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V� 1 *�×

�â e�

• áÔ�ÐÕªÏþ� ì�r$3� z�́+«>_� {9�'�\�¦ z�́]j (����{9��Q ½̈»¡¤�̀¦ :�xK� z�́�&³½+É ��¹כ��9
e����.

• �©�0A_� ��{9�½̈�̧\�¦ °ú�ð�r (higher-order and typed) áÔ�ÐÕªA�bç
 ���#Q_� (��
��{9��Q r�Û¼%7��̀¦ 1lq�� >hµ1Ï½+É ��¹כ��9 e����.

• SML/NJ�� OCaml(����{9��Q[þt�ÉráÔ�ÐÕªÏþ�ì�r$3�l�Õüt�̀¦Ø�æì�ry�6£x6 x��¦
e��t� 3lw�����, Õª ��0px$í
�̀¦ %i�¿º\� ¿º�¦ ëß�[þt#Qt�t� ·ú§��¤��.

• SML/NJ�� OCaml (����{9��Q[þt�Ér p�A�_� �Å	àÔ�°3 (��ÉÓh�A 8̈��â
�̀¦ %i�¿º\�
¿º�¦ ëß�[þt#Qt�t� ·ú§��¤��. nML (����{9��Q��H Äºo��� 3lq³ð�Ð���H �Å	àÔ�°3 áÔ
�ÐÕªA�bç
 ¦�\¹�èכ z�́+«>½+É e�¦Ï?@;�§s� |̈c �.���s	כ

• nML áÔ�ÐÕªA�bç
 ���#Q r�Û¼%7��Ér ML_� ô�Ç²DG ��ÈÒo�s���.

• nMLáÔ�ÐÕªA�bç
 8̈��â
�Ér OCaml_�~½Ód��@/�Ð Unix/C_����:�x�̀¦�Ð�>rô�Ç��.
C ����̧�� nML �§�Ð >h7áx���HX< ÂÒ{���̀¦ Ö¼z�t� ·ú§�̧2�¤.
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V� 2 *�×

%K�ß��Ä©�¿

V� 1 â�
 %K�ß��

��6£§_� ³ðl�ZO��̀¦ ���Ér��:

| alternative () grouping
〈〉 optional •∗ zero or more
•+ one or more † sugared alternative

integer ::= (0− 9)+

| (0X|0x)(0− 9|A− F|a− f)+

| (0O|0o)(0− 7)+

| (0B|0b)(0− 1)+

real ::= (0− 9)+〈.(0− 9)+〉〈(E|e)〈-|+〉(0− 9)+〉
string ::= "(printableChar |escapecString |ignore)∗"

character ::= ’(printableChar |escapecChar)’
ignore ::= \(newline|formfeed |newline formfeed)(space|tab)+

escapecString ::= \(b|t|n|r|\|"|(0− 9)(0− 9)(0− 9))
escapecChar ::= \(b|t|n|r|\|’|(0− 9)(0− 9)(0− 9))

comment ::= balanced (* *), between which any character can appear.

alphanum ::= a− z | A− Z | hangul |0− 9|_|’
upper ::= A− Z | _
lower ::= a− z | hangul

hangul ::= syllables of KSX1001 (a.k.a. KSC5601 or eur-kr)
| syllables of KSX1005-1 (a.k.a. KSC5700, unicode, or ISO/IEC10646-1)

sym ::= ! | % | & | $ | # | + | - | / | : | < | = | > | ? | @ | \ | ~ | ‘ | ^ | | | *
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lid ::= lower(alphanum)∗

uid ::= upper(alphanum)∗

varid ::= lid
prefixid ::= (! | ? | ~)sym∗

infixid ::= (% | & | $ | # | + | - | / | : | < | = | > | @ | \ | ‘ | ^ | | | *)sym∗

opid ::= prefixid | infixid
tyid ::= lid

conid ::= uid
strid ::= uid
sigid ::= uid
fctid ::= uid
tyvar ::= ’lid

lab ::= (0− 9)(0− 9)∗ | lid
varlongid ::= varid | strid.varlongid
oplongid ::= opid | strid.oplongid
tylongid ::= tyid | strid.tylongid

conlongid ::= conid | strid.conlongid
strlongid ::= strid | strid.strlongid

ty ::= tyvar
| {tyrow}
| tyseq tylongid
| ty1 -> ty2

| (ty)
† ty1 * ty2

tyrow ::= lab : ty 〈,tyrow〉
tyseq ::= ty

| empty sequence
| (ty1, · · · , tyk) k ≥ 1

tyvarseq ::= tyvar
| empty sequence
| (tyvar1, · · · , tyvark) k ≥ 1
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pat ::= _ wild pattern
| integer | string | character constant pattern
| { patrow } | {} record pattern
| [|pat (, pat)∗|] | [||] array pattern
| ( pat )
| ref pat
| conlongid 〈pat〉 datacon pattern
| varid pattern variable
| ( opid ) operator pattern variable
| pat : ty pattern with type
| (varid | ( opid )) 〈: ty〉 as pat as pattern
| pat1 | pat2 or pattern
| pat :: pat cons pattern
† (pat (, pat)+) tuple pattern
† [pat (, pat)∗] † [] list pattern
† () unit pattern

patrow ::= ...
| lab = pat 〈, patrow〉
† lid〈, patrow〉
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e ::= const
| varlongid
| conlongid
| ( oplongid )
| { labrow } | {} record
| e1 . lab record field
| [| 〈elmtrow〉 |] | [||] array
| e1 . [ e2 ] array field
| e1 . [ e2 ] <- e3 array update
| let valdec in e end binding
| ( e )
| e1 e2 application
| e : ty
| e handle match
| raise e
| fn match function
† fn curmatch curried function
| e1 := e2 assignment
| ! e dereference
| ref e reference
† prefixid e prefix application
† e1 infixid e2 infix application
† e1 { lab <- e2 } new record
† e1 ; e2 sequence
† case e of match
† if e1 then e2 else e3

† if e1 then e2

† ( e , elmtrow ) tuple
† [ 〈elmtrow〉 ] list
† while e1 do e2 end
† for varid = e1; e2; e3 do e4 end
† ()

const ::= integer | real | string | character
curmatch ::= pat+ => e 〈| curmatch〉

match ::= pat => e 〈| match〉
labrow ::= lab = e 〈, labrow〉

elmtrow ::= e 〈, elmtrow〉
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dec ::= valdec
| type typbind
| exception exnbind
| local dec1 in dec2 end
| dec1 〈;〉 dec2

† open strlongid

valdec ::= val tyvarseq valbind
† fun funbind
| valdec 〈;〉 valdec

strdec ::= dec
| structure strbind
| strdec 〈;〉 strdec

fntordec ::= functor fctid ( strid : sig1 ) = strexp
† functor fctid ( strid : sig1 ) : sig2 = strexp
† functor fctid ( strid1 : sig1 (, strid2 : sig2)+ ) 〈: sig3〉 = strexp

sigdec ::= signature sigbind

strexp ::= strlongid
| struct 〈strdec〉 end
| strexp : sig
| fctid (strexp)
† fctid (strexp (, strexp)+)

valbind ::= pat = e 〈and valbind〉
| rec valbind

funrule ::= (varid | ( opid )) pat+〈: ty〉 = e
funbind ::= funrule (|funrule)∗ 〈and funbind〉
typbind ::= tyvarseq tyid = ty 〈and typbind〉

| tyvarseq tyid = conbind 〈and typbind〉
conbind ::= conid 〈of ty〉 〈| conbind〉
exnbind ::= conid 〈of ty〉 〈and exnbind〉
sigbind ::= sigid = sig
strbind ::= strid = strexp 〈and strbind〉

† strid : sig = strexp
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sig ::= sigid
| sig 〈spec〉 end
| sig where

spec ::= val valdesc
| type typdesc
| exception exndesc
| include sig
| structure strdesc
| spec 〈;〉 spec

valdesc ::= (varid | ( opid )) : ty 〈and valdesc〉
typdesc ::= tyvarseq tyid 〈and typdesc〉

| tyvarseq tyid = ty 〈and typdesc〉
| tyvarseq tyid = condesc 〈and typdesc〉

condesc ::= conid 〈of ty〉 〈| condesc〉
exndesc ::= conid 〈of ty〉 〈and exndesc〉
strdesc ::= strid : sig 〈and strdesc〉

where ::= where type longtypbind
longtypbind ::= tyvarseq tylongid = ty 〈and longtypbind〉

topdec ::= sigdec
| fntordec
| strdec
| topdec1 〈;〉 topdec2
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V� 2 â�
 e�Ôeµ �����, ¥o>ñ5Ñ��, PLl���Ä©Å]���, UdgC(�×æ�Ï

• l��:r ��{9� :

unit, bool, int, real, string, char, list, ref, exn, array

• l��:r ���íß��� :

+,-,*,/ (infix) int→ int→ int int add/sub/mul/div
(infix) real→ real→ real real add/sub/mul/div

+ (prefix) int→ int identity
(prefix) real→ real identity

- (prefix) int→ int int negation
(prefix) real→ real real negation

% (infix) int→ int→ int int modulus
** (infix) int→ int→ int int exponential

(infix) real→ real→ real real exponential
++, -- (postfix) int ref→ unit int inc/dec side effect

(postfix) real ref→ unit real inc/dec side effect
+=,-=,*=,/= (infix) int ref→ int→ unit int add/sub/mul/div side effect

(infix) real ref→ real→ unit real add/sub/mul/div side effect
<<, >> (infix) int→ int→ int bitwise arithematic shift left/right

andalso,&& (infix) bool→ bool→ bool boolean and
orelse,|| (infix) bool→ bool→ bool boolean or

not (prefix) bool→ bool boolean negation
= (infix) ’a→ ’a→ bool equality

<> (infix) ’a→ ’a→ bool inequality
<,<=,>,>= (infix) ’a→ ’a→ bool int comparison

@ (infix) ’a list→ ’a list→ ’a list list concatenation
^ (infix) string→ string→ string string concatenation

• l��:r X<s���½̈$í
��ü< \Vü@�©�S!�
True,true bool true

False,false bool false
Nil,nil ’a list empty list

:: (infix) ’a× ’a list→ ’a list list cons
Match pattern match exception
Zero division exception

Overflow overflow exception
Bound array/record bound exception

Equality equality check exception

V� 3 â�
 ËÁ¤n>'K��Dÿ? '�×/�×Å]�

“? · · · ” �Ér ?�Ð r�������H s�2£§[þt�̀¦ >pwô�Ç��.
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• áÔ�ÐÕªÏþ�d��\�"f_� Äº���í�H0A(?/aË>	�í�H)ü< ~½Ó�¾Ó$í


expression constructs associativity
ref, prefixop, ++ (postfix), -- (postfix) right
., .[ left
new record left
data constructor application left
function application left
+ (prefix), - (prefix) right
**· · · right
*· · · , /· · · , %· · · left
+· · · , -· · · left
:: right
@· · · , ^· · · right
other infix operators left
not right
andalso, && right
orelse, || right
:=, +=, -=, *=, /=, <- right
, left
: left
raise right
if right
; right
case, fn, handle right

prefix áÔ�ÐÕªÏþ� ½̈$í
�� #��Q >h�� infix ½̈$í
��ü< [O�#Q æ¼{9� M:��H ���©� îß�
Aá¤_� prefix ½̈$í
��_� Äº���í�H0A\�¦ ���Ér��.

\V, if · · · else fn x => e3; e4 ��H if · · · else (fn x => (e3; e4))
�ÐK�$3�ô�Ç��.7£¤,���©�îß�Aá¤_� fns� ;�Ð��Äº���í�H0A��±ú�Ü¼Ù¼�Ð e3; e4��

���$� Óü������.

• °úכ ������\�"f_� Äº���í�H0A(?/aË>	�í�H)ü< ~½Ó�¾Ó$í


valbind constructs associativity
and –
rec –

• J����\�"f_� Äº���í�H0A(?/aË>	�í�H)ü< ~½Ó�¾Ó$í
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pattern constructs associativity
ref –
data constructor application left
curried patterns –
:: right
| –
: –
as –

• ��{9�d��\�"f_� Äº���í�H0A(?/aË>	�í�H)ü< ~½Ó�¾Ó$í


type constructs associativity
type constructor application –
* (tuple type) –
-> (function type) right
where (signature constraint) left

V� 4 â�
 %K�ß���\�ê�> V�»ÈÐ�æ·

• ���_� ��{9� &ñ
_� Óüæu� (typbind) \�"f ������÷&��H ��{9�s�2£§[þt�Ér �̧¿º ²ú���
�� ô�Ç��.

#Q|�� \V, “type t = A | B and t = C”

• ���_� X<s��� ��{9� &ñ
_� Óüæu�\�"f ������÷&��H X<s��� ½̈$í
�� s�2£§[þt�Ér �̧
¿º ²ú����� ô�Ç��.

#Q|�� \V, “type t = A | A”<�Ê�Ér “type t = A | B and f = A”

• ���_� °úכ &ñ
_� Óüæu� (valbind) \�"f ������÷&��H °úכ_� s�2£§[þt�Ér �̧¿º ²ú�����
ô�Ç��.

#Q|�� \V, “val x = 1 and x = 2”

• F�)&h���� °úכ &ñ
_�\�"f (rec valbind) =_� �̧�ÉrAá¤\���H �̧f�� “fn match”ëß�
�̀¦ Ãº e����.

#Q|�� \V, “val rec f = 2”

• F�)&h����°úכ&ñ
_�\�"f (rec valbind)\�"f =_�¢,a¼#�J�����ÉrJ�������Ãºëß���
0px���.

#Q|�� \V, “val rec f as g = fn x => f g x”

• Áº�8l� J����(or-pattern)�̀¦ ]jü@��¦, ���_� J����\�"f °ú �Ér J���� ���Ãº��
#��Q��� �̀¦ Ãº \O���.

#Q|�� \V, “case e of (x,x) => e′”

• ���_� ]X�5Åq~½Óîß� (spec)\�"f °ú �Ér s�2£§_� ������s� #��Q��� ����±ú� Ãº \O���.

#Q|�� \V, “sig type t type t end” <�Ê�Ér “sig val t val t end”
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• \V����)a d���̂¦[þt�Ér áÔ�ÐÕªÏþ�\�"f F� &ñ
_�|̈c Ãº \O���.

#Q|��\V, “val int = 10”<�Ê�Ér “type ’for char = True of ’for list”

V� 5 â�
 Ud»ÈÐÛÖS ÐÏ�¡�·�æ·

and andalso case do else end exception fn for fun functor
handle if in include let local of open orelse raise rec ref
sig signature struct structure then type val where while
:= ! -> <- => | : ; { } [ ] [| |] , ( ) .

array bool char exn int list real ref string unit

nil not true false ++ -- && ||

12



V� 6 â�
 à�
-�× Ä©�¿

��Ä»�Ðî�r s�2£§s� [O��½Ós� 0lqÜ¼���"f Óü�s�t� ·ú§�̧2�¤ô�Ç��.

(pat0, · · · , patn) ≡ {0 = pat0, · · · , n = patn} n ≥ 1
[pat0, · · · , patn] ≡ pat0:: · · · ::patn::nil n ≥ 0
ty0 * · · · * tyn ≡ {0:ty0, · · · , n:tyn}
() ≡ {}
(e0, · · · , en) ≡ {0 = e0, · · · , n = en} n ≥ 1
[e0, · · · , en] ≡ e0:: · · · ::en::nil n ≥ 0
[] ≡ nil
{lid〈, patrow〉} ≡ {lid = lid〈, patrow〉}
e1 infixid e2 ≡ ( infixid ) (e1,e2)
prefixid e ≡ ( prefixid ) e
e1 { lab <- e2 } ≡ let val x = e1 in {lab=e2,l1=x.l1,· · · ,ln=x.ln}end

(éß�, e2_� ��{9�s� τ{9� M:,
e1_� ��{9��Ér {lab 7→ τ, l1 7→ τ1, · · · , ln 7→ τn})

fn pat00 · · · pat0m => e0 ≡ fn x0 => · · · => fn xm =>
· · · case (x0,· · · ,xm)
| patn0 · · · patnm => en of (pat00,· · · ,pat0m) => e0

· · ·
| (patn0,· · · ,patnm) => en

(éß�, m > 0{9� �â
Äºëß�)
fun (varid | ( opid )) pat00 · · · pat0m: ty = e0

· · ·
| (varid | ( opid )) patn0 · · · patnm: ty = en

≡ val rec (varid | ( opid )) = fn x0 => · · · => fn xm =>
(case (x0,· · · ,xm)
of (pat00,· · · ,pat0m) => e0

· · ·
| (patn0,· · · ,patnm) => en) : ty

e1 ; e2 ≡ (fn _ => e2) e1

case e of match ≡ (fn match) e
if e1 then e2 else e3 ≡ case e1 of true => e2 | false => e3

if e1 then e2 ≡ if e1 then e2;() else ()
while e1 do e2 end ≡ let val rec f = fn _=> if e1 then (e2; f()) else ()

in f() end
for varid = e1; e2; e3 do e4 end

≡ let val rec f = fn varid =>
if e2 then (e4; f(e3)) else ()

in f e1 end
e1 andalso e2 or e1 && e2 ≡ if not e1 then false else e2

e1 orelse e2 or e1 || e2 ≡ if e1 then true else e2
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functor fctid ( strid : sig1 ) : sig2 = strexp
≡ functor fctid ( strid : sig1 ) = strexp : sig2

functor fctid ( strid1 : sig1, · · · , stridn : sign ) 〈: sig〉 = strexp
≡ functor

fctid (S: sig
structure strid1 : sig1

...
and stridn : sign

end)
= {S.strid1/strid1, · · · , S.stridn/stridn}strexp 〈: sig〉
(strexp\� e����H strid i\�¦ S.strid i�Ð ��õ�H��)

fctid(strexp1, · · · ,strexpn) ≡ fctid(struct
structure strid1 = strexp1

...
and stridn = strexpn

end)
(strid i[þt�Ér �̧Ñýt�<ÊÃº fctid_� ����� s�2£§[þt)

structure strid : sig = strexp ≡ structure strid = strexp : sig
sig where type longtypbind1 and · · · and longtypbindn

≡ sig where type longtypbind1 · · · where type longtypbindn

open strlongid ≡
open_� Ä»ò́#3�0A\� e����H ��Ä»���Ãº x�� strlongid\�"f &ñ
_��)a s�2£§s������, strlongid.x�Ð ��õ�H��.

• open_� Ä»ò́#3�0A��H (����{9� éß�0A?/\�"f Õª opend���̀¦ �í�<Ê���H ���©� 	�H
strdecs� ��6£§õ� °ú �̀¦M: strdec2 �Ð &ñ
_��)a��:

strdec1 open strlongid strdec2.
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V� 3 *�×

è«�×Ü«9̂g�+ ��
�ßj

v ∈ Val = Constant ∪Data ∪ Exn ∪ Record ∪Array∪
Addr ∪ Closure ∪ PrimOp

c ∈ Constant = Integer ∪ Real ∪ String ∪ Character ∪ Bool
d ∈ Data = ConId ∪ (ConId ×Val)

x, [x] ∈ Exn = ConId ∪ (ConId ×Val)
vid ∈ VId = VarId ∪OpId ∪ ConId

r ∈ Record = Lab fin→ Val
y ∈ Array = Integer fin→ Addr

Closure = Match × Env ×ValEnv
s ∈ Store = Addr fin→ Val
a ∈ Addr
E ∈ Env = ValEnv × StrEnv × TyEnv

VE ∈ ValEnv = VId fin→ Val
SE ∈ StrEnv = StrId fin→ Env
TE ∈ TyEnv = TyId fin→ ValInt

B ∈ Basis = FunEnv × SigEnv × Env
F ∈ FunEnv = FunId fin→ (StrId × Int)× StrExp × Basis
G ∈ SigEnv = SigId fin→ Int
I ∈ Int = ValInt × StrInt × TyInt

VI ∈ ValInt = Fin(VId)
SI ∈ StrInt = StrId fin→ Int
TI ∈ TyInt = TyId fin→ ValInt

A
fin→ B: |9�½+Ë A_� Ä»ô�Çô�Ç ÂÒì�r|9�½+Ë\�"f |9�½+Ë B�Ð ����H �<ÊÃº[þt_� |9�½+Ë.

Fin(S): |9�½+Ë S_� Ä»ô�Çô�Ç ÂÒì�r|9�½+Ë[þt_� |9�½+Ë

��&ñ
 : áÔ�ÐÕªÏþ�_�z�́'��\���HáÔ�ÐÕªÏþ�%7�Û¼àÔ\�"f_� “of ty”, “:ty”, “tyvarseq”,
“where type longtypbind”ü< ���íß���_� Dhu�l�(fixity)��H \O���H�Ü¼�Ð	כ ô�Ç

��.
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Bj�̧o� »¡¤&h� : Bj�̧o� �©�I���H »¡¤&h��)a��. É+½¹כ��9 M:\�¦ ]jü@��¦��H Ò�¦\�"f s�\�¦ ×¼�Q?/���
·ú§�¦ �½Ó�©� Õª�Qô�Ç �Ü¼�Ð	כ çß�ÅÒô�Ç��. \V\�¦[þt#Q,

A ` phrase1 ⇒ b A′ ` phrase2 ⇒ b′

A ` phrase ⇒ b′

��H Bj�̧o� �©�I� s �� ��6£§õ� °ú s� »¡¤&h�÷&��H �¦̀�	כ Òqt|ÄÌô�Ç �:���s	כ

s,A ` phrase1 ⇒ b, s1 s1, A
′ ` phrase2 ⇒ b′, s2

s,A ` phrase ⇒ b′, s2

\Vü@�©�S!� ����� : µ1ÏÒqtô�Ç \Vü@�©�S!��Ér ������)a��. \V\�¦ [þt#Q,

A ` phrase1 ⇒ b A′ ` phrase2 ⇒ b′

A ` phrase ⇒ b′

��H µ1ÏÒqtô�Ç \Vü@�©�S!�s� �����÷&��H ��6£§_� ¿º>h_� Ò�¦�̀¦ �<Êa� &ñ
_����H �¼Ü	כ

�Ð ô�Ç��:
A ` phrase1 ⇒ [x]
A ` phrase ⇒ [x]

A ` phrase1 ⇒ b A′ ` phrase2 ⇒ [x]
A ` phrase ⇒ [x]

〈〉: _�p�½̈�̧_�½©gË:\�"f�̧ 〈〉��Hë�HZO�½̈�̧\�"f%�!3�, »	·¡{9�Ãºe����H�³ð¦̀�	כ
�&³ô�Ç��. \V\�¦[þt#Q,

A 〈B〉
C 〈D〉

��H ��6£§_� ¿º��t� ½©gË:�̀¦ _�p�ô�Ç��:

A
C

A B
C D

a/b: “a/b”��H “a <�Ê�Ér b”\�¦ ³ð�&³ô�Ç��. #��QÓüæu��� ��6 x|̈c M:��H ·ú¡_� ��Ér	כ ·ú¡_�
�	כ z�o�, +'\� ��Ér	כ +'\� ��z�o	כ e����H �¦̀�	כ ³ð�&³ô�Ç��. \�\�¦[þt#Q,

A a′/b′

B a/b

��H ��6£§_� ¿º��t� ½©gË:�̀¦ _�p�ô�Ç��:

A a′
B a

A b′

B b

f + g: “f + {x 7→ y}”��H �<ÊÃº f_� &ñ
_�%ò
%i�\�"f x �'pàÔo�\�¦ y�Ð ��Ë̈���� (x ∈
Dom f��� �â
Äº) SX��©�ô�Ç�� (x 6∈ Dom f��� �â
Äº). {9�ìøÍ&h�Ü¼�Ð “f + g”��H �<Ê
Ãº g�� �<ÊÃº f\�¦ ��Ë̈���� SX��©����H �,>���X	כ ¹כ��9���� g\�¦ f_� ��{9� A�Ð
SX��©�r���� Êê\� (g in A) &ñ
_�÷&��H �Ü¼�Ð	כ ô�Ç��.
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B of A: A = 〈· · · , B, · · ·〉{9�M: B\�¦ >pwô�Ç��.

g in A: “g in A”��H G_�"é¶�è g\�¦ A_�"é¶�è�Ðëß�×¼��HX<,s�M: A_�"é¶�è����4R��

���H ÂÒ¾¡§�Ér /BN|9�½+ËÜ¼�Ð ô�Ç��. \V\�¦[þt#Q, A = G×Hs��¦ H = X
fin→ Y{9�

M: “g in A”��H “〈g, {}〉”\�¦ >pwô�Ç��.

[x]: \Vü@�©�S!� °úכ x\�¦ “[x]”�Ð æ¼���, µ1ÏÒqtô�Ç \Vü@�©�S!��̀¦ >pwô�Ç��.

�¿�å· â��¢4́ E ↓ I

VE ↓ VI = VE ′ SE ↓ SI = SE ′ TE ↓ TI = TE ′

(VE ,SE ,TE ) ↓ (VI ,SI ,TI ) = (VE ′,SE ′,TE ′)
(3.1)

VE ↓ VI = {vid 7→ VE (vid) | vid ∈ VI } (3.2)

SE ↓ SI = {strid 7→ E ↓ I | SE (strid) = E,SI (strid) = I} (3.3)

TE ↓ TI = {tyid 7→ VI ′ | TE (tyid) = VI ,TI (tyid) = VI ′} (3.4)

��
�ßj ».É¿R� æ�
n�e� recVE

VE (vid) = (match, E,VE ′)
recVE (vid) = (match, E,VE )

(3.5)

VE (vid) = v 6∈ Closure
recVE (vid) = v

(3.6)

V� 1 â�
 è«�×Ü«9̂g �¿�å·�+ ��
�ßj

¤n>¥U> E ` dec ⇒ E′

E ` valdec ⇒ VE
E ` valdec ⇒ VE in Env (3.7)

` typbind ⇒ VE ,TE
E ` type typbind ⇒ (VE ,TE ) in Env (3.8)

` exnbind ⇒ VE
E ` exception exnbind ⇒ VE in Env (3.9)

E ` dec1 ⇒ E1 E + E1 ` dec2 ⇒ E2

E ` local dec1 in dec2 end⇒ E2
(3.10)

E ` dec1 ⇒ E1 E + E1 ` dec2 ⇒ E2

E ` dec1 〈;〉 dec2 ⇒ E1 + E2
(3.11)
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G±ê ¤n>¥U> E ` valdec ⇒ VE

E ` valbind ⇒ VE
E ` val valbind ⇒ VE (3.12)

E ` valdec1 ⇒ VE 1 E + VE 1 ` valdec1 ⇒ VE 2

E ` valdec1 〈;〉 valdec2 ⇒ VE 1 + VE 2
(3.13)

�¿�å· ¤n>¥U> B ` strdec ⇒ E

E of B ` dec ⇒ E′

B ` dec ⇒ E′ (3.14)

B ` strbind ⇒ SE
B ` structure strbind ⇒ SE in Env (3.15)

B ` strdec1 ⇒ E1 B + E1 ` strdec2 ⇒ E2

B ` strdec1 〈;〉 strdec2 ⇒ E1 + E2
(3.16)

�¿�å·Áþ�ÊÁ ¤n>¥U> B ` fntordec ⇒ F

G of B ` sig1 ⇒ I

B ` functor fctid ( strid : sig1 ) = strexp ⇒ {fctid 7→ (strid : I, strexp, B)}
(3.17)

�¿�å·����� ¤n>¥U> B ` sigdec ⇒ G

B ` sigbind ⇒ G

B ` signature sigbind ⇒ G
(3.18)

�¿�å· ÐÏ� B ` strexp ⇒ E

B(strlongid) = E

B ` strlongid ⇒ E
(3.19)

〈B ` strdec ⇒ E〉
B ` struct 〈strdec〉 end⇒ {}〈+E〉 (3.20)

B ` strexp ⇒ E G of B ` sig ⇒ I

B ` strexp : sig ⇒ E ↓ I
(3.21)

(F of B)(fctid) = (strid : I, strexp′, B′)
B ` strexp ⇒ E B′ + {strid 7→ E ↓ I} ` strexp′ ⇒ E′

B ` fctid (strexp)⇒ E′
(3.22)
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G±ê Ça��+ E ` valbind ⇒ VE

E ` e ⇒ v E, v ` pat ⇒ VE 〈E ` valbind ⇒ VE ′〉
E ` pat = e 〈and valbind〉 ⇒ VE 〈+VE ′〉 (3.23)

E ` valbind ⇒ VE
E ` rec valbind ⇒ recVE (3.24)

����� Ça��+ ` typbind ⇒ VE ,TE

〈` typbind ⇒ VE ,TE 〉
` tyid = ty 〈and typbind〉 ⇒ {} 〈+VE 〉, {tyid 7→ {}} 〈+TE 〉 (3.25)

` conbind ⇒ VE 〈` typbind ⇒ VE ′,TE ′〉
` tyid = conbind 〈and typbind〉 ⇒ VE 〈+VE ′〉, {tyid 7→ Dom VE} 〈+TE ′〉

(3.26)

PLl��� Ä©Å]��� Ça��+ ` conbind ⇒ VE

〈` conbind ⇒ VE 〉
` conid 〈| conbind〉 ⇒ {conid 7→ conid} 〈+VE 〉 (3.27)

UdgC(�×æ�Ï Ça��+ ` exnbind ⇒ VE

〈` exnbind ⇒ VE 〉
` conid 〈and exnbind〉 ⇒ {conid 7→ conid} 〈+VE 〉 (3.28)

�¿�å·����� Ça��+ B ` sigbind ⇒ G

G of B ` sig ⇒ I 〈B ` sigbind ⇒ G〉
B ` sigid = sig 〈and sigbind〉 ⇒ {sigid 7→ I} 〈+G〉 (3.29)

�¿�å· Ça��+ B ` strbind ⇒ SE

B ` strexp ⇒ E 〈B ` strbind ⇒ SE 〉
B ` strid = strexp 〈and strbind〉 ⇒ {strid 7→ E} 〈+SE 〉 (3.30)

�¿�å· ����� G ` sig ⇒ I

G(sigid) = I

G ` sigid ⇒ I
(3.31)
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〈G ` spec ⇒ I〉
G ` sig 〈spec〉 end⇒ {}〈+I〉 (3.32)

â��¢4́ '�×ò5Ñ G ` spec ⇒ I

` valdesc ⇒ VI
G ` val valdesc ⇒ VI in Int (3.33)

` typdesc ⇒ TI
G ` type typdesc ⇒ TI in Int (3.34)

` exndesc ⇒ VI
G ` exception exndesc ⇒ VI in Int (3.35)

G ` sig ⇒ I

G ` include sig ⇒ I
(3.36)

G ` strdesc ⇒ SI
G ` structure strdesc ⇒ SI in Int (3.37)

G ` spec1 ⇒ I1 G ` spec2 ⇒ I2

G ` spec1 〈;〉 spec2 ⇒ I1 + I2
(3.38)

G±ê â��¢4́'�×ò5Ñ ` valdesc ⇒ VI

〈` valdesc ⇒ VI 〉
` varid : ty 〈and valdesc〉 ⇒ {varid} 〈∪VI 〉 (3.39)

〈` valdesc ⇒ VI 〉
` (opid) : ty 〈and valdesc〉 ⇒ {opid} 〈∪VI 〉 (3.40)

����� â��¢4́'�×ò5Ñ ` typdesc ⇒ TI

〈` typdesc ⇒ TI 〉
` tyvarseq tyid 〈and typdesc〉 ⇒ {tyid 7→ {}} 〈+TI 〉 (3.41)

〈` typdesc ⇒ TI 〉
` tyvarseq tyid = ty 〈and typdesc〉 ⇒ {tyid 7→ {}} 〈+TI 〉 (3.42)

` condesc ⇒ VI 〈` typdesc ⇒ TI 〉
` tyvarseq tyid = condesc 〈and typdesc〉 ⇒ {tyid 7→ VI } 〈+TI 〉 (3.43)

PLl��� Ä©Å]��� â��¢4́'�×ò5Ñ ` condesc ⇒ VI

〈` condesc ⇒ VI 〉
` conid 〈| condesc〉 ⇒ {conid} 〈∪VI 〉 (3.44)
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UdgC(�×æ�Ï â��¢4́'�×ò5Ñ ` exndesc ⇒ VI

〈` exndesc ⇒ VI 〉
` conid 〈and exndesc〉 ⇒ {conid} 〈∪VI 〉 (3.45)

�¿�å· â��¢4́'�×ò5Ñ G ` strdesc ⇒ SI

G ` sig ⇒ I 〈G ` strdesc ⇒ SI 〉
G ` strid : sig 〈and strdesc〉 ⇒ {strid 7→ I} 〈+SI 〉 (3.46)

è«�×Ü«9̂g ¤n>¥U> B ` topdec ⇒ B′

B ` sigdec ⇒ G

B ` sigdec ⇒ B + G
(3.47)

B ` fntordec ⇒ F

B ` fntordec ⇒ B + F
(3.48)

B ` strdec ⇒ E
B ` strdec ⇒ B + E (3.49)

B ` topdec1 ⇒ B1 B + B1 ` topdec1 ⇒ B2

B ` topdec1 〈;〉 topdec2 ⇒ B1 + B2
(3.50)

V� 2 â�
 è«�×Ü«9̂g ÐÏ��+ ��
�ßj

è«�×Ü«9̂g ÐÏ� E ` e ⇒ v/[x]

E ` const ⇒ c (3.51)

E(varlongid) = v

E ` varlongid ⇒ v
(3.52)

E(conlongid) = v

E ` conlongid ⇒ v
(3.53)

E(oplongid) = v

E ` (oplongid)⇒ v
(3.54)

E ` {}⇒ {} as Record (3.55)

E ` labrow ⇒ r
E ` { labrow }⇒ r (3.56)

E ` e ⇒ {lab 7→ v, · · · }
E ` e . lab ⇒ v

(3.57)
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E ` [||]⇒ {} as Array (3.58)

E ` {0 = ref e0, · · · , n = ref en}⇒ r

E ` [|e0, · · · ,en|]⇒ r as Array (3.59)

s,E ` e1 ⇒ {i 7→ a, · · · }, s′ s′, E ` e2 ⇒ i, s′′

s,E ` e1 . [ e2 ]⇒ s′′(a), s′′
(3.60)

s,E ` e1 ⇒ {i 7→ a, · · · }, s′ s′, E ` e2 ⇒ i, s′′ s′′, E ` e3 ⇒ v, s′′′

s,E ` e1 . [ e2 ] <- e3 ⇒ {}, s′′′ + {a 7→ v} (3.61)

E ` valdec ⇒ VE E + VE ` e ⇒ v
E ` let valdec in e end⇒ v

(3.62)

E ` e ⇒ v
E ` ( e )⇒ v (3.63)

E ` e1 ⇒ (match, E′,VE ) E ` e2 ⇒ v′

E′ + recVE , v′ ` match ⇒ v/fail
E ` e1 e2 ⇒ v/[Match]

(3.64)

E ` e1 ⇒ conid E ` e2 ⇒ v

E ` e1 e2 ⇒ (conid , v) (3.65)

E ` e1 ⇒ primop E ` e2 ⇒ v primop v ⇒ v′

E ` e1 e2 ⇒ v′
(3.66)

E ` fn match ⇒ (match, E, {}) (3.67)

E ` e ⇒ v
E ` e handle match ⇒ v (3.68)

E ` e ⇒ [x] E, x ` match ⇒ v/fail
E ` e handle match ⇒ v/[x]

(3.69)

E ` e ⇒ x
E ` raise e ⇒ [x] (3.70)

s, E ` e ⇒ v, s′ a 6∈ Dom s′

s,E ` ref e ⇒ a, s′ + {a 7→ v} (3.71)

s,E ` e1 ⇒ a, s′ s′, E ` e2 ⇒ v, s′′

s,E ` e1 := e2 ⇒ {}, s′′ + {a 7→ v} (3.72)

s,E ` e1 ⇒ a, s′

s, E ` ! e ⇒ s′(a), s′
(3.73)

E ` e1 ⇒ v1 E ` e2 ⇒ v2

E ` e1 ; e2 ⇒ v2
(3.74)

E ` e ⇒ v′ E, v′ ` match ⇒ v/fail
E ` case e of match ⇒ v/[Match]

(3.75)
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Qc�óÞ« 6�£� E ` labrow ⇒ r

E ` e ⇒ v 〈E ` labrow ⇒ r〉
E ` lab = e 〈, labrow〉 ⇒ {lab 7→ v} 〈+r〉 (3.76)

A�©U> 9�n� E, v ` match ⇒ v′/fail

E, v ` pat ⇒ VE E + VE ` e ⇒ v′

E, v ` pat => e ⇒ v′
(3.77)

E, v ` pat ⇒ fail
E, v ` pat => e ⇒ fail (3.78)

E, v ` pat ⇒ VE E + VE ` e ⇒ v′

E, v ` pat => e | match ⇒ v′
(3.79)

E, v ` pat ⇒ fail E, v ` match ⇒ v′

E, v ` pat => e | match ⇒ v′
(3.80)

A�©U> E, v ` pat ⇒ VE/fail

E, v ` _⇒ {} (3.81)

c = v
E, v ` c ⇒ {} (3.82)

c 6= v

E, v ` c ⇒ fail (3.83)

E, {} as Record ` {}⇒ {} (3.84)

E, r ` patrow ⇒ VE/fail
E, r ` { patrow }⇒ VE/fail

(3.85)

E, {} as Array ` [||]⇒ {} (3.86)

r = y as Record
E, r ` { 0 = ref pat0, · · · , n = ref patn} ⇒ VE/fail

E, y ` [|pat0 , · · · , patn|]⇒ VE/fail
(3.87)

E, v ` pat ⇒ VE/fail
E, v ` ( pat )⇒ VE/fail

(3.88)

s(a) = v E, v ` pat ⇒ VE/fail
s,E, a ` ref pat ⇒ VE/fail

(3.89)

E(conlongid) = v

E, v ` conlongid ⇒ {} (3.90)
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E(conlongid) = v′ v 6= v′

E, v ` conlongid ⇒ fail
(3.91)

E, v ` varid ⇒ {varid 7→ v} (3.92)

E(conlongid) = conid v = (conid , v′)
E, v′ ` pat ⇒ VE/fail

E, v ` conlongid pat ⇒ VE/fail
(3.93)

E(conlongid) = conid v 6= (conid , v′)
E, v ` conlongid pat ⇒ fail

(3.94)

E, v ` pat ⇒ VE/fail
E, v ` varid as pat ⇒ VE + {varid 7→ v}/fail

(3.95)

E, v ` pat ⇒ VE/fail
E, v ` (opid) as pat ⇒ VE + {opid 7→ v}/fail

(3.96)

E, v ` pat1 ⇒ VE
E, v ` pat1 | pat2 ⇒ VE (3.97)

E, v ` pat1 ⇒ fail E, v ` pat2 ⇒ VE/fail
E, v ` pat1 | pat2 ⇒ VE/fail

(3.98)

Qc�óÞ« A�©U> E, r ` patrow ⇒ VE/fail

E, r ` ...⇒ {} (3.99)

E, r(lab) ` pat ⇒ VE 1/fail
〈E, r ` patrow ⇒ VE 2/fail〉

E, r ` lab = pat 〈, patrow〉 ⇒ VE 1 〈+VE 2〉/fail
(3.100)

e�Ôeµ ¥o>ñ5Ñ�� primop v ⇒ v′

=(c, c) ⇒ true (3.101)

=(a, a) ⇒ true (3.102)

=(primop, primop) ⇒ true (3.103)

=(conid , conid) ⇒ true (3.104)

=(v1, v2) ⇒ true
=((conid , v1), (conid , v2)) ⇒ true

(3.105)

Dom r1 = Dom r2 ∀lab ∈ Dom r1.=(r1(lab), r2(lab)) ⇒ true
=(r1, r2) ⇒ true

(3.106)
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Dom y1 = Dom y2 ∀i ∈ Dom y1.=(y1(i), y2(i)) ⇒ true
=(y1, y2) ⇒ true

(3.107)

¬(=(v1, v2) ⇒ true)
=(v1, v2) ⇒ false

(3.108)

=(v1, v2) ⇒ c

<>(v1, v2) ⇒ ¬c
(3.109)
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V� 4 *�×

è«�×Ü«9̂g�+ e�Ì�(

τ ∈ Type = TyVar ∪ RowType ∪ FunType ∪DataType
(τ1, · · · , τk) or τ (k) ∈ Typek

(α1, · · · , αk) or α(k) ∈ TyVark

% ∈ RowType = Lab fin→ Type
τ → τ ′ ∈ FunType = Type × Type

DataType = ∪k≥0DataType(k)

τ (k)t ∈ DataType(k) = Typek × TyName(k)

θ or Λα.τ ∈ TypeFn = ∪k≥0TyVark × Type
σ or ∀α.τ ∈ TypeScheme = ∪k≥0TyVark × Type

TS ∈ TyStr = TypeFn ×ValEnv
SE ∈ StrEnv = StrId fin→ Env
TE ∈ TyEnv = TyId fin→ TyStr
VE ∈ ValEnv = VId fin→ TypeScheme

E or (SE ,TE ,VE ) ∈ Env = StrEnv × TyEnv ×ValEnv
T ∈ TyNameSet = Fin(TyName)
U ∈ TyVarSet = Fin(TyVar)

C or T,U,E ∈ Context = TyNameSet × TyVarSet × Env
VId = VarId ∪OpId ∪ ConId

Σ or (T )E ∈ Sig = TyNameSet × Env
Φ or (T )(E, (T ′)E′) ∈ FunSig = TyNameSet × (Env × Sig)

G ∈ SigEnv = SigId fin→ Sig
F ∈ FunEnv = FunId fin→ FunSig

B or T, F, G,E ∈ Basis = TyNameSet × FunEnv × SigEnv × Env
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X(k): k>h_� �����\�¦ ~ÃÎ��[þts���H Óüt|	�[þt.

Xk: k>h_� X "é¶�è[þt�Ð ½̈$í
�)a |9�½+Ë.

Type name binders: ��{9�s�2£§�̀¦ Óü�#QÅÒ��H ��Ér	כ �̧f�� ¿º��t� ÷�r. �̧Ñýt ��{9� (T )E ∈ Sig\�"f_�
(T )ü< �̧Ñýt�<ÊÃº ��{9� (T )(E, (T ′)E′) ∈ FunSig\�"f_� (T ).

tynames A: A\�"f Óü�#�e��t� ·ú§�Ér ��{9� s�2£§[þt.

Type variable binders: ��{9����Ãº αi\�¦ Óü�#QÅÒ��H ��Ér	כ �̧f�� ¿º��t� ÷�r. ��{9��<ÊÃº Λα(k).τü< ��{9�
½̈�̧ ∀α(k).τ .

tyvars A: A\�"f Óü�#�e��t� ·ú§�Ér ��{9� ���Ãº[þt.

tyvars ε: áÔ�ÐÕªÏþ�%7�Û¼àÔ ε\�"fÓü�#�e��t�·ú§�Ér��{9����Ãº[þt.áÔ�ÐÕªÏþ�%7�Û¼àÔ\�"f
��{9� ���Ãº\�¦ Óü�#QÅÒ��H �â
Äº��H [j��t�: ��{9�&ñ
_�(tyvarseq id = ty), X<s���
��{9� &ñ
_�(tyvarseq id = conbind), Õªo��¦ °úכ ������(val tyvarseq valbind).
��{9� ���Ãº�� áÔ�ÐÕªÏþ� %7�Û¼àÔ\� ×¼�Q����H �â
Äº��H 0A_� [j �â
Äºü< ��6£§_�

!Ó	:áÔ�ÐÕªÏþ�d�� (“e:ty”),J���� (“p:ty”),Õªo��¦\Vü@�©�S!������� (“of ty”).

Well-formed A: A�� ]j@/�Ð ½̈$í
÷&%3�����H ��Ér	כ ��{9� ½̈�̧_� ?/6 x (θ,VE ) \�"f ��{9��<ÊÃº
θ�� s�2£§Ü¼�Ð ²ú�|½Óe������ (s� �â
Äº��H _�s��� ��{9���� �â
Äº�Ð"f VE�� X<
s��� ½̈$í
��[þt_� ��{9��̀¦ ³ð�&³��¦ e����), ��m���� VE�� /BN|9�½+Ë��� �â
Äºs�
�� (s� �â
Äº��H X<s��� ��{9�s� ����� ��{9� &ñ
_�).

Type realization ϕ t: ��{9�s�2£§ t\�¦ z�́�&³ô�Ç����H ��Ér	כ Õª s�2£§�̀¦ ½̈�̂&h���� ��{9��<ÊÃº�Ð u�8̈�ô�Ç��
��H �¦̀�	כ _�p�. s�M:, ��{9� s�2£§s� 1lxu� SX���� ��0px$í
�̀¦ ��t��¦ e������� u�8̈�
ô�Ç ���õ��̧ ÕªA��� ô�Ç��.

Supp ϕ: u�8̈��<ÊÃº\�"f z�́]j�Ð u�8̈�÷&��H s�2£§[þt_� |9�½+Ë.

Yield ϕ: u�8̈� ���õ�_� ��{9��<ÊÃº[þt\�"f Óü�#�e��t� ·ú§��H ��{9� s�2£§[þt_� |9�½+Ë.

ϕ A: ��{9�s�2£§�̀¦ z�́�&³���H ��s	כ {9�ìøÍ&h���� @/�©� A\� &h�6 x|̈c M:��H, Õªîß�\� e����H
��{9�s�2£§�̀¦ Y�J��"f Õª u�8̈��<ÊÃº ϕ\�¦ &h�6 xô�Ç��. s� M:, Óü�#�e����H ��{9� s�
2£§[þt�Ér |	�[þt#�t�t� ·ú§�̧2�¤ ô�Ç��. \V\�¦ [þt#Q, �̧Ñýt ��{9� (T )E\� ϕ�� &h�6 x
÷&���, E\� e����H ��{9�s�2£§[þt�̀¦ z�́�&³�>� ÷&��HX<, s� M: T\� Óü�#� e����H s�
2£§�̀¦ u�8̈������ u�8̈� ���õ�\�"f ��Ä»�ÐM®o~�� ��{9�s�2£§[þt(Yield ϕ)s� T\�
_�K� Óü�s�t� ·ú§�̧2�¤ T\�¦ p�o� &h�]X�y� ��Ë̈#Q Z�~��H �¦̀�	כ ���]j�Ðô�Ç��.
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⊕: Óü�s�t� ·ú§�Ér ��{9�s�2£§[þt�̀¦ T�Ð �̧�������"f Ö6x½+Ër�v���H �.	כ

C⊕TE def= C+(tynamesTE ,TE ). C⊕E
def= C+(tynamesE, E). B⊕SE def=

B + (tynames SE ,SE ).

Type function θ: ��{9��<ÊÃº θ = Λα(k).τ��H k>h_������\�¦~ÃÎ��H��.Óü�#�e����H��{9����Ãº[þt�Ér �̧
¿º ��ØÔ��.

Type name as type function: ��{9� s�2£§ t\�¦ {9�ìøÍ&h�Ü¼�Ð ��{9��<ÊÃº Λα(k).t�Ð çß�ÅÒô�Ç��. s� M: k��H t����H
��{9�s� ~ÃÎ��[þts���H �����_� Ì�	Ãº.

Type function application: ��{9� �<ÊÃº θ�� ��{9�[þt τ (k)\� &h�6 x÷&��H �¦̀�	כ τ (k)θ�Ð ³ð�&³ô�Ç��. 7£¤, θ��

Λα(k).τ����� τ\�e����H αi\�¦ τi�Ðu�8̈����H�:���s	כ τ (k)θ
def= {α(k) 7→ τ (k)}τ .

{t(k) 7→ θ(k)}τ : ��{9� τ\� e����H ��{9� s�2£§ ti\�¦ ��{9��<ÊÃº θi�Ð u�8̈����H �â
Äº��H, u�8̈�÷&�¦
��"f ��{9��<ÊÃº[þts� &h�6 x÷&��H �â
Äº�� µ1ÏÒqt���� Õª����¦þt�̀]	כ �̧¿º &h�6 xô�Ç

���õ���t�\�¦ çß�éß�y� {t(k) 7→ θ(k)}τ�Ð ³ð�&³ô�Ç��.

Type as type scheme: ��{9� τ�̧ ��{9�½̈�̧ ∀().τ�Ð çß�ÅÒô�Ç��.

Syntactic context: áÔ�ÐÕªÏþ� %7�Û¼àÔ\�"f ε_� ÅÒ�����t�\�¦ ³ð�&³½+É M: E [ε]�Ð ³ð�&³ô�Ç��. %7�Û¼àÔ
ε_� ÅÒ���s� E []��� �.���s	כ

Non-expansive expr: C����H 8̈��â
\�"f Bj�̧o� ìøÍ6£x�̀¦ {9�Ü¼v�t� ·ú§�̀¦ ��s	כ SX�z�́ô�Ç áÔ�ÐÕªÏþ� d��
�Ér ��6£§_� ë�HZO�(ne)\� _�K� &ñ
_�÷&��H �.���þts]	כ

ne ::= c
| varlongid
| conlongid
| (oplongid) nerow ::= lab = ne〈, nerow〉
| {nerow} cone ::= (cone〈: ty〉)
| (ne) | conlongid
| cone ne
| ne : ty
| fn match

Clos: ��{9� ½̈�̧\�¦ ú̧���ï�r��.

ClosAτ
def= ∀α(k).τ where α(k) = tyvars (τ) \ tyvars (A).

ClosAVE def= {vid 7→ ClosAτ |VE (vid) = τ}.
ClosVE def= Clos∅VE .

ClosC,valbindVE (vid) def= ∀α(k).τ
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where VE (vid) = τ , valbind = pat = e, and

α(k) =
{

() if e is expansive in C
tyvars τ \ tyvars C if e is non-expansive in C

�����Ä©�¿�+ �\�£� σ1 Â σ2

σ1 Â τ2 β(l) ∩ tyvars σ1 = ∅
σ1

let= ∀α(k).τ1 Â ∀β(l).τ2
let= σ2

(4.1)

τ1 = {α(k) 7→ τ (k)}τ
∀α(k).τ Â τ1

(4.2)

(4.1) ��{9�½̈�̧ σ1s� 7á§�8 ½̈�̂&h���� σ2�Ð ����o|̈c M: σ1\�"f ��Ä»�Ðî�r ��

{9� ���Ãº[þt tyvars σ1s� σ2\�"f Óü�#�t�t���H ú́����� ô�Ç��.

G±ÛÖR� �����Áþ�ÊÁ�æ· θ1 = θ2

permutation π : [1, · · · , k] {αi 7→ βπ(i)}τ1 = τ2

Λα(k).τ1 = Λβ(k).τ2

(4.3)

α
′(k) = tyvarτ1 ∩ α(k1) β

′(k) = tyvarτ2 ∩ β(k2)

Λα
′(k).τ1 = Λβ

′(k).τ2

Λα(k1).τ1 = Λβ(k2).τ2

(4.4)

(4.3, 4.4)z�́|9�&h�Ü¼�ÐÓü�#�e����H(4.4)��{9����Ãº[þt�̀¦���Érs�2£§Ü¼�Ð��Ë̈#Q
"f °ú ��t���� �)a��.

G±ÛÖR� �����Ä©�¿�æ· σ1 = σ2

permutation π : [1, · · · , k] {αi 7→ βπ(i)}τ1 = τ2

∀α(k).τ1 = ∀β(k).τ2

(4.5)

α
′(k) = tyvarτ1 ∩ α(k1) β

′(k) = tyvarτ2 ∩ β(k2)

∀α′(k).τ1 = ∀β′(k).τ2

∀α(k1).τ1 = ∀β(k2).τ2

(4.6)

(4.5, 4.6)z�́|9�&h�Ü¼�ÐÓü�#�e����H(4.6)��{9����Ãº[þt�̀¦���Érs�2£§Ü¼�Ð��Ë̈#Q
"f °ú ��t���� �)a��.

è«�×Ü«9̂gUc Þ«�aì5Ñ �����£o>ÊÁ�+ ËÂ¹ô�7��D ’a scopes ε

typbind let= tyvarseq id = ty ’a ∈ ty ’a ∈ tyvarseq
’a scopes typbind

(4.7)
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typbind let= tyvarseq id = conbind ’a ∈ conbind ’a ∈ tyvarseq
’a scopes typbind

(4.8)

valdec let= val tyvarseq valbind
E [valdec] ’a ∈ tyvars valbind tightest(E [], valbind , ’a)

’a scopes valdec
(4.9)

’a ∈ tyvars Inside ’a 6∈ tyvars Outside
¬tightest(Outside[I[]], Inside ′, ’a) I 6= [] Inside = I[Inside ′]

tightest(Outside[], Inside, ’a)
(4.10)

(4.10) áÔ�ÐÕªÏþ�\� e����H ��{9����Ãº_� Ä»ò́#3�0A��H Õª ���Ãº\�¦ ��Ä»���Ãº�Ð ¾¡§
�¦e����H �̧¿º\�¦ �í�<Ê���H þj�èô�Ç_�(tighest) #3�0A�Ð ô�Ç��. 7£¤, s� #3�0A ��¾ú 
\�"f��H Õª ���Ãº�� ��Ä»���Ãº�Ð e��t� ·ú§��������"f, s� #3�0A îß�Aá¤Ü¼�Ð a%v)�
[þt#Q����� Õª ���Ãº\�¦ ��Ä»���Ãº�Ð ¾¡§�¦e����H �̧¿º\�¦ �í�<Ê½+É Ãº \O�>�÷&��H #3�

0A.

�¿�å· ������+ ��
«Å� E : Σ

Σ = (T )E1 ϕ(E1) = E2 Supp ϕ ⊆ T

E2 : Σ
(4.11)

(4.11) l�S\�ô�Ç �̧Ñýt E2s� ��{9� Σ\�¦ z�́�&³ô�Ç ��s	כ ÷&�9���, E1\�"f T\� 5Åq
ô�Ç ��{9� s�2£§[þt�̀¦ z�́�&³ô�Ç ��s	כ E2ü< {9�u�K��� ô�Ç��. “Supp ϕ ⊆ T”s�
“Supp ϕ = T”�� ����� s�Ä»��H, ��{9�s�2£§�̀¦ z�́�&³ô�Ç ��s	כ °ú �Ér ��{9�s�2£§{9�
Ãº e��l� M:ë�Hs���:

type t = int

structure T = struct type t = t end: sig type t end

�¿�å·Áþ�ÊÁ ������+ ��
«Å� (E2, (T ′2)E
′
2) : Φ

Φ = (T1)(E1, (T ′1)E
′
1) ϕ(E1, (T ′1)E

′
1) = (E2, (T ′2)E

′
2) Supp ϕ ⊆ T1

(E2, (T ′2)E
′
2) : Φ

(4.12)

(4.12) l�S\�ô�Ç �̧Ñýt �<ÊÃº (E2, (T ′2)E
′
2)�� ��{9� Φ\�¦ z�́�&³ô�Ç ��s	כ ÷&�9���, Õª

�̧Ñýt �<ÊÃº ��{9�_� ·ú�Ðqts� (E1, (T ′1)E
′
1)\�"f T1\� 5Åqô�Ç ��{9� s�2£§[þt�̀¦ z�́

�&³ô�Ç ��s	כ (E2, (T ′2)E
′
2)ü< {9�u�K��� ô�Ç��.

e�Ì�( ».É¿R��+ �\�£� E1 Â E2

SE 1 Â SE 2 TE 1 Â TE 2 VE 1 Â VE 2

(SE 1,TE 1,VE 1) Â (SE 2,TE 2,VE 2)
(4.13)

Dom SE 1 ⊇ Dom SE 2 ∀x ∈ Dom SE 2, SE 1(x) Â SE 2(x)
SE 1 Â SE 2

(4.14)

30



Dom TE 1 ⊇ Dom TE 2 ∀x ∈ Dom TE 2, TE 1(x) Â TE 2(x)
TE 1 Â TE 2

(4.15)

Dom VE 1 ⊇ Dom VE 2 ∀x ∈ Dom VE 2, VE 1(x) Â VE 2(x)
VE 1 Â VE 2

(4.16)

�����Ä©�¿�+ �\�£� TS 1 Â TS 2

θ1 = θ2 (VE 1 = VE 2 or VE 2 = ∅)
(θ1,VE 1) Â (θ2,VE 2)

(4.17)

(4.17) ��{9�½̈�̧��H X<s��� ��{9�_� ?/6 x�̀¦ {����HX<, s���s	כ &h�6£x���H �â
Äº
��H X<s��� ½̈$í
��[þt_� ��{9�?/6 x(VE i)s� {9�u������ ¢-a���y� y��ÆÒ#Qt���H
�â
Äº\�ëß�s���. ¢-a���y� y��ÆÒ#Qt���H �â
Äº��H �̧Ñýt��{9�\�"f “type t”�� �̧
Ñýt\�"f��H X<s��� ��{9�Ü¼�Ð z�́�&³�)a �â
Äºs���.

V� 1 â�
 è«�×Ü«9̂g �¿�å·�+ e�Ì�(

¤n>¥U> C ` dec ⇒ E

C ` valdec ⇒ VE
C ` valdec ⇒ VE in Env (4.18)

C ⊕ TE ` typbind ⇒ VE ,TE , T ′ T ′ ∩ (T of C) = ∅
C ` type typbind ⇒ (VE ,TE ) in Env

(4.19)

C ` exnbind ⇒ VE
C ` exception exnbind ⇒ VE in Env (4.20)

C ` dec1 ⇒ E1 E ⊕ E1 ` dec2 ⇒ E2

C ` local dec1 in dec2 end⇒ E2
(4.21)

C ` dec1 ⇒ E1 C ⊕ E1 ` dec2 ⇒ E2

C ` dec1 〈;〉 dec2 ⇒ E1 + E2
(4.22)

(4.19) X<s��� ��{9� �������Ér Dh�Ðî�r ��{9��̀¦ Òqt$í
ô�Ç�� (Dh�Ðî�r ��{9� s�2£§ t).
F�)&h���� X<s��� ��{9� ������s� ��0px��̧2�¤ TE�� typbind_� ¢,aAá¤\��̧ e��
>� �)a��.

G±ê ¤n>¥U> C ` valdec ⇒ VE

U = tyvars tyvarseq C + U ` valbind ⇒ VE
VE ′ = ClosC,valbindVE U ∩ tyvars VE ′ = ∅

C ` val tyvarseq valbind ⇒ VE
(4.23)

C ` valdec1 ⇒ VE 1 C ⊕VE 1 ` valdec2 ⇒ VE 2

C ` valdec1 〈;〉 valdec2 ⇒ VE 1 + VE 2
(4.24)
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(4.23) %7�Û¼àÔ\� ×¼�Qèß� ��{9����Ãº[þt(U)�Ér, �������)a °úכ_� ��{9� ½̈�̧�� ú̧�y�
��H(Clos) t��FK\��� Óü�#�"f {9�ìøÍ�o �)a��(U ∩ tyvarsVE ′ = ∅). Õª ��{9����Ãº
[þts� valbind îß�\�"f p�o� Óü�s���H �¦̀�	כ }��l�0AK� C + U�� valbind_� C��â

s� �)a��. l�%3����, Clos_� &ñ
_�\� _�K�"f, Óü�#�"f {9�ìøÍ�o÷&��H ��{9� ���Ãº
[þt ×�æ\���H C + U\� e����H ��þts]	כ ]jü@�)a��.

�¿�å· ¤n>¥U> B ` strdec ⇒ E

(T of B, {}, E of B) let= C ` dec ⇒ E′

B ` dec ⇒ E′ (4.25)

B ` strbind ⇒ SE
B ` structure strbind ⇒ SE in Env (4.26)

B ` strdec1 ⇒ E1 B ⊕ E1 ` strdec2 ⇒ E2

B ` strdec1 〈;〉 strdec2 ⇒ E1 + E2
(4.27)

�¿�å·Áþ�ÊÁ ¤n>¥U> B ` fntordec ⇒ F

B ` sig1 ⇒ (T )E B ⊕ {strid 7→ E} ` strexp ⇒ E′

T ∩ (T of B) = ∅ T ′ = tynames E′ \ ((T of B) ∪ T )
B ` functor fctid ( strid : sig1 ) = strexp ⇒ {fctid 7→ (T )(E, (T ′)E′)}

(4.28)

(4.28) �̧Ñýt �<ÊÃº�� ������÷&��� �̧Ñýt�<ÊÃº_� ��{9�s� ú̧��2³��. T��H ����� �̧Ñýt
\�_�K�"fz�́�&³|̈c��{9�[þts���.s�s�2£§[þt�Ér�&³F� (�̧Ñýt�<ÊÃº��������|̈cM:)
·ú��¦ e����H ��{9�s�2£§[þt(T of B)õ� ���u�t� ú́����� ô�Ç��. T ′�Ér �̧Ñýt �<ÊÃº��
&h�6 xs� |̈c M: z�́�&³|̈c ��{9� s�2£§[þts���. s� ��Ér	כ ëß�[þt �̧Ñýt E′\� e����H ��{9�
s�2£§×�æ\�"f �&³F� ·ú��¦ e����H ��{9�s�2£§[þt(T of B)õ� ����� �̧Ñýt\�"f ���&ñ
÷&
��H ��{9�s�2£§[þt(T )�̀¦ ]jü@ô�Ç �.���s	כ

�¿�å·����� ¤n>¥U> B ` sigdec ⇒ G

B ` sigbind ⇒ G

B ` signature sigbind ⇒ G
(4.29)

�¿�å· ÐÏ� B ` strexp ⇒ E

B(strlongid) = E

B ` strlongid ⇒ E
(4.30)

〈B ` strdec ⇒ E〉
B ` struct 〈strdec〉 end⇒ {}〈+E〉 (4.31)
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B ` strexp ⇒ E B ` sig ⇒ (T ′)E′ E Â E′′ : (T ′)E′

B ` strexp : sig ⇒ E′ (4.32)

B ` strexp ⇒ E E Â E′′

(E′′, (T ′)E′) : (F of B)(fctid) T ′ ∩ (tynames E ∪ (T of B)) = ∅
B ` fctid (strexp)⇒ E′

(4.33)

(4.32) �̧Ñýts� ÅÒ#Q��� �̧Ñýt ��{9�((T ′)E′)\� ú́�ÆÒ#Qt���H t� SX������¦ �̧
Ñýt ��{9�\�"f t�&ñ
�)a ?/6 xëß��pu�̀¦(E′) �Ð#�ï�r��. �̧Ñýt E�� ��{9� (T ′)E′\�
ú́�ÆÒ#Q t���Ht���H, E�� &h�{©�y� &h�6£x(E Â E′′)K�"f (T ′)E′\�¦ z�́�&³ô�Ç �̧
_þv(E′′ : (T ′)E′)s� ÷&��H t�\�¦ �Ð��H �.���s	כ SX���� Êê, �̧Ñýt ��{9�\�"f ³ð�&³
���H���s�ü@_�?/6 x�ÉrDh����t�·ú§��H	כ (opaque signature matching). \V
\�¦[þt#Q:

structure S = struct type t = int val x = 1 end :

sig type t val x:t end

S.x + 1 (* type error; no type information of S.x is known. *)

(4.33) �̧Ñýt�<ÊÃº�� &h�6 x÷&"f Dh�Ðî�r �̧Ñýts� ëß�[þt#Q�����. �̧Ñýt�<ÊÃº_� ��{9�
�̀¦ z�́�&³���H ��\þt×�æ]	כ ����� �̧Ñýts� &h�6£x�)a(E Â E′′) �¦̀�	כ 2[���� �)a��.
s�M:, ëß�[þt#Q t���H �̧Ñýt E′\�"f z�́�&³÷&��H ��{9�[þt(T ′)�Ér Dh�Ðî�r ���s�#Q	כ
ô�Ç�� (T ′ ∩ (tynames E ∪ (T of B)) = ∅).

G±ê Ça��+ C ` valbind ⇒ VE

C ` pat ⇒ (VE , τ) C ` e ⇒ τ 〈C ` valbind ⇒ VE ′〉
C ` pat = e 〈and valbind〉 ⇒ VE 〈+VE ′〉 (4.34)

C + VE ` valbind ⇒ VE tynames VE ⊆ T of C

C ` rec valbind ⇒ VE (4.35)

(4.34) J���� pat\�"f ���&ñ
�)a ��{9�õ� áÔ�ÐÕªÏþ� d�� e\�"f ���&ñ
�)a ��{9�s� °ú 
���� ô�Ç��.

(4.35) F�)&h���� valbind�� ��l�������̀¦ Óüt���"f &ñ
_�÷&l� M:ë�H\� VE�� ¢,a
¼#�\��̧e��>��)a��. VEîß�\�"f·ú��9t�t�·ú§�Érü@ÂÒ_���{9�s�2£§[þt�Ér�&³F�_�
C��â
\�"f ·ú��9��� �þt]	כ s�#Q�� ô�Ç��(tynames VE ⊆ T of C).

����� Ça��+ C ` typbind ⇒ VE ,TE , T

tyvarseq = α(k) C ` ty ⇒ τ 〈C ` typbind ⇒ VE ,TE , T 〉
C ` tyvarseq tyid = ty 〈and typbind〉 ⇒

{} 〈+VE 〉, {tyid 7→ (Λα(k).τ, {})} 〈+TE 〉, {} 〈+T 〉
(4.36)
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tyvarseq = α(k) C, α(k)t ` conbind ⇒ VE arity t = k
〈C ` typbind ⇒ VE ′,TE ′, T ′ t 6∈ T ′〉

C ` tyvarseq tyid = conbind 〈and typbind〉 ⇒
ClosVE 〈+VE ′〉, {tyid 7→ (t,ClosVE )} 〈+TE ′〉, {t} 〈∪T ′〉

(4.37)

(4.37) ëß�[þt#Qt���H X<s��� ��{9� s�2£§ t��H Dh�Ðî�r ���s�#Q	כ ���HX<, s� �̧
|	��Ér (4.19)\�"fSX�����)a��. ¢̧ô�Ç, (4.19)\�"fX<s�����{9�_�F�)&h����������
s� ��0px��̧2�¤ C�� s�p� ï�rq��)a��.

PLl��� Ä©Å]��� Ça��+ C, τ ` conbind ⇒ VE

〈C ` ty ⇒ τ ′〉 〈〈C, τ ` conbind ⇒ VE 〉〉
C, τ ` conid 〈of ty〉 〈〈| conbind〉〉 ⇒
{conid 7→ τ} 〈+{conid 7→ τ ′ → τ}〉 〈〈+VE 〉〉

(4.38)

UdgC(�×æ�Ï Ça��+ C ` exnbind ⇒ VE

〈C ` ty ⇒ τ〉 〈〈C ` exnbind ⇒ VE 〉〉
C ` conid 〈of ty〉 〈〈and exnbind〉〉 ⇒
{conid 7→ exn} 〈+{conid 7→ τ → exn}〉 〈〈+VE 〉〉

(4.39)

�¿�å·����� Ça��+ B ` sigbind ⇒ G

B ` sig ⇒ Σ 〈B ` sigbind ⇒ G〉
B ` sigid = sig 〈and sigbind〉 ⇒ {sigid 7→ Σ} 〈+G〉 (4.40)

�¿�å· Ça��+ B ` strbind ⇒ SE

B ` strexp ⇒ E 〈B + tynames E ` strbind ⇒ SE 〉
B ` strid = strexp 〈and strbind〉 ⇒ {strid 7→ E} 〈+SE 〉 (4.41)

(4.41) �̧Ñýt[þts� °ú s� &ñ
_�|̈c M:, �̧Ñýt[þt\�"f Dh\�v>� ëß�[þt#Qt���H ��{9�s�
2£§(tynames E)[þt�Ér "f�Ð ²ú����� ô�Ç��. ����"f B + tynames E�� ¿º���P:
strbind_� �â
Äº\� C��â
Ü¼�Ð ���6 xô�Ç��.

�¿�å· ����� B ` sig ⇒ Σ

(G of B)(sigid) = (T )E T ∩ (T of B) = ∅
B ` sigid ⇒ (T )E

(4.42)

〈B ` spec ⇒ E T = tynames E \ T of B〉
B ` sig 〈spec〉 end⇒ {} 〈+(T )E〉 (4.43)
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B ` sig ⇒ (T )E E(tylongid) = (t, {}) t ∈ T

C of B ` ty ⇒ τ tyvarseq = α(k) ϕ = {t 7→ Λα(k).τ}
ϕE well-formed T ′ = tynames ϕE \ T of B

B ` sig where type tyvarseq tylongid = ty ⇒ (T ′)ϕE

(4.44)

(4.42) �̧Ñýts� ]X�5Åq÷&���"f �̧Ñýt ��{9�\� "î
r��)a ��{9�s�2£§[þt T�� z�́�&³÷&��H
X<, s� s�2£§[þt�Ér �&³F� C��â
\�"f s�p� ·ú��9��� s�2£§s� ��m�#Q�� ô�Ç��. T�Ð
Óü�#���� s�2£§[þt�Ér e��_�_� s�2£§[þt{9� Ãº e��Ü¼Ù¼�Ð �½Ó�©� ÕªXO�>� ÷&�̧2�¤ ��ÜãJ

Ãº e����.

(4.43) �̧Ñýts� ]X�5Åq÷&���"f �̧Ñýt ��{9�\� "î
r��)a ��{9�s�2£§[þt T�� z�́�&³÷&��H
X<, s� s�2£§[þt�Ér �&³F� C��â
\�"f s�p� ·ú��9��� s�2£§s� ��m�#Q�� ô�Ç��.

(4.44) �̧Ñýt ��{9�\� "î
r��)a ��{9� s�2£§[þt(T )�Ér �̧Ñýts� ]X�5Åq÷&���"f z�́�&³|̈c
'����X<, “where type· · · ”\� _�K� Õª z�́�&³ ?/6 xs� �8¹¡¤ ]jô�Ç�)a��. s� M:,
X<s��� ��{9�s�%3�~�� �¦̀�	כ éß�í�H ��{9�Ü¼�Ð ]jô�Ç���H {9��Ér µ1ÏÒqt�t� ú́�����

ô�Ç�� (ϕE well-formed, E(tylongid) = (t, {})). Dh�Ð ëß�[þt#Q t���H �̧Ñýt ��
{9�s� ·ú¡Ü¼�Ð z�́�&³½+É ��{9�s�2£§[þt T ′�Ér �&³F� C��â
\�"f s�p� ·ú��9��� s�2£§s�
��m�#Q�� ô�Ç��.

â��¢4́ '�×ò5Ñ B ` spec ⇒ E

C of B ` valdesc ⇒ VE
B ` val valdesc ⇒ ClosVE in Env (4.45)

C of B ⊕ TE ` typdesc ⇒ VE ,TE , T ′ T ′ ∩ (T of B) = ∅
B ` type typdesc ⇒ (VE ,TE ) in Env

(4.46)

C of B ` exndesc ⇒ VE
B ` exception exndesc ⇒ VE in Env (4.47)

B ` strdesc ⇒ SE
B ` structure strdesc ⇒ SE in Env (4.48)

B ` sig ⇒ T (E)
B ` include sig ⇒ E

(4.49)

B ` spec1 ⇒ E1 B ⊕ E1 ` spec2 ⇒ E2 Dom E1 ∩Dom E2 = ∅
B ` spec1 〈;〉 spec2 ⇒ E1 + E2

(4.50)

(4.49) s�p� &ñ
_��)a �̧Ñýt��{9�s� �&³F�_� ]X�5Åq~½Óîß�Ü¼�Ð �í[O�|̈c M:��H, Õª �̧
Ñýt ��{9�\�"f ü@ÂÒü< ]X�5Åq½+É M: z�́�&³|̈c ��{9�s�2£§[þt T��H (4.42,4.43,4.44)\�
_�K�"f s�p� Dh�Ðî�r s�2£§[þt�Ð ï�rq��)a��.

(4.50) ]X�5Åq~½Óîß�s� &ñ
_�|̈c M: °ú �Ér s�2£§_� °úכs��� ��{9�s� ×�æ4�¤÷&"f��H ·ú§
�)a��.
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G±ê â��¢4́'�×ò5Ñ C ` valdesc ⇒ VE

C ` ty ⇒ τ 〈` valdesc ⇒ VE 〉
C ` varid : ty 〈and valdesc〉 ⇒ {varid 7→ τ} 〈+VE 〉 (4.51)

C ` ty ⇒ τ 〈` valdesc ⇒ VE 〉
C ` (opid) : ty 〈and valdesc〉 ⇒ {opid 7→ τ} 〈+VE 〉 (4.52)

����� â��¢4́'�×ò5Ñ C ` typdesc ⇒ VE ,TE , T

tyvarseq = α(k) arity t = k 〈C ` typdesc ⇒ VE ,TE , T ′ t 6∈ T ′〉
C ` tyvarseq tyid 〈and typdesc〉 ⇒

{} 〈+VE 〉, {tyid 7→ (t, {})} 〈+TE 〉, {t} 〈∪T ′〉
(4.53)

tyvarseq = α(k) C ` ty ⇒ τ 〈C ` typbind ⇒ VE ,TE , T 〉
C ` tyvarseq tyid = ty 〈and typbind〉 ⇒

{} 〈+VE 〉, {tyid 7→ (Λα(k).τ, {})} 〈+TE 〉, {} 〈+T 〉
(4.54)

tyvarseq = α(k) C, α(k)t ` condesc ⇒ VE arity t = k
〈C ` typdesc ⇒ VE ′,TE ′, T ′ t 6∈ T ′〉

C ` tyvarseq tyid = condesc 〈and typdesc〉 ⇒
ClosV E〈+VE ′〉, {tyid 7→ (t, ClosVE )}〈+TE 〉, {t} 〈∪T ′〉

(4.55)

(4.53), (4.55)ëß�[þt#Qt���H��{9�s�2£§ t��HDh�Ðî�r ���s�#Q	כ���HX<,s� �̧|	�
�Ér (4.46)\�"f SX�����)a��.

PLl��� Ä©Å]��� â��¢4́'�×ò5Ñ C, τ ` condesc ⇒ VE

〈C ` ty ⇒ τ ′〉 〈〈C, τ ` condesc ⇒ VE 〉〉
C, τ ` conid 〈of ty〉 〈〈| condesc〉〉 ⇒
{conid 7→ τ} 〈+{conid 7→ τ ′ → τ}〉 〈〈+VE 〉〉

(4.56)

UdgC(�×æ�Ï â��¢4́'�×ò5Ñ C ` exndesc ⇒ VE

〈C ` ty ⇒ τ tyvars τ = ∅〉 〈〈C ` exndesc ⇒ VE 〉〉
C ` conid 〈of ty〉 〈〈and exndesc〉〉 ⇒
{conid 7→ exn} 〈+{conid 7→ τ → exn}〉 〈〈+VE 〉〉

(4.57)

�¿�å· â��¢4́'�×ò5Ñ B ` strdesc ⇒ SE

B ` sig ⇒ (T )E 〈B + tynames E ` strdesc ⇒ SE 〉
B ` strid : sig 〈and strdesc〉 ⇒ {strid 7→ E} 〈+SE 〉 (4.58)

36



(4.58) �̧Ñýt_� ]X�5Åq~½Óîß�[þts� °ú s� &ñ
_�|̈c M:, ]X�5Åq|̈c �̧Ñýt[þts� z�́�&³½+É ��
{9�s�2£§(tynames E)[þt�Ér "f�Ð ²ú����� ô�Ç��. ����"f B + tynames E�� ¿º���
P: strdesc_� �â
Äº\� C��â
Ü¼�Ð ���6 xô�Ç��.

è«�×Ü«9̂g ¤n>¥U> B ` topdec ⇒ B′

B ` sigdec ⇒ G B′ = (tynames G,G) in Basis tyvars B′ = ∅
B ` sigdec ⇒ B′ (4.59)

B ` fntordec ⇒ F B′ = (tynames F, F ) in Basis tyvars B′ = ∅
B ` fntordec ⇒ B′ (4.60)

B ` strdec ⇒ E B′ = (tynames E, E) in Basis tyvars B′ = ∅
B ` strdec ⇒ B′ (4.61)

B ` topdec1 ⇒ B1 B + B1 ` topdec1 ⇒ B2

B ` topdec1 〈;〉 topdec2 ⇒ B1 + B2
(4.62)

V� 2 â�
 è«�×Ü«9̂g ÐÏ��+ e�Ì�(

è«�×Ü«9̂g ÐÏ� C ` e ⇒ τ

C ` c ⇒ type(c) (4.63)

E(varlongid/conlongid) = σ σ Â τ

C ` varlongid/conlongid ⇒ τ
(4.64)

C ` {}⇒ unit (4.65)

C ` labrow ⇒ %

C ` { labrow }⇒ % in Type (4.66)

C ` e ⇒ {lab 7→ τ, · · · }
C ` e . lab ⇒ τ

(4.67)

C ` [||]⇒ τ array (4.68)

C ` ei ⇒ τ 0 ≤ i ≤ n

C ` [|e0, · · · ,en|]⇒ τ array
(4.69)

C ` e1 ⇒ τ array C ` e2 ⇒ int

C ` e1 . [ e2 ]⇒ τ
(4.70)

C ` e1 ⇒ τ array C ` e2 ⇒ int C ` e3 ⇒ τ

C ` e1 . [ e2 ] <- e3 ⇒ unit
(4.71)
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C ` valdec ⇒ VE C + VE ` e ⇒ τ
C ` let valdec in e end⇒ τ

(4.72)

C ` e ⇒ τ
C ` ( e )⇒ τ (4.73)

C ` e1 ⇒ τ ′ → τ C ` e2 ⇒ τ ′

C ` e1 e2 ⇒ τ
(4.74)

C ` e ⇒ τ C ` ty ⇒ τ

C ` e : ty ⇒ τ
(4.75)

C ` match ⇒ τ
C ` fn match ⇒ τ (4.76)

C ` e ⇒ τ C ` match ⇒ exn→ τ
C ` e handle match ⇒ τ (4.77)

C ` e ⇒ exn
C ` raise e ⇒ τ (4.78)

C ` e ⇒ τ
C ` ref e ⇒ τ ref (4.79)

C ` e1 ⇒ τ ref C ` e2 ⇒ τ

C ` e1 := e2 ⇒ unit
(4.80)

C ` e1 ⇒ τ ref
C ` ! e ⇒ τ

(4.81)

C ` e1 ⇒ τ ′ C ` e2 ⇒ τ

C ` e1 ; e2 ⇒ τ
(4.82)

C ` e ⇒ τ ′ C ` match ⇒ τ ′ → τ
C ` case e of match ⇒ τ

(4.83)

(4.64) ú̧�)���� ��{9�½̈�̧\�¦ ½̈�̂&h���� ��{9�Ü¼�Ð &h�6£xr������.

(4.78) \Vü@�©�S!� µ1ÏÒqtd���Ér e��_�_� ��{9��̀¦ °ú���H��.

Qc�óÞ« 6�£� C ` labrow ⇒ %

C ` e ⇒ τ 〈C ` labrow ⇒ % lab 6∈ Dom %〉
C ` lab = e 〈, labrow〉 ⇒ {lab 7→ τ} 〈+%〉 (4.84)

(4.84) ô�Ç YU�ï×¼_� YUs��̂¦[þt�Ér �̧¿º ²ú����� ô�Ç��.

A�©U> 9�n� C ` match ⇒ τ

C ` pat ⇒ (VE , τ) C + VE ` e ⇒ τ ′

C ` pat => e ⇒ τ → τ ′
(4.85)

38



C ` pat ⇒ (VE , τ) C + VE ` e ⇒ τ ′ C ` match ⇒ τ → τ ′

C ` pat => e | match ⇒ τ → τ ′
(4.86)

A�©U> C ` pat ⇒ (VE , τ)

C ` _⇒ ({}, τ) (4.87)

C ` c ⇒ ({}, type(c)) (4.88)

C ` patrow ⇒ (VE , %)
C ` { patrow }⇒ (VE , % in Type)

(4.89)

0 ≤ i, j ≤ n i 6= j
C ` pat i ⇒ (VE i, τ) Dom VE i ∩Dom VE j = ∅
C ` [|pat0, · · · patn|]⇒ (

⋃n
i=0 VE i, τ array)

(4.90)

C ` pat ⇒ (VE , τ)
C ` ( pat )⇒ (VE , τ)

(4.91)

C ` pat ⇒ (VE , τ)
C ` ref pat ⇒ (VE , τ ref)

(4.92)

C ` varid ⇒ ({varid 7→ τ}, τ) (4.93)

C ` (opid)⇒ ({opid 7→ τ}, τ) (4.94)

C(conlongid) = σ σ Â τ (k)t

C ` conlongid ⇒ ({}, τ (k)t)
(4.95)

C(conlongid) = σ σ Â τ ′ → τ C ` pat ⇒ (VE , τ ′)
C ` conlongid pat ⇒ (VE , τ)

(4.96)

C ` pat ⇒ (VE , τ) C ` ty ⇒ τ

C ` pat : ty ⇒ (VE , τ)
(4.97)

〈C ` ty ⇒ τ〉 C ` pat ⇒ (VE , τ) varid 6∈ Dom VE
C ` varid〈: ty〉 as pat ⇒ (VE + {varid 7→ τ}, τ)

(4.98)

〈C ` ty ⇒ τ〉 C ` pat ⇒ (VE , τ) opid 6∈ Dom VE
C ` (opid)〈: ty〉 as pat ⇒ (VE + {opid 7→ τ}, τ)

(4.99)

C ` pat1 ⇒ (VE , τ) C ` pat2 ⇒ (VE , τ)
C ` pat1 | pat2 ⇒ (VE , τ)

(4.100)

(4.90) °ú �Ér J���� s�2£§s� C�\P� J����\�"f ×�æ4�¤÷&"f ��������� ·ú§�)a��.

(4.95)J����\�e����Hs�2£§s���������9¹כ�\O���HX<s�����{9� ½̈$í
��s�����\V
ü@�©�S!� ½̈$í
����� �â
Äº.
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(4.96) J����\� e����H s�2£§s� �����\�¦ ¹�Ðכ��9���H X<s��� ��{9� ½̈$í
��s�����
\Vü@�©�S!� ½̈$í
����� �â
Äº.

(4.100) ¿º J����s� “¢̧��H”_� �'a>��Ð e���̀¦M:��H ¿º J����\�"f l�S\�÷&��H ��s	כ
(VE , τ) {9�u�K��� ô�Ç��. 7£¤, ô�Ç J����\�"f ���Ãº�� ��6 x÷&%3�Ü¼��� ���Ér J����
\�"f�̧ °ú �Ér ���Ãº�� ��6 x÷&�� ��¦, Õª ��{9�s� {9�u�K��� ô�Ç��.

Qc�óÞ« A�©U> C ` patrow ⇒ (VE , %)

C ` ...⇒ ({}, %) (4.101)

C ` pat ⇒ (VE 1, τ)
〈C ` patrow ⇒ (VE 2, %) Dom VE 1 ∩Dom VE 2 = ∅〉

C ` lab = pat 〈, patrow〉 ⇒ (VE 1 〈+VE 2〉, {lab 7→ τ}〈+%〉)
(4.102)

(4.102) °ú �Ér J���� s�2£§s� YU�ï×¼ J����\�"f ×�æ4�¤÷&"f ��������� ·ú§�)a��.

�����ÐÏ� C ` ty ⇒ τ

tyvar = α

C ` tyvar ⇒ α
(4.103)

C ` tyrow ⇒ %

C ` {tyrow}⇒ % in Type (4.104)

tyseq = (ty1, · · · , tyk) ∀i, C ` ty i ⇒ τi

(TE of C)(tylongid) = (θ,VE )

C ` tyseq tylongid ⇒ τ (k)θ

(4.105)

C ` ty1 ⇒ τ1 C ` ty2 ⇒ τ2

C ` ty1 -> ty2 ⇒ τ1 → τ2
(4.106)

C ` ty ⇒ τ

C ` (ty)⇒ τ
(4.107)

(4.105) longid��_�p����H��{9��<ÊÃº θ\�¦ ½̈�̂&h������{9�[þt ty i\�&h�6 xô�Ç���

õ� ��{9��̀¦ ëß���H��.

Qc�óÞ« 6�£� ����� C ` tyrow ⇒ %

C ` ty ⇒ τ 〈C ` tyrow ⇒ % lab 6∈ Dom %〉
C ` lab : ty 〈, tyrow〉 ⇒ {lab 7→ τ} 〈+%〉 (4.108)

(4.108) ô�Ç YU�ï×¼_� YUs��̂¦[þt�Ér �̧¿º ²ú����� ô�Ç��.
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ÉÙ��́ A

Standard ML��� OCamlø��+
j�¬̈�\�

nML�Ér Standard ML�Ð����H OCamlõ� �8¹¡¤ q�5pw����¦ ½+É Ãº e����. �̧��H �¦̀�	כ
q��§ô�Ç ��Ér	כ ��m�t�ëß�, ÅÒ3lq½+É &h�[þt�Ér ��A�ü< °ú ��.

• áÔ�ÐÕªÏþ�?/\� e����H s�2£§[þt�Ér OCaml_� ~½Ód���̀¦ ���Ér��. 7£¤, ���Ãº s�2£§õ�
��{9� s�2£§[þt�Ér �èë�H���Ð r����ô�Ç��. �̧Ñýt, �̧Ñýt�<ÊÃº, �̧Ñýt ��{9�, X<s��� ½̈
$í
��, \Vü@�©�S!� ½̈$í
��[þt�Ér @/ë�H���Ð r����ô�Ç��. ô�Ç/åJ\�"f @/ë�H�� s�2£§�Ér
_�Ð r����ô�Ç��.

s�ü<°ú �Ér çß�éß�ô�Ç ]j���Ü¼�Ð áÔ�ÐÕªÏþ�s� {9�l� /'0>�����.

• l��:r&h�Ü¼�Ð]j/BN÷&��H���íß���ü<X<s���x9�\Vü@�©�S!� ½̈$í
��[þt(Section 2)�Ér
áÔ�ÐÕªÏþ�\�"f ��r� &ñ
_�|̈c Ãº \O���. \V\�¦[þt#Q +�� ��ØÔ>� &ñ
_�|̈c Ãº e����
��H ��0px$í
�Ér �-Áº \P��9��� ��s	כ ��u�́��.

{©����ô�Ç ]j���Ü¼�Ð áÔ�ÐÕªÏþ�s� {9�l� /'0>�����.

• ���íß���(opid ::= prefixid |infixid)_� Dhu�l� 0Au�(fixity)�� ���íß���_� s�2£§
Ü¼�Ð &ñ
K������. Standard MLõ���H ²ú�o�, áÔ�ÐÕªA� Q�� Dhu�l� 0Au�\�¦ ���
�������� 2[�è½+É Ãº��H \O���. Dhu�l� $í
|9��̀¦ \O��±p ���íß�����H F�c ñîß�\� V,�#Q
³ð�&³ô�Ç��.

• ��{9�õ�\Vü@�©�S!�_��������ÉráÔ�ÐÕªÏþ�d��(expression)?/\�"f��HÔ�¦��0px���.
7£¤, �̧Ñýt YU6\�\�"fëß� ��0px� 9 let-áÔ�ÐÕªÏþ�d��\�"f��H Ô�¦��0px���.

Standard ML\�"fü< °ú s� áÔ�ÐÕªÏþ�d��s� >�íß�×�æ\� X<s��� ��{9��̀¦ Òqt$í
�
���� \Vü@�©�S!�_� ½̈$í
��\�¦ ëß�×¼��H ��s	כ Ä»6 xô�Ç �â
Äº��H ×¼]þt��.

• YU�ï×¼ ��{9��Ér Standard ML�̀¦ ���Ér��. 7£¤, YU�ï×¼ ��{9����� ��{9� s�2£§s�
ÅÒ#Q|9� ¹��Hכ��9 \O���. ìøÍ���\�, OCaml\�"f %�!3� ÂÒì�r&h���� YU�ï×¼ �9�×¼ s�
2£§ëß�Ü¼�Ð YU�ï×¼ ��{9��̀¦ Ä»ÆÒ½+É Ãº��H \O���.

• OCamlõ���H²ú�o�����̧��0pxô�ÇYU�ï×¼�9�×¼(mutable record field)\�¦������½+É
Ãº\O���.����̧��0pxô�ÇYU�ï×¼�9�×¼��HC�\P�(array)÷�rs���.����̧��0pxô�Ç���Ãº
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��H ���Ãº_� Bj�̧o� ÅÒ�è\�¦ ·ú� ~½ÓZO��Ér \O�t�ëß� Õª/BM\� e����H °ú̀�כ¦ ����̧½+É Ãº

e����H ���Ãº\�¦ >pwô�Ç��.

����̧��0pxô�Ç YU�ï×¼ �9�×¼�� ��Ä»\�v>� ������|̈c Ãº e��Ü¼��� _�p�&ñ
_��� 4�¤ú̧�

K� t��¦, áÔ�ÐÕªÏþ��̀¦ s�K����H ��s	כ Õªëß��pu #Q�90> �����.

• Áº�8l� J����(or-pattern)\�"f OCamlõ���H ²ú�o�, °ú �Ér J���� ���Ãº\�¦ ��6 x½+É
Ãº e����. \V\�¦ [þt#Q, “A x | B x => 1”s� ��0px��� (rule (4.100)).

• �̧Ñýtr�Û¼%7��Ér OCaml~½Ód���̀¦���Ér�� (opaque signature matching + man-
ifest types). 7£¤, �̧Ñýt��{9�õ� ]X�5Åqô�Ç �̧Ñýt�Ér, �̧Ñýt��{9�\�"f t�&ñ
ô�Ç &ñ
�Ðs�
ü@\���H Dh����t���H ·ú§Ü¼ 9(opaque signature matching, rule (4.32)), �̧Ñýt
��{9�\�"f ��{9�_� &ñ
_�\�¦ ×¼�Qèq Ãº��H e���� (manifest types, rule (4.44)).
Standard ML\�"fü< °ú s� �̧Ñýts� ]X�5Åq÷&���"f �̧Ñýt��{9�\�"f t�&ñ
ô�Ç �	כ �Ð
�� ú́§�Ér ?/6 xs� Ä»Ø�¦÷&��H (transparent signature matching) �â
Äº��H \O���.

Standard ML_� �̧Ñýt r�Û¼%7��Ð�� çß�éß�½+É ��¹כ��9 e����. {9�ìøÍ áÔ�ÐÕªA� Q
[þts� Standard ML �̧Ñýt r�Û¼%7�_� �̧��H�¦̀�	כ s�K���¦ áÔ�ÐÕªÏþ�ô�Ç����H �	כ
�̀¦ l�@/�l���H #Q§>���.

• áÔ�ÐÕªÏþ�\� ×¼�Qèß� ��{9����Ãº_� Ä»ò́#3�0A��H (rule (4.10)) Standard ML_�
~½Ód��@/�Ð ô�Ç��.

• ��{9�s� 1lxu�SX���� ��0pxô�Çt� (equality type) �����t�\�¦ l�S\�éß�>�\�"f (��{9�
r�Û¼%7�\� _�K�) ���7£x�t� ·ú§��H��. z�́'��×�æ\� “e1=e2” \�"f ei°úכs� �<ÊÃº°úכ

�̀¦ ¾¡§�¦ e��#Q"f 1lxu�SX����s� Ô�¦��0px���� \Vü@�©�S!��̀¦ µ1ÏÒqtr������.

Standard ML\�"f��H 1lxu�SX���� ��0pxô�Ç ��{9�[þt�̀¦ l�S\�éß�>�\�"f ���7£xK� ÅÒ
��H @/���\�, áÔ�ÐÕªA� Q�� çß�éß��>� s�K�½+É Ãº \O���H ÂÒì�rs� Òqt�����. \V\�¦
[þt#Q,��{9����Ãº_�1lxu�SX������0px$í
( ’as����Ô�¦��0px, ’’as������0px)s�%i�
½+É�̀¦ ���H /BMs� e���¦ �t� ·ú§��H /BMs� e����. ��{9� ������[þt\�"f��H ��{9� ���Ãº
_� 1lxu�SX���� $í
|9�s� ��Áº %i�½+É�̀¦ �t� ·ú§t�ëß�, °úכ ������\�"f��H %i�½+É�̀¦ ô�Ç
��. 7£¤ ��A�_� ��{9�������[þt�Ér °ú �Ér ��s�t�ëß	כ

type ’a t = ’a * int
type ’’a t = ’’a * int

��A� ¿º �<ÊÃº��H ���)� ���Ér �<ÊÃºs���:

fun f(x:’a t, y) = x=y
fun g(x:’’a t, y) = x=y

��{9����Ãº�� ’a s��� ’’a s���\� ���� óøÍs�K� �����. �<ÊÃº f��H 0A_� ��{9����
���õ� �'aº��K�"f ~ÃÎ��[þt#�t�t� ·ú§��H��. “x: ’a t” \�"f��H x �� 1lxu�SX����
Ô�¦��0px����¦������K�Z�~�¦ “x=y”\�"f��H1lxu�>�íß��̀¦r�v��¦e��Ü¼Ù¼�Ð.�<Ê
Ãº g��H x_� �������)a ��{9�õ� Õª ��6 xs� {9�u��Ù¼�Ð, ~ÃÎ��[þt�����.

{9�ìøÍ áÔ�ÐÕªA� Q[þts� ��{9� ���Ãº_� 1lxu�SX���� ��0px$í
s� Ä»ò́ô�Ç �â
Äºü< Õª

XO�t� ·ú§�Ér �â
Äº\�¦ ~1�>� s�K��o����¦ l�@/½+É Ãº \O���. ��{9� r�Û¼%7� ��¾ú 
\�"f (�����̧, áÔ�ÐÕªÏþ� ì�r$3�(static analysis)�̀¦ s�6 xK�"f) 1lxu�SX����s� |̈c
Ãº \O���H �â
Äº\�¦ îß�����>� t�&h�½+É Ãº e���̧2�¤ ô�Ç��.

42


