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Announcements

« HW7 is out
® Due this Friday, February 28
® Lots of code to look through! Start early

« Midterm Regrades are open

® Please consult the posted sample solution before submitting a
regrade request
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Feedback from the Reading Quiz |3 34 ¥

—
L characters

<« Why is contains O(NL) for a hash table?
N strings

® Consider the worst case, where all strings collide in a single bucket.
That means scanning through N strings.

= |t takes time to compare strings — we have to go character by
character!

® For each string, there may be L characters to examine.

+ How does DatalndexedCharMap relate to a trie?

" We need a mapping from a character to the corresponding child in
each node of the trie

n

= How to pronounce trie? "try
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Learning Objectives

+ By the end of today’s lecture, you should be able to:
= |dentify when a Trie can be used, and what useful properties

it provides

® Describe common Trie implementations and how they affect

the amount of space required

= Write code for prefix algorithms to run over a Trie
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Lecture Outline

< Tries

= When does a Trie make sense?

« Implementing a Trie
= How do we find the next child?

« Advanced Implementations: Dealing with Sparsity
® Hash Tables, BSTs, Ternary Search Tries

<« Prefix Operations

® Finding keys with a given prefix
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The Trie: A Specialized Data Structure

Tries are a character-by-character set-of-strings implementation.
mMust be

sequential ‘

sad

PN O

awls same

/ /\ 2
a = ©

Binary Search Tree Hash Table Trie
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An Abstract Trie

Each level of the tree represents an
index, and the children represent ‘
possible characters at that index.

. . containg "a" e e
This trie stores the set of strings:
OO
anS, a., Sad, coﬂ*ﬁl“ "awll

sans, ssp, sam efcfele
conaing "3‘"5“ e

Mark which nodes complete strings
(shown in blue)

How to deal with a and awls?
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Searching in Tries

contains(“sam”):  true, blue. hit.
contains(“sa”): false, white. miss.
contains(“a”): true, blue. hit.

contains(“saq”):  false, fell off. miss.

Two ways to have a search miss.

1. If the final node is not blue (not a key).

2. If we fall off the tree.

CSE373, Winter 2020
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0 PO" E\Ie rYWhere pollev.com/uwcse373

Given a trie with N keys, what is the runtime for
contains given a key of length L?

In this trie:
N=6

For contains (“same”):
L=4

. We're not sure

10
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Lecture Outline

< Tries

® \WWhen does a Trie make sense?

+ Implementing a Trie
" How do we find the next child?

« Advanced Implementations: Dealing with Sparsity
® Hash Tables, BSTs, Ternary Search Tries

<« Prefix Operations

® Finding keys with a given prefix

11
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Simple Trie Implementation Design 1

public class TrieSet { ‘
private static final int R = 128;
private Node root;
private static class Node {
private char ch;

private boolean isKey;
private DatalndexedCharMap<Node> next;

private Node (char ¢, boolean b, int R) {
ch = c¢; isKey = Db;

next = new DatalndexedCharMap<Node> (R) ;

12
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Decimal Hexadecimal Binary Octal Char Decimal Hexadecimal Binary Octal Char | Decimal Hexadecimal Binary Octal Char
4] ) L] a IWULLY 43 30 110000 60 L 96 a0 1100000 140 °
1 1 1 1 ISTAAT OF HEADWNG] 43 31 110001 61 1 a7 6l 1100001 141 a
2 2 10 2 ISTAAT OF TEAT] 50 32 110010 62 2 98 62 1100010 142 b
3 3 11 3 IEND OF TEXT) 51 33 110011 63 3 99 63 1100011 143 «©
4 4 100 4 TEND OF TRANSMISSION] 52 24 110100 64 4 100 ad 1100100 144 o
5 5 101 L} TENGLTRY] 53 35 110101 65 5 101 65 1100101 145 &
[ [} 1io 6 TACKNOWLEDGE] 54 36 110110 66 & 102 -] 1100110 146 F
7 7 111 ¥ TBELL] 55 37 110111 &7 7 103 a7 1100111 147 g
8 a8 1000 10 BACKSPACE] 56 38 111000 70 B 104 1] 1101000 150 h
9 9 1001 11 57 39 111001 71 9 105 (=1 1101001 151 i
10 A 1010 12 58 3A 111010 72 H 106 (1 1101010 152 |
11 B 1011 13 53 iB 111011 73 H 107 6B 1101011 153 k
12 [ 1100 14 a0 ic 111100 74 = 108 & 1101100 154 |
13 »] 1101 15 61 iD 111101 75 = 109 [:1s] 1101101 155 m
14 E 1110 16 62 3E 111110 76 = 110 &E 1101110 156 n
15 F 1111 17 63 IF 111111 77 T 111 aF 1101111 157 o
16 10 10000 20 64 40 1000000 100 @ 112 T 1110000 160 p
17 11 10001 21 65 41 1000001 101 A 113 71 1110001 161 g
18 1z 10010 22 66 42 1000010 102 B 114 72 1110010 162 r
19 13 10011 23 &7 43 1000011 103 € 115 73 1110011 163 s
20 14 10100 24 68 44 1000100 104 D 118 74 1110100 164 t
21 15 10101 25 69 45 1000101 105 E 117 75 1110101 165 w
22 16 10110 26 10 46 1000110 106 F 118 TG 1110110 186 v
23 17 10111 27 i 71 a7 1000111 107 G 119 I 1110111 167 w
24 18 11000 30 I ! 72 4 1001000 110 H 120 78 1111000 170 x
25 19 11001 31 TEND OF MEDIUW] 73 49 1001001 111 I 121 79 1111001 171 v
26 148 100 32 ISUBSTITUTE] 74 a8 1001010 112 J 122 TA 1111010 172 =
27 1B 1101 33 APE] 73 4B 1001011 113 K 123 7B 1111011 173 i{
28 ic 11100 34 £ SEPARATOR] il 4C 1001100 114 L 124 o 1111100 174 |
29 1D 11101 35 [GROUP SEPARATOR] 7 40 1001101 115 ™M 125 o 1111101 175 }
30 1E 11110 36 IRECOAD SEPARATOR] 78 4E 1001110 116 N 126 TE 1111110 176~
31 1F 11111 37 TUNIT SEPARATOR] 79 4F 1001111117 O 127 TF 1111111 177 [DEL]
32 20 100000 40 ISPACE) B0 50 1010000 120 P

33 21 100001 41 1 &1 51 1010001 121 Q

34 22 100010 42 ‘ &2 52 1010010 122 R

35 23 100011 43 # 83 53 1010011 123§

36 24 100100 44 % &4 54 1010100 124 T

37 25 100101 45 % B85 55 1010101 125 u

EL] 26 100110 48 & BB 56 1010110 126 W

39 27 100111 47 87 57 1010111 127 W

40 28 101000 50 I BA 58 1011000 130 X

41 29 w1001 51 ] B9 59 1011001 131 ¥

43 28 101010 52 * a0 34 1011010 132 Z

43 2B 101011 53 + a1 B 1011011 133 [

44 Fin 101100 54 92 5C 1011100 134

45 20 101101 55 93 50 1011101 135 ]

46 2E 101110 56 . 94 SE 1011110 136 =

47 2F 101111 57 f 95 5F 1011111 137

13



YA UNIVERSITY of WASHINGTON L19: Tries CSE373, Winter 2020

Simple Trie Node Implementation Design 1
Node private static class Node {
ch a pr%vate char Ch;.
private boolean isKey;
isKey true private DataIndexedCharMap<Node> next;
next
4/”. }
ataIndexedCharMap
items __—e

0 1 2 3 4 5 6 121 122 123 124 125 126 127

Node
128 links, mostly null
ch %
e isKey true
next 4/’.
Q ataIndexedCharMap
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Simple Trie Node Implementation Design 1
Node private static class Node {
ch a pr%vate char Ch;.
private boolean isKey;
isKey true private DataIndexedCharMap<Node> next;
next
= ) analogous
ataIndexedCharMap Yo left rqh*
- a b c ese
1tems __—®
0 1 2 3 4 5 6 121 | 122 | 123 | 124 | 125 | 126 | 127
Node
128 links, mostly null ch Y
isKey true
next 4/’.
Q ataIndexedCharMap
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Simple Trie Implementation Design 1

public class TrieSet {
private static final int R = 128;
private Node root;

private static class Node {
private char ch;
private boolean isKey;
private DatalIndexedCharMap<Node> next;
private Node (char c¢, boolean b, int R) {
ch = c¢; isKey = b;
next = new DatalndexedCharMap<Node> (R) ;

16
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Removing Redundancy Design 1.5

public class TrieSet {
private static final int R = 128;
private Node root;

private static class Node {

oacd =t abax obh .
L 7

private boolean isKey;
private DatalndexedCharMapg<Node> next;
private Node (ekes=—esr booleayx b, int R)
——fp———— i sKey = Db;
next = new
DataIndexedCharMap<Node> (R) ;
} already know

J char from accessing
map

17
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0 PO" E\Ie rYWhere pollev.com/uwcse373

Does the structure of a trie depend on the order
in which strings are inserted?

A Yes

c. We’'re not sure

18
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Trie Runtimes Design 1.5

Typical runtime when treating length of keys as a constant

Balanced BST Comparable O(logN) O(logN)
Hash Table Hashable o(1)* o()*t
Data-Indexed
A Char 0(1) 0(1)
Trie (Design 1.5) String 0(1) 0(1)
*: Assuming items are evenly spread
Ta keaways: ™1 Indicates “on average”

- When our keys are strings, Tries give us slightly better performance on
contains and add.

- However, DatalndexedCharMap wastes a ton of memory storing R links
per node.

19
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Lecture Outline

< Tries

® \WWhen does a Trie make sense?

« Implementing a Trie
= How do we find the next child?

+ Advanced Implementations: Dealing with Sparsity
® Hash Tables, BSTs, Ternary Search Tries

<« Prefix Operations

® Finding keys with a given prefix

20
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v1.5: DatalndexedCharMap Design 1.5

irie node
P— SN
isKey = false
\ookwg up 3 child: . 97 98 99 100 ..
isKey = false isKey = true

e e 97 98 99 100 97 98 99 100
o / \

isKey = true

Abstract Trie
97 98 99 100

21
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v2.0: Hash-Table-Based Trie Design 2

swap out 13y for isKey = false
3 hash iabe

w N = O

suill o) O

() Pl

isKey = false isKey = true
2 © =i O
1 1
(c)
2 2
© | |
isKey = true
Abstract Trie 0
1
(ad)
2
3

22



W UNIVERSITY of WASHINGTON L19: Tries CSE373, Winter 2020

v3.0: BST-Based Trie Design 3

;ndei 0 isKey = false
Each trie node keeps o
‘ track of its own BST \

isKey = false isKey = true
e e mdex | - ()
(D I

isKey = true

Abstract Trie
(ad)

23
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v3.0: BST-Based Trie Design 3

BST 4o €ind 3 cwar ot 3 qiven ndey
In this design, we now have
two different types of “child”
nodes:

2. “Internal” children
(another character option)

1. “Trie” children
(advance a character) isKey = false isKey = true

isKey = true

(ad)

But both are essentially child references — could we simplify this design?

24
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v4.0: Ternary Search Trie (TST) Design 4

A index 0
@ @ index 0 index 1 7

i

@ index 1

Abstract Trie Ternary Search Trie

1
P ———

"Internal” left child "Internal” right child
(lesser character at same (greater character at

index) ) . same index)
“Trie” child

(advance to next string
index)

25
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0 PO" E\Ie ryWhere pollev.com/uwcse373

Which node is associated with the key “CAC”?
o1l 2
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SearChing in d TST Design 4

Follow links corresponding to each character in the key.

« If less, take left link; if greater, take right link.

« If equal, take the middle link and move to the next key character.

Search hit. Final node is blue (1sKey == true).

Search miss. Reach a null link or final node is white (1sKey == false).

27
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0 PO" E\Ie rYWhere pollev.com/uwcse373

Does the structure of a TST depend on the order
in which strings are inserted?

c. We’'re not sure

28
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Lecture Outline

< Tries

® \WWhen does a Trie make sense?

« Implementing a Trie
= How do we find the next child?

« Advanced Implementations: Dealing with Sparsity
® Hash Tables, BSTs, Ternary Search Tries

+ Prefix Operations
® Finding keys with a given prefix

29
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String-Specific Operations

Theoretical asymptotic speed improvement
is nice.

But the main appeal of tries is their efficient
prefixmatching!

Prefix match.
eysWithPrefix ("sa")
Longest prefix.

longestPrefixOf ("sample™)

In this section, we’ll use the abstract trie
representation.

CSE373, Winter 2020

Abstract Trie
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Collecti ng Trie Keys Abstract Trie

Describe in English an algorithm to collect all the keys in a trie.

collect () :
["a", "awlS", "Sad", "Sam", "Same", "Sap"]

1. Create an empty list of results x._ ‘

2. For character cin root.next.keys ():
Call colHelp (c, x, root.next.get(c)). e e

3. Return x. °

colHelp (String s, List<String> x, Node n)
1. 977

31
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Collecti ng Trie Keys Abstract Trie

Describe in English an algorithm to collect all the keys in a trie.
collect () :
["a","awls", "sad", "sam", "same", "sap"]
1. Create an empty list of results x. ‘
2. For character cin root.next.keys ():

Call colHelp (c, x, root.next.get(c)). e e

3. Return x. °

colHelp (String s, List<String> x, Node n)

1. Ifn.isKey, then x.add (s).

2. For character cinn.next.keys ():

CallcolHelp(s_+ ¢, x, n.next.get(c)).
"aceumulate” the curvent siring

32
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Collecting Trie Keys Abstract Trie

collect (): [
ngmn colHelp ("a", x,
4
"awls" ,

] colHelp ("aw", x,

colHelp ("awl", x,

colHelp ("awls", x,

colHelp (String s, List<String> x, Node n)
1. Ifn.isKey, thenx.add (s).

2. For character cinn.next.keys ():
CallcolHelp(s + ¢, x, n.next.get (c)).

33
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Collecting Trie Keys Abstract Trie

collect(): [

A A

ay
"awls",
"Sad",

w Sam" ,

w Sap "

colHelp (String s, List<String> x, Node n)
1. Ifn.isKey, thenx.add (s).

2. For character cinn.next.keys ():
CallcolHelp(s + ¢, x, n.next.get (c)).

34
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Prefix Operations with Tries Abstract Trie

Describe in English an algorithm for ‘

keysWithPrefix.
OO
(D) _-(2)
0101010

1. Find the node o corresponding to e e
the string (in green). Collecting all keys from
2. Create an empty list x. this  subtree will give Keys with
3. For character c in o.next . keys (); Frefx '$87: convenient:
CallcolHelp ("sa" + ¢, x, a.next.get(c)).

keysWithPrefix ("sa") :
["Sad", "Sam", "Same", "Sap"]

35
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tl:dr

+ Tries can be used for storing strings (sequential data)

*
0.0

Real-world performance is often better than a hash table or
search tree

R/
0.0

Many different implementations

® Could store DatalndexedCharMaps/Hash Tables/BSTs within nodes,
or combine overall structure to get a TST

ol

- Tries enable very efficient prefix operations like
keysWithPrefix

36
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Extra: Autocomplete with Tries Abstract Trie

Autocomplete should return the most
relevant results.

En?ljlg'le

how are|

One way: a Trie-based Map<String,

<
U
Relevance>.
how are you in spanish

how are you doing

When a user types in a String how are you in french

how are babies made
how are metamorphic rocks formed

11} h e l l O 11} , how are igneous rocks formed

how are sedimentary rocks formed
how are you in japanese
how are bonuses taxed

1. Call
keysWithPrefix ("hello"). .
2. Return the 10 strings with the
highest relevance.

37
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CSE373, Winter 2020

Extra: Autocomplete with Tries Abstract Trie

One approach to find top 3
matches with prefix “s”:

1. Call
keysWithPrefix ("s").
sad, smog, spit, spite, spy

2. Return the 3 keys with
highest value.
spit, spite, sad

This algorithm is slow. Why?

38
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Extra: Autocomplete with Tries

value = None

Improving Autocomplete

Very short queries, e.g. "'s",
will require checking billions
of results.

But we only need to keep the
top 10.

Prune the search space. Each
node stores its own relevance
as well as the max relevance
of its descendents.

CSE373, Winter 2020

39



