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�dÒ�����Ú2�B<2£?Ú"��Ú28*�6>?�2£?<�>?£B8m��������;��?�2£B��@��±@D�µ8:§ÃC�8´¼D�2�����������±@K��8*���µ8:����Ý��:>������B�Ô����;�>?;=8:��@k�28:8�§28:§

Á�;��?����Ú�8�§�8:����£B�28�;:C������2�:8��2;=���2������>����±@K��8��,�S>O@\9µ8�����Á�8�;�;�8�§��Ô8:�¸Ú2>?�2���:>?����@B�
¯�Ú28Ô�6>?�2£?<�>?£B8����ÜÁ�<2�2�´�����?��>?� ��� ��Ú28"��8��2��8"��Ú�>��Á�<��2�������B�2��>�;�8kÝ�;������:�6>������B9 k=8��������"¯�ÚK<�����Ú�8

§2�B<�92�����2£����W��8:£B8�;ÅÁ�<2�2�������B�)�S>O@`9µ8Ü²m;�������8��³>?�mlon�p
x → x + x

C2>?�2§)����Ú2>?���±@D�µ8 L;MON
→

L;MON ��Ó-�
�S>M@`9�8�>?�=���K�:��>���8�§)���Ô��Ú28���>?�Ô8

double
9W@)§28��:�6>�;�����£qZ

r�s�t n ` double =
lon�p

x → x + x ;
uYv&<2����>?��8:�W����@`² 8����B<2��§)²m;=����8�Z
r�s�t n ` double x = x + x ;
Ó-����>?���2�����O>������B�Ü���m��>?��<28

n
���1²m;=������8:��>?�

(double n)
�B;b8´�B8:�

double n
²mÚ28�����Ú�8:;�8����1����>?��92��£B<����±@B�

Ò����2�����O>������B�\>������K�:��>���8������k��Ú28���8�Á �OC2>?�2§)��Ú&<2�
f x y

�=�¸>��2§2�mÁ��B;
((f x) y)

�wE*8��:<2;=�����B8�Á�<2�2�������B�2>?�
��>?��<�8:�m>?;=8�§�8:�:��>?;�8�§³²m����Ú\��Ú�8�·�8�@&² �B;�§yx `�z � ¯�Ú&<2�m² 8��S>O@\§28´Ý��28�Ás>?�����B;���>?�	>��JZ
r�s�t n ` x `Jz

fact n = n × (fact (n − 1));
7�<2�2�´�����?�2���S>O@)9�8�§28�Ý���8:§ 9W@!��>����8�;�� �S>����¸Ú2���2£��*¯�Ú&<2�Ü��Ú28�Ý2;��=�Ü�2;���k=8��������B���?Á���>?��;��*�:�B<2��§ 9µ8
§28´Ý��28:§�9W@�Z
r�s�t n ` fst =

lon�p
[ (x , y) → x ];

�B;�8,vK<�����>?��8��W����@{hs�=���2��8���Ú28:;=8������B�2��@]�B��8��2>�����8:;��³���\��Ú2�����:>?��8�j�9W@"Z



r�s�t n ` fst (x , y) = x ;
Xd>����8�;��D°-�`>���¸Ú2���2£É���k>������É<���>?92��8]��� � s ] z�� 8´¼D�2;�8����=���B�2�"²mÚ2���¸Ú�£?8:�28�;�>?����½:8`�O>?�=8)>?��>?��@D�=����C��=<2�¸Ú
>?�,Z � s ] z�� l ��� ]�� B

[ ] → True | → False ]
Cb²mÚ2���¸Ú ��8��=����²mÚ28���Ú28:;������=�

l
����8:�Ô���±@BC�<2�����2£

<2�2§�8:;��=�:�B;=8�>��*�:>����¸ÚK°#>?���	��>��=��8:;=�	�
u �?>���<�>������B�`�����=��;������OCK²mÚ2���¸Ú³�Ô8O>?�2� ��Ú�>��

x
���Å8´�?>���<�>���8:§\9µ8�Á��B;=8

f
���]��Ú28�8´��>?��<�>�����?�]�?Á

(f x )
�

¯�Ú28 t `d] 8´¼D�2;=8:���=���B���`�µ8:;��Ô���k���/�=8Jv&<28��&���6>?����½�8³���B�Ô�2<��¸>�����?�	C�>?�2§Õ���/�=Ú�>?;=8��=<29D°±���B�Ô�2<��¸>�����?�2�:�
¯�Ú&<2� t `d] x = fact 10 � p x +x

²m�����&�:�?�S�2<D��8
fact 10

Ý�;����OCW>��2§k�B�2��@��?�2�:8�� Ò��k8,vK<�����>?��8��W� �µ�B�=�=Ý�¼
� ��` x ` �2�?��>������B�)�`>O@\9µ8�<2��8�§É>?�m²»8����Ð� ¯�Ú&<2�*��Ú28��:�B��§2�������B��>��	8´¼D�2;=8:���=���B� � l b

]���` p
e1

` t � ` e2
���

8Jv&<2����>?��8��&�����qZ
choose b � ��` x ` choose =

lon�p.B
True → e1 | False → e2 ];ud¼D�:8:�D�����?�2��>�;�8�§28��:�6>�;�8:§)²m����Ú\��Ú28��±@K��8��?Á���Ú�8:��;��2>?;�>?�Ô8���8:;=�:C�����·?8����SZ

`
	�zd`�_�] � � p Failure � l T N[UVL;M W�
Ò�� 8´¼D��8:�������B��>�����>?��<28k�S>M@ 9�8";�>�����8�§	Cb����·?8k���
Z x s � � ` (Failure

P�����������P
)
>��2§/Ú2>?�2§2��8:§ 9&@É> ] x ^

�=²m�����¸Ú³�B�³8´¼D�:8��������B���2>�����8:;����:C���<��¸Ú >?�,Z
] x ^

expression ��� ]�� B
Failure s → ... ]

� D
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>?�2§ÔÓ��BÞ ���B�S�S>?�2§��:CW92<���² 8,�=Ú�>?�����=8:��§2�B� �28�8:§S��Ú28:�³��ÀD8,v&<28:�2��8:�Å��Á	�����=��;=<2�������B��� >�;�8m8���>?��<�>���8�§
���)��8�Á �Å���S;=��£BÚW��;=8:£B���S8������ � 8Z¼���;�8:�=�����B�2�:CE�=<2�¸Ú >?�,Z�� ��� e1 ; ... en}
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;�>�����?�2� �S>O@"9�8,��>?�¸·�8:§\���`>��=��;�<2�´��<2;�>?�µ<2�2��� �O>�����8�§`> � � �An t ` C�>?�Ô8:�2>?92��8�������8���>?;�>��8,��;�8:>����Ô8:�W�O����K§2<2��8:�ÜÚ�>O�?8��±@D�µ8:�Ü��Ú28:�Ô��8����?8:�:C1�:>?����8:§#"%$ =�<@7A6 ?&!d4�"��KXd>?;�>?�S8´��;=�����S�K§2<2��8:�Ü>�;�8��:>?����8:§(' ?�<)�6*��!%"��
¯�Ú28�>?��£?�B;�����Ú2�Ô�»�2;=8:�=8:�W��8�§É���\��Ú2���m��>?�µ8:;�²m�����	<2��8����)8�����8��W���6>��b²»>O@K�,��Ú����m�S�K§2<2��>?;����±@`����;=<2����<2;�8�C
92<�����Ú�8»�=@K�W�¸>c¼��?<2£BÚW�U����9µ8 �=8:��Á6°±8��K��§28:�W�O�d7d���2>?����@BCM�:�?�S�Ô8:�W���U>?;=8 8��2�:���B��8�§�²m����Ú2�����=��>?;�;=8:§��2>?;�8��2�
����·?8�Z
r�s�t n ` s =

P,+.-�./0�1�./&� 23�4/�5 6���7�8SP �
(∗
¯�Ú2���*���m>k�:�B�Ô�S8��W�

∗)
Em8O>?§28�;��m�2�?��>?�Jv&<�>?���W��8:§)²m����Ú\�2;��?£B;�>?�Ô�Ô���2£��6>?�2£?<�>?£B8��Å�`>O@Ô��Ú2���2·`��Á ��¢¦§28�Ý2�2�������B�2�Å>?��;�8��:<2;#°
�����B8m8Jv&<�>�����?�2���c�?8:;����2§�<2�������B8���@�§28�Ý���8:§]>���£B8�92;�>?�������?�=���?Áµ��Ú28�� >?;�8��=���Ô�2��8Å��;����Ô�������?8Å;�8��:<2;=�����?8
Á�<2�2�´�����B��>?���:��¯�Ú28"�S�?;�8����B�S����8´¼!;�8��:<2;=�����B�2���?Á��B<2;�>�<����B�S>���>`�:�B;=�B<������28���²m�����d9µ8k��Ú2�M²m�É���)9µ8
² 8:��� °-Á��B<��2§28:§)9W@)>"�:�B��92����>�����?�]�?ÁU��8´¼D���:�B£B;�>?�2Ú2����>?�2§³��<2��������8��Å�B;�§28�;����2£B�:�

X���§2£B��� �!¢ §28�Ý����������B�2���S>O@>�����<2>?����@/9µ8\§2��;�8:�´����@/8Z¼D8:�:<D��8:§w>?�ÔÞÜ9 k=8:�´�����B8³ºÅ>?�Ô�»�2;=�B£B;�>?�S�
B¤A?F�DÐC	<2�2§28�;Ü��Ú28k�=��°±�:>?����8:§ ;=8��K���=8:§ �=@K�W�¸>c¼ B¡A¾�DÍ��¯�Ú28�Á��B�����M²m����£`§28´�B8:���B�2�Ô8:�W���S>M@³��Ú&<2��9µ8k<2�=8:§
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9 :<; n )�=?> j )dHd) j ) lmn

¥/8���;�8:�=8:�W�,���\��Ú2������8��������B�³���B�Ô8�9�>?�=����<�������������8:�»����92;�>?;���8:���



����� ���	��
���	�	��������������������� �!�#"����

0 g +5G.H l $�lmi

¯�Ú2���*�Ô�K§2<2��8��:�B�W�¸>����2�Å��>?;=���B<2��<D������������8:� �?ÁU£B8:�28�;�>?�1<���8?�
r�s�t n ` dirac b = � l b

]���` p\� ` t � ` F �
r�s�t n ` optional f =

lon�p
[ None → () | Some d → f d ];

r�s�t n ` active =
lon�p

[ None → False | Some → True ];
Û�<2�Ô�)�?>���<28

v
�B�

file
�

r�s�t n ` dump v file =t `,] cho = open out file

� p � ��� output value cho v ; close out cho};
Em8���;=��8´�B8���>?��<28�§�<2�S�µ8:§³�B�

file
� �����Å�±@D�µ8���Ú2�?<2��§)9µ8�£?���B8������³>"�:>?�=�:�

r�s�t n ` gobble file =t `,] chi = open in file

� p t `,] v = input value chi � p � ��� close in chi ; v};
��ß*Ó %y���B<2�¸ÚÃ�
r�s�t n ` touch file = close out (open out file);
r�s�t n ` notify error message =� ��� output string stderr message; flush stderr};

��� � &'�	�(�)�����*
+���!���	��,
¥/8��=Ú�>?���	<2��8������=���Å���W��8��2�����B8���@B��¥/8�>?���=<2�S8���Ú28��=�¸>��2§�>?;=§³����92;�>?;=@

List
�

0 g +5G.H l 1 ) n	j 9
¥/8����B�Ô�2��8��S8��&�

List
Ú28:;=8�²m����Ú³>�Á�8�²Q>?<D¼D�����6>?;�@`�����=�Å��8:;��K���:8�Á�<2���������B�	�

unstack l r = (rev l) @ r

unstack = List .rev append

r�s�t n ` x `Jz
unstack l1 l2 =� s ] z�� l1 � � ]��

[ [ ] → l2-
[a :: l ] → unstack l [a :: l2 ]

];
r�s�t n ` non empty =

lon�p
[ [ ] → False | → True ];

ÀD8´�,�?��8�;�>������B�2�Å²m����Ú)�����=���
r�s�t n ` union1 e

e L T N f � l List .mem e
e L T N ]���` p e L T N ` t � ` [e ::

e L T N
];



r�s�t n ` x `Jz
union l1 l2 =� s ] z�� l1 � � ]��

[ [ ] → l2-
[e :: l ] → union l (union1 e l2 )

];
r�s�t n ` set of l = List .fold left (

lon�p
acc x → � l List .mem x acc

]���` p
acc

` t � ` [x :: acc]) [ ] l ;

last :
e L T N

α → α
r�s�t n ` x `Jz

last =
lon�p

[ [ ] →
x s � � ` (Failure

P � 2 /�5P
)-

[x ] → x-
[ :: l ] → last l

];

truncate n l
;�8:�Ô�M�B8��*Á�;=�B�

l
���������2�����6>��µ�=<292�����=�m��Ád��8:�2£?��Ú

n
�

truncate :
L;MON

→
e L T N

α →
e L T N

α
r�s�t n ` x `Jz

truncate n l =
� l n = 0

]���` p
l
` t � ` � s ] z�� l ��� ]��

[ [ ] → failwith
P,5 6��37��0205���P

-
[ :: r ] → truncate (n − 1) r

];
][^�_�`

ranked α =
e L T N

(
L;MON

× α);

zip n l
>?�=��<2�Ô8:�

l
�=�B;=��8:§¦��� ���2��;�8O>�������£³�?;�§28�;���ÁÅ;�>��2·&� � ����;�8´��<2;=�2��>)��>?;����������?�É�?Á

l
>?�

(l1 , l2 )²m����Ú
l1
�S>¼D����<2� �=<2�¸ÚS��Ú�>���;�>?��·K�����

l1
>?;=8��

n
�
l1
����;�8��?8:;=��8:§ÃC��Í�¿8?�U²»8*8:��Á��?;��:8m��Ú�8*���W�?>�;��6>��&�JZ

zip n l = (l1 , l2 )
�=<2�¸Ú���Ú�>��

l = unstack l1 l2
�

zip :
L;MON

→ (ranked α) → ((ranked α) × (ranked α))
r�s�t n ` zip n = zip rec [ ]
� ��` x ` x `Jz

zip rec acc l = � s ] z�� l ��� ]��
[ [ ] → (acc, [ ])-
[((m, ) s�� current) :: rest ] →

� l m < n
]���` p

zip rec [current :: acc] rest` t � ` (acc, l)
];

º»�K8:;������B���*9µ8��±² 8:8��yT N[UVL;M W >��2§ e L T N�	�
��U �
explode :

T N�UVL;M W
→

e L T N�	�
��U
r�s�t n ` explode s =t `,] x `�z expl i accu =

� l i < 0
]���` p

accu
` t � ` expl (i − 1) [s.[i ] :: accu]

� p expl (String .length s − 1) [ ];

implode :
e L T N�	�
��U

→
T N�UVL;M W

r�s�t n ` implode l =t `,] result = String .create (List .length l)



� p t `,] x `�z loop i =
lon�p

[ [ ] → result-
[c :: cs] →

� � � String .set result i c; loop (i + 1) cs}
] � p loop 0 l ;

X�;��K�:8����,>"�������Å²m����Ú)Á�<��2�������B�
pr

Á��B;�8���8��S8��&���m>?�2§)Á�<2�2�´�����?�
sep

Á��B;��=8:��>?;�>����?;:�
process list sep : (α → � MOL;N ) → ( � MOL;N → � MOL;N ) →

e L T N
α → � MOL;N

r�s�t n ` process list sep pr sep =t `,] x `�z prl =
lon�p

[ [ ] → ()-
[s] → pr s-
[s :: ls] →

� ��� pr s; sep (); prl ls}
] � p prl ;

����� � � �����
¥/8\>?���=<2�Ô8]��Ú�>�����Ú28]>?���2Ú2>?9�8´���?Á*����;����2£ ;=8:�2;=8:��8��W�¸>������B�2�k�����=�B�S8`���2�����6>�����8:£?�S8��&���?Á*���B�=�������B8
���W��8:£B8�;��:�d¯�ÚK<��Å>��=��;=���2£��������D§28�§]>?��>������=���?ÁÃ���W��8�£B8:;=��²mÚ����¸ÚS²m������Á�;=�B� �2�M² �?�S9µ8,�:>?����8:§Ô>

word
�
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���W��8:£B8�;��\���W��������;=���2£B�`�?Á���;�>?����������8�;�>������B�2�S��� ��Ú28 ;��B�S>?�(>?���2Ú�>?9µ8��:Cm²mÚ����¸Ú 8:�2���D§28É��Ú28:�Ô��8����B8��
8:����Ú28�;���8´����8�;��Ü²m����ÚÉ§2��>?�:;=�������:��C	�B;4�*�2�����D§28k;=8:�2;=8:�=8:�W�¸>������B������Á���Ú28 �q4��d7�<	�7�= 7&!
�� >?����Ú�>?9µ8��O��¯�Ú&<2�
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][^�_�`
letter =

L;MON
s p�� word =

e L T N
letter ; (∗

² �B;=§�8��2�:�K§28:§!>?����8,v&<28:�2��8��?ÁU��>���<2;�>?�Ã�K<���9�8�;��
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lexico : word → word →

adc�c�e
r�s�t n ` x `Jz

lexico l1 l2 = � s ] z�� l1 ��� ]��
[ [ ] → True-
[c1 :: r1 ] → � s ] z�� l2 ��� ]��

[ [ ] → False-
[c2 :: r2 ] → � l c2 < c1

]���` p
False` t � ` � l c2 = c1
]���` p

lexico r1 r2` t � ` True

]
];

Û�� � 8�;�8:�W���6>?�Ã² �B;=§2�:�
ÒÆ§�� � 8:;�8��W���6>��Å²»�B;=§ ���S>/�2���¸>������B�Õ��8�;��Ô���������2£É���¦;�8´��;=��8��?8 >/² �B;=§

w
Á�;��B� >��2�?��Ú�8:;S² �B;=§

w ′��Ú2>?;����2£]>Ô�:�B�Ô�S�?���2;=8�Ý�¼��,Ó-�Ü§28��2�?��8�����Ú�8��Ô���2���`>?����>���Ú �:�B���28:�´������£S��Ú�8�² �B;�§2����� >"��;=��8?Cµ>?��>
��8,v&<28:�2��8��?ÁU<2�2�,>?�2§)§2�M²m�2�,Z ��Á

d = (n, u)
²»8�£B�"<2�

n
�����S8��m>?�2§\��Ú�8:�³§2�M²m� >?���B�2£�² �B;�§

u
�

][^�_�`
delta = (

L;MON
× word); (∗

§2� � 8:;=8:�W����>?�Ã² �B;�§2�
∗)

ß�>��<2;�>?�	�B;=§28:;=���2£"�B�)§2� � 8�;�8:�W���6>?�Ã² �B;=§2�:�
r�s�t n ` less diff (n1 ,w1 ) (n2 ,w2 ) = n1 < n2 ∨ (n1 = n2 ) ∧ lexico w1 w2 ;
¥/8Ü�:�B�Ô�2<���8���Ú�8Ü§2� � 8:;=8:�2��8Ü9µ8��±² 8:8:�

w
>?�2§

w ′
>���>�§2� � 8�;�8:�W���6>?�E²»�?;�§

diff w w ′ = (|w1 |,w2 )²mÚ28�;�8
w = p.w1

>?�2§
w ′ = p.w2

C�²m����Ú��S>¼D���S>?�µ�:�B�Ô�Ô�B�\�2;�8´Ý�¼
p
�

diff : word → word → delta

r�s�t n ` x `Jz
diff =

lon�p
[ [ ] →

lon�p
x → (0, x)-

[c :: r ] s�� w →
lon�p

[ [ ] → (List .length w , [ ])-
[c ′ :: r ′] s�� w ′ → � l c = c ′

]���` p
diff r r ′

` t � ` (List .length w ,w ′)
]

];
ß,�M²

w ′
�S>O@\9µ8�;�8���;���8��B8�§�Á�;=�B�

w
>?�2§

d = diff w w ′
>?�

w ′ = patch d w
�

patch : delta → word → word

r�s�t n ` patch (n,w2 ) w =t `,] p = List2 .truncate n (List .rev w)
� p List2 .unstack p w2 ;

� �{)���� l��dn
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bool
Ú�>?���±²»���:�B�2���¸>?�W���:�B���=��;=<2�����B;���Cd��Ú�8Ô9µ�K�B��8:>?�2�

True>?�2§
False

�Õ¯�Ú28��µ�B��@D�Ô�B;=�2Ú2���\����;=<2����<2;�8
list α

>?§2�Ô�����k�±²»�/�:�B�2����;=<2�����B;���C»��Ú28³8:�Ô���±@ �����=�
[]>?�2§ ��Ú28 �����=�S�:�?�2�=��;�<2�´���B;]���B�2�=���2£ >/��>?��<28

x : α
��� >¦Ú2�B�Ô�B£B8��28:�B<��]�����=�

l : list α
���¦Á��B;��

[a :: l] : list α
�
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�
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��>?��<�8:����Á��:��°-���2§2<��������B8��±@K�µ8:����¯�Ú28�@!��8�;��Ô���,���2��;�8:�Ô8:�W��>?�U�2>M�K��£W>������B� >��2§É�S�K§2��Ý��O>������B�)�?Á��?8:;�@
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��Ú�8��=8:�2�=8���Ád�����28:>?;Å���?£B�����
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λ
°±�:>?����<2��<2�

8´¼D�2;=8:�=�����?�2��Á��B;����2§�<2�������B8��?>���<28���>?�2§ Ö�BÚ2����;=8:8:�ÜÁ��?;���Ú28"����°±���2§2<2�´�����?8��B�28�� j��S>O@ 9µ8k§28�Ý���8:§
9W@�8�����Ú28:;U§28�Ö»;=<2� k=�����2§2���:8��d�B;UÚ2��£BÚ�8:;�°-�B;�§�8:;U>?92�=��;�>?�´� ��@D�W��>¼�CD>��2§�£B8��28:;�>?�D£?;�>?�2Ú��=��;=<2����<2;�8����`>O@
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��*�
¢1������� >?;�8mÝ�;����=°-���"Ý�;����=°±�?<��»�=8Jv&<28��2�:8��Kh����?�D°±§2�M²m�@j ²mÚ28�;�8O>��»�=��>?�¸·&��>?;=8,��>?�=��°±���kÝ�;=�=��°±�B<�� ��8,v&<28:�2��8:�
hs9µ�?�=���B�k°±<2�Oj´��¯�Ú28´@!>�;�8��2�?�*�:��8O>?;=��@`§2����������£B<2���=Ú28:§)����<2�=<�>?�1�2;=�B£B;�>?�S�Ô����£2C�9µ8:�:>?<2��8���Ú�8�<2��§28:;#°
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[x1; x2; ... xn]
�`>O@¹9µ8);�8´�B8:;=��8�§ ���W���É��Ú28����¸>?�¸·

[xn ...; x2; x1]
²mÚ����¸Ú)���Å��Á���Ú28���>��S8:6���
g4*�����=�O��ÀD��²»8��:>?�2�2�?�Å8´¼D��8����m���k�:>?����<2;�8Ü��Ú28:��;Å§2� � 8:;=8:�2��8

²m����Ú\��Ú28��±@K��8�§2�����:���2�����28���Á��!¢���ÒÅ�*9µ8:�=�*9W@)§28��:�6>�;�����£qZ
type stack α = list α;² 8!�S>M@ <���8��±@K�µ8 >?���2�?�¸>�����?�2�k��� §2�D��<2�Ô8:�W�S²mÚ�8���Ú�8:;\> £B���?8:� �������"���Ô<2��8�§ 9W@w>ÉÁ�<2�2�´�����B�w���
��Ú�8k;��B��8��?Á >]�����=�Ü�?;Ü�?Á >]�=��>?�¸·E�kÖ»<����=<2�¸Ú $ <"6 4 <�6 $ ��< "�>?;�8����?��8:�DÁ��B;���8:§ 9&@É�!¢ �¤���±@K�µ8k�=@K�=��8:�³C
²mÚ2���¸Ú k=<2�=��<2��8���Á�;�8�8:��@ ��Ú28`�±@K��8`§28:���6>?;�>������B�¦>�9��M�B8]>?��>?�¦8Jv&<2����>?��8:�2��8?� ÀD�!² 8]Ú�>O�B8`��� �¸Ú28��¸·
��Ú�8:��8����W��8��&�����B���»�O>�;�8�Á�<�����@?CD��Á	² 8�²Å>��&�Å�B<2; ��>?��<28:���������B�Ô8,���`��Ú28,;���£BÚW�Å�B;=§28:;���Ö»<��Å² 8Ü��8:;=��>?������@
²m���=ÚS����§2���=�����2£B<�����Ú"�����=����>?�2§S�=�¸>��¸·K��C��=���2��8,���¸>?�¸·&�Å>�;�8*92<2������>?�2§S>?��>?��@K��8:§S���Ô<2�2���������Ô8?CB²mÚ28�;�8:>?�
>?§2§����2£Ô>k�28�² 8:��8:�Ô8:�W�m���Ô>k��������������;��B�µ�B;=�����B�2>?�����"��Ú28���8��2£?��Ú)�?Á���Ú�8��������O�

Ò �±@K�2���O>?��8Z¼D8:�Ô�2��8"�?Á»�=�¸>��¸·É<2��8Ô���
List2.unstack

>�9��M�B8��`Ó±�
(unstack l s)

C
s
����>?�/>?�:��<D°

��<2��>����?;Å�=��>?�¸·ECE²mÚ�8:;�8���>?��<�8:�m>?;=8���������8:§)���)��Ú28��B�2�µ�B������8��B;=§28:;*>?�Å��Ú28�@³>�;�8����\�����=�
l
��Ó±�2§28�8:§	C�² 8

�S>M@`§28�Ý2�28���Ú28�;�8´�B8:;=��8��B��8�;�>������B�\�?�³���������m>?�,Z
r�s�t n ` rev l = unstack l [];

Ó±�¹��Ú28\���¸>?�2§2>?;�§�ÞÜ�O>��S���¤������92;�>?;=@?C
unstack

�����:>?����8:§
rev append

�/Ó-�k����8
�Ô�:��8��W�OC������2�:8\���
��� 687&$ 9�!V4 )�?0!%" $ ��4�Z]�2�É���&��8:;=�S8�§2�6>���8S��>?��<28:����Ám�:�B�Ô�2<���>������B�¦�28�8:§¹���É9µ8]·�8:���"�B���Ú28\;�8��:<2;=�����B�
�=��>?�¸·ECb>?�2§!��Ú28�;=8:�:<�;������B�É���,8´¼D8:��<���8�§ >?��>`�Ô8:;=8ik=<2�Ô�	��Ó-��������<��¸ÚÉ�S�B;=8�8
�S����8��&�:C	��Á ���B�Ô8������=�



l1
���,·�8:������� �����,;=8��?8:;��=8:§ �=��>?�¸·³Á��?;��

s1

C����]�B9���>?���³��Ú28�;�8:�=<2�����?Á�>?�2�µ8:��§2���2£
l1
���

l2
9W@!�:>?�������2£

rev append s1 l2
��Ú�>?� ���]�O>����

append l1 l2
Cµ²mÚ2���¸Ú >?�Ô�B<2�W���*���]Ý�;=�=��;=8��?8:;��=���2£

l1
���W���

s1

C1>��2§
��Ú�8:�§2�?���2£³��Ú28S��>?�Ô8S���B�Ô�2<��¸>�����?�	�³ÀD���Ô����>?;���@BCÃ��Ú28

List
����92;�>?;=@ §28�Ý���8:�k>)Á�<2�2�������B�

rev map²mÚ2���¸Ú\���»�Ô�B;=8�8��Ô����8:�W�Å��Ú�>?�
map
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tree = [ Tree � l arcs ]s p�� arcs =
e L T N

tree;
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tree zipper =
[ Top-
Zip � l (arcs × tree zipper × arcs)

];
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access =
e L T N L;MON

s p�� domain =
e L T N

access;
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dom : tree → domain

r�s�t n ` x `Jz
dom =

lon�p
[ Tree(arcs) →



t `d] doms = List .map dom arcs � pt `d] f (n, d) dn = t `,] ds = List .map (
lon�p

u → [n :: u]) dn � p
(n + 1,List2 .unstack ds d) � pt `d] ( , d) = List .fold left f (1, [[ ]]) doms � p List .rev d

];
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r�s�t n ` tree0 = Tree [Tree [Tree [ ]; Tree [ ]]; Tree [ ]];

dom(tree0 );
(∗ → [[ ]; [1]; [1; 1]; [1; 2]; [2]] : domain ∗)
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focused tree = (tree zipper × tree);

r�s�t n ` nth context n = nthc n [ ]
� ��` x ` x `�z

nthc n l =
lon�p

[ [ ] →
x s � � ` (Failure

P � � 5�� ��� �.� ��� 24� 7 P )-
[x :: r ] → � l n = 1

]���` p
(l , x , r)

` t � ` nthc (n − 1) [x :: l ] r

];
r�s�t n ` x `Jz

enter u t = � s ] z�� u ��� ]��
[ [ ] → ((Top, t) : focused tree)-
[n :: l ] → t `,] (z , t1 ) = enter l t � p� s ] z�� t1 ��� ]��
[ Tree(arcs) → t `d] (l , t2 , r) = nth context n arcs � p

(Zip(l , z , r), t2 )
]

];
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tree0
Z

enter [2; 1] tree0 ;

(Zip ([Tree [ ]], Zip ([ ], Top, [Tree [ ]]), [ ]), Tree [ ]) : focused tree
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enter
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r�s�t n ` down (z , t) = � s ] z�� t ��� ]��

[ Tree(arcs) → � s ] z�� arcs ��� ]��
[ [ ] →

x s � � ` (Failure
P�� ��
 7 P )-

[hd :: tl ] → (Zip([ ], z , tl), hd)
]

];
r�s�t n ` up (z , t) = � s ] z�� z � � ]��



[ Top →
x s � � ` (Failure

P � � P )-
Zip(l , u, r) → (u, Tree(List2 .unstack l [t :: r ]))

];

r�s�t n ` left (z , t) = � s ] z�� z ��� ]��
[ Top →

x s � � ` (Failure
P � � � 5P )-

Zip(l , u, r) → � s ] z�� l ��� ]��
[ [ ] →

x s � � ` (Failure
P � � � 5 P )-

[elder :: elders] → (Zip(elders, u, [t :: r ]), elder)
]

];

r�s�t n ` right (z , t) = � s ] z�� z ��� ]��
[ Top →

x s � � ` (Failure
P 6���8 - 5 P

)-
Zip(l , u, r) → � s ] z�� r � � ]��

[ [ ] →
x s � � ` (Failure

P�6���8 -�5P
)-

[younger :: youngers] → (Zip([t :: l ], u, youngers), younger)
]

];

r�s�t n ` del l (z , ) = � s ] z�� z ��� ]��
[ Top →

x s � � ` (Failure
P � � � � P

)-
Zip(l , u, r) → � s ] z�� l ��� ]��

[ [ ] →
x s � � ` (Failure

P�� � � � P
)-

[elder :: elders] → (Zip(elders, u, r), elder)
]

];

r�s�t n ` del r (z , ) = � s ] z�� z ��� ]��
[ Top →

x s � � ` (Failure
P � � � 6SP

)-
Zip(l , u, r) → � s ] z�� r � � ]��

[ [ ] →
x s � � ` (Failure

P�� � � 6SP
)-

[younger :: youngers] → (Zip(l , u, youngers), younger)
]

];

r�s�t n ` replace (z , ) t = (z , t);
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context construction =
[ Down | Left � l tree | Right � l tree ];

r�s�t n ` build z =
lon�p

[ Down → Zip([ ], z , [ ])-
Left(t) → � s ] z�� z ��� ]��

[ Top →
x s � � ` (Failure

P � �� � � ��R � � 5P )-
Zip(l , u, r) → Zip([t :: l ], u, r)

]-
Right(t) → � s ] z�� z ��� ]��

[ Top →
x s � � ` (Failure

P � �� � � ��� ��8 - 5P
)-

Zip(l , u, r) → Zip(l , u, [t :: r ])
]

];
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unstack st l
C�>

½:���2�µ8:;
z
�`>O@"9µ8���Ú2�B<�£BÚW�»�?ÁÃ>?����Ú28mÁ�<2�2�´�����B�Ô²mÚ����¸Ú	C&£B���B8:�`>���;�8�8

t
C&;�8���<2;�������Ú28*��;�8�8

zip up z t
C
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r�s�t n ` x `Jz

zip up z t = � s ] z�� z ��� ]��
[ Top → t-
Zip(l , up, r) → zip up up (Tree(List2 .unstack l [t :: r ]))

];
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zip up
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zip up z t
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(z , t)
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zip up z t
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r�s�t n ` x `Jz

zip unstack z1 z2 = � s ] z�� z1 ��� ]��
[ Top → z2-
Zip(l , z , r) → zip unstack z (Zip(l , z2 , r))



];
r�s�t n ` zip rev z = zip unstack z Top;
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r�s�t n ` compose z1 z2 =

zip unstack (zip rev z2 ) z1 ;
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���k�:>?����8:§ > ;��K�?��8�§¹��;�8�8)�����Ú����k��;�>?§2�������B�¦���kÚ28�;�8)§2��;=8:�´����@¦8´¼D�2;=8:���=8:§ >��S>É½����2�µ8:;��36 � � 5µCÅ>��2§
>?§�k=<��2�������B�Ô>�� >���;�8�8,�K�:��<2;�;=8:�2��8,�����2;�8���>?;�8�§`9W@"§28��:�B�Ô���?������£���Ú2������;�8:8*>�����Ú28m£B���?8:�`�K�:��<2;�;=8:�2��8
>?�,>"Á��K�:<���8:§���;�8�8

(z , t)
�Åß*�c²à��Ú28�>?§�k=<2�2�´�����B����Á

zroot
>��*��Ú����m�D���:<2;=;�8��2�:8����*�����Ô�2��@]�:�?�S�2<D��8:§

>?�,Z
r�s�t n ` splice down (z , t) zroot = (compose z zroot , t);
��Áb��Ú28�Á��D��<2�m�?Á >����8��W�����?�³���¸>O@K��>����Ú28���<�9���;=8:8

t
C��B;

r�s�t n ` splice up (z , t) zroot = (z , zip up zroot t);
��ÁU²»8�²»>?�W����Ú�8�Á��K�:<2�*�?Á >�����8:�W�����B�³���`���¸>O@³>��*��Ú28�>?§�k=<2���������B�³�D���:<2;=;�8:���:8?��¯�Ú�8:��8��±²»�S���B���W���m�?Á
�K��8´²Q��8:>?§\���"8Jv&<2����>?��8��&�m����;=<2����<2;�8��:CE���\��Ú�8��=8:�2�=8��?Á���;=8:8���§�8:�W�����±@]�Ô�D§2<�����Á��K�:<2�=���2£AZ
r�s�t n ` equiv (z , t) (z ′, t ′) = (zip up z t = zip up z ′ t ′);

� ��� � �#��� � ��� � � � ���	��� ��� ��� �����
¥/8�8��2§)��Ú2������8:�´�����B��9W@\�=Ú2�M²m���2£"��Ú�8��=��8��:��>?�1�O>?�=8��?Ád½����2�µ8:;=��Á��B;�92���2>?;=@S��;�8�8:���

0 g +5G.H l : ) i"j �Ul�l

][^�_�`
bintree =

[ Null-
Bin � l (bintree × bintree)

];
ÞÜ�:��<2;�;=8:�2��8:�Ü>��*9µ�K�B��8:>?�\�����=��� hs92����>?;=@S²»�?;�§2� j´�
][^�_�`

binocc =
e L T N adc�c�e

s p�� domain =
e L T N

binocc;

binlexico : binocc → binocc →
adc�c�e

r�s�t n ` x `Jz
binlexico l1 l2 = � s ] z�� l1 ��� ]��

[ [ ] → True-
[b1 :: r1 ] → � s ] z�� l2 ��� ]��

[ [ ] → False



-
[b2 :: r2 ] → � l b1 = b2

]���` p
binlexico r1 r2

` t � ` b2

]
];

occurs : binocc → bintree →
adc�c�e

r�s�t n ` x `Jz
occurs occ bt = � s ] z�� occ ��� ]��

[ [ ] → True-
[b :: rest ] → � s ] z�� bt ��� ]��

[ Null → False-
Bin(bl , br) → occurs rest ( � l b

]���` p
br

` t � ` bl)
]

];

paths : bintree → domain

r�s�t n ` paths = pathrec [ ] [ ]
� ��` x ` x `Jz

pathrec acc occ =
lon�p

[ Null → [List .rev occ :: acc]-
Bin(bl , br) → t `d] right = pathrec acc [True :: occ] br

� p [List .rev occ :: pathrec right [False :: occ] bl ]
];

occurs occ t = List .mem occ (paths t)
��¥¦8�>?�=��<2�Ô8

paths t
���Ô9�8����

binlexico
�B;�§�8:;:�

bintree of1 : binocc → bintree

r�s�t n ` x `Jz
bintree of1 =

lon�p
[ [ ] → Null-
[b :: occ] → � l b

]���` p
Bin(Null , bintree of1 occ)` t � ` Bin(bintree of1 occ,Null)

];
ª�q�«�«��K¬~
92����>?;=@`�:�B�W��8´¼K��� f �����28O>�;Å92���W��;�8:8��S>?�2�
][^�_�`

binzip =
[ Top-
Left � l (binzip × bintree)-
Right � l (bintree × binzip)

];

zip up : binzip → bintree → bintree

r�s�t n ` x `Jz
zip up z bt = � s ] z�� z ��� ]��

[ Top → bt-
Left(up, br) → zip up up (Bin(bt , br))-
Right(bl , up) → zip up up (Bin(bl , bt))

];

extend : bintree → binocc → bintree

r�s�t n ` extend tree = enter edit Top tree



� ��` x ` x `Jz
enter edit z t occ = � s ] z�� occ ��� ]��

[ [ ] → zip up z t-
[b :: rest ] → � s ] z�� t ��� ]��

[ Bin(bl , br) → � l b
]���` p

enter edit (Right(bl , z )) br rest` t � ` enter edit (Left(z , br)) bl rest-
Null → zip up z (bintree of1 occ)

]
];

¥/8��S>?���&��>?���
extend t occ = � l occurs occ t

]���` p
t
` t � ` bintree of [occ :: paths t ]

�
bintree of : domain → bintree

r�s�t n ` bintree of = binrec Null

� ��` x ` x `Jz
binrec acc =

lon�p
[ [ ] → acc-
[occ :: dom] → binrec (extend acc occ) dom

];
Ï�u � }2¬q�}�u��c~ Z

• paths (bintree of dom) = {occ | binlexico occ o
²m����Ú

o ∈ dom}

• bintree of (paths tree) = tree

• bintree of1 occ = bintree of [occ]

� � � ) l �"j � G = j G �Ulmn��g�� 1 l�� )�= g�i �µi + l�� ) i -

¯�;���8��*>?;�8Ü��;�8:8�����;�<�����<�;�8:�m��Ú2>��*�=���?;�8�Ý��2����8���8´���*�?ÁU�=��;=���2£?����Ú�>?;=���2£"���2�����6>?�µ�2;�8´Ý�¼D8:���

� ��� � � �����)����&'�� �	
��� � �������
¯�;���8��yhÐ>?����� �O>�����8�§ 9[4 � $ )d7�9&6 !V4J4�" j]�`>O@ 9µ8É���Ô�2��8��S8��W��8:§ ��� ��>?;����B<2�]²»>M@K��� Ò �2�K§28É��� >��;���8
;�8��2;�8���8��&����>`�=��;�����£2C�²mÚ2���¸ÚÉ�`>O@³�B;Ü�S>O@³�2�?��9µ8:���B�2£S���`��Ú�8���8´���?Á��=��;�����£B��8��2�:�K§28:§ ���!��Ú28���;���8?C
���?£B8���Ú28:;�²m����ÚÔ��Ú28���8��»�?Á	��;���8��»�?Á1>?���E��< �"¼D8����?Á1�=��;����2£B�»���S��Ú28��=8��ÅÚ2>M�K���2£���Ú������=��;=���2£�>?�Å>��2;�8´Ý�¼��
¯�Ú28*Á��B;�8��=� �?Á1����92�����2£���;=��8:� >��»>�£B���B8��`��8´�B8��µ�S>O@"9�8,�=���B;�8�§]>?�»>?�]>?;=;�>O@BCK�B;�>?�»>������=����ÁÃ² 8Ü>?�=��<2�Ô8
>`�=��>?;��=8k;�8��2;�8���8:�W��>������B�	��Ó-�����B<2��§ >?���=�]<2��8">��&@��?Á���Ú28��Ô�B;�8�8��Ô�:��8:�W��;�8��2;�8���8��&��>������B�2���?Á�Ý2�2����8
��8´����CK�=<2�¸ÚÔ>?� �=8O>?;=�¸Ú"��;�8�8:� B¿G�DÍ� �,8�;�8Å² 8���Ú�>?���2>?�=��<2�Ô8»��Ú28Å�����S����8»�=��>?;=��8�;�8��2;�8���8��&��>������B��²m����Úk�����=���
h�²mÚ����¸Ú\���»>?����<�>?����@k��Ú�8��B;=��£B����>?���2;=8:��8��W�¸>������B�\�?Á1��;���8:�»9W@ E*8��
	Ü§28��6>�Ö ;��6>��&��>?��� h��O¶W ?¶�j j´C&@D��8:��§2���2£
��Ú�8�Á��?�����M²m���2£�����§2<2�������?8Ü�±@D�µ8��=��;=<2����<2;�8��

0 g +5G.H l � � ) l

¯�;���8��m�=���?;�8�����>�;���8��=8����*�?Á�²»�?;�§2�*��Ú�>�;�����£Ô���2�����6>?�E�2;=8�Ý�¼D8��:�
][^�_�`

trie = [ Trie � l (
adc�c�e

× arcs) ]s p�� arcs =
e L T N

(Word .letter × trie);



Trie(b, l)
�����B;=8:����Ú28�8:�Ô���±@³²»�?;�§

[ ]
� �

b
C1>?�2§É>����b��Ú28�² �B;=§2�Ü�?Á >?;=�:�Ü���

l
C�²mÚ�����8���Ú28�>?;��

(n, t)�=���B;�8��*>?���Ã² �B;=§2�KB
n :: c]

Á��B;
c
>�² �B;�§³�=���B;�8�§����

t
�

ß,�?��8»��Ú2>�����8´����8:;��d§28:���B;�>���8Å��Ú28
arcs

�?Á���Ú28
trie

CB�2��������� �2�K§28:����7��B;d���2�=��>?�2�:8�C?��Ú�8Å��;���8»�����B;=���2£
��Ú�8��=8��*�?Á�²»�?;�§2�/B B �JD � B¤A�D � B¤A � A�D � B¤A � G�D$Db����;=8:�2;=8:�=8:�W��8�§É>?�
Trie(False, [(1,Trie(True, [ ])); (2,Trie(True, [(2,Trie(True, [ ])); (3,Trie(True, [ ]))]))])

�
¯�Ú2����8´¼�>?�Ô�2��8Ô8´¼DÚ2��92�������?�28`���&��>?;=�6>?�W���?Á��?<2;�;=8:�2;=8:��8��W�¸>������B�	Cd��>?�Ô8:��@É��Ú�>�����Ú28S���W��8�£B8:;=�����

��<��:�:8����=���B8`����9�������£\�2�D§�8:��>?;�8"��� ���2�:;=8O>?�=���2£³�B;�§�8:;:�Ô¯�Ú&<2��>\���?�D°±§2�M²m� ��8´Á �=°-����°±;=��£BÚW�,��;�>O�?8:;���>?���?Á
��Ú�8

trie
�����=��������� �=��;�����£B�����"��8Z¼D���:�?£B;�>?��Ú2��� �B;�§28�;:� ¯�Ú�8,>���£B�B;=����Ú2�S�U9�8����M²Õ�`>?���W�¸>?������Ú��������W��>?;=�6>?�W�O�

ª�q�«�«��K¬~"}�~ÔÇ»¬qs���BÌµu��M�WÎ	�c~
�¢18��Å<��»��Ú��c² Ú2�M²(����>?§2§`² �B;=§2� ���k>���;���8*���`>��:�?�S�2��8���8:��@k>?�2�2�����O>�����?8�²Å>O@BC�<2�����2£���Ú28��2�������?�

�?Ád>���;���8�½:���2��8�;:�
][^�_�`

zipper =
[ Top-
Zip � l (

adc�c�e
× arcs × Word .letter × arcs × zipper)

]s p�� edit state = (zipper × trie);
Ò��

edit state (z , t0 )
�=���B;�8��»��Ú�8Ü8:§2�������2£����B�W��8´¼K�*>?�Å>�½:���2��8�;

z
>?�2§]��Ú28Ü�:<�;�;�8��W����<29D��;���8

t0
� ¥/8

;�8��2�6>��:8���Ú2������<29D��;���8�9W@³>k��;���8
t
9W@)�:���?������£���Ú28�½:���2�µ8:;Å²m����Ú

zip up t z
>?��Á��B�����M²m�:�

`
	�zd`�_�] � � p Redundancy;

zip up : zipper → trie → trie

r�s�t n ` x `Jz
zip up z t = � s ] z�� z ��� ]��

[ Top → t-
Zip(b, left , n, right , up) →
zip up up (Trie(b,List2 .unstack left [(n, t) :: right ]))

];
¥/8`�28�8:§�±² �É>?<D¼D�����6>?;�@É;��?<������28:����¯�Ú28ÔÝ�;����k�B�28�C

zip
Cd²»>?��£B���?8:����¦�Ô�D§2<���8

List2
��Ó-������>?�Ô8

�=��8:�Ô��Á�;=�B� ��Ú28*Ás>�������Ú�>����������K�B·&��Á��?; >��S8���8:�Ô8:�W� ���S>?�S>°±�����=�d²mÚ2����8*9�<2����§2���2£�>��`8:§��������2£��:�B�W��8´¼K�
��� ��Ú�8S�=�2��;=�����?Á�>)½:���2�µ8:;:C���Ú28Ô;��?��8"�?Á

zip up
9µ8:���2£³�2�6>O@B8�§9W@

unstack
�]¯�Ú�8S�=8:�:�?�2§;��?<������28?C

£B���B8:��>�²»�?;�§
w
C�;�8���<2;����*��Ú28�������£B��8´���B�]Ý�����Á��B;=� ��;���8Ü�:�B�W��>?���2���2£

w
>?�

trie of w
�

trie of : word → trie

r�s�t n ` x `Jz
trie of =

lon�p
[ [ ] → Trie(True, [ ])-
[n :: rest ] → Trie(False, [(n, trie of rest)])

];
Ï�uU~:�&¬M�cq�ÌµuÕ}�u�r(�sÌ	Ì��1Êb« �

¥¦8�>?;=8��2�M²Q;�8:>?§�@]���"§28�Ý���8���Ú28����2�=8:;=�����B�³>?��£B�B;=����Ú�� Z
enter : trie → word → trie

r�s�t n ` enter trie = enter edit Top trie

� ��` x ` x `Jz
enter edit z t =

lon�p
[ [ ] → � s ] z�� t � � ]�� [ Trie(b, l) →

� l b
]���` p x s � � ` Redundancy



` t � ` zip up z (Trie(True, l)) ]-
[n :: rest ] → � s ] z�� t ��� ]��

[ Trie(b, l) → t `,] (left , right) = List2 .zip n l

� p � s ] z�� right ��� ]��
[ [ ] → zip up (Zip(b, left , n, [ ], z )) (trie of rest)-
[(m, u) :: r ] →
� l m = n

]���` p
enter edit (Zip(b, left , n, r , z)) u rest` t � ` zip up (Zip(b, left , n, right , z )) (trie of rest)

]
]

];

contents : trie →
e L T N

wordß,����8���Ú�>�
contents

�����=���Å²»�?;�§2�*���\��8´¼D�����B£B;�>��2Ú2�����B;�§28�;:�
Û�Ó-�*���=Ú2�B<2��§�9µ8�<2��8�§��?�2��@`�B���=�`>����Ã��8´¼D�����B�2���
r�s�t n ` contents = contents prefix [ ]
� ��` x ` x `Jz

contents prefix pref =
lon�p

[ Trie(b, l) →t `,] down = t `,] f l (n, t) = l @ (contents prefix [n :: pref ] t)
� p List .fold left f [ ] l

� p � l b
]���` p

[(List .rev pref ) :: down]
` t � ` down

];

mem : word → trie →
adc�c�e

r�s�t n ` x `Jz
mem w =

lon�p
[ Trie(b, l) → � s ] z�� w ��� ]��

[ [ ] → b-
[n :: r ] →

] x ^ t `,] t = List .assoc n l

� p mem r t

��� ]�� [ Not found → False ]
]

];
¯�;���8��,�S>O@\9µ8����B�2����§28:;=8:§É>��*§�8���8�;��Ô���2���=�����ÜÝ��2����8��=��>���8�>?<����B�`>�¸>k£B;�>��2Ú2�mÁ��B;*>?�:��8:�������2£"��Ú28 h�ÝD°
�2����8�jd��>?�2£B<2>?£B8Å��Ú�8�@k;=8:�2;=8:��8��W�O��¯�Ú2����;=8:�S>?;�·�������Ú28m9�>������ Á��?;��`>?�W@k��8´¼D�����B�"�2;��K�:8����=���2£�����92;�>?;=��8��:�
Ò�����<�>?����@BCE��Ú�8

mem
>?��£B�B;=����Ú��×�`>O@³9µ8���8�8:� >?�Ü>��É���W��8�;��2;=8���8�;�Á��B;,��<2�¸Ú >?�É>�<����B�S>����B�	CE�¸>?·&����£

���������¸>���8]£B;�>��2Ú¹>?����������;���8]>?;=£B<2�Ô8:�W�OC >?�2§¹���������2�2<����¸>?�µ8\>?��������²»�B;=§¹�B�28��É¯�Ú28]9µ�D�B��8O>?�/���D°
Á��B;=�`>������B�É���¦>\��;=��8"�2�K§28"���2§����O>��8:��²mÚ28´��Ú28�;��B;��2������Ú2�����2�K§28Ô;�8��2;�8���8:�W���k>?�/>?�:��8:�������2£³�=��>���8��
¯�Ú28���8�>?<����B�S>��¸>�>?;�8,�2�?�Å�Ô�������S>?�ÍC��������:8�²mÚ2����8m��Ú28´@`�=Ú�>?;=8Ü���2������>?��8Jv&<2���?>���8:�W�»�=�¸>��8:��CD��Ú28:;=8Ü��� �2�
��Ú2>?;����2£��?Á�>?���:8��������2£���>���Ú2�:CDÁ��B; ²mÚ2���¸Ú)>�;�8´Ý��28��S8��&�Å�?Áb��8Z¼����O>?�E��;=8:8��Å���W����§�>?£B�Å���»�28��:8�����>�;=@B��¥/8
��Ú2>?���	���D�?·`>��m��Ú2�����2;=�B92��8:� ���\��Ú28��28Z¼D�*�=8:�������B�Ã� 7U��;����Å² 8�£B���B8Ü��Ú28�;�8:������ÁU��Ú28

Trie
�Ô�D§�<2��8��

r�s�t n ` empty = Trie(False, [ ]);

next trie
;�8���<2;����*��Ú28�Ý�;����,8���8��S8��&�m��Ád�����

trie
>?;�£B<��S8��&�:�

r�s�t n ` next trie = next rec [ ]



� ��` x ` x `Jz
next rec acc =

lon�p
[ Trie(b, l) → � l b

]���` p
List .rev acc` t � ` � s ] z�� l ��� ]��

[ [ ] →
x s � � ` (Failure

P,7�� � 5 5 6�� ��P
)-

[(n, u) :: ] → next rec [n :: acc] u

]
];

last trie
;�8���<2;����*��Ú28��6>?���m8:��8��S8��W�m�?Ád�����

trie
>?;�£?<2�S8��W�O�

r�s�t n ` last trie = last rec [ ]
� ��` x ` x `Jz

last rec acc =
lon�p

[ Trie(b, l) → � s ] z�� l ��� ]��
[ [ ] → � l b

]���` p
List .rev acc

` t � ` x s � � ` (Failure
P � 24/�5 5 6�� �
P

)-
→ t `d] (n, u) = List2 .last l

� p last rec [n :: acc] u

]
];

size trie
���Å��Ú28��K<���9�8�;��?Ád² �B;=§2�m�=���?;�8:§³���

trie
�

r�s�t n ` x `Jz
size =

lon�p
[ Trie(b, arcs) →t `,] s = List .fold left count 0 arcs

� ��` x ` count n ( , t) = n + size t

� p s + Gen.dirac b

];
�

trie
q �M�&¬c}��MÌE¬

iter : (word → � MOL;N ) → trie → � MOL;N
r�s�t n ` iter f t = iter prefix [ ] t

� ��` x ` x `Jz
iter prefix pref =

lon�p
[ Trie(b, arcs) →

� �
� � l b

]���` p
f (List .rev pref )

` t � ` ()� t `d] phi (n, u) = iter prefix [n :: pref ] u

� p List .iter phi arcs�

];

� � � � ��
�	� ����
+� ���	��,
¯�Ú28

Ascii
�S�K§2<2��8Ü§28�Ý2�28:�m�:�K8:;=�:���B�2�

encode
Á�;=�B� �=��;=���2£?�Å���k²»�?;�§2�m>?��§

decode
Á�;=�B� ²»�B;=§2�����

�=��;����2£B�:�



0 g +5G.H l���n = ),)
Òà�B8�;=@)�����S����8Ü8��2�:�K§2����£Ô�=�¸Ú28:�Ô8 Z�Ò�À2º»Ó=Ó
encode :

T N�UVL;M W
→ word

decode : word →
T N[UdL;M W

r�s�t n ` encode
T N�UVL;M W f

List .map int of char (List2 .explode
T N[UVL;M W

)s p�� decode word = List2 .implode (List .map char of int word);

� ��� � � � �	� ����� �!�	��, ���	�� �	
��� ��� � �����	�
ß,�M²�C <�������£���Ú�8`�:�K8:;=�:���B�

encode
Á�;��?� �=��;=���2£?�����³²»�?;�§2��Á�;=�B� ��Ú�8

Ascii
�Ô�D§2<���8?Cb² 8]92<2����§/>

��8Z¼D���:�?� ��;���8�Á�;��?� >\�����=�Ü��Á»����;����2£B�Ü9W@ Á�<��2�������B�
make lex

Cb<2�=���2£�ÞÜ�O>?�Ô� �¿�
fold left

Á�;��?�¨��Ú�8
List

����9�;�>?;�@{h ��Ú28���8�;��Ô����>��Ã;�8��:<2;=�����B8�������������8:;�>����B; j´�

0 g +5G.H l 1/l�� )�= g�i

make lex
;�>?����8:�

Redundancy
��Á�§2<2�������:>���8�8���8��S8��&�������)�����m>?;�£?<2�S8��W�O�

make lex :
e L T N T N�UVL;M W

→ trie

r�s�t n ` make lex =
List .fold left (

lon�p
lex c → Trie.enter lex (Ascii .encode c)) Trie.empty ;

strings of : trie →
e L T N T N[UVL;M W

r�s�t n ` strings of t = List .map Ascii .decode (Trie.contents t);

strings of (make lex l)
£B���?8:�

l
���\��8Z¼����:�B£?;�>?�2Ú����Ü�B;=§28:;��

s�� � ` x ] (strings of (make lex [
P 2�P � P � P � P 2 � P

]) = [
P�2�P � P 2 � P � P � P

]);

� ��� � ���	� ���	��, � �����	� �	�� �	
��� � � � � � � � �!� �(���������
¯�Ú28]Á�<2���������B� 6 ! $[4 ��' "J6 !%$ <A=."�;=8O>?§��k�B� �������=��>?�2§�>?;=§ ���2�2<D�"> �=��;�8O>����?Á*�=��;����2£B���=8:��>?;�>���8�§ 9&@
�28´²m������8*�¸Ú2>?;�>?�´��8�;��:CD92<2����§2� ��Ú28,���B;�;=8:�=���B��§2���2£���;=��8m��8Z¼D���:�?�	C&>?�2§Ô²m;�����8:��������;�8:��;�8:�=8:�W�¸>�����?�`�B�S�����
�=��>?�2§�>�;�§³�B<�����<��O�

Ó-�Ü§28���8��2§2�Ü�?�É>S�Ô�D§�<2��8��Y<) � �3$ <A=�CE²mÚ2���¸Ú §�8�Ý��28��Ü��Ú28��=��;�����£`8:���:�K§2���2£S<2��8�§ ��Ú2;=�B<2£BÚ��:�B�K°
�B8�;��=���B�)Á�<2�2�´�����?�2� 4 <)����A4�>?��§ �q4�) � �q4M�

0 g +5G.H l 0 ;�� l H l��

¯�;���8���8´¼D�����B�)92<2����§2���2£�Á�;��?� ��8Z¼D�mÝ���8��:�B�W��>?���2���2£k�����=���Å�?Ád² �B;=§2�
� � �An t ` Make lex (Encoding : � � �r�s�t n ` encode :

T N[UdL;M W
→ Word .word ;r�s�t n ` decode : Word .word →

T N�UVL;M W� ` p��
) = � ] x n zd]

r�s�t n ` lexicon =
U	��


Trie.empty;



r�s�t n ` trie of strings =t `,] lexicon =
U	��


Trie.empty � p process strings

� ��` x ` x `�z
process strings () =] x ^ � � � t ` True

� �
� t `d] str = read line ()
� p lexicon.val := Trie.enter lexicon.val (Encoding .encode str) }

��� ]�� [ End of file → output value stdout lexicon.val ];
` p�� �
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²m����Ú)§�@K��>?�Ô�����Ô8:�Ô�B;=@`�`>?�2>?£B8:�Ô8:�W����;��K�:8:�=��8�����<��¸Ú >?��£W>�;�9�>?£?8��:�B����8:�´���B;=�:�

Ö»<��m�=Ú�>?;����2£"�?Á�;�8��2;�8���8:�W��>������B�2�m�?Á���Ú28���>?�S8Ü�±@K�µ8��`>O@`>?���=�k9�8��2;=�B£B;�>?�S�Ô8:§\9W@\9µ�?�=���B�k°±<2�
�:�?�S�2<D�¸>������B�	��Ò����D��Ú�>������d�28:8�§28:§Ô����>Ü�Ô8:�Ô�ÜÁ�<2�2�´�����?�k92<2����§2����£���Ú28����B;�;=8:�=���B��§2���2£��S>?��²m����Ú2�B<D�
§2<2�������:>������B�2����¢18��m<2�*��Ú2�M² ��Ú28�£B8��28:;=����>?��£?�B;�����Ú2�³CK>?�*>?���!¢ ' ?�<)�6 ��!��

����� �� � � � � ��� � ����
 �!� �
¯�Ú2����Á�<2�2�´���B; h���Ú2>������:C ��>�;�>?�Ô8���;����Ô�Ô�D§2<���8�jÜ�¸>�·?8:�">�����>?;�>?�Ô8���8�;�>?� >���£B8�92;�>)²m����Ú¦������§2�B�S>?���
��8�8:��Ú28:;=8�>��,>���>�92�=��;�>?�´�*�±@K�µ8?� �,8�;�8������������2<29����������W��8�;=Ás>?��8�§�8:�:��>?;�>�����?�SZ

�µi"jbl�� � ; = l ��g ��� g +5G5H l ��
 ; �dl

� � �An t ` Share :
lon�p zd] � x (Algebra : � � � ][^�_�`

domain = α;r�s�t n ` size :
L;MON
� ` p��

)
→ � � � r�s�t n ` share : Algebra.domain →

L;MON
→ Algebra.domain;r�s�t n ` memo :

��UVU ���
(
e L T N

Algebra.domain); (∗
Á��B;�§28:9�<2£

∗)` p�� �

0 g +5G.H l ��
 ; �Ul
� � �An t ` Share (Algebra : � � � ]�^�_�`

domain = α; r�s�t n ` size :
L;MON
� ` p��

) = � ] x n zd]



Share
��>?·?8���>?��>?;�£?<2�S8��W��>)�Ô�D§2<���8

Algebra
��;��M�K��§2���2£!>\�±@K��8

domain
>��2§>?� ���W��8:£B8�;���>?��<28

size
C�>?�2§³���m§�8�Ý��28���>���>?��<28

share
�?Á���Ú�8����¸>���8:§)�±@K��8���¥/8�>?���=<2�Ô8���Ú�>��m��Ú�8�8���8��S8��&���ÅÁ�;��B����Ú28

§2�B�S>?����>�;�8��2;�8���8:�W��8:§ ²m����Ú >?�³���W��8:£B8�;,·�8�@�9��B<��2§28:§�9W@
Algebra.size

�Å¯�Ú�>�������C
share x k

²m�����
>?�=��<2�Ô8�>?�m�2;�8��:�B�2§��������B�]��Ú2>��

0 ≤ k < Max
²m����Ú

Max =Algebra.size
�

¥/8É��Ú�>?�������B�2�=��;�<2�´�\��Ú28É�=Ú�>?;=���2£¹�S>?� ²m����Ú ��Ú28ÉÚ�8:��� ��Á�>Ú2>?��Ú �¸>�92��8�C,�S>?§28 <�� �?Á�92<2�¸·?8´���
(k, [e1; e2; ...en])

²mÚ28:;=8�8O>?�¸Ú�8:��8��S8��W�
ei

Ú2>?�m·?8�@
k
�

][^�_�`
bucket =

e L T N
Algebra.domain;

Ò 9�<2�¸·?8´���=���B;�8���>��=8��Å8,�?Á18���8:�Ô8:�W���»�?Á1§��B�`>����Ô�?Áb>�£?���B8��]·?8´@S��Ú28:�=8Ü��8´����>�;�8*Ú28:;=8����Ô�2��8:�Ô8:�W��8�§
>?���������������W�?>�;��6>��&�bZ

e = [e 1 ; ... e n]
²m����Ú

e i = e j
�B�2��@¦��Á

i = j
�É¯�Ú�>�k����C�> 92<2�¸·�8��

�:�?�2�����=���m�?ÁU§2���=�����2���m8���8��S8��&���:�
¯�Ú28��Ô8:�Ô�B;=@`���m>kÚ�>?�=ÚD°-��>?92��8���Á >"£B���?8:�)����½:8�>?�2§³�?Á���Ú28�;=��£BÚW��92<��¸·?8��,�±@K��8��
r�s�t n ` memo = Array .create Algebra.size ([ ] : bucket);
¥/8Ü��Ú�>����Ã<���8�>��=8:;=�K���:8ÜÁ�<2�2�´�����B�

search
C��=<2�¸Ú)��Ú�>��

search e l
;�8´��<2;=�2�Å��Ú28,Ý�;����

y
���

l
��<2�¸Ú\��Ú�>��

y = e
�B;��B;�8�����8�;�>?���=8:����Ú28�8Z¼���8:�������B�

Not found
�

ß,����8
search e = List .find (

lon�p
x → x = e)

�
r�s�t n ` search e = searchrec

� ��` x ` x `Jz
searchrec =

lon�p
[ [ ] →

x s � � ` Not found-
[x :: l ] → � l x = e

]���` p
x
` t � ` searchrec l

];
ß,�M²

share x k
Cµ²mÚ�8:;�8

k
���,��Ú28�·�8�@��?Á

x
CÃ���D�?·K�m���!·B°-��Ú 92<2�¸·�8��

l
h���Ú2���*���*�Ô8O>?�2���2£?Á�<2�b�=���2��8�² 8

>?�=��<2�Ô8���Ú�>�����Ú28m·?8´@�Ý2�������"��Ú28�����½:8�Z F
≤ k < Algebra.size

j >?��§S;=8���<�;��2�
y
���

l
�=<2�¸ÚS��Ú�>��

y = x��Ád���,8´¼D��������C	>?�2§!�?��Ú28�;=²m����8�;=8���<2;��2�
x
�S8��S�B;=��½�8:§!���³��Ú28���8�²

k
°-��Ú 92<2�¸·�8�� B

x :: e]
��ÀK���2��8

share������Ú28S�?�2��@É�?��8�;�>������B� �B� 92<2�¸·�8�����C ²»8S�`>����W�¸>?��� ��Ú�>���=<2�¸Ú
y
����<2�2� vK<�8S���/������92<2�¸·�8���²mÚ�8:����

8´¼D���=�����
r�s�t n ` share element key = (∗

>?�=��8�;=�,F
≤ key < Algebra.size ∗)t `,] bucket = memo.(key) � p] x ^

search element bucket � � ]��
[Not found →

� ��� memo.(key) := [element :: bucket ]; element}];
Ó±�2����8O>�§���Á�"��@7&!V4k² 8]�:�B<���§¹Ú�>O�B8`<2��8�§ ��Ú28]��>��S8 !d4 )V7�9 9ÐCd�B;&254 2���! �ÃCd�����2�:8`8:����Ú28:;�²»8];=8:�:>?��� >
�2;=8��K���B<�����@³>�;��¸Ú2���B8:§�8Jv&<�>?�b8���8:�Ô8:�W�:Cµ�?;*8����=8���Ú2���m8:��8:�Ô8:�W�,���*>?;��¸Ú����B8�§�Á��B;�Á�<���<2;�8�;�8��O>?���Í��Ó-�����*>?�
>?�=���K�:�6>�����?8,�Ô8:�Ô�B;�@"���Ô�2��8��S8��&��8:§"²m����Ú]>�Ú�>���ÚD°-�:�K§28?��Ö»<D�»��Ú�8�Ú�>?�=Ú`Á�<2�2�´�����B�`��� 8Z¼D��8:;=��>?��������Ú�8
�Ô8:�Ô�B;=@?C2��������£B���?8:��>?�*>k·?8�@\²m����Ú)8O>��¸Ú�����8:�Æ�

Ó-������>?�¦���&��8:;=8:�=�����2£³�2;=�B��8�;=�±@ �?Á»��Ú2�����Ô�K§2<2�6>�;Ü§28:�=��£B� ��Ú�>���=Ú�>?;=���2£�>?�2§¦>?;��¸Ú2���K���2£�>?;�8S>?9D°
�=��;�>?�´��8�§!>?�*>k�:�?�S�Ô�B�)�2�?�����B�	�
� ��tµÌE¬q �cÙx� �UÒ ;�8:��<2;��=���?8��=��;=<2����<2;�8���Á��±@K�µ8

domain
��� ' ?�9 9 � "��@7&!V4 �Ô��Á�>?�W@S�±² �k§2���������2���»��<29µ8:��8´°

�Ô8:�W����Ú�>O�B8"§2� � 8�;�8��&����>?��<28:���kÓ-Á»�=<2�¸Ú>\�=��;�<2�´��<2;=8"���Ü��;�>O�B8:;=��8�§¦��� >\9µ�?�����B�"°-<2� ²»>M@!²m����Ú ��@D�#°
��8��`>�����k�Ô8:�Ô�B����>������B��9&@

share
C�;�8��2�6>?�����2£\��@K�=��8��`>�����:>?����@É>?� 8���8:�Ô8:�W��9W@ �������S8��S�B����8�§ 8,v&<�>?�

��Á����?������92��8�C ��Ú28:� ���Ô���";�8��:�B�2����;=<2����8:§ ²m����ÚÕÁ�<2������Ú�>�;�����£2� ¯�Ú2���S�B����@�>?�=��<2�Ô8:�Ô��Ú�>��"�±² �8Jv&<�>��
8:��8:�Ô8:�W���mÚ�>O�?8���Ú28���>?�Ô8�·?8´@B�
` p�� �
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0 g +5G.H l 0 ) i )

r�s�t n ` hash max = 9689; (∗
��8�;���8��2�28�AD�

∗)

� � �An t ` Dag = Share.Share ( � ] x n zV]m][^�_�` domain = Trie.trie;r�s�t n ` size = hash max ;
` p��

);
Ò���§k�2�M²Õ² 8��:�B�Ô�2;=8:����>

trie
���W����>Ü�Ô���2���`>��B§�>?£�<2�=���2£

share
9W@k>Ü�=���Ô�2��8�9µ�?�����B�"°-<2����;�>O�B8�;���>��ÍC

²mÚ28�;�8 ��Ú28�·?8�@����b���B�S��<���8�§�>?���B�2£*9&@�Ú�>���Ú2���2£2�U7E�?;b��Ú2���1² 8»§28´Ý��28�>m£B8��28:;�>?�&9��?�=���B�k°±<�����;�>O�B8�;���>��
Á�<2�2�´�����B�	C�²mÚ2���¸Ú!>��2�2����8:�m>k��>?;�>?�Ô8���;=���

lookup
Á�<2�2�´�����B�\���"8��?8:;=@³�2�K§28�>?��§������m>?�=���K�:�6>��8:§)·�8�@B�

r�s�t n ` hash0 = 1 (∗
������8O>?; Ú�>?��ÚK°±�:�K§28���>?;�>?�Ô8���8�;��

∗)s p�� hash1 letter key sum = sum + letter × keys p�� hash b arcs = (arcs + Gen.dirac b) � � � hash max ;

r�s�t n ` traverse lookup = travel

� ��` x ` x `�z
travel =

lon�p
[ Trie.Trie(b, arcs) →t `d] f (tries , span) (n, t) =t `d] (t0 , k) = travel t

� p ([(n, t0 ) :: tries], hash1 n k span)
� p t `d] (arcs0 , span) = List .fold left f ([ ], hash0 ) arcs

� p t `,] key = hash b span

� p (lookup (Trie.Trie(b,List .rev arcs0 )) key , key)
];

ß,�M² ²»8��`>�·?8�>"§�>?£kÁ�;��B� >���;���8�9W@);�8:���B£B�2��½:���2£k�:�B�Ô�Ô�B�\��<29D��;���8:���
r�s�t n ` compress = traverse Dag .share;

r�s�t n ` minimize trie = t `,] (dag, ) = compress trie � p dag ;
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dagify()
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r�s�t n ` x `Jz
dagify () =



t `,] lexicon = (input value stdin : Trie.trie)
� p t `,] dag = Mini .minimize lexicon � p output value stdout dag;
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� � �An t ` Make lexicon = Make lex (Ascii);

Make lexicon.trie of strings ();
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�:�?�S�Ô8:�W����9µ8��±² 8:8���� >?��§³8��B� � <2��8�§�Á��B;Å��>?;=���B<2�Å��;�>?����§2<2�´�����B�\�¸>?�=·K�m²m����Ú�ºÅ>?�S���2¾ ��;�>?�Ô�`>�;��
� � �An t ` Lexer = � ] x n zV]
¯�Ú28��=��;����2£"92< � 8:;����2£"�`>��¸Ú2���28�;=@`°�§�§2;
r�s�t n ` buff =

U ��

(String .create 80);

r�s�t n ` store len x =
� �

� � l len ≥ String .length buff .val]���` p
buff .val := buff .val 	 String .create (String .length buff .val)` t � ` ()�

buff .val .[len] := x�
succ len� �

r�s�t n ` get buff len = String .sub buff .val 0 len;
r�s�t n ` x `Jz

number len =_ s x � ` x
[ [: ‘(

�%���
..
��
�� s�� c); s :] → number (store len c) s-

[: :] → get buff len ];
r�s�t n ` x `Jz

skip to eol =_ s x � ` x
[ [: ‘

���7��
|
��.�������

|
��� �������

; s :] → ()-
[: ‘c ; s :] → skip to eol s ];

r�s�t n ` next token fun find id kwd find spe kwd =t `,] err bp ep msg = Stdpp.raise with loc (bp, ep) (Token.Error msg)s p�� keyword or error (bp, ep) s =] x ^
(
P�P�C

find spe kwd s) ��� ]�� [ Not found → (
P�P?C

s) ]



� pt `,] x `�z next token =_ s x � ` x bp

[ [: ‘
� � �

; = skip to eol ; s :] → next token s-
[: ‘(

� 2��
..
� � �

|
��� �

..
��� �

|
�� ��
�� �

..
������ ���

|
������	� �

..
�� ��
�
��

(∗
- � ���

∗)s�� c); s :] → (
P,R��3+3+�� � P�C

String .make 1 c)-
[: ‘(

� ���
..
� 
�� s�� c); s = number (store 0 c) :] → (

P���.+P�C
s)-

[: ‘
� � �

:] → (
P�������� �P?CYP�P

)-
[: ‘

��� �
:] → (

P����.+P�CgP P
)-

[: ‘
�� ���

:] → (
P������0+	�P�CgP�P

)-
[: ‘

��� �
:] → (

P���� Q�� ���!�0+��P�CwP�P
)-

[: ‘
��P �

:] → (
P,+ ����"��SP?CYP�P

)-
[: ‘

�$# �
:] → (

P�%�R���%&�P?CYP�P
)-

[: ‘
�(' �

:] → (
P��	)�*����	�P�CYP�P

)-
[: ‘

��+ �
:] → (

PJQ���"�"��SP?CYP�P
)-

[: ‘
� � � :] → (

P�*	� �,��&� P�CYP�P
)-

[: ‘c :] ep → keyword or error (bp, ep) (String .make 1 c) ]
� pt `,] x `�z next token loc =_ s x � ` x bp

[ [: ‘
� �

|
���7��

|
��&6 �

|
���5 �

|
��.�������

|
��.�������

; s :] → next token loc s-
[: tok = next token :] ep → (tok , (bp, ep))-
[: = Stream.empty :] → ((

P�����qP�C P�P
), (bp, succ bp)) ]

� plon�p
cstrm →

] x ^
next token loc cstrm ��� ]��

[ Stream.Error str →
err (Stream.count cstrm) (Stream.count cstrm + 1) str ];

r�s�t n ` locerr () = invalid arg
P,R� � � 6.- � � � �02 5 � � 7 � � �37���5� � 7 P �

r�s�t n ` loct create () =
U	��


(Array .create 1024 None);r�s�t n ` loct func loct i =� s ] z��
� l i < 0 ∨ i ≥ Array .length loct .val

]���` p
None` t � ` Array .unsafe get loct .val i

��� ]��
[ Some loc → loc-

→ locerr () ];r�s�t n ` loct add loct i loc =
� �

� � l i ≥ Array .length loct .val
]���` p

t `d] new tmax = Array .length loct .val × 2 � pt `d] new loct = Array .create new tmax None � p � �
� Array .blit loct .val 0 new loct 0 (Array .length loct .val)�
loct .val := new loct�

` t � ` ()



�
loct .val .(i) := Some loc� �

r�s�t n ` func kwd table =t `,] find = Hashtbl .find kwd table � pt `,] lex cstrm =t `d] next token loc = next token fun find finds p�� loct = loct create () � pt `d] ts = Stream.from
(
lon�p

i →t `d] (tok , loc) = next token loc cstrm

� p � ��� loct add loct i loc; Some tok})s p�� locf = loct func loct � p (ts, locf )
� p lex ;

r�s�t n ` using token kwd table (p con, p prm) =� s ] z�� p con ��� ]��
[
P P
→

] x ^ t `,] = Hashtbl .find kwd table p prm � p ()
��� ]�� [ Not found → Hashtbl .add kwd table p prm p prm ]- PJR��3+3+�� �P - P� �.+ P - PJQ	��"�" �SP - P�*�� � ��&�P - P�������� �P - P �	�.+P - P���)	*����	�SP

- P �����0+�� P - P��	� Q��������0+�� P - P,+ ����"��SP - P�%�R	��%&�P - P�����qP
→ ()-

→
x s � � ` (Token.Error

(
P�5.-��.��� � 7 /�5 6�����5 � 6�� �@P�P 	 p con 	

P��@P �1�./&�07 � 5��.6 ��� � 8 7� � � � � � � � 53- �.� � � � � 6P ))
];

r�s�t n ` removing token kwd table (p con, p prm) =
� l p con =

P�P ]���` p
Hashtbl .remove kwd table p prm

` t � ` ();

r�s�t n ` text =
lon�p

[ (
P�P�C

t) →
P ��P

	 t 	
P ��P

-
(
P,R�� +3+�� �P?CYP�P

) →
P&��� �07 5 � � � � 6SP

-
(
P,R�� +3+�� �P?C

t) →
P ��P

	 t 	
P ��P

-
(
P� �3+P�CgP�P

) →
P&� 7�5� 8 � 6P

-
(
P� �3+P�C

s) →
P ��P

	 s 	
P ��P

-
(
PJQ	�&"�"��SP�CYP�P

) →
P +�P

-
(
P�*�� �,��&�P?CYP�P

) →
P � P-

(
P�� ����� �P�CYP�P

) →
P P

-
(
P��	�3+P�CgP�P

) →
P � P

-
(
P����!�0+��P�CYP�P

) →
P�� ��P

-
(
P��	�>Q�� ����� +��P�C\P�P

) →
P,��P

-
(
P,+ �	��"��SP�CYP�P

) →
P��@P�P

-
(
P�%�R	��%&�P�CYP�P

) →
P #@P

-
(
P���)	*����	�SP?CYP�P

) →
P�'qP

-
(
P�� ��qP�CgP�P

) →
P �&7 � � � � ��� 7 � � 5 P

-
(s, ) → s ];

r�s�t n ` lexer () =



t `,] kwd table = Hashtbl .create 301 � p
� func = func kwd table�
using = using token kwd table�
removing = removing token kwd table�
tparse =

lon�p
→ None�

text = text� �
` p�� �

0 g +5G.H l � � ; i)n +5G = l��

� � �An t ` Gram = Grammar .Make ( � ] x n zd] r�s�t n ` lexer = Lexer .lexer ();
` p��

);
r�s�t n ` transducer trad t =t `,] str = Gram.parsable (Stream.of string t)s p�� buffer =

U	��
 P�P � p ] x ^
� ��� � � � t ` True

� �
� t `,] trans = Gram.Entry .parse trad str

� p buffer .val := buffer .val 	 trans�

� P�P
�

��� ]��
[ Stdpp.Exc located loc Exit → buffer .val-
Stdpp.Exc located loc e →

� �
� print string

P���7���7 P
�
flush stdout�
Printf .eprintf

P� 74�4/�5 6���7�8 � �@P � / �@P + � 205�� � � �02 5� � 74� � � � + � � ��� -���7 P
t (fst loc) (snd loc)�

flush stderr� x s � � ` e�

];
7�;�8��2�¸Ú³²m����Ú³>?���:8:�W���
r�s�t n ` french = Gram.Entry .create

P � 6 �&7 ��- � �&7 � � ��� 7 8SP �
GEXTEND Gram (∗

Á�;=8:�2�¸Ú)���Ô�:�K§28
∗)

french :
[ [ LETTER

P 2�P �
HAT →

P���P
-
LETTER

P 2
P �
BACKQUOTE →

P���P
-
LETTER

P 2
P
→

P�2�P
-
LETTER

P �
P �
QUOTE →

P���P
-
LETTER

P �
P �
BACKQUOTE →

P���P
-
LETTER

P �
P �
HAT →

P�	�P



-
LETTER

P �
P �
TREMA →

P � P
-
LETTER

P �
P
→

P ��P
-
LETTER

P&�OP �
HAT →

P��qP
-
LETTER

P&�OP �
TREMA →

P��>P
-
LETTER

P&�OP
→

P0�qP
-
LETTER

P � P � HAT →
P��@P

-
LETTER

P � P → P � P
-
LETTER

P � P �
BACKQUOTE →

P�� P
-
LETTER

P � P �
HAT →

P
	 P
-
LETTER

P � P �
TREMA →

P�� P
-
LETTER

P � P
→

P � P
-
LETTER

P �@P �
SLASH →

P��OP
-
LETTER

P �@P
→

P �OP
-
HYPHEN →

P&'qP
-
PERIOD →

P � P-
QUOTE →

P ��P
(∗
>?<�k=�B<�;�§ �¿Ú&<2�

∗)-
i = LETTER → i-
EOI →

x s � � ` Exit ] ]�
END ;

r�s�t n ` latin of string = transducer french;

0 g +5G.H l 1 ; j ) i
¯�Ú28�Ó�À2Þ,°±��>������\8:�2���D§����2£"���¸Ú�8:�Ô8
encode :

T N�UVL;M W
→ word

decode : word →
T N[UdL;M W

r�s�t n ` encode
T N�UVL;M W f

t `,] iso = Transducer .latin of string
T N[UVL;M W � p

List .map int of char (List2 .explode iso)s p�� decode word = List2 .implode (List .map char of int word);

����� � � � �!�	� �!�	
� � � � � ������
 �
¥/8��S>O@]�2�M² ���2���¸>?�2���6>���8Ü��Ú28�Á�<2�������?;

make lex
²m����Ú)��Ú28�¢b>������\�S�K§2<2��8?�

0 g +5G.H l 0 ;�� l � �Ulmi = 
 H l�� )�= g�i
7�;�8��2�¸Ú³² �B;=§2�:CE<2�=���2£"�6>�����\8��2�:�K§2���2£
� � �An t ` Make lexicon = Make lex (Latin);

Make lexicon.trie of strings ();
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0 g +5G.H l � l���j �dl�l

¯�;�8:8���>?;=8,��8�;���>�;=@Ô��;�8�8:�»Á��?; <2�=8�>?���±²»��°Í²Å>O@K�Å��;=��8�� ²m����Ú`½����2�µ8:;=�:�
Tree(b, l , i , t , r)

>��Å�K�:��<2;�;=8:�2��8
u
�����B;=8:�

u
>?� >�² �B;�§S� �

b = True
C�>?��§`£B���B8:�»>?�:��8:�=�»���

t
>��»�K�:��<2;�;=8:�2��8:B

u :: i ]
>?� >����?�	CDÚ2>M�K���2£

l
>?�2§

r
>?�Ü;=8:���µ8:�´�����B8:��@ ��8�Á �Ü���¸>?�¸·!�?Á�8:��§28:;�>��2§É;���£BÚW�Ü�����=���?Á�@B�B<��2£B8:;�9�;��?��Ú28:;=� �

Leaf (True)
>��

�K�:�:<�;�;�8��2�:8
u
�=���B;�8��

u
>?��>Ü²»�B;=§Ô²m����Ú"�2��§28:�=�:8��2§�>?�W��� �

Leaf (False)
�����B�2��@��28:8�§28:§Ô������;�>?�2����>���8

Trie.empty = Trie(False, [ ])
�

][^�_�`
tree = [ Tree � l (

adc�c�e
× forest ×

L;MON
× tree × forest)-

Leaf � l adc�c�e
]s p�� forest =
e L T N

(
L;MON

× tree);
Ó±�W��>?;���>?�W� Z����W��8:£?8:;��m>�;�8����)�����:;�8:>?�����2£k�B;=§28:;m���)�=��92�����2£B��C��2�";=8:�µ8����������B�	�
ÀD���S�2��8���;�>?�2�=�6>������B�]��Á >k��;=��8�>?�*>���;=8:8��
r�s�t n ` x `Jz

trie to tree =
lon�p

[ Trie.Trie(b, arcs) → � s ] z�� arcs ��� ]��
[ [ ] → Leaf (b)-
[(n, t) :: arcs] → Tree(b, [ ], n, trie to tree t ,List .map f arcs)
� ��` x ` f (n, t) = (n, trie to tree t)

]
];

`
	�zd`�_�] � � p Anomaly;
���B;=8����B�2Ú����=�����:>���8�§)��;�>?�����6>�����?�)>?�m>Ô92>?�6>?���:8:§\��;�8:8��
r�s�t n ` x `Jz

balanced =
lon�p

[ Trie.Trie(b, arcs) → � s ] z�� arcs ��� ]��
[ [ ] → Leaf (b)-

→ (∗
9�>?�19�>?��>?�2��8:�m·`Ý�;=�=�,>?;����m�?Ád�	>?�2§³�=�¸>��¸·K�m��Ú�8:�×����>��:�

∗)t `d] x `Jz bal acc l k = (∗
>�����8�;=� -

l | ≥ k ∗)
� l k = 0

]���` p
(acc, l)` t � ` � s ] z�� l ��� ]��

[ [ ] →
x s � � ` Anomaly (∗

���Ô�µ�B���=��92��8Ü9W@)>?���=8:;������?�
∗)-

[(n, t) :: r ] → bal [(n, balanced t) :: acc] r (k − 1)
]

� p t `,] (stack , rest) = t `,] half = (List .length arcs)/2



� p bal [ ] arcs half

� p � s ] z�� rest � � ]��
[ [ ] →

x s � � ` Anomaly (∗
-
rest | = |arcs| − half > 0 ∗)-

[(n, t) :: right ] →
Tree(b, stack , n, balanced t ,List .map f right)
� ��` x ` f (n, t) = (n, balanced t)

]
]

];
][^�_�`

zipper =
[ Top-
Zip � l (

adc�c�e
× forest ×

L;MON
× forest × zipper)

];

zip up : tree → zipper → tree

r�s�t n ` x `Jz
zip up t =

lon�p
[ Top → t-
Zip(b, left , n, right , up) → zip up (Tree(b, left , n, t , right)) up

];

tree of c
92<2����§2� ��Ú28�Ý�����Á��B;=�

tree
�:�?�&��>?�������2£

c
�

tree of : word → trie

r�s�t n ` x `Jz
tree of =

lon�p
[ [ ] → Leaf (False)-
[n :: [ ]] → Tree(False, [ ], n,Leaf (True), [ ])-
[n :: rest ] → Tree(False, [ ], n, tree of rest , [ ])

];

mem tree : word → tree →
adc�c�e

r�s�t n ` x `Jz
mem tree c =

lon�p
[ Tree(b, l , n, t , r) → � s ] z�� c ��� ]��

[ [ ] → b-
[i :: s] →t `,] x `�z memrec l n t r =

� l i = n
]���` p

mem tree s t` t � ` � l i < n
]���` p � s ] z�� l ��� ]��

[ [ ] → False-
[(m, u) :: l ′] → memrec l ′ m u [(n, t) :: r ]

]` t � ` � s ] z�� r ��� ]��
[ [ ] → False-
[(m, u) :: r ′] → memrec [(n, t) :: l ] m u r ′

]
� p memrec l n t r



]-
Leaf (b) → b ∧ c = [ ]

];
¥/8�>�����<��S8���Ú2>��

enter
<2��8�§!�M�B8�;*��;���8:�:C2>?�2§)��Ú�>��

trees
>?;=8��2�?�*<2�µ§�>���8�§	�

¯�;�>?�2�=�6>���8:����;=��8����
entries file

���&���"�:�B;=;�8:�=���?�2§2����£Ô��;�8:8��
r�s�t n ` translate entries entries file result file =t `,] entries trie = (Gen.gobble entries file : Trie.trie)
� p Gen.dump (balanced entries trie) result file;

0 g +5G.H l 0 ) i ) jbl��Uj �Ul�l

ÀD���S���6>?;=��@����
Mini

Á��?;Å��;���8:��C�²»8��S>M@`§�>?£B��Á @`��8:;��2>?;=@]��;�8�8:�:�
r�s�t n ` hash max = 9689; (∗

��8�;���8��2�28�AD�
∗)

� � �An t ` Dag = Share.Share ( � ] x n zV]m][^�_�` domain = Tertree.tree;r�s�t n ` size = hash max ;
` p��

);

r�s�t n ` hash0 = 1 (∗
������8O>?; Ú�>?��ÚK°±�:�K§28���>?;�>?�Ô8���8�;��

∗)s p�� hash1 letter key sum = sum + letter × keys p�� hash b arcsl k n arcsr = (arcsl + arcsr + n × k + Gen.dirac b) � � � hash max ;

r�s�t n ` leaff = Tertree.Leaf Falses p�� leaft = Tertree.Leaf True;

r�s�t n ` traverse lookup = travel

� ��` x ` x `�z
travel =

lon�p
[ Tertree.Tree(b,fl , n, t , fr) →t `d] f (trees , span) (n, t) =t `d] (t0 , k) = travel t

� p ([(n, t0 ) :: trees], hash1 n k span)
� p t `d] (arcsl , spanl) = List .fold left f ([ ], hash0 ) fls p�� (t1 , k1 ) = travel ts p�� (arcsr , spanr) = List .fold left f ([ ], hash0 ) fr � pt `d] key = hash b spanl k1 n spanr � p

(lookup (Tertree.Tree(b,List .rev arcsl , n, t1 ,List .rev arcsr)) key, key)-
Tertree.Leaf b → � l b

]���` p
(leaft , 1)

` t � ` (leaff , 0)
];

ß,�M² ²»8��`>�·?8�>"§�>?£kÁ�;��B� >���;���8�9W@);�8:���B£B�2��½:���2£k�:�B�Ô�Ô�B�\��<29D��;���8:���
r�s�t n ` compress = traverse Dag .share;

r�s�t n ` minimize tree = t `,] (dag, ) = compress tree � p dag ;

r�s�t n ` x `Jz
dagify tree () =t `,] lexicon = (input value stdin : Tertree.tree)



� p t `,] dag = minimize lexicon � p output value stdout dag;
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� �Æl = g � ; jbl + � � ) lmn��g ��� H l��]l + �`g�� � n �Ôjbg � ;K- l
� ��� � ��
� � � �!� � � ���	���
Ò ��8´���?Á�8:��8��S8��W�����?Áµ���?�S8Å�±@K�µ8

τ
�S>O@�9µ8���§�8:�W����Ý�8:§Ô>?������� �¸Ú�>�;�>?�´��8:;=������������;�8:§����O>��8����

τ → bool
�

Ò ��;���8�²m����Ú 9µ�D�B��8O>?������Á��?;��S>������B�)�`>O@������Ô����>?;���@`9µ8�£B8��28:;�>?����½:8�§!���\>S�=��;=<2����<2;�8k;=8:�2;=8:�=8:�W�����2£)>
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�:�?�2�=��;�<2�´���B;�� ��<�4MCb�2;=8:��8��2�:8S�?Á���>?��<28 �S9�8����2£)����§2���:>���8�§É9&@ � ��2.4	� �
�O��¥¦8";�>��Ú28�;��¸Ú2�D�?��8"Ú28:;=8
>³��>?;=�6>?�W��²m����Ú¦�����=���:Cb²mÚ2���¸Ú>?;�8Ô�B8:;=��>�������8Ô���!;�8��2;�8���8��&����8����:CdÁ�8:>���<�;�8`����;=<2����<2;�8��:C�8����?�³ß,�M² ² 8
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α
CE>?92��8��2�:8��?Á

���DÁ��B;��S>������B�É9µ8:����£!8:���:�K§28:§¹9W@ ��Ú28S8:�Ô���±@ �������O�]¥/8`�=Ú�>?�����:>?������<��¸Ú >?���=�D���6>������B�2��> �A4 ) ��! 7A6o4 �
6 ! $[4OC2�B; �q4�) �����)��Ú2�?;=�O�

0 g +5G.H l��Æl = g
À�>?�Ô8�>��

Trie
C	8Z¼���8:������Ú�>�������Á��]�:>?;�;=��8��Ü>`�����=�:��Ò

deco
>?���=�D���6>���8:�����\>

word
>]�2�?�D°±8��S���±@³�����=�

�?Ád>�����;���92<���8��:�
¯�;���8��m�=���?;�����£k§28:���B;�>���8:§³²»�B;=§2�:�
][^�_�`

deco α = [ Deco � l (
e L T N

α × darcs α) ]s p�� darcs α =
e L T N

(Word .letter × deco α);
Ó±�W��>?;���>?�W��Z����W��8:£B8�;��*>?;�8����)���2��;�8O>�������£Ô�?;�§28�;*���\§�>?;=�:�:CE�2�";=8:�µ8����������B�	�
¯�Ú28�½:���2�µ8:;��±@K��8����m>�§�>?����8:§³���\��Ú28��B9W�K���?<2��²Å>O@BCE>��2§!>���£B�B;=����Ú2�

zip up
����<2���¸Ú�>?�2£B8�§	�

][^�_�`
zipd α =

[ Top-
Zip � l ((

e L T N
α) × (darcs α) × Word .letter × (darcs α) × (zipd α))

];

zip up : (zipd α) → (deco α) → (deco α)

r�s�t n ` x `Jz
zip up z t = � s ] z�� z ��� ]��

[ Top → t



-
Zip(i , left , n, right , up) → zip up up (Deco(i ,List2 .unstack left [(n, t) :: right ]))

];
7�<2�2�´�����?�

trie of
9µ8:���B�Ô8:�

deco of
C��¸>�·K���2£,>?�d8Z¼D��;�>,>?;�£B<��S8��&����Ú�8»���DÁ��B;��S>������B��>?�=���K�:�6>��8:§�²m����Ú

��Ú�8��=���2£?��8����B�]��;=��8����m�:�B�2����;=<2�����:�
deco of i w

92<2����§2�»��Ú28�Ý�����Á��B;��
deco

�:�B�W��>?���2���2£
w
²m����Ú)���DÁ��

i
�

deco of : (
e L T N

α) → word → (deco α)
r�s�t n ` deco of i = decrec

� ��` x ` x `Jz
decrec =

lon�p
[ [ ] → Deco(i , [ ])-
[n :: rest ] → Deco([ ], [(n, decrec rest)])

];
ß,����8mÚ2�M² ��Ú�8,8��S���±@��������

[ ]
�:�K§28��»>?9���8:���:8���ÁÃ����Á��B;��S>������B�	�1¥/8,£?8:�28�;�>?����½:8m>���£B�B;=����Ú2�

enter
���&���

add
CD²mÚ2���¸Ú³<2�2���B�2�m�28�² ����Á��?;��S>������B�`���"�2;=8��K���?<2�m�B�28�Z

add : (deco α) → word → (
e L T N

α) → (deco α)
r�s�t n ` add deco word i = enter edit Top deco word

� ��` x ` x `Jz
enter edit z d =

lon�p
[ [ ] → � s ] z�� d ��� ]�� [ Deco(j , l) → zip up z (Deco(List2 .union i j , l)) ]-
[n :: rest ] → � s ] z�� d ��� ]��

[ Deco(j , l) → t `,] (left , right) = List2 .zip n l

� p � s ] z�� right ��� ]��
[ [ ] → zip up (Zip(j , left , n, [ ], z)) (deco of i rest)-
[(m, u) :: r ] →
� l m = n

]���` p
enter edit (Zip(j , left , n, r , z)) u rest` t � ` zip up (Zip(j , left , n, right , z )) (deco of i rest)

]
]

];
r�s�t n ` empty = Deco([ ], [ ]);
Ó±�W��>?;���>?�W��Z

contents
;=8���<2;��2��² �B;�§��,���\��8´¼D���:�B£B;�>?�2Ú2���Ü�B;=§28:;��

contents : deco →
e L T N

word

r�s�t n ` contents t = contents prefix [ ] t

� ��` x ` x `Jz
contents prefix pref =

lon�p
[ Deco(i , l) →t `,] down = t `,] f l (n, t) = l @ (contents prefix [n :: pref ] t)

� p List .fold left f [ ] l

� p � l i = [ ]
]���` p

down
` t � ` [(List .rev pref , i) :: down]

];

iter : (word → α → � MOL;N ) → (deco α) → � MOL;N
r�s�t n ` iter f t = iter prefix [ ] t

� ��` x ` x `Jz
iter prefix pref =

lon�p
[ Deco(i , l) →

� �



� List .iter (f (List .rev pref )) i (∗
���S>��������B�)��Á

i = [ ] ∗)� t `d] phi (n, u) = iter prefix [n :: pref ] u � p List .iter phi l�
];

fold : (α → word → (
e L T N

β) → α) → α → (deco β) → α

r�s�t n ` fold f x t = iter prefix [ ] x t

� ��` x ` x `Jz
iter prefix pref x =

lon�p
[ Deco(i , l) →t `,] accu = � l i = [ ]

]���` p
x
` t � ` (f x (List .rev pref ) i)s p�� g x (n, t) = iter prefix [n :: pref ] x t

� p List .fold left g accu l

];

assoc : word → (deco α) → (
e L T N

α)

r�s�t n ` x `Jz
assoc c =

lon�p
[ Deco(i , arcs) → � s ] z�� c ��� ]��

[ [ ] → i-
[n :: r ] →

] x ^ t `,] t = List .assoc n arcs

� p assoc r t

��� ]�� [ Not found → [ ] ]
]

];

next t
;�8���<2;����*��Ú28�Ý�;����,8���8��S8��&�m��Á

deco t
²m����Ú)�2�B�D°-8:�Ô���±@\����Á��2�

r�s�t n ` next t = next rec [ ] t

� ��` x ` x `Jz
next rec pref =

lon�p
[ Deco(i , arcs) →

� l i = [ ]
]���` p � s ] z�� arcs ��� ]��

[ [ ] →
x s � � ` (Failure

P
7�� � 5 � �� � P )-
[(n, u) :: ] → next rec [n :: pref ] u

]` t � ` List .rev pref ];

last t
;�8´��<2;=�2�*��Ú28��6>?����8:��8:�Ô8:�W�*�?Á

deco t
�

r�s�t n ` last t = last rec [ ] t

� ��` x ` x `Jz
last rec acc =

lon�p
[ Deco(i , l) → � s ] z�� l ��� ]��

[ [ ] → List .rev acc-
→ t `d] (m, u) = List2 .last l

� p last rec [m :: acc] u

]
];

ß,�M² ��Ú28�Á��B;=£B8��=Á�<2�ÃÁ�<2�2�´���B;,Z
forget deco : (deco α) → trie

r�s�t n ` x `Jz
forget deco =

lon�p



[ Deco(i , l) →
Trie.Trie(¬ (i = [ ]), List .map (

lon�p
(n, t) → (n, forget deco t)) l)

];

� � � &'��*��
+��� ��� � �
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α
Z��:�K§28:�m��Ú28�;=8:�6>�����?�@j´�
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inverse α = (Word .delta × α)s p�� inv map α =
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(inverse α);
ÀD<2�¸Ú`���W�B8�;���8�;�8:��>������B�2���S>M@"9µ8*<2��8�§)>?� §�8:�:�?;�>������B�2���?Á1�=��8��:��>?�E��8´¼D���O>?����;=8:8��»�O>�����8�§S��8´¼D���:>?���S>?�2�:�
� _�` p Deco;
][^�_�`

lexmap α = deco (inverse α);
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r�s�t n ` single (d , i) = (d , [i ]);

add inv : (inverse α) → (inv map (
e L T N

α)) → (inv map (
e L T N

α))
r�s�t n ` x `Jz

add inv ((delta,flex) s�� i) =
lon�p

[ [ ] → [single i ]-
[(d , lflex) :: l ] s�� infos →

� l d = delta
]���` p

[(d , [flex :: lflex ]) :: l ]` t � ` � l Word .less diff d delta
]���` p

[(d , lflex ) :: add inv i l ]` t � ` [(single i) :: infos]



];

addl : (lexmap (
e L T N

α)) → word → (inverse α) → (lexmap (
e L T N

α))

r�s�t n ` addl lexmap word i = enter edit Top lexmap word

� ��` x ` x `Jz
enter edit z d =

lon�p
[ [ ] → � s ] z�� d ��� ]�� [ Deco(j , l) → zip up z (Deco(add inv i j , l)) ]-
[n :: rest ] → � s ] z�� d ��� ]��

[ Deco(j , l) → t `,] (left , right) = List2 .zip n l

� p � s ] z�� right ��� ]��
[ [ ] → zip up (Zip(j , left , n, [ ], z)) (deco of [single i ] rest)-
[(m, u) :: r ] →
� l m = n

]���` p
enter edit (Zip(j , left , n, r , z)) u rest` t � ` zip up (Zip(j , left , n, right , z )) (deco of [single i ] rest)

]
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� ��� ���	������� ��	��, �	�� �	
��� ��� � �
¥/8��S>O@]�2�M² �2;��?Ý��,��ÁU��Ú28����K�O>?���=��;=<2����<2;�8��?ÁU��8Z¼����O>?�Ã�`>?���Å���"��Ú�>�;�8���Ú28�� �B�������S>?����@Ô>?��§�>?£B���

�µi"jbl�� � ; = l ��g ��� g +5G5H l 0 ) i ) � ; �
�����2���Ô��½:>������B�`�?Ád¢18´¼D���:>?�b�!>��2�:�
� � �An t ` Minimap :

lon�p zd] � x (Map : � � � ][^�_�`
flexed = α;

` p��
)

→ � � � ][^�_�`
flexed map = Lexmap.lexmap (

e L T N
Map.flexed);r�s�t n ` minimize : flexed map → flexed map;

` p�� �

0 g +5G.H l 0 ) i ) � ; �
� � �An t ` Minimap (Map : � � � ][^�_�`

flexed = α;
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flexed map = Lexmap.lexmap (
e L T N

Map.flexed);

r�s�t n ` hash max = 9689; (∗
��8�;���8��2�28�AD�

∗)

� � �An t ` Flexed = � ] x n zV]m]�^�_�` domain = flexed map; r�s�t n ` size = hash max ;
` p�� �

� � �An t ` Memo = Share.Share Flexed ;
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key < hash max
�

r�s�t n ` hash0 = 0s p�� hash1 letter key sum = sum + letter × keys p�� hash i arcs = (abs (arcs + List .length i)) � � � hash max ;



r�s�t n ` traverse map lookup = travel

� ��` x ` x `�z
travel =

lon�p
[ Deco.Deco(i , arcs) →t `d] f (tries , span) (n, t) =t `d] (t0 , k) = travel t

� p ([(n, t0 ) :: tries], hash1 n k span)
� p t `d] (arcs0 , span) = List .fold left f ([ ], hash0 ) arcs

� p t `,] key = hash i span

� p (lookup (Deco.Deco(i ,List .rev arcs0 )) key , key)
];
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r�s�t n ` compress map = traverse map Memo.share;

r�s�t n ` minimize map = t `,] (dag, ) = compress map map � p dag;
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k=<2���»���";�8���;���8��K���2£���Ú�8
² �B;�§2���?Á»>³�=8:�W��8��2�:8S£B��<�8:§É���B£?8���Ú�8:;���� �B�28"���B�2£)�=��;�����£³��Á»�¸Ú�>�;�>?�´��8:;=� h��B;��2Ú2�B��8:�Ô8:� jZ�Ô¢b8´��<2�
�:�?�2����§28:;�>�� ���2���¸>?���:8��?Á���Ú28��2;=�B92��8:� ��>O@ ���!²m;�������8:�{u��2£B�����=Ú	�����B< Ú2>M�?8">S��8Z¼K��Ý���8��:�B�2�=����������£
�?ÁU>k��8,vK<�8:�2��8��?Á�² �B;�§2���=8:��>�;�>���8:§)²m����Ú\9��6>?�2·&��CE>?�2§\@B�B<)Ú�>O�?8�>k��8´¼D�����B�\�:�B�Ô�2��8���8,Á��B;»��Ú����»��8´¼K�
h�Á��?;����2�=��>?�2��8?C��¤���µ8:��� �1Ú�>���9µ8:8����<2���:8����=Á�<�����@/>?���2����8:§@jZ�]ß,�M²�CU��<2�2�µ�B�=8S@B�?<�`>�·?8Ô���B�Ô8"8:§2��������£
�Ô���=��>?·?8�C ²mÚ2���¸Úw;=8:�Ô�c�?8:�`>?�����=��>?�:8��:Cm>?��§Õ��Ú�8³��>?��·¹���Ô���/<2��§2�/��Ú2���"�B�µ8:;�>������B�����/;=8:�����B;=8���Ú�8
�B;=��£B����>?�Í�

¥¦8��=Ú�>?���Ã��Ú2�M²Q��Ú�>�����Ú�8����B;�;=8:�=���B��§2���2£k��;�>?�2�=§2<2��8:;*�`>O@]9µ8�§28´Ý��28:§!>?�*>k�����Ô�2��8Ü��>O�K��£W>������B�
���\��Ú28���8Z¼����O>?����;�8�8��=�¸>��8�����>��:8?C�9�<��*�2�M² ²m����Ú³>"�Ô8O>���<2;=8���Ád�2�?�D°±§28´��8�;��Ô���2�����³� ¢18��m<2�m£B���B8���Ú�8
§28´�¸>?����8:§\���B�2����;�<��������B�³�?ÁU��Ú2����<��2£B��<�8:����£S>�<����B�S>����B�	�

¯�Ú28���;�>��2��§2<��:8:;*����§�8�Ý��28�§ >?�m>kÁ�<2�2�´���B;�C��¸>�·K���2£k��Ú28���8´¼D�����B�\��;���8��=��;�<2�´��<2;=8�>��*�2>?;�>?�Ô8���8:;��

0 g +5G.H l > i -KHJG l

¯�Ú28�<2�2£B��<28:���2£¦�2;=�B92��8:� ���"��Ú�8!�����S����8:���Ô�O>?�=8!�?Á k=<��2����<2;�8É>���>?��@K�=���:C»��>?�Ô8:��@¦²mÚ28:� ��Ú28:;=8 >?;=8
�2� �2�B�D°Í��;=���K�6>?�k=<2�2�´��<2;=8�;=<2��8��:C >?�2§w�=8:£B�Ô8:�W��>������B� �:�B�2�=������� k=<2�=�Ô��� ;=8���;=��8´�D���2£É��Ú28)² �B;�§2�Ô�?Á�>
��8��W��8:���:8�£?��<28�§)���B£B8´��Ú28�;*���\�B�28����?�2£"�=��;=���2£k��Á �¸Ú�>?;�>?����8:;=�&h��B;��2Ú2�?�28:�Ô8:� j´�

¥¦8��=Ú�>?���Ã��Ú2�M²Q��Ú�>�����Ú�8����B;�;=8:�=���B��§2���2£k��;�>?�2�=§2<2��8:;*�`>O@]9µ8�§28´Ý��28:§!>?�*>k�����Ô�2��8Ü��>O�K��£W>������B�
���)��Ú�8���8´¼D���:>?�	��;=8:8����¸>���8��=��>?��8?Cµ92<��,�2�M²à²m����Ú�>S�Ô8O>���<2;=8��?Ád�2�B�D°-§28���8:;=�S���2���=����¯�Ú28�<��2£B��<�8:����£
��;�>?�2�=§2<2�:8�;,���m>k��8´¼D���:�B�)�Ô�B;��2Ú������³�
� � �An t ` Unglue (Lexicon : � � � r�s�t n ` lexicon : Trie.trie;

` p��
) = � ] x�n zd]



][^�_�`
input = Word .word (∗

���2�2<��m�=8:�W��8��2�:8�>?�m>"² �B;=§
∗)s p�� output =

e L T N
Word .word ; (∗

�B<D���2<��m������8,vK<�8:�2��8��?Á�²»�B;=§2�
∗)

][^�_�`
backtrack = (input × output)s p�� resumption =

e L T N
backtrack ; (∗

���B;��?<������28�;�8���<2�Ô�������B�2�
∗)

`
	�zd`�_�] � � p Finished ;
ß,�M² ²»8�§28´Ý��28��B<2;�<��2£B��<�8:����£k;�8O>��������B8�8��2£B����8�>?�m>�;�8��:<2;=�����?8��2;��K�:8�����²mÚ2���¸Ú³��>O�K��£W>��8:��§���;�8�������@
�B�¹��Ú�8yh ��8Z¼�8�§@j���8Z¼����:�B���;���8 h��±@K�2���O>?����@ ��Ú28\���B�S��;�8:�=��8�§���;���8`;�8:�=<2�������2£ Á�;=�B� ��Ú28³ÛÜ>?£É�Ô�K§2<2��8
�:�?�2����§28:;=8:§�>?9��M�?8�j´��¯�Ú28�;=8O>?�´�����?8�8:�2£?���28Ü��>?·?8��,>��,>�;�£B<2�Ô8:�W���Å��Ú28 h�;�8:�S>?���2���2£�j������2<��OCK��Ú28bh���>?;�°
����>?����@w���B�2����;�<�����8�§@j³����������Á�² �B;�§2��;�8´��<2;=�28:§ >?���?<����2<D�OC�>Õ92>?�¸·W��;�>��¸· ���¸>?�¸· ²mÚ2�?��8¦����8��S�³>?;=8
(input , output)

��>?��;���Cb��Ú28"��>���Ú
occ

��� ��Ú28"�=��>���8Ô£B;�>��2Ú �=�¸>��¸·K���2£ h���Ú�8Ô;=8��?8:;��=8`�?Á j,��Ú�8Ô��<2;�;=8:�W�
�:�?�S�Ô�B�`��;�8�ÝD¼]�?ÁÃ��Ú28Ü�:>?�2§2��§�>���8,² �B;�§2��C2>?��§`Ý���>?����@k��Ú28Ü�:<�;�;�8��W�

trie
�2�K§28�>?� ����� ��<2;�;=8:�W���=��>���8��

¥(Ú28��/��Ú�8Ô���¸>���8S����>?�:��8:�������2£2C1² 8S��<2��Ú/�����B� ��Ú28
backtrack

�=�¸>��¸·µCU9�8��O>?<���8"²»8"²Å>��&�����)Ás>O�B�B;
�µ�B���=��92��8 ���B�2£B8�;�² �B;�§��:CW>?��§����*²»8Å���B�W�����K<�8»;�8:>?§2���2£,��Ú28»���2�2<��U<2�W�����K8�����Ú28:;�²»8 8´¼DÚ�>?<2��� ��Ú�8»�����2<��OC
�B;Å��Ú28��28´¼K�,���2�2<D�m�¸Ú�>?;�>�����8�;m���������:�B�2�=������8:�W�m²m����Ú\��Ú28���8Z¼D���:�?�³§2>��¸>��
r�s�t n ` x `Jz

react input output back occ =
lon�p

[ Trie.Trie(b, arcs) →t `,] continue cont = � s ] z�� input ��� ]��
[ [ ] → backtrack cont-
[letter :: rest ] →] x ^ t `,] next state = List .assoc letter arcs

� p react rest output cont [letter :: occ] next state

��� ]�� [ Not found → backtrack cont ]
]

� p � l b
]���` p
t `d] pushout = [occ :: output ]
� p � l input = [ ]

]���` p
(pushout , back) (∗

�=�B��<D�����?�]Á��B<2�2§
∗)` t � ` t `,] pushback = [(input , pushout) :: back ]

(∗
²»8�Ý�;=�=�m��;�@]��Ú�8����B�2£B8��=�m�µ�B���=��92��8��`>���¸Ú2���2£�²»�?;�§

∗)
� p continue pushback` t � ` continue back

]s p�� backtrack =
lon�p

[ [ ] →
x s � � ` Finished-

[(input , output) :: back ] → react input output back [ ] Lexicon.lexicon
];

ß,�M²�C�<2�2£B��<28:���2£ >É��8:�W��8:�2��8����3k=<2�=�Ô�O>��������2£!��Ú28\;�8:>?�������B8)8��2£B����8)Á�;=�B� ��Ú28)>?�2��;��B�2;=�6>���8\���2������>?�
9�>?�¸·W��;�>?�¸·\�=����<2>������B�SZ
r�s�t n ` unglue sentence = backtrack [(sentence, [ ])];

r�s�t n ` print out solution = List .iter pr (List .rev solution)
� ��` x ` pr word = print string ((Ascii .decode (List .rev word)) 	

P �SP
);

resume : (resumption →
L;MON

→ resumption)



r�s�t n ` resume cont n =t `,] (output , resumption) = backtrack cont � p� ��� print string
P���7 ��% � � � 5� � 7 �
P�

print int n�
print string

P � -���7 P
�
print out output�
resumption� �

r�s�t n ` unglue first sentence = (∗
�����S���6>?;����"<2��£B��<28

∗)
resume [(sentence, [ ])] 1;

r�s�t n ` unglue all sentence = restore [(sentence, [ ])] 1
� ��` x ` x `Jz

restore cont n =] x ^ t `,] resumption = resume cont n

� p restore resumption (n + 1)
��� ]�� [ Finished →

� l n = 1
]���` p

print string
P ��� � �4/ � � � 5 � � 74� � � �37 � ��7 P ` t � ` () ];

` p�� �
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¯�Ú28Ô<2�2£B��<28:���2£)�2;��K�:8������������B�S����8���8?Cb;�8��6>������?8:��@����)��Ú28"��8´¼D�����B�SZ���Á���Ú28"���2�2<�����8��W��8:���:8`�S>O@É9µ8
�B9���>?����8:§�9W@�£B��<28:���2£�²»�B;=§2�dÁ�;=�B�Q��Ú28���8Z¼D���:�?�	C

unglue sentence
²m�����W;=8���<2;����B�28»�µ�B�=����9���8����B��<������B�	�

7��B;������=�¸>��2�:8�CE>?���=<2�S���2£���Ú�8��=8:�W��8��2�:8���������7�;=8:�2�¸Ú!º»Ú2����§2���=Ú�ÀD�O>����B���?£?@"Z
� � �An t ` Childtalk = � ] x�n zd]
r�s�t n ` lexicon = Lexicon.make lex [

P � � ������7 P � P �02�02�P � P � � � �qP ];` p�� �
� � �An t ` Childish = Unglue(Childtalk);
ß,�M²�CU�O>?��������£

Childish.unglue
�B� ��Ú28Ô8:���:�K§2���2£³�?Á ��Ú28Ô�=��;�����£ P � � � ���02��02 � � � ��� 7 P\�2;=�D§�<2�:8���>

��>?��;
(sol , cont)

²mÚ28:;=8 ��Ú�8 ;=8��B8�;��=8»�?Á
sol

���U>m�����=�b�?ÁD²»�?;�§2��²mÚ2���¸Ú	C��ÁD��Ú28´@�>?;�8���Ú28:�Ô��8����B8��d;=8��B8�;��=8:§
>?�2§³§28��:�K§28:§	C2@K��8:��§��Å��Ú28�8´¼D�µ8:�´��8:§!��8Jv&<28��2�:8 B;P � � � �OP � P �02��02�P � P � � ������7 PdDÐ�
t `d] (sol , ) = Childish.unglue (Ascii .encode

P � � � ���02� 2 � � ��� � 7 P )
� p Childish.print out sol ;
¥/8�;=8:���c�?8:;,>?�m8´¼D�µ8:����8:§SZ � � � � �02��02 � � ������7��
Ò����?��Ú28�;m8´¼�>?�Ô�2��8�C���Ú2���Å�����S8ÜÒ,�S8�;����O>?�)�=��;�8�8��m�¸>?��·@Z
� � �An t ` Streettalk = � ] x n zV]
r�s�t n ` lexicon = Lexicon.make lex [

P 2�P � P � 6���� �P � P � ��� �P � P�/�-��5 P � P,5 6���� �P ];` p�� �
� � �An t ` Slang = Unglue(Streettalk);

t `d] (sol , cont) = Slang .unglue (Ascii .encode
P � ��� � 205 6 � � ��/�-��5 2 � 6�� � �P )



� p Slang .print out sol ;
¥/8�£?8��*>?�m8´¼D�µ8:�´��8:§
Z � ��� � 2 5 6 ��� � /�- ��5 2 � 6�� � �µ�
Þ�Á��:�B<2;=��8���Ú�8:;�8��S>O@`9µ8���8´�B8�;�>?�1�=�B��<������B��� ���k��Ú28�<2�2£B��<28:���2£��2;=�B92��8:�³C�>?��§)��Ú2���»���»��Ú28�;�>������B�2>?��8
�?Á ��Ú28

cont
�:�B�Ô�µ�B�28:�W�:Cµ²mÚ2���¸Ú!����>

resumption
�m7��B;m���2���¸>?���:8?Cµ���)��Ú�8��2;=8��K���?<2��8Z¼2>��S�2��8?C

cont����8��S�D�±@BC�����§2���:>������2£���Ú2>�����Ú28��=�B��<������B�
sol

����<��2� v&<28��
¥/8»��>O²Õ>?9µ�M�B8 ��Ú�>���²»8»�:�B<2��§�<2�=8»��Ú�8»�2;=�D��8:���

backtrack
�����:�B;=�B<������28�²m����Ú���Ú�8»�2;=���W��8�;

print out²m����Ú2���]��Ú28
unglue all

8:�&<2�Ô8:;�>����B;��
¢18��`<2�`��8��=�S��Ú2���`��8�£B�Ô8:�W��8�;`���/���B���B8É>?� u���£B������Úw�¸Ú2>?;�>?§�8 hs9µ�B;�;=�M²»8�§wÁ�;��B� � Xd>?�����2§2;=�B�Ô�S>��2§
Ò��2>?£B;�>��S� �¸C �*�M²Å>?;=§�¥y��Ö 8:;�£?8:;��=�B�	CµÛ��M�B8�;��O¶W©?G�jZ�
� � �An t ` Short = � ] x n zV]
r�s�t n ` lexicon = Lexicon.make lex

[
P 2 ��� ��P � P�2 � P � P 2 � �&2 � � ��P � P 8 �05P � P
-�� 6SP � P&�qP � P�5 � P � P�5 � 8 �053-�� 6SP ];` p�� �

� � �An t ` Charade = Unglue(Short);

Charade.unglue all (Ascii .encode
P 2 � �&2 � � �05 � 8 �05.-��.6SP );

¥/8�£?8��m¾Ô���B��<������B�2�»���"��Ú28��¸Ú�>?;�>?§28?CE�2;=���W��8�§³>?�*> v&<�>��;�>����)���?�����=���B�
Z
% � � � 5 � � 7 � -(2 � �&2 ��� � 5 � 8 �053-�� 6
% � � � 5 � � 7 � -(2 � �&2 ��� � 5 � 8 � 5 -��.6
% � � � 5 � � 7 � -(2 � � 2 � � � 5 � 8�05.-�� 6
% � � � 5 � � 7 � -(2 � � 2 � � � 5 � 8 �05 -�� 6
�,��£B��<28����2£³����²mÚ�>�������28�8:§28�§���³��8�£B�S8��W�k>)�6>?�2£?<�>?£B8"����·?8`º»Ú2����8:��8��5E*8:>?�����=�����k��8�£B�Ô8:�W��8�;���Á��B;
º»Ú2���28:�=8kÚ�>O�B8Ô>?����<�>?����@³9�8�8:� 92<2�����,<2�����2£\��<��¸Ú Ý�������8Z°±���¸>���8���8Z¼����:�B�!§2;����B8:� �Ô8���Ú2�D§��:C	;=8�Ý��28�§ 9&@
�=���D�¸Ú2>?�=������²»8���£BÚW�����2£B� B¤Af��DÐ�

ÀD8��?8:;�>?� �:�?��92���2>����B;=�6>?�Ã�2;��B9���8:�Ô���S>?�³���`��>?;=�6>?�W���*�?Á�<2��£B��<28����2£���7��B;*���2���¸>?���:8?C��M�B8:;Ü>`�B�28Z°
��8´����8:;">?���2Ú�>?9µ8��:C�² 8)£B8��"��Ú�8�7�; B9�8��2��<��k�2;��B9���8:� �?Á�Ý2�2§2����£ �2>?;=���������B�2����Á����&��8:£B8�;��"���W��� £?���B8��
§28��2�B�Ô����>������B���{hs8Z¼D�:8:�D�³��Ú�>��\² 8 £B8��)�µ8:;=��<��¸>�����?�2�]�����2�:8ÉÚ�8:;�8É��Ú28É�B;�§�8:;\�?Á��:�B���2�]�S>�����8:;=� j´�
�,8�;�8�����Ú��c² ���Ô£B���?8Ü��Ú28��¸Ú�>��2£B8����\�µ8:�2�2��8:��C��2���¸·�8:���*>?��§�§2���S8��JZ
r�s�t n ` x `Jz

unary =
lon�p

[ 0 →
P�P -

n →
P��VP

	 (unary (n − 1)) ];
¯�Ú28��:�?���2�*>?;=8Ü��Ú28�² �B;�§2�*�?Á���Ú2���m>?;�����Ú2�Ô8������Ü��>?�2£B<2>?£B8�Z
r�s�t n ` penny = unary 1 s p�� nickel = unary 5 s p�� dime = unary 10;

� � �An t ` Coins = � ] x n zV]
r�s�t n ` lexicon = Lexicon.make lex [penny; nickel ; dime];` p�� �
� � �An t ` Frobenius = Unglue(Coins);

r�s�t n ` change n = Frobenius.unglue all (Ascii .encode (unary n));

change 17;
¯�Ú2���*;=8���<2;��2����Ú28-�BF�²Å>O@K�,��Ád�¸Ú�>��2£B����£��c©�²m����Ú)�B<2;����B���2�,Z



% � � � 5 � � 7 � -
� � � � � � � � � � � � � � � � �

�����% � � � 5 � � 7 � � -
� � � � � � � � � � � � � � � � �

ß,�M² ² 8���;=@]�2Ú2�B�28��S������8�£B�S8��W�¸>������B�)���\��Ú2�B�28´������7�;�8��2�¸Ú	�
� � �An t ` Phonetic = � ] x n zV]
r�s�t n ` lexicon = Lexicon.make lex [

P 8�2 � P � P 2 � 207 P � P � ��P � P � 2�P � P�6 �&7 ��P � P 2 � 2SP �
P,5 � ��6SP � P � 2 8 7 P � P 2
P � P
7 � � ��P � P�8�2 � 2 � 2&7 P � P � P � P 2 6�07���P � P � 238 742&7 � � ��P ];` p�� �
� � �An t ` Puzzle = Unglue(Phonetic);

Puzzle.unglue all (Ascii .encode
P 8�2 � 2 � 2&7�� � � 2 6 �&7�� 2 � 205 � ��6 � 2 8.712&7� � ��P );
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�µi + l��

Ascii
h��S�K§2<2��8�jZC {�� CµA?F

Bintree
h��S�K§2<2��8�j´C oW�

Dagify
hs�Ô�K§2<2��8�j´C {µz

Deco
hs�Ô�K§2<2��8�j´C z��

Gen
h��S�K§2<2��8�j´C Ø

Latin
hs�Ô�D§2<���8�jZC {��

Lexer
h��S�K§2<2��8�jZC {EØ

Lexicon
h��S�K§2<2��8�jZC {��

Lexmap
hs�Ô�D§2<���8�jZC z �

List2
h��S�K§2<2��8�jZC Ø

Make english lexicon
h��S�K§2<2��8�jZC {2�

Make french lexicon
h��S�K§2<2��8�j´C {��

Make lex
hs�Ô�K§2<2��8�j´C {��

Mini
h��S�K§2<2��8�j´C {Ez

Minimap
h��S�K§2<2��8�j´C zE®

Minitertree
hs�Ô�D§�<2��8�j´C zEz

Pidgin
h��S�K§2<2��8�j´C z

Share
h��S�K§2<2��8�jZC {1o

Tertree
h��S�K§2<2��8�j´C z1o

Transducer
hs�Ô�K§2<2��8�j´C {µ®

Trie
hs�Ô�D§2<���8�jZC oKÑ CµA?F

Unglue
hs�Ô�D§2<���8�jZC ���

Unglue test
hs�Ô�K§2<2��8�j´C �Ã{

Word
h��S�K§2<2��8�j´C �

Zipper
hs�Ô�D§�<2��8�j´C o@�
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