
SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

SNU 046.016 ÙË0¸Yt Ïî 8ƒ

(Computational Civilization)

Part III

Prof. Kwangkeun Yi

Department of Computer Science & Engineering

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

(@

1 400DX ï�

2 ¯ ƒlX ‰⌅

3 å⌅∏Ë¥, ¿⌧\ ”î 8ƒ

4 Q©: x⌅ ¿•/¯•/⌅‰X U•

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

t⌅

1 400DX ï�

2 ¯ ƒlX ‰⌅

3 å⌅∏Ë¥, ¿⌧\ ”î 8ƒ

4 Q©: x⌅ ¿•/¯•/⌅‰X U•

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

t⌅

1 400DX ï�

2 ¯ ƒlX ‰⌅

3 å⌅∏Ë¥, ¿⌧\ ”î 8ƒ

4 Q©: x⌅ ¿•/¯•/⌅‰X U•



SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

‰L

1 400DX ï�

2 ¯ ƒlX ‰⌅

3 å⌅∏Ë¥, ¿⌧\ ”î 8ƒ

4 Q©: x⌅ ¿•/¯•/⌅‰X U•

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

å⌅∏Ë¥

ÙË0(universal turing machine)|î

“»LX ƒl”| ‰Ëî )ï

I å⌅∏Ë¥(turing machine): ¿⌧@ ∏¥\ ‹‡ ”î

I å⌅∏Ë¥î 4-‰: l¥�x ‰ú

å⌅∏Ë¥

¨åt 0ƒ�

Ã‰‡ ‰âX‡

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

å⌅∏Ë¥| ò Ã‰ )ï

L‡¨ò(algorithm) ∏¥(language)

|Xî )ƒ \⌅Xî )›

xî ú( Ùî ¯á

�( ‡ê

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

⌧⌅

I xî ú(, L‡¨ò¸ ı°ƒ

I ÙË0 8⌧ Ätï

I D©X ƒ5

I ÙË0\ Ä ⇠ àî l¥ 8⌧@ ¥$¥ 8⌧X Ωƒ

I Ùî ¯á, ∏¥@ |¨

I ∏¥X ƒ5. àÌ¸ ‰â

I ⌅\¯ò� ∏¥X P⌧X ⌘%

I ⌅\¯ò� = |¨ùÖ



SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

⌧⌅

I xî ú(, L‡¨ò¸ ı°ƒ

I ÙË0 8⌧ Ätï

I D©X ƒ5

I ÙË0\ Ä ⇠ àî l¥ 8⌧@ ¥$¥ 8⌧X Ωƒ

I Ùî ¯á, ∏¥@ |¨

I ∏¥X ƒ5. àÌ¸ ‰â

I ⌅\¯ò� ∏¥X P⌧X ⌘%

I ⌅\¯ò� = |¨ùÖ

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

⌧⌅

I xî ú(, L‡¨ò¸ ı°ƒ

I ÙË0 8⌧ Ätï

I D©X ƒ5

I ÙË0\ Ä ⇠ àî l¥ 8⌧@ ¥$¥ 8⌧X Ωƒ

I Ùî ¯á, ∏¥@ |¨

I ∏¥X ƒ5. àÌ¸ ‰â

I ⌅\¯ò� ∏¥X P⌧X ⌘%

I ⌅\¯ò� = |¨ùÖ

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

⌧⌅

I xî ú(, L‡¨ò¸ ı°ƒ

I ÙË0 8⌧ Ätï

I D©X ƒ5

I ÙË0\ Ä ⇠ àî l¥ 8⌧@ ¥$¥ 8⌧X Ωƒ

I Ùî ¯á, ∏¥@ |¨

I ∏¥X ƒ5. àÌ¸ ‰â

I ⌅\¯ò� ∏¥X P⌧X ⌘%

I ⌅\¯ò� = |¨ùÖ

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

⌧⌅

I xî ú(, L‡¨ò¸ ı°ƒ

I ÙË0 8⌧ Ätï

I D©X ƒ5

I ÙË0\ Ä ⇠ àî l¥ 8⌧@ ¥$¥ 8⌧X Ωƒ

I Ùî ¯á, ∏¥@ |¨

I ∏¥X ƒ5. àÌ¸ ‰â

I ⌅\¯ò� ∏¥X P⌧X ⌘%

I ⌅\¯ò� = |¨ùÖ



SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

⌧⌅

I xî ú(, L‡¨ò¸ ı°ƒ

I ÙË0 8⌧ Ätï

I D©X ƒ5

I ÙË0\ Ä ⇠ àî l¥ 8⌧@ ¥$¥ 8⌧X Ωƒ

I Ùî ¯á, ∏¥@ |¨

I ∏¥X ƒ5. àÌ¸ ‰â

I ⌅\¯ò� ∏¥X P⌧X ⌘%

I ⌅\¯ò� = |¨ùÖ

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

⌧⌅

I xî ú(, L‡¨ò¸ ı°ƒ

I ÙË0 8⌧ Ätï

I D©X ƒ5

I ÙË0\ Ä ⇠ àî l¥ 8⌧@ ¥$¥ 8⌧X Ωƒ

I Ùî ¯á, ∏¥@ |¨

I ∏¥X ƒ5. àÌ¸ ‰â

I ⌅\¯ò� ∏¥X P⌧X ⌘%

I ⌅\¯ò� = |¨ùÖ

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

L‡¨ò

L‡¨ò@ ÙË0\ Ã¥ ⇠ àî 8⌧xî )ƒ

I XòX å⌅∏Ë¥ = XòX ú¡0ƒ

I å⌅∏Ë¥(ú¡0ƒ)î ¥§ 8⌧| xî É

I ÙË0î å⌅∏Ë¥| ‰â = 8⌧Ät| êŸ<\

ƒâ

;å⌧‰:

I 9T ã@(¯‡ `x) )ï?

I à‰t º»ò T ã@�?

I T ã0î à�•\�?

I Ωƒî ¥x�?

I ⌅‰�x D©<\ t∞�•\ 8⌧‰

I ¯⌥¿ J@ 8⌧‰

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

L‡¨ò

L‡¨ò@ ÙË0\ Ã¥ ⇠ àî 8⌧xî )ƒ

I XòX å⌅∏Ë¥ = XòX ú¡0ƒ

I å⌅∏Ë¥(ú¡0ƒ)î ¥§ 8⌧| xî É

I ÙË0î å⌅∏Ë¥| ‰â = 8⌧Ät| êŸ<\

ƒâ

;å⌧‰:

I 9T ã@(¯‡ `x) )ï?

I à‰t º»ò T ã@�?

I T ã0î à�•\�?

I Ωƒî ¥x�?

I ⌅‰�x D©<\ t∞�•\ 8⌧‰

I ¯⌥¿ J@ 8⌧‰



SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

L‡¨ò

L‡¨ò@ ÙË0\ Ã¥ ⇠ àî 8⌧xî )ƒ

I XòX å⌅∏Ë¥ = XòX ú¡0ƒ

I å⌅∏Ë¥(ú¡0ƒ)î ¥§ 8⌧| xî É

I ÙË0î å⌅∏Ë¥| ‰â = 8⌧Ät| êŸ<\

ƒâ

;å⌧‰:

I 9T ã@(¯‡ `x) )ï?

I à‰t º»ò T ã@�?

I T ã0î à�•\�?

I Ωƒî ¥x�?

I ⌅‰�x D©<\ t∞�•\ 8⌧‰

I ¯⌥¿ J@ 8⌧‰

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

L‡¨ò

L‡¨ò@ ÙË0\ Ã¥ ⇠ àî 8⌧xî )ƒ

I XòX å⌅∏Ë¥ = XòX ú¡0ƒ

I å⌅∏Ë¥(ú¡0ƒ)î ¥§ 8⌧| xî É

I ÙË0î å⌅∏Ë¥| ‰â = 8⌧Ät| êŸ<\

ƒâ

;å⌧‰:

I 9T ã@(¯‡ `x) )ï?

I à‰t º»ò T ã@�?

I T ã0î à�•\�?

I Ωƒî ¥x�?

I ⌅‰�x D©<\ t∞�•\ 8⌧‰

I ¯⌥¿ J@ 8⌧‰

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

L‡¨ò

L‡¨ò@ ÙË0\ Ã¥ ⇠ àî 8⌧xî )ƒ

I XòX å⌅∏Ë¥ = XòX ú¡0ƒ

I å⌅∏Ë¥(ú¡0ƒ)î ¥§ 8⌧| xî É

I ÙË0î å⌅∏Ë¥| ‰â = 8⌧Ät| êŸ<\

ƒâ

;å⌧‰:

I 9T ã@(¯‡ `x) )ï?

I à‰t º»ò T ã@�?

I T ã0î à�•\�?

I Ωƒî ¥x�?

I ⌅‰�x D©<\ t∞�•\ 8⌧‰

I ¯⌥¿ J@ 8⌧‰

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

L‡¨ò

L‡¨ò@ ÙË0\ Ã¥ ⇠ àî 8⌧xî )ƒ

I XòX å⌅∏Ë¥ = XòX ú¡0ƒ

I å⌅∏Ë¥(ú¡0ƒ)î ¥§ 8⌧| xî É

I ÙË0î å⌅∏Ë¥| ‰â = 8⌧Ät| êŸ<\

ƒâ

;å⌧‰:

I 9T ã@(¯‡ `x) )ï?

I à‰t º»ò T ã@�?

I T ã0î à�•\�?

I Ωƒî ¥x�?

I ⌅‰�x D©<\ t∞�•\ 8⌧‰

I ¯⌥¿ J@ 8⌧‰



SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

L‡¨ò �

I E}0

I ê⇠ n(� 2)t ¸¥LD L 1⇥ 2⇥ · · ·⇥nD ƒ∞X0

I ¸8»X +ê⌘–⌧ ⌧| p +ê| >0

I •Ù0 ©]– àî ®‡x •l»– ÙXî¿

UxX0

I ¯@� »Lç– à@ ê⇠ LDfiî0. 1Ä0 n

¨t– à‰. ¯@î �/D»$Ã ı` ⇠ à‰.

I a
n = a⇥ · · ·⇥ a| {z }

n

ƒ∞X0

I §˝�˝x +ê| l0⌧⌧\ òÙX0

I (§Ã‹ tπX0

I ê⇠ x⇠ÑtX0

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

L‡¨ò �

I E}0

I ê⇠ n(� 2)t ¸¥LD L 1⇥ 2⇥ · · ·⇥nD ƒ∞X0

I ¸8»X +ê⌘–⌧ ⌧| p +ê| >0

I •Ù0 ©]– àî ®‡x •l»– ÙXî¿

UxX0

I ¯@� »Lç– à@ ê⇠ LDfiî0. 1Ä0 n

¨t– à‰. ¯@î �/D»$Ã ı` ⇠ à‰.

I a
n = a⇥ · · ·⇥ a| {z }

n

ƒ∞X0

I §˝�˝x +ê| l0⌧⌧\ òÙX0

I (§Ã‹ tπX0

I ê⇠ x⇠ÑtX0

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

L‡¨ò �

I E}0

I ê⇠ n(� 2)t ¸¥LD L 1⇥ 2⇥ · · ·⇥nD ƒ∞X0

I ¸8»X +ê⌘–⌧ ⌧| p +ê| >0

I •Ù0 ©]– àî ®‡x •l»– ÙXî¿

UxX0

I ¯@� »Lç– à@ ê⇠ LDfiî0. 1Ä0 n

¨t– à‰. ¯@î �/D»$Ã ı` ⇠ à‰.

I a
n = a⇥ · · ·⇥ a| {z }

n

ƒ∞X0

I §˝�˝x +ê| l0⌧⌧\ òÙX0

I (§Ã‹ tπX0

I ê⇠ x⇠ÑtX0

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

L‡¨ò �

I E}0

I ê⇠ n(� 2)t ¸¥LD L 1⇥ 2⇥ · · ·⇥nD ƒ∞X0

I ¸8»X +ê⌘–⌧ ⌧| p +ê| >0

I •Ù0 ©]– àî ®‡x •l»– ÙXî¿

UxX0

I ¯@� »Lç– à@ ê⇠ LDfiî0. 1Ä0 n

¨t– à‰. ¯@î �/D»$Ã ı` ⇠ à‰.

I a
n = a⇥ · · ·⇥ a| {z }

n

ƒ∞X0

I §˝�˝x +ê| l0⌧⌧\ òÙX0

I (§Ã‹ tπX0

I ê⇠ x⇠ÑtX0



SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

L‡¨ò �

I E}0

I ê⇠ n(� 2)t ¸¥LD L 1⇥ 2⇥ · · ·⇥nD ƒ∞X0

I ¸8»X +ê⌘–⌧ ⌧| p +ê| >0

I •Ù0 ©]– àî ®‡x •l»– ÙXî¿

UxX0

I ¯@� »Lç– à@ ê⇠ LDfiî0. 1Ä0 n

¨t– à‰. ¯@î �/D»$Ã ı` ⇠ à‰.

I a
n = a⇥ · · ·⇥ a| {z }

n

ƒ∞X0

I §˝�˝x +ê| l0⌧⌧\ òÙX0

I (§Ã‹ tπX0

I ê⇠ x⇠ÑtX0

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

L‡¨ò �

I E}0

I ê⇠ n(� 2)t ¸¥LD L 1⇥ 2⇥ · · ·⇥nD ƒ∞X0

I ¸8»X +ê⌘–⌧ ⌧| p +ê| >0

I •Ù0 ©]– àî ®‡x •l»– ÙXî¿

UxX0

I ¯@� »Lç– à@ ê⇠ LDfiî0. 1Ä0 n

¨t– à‰. ¯@î �/D»$Ã ı` ⇠ à‰.

I a
n = a⇥ · · ·⇥ a| {z }

n

ƒ∞X0

I §˝�˝x +ê| l0⌧⌧\ òÙX0

I (§Ã‹ tπX0

I ê⇠ x⇠ÑtX0

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

L‡¨ò �

I E}0

I ê⇠ n(� 2)t ¸¥LD L 1⇥ 2⇥ · · ·⇥nD ƒ∞X0

I ¸8»X +ê⌘–⌧ ⌧| p +ê| >0

I •Ù0 ©]– àî ®‡x •l»– ÙXî¿

UxX0

I ¯@� »Lç– à@ ê⇠ LDfiî0. 1Ä0 n

¨t– à‰. ¯@î �/D»$Ã ı` ⇠ à‰.

I a
n = a⇥ · · ·⇥ a| {z }

n

ƒ∞X0

I §˝�˝x +ê| l0⌧⌧\ òÙX0

I (§Ã‹ tπX0

I ê⇠ x⇠ÑtX0

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

L‡¨ò �

I E}0

I ê⇠ n(� 2)t ¸¥LD L 1⇥ 2⇥ · · ·⇥nD ƒ∞X0

I ¸8»X +ê⌘–⌧ ⌧| p +ê| >0

I •Ù0 ©]– àî ®‡x •l»– ÙXî¿

UxX0

I ¯@� »Lç– à@ ê⇠ LDfiî0. 1Ä0 n

¨t– à‰. ¯@î �/D»$Ã ı` ⇠ à‰.

I a
n = a⇥ · · ·⇥ a| {z }

n

ƒ∞X0

I §˝�˝x +ê| l0⌧⌧\ òÙX0

I (§Ã‹ tπX0

I ê⇠ x⇠ÑtX0



SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

L‡¨ò �

I E}0

I ê⇠ n(� 2)t ¸¥LD L 1⇥ 2⇥ · · ·⇥nD ƒ∞X0

I ¸8»X +ê⌘–⌧ ⌧| p +ê| >0

I •Ù0 ©]– àî ®‡x •l»– ÙXî¿

UxX0

I ¯@� »Lç– à@ ê⇠ LDfiî0. 1Ä0 n

¨t– à‰. ¯@î �/D»$Ã ı` ⇠ à‰.

I a
n = a⇥ · · ·⇥ a| {z }

n

ƒ∞X0

I §˝�˝x +ê| l0⌧⌧\ òÙX0

I (§Ã‹ tπX0

I ê⇠ x⇠ÑtX0

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

L‡¨ò �

I E}0

I ê⇠ n(� 2)t ¸¥LD L 1⇥ 2⇥ · · ·⇥nD ƒ∞X0

I ¸8»X +ê⌘–⌧ ⌧| p +ê| >0

I •Ù0 ©]– àî ®‡x •l»– ÙXî¿

UxX0

I ¯@� »Lç– à@ ê⇠ LDfiî0. 1Ä0 n

¨t– à‰. ¯@î �/D»$Ã ı` ⇠ à‰.

I a
n = a⇥ · · ·⇥ a| {z }

n

ƒ∞X0

I §˝�˝x +ê| l0⌧⌧\ òÙX0

I (§Ã‹ tπX0

I ê⇠ x⇠ÑtX0

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

L‡¨ò ı°ƒ

I ‹⌅¸ T®¨å®…

I Ö%l0X h⇠\

I ∞m ¥ªå ⇠î¿(asymptotic complexity)

n n2 2n n!

1 1 2 1

2 4 4 2

3 9 8 6

4 16 16 24

5 25 32 120

6 36 64 720

7 49 128 5,040

8 64 256 40,320

9 81 512 362,880

10 100 1,024 3,628,800

20 400 1,048,576 2,432,902,008,176,640,000

30 900 1,073,741,824 �4 l‰! > 1039
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L‡¨ò ı°ƒ \0ï
“O(f(n))” (Ö%l0 n) = f(n)X ¡⇠0Ù‰ ë‰î ;

ı°ƒ L‡¨ò §]ü⇠�

O(1) ¡⇠tt

O(log n) log n+ 10, 9871 log n+ 100 Òtt

O(n) n+ 10, 999n+ 9, 2016n� 18Òtt

O(n2) 999n2 + 9, 2016n2 + 199000n� 18Òtt

ı°ƒ nt 20�⇠t |Î0|

O(1) ¿h∆‰ ¡⇠constant

O(log n) }⌅X ¡⇠Ã| ‰ƒ‰ \¯
logarithmic

O(n) 20 ‰ƒ‰  �
linear

O(n log n) 20Ù‰ }⌅ T ‰ƒ‰ ‘\¯‘
n log n

O(n2) 40 ‰ƒ‰ ⌧Ò0
quadratic

O(nk) (¡⇠ k) 2k0 ‰ƒ‰ kπ0, ‰m
polynomial

O(kn) (¡⇠ k > 1) k
n0 ‰ƒ‰ 0X ⇠0

exponential

O(n!) n
n0�ƒ ‰ƒ‰2 ƒπ0

factorial

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

L‡¨ò ı°ƒ \0ï
“O(f(n))” (Ö%l0 n) = f(n)X ¡⇠0Ù‰ ë‰î ;

ı°ƒ L‡¨ò §]ü⇠�

O(1) ¡⇠tt

O(log n) log n+ 10, 9871 log n+ 100 Òtt

O(n) n+ 10, 999n+ 9, 2016n� 18Òtt

O(n2) 999n2 + 9, 2016n2 + 199000n� 18Òtt

ı°ƒ nt 20�⇠t |Î0|

O(1) ¿h∆‰ ¡⇠constant

O(log n) }⌅X ¡⇠Ã| ‰ƒ‰ \¯
logarithmic

O(n) 20 ‰ƒ‰  �
linear

O(n log n) 20Ù‰ }⌅ T ‰ƒ‰ ‘\¯‘
n log n

O(n2) 40 ‰ƒ‰ ⌧Ò0
quadratic

O(nk) (¡⇠ k) 2k0 ‰ƒ‰ kπ0, ‰m
polynomial

O(kn) (¡⇠ k > 1) k
n0 ‰ƒ‰ 0X ⇠0

exponential

O(n!) n
n0�ƒ ‰ƒ‰2 ƒπ0

factorial
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⌅‰�(nk) vs D⌅‰�(kn)

n: Ö%X l0, k: ¡⇠

I O(nk): ÙË0 1•t ÒX0\ h|¿t, ⇡@ ‹⌅–

ò¨` ⇠ àî Ö%X l0ƒ ÒX0\ î‰.

I O(kn): ÙË0 1•t ÒX0\ h|8ƒ, ⇡@ ‹⌅–

ò¨` ⇠ àî Ö%X l0î TX0\ î‰.

k
nX 4‹4‹h: 2100 ' 1030� >∞¸X òt
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P tò§ 8⌧

¯ 8⌧| xî L‡¨òX ı°ƒ� O(nk)x 8⌧

I L‡¨ò ı°ƒ:

O(log n), O(n log n), O(n), O(n1.5), O(n28), · · ·

I “⌅‰�x D©”<\ ÙË0� Ä ⇠ àî 8⌧

‰⌧\î

I “⌅‰�”t$t: O(n3) tXÏ|

I |Ë O(nk)� >DL‰t, ∞¨î ò k| 3tX\ ⌅|

⇠ à»‰.
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ÙË0\ Ä$‡ ` LX »8

ÙË0\(êŸ<\) Ä0 ¥$¥ 8⌧x¿ DÃ¿| ¯¨

L‡ ˆ‰

ÙË0–å }‡ ¥$¥ 8⌧X Ωƒ?

I l¥ 8⌧: P tò§ 8⌧.

I ¥$¥ 8⌧: P tò§ eX 8⌧.

¥$¥ 8⌧x¿| ⇣ƒXî )ï?

I L‡¨ò >Dò ‰

I P L‡¨òt >DL‰t l¥ 8⌧‰
I P L‡¨òD ª>†‰t?

I ƒç ÙÏà ><t ò,L?

I D� ¯ L‡¨ò@ ∆î É|L?
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¥$¥ 8⌧x¿ ⇣ƒXî )ï?

I ¥$¥ 8⌧ = P tò§ eX 8⌧
I P eX 8⌧� t¨Xò?

¯ Ω Ωƒ\ �Lt �Ùê.

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

ΩƒTÏ0: P tò§ vs NP tò§

NP tò§ 8⌧X �X:

I �-D»$ 8⌧(decision problem)t‡

I “�”|î ıD

I ¥– 0�¥ ⌅‰�x D©non-deterministic polynomial<\

` ⇠ à<t.

I ¯ò⌧, t⌥åƒ �X\‰:

I “�”|‡ ı\ ¸p| �D⌧ ¯ ¸p� fiî¿|

⌅‰�x D©– Ux` ⇠ àî 8⌧

I “ıD �D⌧” = “¥– 0�¥” t¿\

I ΩƒX 8⌧ = NP¿Ã Px¿î D¡ ®t†î
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NP 8⌧X �
D¸ TX‰

I ¸¥ƒ ¿ƒ⌅X ®‡ ƒ‹‰D \ à)Ã )8Xî

Ω\� àDL? (t�4 Ω\Hamiltonian path)

I ¸¥ƒ �∞<\ ¸¥ƒ ¿ƒX ƒ‹‰D ‰ )8X‡

ÃD, ⇠ àDL?

I ¸¥ƒ Ä∏›boolean formulat 8t⇠å ` ⇠ àDL?

I ¸¥ƒ ê⇠| x⇠ÑtX|

I 1(–X D¯x∞ ‰D ⌘¥⌧ 3(–X Ë1» lp<D

Ã‰|. Ë, Ã‰¥ƒ lp|  ¿Xîp Dî\

–�¿� ¥ê tXÏ| \‰

I 1000Ã ��D ⇠0î �T| ⌧ëX|. ⌧ë⌘– nà

êx  ›D t|\‰
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ÃD, ⇠ àDL?

I ¸¥ƒ Ä∏›boolean formulat 8t⇠å ` ⇠ àDL?

I ¸¥ƒ ê⇠| x⇠ÑtX|

I 1(–X D¯x∞ ‰D ⌘¥⌧ 3(–X Ë1» lp<D

Ã‰|. Ë, Ã‰¥ƒ lp|  ¿Xîp Dî\

–�¿� ¥ê tXÏ| \‰

I 1000Ã ��D ⇠0î �T| ⌧ëX|. ⌧ë⌘– nà

êx  ›D t|\‰
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$¨4⌘: P 6= NP?

D¡ D4ƒ ®Ñ

I �– ¥$¥ 8⌧x¿� D¨°\ ΩƒX 8⌧‰(NP)

I tÉ‰t 9‹ l¥ 8⌧(P)î D–L?

⌅¨X ¿8 ÙË0(ú¡0ƒ)\î D»ƒ

I P 6= NP |‡ î!

P 6= NP|t
I ¥$¥ 8⌧X ‹ë/Ωƒ� NPt¿ JDL
I D¨D¨X¿\: ¥– 0�0Ã Xt P\ ⇠¥�¿Ã P
î  ⇠ ∆‰»
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⌅‰�x L‡¨ò@ ∆‰‡ ⇣�Xî )ï

(1/3)

NP 8⌧‰X (⌧\ 1»L8– �•:

NP 8⌧⌘ ⌧| ¥$¥ 8⌧� t¨\‰!

Cook 1971D: “®‡ NP 8⌧⌘–⌧ Ä∏› Ãq‹§0
8⌧satisfiability problem(SAT)� ⌧| ¥5‰”

I ®‡ NP 8⌧| ‰mD©<\ Ä∏› Ãq‹§0
8⌧satisfiability problem\ �…t⌧ t�Ä ⇠ à‰
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⌅‰�x L‡¨ò@ ∆‰‡ ⇣�Xî )ï

(2/3)
¿��

I t�Ä0problem reduction

I 8⌧ A| 8⌧ B\ t�Ä ⇠ à‰reducible = B| Ät

A� Ä∞‰

I �) “ÒX0”| “TX0”\

I �) “k-à¯\ p ⇠ >0”| “�Ù”\

I “Bî AÙ‰ ¥5‰” (�Uàî, “Bî �¥ƒ AÃ| ¥5‰”)
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⌅‰�x L‡¨ò@ ∆‰‡ ⇣�Xî )ï

(3/3)
NP 8⌧‰ ⌘–⌧ ⌧| ¥$¥ 8⌧� t¨X¿\

I fiÂ(∞ 8⌧� ¯ “U�” 8⌧Ã| ¥5‰t

I ¯¨‡ P 6= NP� ¨‰t|t (¯⌥‰‡ î!)

I â, P e– 8⌧‰t t¨\‰t

I fiÂ(∞ 8⌧î P e– àî Ét U‰X‰
I â, fiÂ(∞ 8⌧î ÙË0\ Ä ⇠ à¿Ã ⌅‰�x

D©<\î à�•X‰

¸X: t )ï@ �� P 6= NP Dò–⌧ ˇDÃ
sound

X¿Ã

D⌅XƒJ‰.
not complete
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¥TÉx�?

¸¿X T\ 8⌧‰t NP 8⌧‰t‰, ÙË0\ Ä‡ˆ‰.

I L‡¨òX pt = ®‡ Ö%– �U\ ıD ¥0

I ptD ê®Xå Xt ¥®L?

I “®‡ Ö%”D “T\ Ö%”<\

I “�ı”D “�˘\ ı”<\

I Ÿ–Xî 0ï

I µ%heuristic: fiDÔ\ ¡�.  › 0\–⌧ 0�¥

¿¥∆t ƒâ

I 4ë⌅randomization: µ%X ≠(| …î p  ®
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µ%¸ 4ë⌅

DtÏ»/¯§L¨

I µ%heuristic¸ 4ë⌅randomization� ò ëŸ

I T\ Ω∞– �ı– �L¥ ıD ¥ ìî‰(µ%)

I ‹8 Ω∞–Ã ≠((µ%)

I D⌅‰�x D©X k– x¨¿ Jî òx⇧®X

(4ë⌅)

I L‡¨òX ı°ƒ� ⇣î ÉD H�‹®‰(4ë⌅)

I \¯ÙL?
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ÙË0\ à�•\ 8⌧‰

I ˘à t¨X†¿î

I ÖUà t¨: �) H§8⌧halting problem

I 4⇠à Œ‰

I 8⌧ 1⌧ = h⇠ 1⌧ (ê⇠–⌧ �-D»$\ �î)

(Ö%¸ ıX ›D ê⇠ Xò\ \⌅�•)

I ¯ h⇠X ⌧⇠î 2|N|

I ⌅X ⌧⇠î ê⇠X ⌧⇠ |N|(swX ⌧⇠) Ù‰ 4\à

Œ‰
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L‡¨ò Ã‰LX T\ 0¯0

I ®p¨ —0exhaustive search

I \�ı}⇠: 2, 3, 4, · · ·\ ò Ù0
I ⇠ÃD�0backtracking

I ¯\>0: ®‡ Ω∞| (@\Xt⌧

I ò Ä¥ iX0divide-and-conquer

I xlp¨

I 0µXp Ä0dynamic programming

I <ÙòX ⇠Ù ✓

I »Ïì‡ ‰Ï0iterative improvement

I \⌥-�<å ›÷0 (|Ë ›÷‡ π\Ω\ ∏0)

I �Ù (|Ë ⌅8∞‡ ¥↵ú t√ ∏0)
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ëê ÙË⇧(quantum computing)

ëê⌅¡D t©

I ⌘©superposition

I Ωòentanglement

I U`ƒÌprobability amplitude

ëêÙË0X 1»

I ú¡0ƒ@ Ÿ|: 0ƒ�x ƒ∞X \ƒ| ◆à¿î ªh

I Ë, Ë, h¨(‹⌅) Ë, L0Xå(T®¨) ƒ∞
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ëê L‡¨ò(quantum algorithm)

¸¯�<\ U` L‡¨òprobabilistic algorithm: í@ U`\

ıt ò¿ú‰

I pt0| ⌘©‹⌧ ∞ ®(D íÑ

I ıt ‰x ƒÙ‰¸ ëêH– ⌘©⇠¥ àL

I L‡¨ò ∞ = ıt ‰∞ í@ U`ƒÌD �¿ƒ]

X0

I ∞D ]¥‡ ëê| �0Xt ‰∞ í@ U`\ ıt

ò¿®
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ëê x⇠Ñt(quantum factorization) L‡¨ò
1994 Shor. ⇠Y–⌧ L$ƒ ¨‰D t©: ê⇠ NX

x⇠Ñt

1. NÙ‰ ë@ ÑXX ê⇠ rD  ›

2. GCD(r,N)t 1t D»t NX x⇠. D»t,

3. Dò +êÙD ƒ∞

r
1 mod N, r

2 mod N, r
3 mod N, · · ·

4. ⌅ +êÙ–î ¸0 p� t¨\‰.

5. GCD(N, r
p/2 + 1)@ GCD(N, r

p/2 � 1)� ‰∞ p U`\

1t D»‰(NX x⇠� ⌧‰). (p� @⇠t ‰‹ ⇠ı)

t ¸�D ëê L‡¨ò<\ .0ê.
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ëê⌅¡D t©t⌧ l⌅
‰m‹⌅– �•

1. Ö% PW: m⌧X PWqbit–

mz }| {
0 · · · 1(1) Ä0

mz }| {
1 · · · 1(2m � 1)L¿ ⇡@ U`\ ⌘©‹¥

2. ú% PW: Ö%PW¸ Ÿ|Xå ⌘©‹¥

3. Öú% PW– ⌧\ t˘Xî +ê| Ω�ìL

4. ú% PW– r
i mod ND ƒ∞Xî �t�| ‹‰. iî

m⌧X PW– ⌘©⇠¥ àî 1, · · · , 2m � 1. (tÃ|X

+êÙ ƒ∞t ⌘©UÑ– \ºà– �•)

5. ú% PWD �0; Ö% PW–î �0\ ∞¸|

Ã‰»X i‰Ã ®î‰

6. +êÙ ¸0 p = Ö% PW– ®@ É‰X (t. t|

⇣¿Xî �t�| ‹‰

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

ëê –…(quantum search) L‡¨ò
1996 Grove. pt0� D4⌥åò ⇣$àî Ω∞ O(

p
n)–

�•

I pt0î |,à8� à‡, >‡ê Xî É@ ¸¥ƒ

à8– t˘Xî pt0|‡ Xê

I pt0‰¸ |,à8‰@ P ëê– 0\ ⌘©t #î‰

(n⌧X pt0î log2 n⌧X PW– ⌘©t⌧ �•�•)

I pt0@ t˘ |,à8| P ëê¨t– Ω�ìî‰

�D ]
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ëê –… ¯ ¸�
Dò ¸�

D O(
p
n)à⇠ıX‡�0Xt‰∞í@U`\ıtò¿®

(nX Ω∞»‰ �|‰¥
p
n� 1à, 10

p
n+ 4à ÒD ⇠ıXt ©ÑX‰î ;)

1. |,à8� ⌘©⇠àî PW– “�t�”| Ù⌧, >‡ê

Xî à8Ã ¯ U`ƒÌprobability amplitudeD ⇠�

)•<\ §—î‰

2. ¯⌥å ¿\ U`ƒÌX …‡D l\ ƒ, (�µ�<\)

…‡X P0–⌧ � U`ƒÌD ‰‹ |î “�t�”|

‹‰

3. ¯Ït >‡ê Xî |,à8X U`ƒÌ@ ù�X‡

‰x É@ ⌅¥‡‰
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∏¥(language)
å⌅∏Ë¥: ¨åt Ã‰‡ ÙË0� ‰â

I SWX \⌅

I ú¡0ƒ Äà‰( \⌧X ¡‹,  \⌧X Ï¸,

 \⌧X ‹Y\)\

I xtÃ 0ƒ¥\

I xT(x86) 0ƒ¥\

I Ù‰ ¡⌅X ∏¥‰\

I SW| \⌅Xî ∏¥: “⌅\¯ò� ∏¥”(programming

language)

I ú¡0ƒX ‹Y\ 9@ 0ƒ¥î �4 X⌅X ∏¥

I ò†t ı°t¿î å⌅∏Ë¥| \⌅Xî ¯á<\î

4¨

I Ñê0Ù\ ‹•tD \⌅Xî H
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p ⌅©

å⌅∏Ë¥: ¨åt Ã‰‡ ÙË0� ‰â

p ⌅©: ÙË0� ttXî ∏¥ vs ¨åt ∏àî ∏¥

I ÙË0� ttXî ∏¥ (0ƒ¥)

I Mac: “PowerPC” 0ƒ¥

I PC: “Pentium” 0ƒ¥

I Galaxy: “Arm” 0ƒ¥

I iPhone: “Arm” 0ƒ¥

I ®P ú¡-D⌅turing-complete

I ¯Ïò ¨å–ê �4 –‹�
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t∞E

∏¥ƒ5¸ êŸàÌ

I ∏¥X ƒ5: ¡⌅X ¡⌅X ∏¥| ‡H

I ¯ ∏¥‰ ¨tX “àÌ¨¨”

I àÌ¨¨X Ë ⌅î ¨å–å ∏\ ¡⌅X ∏¥

I àÌ¨¨X Ë Dòî 0ƒ–å ∏\ “0ƒ¥”
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Coq
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ML
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Scala



SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

Python
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Java
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C
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Dalvik
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x86
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àÌ0(compiler)

I ú⌧¥ L, ƒ)¥ L’

I L\ ‹Ïƒ ®‡ ⌅\¯®D ⇡@ |D Xî L’

⌅\¯®<\ àÌ

I ÙË0 ∏¥‰ ¨tX àÌ@ m¡ êŸ<\ �•

I Ë¥X ;@ Xò\ ‡�⇠ à‰

I ¨©⇠î �i– 0| Ï|¿¿ Jî‰

I àÌX –¨: pΩ›compositional<\ à¿1»invariant

 ¿X0

I ⌅¥X àÌ ∞¸î ÄÑX àÌ∞¸| �¿‡ pΩ

I pit }ƒ]: � ∞¸î ⇡@ pt(invariant)D Ãq

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

êŸàÌ –¨X �

ú⌧¥

E ::= n

| E + E

| E ⇥ E

| �E

ƒ)¥

C ::= push n

| add

| sub

| mult

| C.C
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t�‰â(interpretation)
ÙË0� å⌅∏Ë¥| ‰â

I ÙË0| Ù∏Ã•tå Xî uÏDt¥

I Ù∏Ã•X ú¡0ƒ: LÖ– \⌅⌧ 17⌧ Ï¸X

8êÙ(⌅\¯®, å⌅∏Ë¥, ú¡0ƒ)D t�‰â

I t�‰â: |¡–⌧ ∞¨� ò Xî(“1+2”)

ÙË0î t�‰â0interpreter

I ⌅0å\\ l⌅⌧(xtÃ 0ƒ, Pentium, Arm)

‰â0

I àÌ¨¨X Ë Dò ∏¥(“0ƒ¥”)X ‰â0

I T®¨– \⌅⌧ 0ƒ¥ ⌅\¯®D t�‰â

å⌅∏Ë¥ l⌅⌧ t�‰â0interpreterƒ �•

I t�‰â0| ÙË0� t�‰â (t�‰ât P π<\

πh)
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∏¥ ��

⌅\¯ò� ∏¥X P ⌧X Ã¨

I ú¡0ƒturing machine (Alan Turing)

I ¡⌅\ ¡⌅\: 0ƒ– Ö9Xî ∏¥

I C, Java, C++, C#, JavaScript, Objective C, Python,

PHP, Scala, Swift, Rust Ò

I å‰ƒ∞ïlambda calculus (Alonzo Church)

I ¡⌅\ ¡⌅\: ✓D ƒ∞Xî ∏¥

I ML, OCaml, Haskell, F#, Lisp, Clojure, Rua, Python,

Scala, C++14 Ò

I \‡ ∏¥‰@ P )› ®P| ¿–
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∏¥ ��

⌅\¯ò� ∏¥X P ⌧X Ã¨

I ú¡0ƒturing machine (Alan Turing)

I ¡⌅\ ¡⌅\: 0ƒ– Ö9Xî ∏¥

I C, Java, C++, C#, JavaScript, Objective C, Python,

PHP, Scala, Swift, Rust Ò

I å‰ƒ∞ïlambda calculus (Alonzo Church)

I ¡⌅\ ¡⌅\: ✓D ƒ∞Xî ∏¥

I ML, OCaml, Haskell, F#, Lisp, Clojure, Rua, Python,

Scala, C++14 Ò

I \‡ ∏¥‰@ P )› ®P| ¿–

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

0ƒX ⌘% vs å‰X ⌘%
I 0ƒX ⌘%

I Ö9Xp 0ƒ¡‹| ¿T‹§î ¸8

I î¨ï, •Ù0©]

a  0

b  read

a  a+b

b  b+1

I å‰X ⌘%

I 0ƒî ∆‰. ✓D ƒ∞Xî ›. “∞⇠ §¿|”

I �ÒYPLÄ0 ÙD( ∞⇠ ∏¥.
P10

n=1 n
2

I “P ⇢ Q t‡ P 6= Q|‡Xê. ¯Ït P
c [Q = U t‡

P \Q
c = ; t‡ P [Q

c 6= Ut‰.”

I ⌅\¯ò� ∏¥X ît ◆ ⇠Y ∏¥X ît

I ‰x 0–@ ‰x )›X ›�D  ƒXî ⌅\¯ò�

∏¥| ƒ›‹¥
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∏¥| ƒ›‹¥



SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

0ƒX ⌘% vs å‰X ⌘%
I 0ƒX ⌘%

I Ö9Xp 0ƒ¡‹| ¿T‹§î ¸8

I î¨ï, •Ù0©]

a  0

b  read

a  a+b

b  b+1

I å‰X ⌘%

I 0ƒî ∆‰. ✓D ƒ∞Xî ›. “∞⇠ §¿|”

I �ÒYPLÄ0 ÙD( ∞⇠ ∏¥.
P10

n=1 n
2

I “P ⇢ Q t‡ P 6= Q|‡Xê. ¯Ït P
c [Q = U t‡

P \Q
c = ; t‡ P [Q

c 6= Ut‰.”

I ⌅\¯ò� ∏¥X ît ◆ ⇠Y ∏¥X ît

I ‰x 0–@ ‰x )›X ›�D  ƒXî ⌅\¯ò�

∏¥| ƒ›‹¥
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å‰ ƒ∞ï(lambda calculus)(1/2)

x l¨(…T�‡ tÑ x)

�x.E �¨å(…T@ x)

E E òÄà à0
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å‰ ƒ∞ï(lambda calculus) (2/2)

3 = �s.(�z. s(s(s| {z }
3

z)))

+ n m = �s.(�z.ns(msz))

⇥ n m = �s.(�z.n(ms)z)

T = �x.(�y.x)

F = �x.(�y.y)

and a b = a b F

zero? n = n (�x.F ) T

repeat E = (�f.(�x.f(xx))(�x.f(xx))) E
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|¨î ∏¥X p∏
(å‰ ⌘%å)

ÙË08ƒ–⌧∏¥@|¨îŸ⌅Xët|–,⇡@Ét‰
ùÖX0  ! ⌅\¯®‹0

“|¨�x D}∆t »\¥ ¨‰D

Uxt�î ¸�.”

 ! ı‹∆t »\¥ pt0| Ã‰¥�î

¸�.

“8x ¨‰ 9@ ¨‰t|‡ ��\

É‰\Ä0 ‹ë.”

 ! 0��x pt0–⌧ Ä0 ‹ë.

0��x pt0î �⇠, 8ê, 8p”

Ò.

“¨‰D 0⇠<\ t⌧ »\¥ ¨‰‰D

ÃÏ.”

 ! t¯ Ã‡ pt0| �¿‡ »\¥

pt0‰D ÃÏ.

“Ã‰¥�î ¸�@ ¸p∆î t�0

∆t, |¨�<\ ⌅lò ⇠�Xî

î`X ’Ä‰¨| �‡ �î ¸�Ã

à‰.”

 ! » pt0| Ã‹î ¸�@ ı‹� ∆‰.

¨©Xî ⌅\¯ò� ∏¥–⌧ ⌧ıXî

⌅\¯® pΩ)›D h⌧ Ã‡‰.
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|¨ î`X ’Ä‰¨

A B

A ^B

A ^ B

A

A ^ B

B

A
...
B

A) B

A) B A

B

A

A _B

A

B _ A

A _ B

A
...
C

B
...
C

C
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|¨ ùÖò4

(A) B) ^ (A) C)
A) B A

B

(A) B) ^ (A) C)
A) C A

C

B ^ C

A) (B ^ C)

(A) B) ^ (A) C)) (A) (B ^ C))
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p∏: ùÖX0 = ⌅\¯®‹0 (1/2)
A B

A ^B  ! pt0 IX Ã‰0

A ^ B

A

A ^B

B  ! pt0 IX ¨©X0

A
...
B

A) B  ! h⇠ Ã‰0

A) B A

B  ! h⇠ ¨©X0
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p∏: ùÖX0 = ⌅\¯®‹0 (2/2)
A

A _B  ! pt0 I±¯¨0

A _B

A
...
C

B
...
C

C  ! I±¯∞ pt0 ¨©X0

A  ! h⇠X xê| ¨©X0
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p∏X ®•

I ⌅\¯® ‹0⌅: ‰ ⌅\¯®X lƒ°0

I ¿Ötypet|î ∏¥\ â º⌧| \⌅

I 8 |¨›  ! ¿Ö

I ⌅\¯® ‹‡ò⌧: ‡ ⌅\¯®t 4úà ëŸ`¿

¥<0

I 4úà ëŸ = ¿Ö– fiå »‰

I |¨Ñ|X ¿Öt \©⇠X ®µ(1950-1970D�)

I ¯⌥‰t ⌅\¯®–⌧ƒ �•X†¿(1970-⌅¨)
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‰ ⌅\¯®X lƒ°0

¿Ö<\(“ÙµÖ¨”\) ⌅\¯® º⌧| \⌅

∞<X0 : ®ê⇥Ïê!ÄÄ
¨ëX0 : ÄÄ!¨ë

D0Ã‰0 : ÄÄ⇥¨ë!D0
�qÃ‰0 : ®ê⇥Ïê!�q

�qÃ‰0(x,y) =

let couple = ∞<X0(x,y) (‘®ê’@ ‘Ïê’� ’ÄÄ’| Ã‰‡)

let love = ¨ëX0(couple) (’ÄÄ’� ’¨ë’D Ã‰‡)

let baby = D0Ã‰0(couple, love) (’ÄÄ’� ’¨ë’<\ ’D0’| Ã‰‡)

in (couple, baby) (¯ ’ÄÄ’@ ’D0’� ’�q’t‰)
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‡ ⌅\¯®t 4úà ëŸ`¿ ÄƒX0 (1/2)

⌅\¯ò8X àH

I 0ç\ º⌧– 0| ò TºxL?

I ¯ò⌧ ⌧�\ ëŸXî ⌅\¯®|L?

I Ã òt¿� ⇠î, �Xå$ Ù‰ ı°\ PÑ

I ⌅\¯® ‰⇠î ‡§Äà ‹Ï† Ét‰
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⌅\¯® Äƒ vs ‰x Ñ|

Ã‡É ⌅\¯®  ! 0ƒ/t</}< êx

‰â0 ÙË0  ! ê

® ‰â–�t ¯¨ Ux  ! ëŸ–�t ¯¨ Ux

HÏ “›��\ ÃÉt‰”  ! “›��\ ëŸ`Ét‰”

Uxƒl ÙË0¸YX 1¸  ! ê¸YX 1¸
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‡ ⌅\¯®t 4úà ëŸ`¿ ÄƒX0 (2/2)

êŸÄƒt �•

I ¸p: ⌧xX 0�– XtXX ⌅\¯®X D1ƒ

I ⌅¨, ¯ò: ⌅lòX 0 \ \ ⌧ ⌅ƒ

I êŸ Äƒ

I ÙË0î T t¡ ˘©�t¿ J‰

I ⌅\¯®D Äƒt⌧ µ¸\ ÉÃ ‰â

f(x) = x+1 sum(f) = f(0)+f(1) 4å(ò•t)+4å(¯$)
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î}(abstraction)X ¯<
ÙË0¸Y–⌧ ò Ÿ–Xî ¿⌧: “®P Ï-Xt⌧

⌅Ëà”

I ⌅\¯® Äƒ–⌧ƒ: î}

I ®‡ L|D Ùî É@ D⌅‰�

I xÄÖ% �”⇠� �4 Œ‡, Ã‰¥¿î ⌅¡t �4

ı°: 0X ⇠\ ‰¿p ç⇠4Ecombinatorial explosion

I ‰ë\ ⇠�X î}D Ÿ–:

10⇥4å(ò•t) + 8

I ¿Ö<\ î}: �⇠

I ë⇠L⇠\ î}: ë⇠

I l⌅<\ î}: 100¸ 3000¨t
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î}(abstraction)X ¯<
ÙË0¸Y–⌧ ò Ÿ–Xî ¿⌧: “®P Ï-Xt⌧

⌅Ëà”

I ⌅\¯® Äƒ–⌧ƒ: î}

I ®‡ L|D Ùî É@ D⌅‰�

I xÄÖ% �”⇠� �4 Œ‡, Ã‰¥¿î ⌅¡t �4

ı°: 0X ⇠\ ‰¿p ç⇠4Ecombinatorial explosion

I ‰ë\ ⇠�X î}D Ÿ–:

10⇥4å(ò•t) + 8

I ¿Ö<\ î}: �⇠

I ë⇠L⇠\ î}: ë⇠

I l⌅<\ î}: 100¸ 3000¨t

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)
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SWî ı°X‰
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SWî ı°X‰

less-382(23,822 LoC)
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ê< Ã| ı°

Ï X ÃX 1Ã⌧ tX 7∏Õ, Ecole Polytechnique Fédérale de

Lausanne, Blue Brain Project, 2008
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SW ⌧ëX ¥$¿

I ⌅\¯®X ‹®@ ı°ƒ� ⇣⇣‰–

I ⌅\¯® ı°1X ù�çƒ >> hw 1•X 1•çƒ

I “swî �§‰.” “Software is gas.”

I ⌅\¯®@ 0ƒ� êŸ<\ ‰âh

I 0ƒî ∞¨� |î | ‰âX¿ JL

I 0ƒî sw– �å | ‰â` –

“•Ù0 = ∞ 1¨0, ‡|t 4 ¿, ¯¨‡ �¸êP ¨$0.”

I ®‡ ¡iD ‡$t| ⇥ ¨å\ ‰⇠� ∆¥|
I ⌅\¯®X ‰âD “¯¨ DΩà L0”� ¥$¿

I êŸ<\î à�•: ùÖ((1936D, Alan Turing)

I ¨åt Uxt�|: ‰ë\ ƒl\ D©�⇣

I ⌅¨X 0 ⇠�: xL» “3⌧›”, �Ù⇠�
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SW ⌧ëX ¥$¿
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I ®‡ ¡iD ‡$t| ⇥ ¨å\ ‰⇠� ∆¥|

I ⌅\¯®X ‰âD “¯¨ DΩà L0”� ¥$¿

I êŸ<\î à�•: ùÖ((1936D, Alan Turing)

I ¨åt Uxt�|: ‰ë\ ƒl\ D©�⇣

I ⌅¨X 0 ⇠�: xL» “3⌧›”, �Ù⇠�

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

SW ⌧ëX ¥$¿

I ⌅\¯®X ‹®@ ı°ƒ� ⇣⇣‰–

I ⌅\¯® ı°1X ù�çƒ >> hw 1•X 1•çƒ

I “swî �§‰.” “Software is gas.”

I ⌅\¯®@ 0ƒ� êŸ<\ ‰âh

I 0ƒî ∞¨� |î | ‰âX¿ JL

I 0ƒî sw– �å | ‰â` –

“•Ù0 = ∞ 1¨0, ‡|t 4 ¿, ¯¨‡ �¸êP ¨$0.”

I ®‡ ¡iD ‡$t| ⇥ ¨å\ ‰⇠� ∆¥|
I ⌅\¯®X ‰âD “¯¨ DΩà L0”� ¥$¿

I êŸ<\î à�•: ùÖ((1936D, Alan Turing)

I ¨åt Uxt�|: ‰ë\ ƒl\ D©�⇣

I ⌅¨X 0 ⇠�: xL» “3⌧›”, �Ù⇠�
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‡1: ÙË0Ñ|î D¡ ¯⇡i»‰

Ñ|X Ì¨ ⇠ ®∞ 5-60D

¯ò⌧

I ¯⇡X0 L8– =) 0å� Œ‰.

I ¯⇡X0 L8– =) ¿� “Newton”, “Galileo”,

“Curie”, @ ⇡t ¥‡à‰.

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

ÙË0Ñ| ⌧⌅ çƒ� `t‰? (1/3)

I ÙË0çƒ: 1070/80D ⌧⌅

103flops/cpu ENIAC(1945)

�! (2⇥ 1010flops/core IBM Sequoia(2010))

�! 6⇥ 1010flops/core Fujitsu Fugaku(2020)

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

ÙË0Ñ| ⌧⌅ çƒ� `t‰? (2/3)
‰x Ñ|@ ºî D∑: 107 ⇠ 1090 ⌧⌅/100D

I –�¿Ñ|: 1070/100D ⌧⌅

10�1hp/hr (Xx) �! 1.35⇥ 106 hp/hr (–⌅ 1GW/hr)

I PµÑ|: 1080/100D ⌧⌅

103j (�») �! 1011j (Delta II), 1010j (⌅¨8)

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

ÙË0Ñ| ⌧⌅ çƒ� `t‰? (3/3)

I X‹Ë¥: ‰x Ñ|@ D∑\ ⌧⌅

I å⌅∏Ë¥: Œt ¯⌧h

I l0Ã ù�:

4� 100Ã⌅

DòD\� 200Ã⌅

§»∏ 1000Ã⌅

�ƒ∞ 3000Ã⌅

I å⌅∏Ë¥: ‰x Ñ|� tË¥ ì@ ÉD D¡ tË¿

ªà¥

4«|L?
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‰x Ñ|X ⌅¨ ⇠�

I ⌧�\ ëŸ` ¿| ¯¨ Äù` ⇠ ∆î 0ƒ/å\/

ı�/tï $ƒî ∆‰.

I ⌧�\ ëŸ` ¿| ¯¨ Äù` ⇠ ∆î 1‡ $ƒî

∆‰(?)

I ⌧�\ ëŸ` ¿| ¯¨ Äù` ⇠ ∆î �5¡à

$ƒî ∆‰(?)

tº)�›, ¯�Ñ )�›, µƒÌY, $D–-§°§

)�›...
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®‡ 0 X »8

∞¨� Ã‡ Ét

∞¨� Xƒ\�\ ¿¡x‰î ÉD

¥ªå ¯¨

Ux` ⇠ àî�?

(¨‰, |¡–⌧ƒ ¶@ »8¸ ı: ÖY‹ÿ, Ö¨‹ÿ, Åi, t˝�¨)

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

å⌅∏Ë¥ Ñ|–⌧X t »8

ë1\ SWX $X|

êŸ<\ ¯¨ ®P >D¸pò,

∆<t ∆‰‡ Uxt¸î

0 ‰@ àî�?

¯ò⌧, SWX $XL8– ⌧›Xî

⌧x/0≈/m�/¨å� D©D

�⇣‹⌧¸î 0 ‰@ àî�?
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⌅\¯® Äƒ: ¿Ö$X| ⇠¥⌧

SW $X(bug)

I å⌅∏Ë¥– àî $X

I å⌅∏Ë¥� ›��\ ‰â⇠¿ Jî É

I ¨åt å⌅∏Ë¥| òª Ã‰»0 L8

I ú¨¿¿t Dÿ
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SW $XX �

¥8»� ⌅t� à|»◆ ÏÄÑ ©](⌅\¯®)

1. ∞ 1¨0 2—

2. ∞ � ∆<t $�¿l§ 1¨0 3—

3. ∞ � à<t ›u 500¯å 1 

4. �¸ êP

Ã}–: ∞ 1¨0 1—Ã à<t? �¸ êP? �¸êP?

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

SW $XX 8⌧

+ +

¥‰� —t‡‰ SW\ ŸëXî ⌧àt ‡•ú‰

¨å� D© ¨å� D©

t∞E = Ω⌧�0å t∞E = Ω⌧�0å

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

SW $X: ¨åt ê<\ ê}å °D ⇠ ∆‰

I ƒ≠òå ‰¿‡ ı°t ƒ å⌅∏Ë¥

I »\¥ ÙË⇧ XΩ: ¿l = ÙË0

I ⌅¿l� $∏ÕD ¿‡

I àπ� ‰⇠X T‹� ¥å\ (‰(§»∏ åÑ/apps)

êŸ 0 t Dî
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SW $X Äù 0 : 18�

8ï Äù0: 70D�– D1⌧ 0 . lexical analyzer & parser

$X = å⌅∏Ë¥X ›@»� ¿∞ É

1. ∞ 1¨0 2—

2. ∞ � ∆<t $�¿HE 1¨0 3—

3. à<t u› ∞ � 500¯å 1 

4. �¸ êP
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SW $X Äù 0 : 28�

¿Ö Äù(type checking): 90D�– D1.

(30D⌅ ⌅\¯ò�∏¥ Ñ|X �\ 1¸)

$X = ›4É@ @a\p, òª⌧ ✓t ƒ∞– XÏ‹î

Ω∞

1. ∞ | Ù@ ºLD �§ à⌅– ,$ì‡ p¥‰

2. ›uD  ¨⌘‹– Ù‡ )D\ {î‰

3. 2X ⌘‹– 1X ∞ | Ä4‰

4. ®ê@ åò4| ∞<‹®‰
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SW $X Äù 0 : 38�
⌅\¯®Ñ�Äù: D¡ ¯D1

(static analysis, verification, model checking, ...)

$X = ›4Éƒ @aX‡ ¿Öƒ fi¿Ã, |î � DÃ

É

$X = Dî\ ptD Ãq‹¨ ⇠ ∆î Ω∞

1. ∞ | Ù@ ƒD| �§ à⌅– p¥‰

2. ›uD §P⌘‹– Ù‡ )D\ {î‰

3. ®ê1Ö¸ Ïê1ÖD ∞< ‹®‰

I �§àt Ïm⌧† ©⌘\� ⌧‰t?

I )D� ⌅�⌘ı≈X ⌅�§� ⌧‰t?

I ®@ òtX (� 100¥t⌧‰t?

SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

pt0X ⌘%: » ⌅\¯ò� ⌘% (1/7)

ŒDƒ pt0, ¯ƒ ÙË0

0ƒ Yµmachine learning U` î` ⌅\¯ò�probabilistic pgm’ng

xUinductionXî qUabductionXî

⌅\¯®‹0 ⌅\¯®‹0
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pt0X ⌘%: » ⌅\¯ò� ⌘% (2/7)

I 0ƒ Yµmachine learning (xUinduction)

I Ö%: �0\ pt0 {(a0, b0), · · · , (ak, bk)}
I ú%: –ëXî h⇠

I �: {(�1, 0), (2, 3)}–⌧?

I U` î`probabilistic pgm’ng (qUabduction)

I Ö%: x¸�ƒ A =) B, �0\ pt0 B

I ú%: –ëXî –x A

I �: ‹ÿ⇣⇠–⌧?  8�T–⌧?

I ºî–ëD êŸ<\/¸Y�<\

I ¸X: …›x pt0, `(∞ x¸�ƒ, �0ª\ pt0
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pt0X ⌘%: » ⌅\¯ò� ⌘% (2/7)

I 0ƒ Yµmachine learning (xUinduction)

I Ö%: �0\ pt0 {(a0, b0), · · · , (ak, bk)}
I ú%: –ëXî h⇠

I �: {(�1, 0), (2, 3)}–⌧?

I U` î`probabilistic pgm’ng (qUabduction)

I Ö%: x¸�ƒ A =) B, �0\ pt0 B

I ú%: –ëXî –x A

I �: ‹ÿ⇣⇠–⌧?  8�T–⌧?

I ºî–ëD êŸ<\/¸Y�<\

I ¸X: …›x pt0, `(∞ x¸�ƒ, �0ª\ pt0
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pt0X ⌘%: » ⌅\¯ò� ⌘% (2/7)

I 0ƒ Yµmachine learning (xUinduction)

I Ö%: �0\ pt0 {(a0, b0), · · · , (ak, bk)}
I ú%: –ëXî h⇠

I �: {(�1, 0), (2, 3)}–⌧?

I U` î`probabilistic pgm’ng (qUabduction)

I Ö%: x¸�ƒ A =) B, �0\ pt0 B

I ú%: –ëXî –x A

I �: ‹ÿ⇣⇠–⌧?  8�T–⌧?

I ºî–ëD êŸ<\/¸Y�<\

I ¸X: …›x pt0, `(∞ x¸�ƒ, �0ª\ pt0
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pt0X ⌘%: » ⌅\¯ò� ⌘% (2/7)

I 0ƒ Yµmachine learning (xUinduction)

I Ö%: �0\ pt0 {(a0, b0), · · · , (ak, bk)}
I ú%: –ëXî h⇠

I �: {(�1, 0), (2, 3)}–⌧?

I U` î`probabilistic pgm’ng (qUabduction)

I Ö%: x¸�ƒ A =) B, �0\ pt0 B

I ú%: –ëXî –x A

I �: ‹ÿ⇣⇠–⌧?  8�T–⌧?

I ºî–ëD êŸ<\/¸Y�<\

I ¸X: …›x pt0, `(∞ x¸�ƒ, �0ª\ pt0
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pt0X ⌘%: » ⌅\¯ò� ⌘% (2/7)

I 0ƒ Yµmachine learning (xUinduction)

I Ö%: �0\ pt0 {(a0, b0), · · · , (ak, bk)}
I ú%: –ëXî h⇠

I �: {(�1, 0), (2, 3)}–⌧?

I U` î`probabilistic pgm’ng (qUabduction)

I Ö%: x¸�ƒ A =) B, �0\ pt0 B

I ú%: –ëXî –x A

I �: ‹ÿ⇣⇠–⌧?  8�T–⌧?

I ºî–ëD êŸ<\/¸Y�<\

I ¸X: …›x pt0, `(∞ x¸�ƒ, �0ª\ pt0
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pt0X ⌘%: » ⌅\¯ò� ⌘% (2/7)

I 0ƒ Yµmachine learning (xUinduction)

I Ö%: �0\ pt0 {(a0, b0), · · · , (ak, bk)}
I ú%: –ëXî h⇠

I �: {(�1, 0), (2, 3)}–⌧?

I U` î`probabilistic pgm’ng (qUabduction)

I Ö%: x¸�ƒ A =) B, �0\ pt0 B

I ú%: –ëXî –x A

I �: ‹ÿ⇣⇠–⌧?  8�T–⌧?

I ºî–ëD êŸ<\/¸Y�<\

I ¸X: …›x pt0, `(∞ x¸�ƒ, �0ª\ pt0
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pt0X ⌘%: ¿�L¿ ⌅\¯ò� 0e (3/7)

0e A: 0ƒYµ t⌅

I ∏¥\ |¨�x 8⌧ÄtïD \⌅

I ƒ∞)ïD <<à ¡⌅X ∏¥\ ê⇠ë1

I ⌅‰�x D©X ƒ∞¸�t¥|

I D© Ñ�, D©\ƒ Äƒ (¸Y)

I Ù �D “ú¡0ƒ”(0ƒ¥)\ àÌt⌧ ÙË0–

„î‰

⌅\¯ò�programming,L‡¨òalgorithm
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pt0X ⌘%: ¿�L¿ ⌅\¯ò� 0e (3/7)

0e A: 0ƒYµ t⌅

I ∏¥\ |¨�x 8⌧ÄtïD \⌅

I ƒ∞)ïD <<à ¡⌅X ∏¥\ ê⇠ë1

I ⌅‰�x D©X ƒ∞¸�t¥|

I D© Ñ�, D©\ƒ Äƒ (¸Y)

I Ù �D “ú¡0ƒ”(0ƒ¥)\ àÌt⌧ ÙË0–

„î‰

⌅\¯ò�programming,L‡¨òalgorithm
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pt0X ⌘%: ¿�L¿ ⌅\¯ò� 0e (3/7)

0e A: 0ƒYµ t⌅

I ∏¥\ |¨�x 8⌧ÄtïD \⌅

I ƒ∞)ïD <<à ¡⌅X ∏¥\ ê⇠ë1

I ⌅‰�x D©X ƒ∞¸�t¥|

I D© Ñ�, D©\ƒ Äƒ (¸Y)

I Ù �D “ú¡0ƒ”(0ƒ¥)\ àÌt⌧ ÙË0–

„î‰

⌅\¯ò�programming,L‡¨òalgorithm
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pt0X ⌘%: ¿�L¿ ⌅\¯ò� 0e (3/7)

0e A: 0ƒYµ t⌅

I ∏¥\ |¨�x 8⌧ÄtïD \⌅

I ƒ∞)ïD <<à ¡⌅X ∏¥\ ê⇠ë1

I ⌅‰�x D©X ƒ∞¸�t¥|

I D© Ñ�, D©\ƒ Äƒ (¸Y)

I Ù �D “ú¡0ƒ”(0ƒ¥)\ àÌt⌧ ÙË0–

„î‰

⌅\¯ò�programming,L‡¨òalgorithm
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pt0X ⌘%: ¿�L¿ ⌅\¯ò� 0e (3/7)

0e A: 0ƒYµ t⌅

I ∏¥\ |¨�x 8⌧ÄtïD \⌅

I ƒ∞)ïD <<à ¡⌅X ∏¥\ ê⇠ë1

I ⌅‰�x D©X ƒ∞¸�t¥|

I D© Ñ�, D©\ƒ Äƒ (¸Y)

I Ù �D “ú¡0ƒ”(0ƒ¥)\ àÌt⌧ ÙË0–

„î‰

⌅\¯ò�programming,L‡¨òalgorithm
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pt0X ⌘%: ¿�L¿ ⌅\¯ò� 0e (3/7)

0e A: 0ƒYµ t⌅

I ∏¥\ |¨�x 8⌧ÄtïD \⌅

I ƒ∞)ïD <<à ¡⌅X ∏¥\ ê⇠ë1

I ⌅‰�x D©X ƒ∞¸�t¥|

I D© Ñ�, D©\ƒ Äƒ (¸Y)

I Ù �D “ú¡0ƒ”(0ƒ¥)\ àÌt⌧ ÙË0–

„î‰

⌅\¯ò�programming,L‡¨òalgorithm
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pt0X ⌘%: ¿�L¿ ⌅\¯ò� 0e A

(4/7)
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pt0X ⌘%: » ⌅\¯ò� 0e (5/7)
0e Z: 0ƒYµX ú⌅

I ¥ªX¿? ∏¥\ |¨�<\ \⌅ªX†‰

I �ı�‹| ¸Ö›<\

I “Ù‡ 0|X8”

I 0ƒYµ: “⌧˘⌧ 5ÃD” »(

I ⇠Œ@ �ı�‹ ¸Öt⌧ SW êŸ›1

I 0ƒYµ ¸�¸ ∞¸ SW ®P

I ⌅‰�x D©X ƒ∞¸�t¥|

I Yµ�• î¸Ñ�, YµD© \ƒ Äƒ (¸Y)

I ∞¸ SW -tÙ7neural net- D ÙË0– „î‰

0ƒYµmachine learning,–T¨òecorithm
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pt0X ⌘%: » ⌅\¯ò� 0e (5/7)
0e Z: 0ƒYµX ú⌅

I ¥ªX¿? ∏¥\ |¨�<\ \⌅ªX†‰

I �ı�‹| ¸Ö›<\

I “Ù‡ 0|X8”

I 0ƒYµ: “⌧˘⌧ 5ÃD” »(

I ⇠Œ@ �ı�‹ ¸Öt⌧ SW êŸ›1

I 0ƒYµ ¸�¸ ∞¸ SW ®P

I ⌅‰�x D©X ƒ∞¸�t¥|

I Yµ�• î¸Ñ�, YµD© \ƒ Äƒ (¸Y)

I ∞¸ SW -tÙ7neural net- D ÙË0– „î‰

0ƒYµmachine learning,–T¨òecorithm
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pt0X ⌘%: » ⌅\¯ò� 0e (5/7)
0e Z: 0ƒYµX ú⌅

I ¥ªX¿? ∏¥\ |¨�<\ \⌅ªX†‰

I �ı�‹| ¸Ö›<\

I “Ù‡ 0|X8”

I 0ƒYµ: “⌧˘⌧ 5ÃD” »(

I ⇠Œ@ �ı�‹ ¸Öt⌧ SW êŸ›1

I 0ƒYµ ¸�¸ ∞¸ SW ®P

I ⌅‰�x D©X ƒ∞¸�t¥|

I Yµ�• î¸Ñ�, YµD© \ƒ Äƒ (¸Y)

I ∞¸ SW -tÙ7neural net- D ÙË0– „î‰

0ƒYµmachine learning,–T¨òecorithm
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pt0X ⌘%: » ⌅\¯ò� 0e (5/7)
0e Z: 0ƒYµX ú⌅

I ¥ªX¿? ∏¥\ |¨�<\ \⌅ªX†‰

I �ı�‹| ¸Ö›<\

I “Ù‡ 0|X8”

I 0ƒYµ: “⌧˘⌧ 5ÃD” »(

I ⇠Œ@ �ı�‹ ¸Öt⌧ SW êŸ›1

I 0ƒYµ ¸�¸ ∞¸ SW ®P

I ⌅‰�x D©X ƒ∞¸�t¥|

I Yµ�• î¸Ñ�, YµD© \ƒ Äƒ (¸Y)

I ∞¸ SW -tÙ7neural net- D ÙË0– „î‰

0ƒYµmachine learning,–T¨òecorithm



SNU 046.016 c�t⌘¸ (ÙË0¸Yt Ïî 8ƒ, x¨t∏, 2021, 2015)

pt0X ⌘%: » ⌅\¯ò� 0e (5/7)
0e Z: 0ƒYµX ú⌅

I ¥ªX¿? ∏¥\ |¨�<\ \⌅ªX†‰

I �ı�‹| ¸Ö›<\

I “Ù‡ 0|X8”

I 0ƒYµ: “⌧˘⌧ 5ÃD” »(

I ⇠Œ@ �ı�‹ ¸Öt⌧ SW êŸ›1

I 0ƒYµ ¸�¸ ∞¸ SW ®P

I ⌅‰�x D©X ƒ∞¸�t¥|

I Yµ�• î¸Ñ�, YµD© \ƒ Äƒ (¸Y)

I ∞¸ SW -tÙ7neural net- D ÙË0– „î‰

0ƒYµmachine learning,–T¨òecorithm
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pt0X ⌘%: » ⌅\¯ò� 0e (5/7)
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