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ÙË0 v.s. |, \, 4, ‡44‹, êŸ(, …•‡, · · ·

ÙË0 = “Ã•”

(¨ƒúò: Google)t⌘¸ ⌅\¯ò� –¨/∏¥/ƒl Programming Principles/Languages/Tools



∏¥0– ¿Ö¥π T®¨¨\© ›�)›14 

Ã•0ƒ, ÙË0X ¨©ï

ÙË0 ‰x ƒl

�0 ò0

»L, ¿⌧ ‰¨ ¸!

�0 = “⌅\¯®‹0”

¨© ∏¥ = “⌅\¯ò� ∏¥”
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⌅\¯ò� ∏¥X P Ã¨

ú¡0ƒTuring Machine (Alan Turing)

¡⌅\ ¡⌅\: 0ƒ– Ö9Xî ∏¥

C, C++, C#, Java, JS, Objective C, Python, PHP, Scala,

Swift, Rust Ò

å‰ƒ∞ïLambda Calculus (Alonzo Church)

¡⌅\ ¡⌅\: ✓D ƒ∞Xî ∏¥

OCaml, Haskell, F#, Scala, Lisp, Scheme, Racket, Clojure,

Lua Ò

\¸ ∏¥‰@ P )› ®P| ¿–

0ƒX ⌘% vs å‰X ⌘%
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“0ƒX ⌘%”–⌧ ⌅\¯ò�

0ƒ⌘Ï, Ö9� ⌅\¯ò�

Ö9Xp 0ƒ¡‹| ¿T‹§î ¸8

<t/0ƒ¡‹X ¿T: ê§Ï¥/¡��x ⌅¡

î¨X0(ƒD¥©<), •Ù0(•l»), ıÄX0(»L)

cup = water(100);

cup.heat(500); cup.add(tea); cup.sip();

cup = water(100);

cup.heat(100); cup.add(noodle); cup.chrup();
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“å‰X ⌘%”–⌧ ⌅\¯ò�

✓⌘Ï, ƒ∞� ⌅\¯ò�

0ƒî ∆‰. ✓D ƒ∞Xî É –.

✓@ ¿X¿ Jî‰. » ✓t Ã‰¥ » –. “1+2”

u⇡àX )›: “∞⇠ §¿|”

î¨X0(ƒD¥©<), •Ù0(•l»), ıÄX0(»L)

cup = water 100;

sip( (cup heat 500) add tea );

chrup( (cup heat 100) add noodle );

A [B,
10X

1

(x+ 1),

Z 1

1

1
x
dx,

d
dx

(x2 + 1)

P ⇢ Q t‡ P 6= Q|‡Xê. P c [Q@ P \Qc @ P [QcX i—i<\ ...
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å‰ ⌘%åX á⇣

T)%" ⇥H⌅1"

‡ç\ ⌅\¯ò�

0ƒ¸P ∆t/0ƒÙ‰ ¡⌅–⌧: T)% +1

T®¨ êŸ ¨\©: T)% +1

‰âD© 0ƒ⌘Ï∏¥@ D∑

∏H\ ⌅\¯ò�

28� $X Äù0 •): ¿Ö¥πtype checking

êŸt‡, ˇ¥ƒ ⇠‡, ¿.å HX‡: H⌅1 +2, T)% +2

¯ò�D⌧ ⌅\¯ò�

38� $X Äù0 ¸ �⌘: Coq & OCaml

å‰⌘%åX p∏: ⌅\¯®‹0  ! ùÖX0
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\ 0ƒ⌘%åX ∏¥‰@ ªXò?

 ⌧¸êX k, 0ƒ⌘%å ∏¥‰

¿8 ÙË0@ 0ƒå ∏¥X �Åi: “´]⌧”

¡›�<\ ∏¥Ã‰0 �1

ï�⌧ l∞¸� ò$0 t⌅. ò@ƒ �1”

ƒ⌧¸êX á⇣, å‰⌘%å ∏¥‰

¿8 ÙË0@ å‰å ∏¥X ¯Åi: “∑]⌧”

ï�⌧ 1¸| �¿‡ ∏¥Ã‰0.

ï�⌧ l∞¸ + àÌ0 + ‰â0 . ƒ⌧X •Ë⇣

No War. P ⌘%åD ®P ê8 ⌅\¯ò�∏¥\ ⌧⌅⌘
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ú¡0ƒ(Turing Machine)

“0ƒ�x”X �X = “ú¡0ƒ\ Ã‰¥ Ã¥ ⇠ àî” (1935D)

⌅\¯® Xò = ú¡0ƒ Xò

ÙË0 = ú¡0ƒ Xò

ú¡0ƒX \ �:
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ú¡0ƒ Xò = ⌅\¯® Xò

TX0 ú¡0ƒ, t° ú¡0ƒ,  ú� ú¡0ƒ, ÒÒ

...
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åà<\ Ò•\ πt\ ú¡0ƒ Xò

Ã• ú¡0ƒuniversal machine

XòX ú¡0ƒ, ¯Ïò “Ã•”

Ö%: ú¡0ƒ| �\ \⌅t⌧ Lé– �î‰

ú%: ¯ ú¡0ƒX ëŸD ¯�\ 0|\‰
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Ã• ú¡0ƒ(universal machine)

XòX ú¡0ƒ, ¯Ïò “Ã•”
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Ã• ú¡0ƒ(universal machine)

XòX ú¡0ƒ, ¯Ïò “Ã•”
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Ã• ú¡0ƒ(universal machine)

XòX ú¡0ƒ, ¯Ïò “Ã•”
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Ã• ú¡0ƒ(universal machine)

XòX ú¡0ƒ, ¯Ïò “Ã•”
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Ã• ú¡0ƒ: ú¡0ƒ| Ö%�‡ ‰â?
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Ã• ú¡0ƒ: ú¡0ƒ| Ö%�‡ ‰â?
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ÙË0 = Ã• ú¡0ƒ(universal machine)

¨©ï: ÑXX ú¡0ƒ(å⌅∏Ë¥) Lé– „0

êŸëŸ: Lé– àî ú¡0ƒ ¯�\ 0|X0(‰â)

(¨ƒúò: Google)
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ÙË0 = Ã• ú¡0ƒ(universal machine)

¨©ï: ÑXX ú¡0ƒ(å⌅∏Ë¥) Lé– „0

êŸëŸ: Lé– àî ú¡0ƒ ¯�\ 0|X0(‰â)

(¨ƒúò: Google)
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∏¥0– I: ú¡0ƒ(Turing Machine)

ÙË0X ‰⌅ = Ã•ú¡0ƒ� ⌅0§⌅X\ l⌅(

å⌅∏Ë¥/⌅\¯® ‹0 = ú¡0ƒ Ã‰0

⌅\¯ò� ∏¥ = Ö9�/0ƒ⌘Ï/<t⌘Ï

⌧P®x ú¡0ƒ

(and/or/not §⌅X)

#
¡⌅ T®¨@ cpu

(+, -, move, store, jmp, etc.)

#
¡⌅ Ö9�∏¥(C, Java, etc.)
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∏¥0– I: ú¡0ƒ(Turing Machine)

0ƒ⌘Ï ⌅\¯ò�

tÑ”0 �¡: 0ƒÄà(T®¨), etc.

⌅\¯®‰â = 0ƒ¡‹(T®¨)/<t(T®¨– l⌅⌧)X

¿T¸�

¯Ïò, ⇡@ tÑt ¯L¯L Ï|î

¿T4�

$X°0 ¥$¿

a = 1;

a = a + 1;

b = a + 1;
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∏¥0– I: ú¡0ƒ(Turing Machine)

0ƒ⌘Ï ⌅\¯ò�

tÑ”0 �¡: 0ƒÄà(T®¨), etc.

⌅\¯®‰â = 0ƒ¡‹(T®¨)/<t(T®¨– l⌅⌧)X

¿T¸�
a = 1;

b = a+1;

if (a == b) then c = a+1 else c = a-1;

foo(a,b);

while (c < 100) a = a+b; c = c+1;

¯Ïò, ⇡@ tÑt ¯L¯L Ï|î

¿T4�

$X°0 ¥$¿

a = 1;

a = a + 1;

b = a + 1;
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0ƒ⌘Ï ⌅\¯ò�

tÑ”0 �¡: 0ƒÄà(T®¨), etc.

⌅\¯®‰â = 0ƒ¡‹(T®¨)/<t(T®¨– l⌅⌧)X

¿T¸�

¯Ïò, ⇡@ tÑt ¯L¯L Ï|î

¿T4�

$X°0 ¥$¿
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∏¥0– II: å‰ƒ∞ï(Lambda Calculus)

0ƒ�x ƒ∞X ⇣ ‰x �X

ú¡0ƒ@ \⌅%@ Ÿ|, ¯Ïò

“0ƒ”(¿T)| ¸P– X Dî� ∆î ¸�

$¡ ✓X ƒ∞¸�Ã àî ¸�
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∏¥0– II: å‰ƒ∞ï(Lambda Calculus)

ƒ∞⌘Ï/✓⌘Ï ⌅\¯ò�

h⇠⌘Ï ⌅\¯ò�

‰ë\ ÖXX ✓

0¯(primitive): +ê, �ê Ò

ıi(compound): ›, h⇠ Ò

®P� ê må ‰⌅¿î ✓

à¿

✓@ ¿X¿ JL

àX ✓<\ » ✓t ƒ∞⇠‡, �⌅ ✓t ¿Xî É@ D»‡

a+ b, S [ {1}
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å‰ ƒ∞ï(lambda calculus)

“0ƒ�x”X �X = “å‰›<\ ƒ∞` ⇠ àî” (1935D)

ÙË0– ‰¨î ⌅\¯® Xò = å‰› Xò

å‰› E î x tÑ

⇣î �x.E h⇠�X: xê x, ¥© E

⇣î E E h⇠�©
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å‰ ƒ∞ï(lambda calculus)

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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∏¥0– II: å‰ ƒ∞ï(Lambda Calculus)

⌧P®x ú¡0ƒ å‰›

(and/or/not §⌅X) (var/lam/app ›)

# #
¡⌅ T®¨@ cpu ƒ∞›

(+, -, move, store, jmp, etc.) (+, -, ›, h⇠, ¨¿, if, etc.)

# #
¡⌅ Ö9�∏¥(C, Java) ƒ∞�∏¥(OCaml, Haskell)
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(t⇣: 0ƒ⌘Ï vs ƒ∞⌘Ï ⌅\¯ò� (1/6)

a = 1;

b = 2;

c = a + b;

d = a + b;

c@ d� ⇡@ Éx�?

a| ∏t cƒ L?

d| ∏t cƒ L?

e = c| ⇠âX$t c| ı¨t| Xî�?

c �¿‡ | $<t, ¯ ÉD ∆`ƒ ⇠î�?
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(t⇣: 0ƒ⌘Ï vs ƒ∞⌘Ï ⌅\¯ò� (2/6)

a = set(1,2,3);

b = set(4,5,6);

c = setUnion(a,b);

d = setunion(a,b);

c@ d� ⇡@ Éx�?

a| ∏t cƒ L?

d| ∏t cƒ L?

e = c| ⇠âX$t c| ı¨t| Xî�?

c �¿‡ | $<t, ¯ ÉD ∆`ƒ ⇠î�?
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(t⇣: 0ƒ⌘Ï vs ƒ∞⌘Ï ⌅\¯ò� (3/6)

¿Xî —i(<t) vs à¿Xî —i(✓)
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(t⇣: 0ƒ⌘Ï vs ƒ∞⌘Ï ⌅\¯ò� (4/6)

¿Xî —i(<t) vs à¿Xî —i(✓)

—i {1, 2, 3, 5, 6, 7}X l⌅
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(t⇣: 0ƒ⌘Ï vs ƒ∞⌘Ï ⌅\¯ò� (5/6)

¿Xî —i(<t) vs à¿Xî —i(✓)

{1, 2, 3, 5, 6, 7} [ {10} X l⌅
à¿Xt ÿœ ı �• vs ¿Xt 4pt ı¨t|
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(t⇣: 0ƒ⌘Ï vs ƒ∞⌘Ï ⌅\¯ò� (6/6)

¿Xî —i(<t) vs à¿Xî —i(✓)

{1, 2, 3, 5, 6, 7} [ {10} X l⌅
à¿Xt ÿœ ı �• vs ¿Xt 4pt ı¨t|
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�¨: ⌅\¯ò� ∏¥X P Ã¨, ⌘%å, Ù‰‰

ú¡0ƒ(Turing Machine) å‰ƒ∞ï(Lambda Calculus)

Ö9�(imperative) ƒ∞�(applicative)

<t⌘Ï(object-oriented) ✓⌘Ï(value-oriented)

0ƒ⌘Ï ✓⌘Ï

0ƒëŸ ¸� ƒ∞ ¸�

¡‹� ¿Xî ¸� ✓t ƒ∞⇠î ¸�

H⌅/êŸ/28� $XÄù0 

C, C++, Java, JS, Rust, etc. OCaml, Haskell, etc.
Scala, Python, C++18 etc.
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⌅\¯ò� ∏¥X P 0–

⌅\¯® $X êŸ Äù: ¿Ö ¥π

⌅\¯® ‰â ê– êŸ �¨: T®¨ ¨\©

⌅\¯ò�– Ÿ–⇠î ›�)› 14 
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ÙË0 ⌅\¯®@ ı°X‰

less-382(23,822 LoC)
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ÙË0 ⌅\¯® ⌧ëX ¥$¿

⌅\¯®@ 0ƒ� êŸ<\ ‰âh

0ƒî ∞¨� |î | ‰âX¿ JL

0ƒî sw– �å | ‰â` –

®‡ ¡iD ‡$t| ⇥ ¨å\ ‰⇠� ∆¥|

⌅\¯®X ‰âD “¯¨ �Uà L0”� ¥$¿

®‡ ⌅\¯®D ¯¨ �Uà êŸ<\î à�•

¨åt Uxt�|: ‰ë\ ƒl\ D©�⇣

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

Ñ|X Ì¨ ⇠ ®∞ 5-60D

¯ò⌧

¯⇡X0 L8– =) 0å� Œ‰
Œ@ e¯\¥ l0å‰: àÃ/D… ‹�Ã<\

Œ@ X‡ò� ¨≈0å‰: ã@ l1¸  lHÃ<\ 1

¯⇡X0 L8– =) ¿� “Newton”, “Galileo”, “Curie”, @

⇡t ¥‡àî ⇠�
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)µ∏: ÙË0Ñ| ⌧⌅ çƒ� `t‰? (1/3)

ÙË0çƒ: 1070/50D ⌧⌅

103flops/cpu ENIAC(1945)

�! 2⇥ 1010flops/core IBM Sequoia(2010)
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)µ∏: ÙË0Ñ| ⌧⌅ çƒ� `t‰? (2/3)

‰x Ñ|@ ºî D∑: 107 ⇠ 1090 ⌧⌅/100D

–�¿Ñ|: 1070/100D ⌧⌅

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

PµÑ|: 1090/100D ⌧⌅

102j (�») �! 1011j (Delta II)
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)µ∏: ÙË0Ñ| ⌧⌅ çƒ� `t‰? (3/3)

X‹Ë¥: ‰x Ñ|@ D∑\ ⌧⌅

å⌅∏Ë¥: ‰x Ñ|� tË¥ ì@ ÉD D¡ tË¿

ªà¥

4«|L?
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‰x Ñ|X ⌅¨ ⇠�

⌧�\ ëŸ` ¿| ¯¨ Äù` ⇠ ∆î 0ƒ $ƒî ∆‰.

⌧�\ ëŸ` ¿| ¯¨ Äù` ⇠ ∆î å\ $ƒî ∆‰.

⌧�\ ëŸ` ¿| ¯¨ Äù` ⇠ ∆î ı• $ƒî ∆‰.

⌧�\ ⌧àD ¿| ¯¨ Äù` ⇠ ∆î tï $ƒî ∆‰.

tº)�›, ¯�Ñ )�›, µƒÌY, 4®4® )�›...
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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˝�¨)
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⌅\¯® Ñ|–⌧X t »8

ë1\ ⌅\¯®X $X|

êŸ<\ ¯¨ ®P >D¸pò,

∆<t ∆‰‡ Uxt¸î

0 ‰@ àî�?

¯ò⌧, ⌅\¯®X $XL8– ⌧›Xî

⌧x/0≈/m�/¨å� D©D

�⇣‹⌧¸î 0 ‰@ àî�?
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⌅\¯® $X(bug)

⌅\¯®– àî $X

⌅\¯®t ›��\ ‰â⇠¿ Jî É

¨åt ⌅\¯®D òª Ã‰»0 L8

� Ù òX ‰⇠

ú¨¿¿t Dÿ
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⌅\¯® $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?
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⌅\¯® $XX 8⌧

+ +
¥‰� —t‡‰ SW\ ŸëXî ⌧àt ‡•ú‰

¨å� D© ¨å� D©

t∞E = Ω⌧�0å t∞E = Ω⌧�0å
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⌅\¯® $X Äù 0 : 18�

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

$X = ⌅\¯®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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⌅\¯® $X Äù 0 : 28�. ¿Ö¥π(type checking)

90D�– D1.

(30D⌅ ⌅\¯ò�∏¥ Ñ|X �\ 1¸)

$X = ›4É@ @a\p, òª⌧ ÖXX ✓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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$X�•1: òª⌧ ÖX✓t XÏ‰ ⇠ àî
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⌅\¯® $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 ∞< ‹®‰

�§àt Ïm⌧† ©⌘\� ⌧‰t?

)D� ⌅�⌘ı≈X ⌅�§� ⌧‰t?

®@ òtX (� 100¥t⌧‰t?

t⌘¸ ⌅\¯ò� –¨/∏¥/ƒl Programming Principles/Languages/Tools



∏¥0– ¿Ö¥π T®¨¨\© ›�)›14 

$X�•1: òª⌧ l0 ✓t XÏ‰ ⇠ àî
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¿Ö¥π(type checking): å‰ ⌘%åX ⌧›

å‰ ⌘%åX ⌧›: |¨î ∏¥X p∏

p∏

|¨ 8ƒ ⌅\¯ò� 8ƒ

ùÖX0  ! ⌅\¯®‹0

ùÖ⌧ ∞`  ! ⌅\¯®X ¿Ö

ùÖ $X  ! ⌅\¯® ¿Ö$X

ùÖ Ä∞  ! ⌅\¯® ¿Ö$X Ä∞

ùÖ HxT∏0  ! ⌅\¯® ¿Ö î

p∏X ®•

êŸt‡, ˇ¥ƒ ⇠‡, ¿.å HXî ¿Ö¥π(type checking)

“28� $XÄù 0 ”

t⌘¸ ⌅\¯ò� –¨/∏¥/ƒl Programming Principles/Languages/Tools



∏¥0– ¿Ö¥π T®¨¨\© ›�)›14 

å‰ ⌘%åX ⌧›: |¨î ∏¥X p∏

å‰ ⌘%å ⌅\¯ò� 8ƒ–⌧ ∏¥@ |¨î Ÿ⌅X ët
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

A
B _A  ! pt0 I±¯¨0

A _B

A
...
C

B
...
C

C  ! I±¯∞ pt0 ¨©X0

A  ! h⇠X xê| ¨©X0
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‡ ⌅\¯®t 4úà ëŸ`¿ ÄƒX0 (1/2)

⌅\¯ò8X àH

⌧�\ ëŸXî ⌅\¯®|L?

¿Ö– fiå ‰â⌘– ò ëŸ`L? (28� $X)

ı°\ ⌅\¯® ‰â ¸�¸ XΩ. �¡ª\ ¿Ö$X.

⌅\¯® $Xî ‡§Äà ‹Ïò¨|.
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p∏X ®•

⌅\¯® ‹‡ò⌧: ‡ ⌅\¯®t 4úà ëŸ`¿ ¥<0

4úà ëŸ = ¿Ö– fiå »‰

p∏

|¨ 8ƒ ⌅\¯ò� 8ƒ

ùÖX0  ! ⌅\¯®‹0

ùÖ⌧ ∞`  ! ⌅\¯®X ¿Ö

ùÖ $X  ! ⌅\¯® ¿Ö$X

ùÖ Ä∞  ! ⌅\¯® ¿Ö$X Ä∞

ùÖ HxT∏0  ! ⌅\¯® ¿Ö î

|¨Ñ|(p∏ � Ω)X 1¸‰

⌅\¯®(p∏ tΩ)–⌧ƒ �•X†¿

D»|: 0ƒ⌘Ï/<t⌘Ï/¡‹¿T/¿T4�X ⌅\¯ò�

⌘%å–⌧�

�•X$òÙ‰!: ✓ƒ∞Ã àî 8ƒ, ¡⌅X ⌅\¯ò�

⌘%å–⌧î
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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 �•

¸p: ⌧xX 0�– XtXX ⌅\¯®X D1ƒ

⌅¨, ¯ò: ⌅lòX 0 \ \ ⌧ ⌅ƒ

êŸt‡, ˇ¥ƒ ⇠‡, ¿.å HX‡

ÙË0î T t¡ ˘©�t¿ J‰

⌅\¯®D Äƒt⌧ ¿Ö¥π µ¸\ ÉÃ ‰â
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êŸt‡/ˇ¥ƒ ⇠‡/¿.å HXî ¿Ö¥π(1/6)

¿.å HXî

f(x) = x+1 v.s. f(x: int): int = x+1

êŸ<\ ¿ÖD  î\‰(¨å⇡t)

f(x) = x+1

sum(f) = f(0)+f(1)

weigh(ò•t)+ weigh(¯$)
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êŸt‡/ˇ¥ƒ ⇠‡/¿.å HXî ¿Ö¥π(2/6)

¿Ö î = Ω)�› 8∞‡ Ä0

f(x) = x+1

fX ¿Ö Ω)�›?

f(1) + f(true)

⌅ ›X ¿Ö Ω)�›?

sum(f) = f(0)+f(1)

sumX ¿Ö Ω)�›?

sum(lam x.x+1) + sum(lam x.block x)

⌅ ›X ¿Ö Ω)�›?

weigh(l) = if l=empty then 0 else 1+weigh(rest l)

weighX ¿Ö Ω)�›?

weigh(ò•t)+ weigh(¯$)

⌅ ›X ¿Ö Ω)�›?
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êŸt‡/ˇ¥ƒ ⇠‡/¿.å HXî ¿Ö¥π(3/6)

êŸt‡(êŸ<\ ¿ÖD  îXp ¥lXî L‡¨òt

‡H()

ùÖ(: L‡¨òt t| >D∏‰ () ¿Ö Ω)�›X t� à‰

ˇ¥ƒ ⇠‡

ùÖ(: ¿Ö Ω)�›X t� à‰ =) ¿Ö$X ∆t ‰â⌧‰

Dl¿: PP\ tt à¥î

ùÖ(: ¿Ö Ω)�›X t� à‰ 6(= ¿Ö$X ∆t ‰â⌧‰
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êŸt‡/ˇ¥ƒ ⇠‡/¿.å HXî ¿Ö¥π(4/6)

PP\ tt àîå DlÃî:

H⌅(sound)X¿Ã D⌅(complete)X¿î JDî

H⌅: ¿Ö Ω)�›X t� à‰ =) ¿Ö$X ∆t ‰â⌧‰
àD⌅: ¿Ö Ω)�›X t� à‰ 6(= ¿Ö$X ∆t ‰â⌧‰
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êŸt‡/ˇ¥ƒ ⇠‡/¿.å HXî ¿Ö¥π(5/6)

¿Ö Ω)�›X t� à<t

ùÖ(: ¿Ö Ω)�›X t� à‰ =) ¿Ö$X ∆t ‰â⌧‰

“8⌧∆$î. ÿì‡ ‰âX8î.”

“⌧ – ˇ¥ƒ⇠î” (H⌅)

¿Ö Ω)�›X t� ∆<t

ùÖ(: ¿Ö Ω)�›X t� à‰ 6(= ¿Ö$X ∆t ‰â⌧‰

“Ï0 ¿Ö$X� àî É ⇡Dî.”

X¿Ã, ò ƒî ⌅\¯®| ⇠ à‰ (àD⌅)

¯p, ¯ Ω∞î ‹<‡, }å <` ⇠ à‰

some(f) = f(1) + f(true); some(lam x.1);
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ˇ¥ƒ⇠¿Ã PP\ Ω∞� �@ ¿Ö¥π(6/6)
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ˇ¥ƒ⇠¿Ã PP\ Ω∞� �@ ¿Ö¥π(6/6)
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¿Ö ‹§\X �P\ �ƒ

êŸt‡ ˇ¥ƒ⇠t⌧ PP\ �ƒ� \t|

let-‰�¿Ö‹§\(let-polymorphic type system) (OCaml)

h⇠�X| Ù‡, xê¿ÖD ∞|ƒ ⇠$?

¯⌥‰t, ¯ h⇠î ‰�h⇠(polymorphic function).

I(x) = 1

length(l) = if l=empty then 0 else 1 + length(rest l)

\ “let-‰�”?

h⇠�X| ¸LÃ ‰�| ⇠ àî¿  î

\ ¯LÃ?

‰x Lƒ ¯Ït(�4 dDt) ˇD ⇠ ∆å(
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�¨: ⌅\¯® $X êŸ Äù, ¿Ö ¥π

ƒ∞�/✓⌘Ï ⌅\¯ò�∏¥– •)⌧

28� $X(¿Ö$X) °î êŸ 0 

êŸ<\/ˇ¥ƒ ⇠‡/¿.å HX‡

H⌅X¿Ã D⌅Xƒ JL

ˇ¥ƒ (, X¿Ã PP\ tt. ¯Ïò ‹D.

1¸0Ω: å‰⌘%å–⌧ Ùå⌧ p∏(ùÖ = ⌅\¯®)

D¡ 28� ¯Ïò ‡‡\ 1¸: OCamlX let-‰�¿Ö‹§\
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⌅\¯ò� ∏¥X P 0–

⌅\¯® $X êŸ Äù: ¿Ö ¥π

⌅\¯® ‰â ê– êŸ �¨: T®¨ ¨\©

⌅\¯ò�– Ÿ–⇠î ›�)› 14 
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⌅\¯® ‰â ê– P �¿

⌅\¯® ‰â@ ‹⌅¸ T®¨| Ù‰

‹⌅

4\: ¯Ïò \∆t ¯ ⇠î ∆‰

T®¨

 \: ¯ò⌧ \∆t ¯ ⇠ ∆‰
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⌅\¯® ‰â– Dî\ T®¨(1/2)

✓‰D l⌅Xî p Dî

a = set(1,2,3,5,6,7);

b = set(10);

c = setUnion(a,b);

d = setunion(a,b);
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⌅\¯® ‰â– Dî\ T®¨(2/2)

✓ l⌅– D»|, 0¿ ƒ∞¸�–⌧ƒ Dî

fac(3)

= 3⇥ fac(2)

= 2⇥ fac(1)

= 1⇥ fac(0)

1

= 1

= 2

= 6
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T®¨| ¨\©t|

while (true)

... setUnion(a,b) ...

loop (1000000)

... link(chain, block) ...

Dî\ » T®¨� ò àD ⇠ ∆‰!

ı: ¨\©
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T®¨ ¨\©D ⌅�Xò? (1/3)

⌅\¯ò8–å ·0ê

¯p, �4 ¥5‰

�4 h¨tƒ 8⌧: “T®¨ ¯D(dangling pointer)”

�4 ¶åtƒ 8⌧: “T®¨ ⌅⇠(memory leak)”

1990D� �L¿. ‰x �H(êŸ ¨\©)0 t \ 1⇡.
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T®¨ ¨\©D ⌅�Xò? (2/3)

êŸ<\ Xê

⌅\¯® ‰â⌘– T®¨ êŸ ¨\©(garbage collection)

‰â⌘– T®¨ ¨©t ¥ê ⇠⌅| ⇠0t ‰âD ⌘ËX‡

¿�L¿ ¨©\ T®¨| ¥¥⌧

^<\ ¨©X¿ JD T®¨| ¨\©

�U\ ¨\©@ à�•

¿�L¿ ¨©\ T®¨⌘– ¯ò– ¨©X¿ JD T®¨?

�UXå LD¥î ⌅\¯®@ à�•
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T®¨ ¨\©D ⌅�Xò? (3/3)

êŸ<\ �Uàî à�•. ¯⌥‰t?

H⌅Xå(sound)î �•

D⌅(complete)X¿î ªX‰ (¨\© `(¨î å à‰)

t⌘¸ ⌅\¯ò� –¨/∏¥/ƒl Programming Principles/Languages/Tools



∏¥0– ¿Ö¥π T®¨¨\© ›�)›14 

T®¨ ¨\© L‡¨ò (1/3)
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T®¨ ¨\© L‡¨ò (2/3)
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T®¨ ¨\© L‡¨ò (3/3)

⌧�»: ƒÏ` ⇠ àî ÉD ®P >D�$t T®¨� Dî

⌧�»: T®¨ ¨\©@ T®¨ ∆DL Xîp

“Ë$¸ ¯�T” Dt¥
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�¨: êŸ T®¨ ¨\©

⌅\¯ò8–å ·0t l›t ∆‰. �4 ¥50L8.

êŸ T®¨ ¨\©(garbage collection) 0 t 1⇡

¸X ⌅\¯ò�∏¥– •)(: Java, Scala, Ocaml, etc.

H⌅Xå ¨\©

D⌅Xåî ª\‰. ¨\© `(¨îå à‰. ¯ò⌧ T®¨

⌅⇠(memory leak)t �•. ¯Ïò ‹»‰.
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⌅\¯ò� ∏¥X P 0–

⌅\¯® $X êŸ Äù: ¿Ö ¥π

⌅\¯® ‰â ê– êŸ �¨: T®¨ ¨\©

⌅\¯ò�– Ÿ–⇠î ›�)› 14 
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|¡X ¿⌧@ lå ‰t¿ J‰

1. pt0 �¨X0data structure

2. ç¥© ⇣î0/uÏ ⌅î¨0abstraction

3. pΩ›<\ ›�X0composition

4. ƒ5◆0\ ›�X0hierarchy

5. |¨|¨ Ï•X0module

6. ⇠ı<\ ›�X0repetition

7. ¨¿�<\ ›�X0induction & recursion

8. ⌧⌧\ ›�X0sequentiality & concurrency

9. ¡‹ò ✓<\ ›�X0state & value

10. ¿D ‹⌧ ¨¨©X0framework

11. ‰âD© ›�X0cost

12. ,x¿ UxX0correctness

13. µ% Ÿ–X0heuristics

14. 4ë⌅ Ÿ–X0randomization
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1. pt0 �¨X0data structure

êÃ �¨Xî ¿⌧, �¨\ ®ë»(lp)– 0| |D ∏Xå

` ⇠ à‰

D : E)X E�¨, ›˘⌅ |,

2. ç¥© ⇣î0/uÏ ⌅î¨0abstraction

ı°\ÉD ‰Ëî ¿⌧, xÄ–î çl⌅D L$¸¿–|

D : êŸ(¥⌅, ⌧D§ƒ}
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3. pΩ›<\ ›�X0composition

ÄàD pΩt⌧ ⌅¥| ⌧ë, ÄÑ)ï‰X ®Ñt ⌅¥)ï

D : xlp¨, ⇠•ıÄ, �Y

4. ƒ5◆0\ ›�X0hierarchy

pΩ ¸�t ÏÏ ƒ5<\

D : 8Ï < •0 < ¨å < »D < ò| < 8Ö
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5. |¨|¨ Ï•X0module

D∑\ É|¨ ®D⌧ Ï• �¨t ì0

D : tø– Ï•

6. ⇠ı<\ ›�X0repetition

⇡@ ë≈D ⇠ıXt⌧ |D »Xî ¿⌧

D : % 9î |, tŸXî |
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7. ¨¿�<\ ›�X0induction & recursion

⌅¥@ ÄÑt ⇡@ l1. X\ XÃ‰0, ¯ X| —0

D : |,X ⌅, p¡ƒ, ⌅Tà8Ä, ò4�¿, ë�

8. ⌧⌧\ ›�X0sequentiality & concurrency

|X ⌧⌧| ›�Xî ¿⌧, ⌧⌧�\ 9@ Ÿ‹–

D : ˘ ƒâ, î¨
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9. ¡‹ò ✓<\ ›�X0state & value

¿Xî ¡‹| ›�X0, ¿h∆î ✓D ›�X0

D : •¸L •l», ⇡⌧ †|0, Ä⌧ Ttº Ã‰0

10. ¿D ‹⌧ ¨¨©X0framework

ê¸ î ÉD ¨¨©X0 }å �DX0

D : °¥, ıP! ‹§\
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11. ‰âD© ›�X0cost

⌅\¯®� ‹⌅¸ T®¨| º»ò ¯¿ ¥º°î ¿⌧

�: 1Ä0 100L¿ ¯@� »Lç– �¿‡ àî +ê

LDfiî0, n vs log2 n

12. ,x¿ UxX0correctness

⌅\¯®– $X� ∆î¿ Ux/Ä∞Xî ¿⌧

D : \◆D òªÃ‰t êt ‰â‹§î ¯ \◆@ ¡π⌘

Ì⌧
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13. µ% Ÿ–X0heuristics

�U\ ı@ �4 ‹⌅t x¨‡, �˘\ ı<\ Ãqt|`

L, µ%– 0⌅‰.

�: 1000Ã ��X �TÃ‰0. ®‡  ›X 0\»‰ ®‡

�•1D 08Ù0? �4 ‹⌅t x¨î �<§.

14. 4ë⌅ Ÿ–X0randomization

⇣¯ ⇠ àî ⌅\¯®1•D ƒ�‹§î L}tt⌧ +

)ïD ®| L 4ë⌅ ⇠ı<\ ¥º°î ¿⌧

�: p� �, 0�°0, $�¯å� Dî\ å�… lX0
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�X¨

⌅\¯ò� ∏¥X P 0–

⌅\¯® $X êŸ Äù: ¿Ö ¥π

⌅\¯® ‰â ê– êŸ �¨: T®¨ ¨\©

⌅\¯ò�– Ÿ–⇠î ›�)› 14 
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