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Definition of an n-way tree

The empty tree is an n-way tree.

A nonempty n-way tree has
n data elements, and
n+1 children, each of which is an n-way tree.

Child i is the left child of data i
Child i+1 is the right child of data i
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A general n-way tree
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An abbreviated rendering of an n-way tree
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An n-way tree contains

• a vector of data values (VectorT), and

• a vector of child trees (VectorT).

A vector has a variable size, and can shrink and grow.

An empty tree has size zero for both vectors.



Design Patterns for Data Structures

A vector class

• Similar to an array, can subscript.

• Capacity increases automatically.

• Insert operation shifts current values to the right.

• Remove operation shifts current values to the left.



Design Patterns for Data Structures Figure 2.17
�� &KDSWHU�� $UUD\V�DQG�3RLQWHUV

(f)!v.insert(2, 60);

v 40
[1][0] [3][2] [5][4] [7][6]

30 60 1020 50v 40
[1][0] [3][2] [5][4] [7][6]

30 1020 50

(d)!v.insert(1, 40);

v 40
[1][0] [3][2]

30 1020

(c)!v.insert(0, 30);
(c)!Capacity is doubled.

v 20
[1][0] [3][2]

30 10v 10
[1][0]

20

(a)!v.insert(0, 10);

v
[0]
10

(b)!v.insert(0, 20);
(b)!Capacity is doubled.

(e)!v.insert(4, 50);
(e)!Capacity is doubled.

)LJXUH ���� 7KH�HIIHFW�RI�WKH�LQVHUW�RSHUDWLRQ�RQ�YHFWRU Y� 7KH�ÀUVW�SDUDPHWHU�RI
WKH�LQVHUW�PHWKRG�LV�WKH�LQGH[�RI�ZKHUH�WR�LQVHUW�WKH�YDOXH� 7KH�VHFRQG�SDUDPHWHU�LV�WKH
YDOXH�WR�EH�LQVHUWHG�

7KH�FDSDFLW\�RI�D�YHFWRU�EHJLQV�DW�RQH�DQG�DXWRPDWLFDOO\�GRXEOHV�ZKHQ�QHFHVVDU\
WR�DFFRPPRGDWH�D�QHZ�YDOXH� )LJXUH����� VKRZV�ERWK�WKHVH�IHDWXUHV�IRU�YHFWRU Y� $W�D
JLYHQ�SRLQW�LQ�WLPH�D�YHFWRU�KDV�D�VL]H�DQG�D�FDSDFLW\� ZLWK�WKH�LQYDULDQW�WKDW�WKH�VL]H�LV
DOZD\V�OHVV�WKDQ�RU�HTXDO�WR�WKH�FDSDFLW\� ,Q�)LJXUH������G�� WKH�VL]H�DQG�WKH�FDSDFLW\�DUH
ERWK�IRXU� ,Q�)LJXUH������H�� WR�LQVHUW�WKH�YDOXH����DW�LQGH[�IRXU�WKH�VL]H�LQFUHDVHV�WR�ÀYH
DQG�WKH�FDSDFLW\�GRXEOHV�WR�HLJKW�

$ YHFWRU�LPSOHPHQWDWLRQ
9HFWRU�FODVV 9HFWRU7 LQKHULWV�IURP�WKH�DEVWUDFW�VHTXHQFH $6HT LQ�WKH�VDPH�ZD\�WKDW
$UUD\7 GRHV� 7KH�80/ GLDJUDP�IRU 9HFWRU7 LV�VLPLODU�WR�WKH�RQH�LQ�)LJXUH����� IRU
$UUD\7 DQG�LV�QRW�VKRZQ� 7KHUH�LV�D�FRUUHVSRQGLQJ�LPSOHPHQWDWLRQ�IRU 9HFWRU3��D
YHFWRU�RI�SRLQWHUV� WKDW�FRUUHVSRQGV�WR $UUD\3 DQG�LV�DOVR�QRW�VKRZQ�KHUH�

7KH�QH[W�ÀYH�ÀJXUHV�VWDUWLQJ�ZLWK�)LJXUH����� VKRZ�WKH�LPSOHPHQWDWLRQ�RI�WKH�YHFWRU
FODVV�SURYLGHG�E\�WKH GS�GV VRIWZDUH�GLVWULEXWLRQ� )LJXUHV����� DQG����� VKRZ�WKH
GHFODUDWLRQ�DQG�WKH�GRFXPHQWDWLRQ�IRU�WKH�PHWKRGV� $ YHFWRU�KDV�WKUHH�DWWULEXWHV� BGDWD
LV�WKH�DUUD\�RI�YDOXHV� BFDS LV�WKH�FDSDFLW\�RI�WKH�YHFWRU� DQG BVL]H LV�LWV�VL]H� 7KH
GHFODUDWLRQ�RI�FODVV 9HFWRU7 JLYHV�WKH�LPSOHPHQWDWLRQV�RI FDS�� DQG VL]H�� EHFDXVH
WKH\�DUH�VLPSOH�RQH�OLQHUV� ,PSOHPHQWDWLRQ�RI�RWKHU�PHWKRGV�DUH�SRVWSRQHG�XQWLO�ODWHU
LQ�WKH�ÀOH�

)LJXUH����� VKRZV�WKDW�PHWKRG�DSSHQG�KDV�QR�SUHFRQGLWLRQ� <RX�FDQ�DSSHQG�D�YDOXH
WR�DQ�HPSW\�YHFWRU� $QG�HYHQ�LI�\RX�DSSHQG�D�YDOXH�WR�D�YHFWRU�WKDW�LV�IXOO� LW�ZLOO
DXWRPDWLFDOO\�GRXEOH�LWV�FDSDFLW\�WR�DFFRPPRGDWH�WKH�DSSHQGHG�YDOXH�

&RPSDUH�WKH�SUHFRQGLWLRQV�RI LQVHUW DQG UHPRYH� 7KH�SUHFRQGLWLRQ�IRU LQVHUW
LV

�� 3UH� � � L 		 L � VL]H���

DQG�WKH�SUHFRQGLWLRQ�IRU UHPRYH LV

�� 3UH� � � L 		 L � VL]H���

&RS\ULJKW F!� ����� 'XQJ�;��1JX\HQ�DQG�-��6WDQOH\�:DUIRUG 5HYLVHG� $XJXVW��� ����



Design Patterns for Data Structures Figure 2.17
�� &KDSWHU�� $UUD\V�DQG�3RLQWHUV

(f)!v.insert(2, 60);

v 40
[1][0] [3][2] [5][4] [7][6]

30 60 1020 50v 40
[1][0] [3][2] [5][4] [7][6]

30 1020 50

(d)!v.insert(1, 40);

v 40
[1][0] [3][2]

30 1020

(c)!v.insert(0, 30);
(c)!Capacity is doubled.

v 20
[1][0] [3][2]

30 10v 10
[1][0]

20

(a)!v.insert(0, 10);

v
[0]
10

(b)!v.insert(0, 20);
(b)!Capacity is doubled.

(e)!v.insert(4, 50);
(e)!Capacity is doubled.

)LJXUH ���� 7KH�HIIHFW�RI�WKH�LQVHUW�RSHUDWLRQ�RQ�YHFWRU Y� 7KH�ÀUVW�SDUDPHWHU�RI
WKH�LQVHUW�PHWKRG�LV�WKH�LQGH[�RI�ZKHUH�WR�LQVHUW�WKH�YDOXH� 7KH�VHFRQG�SDUDPHWHU�LV�WKH
YDOXH�WR�EH�LQVHUWHG�

7KH�FDSDFLW\�RI�D�YHFWRU�EHJLQV�DW�RQH�DQG�DXWRPDWLFDOO\�GRXEOHV�ZKHQ�QHFHVVDU\
WR�DFFRPPRGDWH�D�QHZ�YDOXH� )LJXUH����� VKRZV�ERWK�WKHVH�IHDWXUHV�IRU�YHFWRU Y� $W�D
JLYHQ�SRLQW�LQ�WLPH�D�YHFWRU�KDV�D�VL]H�DQG�D�FDSDFLW\� ZLWK�WKH�LQYDULDQW�WKDW�WKH�VL]H�LV
DOZD\V�OHVV�WKDQ�RU�HTXDO�WR�WKH�FDSDFLW\� ,Q�)LJXUH������G�� WKH�VL]H�DQG�WKH�FDSDFLW\�DUH
ERWK�IRXU� ,Q�)LJXUH������H�� WR�LQVHUW�WKH�YDOXH����DW�LQGH[�IRXU�WKH�VL]H�LQFUHDVHV�WR�ÀYH
DQG�WKH�FDSDFLW\�GRXEOHV�WR�HLJKW�

$ YHFWRU�LPSOHPHQWDWLRQ
9HFWRU�FODVV 9HFWRU7 LQKHULWV�IURP�WKH�DEVWUDFW�VHTXHQFH $6HT LQ�WKH�VDPH�ZD\�WKDW
$UUD\7 GRHV� 7KH�80/ GLDJUDP�IRU 9HFWRU7 LV�VLPLODU�WR�WKH�RQH�LQ�)LJXUH����� IRU
$UUD\7 DQG�LV�QRW�VKRZQ� 7KHUH�LV�D�FRUUHVSRQGLQJ�LPSOHPHQWDWLRQ�IRU 9HFWRU3��D
YHFWRU�RI�SRLQWHUV� WKDW�FRUUHVSRQGV�WR $UUD\3 DQG�LV�DOVR�QRW�VKRZQ�KHUH�

7KH�QH[W�ÀYH�ÀJXUHV�VWDUWLQJ�ZLWK�)LJXUH����� VKRZ�WKH�LPSOHPHQWDWLRQ�RI�WKH�YHFWRU
FODVV�SURYLGHG�E\�WKH GS�GV VRIWZDUH�GLVWULEXWLRQ� )LJXUHV����� DQG����� VKRZ�WKH
GHFODUDWLRQ�DQG�WKH�GRFXPHQWDWLRQ�IRU�WKH�PHWKRGV� $ YHFWRU�KDV�WKUHH�DWWULEXWHV� BGDWD
LV�WKH�DUUD\�RI�YDOXHV� BFDS LV�WKH�FDSDFLW\�RI�WKH�YHFWRU� DQG BVL]H LV�LWV�VL]H� 7KH
GHFODUDWLRQ�RI�FODVV 9HFWRU7 JLYHV�WKH�LPSOHPHQWDWLRQV�RI FDS�� DQG VL]H�� EHFDXVH
WKH\�DUH�VLPSOH�RQH�OLQHUV� ,PSOHPHQWDWLRQ�RI�RWKHU�PHWKRGV�DUH�SRVWSRQHG�XQWLO�ODWHU
LQ�WKH�ÀOH�

)LJXUH����� VKRZV�WKDW�PHWKRG�DSSHQG�KDV�QR�SUHFRQGLWLRQ� <RX�FDQ�DSSHQG�D�YDOXH
WR�DQ�HPSW\�YHFWRU� $QG�HYHQ�LI�\RX�DSSHQG�D�YDOXH�WR�D�YHFWRU�WKDW�LV�IXOO� LW�ZLOO
DXWRPDWLFDOO\�GRXEOH�LWV�FDSDFLW\�WR�DFFRPPRGDWH�WKH�DSSHQGHG�YDOXH�

&RPSDUH�WKH�SUHFRQGLWLRQV�RI LQVHUW DQG UHPRYH� 7KH�SUHFRQGLWLRQ�IRU LQVHUW
LV

�� 3UH� � � L 		 L � VL]H���

DQG�WKH�SUHFRQGLWLRQ�IRU UHPRYH LV

�� 3UH� � � L 		 L � VL]H���

&RS\ULJKW F!� ����� 'XQJ�;��1JX\HQ�DQG�-��6WDQOH\�:DUIRUG 5HYLVHG� $XJXVW��� ����



Design Patterns for Data Structures Figure 2.17
�� &KDSWHU�� $UUD\V�DQG�3RLQWHUV

(f)!v.insert(2, 60);

v 40
[1][0] [3][2] [5][4] [7][6]

30 60 1020 50v 40
[1][0] [3][2] [5][4] [7][6]

30 1020 50

(d)!v.insert(1, 40);

v 40
[1][0] [3][2]

30 1020

(c)!v.insert(0, 30);
(c)!Capacity is doubled.

v 20
[1][0] [3][2]

30 10v 10
[1][0]

20

(a)!v.insert(0, 10);

v
[0]
10

(b)!v.insert(0, 20);
(b)!Capacity is doubled.

(e)!v.insert(4, 50);
(e)!Capacity is doubled.

)LJXUH ���� 7KH�HIIHFW�RI�WKH�LQVHUW�RSHUDWLRQ�RQ�YHFWRU Y� 7KH�ÀUVW�SDUDPHWHU�RI
WKH�LQVHUW�PHWKRG�LV�WKH�LQGH[�RI�ZKHUH�WR�LQVHUW�WKH�YDOXH� 7KH�VHFRQG�SDUDPHWHU�LV�WKH
YDOXH�WR�EH�LQVHUWHG�

7KH�FDSDFLW\�RI�D�YHFWRU�EHJLQV�DW�RQH�DQG�DXWRPDWLFDOO\�GRXEOHV�ZKHQ�QHFHVVDU\
WR�DFFRPPRGDWH�D�QHZ�YDOXH� )LJXUH����� VKRZV�ERWK�WKHVH�IHDWXUHV�IRU�YHFWRU Y� $W�D
JLYHQ�SRLQW�LQ�WLPH�D�YHFWRU�KDV�D�VL]H�DQG�D�FDSDFLW\� ZLWK�WKH�LQYDULDQW�WKDW�WKH�VL]H�LV
DOZD\V�OHVV�WKDQ�RU�HTXDO�WR�WKH�FDSDFLW\� ,Q�)LJXUH������G�� WKH�VL]H�DQG�WKH�FDSDFLW\�DUH
ERWK�IRXU� ,Q�)LJXUH������H�� WR�LQVHUW�WKH�YDOXH����DW�LQGH[�IRXU�WKH�VL]H�LQFUHDVHV�WR�ÀYH
DQG�WKH�FDSDFLW\�GRXEOHV�WR�HLJKW�

$ YHFWRU�LPSOHPHQWDWLRQ
9HFWRU�FODVV 9HFWRU7 LQKHULWV�IURP�WKH�DEVWUDFW�VHTXHQFH $6HT LQ�WKH�VDPH�ZD\�WKDW
$UUD\7 GRHV� 7KH�80/ GLDJUDP�IRU 9HFWRU7 LV�VLPLODU�WR�WKH�RQH�LQ�)LJXUH����� IRU
$UUD\7 DQG�LV�QRW�VKRZQ� 7KHUH�LV�D�FRUUHVSRQGLQJ�LPSOHPHQWDWLRQ�IRU 9HFWRU3��D
YHFWRU�RI�SRLQWHUV� WKDW�FRUUHVSRQGV�WR $UUD\3 DQG�LV�DOVR�QRW�VKRZQ�KHUH�

7KH�QH[W�ÀYH�ÀJXUHV�VWDUWLQJ�ZLWK�)LJXUH����� VKRZ�WKH�LPSOHPHQWDWLRQ�RI�WKH�YHFWRU
FODVV�SURYLGHG�E\�WKH GS�GV VRIWZDUH�GLVWULEXWLRQ� )LJXUHV����� DQG����� VKRZ�WKH
GHFODUDWLRQ�DQG�WKH�GRFXPHQWDWLRQ�IRU�WKH�PHWKRGV� $ YHFWRU�KDV�WKUHH�DWWULEXWHV� BGDWD
LV�WKH�DUUD\�RI�YDOXHV� BFDS LV�WKH�FDSDFLW\�RI�WKH�YHFWRU� DQG BVL]H LV�LWV�VL]H� 7KH
GHFODUDWLRQ�RI�FODVV 9HFWRU7 JLYHV�WKH�LPSOHPHQWDWLRQV�RI FDS�� DQG VL]H�� EHFDXVH
WKH\�DUH�VLPSOH�RQH�OLQHUV� ,PSOHPHQWDWLRQ�RI�RWKHU�PHWKRGV�DUH�SRVWSRQHG�XQWLO�ODWHU
LQ�WKH�ÀOH�

)LJXUH����� VKRZV�WKDW�PHWKRG�DSSHQG�KDV�QR�SUHFRQGLWLRQ� <RX�FDQ�DSSHQG�D�YDOXH
WR�DQ�HPSW\�YHFWRU� $QG�HYHQ�LI�\RX�DSSHQG�D�YDOXH�WR�D�YHFWRU�WKDW�LV�IXOO� LW�ZLOO
DXWRPDWLFDOO\�GRXEOH�LWV�FDSDFLW\�WR�DFFRPPRGDWH�WKH�DSSHQGHG�YDOXH�

&RPSDUH�WKH�SUHFRQGLWLRQV�RI LQVHUW DQG UHPRYH� 7KH�SUHFRQGLWLRQ�IRU LQVHUW
LV

�� 3UH� � � L 		 L � VL]H���

DQG�WKH�SUHFRQGLWLRQ�IRU UHPRYH LV

�� 3UH� � � L 		 L � VL]H���

&RS\ULJKW F!� ����� 'XQJ�;��1JX\HQ�DQG�-��6WDQOH\�:DUIRUG 5HYLVHG� $XJXVW��� ����

�� &KDSWHU�� $UUD\V�DQG�3RLQWHUV

(f)!v.insert(2, 60);

v 40
[1][0] [3][2] [5][4] [7][6]

30 60 1020 50v 40
[1][0] [3][2] [5][4] [7][6]

30 1020 50

(d)!v.insert(1, 40);

v 40
[1][0] [3][2]

30 1020

(c)!v.insert(0, 30);
(c)!Capacity is doubled.

v 20
[1][0] [3][2]

30 10v 10
[1][0]

20

(a)!v.insert(0, 10);

v
[0]
10

(b)!v.insert(0, 20);
(b)!Capacity is doubled.

(e)!v.insert(4, 50);
(e)!Capacity is doubled.

)LJXUH ���� 7KH�HIIHFW�RI�WKH�LQVHUW�RSHUDWLRQ�RQ�YHFWRU Y� 7KH�ÀUVW�SDUDPHWHU�RI
WKH�LQVHUW�PHWKRG�LV�WKH�LQGH[�RI�ZKHUH�WR�LQVHUW�WKH�YDOXH� 7KH�VHFRQG�SDUDPHWHU�LV�WKH
YDOXH�WR�EH�LQVHUWHG�

7KH�FDSDFLW\�RI�D�YHFWRU�EHJLQV�DW�RQH�DQG�DXWRPDWLFDOO\�GRXEOHV�ZKHQ�QHFHVVDU\
WR�DFFRPPRGDWH�D�QHZ�YDOXH� )LJXUH����� VKRZV�ERWK�WKHVH�IHDWXUHV�IRU�YHFWRU Y� $W�D
JLYHQ�SRLQW�LQ�WLPH�D�YHFWRU�KDV�D�VL]H�DQG�D�FDSDFLW\� ZLWK�WKH�LQYDULDQW�WKDW�WKH�VL]H�LV
DOZD\V�OHVV�WKDQ�RU�HTXDO�WR�WKH�FDSDFLW\� ,Q�)LJXUH������G�� WKH�VL]H�DQG�WKH�FDSDFLW\�DUH
ERWK�IRXU� ,Q�)LJXUH������H�� WR�LQVHUW�WKH�YDOXH����DW�LQGH[�IRXU�WKH�VL]H�LQFUHDVHV�WR�ÀYH
DQG�WKH�FDSDFLW\�GRXEOHV�WR�HLJKW�

$ YHFWRU�LPSOHPHQWDWLRQ
9HFWRU�FODVV 9HFWRU7 LQKHULWV�IURP�WKH�DEVWUDFW�VHTXHQFH $6HT LQ�WKH�VDPH�ZD\�WKDW
$UUD\7 GRHV� 7KH�80/ GLDJUDP�IRU 9HFWRU7 LV�VLPLODU�WR�WKH�RQH�LQ�)LJXUH����� IRU
$UUD\7 DQG�LV�QRW�VKRZQ� 7KHUH�LV�D�FRUUHVSRQGLQJ�LPSOHPHQWDWLRQ�IRU 9HFWRU3��D
YHFWRU�RI�SRLQWHUV� WKDW�FRUUHVSRQGV�WR $UUD\3 DQG�LV�DOVR�QRW�VKRZQ�KHUH�

7KH�QH[W�ÀYH�ÀJXUHV�VWDUWLQJ�ZLWK�)LJXUH����� VKRZ�WKH�LPSOHPHQWDWLRQ�RI�WKH�YHFWRU
FODVV�SURYLGHG�E\�WKH GS�GV VRIWZDUH�GLVWULEXWLRQ� )LJXUHV����� DQG����� VKRZ�WKH
GHFODUDWLRQ�DQG�WKH�GRFXPHQWDWLRQ�IRU�WKH�PHWKRGV� $ YHFWRU�KDV�WKUHH�DWWULEXWHV� BGDWD
LV�WKH�DUUD\�RI�YDOXHV� BFDS LV�WKH�FDSDFLW\�RI�WKH�YHFWRU� DQG BVL]H LV�LWV�VL]H� 7KH
GHFODUDWLRQ�RI�FODVV 9HFWRU7 JLYHV�WKH�LPSOHPHQWDWLRQV�RI FDS�� DQG VL]H�� EHFDXVH
WKH\�DUH�VLPSOH�RQH�OLQHUV� ,PSOHPHQWDWLRQ�RI�RWKHU�PHWKRGV�DUH�SRVWSRQHG�XQWLO�ODWHU
LQ�WKH�ÀOH�

)LJXUH����� VKRZV�WKDW�PHWKRG�DSSHQG�KDV�QR�SUHFRQGLWLRQ� <RX�FDQ�DSSHQG�D�YDOXH
WR�DQ�HPSW\�YHFWRU� $QG�HYHQ�LI�\RX�DSSHQG�D�YDOXH�WR�D�YHFWRU�WKDW�LV�IXOO� LW�ZLOO
DXWRPDWLFDOO\�GRXEOH�LWV�FDSDFLW\�WR�DFFRPPRGDWH�WKH�DSSHQGHG�YDOXH�

&RPSDUH�WKH�SUHFRQGLWLRQV�RI LQVHUW DQG UHPRYH� 7KH�SUHFRQGLWLRQ�IRU LQVHUW
LV

�� 3UH� � � L 		 L � VL]H���

DQG�WKH�SUHFRQGLWLRQ�IRU UHPRYH LV

�� 3UH� � � L 		 L � VL]H���

&RS\ULJKW F!� ����� 'XQJ�;��1JX\HQ�DQG�-��6WDQOH\�:DUIRUG 5HYLVHG� $XJXVW��� ����



Design Patterns for Data Structures Figure 2.17
�� &KDSWHU�� $UUD\V�DQG�3RLQWHUV

(f)!v.insert(2, 60);

v 40
[1][0] [3][2] [5][4] [7][6]

30 60 1020 50v 40
[1][0] [3][2] [5][4] [7][6]

30 1020 50

(d)!v.insert(1, 40);

v 40
[1][0] [3][2]

30 1020

(c)!v.insert(0, 30);
(c)!Capacity is doubled.

v 20
[1][0] [3][2]

30 10v 10
[1][0]

20

(a)!v.insert(0, 10);

v
[0]
10

(b)!v.insert(0, 20);
(b)!Capacity is doubled.

(e)!v.insert(4, 50);
(e)!Capacity is doubled.

)LJXUH ���� 7KH�HIIHFW�RI�WKH�LQVHUW�RSHUDWLRQ�RQ�YHFWRU Y� 7KH�ÀUVW�SDUDPHWHU�RI
WKH�LQVHUW�PHWKRG�LV�WKH�LQGH[�RI�ZKHUH�WR�LQVHUW�WKH�YDOXH� 7KH�VHFRQG�SDUDPHWHU�LV�WKH
YDOXH�WR�EH�LQVHUWHG�

7KH�FDSDFLW\�RI�D�YHFWRU�EHJLQV�DW�RQH�DQG�DXWRPDWLFDOO\�GRXEOHV�ZKHQ�QHFHVVDU\
WR�DFFRPPRGDWH�D�QHZ�YDOXH� )LJXUH����� VKRZV�ERWK�WKHVH�IHDWXUHV�IRU�YHFWRU Y� $W�D
JLYHQ�SRLQW�LQ�WLPH�D�YHFWRU�KDV�D�VL]H�DQG�D�FDSDFLW\� ZLWK�WKH�LQYDULDQW�WKDW�WKH�VL]H�LV
DOZD\V�OHVV�WKDQ�RU�HTXDO�WR�WKH�FDSDFLW\� ,Q�)LJXUH������G�� WKH�VL]H�DQG�WKH�FDSDFLW\�DUH
ERWK�IRXU� ,Q�)LJXUH������H�� WR�LQVHUW�WKH�YDOXH����DW�LQGH[�IRXU�WKH�VL]H�LQFUHDVHV�WR�ÀYH
DQG�WKH�FDSDFLW\�GRXEOHV�WR�HLJKW�

$ YHFWRU�LPSOHPHQWDWLRQ
9HFWRU�FODVV 9HFWRU7 LQKHULWV�IURP�WKH�DEVWUDFW�VHTXHQFH $6HT LQ�WKH�VDPH�ZD\�WKDW
$UUD\7 GRHV� 7KH�80/ GLDJUDP�IRU 9HFWRU7 LV�VLPLODU�WR�WKH�RQH�LQ�)LJXUH����� IRU
$UUD\7 DQG�LV�QRW�VKRZQ� 7KHUH�LV�D�FRUUHVSRQGLQJ�LPSOHPHQWDWLRQ�IRU 9HFWRU3��D
YHFWRU�RI�SRLQWHUV� WKDW�FRUUHVSRQGV�WR $UUD\3 DQG�LV�DOVR�QRW�VKRZQ�KHUH�

7KH�QH[W�ÀYH�ÀJXUHV�VWDUWLQJ�ZLWK�)LJXUH����� VKRZ�WKH�LPSOHPHQWDWLRQ�RI�WKH�YHFWRU
FODVV�SURYLGHG�E\�WKH GS�GV VRIWZDUH�GLVWULEXWLRQ� )LJXUHV����� DQG����� VKRZ�WKH
GHFODUDWLRQ�DQG�WKH�GRFXPHQWDWLRQ�IRU�WKH�PHWKRGV� $ YHFWRU�KDV�WKUHH�DWWULEXWHV� BGDWD
LV�WKH�DUUD\�RI�YDOXHV� BFDS LV�WKH�FDSDFLW\�RI�WKH�YHFWRU� DQG BVL]H LV�LWV�VL]H� 7KH
GHFODUDWLRQ�RI�FODVV 9HFWRU7 JLYHV�WKH�LPSOHPHQWDWLRQV�RI FDS�� DQG VL]H�� EHFDXVH
WKH\�DUH�VLPSOH�RQH�OLQHUV� ,PSOHPHQWDWLRQ�RI�RWKHU�PHWKRGV�DUH�SRVWSRQHG�XQWLO�ODWHU
LQ�WKH�ÀOH�

)LJXUH����� VKRZV�WKDW�PHWKRG�DSSHQG�KDV�QR�SUHFRQGLWLRQ� <RX�FDQ�DSSHQG�D�YDOXH
WR�DQ�HPSW\�YHFWRU� $QG�HYHQ�LI�\RX�DSSHQG�D�YDOXH�WR�D�YHFWRU�WKDW�LV�IXOO� LW�ZLOO
DXWRPDWLFDOO\�GRXEOH�LWV�FDSDFLW\�WR�DFFRPPRGDWH�WKH�DSSHQGHG�YDOXH�

&RPSDUH�WKH�SUHFRQGLWLRQV�RI LQVHUW DQG UHPRYH� 7KH�SUHFRQGLWLRQ�IRU LQVHUW
LV

�� 3UH� � � L 		 L � VL]H���

DQG�WKH�SUHFRQGLWLRQ�IRU UHPRYH LV

�� 3UH� � � L 		 L � VL]H���

&RS\ULJKW F!� ����� 'XQJ�;��1JX\HQ�DQG�-��6WDQOH\�:DUIRUG 5HYLVHG� $XJXVW��� ����

�� &KDSWHU�� $UUD\V�DQG�3RLQWHUV

(f)!v.insert(2, 60);

v 40
[1][0] [3][2] [5][4] [7][6]

30 60 1020 50v 40
[1][0] [3][2] [5][4] [7][6]

30 1020 50

(d)!v.insert(1, 40);

v 40
[1][0] [3][2]

30 1020

(c)!v.insert(0, 30);
(c)!Capacity is doubled.

v 20
[1][0] [3][2]

30 10v 10
[1][0]

20

(a)!v.insert(0, 10);

v
[0]
10

(b)!v.insert(0, 20);
(b)!Capacity is doubled.

(e)!v.insert(4, 50);
(e)!Capacity is doubled.

)LJXUH ���� 7KH�HIIHFW�RI�WKH�LQVHUW�RSHUDWLRQ�RQ�YHFWRU Y� 7KH�ÀUVW�SDUDPHWHU�RI
WKH�LQVHUW�PHWKRG�LV�WKH�LQGH[�RI�ZKHUH�WR�LQVHUW�WKH�YDOXH� 7KH�VHFRQG�SDUDPHWHU�LV�WKH
YDOXH�WR�EH�LQVHUWHG�

7KH�FDSDFLW\�RI�D�YHFWRU�EHJLQV�DW�RQH�DQG�DXWRPDWLFDOO\�GRXEOHV�ZKHQ�QHFHVVDU\
WR�DFFRPPRGDWH�D�QHZ�YDOXH� )LJXUH����� VKRZV�ERWK�WKHVH�IHDWXUHV�IRU�YHFWRU Y� $W�D
JLYHQ�SRLQW�LQ�WLPH�D�YHFWRU�KDV�D�VL]H�DQG�D�FDSDFLW\� ZLWK�WKH�LQYDULDQW�WKDW�WKH�VL]H�LV
DOZD\V�OHVV�WKDQ�RU�HTXDO�WR�WKH�FDSDFLW\� ,Q�)LJXUH������G�� WKH�VL]H�DQG�WKH�FDSDFLW\�DUH
ERWK�IRXU� ,Q�)LJXUH������H�� WR�LQVHUW�WKH�YDOXH����DW�LQGH[�IRXU�WKH�VL]H�LQFUHDVHV�WR�ÀYH
DQG�WKH�FDSDFLW\�GRXEOHV�WR�HLJKW�

$ YHFWRU�LPSOHPHQWDWLRQ
9HFWRU�FODVV 9HFWRU7 LQKHULWV�IURP�WKH�DEVWUDFW�VHTXHQFH $6HT LQ�WKH�VDPH�ZD\�WKDW
$UUD\7 GRHV� 7KH�80/ GLDJUDP�IRU 9HFWRU7 LV�VLPLODU�WR�WKH�RQH�LQ�)LJXUH����� IRU
$UUD\7 DQG�LV�QRW�VKRZQ� 7KHUH�LV�D�FRUUHVSRQGLQJ�LPSOHPHQWDWLRQ�IRU 9HFWRU3��D
YHFWRU�RI�SRLQWHUV� WKDW�FRUUHVSRQGV�WR $UUD\3 DQG�LV�DOVR�QRW�VKRZQ�KHUH�

7KH�QH[W�ÀYH�ÀJXUHV�VWDUWLQJ�ZLWK�)LJXUH����� VKRZ�WKH�LPSOHPHQWDWLRQ�RI�WKH�YHFWRU
FODVV�SURYLGHG�E\�WKH GS�GV VRIWZDUH�GLVWULEXWLRQ� )LJXUHV����� DQG����� VKRZ�WKH
GHFODUDWLRQ�DQG�WKH�GRFXPHQWDWLRQ�IRU�WKH�PHWKRGV� $ YHFWRU�KDV�WKUHH�DWWULEXWHV� BGDWD
LV�WKH�DUUD\�RI�YDOXHV� BFDS LV�WKH�FDSDFLW\�RI�WKH�YHFWRU� DQG BVL]H LV�LWV�VL]H� 7KH
GHFODUDWLRQ�RI�FODVV 9HFWRU7 JLYHV�WKH�LPSOHPHQWDWLRQV�RI FDS�� DQG VL]H�� EHFDXVH
WKH\�DUH�VLPSOH�RQH�OLQHUV� ,PSOHPHQWDWLRQ�RI�RWKHU�PHWKRGV�DUH�SRVWSRQHG�XQWLO�ODWHU
LQ�WKH�ÀOH�

)LJXUH����� VKRZV�WKDW�PHWKRG�DSSHQG�KDV�QR�SUHFRQGLWLRQ� <RX�FDQ�DSSHQG�D�YDOXH
WR�DQ�HPSW\�YHFWRU� $QG�HYHQ�LI�\RX�DSSHQG�D�YDOXH�WR�D�YHFWRU�WKDW�LV�IXOO� LW�ZLOO
DXWRPDWLFDOO\�GRXEOH�LWV�FDSDFLW\�WR�DFFRPPRGDWH�WKH�DSSHQGHG�YDOXH�

&RPSDUH�WKH�SUHFRQGLWLRQV�RI LQVHUW DQG UHPRYH� 7KH�SUHFRQGLWLRQ�IRU LQVHUW
LV

�� 3UH� � � L 		 L � VL]H���

DQG�WKH�SUHFRQGLWLRQ�IRU UHPRYH LV

�� 3UH� � � L 		 L � VL]H���

&RS\ULJKW F!� ����� 'XQJ�;��1JX\HQ�DQG�-��6WDQOH\�:DUIRUG 5HYLVHG� $XJXVW��� ����

�� &KDSWHU�� $UUD\V�DQG�3RLQWHUV

(f)!v.insert(2, 60);

v 40
[1][0] [3][2] [5][4] [7][6]

30 60 1020 50v 40
[1][0] [3][2] [5][4] [7][6]

30 1020 50

(d)!v.insert(1, 40);

v 40
[1][0] [3][2]

30 1020

(c)!v.insert(0, 30);
(c)!Capacity is doubled.

v 20
[1][0] [3][2]

30 10v 10
[1][0]

20

(a)!v.insert(0, 10);

v
[0]
10

(b)!v.insert(0, 20);
(b)!Capacity is doubled.

(e)!v.insert(4, 50);
(e)!Capacity is doubled.

)LJXUH ���� 7KH�HIIHFW�RI�WKH�LQVHUW�RSHUDWLRQ�RQ�YHFWRU Y� 7KH�ÀUVW�SDUDPHWHU�RI
WKH�LQVHUW�PHWKRG�LV�WKH�LQGH[�RI�ZKHUH�WR�LQVHUW�WKH�YDOXH� 7KH�VHFRQG�SDUDPHWHU�LV�WKH
YDOXH�WR�EH�LQVHUWHG�

7KH�FDSDFLW\�RI�D�YHFWRU�EHJLQV�DW�RQH�DQG�DXWRPDWLFDOO\�GRXEOHV�ZKHQ�QHFHVVDU\
WR�DFFRPPRGDWH�D�QHZ�YDOXH� )LJXUH����� VKRZV�ERWK�WKHVH�IHDWXUHV�IRU�YHFWRU Y� $W�D
JLYHQ�SRLQW�LQ�WLPH�D�YHFWRU�KDV�D�VL]H�DQG�D�FDSDFLW\� ZLWK�WKH�LQYDULDQW�WKDW�WKH�VL]H�LV
DOZD\V�OHVV�WKDQ�RU�HTXDO�WR�WKH�FDSDFLW\� ,Q�)LJXUH������G�� WKH�VL]H�DQG�WKH�FDSDFLW\�DUH
ERWK�IRXU� ,Q�)LJXUH������H�� WR�LQVHUW�WKH�YDOXH����DW�LQGH[�IRXU�WKH�VL]H�LQFUHDVHV�WR�ÀYH
DQG�WKH�FDSDFLW\�GRXEOHV�WR�HLJKW�

$ YHFWRU�LPSOHPHQWDWLRQ
9HFWRU�FODVV 9HFWRU7 LQKHULWV�IURP�WKH�DEVWUDFW�VHTXHQFH $6HT LQ�WKH�VDPH�ZD\�WKDW
$UUD\7 GRHV� 7KH�80/ GLDJUDP�IRU 9HFWRU7 LV�VLPLODU�WR�WKH�RQH�LQ�)LJXUH����� IRU
$UUD\7 DQG�LV�QRW�VKRZQ� 7KHUH�LV�D�FRUUHVSRQGLQJ�LPSOHPHQWDWLRQ�IRU 9HFWRU3��D
YHFWRU�RI�SRLQWHUV� WKDW�FRUUHVSRQGV�WR $UUD\3 DQG�LV�DOVR�QRW�VKRZQ�KHUH�

7KH�QH[W�ÀYH�ÀJXUHV�VWDUWLQJ�ZLWK�)LJXUH����� VKRZ�WKH�LPSOHPHQWDWLRQ�RI�WKH�YHFWRU
FODVV�SURYLGHG�E\�WKH GS�GV VRIWZDUH�GLVWULEXWLRQ� )LJXUHV����� DQG����� VKRZ�WKH
GHFODUDWLRQ�DQG�WKH�GRFXPHQWDWLRQ�IRU�WKH�PHWKRGV� $ YHFWRU�KDV�WKUHH�DWWULEXWHV� BGDWD
LV�WKH�DUUD\�RI�YDOXHV� BFDS LV�WKH�FDSDFLW\�RI�WKH�YHFWRU� DQG BVL]H LV�LWV�VL]H� 7KH
GHFODUDWLRQ�RI�FODVV 9HFWRU7 JLYHV�WKH�LPSOHPHQWDWLRQV�RI FDS�� DQG VL]H�� EHFDXVH
WKH\�DUH�VLPSOH�RQH�OLQHUV� ,PSOHPHQWDWLRQ�RI�RWKHU�PHWKRGV�DUH�SRVWSRQHG�XQWLO�ODWHU
LQ�WKH�ÀOH�

)LJXUH����� VKRZV�WKDW�PHWKRG�DSSHQG�KDV�QR�SUHFRQGLWLRQ� <RX�FDQ�DSSHQG�D�YDOXH
WR�DQ�HPSW\�YHFWRU� $QG�HYHQ�LI�\RX�DSSHQG�D�YDOXH�WR�D�YHFWRU�WKDW�LV�IXOO� LW�ZLOO
DXWRPDWLFDOO\�GRXEOH�LWV�FDSDFLW\�WR�DFFRPPRGDWH�WKH�DSSHQGHG�YDOXH�

&RPSDUH�WKH�SUHFRQGLWLRQV�RI LQVHUW DQG UHPRYH� 7KH�SUHFRQGLWLRQ�IRU LQVHUW
LV

�� 3UH� � � L 		 L � VL]H���

DQG�WKH�SUHFRQGLWLRQ�IRU UHPRYH LV

�� 3UH� � � L 		 L � VL]H���

&RS\ULJKW F!� ����� 'XQJ�;��1JX\HQ�DQG�-��6WDQOH\�:DUIRUG 5HYLVHG� $XJXVW��� ����



Design Patterns for Data Structures Figure 2.17

�� &KDSWHU�� $UUD\V�DQG�3RLQWHUV

(f)!v.insert(2, 60);

v 40
[1][0] [3][2] [5][4] [7][6]

30 60 1020 50v 40
[1][0] [3][2] [5][4] [7][6]

30 1020 50

(d)!v.insert(1, 40);

v 40
[1][0] [3][2]

30 1020

(c)!v.insert(0, 30);
(c)!Capacity is doubled.

v 20
[1][0] [3][2]

30 10v 10
[1][0]

20

(a)!v.insert(0, 10);

v
[0]
10

(b)!v.insert(0, 20);
(b)!Capacity is doubled.

(e)!v.insert(4, 50);
(e)!Capacity is doubled.

)LJXUH ���� 7KH�HIIHFW�RI�WKH�LQVHUW�RSHUDWLRQ�RQ�YHFWRU Y� 7KH�ÀUVW�SDUDPHWHU�RI
WKH�LQVHUW�PHWKRG�LV�WKH�LQGH[�RI�ZKHUH�WR�LQVHUW�WKH�YDOXH� 7KH�VHFRQG�SDUDPHWHU�LV�WKH
YDOXH�WR�EH�LQVHUWHG�

7KH�FDSDFLW\�RI�D�YHFWRU�EHJLQV�DW�RQH�DQG�DXWRPDWLFDOO\�GRXEOHV�ZKHQ�QHFHVVDU\
WR�DFFRPPRGDWH�D�QHZ�YDOXH� )LJXUH����� VKRZV�ERWK�WKHVH�IHDWXUHV�IRU�YHFWRU Y� $W�D
JLYHQ�SRLQW�LQ�WLPH�D�YHFWRU�KDV�D�VL]H�DQG�D�FDSDFLW\� ZLWK�WKH�LQYDULDQW�WKDW�WKH�VL]H�LV
DOZD\V�OHVV�WKDQ�RU�HTXDO�WR�WKH�FDSDFLW\� ,Q�)LJXUH������G�� WKH�VL]H�DQG�WKH�FDSDFLW\�DUH
ERWK�IRXU� ,Q�)LJXUH������H�� WR�LQVHUW�WKH�YDOXH����DW�LQGH[�IRXU�WKH�VL]H�LQFUHDVHV�WR�ÀYH
DQG�WKH�FDSDFLW\�GRXEOHV�WR�HLJKW�

$ YHFWRU�LPSOHPHQWDWLRQ
9HFWRU�FODVV 9HFWRU7 LQKHULWV�IURP�WKH�DEVWUDFW�VHTXHQFH $6HT LQ�WKH�VDPH�ZD\�WKDW
$UUD\7 GRHV� 7KH�80/ GLDJUDP�IRU 9HFWRU7 LV�VLPLODU�WR�WKH�RQH�LQ�)LJXUH����� IRU
$UUD\7 DQG�LV�QRW�VKRZQ� 7KHUH�LV�D�FRUUHVSRQGLQJ�LPSOHPHQWDWLRQ�IRU 9HFWRU3��D
YHFWRU�RI�SRLQWHUV� WKDW�FRUUHVSRQGV�WR $UUD\3 DQG�LV�DOVR�QRW�VKRZQ�KHUH�

7KH�QH[W�ÀYH�ÀJXUHV�VWDUWLQJ�ZLWK�)LJXUH����� VKRZ�WKH�LPSOHPHQWDWLRQ�RI�WKH�YHFWRU
FODVV�SURYLGHG�E\�WKH GS�GV VRIWZDUH�GLVWULEXWLRQ� )LJXUHV����� DQG����� VKRZ�WKH
GHFODUDWLRQ�DQG�WKH�GRFXPHQWDWLRQ�IRU�WKH�PHWKRGV� $ YHFWRU�KDV�WKUHH�DWWULEXWHV� BGDWD
LV�WKH�DUUD\�RI�YDOXHV� BFDS LV�WKH�FDSDFLW\�RI�WKH�YHFWRU� DQG BVL]H LV�LWV�VL]H� 7KH
GHFODUDWLRQ�RI�FODVV 9HFWRU7 JLYHV�WKH�LPSOHPHQWDWLRQV�RI FDS�� DQG VL]H�� EHFDXVH
WKH\�DUH�VLPSOH�RQH�OLQHUV� ,PSOHPHQWDWLRQ�RI�RWKHU�PHWKRGV�DUH�SRVWSRQHG�XQWLO�ODWHU
LQ�WKH�ÀOH�

)LJXUH����� VKRZV�WKDW�PHWKRG�DSSHQG�KDV�QR�SUHFRQGLWLRQ� <RX�FDQ�DSSHQG�D�YDOXH
WR�DQ�HPSW\�YHFWRU� $QG�HYHQ�LI�\RX�DSSHQG�D�YDOXH�WR�D�YHFWRU�WKDW�LV�IXOO� LW�ZLOO
DXWRPDWLFDOO\�GRXEOH�LWV�FDSDFLW\�WR�DFFRPPRGDWH�WKH�DSSHQGHG�YDOXH�

&RPSDUH�WKH�SUHFRQGLWLRQV�RI LQVHUW DQG UHPRYH� 7KH�SUHFRQGLWLRQ�IRU LQVHUW
LV

�� 3UH� � � L 		 L � VL]H���

DQG�WKH�SUHFRQGLWLRQ�IRU UHPRYH LV

�� 3UH� � � L 		 L � VL]H���

&RS\ULJKW F!� ����� 'XQJ�;��1JX\HQ�DQG�-��6WDQOH\�:DUIRUG 5HYLVHG� $XJXVW��� ����



Design Patterns for Data Structures Figure 2.17

�� &KDSWHU�� $UUD\V�DQG�3RLQWHUV

(f)!v.insert(2, 60);

v 40
[1][0] [3][2] [5][4] [7][6]

30 60 1020 50v 40
[1][0] [3][2] [5][4] [7][6]

30 1020 50

(d)!v.insert(1, 40);

v 40
[1][0] [3][2]

30 1020

(c)!v.insert(0, 30);
(c)!Capacity is doubled.

v 20
[1][0] [3][2]

30 10v 10
[1][0]

20

(a)!v.insert(0, 10);

v
[0]
10

(b)!v.insert(0, 20);
(b)!Capacity is doubled.

(e)!v.insert(4, 50);
(e)!Capacity is doubled.

)LJXUH ���� 7KH�HIIHFW�RI�WKH�LQVHUW�RSHUDWLRQ�RQ�YHFWRU Y� 7KH�ÀUVW�SDUDPHWHU�RI
WKH�LQVHUW�PHWKRG�LV�WKH�LQGH[�RI�ZKHUH�WR�LQVHUW�WKH�YDOXH� 7KH�VHFRQG�SDUDPHWHU�LV�WKH
YDOXH�WR�EH�LQVHUWHG�

7KH�FDSDFLW\�RI�D�YHFWRU�EHJLQV�DW�RQH�DQG�DXWRPDWLFDOO\�GRXEOHV�ZKHQ�QHFHVVDU\
WR�DFFRPPRGDWH�D�QHZ�YDOXH� )LJXUH����� VKRZV�ERWK�WKHVH�IHDWXUHV�IRU�YHFWRU Y� $W�D
JLYHQ�SRLQW�LQ�WLPH�D�YHFWRU�KDV�D�VL]H�DQG�D�FDSDFLW\� ZLWK�WKH�LQYDULDQW�WKDW�WKH�VL]H�LV
DOZD\V�OHVV�WKDQ�RU�HTXDO�WR�WKH�FDSDFLW\� ,Q�)LJXUH������G�� WKH�VL]H�DQG�WKH�FDSDFLW\�DUH
ERWK�IRXU� ,Q�)LJXUH������H�� WR�LQVHUW�WKH�YDOXH����DW�LQGH[�IRXU�WKH�VL]H�LQFUHDVHV�WR�ÀYH
DQG�WKH�FDSDFLW\�GRXEOHV�WR�HLJKW�

$ YHFWRU�LPSOHPHQWDWLRQ
9HFWRU�FODVV 9HFWRU7 LQKHULWV�IURP�WKH�DEVWUDFW�VHTXHQFH $6HT LQ�WKH�VDPH�ZD\�WKDW
$UUD\7 GRHV� 7KH�80/ GLDJUDP�IRU 9HFWRU7 LV�VLPLODU�WR�WKH�RQH�LQ�)LJXUH����� IRU
$UUD\7 DQG�LV�QRW�VKRZQ� 7KHUH�LV�D�FRUUHVSRQGLQJ�LPSOHPHQWDWLRQ�IRU 9HFWRU3��D
YHFWRU�RI�SRLQWHUV� WKDW�FRUUHVSRQGV�WR $UUD\3 DQG�LV�DOVR�QRW�VKRZQ�KHUH�

7KH�QH[W�ÀYH�ÀJXUHV�VWDUWLQJ�ZLWK�)LJXUH����� VKRZ�WKH�LPSOHPHQWDWLRQ�RI�WKH�YHFWRU
FODVV�SURYLGHG�E\�WKH GS�GV VRIWZDUH�GLVWULEXWLRQ� )LJXUHV����� DQG����� VKRZ�WKH
GHFODUDWLRQ�DQG�WKH�GRFXPHQWDWLRQ�IRU�WKH�PHWKRGV� $ YHFWRU�KDV�WKUHH�DWWULEXWHV� BGDWD
LV�WKH�DUUD\�RI�YDOXHV� BFDS LV�WKH�FDSDFLW\�RI�WKH�YHFWRU� DQG BVL]H LV�LWV�VL]H� 7KH
GHFODUDWLRQ�RI�FODVV 9HFWRU7 JLYHV�WKH�LPSOHPHQWDWLRQV�RI FDS�� DQG VL]H�� EHFDXVH
WKH\�DUH�VLPSOH�RQH�OLQHUV� ,PSOHPHQWDWLRQ�RI�RWKHU�PHWKRGV�DUH�SRVWSRQHG�XQWLO�ODWHU
LQ�WKH�ÀOH�

)LJXUH����� VKRZV�WKDW�PHWKRG�DSSHQG�KDV�QR�SUHFRQGLWLRQ� <RX�FDQ�DSSHQG�D�YDOXH
WR�DQ�HPSW\�YHFWRU� $QG�HYHQ�LI�\RX�DSSHQG�D�YDOXH�WR�D�YHFWRU�WKDW�LV�IXOO� LW�ZLOO
DXWRPDWLFDOO\�GRXEOH�LWV�FDSDFLW\�WR�DFFRPPRGDWH�WKH�DSSHQGHG�YDOXH�

&RPSDUH�WKH�SUHFRQGLWLRQV�RI LQVHUW DQG UHPRYH� 7KH�SUHFRQGLWLRQ�IRU LQVHUW
LV

�� 3UH� � � L 		 L � VL]H���

DQG�WKH�SUHFRQGLWLRQ�IRU UHPRYH LV

�� 3UH� � � L 		 L � VL]H���

&RS\ULJKW F!� ����� 'XQJ�;��1JX\HQ�DQG�-��6WDQOH\�:DUIRUG 5HYLVHG� $XJXVW��� ����

�� &KDSWHU�� $UUD\V�DQG�3RLQWHUV

(f)!v.insert(2, 60);

v 40
[1][0] [3][2] [5][4] [7][6]

30 60 1020 50v 40
[1][0] [3][2] [5][4] [7][6]

30 1020 50

(d)!v.insert(1, 40);

v 40
[1][0] [3][2]

30 1020

(c)!v.insert(0, 30);
(c)!Capacity is doubled.

v 20
[1][0] [3][2]

30 10v 10
[1][0]

20

(a)!v.insert(0, 10);

v
[0]
10

(b)!v.insert(0, 20);
(b)!Capacity is doubled.

(e)!v.insert(4, 50);
(e)!Capacity is doubled.

)LJXUH ���� 7KH�HIIHFW�RI�WKH�LQVHUW�RSHUDWLRQ�RQ�YHFWRU Y� 7KH�ÀUVW�SDUDPHWHU�RI
WKH�LQVHUW�PHWKRG�LV�WKH�LQGH[�RI�ZKHUH�WR�LQVHUW�WKH�YDOXH� 7KH�VHFRQG�SDUDPHWHU�LV�WKH
YDOXH�WR�EH�LQVHUWHG�

7KH�FDSDFLW\�RI�D�YHFWRU�EHJLQV�DW�RQH�DQG�DXWRPDWLFDOO\�GRXEOHV�ZKHQ�QHFHVVDU\
WR�DFFRPPRGDWH�D�QHZ�YDOXH� )LJXUH����� VKRZV�ERWK�WKHVH�IHDWXUHV�IRU�YHFWRU Y� $W�D
JLYHQ�SRLQW�LQ�WLPH�D�YHFWRU�KDV�D�VL]H�DQG�D�FDSDFLW\� ZLWK�WKH�LQYDULDQW�WKDW�WKH�VL]H�LV
DOZD\V�OHVV�WKDQ�RU�HTXDO�WR�WKH�FDSDFLW\� ,Q�)LJXUH������G�� WKH�VL]H�DQG�WKH�FDSDFLW\�DUH
ERWK�IRXU� ,Q�)LJXUH������H�� WR�LQVHUW�WKH�YDOXH����DW�LQGH[�IRXU�WKH�VL]H�LQFUHDVHV�WR�ÀYH
DQG�WKH�FDSDFLW\�GRXEOHV�WR�HLJKW�

$ YHFWRU�LPSOHPHQWDWLRQ
9HFWRU�FODVV 9HFWRU7 LQKHULWV�IURP�WKH�DEVWUDFW�VHTXHQFH $6HT LQ�WKH�VDPH�ZD\�WKDW
$UUD\7 GRHV� 7KH�80/ GLDJUDP�IRU 9HFWRU7 LV�VLPLODU�WR�WKH�RQH�LQ�)LJXUH����� IRU
$UUD\7 DQG�LV�QRW�VKRZQ� 7KHUH�LV�D�FRUUHVSRQGLQJ�LPSOHPHQWDWLRQ�IRU 9HFWRU3��D
YHFWRU�RI�SRLQWHUV� WKDW�FRUUHVSRQGV�WR $UUD\3 DQG�LV�DOVR�QRW�VKRZQ�KHUH�

7KH�QH[W�ÀYH�ÀJXUHV�VWDUWLQJ�ZLWK�)LJXUH����� VKRZ�WKH�LPSOHPHQWDWLRQ�RI�WKH�YHFWRU
FODVV�SURYLGHG�E\�WKH GS�GV VRIWZDUH�GLVWULEXWLRQ� )LJXUHV����� DQG����� VKRZ�WKH
GHFODUDWLRQ�DQG�WKH�GRFXPHQWDWLRQ�IRU�WKH�PHWKRGV� $ YHFWRU�KDV�WKUHH�DWWULEXWHV� BGDWD
LV�WKH�DUUD\�RI�YDOXHV� BFDS LV�WKH�FDSDFLW\�RI�WKH�YHFWRU� DQG BVL]H LV�LWV�VL]H� 7KH
GHFODUDWLRQ�RI�FODVV 9HFWRU7 JLYHV�WKH�LPSOHPHQWDWLRQV�RI FDS�� DQG VL]H�� EHFDXVH
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A vector implementation

2.3 A Vector Class 65

template<class T>
// ========= VectorT =========
template<class T>
class VectorT : public ASeq<T> {
private:

unique_ptr<T[]> _data;
int _cap; // Invariant: 0 < _cap, and _cap is a power of 2.
int _size; // Invariant: 0 <= _size <= _cap.

void doubleCapacity();

Figure 2.18 Specification of the private part of the vector class VectorT.

If the compiler encounters the following statement within the function

num = arr[13];

it notes that arr is a constant class that uses the index operator. So, it looks for a
constant member function of that class that implements the overloaded index operator
and finds this second version. It notes that the return type is const T&, which cannot
change. No problem here, because the returned value is used on the right hand side of
the assignment.

On the other hand, if the compiler encounters

arr[13] = 7.1;

it notes again that arr is a constant class, looks for a constant member function, and
finds the second version. But now it notes that the return type is T const &, which
does not permit the referenced cell, a[13], to change. Therefore, the compiler issues
an error and does not permit the assignment.

2.3 A Vector Class
One annoying feature about arrays is that you must specify how many cells will be in
the array when you allocate it. This is true whether it is allocated on the stack and you
must commit to its capacity at compile time, or whether you allocate it dynamically
during program execution. In both cases, you are committed to the capacity of the array.
After you make that commitment and begin populating the array with values, you can
no longer increase the capacity of the array.

Properties of vectors
A vector is a data structure that is similar to an array because you access its values with
the usual square bracket operator. For example, if v is a vector of int, and you want to
set its third element to 50, you execute

v[2] = 50;
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A vector implementation
2.3 A Vector Class 67

public:
VectorT();
// Post: This vector is initialized with capacity of 1 and size of 0.

int cap() const override { return _cap; }
// Post: The capacity of this vector is returned.

int size() const { return _size; }
// Post: The size of this vector is returned.

(a) Specification of the constructor. Specification and implementation of cap() and size().

// ========= Constructor =========
template<class T>
VectorT<T>::VectorT() {

_data = make_unique<T[]>(1);
_cap = 1;
_size = 0;

}

(b) Implementation of the constructor.

Figure 2.20 The constructor, cap(), and size() methods of the vector class
vectorT.

makes newDat an attribute of the _data object, which is a unique_pointer to a
raw array. Automatic garbage collection does deallocate the old _data array.

An alternative strategy would be to increase the capacity by one, which would con-
serve memory. However, such a strategy would be more time consuming because you
would have to copy over the entire array each time an element is appended. With the
doubling strategy, you anticipate that additional append operations will execute in the
future and preallocate storage for them.

Figure 2.20(a) shows the specification of the constructor and part (b) shows its im-
plementation. The constructor allocates a new array of type T with one cell and sets
_cap to one and _size to zero. The declarations and implementations of cap() and
size() in Figure 2.20(a) are combined because they are simple one-liners.

Figure 2.21 shows that method append() has no precondition. You can append a
value to an empty vector. And even if you append a value to a vector that is full, it will
automatically double its capacity to accommodate the appended value.

Compare the preconditions of insert() and remove(). The precondition for
insert() is

// Pre: 0 <= i && i <= size().

and the precondition for remove() is
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A vector implementation
68 Chapter 2 Arrays and Pointers

public:
void append(T const &e);
// Post: Element e is appended to this vector, possibly increasing cap().

void insert(int i, T const &e);
// Pre: 0 <= i && i <= size().
// Post: Items [i..size()-1] are shifted right and element e is
// inserted at position i.
// size() is increased by 1, possibly increasing cap().

T remove(int i);
// Pre: 0 <= i && i < size(). T has a copy constructor.
// Post: Element e is removed from position i and returned.
// Items [i+1..size()-1] are shifted left.
// size() is decreased by 1 (and cap() is unchanged).

(a) Specification of append(), insert(), and remove().

// ========= append =========
template<class T>
void VectorT<T>::append(T const &e) {

if (_size == _cap) {
doubleCapacity();

}
_data[_size++] = e;

}

(b) Implementation of append().

Figure 2.21 Methods to append to, insert into, and remove from VectorT. Imple-
mentation of insert() and remove() are exercises for the student.

// Pre: 0 <= i && i < size().

The preconditions differ because you can insert an element after the last one in the vector,
but you cannot remove an element after the last one. That is, if i has the value size()
then the precondition for insert() is satisfied, but the precondition for remove() is
not. Furthermore, you can insert an element in an empty vector, but you cannot remove
an element from one. That is, if the value of size() is zero and i is also zero the
precondition for insert() is satisfied, but the precondition for remove is not because
0 < 0 is false.

Figure 2.22 shows that overloading the [] operator is accomplished as it is with the
safe array classes.

Figure 2.23 shows how VectorT handles input and output. Function toStream()
is a method and has only one parameter, an output stream. Because VectorT has at-
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The NTree implementation
410 Chapter 10 Balanced Trees

template<class T>
class NTree {
private:

shared_ptr<VectorT<T>> _data;
shared_ptr<VectorT<shared_ptr<NTree<T>>>> _children;

private: // Constructors
NTree(NTree<T> const &rhs);
// Copy constructor disabled.

NTree(shared_ptr<NTree<T>> left,
T const &val,
shared_ptr<NTree<T>> right);

// Pre: left and right are not nullptr.
// Post: this tree has one root element with left as the left subtree
// and right as the right subtree.

NTree(shared_ptr<VectorT<T>> data,
shared_ptr<VectorT<shared_ptr<NTree<T>>>> children);

// Pre: data and children are not nullptr.
// Post: The data vector are the data
// and the children vector are the children of this tree.

Figure 10.28 The NTree data structure. The listing continues in the next figure.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
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The NTree public constructors

10.2 The General n-Way Tree 411

public: // Constructors
NTree();
// Post: This tree is initialized to be empty.

NTree(T const &val);
// Post: This tree is initialized to have a single value val
// and empty left and right children.

public:
void accept(ANTreeVis<T> &visitor);
void accept(ANTreeVis<T> &visitor) const;

T const &getData(int i) const;
// Post: The data value at position i is returned.

shared_ptr<NTree<T>> getChild(int i) const;
// Post: A pointer to the child tree at position i is returned.

void spliceAt(int i, NTree<T>& tree);
// Pre: 0 =< i <= _data->size().
// Post: tree is spliced into this tree at position i.
// Post: If tree is empty, this tree is unchanged.
// Post: tree is the empty tree.

void splitDownAt(int i);
// Pre: If _data->size() != 0, 0 <= i < _data->size().
// Post: If _data->size() == 0, nothing is done.
// Post: If _data->size() != 1, the element at position i is split down.
// Post: If _data->size() == 1, the single value is deleted, and
// this tree is empty.

void splitUpAt(int i);
// Pre: If _data->size() > 1, 0 <= i < _data->size().
// Post: If _data->size() > 1, the element at position i is split up.
// Post: If _data->size() <= 1, nothing is done.

};

Figure 10.29 (continued) The NTree data structure.
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The NTree getters

10.2 The General n-Way Tree 411

public: // Constructors
NTree();
// Post: This tree is initialized to be empty.

NTree(T const &val);
// Post: This tree is initialized to have a single value val
// and empty left and right children.

public:
void accept(ANTreeVis<T> &visitor);
void accept(ANTreeVis<T> &visitor) const;

T const &getData(int i) const;
// Post: The data value at position i is returned.

shared_ptr<NTree<T>> getChild(int i) const;
// Post: A pointer to the child tree at position i is returned.

void spliceAt(int i, NTree<T>& tree);
// Pre: 0 =< i <= _data->size().
// Post: tree is spliced into this tree at position i.
// Post: If tree is empty, this tree is unchanged.
// Post: tree is the empty tree.

void splitDownAt(int i);
// Pre: If _data->size() != 0, 0 <= i < _data->size().
// Post: If _data->size() == 0, nothing is done.
// Post: If _data->size() != 1, the element at position i is split down.
// Post: If _data->size() == 1, the single value is deleted, and
// this tree is empty.

void splitUpAt(int i);
// Pre: If _data->size() > 1, 0 <= i < _data->size().
// Post: If _data->size() > 1, the element at position i is split up.
// Post: If _data->size() <= 1, nothing is done.

};

Figure 10.29 (continued) The NTree data structure.
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The NTree spliceAt operator

10.2 The General n-Way Tree 411

public: // Constructors
NTree();
// Post: This tree is initialized to be empty.

NTree(T const &val);
// Post: This tree is initialized to have a single value val
// and empty left and right children.

public:
void accept(ANTreeVis<T> &visitor);
void accept(ANTreeVis<T> &visitor) const;

T const &getData(int i) const;
// Post: The data value at position i is returned.

shared_ptr<NTree<T>> getChild(int i) const;
// Post: A pointer to the child tree at position i is returned.

void spliceAt(int i, NTree<T>& tree);
// Pre: 0 =< i <= _data->size().
// Post: tree is spliced into this tree at position i.
// Post: If tree is empty, this tree is unchanged.
// Post: tree is the empty tree.

void splitDownAt(int i);
// Pre: If _data->size() != 0, 0 <= i < _data->size().
// Post: If _data->size() == 0, nothing is done.
// Post: If _data->size() != 1, the element at position i is split down.
// Post: If _data->size() == 1, the single value is deleted, and
// this tree is empty.

void splitUpAt(int i);
// Pre: If _data->size() > 1, 0 <= i < _data->size().
// Post: If _data->size() > 1, the element at position i is split up.
// Post: If _data->size() <= 1, nothing is done.

};

Figure 10.29 (continued) The NTree data structure.
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The NTree splitUpAt operator

10.2 The General n-Way Tree 411

public: // Constructors
NTree();
// Post: This tree is initialized to be empty.

NTree(T const &val);
// Post: This tree is initialized to have a single value val
// and empty left and right children.

public:
void accept(ANTreeVis<T> &visitor);
void accept(ANTreeVis<T> &visitor) const;

T const &getData(int i) const;
// Post: The data value at position i is returned.

shared_ptr<NTree<T>> getChild(int i) const;
// Post: A pointer to the child tree at position i is returned.

void spliceAt(int i, NTree<T>& tree);
// Pre: 0 =< i <= _data->size().
// Post: tree is spliced into this tree at position i.
// Post: If tree is empty, this tree is unchanged.
// Post: tree is the empty tree.

void splitDownAt(int i);
// Pre: If _data->size() != 0, 0 <= i < _data->size().
// Post: If _data->size() == 0, nothing is done.
// Post: If _data->size() != 1, the element at position i is split down.
// Post: If _data->size() == 1, the single value is deleted, and
// this tree is empty.

void splitUpAt(int i);
// Pre: If _data->size() > 1, 0 <= i < _data->size().
// Post: If _data->size() > 1, the element at position i is split up.
// Post: If _data->size() <= 1, nothing is done.

};

Figure 10.29 (continued) The NTree data structure.
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The NTree splitDownAt operator

10.2 The General n-Way Tree 411

public: // Constructors
NTree();
// Post: This tree is initialized to be empty.

NTree(T const &val);
// Post: This tree is initialized to have a single value val
// and empty left and right children.

public:
void accept(ANTreeVis<T> &visitor);
void accept(ANTreeVis<T> &visitor) const;

T const &getData(int i) const;
// Post: The data value at position i is returned.

shared_ptr<NTree<T>> getChild(int i) const;
// Post: A pointer to the child tree at position i is returned.

void spliceAt(int i, NTree<T>& tree);
// Pre: 0 =< i <= _data->size().
// Post: tree is spliced into this tree at position i.
// Post: If tree is empty, this tree is unchanged.
// Post: tree is the empty tree.

void splitDownAt(int i);
// Pre: If _data->size() != 0, 0 <= i < _data->size().
// Post: If _data->size() == 0, nothing is done.
// Post: If _data->size() != 1, the element at position i is split down.
// Post: If _data->size() == 1, the single value is deleted, and
// this tree is empty.

void splitUpAt(int i);
// Pre: If _data->size() > 1, 0 <= i < _data->size().
// Post: If _data->size() > 1, the element at position i is split up.
// Post: If _data->size() <= 1, nothing is done.

};

Figure 10.29 (continued) The NTree data structure.

Revised: January 15, 2022 Copyright ©: 1998, Dung X. Nguyen and J. Stanley Warford



Design Patterns for Data Structures NTree

The NTree accept operator

10.2 The General n-Way Tree 411

public: // Constructors
NTree();
// Post: This tree is initialized to be empty.

NTree(T const &val);
// Post: This tree is initialized to have a single value val
// and empty left and right children.

public:
void accept(ANTreeVis<T> &visitor);
void accept(ANTreeVis<T> &visitor) const;

T const &getData(int i) const;
// Post: The data value at position i is returned.

shared_ptr<NTree<T>> getChild(int i) const;
// Post: A pointer to the child tree at position i is returned.

void spliceAt(int i, NTree<T>& tree);
// Pre: 0 =< i <= _data->size().
// Post: tree is spliced into this tree at position i.
// Post: If tree is empty, this tree is unchanged.
// Post: tree is the empty tree.

void splitDownAt(int i);
// Pre: If _data->size() != 0, 0 <= i < _data->size().
// Post: If _data->size() == 0, nothing is done.
// Post: If _data->size() != 1, the element at position i is split down.
// Post: If _data->size() == 1, the single value is deleted, and
// this tree is empty.

void splitUpAt(int i);
// Pre: If _data->size() > 1, 0 <= i < _data->size().
// Post: If _data->size() > 1, the element at position i is split up.
// Post: If _data->size() <= 1, nothing is done.

};

Figure 10.29 (continued) The NTree data structure.
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The NTree private constructors412 Chapter 10 Balanced Trees

// ========= Private constructors =========
template<class T>
NTree<T>::NTree(shared_ptr<NTree<T>> left,

T const &val,
shared_ptr<NTree<T>> right):

_data(new VectorT<T>), _children(new VectorT<shared_ptr<NTree<T>>>) {
_data->append(val);
_children->append(left);
_children->append(right);

}

template<class T>
NTree<T>::NTree(shared_ptr<VectorT<T>> data,

shared_ptr<VectorT<shared_ptr<NTree<T>>>> children) :
_data(data), _children(children) {

}

30

60 80 7060 80 70
myTree yourTree NTree(myTree, 30, yourTree)

Figure 10.30 The private NTree constructors.

text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.

Hello, here is some text without a meaning. This text should show what a printed
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// ========= Private constructors =========
template<class T>
NTree<T>::NTree(shared_ptr<NTree<T>> left,

T const &val,
shared_ptr<NTree<T>> right):

_data(new VectorT<T>), _children(new VectorT<shared_ptr<NTree<T>>>) {
_data->append(val);
_children->append(left);
_children->append(right);

}

template<class T>
NTree<T>::NTree(shared_ptr<VectorT<T>> data,

shared_ptr<VectorT<shared_ptr<NTree<T>>>> children) :
_data(data), _children(children) {

}
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Figure 10.30 The private NTree constructors.

text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.

Hello, here is some text without a meaning. This text should show what a printed
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NTree<T>::NTree(shared_ptr<NTree<T>> left,

T const &val,
shared_ptr<NTree<T>> right):

_data(new VectorT<T>), _children(new VectorT<shared_ptr<NTree<T>>>) {
_data->append(val);
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_children->append(right);

}

template<class T>
NTree<T>::NTree(shared_ptr<VectorT<T>> data,
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text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.

Hello, here is some text without a meaning. This text should show what a printed
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// ========= Private constructors =========
template<class T>
NTree<T>::NTree(shared_ptr<NTree<T>> left,

T const &val,
shared_ptr<NTree<T>> right):

_data(new VectorT<T>), _children(new VectorT<shared_ptr<NTree<T>>>) {
_data->append(val);
_children->append(left);
_children->append(right);

}

template<class T>
NTree<T>::NTree(shared_ptr<VectorT<T>> data,

shared_ptr<VectorT<shared_ptr<NTree<T>>>> children) :
_data(data), _children(children) {
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text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.
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// ========= Private constructors =========
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}
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Figure 10.30 The private NTree constructors.
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The NTree getters
10.2 The General n-Way Tree 415

// ========= Getters =========
template<class T>
T const &NTree<T>::getData(int i) const {

return (*_data)[i];
}

template<class T>
shared_ptr<NTree<T>> NTree<T>::getChild(int i) const {

return (*_children)[i];
}

Figure 10.32 The NTree getters.

language.
Hello, here is some text without a meaning. This text should show what a printed

text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
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about the selected font, how the letters are written and an impression of the look. This
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language. There is no need for special content, but the length of words should match the
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The NTree splice operation
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Caller of splice()

Responsible for the leftover child pointer.

Two special cases:
Receiver tree is empty.
There is no leftover child pointer.

Tree spliced into the receiver is empty.
splice() does nothing.
So, there is no leftover child pointer.
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// ========= spliceAt =========
template<class T>
void NTree<T>::spliceAt(int i, NTree<T>& tree) {

if (i < 0 || _data->size() < i) {
cerr << ”spliceAt precondition 0 =< i <= _data->size() violated.”

<< endl;
cerr << ”i == ” << i << ”, _data->size() == ” << _data->size()

<< endl;
throw -1;

}
int treeSize = tree._data->size();
if (treeSize == 0) { // Tree being inserted is empty.

return;
}
if (_data->size() == 0) { // Receiver tree is empty.

_children->insert(i, tree._children->remove(treeSize--));
} else {

(*_children)[i] = tree._children->remove(treeSize--);
}
for (int k = treeSize; k >= 0; k--) {

cerr << ”Exercise for the student.” << endl;
throw -1;

}
}

Figure 10.33 The spliceAt() operation for the NTree data structure.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
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if (_data->size() == 0) { // Receiver tree is empty.

_children->insert(i, tree._children->remove(treeSize--));
} else {

(*_children)[i] = tree._children->remove(treeSize--);
}
for (int k = treeSize; k >= 0; k--) {

cerr << ”Exercise for the student.” << endl;
throw -1;

}
}

Figure 10.33 The spliceAt() operation for the NTree data structure.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
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// ========= spliceAt =========
template<class T>
void NTree<T>::spliceAt(int i, NTree<T>& tree) {
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<< endl;
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}
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return;
}
if (_data->size() == 0) { // Receiver tree is empty.
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} else {

(*_children)[i] = tree._children->remove(treeSize--);
}
for (int k = treeSize; k >= 0; k--) {

cerr << ”Exercise for the student.” << endl;
throw -1;

}
}

Figure 10.33 The spliceAt() operation for the NTree data structure.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
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about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
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// ========= spliceAt =========
template<class T>
void NTree<T>::spliceAt(int i, NTree<T>& tree) {

if (i < 0 || _data->size() < i) {
cerr << ”spliceAt precondition 0 =< i <= _data->size() violated.”

<< endl;
cerr << ”i == ” << i << ”, _data->size() == ” << _data->size()

<< endl;
throw -1;

}
int treeSize = tree._data->size();
if (treeSize == 0) { // Tree being inserted is empty.

return;
}
if (_data->size() == 0) { // Receiver tree is empty.

_children->insert(i, tree._children->remove(treeSize--));
} else {

(*_children)[i] = tree._children->remove(treeSize--);
}
for (int k = treeSize; k >= 0; k--) {

cerr << ”Exercise for the student.” << endl;
throw -1;

}
}

Figure 10.33 The spliceAt() operation for the NTree data structure.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
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// ========= splitDownAt =========
template<class T>
void NTree<T>::splitDownAt(int i) {

if (_data->size() == 0) {
return;

}
if (i < 0 || _data->size() <= i) {

cerr << ”splitDownAt precondition 0 <= i < _data->size() violated.”
<< endl;

cerr << ”i == ” << i << ”, _data->size() == ” << _data->size()
<< endl;

throw -1;
}
if (_data->size() == 1) {

_data->remove(0); // _data is now empty.
} else {

auto newChild = shared_ptr<NTree<T>>(new NTree<T>(getChild(i),
_data->remove(i),
getChild(i + 1)));

cerr << ”Exercise for the student.” << endl;
throw -1;

}
}

Figure 10.34 The splitDownAt() operation for the NTree data structure.

“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
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// ========= splitDownAt =========
template<class T>
void NTree<T>::splitDownAt(int i) {

if (_data->size() == 0) {
return;

}
if (i < 0 || _data->size() <= i) {

cerr << ”splitDownAt precondition 0 <= i < _data->size() violated.”
<< endl;

cerr << ”i == ” << i << ”, _data->size() == ” << _data->size()
<< endl;

throw -1;
}
if (_data->size() == 1) {

_data->remove(0); // _data is now empty.
} else {

auto newChild = shared_ptr<NTree<T>>(new NTree<T>(getChild(i),
_data->remove(i),
getChild(i + 1)));

cerr << ”Exercise for the student.” << endl;
throw -1;

}
}

Figure 10.34 The splitDownAt() operation for the NTree data structure.

“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
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// ========= splitDownAt =========
template<class T>
void NTree<T>::splitDownAt(int i) {

if (_data->size() == 0) {
return;

}
if (i < 0 || _data->size() <= i) {

cerr << ”splitDownAt precondition 0 <= i < _data->size() violated.”
<< endl;

cerr << ”i == ” << i << ”, _data->size() == ” << _data->size()
<< endl;

throw -1;
}
if (_data->size() == 1) {

_data->remove(0); // _data is now empty.
} else {

auto newChild = shared_ptr<NTree<T>>(new NTree<T>(getChild(i),
_data->remove(i),
getChild(i + 1)));

cerr << ”Exercise for the student.” << endl;
throw -1;

}
}

Figure 10.34 The splitDownAt() operation for the NTree data structure.

“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
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// ========= splitDownAt =========
template<class T>
void NTree<T>::splitDownAt(int i) {

if (_data->size() == 0) {
return;

}
if (i < 0 || _data->size() <= i) {

cerr << ”splitDownAt precondition 0 <= i < _data->size() violated.”
<< endl;

cerr << ”i == ” << i << ”, _data->size() == ” << _data->size()
<< endl;

throw -1;
}
if (_data->size() == 1) {

_data->remove(0); // _data is now empty.
} else {

auto newChild = shared_ptr<NTree<T>>(new NTree<T>(getChild(i),
_data->remove(i),
getChild(i + 1)));

cerr << ”Exercise for the student.” << endl;
throw -1;

}
}

Figure 10.34 The splitDownAt() operation for the NTree data structure.

“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.
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Is there no information? Is there a difference between this text and some nonsense like
“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
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// ========= splitDownAt =========
template<class T>
void NTree<T>::splitDownAt(int i) {

if (_data->size() == 0) {
return;

}
if (i < 0 || _data->size() <= i) {

cerr << ”splitDownAt precondition 0 <= i < _data->size() violated.”
<< endl;

cerr << ”i == ” << i << ”, _data->size() == ” << _data->size()
<< endl;

throw -1;
}
if (_data->size() == 1) {

_data->remove(0); // _data is now empty.
} else {

auto newChild = shared_ptr<NTree<T>>(new NTree<T>(getChild(i),
_data->remove(i),
getChild(i + 1)));

cerr << ”Exercise for the student.” << endl;
throw -1;

}
}

Figure 10.34 The splitDownAt() operation for the NTree data structure.

“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
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(c) Remove the old left child of 60.
(d) Set the old left child of 60 to the new single tree.
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// ========= splitUpAt =========
template<class T>
void NTree<T>::splitUpAt(int i) {

if (_data->size() <= 1) {
return;

}
if (i < 0 || _data->size() <= i) {

cerr << ”splitUpAt precondition 0 <= i < _data->size() violated.”
<< endl;

cerr << ”i == ” << i << ”, _data->size() == ” << _data->size()
<< endl;

throw -1;
}
// Build a new left subtree with new data and new children:
auto newData = make_shared<VectorT<T>>();
auto newChildren = make_shared<VectorT<shared_ptr<NTree<T>>>>();
T rootDat = _data->remove(i); // This element will be at the new root.
for (int k = 0; k < i; k++) {

cerr << ”Exercise for the student.” << endl;
throw -1;

}
newChildren->append(_children->remove(0));
shared_ptr<NTree<T>> left, right;
if (newData->size() > 0) {

left = shared_ptr<NTree<T>>(new NTree<T>(newData, newChildren));
} else {

left = newChildren->remove(0);
}
if (_data->size() > 0) {

right = shared_ptr<NTree<T>>(new NTree<T>(_data, _children));
} else {

right = _children->remove(0);
}
_data = make_shared<VectorT<T>>();
_data->append(rootDat);
cerr << ”Exercise for the student.” << endl;
throw -1;

}

Figure 10.35 The splitUpAt() operation for the NTree data structure.
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// ========= splitUpAt =========
template<class T>
void NTree<T>::splitUpAt(int i) {

if (_data->size() <= 1) {
return;

}
if (i < 0 || _data->size() <= i) {

cerr << ”splitUpAt precondition 0 <= i < _data->size() violated.”
<< endl;

cerr << ”i == ” << i << ”, _data->size() == ” << _data->size()
<< endl;

throw -1;
}
// Build a new left subtree with new data and new children:
auto newData = make_shared<VectorT<T>>();
auto newChildren = make_shared<VectorT<shared_ptr<NTree<T>>>>();
T rootDat = _data->remove(i); // This element will be at the new root.
for (int k = 0; k < i; k++) {

cerr << ”Exercise for the student.” << endl;
throw -1;

}
newChildren->append(_children->remove(0));
shared_ptr<NTree<T>> left, right;
if (newData->size() > 0) {

left = shared_ptr<NTree<T>>(new NTree<T>(newData, newChildren));
} else {

left = newChildren->remove(0);
}
if (_data->size() > 0) {

right = shared_ptr<NTree<T>>(new NTree<T>(_data, _children));
} else {

right = _children->remove(0);
}
_data = make_shared<VectorT<T>>();
_data->append(rootDat);
cerr << ”Exercise for the student.” << endl;
throw -1;

}

Figure 10.35 The splitUpAt() operation for the NTree data structure.
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Special case.
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// ========= splitUpAt =========
template<class T>
void NTree<T>::splitUpAt(int i) {

if (_data->size() <= 1) {
return;

}
if (i < 0 || _data->size() <= i) {

cerr << ”splitUpAt precondition 0 <= i < _data->size() violated.”
<< endl;

cerr << ”i == ” << i << ”, _data->size() == ” << _data->size()
<< endl;

throw -1;
}
// Build a new left subtree with new data and new children:
auto newData = make_shared<VectorT<T>>();
auto newChildren = make_shared<VectorT<shared_ptr<NTree<T>>>>();
T rootDat = _data->remove(i); // This element will be at the new root.
for (int k = 0; k < i; k++) {

cerr << ”Exercise for the student.” << endl;
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}
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shared_ptr<NTree<T>> left, right;
if (newData->size() > 0) {

left = shared_ptr<NTree<T>>(new NTree<T>(newData, newChildren));
} else {

left = newChildren->remove(0);
}
if (_data->size() > 0) {

right = shared_ptr<NTree<T>>(new NTree<T>(_data, _children));
} else {

right = _children->remove(0);
}
_data = make_shared<VectorT<T>>();
_data->append(rootDat);
cerr << ”Exercise for the student.” << endl;
throw -1;

}

Figure 10.35 The splitUpAt() operation for the NTree data structure.
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(b) Allocate new data and children vectors.
Remove and save 60.
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// ========= splitUpAt =========
template<class T>
void NTree<T>::splitUpAt(int i) {

if (_data->size() <= 1) {
return;

}
if (i < 0 || _data->size() <= i) {

cerr << ”splitUpAt precondition 0 <= i < _data->size() violated.”
<< endl;

cerr << ”i == ” << i << ”, _data->size() == ” << _data->size()
<< endl;

throw -1;
}
// Build a new left subtree with new data and new children:
auto newData = make_shared<VectorT<T>>();
auto newChildren = make_shared<VectorT<shared_ptr<NTree<T>>>>();
T rootDat = _data->remove(i); // This element will be at the new root.
for (int k = 0; k < i; k++) {

cerr << ”Exercise for the student.” << endl;
throw -1;

}
newChildren->append(_children->remove(0));
shared_ptr<NTree<T>> left, right;
if (newData->size() > 0) {

left = shared_ptr<NTree<T>>(new NTree<T>(newData, newChildren));
} else {

left = newChildren->remove(0);
}
if (_data->size() > 0) {

right = shared_ptr<NTree<T>>(new NTree<T>(_data, _children));
} else {

right = _children->remove(0);
}
_data = make_shared<VectorT<T>>();
_data->append(rootDat);
cerr << ”Exercise for the student.” << endl;
throw -1;

}

Figure 10.35 The splitUpAt() operation for the NTree data structure.
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(c) In a loop, remove 70 and a and append to new data and new children.
(d) In a loop, remove 10 and b and append to new data and new children.
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// ========= splitUpAt =========
template<class T>
void NTree<T>::splitUpAt(int i) {

if (_data->size() <= 1) {
return;

}
if (i < 0 || _data->size() <= i) {

cerr << ”splitUpAt precondition 0 <= i < _data->size() violated.”
<< endl;

cerr << ”i == ” << i << ”, _data->size() == ” << _data->size()
<< endl;

throw -1;
}
// Build a new left subtree with new data and new children:
auto newData = make_shared<VectorT<T>>();
auto newChildren = make_shared<VectorT<shared_ptr<NTree<T>>>>();
T rootDat = _data->remove(i); // This element will be at the new root.
for (int k = 0; k < i; k++) {

cerr << ”Exercise for the student.” << endl;
throw -1;

}
newChildren->append(_children->remove(0));
shared_ptr<NTree<T>> left, right;
if (newData->size() > 0) {

left = shared_ptr<NTree<T>>(new NTree<T>(newData, newChildren));
} else {

left = newChildren->remove(0);
}
if (_data->size() > 0) {

right = shared_ptr<NTree<T>>(new NTree<T>(_data, _children));
} else {

right = _children->remove(0);
}
_data = make_shared<VectorT<T>>();
_data->append(rootDat);
cerr << ”Exercise for the student.” << endl;
throw -1;

}

Figure 10.35 The splitUpAt() operation for the NTree data structure.
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// ========= splitUpAt =========
template<class T>
void NTree<T>::splitUpAt(int i) {

if (_data->size() <= 1) {
return;

}
if (i < 0 || _data->size() <= i) {

cerr << ”splitUpAt precondition 0 <= i < _data->size() violated.”
<< endl;

cerr << ”i == ” << i << ”, _data->size() == ” << _data->size()
<< endl;

throw -1;
}
// Build a new left subtree with new data and new children:
auto newData = make_shared<VectorT<T>>();
auto newChildren = make_shared<VectorT<shared_ptr<NTree<T>>>>();
T rootDat = _data->remove(i); // This element will be at the new root.
for (int k = 0; k < i; k++) {

cerr << ”Exercise for the student.” << endl;
throw -1;

}
newChildren->append(_children->remove(0));
shared_ptr<NTree<T>> left, right;
if (newData->size() > 0) {

left = shared_ptr<NTree<T>>(new NTree<T>(newData, newChildren));
} else {

left = newChildren->remove(0);
}
if (_data->size() > 0) {

right = shared_ptr<NTree<T>>(new NTree<T>(_data, _children));
} else {

right = _children->remove(0);
}
_data = make_shared<VectorT<T>>();
_data->append(rootDat);
cerr << ”Exercise for the student.” << endl;
throw -1;

}

Figure 10.35 The splitUpAt() operation for the NTree data structure.
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(e) Remove c and append to 
new children.
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// ========= splitUpAt =========
template<class T>
void NTree<T>::splitUpAt(int i) {

if (_data->size() <= 1) {
return;

}
if (i < 0 || _data->size() <= i) {

cerr << ”splitUpAt precondition 0 <= i < _data->size() violated.”
<< endl;

cerr << ”i == ” << i << ”, _data->size() == ” << _data->size()
<< endl;

throw -1;
}
// Build a new left subtree with new data and new children:
auto newData = make_shared<VectorT<T>>();
auto newChildren = make_shared<VectorT<shared_ptr<NTree<T>>>>();
T rootDat = _data->remove(i); // This element will be at the new root.
for (int k = 0; k < i; k++) {

cerr << ”Exercise for the student.” << endl;
throw -1;

}
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shared_ptr<NTree<T>> left, right;
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} else {
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}
if (_data->size() > 0) {

right = shared_ptr<NTree<T>>(new NTree<T>(_data, _children));
} else {

right = _children->remove(0);
}
_data = make_shared<VectorT<T>>();
_data->append(rootDat);
cerr << ”Exercise for the student.” << endl;
throw -1;

}

Figure 10.35 The splitUpAt() operation for the NTree data structure.

Copyright ©: 1998, Dung X. Nguyen and J. Stanley Warford Revised: January 15, 2022

(f) Make a new tree for left 
with new data and new 
children, and a new tree for 
right with current data and 
current children.
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// ========= splitUpAt =========
template<class T>
void NTree<T>::splitUpAt(int i) {

if (_data->size() <= 1) {
return;

}
if (i < 0 || _data->size() <= i) {

cerr << ”splitUpAt precondition 0 <= i < _data->size() violated.”
<< endl;

cerr << ”i == ” << i << ”, _data->size() == ” << _data->size()
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throw -1;
}
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auto newData = make_shared<VectorT<T>>();
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T rootDat = _data->remove(i); // This element will be at the new root.
for (int k = 0; k < i; k++) {

cerr << ”Exercise for the student.” << endl;
throw -1;

}
newChildren->append(_children->remove(0));
shared_ptr<NTree<T>> left, right;
if (newData->size() > 0) {

left = shared_ptr<NTree<T>>(new NTree<T>(newData, newChildren));
} else {

left = newChildren->remove(0);
}
if (_data->size() > 0) {

right = shared_ptr<NTree<T>>(new NTree<T>(_data, _children));
} else {

right = _children->remove(0);
}
_data = make_shared<VectorT<T>>();
_data->append(rootDat);
cerr << ”Exercise for the student.” << endl;
throw -1;

}

Figure 10.35 The splitUpAt() operation for the NTree data structure.
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(g) Allocate a new vector for _data and 
append 60.
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// ========= splitUpAt =========
template<class T>
void NTree<T>::splitUpAt(int i) {

if (_data->size() <= 1) {
return;

}
if (i < 0 || _data->size() <= i) {

cerr << ”splitUpAt precondition 0 <= i < _data->size() violated.”
<< endl;

cerr << ”i == ” << i << ”, _data->size() == ” << _data->size()
<< endl;

throw -1;
}
// Build a new left subtree with new data and new children:
auto newData = make_shared<VectorT<T>>();
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T rootDat = _data->remove(i); // This element will be at the new root.
for (int k = 0; k < i; k++) {
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}
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_data->append(rootDat);
cerr << ”Exercise for the student.” << endl;
throw -1;

}

Figure 10.35 The splitUpAt() operation for the NTree data structure.
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(g) ... Allocate a new vector for _children and append left and then right.
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Visiting NTree

Composite State lists and trees have two kinds of nodes:
Empty
Nonempty

The composite State n-way tree has one kind of node.
The state is the number of data values in the node.

accept() only executes one visitor method, caseAt().
The visitor has access to two parameters:
size
host
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The abstract NTree visitor
10.2 The General n-Way Tree 419

// ========= ANTreeVis =========
template<class T>
class ANTreeVis {
public:

virtual ~ANTreeVis() = default;

virtual void caseAt(int size, NTree<T> &host) = 0;
virtual void caseAt(int size, NTree<T> const &host) = 0;

};

Figure 10.36 The abstract tree visitor provided by the NTree data structure.
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The RootSize visitor

// Pre: This visitor has been accepted by a host tree.
// Post: The size of the root of the host tree is returned.
// The root size of an empty tree is 0.
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// ========= NTreeRootSizeVis =========
template<class T>
class NTreeRootSizeVis : public ANTreeVis<T> {
private:

int _result; // Output result.

public:
// ========= Constructor =========
NTreeRootSizeVis() :

_result(-1) {
}

// ========= visit =========
void caseAt(int size, NTree<T>& host) override {

_result = size;
}

// ========= visit const =========
void caseAt(int size, NTree<T> const &host) override {

_result = size;
}

// ========= result =========
// Pre: This visitor has been accepted by a host tree.
// Post: The size of the root of the host tree is returned.
// The root size of an empty tree is 0.

int result() const {
return _result;

}
};

// Global function for convenience
template<class T>
int rootSize(NTree<T> const &tree) {

NTreeRootSizeVis<T> rootSizeVis;
tree.accept(rootSizeVis);
return rootSizeVis.result();

}

Figure 10.37 The root size visitor for the NTree data structure.

language. There is no need for special content, but the length of words should match the
language.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
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The InOrder visitor

Review the PreOrderTraversal visitor of BiTreeCSV
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BiTCSVpreOrderVis

The BiTreeCS version of preOrder() is void.

Therefore, the visitor version does not provide a 
result() method.

The BiTreeCS version has output parameter os, so 
the visitor version has reference variable attribute _os.

BiTreeCSV
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// ========= BiTCSVpreOrderVis =========
template<class T>
class BiTCSVpreOrderVis : public ABiTreeCSVVis<T> {
private:

ostream &_os; // Input paramter.

public:
// ========= Constructor =========
BiTCSVpreOrderVis(ostream &os):

_os(os) {
}

// ========= visit =========
// Pre: This visitor has been accepted by a host tree.
// Post: A preorder representation of this tree is sent to os.
void emptyCase(BiTreeCSV<T> &host) override {
}

void nonEmptyCase(BiTreeCSV<T> &host) override {
_os << host.root() << ” ”;
host.left().accept(*this);
host.right().accept(*this);

}
};

// Global function for convenience
template<class T>
void preOrder(ostream &os, BiTreeCSV<T> const &tree) {

BiTCSVpreOrderVis<T> preOrderVis(os);
tree.accept(preOrderVis);

}

Figure 8.44 Implementation of the BiTCSVpreOrderVis plugin in BiTreeCSV.
Code for the constant version is identical to the code for the nonconstant version and is
not shown.

“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
language. There is no need for special content, but the length of words should match the
language.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information. Really?
Is there no information? Is there a difference between this text and some nonsense like
“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
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10.2 The General n-Way Tree 409

// ========= NTreeInOrderVis =========
template<class T>
class NTreeInOrderVis : public ANTreeVis<T> {
private:

ostream &_os; // Input paramter.

public:
// ========= Constructor =========
NTreeInOrderVis(ostream &os) :

_os(os) {
}

// ========= visit =========
void caseAt(int size, NTree<T>& host) override {

switch (size) {
case 0:
{

cerr << ”NTreeInOrderVis: Exercise for the student.”
<< endl;

throw -1;
}
default:
{

cerr << ”NTreeInOrderVis: Exercise for the student.”
<< endl;

throw -1;
}
}

}
// ========= visit const =========
...

};

// Global function for convenience
template<class T>
void inOrder(ostream &os, NTree<T> const &tree) {

cerr << ”inOrder: Exercise for the student.” << endl;
throw -1;

}

Figure 10.38 The inorder visitor for the NTree data structure.

Is there no information? Is there a difference between this text and some nonsense like
“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
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Is there no information? Is there a difference between this text and some nonsense like
“Huardest gefburn”? Kjift – not at all! A blind text like this gives you information
about the selected font, how the letters are written and an impression of the look. This
text should contain all letters of the alphabet and it should be written in of the original
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