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let
type list = {link: list,

key: int}
type tree = {key: int,

left: tree,
right: tree}

function maketree() = · · ·
function showtree(t: tree) = · · ·
in
let var x := list{link=nil,key=7}

var y := list{link=x,key=9}
in x.link := y
end;
let var p := maketree()

var r := p.right
var q := r.key

in garbage-collect here
showtree(r)

end
end
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FIGURE 13.1. A heap to be garbage collected.

From Modern Compiler Implementation in ML,
Cambridge University Press, c©1998 Andrew W. Appel
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function DFS(x)
if x is a pointer into the heap

if record x is not marked
mark x
for each field fi of record x

DFS(x . fi )

ALGORITHM 13.2. Depth-first search.
From Modern Compiler Implementation in ML,
Cambridge University Press, c©1998 Andrew W. Appel
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Mark phase:
for each root v

DFS(v)

Sweep phase:
p ← first address in heap
while p < last address in heap

if record p is marked
unmark p

else let f1 be the first field in p
p. f1 ← freelist

freelist← p
p ← p+(size of record p)

ALGORITHM 13.3. Mark-and-sweep garbage collection.
From Modern Compiler Implementation in ML,
Cambridge University Press, c©1998 Andrew W. Appel
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FIGURE 13.4. Mark-and-sweep collection.
From Modern Compiler Implementation in ML,
Cambridge University Press, c©1998 Andrew W. Appel

"$#�� * #�� � ����	 �
�!�0����� ��� ��� � ����� �  !� "$#�%&%'�)(+*
,'#��

\ N ± ¶ � ²�³§«¼®�N�P � / ��9@./�+&V�;!$#%�'y*�"=/y{=/�)�"!$=?��9@,��"=��"���'9/#%=/��� �4=/A��"�D9@<��J9@|�,$�70J9:�;9
� L

¬	� �>� « «¼®�NJP � / ��9@./�+&V�;!$#%�'y���=/ym=@�K�"!$=/�J9@,Â�;= �;���7&�!��+�7=/A´�"���7���D9@y 
 L

¾ �z�����)6/=>=F0�
��"��9g� �7¿¥0�=>�+&z!$&z�"=��"�+<8=DÐ��8� 
 � � 2 =@�"0�&4=/A¼��&"9@|�,$�7#%�+#%=@�K(�L
�z�>��&DwI�"��� �g� �g�	rsn��Dh���p;� 	 r =/A �7¿  �!$�1!$��&)���"��<	�"!$=/��&Bym�	�B9@,$,$=><D9:�;�+032 =/��0¸£V!$&+Á

��� � % ��� 


 � �

¾ � A � � 
§wI�"���7<+=/&K�B!$&�Ð��8�K(�,x9g�"6/�?L � A � � 
§wI�"���7<8=?&)�B!$& � ��� L

¾ Ó�&���9/,-,5( w�!$A ��� 
 ���! #"�w*�"����<+=/,$,$�+<	�"=@�4!$��<8���D9@&��+&$
§L������+���;����<+=/&)�4y{�8�
9@,$,$=><D9:�;�80�2 =@�"0324!$,$,_|m�'9@y�y���=+��!-#W9:�"�+,5( � � % Ñ � � L



��� � ,&�� #�� � ����	 �
�!�0����� ��� ��� � �������� !� "$#�%&%'�)(+*
,'#��

��P � ]��4N�² ��� «¼R � Q � X~PLX+NJQ©¶ 9/,$,-=D24&B�"����#Z9g�".>!$��6Zy���9/&��}�"=%�"���>��!-�"�'9
<+=/��&"!$0��8�"9@|�,5(3&�#W9@,$,$�	��9@�F�*!$,$!x9g�K(G9g���D9	� 
 �
��������������������������� 
 �! "�$#&%����$#&�'�
�(�) *�!�����,+"L

MO] � ²_X �>±�±:� � �F± P8NJR 9@,$,$=D24&O��&��7=/A´�"����¢J�+,$0�&z=?A´�"���79@,-���D9@0I(�y*�"=><+�8&"&��+03���D9@y
�"�8<+=@�"0�&B9/&49@�I�*!$,$!x9g�)(19g�"�D9	�-���.�(���!�(�/�)0&�)12�)�������!3������4�5���! �6�+�L

��P � ]��4N�² N ±:± N ¹ ]��7� ±:�>� R � P X�P 9/,-,$=D24&BÐ@9g�"!$9/|�,$� �T&�!��+��9@,$,$=><D9:�;!$=/�EA���=/# �"���
�"�8<+,x9@!$#%�+01&"y�9@<+��24!¦�;��=/�*�4&��D9g��<���!$��6
� 8:9!;<;<=?>A@*B)CD>FE �5�����(�)���!0G0H���) *0I�!#G12�)�J�(�) *�!�������!3K��#&L�� > +"L

M ���0*ON �!P � � * � ����� (QN � �
, �  ��� � � ��%&, ( , * � * ��(�	

function DFS(x)
if x is a pointer and record x is not marked

t ← 1
stack[t] ← x
while t > 0

x ← stack[t]; t ← t − 1
for each field fi of record x

if x . fi is a pointer and record x . fi is not marked
mark x . fi

t ← t + 1; stack[t] ← x . fi

ALGORITHM 13.5. Depth-first search using an explicit stack.
From Modern Compiler Implementation in ML,
Cambridge University Press, c©1998 Andrew W. Appel
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function DFS(x)
if x is a pointer and record x is not marked

t ← nil
mark x ; done[x] ← 0
while true

i ← done[x]
if i < # of fields in record x

y ← x . fi

if y is a pointer and record y is not marked
x . fi ← t; t ← x; x ← y
mark x ; done[x] ← 0

else
done[x] ← i + 1

else
y ← x; x ← t
if x = nil then return
i ← done[x]
t ← x . fi ; x . fi ← y
done[x] ← i + 1

ALGORITHM 13.6. Depth-first search using pointer reversal.
From Modern Compiler Implementation in ML,
Cambridge University Press, c©1998 Andrew W. Appel
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FIGURE 13.7. Copying collection.
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function Forward(p)
if p points to from-space

then if p. f1 points to to-space
then return p. f1

else for each field fi of p
next. fi ← p. fi

p. f1 ← next

next← next+ size of record p
return p. f1

else return p

ALGORITHM 13.8. Forwarding a pointer.
From Modern Compiler Implementation in ML,
Cambridge University Press, c©1998 Andrew W. Appel
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scan← next← beginning of to-space
for each root r

r ← Forward(r)
while scan < next

for each field fi of record at scan
scan. fi ← Forward(scan. fi)

scan← scan+ size of record at scan

ALGORITHM 13.9. Breadth-first copying garbage collection.
From Modern Compiler Implementation in ML,
Cambridge University Press, c©1998 Andrew W. Appel
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FIGURE 13.10. Breadth-first copying collection.
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FIGURE 13.12. Generational collection. The bold arrow is one of the rare
pointers from an older generation to a newer one.
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while there are any grey objects
select a grey record p
for each field fi of p

if record p. fi is white
color record p. fi grey

color record p black

ALGORITHM 13.13. Basic tricolor marking.
From Modern Compiler Implementation in ML,
Cambridge University Press, c©1998 Andrew W. Appel

� ��� � �4���3�+��� � �·�8�V
 � 
�� J_���7�����	�½�%� �

Ã L���=Z|�,x9/<�.~=/|�S)�+<	�By{=/!$���;&V�;=W9�24��!5�;�7=?|�S)�+<	�DL
Ñ L M Ð��8�)(�6@���	(�=?|�S)�+<	��!$&4=/�3�;����<+=/,$,$�+<k�;=@�+¨v&B&"<����80���,$!$��6Z&)��9@<�.~=@� �F���+���?L

� ±g� X � aI.HN ±:±g���F± N�RC³¸] ±g� X�® ¯ P <����+<�.f�	Ð��8�)(�
�(�Þ�$�ÙW|�(f�;����#��I�;9g�"=@�OA�=/�
y����+&��8�)Ð@9:�;!$=/�1=/A Ã � Ñ � ��� & � � �������*%������$���71
���������!� �(���!�(�)��� � ��#&����� ��#G�'����� � #G�'���
� 	�0G�! ,6 ��	�� �) "� � 	:# �  *��0&����� � &!��� ":+�L

Z � NJ^�aI.HN ±:±g���F± NJR�³¸] ±g� XD® ¯ P <����+<�.f9@,$,H#*Ù�(�ß�*�!$��&K���"��<	�"!$=/��& � ��� &!�K� ���)���*%������$���
1 ���$��������3-�"�� ,���)� ��� ��#G�'����� � 3-�(��1 �!� " %�#&�5� ���!0 12�)12�!� " ��� &!�7 *�������!#G��#G��&2�!� "
����� ( 	�0G�! ,6 ��	��5�) �
	�� ��� &!�43 ����0 � ���!����0&���  *��0&�!�$���*%���� "J��	�� �) "����� �$���%��� &!�%	�0I�! �6
�!��� 1 � 6!�)���!0G0  ,��#G0I�����)�J��3 �$���)�(�4��	��5�� "�$�#&!�(� "�+"L



� � ���4� ��� J_�1������� ���%�H� ��� � ��
��������E�

º 9@&��+0�=/�[¿ ���+���	(Â¨v&z<8=?y�(I!$��6W9@,$6/=@�"!5�"��#1tJ�+#%y�,$=D(I&49 �"�D9@0c�T|J9g�K�"!$�	�DL
� � � �)	�� &!�7 *��0G0&�) "�$#&�'�J�5�$� �(�$� � #&�$� � ���	� 
 �����7�(��0G�����!3������43-�(��1 (A�)���! *�7�!���J�$��(A�)���! *�

� ���4�5��� � � �)� 	:�!��� �$����� �!0G0O�$���4�(� �!�$� � �(�43-�!�5��� �����)���

� � �� ,� �$#G12� �$���71 ���$������� �!0G0&�� ������)� ���*� �(�) *�!����� 	:�23-�*� � ��#G�'����������3 ��
���� � �(�
���(�� *��������� 	:�!��%��!�� �#G��& ��
����J��� ��� �$��� �������
�����������������������! ���"$# ��% �*� �(�) *�!����� � �(�
�!0I0&�  ����$��� ���&�(')�*���+#,�.-/�(')�0�1��23�4�5�76�� 	�" ���) "����12�)�'�$#G��&98;:�<�:��!�

� = 3K� � ��#G�'������3-�"�� ,���)� 	�" �����71 ���$�������#� ��#G�'�$� �$� 3?�(�'1 (A�)���! *� 	��$���%� �'#G���$�*� #G�
->��"� ���"�#7��#J#I1 12�)��#I�����)0 "�� � ����� 	������71 ���$���������!0 ����"������!�#� ��#I�����������'��0 " �$�2�$���
��� ( � ���� "��+����*%��������2�����/3-�(��1 (A�)���! *���

� A´�"���7���D9@y�!$&B0�!5Ð*!-0��+01!$���;=���2V=Z&��+#%!O�T&�yJ9@<+�+&z=/A¼&�!��+� 
 � Ñ w�9/��0 � ? 
 � � w*�;���+�

�ß�Ü:Ø�24!$,$,_<D9:�;<��1��y32B!5�;��Ø¸Ù���( �;h �8�g�;h�Ø¸Ù���(~���D9@<����+&z�J9@,$A �q2V9+(3�"�*�"=/��6/�~�;���
�"=,�T&"y�9@<+�?L e �z�"��!$&4y{=/!$����w���=%#Z=@�����;��9@����9/,-A��;�����"="�T&�yJ9@<8�}24!$,$,_|m�7=><+<+��y�!-�+03|�(
���	2B,5(19@,$,-=F<D9:�"�+0��"�8<+=@�"0�&+L

���O� �g
��·� �½�1��� 
 ��J_�1������� ���%�H� � � �

¾ e ��(3!$#%y�,$�+#%�+����9:�"!$=/�E=?A´2z�"!5�"�'=@�z�"�D9@0c�T|J9g�K�"!$�	�O#½��&K�4&)(*��<��*�"=/��!��+�}2B!5�;�3�;���
<+=/,$,$�8<	�;=@�+L Ï>=/A ��2�9g�"� �T|J9@&��+01&)(I��<�����=/��!��+9g�"!$=/�1!$&4����y{�+��&"!5Ð��/t*!$�1��9@��0I2�9g�"�/w�=/���
<D9@�3�;9@./�'9@0*Ð@9@����9@6/�7=/A´�;���7&)(*��<��*��=?��!��D9:�"!$=/�324��!$<��1!$&B!$#%y�,$!$<8!5��!$�Gy�9@6/�
As9@��,¦�;&+Á��"��� 	 Ï~�+��&������+&V�"�J9:�B��=%=/|TS)�+<k�;&�<D9@�19@<+<+�8&"&z9%As9@��,5�"!$��6Zy�9@6/�7|m�+AC=@���
�;���7As9@��,5�4!$&By*�"=><+�+&�&��+0�L

¾ � �16/�+���8�;9@,uw�|m�+<+9@��&���!$��<	�"�+#%�+���;9/, �7¿ �����>��!-���+&z�k�F�"�"9%<+=>=@�"0�!$�J9:�"!$=/�G|{�	��2V�+�8�
�;���7#½�*�;9:�;=@�49@��0��;����<+=/,$,$�+<k�;=@�O9@��0���!$6/���	�4<+=/��&��8�KÐ@9:�"!$&�#1w�!5�O!$&B#%=@�"�
�k�*ym�8��&�!5Ð��}�;��9@�1|�,$=F<�.>!$��6 �7¿  C2B���	�"�79@,$,��"���7=/|�S)�+<	�"&z9g�"���"�8<+,x9@!$#%�+0G�kÐ��8�K(
�;!-#Z���;���7<+=/,$,$�+<k�;=@�B!$&B�����{£�L



� � * ���
��(+*
,'#�� � , *ON *HN � "$# � ��,&%'���

�����7<8=/#Zy�!$,$�8�4AC=@�49%6?9g�"|�9@6/� �T<+=/,$,$�+<k�;�801,x9@��6/��9@6?�7!$���;�8�"9@<	�"&�2B!5�;�3�;���76?9g�"|�9@6?�
<8=/,$,$�+<	�"=@�4|�(ÂÁ

¾ 6/�+���8�;9:�"!$��6%<+=>0��}24��!$<��G9/,-,$=F<+9g�"�+&z���+<+=@��0�&� u9@��01!$��!5�;!x9:�"�+& �7¿�£kt
¾ 0��8&"<	�"!$|�!$��6W,-=F<+9g�"!$=/��&B=/A���=F=g�"&O9@��0��"��=/&��7=/A´�;���+# �"��9g�49g�"�'y{=/!$���;�8��&+t
¾ 0��8&"<	�"!$|�!$��6%�"����,x9+( =/�I�O=?AH0�9:��9 ���+<+=@�"0�&z=?���;���7���D9@y° s!uLv�?L�0��	�"�8��#Z!-�����"���

�>��#½|m�	�B=/A�¢J�8,$0�&B9@��0�!$��0�!$<D9:�"��24��!$<��3¢J�8,$0�&B9g�"�7ym=/!$���;�8��&�£kL

b =@�B&"=/#%��Ð��8��&�!$=/��&z=/A¼!$��<	�"�+#%�+���;9/,�<+=/,$,$�+<	�"=@�"&+w*�"����<+=/#Zy�!$,$�8�4#½��&)�O9@,$&"=Z6/�+���8�"9:�;�
!-��&)�"����<k�;!$=/��&��;=%!$#%y�,$�+#%�+���B�;�������D9@01=@���;���}2B��!5�;�'|J9g�K�"!$�	�DL

M � � ( � ,'��,&�  M � * � � �-, # � * �

¾ � �1&)��9:�"!$<D9@,$,5(3��(Iym�+0�=@�B=/|TS)�+<k�R�T=@�"!-�+���;�+03,$9/��6/�J9@6/�+&+w*�"����&�!$#%y�,$�8&K�B2V9+(�=/A
!$0��+���;!$A (I!$��6Z���D9@y�=?|�S)�+<	�"&�!$&��"=Z��9+Ð����;����¢��"&)�z2 =@�"0G=/AH�D9@<���=/|�S)�+<	�zy{=/!$� �z�;=
9%&"y{�+<+!$9/,m��(Iym�7=@�B<+,x9@&�&B0��+&�<8��!$y*�"=@�B���+<+=@��0_L

¾ �z��!$&B0��8&"<	�"!$yI�;=@�B!$&B6?�8���8�"9:�;�80�|�(~�"����&)�;9g�"!$<���(Iym��!$��AC=@�"#Z9:�;!$=/�E<D9@,$<8��,x9:�"�+01|�(
�;���7&��+#Z9@� �"!$<'9@�J9@,5(I&�!$&4y���9@&��7=/A´�"����<+=/#Zy�!$,$�8�+L � �B!$&ByJ9@&�&"�80��;=��"����Ü>Ý>Ý ÞFßG3L6
AC����<	�"!$=/�32B��!$<��1!$��!5�"!x9g�"�+&z�"��� ��¿}L

¾ �z��� j*�gn �¸r�h��7�W��j  �&��	�z=?AH,$!5Ð����"�+#Zy{=@�;9g��!$�+&��;��9:�4<+=/���;9/!$�1ym=/!$���"�8�"&�£­!$&4|m�+&)�
./�	(��+0�|�( �"�k�;�*�"�39@0�0*���+&�&"�8&DÁ�A�=/�V�+9/<���ym=/!$���;�	� �;��9:�z!$&V,$!5Ð���!$#Z#%�+0�!x9:�;�8,5(�9@A �"�8�
9%AC����<	�"!$=/��<D9@,$,uw*�;����ym=/!$���;�	�4#Z9@y1!$0��+���;!-¢��+&z!5�"&4���+6/!$&)�"�8�4=@�BA��;9@#%�7,$=><D9:�"!$=?��L
�H=Z#W9g��.�a:AC=@�)2�9g��0[9@,$,Â�;�����"=>=g�"&Dw ��¿¥&)��9g�)�;&49:�z�"�����"=/y1=/A´�"����&)��9@<�.�9@��0
&�<D9@��&z0�=D2B� 2V9g�"0�w�A��"9@#Z��| (3A��"9/#%�?L



"$#�� � ��� � � *�, � � �����
� �� !� "$#�%&%'��(/*
,'#��

¾ �z���7<+=/#%y�!$,-�8�40�=>�+& �m�/r !$��AC=@�"# �;���7<+=/,$,$�8<	�;=@��24��!$<��3Ð@9g�"!x9@|�,$�+&O9@��0
�"�8<+=@�"0c��¢J�8,$0�&z<+=/����9@!$�3Ð@9g�"!x9@|�,$�+&+wJ&�= �;���7<+=/,$,$�+<k�;=@�B#���&)� �)6/���8&"& 
�L

¾ e ��(3|�!5� ��y�9:���"�8���Gy{=/!$� �"!$��6W!-� �"=��;���'9@,$,$=><D9:�;�80G���D9@y�!$&49@&"&���#Z�803�"=Z|{�'9
ym=/&�&�!$|�,$�7ym=/!$���;�	�49@��0�./�+�+y�&z!5�"&4y{=/!$���;�+0c�q�;=%���+<+=@��01,$!5Ð��?L � =D2 �	Ð��8�+w�&�!$��<8���;���
|�!¦�R�Ty�9g�K�;�	�"�1#%!$6?���B�"�+9/,$,¦(1|{�'9@�1!$���"�+6/�8�+wI�;���7=/|TS)�+<k�z<D9@����=g�4|{��#Z=DÐ��+019@��0
&�=?#%�'6?9g��|J9@6/�7=/|TS)�8<	�;&V#Z!$6/���O��=g�4|{���"�8<+,x9@!$#%�+0_L

¾ ¿ =/��&"�	�KÐ@9:�"!5Ð�� �7¿ #Z!$6/���B�;�>��&z=><+<D9@&�!$=/�J9@,$,5(3&���P{�8�4A���=/# 0�!$&"9@&)�"��=?��&B&"y�9@<+�
,$�D9@.>&+t�&��	Ð��8�"9/,m�"�+<�����!��F���+&�AC=@�4#Z9@.F!-��6��;���+&���&�!5�;��9:�;!$=/��&B����,$!$./�+,5(��k�*!$&)��L


