
C H A P T E R  I I I

A P P L I C A T I O N S  O F  I N C O M P L E T E  T I M E - S E R I E S

P R E D I C T I O N

In th is  ch ap ter, w e firstly  d escr ib e  th e  co n cep t o f  in co m p le te  tim e-ser ies  p red iction . 

T h en , w e d escr ib e  th e  co n stru c tio n  o f  b o th  F I-G E M  an d  R M D -F S E  n etw ork s for im ­

p rov in g  th e  p red ic tio n  accu ra cy  o f  in co m p le te  t im e-ser ies  p red iction .

In th is  w ork, w e fo cu s on  p er io d ic  t im e-ser ies  d a ta . T h e  p er io d ica l tim e-ser ies  d a ta  

m ay b e  sea so n a l or cy c lica l. T h e  d a ta  can  b e  m o d e lled  as follow s: L et x t  b e  th e  va lu e  

o f  a sy s te m  a t t im e  t .  T h e  va lu e  o f x t  is g iven  b y  x t =  / (x * _ I ,x t_ 2, . . .  , X t - k ) ,  w here  

k  p rev iou s sa m p les  are u sed  in  th e  m od ellin g . W e d en o ted  k  to  b e  th e  cyc le  o f  th e  

t im e-ser ies  d a ta . T h e  tra in in g  d a ta  are p a rtit io n ed  an d  arranged  in  a  tim e-ser ies  form  

w ith  a w in d o w  size  o f  k .  E ach  se t  o f  d a ta  is, th en , sta ck ed  to  form  an  in p u t m a tr ix  A  

as sh ow n  in  eq u a tio n  (3 .1 ).

T r a i n i n g

X \ x 2 - X k

x 2 x 3 X k + 1

x 3 x 4 X k + 2

% N - k + 1 X N - k + 2  - ■ - X N

(3 ,1 )

S u p p o se  x t  is a  m iss in g  d a tu m . O b viou sly , th e  n u m ber o f x t  can  ap p ear d ia g o n a lly

from  1 to  A; tim es. L et th e  n u m ber o f  ap p ea ran ces o f  x t  in  A  b e  k ' .
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For exa m p le , th ere  is a  p er io d ica l t im e-ser ies  d a ta , w h o se  cy c le  is four.

D a t  = 0 .5  0 .3  1 0 .6  0 .7  0 .2  1.1 0 .5  0 .4  0 .4  1.2 0.4 (3 .2 )

W e su p p o se  th a t  th e  d a ta  is m iss in g  a t t im e  ith . T h e  in d ex  ith  are fou rth  an d  s ix th . 

S y m b o l ” ?” d en o te  th e  m iss in g  d a ta . T h e  in p u ts  are p a rtit io n ed  to  th e  tra in in g  se t  as 

follow s:

J ^ l n p u t

0.5 0.3 1 ?

0.3 1 ? 0 .7

1 ? 0 .7 ?

? 0 .7 ? 1.1

0 .7 ? 1.1 0.5
? 1.1 0.5 0.4

1.1 0.5 0 .4 0 .4

0.5 0 .4 0 .4 1.2

0 .7

(3 .3 )

?

0O u t p u t  _

1.1
0.5

0 .4

0 .4

0 .4

1.2

(3 .4)

A  tra in in g  se t  

w h en  w e tra in ed

an d  a  ta rg e t se t are in co m p le te  in  eq u a tio n  (3 .3 ) an d  (3 .4 ). In general, 

a  n eu ra l n etw ork , th e  in p u t an d  ta r g e t  sh o u ld  b e  co m p le ted . T h u s,

fillin g  in  th e  e s tim a tin g  m iss in g  va lu e  is n eed ed , w e sh o u ld  n o t ign ore th o se  m issin g .
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E ach  X t  is m o d e led  as x t +  e. W h en  w e con sid ered  x t  +  e, w h ich  is like th e  n o isy  

d a ta  p rob lem . T h e  p rob lem  is to  d eterm in e  th e  tech n iq u e  th a t  p rod u ces x t  su ch  th a t  

( x t  — x t )2 is m in im ized . H en ce, w e sh ou ld  con sid er  a fill-in  tech n iq u e  red u cin g  th e  n o ise  

effect o f  each  x t .

W e h ave p rop o sed  th e  a p p lica tio n s  o f t im e-ser ies  p red ic tio n  as fo llow s

3 .1  F I - G E M  N e t w o r k

W e con sid er severa l s ta n d a rd  tech n iq u es  for fillin g  in  th e  m iss in g  d a ta  in  our ex p erim en ts. 

W e u sed  cu b ic  sm o o th in g  sp lin e  in terp o la tio n  an d  th e  im p u ta tio n  b ased  on  E M  a lgo rith m

[3] in  our p relim in ary  so lu tio n . T h e se  tech n iq u es  are ap p lied  to  th e  sam e d a ta  se t  w ith  

som e m iss in g  d a ta . W e h ave to  tra in  th e  in d iv id u a l n etw ork s b y  su p erv ised  neural 

n etw ork s m u ltilayer  p ercep tro n (M L P ) w ith  e x ten d ed  K a lm a n  filter in g  [25] b y  S inghal. 

T h e  en sem b le  co n stru c tio n  [24] P erron e is u sed  for th e  co m b in a tio n  o f  th e  in d iv id u a l 

netw orks. W e n a m e th is  ty p e  o f  n etw ork  F i l l - I n  -  G e n e r a l i z e d  E n s e m b l e  M e t h o d  ( F I -  

G E M ) n etw ork s. T h e  stru ctu re  o f  F I-G E M  n etw ork  is  sh ow n  in  F ig u re  3.1.

F ig u re  3.1: F I-G E M  N etw o rk  S tru ctu re
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A .  T r a i n i n g  N e u r a l  N e t w o r k  : L et o ^  b e  th e  o u tp u t  sig n a l o f  j t h  n eu ron  in  th e  

q t h  layer in d u ced  b y  th e  p resen ta tio n  o f an  in p u t p a tte r n  t , x t =  (x tj1 , x ti2, • • • ,

an d  w jj  th e  co n n ec tio n  w eigh t com in g  from  th e  i t h  n eu ron  in  th e  ( q  — 1) layer to  th e  

j t h  n eu ron  in  th e  q t h  layer. A ssu m e th a t  X  is an  a u g m en ted  v ector , i.e . X q —  1 .  T h en  

O j =  X j ,  o ? '1 =  g i n e t ^ ) ,  an d

n e t ?  =  w ? ? ~ l )  (3 -5)

w h en  ท q _ 1 is th e  n u m b er o f n o d es  in  th e  ( q  — 1) layer. T h e  a c tiv a tio n  fu n ctio n s u sed  

in  each  n eu ron  o f th e  h id d en  layer an d  o f  th e  o u tp u t  layer are a s ig m o id a l fu n ctio n  

g ( a )  =  1+ e j p ( _ a )  an d  an  id e n tity  fu n ctio n  g ( a )  =  a, resp ective ly .

B .  L e a r n i n g  A l g o r i t h m  : S u p p o se  th ere  are M  n eu ron s in  th e  o u tp u t layer, T  in p u t  

p a ttern s, an d  Q  layers. L et พ ^  =  ['พ^] พ 2J . . .  พ ท ? 1 j ] T  b e  th e  w eigh t v ec to r  o f  neuron  

j  in  th e  q t h  layer, พ  a  se t  o f  all w j ,  an d  y t =  [ y \ ,t 2/ 2 ,f - . .  V M , t ] T  t-he ta rg e t o f  in p u t  

p a ttern  x t . For a g iv en  tra in in g  se t  { ( x ^ y x ) ,  ( x 2 , y 2 ) ,  . . . ,  ( x r , y x ) } ,  In th e  p relim in ary  

so lu tio n  o f th is  w ork, w e u se  th e  ex ten d ed  K a lm a n  filter in g  (E K F ) a lg o r ith m  [25] to  

tra in  th e  n etw ork  b y  m in im iz in g  th e  su m -sq u ared  error.

£ (w ) =  2 <3-6)

T h e  tra in in g  p rocess w ill s to p  if  th e  m ean  sq u are error (M S E ) is less  th a n  or eq u al to  

th e  sp ecific  to lera n ce .

M S E  =  i # ( W )  (3 .7 )

c .  N e u r a l  N e t w o r k  P r e d i c t i o n  ะ A  c o m b in a tio n  o f m a n y  neu ral n etw ork s o f th e  

sam e ty p e  s ig n ifica n tly  sh ow s th e  im p rovem en t o f th e  p red ic tion  p erform an ce. E n sem b le
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n etw ork s co n s ist  o f  in d ep en d en tly  tra in ed  n eu ra l n etw ork s w h ich  are com b in ed  as a  s in g le  

m aster  netw ork . T h e  n etw ork  is u sed  as th e  seco n d  e s tim a tin g  step . T h e  in p u t to  each  

su b -n etw ork  is  th e  o u tp u t from  each  m iss in g  d a ta  fill-in  tech n iq u e.

3 .2  R M D - F S E  N e t w o r k

For th is  n etw ork , w e s ti ll p resen t an  ap p roach  th a t  u ses severa l E M -b ased  a lg o r ith m s and  

a sm o o th in g  sp lin e  in terp o la tio n  to  fill in  th e  m iss in g  d a ta  va lu es like F I-G E M  netw ork. 

E ach  in d iv id u a l n etw ork , w h ich  is u n lik e F I-G E M  n etw ork , is on e  th a t  u ses a  F in ite  

Im p ulse  R esp o n se  (F IR ) m o d e l [26] to  p erform  th e  p red iction . W e d en o te  th is  ap p roach  

as a r e c o n s t r u c t e d  m i s s i n g  d a t a - f i n i t e  i m p u l s e  r e s p o n s e  s e l e c t i v e  e n s e m b l e  ( R M D - F S E )  

netw ork . T h e  R M D -F S E  n etw ork  h as tw o  p arts , th e  in d iv id u a l F IR  n etw ork s an d  th e  

m aster  n etw ork  u sed  to  in teg ra te  th e  o u tp u ts .

A .  I n d i v i d u a l  N e t w o r k s  : E ach  in d iv id u a l n etw ork  is a  layer-b y-layer fu lly  con ­

n ec ted  feed-forw ard  n etw ork  m o d e led  w ith  ta p p ed -d e la y ed  sy n a p ses . S u p p o se  th e  link ing  

sy n a p se  b e tw een  n o d e  i  o f  layer l  an d  n o d e  j  o f  layer l  +  1 w ith  a d e la y  o f  T i  is

K 'i( o )  พ 1J i (1) • . .  พ 1j i ( T i ) ] T ,

and th e  in p u t a t t im e  ท  w ith  T ;-delay is [ x \ { ท )  x \ { ท  —  1) . . .  x \ { ท  — T i ) ] T . T h e  F IR  filter  

form s a  w eig h ted  su m  o f  p a st va lu es o f  it s  in p u t. T h e  n eu ron  j  o f  layer l  +  1 receives  

th e  filtered  in p u ts  Sj+1 { ท )  as

4 +V )  =  +  -  !)

+  • • - + พ1ji {Ti)x\ {ท- Tl)}, (3.8)

an d  th en  p asses  Sj+I (ท) th ro u g h  a  s ig m o id a l n on lin ear  fu n ctio n  /  as

* ‘+1(n) =  / (4 +1("))- (3.9)
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N eu ro n s are arran ged  in  layers to  form  a n etw ork  in  w h ich  a ll co n n ectio n s are m ad e  

w ith  sy n a p tic  filters. D u rin g  th e  tra in in g  o f th e  netw ork , th e  va lu e o f  each  w eigh t is 

ad ju sted  in  order to  m in im ize  th e  sp ecified  sq u ared  error e (n )  b y  u sin g  th e  tem p o ra l 

b a ck p ro p a g a tio n -ty p e  a lg o r ith m  [26].

B .  M a s t e r  N e t w o r k  : T h e  o u tp u ts  o f  a ll in d iv id u a l neu ral n etw ork s are com b in ed  by  

th e  g en etic  a lg o r ith m -b a sed  se lec tiv e  n eu ra l n etw ork  en sem b le  m eth o d  (G A S E N ) [27]:
N r m d - f s e

x r m d - f s e {p )  =  a i X ^  ( ท ) ,
2=1

w h ere N r m d - f s e  is th e  n u m ber o f in d iv id u a l n etw ork s, xb) (ท) is th e  o u tp u t  va lu e o f  

th e  ith  netw ork , an d  cq is th e  w eig h tin g  p ara m eter  for th e  o u tp u t from  th e  '/til netw ork.

T h e  va lu es o f  cq m u st sa t is fy  th e  co n stra in ts  o f  0 <  cq <  1 an d  J T  cq =  1. C h o osin g  

th e  a c tu a l va lu es o f  cq is an  o p tim iza tio n  p rob lem  b eca u se  it  ca n n o t b e  k n ow n  a  p r i o r i  

w h ich  n etw ork  w ill p rod u ce  a m ore re liab le  e s tim a te . L et a  b e  th e  v ector  su ch  th a t  cq 

is its  i th  e lem en t. T h e  p aram eter  vector  a  can  b e  fou n d  b y  m in im iz in g

E 0  = ar Ca

w h ere c  is th e  correla tio n  m a tr ix  o f th e  errors from  th e  n etw ork  p red ictors an d  ad-d.

A  g en etic  a lg o r ith m  is u sed  to  search  for a  so lu tio n  o f E a  b y  d efin in g  h ( a )  =  A - as 

th e  fitn ess fu n ctio n  w h ich  is to  b e  m a x im ized . T h e  co m p o n en ts  o f  a  ca n d id a te  so lu tio n  

a  m ay  v io la te  th e  co n stra in ts  d u rin g  its  e v o lu tio n . T herefore its  e lem en ts  cq sh ou ld  be  

n orm alized  to  a i / Y 2 j  a ]  a t each  gen era tion . T h e  n etw ork s w h ich  are a sso c ia te d  w ith  Qj 
less  th a n  a th resh o ld  va lu e  A, w h ich  is zero, w ill b e  exclu d ed .
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3 .3  E x t e n d e d  R M D - F S E  N e t w o r k

W e e x ten d ed  our w ork [21] to  e x ten d ed  R M D -F S E  n etw ork  [22]. S ix  fill-in  m eth o d s, 

v iz . cu b ic  sm o o th in g  sp lin e  in terp o la tio n , k -seg m en t p rin cip a l cu rves, E x p e c ta t io n  m a x ­

im iza tio n  (E M ), regu larized  E M , average E M , an d  average regu larized  E M , are sim u l­

ta n eo u sly  em p lo yed  in  a first s tep  for reco n stru ctin g  th e  m iss in g  va lu es o f  tim e-ser ies  

d ata . A  se t  o f  co m p le te  d a ta  from  each  in d iv id u a l fill-in  m eth o d  is u sed  to  tra in  a F IR  

neural n etw ork  to  p red ict th e  t im e  ser ies like [21]. T h e  o u tp u ts  from  in d iv id u a l n etw orks  

are com b in ed  b y  a se lec tiv e  en sem b le  m e th o d  in  th e  seco n d  s tep . E x p er im en ta l resu lts  

sh ow  th a t  th e  p red ic tio n  m ad e b y  th e  p ro p o sed  m eth o d  is m ore accu ra te  th a n  th o se  

p red icted  b y  n eu ra l n etw ork s w ith o u t  a fill-in  p rocess or b y  a s in g le  fill-in  p rocess. T h e  

im p ro vem en t o f  p erform an ce o f m a ster  n etw ork  is ex p la in ed  as follow s:

A .  M a s t e r  N e t w o r k  S u p p o se  w e u se  an  en sem b le  o f N  n etw ork s to  p red ict a  sam p le  

va lu e f R M D - F S E ^ ) -  T h e  overall en sem b le  o u tp u t  can  b e  an y  fu n ctio n  o f  th e  in d iv id u a l 

n etw ork  o u tp u ts . T h e  s im p lest  su ch  fu n ctio n  is to  com b in e th e  in d iv id u a l o u tp u ts  as a  

w eigh ted  sum :
N

% r m d —f s e (j i )  =  a j X ^  (ท ), (3 .10)i= 1

w h ere ( ท )  is th e  o u tp u t va lu e  o f th e  zth  n etw ork , w ith  an  a sso c ia ted  w eigh tin g  p a­

ram eter  a  1 . In tu itiv e ly , th e  w eigh ts sh o u ld  sa t is fy  1 Qj =  1 b eca u se  each  netw ork  

p rod u ces a p red ic tio n  o f th e  sa m e sa m p le  X (ท ). A d d itio n a lly , s in ce  th e  p red ic ted  va lu es  

sh o u ld  h ave th e  sa m e sig n  as th e  sa m p le , it  is reaso n ab le  to  e x p e c t  0 <  Oii <  1, for a ll i .

T h e  w e ig h t sh o u ld  b e  se t so  th a t  if  th e  j t h  n etw ork  is m ore re liab le , it s  a sso c ia ted  

w eigh t ctj sh o u ld  b e  larger. C h o o sin g  th e  a c tu a l va lu es o f  Qj is an  o p tim iz a tio n  p rob lem  

b ased  on  th e  ob serv ed  m ean  sq u are error o f  in d iv id u a l netw ork . L et c  is th e  correlation  

m a tr ix  o f  th e  errors from  th e  n etw ork  p red ic tors an d  oh-b; th e  ( i t j ) t h  e lem en t o f c
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is g iven  by

^  =  i r i E e<i’พ eM พ  (3-11)
I ' fcer

w h ere r  is th e  tra in in g  set and e ^ \ k )  is th e  error o f  N etw ork  j  p rod u ced  in  resp on se  to  

th e  fcth in p u t o f  th e  tra in in g  se t. T h e  d ia g o n a l term s o f  c  are th e  m ea n  sq u are errors 

o f  th e  in d iv id u a l n etw ork s w h ile  each  o ff-d ia gon a l term  is a  p a irw ise  correla tio n  o f th e  

corresp o n d in g  n etw ork s. In th e  fo llow in g  w e w r ite  Cii as c f .  S in ce  th e  en sem b le  o u tp u t  

sh ou ld  h ave a  b e tte r  p erform an ce th a n  th e  in d iv id u a l n etw ork s, a  cr iter ia  for fin d in g  a  

is to  m in im ize  th e  en sem b le  o u tp u t m ean  sq u are  error:

E a  =  a T C a . (3 .1 2 )

S om e in sig h t a b o u t th e  ch o ice  o f th e  w eig h ts an d  th e  o u tp u t m ean  sq u are  error can  b e  

ga in ed  b y  co n sid er in g  th e  sim p le  case  w h en  N  =  2. T h e  so lu tio n  for a  is to  b e  fou n d  by

m in im iz in g

E 2 = Oil Oi 1
CÏ C l 2 Oil

C\2 c 2c 2 a 2

S in ce a 2 —  1 — a i ,  w e can  d ifferen tia te  E 2 w ith  resp ect to  Qi to  so lv e  for on as :

“ 1 =  4  +  c p 2 c 12'

(3 .13)

(3 .14)

It fo llow s th a t

Cl -  C i2
a 2  =  ~2 I „2C1 +  c2 ~  2c12

W ith  th is  se t  o f  w e ig h ts, th e  en sem b le  o u tp u t  h as a  m ean  square error o f

(3 .15)

E 2  =  a f c i  +  O i \ c ^  +  2aia2Ci2
_ c } c 2 ~ ( c  12>2 

—  c \ + 4 - 2 c 1 2

(3 .16)
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T h is  se t  o f  w e ig h t illu stra tes  th a t  w h en  N etw ork  1 is rea liab le , i.e ., c \  <  c% , its  o u tp u t  

is w e ig h ted  m ore h ea v ily  s in ce  an >  a 2. In fa ct, if  N etw ork  1 m ak es n o  m ista k es during  

tra in in g , i.e ., c \  =  0, th e  w eigh t for th e  o th er  n etw ork  a 2 is se t  to  zero so  th a t  th e  o u tp u t  

o f N etw ork  1 is tak en  as th e  en sem b le  o u tp u t. W h en  th e  correla tio n  o f th e  errors by  

th e  tw o  n etw ork s are low , i.e ., w h en  th e y  m ak e m ista k es at d ifferent in p u t p a ttern s, th e  

en sem b le  m ea n  square error sim p liflifies to

S u p p o se  N etw ork  1 h as a b e tte r  p erfo rm an ce so  th a t  c \  =  p c \ , w h ere  p  >  1. T h e  

en sem b le  m ean  sq u are error is th en

w h ich  is le ss  th a n  th e  sm aller  o f  th e  m ea n  sq u are errors o f  th e  tw o  in d iv id u a l n e t­

w orks. In th is  case , w e can  see  th a t  th e  im p ro vem en t, in  th e  m ea n  sq u are sen se , of  

h av in g  an  en sem b le  n etw ork  can  b e  as h ig h  as a factor o f 2, corresp o n d in g  to  th e  case  

o f  p  =  1, or w h en  th e  tw o  n etw ork s m ak e eq u al a m o u n ts  o f  m ista k es  in  an  u n correlated  

fash ion .

C on sid er  a n o th er  scen ario . S u p p o se  th e  tw o  n etw ork s m ak e a b o u t th e  sa m e am o u n t  

o f m ista k es in  th e  tra in in g  se t  an d  th a t  th e  m ista k es are o f a p p ro x im a te ly  th e  sam e  

order. F u rth er, su p p o se  th a t  th e ir  m ista k es  overlap , i.e ., th e y  m ake th e  sa m e m istak es  

for a su b se t  o f  th e  tra in in g  se t. T n  th is  case , c \  =  c \  an d  C i2 =  p c i ,  w h ere p  is th e  

am o u n t o f  overlap  o f  th e ir  m istak es, so  th a t  0 <  p  <  1. T h e  m ea n  sq u are error o f th e  

o u t p u t is th en

p + 1
(3.18)

(3.19)

W h en  th e  tw o  n etw ork s m ak es th e  sa m e se t  o f  m istak es, p  =  1, an d  th e  o u tp u t m ean  

sq u are error is th e  sa m e as th a t  o f  each  in d iv id u a l netw ork . W h en  th e  tw o  n etw orks
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m ake d ifferent m istak es, j3  ap p roach es 0 so  th a t  th e  en sem b le  o u tp u t  is  im p roved  in  th e  

m ean  sq u are sen se  b y  a  factor  ap p ro ach in g  2.

In th e  gen era l case  w h en  K  >  2, a  g en e tic  a lgo r ith m -b a sed  se le c t iv e  n eu ral netw ork  

en sem b le  m e th o d  (G A S E N ) [27] can  b e  u sed . A  g en etic  a lgo r ith m  is u sed  to  search  

for a  so lu tio n  o f E a b y d efin in g  h ( a )  =  l / E a as th e  fitn ess fu n ctio n  w h ich  is to  b e  

m ax im ized . T h e  co m p o n en ts  o f  a  c a n d id a te  so lu tio n  a  m ay  v io la te  th e  con stra in ts  

d u rin g  its  ev o lu tio n , therefore  its  e lem en ts  Qj sh o u ld  b e  n orm alized  to  O L ij  Y 2 j  a j  at each  

gen era tion .

T h ere  are different stra teg ie s  in  u sin g  th e  w eig h ts fou n d  b y  th e  g e n e tic  a lgorith m . 

In G A S E N  [27], th e  w eigh t are u sed  to  e lim in a te  n etw ork s rath er th a n  to  b e  u sed  in  a 

w eig h ted  average. W e can  ex c lu d e  th o se  n etw ork s w h ich  are a sso c ia te d  w orth  w eigh ts  

less th a n  a  th resh o ld  va lu e A >  0; i.e ., ex c lu d e  N etw ork  i  i f  a i  <  A. A fter  th o se  

n etw ork s are d isca rd ed , th e  o u tp u ts  o f  th e  rem ain in g  n etw orks are averaged  to  form  th e  

en sem b le o u tp u t. T h is  is ju stif ied  b y  o b serv in g  th a t  after e lim in a tin g  th o se  n etw orks  

th a t  are p a rticu la r ly  u n reliab le , th e  rem ain in g  in d iv id u a l n etw ork s h ave ap p ro x im a te ly  

eq u al p erform an ce.

In our w ork, w e se t  A to  zero an d  u se  th e  w eigh ts fou n d  b y  th e  g en e tic  a lgo rith m  to  

form  a w eig h ted  average as th e  en sem b le  o u tp u t. E m p ir ica lly  w e fou n d  th is  m eth o d  to  

b e  m ore d esira b le  th a n  u sin g  a s im p le  average w ith  or w ith o u t d isca rd in g  n etw orks w ith  

p articu la r ly  u n rea liab le  o u tp u ts .

3 .4  R e s u l t s

O ur p relim in ary  resu lts  are p u b lish ed  as below :

1. ร. C h iew ch a n w a tta n a , an d  c. L ursinsap: “F I-G E M  N etw o rk  for In com p lete  

T im e-S er ies P r e d ic t io n ,” P r o c e e d i n g  I n t e r n a t i o n a l  J o i n t  C o n f e r e n c e  o n  N e u r a l  N e t w o r k ,
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( I J C N N ’0 2 )  I E E E  W o r l d  C o n g r e s s  o n  C o m p u t a t i o n a l  I n t e l l i g e n c e , H on olu lu , U S A , M ay  

12-17, 2002 , vo l. 2, pp . 1757-1762 .

2. ร . C h iew ch an w attan a , c .  L u rsin sap  an d  c .  H. Chu: “T im e-S er ies  D a ta  P re­

d ic tio n  B a sed  on  R eco n stru ctio n  o f M issin g  S am p les an d  S e lec tiv e  E n sem b lin g  o f F IR  

N eu ra l N etw o rk s,” P r o c e e d i n g s  o f  T h e  9 t h  I n t e r n a t i o n a l  C o n f e r e n c e  o n  N e u r a l  I n f o r m a ­

t i o n  P r o c e s s i n g  ( I C O N I P ’0 2 ) ,  S in ga p ore , N ovem b er 18-22, 20 02 , p. 2152  -215 6

3. ร . C h iew ch an w attan a , c .  L u rsin sap  an d  c .  H. Chu: “A  R eco n stru cted  M issin g  

D a ta -F in ite  Im p u lse  R esp o n se  S e lec t iv e  E n sem b le  (R M D -F S E ) N etw o rk ,” A  C h a p t e r  i n  

N e u r a l  I n f o r m a t i o n  P r o c e s s i n g  S y s t e m  : R e s e a r c h  a n d  D e v e l o p m e n t  ( S e r i e s :  S t u d i e s  i n  

F u z z i n e s s  a n d  S o f t  C o m p u t i n g ) ,  v o l .  1 5 2 ,  S p r i n g e r ,  R a j a p a k s e ,  J a g a t h  c . ;  W a n g ,  L i p o  

( E d s . )  2 0 0 4 , IS B N :3 -5 4 0 -2 1 123-3, p .11 3 -12 7 .

T h e  first an d  th e  secon d  p rob lem s in  sec tio n  2, w ere u sed  t o  s tu d y  in  our p u b lica tio n  

1 [17]. For p u b lica tio n  2 [21], w e  s tu d ied  th e  th e  seco n d  an d  th e  th ird  p rob lem s. Fur­

th erm ore, w e ex ten d ed  [21] to  p u b lica tio n  3 [22]. O ur p relim in ary  resu lt are d escr ib ed  

as follow :

3 .4 .1  R e s u l t s  o f  F I - G E M  n e t w o r k  [17]

O ur so lu tio n  is to  d evelop  a  n ew  n eu ra l n etw ork  m o d e l for fo rca stin g  in co m p le te  tim e-  

ser ies d a ta  an d  im p rove th e  a ccu ra cy  o f p red iction . M a ck ey-G lass ch a o tic  tim e-ser ies  

d a ta  an d  th e  an n u al su n sp o ts  are u sed  to  b e  th e  tw o  ca se  s tu d ie s  in  our p relim in ary  ex ­

p er im en t. V arious version s o f  E M -b a sed  a lgo r ith m  an d  sm o o th in g  sp lin e  in terp o la tio n  

are u sed  to  p rep rocessin g  th e  in co m p le te  d a ta  se ts . W e h av e to  tra in ed  th e  in d iv id ­

u a l n etw ork s b y  su p erv ised  n eu ra l n etw ork s m u ltilayer  p ercep tro n (M L P ) w ith  ex ten d ed  

K alm a n  filter in g  [25] b y  S in gh a l. T h e  en sem b le  co n stru ctio n  [24]P errone is u sed  for th e
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co m b in a tio n  o f th e  in d iv id u a l n etw ork s. W e n am e th is  ty p e  o f  n etw ork  F i l l - I n  -  G e n e r a l ­

i z e d  E n s e m b l e  M e t h o d  ( F I - G E M ) n etw ork s. T h e  ex p er im en ta l resu lts  are su m m arized  as 

fo llow s. T h e  m iss in g  a t ran d om  (M A R ) in co m p le te  t im e-ser ies  are crea ted  by ran d om ly  

sa m p lin g  th e  m iss in g  t im e  s te p s  from  th e  tra in in g  se t  o f th e  b o th  d a ta  se ts . T h e  levels  

o f m iss in g  va lu es con sid ered  in  our ex p er im en ts  are se t  to  2.5% , 5%, 7 .5  10%, 12.5% , 

an d  15%.

T h e  p erfo rm an ce o f  p red ic tion  b y  an  M L P  are ev a lu a ted  b y  m ea su r in g  th e  d ifference  

b etw een  th e  M S E  o f  th e  d esired  n etw ork s an d  th e  reference n etw ork s ex p la in ed  in  [17].

For M a ck ey-G lass ch a o tic  t im e-ser ies  d a ta , th e  in p u t v ec to r  for p red ic tin g  X t  is 

[xt_6 Xi _ ! 2  xt-is £ i _ 2 4 ]T . T h e  p red ic tio n  p erform an ces are sh o w n  in  F igure 3 .2 (a ). 

W e fou n d  th a t  so m e in d iv id u a l n etw ork s y ie ld  P d  le ss  th a n  zero a t so m e lev el o f  m iss­

in g  b u t th e y  y ie ld  P d  greater  th a n  zero a t a n o th er  lev el o f  m iss in g . In F igu re  3 .2 (a ), 

F I-G E M  n etw ork s y ie ld  P d  less  th a n  zero for every  lev el o f  m iss in g . T h is  sh ow s th a t  

F I-G E M  n etw ork s g ive  th e  b e tte r  p red ic tio n  p erform an ce th a n  th e  reference netw orks. 

F u rth erm ore, th e y  y ie ld  th e  lo w est P d  a lso . p d > o f  s ix  lev els  o f  m issin g : 2.5% , 5%, 7.5%  

10%, 12.5% , an d  15%, are sh ow n  in  T a b le  I. T h e  ex p er im en ta l resu lts  sh ow  th a t  all p d r 

v a lu es are grea ter  th a n  zero. W e can  n o tic e  th a t  th e  in d iv id u a l n etw ork s g ive  th e  w orse  

p red ic tio n  p erform an ce th a n  F I-G E M  n etw ork s in  term s o f  b o th  m ea n  sq u are error and  

co n sisten cy .

For th e  su n sp o ts  d a ta , th e  in p u t v ecto r  for p red ic tin g  xt is \xt-\ X t - 2 • • • X t - n } T ■ 
T h e  p red ic tio n  p erform an ce are sh o w n  in  F ig u re  3 .2 (b ) . W h en  w e con sid er  th e  resu lts, 

w e fou n d  so m e in d iv id u a l n etw ork s y ie ld  P d  less th a n  zero a t 7.5%  an d  10% m issin g  

b u t F I-G E M  n etw ork s y ie ld  P d  less  th a n  zero for every  lev e l o f  m issin g . F urtherm ore, 

F I-G E M  n etw ork s y ie ld  th e  lo w est P d -  P d 1 o f  s ix  levels o f  m issin g : 2.5% , 5%, 7.5%  

10%, 12.5% , an d  15%, are sh ow n  in  T a b le  3 .1 . A ll p d f  va lu es are a lso  grea ter  th a n  zero. 

H en ce, F I-G E M  n etw ork s e x h ib it  b e tte r  p erform an ce th a n  th e  in d iv id u a l new orks.
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W e h ave p rop osed  F I-G E M  n etw ork , w h ich  is th e  in co rp o ra tio n  o f  fill-in  tech n iq u es  

an d  en sem b le  n etw ork  for p red ic tin g  th e  tim e-ser ies  d a ta  in  th e  fu tu re. T h e  p erform an ce  

in d ex  w h ich  m easu res th e  accu ra cy  o f  p red iction  for th e  d esired  n etw ork  w ith  resp ect 

to  th e  in d iv id u a l n etw ork  u sin g  th e  co m p le te  d a ta  as th e  tra in in g  se t  is eva lu a ted . 

O ur exp er im en ts  s ig n ify  th a t  F I-G E M  ou tp erform s each  in d iv id u a l n etw ork  w h en  te ste d  

w ith  tw o  m o st referred b en ch m ark s, M ack ey-G lass ch a o tic  tim e-ser ies  an d  th e  an n u al 

su n sp o ts .

3 .4 . 2  R e s u l t s  o f  R M D - F S E  n e t w o r k  [21]

For R M D -F S E  netw ork , th e  en sem b le  n etw ork  th erefore c o n s ists  o f  in d ep en d en tly  tra in ed  

n eu ra l n etw ork s, each  d raw in g an in p u t stream  from  a fill-in  m eth o d , w h ich  are th en  

com b in ed  as a  s in g le  m aster  n etw ork . E ach  in d iv id u a l n etw ork  is on e  th a t  u ses a F in ite  

Im p u lse  R esp o n se  m od el [26] to  p erform  th e  p red iction . T h e  o u tp u ts  o f  all in d iv id u a l 

neu ral n etw ork s are com b in ed  b y  th e  g en etic  a lg o r ith m -b a sed  se lec tiv e  n eu ral netw ork  

en sem b le  m e th o d  (G A S E N ) [27]: W e d en o te  th is  ap p roach  as a  r e c o n s t r u c t e d  m i s s i n g  

d a t a - f i n i t e  i m p u l s e  r e s p o n s e  s e l e c t i v e  e n s e m b l e  ( R M D - F S E )  netw ork .

T w o  d ifferent d a ta  se ts  are u sed  in  our exp er im en t. T h e  first se t  is th e  su n sp o t d a ta  

an d  th e  seco n d  se t  is th e  d a ily  g a u g e  h e ig h t. T h e  ex p er im en ta l resu lts  o f  th ese  tw o  d a ta  

se ts  are con c lu d ed  as fo llow s.

For ga u ge h igh t d a ta , w e ch oo se  th e  first 2 ,000  d ays to  b e  th e  tra in in g  se t  an d  th e  

rest 495  d ay s to  b e  th e  te s t  se t. For su n sp o ts  d a ta , w e ch o o se  th e  first 245 d ays to  b e  th e  

tra in in g  se t an d  th e  rest 50 years to  b e  th e  te s t  se t. W e crea te  th e  m issin g  a t ran d om  

(M A R ) an d  rep ea ted  th e  m u m b er o f runs like [17].

T h e  p erform an ce o f p red ic tio n  b y  F IR  are ev a lu a ted  b y  m easu r in g  th e  d ifference b e­

tw een  th e  M S E  o f  th e  d esired  n etw ork s an d  th e  reference n etw ork s. T h o se  are ex p la in ed
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in  [17].
For th e  su n sp o ts  d a ta , th e  w e ig h ts  a ss ig n ed  to  each  in d iv id u a l n etw ork  o f th e  en sem ­

b le  n etw ork  are sh ow n  in  F ig u re  3 .3 (a ) . W e can  see  from  F ig u re  3 .3 (a )  th a t  th e  w eigh ts  

a sso c ia te d  w ith  so m e in d iv id u a l n etw ork s a t 12.5%  an d  15% m iss in g  in p u t w ere se t  to  

zero b y  th e  g en etic  a lgo rith m . T h e  o u tp u t  o f th o se  n etw ork s w ere th erefore  essen tia lly  

d isca rd ed  from  th e  en sem b lin g . T h e  p red ic tio n  p erform an ce is sh ow n  in  F igu re  3 .4 (a ). 

W h en  w e con sid er  th e  resu lts , w e fou n d  so m e in d iv id u a l n etw ork s y ie ld  P d  less th a n  zero  

at 2.5% , 5%, 7.5%  an d  12.5%  m iss in g  d a ta  b u t R M D -F S E  n etw ork s y ie ld  p d  less  th a n  

zero for every  p ercen ta g e  o f  m iss in g  d a ta . F urtherm ore, R M D -F S E  n etw ork s y ie ld  th e  

lo w est P d  an d , con seq u en tly , g ive  th e  b e tte r  p red iction  p erfo rm an ce th a n  th e  reference  

n etw ork . T h e  ex p er im en ta l resu lts  in  T a b le  2 sh ow  th a t , a ll p 'd  v a lu es  are a lso  greater  

th a n  zero. H en ce, R M D -F S E  n etw ork s e x h ib it  b e tter  p erfo rm an ce th a n  th e  in d iv id u a l 

netw orks.

For th e  d a ily  ga u ge 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  river  

d a ta , th e  w e ig h ts  a ss ig n ed  to  each  in d iv id u a l n etw ork  o f th e  en sem b le  n etw ork  are sh ow n  

in  3 .3 (b ) . S om e in d iv id u a l n etw ork  are d iscard ed  from  th e  en sem b lin g  a t 2 .5  %, 7 .5  % 

an d  15 % m issin g . T h e  p red ic tion  p erfo rm an ces are sh ow n  in  F ig u re  3 .4 (b ) . T h e  p d  o f  th e  

R M D -F S E  n etw ork s are less  th a n  zero a t 2.5% , 5%, 7.5% , 10% an d  12.5%  m iss in g  d a ta , 

w h ile  a t  15% m iss in g  d a ta , it  is grea ter  th a n  zero. T h is  sh ow s th a t  R M D -F S E  n etw orks  

can  w ork as w ell as th e  n etw ork  w h ich  is tra in ed  w ith  n o  m iss in g  d a ta . T h e y  y ie ld  low er  

P d  th a n  th e  in d iv id u a l n etw ork s a t  ev ery  lev e l o f  m issin g  d a ta . T h ese  resu lts  s ig n ify  

th a t  R M D -F S E  n etw ork s a lso  g iv e  b e tte r  p red iction  p erform an ce th a n  th e  in d iv id u a l 

n etw ork s. T h e  ex p er im en ta l resu lts  in  T a b le  3 .2  sh ow  th a t , a ll P d  va lu es are greater  

th a n  zero. W e n o te  th a t  th e  in d iv id u a l n etw ork s g ive  w orse p red ic tion  p erform an ce  

th a n  R M D -F S E  n etw ork s in  term s o f b o th  m ean  sq u are error an d  con sisten cy .

A  n ov el R M D -F S E  n etw ork  m o d e l w h ich  is th e  in co rp o ra tio n  o f fill-in  tech n iq u es
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an d  th e  G A -b a sed  se lec tiv e  en sem b lin g  o f F IR  n etw ork s is p ro p o sed  for h ig h ly  accu rate  

in co m p le te  t im e-ser ies  p red iction . In m o st cases, R M D -F S E  n etw ork  ga ve  th e  b est  pre­

d ic t io n  p erform an ce in  our ex p er im en ts . H ow ever, w h en  w e com p a re R M D -F S E  netw ork  

an d  th e  n etw ork  w h ich  w as tra in ed  b y  co m p le te  d a ta  in  th e  ga u g e  h ig h  prob lem , th e  d if­

ference o f  p red ic tion  p erform an ce co m p u ted  from  ( E n s e m b l e  — C o m p l e t e ) / C o m p l e t e  X  

100, is  less  th a n  0.5%  o n  average. H en ce, in  th e  w orst ca se  R M D -F S E  n etw ork  can  

s ti ll w ork  in  th e  sa m e d egrees o f  com p a rison  as th e  n etw ork  w h ich  w as tra in ed  from  th e  

co m p le te  d a ta .

W e can  con c lu d e  th a t  th e  m ore correctly  e s tim a te d  m iss in g  va lu e, th e  b e tte r  p red ic­

t io n  a ccu ra cy  is. T o en h a n ce  th e  p red iction  a ccu ra cy  o f  th e  w h o le  en sem b le  netw ork, 

th e  im p o rta n ce  o f each  in d iv id u a l n etw ork  m u st b e  w e ig h ted  p ro p o rtio n a lly  to  its  M SE  

value.

3 .4 . 3  R e s u l t s  o f  e x t e n d e d  R M D - F S E  n e t w o r k  [22]

T w o  different d a ta  se ts  are u sed  in  our exp er im en t. T h e  first se t  is th e  su n sp o t d a ta  and  

th e  seco n d  se t  is th e  d a ily  ga u ge h e ig h t. T h e  p red ic tio n  resu lts  o f  in d iv id u a l n etw orks  

an d  th e  resu lts  o f  th e  averag in g  en sem b le  n etw ork , w h o se  th e  o u tp u ts  are averaged  from  

th o se  in d iv id u a l n etw ork s, are com p ared  w ith  th e  resu lts  o f  R M D -F S E  netw ork . T h e  

ex p er im en ta l resu lts  o f  th e se  tw o  d a ta  se ts  are co n c lu d ed  as fo llow s.

For th e  su n sp o t d a ta , th e  w e ig h ts  assign ed  to  each  in d iv id u a l n etw ork  o f th e  en sem b le  

n etw ork  are sh ow n  in  3 .5 (a ) . W e can  see  from  F ig u re  3 .5 (a ) th a t  th e  w eigh ts a sso c ia ted  

w ith  so m e in d iv id u a l n etw ork s a t every  p ercen ta g e  o f  m iss in g  in p u t w ere se t to  zero by  

th e  g en e tic  a lgo rith m . T h e  o u tp u t  o f  th o se  n etw ork s w ere th erefore  e ssen tia lly  d iscard ed  

from  th e  en sem b lin g . T h e  p red ic tio n  p erform an ce is  sh ow n  in  F ig u re  3 .6 (a ) . W h en  w e  

con sid er th e  resu lts, w e fou n d  so m e in d iv id u a l n etw ork s y ie ld  P d  less  th a n  zero a t 2.5% ,
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7.5% , 10%, 12.5%  an d  15% m issin g  d a ta  b u t th e  averag in g  en sem b le  n etw ork  and R M D -  

F S E  n etw ork s y ie ld  P d  le ss  th a n  zero for every  p ercen ta g e  o f m iss in g  d a ta . Furtherm ore, 

R M D -F S E  n etw ork s y ie ld  th e  lo w est P d  and , con seq u en tly , g ive  th e  b e tte r  p red iction  

p erform an ce th a n  b o th  o f  th e  reference n etw ork  an d  th e  averag in g  en sem b le  netw ork. 

W e n o te  th a t  w h en  th e  p ercen ta g e  o f m iss in g  d a ta  is h igh , v iz . a t 10%, 12.5%  an d  15%, 

th e  n etw ork  w ith  th e  average E M  se lec tio n  g ives th e  b e tte r  resu lt th a n  th e  n etw ork  w ith  

th e  ran d om  E M  se lec tio n . T h e  ex p er im en ta l resu lts  in  T ab le  1 sh ow  th a t  th e  m in im u m  

an d  m a x im u m  P d  are 1 .025  X  1 0 -4  an d  8 .686  X  1 0 - 4 , resp ective ly . O n ce th e  co m p le te  

d a ta  are u sed  as th e  tra in in g  se t  o f  th e  F IR  n etw ork , P td is 3 .3 3 0  X  10 - 4 . A ll P d  va lu es  

are a lso  greater  th a n  zero. H en ce, R M D -F S E  n etw ork s e x h ib it  b e tte r  p erform an ce th a n  

th e  in d iv id u a l netw orks.

For th e  d a ily  ga u ge 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 un  stream , P in g  river, 

th e  w eigh ts a ssign ed  to  each  in d iv id u a l n etw ork  o f th e  en sem b le  n etw ork  are sh ow n  in  

F ig u re  3 .5 (b ) . S om e in d iv id u a l n etw ork  are d iscard ed  from  th e  en sem b lin g  a t 7.5  %, 

10%, 12.5%  an d  15 % m issin g . T h e  p red ic tion  p erfo rm an ces are sh ow n  in F igure 3 .6 (b ). 

S om e in d iv id u a l n etw ork s y ie ld  P d  less  th a n  zero a t 2.5%  a n d  7 .5% m issin g  d ata . T h e  P d  

o f  th e  averag in g  en sem b le  n etw ork s are less th a n  zero a t 2.5%  an d  7.5%  m iss in g  d a ta , 

w h ile  a t 10%, 12.5%  an d  15% m issin g  d a ta , th e y  are grea ter  th a n  zero. B u t R M D -F S E  

n etw ork s y ie ld  p d  less  th a n  zero for every  p ercen ta g e  o f m iss in g  d a ta . F urtherm ore, 

R M D -F S E  n etw ork s y ie ld  th e  low est P d  and , con seq u en tly , g ive  th e  b e tter  p red iction  

p erform an ce th a n  b o th  o f  th e  reference n etw ork  an d  th e  av erag in g  en sem b le  netw ork. 

T h e se  resu lts  s ig n ify  th a t  R M D -F S E  n etw ork s a lso  g ive  b e tte r  p red ic tion  p erform an ce  

th a n  th e  in d iv id u a l n etw ork s. T h e  ex p er im en ta l resu lts  in  T ab le  3 .3  sh ow  th a t  th e  

m in im u m  an d  m ax im u m  P 'd  are 1 .578  X  10-5  an d  22 .7 3 0  X  10 - 5 , resp ective ly . W h en  th e  

co m p le te  d a ta  are u sed  as th e  tra in in g  se t  o f  th e  F IR  n etw ork , P d  is 1 .578  X  10 - 5 . A ll 

P 'd  va lu es are grea ter  th a n  zero.
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C o n sid erin g  th e  resu lts  o f  b o th  s tu d ie s  in  th e  ex p er im en ts , it  can  b e  seen  th a t  u sin g  

o n ly  on e fill-in  tech n iq u e  w ill n o t ach ieve d esirab le  p erform an ce. T h u s, w e com b in e  

severa l E M -b ased  e s t im a tio n  m eth o d s  an d  sp lin e  in terp o la tio n  for fillin g  in  th e  m iss in g  

d a ta  an d  en sem b le  n etw ork  p red iction . R M D -F S E  n etw ork  gave th e  b est  p red iction  

p erform an ce in  our ex p er im en ts . H ow ever, w h en  w e com p a re R M D -F S E  n etw ork  and  

th e  averag in g  en sem b le  n etw ork  w h ich  w as averaged  from  th e  in d iv id u a l n etw ork s in  

tw o  p rob lem s, th e  p red ic tio n  p erform an ce o f R M D -F S E  is  b e tte r  th a n  th e  averag in g  

en sem b le  netw ork.

3 .5  S u m m a r y

In co m p lete  d a ta  se ts  can  b e  p ro b lem a tic  w h en  a  n eu ra l n etw ork  is u sed  for tim e-ser ies  

p red iction . W e u se a  va r ie ty  o f fill-in  tech n iq u es to  gen era te  m u ltip le  in p u t strea m s  

for an  en sem b le  o f M L P  or F IR  neural netw ork. T h e  n ew  n etw ork  m o d e ls , refered to  

as th e  F I-G E M  an d  R M D -F S E  n etw orks are th e  en sem b lin g  o f  th e  o u tp u ts  o f  th ese  

in d iv id u a l n etw ork s. W e ev a lu a ted  th e  accu racy  o f  p red ic tio n  w ith  a p erform an ce in d ex  

w h ich  m easu res th e  a ccu ra cy  o f p red iction  for th e  d esired  n etw ork  w ith  resp ec t to  th e  

in d iv id u a l n etw ork s. W e co n d u c ted  our ex p er im en ts  u sin g  M ack ey-G lass ch a o tic  tim e-  

series, th e  an n u al su n sp o t an d  th e  d a ily  ga u g e  h e ig h t d a ta  co llec ted  a t th e  B a n  L uang  

g a u g in g  s ta tio n , M ae T u n  stream , P in g  river, T h a ila n d . O ur resu lts  sh ow  th a t  b o th  

o f  F I-G E M  an d  R M D -F S E  ou tp erform  each  in d iv id u a l n etw ork , and b o th  o f th em  are 

p rop o sed  for h ig h ly  a ccu ra te  in co m p le te  t im e-ser ies  p red iction .

3 .5 .1  C i t e d  R e f e r e n c e

T h e  p u b lica tio n  [17] h ave b een  u sed  as th e  a p p lica tio n s  to  th e  a tm osp h er ic  sc ien ces  [28]. 

O ur work w as c ited  for th e  reference o f th e  m eth o d s  for im p u ta tio n  o f  m iss in g  v a lu es in
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air q u a lity  d a ta  se ts .

3 .5 . 2  L i m i t a t i o n

T h ere  are som e lim ita tio n s  o f b o th  o f F I-G E M  an d  R M D -F S E  netw ork. F irst, u sin g  

an en sem b le  o f n etw ork s in crea se  th e  co m p u ta tio n a l resou rces n eed ed . S econ d ly , w h ile  

th e  q u a lity  o f  th e  en sem b le  o u tp u t  is b e tter  th a n  th a t  o f  th e  in d iv id u a l n etw ork s, it can  

o n ly  b e  im p roved  b y  h a v in g  b e tte r  in d iv id u a l n etw ork s. W e h ave th e  further work for 

im p ro v in g  th e  a ccu ra cy  o f th e  im p u ta tio n  o f in co m p le te  d a ta  in  th e  n e x t  ch ap ter.

T ab le  3.1: A v erag e  p erfo rm an ce in d ex  P 'd  for M a ck ey-G lass ch a o tic  tim e-ser ies  an d  

su n sp o ts  d ata . T h ere  are s ix  ty p e s  o f  in d iv id u a l n etw ork s, w h ich  are u sed  to  com p are  

w ith  F I-G E M  n etw ork s. W e fou n d  th a t  all va lu es o f  P d  are grea ter  th a n  zero.

F ill-In
M eth o d o lo g y

M ackey-G lass
x i c r 4

S u n sp o ts
x io -2

Spline 0.94 0.70
EM (random) 0.60 0.39
Reg EM(random) 3.14 0.93
EM(average) 0.75 1.36
Reg EM(average) 3.24 0.46
Complete Data 0.89 0.22
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T a b le  3.2: A v erag e  p erfo rm an ce in d ex  P ' j  for su n sp o ts  d a ta  an d  th e  d a ily  ga u g e  h eigh t  

d ata . W e fou n d  th a t  a ll va lu es o f  P ' j  are grea ter  th a n  zero.

F ill-In
M eth o d o lo g y

S u n sp o ts
x io -4

G au g e  H eigh t
x io -5

Spline 6.616 4.825
EM (random) 1.286 8.490
Reg EM(random) 5.499 22.210
EM (average) 7.025 3.893
Reg EM (average) 6.978 19.843
Complete Data 4.715 1.059

T able 3.3: A v erag e  p erfo rm an ce in d ex  P j  for su n sp o ts  d a ta  an d  th e  d a ily  ga u g e  h eig h t  

d a ta . W e fou n d  th a t  a ll va lu es o f  are grea ter  th a n  zero.

F ill-In S u n sp o ts G au g e  H eigh t
M eth o d o lo g y x io -4 x io -5
Spline 2.928 5.345
EM(random) 8.686 9.009
Reg EM (random) 4.487 22.730
EM (average) 5.129 4.412
Reg EM(average) 3.076 20.362
Principal Component 5.735 2.505
Averaging Ensemble 1.025 2.226
Complete Data 3.330 1.578
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Prediction Performance Index (Mackey-Glass) Prediction Performance Index (Sunspots)
I I a...Spline+MLP I I b...EM: Random+MLP c...RegEM: Random+MLP I 1 d...EM: Average+MLP 1 e...RegEM: Average+MLP ü  L.FI-GEM Network

□n□ 1
c□ □ < □ '1' ill. ' QjI

1 1 □□ [า| 1
< 0;

2.5 5 7.5 10 12.5% of Missing
(a ) (b)

F igu re  3.2: P red ic tio n  p erform an ce in d ex  for (a) M ack ey-G lass, an d  (b) su n sp o ts . T h ere  

are s ix  grou p s o f  b ars for 2.5% , 5%, 7.5% , 10%, 12.5%  an d  15% m issin g  as sh ow n  on  

th e  x -a x is . E ach  G rou p  h a s five in d iv id u a l n etw ork s an d  F I-G E M  n etw ork s. From  left 

to  righ t, th e  first bar is for M L P  for cu b ic  sm o o th in g  sp lin e , th e  secon d  bar is for M L P  

for E M  w ith  ran d om  se lec tio n , th e  th ird  bar is for M L P  for th e  regu larized  E M  w ith  

ran d om  se lec tio n , th e  fou rth  bar is for M L P  for E M  w ith  average se lec tio n , th e  fifth  bar  

is for M L P  for th e  regu larized  E M  w ith  average se lec tio n , an d  th e  la st bar is  for FI- 

G E M  netw ork . P red ic tio n  p erform an ce in d ex  p d  is sh ow n  o n  th e  y -a x is . T h e  p red iction  

p erform an ce o f  our p ro p o sed  are th e  lo w est a t  a ll lev e ls  o f  m issin g .
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Assigned Weight for Ensemble (Sunspots) Assigned Weight for Ensemble (Gauge Height)

(a) (b)

F igu re  3.3: W eig h t in  th e  se lec t iv e  en sem b le  n etw ork  ass ig n ed  to  d ifferent F IR  n etw orks  

for th e  (a) su n sp o ts  an d  (b) ga u ge h eig h t d a ta  se ts . T h e y  differ d ep en d in g  o n  th e  am ou n t  

o f d a ta  p o in ts  m issin g .

X 10~3 Prediction Performance Index (Sunspots) X 10~4 Prediction Performance Index (Gage Height)

% of Missing

(a) (b)

F ig u re  3.4: P r ed ic t io n  p erform an ce in d ex  for th e  (a) su n sp o ts  an d  (b) ga u g e  h e ig h t d a ta

se ts
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Assigned Weight for Ensemble (Sunspots)

% of Missing

(a)
Assigned Weight for Ensemble (Gauge Height)

% of Missing

(b)

F igu re  3.5: W eig h t in  th e  se lec tiv e  en sem b le  n etw ork  assign ed  to  d ifferent F IR  n etw ork s  

for th e  (a) su n sp o ts  an d  (b) ga u ge h e ig h t d a ta  se ts . T h ey  differ d ep en d in g  on  th e  am ou n t  

of d a ta  p o in ts  m issin g .
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. X 10 Prediction Performance Index ( Gauge Height)

2.5
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m m  h...RMD-FSE Network

1.5

0.5 -

M fg h
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-0 .5 L 2.5 7.5 10% of Missing 12.5

(b)

F igu re  3.6: P red ic tio n  p erform an ce in d ex  for th e  (a) su n sp o ts  an d  (b) g a u g e  h eig h t d ata

sets .
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