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, . pollev.com/cs106b
Today’s Topics

= Recursion!
> Algorithm performance analysis with Big-O

= Nexttime:
> Recursion! The upcoming week is Recursion Week!
» Like Shark Week, but more nerdy

= Forimportant announcements, be sure to see the weekly announcements post on the Ed
Q&A board! https://edstem.org

= AlsoonEd: live lecture Q&A
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https://edstem.org/

How do we measure
“faster” in Computer
Science?

NOT AS SIMPLE AS YOU MIGHT
THINK...
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Recall our discussion of performance
with the Vector add vs. Insert...
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Your turn: Vector performance Performance analysis
technique 1:

Benchmarking
(timing)

= Answer: (D) Something else! (about 50x)

> In addition to analyzing the code and predicting numbe,
time the code using our Stanford 106B test system.

> Check the code bundle for class today for runnable ve

void runInsert(int size) /¥ * * ¥ x * Test Cases * * * * % x/
{ PROVIDED_TEST("Timing comparison™)
Vector<int> v; {
for (int i = @; i < size; i++) { int size = 500000;
v.insert(0, i); TIME_OPERATION(size, runInsert(size));
} TIME_OPERATION(size, runAdd(size));
} }
. B! SimpleTest VectorPerformance - o X
void runAdd(int size) Tests from PROVIDED_TEST
{ Vector<int> V3 bo:grmt‘ éPROVIDED_TEST, vectortest.cpp:42) Timing comparison of add() at the end and insert() at the
Line 44 TIME_OPERATION runInsert(size) (size = 500000) completed 18.031 secs
for (int i= 0_; i< size; i++) { Line 45 TIME_OPERATION runadd(size) (size = 500000) completed in
v.add(i); Tests from STUDENT TEST
} } Correct (STUDENT_TEST, vectortest.cpp:48)

Tests from vectortest.cpp

Currel_:t (PROVIDED_TEST, line 42) Timing pompari;un of add() at the end and insgrl() at the beginning

Line 44 TIME_OPERATION runInsert(size) (size = 500000) completed in 17.987 secs s
Line 45 TIME_OPERATION runAdd(size) (size = 500000) completed in 0.029 secs Verslty

Correct (STUDENT_TEST, line 48)



Your turn: Vector performance Performance analysis
technique 2:

= Answer: (D) Something else! (about 50x) Precise counting
> Number of times a number is written in a box
* OPTION 1:
First loop iteration: 1 write
Next loop iteration: 2 writes ... continued...
Formula for sum of numbers1toN=(N*(N+1))/2

(don’t worry if you don’t know this formula, we only expected a ballpark
estimate)

100 *(100+1)/2=10,100/2=5,050

* OPTION 2:
— First loop iteration: 1 write
— Next loop iteration: 1 write ... continued...
- 100

of steps
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Performance analysis
technique 3:

Big-O
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Big-O Performance , —
Analysis . e
A WAY TO COMPARE THE

NUMBER OF STEPS TO RUN
CODE/ALGORITHMS
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Big-O: programmers’ primary algorithm performance
analysis technique

= Big-0 analysisin computer science is a way of imprecisely counting the number
of “steps” needed to complete a task by grouping algorithms into buckets with
labels like O(1), O(N), O(N?)

= Differs from benchmarking:
> Ignores how fast the computer’s CPU or other hardware components are
= Differs from precise counting:

> Often starts with a precise count, but then ignores “details” to just assign a
broad performance category

> Often combines different kinds of “steps” (writes, less-than < comparisons, etc)
into one count, ignoring that some kinds take more time than others

» |gnores much to focus on making broad comparisons between approaches
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Big-O analysis in computer science

!; Vector x =+

< C @ web.stanford.edu/dept/cs_edu/resources/cslib_docs/Vectorhtml @ 2

% The Stanford 1ibcs106 library, Fall Quarter 2022

#include "vector.h"

class Vector<ValueType>

This class stores an ordered list of values similar to an array. It sup
square brackets, as well as inserting and removing elements.
in O(1) time. Operations, such as insert and remove, that

s traditional array selection using
rations that access elements by index run
t rearrange elements run in O(N) time.

Constructor
Vector(),

InNjalizes a new empty vector.

Vector(n,_value) Initiflizes a new vector storing n copies of the given value.

Methods

add(value). new value to the end of this vector.

clear() Remgves all elements from this vector.

equals(vec) Ret@fns true if the two vectors contain the same elements in
same order

get(index) eturns the element at the specified index in this vector.

. o B o
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Big-O analysis in computer science

Current events
Random article
About Wikipedia
Contact us
Donate

Contribute

Help

Learn to edit
Community portal
Recent changes
Upload file

Tools

What links here
Related changes

Qnecial nanec

This article is about searching a finite sorted array. For searching continuous function

values, see bisection method.

In computer science, binary search, also known Binary search algorithm
as half-interval search,["! logarithmic search,?]

or binary chop,®lis a search algorithm that finds
the position of a target value within a sorted iy

i A
1[3lals

array.[4l[5] Binary search compares the ta

7 (8w ofwlmlo|n|auv|olsn

Visualization of the binary search algorithm
where 7 is the target value

value to the middle element of the array. If they
are not equal, the half in which the target cannot

Search
algorithm

lie is eliminated and the search continues on the

remaining half, again taking the middle element
; 5 Data structure
to compare to the target value, and repeating this
Worst-case performan
until the target value is found. If the search ends #
. e X i Best-case performanc
with the remaining half being empty, the target is
Average performance

il B Bl e

N = o
W Binary search algorithm - Wikipe X +
< c @ en.wikipedia.org/wiki/Binary_search_algorithm 2 W
& Not logged in Talk Contributions Create account Log in
Article Talk Read Edit View history | Search Wikipedia Q
WIKIPEDIA . .
The e Enycopedi Binary search algorithm %
Main page From Wikipedia, the free encyclopedia
Contents
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Formal definition of big-O

We say a function f(n) is “big-O” of another function g(n)
(i.e., f(n) is 0(g(n)))
if and only if

there exist positive constants ¢ and ny such that
f() <c-g(n)foralln = n,.

c says “we don’t care n, says “we only care

about constant about performance on
coefficients” big data sets”
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Formal definition of big-O

If this whole mess looks
scary, don’t worry!! Just

We say a function ]:(n) is “blg; ignore itand [eqrn oqrsimple f”l)
(I o Fr steps to applying Big-0! ©
L] [] , - - NS

<~

ifand onl_
there exist positive constants c a d ny such that
f() <c-g(n)foralln = n,.

c says “we don’t care n, says “we only care

about constant about performance on
coefficients” big data sets”

Stanford University



Warm-up Big-O , —
Example plaiss =

LET’S GET INTRODUCED!
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Before we start, let’s get introduced

Lets say | want to meet each of you today with a handshake and you tell me
your name...

How many introductions need to happen?

There are N people in the room including me
A

l
© O © O © © © O Me

ve | I I I O

But do | need to shake hands with myself, or tell myself my name?

\

Precise counting says: N-1 introductions
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Putting this in Big-O terms

Big-0 is a way of categorizing amount of work to be done in
general terms, with a focus on:

> Rate of growth as a function of the problem size N
> What that rate looks like on the horizon (i.e., for large N)

Therefore, we don’t really care about an insignificant =1

Stanford University



Putting this in Big-O terms

For the first handshake problem, the rate N is important and the -1 constant is not,
so a precise count of N - 1 introductions becomes:

O( N-1) = O(N)
lgnoring constants is a general rule!

So, similarly, if we said that each introduction takes 3 seconds on laptopA and 5
seconds on laptopB, benchmarking would measure the amount of time in
secondsas3(N-1)=3N-3,and 5(N-1)=5N -5, but we disregard constants:

O@BN-3 = O(N)
OBN-5 = O(N)
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Before we start, let’s get introduced

What if | not only want you to be introduced to me, but to each other also?

> (Note: | don’t need to tell anyone my name, and nobody needs to tell themselves their
own name, so subtract those out.)

Q: Now how many introductions? (precise counting)

Goto —
pollev.com/cs106b
to respond!

=
A
s O0000OO0O




Before we start, let’s get introduced

What if | not only want you to be introduced to me, but to each other also?

> (Note: | don’t need to tell anyone my name, and nobody needs to tell themselves their
own name, so subtract those out.)

Q: Now how many introductions? A: (N-1)2 =N2-2N+1
© © © © © 0O © O Me
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Putting this in Big-O terms

For the second handshake problem, the precise count of the number of
introductions was N2- 2N + 1.

But Big-O wants us to simplify, and only focus on the biggest contributor to
the rate of growth, so:

O( N2-2N+1) - O(N?)

> We cut out 2N even though N is definitely not a constant!
> For Big-O, we only keep the largest term of the polynomial
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Big-O Procedure

IN SUMMARY
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Bookmark or take a

In Summary: Big-O Procedure photo of this slide!

1. Do a precise(ish) count

>

2. Keep only the largest term of the polynomial
>

3. Strip off any constant coefficient

4. Throw a O(__) around the result, and done!

Stanford University



Big-O Example
Analyzing C++ Code

THIS IS WHAT YOU’LL
USUALLY BE DOING!
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Revisiting Vector Insert Memory Writes, with Big-O

1. Do aprecise count (of mem writes)

) (N(N+1))/2
void runInsert(int N) N
{
Vector<int> v; 2. Keep only the largest term of the
v.insert(0, i);
} >
} ,
void runAdd(int N) 3. Strip off any constant coefficient
{
Vector<int> v; ?
for (int 1 = 0; i < N; i++) { N
v.add(i);
} 4. Throw a O(__) around the result, and
} done!
> O(N2?)
> O(N)

Stanford University



Revisiting Vector Insert Memory Writes, with Big-O

1. Do aprecise count (of mem writes)

> (N(N+1))/2
void runInsert(int N)
{
Vector<int> v; 2.
for (int i = @; i < Nj i++) { NOTE!! In this example, we are
v.insert(0, i); . - .
} focusing on memory writes, since
} that’s what we did last time.
void runAdd(int N) 3.
{ , In general for Big-0, you should
Vector<int> v; S .
for (int i = @; i < Nj i++) { count all operations and lines of
, v.add(i); 4 code, not just memory writes
} (unless otherwise directed).
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Revisiting Vector Insert Memory Writes, with Big-O
andStanford Library Documentation

1. Do aprecise(ish) count (of mem writes)
void runInsert(int N)
{ >
Vector<int> v;
for (int i = 0; i < N; i++) {
v.insert(0, i);

} >
’ > Look up the cost of insert and add in the
void runAdd(int N) Stanford library documentation! O(N) and O(1)
¢ Vector<int> v; >
for (iv".tad:;:i)a; 1 <Ny d4) | 2. Keep only the largest term of the polynomial
, } 3. Strip off any constant coefficient

4. Throw a O(__) around the result, and done!
> O(N?)
> O(N) Stanford University




!; Vector X +

< C & web.stanford.edu/dept/cs_edu/resources/cslib_docs/Vector.html ® 2 W » 0O a

% The Stanford 1ibcs106 library, Fall Quarter 2022

#include "vector.h"

class Vector<ValueType>

This class stores an ordered list of values similar to an array. It supports traditional array selection using
square brackets, as well as inserting and removing elements. Operations that access elements by index run
in O(1) time. Operations, such as insert and remove, that must rearrange elements run in O(N) time.

Constructor
Vector(), o(1)
Vector(n,_value), O(N)

rns true if this vector contains no elements.

Rty ()
mapAl1(fn). O(N)  Calls the specified function on each element of this vector in
order of ascending index.
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Bookmark or take a

Tips: Precise(-ish) Counting for Big-O photo of this slide!

1. Do a precise(ish) count

= Some tips for this step:
> Lines of code that one after the other:
* Sum their costs
> Loops:
* Multiply number of times the loop runs * cost of the loop body
> Nested loops: same loops principle applies

* Multiply number of times the outer loop runs * number of times the
inner loop runs * cost of the inner loop body

> ADT function calls:
* Look up cost in Stanford Library Documentation!
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Big-O Examples
Analyzing C++ Code

YOUR TURN!!
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1. Do aprecise(ish) count
2. Keep only the largest term of the polynomial
. | 3.  Strip off any constant coefficient
COde Example 1' Your turn' 4. ThrowaO(__) around the result, and done!
int mysteryl(int N)
{
N++;
N *= 7;
N -= 3;
return N; Go to
} pollev.com/cs106b

to respond!

What is the Big-O cost of this code?
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1. Do aprecise(ish) count
2. Keep only the largest term of the polynomial
. 3. Strip off any constant coefficient
Code Example 2: Your turn! poffany
4. ThrowaO(__) around the result, and done!
void mystery2(int N) // assume N > 3
{
Grid<int, int> g(N, N);
for (int row = 0; row < g.numRows(); row++) {
for (int col = @; col < 3; col++) {
glrow][col]++; Goto
} pollev.com/cs106b
) } to respond!

What is the Big-O cost of this code?
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