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(b) Binary representation of integer values.

char 0 1 2 ... A B C ... Z [ \ ... a b c ... z { | ...
Integer 48 49 50 ... 65 66 67 ... 90 91 92 ... 97 98 99 ... 122 123 124 ...
Hexadecimal 30 31 32 ... 41 42 43 ... 5A 5B 5C ... 61 62 63 ... 7A 7B 7C ...

(c) A few character values from the ASCII representation.

Figure 9.20 Information representation in binary.

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.

9.5 The Hash Table Implementation
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.

Consider the following dictionary problem:

• The key is a string with a maximum of eight characters.

• How can you implement each of

– insert()
– remove()
– contains()

in time !(1)?
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Answer: Direct addressing��� The Hash Table Implementation ���

[0]
[1]

[18,446,744,073,709,551,615]

[2]

[7,380,381,024,802,399,083]

[8,175,556,664,547,895,907]

[18,446,744,073,709,551,614]
[18,446,744,073,709,551,613]

...

...

...

table

<flapjack, _>

<quixotic, _>

f l a p j a c k

66 6C 61 70 6A 61 63 6B

7,380,381,024,802,399,083

q u i x o t i c

71 75 69 78 6F 74 69 63

8,175,556,664,547,895,907

)LJXUH ���� 'LUHFW�DGGUHVVLQJ�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

)LUVW�VXEVHFWLRQ

5HYLVHG� 1RYHPEHU��� ���� &RS\ULJKW��� ����� 'XQJ�;��1JX\HQ�DQG�-��6WDQOH\�:DUIRUG
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Direct addressing algorithms��� &KDSWHU�� 'LFWLRQDULHV

LQVHUW�NH\� YDO�
WDEOH>NH\@  NH\�YDO SDLU

ERRO UHPRYH�NH\� YDO�
LI �WDEOH>NH\@   VSHFLDO HPSW\ SDLU�

UHWXUQ IDOVH
HOVH

YDO  WDEOH>NH\@�YDO��
WDEOH>NH\@  VSHFLDO HPSW\ SDLU
UHWXUQ WUXH

ERRO FRQWDLQV�NH\� YDO�
LI �WDEOH>NH\@   VSHFLDO HPSW\ SDLU�

UHWXUQ IDOVH
HOVH

YDO  WDEOH>NH\@�YDO��
UHWXUQ WUXH

)LJXUH ���� $OJRULWKPV�IRU�GLUHFW�DGGUHVVLQJ�WDEOH�

� 7KH�NH\�LV�D�VWULQJ�ZLWK�D�PD[LPXP�RI�HLJKW�FKDUDFWHUV�
� +RZ�FDQ�\RX�PRGLI\�GLUHFW�DGGUHVVLQJ�WR�LPSOHPHQW�HDFK�RI

– LQVHUW��
– UHPRYH��
– FRQWDLQV��

LQ�WLPH DSSUR[LPDWHO\ !(1) ZLWK�D�VPDOOHU�WDEOH"
+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG

WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

� +DVK�IXQFWLRQ f (x) ZKHUH x LV�D�NH\�
� f (x) UHWXUQV�D�YDOXH�LQ�WKH�UDQJH ���WDEOH�FDS�� � ��
� $SSO\ f (x) ZKHQ�DFFHVVLQJ�WKH�WDEOH�
+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG

WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

&RS\ULJKW��� ����� 'XQJ�;��1JX\HQ�DQG�-��6WDQOH\�:DUIRUG 5HYLVHG� 1RYHPEHU��� ����
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WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�
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Direct addressing algorithms��� &KDSWHU�� 'LFWLRQDULHV

LQVHUW�NH\� YDO�
WDEOH>NH\@  NH\�YDO SDLU

ERRO UHPRYH�NH\� YDO�
LI �WDEOH>NH\@   VSHFLDO HPSW\ SDLU�

UHWXUQ IDOVH
HOVH

YDO  WDEOH>NH\@�YDO��
WDEOH>NH\@  VSHFLDO HPSW\ SDLU
UHWXUQ WUXH

ERRO FRQWDLQV�NH\� YDO�
LI �WDEOH>NH\@   VSHFLDO HPSW\ SDLU�

UHWXUQ IDOVH
HOVH

YDO  WDEOH>NH\@�YDO��
UHWXUQ WUXH

)LJXUH ���� $OJRULWKPV�IRU�GLUHFW�DGGUHVVLQJ�WDEOH�

� 7KH�NH\�LV�D�VWULQJ�ZLWK�D�PD[LPXP�RI�HLJKW�FKDUDFWHUV�
� +RZ�FDQ�\RX�PRGLI\�GLUHFW�DGGUHVVLQJ�WR�LPSOHPHQW�HDFK�RI

– LQVHUW��
– UHPRYH��
– FRQWDLQV��

LQ�WLPH DSSUR[LPDWHO\ !(1) ZLWK�D�VPDOOHU�WDEOH"
+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG

WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

� +DVK�IXQFWLRQ f (x) ZKHUH x LV�D�NH\�
� f (x) UHWXUQV�D�YDOXH�LQ�WKH�UDQJH ���WDEOH�FDS�� � ��
� $SSO\ f (x) ZKHQ�DFFHVVLQJ�WKH�WDEOH�
+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG

WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

&RS\ULJKW��� ����� 'XQJ�;��1JX\HQ�DQG�-��6WDQOH\�:DUIRUG 5HYLVHG� 1RYHPEHU��� ����



Design Patterns for Data Structures Chapter 9.5

346 Chapter 9 Dictionaries

insert(key, val)
table[key] = key-val pair

bool remove(key, val)
if (table[key] == special empty pair

return false
else

val = table[key].val()
table[key] = special empty pair
return true

bool contains(key, val)
if (table[key] == special empty pair

return false
else

val = table[key].val()
return true

Figure 9.22 Algorithms for direct addressing table.

• The key is a string with a maximum of eight characters.
• How can you modify direct addressing to implement each of

– insert()
– remove()
– contains()

in time approximately !(1) with a smaller table?
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.

• Hash function f (x) where x is a key.
• f (x) returns a value in the range 0..table.cap() - 1.
• Apply f (x) when accessing the table.
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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Answer

346 Chapter 9 Dictionaries

insert(key, val)
table[key] = key-val pair

bool remove(key, val)
if (table[key] == special empty pair

return false
else

val = table[key].val()
table[key] = special empty pair
return true

bool contains(key, val)
if (table[key] == special empty pair

return false
else

val = table[key].val()
return true

Figure 9.22 Algorithms for direct addressing table.

• The key is a string with a maximum of eight characters.
• How can you modify direct addressing to implement each of

– insert()
– remove()
– contains()

in time approximately !(1) with a smaller table?
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.

• Hash function f (x) where x is a key.
• f (x) returns a value in the range 0..table.cap() - 1.
• Apply f (x) when accessing the table.
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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9.5 The Hash Table Implementation 347

[0]
[1]
[2]

[4]

[963]

[5,781]

...

...

table

<flapjack, _>

f l a p j a c k

66 6C 61 70 6A 61 63 6B

7,380,381,024,802,399,083

f (7,380,381,024,802,399,083) = 963

[3]

Figure 9.23 Addressing with a hash function.

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
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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Hash addressing algorithms��� &KDSWHU�� 'LFWLRQDULHV

LQVHUW�NH\� YDO�
WDEOH>I�NH\�@  NH\�YDO SDLU

ERRO UHPRYH�NH\� YDO�
LI �WDEOH>I�NH\�@   VSHFLDO HPSW\ SDLU�

UHWXUQ IDOVH
HOVH

YDO  WDEOH>I�NH\�@�YDO��
WDEOH>I�NH\�@  VSHFLDO HPSW\ SDLU
UHWXUQ WUXH

ERRO FRQWDLQV�NH\� YDO�
LI �WDEOH>I�NH\�@   VSHFLDO HPSW\ SDLU�

UHWXUQ IDOVH
HOVH

YDO  WDEOH>I�NH\�@�YDO��
UHWXUQ WUXH

)LJXUH ���� $OJRULWKPV�IRU�D�KDVK�WDEOH�LJQRULQJ�WKH�FROOLVLRQ�SUREOHP�

ODQJXDJH�
+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG

WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
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Hash addressing algorithms��� &KDSWHU�� 'LFWLRQDULHV

LQVHUW�NH\� YDO�
WDEOH>I�NH\�@  NH\�YDO SDLU

ERRO UHPRYH�NH\� YDO�
LI �WDEOH>I�NH\�@   VSHFLDO HPSW\ SDLU�

UHWXUQ IDOVH
HOVH

YDO  WDEOH>I�NH\�@�YDO��
WDEOH>I�NH\�@  VSHFLDO HPSW\ SDLU
UHWXUQ WUXH

ERRO FRQWDLQV�NH\� YDO�
LI �WDEOH>I�NH\�@   VSHFLDO HPSW\ SDLU�

UHWXUQ IDOVH
HOVH

YDO  WDEOH>I�NH\�@�YDO��
UHWXUQ WUXH

)LJXUH ���� $OJRULWKPV�IRU�D�KDVK�WDEOH�LJQRULQJ�WKH�FROOLVLRQ�SUREOHP�

ODQJXDJH�
+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG

WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
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Hash addressing algorithms��� &KDSWHU�� 'LFWLRQDULHV

LQVHUW�NH\� YDO�
WDEOH>I�NH\�@  NH\�YDO SDLU

ERRO UHPRYH�NH\� YDO�
LI �WDEOH>I�NH\�@   VSHFLDO HPSW\ SDLU�

UHWXUQ IDOVH
HOVH

YDO  WDEOH>I�NH\�@�YDO��
WDEOH>I�NH\�@  VSHFLDO HPSW\ SDLU
UHWXUQ WUXH

ERRO FRQWDLQV�NH\� YDO�
LI �WDEOH>I�NH\�@   VSHFLDO HPSW\ SDLU�

UHWXUQ IDOVH
HOVH

YDO  WDEOH>I�NH\�@�YDO��
UHWXUQ WUXH

)LJXUH ���� $OJRULWKPV�IRU�D�KDVK�WDEOH�LJQRULQJ�WKH�FROOLVLRQ�SUREOHP�

ODQJXDJH�
+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG

WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
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Figure 9.25 The hash table collision problem.

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.

Definition of the load factor !

! = n/k

where

n = the number of entries in the hash table

and

k = the capacity of the hash table.

Example: ! = n/k = 7/10 = 0.7

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
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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
“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.

Second subsection
Hash table design issues:

• How are collisions handled?
• What is the hash function f (x)?
• What is the capacity of the hash table?
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.
Collision handling techniques:

• Chaining with linked lists.
• Open addressing with a probe sequence.

– Linear probing
– Quadratic probing
– Double hashing

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
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text should contain all letters of the alphabet and it should be written in of the original
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Collision handling techniques:
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– Linear probing
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Figure 9.26 Resolving collisions with chaining.

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
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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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
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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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.

Observation:

Mean chain length =
2+0+1+0+0+3+0+0+1+0

10
= 0.7 = !

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. Re-
ally? 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.

Hash chain performance theorem: Let ! be the load factor of a hash table with chaining
for collision resolution. The asymptotic run time for an unsuccessful search is "(1+!).
The asymptotic run time for a successful search is "(1+!).

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
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?
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language.
dp4dsDistribution hash table projects:

• DictionaryHash

– Complete key-value pair dictionary implementation
– Uses ListCSV project for chains
– Stores CAMetrics as key for performance data collection

• HashData

– Stores only keys for program simplicity
– Uses ListL project for chains
– Stores CAMetrics as key for performance data collection

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.

Exercises
9–1 Complete the implementation of the following member functions for the DictionaryA

class in Figure x. The dp4ds distribution software contains unit tests for each method,
which you should use to test the correctness of your implementation.
(a) isFull() and insert().
(b) remove(). Use the iterative version of the binary search with a loop to do the initial
search.
(c)Rewritecontains()without a loop using the recursive version of the binary search.
You will need a helper method with two additional parameters for lo and hi.
(d) Write isFull(). Write insert() without a loop for the initial search using the
recursive version of the binary search. You will need a helper method with two additional
parameters for lo and hi. Use a loop to do the insertion.
(e) Write remove() without a loop for the initial search using the recursive version of
the binary search. You will need a helper method with two additional parameters for lo
and hi. Use a loop to do the deletion.
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Hash table implementation

Uses functional programming features of C++11. 

Declares HashFunction to be a type.

A variable can have function type.

Passes a function as a parameter.
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typedef CAMetrics<string> CAMetricsStr;
typedef function<unsigned int(CAMetricsStr const &)> HashFunction;

inline unsigned int bernsteinHash(CAMetricsStr const &x) {
string str = x.toT();
cerr << ”bernsteinHash: Exercise for the student.” << endl;
throw -1;

}

inline unsigned int knuthHash(CAMetricsStr const &x) {
string str = x.toT();
unsigned int result = static_cast<unsigned int> (str.size());
cerr << ”knuthHash: Exercise for the student.” << endl;
throw -1;

}

Figure 9.27 The hash functions for the HashData project.
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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
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language. There is no need for special content, but the length of words should match the
language.
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int main() {
...
HashFunction hashFunction;
...
string functionName, response;
cout << ”Hash function type--Knuth or Bernstein (k or b): ”;
cin >> response;
if ((response[0] == ’k’) || (response[0] == ’K’)) {

hashFunction = knuthHash;
functionName = ”Knuth”;

}
else if ((response[0] == ’b’) || (response[0] == ’B’)) {

hashFunction = bernsteinHash;
functionName = ”Bernstein”;

}
...
tableSize = promptIntGE(”Size of hash table ”, 1);
HashTable hashTable(tableSize, hashFunction);
...

Figure 9.28 The main program for the HashData project.

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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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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int main() {
...
HashFunction hashFunction;
...
string functionName, response;
cout << ”Hash function type--Knuth or Bernstein (k or b): ”;
cin >> response;
if ((response[0] == ’k’) || (response[0] == ’K’)) {

hashFunction = knuthHash;
functionName = ”Knuth”;

}
else if ((response[0] == ’b’) || (response[0] == ’B’)) {

hashFunction = bernsteinHash;
functionName = ”Bernstein”;

}
...
tableSize = promptIntGE(”Size of hash table ”, 1);
HashTable hashTable(tableSize, hashFunction);
...

Figure 9.28 The main program for the HashData project.
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// ========= HashTable =========
class HashTable {
private:

// ht is the hash table array.
ArrayT<shared_ptr<ListL<CAMetricsStr>>> _ht;
HashFunction _hashFunction;

public:
// Post: Creates a hash table with cap slots, initialized to be empty
// and hash function specified by hashFunction.
HashTable(int cap, HashFunction hashFunction):

_ht(cap),
_hashFunction(hashFunction) {
for (int i = 0; i < cap; i++)

_ht[i] = make_shared<ListL<CAMetricsStr>>();
}

// Post: If x is not in the chain, installs x in the hash table
// at the beginning of the appropriate chain.
void insert(CAMetricsStr const &x) {

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

}

// Post: Returns true if this hash table contains x.
bool contains(CAMetricsStr const &x) const {

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

}

// Post: Sends the entire hash table to os. For each index of the
// hash table that contains a nonempty chain, outputs that index
// followed by ”: ” followed by the chain.
void toStream(ostream &os) const {

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

}
};

// ========= operator<< =========
ostream &operator<<(ostream &os, HashTable const &rhs) {

rhs.toStream(os);
return os;

}

Figure 9.30 The hash table for the HashData project.

Copyright ©: 1998, Dung X. Nguyen and J. Stanley Warford Revised: November 22, 2021
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370 Chapter 9 Dictionaries

// ========= HashTable =========
class HashTable {
private:

// ht is the hash table array.
ArrayT<shared_ptr<ListL<CAMetricsStr>>> _ht;
HashFunction _hashFunction;

public:
// Post: Creates a hash table with cap slots, initialized to be empty
// and hash function specified by hashFunction.
HashTable(int cap, HashFunction hashFunction):

_ht(cap),
_hashFunction(hashFunction) {
for (int i = 0; i < cap; i++)

_ht[i] = make_shared<ListL<CAMetricsStr>>();
}

// Post: If x is not in the chain, installs x in the hash table
// at the beginning of the appropriate chain.
void insert(CAMetricsStr const &x) {

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

}

// Post: Returns true if this hash table contains x.
bool contains(CAMetricsStr const &x) const {

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

}

// Post: Sends the entire hash table to os. For each index of the
// hash table that contains a nonempty chain, outputs that index
// followed by ”: ” followed by the chain.
void toStream(ostream &os) const {

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

}
};

// ========= operator<< =========
ostream &operator<<(ostream &os, HashTable const &rhs) {

rhs.toStream(os);
return os;

}

Figure 9.30 The hash table for the HashData project.
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// ========= HashTable =========
class HashTable {
private:

// ht is the hash table array.
ArrayT<shared_ptr<ListL<CAMetricsStr>>> _ht;
HashFunction _hashFunction;

public:
// Post: Creates a hash table with cap slots, initialized to be empty
// and hash function specified by hashFunction.
HashTable(int cap, HashFunction hashFunction):

_ht(cap),
_hashFunction(hashFunction) {
for (int i = 0; i < cap; i++)

_ht[i] = make_shared<ListL<CAMetricsStr>>();
}

// Post: If x is not in the chain, installs x in the hash table
// at the beginning of the appropriate chain.
void insert(CAMetricsStr const &x) {

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

}

// Post: Returns true if this hash table contains x.
bool contains(CAMetricsStr const &x) const {

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

}

// Post: Sends the entire hash table to os. For each index of the
// hash table that contains a nonempty chain, outputs that index
// followed by ”: ” followed by the chain.
void toStream(ostream &os) const {

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

}
};

// ========= operator<< =========
ostream &operator<<(ostream &os, HashTable const &rhs) {

rhs.toStream(os);
return os;

}

Figure 9.30 The hash table for the HashData project.
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// ========= HashTable =========
class HashTable {
private:

ArrayT<ListL<CAMetricsStr> > _ht; // ht is the hash table array.
HashFunction _hashFunction;

public:
// Post: Creates a hash table with cap slots, initialized to be empty
// and hash function specified by hashFunction.
HashTable(int cap, HashFunction hashFunction) :

_ht(cap),
_hashFunction(hashFunction) {

}

// Post: If x is not in the chain, installs x in the hash table
// at the beginning of the appropriate chain.
void insert(CAMetricsStr const &x) {

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

}

// Post: Returns true if this hash table contains x.
bool contains(CAMetricsStr const &x) const {

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

}

// Post: Sends the entire hash table to os. For each index of the
// hash table that contains a nonempty chain, outputs that index
// followed by ”: ” followed by the chain.
void toStream(ostream &os) const {

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

}
};

// ========= operator<< =========
ostream &operator<<(ostream &os, HashTable const &rhs) {

rhs.toStream(os);
return os;

}

Figure 9.30 The hash table for the HashData project.

language. There is no need for special content, but the length of words should match the
language.
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// ========= HashTable =========
class HashTable {
private:

ArrayT<ListL<CAMetricsStr> > _ht; // ht is the hash table array.
HashFunction _hashFunction;

public:
// Post: Creates a hash table with cap slots, initialized to be empty
// and hash function specified by hashFunction.
HashTable(int cap, HashFunction hashFunction) :

_ht(cap),
_hashFunction(hashFunction) {

}

// Post: Installs x in the hash table at the beginning
// of the appropriate chain.
void insert(CAMetricsStr const &x) {

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

}

// Post: Returns true if this hash table contains x.
bool contains(CAMetricsStr const &x) const {

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

}

// Post: Sends the entire hash table to os. For each index of the
// hash table that contains a nonempty chain, outputs that index
// followed by ”: ” followed by the chain.
void toStream(ostream &os) const {

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

}
};

// ========= operator<< =========
ostream &operator<<(ostream &os, HashTable const &rhs) {

rhs.toStream(os);
return os;

}

Figure 9.29 The hash table for the HashData project.

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?

Copyright ©: 1998, Dung X. Nguyen and J. Stanley Warford Revised: November 6, 2016
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��� 7KH�+DVK�7DEOH�,PSOHPHQWDWLRQ ���

(a) Some C++ bit-wise 
operators.

Shift left <<
Shift right >>
Bit-wise AND &
Bit-wise OR |
Bit-wise XOR ^

 0 0 1 1
AND 0 1 0 1
 0 0 0 1

 0 0 1 1
OR 0 1 0 1
 0 1 1 1

 0 0 1 1
XOR 0 1 0 1
 0 1 1 0

(b) Examples of the and, or, and exclusive or operations.

i 0 0 0 0   1 1 1 0 14
i >> 1 0 0 0 0   0 1 1 1 7
i >> 2 0 0 0 0   0 0 1 1 3
i << 1 0 0 0 1   1 1 0 0 28
i << 2 0 0 1 1   1 0 0 0 56
(c) Examples of the shift operations.

)LJXUH ���� 6RPH�&���ELW�ZLVH�RSHUDWRUV�

,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
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WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
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,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH

5HYLVHG� 1RYHPEHU��� ���� &RS\ULJKW��� ����� 'XQJ�;��1JX\HQ�DQG�-��6WDQOH\�:DUIRUG



Design Patterns for Data Structures Chapter 9.5��� &KDSWHU�� 'LFWLRQDULHV

1 1 0 0   1 1 1 0

1 0 0 1   1 1 0 1

0 0 1 1   1 0 1 1

0 1 1 1   0 1 1 0

0 1 1 1   0 0 0 0 x x x x   x 1 1 0

1 1 0 0   1 1 1 0

0 0 0 0   0 1 1 0

0 1 1 1   0 1 1 0

Rotate left Shift left 3 bits Shift right 5 bits

Bitwise AND 0x07

Bitwise ORRotate left

Rotate left

(a) Rotate left 3 bits. (b) Rotate computation with shifts.

)LJXUH ���� %LW�URWDWLRQ�LQ�&���

ODQJXDJH�
+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG

WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

&RS\ULJKW��� ����� 'XQJ�;��1JX\HQ�DQG�-��6WDQOH\�:DUIRUG 5HYLVHG� 1RYHPEHU��� ����



Design Patterns for Data Structures Chapter 9.5��� &KDSWHU�� 'LFWLRQDULHV

1 1 0 0   1 1 1 0

1 0 0 1   1 1 0 1

0 0 1 1   1 0 1 1

0 1 1 1   0 1 1 0

0 1 1 1   0 0 0 0 x x x x   x 1 1 0

1 1 0 0   1 1 1 0

0 0 0 0   0 1 1 0

0 1 1 1   0 1 1 0

Rotate left Shift left 3 bits Shift right 5 bits

Bitwise AND 0x07

Bitwise ORRotate left

Rotate left

(a) Rotate left 3 bits. (b) Rotate computation with shifts.

)LJXUH ���� %LW�URWDWLRQ�LQ�&���

ODQJXDJH�
+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG

WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

&RS\ULJKW��� ����� 'XQJ�;��1JX\HQ�DQG�-��6WDQOH\�:DUIRUG 5HYLVHG� 1RYHPEHU��� ����



Design Patterns for Data Structures Chapter 9.5��� &KDSWHU�� 'LFWLRQDULHV

1 1 0 0   1 1 1 0

1 0 0 1   1 1 0 1

0 0 1 1   1 0 1 1

0 1 1 1   0 1 1 0

0 1 1 1   0 0 0 0 x x x x   x 1 1 0

1 1 0 0   1 1 1 0

0 0 0 0   0 1 1 0

0 1 1 1   0 1 1 0

Rotate left Shift left 3 bits Shift right 5 bits

Bitwise AND 0x07

Bitwise ORRotate left

Rotate left

(a) Rotate left 3 bits. (b) Rotate computation with shifts.

)LJXUH ���� %LW�URWDWLRQ�LQ�&���

ODQJXDJH�
+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG

WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

&RS\ULJKW��� ����� 'XQJ�;��1JX\HQ�DQG�-��6WDQOH\�:DUIRUG 5HYLVHG� 1RYHPEHU��� ����



Design Patterns for Data Structures Chapter 9.5��� &KDSWHU�� 'LFWLRQDULHV

1 1 0 0   1 1 1 0

1 0 0 1   1 1 0 1

0 0 1 1   1 0 1 1

0 1 1 1   0 1 1 0

0 1 1 1   0 0 0 0 x x x x   x 1 1 0

1 1 0 0   1 1 1 0

0 0 0 0   0 1 1 0

0 1 1 1   0 1 1 0

Rotate left Shift left 3 bits Shift right 5 bits

Bitwise AND 0x07

Bitwise ORRotate left

Rotate left

(a) Rotate left 3 bits. (b) Rotate computation with shifts.

)LJXUH ���� %LW�URWDWLRQ�LQ�&���

ODQJXDJH�
+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG

WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�
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1 1 0 0   1 1 1 0

1 0 0 1   1 1 0 1

0 0 1 1   1 0 1 1

0 1 1 1   0 1 1 0

0 1 1 1   0 0 0 0 x x x x   x 1 1 0

1 1 0 0   1 1 1 0

0 0 0 0   0 1 1 0

0 1 1 1   0 1 1 0

Rotate left Shift left 3 bits Shift right 5 bits

Bitwise AND 0x07

Bitwise ORRotate left

Rotate left

(a) Rotate left 3 bits. (b) Rotate computation with shifts.

)LJXUH ���� %LW�URWDWLRQ�LQ�&���

ODQJXDJH�
+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG

WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

&RS\ULJKW��� ����� 'XQJ�;��1JX\HQ�DQG�-��6WDQOH\�:DUIRUG 5HYLVHG� 1RYHPEHU��� ����



Design Patterns for Data Structures Chapter 9.5��� &KDSWHU�� 'LFWLRQDULHV

1 1 0 0   1 1 1 0

1 0 0 1   1 1 0 1

0 0 1 1   1 0 1 1

0 1 1 1   0 1 1 0

0 1 1 1   0 0 0 0 x x x x   x 1 1 0

1 1 0 0   1 1 1 0

0 0 0 0   0 1 1 0

0 1 1 1   0 1 1 0

Rotate left Shift left 3 bits Shift right 5 bits

Bitwise AND 0x07

Bitwise ORRotate left

Rotate left

(a) Rotate left 3 bits. (b) Rotate computation with shifts.

)LJXUH ���� %LW�URWDWLRQ�LQ�&���

ODQJXDJH�
+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG

WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

&RS\ULJKW��� ����� 'XQJ�;��1JX\HQ�DQG�-��6WDQOH\�:DUIRUG 5HYLVHG� 1RYHPEHU��� ����



Design Patterns for Data Structures Chapter 9.5��� &KDSWHU�� 'LFWLRQDULHV

1 1 0 0   1 1 1 0

1 0 0 1   1 1 0 1

0 0 1 1   1 0 1 1

0 1 1 1   0 1 1 0

0 1 1 1   0 0 0 0 x x x x   x 1 1 0

1 1 0 0   1 1 1 0

0 0 0 0   0 1 1 0

0 1 1 1   0 1 1 0

Rotate left Shift left 3 bits Shift right 5 bits

Bitwise AND 0x07

Bitwise ORRotate left

Rotate left

(a) Rotate left 3 bits. (b) Rotate computation with shifts.

)LJXUH ���� %LW�URWDWLRQ�LQ�&���

ODQJXDJH�
+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG

WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

&RS\ULJKW��� ����� 'XQJ�;��1JX\HQ�DQG�-��6WDQOH\�:DUIRUG 5HYLVHG� 1RYHPEHU��� ����



Design Patterns for Data Structures Chapter 9.5��� &KDSWHU�� 'LFWLRQDULHV

1 1 0 0   1 1 1 0

1 0 0 1   1 1 0 1

0 0 1 1   1 0 1 1

0 1 1 1   0 1 1 0

0 1 1 1   0 0 0 0 x x x x   x 1 1 0

1 1 0 0   1 1 1 0

0 0 0 0   0 1 1 0

0 1 1 1   0 1 1 0

Rotate left Shift left 3 bits Shift right 5 bits

Bitwise AND 0x07

Bitwise ORRotate left

Rotate left

(a) Rotate left 3 bits. (b) Rotate computation with shifts.

)LJXUH ���� %LW�URWDWLRQ�LQ�&���

ODQJXDJH�
+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG

WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

&RS\ULJKW��� ����� 'XQJ�;��1JX\HQ�DQG�-��6WDQOH\�:DUIRUG 5HYLVHG� 1RYHPEHU��� ����



Design Patterns for Data Structures Chapter 9.5��� &KDSWHU�� 'LFWLRQDULHV

1 1 0 0   1 1 1 0

1 0 0 1   1 1 0 1

0 0 1 1   1 0 1 1

0 1 1 1   0 1 1 0

0 1 1 1   0 0 0 0 x x x x   x 1 1 0

1 1 0 0   1 1 1 0

0 0 0 0   0 1 1 0

0 1 1 1   0 1 1 0

Rotate left Shift left 3 bits Shift right 5 bits

Bitwise AND 0x07

Bitwise ORRotate left

Rotate left

(a) Rotate left 3 bits. (b) Rotate computation with shifts.

)LJXUH ���� %LW�URWDWLRQ�LQ�&���

ODQJXDJH�
+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG

WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

&RS\ULJKW��� ����� 'XQJ�;��1JX\HQ�DQG�-��6WDQOH\�:DUIRUG 5HYLVHG� 1RYHPEHU��� ����



Design Patterns for Data Structures Chapter 9.5��� &KDSWHU�� 'LFWLRQDULHV

1 1 0 0   1 1 1 0

1 0 0 1   1 1 0 1

0 0 1 1   1 0 1 1

0 1 1 1   0 1 1 0

0 1 1 1   0 0 0 0 x x x x   x 1 1 0

1 1 0 0   1 1 1 0

0 0 0 0   0 1 1 0

0 1 1 1   0 1 1 0

Rotate left Shift left 3 bits Shift right 5 bits

Bitwise AND 0x07

Bitwise ORRotate left

Rotate left

(a) Rotate left 3 bits. (b) Rotate computation with shifts.

)LJXUH ���� %LW�URWDWLRQ�LQ�&���

ODQJXDJH�
+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG

WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�
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Knuth hash function

Chapter 9.5

��� &KDSWHU�� 'LFWLRQDULHV

XQVLJQHG LQW NQXWK+DVK�[�
VWU  NH\ VWULQJ IURP [
,QLWLDOL]H UHVXOW WR WKH VL]H RI VWU
IRU �HDFK FKDUDFWHU RI VWU�

5RWDWH UHVXOW OHIW E\ � ELWV
([FOXVLYH 25 UHVXOW ZLWK WKH FKDUDFWHU

UHWXUQ UHVXOW

)LJXUH ���� 7KH�.QXWK�KDVK�IXQFWLRQ�DOJRULWKP�

ODQJXDJH�
+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG

WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
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Knuth hash function example
Key is string “hat”

Assume 32-bit binary values

Length of string “hat” is 3(dec) = 11(bin)

ASCII value of ‘h’ is 104(dec) = 110 1000(bin)
ASCII value of ‘a’ is 97(dec) = 110 0001(bin)
ASCII value of ‘t’ is 116(dec) = 111 0100(bin)

Chapter 9.5
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Return value:
0000 0000 0000 0000 0000 0000 0000 0011

Rotate left 5 bits:
0000 0000 0000 0000 0000 0000 0110 0000

Binary value of ‘h’:
0000 0000 0000 0000 0000 0000 0110 1000

XOR with return value:
0000 0000 0000 0000 0000 0000 0000 1000

Chapter 9.5



Design Patterns for Data Structures

Return value:
0000 0000 0000 0000 0000 0000 0000 1000

Rotate left 5 bits:
0000 0000 0000 0000 0000 0001 0000 0000

Binary value of ‘a’:
0000 0000 0000 0000 0000 0000 0110 0001

XOR with return value:
0000 0000 0000 0000 0000 0001 0110 0001

Chapter 9.5
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Return value:
0000 0000 0000 0000 0000 0001 0110 0001

Rotate left 5 bits:
0000 0000 0000 0000 0010 1100 0010 0000

Binary value of ‘t’:
0000 0000 0000 0000 0000 0000 0111 0110

XOR with return value:
0000 0000 0000 0000 0010 1100 0101 0110

Chapter 9.5
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Problem: There is no C++ rotate operator.

Solution: To rotate 5 bits to the left:

(1) Shift 5 bits to the left

(2a) Shift 27 bits to the right

(2b) Bit-wise AND (2a) with 0x0000001f

(3) Bit-wise OR (1) with (2b)

Chapter 9.5



Design Patterns for Data Structures

1010 0000 1111 0000 1111 0000 1111 1111

(1) 0001 1110 0001 1110 0001 1111 1110 0000

(2a) xxxx xxxx xxxx xxxx xxxx xxxx xxx1 0100

(2b) 0x0000001f:
(2b) 0000 0000 0000 0000 0000 0000 0001 1111

(2b) 0000 0000 0000 0000 0000 0000 0001 0100

(3) 0001 1110 0001 1110 0001 1111 1111 0100

Chapter 9.5
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Bernstein hash function

Chapter 9.5

��� 7KH�+DVK�7DEOH�,PSOHPHQWDWLRQ ���

XQVLJQHG LQW EHUQVWHLQ+DVK�[�
VWU  NH\ VWULQJ IURP [
,QLWLDOL]H UHVXOW WR ����
IRU �HDFK FKDUDFWHU RI VWU�

0XOWLSO\ UHVXOW E\ ��
$GG WKH FKDUDFWHU WR UHVXOW

UHWXUQ UHVXOW

)LJXUH ���� 7KH�%HUQVWHLQ�KDVK�IXQFWLRQ�DOJRULWKP�

DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
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Bernstein efficient multiplication

To multiply a number by 33:

(1) Shift it left 5 bits, which multiplies it by 32.

(2) Add the original number.

Chapter 9.5
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Hash function design

Minimize collisions

Distribution should be uniform

Each one of the n keys should be equally likely
to hash to any of the k entries in the hash table.

Chapter 9.5
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��� &KDSWHU�� 'LFWLRQDULHV
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(a) Hash function with a uniform distribution. (b) Hash function with a nonuniform distribution.

)LJXUH ���� 7KH�HIIHFW�RI�WKH�PRG�RSHUDWLRQ�LQ�ELQDU\�

,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
´+XDUGHVW�JHIEXUQµ" .MLIW�²�QRW�DW�DOO� $ EOLQG�WH[W�OLNH�WKLV�JLYHV�\RX�LQIRUPDWLRQ
DERXW�WKH�VHOHFWHG�IRQW� KRZ�WKH�OHWWHUV�DUH�ZULWWHQ�DQG�DQ�LPSUHVVLRQ�RI�WKH�ORRN� 7KLV
WH[W�VKRXOG�FRQWDLQ�DOO�OHWWHUV�RI�WKH�DOSKDEHW�DQG�LW�VKRXOG�EH�ZULWWHQ�LQ�RI�WKH�RULJLQDO
ODQJXDJH� 7KHUH�LV�QR�QHHG�IRU�VSHFLDO�FRQWHQW� EXW�WKH�OHQJWK�RI�ZRUGV�VKRXOG�PDWFK�WKH
ODQJXDJH�

+HOOR� KHUH�LV�VRPH�WH[W�ZLWKRXW�D�PHDQLQJ� 7KLV�WH[W�VKRXOG�VKRZ�ZKDW�D�SULQWHG
WH[W�ZLOO�ORRN�OLNH�DW�WKLV�SODFH� ,I�\RX�UHDG�WKLV�WH[W� \RX�ZLOO�JHW�QR�LQIRUPDWLRQ� 5HDOO\"
,V�WKHUH�QR�LQIRUPDWLRQ" ,V�WKHUH�D�GLIIHUHQFH�EHWZHHQ�WKLV�WH[W�DQG�VRPH�QRQVHQVH�OLNH
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Optimum capacity of the hash table

The last operation is to mod by the capacity
of the hash table.

What is the effect in binary of the mod operation?

If the capacity of the hash table is an exact power of 2
the effect of the mod operation is a simple mask.

Chapter 9.5
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i 252,645,135 0000 1111 0000 1111 0000 1111 0000 1111
i % 8192 3,855 0000 0000 0000 0000 0000 1111 0000 1111
i % 8189 6,296 0000 0000 0000 0000 0001 1000 1001 1000

Figure 9.36 The effect of the mod operation in binary.

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
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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Hash table capacity an exact power of 2

Chapter 9.5

Advantage: Efficient to compute, by using an AND
mask.

Disadvantage: Does not contribute to “mixing up” 
the bits to make the distribution more uniform.
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Collision handling by open addressing:

All elements occupy the hash table itself.

When a collision occurs, probe another position.

Chapter 9.5
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Linear probing
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// Pre: table is not full.
insert(key, val)

i = f(key) mod table.cap()
while (table[i] is occupied && table[i].key() != key)

i = (i + 1) mod table.cap()
table[i] = key-val pair

(a) Linear probing.

// Pre: table is not full.
// Pre: table.cap() = k, k is a prime number, and k mod 4 = 3.
insert(key, val)

j = 0
i = f(key) mod table.cap()
index = i
while (table[i] is occupied && table[i].key() != key)

j++
i = (index + (odd(j) ? index + j * j : index - j * j))

mod table.cap()
table[i] = key-val pair

(b) Quadratic probing.

// Pre: table is not full.
// Pre: table.cap() = k, and g(key) and k are relatively prime.
insert(key, val)

i = f(key) mod table.cap()
stride = g(key) mod table.cap()
while (table[i] is occupied && table[i].key() != key)

i = (i + stride) mod table.cap()
table[i] = key-val pair

(c) Double hashing.

Figure 9.27 Open addressing algorithms for a hash table.

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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Quadratic probing
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9.5 The Hash Table Implementation 353

// Pre: table is not full.
insert(key, val)

i = f(key) mod table.cap()
while (table[i] is occupied && table[i].key() != key)

i = (i + 1) mod table.cap()
table[i] = key-val pair

(a) Linear probing.

// Pre: table is not full.
// Pre: table.cap() = k, k is a prime number, and k mod 4 = 3.
insert(key, val)

j = 0
i = f(key) mod table.cap()
index = i
while (table[i] is occupied && table[i].key() != key)

j++
i = (index + (odd(j) ? index + j * j : index - j * j))

mod table.cap()
table[i] = key-val pair

(b) Quadratic probing.

// Pre: table is not full.
// Pre: table.cap() = k, and g(key) and k are relatively prime.
insert(key, val)

i = f(key) mod table.cap()
stride = g(key) mod table.cap()
while (table[i] is occupied && table[i].key() != key)

i = (i + stride) mod table.cap()
table[i] = key-val pair

(c) Double hashing.

Figure 9.27 Open addressing algorithms for a hash table.

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

Revised: November 13, 2016 Copyright ©: 1998, Dung X. Nguyen and J. Stanley Warford



Design Patterns for Data Structures

Quadratic probing

Chapter 9.5

354 Chapter 9 Dictionaries

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.

This sentence about quadratic probing is for the footnote.2 See
http://www.cise.ufl.edu/~sahni/dsaac/enrich/c11/overflow.htm.
Some prime numbers k such that k mod 4 = 3 are:
3, 7, 11, 19, 23, 31, 251, 503, 1019

For example, suppose table.cap() = 11 and the original hash value for i is 5.

5 mod 11 = 5
(5+1) mod 11 = 6
(5!4) mod 11 = 1
(5+9) mod 11 = 3
(5!16) mod 11 = 0
(5+25) mod 11 = 8
(5!36) mod 11 = 2
(5+49) mod 11 = 10
(5!64) mod 11 = 7
(5+81) mod 11 = 9
(5!100) mod 11 = 4

In double hashing, a common choice for the secondary hash function is
g(x) = p! (x mod p)

where p is a prime number less than table.cap(). This function guarantees the pre-
condition in Figure (9.??c).

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?

2C. Radke, “The use of quadratic residue research,” Communications of the ACM, 1970, 103–105.
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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.

This sentence about quadratic probing is for the footnote.2 See
http://www.cise.ufl.edu/~sahni/dsaac/enrich/c11/overflow.htm.
Some prime numbers k such that k mod 4 = 3 are:
3, 7, 11, 19, 23, 31, 251, 503, 1019

For example, suppose table.cap() = 11 and the original hash value for i is 5.

5 mod 11 = 5
(5+1) mod 11 = 6
(5!4) mod 11 = 1
(5+9) mod 11 = 3
(5!16) mod 11 = 0
(5+25) mod 11 = 8
(5!36) mod 11 = 2
(5+49) mod 11 = 10
(5!64) mod 11 = 7
(5+81) mod 11 = 9
(5!100) mod 11 = 4

In double hashing, a common choice for the secondary hash function is
g(x) = p! (x mod p)

where p is a prime number less than table.cap(). This function guarantees the pre-
condition in Figure (9.??c).

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?

2C. Radke, “The use of quadratic residue research,” Communications of the ACM, 1970, 103–105.
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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.

This sentence about quadratic probing is for the footnote.2 See
http://www.cise.ufl.edu/~sahni/dsaac/enrich/c11/overflow.htm.
Some prime numbers k such that k mod 4 = 3 are:
3, 7, 11, 19, 23, 31, 251, 503, 1019

For example, suppose table.cap() = 11 and the original hash value for i is 5.

5 mod 11 = 5
(5+1) mod 11 = 6
(5!4) mod 11 = 1
(5+9) mod 11 = 3
(5!16) mod 11 = 0
(5+25) mod 11 = 8
(5!36) mod 11 = 2
(5+49) mod 11 = 10
(5!64) mod 11 = 7
(5+81) mod 11 = 9
(5!100) mod 11 = 4

In double hashing, a common choice for the secondary hash function is
g(x) = p! (x mod p)

where p is a prime number less than table.cap(). This function guarantees the pre-
condition in Figure (9.??c).

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?

2C. Radke, “The use of quadratic residue research,” Communications of the ACM, 1970, 103–105.
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// Pre: table is not full.
insert(key, val)

i = f(key) mod table.cap()
while (table[i] is occupied && table[i].key() != key)

i = (i + 1) mod table.cap()
table[i] = key-val pair

(a) Linear probing.

// Pre: table is not full.
// Pre: table.cap() = k, k is a prime number, and k mod 4 = 3.
insert(key, val)

j = 0
i = f(key) mod table.cap()
index = i
while (table[i] is occupied && table[i].key() != key)

j++
i = (index + (odd(j) ? index + j * j : index - j * j))

mod table.cap()
table[i] = key-val pair

(b) Quadratic probing.

// Pre: table is not full.
// Pre: table.cap() = k, and g(key) and k are relatively prime.
insert(key, val)

i = f(key) mod table.cap()
stride = g(key) mod table.cap()
while (table[i] is occupied && table[i].key() != key)

i = (i + stride) mod table.cap()
table[i] = key-val pair

(c) Double hashing.

Figure 9.27 Open addressing algorithms for a hash table.

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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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.

This sentence about quadratic probing is for the footnote.2 See
http://www.cise.ufl.edu/~sahni/dsaac/enrich/c11/overflow.htm.
Some prime numbers k such that k mod 4 = 3 are:
3, 7, 11, 19, 23, 31, 251, 503, 1019

For example, suppose table.cap() = 11 and the original hash value for i is 5.

5 mod 11 = 5
(5+1) mod 11 = 6
(5!4) mod 11 = 1
(5+9) mod 11 = 3
(5!16) mod 11 = 0
(5+25) mod 11 = 8
(5!36) mod 11 = 2
(5+49) mod 11 = 10
(5!64) mod 11 = 7
(5+81) mod 11 = 9
(5!100) mod 11 = 4

In double hashing, a common choice for the secondary hash function is
g(x) = p! (x mod p)

where p is a prime number less than table.cap(). This function guarantees the pre-
condition in Figure (9.??c).

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?

2C. Radke, “The use of quadratic residue research,” Communications of the ACM, 1970, 103–105.

Copyright ©: 1998, Dung X. Nguyen and J. Stanley Warford Revised: November 13, 2016



Design Patterns for Data Structures

• The main program of the hash table project collects 
statistics from the search test.

• Use the program as an experiment to investigate the 
performance of your hash table. 

• Write a paper discussing your results.

• Use the same format for your paper as in your sort 
paper.

Chapter 9.5

Hash Table Paper
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Your paper should address the following points:

(a) Effect of hash function on performance.

(b) Effect of capacity of hash table on performance.

(c) Performance on tables with different capacities.

(d) Effect of load factor on performance.

Chapter 9.5

Hash Table Paper
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• Which is the better hash function, Knuth or 
Bernstein?

• Is one consistently better, or can you find conditions 
where Knuth is better than Bernstein and other 
conditions where Bernstein is better than Knuth? 

Chapter 9.5

(a) Effect of hash function on performance.



Design Patterns for Data Structures

• The text says that the divisor (number of slots in the 
hash table) should be a prime number and that 
particularly bad performance can occur if the divisor 
is a power of two.

• Can you find some nonprime numbers, specifically 
powers of two, that give particularly bad 
performance?

Chapter 9.5

(b) Effect of capacity of hash table on performance.
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• It would be especially interesting to find a prime 
divisor that gives particularly good performance and a 
divisor that differs from it by only one that gives 
particularly poor performance.

• See this article on Mersenne primes for some ideas.

https://en.wikipedia.org/wiki/Mersenne_prime 

Chapter 9.5

(b) Effect of capacity of hash table on performance.

https://en.wikipedia.org/wiki/Mersenne_prime
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• Is one of the hash functions better at hashing with 
hash tables having the number of slots a power of 
two? 

Chapter 9.5

(b) Effect of capacity of hash table on performance.
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Based on your results from (a) and (b), use only the 
better hash function for your answers to the 
following questions. 

Chapter 9.5
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• It is possible to have approximately the same load 
factor α with hash tables having different numbers of 
slots?

• Would two such tables have about the same 
performance? 

Chapter 9.5

(c) Effect of capacity of hash table on performance.
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• How does the number of comparisons vary with the 
load factor in a table with a prime number of slots? 
Show the relationship with a graph including a wide 
range of α (from much less that 1, which would be 
typical, to greater than 1, which would not be 
typical).

• From your data, what value of α would you 
recommend for a good balance between storage 
required and speed of access? 

Chapter 9.5

(d) Effect of load factor on performance.
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• Each of these questions should be answered by 
showing data that you collected from your 
experiment to address the question.

• Show your data in both graphical and tabular form. 

• Make maximum use of the many symbols in in 
words.txt. That is, do not investigate small hash 
tables when you can investigate large ones that 
would be more realistic in practice. 

Chapter 9.5

Hash Table Paper
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• See Assignment 19 for an outline of the sections that 
are required.

Chapter 9.5

Outline


