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�¦	� �<ÊÃº\�¦ t�"é¶
���H ��éß�>� áÔ�ÐÕªA�bç
 ���#Q\� @/ô�Ç âì2£§�̀¦ �¦�9ô�Ç |9�½+Ë ]j���d��

ì�r$3��̀¦ ]jîß�ô�Ç��. ��éß�>� áÔ�ÐÕªÏþ�s�êøÍ áÔ�ÐÕªÏþ� %7�Û¼àÔ\�¦ °ú3!�%כ� ��ÀÒ��H áÔ�ÐÕªÏþ�
s���.þj��H\����ª�ô�Ç���#Q:£¤fç
�̀¦�í�<Êô�Ç��éß�>�áÔ�ÐÕªÏþ��̀¦0Aô�Ç let-��+þA��{9� �̂>�
ü< Õª ÆÒ�:r r�Û¼%7�s� ]jr�÷&%3���. Õª�Q��, ��{9� �̂>���H {9�ìøÍ&h�Ü¼�Ð áÔ�ÐÕªÏþ�\�"f z�́
]j�Ðz�́'��÷&t�·ú§��HÂÒì�r\�@/K�"f�̧ �ÐÃº&h�Ü¼�Ð��{9������\�¦Ãº'��
���Héß�&h��̀¦t�m�

�¦ e����. s� �7Hë�H\�"f��H áÔ�ÐÕªÏþ�_� z�́'��_� âì2£§�̀¦ �¦�9
���H éß�í�H ��{9� �̂>��Ð�� &ñ

�§ô�Ç áÔ�ÐÕªÏþ� ì�r$3��̀¦ �¦îß�ô�Ç��.

1 "k&è<

��éß�>� áÔ�ÐÕªÏþ�(multi-staged program)s�êøÍ áÔ�ÐÕªÏþ� %7�Û¼àÔ\�¦ ���+þA&h����(first-class) °úכ%�
!3� ��ÀÒ��H áÔ�ÐÕªÏþ��̀¦ >pwô�Ç��. 7£¤, z�́'�� ×�æ\� áÔ�ÐÕªÏþ�_� "é¶r� �èÛ¼\� ×¼�Q��t� ·ú§��H Dh
�Ðî�r áÔ�ÐÕªÏþ� %7�Û¼àÔ\�¦ �̧½+Ë
��¦ z�́'��½+É Ãº e����. ��éß�>� áÔ�ÐÕªÏþ�_� ���+þA&h���� \V�Ð��H
ÂÒì�r >�íß�(partial evaluation) [2], z�́r�çß� �ï×¼ Òqt$í
(run-time code generation), �<ÊÃº �̀�u�
l�(function inlining), B�ß¼�Ð SX��©�(macro expansion), ÿkt�-3$àÔ(quasi-quote) r�Û¼%7� [1]s�
e����.
þj��H\���éß�>�áÔ�ÐÕªÏþ��̀¦0Aô�Ç let-��+þA��{9� �̂>�(let-polymorphic type system)ü<ÕªÆÒ
�:r r�Û¼%7�s� �¦îß�÷&%3��� [3]. Õª ��{9� �̂>���H ��Ä» ���Ãº\�¦ �í�<Êô�Ç �ï×¼ %7�e�¦aÅ@(open code
template), �ï×¼ %7�e�¦aÅ@\� @/ô�Ç "î
§î
+þA ���íß�(imperative operation), _��̧&h�Ü¼�Ð ���Ãº�� 8̈�
�â
\�%ò
�¾Ó�̀¦~ÃÎ�̧2�¤
���Hu�8̈�(variable-capturing substitution), 8̈��â
\�%ò
�¾Ó�̀¦~ÃÎt�·ú§�̧2�¤

���H u�8̈�(capture-avoiding substitution), °ú̀�כ¦ �ï×¼�Ð ���8̈�(lifting)
���H ���íß��̀¦ �̧¿º t�"é¶
ô�Ç��.
Õª�Q��, ��{9� �̂>���H {9�ìøÍ&h�Ü¼�Ð z�́]j�Ð z�́'��÷&t� ·ú§��H áÔ�ÐÕªÏþ� ÂÒì�r\� @/K�"f�̧ �ÐÃº

&h�Ü¼�Ð ��{9� �����\�¦ Ãº'��
���H éß�&h��̀¦ t�m��¦ e����. \V\�¦ [þt#Q, [3]_� ��{9� �̂>���H λx.(x x)ü<
boxt (cc)ü<°ú �ÉráÔ�ÐÕªÏþ��̀¦~ÃÎ��[þts�t�3lwô�Ç��.#�l�"f,�<ÊÃº&h�6 x(function application)���
(x x)ü< (c c)�Ér áÔ�ÐÕªÏþ� z�́'�� ×�æ\� z�́]j >�íß�s� {9�#Q��t� ·ú§��H ÂÒì�rs���.
s� �7Hë�H\�"f��H ��éß�>� áÔ�ÐÕªÏþ�\� @/ô�Ç âì2£§�̀¦ �¦�9ô�Ç �Ð�� &ñ
�§ô�Ç ì�r$3��̀¦ ]jîß�ô�Ç��. îß�

���½+É(sound) ÷�rëß� ��m���, éß�í�H ��{9� �̂>��Ð�� �8 ú́§�Ér �̀¦���Ér áÔ�ÐÕªÏþ��̀¦ ~ÃÎ��[þts���H �	כ
�̀¦ 3lq³ð�Ð ô�Ç��. ½̈�̂&h�Ü¼�Ð, 0A\�"f ú́�ô�Ç λx.(x x)ü< boxt (c c)ü< °ú �Ér áÔ�ÐÕªÏþ��̧ �̀¦���Ér
áÔ�ÐÕªÏþ�Ü¼�Ð óøÍéß�ô�Ç��.

1s� ���½̈��H &ñ
�Ð:�x���ÂÒ ����̧l�ìøÍl�Õüt>hµ1Ï��\O�õ� �§¹¢¤���&h���"é¶ÂÒ ¿ºö&ô�Ç²DG21��\O�_� t�"é¶�̀¦ ~ÃÎ��¤6£§�̀¦ µ1ß�n?m���.
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l ∈ Label

e ∈ Expr

e := l : e′

e′ := c | x | λx.e | e e | boxt e | unboxk(>0) e | eval e

[½��Ð� 1] á����» 'Ö<(«


ì�r$3��Ér |9�½+Ë ]j���d��(constraint-based) ì�r$3�_� +þAI��Ð ³ð�&³ô�Ç��. éß�>��� \O���H(non-staged)
áÔ�ÐÕªÏþ�\� @/ô�Ç Jens Palsbergsü< Michael I. Schwartzbach_� îß����$í
 ì�r$3�(safety analy-
sis) [4]õ� Ä»��ô�Ç +þAI��Ð �̂¦ Ãº e����.

2 a�@#e

ì�r$3� @/�©� ���#Q��H �¦	� �<ÊÃº(higher-order function)\�¦ t�"é¶
���H °ú���²כú�  ñØ�¦(call-by-value)
~½Ód��_� ���+þA&h���� +þAI�\� z�́'�� ×�æ\� Dh�Ðî�r �ï×¼\�¦ Òqt$í

��¦ z�́'��½+É Ãº e���̧2�¤ 
���H ���íß��̀¦

ÆÒ��ô�Ç ���#Qs���. �ï×¼ %7�e�¦aÅ@ 5Åq\� �í�<Ê�)a ��Ä» ���Ãº(free variable)�� Õª �ï×¼ %7�e�¦aÅ@s� ��
6 x÷&��H 8̈��â
\� ���� °úכs� ²ú���t���H �¦̀�	כ )�6 xô�Ç��.

2.1 á����» 'Ö<(«


ÕªaË> 1\� @/�©� ���#Q_� Ùþ�d�� ë�HZO�(abstract syntax)�̀¦ ����?/%3���. áÔ�ÐÕªÏþ�_� y�� ÂÒì�r�̀¦ ~1�
>� t�g�A½+É Ãº e���̧2�¤, áÔ�ÐÕªÏþ�_� �̧��H 
�ÂÒ Ãºd��\� ³ðt�(label)\�¦ B�²ú��� Z�~��H��. :£¤Z>�y�
boxt ���íß���[þt�Ér áÔ�ÐÕªÏþ� #QÖ¼ ÂÒì�r\�"f�̧ ~1�>� t�g�A½+É Ãº e���̧2�¤ ³ðt�(t)\�¦ B�²ú��� Z�~��H
��. s��Qô�Ç �þt�Ér]	כ �7Hë�H_� ��1lq$í
�̀¦ 0Aô�Ç �þt�Ð]	כ áÔ�ÐÕªÏþ�_� _�p� ½̈�̧\���H %ò
�¾Ó�̀¦ p�u�t�
·ú§��H��. s�Êê�Ð áÔ�ÐÕªÏþ�_� :£¤&ñ
 ÂÒì�r�̀¦ t�g�A½+É M:, K�{©� d��Ü¼�Ð f��]X� ³ð�&³
����� ³ðt�\�¦
��6 xK�"f çß�]X�&h�Ü¼�Ð ³ð�&³½+É �.���s	כ

2.2 q�Q� ¦��Ð

ÕªaË> 2��H @/�©� ���#Q_� õ�&ñ
�̀¦ ×¼�Q?/��H _�p� ½̈�̧(operational semantics)\�¦ �Ð#�ï�r��. σ `
e

n→ v��H 8̈��â
 σ�̀¦ ��6 x
�#� Ãºd�� e\�¦ n éß�>�(stage)\�"f >�íß�
���� Õª °úכs� v�� �)a����H �¦̀�	כ
_�p�ô�Ç��.
��éß�>�áÔ�ÐÕªÏþ�\�"f��H °úכ[þt�̀¦ éß�>� Z>��Ð ì�rÀÓ½+É Ãº e��Ü¼ 9, y��y�� v0, v1, · · ·�Ð ³ð�&³ô�Ç��.

v ∈ Val = Val0 + Val1 + · · ·
vn ∈ Valn(n ≥ 0)
v0 ::= c | 〈λx.e, σ〉 | boxt v1

vn ::= c | x | λx.vn | vn vn | boxt vn+1 | unboxk vn−k | eval vn (éß�, 0 < k < n)

Var��H áÔ�ÐÕªÏþ�\� ��������H �̧��H ���Ãº[þt_� Ä»ô�Ç |9�½+Ës���. 8̈��â
(environment)_� |9�½+Ë

Env��H ���Ãº[þt_� |9�½+Ë Var\�"f °úכ_� |9�½+Ë ValÜ¼�Ð ����H Ä»ô�Çô�Ç �<ÊÃº[þt_� |9�½+Ës���.

σ ∈ Env = Var fin→ Val
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[ECON]
σ ` c

n→ c

[EVAR]
σ(x) = v

σ ` x
0→ v

[EVAR′]
σ ` x

n+1→ x

[EABS]
σ ` λx.e

0→ 〈λx.e, σ〉
[EABS′]

σ ` e
n+1→ v

σ ` λx.e
n+1→ λx.v

[EAPP]
σ ` e1

0→ 〈λx.e′, σ′〉 σ ` e2
0→ v2 σ′{x 7→ v2} ` e′ 0→ v

σ ` e1 e2
0→ v

[EAPP′]
σ ` e1

n+1→ v1 σ ` e2
n+1→ v2

σ ` e1 e2
n+1→ v1 v2

[EBOX]
σ ` e

n+1→ v

σ ` boxt e
n→ boxt v

[EUNBOX]
σ ` e

0→ boxt v

σ ` unboxn+1 e
n+1→ v

[EUNBOX′]
σ ` e

n+1→ v k > 0

σ ` unboxk e
n+1+k→ unboxk v

[EEVAL]
σ ` e

0→ boxt v′ ∅ ` v′ 0→ v

σ ` eval e
0→ v

[EEVAL′]
σ ` e

n+1→ v

σ ` eval e
n+1→ eval v

[½��Ð� 2] Üï+ä�Ãç> ¿��_50¤�< q�Q� ¦��Ð

@/�©� ���#Q��H ���:�x&h���� |ÃÐ�� >�íß�ZO�(lambda calculus)\� z�́'�� ×�æ\� �ï×¼ %7�e�¦aÅ@�̀¦ �̧½+Ë
�
�¦>�íß�½+ÉÃºe���̧2�¤
���H���íß���[þt�̀¦ÆÒ��ô�Ç���#Qs���.éß�>� 0\�"f_�>�íß�[þt [ECON], [EVAR],
[EABS], [EAPP]��H °ú���²כú�  ñØ�¦ ~½Ód��_� |ÃÐ�� >�íß�ZO�_� Õª��õ	כ 1lx{9�
���.

[EBOX]��H �ï×¼ %7�e�¦aÅ@�̀¦ Òqt$í

���H ½©gË:s���. {���2³(closed) �ï×¼ %7�e�¦aÅ@ ÷�rëß� ��m��� �ï
×¼ %7�e�¦aÅ@\� ��Ä» ���Ãº�� �í�<Ê�)a \P��2;(open) +þAI�_� �ï×¼ %7�e�¦aÅ@�̧ )�6 xô�Ç��. �ï×¼ %7�e�¦
aÅ@ îß�_� 
�ÂÒ Ãºd���Ér �&³F� éß�>��Ð�� ô�Ç éß�>� Z�}�Ér éß�>�\�"f >�íß�ô�Ç��. �&³F�_� éß�>��� 0�Ð
�� ß¼�����, �ï×¼ %7�e�¦aÅ@ îß��̀¦ >�íß� ×�æ��� �©�I�\�¦ _�p�
���HX<, Õª��� éß�>�\�"f��H β-×�¦s�l�(β-
reduction)�� {9�#Q��t� ·ú§�¦, [EUNBOX]\� _�ô�Ç �ï×¼ u�8̈� ���\O�ëß� µ1ÏÒqt½+É Ãº e����. [EUNBOX]\�
_�K� unboxk e��Héß�>� n\�"f_��&³F��ï×¼%7�e�¦aÅ@\�éß�>� n−k\�"f_��ï×¼%7�e�¦aÅ@�̀¦¶ú�{9�
�
��H %i�½+É�̀¦ ô�Ç��. [EEVAL]�Ér 
�ÂÒ Ãºd���̀¦ >�íß�ô�Ç ���õ���� �ï×¼ %7�e�¦aÅ@ boxt v′�̀¦ áÔ�ÐÕªÏþ� v′Ü¼
�Ð ���8̈�ô�Ç ��6£§, ��r� v′�̀¦ z�́'��ô�Ç��. s� M:, v′�Ér ��Ä» ���Ãº�� \O���H {���2³ �ï×¼ %7�e�¦aÅ@s�#Q
�� ô�Ç��. éß�>� 0\�"f ��Ä»\�v>� α-���8̈��̀¦ Ãº'��½+É Ãº e���̧2�¤ 
�l� 0A�<Ês���. {9�ìøÍ&h�Ü¼�Ð, �ï
×¼ %7�e�¦aÅ@ îß�\�"f��H α-���8̈��̀¦ Ãº'��½+É Ãº \O���. �ï×¼\�¦ �̧½+Ë½+É M: ¶ú�{9�÷&��H /BM_� 8̈��â
\� �ï
×¼ %7�e�¦aÅ@ 5Åq\� �í�<Ê�)a ��Ä» ���Ãº�� �����ç̀
÷&l� M:ë�H\�, ��Ä» ���Ãº_� s�2£§�̀¦ Õª@/�Ð �Ð�>r
K��� ô�Ç��. �ï×¼ %7�e�¦aÅ@ 5Åq\�"f α-���8̈��̀¦ Ãº'��
���� ����̂ áÔ�ÐÕªÏþ�_� _�p��� ²ú���|9� Ãº e��
��. ìøÍ���, [EEVAL]\�"f �̧f�� {���2³ �ï×¼ %7�e�¦aÅ@ëß� )�6 x
��̧2�¤ ]jô�Ç
�l� M:ë�H\�, �ï×¼ %7�e�¦aÅ@
5Åq\� e��~�� ��Ä» ���Ãº�� éß�>� 0\�"f 8̈��â
\� �����ç̀
÷&��H {9��Ér {9�#Q��t� ·ú§��H��. ����"f, éß�>�
0\�"f��H ��Ä»\�v>� α-���8̈��̀¦ Ãº'��½+É Ãº e����.
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[TCON]
Γ0 · · ·Γn ` c : ι

[TVAR]
Γn(x) = τ

Γ0 · · ·Γn ` x : τ

[TABS]
Γ0 · · ·Γn + x : τ1 ` e : τ2

Γ0 · · ·Γn ` λx.e : τ1 → τ2

[TAPP]
Γ0 · · ·Γn ` e1 : τ1 → τ2 Γ0 · · ·Γn ` e2 : τ1

Γ0 · · ·Γn ` e1 e2 : τ2

[TBOX]
Γ0 · · ·ΓnΓ ` e : τ

Γ0 · · ·Γn ` boxt e : ¤(Γ . τ)

[TUNBOX]
Γ0 · · ·Γn ` e : ¤(Γn+k . τ)

Γ0 · · ·Γn+k ` unboxk e : τ

[TEVAL]
Γ0 · · ·Γn ` e : ¤(∅ . τ)

Γ0 · · ·Γn ` eval e : τ

[½��Ð� 3] ·ÿ�)Ö< ���·
 =i4�

3 ���·
 =i4�

ÕªaË> 3�Ér @/�©� ���#Q\� @/ô�Ç éß�í�H ��{9� �̂>�(simple type system)\�¦ �Ð#�ÅÒ�¦ e����. [3]_� éß�
í�H ��{9� �̂>�\�¦ Äºo� ���#Q\� ú́�>� &ñ
o�ô�Ç �.���s	כ Γ0 · · ·Γn ` e : τ��H ��{9� 8̈��â
[þt Γ0 · · ·Γn


�\�"f éß�>� n �©�_� Ãºd�� e��H ��{9� τ\�¦ ��f���̀¦ _�p�ô�Ç��.
[j��t�7áxÀÓ_���{9�s��>rF�ô�Ç��.l�$���{9�(ι),�<ÊÃº��{9�(τ → τ),�ï×¼%7�e�¦aÅ@��{9�(¤(Γ.

τ))s� Õª�.���þts]	כ ��{9� 8̈��â
 Γ��H ���Ãº\�"f ��{9�Ü¼�Ð ����H Ä»ô�Ç �<ÊÃºs���.

τ ∈ Type
τ := ι | τ → τ | ¤(Γ . τ)

Γ ∈ TypeEnv = Var fin→ Type

[TBOX]��H {���2³ �ï×¼ %7�e�¦aÅ@ ÷�rëß� ��m��� ��Ä» ���Ãº\�¦ �í�<Êô�Ç \P��2; �ï×¼ %7�e�¦aÅ@�̧ ��{9��̀¦
��|9� Ãº e���̧2�¤ ô�Ç��. Γ0 · · ·ΓnΓ ` e : τ�� ��Ä» ���Ãº\�¦ �í�<Ê
��¦ e����H Ãºd�� e�� ��{9��̀¦ ��|9�
Ãº e��>� 
�l� M:ë�Hs���. s� M:, �ï×¼ %7�e�¦aÅ@ ��{9� ¤(Γ . τ)\�"f �̧|	� Γ�� τ ��{9�_� �ï×¼ %7�
e�¦aÅ@ 5Åq\� �í�<Ê�)a ��Ä» ���Ãº[þt_� ��{9��̀¦ t�&ñ
ô�Ç��. [TUNBOX]��H �&³F� éß�>�_� ��{9� 8̈��â
s� 
�
ÂÒ Ãºd��\�"f ëß�[þt#Q��� �ï×¼ %7�e�¦aÅ@s� 
̈½¹כ���H �̧|	��̀¦ Ø�æ7á¤
���H t�\�¦ �����ô�Ç��. [TEVAL]�Ér

�ÂÒ Ãºd���̀¦ >�íß�K�"f %3�#Q��� �ï×¼ %7�e�¦aÅ@s� ��Ä» ���Ãº\�¦ �í�<Ê
�t� ·ú§�Ér {���2³ �ï×¼ %7�e�¦aÅ@

���t� �����ô�Ç��.

Ça�h� 1 (ò5Ñ¦�>Å]�) ∅ ` e : τs��¦ ∅ ` e
0→ vs����, ∅ ` v : τs���.
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sv ∈ SetVar

sv := XYt
l | Yx

t | Zl

sc ∈ SetCstr

sc := XYt
l ⊇ ι | XYt

l ⊇ Yx
t′ → XYt′

l′ | XYt
l ⊇ ¤ XYt′

l′ |
XYt

l ⊇ apply(XYt
l′ ,XYt

l′′ ) | XYt
l ⊇ unboxk X

Y
t′

l′ | XYt
l ⊇ eval XYt

l′ |
Zl ⊇ true |
Yx

t ⊆ ∅ | Zl ⇒ Yx
t ⊆ ∅ | Yx

t 6⊆ ∅ | Zl ⇒ Yx
t 6⊆ ∅ |

XYt
l ⊆ LAMBDA | Zl ⇒ XYt

l′ ⊆ LAMBDA | XYt
l ⊆ BOX | Zl ⇒ XYt

l′ ⊆ BOX |
XYt

l ⊇ XYt′
l′ | XYt

l ⊇ Yx
t′ | Yx

t ⊇ XYt′
l | Yx

t ⊇ Yx
t′ | Zl ⊇ Zl′

[½��Ð� 4] �·
Öכ� <K�����̧

4 �·
Öכ� <K�����̧ (Ûo)o�

|9�½+Ë ]j���d�� ì�r$3��Ér áÔ�ÐÕªÏþ��̀¦ ¿
±#Q |9�½+Ë ]j���d��[þt�̀¦ �̧Ø�¦
��¦, �̧Ø�¦�)a |9�½+Ë ]j���d���̀¦ ÉÒ
��H õ�&ñ
Ü¼�Ð s�ÀÒ#Q�����.

4.1 �·
Öכ� <K�����̧

ÕªaË> 4\� ì�r$3�\� ��6 x
���H |9�½+Ë ]j���d���̀¦ ����?/%3���.
|9�½+Ë ���Ãº XYt

l , Yx
t��H y��y�� ��{9� �̂>�_� ��{9� τõ� ��{9� 8̈��â
 Γ\� @/6£x
���H &ñ
�Ð\�¦ �̧Ü¼

��H ���Ãº[þts���. XYt

l �Ér ��{9� 8̈��â
 Yx
t ,Yy

t , · · · 
�\�"f z�́'��÷&��H 
�ÂÒ Ãºd�� l : es� ��t���H ��{9�
&ñ
�Ð\�¦ �̧Ü¼�¦, Yx

t�Ér áÔ�ÐÕªÏþ� ?/_� boxt ?/ÂÒ_� ���Ãº x\� �����ç̀
÷&��H °úכ[þt�̀¦ �̧�Ér��. s�
ü< ²ú�o�, Zl��H ��{9� �̂>�\���H @/6£x÷&��H >h¥Æ�s� �>rF�
�t� ·ú§��H �Ü¼�Ð	כ 
�ÂÒ Ãºd�� l : e\� @/
K� ��{9� �����\�¦ ½+É ��¹כ��9 e����H t�\�¦ �ÐÃº&h�Ü¼�Ð óøÍéß�
���H ���Ãºs���.
���ª�ô�Ç +þAI�_� |9�½+Ë ]j���d��s� �>rF�
�t�ëß�, ��H�:r&h�Ü¼�Ð��H X ⊇ Y , X ⊆ Y , X 6⊆ Y ,

X ⇒ · · · +þAI��Ð ì�rÀÓ½+É Ãº e����. X ⊇ Y +þAI�_� ]j���d���Ér X�� _�p�
���H |9�½+Ës� Y�� _�p�

���H |9�½+Ë�̀¦ �í�<Êô�Ç����H �¦̀�	כ _�p�ô�Ç��. f���'a&h�Ü¼�Ð, z�́'�� ×�æ\� Y_� &ñ
�Ð�� X�Ð f�Ë�Q[þt#Q
����H �¦̀�	כ ¬¹��ô�Ç��. X ⊆ Yü< X 6⊆ Y +þAI�_� ]j���d���Ér X�� _�p�
���H |9�½+Ës� Y�� _�p�
�
��H |9�½+Ë_� ÂÒì�r|9�½+Ës�#Q�� ô�Ç�� <�Ê�Ér ÕªXO�t� ·ú§���� ô�Ç����H �¦̀�	כ ����?/��H �.���þts]	כ K�{©�
Ãºd��s� #Q�"� ��{9��̀¦ ��4R�� 
���H t�\�¦ ]jô�Çô�Ç��. X ⇒ · · ·��H �o¶ú�³ð �̧�ÉrAá¤\� e����H ]j���d��
s� X�� �ÃÐ{9� �â
Äº\�ëß� &h�6 x�)a����H >pwÜ¼�Ð, �o¶ú�³ð �̧�ÉrAá¤\� e����H ]j���d��_� &h�6 x�̀¦ p�ÀÒl�
0Aô�Ç 6 x�̧�Ð ��6 x�)a��. y�� |9�½+Ë ]j���d��_� ½̈�̂&h� _�p���H ÕªaË> 5\�"f &ñ
_�ô�Ç��.

4.2 �·
Öכ� <K�����̧ |¡_ô>

Äº���, éß�>� 0\�"f��H ��Ä»\�v>� α-���8̈�½+É Ãº e��Ü¼Ù¼�Ð éß�>� 0\�"f ��î�rç̀
÷&��H ���Ãº[þt�Ér &h�]X�
y� α-���8̈�
�#� �̧¿º ��ØÔ���¦��&ñ
ô�Ç��.s�������8̈�\O�s�ì�r$3�
���H�̧�	כ ��0px
���ì�r$3�_�&ñ

SX��̧�� b��#Q|9� Ãº e����.
ÕªaË> 6�Ér áÔ�ÐÕªÏþ�Ü¼�ÐÂÒ'� |9�½+Ë ]j���d���̀¦ �̧Ø�¦
���H ~½ÓZO��̀¦ &ñ
_�ô�Ç��. #�l�"f,

Yt0 · · · Ytn
` l : e . C��H Ãºd�� l : e\�¦ éß�>� n\�"f >�íß�
�>� ÷&��� ]j���d�� C�̀¦ �̧Ø�¦ô�Ç����H

>pws���. l0��H ����̂ áÔ�ÐÕªÏþ�_� ³ðt�(label)\�¦ _�p�ô�Ç��.
éß�>� 0\�"f ìøÍ×¼r� z�́'��s� ÷&��H Ãºd��s��� éß�>� n + 1\�"f_� éß�>� 0��t� ?/�9����H

unboxn+1 e\� @/K�"f��H ��{9��̀¦ �����
���H X ⊆ Y +þAI�_� ]j���d���̀¦ �̧Ø�¦ô�Ç��. :£¤&ñ
 éß�>�
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ht ∈ HerbT
ht := ι | x → ht | ¤ ht

hb ∈ HerbB
hb := true

Σ ∈ SetVar → 2HerbT

∆ ∈ SetVar → 2HerbB

J·K ∈ SetExpr → (SetVar → 2HerbT ) → (SetVar → 2HerbB ) → 2Herb

JXYt
l K Σ ∆ = Σ(XYt

l )
JYx

t K Σ ∆ = Σ(Yx
t )

JZlK Σ ∆ = ∆(Zl)
JιK Σ ∆ = {ι}

JYx
t → XYt

l K Σ ∆ = {x → ht | ht ∈ JXYt
l K Σ ∆}

J¤ XYt
l K Σ ∆ = {¤ ht | ht ∈ JXYt

l K Σ ∆}
Japply(XYt

l ,XYt
l′ )K Σ ∆ = {ht | x → ht ∈ JXYt

l K Σ ∆}
Junboxk XYt

l K Σ ∆ = {ht | ¤ ht ∈ JXYt
l K Σ ∆}

Jeval XYt
l K Σ ∆ = {ht | ¤ ht ∈ JXYt

l K Σ ∆}
JtrueK Σ ∆ = {true}

J∅K Σ ∆ = ∅
JLAMBDAK Σ ∆ = {x → ht | x → ht ∈ HerbT}

JBOXK Σ ∆ = {¤ ht | ¤ ht ∈ HerbT}

[½��Ð� 5] �·
Öכ� <K�����̧q� q�Q�

\�"f z�́'��|̈c �â
Äº ��{9� �̧ÀÓ�� µ1ÏÒqt½+É Ãº e��t�ëß� z�́]j�Ð Õª éß�>�\�"f z�́'��|̈c t�\�¦ ·ú� t� 3lw


���H Ãºd��\� @/K�"f��H X ⊆ Y @/��� ��{9� �����\�¦ {9�éß� �ÐÀÓ
���H Z ⇒ X ⊆ Y +þAI�_� ]j���d��
�̀¦ �̧Ø�¦ô�Ç��. |9�½+Ë ]j���d���̀¦ ÉÒ��H õ�&ñ
\�"f K�{©� Ãºd��s� Õª éß�>�\�"f z�́'��|̈c ��0px$í
s� e��
���¦ óøÍéß�÷&���(7£¤, �̧|	� Z�� �ÃÐs� ÷&���) X ⊆ Y ]j���d���̀¦ ÆÒ���<ÊÜ¼�Ð+� �ÐÀÓ÷&%3�~�� ��{9�
�����\�¦ Ãº'��ô�Ç��.
y�� ]j���d�� �̧Ø�¦ ½©gË:�̀¦ >hZ>�&h�Ü¼�Ð ¶ú�(R�Ð��.

Yt0 · · · Ytn
` l : c . {XYtn

l ⊇ ι}
�©�Ãº c��H �&³F� éß�>� n\� Áº�'a
�>� ι_� ��{9��̀¦ �������.

Yt0 ` l : x . {XYt0
l ⊇ Yx

t0 ,Yx
t0 6⊆ ∅,Zl ⊇ true}

éß�>� 0\�"f���Ãº x��H�<ÊÃº&h�6 x�̀¦:�xK���{9� 8̈��â
(Yx
t0)\������ç̀
�)a��{9��̀¦�������.éß�>� 0\�

"f��H ���Ãº x�� ��Ä» ���Ãº{9� Ãº \O�Ü¼ 9(Yx
t0 6⊆ ∅), éß�>� 0\�"f {9�#Q����H >�íß�s�Ù¼�Ð ��{9��̀¦

�����ô�Ç��(Zl ⊇ true).

Yt0 · · · Ytn+1
` l : x . {XYtn+1

l ⊇ Yx
tn+1

,Zl ⇒ Yx
tn+1

6⊆ ∅}
éß�>��� 0�Ð�� 	�H �â
Äº\��̧ #����y� Yx

tn+1
\�"f ��{9� &ñ
�Ð\�¦ ��4R�:r��. Õª�Q��, s� Ãºd��\� @/

K� ��{9� �����\�¦ ½+É ��¹כ��9 e�����¦ óøÍéß�|̈c M:ëß�(Zls� �ÃÐ{9� M:ëß�), ��{9� �����\�¦ Ãº'��
��̧2�¤
ô�Ç��(Zl ⇒ Yx

ln+1
6⊆ ∅).

Yt0 · · · Ytn
` e . C

Yt0 · · · Ytn
` l : λx.e . {XYtn

l ⊇ Yx
tn
→ XYtn

e ,Ze ⊇ Zl} ∪ C
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Yt0
· · · Ytn

` l : c . {XYtn
l ⊇ ι}

Yt0
` l : x . {XYt0

l ⊇ Yx
t0

,Yx
t0
6⊆ ∅,Zl ⊇ true}

Yt0
· · · Ytn+1

` l : x . {X
Ytn+1
l ⊇ Yx

tn+1
,Zl ⇒ Yx

tn+1
6⊆ ∅}

Yt0
· · · Ytn

` e . C
Yt0

· · · Ytn
` l : λx.e . {XYtn

l ⊇ Yx
tn
→ XYtn

e ,Ze ⊇ Zl} ∪ C

Yt0
` e1 . C1 Yt0

` e2 . C2
Yt0

` l : e1 e2 . {XYt0
l ⊇ apply(XYt0

e1 ,XYt0
e2 ),XYt0

e1 ⊆ LAMBDA,Zl ⊇ true} ∪ C1 ∪ C2

Yt0
· · · Ytn+1

` e1 . C1 Yt0
· · · Ytn+1

` e2 . C2
Yt0

· · · Ytn+1
` l : e1 e2 . {X

Ytn+1
l ⊇ apply(X

Ytn+1
e1 ,X

Ytn+1
e2 ),Zl ⇒ X

Ytn+1
e1 ⊆ LAMBDA,Ze1

⊇ Zl,Ze2
⊇ Zl} ∪ C1 ∪ C2

Yt0
· · · Ytn

Yt ` e . C
Yt0

· · · Ytn
` l : boxt e . {XYtn

l ⊇ ¤ XYt
e ,Ze ⊇ Zl} ∪ C

Yt0
` e . C

Yt0
· · · Ytn+1

` l : unboxn+1 e . {X
Ytn+1
l ⊇ unboxn+1X

Yt0
e ,XYt0

e ⊆ BOX,Zl ⊇ true} ∪ C

Yt0
· · · Ytn+1

` e . C k > 0

Yt0
· · · Ytn+1+k

` l : unboxk e . {X
Ytn+1+k

l ⊇ unboxk X
Ytn+1
e ,Zl ⇒ X

Ytn+1
e ⊆ BOX,Ze ⊇ Zl} ∪ C

Yt0
` e . C

Yt0
` l : eval e . {XYt0

l ⊇ eval XYt0
e ,XYt0

e ⊆ BOX,Zl ⊇ true} ∪ C

Yt0
· · · Ytn+1

` e . C

Yt0
· · · Ytn+1

` l : eval e . {X
Ytn+1
l ⊇ eval X

Ytn+1
e ,Zl ⇒ X

Ytn+1
e ⊆ BOX,Ze ⊇ Zl} ∪ C

[½��Ð� 6] �·
Öכ� <K�����̧ |¡_ô>

|ÃÐ�� ÆÒ�©��o(lambda abstraction)��H éß�>�\� �©��'a\O�s� �����\�¦ ~ÃÎ��"f 3lu�̂(body)\�¦ >�íß�K�
"f %3�#Qt���H ��{9��̀¦ �������(XYtn

l ⊇ Yx
tn
→ XYtn

e ). s� Ãºd��\� @/K� ��{9� �����\�¦ ½+É ��¹כ��9
e�������, 
�ÂÒ Ãºd��\� @/K�"f�̧ ��{9��̀¦ �����½+É ��¹כ��9 e����(Ze ⊇ Zl).

Yt0 ` e1 . C1 Yt0 ` e2 . C2

Yt0 ` l : e1 e2 . {XYt0
l ⊇ apply(XYt0

e1 ,XYt0
e2 ),XYt0

e1 ⊆ LAMBDA,Zl ⊇ true} ∪ C1 ∪ C2

éß�>� 0\�"f_��<ÊÃº&h�6 x_���{9��Ér���$� e1_���{9��̀¦·ú�����·ú�Ãºe��Ü¼Ù¼�Ð,]j���d�� �̧Ø�¦õ�
&ñ
\�"f��H �<ÊÃº &h�6 xs�����H ��z�́ëß��̀¦ l�2�¤
��¦ z�́]j ��{9� &ñ
�Ð��H ]j���d���̀¦ ÉÒ��H õ�&ñ
\�"f

%3���H��(XYt0
l ⊇ apply(XYt0

e1 ,XYt0
e2 )). éß�>� 0\�"f_� �<ÊÃº &h�6 xs�Ù¼�Ð e1_� ��{9��Ér ìøÍ×¼r� �<Ê
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Ãº ��{9�s�#Q�� ô�Ç��(XYt0
e1 ⊆ LAMBDA, Zl ⊇ true).

Yt0
· · · Ytn+1

` e1 . C1 Yt0
· · · Ytn+1

` e2 . C2
Yt0

· · · Ytn+1
` l : e1 e2 . {X

Ytn+1
l ⊇ apply(X

Ytn+1
e1 ,X

Ytn+1
e2 ),Zl ⇒ X

Ytn+1
e1 ⊆ LAMBDA,Ze1

⊇ Zl,Ze2
⊇ Zl} ∪ C1 ∪ C2

�&³F� éß�>��� 0�Ð�� 	�H �â
Äº\��̧ �<ÊÃº &h�6 x\� �'aô�Ç ]j���d���̀¦ �̧Ø�¦
�t�ëß�(XYtn+1
l ⊇

apply(XYtn+1
e1 ,XYtn+1

e2 )), ��{9��̀¦ ]jô�Ç
���H ]j���d���Ér K�{©� d��s� ��{9��̀¦ �����½+É ��¹כ��9 e��

�̀¦ M:ëß� Ãº'��÷&�̧2�¤ ô�Ç��(Zl ⇒ XYtn+1
e1 ⊆ LAMBDA). K�{©� Ãºd��\� @/K� ��{9� �����\�¦ Ãº'��

K��� ô�Ç�����, 
�ÂÒ Ãºd��[þt\� @/K�"f�̧ ��{9� �����\�¦ Ãº'��K��� ô�Ç��(Ze1
⊇ Zl, Ze2

⊇ Zl).

Yt0 · · · Ytn
Yt ` e . C

Yt0 · · · Ytn
` l : boxt e . {XYtn

l ⊇ ¤ XYt
e ,Ze ⊇ Zl} ∪ C

Ãºd�� boxt e_� ��{9��Ér 
�ÂÒ Ãºd��_� ��{9��̀¦ �ï×¼ %7�e�¦aÅ@Ü¼�Ð ëß���H ��{9�s���(XYtn

l ⊇ ¤XYt
e ).

K�{©� Ãºd��\� @/K� ��{9��̀¦ �����½+É ��¹כ��9 e������� 
�ÂÒ Ãºd��\� @/K�"f�̧ ��{9��̀¦ �����½+É ¹כ��9

�� e������H �ÐÃº&h����(conservative) {9��©��̀¦ 2[ô�Ç��(Ze ⊇ Zl)

Yt0 ` e . C
Yt0 · · · Ytn+1

` l : unboxn+1 e . {XYtn+1
l ⊇ unboxn+1XYt0

e ,XYt0
e ⊆ BOX,Zl ⊇ true} ∪ C

unboxn+1 e��H �<ÊÃº &h�6 xõ� ��ðøÍ��t��Ð 
�ÂÒ Ãºd��_� ��{9� &ñ
�Ð\�¦ ·ú�����ëß� ��{9��̀¦ ���&ñ
½+É

Ãº e����(XYtn+1
l ⊇ unboxn+1XYt0

e ). Õª�Q��, éß�>� 0��t� ?/�9��Ù¼�Ð ìøÍ×¼r� 
�ÂÒ Ãºd��_� ��

{9��Ér �ï×¼ %7�e�¦aÅ@_� ��{9�s�#Q�� ô�Ç��(XYt0
e ⊆ BOX, Zl ⊇ true).

Yt0 · · · Ytn+1
` e . C k > 0

Yt0 · · · Ytn+1+k
` l : unboxk e . {XYtn+1+k

l ⊇ unboxk X
Ytn+1
e ,Zl ⇒ XYtn+1

e ⊆ BOX,Ze ⊇ Zl} ∪ C
éß�>� 0��t� ?/�9��t� 3lw
���H unboxk e�̧ 
�ÂÒ Ãºd��_� ��{9�\� ���� ��{9�s� ���&ñ
÷&t�

ëß�(XYtn+1+k

l ⊇ unboxk X
Ytn+1
e ), K�{©� Ãºd��\� @/K� ��{9� �����\�¦ ìøÍ×¼r� Ãº'��K��� 
���H ��Ér	כ

��m���(Zl ⇒ XYtn+1
e ⊆ BOX). Õª�Q��, {9�éß� ��{9� �����\�¦ Ãº'��ô�Ç����� 
�ÂÒ Ãºd��\� @/K�"f

�̧ ��{9� �����\�¦ Ãº'��K��� ô�Ç��(Ze ⊇ Zl).

Yt0 ` e . C
Yt0 ` l : eval e . {XYt0

l ⊇ eval XYt0
e ,XYt0

e ⊆ BOX,Zl ⊇ true} ∪ C
éß�>� 0\�"f eval e�̀¦ Ãº'��ô�Ç ���õ�°úכ_� ��{9� &ñ
�Ð��H 
�ÂÒ Ãºd��_� °úכ_� ��{9�\� ���� ²ú���

�����(XYt0
l ⊇ eval XYt0

e ). s� M:, 
�ÂÒ Ãºd���Ér ìøÍ×¼r� �ï×¼ %7�e�¦aÅ@_� ��{9��̀¦ ��4R�� ô�Ç

��(XYt0
e ⊆ BOX,Zl ⊇ true).

Yt0 · · · Ytn+1
` e . C

Yt0 · · · Ytn+1
` l : eval e . {XYtn+1

l ⊇ eval XYtn+1
e ,Zl ⇒ XYtn+1

e ⊆ BOX,Ze ⊇ Zl} ∪ C
éß�>� 0�Ð�� Z�}�Ér éß�>�\�"f Ãº'��ô�Ç eval e�̧ 
�ÂÒ Ãºd��_� ��{9�\� ���� Õª ��{9�s� ���&ñ
�)a

��(XYtn+1
l ⊇ eval XYtn+1

e ). K�{©� Ãºd��s� ����ï éß�>� 0\�"f Ãº'��÷&t� ·ú§�̀¦ Ãº�̧ e��Ü¼Ù¼�Ð, �9�


¹כ����¦ óøÍéß�|̈c M:ëß� ��{9��̀¦ �����
���H +þAI�_� ]j���d���̀¦ �̧Ø�¦ô�Ç��(Zl ⇒ XYtn+1
e ⊆ BOX).
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XYt
l ⊇ apply(XYt

l′ ,XYt
l′′ ) XYt

l′ ⊇ Yx
t′ → XYt′

l′′′

{Yx
t′ ⊇ XYt

l′′ ,XYt
l ⊇ XYt′

l′′′ ,Zl′′′ ⊇ Zl}

XYt
l ⊇ unboxk X

Y
t′

l′ XYt′
l′ ⊇ ¤ XYt′′

l′′

{XYt
l ⊇ XYt′′

l′′ ,Zl′′ ⊇ Zl}
XYt

l ⊇ unboxk X
Y

t′
l′ XYt′

l′ ⊇ ¤ XYt′′
l′′ x ∈ FV 0(l′′)

{Yx
t′′ ⊇ Yx

t }

XYt
l ⊇ eval XYt

l′ XYt
l′ ⊇ ¤ XYt′

l′′

{XYt
l ⊇ XYt′

l′′ ,Zl′′ ⊇ Zl}
XYt

l ⊇ eval XYt
l′ XYt

l′ ⊇ ¤ XYt′
l′′ x ∈ FV 0(l′′)

{Zl ⇒ Yx
t′ ⊆ ∅,Zl ⇒ Yx

t′ 6⊆ ∅}

Zl ⇒ Yx
t ⊆ ∅ Zl ⊇ true

Yx
t ⊆ ∅

Zl ⇒ Yx
t 6⊆ ∅ Zl ⊇ true

Yx
t 6⊆ ∅

Zl ⇒ XYt
e ⊆ LAMBDA Zl ⊇ true

XYt
e ⊆ LAMBDA

Zl ⇒ XYt
e ⊆ BOX Zl ⊇ true

XYt
e ⊆ BOX

sv1 ⊇ sv2 sv2 ⊇ ι

sv1 ⊇ ι

sv1 ⊇ sv2 sv2 ⊇ sv3 → sv4

sv1 ⊇ sv3 → sv4

sv1 ⊇ sv2 sv2 ⊇ ¤ sv3

sv1 ⊇ ¤ sv3

sv1 ⊇ sv2 sv2 ⊇ true

sv1 ⊇ true

[½��Ð� 7] �·
Öכ� <K�����̧ bô>M�

FV n(c) = ∅
FV n(x) = {x} if n = 0

= ∅ otherwise
FV n(λx.e) = FV n(e)− {x} if n = 0

= FV n(e) otherwise
FV n(e1 e2) = FV n(e1) ∪ FV n(e2)

FV n(boxt e) = FV n+1(e)

FV n(unboxk e) = FV n−k(e) if n− k ≥ 0
= ∅ otherwise

FV n(eval e) = FV n(e)

[½��Ð� 8] ��­¤ _�@¬£

4.3 �·
Öכ� <K�����̧ bô>M�

|9�½+Ë ]j���d���̀¦ ÉÒ��H ~½ÓZO��Ér ÕªaË> 7õ� °ú ��. l��:r&h�Ü¼�Ð l��>r_� ]j���d��\� 0A_� ]j���d��[þts�
�>rF�
���� ��A�_� Dh�Ðî�r ]j���d���̀¦ ÆÒ��
���H +þAI�s���. ]j���d�� |9�½+Ë_� þj@/ ß¼l��� ì�r$3�½+É
áÔ�ÐÕªÏþ�\� _�K� ô�Ç&ñ
÷&Ù¼�Ð ÉÒ��H õ�&ñ
�Ér Ä»ô�Çô�Ç r�çß� ?/\� =åQèß���.
K���H �̧Ø�¦ô�Ç ]j���d��[þt�̀¦ =åQ��t� Û�¦#Q�·p y�� |9�½+Ë ���Ãº_� ]j���d��[þt ×�æ\�"f þj�è ·ú�Ìqts��Ð

Û�¦�9��� ]j���d��(atomic constraint)�Ð ½̈$í
�)a��. ÕªaË> 9\�"f þj�è ·ú�Ìqts��Ð Û�¦�9��� ]j���d���̀¦
&ñ
_�ô�Ç��.
]j���d���̀¦ ÉÒ��H ½©gË:�̀¦ 7á§�8 ��[jy� ¶ú�(R�Ð��.

XYt

l ⊇ apply(XYt

l′ ,XYt

l′′ ) XYt

l′ ⊇ Yx
t′ → XYt′

l′′′

{Yx
t′ ⊇ XYt

l′′ ,XYt

l ⊇ XYt′
l′′′ ,Zl′′′ ⊇ Zl}
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ac ∈ AtomSetCstr

ac := XYt
l ⊇ ι | XYt

l ⊇ Yx
t′ → XYt′

l′ | XYt
l ⊇ ¤ XYt′

l′ |
Yx

t ⊇ ι | Yx
t ⊇ Yy

t′ → XYt′
l | Yx

t ⊇ ¤ XYt′
l |

Zl ⊇ true |
Yx

t ⊆ ∅ | Yx
t 6⊆ ∅ | XYt

l ⊆ LAMBDA | XYt
l ⊆ BOX

[½��Ð� 9] L|�Ð ómÔð�|T�}¹ bô>�̀.>	 �·
Öכ� <K�����̧

�<ÊÃº&h�6 x l : (l′ : e′)(l′′ : e′′)\�"f (l′ : e′)_���{9�&ñ
�Ð�� ½̈�̂&h�Ü¼�Ð%3�#Qt����(XYt′
l′ ⊇ Yx

t′′ →
XYt′′

l′′′ ), ��{9� 8̈��â
\�"f x\� �����ç̀
÷&��H ��{9� &ñ
�Ð\�¦ ·ú� Ãº e����(Yx
t′′ ⊇ XYt′

l′′ ). �<ÊÃº &h�6 x�̀¦
z�́'��ô�Ç���õ�_���{9�&ñ
�Ð��H�<ÊÃº3lu�̂_���{9�&ñ
�Ð�ÐÂÒ'�Ä»�̧½+ÉÃºe����(XYt

l ⊇ XYt′′
l′′′ ). Õª

o��¦, �<ÊÃº &h�6 x\� @/K�"f ��{9� &ñ
�Ð\�¦ �����½+É ��¹כ��9 e������� Õª/BMÜ¼�Ð f�Ë�Q[þt#Q�̧��H �<ÊÃº
[þt\� @/K�"f�̧ ��{9� &ñ
�Ð\�¦ �����½+É ��¹כ��9 e����(Zl′′′ ⊇ Zl).

XYt

l ⊇ unboxk XYt′
l′ XYt′

l′ ⊇ ¤ XYt′′
l′′

{XYt

l ⊇ XYt′′
l′′ ,Zl′′ ⊇ Zl}

XYt

l ⊇ unboxk XYt′
l′ XYt′

l′ ⊇ ¤ XYt′′
l′′ x ∈ FV 0(l′′)

{Yx
t′′ ⊇ Yx

t }
Ãºd�� unboxk e_� 
�ÂÒ Ãºd�� e_� ��{9� &ñ
�Ð�� �ï×¼ %7�e�¦aÅ@ ��{9��̀¦ �í�<Ê
����, ����̂ Ãºd��_� ��
{9� &ñ
�Ð�̧ Õª\� @/6£x
���H ��{9��̀¦ �í�<Êô�Ç��(XYt

l ⊇ XYt′′
l′′ ). �<ÊÃº &h�6 xõ� Ä»��
�>�, K�{©� Ãº

d��s� ��{9� �����\�¦ ½+É ��¹כ��9 e������� f�Ë�Q[þt#Q�̧��H �ï×¼ %7�e�¦aÅ@\� @/K�"f�̧ ��{9� �����\�¦ Ãº

'��ô�Ç��(Zl′′ ⊇ Zl). ëß���� f�Ë�Q[þt#Q�:r �ï×¼ %7�e�¦aÅ@ ?/\� ��Ä» ���Ãº�� �í�<Ê÷&#Q e������� ��{9�
8̈��â
_� &ñ
�Ð�� f�Ë�Q����HX<(Yx

t′′ ⊇ Yx
t ), s���H ��{9� �̂>�_� ½©gË: [TUNBOX]\�"f �&³F� ��{9� 8̈�

�â
(Γn+k)s� 
�ÂÒ Ãºd��_� �ï×¼ %7�e�¦aÅ@_� ��{9� 5Åq\� �í�<Ê�)a �̧|	� 8̈��â
õ� 1lx{9�K��� ô�Ç����H ½©
gË:�̀¦ ìøÍ%ò
ô�Ç��.

XYt

l ⊇ eval XYt

l′ XYt

l′ ⊇ ¤ XYt′
l′′

{XYt

l ⊇ XYt′
l′′ ,Zl′′ ⊇ Zl}

XYt

l ⊇ eval XYt

l′ XYt

l′ ⊇ ¤ XYt′
l′′ x ∈ FV 0(l′′)

{Zl ⇒ Yx
t′ ⊆ ∅,Zl ⇒ Yx

t′ 6⊆ ∅}

Ãºd�� eval e_� �â
Äº��H Ãºd�� unboxk e_� �â
Äºü< f�̈��
���. éß�, f�Ë�Q[þt#Q�:r �ï×¼ %7�e�¦aÅ@\���H
��Ä» ���Ãº�� �í�<Ê÷&#Q e��|9� ·ú§���� ô�Ç��(Zl ⇒ Yx

t′′ 6⊆ ∅). ëß���� ��Ä» ���Ãº�� �í�<Ê÷&#Q e����
���(Zl ⇒ Yx

t′′ ⊆ ∅) �̧í�Hs� µ1ÏÒqt
�#� ]j���d��_� K��� �>rF�
�t� ·ú§��H��. 7£¤, K�{©� áÔ�ÐÕªÏþ�s�
z�́'�� ×�æ\� �̧ÀÓ�� µ1ÏÒqt½+É Ãº e�����¦ óøÍéß�ô�Ç��.

Zl ⇒ Yx
t ⊆ ∅ Zl ⊇ true
Yx

t ⊆ ∅
Zl ⇒ Yx

t 6⊆ ∅ Zl ⊇ true
Yx

t 6⊆ ∅

Zl ⇒ XYt
e ⊆ LAMBDA Zl ⊇ true

XYt
e ⊆ LAMBDA

Zl ⇒ XYt
e ⊆ BOX Zl ⊇ true

XYt
e ⊆ BOX

s� ½©gË:[þt�Ér |9�½+Ë ]j���d���̀¦ %�6£§ �̧Ø�¦½+É M:�� ÉÒ��H õ�&ñ
\�"f ÆÒ���)a ��{9� �����\�¦ �ÐÀÓr����

]j���d�� ×�æ\�"f z�́]j�Ð �����\�¦ Ãº'��½+É ��¹כ��9 e�����¦ óøÍéß��)a ��\þt]	כ @/K� ��{9� �����\�¦ Ãº'��
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��̧2�¤ ���8̈��)a ½©gË:[þt�̀¦ ÆÒ��ô�Ç��.

sv1 ⊇ sv2 sv2 ⊇ ι

sv1 ⊇ ι

sv1 ⊇ sv2 sv2 ⊇ sv3 → sv4

sv1 ⊇ sv3 → sv4

sv1 ⊇ sv2 sv2 ⊇ ¤ sv3

sv1 ⊇ ¤ sv3

sv1 ⊇ sv2 sv2 ⊇ true
sv1 ⊇ true

s� ½©gË:[þt�Ér þj�è ·ú�Ìqts��Ð Û�¦�9��� ]j���d��[þt_� K��� ����̂ |9�½+Ë ]j���d��_� K��� |̈c Ãº e���̧

2�¤ ]j���d��[þt�̀¦ ���8̈�
���H %i�½+É�̀¦ Ãº'��ô�Ç��.
s�XO�>� %3�#Q��� þj�è ·ú�Ìqts��Ð Û�¦�9��� ]j���d��õ� éß�>� 0_� ��Ä» ���Ãº\� @/ô�Ç ]j���d��(∀x ∈

FV 0(l0).Yx
t0 ⊆ ∅)�̀¦ �<Êa� ëß�7á¤
���H K��� �>rF�
���� áÔ�ÐÕªÏþ��Ér z�́'�� ×�æ\� ��{9� \��Q�� µ1ÏÒqt


�t� ·ú§��H��.

4.4 ;d<K

z�́]j \V�Ð"f, λx.(x x)ü< boxt (c c)\� @/K� |9�½+Ë ]j���d���̀¦ �̧Ø�¦
��¦ ÉÒ��H õ�&ñ
�̀¦ ¶ú�(R�:r��.
s� áÔ�ÐÕªÏþ�[þt�Ér �̀¦���Ér áÔ�ÐÕªÏþ�e��\��̧ Ô�¦½̈
��¦ éß�í�H ��{9� �̂>��� ��]X�
���H áÔ�ÐÕªÏþ�[þt

s���.
λx.(x x)_� y�� 
�ÂÒ Ãºd��\� l0 : λx.(l1 : (l2 : x) (l3 : x))%�!3� ³ðt�\�¦ ·¡­s���� áÔ�ÐÕªÏþ�_� y��

ÂÒì�r\� @/
�#� ��6£§õ� °ú �Ér ]j���d��s� �̧Ø�¦�)a��.

l0 : XYt0
l0

⊇ Yx
t0 → XYt0

l1
, Zl1

⊇ Zl0

l1 : XYt0
l1

⊇ apply(XYt0
l2

,XYt0
l3

), XYt0
l2

⊆ LAMBDA, Zl1
⊇ true

l2 : XYt0
l2

⊇ Yx
t0 , Yx

t0 6⊆ ∅, Zl2
⊇ true

l3 : XYt0
l3

⊇ Yx
t0 , Yx

t0 6⊆ ∅, Zl3
⊇ true

�̧Ø�¦�)a ]j���d���̀¦ þj@/ô�Ç Û�¦���, þj�è ·ú�Ìqts��Ð Û�¦�9��� ]j���d��[þt�Ér ��6£§õ� °ú ��.

XYt0
l0

⊇ Yx
t0 → XYt0

l1
, XYt0

l2
⊆ LAMBDA, Yx

t0 6⊆ ∅, Zl1 ⊇ true, Zl2 ⊇ true, Zl3 ⊇ true

��{9��̀¦ ]jô�Ç
���H ⊆, 6⊆ +þAI�_� ]j���d��_� ¢,aAá¤\� 1px�©�
���H |9�½+Ë ���Ãº�� ⊇ +þAI�_� ]j���d��_�
¢,aAá¤\� 1px�©�
�t� ·ú§Ü¼Ù¼�Ð, s� ]j���d��[þt�̀¦ ëß�7á¤
���H K��� �>rF�ô�Ç��.
��ðøÍ��t��Ð, boxt (c c)_� y�� 
�ÂÒ Ãºd��\� l0 : boxt (l1 : (l2 : c) (l3 : c))%�!3� ³ðt�\�¦ ·¡­s����

áÔ�ÐÕªÏþ�\� y�� ÂÒì�r\� @/
�#� ��A�_� ]j���d��s� �̧Ø�¦�)a��.

l0 : XYt0
l0

⊇ ¤ XYt

l1
, Zl1

⊇ Zl0

l1 : XYt

l1
⊇ apply(XYt

l2
,XYt

l3
), Zl1

⇒ XYt

l2
⊆ LAMBDA, Zl2

⊇ Zl1
, Zl3

⊇ Zl1

l2 : XYt

l2
⊇ ι

l3 : XYt

l3
⊇ ι

s�XO�>� �̧Ø�¦�)a ]j���d���̀¦ þj@/ô�Ç Û�¦���, ��A�ü< °ú �Ér þj�è ·ú�Ìqts� ]j���d��[þt�Ð Û�¦�9�����.

XYt0
l0

⊇ ¤ XYt

l1
, XYt

l2
⊇ ι, XYt

l3
⊇ ι

��{9��̀¦ ]jô�Ç
���H ⊆ +þAI�_� ]j���d��s� �>rF�
�t� ·ú§Ü¼Ù¼�Ð, ]j���d��[þt�̀¦ ëß�7á¤
���H K��� �>rF�
ô�Ç��.



��·ÿ�4� É�}¹½�×�y;c 60Â6Ò Ê¥�mrÃç> z��̀Â6Ò (Ûo)o� – ��»%��Z9� · T��¢9£Ó	 · 35

5 �lB&è< D�� ��Ø³Ö a:@¦�

t��FK��t� ��éß�>� áÔ�ÐÕªÏþ�\� @/ô�Ç âì2£§�̀¦ �¦�9ô�Ç &ñ
�§ô�Ç ì�r$3��̀¦ �¦îß�
�%i���. s� ì�r$3��Ér îß�
���½+É ÷�rëß� ��m���, éß�í�H ��{9� �̂>��Ð�� �8 ú́§�Ér �̀¦���Ér áÔ�ÐÕªÏþ��̀¦ ~ÃÎ��[þt{9� �¦����s	כ ÆÒ
8£¤�)a��. s�\� @/ô�Ç +þAd��&h����(formal) 7£x"î
s� ���'�� ×�æs���.
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