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What is the worst-case time complexity of this censor()
definition, if lLyrics references a DynamicArrayList
and N =1lyrics.size()?

1 /xk Replaces all instances of the given “word’ 0(1) (A)
2 * with "skx" in these " lyrics . x/

3 static void censor(DynamicArraylList<String> lyrics,
4 String word) { O(N) (B)
5 while(lyrics.contains(word)) { O(N) iYerstions

6 int i = lyrics.index0f(word); 0IN) SC“"‘L\
7

8

9

lyrics.set(i,"x%kx"); O(NZ) @
}
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Time Complexity of DynamicArrayList

DynamicArraylList

insert(int index, T elem): void

Wift elems wWheo inlexs
remove(int index): T ?O(N)) need Yo shith ele ¢ ex=9Q

size(): int oL
get(intindex): T
set(intindex, T elem): void ? o) cardo™ access 3-mron}ee
contains(T elem): boolean
indexOf(T elem): int

delete(T elem): void
add(T elem): void O(N) becesse of regize
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Amortized Time Complexity

Let's think a bit more about the runtime of add ().

-USw"Hy/ Just write to ove array cell, ypdate size

o) operll{.'o’)

- rﬂ{"feq'»eaHyl resize ¢nd
Copy = O(N) operation

Runtime of add ()
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Amortized Time Complexity

= the total complexity of a sequence of method calls, divided by the number
of calls.

~ the average / expected performance 0
Jot ) S
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DY/\QM:C Afrq\/L‘-ﬁi' 60 *‘,eqﬁ“ea VI $o Jat-.ble

an eMp)‘7
Copaidy 09 eﬁch resize

reqaices o(N) tetal werk,

So Qdd[) hal 0(’) | 20 - : /

40

Runtime of add ()

'{. 0 20 40 60 80
C”""P\ex’ y List Size (N)
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Today's Learning Outcomes

49. Implement a generic class or method with one or more generic
type parameters. Use generic classes in client code.

52. Compare the performance of a List implemented with a dynamic
array and a List implemented with a linked chain. Determine which is
preferable for a given use case.

53. Draw node diagrams to visualize linked data structures.
Implement methods on linked data structures.
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DynamicArraylList Performance
Q(N) memory usage

O(]) 33\'() and set() °Per4+ion5

u um*ee" of chW"‘j stordge arra
-Random access 9g» J 7
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Decentralized Storage

Arrays are "centralized" collection objects that "know about" all their contents.

Benefit: Random access guarantee Drawback: Expensive modifications
Alternste appcoach’, Sfﬂ.'f' storige  accoss  wulkiple oblects  tuat  each

Wave a  "local \,‘,ew“ of the collection

Need a way to M”g‘i*e betweea {hese oblects o
iaterack  with all datq

Articles
. r Texl bool N5, Research
AV\MIOS\/ LUI 36 . C:+Q+;on5

(Cenlf“[izec‘s (De- Cer,{-relized)
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Nodes and Linked Chains

The smaller objects in a decentralized
data structure are called its nodes.

Each node:
e Storesone element of data

class Node<T> {
/**x The element in this node. *x/
T data;
/**% The next node in the chain. *x/
Node<T> next;

b

 Holds a reference (links) to the "next" node

L't"“""j multiple  vodes *Ojev‘“cr forms o ”chqin“
Firop Node in chain {6 called the Mpogg

srackiag Cromy  the \Viedd, wve
Collowing  enougl inks,
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Visualizing a Linked Chain (of Sirings)

Object Diagram: , ,
String String String

NodeS¥ring) m

head . [ s dataistriag [ 7]

next:
Node <$|-r=v3> NodeSSteing)

Node(stringy Nodestringy

Node Diagram: Retain "liax Stracture" abstret avay other details

head ( "Bob" D—ﬁ("qurlié‘E—‘%
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Linked Lists

We can use a linked chain to implement the CS2110L1ist interface.

We'll link the nodes in index order with the head node atindex 0.

! Y ohed iqnifi
head “’GD”"CE‘*GB’_? @ e:..P:Yoe " 1?9{" ”

index O index | index 2
S————N
tail
| ‘)

”SinjlthKeJ st c\us) sivie eath Node Jinus to a Sing le otber

. Nede
45, “DoublyLinked List" with beckwerd - poiaters
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How many heap objects are required to represent a
SinglylLinkedList<Integer> objectwith size =37
Twnteger Twuteger Integer




& Coding Demo: SinglylLinkedList State =
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Nested Classes

Sometimes, an auxiliary class is needed to help model the state of an object.

The client doesn't need to know/worry about this class, so we can encapsulate it
from their view by nesting it inside of the main (outer) class.

) refecred
Two Flauors™. /P

non-static ”inaer“ classes static nested classes
Wave oaccess Yo fields of fon't \Wave access to Ffields
. \
Mouter obect" of Mouter object

e,vcfyildaj v nested cliss ;g visible to outer clasg
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& Coding Demo: Initialization
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nodeAtIndex() Helper Method

Working with your neighbor, complete the definition of this method.

7

~

/*x Returns a reference to the node at the given "index  (counting from @) in
x this linked list. Requires that '@ <= index <= size . x/
private Node<T> nodeAtIndex(int index) {

assert 0 <= index && index <= size; // defensive programming

Node{T> cucreat = head, int =0,

cuifeat = caiceat. nexfj i++_') data wext data wext
rofuen cucceat) D
curreat
¥
~ J
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(% Coding Demo: Using nodeAtIndex() (%
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Complexity Analysis

node At Tadex (i) cuag in 00) time, 00) per link  teaversal

~0(1) space complexity (o) F recarsive)

331‘() [ set() are 0OC() , worsk-case O(N)/ operations
Coc  linked lishs

vorse -]’\..Q") Jynwﬁ:c Otf"ﬁy,j , “e-ceqv’fq':'zc\{..‘on rhekeg
- ccwiel inee e lo random cces ran¥
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Other "Scanning" Methods

contains(T elem)

Idea: Follow links from head, comparing data field of each node with elem.
Early return true if we find a match. Return false if we reach the tail.

indexOf (T elem)

Idea: Follow links from head, comparing data field of each node with elem.
Have a local variable keeping track of indices during the traversal, and return its
value when a match is found.

Exercise (on your own): Code these up and document their loop invariants

Both O(N) operations due to linear search, same as DynamicArraylList
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Adding Nodes: spliceIn()

Modifying linked chains (adding/removing elems) amounts to "re-wiring" their links.

/**x Adds the given "elem just before this existing list "node . *x/
private void spliceIn(Node<T> node, T elem) { ... }

To improve wpon  performinie of - Dyaamt Ara, Ligp  vie
want Yuese fC""'-’“‘;g }o be "(ocnl“ a(;rq}téwj (omte weé

\o lg\fe node ~hete -[»l,&7 }ake 'o |ch)

=y 001) cunkme of splice Iul)
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Strategy: Before/After Node Diagrams

Before . node Fail |.make wew Node
- — — cofyi",j node
ead =CA [ =o' [3—(e
h :) 2. u.rd**(. nede. data
o elem
node tail

3. upd ate mode. next

\,\eaé nAu 3__>@ 1S +0 newNode

'1, incremeant Size

/@ (5. Fix tail)

tail

AF’}CI‘: newNode
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What are the time complexities of adding elements
to the beginning/end ofa SinglylLinkedList?

Beginning: 0(1) End: 0(1) @
Beginning: 0(1) End: O(N) (B)
Beginning: O(N) End: 0(1) (C)

Beginning: O(N) End: O(N) (D)



2 Coding Demo: add() / insert() &
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Removing Nodes: spliceOut ()

/** Removes the given "node’ from this list and returns its “data’ field.

* Requires that “node != tail'. *x/
private T spliceOut(Node<T> node) { ... }
Before , node 'I'q;l | Gtofe ceturn valye
d S'lﬂ-\,
fereove
heaé nAn "C“ C"C“: 3 “)

2, Uf&qfe

node. data = node. next. data

'I'qil 3. UFJG'I'C

After. node.next = nole.next, next
wead "A" 3—_)@3—'5@ Y. UpJqfe Size (+ ‘l'qi))
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What are the time complexities of removing elements
from the beginning/ end of a SinglylLinkedList?

Beginning: 0(1) End: 0(1) (A)
Beginning: 0(1) End: O(N) ®)
Beginning: O(N) End: 0(1) (C)

Beginning: O(N) End: O(N) (D)



2 Coding Demo: remove() / delete() &
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SinglylLinkedList Summary

1) cv n
O(N) MEJ"O")' quge {“” space qc}-cly used

o0 rc~w-'f‘:‘lj oPeH“"’"b for adlibion /removql

-~ O(I) worst- case qJJ()/rcmovc() q'l" bCJinainj ) q,]J() a{. e,,d

-~ No slobq‘ ’3532%4‘) / wemory 51«.’{-‘{-1.«7

0(N) olement access by index (ae:,()/ui-())

Liaked L:ghs D“J for ffez-,mi' wphies af e«uds, bad for Tur:es in middle
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