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(Amortized Analysis) üĂØłÂĺ ÛČÜ¡Ů

ťóŚ§ ßþÂŮÀŞ ÛČÜ¡Ů •

ÍĺĄţõ ťóŚ§ ďć ÛČÜ¡Ů •

öŊ ýøď ÂŞ ŰŚČÜÞä ěŘ ýŘĆóŚśœć ø ďŚţąŚĺùćŘć Œþ :ÍČ¡õ
(ťóŚ§ ßþÂŮÀŞ ďć) ÛÞä öŊ ýĆĂþÃû ÍĺĄţõ :ÛÞä Âû ùÀłßØłÂĺ ýĆĂþÃû

üĺÀì ÀÞ¡õ c© 1392 ßÞúŞ 13 1 ÂŮĄČşõŚî üĺÀĂúõ ýùÀØÈœŘć
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ùÀłßØłÂĺ ÛČÜ¡Ů ýŚûľøď

.ćŘÀãŮ ÂŞ ÝČÆÖŮ ,ñŚÞäŘ ýŚûĆĂþÃû âÞŻ :(aggregate) ĆûĄśœŘ ľøď •

.ÛÞä Âû ýŘÂŞ ťąŘćÂŢ ø ñĄŢ öÃ£õŒþ ěŘ ùćŚÔţĺŘ :(accounting) ýďŘćŠŚÆ§ľøď •

.Ûśì ľøď ÂŮüÜî ťóŚ§ :(potential) ÛČÆœŚţŢ âŞŚŮ ľøď •

üĺÀì ÀÞ¡õ c© 1392 ßÞúŞ 13 2 ÂŮĄČşõŚî üĺÀĂúõ ýùÀØÈœŘć
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ÝþÀÜŞ Ćî üþŚûöŊ ø ùćŚĺ ýŚûĆÜßÆõ

MultiPop ŚŞ ĆţÈŢ •

üţČŞ ýùÀœďŚÞł ďć "ÇþŘÃêŘ-À§Řø-Œþ’ ÛÞä •

üĺÀì ÀÞ¡õ c© 1392 ßÞúŞ 13 3 ÂŮĄČşõŚî üĺÀĂúõ ýùÀØÈœŘć
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DSğďć ďć ùÀłĆţÔð ýŚûĆÜßÆõ

(üúŮ ôÂû Œþ ďć ÂÊĂä n Žďć) ôÂû ťąŚĺ •

ťÆČó ŚŞ ýěŚĺùćŚČŢ :ŘÃźõ ýŚûĆäĄÞźõ •

•

üĺÀì ÀÞ¡õ c© 1392 ßÞúŞ 13 4 ÂŮĄČşõŚî üĺÀĂúõ ýùÀØÈœŘć
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ÀþÀŻ ýŚûĆÜßÆõ

ÇûŚî À§Řø-Œþ ø ÇþŘÃêŘ-À§Řø-Œþ :ùÀœďŚÞł •

ĆĂĺÂð ğÂą •

ôÂû Œþ ďć éÁ§ ø Žďć •

ŚþĄŢ ýěŚĺÝûďć ñøÀŻ •

üĺÀì ÀÞ¡õ c© 1392 ßÞúŞ 13 5 ÂŮĄČşõŚî üĺÀĂúõ ýùÀØÈœŘć
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ĆĂĺÂð ğÂą

ýďŚè ďć Řď n ŚŮ ,2 ,1 ýŚûùěŘÀœŘ ĆŞ ŚfÖČìć ťłĄð ĆãÎì n üśÎì ğÂą ,ćÂĺ öŚţÆõě Œþ ďć
.ÀĂîüõ ŠŚ£ţœŘ üêćŚÊŮ ŰďĄňĆŞ Řď ŚûťłĄðĆãÎì ßþŘ ěŘ üØþ ěøď Âû øŘ .ťĺŘ ùćÂî ùÂČąč
ÓÊœ ŚfÖČìć ŘďöŊ ,ćĄŞ Žøě ÂðŘ .ćďĄąüõ Ěf õŚî ŘďöŊ ,ćĄŞ ýćÂê ćÀä ťłĄð ýùěŘÀœŘ ÂðŘ
üţłĄð ÂðŘ .Àûćüõ ďŘÂì ďŚè ďć ŘfćÀźõ Řď ÂÚþć ÓÊœ ø ćďĄąüõ ŘďöŊ ÓÊœ Œþ ,ÀĂîüõ

?ÀœŚÞŞ ùÀœě ÀœŘĄŮüõ ěøď ÀĂİ Śõ ğÂą ,ÝţþďĄÚóŘ ßþŘ ŚŞ .ćÂČõüõ ğÂą ,ÀłŚśœ ćĄŻĄõ

?ťĺŘ üêŚî ğÂą ěøď ÀĂİ ýŘÂŞ ťłĄð ĆãÎì Âû üĂØłÂĺ ŰďĄňĆŞ :Śþ

üĺÀì ÀÞ¡õ c© 1392 ßÞúŞ 13 6 ÂŮĄČşõŚî üĺÀĂúõ ýùÀØÈœŘć
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(Û§) ĆĂĺÂð ğÂą

ĆûĄśœŘ ľøďĆŞ

n/2 ŚŮ 1 ýŚûùěŘÀœŘ ĆŞ ÀœŚõüõ üìŚŞ ťłĄð n/2 ø ěøď n :ěøď 1 ťłĄð Âû •

n/4 ŚŮ 1 ýŚûùěŘÀœŘ ŚŞ ťłĄð ĆãÎì n/4 ø ěøď n/2 •

•

•

n + n/2+ n/4+ n/8+ · · · ≤ n
∞∑

i=0
1/2i ≤ 2n :âÞŻ

üĺÀì ÀÞ¡õ c© 1392 ßÞúŞ 13 7 ÂŮĄČşõŚî üĺÀĂúõ ýùÀØÈœŘć
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ÛČÆœŚţŢ âŞŚŮ ľøď

ĆČóøŘ ďŚţąŚĺùćŘć : D0 •

ôŘ i ÛÞä ěŘ ÅŢ ďŚţąŚĺùćŘć :Di •

D0
1 ÛÞä
−→ D1

2 ÛÞä
−→ D2 . . .

n ÛÞä
−→ Dn

ôŘ i ÛÞä üãìŘø ýĆĂþÃû :ci •

.ÀĂîüõ ťłŚÚœ üÖČÖ§ ćÀä ĆŞ Di Ćî ÛČÆœŚţŢ âŞŚŮ = Φ(Di) :ÝČĂîüõ ÓþÂãŮ •

üĺÀì ÀÞ¡õ c© 1392 ßÞúŞ 13 8 ÂŮĄČşõŚî üĺÀĂúõ ýùÀØÈœŘć
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ôŘ i ÛÞä ýùÀłßØłÂĺ ýĆĂþÃû ĉ :ÓþÂãŮ •

ĉi = ci + Φ(Di) − Φ(Di−1)

n∑

i=1
ĉi =

n∑

i=1
ci + Φ(Dn) − Φ(D0)ÅŢ •

,Φ(D0) = 0 ÂðŘ •
n∑

i=1
ĉi ≥

n∑

i=1
ci

.ÝþďøŊ ťĺćĆŞ ÝČûŘĄąüõ Ćî ťĺŘ n∑

i=1
ci ýŘÂŞ üþĎŚŞ öŘÂî

n∑

i=1
ĉi üĂãþ

üĺÀì ÀÞ¡õ c© 1392 ßÞúŞ 13 9 ÂŮĄČşõŚî üĺÀĂúõ ýùÀØÈœŘć
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ýďŘćŠŚÆ§ ľøď ŚŞ ÂÒŚĂŮ

.i ÛÞä ěŘ ÅŢ öÃ£õ ďć ćĄŻĄõ ñĄŢ ďŘÀÖõ :Φ(Di) •

.ÝČĂîüõ ťąŘćÂŢ i ÛÞä ýŘÂŞ Ćî üóĄŢ ďŘÀÖõ :ĉi •

.i ÛÞä ýŘÂŞ ùÀłéÂň ýĆĂþÃû ďŘÀÖõ :ci •

Φ(Di) = Φ(Di−1) + ĉi − ci :ćĄłüõ ĆêŚőŘ öÃ£õ ĆŞ ŰøŚÔţóŘĆŞŚõ ,ci < ĉi ÂðŘ •

ÝČœŘĄţŞ ŚŮ ÝþďŘćÂŞ ci − ĉi ýùěŘÀœŘĆŞ öÃ£õ ěŘ ťĺŘ ôěĎ i ÛÞä ôŚźœŘ ýŘÂŞ ,ci > ĉi ÂðŘ •
.ćĄłüõ Φ(Di) = Φ(Di−1) − (ci − ĉi) öÃ£õ ñĄŢ ÅŢ .ÝČûć ôŚźœŘ Řď ÛÞä ßþŘ

üĺÀì ÀÞ¡õ c© 1392 ßÞúŞ 13 10 ÂŮĄČşõŚî üĺÀĂúõ ýùÀØÈœŘć
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ôÂû Œþ ďć éÁ§ ø Žďć

ýĆĂþÃû ø O(lg n) ÂÊĂä n ŚŞ ôÂû Œþ ďć Žďć ýùÀłßØłÂĺ ýĆĂþÃû Ćî ÀČûć öŚÈœ
.ťĺŘ O(1) öŊ éÁ§

üĺÀì ÀÞ¡õ c© 1392 ßÞúŞ 13 11 ÂŮĄČşõŚî üĺÀĂúõ ýùÀØÈœŘć
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(Û§) ôÂû Œþ ďć éÁ§ ø Žďć

ÛČÆþŚţŢ âŞŚŮ ľøďĆŞ
Φ(n) =

n∑

i=1
lg n :ÓþÂãŮ

üĺÀì ÀÞ¡õ c© 1392 ßÞúŞ 13 12 ÂŮĄČşõŚî üĺÀĂúõ ýùÀØÈœŘć
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(Dynamic Hashing) ŚþĄŢ ýěŚĺÝûďć

ýěŚĺÝûďć ñøÀŻ : T •

ñøÀŻ ýĆÔóĄõ :table[T ] •

ñøÀŻ ýùěŘÀœŘ :size[T ] •

ñøÀŻ ďć ćĄŻĄõ ÂňŚĂä ćŘÀãŮ :num[T ] •

ùćŚĺ Žďć •

(expansion) ľÂţÆð ŚŞ Žďć •

ùćŚĺ éÁ§ •

üĺÀì ÀÞ¡õ c© 1392 ßÞúŞ 13 13 ÂŮĄČşõŚî üĺÀĂúõ ýùÀØÈœŘć
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(compaction) ýěŚĺùćÂÈê ŚŞ éÁ§ •

i ÛÞä ýĆĂþÃû ci •

i ÛÞä ěŘ ÅŢ ñøÀŻ ýùěŘÀœŘ si •

i ÛÞä ěŘ ÅŢ ñøÀŻ ÂňŚĂä ćŘÀãŮ ni •

0 ≤ αi = ni

si

≤ 1 i ÛÞä ěŘ ÅŢ ďŚŞ řþÂő •

üĺÀì ÀÞ¡õ c© 1392 ßÞúŞ 13 14 ÂŮĄČşõŚî üĺÀĂúõ ýùÀØÈœŘć
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αi−1 = 1 ÂðŘ ľÂţÆð .Žďć ÍÖê

Table-Insert (T, x)
1 if size[T ] = 0
2 then allocate table[T ] with one slot
3 size[T ] ← 1
4 if num[T ] = size[T ]
5 then allocate new-table with 2.size[T ] slots
6 insert all items in table[T ] into new-table

7 free table[T ]
8 table[T ] ← new-table

9 size[T ] ← 2.size[T ]
10 insert x into table[T ]
11 num[T ] ← num[T ] + 1

üĺÀì ÀÞ¡õ c© 1392 ßÞúŞ 13 15 ÂŮĄČşõŚî üĺÀĂúõ ýùÀØÈœŘć
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ĆûĄśœŘ ľøďĆŞ ÛČÜ¡Ů

dlgn
2e + 1 :ŚûľÂţÆð ćŘÀãŮ

i 1 2 3 4 5 6 7 8 9
si 1 2 4 4 8 8 8 8 16
expansions 1 2 3 3 3 4 4 4 5

ci =







1 no expansion
ni−1 + 1 expansion

n∑

i=1
ci = n +

blg
2

nc
∑

k=0
2k = n +

2blg2 nc+1 − 1
2− 1 ≤ 3n

üĺÀì ÀÞ¡õ c© 1392 ßÞúŞ 13 16 ÂŮĄČşõŚî üĺÀĂúõ ýùÀØÈœŘć
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ýďŘćŠŚÆ§ ľøďĆŞ ÛČÜ¡Ů

si = 2(ni−1) ø ćĄŻĄõ ÂÊĂä ni :ľÂţÆð ÛÞä Âû ěŘ ÅŢ •
ÝČĂîüõ ŽÂą ñŚþď 3 Žďć ÛÞä Âû •
ÂÊĂäöŊ Žďć ćĄą éÂň ñŚþď 1 --

ÝČûćüõ ďŘÂì ÂÊĂä öŊ ýøď ÂŞ ñŚþď 1 --
ćďŘÀœ üóĄŢ ø ùćĄŞ ñøÀŻ ďć Ěf śì Ćî ýÂÊĂä Œþ ýøď ÂŞ ñŚþď 1 --

ŚŞ ľÂţÆð ÛÞä ÅŢ .ćďŘć ñŚþď 1 ñøÀŻ ďć ćĄŻĄõ ÂÊĂä Âû ,ľÂţÆð ÛÞä ěŘ Ûśì •
.ćĄł ôŚźœŘ ÀœŘĄŮüõ ñĄŢ ßþŘ

.ťĺŘ üóŚą ñĄŢ öÃ£õ ,ľÂţÆð ěŘ ÅŢ •
üĺÀì ÀÞ¡õ c© 1392 ßÞúŞ 13 17 ÂŮĄČşõŚî üĺÀĂúõ ýùÀØÈœŘć
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ÛČÆœŚţŢ ľøďĆŞ ÛČÜ¡Ů

ÀþŚŞ Φ ÛČÆþŚţŢ âŞŚŮ

Φ(Di) ≥ 0 •

Φ(Di−1) ≥ si−1 ćĄł ľÂţÆð řŻĄõ i ÛÞä ÂðŘ •

üĺÀì ÀÞ¡õ c© 1392 ßÞúŞ 13 18 ÂŮĄČşõŚî üĺÀĂúõ ýùÀØÈœŘć
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Φ ÛČÆþŚţŢ âŞŚŮ

Φ(Di) = 2ni − si :ÓþÂãŮ
Φ(Di) ≥ 0 Ćî ťĺŘ ßłøď

.ćĄłüõ ľÂţÆð řŻĄõ i ÛÞä •

si−1 = ni−1 --
Φ(Di−1) = si−1 --

si = 2si−1 --
ni = ni−1 + 1 --

üĺÀì ÀÞ¡õ c© 1392 ßÞúŞ 13 19 ÂŮĄČşõŚî üĺÀĂúõ ýùÀØÈœŘć
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ĉi = ci + Φ(Di) − Φ(Di−1)

= ni−1 + 1+ [2ni − si] − [2ni−1 − si−1]

= ni−1 + 1+ [2ni−1 + 2− 2si−1] − [2ni−1 − si−1]

= ni−1 − si−1 + 1+ 2 = 3

üĺÀì ÀÞ¡õ c© 1392 ßÞúŞ 13 20 ÂŮĄČşõŚî üĺÀĂúõ ýùÀØÈœŘć
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.ťĺŘ ýćŚä i ÛÞä •

si = si−1 --
ni = ni−1 + 1 --

ĉi = ci + Φ(Di) − Φ(Di−1)

= 1+ [2ni − si] − [2ni−1 − si−1]

= 1+ [2ni−1 + 2− si−1] − [2ni−1 − si−1]

= 1+ 2 = 3

üĺÀì ÀÞ¡õ c© 1392 ßÞúŞ 13 21 ÂŮĄČşõŚî üĺÀĂúõ ýùÀØÈœŘć
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32

16 240 32
0

8
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24
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Φi

sizei
numi

i

üĺÀì ÀÞ¡õ c© 1392 ßÞúŞ 13 22 ÂŮĄČşõŚî üĺÀĂúõ ýùÀØÈœŘć
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éÁ§

:(Compaction) ýěŚĺùćÂÈê ÛÞä

.ÝČĂîüõ éÁ§ Řď ÂÊĂä •

.ÝČĂîüõ ÓÊœ Řď ñøÀŻ ýùěŘÀœŘ •

.ÝČĂîüõ ÛÖţĂõ ÀþÀŻ ñøÀŻ ĆŞ Řď ÂÚþć ÂňŚĂä ýĆÞû •

Ćî ÝČûćüõ ôŚźœŘ üţìø Řď "ýěŚĺùćÂÈê’ ÛÞä ÀČĂî ŋÂê

ÀłŚŞ éÁ§ i ÛÞä •

αi−1 =
n

i−1
s
i−1

= 1

2
ďŚŞ řþÂő •

üĺÀì ÀÞ¡õ c© 1392 ßÞúŞ 13 23 ÂŮĄČşõŚî üĺÀĂúõ ýùÀØÈœŘć
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.ćÂî ďĄÊŮ Řď Âþě ýĄþďŚĂĺ öŘĄŮüõ ŰďĄňßþŘ ďć

I, . . . , I
︸ ︷︷ ︸

n/2

, I,D,D, I, I,D,D, . . .
︸ ︷︷ ︸

n/2

,Žďć n/2 ěŘ ÅŢ
ľÂţÆð← Žďć ßČóøŘ

ýěŚĺùćÂÈê←éÁ§ ßČõøć
ľÂţÆð← Žďć ßČõĄĺ

ýěŚĺùćÂÈê←éÁ§ ßČõďŚúİ
Θ(n2) ←ľÂţÆð Śþ ýěŚĺùćÂÈê Θ(n)ÅŢ. . .

üĺÀì ÀÞ¡õ c© 1392 ßÞúŞ 13 24 ÂŮĄČşõŚî üĺÀĂúõ ýùÀØÈœŘć
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ÂŮĆŞ ľøď

Ćî ÝČûćüõ ôŚźœŘ üţìø Řď ýěŚĺùćÂÈê ÛÞä

ÀłŚŞ éÁ§ i ÛÞä •

αi−1 =
n

i−1
s
i−1

≤ 1

4
ďŚŞ řþÂő •

éÁ§ ø ýěŚĺùćÂÈê ěŘ ÅŢ

ni = ni−1 − 1 •

si =
s
i−1
2

•

1/4 < αi =
2(n

i−1−1)

s
i−1

< 1/2ÅŢ •

üĺÀì ÀÞ¡õ c© 1392 ßÞúŞ 13 25 ÂŮĄČşõŚî üĺÀĂúõ ýùÀØÈœŘć
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ÛČÜ¡Ů

:ÀłŚŞ ĆţłŘć Řď Âþě ýŚûüðÄþø ÀþŚŞ ÛČÆœŚţŢ âŞŚŮ

Φ(Ti−1) = ni−1 ôŘ i Žďć ÛÞä ýŘÂŞ ľÂţÆð ěŘ Ûśì ťĺďć •

Φ(Ti−1) = ni−1 ôŘ iéÀ§ ÛÞä ýŘÂŞ ýěŚĺùćÂÈê ěŘ Ûśì ťĺďć •

Φ(Ti) ≥ 0 •

üĺÀì ÀÞ¡õ c© 1392 ßÞúŞ 13 26 ÂŮĄČşõŚî üĺÀĂúõ ýùÀØÈœŘć
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:ÝþÂČðüõ ÂÑœ ďć Řď Âþě ÛČÆœŚţŢ âŞŚŮ

Φ(Ti) =







2ni − si αi ≥
1

2

si/2− ni αi < 1

2
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ľÂţÆð ěŘ Ûśì ťĺďć

αi−1 = 1 •

si−1 = ni−1 •

Φ(Ti−1) = 2ni−1 − si−1 = ni−1 •

ýěŚĺùćÂÈê ěŘ Ûśì ťĺďć

αi−1 = 1/4 •

si−1 = 4ni−1 •

Φ(Ti−1) = si−1/2− ni−1 = ni−1 •

Φ(Ti) ≥ 0ÅŢ 1/4 ≤ αi ≤ 1 öĄİ
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ÛČÜ¡Ů

.ćĄłüõ ľÂţÆð řŻĄõ i Žďć ÛÞä •

αi−1 = 1⇐= si−1 = ni−1 --
αi > 1/2⇐= si = 2.si−1 = 2ni−1 = 2(ni − 1) --

Φ(Ti−1) = 2.ni−1 − si−1 --
Φ(Ti) = 2.ni − si --

si = 2si−1 --
ni = ni−1 + 1 --
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ĉi = ci + Φ(Ti) − Φ(Ti−1)

= ni−1 + 1+ [2ni − si] − [2ni−1 − si−1]

= ni−1 + 1+ [2ni−1 + 2− 2si−1] − [2ni−1 − si−1]

= ni−1 − si−1 + 1+ 2 = 3
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.ťĺŘ ýćŚä i Žďć ÛÞä •

1/4 < αi−1 ≤ 1 --
1/4 < αi < 1 --

si = si−1 --
ni = ni−1 − 1 --

üĺÀì ÀÞ¡õ c© 1392 ßÞúŞ 13 31 ÂŮĄČşõŚî üĺÀĂúõ ýùÀØÈœŘć



ŚûÝţþďĄÚóŘ ÛČÜ¡Ů ø ü§ŘÂÏ'

&

$

%

ťóŚ§ øć --
αi−1 ≥ 1/2 ∗

ľÂţÆð ťóŚ§ ÀĂœŚõ⇐= αi ≥ 1/2ŰďĄňöŊ ďć ∗

ĉi = ci + Φ(Di) − Φ(Di−1)

= 1+ [2ni − si] − [2ni−1 − si−1]

= 1+ [2ni−1 + 2− si−1] − [2ni−1 − si−1]

= 1+ 2 = 3
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αi < 1/2 ø αi−1 < 1/2 ÂðŘ ∗

ĉi = ci + Φ(Di) − Φ(Di−1)

= 1+ [si/2− ni] − [si−1/2− ni−1]

= 1+ [si/2− ni] − [si/2− (ni − 1)]
= 0
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αi ≥ 1/2 ø αi−1 < 1/2 ÂðŘ ∗

ĉi = ci + Φ(Di) − Φ(Di−1)

= 1+ [2ni − si] − [si−1/2− ni−1]

= 1+ [2(ni−1 + 1) − si−1] − [si/2− (ni − 1)]
= 3ni−1 −

3
2si−1 + 3

= 3αi−1si−1 −
3
2si−1 + 3

<
3
2si−1 −

3
2si−1 + 3

= 3
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.ťĺŘ ýćŚä éÁ§ i ÛÞä •

αi < 1/2⇐= αi−1 < 1/2 :ñøŘ ťóŚ§ --
si = si−1 --

ni = ni−1 − 1 --

ĉi = ci + Φ(Di) − Φ(Di−1)

= 1+ [si/2− ni] − [si−1/2− ni−1]

= 1+ [si/2− ni] − [si/2− (ni + 1)]
= 0
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ßþÂÞŮ αi−1 ≥ 1/2 :ôøć ťóŚ§ --
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αi < 1/2⇐= αi−1 = 1/4⇐= ćĄłüõ ýěŚĺùćÂÈê řŻĄõ iéÁ§ ÛÞä •

si = si−1/2 --
ni = ni−1 − 1 --

ĉi = ci + Φ(Di) − Φ(Di−1)

= ni−1 + 1+ [si/2− ni] − [si−1/2− ni−1]

= ni−1 + [si−1/4− (ni−1 − 1)] − [si−1/2− ni−1]

= ni−1 + [ni−1 − (ni−1 − 1)] − [2ni−1 − ni−1]

= 1

üĺÀì ÀÞ¡õ c© 1392 ßÞúŞ 13 37 ÂŮĄČşõŚî üĺÀĂúõ ýùÀØÈœŘć



ŚûÝţþďĄÚóŘ ÛČÜ¡Ů ø ü§ŘÂÏ'

&

$

%

0 32
0

8

16

24

32

8 16 24 48
i

sizei

numi

40

Φi

üĺÀì ÀÞ¡õ c© 1392 ßÞúŞ 13 38 ÂŮĄČşõŚî üĺÀĂúõ ýùÀØÈœŘć



ŚûÝţþďĄÚóŘ ÛČÜ¡Ů ø ü§ŘÂÏ'

&

$

%

ŚûĆäĄÞźõ ďć Žďć

ÂÔň Śþ Si ýĆäĄÞźõ ĆîýďĄÏĆŞ ťĺŘ . . . ø S2 ,S1 ,S0 ýŚûĆäĄÞźõ ÛõŚł D ďŚţąŚĺùćŘć
Si Ćî i ßþÂŮŒİĄî ŘÀţŞŘ :ťĺŘ ŰďĄň ßþŘ ĆŞ D ďć x ÂÊĂä Œþ Žďć .ćďŘć ÂÊĂä 2i Śþ
Si−1 ŚŮ S1 ,S0 ýŚûĆäĄÞźõ ďć ćĄŻĄõ ÂňŚĂä ôŚÞŮ Åşĺ .ÝČĂîüõ ŘÀČŢ Řď ćďŘć ÂÊĂä ÂÔň
ýŚûĆäĄÞźõ ñŚÖţœŘ ßþŘ ěŘ ÅŢ Ćî ÀČĂî ťìć .ÝČĂîüõ Žďć Si ďć Řď x ŚúţœŘ ďć ø ÛÖţĂõ Si ĆŞ Řď
ďć ÂðŘ .ťĺŘ ÂňŚĂä ßþŘ ćŘÀãŮ áĄÞźõ ÂŞŘÂŞ ñŚÖţœŘ ýĆĂþÃû ø ÀœĄłüõ üóŚą Si−1 ŚŮ S1 ,S0

?ťĺŘ ďÀìĆİ Žďć ýùÀłßØłÂĺ ýĆĂþÃû ,ÀĂłŚŞ üóŚą ŚûĆäĄÞźõ ŘÀţŞŘ
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ĆÜßÆõ Œþ

Žďć ÛÞä .ÀĂţÆû ÂÔň ŘÀţŞŘ ďć öŊ ýŚûĆþŘďć ôŚÞŮ Ćî ťĺŘ ùÀł ùćŘć n ñĄÏĆŞ A ýĆþŘďŊ
ôŘÀî Žďć ÛÞä Âû ýùÀłßØłÂĺ ýĆĂþÃû .ÝČûćüõ ôŚźœŘ x ùŘĄąñć ÂþćŚÖõ ŚŞ ďŚŞ n Řď Âþě

.ÀČĂî ŠŚ£ţœŘ Řď ĆĂþÃð ßþÂţúŞ ?ťĺŘ

Insert (x)
1 n ← n + 1
2 t ← x
3 for i ← 0 to dlg ne
4 do if A[i] 6= 0
5 then t ← t + A[i]
6 A[i] ← 0
7 elseA[i] ← t
8 return
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O(n) (1

O(lg n) (2

O(lg2 n) (3

O(1) (4
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