
CS 600.226: Data Structures
Michael Schatz

Sept 11 2018
Lecture 6. Introduction to Complexity



Agenda
1. Review HW1

2. Recap

3. Introduction to complexity



Assignment 1: Due Friday Sept 14 @ 10pm
https://github.com/schatzlab/datastructures2018/blob/master/assignments/assignment01/assignment01.md



Array ADT

adt Array
uses Any, Integer
defines Array<T: Any>

operations
new: Integer x T ---> Array<T>
get: Array<T> x Integer ---> T
put: Array<T> x Integer x T ---> Array<T>
length: Array<T> ---> Integer

axioms
get(new(n, t), i) = t
get(put(a, i, t), j) = (if i = j then t else get(a, j))
length(new(n, t)) = n
length(put(a, i, t)) = length(a)

preconditions
new(n, t): 0 < n
get(a, i): 0 <= i < length(a)
put(a, i, t): 0 <= i < length(a)

Enforced by exceptions

Enforced by asserts

Defines method signatures

Uses two related ADTs



GradeScope.com
Entry Code: MDJYER



Agenda
1. Review HW1
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3. Introduction to complexity



ADT: Linked List
(Singly Linked List)

list

• Variable length data structure
• Constant time to head of list
• Linear time seek, easy to add/remove to middle once found
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List Class
StringNode.java

public class StringNode {
private String data;
private StringNode next;

public StringNode(String d) {
this.data = d;
this.next = null; // not necessary

}

public void setNext(StringNode n) {
this.next = n;

}

public StringNode getNext() {
return this.next;

}

public String getData() {
return this.data;

}
};

List.java

public class List {
private StringNode list;

public List() {
this.list = null; // not necessary

}

public static void main(String[] args) {
List mylist = new List();

}
};
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Searching
StringNode.java

public class StringNode {
private String data;
private StringNode next;

public StringNode(String d) {
this.data = d;
this.next = null; // not necessary

}

public void setNext(StringNode n) {
this.next = n;

}

public StringNode getNext() {
return this.next;

}

public String getData() {
return this.data;

}
};

List.java

public class List {
private StringNode list;

public List() {
this.list = null; // not necessary

}

public static void main(String[] args) {
List mylist = new List();

}
};
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If you have a linked list of items 
(photos in Instagram), how would 
you search?

list.getData()
list.getNext().getData()
list.getNext().getNext().getData()
list.getNext().getNext().getNext().getData()
…
list.getNext().getNext(). … .getNext().getData()



Linked List Searching
List.java

public StringNode find(String value) {
StringNode cur = list;
while (cur != null) {
System.out.println("checking: " + value + " at " + cur.getData());
if (cur.getData().equals(value)) {
return cur;

}

cur = cur.getNext();
}

return cur; // must be null
}

List mylist = new List();
mylist.add("Mike");
mylist.add("Peter");
mylist.add("Kelly");

StringNode f1 = mylist.find("Mike");
System.out.println("f1 finished");
System.out.println(f1.getData());

checking: Mike at Kelly
checking: Mike at Peter
checking: Mike at Mike
f1 finished
Mike



Arrays versus Linked Lists
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Could you implement the Array Interface with Linked Lists?

;-)



List get(i) / put(i)
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How would you get to the ith data point?



Java Iterators
http://docs.oracle.com/javase/6/docs/api/java/util/Iterator.html



Java Iterators
http://docs.oracle.com/javase/6/docs/api/java/util/Iterator.html



Nested and Inner Classes
Nested classes are divided into two categories: static and non-static. 
• Nested classes that are declared static are called static nested classes. 
• Non-static nested classes are called inner classes.

class OuterClass {
...
static class StaticNestedClass {

...
}
class InnerClass {

...
}

}

A static nested class is associated with its outer class. And like static class 
methods, a static nested class cannot refer directly to instance variables or 
methods defined in its enclosing class: it can use them only through an 
object reference.

An inner class is associated with an instance of its enclosing class and has 
direct access to that object's methods and fields. Also, because an inner 
class is associated with an instance, it cannot define any static members 
itself.



ListArray (1)
ListArray.java

/**
Array implementation using a linked list.
@param <T> Element type.

*/
public class ListArray<T> implements Array<T> {

// A nested Node<T> class to build our linked list out of. We use a
// static nested class (instead of an inner class) here since we don't need
// access to the ListArray object we're part of.
private static class Node<T> {

T data;
Node<T> next;

}

// The not-so-obvious representation of our abstract Array: A linked
// list with "length" nodes instead of an array of "length" slots.
private Node<T> list;
private int length;

Static Nested Class
Private static class embedded inside a parent class
One less file to checkstyle J
No leakage of implementation details, also doesn’t need getters & setters

Why length?



ListArray (2)
/**

Constructs a new ListArray.

@param n Length of array, must be n &gt; 0.
@param t Default value to store in each slot.
@throws LengthException if n &le; 0.

*/
public ListArray(int n, T t) throws LengthException {

if (n <= 0) {
throw new LengthException();

}

// Initialize all positions as we promise in the specification.
// Unlike in SimpleArray we cannot avoid the initialization even
// if t == null since the nodes still have to be created. On the
// upside we don't need a cast anywhere.
for (int i = 0; i < n; i++) {

this.prepend(t);
}

// Remember the length!
this.length = n;

}

// Insert a node at the beginning of the linked list.
private void prepend(T t) {

Node<T> n = new Node<T>();
n.data = t;
n.next = this.list;
this.list = n;

}

Constructor
Make sure to follow the 
interface by initializing N 
empty nodes!

prepend()
Not in interface, but 
needed for 
implementation



ListArray (3)
// Find the node for a given index. Assumes valid index.
private Node<T> find(int index) {

Node<T> n = this.list;
int i = 0;
while (n != null && i < index) {

n = n.next;
i = i + 1;

}
return n;

}

@Override
public T get(int i) throws IndexException {

if (i < 0 || i >= this.length) {
throw new IndexException();

}
Node<T> n = this.find(i);
return n.data;

}

@Override
public void put(int i, T t) throws IndexException {

if (i < 0 || i >= this.length) {
throw new IndexException();

}
Node<T> n = this.find(i);
n.data = t;

}

@Override
public int length() {

return this.length;

}
}

find()
Get the ith value in list
Be careful to not walk off 
the end of the list

get()
From the Array Interface
Return what you find()

put()
From the Array Interface
Update what you find()

length()
Why is this needed?



ListArray Iterator
Array.java

public interface Array<T> extends Iterable<T> {

Inner class
Maintains a reference to 
something in the parent 
class

Simplifies use by client: a 
regular nested class 
would need a reference 
to list for every method

ListArray.java

import java.util.Iterator;

// An iterator to traverse the array from front to back.
private class ArrayIterator implements Iterator<T> {

// Current position in the linked list.
Node<T> current;

ArrayIterator() {
this.current = ListArray.this.list;

}

public T next() {
T t = this.current.data;
this.current = this.current.next;
return t;

}

public boolean hasNext() {
return this.current != null;

}

public void remove() {
throw new UnsupportedOperationException();

}
}

public Iterator<T> iterator() {
return new ArrayIterator();

}

Extend Iterable<T>



ListArray Iterator
Extend Iterable<T>

Implement Iterator<T>

Why current?

ListArray.this.what???

What happens if you 
call next() without 
checking hasNext()? 

Required by interface

Lets the constructor 
access “this” list

Array.java

public interface Array<T> extends Iterable<T> {

ListArray.java

import java.util.Iterator;

// An iterator to traverse the array from front to back.
private class ArrayIterator implements Iterator<T> {

// Current position in the linked list.
Node<T> current;

ArrayIterator() {
this.current = ListArray.this.list;

}

public T next() {
T t = this.current.data;
this.current = this.current.next;
return t;

}

public boolean hasNext() {
return this.current != null;

}

public void remove() {
throw new UnsupportedOperationException();

}
}

public Iterator<T> iterator() {
return new ArrayIterator();

}



Printing the list
public static void main(String[] args) {
ListArray<String> mylist = new ListArray(5, "Mike");

System.out.println("Created array of length: " + mylist.length());
for (int i = 0; i < mylist.length(); i++) {

String val = mylist.get(i);
System.out.println("mylist[" + i + "]: " + val);

}

mylist.put(3, "Peter");

System.out.println("Printing Array after setting mylist[3]=Peter");

for (int i = 0; i < mylist.length(); i++) {
String val = mylist.get(i);
System.out.println("mylist[" + i + "]: " + val);

}

System.out.println("Printing Array with Iterator");
Iterator<String> it = mylist.iterator();
while (it.hasNext()) {
String val = it.next();
System.out.println(val);

}
}

Notice: the iterator must be 
generated from an existing List object 
(non-static method). Trying to call 
List.iterator() would cause an error



Printing the list
...

System.out.println("Printing Array after setting mylist[3]=Peter");

for (int i = 0; i < mylist.length(); i++) {
String val = mylist.get(i);
System.out.println("mylist[" + i + "]: " + val);

}

System.out.println("Printing Array with Iterator");
Iterator<String> it = mylist.iterator();
while (it.hasNext()) {

String val = it.next();
System.out.println(val);

} 

System.out.println("Printing Array with foreach");
for (String val : mylist) {

System.out.println(val);
}

}

…
Printing Array with foreach
Mike
Mike
Mike
Peter
Mike

Is this better than explicitly using 
the iterator?



Agenda
1. Review HW1

2. Recap

3. Introduction to complexity



Iterator vs get()
Iterator<String> it = mylist.iterator();
while (it.hasNext()) {
String val = it.next();
System.out.println(val);

} 

0 1 2 3 4 5 6 7 8 9

mylist.iterator()

it.next()

null

Total number of “hops”: 10

If the list had 100 elements, how many hops would it need?

100

If the list had 1000 elements, how many hops would it need?

1000

The number of hops scales exactly with the number of elements: 
We call this a linear runtime



Iterator vs get()

0 1 2 3 4 5 6 7 8 9 null

for (int i = 0; i < mylist.length(); i++) {
String val = mylist.get(i);
System.out.println("mylist[" + i + "]: " + val);

}

mylist.get(0)

mylist.get(1)

mylist.get(2)

mylist.get(3)

mylist.get(4)

mylist.get(5)

mylist.get(6)

mylist.get(7)

mylist.get(8)

mylist.get(9)

// Find the node for a given index. Assumes valid index.
private Node<T> find(int index) {

Node<T> n = this.list;
int i = 0;
while (n != null && i < index) {

n = n.next;
i = i + 1;

}
return n;

}

@Override
public T get(int i) throws IndexException {

if (i < 0 || i >= this.length) {
throw new IndexException();

}
Node<T> n = this.find(i);
return n.data;

}

Notice get(i) requires walking i steps



Iterator vs get()
for (int i = 0; i < mylist.length(); i++) {
String val = mylist.get(i);
System.out.println("mylist[" + i + "]: " + val);

}

0 1 2 3 4 5 6 7 8 9n null   1mylist.get(0)

mylist.get(1)

mylist.get(2)

mylist.get(3)

mylist.get(4)

mylist.get(5)

mylist.get(6)

mylist.get(7)

mylist.get(8)

mylist.get(9)

0 1 2 3 4 5 6 7 8 9n null   2

0 1 2 3 4 5 6 7 8 9n null   3

0 1 2 3 4 5 6 7 8 9n null   4

0 1 2 3 4 5 6 7 8 9n null   5

0 1 2 3 4 5 6 7 8 9n null   6

0 1 2 3 4 5 6 7 8 9n null   7

0 1 2 3 4 5 6 7 8 9n null   8

0 1 2 3 4 5 6 7 8 9n null   9

0 1 2 3 4 5 6 7 8 9n null   10

hops

How many total hops do we make?



Iterator vs get()
for (int i = 0; i < mylist.length(); i++) {
String val = mylist.get(i);
System.out.println("mylist[" + i + "]: " + val);

}
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How many total hops do we make?

Area of a triangle = ½ base * height

H = 1 + 2 + 3 + … + 8 + 9 + 10

nX

i=1

i =
n(n+ 1)
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Iterator vs get()
for (int i = 0; i < mylist.length(); i++) {
String val = mylist.get(i);
System.out.println("mylist[" + i + "]: " + val);

}

0nmylist.get(0)

mylist.get(1)

mylist.get(2)

mylist.get(3)

mylist.get(4)

mylist.get(5)

mylist.get(6)

mylist.get(7)

mylist.get(8)

mylist.get(9)

0 1n

0 1 2n

0 1 2 3n

0 1 2 3 4n

0 1 2 3 4 5n

0 1 2 3 4 5 6n

0 1 2 3 4 5 6 7n

0 1 2 3 4 5 6 7 8n

0 1 2 3 4 5 6 7 8 9n

How many total hops do we make?

N = 10; H = 55

What if we had 100 elements?

H=1 + 2 + 3 + … + 98 + 99 + 100
100(100 + 1)

2
= 5050

<latexit sha1_base64="ApKuFvX8wLO4s1esvBWAFc7i1lo=">AAACBHicbVDLSgMxFM34rPU16rKbYBEqQkmKRTdC0Y3LCvYB7VAyaaYNzWSGJCOUoQs3/oobF4q49SPc+Tem7Sy09cCFwzn3cu89fiy4Ngh9Oyura+sbm7mt/PbO7t6+e3DY1FGiKGvQSESq7RPNBJesYbgRrB0rRkJfsJY/upn6rQemNI/kvRnHzAvJQPKAU2Ks1HML3UARmmKESrbO8OkkrUzgFayiKuq5RVRGM8BlgjNSBBnqPfer249oEjJpqCBadzCKjZcSZTgVbJLvJprFhI7IgHUslSRk2ktnT0zgiVX6MIiULWngTP09kZJQ63Ho286QmKFe9Kbif14nMcGll3IZJ4ZJOl8UJAKaCE4TgX2uGDVibAmhittbIR0Sm4qxueVtCHjx5WXSrJQxKuO782LtOosjBwrgGJQABhegBm5BHTQABY/gGbyCN+fJeXHenY9564qTzRyBP3A+fwC4IpTp</latexit><latexit sha1_base64="ApKuFvX8wLO4s1esvBWAFc7i1lo=">AAACBHicbVDLSgMxFM34rPU16rKbYBEqQkmKRTdC0Y3LCvYB7VAyaaYNzWSGJCOUoQs3/oobF4q49SPc+Tem7Sy09cCFwzn3cu89fiy4Ngh9Oyura+sbm7mt/PbO7t6+e3DY1FGiKGvQSESq7RPNBJesYbgRrB0rRkJfsJY/upn6rQemNI/kvRnHzAvJQPKAU2Ks1HML3UARmmKESrbO8OkkrUzgFayiKuq5RVRGM8BlgjNSBBnqPfer249oEjJpqCBadzCKjZcSZTgVbJLvJprFhI7IgHUslSRk2ktnT0zgiVX6MIiULWngTP09kZJQ63Ho286QmKFe9Kbif14nMcGll3IZJ4ZJOl8UJAKaCE4TgX2uGDVibAmhittbIR0Sm4qxueVtCHjx5WXSrJQxKuO782LtOosjBwrgGJQABhegBm5BHTQABY/gGbyCN+fJeXHenY9564qTzRyBP3A+fwC4IpTp</latexit><latexit sha1_base64="ApKuFvX8wLO4s1esvBWAFc7i1lo=">AAACBHicbVDLSgMxFM34rPU16rKbYBEqQkmKRTdC0Y3LCvYB7VAyaaYNzWSGJCOUoQs3/oobF4q49SPc+Tem7Sy09cCFwzn3cu89fiy4Ngh9Oyura+sbm7mt/PbO7t6+e3DY1FGiKGvQSESq7RPNBJesYbgRrB0rRkJfsJY/upn6rQemNI/kvRnHzAvJQPKAU2Ks1HML3UARmmKESrbO8OkkrUzgFayiKuq5RVRGM8BlgjNSBBnqPfer249oEjJpqCBadzCKjZcSZTgVbJLvJprFhI7IgHUslSRk2ktnT0zgiVX6MIiULWngTP09kZJQ63Ho286QmKFe9Kbif14nMcGll3IZJ4ZJOl8UJAKaCE4TgX2uGDVibAmhittbIR0Sm4qxueVtCHjx5WXSrJQxKuO782LtOosjBwrgGJQABhegBm5BHTQABY/gGbyCN+fJeXHenY9564qTzRyBP3A+fwC4IpTp</latexit><latexit sha1_base64="ApKuFvX8wLO4s1esvBWAFc7i1lo=">AAACBHicbVDLSgMxFM34rPU16rKbYBEqQkmKRTdC0Y3LCvYB7VAyaaYNzWSGJCOUoQs3/oobF4q49SPc+Tem7Sy09cCFwzn3cu89fiy4Ngh9Oyura+sbm7mt/PbO7t6+e3DY1FGiKGvQSESq7RPNBJesYbgRrB0rRkJfsJY/upn6rQemNI/kvRnHzAvJQPKAU2Ks1HML3UARmmKESrbO8OkkrUzgFayiKuq5RVRGM8BlgjNSBBnqPfer249oEjJpqCBadzCKjZcSZTgVbJLvJprFhI7IgHUslSRk2ktnT0zgiVX6MIiULWngTP09kZJQ63Ho286QmKFe9Kbif14nMcGll3IZJ4ZJOl8UJAKaCE4TgX2uGDVibAmhittbIR0Sm4qxueVtCHjx5WXSrJQxKuO782LtOosjBwrgGJQABhegBm5BHTQABY/gGbyCN+fJeXHenY9564qTzRyBP3A+fwC4IpTp</latexit>



Iterator vs get()
for (int i = 0; i < mylist.length(); i++) {
String val = mylist.get(i);
System.out.println("mylist[" + i + "]: " + val);

}

0nmylist.get(0)

mylist.get(1)

mylist.get(2)

mylist.get(3)

mylist.get(4)

mylist.get(5)

mylist.get(6)

mylist.get(7)

mylist.get(8)

mylist.get(9)

0 1n

0 1 2n

0 1 2 3n

0 1 2 3 4n

0 1 2 3 4 5n

0 1 2 3 4 5 6n

0 1 2 3 4 5 6 7n

0 1 2 3 4 5 6 7 8n

0 1 2 3 4 5 6 7 8 9n

How many total hops do we make?

N = 10; H = 55
N=100; H = 5050

What if we had 1000 elements?

H=1 + 2 + 3 + … + 998 + 999 + 1000
1000(1000 + 1)

2
= 500500

<latexit sha1_base64="tvnaLa0VNBreiZRSMF8HAvAm1Wg=">AAACCHicbVDLSgMxFM3UV62vUZcuDBahIpRMUXQjFN24rGAf0A4lk2ba0ExmSDJCGWbpxl9x40IRt36CO//GTDsLbT0kl8M595Lc40WcKY3Qt1VYWl5ZXSuulzY2t7Z37N29lgpjSWiThDyUHQ8rypmgTc00p51IUhx4nLa98U3mtx+oVCwU93oSUTfAQ8F8RrA2Ut8+7PkSk8RBCFWycuqcpEkthVfwHCFz+nYZVdEUcJE4OSmDHI2+/dUbhCQOqNCEY6W6Doq0m2CpGeE0LfViRSNMxnhIu4YKHFDlJtNFUnhslAH0Q2mu0HCq/p5IcKDUJPBMZ4D1SM17mfif1421f+kmTESxpoLMHvJjDnUIs1TggElKNJ8Ygolk5q+QjLBJRpvsSiYEZ37lRdKqVR1Ude7OyvXrPI4iOABHoAIccAHq4BY0QBMQ8AiewSt4s56sF+vd+pi1Fqx8Zh/8gfX5A4xkldE=</latexit><latexit sha1_base64="tvnaLa0VNBreiZRSMF8HAvAm1Wg=">AAACCHicbVDLSgMxFM3UV62vUZcuDBahIpRMUXQjFN24rGAf0A4lk2ba0ExmSDJCGWbpxl9x40IRt36CO//GTDsLbT0kl8M595Lc40WcKY3Qt1VYWl5ZXSuulzY2t7Z37N29lgpjSWiThDyUHQ8rypmgTc00p51IUhx4nLa98U3mtx+oVCwU93oSUTfAQ8F8RrA2Ut8+7PkSk8RBCFWycuqcpEkthVfwHCFz+nYZVdEUcJE4OSmDHI2+/dUbhCQOqNCEY6W6Doq0m2CpGeE0LfViRSNMxnhIu4YKHFDlJtNFUnhslAH0Q2mu0HCq/p5IcKDUJPBMZ4D1SM17mfif1421f+kmTESxpoLMHvJjDnUIs1TggElKNJ8Ygolk5q+QjLBJRpvsSiYEZ37lRdKqVR1Ude7OyvXrPI4iOABHoAIccAHq4BY0QBMQ8AiewSt4s56sF+vd+pi1Fqx8Zh/8gfX5A4xkldE=</latexit><latexit sha1_base64="tvnaLa0VNBreiZRSMF8HAvAm1Wg=">AAACCHicbVDLSgMxFM3UV62vUZcuDBahIpRMUXQjFN24rGAf0A4lk2ba0ExmSDJCGWbpxl9x40IRt36CO//GTDsLbT0kl8M595Lc40WcKY3Qt1VYWl5ZXSuulzY2t7Z37N29lgpjSWiThDyUHQ8rypmgTc00p51IUhx4nLa98U3mtx+oVCwU93oSUTfAQ8F8RrA2Ut8+7PkSk8RBCFWycuqcpEkthVfwHCFz+nYZVdEUcJE4OSmDHI2+/dUbhCQOqNCEY6W6Doq0m2CpGeE0LfViRSNMxnhIu4YKHFDlJtNFUnhslAH0Q2mu0HCq/p5IcKDUJPBMZ4D1SM17mfif1421f+kmTESxpoLMHvJjDnUIs1TggElKNJ8Ygolk5q+QjLBJRpvsSiYEZ37lRdKqVR1Ude7OyvXrPI4iOABHoAIccAHq4BY0QBMQ8AiewSt4s56sF+vd+pi1Fqx8Zh/8gfX5A4xkldE=</latexit><latexit sha1_base64="tvnaLa0VNBreiZRSMF8HAvAm1Wg=">AAACCHicbVDLSgMxFM3UV62vUZcuDBahIpRMUXQjFN24rGAf0A4lk2ba0ExmSDJCGWbpxl9x40IRt36CO//GTDsLbT0kl8M595Lc40WcKY3Qt1VYWl5ZXSuulzY2t7Z37N29lgpjSWiThDyUHQ8rypmgTc00p51IUhx4nLa98U3mtx+oVCwU93oSUTfAQ8F8RrA2Ut8+7PkSk8RBCFWycuqcpEkthVfwHCFz+nYZVdEUcJE4OSmDHI2+/dUbhCQOqNCEY6W6Doq0m2CpGeE0LfViRSNMxnhIu4YKHFDlJtNFUnhslAH0Q2mu0HCq/p5IcKDUJPBMZ4D1SM17mfif1421f+kmTESxpoLMHvJjDnUIs1TggElKNJ8Ygolk5q+QjLBJRpvsSiYEZ37lRdKqVR1Ude7OyvXrPI4iOABHoAIccAHq4BY0QBMQ8AiewSt4s56sF+vd+pi1Fqx8Zh/8gfX5A4xkldE=</latexit>



Iterator vs get()
for (int i = 0; i < mylist.length(); i++) {
String val = mylist.get(i);
System.out.println("mylist[" + i + "]: " + val);

}

0nmylist.get(0)

mylist.get(1)

mylist.get(2)

mylist.get(3)

mylist.get(4)

mylist.get(5)

mylist.get(6)

mylist.get(7)

mylist.get(8)

mylist.get(9)

0 1n

0 1 2n

0 1 2 3n

0 1 2 3 4n

0 1 2 3 4 5n

0 1 2 3 4 5 6n

0 1 2 3 4 5 6 7n

0 1 2 3 4 5 6 7 8n

0 1 2 3 4 5 6 7 8 9n

How many total hops do we make?

N=10;     H = 55
N=100;   H = 5050
N=1000; H = 500500

What if we had 1,000,000 elements?
nX

i=1

i =
n(n+ 1)

2
<latexit sha1_base64="h/q+NSAsxl6jCAJlxufq26kSTpQ=">AAACDHicbVDLSgMxFM3UV62vqks3wSJUhDIpgm4KRTcuK9gHdGrJpJk2NMkMSUYow3yAG3/FjQtF3PoB7vwb03YW2nogcDjnXG7u8SPOtHHdbye3srq2vpHfLGxt7+zuFfcPWjqMFaFNEvJQdXysKWeSNg0znHYiRbHwOW374+up336gSrNQ3plJRHsCDyULGMHGSv1iydOx6CeshtL7RKaQwRr0AoVJIsvyDJ2mSTW1KbfizgCXCcpICWRo9Itf3iAksaDSEI617iI3Mr0EK8MIp2nBizWNMBnjIe1aKrGgupfMjknhiVUGMAiVfdLAmfp7IsFC64nwbVJgM9KL3lT8z+vGJrjsJUxGsaGSzBcFMYcmhNNm4IApSgyfWIKJYvavkIywrcLY/gq2BLR48jJpVSvIraDb81L9KqsjD47AMSgDBC5AHdyABmgCAh7BM3gFb86T8+K8Ox/zaM7JZg7BHzifPxK1mlU=</latexit><latexit sha1_base64="h/q+NSAsxl6jCAJlxufq26kSTpQ=">AAACDHicbVDLSgMxFM3UV62vqks3wSJUhDIpgm4KRTcuK9gHdGrJpJk2NMkMSUYow3yAG3/FjQtF3PoB7vwb03YW2nogcDjnXG7u8SPOtHHdbye3srq2vpHfLGxt7+zuFfcPWjqMFaFNEvJQdXysKWeSNg0znHYiRbHwOW374+up336gSrNQ3plJRHsCDyULGMHGSv1iydOx6CeshtL7RKaQwRr0AoVJIsvyDJ2mSTW1KbfizgCXCcpICWRo9Itf3iAksaDSEI617iI3Mr0EK8MIp2nBizWNMBnjIe1aKrGgupfMjknhiVUGMAiVfdLAmfp7IsFC64nwbVJgM9KL3lT8z+vGJrjsJUxGsaGSzBcFMYcmhNNm4IApSgyfWIKJYvavkIywrcLY/gq2BLR48jJpVSvIraDb81L9KqsjD47AMSgDBC5AHdyABmgCAh7BM3gFb86T8+K8Ox/zaM7JZg7BHzifPxK1mlU=</latexit><latexit sha1_base64="h/q+NSAsxl6jCAJlxufq26kSTpQ=">AAACDHicbVDLSgMxFM3UV62vqks3wSJUhDIpgm4KRTcuK9gHdGrJpJk2NMkMSUYow3yAG3/FjQtF3PoB7vwb03YW2nogcDjnXG7u8SPOtHHdbye3srq2vpHfLGxt7+zuFfcPWjqMFaFNEvJQdXysKWeSNg0znHYiRbHwOW374+up336gSrNQ3plJRHsCDyULGMHGSv1iydOx6CeshtL7RKaQwRr0AoVJIsvyDJ2mSTW1KbfizgCXCcpICWRo9Itf3iAksaDSEI617iI3Mr0EK8MIp2nBizWNMBnjIe1aKrGgupfMjknhiVUGMAiVfdLAmfp7IsFC64nwbVJgM9KL3lT8z+vGJrjsJUxGsaGSzBcFMYcmhNNm4IApSgyfWIKJYvavkIywrcLY/gq2BLR48jJpVSvIraDb81L9KqsjD47AMSgDBC5AHdyABmgCAh7BM3gFb86T8+K8Ox/zaM7JZg7BHzifPxK1mlU=</latexit><latexit sha1_base64="h/q+NSAsxl6jCAJlxufq26kSTpQ=">AAACDHicbVDLSgMxFM3UV62vqks3wSJUhDIpgm4KRTcuK9gHdGrJpJk2NMkMSUYow3yAG3/FjQtF3PoB7vwb03YW2nogcDjnXG7u8SPOtHHdbye3srq2vpHfLGxt7+zuFfcPWjqMFaFNEvJQdXysKWeSNg0znHYiRbHwOW374+up336gSrNQ3plJRHsCDyULGMHGSv1iydOx6CeshtL7RKaQwRr0AoVJIsvyDJ2mSTW1KbfizgCXCcpICWRo9Itf3iAksaDSEI617iI3Mr0EK8MIp2nBizWNMBnjIe1aKrGgupfMjknhiVUGMAiVfdLAmfp7IsFC64nwbVJgM9KL3lT8z+vGJrjsJUxGsaGSzBcFMYcmhNNm4IApSgyfWIKJYvavkIywrcLY/gq2BLR48jJpVSvIraDb81L9KqsjD47AMSgDBC5AHdyABmgCAh7BM3gFb86T8+K8Ox/zaM7JZg7BHzifPxK1mlU=</latexit>

H ⇡ n
2

<latexit sha1_base64="IvZfZOERvsvfhy/SFnXatvhBAQY=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4KrtF0GPRS48V7Ae0a8mm2TY0m8QkWyylv8OLB0W8+mO8+W9M2z1o64OBx3szzMyLFGfG+v63t7a+sbm1ndvJ7+7tHxwWjo4bRqaa0DqRXOpWhA3lTNC6ZZbTltIUJxGnzWh4O/ObI6oNk+LejhUNE9wXLGYEWyeFVdTBSmn5hMRDuVso+iV/DrRKgowUIUOtW/jq9CRJEyos4diYduArG06wtoxwOs13UkMVJkPcp21HBU6oCSfzo6fo3Ck9FEvtSlg0V39PTHBizDiJXGeC7cAsezPxP6+d2vg6nDChUksFWSyKU46sRLMEUI9pSiwfO4KJZu5WRAZYY2JdTnkXQrD88ipplEuBXwruLouVmyyOHJzCGVxAAFdQgSrUoA4EHuEZXuHNG3kv3rv3sWhd87KZE/gD7/MH0peReA==</latexit><latexit sha1_base64="IvZfZOERvsvfhy/SFnXatvhBAQY=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4KrtF0GPRS48V7Ae0a8mm2TY0m8QkWyylv8OLB0W8+mO8+W9M2z1o64OBx3szzMyLFGfG+v63t7a+sbm1ndvJ7+7tHxwWjo4bRqaa0DqRXOpWhA3lTNC6ZZbTltIUJxGnzWh4O/ObI6oNk+LejhUNE9wXLGYEWyeFVdTBSmn5hMRDuVso+iV/DrRKgowUIUOtW/jq9CRJEyos4diYduArG06wtoxwOs13UkMVJkPcp21HBU6oCSfzo6fo3Ck9FEvtSlg0V39PTHBizDiJXGeC7cAsezPxP6+d2vg6nDChUksFWSyKU46sRLMEUI9pSiwfO4KJZu5WRAZYY2JdTnkXQrD88ipplEuBXwruLouVmyyOHJzCGVxAAFdQgSrUoA4EHuEZXuHNG3kv3rv3sWhd87KZE/gD7/MH0peReA==</latexit><latexit sha1_base64="IvZfZOERvsvfhy/SFnXatvhBAQY=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4KrtF0GPRS48V7Ae0a8mm2TY0m8QkWyylv8OLB0W8+mO8+W9M2z1o64OBx3szzMyLFGfG+v63t7a+sbm1ndvJ7+7tHxwWjo4bRqaa0DqRXOpWhA3lTNC6ZZbTltIUJxGnzWh4O/ObI6oNk+LejhUNE9wXLGYEWyeFVdTBSmn5hMRDuVso+iV/DrRKgowUIUOtW/jq9CRJEyos4diYduArG06wtoxwOs13UkMVJkPcp21HBU6oCSfzo6fo3Ck9FEvtSlg0V39PTHBizDiJXGeC7cAsezPxP6+d2vg6nDChUksFWSyKU46sRLMEUI9pSiwfO4KJZu5WRAZYY2JdTnkXQrD88ipplEuBXwruLouVmyyOHJzCGVxAAFdQgSrUoA4EHuEZXuHNG3kv3rv3sWhd87KZE/gD7/MH0peReA==</latexit><latexit sha1_base64="IvZfZOERvsvfhy/SFnXatvhBAQY=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4KrtF0GPRS48V7Ae0a8mm2TY0m8QkWyylv8OLB0W8+mO8+W9M2z1o64OBx3szzMyLFGfG+v63t7a+sbm1ndvJ7+7tHxwWjo4bRqaa0DqRXOpWhA3lTNC6ZZbTltIUJxGnzWh4O/ObI6oNk+LejhUNE9wXLGYEWyeFVdTBSmn5hMRDuVso+iV/DrRKgowUIUOtW/jq9CRJEyos4diYduArG06wtoxwOs13UkMVJkPcp21HBU6oCSfzo6fo3Ck9FEvtSlg0V39PTHBizDiJXGeC7cAsezPxP6+d2vg6nDChUksFWSyKU46sRLMEUI9pSiwfO4KJZu5WRAZYY2JdTnkXQrD88ipplEuBXwruLouVmyyOHJzCGVxAAFdQgSrUoA4EHuEZXuHNG3kv3rv3sWhd87KZE/gD7/MH0peReA==</latexit>

About a trillion
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Nested for loop
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For small values, 
pretty similar

55 vs 10

H ⇡ n
2

<latexit sha1_base64="IvZfZOERvsvfhy/SFnXatvhBAQY=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4KrtF0GPRS48V7Ae0a8mm2TY0m8QkWyylv8OLB0W8+mO8+W9M2z1o64OBx3szzMyLFGfG+v63t7a+sbm1ndvJ7+7tHxwWjo4bRqaa0DqRXOpWhA3lTNC6ZZbTltIUJxGnzWh4O/ObI6oNk+LejhUNE9wXLGYEWyeFVdTBSmn5hMRDuVso+iV/DrRKgowUIUOtW/jq9CRJEyos4diYduArG06wtoxwOs13UkMVJkPcp21HBU6oCSfzo6fo3Ck9FEvtSlg0V39PTHBizDiJXGeC7cAsezPxP6+d2vg6nDChUksFWSyKU46sRLMEUI9pSiwfO4KJZu5WRAZYY2JdTnkXQrD88ipplEuBXwruLouVmyyOHJzCGVxAAFdQgSrUoA4EHuEZXuHNG3kv3rv3sWhd87KZE/gD7/MH0peReA==</latexit><latexit sha1_base64="IvZfZOERvsvfhy/SFnXatvhBAQY=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4KrtF0GPRS48V7Ae0a8mm2TY0m8QkWyylv8OLB0W8+mO8+W9M2z1o64OBx3szzMyLFGfG+v63t7a+sbm1ndvJ7+7tHxwWjo4bRqaa0DqRXOpWhA3lTNC6ZZbTltIUJxGnzWh4O/ObI6oNk+LejhUNE9wXLGYEWyeFVdTBSmn5hMRDuVso+iV/DrRKgowUIUOtW/jq9CRJEyos4diYduArG06wtoxwOs13UkMVJkPcp21HBU6oCSfzo6fo3Ck9FEvtSlg0V39PTHBizDiJXGeC7cAsezPxP6+d2vg6nDChUksFWSyKU46sRLMEUI9pSiwfO4KJZu5WRAZYY2JdTnkXQrD88ipplEuBXwruLouVmyyOHJzCGVxAAFdQgSrUoA4EHuEZXuHNG3kv3rv3sWhd87KZE/gD7/MH0peReA==</latexit><latexit sha1_base64="IvZfZOERvsvfhy/SFnXatvhBAQY=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4KrtF0GPRS48V7Ae0a8mm2TY0m8QkWyylv8OLB0W8+mO8+W9M2z1o64OBx3szzMyLFGfG+v63t7a+sbm1ndvJ7+7tHxwWjo4bRqaa0DqRXOpWhA3lTNC6ZZbTltIUJxGnzWh4O/ObI6oNk+LejhUNE9wXLGYEWyeFVdTBSmn5hMRDuVso+iV/DrRKgowUIUOtW/jq9CRJEyos4diYduArG06wtoxwOs13UkMVJkPcp21HBU6oCSfzo6fo3Ck9FEvtSlg0V39PTHBizDiJXGeC7cAsezPxP6+d2vg6nDChUksFWSyKU46sRLMEUI9pSiwfO4KJZu5WRAZYY2JdTnkXQrD88ipplEuBXwruLouVmyyOHJzCGVxAAFdQgSrUoA4EHuEZXuHNG3kv3rv3sWhd87KZE/gD7/MH0peReA==</latexit><latexit sha1_base64="IvZfZOERvsvfhy/SFnXatvhBAQY=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4KrtF0GPRS48V7Ae0a8mm2TY0m8QkWyylv8OLB0W8+mO8+W9M2z1o64OBx3szzMyLFGfG+v63t7a+sbm1ndvJ7+7tHxwWjo4bRqaa0DqRXOpWhA3lTNC6ZZbTltIUJxGnzWh4O/ObI6oNk+LejhUNE9wXLGYEWyeFVdTBSmn5hMRDuVso+iV/DrRKgowUIUOtW/jq9CRJEyos4diYduArG06wtoxwOs13UkMVJkPcp21HBU6oCSfzo6fo3Ck9FEvtSlg0V39PTHBizDiJXGeC7cAsezPxP6+d2vg6nDChUksFWSyKU46sRLMEUI9pSiwfO4KJZu5WRAZYY2JdTnkXQrD88ipplEuBXwruLouVmyyOHJzCGVxAAFdQgSrUoA4EHuEZXuHNG3kv3rv3sWhd87KZE/gD7/MH0peReA==</latexit>
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Complexity Analysis
How long will the algorithm take when run on inputs of different sizes:
• If it takes X seconds to process 1000 items, how long will it take to 

process twice as many (2000 items) or ten times as many (10,000 items)?

Generally looking for an order of magnitude estimate:

Also very important for space characterization:
Sometimes doubling the number of elements will more than double the 
amount of space needed

Constant time

Accessing 1st or 
1 billionth entry 
from an array 
takes same 

amount of time

Linear time

Takes 10 times longer 
to scan a list that has 

10 times as many 
values

Quadradic time

Nested loops grows 
with the square of the 

list length
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What’s another complexity we have seen?
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Dividing N in half: 20 Billion
• Step 0: 20,000,000,000 possible elements (N/1 = N/20)

• Step 1: 10,000,000,000 possible elements (N/2 = N/21)

• Step 2: 5,000,000,000 possible elements (N/4 = N/22)

• …

• Step X: 1 possible element (N/N = N/2X)

Find X such that: 2X ≥ N
lg(2X) ≥ lg(N)
X ≥ lg(N)

X = 35
571.4 million times faster than brute force!



Growth of functions
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x^2 is clearly the slowest
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Growth of functions
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lg(x) grows very slow
Will be < 70 for all practical problems

Zooming in to focus on linear time



Find Max: Linear Search (1)
import java.text.NumberFormat;

public class ArrayFind {
final static int MAXINT = 100000000;

// return the biggest int in the array
public static int findMaximum(int [] myarray){
…
}

public static void main(String[] args) {
if (args.length == 0) {
System.out.println("USAGE: ArrayFind <array size>");
return;

}

int arraysize = Integer.parseInt(args[0]);

System.out.println("Scanning the array of size: ” +   
NumberFormat.getInstance().format(arraysize));

int [] myarray = new int[arraysize];

...



Find Max: Linear Search (2)
...

int [] myarray = new int[arraysize];

// initialize with random valuas
for (int i = 0; i < myarray.length; i++) {
int random = (int)(Math.random() * MAXINT);
myarray[i] = random;

}

long startTime = System.nanoTime();
int max = findMaximum(myarray);
long endTime = System.nanoTime();
long duration = endTime - startTime;

System.out.println("The max is: " + max);
System.out.println("Search took: " + 

NumberFormat.getInstance().format(duration) + " nanoseconds");
}

}



FindMax Analysis
public static int findMaximum(int [] myarray) {

int max = myarray[0];
for (int i = 1; i < myarray.length; i++) {
if (myarray[i] > max) {
max = myarray[i];

}
}

return max;
}

$ java ArrayFind 10000000
Scanning the array of size: 10,000,000
The max is: 99999989
Search took: 11,666,963 nanoseconds

$ java ArrayFind 100000000
Scanning the array of size: 100,000,000
The max is: 99999999
Search took: 71,270,945 nanoseconds

Why isnt ArrayFind 100M exactly 10 times longer than ArrayFind 10M?



FindMax Analysis
public static int findMaximum(int [] myarray) {

int max = myarray[0];
for (int i = 1; i < myarray.length; i++) {
if (myarray[i] > max) {
max = myarray[i];

}
}

return max;
}

How many comparisons are done?

i < myarray.length n
myarray[i] > max n

C(n) = 2n

How many assignments are done (worst case)?

max = myarray[0] 1
for i =1; i < myarray.length; i++ n

val = myarray[i] n-1
max = myarray[i] n-1

A(n) = 1+ n + 2(n-1) = 3n-1



FindMax Analysis
public static int findMaximum(int [] myarray) {

int max = myarray[0];
for (int i = 1; i < myarray.length; i++) {
if (myarray[i] > max) {
max = myarray[i];

}
}

return max;
}

What is the total amount of work done?

T(n) = C(n) + A(n) = (2n) + (3n – 1) = 5n-1

Should we worry about the “-1”?

Should we worry about the 5n?

Nah, the runtime is linearly proportional to the length of the array

Nah, for sufficiently large inputs will make a tiny difference



Big-O Notation
• Formally, algorithms that run in O(X) time means that the total 

number of steps (comparisons and assignments) is a polynomial 
whose largest term is X, aka asymptotic behavior
• f(x) ∈ O(g(x)) if there exists c > 0 (e.g., c = 1) and x0 (e.g., x0 = 5) 

such that f(x) ≤ cg(x) whenever x ≥ x0
• T(n) = 33 => O(1)
• T(n) = 5n-2 => O(n)
• T(n) = 37n2 + 16n – 8 => O(n2)
• T(n) = 99n3 + 12n2 + 70000n + 2 => O(n3)
• T(n) = 127n log (n) + log(n) + 16 => O(n lg n)
• T(n) = 33 log (n) + 8 => O(lg n)
• T(n) = 900*2n + 12n2 + 33n + 54 => O(2n)

• Informally, you can read Big-O(X) as “On the order of X”
• O(1) => On the order of constant time
• O(n) => On the order of linear time
• O(n2) => On the order of quadratic time
• O(n3) => On the order of cubic time
• O(lg n) => On the order of logarithmic time
• O(n lg n) => On the order of n log n time



Growth of functions

A quadratic function isnt necessarily larger than a linear function for all 
possible inputs, but eventually will be

That largest polynomial term defines the Big-O complexity
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Growth of functions

A quadratic function isnt necessarily larger than a linear function for all 
possible inputs, but eventually will be

That largest polynomial term defines the Big-O complexity

By x = 100, T=x2 is 10 times 
greater than T=10x



http://bigocheatsheet.com/

Growth of functions



Next Steps
1. Work on HW1

2. Check on Piazza for tips & corrections!


