c o m p u t e d  f r o m  9i, 

6r , a n d  X m qS> a s  a  l i n e a r  c o m b in a t io n :

2 x ^  =  2 x ^ - 9 1 - 9r . (4 .8 )

F r o m  e q u a t i o n s  ( 4 .6 ) ,  ( 4 .7 ) ,  a n d  (4 .8 ) ,

T h e  r e s u l t i n g  e q u a t i o n  is  v e r y  s im i la r  t o  t h e  c la s s ic a l  k - N N  i m p u t a t i o n .  T h e  d i f f e r e n c e  

is  t h a t  t h e  s e c o n d  a n d  t h i r d  t e r m s  o f  t h e  r i g h t  h a n d  s id e  o f  e q u a t i o n  (4 .1 0 )  a r e  t h e  

c o r r e c t i o n  t e r m s  b a s e d  o n  t h e  s h a p e  o f  s u b s e q u e n c e .  A  c o m p a r i s o n  o f  t h e  i m p u t i n g  

v a lu e s  b e tw e e n  t h e  c u b ic  s p l in e  i n t e r p o l a t i o n  a n d  t h e  l i n e a r  i n t e r p o l a t i o n  f r o m  t h e  s im i la r  

s u b s e q u e n c e  Vg is  s h o w n  in  F i g u r e  4 .4 . T h e  r e s u l t  o f  t h e  p r o p o s e d  l in e a r  i n t e r p o l a t i o n  

f r o m  p a t t e r n  c h a r a c t e r i z a t i o n  c a n  b e  s e e n  t o  b e  b e t t e r  t h a n  t h a t  o f  t h e  c u b ic  s p l in e  

i n t e r p o l a t i o n .

4.2 P rop osed  A lgorith m  B ased  on S im ilarity  M easure

T h e  c o n c e p t  o f  o u r  p r o p o s e d  a l g o r i t h m  is  a s  fo llo w s . F i r s t ,  a l l  t h e  g iv e n  v a lu e s  X i, fo r  

I  <  i  <  N ,  a r e  o r d e r l y  p a r t i t i o n e d  i n t o  g r o u p s  o f  e q u a l  s iz e  K .  T h e  v a lu e  o f  K  c a n  

b e  v ie w e d  a s  t h e  w i d t h  o f  t h e  p a r t i t i o n i n g  w in d o w . T h e s e  g r o u p s  f o r m  s u b s e q u e n c e s
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F i g u r e  4 .4 : A  c o m p a r i s o n  o f  i m p u t i n g  v a lu e s  b e tw e e n  t h e  c u b ic  s p l in e  i n t e r p o l a t i o n  a n d  

t h e  l in e a r  i n t e r p o l a t i o n  f r o m  t h e  s im i la r  s u b s e q u e n c e  Vg. T h e  r e s u l t  o f  t h e  p r o p o s e d  

l in e a r  i n t e r p o l a t i o n  f r o m  c h a r a c t e r i z a t i o n  p a t t e r n  is  b e t t e r  t h a n  t h a t  o f  t h e  c u b ic  s p l in e  

i n t e r p o l a t i o n .

in c lu d in g  t h e  t a r g e t  s u b s e q u e n c e ,  VT, a n d  r e f e r e n c e  s u b s e q u e n c e s .  T h e n ,  a  r e f e r e n c e  

s u b s e q u e n c e  Vg is  s e l e c t e d  w i th  t h e  m a x im u m  s im i l a r i t y  t o  t h e  t a r g e t  s u b s e q u e n c e  VT. 

O n c e  a  s u b s e q u e n c e  Vg b a s e d  o n  a  f ix e d  v a lu e  o f  K  is  s e l e c t e d ,  t h e  m is s in g  v a lu e  o f  

x m  is  e s t im a t e d .  F o r  d i f f e r e n t  v a lu e s  o f  K , t h e  c o r r e s p o n d i n g  e s t i m a t e d  v a lu e s  o f  x m  

a r e  c o m p u te d .  F in a l ly ,  a l l  t h e  e s t i m a t e d  v a lu e s  o f  x m  a r e  a v e r a g e d  a n d  s e t  a s  t h e  f in a l  

e s t i m a t e d  v a lu e  o f  X  1,1. F i g u r e  4 .5  s h o w s  a n  e x a m p l e  o f  t h e  s im i l a r i t y  m e a s u r e  w i th  

d i f f e r e n t  w in d o w  p a r t i t i o n s .  T h e  m is s in g  v a lu e ,  x m , is  d e n o t e d  b y  a  c i rc le .  T h e  w i d t h  

o f  t h e  t a r g e t  s u b s e q u e n c e s  in  F ig u r e s  4 .5  (a )  a n d  (b )  a r e  d i f f e r e n t .  T h e  d a s h e d  l in e s  

i n d i c a t e  t h e  p a r t i t i o n i n g  l o c a t io n s .

T h e  d e t a i l  o f  t h e  p r o p o s e d  a l g o r i t h m  ( A p p e n d i x  B )  is  g iv e n  in  t h e  fo l lo w in g  s te p s .  

L e t  M  b e  t h e  s e t  o f  a l l  i n d e x  v a lu e s  m  o f  t h e  m is s in g  v a lu e s  x m .
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( a )  (๖ )

F ig u r e  4 .5 : A n  e x a m p le  o f  t h e  s im i l a r i t y  m e a s u r e  a n d  d i f f e r e n t  w in d o w  p a r t i t i o n s .  T h e  

c i r c le  d e n o te s  t h e  m is s in g  v a lu e ,  ( a )  P a r t i t i o n i n g  w i th  a  w i d t h  o f  K .  ( b )  P a r t i t i o n i n g  

w i th  a  w i d t h  o f  K  +  c , f o r  s o m e  c o n s t a n t  c.

P rop osed  A lgorith m
1. A l l  t h e  t im e - s e r i e s  v a lu e s  a r e  n o r m a l i z e d  t o  v a lu e s  in  t h e  r a n g e  [0,1].

I n i t i a l i z e  a l l  m i s s in g  v a lu e s  x m , m  £  M ,  t o  r a n d o m  v a lu e s  i n  t h e  r a n g e  [0,1].

2 . L e t  c  b e  a  c o u n t e r  v a r i a b le  a n d  i n i t i a l i z e  i t  t o  0.

3 . L e t  a  b e  a  p o s i t i v e  t h r e s h o l d  v a r i a b le  a n d  s e t  i t  c lo s e  t o  0.

4 . R e p e a t

5. F o r  a l l  m i s s in g  v a lu e s  x m , m  e  M .

6 . I n i t i a l i z e  t h e  w i d t h  o f  p a r t i t i o n i n g  w in d o w  K .

7. L e t  x m  b e  t h e  e s t i m a t e d  v a lu e  o f  x m . I n i t i a l i z e  x m  t o  0 .

8 . L e t  g  b e  a  c o u n t e r  v a r i a b le  a n d  i n i t i a l i z e  i t  t o  0 .

9 . L e t  t e m p  b e  a  v a r i a b le  a n d  i n i t i a l i z e  i t  t o  0.

10. L e t  s u m  b e  a  v a r i a b le  t h a t  is  i n i t i a l i z e d  t o  0.

11 . R e p e a t

12 . C r e a t e  a  t a r g e t  s u b s e q u e n c e ,  VT, b y  i n c lu d in g  a l l  v a lu e s  f r o m  x m _|^Kj t o

13 . P a r t i t i o n  f r o m  x m _|^X j+ 1  d o w n  t o  X \  i n t o  g r o u p s  o f  e q u a l  s iz e  o f  K .

14 . P a r t i t i o n  f r o m  x m + yK ^+ 1 u p  t o  X N  i n t o  g r o u p s  o f  e q u a l  s iz e  o f  K .
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15.

16.

17.

18.

19.

20. 
21. 
22.
23 .

24 .

25 .

26 .

F i n d  a  g r o u p ,  p ,  o f  r e f e r e n c e  s u b s e q u e n c e s ,  v 9 , w i th  t h e  l e a s t  d i s t a n c e  (P j) .  

F o r  e a c h  s u b s e q u e n c e  j  in  p , s e t  a  v a lu e  o f  X m  t o  t h e  i m p u t e d  v a lu e s  o f  x m 

c o m p u t e d  f r o m  V T a n d  a l l  s u b s e q u e n c e  i n  g r o u p  p  u s in g  e q u a t i o n  (1 0 ) .

S e t  t e m p  =  E j  ( ( 1  -  P j)  X  / E j C 1 -  P j)  - 

C o m p u t e  s u m  =  s u m  +  t e m p .

C o u n t  t h e  n u m b e r  o f  i t e r a t i o n s  b y  s e t t i n g  g  =  <7 +  1.

I n c r e a s e  t h e  s iz e  o f  t h e  p a r t i t i o n i n g  w in d o w  b y  s e t t i n g  K  =  K  +  1.

U n t i l  t h e  n u m b e r  o f  g r o u p s  is  e q u a l  t o  o n e .

C o m p u t e  x m = sum
g

S e t  Xm  Xyyi

E n d F o r

C o u n t  t h e  n u m b e r  o f  c y c le  b y  s e t t i n g  c  =  c  +  1. 

U n t i l  t h e  m a x i m u m  o f  a l l  x m , s u c h  t h a t -  ( c + l )  -  (c)X m  -  x ym <  a

4.3 E xp erim en ta l R esu lts  and D iscu ssion

T h e  f o u r  t im e - s e r i e s  d a t a  s e t s  ( s e e  A p p e n d i x  5 .1 ) ,  ( a )  t h e  s y n t h e t i c  M a c k e y - G la s s  c h a o t ic  

t im e - s e r i e s  d a t a ,  (b )  t h e  m o n t h ly  s u n s p o t s  d a t a  f r o m  A .D . 1 7 0 0  t o  A .D . 1 9 9 4 , (c )  t h e  

d a i ly  g a u g e  h e ig h t  a t  B a n  L u a n g  g a u g in g  s t a t i o n ,  M a e  T u n  s t r e a m ,  P in g  r iv e r ,  T h a i l a n d ,  

a n d  (d )  t h e  d a i ly  a i r  t e m p e r a t u r e  a t  N a k h o n  R a t c h a s i m a  p r o v in c e ,  T h a i l a n d ,  a r e  u s e d  

in  o u r  e x p e r im e n t s .  T h e  o r ig in a l  d a t a  a r e  n o r m a l i z e d  in  t h e  r a n g e  [0 ,1]. T h e  m is s in g  a t  

r a n d o m  ( M A R )  i n c o m p le te  t im e  s e r ie s  a r e  c r e a t e d  b y  r a n d o m l y  s a m p l in g  t h e  m is s in g  

t im e  s t e p s  f r o m  t h e  f o u r  d a t a  s e t s .  T h e  le v e ls  o f  m is s in g  v a lu e s  c o n s id e r e d  in  b o t h  

o f  M a c k e y - G la s s  c h a o t i c  t im e - s e r i e s  a n d  t h e  a i r  t e m p e r a t u r e  d a t a  a r e  s e t  t o  1 0 % , 2 0 % , 

3 0 % , 4 0 % , 5 0 % , 6 0 % , a n d  7 0 % . F o r  m o n t h ly  s u n s p o t s  d a t a  a n d  d a i ly  g a u g e  h e i g h t  d a t a ,
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t h e  le v e ls  o f  m is s in g  a r e  s e t  t o  1 0 % , 2 0 % , 3 0 % , 4 0 % , a n d  5 0 % . A t  e a c h  le v e l  o f  m is s in g ,  

t h e  e x p e r i m e n t s  a r e  r e p e a t e d  1 0  r u n s  b y  r a n d o m l y  s e l e c t in g  t h e  m is s in g  l o c a t io n s  r u n  

b y  r u n .  T h e  r e s u l t s  o f  o u r  e x p e r i m e n t  a r e  e x p la in e d  in  t h e  fo l lo w in g  s u b s e c t i o n s .  T h e  

s t a r t i n g  m is s in g  v a lu e s  o f  t h o s e  f o u r  c a s e  s t u d i e s  b e f o r e  W D C  a l g o r i t h m  p r o c e s s  a r e  

i n i t i a l i z e d  w i t h  r a n d o m l y  v a lu e s .  K  o f  t h o s e  f o u r  c a s e  s t u d i e s  a r e  i n i t i a l i z e d  t o  3 . F o r  

M a c k e y - G la s s  d a t a ,  a  is  s e t  t o  0 .0 0 0 0 6 . a  is  s e t  t o  0 .0 0 0 8  fo r  t h e  s u n s p o t s ,  g a u g e  h e ig h t  

d a t a  a n d  t h e  a i r  t e m p e r a t u r e  d a t a .

4.3.1 M ackey-G lass C haotic T im e-Series
T h i s  d a t a  s e t  is  s e l e c t e d  b e c a u s e  i t s  b e h a v io r  is  a l m o s t  p e r i o d i c  a n d  a lm o s t  s t a t i o n a r y .  

E a c h  d a t a  p o i n t  c a n  b e  m a t h e m a t i c a l l y  g e n e r a t e d  w i th  a  c o n s t a n t  v a r i a n c e .  T h e r e  a r e  

a  t o t a l  o f  1 ,2 0 0  o b s e r v a t i o n s  in  o u r  e x p e r i m e n t .  W e  c a n  s e e  f r o m  T a b le  4 .1  t h a t  w h e n  

t h e  le v e ls  o f  m is s in g  a r e  a b o v e  5 0 % , t h e  W D C  a l g o r i t h m  y ie ld s  t h e  lo w e s t  M S E  a m o n g  

a l l  t e s t e d  a lg o r i t h m s .  T h e  C O R R  v a lu e  b e tw e e n  m is s in g  v a lu e  a n d  t h e  a c t u a l  v a lu e  is  

a l s o  s h o w n  in  T a b le  4 .1 .  W e  c a n  s e e  t h a t  t h e  W D C  a l g o r i t h m  y ie ld s  t h e  h ig h e s t  C O R R  

a t  le v e l  o f  m is s in g  a t  6 0 %  a n d  7 0 % . T h e  W D C  a l g o r i t h m  a l s o  s h o w s  t h e  h ig h e s t  C O R R  

a t  t h e  h ig h e r  le v e l  o f  m is s in g .

I n  T a b le  4 .5 ,  t h e  s im u la t i o n  r e s u l t s  s h o w  t h a t ,  o n  t h e  a v e r a g e ,  t h e  m i n im u m  a n d  

m a x im u m  P im p  a r e  1 .5 5  X  1 0 ~ 5 a n d  3 4 4 2 .1 9  X  1 0 ~ 6 , r e s p e c t iv e ly .  A l l  P im p  v a lu e s  a r e  

a ls o  g r e a t e r  t h a n  z e ro .  I n  c a s e  o f  M a c k e y - G la s s  c h a o t i c  t im e - s e r i e s  d a t a ,  t h o s e  r e s u l t s  

c o n f i r m  t h a t ,  o n  t h e  a v e r a g e ,  W D C  a l g o r i t h m  g iv e s  t h e  b e t t e r  p r e d i c t i o n  p e r f o r m a n c e  

t h a n  t h o s e  f r o m  t h e  s p l in e ,  M I  m e t h o d  a n d  O C S F C M  a lg o r i t h m .

A  s c a t t e r  p l o t  o f  t h e  t r u e  v a lu e s  a n d  t h e  e s t i m a t e d  v a lu e s  o f  m is s in g  a t  6 0 %  m is s in g  

a r e  s h o w n  in  F i g u r e  4 .8 . T h e  r e s u l t s  o f  W D C  a l g o r i t h m  a r e  c o m p a r a b le  t o  t h e  s p l in e  

i n t e r p o l a t i o n .  T h e  M S E  o f  t h e  r e c o n s t r u c t i o n  b y  t h e  f o u r  m e th o d s  a t  d i f f e r e n t  le v e ls  o f
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m is s in g  a r e  s h o w n  in  F i g u r e  4 .6 ( a ) .  B e c a u s e  o f  t h e  s t a t i o n a r i t y  o f  t h e  d a t a ,  t h e  O C S F C M  

m e t h o d  h a s  t h e  w o r s t  p e r f o r m a n c e  w h i le  t h e  o t h e r  t h r e e  m e th o d s  a r e  c o m p a r a b l e  t o  e a c h  

o t h e r  a t  a l l  le v e ls  o f  m is s in g .

4.3 .2  T h e m on th ly  su n sp ots
T h i s  s e r ie s  r e p r e s e n t s  t h e  n u m b e r  o f  s u n s p o t s  w h ic h  h a s  b e e n  r e c o r d e d  f r o m  t h e  s u r f a c e  

o f  t h e  รนท. T h e  s e t  o f  d a t a  is  s e l e c t e d  b e c a u s e  i t  is  a  r e a l  w o r ld  c a s e  s t u d y  w i t h  a  p e r io d ic  

b e h a v io r .  I t s  v a r i a n c e s  a r e  n o t  s t a b l e  in  e a c h  p e r i o d  a n d  t h e  s ig n a l  is  m o r e  c o m p le x  t h a n  

t h e  M a c k e y - G la s s  c h a o t i c  t im e  s e r ie s .  T h e r e  a r e  a  t o t a l  o f  1 ,0 7 0  o b s e r v a t i o n s  u s e d  in  

o u r  e x p e r im e n t s .

I n  T a b le  4 .2 ,  w e  n o t i c e d  t h a t  t h e  W D C  a l g o r i t h m  y ie ld s  t h e  lo w e s t  M S E  a n d  t h e  

h ig h e s t  C O R R  a t  e v e r y  le v e l  o f  m is s in g .  T h i s  s h o w  W D C  a l g o r i t h m  g iv e s  t h e  b e s t  

e s t im a t io n  o f  m is s in g  p e r f o r m a n c e .

F u r t h e r ,  i n  T a b le  4 .5 ,  t h e  s im u la t i o n  r e s u l t s  s h o w  t h a t  t h e  m i n im u m  a n d  m a x im u m  

P im p  a r e  2 .0 9  X  1 0 - 3  a n d  8 .0 7  X  1 0 - 3 , r e s p e c t iv e ly .  A l l  P im p  v a lu e s  a r e  a l s o  g r e a t e r  t h a n  

z e ro . H e n c e ,  W D C  a l g o r i t h m  e x h ib i t  b e t t e r  p e r f o r m a n c e  t h a n  t h e  s p l in e ,  M I  m e th o d  

a n d  O C S F C M  a l g o r i t h m  in  c a s e  o f  s u n s p o t s  d a t a .

A  s c a t t e r  p lo t  o f  t h e  t r u e  v a lu e  a n d  t h e  e s t i m a t e d  v a lu e  o f  m is s in g  a t  3 0 %  m is s in g  

a r e  s h o w n  in  F i g u r e  4 .9 .  T h e  r e s u l t s  o f  W D C  a l g o r i t h m  s h o w  t h e  b e s t  p r e d i c t i o n  o f  

m is s in g  v a lu e s .  T h e  M S E  o f  t h e  r e c o n s t r u c t i o n  b y  t h e  f o u r  m e th o d s  a t  d i f f e r e n t  le v e ls  

o f  m is s in g  a r e  s h o w n  in  F i g u r e  4 .6 ( b ) .  T h e  W D C  a l g o r i t h m  h a s  t h e  b e s t  p e r f o r m a n c e  

a m o n g  a l l  m e t h o d s  a t  a l l  le v e ls  o f  m is s in g .
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4.3 .3  T h e daily  gauge height at B an  Luang gauging sta tion ,
M ae Tun stream , P in g  river, T hailand

T h e  s a m p le s  o f  t h e  s c a t t e r  p lo t  o f  t h e  t r u e  v a lu e  a n d  t h e  e s t i m a t e d  v a lu e  o f  m is s in g  a t  

5 0 %  m is s in g  a r e  s h o w n  in  F i g u r e  4 .1 0 . T h e  r e s u l t s  o f  W D C  a l g o r i t h m  s h o w  t h e  b e s t  

p r e d i c t i o n  m is s in g  v a lu e s .

T h i s  u n i v a r i a t e  t im e - s e r i e s  d a t a  is  m a d e  a v a i l a b le  t o  u s  b y  t h e  R o y a l  I r r i g a t i o n  D e ­

p a r t m e n t  o f  T h a i l a n d .  I t  is  s e l e c t e d  b e c a u s e  i t  is  le s s  s t r u c t u r e d  t h a n  e i t h e r  t h e  M a c k e y -  

G la s s  c h a o t i c  t im e  s e r ie s  o r  t h e  m o n t h ly  s u n s p o t s  d a t a .  T h e r e  a r e  s o m e  h ig h  p e a k s  a t  

s o m e  t i m e  s t e p s  a n d  t h e r e  a r e  s o m e  p a r t s  o f  d a t a  t h a t  d e c r e a s e  g r a d u a l ly .  T h e r e  a r e  a  

t o t a l  o f  2 ,0 0 0  o b s e r v a t i o n s  u s e d  in  o u r  e x p e r im e n t s .

W e  c a n  n o t e  f r o m  T a b le  4 .3  t h a t  W D C  a l g o r i t h m  y ie ld s  t h e  lo w e s t  M S E  fo r  e v e r y  

le v e l  o f  m is s in g .  T h i s  s h o w  W D C  a l g o r i t h m  g iv e s  t h e  b e t t e r  e s t i m a t i o n  o f  m is s in g  

p e r f o r m a n c e  t h a n  t h e  s p l in e  i n t e r p o l a t i o n ,  t h e  M I  a l g o r i t h m  a n d  O C S F C M  a lg o r i t h m .  

T h e  W D C  a l g o r i t h m  g iv e s  t h e  h ig h e s t  C O R R  a t  e v e r y  le v e l  o f  m is s in g .  T h u s ,  t h e  W D C  

a l g o r i t h m  g iv e s  t h e  b e s t  p r e d i c t i o n  m is s in g  v a lu e .

I n  T a b le  4 .5 ,  t h e  e x p e r i m e n t a l  r e s u l t s  s h o w  t h a t  t h e  m in im u m  a n d  m a x im u m  P im p  

a r e  8 .9 9  X  1 0 - 4  a n d  4 5 .4 8  X  1 0 - 4 , r e s p e c t iv e ly .  A l l  P im p  v a lu e s  a r e  a l s o  g r e a t e r  t h a n  z e ro . 

A c c o r d in g ly ,  fo r  t h e  g a u g e  h e ig h t  d a t a ,  t h e  W D C  a l g o r i t h m  g iv e s  t h e  b e s t  i m p u t a t i o n  

p e r f o r m a n c e  o f  m is s in g .

A  s c a t t e r  p lo t  o f  t h e  t r u e  v a lu e  a n d  t h e  e s t i m a t e d  v a lu e  o f  m is s in g  a t  5 0 %  m is s in g  a r e  

s h o w n  in  F i g u r e  4 .1 0 . T h e  r e s u l t s  o f  W D C  a l g o r i t h m  s h o w  t h e  b e s t  p r e d i c t i o n  m is s in g  

v a lu e s .  T h e  M S E  o f  t h e  r e c o n s t r u c t i o n  b y  t h e  f o u r  m e th o d s  a t  d i f f e r e n t  le v e ls  o f  m is s in g  

a r e  s h o w n  in  F i g u r e  4 .7 ( a ) .  T h e  W D C  a l g o r i t h m  h a s  t h e  b e s t  p e r f o r m a n c e  a m o n g  a l l  

m e th o d s  a t  a l l  le v e ls  o f  m is s in g .
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4 .3 .4  T he daily  air tem p eratu re  at N akhon R atch asim a province, 
T hailand

T h i s  r e a l - w o r ld  d a t a  s e t  is  p r o v id e d  t o  US by t h e  M e te o r o lo g ic a l  D e p a r t m e n t  o f  T h a i l a n d .

I t  p r e s e n t s  t h e  m o s t  d i f f ic u l t  p r o b le m  in  o u r  c a s e  s t u d i e s  b e c a u s e  o f  t h e  s h a r p  r i s e s  a n d  

f a l ls  in  t h e  s e r ie s .  W e  u s e d  a  t o t a l  o f  2 ,0 0 0  o b s e r v a t i o n s  in  o u r  e x p e r im e n t s .

I n  T a b le  4 .4 ,  w e  s e e  t h a t  t h e  W D C  a l g o r i t h m  y ie ld s  t h e  lo w e s t  M S E  f o r  e v e r y  le v e l 

o f  m is s in g .  T h i s  s h o w s  t h a t  W D C  a l g o r i t h m  g iv e s  t h e  b e t t e r  e s t i m a t i o n  o f  m is s in g  

p e r f o r m a n c e  t h a n  t h e  s p l in e  i n t e r p o l a t i o n ,  t h e  M I  m e t h o d  a n d  O C S F C M  a lg o r i t h m .  

T h e  W D C  a l g o r i t h m  g iv e s  t h e  b e s t  p r e d i c t i o n  m is s in g  v a lu e ,  a s  i n d i c a t e d  b y  t h e  h ig h e s t  

C O R R  o f  t h e  W D C  a l g o r i t h m  a t  e v e r y  le v e l  o f  m is s in g .

I n  T a b le  4 .5 ,  t h e  e x p e r i m e n t a l  r e s u l t s  s h o w  t h a t  t h e  m in im u m  a n d  m a x im u m  P im p  

a r e  1 .4 1  X IC C 3 a n d  8 .5 3  X  1CT3 , r e s p e c t iv e ly .  A l l  P im p  v a lu e s  a r e  a l s o  g r e a t e r  t h a n  z e ro . 

F o r  t h e  a i r  t e m p e r a t u r e  d a t a ,  t h e s e  r e s u l t s  s ig n i f y  t h a t  W D C  a l g o r i t h m  a l s o  g iv e s  t h e  

b e s t  p r e d i c t i o n  m is s in g  v a lu e  p e r f o r m a n c e .

A  s c a t t e r  p lo t  o f  t h e  t r u e  v a lu e  a n d  t h e  e s t i m a t e d  v a lu e  o f  m is s in g  a t  5 0 %  m is s in g  

a r e  s h o w n  in  F i g u r e  4 .1 1 . T h e  W D C  a l g o r i t h m  a ls o  g iv e s  t h e  b e s t  p r e d i c t i o n  m is s in g  

v a lu e .  T h e  M S E  o f  t h e  r e c o n s t r u c t i o n  b y  t h e  f o u r  m e th o d s  a t  d i f f e r e n t  le v e l s  o f  m is s in g  

a r e  s h o w n  in  F i g u r e  4 .7 ( b ) .  T h e  W D C  a l g o r i t h m  h a s  t h e  b e s t  p e r f o r m a n c e  a m o n g  a l l  

m e th o d s  a t  a l l  le v e ls  o f  m is s in g .

4.4  D iscu ssion

4.4 .1  A ppropriate P artition in g  W indow  Size
W e  s e e  f r o m  t h e  p r e v io u s  s u b s e c t i o n s  t h a t  t h e  W D C  a l g o r i t h m  o u tp e r f o r m s  o t h e r  e s ­

t i m a t i o n  m e t h o d s  in  t h e  f o u r  t e s t  c a s e s .  T h e  l i m i t a t i o n  o f  t h e  W D C  a l g o r i t h m  is  t h e



53

c o m p u t a t i o n  t im e  r e q u i r e d .  T h e  p r o p o s e d  a l g o r i t h m  m a y  t a k e  a  lo n g  t im e  t o  i m p u te  

a l l  m i s s in g  x m  w h e n  t h e  a m o u n t  o f  g iv e n  d a t a  is  la r g e .  T h i s  is  b e c a u s e  i t  m u s t  t r y  a l l  

p o s s ib le  p a r t i t i o n i n g  w in d o w  s iz e s  t o  f in d  t h e  r e f e r e n c e  s u b s e q u e n c e  h a v in g  m a x im u m  

s im i l a r i t y  t o  t h e  t a r g e t  s u b s e q u e n c e .

T h e n ,  a  s o lu t i o n  fo r  r e d u c in g  t im e  o f  t h e  W D C  a l g o r i t h m  is , a n  a c c e p t a b l e  u p p e r  

l im i t  o f  s e g m e n t  l e n g t h  is  f o u n d  f r o m  o u r  e x p e r i e n c e .  I n  o u r  e x p e r i m e n t ,  w e  t e s t e d  w i th  

t h e  p a r t i t i o n i n g  w in d o w  s iz e  f r o m  3  t h r o u g h  1 0 0 0  fo r  t h e  g a u g e  h e i g h t  d a t a  a n d  t h e  

a i r  t e m p e r a t u r e ,  3  t h r o u g h  6 0 0  fo r  t h e  m a c k e y - g la s s  d a t a ,  a n d  3  t h r o u g h  5 3 5  fo r  t h e  

s u n s p o t  d a t a .  I n  f a c t ,  t h e  a c t u a l  v a lu e s  o f  t h e  m is s in g  v a lu e s  d o  n o t  e x i s t .  T h e  e s t im a t e d  

m is s in g  v a lu e s  b y  s p l in e  i n t e r p o l a t i o n  a r e  i n i t i a l l y  u s e d  a s  t h e  v i r t u a l  r e f e r e n c e  v a lu e s  fo r  

c o m p u t in g  t h e  r e f e r e n c e  M S E  v a lu e .  F r o m  o u r  e x p e r im e n t s ,  t h e  r e f e r e n c e  M S E  v a lu e  a t  

e a c h  w in d o w  s iz e  o f  t h e  f o u r  c a s e  s tu d i e s :  M a c k e y - G la s s  c h a o t i c  t im e - s e r i e s ,  t h e  m o n t h ly  

s u n s p o t s  d a t a ,  t h e  g a u g e  h e ig h t  d a t a  a n d  t h e  a i r  t e m p e r a t u r e  a r e  s h o w n  in  F ig u r e  4 .1 3  

- F i g u r e  4 .2 0 , F i g u r e  4 .2 1  - F i g u r e  4 .2 8 , F i g u r e  4 .2 9  - F i g u r e  4 .3 6 , a n d  F i g u r e  4 .3 7  - 

F i g u r e  4 .4 4  r e s p e c t iv e ly .  T h e  a p p r o p r i a t e  r a n g e  o f  p a r t i t i o n i n g  w in d o w  s iz e  o f  t h e  f o u r  

c a s e  s tu d i e s :  M a c k e y - G la s s  c h a o t i c  t im e - s e r i e s ,  t h e  m o n t h ly  s u n s p o t s  d a t a ,  t h e  g a u g e  

h e ig h t  d a t a  a n d  t h e  a i r  t e m p e r a t u r e  a r e  o b s e r v e d  f r o m  t h o s e  F i g u r e  4 .1 3  - F ig u r e  4 .4 4  

a n d  s u m m a r i z e  in  T a b le  4 .6 .

T h e  N u m b e r  o f  M o s t - L i k e l y  S u b s e q u e n c e s

T h e  n u m b e r  o f  m o s t - l ik e ly  s u b s e q u e n c e s  o f  t h e  f o u r  p r o b le m  c a s e s  a r e  a l s o  e s t i m a t e d  b y  

u s in g  t h e  v i r t u a l  r e f e r e n c e d  M S E  v a lu e  o f  s p l in e  i n t e r p o l a t i o n .  T h e  a p p r o p r i a t e  n u m b e r s  

o f  m o s t - l ik e ly  s u b s e q u e n c e s  o f  t h o s e  c a s e  s t u d i e s  c a n  b e  d e t e r m i n e d  f r o m  F ig u r e s  4 .1 2 . 

F r o m  o u r  e x p e r i m e n t ,  t h e  a p p r o p r i a t e  n u m b e r s  o f  m o s t - l ik e ly  s u b s e q u e n c e s  o f  f o u r  c a s e  

s tu d i e s :  M a c k e y - G la s s  c h a o t ic  t im e - s e r i e s ,  t h e  m o n t h ly  s u n s p o t s  d a t a ,  t h e  g a u g e  h e ig h t  

d a t a  a n d  t h e  a i r  t e m p e r a t u r e  a r e  14 , 3 , 11 a n d  19 , r e s p e c t iv e ly .
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4.5 Sum m ary

A  n e w  m e th o d o lo g y  ( t h e  W D C  a l g o r i t h m )  fo r  t h e  p a t t e r n  c h a r a c t e r i z a t i o n ,  a n d  t h e  

i m p u t a t i o n  o f  m is s in g  s a m p le s  is  p r e s e n t e d .  T h i s  m e th o d o lo g y  h a s  b e e n  a p p l i e d  t o  

f o u r  c a s e s  s t u d i e s  s u c h  a s :  M a c k e y - G la s s  c h a o t i c  t im e - s e r i e s ,  t h e  s u n s p o t s  d a t a ,  t h e  

d a i ly  g a u g e  h e ig h t  a t  B a n  L u a n g  g a u g in g  s t a t i o n ,  M a e  T u n  s t r e a m ,  P i n g  R iv e r ,  T h a i ­

l a n d  a n d  t h e  a i r  t e m p e r a t u r e  a t  N a k h o n  R a t c h a s i m a  p r o v in c e ,  T h a i l a n d .  W e  e v a lu a te d  

t h e  a c c u r a c y  o f  e s t i m a t i n g  m is s in g  v a lu e s  w i th  a n  i m p u t a t i o n  p e r f o r m a n c e  i n d e x  w h ic h  

m e a s u r e s  t h e  a c c u r a c y  o f  e s t i m a t i n g  m is s in g  v a lu e s  fo r  t h e  W D C  a l g o r i t h m  a n d  t h e  

d e s i r e d  m e th o d s .  O u r  e x p e r i m e n t s  s ig n i f y  t h a t  t h e  i m p u t a t i o n  a c c u r a c y  o f  t h e  v a r ie d  

w in d o w  c l u s t e r i n g  ( W D C )  a l g o r i t h m  c a n  b e  c o m p a r a b le  o r  b e t t e r  t h a n  t h e  o th e r s  t r a ­

d i t i o n a l  m e t h o d  s u c h  a s :  t h e  s p l in e  i n t e r p o l a t i o n ,  t h e  m u l t ip l e  i m p u t a t i o n  ( M I ) ,  a n d  

t h e  o p t i m a l  c o m p le t io n  s t r a t e g y  f u z z y  c - m e a n s  ( O C S F C M )  a l g o r i t h m .  I n  c a s e  o f  t h e  

n o n - s t a t i o n a r y  t im e - s e r i e s ,  e s p e c ia l ly  t h e  r e a l - w o r ld  p r o b le m s ,  o u r  r e s u l t s  s h o w e d  t h a t  

W D C  o u tp e r f o r m s  i t s  c o m p e t i to r s .

The Mean Square Error (Mackey-Glass) The Mean Square Error (Sunspots)

( a )  (b )

F i g u r e  4 .6 : T h e  M S E  o f  ( a )  M a c k e y - G la s s  d a t a  a n d  (b )  t h e  s u n s p o t s  d a t a  fo r  s p l in e  

i n t e r p o l a t i o n ,  t h e  M I  m e th o d ,  t h e  O C S F C M  a l g o r i t h m ,  a n d  t h e  W D C  a l g o r i t h m .



MS
E

55

The Mean Square Error (Gauge height) x 1 o'3 The Mean Square Error (Air temperature)

(a ) (b )

F i g u r e  4 .7 : T h e  M S E  o f  (a )  g a u g e  h e i g h t  d a t a  a n d  (b )  t h e  a i r  t e m p e r a t u r e  fo r  s p l in e  

i n t e r p o l a t i o n ,  M I  m e th o d ,  t h e  O C S F C M  a l g o r i t h m  a n d  t h e  W D C  a l g o r i t h m .
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T a b le  4 .1 :  T h e  m e a n  s q u a r e  e r r o r  ( M S E )  a n d  t h e  P e a r s o n ’s  c o r r e l a t i o n  ( C O R R )  o f  

M a c k e y - G la s s  d a t a  fo r  t h e  s p l in e  i n t e r p o l a t i o n  m e th o d ,  t h e  M I  m e t h o d ,  t h e  O C S F C M  

a l g o r i t h m ,  a n d  t h e  W D C  a lg o r i t h m .

M eth o d o lo g y Spline M I O C S F C M W D C
Level o f M issing

10 % MSE x io -6 8.77 0.8 23740 92.56
CORR x io -1 9.99905 9.99992 9.32662 9.8969

20 % MSE x io -6 12.71 4.69 25722 14.18
CORR x io -1 9.99859 9.99947 9.25783 9.9847

30 % MSE x io -6 12.13 13.83 28351 27.95
CORR x io -1 9.99863 9.99842 9.17196 9.99690

40 % MSE x io -6 77.61 50.91 32858 58.71
CORR x io -1 9.99134 9.99420 8.91467 9.99355

50 % MSE x io -6 153.12 140.59 42507 170.57
CORR x io -1 9.98289 9.98412 4.70478 9.98115

60 % MSE x io -6 730.91 589.01 44784 555.65
CORR x io -1 9.91888 9.93367 4.52367 9.93788

70 % MSE x io -6 936.58 1356.20 44813 903.80
CORR X  10_1 9.89363 9.84686 4.51896 9.89907

«
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T a b le  4 .2 : T h e  m e a n  s q u a r e  e r r o r  ( M S E )  a n d  t h e  P e a r s o n ’s  c o r r e l a t i o n  ( C O R R )  o f  

t h e  s u n s p o t s  d a t a  fo r  t h e  s p l i n e  i n t e r p o l a t i o n  m e th o d ,  t h e  M I  m e th o d ,  t h e  O C S F C M  

a l g o r i t h m ,  a n d  t h e  W D C  a l g o r i t h m .

M eth od o lo gy  
Level o f M issing

Spline M I F C M W D C

10 % MSE (x io -3) 4.98 7.11 12.62 4.25
CORR (x io -1) 9.45 9.15 8.45 9.48

20 % MSE (x io -3) 5.59 7.55 13.34 4.73
CORR (x io -1) 9.32 9.09 8.30 9.42

30 % MSE (x io -3) 6.76 8.00 13.19 5.01
CORR (x io -1) 9.19 9.04 8.34 9.38

40 % MSE (x io -3) 7.67 8.23 13.02 5.28
CORR (x io -1) 9.11 9.03 8.43 9.36

50 % MSE (x io -3) 8.27 8.98 13.84 5.99
CORR (x io -1) 9.04 8.93 8.33 9.28

60 % MSE (x io -3) 9.58 9.67 14.79 7.05
CORR (x io -1) 8.90 8.85 8.27 9.15

70 % MSE (x io -3) 12.53 10.83 16.46 8.42
CORR (x io -1) 8.63 8.73 8.16 9.00
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T a b le  4 .3 : T h e  m e a n  s q u a r e  e r r o r  ( M S E )  a n d  t h e  P e a r s o n ’s  c o r r e l a t i o n  ( C O R R )  o f  t h e  

g a u g e  h e ig h t  d a t a  fo r  t h e  s p l in e  i n t e r p o l a t i o n  m e th o d ,  t h e  M I  m e t h o d ,  t h e  O C S F C M  

a l g o r i t h m ,  a n d  t h e  W D C  a l g o r i t h m .

M eth od o lo g y  
Level o f M issing

Spline M I O C S F C M W D C

10  % MSE (x l0~3) 2.94 4 .51 6 .0 7 2.34
CORR (x io -1) 9.02 8 .50 7 .85 9.20

20  % MSE (xK T 3) 2.62 4 .52 6 .33 2.00
C O R R  ( x K T 1) 9 .15 8 .53 7 .92 9.33

30 % MSE (x io -3) 3.31 5.01 6 .1 7 2.18
CORR (xK T 1) 8 .94 8 .3 7 7 .99 9.26

40 % MSE (x io -3) 4.11 5 .37 6 .59 2.80
CORR (x io -1) 8.71 8 .28 7 .90 9.06

50 % MSE (x io -3) 4.92 5 .96 6 .81 3.64
CORR (x io -1) 8.46 8 .06 7 .92 8.79

60 % MSE (x io -3) 5.25 6 .99 7 .68 4.56
CORR (x io -1) 8.55 7.81 7 .92 8.56

70 % MSE (x io -3) 7 .47 7 .68 16.5 6.81
CORR (x io -1) 7 .65 7 .48 3 .02 7.89
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T a b le  4 .4 : T h e  m e a n  s q u a r e  e r r o r  ( M S E )  a n d  t h e  P e a r s o n ’s  c o r r e l a t i o n  ( C O R R )  o f  t h e  

a i r  t e m p e r a t u r e  d a t a  fo r  t h e  s p l i n e  i n t e r p o l a t i o n  m e th o d ,  t h e  M I  m e th o d ,  t h e  O C S F C M  

a l g o r i t h m ,  a n d  t h e  W D C  a l g o r i t h m .

M eth od o lo g y  
Level o f M issing

Spline M I O C S F C M W D C

10 % MSE (x io -3) 2.55 5.18 11.43 2.33
CORR (x io -1) 9.47 8.93 7.30 9.50

20 % MSE (x io -3) 2.88 5.66 12.27 2.55
CORR (x io -1) 9.43 8.88 7.24 9.48

30 % MSE (x io -3) 3.47 6.45 12.51 2.99
CORR (x io -1) 9.30 8.71 7.14 9.38

40 % MSE (x io -3) 4.17 7.44 12.41 3.44
CORR (x io -1) 9.17 8.51 7.15 9.29

50 % MSE (x io -3) 5.70 8.86 12.70 4.15
CORR (x io -1) 8.88 8.22 7.10 9.14

60 % MSE (x io -3) 7.47 10.70 12.76 5.24
CORR (x io -1) 8.56 7.86 7.08 8.89

70 % MSE (x io -3) 11.27 13.26 13.28 6.94
CORR (x io -1) 7.95 7.34 6.99 8.52
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a t  6 0%  m iss in g  m a c k e y - g la s s ,  M S E = 0 .1 4 8 4 4 5

S p line  fill-in a t  6 0%  m iss in g  m a c k e y - g la s s .  M S E = 0 .0 0 07 31

W D C  fill-in  a t  6 0%  m iss in g  m a c k e y - g la s s .  M S E  = 0 .0 0 0 5 5 6

T ru e  V alu e

Ml fill—in a t  6 0 %  m iss in g  m a c k e y - g la s s .  M S E  = o.

T rue  V alu e

F i g u r e  4 .8 : S c a t t e r  p lo t s  o f  r e c o n s t r u c t e d  v e r s u s  t r u e  v a lu e s  o f  t h e  m is s in g  d a t a  fo r  t h e  

6 0 %  m is s in g  c a s e  u s in g  t h e  M a c k e y - G la s s  d a t a  s e t .  M is s in g  v a lu e s  w e re  i n i t i a l l y  s e t  t o  

r a n d o m  v a lu e s  ( to p  l e f t ) a n d  f i l le d - in  b y  t h e  W D C  a l g o r i t h m  ( to p  r ig h t ) .  T h e  W D C  

o u t p u t  c a n  b e  c o m p a r e d  t o  t h e  r e c o n s t r u c t i o n s  b y  s p l in e  i n t e r p o l a t i o n  ( lo w e r  l e f t ) a n d  

b y  t h e  M I  m e t h o d  ( lo w e r  r ig h t ) .

T a b le  4 .5 : A v e r a g e  i m p u t a t i o n  p e r f o r m a n c e  i n d e x  P im p  f o r  M a c k e y - G la s s  d a t a ,  s u n s p o t s  

d a t a ,  g a u g e  h e ig h t  d a t a  a n d  a n d  a i r  t e m p e r a t u r e  d a t a .  W e  f o u n d  t h a t  a l l  v a lu e s  o f  P im p  

a r e  g r e a t e r  t h a n  z e ro .

F ill-In M ackey-G lass S u n sp o ts G au g e  H eigh t A ir T e m p e ra tu re
M ethod o log y xio-5 xl0“3 xl0~4 xl0~3

Spline 1.55 2.09 8.99 1.41
MI 4.75 2.80 22.45 4.27
OCSFCM 3442.19 8.07 45.48 8.53
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Initial a t  3 0%  m iss in g  s u n s p o ts ,  M S E = 0 .1 7 8 7 6 4

0 0 .2  0 .4  0 .6  0 .8  1
T ru e  V alu e

T ru e  V alu e

T ru e  V alu e

Ml fill-in  a t  3 0 %  m iss in g  s u n s p o ts .  M S E -  0 .0 0 7 9 9 7

F i g u r e  4 .9 : S c a t t e r  p lo t s  o f  r e c o n s t r u c t e d  v e r s u s  t r u e  v a lu e s  o f  t h e  m is s in g  d a t a  fo r  t h e  

3 0 %  m is s in g  c a s e  u s in g  t h e  s u n s p o t  d a t a  s e t .  M is s in g  v a lu e s  w e r e  i n i t i a l l y  s e t  t o  r a n d o m  

v a lu e s  ( to p  le f t ) a n d  f i l le d - in  b y  t h e  W D C  a l g o r i t h m  ( to p  r ig h t ) .  T h e  W D C  o u t p u t  c a n  

b e  c o m p a r e d  t o  t h e  r e c o n s t r u c t i o n s  b y  s p l in e  i n t e r p o l a t i o n  ( lo w e r  l e f t ) a n d  b y  t h e  M I  

m e t h o d  ( lo w e r  r ig h t) .
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Initial a t  5 0%  m issing  g a u g e  height, M SE 3 0.207661

0 0 .2  0 .4  0 .6  0 .8  1
T rue  V alue

F i g u r e  4.10: S c a t t e r  p lo t s  o f  r e c o n s t r u c t e d  v e r s u s  t r u e  v a lu e s  o f  t h e  m is s in g  d a t a  fo r  

t h e  50% m is s in g  c a s e  u s in g  t h e  g a u g e  h e ig h t  d a t a  s e t .  M is s in g  v a lu e s  w e re  i n i t i a l l y  s e t  

t o  r a n d o m  v a lu e s  ( to p  l e f t ) a n d  f i l le d - in  b y  t h e  W D C  a l g o r i t h m  ( to p  r ig h t ) .  T h e  W D C  

o u t p u t  c a n  b e  c o m p a r e d  t o  t h e  r e c o n s t r u c t i o n s  b y  s p l i n e  i n t e r p o l a t i o n  ( lo w e r  l e f t ) a n d  

b y  t h e  M I  m e t h o d  ( lo w e r  r ig h t ) .
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Initial a t  50%  m iss in g  a ir tem p e ra tu re , M SE = 0 .1 1 97 14  W DC fill-in a t  50%  m issing  a ir tem p e ra tu re , M SE = 0 .0 0 41 47

F i g u r e  4 .1 1 : S c a t t e r  p l o t s  o f  r e c o n s t r u c t e d  v e r s u s  t r u e  v a lu e s  o f  t h e  m is s in g  d a t a  fo r  t h e  

5 0 %  m is s in g  c a s e  u s in g  t h e  a i r  t e m p e r a t u r e  d a t a  s e t .  M is s in g  v a lu e s  w e re  i n i t i a l l y  s e t  

t o  r a n d o m  v a lu e s  ( to p  l e f t ) a n d  f i l le d - in  b y  t h e  W D C  a l g o r i t h m  ( to p  r ig h t ) .  T h e  W D C  

o u t p u t  c a n  b e  c o m p a r e d  t o  t h e  r e c o n s t r u c t i o n s  b y  s p l i n e  i n t e r p o l a t i o n  ( lo w e r  le f t )  a n d  

b y  t h e  M I  m e th o d  ( lo w e r  r ig h t ) .
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Mackey-Glass x 1o4 Sunspots

( a )
Gauge Height

(b )
Air Temperature

(c) (d)

F ig u r e  4 .1 2 : F o r  e a c h  s c a t t e r  p lo t ,  t h e  n u m b e r  o f  m o s t - l ik e ly  s u b s e q u e n c e s  o f  ( a )  M a c k e y -

G la s s  (b )  s u n s p o t s  (c )  g a u g e  h e ig h t  d a t a  a n d  ( d )  t h e  a i r  t e m p e r a t u r e  a r e  p l o t t e d .
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3SI/M

F i g u r e  4 .1 3 : S c a t t e r  p lo t s  o f  t h e  r e f e r e n c e  M S E  v a lu e s  v e r s u s  s e g m e n t  l e n g t h  fo r  a l l  

le v e ls  o f  m is s in g  o f  t h e  M a c k e y - g la s s  d a t a  s e t .

20
0 

25
0 

30
0 

35
0 

40
0 

45
0 

50
0 

55
0 

60
0

Se
gm

en
t L

eng
th



MS
E

66

xio-3 TheMSEofmackey-glassodO

Figure 4.14: Scatter plots of the reference M SE values versus segment length at 10%
missing of the Mackey-glass data set.
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The MSE of mackey-glass of 20

Figure 4.15: Scatter plots of the reference M SE values versus segment length at 20%
missing of the Mackey-glass data set.
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The MSE of mackey-glass of 30

Figure 4.16: Scatter plots of the reference MSE values versus segment length at 30%
missing of the Mackey-glass data set.
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The MSE of mackey-glass of 40

Figure 4.17: Scatter plots of the reference M SE values versus segment length at 40%
missing of the Mackey-glass data set.
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The MSE of mackey-glass of 50

Figure 4.18: Scatter plots of the reference MSE values versus segment length at 50%
missing of the Mackey-glass data set.
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The MSE of mackey-glass of 60
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Figure 4.19: Scatter plots of the reference MSE values versus segment length at 60%
missing of the Mackey-glass data set.
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The MSE of mackey-glass of 70

Segment Length

Figure 4.20: Scatter plots of the reference MSE values versus segment length at 70%
missing of the Mackey-glass data set.
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x 1 o"3 The MSE of sunspots of 10

Figure 4.22: Scatter plots of the reference MSE values versus segment length at 10%
missing of the sunspots data set.
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x -| ฎ"3 The MSE of sunspots of 20

Figure 4.23: Scatter plots of the reference MSE values versus segment length at 20%
missing of the Sunspots data set.
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The MSE of sunspots of 30

Figure 4.24: Scatter plots o f the reference MSE values versus segment length at 30%
missing of the sunspots data set.
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The MSE of sunspots of 40

Figure 4.25: Scatter plots of the reference MSE values versus segment length at 40%
missing of the Sunspots data set.
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The MSE of sunspots of 50

Figure 4.26: Scatter plots of the reference M SE values versus segment length at 50%
missing of the sunspots data set.
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The MSE of sunspots of 60
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Figure 4.27: Scatter plots of the reference MSE values versus segment length at 60%
missing of the sunspots data set.
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The MSE of sunspots of 70

Figure 4.28: Scatter plots of the reference M SE values versus segment length at 70%
missing of the Sunspots data set.



Figure 4.29: S ca tte r plots of the reference M SE values versus segm ent length for all
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x 1 g"3 The MSE of gauge height of all 10

Segment Length

Figure 4.30: Scatter plots of the reference M SE values versus segment length at 10%
missing of the gauge height data set.
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x -| o"3 The MSE of gauge height of all 20

Figure 4.31: Scatter plots of the reference M SE values versus segment length at 20%
missing of the gauge height data set.
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The MSE of gauge height of all 30

Segment Length

Figure 4.32: Scatter plots of the reference M SE values versus segment length at 30%
missing of the gauge height data set.
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The MSE of gauge height of all 40

Figure 4.33: Scatter plots of the reference M SE values versus segment length at 40%
missing o f the gauge height data set.
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The MSE of gauge height of all 50

Segment Length

Figure 4.34: Scatter plots of the reference MSE values versus segment length at 50%
missing o f the gauge height data set.
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The MSE of gauge height of all 60

Figure 4.35: Scatter plots of the reference M SE values versus segment length at 60%
missing o f the gauge height data set.
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The MSE of gauge height of all 70

Figure 4.36: Scatter plots of the reference MSE values versus segment length at 70%
missing of the gauge height data set.
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Table 4.6: T he appropriate  range of partition ing  window size of the  four case studies: 
Mackey-Glass chaotic tim e-series, the  m onthly sunspots data , the  gauge height d a ta  and 
the air tem perature .

S tu d y  C ase 
Level o f M issing

M ackey-glass S u n sp o ts G au g e  H eigh t A ir Tem p.

10 % 10-50 20-50, 70-110 60-120 60-120
20 % 23-50 30-52, 70-100 60-140 60-130
30 % 24-50 40-100 53-120 65-120
40 % 30-50 42-100 67-125 70-120
50 % 35-54 39-90 58-120 60-120
60 % 35-56 39-85 55-123 60-150
70 % 30-60 40-120 55-120 70-110



Figure 4.37: S catter plots of the  reference MSE values versus segment length for all
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The MSE of airtemp of 10 
ๆ------- 1------- 1------- 1------- r

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
Segment Length

Figure 4.38: Scatter plots of the reference MSE values versus segment length at 10%
missing of the air temperature data set.
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x -เ o"3 The MSE of airtemp of 20

Segment Length

Figure 4.39: Scatter plots of the reference M SE values versus segment length at 20%
missing of the air temperature data set.
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x 10'3 The MSE of airtemp of 30

Figure 4.40: Scatter plots of the reference M SE values versus segment length at 30%
missing of the a ir temperature data set.
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The MSE of airtemp of 40

Segment Length

Figure 4.41: Scatter plots of the reference M SE values versus segment length at 40%
missing of the air temperature data set.
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The MSE of airtemp of 50

Segment Length

Figure 4.42: Scatter plots of the reference M SE values versus segment length at 50%
missing of the a ir temperature data set.
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The MSE of airtemp of 60

Segment Length

Figure 4.43: Scatter plots of the reference M SE values versus segment length at 60%
missing of the a ir temperature data set.
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TheMSEofairtempof70

Segment Length

Figure 4.44: Scatter plots of the reference M SE values versus segment length at 70%
missing of the a ir temperature data set.
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