
Homework 7

SNU 4190.310, 2017 ���̀¦

Kwangkeun Yi

Program Due: 12/14(Thu), 24:00

Report Due: 12/14(Thu), 14:00

s���� ņq]j_� 3lq&h��Ér:

• M���#Q�Ð ��#���� áÔ�ÐÕªÏþ�s� Áºèß�y� z�́'��|̈c Ãº e����Ht�\�¦ p�o� SX����K� ÅÒ

��H îß�����©�u�\�¦ °ú�ÆÒ#Q �Ðl�.

• let-��+þA ��{9� r�Û¼%7�(let-polymorphic type system)�̀¦ �©��ÃÌK�"f ¼#�o�
����

"f�̧ îß����ô�Ç áÔ�ÐÕªA�bç
 8̈��â
�̀¦ ¢-a$í
K� �Ðl�. (áÔ�ÐÕªÏþ�Ü¼�Ð ]jØ�¦)

• Õªo��¦ ¿º ë�H]j×�æ 
���\�¦ ���×þ�K�"f K����
�l�:

– áÔ�ÐÕªÏþ�_�z�́'��?/6 x�̀¦p�o�\V8£¤
���H\V8£¤l�\�¦�¦îß�K��Ðl�. (o��í

àÔ\�¦ 302-428 ñ IN Box\� ]jØ�¦)

– <�Ê�Ér, áÔ�ÐÕªA�bç
 ���#Q_� �&³êøÍô�Ç �̧��H ��þts]	כ [O��½Óe���̀¦ SX����K��Ðl�.

(áÔ�ÐÕªÏþ�Ü¼�Ð ]jØ�¦)

Exercise 1 (80pts) “$�t�~½Ó �¦éß�Ñþ� M”

M z�́'��l� 0A\�, let-��+þA ��{9� r�Û¼%7�(let-polymorphic type system)�̀¦ �©��ÃÌ


���. \V\�¦[þt#Q, ��A�ü< °ú �Ér ú̧� �̧��H áÔ�ÐÕªÏþ�[þt�̀¦ Òqty��
���. éß�í�H ��{9� r�

Û¼%7��Ér~ÃÎ��[þts�t�·ú§��HáÔ�ÐÕªÏþ�[þts���. 
�t�ëß��©��ÃÌ½+É let-��+þA��{9�r�Û¼%7�

�Ér �̧¿º ~ÃÎ��[þt#��� ½+É áÔ�ÐÕªÏþ�[þts���.

TA�� ]j/BN
���H M z�́'��l�_� d�¦ 0A\� let-��+þA ��{9� r�Û¼%7��̀¦ �©��ÃÌ
���.

(* example 1: polymorphic toys *)
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let val I = fn x => x

val add = fn x => x.1 + x.1

val const = fn n => 10

in

I I;

add(1, true) + add(2, "snu 310");

const 1 + const true + const "kwangkeun yi"

end

(* example 2: polymorphism with imperatives *)

let val f = fn x => malloc x

in

let val a = f 10

val b = f "pl"

val c = f true

in

a := !a + 1;

b := "hw7";

c := !c or false

end

end

(* example 3: polymorphic swap *)

let val swap =

fn order_pair =>

if (order_pair.1) (order_pair.2)

then (order_pair.2)

else (order_pair.2.2, order_pair.2.1)

in

swap(fn pair => pair.1 + 1 = pair.2, (1,2));

swap(fn pair => pair.1 or pair.2, (true, false))

end

(* S K I combinators *)

let val I = fn x => x

val K = fn x => fn y => x

val S = fn x => fn y => fn z => (x z) (y z)

in

S (K (S I)) (S (K K) I) 1 (fn x => x+1)

end

2
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��6£§ ¿º ë�H]j×�æ 
���\�¦ ���×þ�K�"f Û�¦s�\�¦ ]jØ�¦
���.

Exercise 2 (60pts) “&h�áÔ��$� [O��½Ó”

s���� ņq]j��H \Vü@�©�S!��̀¦ µ1ÏÒqtr�v��¦ %�o�
���H [O��½Ó�̀¦ �̧¿º 0lqs���H ���8̈�l�

\�¦ëß�×¼��H�.���s	כ �&³@/_�áÔ�ÐÕªA�bç
���#Q_� ú́§�Ér�©�u�[þt�Ér@/ÂÒì�r[O��½Ó���X<,

\Vü@�©�S!�%�o� �©�u�[þt�̧ ÕªXO�����H �¦̀�	כ SX����K��Ð��.

áÔ�ÐÕªA�bç
���#Q\�"f goto/jump/break1px�Ér z�́'��í�H"f\�¦ ����â
r�v���H "î
§î
s�

�¦,s����"î
§î
[þt�̀¦ �̧¿º�í[O�
����"fÕªs��©�Ü¼�Ðy©�§4�ô�Ç�s�\Vü@�©�S!�%�o�(exception	כ

raise/handling)��.

��A�_� ���#Q�� Ø�¦µ1Ï#Q��. &h��FG&h���� >�íß�ZO�(eager evaluation)Ü¼�Ð z�́'��÷&

��H ���#Q��. s���� ņq]j\�"f ��ÀÒ%3�~�� ���#Qü< Ä»��
���. ���Ér &h��Ér \Vü@�©�S!� µ1Ï

Òqt(raise)õ� %�o�(handle) d��s� '�����)a �.���s	כ

e ::= n natural number

| x identifier

| λx.e function

| e e application

| if e e e branch

| e = e number equal check

| raise e exception raise

| e handle n e exception handling

\Vü@�©�S!�%�o�d�� “e1 handle n e2”�Ér d�� e1õ� ��_� °ú ��. e1�̀¦ >�íß�
����"f

�©�S!�\� ���� ��ØÔ>� ���1lxô�Ç��.

• e1 >�íß�s� &ñ
�©�&h�Ü¼�Ð =åQ����� Õª ���õ��� s� \Vü@�©�S!�%�o�d��_� ���õ��� �)a
��. e2��H \Vü@�©�S!�s� µ1ÏÒqt½+É �â
Äº\�¦ 0AK� ï�rq�K� Z�~�Ér d��(handler)s���.

\Vü@�©�S!�s� µ1ÏÒqt
�t� ·ú§��¤Ü¼Ù¼�Ð z�́'��÷&t� ·ú§��H��.

• e1 >�íß�×�æ\� \Vü@�©�S!�s� µ1ÏÒqt
����, &ñ
�©� ���'���̀¦ "3�ÆÒ�¦ /BI���Ð �&³F�_� \V

ü@�©�S!�%�o�d��Ü¼�Ð,á
Ø�æ&h�áÔô�Ç��. Õªo��¦ï�rq�K�Z�~�Ér%�o�d��(handler)s�

%�o�½+É Ãº e����H t� ����ÐÊê %�o�ô�Ç��.

– Õª \Vü@�©�S!� °úכs� ns���� �&³F�_� %�o�d��s� %�o�½+É Ãº e����. 7£¤, %�o�

d��(handler) e2\�¦ >�íß�
��¦ Õª ���õ��� �&³F�_� \Vü@�©�S!� %�o�d��_� ���

õ��� �)a��.

– Õª \Vü@�©�S!� °úכs� ns� ��m����, �&³F�_� %�o�d��Ü¼�Ð��H Õª \Vü@�©�S!��̀¦

%�o�½+É Ãº \O���. s� �â
Äº �&³F�_� \Vü@�©�S!� %�o�d���̀¦ z�́'�� í�HÜ¼�Ð y��
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���¦ e����H ���Ð s����_� \Vü@�©�S!� %�o�d��Ü¼�Ð ��r� ,á
Ø�æ &h�áÔK�"f 0A

_�õ�&ñ
�̀¦ìøÍ4�¤ô�Ç��. s�õ�&ñ
Ü¼�Ð\Vü@�©�S!�%�o�d���̀¦¹1Ôt�3lw
����áÔ

�ÐÕªÏþ� z�́'���Ér °ú����Û¼XO�>� "3�ð�r��.

\Vü@�©�S!��̀¦ µ1ÏÒqtr�v���H d���Ér “raise e”s���. Äº��� e\�¦ >�íß�ô�Ç��. ���õ���H ��

���Ãºs�#Q�� ô�Ç��. Õª �����Ãº °ú̀�כ¦ ��t��¦ \Vü@�©�S!��̀¦ µ1ÏÒqtr������. Õª�Q��� &ñ


�©�&h���� ���'��s� "3�2Xt��¦ s� \Vü@�©�S!��̀¦ %�o�½+É %�o�d���̀¦ ¹1Ô�� ,á
Ø�æ,á
Ø�æ &h�áÔ

K�çß���.

\V\�¦[þt#Q, �<ÊÃº f�� ��6£§õ� °ú s� &ñ
_�÷&#Q e�����¦ 
���.

f() = 1 + (E handle 99 0) (1)

��6£§õ� °ú �Ér d���̀¦ Òqty��
���

f() handle 77 10 (2)

d�� (2)\�¦ z�́'��
���. �<ÊÃº f()�� z�́'���)a��. Õª�Q��� �<ÊÃº ?/ÂÒ(d�� (1))\�"f E��

z�́'���)a��. Õª îß�\�"f \Vü@�©�S!� raise 77s� µ1ÏÒqtÙþ¡���¦ 
���. E\�¦ y����¤~�� 'Í	

���P: %�o�ë�H(d�� (1))Ü¼�Ð ,á
Ø�æ &h�áÔô�Ç��. Õª %�o�ë�H�Ér \Vü@°úכ 99 ëß��̀¦ %�o�½+É

Ãº e���̀¦ ÷�rs���. ����"f µ1ÏÒqtô�Ç \Vü@�©�S!��Ér %�o�÷&t� 3lw
��¦ ��6£§ %�o�d��Ü¼

�Ð ��r� ,á
Ø�æ &h�áÔô�Ç��. z�́'��í�H"f\�"f �&³F�_� %�o�ë�H�̀¦ y�����¦ e��~�� %�o�d��Ü¼

�Ð(d�� (2)). Õª /BM\� s�ØÔ�Q"f�� µ1ÏÒqtô�Ç \Vü@�©�S!� 77s� %�o�|̈c Ãº e����. ÕªA�

"f d�� (2)_� z�́'��°úכ�Ér 10s� �)a��.

ņq]j��H, 0A_� ���#Q�Ð ���$í
�)a áÔ�ÐÕªÏþ��̀¦ ~ÃÎ��"f raiseü< handles� �������

d��Ü¼�Ð ���8̈�
���H �<ÊÃº:

removeExn: xexp -> xexp

\�¦ &ñ
_�
���H �.���s	כ ���8̈��)a ���õ� e��H eü< °ú �Ér {9��̀¦ K��� ô�Ç��. 0A ���#Q_� z�́

'��l� runÜ¼�Ð ��6£§õ� °ú s� z�́'��r�&�"f ¿º ���õ��� °ú ���� ô�Ç��:

run(e) = run(removeExn e)

���8̈�½+É áÔ�ÐÕªÏþ��Ér �½Ó�©� �����Ãº\�¦ þj7áx&h�Ü¼�Ð >�íß�
���H áÔ�ÐÕªÏþ�Ü¼�Ð ô�Ç&ñ
ô�Ç

��. �̧�§��H 0A ���#Q_� z�́'��l� runõ� mexp_� ��"f\�¦ ]j/BN½+É �.���s	כ

type xexp = Num of int

| Var of string

| Fn of string * xexp

| App of xexp * xexp
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| If of xexp * xexp * xexp

| Equal of xexp * xexp

| Raise of xexp

| Handle of xexp * int * xexp

2

Exercise 3 (60pts) “|ÃÐ��\V�Ð”

þj��H_�áÔ�ÐÕªA�bç
���#Q[þt(ML, Scala, Haskell, Python, JavaScript, C++14,

C#, F# 1px)�Ér |ÃÐ��>�íß�ZO�°ú s� �<ÊÃº\�¦ ��Ä»\�v>� ��Ò�¦ Ãº e��>� K�ï�r��. �<ÊÃº��

#��� ���Ér X<s�'�ü< ��ØÔt� ·ú§��.

s� ņq]j��H Õª��� áÔ�ÐÕªÏþ�_� z�́'��×�æ\�Áº��H{9�s�{9�#Q±ú�t�\�¦p�o���1lxÜ¼�Ð

\V8£¤
���H �̧½̈\�¦ �¦îß�
���H �.���s	כ :£¤y�, Õª��� áÔ�ÐÕªÏþ�_� Ùþ�d��ëß��̀¦ @/�©�Ü¼�Ð


���. �<ÊÃº�� ��Ä»\�v>� >�íß�÷&��H ���#Q_� Ùþ�d���̀¦ @/�©�Ü¼�Ð Áº��H �<ÊÃº�� #Qn�\�

"f  ñØ�¦÷&��H t�\�¦ \V8£¤
���H áÔ�ÐÕªÏþ�s���.1

��A�_� &h��FG&h����(eager-evaluation, or call-by-value) áÔ�ÐÕªA�bç
 ���#Q\�¦ Òqt

y��
���. Ãº\O�\�"f ��ê�r ���#Q_� {9�ÂÒ��.

e ::= n integer

| x identifier

| λx.e function

| f λx.e recursive function

| e e application

| ifz e e e branch

| e + e addtion

áÔ�ÐÕªÏþ�\���H �<ÊÃºd��[þts� íß�F�K� e����HX<, Äºo��� \V8£¤½+É ��Ér	כ �<ÊÃº ñØ�¦d��

���� #Q�"� �<ÊÃº��  ñØ�¦|̈c t�\�¦ \V8£¤
���H �.���s	כ \V\�¦[þt#Q ��A� d���̀¦ �Ð��� ��

$Á	 >h_� |ÃÐ��d��s� e����.

(λf.(λx.(f 0) (x 10))) (λy.(λx.x+ y) (λz.z)

0A_� d��\�"f �<ÊÃº ñØ�¦d���Ér [j >h�� e����HX< (f 0, x 10, (f 0) (x 10)) s� d��[þts�

#Q�"� �<ÊÃº\�¦  ñØ�¦
�>� |̈c t�\�¦ p�o� \V8£¤
���H �.���s	כ

1Äºo��� ëß�×¼��H Óüt|	�s� Òqty��@/�Ð ���1lx½+É t�\�¦ p�o� SX����
��9��H 6 ¤½̈��H �̧��H /BN�<Æì�r��\� /BN:�x

&h�s���. ����"f áÔ�ÐÕªÏþ� z�́'���̀¦ p�o� \V8£¤
��9��H ��Ér	כ :£¤Z>�ô�Ç ��s	כ ��m���. ���Ér /BN�<Æs��� õ�

�<Æõ� ²ú�o� Õª @/�©�s� áÔ�ÐÕªÏþ�s�����H �	כ ÷�rs���. �����_� ��s���b��Û¼\�¦ \V8£¤
���H Óüto��<Æ, <�Ê�Ér l�

>��©�u�ü< ���l��©�u�_� ��s���b��Û¼\�¦ \V8£¤
���H l�>�/BN�<Æõ� ���l�/BN�<Æõ� °ú ��. l�>�[O�>�\�¦ 
��¦ p�

o� ]j@/�Ð ���1lx½+É t� \V8£¤
�l� 0AK� Äºo���H p�ì�r~½Ó&ñ
d���̀¦ ó�r��. Äºo���H áÔ�ÐÕªÏþ��̀¦ @/�©�Ü¼�Ð Õª

��s���b��Û¼(z�́'���©�S!�)\�¦ p�o� \V8£¤
���H ~½ÓZO��̀¦ z�́�&³K� �Ð��H �.���s	כ
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{9�ìøÍ&h�Ü¼�Ð áÔ�ÐÕªÏþ�_� �̧��H d������ Õª d��s� >�íß� ���õ��Ð ?/Z�~>�÷&��H �<ÊÃº

[þt_� |9�½+Ë�̀¦ \V8£¤
���� |̈c �.���s	כ Õª |9�½+Ë[þt\� �'aô�Ç ~½Ó&ñ
d���̀¦ [jÄº�¦ Û�¦ Ãº e��

Ü¼��� �)a��.

• ~½Ó&ñ
d��_� ���Ãº(unknown): ÅÒ#Q��� áÔ�ÐÕªÏþ�_� �̧��H d������ ��� ñ\�¦ ·¡­s�

�¦ áÔ�ÐÕªÏþ� ���Ãº[þt�Ér �̧¿º ��ØÔ���¦ 
���. ~½Ó&ñ
d��_� ���Ãº��H ��6£§õ� °ú 

��. ���Ãº Xi ��H i��� d��_� z�́'�����õ��Ð ���̀¦ �<ÊÃºd��[þt_� |9�½+Ës���. ���Ãº

Xx��H áÔ�ÐÕªÏþ� ���Ãº x�� ��t�>� |̈c �<ÊÃºd��[þt_� |9�½+Ës���.

• ���wn� ~½Ó&ñ
d���̀¦ [jÄº��H ½©gË:: ��6£§_� ½©gË:�̀¦ +�"f áÔ�ÐÕªÏþ�d���̀¦ ô�Ç��� ¿
±

Ü¼��� ~½Ó&ñ
d��s� �̧#������. ���wn� ~½Ó&ñ
d�� E��H ��6£§õ� °ú �Ér g1J�Ð ³ð�&³ô�Ç��.

E ::= X ⊇ setexp

| E ∧ E
setexp ::= ∅

| {λx.e}
| X
| X @ Y
| X ∪ Y

0A\�"f X , Y��H ~½Ó&ñ
d�� ���Ãº X1, X2, · · ·1px�̀¦ >pwô�Ç��.

áÔ�ÐÕªÏþ� e_� ���wn� ~½Ó&ñ
d�� E\�¦ [jÄº��H (e ` E ���¦ æ¼��) ½©gË:�̀¦ e_� �â


Äº\� ú́�ÆÒ#Q F�)
&h�Ü¼�Ð &ñ
_�ô�Ç {9�ÂÒ��H ��6£§õ� °ú ��. ���ñß�õ� �� Qt� �â


Äº\�¦ �̧¿º &ñ
_�K�"f ]jØ�¦
���.

ni ` Xi ⊇ ∅ xi ` Xi ⊇ · · ·

ek ` E
(λx.ek)i ` (Xi ⊇ {λx.ek}) ∧ E

ek ` E
(f λx.ek)i ` (Xi ⊇ {λx.ek}) ∧ · · · ∧ E

em ` E1 en ` E2

(em en)i ` (Xi ⊇ · · · ) ∧ E1 ∧ E2

• ~½Ó&ñ
d�� Û�¦l�: �̧��� ���wn� ~½Ó&ñ
d��

(X1 ⊇ setexp1) ∧ (X2 ⊇ setexp2) ∧ · · ·

�̀¦ Û�¦��� �)a��. ���wn� ~½Ó&ñ
d���̀¦ ÉÒ��H ~½ÓZO��Ér ~½Ó&ñ
d��[þt(Xi ⊇ setexpi) |9�½+Ë

\�"f ÂÒ'� r����K�"f Dh\�v>� ·ú�>�÷&��H ~½Ó&ñ
d��[þt�̀¦ >�5Åq ÆÒ��
���H �.���s	כ
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�8s��©�ÆÒ��½+É>�\O��̀¦M:��t�. #Qb�G>�ÆÒ��
���� |̈c��? ��A�½©gË:\���

�� ÆÒ��ô�Ç��.

X ⊇ Y Y ⊇ {λx.e}
X ⊇ {λx.e}

X ⊇ Y Y ⊇ ∅
X ⊇ ∅

X ⊇ Y ∪ Z
X ⊇ Y X ⊇ Z

X ⊇ Y @ Z Y ⊇ {λx.ei}
Xx ⊇ Z X ⊇ Xi

'Í	[j>h_�½©gË:�Ér ·ú�>� �)a��z�́�̀¦éß�í�Hy� �����
����� ú̧�>� 0lqs���H ½©gË:s�

��. W1���P: ½©gË:�Ér �<ÊÃº ñØ�¦d��_� �â
Äº ·ú�>� �)a ��z�́�̀¦ �����
���H �.���s	כ

X�� Y- ñØ�¦-Z_����õ�\�¦��t�>�÷&�¦ (X ⊇ Y@Z), Y��#Q�"��<ÊÃº���t�\�¦
·ú�>�÷&��� (Y ⊇ {λx.ei}), �<ÊÃº ����� Xx��H Z�̀¦ ��t�>� ÷&�¦ (Xx ⊇ Z)  ñ

Ø�¦d�� ���õ� X��H Õª �<ÊÃº_� 3lu:�xd�� ei_� ���õ� Xi\�¦ ��t�>� �)a�� (X ⊇ Xi).

• ~½Ó&ñ
d��_� K�: 0A_� ~½Ód��Ü¼�Ð �̧¿º �̧������� ���H$�����H =åQèß���. áÔ�ÐÕªÏþ�

�̀¦ ½̈$í

���H d��_� Ì�	Ãºü< �<ÊÃºd��_� Ì�	Ãº��H Ä»ô�Ç
�l� M:ë�Hs���. ~½Ó&ñ
d��

���Ãº Xi_� ²ú��Ér 0Aü<°ú s� �̧�Ér ~½Ó&ñ
d��×�æ\�"f ��6£§õ� °ú �Ér "î
Ñþ�ô�Ç g1J[þt�̀¦

�̧¿º �̧Ü¼��� �)a��.

Xi ⊇ {λx.e} Xi ⊇ {λy.e′} · · ·

0A\�"f �̧�ÉrAá¤\� e����H �<ÊÃºd��[þt�̀¦ �̧�Ér |9�½+Ë

{λx.e, λy.e′, · · ·},

s� |9�½+Ës� d�� ei�� z�́'��×�æ\� ��t���H �<ÊÃºd��[þt�̀¦ �̧¿º �í�<Ê
�>� �)a��. 2
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