CS62 Class 18: Hash Tables (pt 1)

hash
keys function buckets
00
_ 01 | 521-8976
John Smith
> 02 | 521-1234
, _ 03
Lisa Smith _ _
13

Sandra Dee

> 14 [ 521-9655
15




Agenda

* Review LLRB Trees

* Motivation

* Deriving hashtables: naive approach

* Separate chaining & handling collisions
* Hash table resizing



Insertion Rules



L eft-Leaning Red-Black Binary Search Tree (LLRB)
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Design Task #1: Insertion Color

Should we use ared or black link when inserting?

066@ —
-
%
LLRB

2-3 B-tree



Design Task #1: Insertion Color

Should we use ared or black link when inserting?

Use red! In 2-3 trees new values are
ALWAYS added to a leaf node (at first).

LLRB

2-3 B-tree



Design Task #2: Insertion on the Right

Suppose we insert S with a red link.
What is the problem below, and what do we do about it?

add(S)

/ N\ 7/ N\
\
R
add(S)



Design Task #2: Insertion on the Right

Suppose we insert S with a red link.
What is the problem below, and what do we do about it?

ssss)

/ N\ / \ Right red links aren’t allowed.

What rotation fixes this?




Design Task #2: Insertion on the Right

Suppose we insert S with a red link.

Right links aren’t allowed.
What rotation fixes this?

What is the problem below, and what do we do about it

add(S)

/ N\ / N\

?

Hint: This is the correct
representation of the 2-3 tree.

What rotation operation gives
us this tree?




Design Task #2: Insertion on the Right

Right links aren’t allowed.
What rotation fixes this?

Suppose we insert S with a red link.
What is the problem below, and what do we do about it?

add(S) rotateLeft(E)

—
—

/ N\ / N\
\




New Rule: Representation of lemporary 4-Nodes

We will represent temporary 4-nodes (before we split and bubble up
the middle element) as BST nodes with two red links.

add(Z) Represents temporary

— / \ / 4-nodes. Temporarily
/7 \

violates “no right red
links”.

Temporarily violates
“no 4-nodes”.

2-3 B-tree



Design Task #3: Double Insertion on the Left

Here we end up with the wrong representation for our temporary 4-node.

/ N What rotation should we do
so that the temporary 4-node
/

has 2 red children (one left,

one right) as expected?

ESZ




Design Task #3: Double Insertion on the Left

Here we end up with the wrong representation for our temporary 4-node.

a add(E) /N
—
/
4

Hint: This is the correct

_____________________________________________________________________________________________________ representation of the

B related 2-3 tree.
add(E) What rotation operation

gives us this tree?
ESZ




Design Task #3: Double Insertion on the Left

Here we end up with the wrong representation for our temporary 4-node.

/ \ add(E) / '\ rotateRight(Z)
—
/
/4
R
B add(E) B

2-3 B-tree ESZ



Design Task #4: Splitting Temporary 4-Nodes

Suppose we have the LLRB below which includes a temporary 4-node

/ '\
Ask yourself:
/7 \ “What Would 2-3 Tree Do?” WW23TD?

2-3 B-tree



Design Task #4: Splitting Temporary 4-Nodes

Suppose we have the LLRB below which includes a temporary 4-node

/ N\ 7 N\ Hint2: This is the correct
representation of the 2-3
/7 A / \

tree.

How do we get this tree?
Hint3: We don’t need

rotation.

split(A/B/C)




Design Task #4: Splitting Temporary 4-Nodes

Suppose we have the LLRB below which includes a temporary 4-node

/ \ / N\ Swap.the colors of al! edges
touching the node (B in this
/7 \ 7\

case).

Note: This doesn’t change the

BST structure/shape.

split(A/B/C)




... and That’s It!

Congratulations, you just invented the left-leaning red-black binary search tree!

* When inserting: Use a red link.

* Ifthereis arightleaning “3-node”, we have a Left Leaning Violation.

* Rotate left the appropriate node to fix.

 [fthere are two consecutive left links, we have an Incorrect 4 Node Violation.

* Rotate right the appropriate node to fix.

* |fthere are any nodes with two red children, we have a Temporary 4 Node.

* Color swap the node to emulate the split operation.

One last detail: chaining/cascading operations.

* |tis possible that a rotation or flip operation will cause an additional violation that needs fixing.



Runtime Analysis



LLRB Runtime

The runtime analysis for LLRBs is simple if you trust the 2-3 tree
runtime, since they’re isometric

* LLRB tree has height O(logn)
* contains istrivially O(logn)

* insertis O(logn)
* O(logn) to add the new node

* O(logn) rotation and color flip operations per insert
* Rotation and color flip operations are constant time

* We will not discuss LLRB delete.



Search Trees

* We’ve talked about using search trees to implement associative
maps

* Binary search trees are simple, but they are subject to imbalance
» 2-3 Trees (B Trees) are balanced, but more complex than is useful
* | LRBs insertion is simple to implement (but delete is hard)

* Java’s IreeMap (built in dictionaries) is a red-black tree (not left
leaning).
* Maintains correspondence with 2-3-4 tree (not a 1-1 correspondence).
* Allows glue links on either side (see Red-Black Tree).
* More complex implementation, but faster.



https://github.com/AdoptOpenJDK/openjdk-jdk11/blob/999dbd4192d0f819cb5224f26e9e7fa75ca6f289/src/java.base/share/classes/java/util/TreeMap.java
http://en.wikipedia.org/wiki/Red%E2%80%93black_tree
http://en.wikipedia.org/wiki/Red%E2%80%93black_tree
http://en.wikipedia.org/wiki/Red%E2%80%93black_tree

Summary for dictionary operations

Worst case

Average case

Search Insert Delete Search Insert Delete
BST n n n logn logn Vn
B-Trees and
Red-Black logn logn logn logn logn logn
Trees




Hashtable motivation



We’ve now seen several implementations of maps...

Worst case

Average case

Associative containers: (key, value) pairs

Search Insert Delete Search Insert Delete

BST n n logn logn VN
2-3Tree  logn logn logn logn logn logn
LLRB logn logn logn logn logn logn

Notes
Random trees are log n

Beautiful idea, very
hard to implement

Bijection with 2-3 tree,
hard to implement



Limits of Search Tree Based Maps (and Sets)

Our search tree-based sets require items to be comparable.

* Need to be able to ask “is X <Y?” Not true of all types (ex. How do you
compare Z= and #£7?).

* Could we somehow avoid the need for objects to be comparable?

Our se?a rch tree sets have excellent performance, but could maybe be
better"

* O(log n) iIsamazing. 1 billion items is still only height ~30.
* But, could we somehow do better than O(log n)?

Today we’ll see the answer to both of the questions above Is yes.



Hash functions associate data with a storage bucket

* Hash tables take data, transform them using a hash function into integer
Indices for storage buckets. We'll be focusing on .add () and
.contains () today.

Buckets
(storage)
Data
"Cat"
.add("cat")
"Cat"
"chupacabra"
o -
.add("chup '

acabra chupacabra

.Contalns( cat) This magic “hash function” computation takes O(1)



Nalve approach:
Data indexed arrays




How would we implement extremely fast add/lookups?

One extreme approach: Create an array of booleans indexed
by data. Data = integers, which is also the index of the array.

* Initially all values are false

* When an item Is added, set appropriate index to true

DatalndexedIntegerSet diis;
dilis = new DatalndexedIntegerSet();

Set containing nothing

O
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Using Data as an Index

One extreme approach: Create an array of booleans indexed | T |0
by data. Data = integers, which is also the index of the array. - :

* Initially all values are false

* When an item Is added, set appropriate index to true

DatalndexedIntegerSet diis;
dilis = new DatalndexedIntegerSet();
diis.add (0) ;

Set containing 0

o s w N B O



Using Data as an Index

One extreme approach: Create an array of booleans indexed | T |0
by data. Data = integers, which is also the index of the array. - :

* Initially all values are false

* When an item Is added, set appropriate index to true

DatalndexedIntegerSet diis;

dilis = new DatalndexedIntegerSet();
diis.add (0) ;

dilis.add (5) ;

Set containing 0, 5

o s w N B O



Using Data as an Index

One extreme approach: Create an array of booleansindexed | T |0
by data. Data = integers, which is also the index of the array. - :

* Initially all values are false

* When an item Is added, set appropriate index to true

DatalndexedIntegerSet diis;

dilis = new DatalndexedIntegerSet();
diis.add(0) ;
diis.add (5) ;
diis.add (11

’

) 7

Set containing 0, 5, 11

o s w N B O



DatalndexedlntegerSet implementation

public class DatalndexedIntegerSet
private boolean|[] present;

public DatalndexedIntegerSet () {

present = new boolean[2000000000];

public void add(int 1) {
present[1] = true;

public boolean contains (int 1)
return present[i];

Q: What are some
downsides to this
approach?

add () Is a constant time
operation: just set a flag to
true

contains () IS aconstant

time operation: just look up
the value in the array

Set containing 0, 5, 11

= O

O 00 1 Oy O b W N
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DatalndexedintegerSet downsides

public class DatalndexedIntegerSet
private boolean|[] present;

public DatalndexedIntegerSet () {

present = new boolean[2000000000];

public void add(int 1) {
present[1] = true;

public boolean contains (int 1)
return present[i];

* Extremely wasteful of

memory

* Needsomewayto

generalize beyond
Integers

Set containing 0, 5, 11

0
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Generalizing to (English) Strings

aka Hashing



Generalizing the DatalndexedlntegerSet Idea
Suppose we wantto add (“cat”)

The key question:

e What is the cat™ element of a list?

e Oneidea: Use the first letter of the word as an index.
c a=1,b=2,¢c=3,...,2z=26

What’s wrong with this approach?

* Other words start with c. we say that “chupacabra” collides with

p— “Cat”

e contains(“chupacabra”) :true «

e Can’t store ™ :3”

N DO
oY U

W N PO

O O O Y

Y
Z



Avoiding Collisions

Here's an idea: To get the new index, we will use all the
letters by multiplying each by a power of 27/.

ca=1,b=2,c=3,...,2=26
* Thus, the index of “cat”is (3 x272) + (1 x277) + (20 x 27°) =

2234. | |

2233 7 cas
2234 cat
Why this specific pattern? 2235 [ cau

* L et’s review how numbers are represented in decimal.

S W N RO
Q. 0 O W

N DN
oY Ul

Y
Z

|EIIIIH|



The Decimal Number System vs. Our System for Strings

In the decimal number system, we have 10 digits: 0,1, 2, 3,4, 5,6, 7,8, 9
Want numbers larger than 97 Use a sequence of digits.

Example: 7091 in base 10

e 709110=(7x10%)+(0x10%) +(9x10" + (1 x 109

Our system for strings is almost the same, but with letters (base 27
numbering and we won’t use index 0).

* catyy=(3x27%) +(1x27") + (20 x 27°) = 22344,

This is the beginnings of a hash function.



Worksheet time!

Convert the word “bee” Into a number by using our “powers of 27” strategy. That is, hash
“bee”.

Reminder: Catyy=(3x27%) + (1 x27") + (20 x27°% =22341,

Hint: ‘b’ is letter 2, and ‘e’ is letter 5. And 272 =729 (but feel free to use a calculator)



Worksheet answers

Convert the word “bee” into a number by using our “powers of 27”
strategy.

Reminder: catyy=(3x272) + (1 x27") + (20 x 27°) = 22344,

Hint: ‘b’ is letter 2, and ‘e’ is letter 5. And 272 =729

. 7= (2%x27%) +(5x27") + (5 x27°) =
(1458) +(135) +(5)  =15984,



Avoiding collisions with uniqueness
o catyy=(3x27%) +(1x27M) +(20x27°% =22344,

* beeyy=(2x27%) +(5x27") +(5x27°% =15984¢

As long as we pick a base = 26, this algorithm Is guaranteed to give
each lowercase English word a unique number

* Using base 27/, no other words will get the number 1598.

This is an example of a hash function for hashing lowercase English
words where it's guaranteed that we will never have a collision.

(Practice problem: write an englishToInt hash function that will automatically compute the hash for any input
english word.)



DatalndexedEnglishWordSet Implementation

public class DatalndexedEnglishWordSet
private boolean|[] present;

public DatalndexedEnglishWordSet ()
present = new boolean[2000000000];

publlic vold add(String s) {
present [englishToInt (s)] = true;

J

public boolean contailins (String s) {

return present|[englishToInt(s)];

P

}

We've solved the first
problem of
generalizing from
Integers through
Introducing a hash
function
englishTolInt (s)

O O O W

oY U

Y
Z
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ublic void add(int 1) {
present[i] = true;

2233| F | cas

2234 cat
* old way 2235 - cau

Set containing “cat”



Generalizing to any String



DatalndexedStringSet

Using only lowercase English characters Is too restrictive.

* What if we want to store strings like “2pac” or “eGg!”?

* To understand what value we need to use for our base, let’s briefly
discuss the ASCII standard.



ASCI| Characters

* The most basic character set used by most computers is ASCI|
format

* Each possible character (128 total) is assigned a value between O
and 127

 Characters 33 - 126 are “printable”

* For example, charc ="'D'is equivalent to char c = 68

biggest value is 126



ASCI| Characters
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biggest value is 126



DatalndexedStringSet

Using only lowercase English characters is too restrictive.

* What if we want to store strings like “2pac” or “eGg!”?

* Let's use the ASCII| standard as an encoding, and take 126 as our

base.
Examples:

® beex=(98x1262)+ (101 x 126") + (101 x 1269) = 1,568,675
® 2pacie=(50x1263) + (112 x 1262) + (97 x 126") + (99 x 126°) = 101,809,233
o eGglin=(98x1263) + (71 x 1262) + (98 x 126") + (33 x 126°) = 203,178,213



Implementing the hash function asciilolnt

public static int asciiTolInt (String s) {
int intRep = 0;
for (i1nt 1 = 0; 1 < s.length(); 1 += 1) {
intRep = 1ntRep * 126;
intRep = in':Rep + s.charAt (1) ; Strings are composed of
} chars, so they
automatically take their

ASCI| value in math
operations

return i1ntRep;

Finally, if you want to use characters beyond ASCII, you can use the
Unicode encoding. This supports, for instance, characters like &3, T,
and skl



Another problem: Integer Overflow

* In Java, the largest possible integeris 2,147,483,647.

* [f you go over this limit, you overflow, starting back over at the
smallest integer, which is -2,147,483,648.

* [In other words, the next number after 2,147,483,647 Is -
2,147,483,648.

Jjshell> var x = Integer.MAX VALUE
X ==> 2147483647

jshell> x + 1
S1 ==> -2147483648

Jjshell>



Consequence of Overflow: Collisions for long words
Because Java has a maximum integer, we won’t get the numbers we expect!

* With base 126, we will run into overflow even for short strings.

* Example: omensq=28,196,917,171, which is much greater than the maximum
iInteger (28 billion versus 2 billion)!

* asciiToInt ('omens') willgiveus-1,867,853,901 instead due to overflow.

* Overflow can lead to collisions, resulting in wrong answers.

public static void main(String[] args) {
DatalndexedStringSet disi = new DatalndexedStringSet ()
disi.add("melt banana'") ;
disi.contains ("subterrestrial anticosmetic"); . returns true!




Hash Codes and the Pigeonhole Principle

The official term for the number we’re computingis a “hash code”, which is the result of a hash
function.

* ViaWolfram Alpha: a hash code “projects a value from a set with many (or even an infinite
number of) members to a value from a set with a fixed number of (fewer) members.”

* Here, ourtarget set is the set of Java integers, which is of size 4,294,967,296 (both negative and
positive integers).

Pigeonhole principle tells us that if there are more than
4294967296 possible items, multiple items will share the

same hash code.

* There are more than 4294967296 strings.

e “one”, “two”, ... “nineteen quadrillion’, ...

Bottom line: Collisions are inevitable.



http://mathworld.wolfram.com/HashFunction.html
https://en.wikipedia.org/wiki/Pigeonhole_principle

Hash Tables



Two Fundamental Challenges of Hash Tables

 How do we resolve hash code collisions?

* How do we compute a hash code for arbitrary objects?

« Example: Our hash code for “cat” was 2234.
* For Strings, this was relatively straightforward (treat as a base 126 number).
* WhataboutforClass PomonaStudent objects? What about for lists?



Solution for collisions: buckets

Suppose n items have the same numerical representation h:

e Example: hash code for “rats!” and “lovely” might both be 718.
® Instead of storing true in position h, store a “bucket” of these n items at position h.

How to implement a “bucket”?

e C(Conceptually simplest way: Singly Linked List.
¢ (CouldalsouseArrayLists.

e \Willseeitdoesn’treally matter whatyou do. 71




"Separate chaining data indexed array”

Each bucket in our array is initially empty. When an item x gets added at index h:

* |fbucket his empty, we create a new list containing x and store it at index h.

* If bucket his already a list, we add x to this listif it is not already present.

We might call this a “separate chaining data indexed array”.

* Bucket his a“separate chain” of all items that have hash code h.

__Initially all buckets are empty.

111239443
111239444

111239445




"Separate chaining data indexed array”

Each bucket in our array is initially empty. When an item x gets added at index h:

* |fbucket his empty, we create a new list containing x and store it at index h.

* If bucket his already a list, we add x to this listif it is not already present.

We might call this a “separate chaining data indexed array”.

* Bucket his a“separate chain” of all items that have hash code h.

0 ‘ Bucket 1 now has a length 1 list
add (nan) 1

111239443
111239444
111239445




"Separate chaining data indexed array”

Each bucket in our array is initially empty. When an item x gets added at index h:

* |fbucket his empty, we create a new list containing x and store it at index h.

* If bucket his already a list, we add x to this listif it is not already present.

We might call this a “separate chaining data indexed array”.

* Bucket his a“separate chain” of all items that have hash code h.

0 L
add("a")
add ("chupacabra') 1 = -
111239443 (=
111239444 |~
111239445




"Separate chaining data indexed array”

Each bucket in our array is initially empty. When an item x gets added at index h:

* |fbucket his empty, we create a new list containing x and store it at index h.

* If bucket his already a list, we add x to this listif it is not already present.

We might call this a “separate chaining data indexed array”.

* Bucket his a“separate chain” of all items that have hash code h.

add("a") (:i n

add ("chupacabra')
add ("presto")

Both chupacabra and presto have

hash code 111239443 using
englishToInt ()



"Separate chaining data indexed array”

Each bucket in our array is initially empty. When an item x gets added at index h:

* |fbucket his empty, we create a new list containing x and store it at index h.

* |fbucket his already a list, we add x to this listif itis not already present.

* Note, if we were storing key/value pairs instead, we would update the value instead.

We might call this a “separate chaining data indexed array”.

* Bucket his a“separate chain” of all items that have hash code h.

11239443

0
add ( man )
add ("chupacabra') 1 -
add ("presto")
(

add ("chupacabra")

Doesn’t do anything, because
chupacabra is already present

111239444
11239445

NNTRHN



"Separate chaining data indexed array”

Each bucket in our array is initially empty. When an item x gets added at index h:

* |fbucket his empty, we create a new list containing x and store it at index h.

* |fbucket his already a list, we add x to this listif itis not already present.

We might call this a “separate chaining data indexed array”.

* Bucket his a“separate chain” of all items that have hash code h.

add ("a") 0 n
add ("chupacabra') 1 = -
add ("presto") -
add ("chupacabra™) 1112394473 =
contains ("presto") 111239444 n
111239445 [~

Traverse the list in bucket What do you think about the running time
111239443 to see if presto exists now?



Saving Memory Using Separate Chaining

Observation: We don’t really need

O N
] billions of buckets.
g
%
2234
3 .
= — 4 Q: Ifweuse10 buc.kets,
where should our five
3328 Z items go?
;
111239443 9
111239442

_chupacabra |[—| presto

|



Saving Memory Using Separate Chaining and
m Od u lus We can use the modulus operator

Q: If we use 10 buckets, where should our

to reduce bucket count. five items go?
0 Z (Downside is that the lists will be
longer.) A: Try bucket = hash code % 10 (i.e., look at

the last digit of the hash code)
1598

chopacabra || presto

0 ?
1 L~
2234
o i
=
3328 - E
==
;=
111239443 3 u
111239442 9 - m
e

|



Finally: The Hash Table

What we’ve just created here is called a hash table.

* Data is converted by a hash function into an integer representation
called a hash code.

* The hash code is then reduced to a valid index, usually using the
modulus operator, e.g. 2348762878 % 10 = 8.

0

_ 1

data hash function 5
cat P englishTolInt 3
4

®

\ hash code .

2234 7

8

\ index 2

5 10 — 4

reduce



Separate/External Chaining (Closed Addressing)

* The formal name for what we’ve learned is called “separate
chaining”, “external chaining”, or “closed addressing”. (Why can’t
computer scientists just give one concept one name?)

 Use an array of m < n distinct linked lists (chains)
[H.P. Luhn, IBM 1953].
* Hash: Map key to integer 1 between 0 and m — 1.

* Insert: Put key-value pair at front of i-th chain (if not already there in which
case we only update the associated value).

 Search: Need to only search the i-th chain.



Separate/External Chaining (Closed Addressing)

m = # of buckets/chains in a hashtable
n = total elements

xey hash

5

E
A
R
C
H
E
X
A
M
p
L
E
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f’rrtmhﬁ_gq__w -E?___

First
TS ] T independent
SequentialSearchiT
. oects
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— 1"r'_-i'|:'-.___-IIIII X s ':__, ..:__.-

i

2

4

Hashing with separate chaining for standard indexing client

Note: In our textbook example, we store
key-value pairs, while we’ve just been
talking about keys so far in lecture

Note: in lecture, we saw putting it at the
back of the chain, but the textbook
example puts it at the front. (Why?) (More
recent data quicker to access.)



Worksheet time!

* Assume a dictionary implemented using hashing and separate
chaining for handling collisions.

e Lletm = 7 be the hash table size.

* For simplicity, we will assume that keys are integers and that the
hash value for each key k is calculated as h(k) = k%m.

* |Insert the key-value pairs (47, 0), (3, 1), (28, 2), (14, 3), (9,4), (47,5)
and show the resulting hash table.

0
1
2
3
4
o
0

A
A
~
~
~
=
~

As an example, for (47, 0)
Hash value of47=47% 7=5

store key/value pairs!




Worksheet answers

Key Hash Value

0 14,3 |28, 2
47 5 0

1
3 3 1

2 9, 4
28 0 2

3 3, 1
14 0 3

4
9 2 4

5 47,5

47 5 5 "




Hash Table Resizing



What makes a good hash function?

* We want a hash function that spreads things out nicely on real
data.

* Example #1: return O 1s a bad hash code function

* Example #2: return s[O] is a bad hash code function

« Example #3: adding chars together is bad. “ab” collides with “ba”.

* Example #4: returning string treated as a base B number can be good!

* A good hash function is hard to write, but it should scramble data
seemingly randomly, so they will be evenly distributed over the
hash table.



What makes a good hash function?

Bad hash code: Good hash code: items
everything isin one are distributed evenly

bucket




Improving the hash table

0 Suppose we have:

; m =5, * Afixed number of buckets m.
n=19

3 * Anincreasing number of items n.

4

Major problem: Even if items are spread out evenly, lists are of length Q = n/m.

* For m =5, that means the list length Q will scale to the number of items n, which results in
linear time operations.

* The best case is all items are evenly distributed, so Q is n/5. The worst case is all the items
are in one bucket, so Q is n.

* Our goal: How can we improve our design to guarantee constant time operations? In other
words, how can we make n/m =0O(1)?



Improving the hash table via resizing

0 Suppose we have:

; m = 5, * Anincreasing number of buckets m.
n=19

3 * Anincreasing number of items n.

4

Major problem: Even if items are spread out evenly, lists are of length Q = n/m.

* \We can resize the hash table and increase the number of buckets to scale to the number of
ltems.

* Forexample, if we want an average of 1.5 (a constant) number of items in our lists, then n/m
= 1.5, so here, instead we would have m = 13 buckets for our n =19 items.

* n/mis called the "load factor" — how "full" the hash table is.



Hash Table Resizing Example

When n/mis= 1.5, then double m.

— -,

NN

o NO



Hash Table Resizing Example

When n/mis= 1.5, then double m.

n=1 m =4 n/m=0.25

! “ Red number = hashcode result



Hash Table Resizing Example

When n/mis= 1.5, then double m.

n=2 m =4 n/m=0.5




Hash Table Resizing Example

When n/mis= 1.5, then double m.

n=3 m =4 n/m=0.75




Hash Table Resizing Example

When n/mis= 1.5, then double m.

n=4 m=4 n/m="1

-




Hash Table Resizing Example

When n/mis= 1.5, then double m.

n=5 m =4 n/m=1.25

16E 20

oSS




Hash Table Resizing Example

When n/mis= 1.5, then double m.

n=6 m =4 n‘m=1.5

16Eﬂ n/mis too large. Time to

13 double the number of
buckets!

oSS




Worksheet time!

Where do all the existing elements go on the new hashtable? Assume we are placing items at
the end, instead of beginning, of the list (this makes it easier to draw)
(Hint: how do we reduce hashes to bucket indices? How does that change with resize?)

When n/mis= 1.5, then double m. 0
1
n=6 m=4 n/m=1.5
2
16 20 b
a1 3

13

AN

U

11

ﬁ

(@)

.o

~J




Worksheet answer: hash % 8 instead of hash % 4

.
0

When n/mis= 1.5, then double m.

1

n=6 m=4 n/m=1.5 >
16E 20 5

13 4

5

S :




Worksheet answer: hash % 8 instead of hash % 4

.
0

When n/mis= 1.5, then double m.

1
n=6 m=4 n/m=1.5 >
16 20
E_‘ : 20
.".'.F
13 4 :
9
! g1 11 -
- :




Worksheet answer: hash % 8 instead of hash % 4

When n/mis= 1.5, then double m.

n=6 m =4 n‘m=1.5

16E 20

13

SRR




Worksheet answer: hash % 8 instead of hash % 4

When n/mis= 1.5, then double m.

n=6 m =4 n‘m=1.5

16E ZOH

13

SRR




Worksheet answer: hash % 8 instead of hash % 4

When n/mis= 1.5, then double m.

n=6 m =4 n‘m=1.5

16E ZOH

13

7 SR 11
& E S




Worksheet answer: hash % 8 instead of hash % 4

When n/mis= 1.5, then double m.

n=6 m =4 n‘m=1.5

16E ZOH

13

7 SR 11
& E S




Worksheet answer: hash % 8 instead of hash % 4

When n/mis= 1.5, then double m.

6 m=8 n/m=0.75
6 m=4 n‘m=1.5
16E ZOH
13

7 SR 11
& E S




Final notes




HashMap source code

* We can then look at the code that
Implements the HashMap in Java

* Reading the code, we can see
that:

* Hash table starts at size 16, then static final int DEFAULT INITIAL CAPACITY = 1 << 4; // aka 16
doubles every time n exceeds load
factor which defaults to 0.75.

’ The re(.juce fun(\tthn .IS a blt static final iInt hash (Object key) {
complicated using bitwise int h;
OperathnS you,u leal‘n in CS105. } return (key == null) ? 0 : (h = key.hashCode()) © (h >>> 16);


https://github.com/openjdk/jdk/blob/master/src/java.base/share/classes/java/util/HashMap.java

Another Interesting Optimization

“This map usually acts as a binned
(bucketed) hash table, but when bins

get too large, they are transformed /r | | -
INto bins of TreeNodes. each * Entry for Tree bins. Extends LinkedHashMap.Entry (which in turn
structured Similarly to -’those in * extends Node) so can be used as extension of either regular or

* Jinked node.

java.util.TreeMap. Most methods try to

. */
USe normal bInS’ bUt relay to . static final class TreeNode<K, V> extends LinkedHashMap.Entry<K,V> ({
Tr.eeNOde metho.ds V.Vhen appllcable TreeNode<K, V> parent; // red-black tree 1links
(simply by checking instanceof a TreeNode<K, V> left;
node). Bins of TreeNodes may be TreeNode<K, V> right;
traversed and used like any OtherS, TreeNode<K, V> prev; // needed to unlink next upon deletion
but additionally support faster lookup boolean red;
when overpopulated. However, since TreeNode (int hash, K key, V val, Node<K,V> next) {
the vast majority of bins in normal use super (hash, key, val, next);

are not overpopulated, checking for }
existence of tree bins may be delayed
in the course of table methods.”
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Hashing history
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* Herman Hollerith invented the use of punch . gé
cards to organize data for the 1890 US 2R
census (can physically sort cards based on 3 THE STl g

hole location)

i

* Thisinspired IBM to make punch cards in the
1928s to store all kinds of data - the
precursor to hash tables!
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* Atthe same time, inthe US, punch cards
were used to track interned Japanese

Americans



https://cs.pomona.edu/classes/cs62/history/hashtables/

ICE to Use ImmigrationOS by Palantir, a New Al

System, to Track Immigrants’ Movements

History repeats itself

Published: August 21, 2025

Topics: Interior Enforcement

* Just like how IBM merged with state power
and state interests during WWII, we see
similarities today (e.g. Palantir and |ICE)

 Questions:
* When does abstraction become dangerous? How might simplifying
human identity into keys and categories—whether via punch cards or hash
functions—erase complexity in ethically troubling ways?

* I[n what ways do modern technologies, like hash-based recommendation
systems or surveillance tools, reflect the values of the corporations that
build them? How should we understand the role of tech companies in
shaping the moral direction of our digital infrastructure?


https://cs.pomona.edu/classes/cs62/history/hashtables/

Lecture 18 wrap-up

Resources

* Hashtable history: https://cs.pomona.edu/classes/cs62/history/hashtables/

* Reading from textbook: Chapter 3.4 (Pages 458-477);
https://algsd.cs.princeton.edu/34hash/

* Hashtable visualization: https://visualgo.net/en/hashtable

* Practice problems behind this slide


https://cs.pomona.edu/classes/cs62/history/hashtables/
https://algs4.cs.princeton.edu/34hash/
https://visualgo.net/en/hashtable?slide=1

Problem 1

* InsertthekeysE,A,S,Y,Q,UE,ST,I, O, Ninthat orderinto an initially empty table of m=5 lists, using separate
chaining. Use the hash function 11*k%m to transform the k-th letter of the English alphabet into a table index.



Problem 2

Try to write a function englishlolnt that can convert English strings to integers by
adding characters scaled by powers of 27.

Examples:

° a: 1

* 7: 26

* aa: 28

* bee: 1598

* cat: 2234

* dog: 3328

* potato: 237,949,071



Answer 1

* InsertthekeysE,A,S, Y, QU E S, T,I, O, Ninthat orderinto an initially empty table of m=5 lists, using separate
chaining. Use the hash function 11*k%m to transform the k-th letter of the English alphabet into a table index.

* 0->0->T->Y->E
e 1->U->a

¢« 2>Q

e 3->null

e 4->N->|->5



Answer 2

/** Converts 1ith character of String to a letter number.
* e.g. 'a' -=> 1, 'b' -> 2, 'z' -> 206 */
public static 1nt letterNum(String s, 1nt 1) {
int 1thChar = s.charAt(1);

1f ((1thChar < 'a'") || (1thChar > "z'"))
{ throw new IllegalArgumentException(); }
return 1thChar - 'a' + 1;

public static int englishTolInt (String s) {
int intRep = 0O;
for (1nt 1 = 0; 1 < s.length();, 1 += 1) {
intRep = 1intRep * 27;
intRep = 1ntRep + letterNum(s, 1);
}

return 1ntRep;
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