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ø‰„ÈÓÏ È‰Ó

≠ ÂÈ‰ ‰„ÈÓÏÍÈÏ‰˙

≠ ÔÈ‰ ÍÈÏ‰˙‰ Ï˘ ËÏ˜‰ ÏÏÎ Í¯„·®˙Â‡Ó‚Â„© ˙ÂÈÂÒ˙‰

≠ ÏÁ ÍÈÏ‰˙‰ ˙Â·˜Ú·ÈÂÈ˘„ÓÂÏ· 

≠ ‡Â‰ ÈÂÈ˘‰ Ì‡  Æ‰Ú¯Ï Â‡ ‰·ÂËÏ ÈÂÈ˘ ÔÎ˙È‰·ÂËÏ˙·˘Á ‰„ÈÓÏ‰ ¨
Æ˙ÁÏˆÂÓ

≠ ÈÂÈ˘‰„„Ó ÏÏÎ Í¯„· ˙ÏÂÎÈ·˙ÂÓÈ˘Ó ˙ˆÂ·˜ Úˆ·Ï 
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ÌÈ„„Ó

≠Æ˙ÂÓÈ˘Ó ˙ˆÂ·˜ ÚÂˆÈ·Ï ÌÈ·¯ ÌÈ„„Ó ÂÎ˙È

≠ „ÓÂÏ‰˘ ÔÎ˙È¯Ù˙˘Ó˙ÂÂ¯˙Ù‰ Í¯Â‡ Ï˘ÓÏ© „Á‡ „„Ó ÈÙÏ 
 ‰˘Ú Í‡ ¨®ÚˆÂÓÓ‰ÚÂ¯‚˙Â¯È‰Ó Ï˘ÓÏ© ¯Á‡ „„Ó ÈÙÏ ¯˙ÂÈ 

Æ®ÔÂ¯˙Ù‰ ˙‡ÈˆÓ Ï˘ ˙ÚˆÂÓÓ

≠Æ‰„ÈÓÏ‰ ÍÈÏ‰˙Ó „¯Ù È˙Ï· ˜ÏÁ ÂÈ‰ ‰Î¯Ú‰‰ „„Ó ¨ÔÎ ÏÚ

≠‰ÈÚ· ÏÎ ÔÂ¯˙ÙÏ „ÓÂÏ‰ Ï˘ ˙ÈÏ‡ÈˆËÂÙ‰ Â˙ÏÂÎÈ ˙‡ ¯Ù˘Ï ‰ˆ¯˘ ÔÎ˙È
Æ„ÂÓÈÏ‰ ÍÈÏ‰˙ ÏÚ ¯·„‰ ‰˘˜È Î¢„· Í‡ ˙È¯˘Ù‡

≠ È·‚Ï Î¢„· „„Ó ˙ÏÂÎÈ‰ ¯ÂÙÈ˘ ¨ÔÎÏ‰ˆÂ·˜Æ˙ÂÓÈ˘Ó Ï˘ ®˙Â‚ÏÙ˙‰ Â‡© 
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‰¯„‚‰

  Ú„È ÒÈÒ·· ÌÈÈÂÈ˘ Úˆ·ÓÂ ¨ËÏ˜Î ˙ÂÈÂÒ˙‰ Ï·˜Ó‰ ÍÈÏ‰˙ ‰È‰ ‰„ÈÓÏ
¯˙ÂÙ Ï˘ ˙ÈÏ‡ÈˆËÂÙ‰ ˙ÏÂÎÈ‰ ˙‡ ¨ÔÂ˙ „„Ó ÈÙ ÏÚ ¨¯Ù˘Ï ‰¯ËÓ·
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Æ˙ÂÈÚ· ˙ˆÂ·˜ ¯Â˙ÙÏ ¨Ú„È‰ ÒÈÒ·· ˘Ó˙˘Ó‰ ˙ÂÈÚ·‰



˙Â‡Ó‚Â„Ó ÌÈ‚ÂÂÒÓ Ï˘ ˙È·ÈË˜Â„È‡ ˙„ÈÓÏ
≠ È‰˙X È‰˙  ÆÌÈË˜È·Â‡ ˙ˆÂ·˜ C X⊆ ˙‡¯˜‰ ‰Ï˘ ‰ˆÂ·˜ ˙˙ ‚˘ÂÓ

‰¯ËÓ‰Æ 

≠‚ÂÂÒÓ ˙È‡ÈÏÂ· ‰Èˆ˜ÂÙ ÂÈ‰ f X: ,→ { }0 1Æ

≠ ∫‡·‰ ‚ÂÂÒÓÎ ‰¯ËÓ‰ ‚ÂÂÒÓ ˙‡ ¯È„‚f x
x C
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∉
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0
≠ Ë˜È·Â‡ Ô˙‰·x X∈ ¯˘‡Î ‰‚Â˘ ‚ÂÂÒÓ‰˘ ¯Ó‡ ¨f x f xc( ) ( )≠
≠ ÌÈË˜È·Â‡ ˙ˆÂ·˜ Ô˙‰·X XT ⊆ ˙‡ ¯È„‚ ˜ÂÈ„∫¯ÙÒÓÎ ‚ÂÂÒÓ‰ 

x X f x f x XT c T∈ ={ }( ) ( )
≠Æ˙ÂÈ„È˙Ú‰ ˙ÂÈÚ·‰ ˙ˆÂ·˜ ÏÚ ‰Â·‚ ˜ÂÈ„ ÏÚ· ‚ÂÂÒÓ· ÌÈÈÂÚÓ Â‡
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˙Â„ÓÂÏ ˙ÂÎ¯ÚÓ Ï˘ ‰¯„‚‰‰ ÈÁÂÓ· ¢‚ÂÂÈÒ¢
≠˙ÂÈÚ·‰ ¯˙ÂÙÆ‚ÂÂÒÓ ∫

≠‰Î¯Ú‰ ÔÂÈ¯ËÈ¯˜˜ÈÊÁÓ ¢ÁÂ˜Ï¢‰˘ Ú‚¯Î ÁÈ© ÌÈË˜È·Â‡ ˙ˆÂ·˜ ÏÚ ˜ÂÈ„ ∫
 ˙‡ Ú„ÂÈ ‡Â‰ Ì‰È·‚Ï ÌÈË˜È·Â‡ ˙ˆÂ·˜f xc( )‰˙Â‡ Û˘ÂÁ ÂÈ‡ Ï·‡ 

®Æ‚ÂÂÒÓ‰ ˙Î¯Ú‰Ï ‰· ˘Ó˙˘È ‡Â‰  ÆÂÈÙ·
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‰„ÈÓÏ‰ ˙ÈÚ·
≠ ˙ˆÂ·˜ ‰Â˙˙ÂÓÂÒÓ ˙Â‡Ó‚Â„‰¯ËÓ‰ ˙ˆÂ·˜ ÍÂ˙Ó 

  E x f x x f xc m c m= { }1 1, ( ) , , , ( )L
≠ ˙ÂÓÂÒÓ ˙Â‡Ó‚Â„ ˙ˆÂ·˜ ËÏ˜Î Ï·˜Ó ÌÈ‚ÂÂÒÓ ˙„ÈÓÏÏ Ì˙È¯Â‚Ï‡E

Æ‚ÂÂÒÓ ËÏÙÎ ‡ÈˆÂÓÂ

≠ Ì‡E≠· ÌÈË˜È·Â‡‰ ÏÎ ˙‡ ÏÈÎÓ XÆ‰Ï·Ë· Ì˙Â‡ ¯ÂÓ˘Ï ËÂ˘Ù Ô˙È ÈÊ‡ 

≠ Ï˘ ‰ˆÂ·˜ ˙˙ ‰Â˙ Î¢„·˘ ÔÂÂÈÎÓX ‰„ÈÓÏ‰ Ì˙È¯Â‚Ï‡ ÍÈ¯ˆ ÏÈÏÎ‰Ï∫ 
Æ‰‡¯ ‡Ï˘ ˙Â‡Ó‚Â„Ï ‰‡¯˘ ˙Â‡Ó‚Â„ ÍÂ˙Ó ˜ÈÒ‰Ï

≠ ˙ˆÂ·˜ Î¢„· ÌÈ¯È„‚Ó ÏÈÏÎ‰Ï ‰È‰È Ô˙È˘ È„Î˙ÂÂÎ˙˙ÂÈˆ˜ÂÙ Ï˘ ÛÒÂ‡ ∫ 
≠· ÌÈ¯·È‡ ˙ÂÙÓÓ‰X®ÌÈÈ˙È·© ÈÙÂÒ ÌÂÁ˙Ï 

  ˙Â‚ÂÊ ÌÈ‰ ‰„ÈÓÏ‰ ˙Â‡Ó‚Â„  ≠x f xi c i, ( ) ¯˘‡Î xiÏ˘ ¯ÂË˜ÂÂ È¢Ú ‚ˆÂÈÓ 
Æ˙ÂÂÎ˙‰ ÈÎ¯Ú
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‡Ó‚Â„
¢·Ï Û˜˙‰Ï ‰Â·‚ ÔÂÎÈÒ ÏÚ·¢ ∫‚˘ÂÓ‰

(setf *attributes*
     '(smoking overweight blood_pressure coffee_drinker))
(setf *domains* '((smoking (no light heavy))
                  (overweight (yes no))
                  (blood_pressure (low medium high))
                  (coffee_drinker (yes no))))
(setf *examples* '(((heavy no low yes) p)
((no yes high yes) p) ((light yes low no) n)
((heavy yes low yes) p) ((heavy no low no) p)((light no yes no) n) ((light yes high yes) p)
((heavy yes medium yes) p) ((no no high yes) n)((heavy yes medium no) p) ((no yes medium yes) n)
((light yes medium yes) n) ((no yes medium no) n)((light yes medium no) n)((heavy yes high no) p)
((light yes high no) p)((no no low yes) n)((light no medium no) n)((no no low no) n)
((light no yes yes) n)((no yes high no) p)
((light yes low yes) n) ((heavy yes low no) p)
((no no high no) n) ((heavy yes high yes) p)
((light no medium yes) n)((no yes low yes) n)
((no yes low no) n)((no yes medium yes) n)
((no yes medium no) n)((light medium yes yes) n)
((light medium yes no) n)))
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ÌÈ‚ÂÂÒÓ
≠ÆÌÈ¯ÂË˜ÂÂ‰ ˙ˆÂ·˜ ÏÚÓ ‰ÏÏÎ‰ ‚ˆÈÈÓ ‚ÂÂÒÓ

≠∫ÌÈ‚ÂÂÒÓ ‚ÂˆÈÏ ˙Â·¯ ÌÈÎ¯„ ˙ÂÓÈÈ˜

≠‚ÂÂÈÒ ÈˆÚ

≠ÌÈ˜ÂÁ ˙ˆÂ·˜

≠®Ô¯Â‰ ˙ÂÈ˜ÂÒÙ ÛÒÂ‡© ‚ÂÏÂ¯Ù ˙ÈÎ˙

≠˙ÂÈ·ˆÚ ˙Â˙˘¯

≠˙Â‚ÂÂÒÓ ˙ÂÓ‚Â„ ˙ˆÂ·˜

≠ÆÌÈ·¯ ‰„ÈÓÏ ÈÓ˙È¯Â‚Ï‡ ÌÈÓÈÈ˜ ÌÈ‚ÂˆÈ‰Ó „Á‡ ÏÎÏ
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ID3˙Â‡Ó‚Â„Ó ‰ËÏÁ‰ ÈˆÚ ˙„ÈÓÏÏ ˙ÈÎ˙ ≠ 
≠ID3ÌÈ‚ÂÂÒÓ ˙„ÈÓÏÏ ¯˙ÂÈ· ‰ÚÂ„È‰ ˙ÈÎÂ˙‰ ‰È‰ 

≠˙Â‡Ó‚Â„ ˙ˆÂ·˜ ËÏ˜Î ˙Ï·˜Ó ˙ÈÎ˙‰

≠ÂÙˆ˘ ˙Â‡Ó‚Â„‰ ÏÎ ˙‡ ÔÂÎ ‚ÂÂÒÓ‰ ‰ËÏÁ‰ ıÚ ËÏÙÎ ‰‡ÈˆÂÓ ˙ÈÎ˙‰

≠ÆÌÈˆÚ È˙˙ ˙Á˙ÙÓÂ ıÚ‰ ˘¯Â˘Ó ‰ÏÈÁ˙Ó ˙ÈÎÂ˙‰

≠ID3ÏÎ Ì‡ ¯ÂˆÚ˙Â ˙ÂÈÏÈÏ˘Â ˙ÂÈ·ÂÈÁ ˙Â‡Ó‚Â„ ÏÈÎÓ ‡Â‰ Ì‡ ˙ÓÂˆ ÏˆÙ˙ 
‚ÂÒ Â˙Â‡Ó Ô‰ ˙Â‡Ó‚Â„‰

≠Í¯Ú ÏÎÏ ıÚ ˙˙ ˙¯ˆÂÈ ˙ÈÎ˙‰  Æ˙ÓÈÂÒÓ ‰ÂÎ˙ ÏÚ ÏˆÙ˙Ó ˙ÓÂˆ ÏÎ
≠˙˙Â ‰ÂÎ˙‰ ÈÎ¯Ú ÈÙÏ ˙˜ÏÁ˙Ó ˙Â‡Ó‚Â„‰ ˙ˆÂ·˜  Æ‰ÂÎ˙‰ Ï˘ È¯˘Ù‡

ÆÌÈˆÚ‰ ˙˙Ï ˙Â¯·ÚÂÓ ˙ÂˆÂ·˜‰

≠˙¯Â˙· ˙˘Ó˙˘Ó‰ ‰˜ÈËÒÈ¯ÂÈ ÏÚ ˙ÒÒ·˙Ó ÏˆÙÏ ‰ÂÎ˙ ÂÊÈ‡ ÏÚ ‰ËÏÁ‰‰
Ï˘ ˙ÈÏÓÈÒ˜Ó ˙ÙÒÂ˙Ï ‰‡È·Ó‰ ‰ÂÎ˙‰ ˙¯Á· ∫‰ÈˆÓ¯ÂÙÈ‡‰

Æ‰ÈˆÓ¯ÂÙÈ‡
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˙ÂÈ·ÈËÓ¯ÂÙÈ‡ ˙ÂÂÎ˙
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‰ÈˆÓ¯ÂÙÈ‡‰ ˙ÙÒÂ˙

≠ ˙ÓÂˆ ÏÎ·ID3ÆÏˆÙÏ È‡„Î ‰ÂÎ˙ ÂÊÈ‡ ÏÚ ˙˜„Â· 

≠˙ÙÒÂ˙Ï ‰‡È·Ó‰ ‰ÂÎ˙‰  Æ‰ÈˆÓ¯ÂÙÈ‡‰ ˙ÙÒÂ˙ ˙„„Ó ‰ÂÎ˙ ÏÎÏ
ÆÏÂˆÈÙÏ ˙¯Á· ¯˙ÂÈ· ‰ÏÂ„‚‰ ‰ÈˆÓ¯ÂÙÈ‡‰

≠ Ì‡p ≠Â ˙ÓÂˆ· ˙ÂÈ·ÂÈÁ‰ ˙Â‡Ó‚Â„‰ ¯ÙÒÓ ÂÈ‰ n˙Â‡Ó‚Â„‰ ¯ÙÒÓ ÂÈ‰ 
∫È¢Ú ˙ÓÂˆ ÏÎÏ ˙¯„‚ÂÓ ÌÈÈ·ÂÈÁ· ˙ˆÂ·˜· ÏÂÙÈÏ ˙Â¯·˙Ò‰‰ ÈÊ‡ ˙ÂÈÏÈÏ˘‰

p
p+n

∫ÌÈÈÏÈÏ˘‰ ˙ˆÂ·˜ È·‚Ï ‰ÓÂ„ ÔÙÂ‡·Â
 n

p+n
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≠∫ÔÂ˘ ˙‡ÁÒÂ È¢Ú ˙„„Ó ˙ÓÂˆ· ˙Â‡„ÂÂ‰ È‡

I(p,n):= − p

p + n
⋅ log2

p

p + n
− n

p + n
⋅ log2

n

p + n≠ÌÈ·· ˙Â‡„ÂÂ‰ È‡
ÆÌ‰Ó „Á‡ ÏÎ· ˙Â‡„ÂÂ‰ È‡ Ï˘ ÏÏ˜Â˘Ó‰ ÚˆÂÓÓ‰ ÈßÚ ˙„„Ó

≠˙Â‡„ÂÂ‰ È‡ ˙ÂÁÙ ˙ÓÂˆ ˙Â‡„ÂÂ‰ È‡ È¢Ú ˙¯„‚ÂÓ ‰ÈˆÓ¯ÂÙÈ‡‰ ˙ÙÒÂ˙
∫ÌÈ··

GAIN = I(p,n)−
E

i
examplesi=1

n
∑ ⋅I(p

i
,n

i
)

 ¯˘‡ÎEi≠‰ Ô·Ï Â¯·Ú˘ ˙Â‡Ó‚Â„‰ ¯ÙÒÓ ‡Â‰ i ¨pi˙Â‡Ó‚Â„‰ ¯ÙÒÓ ÂÈ‰ 
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I(p,n):= − 8
8+8

⋅log2
8

8+8
− 8

8+8
⋅log2

8
8+8

=1

I(p1,n1):= − 5
5+5

⋅log2
5

5+5
− 5

5+5
⋅log2

5
5+5

=1

I(p2,n2):= − 3
3+3

⋅log2
3

3+3
− 3

3+3
⋅log2

3
3+3

=1

GAIN=1-(1*6/16+1*10/16)=1-1=0
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I(p,n):= − 8
8+8

⋅log2
8

8+8
− 8

8+8
⋅log2

8
8+8

=1

I(p1,n1):= − 1
8+1

⋅log2
1

8+1
− 8

8+1
⋅log2

8
8+1

=0.50

I(p2,n2):= − 7
7+0

⋅log2
7

7+0
− 0

7+0
⋅log2

0
7+0

=0

GAIN=1-(0.5*9/16+0*7/16)=0.72
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ID3
Let  I be the set of training examples
Let A=A1,...,An be all possible attributes
let V1,...,Vn be domains for attributes

(where Vi={V i1,...,Viki})
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ID3 (examples, Att)
if examples = {} then return leaf(null)
P← positive examples N← negative examples
if N = { } then return leaf(P)
if P = { } then return leaf(N)
For each Ai in Att compute gain(Ai)
Select A' such that gain(A',examples) is maximal
for each vi in V' compute

Ei = {e in examples | A'(e) = vi}
Si = ID3(Ei, Att-{A'})
N ← new-node()
test(N) ← A'
children(N) ← {<Vi,Si> | i=1...n}
Return N
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gain(A, examples)
p← |positive examples|
n← |negative examples|

for each vi in V compute
Ei = {e ∈ examples | A(e) = vi}
pi = |positive examples in Ei|
ni = |negative examples in Ei|

gain ← I(p,n) - E(A)
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 È¯Á‡ ·˜ÚÓ ∫‡Ó‚Â„ID3
--------------------------------
Choosing from : (SMOKING OVERWEIGHT BLOOD_PRESSURE COFFEE_DRINKER)

SMOKING               p:  12  n:  20  IPN:  0.954
  NO                  p:   2  n:  10  IPN:  0.650
  LIGHT               p:   2  n:  10  IPN:  0.650
  HEAVY               p:   8  n:   0  IPN:  0.000

GAIN:   0.467
-----------------------------

OVERWEIGHT            p:  12  n:  20  IPN:  0.954
  YES                 p:  10  n:  12  IPN:  0.994
  NO                  p:   2  n:   8  IPN:  0.722

GAIN:   0.045
-----------------------------

BLOOD_PRESSURE        p:  12  n:  20  IPN:  0.954
  LOW                 p:   4  n:   6  IPN:  0.971
  MEDIUM              p:   2  n:  10  IPN:  0.650
  HIGH                p:   6  n:   2  IPN:  0.811

GAIN:   0.204
-----------------------------

COFFEE_DRINKER        p:  12  n:  20  IPN:  0.954
  YES                 p:   6  n:  10  IPN:  0.954
  NO                  p:   6  n:  10  IPN:  0.954

GAIN:   0.000
-----------------------------
Selected attribute:  SMOKING
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no heavy

smoking

light

--------------------------------
Choosing from : (OVERWEIGHT BLOOD_PRESSURE COFFEE_DRINKER)

OVERWEIGHT            p:   2  n:  10  IPN:  0.650
  YES                 p:   2  n:   6  IPN:  0.811
  NO                  p:   0  n:   4  IPN:  0.000

GAIN:   0.109
-----------------------------

BLOOD_PRESSURE        p:   2  n:  10  IPN:  0.650
  LOW                 p:   0  n:   4  IPN:  0.000
  MEDIUM              p:   0  n:   4  IPN:  0.000
  HIGH                p:   2  n:   2  IPN:  1.000

GAIN:   0.317
-----------------------------

COFFEE_DRINKER        p:   2  n:  10  IPN:  0.650
  YES                 p:   1  n:   5  IPN:  0.650
  NO                  p:   1  n:   5  IPN:  0.650

GAIN:   0.000
-----------------------------
Selected attribute:  BLOOD_PRESSURE
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no heavy

smoking

light

low medium

blood_preasure

high



--------------------------------
Choosing from : (OVERWEIGHT COFFEE_DRINKER)

OVERWEIGHT            p:   2  n:   2  IPN:  1.000
YES                   p:   2  n:   0  IPN:  0.000
NO                    p:   0  n:   2  IPN:  0.000

GAIN:   1.000
-----------------------------

COFFEE_DRINKER        p:   2  n:   2  IPN:  1.000
YES                   p:   1  n:   1  IPN:  1.000
NO                    p:   1  n:   1  IPN:  1.000

GAIN:   0.000
-----------------------------
Selected attribute:  OVERWEIGHT
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no heavy

smoking

light

low medium high
N N

yes

overweight

no

P N

Choosing from : (OVERWEIGHT BLOOD_PRESSURE COFFEE_DRINKER)

OVERWEIGHT            p:   2  n:  10  IPN:  0.650
  YES                 p:   2  n:   6  IPN:  0.811
  NO                  p:   0  n:   4  IPN:  0.000

GAIN:   0.109
-----------------------------

BLOOD_PRESSURE        p:   2  n:  10  IPN:  0.650
  LOW                 p:   0  n:   2  IPN:  0.000
  MEDIUM              p:   0  n:   6  IPN:  0.000
  HIGH                p:   2  n:   0  IPN:  0.000

GAIN:   0.650
-----------------------------

COFFEE_DRINKER        p:   2  n:  10  IPN:  0.650
  YES                 p:   1  n:   5  IPN:  0.650
  NO                  p:   1  n:   5  IPN:  0.650

GAIN:   0.000
-----------------------------
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Selected attribute:  BLOOD_PRESSURE
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smoking

blood_pressure blood_pressure

overweight
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ÌÈ‚ÂÂÒÓ „ÂÓÈÏÏ ˙ÂÈÎ˙Ï ˙ÂÈÚ·
≠®˙ÂËÂÓ© ˙Â‚ˆÈÈÓ ÔÈ‡ ˙Â‡Ó‚Â„‰

≠®˙ÂÂÎ ‡Ï ˙Â‡Ó‚Â„© ˙Â‡Ó‚Â„· ˘Ú¯ ÌÈÈ˜

≠˙Â‡Ó‚Â„ ˜ÈÙÒÓ ÔÈ‡

≠ÌÈ‚ÂÂÈÒ È˘Ó ¯˙ÂÈ

≠˙ÂÂÎ˙ Ï˘ ÌÈÙÈˆ¯ ÌÈÓÂÁ˙

≠© „ÂÓÈÏÏ ÌÈ˘˜ ÌÈ‚˘ÂÓxor®

≠ÌÈÂ˘ ÌÈÁ·ÓÏ ÌÈÂ˘ ÌÈ¯ÈÁÓ

≠ÌÈ¯ÒÁ ÌÈÎ¯Ú
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ÌÈ˜È¯ ÌÈÏÚ

≠‰ÈÚ·˙Â‡Ó‚Â„ ÔÈ‡© ˙Â‡Ó‚Â„Ó ÌÈ˜È¯ ÌÈ¯ˆÂ˘ ÌÈ·‰Ó ˜ÏÁÂ ÔÎ˙È ∫
Æ®‰ÂÓ˙‰ Ï˘ ÌÈÎ¯Ú‰Ó ˜ÏÁÏ ˙ÂÓÈ‡˙Ó‰

≠ÔÂ¯˙Ù‚ÂÂÈÒ Ô·Ï ÌÈ¯È·ÚÓ Â‡ Ì˙È¯Â‚Ï‡Ï ˙È·ÈÒ¯Â˜¯ ÌÈ‡¯Â˜ Â‡ ¯˘‡Î ∫
Æ·‡‰ ˙ÓÂˆ· ÈËÈÓÂ„‰ ‚ÂÂÈÒ‰ Â‰Ê ÏÏÎ Í¯„·  ÆÏ„ÁÓ ˙¯È¯·
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ÌÈÂ˙· ˘Ú¯

  ≠‰ÈÚ·Í‡ ¨ÂÏˆÙÏ Ô˙È ‡Ï˘ ıÚ· ‰ÏÚ ÌÈÈ˜  ÆÌÈÂ˙· ¢˘Ú¯¢ ÌÈ˜Â ÔÎ˙È ∫
Æ„ÈÁ‡ ‚ÂÂÈÒ ˙ÂÏÚ· ÔÈ‡ Â· ˙Â‡Ó‚Â„‰

≠ÔÂ¯˙ÙÆ·Â¯‰ ÈÙÏ Úfi·fi˜È ‚ÂÂÈÒ‰ ‰ÊÎ ‰ÏÚ·  ∫
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Gain Ratio
≠‰ÈÚ·¢ÔÂÈˆ¢ ˙ÂÏ·˜Ó ÌÈÈ¯˘Ù‡ ÌÈÎ¯Ú Ï˘ ‰ÏÂ„‚ ‰ˆÂ·˜ ˙ÂÏÚ· ˙ÂÂÎ˙  ∫

Æ˙Â‰Ê ˙„ÂÚ˙ ÒÓ ∫˙ÈÂˆÈ˜ ‡Ó‚Â„  Æ‰˜„ˆ‰ ‡ÏÏ ‰Â·‚

≠ÔÂ¯˙Ù¨‡Ó‚Â„Ï  ÆÌÈ· Ï˘ ·¯ ¯ÙÒÓÏ ÏÂˆÈÙ ÏÚ ¢˘ÈÚÓ¢˘ „„Ó· ˘ÂÓÈ˘  ∫
≠‰ „„Ógain ratio≠‰ „„Ó ˙‡ ÏÓ¯Ó ‰Ê „„Ó  Æ gainÁÂÂ¯· 

ÆÏÂˆÈÙ‰ ÌˆÚÓ ÌÈÏ·˜Ó Â‡˘ ‰ÈˆÓ¯ÂÙÈ‡‰

− × ( )
=
∑ T

T
i

n T
T

i i

1
2logsplit info(A)=

gain ratio(A) = gain(A)/split info(A)

 ¯˘‡ÎTi ÏÂˆÈÙÓ ˙ÂÏ·˜˙Ó‰ ˙ÂˆÂ·˜‰ ÔÈ‰ T ‰ÂÎ˙ ÈÎ¯Ú ÏÚ AÆ

T˙È˙ÂÎ‡ÏÓ ‰È·Ï ‡Â·Ó  ˙Â„ÓÂÏ ˙ÂÎ¯ÚÓ ≠³±6/5/00ıÈ·Â˜¯Ó ÏÂ‡˘©

®ÌÈ¯Â„Ò Â‡© ÌÈÙÈˆ¯ ÌÈÎ¯Ú· ÏÂÙÈË
≠ID3¨ÏÈ‚ ÔÂ‚Î© ÌÈÙÈˆ¯ ÌÈÎ¯Ú· ÏÙËÏ ˙Ï‚ÂÒÓ ‰È‡ Ì„Â˜ ‰‚ˆÂ‰˘ ÈÙÎ 

Æ®ÂÎÂ Ì„ ıÁÏ ¨Ï˜˘Ó

≠¨‡Ó‚Â„Ï  ÆÌÂÁ˙‰ Ï˘ ‰ÈˆÊÈË¯˜ÒÈ„ ‡È‰ ‰Ê ÏÂ˘ÎÓ ÏÚ ¯·‚˙‰Ï ˙Á‡ Í¯„
 ÌÈÓÂÁ˙Ï ÏÈ‚‰ ÌÂÁ˙ ˙‡ ˜ÏÁÏ ÏÎÂ(0-3,3-6,6-12,12-18,18-40,40-120)Æ

≠‰Ó ËÈÏÁ‰Ï È„Î  ÆÈÓÈ„ ÔÙÂ‡· ‰ÈˆÊÈË˜ÒÈ„‰ ˙‡ Úˆ·Ï ‡È‰ ˙¯Á‡ Í¯„
≠‰gain ‰ÙÈˆ¯ ‰ÂÎ˙ Ï˘ A∫˙Â‡·‰ ˙ÂÏÂÚÙ‰ ˙‡ Úˆ· 

Æ± È‰˙X È‰˙  Æ˙Â‡Ó‚Â„‰ ˙ˆÂ·˜ A X A Xi in
( ),..., ( )

1
{ }ÈÎ¯Ú Ï˘ ˙ÈÂÓÓ ‰ˆÂ·˜ 

 ‰ÂÎ˙ ¯Â·Ú ˙Â‡Ó‚Â„‰AÆ

Æ≤ ÏÎÏij  ∫ ÔÁ·Ó‰ ˙‡ ˜Â„· A(x)>A(Xij)˙ˆÂ·˜ ˙‡ ÏˆÙÓ ‰Ê ÔÁ·Ó Æ
Æ˙ÂˆÂ·˜ È˙˘Ï ˙Â‡Ó‚Â„‰
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ÌÈ¯ÒÁ ÌÈÎ¯Ú
 ≠‰ÈÚ·ÌÈÎ¯Ú ÌÈ¯ÒÁ ˙Â‡Ó‚Â„‰Ó ˜ÏÁÏ ∫

 ≠˙ÂÂ¯˙Ù∫

·Â¯‰ ÈÙÏ ÌÈ¯ÒÁ‰ ÌÈÎ¯Ú‰ ˙‡ ˘Á  Æ±

ÆÈÁÎÂ‰ ˙ÓÂˆ· ·Â¯‰ ÈÙÏ ˘Á  Æ≤

‰Èˆ˜ÈÙÈÒÏ˜ ‰˙Â‡ ÈÏÚ· ÈÁÎÂ‰ ˙ÓÂˆ· ·Â¯‰ ÈÙÏ ˘Á  Æ≥

ÚÂ„È Ô¯Â·Ú ˙Â‡Ó‚Â„‰ ÈÙÏ ‰˘ÚÈ ˙Â‚ÏÙ˙‰‰ ·Â˘ÈÁ ≠ ˙Â‚ÏÙ˙‰· ˘ÂÓÈ˘  Æ¥
˙Â‚ÏÙ˙‰‰ ÈÙÏ È‡¯˜‡ Í¯Ú ÌÈ˙Â ÚÂ„È ÂÈ‡ Í¯Ú‰ Ô¯Â·Ú ˙Â‡Ó‚Â„Ï  ÆÍ¯Ú‰

Æ˙ÈÙˆ‰
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ÌÈÂ˘ ÌÈ¯ÈÁÓ ˙ÂÏÚ· ˙ÂÂÎ˙· ˘ÂÓÈ˘
≠‰ÈÚ·¨‡Ó‚Â„Ï  Æ„ÈÁ‡ ÂÈ‡ ˙ÂÂÎ˙ ·Â˘ÈÁ ¯ÈÁÓ Ì‰· ÌÈ˘ÂÓÈ˘ ÌÈÓÈ˜ ∫

®ÔÂÎÈÒ ˙ÈÁ·Ó© ‰Â˘ ¯ÈÁÓ ˙ÂÏÚ· ÔÈ‰ ¯Â˙ˆ ˙˜È„·Â ÌÂÁ ˙˜È„·

≠≠‰ ˙‡ ÏÏ˜˘ ¨˙ÂÂÎ˙‰ ÏÚ ¯ÈÁÓ ˙Èˆ˜ÂÙ ˙¯„‚‰ Ô˙‰·  ∫ÔÂ¯˙Ùgain
Æ¯ÈÁÓ·

≠∫˙ÂÓÈÈ˜ ˙ÂÎ¯ÚÓ· ‰ÊÎ ÏÂÏ˜˘Ï ˙Â‡Ó‚Â„ È˙˘

  ≠
[ ( , )]

( )
Gain Attribute Exaples

Cost A

2

≠
Gain A E

wCost A

( , )

[ ( ) ]
2 1

1
−
+

 ¯˘‡Î  0≤≤≤≤ w ≤≤≤≤ 1Æ¯ÈÁÓ‰ Ï˘ ˙ÈÒÁÈ‰ ˙Â·È˘Á‰ ˙‡ ÏÓÒÓ 

T˙È˙ÂÎ‡ÏÓ ‰È·Ï ‡Â·Ó  ˙Â„ÓÂÏ ˙ÂÎ¯ÚÓ ≠³´6/5/00ıÈ·Â˜¯Ó ÏÂ‡˘©

Overfitting
ÆÍÂÓ ‰Èˆ˜È„¯Ù ¯˘ÂÎ ÏÚ· È„ÈÓ ÏÂ„‚ ıÚ Ì˙È¯Â‚Ï‡‰ ¯ˆÂÈ ˙Â·¯ ÌÈÓÚÙ  ≠

≠ÆÂ¯ÂˆÈ ¯Á‡Ï ıÚ‰ ˙‡ ÌÈÓÊÂ‚ ÂÊ ‰ÈÚ· ÏÚ ¯·‚˙‰Ï È„Î

≠®‰„ÈÓÏ‰ ÈÙÏ© ˙Â‡Ó‚Â„‰Ó ˜ÏÁ „ˆ· ‰ÁÈÓ ˙Á‡ ‰ËÈ˘

≠˙‡ ˙¯Ù˘Ó Â˙¯Ò‰˘ ˙ÓÂˆ  ÆıÚ· ÌÈ˙Óˆ ÏË·Ï ÌÈÒÓ ‰„ÈÓÏ‰ ¯Á‡Ï
®ÂÈ˙Á˙˘ ıÚ‰ ˙˙ ÏÎ ÌÚ© ÌÊ‚ ÔÁ·Ó‰ ˙ˆÂ·˜ ÏÚ ÌÈÚÂˆÈ·‰

≠ÏÎ ¯˘‡Î ¨ÌÈ˜ÂÁ ˙Î¯ÚÓÏ ıÚ‰ ˙‡ ÌÈÎÙÂ‰  ∫¯˙ÂÈ ‰·ÂË Í‡ ‰ÓÂ„ ‰ËÈ˘
Æ˜ÂÁ ‰ÂÂ‰Ó ‰ÏÚÏ ˘¯Â˘‰Ó ÏÂÏÒÓ

≠Í¯ÚÂÓ‰ ˜ÂÈ„‰ ˙‡ ÌÈ„„ÂÓÂ ÌÈ‡˙‰Ó „Á‡ ÏÎ ˙‡ „È¯Â‰Ï ÌÈÒÓ ˜ÂÁ ÏÎ·
ÆÌÂÊÈ‚‰ È¯Á‡Â ÈÙÏ

≠ÌÈÎ„‰ ˙Á‡  ÆÌÈ¯˙ÂÒ ÌÈ˜ÂÁ ÏÈÎ‰Ï ‰ÏÂÎÈ ÌÂÊÈ‚‰ ¯Á‡Ï ÌÈ˜ÂÁ‰ ˙Î¯ÚÓ
ÆÍ¯ÚÂÓ‰ ˜ÂÈ„‰ ÈÙÏ ÌÈ˜ÂÁ‰ Ï˘ ÔÂÈÓ ˙ÂÚˆÓ‡· ‡È‰ ÍÎ ÏÚ ¯·‚˙‰Ï
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˙ÂÂÏÁ

≠„ÂÓÏÏ È„Î ˙Â‡Ó‚Â„‰ ˙ˆÂ·˜ Ï˘ ˙ÈÒÁÈ ÔË˜ ˜ÏÁ ˜ÈÙÒÓ ˙Â·¯ ÌÈÓÚÙ
·ÂË ‚ÂÂÒÓ

≠ID3 · ˙˘Ó˙˘Ó ˙ÂÂÏÁÆÂÏ‡Î ÌÈ¯˜Ó· ÌÈ·‡˘Ó· ÍÂÒÁÏ È„Î 

≠˙ˆÂ·˜ Ï˘ ¨È‡¯˜‡ ¨ÔË˜ ˜ÏÁ ÌÚ ˙‡¯˜ ıÚ‰ ˙‡ ‰Â·˘ ‰¯Â„ˆÂ¯Ù‰
  ‡¯˜ ‰Ê ˜ÏÁ© ˙Â‡Ó‚Â„‰ÔÂÏÁ®

≠‚ÂÂÈÒ· ‰‡ÏÓ ‰ÁÏˆ‰ ‰˙È‰ Ì‡  Æ˙Â‡Ó‚Â„‰ ¯‡˘ ÏÚ ÔÁ· ‰·˘ ıÚ‰
 ˙Â‡Ó‚Â„‰ ¯‡˘ID3˙¯ˆÂÚ 

≠ ˙¯Á‡ID3Ì„Â˜‰ ÔÂÏÁÏ Ì‰ÈÏÚ ‰ÚË ıÚ˘ ˙Â‡Ó‚Â„‰Ó ˜ÏÁ ˙Ù¯ˆÓ 
˘„Á ÔÂÏÁ ˙¯ˆÂÈÂ

≠Æ·Á¯ÂÓ‰ ÔÂÏÁ‰ ÈÙ ÏÚ ˘„Á ıÚ ‰·Â ˜¯Ê Ì„Â˜‰ ıÚ‰
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˙Â‡Ó‚Â„ ÒÒÂ·Ó ‚ÂÂÈÒ

(Instance Based Learning)
≠Æ‚ÂÂÈÒ‰ ÔÓÊ· ˙Úˆ·˙Ó ‰ÏÏÎ‰‰ ∫¢‰ÏˆÚ¢ ‰„ÈÓÏ

≠‰ˆ¯ ‰˙Â‡ ®‡Ó‚Â„‰© ‰„Â˜‰ ˙·È·Ò· ˙ÈÏ˜ÂÏ ˙È˘Ú ®‰ÏÏÎ‰‰© ‰Ê˙ÂÙÈ‰‰
Æ‚ÂÂÒÏ
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·Â¯˜‰ ÔÎ˘‰ ‚ÂÂÈÒ
(nearest neighbor classification)

≠‰„ÈÓÏÆÔÂÓÈ‡‰ ˙Â‡Ó‚Â„ ˙¯ÈÓ˘  ∫

≠‚ÂÂÈÒ¨˙‚ÂÂÒÓ ‡Ï ‡Ó‚Â„ Ô˙‰· ∫
‚ÂÂÒÓ‰ ÔÎ˘‰ ÈÙ ÏÚ ‰˙Â‡ ‚ÂÂÒ

·Â¯˜‰Æ¯˙ÂÈ· 

≠‰·¯˜ „„Ó·Á¯Ó· ˜Á¯Ó ∫
Æ˙ÂÂÎ˙‰
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+

++

+
+

+

+

+-

--
-

- -

ÈÂÂ¯Â ˙Ó¯‚‡È„
(Varonoi Diagram)

≠·Á¯Ó‰ ˙‡ ˙˜ÏÁÓ‰ ‰Ó¯‚‡È„
ÌÈ‡˙Ï

≠‡˙ ÔÓÂÒÓ ˙‚ÂÂÒÓ ‡Ó‚Â„ ÏÎÏ
Ô¯Â·Ú ˙Â„Â˜‰ ÛÒÂ‡ ˙‡ ‰ÂÂ‰Ó‰
Æ¯˙ÂÈ· ·Â¯˜‰ ÔÎ˘‰ ‰È‰ ‡Ó‚Â„‰

≠˙‡ ‰˘ÚÓÏ ˙‡Ë·Ó ‰Ó¯‚‡È„‰
‚ÂÂÒÓ ÏÏÎ ¯‡˙Ó ‰˙Ô‡ ‰Ê˙ÂÙÈ‰‰

Æ·Â¯˜‰ ÔÎ˘‰
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˜Á¯Ó‰ ˙Èˆ˜ÂÙ ≠ ÔÂÈÓ„‰ „„Ó
≠∫È„ÈÏ˜Â‡‰ ˜Á¯Ó‰ ˙Èˆ˜ÂÙ· ÌÈ˘Ó˙˘Ó Î¢„·

d x y h a x a yi i
i

n
( , ) ( ), ( )= ( )∑

=

2

1
 ¯˘‡Î  1a x a xn( ), , ( )LÆ‡Ó‚Â„‰ Ï˘ ˙ÂÂÎ˙‰ ÈÎ¯Ú ÔÈ‰ 

≠ ¨˙ÂÈ¯ÙÒÓ ˙ÂÂÎ˙‰ ¯˘‡Îh a x a y a x a yi i i i( ( ), ( )) ( ) ( )= −

  ∫¯ÓÂÏÎd x y a x a yi i
i

n
( , ) ( ) ( )= −( )∑

=

2

1
≠∫· ˘Ó˙˘‰Ï ‚Â‰ ®˙ÂÈ¯ÙÒÓ ‡Ï© ˙ÂÈÏÈÓÂ ˙ÂÂÎ˙‰ ¯˘‡Î

h a x a y
a x a y

a x a yi i
i i

i i
( ( ), ( ))

( ) ( )

( ) ( )
=

=
≠





0

1
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 · ‚ÂÂÈÒ‰ ÏÏÎNN
≠≠· ÔÓÒf x( ) ‡Ó‚Â„ Ï˘ ‚ÂÂÈÒ‰ ˙‡ xÆ
≠ ≠· ÔÓÒHÆ˙ÂÓÂÒÓ‰ ˙Â‡Ó‚Â„‰ ÛÒÂ‡ ˙‡ 

≠f y f d x y
x H

( ) (argmin( ( , )))=
∈

≠˙ˆÂ·˜ ÌÚ ˙ÈË¯˜ÒÈ„ ¨˙È¯‡È· ‚ÂÂÈÒ ˙Èˆ˜ÂÙÏ ÏÏÎ· ˘Ó˙˘‰Ï Ô˙È
 ÌÈ‚ÂÂÈÒVÆ‰ÙÈˆ¯Â ¨
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ÌÈÓÂÁ˙‰ ÏÂÓ¯È
≠·Á¯ È¯ÙÒÓ ÌÂÁ˙ ÌÚ ˙ÂÂÎ˙ ˙ÂÏ·˜Ó ˙ÂÂ˘ ˙Â„ÈÁÈ· ÔÈ‰ ˙ÂÂÎ˙‰ ¯˘‡Î

Æ‰·ÈÒ ‡ÏÏ ÏÂ„‚ Ï˜˘Ó

≠∫ÌÈÎ¯Ú‰ ÏÂÓ¯ ‰È‰ ‰ÈÚ·Ï È¯˘Ù‡ ÔÂ¯˙Ù

≠ ÔÈ‰ ˙Â‚ÂÂÒÓ‰ ˙Â‡Ó‚Â„‰ ˙ˆÂ·˜˘ ÁÈ  E e en= { }1, ,L¯˘‡Î 

  
e v v ci k ii i

= 1 , , ,L‰È‰ ‚ÂÂÒÏ ÍÈ¯ˆ ‰˙Â‡ ‡Ó‚Â„‰Â 

  v v
n nk1 1 1+ +

, ,L
≠ ¯È„‚

  
min min

, ,
j

i n
jv
i

=
= +1 1L

 ÏÎÏ   j k=1, ,L

≠  ¯È„‚
  
max max

, ,
j

i n
jv
i

=
= +1 1L

 ÏÎÏ   j k=1, ,L

≠ ¯È„‚ˆ
min

max min
v

v
j

j j

j j
i

i=
−
−
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≠ È¯ÂË˜ÂÂ ÏÚ ˜Á¯Ó „Â„Óv̂

 Ì˙È¯Â‚Ï‡IB3

≠© È˙‚¯„‰ Ì˙È¯Â‚Ï‡incremental ˙„ÈÓÏÏ ®NNÆ

≠© ‰„ÈÓÏ ÔÒÓ ÏÈÚÙÓ Ì˙È¯Â‚Ï‡‰acquisition filterÔ‰ÈÏÚ ˙Â‡Ó‚Â„ ˜¯ ∫®
‰ÚÂËÆ˙ÂÒÁÂ‡Ó ÈÁÎÂ‰ ‚ÂÂÒÓ‰ 

≠ ˙¯Ó˘ ÔÂÓÈ‡‰ ˙ˆÂ·˜· ‡Ó‚Â„ ÏÎÏ‰ÁÏˆ‰‰ ˙È¯ÂËÒ‰˙Â‡Ó‚Â„ ‰ÓÎ© ‰Ï˘ 
Æ®ÔÂÎ ‰‚ÂÂÈÒ

≠ Ì‡ ÌÈ˜„Â· ‡Ó‚Â„ ÏÎÏ˜ÂÈ„‰ ˙Ó¯ ‰Ï˘ ‰‰Â·‚˙Â¯È„˙Ó ˜‰·ÂÓ ÔÙÂ‡· 
Æ˙Â‡Ó‚Â„‰ ÏÏÎ· ‰Ï˘ ‚ÂÂÈÒ‰

≠ ˜ÂÈ„‰ Ì‡¯˙ÂÈ ‰Â·‚ ˙ÓÂÒÓ ‡Ó‚Â„‰ ˜‰·ÂÓ ÔÙÂ‡· ‰ÏÈ·˜Î˙Ù˙˙˘ÓÂ 
Æ‚ÂÂÒÓ·

≠ ˜ÂÈ„‰ Ì‡¯˙ÂÈ ÍÂÓ ˙ÓÂÒÓ ‡Ó‚Â„‰ ˜‰·ÂÓ ÔÙÂ‡· ‰ÏÈ·˜ È˙Ï·Î˙˜ÁÓÂ 
 ≠ ‰ÁÎ˘ ÔÂÈÒ Â‰Ê©retention filterÆ®
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≠¢ ˙¯Ó˘ ‡Ó‚Â„‰ ÈÊ‡ ÌÈÏÁ ÌÈ‡ ÌÈ¯˜Ó‰ È˘ Ì‡È‡˙ ÏÚÆ¢

≠‰˘„Á ‡Ó‚Â„Ï ¯˙ÂÈ ‰·Â¯˜ ‡È‰ Ì‡ ¨ÌÏÂ‡ ¨‚ÂÂÈÒ· ˙Ù˙˙˘Ó ‰È‡ ‡È‰
 ¨ÌÈÏÈ·˜‰ ÔÈ·Ó ¯˙ÂÈ· ·Â¯˜‰ ÔÎ˘‰ ¯˘‡Ó‰˙Â‡ ÌÈÁÂ·‡Ó‚Â„‰ ÏÚ 

Æ‰Ï˘ ‰È¯ÂËÒ‰‰ ˙‡ ÌÈÎ„ÚÓÂ ‰˘„Á‰
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T˙È˙ÂÎ‡ÏÓ ‰È·Ï ‡Â·Ó  ˙Â„ÓÂÏ ˙ÂÎ¯ÚÓ ≠´µ6/5/00ıÈ·Â˜¯Ó ÏÂ‡˘©

Example

Select Only 
Misclassified 
Examples

Remove 
Significantly 
bad exampels

Utilize only 
acceptable 
examples

Unclassified Examples
NN Classifier

+

-

Learner
(null)

Stored 
Exampels

 ÈÚÂˆÈ·IB3
¯˙ÂÈ ÌÈ·ÂË ÌÈÚÂˆÈ· Ì˙È¯Â‚Ï‡‰ ‰‡¯‰ ‰ÒÂ Ô‰ÈÏÚ ˙Â‡Ó‚Â„‰ Èˆ·˜· ≠

≠ÓNNÆ¯ÎÈ ÔÙÂ‡· ¯˙ÂÈ ˙ÂÚÂˆ ÔÂ¯ÎÊ ˙Â˘È¯„ ÌÚ 
NN IB3 IB3 Storage C4.5 

Voting 91.8 91.6 0.07 95.5
Tumor 34.7 38.6 0.16 37.8
LED 70.5 71.7 0.29 68.3
Waveform 75.2 73.8 0.15 70.7

Cleveland 75.7 78.0 0.08 75.5

Hungarian 58.7 80.5 0.08 78.2
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K-nearest Neighbors
≠≠‰ Ì˙È¯Â‚Ï‡ Ï˘ ‰ÏÏÎ‰NNÆ

≠ ÔÈ· ‰Ú·ˆ‰ È¢Ú Ú¯ÎÂÓ ‚ÂÂÈÒ‰kÆ¯˙ÂÈ· ÌÈ·Â¯˜‰ ÌÈÎ˘‰ 

+

++

+
+

+

+

+-

--
-

- -

≠ ‚ÂÂÒÓ ÌÏÂ‡ ≠ ¯ÈÊÁÈ ·Â¯˜‰ ÔÎ˘‰ ‚ÂÂÒÓ ‰ÏÚÓÏ˘ ‡Ó‚Â„·5-NNÆ´ ¯ÈÊÁÈ 
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˙È·Â˘ÈÁ ‰„ÈÓÏ
≠ Ô·ÏÓ „ÂÓÏÏ ÂÂˆ¯·˘ ÁÈR ‡¯˜© ¯Â˘ÈÓ· ‰¯ËÓ‰ Ô·ÏÓ®

≠ ˙Â‚ÏÙ˙‰Ó ˙È‡¯˜‡ ˙ÂÓ‚„‰ ˙Â‡Ó‚Â„ ÌÈÏ·˜Ó Â‡˘ ÁÈDÆ
≠Ô·ÏÓ ÍÂ˙· ‡È‰ Ì‡‰ ÔÈÈˆÏ È„Î ≠ Â‡ ´ ˙ÙÒÂ˙· ‰„Â˜ ‰È‰ ‡Ó‚Â„ ÏÎ

Æ‰¯ËÓ‰
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R

+ +
+

-

-

-

-

-+



‰¯Ú˘‰ Ï˘ ‰‡È‚˘

≠ ‰¯Ú˘‰ Ô·ÏÓ ¯ˆÈÈÏ „ÓÂÏ‰ ˙¯ËÓ R'  ≠Ï ¯˘Ù‡‰ ÏÎÎ ·Â¯˜‰RÆ

≠ Ï˘ ‰‡È‚˘‰ ˙‡ ¯È„‚R' ÈÙÏ ˙È‡¯˜‡ ˙Ó‚„‰ ‰„Â˜˘ ˙Â¯·˙Ò‰Î D
˘¯Ù‰‰¸ Æ‰¯Ú˘‰‰ Ô·ÏÓÂ ‰¯ËÓ‰ Ô·ÏÓ Ï˘ È¯ËÓÈÒ‰ ˘¯Ù‰· ÏÂÙÈ˙

 ∫È¯ËÓÈÒ‰R R R R R R∆ ' ( ' ) ( ' )= − ∪ −˛

R

R'

+ +
+

-

-

-

-

-+
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 ‰„ÈÓÏ Ì˙È¯Â‚Ï‡A ·Â˘ÈÁÏ R'
≠ÏÎ ˙‡ ÏÈÎÓ‰ ¯˙ÂÈ· ÔË˜‰ Ô·ÏÓ‰ ˙‡ ¯ÊÁ‰ ¨˙Â‡Ó‚Â„ ˙ˆÂ·˜ Ô˙‰·

Æ˙ÂÈ·ÂÈÁ‰ ˙Â‡Ó‚Â„‰

≠ È‰˙ ∫¯ÓÂÏÎ  S x y x yk k= { }1 1, , , ,KÆ˙ÂÈ·ÂÈÁ‰ ˙Â‡Ó‚Â„‰ ˙ˆÂ·˜ 

≠Ô·ÏÓ Ï˘ ‰Â˙Á˙ ˙ÈÏ‡Ó˘‰ ‰ÈÙ‰

 ‰È‰˙ ‰¯Ú˘‰‰min ( ), min ( )
, ,x y S x y S

x y
∈ ∈

≠‰¯Ú˘‰‰ Ô·ÏÓ Ï˘ ‰ÂÈÏÚ ˙ÈÓÈ‰ ‰ÈÙ‰

 ‰È‰˙max( ), max( )
, ,x y S x y S

x y
∈ ∈

≠Ô·ÏÓ‰ ˙‡ ¯ÊÁ‰ ˙ÂÈ·ÂÈÁ ˙Â‡Ó‚Â„ ÔÈ‡ Ì‡©
®˜È¯‰
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R

+ +
+

-

-

-

-

-+

R'

‰ÚË
≠ ‰¯ËÓ Ô·ÏÓ ÏÎÏR ˙Â‚ÏÙ˙‰ ÏÎÏ ¨D ÏÎÏ ¨0 1

2< ≤ε δ, ¯ÙÒÓ ÌÈÈ˜ ¨mÍÎ ¨

 Ô˙‰·˘m ˙ÂÁÙÏ Ï˘ ˙Â¯·˙Ò‰· ÔÂÚËÏ ÏÎÂ ¨˙Â‡Ó‚Â„ 1−δ˙ÂÚË‰˘ ¨

 Ï˘R' Ì˙È¯Â‚Ï‡‰ È¢Ú ¯ˆÂ‰ A ÏÚ ‰ÏÂÚ ‰È‡ εεεεÆ
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≠‰ Ï„ÂÓPAC
∫˙Â¯„‚‰

≠˙Â‡Ó‚Â„‰ ·Á¯Ó© instance space ‰ˆÂ·˜ ‰È‰ ® XÆÌÈË˜È·Â‡ Ï˘ 
˛¯Â˘ÈÓ· ˙Â„Â˜‰ ÏÎ ≠ Ô·ÏÓ‰ ˙Ó‚Â„·¸

≠ ‚˘ÂÓ© concept ‰ˆÂ·˜ ˙˙ ÂÈ‰ ®X⊆⊆⊆⊆cÆ˙Â‡Ó‚Â„‰ ·Á¯Ó Ï˘ 

≠ ˙È‡ÈÏÂ· ‰Èˆ˜ÂÙÎ Ì‚ ‚˘ÂÓ ÏÚ ÏÎ˙Ò‰Ï Ô˙È{0,1}→→→→c:X
≠ ˙ˆÂ·˜ÌÈ‚˘ÂÓ© concept class ÏÚÓ ÌÈ‚˘ÂÓ Ï˘ ‰ˆÂ·˜ ‰È‰ ®XÏ˘ÓÏ¸ Æ

˛ÌÈ¯ÈˆÏ ˙ÂÏÈ·˜Ó ˙ÂÚÏˆ ÈÏÚ· ÌÈ·ÏÓ‰ ÏÎ ˙ˆÂ·˜ ≠

≠‰¯ËÓ‰ ‚˘ÂÓ© target concept ‚˘ÂÓ ÂÈ‰ ®c ÌÈ‚˘ÂÓ‰ ˙ˆÂ·˜· CÂ‡  Æ
 ‰ÚÂ„È ‰„ÈÓÏ‰ Ì˙È¯Â‚Ï‡ ÔÎ˙ÓÏ˘ ÌÈÁÈÓCÆ
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≠‰¯ËÓ‰ ˙Â‚ÏÙ˙‰ D ˙Â‡Ó‚Â„‰ ·Á¯Ó ÏÚ ˙Â‚ÏÙ˙‰ ‰È‰ XÆ
≠ ‰¯ËÓ ‚˘ÂÓ Ô˙‰·c ‚˘ÂÓÂ h Ï˘ ‰‡È‚˘‰ ˙‡ ¯È„‚ h ¯Â·Ú D∫

error h c x h xx D( ) Pr ( ) ( )= ≠[ ]∈

X

h
c

≠Ï˜¯Â‡ EX(c,D) ˙ÓÂÒÓ ‡Ó‚Â„ ‰¯ÈÊÁÓ‰ ‰¯Â„ˆÂ¯Ù ‰È‰ x c x, ( )¯˘‡Î 
x ˙Â‚ÏÙ˙‰ ÈÙÏ ÈÂÏ˙ È˙Ï· ÔÙÂ‡·Â ˙È‡¯˜‡ ˙Ó‚„ DÆ
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‰„ÈÓÏ Ì˙È¯Â‚Ï‡ ¯Â·Ú ˙ÂÈÂˆ¯ ˙ÂÂÎ˙
≠≠Ï ‡Â¯˜Ï È‡˘¯ ‰„ÈÓÏ Ì˙È¯Â‚Ï‡EX(c,D)‰È‰È ˙Â‡È¯˜‰ ¯ÙÒÓ˘ ‰ˆ¯  Æ

Æ®Í˘Ó‰· ÔÈÈˆ˘ ÌÈ¯ËÓ¯Ù· ÈÏ‡ÈÓÂÈÏÂÙ© ÔË˜

≠ÆÔË˜ ‰È‰È ·Â˘ÈÁ‰ ÔÓÊ

≠ ‰Ê˙ÂÙÈ‰ ‚˘ÂÓ ‡ÈˆÂÈ Ì˙È¯Â‚Ï‡‰h ≠˘ ÍÎ error(h)ÆÔË˜ ‰È‰È 
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 ˙„ÈÓÏPAC
 È‰˙C ÏÚÓ ÌÈ‚˘ÂÓ ˙ˆÂ·˜ X≠˘ ¯Ó‡  ÆC  ˙„ÈÓÏÏ ˙˙ÈPACÌÈÈ˜ Ì‡ 

 Ì˙È¯Â‚Ï‡L ‚˘ÂÓ ÏÎÏ  ∫‰‡·‰ ‰ÂÎ˙‰ ˙‡ ÌÈÈ˜Ó‰ C∈∈∈∈c˙Â‚ÏÙ˙‰ ÏÎÏ ¨

D ÏÚ X ÏÎÏ ¨≤≤≤≤1/2εεεε0≤≤≤≤ ÏÎÏÂ ≤≤≤≤1/2δδδδ0≤≤≤≤ ˙Â¯·˙Ò‰· ÈÊ‡ ¨1111−−−−δδδδ ¨ L¯ÈÊÁÈ 

 ‰Ê˙ÂÙÈ‰C∈∈∈∈h ˙ÓÈÈ˜Ó‰ εεεεerror(h) ≤≤≤≤Æ

PAC=Probably Approximately Correct
 Ì‡L≠· ÈÏ‡ÈÓÂÈÏÂÙ ÔÓÊ· ‰ˆ¯ εεεε1/≠· 1111////δδδδ≠· size(c)≠·Â n ˘ „È‚ C

 ˙„ÈÓÏÏ ˙˙ÈPAC ‰ÏÈÚÈ© Æsize(c) ¨¯Á·‰ ‚ÂˆÈ· ‚˘ÂÓ‰ Ï„Â‚ ‡Â‰ n‡Â‰ 
®„Â„È˜· ˙Â‡Ó‚Â„‰ Ï„Â‚

≠˙ÂÏÈ·˜Ó Ì‰È˙ÂÚÏˆ˘ ÌÈ·ÏÓ‰ ˙ˆÂ·˜˘ ‰˘ÚÓÏ ÂÁÎÂ‰ Ô·ÏÓ‰ ˙Ó‚Â„·
 ˙„ÈÓÏÏ ˙˙È ÌÈ¯ÈˆÏPACÆ‰ÏÈÚÈ 
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ÌÈÈË‚ ÌÈÓ˙È¯Â‚Ï‡
≠Æ˙ÂÊ˙ÂÙÈ‰ Ï˘ ˙ÂÈÒÂÏÎÂ‡ ÏÚ ÌÈÂÈˆÂÏÂ·‡ ÌÈÎÈÏ‰˙ ÌÈ˜ÁÓ‰ ÌÈÓ˙È¯Â‚Ï‡

≠ÆÌÈËÈ· ˙ÂÊÂ¯ÁÓ È¢Ú ÌÈ‚ˆÂÈÓ ˙ÂÂ¯˙ÙØ˙ÂÊ˙ÂÙ‰

≠˘ÂÙÈÁ ÌÈÚˆ·Ó ÌÈÈË‚‰ ÌÈÓ˙È¯Â‚Ï‡‰
© ‰ÓÂÏ‡beam searchÆ˙ÂÊ˙ÂÙÈ‰‰ ·Á¯Ó· ®

≠˙Èˆ˜ÂÙ ÌÂÈ˜ ÌÈÁÈÓ ÌÈÓ˙È¯Â‚Ï‡‰
fitness˙ÂÊ˙ÂÙÈ‰Ï ÌÈÈ·ÂÈÁ ÌÈ˜ÂÊÈÁ ˙˙Â‰ 
Æ˙Â·ÂË

≠˙Â˘„Á ˙ÂÊ˙ÂÙÈ‰  Æ˙Â˜¯Ê ˙ÂÚÂ¯‚ ˙ÂÊ˙ÂÙÈ‰
ÏÚ ˙ÂÈË‚ ˙ÂÏÂÚÙ ˙ÏÚÙ‰ È¢Ú ˙Â¯ˆÂ

Æ˙ÂÓÈÈ˜ ˙ÂÊ˙ÂÙÈ‰
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˙ÂÈË‚ ˙ÂÏÂÚÙ
≠∫ÔÈ‰ ¯˙ÂÈ· ˙ÂˆÂÙ‰ ˘ÂÏ˘  Æ˙Â·¯ ˙ÂÈË‚ ˙ÂÏÂÚÙ ˙ÂÓÈÈ˜

‰¯ÈÁ·© selectionÌ˘Ï ®ÌÈÓÂÊÂÓÂ¯Î© ‰ÈÒÂÏÎÂ‡· ÌÈ¯·Á ¯ÁÂ· ¯ÂË¯ÙÂ‡‰  ∫®
 ˜ÂÊÈÁ· ‰ÈÂÏ˙ ‰¯ÈÁ·Ï ˙Â¯·˙Ò‰‰  Æ˙Â·¯˙‰fitness ÆÌÂÊÂÓÂ¯Î‰ Ï·È˜˘ 

‰·Ïˆ‰© crossoverÈ˘ ˙‡ ÚËÂ˜ ¨È‡¯˜‡ ÌÂ˜Ó ¯ÁÂ· ¯ÂË¯ÙÂ‡‰  ∫®
∫˙ÂÈÏÈÁ˙‰ ˙‡ Ì‰ÈÈ· ÛÈÏÁÓÂ ‰Ê ÌÂ˜Ó· ÌÈÓÂÊÂÓÂ¯Î‰

00101101

10010110
001
100

10110
01101

‰ÈˆËÂÓ© mutationÆÌÂÊÂÓÂ¯Î· ÌÈËÈ· È‡¯˜‡ ÔÙÂ‡· ‰˘Ó ¯ÂË¯ÙÂ‡‰  ∫®
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ÈÒÈÒ· ÈË‚ Ì˙È¯Â‚Ï‡
± Ï˘ ‰ÈÒÂÏÎÂ‡ ÌÚ ÏÁ˙‰N Í¯Â‡· ÌÈÈ‡˜‡ ÌÈÓÂÊÂÓÂ¯Î LÆ
≤≠‰ ˙Èˆ˜ÂÙ ˙‡ ·˘Áfitness ¨f(x) ÌÂÊÂÓÂ¯Î ÏÎÏ ¨ x Æ‰ÈÒÂÏÎÂ‡·

≥ Â¯ˆÂÂÈ˘ „Ú ˙Â‡·‰ ˙ÂÏÂÚÙ‰ ÏÚ ¯ÂÊÁN∫ÌÈ„ÏÈ 
Æ‡≠Ï ˙ÈÒÁÈ ˙Â¯·˙Ò‰· ˙ÈÁÎÂ‰ ‰ÈÒÂÏÎÂ‡‰Ó ÌÈ¯Â‰ ‚ÂÊ ¯Á·fitness

Æ®˙Â¯ÊÁ ÌÚ ‰¯ÈÁ·‰© Ì‰Ï˘
Æ· ˙Â¯·˙Ò‰·PcÌÈ¯Â‰‰ ˙‡ Á˜ ˙¯Á‡© ÌÈ¯Â‰‰ ÔÈ· ‰·Ïˆ‰ Úˆ· 

Æ®Ì‰˘ ˙ÂÓÎ
Æ‚˙Â¯·˙Ò‰· ÌÈ„ÏÈ‰Ó „Á‡ ÏÎ· ÌÈËÈ·‰Ó „Á‡ ÏÎ· ‰ÈˆËÂÓ Úˆ·

PmÆ
Æ„Æ‰˘„Á‰ ‰ÈÒÂÏÎÂ‡Ï ÌÈ˘„Á‰ ÌÈ„ÏÈ‰ È˘ ˙‡ ÛÒÂ‰

Æ¥Æ≤ „ÚˆÏ ¯ÂÊÁ
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˙ÂÓÎÒ
≠¯ÂˆÈÏ ‰È‰ ÌÈÈË‚‰ ÌÈÓ˙È¯Â‚Ï‡‰ ÁÂ˙ÈÙ È¯ÂÁ‡Ó „ÓÚ˘ ÈÊÎ¯Ó‰ ÔÂÈÚ¯‰

Æ®˙ÂÂ¯˙Ù Â‡© ¢˙ÂÊ˙ÂÙÈ‰¢ Ï˘ ¢ÔÈ· È·‡¢ ‚ÊÓÏÂ

≠‰ÓÎÒ ˙È·≠ÛÏ‡‰ ÏÚÓ ˙ÊÂ¯ÁÓ ‡È‰ {0,1,*} ¯˘‡Î ¨* ˙ÓÒÓ don't careÆ
 ÏÚÓ ˙ÂÊÂ¯ÁÓ ˙ˆÂ·˜ ‰˘ÚÓÏ ˙‚ˆÈÈÓ ‰ÓÎÒ ÔÎÏ{0,1}Æ

≠  ∫‰ÓÎÒÏ ‡Ó‚Â„H=1****1  Æ100101 ‡È‰ ÚÙÂÓ© instance  Ï˘ ®HÆ
≠ ‰ÓÎÒÏH ÌÈËÈ· ≤ ˘È ÌÈ¯„‚ÂÓ ÌÈ‡˘ ÌÈËÈ·© *‡È‰ ‰ÓÎÒ‰˘ ¯Ó‡  Æ®

¯„Ò ˙ÏÚ·Æ≤ 

≠ ˘È ‰ÓÎÒÏ¯È„‚Ó Í¯Â‡Æ®ÌÈÈÂˆÈ˜‰ ÌÈ¯È„‚Ó‰ ÌÈËÈ·‰ ÔÈ· ˜Á¯Ó© µ 
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˙ÂÓÎÒ „Â·ÈÚ
≠È·‡ Ô‰ ˙ÂÓÎÒ‰ ∫ÌÈÈË‚‰ ÌÈÓ˙È¯Â‚Ï‡‰ ÈÁ˙ÙÓ Ï˘ ˙ÈÒÈÒ·‰ ‰ÚË‰

ÌÈÓ˙È¯Â‚Ï‡‰ ¢Ú È·ÈË˜Ù‡ ÔÙÂ‡· ÌÈÓ˙È¯Â‚Ï‡‰ ÌÈ„·ÚÓ Ô˙Â‡ ÔÈ·‰
ÆÌÈÈË‚‰

≠ ‰È‰ ˙ÊÂ¯ÁÓ ÏÎÚÙÂÓ Ï˘ 2L Ï˘ ‰ÈÒÂÏÎÂ‡·  Æ˙ÂÓÎÒ NÌ˘È ÌÈÓÂÊÂÓÂ¯Î 
 ÔÈ· Ï˘ ÌÈ‚Èˆ2L≠Â N L⋅2Æ˙ÂÓÎÒ 

≠ ÔÙÂ‡· ·˘ÁÓ ÈË‚‰ Ì˙È¯Â‚Ï‡‰˘ „ÂÚ· ¨ÔÎ ÏÚ¯È˘È© ˙Â¯È˘Î‰ ˙‡ fitness®
 Ï˘NÏ˘ ˙ÚˆÂÓÓ‰ ˙Â¯È˘Î‰ ˙‡ ÛÈ˜Ú ÔÙÂ‡· ÍÈ¯ÚÓ ‡Â‰ ¨ÌÈÓÂÊÂÓÂ¯Î 

 ˙ÂÁÙÏ2LÆ˙ÂÓÎÒ 

T˙È˙ÂÎ‡ÏÓ ‰È·Ï ‡Â·Ó  ˙Â„ÓÂÏ ˙ÂÎ¯ÚÓ ≠¶°6/5/00ıÈ·Â˜¯Ó ÏÂ‡˘©



‰ÓÎÒ‰ ËÙ˘Ó
≠Ï˘ ÌÈÚÙÂÓ‰ ¯ÙÒÓ˘ ÌÈÙ‡Â˘ ÂÈÈ‰ ¨˙ÂÓÎÒ ÏÚ ˙Â¯È˘È ÌÈÏÚÂÙ ÂÈÈ‰ Ì‡

‰ÓÎÒ‰ Ï˘ ˙ÚˆÂÓÓ‰ ˙Â¯È˘ÎÏ ÈÒÁÈ ÔÙÂ‡· ‡·‰ ¯Â„· Ï„‚È ‰·ÂË ‰ÓÎÒ

≠ÆÛÈ˜Ú ÔÙÂ‡· ˙˘ÓÂÓÓ ÔÎ‡ ÂÊ ‰È‚Ë¯ËÒ‡˘ ÔÚÂË ‰ÓÎÒ‰ ËÙ˘Ó

≠ È‰˙H ¯Â„· ˙ÂÁÙÏ „Á‡ ÚÙÂÓ ˙ÏÚ· ‰ÓÎÒ tÆ
≠ · ÔÓÒm H t( , ) ‰ÓÎÒ Ï˘ ÌÈÚÙÂÓ‰ ¯ÙÒÓ ˙‡ H ¯Â„· tÆ
≠ Ï˘ ˙ÚˆÂÓÓ‰ ˙Â¯È˘Î‰H ¯Â„· t  ∫‰È‰ ˆ( , ) ( ) ( , )u H t f x m H t

x Ht

= ∑
∈
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≠ ÌÂÊÂÓÂ¯ÎÏ ˙Â¯·˙Ò‰‰x ¯Â„Ï ¯Á·‰Ï t+1 ‰È‰ f x f y
y

( ) ( )∑

≠ ÌÂÊÂÓÂ¯Î Ï˘ ÌÈÚÙÂÓ Ï˘ ÈÂÙˆ‰ ¯ÙÒÓ‰ ÔÎÏx ¯Â„· t+1∫ÂÈ‰ 

f x f y N f x f y N f x f t
y y

( ) ( ) ( ) ( ) ( ) ˆ( )∑ ∑





= 











=

 ¯˘‡Îˆ( )f t ¯Â„· ˙ÚˆÂÓÓ‰ ˙Â¯È˘Î‰ ‰È‰ tÆ
≠ ‰ÓÎÒ Ï˘ ÈÂÙˆ‰ ÌÈÚÙÂÓ‰ ¯ÙÒÓ ¨˙ÂÈˆËÂÓÂ ˙Â·Ïˆ‰Ó ÌÏÚ˙‰·H¯Â„· 

t+1  ∫ÂÈ‰ E m H t
f x
f t f t

f x
u H t

f t
m H t

x H x H
( ( , ))

( )
ˆ( ) ˆ( )

( )
ˆ( , )

ˆ( )
( , )+ = = =

∈ ∈
∑ ∑1

1
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≠˙Â¯È˘ÎÏ ÒÁÈ· ÔË˜ Â‡ Ï„‚ ‰ÓÎÒ‰ Ï˘ ÌÈÚÙÂÓ‰ ¯ÙÒÓ˘ ÔÎÏ ÌÈ‡Â¯ Â‡
‰‰Â·‚ ˙ÚˆÂÓÓ ˙Â¯È˘Î ˙ÏÚ· ‰ÓÎÒ Ï˘ ÌÈÚÙÂÓ‰ ¯ÙÒÓ  Æ‰Ï˘ ˙ÚˆÂÓÓ‰

© ÈÏÈˆÂÙ˜‡ ÔÙÂ‡· Ï„‚È ÚˆÂÓÓ‰Ó
ˆ( , )

ˆ( )
u H t

f t
Æ®±≠Ó ÏÂ„‚ ‰È‰È 

≠∫‰ÈˆËÂÓ‰Â ‰·Ïˆ‰‰ Ï˘ ˙ÂÚÙ˘‰‰ ˙‡ ˜Â„·Ï ÂÏ ¯˙Â

≠ È‰˙PcÆÌÂÊÂÓÂ¯Î ÏÚ ÏÚÙÂ˙ ‰·Ïˆ‰˘ ˙Â¯·˙Ò‰‰ 

≠ ‰ÓÎÒ˘ ˙Â¯·˙Ò‰‰H ∫È¢Ú ‰ÓÂÒÁ ‰·Ïˆ‰ ¢„Â¯˘˙¢ S H P
d H
Lc c( )
( )≥ −
−





1

1
 ¯˘‡Îd H( )Ï˘ ¯È„‚Ó‰ Í¯Â‡‰ ÂÈ‰  H ≠Â L‰·ÈÒ‰© ÌÂÊÂÓÂ¯Î‰ Í¯Â‡ ÂÈ‰ 

‡Ï ‡È‰ Ï·‡ ‰ÓÎÒ‰ ÍÂ˙· Í˙ÁÈ ÌÂÊÂÓÂ¯Î˘ ÔÎ˙È ∫‰ÏÚÓÏÓ ÌÒÁ Â‰Ê˘
®Ò¯‰˙
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≠ È‰˙Pm ‰ÓÎÒ˘ ˙Â¯·˙Ò‰‰  Æ‰ÈˆËÂÓ È¢Ú ‰Â˘È ËÈ·≠˘ ˙Â¯·˙Ò‰‰ H
 ‰È‰ ‰ÈˆËÂÓ „Â¯˘˙( ) ( )1− Pm

o H ¯˘‡Î o H( )≠ ‰ÓÎÒ‰ Ï˘ ¢¯„Ò¢‰ ÂÈ‰ 
ÆÌÈ¯È„‚Ó‰ ÌÈËÈ·‰ ¯ÙÒÓ

≠Ï˘ ÚˆÂÓÓ‰ ¯ÙÒÓ‰ ÏÚ ÌÒÁ Ï·˜Â ‰·Ïˆ‰‰Â ‰ÈˆËÂÓ‰ ˙ÂÚÙ˘‰ ˙‡ ·Ï˘
 ‰ÓÎÒ ÈÚÙÂÓH ¯Â„· t+1∫

E m H t
u H t

f t
m H t P

d H
L

Pc m

o H
( ,( , ))

ˆ( , )
ˆ( )

( , )
( ) ( )+ ≥ −
−





 −( )[ ]1 1

1
1

≠ÚˆÂÓÓ‰Ó ‰ÏÂ„‚ ˙Â¯È˘Î ˙ÂÏÚ· ÍÂÓ ¯„Ò ˙ÂÏÚ· ˙Â¯ˆ˜ ˙ÂÓÎÒ ∫¯ÓÂÏÎ
ÆÈÏ‡ÈˆÂÙ˜‡ ÔÙÂ‡· ÂÏÙÎ˙˘È
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ÌÈÈË‚ ÌÈÓ˙È¯Â‚Ï‡ ˘ÂÓÈÓ
„Â„È˜

≠ÌÈ„Â„È˜ ÌÈ‰ ÌÈ¯Á‡ ÌÈÈ¯˘Ù‡ ÌÈ„Â„È˜  ÆÈ¯‡È· ˙ÂÈ‰Ï ·ÈÈÁ ÂÈ‡ „Â„È˜‰
ÆÈ¯‡È· ÂÈ‡˘ ˙È·≠ÛÏ‡·

≠ÆÌÈÈ¯ÙÒÓ ÌÈÎ¯Ú ˙ÂÚˆÓ‡· ÌÈ„„˜Ó ÌÈ˙ÚÏ

≠ÆÌÈˆÚ ˙ÂÚˆÓ‡· ÌÈ„„˜Ó ÈË‚ ˙ÂÎ˙·
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© ‰¯ÈÁ· ˙ÂËÈ˘selection®
≠ÌÂÊÂÓÂ¯Î ÏÎ ∫¢‰ËÂÓ ‰ËÏÂ¯¢  ˙ÂÚˆÓ‡· Î¢„· ˙˘ÓÂÓÓ ˙ÈÒÈÒ·‰ ‰ËÈ˘‰

ÆÂÏ˘ ˙Â¯È˘ÎÏ ˙ÈÒÁÈ ‰¯Ê‚ Ï·˜Ó

≠¨‰¯˜Ó· ÈÏÂ‡ ¨ÂÈ‚Ù‰˘ ÌÈÓÂÊÂÓÂ¯ÎÏ ˙Ó„˜ÂÓ ˙ÂÒÎ˙‰ Ï˘ ‰ÈÚ· ˙ÓÈÈ˜
Æ‰„ÈÓÏ‰ Ï˘ ÌÈÓ„˜ÂÓ ÌÈ·Ï˘· ˙ÈÒÁÈ ‰‰Â·‚ ˙Â¯È˘Î

≠ ˙ËÈ˘"sigma scaling"‰‰Â·‚ ‡È‰˘© Ô˜˙‰ ˙ÈÈËÒ· Ì‚ ˙·˘Á˙Ó 
∫®‰ÏÁ˙‰·

ExpVal x t
f x f t

t
t

t
( , )

( ) ˆ( )
( )

( )

. ( )
= + − ≠

=







1
2

0

1 0 0
σ

σ

σ
≠Ï·˜È ÚˆÂÓÓ‰ ÏÚÓ ˙Á‡ Ô˜˙ ˙ÈÈËÒ· ‰‰Â·‚‰ ˙Â¯È˘Î ÏÚ· ÌÂÊÂÓÂ¯Î ¨ÍÎ

 ÚˆÂÓÓ·1.5ÆÌÈ„ÏÈ 

≠ÆÔË˜ È·ÂÈÁ Í¯ÚÏ ˙È˙Â¯È¯˘ Â˙Â‡ ÌÈ˘Ó ∞≠Ï ˙Á˙Ó „¯ÂÈ Í¯Ú‰ Ì‡
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˙ÂÙÒÂ ‰¯ÈÁ· ˙ÂËÈ˘
≠Æ„ÂÓÈÏ‰ ÔÓÊ ÌÚ ‰¯ÈÁ·‰ ˙ÈÈË‰ ˙‡ ‰˘Ó ÔÓˆÏÂ· ˙¯ÈÁ·

≠Æ„ÂÓÈÏ‰ ÔÓÊ ÌÚ „¯ÂÈ ¢‰¯ÂË¯ÙÓË¢ ¯ËÓ¯Ù

≠˙ÂÓ„˜˙‰ ÌÚ  Æ¯˙ÂÈ ‰ÏÂ„‚ ¯Á·‰Ï ÌÈ˘ÏÁ ÌÈÓÂÊÂÓÂ¯Î Ï˘ ÈÂÎÈÒ‰ ‰ÏÈÁ˙·
Æ‰‰Â·‚ ˙Â¯È˘Î ÈÏÚ· ÌÈ¯·Á ¯ÂÁ·Ï ‰ÈÈË‰ ˙¯·Â‚ ‰„ÈÓÏ‰

ExpVal x t
e
e

f x T

f i T

t

( , )
( )

( )= ¯˘‡Î e f i T

t

( )ÔÓÊ· ‰ÈÒÂÏÎÂ‡‰ ÏÚÓ ÚˆÂÓÓ‰ ÂÈ‰ 

t≠Â ¨TÆ‰¯ÂË¯ÙÓË‰ ‰È‰ 

≠rank selection ÈÙÏ ‰ÈÈ·¯Ï ÌÈ¯·È‡ ¯ÁÂ· ¯„Ò‰ÈÙ ÏÚ „¯ÂÈ ÔÂÈÓ· Ì‰Ï˘ 
Æ˙Â¯È˘Î‰

≠¨˙Â·¯˙‰Ï ‰·ÂË‰ ‰ÈÒÂÏÎÂ‡‰Ó ÔË˜ ˜ÏÁ ˜¯ ¯ÂÁ·Ï ÌÈ‚‰Â ÌÈÓÚÙÏ
ÆÌÈÚÂ¯‚‰ ÌÂ˜Ó· ÌÈ‡ˆ‡ˆ‰ ˙‡ ÌÈÒÈÎÓÂ
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‰·Ïˆ‰ ≠ ÌÈÈË‚ ÌÈ¯ÂË¯ÙÂ‡
≠‰ÓÎÓ ˙Ï·ÂÒ ‡È‰ ÌÏÂ‡ ¨¯˙ÂÈ· ‰ˆÂÙ‰ ‰È‰ ˙È˙„Â˜≠„Á‰ ‰·Ïˆ‰‰

∫˙ÂÈÚ·

≠·Ï˘Ï Ô˙È ‡Ï Ï˘ÓÏ  ÆÌ‚È˘‰Ï Ô˙È ‡Ï˘ ˙ÂÓÎÒ Ï˘ ÌÈ·ÂÏÈ˘ ÌÈÓÈÈ˜
 ˙‡ ˙Á‡ ‰ÏÂÚÙ·11*0***1 ≠Â ****1*1* ‰ÓÎÒÏ 11*01*11Æ

≠Æ˙Â„¯Â˘ ‡Ï ÏÂ„‚ ‰¯„‚‰ ˜Á¯Ó ˙ÂÏÚ· ˙ÂÓÎÒ ÈÏÏÎ ÔÙÂ‡·

≠≠ ‰ˆ˜‰ ˙Â„Â˜Ó ˙Á‡ ˙‡ Á¯Î‰· ¯È·ÚÓ ‰¯Â‰‰ ˙È˙„Â˜ „Á ‰·Ïˆ‰·
ÆÔ‚‰ ÌÂ˜ÈÓ· ‰¯Â˘˜‰ ‰ÈË‰ ˘È ¯ÓÂÏÎ
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≠È˙˘  ∫˙È˙„Â˜≠Â„ ‰·Ïˆ‰· ˘ÂÓÈ˘ È¢Ú ˙Â¯˙Ù Ï¢‰ ˙ÂÈÚ·‰Ó ˜ÏÁ
ÆÛÏÁÂÓ Ô‰ÈÈ· ÚË˜‰Â ˙È‡¯˜‡ ˙Â¯Á· ˙Â„Â˜

≠Æ‰ÈˆÁ ˙Â„Â˜ Ï˘ ÌÈÂ˘ ÌÈ¯ÙÒÓÏ ˙ÂÏÏÎ‰ ˙ÂÓÈÈ˜

≠Î¢„·© ˙ÓÈÂÒÓ ˙Â¯·˙Ò‰· ËÈ· ÏÎ Ï˘ ‰ÙÏÁ‰ ‰¯È˙Ó ˙ÈÂˆÈ˜ ‰˘È‚
0.7-0.8Æ®
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ÌÈÈË‚ ÌÈÓ˙È¯Â‚Ï‡· ÌÈ¯ËÓ¯Ù
≠ÌÈ¯ËÓ¯Ù‰ Ï˘ ÌÈÎ¯Ú‰ ˙ÚÈ·˜ ‰È‰ ÌÈÈË‚ ÌÈÓ˙È¯Â‚Ï‡· ˙ÈÊÎ¯Ó ‰ÈÚ·

ÆÌÈÂ˘‰

≠ÌÈÈË‚‰ ÌÈÓ˙È¯Â‚Ï‡‰ Ï˘ ‰ÏÚÙ‰ ÏÏÂÎ  Æ„Â‡Ó ÌÈ·¯ ÌÈÈÂÒÈ ÂÎ¯Ú
© ‰Ï‡ ÌÈÈÏÓÈËÙÂ‡ ÌÈÎ¯Ú ‡ÂˆÓÏ ‰ÒÓ‰ ˙ÈÎ˙Îmeta-learningÆ®

≠∫ÌÂÈÎ ÌÈÏ·Â˜Ó‰ ÌÈÎ¯Ú‰

 ∫‰ÈÒÂÏÎÂ‡ Ï„Â‚ ≠20-30Æ

 ∫‚ÂÊ Ï˘ ‰·Ïˆ‰Ï ˙Â¯·˙Ò‰ ≠0.75-0.95
 ∫‰ÈˆËÂÓÏ ˙Â¯·˙Ò‰ ≠0.005-0.01

≠˙ÂÈ·ÈËÙ„‡ ˙ÂËÈ˘ ˙ÂÓÈÈ˜  ÆÈÙÈˆÙÒ‰ ÌÂ˘È· ÌÈÈÂÏ˙ ¢ÌÈÂÎ¢‰ ÌÈÎ¯Ú‰
Æ‰„ÈÓÏ‰ ÔÓÊ ÌÚ ˙ÂÈÂ¯·˙Ò‰‰ ˙‡ ˙Â˘Ó‰

T˙È˙ÂÎ‡ÏÓ ‰È·Ï ‡Â·Ó  ˙Â„ÓÂÏ ˙ÂÎ¯ÚÓ ≠·°6/5/00ıÈ·Â˜¯Ó ÏÂ‡˘©


