VERSION 1 CAPS

GRADE 12
MATHEMATICS

WRITTEN BY VOLUNTEERS

EVERYTHING MATHS BY

SIYAVULA

TECHNOLOGY-POWERED LEARNING

-6
I4

B Trigonometry exercises in |
this book

B Geometry exercises in this book

M Algebra exercises in this book

5191

B Length of pages side by side |
(cm)

M Length of pages top to bottom
(cm) u

W Average size of class being |
taught from this book
M Average age of a maths teacher |
teaching from this book
|

g3

L&
&
“Q\‘!\ )‘y

4
3
\

Litres of ink used in the
production of all the grade 10,
11 and 12 textbooks

W Breadth of this book (cm)
W Depth of this book (cm)

Litres of glue used in the B Height of this book (cm)
production of all the grade 10,

11 and 12 textbooks

913

5690 3800
How many times student B Number of females who
scratches head while reading helped write this book
this book
B Number of males who helped
How many times student picks write this book

nose while reading this book

How many times student clicks
pen while reading this book

. 179

206

290

M Number of Afrikaans

Number of pages in Grade 12

Maths textbook volunteers who helped write
this book

Number of pages in Grade 11

Maths textbook B Number of English volunteers
who helped write this book

Number of pages in Grade 10

Maths textbook

basic education

Department:
Basic Education
REPUBLIC OF SOUTH AFRICA

61

B Number of words used in
this book

M Hours spent being taught
this book

B Number of pages W Hours spent doing homework

from this book

3.75
30
375

M Hours spent getting book to
school per week

81 19

M Masters students who
contributed to this book

M Honours students who
contributed to this book

W Hours spent getting book
home per week

B Undergraduate students who
contributed to this book

W Hours spent with book in class
per week

0.083

7
2
5
3
6 1

M Weekly UCT hackathons that
contributed to this book

63

M Number of hours spent
conceptualising this cover

B Small office hackathons that
contributed to this book

B Number of hours it takes to
manufacture this book

M Afrikaans hackathons that
contributed to this book

B Number of hours spent
designing this cover

Virtual hackathons that
contributed to this book

W

MMIHOLDINGS



EVERYTHING MATHS

GRADE 12 MATHEMATICS
VERSION 1 CAPS

WRITTEN BY VOLUNTEERS



COPYRIGHT NOTICE

Your freedom to legally copy this book

You are allowed and encouraged to copy any of the Everything Maths and Everything Science
textbooks. You can legally photocopy any page or even the entire book. You can download it
from www.everythingmaths.co.za and www.everythingscience.co.za, read it on your phone,
tablet, iPad, or computer. You can burn it to CD, put on your flash drive, e-mail it around or
upload it to your website.

The only restriction is that you have to keep this book, its cover, title, contents and short-codes
unchanged.

This book was derived from the original Free High School Science Texts written by volunteer
academics, educators and industry professionals. Everything Maths and Everything Science
are trademarks of Siyavula Education.

For more information about the Creative Commons Attribution-NoDerivs 3.0 Unported
(CC BY-ND 3.0) license see http://creativecommons.org/licenses/by-nd/3.0/

©EGAmons  Eatu

®

TECHNOLOGY-POWERED LEARNING




AUTHORS AND CONTRIBUTORS

Siyavula Education

Siyavula Education is a social enterprise launched in 2012 with capital and support from the
PSG Group Limited and the Shuttleworth Foundation. The Everything Maths and Science
series is one of the titles developed and openly released by Siyavula. For more information
about the writing and distribution of these or other openly licensed titles:

www.siyavula.com
info@siyavula.com
021469 4771

Siyavula Authors
Alison Jenkin; Marina van Zyl; Luke Kannemeyer

Siyavula and DBE team
Dr Carl Scheffler; Bridget Nash; Ewald Zietsman; William Buthane Chauke; Leonard Gumani
Mudau; Sthe Khanyile; Josephine Mamaroke Phatlane

Siyavula and Free High School Science Text contributors
Dr Mark Horner; Dr Samuel Halliday; Dr Sarah Blyth; Dr Rory Adams; Dr Spencer Wheaton

lesrafeel Abbas; Sarah Abel; Taskeen Adam; Ross Adams; Tracey Adams; Dr Rory Adams; Andrea Africa; Wiehan Agenbag;
Ismail Akhalwaya; Matthew Amundsen; Ben Anhalt; Prashant Arora; Bianca B6hmer; Amos Baloyi; Bongani Baloyi; Raymond
Barbour; Caro-Joy Barendse; Katie Barry; Dr Ilsa Basson; Richard Baxter; Tara Beckerling; Tim van Beek; Lisette de Beer;
Jessie Bester; Mariaan Bester; Jennifer de Beyer; Dr Sarah Blyth; Sebastian Bodenstein; Martin Bongers; Dr Thinus Booysen;
Ena Bosman; Janita Botha; Pieter Botha; Gareth Boxall; Stephan Brandt; Hannes Breytenbach; Alexander Briell; Wilbur Britz;
Graeme Broster; Craig Brown; Michail Brynard; Richard Burge; Jan Buys; George Calder-Potts; Biddy Cameron; Eleanor
Cameron; Mark Carolissen; Shane Carollisson; Richard Case; Sithembile Cele; Alice Chang; Faith Chaza; Richard Cheng;
Fanny Cherblanc; Lizzy Chivaka; Dr Christine Chung; Dr Mareli Claasens; Brett Cocks; Zelmari Coetzee; Roché Compaan;
Willem Conradie; Stefaan Conradie; Deanne Coppejans; Rocco Coppejans; Tim Craib; Dr Andrew Craig; Tim Crombie; Dan
Crytser; Jock Currie; Dr Anne Dabrowski; Laura Daniels; Gareth Davies; Mia de; Tariq Desai; Sandra Dickson; Sean Dobbs;
Buhle Donga; William Donkin; Esmi Dreyer; Matthew Duddy; Christel Durie; Fernando Durrell; Dr Dan Dwyer; Frans van
Eeden; Kobus Ehlers; Alexander Ellis; Tom Ellis; Charl Esterhuysen; Andrew Fisher; Dr Philip Fourie; Giovanni Franzoni;
Sanette Gildenhuys; Olivia Gillett; Ingrid von Glehn; Tamara von Glehn; Nicola Glenday; Lindsay Glesener; Kevin Godby;
Dr Vanessa Godfrey; Terence Goldberg; Dr Johan Gonzalez; Saaligha Gool; Hemant Gopal; Dr Stephanie Gould; Umeshree
Govender; Dr Ilse le Grange; Heather Gray; Lynn Greeff; Jaco Greyling; Martli Greyvenstein; Carine Grobbelaar; Suzanne Grové;
Dr Tom Gutierrez; Brooke Haag; Kate Hadley; Alex Hall; Dr Sam Halliday; Asheena Hanuman; Dr Melanie Dymond Harper;
Ebrahim Harris; Dr Nicholas Harrison; Neil Hart; Nicholas Hatcher; Jason Hayden; Laura Hayward; Dr William P. Heal; Pierre
van Heerden; Dr Fritha Hennessy; Dr Colleen Henning; Anna Herrington; Shaun Hewitson; Millie Hilgart; Grant Hillebrand;
Gregory Hingle; Nick Hobbs; Chris Holdsworth; Dr Benne Holwerda; Dr Mark Horner; Robert Hovden; Mfandaidza Hove;

Jennifer Hsieh; George Hugo; Dr Belinda Huntley; Laura Huss; Prof Ed Jacobs; Hester Jacobs; Stefan Jacobs; Rowan Jelley;



Grant Jelley; Clare Johnson; Francois Jooste; Dominic Jordan; Luke Jordan; Cassiem Joseph; Tana Joseph; Corli Joubert; Dr
Fabian Jutz; Brian Kamanzi; Clare Kampel; Herman Kamper; Dr Lutz Kampmann; Simon Katende; Natalia Kavalenia; Rabia
Khan; Dr Setshaba D Khanye; Nothando Khumalo; Paul Kim; Lizl King; Mariola Kirova; Jannie Kirsten; Melissa Kistner; James
Klatzow; Dr Jennifer Klay; Andrea Koch; Grove Koch; Paul van Koersveld; Bishop Komolafe; Dr Timo Kriel; Lara Kruger; Sihle
Kubheka; Andrew Kubik; Luca Lategan; Dr Jannie Leach; Nkoana Lebaka; Dr Marco van Leeuwen; Dr Tom Leinster; Ingrid
Lezar; Annatjie Linnenkamp; Henry Liu; Pamela Lloyd; Dr Kevin Lobb; Christopher Loetscher; Linda Loots; Michael Loseby;
Bets Lourens; Chris Louw; Amandla Mabona; Malothe Mabutho; Stuart Macdonald; Dr Anton Machacek; Tshepo Madisha;
Batsirai Magunje; Dr Komal Maheshwari; Dr Erica Makings; Michael Malahe; Dr Peter Malatji; Masoabi Malunga; Shanaaz
Manie; Masilo Mapaila; Adriana Marais; Paul Maree; Bryony Martin; Nicole Masureik; Jacques Masuret; John Mathew; Dr Will
Matthews; Chiedza Matuso; Thulani Mazolo; Stephen McBride; JoEllen McBride; Abigail McDougall; Kate McGrath; Ralf
Melis; Nikolai Meures; Margaretha Meyer; Riana Meyer; Dr Duncan Mhakure; Filippo Miatto; Jenny Miller; Rossouw Minnaar;
Abdul Mirza; Colin Mkhize; Mapholo Modise; Carla Moerdyk; Tshwarelo Mohlala; Relebohile Molaoa; Marasi Monyau; Asogan
Moodaly; Jothi Moodley; Robert Moon; Calvin Moore; Bhavani Morarjee; Talitha Mostert; Gabriel Mougoue; Kholofelo
Moyaba; Nina Gitau Muchunu; Christopher Muller; Helgard Muller; Johan Muller; Caroline Munyonga; Alban Murewi; Kate
Murphy; Emmanuel Musonza; Tom Mutabazi; David Myburgh; Johann Myburgh; Kamie Naidu; Nolene Naidu; Gokul Nair;
Vafa Naraghi; Bridget Nash; Eduan Naudé; Polite Nduru; Tyrone Negus; Theresa Nel; Annemarie Nelmapius; Huw Newton-
Hill; Buntu Ngcebetsha; Towan Nothling; Tony Nzundu; Jacquin October; Thomas O’Donnell; Dr Markus Oldenburg; Marieta
Oliver; Riaz Omar; Helena Otto; Adekunle Oyewo; Dr Jaynie Padayachee; Poveshen Padayachee; Dr Daniel Palm; Masimba
Paradza; Clare Patrick; Quinton Paulse; Dave Pawson; Justin Pead; Nicolette Pekeur; Carli Pengilly; Roseinnes Phahle; Seth
Phatoli; Joan Pienaar; Petrus Pieterse; Sirika Pillay; Jacques Plaut; Johan du Plessis; Tabitha du Plessis; Jaco du Plessis;
Barry Povey; Andrea Prinsloo; David Prinsloo; Joseph Raimondo; Sanya Rajani; Prof. Sergey Rakityansky; Alastair Ramlakan;
Thinus Ras; Dr Matina J. Rassias; Ona Rautenbach; Dr Jocelyn Read; Jonathan Reader; Jane Reddick; Robert Reddick; Dr
Matthew Reece; Chris Reeders; Brice Reignier; Razvan Remsing; Dr Liezel Retief; Adam Reynolds; Laura Richter; Max
Richter; Sean Riddle; Dr David Roberts; Christopher Roberts; Helen Robertson; William Robinson; Evan Robinson; Christian
Roelofse; Raoul Rontsch; Dr Andrew Rose; Katie Ross; Karen Roux; Dr Maritha le Roux; Jeanne-Marié Roux; Karen Roux;
Mark Roux; Bianca Ruddy; Heinrich Rudman; Nitin Rughoonauth; Katie Russell; Steven Sam; Jason Avron Samuels; Rhoda
van Schalkwyk; Christo van Schalkwyk; Dr Carl Scheffler; Nathaniel Schwartz; Duncan Scott; Helen Seals; Relebohile Sefako;
Sandra Serumaga-Zake; Paul Shangase; Cameron Sharp; lan Sherratt; Ryman Shoko; Dr James Short; Cho Hee Shrader;
Roger Sieloff; Brandon Sim; Bonga Skozana; Bradley Smith; Greg Solomon; Zamekile Sondzaba; Nicholas Spaull; Margaret
Spicer; Hester Spies; Dr Andrew Stacey; Dr Jim Stasheff; Mike Stay; Nicol Steenkamp; Nicky Stocks; Dr Fred Strassberger;
Mike Stringer; Stephanie Strydom; Abdulhuck Suliman; Bianca Swart; Masixole Swartbooi; Ketan Tailor; Tshenolo Tau; Tim
Teatro; Ben Thompson; Shen Tian; Xolani Timbile; Dr Francois Toerien; René Toerien; Liezel du Toit; Nicola du Toit; Dr Johan
du Toit; Robert Torregrosa; Jimmy Tseng; Theresa Valente; Alida Venter; Pieter Vergeer; Rizmari Versfeld; Nina Verwey;
Mfundo Vezi; Mpilonhle Vilakazi; Katie Viljoen; Adele de Villiers; Daan Visage; Wetsie Visser; Alexander Volkwyn; Kosma von
Maltitz; Dr Karen Wallace; John Walmsley; Duncan Watson; Helen Waugh; Leandra Webb; Dr Dawn Webber; Michelle Wen;
Dr Rufus Wesi; Francois Wessels; Wessel Wessels; Leandi van der Westhuizen; Neels van der Westhuizen; Sabet van der
Westhuizen; Dr Alexander Wetzler; Dr Spencer Wheaton; Vivian White; Mark Whitehead; Dr Gerald Wigger; Harry Wiggins;
Heather Williams; Wendy Williams; Julie Wilson; Timothy Wilson; Andrew Wood; Emma Wormauld; Dr Sahal Yacoob; Jean

Youssef; Ewald Zietsman; Johan Zietsman; Marina van Zyl



EVERYTHING MATHS

Mathematics is commonly thought of as being about numbers but mathematics is actu-
ally a language! Mathematics is the language that nature speaks to us in. As we learn to
understand and speak this language, we can discover many of nature’s secrets. Just as
understanding someone’s language is necessary to learn more about them, mathemat-
ics is required to learn about all aspects of the world — whether it is physical sciences, life

sciences or even finance and economics.

The great writers and poets of the world have the ability to draw on words and put them
together in ways that can tell beautiful or inspiring stories. In a similar way, one can draw
on mathematics to explain and create new things. Many of the modern technologies that
have enriched our lives are greatly dependent on mathematics. DVDs, Google searches,
bank cards with PIN numbers are just some examples. And just as words were not created
specifically to tell a story but their existence enabled stories to be told, so the mathemat-
ics used to create these technologies was not developed for its own sake, but was avail-

able to be drawn on when the time for its application was right.

There is in fact not an area of life that is not affected by mathematics. Many of the most
sought after careers depend on the use of mathematics. Civil engineers use mathematics
to determine how to best design new structures; economists use mathematics to describe
and predict how the economy will react to certain changes; investors use mathematics to
price certain types of shares or calculate how risky particular investments are; software
developers use mathematics for many of the algorithms (such as Google searches and

data security) that make programmes useful.

But, even in our daily lives mathematics is everywhere - in our use of distance, time and
money. Mathematics is even present in art, design and music as it informs proportions
and musical tones. The greater our ability to understand mathematics, the greater our
ability to appreciate beauty and everything in nature. Far from being just a cold and ab-
stract discipline, mathematics embodies logic, symmetry, harmony and technological

progress. More than any other language, mathematics is everywhere and universal in its

£

application.
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SPONSOR

This textbook was developed with corporate social investment funding from MMI
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Holdings.

Well structured, impactful Corporate Social Investment (CSI) has the ability to
contribute positively to nation building and drive positive change in the communities.
MMI’'s commitment to social investment means that we are constantly looking for ways
in which we can assist some of South Africa’s most vulnerable citizens to expand their
horizons and gain greater access to life's opportunities. This means that we do not view
social investment as a nice to have or as an exercise in marketing or sponsorship but
rather as a critical part of our contribution to society.

The merger between Metropolitan and Momentum was lauded for the complementary
fit between two companies. This complementary fit is also evident in the focus areas of
CSI programmes where Metropolitan and Momentum together cover and support the
most important sectors and where the greatest need is in terms of social participation.

HIV/AIDS is becoming a manageable disease in many developed countries but in a
country such as ours, it remains a disease where people are still dying of this scourge
unnecessarily. Metropolitan continues to make a difference in making sure that HIV AIDS
moves away from being a death sentence to a manageable disease. Metropolitan’s other
focus area is education which remains the key to economic prosperity for our country.

Momentum’s focus on persons with disabilities ensures that this community is included
and allowed to make their contribution to society. Orphaned and vulnerable children
are another focus area for Momentum and projects supported ensure that children are
allowed to grow up safely, to assume their role along with other children in inheriting a

prosperous future.
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DIGITAL TEXTBOOKS

READ ONLINE

Watch this textbook come alive on the web. In addition to all the content in this printed copy,
the online version is also full of videos, presentations and simulations to give you a more
comprehensive learning experience.

www.everythingmaths.co.za and www.everythingscience.co.za
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YYou are here: Home » Grade 10 Physical Sciences » States of matter and the kinetic molecular theory

You are here: Home » Grade Jl€[EEES 10“ ressions » Estimating surds of
States of matter <>
Estimating sur@is2adl <>

In this chapter we will explore the states of matter and then look at the kinetic molecular theory. Matter exists in
three states: solid, liquid and gas. We will also examine how the kinetic theory of matter helps explain boiling and
If the 2" root of a number c4 umber, we call it a surd. For example, v2 and v/& melting polrts as well as other properties of matter.

are surds, but /4 is not a s 0 the rational number 2.
Grade 10 Mathematical

Grade 12

In this chapter we will look af L Z2Y is any positive number, for example, v/7 or /3. Itis
very common for n to be 2, sO We Usually do no e /. Instead we write the surd as just /@.

Itis imes useful to know the imate value of a surd without having to use a calculator. For example,
we want to be able to estimate where a surd like /3 is on the number line. From a calculator we know that v/3 is
equal to 1,73205.... It is easy to see that /3 is above 1 and below 2. But to see this for other surds like /T8
without using a calculator, you must first understand the following:

Identity 1

Ifaand b are positive whole numbers, and a < b, then /@ < v/b. Chapter introduction

CHECK YOUR ANSWERS ONLINE OR ON YOUR PHONE

Want the answers? View the fully worked solutions to any question in this textbook by
entering its shortcode (4 digit combination of letters and numbers) into the search box on
the web or mobi sites.

www.everythingmaths.co.za and www.everythingscience.co.za or
m.everythingmaths.co.za and m.everythingscience.co.za from your cellphone.

Exercise 2 — 3: Solution by the guadratic formula Example 2: Estimating surds

Question

Solve the following

2 Find the two consecutive integers such that 4/49 lies between them.
1.3 +t—4=0
Show me this worked solution

2. 22 -52-3=0

3 262 +6t+5=0

o / Exercise 1:

Think you got it? Get this answer ar
Problem 1:

{1} |‘: ! aw 2 Determine between which two consecutive integers the following numbers lie, without using a calculator:

1. V18

2. /29

3.3

4. V19 ?(ﬁ'\

Practise more questions like this

1.2289 2 2288 3.228C

E m.everythingmaths.co.za &
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Don't stress if you haven’t got a smart phone.
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All Mxit users can read their Everything
Series textbooks on Mxit Reach too. Add
Everything Maths and Everything Science as T
Mxit contacts or browse to the books on Mxit
Reach.

mxit>tradepost>reach>education>

everything maths or everything science

DOWNLOAD FOR TABLETS

You can download a digital copy of the
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your PC, tablet, iPad and Kindle.
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PRACTISE INTELLIGENTLY

PRACTISE FOR TESTS & EXAMS ONLINE & ON YOUR PHONE

To dowell in tests and exams you need practice,
but knowing where to start and getting past
exams papers can be difficult.

Intelligent Practice is an online Maths and
Science practice service that allows you to
practise questions at the right level of difficulty
for you and get your answers checked instantly!

Practise questions like these by registering at
everythingmaths.co.za or

everythingscience.co.za.

Angles in quadrilaterals

The diagram below represents quadrilateral ABCD with extended line CE. Quadilateral ABCD is a polygon with
four sides and four angles. The sum of the interior angles in a quadrilateral = 360 * . Angles on a straight line
like CE =180 ° .

63

YOUR DASHBOARD

Your individualised dashboard on Intelligent
Practice helps you keep track of your work.
Your can check your progress and mastery
for every topic in the book and use it to help
you to manage your studies and target your
weaknesses. You can also use your dashboard
to show your teachers, parents, universities
or bursary institutions what you have done
during the year.

Effect of mass on gravitational force

The International Space Station (ISS) has a mass M, as it orbits the Earth, it experiences a
gravitational force of F. A space shuttle docks onto the ISS. The gravitational force the 1SS
experiences once the mass of the shuttle is added increases by a factor of 3.

By what factor does the mass of the ISS increase for it to experience this increase of gravitational
force? Write your answer as a fraction of the original mass Miss of the 1ss.

Answer: M;ss 2 points]

[ Help! How should | type my answer? ]

Wavelength and diffraction

Two diffraction patterns are presented, determine which one has the longer wavelength based
on the features of the diffraction pattern. The first pattern is for green light and the second pattern
is for violet light:

. —
violet i e e e 55

The same diffraction grating is used to generate both diffraction patterns.

Answer: |selectananswer =| [2 points]

Table of Contents

Glick on a chapter or section below to start practising. You can also select multiple sections and click the Start a new
session button.
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Sequences and series

In earlier grades we learnt about number patterns, which included linear sequences
with a common difference and quadratic sequences with a common second difference.
We also looked at completing a sequence and how to determine the general term of a
sequence.

In this chapter we also look at geometric sequences, which have a constant ratio be-

tween consecutive terms. We will learn about arithmetic and geometric series, which
are the summing of the terms in sequences.

1.1 Arithmetic sequences EMCDP

An arithmetic sequence is a sequence where consecutive terms are calculated by
adding a constant value (positive or negative) to the previous term. We call this con-
stant value the common difference (d).

For example,
3;0;—-3;—6;—-9;...

This is an arithmetic sequence because we add —3 to each term to get the next term:

First term T 3
Second term | T, +(-3) = 0

Third term | T3 +(-3)= | -3
Fourth term | T} —3 +(-3)=1| -6

Fifthterm | T5 | —6 + ( 3)=1-9

® See video: 284G at www.everythingmaths.co.za

Exercise 1 — 1: Arithmetic sequences

Find the common difference and write down the next 3 terms of the sequence.

2;6;10;14; 18;22; . ..

—1;—4;-7;—-10; —13; —16; ...

—5;—-3;—-1;1;3;...

—1;10;21;32;43; 54;...

a—3bja—b;a+bya—+3b;...

—2;—%;— - 0,;,1,...

More questlons. Sign in at Everything Maths online and click 'Practise Maths'.

N O U bW N =

Check answers online with the exercise code below or click on ‘show me the answer’.
1.284H 2.284) 3.284K 4.284M 5.284N 6. 284P

www.everythingmaths.co.za m.everythingmaths.co.za
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The general term for an arithmetic sequence

For a general arithmetic sequence with first term a and a common difference d, we can
generate the following terms:

T =a

Th=Ti+d=a+d
Ts=To+d=(a+d)+d=a+2d
Ty=T5+d=(a+2d)+d=a+3d

T,.=T,-1+d=(a+(n=-2)d)+d=a+(n—-1)d

Therefore, the general formula for the n' term of an arithmetic sequence is:

T,=a+(n—-1)d

Test for an arithmetic sequence

To test whether a sequence is an arithmetic sequence or not, check if the difference
between any two consecutive terms is constant:

d=Th-T1=T3-Ty=...=T,-T,

If this is not true, then the sequence is not an arithmetic sequence.

QUESTION

Given the sequence —15; —11; —7;...173.

1. Is this an arithmetic sequence?
2. Find the formula of the general term.
3. Determine the number of terms in the sequence.

Chapter 1. Sequences and series
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SOLUTION

Step 1: Check if there is a common difference between successive terms

Ty—Ty=—11—(—15) =4
Ts—Ty=—7—(—11)=4
.. This is an arithmetic sequence with d = 4

Step 2: Determine the formula for the general term

Write down the formula and the
known values: Tn .

T, =a+(n—1)d T ——+—n
=15+ (n—1)(4) ol
=—15+4n—4 L
=4n — 19

¢ To=d4n—19

—10 +
—12 +
—14 +

—16 +

—18 +

A graph was not required for this question but it has been included to show that the
points of the arithmetic sequence lie in a straight line.

Note: The numbers of the sequence are natural numbers (n € {1;2;3;...}) and there-
fore we should not connect the plotted points. In the diagram above, a dotted line has

been used to show that the graph of the sequence lies on a straight line.

Step 3: Determine the number of terms in the sequence

T,=a+(n—1)d

173 = 4n — 19
192 = 4n
192
L=
=48
coTyg =173

Step 4: Write the final answer
Therefore, there are 48 terms in the sequence.

1.1. Arithmetic sequences




Arithmetic mean

The arithmetic mean between two numbers is the number half-way between the two
numbers. In other words, it is the average of the two numbers. The arithmetic mean
and the two terms form an arithmetic sequence.

For example, the arithmetic mean between 7 and 17 is calculated:

Arithmetic mean

7T+ 17
2
12

.. 7,125 17 is an arithmetic sequence
T, —T1=12—-7=5
T3 —To=17—-12=5

Plotting a graph of the terms of a sequence sometimes helps in determining the type
of sequence involved. For an arithmetic sequence, plotting T;, vs. n results in the
following graph:

Term: T,

Index: n

e If the sequence is arithmetic, the plotted points will lie in a straight line.

e Arithmetic sequences are also called linear sequences, where the common dif-
ference (d) is the gradient of the straight line.

T,=a+(n—-1)d
can be written as T, = d(n— 1) + a
which is of the same form as y = mz + ¢

Chapter 1. Sequences and series




Exercise 1 — 2: Arithmetic Sequences

1. Given the sequence 7;5,5;4;2.,5; . ..

a) Find the next term in the sequence.
b) Determine the general term of the sequence.
¢) Which term has a value of —232

2. Given the sequence 2;6;10;14;. ..

a) Is this an arithmetic sequence? Justify your answer by calculation.
b
C

Calculate T55.
Which term has a value of 322?
d) Determine by calculation whether or not 1204 is a term in the sequence?

)
)
)
)

3. An arithmetic sequence has the general term 7,, = —2n + 7.

a) Calculate the second, third and tenth terms of the sequence.
b) Draw a diagram of the sequence for 0 < n < 10.

I

. The first term of an arithmetic sequence is —% and Ty, = 10. Find T},.

(&)

. What are the important characteristics of an arithmetic sequence?

(o)}

. You are given the first four terms of an arithmetic sequence. Describe the method
you would use to find the formula for the n'" term of the sequence.

N

. A single square is made from 4 matchsticks. To make two squares in a row takes
7 matchsticks, while three squares in a row takes 10 matchsticks.

[ []

a) Write down the first four terms of the sequence.
b

)
)
c) Determine the formula for the general term.
)
)

What is the common difference?

d
e) If there are 109 matchsticks, calculate the number of squares in the row.

How many matchsticks are in a row of 25 squares?

8. A pattern of equilateral triangles decorates the border of a girl’s skirt. Each trian-
gle is made by three stitches, each having a length of 1 cm.

i

a) Complete the table:

Figure no. 11213 ¢ r | n
No. of stitches | 3 | 5 | p | 15 | 71 | s

b) The border of the skirt is 2 m in length. If the entire length of the border is
decorated with the triangular pattern, how many stitches will there be?

1.1. Arithmetic sequences




9. The terms p; (2p + 2); (5p + 3) form an arithmetic sequence. Find p and the 15%
term of the sequence.

[IEB, Nov 2011]

10. The arithmetic mean of 3a — 2 and z is 4a — 4. Determine the value of z in terms
of a.

11. Insert seven arithmetic means between the terms (3s — ¢) and (—13s + 7t).
12. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

1.284Q 2.284R 3. 284S 4.284T  5.284V 6. 284W
7.284X  8.284Y 9.284Z 10.2852 11.2853

@
=\ www.everythingmaths.co.za m.everythingmaths.co.za

DEFINITION: Quadratic sequence

A quadratic sequence is a sequence of numbers in which the second difference be-
tween any two consecutive terms is constant.

The general formula for the n' term of a quadratic sequence is:

T,=an’>+bn+c

n=1 n=2 n=3 n=4

T, a+b+c 4a+2b+c 9a + 3b+ ¢ 16a +4b+ ¢
1%t difference 3a+b 5a+b Ta+b

\Za/ \2a/

ond difference

It is important to note that the first differences of a quadratic sequence form an arith-
metic sequence. This sequence has a common difference of 2a between consecutive
terms. In other words, a linear sequence results from taking the first differences of a
quadratic sequence.

Worked example 2: Quadratic sequence

QUESTION

Consider the pattern of white and blue blocks in the diagram below.

1. Determine the sequence formed by the white blocks (w).
2. Find the sequence formed by the blue blocks (b).

Chapter 1. Sequences and series
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Pattern number (n) 1121345 |6]|n
No. of white blocks (w)
Common difference (d)

Pattern number (n) 112|13[4]5|6]|n
No. of blue blocks (b)
Common difference (d)

SOLUTION

Step 1: Use the diagram to complete the table for the white blocks

Pattern number (n) 1123 | 4|5 |6 |n
No. of white blocks (w) 20 | 24 | 4n
Common difference (d) 4|1 4| 4| 4] 4

oo
—
\V]
p—
(=)

We see that the next term in the sequence is obtained by adding 4 to the previous term,
therefore the sequence is linear and the common difference (d) is 4.

The general term is:

Tn=af (@ 1)d

=44+ (n—-1)4)
=4+4n—4
=4n

Step 2: Use the diagram to complete the table for the blue blocks

Pattern number (n) 112(3|4] 516
No. of blue blocks (b) | 0 | 1 25
Difference 1135|719

N
Nej
—_
(@]

We notice that there is no common difference between successive terms. However,
there is a pattern and on further investigation we see that this is in fact a quadratic
sequence:

1.1. Arithmetic sequences




Pattern
number (n)
No. of blue
blocks (b)
First
difference
Second
difference
Pattern Q=12 2-1)2 ]| 3-1)2]| @d4-1)2] 5-1)2] (6-1)%] (n—1)2

— — 2 2 2 2 —

T, = (n—1)?

Step 3: Draw a graph of T}, vs. n for each sequence

15
26 +

24

.M~..._-::._->

22 +
20 + .
18 +

161 To=4n § s
White blocks: T, = 4n
Blue blocks: T}, = (n — 1)?
=n?-2n+1

14
12 + .

10 + S Ty=(n—1)

-+

.
|
0 T
1 2 3 4 5 6 7 8 9

Since the numbers of the sequences are natural numbers (n € {1;2;3;...}), we should
not connect the plotted points. In the diagram above, a dotted line has been used to
show that the graph of the sequence formed by the white blocks (w) is a straight line
and the graph of the sequence formed by the blue blocks (b) is a parabola.
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Exercise 1 — 3: Quadratic sequences

1. Determine whether each of the following sequences is:

e a linear sequence;
e a quadratic sequence;
e or neither.

a) 8;17;32;53;80;... e) 5;19;41;71;109;...

b) 3p2;6p?; 9p?; 12p?; 15p?; . .. f) 3;9;16;21;27;...

c) 1;2,5;5;8,5;13;. .. 8) 2k;8k; 18k; 32k; 50k; . ..
d) 2;6;10;14;18;... h) 2%;6; 10%;16;22%;...

2. A quadratic pattern is given by T,, = n? + bn + c. Find the values of b and c if
the sequence starts with the following terms:

—1;2;7;14; ...

3. a?; —a?; —3a%; —5a?;. .. are the first 4 terms of a sequence.

a) Is the sequence linear or quadratic? Motivate your answer.
b) What is the next term in the sequence?
c) Calculate Tygg.
4. Given T,, = n? + bn + ¢, determine the values of b and c if the sequence starts

with the terms:
2;7;14;23; ...

5. The first term of a quadratic sequence is 4, the third term is 34 and the common
second difference is 10. Determine the first six terms in the sequence.

6. A quadratic sequence has a second term equal to 1, a third term equal to —6 and
a fourth term equal to —14.
a) Determine the second difference for this sequence.
b) Hence, or otherwise, calculate the first term of the pattern.

7. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

la. 2854 1b. 2855 1c.2856 1d.2857 1e.2858 1f. 2859
1g.285B 1h.285C  2.285D  3.285F 4.285G 5.285H
6. 285)
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1.2  Geometric sequences EMCDR

DEFINITION: Geometric sequence

A geometric sequence is a sequence of numbers in which each new term (except for
the first term) is calculated by multiplying the previous term by a constant value called
the constant ratio (7).

® See video: 285K at www.everythingmaths.co.za

This means that the ratio between consecutive numbers in a geometric sequence is a
constant (positive or negative). We will explain what we mean by ratio after looking at
the following example.

Example: A flu epidemic EMCDS

Influenza (commonly called “flu”) is caused by the influenza virus, which infects the
respiratory tract (nose, throat, lungs). It can cause mild to severe illness that most
of us get during winter time. The influenza virus is spread from person to person in
respiratory droplets of coughs and sneezes. This is called “droplet spread”. This can
happen when droplets from a cough or sneeze of an infected person are propelled
through the air and deposited on the mouth or nose of people nearby. It is good
practice to cover your mouth when you cough or sneeze so as not to infect others
around you when you have the flu. Regular hand washing is an effective way to
prevent the spread of infection and illness.

Assume that you have the flu virus, and you forgot to cover your mouth when two
friends came to visit while you were sick in bed. They leave, and the next day they
also have the flu. Let’s assume that each friend in turn spreads the virus to two of their
friends by the same droplet spread the following day. Assuming this pattern continues
and each sick person infects 2 other friends, we can represent these events in the
following manner:

/"N
/’H‘
T

MM
T T

Each person infects two more people with the flu virus.

Chapter 1. Sequences and series
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We can tabulate the events and formulate an equation for the general case:

Day (n) No. of newly-infected people
1 2=2
2 4=2x2=2x2!
3 8=2x4=2x2x2=2x22
4 16=2x8=2x2x2x2=2x23
5 32=2x16=2x2x2x2x2=2x2%
n 2X2X2X2X---x2=2x2"1

The above table represents the number of newly-infected people after n days since you
first infected your 2 friends.

You sneeze and the virus is carried over to 2 people who start the chain (a = 2). The
next day, each one then infects 2 of their friends. Now 4 people are newly-infected.
Each of them infects 2 people the third day, and 8 new people are infected, and so on.
These events can be written as a geometric sequence:

2;4;8;16;32;. ..

Note the constant ratio (r = 2) between the events. Recall from the linear arithmetic se-
quence how the common difference between terms was established. In the geometric
sequence we can determine the constant ratio (r) from:

T, T

—_— = — =7

Ty Ty

More generally,

Exercise 1 — 4: Constant ratio of a geometric sequence

Determine the constant ratios for the following geometric sequences and write down
the next three terms in each sequence:

. 5;10;20;...

1.1.1,
i I

. 7;0,7;0,07; . ..

. p;3p%9p%; . .

. —3:30; —300;. ..

. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

S U1 A W N =

Check answers online with the exercise code below or click on ‘show me the answer’.
1.285M 2.285N 3.285P 4.285Q 5.285R

@
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The general term for a geometric sequence EMCDT

From the flu example above we know that T} = 2 and » = 2, and we have seen from
the table that the n'" term is given by 7, = 2 x 2"~ 1.

The general geometric sequence can be expressed as:

T =a = ard
Tho=axr =ar!
Ts=axrxr =ar?
Ty=aXrxXrxr = ar’
T,=ax[rxr...(n—1)times] =ar"!

Therefore the general formula for a geometric sequence is:
T, =ar™ !

where

e a is the first term in the sequence;

e 7 is the constant ratio.

Test for a geometric sequence

To test whether a sequence is a geometric sequence or not, check if the ratio between
any two consecutive terms is constant:
T, Ty T

T, T» T

=T

If this condition does not hold, then the sequence is not a geometric sequence.

Exercise 1 — 5: General term of a geometric sequence

Determine the general formula for the n" term of each of the following geometric
sequences:

5;10;20;. ..

1.1.1.
274781 °°

7;0,7;0,07; ...

p; 3p%; 9p°; ...

~3:30; —300; . ..

More questions. Sign in at Everything Maths online and click 'Practise Maths'.

- o

Check answers online with the exercise code below or click on ‘show me the answer’.
1.285S 2.285T 3.285V 4.285W 5. 285X

O
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Worked example 3: Flu epidemic

QUESTION

We continue with the previous flu example, where T, is the number of newly-infected
people after n days:

T,=2x2" 1

1. Calculate how many newly-infected people there are on the tenth day.
2. On which day will 16 384 people be newly-infected?

SOLUTION

Step 1: Write down the known values and the general formula

a=2
=2
T,=2x 2" 1

Step 2: Use the general formula to calculate T}
Substitute n = 10 into the general formula:

T,=axr"!

T =2 %2071
=2x2°
=2 x 512
= 1024

On the tenth day, there are 1024 newly-infected people.

Step 3: Use the general formula to calculate n

We know that T,, = 16 384 and can use the general formula to calculate the corre-
sponding value of n:

T, =ar"*

16384 =2 x 2n!

16384 _
2
8192 = 27!
We can write 8192 as 213
o 213 — gn-1
-.13=n—1 (same bases)
.n=14

There are 16 384 newly-infected people on the 14™ day.
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For this geometric sequence, plotting the number of newly-infected people (T},) vs. the
number of days (n) results in the following graph:

T, A
16 .
14t DT, =2 xont
Day (n) | No. of newly-infected people .l ‘
1 2
2 4 10 -
3 8
1 16 g1 ‘
5 32 :
6 64 6 1
n 2 x 2n—1
4 + .
21+ o
} n

0 123456780910
In this example we are only dealing with positive integers (n € {1;2;3;...}, T, € {1;2;3;...}),

therefore the graph is not continuous and we do not join the points with a curve (the
dotted line has been drawn to indicate the shape of an exponential graph).

Geometric mean

The geometric mean between two numbers is the value that forms a geometric se-
quence together with the two numbers.

For example, the geometric mean between 5 and 20 is the number that has to be
inserted between 5 and 20 to form the geometric sequence: 5; x; 20

. . T 20
Determine the constant ratio: g = —
X
L 22=20x5
22 =100
xr = =+10

Important: remember to include both the positive and negative square root. The
geometric mean generates two possible geometric sequences:

5;10; 20;. ..
5; —10;20;. ..

In general, the geometric mean (z) between two numbers a and b forms a geometric
sequence with a and b:

For a geometric sequence: a; x; b

. . xT
Determine the constant ratio: — =
¢
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Exercise 1 — 6: Mixed exercises

1. The n'" term of a sequence is given by the formula 7}, = 6 (%)nfl.
a) Write down the first three terms of the sequence.
b) What type of sequence is this?

2. Consider the following terms:

(k—4); (k+1);m;5k

The first three terms form an arithmetic sequence and the last three terms form
a geometric sequence. Determine the values of £ and m if both are positive
integers.

[IEB, Nov 2006]
3. Given a geometric sequence with second term 3 and ninth term 64.
a) Determine the value of .
b) Find the value of a.
c) Determine the general formula of the sequence.

4. The diagram shows four sets of values of consecutive terms of a geometric se-
quence with the general formula T}, = ar™~!.

T
" (4;2)
2 o T,=ar"!
(3;1)
1
@)
(Liy) o
[ ]
o i i i i n
1 2 3 4

a) Determine a and r.
b) Find z and y.
c) Find the fifth term of the sequence.

5. Write down the next two terms for the following sequence:

1;8in6;1 — cos?6;. ..
6. 5;z;y is an arithmetic sequence and x; y; 81 is a geometric sequence. All terms
in the sequences are integers. Calculate the values of z and y.

7. The two numbers 22232 and 8z* are given.

a) Write down the geometric mean between the two numbers in terms of z

and y.

b) Determine the constant ratio of the resulting sequence.
8. Insert three geometric means between —1 and —g;. Give all possible answers.
9. More questions. Sign in at Everything Maths online and click 'Practise Maths’.

Check answers online with the exercise code below or click on ‘show me the answer’.

1.285Y 2.285Z 3.2862 4.2863 5.2864 6.2865
7.2866 8.2867

@
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1.3 Series EMCDV

It is often important and valuable to determine the sum of the terms of an arithmetic
or geometric sequence. The sum of any sequence of numbers is called a series.

Finite series

We use the symbol S,, for the sum of the first n terms of a sequence {T%; T»; T5; .. .; Ty }:

Spn=Ti+T+T3+ --+T,

If we sum only a finite number of terms, we get a finite series.

For example, consider the following sequence of numbers
1:4;9; 16; 25; 36; 49; . ..
We can calculate the sum of the first four terms:
S4=14+44+9+16=30
This is an example of a finite series since we are only summing four terms.

Infinite series

If we sum infinitely many terms of a sequence, we get an infinite series:

SOOZT1+T2+T3+

Sigma notation EMCDW

Sigma notation is a very useful and compact notation for writing the sum of a given
number of terms of a sequence.

A sum may be written out using the summation symbol > (Sigma), which is the capital
letter “S” in the Greek alphabet. It indicates that you must sum the expression to the
right of the summation symbol:

For example,
5

Z2n:2+4—|—6+8—|—10:30

n=1

In general,

S Ti=Tn+Tnir+-+Toa + Ty

i=m

where

i is the index of the sum;

m is the lower bound (or start index), shown below the summation symbol;

n is the upper bound (or end index), shown above the summation symbol;

T; is a term of a sequence;
e the number of terms in the series = end index — start index + 1.

Chapter 1. Sequences and series
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The index ¢ increases from m to n by steps of 1.

Note that this is also sometimes written as:

n
Zai:a7n+am+l+"'+an—l+an

i=m

When we write out all the terms in a sum, it is referred to as the expanded form.

If we are summing from ¢ = 1 (which implies summing from the first term in a se-
guence), then we can use either S,, or }_ notation:

n
Sn:Zai:al—l—ag—l—---—l—an (n terms)
i=1

Worked example 4: Sigma notation

QUESTION

Expand the sequence and find the value of the series:

6
2.7
n=1

SOLUTION

Step 1: Expand the formula and write down the first six terms of the sequence

6
doon=2"422423 4284 2° 425 (6 terms)
n=1

=2+4+8+16+ 32+ 64

This is a geometric sequence 2; 4; 8; 16; 32; 64 with a constant ratio of 2 between con-
secutive terms.

Step 2: Determine the sum of the first six terms of the sequence

Se=2+4+8+16+32+64
=126
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Worked example 5: Sigma notation

QUESTION

Find the value of the series:

7
Z 2an
=3

SOLUTION

Step 1: Expand the sequence and write down the five terms

7
> 2an = 2a(3) + 2a(4) + 2a(5) + 2a(6) + 2a(7) (5 terms)
n=3

= 6a + 8a + 10a + 12a + 14a

Step 2: Determine the sum of the five terms of the sequence

S5 = 6a + 8a + 10a + 12a + 14a
= 50a

Worked example 6: Sigma notation

QUESTION

Write the following series in sigma notation:

314+24+174+10+3

SOLUTION

Step 1: Consider the series and determine if it is an arithmetic or geometric series

First test for an arithmetic series: is there a common difference?
We let: We calculate:
Ty = 31; T, = 10; d=T, — T}
T2 = 24; T5 = 3; _ _
T =24-31
=7
&= T — T
=17—-24
=7

There is a common difference of —7, therefore this is an arithmetic series.
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Step 2: Determine the general formula of the series

Thn=a+(n—-1)d
=31+ (n— 1)(=7)
=31-Tm+7
= —Tn+ 38

Be careful: brackets must be used when substituting d = —7 into the general term.
Otherwise the equation would be T;, = 31 + (n — 1) — 7, which would be incorrect.

Step 3: Determine the sum of the series and write in sigma notation

31+24+17+10+3 =85
5
) (~Tn+38) =85

n=1

Rules for sigma notation

1. Given two sequences, a; and b;:
n n
IUREIESD IED 912
=1 =1 =1

2. For any constant c that is not dependent on the index i:

n

Z(c.ai):c.a1+c.a2+c.a3+--~+c.an
i=1
=c(ag+as+as+- - +ay)

n
=C E a;
i=1

3. Be accurate with the use of brackets:
Example 1:

3
> (@n+1)=3+5+7
n=1
=15
Example 2:
3
d @n)+1=(2+4+6)+1
n=1
=13
Note: the series in the second example has the general term T,, = 2n and the +1

is added to the sum of the three terms. It is very important in sigma notation to
use brackets correctly.
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The values of i:

4 Z a; e start at m (m is not always 1);
i=m e increase in steps of 1;
e and end at n.

Exercise 1 — 7: Sigma notation

1. Determine the value of the following:

4
a) ZQ

k=1
3
b) > i
1=—1
)
0 > (3n-2)
n=2

2. Expand the series:

6
a) > o
k=1
0

C) Z(ak)

3. Calculate the value of a:

3
a) Z (a. 2’“_1) = 28

) S (2%) =a

4. Write the following in sigma notation:

11
— 1
53T+

5. Write the sum of the first 25 terms of the series below in sigma notation:
11+4—-3-10...

6. Write the sum of the first 1000 natural, odd numbers in sigma notation.
7. More questions. Sign in at Everything Maths online and click ‘Practise Maths’.

Check answers online with the exercise code below or click on ‘show me the answer’.

la. 2868 1b. 2869 1c.286B 2a.286C 2b.286D 2c. 286F
3a. 286G 3b.286H 4. 286) 5. 286K 6. 286M

@
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1.4 Finite arithmetic series

An arithmetic sequence is a sequence of numbers, such that the difference between
any term and the previous term is a constant number called the common difference
(d):

T,=a+(n—-1)d

where

e T, is the nM term of the sequence;
e q is the first term;
e d is the common difference.

When we sum a finite number of terms in an arithmetic sequence, we get a finite
arithmetic series.

The sum of the first one hundred integers

A simple arithmetic sequence is when a = 1 and d = 1, which is the sequence of
positive integers:

T,=a+(n-1)d
=14+(mn—-1)(1)

S AT Y =1;2;3;4;5;. ..

If we wish to sum this sequence from n = 1 to any positive integer, for example 100,

we would write
100

Zn:1+2+3+~-~+100

n=1

This gives the answer to the sum of the first 100 positive integers.

The mathematician, Karl Friedrich Gauss, discovered the following proof when he was
only 8 years old. His teacher had decided to give his class a problem which would
distract them for the entire day by asking them to add all the numbers from 1 to 100.
Young Karl quickly realised how to do this and shocked the teacher with the correct
answer, 5050. This is the method that he used:

e Write the numbers in ascending order.

Write the numbers in descending order.

Add the corresponding pairs of terms together.

Simplify the equation by making S,, the subject of the equation.

1.4. Finite arithmetic series
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Sioo=1 + 2 + 3+4---+98+99 + 100
+ Sio=100+994+984---+3 + 2 4+ 1
28100 = 101 4+ 101 4+ 101 + - - - + 101 + 101 + 101
. 28100 = 101 x 100
=10 100
10 100

2
= 5050

SlOO =

General formula for a finite arithmetic series

If we sum an arithmetic sequence, it takes a long time to work it out term-by-term. We
therefore derive the general formula for evaluating a finite arithmetic series. We start
with the general formula for an arithmetic sequence of n terms and sum it from the first
term (a) to the last term in the sequence (I):

_|_
IS
Il
+
|
=
_|_
|
[\)
£
_|_
H
=
_|_
[\)
£
+
=
+
2
_|_
IS

This general formula is useful if the last term in the series is known.

We substitute I = a + (n — 1)d into the above formula and simplify:

Sy = g(a +[a+ (n—1)d])
S, = g[za +(n—1)d]

The general formula for determining the sum of an arithmetic series is given by:
n
G = 5 2a+ (n—1)d]

or @

For example, we can calculate the sum Syq for the arithmetic sequence T,, = 3 +
7 (n — 1) by summing all the individual terms:
20

S20=Z[3—|—7(n—1)]

n=1
=3+10+17+ 24+ 31 + 38+ 45 + 52
+ 59 + 66 + 73 + 80 + 87 + 94 + 101
+ 108 + 115 + 122 + 129 4 136
= 1390

Chapter 1. Sequences and series
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or, more sensibly, we could use the general formula for determining an arithmetic
series by substituting a = 3, d = 7 and n = 20:

S, = g(Za +(n—1)d)

Sho = ? [2(3) + 7 (20 — 1)]

= 1390

This example demonstrates how useful the general formula for determining an arith-
metic series is, especially when the series has a large number of terms.

® See video: 286N at www.everythingmaths.co.za

Worked example 7: General formula for the sum of an arithmetic sequence

QUESTION

Find the sum of the first 30 terms of an arithmetic series with T,, = 7n — 5 by using the
formula.

SOLUTION

Step 1: Use the general formula to generate terms of the sequence and write down
the known variables

T,=Tn—5
S Ti=71)—5
=2
T,=7(2)—5
=9
Ty =7(3)—5
=16

Step 2: Write down the general formula and substitute the known values
Sp = g[Qa +(n—1)d]

Sa0 = = [2(2) + (30~ 1)(7)]

= 15(4 + 203)
= 15(207)
= 3105

Step 3: Write the final answer
S0 = 3105

1.4. Finite arithmetic series
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Worked example 8: Sum of an arithmetic sequence if first and last terms are
known

QUESTION

Find the sum of the series —5 —3 — 1+ --.-.. + 123

SOLUTION

Step 1: Identify the type of series and write down the known variables

d=T,—1T;
=—3-(-5)
=%)

il = T8 — T
—-1-(-3)
=2

a=-5 d=2; [=123

Step 2: Determine the value of n Step 3: Use the general formula to
find the sum of the series
T,=a+(n—1)d

n
2123 =—54 (n—1)(2) Sn = 5(a+1)
= otam—2 So5 = 2 (—5 +123)
- 130 = 2n é%
= 3835

Step 4: Write the final answer
Ses = 3835

Worked example 9: Finding n given the sum of an arithmetic sequence

QUESTION

Given an arithmetic sequence with 7, = 7 and d = 3, determine how many terms
must be added together to give a sum of 2146.

SOLUTION

Step 1: Write down the known variables

d=T5—-T;
3=T7T—a
a=4

Chapter 1. Sequences and series




Step 2: Use the general formula to determine the value of n

5, = g(za +(n—1)d)
2146 = 3(2(4) +(n—1)(3))
4292 = n(8 + 3n — 3)

2.0 = 3n% 4 5n — 4292

= (3n + 116)(n — 37)

116
,‘.n:—Torn:37

but n must be a positive integer, therefore n = 37.

We could have solved for n using the quadratic formula but factorising by inspection
is usually the quickest method.

Step 3: Write the final answer
Sa7 = 2146

Worked example 10: Finding n given the sum of an arithmetic sequence

QUESTION

The sum of the second and third terms of an arithmetic sequence is equal to zero and
the sum of the first 36 terms of the series is equal to 1152. Find the first three terms in
the series.

SOLUTION

Step 1: Write down the given information

L+T=0 Snzg(2a+(n—1)d)
So (a+d)+(a+2d)=0 -
S 2a+3d=0...... (1) Sg6 = 5 (2a+ (36 — 1)d)

1152 = 18(2a + 35d)
o 64=2a+35d...... (2)

Step 2: Solve the two equations simultaneously

2a+3d=0...... (1)
2a+35d=64...... (2)
Eqn (2) — (1) : 32d =64
sd=2
And 2a 4+ 3(2) =0
2a = —6
ca=—3

1.4. Finite arithmetic series




Step 3: Write the final answer
The first three terms of the series are:

T1=a=—3
Th=a+d=-3+2=-1
Ts=a+2d=-3+2(2)=1

—3-1+1

Calculating the value of a term given the sum of n terms:
If the first term in a series is T3, then S; = T7.

We also know the sum of the first two terms S, = T3 + T3, which we rearrange to make
T, the subject of the equation:

T = Sg -1y
Substitute S; =T}
STy =8-5

Similarly, we could determine the third and fourth term in a series:

T35 =S5 — Sy
AndT4:S4—Sg

T,=S,—S._1, forn € {2;3;4;...} and Ty = S

Exercise 1 — 8: Sum of an arithmetic series

1. Determine the value of k: i
> (=2n) =20
n=1

. The sum to n terms of an arithmetic series is S,, = & (7n + 15).

No

a) How many terms of the series must be added to give a sum of 425?
b) Determine the sixth term of the series.

3. a) The common difference of an arithmetic series is 3. Calculate the values of
n for which the n term of the series is 93, and the sum of the first n terms
is 975.

b) Explain why there are two possible answers.

4. The third term of an arithmetic sequence is —7 and the seventh term is 9. Deter-
mine the sum of the first 51 terms of the sequence.
5. Calculate the sum of the arithmetic series 4 + 7 + 10 + - - - 4+ 901.
4+8+12+---4+100

6. Evaluate without usi Iculator:
valuate without using a calculator 3+10+17+”.+101

Chapter 1. Sequences and series




7. The second term of an arithmetic sequence is —4 and the sum of the first six
terms of the series is 21.

a) Find the first term and the common difference.
b) Hence determine T}qo.
[IEB, Nov 2004]

8. Determine the value of the following:

a) > (Tw+8)
w=0
8
b) > Ti+8
j=1

9. Determine the value of n.

n

> (2-3c)=-330

c=1

10. The sum of n terms of an arithmetic series is 5n2 — 11n for all values of n.
Determine the common difference.

11. The sum of an arithmetic series is 100 times its first term, while the last term is 9
times the first term. Calculate the number of terms in the series if the first term is
not equal to zero.

12. More questions. Sign in at Everything Maths online and click 'Practise Maths’.

Check answers online with the exercise code below or click on ‘show me the answer’.

1.286P  2a.286Q 2b.286R  3.286S 4.286T 5.286V
6.286W  7.286X 8a.286Y 8b.286Z 9.2872 10.2873
11. 2874

@
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1.5 Finite geometric series

When we sum a known number of terms in a geometric sequence, we get a finite
geometric series. We generate a geometric sequence using the general form:

T,=a.r" !

where

n is the position of the sequence;
e T, is the nM term of the sequence;

a is the first term;
r is the constant ratio.

1.5. Finite geometric series
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General formula for a finite geometric series EMCF2

Sp=a+ar+ar®+---+ar" 2 +ar" .. (1)

rxX S, = ar+ar’+-+ar" P +ar™ var™ (2)

Subtract egn. (2) from eqgn. (1)
SSy =Sy =a+0+04-- —ar”
Sy, —rS, =a—ar"
Sp(l—=7)=a(l—1")
_a(l—1")

oS = = (where r # 1)

The general formula for determining the sum of a geometric series is given by:

_a(l—1")

S = where r # 1
1—r
This formula is easier to use when r < 1.
Alternative formula:
Sp=a+ar+ar’ 4+ +ar"4ar" L (1)
rx.S, = ar+ar’+ - +ar" 2 +ar"  +ar™.. ... (2)
Subtract egn. (1) from eqgn. (2)
crS, =8, =ar” —a
Sp(r—1)=a(" —-1)
n
-1
oS = a(r—l) (where r # 1)
7" p—

The general formula for determining the sum of a geometric series is given by:

a(r™ —1)

Sn = r—1

where r # 1

This formula is easier to use when r» > 1.

Chapter 1. Sequences and series
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Worked example 11: Sum of a geometric series

QUESTION
Calculate:
6 k—1
D 32 (1)
2
k=1
SOLUTION

Step 1: Write down the first three terms of the series

1 0
k=1, T1:32<§> =32

1 2—1
k=2 T2:32<§> =16

1 3—1
k=3 T3:32(§> =3

We have generated the series 32 + 16 + 8 + - - -
Step 2: Determine the values of a and r

CLZT1:32
T T3 1

TTTT T2

Step 3: Use the general formula to find the sum of the series

_a(l—rm)
Sn = 1—1r
2(1 — (1)°
56:3( (12))
l=3
32 (1 — 55)

Step 4: Write the final answer

6 1 k—1
Z 32 <§> =63
k=1

1.5. Finite geometric series
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Worked example 12: Sum of a geometric series

QUESTION

Given a geometric series with T) = —4 and T, = 32. Determine the values of  and n
if S, = 84.

SOLUTION

Step 1: Determine the values of a and r

a=1) =—-4
Ty = ar® =32
o —4r3 =32
rd=—8
P==2

Therefore the geometric series is —4 +8 — 16 + 32.. .. Notice that the signs of the terms
alternate because r < 0.

We write the general term for this series as T, = —4(—2)"1.

Step 2: Use the general formula for the sum of a geometric series to determine the
value of n

_a(l—rm)
S
Ceq L T4 —=(=2)")
S ==
_ 41 -(=2)")
Bl=—7%
_Z x84=1—(=2)"
63=1—(-2)
(—2)" = 64
(-2 = (-2
.n==6

Step 3: Write the final answer

r=-2andn==6

Chapter 1. Sequences and series
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Worked example 13: Sum of a geometric series

QUESTION

Use the general formula for the sum of a geometric series to determine & if
Sl D) =2
~"\2) 64

SOLUTION

Step 1: Write down the first three terms of the series

1
1 1
2
1 1
:2‘ T: = = —
n g 2 k<2> 4k

1\° 1
= . T = —_ = -
n 3, 3 ]{1(2> Sk

We have generated the series 3k + 1k + $k+ - -

We can take out the common factor k£ and write the series as: & (% + % + % + - )
8 n
1 255
. k _ = ——
kD (2) 64
n=1

Step 2: Determine the values of a and r

1
G,:leg
T T3 1

"TTTT T2

Step 3: Calculate the sum of the first eight terms of the geometric series

. _a(l—r”)
i Sn=
1 1\8
_30-())
S = i
l=3
8
_31-(3))
1
2
B 1
a 256
_ 2
256
Sz
2) 256

1.5. Finite geometric series




So then we can write:

kZ( >"_255

255\ 255
256 )
255
k =
64 255
256
64
=4
Step 4: Write the final answer
k=4
Exercise 1 — 9: Sum of a geometric series
a(r"—1)

1. Prove thata +ar +ar? +--- +ar"~ ! =
2. Given the geometric sequence 1; —3;9;. .. determine:

and state any restrictions.

a) The eighth term of the sequence.
b) The sum of the first eight terms of the sequence.

4
> 3.t
n=1

4. Find the sum of the first 11 terms of the geometric series 6 + 3+ 2 + 3 4 ...

5. Show that the sum of the first n terms of the geometric series 54 + 18 +6 + - - - +
5(%)“71 is given by (81 — 3*~").

6. The eighth term of a geometric sequence is 640. The third term is 20. Find the

sum of the first 7 terms.
n 1 t
5(3)
t=1 2

7. Given:
a) Find the first three terms in the series.

3. Determine:

b) Calculate the number of terms in the series if S,, = 7%.

8. The ratio between the sum of the first three terms of a geometric series and the
sum of the 4", 51 and 6" terms of the same series is 8 : 27. Determine the
constant ratio and the first 2 terms if the third term is 8.

9. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

1.2876 2a.2877 2b.2878 3.2879 4.287B 5.287C
6.287D 7a.287F 7b.287G 8.287H
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1.6 Infinite series EMCF3

So far we have been working only with finite sums, meaning that whenever we deter-
mined the sum of a series, we only considered the sum of the first n terms. We now
consider what happens when we add an infinite number of terms together. Surely if
we sum infinitely many numbers, no matter how small they are, the answer goes to
infinity? In some cases the answer does indeed go to infinity (like when we sum all
the positive integers), but surprisingly there are some cases where the answer is a finite
real number.

Investigation: Sum of an infinite series

. Cut a piece of string 1 m in length.

. Now cut the piece of string in half and place one half on the desk.

. Cut the other half in half again and put one of the pieces on the desk.

. Repeat this process until the piece of string is too short to cut easily.

. Draw a diagram to illustrate the sequence of lengths of the pieces of string.

S U1l A W N =

. Can this sequence be expressed mathematically? Hint: express the shorter
lengths of string as a fraction of the original length of string.

7. What is the sum of the lengths of all the pieces of string?

8. Predict what would happen if these steps could be repeated infinitely many
times.

9. Will the sum of the lengths of string ever be greater than 1?
10. What can you conclude?

Worked example 14: Sum to infinity

QUESTION

Complete the table below for the geometric series T,, = (%)n and answer the questions
that follow:

Terms | S, | 1—S5,
T 3 3
T+ 1T
T +To+ T3
T+ T+ T3+ Ty

1. As more and more terms are added, what happens to the value of S,,?
2. As more more and more terms are added, what happens to the value of 1 — S;,?

3. Predict the maximum value of S,, for the sum of infinitely many terms in the
series.

1.6. Infinite series
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SOLUTION

Step 1: Complete the table

Terms S, | 1—2S5,
1 1 1
Ty 2 2 3
raT TENEIE
T +To+ T3 s+3+3 z 3
T+ To+Ts+Ty | 3+5+1+15 | 12 =

Step 2: Consider the value of S,, and 1 — S,
As more terms in the series are added together, the value of S,, increases:

1 < 5 < ! <
2 4 8

However, by considering 1 — S,,, we notice that the amount by which S,, increases
gets smaller and smaller as more terms are added:

> > >

1 1 1
2 4 8
We can therefore conclude that the value of S,, is approaching a maximum value of 1;
it is converging to 1.

Step 3: Write conclusion mathematically
We can conclude that the sum of the series
1 1 1

2tits T

gets closer to 1 (S,, — 1) as the number of terms approaches infinity (n — oo), therefore

the series converges. '
o0 1 1

Z) =1
>(3)

i=1

We express the sum of an infinite number of terms of a series as

Convergence and divergence

If the sum of a series gets closer and closer to a certain value as we increase the number
of terms in the sum, we say that the series converges. In other words, there is a limit to
the sum of a converging series. If a series does not converge, we say that it diverges.
The sum of an infinite series usually tends to infinity, but there are some special cases
where it does not.

Chapter 1. Sequences and series




Exercise 1 — 10: Convergent and divergent series

For each of the general terms below:

e Determine if it forms an arithmetic or geometric series.
e Calculate Sl, SQ, SlO and 5100.
e Determine if the series is convergent or divergent.

1. T, =2n
2. T,, = (—n)
3. T, = (%)”
4. T, =2"

5

. More questions. Sign in at Everything Maths online and click ‘Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.
1.287) 2.287K 3.287M 4. 287N

@
www.everythingmaths.co.za m.everythingmaths.co.za

Note the following:

e An arithmetic series never converges: as n tends to infinity, the series will always
tend to positive or negative infinity.

e Some geometric series converge (have a limit) and some diverge (as n tends to
infinity, the series does not tend to any limit or it tends to infinity).

Infinite geometric series EMCF4

There is a simple test for determining whether a geometric series converges or diverges;
if —1 < r < 1, then the infinite series will converge. If r lies outside this interval, then
the infinite series will diverge.

Test for convergence:
e If —1 < r < 1, then the infinite geometric series converges.
e If r < —1orr > 1, then the infinite geometric series diverges.

We derive the formula for calculating the value to which a geometric series converges
as follows:

n
- a(l—1r")
Sn:Zar’ 1 7
e 1—7r

Now consider the behaviour of 7™ for —1 < r < 1 as n becomes larger.

1.6. Infinite series
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Letr = =:

n=1:r"=r = 11—1
N T \2) 2
nEesm =T =) T2 2T 152
g, 1N 11 1 1_1
n = ro=r = —_ e —
2 2°2 8 4

Since r is in the range —1 < r < 1, we see that ™ gets closer to 0 as n gets larger.
Therefore (1 — r™) gets closer to 1.

Therefore,
_a(l—-rm)
Sn = 1—r
If —1<r<1, thenr™ - 0asn —

..Sw:a(l—O)

1—r

_a

17

The sum of an infinite geometric series is given by the formula

.-.Soo=§:ari—1:1“ (-1<r<1)
- T
=1

where

e a is the first term of the series;
e 1 is the constant ratio.

Alternative notation:

S, — if —1<r<1
~— 1—r

n—oo

In words: as the number of terms (n) tends to infinity, the sum of a converging geo-
metric series (S,,) tends to the value 2.

® See video: 287P at www.everythingmaths.co.za

Chapter 1. Sequences and series
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Worked example 15: Sum to infinity of a geometric series

QUESTION

Given the series 18 + 6 + 2 + - - -. Find the sum to infinity if it exists.

SOLUTION
Step 1: Determine the value of r Step 2: Determine the sum to infinity
We need to know the value of r to de- Write down the formula for the sum to
termine whether the series converges infinity and substitute the known val-
or diverges. ues:
1
T 6 a=18; P= 3
2 =
T 18
— 1 Soo — a
3 1-— T
Ty 2 .18
= = — _ 1
T, 6 l—3
! 18
= — = T
3 3
P = ! =18 x 3
3 B 2
Since —1 < r < 1, we can conclude =27
that this is a convergent geometric se-
Hies S As n tends to infinity, the sum of this

series tends to 27; no matter how many
terms are added together, the value of
the sum will never be greater than 27.

Worked example 16: Using the sum to infinity to convert recurring decimals to
fractions

QUESTION

Use two different methods to convert the recurring decimal 0,5 to a proper fraction.

SOLUTION

Step 1: Convert the recurring decimal to a fraction using equations

Letz =05
£=0555...... (1)
10z =555...... (2)
2-1): 9z=5
5
T=3

1.6. Infinite series




Step 2: Convert the recurring decimal to a fraction using the sum to infinity

0,5= 0,54 0,05+ 0,005 + . ..
5 5 5

This is a geometric series with 7 = 0,1 = ;5. And since —1 < r < 1, we can conclude
that the series is convergent.

a
S p—
°° 1—1r
5
_ _ 10
T L
-1
5
— 10
9
10
5
9

Worked example 17: Sum to infinity

QUESTION

Determine the possible values of a and r if

o0
g ar" =5
n=1

SOLUTION
Step 1: Write down the sum to infinity Step 2: Apply the condition for con-
formula and substitute known values vergence to determine possible values
of a
S = g For a series to converge: —1 <r < 1
® 1—r
__ ¢ -l<r<1
1—17r 5 a
a=5(1-r) _1<T<1
S.a=05—75r —5<b5—-a<h
And5r=5—a —10< —a<0
S 0<a<10
S 3

Step 3: Write the final answer
For the series to converge, 0 < a < 10and —1 < r < 1.

Chapter 1. Sequences and series




Exercise 1 — 11:

1. What value does ()" approach as n tends towards oo?

2. Find the sum to infinity of the geometric series 3+ 1 + 3 + % + e

3. Determine for which values of , the geometric series 2+ 2 (z + 1)+ Z(z + 1)%+
--- will converge.

4. The sum to infinity of a geometric series with positive terms is 4% and the sum of
the first two terms is 2%. Find a, the first term, and r, the constant ratio between
consecutive terms.

5. Use the sum to infinity to show that 0,9 = 1.

6. A shrub 110 cm high is planted in a garden. At the end of the first year, the shrub
is 120 cm tall. Thereafter the growth of the shrub each year is half of it’s growth
in the previous year. Show that the height of the shrub will never exceed 130 cm.
Draw a graph of the relationship between time and growth.

[IEB, Nov 2003]
7. Find p:

12

i 27pF = (24— 3¢)

k=1 t=1

8. More questions. Sign in at Everything Maths online and click ‘Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

1.287Q 2.287R 3.287S 4.287T 5.287V 6.287W
7.287X

@
www.everythingmaths.co.za m.everythingmaths.co.za
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1.7 Summary

Arithmetic sequence

common difference (d) between any two consecutive terms: d = T,, — T;,—1
general form: a + (a +d) + (a +2d) + - --
e general formula: T,, = a + (n — 1)d

graph of the sequence lies on a straight line
Quadratic sequence

e common second difference between any two consecutive terms
e general formula: T}, = an? +bn + ¢
e graph of the sequence lies on a parabola

Geometric sequence

e constant ratio (r) between any two consecutive terms: r = 7=
o

e general form: a +ar +ar? +---
e general formula: T, = ar™~!
e graph of the sequence lies on an exponential curve

Sigma notation

Sigma notation is used to indicate the sum of the terms given by T}, starting from k = 1
and ending at k = n.

Series

e the sum of certain numbers of terms in a sequence
e arithmetic series:

- Sp=73%la+]]

- Sn = 5[2a+ (n —1)d]
e geometric series:

-5, = % ifr<1

-5, = % ifr>1

Sum to infinity

A convergent geometric series, with —1 < r < 1, tends to a certain fixed number as
the number of terms in the sum tends to infinity.

S“:Z_;Tnzlir

Chapter 1. Sequences and series
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Exercise 1 — 12: End of chapter exercises

1. Is1+2+43+4+---an example of a finite series or an infinite series?

10.

11.

. A new soccer competition requires each of 8 teams to play every other team

once.

a) Calculate the total number of matches to be played in the competition.

b) If each of n teams played each other once, determine a formula for the total
number of matches in terms of n.

. Calculate:
3
k=2
The first three terms of a convergent geometric series are: =+ 1; z — 1; 2z — 5.

a) Calculate the value of z, (z # 1 or 1).
b) Sum to infinity of the series.

. Write the sum of the first twenty terms of the following series in )" notation.

3 3
6+3+§+Z+"'

im(zy*
k=1 5

. Determine:

. A man was injured in an accident at work. He receives a disability grant of

R 4800 in the first year. This grant increases with a fixed amount each year.

a) What is the annual increase if he received a total of R 143 500 over 20 years?

b) His initial annual expenditure is R 2600, which increases at a rate of R 400
per year. After how many years will his expenses exceed his income?

. The length of the side of a square is 4 units. This square is divided into 4 equal,

smaller squares. One of the smaller squares is then divided into four equal, even
smaller squares. One of the even smaller squares is divided into four, equal
squares. This process is repeated indefinitely. Calculate the sum of the areas of
all the squares.

. Thembi worked part-time to buy a Mathematics book which costs R 29,50. On

1 February she saved R 1,60, and every day saves 30 cents more than she saved
the previous day. So, on the second day, she saved R 1,90, and so on. After how
many days did she have enough money to buy the book?

A plant reaches a height of 118 mm after one year under ideal conditions in
a greenhouse. During the next year, the height increases by 12 mm. In each
successive year, the height increases by 5 of the previous year’s growth. Show

that the plant will never reach a height of more than 150 mm.
Calculate the value of n if:

1.7. Summary




12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

Michael saved R 400 during the first month of his working life. In each sub-
sequent month, he saved 10% more than what he had saved in the previous
month.

a) How much did he save in the seventh working month?
b) How much did he save all together in his first 12 working months?

The Cape Town High School wants to build a school hall and is busy with
fundraising. Mr. Manuel, an ex-learner of the school and a successful politician,
offers to donate money to the school. Having enjoyed mathematics at school,
he decides to donate an amount of money on the following basis. He sets a
mathematical quiz with 20 questions. For the correct answer to the first question
(any learner may answer), the school will receive R 1, for a correct answer to the
second question, the school will receive R 2, and so on. The donations 1;2;4;...
form a geometric sequence. Calculate, to the nearest Rand:

a) The amount of money that the school will receive for the correct answer to
the 20" question.

b) The total amount of money that the school will receive if all 20 questions
are answered correctly.

The first term of a geometric sequence is 9, and the ratio of the sum of the first
eight terms to the sum of the first four terms is 97 : 81. Find the first three terms
of the sequence, if it is given that all the terms are positive.

Given the geometric sequence: 6 + p; 10 + p; 15 + p
a) Determine p, (p # —6 or — 10).
b) Show that the constant ratio is %.

c) Determine the tenth term of this sequence correct to one decimal place.

The second and fourth terms of a convergent geometric series are 36 and 16,
respectively. Find the sum to infinity of this series, if all its terms are positive.

Evaluate:
z"’: k(k+1)
2
k=2
S, = 4n? + 1 represents the sum of the first n terms of a particular series. Find

the second term.

Determine whether the following series converges for the given values of z. If it
does converge, calculate the sum to infinity.

> @+2y
p=1
a) T = —g
b) = -5
Calculate: .
> 5(47)
i=1

The sum of the first p terms of a sequence is p (p + 1). Find the tenth term.
The powers of 2 are removed from the following set of positive integers
1:2;3;4:5;6;...;1998;1999; 2000

Find the sum of remaining integers.

Chapter 1. Sequences and series




23. Observe the pattern below:

a) If the pattern continues, find the number of letters in the column containing
M'’s.
b) If the total number of letters in the pattern is 361, which letter will be in the
last column.
24. Write 0,57 as a proper fraction.
25. Given:

a) For which values of z will f(z) converge?
b) Determine the value of f (—1).

26. From the definition of a geometric sequence, deduce a formula for calculating
the sum of n terms of the series

a®+a+a+ -

27. Calculate the tenth term of the series if S,, = 2n + 3n2.

28. A theatre is filling up at a rate of 4 people in the first minute, 6 people in the
second minute, and 8 people in the third minute and so on. After 6 minutes the
theatre is half full. After how many minutes will the theatre be full?

[IEB, Nov 2001]
29. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

1.287Y 2a. 28772 2b. 2882 3.2883 4a. 2884  4b. 2885

5. 2886 6. 2887 7a. 2888 7b. 2889 8. 288B 9.288C

10. 288D 11.288F 12a.288G  12b.288H 13a.288] 13b. 288K

14.288M 15a.288N 15b.288P  15c. 288Q  16. 288R 17. 288S

18.288T  19a.288V  19b.288W  20. 288X 21.288Y  22.2887

23a.2892  23b. 2893 24. 2894 25. 2895 26. 2896 27.2897
28. 2898

0
Z=\ www.everythingmaths.co.za m.everythingmaths.co.za
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CHAPTER

Functions

Revision

Functions and relations
Inverse functions
Linear functions

Quadratic functions

Exponential functions

Summary

Enrichment: more on logarithms




2 Functions

2.1 Revision EMCF6

In previous grades we learned about the characteristics of linear, quadratic, hyperbolic
and exponential functions. In this chapter we will demonstrate the ability to work with
various types of functions and relations including inverses. In particular, we will look
at the graphs of the inverses of:

Linear functions: y = mxz + cory = ax + ¢
2

Quadratic functions: y = ax

Exponential functions: y =0* (b > 0,b# 1)

Worked example 1: Linear function

QUESTION

Draw a graph of 2y + z — 8 = 0 and determine the significant characteristics of this
linear function.

SOLUTION

Step 1: Write the equation in standard form y = mxz + ¢

20+2—-8=0
2y =—x+38
.‘.y=—%x+4
1
Mm=—g
And c=4

Step 2: Draw the straight line graph
To draw the straight line graph we can use the gradient-intercept method:

y — intercept : (0;4)

m=——

2

2.1. Revision
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Alternative method: we can also determine and plot the z- and y-intercepts as follows:

For the y-intercept, let z = 0:

1
=_- 4
y=-—50)+
Sy=0+44
=1
This gives the point (0;4).
For the z-intercept, let y = 0: 1
0=—-z+4
2
1
51’ =4
LT =

This gives the point (8;0).

Step 3: Determine the characteristics
Gradient: —3

Intercepts: (0;4) and (8;0)
Domain: {z : z € R}
Range: {y : y € R}

Decreasing function: as = increases, y decreases.

Chapter 2. Functions




Worked example 2: Quadratic function

QUESTION

Write the quadratic function 2y — 22 + 4 = 0 in standard form. Draw a graph of the
function and state the significant characteristics.

SOLUTION

Step 1: Write the equation in standard form y = az? + bz + ¢

2y —22+4=0
2y =224

1
y:§x2—2

Therefore, we see that:

Step 2: Draw a graph of the parabola
For the y-intercept, let z = 0:

L2
= —(0)2—2
y=50)
Sy=0-2
= -2
This gives the point (0; —2).
For the z-intercept, let y = 0: .
0 = 51’2 -2
0=2-4
0=(x—2)(z+2)
Sr=—-20rTz=2

This gives the points (—2;0) and (2;0).

2.1. Revision




Step 3: State the significant characteristics
Shape: a > 0, therefore the graph is a “smile”.

Intercepts: (—2;0), (2;0) and (0; —2)
Turning point: (0; —2)
b 0 0

Axes of symmetry: z = —5- = ~5(5 —

Domain: {z : x € R}
Range: {y:y > —2,y € R}

The function is decreasing for z < 0 and increasing for z > 0.

Worked example 3: Exponential function

QUESTION

Draw the graphs of f(z) = 2% and g(z) = (%)m on the same set of axes and compare
the two functions.

SOLUTION

Step 1: Examine the functions and determine the information needed to draw the
graphs

Consider the function: = P
J(@) fy=0: 2°=0

But 2% # 0
*. no solution
fz=0: 2°=1
This gives the point (0;1).

Asymptotes: f(x) = 2* has a horizontal asymptote, the line y = 0, which is the z-axis.

x —2 —1 0 1
f(z)

\}

NP
N | 4

Consider the function: g(z) = (%)z

But (%)z # 0

-, no solution

1 0

This gives the point (0;1).

Chapter 2. Functions




Asymptotes: g(z) = (3) also has a horizontal asymptote at y = 0.

T -2 -1 0 1 2
g(z) 4 2 1 % %

Step 2: Draw the graphs of the exponential functions

Step 3: State the significant characteristics
Symmetry: f and g are symmetrical about the y-axis.

Domain of f and ¢: {z : x € R}
Range of f and g: {y : y > 0,y € R}

The function g decreases as z increases and function f increases as x increases. The
two graphs intersect at the point (0; 1).

Exercise 2 — 1: Revision

1. Sketch the graphs on the same set of axes and determine the following for each

function:
e I[ntercepts e Domain and range
e Turning point e Maximum and minimum values

e Axes of symmetry

a) f(z) =3z% and g(z) = —2?
b) j(z) = —t2? and k(z) = —52?
o h(z) =22 +4and l(z) = —22% — 4
2. Given f(z) = =3z — 6 and g(z) = max + c. Determine the values of m and c if

g || f and g passes through the point (1;2). Sketch both functions on the same
system of axes.
3. Givenm : § —% =1and n: —% = 1. Determine the z- and y-intercepts and
sketch both graphs on the same system of axes.
4. Given p(z) = 3%,¢q(z) =377 and r(z) = —3".
a) Sketch p, ¢ and r on the same system of axes.

b) For each of the functions, determine the intercepts, asymptotes, domain
and range.

2.1. Revision




5. More questions. Sign in at Everything Maths online and click ‘Practise Maths’.

Check answers online with the exercise code below or click on ‘show me the answer’.

1a. 2899 1b.289B 1c.289C 2.289D 3.289F 4a. 289G
4b. 289H

O
www.everythingmaths.co.za m.everythingmaths.co.za

2.2  Functions and relations EMCF7

DEFINITION: Relation

A rule which associates each element of set (A) with at least one element in set (B).

DEFINITION: Function

A rule which uniquely associates elements of one set (A) with the elements of another
set (B); each element in set (A) maps to only one element in set (B).

Functions can be one-to-one relations or many-to-one relations. A many-to-one relation
associates two or more values of the independent (input) variable with a single value
of the dependent (output) variable. The domain is the set of values to which the rule
is applied (A) and the range is the set of values (also called the images or function
values) determined by the rule.

Example of a one-to-one function: y = = + 1

y B
//
3 ”
7
o g
d y=z+1
14
7
7/
— ¢
-3 —27-1 1 2 3
71 €1
7
7/
7 -2 +
¥
34
Example of a many-to-one function: y = z?
y
A h
\ 4 ‘
Input Output 1\ )
1
\ 3+ /
\ /
\ /
Vo2t /
\ /oy =22
<] «1 4+ 4
\ N
N s
.; — s ——t+—
‘ -3 -2 -1 1 2 3
72 €1
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However, some very common mathematical constructions are not functions. For ex-
ample, consider the relation 2 + y? = 4. This relation describes a circle of radius 2
centred at the origin. If we let z = 0, we see that y?> = 4 and thus either y = 2 or
y = —2. This is a one-to-many relation because a single xz-value relates to two different
y-values. Therefore 22 + y? = 4 is not a function.

Vertical line test

Given the graph of a relation, there is a simple test for whether or not the relation is a
function. This test is called the vertical line test. If it is possible to draw any vertical
line (a line of constant x) which crosses the graph of the relation more than once,
then the relation is not a function. If more than one intersection point exists, then the
intersections correspond to multiple values of y for a single value of 2 (one-to-many).

If any vertical line cuts the graph only once, then the relation is a function (one-to-one
or many-to-one).

The red vertical line cuts the circle twice and therefore the circle is not a function.

The red vertical line only cuts the parabola once and therefore the parabola is a func-
tion.

2.2. Functions and relations




Exercise 2 — 2: Identifying functions

1. Consider the graphs given below and determine whether or not they are func-

tions:
a) e)
b) f
o) 8
™
d) h)

2. Sketch the following and determine whether or not they are functions:

a) z+y=4 d 22+¢y2>=9
b) y= % e) y=tanz
o y=2"

3. The table below gives the average per capita income, d, in a region of the coun-
try as a function of u, the percentage of unemployed people. Write down an
equation to show that the average income is a function of the percentage of
unemployed people.

U 1 2 3 4
d 22 500 22 000 21 500 21 000

Check answers online with the exercise code below or click on ‘show me the answer’.

1a.289) 1b. 289K 1c.289M 1d. 289N Te. 289P 1f. 289Q
1g.289R  1h. 289S 2a.289T 2b. 289V  2c.289W 2d. 289X
2e.289Y  3.289Z

@
2\ www.everythingmaths.co.za m.everythingmaths.co.za
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Function notation

For the function y = f (), y is the dependent variable, because the value of y (output)
depends on the value of = (input). We say x is the independent variable, since we
can choose z to be any number. Similarly, if g (¢) = 2t + 1, then ¢ is the independent
variable and g is the function name.

o If h(xz) = 3z — 5 and we need to determine when h (z) = 3, then we solve for
the value of z such that:

h(z) =3z -5
3=3r-5
8 =3z
8
LT =
3

e If h (x) = 3z — 5 and we need to determine h (3), then we calculate the value for
h(xz) when z = 3:

2.3 Inverse functions EMCF8

An inverse function is a function which does the “reverse” of a given function. More
formally, if f is a function with domain X, then f~! is its inverse function if and only
if f~1(f(x)) =xforeveryz € X.

y = f(z) : indicates a function

y1 = f (x1) : indicates we must substitute a specific x; value
into the function to get the corresponding y; value

f~!(y) = « : indicates the inverse function

=Y (y1) = 1 : indicates we must substitute a specific y; value
into the inverse to return the specific 2, value

A function must be a one-to-one relation if its inverse is to be a function. If a function
f has an inverse function f~!, then f is said to be invertible.

Given the function f(x), we determine the inverse f~(z) by:

e interchanging x and y in the equation;
e making y the subject of the equation;

e expressing the new equation in function notation.

2.3. Inverse functions
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Note: if the inverse is not a function then it cannot be written in function notation. For
example, the inverse of f(z) = 322 cannot be written as f~!(z) = &4/ 4 as it is not

a function. We write the inverse as y = +/+z and conclude that f is not invertible.

If we represent the function f and the inverse function f~! graphically, the two graphs
are reflected about the line y = x. Any point on the line y = x has z- and y-coordinates
with the same numerical value, for example (—3;—3) and (3;2). Therefore inter-

changing the z- and y-values makes no difference.

This diagram shows an exponential function (black graph) and its inverse (blue graph)
reflected about the line y = x (grey line).

Important: for f~!, the superscript —1 is not an exponent. It is the notation for indi-
cating the inverse of a function. Do not confuse this with exponents, such as (%)_1 or

34+ 2L,

Be careful not to confuse the inverse of a function and the reciprocal of a function:

Inverse Reciprocal
/7M@) [F@) ™ = 5
f(z) and f~%(z) symmetrical about y = = (@) x ﬁ 1
Example: Example:
g(z) =52 g7 (x) = § 9(w) =50 oy = 5

® See video: 28B2 at www.everythingmaths.co.za
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2.4 Linear functions EMCF9

Inverse of the function y = ax + ¢ EMCFB

Worked example 4: Inverse of the function y = ax + ¢

QUESTION

Determine the inverse function of p(z) = —3z + 1 and sketch the graphs of p(z) and
p~1(x) on the same system of axes.

SOLUTION

Step 1: Determine the inverse of the given function

e Interchange z and y in the equation.
e Make y the subject of the new equation.

e Express the new equation in function notation.

lety = -3z +1
Interchange x and y: z = -3y +1

z—1=-3y
1
T (r—1)=
ge-1)=y

. __:1:+1

Sy = 313

W=

Therefore, p~'(z) = —% +

Step 2: Sketch the graphs of the same system of axes

1 2 4 5
Y
S 21
y
Y
// 73 T
y
d
d 74 €4
p(z) = -3z +1

The graph of p~1(x) is the reflection of p(z) about the line y = x. This means that
every point on the graph of p(z) has a mirror image on the graph of p~!(z).

2.4. Linear functions
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To determine the inverse function of y = azx + ¢:

(1) Interchange z and y : r=ay+q
(2) Make y the subject of the equation : T—q=ay
T _ g _ ay

Therefore the inverse of y = ax + qisy = %x — 4. If a linear function is invertible,
then its inverse will also be linear.

Worked example 5: Inverses - domain, range and intercepts

QUESTION

Determine and sketch the inverse of the function f(x) = 22 — 3. State the domain,
range and intercepts.

SOLUTION

Step 1: Determine the inverse of the given function

e Interchange x and y in the equation.
e Make y the subject of the new equation.

e Express the new equation in function notation.

Lety =2z —3
Interchange z andy: =2y —3
z+3=2y
%(m+3):y
r 3
.'.y=§+§

= _ =z 3
Therefore, f~*(z) = £ + 3.

Step 2: Sketch the graphs on the same system of axes

The graph of f~1(z) is the reflection of f(x) about the line y = .

Chapter 2. Functions




Step 3: Determine domain, range and intercepts

Domain of f : {z : x € R}
Range of f : {y : y € R}

Intercepts of f : (0; —3) and (;;0)

Domain of f~': {x : z € R}
Range of f~!: {y:y € R}

Intercepts of =1 : (0; g) and (—3;0)

Notice that the intercepts of f and f~! are mirror images of each other. In other words,
the z- and y-values have “swapped” positions. This is true of every point on the two
graphs.

Domain and range

For a function of the form y = ax + ¢, the domain is {x : z € R} and the range is
{y : y € R}. When a function is inverted the domain and range are interchanged.
Therefore, the domain and range of the inverse of an invertible, linear function will be
{z : 2 € R} and {y : y € R} respectively.

Intercepts

The general form of an invertible, linear function is y = ax + ¢ (a # 0) and its inverse
. 1 q
ISy = EJ? —

The y-intercept is obtained by letting = = 0:

1 q
=2(0)— 2+
y=_0)-~
_ 4
y=—=
a
This gives the point (0; —2).
The z-intercept is obtained by letting y = 0:
1
0=-z-12
a a
q 1
1_ -,
a a
q=T

This gives the point (g; 0).

It is interesting to note that if f (z) = az + ¢ (a # 0), then f~' (z) = 1z — ¢ and
the y-intercept of f () is the a-intercept of f~! (x) and the z-intercept of f (z) is the
y-intercept of f=1 (z).

® See video: 28B3 at www.everythingmaths.co.za

2.4. Linear functions



http://www.everythingmaths.co.za/@@emas.search?SearchableText=28B3
http://www.everythingmaths.co.za/

Exercise 2 — 3: Inverse of the function y = ax + ¢

1. Given f (z) = 5z +4, find f~1 ().
2. Consider the relation f (z) = —3x — 7.

a) Is the relation a function? Explain your answer.
b) Identify the domain and range.
¢ Determine f~1(x).
3. a) Sketch the graph of the function f (z) = 3z — 1 and its inverse on the same

system of axes. Indicate the intercepts and the axis of symmetry of the two
graphs.

b) T (%; 3) isa pointon f and R isa pointon f~'. Determine the coordinates
of R if R and T are symmetrical.

4. a) Explain why the line y = z is an axis of symmetry for a function and its
inverse.

) Will the line y = —z be an axis of symmetry for a function and its inverse?
) Given f~!(z) = —2x + 4, determine f ().
b) Calculate the intercepts of f(z) and f~1(z).
) Determine the coordinates of 7', the point of intersection of f(z) and
().
d) Sketch the graphs of f and f~! on the same system of axes. Indicate the
intercepts and point 7" on the graph.

e) Is f~! an increasing or decreasing function?
6. More questions. Sign in at Everything Maths online and click 'Practise Maths'.
Check answers online with the exercise code below or click on 'show me the answer".
1.28B4 2a.28B5 2b.28B6 2c.28B7 3.28B8 4.28B9
5. 28BB

@
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2.5 Quadratic functions

2

Inverse of the function y = ax

Worked example 6: Inverse of the function y = ax?

QUESTION

Determine the inverse of the quadratic function h(x) = 322 and sketch both graphs on
the same system of axes.

SOLUTION

Step 1: Determine the inverse of the given function h(z)

e Interchange x and y in the equation.
e Make y the subject of the new equation.

Chapter 2. Functions



http://www.everythingmaths.co.za/@@emas.search?SearchableText=28B4
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28B5
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28B6
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28B7
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28B8
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28B9
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28BB
www.everythingmaths.co.za
m.everythingmaths.co.za
http://www.everythingmaths.co.za/@@emas.search?SearchableText=EMCFC
http://www.everythingmaths.co.za/@@emas.search?SearchableText=EMCFD

Let y = 322

Interchange z and y : 2 = 3>

To determine the inverse function of y = ax?:

(1) Interchange z and y : T =ay

(2) Make y the subject of the equation : L — 2

a

Ly=+y/E  (2>0)

The vertical line test shows that the inverse of a parabola is not a function. However,
we can limit the domain of the parabola so that the inverse of the parabola is a function.

2.5. Quadratic functions




Domain and range

Consider the previous worked example h(z) = 322 and its inverse y = j:\/?

o If we restrict the domain of h so that z > 0, then h='(z) = /% passes the

vertical line test and is a function.

y
h(z) = 322
E
7/
7/
7
7/
/7
e hil(x) = %
7
/,
7/
7,
Z T
0
7
7
7
7/
7/
e If the restriction on the domain of h is 2 < 0, then h~=!(2) = —,/% would also
be a function.
Yy
h(z) = 322
E
//
7
7
/
/7
/
7
7/
7
7
z x
0
7/
7
7
7
. W) = —yE

The domain of the function is equal to the range of the inverse. The range of the

function is equal to the domain of the inverse.

Similarly, a restriction on the domain of the function results in a restriction on the range

of the inverse and vice versa.

Function: Inverse:
domain domain
range range

Chapter 2.
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Worked example 7: Inverses - domain, range and restrictions

QUESTION

Determine the inverse of ¢(z) = 7z% and sketch both graphs on the same system of
axes. Restrict the domain of ¢ so that the inverse is a function.

SOLUTION

Step 1: Examine the function and determine the inverse
Determine the inverse of the function:

Lety = 7>
Interchange z and y : = 7>
z 2
7= Y

<
Il
|_|_
|8
—

x > 0)

y
q(z) = 7a?
4 1+ ,
/7
/
7/
T 7/
7
7
1 /7
/7

7 xT

/ Yy = =

Nt/ - !

7/
etttz
-2 -1/ T 4 5 6
21l
7 y=-v7
/ 72,,

Step 3: Determine the restriction on the domain

Option 1: Restrict the domain of ¢ to z > 0 so that the inverse will also be a function
(q_l). The restriction 2 > 0 on the domain of ¢ will restrict the range of ¢—! such that

y > 0.
q: domainz >0 rangey >0
¢ ': domainz >0 rangey >0
Yy
q(x) = T2°
4+ ,
7
/
3+ .’
//
24| 1
’ g (z)= /%
i b
/
1 1 5 1 1 1 1 1 =
-2 —1s 1 2 3 4 5 6
A
/7
7
7 _2 €1
OR
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Option 2: Restrict the domain of g to z < 0 so that the inverse will also be a function
(¢71). The restriction 2 < 0 on the domain of ¢ will restrict the range of ¢! such that
y < 0.

q: domainz <0 rangey >0
¢ ': domainz>0 rangey <0
Yy
q(x) = T2
1 -
/7
7/
1T /
/
7
1 7
7
7
N 7
/
— Sttt
2 1.9 1 4 5 6
/41 4
// q_l(x)_f %
7 72 4

Worked example 8: Inverses - domain, range and restrictions

QUESTION

1. Determine the inverse of f(z) = —x2.

2. Sketch both graphs on the same system of axes.
3. Restrict the domain of f so that its inverse is a function.

SOLUTION

Step 1: Determine the inverse of the function

2

Lety = —x
Interchange z and vy : 2 = —y?
—r = y2
y=+vV-z (2<0)

Note: \/—z is only defined if z < 0.

Step 2: Sketch both graphs on the same system of axes
Y

3 1+
y=+v—z 7
2 + ’

5 -4 -3 -2 -
1
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The inverse does not pass the vertical line test and is not a function.

Step 3: Determine the restriction on the domain

o If f(x) = —22, forz < 0:

it domainz <0 rangey <0
f7':  domainz <0 rangey <0

o If f(x) = —a?, forz > 0:

i domainz >0 rangey <0
f1t: domainz <0 rangey >0

Exercise 2 — 4: Inverses - domain, range, intercepts, restrictions

1. Determine the inverse for each of the following functions:
a)y:%m2 c) 224+5y=0
b) 4y —8z* =0 d) 4y —9=(z+3)(z—3)

2. Given the function g(z) = 122 for z > 0.

a) Find the inverse of g.

=)

Draw g and g~ ! on the same set of axes.

@)

State the domain and range for g and g—'.

[oB

)
)
) Is g—! a function? Explain your answer.
)
)

@

Determine the coordinates of the point(s) of intersection of the function and
its inverse.

3. Given the graph of the parabola f(x) = az? with = > 0 and passing through the
point P(1; —3).

a) Determine the equation of the parabola.
b) State the domain and range of f.

) Give the coordinates of the point on f~! that is symmetrical to the point P
about the line y = z.

2.5. Quadratic functions




d) Determine the equation of f~!.
e) State the domain and range of f~!.
f) Draw a graph of f~!.
4. a) Determine the inverse of h(z) = a2
b) Sketch both graphs on the same system of axes.
c) Restrict the domain of & so that the inverse is a function.

5. The diagram shows the graph of g(z) = mz + c and f~1(z) = a/z, (z > 0).
Both graphs pass through the point P(4; —1).

Y
2 I
g LT
I I I I I I I x
-2 -1 U 4 5 4
-1+ f
P(4;-1)
9 4
a) Determine the values of a, ¢ and m.
b) Give the domain and range of f~! and g.
c) For which values of x is g(z) < f(x)?
d) Determine f.
e) Determine the coordinates of the point(s) of intersection of g and f inter-

sect.
6. More questions. Sign in at Everything Maths online and click 'Practise Maths'.
Check answers online with the exercise code below or click on 'show me the answer’.
la. 28BC  1b.28BD 1c.28BF 1d.28BG 2.28BH 3. 28BJ
4. 28BK 5. 28BM

@
2\ www.everythingmaths.co.za m.everythingmaths.co.za

Worked example 9: Inverses - average gradient

QUESTION

Given: h(z) =22%, >0

Determine the inverse, h='.

Find the point where h and h~! intersect.

Sketch h and h~! on the same set of axes.

Use the sketch to determine if k and A~! are increasing or decreasing functions.

Pl B =

Calculate the average gradient of h between the two points of intersection.

Chapter 2. Functions
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SOLUTION

Step 1: Determine the inverse of the function

Let y = 222 (z >0)

Interchange z and y: = =2y  (y>0)
X

_:2
5~ Y

yz\/g (z=0,y>0)

2@,2:\/2 lfz=0, y=0
2 If82° —1 =0

P

(23:2)2:( ;) 828 =1
1

4 T z2 ==

1

8zt =z ﬂU:E

8zt —x =0 1 1
X Ifx =, y=35

z(8z° —1)=0

x=00r8>—-1=0

Therefore, this gives the points A(0;0) and B (%;1).

Step 3: Sketch both graphs on the same system of axes

2.5. Quadratic functions




Step 4: Examine the graphs

From the graphs, we see that both h and h~! pass the vertical line test and therefore
are functions.

h: asx increases, y also increases, therefore h is an increasing function.

h~': aszincreases, y also increases, therefore h=! is an increasing function.

Step 5: Calculate the average gradient
Calculate the average gradient of h between the points A(0;0) and B (%, ).

Average gradient: =

Il
o

Note: this is also the average gradient of h~! between the points A and B.

Exercise 2 — 5: Inverses - average gradient, increasing and decreasing functions

1. a) Sketch the graph of y = z2 and label a point other than the origin on the
graph.
b) Find the equation of the inverse of y = 2.
c) Sketch the graph of the inverse on the same system of axes.
d) Is the inverse a function? Explain your answer.
)

e) P(2;4) is apoint on y = 2. Determine the coordinates of Q, the point on
the graph of the inverse which is symmetrical to P about the line y = z.

f) Determine the average gradient between:
i. the origin and P;
ii. the origin and Q.
Interpret the answers.
2. Given the function f~!(z) = kx?, x > 0, which passes through the point

P (%;—1). y
1 i

1 5 —t— x
-1 1 2 3

R AR

9 4

-3 4

4 4

(@) = ka®
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a) Find the value of k.

b) State the domain and range of f~!.

¢) Find the equation of f.

d) State the domain and range of f.

e) Sketch the graphs of f and f~! on the same system of axes.
f) Is f an increasing or decreasing function?

3. Given: g(z) = 222, > 0.

a) Find g~ ().

b) Calculate the point(s) where g and g~ intersect.

c) Sketch g and g~ on the same set of axes.
)

d) Use the sketch to determine if g and g—! are increasing or decreasing func-
tions.

e) Calculate the average gradient of g—! between the two points of intersec-
tion.

Check answers online with the exercise code below or click on ‘show me the answer’.

1.28BN 2.28BP 3.28BQ

O
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2.6  Exponential functions EMCFF

Revision of exponents
— exponent/index
base < b" b

An exponent indicates the number of times a certain number (the base) is multiplied
by itself. The exponent, also called the index or power, indicates the number of times
the multiplication is repeated. For example, 10 = 10 x 10 x 10 = 1000.

Graphs of the exponential function f(z) = b*
The value of b affects the direction of the graph:
e If b > 1, f(x) is an increasing function.

e If0 <b< 1, f(x) is a decreasing function.
e If b <0, f(x) is not defined.

y=0b" b>1 0<b<1 b<0
Y Y

x T | Not defined

2.6. Exponential functions
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Inverse of the function y = b*

interchange = and y | make y the subject

NS
|
wlg
wﬁo +
—_
o

<
I

Il
—
—_
o
=
8

N <
Il

—

Wl

~—
8

Consider the exponential function
y=>b"

To determine the inverse of the exponential function, we interchange the z- and y-
variables:
x=10bY

For straight line functions and parabolic functions, we could easily manipulate the
inverse to make y the subject of the formula. For the inverse of an exponential function,
however, y is the index and we do not know a method of solving for the index.

To resolve this problem, mathematicians defined the logarithmic function. The loga-
rithmic function allows us to rewrite the expression z = b¥ with y as the subject of the
formula:

y=log,x

This means that x = bY is the same as y = log, = and both are the inverse of the
exponential function y = b®.

Logarithms EMCFH

Note that the brackets around the number (x) are not compulsory, we use them to
avoid confusion.

The logarithm of a number (z) with a certain base (b) is equal to the exponent (y), the
value to which that certain base must be raised to equal the number ().

Chapter 2. Functions
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For example, log, (8) means the power of 2 that will give 8. Since 22 = 8, we see that
log, (8) = 3. Therefore the exponential form is 23 = 8 and the logarithmic form is
log,8 = 3.

Restrictions on the definition of logarithms

Restriction: Reason:

b>0 If b is a negative number, then ¥ will oscillate between:
positive values if y is even

negative values if y is odd

b#1 Since 1%@ny value) _ q

any value)

x>0 Since (positive number)' >0

Investigation: Exponential and logarithmic form

Discuss the following statements and determine whether they are true or false:

1. p = a”" is the inverse of p = log, n.

2. y = 2% is a one-to-one function, therefore y = log, x is also a one-to-one func-
tion.

3. x = logs y is the inverse of 5% = y.

4. k= b is the same as t = log,, k.

To determine the inverse function of y = b”:

(1) Interchange x and y : x =bY

(2) Make y the subject of the equation : y =log, x
Therefore, if we have the exponential function f(z) = b*, then the inverse is the
logarithmic function f~!(x) = log, .
The “common logarithm” has a base 10 and can be written as log;, z = log z. In other
words, the log symbol written without a base is interpreted as the logarithm to base 10.

For example, log 25 = log;, 25.

® See video: 28BR at www.everythingmaths.co.za
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Worked example 10: Exponential form to logarithmic form

QUESTION

Write the following exponential expressions in logarithmic form and express each in
words:

1. 52=25
2. 1073 = 0,001
3. p" =¢q

SOLUTION

Step 1: Determine the inverse of the given exponential expressions
Remember: m = a” is the same as n = log, m.

1. 2 = logs 25
2. —3 =log;, (0,001)
3. z=log,q

Step 2: Express in words

1. 2 is the power to which 5 must be raised to give the number 25.
2. —3 is the power to which 10 must be raised to give the decimal number 0,001.
3. z is the power to which p must be raised to give q.

Worked example 11: Logarithmic form to exponential form

QUESTION

Write the following logarithmic expressions in exponential form:

1. log, 128 =7

2. 2 =1logs (1)
3. z=log, k

SOLUTION

Step 1: Determine the inverse of the given logarithmic expressions
For n = log, m, we can write m = a™.

1. 27 =128

-2 _ 1
2.32=1
3. w' =k

Chapter 2. Functions




Exercise 2 — 6: Finding the inverse of y = b®

1. Write the following in logarithmic form:

a) 16 = 24 e) g =45
b) 37° = 553 f) 4=y9
o (1,7)% =4,913 g 9= (z—4)P
d) Yy = 2% h) D= m(a+4)
2. Express each of the following logarithms in words and then write in exponential
form:
a) log,32=5 e) logs1 =0
b) logﬁ:—?) f) log38l1:—4
c) log0,1 = -1 g) log 100
d) log;c="0 h) log, 16

3. More questions. Sign in at Everything Maths online and click 'Practise Maths’.
Check answers online with the exercise code below or click on ‘show me the answer’.
1a. 28BS 1b. 28BT 1c. 28BV  1d. 28BW  1e. 28BX  1f. 28BY
1g.28BZ 1h.28C2 2a.28C3 2b.28C4 2c.28C5 2d.28C6

2e.28C7  2f.28C8 2g.28C9 2h.28CB

O
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Logarithm bases EMCF)

From the definition of a logarithm we know that the base of a logarithm must be a
positive number and it cannot be equal to 1. The value of the base influences the
value of the logarithm. For example, log,2 is not the same as log2 and log,11 is not
the same as log, 11, (f # g).

We often calculate the “common logarithm”, which has a base 10 and can be written
as log,y x = log z. For example, log 8 = log, 8.

The “natural logarithm”, which has a base e (an irrational number between 2,71 and
2,72), can be written as log, x = Inz. For example, log, 5 = In 5.

Special logarithmic values

e log,1=0
Given the exponential form a™ = z

we define the logarithmic function log, x = n
So then for a® =1
we can write log, 1 =10
e log,a=1
From the general exponential form a" = x
we define the logarithmic function log, z = n
Sincea! =a

we can write log,a =1

2.6. Exponential functions
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Laws of logarithms EMCFK

In earlier grades, we used the following exponential laws for working with exponents:
e a™ X a"=qagmt"

° (am)n — gmn

where a > 0, b > 0 and m,n € Z.

The logarithmic laws are based on the exponential laws and make working with loga-
rithms much easier.

Logarithmic laws:

o log, 7° =blog,z (x> 0)

e log,z =122  (h>0andb#1)

log, a

e log, 2y = log, = + log, y (x >0andy > 0)

e log, 7 =log, z —log, y (x> 0andy > 0)

The last two logarithmic laws in the list above are not covered in this section. They are
discussed at the end of the chapter and are included for enrichment only.

IMPORTANT: PROOFS ARE NOT REQUIRED FOR EXAMS

Logarithmic law:
log, 2° = blog, = (x> 0)

Letlog,x =m...(1) (x >0)

srx=am
(@) = (™)
xb _ abm

Change to logarithmic form: log, (z°) = bm
And subst:  m =log,x

- log,x® = blog,,x

In words: the logarithm of a number which is raised to a power is equal to the value of
the power multiplied by the logarithm of the number.

® See video: 28CC at www.everythingmaths.co.za
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Worked example 12: Applying the logarithmic law log, 2° = blog,, =

QUESTION

Determine the value of log; 27%.

SOLUTION

Step 1: Use the logarithmic law to simplify the expression

logs 27* = 4log; 27
= 4logy 3°
= (4% 3)logs 3
=12(1)
=12
Step 2: Write the final answer
logs 27* = 12

Special case:

1
1oga¢/5=% (z > 0and b > 0)

The following is a special case of the logarithmic law log,, #* = blog,, z:

log, V/z = log, x*
1
=3 log, x

_log,x
b

Exercise 2 — 7: Applying the logarithmic law: log, 2° = blog, =

Simplify the following:

1. logg 10*° 7. log, v/8

2. logg ¥ 8. logs 1

3. logs V5 9. log, 8°

4. log, y* 10. log, 16 x log; 81
5. log, ¢/y 11. (logs 25)

6. log, p? 12. log, 0,125

Check answers online with the exercise code below or click on ‘show me the answer’.
1.28CD 2. 28CF 3. 28CG 4. 28CH 5.28C) 6. 28CK
7.28CM 8.28CN 9.28CP 10.28CQ 11.28CR 12.28CS

O
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Logarithmic law: log,z = 1282 (b>0and b #1)

log,a

It is often necessary or convenient to convert a logarithm from one base to another
base. This is referred to as a change of base.

Let log,z=m
Sor=a"
log, =
log, a
log,z  log,a™

Substitute z = a™ : =
log, a log, a

log, a
=m
log, a

=m(1)

Consider the fraction:

log,x

. =log, =
logy a

Special applications:

log., x
1 1 _ oz
(1) Bal =

clog, x =
log,, a

1
(2)  log,— =log,a!
X

1
s log, — = —log, x
X
® See video: 28CT at www.everythingmaths.co.za

Worked example 13: Applying the logarithmic law log, 2 = log,x

log,a

QUESTION
Show: log, 8 = }ggg
SOLUTION

Step 1: Simplify the right-hand side of the equation

Chapter 2. Functions
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Step 2: Simplify the left-hand side of the equation

LHS =log, 8
= log, 2°
=3(1)
=3

Step 3: Write the final answer
log 8

We have shown that log, 8 = £
log 2

Worked example 14: Applying the logarithmic law log, x = igg—*—;z

QUESTION

If @ = log 2 and b = log 3, express the following in terms of a and b:

1. logs 2
2. log, %

SOLUTION

Step 1: Use a change of base to simplify the expressions

log 2 10 log 2
0832 = 1,3 loga 5 = 703
_ ¢ _ log10 —log3
b B log 2
1-b
o a

Exercise 2 — 8: Applying the logarithmic law: log,z = logy

~ logya
1. Convert the following:
a) log, 4 to base 8 d) log, 8 to base 8
b) log,, 14 to base 2 e) log, x to base =
c) log41 to base 2 f) log, 27 to base 2
2. Simplify the following using a change of base:
a) log, 10 x log;, 2 b) logs 100

2.6. Exponential functions




3. Iflog3 = 0,477 and log 2 = 0,301, determine (correct to 2 decimal places):
a) log, 3 b) logs 2000
4. More questions. Sign in at Everything Maths online and click 'Practise Maths'.
Check answers online with the exercise code below or click on 'show me the answer’.

la. 28CV  1b. 28CW 1c.28CX 1d.28CY 1e.28CZ 1f. 28D2
2a.28D3 2b.28D4 3a.28D5 3b.28D6

@
—— "\ www.everythingmaths.co.za m.everythingmaths.co.za

Logarithms using a calculator EMCFM

Calculating a logarithmic value

There are many different types and models of scientific calculators. It is very impor-
tant to be familiar with your own calculator and the different function buttons. Some
calculators only have two buttons for logarithms: one for calculating the common log-
arithm (base is equal to 10) and another for calculating the natural log (base is equal
to e). Newer models will have a third button which allows the user to calculate the
logarithm of a number to a certain base.

log In log 0]

Worked example 15: Using a calculator: logarithm function

QUESTION

Use a calculator to determine the following values (correct to 3 decimal places):

1. log9

2. log0,3
3. log 3

4. log (—2)

SOLUTION

Step 1: Use the common logarithm function on your calculator

Make sure that you are familiar with the “LOG” function on your calculator. Notice
that the base for each of the logarithms given above is 10.

Chapter 2. Functions
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Lo flog] [ 9] [ =] o954

2. (log| o || | [3]|]=] -0s52.

s [l [0 6] 0 0 0] 5] o
o [OEE O] 5] sron

Step 2: Write the final answer
. log9 = 0,954

. log0,3 = —0,523

. log% = —0,125

. log (—2) = undefined

—

A W N

Worked example 16: Using a calculator: inverse logarithm function

QUESTION

Use a calculator to determine the following values (correct to 3 decimal places):

1. logz = 1,7

2. logt = %

3. logy = —3
SOLUTION

Step 1: Use the second function and common logarithm function on your calculator

For each of the logarithms given above we need to calculate the inverse of the loga-
rithm (sometimes called the antilog). Make sure that you are familiar with the “2nd F”
button on your calculator.

Notice that by pressing the “2nd F” button and then the “LOG” button, we are using
the “10*” function on the calculator, which is correct since exponentials are the inverse
of logarithms.

Lo fondf| {log | [0 ][ ][ 7] [=] p»ous..
2 [ondf] Jrog ] [ ] [2 ] [=][7][)][=] uoso..
» ] (] [0 ] G O [=] oo

Step 2: Write the final answer

1. z = 50,119
2. t=1,930
3. y = 0,001

2.6. Exponential functions




Worked example 17: Using a calculator: change of base

QUESTION

Use a calculator to find log, 5 correct to two decimal places.

SOLUTION

Step 1:

log 5

1 = —
0825 log 2

Step 2: Use a change of base to convert given logarithm to base 10

__log5

logy 5 = ——
82 log 2

Step 3: Use the common logarithm function on your calculator

log 5 — log 2 = 2,321...

Step 4: Write the final answer

log, 5 = 2,32

Important:

e Do not write down an intermediate step when doing this type of calculation:

0
=03 (this step can cause rounding off errors)

)

=233

Perform the calculation in one step on your calculator:

log b
1 =
0825 log 2

=232

e Do not round off before the final answer as this can affect the accuracy of the
answer.

e Be sure that you determine the correct sequence and order of operations when
using a calculator.

Chapter 2. Functions




Exercise 2 — 9: Logarithms using a calculator

1. Calculate the following (correct to three decimal places):

a) log3 g) log (—6)
b) log30 h) logs 4
c) log 300 i) log0,01
d) log0.66 j) logy 15
e) log % k) log, 10
f) log 852 ) log1 6

2. Use a calculator to determine the value of x (correct to two decimal places).
Check your answer by changing to exponential form.

a) logz = 0,6 g) logx = %

b) logz = —2 h) logx:—g
c) logz =18 i) log, x = 0,25
d) logz =5 j) logz x = —0,1
e) logx = —-0,5 k) 1og% =2

f) logz = 0,076 ) log, 2 =0,3

3. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.
1a.28D7 1b.28D8  1c.28D9 1d.28DB 1le.28DC 1f. 28DD
1g. 28DF  1h. 28DG 1i. 28DH  1j. 28DJ 1k. 28DK  1l. 28DM
2a. 28DN  2b. 28DP  2c.28DQ 2d.28DR 2e.28DS 2f. 28DT
2g. 28DV 2h. 28DW  2i. 28DX 2j.28DY 2k.28DZ 2l. 28F2
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Exponential and logarithmic graphs

Worked example 18: Graphs of the inverse of y = b*

QUESTION

On the same system of axes, draw the graphs of f(x) = 10% and its inverse f~!(z) =
log . Investigate the properties of f and f~1.

SOLUTION

Step 1: Determine the properties of f(xz)

e Function: y = 10
e Shape: increasing graph

2.6. Exponential functions
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Intercept(s): (0; 1)

Asymptote(s): horizontal asymptote at z-axis, line y = 0
e Domain: {z : z € R}

Range: {y:y > 0,y € R}

Step 2: Draw the graphs
The graph of the inverse f~! is the reflection of f about the line y = .

Y
f@) =107
4 4 .
/
/7
3 1 /
/
/7
2 1T //
/

Step 3: Determine the properties of f~1(z)

e Function: y =logx

e Shape: increasing graph

Intercept(s): (1;0)

Asymptote(s): vertical asymptote at y-axis, line z = 0
e Domain: {z : z > 0,z € R}

Range: {y : y € R}

Notice that the inverse is a function: f~1(x) = logx is a one-to-one function since
every input value is associated with only one output value.

The exponential function and the logarithmic function are inverses of each other:

e the domain of the function is equal to the range of the inverse

the range of the function is equal to the domain of the inverse

the y-intercept of the function is equal to the z-intercept of the inverse

e the z-intercept of the function is equal to the y-intercept of the inverse

the asymptote for the function is y = 0 and the asymptote for the inverse is x = 0

the graphs are reflected about the line y = x

Chapter 2. Functions




Worked example 19: Graphs of y = log, «

QUESTION

Draw a sketch of g(z) = log;, z.
Reflect the graph of g about the z-axis to give the graph h.
Investigate the properties of h.

A W N =

Use g and h to suggest a general conclusion.

SOLUTION

Step 1: Sketch the graph of g(z) = log;, z

Y
2 €
14 g(x) =logz
—t 1 % % % x
=2 =l v 1 2 3 4
_9

Step 2: Reflect g about the z-axis

An easy method for reflecting a graph about a certain line is to imagine folding the
Cartesian plane along that line and the reflected graph is pressed onto the plane.

y
5 |
o g(a) = logn
-
—:2 —:1 01 /1 ; .
-1 7 h(z) = —logx
o

Step 3: Investigate the properties of h

Function: passes the vertical line test

Shape: decreasing graph

Intercept(s): (1;0)

Asymptote(s): vertical asymptote at y-axis, line z = 0
Domain: {z : 2 > 0,z € R}

Range: {y : y € R}

2.6. Exponential functions




Since h(z) is symmetrical to g(z) about the z-axis, this means that every y-value of g
corresponds to a y-value of the opposite sign for h.

Given g(z) = logygx
coh(z) = —logygx
Lety = —log gz

—y =logx
107 =2
1 Y
(5 =
LYy = 1OgT10 X

o h(z) = —logjgz =log L @

Step 4: General conclusion
From this example of g and h we see that:

—log,,p=1logip

Worked example 20: Graph of y = log, =

QUESTION
1. Draw a sketch of h(z) = log 1 .
2. Draw the graph of r(z), the reflection of h about the line y = x.
3. Investigate the properties of r.
4. Write down the new equation if h is shifted 1 unit upwards and 2 units to the
right.
SOLUTION

Step 1: Sketch the graph of h(z) = log 1 @

)
2 |
1 -
I ~——T+— x
—110 1 2
h(z) =log1 @
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Step 2: Reflect / about the line y = z

Y

Step 3: Investigate the properties of

Function: passes the vertical line test

Shape: decreasing graph

Intercept(s): (0;1)

Asymptote(s): horizontal asymptote at z-axis, line y = 0
Domain: {z : x € R}

Range: {y :y > 0,y € R}

Since h(x) is symmetrical to 7(z) about the line y = z, this means that r is the inverse
of h.

h(z) = log 1 @
Lety = long0 x

Inverse: © = log% Y

() -

107" =y
() =h"tz)=10""

Therefore, r(z) is an exponential function of the form y = b® with 0 < b < 1. In words,
the base b is a positive fraction with a value between 0 and 1.

Step 4: Vertical and horizontal shifts
If h is shifted 1 unit upwards and 2 units to the right, then the new equation will be:

y=logi (z—2)+1

The vertical asymptote is z = 2 and the horizontal asymptote is y = 1.

2.6. Exponential functions




Summary of graphs: y = b* and y = log; =

Exponential function Logarithmic function Axis of symmetry
y=>b" y = log, x y=ux
7 / 7 7 /
0 0 0

0<b<1 0 r 0 \\I i

Axis of

symmetry y-axis, z =0 z-axis, y =0

® See video: 28F3 at www.everythingmaths.co.za

Exercise 2 — 10: Graphs and inverses of y = log,

1. Given f (z) = (3)".
a) Sketch the graphs of f and f~! on the same system of axes. Label both
graphs clearly.
b) State the intercept(s) for each graph.
) Label P, the point of intersection of f and f~!.
d) State the domain, range and asymptote(s) of each function.

2. Given g (z) = t* with M (1£;5%) a point on the graph of g.

a) Determine the value of ¢
b) Find the inverse of g.

Chapter 2. Functions
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c) Use symmetry about the line y = x to sketch the graphs of g and g~! on
the same system of axes.

d) Point N lies on the graph of g~! and is symmetrical to point M about the
line y = 2. Determine the coordinates of V.

3. More questions. Sign in at Everything Maths online and click 'Practise Maths'.
Check answers online with the exercise code below or click on ‘show me the answer’.

1.28F4 2. 28F5

@
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Applications of logarithms EMCFP

Logarithms have many different applications:

seismologists use logarithms to calculate the magnitude of earthquakes

financial institutions make use of logarithms to calculate the length of loan re-
payments

scientists use logarithms to determine the rate of radioactive decay

biologists use logarithms to calculate population growth rates

scientists use logarithms to determine pH levels

pH = —log,, [Hﬂ

® See video: 28F6 at www.everythingmaths.co.za

Worked example 21: Population growth

QUESTION

The population of a city grows by 5% every two years. How long will it take for the
city’s population to triple in size?

SOLUTION

Step 1: Write down a suitable formula and the known values

A=PQ1+)"
o letP==x

The population triples in size, so A = 3z

e Growth rate i = 135

Growth rate is given for a 2 year period, so we use 3

Step 2: Substitute known values and solve for n

5\ 2
= 1+ —
3z x< + 100)

3=(1,05)%

Exponential functions
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Step 3: Method 1: take the logarithm of both sides of the equation

n
2

log 3 = log (1, 05)
log3 = g X log 1,05

log 3
2 =
*log1,06 "
45,034... =7

Step 4: Method 2: change from exponential form to logarithmic form

n
9 = 10{%1,05 3
_ log3
~ log 1,05
log 3
=2
n= X 01,05
n=45,034...

Step 5: Write the final answer
It will take approximately 45 years for the city’s population to triple in size.

Exercise 2 — 11: Applications of logarithms

1. The population of Upington grows 6% every 3 years. How long will it take to
triple in size?
Give your answer in years and round to the nearest integer.

2. An ant population of 36 ants doubles every month.

a) Determine a formula that describes the growth of the population.

b) Calculate how long it will take for the ant population to reach a quarter of
a million ants.

3. More questions. Sign in at Everything Maths online and click ‘Practise Maths’.

Check answers online with the exercise code below or click on ‘show me the answer’.

1.28F7 2.28F8

O
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2.7 Summary

(® See presentation: 28F9 at www.everythingmaths.co.za

e Function: a rule which uniquely associates elements of one set A with the ele-
ments of another set B; each element in set A maps to only one element in set
B.

e Functions can be one-to-one relations or many-to-one relations. A many-to-one
relation associates two or more values of the independent (input) variable with a
single value of the dependent (output) variable.

e Vertical line test: if it is possible to draw any vertical line which crosses the graph
of the relation more than once, then the relation is not a function.

e Given the invertible function f(x), we determine the inverse f~!(x) by:
— replacing every x with y and y with z;
— making y the subject of the equation;
— expressing the new equation in function notation.

If we represent the function f and the inverse function f~! graphically, the two
graphs are reflected about the line y = .

e The domain of the function is equal to the range of the inverse. The range of the
function is equal to the domain of the inverse.

e The inverse function of a straight line is also a straight line. Vertical and horizon-
tal lines are exceptions.

e The inverse of a parabola is not a function. However, we can limit the domain
of the parabola so that the inverse of the parabola is a function.

e The inverse of the exponential function f(x) = b*,(b > 0,b # 1) is the logarith-
mic function f~1(z) = log, .

e The “common logarithm” has a base 10 and can be written as log;, z = logz.
The log symbol written without a base means log base 10.

Logarithmic laws:

e log, 2’ =blog,z (x> 0)

o log,z =22 (b>0andb#1)

e log, zy = log, « + log, vy (x>0andy > 0)
e log, § =log, x —log,y (x>0andy > 0)

2.7. Summary
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Straight line function Quadratic function Exponential function
Formula y=azxr+q y = ax? y=0b"
Inverse y=2-1 y==+/Z y = log, x
Inverse a
function? yes no yes
Graphs

Exercise 2 — 12: End of chapter exercises

1. Given the straight line h with intercepts (—3;0) and (0; —6)

a) Determine the equation of h.
b) Find 1.

d) Calculate the coordinates of S, the point of intersection of h and h~1.
e) State the property regarding the point of intersection that will always be true

)
)
c) Draw both graphs on the same system of axes.
)
)

for a function and its inverse.
2. The inverse of a function is f~1(z) = 2x + 4.

a) Determine f.

b) Draw f and f~! on the same set of axes. Label each graph clearly.
) Is f=! an increasing or decreasing function? Explain your answer.

Chapter 2. Functions




3. f(z) = 22>

a) Draw the graph of f and state its domain and range.
b) Determine the inverse and state its domain and range.

4. Given the function f(z) = (1)*.

a) Sketch the graphs of f and f~! on the same system of axes.

b) Determine if the point (—3;2) lies on the graph of f.

¢) Write f~!in the formy = ...

d) If the graphs of f and f~' intersect at (3; P), determine the value of P.
)

e) Give the equation of the new graph, G, if the graph of £~ is shifted 2 units
to the left.

f) Give the asymptote(s) of G.
5. Consider the function h(z) = 3*.

a) Write down the inverse in the form h=1(z) = ...
b) State the domain and range of h—!.

c) Sketch the graphs of h and h~! on the same system of axes, label all inter-
cepts.

d) For which values of z will h=1(x) < 02
6. Consider the functions f(z) = 2% and g(z) = 22

a) Sketch the graphs of f and g on the same system of axes.
b) Determine whether or not f and g intersect at a point where z = —1.
c) How many solutions does the equation 2% = z2 have?

7. Below are three graphs and six equations. Write down the equation that best
matches each of the graphs.

Y Y Y

x x x
0 0 \ N—l

Graph 1 Graph 2 Graph 3

d) y=3"
e) y=3"
f) y=-3"

2.7. Summary




8. Given the graph of the function f : y = log, « passing through the point (9; 2).

(9;2)

a) Show that b = 3.
b) Determine the value of a if (a; —1) lies on f.

)
)

c) Write down the new equation if f is shifted 2 units upwards.
)

o

Write down the new equation if f is shifted 1 units to the right.

9. a) If the rhino population in South Africa starts to decrease at a rate of 7% per
annum, determine how long it will take for the current rhino population to
halve in size? Give your answer to the nearest integer.

b) Which of the following graphs best illustrates the rhino population’s de-
cline? Motivate your answer.
R y R

n n
0 0

Graph A Graph C
R R

Graph B Graph D
Important note: the graphs above have been drawn as a continuous curve
to show a trend. Rhino population numbers are discrete values and should
be plotted points.

10. At 8 a.am. a local celebrity tweets about his new music album to 100 of his
followers. Five minutes later, each of his followers retweet his message to two of
their friends. Five minutes after that, each friend retweets the message to another
two friends. Assume this process continues.

a) Determine a formula that describes this retweeting process.

Chapter 2. Functions




b) Calculate how many retweets of the celebrity’s message are sent an hour
after his original tweet.

1 hour = 60 minutes = 12 x 5, therefore n = 12 .
c) How long will it take for the total number of retweets to exceed 200 million?

11. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.
la. 28FB  1b. 28FC  1c. 28FD  1d. 28FF  1e. 28FG 2. 28FH
3a. 28F)  3b. 28FK 4. 28FM 5. 28FN 6. 28FP 7. 28FQ
8.28FR  9.28FS 10. 28FT

@
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Exercise 2 — 13: Inverses (ENRICHMENT ONLY)

1. a) Given: g(z) = —1 + /z, find the inverse of g (z) in the form g~! (z) = ...
b) Draw the graph of g~ .
c) Use symmetry to draw the graph of g on the same set of axes.
d) Is g—! a function?
e) Give the domain and range of g~ !.

2. The graph of the inverse of f is shown below:

Y

\

_—T ®o

a) Find the equation of f, given that f is a parabola of the form y = (z +p)? +
q.
b) Will f have a maximum or a minimum value?

c) State the domain, range and axis of symmetry of f.
3. Given: k(z) = 222 + 1
a) If (¢;3) lies on k, determine the value(s) of g.
b) Sketch the graph of k, label the point(s) (¢; 3) on the graph.
c) Find the equation of the inverse of & in the formy = ...
d) Sketch k and y = \/g on the same system of axes.

e) Determine the coordinates of the point on the graph of the inverse that is
symmetrical to (g; 3) about the line y = x.

=

2.7. Summary
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4. The sketch shows the graph of a parabola f(z) = ax?® + ¢ passing through the
point P(—2; —6).

a) Determine the equation of f.
b) Determine and investigate the inverse.
c) Sketch the inverse and discuss the characteristics of the graph.

5. Given the function H : y = z2 — 9.

a) Determine the algebraic formula for the inverse of H.

b) Draw graphs of H and its inverse on the same system of axes. Indicate
intercepts and turning points.

¢) Is the inverse a function? Give reasons.

d) Show algebraically and graphically the effect of restricting the domain of H
to {z : x < 0}.

6. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.
1.28FV 2. 28FW 3. 28FX 4a.28FY 4b.28FZ 4c. 28G2
5.28G3

@
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2.8 Enrichment: more on logarithms

NOTE: THIS SECTION IS NOT PART OF THE CURRICULUM

Laws of logarithms EMCFS

Logarithmic law:

log, zy = log,  + log, y (x>0andy > 0)

Letlog, (z) =m r=a"...(1) (x >0)

—
andlog, (y)=n = z=a"...(2) (y >0)

Then (1) x (2): xzxy=a" xa"

Lay=amt"

Now we change from the exponential form back to logarithmic form:
log, 2y =m+n
But m = log, (z) and n = log,, (y)
- Jog, xy = log, (z) +log, (y)

In words: the logarithm of a product is equal to the sum of the logarithms of the factors.

Worked example 22: Applying the logarithmic law log, zy = log, = + log, y

QUESTION

Simplify: log 5 + log 2 — log 30

SOLUTION

Step 1: Use the logarithmic law to simplify the expression

We combine the first two terms since the product of 5 and 2 is equal to 10, which is
always useful when simplifying logarithms.

log5 + log 2 — log 30 = (log 5 + log 2) — log 30
= log (5 x 2) — log 30
= log 10 — log 30
=1—1log30

2.8. Enrichment: more on logarithms
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We expand the last term to simplify the expression further:

=1—1log (3 x 10)
=1 — (log3 + log 10)
=1—(log3+1)
=1-log3—1

= —log3

Step 2: Write the final answer
log5 + log2 — log 30 = —log 3

Exercise 2 — 14: Applying logarithmic law: log, zy = log, (z) + log, (y)

1. Simplify the following, if possible:

a) logg (10 x 10) d) logy (z + )
b) log, 14 e) log, 2xy
c) log, (8 x 5) f) log (5 + 2)

2. Wrrite the following as a single term, if possible:

a) log 15 + log 2 e) log7 x log 2

b) log 1+ log5 + log & f) log, 7 + logs 2
c) 1+ logs4 g) log,p + log, q
d) (logz) (logy) + log = h) log, p x log, q

3. Simplify the following:
a) logz + logy + log 2z c) log 125 + log 2 + log 8
b) log ab + log be + log cd d) log, 3 +log, ¥ + log, ¢

4. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on 'show me the answer".
la.28G4 1b. 28G5 1c.28G6  1d.28G7 1e. 28G8 1f. 28G9
2a.28GB  2b. 28GC  2c. 28GD  2d. 28GF  2e.28GG  2f. 28GH
2g.28G)  2h.28GK 3a.28GM 3b.28GN 3c. 28GP  3d. 28GQ

0
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Logarithmic law:

logaE = log, z — log, v (x>0andy > 0)
Y

Letlog, (z) =m =
andlog, (y) =n =

Then (1) = (2) :

Now we change from the exponential form back to logarithmic form:
x
log, —=m—n
Yy
But m = log, (z) and n = log,, (v)

X
. log, v log,, (z) —log, (v)

In words: the logarithm of a quotient is equal to the difference of the logarithms of the
numerator and the denominator.

Worked example 23: Applying the logarithmic law log, 2 =log,z —log, y

QUESTION

Simplify: log 40 — log 4 + logs, g

SOLUTION

Step 1: Use the logarithmic law to simplify the expression

We combine the first two terms since both terms have the same base and the quotient
of 40 and 4 is equal to 10: 3 8
log 40 — log 4 + logs E= (log40 — log 4) + logs E

= [ lo @ + lo §
= g 4 g5 5
8
=log 10 + logs 3
8
=1+log; -
+ logy 5
We expand the last term to simplify the expression further:
=1+ (logs; 8 — logs 5)

=1+log;8—1
= logs 8

Step 2: Write the final answer
log 40 — log 4 + logs % = log; 8

2.8. Enrichment: more on logarithms




Exercise 2 — 15: Applying logarithmic law: log, 2 = log,z — log,y

1. Expand and simplify the following:

a) log 1TOO d) logy (z — )
b) log, 73 e) log5g
) logw% f) log, ¥

2. Write the following as a single term:

a) log 10 — log 50 d) log, (p —q)
b) logs 36 — logs 4 e) log15 —log, 5
) log,p—log, q f) log15 — log5h

3. Simplify the following:
a) log450 —log9 — log 5
b) log 2 —log & — log 1=
4. Vini and Dirk complete their mathematics homework and check each other’s

answers. Compare the two methods shown below and decide if they are correct
or incorrect:

Question:
Simplify the following:

. logm — logn — logp — log q
Vini’s answer:

logm — logn — log p — log g = (logm — logn) — logp — log g

= (log % — 10gp> —logq

1
= log (T X —) — logq
n p
m

= log — —loggq
1
=log — x —
q
= log —
npq

Dirk’s answer:
logm — logn — logp — log ¢ = logm — (logn + log p + log q)
=logm —log (n X p X q)
~ logm — log (npq)
m
= log —
npq
5. More questions. Sign in at Everything Maths online and click ‘Practise Maths'.
Check answers online with the exercise code below or click on 'show me the answer’.
1a. 28GR 1b. 28GS  1c. 28GT 1d. 28GV  1e. 28GW  1f. 28GX
2a.28GY 2b.28GZ 2c.28H2 2d.28H3 2e.28H4  2f. 28H5
3a. 28H6  3b. 28H7 4.28H8

O
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Useful summary:

1. logl =0 5. log%:—l
2. logl0=1 6. log0,1 = —1
3. log100 =2 7. log0,01 = -2
4. log 1000 = 3 8. log 0,001 = -3

Simplification of logarithms EMCFT

Worked example 24: Simplification of logarithms

QUESTION

Simplify (without a calculator): 3log 3 + log 125

SOLUTION

Step 1: Apply the appropriate logarithmic laws to simplify the expression

3log 3 + log 125 = 3log 3 + log 53
= 3log3 + 3logb
= 3 (log3 + log5)
= 3log (3 x 5)
= 3log 15

Step 2: Write the final answer
We cannot simplify any further, therefore 31log 3 + log 125 = 3 log 15.

Important: all the algebraic manipulation techniques (x,+, +, —, factorisation etc.)
also apply for logarithmic expressions. Always be aware of the number of terms in an
expression as this will help to determine how to simplify.

Exercise 2 — 16: Simplification of logarithms

Simplify the following without using a calculator:

1. 83 + log, 32 3. log28—log1+log4i
2. 2log3 +log2 —logb 4. logg 1 — logs % + logs 9

Check answers online with the exercise code below or click on ‘show me the answer’.

1.28H9 2.28HB 3.28HC 4.28HD

0
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Solving logarithmic equations EMCFV

Worked example 25: Solving logarithmic equations

QUESTION

Solve for p:

18logp — 36 =0

SOLUTION

Step 1: Make log p the subject of the equation

18logp — 36 =0

18logp = 36

18logp 36
18 18

. logp =2

Step 2: Change from logarithmic form to exponential form

logp =2
cop =10
=100

Step 3: Write the final answer
p =100

Worked example 26: Solving logarithmic equations

QUESTION

Solve for n (correct to the nearest integer):

(1,02)" =2

SOLUTION

Chapter 2. Functions
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Step 1: Change from exponential form to logarithmic form

(1,02)" =2

s.n = log; g9 2

Step 2: Use a change of base to solve for n

— log 2
~ log1,02
-.n=35,00...

Step 3: Write the final answer
n =35

Exercise 2 — 17: Solving logarithmic equations

1. Determine the value of a (correct to 2 decimal places):

a) log;a —log1,2=0 e) 2(at) =7

b) logy (a—1) =1,5 f) (1,03)% = 2,65
c) logoa—1=15 g (9)(1-29) =101
d) 32 =22

2. Given y = 3*.

a) Write down the equation of the inverse of y = 3% in the form y = . ..
b) If 6 = 3P, determine the value of p (correct to one decimal place).

c) Draw the graph of y = 3% and its inverse. Plot the points A(p;6) and
B(6;p).

3. More questions. Sign in at Everything Maths online and click 'Practise Maths’.

Check answers online with the exercise code below or click on ‘show me the answer’.
1la. 28HF  1b. 28HG 1c. 28HH 1d. 28H) 1e. 28HK 1f. 28HM
1g. 28HN 2. 28HP
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Summary EMCFW

e The logarithm of a number (z) with a certain base (a) is equal to the exponent
(y), the value to which that certain base must be raised to equal the number (z).

If z = a¥, then y = log, (z), where a > 0, a # 1 and z > 0.
e Logarithms and exponentials are inverses of each other.
f(x) =log,x and f~l(z)=a"

Common logarithm: log a means log;, a

The “LOG” function on your calculator uses a base of 10.

Natural logarithm: In uses a base of e.

Special values:

-a’=1 log,1=0

-a'=a log,a=1

Logarithmic laws:
- log, zy = log, = + log, y (x>0andy > 0)
- log, & = log, x —log, y (x>0andy > 0)
- log, 2* = blog, = (x >0)
— log, x = &~ (b>0andb#1)

log, a

Special reciprocal applications:

_ 1
log, z = oz a

- log, % =—log,

Exercise 2 — 18: Logarithms (ENRICHMENT ONLY)

1. State whether the following are true or false. If false, change the statement so
that it is true.

a) logt + logd = log (t + d) h) log, ¢ = logl -
b) If p? = r, then ¢ = log, p i) 2logya + 3loga = 5loga
0 log%ZIOgA—IOgB j) 5logz + 10logz = 5log a3
d) logA— B = (%4 k) Bt = log, ¢
e) 10%%33 = —logy @ ) log(A+ B) =log A+ log B
f) log, m = llsgg:i m) 110g2a = 3log2a

n) lzi > =log,, (a — b)

g log, Vb= % log,, b

2. Simplify the following without using a calculator:

a) log7 —log0,7 c) log% + log 300
b) log8 x log 1 d) 2log3 +1log2 —log6

Chapter 2. Functions
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3. Given log5 = 0,7. Find the value of the following without using a calculator:

a) log 50 d) log, 5
b) log 20 e) 10%7
c) log25

4. Given A = logg 1 — logy % + logs 9.

a) Without using a calculator, show that A = 4.
b) Now solve for z if log, x = A.

o Let f(z) = log, x. Draw the graph of f and f~!. Indicate the point (z; A)
on the graph.

5. Solve for z if 3%: = 15. Give answer correct to two decimal places.
6. Given f(z) =5 x (1,5)" and g(z) = (1)”.
a) For which integer values of z will f(z) < 295.

b) For which values of z will g(z) > 2,7 x 10=7. Give answer to the nearest
integer.

7. More questions. Sign in at Everything Maths online and click ‘Practise Maths’.

Check answers online with the exercise code below or click on ‘show me the answer’.
la. 28HQ 1b. 28HR 1c.28HS 1d. 28HT 1e. 28HV  1f. 28HW
1g. 28HX  1h. 28HY 1i.28HZ 1j. 28)2 1k. 28J3 11. 28)4
Tm. 28J5 1n.28J6  2a.28)7 2b.28J8  2c.28)9  2d.28)B
3a.28JC  3b.28JD 3c.28JF 3d.28]G 3e.28JH 4. 28J)
5. 28JK 6. 28]M
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Finance

In earlier grades we studied simple interest and compound interest, together with the
concept of depreciation. Nominal and effective interest rates were also described.

Simple interest: A = P(1 + in)
Compound interest: A = P(1 + i)™
Simple depreciation: A = P(1 — in)

o Compound depreciation: A = P(1 — )"

(e m
Nominal and effective annual interest rates: 1 + i = <1 + ’(m))

In this chapter we look at different types of annuities, sinking funds and pyramid
schemes. We also look at how to critically analyse investment and loan options and
how to make informed financial decisions.

Financial planning is very important and it allows people to achieve certain goals,
such as supporting a family, attending university, buying a house, and saving enough
money for retirement. Prudent financial planning includes making a budget, opening
a savings account, wisely investing savings and planning for retirement.

3.1 Calculating the period of an investment EMCFX

For calculations using the simple interest formula, we solve for n, the time period of
an investment or loan, by simply rearranging the formula to make n the subject. For
compound interest calculations, where n is an exponent in the formula, we need to
use our knowledge of logarithms to determine the value of n.

A=P1+i)"

A = accumulated amount
P = principal amount
1 = interest rate written as a decimal

n = time period

Solving for n:
A=P1+i)"
A
5=+ i)"
Use definition: n = lo 4
- =080+ p
1 A
Change of base: n = %P)_
log(1 + 1)

3.1. Calculating the period of an investment
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Worked example 1: Determining the value of n

QUESTION

Thembile invests R 3500 into a savings account which pays 7,5% per annum com-
pounded yearly. After an unknown period of time his account is worth R 4044,69. For
how long did Thembile invest his money?

SOLUTION

Step 1: Write down the compound interest formula and the known values

A=P1+4)"

A = 4044,69
P = 3500
i = 0,075

Step 2: Substitute the values and solve for n

A=P(1+4)"
4044,69 = 3500(1 + 0,075)"
4044,69

) = 1 n
3500 075
] 4044,69
<M= 1081 075) 3500
4044,69
_ log 75500
log 1,075
=200...

Step 3: Write final answer
The R 3500 was invested for 2 years.

Worked example 2: Duration of investments

QUESTION

Margo has R 12 000 to invest and needs the money to grow to at least R 30 000 to
pay for her daughter’s studies. If it is invested at a compound interest rate of 9% per
annum, determine how long (in full years) her money must be invested?

SOLUTION

Step 1: Write down the compound interest formula and the known values

A=P(1+14)"
A =30 000
P =12 000

i=0,09

Chapter 3. Finance




Step 2: Substitute the values and solve for n

A=P(1+)"
30 000 = 12 000 (1 + 0,09)"
)
- =(1,09)"
2 ( ? )
) .
son = log g9 (§> (use definition)
logg
Tog 1.09 (change of base)
=10,632...

Step 3: Write the final answer

In this case we round up, because 10 years will not yet deliver the required R 30 000.
Therefore the money must be invested for at least 11 years.

Exercise 3 — 1: Determining the period of an investment

1. Nzuzo invests R 80 000 at an interest rate of 7,5% per annum compounded
yearly. How long will it take for his investment to grow to R 100 0002

2. Sally invests R 120 000 at an interest rate of 12% per annum compounded quar-
terly. How long will it take for her investment to double?

3. When Banele was still in high school he deposited R 2250 into a savings account
with an interest rate of 6,99% per annum compounded yearly. How long ago did
Banele open the account if the balance is now R 2882,53? Write the answer as a
combination of years and months.

4. The annual rate of depreciation of a vehicle is 15%. A new vehicle costs
R 122 000. After how many years will the vehicle be worth less than R 40 000?

5. Some time ago, a man opened a savings account at KMT South Bank and de-
posited an amount of R 2100. The balance of his account is now R 3160,59. If
the account gets 8,52% compound interest p.a., determine how many years ago
the man made the deposit.

6. Mr. and Mrs. Dlamini want to save money for their son’s university fees. They
deposit R 7000 in a savings account with a fixed interest rate of 6,5% per year
compounded annually. How long will take for this deposit to double in value?

7. A university lecturer retires at the age of 60. She has saved R 300 000 over the
years.

a) She decides not to let her savings decrease at a rate faster than 15% per year.
How old will she be when the value of her savings is less than R 50 000?

b) If she doesn’t use her savings and invests all her money in an investment
account that earns a fixed interest rate of 5,95% per annum, how long will
it take for her investment to grow to R 390 0002

3.1. Calculating the period of an investment




8. Simosethu puts R 450 into a bank account at the Bank of Upington. Simosethu’s
account pays interest at a rate of 7,11% p.a. compounded monthly. After how
many years will the bank account have a balance of R 619,092

9. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

1.28)P  2.28]Q 3.28JR 4.28)S 5.28JT 6.28)V
7.28]W 8. 28)X

0
2\ www.everythingmaths.co.za m.everythingmaths.co.za

DEFINITION: Annuity

A number of equal payments made at regular intervals for a certain amount of time.
An annuity is subject to a rate of interest.

e Future value annuity - regular equal deposits/payments are made into a savings
account or investment fund to provide an accumulated amount at the end of the
time period. The amount accumulating in the fund earns compound interest at
a certain rate.

e Present value annuity - regular equal payments/installments are made to pay
back a loan or bond over a given time period. The reducing balance of the loan
is usually charged compound interest at a certain rate.

For investment funds, pension funds, loan repayments, mortgage bonds (home loan)
and other types of annuities, payments are typically made each month. To “default”
on a payment means that a payment for a certain month was not paid. The period of
an investment is also referred to as the term of an investment.

3.3 Future value annuities EMCFZ

For future value annuities, we regularly save the same amount of money into an ac-
count, which earns a certain rate of compound interest, so that we have money for the
future.

Worked example 3: Future value annuities

QUESTION

At the end of each year for 4 years, Kobus deposits R 500 into an investment account.
If the interest rate on the account is 10% per annum compounded yearly, determine
the value of his investment at the end of the 4 years.

Chapter 3. Finance
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SOLUTION

Step 1: Write down the given information and the compound interest formula

A=P(1+49)"
P =500
1=0,1
n=4
Step 2: Draw a timeline
To T T5 Ts Ty

R 500 R 500 R 500 R 500

10 % compounded yearly

The first deposit in the account earns the highest amount of interest (three interest
payments) and the last deposit earns the least interest (no interest payments).

We can summarize this information in the table below:

) No. of interest : Accumulated
Deposit Calculation
payments amount
Year 1 R 500 3 500(1 +0,1)3 R 665,50
Year 2 R 500 2 500(1 + 0,1)2 R 605,00
Year 3 R 500 1 500(1 4 0,1)* R 550,00
Year 4 R 500 0 500(1 +0,1)° R 500,00
Total R 2320,50

Deriving the formula EMCG2

Note: for this section is it important to be familiar with the formulae for the sum of a
geometric series (Chapter 1):

"

Sn*a(r ) forr > 1
r—1
1_ n

Sn—a( ™) forr <1
1—r

3.3. Future value annuities
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In the worked example above, the total value of Kobus’ investment at the end of the
four year period is calculated by summing the accumulated amount for each deposit:

R 2320,50 =R 500,00 + R550,00 + R60500 +  R665,50
= 500(140,1)° + 500(1 +0,1)* + 500(1 4 0,1)2 + 500(1 + 0,1)?

We notice that this is a geometric series with a constant ratior = 1 + 0,1.

Using the formula for the sum of a geometric series:

a =500
r=1,1
n=4
a(r*—1
Sn = (r -1 :
500 (1,1* — 1)
1,1—-1
= 2320,50

We can therefore use the formula for the sum of a geometric series to derive a formula
for the future value (F) of a series of (n) regular payments of an amount (z) which are
subject to an interest rate (3):

a=2x
r=141
_a(rm—1)
Sn = r—1
P G
(1+4)—1
el -
B i
Future value of payments:
Fo x[(14)" —1]

2

If we are given the future value of a series of payments, then we can calculate the value
of the payments by making x the subject of the above formula.

Payment amount:
F x1

[(1+4)m —1]

xr =

Chapter 3. Finance




Worked example 4: Future value annuities

QUESTION

Ciza decides to start saving money for the future. At the end of each month she deposits
R 900 into an account at Harringstone Mutual Bank, which earns 8,25% interest p.a.
compounded monthly.

1. Determine the balance of Ciza’s account after 29 years.
2. How much money did Ciza deposit into her account over the 29 year period?
3. Calculate how much interest she earned over the 29 year period.

SOLUTION

Step 1: Write down the given information and the future value formula

Pzl —1]
7
z = 900
i 0,0825
T12

n =29 x 12 = 348

Step 2: Substitute the known values and use a calculator to determine F’

900 [(1 + 23525)348 _ 1]
F= 0,0825
12

= R 1 289 665,06

Remember: do not round off at any of the interim steps of a calculation as this will
affect the accuracy of the final answer.

Step 3: Calculate the total value of deposits into the account
Ciza deposited R 900 each month for 29 years:

Total deposits: = R 900 x 12 x 29
= R 313 200

Step 4: Calculate the total interest earned

Total interest = final account balance — total value of all deposits
=R 1289 665,06 — R 313 200
= R 976 465,06

3.3. Future value annuities




Useful tips for solving problems:

1. Timelines are very useful for summarising the given information in a visual way.

2. When payments are made more than once per annum, we determine the total
number of payments (n) by multiplying the number of years by p:

Term P

yearly / annually 1
half-yearly / bi-annually | 2
4

quarterly
monthly 12
weekly 52
daily 365

3. If a nominal interest rate (i(™)) is given, then use the following formula to con-
vert it to an effective interest rate:

I\
1+i= (1+>
m

Worked example 5: Calculating the monthly payments

QUESTION

Kosma is planning a trip to Canada to visit her friend in two years’ time. She makes an
itinerary for her holiday and she expects that the trip will cost R 25 000. How much
must she save at the end of every month if her savings account earns an interest rate of
10,7% per annum compounded monthly?

SOLUTION

Step 1: Write down the given information and the future value formula

w[(1+?)"—1]

F =

To determine the monthly payment amount, we make x the subject of the formula:

v F x1
A+ -1

F = 25 000
¢—0’107
12

n=2x12=24

Step 2: Substitute the known values and calculate z

25000 x %7
[(1+ 257)% — 1]

=R 938,80

Step 3: Write the final answer
Kosma must save R 938,80 each month so that she can afford her holiday.

Chapter 3. Finance




Worked example 6: Determining the value of an investment

QUESTION

Simon starts to save for his retirement. He opens an investment account and imme-
diately deposits R 800 into the account, which earns 12,5% per annum compounded
monthly. Thereafter, he deposits R 800 at the end of each month for 20 years. What is
the value of his retirement savings at the end of the 20 year period?

SOLUTION

Step 1: Write down the given information and the future value formula

F:x[(l—i—ii)n—l]

z = 800
0,125
T 12
n=1+ (20 x 12) = 241

Note that we added one extra month to the 20 years because Simon deposited R 800
immediately.

Step 2: Substitute the known values and calculate

800 [(1 4 2128)241 — 1]
I = 0,125
12

= R 856 415,66

Step 3: Write the final answer
Simon will have saved R 856 415,66 for his retirement.

Exercise 3 — 2: Future value annuities

1. Shelly decides to start saving money for her son’s future. At the end of each
month she deposits R 500 into an account at Durban Trust Bank, which earns an
interest rate of 5,96% per annum compounded quarterly.

a) Determine the balance of Shelly’s account after 35 years.

b) How much money did Shelly deposit into her account over the 35 year
period?

c) Calculate how much interest she earned over the 35 year period.
2. Gerald wants to buy a new guitar worth R 7400 in a year’s time. How much

must he deposit at the end of each month into his savings account, which earns
a interest rate of 9,5% p.a. compounded monthly?

3.3. Future value annuities




3. A young woman named Grace has just started a new job, and wants to save
money for the future. She decides to deposit R 1100 into a savings account every
month. Her money goes into an account at First Mutual Bank, and the account
earns 8,9% interest p.a. compounded every month.

a) How much money will Grace have in her account after 29 years?

b) How much money did Grace deposit into her account by the end of the 29
year period?

4. Ruth decides to save for her retirement so she opens a savings account and im-
mediately deposits R 450 into the account. Her savings account earns 12% per
annum compounded monthly. She then deposits R 450 at the end of each month
for 35 years. What is the value of her retirement savings at the end of the 35 year
period?

5. Musina Moneylenders offer a savings account with an interest rate of 6,13%
p.a. compounded monthly. Monique wants to save money so that she can buy
a house when she retires. She decides to open an account and make regular
monthly deposits. Her goal is to end up with R 750 000 in her account after 35
years.

a) How much must Monique deposit into her account each month in order to
reach her goal?

b) How much money, to the nearest rand, did Monique deposit into her ac-
count by the end of the 35 year period?

6. Lerato plans to buy a car in five and a half years’ time. She has saved R 30 000 in
a separate investment account which earns 13% per annum compound interest.
If she doesn’t want to spend more than R 160 000 on a vehicle and her savings
account earns an interest rate of 11% p.a. compounded monthly, how much
must she deposit into her savings account each month?

7. a) Every Monday Harold puts R 30 into a savings account at the King Bank,
which accrues interest of 6,92% p.a. compounded weekly. How long will
it take Harold’s account to reach a balance of R 4397,53. Give the answer
as a number of years and days to the nearest integer.

b) How much interest will Harold receive from the bank during the period of
his investment?

8. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

la. 28)Y 1b.28)Z 1c.28K2 2.28K3 3.28K4 4.28K5
5.28K6  6.28K7 7.28K8

0
www.everythingmaths.co.za m.everythingmaths.co.za

Sinking funds EMCG3

Vehicles, equipment, machinery and other similar assets, all depreciate in value as
a result of usage and age. Businesses often set aside money for replacing outdated
equipment or old vehicles in accounts called sinking funds. Regular deposits, and
sometimes lump sum deposits, are made into these accounts so that enough money
will have accumulated by the time a new machine or vehicle needs to be purchased.

Chapter 3. Finance
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Worked example 7: Sinking funds

QUESTION

Wellington Courier Company buys a delivery truck for R 296 000. The value of the
truck depreciates on a reducing-balance basis at 18% per annum. The company plans
to replace this truck in seven years’ time and they expect the price of a new truck to
increase annually by 9%.

1. Calculate the book value of the delivery truck in seven years’ time.

2. Determine the minimum balance of the sinking fund in order for the company
to afford a new truck in seven years’ time.

3. Calculate the required monthly deposits if the sinking fund earns an interest rate
of 13% per annum compounded monthly.

SOLUTION

Step 1: Determine the book value of the truck in seven years’ time

P = 296 000
i=0,18
n="7
A=PQ1—-i)"
=296 000(1 — 0,18)7
=R 73 788,50

Step 2: Determine the minimum balance of the sinking fund
Calculate the price of a new truck in seven years’ time:

P = 296 000
i=0,09
n="7
A=PQ1+i)"
=296 000(1 + 0,09)”
= R 541 099,58

Therefore, the balance of the sinking fund (F') must be greater than the cost of a new
truck in seven years’ time minus the money from the sale of the old truck:

F =R 541 099,58 — R 73 788,50
— R 467 311,08

Step 3: Calculate the required monthly payment into the sinking fund

F x1

e

F = 467 311,08
0,13

T 12
n="7x12=84

3.3. Future value annuities




Substitute the values and calculate z:
467 311,08 x %32
= 0,13\84
[+ 5% - 1]
=R 3438,77

Therefore, the company must deposit R 3438,77 each month.

Exercise 3 — 3: Sinking funds

1. Mfethu owns his own delivery business and he will need to replace his truck in
6 years’ time. Mfethu deposits R 3100 into a sinking fund each month, which
earns 5,3% interest p.a. compounded monthly.

a) How much money will be in the fund in 6 years’ time, when Mfethu wants
to buy the new truck?

b) If a new truck costs R 285 000 in 6 years’ time, will Mfethu have enough
money to buy it?

2. Atlantic Transport Company buys a van for R 265 000. The value of the van
depreciates on a reducing-balance basis at 17% per annum. The company plans
to replace this van in five years’ time and they expect the price of a new van to
increase annually by 12%.

a) Calculate the book value of the van in five years’ time.

b) Determine the amount of money needed in the sinking fund for the com-
pany to be able to afford a new van in five years’ time.

c) Calculate the required monthly deposits if the sinking fund earns an interest
rate of 11% per annum compounded monthly.

3. Tonya owns Freeman Travel Company and she will need to replace her computer
in 7 years’ time. Tonya creates a sinking fund so that she will be able to afford a
new computer, which will cost R 8450. The sinking fund earns interest at a rate
of 7,67% p.a. compounded each quarter.

a) How much money must Tonya save quarterly so that there will be enough
money in the account to buy the new computer?

b) How much interest (to the nearest rand) does the bank pay into the account
by the end of the 7 year period?

4. More questions. Sign in at Everything Maths online and click ‘Practise Maths’.

Check answers online with the exercise code below or click on ‘show me the answer’.
1.28K9 2.28KB 3. 28KC

w
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3.4 Present value annuities EMCG4

For present value annuities, regular equal payments/installments are made to pay back
a loan or bond over a given time period. The reducing balance of the loan is usually
charged compound interest at a certain rate. In this section we learn how to determine
the present value of a series of payments.

Consider the following example:

Kate needs to withdraw R 1000 from her bank account every year for the next three
years. How much must she deposit into her account, which earns 10% per annum, to
be able to make these withdrawals in the future? We will assume that these are the

only withdrawals and that there are no bank charges on her account.

To calculate Kate’s deposit, we make P the subject of the compound interest formula:

A=P(1+i)"
A
=P
(144)"
SP=A1+i)™"

We determine how much Kate must deposit for the first withdrawal:

P =1000(1+0,1)""
= 909,09

We repeat this calculation to determine how much must be deposited for the second
and third withdrawals:

Second withdrawal: P = 1000 (1 +0,1) 2
— 826,45

Third withdrawal: P = 1000 (1 + 0,1)*
— 751,31

Notice that for each year’s withdrawal, the deposit required gets smaller and smaller
because it will be in the bank account for longer and therefore earn more interest.
Therefore, the total amount is:

R 909,09 + R 826,45 + R 751,31 = R 2486,85

We can check these calculations by determining the accumulated amount in Kate’s
bank account after each withdrawal:

Calculation Accumulated amount
Initial deposit R 2486,85
Amount after one year = 2486,85 (1 + 0,1) = R 2735,54
Amount after first withdrawal = R 2735,54 — R 1000 = R 1735,54
Amount after two years = 1735,54 (1 +0,1) = R 1909,09
Amount after second withdrawal | = R 1909,09 — R 1000 = R 909,09
Amount after three years = 909,09 (1 +0,1) = R 1000
Amount after third withdrawal = R 1000 — R 1000 =RO

3.4. Present value annuities
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Completing this table for a three year period does not take too long. However, if
Kate needed to make annual payments for 20 years, then the calculation becomes
very repetitive and time-consuming. Therefore, we need a more efficient method for
performing these calculations.

Deriving the formula EMCG5

In the example above, Kate needed to deposit:

R 2486,55 =R 909,09 + R82645 + R751,31
=1000(1 + 0,1)~! + 1000(1 + 0,1)~2 + 1000(1 + 0,1)~3

We notice that this is a geometric series with a constant ratio 7 = (1 +0,1)~1.

Using the formula for the sum of a geometric series:

a =1000(1+0,1)"*

r=(1+0,1)""
n=23
_a(l-rm)
Sn—? (fOI’T'<].)

1000(1 +0,1)~* [1 —((1+ 0,1)—1)3}
1—(1+0,1)"

1000 [1 —(1+ 0,1)‘3}
L+ 0,01 — (L+0,0)]

1000 [1— (1 +0,1)7]
(1+0,1)—1

1000 [1— (1 +0,1)7]
0,1

— 2486,85

We can therefore use the formula for the sum of a geometric series to derive a formula
for the present value (P) of a series of (n) regular payments of an amount (x) which are
subject to an interest rate (1):
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a=z(1+14)7"

r=(1+4)""
_a(l—=r")
S”_il—r (forr < 1)

()T = (T 44)7 ]
b= 1—(1+4)?!

e[1—(1+1)"
A+ -1+

_a[l- (140
1+3—-1
21— (1+i)"]

i

Present value of a series of payments:

posli=0ri]

If we are given the present value of a series of payments, we can calculate the value of
the payments by making x the subject of the above formula.

Payment amount:
P x1

—

Worked example 8: Present value annuities

QUESTION

Andre takes out a student loan for his first year of civil engineering. The loan agreement
states that the repayment period is equal to 1,5 years for every year of financial assis-
tance granted and that the loan is subject to an interest rate of 10,5% p.a. compounded
monthly.

1. If Andre pays a monthly installment of R 1446,91, calculate the loan amount.

2. Determine how much interest Andre will have paid on his student loan at the
end of the 18 months.
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SOLUTION

Step 1: Write down the given information and the present value formula

po =0 o

z = 1446,91
0,105

T 12
n=15x12=18

Substitute the known values and determine P:

1446,91 [1 — (1 + 2522)718]
P= 0,105
12

= R 24 000,14

Therefore, Andre took out a student loan for R 24 000.

Step 2: Calculate the total amount of interest
At the end of the 18 month period:

Total amount repaid for loan: = R 1446,91 x 18
= R 26 044,38
Total amount of interest: = R 26 044,38 — R 24 000
= R 2044,38

Worked example 9: Calculating the monthly payments

QUESTION

Hristo wants to buy a small wine farm worth R 8 500 000. He plans to sell his current
home for R 3 400 000 which he will use as a deposit for the purchase of the farm. He
secures a loan with HBP Bank with a repayment period of 10 years and an interest rate
of 9,5% compounded monthly.

1. Calculate his monthly repayments.
2. Determine how much interest Hristo will have paid on his loan by the end of the

10 years.

SOLUTION

Step 1: Write down the given information and the present value formula

p_zll=(0+9)™"]

7
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To determine the monthly repayment amount, we make z the subject of the formula:

P xi
[1—(1+i)"]

xr =

P =R 8500000 — R 3400 000 = R 5 100 000
0,095

T 12
n=10x 12 = 120

Step 2: Substitute the known values and calculate =

5100 000 x 225
0,095\ —120
[1 a (1 T ) }

=R 65 992,75

—

Therefore, Hristo must pay R 65 992,75 per month to repay his loan over the 10 year
period.

Step 3: Calculate the total amount of interest
At the end of the 10 year period:

Total amount repaid for loan: = R 65 992,75 x 10 x 12
=R 7919 130
Total amount of interest: = R 7919 130 — R 5 100 000
=R 2819 130

Prime lending rate

The prime lending rate is a benchmark rate at which private banks lend out money to
the public. It is used as a reference rate for determining interest rates on many types of
loans, including small business loans, home loans and personal loans. Some interest
rates may be expressed as a percentage above or below prime rate. For calculations in
this chapter, we will assume the prime lending rate is 8,5% per annum.

Worked example 10: Calculating the outstanding balance of a loan

QUESTION

A school sells its old bus and uses the proceeds as a 15% deposit for the purchase
of the new bus, which costs R 330 000. To finance the balance of the purchase, the
school takes out a loan that is subject to an interest rate of prime + 1% compounded
monthly. The repayment period of the loan is 3 years.

1. Calculate the monthly repayments.

2. Determine the balance of the loan at the end of the first year, immediately after
the 12" payment.

3.4. Present value annuities




SOLUTION

Step 1: Write down the given information and the present value formula

po =0 o

To determine the monthly repayment amount, we make z the subject of the formula:
P xi

e

15
P =R 330 000 — (m x R 330 000)

= R 330 000 — R 49 500

= R 280 500
0,095
YT
n=3x12=36

Step 2: Substitute the known values and calculate

280 500 x %290
[1- @+ o)™

= R 8985,24

—

Therefore, the school must pay R 8985,24 per month to repay the loan over the 3 year
period.

Step 3: Calculate the balance of the loan at the end of the first year

We can calculate the balance of the loan at the end of the first year by determining the
present value of the remaining 24 payments:
0,095\ —24
p_ 8985241 — (14 %972) 2]
0,095
12
=R 195 695,07

Therefore, the school must still pay R 195 695,07 of the loan.

Alternative method: we can also calculate the balance of the loan at the end of the
first year by determining the accumulated amount of the loan for the first year less the
future value of the first 12 payments:

Balance = A(loan and accrued interest) — F'(first year’s payments and interest)

0,095\ "% 8985,24 [(1 + 2095)12 _q]
= 280 500 (1 + ) - R
12
=R 308338,94... — R112 643,79 ...
=R 195 695,15

Therefore, the school must still pay R 195 695,15 of the loan.

(Note the difference of 8 cents due to rounding).
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Exercise 3 — 4: Present value annuities

1. A property costs R 1 800 000. Calculate the monthly repayments if the interest
rate is 14% p.a. compounded monthly and the loan must be paid off in 20 years’
time.

2. A loan of R 4200 is to be returned in two equal annual installments. If the rate of
interest is 10% compounded annually, calculate the amount of each installment.
3. Stefan and Marna want to buy a flat that costs R 1,2 million. Their parents offer
to put down a 20% payment towards the cost of the house. They need to get a
mortgage for the balance. What is the monthly repayment amount if the term of
the home loan is 30 years and the interest is 7,5% p.a. compounded monthly?
4. a) Ziyanda arranges a bond for R 17 000 from Langa Bank. If the bank charges
16,0% p.a. compounded monthly, determine Ziyanda’s monthly repayment
if she is to pay back the bond over 9 years.
b) What is the total cost of the bond?
5. Dullstroom Bank offers personal loans at an interest rate of 15,63% p.a. com-

pounded twice a year. Lubabale borrows R 3000 and must pay R 334,93 every
six months until the loan is fully repaid.

a) How long will it take Lubabale to repay the loan?
b) How much interest will Lubabale pay for this loan?

6. Likengkeng has just started a new job and wants to buy a car that costs R 232 000.
She visits the Soweto Savings Bank, where she can arrange a loan with an interest
rate of 15,7% p.a. compounded monthly. Likengkeng has enough money saved
to pay a deposit of R 50 000. She arranges a loan for the balance of the payment,
which is to be paid over a period of 6 years.

a) What is Likengkeng’s monthly repayment on her loan?
b) How much will the car cost Likengkeng?

7. Anathi is a wheat farmer and she needs to buy a new holding tank which costs
R 219 450. She bought her old tank 14 years ago for R 196 000. The value of the
old grain tank has depreciated at a rate of 12,1% per year on a reducing balance,
and she plans to trade it in for its current value. Anathi will then need to arrange
a loan for the balance of the cost of the new grain tank.

Orsmond bank offers loans with an interest rate of 9,71% p.a. compounded
monthly for any loan up to R 170 000 and 9,31% p.a. compounded monthly for
a loan above that amount. The loan agreement allows Anathi a grace period for
the first six months (no payments are made) and it states that the loan must be
repaid over 30 years.

a) Determine the monthly repayment amount.

b) What is the total amount of interest Anathi will pay for the loan?

¢) How much money would Anathi have saved if she did not take the six

month grace period?

8. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

1.28KD 2. 28KF 3.28KG 4.28KH 5.28K) 6.28KK
7. 28KM

@
www.everythingmaths.co.za m.everythingmaths.co.za
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3.5 Analysing investment and loan options

In the next worked example we consider the effects of the duration of the repayment
period on the total amount repaid (the amount borrowed plus the accrued interest) for
a loan.

Worked example 11: Repayment periods

QUESTION

David and Julie take out a home loan of R 2,6 million with an interest rate of 10% per
annum compounded monthly.

Calculate the monthly repayments for a repayment period of 30 years.

Calculate the interest paid on the loan at the end of the 30 year period.
Determine the monthly repayments for a repayment period of 20 years.
Determine the interest paid on the loan at the end of the 20 year period.

What is the difference in the monthly repayment amounts?

S

Comment on the difference in the interest paid for the two different time periods.

SOLUTION

Step 1: Consider a 30 year repayment period on the loan

P x1
r=————
[1—(1+d)"]
P =R 2600 000
.01

T2

n = 30 x 12 = 360

2 600 000 x %
0,1\ —360
[1-+3)7
= R 22 816,86

Therefore, the monthly repayment is R 22 816,86 for a 30 year period.

At the end of the 30 years, David and Julie will have paid a total amount of:

=30 x 12 x R 22 816,36
= R 8214 069,60

The total amount of interest on the loan:

Interest = total amount paid — loan amount
= R 8 214 069,60 — R 2 600 000
=R 5 614 069,60

We notice that the interest on the loan is more than double the amount borrowed.
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Step 2: Consider a 20 year repayment period on the loan

. P xi
TE-a+o
P =R 2 600 000
. 0,1
=1
n =20 x 12 = 240

2 600 000 x %
1= (@ +%) "
= R 25 090,56

Therefore, the monthly repayment is R 25 090,56 for a 20 year period.

At the end of the 20 years, David and Julie will have paid a total amount of:

=20 x 12 x R 25 090,56
=R 6021 734,40

The total amount of interest on the loan:

Interest = total amount paid — loan amount
=R 6 021 734,40 — R 2 600 000
— R 3 421 734,40

We notice that the interest on the loan is about 1,3 times the borrowed amount.

Step 3: Consider the difference in the repayment and interest amounts

Difference in repayments = R 25 090,56 — R 22 816,36
— R 2273,70

It is also very interesting to look at the difference in the total interest paid:

Difference in interest = R 5 614 069,60 — R 3 421 734,40
=R 2192 335,20

Therefore, by paying an extra R 2273,70 each month over a shorter repayment period,
David and Julie could save more than R 2 million on the repayment of their home
loan.

When considering taking out a loan, it is advisable to investigate and compare a few
options offered by financial institutions. It is very important to make informed deci-
sions regarding personal finances and to make sure that the monthly repayment amount
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is serviceable (payable). A credit rating is an estimate of a person’s ability to fulfill fi-
nancial commitments based on their previous payment history. Defaulting on a loan
can affect a person’s credit rating and their chances of taking out another loan in the
future.

Worked example 12: Analysing investment opportunities

QUESTION

Marlene wants to start saving for a deposit on a house. She can afford to invest between
R 400 and R 600 each month and gets information from four different investment firms.
Each firm quotes a different interest rate and a prescribed monthly installment amount.
She plans to buy a house in 7 years’ time. Calculate which company offers the best
investment opportunity for Marlene.

Interest rate (compounded monthly) | Monthly payment
TBS Investments 13,5% p.a. R 450
Taylor Anderson 13% p.a. R 555
PHK 12,5% p.a. R 575
Simfords Consulting 11% p.a. R 600
SOLUTION

Step 1: Consider the different investment options

To compare the different investment options, we need to calculate the following for
each option at the end of the seven year period:

e The future value of the monthly payments.
e The total amount paid into the investment fund.
e The total interest earned.

TBS Investments:

g 450 [(1+ 252)% — 1]

0,135
12
— R 62 370,99
Total amount (T') : =7 x 12 x R 450
= R 37 800
Total interest (I) : = R 62 370,99 — R 37 800

= R 24 570,99
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Taylor Anderson:

555 [(1+ S 1
- 013
12

=R 75 421,65

Total amount (T') : =7 x 12 x R 555
= R 46 620

Total interest (I) : = R 75 421,65 — R 46 620
— R 28 801,65

F

PHK:

575 [(1 + %32)%* — 1]
F= 0,125
12

=R 76 619,96
Total amount (7)) : =7 x 12 x R 575
= R 48 300
Total interest (I) : =R 76 619,96 — R 48 300
— R 28 319,96

Simfords Consulting:

g 800[(1+25)% — 1]

0,11
12
=R 75 416,96
Total amount (7') : =7 x 12 x R 600
= R 50 400
Total interest (I) : =R 75 416,96 — R 50 400
=R 25 016,96

Step 2: Draw a table of the results to compare the answers

F T I
TBS Investments R 62 370,99 | R37 800 | R 24 570,99
Taylor Anderson R 75421,65 | R46 620 | R 28 801,65
PHK R 76 619,96 | R 48 300 | R 28 319,96
Simfords Consulting | R 75 416,96 | R 50 400 | R 25 016,96

Step 3: Make a conclusion

An investment with PHK would provide Marlene with the highest deposit (R 76 619,96)
for her house at the end of the 7 year period. However, we notice that an investment
with Taylor Anderson would earn the highest amount of interest (R 28 801,65) and is
therefore the better investment option.
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Worked example 13: Analysing loan options

QUESTION

William wants to take out a loan of R 750 000, so he approaches three different banks.
He plans to start repaying the loan immediately and he calculates that he can afford a
monthly repayment amount between R 5500 and R 7000.

Calculate which of the three options would be best for William.

e West Bank offers a repayment period of 30 years and an interest rate of prime
compounded monthly.

e AcuBank offers a repayment period of 20 years and an interest rate of prime
+0,5% compounded monthly.

e FinTrust Bank offers a repayment period of 15 years and an interest rate of prime
+2% compounded monthly.

SOLUTION

Step 1: Consider the different loan options

To compare the different loan options, we need to calculate the following for each
option:

e The monthly payment amount.
e The total amount paid to repay the loan.
e The amount of interest on the loan.

v P xi
-+
West Bank:
750000 x %3
-+ )
= R 5766,85
Total amount (T') : = 30 x 12 x R 5766,85
=R 2076 066
Total interest (I) : =R 2076 066 — R 750 000
=R 1 326 066
AcuBank:

750 000 x %%
[T— 1+ 5Z)50)
R 6747,94
Total amount (T') : =20 x 12 x R 6747,94
=R 1619 505,60
Total interest (I) : =R 1619 505,60 — R 750 000
= R 869 505,60
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FinTrust Bank:

750 000 x %90
0= (0 555
= R 8290,49
Total amount (T") : =15 x 12 x R 8290,49
=R 1492 288,20
Total interest (I) : = R 1492 288,20 — R 750 000
= R 742 288,20

Step 2: Draw a table of the results to compare the answers

x T I
West Bank R 5766,85 | R 2076 066,00 | R 1 326 066,00
AcuBank R6747,94 | R1619 505,60 | R 869 505,60
FinTrust Bank | R 8290,49 | R 1492 288,20 | R 742 288,20

Step 3: Make a conclusion

A loan from FinTrust Bank would accumulate the lowest amount of interest but the
monthly repayment amounts are not within William’s budget. Although West Bank
offers the lowest interest rate and monthly repayment amount, the interest earned on
the loan is very high as a result of the longer repayment period. If we assume that
William must repay the loan over the given time periods, then AcuBank offers the best
option.

However, we know that William can afford to pay more than R 5766,85 per month,
and if the bank allows him to pay back the loan earlier, he should consider taking out
a loan with West Bank and take advantage of the lower interest rate.

Exercise 3 — 5: Analysing investment and loan options

1. Cokisa is 31 years old and starting to plan for her future. She has been thinking
about her retirement and wants to open an annuity so that she will have money
when she retires. Her intention is to retire when she is 65 years old. Cokisa visits
the Trader’s Bank of Tembisa and learns that there are two investment options
from which she can choose:

e Option A: 7,76% p.a. compounded once every four months

e Option B: 7,78% p.a. compounded half-yearly

a) Which is the better investment option for Cokisa if the amount she will
deposit will always be the same?

b) Cokisa opens an account and starts saving R 4000 every four months. How
much money (to the nearest rand) will she have saved when she reaches
her planned retirement?
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2. Phoebe wants to take out a home loan of R 1,6 million. She approaches three
different banks for their loan options:

e Bank A offers a repayment period of 30 years and an interest rate of 12%
per annum compounded monthly.

e Bank B offers a repayment period of 20 years and an interest rate of 14%
per annum compounded monthly.

e Bank C offers a repayment period of 30 years and an interest rate of 14%
per annum compounded monthly.
If Phoebe intends to start her monthly repayments immediately, calculate which
of the three options would be best for her.
3. More questions. Sign in at Everything Maths online and click ‘Practise Maths’.

Check answers online with the exercise code below or click on ‘show me the answer’.
1. 28KN 2. 28KP

@
2\ www.everythingmaths.co.za m.everythingmaths.co.za

Pyramid schemes EMCG7

A pyramid scheme is a moneymaking scheme that promises investors unusually high
returns on their investment. The concept of a pyramid scheme is quite simple and
should be easy to identify, however, it is often cleverly disguised as a legitimate busi-
ness. In some cases a product is offered and in others the scheme is marketed as a
highly profitable investment opportunity. Unfortunately, many of these schemes have
cost millions of people their savings. Pyramid schemes are illegal in South Africa.

e "Ponzi schemes” are named after Charles Ponzi, a Italian businessman who lived
in the U.S. and Canada. One of his investment schemes involved buying postal
reply coupons in other countries and redeeming them for a higher value in the
United States. He promised investors 100% profit within 90 days of their in-
vestment. As the scheme grew, Ponzi paid off early investors with money from
investors who joined the scheme at a later stage. Ponzi’s fraudulent scheme was
exposed and investors lost millions of dollars. He was sent to prison for a number
of years.

e South African Adriaan Nieuwoudst started a pyramid scheme commonly referred
to as the "Kubus” scheme. Participants bought a biological substance called an
activator that was supposed to be used in beauty products. The activator was
used to grow cultures in milk that were then dried and ground up and resold to
new participants. The scheme had thousands of investors and took in approxi-
mately R 140 million before it was declared an illegal lottery.
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Initial investor

Money flows upwards towards the top of the pyramid

A pyramid scheme starts with one person, who finds other people to invest their money
in the scheme. These people then enrol more people into the scheme and the base of
the pyramid grows. The money invested by new investors goes to participants closer to
the top of the pyramid. This is unsustainable because it requires that more and more
people join the scheme and the growth must end at some point because there are a
finite number of people. Therefore, most of the investors lose their money when the
scheme collapses.

The South African Reserve Bank has launched a public awareness campaign, “Beware
of oMashayana (crooks)”, to help educate people about pyramid schemes and how to
identify them.

Beware of oMashayana

So, you think you’ve found the perfect investment? Regular high returns
with no risk? Be careful. Don’t lose all your money. If it sounds too good
to be true, it’s probably a Pyramid or Ponzi scheme.

What is a Ponzi scheme?

A Ponzi con-artist will only ask you to give them money that they say will
be invested in a scheme or project, such as supposed property develop-
ments; bridging finance; foreign-exchange transactions; venture capital to
other companies; or share units. The scheme operator promises to give
you back much more money than you have given them initially, in a very
short space of time.

What is a pyramid scheme?

A pyramid con-artist will offer you the chance to make quick money for
yourself, often by selling something. You pay a joining fee, buy the product
and then sell it. They tell you that the more people you get to sell for you,
the more money you will make. It’s easy for the first people to introduce
new members, but soon everyone is part of the scheme and it gets harder
to find new members to join. For example, the con-artist recruits 6 people
who each pay a R 100 fee. Each of those people has to recruit 6 people.
There are now up to 36 people. Now, those 36 people each have to sign
up 6 people — this equals 216, and by the time you have to get to level 10,
you have to get 60 million people to join to keep the scheme going. This
can never work.

What is the difference between a pyramid and a Ponzi scheme?

The main difference is that with a pyramid scheme you have to work or
sell to recruit investors, while with a Ponzi scheme the con-artist will only
ask you to invest in something (for example, property development). Both
schemes are illegal.
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What can I do to protect myself?

You are your own best protection. It is your responsibility to make sure that
you never give your money to any company or person that is not registered
as a deposit-taking institution in terms of the Banks Act.

Why is handing my money over so risky?

When you hand over your money (notes and coins) to another person
who then loses the money, steals it or goes bankrupt, you only have an
unsecured claim against that person or their estate and you might not get
all your money back.

Why is it safer to hand my money to a bank?

Banks and investment companies have to be registered so that they can be
regulated and supervised, to make sure that your money is safe. Unreg-
ulated and unsupervised persons and groups don’t follow these rules and
your money is at great risk with them.

3.6 Summary EMCG8

e Always keep the rate of interest per time unit and the time period in the same
units.

e Simple interest: A = P(1+ in)

e Compound interest: A = P(1+14)"

e Simple depreciation: A = P(1 —in)

e Compound depreciation: A = P(1 —4)"

) \ T
o Nominal and effective annual interest rates: 1 4 ¢ = (1 + Q)

m

e Future value of payments:

porli -1
i
Payment amount:
v Fxi
[+ —1]

e Present value of a series of payments:

- (1407

P =
Payment amount:

P xi
[1—(1+4)"]
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Exercise 3 — 6: End of chapter exercises

1. Mpumelelo deposits R 500 into a savings account, which earns interest at 6,81 %
p.a. compounded quarterly. How long will it take for the savings account to
have a balance of R 749,772

2. How much interest will Gavin pay on a loan of R 360 000 for 5 years at 10,3%
per annum compounded monthly?

3. Wingfield school will need to replace a number of old classroom desks in 6
years’ time. The principal has calculated that the new desks will cost R 44 500.
The school establishes a sinking fund to pay for the new desks and immediately
deposits an amount of R 6300 into the fund, which accrues interest at a rate of
6,85% p.a. compounded monthly.

a) How much money should the school save every month so that the sinking
fund will have enough money to cover the cost of the desks?

b) How much interest does the fund earn over the period of 6 years?

4. Determine how many years (to the nearest integer) it will take for the value of a
motor vehicle to decrease to 25% of its original value if the rate of depreciation,
based on the reducing-balance method, is 21% per annum.

5. Angela has just started a new job, and wants to save money for her retirement.
She decides to deposit R 1300 into a savings account once each month. Her
money goes into an account at Pinelands Mutual Bank, and the account receives
6,01% interest p.a. compounded once each month.

a) How much money will Angela have in her account after 30 years?
b) How much money did Angela deposit into her account after 30 years?

6. a) Nicky has been working at Meyer and Associates for 5 years and gets an
increase in her salary. She opens a savings account at Langebaan Bank and
begins making deposits of R 350 every month. The account earns 5,53%
interest p.a., compounded monthly. Her plan is to continue saving on a
monthly schedule until she retires. However, after 8 years she stops making
the monthly payments and leaves the account to continue growing.

How much money will Nicky have in her account 29 years after she first
opened it?

b) Calculate the difference between the total deposits made into the account
and the amount of interest paid by the bank.

7. a) Every three months Louis puts R 500 into an annuity. His account earns an
interest rate of 7,51% p.a. compounded quarterly. How long will it take
Louis’s account to reach a balance of R 13 465,872

b) How much interest will Louis receive from his investment?

8. A dairy farmer named Kayla needs to buy new equipment for her dairy farm

which costs R 200 450. She bought her old equipment 12 years ago for R 167 000.
The value of the old equipment depreciates at a rate of 12,2% per year on a
reducing balance. Kayla will need to arrange a bond for the remaining cost of
the new equipment.
An agency which supports farmers offers bonds at a special interest rate of
10,01% p.a. compounded monthly for any loan up to R 175 000 and 9,61%
p.a. compounded monthly for a loan above that amount. Kayla arranges a bond
such that she will not need to make any payments on the loan in the first six
months (called a ‘grace period’) and she must pay the loan back over 20 years.

a) Determine the monthly payment.
b) What is the total amount of interest Kayla will pay for the bond?
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c) By what factor is the interest she pays greater than the value of the loan?
Give the answer correct to one decimal place.

9. Thabo invests R 8500 in a special banking product which will pay 1% per annum
for 1 month, then 2% per annum for the next 2 months, then 3% per annum for
the next 3 months, 4% per annum for the next 4 months, and 0% for the rest of
the year. If the bank charges him R 75 to open the account, how much can he
expect to get back at the end of the year?

10. Thabani and Lungelo are both using Harper Bank for their savings. Lungelo
makes a deposit of z at an interest rate of ¢ for six years. Three years after
Lungelo made his first deposit, Thabani makes a deposit of 3z at an interest rate
of 8% per annum. If after 6 years their investments are equal, calculate the value
of i (correct to three decimal places). If the sum of their investment is R 20 000,
determine how much Thabani earned in 6 years.

11. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

1.28KQ 2.28KR 3. 28KS 4.28KT  5.28KV 6. 28KW
7.28KX  8.28KY 9.28KZ 10.28M2

0
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4 Trigonometry

4.1 Revision EMCG9

Trigonometric ratios

We defined the basic trigonometric ratios using the lengths of the sides of a right-angled
triangle.

A
C b
-

B o o,
sin A — opposite sin B — opposite
hypotenuse ¢ hypotenuse ¢
cos A — adjacent b cos B — adjacent _ .
hypotenuse ¢ hypotenuse ¢
tan A — op!{)osite _a ton B3 — opposite _b
adjacent adjacent a

Trigonometric ratios in the Cartesian plane

We also defined the trigonometric ratios with respect to any point in the Cartesian
plane in terms of z, y and r. Using the theorem of Pythagoras, 2 = 2% + y2.

Y

. T
sin o = cosa = — tana = =
T

SEES
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CAST diagram

The sign of a trigonometric ratio depends on the signs of z and y:

Quadrant Il

sin 0
180°

90°

Quadrant |

all

tan 6

Quadrant 11

270°

Reduction formulae and co-functions:

360°

cosf

Quadrant IV

1. The reduction formulae hold for any angle 6. For convenience, we assume 6 is

an acute angle (0° < 6 < 90°).

2. When determining function values of (180° +6), (360° & 6) and (—#) the function

does not change.

3. When determining function values of (90° +6) and (0 4-90°) the function changes

to its co-function.

Second Quadrant: ’t First Quadrant:
«sine function is positive « all functions are positive
esin (180° — 0) = siné *sin (360° + 0) = sin 6
e cos (180° — 6) = —cos @ e cos (360° + 6) = cos @
etan (180° — 0) = —tand o tan (360° + 0) = tan6
*sin (90° + 6) = cos 6 *sin (90° — 6) = cos b
e cos (90° + 0) = —sind e cos (90° — ) = sinf

5 .

Third Quadrant:
« tangent function is positive
esin (180° + 0) = —sinf
e os (180° + 0) = —cos @
o tan (180° + 0) = tan 6

Fourth Quadrant:
« cosine function is positive
*sin (360° — §) = —sind
e cos (360° — 6) = cos
e tan (360° — 0) = —tand
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Negative angles

sin(—60) = —sin 6
cos(—6) = cos 6
tan(—0) = —tand

Special angle triangles
These values are useful when we need to solve a problem involving trigonometric

functions without using a calculator. Remember that the lengths of the sides of a right-
angled triangle obey the theorem of Pythagoras.

9 60 3 450
1 1
30° 45° _
V3 1
0 0° | 30° | 45° | 60° 90°
cosf | 1 @ % % 0
sind | 0| 3| | g 1
tanf | 0 % 1 | V3 | undef
Trigonometric identities
Quotient identity:
sin
tanf = p—" (cosf # 0)

Square identity:

sin?6 + cos?6 =1

It also follows that:

sin?f =1 — cos? 6

cos’f=1—sin?0

sinf = +v/1 — cos? 0

cosf = +v1 —sin?0

All these relationships and identities are very useful for simplifying trigonometric ex-
pressions.
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Worked example 1: Revision

QUESTION

Determine the value of the expression, without using a calculator:

cos 420° — sin 225° cos(—45°)
tan 315°

SOLUTION

Step 1: Use reduction formulae to express each trigonometric ratio in terms of an
acute angle

cos 420° — sin 225° cos(—45°)
tan 315°

_cos(360° + 60°) — sin(180° + 45°) cos(—45°)
- tan(360° — 45°)
~ cos60° — (—sin45°)(cos45°)
- — tan 45°

cos 60° + sin 45° cos 45°
B — tan 45°

Now use special angles to evaluate the simplified expression:

cos 60° + sin 45° cos 45°

— tan 45°
1 1 1

() ()

- —1

_ (1,

- \2 2

=-1
Worked example 2: Revision
QUESTION
Fioves 5 cos? a — sin? &

sin® @ — (tan @ — cos @) (tan @ + cos @) = 5
cos? «

State restrictions where applicable.

SOLUTION

Step 1: Use trigonometric identities to simplify each side separately
Simplify the left-hand side of the identity:

LHS = sin? o — (tan o — cos &) (tan o + cos )

2 — (tan? o — cos® a)

a —tan®a <+ cos® a

= sin
= sin?
= (sin2 a + cos? a) — tan? «

=1—tan’a
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Simplify the right-hand side of the identity so that it equals the left-hand side:

cos? a — sin® «

RHS = .
cos? o
_cos?a sin? o
T cos2a  cos?a
=1—tan®a
.. LHS = RHS

Alternative method: we could also have started with the left-hand side of the identity
and substituted tan o = 2% and simplified to get the right-hand side.

C

Restrictions
We need to determine the values of o for which any of the terms in the identity will
be undefined:
cos?a =0
c.cosa=0
oo =90° or 270°

We must also consider the values of « for which tan « is undefined. Therefore, the
identity is undefined for o = 90° + k . 180°.

Useful tips:

o [tis sometimes useful to write tan @ in terms of sin @ and cos 6.

e Never write a trigonometric ratio without an angle. For example, tan = % has
no meaning.

e For proving identities, only simplify one side of the identity at a time.

As seen in the worked example above, sometimes both sides of the identity need
to be simplified.

Remember to write down restrictions:

— the values for which any of the trigonometric ratios are not defined;

— the values of the variable which make any of the denominators in the iden-
tity equal to zero.

Exercise 4 — 1: Revision - reduction formulae, co-functions and identities

1. Given: sin31° = A
Write each of the following expressions in terms of A:

a) sin 149° d) tan211° cos 211°
b) cos(—59°) e) tan31°
C) cos 329°
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2. a) Simplify P to a single trigonometric ratio:
P = sin(360° + 6) cos(180° + 0) tan(360° + 6)
b) Simplify @ to a single trigonometric ratio:

cos(f — 360°) sin(90° + 0) sin(—0)
sin(d + 180°)

Q=

¢) Hence, determine:

i. P+Q
ii. 9
P
3. If p = sin 3, express the following in terms of p:

cos(B + 360°) tan(B8 — 360°) cos(8 + 90°)
sin?( + 180°) cos(3 — 90°)

4. Evaluate the following without the use of a calculator:

cos(—120°) | 000 b) (1 —sin45°)(1 — sin 225°)
tan 150°
5. Reduce the following to one trigonometric ratio:
1
tan? 8 —
3) tan®f cos? 3

b) sin?(90° + 0) tan? 6 + tan? 0 cos?(90° — 6)
C) sinacosatano — 1
29-1
d) tan?6 cosv— 1
) tan”6 + cos? 0
6. a) Use reduction formulae and special angles to show that

sin(180° + 6) tan(720° + ) cos(—6)
cos(90° + 0)

can be simplified to sin 6.
b) Without using a calculator, determine the value of sin 570°.
7. Troy’s mathematics teacher asks the class to answer the following question.

Question:

cosf 1 —sinf
1+sinf  cosf
Troy’s answer:

Prove that

cosf  1-—sind
1+sinf  cos6
(cosB)(cosf) = (1 +sinf)(1 — sinf)

cos’f=1—sin?0

cos? 6 = cos? 6
.. LHS = RHS

Comment on Troy’s answer and show the correct method for proving this identity.
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8. Prove the following identities:
(State any restricted values in the interval [0°;360°], where appropriate.)

a) sin®a + (cosa — tan @) (cos @ + tan @) = 1 — tan«

1 cos ftanZ6
cos® 1 = cosf
2 sin 6 cos 6 . 1
sin 6 + cos 0 = /8- @a3l) = sin @ + cos 6
cos f3
d) (sinﬂ —I—tanﬁ) cosff = e
1 1 _ 2tan6
1+ sinf + 1—sinf  sinfcosf
1 —tana

f) (1+tan’a)cosa = ——————
cos o — sina

9. Determine whether the following statements are true or false.

If the statement is false, choose a suitable value between 0° and 90° to confirm
your answer.

a) cos(180° — @) = —1 — cosd d) %sin3a =sina
b) sin(a + ) = sina + sin 3 e) cos B =+/1—sin?

o

o _
) sina = 2sin § sin § f) sinf = tan 6 cos®

10. More questions. Sign in at Everything Maths online and click 'Practise Maths’.
Check answers online with the exercise code below or click on ‘show me the answer’.
1a.28M3  1b. 28M4  1c. 28M5 1d. 28M6  le. 28M7 2. 28M8
3.28M9  4a.28MB 4b. 28MC 5a.28MD  5b. 28MF  5c. 28MG
5d. 28MH 6. 28M]J 7.28MK  8a.28MM 8b. 28MN  8c. 28MP
8d. 28MQ 8e.28MR  8f. 28MS  9a. 28MT  9b. 28MV  9c. 28MW
9d. 28MX  9e. 28MY  9f. 28MZ

@
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4.2 Compound angle identities

Derivation of cos (o — f3)

Investigation: Compound angles

Danny is studying for a trigonometry test and completes the following question:
Question:

Evaluate the following: cos (180° — 120°)
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http://www.everythingmaths.co.za/@@emas.search?SearchableText=28M3
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28M4
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28M5
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28M6
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28M7
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28M8
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28M9
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28MB
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28MC
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28MD
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28MF
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28MG
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28MH
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28MJ
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28MK
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28MM
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28MN
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28MP
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28MQ
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28MR
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28MS
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28MT
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28MV
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28MW
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28MX
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28MY
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28MZ
www.everythingmaths.co.za
m.everythingmaths.co.za
http://www.everythingmaths.co.za/@@emas.search?SearchableText=EMCGB
http://www.everythingmaths.co.za/@@emas.search?SearchableText=EMCGC

Danny’s solution:

cos (180° — 120°) = cos 180° — cos 120° (line 1)
= —1 — cos (90° + 30°) (line 2)
= —1+sin30° (line 3)
=-1+43 (line 4)
=-1 (line 5)
1. Consider Danny’s solution and determine why it is incorrect.
2. Use a calculator to check that Danny’s answer is wrong.
3. Describe in words the mistake(s) in his solution.
4. Is the following statement true or false?
"A trigonometric ratio can be distributed to the angles that lie within the brack-
ets.”

From the investigation above, we know that cos(ae — 8) # cos o — cos . It is wrong to
apply the distributive law to the trigonometric ratios of compound angles.

Distance formula: dap = \/(:cA - l‘B)2 + (ya — yB)2

Cosinerule:  a?2 =b%+¢® —2bc . cos A

Using the distance formula and the cosine rule, we can derive the following identity
for compound angles:

cos (. — ) = cos acos B + sin asin 4

Consider the unit circle (r = 1) below. The two points L (a;b) and K (x;y) are shown
on the circle.

K(zy)
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We can express the coordinates of L and K in terms of the angles o and S:

In ALOM, sinfB = ?

Sb=sing
a
cos B = 1
.a=cosf

L = (cos 8;sin 3)

Similarly, K = (cos a;sin @)

We use the distance formula to determine K L?:
& = (wx —21)” + (yx —yr)’”
KL? = (cosa — cos B)* + (sina — sin 3)*
= cos?a — 2 cos acos f + cos? B + sin®ar — 2sin asin § + sin?B
= (cosza + sinza) + (COS2B + sin2B) —2cosacos B — 2sinasin 8
=1+1-2(cosacosf + sinasin f3)

=2 —2(cosacos 8+ sinasin )

Now we determine K L? using the cosine rule for AKOL:
KL?*=KO?+L0O*~-2.KO.LO . cos(a—f)

=12+ 12 —2(1) (1) cos (o — B
=2-2. cos(a—p)

Equating the two expressions for K L?, we have
2—2. cos(a—f) =2—2(cosacosf + sinasin j3)
2. cos(a— ) =2(cosacosf + sinasin f)

c.cos(a— B) =cosacos B+ sinasin 8

Worked example 3: Derivation of cos (« + ) = cos acos 8 — sin asin 3

QUESTION

Derive an expression for cos (a + ) in terms of the trigonometric ratios of « and .

SOLUTION

Step 1: Use the compound angle formula for cos (o — 3)

We use the compound angle formula for cos (« — 8) and manipulate the sign of 5 in
cos (a + ) so that it can be written as a difference of two angles:

cos(a + B) = cos(a — (—f3))
And we have shown cos(a — ) = cosa cos 8 + sin asin 8
.. cos[a — (—f)] = cos acos(—f3) + sin asin(—p)
)

. cos(a+ B) = cosacos f — sinasin 8
Step 2: Write the final answer

cos(a + ) = cosacos B — sin asin 8

4.2. Compound angle identities




Worked example 4: Derivation of sin (o — 3) and sin (o« + f8)

QUESTION

Derive the expanded formulae for sin (o — 8) and sin (« + 8) in terms of the trigono-
metric ratios of oz and 3.

SOLUTION

Step 1: Use the compound angle formula and co-functions to expand sin (o — j3)

Using co-functions, we know that sin A = cos(90° — A), so we can write sin (a + )
in terms of the cosine function as:

sin(a — B) = cos (90° — (v — B3))
=cos (90° — a + 3)
= cos[(90° — a) + f]

Apply the compound angle formula:

cos(a+ B) = cosacos 8 — sin asin 3
.08 [(90° — a) + B] = cos(90° — ) cos B — sin(90° — «) sin 8
c.sin(a — B) = sinacos 8 — cos asin 8

To derive the formula for sin(a + 3), we use the compound formula for sin(a — ) and
manipulate the sign of j:

sin(a — f) = sina.cos 8 — cos asin 3
We can write sin(a + ) = sin [ — (—f)]
cosinja — ()] = sina cos(—f) — cos asin(—p)

c.sin(a + B) = sinacos 8 + cos asin 8

Step 2: Write the final answers

sin(a — 8) = sin @ cos 8 — cos asin 8

sin(a + ) = sin acos 8 + cos asin 8

Compound angle formulae
e cos(a— f3) = cosacos 8 + sin asin 8
e cos(a+ ) = cosacos 8 — sin asin 8
e sin(a — ) = sinacos 8 — cosasin S

( )
e sin(a+ ) = sinacos § + cos asin 3

Note: we can use the compound angle formulae to expand and simplify compound
angles in trigonometric expressions (using the equations from left to right) or we can
use the expanded form to determine the trigonometric ratio of a compound angle
(using the equations from right to left).
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Worked example 5: Compound angle formulae

QUESTION
Prove that sin 75° = w without using a calculator.
SOLUTION

Step 1: Consider the given identity

We know the values of the trigonometric functions for the special angles (30°, 45°,
60°, etc.) and we can write 75° = 30° + 45°.

Therefore, we can use the compound angle formula for sin(« + ) to express sin 75°
in terms of known trigonometric function values.

Step 2: Prove the left-hand side of the identity equals the right-hand side

When proving an identity is true, remember to only work with one side of the identity
at a time.

LHS =sin75°
= sin (45° + 30°)
sin (45° + 30°) = sin (45°) cos (30°) + cos (45°) sin (30°)

1 V311
_ﬁ'7+ﬁ'§
_ V341
=7
_V3+1 2
2v2 V2
~V2(VB+1)
4
= RHS
Therefore, we have shown that sin 75~ = w.

Worked example 6: Compound angle formulae

QUESTION

Determine the value of the following expression without the use of a calculator:

cos 65° cos 35° + cos 25° cos 55°

SOLUTION

Step 1: Use co-functions to simplify the expression

e We need to change two of the trigonometric functions from cosine to sine so that
we can apply the compound angle formula.
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e We also need to make sure that the sum (or difference) of the two angles is equal

to a special angle so that we can determine the value of the expression without
using a calculator. Notice that 35° + 25° = 60°.

cos 65° cos 35° + cos 25° cos 55°
= ¢0s(90° — 25°) cos 35° + cos 25° cos(90° — 35°)
= sin 25° cos 35° + cos 25° sin 35°

Step 2: Apply the compound angle formula and use special angles to evaluate the
expression

sin 25° cos 35° + cos 25° sin 35°
= sin(25° 4 35°)

= sin 60°

Step 3: Write the final answer

c0s 65° cos 35° + cos 25° cos 55° = ?

Checking answers: It is always good to check answers. The question stated that we

could not use a calculator to find the answer, but we can use a calculator to check that
the answer is correct:

LHS = cos 65° cos 35° + cos 25° cos 55° = 0,866 . . .

RHS = \/75 =0,866. ..
.. LHS = RHS

Exercise 4 — 2: Compound angle formulae

1. Given:
13sina+5=0 (0° < o < 270°)

13cosf—12=0  (90° < B < 360°)

Draw a sketch and determine the following, without the use of a calculator:

a) tana — tan 8
b) sin(f — «)
) cos(a+ B)
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2. Calculate the following without the use of a calculator (leave answers in surd
form):

c0s 20° cos 40° — sin 20° sin 40°
f) sin 10° cos 80° + cos 10° sin 80°
g) cos(45° — ) cosx — sin(45° — z) sinz
h) cos? 15° — sin? 15°
3. a) Prove: sin(60° — z) + sin(60° + 2) = v/3cos
b) Hence, evaluate sin 15° + sin 105° without using a calculator.
c) Use a calculator to check your answer.
4. Simplify the following without using a calculator:

sin p cos(45° — p) + cospsin(45° — p)

cos p cos(60° — p) — sin psin(60° — p)

5. a) Prove: sin(A + B) —sin(4A — B) = 2cos Asin B
b) Hence, calculate the value of cos 75° sin 15° without using a calculator.

6. In the diagram below, points P and @ lie on the circle with radius of 2 units and
centre at the origin.

Prove cos(f — ) = cos f cos B + sin 0 sin .
Y,

p
L,/I L \

7. More questions. Sign in at Everything Maths online and click ‘Practise Maths’.
Check answers online with the exercise code below or click on ‘show me the answer".
1.28N3  2a.28N4 2b. 28N5 2c. 28N6  2d. 28N7 2e. 28N8
2f. 28N9  2g. 28NB  2h. 28NC 3. 28ND 4. 28NF 5. 28NG
6. 28NH

@
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4.3 Double angle identities

Derivation of sin 2« EMCGF

We have shown that sin (« + 8) = sinacos 5 + cos asin 8. If we let « = 3, then we
can write the formula as:

sin (2a) = sin (o + «)
= sin & cos & + ¢cos a sin o

.sin2a0 = 28in v cos a

Derivation of cos 2« EMCGG

Similarly, we know that cos (o + 8) = cosacos 8 — sinasin 8. If we let « = 3, then
we have:

cos (2a) = cos (o + «)
= cosa Ccos — sin asin «

- cos2a = cos? a — sin? «

Using the square identity, sin® a 4 cos? o = 1, we can also derive the following formu-

lae:
cos 2 = cos® o — sin? «
= (1 — sin? a) —sin® o
scos2a=1—2sin’a
And

cos 2 = cos? a — sin? «

= cos® o — (1 — cos? a)
=cos?a — 1+ cos®

cos2a =2cos’a—1

Double angle formulae

e sin2a = 2sin v cos «

2 2

® Ccos2a = cos” o — Sin” «
e cos2a =1—2sin’a

o cos2a =2cos?a —1
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Worked example 7: Double angle identities

QUESTION

If « is an acute angle and sin a = 0,6, determine the value of sin 2 without using a
calculator.

SOLUTION

Step 1: Draw a sketch

We convert 0,6 to a fraction so that we can use the ratio to represent the sides of a
triangle.

Yy
sina = 0,6
PR . 6
10" T 10
16
= = Using Pythagoras:
(0] 8 x
22 =12 g2
=10% - 67
= 100 — 36
=64
=38

Step 2: Use the double angle formula to determine the value of sin 2«

sin 2c0 = 2sin & cos «

-(55) (1)

%
100
=0,96
Step 3: Write the final answer
sin 2a = 0,96
Check the answer using a calculator:
sina = 0,6
Lo~ 36,87°
20 = 73,74°

.. 8in (73,74°) =~ 0,96
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Worked example 8: Double angle identities

QUESTION

sin 0+sin 260

1+cos 0+cos 20 = tan 6.

Prove that
For which values of 6 is the identity not valid?

SOLUTION

Step 1: Consider the given expressions

The right-hand side (RHS) of the identity cannot be simplified, so we simplify the left-
hand side (LHS). We also notice that the trigonometric function on the RHS does not
have a 20 dependence, therefore we will need to use the double angle formulae to
simplify sin 20 and cos 20 on the LHS.

Step 2: Prove the left-hand side equals the right-hand side

sin @ 4 2sin 0 cos 0
1+ cosf + (2cos?6 — 1)
sin 6 (1 + 2 cos 0) .
pr f
cos 6 (1 + 2cosf) (e

sin 6

LHS =

cos
= tanf

= RHS

Step 3: Identify restricted values of ¢
We know that tan @ is undefined for 8 = 90° + k . 180°, k € Z.

Note that division by zero on the LHS is not allowed, so the identity will also be
undefined for:

1+ cosf +cos20 =0
cosf(1+2cosf) =0
c.cosf@=0o0rl1+2cosf =0

For cos® =0, 6=90°+k.180°

1
For1l+2cosf =0, cosf= —5

o0 =120°+ k. 360°
or 0 =240° + k . 360°

fork € Z.
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Exercise 4 — 3: Double angle identities

1. Given 5cosf = —3 and 6 < 180°. Determine the value of the following, without
a calculator:

a) cos 20 C) tan 260
b) sin (180° — 20)

2. Given cos40° = ¢, determine (without a calculator):

a) cos 140° d) cos80°
b) sin40° e) cos 860°
) sin 50° f) cos(—1160°)

3. a) Prove the identity: 5 — L+ =tan4
b) Hence, solve the equation 1 — - = 0,75 for 0° < A < 360°.
4. Without using a calculator, find the value of the following:

a) sin 22,5°
b) cos67,5°
5. ) Prove the identity: tan 2z + 1 = sinttcoss

b) Explain why the identity is undefined for x = 45°
6. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

1.28N) 2.28NK 3.28NM 4a. 28NN  4b. 28NP 5. 28NQ

O
www.everythingmaths.co.za m.everythingmaths.co.za

4.4  Solving equations EMCGH

The general solution EMCG)

The periodicity of the trigonometric functions means that there are an infinite number
of positive and negative angles that satisfy an equation. If we do not restrict the solu-
tion, then we need to determine the general solution to the equation. We know that
the sine and cosine functions have a period of 360° and the tangent function has a
period of 180°.

Method for finding the solution:

1. Simplify the equation using algebraic methods and trigonometric identities.
2. Determine the reference angle (use a positive value).

3. Use the CAST diagram to determine where the function is positive or negative
(depending on the given equation/information).

4. Restricted values: find the angles that lie within a specified interval by adding/-
subtracting multiples of the appropriate period.

5. General solution: find the angles in the interval [0°; 360°] that satisfy the equation
and add multiples of the period to each answer.

6. Check answers using a calculator.

4.4. Solving equations



http://www.everythingmaths.co.za/@@emas.search?SearchableText=28NJ
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28NK
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28NM
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28NN
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28NP
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28NQ
www.everythingmaths.co.za
m.everythingmaths.co.za
http://www.everythingmaths.co.za/@@emas.search?SearchableText=EMCGH
http://www.everythingmaths.co.za/@@emas.search?SearchableText=EMCGJ

General solutions:
1.

If sinf =z
f=sin"tz+k.360°
orf = (180° —sin~' z) + k . 360°

2.
If cos ==
0 =cos tx+k.360°
or 6 = (360° — cos™' z) + k . 360°
3.
If tanf =z
f=tan ‘a+k.180°
fork € Z.

Worked example 9: Finding the general solution

QUESTION

Determine the general solution for sin § = 0,3 (correct to one decimal place).

SOLUTION

Step 1: Use a calculator to find the reference angle

sinf = 0,3
~ref £ =sin"10,3
=17,5°

Step 2: Use CAST diagram to determine in which quadrants sin 6 is positive
The CAST diagram indicates that sin € is positive in the first and second quadrants.

Using reduction formulae, we know that sin(180° — 6) = sin 6.

In the first quadrant:
6 =17,5°
5.0 =175°+Ek . 360°

In the second quadrant:
0 = 180° — 17,5°
.0 =162,5° + k . 360°

where k € Z.
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Step 3: Check that the solution satisfies the original equation

We can select random values of k to check that the answers satisfy the original equa-
tion.

Let k£ = 4:

6 = 17,5° + 4(360)°
.0 =14575°
And sin 1457,5° = 0,3007 . ..

This solution is correct.

Similarly, if we let k = —2:

0 = 162,5° — 2(360)°
.0 = —5575°
And sin(—557,5°) = 0,3007 . ..

This solution is also correct.

Step 4: Write the final answer
0 =17,5°+ k. 360° or = 162,5° + k . 360° for k € Z.

Worked example 10: Trigonometric equations

QUESTION

Solve the following equation for y, without using a calculator:

1—siny—cos2y __ -1
sin 2y—cosy

SOLUTION

Step 1: Simplify the equation
We first simplify the left-hand side of the equation using the double angle formulae.
To solve this equation, we need to manipulate the given equation to be of the form:

single trigonometric ratio = constant

1 —siny — (1 — 2sin®y)

= —1l
2siny cosy — cosy

2sin%y — siny 1

cosy (2siny —1)
siny (2siny —1) .

cosy (2siny —1)
siny _

cosy

cotany = —1

4.4. Solving equations




Step 2: Use a calculator to find the reference angle

tany = —1
c.ref £ =tan"'(1)
= 45°

Step 3: Use CAST diagram to determine in which quadrants tan y is negative
The CAST diagram indicates that tan y is negative in the second and fourth quadrants.

y = (180° — 45°) + k . 180°
y=135°+k.180°, keZ
Notice that for k = 1, y = 135° + 180° = 315°, which is the angle in the fourth

quadrant.

Step 4: Check that the solution satisfies the original equation
Step 5: Write the final answer
y = 135° + k . 180° where k € Z.

Worked example 11: Trigonometric equations

QUESTION

Prove 8 cos* z — 8cos?z + 1 = cos4x and hence solve 8cos*z — 8cos?z +1 = 0,8
(correct to one decimal place).

SOLUTION

Step 1: Prove the identity

Expand the right-hand side of the identity and show that it is equal to the left-hand

side:
RHS = cos4x

=2cos?2z — 1

22(2C082.’L‘— 1)2— 1

= 2(4COS4:17—40082$+1) -1
=8cos'z —8cos’z+2-1
=8costz —8cos?z +1

= LHS

Step 2: Solve the equation

8cos*z —8cos?z+1=0,8

. cosdr = 0,8
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Step 3: Use a calculator to find the reference angle

cosdxr = 0,8
-.ref Z = cos™1(0,8)
= 36,9°

Step 4: Use CAST diagram to determine in which quadrants cos 4« is positive
The CAST diagram indicates that cos 4z is positive in the first and fourth quadrants.

In the first quadrant:
4z = 36,9° + k . 360°
S =92°1k.90°

Important: remember to also divide & . 360° by 4.

In the fourth quadrant:
42 = (360° — 36,9°) + k . 360°
=323,1° + k. 360°
oz =80,8° + k. 90°

where k € Z.

Step 5: Check that the solution satisfies the original equation
Step 6: Write the final answer

z=92°1+k.90°
orz=808°+k.90°, ke€Z

Worked example 12: Trigonometric equations

QUESTION

Find the general solution for sin # cos? § = sin® 6.

SOLUTION

Step 1: Simplify the given equation
Do not divide both sides of the equation by sin 6:

e part of the solution would be lost;

e we would need to restrict the values of 6 to those where sin 6 # 0 (division by
zero is not permitted).

4.4. Solving equations




sin @ cos® 6§ = sin® 0
sinfcos?6 —sin®0 = 0
sin 6 (C082 § — sin? 0) =0

sin @ (cos @ — sin 6) (cos + sinf) = 0

Step 2: Apply the zero product law and solve for ¢

sin 6 (cos — sin @) (cos§ + sinf) = 0

sinf =0
. 0=0°+k.360°
orf = 180° + k . 360°,

cosf —sinf =0
cosf = sin @
cos ) = cos (90° — 0)
S.0=(90°—6) + k . 360°
20 =90° + k . 360°
S.0=45°+Fk .180°, keZ

cosf +sinf =0
cos = —sinf
sin (90° + 6) = sin(—0)
.90°+6=—-6+Ek.360°
20 = —90° + k . 360°
S.0=—-45°+Fk .180°, keZ

Step 3: Write the final answer

0 =0°+k.360°
or§ = 180° + k . 360°
orf =+45°+k.180°, keZ

Chapter 4. Trigonometry
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Exercise 4 — 4: Solving trigonometric equations

1. Find the general solution for each of the following equations (correct to two
decimal places):

a) sin 2z = tan 28° e) tan A = —L

) tan A
b) cosy = sin2y f) sinztanz =1
C) sin2a = cos 2« g) sint . sin2t 4+ cos2t =1
d) sin3p = sin2p h) sin 60° cosx + cos60° sinz = 1

2. Given: sinz cosz = /3 sin? z

a) Solve the equation for z € [0°; 360°], without using a calculator.
b) Draw a graph and indicate the solution on the diagram.

3. Given: 1 +tan®2A4 = 5tan24 — 5

a) Determine the general solution.
b) How many solutions does the given equation have in the interval
[—90°; 360°]2
4. Without using a calculator, solve cos (A — 25°) + cos (A + 25°) = cos25° in
[—360°; 360°].
5. a) Find the general solution for sin x cos 3z + cos  sin 3z = tan 140°.
b) Use a graph to illustrate the solution for the interval [0°; 90°].

6. Explain why the general solution for the equation cos = a is § = cos™ta +
k . 360° and the general solution for tan = a is = tan='a + k . 180°. Why
are they different?

7. Solve for : v/3sinx + cosz = 2
8. More questions. Sign in at Everything Maths online and click ‘Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.
Ta. 28NR  1b. 28NS 1c. 28NT  1d. 28NV 1e. 28NW  1f. 28NX
1g. 28NY 1h.28NZ 2. 28P2 3.28P3 4. 28P4 5. 28P5
6. 28P6 7. 28P7

@
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4.5 Applications of trigonometric functions EMCGK

Area, sine and cosine rule A
c b
B a C
Area rule Sine rule Cosine rule
area AABC = $bcsin A % = sio B — % a? = b2+ ¢ — 2bccos A
1 . S a b _ c 2 _ 2 2 _
area AABC = jacsin B AT B T oo b® = a*+c¢* —2accos B
area AABC = LabsinC 2 =a24+b%—2abcosC

How to determine which rule to use:

1. Area rule:
e no perpendicular height is given
2. Sine rule:

e no right angle is given
e two sides and an angle are given (not the included angle)
e two angles and a side are given

3. Cosine rule:

e no right angle is given
e two sides and the included angle are given
e three sides are given

Problems in two dimensions EMCGM

Worked example 13: Area, sine and cosine rule

QUESTION

Given AABC with @ = 14 cm, ¢ = 17 cm and B = 19°.
A

B a= 14 cm C

Calculate the following:

1. b
2. C
3. Area AABC

Chapter 4. Trigonometry
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SOLUTION

Step 1: Use the cosine rule to determine the length of b

b = a® + ¢ — 2accos B
= (14)% + (17)% — 2(14)(17) cos 19°
=34,93...
-.b=59cm

Step 2: Use the sine rule to determine C

sin C _ sin B First quadrant: C'
@ b
sinC'_ sin19°
17 59
.~ 17 xsin19°
sinC = T
~.sinC =0,938. ..

From the diagram, we see that C' > 90°, therefore C' = 110,3°.

Step 3: Calculate the area AABC

Area AABC = %ac sin B

1
= 5(14)(17) sin 19°
= 38,7 cm?

Worked example 14: Problem in two dimensions

QUESTION

9,7°

6
Second quadrant: C' = 180° — 69,7°
1

10,3°

In the figure below, CD = BD = 2 and BAD = 6.

Show that BC? = 222 (1 + sin ).

4.5. Applications of trigonometric functions




SOLUTION

Step 1: Consider the given information
Use the given information to determine as many of the unknown angles as possible.

CD=BD =z (given)
BAD =6 (given)
DBA = 90° (£ in semi circle)
BDA=180°—90°—6 (s sum of AABD)
=90° -6
BDC = 90° + 6 (4s on a str. line)

Step 2: Determine the expression for BC'

To derive the required expression, we need to write BC' in terms of zz and 6. In ACDB,
we can use the cosine rule to determine BC:

BC? = CD?+ BD*~2.CD . BD . cos (BDC)
=22 4+ 2% — 22° cos (90° + 0)
=222 — 22% (—sin 0)
=222 4 22%sin 6

=227 (1 + sin6)

Exercise 4 — 5: Problems in two dimensions

1. In the diagram below, O is the centre of the semi-circle BAE.

B © 0 B

~ A
a) Find AOC in terms of 6.
b) In AABE, determine an expression for cos 6.

)

)
c) In AACE, determine an expression for sin 6.
d) In AACO, determine an expression for sin 26.
)

e) Use the results from the previous questions to show that sin26 =
2sin 0 cos 6.

2. DC is a diameter of the circle with centre O and radius r. CA =r, AE = 2DE
E

and DOE = 6. Show that cos = 1.
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3. The figure below shows a cyclic quadrilateral with % = ﬁ—g.

D

B

a) Show that the area of the cyclic quadrilateral is DC' . DA . sin D.

b) Write down two expressions for CA2: one in terms of cos D and one in
terms of cos B.

c) Show that 2C A% = CD? + DA? + AB? + BC?.

d) Suppose that BC' = 10 units, CD = 15 units, AD = 4 units and AB = 6
units. Calculate C'A? (correct to one decimal place).

e) Find the angle B. Hence, calculate the area of ABCD (correct to one
decimal place).

4. Two vertical towers AB and C'D are 30 m and 27 m high, respectively. Point P
lies between the two towers. The angle of elevation from P to A is 50° and from
P to Cis 35°. A cable is needed to connect A and C.

A
C
30 m
27 m
O 20 35° ]
B P D

a) Determine the minimum length of cable needed to connect A and C (to
the nearest metre).

b) How far apart are the bases of the two towers (to the nearest metre)?

5. More questions. Sign in at Everything Maths online and click 'Practise Maths’.

Check answers online with the exercise code below or click on ‘show me the answer’.
1a. 28P8 1b.28P9 1c. 28PB 1d. 28PC 1le. 28PD 2. 28PF
3a. 28PG  3b. 28PH 3c.28P) 3d.28PK 3e.28PM 4. 28PN
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Problems in three dimensions EMCGN

Trigonometric formulae are useful for solving problems in two dimensions. However,
in the real world all objects are three dimensional, so it is important that we extend
the application of the area, sine and cosine formulae to three dimensional situations.

Drawing a three dimensional diagram is a crucial step in finding the solution to a
problem. Interpreting the given information and sketching a three dimensional diagram
are skills that need to be practised.

Worked example 15: Problems in three dimensions - height of a pole

QUESTION

T'is the top of a pole and its base, ', is in the same horizontal plane as the points A
and B. The angle of elevation measured from B to T'is 25°. AB = 120 m, F'AB =
40° and FBA = 30°.

Use the given information to calculate h, the height of the pole, to the nearest metre.

SOLUTION

Step 1: Draw a sketch

It is a challenge to analyze this situation when only a description is given. A diagram
is very useful for representing three dimensional problems.

Draw a sketch using the given information. Indicate all right angles on the sketch, even
those that do not look as though they are a 90° angle (for example, TE'B = 90°). It
is also helpful to shade the horizontal plane (AFAB), as it adds depth to the diagram
and gives a better visualisation of the situation.

T

40° 30°
A 120 m B

Step 2: Consider the given information

There are two triangles to consider: AFAB and ATFB. We are required to find the
length of F'T, but the only information we have for ATFB is FBT = 25°.

Important: notice that F'B is a side of ATFB and it is also a side of AFAB - itis a
link or bridge between the two triangles.

Chapter 4. Trigonometry



http://www.everythingmaths.co.za/@@emas.search?SearchableText=EMCGN

Therefore, to determine the height of the pole:

1. Write down all the given information on the sketch.
2. Use the information for AFAB to calculate FB.
3. Use F'B and the information for AT F B to calculate F'T'.

Step 3: Determine the length of F'B

We notice that A F'AB does not have a right-angle, so we use the sine rule to determine
FB.

In AFAB: F =180° —40° — 30° (4s sum of AFAB)

=110°

FB AB
sin A sin F
FB 120

sin40° ~ sin 110°
5 120.>< sin 40°
sin 110°

- FB=82,084...

Step 4: Determine the length of F'T
In ATFB:

F=90° (vertical pole)
B =25° (given)
tan B = %

tan B x FB=FT
tan 25° x 82,084... = FT
o FT =38,246. ..

~ 38 m (to nearest metre)

Note: do not round off answers in the intermediate steps as this will affect the accuracy
of the final answer. Always try to do the calculation in one complete step and only
round off the final answer.

Step 5: Write the final answer
The height of the pole, h, is 38 m.

The calculation in the above worked example is only applicable for the specific num-
bers given. However, if we derived a general formula for this contextual situation, then
it could be applied to any suitable set of numerical values.

4.5. Applications of trigonometric functions




Worked example 16: Problems in three dimensions - height of a building

QUESTION

D is the top of a building of height h. The base of the building is at A and AABC lies
on the ground (a horizontal plane). BC =b, DBA = a, DBC = 8 and DCB = 6.

Show that h = %. D
h
c &2 A
b B /e
B
SOLUTION

Step 1: Consider the given information

We know that AABD is right-angled and we are required to find a formula to calculate
the length of AD. In ABC D, we are given two angles and a length of BC. We identify
the side BD as the link between AABD and ABCD.

Step 2: Determine an expression for BD

ABCD does not have a right-angle but two angles and a side are given, so we use the
sine rule to determine BD.

InABCD: BDC =180°—(8+6)  (Zssumof ABCD)
.. sin (180° — (B + 0)) = sin (B + 0)

BD _ b_
sinf — sin(BDC)
BD — bsinﬂ
sin(BDC)
__ _bsinf
~ sin(B+90)

Step 3: Determine an expression for AD

In AABD:
BAD = 90° (building vertical)
DBA =« (given)
% =sina
h = BDsin«
o h = G
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Exercise 4 — 6: Problems in three dimensions

1. The line BC represents a tall tower, with B at its base. The angle of elevation
from D to C'is . A man stands at A such that BA = AD =z and ADB = a.

a) Find the height of the tower BC in terms of z, tan 6 and cos a.
b) Find BC if we are given that x = 140 m, o = 21° and 6 = 9°.

2. P is the top of a mast and its base, @, is in the same horizontal plane as the
points A and B. The angle of elevation measured from B to P is z. AB = d,
QAB =z and QBA = y.

a) Use the given information to derive a general formula for 4, the height of
the mast.

b) If d = 50m, z = 46°, y = 15° and z = 20°, calculate i (to the nearest
metre).

3. PR is the height of a block of flats with R at the base and P at the top of
the building. S is a point in the same horizontal plane as points @ and R.
SR = q units, SQR = 120°, SRQ = « and RQP = 6.

4.5. Applications of trigonometric functions




120°

S

a) Show that the height of the block of flats, PR, can be expressed as:

\/§sina>
3

PR =qtan6 (cosa—

b) If SR = 35 m, SRQ = 16° and RQP = 30°, calculate PR (correct to one
decimal place).

c) Assuming each level is 2,5 m high, estimate the number of levels in the
block of flats.

4. Two ships at sea can see a lighthouse on the shore. The distance from the top of
the lighthouse (H) to ship S and to ship B is 200 m. The angle of elevation from
StoHisa, HBS = and SLB =0

a) Show that the distance between the two ships is given by SB = 400 cos 3.

b) Show that the area of the sea included in ALSB is given by area ALSB =
2000 cos? arsin 6.

c) Calculate the triangular area of the sea if the angle of inclination from the
ship to the top of the lighthouse is 10° and the angle between the direct
lines from the base of the lighthouse to each ship is 85°.
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5. A triangular look-out platform (AABC) is attached to a bridge that extends over
a deep gorge. The vertical depth of the gorge, the distance from the edge of the
look-out C' to the bottom of the gorge D, is 13 m. The angle of depression from
Ato D is 34° and from B to D is 28°. The angle at the edge of the platform, C
is 76°.

A bridge B

76°

D

a) Calculate the area of the look-out platform (to the nearest m2).

b) If the platform is constructed so that the two angles of depression, CAD and
CBD, are both equal to 45° and the vertical depth of the gorge CD = d,

AB =z and ACB = 0, show that cosf = 1 — %.

D

o If AB=25mand CD = 13 m, calculate ACB (to the nearest integer).

6. More questions. Sign in at Everything Maths online and click "Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

1.28PP 2.28PQ 3.28PR 4.28PS 5.28PT
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4.6 Summary EMCGP

Pythagorean Identities | Ratio Identities

cos20 + sin0 = 1 tan § = ¢

cosf
cos?0 = 1 — sin6 gﬁfg = taie
sin?0 = 1 — cos26
Special angle triangles
) 60° Lo
1 1
30° 450
V3 1
0 0° | 30° | 45° | 60° 90°
cosf | 1 § % % 0
sind | 0| 3| & | %] 1
tan® | 0 % 1 | +/3 | undef
CAST diagram and reduction formulae
Y
Second Quadrant: First Quadrant:
«sine function is positive « all functions are positive
esin (180° — 6) = siné +sin (360° + ¢) = sin 6
e cos (180° — ) = —cos @ *cos (360° + 6) = cos 0
etan (180° — ) = —tané o tan (360° + ) = tan 6
*sin (90° + @) = cos 6 *sin (90° — 6) = cos 6
ecos (90° + 0) = —sind e cos (90° — 0) = sin b
19) T
Third Quadrant: Fourth Quadrant:
« tangent function is positive « cosine function is positive
esin (180° + ) = —sin 6 esin (360° — ) = —sin 6
e cos (180° + 6) = —cos @ e cos (360° — 6) = cos
etan (180° + 6) = tan 6 o tan (360° — 0) = —tané
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Negative angles

Periodicity Identities

Cofunction Identities

sin (—0) = —sin 6

sin (9 + 360°> — sinf

sin <9OO — 9) = cos 0

cos (—#) = cos @

cos (9 + 3600) = cosf

cos (900 — 0) =sinf

tan (—0) = —tan 6

tan (9 + 1800) = tanf

sin (900 + 9) = cos

cos (900 + 9) = —sinf

A
c b
B a C
Area Rule Sine Rule Cosine Rule
Area:%bcsinfl %ZM:¥ a2 =b%+c%—2bccos A
Area = %absiné’ asin B = bsin A b2 = a? + ¢ — 2accos B
Area = %acsinB bsin C = csin B 2 =a%+b%—2abcosC
asinC = csin A

Compound Angle Identities

Double Angle Identities

sin (0 + B) = sinfcosf + cosfsin S | sin(20) = 2sinf cosd
sin (§ — 3) = sinfcos § — cos@sin § | cos (26) = cos?d — sin?f
cos (0 + B) = cosfcos B —sinfsinfB | cos(20) = 1 — 2sin?6
cos (0 — B) = cosfcos B +sinfsin B | cos(20) = 2cos? — 1
tan (26) = S50

® See video: 28N2 at www.everythingmaths.co.za

Exercise 4 — 7: End of chapter exercises

1. Determine the following without using a calculator:

a) cos15°
b) cos 75°
c) tan75°

d) cos 3° cos 42° — sin 3° sin 42°
e) 1 — 2sin?(22,5°)

2. Given cosf = 0,7. Using a diagram, find cos 26 and cos 46.
3. Given 7sina = 3 for a > 90°.
Determine the following (leave answers in surd form):

a) cos 22«
b) tan 2w

4.6. Summary
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4. If 4tan A + 3 = 0 for A < 270°, determine, without the use of a calculator:

oA oY (A oA
Sin B COS 9 Sin 9 COS D)

5. Simplify: cos67° cos 7° + cos 23° cos 83°
6. Solve the equation:
cos 30 cos  — sin 3¢sinf = —3 for 6 € [—90°;90°].
7. Find the general solution, without a calculator, for the following equations:

a) 3sinf = 2cos? 0

b) 2sin2z — 2cosx = v/2 — 2/2sinz

©) coszcos10° + sinz cos 100° = 1 — 2sin’ z
d) 6sin®a + 2sin2a —1 =0

8. a) Prove: sin’g = 3sinf-sin3f
b) Hence, solve the equation 3sin 6 — sin 30 = 2 for 6 € [0°; 360°].
9. Prove the following identities:

a) cos?a (1 — tan2a) = cos 2«
b
c) 4cos®x — 3cosz = cos 3z

d) cos2A4 +2sin2A4 4+ 2 = (3cos A + sin A)(cos A + sin A)
cos 2x _ Ccosx —sinx
(cosx +sinz)3  1+sin2x

4 sin 6 cos 6 cos 20 = sin 460

)
)
)
)

sin 2y
cos2y + 1
b) For which values of y is the identity undefined?
11. Given: 1 +tan®30 — 3tan30 =5

10. a) Prove: tany =

a) Find the general solution.
b) Find the solution for 6 € [0°;90°].

c) Draw a graph of y = tan 36 for 8 € [0°;90°] and indicate the solutions to
the equation on the graph.

d) Use the graph to determine where tan 36 < —1.

12.  a) Show that:
sin(A + B) —sin(A — B) = 2cos Asin B

b) Use this result to solve sin 3z — sinx = 0 for € [-180°; 360°].

c) On the same system of axes, draw two graphs to solve graphically: sin 3z —
sinz = 0 for z € [0°;360°]. Indicate the solutions on the graph using the
letters A, B, ... etc.

13. Given: cos 2z = sinz for z € [0°; 360°]

a) Solve for x algebraically.

b) Verify the solution graphically by sketching two graphs on the same system
of axes.
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14. The following graphs are given below:

fi=asinz
g : = cosbx (x € [0°;360°])

90° 180 270° 60°

a) Explain why a =2and b= 1.
b) For how many z-values in [0°; 360°] will f(z) — g(z) = 02

)

)
c) Use the graph to solve f(z) — g(x) = 1.
d) Solve asinz = cos bz for x € [0°; 360°] using trigonometric identities.
)

e) For which values of z will § cos (%) < sinz for z € [0°;360°]2

15. In AABC, AB = ¢, BC = a,CA =band C = 90°.

A

c b
£ O
B @ C

a) Prove thatsin24 = 2%
2

b) Show that cos 24 = 2252

C

16. Given the graphs of f(0) = psinkf and g() = g tan 6, determine the values of
p, k and q.

Y

(45°% —3)

17. ARST is an acute angled triangle with RS = ST' = t. Show that area ARST =
t2sinT cosT.
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18. RSTU is a cyclic quadrilateral with RU = 6cm,UT = T7,5cm,RT =
11 cm and RS = 9,5 cm.

S
R

a) Calculate U.
b) Determine S. T
c) Find RT'S.

19. BCDE is a cyclic quadrilateral that lies in a horizontal plane. AB is a vertical

pole with base B. The angle of elevation from E to A is z° and CDE = 1°.
ABEC is an isosceles triangle with BE = BC.

A

. C
a) Show that BCE = 1y.

b) Show that CE = 2BFE cos (%)
c If AB=2,6m,z =37° and y = 109°, calculate the length of CE.
20. The first diagram shows a rectangular box with SR = 8 cm, PS = 6 cm and

PA = 4 cm. The lid of the box, ABCD, is opened 30° to the position XY CD,
as shown in the second diagram.

X Y
A 5 A :
D r |
JE ) P, 4 C : D 1
P Q" I p— m C
X P\ Q-
\\ 7 \\\
S R N
S R
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a) Write down the dimensions (length, breadth and diagonal) of the lid
XYCD.
b) Calculate X Z, the perpendicular height of X above the base of the box.
sinXZ:C
sin XCZ"*
21. ABis a vertical pole on a horizontal plane BCD. DC' is a metres and the angle
of elevation from D to A is . ACD = a and ADC = 8.

c) Calculate the ratio

A

D

a) Name the two right angles in the diagram.
b) Show that AB = asinasing

sin(a+8) °
o) If it is given that AD = AC, show that the height of the pole is given by
AB = asin 6
2cosa’

d) Calculate the height of the pole if a = 13 m, 6 = 33°, o = 3 = 65°.

22. ABis a flagpole on top of a government building BC. AB = f units and D is a
point on the ground in the same horizontal plane as the base of the building, C'.
The angle of elevation from D to A and B is « ar}{i 3, respectively.

f
B

B

Qo 1
D C
a) Show that f = B¢sina=5)

sin 3 cos «

b) Calculate the height of the flagpole (to the nearest metre) if the building is
7m, a = 63° and g = 57°.

Check answers online with the exercise code below or click on ‘show me the answer’.
Ta. 28PV 1b. 28PW  1c. 28PX  1d. 28PY le. 28PZ 2.28Q2
3a.28Q3 3b.28Q4  4.28Q5 5.28Q6  6.28Q7 7a.28Q8
7b.28Q9  7c.28QB  7d.28QC  8.28QD 9a.28QF  9b. 28QG
9c.28QH 9d.28Q)  9e.28QK 10.28QM 11.28QN 12.28QP
13.28QQ 14.28QR 15.28QS 16.28QT 17.28QV  18.28QW
19.28QX  20.28QY 21.28QZ 22.28R2

0
2\ www.everythingmaths.co.za m.everythingmaths.co.za
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Polynomials

5.1  Revision

Identifying polynomials

Terminology:
Polynomial An expression that involves one or more variables having
different powers and coefficients.

ant™ + ...+ asx?® + a1z + ag, wheren € Ny

Monomial A polynomial with one term.
For example, 7a?b or 15zy2>.
Binomial A polynomial that has two terms.
For example, 2z + 5z or 26 — ¢°k.
Trinomial A polynomial that has three terms.
For example, a — b + c or 422 + 17zy — y3.
Degree/Order The degree, also called the order, of a univariate polynomial

is the value of the highest exponent in the polynomial.
For example, 7p — 12p? + 3p® + 8 has a degree of 5.

It is important to notice that the definition of a polynomial states that all exponents of
the variables must be elements of the set of natural numbers. If an expression contains
terms with exponents that are not natural numbers, then it is not a polynomial.

The following examples are not polynomials:
3
A |
Y
5VE + k — 2k

7243+ T2
2 4t + 613

Investigation: More on polynomials

Discuss whether the following statements are true or false:
1. The expression 3y? + 2y — 4 is a trinomial of degree 2.
2525 — 36+/7 is a binomial of order 5.
25 is a constant polynomial of degree 0.
3z2 — 22 — 5 is a quadratic polynomial.
The expression 232 is a monomial because it only has one term.
0 is a constant polynomial of undefined degree.
A cubic polynomial has three terms and all the exponents are natural numbers.

o N B bl g e

1
Given the expression : 5 3t2+1

If we multiply by ¢ : 1 — 3t3 +¢,
we get a trinomial of degree 3

5.1. Revision
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Exercise 5 — 1: Identifying polynomials

1. Given f(z) = 223 + 322 — 1, determine whether the following statements are
true or false. If false, provide the correct statement.

a) f(x) is a trinomial.

)
b) The coefﬁaent of the z is zero.
o f(3)=
d) f(z)is of degree 3.

e) The constant term is 1.
f) f(x) will have 3 real roots.

2. Given g(z) = 223 — 922 + Tz + 6, determine the following:
a) the number of terms in g(z).

b) the degree of g(x).
c) the coefficient of the 22 term.
d) the constant term.

3. Determine which of the following expressions are polynomials and which are
not. For those that are not polynomials, give reasons.

a) y* ++/6 f)W 1) (vm +1)
by 22—z -1 g 0 —

o 4Wk—9 h) 16y7

d 2+p+3 ) — 2+5:z:—|— -11
e z(zx—1)(x —2)—2 j) 460 +3b71 + 502 — b3

4. Peter’s mathematics homework is shown below. Find and correct his mistakes.
Homework:

Given p(z) = x + % — 5, answer the following questions:
a) Simplify the expression.
b) Is p(x) a polynomial?
c) What is the coefficient of the = term?

Peter’s answers:

a)
pley=z+2-5 (restrictions: x # 0)
=224+4—5z (multiply through by z)
=z?-5x+4 (write in descending order)
=(z—1)(z+4) (factorise, quadratic has two roots)

b) Yes, because it can be simplified to have exponents that are all natural
numbers. It is a quadratic binomial because the highest exponent is two
and there are only two terms; (z — 1) and (z + 4).

c) Before | simplified, the coefficient of the x term was nothing and after |
simplified it became 5.
5. More questions. Sign in at Everything Maths online and click ‘Practise Maths’.

Check answers online with the exercise code below or click on ‘show me the answer’.
1. 28R3 2.28R4 3a.28R5 3b.28R6 3c.28R7 3d. 28R8

3e.28R9  3f.28RB  3g. 28RC 3h.28RD  3i. 28RF  3j. 28RG
4. 28RH

2\ www.everythingmaths.co.za m.everythingmaths.co.za
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Quadratic polynomials

In earlier grades we learnt the following useful techniques and methods for factorising
an expression:

¢ taking out a common factor

e factorising the difference of two squares

e grouping in pairs

e factorising the sum and difference of two cubes

We also looked at the different methods for factorising quadratic expressions:
e factorising by inspection
e completing the square
e using the quadratic formula
e making a suitable substitution

It is important to revise these methods; we use the quadratic formula for factorising
cubic polynomials and we also use completing the square to find the equation of a
circle in Chapter 7.

Terminology:

Variable A symbol used to represent an unknown numerical value.
For example, a, b, z,y, «, 6.

Coefficient The number or parameter that is multiplied by the variable
of an expression.

Expression A term or group of terms consisting of numbers, variables
and the basic operators (+, —, x, ).

Univariate An expression containing only one variable.

expression

Equation A mathematical statement that asserts that two expressions
are equal.

Identity A mathematical relationship that equates one expression
with another.

Solution A value or set of values that satisfies the original problem
statement.

Root/Zero A root, also referred to as the “zero”, of an equation is the
value of z such that f(z) = 0 is satisfied.

Worked example 1: Solving quadratic equations using factorisation

QUESTION
Solve for z:
3 1= 4
x+2 T r+1
SOLUTION

Step 1: Determine the restrictions

The restrictions are the values for = that would result in the denominator being equal
to 0, which would make the fraction undefined. Therefore x # — 2 and z # — 1.

5.1. Revision
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Step 2: Determine the lowest common denominator
The lowest common denominator is (z + 2) (z + 1).

Step 3: Multiply each term in the equation by the lowest common denominator and
simplify

3z(z+2)(x +1) 4z +2)(z+1)
x4+ 2 x+1
3r(x+ 1)+ (z+2)(x + 1) =4(z + 2)
302 +3x+ 22 +3x+2=4x+38
472 +22-6=0
202 +2-3=0

+(x+2)(z+1) =

Step 4: Factorise and solve the equation

2z+3)(z—1)=0
2c+3=0o0rz—1=0

3
r=——orx=1

Step 5: Check the solution by substituting both answers back into the original equa-
tion

Step 6: Write the final answer

Therefore z = —11 orz = 1.

Worked example 2: Using the quadratic formula

QUESTION

Find the roots of the function f(z) = 322 + 4z — 8.

SOLUTION

Step 1: Finding the roots
To determine the roots of f(x), we let 322 + 42 — 8 = 0.

Step 2: Check whether the expression can be factorised
The expression cannot be factorised, so the general quadratic formula must be used.

Step 3: Identify the coefficients to substitute into the formula

Chapter 5. Polynomials




Step 4: Apply the quadratic formula

. —b £ Vb2 — dac

n 2a

— (@) £/(4)* —4(3)(-8)
2(3)

—4+ /16 + 96

6
—4++/112
6
44+ /16 x7
6
—4+ 47
6
—2+2V7
3

Step 5: Write the final answer
—24+2V7 _ -2-2V7

Theref =
erefore z 3 G 3

Worked example 3: Solving quadratic equations by completing the square

QUESTION

Solve by completing the square: y? — 10y — 11 =0

SOLUTION

Step 1: The equation is already in the form az? + bz + ¢ =0
Step 2: Make sure the coefficient of the y2 term is equal to 1

> —10y —11=0

Step 3: Take half the coefficient of the y term and square it, then add and subtract it
from the equation
The coefficient of the y term is —10. Half of the coefficient of the y term is —5 and the

square of it is 25. Therefore 32 — 10y + 25 — 25 — 11 = 0.
Step 4: Write the trinomial as a perfect square

(y*> — 10y +25) —25—11=0
(y—5)2-36=0
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Step 5: Method 1: Take square roots on both sides of the equation

(y —5)* = 36
y—5=+v36

Important: When taking a square root always remember that there is a positive and
negative answer, since (6)2 = 36 and (—6)? = 36.

y—95==16
Step 6: Solve for y
lfy—5=6
y =11
Orify—5=—6
y=-1

Therefore y = 11 or y = —1.

Step 7: Method 2: Factorise the expression as a difference of two squares

(y—5)>—(6)>=0
[((y—=5)+6][(y—5)—6]=0

Step 8: Simplify and solve for y

(y+Dy—-11)=0
sy=—lory=11

Step 9: Write the final answer

y=—lory=11

Notice that both methods produce the same answer. These roots are rational because
36 is a perfect square.
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Exercise 5 — 2: Quadratic polynomials

1. Solve the following quadratic equations by factorisation. Answers may be left in
surd form, where applicable.

a) Tp? + 14p =0 d) (z—1)(z+10)+24=0
b) k2 + 5k — 36 =0 e) y2 — 5y + 4k% =0
¢) 400 = 16h2

2. Solve the following equations by completing the square:

a) p>P+10p—2=0 d) f2+30=2(10 — 8f)
b) 2(6y +y?%) = —4 e) 3z2+62—-2=0
Q) 22 +5x+9=0

3. Solve the following using the quadratic formula.

a) 3m*+m—4=0 ) y?—4y+2=0
b) 262 +6t+5=0 d) 3f —2=-2f?

4. Factorise the following:
a) 27p® — 1 b) 16 + 2

5. More questions. Sign in at Everything Maths online and click "Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.
Ta. 28R}  1b. 28RK  1c. 28RM  1d. 28RN  Te. 28RP  2a. 28RQ
2b. 28RR  2c. 28RS  2d. 28RT  2e. 28RV  3a. 28RW  3b. 28RX
3c. 28RY 3d. 28RZ  4a. 28S2 4b. 28S3

@
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5.2  Cubic polynomials EMCGT

Investigation: Simple division

Consider the following and answer the questions below:
1. 6 students are at a product promotion and there are 15 free gifts to be given away.
Each student must receive the same number of gifts.

a) Determine how many gifts each student will get?

b) How many gifts will be left over?

c) Use the following variables to express the above situation as a mathematical

equation:

e a = total number of gifts
e b = total number of students
e ¢ = number of gifts for each student
e r = number of gifts left over

5.2. Cubic polynomials
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2. A group of students go to dinner together at a restaurant and the total bill is R 510.
Each student contributes R 120 towards the bill. They count the money and find
that they are still R 30 short.

a) Assign variables to the known and unknown values.
b) Write a mathematical equation to describe the situation.
c) Use this equation to determine how many students went to dinner.

We know that 11 divided by 2 gives an answer of 5 with a remainder 1.

11
— = 5 remainder 1

2
11 1
PR

This means that:

divisor  remainder

.

11=2x5+1

|

dividend quotient

We can write a general expression for the rule of division; if an integer a is divided by
an integer b, then the answer is ¢ with a remainder r.

a_ .
b 1T
a=bxqg+r

where b Z0and 0 < r < b.

This rule can be extended to include the division of polynomials; if a polynomial a(z)
is divided by a polynomial b(x), then the answer is Q(x) with a remainder R(x).

a(z) = b(x) x Q) + R(x)

where b(z) # 0.

In words: the dividend is equal to the divisor multiplied by the quotient, plus the
remainder.

A cubic polynomial is an expression with the highest power equal to 3; we say that the
degree of the polynomial is 3.

The general form of a cubic polynomial is

y=ar® + bz +cx+d

where a # 0.
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In Grade 10 we learnt how to factorise the sum and difference of two cubes by first
finding a factor (the first bracket) and then using inspection (the second bracket). For
example,

PP +8=(p+2)(p° - 2p+4)

B —1=((k-1)Kk+k+1)

In this section we focus on factorising cubic polynomials with one variable (univariate)
where b and ¢ are not zero.

We use the following methods for factorising cubic polynomials:
e |long division
e synthetic division

e inspection

Worked example 4: Long division

QUESTION

Use the long division method to determine the quotient Q(z) and the remainder R(z)
if a(z) = 223 — 22 — 6z + 16 is divided by b(x) = = — 1. Write your answer in the form
a(z) = b(z) . Q(z) + R(x).

SOLUTION

Step 1: Write down the known and unknown expressions

a(z) = b(z) . Q(z) + R(x)
223 — 22 — 6z + 16 = (z — 1) . Q(z) + R(x)

Step 2: Use long division method to determine )(x) and R(z)
Make sure that a(x) and b(z) are written in descending order of the exponents. If a
term of a certain degree is missing from a(z), then write the term with a coefficient of
- 22> +z -5
z — 1223 — 22 — 62 + 16
— (22% — 227)
0+ 2% — 62
— (2~ )
0—5z+ 16
— (=52 +5)
0+11

Step 3: Write the final answer

(z) . Qz) + R(x)
=(z—1)(22* +2-5)+11

5.2. Cubic polynomials




Synthetic division is a simpler and more efficient method for dividing polynomials. It
allows us to determine the quotient and the remainder by considering the coefficients
of the terms in each of the polynomials without needing to rewrite the variable and
exponent for each term. If a term of a certain degree is missing from a(z), then write
the term with a coefficient of 0. For example, a(z) = 523 + 62 — 1 should be written
as a(z) = 523 + 022 + 62 — 1.
Notice that for synthetic division:

o the coefficients of the dividend (a(z)) are written below the horizontal line.

o the coefficients of the quotient (Q(x)) are written above the horizontal line.

e we add coefficients instead of subtracting as is the case with long division

e we use the opposite sign of the divisor (b(x)); the divisor is (x — 1) and we use
+1.

e the coefficient of the x term in the divisor is 1, so g2 = as.

® See video: 2854 at www.everythingmaths.co.za

Worked example 5: Synthetic division

QUESTION

Use the synthetic division method to determine the quotient Q(«) and the remainder
R(z) if a(z) = 223 — 2% — 62 + 16 is divided by b(z) =  — 1. Write your answer in
the form a(z) = b(z) . Q(z) + R(z).

SOLUTION

Step 1: Write down the known and unknown expressions
a(z) = b(z) . Q(z) + R(x)
223 — 22 — 62+ 16 = (x — 1) . Q(z) + R(2)
Step 2: Use synthetic division to determine Q(z) and R(x)

2 +1 -5 11
12 =1 —6 16

G2 =2
a=-1+(2)(1)=1
i = —6+ (1) = 5
R=16+ (—5)(1) = 11

Step 3: Write the final answer

The quotient will be one degree lower than the dividend if we divide by a linear
expression, therefore we have:

(z) . Q(x) + R(z)
=(z—-1)(22° +z —5) + 11

Chapter 5. Polynomials
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General method: given the dividend a(x) = azx3+ a2 4+ a2 4+ ap2® and the divisor
(cx — d), we determine the quotient Q(z) = q2? + g1z + oz and the remainder
R(x) using:

q2 q1 q0 R

ol

as as a ao

We determine the coefficients of the quotient by calculating:

d
q2 = asz + Q3XE

=a3 (since g3 =0)

d

@1 =0az2+ | q2 X —
c

< d)
Go=0a1+|q X —
c

d
R:a0+<q0xc)

Important note: a(x) is a function and a3, as, a1, and ag are coefficients.

® See video: 28S5 at www.everythingmaths.co.za

Worked example 6: Synthetic division

QUESTION

Use the synthetic division method to determine the quotient Q(«) and the remainder
R(z) if a(z) = 623 + 2% — 42 + 5 is divided by b(z) = 2z — 1.

SOLUTION

Step 1: Write down the known and unknown expressions

a(z) = b(z) . Q(z) + R(z)
62> + 2% — 4z + 5= (2x — 1) . Q(z) + R(z)

Step 2: Use synthetic division to determine Q(z) and R(z)
Make the leading coefficient of the divisor equal to 1:

b(x)=(2x—1):2<x—%>

6 4 -2 4

1
61 —4 5
2|
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1
1
2
1
Step 3: Write the final answer
Q(z) = 62> + 4z — 2
=2 (322 + 22 — 1)
R=14
1
and a(z) = 5 Q(z) + R(x)
% < ) 622 + 4z — 2) + 4
1
=5 ( ) )(32% + 22 — 1) + 4
=(2c—-1)3z%+2z 1) +4

® See video: 2856 at www.everythingmaths.co.za

Exercise 5 — 3: Cubic polynomials

1. Factorise the following:

a) pd—1 d) k—125k*
b) t3 + 27 e) 8al — b°
) 64 —m3 f) 8—(p+4q)?

2. For each of the following:
e Use long division to determine the quotient Q(z) and the remainder R(z).
o Write a(z) in the form a(z) = b(z) . Q(z) + R(x).

e Check your answer by expanding the brackets to get back to the original
cubic polynomial.

a) a(x) = 23 + 222 + 3z + 7 is divided by (z + 1)
b) a(z) =1+42? — 5z —z3and b(z) =z + 2
0 a(x) =223 +322+z—6and b(z) =2 — 1

Chapter 5. Polynomials
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d) a(z) =23 +222 +5and b(z) =2 — 1
e) (z — 1) isdivided into a(z) = 2* + 223 — 32% + 5z + 4

fy al@) _ 5z'+30°+6%+o+2
b(x) z2—2

g) a(z) = 323 — 22 + 2z + 1 is divided by (3z — 1)
h) a(z) = 22° + 22 + 322 —4and b(z) = = + 2

3. Use synthetic division to determine the quotient Q(z) and the remainder R(x)
when f(z) is divided by g(z):

a) e)
g(z) =z +2 glz) =z —1

b) flz)=2%—-52 -7 f f(z) =223 + 72> + 22 -3
g(r) =z —1 g(r) =2 +3

0 f(z) =223 + 52 — 4 2 f(x) =42® +42% —x — 2
glxy=x—1 g(x) =2z —1

d) f(z) =19+ 2%+ 8z h) f(z) = 5z + 22 + 223 + 22
glx)=x+3 g(x) =2x+3

4. More questions. Sign in at Everything Maths online and click ‘Practise Maths’.

Check answers online with the exercise code below or click on ‘show me the answer’.

la. 2857 1b.28S8  1c.28S9 1d.28SB 1e.28SC  1f. 28SD
2a. 28SF  2b.28SG  2c.28SH  2d. 28S)  2e.28SK  2f. 28SM
2g. 28SN  2h. 28SP  3a.28SQ 3b. 28SR 3c.28SS  3d. 28ST
3e. 285V  3f. 28SW 3g. 285X  3h. 28SY

@
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5.3 Remainder theorem EMCGV

Investigation: Remainder theorem

Given the following functions:

o f(z) =23 +3x2 +4x+12
o kiz)=ax—1
o g(z)=4da® 222+ -7
o hiz)=x+2
1. Determine%and %

Write your answers in the general form: a(z) = b(z).Q(z) + R(z).
Determine f(1) and g(—2).

What do you notice?

Consider the degree of the quotient and the remainder - is there a rule?
What conclusions can you draw?

Write a mathematical equation to describe your conclusions.

N e s L

Complete the following sentence: a cubic function divided by a linear polyno-
mial gives a quotient with a degree of ... ... and a remainder with a degree of
...... , Which is called a constant.

The Remainder theorem p
A polynomial p(z) divided by cz — d gives a remainder of p (E)

In words: the value of the remainder R is obtained by substituting =z = % into the

polynomial p(z).
e
c

NOTE: PROOF NOT FOR EXAMS

Let the quotient be Q(x) and let the remainder be R. Therefore we can write:
p(x)=(cx—d).Q(z)+ R

) o(2)

(dd).Q(i)JrR

Chapter 5. Polynomials
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Worked example 7: Finding the remainder

QUESTION

Use the remainder theorem to determine the remainder when p(z) = 323 + 522 — 2z +1
is divided by the following linear polynomials:

1. z+2
2. 20 —1
3. z+m

SOLUTION

Step 1: Determine the remainder for each linear divisor
The remainder theorem states that any polynomial p(x) that is divided by cz — d gives

a remainder of p (g)
C

1.

p(z) =323 +52° — 2z +1
p(=2)=3(=2)° +5(=2° - (-2) + 1
=3(-8)+5(4)+2+1

= —24+20+3
“R=-1
2.
p(z) =323 + 522 —z +1
3 2
1 1 1 1
p(5>—3(5> +5<5) ‘(5)“
1 1 1
—3(§>+5(Z>‘<5)“
9,9k
T8 42
_3,10 4
-8 8 '8
17
R=—
8
3.

p(x) =323 + 522 —z +1
3(=m)’ +5(-m)” = (—m) + 1
—3m3 +5m?> 4+ m+1

p(m)
R

5.3. Remainder theorem




Worked example 8: Using the remainder to solve for an unknown variable

QUESTION

Given that f(z) = 223 + 22 + ka + 5 divided by 22 — 3 gives a remainder of 91, use
the remainder theorem to determine the value of k.

SOLUTION

Step 1: Use the remainder theorem to determine the unknown variable %
From the remainder theorem we know that f (2) = 93 and we can therefore solve for

k:
f(z) =223 +2® +kz +5
3 2
Q) ()
o5 =2(3)+(5) +#(3)+

1 27 9 3k

95214-14-?—}—5
1 36 3k
95—14-74-5
1 3k
9—- —-9—-5=—
2
1_3k
2 2
9 2
_2 e c_
273
3=k

Step 2: Write the final answer
Therefore k = —3 and f(z) = 223 + 2% — 3z + 5.

Chapter 5. Polynomials




Exercise 5 — 4: Remainder theorem

1. Use the remainder theorem to determine the remainder R when g(z) is divided
by h(x):

gx) =23 +422 + 11z -5 g(x) = 2* + 522 + 22 — 8

a) &l
h(z)=2—-1 h(z)=x+1
b) g(z) = 22% — 52% 4+ 8 f g(x) = 32° — 8x* + 22 + 2
h(z) =2x—1 h(z)=2—=x
0 g(z) = 42° + 527 + 63 — 1 2 g(z) =220 —z -1
hz) =2+ 2 hz)=x+1
d) g(z) = —52% — 2% — 102+ 9

h(z) =5z +1

2. Determine the value of ¢ if 3 +t2? + 8z + 21 divided by x + 1 gives a remainder
of 16.

3. Calculate the value of m if 223 — 722 + max — 26 is divided by z — 2 and gives a
remainder of —24.

4. If 2 — 22 — kx — 1 is divided by = — 1 and the remainder is —1, find the value
of k .

5. Determine the value of p if 1823 + px? — 8z + 9 is divided by 2z — 1 and gives a
remainder of 6.

6. If 2% + 2% — z + b is divided by = — 2 and the remainder is 21, calculate the value
of b.

7. Calculate the value of h if 32° + ha* + 1022 — 212 + 12 is divided by 2 — 2 and
gives a remainder of 10.

8. If 23 + 822 + ma — 5 is divided by = + 1 and the remainder is n, express m in
terms of n.

9. When the polynomial 222 + px? + gx + 1 is divided by = + 1 or 2 — 4, the
remainder is 5. Determine the values of p and q.

10. More questions. Sign in at Everything Maths online and click ‘Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

la.285Z 1b.28T2 1c.28T3 1d.28T4 1le.28T5 1f. 28T6
1g. 28177  2.28T8 3.28T9 4.28TB  5.28TC 6.28TD
7. 28TF 8.28TG  9.28TH

@
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5.4  Factor theorem EMCGW

If an integer a is divided by an integer b, and the answer is ¢ with the remainder r = 0,

then we know that b is a factor of a.
a=bxq+r

andr =0
then we know thata = b x ¢

and also that % =q
This is also true of polynomials; if a polynomial a(x) is divided by a polynomial b(z),
and the answer is Q(x) with the remainder R(xz) = 0, then we know that b(x) is a

factor of a(z). o(z) = b(z) . Qx) + R(x)
and R(z) =0
then we know that a(z) = b(z) . Q(x)

a(z) _
and also that W) Q(x)

The factor theorem describes the relationship between the root of a polynomial and a
factor of the polynomial.

The Factor theorem
If the polynomial p(z) is divided by cz — d and the remainder, given by p () , is equal
to zero, then cx — d is a factor of p(x).

Converse: if (cz — d) is a factor of p(z), then p (£) = 0.

Worked example 9: Factor theorem

QUESTION

Using the factor theorem, show that y + 4 is a factor of g (y) = 5y* + 16y® — 15y% +
8y + 16.

SOLUTION

Step 1: Determine how to approach the problem
For y + 4 to be a factor, g (—4) must be equal to 0.

Step 2: Calculate g (—4)

5y + 16y° — 15y + 8y + 16

5(—4)* + 16(—4)* — 15(—4)> + 8 (—4) + 16
5(256) + 16 (—64) — 15 (16) + 8 (—4) + 16
1
0

g ()
s.g(—4)

280 — 1024 — 240 — 32 4 16

Step 3: Conclusion
Since g (—4) =0, y + 4 is a factor of g (y).

Chapter 5. Polynomials
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In general, to factorise a cubic polynomial we need to do the following:

Find one factor by trial and error: consider the coefficients of the given cubic
polynomial p(x) and guess a possible root ().

Use the factor theorem to confirm that £ is a root; show that p (é) =0.

Divide p(x) by the factor (cz — d) to obtain a quadratic polynomial (remember to
be careful with the signs).

Apply the standard methods of factorisation to determine the two factors of the
quadratic polynomial.

Worked example 10: Factor theorem

QUESTION

Use the factor theorem to determine if y — 1 is a factor of f (y) = 2y* + 3y? — 5y + 7.

SOLUTION

Step 1: Determine how to approach the problem
For y — 1 to be a factor, f (1) must be equal to 0.

Step 2: Calculate f (1)

f)=2y"+3y> by +7
f) =20 +3(1)*-5(1)+7
=2+3-5+7
=7

Step 3: Conclusion
Since f (1) # 0, y — 1 is not a factor of f (y) = 2y* + 3y® — 5y + 7.

Worked example 11: Factorising cubic polynomials

QUESTION

Factorise completely: f (z) = 2% + 2% — 92 — 9

SOLUTION

Step 1: Find a factor by trial and error
Try F(1)=(1)*+(1)°-9(1)—9=141-9-9=—16

Therefore (z — 1) is not a factor.
We consider the coefficients of the given polynomial and try:

FD) =124+ (1) -9(-1)—9=—-1+4+14+9-9=0

5.4. Factor theorem




Therefore (x + 1) is a factor, because f (—1) = 0.

Step 2: Factorise by inspection
Now divide f (z) by (z + 1) using inspection:

Write 23 + 22 — 92 — 9= (z + 1) (...)

The first term in the second bracket must be 22 to give 2 and make the polynomial a
cubic.

The last term in the second bracket must be —9 because (+1)(—9) = —9.
So we have z® + 2% — 9z — 9 = (z + 1) (z®+7z — 9)
Now, we must find the coefficient of the middle term:

(+1) (22) gives the 22 in the original polynomial. So, the coefficient of the z-term
must be 0.

S f@) =(@+1)(22-9).

Step 3: Write the final answer
We can factorise the last bracket as a difference of two squares:

f@) = (z+1) (2* - 9)
= (@+1)(@—3)(=+3)

Worked example 12: Factorising cubic polynomials

QUESTION

Use the factor theorem to factorise f(z) = 2® — 222 — 5z + 6.

SOLUTION

Step 1: Find a factor by trial and error
Try f(1) = (1) =21 -5(1)+6=1-2-5+6=0

Therefore (x — 1) is a factor.

Step 2: Factorise by inspection
23 =222 —5zx+6=(z—1)(...)

The first term in the second bracket must be z2 to give 3 if we work backwards.
The last term in the second bracket must be —6 because (—1)(—6) = +6.

So we have z® — 222 — bz + 6 = (z — 1) (2®+7z — 6)

Chapter 5. Polynomials




Now, we must find the coefficient of the middle term:

(—1) («?) gives —z2. So, the coefficient of the z-term in the second bracket must be
—1 to give another —22 so that overall we have —z2 — 22 = —222.

So f(x) = (z—1) (22 —z — 6).

Make sure that the expression has been factorised correctly by checking that the coef-
ficient of the z-term also works out: (z)(—6) + (—=1)(—z) = —5x, which is correct.

Step 3: Write the final answer
We can factorise the last bracket as:

f(z) = (z 1) (2* — z — 6)
=(z—1)(z—-3)(z+2)

Exercise 5 — 5: Factorising cubic polynomials

1. Find the remainder when 43 — 422 + 2 — 5 is divided by = + 1.
2. Use the factor theorem to factorise 2 — 322 + 4 completely.
3. f(z) =22+ 22 —5x+2
a) Find f (1).
b) Factorise f (z) completely.
4. Use the factor theorem to determine all the factors of the following expression:
23+ 22 — 17z + 15
5. Complete: If f (x) is a polynomial and p is a number such that f (p) = 0, then
(z —p) is...
6. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.
1.28T) 2.28TK 3a.28TM 3b.28TN 4.28TP 5.28TQ

@
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5.5 Solving cubic equations EMCGX

Now that we know how to factorise cubic polynomials, it is also easy to solve cubic
equations of the form az3 4 bx? + cx +d = 0.

Worked example 13: Solving cubic equations

QUESTION

Solve: 6% — 522 — 172+ 6 =0

SOLUTION

Step 1: Find one factor using the factor theorem
Let f(x) = 62° — 52% — 172 + 6

Try £ (1) =6(1)°* —5(1)* —=17(1)+6=6—-5—17+6 = —10
Therefore (x — 1) is not a factor.

Try £(2) =6(2)> —5(2)> —17(2) +6 =48 —20— 34+ 6 =0
Therefore (x — 2) is a factor.

Step 2: Factorise by inspection

6x° — 5z% — 17z + 6 = (z — 2) (62® + Tz — 3)

Step 3: Factorise fully

623 — 522 — 17x + 6 = (z — 2) 2z + 3) (3z — 1)

Step 4: Solve the equation

62> — 522 — 172 +6 =0
(x—2)2z+3)3x—1)=0

1
:2 = - = — —
7 orzx 3or:zc 5

Sometimes it is not possible to factorise a quadratic expression using inspection, in
which case we use the quadratic formula to fully factorise and solve the cubic equation.

—b+ Vb% —4dac
r=—
2a

Chapter 5. Polynomials
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Worked example 14: Solving cubic equations

QUESTION

Solve for z: 0 = 23 — 222 — 62 + 4

SOLUTION

Step 1: Use the factor theorem to determine a factor
Let f(x) = 23 — 22% — 62 + 4

Try f(1)=(1)°-2(1)* -6(1)+4=1-2-6+4=—3
Therefore (x — 1) is not a factor.
Try £(2) =(2)°-2(2)*-6(2)+4=8-8—-12+4=—8
Therefore (z — 2) is not a factor.
F(=2)=(-2)%-2(-2)®-6(-2)+4=—-8-8+12+4=0
Therefore (z + 2) is a factor.
Step 2: Factorise by inspection

23— 202 —6x+4=(z+2) (ac2—4m+2)
2% — 4z + 2 cannot be factorised any further and we are left with
(z+2) (22 —42+2) =0
Step 3: Solve the equation

(z+2) (2 —42+2) =0
(z+2)=00r (z* —42+2) =0

Step 4: Apply the quadratic formula for the second bracket
Always write down the formula first and then substitute the values of a, b and c.

a=1; b= —4; c=2
—b=+ Vb2 — 4ac
2a
— (-9 /(-4 -4(1)(2)
2(1)

4+ +/8
2
=242

Step 5: Final solutions
r=—-20rzx=2++2

Solving cubic equations




Exercise 5 — 6: Solving cubic equations

Solve the following cubic equations:

1. 23+ 22— 162 = 16 5. 2% 4+ 222 — 50 = 25z
2. —nd—n?2+22n+40=0 6. —p®+19p = 30

3. y(y? +2y) = 19y + 20 7. 622 — 23 =5z +12
4. k34 9k2 4+ 26k +24 =0

Check answers online with the exercise code below or click on ‘show me the answer’.

1.28TR 2.28TS 3.28TT 4.28TV 5.28TW 6. 28TX
7.28TY

@
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5.6 Summary EMCGY

(® See presentation: 28TZ at www.everythingmaths.co.za

Terminology:

Expression A term or group of terms consisting of numbers, variables
and the basic operators (+, —, X, ).

Univariate An expression containing only one variable.

expression

Root/Zero A root, also referred to as the “zero”, of an equation is the
value of z such that f(z) = 0 is satisfied.

Polynomial An expression that involves one or more variables having

different powers and coefficients.
ant™ + ... + asx® + a1z + ag, where n € Ny

Monomial A polynomial with one term.
For example, 7ab or 15zy22.
Binomial A polynomial that has two terms.
For example, 2z + 5z or 26 — ¢°k.
Trinomial A polynomial that has three terms.

For example, a — b+ c or 422 + 172y — 1°.

Degree/Order | The degree, also called the order, of a univariate polynomial
is the value of the highest exponent in the polynomial.

For example, 7p — 12p® + 3p® + 8 has a degree of 5.

Quadratic formula: o = =Vl —dac

Remainder theorem: a polynomial p(z) divided by cx — d gives a remainder of
d

(2)
C

Factor theorem: if the polynomial p(x) is divided by cx — d and the remainder,
p (2), is equal to zero, then cx — d is a factor of p(z).

Converse of the factor theorem: if cx — d is a factor of p(x), then p (%) =0.

Chapter 5. Polynomials
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e Synthetic division:
q2 Q1 qo0 R

o

as az ay ag

We determine the coefficients of the quotient by calculating:

d
q2 = agz + Q3><E

as (since g3 = 0)

)
)
)

d
@1 =a2+ (g2 X —

(10:al+<Q1><

ol olas o

R a0+<q0><

Exercise 5 — 7: End of chapter exercises

Solve forz: 23+ 22 — 52 +3 =0
Solve for y: y3 = 3y? + 16y + 12
Solve for m: m(m? —m —4) = —4
Solve for z: 2% — 22 = 3 (37 + 2)
Solve for z if 223 — 322 — 8z = 3.
Solve for z: 16 (z + 1) = 22 (v + 1)
a) Show that = — 2 is a factor of 323 — 1122 + 12z — 4.
b) Hence, by factorising completely, solve the equation:
322 — 1122 + 122 —4 =10
8. 223 —2? —2r+2=Q (z). (2 — 1) + R for all values of .
What is the value of R?
9. a) Use the factor theorem to solve the following equation for m:
8m? +T™m? —1Tm +2=0
b) Hence, or otherwise, solve for x:
23z+3 L 7928 L 9 — 17.2%

10. Find the value of R if z — 1 is a factor of h(z) = (z — 6) . Q(z) + R and Q(x)
divided by z — 1 gives a remainder of 8.

N O U bW N =

11. Determine the values of p for which the function

f(z)=3p> - (3p—T7)2® +5z -3
leaves a remainder of 9 when it is divided by (x — p).
12. Calculate t and Q(z) if 22 + tx + 3 = (z + 4) . Q(x) — 17.
13. More questions. Sign in at Everything Maths online and click 'Practise Maths’.

Check answers online with the exercise code below or click on ‘show me the answer’.

1.28V2 2.28V3 3.28V4 4.28V5 5.28V6 6. 28V7
7.28V8 8.28V9 9.28VB 10.28VC 11.28VD 12. 28VF

@
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6 Differential calculus

6.1 Limits EMCGZ

Calculus is one of the central branches of mathematics and was developed from alge-
bra and geometry. It is built on the concept of limits, which will be discussed in this
chapter. Calculus consists of two related ideas: differential calculus and integral calcu-
lus. We will only be dealing with differential calculus in this chapter and will explore
how it can be used to solve optimisation problems and finding rates of change.

The tale of Achilles and the tortoise EMCH?2

Zeno (born about 490 BC) was a philosopher of southern Italy who is famous for his
paradoxes (a “paradox” is a statement that seems contradictory and yet may be true).

One of Zeno’s paradoxes can be summarised as:

Achilles and a tortoise agree to a race, but the tortoise is unhappy because Achilles
is very fast. So, the tortoise asks Achilles for a head start. Achilles agrees to give the
tortoise a 1000 m head start. Does Achilles overtake the tortoise?

To solve this problem, we start by writing:

Achilles: x4 = vat
Tortoise: a7 = 1000 m + vyt

where

e 14 is the distance covered by Achilles

e v, is Achilles’ speed

e ¢ is the time taken by Achilles to overtake the tortoise
e z7 is the distance covered by the tortoise

e vt is the tortoise’s speed

Achilles will overtake the tortoise when both of them have covered the same distance.
If we assume that Achilles runs at 2 m.s~! and the tortoise runs at 0,25 m.s~!, then this
means that Achilles will overtake the tortoise at a time calculated as:

A =T
vat = 1000 4 vt
2t = 1000 + 0,25t
2 — 0,25t = 1000

7

“t=1

1 000
t_4ooo
7
=571,43s

6.1.
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However, Zeno looked at it as follows: Achilles takes t = % = 500 s to travel the

1000 m head start that he gave the tortoise. However, in these 500 s, the tortoise has
travelled a further z = 500 s x 0,25 m.s~! = 125 m.

Achilles then takes another ¢ = 125 — 62,5 s to travel the 125 m. In these 62,5 s, the
tortoise travels a further 2 = 62,5 s x 0,25 m.s~! = 15,625 m.

Zeno saw that Achilles would always get closer and closer but wouldn’t actually over-
take the tortoise.

So what does Zeno, Achilles and the tortoise have to do with calculus? Consider our
earlier studies of sequences and series:
We know that the sequence 0;1;2;2:2: . can be defined by the expression T,, =
1 — 1 and that the terms get closer to 1 as n gets larger.

. can be defined by the expression T,, = + and

T n

Similarly, the sequence 1; 3;4; 4 ;..

the terms get closer to 0 as n gets larger.
We have also seen that an infinite geometric series can have a finite sum.

SOO=Z(L.T’;1=& for —1<r<1
i=1

where a is the first term of the series and 7 is the common ratio.

We see that there are some functions where the value of the function gets close to or
approaches a certain value as the number of terms increases.

Limits EMCH3

; f ezl ddr—12
Consider the function: y = #=75==
The numerator of the function can be factorised as: y = %.

Then we can cancel the z 4+ 6 from numerator and denominator and we are left with:

y=x—2.

However, we are only able to cancel the z + 6 term if z # —6. If x = —6, then the
denominator becomes 0 and the function is not defined. This means that the domain
of the function does not include x = —6. But we can examine what happens to the

values for y as x gets closer to —6. The list of values shows that as x gets closer to —6,
y gets closer and closer to —8.

Chapter 6. Differential calculus
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v |y="0E
-9 —11
-8 —10
-7 -9
6.5 85
6.4 8.4
—6,3 —8,3
6,2 )
6,1 8.1
~6.09 8,09
6,08 8,08
6,01 ~8,01
5.9 7.9
5.8 738
5,7 77
5.6 7.6
5.5 75
) -7
—4 —6
-3 -5

The graph of this function is shown below. The graph is a straight line with slope 1
and y-intercept —2, but with a hole at z = —6. As z approaches —6 from the left, the
y-value approaches —8 and as = approaches —6 from the right, the y-value approaches
—8. Since the function approaches the same y-value from the left and from the right,

the limit exists.

Notation EMCH4

We can now introduce new notation. For the function y = %ﬁgﬁ), we can write:
-2
i EXO@=2 o
r——6 r+6

This is read: the limit of %&‘2) as x tends to —6 (from both the left and the right)

is equal to —8.

6.1.



http://www.everythingmaths.co.za/@@emas.search?SearchableText=EMCH4

Investigation: Limits

If f(z) =z + 1, determine:

What do you notice about the value of f (z) as x gets closer and closer to 02

Worked example 1: Limit notation

QUESTION

Write the following using limit notation: as x gets close to 1, the value of the function
y = x + 2 approaches 3.

SOLUTION

This is written as:
lim(z +2) =3
z—1

This is illustrated in the diagram below:

Chapter 6. Differential calculus




We can also have the situation where a function tends to a different limit depending
on whether z approaches from the left or the right.

f(x)

As x — 0 from the left, f(x) approaches —2. As x — 0 from the right, f(z) approaches
2.

The limit for 2 approaching 0 from the left is:

lim f(z) =-2

rz—0—

and for z approaching 0 from the right:

lim f(z)=-2

z—0t

where 0~ means x approaches zero from the left and 0T means z approaches zero
from the right.

Therefore, since f(x) does not approach the same value from both sides, we can
conclude that the limit as x tends to zero does not exist.

f(x)

In the diagram above, as x tends to 0 from the left, the function approaches 2 and as
x tends to 0 from the right, the function approaches 2. Since the function approaches
the same value from both sides, the limit as = tends to 0 exists and is equal to 2.

® See video: 28VG at www.everythingmaths.co.za
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Worked example 2: Limits

QUESTION

Determine:

1. lim 10

r—1

2. £1_>m2(:1: +4)

I[lustrate answers graphically.

SOLUTION

Step 1: Simplify the expression and cancel all common terms
We cannot simplify further and there are no terms to cancel.
Step 2: Calculate the limit
1. lim 10 = 10
r—1
2. lim(z+4)=2+4=6
r—2

10

Worked example 3: Limits

QUESTION

Determine the following and illustrate the answer graphically:

22— 100
5% z-10

SOLUTION

Step 1: Simplify the expression

2z2-100 _ (z+10)(z—10)
z—10 z—10

Factorise the numerator:

As z — 10, the denominator (z — 10) — 0, therefore the expression is not defined for
2 = 10 since division by zero is not permitted.

Chapter 6. Differential calculus




Step 2: Cancel all common terms

(x +10) (z — 10)

xz — 10 paRt
Step 3: Calculate the limit
2% — 100
z—10 2 — 10 11_>n110(x 1)
=10+ 10

Step 4: Draw the graph

/

® See video: 28YM at www.everythingmaths.co.za

Exercise 6 — 1: Limits

1. Determine the following limits and draw a rough sketch to illustrate:

22 -9 . T+3
b) 1
a) illg, z+3 )xlg%i:z:?+3m

6.1.
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2. Determine the following limits (if they exist):

32 — 4 y+1
im ——— lim =——
a) 51_}1112 3—=x ﬂy_)ly_l
. xt—z—12 . 3h+ h?
R ¥
. 1 . h3—1
A i%(3x+§> h) lim 5—
1 _
d) lim ~ i) 1im\/_—\/§
z—0 T z—3 T — 3
e limy—_1
y—1ly+1

3. More questions. Sign in at Everything Maths online and click ‘Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

la. 28VH 1b.28V]  2a.28VK 2b.28VM 2c.28VN  2d. 28VP
2e.28VQ  2f.28VR 2g.28VS 2h.28VT  2i.28VV

@
——\ www.everythingmaths.co.za m.everythingmaths.co.za

Gradient at a point EMCH5

Average gradient

In Grade 11 we learnt that the average gradient between any two points on a curve
is given by the gradient of the straight line that passes through both points. We also
looked at the gradient at a single point on a curve and saw that it was the gradient of
the tangent to the curve at the given point. In this section we learn how to determine
the gradient of the tangent.

Let us consider finding the gradient of a tangent ¢ to a curve with equation y = f ()
at a given point P.

We know how to calculate the average gradient between two points on a curve, but
we need two points. The problem now is that we only have one point, namely P. To
get around the problem we first consider a secant (a straight line that intersects a curve
at two or more points) to the curve that passes through point P (zp;yp) and another
point on the curve Q (zg;yg), where @ is an arbitrary distance from P.

We can determine the average gradient of the curve between the two points:

m=Je_yr
rQ —ITp

Chapter 6. Differential calculus
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secant

0] a a+h

If we let the z-coordinate of P be a, then the y-coordinate is f (a). Similarly, if the
z-coordinate of @ is (a + h), then the y-coordinate is f (a + h).

We can now calculate the average gradient as:

yo—yr  fla+h)—f(a)

rQ—Tp (a+h)—a
_fa+h) —f(a)
h

Gradient at a point
Imagine that Q@ moves along the curve, getting closer and closer to P. The secant

line approaches the tangent line as its limiting position. This means that the average
gradient of the secant approaches the gradient of the tangent to the curve at P.

tangent

secant

We see that as point @@ approaches point P, h gets closer to 0. If point @ lies on
point P, then h = 0 and the formula for average gradient is undefined. We use our
knowledge of limits to let i tend towards 0 to determine the gradient of the tangent to
the curve at point P:

Gradient at point P = }lLim

—0

flath) = f(a)
h

6.1.




Worked example 4: Gradient at a point

QUESTION

Given g (z) = 322, determine the gradient of the curve at the point x = —1.

SOLUTION

Step 1: Write down the formula for the gradient at a point

Gradient at a point = lim glath) —g(a)
h—0 h

Step 2: Determine g (a + h) and g(a)

We need to find the gradient of the curve at z = —1, therefore we leta = —1:
g(x) = 3a*
g(a) =g(-1)
=3(—1)?
=3

gla+h)=g(=1+h)
=3(=1+h)°
=3(1—2h+h?
=3 —6h + 3h?

Step 3: Substitute into the formula and simplify

i 9@t h) —g@) _ . g(=1+h)—g(-1)
h—0 h h—0 h
. (3—6h+3h2)—3
= lim
h—0 h
—6h + 3R
= m ——
h—0 h
~ lim h (=6 + 3h)
h—0 h
= lim (—6 + 3h)
h—0
=—6

Notice that we only take the limit once we have removed h from the denominator.

Step 4: Write the final answer
The gradient of the curve g (z) = 322 atz = —1 is —6.

Chapter 6. Differential calculus




Worked example 5: Gradient at a point

QUESTION

Given the function f (x) = 22% — 5z, determine the gradient of the tangent to the curve
at the point z = 2.

SOLUTION

Step 1: Write down the formula for the gradient at a point

flath)—f(a)

Gradient at a point = li
P hli% h

Step 2: Determine f (a + h) and f(a)
We need to find the gradient of the tangent to the curve at x = 2, therefore we let
a=2:

f(z) = 22° — 5z

fla+h)=f(2+h)
=2(2+h)>—5(2+h)
=2(2° +4h+h*) — 10— 5h
=8+ 8h 4 2h? — 10 — 5h
= L &l L

Step 3: Substitute into the formula and simplify

fla+h) = f(a) fe+h =12

" h = h
(=2 +3h + 2h%) — (-2)
= lim
h—0 h
. —24+3h+2hr%2+2
= lim
h—0 h
3h + 2h?
= m ————
h—0 h
~ im h (3 4= 2h)
h—0 h
= lim (3 == 2h)
h—0

Step 4: Write the final answer
The gradient of the tangent to the curve f () = 22% — 5z at x = 2 is 3.

6.1.




Worked example 6: Gradient at a point

QUESTION

Determine the gradient of k(z) = —23 + 2x + 1 at the point z = 1.

SOLUTION

Step 1: Write down the formula for the gradient at a point

Gradient at a point = lim ka+h) —k(a)
h—0 h

Step 2: Determine & (a + /) and k(a)
Leta = 1:

k(z) = —23 +2zx+1

k(a) = k(1)
=—(1)2*+21)+1
= — =t %
=2

E(a+h)=k(1+h)
= —(1+h)?+2(1+h)+1
=—(1+3h+3h>+h%) +2+2h+1
=—1-3h—3h>—h34+24+2h+1
=2—h—3n%—h3

Step 3: Substitute into the formula and simplify

k(a+h) —k(a) E(1+h)—Ek(1)

e h = h
. (2—h—3h2—h3)—2
= lim
h—0 h
. —h-—3h2—h?
= lim
h—0 h
h(—1—3h—h?
= lim ( S )
h—0 h
= lim (=1 —3h — h?)
h—0
=-1

Step 4: Write the final answer
The gradient of k(z) = —23 + 2z + latz = 1is —1.

Chapter 6. Differential calculus




Exercise 6 — 2: Gradient at a point

—_

. Given: f(z) = —22 47
a) Find the average gradient of function f, between z = —1 and = = 3.

b) lllustrate this with a graph.
c) Find the gradient of f at the point z = 3 and illustrate this on your graph.

2. Determine the gradient of the tangent to g if g(z) = % (x #0) atz = a.
3. Determine the equation of the tangent to H(z) = 2% + 3z atz = —1.
. More questions. Sign in at Everything Maths online and click ‘Practise Maths'.

o

Check answers online with the exercise code below or click on ‘show me the answer’.

1.28VX 2.28VY 3.28VZ

0
A www.everythingmaths.co.za m.everythingmaths.co.za

6.2 Differentiation from first principles

We know that the gradient of the tangent to a curve with equation y = f(z) atz = a
can be determine using the formula:

Gradient at a point = lim flath)—fla)
h—0 h

We can use this formula to determine an expression that describes the gradient of the
graph (or the gradient of the tangent to the graph) at any point on the graph. This
expression (or gradient function) is called the derivative.

DEFINITION: Derivative

The derivative of a function f (z) is written as f’ () and is defined by:

f ) — i LEHR = F @)

h—0 h

DEFINITION: Differentiation

The process of determining the derivative of a given function.

This method is called differentiation from first principles or using the definition.

6.2. Differentiation from first principles
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Worked example 7: Differentiation from first principles

QUESTION

Calculate the derivative of g () = 2z — 3 from first principles.

SOLUTION

Step 1: Write down the formula for finding the derivative using first principles

g(x+h)—g()

/ — l
o ) = ===y
Step 2: Determine g (z + h) Step 3: Substitute into the formula
and simplify
g(x) =22 —3
(@) = I 2z +2h — 3 — (22 — 3)
A h
gx+h)=2(x+h)—3 . 9h
— 2+ 2h—3 = =
= lim 2
h—0
=2

Step 4: Write the final answer
The derivative ¢’ (z) = 2.

Notation

There are a few different notations used to refer to derivatives. It is very important that
you learn to identify these different ways of denoting the derivative and that you are
consistent in your usage of them when answering questions.

If we use the common notation y = f (z), where the dependent variable is y and
the independent variable is z, then some alternative notations for the derivative are as

follows: p of p
@)=y =28 = S0 = Z[f ()] = Df (&) = Doy

The symbols D and % are called differential operators because they indicate the op-
eration of differentiation.

j—g means y differentiated with respect to z. Similarly, g—’; means p differentiated with

respect to z.
Important: j—g is not a fraction and does not mean dy + dzx.

® See video: 28W2 at www.everythingmaths.co.za
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Worked example 8: Differentiation from first principles

QUESTION

1. Find the derivative of f (z) = 423 from first principles.
2. Determine f/(0,5) and interpret the answer.

SOLUTION

Step 1: Write down the formula for finding the derivative from first principles

f() -t LEHR) = @)

h—0 h

Step 2: Substitute into the formula and simplify

4(z + h)® — 423

i _ 1
fi(z) = lim 3
— lim 4 (a:3 + 3z2h + 3zh? + h3) — 4g3
o h—0 h
i 423 + 1222h + 122h? + 4k — 423
= asb h
. 1222h + 122h2 + 4h3
= lim
h—0 h
. k(1222 + 12zh + 4h?)
= lim
h—0 h

= lim (1222 + 12xh + 4h?)
h—0

= 1222

Step 3: Calculate f/(0,5) and interpret the answer

f (x) = 1222
- £1(0,5) = 12(0,5)*

1
-12(3)
=3
e The derivative of f(z) atz = 0,5 is 3.

e The gradient of the function f at z = 0,5 is equal to 3.
e The gradient of the tangent to f(x) at z = 0,5 is equal to 3.

6.2. Differentiation from first principles




Worked example 9: Differentiation from first principles

QUESTION

Calculate j—i from first principles if p (z) = —2.

SOLUTION

Step 1: Write down the formula for finding the derivative using first principles

dp . plx+h)—p(x)
dr  n50 h

d_p_ . _mih_(_%)
dr A h

It is sometimes easier to write the right-hand side of the equation as:

dp . 1 -2 +2
— = lim — =
dr hr—=0h\z+h =x

. 1 (—2z+2(x+h)
=lim-(——F——=
h—0 h xz(z + h)
~ lim 1 (—2z+ 2z + 2h
 ho0h x(z+ h)
= lim 1 2h
" h—0 h \ 22+ zh
= lim ——
h—0 x2 + zh
2
T a2

Notice: even though h remains in the denominator, we can take the limit since it does
not result in division by 0.

Step 3: Write the final answer

Chapter 6. Differential calculus




Worked example 10: Differentiation from first principles

QUESTION

Differentiate g (x) =  from first principles and interpret the answer.

SOLUTION

Step 1: Write down the formula for finding the derivative from first principles

h—0 h
Step 2: Substitute into the formula Step 3: Interpret the answer
and simplify The gradient of g(z) is equal to 0 at any
11 point on the graph. The derivative of
g (z) = lim 42 this constant function is equal to 0.
h—0 h
= lim 9 g(z)
h—0
= lim 0
h—0 1
-0 4
x
0

Exercise 6 — 3: Differentiation from first principles

1. Given: g (v) = —2?

a) Determine M'

g(x+h)—g(x)
Y .
c) Explain the meaning of your answer in (b).

b) Hence, determine lim
h—0

Find the derivative of f (z) = —2x2 + 3z + 1 using first principles.
Determine the derivative of f (z) = ﬁ using first principles.
Determine ¢’ (3) from first principles if g (z) = —5z2.
If p(x) = 4a(x — 1), determine p’ (z) using first principles.

Find the derivative of k (z) = 1023 using first principles.

Differentiate f(x) = ™ using first principles.
(Hint: Use Pascal’s triangle)
8. More questions. Sign in at Everything Maths online and click ‘Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

la. 28W3  1b. 28W4 1c. 28W5 2.28W6 3.28W7 4.28W8
5.28W9  6.28WB  7.28WC

@
www.everythingmaths.co.za m.everythingmaths.co.za

6.2. Differentiation from first principles
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6.3 Rules for differentiation EMCH?7
Determining the derivative of a function from first principles requires a long calculation
and it is easy to make mistakes. However, we can use this method of finding the
derivative from first principles to obtain rules which make finding the derivative of a

function much simpler.

Investigation: Rules for differentiation

1. Differentiate the following from first principles:

a) f(z) =z e fz)=—=
b) f(z) =—4x f) f(z) =223
o f(z)=2" g f(x)=1
d) f(x)= 32> h) f(z)=—2
2. Complete the table:
f(@) | f'(x)
x
—4x
22
32
3
223
1
)

3. Can you identify a pattern for determining the derivative?

Rules for differentiation

e General rule for differentiation:

d
. [z"] = nz""', wheren € R and n # 0.
e The derivative of a constant is equal to zero.
d
— k] =0
75 K]

The derivative of a constant multiplied by a function is equal to the constant
multiplied by the derivative of the function.

d d
e f (@) = b [f (@)
The derivative of a sum is equal to the sum of the derivatives.

d d

2@+ 9@ = [f @]+ g @)

e The derivative of a difference is equal to the difference of the derivatives.

L@ 9@ = 2 [f @] - lg(@)

Chapter 6. Differential calculus
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® See video: 28WD at www.everythingmaths.co.za
Worked example 11: Rules of differentiation

QUESTION

Use the rules of differentiation to find the derivative of each of the following:

0

y =
p= 34

. f(xz) =60
Ly=1223+ Tz

_ 3.4 _
. m=3n 1

NN

Ul A W N —

SOLUTION

Step 1: Apply the appropriate rules to determine the derivative

1. & =3 (52%) = 152¢

2

3. 0

4. % =12 (32%) +7=3622+7
5

cdm = 3 (4nd) — 0 =6n3

Worked example 12: Rules of differentiation

QUESTION

Differentiate the following with respect to ¢:

1. gt) =4t +1)%(t—3)

2. k(t) = L2

SOLUTION

Step 1: Expand the expression and apply the rules of differentiation

We have not learnt a rule for differentiating a product, therefore we must expand the
brackets and simplify before we can determine the derivative:

(t+1)°(t—3)

(t*+2t+1)(t—3)

g(t) =4
4

=4t +2t* +t — 3t> — 6t — 3)
4
4

t3 —t* — 5t — 3)
3 — 4¢% — 20t — 12

S g(t)=4(3t") —4(2t) —20-0
=12t — 8t — 20

6.3. Rules for differentiation
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Step 2: Expand the expression and apply the rules of differentiation

We have not learnt a rule for differentiating a quotient, therefore we must first simplify
the expression and then we can differentiate:

(t+2)3

Vi
(t+2)(t* + 4t +4)

Vi

3+ 6t2 + 12t + 8
- .
=173 (3 + 62 + 12t + 8)
=15 + 6t +12t3 48t 2

o () o) o (4)
5
2

k(t) =

=t 40t 46077 — 4t F

Important: always write the final answer with positive exponents.
6 4

2 13

5
g'(t) = 5t% 93 +

When to use the rules for differentiation:

e If the question does not specify how we must determine the derivative, then we
use the rules for differentiation.

When to differentiate using first principles:
e If the question specifically states to use first principles.
o If we are required to differentiate using the definition of a derivative, then we use

first principles.

Exercise 6 — 4: Rules for differentiation

1. Differentiate the following:

a) y = 322 h) y=22+z+4
b) f(z) =25z ) flw)=323—a?+2
) k(z) = —30 j) y=3x7 —4z+20
d) y=—4z®+2 k) g(z) = z(z +2) + 5z
e) g(z) = 16z~2 ) p(z) = 200[z® — 322 + sz — 40]
f) y=10(7 - 3) m) y = 14(z — 1) [3 + 2?]
q
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2. Find f (a) if f (x) = 22=5246.
3. Find f' (y) if f (y) = /.
4. Find f/ (2)if £ (2) = (= 1) (z + 1).
5. Determine 2 if y = “”SHI 3.
6. Determine the derivative of y = V23 + L5
2
7. Find D, [x% - i} :
T2

8. Find & if z = 2y + 3.
9. Determine f(0) if f(0) = 2(§2 — 30~ 2)2.

d (+1)*
10. Find p lfp( ) T

11. More questions. Sign in at Everything Maths online and click ‘Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

la. 28WF  1b. 28WG  1c. 28WH  1d. 28W]  1le. 28WK 1f. 28WM

1g. 28WN  1h. 28WP 1i. 28WQ  1j. 28WR  1k. 28WS  11. 28WT

Tm. 28WV 2.28WW 3. 28WX 4.28WY  5.28WZ 6. 28X2
7.28X3 8. 28X4 9. 28X5 10. 28X6

——\ www.everythingmaths.co.za m.everythingmaths.co.za

6.4 Equation of a tangent to a curve EMCHS8

At a given point on a curve, the gradient of the curve is equal to the gradient of the
tangent to the curve.

tangent

normal

The derivative (or gradient function) describes the gradient of a curve at any point on
the curve. Similarly, it also describes the gradient of a tangent to a curve at any point
on the curve.

To determine the equation of a tangent to a curve:

1. Find the derivative using the rules of differentiation.

2. Substitute the z-coordinate of the given point into the derivative to calculate the
gradient of the tangent.

3. Substitute the gradient of the tangent and the coordinates of the given point into
an appropriate form of the straight line equation.

4. Make y the subject of the formula.

The normal to a curve is the line perpendicular to the tangent to the curve at a given

point. Miangent X Mnormal = —1

6.4. Equation of a tangent to a curve
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Worked example 13: Finding the equation of a tangent to a curve

QUESTION

Find the equation of the tangent to the curve y = 322 at the point (1;3). Sketch the
curve and the tangent.

SOLUTION

Step 1: Find the derivative
Use the rules of differentiation:

y = 322
dy
. — =3(2
75 = 5 (22)
= 6z

Step 2: Calculate the gradient of the tangent

To determine the gradient of the tangent at the point (1;3), we substitute the z-value
into the equation for the derivative.

Step 3: Determine the equation of the tangent

Substitute the gradient of the tangent and the coordinates of the given point into the
gradient-point form of the straight line equation.

y—y1=m(x— 1)

y—3=06(z—1)
y=6x—6+3
y=6x—3

Step 4: Sketch the curve and the tangent

-2 y=6x—3
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Worked example 14: Finding the equation of a tangent to a curve

QUESTION

Given g(z) = (x + 2)(2z + 1)2, determine the equation of the tangent to the curve at
z=-—1.

SOLUTION

Step 1: Determine the y-coordinate of the point

Therefore the tangent to the curve passes through the point (—1;1).

Step 2: Expand and simplify the given function

g(x) = (z +2)(2z + 1)?
= (z +2)(42® + 4z + 1)
=423 4+ 42° + x + 822 + 8z + 2
= 42® + 122% + 97 + 2

Step 3: Find the derivative

g (z) = 4(32%) + 12(2x) + 9+ 0
= 1222 4+ 242+ 9

Step 4: Calculate the gradient of the tangent
Substitute z = —1 into the equation for ¢'(x):
g (=1) =12(=1)% +24(-1) +9
Sm=12-24+9
=-3

Step 5: Determine the equation of the tangent
Substitute the gradient of the tangent and the coordinates of the point into the gradient-
point form of the straight line equation.
y—y1=m(x—x1)
y—1=-3(x—(-1)
y=-3z—-3+1
y=—3r—2

6.4. Equation of a tangent to a curve




Worked example 15: Finding the equation of a normal to a curve

QUESTION

1. Determine the equation of the normal to the curve zy = —4 at (—1;4).
2. Draw a rough sketch.

SOLUTION

Step 1: Find the derivative
Make y the subject of the formula and differentiate with respect to x:

4
Yy=—-
T
e
dy -2
L—=—-4(-1
e (-127%)
= 4z 72
T a2

Step 2: Calculate the gradient of the normal at (—1;4)
First determine the gradient of the tangent at the given point:

%_ 4
dr  (—1)2
som=4

Use the gradient of the tangent to calculate the gradient of the normal:

Miangent X Mnormal = —1
4 x Mpormal = —1

1

o Mpormal = —

Step 3: Find the equation of the normal

Substitute the gradient of the normal and the coordinates of the given point into the
gradient-point form of the straight line equation.

y—y1=m(i’3—$1)

1
y—1=—7(~ (1)
11
- _lp_-44
y=proat
_ 115
Yy="4"773
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Step 4: Draw a rough sketch

Exercise 6 — 5: Equation of a tangent to a curve

1. Determine the equation of the tangent to the curve defined by F(x) = 23+ 222 —
Tr+1latz =2.

2. Determine the point where the gradient of the tangent to the curve:
a) f(z) =1— 322 is equal to 5.
b) g(z) = 2% 4 2z + 1 is equal to 0.
3. Determine the point(s) on the curve f(z) = (22 — 1)? where the tangent is:
a) parallel to the line y = 42 — 2.
b) perpendicular to the line 2y + z — 4 = 0.
4. Given the function f: y = —2? + 4z — 3.
a) Draw a graph of f, indicating all intercepts and turning points.
b) Find the equations of the tangents to f at:
i. the y-intercept of f.
ii. the turning point of f.
iii. the point where x = 4,25.
c) Draw the three tangents above on your graph of f.

d) Write down all observations about the three tangents to f.

5. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

1.28X7 2a.28X8 2b.28X9 3.28XB 4.28XC

@
www.everythingmaths.co.za m.everythingmaths.co.za
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6.5 Second derivative EMCH9

The second derivative of a function is the derivative of the first derivative and it indi-
cates the change in gradient of the original function. The sign of the second derivative
tells us if the gradient of the original function is increasing, decreasing or remaining
constant.

To determine the second derivative of the function f(z), we differentiate f'(x) using
the rules for differentiation. J

f'(x) = I

[/ ()]

We also use the following notation for determining the second derivative of y:
" d [dy:| d2y
Y

T dr |de] " da?

Worked example 16: Finding the second derivative

QUESTION

Calculate the second derivative for each of the following:

1. k(x) =223 — 42% + 9

2. y=2

x

SOLUTION

K (z) = 2(32?) — 4(2x) + 0

= 622 — 8z

k"(z) = 6(2x) — 8
=12z — 8

Chapter 6. Differential calculus
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Exercise 6 — 6: Second derivative

1. Calculate the second derivative for each of the following:

a) g(z) = 5z? e) k(z) = (2> +1)(z — 1)
b) y=82% - Tx f)p(:c)——glc—g

o f(z)=z(z—6)+10 g8) q(z) = /z + 5z?
dy=2>—a2>+2-1

2. Find the first and second derivatives of f(z) = 5z(2z + 3).
AP
3. Find - |6Va?).
4. Given the function g : y = (1 — 2z)3.
a) Determine ¢’ and ¢”.
b) What type of function is:
i. g
i. g”
c) Find the value of ¢” ().

d) What do you observe about the degree (highest power) of each of the de-
rived functions?

5. More questions. Sign in at Everything Maths online and click "Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

1a.28XD  1b.28XF  1c.28XG 1d.28XH 1le.28X) 1f. 28XK
1g.28XM  2.28XN  3.28XP  4.28XQ

@
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6.6 Sketching graphs EMCHB
Functions of the form y = ax® + bx? + cx + d EMCHC

Investigation: The effects of a on a cubic function

Complete the table below and plot the graphs of f(z) and g(x) on the same system of
axes.

Be careful to choose a suitable scale for the y-axis.

f(x) =22° —52° — 14z + 8 g(z) = —22° +52” + 14z — 8
T -3 =2 —1 0 1 2 3 4 5

f(x) 2

9(z) 25

6.6. Sketching graphs
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The effects of a on a cubic graph

a>0

a<0

Intercepts EMCHD

Investigation: Number of intercepts

Complete the table:

y=z+1 | y=2>—-2—6 | y=x23+2% 262 +24

Degree of function
Type of function
Factorised form

No. of z-intercepts

No. of y-intercepts

Worked example 17: Determining the intercepts

QUESTION

Given f (z) = —2® + 42 + x — 4, find the 2- and y-intercepts.

SOLUTION

Step 1: Determine the y-intercept
The y-intercept is obtained by letting = = 0:

y=—(0)° +4(0)* + (0) — 4
=4

This gives the point (0; —4).

Chapter 6. Differential calculus
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Step 2: Use the factor theorem to factorise the expression
We use the factor theorem to find a factor of f(z) by trial and error:
fzx)=—2*+42°>+ 2 —4
F1)=—(1)° +4(1)* + (1) — 4
=0
. (& —1) is a factor of f(z)

Factorise further by inspection:

f(@) = (z — 1)(—2% + 3z + 4)
= —(z — 1)(z® — 3z — 4)
=—(z—-1)(z+1)(z—4)

The z-intercepts are obtained by letting f(z) = 0:

0=—(z - 1)(z+1)(z - 4)
x=—-l,x=1lorx=4

This gives the points (—1;0), (1;0) and (4;0).

Exercise 6 — 7: Intercepts

1. Given the function f(z) = 23 + 2% — 10z + 8.

a) Determine the z- and y-intercepts of f(z).
b) Draw a rough sketch of the graph.
¢) Is the function increasing or decreasing at z = —5?

2. Determine the z- and y-intercepts for each of the following:

a) y=—x3— 522+ 9z + 45
by y=2%—-5322-Ix+1
o y=z3—22—12z+12
d) y=2%— 16z

)

3. Determine all intercepts for g(z) = 2 + 322 — 102 and draw a rough sketch of
the graph.

4. More questions. Sign in at Everything Maths online and click ‘Practise Maths’.

Check answers online with the exercise code below or click on ‘show me the answer’.

1.28XR 2a.28XS 2b. 28XT 2c.28XV 2d.28XW 2e. 28XX
3. 28XY

@
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Stationary points EMCHF

Investigation:

1. Complete the table below for the quadratic function f(z):
flx)=2>+22+1

x-value -3 -1 0 1 3
Gradient of f
Sign of gradient
Increasing function ()
Decreasing function (\,/
Maximum TP (N)
Minimum TP (U)

2. Use the table to draw a rough sketch of the graph of f(x).
3. Solve for z if f'(z) = 0.
4. Indicate solutions to f’(x) = 0 on the graph.
5. Complete the table below for the cubic function g(x):
g(z) = 22% + 32% — 12x
g@)=.........
z-value -3 -2 0 1 3
Gradient of g
Sign of gradient
Increasing function ()
Decreasing function (\,/
Maximum TP (N)
Minimum TP (U)
6. Use the table to draw a rough sketch of the graph of g(z).
7. Solve for z if ¢'(z) = 0.
8. Indicate solutions to ¢’(x) = 0 on the graph.
9. Complete the following sentence:
The derivative describes the ...... of a tangent to a curve at a given point and
we have seen thatthe ... ... of a curve at its stationary point(s) isequal to .. .. ...
Therefore, we can use ...... as a tool for finding the stationary points of the

graphs of quadratic and cubic functions.

To determine the coordinates of the stationary point(s) of f(z):

e Determine the derivative f’(x).
e Let f/(x) = 0 and solve for the z-coordinate(s) of the stationary point(s).

e Substitute value(s) of z into f(z) to calculate the y-coordinate(s) of the stationary
point(s).

Chapter 6. Differential calculus
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Worked example 18: Finding stationary points

QUESTION

Calculate the stationary points of the graph of p (z) = 23 — 622 4 92 — 4.

SOLUTION

Step 1: Determine the derivative of p ()
Using the rules of differentiation we get:

p (z) =32% — 12z + 9

Step 2: Let p’ () = 0 and solve for =

322 —1224+9=0

z2 -4z +3=0

(x—3)(z—1)=0
sx=1lorx=3

Therefore, the z-coordinates of the turning points are z = 1 and z = 3.

Step 3: Substitute the z-values into p (z)

We use the z-coordinates to calculate the corresponding y-coordinates of the stationary
points.

p(1)=(1)°-6(1)>+9(1) —4
—1-6+9—14
=0

p(3)=(3)°—6(3)"+9(3)—4
— 27544274
=4

Step 4: Write final answer
The turning points of the graph of p (z) = 2® — 622 + 92 — 4 are (1;0) and (3; —4).

6.6. Sketching graphs




Local maximum and local minimum

We have seen that the graph of a quadratic function can have either a minimum turning
point (“smile”) or a maximum turning point (“frown”).

N RN

Minimum function value Maximum function value

For cubic functions, we refer to the turning (or stationary) points of the graph as local
minimum or local maximum turning points. The diagram below shows local minimum
turning point A(1;0) and local maximum turning point B(3;4). These points are de-
scribed as a local (or relative) minimum and a local maximum because there are other
points on the graph with lower and higher function values.

Y
6 -
5 -
B
4 .
3 .
2 . -
1 4
A
i —t i —
-1 1 2 3 5
-1 4
Exercise 6 — 8: Stationary points
1. Use differentiation to determine the stationary point(s) for g(z) = —22 + 5x — 6.
2. Determine the 2-values of the stationary points for f(z) = —%23 + 222 4+ 624 5.

3. Find the coordinates of the stationary points of the following functions using the
rules of differentiation:

a) y=(z-1)°
b) y=2%—522+1
o y+Tr=1

4. More questions. Sign in at Everything Maths online and click 'Practise Maths’'.

Check answers online with the exercise code below or click on ‘show me the answer’.
1.28XZ 2.28Y2 3a.28Y3 3b.28Y4 3c.28Y5

O
www.everythingmaths.co.za m.everythingmaths.co.za
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Sketching cubic graphs EMCHG

General method for sketching cubic graphs:

1. Consider the sign of a and determine the general shape of the graph.
2. Determine the y-intercept by letting z = 0.

3. Determine the z-intercepts by factorising az® + bx? + cx + d = 0 and solving for
x.

4. Find the z-coordinates of the turning points of the function by letting f'(x) = 0
and solving for x.

5. Determine the y-coordinates of the turning points by substituting the z-values
into f ().

6. Plot the points and draw a smooth curve.

Worked example 19: Sketching cubic graphs

QUESTION

Sketch the graph of g (z) = 2® — 32% — 4x.

SOLUTION

Step 1: Determine the shape of the graph

The coefficient of the 2® term is greater than zero, therefore the graph will have the
following shape:

Step 2: Determine the intercepts
The y-intercept is obtained by letting x = 0:

9(0)=(0)* ~3(0)* - 4(0)
=0

This gives the point (0; 0).

The z-intercept is obtained by letting g(«) = 0 and solving for x:
0=2z3—322 -4z
= z(x? — 3z — 4)
=z(z—4)(z+1)
sx=—-1, x=0o0rx=4

This gives the points (—1;0), (0;0) and (4;0).

6.6. Sketching graphs
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Step 3: Calculate the stationary points
Find the z-coordinates of the stationary points by setting ¢’ () = 0:

g () =3x> —6x—4
0=3z"—6z—4
—(=6) £ /(=6)> — 4(3)(-4)
2(3)

6 £ /36 + 48
6
cox=253o0rz=—-0,53

Using the quadratic formula x =

Substitute these z-coordinates into g(x) to determine the corresponding y-coordinates:

g(z) = (2,53)> — 3(2,53)% — 4(2,53)
=—-13,13

g(x) = (=0,53)* — 3(—0,53)% — 4(—0,53)
=113

Therefore, the stationary points are (2,53; —13,13) and (—0,53; 1,13).

Step 4: Draw a neat sketch

y
(—0,53;1,13) I
—1/ 0 S 4 *
g
(2,53; —13,13)
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Concavity

Concavity indicates whether the gradient of a curve is increasing, decreasing or sta-
tionary.

Concave up, decreasing Concave up, increasing

D

Concave down, decreasing Concave down, increasing

e Concave up: the gradient of the curve increases as x increases.
e Concave down: the gradient of the curve decreases as x increases.
e Zero concavity: the gradient of the curve is constant.

The diagram below shows the graph of the cubic function k(z) = 2. The first deriva-
tive of k() is a quadratic function, k’(x) = 322 and the second derivative is a linear
function, k" (x) = 6.

y y

3+ k 3+ k

k/ 2 £+ 2 £

1+ 1 H
% % % % x % i x
-2 - 12 12

1 H
k//

Notice the following:

e k" (z) > 0, the graph is concave up.
e k"(x) <0, the graph is concave down.
e k() =0, change in concavity (point of inflection).

Points of inflection

This is the point where the concavity of a curve changes, as shown in the diagram
below. If ¢ < 0, then the concavity changes from concave up (purple) to concave
down (grey) and if ¢ > 0, concavity changes from concave down (blue) to concave
up (green). Unlike a turning point, the gradient of the curve on the left-hand side of

6.6. Sketching graphs




an inflection point (P and Q) has the same sign as the gradient of the curve on the
right-hand side.

a>0

a<0

A graph has a horizontal point of inflection where the derivative is zero but the sign of
the gradient of the curve does not change. That means the graph (shown below) will
continue to increase or decrease after the stationary point.

In the example above, the equation k’(z) = 322 indicates that the gradient of this curve
will always be positive (except where z = 0). Therefore, the stationary point is a point
of inflection.
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f: cubic function | f’: quadratic function | f”: linear function
(blue graph) (green graph) (red graph)

turning points — z-intercepts

point of inflection <+ turning point — x-intercept

Exercise 6 — 9: Concavity and points of inflection

Complete the following for each function:

Determine and discuss the change in gradient of the function.

Determine the concavity of the graph.

Find the inflection point.
e Draw a sketch of the graph.

~

1. f:
2. g(x
3. hiz— (xz—2)3
4. More questions. Sign in at Everything Maths online and click ‘Practise Maths’.

’

Check answers online with the exercise code below or click on ‘show me the answer’.
1.28Y6 2.28Y7 3.28Y8

0
www.everythingmaths.co.za m.everythingmaths.co.za
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Interpreting graphs

Worked example 20: Interpreting graphs

QUESTION

Consider the graph of the derivative of g(x).

—6

1. For which values of z is g(x) decreasing?
2. Determine the z-coordinate(s) of the turning point(s) of g(x).
3. Given that g(z) = az® + baz? + cz, calculate @, b and c.

SOLUTION

Step 1: Examine the parabolic graph and interpret the given information

We know that ¢’(x) describes the gradient of g(x). To determine where the cubic
function is decreasing, we must find the values of z for which ¢'(z) < 0:

{z: -2 <z < 1;2 € R} or we can write z € (—2;1)

L

—6

Step 2: Determine the z-coordinate(s) of the turning point(s)

To determine the turning points of a cubic function, we let ¢’(z) = 0 and solve for the
z-values. These z-values are the z-intercepts of the parabola and are indicated on the
given graph:

r=-2orz=1

Chapter 6. Differential calculus




Step 3: Determine the equation of g(x)

g(z) = az® + bx? + cx
g (z) = 3ax® +2bz +c

From the graph, we see that the y-intercept of ¢'(x) is —6.
c.c=—6
g (z) = 3az? + 2bx — 6
Substitute z = —2: ¢/(—2) = 3a(—2)? +2b(—2) — 6

0=12a—4b—6...... (1)
Substitute z = 1: ¢'(1) = 3a(1)® + 2b(1) — 6
0=3a+2b—6...... (2)

Eqn. (1) —4Eqn. (2): 0=0—12b+18

.b:_
.. 2

AndO:3a+2(g> -6

0=3a—-3

a=1

g(z) =2 + gazQ — 6z

x

® See video: 28VW at www.everythingmaths.co.za
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Exercise 6 — 10: Mixed exercises on cubic graphs

1. Given f (x) = 23 + 22 — 5z + 3.

a) Show that (x — 1) is a factor of f (x) and hence factorise f (z).
b) Determine the coordinates of the intercepts and the turning points.
c) Sketch the graph.

2. a) Sketch the graph of f (x) = —x3 + 422 + 11z — 30. Show all the turning
points and intercepts with the axes.

b) Given g(x) = 23 —42% — 112+ 30, sketch the graph of g without any further
calculations. Describe the method for drawing the graph.

3. The sketch shows the graph of a cubic function, f, with a turning point at (2;0),
going through (5;0) and (0; —20).

Y

f
2
~— T
0 5
A
—20

a) Find the equation of f.
b) Find the coordinates of turning point A.

4. a) Find the intercepts and stationary point(s) of f(z) = —%x3 + 2 and draw a
sketch of the graph.

b) For which values of = will:
i. f(z)<0
i. f'(x) <0
iii. f’(z) <0
Motivate each answer.

5. Use the information below to sketch a graph of each cubic function (do not find
the equations of the functions).

a)
o(=6) = g(-1,5) = 9(2) = 0
g(-4)=4¢'(1)=0
g (x)>0forz < —4orz>1
g (z)<0for —4<z<1
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for all z values except z = —1

6. The sketch below shows the curve of f(z) = —(x +2)(xz —1)(z — 6) with turning
points at C and F. AF is parallel to the z-axis.

Determine the following:

a) length OB
b) length OF
o) length EG
d) length OD
e) coordinates of C' and F
f) length AF

g) average gradient between F and
F

h) the equation of the tangent to the
graph at £ ¢

7. Given the graph of a cubic function with the stationary point (3;2), sketch the
graph of the derivative function if it is also given that the gradient of the graph is
—5atz =0.
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8. The sketch below shows the graph of h/(z) with z-intercepts at —5 and 1.
Draw a sketch graph of h(x) if h(—5) = 2 and k(1) = 6.

y

h

T 0

9. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

1.28Y9 2.28YB 3.28YC 4.28YD 5a.28YF 5b.28YG
6.28YH 7.28Y] 8.28YK

O
\ www.everythingmaths.co.za m.everythingmaths.co.za
6.7 Applications of differential calculus EMCHH
Optimisation problems EMCH]J

We have seen that differential calculus can be used to determine the stationary points
of functions, in order to sketch their graphs. Calculating stationary points also lends
itself to the solving of problems that require some variable to be maximised or min-
imised. These are referred to as optimisation problems.

The fuel used by a car is defined by f (v) = 83112 — 6v + 245, where v is the travelling
speed in km/h.

What is the most economical speed of the car? In other words, determine the speed of
the car which uses the least amount of fuel.

If we draw the graph of this function we find that the graph has a minimum. The speed
at the minimum would then give the most economical speed.

0 e e e L e e e e e I B m
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
speed (km/h)
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We have seen that the coordinates of the turning point can be calculated by differenti-
ating the function and finding the z-coordinate (speed in the case of the example) for

which the derivative is 0. 5
! —_ —
)= 107 6

If we set f' (v) = 0 we can calculate the speed that corresponds to the turning point:

3
f’(v)zﬁv—ﬁ

3
0—4*0’0*6
6 x 40

v =
3
=80

This means that the most economical speed is 80 km/h.

Finding the optimum point:
Let f/(x) = 0 and solve for z to find the optimum point.
To check whether the optimum point at z = a is a local minimum or a local maximum,
we find f(z):
e If f”(a) <0, then the point is a local maximum.
o If f”(a) > 0, then the point is a local minimum.

Worked example 21: Optimisation problems

QUESTION

The sum of two positive numbers is 10. One of the numbers is multiplied by the square
of the other. If each number is greater than 0, find the numbers that make this product
a maximum.

Draw a graph to illustrate the answer.

SOLUTION

Step 1: Analyse the problem and formulate the equations that are required
Let the two numbers be a and b and the product be P.

Make b the subject of equation (1) and substitute into equation (2):
P=a(10—a)®
= a (100 — 20a + a?)
. P(a) = 100a — 20a® + a*
Step 2: Differentiate with respect to a

P’ (a) = 100 — 40a + 3a*
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Step 3: Determine the stationary points by letting P’'(a) = 0
We find the value of a which makes P a maximum:

P’ (a) = 3a® — 40a + 100
0= (3a — 10)(a — 10)

10
sa=10 = —
a ora=—

Substitute into the equation (1) to solve for b:

Ifa=10: b=10—-10
=0 (butb > 0)

.. no solution

10 10
fa=—: b=10—- —
“=73 3
20
3

Step 4: Determine the second derivative P”(a)
10

We check that the point (12; 22) is a local maximum by showing that P (12) < 0:

P" (a) = 6a — 40
10 10
P =) =6(—=)—40
(3)-(5)
=20—-40
=—-20

Step 5: Write the final answer
The product is maximised when the two numbers are 1?0 and %.

Step 6: Draw a graph
To draw a rough sketch of the graph we need to calculate where the graph intersects
with the axes and the maximum and minimum function values of the turning points:

Intercepts:

P(a) = a® — 20a® + 100a
=a(a —10)?
Let P(a) = 0: (0;0) and (10;0)

Turning points:
P'(a)=0

10
.a=—ora=10
a 3 a
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P(a) 10,
Maximum and minimum function (57148)
values:
10 20
i —:— ) = ab®
Substitute ( 373 ) a
_ (10 [20)\?
3 3
_ 4000 p
27
~ 148
(A maximum turning point)
Substitute (0;10) : P = ab?
_ 2 a
(10) (0) 0 10
=0
(A minimum turning point)

Note: the above diagram is not drawn to scale.

Worked example 22: Optimisation problems

QUESTION

Michael wants to start a vegetable garden, which he decides to fence off in the shape
of a rectangle from the rest of the garden. Michael has only 160 m of fencing, so he
decides to use a wall as one border of the vegetable garden. Calculate the width and
length of the garden that corresponds to the largest possible area that Michael can
fence off.

width, w

SOLUTION

Step 1: Examine the problem and formulate the equations that are required

The important pieces of information given are related to the area and modified perime-
ter of the garden. We know that the area of the garden is given by the formula:

Area = w X [

6.7. Applications of differential calculus




The fencing is only required for 3 sides and the three sides must add up to 160 m.

160 =w+1+1

Rearrange the formula to make w the subject of the formula:

w = 160 — 2!

Substitute the expression for w into the formula for the area of the garden. Notice that
this formula now contains only one unknown variable.

Area = [(160 — 21)
=160l — 2%

Step 2: Differentiate with respect to [

We are interested in maximising the area of the garden, so we differentiate to get the
following:

dA
— =A"=160—14
7 60 — 41

Step 3: Calculate the stationary point

To find the stationary point, we set A’ (I) = 0 and solve for the value(s) of [ that
maximises the area:

A’ (1) = 160 — 4l
0= 160 — 4l
41 =160
- 1=40

Therefore, the length of the garden is 40 m.

Substitute to solve for the width:

w =160 — 21
=160 — 2 (40)
=160 — 80
=80

Therefore, the width of the garden is 80 m.

Step 4: Determine the second derivative A" (1)
We can check that this gives a maximum area by showing that A” (1) < 0:

A" (1) = -4

Step 5: Write the final answer
A width of 80 m and a length of 40 m will give the maximum area for the garden.
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Important note:

The quantity that is to be minimised or maximised must be expressed in terms of only
one variable. To find the optimised solution we need to determine the derivative and
we only know how to differentiate with respect to one variable (more complex rules
for differentiation are studied at university level).

Exercise 6 — 11: Solving optimisation problems

1. The sum of two positive numbers is 20. One of the numbers is multiplied by the
square of the other. Find the numbers that make this product a maximum.

2. A wooden block is made as shown in the diagram. The ends are right-angled
triangles having sides 3z, 4z and 5z. The length of the block is y. The total
surface area of the block is 3600 cm?.

3z 4z
I
| 5%
I
I
I
I
: Yy
I
~
7 =
7 \\
~
~
~
=
S~

a) Show that y = M.
b) Find the value of = for which the block will have a maximum volume.
(Volume = area of base x height)

3. Determine the shortest vertical distance between the curves of f and g if it is
given that:
flx)=-2*+22+3

andg(x)zg, x>0
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4. The diagram shows the plan for a verandah which is to be built on the corner of
a cottage. A railing ABCDE is to be constructed around the four edges of the

verandah.
Yy
€X
verandah

ar
p O O F

A

cottage

If AB = DE = x and BC = CD = y, and the length of the railing must be
30 m, find the values of = and y for which the verandah will have a maximum
area.

5. A rectangular juice container, made from cardboard, has a square base and holds
750 cm? of juice. The container has a specially designed top that folds to close
the container. The cardboard needed to fold the top of the container is twice the
cardboard needed for the base, which only needs a single layer of cardboard.

I
I
|
I
I
I
I
I
I
I
b |---

a) If the length of the sides of the base is  cm, show that the total area of the
cardboard needed for one container is given by:

. 3000
A(in square centimetres) = — + 32°

b) Determine the dimensions of the container so that the area of the cardboard
used is minimised.

6. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

1.28YN 2a.28YP 2b.28YQ 3.28YR 4.28YS 5a.28YT
5b. 28YV

@
2\ www.everythingmaths.co.za m.everythingmaths.co.za
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Rates of change EMCHK

It is very useful to determine how fast (the rate at which) things are changing. Mathe-
matically we can represent change in different ways. For example we can use algebraic
formulae or graphs.

Graphs give a visual representation of the rate at which the function values change
as the independent (input) variable changes. This rate of change is described by the
gradient of the graph and can therefore be determined by calculating the derivative.

We have learnt how to determine the average gradient of a curve and how to determine
the gradient of a curve at a given point. These concepts are also referred to as the
average rate of change and the instantaneous rate of change.

fle+h) = [(x)
(x4+h)—2a

Instantaneous rate of change = lim flath) - f@
h—0 h

Average rate of change =

When we mention rate of change, the instantaneous rate of change (the derivative) is
implied. When average rate of change is required, it will be specifically referred to as
average rate of change.

Velocity is one of the most common forms of rate of change:

Average velocity = Average rate of change

Instantaneous velocity = Instantaneous rate of change
= Derivative

Velocity refers to the change in distance (s) for a corresponding change in time (¢).
ds
t)y=—=5"(t
o(t) =5 =5 0)

Acceleration is the change in velocity for a corresponding change in time. Therefore,
acceleration is the derivative of velocity

This implies that acceleration is the second derivative of the distance.

a(t) =s"(t)

6.7. Applications of differential calculus
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Worked example 23: Rate of change

QUESTION

The height (in metres) of a golf ball ¢ seconds after it has been hit into the air, is given
by H (t) = 20t — 5t. Determine the following:

The average vertical velocity of the ball during the first two seconds.
The vertical velocity of the ball after 1,5 s.

The time at which the vertical velocity is zero.

The vertical velocity with which the ball hits the ground.

S

The acceleration of the ball.

SOLUTION

Step 1: Determine the average vertical velocity during the first two seconds

H (2) — H (0)
2-0
[202) - 5@°] - [20(0) - 5(0)?]
2

Vave

~40-20
2
=10 m.s™

1

Step 2: Calculate the instantaneous vertical velocity

v (t) = H'(t)
_dH
T odt
=20 — 10t

Velocity after 1,5 s:

v(1,5) =20 —10(1,5)

=5m.s !

Step 3: Determine the time at which the vertical velocity is zero

v(t) =0
20—-10t =0
10t = 20
=

Therefore, the velocity is zero after 2 s
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Step 4: Find the vertical velocity with which the ball hits the ground
The ball hits the ground when H (¢) = 0

20t — 5t =0
5t(4—1t) =0
t=0ort=4

The ball hits the ground after 4 s. The velocity after 4 s will be:

v(4)=H'(4)
=20—10(4)

=—-20m.s !

The ball hits the ground at a speed of 20 m.s~!. Notice that the sign of the velocity is
negative which means that the ball is moving downward (a positive velocity is used for
upwards motion).

Step 5: Acceleration

a=v'(t)=H"(t)
=—10

sa=—10m.s™2

Just because gravity is constant does not mean we should necessarily think of acceler-
ation as a constant. We should still consider it a function.

Exercise 6 — 12: Rates of change

1. A pump is connected to a water reservoir. The volume of the water is controlled
by the pump and is given by the formula:
V(d) = 64 + 44d — 3d*
where V = volume in kilolitres
d = days

a) Determine the rate of change of the volume of the reservoir with respect to
time after 8 days.

b) Is the volume of the water increasing or decreasing at the end of 8 days.
Explain your answer.

c) After how many days will the reservoir be empty?
d) When will the amount of water be at a maximum?
e) Calculate the maximum volume.

f) Draw a graph of V(d).
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2. A soccer ball is kicked vertically into the air and its motion is represented by the

equation:
D(t) =1+ 18t — 3¢
where D = distance above the ground (in metres)
t = time elapsed (in seconds)
a) Determine the initial height of the ball at the moment it is being kicked.

)
) Find the initial velocity of the ball.
c) Determine the velocity of the ball after 1,5 s.
) Calculate the maximum height of the ball.
)

Determine the acceleration of the ball after 1 second and explain the mean-
ing of the answer.

f) Calculate the average velocity of the ball during the third second.
) Determine the velocity of the ball after 3 seconds and interpret the answer.
h) How long will it take for the ball to hit the ground?
) Determine the velocity of the ball when it hits the ground.
3. If the displacement s (in metres) of a particle at time ¢ (in seconds) is governed
by the equation s = %t3 — 2t, find its acceleration after 2 seconds.
4. During an experiment the temperature T (in degrees Celsius) varies with time ¢
(in hours) according to the formula: T (t) = 30 + 4t — 42, ¢ € [1;10].
a) Determine an expression for the rate of change of temperature with time.
b) During which time interval was the temperature dropping?

5. More questions. Sign in at Everything Maths online and click ‘Practise Maths’.

Check answers online with the exercise code below or click on ‘show me the answer’.

1.28YW  2a.28YX 2b.28YY 2c.28YZ 2d.287Z2 2e.2873
2f. 2824  2g. 28Z5 2h.287Z6  2i.28Z7 3.2878 4a. 2879
4b. 28ZB

0
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6.8 Summary EMCHM

e The limit of a function exists and is equal to L if the values of f(z) get closer to
L from both sides as x gets closer to a.

lim f(z) =1L

r—a

Average gradient or average rate of change:

flz+h) - f(=z)
h

Average gradient =

Gradient at a point or instantaneous rate of change:

fle+h) - f(x)

7o) = fim L
e Notation
dy df  d
Foy=y =2 =T = @) =Ds @) =Duy

Differentiating from first principles:

J'(z) = lim

fleth) = f(x)
h

Rules for differentiation:

General rule for differentiation:
d

dr

[2"] = nz™"!, wheren € Rand n # 0.

The derivative of a constant is equal to zero.

d
= [k =0

The derivative of a constant multiplied by a function is equal to the constant
multiplied by the derivative of the function.

d d

dr k. f(2)] = k% [f (z)]

The derivative of a sum is equal to the sum of the derivatives.

L @)+ g @) = - [f @) + g (@)

The derivative of a difference is equal to the difference of the derivatives.

@) g @] = - [ @]~ g (@)

o Second derivative: () d [f(2)]

o Sketching graphs:
The gradient of the curve and the tangent to the curve at stationary points is zero.
Finding the stationary points: let f'(z) = 0 and solve for «.
A stationary point can either be a local maximum, a local minimum or a point
of inflection.

e Optimisation problems:

Use the given information to formulate an expression that contains only one
variable.

Differentiate the expression, let the derivative equal zero and solve the equation.
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Exercise 6 — 13: End of chapter exercises

—=

11.

12.

. Determine f’ (z) from first principles if f (z) = 22 — x*.
. Given f (z) = 1 + 3, find f’ () using the definition of the derivative.

1
. Calculate: lim

. Given: y ==z

2

23

rz—1 — T

Determine % if:

a) y=(x+2)(7—5z)
b) ?12829;:11

0 y=(22)" - o

d) y— 252

. Given: f(z) =222 —x

a) Use the definition of the derivative to calculate f’ (z).
b) Hence, calculate the coordinates of the point at which the gradient of the
tangent to the graph of f is 7.
Ifg(z) = (272 + x2)2, calculate ¢’ (2).
Given: f (z) =2z -3
a) Find =1 (2).
b) Solve f=!(x) = 3f' (x).

Find the derivative for each of the following:
a) p(t) = L2 + 10
b) k(n) = 3 =3)6n+2)

n2

_ 3 fmm &
If vy — 5 = V3, determine 2.
3

a) Determine dy
dx
b) Fmd @
c) Show that % X g—z =1.

Given: f (z) = 23 — 32% + 4
Calculate f (—1).
Hence, solve f () = 0.
Determine f' (z).

Sketch the graph of f, showing the coordinates of the turning points and
the intercepts on both axes.

O O o

)
)
)
)

o

e) Determine the coordinates of the points on the graph of f where the gradi-
entis 9.

f) Draw the graph of f/(z) on the same system of axes.
g) Determine f”(z) and use this to make conclusions about the concavity of
I
Given f (z) = 223 — 522 — 42 + 3.
a) If f(—1) = 0, determine the a-intercepts of f.
b) Determine the coordinates of the turning points of f.
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c) Draw a sketch graph of f. Clearly indicate the coordinates of the turning
points and the intercepts with the axes.

d) For which value(s) of k£ will the equation f (x) = k have three real roots of

which two are equal?

e) Determine the equation of the tangent to the graph of f (z) = 223 — 522 —
4z + 3 at the point where z = 1.

13. Given the function f(z) = 23 + bx? + cx + d with y-intercept (0; 26), z-intercept
(—2;0) and a point of inflection at z = —3.

a) Show by calculation thatb = 9, ¢ = 27 and d = 26.
b) Find the y-coordinate of the point of inflection.

)

)
c) Draw the graph of f.
d) Discuss the gradient of f.
)

e) Discuss the concavity of f.
14. The sketch shows the graph of ¢'(z).
Y

—1Y 3
-2

a) Identify the stationary points of the cubic function, g(z).

b) What is the gradient of function g where x = 0.
o) If it is further given that g(z) has only two real roots, draw a rough sketch
of g(x) . Intercept values do not need to be shown.
15. Given that h(z) is a linear function with h(2) = 11 and A/(2) = —1, find the
equation of h(z).
16. The graphs of f and g and the following points are given below:
A(=3;0) B(3;0) C(—1;-32) D(0;—-27) E(2;y)
Y
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a) Use the graphs and determine the values of x for which:

i. f(z) is a decreasing function.
ii. f(z).g(z)>0.
iii. f'(x) and g(z) are both negative.
b) Given f(x) = —a® + 322 + 92 — 27, determine the equation of the tangent
to f at the point E(2;y).
c) Find the coordinates of the point(s) where the tangent in the question above
meets the graph of f again.

d) Without any calculations, give the z-intercepts of the graph of f/(z). Ex-
plain reasoning.

17.  a) Sketch the graph of f (z) = 23 — 922 + 24z — 20, show all intercepts with
the axes and turning points.

b) Find the equation of the tangent to f (z) at z = 4.
c) Determine the point of inflection and discuss the concavity of f.
18. Determine the minimum value of the sum of a positive number and its reciprocal.

19. t minutes after a kettle starts to boil, the height of the water in the kettle is given
by d = 86 — gt — +t3, where d is measured in millimetres.

a) Calculate the height of the water level in the kettle just before it starts to
boil.

b) As the water boils, the water level in the kettle decreases. Determine the
rate at which the water level is decreasing when ¢ = 2 minutes.

c¢) How many minutes after the kettle starts to boil will the water level be
decreasing at a rate of 124 mm per minute?

20. The displacement of a moving object is represented by the equation:

4
D(t) = §t""’ — 3t
where D = distance travelled in metres
t = time in seconds

Calculate the acceleration of the object after 3 seconds.

21. In the figure PQ is the diameter of the semi-circle PRQ. The sum of the lengths
of PR and QR is 10 units. Calculate the perimeter of APQR when APQR
covers the maximum area in the semi-circle. Leave the answer in simplified surd
form.
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22. The capacity of a cylindrical water tank is 1000 litres. Let the height be H and
the radius be r. The material used for the bottom of the tank is twice as thick
and also twice as expensive as the material used for the curved part of the tank
and the top of the tank.

Remember: 1000 ¢ = 1 m3

T

b) Show that the cost of the material for the tank can be expressed as:

a) Express H in terms of r.

2
C=3mr?+=
r
c) Determine the diameter of the tank that gives the minimum cost of the
materials.
[IEB, 2006]

23. The diameter of an icecream cone is d and the vertical height is h. The sum of
the diameter and the height of the cone is 10 cm.

a) Determine the volume of the cone in terms of h and d.
(Volume of a cone: V = 1rr3h)

b) Determine the radius and height of the cone for the volume to be a maxi-
mum.

c) Calculate the maximum volume of the cone.

24. A water reservoir has both an inlet and an outlet pipe to regulate the depth of the
water in the reservoir. The depth is given by the function:

1 1
D(h) =3+ 3h- Zh3
where D = depth in metres
h = hours after 06h00
a) Determine the rate at which the depth of the water is changing at 10h00.
b) Is the depth of the water increasing or decreasing?
c) At what time will the inflow of water be the same as the outflow?
[IEB, 2006]
25. More questions. Sign in at Everything Maths online and click 'Practise Maths'.
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Check answers online with the exercise code below or click on ‘show me the answer’.

1. 28ZC 2.287D 3. 28ZF 4a. 287G 4b. 28ZH 4c. 287
4d. 28ZK 5a. 28ZM 5b. 28ZN 6. 28ZP 7a.287Q  7b. 28ZR
8a. 287S 8b. 28ZT 9.28ZV  10a.28ZW 10b. 28ZX  10c. 28ZY
11a.28ZZ 11b. 2922 11c. 2923  11d. 2924 11e. 2925 11f. 2926
11g.2927 12a.2928 12b.2929 12¢.292B  12d.292C 12e.292D
13a. 292F  13b. 292G 13c.292H 13d. 292) 13e. 292K  14a. 292M
14b. 292N 14c. 292P 15.292Q 16a.292R  16b. 292S  16c. 292T
16d. 292V 17.292W  18.292X  19a.292Y  19b.292Z 19c. 2932

20. 2933 21.2934  22a.2935 22b.2936  22c. 2937  23a.2938
23b. 2939  23c.293B  24a.293C  24b. 293D  24c. 293F

@
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Chapter 6. Differential calculus



http://www.everythingmaths.co.za/@@emas.search?SearchableText=28ZC
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28ZD
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28ZF
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28ZG
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28ZH
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28ZJ
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28ZK
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28ZM
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28ZN
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28ZP
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28ZQ
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28ZR
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28ZS
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28ZT
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28ZV
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28ZW
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28ZX
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28ZY
http://www.everythingmaths.co.za/@@emas.search?SearchableText=28ZZ
http://www.everythingmaths.co.za/@@emas.search?SearchableText=2922
http://www.everythingmaths.co.za/@@emas.search?SearchableText=2923
http://www.everythingmaths.co.za/@@emas.search?SearchableText=2924
http://www.everythingmaths.co.za/@@emas.search?SearchableText=2925
http://www.everythingmaths.co.za/@@emas.search?SearchableText=2926
http://www.everythingmaths.co.za/@@emas.search?SearchableText=2927
http://www.everythingmaths.co.za/@@emas.search?SearchableText=2928
http://www.everythingmaths.co.za/@@emas.search?SearchableText=2929
http://www.everythingmaths.co.za/@@emas.search?SearchableText=292B
http://www.everythingmaths.co.za/@@emas.search?SearchableText=292C
http://www.everythingmaths.co.za/@@emas.search?SearchableText=292D
http://www.everythingmaths.co.za/@@emas.search?SearchableText=292F
http://www.everythingmaths.co.za/@@emas.search?SearchableText=292G
http://www.everythingmaths.co.za/@@emas.search?SearchableText=292H
http://www.everythingmaths.co.za/@@emas.search?SearchableText=292J
http://www.everythingmaths.co.za/@@emas.search?SearchableText=292K
http://www.everythingmaths.co.za/@@emas.search?SearchableText=292M
http://www.everythingmaths.co.za/@@emas.search?SearchableText=292N
http://www.everythingmaths.co.za/@@emas.search?SearchableText=292P
http://www.everythingmaths.co.za/@@emas.search?SearchableText=292Q
http://www.everythingmaths.co.za/@@emas.search?SearchableText=292R
http://www.everythingmaths.co.za/@@emas.search?SearchableText=292S
http://www.everythingmaths.co.za/@@emas.search?SearchableText=292T
http://www.everythingmaths.co.za/@@emas.search?SearchableText=292V
http://www.everythingmaths.co.za/@@emas.search?SearchableText=292W
http://www.everythingmaths.co.za/@@emas.search?SearchableText=292X
http://www.everythingmaths.co.za/@@emas.search?SearchableText=292Y
http://www.everythingmaths.co.za/@@emas.search?SearchableText=292Z
http://www.everythingmaths.co.za/@@emas.search?SearchableText=2932
http://www.everythingmaths.co.za/@@emas.search?SearchableText=2933
http://www.everythingmaths.co.za/@@emas.search?SearchableText=2934
http://www.everythingmaths.co.za/@@emas.search?SearchableText=2935
http://www.everythingmaths.co.za/@@emas.search?SearchableText=2936
http://www.everythingmaths.co.za/@@emas.search?SearchableText=2937
http://www.everythingmaths.co.za/@@emas.search?SearchableText=2938
http://www.everythingmaths.co.za/@@emas.search?SearchableText=2939
http://www.everythingmaths.co.za/@@emas.search?SearchableText=293B
http://www.everythingmaths.co.za/@@emas.search?SearchableText=293C
http://www.everythingmaths.co.za/@@emas.search?SearchableText=293D
http://www.everythingmaths.co.za/@@emas.search?SearchableText=293F
www.everythingmaths.co.za
m.everythingmaths.co.za




CHAPTER

Analytical geometry

Revision

Equation of a circle

Equation of a tangent to a circle

Summary




7  Analytical geometry

7.1 Revision EMCHN
Straight line equations EMCHP
Yy B(xz;y2)
»
K
M(z;y) -
: z
0 :
@ e r
A(z1391) C(z2;91)
Theorem of Pythagoras: AB? = AC? + BC?
Distance formula: AB = \/(z2 — 21)% + (y2 — 11)?
Gradient: map = i;:gll or map = i’i:zz
Mid-point of a line segment: M (zyy) = (fee; ntyz)
Points on a straight line: MAB = MAM = MMB

g

/ (2 95)

Y—Uy _ Y2 — Y1

r — I To — X1 / 0
(z1391)

Two-point form:

T

(z1591)

Gradient-point form: | y —y; = m(x — x1)

Gradient-intercept

form: y=mz+c

0 x
(z1;11)
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Horizontal lines:

Vertical lines:

Worked example 1: Revision

QUESTION

Given quadrilateral PQRS with vertices P(0;3), Q(4;3), R(5; —1) and S(1;—1).
1. Determine the equation of the lines P.S and QR.
2. Show that PS || QR.

3. Calculate the lengths of P.S and QR.

4. Determine the equation of the diagonal @S.
5. What type of quadrilateral is PQR.S?

SOLUTION

Step 1: Draw a sketch

Yy
4,
P Q
3¢ -~~~ ~~~—--- B
\ \
\ \
2k \
\ \
\ \
1F \
\ \
\ \
L L \ T
-1 0 V1 2 3 4 \5
\ \
—1 - - - - - - — - - - BY
S R
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Step 2: Use the given information to determine the equation of lines P.S and QR

Y2 — Y1
T2 — T1

Gradient: m =

Yy=—%h _Y%2"0
r — X Xo — I

Two-point form:

Gradient-intercept form: y = mz + ¢

Determine the equation of the line P.S using the two point form of the straight line
equation:
=0 p=3 w=L yp=-1

Yy— WU Y2 — Y1
r — X Xo — I
y—3 —-1-3

z—0 1-0
y—3:_4
T
y—3=—4x
Sy=—4x+3

Determine the equation of the line QR using the gradient-intercept form of the straight
line equation:

Y2 — Y1
el
-1-3
" 5-4
—4
-1
=—4
Yy =mx+c
y=—4r+c
Substitute (4;3) 3= —4(4) +¢
s.c=19
y=—4x + 19

There is often more than one method for determining the equation of a line. The
different forms of the straight line equation are used, depending on the information
provided in the problem.

Step 3: Show that line PS and line QR have equal gradients

y=—4xr+3
C.mps = —4
And y = —4x + 19
S.mor = —4

.Mmps = MQR
.. PS| QR

7.1. Revision




Step 4: Use the distance formula to determine the lengths of PS and QR

PS = /(@ —21)° + (32 — 1n)? QR = /(22— 21> + (4 — 1)’
=¢u—0f+04—$2 =¢®—4F+@4—$2
=1+ (-4 =/1+(-4)?
= V17 units = /17 units

Step 5: Determine the equation of the diagonal QS

Determine the gradient of the line:

Y2 —

T2 — X1

-1-3
1-4

—4

-3

mQS =

Use gradient and the point Q(4; 3) to determine the equation of the line @S:

y—y1=m($—$1)

4
y—y1=§($—ﬂ71)
4
Substitute (4;3) y—3 = g(x —4)
4 16
4, 16
VST
4T
V=373

Step 6: Examine the properties of quadrilateral PQRS

We have shown that PS || QR and PS = QR, therefore quadrilateral PQRS is a
parallelogram (one pair of opposite sides equal and parallel).

Exercise 7 — 1: Revision

1. Determine the following for the line segment between the given points:

e length e gradient

e mid-point e equation

a) (—2;—4) and (3;11) c) (h;—h — k) and (2k; h — 5k)
b) (—5;—3) and (10;6) d) (2;9) and (0;—1)
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2. The line joining A(x;y) and B(—3;6) has the mid-point M (2; 3). Determine the
values of = and .

3. Given F(2;11), G(—4;r) and length FG = 6+/5 units, determine the value(s) of
r.

4. Determine the equation of the straight line:

a) passing through the point (3;4) and (1;5).

(=3

) passing through the points (2; —3) and (—1;0).
) passing through the point (9;1) and with m = 1.
) parallel to the z-axis and passing through the point (0; —4).

o 0

e) passing through the point (%; —1) and with m = —4.

f) perpendicular to the z-axis and passing through the point (5; 0).
with undefined gradient and passing through the point (3;0).
with m = 2p and passing through the point (3; 6p + 3).

which cuts the y-axis at y = —2 and with m = 4.

@

/5 (—2;10)

(—2;-2) ’ \

5. More questions. Sign in at Everything Maths online and click 'Practise Maths’.

Check answers online with the exercise code below or click on ‘show me the answer’.
1a.293) 1b. 293K 1c.293M 1d.293N 2. 293P 3.293Q
4a. 293R  4b. 293S  4c.293T 4d. 293V  4e. 293W  4f. 293X
4g.293Y 4h.293Z 4i. 2942 4j. 2943  4k. 2944 4]. 2945

@
www.everythingmaths.co.za m.everythingmaths.co.za
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Inclination of a line EMCHQ

The diagram shows a straight line which forms an acute angle 8 with the positive z-axis.
This is called the angle of inclination of a straight line.

The gradient of a straight line is equal to the tangent of the angle formed between the
line and the positive direction of the z-axis.

m = tan 0 for 0° < 6 < 180°

m >0

\ m <0
4 X

)z Aol
/ T\

6 is an acute angle 6 is an obtuse angle

Lines with positive gradients
A line with a positive gradient (m > 0) has an acute angle of inclination (0° < 6 < 90°).

For example, we can determine the angle of inclination of a line with m = 1,2:

tanf =m
=12
o0 =tan"1(1,2)
= 50,2°
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Lines with negative gradients

If we are calculating the angle of inclination of a line with a negative gradient (m < 0),
then we add 180° to change the negative angle to an obtuse angle (90° < 6 < 180°).

For example, we can determine the angle of inclination for a line with m = —0,7:

180° + (—35°) = 145°

<

tanf = m
— 0,7
-0 =tan"*(—0,7)
= —-35,0°
Obtuse angle: § = —35,0° 4 180°
= 145°

Worked example 2: Inclination of a straight line

QUESTION

—35°

Determine the acute angle (correct to 1 decimal place) between the line passing
through the points P(—2;0) and Q(3;1) and the straight line y = — 42 + 5.

SOLUTION

Step 1: Draw a sketch

Draw the line through points P(—2;0) and Q(3;1) and the line y = —3z + 5 on a
suitable system of axes. Label o and 3, the angles of inclination of the two lines. Label

0, the acute angle between the two straight lines.
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Notice that o and 6 are acute angles and f is an obtuse angle.

v =180° — 8 (£ on str. line)
and 0 = a + v (ext. Z of A = sum int. opp)
o0 =a+(180° - B)

—180° + o — 3

Step 2: Use the gradient to determine the angle of inclination 3

From the equation y = —4z + 5 we see that m < 0, therefore # is an obtuse angle.
4
m=—-
3
4
tanf = ——
an (8 3
4
=tan ! [ —=
£ = tan ( 3)
= —53,1°
B =—531°+ 180°
= 126,9°

Step 3: Determine the gradient and angle of inclination of the line through P and @
Determine the gradient

m— yp — Yq

rTp —IQ
-1
- =5

Determine the angle of inclination

tana = m

Step 4: Write the final answer

9 =180°+a—f
= 180° + 11,3° — 126,9°
= 64,4°

The acute angle between the two straight lines is 64,4°.
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Parallel and perpendicular lines EMCHR

Y

Parallel lines / myp = mso 01 =0,
01 x

Perpendicular

lines mi X mg = —1 61 = 90° + 64

ANARN

Worked example 3: Parallel lines

QUESTION

Line AB passes through the point A(0; 3) and has an angle of inclination of 153,4°.
1. Determine the equation of line C'D which passes through the point C(2; —3)
and is parallel to AB.

2. Determine the equation of line EF, which passes through the origin and is per-
pendicular to both AB and CD.

3. Sketch lines AB, CD and EF on the same system of axes.
4. Use two different methods to determine the angle of inclination of EF.

SOLUTION

Step 1: Draw a rough sketch and use the angle of inclination to determine the equa-
tion of CD Y

403

\QQ; —3)

map = tan 6
= tan 153,4°
=-0,5

Revision
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Since we are given AB || CD,

1
mgp =map =—0,5==2

Z/—ylzm(ﬂﬁ—wl)

1
Yy—y = —§($—5U1)

Substitute the given point (2; —3):

y—(-3) = -5 -2)
+3= = +1
Y =37
1
y——ix—Q

Step 2: Determine the equation of EF
EF is perpendicular to AB, therefore the product of their gradients is equal to —1:

map X mgp = —1
1
—— Xmgp = —1
9 EF
C.MmER =2

We know line E'F passes through (0; 0), therefore the equation of the line is:
y =2z

Step 3: Determine the angle of inclination of EF’
Let the angle of inclination of EF be §.

Method 1: Method 2:
B = 153,4° — 90° m=2
= 63,4° tan 5 = 2
B =63,4°
Step 4: Draw a sketch Yy
4+ E
A(0;3)
\3
y=-1z+3
2 i
1 i
IR /) VI < VI
—4 ™8 -2 -1 12 03 4 5 6%
D T B
2
y=2/ -3+ C(2-3)
AT y=—-1z-2
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Exercise 7 — 2: Inclination of a straight line

1. Determine the angle of inclination (correct to 1 decimal place) for each of the

following:
a) aline withm =2
b) 6 +x =2y
c) the line passes through the points (—4;0) and (2;6)
d y=4
e) a line with a gradient of 1,733
f)
Yy
-3
x
0 6~
g h)
Y Y
(1;43)
(2;3)
0 T
0
—9 0 a2
-9 0

2. Find the angle between the line 2y = 5z and the line passing through points
T(2;1%) and V(-3;3).

3. Determine the equation of the straight line that passes through the point (1;2)
and is parallel to the line y + 3z = 1.

4. Determine the equation of the straight line that passes through the point (—4; —4)
and is parallel to the line with angle of inclination § = 56,31°.

5. Determine the equation of the straight line that passes through the point (1; —6)
and is perpendicular to the line 5y = x.

6. Determine the equation of the straight line that passes through the point (3; —1)
and is perpendicular to the line with angle of inclination 8 = 135°.

. A(2;3), B(—4;0) and C(5; —3) are the vertices of AABC' in the Cartesian plane.
AC intersects the z-axis at D. Draw a sketch and determine the following:

N

a) the equation of line AC
b) the coordinates of point D
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c) the angle of inclination of AC

d) the gradient of line AB

e) BAC

f) the equation of the line perpendicular to AB and passing through the origin
g) the mid-point M of BC

h) the equation of the line parallel to AC' and passing through point M

8. Points F'(—3;5), G(—7;—4) and H(2;0) are given.
a) Plot the points on the Cartesian plane.

b) Determine the coordinates of I if FGHI is a parallelogram.
c) Prove that FGHI is a rhombus.

9. Given points S(2;5), T'(—3; —4) and V' (4; —2).
a) Show that the equation of the line ST is 5y = 9z + 7.
b) Determine the size of TSV .

10. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.
Ta. 2946  1b. 2947 1c.2948 1d.2949 1e.294B 1f. 294C
1g. 294D 1h. 294F 2. 294G 3. 294H 4. 294 5. 294K
6. 294M 7. 294N 8. 294P 9. 294Q

@
2\ www.everythingmaths.co.za m.everythingmaths.co.za

7.2 Equation of a circle EMCHS

Equation of a circle with centre at the origin

Investigation:

1. Draw a system of axes with a scale of 1 cm = 1 unit on the z-axis and on the

y-axis.
2. Draw the linesy = z and y = —x.
3. Plot the following points:
a) 0(0;0) f) H(—2;0)
b) D(2;0) 8 I(—v2;,—V?2)
o E(vV2;V2) h) J(0; —2)
d) F(0;2) ) K(V2:—V2)
e) G(—v2;2)

What object do the points form?
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4. Measure the following distances and complete the table below:

Line segment | Distance (cm)
DO
EO
FO
GO
HO
10
JO
KO

5. Use the distance formula to check the results of the above table:

Distance = \/(z2 — 21)2 + (2 — 11)?

Line segment | Distance
DO
EO
FO
GO
HO
10
JO
KO

6. What do you notice about the length of each line segment?
7. What is the general term given to this type of line segment?

8. If the point P(z;y) lies on the circle, use the distance formula to determine an
expression for the length of PO.

9. Can you deduce a general equation for a circle with centre at the origin?

A circle is the set of all points that are
an equal distance (radius) from a given
point (centre). In other words, every
point on the circumference of a circle
is equidistant from its centre.

The radius of a circle is the distance
from the centre of a circle to any point
x on the circumference.
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A diameter of a circle is any line passing through the centre of the circle which con-
nects two points on the circle. The diameter is also the name given to the maximum
distance between two points on a circle.

Consider a point P (z;y) on the circumference of a circle of radius r with centre at
0 (0;0).

y In AOPQ:
OP? = PQ? + 0Q* (Pythagoras)
OP =
X (3 y) '
AV PQ=y-0
Y
& | T O0Q=z-0
xr
0 Q P = (y—0)° + (z —0)°
2= g g2

Equation of a circle with centre at the origin:

If P(z;y) is a point on a circle with centre O(0; 0) and radius r, then the equation of
the circle is:

Circle symmetry

A circle with centre (0; 0) is symmetrical about the origin: for every point (x;y) on the
circumference of a circle, there is also the point (—z; —y).

A circle centred on the origin is also symmetrical about the z- and y-axis. Is a circle
centred on the origin symmetrical about the lines y = z and y = —2? How many lines
of symmetry does a circle have?
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Worked example 4: Equation of a circle with centre at the origin

QUESTION

Given: circle with centre O(0; 0) and a radius of 3 units.

1. Sketch the circle on the Cartesian plane.
2. Determine the equation of the circle.
3. Show that the point 7' (—v/4; /5) lies on the circle.

SOLUTION

Step 1: Draw a sketch

Step 2: Determine the equation of the circle
Write down the general form of the equation of a circle with centre (0;0):

2> +y?=r?
Substitute 7 = 3 : 2% 4+ 9% = (3)2
2 +y* =9

Step 3: Show that point T lies on the circle

Substitute the z-coordinate and the y-coordinate into the left-hand side of the equation
and show that it is equal to the right-hand side:

LHS = 2% + 4
- ()" ()
=4+5
=9
= fr2

= RHS

2

Therefore, T (—+/4; v/5) lies on the circle 22 + y? = 9.
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Worked example 5: Equation of a circle with centre at the origin

QUESTION

A circle with centre O(0;0) passes through the points P(—5;5) and Q(5; —5).

1. Plot the points and draw a rough sketch of the circle.
2. Determine the equation of the circle.

3. Calculate the length of PQ.

4. Explain why P(Q) is a diameter of the circle.

SOLUTION

Step 1: Draw a sketch

P(=5;5)

Step 2: Determine the equation of the circle
Write down the general form of the equation of a circle with centre (0; 0) and substitute

P(-5;5):
22+ =12
(-5 + (5 = r*
25 + 25 = r?
50 =r?
.1 =+/50 (risalways positive)
r = 5v/2 units

Therefore, the equation of the circle passing through P and @ is 22 + y? = 50.

Step 3: Calculate the length PQ
Use the distance formula to determine the distance between the two points.

PQ = /(z2 —21)% + (y2 — 1)?
= V(5 (=5)2+ (-5 -5)?
= +/(10)? + (—10)?
= /100 + 100
=+100.2
= 10v/2 units

Chapter 7. Analytical geometry




Step 4: Determine if P(Q) is a diameter of the circle

r=5V2

Andd=2xr
=2 x5V2

= 10v2

d=PQ

Since PQ connects two points, P and Q, on the circle and is a line of length 10v/2
units, PQ is a diameter of the circle.

Alternative method 1: Use symmetry to show that PQ is a diameter of the circle.
The diameter is the name given to the maximum distance between two points on a
circle; this means that the two points must lie opposite each other with respect to the

centre.

Using symmetry about the origin, we know that (x;y) lies opposite (—z; —y) on the
circle and vice versa:

e P(—5;5) lies opposite (5; —5), which are the coordinates of @
e Q(5;—5) lies opposite (—5;5), which are the coordinates of P

Therefore, PQ is a diameter of the circle.
Alternative method 2: Show that PQ passes through the centre.

Determine the equation of PQ and show that it passes through the origin.

Y=Y _ Yp—YQ
T —TQ rTp —IQ

y+5 5+5

z—5 —-5-5

y+5 10

z—5 —10

y+5=—(r—5)
y=-x+5-5
y=-=x

.. (0;0) lines on the line PQ.

Therefore, PQ passes through the centre and is a diameter of the circle.
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Worked example 6: Equation of a circle with centre at the origin

QUESTION

Given a circle with centre O(0;0) and a radius of v/45 units. Determine the possible
coordinates of the point(s) on the circle which have an z-value that is twice the y-value.

SOLUTION

Step 1: Determine the equation of the circle

22 4 y? =2

2
2’ +y? = (\/4—5)
2 +y? =45

Step 2: Determine the coordinates of the points on the circle

To calculate the possible coordinates of the point(s) on the circle which have an z-
value that is twice the y-value, we substitute x = 2y into the equation of the circle:

22 +y? =45 Ify=-3: x=2(-3)
(2y)* +y* =45 =6
o +o? = 45 fy=3: z=2(3)
5y* = 45 =0
¥’ =9
cLy =33

This gives the points (6;3) and (—6; —3).

Note: we can check that both points lie on the circle by substituting the coordinates
into the equation of the circle:

(6)> 4 (3)2 =36 +9 =45
(—=6)%+(=3)>=36+9 =45

Exercise 7 — 3: Equation of a circle with centre at the origin

1. Complete the following for each circle given below:

e Determine the radius.
e Draw a sketch.
e Calculate the coordinates of two points on the circle.

a) 224+ 14> =16 d) y? =20 — 22
b) z2 + 4% =100 e) 22 +y2 =225
c) 322+ 3y? =27 f)y2:—:r2+%
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2. Determine the equation of the circle:

a) with centre at the origin and a radius of 5 units.

b) with centre at (0;0) and r = v/11 units.

c) passing through the point (3;5) and with centre (0;0).

d) centred at the origin and r = 2,5 units.

e) with centre at the origin and a diameter of 30 units.

f) passing through the point (p; 3¢) and with centre at the origin.

g i)

NP,
Y

(2t; 5t)

(SIS

A D
T
an}

3. Determine whether or not the following equations represent a circle:

a) 22 +y?—-8=0 e yly+z)=—x(z—y) +11
b) y2 — 2% +25=0 f) V80 +22—y2=0

c) 322+ 6y? =18 g)§+w_;:3

d) x2=\/6—y2

4. Determine the value(s) of g if (v/3; g) is a point on the circle 22 + y? = 19.
5. A(s;t) is a point on the circle with centre at the origin and a diameter of 40 cm.
a) Determine the possible coordinates of A if the value of s is triple the value
of ¢.

b) Determine the possible coordinates of A if the value of s is half the value
of t.

(<))

. P(—2;3) lies on a circle with centre at (0;0).

Determine the equation of the circle.
Sketch the circle and label point P.

Calculate the length of PQ.

)
)
o) If PQ is a diameter of the circle, determine the coordinates of Q.
)
) Determine the equation of the line PQ.

f) Determine the equation of the line perpendicular to PQ and passing
through the point P.

7. More questions. Sign in at Everything Maths online and click ‘Practise Maths’.

Check answers online with the exercise code below or click on ‘show me the answer’.
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2a.2947 2b.2952  2c.2953 2d.2954  2e.2955 2f. 2956

2g.2957 2h.2958  2i.2959  2j.295B  3a.295C 3b.295D

3c. 295F  3d.295G 3e.295H  3f. 295) 3g. 295K 4. 295M
5. 295N 6. 295P

@
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Equation of a circle with centre at (a; b)

Investigation: Shifting the centre of a circle

Complete the following for each equation in the table below:
e Write down the shifted equation (do not simplify).

e Draw a rough sketch to illustrate the shift(s).

1. Vertical shift: the graph is shifted 1 unit up.
2. Horizontal shift: the graph is shifted 2 units to the right.
3. Combined shifts: the graph is shifted 1 unit up and 2 units to the right.

The first example has been completed.

Equation Vertical shift Horizontal shift Combined shift

y—322 =0 (y—1)=322=0 | y—3(x—-2)2=0 | (y—1)-3(x—2)2=0

_ 3y _: y—3x—-272=0

y=dat y-1=3 vl (y-1)=-3—272=0

y y Y ; y

0 T 0 T 3 T 0 2 v
y—5° =0

g y y 7

0 xT 0 x 0 T 0 x
,’EQ + y2 =4

7 7 7 7

0 v 0 u 0 . 0 v

Use the table to answer the following questions:

. Write down the general equation of a circle with centre (0;
0

(

. Write down the general equation of a circle with centre (0;
(
(

S O

)
).
).
)

)

1
2
3. Write down the general equation of a circle with centre (a;
4

St O

. Write down the general equation of a circle with centre (q;
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Consider a circle in the Cartesian plane with centre at C'(z1; 1) and with a radius of
r units. If P(x2;y2) is any point on the circumference of the circle, we can use the
distance formula to calculate the distance between the two points:

PC = /(x2 — 21)? + (2 — 11)?

The distance PC is equal to the radius (r) of the circle:

r=/(r2 —21)2+ (y2 — 11)2

st = (22— 21)2 4 (2 — )P

If the coordinates of the centre of the circle are (a;b), then the equation of a circle not
centred on the origin is:
(ra —a)® + (y2 — b)> = 1°

Equation of a circle with centre at (a;0):
If P(z;y) is a point on a circle with centre C(a;b) and radius r, then the equation of
the circle is:

(z—a)’ +(y—b)?* =1

A circle with centre (0;0) is a special case of the general equation:

(z—a) + (y— ) =+

(x—0)%+ (y —0)* = r?

.'.x2+y2=r
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Worked example 7: Equation of a circle with centre at (a;b)

QUESTION

F(6;—4) is a point on the circle with centre (3; —4).

Draw a rough sketch of the circle and label F'.
Determine the equation of the circle.
Does the point G (2; —2) lie on the circle?

A W N =

Does the circle cut the y-axis? Motivate your answer.

SOLUTION

Step 1: Draw a sketch

F(6,—4)

Step 2: Determine the equation of the circle

Write down the general equation of a circle with centre (a;b) and substitute the coor-
dinates (3; —4):

(x —a)®+ (y —b)? =r?
(z =3+ (y—(—4))* =r?

(x—3)2+@w+4)2%=1r2

Substitute the coordinates of F(6; —4) to determine the value of r2:

(6—3)"+(—4+4)*=r?
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Step 3: Determine whether or not G lies on the circle
If G (3; —2) lies on the circle, then it will satisfy the equation of the circle:

3 2 5
LHS = 5—3 +(—2+4)
3\? )
=(-= 2
(-3) +@
9
—14—4
_9. 16
T4 4
25
T4
RHS =9
- LHS # RHS

Therefore G does not lie on the circle.

Step 4: Determine the y-intercept(s)
To determine the y-intercept(s), we let z = 0:

(0-3>2+(y+4)32=9

9+ (y+4)2=9

(y+4)?*=0

y+4=0
Sy=-—4

The circle cuts the y-axis at (0; —4).

Worked example 8: Equation of a circle with centre at (a;b)

QUESTION

Determine the coordinates of the centre of the circle and the length of the radius for
322 + 6z + 3y? — 12y — 33 = 0.

SOLUTION

Step 1: Make the coefficient of the 22 term and the 3? term equal to 1
The coefficient of the 22 and 3? term must be 1, so we take out 3 as a common factor:

224+ 2c+9y2 —4y—11=0
Step 2: Complete the square
Take half the coefficient of the x term, square it; then add and subtract it from the

equation.

The coefficient of the = term is 2, so then (%)2 =(1)2=1.
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Take half the coefficient of the y term, square it; then add and subtract it from the
equation.

The coefficient of the y term is —4, so then (‘74)2 =(-2)2 =4.

2?2+ 2 +y? —4y—11=0

(2> +224+1) -1+ (y2 —4y+4)—4-11=0
(z+1)°+@y—-2°-16=0
(z+1)°+(y—2)>=16

The centre of the circle is (—1;2) and the radius is 4 units.

® See video: 293G at www.everythingmaths.co.za

Worked example 9: Equation of a circle with centre at (a;b)

QUESTION

Given S(—3;4) and T'(—3; —4) on the Cartesian plane.

S(=3;4) 41

14

L L L L
-5 -4 -3 -2 -1 0 1 2 3 4 5

1. The points U and V' are symmetrical about the origin to S and T respectively.
Determine the coordinates of U and V.

2. Determine the mid-point of SU.

3. Write down the equation of the circle STUV .

4. Is STU = 90°? Give reasons.

5. Determine the equation of the line perpendicular to SU and passing through
point S.

SOLUTION

Step 1: Determine the coordinates of U and V/

For symmetry about the origin, every point (z;y) is symmetrical to (—z;—y). So
S(—3;4) is symmetrical to U(3; —4) and T'(—3; —4) is symmetrical to V' (3;4).
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Step 2: Determine the mid-point of SU

Tu +Ts Yu +Ys
M(ﬂ?;y)=( 5 1 g >

_(3-3 —4+4
a 2 7 2

= (0;0)

The mid-point of the line SU is the origin.

Step 3: Determine the equation of the circle

1‘2 4 y2 _ 7,2
(=32 +(4)? =r"
9+ 16 = r?

25 = ¢2
x4yt =25

SU passes through the centre of the circle and is therefore a diameter. From Euclidean
geometry, we know that the diameter of the circle subtends a right-angle at the circum-
ference, therefore STU = 90° (angle in semi-circle).
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Step 4: Determine the equation of the line perpendicular to SU at point S
Determine the gradient of SU:
Ys —Yu

rs — Ty
4—(—4)

msy =

Let the gradient of the line perpendicular to SU be mp:

msy X mp = —1
—ngP:_l
L3
i =
y—y1=m(z—a1)
3
Substitute S(—3;4): y—4= Z(ﬂﬂ —(=3))
3
—§x+§
Y=1" 1

Worked example 10: Equation of a circle with centre at (a;b)

QUESTION

Given a circle with centre (0;0) and a radius of 4 units.

Y
5

1. If the circle is shifted 2 units down and 1 unit to the right, write down the equa-
tion of the shifted circle.

2. Sketch the original circle and the shifted circle on the same system of axes.
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3. The shifted circle is reflected about the line y = x. Sketch the reflected circle on
the same system of axes as the question above.

4. Write down the equation of the reflected circle.

SOLUTION

Step 1: Write down the equation of the circle

22 +y* =16

Step 2: Determine the equation of the shifted circle

e Vertical shift: 2 units down: y is replaced with y + 2
e Horizontal shift: 1 unit to the right: z is replaced with z — 1

Therefore the equation of the shifted circle is (z — 1)? + (y + 2)? = 16 with centre at
(1; —2) and radius of 4 units.

Step 3: Draw a sketch of the circles

The shifted circle is reflected about the line y = z. The = and y variables are inter-
changed to give the circle with equation (y —1)% + (z+2)? = 16 and centre at (—2; 1).

Y
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Worked example 11: Equation of a circle with centre at (a;b)

QUESTION

A circle with centre on the line y = —x + 5 passes through the points P(5;8) and
Q(9;4). Determine the equation of the circle.

SOLUTION

Step 1: Draw a rough sketch

y=-c+5

Step 2: Write down the general equation of a circle
(x—a)®+ (y—b)? =r?

Consider the line y = —z+5. Any point on this line will have the coordinates (z; —x+
5). Since the centre of the circle lies on the line y = —x + 5, we can write the equation
of the circle as

(z—a)’ +(y—(-a+5)* =
(x—a)?+(y+a—-57>*=r2

Step 3: Solve for the unknown variables ¢ and r

We need two equations to solve for the two unknown variables. We substitute the two
given points, P(5;8) and Q(9;4) and solve for a and r simultaneously:

Substitute P(5;8): (5 —a)*>+ (8 +a—5)* =r?
(5-a)’*+(a+3)*=r?
25—10a+a”+a°+6a+9=r"

20> —4a+34=7r%...(1)

Substitute Q(9;4) : (9 —a)? + (4+a—5)? =r?
(9—a)®+ (a—1)? =12
81 —18a+a’+a®>—2a+1=12

2a% —20a + 82 =12...(2)
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(1)—(2): 16a—48=0

16a = 48
cLa=3
Substitute into (2) : % = 2(3)% — 20(3) + 82
=18 — 60 + 82
=40
And b= —-a+5
=-3+5
=2

Step 4: Write the final answer
The equation of the circle is (z — 3)2 + (y — 2)? = 40.

Circles with the same centre.

Circles touch internally at one point: the distance between
the centres is equal to the difference between the radii.
d=1r9—11

Circles touch externally at one point: the distance
between the centres is equal to the sum of the radii.
d=1r1+ry

Circles do not touch or intersect: the distance between the
centres is greater than the sum of the radii.
d>nry+ry

Circles intersect at two points: the distance between the
centres is less than the sum of the radii.
d<ri+mr

7.2. Equation of a circle




Exercise 7 — 4: Equation of a circle with centre at (a;b)

1. Determine whether or not each of the following equations represents a circle. If
not, give a reason.

a) 224+ y2+6y—10=0 d) 22 — 42 = V21 + 5y + 32
b) 322 — 35+ 3y% =9y e) 3V7T—a?—y2+6y—8x=0
0 40 = 2? + 2z + 4y? ) -1+ (y+2)?+9=0

2. Write down the equation of the circle:

a) with centre (0;4) and a radius of 3 units.

b) such that » = 5 and the centre is the origin.

c) with centre (—2;3) and passing through the point (4; 5).
d) with centre (p; —q) and r = /6.

e) with r = v/10 and centre (—1;2) and

f) with centre (1; —5) and passing through the origin.

3. Determine the centre and the length of the radius for the following circles:

a) r2 =21 —y% +4y e) 5—a22—6x—8y—y>=0

b) y? +x+22 -2 =0 ) a? —2x4+y®—4y=32

Q22 —dz+yi+2y—5=0 g) 16z + 2y% — 20y + 222 + 42 = 0
d) 22 +y2—6y+2x—15=0 h) 6z — 6y — 22 —y?> =6

4. A circle cuts the z-axis at R(—2;0) and S(2;0). If » = /20 units, determine the
possible equation(s) of the circle. Draw a sketch.

5. P(1;2) and Q(—5; —6) are points on a circle such that PQ is a diameter. Deter-
mine the equation of the circle.

6. A circle with centre N (4;4) passes through the points K (1;6) and L(6; 7).

a) Determine the equation of the circle.

b) Determine the coordinates of M, the mid-point of K'L.

c) Show that MN | KL.

d) If P is a point on the circle such that LP is a diameter, determine the
coordinates of P.

e) Determine the equation of the line LP.

7. A circle passes through the point A(7; —4) and B(—5; —2). If its centre lies on
the line y + 5 = 2z, determine the equation of the circle.

8. A circle with centre (0;0) passes through the point 7'(3; 5).

a) Determine the equation of the circle.

b) If the circle is shifted 2 units to the right and 3 units down, determine the
new equation of the circle.

c) Draw a sketch of the original circle and the shifted circle on the same system
of axes.

d) On the same system of axes as the previous question, draw a sketch of the
shifted circle reflected about the z-axis. State the coordinates of the centre
of this circle.
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9. Determine whether the circle 22 — 4z + y? — 6y + 9 = 0 cuts, touches or does

10

not intersect the x-axis and the y-axis.

. More questions. Sign in at Everything Maths online and click ’Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.
1a.295Q 1b.295R  1c.295S 1d.295T 1le. 295V 1f. 295W

2a.
3a.

295X  2b.295Y 2c.295Z 2d.2962 2e.2963 2f. 2964
2965 3b.2966 3c.2967 3d.2968 3e.2969 3f. 296B

3g.296C 3h.296D 4. 296F 5.296G  6.296H 7.296)
8. 296K 9. 296M

0
www.everythingmaths.co.za m.everythingmaths.co.za

7.3 Equation of a tangent to a circle EMCHW

Investigation:

10.

11.

12.

. On a suitable system of axes, draw the circle 22 +y? = 20 with centre at O(0; 0).
Plot the point T'(2;4).

. Plot the point P(0;5). Draw PT and extend the line so that is cuts the positive
2-axis.

. Measure OT'P.

Determine the gradient of the radius OT.

. Determine the gradient of PT.

. Prove that PT' | OT.

. Plot the point S(2; —4) and join OS.

. Draw a tangent to the circle at S.

Measure the angle between OS and the tangent line at S.

Make a conjecture about the angle between the radius and the tangent to a circle
at a point on the circle.

Complete the sentence: the product of the ... ... of the radius and the gradient
ofthe ...... isequalto.......
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A circle with centre C(a;b) and a radius of r units is shown in the diagram above.
D(z;y) is a point on the circumference and the equation of the circle is:

(0= +(y— b =r?

A tangent is a straight line that touches the circumference of a circle at only one place.

The tangent line AB touches the circle at D.

The radius of the circle C'D is perpendicular to the tangent AB at the point of contact
D.

CD | AB
and CDA = CDB = 90°

The product of the gradient of the radius and the gradient of the tangent line is equal
to —1.
mcp X Map = -1

How to determine the equation of a tangent:

1. Determine the equation of the circle and write it in the form
(x—a)+(y—b)?>=1r"

2. From the equation, determine the coordinates of the centre of the circle (a;b).
3. Determine the gradient of the radius:

4. The radius is perpendicular to the tangent of the circle at a point D so:

1

mcp

MAB = —

5. Write down the gradient-point form of a straight line equation and substitute
mp and the coordinates of D. Make y the subject of the equation.

y—ylzm(ﬂﬁ—»’vl)
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Worked example 12: Equation of a tangent to a circle

QUESTION

Determine the equation of the tangent to the circle 22 + y? — 2y + 62 — 7 = 0 at the
point F'(—2;5).

SOLUTION

Step 1: Write the equation of the circle in the form (z — a)? + (y — b)? = r?
Use the method of completing the square:
2?2+ 92 —2y+6x—-7=0
2 +6x+y?—2y="7
(2®+6x+9) -9+ (2 -2y+1)—-1=7
(z+3)°+(y—-1)>2=17

Step 2: Draw a sketch
The centre of the circle is (—3;1) and the radius is v/17 units.

Step 3: Determine the gradient of the radius CF

Y2 — Y1
mecrp = ———
To — I1
_ 5—1
- —2+3

= 4l

Step 4: Determine the gradient of the tangent
Let the gradient of the tangent line be m.

mep Xm= —1
4xm=-—1

i 1
..mz—Z
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Step 5: Determine the equation of the tangent to the circle

Write down the gradient-point form of a straight line equation and substitute m = —i
and F(—2;5).
Y=ty =m(z — 1)
1
Y-y = —Z(»T — 1)
1
Substitute F/(—2;5): y—5= —Z(m —(-2))
1
y—5= —Z(az +2)
1 1
y=—-2%-3 +95
_ 1
T AT
Step 6: Write the final answer
The equation of the tangent to the circle at Flisy = — 1z + 5.

Worked example 13: Equation of a tangent to a circle

QUESTION

The straight line y = 2 + 4 cuts the circle 22 + y? = 26 at P and Q.

1. Calculate the coordinates of P and Q.

2. Sketch the circle and the straight line on the same system of axes. Label points
P and Q.

Determine the coordinates of H, the mid-point of chord PQ.

If O is the centre of the circle, show that PQ | OH.

Determine the equations of the tangents to the circle at P and Q.
Determine the coordinates of S, the point where the two tangents intersect.
Show that S, H and O are on a straight line.

ey U ogh ke

SOLUTION

Step 1: Determine the coordinates of P and Q
Substitute the straight line y = x + 4 into the equation of the circle and solve for x:

2 4+9% =26

2%+ (z +4)? = 26

2+ 2% +8x+16 =26

22° 48z —10=0

22 4+4r-5=0

(z—1)(z+5)=0
sx=1lorxz=-5

fzr=1 y=1+4=5
fz=-5 y=-5+4=-1

This gives the points P(—5; —1) and Q(1;5).
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Step 2: Draw a sketch

Step 3: Determine the coordinates of
the mid-point H

T1 + T2 Y1+ Y2
H(x;y)=< R )

Step 4: Show that OH is perpendicu-
lar to PQ

We need to show that the product of
the two gradients is equal to —1. From
the given equation of PQ, we know
that mpg = 1.

2.0
MoH = —9-0
=-1
memeHz—l
S PQLOH

Step 5: Determine the equations of the tangents at P and Q

Tangent at P:
Determine the gradient of the radius
OP:

-1-0

The tangent of a circle is perpendicular
to the radius, therefore we can write:

1
g X mp = _1
mp = —5
Substitute mp = —5 and P(—5;—1)

into the equation of a straight line.

y—y1=—5(x— 1)
Substitute P(—5; —1) :
y+1=-5(z+5)
y=—-5xr—25—-1
= —Hzx — 26

Tangent at Q:
Determine the gradient of the radius

0Q:

5—0
moe = 1
=5

The tangent of a circle is perpendicular
to the radius, therefore we can write:

5 X mqg = —1
1
Mo — — =
@~ 5
Substitute m¢q = —1 and Q(1;5) into

the equation of a straight line.

1
Yy—y = —5(33—331)

Substitute Q(1;5) :
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The equations of the tangents are y = —5z — 26 and y = — 1z + 2.
Step 6: Determine the coordinates of S
Equate the two linear equations and solve for x:

1 2
—5x—26:—5x—|——6

5
—252 — 130 = —z + 26
—24x = 156
156
T
13
T2
Ifmz—? y:—5(—§>—26
65
-2 -2
13
T2

This gives the point 5 (—42; 13).

Step 7: Show that S, H and O are on a straight line

We need to show that there is a constant gradient between any two of the three points.
We have already shown that PQ is perpendicular to OH, so we expect the gradient of
the line through S, H and O to be —1.

13

msH = _21_3—4_22
2
= =1
13

mso = _21_3—_00
2
==l

Therefore S, H and O all lie on the line y = —x.
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Worked example 14: Equation of a tangent to a circle

QUESTION

Determine the equations of the tangents to the circle 22 + (y — 1) = 80, given that
both are parallel to the line y = %x + 1.

SOLUTION

Step 1: Draw a sketch

y:%z+1

The tangents to the circle, parallel to the line y = %x + 1, must have a gradient of %
From the sketch we see that there are two possible tangents.

Step 2: Determine the coordinates of A and B

To determine the coordinates of A and B, we must find the equation of the line perpen-
dicularto y = %az + 1 and passing through the centre of the circle. This perpendicular
line will cut the circle at A and B.

7.3. Equation of a tangent to a circle




1
= - 1
Y 2m+
1
.m=z
2
1
m; =——=-—2
m
y=—2x+1

Notice that the line passes through the centre of the circle.

To determine the coordinates of A and B, we substitute the straight line y = —2x + 1
into the equation of the circle and solve for :

22+ (y—1) =80
2+ (—22+1-1%2=80

2 + 422 =80
522 = 80

2 =16

. =14

fz=4 y=-2(4)+1=-7
fex=—-4 y=-2(—4)+1=9
This gives the points A(—4;9) and B(4; —7).

Step 3: Determine the equations of the tangents to the circle
Tangent at A:

1
y—ylzi(x—xl)
1
y—9=§(ac+4)
1
= =aqF
Tangent at B:
1
y—y1=§($—$1)
1
1
yzix—Q

The equation of the tangent at point A is y = %x + 11 and the equation of the tangent
atpoint Bisy = 1z — 9.
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Worked example 15: Equation of a tangent to a circle

QUESTION

Determine the equations of the tangents to the circle 22 + y? = 25, from the point
G(—T;—1) outside the circle.

SOLUTION

Step 1: Draw a sketch

Step 2: Consider where the two tangents will touch the circle
Let the two tangents from G touch the circle at F' and H.

OF = OH =5 units (equal radii)
OG =+/(0+7)2+ (0+1)2
= /50
GF =+/(z +7)2 + (y + 1)2
LGF?=(z+ 7?2+ (y+1)?
And GFO = GHO = 90°

Consider AGFO and apply the theorem of Pythagoras:
GF?+ OF* =0G?
(z+7)2+(@y+1)°+52= (@)2
22+ 14+ 49+ 32 +2y +1+25 =50

2+ 14 +9y°+2y+25=0...... (1)
Substitute y* = 25 — 22 into equation (1)

22+ 4o+ (25— 2%) +2 (V25— 22) +25 =0
145+ 50 = 2 (v/25 — 22
To+25 = —/25 — 22

7.3. Equation of a tangent to a circle




Square both sides: (7x + 25)* = (—\/ﬂf

492 + 350z + 625 = 25 — x2
5022 + 350z + 600 = 0

22+ 72 +12=0

(x+3)(z+4)=0

cx=-3orx=—4

AtF :z=-3 y=—/25—(-3)2=-V16=—4
AtH:z=—-4 y=/25—(—42=+9=3

Note: from the sketch we see that F' must have a negative y-coordinate, therefore we
take the negative of the square root. Similarly, H must have a positive y-coordinate,
therefore we take the positive of the square root.

This gives the points F'(—3; —4) and H(—4;3).

Tangent at F:
m _—1+4
FG= 713
__3
4
y—y1=m(x—x1)
3
y—y1——;l(33—1’1)
3
3 21
= ——g— — —1
Y=74%7 7
__3._%
y=74" g
Tangent at H:
m _—1-3
HG—_7+4
4
3

4

4 n 28 1
= =T _—
V=377
4 n 25
= =T _—
V=377
Step 3: Write the final answer
The equations of the tangents to the circle are y = —32 — 2> and y = %x 4 2—35
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® See video: 293H at www.everythingmaths.co.za

Exercise 7 — 5: Equation of a tangent to a circle

1. a) A circle with centre (8; —7) and the point (5; —5) on the circle are given.
Determine the gradient of the radius.

b) Determine the gradient of the tangent to the circle at the point (5; —5).
2. Given the equation of the circle: (z +4)*> 4 (y + 8)* = 136

a) Find the gradient of the radius at the point (2;2) on the circle.
b) Determine the gradient of the tangent to the circle at the point (2;2).

3. Given a circle with the central coordinates (a;b) = (—9;6). Determine the
equation of the tangent to the circle at the point (—2;5).

4. Given the diagram below:

C(1,5)

H(-2,1)

Determine the equation of the tangent to the circle with centre C' at point H.

5. Given the point P(2; —4) on the circle (z — 4)*+(y + 5)* = 5. Find the equation
of the tangent at P.

6. C(—4;8) is the centre of the circle passing through H(2; —2) and Q(—10; m).

Yy
Q(—10;m)

a) Determine the equation of the circle.
b) Determine the value of m.
c) Determine the equation of the tangent to the circle at point Q).
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7. The straight line y = x 4 2 cuts the circle 22 + y? = 20 at P and Q.

[29)

) Calculate the coordinates of P and Q.

) Determine the length of PQ.

) Determine the coordinates of M, the mid-point of chord PQ.

) If O is the centre of the circle, show that PQ) L OM.

e) Determine the equations of the tangents to the circle at P and Q.

o 0o T

f) Determine the coordinates of S, the point where the two tangents intersect.

g) Show that PS = QS.

h) Determine the equations of the two tangents to the circle, both parallel to
the line y + 2z = 4.

8. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

1.296N  2.296P 3.296Q 4.296R 5.296S 6.296T
7.296V

@
2\ www.everythingmaths.co.za m.everythingmaths.co.za
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® See video: 294R at www.everythingmaths.co.za

y B(z2;92)
-
T M(x3y)
o x
0 ;
PO S r
A(z1;51) C(w2; 1)
Theorem of Pythagoras: AB? = AC? + BC?
Distance formula: AB = \/(z3 — 21)> + (y2 — 11)?
Gradient: map = 2= or mup =12
Mid-point of a line segment: M(z;y) = (22, ntie)
Points on a straight line: MAB = MAM = MMB
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Straight line equations Formulae
Y- _Y2"U
r — X9 — I

Two-point form:

Gradient-point form: y—y1 =m(z—x1)
Gradient-intercept form: y=mx+c
Horizontal lines: y==k
Vertical lines x=k

Parallel lines / mi = mg 01 =6

Perpendicular

lines mi Xmg = —1 01 = 90° + 0,

AR

e Inclination of a straight line: the gradient of a straight line is equal to the tangent
of the angle formed between the line and the positive direction of the z-axis.

m = tan@ for 0° < 6 < 180°

e Equation of a circle with centre at the origin:

If P(x;y) is a point on a circle with centre O(0;0) and radius r, then the equation
of the circle is:

e General equation of a circle with centre at (a; b):
If P(x;y) is a point on a circle with centre C'(a; b) and radius r, then the equation

of the circle is:
(x—a)?+ (y—b)?=r?

e A tangent is a straight line that touches the circumference of a circle at only one
point.

e The radius of a circle is perpendicular to the tangent at the point of contact.
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Exercise 7 — 6: End of chapter exercises

1. Find the equation of the circle:

a) with centre (0;5) and radius 5
b) with centre (2;0) and radius 4
c) with centre (—5;7) and radius 18
d) with centre (— 2 ;0) and diameter 6
e) with centre (—5; —3) and radius /3
2. a) Find the equation of the circle with centre (2;1) which passes through
(4;1).
b) Where does it cut the line y =  + 12
3. a) Find the equation of the circle with centre (—3; —2) which passes through

(1;—4).
b) Find the equation of the circle with centre (3;1) which passes through
(2;5).
4. Find the centre and radius of the following circles:
a) (x+9)°+ (y—6)° =236 d) 22+ (y+4)° =23
b) 1(z—2)°+i(y —9)2=1 e) 3(x—2)°+3(y+3)° =
A (@+5)>+@w+7)7°=

5. Find the z and y intercepts of the following graphs:
a) z2+ (y —6)°> = 100 b) (z+4)>+y2 =16

6. Find the centre and radius of the following circles:

a) 2+ 6z + 9% — 12y = —20 d) 22 — 6z +y> =16
_ __3
b) 22 + 4z 4+ y?> —8y =0 e > -5z +y? +3y=-32
o0 x?+y*+8y="7 f) 22 — 6nz + y2 + 10ny = 9n2

7. a) Find the gradient of the radius between the point (4;5) on the circle and its
centre (—8;4).
b) Find the gradient line tangent to the circle at the point (4;5).
8. a) Given (z —1)° + (y — 7)* = 10, determine the value(s) of z if (x;4) lies on
the circle.
b) Find the gradient of the tangent to the circle at the point (2;4).
9. Given a circle with the central coordinates (a;b) = (—2;—2). Determine the
equation of the tangent line of the circle at the point (—1; 3).
10. Find the equation of the tangent to the circle at point T'.
Y,
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11. M(—2;-5) is a point on the circle 22 + 3% + 18y + 61 = 0. Determine the
equation of the tangent at M.

12. C(—4;2) is the centre of the circle passing through (2; —3) and Q(—10; p).

Y

Q(—10;p) /(2; -3)

a) Find the equation of the circle given.

b) Determine the value of p.
c) Determine the equation of the tangent to the circle at point Q.

13. Find the equation of the tangent to each circle:
2 + y? = 17 at the point (1;4)

22 + y? = 25 at the point (3;4)

(z +1)° + (y — 2)° = 25 at the point (3; 5)

d) (z —2)>+ (y — 1)° = 13 at the point (5; 3)

a
b

C

) T
)
)
)

14. Determine the equations of the tangents to the circle 22 + y? = 50, given that
both lines have an angle of inclination of 45°.

15. The circle with centre P(4;4) has a tangent AB at point B. The equation of AB
isy —x+2=0and A lies on the y-axis.

Y

S

y—z+2=0

a) Determine the equation of PB.
b

)

) Determine the coordinates of B.

c) Determine the equation of the circle.
)

d) Describe in words how the circle must be shifted so that P is at the origin.
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e) If the length of PB is tripled and the circle is shifted 2 units to the right and
1 unit up, determine the equation of the new circle.

f) The equation of a circle with centre A is 22 + 32 + 5 = 162 + Sy — 30 and
the equation of a circle with centre B is 522 + 5y? = 25. Prove that the two
circles touch each other.

16. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on 'show me the answer’.
1a. 296W 1b. 296X 1c. 296Y 1d. 2967 le. 2972 2.2973
3.2974 4a. 2975 4b. 2976 4c. 2977 4d. 2978 4e. 2979
5a. 297B 5b. 297C 6a. 297D 6b. 297F 6c. 297G 6d. 297H
6e. 297) 6f. 297K 7.297M 8. 297N 9. 297P 10. 297Q
11.297R  12.297S 13a.297T 13b. 297V 13c. 297W 13d. 297X
14. 297Y 15. 2977

@
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8 Euclidean geometry

8.1 Revision EMCHY
Types of triangles EMCHZ
Name Diagram Properties

All sides and angles are

Scalene different.

Two sides are equal in length.
The angles opposite the equal
sides are also equal.

) X
Isosceles A
C
Equilateral
60°
C X
B

A
B
A
B
A
— 150N ¢
A
B
A
B
2.
fOo((
Q
2
&)

All three sides are equal in
length and all three angles are
equal.

Each of the three interior

Acute-angled angles is less than 90°.

One interior angle is greater

Obtuse-angled than 90°.

B
c

%

Right-angled One interior angle is 90°.

Revision
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Congruent triangles EMCJ2

Condition Diagram

SSS
(side, side, side)
g H F

NABC = AEDF

G J
SAS
(side, incl. angle, side)
H 1 I K 1 I

AGHI = AJKL

M P
AAS
(angle, angle, side)
N 1 o @ 1 R

AMNO = APQR

S \%
RHS
(90°, hypotenuse, side)
T } v w } X

ASTU = A\VW X

Similar triangles EMCJ3

Condition Diagram

a
AAA .ﬁ
(angle, angle, angle) B o B b c I

SSS i :
(sides in prop.) N I g T

MN ML NL
- AMNL|| ARST
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Circle geometry EMCJ4

e If O isthe centre and OM 1 AB, then AM =
MB.

e If O is the centre and AM = MB, then
AMO = BMO = 90°.

o If AM = MB and OM 1 AB, then = MO
passes through centre O.

If an arc subtends an angle at the centre of a cir-
cle and at the circumference, then the angle at the
centre is twice the size of the angle at the circumfer-
ence.

Angles at the circumference subtended by arcs of
equal length (or by the same arc) are equal.

SN G

Cyclic quadrilaterals EMCJ5

If the four sides of a quadrilateral ABCD are the
chords of a circle with centre O, then:
o At C =180°
Reason: (opp. Zs cyclic quad. supp.)
\ ) e B + D = 180°
2 Reason: (opp. Zs cyclic quad. supp.)
\ e EBC =D
DC Reason: (ext. Z cyclic quad. = int. opp 4)
e A=A, =C
Reason: (vert. opp. Zs, ext. Z cyclic quad.)

8.1. Revision
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Proving a quadrilateral is cyclic:

B
A
If A+ C =180° or B4+ D = 180°, then ABCD is a
cyclic quadrilateral.
D lei
B
A
1 A A A A
If Ay = C or D; = B, then ABCD is a cyclic
quadrilateral.
DN\1
C
B
A
If A= BorC = D, then ABCD is a cyclic quadri-
lateral.
D c
Tangents to a circle EMCJ6

A tangent is perpendicular to the radius (OT L ST),
drawn to the point of contact with the circle.

If AT and BT are tangents to a circle with centre O,
then:

e OA 1 AT (tangent L radius)
e OB 1 BT (tangent L radius)

e TA = TB (tangents from same point are
equal)
B
A . N
q e If DC is a tangent, then DTA = TBA and
CTB =TAB.
c o If DA =TBAor CTB = TAB, then DC is
bp/ a tangent touching at 7.
=" T

Chapter 8. Euclidean geometry
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The mid-point theorem EMC)7

The line joining the mid-points of two sides of a triangle is parallel to the third side
and equal to half the length of the third side.

A
/DAE\
B c

Given: AD = DB and AE = EC, we can conclude that DE || BC and DE = 1 BC.

Exercise 8 — 1: Revision

1. MO || NP in a circle with centre O. MON = 60° and OMP = z. Calculate
the value of z, giving reasons.

4,

2. O is the centre of the circle with OC = 5 cm and chord BC = 8 cm.

A
a
B ~_ D

T C

Determine the lengths of:
a) OD
b) AD
c) AB

8.1. Revision
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3. PQ is a diameter of the circle with centre O. SQ bisects PQR and PQS = a.

a) Write down two other angles that are also equal to a.
b) Calculate POS in terms of a, giving reasons.
c) Prove that OS is a perpendicular bisector of PR.

4. BD is a diameter of the circle with centre O. AB = AD and OCD = 35°.

AR
)

Calculate the value of the following angles, giving reasons:

a) ODC d) BAD
by COD e) ADB
o CBD

5. O is the centre of the circle with diameter AB. CD | AB at P and chord DE
intersects AB at F.

B

@‘.'
{

Prove the following:

a) CBP = DBP b) CED = 20BA o ABD =1c0A

Chapter 8. Euclidean geometry




6. QP in the circle with centre O is extended to T so that PR = PT'. Express m in
terms of n.

7. In the circle with centre O, OR | QP, QP = 30 mm and RS = 9 mm. Deter-
mine the length of y.

R

S
Y

Q\_[ P
» O

8. PQ is a diameter of the circle with centre O. QP is extended to A and AC is a
tangent to the circle. BA 1| AQ and BCQ is a straight line.

B
[ é C 3
A PUQ

Prove the following:

a) PCQ = BAP
b) BAPC is a cyclic quadrilateral
c) AB = AC

8.1. Revision




9. TA and T'B are tangents to the circle with centre O. C'is a point on the circum-
ference and AT'B = z.
A

B

Express the following in terms of z, giving reasons:

a) ABT b) OBA o C

10. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

1.2982 2.2983 3.2984 4.2985 5.2986 6.2987
7.2988 8.2989 9.298B

0
2\ www.everythingmaths.co.za m.everythingmaths.co.za

8.2 Ratio and proportion

Ratio

A ratio describes the relationship between two quantities which have the same units.
We can use ratios to compare weights, heights, lengths, currencies, etc. A ratio is a
comparison between two quantities of the same kind and has no units.

Example: if the length of a rectangle is 20 cm and the width is 60 cm, then we can
express the ratio between the length and width of the rectangle as:

. length 20 )
length to width = 20 to 60 Or Width — 60 Or length : width =20: 60
=1to3 1 =1:3

3

The ratio of % describes the length of the rectangle relative to its width.
A ratio written as a fraction is usually given in its simplest form.
A ratio gives no indication of actual length. For example,

length 50 cm
width 150 cm

. . 1
also gives a ratio of 3

length 0,8 m
width 24 m

. . 1
also gives a ratio of 3

Do not convert a ratio to a decimal (even though % and 0,3 have the same nu-
merical value).

Chapter 8. Euclidean geometry
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Proportion

Investigation: Predicting heights

A record of heights is given.

. height of a person at two years old
If the ratio height of a person as an adult

is 1 to 2, complete the table below:

Name | Height at two years | Height as an adult
Hendrik 84 cm
Kagiso 162 cm
Linda 86 cm
Mandisa 0,87 m
Prashna 1m 64 cm

Consider the diagram below:
%

R
N

If two or more ratios are equal to each other, then we say that they are in the same
proportion. Proportionality describes the equality of ratios.

w . .
If — = y, then w and z are in the same proportion as y and z.
X z

1. wz =xy C
T oz
2. = =12 B
woy y
3. 0272 - D
Yy z A
4 y_ =z kx L
w o F
ky
Given

AB T kx DFE

BC 'y ky EF

The line segments AB and BC' are in the same proportion as DE and EF. The
following statements are also true:

Proportion | Reciprocal proportion | Cross multiplication
AB _ DE BC _ FE _

4 =28 a5 = bE AB.FE=BC.DFE
AB _ DE AC _ DF _

45 - DE 4% = 55 AB.DF = AC . DE
BC _ EF AC _ DF

8.2. Ratio and proportion




We can also substitute z, y, kx, and ky to show algebraically that the statements are
true.
For example,

BC . DF =y x (kx + ky)

= ky(z +y)
And AC . EF = (x +y) X ky

= ky(z +y)
+.BC.DF = AC . EF

Exercise 8 — 2: Ratio and proportion

1. Solve for p:

8 p 3 4
V07 %5 C)1+§_p+1
p & -29+p p_ 449

9 54 100—p 343

2. A packet of 160 sweets contains red, blue and yellow sweets in the ratio of
3 : 2 : 3 respectively. Determine how many sweets of each colour there are in
the packet.

3. A mixture contains 2 parts of substance A for every 5 parts of substance B. If the
total weight of the mixture is 50 kg, determine how much of substance B is in
the mixture (correct to 2 decimal places).

4. Given the diagram below.

D E F
A 54 36
12
B
18
C
Show that:
o AB _FE b AC _ FD c) AB.DF = AC . FE
BC ED BC EF

5. Consider the line segment shown below.

a b 2a

P S T Q

Express the following in terms of a and b:

a) PT: ST g ¢
b B3 PQ
) T d QT : TS

Chapter 8. Euclidean geometry




6. ABCD is a parallelogram with DC' = 15 cm, h = 8 cm and BF = 9 cm.

Calculate the ratio —ea ABE
area ABCD’
A B
IS -
: SCH
h : N N 9 cm
| > ~
= F
D
15 cm C
7. AB = 36 m and C divides AB in 8. If PQ = 45 mm and the ratio of
the ratio 4 : 5. Determine AC and TQ : PQ is 2 : 3, calculate PT
CB. and TQ.
5 B
5k
36 m c

9. Luke’s biology notebook is 30 cm long and 20 cm wide. The dimensions of his
desk are in the same proportion as the dimensions of his notebook.

a) If the desk is 90 cm wide, calculate the area of the top of the desk.

b) Luke covers each corner of his
desk with an isosceles triangle of S
cardboard, as shown in the dia- ' 150 mm
gram on the right.

Calculate the new perimeter and desk
area of the visible part of the top
of his desk.

c) Use this new area to calculate the dimensions of a square desk with the
same desk top area.

10. More questions. Sign in at Everything Maths online and click 'Practise Maths’.

Check answers online with the exercise code below or click on ‘show me the answer’.
1a.298C 1b. 298D 1c.298F 1d. 298G 2.298H  3.298)
4a. 298K 4b. 298M  4c. 298N 5a. 298P 5b. 298Q 5c. 298R
5d. 298S 6. 298T 7.298V  8.298W  9.298X

@
www.everythingmaths.co.za m.everythingmaths.co.za

8.2. Ratio and proportion
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8.3 Polygons EMCJ9

DEFINITION: Proportionality in polygons

A plane, closed shape consisting of three or more line segments.

In previous grades we studied the properties of the following polygons:

Triangle Area=1bxh

S
H--T--=
Q

Parallelogram Area=bx h
D } C
h= =+
Rectangle Area=0bx h
A } B
b
D= 1 C
Rhombus Area = 2AC x BD
A 1 ~N B

Chapter 8. Euclidean geometry
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D } C
Square S . Area = 52
A | N g
D———C
Trapezium h\ Area=1(a+b) x h
A =\ p
b
A
B T D
Kite Area = 1(AC x DB)
C

Worked example 1: Properties of polygons

QUESTION

ABCD is a rhombus with BD =12 cm and AB : BD = 3 : 4.

Calculate the following (correct to two decimal places) and provide reasons:
1. Length of AB

2. Length of AO
3. Area of ABCD

8.3. Polygons




SOLUTION

Step 1: Use the ratio to determine the length of AB

AB:BD =3:4

_AB 3
"BD 4
AB 3
12 4
3
AB=12x =
4
=9cm

Step 2: Calculate the length of AO
We use the properties of a rhombus and the theorem of Pythagoras to find AO.

BD =12 cm
BO =6 cm (diagonals bisect each other)
In AABO, AOB = 90° (diagonals intersect at L)
AO? = AB? — BO? (Pythagoras)
=92 — 62
- A0 =15
= 6,71 cm

Step 3: Determine the area of rhombus ABCD

Area ABCD = %AC x BD

1
=5(2x V/45)(12)
= 80,50 cm?

Exercise 8 — 3: Proportionality of polygons

1. MNOP is a rectangle with M N : NO =5 : 3 and QN = 10 cm.

M N

10 cm

P O

a) Calculate M N (correct to 2 decimal places).
b) Calculate the area of AOPQ (correct to 2 decimal places).

Chapter 8. Euclidean geometry




2. Consider the trapezium ABCD shown below. If ¢t : p:q=2:3:5 and area
ABCD = 288 cm?, calculate ¢, p and gq.
A p B

D q C
3. ABCD is arhombus with sides of length 2z millimetres. The diagonals intersect

at O and length DO = z millimetres. Express the area of ABCD in terms of x.
B

(SIS
8

D
4. In the diagram below, FGHI is a kite with FG = 6 mm, GK = 4 mm and
GH 5

FI 2 P
a) Determine F'H (correct
to the nearest integer). 6 mm

b) Calculate area FGH]I. I K G

4 mm

5. ABCD is a rhombus. F is the D C
mid-point of AB and G is the
mid-point of CB. Prove that
EFBG is also a rhombus.

A 1 I 1 B

6. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

1.298Y 2.298Z 3.2992 4.2993 5.2994

@
www.everythingmaths.co.za m.everythingmaths.co.za
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8.4 Triangles EMCJB

Proportionality of triangles EMCJC

1. In the diagram below, AABC and ADEF have the same height (k) since both
triangles are between the same parallel lines.

A D
b b
H h
B C K F

Area AABC = %BC X h

Area AABC _ 5BC x h
Area ADEF ~ 1EF xh

Area ADEF = %EF x h and

Area ANABC _ BC

Therefore 4 DEF — BF

Triangles with equal heights have areas which are proportional to their bases.

2. AWXY and AZXY have the same base (XY') and the same height (k) since
both triangles lie between the same parallel lines.

1
w Z AreaAWXY:EXYxh
| 1
h, AreaAZXY:iXYxh
u - Area AWXY = Area AZXY

X Y

Triangles with equal bases and between the same parallel lines are equal in area.

3. APQR and ASQR have the same base (QR) and are equal in area.
Area APQR = Area ASQR

1 1
iQRX hl = iQRX hg

coh1 = ho

S PS|| QR

Triangles on the same side of the same base and equal in area, lie between parallel
lines.

Chapter 8. Euclidean geometry
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Worked example 2: Proportionality of triangles

QUESTION

Given parallelogram PQRS with QR produced to T. RS = 45 cm, QR = 30 cm and
h =10 cm.
@ 1. Calculate H.

2. If TR : TQ = 1 : 4, show that
Area ASTR 1

Area APRQ 3’

SOLUTION

Step 1: Determine the length of H
We use the formula for area of a parallelogram to calculate H.

Area PQRS = SR x h

=45 x 10
= 450 cm?
Area PQRS = QR x H
450 =30 x H
o .H=15cm

Area ASTR 1

Step 2: U tionality to show that ————— = —
ep se proportionality to show that - — APRQ ~ 3

We are given the ratio TR : TQ =1 : 4.

TR _1
TQ 4
RQ 3
Sothenm—é—Jl
TR TR TQ
And == =~ x —<
""RQ T TQ " RQ
1 4
= — X —
473
_1
3

1
Area ASTR = §TR x H (PS | QT, equal heights)

1
Area APRQ = §RQ x H

~ Area ASTR %TR x H
" Area APRQ 1RQ x H
TR
"~ RQ

8.4. Triangles




Exercise 8 — 4: Proportionality of triangles

1. The diagram below shows three parallel lines cut by two transversals EC and
AC such that ED : DC = 4 : 6.

Determine:
BC
E A -
3 1B
b) AB: AC
= - c) The lengths of AC
and ED, if it is given
O\ that AB = 12 mm.
N
M
2. In right-angled AMNP, QR is
drawn parallel to N M, with R the
mid-point of MP. NP = 16 cm 60 mm
and RQ = 60 mm. Determine QP Q
and RP.
P
3. Given trapezium ABCD with DA = AB = BC and ADC = BCD.
A | B a) Prove that BD bisects D.

I
b) Prove that the two diagonals

are equal in length.
c) If DC : AB =5 : 4, show
that area ABCD = 2,25 x

D C area AABC.
R
4. In the diagram to the right, APQR is Q
given with QR || T'S.
Show that area
APQS = area APRT.
S
T
P
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5. In Grade 10 we proved the mid-point theorem using congruent triangles.

a) Complete the following statement of the mid-point theorem:
"The line joining ...... of a triangleis ...... to the third side and equal to

b) In APQR, T and S are the mid-points of PR and PQ respectively. Prove
TS || RQ.

Q

R
c) Write down the converse of the mid-point theorem.

6. More questions. Sign in at Everything Maths online and click "Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

1.2995 2.2996 3.2997 4.2998 5.2999

@
www.everythingmaths.co.za m.everythingmaths.co.za

Theorem: Proportion theorem

STATEMENT

A line drawn parallel to one side of a triangle divides the other two sides of the triangle
in the same proportion.

(Reason: line || to one side A)

Given: Required to prove:

AABC with line DE || BC AD _AE
DB EC

8.4. Triangles
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PROOF

Draw h; from E perpendicular to AD, and hsy from D perpendicular to AE.

Draw BE and CD.

Area AADE 1AD.hy AD

Area ABDE ~ LDBI, DB

Area AADE  3AE.hy AE

Area ACED  LECh, EC

but Area ABDE = Area ACED (equal base and height)

~ Area NADFE N Area ANADFE
" Area ABDE =~ Area ACED

_AD AE
""DB  EC

Similarly, we use the same method to show that:

AD _AE- . AB_AC
AB ~ AC BD CE

Converse: proportion theorem

If a line divides two sides of a triangle in the same proportion, then the line is parallel
to the third side.

(Reason: line divides sides in prop.)

Worked example 3: Proportion theorem

QUESTION
T
In ATQP, SR || QP, SQ = 12 cm and +
RP = 15cm. If TR = %, TP = z and |
TS = y, determine the values of z and y, y z :
giving reasons. E
S '.
R,
I
12 cm |
15 cm !
Q |
P

Chapter 8. Euclidean geometry



SOLUTION

Step 1: Use the proportion theorem to determine the values of = and y
Consider T'P:

RP =x— %x
= %.’1}
15 =2z
r = 22,5 cm
TR = 3(22,5)
=T7,5cm
Consider TQ:
% =1k (line || one side of A)
¥ 15
12 = 1
c.y=06cm

Special case: the mid-point theorem

A corollary of the proportion theorem is the mid-point theorem: the line joining the
mid-points of two sides of a triangle is parallel to the third side and equal to half the
length of the third side.

If AB = BD and AC = CE, then BC || DE and BC = ;DE.

AC _ AB
We also know that GF = BD-

D E

Converse: the mid-point theorem

The line drawn from the mid-point of one side of a triangle parallel to another side,
bisects the third side of the triangle.

If AB= BD and BC || DE, then AC = CE.

8.4. Triangles




Exercise 8 — 5: Proportion theorem

1. InAMNP, M = 90° and HJ || MP.
HN:MH=3:1, HM =z and JP = y.

M

T

a) Calculate JP: NP.
area AHNJ

b) Calculate m

2. Use the given diagram to prove the Proportion Theorem.

3. In the diagram below, JL =2, LI = y,IM =7 and MK =y — 2.
If LM || JK, calculate y (correct to two decimal places).

4. Write down the converse of the proportion theorem and illustrate with a dia-
gram.

Chapter 8. Euclidean geometry




5. In AABC, X is apointon BC. N is the mid-point of AX, Y is the mid-point of
AB and M is the mid-point of BX.

B

a) Prove that Y BMN is a parallelogram.
b) Prove that MR = $BC.
6. More questions. Sign in at Everything Maths online and click "Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

1.299B 2.299C 3.299D 4.299F 5.299G

@
m.everythingmaths.co.za

——\ www.everythingmaths.co.za

8.5 Similarity EMCJD

Similar polygons EMCJF

Polygons are similar if they are the same shape but differ in size. In other words, one
polygon is an enlargement of the other. Congruent polygons are also similar since they
are the same shape and the same size, only their position or orientation is different.

Two polygons with the same number of sides are similar when:

1. All pairs of corresponding angles are equal, and
2. All pairs of corresponding sides are in the same proportion.

8.5. Similarity



http://www.everythingmaths.co.za/@@emas.search?SearchableText=299B
http://www.everythingmaths.co.za/@@emas.search?SearchableText=299C
http://www.everythingmaths.co.za/@@emas.search?SearchableText=299D
http://www.everythingmaths.co.za/@@emas.search?SearchableText=299F
http://www.everythingmaths.co.za/@@emas.search?SearchableText=299G
www.everythingmaths.co.za
m.everythingmaths.co.za
http://www.everythingmaths.co.za/@@emas.search?SearchableText=EMCJD
http://www.everythingmaths.co.za/@@emas.search?SearchableText=EMCJF

In the diagram above, polygon ABC DE is similar to polygon PQRST if:

Condition 1: L,
A=P, B=Q, C=R, D=5, E=T
AND
Condition 2:
AB _BC _CD _DE _EA
PQ QR RS ST TP
Important:

e Both conditions must be true for two polygons to be similar.

o If we are given two polygons that are similar, then we know that both conditions
are true.

Worked example 4: Similar polygons

QUESTION

Polygons PQTU and PRSU are similar. Determine the value of z.

R
‘5/@
Q
LY
2
| — S
- 1
g 3
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SOLUTION

Step 1: Identify pairs of corresponding sides
Since the two polygons are similar,

PQ TU

PR SU

x _ 3

r+(B-2) 3+1
Lz _3
"3 4
_x_g
T4

Exercise 8 — 6: Similar polygons

1. Determine whether or not the following polygons are similar, giving reasons.

b)
F G
A 8 B
c) 12 U \
+ 44
1
I 8 H D C

8.5. Similarity




2. Are the following statements true or false? If false, state reasons or draw an
appropriate diagram.
a) All squares are similar.
b) All rectangles are similar.
c) All rhombi are similar.
d) All congruent polygons are similar.
e) All similar polygons are congruent.
f) All congruent triangles are similar.
g) lsosceles triangles are similar.
h) Equilateral triangles are similar.

3. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.
1a. 299H 1b. 299 Tc. 299K 2a.299M 2b. 299N 2c. 299P
2d.299Q 2e.299R  2f.299S 2g.299T 2h. 299V

@
——\ www.everythingmaths.co.za m.everythingmaths.co.za

Similarity of triangles EMCJG

To prove two polygons are similar, we need to show that two conditions are true: (a)
all pairs of corresponding angles are equal and (b) all pairs of corresponding sides are
in the same proportion.

To prove two triangles are similar, we need only show that one of the conditions is
true. If one of the conditions is true for two triangles, then the other condition is also
true.

Theorem: Equiangular triangles are similar

STATEMENT

Equiangular triangles are similar.

(Reason: equiangular As)

D

E F
Given: Required to prove:
AABCand ADEF AB _AC _ BC
withA=D;B=F;C=F DE DF EF

Chapter 8. Euclidean geometry
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PROOF

Construction: mark G on AB so that AG = DFE, and mark H on AC so that AH =
DF.

In AAGH and ADEF

AG = DE (by construction)
AH = DF (by construction)
A=D (given)
ANAGH = ADEF (SAS)
- AGH = E
E=B8B (given)
. AGH =B
..GH | BC (corresp. Zs equal)
;—g = g—g (prop. theorem)
=== (AG = DE, AH = DF)

Similarly, by constructing @ on C'A so that CQ = FD, and mark P on BC so that
CP=FE.

CA (OB

FD FE

_AB _AC _BC
"DE~ DF EF

- AABC ||| ADEF

Therefore equiangular triangles are similar.

Notation

e The symbol for congruency is =.

e The symbol for similarity is |||.

e Be careful to label similar triangles correctly.
For example, if P = B, Q = A and R = C, then APQR ||| ABAC.
Do not write APQR ||| AABC.

e APQR ||| ABAC also indicates which sides of the triangles are in the same
proportion:

PQ _QE _ PR
BA~ AC ~ BC

8.5. Similarity




Proving equiangular triangles are similar:

The sum of the interior angles of any triangle is 180°. If we know that two pairs
of angles are equal, then the remaining angle in each triangle must also be equal.
Therefore the two triangles are similar.

X
¢ M
NAP
%
Y z
X =180° — ()A/ + Z) (sum of int. Zs of A)
M = 180° — (N + 15) (sum of int. Zs of A)
X=M
LAXYZ ||| AMNP (equiangular)

In other words, to prove that two triangles are equiangular, we need only show that
two pairs of angles are equal.

Worked example 5: Similarity of triangles

QUESTION

Prove that AXY Z is similar to ASRT.
T

100° 25°

SOLUTION

Step 1: Calculate the unknown angles in each triangle

In AXYZ: Y =180° — (100° + 25°) (sum of int. Zs of A)
= 55°
In ASRT : S =180° — (55° + 25°) (sum of int. Zs of A)
= 100°

Chapter 8. Euclidean geometry




Step 2: Prove that the two triangles are similar

In AXY Z and ASRT :
X =8 =100° (proved)

Z=T=25° (given)
L AXYZ ||| ASRT (AAA)

Exercise 8 — 7: Similarity of triangles

1. In the diagram below, AB || DE.

A B

a) Prove AABC' ||| AEDC.

b) If AC = ; and AB = 4 cm, calculate the length of DE (correct to one

decimal place).

2. Incircle O, RP 1 PQ.

a) Prove APRQ ||| ASRO.

OR QR

b) Prove ﬁ = ﬁ

o) If SR =18 mm and QP = 20 mm, calculate the radius of circle O (correct
to one decimal place).

8.5. Similarity




3. Given the opposite figure with the fol-
lowing lengths, find AF, EC and BE.
BC = 15cm,AB = 4cm,CD =
18 cmand ED =9 cm.

D

4. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

1.299W  2.299X 3.299Y

O
www.everythingmaths.co.za m.everythingmaths.co.za

Theorem: Triangles with sides in proportion are similar

STATEMENT

If the corresponding sides of two triangles are in proportion, then the two triangles are
similar.

(Reason: sides of As in prop.)

Given:

.. AB AC BC
AABC and ADEF with -

Required to prove:

Chapter 8. Euclidean geometry
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PROOF

Construction: draw G H such that AG = DE and AH = DF.

AB  AC

DE - DF (given)
AB _ AC (by construction)
AG AH
..GH | BC (sides in prop.)
.B=AGH (corresp. £s, GH || BC)
and C = AHG (corresp. Zs, GH || BC)
SLANAGH ||| AABC (equiangular As)
L LE_AC
""BC AB
= % (AG = DE, by construction)
- 2o (given 42 = £9)
..GH =EF
.AAGH = ADEF (SSS)

.. AABC and ADEF are equiangular

- AABC ||| ADEF

Theorem: Triangles with two sides in proportion and equal included angles, are
similar (PROOF NOT FOR EXAMS)

STATEMENT

If two sides of one triangle are in proportion to two sides of another triangle and the
included angles are equal, then the two triangles are similar.

(Reason: As with 2 sides in prop. and equal incl. £s)

8.5. Similarity




Given:

LM LN
PQ ~ PR

APQR and ALMN with LN

Required to prove:
M=Qand N =R

PROOF

and L =P =a

Construction: draw ST such that PS = LM and PT = LN.

In APQR and ALMN:
PS=LM
P=1L
PT =LN

S APST = ALMN

S PST =M

and R = PTS =N

. APQR ||| ALMN

Chapter 8.

(by construction)

(given)

(by construction)

(SAS)

(by construction)

(sides in prop.)

(corresp. Zs, ST || QR)

(corresp. Zs, ST || QR)

(equiangular As)
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Proving triangles with sides in proportion are similar:

To prove that the sides of two triangles are in the same proportion, we must show that
all three pairs of corresponding sides are in the same proportion.

Worked example 6: Similarity of triangles

QUESTION

1. In the diagram below, is AABC' ||| AZY X?
Show calculations.

B

2. Consider the diagram given below. Determine whether or not
APQR ||| ASPR.

Show calculations.

10

16

(Diagrams are not drawn to scale)
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SOLUTION

Step 1: Investigate proportionality of AABC and AZY X
For similar triangles, the order in which the triangles are labelled indicates which pairs
of sides correspond.

In AABC and AZY X :

AB 15 3
Zy ~ 5 1
AC 18 3
ZX 6 1
BC 24 3
YX 8 1

. AABC ||| AZYX  (SSS)

Step 2: Investigate proportionality of APQR and ARPS

In APQR and ARPS :

PQ _10_5
RP 14 7
PR 14 7
RS 16 8
QR _s
PsS 7

. APQR is not similar to ARPS

Worked example 7: Similarity of triangles

QUESTION

PQSR is a trapezium, with PQ || RS. Prove that PT' . RT = ST . QT.
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SOLUTION

Step 1: Identify triangles

We are required to prove that PT . RT = ST . QT, which we can also write as the
T ST

To determine which two triangles we must consider, examine the lengths given in the
ratio.

P Q
T
R S
Step 2: Prove triangles are equiangular
In APTQ and ASTR: P, =5, (alt. Zs, PQ || RS)
Q=R (alt. Zs, PQ || RS)

APTQ ||| ASTR  (AAA)

Step 3: Use proportionality
PT ST
TQ TR
. PT . TR=ST.TQ

(APTQ ||| ASTR)

Exercise 8 — 8: Similarity of triangles

1. Consider the diagram given below. PR = 20 units and XZ = 12 units. Is
AXYZ ||| APQR? Give reasons.

Q

Y
30
157 »
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2. AB is a diameter of the circle ABC'D. OD is drawn parallel to BC' and meets
AC in E.

If the radius is 10 cm and AC' = 16 cm, calculate the length of ED.
[NCS, Paper 3, November 2011]

3. P,Q,S and T are on the circumference of the circle.
TS is produced to V so that SV = 2T'S.
TRQ is produced to U so that VU || SRP.

Prove, with reasons, that:

a) E — 1

RU 3
by ATQV ||| APSV
¢ QV . PV =6T52

d AUQV ||| ARQP ||| ARST
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4. ABCD is a parallelogram with diagonals intersecting at F'. F'E is drawn parallel
to CD. AC is produced to P such that PC' = 2AC and AD is produced to @
such that DQ = 2AD.

[NCS, Paper 3, November 2011]

P Q

a) Show that E is the midpoint of AD.
b) Prove PQ || FE.
o) If PQ is 60 cm, calculate the length of F'E.

5. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

1.299Z 2.29B2 3.29B3 4.29B4

@
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8.6 Pythagorean theorem

Many different methods of proving the theorem of Pythagoras have been formulated
over the years. Similarity of triangles is one method that provides a neat proof of this
important theorem.

Theorem: Pythagorean theorem

STATEMENT

The square on the hypotenuse of a right-angled triangle is equal to the sum of the
squares on the other two sides.

(Reason: Pythagoras or right-angled As)

Given: X
A AABC with A = 90°
112 .
Required to prove:
BC? = AB? + AC?
1[2
B 5 C

8.6. Pythagorean theorem
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PROOF

Construction: draw AD | BC.

C+ Ay =90° (£s of ACAD)
fll + flg = 90° (given)
A =C
Ay + B =90° (£s of AABD)
B=A,
ﬁl = Dg =A=90° (construction)
.AABD ||| ACBA ||| ACAD (AAA)
AB BD
" BC - AB (AABD ||| ACBA)

AB? = BD x BC

DC

e (AABD ||| ACBA)

Similarly A0 _
CB
AC?=CB x DC

- AC? + AB? = (BD x BC) + (CB x DC)
= BC(BD + DC)
= BC(BC)
= BC?

. BC? = AC? + AB?

Converse: theorem of Pythagoras

If the square of one side of a triangle is equal to the sum of the squares of the other
two sides of the triangle, then the angle included by these two sides is a right angle.
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Worked example 8: Theorem of Pythagoras

QUESTION

In APQR, PQR = 90° and QT L PR. If PQ = 7 cm and QT = 3/5 cm, determine
PR and QR (correct to the nearest integer).

P
T
7cm
3v/5 cm
R
Q

SOLUTION

Step 1: Use the theorem of Pythagoras to determine PT

In APTQ, PT?=PQ?—-QT? (Pythagoras)
— 7 - (3v5)°
=49 — 45
. PT =+/4
=2cm
Step 2: Use proportionality to determine PR and QR
POR = 90° (given)
QT L PR (given)
. APQT ||| AQRT ||| APRQ (right-angled As)
(

QT _ PT
TR OT AQRT ||| APQT)

S QT?>=TR.PT

(3v5)° =TR.2
5

And PR =PT +TR

45
== 42
5+

=25cm (to nearest integer)

In APQR, QR?= PR?— PQ? (Pythagoras)
=25% - 7?
QR = /576
=24 cm

Step 3: Write the final answer
PR =25cmand QR = 24 cm

8.6. Pythagorean theorem




For any right-angled AM NP, if M@ is drawn perpendicular to N P, then:

=

P
N Q

AMNQ ||| APMQ = MQ@*=NQ.PQ
AMPQ ||| ANPM = MP?=QP.NP
AMNQ ||| APNM = MN?=PN.QN

Exercise 8 — 9: Theorem of Pythagoras

1. B is a point on circle with centre O. BD | AC and D is the midpoint of radius
ocC.
If the diameter of the circle is 24 cm, find BD.
Leave answer in simplified surd form.

2. In APQR, RQ | QP and QT L RP. PQ = 2 units, QR = b units, RT = 3
units and TP = a units. Determine a and b, giving reasons.

R b Q
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3. Chord AQ of circle with centre O cuts BC at right angles at point P.

A

Q

a) Why is AABP ||| ACBA?
b) If AB = v/6 units and PO = 2 units, calculate the radius of the circle.

4. In the diagram below, XZ and W Z are tangents to the circle with centre O and
XY Z = 90°.

X

%

1 1(2
Z

2 v

2

=

w

a) Show that XY2=0Y .Y Z.

oy Ow?
b) Prove that YZ = wze

5. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

1.29B5 2.29B6 3.29B7 4.29B8

@
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8.7 Summary EMC))

e A ratio describes the relationship between two quantities which have the same

units.
r:y or — or x to vy
Y
. m _p .
e If two or more ratios are equal to each other ( = ), then m and n are in the
n q

same proportion as p and q.

A polygon is a plane, closed shape consisting of three or more line segments.

Triangles with equal heights have areas which are proportional to their bases.
e Triangles with equal bases and between the same parallel lines are equal in area.

e Triangles on the same side of the same base and equal in area lie between parallel
lines.

e A line drawn parallel to one side of a triangle divides the other two sides of the
triangle in the same proportion.

AD _ AE nd AB _ AC ¢b _CE
DB EC a AD ~ AE BD _ AE

e Converse: proportion theorem
If a line divides two sides of a triangle in the same proportion, then the line is
parallel to the third side.

e Special case: the mid-point theorem

The line joining the mid-points of two sides of a triangle is parallel to the third
side and equal to half the length of the third side.

If AB = BD and AC = CE, then BC || DE and BC = {DE.
A

D E

Converse: the mid-point theorem

The line drawn from the mid-point of one side of a triangle parallel to another
side, bisects the third side of the triangle.

If AB = BD and BC || DE, then AC = CE.

Chapter 8. Euclidean geometry
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e Polygons are similar if they are the same shape but differ in size. One polygon is
an enlargement of the other.

e Two polygons with the same number of sides are similar when:
1. All pairs of corresponding angles are equal, and
2. All pairs of corresponding sides are in the same proportion.
e If two triangles are equiangular, then the triangles similar.
A

B C

AABC ||| ADEF

e Triangles with sides in proportion are equiangular and therefore similar.

AADE ||| AABC

e The square on the hypotenuse of a right-angled triangle is equal to the sum of
the squares on the other two sides.

D

BC? = AC? + AB?

e Converse: theorem of Pythagoras
If the square of one side of a triangle is equal to the sum of the squares of the
other two sides of the triangle, then the angle included by these two sides is a
right angle.

8.7. Summary




Exercise 8 — 10: End of chapter exercises

1. Calculate SV

20

cCB 3 _. DS

X

C Y B

3. Using the following figure and lengths, find I.J and KJ (correct to one decimal
place).

HI=20m,KL=14m,JL =18 mand HJ = 32 m.

4. Find FH in the following figure.

42

T
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JK 5 . HJ
5. In AGHI,GH || LJ, GJ || LK and *I =3 Determine =

G

H

6. BE=25m, AB=13m, AD =9m, DF = 18 m.
DFE
Calculate the lengths of BC, CF, CD, CE and EF, and find the ratio ok
A

E
F

7.In AXYZ, XYZ =90° and YT L XZ. If XY = 14cm and XT = 4 cm,
determine X Z and Y Z (correct to two decimal places).

X 4 cm
T

14 cm

Z
Y

8. Given the following figure with the following lengths, find AE, EC and BE.
BC =15cm, AB=4cm,CD =18 cm, and ED = 9 cm.

C

8.7. Summary




9. NKLM is a parallelogram with T on K L.
NT produced meets M L produced at V. NT intercepts M K at X.

N K
T
1%
M L
X XK
a) Prove that NX - Mx

b) Prove AVXM ||| ANXK.
¢ If XT =3 cmand TV = 4 cm, calculate NX.

10. M N is a diameter of circle O. M N is produced to R so that M N = 2NR.
RS is a tangent to the circle and ER | M R. M S produced meets RE at E.

E
Prove that:
a) SNRE is a cyclic
g quadrilateral

b) RS = RE
o) AMSN ||| AMRE
d) ARSN ||| ARMS

R © RE?>=RN.RM

M @) N

11. AC is a diameter of circle ADC. DB 1 AC.
AC =d,AD = ¢,DC = a and DB = h.

a) Prove that h = %.

1 1 1
b) Hence, deduce that moata
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12. RS is adiameter of the circle with centre O. Chord ST is produced to W. Chord
S P produced meets the tangent RW at V. Ry = 50°. [NCS, Paper 3, November

2011]
W \% R a) Ca[culate the size of
1\2 1% WRS.
NG b) Find W.
! c) Determine the size of
3 2 Pl.
T \ 0 d) Prove that V; = PTS.
2\1
S

13. ABCD is a cyclic quadrilateral and BC' = CD.
ECF is a tangent to the circle at C. ABE and ADF are straight lines.

G
Prove:
a) AC bisects EAF

b) BD | EF

o AADC ||| ACBE
)

d) DC? = AD.BE

14. CD is a tangent to circle ABDEF at D. Chord AB is produced to C'. Chord
BE cuts chord AD in H and chord FD in G. AC | FD and E = AB. Let
Dy =z and D; = y. [NCS, Paper 3, November 2011]

A

a) Determine THREE other an-
gles that are each equal to z.

b) Prove that
ABHD ||| AFED.

c) Hence, or otherwise, prove
that AB. BD = FD . BH.

C

15. More questions. Sign in at Everything Maths online and click 'Practise Maths’.
Check answers online with the exercise code below or click on ‘show me the answer’.
1. 29B9 2.29BB 3. 29BC 4. 29BD 5. 29BF 6. 29BG
7. 29BH 8.29B) 9.29BK 10.29BM 11.29BN 12.29BP
13.29BQ 14.29BR

0
2\ www.everythingmaths.co.za m.everythingmaths.co.za
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9  Statistics

9.1

Terminology EMCIM

Measures of central tendency:

Revision EMCJK

Provide information on the data values at the centre of the data set.

e The mean is the ‘average’ value of a data set. It is calculated as

n
> T
=1

n

i‘:

where the z; are the data and n is the number of data entries. We read z as “x
bar”.

e The median is the middle value of an ordered data set. To find the median, we
first sort the data in ascending or descending order and then pick out the value in
the middle of the sorted list. If the middle is in between two values, the median
is the average of those two values.

Measures of dispersion:

Tell us how spread out a data set is. If a measure of dispersion is small, the data are
clustered in a small region. If a measure of dispersion is large, the data are spread out
over a large region.

e The range is the difference between the maximum and minimum values in the
data set.

e The inter-quartile range is the difference between the first and third quartiles of
the data set. The quartiles are computed in a similar way to the median. The
median is halfway into the ordered data set and is sometimes also called the
second quartile. The first quartile is one quarter of the way into the ordered data
set, whereas the third quartile is three quarters of the way into the ordered data
set.

If you begin numbering your ordered data set with the number 1, the formulae
for the location of each quartile are as follows:

1
Location of @, = Z(n -1)+1
1
Location of Qs = i(n -1)+1
Location of Q3 = Z(n -1)+1
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e The variance of the data is the average squared distance between the mean and
each data value.

The variance of the data is

n
(z; — )
0_2 _ =1
n

in a population of n elements, {x1;xs;...;z,}, with a mean of z.

e The standard deviation measures how spread out the values in a data set are
around the mean. More precisely, it is a measure of the average distance between
the values of the data in the set and the mean.

The standard deviation of the data is

in a population of n elements, {x1;zs;...;x,}, with a mean of z.

The five number summary combines a measure of central tendency, the median, with
measures of dispersion, namely the range and the inter-quartile range. More precisely,
the five number summary is written in the following order:

e minimum;

o first quartile;
e median;

e third quartile;
e maximum.

The five number summary is often presented visually using a box and whisker diagram,
illustrated below.

maximum

third quartile

median inter-quartile range data range

first quartile

minimum

® See video: 29BS at www.everythingmaths.co.za
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Worked example 1: Five number summary

QUESTION

Draw a box and whisker diagram for the following data set:

1,25 1,565 255 25; 3,1; 3,2; 4,1; 425; 4,75; 4,8; 4,95; 5,1

SOLUTION

Step 1: Determine the minimum and maximum

Since the data set is already ordered, we can read off the minimum as the first value
(1,25) and the maximum as the last value (5,1).

Step 2: Determine the quartiles

There are 12 values in the data set. We can use the figure below or the formulae to
determine where the quartiles are located.

0
\

1
|

— =

1
2
\

L e

[ [ [ [ [ [ [ [ [ [ [ |
1,25 1,5 2,5 2,5 3,1 32 4,1 425 475 48 4,95 5,1

Using the figure above we can see that the median is between the sixth and seventh
values. We can confirm this using the formula:

1
Location of Q2 = i(n —-1)+1
= 1(11) +1
2
=65
Therefore, the value of the median is
3,2+4,1
’;_—’ = 3,65

The first quartile lies between the third and fourth values. We can confirm this using
the formula:

Location of @1 = %(n —1)+1
= %(11) +1
=375

Therefore, the value of the first quartile is
0= 20E25 oo

2
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The third quartile lies between the ninth and tenth values. We can confirm this using
the formula:

. 3
Location of Q3 = Z(n —1)+1

3
= —(11 1
S+
= 9,25
Therefore, the value of the third quartile is
475448

Q5 = 4775

2

Step 3: Draw the box and whisker diagram

We now have the five number summary as (1,25; 2,5; 3,65; 4,775; 5,1). The box and
whisker diagram representing the five number summary is given below.

I
I
\ \ \ \ |
1 125 1,5 2 2,5 3 3,5 365 4 4,5 4775 551 5,5

® See video: 29BT at www.everythingmaths.co.za

Worked example 2: Variance and standard deviation

QUESTION

You flip a coin 100 times and it lands on heads 44 times. You then use the same
coin and do another 100 flips. This time in lands on heads 49 times. You repeat this
experiment a total of 10 times and get the following results for the number of heads.

{44; 49; 52; 62; 53; 48; 54; 49; 46; 51}
For the data set above:
e Calculate the mean.

e Calculate the variance and standard deviation using a table.
e Confirm your answer for the variance and standard deviation using a calculator.

SOLUTION

Step 1: Calculate the mean
The formula for the mean is

Z?:l 25

n

E:

In this case, we sum the data and divide by 10 to get z = 50,8.
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Step 2: Calculate the variance using a table

The formula for the variance is

We first subtract the mean from each data point and then square the result.

z; 44 | 49 | 52 62 53 | 48 | 54 | 49 | 46 | 51
z,—T | —68 | —1,8] 1,2 | 112 | 2,2 | —2,8] 32 | —1,8] —48 | 0,2
(z;—7)% | 4624 | 324 | 1,44 | 12544 | 484 | 7,84 | 10,24 3,24 | 23,04 | 0,04

The variance is the sum of the last row in this table divided by 10, so 02 = 22,56.

Step 3: Calculate the variance using a calculator

Using the SHARP EL-531VH calculator:

Using your calculator, change the mode from normal to “Stat = ”. Do this by pressing
[2ndF] and then 1. This mode enables you to type in univariate data.

Key in the data, row by row:

Enter: | Press: See:
44 DATA | n=1
49 DATA | n=2
52 DATA | n =3
62 DATA | n=14
53 DATA | n=5
48 DATA | n=6
54 DATA | n=7
49 DATA | n =38
46 DATA | n=9
51 DATA | n = 10

Note: The [DATA] button is the same as the [M +] button.

Get the value for o:

Press: | Press: See:
RCL ox oxr = £4,75

.0y =44,75and 0,2 = (4,75)2 = 22,56
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Using the CASIO f2-82ZA PLUS calculator:

Switch on the calculator. Press [MODE] and then select STAT by pressing [2]. The
following screen will appear:

1-VAR 2: A+ BX
LOX? 4: InX

eX 6: A.BX
A.XB 8 1/X

NS

Now press [1] for variance and standard deviation. Your screen should look something
like this:

Press [44] and then [=] to enter the first z-value under z. Then enter the other values
in the same way.

44
49
3 52

Then press [AC]. The screen clears but the data remains stored.

Now press [SHIFT][1] to get the stats computations screen shown below.

: Type 2: Data
3:  Sum 4:  Var
5:  MinMax

Choose variance by pressing [4].

Get the value for o,:

Press [3] and [=] to get the value of oz .. 0, = +4,75 and 0,2 = (4,75)? = 22,56
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Symmetric and skewed data EMCJN

Last year you learnt about three shapes of data distribution: symmetric, left skewed
and right skewed.

A symmetric distribution is one where the left and right hand sides of the distribution
are roughly equally balanced around the mean. The histogram below shows a typical
symmetric distribution.

— mean ~ median

~ I\ J

balanced left and right tails

For symmetric distributions, the mean is approximately equal to the median and the
left and right tails are equally balanced, meaning that they have about the same length.

If large numbers of data are collected from a population, the graph will often have a
bell shape. If the data was, say, examination results, a few learners usually get very
high marks, a few very low marks and most get a mark in the middle range. This is a
common type of symmetric data known as a normal distribution. We say a distribution
is normal if

e the mean, median and mode are equal.

e it is symmetric around the mean.

e 68% of the sample lies within one standard deviation of the mean, 95% within
two standard deviations and 99% within three standard deviations of the mean.

® See video: 29BV at www.everythingmaths.co.za
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What happens if the test was very easy or very difficult? Then the distribution may not
be symmetrical. If extremely high or extremely low scores are added to a distribution,
then the mean and median tend to shift towards these scores and the curve becomes
skewed.

If the test was very difficult, the mean and median scores are shifted to the left. In this
case, we say the distribution is positively skewed, or skewed right.

A distribution that is skewed right has the following characteristics:

e the mean is typically more than the median;

e the tail of the distribution is longer on the right hand side than on the left hand
side; and

e the median is closer to the first quartile than to the third quartile.

If the test was very easy, then many learners would get high scores, and the mean and
median of the distribution would be shifted to the right. We say the distribution is
negatively skewed, or skewed left.

A distribution that is skewed right has the following characteristics:

e the mean is typically less than the median;

e the tail of the distribution is longer on the left hand side than on the right hand
side; and
e the median is closer to the third quartile than to the first quartile.

The table below summarises the different categories visually.

Skewed right (positive) Symmetric Skewed left (negative)

mean > median mean ~ median mean < median

Worked example 3: Skewed and symmetric data

QUESTION

Three Matric classes wrote a Mathematics test. The test is out of 40 marks and each
class has 21 learners. The results of the test are shown in the table on the next page.
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Gr. 12A | Gr. 12B | Gr. 12C
4 4 4
8 12 6
8 16 6
12 16 10
12 16 14
12 16 14
12 16 16
16 20 16
16 20 18
16 28 18
16 32 21
32 32 24
32 32 24
32 32 24
36 36 28
36 36 30
36 36 32
40 36 36
40 40 36
40 40 36
40 40 40

1. For each class, determine the five number summary and draw a box and whisker
diagram on the same set of axes using an appropriate scale.

2. Determine the mean and standard deviation for each class.

3. Comparing the mean and median values for each class, comment on the distri-
bution of the test marks for each class.

SOLUTION

1. First, we order the data from smallest to largest. This has already been done for
us. Then, we divide our data into quartiles:

1
J

0
Quartiles

— =
— M=
— &l

Gr1I2AC T T 1T 1T 1T T T T T T T T T T T T T T T 1
4 8 8 12 12 12 12 16 16 16 16 32 32 32 36 36 36 40 40 40 40

Gr12B T T T T T T T T T T T T T T T T T T T 1
4 12 16 16 16 16 16 20 20 28 32 32 32 32 36 36 36 36 40 40 40

T T 1 T
6 6 10 14 14 1

Gr. 12C All 6 1|6 1|8 1|8 2|1 2|4 2|4 2|4 2|8 3|0 3|2 3|6 3|6 3|6 4|0
The minimum of each data set is 4. The maximum of each data set is 40.

Since there are 21 values in the data set, the median lies on the eleventh mark,
making it equal to 16 for Gr. 12A, 32 for Gr. 12B and 21 for Gr. 12C.

The first quartile lies between the fifth and sixth values, making it equal to 12 for
Gr. 12A, 16 for Gr. 12B and 14 for Gr. 12C.

The third quartile lies between the 16™ and 17" values, making it equal to 36 for
Gr. 12A and Gr. 12B, and 2%32 = 31 for Gr. 12C.
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Therefore, we are able to formulate the following five number summaries and
subsequent box and whisker plots:

o Gr. 12A = [4;12;16; 36; 40]
o Gr. 12B = [4; 16; 32; 36; 40]
o Gr. 12C = [4;14;21; 31; 40]

Gr. 12B ¢ | —

Gr. 12C [ [ } !

\ \ \ \ \ \ \ \ |

0 5 10 15 20 25 30 35 40
2. Gr. 12A:

4
mean (Z) = 5= 23,6

standard deviation (o) = T_x = +12,70
Gr. 12B: -
T = — = 2
mean (Z) 51 6,5
_\2
standard deviation (o) = w = +10,65
Gr. 12C: 5
)= — =21
mean () 51 ,6
12
standard deviation (o) = w = 410,54

3. If the mean is greater than the median, the data is typically positively skewed and
if the mean is less than the median, the data is typically negatively skewed.

Gr. 12A: mean — median = 23,6 — 16 = 7,6. The marks for 12A are therefore
positively skewed, meaning that there were many low marks in the class with the
high marks being more spread out.

Gr. 12B: mean — median = 26,5 — 32 = —5,5. The marks for 12B are therefore
negatively skewed, meaning that there were many high marks in the class with
the low marks being more spread out.

Gr. 12C: mean — median = 21,6 — 21 = 0,6. The marks for 12C are therefore
normally distributed, meaning that there are as many low marks in the class as
there are high marks.
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Exercise 9 — 1: Revision

1. State whether each of the following data sets are symmetric, skewed right or
skewed left.

a) A data set with this distribution:

b) A data set with this box and whisker plot:

— [

c) A data set with this histogram:

il

d) A data set with this frequency polygon:

e) A data set with this distribution:

f) The following data set:

105;44 ;94 ;149 ;83 ; 178 ; —4; 112 ; 50 ; 188

2. For the following data sets:
e Determine the mean and five number summary.
e Draw the box and whisker plot.
e Determine the skewness of the data.

Q) 40;45:;12;6;9;16;11;7;35;7;31;3
b) 65;100;99;21;8;27;21;31;33;31;38;16

Q) 6557 77;92;77:58:90;46; 11; 81

d)l 99;76;76;50;74;83:91;41;17; 33

e 0,5 —09;-18:;3;-02;-52;-18;0,1; -1,7; -2:2.2;0,5 —0,5
f)86;64;25;71;54;44;97;31;78;46;60;86
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3. For the following data sets:
e Determine the mean.
e Use a table to determine the variance and the standard deviation.

e Determine the percentage of data points within one standard deviation of
the mean. Round your answer to the nearest percentage point.

a) {9,1;0,2;2,8;2,0;10,0;5,8;9,3; 8,0}
b) {9;5;1;3;3;5;7;4; 10; 8}
c) {81; 22; 63; 12; 100; 28; 54; 26; 50; 44; 4; 32}

4. Use a calculator to determine the
® mean,
e variance,
e and standard deviation

of the following data sets:

a)8;3;10;7;7;1;3;1;3;7

b) 4;4;13;9;7;7;2;5;15;4;22;11

c) 4,38 ;3,83;4,99;4,05; 2,88 ;4,83 ;0,88 ; 5,33 ; 3,49 ; 4,10

d) 4,76 ; —4,96 ; —6,35; —3,57; 0,59 ; —2,18 ; —4,96 ; —3,57 ; —2,18 ; 1,98
e) 7;53;29;42;12;111;122;79;83;5;69;45;23;77

5. Xolani surveyed the price of a loaf of white bread at two different supermarkets.
The data, in rands, are given below.

Supermarket A | 3,96 | 3,76 | 4,00 | 3,91 | 3,69 | 3,72
Supermarket B | 3,97 | 3,81 | 3,52 | 4,08 | 3,88 | 3,68

a) Find the mean price at each supermarket and then state which supermarket
has the lower mean.

b) Find the standard deviation of each supermarket’s prices.

c) Which supermarket has the more consistently priced white bread? Give
reasons for your answer.

6. The times for the 8 athletes who swam the 100 m freestyle final at the 2012
London Olympic Games are shown below. All times are in seconds.

47,52 ; 47,53 : 47,80 ; 47,84 ; 47,88 ; 47,92 ; 48,04 ; 48,44

a) Calculate the mean time.
b) Calculate the standard deviation for the data.

¢) How many of the athletes’ times are more than one standard deviation away
from the mean?

7. The following data set has a mean of 14,7 and a variance of 10,01.

18; 11;12; a; 16; 11; 19; 14; b; 13

Calculate the values of a and b.

Chapter 9. Statistics




8. The height of each learner in a class was measured and it was found that the
mean height of the class was 1,6 m. At the time, three learners were absent.
However, when the heights of the learners who were absent were included in
the data for the class, the mean height did not change.

If the heights of two of the learners who were absent are 1,45 m and 1,63 m,
calculate the height of the third learner who was absent. [NSC Paper 3 Feb-
March 2013]

9. There are 184 students taking Mathematics in a first-year university class. The
marks, out of 100, in the half-yearly examination are normally distributed with a
mean of 72 and a standard deviation of 9. [NSC Paper 3 Feb-March 2013]

a) What percentage of students scored between 72 and 90 marks?
b) Approximately how many students scored between 45 and 63 marks?

10. More questions. Sign in at Everything Maths online and click ’Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

la. 29BW  1b.29BX 1c.29BY 1d.29BZ 1e.29C2  1f.29C3

2a.29C4  2b.29C5 2c.29C6 2d.29C7 2e.29C8  2f. 29C9

3a. 29CB  3b.29CC 3c.29CD 4a.29CF  4b.29CG 4c. 29CH

4d. 29C) 4e. 29CK  5.29CM 6. 29CN 7.29CP 8.29CQ
9. 29CR

0
2\ www.everythingmaths.co.za m.everythingmaths.co.za

9.2 Curve fitting EMCJP

Intuitive curve fitting

In Grade 11, we used various means, such as histograms, frequency polygons and
ogives, to visualise our data. These are very useful tools to depict univariate data, i.e.
data with only one variable such as the height of learners in a class.

Last year we also learnt about a visual tool called scatter plots. Scatter plots are a
common way to visualise bivariate data, i.e. data with two variables. This allows us to
identify the direction and strength of a relationship between two variables.

We identify the nature of a relationship between two variables by examining if the
points on the scatter plot conform to a linear, exponential, quadratic or some other
function. The process of fitting functions to data is known as curve fitting.

The strength of a relationship can be described as strong if the data points conform
closely to a function or weak if they are further away.

In the case of linear functions, the direction of a relationship is positive if high values
of one variable occur with high values of the other or negative if high values of one
variable occur with low values of the other.
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The different relationships are summarised below:

Strong, positive linear relationship

Strong, negative linear relationship

Weak, positive linear relationship

Exponential relationship

Quadratic relationship

No relationship
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Worked example 4: Intuitive curve fitting

QUESTION

Examine the scatter plot below of data collected from a new shop:

400 .
2 .
S 300
8 °
S .
2 200 | o
= .
e [ J
[«F]
2100 | o
[«5] [}
z ...°°
1»M4MJ—°.?.... ; ; :
0 5 10 15 20 25

Time (months)

What are the two variables being compared?
What type of function best fits the data?
Is the relationship between the two variables strong or weak?

Is the relationship between the two variables positive or negative?

Using your answers above, describe the relationship between the two variables
in one sentence.

SOLUTION

e The variables being compared are average daily number of customers and time
in months.

e The data fit an exponential function.

e The data points appear to fit the curve close to perfectly, so the relationship can
be described as very strong.

e As time increases, the number of customers increases, so the relationship can be
described as positive.

e There is a very strong, positive, exponential relationship between average daily
customers and time in the new shop.

In the worked example above, by plotting the average daily customers and time data
of a new shop on a scatter plot, we were able to identify the relationship between the
two variables. Once we know the relationship between two variables, we are able to
do another very useful thing we can predict values where no data exist.
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DEFINITION: Interpolation and extrapolation

When we predict values that fall within the range of our data, this is known as inter-
polation. When we predict the values of a variable beyond the range of our data, this
is known as extrapolation.

Extrapolation must be done with caution unless it is known that the observed relation-
ship continues beyond the range of our data. For example, an exponential function
may look linear if we only have the first few data points available but if we extrapolate
far enough beyond the initial data points, our predictions will be inaccurate.

In order to interpolate or extrapolate values, we need to find the equation of the func-
tion which best fits the data. For linear data, we draw a straight line through the data

which best approximates the available data points. This line is known as the line of
best fit or trend line. Let us try our hand at this in the following example.

Worked example 5: Fitting by hand

QUESTION

Use the data below to draw a scatter plot and line of best fit.

Write down the equation of the line that best seems to fit the data.

e Use your equation to calculate the estimated value for y if z = 4.
e Use your equation to calculate the estimated value for z if y = 6.

2w 1,024 31149]56] 62
y 25283048 5,1 5,3

SOLUTION

Step 1: Draw the graph

1. Choose a suitable scale for the axes.
2. Draw the axes.
3. Plot the points.
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Step 2: Drawing the line of best fit

The next step is to draw a straight line which goes as close to as many points as
possible. It is generally best to have as many points above the line as below the line.

Step 3: Calculating the equation of the line
The equation of the line is y = mz + ¢

From the graph we have drawn, we estimate the y-intercept to be 1,5. We estimate that
y = 3,5 when z = 3. So we have that points (3;3,5) and (0;1,5) lie on the line. The
gradient of the line, m, is given by

_ Ay _yp-u
T Az as—1
_35-15

- 3-0

_2

~3

So we finally have that the equation of the line of best fit is y = %x +1,5

Step 4: Calculate the unknown values
The equation of the line is y = 2z + 1,5 so in order to find the unknown values, we
insert the known values into our equation.

For x = 4:
2
=—-.4+15
Y 3 =1

= 4,17

Since this z-value is within the data range, this is interpolation.

For y = 6:
2
6:§-x+1,5
3
Sr=(6—-15) x =
= )><2
= 6,75

Since this y-value is outside the data range, this is extrapolation.
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Exercise 9 — 2: Intuitive curve fitting

1. Identify the function (linear, exponential or quadratic) which would best fit the
data in each of the scatter plots below:

a) d)

2. Given the scatter plot below, answer the questions that follow on the next page.

y
20

15 | °

10 + °
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a) What type of function fits the data best? Comment on the fit of the function
in terms of strength and direction.

b) Draw a line of best fit through the data and determine the equation for your
line.

c) Using your equation, determine the estimated y-value where x = 25.

d) Using your equation, determine the estimated z-value where y = 25.

3. Tuberculosis (TB) is a disease of the lungs caused by bacteria which are spread
through the air when an infected person coughs or sneezes. Drug-resistant TB
arises when patients do not take their medication properly. Andile is a scientist
studying a new treatment for drug-resistant TB.

For his research, he needs to grow the TB bacterium. He takes two bacteria
and puts them on a plate with nutrients for their growth. He monitors how the
number of bacteria increases over time. Look at his data in the scatter plot below
and answer the questions that follow.

4000 4
3000 |
g
Q
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o
e}
£
>
Z 1000 | o
o
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e— o o o o © : : :
0 2 4 6 8 10
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a) What type of function do you think fits the data best?

b) The equation for bacterial growth is x,, = z(1 + r)! where x is the initial
number of bacteria, r is the growth rate per unit time as a proportion of 1,
t is time in hours, and z,, is the number of bacteria at time, t. Determine
the number of bacteria grown by Andile after 24 hours if the number of
bacteria doubles every hour (i.e. the growth rate is 100% per hour).

4. Marelize is a researcher at the Department of Agriculture. She has noticed that
farmers across the country have very different crop yields depending on the
region. She thinks that this has to do with the different climate in each region.
In order to test her idea, she collected data on crop yield and average summer
temperatures from a number of farmers. Examine her data on the opposite page
and answer the questions that follow.
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Identify what type of function would fit the data best.

Marelize determines that the equation for the function which fits the data
bestis y = —0,0622+2,22—14. Determine the optimal temperature to grow
wheat and the respective crop yield. Round your answer to two decimal
places.

5. Dr Dandara is a scientist trying to find a cure for a disease which has an 80%
mortality rate, i.e. 80% of people who get the disease will die. He knows of
a plant which is used in traditional medicine to treat the disease. He extracts
the active ingredient from the plant and tests different dosages (measured in
milligrams) on different groups of patients. Examine his data below and complete

the q

uestions that follow.

Dosage (mg) 0 | 25|50 75| 100 | 125 | 150 | 175 | 200

Mortality rate (%) | 80 | 73 | 63 | 49 | 42 | 32 | 25 11 5

a)
b)

C)

d)
e)

Draw a scatter plot of the data

Which function would best fit the data? Describe the fit in terms of strength
and direction.

Draw a line of best fit through the data and determine the equation of your
line.

Use your equation to estimate the dosage required for a 0% mortality rate.

Dr Dandara decided to administer the estimated dosage required for a 0%
mortality rate to a group of infected patients. However, he still found a
mortality rate of 5%. Name the statistical technique Dr Dandara used to
estimate a mortality rate of 0% and explain why his equation did not accu-
rately predict his experimental results.

6. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

Ta. 29CS
2.29CZ

1b. 29CT  1c. 29CV  1d. 29CW 1e. 29CX 1f. 29CY
3.29D2  4.29D3 5.29D4

@
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In the previous worked example and exercises, you drew the line of best fit by hand.
This can give us a reasonable approximation of which function best fits the data when
the data points are close together. However, you and your classmates may have found
that you obtained slightly different answers from one another. In the next section, we
will learn about a more precise way of fitting a linear function to data.

Linear regression EMCJR

Linear regression analysis is a statistical technique for finding out exactly which linear
function best fits a given set of data. We can find out the equation of the regression
line by using an algebraic method called the least squares method, available on most
scientific calculators. The linear regression equation is written §§ = a + bz (we say y-
hat) or y = A + Bzx. Of course these are both variations of the more familiar equation
Yy = mx + c.

The least squares method is very simple. Suppose we guess a line of best fit, then at
every data point, we find the distance between the data point and the line. If the line
fitted the data perfectly, this distance would be zero for all the data points. The worse
the fit, the larger the differences. We then square each of these distances, and add
them all together.

Y

The best-fit line is then the line that minimises the sum of the squared distances.

® See video: 29D5 at www.everythingmaths.co.za

Suppose we have a data set of n points {(z1;y1), (€2;¥2) , ..., (Tn; yn)}. We also have
a line f (z) = ma + c that we are trying to fit to the data. The distance between the
first data point and the line, for example, is distance = y1 — f (1) = y1 — (mx1 + ¢)

We now square each of these distances and add them together. Lets call this sum
S (m, c). Then we have that

S(mye) = (y1 = f (@) + (g2 = f (22))" + -+ (yo — [ (wa))

(Zli - f (%‘))2

1

(2

Thus our problem is to find the value of m and c such that S (m,¢) is minimised.
Let us call these minimising values b and a respectively. Then the line of best-it is
f(z) = a+ bx. We can find a and b using calculus, but it is tricky, and we will just
give you the result, which is that

b— NI T = D Tid Y
= 5 :
ny i (2:)” = (X2 %)

1 & b &
o= yi—— Y wi=y-0bi
=1 i=1
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Worked example 6: Method of least squares by hand

QUESTION

In the table below, we have the records of the maintenance costs in rands compared
with the age of the appliance in months. We have data for five appliances. Determine
the equation for the least squares regression line by hand.

Appliance | 1 2 3 4 5
Age (z) 5 10 15 20 30
Cost (y) 90 | 140 | 250 | 300 | 380

SOLUTION
Appliance | z Yy Y z2
1 5 90 450 25
2 10 140 1400 100
3 15 | 250 3750 225
4 20 | 300 6000 400
5 30 | 380 | 11400 | 900
Total 80 | 1160 | 23 000 | 1650

_ny xy—y xy .y  5x 23000 — 80 x 1160

oY a?— (Na) 5 x 1650 — 802
=12
0 g s~ 1160 12x80
5 5
=40
Sy =40+ 122

Worked example 7: Using the SHARP EL-531VH calculator

QUESTION

Using a calculator, find the equation of the least squares regression line for the follow-
ing data:

Days (x) 1 2 3 4 5
Growthinm (y) | 1,00 | 2,50 | 2,75 | 3,00 | 3,50

NB. If you have a CASIO calculator, do the next worked example first. Come back to
this worked example once you are done and see if you get the same answer on your

calculator.
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SOLUTION

Step 1: Getting your calculator ready

Using your calculator, change the mode from normal to “Stat zy ”. Do this by pressing
[2ndF] and then 2. This mode enables you to type in bivariate data.

Step 2: Entering the data
Key in the data row by row:

Enter: | Press: | Enter: | Press: | See:
1 (z,v) 1 DATA | n =1
2 (z,y) 25 | DATA | n =2
3 (z,v) 2,75 | DATA | n =3
4 (x,y) 3,0 DATA | n =14
5 (z,y) 3,5 DATA | n =5

Note: The [(z, y)] button is the same as the [STO] button and the [DATA] button is the
same as the [M +] button.

Step 3: Getting regression results from the calculator
Ask for the values of the regression coefficients a and b.

Press: | Press: See:
RCL a a=20,9
RCL b b=0,55

2.9 =09+ 0,552

Worked example 8: Using the CASIO fz-82ZA PLUS calculator

QUESTION

Using a calculator determine the least squares line of best fit for the following data set.

Learner 1 2 3 4 5
Chemistry (%) | 52 | 55 | 86 | 71 | 45
Accounting (%) | 48 | 64 | 95 | 79 | 50

For a Chemistry mark of 65%, what mark does the least squares line predict for Ac-
counting?

NB. If you have a SHARP calculator, ensure that you have done the previous worked
example first. Once you have completed the previous worked example, attempt this
example using your calculator and see if you get the same answer.

9.2. Curve fitting




SOLUTION

Step 1: Getting your calculator ready

Switch on the calculator. Press [MODE] and then select STAT by pressing [2]. The
following screen will appear:

1-VAR 2: A+ BX
LOX? 4: InX

eX 6: A.BX
A.XB 8 1/X

NS

Now press [2] for linear regression. Your screen should look something like this:

X Y

Step 2: Entering the data

Press [52] and then [=] to enter the first mark under z. Then enter the other values,
in the same way, for the z-variable (the Chemistry marks) in the order in which they
are given in the data set. Then move the cursor across and up and enter 48 under y
opposite 52 in the z-column. Continue to enter the other y-values (the Accounting
marks) in order so that they pair off correctly with the corresponding z-values.

X Y
1 52 48
2 95 64
3 86 95

Then press [AC]. The screen clears but the data remains stored.

Now press [SHIFT][1] to get the stats computations screen shown below.

1: Type 2: Data
3: Sum 4: Var
5. Reg 6: MinMax

Choose Regression by pressing [5].

w
-
N
®

<
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Step 3: Getting regression results from the calculator

1. Press [1] and [=] to get the value of the y-intercept, a = —5,065... = —5,07 (to
two decimal places)
Finally, to get the slope, use the following key sequence: [SHIFT][11[5][2][=]. The
calculator gives b = 1,169... = 1,17 (to two decimal places)

The equation of the line of regression is thus:
g=—507+1,17x

2. Press [AC][65][SHIFTI[11[5][5][=]
This gives a (predicted) Accounting mark of = 70,94 = 71%

Exercise 9 — 3: Least squares regression analysis

1. Determine the equation of the least-squares regression line using a table for the
data sets below. Round a and b to two decimal places.

a) 100|491 116 |8|18|9]|13
y 1 0|6 3 9 519 8 7| 15

b) 8 12 | 12 7 6 14 8 14 | 14 | 17
y | =5 4 3 -3 | =5 | =6 | =2 0 —4 3

0 z | =9 3 4 7 13 6 0 8 1 14
y 0 -12 | =10 | =14 | =31 | =32 | —41 | =52 | =51 | —63

2. Use your calculator to determine the equation of the least squares regression line
for the following sets of data:

a) 0,16 | 0,32 3 2,6 | 6,12 | 7,68 | 6,16 | 856 | 11,24 | 11,96
548 | 10,56 | 13,4 | 15,96 | 15,44 | 16,6 | 17,2 | 22,28 | 22,04 | 24,32
by | 2| =35 ] 55 4 1 5,5 5 3,5 5,5 7,5 8,5
y | —10 | —20,5] —30,5| —46 | —46,5| —64,5| —67 | —76,5| —83,5| —94
glel2s]as[—2] 9 [85[10[75] 3 8 15
y | =21 6 | 11 [ 11,5 ] 17 |21 ] 21 | 30,5 | 32,5 | 33,5
d) | @] 724 | 824 ] 534 [ 166 032 | 1146 | 934 | 1424 | 120 | 12,34
y | —3,2] —18,78] —21,1] —32 | —31,2] —53,02] —53 | —65,46] —74,8] —80,24
o |z ] 028 232 [012]464[ 308 [ 7,02 ] 508 | 896 | 1028 [ 7,12
y | —6,88 | —0,32 | 3,68 | 4,8 | 11,68 | 19,2 | 20,96 | 24,96 | 29,28 | 33,28
p 1 1,1 48 | 355 ] 275 | 1,95 | 6,1 | 89 | 10,35] 9,55
—845| —5,95 | —4,35 | 0,85 | —2,95 | —1,8 | 0,25 | 0,05 | 4,8 | —3,05

9.2. Curve fitting




: 19 1,0 | —15]1,3]095] 825 | 106 | 6,2 ] 81 | 8,65
& 7 | 845 ] 09 |01 ] 245435 | 22 | 1,4 ] 0,15 | 2,05
h —81,8 | 73,1 | 84 | 92,2 | —69,7 | —56,1 | 8,8 | 80,9 | 68,4 | —40,4
10,6 | 16,1 | 3,6 | 46 | 11,9 | 183 | 16,6 | 17,6 | 17,7 | 24,1

28 | 74 | —24] 4 [11,3] 69 | 25 | 1,7 | 54 | 82
124 | 134 | 153 | 154 | 164 | 192 | 21,1 | 194 | 21,3 | 25

5 1,2 8 6 7,4 7,4 6,7 8,7 12,2 14,3
-4,2 | —=13,7| =-23,7| —=33,5| —43,8| —54,2| —63,9| —73,9| —84,5| —93,5

3. Determine the equation of the least squares regression line given each set of data
values below. Round a and b to two decimal places in your final answer.

a n=10; Sz ="74; Y y=424; Y ay =4114,51; > (2?) = 718,86
b) n=13; =845 §=17,83; > ay=1879,25; > (2%) = 855,45
¢ n=10; £=5,77; y=17,03; Ty = 133,817; o, = £3,91
(Hint: multiply the numerator and denominator of the formula for b by #)

4. The table below shows the average maintenance cost in rands of a certain model
of car compared to the age of the car in years.

Age (2) 1 3 ) 6 8 9 10

Cost (y) | 1000 | 1500 | 1600 | 1800 | 2000 | 2400 | 2600

a) Draw a scatter plot of the data.

b) Complete the table below, filling in the totals of each column in the final
row:

Age () | Cost (y) Ty P

1 1000
1500
1600
1800
2000
2400
10 2600

=== Y=

c) Use your table to determine the equation of the least squares regression
line. Round a and b to two decimal places.

d) Use your equation to estimate what it would cost to maintain this model of
car in its 15™ year.

e) Use your equation to estimate the age of the car in the year where the
maintenance cost totals over R 3000 for the first time.

O 00| O U1| W

5. Miss Colly has always maintained that there is a relationship between a learner’s
ability to understand the language of instruction and their marks in Mathemat-
ics. Since she teaches Mathematics through the medium of English, she decides
to compare the Mathematics and English marks of her learners in order to in-
vestigate the relationship between the two marks. Examine her data below and
answer the quesitons on the following page.

English % (z) 28 | 33| 30| 45| 45| 55| 55| 65| 70| 76| 65| 85| 90
Mathematics % (y) | 35| 36| 34| 45| 50| 40| 60| 50| 65| 85| 70| 80| 90
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a) Complete the table below, filling in the totals of each column in the final

row:
English % () | Mathematics % (y) Ty z2
28 35
33 36
30 34
45 45
45 50
55 40
65 50
70 65
76 85
65 70
85 80
90 90
S = S=.. S=. S =...

b) Use your table to determine the equation of the least squares regression
line. Round a and b to two decimal places.

c) Use your equation to estimate the Mathematics mark of a learner who ob-
tained 50% for English, correct to two decimal places.

d) Use your equation to estimate the English mark of a learner who obtained
75% for Mathematics, correct to two decimal places.

6. Foot lengths and heights of ten students are given in the table below.

Height (cm) 170 | 163 | 131 | 181 | 146 | 134 | 166 | 172 | 185 | 153
Foot length (cm) | 27 | 23 | 20 | 28 | 22 | 20 | 24 | 26 | 29 | 22

a) Using foot length as your z-variable, draw a scatter plot of the data.
b) Identify and describe any trends shown in the scatter plot.
¢) Find the equation of the least squares line using the formulae and draw

the line on your graph. Round a and b to two decimal places in your final
answer.

d) Confirm your calculations above by finding the least squares regression line
using a calculator.

e) Use your equation to predict the height of a student with a foot length of
21,6 cm.

f) Use your equation to predict the foot length of a student 190 cm tall, correct
to two decimal places.

7. More questions. Sign in at Everything Maths online and click ‘Practise Maths’.

Check answers online with the exercise code below or click on ‘show me the answer’.

1a.29D6  1b.29D7 1c.29D8 2a.29D9 2b.29DB 2c. 29DC

2d. 29DD  2e.29DF  2f. 29DG 2g. 29DH 2h. 29D]) 2i. 29DK
2j.29DM  3a.29DN  3b.29DP 3c.29DQ  4.29DR  5.29DS
6. 29DT

@
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Now that we have a precise technique for finding the line of best fit, we still do not
know how well our line of best fit really fits our data. We can fit a least squares
regression line to any bivariate data, even if the two variables do not show a linear
relationship. If the fit is not “good”, our assumption of the a and b values in § = a + bz
might be incorrect. Next, we will learn of a quantitative measure to determine how
well our line really fits our data.

9.3 Correlation

The linear correlation coefficient, r, is a measure which tells us the strength and direc-
tion of a relationship between two variables. The correlation coefficient r € [—1;1].
When r = —1, there is perfect negative correlation, when r = 0, there is no correlation
and when r = 1 there is perfect positive correlation.

Y Yy Y
Positive, strong Positive, fairly strong Positive, weak
r~09 r~0,7 r~04
Yy Y Y
Negative, fairly strong Negative, weak No correlation
r=~-—0,7 ra—0,4 r=0

. . - . o
The linear correlation coefficient r can be calculated using the formula r = b—=
Ty
e where b is the gradient of the least squares regression line,
e o, is the standard deviation of the z-values and
e o, is the standard deviation of the y-values.

This is known as the Pearson’s product moment correlation coefficient. It is much
easier to do on a calculator where you simply follow the procedure to calculate the
regression equation, and go on to find r.
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In general:

Positive Strength Negative
r=20 no correlation r=20
0<r<0,25 very weak -0,25<r<0
025 <7 <05 weak —05<r<-025
0,5 <r<0,75 moderate 0,75 <r < —0,5
0,75 <r <09 strong —0,9<r<—-0,75
09<r<1 very strong -1<r<-09
r=1 perfect correlation r=—1

NOTE:

Correlation does not imply causation! Just because two variables are correlated does
not mean that they are causally linked, i.e. if A and B are correlated, that does not
mean A causes B, or vice versa. This is a common mistake made by many people,
especially journalists looking for their next juicy story.

For example, ice cream sales and shark attacks are correlated. This does not mean
that the sale of ice cream is somehow causing more shark attacks. Instead, a simpler
explanation is that the warmer it is, the more likely people are to buy ice cream and
the more likely people are to go to the beach as well, thus increasing the likelihood of
a shark attack.

® See video: 29DV at www.everythingmaths.co.za

Worked example 9: The correlation coefficient

QUESTION

A cardiologist wanted to test the relationship between resting heart rate and the peak
heart rate during exercise. Heart rate is measured in beats per minute (bpm). The
following set of data was generated from 12 study participants after they had run on a
treadmill at 10 km/h for 10 minutes.

Resting heartrate | 48 | 56 | 90 | 65 | 75 | 78 | 80 | 72 | 82 | 76 | 68 | 62
Peak heart rate 138 | 136| 180| 150| 151 | 161 | 155| 154| 175| 158 | 145| 155

e Draw a scatter plot of the data. Use resting heart rate as your z-variable.

e Use your calculator to determine the equation of the line of best fit.

e Estimate what the heart rate of a person with a resting heart rate of 70 bpm will be after
exercise.

e Without using your calculator, find the correlation coefficient, r. Confirm your answer
using your calculator.

e What can you conclude regarding the relationship between resting heart rate and the
heart rate after exercise?

9.3. Correlation
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SOLUTION

Step 1: Draw the scatter plot

1. Choose a suitable scale for the axes.
2. Draw the axes.
3. Plot the points.

190 ¢
180 + L
170 |
160 + =

150 ° C

Peak heart rate (bpm)

140 +

130 : : : : : :
40 50 60 70 80 90 100

Resting heart rate (bpm)

Step 2: Calculate the equation of the line of best fit
As you learnt previously, use your calculator to determine the values for a and b.

a = 86,75
b=0,96
Therefore, the equation for the line of best fit is y = 86,75 + 0,96z

Step 3: Calculate the estimated value for y
If z = 70, using our equation, the estimated value for y is:

y = 86,75 + 0,96 x 70 = 153,95

Step 4: Calculate the correlation co-efficient
The formula for r is:

Og
r=b—
Oy

We already know the value of b and you know how to calculate b by hand from worked
example 5, so we are just left to determine the value for o, and ¢,. The formula for
standard deviation is:

(z; — 7)?

o

=1

Oy —
n
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First, you need to determine z and ¢ and then complete a table like the one below.

=5l -7
n
Z Yi
y= ’:711 = 154,83 (rounded to two decimal places)
Resting heart rate (z) | Peak heart rate (y) | (z — 7)? (y—19)2
48 138 529 283,25
56 136 225 354,57
90 180 361 633,53
65 150 36 23,33
75 151 16 14,67
78 161 49 38,07
80 155 81 0,03
72 154 1 0,69
82 175 121 406,83
76 158 25 10,05
68 145 9s 96,63
62 155 81 0,03
S = 852 S = 1858 ST =1534 | 5 = 1861,68
- 2
10y = &
Oy = Z;( = V1534 = +3,26
n 12
. 77)2
Ll /186168
= — — 43,60
n 12
b = 0,96
3.96
C.r=0,96 x m
= 0,87

Step 5: Confirm your answer using your calculator

Once you know the method for finding the equation of the best line of fit on your
calculator, finding the value for r is trivial. After you have entered all your = and y
values into your calculator, in STAT mode:

e on a SHARP calculator: press [RCL] then [r] (the same key as [+])
e on a CASIO calculator: press [SHIFT] then [STAT], [5], [3] then [=]

Step 6: Comment on the correlation coefficient

r =087

Therefore, there is a strong, positive, linear relationship between resting heart rate and
peak heart rate during exercise. This means that the higher your resting heart rate, the
higher your peak heart rate during exercise is likely to be.

9.3. Correlation




Exercise 9 — 4: Correlation coefficient

1. Determine the correlation coefficient by hand for the following data sets and
comment on the strength and direction of the correlation. Round your answers
to two decimal places.

a) 5|8 | 13|10 | 14 | 15 | 17 | 12 | 18 | 13
5| 8 3 8 7 5 3 -1 4 -1

b) 7 3 11 7 7 6 9 12 | 10 | 15
13 | 23 | 32 | 45 | 50 | 55 | 67 | 69 | 8 | 90

0) 3| 10 7 6 11 | 16 | 17 | 15 | 17 20
6 |24 |30 | 38 | 53|56 | 65|75 | 91 | 103

2. Using your calculator, determine the value of the correlation coefficient to two
decimal places for the following data sets and describe the strength and direction
of the correlation.

a) 0,1 | 08 1,2 3,4 6,5 3,9 64 | 74 | 99 | 85
—51 | —10 | —17,3 | —24,9 | —31,9 | —386 | —42 | —55 | —62 | —64,8
b) —26 | —34 | —51 | —14 | 50 | =57 | —11 | —10 36 | —35
—66 | —10 | —26 | —51 | —58 | —56 | 45 | —142 | —149 | —30
9 101 | —398 | 103 204 | 105 | 606 | 807 | —992 | 609 | —790
—300 | 98 | —704 | —906 | —8 | 690 | —12 | 686 | 984 | —18
d) 101 | 82 | —7] —6 [ 45| 04| —23 78] -11] 0
111 | —74 | 21 | 106 | 51 | 26 21 | 86 | —29 | 66
o) 3| 5| -a]o]-2]9 10|17 ] o9
24 [ 18| 21 [ 30| 31 | 39| 48 | 59 | 56 | 54

3. Calculate and describe the direction and strength of r for each of the sets of data
values below. Round all r-values to two decimal places.

a) b=—1,88; 02 =48,62; 02 =736,54.

b) a = 3219; z = 43; § = 36,6; > (z; — %)% = 620,1; > (y; —9)* =
i=1 =1
2636,4.
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4. The

geography teacher, Mr Chadwick, gave the data set below to his class to

illustrate the concept that average temperature depends on how far a place is
from the equator (known as the latitude). There are 90 degrees between the
equator and the North Pole. The equator is defined as 0 degrees. Examine the
data set below and answer the questions that follow.

City Degrees N (z) | Ave. temp. (v) | 2y | 22 | (z —2)? | (y — 9)?
Cairo 43 22
Berlin 53 19
London 40 18
Lagos 6 32
Jerusalem 31 23
Madrid 40 28
Brussels 51 18
Istanbul 39 23
Boston 43 23
Montreal 45 22
Total:

e)

f)

5. Ata
fuel

Copy and complete the table.

Using your table, determine the equation of the least squares regression
line. Round a and b to two decimal places in your final answer.

Use your calculator to confirm your equation for the least squares regression
line.

Using your table, determine the value of the correlation coefficient to two
decimal places.

What can you deduce about the relationship between how far north a city
is and its average temperature?

Estimate the latitude of Paris if it has an average temperature of 25°C

xi driver recorded the number of kilometres his taxi travelled per trip and his
cost per kilometre in Rands. Examine the table of his data below and answer

the questions that follow.

Distance (z) | 3 5 7 9 11| 13 | 15 | 17 | 20 | 25 | 30

Cost(y) | 28| 25| 2,46] 2,42] 24| 2,36] 2,32] 2,3 | 2,25] 2,22] 2

e)

Draw a scatter plot of the data.

Use your calculator to determine the equation of the least squares regres-
sion line and draw this line on your scatter plot. Round a and b to two
decimal places in your final answer.

Using your calculator, determine the correlation coefficient to two decimal
places.

Describe the relationship between the distance travelled per trip and the
fuel cost per kilometre.

Predict the distance travelled if the cost per kilometre is R 1,75.

9.3. Correlation




6. The time taken, in seconds, to complete a task and the number of errors made
on the task were recorded for a sample of 10 primary school learners. The data
is shown in the table below. [Adapted from NSC Paper 3 Feb-March 2013]

Time taken to
complete task 23121 119|915 22|17 |14 | 21 | 18
(in seconds)
Number of
errors made

a) Draw a scatter plot of the data.

b) What is the influence of more time taken to complete the task on the num-
ber of errors made?

c) Determine the equation of the least squares regression line and draw this
line on your scatter plot. Round a and b to two decimal places in your final
answer.

d) Determine the correlation coefficient to two decimal places.

e) Predict the number of errors that will be made by a learner who takes 13
seconds to complete this task.

f) Comment on the strength of the relationship between the variables.

7. A recording company investigates the relationship between the number of times
a CD is played by a national radio station and the national sales of the same CD
in the following week. The data below was collected for a random sample of 10
CDs. The sales figures are rounded to the nearest 50. [NSC Paper 3 November
2012]

Number
of times
CDis
played
Weekly
sales of | 3950| 2500| 3700| 2800| 2900| 3750| 2300| 4400| 2200| 3400
the CD

47 34 40 34 33 50 28 93 25 46

a) Draw a scatter plot of the data.

b) Determine the equation of the least squares regression line.

c) Calculate the correlation coefficient.
)

d) Predict, correct to the nearest 50, the weekly sales for a CD that was played
45 times by the radio station in the previous week.

e) Comment on the strength of the relationship between the variables.

8. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

la. 29DW  1b. 29DX 1c.29DY 2a.29DZ 2b.29F2 2c. 29F3
2d. 29F4 2e.29F5 3a.29F6  3b. 29F7 4.29F8  5.29F9
6. 29FB 7. 29FC

@
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9.4 Summary

e Curve fitting is the process of fitting functions to data.

e Intuitive curve fitting is performed by visually interpreting if the points on the
scatter plot conform to a linear, exponential, quadratic or some other function.

e The line of best fit or trend line is a straight line through the data which best
approximates the available data points. This allows for the estimation of missing
data values.

o Interpolation is the technique used to predict values that fall within the range of
the available data.

¢ Extrapolation is the technique used to predict the value of variables beyond the
range of the available data.

o Linear regression analysis is a statistical technique of finding out exactly which
linear function best fits a given set of data.

e The least squares method is an algebraic method of finding the linear regression
equation. The linear regression equation is written § = a + bz, where

b— NY i Tili = D Ti) Y
= 5 5
ny i (z)” — (%)

1 b
a:E;yi—E;xi:g—baﬁ
i= i=

e The linear correlation coefficient, r, is a measure which tells us the strength and
direction of a relationship between two variables, determined using the equation:

O
r=b(2%
)
e The correlation coefficient r € [—1;1]. When r = —1, there is perfect negative

correlation, when r = 0, there is no correlation and when r = 1, there is perfect
positive correlation.
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Exercise 9 — 5: End of chapter exercises

1. The number of SMS messages sent by a group of teenagers was recorded over a
period of a week. The data was found to be normally distributed with a mean of
140 messages and a standard deviation of 12 messages. [NSC Paper 3 Feb-March
2012]

1
r—30c x—20 @

Answer the following questions with reference to the information provided in the
graph:
a) What percentage of teenagers sent less than 128 messages?
b) What percentage of teenagers sent between 116 and 152 messages?
2. A company produces sweets using a machine which runs for a few hours per day.

The number of hours running the machine and the number of sweets produced
are recorded.

Machine hours | Sweets produced
3,80 275
1,23 287
4,37 291
1,10 231
4,17 236

Find the linear regression equation for the data, and estimate the machine hours
needed to make 300 sweets.

3. The profits of a new shop are recorded over the first 6 months. The owner wants
to predict his future sales. The profits by month so far have been R 90 000;
R 93 000; R 99 500; R 102 000; R 101 300; R 109 000.

a) Calculate the linear regression function for the data, using profit as your
y-variable. Round a and b to two decimal places.

b) Give an estimate of the profits for the next two months.

c) The owner wants a profit of R 130 000. Estimate how many months this will
take.

4. A fast food company produces hamburgers. The number of hamburgers made
and the costs are recorded over a week. Examine the data below and answer the
guestions on the following page.

Hamburgers made | Costs
495 R 2382
550 R 2442
515 R 2484
500 R 2400
480 R 2370
530 R 2448
585 R 2805
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a) Find the linear regression function that best fits the data. Use hamburgers
made as your z-variable and round a and b to two decimal places.

b) Calculate the value of the correlation coefficient, correct to two decimal
places, and comment on the strength and direction of the correlation.

o) If the total cost in a day is R 2500, estimate the number of hamburgers
produced. Round your answer down to the nearest whole number.

d) What is the cost of 490 hamburgers?

5. A collection of data related to an investigation into biceps length and height of
students was recorded in the table below. Answer the questions to follow.

Length of right biceps (cm) | Height (cm)
25,5 163,3
26,1 164,9
23,7 165,5
26,4 173,7
27,5 174,4
24 156
22,6 155,3
27,1 169,3

a) Draw a scatter plot of the data set.
b) Calculate equation of the line of regression.

d

e) What conclusion can you reach, regarding the relationship between the
length of the right biceps and height of the students in the data set?

)
)
c) Draw the regression line onto the graph.
) Calculate the correlation coefficient r
)

6. A class wrote two tests, and the marks for each were recorded in the table below.
Full marks in the first test was 50, and the second test was out of 30.

Learner Test 1 Test 2
(Full marks: 50) | (Full marks: 30)

1 42 25
2 32 19
3 31 20
4 42 26
5 35 23
6 23 14
7 43 24
8 23 12
9 24 14
10 15 10
11 19 11
12 13 10
13 36 22
14 29 17
15 29 17
16 25 16
17 29 18
18 17

19 30 19
20 28 17
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a)

b)

Is there a strong correlation between the marks for the first and second test?
Show why or why not.

One of the learners (in Row 18) did not write the second test. Given her
mark for the first test, calculate an expected mark for the second test. Round
the mark up to the nearest whole number.

7. Lindiwe works for Eskom, the South African power distributor. She knows that
on hot days more electricity than average is used to cool houses. In order to
accurately predict how much more electricity needs to be produced, she wants
to determine the precise nature of the relationship between temperature and
electricity usage.

The data below shows the peak temperature in degrees Celsius on ten consecu-
tive days during summer and the average number of units of electricity used by a
number of households. Examine her data and answer the questions that follow.

Peak temp. (y) 32140 | 30 | 28 | 25 | 38 | 36 | 20 | 24 | 26

Ave. no. of units (z) | 37 | 45 | 35 | 30 | 20 | 40 | 38 | 15 | 20 | 22

a)

b)

g

Draw a scatter plot of the data.

Using the formulae for a and b, determine the equation of the least squares
line.

Determine the value of the correlation coefficient, r, by hand.

What can Lindiwe conclude about the relationship between peak tempera-
ture and the number of electricity units used?

Predict the average number of units of electricity used by a household on
a day with a peak temperature of 45°C. Give your answer correct to the
nearest unit and identify what this type of prediction is called.

Lindiwe suspected that the relationship between temperature and electric-
ity consumption was not linear for all temperatures. She then decided to
collect data for peak temperatures down to 0°C. Examine the graph of her
data below and identify which type of function would best fit the data and
describe the nature of the relationship between temperature and electricity
for the newly available data.
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Peak temperature (°C)

Lindiwe is asked by her superiors to determine which day is best to perform
maintenance on one of their power plants. She determined that the equa-
tion y = 0,1322 — 4,3z + 45 best fit her data. Use her equation to estimate
the peak temperature and average no. of units used on the day when the
least amount of electricity generation is required.
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8. Below is a list of data concerning 12 countries and their respective carbon diox-
ide (CO3) emission levels per person per annum (measured in tonnes) and the
gross domestic product (GDP is a measure of products produced and services de-
livered within a country in a year) per person (in US dollars). Data sourced from
the World Bank and the US Department of Energy’s Carbon Dioxide Information
Analysis Center.

CO, emmissions per capita (x) | GDP per capita (y)
South Africa 8,8 11 440
Thailand 4,1 9815
Italy 7,5 32 512
Australia 18,3 44 462
China 5,3 9233
India 14 3876
Canada 15,3 42 693
United Kingdom 8,5 35 819
United States 17,2 49 965
Saudi Arabia 16,1 24 571
Iran 7,3 11 395
Indonesia 1,8 4956

a) Draw a scatter plot of the data set.

b) Draw your estimate of the line of best fit on your scatter plot and determine
the equation of your line of best fit.

c) Use your calculator to determine the equation for the least squares regres-
sion line. Round a and b to two decimal places in your final answer.

d) Use your calculator to determine the correlation coefficient, r. Round your
answer to two decimal places.

e) What conclusion can you reach regarding the relationship between CO,
emissions per annum and GDP per capita for the countries in the data set?

f) Kenya has a GDP per capita of $1712. Use your equation of the least
squares regression line to estimate the annual CO4 emissions of Kenya cor-
rect to two decimal places.

9. A group of students attended a course in Statistics on Saturdays over a period
of 10 months. The number of Saturdays on which a student was absent was
recorded against the final mark the student obtained. The information is shown
in the table below. [Adapted from NSC Paper 3 Feb-March 2012]

Number of Saturdays ol1la2lalslslslel
absent

Final mark (as %) 96 | 91 | 78 | 83 | 75| 62 | 70 | 68 | 56

a) Draw a scatter plot of the data.

b) Determine the equation of the least squares line and draw it on your scatter
plot.

c) Calculate the correlation coefficient.
d) Comment on the trend of the data.
e) Predict the final mark of a student who was absent for four Saturdays.
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10. Grant and Christie are training for a half-marathon together in 8 weeks time.
Christie is much fitter than Grant but she has challenged him to beat her time
at the race. Grant has begun a rigid training programme to try and improve his
time.

Time taken to complete a half marathon was recorded each Sunday. The first
recorded Sunday is denoted as week 1. The half-marathon takes place on the
eighth Sunday, i.e. week 8. Examine the data set in the table below and answer
the questions the follow.

Week 1 2 3 4 5 6

Grant’s time (HH:MM) | 02:01 | 01:59 | 01:55 | 01:53 | 01:47 | 01:42

Christie’s time (HH:MM) | 01:40 | 01:42 | 01:38 | 01:39 | 01:37 | 01:35

a) Draw a scatter plot of the data sets. Include Grant and Christie’s data on
the same set of axes. Use a e to denote Grant’s data points and x to denote
Christie’s data points. Convert all times to minutes.

b) Comment on and compare any trends that you observe in the data.

c) Determine the equations of the least squares regression lines for Grant’s
data and Christie’s data. Draw these lines on your scatter plot. Use a
different colour for each.

d) Calculate the correlation coefficient and comment on the fit for each data
set.

e) Assuming the observed trends continue, will Grant beat Christie at the race?
f) Assuming the observed trends continue, extrapolate the week in which
Grant will be able to run a half-marathon in less time than Christie.

11. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

1.29FD 2. 29FF 3.29FG  4.29FH 5.29F 6.29FK
7.29FM  8.29FN 9.29FP 10. 29FQ

O
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10  Probability

10.1 Revision EMCJV

Terminology EMCIW

Outcome: a single observation of an uncertain or random process (called an experi-
ment). For example, when you accidentally drop a book, it might fall on its cover, on
its back or on its side. Each of these options is a possible outcome.

Sample space of an experiment: the set of all possible outcomes of the experiment. For
example, the sample space when you roll a single 6-sided die is the set {1;2;3;4;5;6}.
For a given experiment, there is exactly one sample space. The sample space is de-
noted by the letter S.

Event: a set of outcomes of an experiment. For example, if you have a standard deck
of 52 cards, an event may be picking a spade card or a king card.

Probability of an event: a real number between and inclusive of 0 and 1 that describes
how likely it is that the event will occur. A probability of 0 means the outcome of
the experiment will never be in the event set. A probability of 1 means the outcome
of the experiment will always be in the event set. When all possible outcomes of an
experiment have equal chance of occurring, the probability of an event is the number
of outcomes in the event set as a fraction of the number of outcomes in the sample
space. To calculate a probability, you divide the number of favourable outcomes by
the total number of possible outcomes.

Relative frequency of an event: the number of times that the event occurs during
experimental trials, divided by the total number of trials conducted. For example, if
we flip a coin 10 times and it landed on heads 3 times, then the relative frequency of
the heads event is & = 0,3.

Union of events: the set of all outcomes that occur in at least one of the events. For
2 events called A and B, we write the union as “A or B”. Another way of writing the
union is using set notation: A U B. For example, if A is all the countries in Africa and
B is all the countries in Europe, A or B is all the countries in Africa and Europe.

Intersection of events: the set of all outcomes that occur in all of the events. For
2 events called A and B, we write the intersection as “A and B”. Another way of
writing the intersection is using set notation: AN B. For example, if A is soccer players
and B is cricket players, A and B refers to those who play both soccer and cricket.

Mutually exclusive events: events with no outcomes in common, that is (A and B) is
an empty set. Mutually exclusive events can never occur simultaneously. For example
the event that a number is even and the event that the same number is odd are mutually
exclusive, since a number can never be both even and odd.

Complementary events: two mutually exclusive events that together contain all the
outcomes in the sample space. For an event called A, we write the complement as
“not A”. Another way of writing the complement is as A’.
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Dependent and independent events: two events, A and B, are independent if the
outcome of the first event does not influence the outcome of the second event. For
example, if you flip a coin and it lands on tails and flip it again and it lands on heads,
neither outcome influences the other. Two events, C and D, are dependent if the out-
come of one event influences the outcome of the other. For example, if your lunchbox
contains 3 sandwiches and 2 apples, when you eat one of the items, this reduces the
number of choices you have when deciding to eat a second item.

® See video: 29FR at www.everythingmaths.co.za

10.2 Identities

The addition rule (also called the sum rule) for any 2 events, A and B is
P(AorB)=P(A)+ P(B) — P(Aand B)

This rule relates the probabilities of 2 events with the probabilities of their union and
intersection.

The addition rule for 2 mutually exclusive events is
P(AorB)=P(A) + P(B)

This rule is a special case of the previous rule. Because the events are mutually exclu-
sive, P(Aand B) = 0.

The complementary rule is
P(not A) =1— P(A)

This rule is a special case of the previous rule. Since A and (not A) are complementary,
P(Aor(not A)) = 1.

The product rule for independent events A and B is:

P(Aand B) = P(A) x P(B)

If two events A and B are dependent then:

P(Aand B) # P(A) x P(B)

WARNING!

Just because two events are mutually exclusive does not necessarily mean that they

are independent. To test whether events are mutually exclusive, always check that

P(A and B) = 0. To test whether events are independent, always check that P(A and B) =
P(A) x P(B). See the exercises below for examples of events that are mutually ex-
clusive and independent in different combinations.

Chapter 10. Probability
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Worked example 1: Dependent and independent events

QUESTION

Write down which of the following events are dependent and which are independent:

1. The student council chooses a head student and then a deputy head student.

2. A bag contains blue marbles and red marbles. You take a red marble out of the
bag and then throw it back in again before you take another marble out of the
bag.

SOLUTION

Step 1: Ask the question: Did the available choices change for the second event
because of the first event?

1. Yes, because after selecting the head student there are fewer council members
available to choose for the deputy head student position. Therefore the two
events are dependent.

2. No, because when you throw the first marble back into the bag, there are the
same number and colour composition of choices for the second marble. There-
fore the two events are independent.

Worked example 2: Independent and dependent events

QUESTION

A bag contains 3 yellow and 4 black beads. We remove a random bead from the bag,
record its colour and put it back into the bag. We then remove another random bead
from the bag and record its colour.

What is the probability that the first bead is yellow?
What is the probability that the second bead is black?
What is the probability that the first bead is yellow and the second bead is black?

Are the first bead being yellow and the second bead being black independent
events?

A W N =

SOLUTION

Step 1: Probability of a yellow bead first

Since there is a total of 7 beads, of which 3 are yellow, the probability of getting a
yellow bead is

P(first bead yellow) = %

Step 2: Probability of a black bead second

The problem states that the first bead is placed back into the bag before we take the
second bead. This means that when we draw the second bead, there are again a total
of 7 beads in the bag, of which 4 are black. Therefore the probability of drawing a

black bead is )
P(second bead black) = =
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Step 3: Probability of yellow first and black second
When drawing two beads from the bag, there are 4 possibilities. We can get
e a yellow bead and then another yellow bead;
e a yellow bead and then a black bead;
e a black bead and then a yellow bead;
e a black bead and then another black bead.

We want to know the probability of the second outcome, where we have to get a
yellow bead first. Since there are 3 yellow beads and 7 beads in total, there are % ways
to get a yellow bead first. Now we put the first bead back, so there are again 3 yellow
beads and 4 black beads in the bag. Therefore there are ‘—71 ways to get a black bead
second if the first bead was yellow. This means that there are

3 4 12

[
7T 7 49
ways to get a yellow bead first and a black bead second. So, the probability of getting
a yellow bead first and a black bead second is %.
Step 4: Dependent or independent?
According to the definition, events are independent if and only if
P(Aand B) = P(A) x P(B)

In this problem:

e P(first bead yellow) =
e P(second bead black)
e P(first bead yellow and second bead black) = 12

3
7
— 4
-7

Since 12 = 2 x 2, the events are independent.
® See video: 29FS at www.everythingmaths.co.za

Worked example 3: Independent and dependent events

QUESTION

In the previous example, we picked a random bead and put it back into the bag before
continuing. This is called sampling with replacement. In this worked example, we
will follow the same process, except that we will not put the first bead back into the
bag. This is called sampling without replacement.

So, from a bag with 3 red and 5 green beads, we remove a random bead and record
its colour. Then, without putting back the first bead, we remove another random bead
from the bag and record its colour.

1. What is the probability that the first bead is red?

2. What is the probability that the second bead is green?

3. What is the probability that the first bead is red and the second bead is green?
4

. Are the first bead being red and the second bead being green independent
events?

Chapter 10. Probability
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SOLUTION

Step 1: Count the number of outcomes

We will examine the number ways in which we can get the different possible outcomes
when removing 2 beads. The possible outcomes are

a red bead and then another red bead (RR);
e ared bead and then a green bead (RG);

e a green bead and then a red bead (GR);

a green bead and then another green bead (GG).

For the first outcome, we have to get a red bead first. Since there are 3 red beads and
8 beads in total, there are % ways to get a red bead first. After we have taken out a red
bead, there are now 2 red beads and 5 green beads left. Therefore there are % ways to
get a red bead second if the first bead was also red. This means that there are

3.2 6 _3
8 7 56 28
ways to get a red bead first and a red bead second. The probability of the first outcome
is 28"

For the second outcome, we have to get a red bead first. As in the first outcome, there
are $ ways to get a red bead first; and there are now 2 red beads and 5 green beads
left. Therefore there are 2 ways to get a green bead second if the first bead was red.

This means that there are
3 5 15

877 56
ways to get a red bead first and a green bead second. The probability of the second

ic 15
outcome Is 56"

In the third outcome, the first bead is green and the second bead is red. There are g
ways to get a green bead first; and there are now 4 green beads and 3 red beads left.
Therefore there are % ways to get a red bead second if the first bead was green. This
means that there are

5 3 15

87 56
ways to get a red bead first and a green bead second. The probability of the third
outcome is 12.

In the fourth outcome, the first and second beads are both green. Since there are 5
green beads and 8 beads in total, there are 2 ways to get a green bead first. After
we have removed a green bead, 3 red beads and 4 green beads remain in the bag.
Therefore there are ‘—71 ways to get a green bead second if the first bead was also green.

This means that there are
5 4 20 5

8 7756 14
ways to get a green bead first and a green bead second. Therefore the probability of
the fourth outcome is 2.

To summarise, these are the possible outcomes and their probabilities:
3.
287

e first bead red and second bead red (RR):
15

o first bead red and second bead green (RG): £5;

o first bead green and second bead red (GR): %;

o first bead green and second bead green (GG): 15—4.
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Step 2: Probability of a red bead first

To determine the probability of getting a red bead on the first draw, we look at all of
the outcomes that contain a red bead first. These are

e a red bead and then another red bead (RR);

e ared bead and then a green bead (RG).
The probability of the first outcome is % and the probability of the second outcome is
F})—g. By adding these two probabilities, we see that the probability of getting a red bead
irst is

' 15 6 15 21 3

: 3
P(flrstbeadred):%4—%:%4-%:%:g

This is the same as in the previous worked example, which should not be too surprising
since the probability of the first bead being red is not affected by whether or not we
put it back into the bag before drawing the second bead.

Step 3: Probability of a green bead second

To determine the probability of getting a green bead on the second draw, we look at
all of the outcomes that contain a green bead second. These are

e ared bead and then a green bead (RG);
e a green bead and then another green bead (GG).

The probability of the first outcome is é—g and the probability of the second outcome
is 2. By adding these two probabilities, we see that the probability of getting a green

bead second is

15 5 15 20 35
P(second bead green) = 6 + 14~ 56 4 656

9
8
Step 4: Probability of red first and green second

We have already calculated the probability that the first bead is red and the second
bead is green (RG). Itis 2.

Step 5: Dependent or independent?
According to the definition, events are independent if and only if

P(A and B) = P(A) x P(B)

In this problem:

o P(first bead red) = 2
5

e P(second bead green) = 3
e P(first bead red and second bead green) = %
15 4 15

: 3,5 _15 4 15
Since 3 x g = §; # =g, the events are dependent.
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Worked example 4: The addition rule for 2 mutually exclusive events

QUESTION

A sample space, S, consists of all natural numbers less than 16. A is the event of
drawing an even number at random. B is the event of randomly drawing a prime
number. Are A and B mutually exclusive events? Prove this using the addition rule.

SOLUTION

Step 1: Write down the sample space
The sample space contains all the natural numbers less than 16.

S =1{1;2;3;4;5;6;7;8;9;10;11;12; 13; 14; 15}

Step 2: Write down the events
The even natural numbers less than 16 are

A =1{2;4;6;8;10; 12; 14}

The prime numbers less than 16 are

B ={2;3;5;7;11;13}

We can already see from writing down our event sets that A and B share the event
2 and are thus not mutually exclusive. However, the question asked us to prove this
using the addition rule so let’s go ahead and do that.

Step 3: Compute the probabilities

The probability of an event is the number of outcomes in the event set divided by the
number of outcomes in the sample space. There are 15 outcomes in the sample space.

. . 7
1. Since there are 7 outcomes in the A event set, P(A) = n(4) = —.
n(S) 15
B 2
2. Since there are 6 outcomes in the B event set, P(B) = Z((S)) = % =z

3. The event that is a prime number or an even number is the union of the
above two event sets. There are 12 elements in the union of the event sets,

n(A or B 12
SOP(AOI’B):%:].—E).

Step 4: Are the two events mutually exclusive?

To test whether two events are mutually exclusive, we can use the addition rule. For
two mutually exclusive events,

P(A and B) is an empty set, therefore P(A or B) = P(A) + P(B)

12 1
Since P(Aor B) = T and P(A) + P(B) = 1% 4 1—75 = 1—2

P(Aor B) # P(A) + P(B)

Therefore the intersection of A and B is nonzero. This means that the events A and B
are not mutually exclusive.
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Worked example 5: The addition rule

QUESTION

The probability that a person drinks tea is 0,5. The probability that a person drinks
coffee is 0,4. The probability that a person drinks tea, coffee or both is 0,8. Determine
the probability that a person drinks tea and coffee.

SOLUTION

Step 1: Determine if the events are mutually exclusive

Let the probability that a person drinks tea = P(T') and the probability that a person
drinks coffee = P(C).

From the information provided in the question, we know that:

o P(T) =0
o P(C) =04
e P(TorC)=0,8

P(T)+ P(C) =0,5+04 =09
Therefore P(T or C) # P(T) + P(C)

Therefore the events are not mutually exclusive.

Step 2: Compute the probability that a person drinks tea and coffee
Using the addition rule, we know that:

P(AorB)=P(A) + P(B) — P(Aand B)
. P(T or C) = P(T) + P(C) — P(T and C)
0,8=0,4 +0,5— P(T and C)
 P(TandC)=04+05—08=0,1

Therefore the probability that a person drinks tea and coffee is 0,1.

® See video: 29FT at www.everythingmaths.co.za

Worked example 6: The complementary rule

QUESTION

Joe wants to open a tuckshop at his school but is not sure which cool drinks to stock.
Before opening, he interviewed a sample of learners to determine what types of cool
drinks they like. From his research, he determined that the probability that a learner
drinks cola is 0,3, the probability that a learner drinks lemonade is 0,6 and the proba-
bility that a learner drinks neither is 0,2. Determine:

e the probability that a learner drinks cola and lemonade.
e the probability that a learner drinks only cola or only lemonade.

Chapter 10. Probability



http://www.everythingmaths.co.za/@@emas.search?SearchableText=29FT
http://www.everythingmaths.co.za/

SOLUTION

Step 1: Determine the probability that a learner drinks cola or lemonade
Let the probability that a learner drinks cola = P(C') and the probability that a learner
drinks lemonade = P(L).
From the information provided in the question, we know that:
e P(C)=0,3
e P(L)=0,6
e P(not(C orL))=0,2

Using the complementary rule:

P(not (CorL))=1—P(CorlL)
. P(CorL)=1- P(not(CorL))
=1-02
=0,8

Step 2: Calculate the probability that a learner drinks cola and lemonade
Using the addition rule:
P(CorL)=P(C)+ P(L)—P(Cand L)
. P(Cand L)=P(C)+ P(L)— P(CorlL)
=0,3+0,6—0,8
=0,1

The probability that a learner drinks both cola and lemonade is 0,1.

Step 3: Determine the probability that a learner drinks only cola or only lemonade

This question requires us to calculate the probability that a learner likes lemonade or
cola but not both of them. We can write this as:

P(only C oronly L) = P(C or L) — P(C and L)
since a learner can like either cola or lemonade but not both.

We already know P(C or L) = 0,8 and P(C and L) = 0,1, therefore the probability
of a learner drinking only cola or only lemonade is 0,7.

Exercise 10 — 1: The product and addition rules

1. Determine whether the following events are dependent or independent and give
a reason for your answer:

a) Joan has a box of yellow, green and orange sweets. She takes out a yellow
sweet and eats it. Then, she chooses another sweet and eats it.
b) Vuzi throws a die twice.

¢) Celia chooses a card at random from a deck of 52 cards. She is unhappy
with her choice, so she places the card back in the deck, shuffles it and
chooses a second card.
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d) Thandi has a bag of beads. She randomly chooses a yellow bead, looks at it
and then puts it back in the bag. Then she randomly chooses another bead
and sees that it is red and puts it back in the bag.

e) Mark has a container with calculators. Some of them work and some are
broken. He randomly chooses a calculator and sees that it does not work
and throws it away. He then chooses another calculator, sees that it works
and keeps it.

. Given that P(4) = 0,7; P(B) = 0,4 and P(A and B) = 0,28,

a) are events A and B mutually exclusive? Give a reason for your answer.

b) are the events A and B independent? Give a reason for your answer.

. In the following examples, are A and B dependent or independent?
a) P(A)=0,2; P(B) =0,7and P(A and B) = 0,21

b) P(A) =0,2; P(B) =0,7and P(B and A) = 0,14.

. n(A) =5;n(B) = 4;n(S) = 20 and n(A or B) = 8.

a) Are A and B mutually exclusive?

b) Are A and B independent?

. Simon rolls a die twice. What is the probability of getting:

a) two threes.

b) a prime number then an even number.

)
)
©) no threes.
d) only one three.
)

e) at least one three.

. The Mandalay Secondary soccer team has to win both of their next two matches
in order to qualify for the finals. The probability that Mandalay Secondary will
win their first soccer match against Ihlumelo High is % and the probability of win-
ning their second soccer match against Masiphumelele Secondary is 2. Assume
each match is an independent event.

a) What is the probability they will progress to the finals?
b
C

)
) What is the probability they will not win either match?

) What is the probability they will win only one of their matches?

d) You were asked to assume that the matches are independent events but this
is unlikely in reality. What are some factors you think may result in the

outcome of the matches being dependent?

. A pencil bag contains 2 red pens and 4 green pens. A pen is drawn from the bag
and then replaced before a second pen is drawn. Calculate:
a) The probability of drawing a red pen first if a green pen is drawn second.

b) The probability of drawing a green pen second if the first pen drawn was
red.

c) The probability of drawing a red pen first and a green pen second.
. A lunch box contains 4 sandwiches and 2 apples. Vuyele chooses a food item
randomly and eats it. He then chooses another food item randomly and eats that.
Determine the following:
a) The probability that the first item is a sandwich.
b) The probability that the first item is a sandwich and the second item is an
apple.
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10.

11.

12.

13.

14.

15.

c) The probability that the second item is an apple.
d) Are the events in a) and c) dependent? Confirm your answer with a calcu-
lation.

Given that P(A) = 0,5; P(B) = 0,4 and P(A or B) = 0,7, determine by calcu-
lation whether events A and B are:

a) mutually exclusive

b) independent
A and B are two events in a sample space where P(A) = 0,3; P(A or B) = 0,8
and P(B) = k. Determine the value of & if:

a) A and B are mutually exclusive

b) A and B are independent
A and B are two events in sample space S where n(S) = 36; n(A) = 9; n(B) =
4 and n(not (A or B)) = 24. Determine:

a) P(A or B)

b) P(A and B)

c) whether events A and B independent. Justify your answer with a calcula-

tion.

The probability that a Mathematics teacher is absent from school on a certain
day is 0,2. The probability that the Science teacher will be absent that same day
is 0,3.

a) Do you think these two events are independent? Give a reason for your
answer.

b) Assuming the events are independent, what is the probability that the Math-
ematics teacher or the Science teacher is absent?

c) What is the probability that neither the Mathematics teacher nor the Science
teacher is absent?

Langa Cricket Club plays two cricket matches against different clubs. The prob-
ability of winning the first match is 2 and the probability of winning the second
match is g. Assuming the results of the matches are independent, calculate the

probability that Langa Cricket Club will:

a) win both matches.

b

)
) not win the first match.
¢) win one or both of the two matches.
)
)

d
e

win neither match.
not win the first match and win the second match.

Two teams are working on the final problem at a Mathematics Olympiad. They
have 10 minutes remaining to finish the problem. The probability that team A
will finish the problem in time is 40% and the probability that team B will finish
the problem in time is 25%. Calculate the probability that both teams will finish
before they run out of time.

Thabo and Julia were arguing about whether people prefer tea or coffee. Thabo
suggested that they do a survey to settle the dispute. In total, they surveyed
24 people and found that 8 of them preferred to drink coffee and 12 of them
preferred to drink tea. The number of people who drink tea, coffee or both is 16.
Determine:

a) the probability that a person drinks tea, coffee or both.
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b) the probability that a person drinks neither tea nor coffee.

d) the probability that a person does not drink coffee.

e) whether the event that a person drinks coffee and the event that a person
drinks tea are independent.

)

c) the probability that a person drinks coffee and tea.
)
)

16. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

1. 29FV 2.29FW 3. 29FX 4. 29FY 5.29F7Z 6.29G2
7.29G3 8. 29G4 9.29G5 10.29G6 11.29G7 12.29G8
13.29G9 14.29GB 15. 29GC

@
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10.3  Tools and Techniques EMCJY

Venn diagrams are used to show how events are related to one another. A Venn
diagram can be very helpful when doing calculations with probabilities. In a Venn
diagram each event is represented by a shape, often a circle or a rectangle. The region
inside the shape represents the outcomes included in the event and the region outside
the shape represents the outcomes that are not in the event.

Tree diagrams are useful for organising and visualising the different possible outcomes
of a sequence of events. Each branch in the tree shows an outcome of an event, along
with the probability of that outcome. For each possible outcome of the first event, we
draw a line where we write down the probability of that outcome and the state of the
world if that outcome happened. Then, for each possible outcome of the second event
we do the same thing. The probability of a sequence of outcomes is calculated as the
product of the probabilities along the branches of the sequence.

Two-way contingency tables are a tool for keeping a record of the counts or percent-
ages in a probability problem. Two-way contingency tables are especially helpful for
figuring out whether events are dependent or independent.

Worked example 7: Venn diagrams

QUESTION

There are 200 boys in Grade 12 at Marist Brothers High School. Their participation in
sport can be broken down as follows:

e 107 play rugby
e 90 play soccer

63 play cricket

35 play rugby and soccer

23 play rugby and cricket

15 play rugby, soccer and cricket

190 boys play rugby, soccer or cricket
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1. How many boys do not play any of these sports?

2. Draw a Venn diagram to illustrate the given information and use it to answer the
following questions:

a) How many boys play soccer and cricket, but not rugby?

b) What is the probability that a randomly chosen Grade 12 boy at Marist
Brothers High School will take part in at least two of the sports: rugby,
soccer or cricket? Give your answer correct to 3 decimal places.

SOLUTION

Step 1: Calculate the number of boys playing none of the given sports

In order to calculate the number of boys playing none of the sports, we subtract the
number of boys playing any of the three sports from the total number of boys in the

sample space.
Not rugby, cricket or soccer = 200 — 190 = 10

Therefore 10 boys do not play rugby, cricket or soccer.

Step 2: Draw the outline of the Venn diagram

Let X = the sample space; R = rugby; S = soccer and C' = cricket. Put this informa-
tion on a Venn diagram:

X
R
C S
Step 3: Calculate the counts for the different groupings
The following groupings exist:
X
R
not(R,C,S)
C S
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Rugby, cricket and soccer: RC'S Rugby and soccer but not cricket: RS

RCS =15 RS =(Rand S) — RCS
=35—-15=20
Rugby and cricket but not soccer: RC' Cricket and soccer but not rugby: C'S
RC = (Rand C) — RCS CS = (SandC)— RCS
=23-15=8 Let (Sand C) =z

Therefore CS =z — 15

Only rugby: RR Only soccer: SS
RR=R— RS — RC — RCS SS=S5—RS—-CS—RCS
=107—-20—-8—-15 =90—20— (z—15)—15
=64 =70—=z
Only cricket: CC Not rugby, cricket or soccer:
not(R, C, S)
CC=C-RC-CS—-RCS
—63—8—(z—15)—15 not(R,C, S) = 10
=5 —x

Step 4: Fill in the counts on the Venn diagram

A

Step 5: Calculate the unknown values

Since 190 of the boys play at least one of the sports, using the values on our Venn
diagram, we can set up the following equation to solve for x.

64+ 8+ 15+ 20 + (z — 15) + (70 — ) + (55 — z) = 190
217 — z = 190
Therefore z = 27
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We know that:

Cricket and soccer but not rugby (CS) =« — 15
Therefore C'S = 27 — 15
=12

Therefore there are 12 boys who play cricket and soccer but not rugby.

Step 6: Calculate the probability that a randomly chosen Grade 12 boy plays at least
two of the given sports

We know the number of boys who play two or more of rugby, cricket or soccer and
we know the total number of boys. Therefore, we can calculate the probability using
the following equation:

P(at least two sports) — n(RC) 4+ n(RS) 4+ n(CS) + n(RCS)

n(X)
_ 8+15+20+12
a 200
55
= — = 2
200 0,275

Therefore the probability that a randomly chosen Grade 12 boy plays at least 2 of either
rugby, cricket or soccer = 0,275 or 27,5%

® See video: 29GD at www.everythingmaths.co.za

Worked example 8: Tree diagrams

QUESTION

The probability that the floor of a supermarket will be wet when it opens in the morning
is 30% and there is a 10% probability of the floor being very wet. The probability that
a person will slip and fall if the floor is dry is 12% and a person is three times as likely
to fall if the floor is wet. If the floor is very wet, the probability that a person will fall is
0,6. Draw a tree diagram to represent the given information, showing the probabilities
of each outcome, and use it to answer the following questions:

1. What is the probability that a person will fall on any given day?
2. What is the probability that a person will not fall on any given day?

3. Are the events of the floor being dry and a person falling independent? Justify
your answer with a calculation.

SOLUTION

Step 1: Identify the events

There are three outcomes for the floor, namely, dry, wet and very wet, and two out-
comes for a person, namely fall or not fall.
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Step 2: Draw the first level of the tree diagram

very
wet
0,1
0,3
wet
0,6
dry

This tree diagram shows the possible outcomes and probabilities of the status of the
floor.

Step 3: Draw the second level of the tree diagram

0.8 fall
very
wet <
o 0,4 not fall
0,36 fall
0,3
0,64 not fall
0,6
0,12 fall
dry <
0,88 not fall

This tree diagram shows the possible outcomes and probabilities based on whether
the floor is very wet, wet or dry. Remember that the sum of the probabilities for any
set of branches is 1. Use this as a logical check whenever you are constructing a tree
diagram.

Step 4: Compute the probabilities of the various outcomes

We can calculate the probability of each outcome by multiplying the probabilities
along the path from the start of the tree to the end of the branch containing the desired
outcome.

e P(very wet and fall) = 0,1 x 0,6 = 0,06
e P(very wet and not fall) = 0,1 x 0,4 = 0,04
P(wet and fall) = 0,3 x 0,36 = 0,108
(
(
(

°
e

wet and not fall) = 0,3 x 0,64 = 0,192
P(dry and fall) = 0,6 x 0,12 = 0,072
P(dry and not fall) = 0,6 x 0,88 = 0,528
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Step 5: Compute the probability of falling or not falling

We can calculate the probability of falling or not falling by adding the probabilities of
all the desired outcomes.

e P(fall) = 0,06 + 0,108 + 0,072 = 0,24
e P(notfall) = 0,04 4+ 0,192 + 0,528 = 0,76

Therefore the probability of falling on a given day is 24% and the probability of not
falling is 76%.

Step 6: Determine whether the floor being dry and a person falling are independent
events

Logically, it appears that these events are dependent but the question asked us to prove
this using a calculation. We can do this using the rule for independent events:

P(Aand B) = P(A) x P(B)

P(dry and fall) = 0,072
P(dry) x P(fall) = 0,6 x 0,24
=0,144
Therefore P(dry and fall) £ P(dry) x P(fall)

Therefore we can conclude that the floor being dry and a person falling are dependent
events.

Exercise 10 — 2: Venn and tree diagrams

1. A survey was done on a group of learners to determine which type of TV shows
they enjoy: action, comedy or drama. Let A = action, C' = comedy and D =
drama. The results of the survey are shown in the Venn diagram below.

S

A

16

Y%
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Study the Venn diagram and determine the following:

a) the total number of learners surveyed
b) the number of learners who do not enjoy any of the mentioned types of TV

shows
c) P(not A)
d) P(AorD)
e) P(Aand C and D)
f) P(not (A and D))
g) P(AornotC)
P(not (A or C))

the probability of a learner enjoying at least two types of TV shows

Describe, in words, the meaning of each of the questions ¢) to h) in the
context of this problem.

2. At Thandokulu Secondary School, there are are 320 learners in Grade 12, 270
of whom take one or more of Mathematics, History and Economics. The subject
choice is such that everybody who takes Physical Sciences must also take Mathe-
matics and nobody who takes Physical Sciences can take History or Economics.
The following is known about the number of learners who take these subjects:

e 70 take History

e 50 take Economics

e 120 take Physical Sciences

e 200 take Mathematics

e 20 take Mathematics and History

e 10 take History and Economics

e 25 take Mathematics and Economics

e 1z |learners take Mathematics and History and Economics

a) Represent the information above in a Venn diagram. Let Mathematics be
M, History be H, Physical Sciences be P and Economics be E.

b) Determine the number of learners, z, who take Mathematics, History and
Economics.

c) Determine P(not (M or H or E)) and state in words what your answer
means.

d) Determine the probability that a learner takes at least two of these subjects.

3. A group of 200 people were asked about the kind of sports they watch on televi-
sion. The information collected is given below:

e 180 watch rugby, cricket or soccer

e 5 watch rugby, cricket and soccer

e 25 watch rugby and cricket

e 30 watch rugby and soccer

e 100 watch rugby

e 65 watch cricket

e 80 watch soccer

e 1 watch cricket and soccer but not rugby
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a) Represent all the information in a Venn diagram. Let rugby watchers = R,
cricket watchers = C' and soccer watchers = F'.

b) Find the value of z.

c) Determine P(not (R or F or C))

d) Determine P(R or F or not C')

e) Are watching cricket and watching rugby independent events? Confirm
your answer using a calculation.

)
)
)
)

4. There are 25 boys and 15 girls in the English class. Each lesson, two learners are
randomly chosen to do an oral.

a) Represent the composition of the English class in a tree diagram. Include
all possible outcomes and probabilities.

b) Calculate the probability that a boy and a girl are chosen to do an oral in
any particular lesson.

¢) Calculate the probability that at least one of the learners chosen to do an
oral in any particular lesson is male.

d) Are the events picking a boy first and picking a girl second independent or
dependent? Justify your answer with a calculation.

5. During July in Cape Town, the probability that it will rain on a randomly chosen
day is %. Gladys either walks to school or gets a ride with her parents in their car.
If it rains, the probability that Gladys’ parents will take her to school by car is 2.
If it does not rain, the probability that Gladys’ parents will take her to school by
car is 5.

a) Represent the above information in a tree diagram. On your diagram show
all the possible outcomes and respective probabilities.

b) What is the probability that it is a rainy day and Gladys walks to school?

c) What is the probability that Gladys’ parents take her to school by car?

6. There are two types of property burglaries: burglary of private residences and
burglary of business premises. In Metropolis, burglary of a private residence is
four times as likely as that of a business premises. The following statistics for
each type of burglary were obtained from the Metropolis Police Department:

Burglary of private residences
Following a burglary:
e 25% of criminals are arrested within 48 hours.
e 15% of criminals are arrested after 48 hours.
e 60% of criminals are never arrested for that particular burglary.
Burglary of business premises
Following a burglary:
e 36% of criminals are arrested within 48 hours.
e 54% of criminals are arrested after 48 hours.
e 10% of criminals are never arrested for that particular burglary.
a) Represent the information above in a tree diagram, showing all outcomes
and respective probabilities.

b) Calculate the probability that a private home is burgled and nobody is ar-
rested.

c) Calculate the probability that burglars of private homes and business
premises are arrested.
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d) Use your answer in the previous question to construct a tree diagram to cal-
culate the probability that a burglar is arrested after at most three burglaries.

e) Determine after how many burglaries a burglar has at least a

i. 90% chance of being arrested.
ii. 99% chance of being arrested.

7. More questions. Sign in at Everything Maths online and click ‘Practise Maths’.

Check answers online with the exercise code below or click on ‘show me the answer’.
1.29GF 2.29GG 3.29GH 4.29G) 5.29GK 6.29GM
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Worked example 9: Two-way contingency tables

QUESTION

The table below shows the results of testing two different treatments on 240 fruit trees
which have a disease causing the trees to die. Treatment A involves the careful removal
of infected branches and treatment B involves removing infected branches as well as
spraying the tree with antibiotic.

Tree dies within 4 years | Tree lives > 4 years | Total
Treatment A 70 50
Treatment B
Total 90 150

Fill in the missing values on the table.

What is the probability the a tree received treatment B?

What is the probability that a tree will live beyond 4 years?

What is the probability that a tree is given treatment B and lives beyond 4 years?

glogh B =

Of the trees who were given treatment B, what is the probability that a tree lives
beyond 4 years?

6. Are a tree given treatment B and living beyond 4 years independent events?
Justify your answer with a calculation.

SOLUTION

Step 1: Complete the contingency table
Since each column has to sum to its total, we can work out the number of trees which
fall into each category for treatments A and B. Then, we can add each row to get the
totals on the right hand side of the table.

Tree dies within 4 years | Tree lives > 4 years | Total

Treatment A 70 50 120
Treatment B 20 100 120
Total 90 150 240
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Step 2: Compute the required probabilities

For the second question, we need to determine the probability that a tree receives
treatment B. This means that we do not include treatment A in this calculation. So, the
probability that treatment B is given to a tree is the ratio between the number of trees
that received treatment B and the total number of trees.

n(treatment B)
n(total trees)
120 1

T 240 2

P(treatment B) =

Similarly for the third question, the probability that a tree will live beyond 4 years:

n(lives > 4 years)
n(total trees)
150 5

240 8

P(lives beyond 4 years) =

In the fourth question, we need to determine the probability that a tree receives treat-
ment B and lives beyond 4 years.
n(treatment B and lives > 4 years)

P(treatment B and lives > 4 years) = Tl
n

100 5)

T 240 12

In the fifth question, there is a subtle change from the fourth question. Here, we need
to determine the probability that of the trees which received treatment B, a tree lives
beyond 4 years. This means we are only concerned with those trees which received
treatment B. We no longer need to care about the trees given treatment A, so our
denominator needs to be adjusted accordingly.

: . . n(treatment B and lives > 4 years
P(lives > 4 years having received treatment B) = ( years)

n(total treatment B)
100

w_ 9
120 6

Step 3: Independence

We need to determine whether a tree given treatment B and living beyond 4 years

are dependent or independent events. According to the definition, two events are
independent if and only if

P(Aand B) = P(A) x P(B)

DN | =

P(treatment B) x P(lives > 4 years) =

P(treatment B and lives > 4 years) =

From these probabilities we can see that
P(treatment B and lives > 4 years) # P(treatment B) x P(lives > 4 years)

and therefore the treatment of a tree with treatment B and living beyond 4 years are
dependent events.

10.3. Tools and Techniques




Exercise 10 — 3: Contingency tables

1. A number of drivers were asked about the number of motor vehicle accidents
they were involved in over the last 10 years. Part of the data collected is shown
in the table below.

< 2 accidents | > 2 accidents | Total
Female 210 90
Male
Total 350 150 500

a) What are the variables investigated here and what is the purpose of the
research?

b) Complete the table.

c) Determine whether gender and number of accidents are independent using
a calculation.

2. Researchers conducted a study to test how effective a certain inoculation is at
preventing malaria. Part of their data is shown below:

Malaria | No malaria | Total

Male a b 216
Female c d 648
Total 108 756 864

a) Calculate the probability that a randomly selected study participant will be
female.

b) Calculate the probability that a randomly selected study participant will
have malaria.

c) If being female and having malaria are independent events, calculate the
value c.

d) Using the value of ¢, fill in the missing values on the table.

3. The reaction time of 400 drivers during an emergency stop was tested. Within
the study cohort (the group of people being studied), the probability that a driver
chosen at random was 40 years old or younger is 0,3 and the probability of a
reaction time less than 1,5 seconds is 0,7.

a) Calculate the number of drivers who are 40 years old or younger.

b) Calculate the number of drivers who have a reaction time of less than
1,5 seconds.

c) If age and reaction time are independent events, calculate the number
of drivers 40 years old and younger with a reaction time of less than
1,5 seconds.

d) Complete the table below.

Reaction time < 1,5 s | Reaction time > 1,5s | Total
<40 years
> 40 years
Total 400
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4. A new treatment for influenza (the flu) was tested on a number of patients to
determine if it was better than a placebo (a pill with no therapeutic value). The
table below shows the results three days after treatment:

Flu | No flu | Total
Placebo | 228 60
Treatment
Total 240 312

a
b
C

Complete the table.
Calculate the probability of a patient receiving the treatment.
Calculate the probability of a patient having no flu after three days.

©L
= < = -

Calculate the probability of a patient receiving the treatment and having no
flu after three days.

e) Using a calculation, determine whether a patient receiving the treatment
and having no flu after three days are dependent or independent events.

f) Calculate the probability that a patient receiving treatment will have no flu
after three days.

g) Calculate the probability that a patient receiving a placebo will have no flu
after three days.

h) Comparing you answers in f) and g), would you recommend the use of the
new treatment for patients suffering from influenza?

i) A hospital is trying to decide whether to purchase the new treatment. The
new treatment is much more expensive than the old treatment. According
to the hospital records, of the 72 024 flu patients that have been treated with
the old treatment, only 3200 still had the flu three days after treatment.

e Construct a two-way contingency table comparing the old treatment
data with the new treatment data.

e Using the data from your table, advise the hospital whether to purchase
the new treatment or not.

5. Human immunodeficiency virus (HIV) affects 10% of the South African popula-
tion.

a) If a test for HIV has a 99,9% accuracy rate (i.e. 99,9% of the time the test
is correct, 0,1% of the time, the test returns a false result), draw a two-way
contingency table showing the expected results if 10 000 of the general
population are tested.

b) Calculate the probability that a person who tests positive for HIV does not
have the disease, correct to two decimal places.

c) In practice, a person who tests positive for HIV is always tested a second
time. Calculate the probability that an HIV-negative person will test positive
after two tests, correct to four decimal places.

6. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.
1.29GN 2.29GP 3.29GQ 4.29GR 5.29GS

0
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10.4 The fundamental counting principle EMC)Z

Mathematics began with counting. Initially, fingers, beans and buttons were used to
help with counting, but these are only practical for small numbers. What happens
when a large number of items must be counted?

This section focuses on how to use mathematical techniques to count different assort-
ments of items.

Introduction EMCK2

An important aspect of probability theory is the ability to determine the total number
of possible outcomes when multiple events are considered.

For example, what is the total number of possible outcomes when a die is rolled and
then a coin is tossed? The roll of a die has six possible outcomes (1;2;3;4;5 or 6)
and the toss of a coin, 2 outcomes (heads or tails). The sample space (total possible
outcomes) can be represented as follows:

S:{(l;H); (2 H); (3:H); (4H); (5:H)

5 (6; H
(L,T); (27); (3T1); (4T); (57)

;; (6;T)); }

Therefore there are 12 possible outcomes.

The use of lists, tables and tree diagrams is only feasible for events with a few out-
comes. When the number of outcomes grows, it is not practical to list the different
possibilities and the fundamental counting principle is used instead.

DEFINITION: The fundamental counting principle

The fundamental counting principle states that if there are n(A) outcomes in event A
and n(B) outcomes in event B, then there are n(A) x n(B) outcomes in event A and
event B combined.

If we apply this principle to our previous example, we can easily calculate the number
of possible outcomes by multiplying the number of possible die rolls with the number
of outcomes of tossing a coin: 6 x 2 = 12 outcomes. This allows us to formulate the
following:

If there n; possible outcomes for event A and ny outcomes for event B, then the total
possible number of outcomes for both events is n; X nsy

This can be generalised to k events, where k is the number of events. The total number
of outcomes for k events is:

Ny XnNg Xng X -+ XNg

NOTE:
The order in which the experiments are done does not affect the total number of
possible outcomes.

Chapter 10. Probability
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Worked example 10: Choices without repetition

QUESTION

A take-away has a 4-piece lunch special which consists of a sandwich, soup, dessert
and drink for R 25,00. They offer the following choices for:

Sandwich: chicken mayonnaise, cheese and tomato, tuna mayonnaise, ham and let-
tuce

Soup: tomato, chicken noodle, vegetable
Dessert: ice-cream, piece of cake

Drink: tea, coffee, Coke, Fanta, Sprite
How many possible meals are there?

SOLUTION

Step 1: Determine how many parts to the meal there are
There are 4 parts: sandwich, soup, dessert and drink.

Step 2: Identify how many choices there are for each part

Meal component | Sandwich | Soup | Dessert | Drink
Number of choices 4 3 2 5

Step 3: Use the fundamental counting principle to determine how many different
meals are possible
4x3x2x5=120

So there are 120 possible meals.

In the previous example, there were a different number of options for each choice. But
what happens when the number of choices is unchanged each time you choose?

For example, if a coin is flipped three times, what is the total number of different
results? Each time a coin is flipped, there are two possible outcomes, namely heads

or tails. The coin is flipped 3 times. We can use a tree diagram to determine the total
number of possible outcomes:

From the tree diagram, we can see that there is a total of 8 different possible outcomes.

10.4. The fundamental counting principle




Drawing a tree diagram is possible for three different coin flips, but as soon as the
number of events increases, the total number of possible outcomes increases to the
point where drawing a tree diagram is impractical.

For example, think about what a tree diagram would look like if we were to flip a
coin six times. In this case, using the fundamental counting principle is a far easier
option. We know that each time a coin is flipped that there are two possible outcomes.
So if we flip a coin six times, the total number of possible outcomes is equivalent to
multiplying 2 by itself six times:

2x2x2%x2%x2x2=20=64

Another example is if you have the letters A, B, C, and D and you wish to discover the
number of ways of arranging them in three-letter patterns if repetition is allowed, such
as ABA, DCA, BBB etc. You will find that there are 64 ways. This is because for the
first letter of the pattern, you can choose any of the four available letters, for the second
letter of the pattern, you can choose any of the four letters, and for the final letter of
the pattern you can choose any of the four letters. Multiplying the number of available
choices for each letter in the pattern gives the total available arrangements of letters:

dxd4x4=4%=64

This allows us to formulate the following:

When you have n objects to choose from and you choose from them r times, then the
total number of possibilities is

nxnxn...xn (rtimes)=n"

Worked example 11: Choices with repetition

QUESTION

A school plays a series of 6 soccer matches. For each match there are 3 possibilities: a
win, a draw or a loss. How many possible results are there for the series?

SOLUTION

Step 1: Determine how many outcomes you have to choose from for each event
There are 3 outcomes for each match: win, draw or lose.

Step 2: Determine the number of events
There are 6 matches, therefore the number of events is 6.

Step 3: Determine the total number of possible outcomes

There are 3 possible outcomes for each of the 6 events. Therefore, the total number of
possible outcomes for the series of matches is

3x3x3x3%x3x3=35="729
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Exercise 10 — 4: Number of possible outcomes if repetition is allowed

1. Tarryn has five different skirts, four different tops and three pairs of shoes. As-
suming that all the colours complement each other, how many different outfits
can she put together?

2. In a multiple-choice question paper of 20 questions the answers can be A, B, C
or D. How many different ways are there of answering the question paper?

3. A debit card requires a five digit personal identification number (PIN) consisting
of digits from 0 to 9. The digits may be repeated. How many possible PINs are
there?

4. The province of Gauteng ran out of unique number plates in 2010. Prior to 2010,
the number plates were formulated using the style LLLDDDGP, where L is any
letter of the alphabet excluding vowels and Q, and D is a digit between 0 and
9. The new style the Gauteng government introduced is LLDDLLGP. How many
more possible number plates are there using the new style when compared to
the old style?

5. A gift basket consists of one CD, one book, one box of sweets, one packet of nuts
and one bottle of fruit juice. The person who makes the gift basket can choose
from five different CDs, eight different books, three different boxes of sweets,
four kinds of nuts and six flavours of fruit juice. How many different gift baskets
can be produced?

6. The code for a safe is of the form XXXXYYY where X is any number from 0 to 9
and Y represents the letters of the alphabet. How many codes are possible for
each of the following cases:

a) the digits and letters of the alphabet can be repeated.

b) the digits and letters of the alphabet can be repeated, but the code may not
contain a zero or any of the vowels in the alphabet.

c) the digits and letters of the alphabet can be repeated, but the digits may
only be prime numbers and the letters X, Y and Z are excluded from the
code.

7. A restaurant offers four choices of starter, eight choices for the main meal and six
choices for dessert. A customer can choose to eat just one course, two different
courses or all three courses. Assuming that all courses are available, how many
different meal options does the restaurant offer?

8. More questions. Sign in at Everything Maths online and click ‘Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

1.29GV  2.29GW 3.29GX 4.29GY 5.29GZ 6.29H2
7.29H3

@
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10.5 Factorial notation

Worked example 12: The arrangement of outcomes without repetition

QUESTION

Eight athletes take part in a 400 m race. In how many different ways can all 8 places in
the race be arranged?

SOLUTION

Any of the 8 athletes can come first in the race. Now there are only 7 athletes left to be
second, because an athlete cannot be both second and first in the race. After second
place, there are only 6 athletes left for the third place, 5 athletes for the fourth place, 4
athletes for the fifth place, 3 athletes for the sixth place, 2 athletes for the seventh place
and 1 athlete for the eighth place. Therefore the number of ways that the athletes can
be ordered is as follows:

8XTXx6xbx4x3x%x2x1=40320

As in the example above, it is a common occurrence in counting problems that the
outcome of the first event reduces the number of possible outcomes for the second
event by exactly 1, and the outcome of the second event reduces the possible outcomes
for the third event by 1 more, etc.

As this sort of problem occurs so frequently, we have a special notation to represent

the answer. For an integer, n, the notation n! (read n factorial) represents: n.x (n — 1) x

(m—2)x--+x3x2x1

This allows us to formulate the following:

The total number of possible arrangements of n different objects is
nXxm—1)x(n—2)x...x3x2x1=n!

with the following definition: 0! = 1.

Worked example 13: Factorial notation

QUESTION

1. Determine 12!
8!
2. ShowthatZ:8><7><6><5

n!
3. Show that m =N
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SOLUTION

1. We know from the definition of a factorial that 12! = 12 x 11 x 10 x ... X
3 x 2 x 1. However, it can be quite tedious to work this out by calculating each
multiplication step on paper or typing each step into your calculator. Fortunately,
there is a button on your calculator which makes this much easier. To use your
calculator to work out the factorial of a number:

e Input the number.
e Press SHIFT on your CASIO or 2ndF on your SHARP calculator.
e Then press x! on your CASIO or n! on your SHARP calculator.
o Finally, press equals to calculate the answer.
If we follow these steps for 12!, we get the answer 479 001 600.
2. Expand the factorial notation:

8_!_8><7><6><5></(><Z><;Z></1/
4! AxFxIx])

3. Expand the factorial notation:

n! :anxMxMx...x;ZXZXIZn
(n—1)! (AT x (B—2T x (n—3T x ... x Fx I x [

Ifn =1, we get [1)—: This is a special case. Both 1! and 0! = 1, therefore é—i =1so0
our identity still holds.

=8xT7x6x5= RHS

Exercise 10 — 5: Factorial notation

1. Work out the following without using a calculator:

6! — 2!
a) 3! g) -
| .
b) 6 y 243
c) 213! 5
d 8 ) 28!
ol 31— 2!
® 3 ) (33
f) 6! +4!— 3! 3! x 4!
K =5

2. Calculate the following using a calculator:

2 12! 9 10! + 12!
2! 5!+ 6!

b) 10! d) 5!(2! + 3!)
20!

e) (41)2(31)2
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3. Show that the following is true:

—2)! 1
=n‘—n () = 1forn>1

4. More questions. Sign in at Everything Maths online and click 'Practise Maths’.

’

Check answers online with the exercise code below or click on ‘show me the answer’.

la. 29H4  1b.29H5 1c.29H6 1d.29H7 1e.29H8  1f. 29H9
1g.29HB  1h.29HC 1i.29HD  1j. 29HF  1k.29HG 2a. 29HH
2b. 29H)  2c.29HK 2d. 29HM  2e.29HN 3a. 29HP  3b. 29HQ
3c. 29HR

@
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10.6  Application to counting problems EMCK4

Worked example 14: Further arrangement of outcomes without repetition

QUESTION

Eight athletes take part in a 400 m race. In how many different ways can the first three
places be arranged?

SOLUTION

Eight different athletes can occupy the first 3 places. For the first place, there are 8
different choices. For the second place there are 7 different choices and for the third
place there are 6 different choices. Therefore 8 different athletes can occupy the first
three places in:

8 X 7 x 6 = 336 ways

Worked example 15: Arrangement of objects with constraints

QUESTION

In how many ways can seven boys of different ages be seated on a bench if:

1. the youngest boy sits next to the oldest boy?
2. the youngest and the oldest boys must not sit next to each other?

Chapter 10. Probability
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SOLUTION

1. This question is a little different to the previous problems of arrangements
without repetition. In this question, we have the constraint that the youngest
boy and the oldest boy must sit together. The easiest way to think about this, is
to see each set of objects which have to be together as a single object to arrange.

If we let boy = B and let the number subscript indicate order of age, we can
view the objects to arrange as follows:

(B1; Br); (B2); (Bs); (Ba); (Bs); (Bs)
1 2 3 4 5 6

If the the youngest and oldest boys are treated as a single object, there are six
different objects to arrange so there are 6! different arrangements. However,
the youngest and oldest boys can be arranged in 2! different ways and still be
together:

(B1;Br) or (Br;Br)

Therefore there are:

6! x 2! = 1440 ways for the boys to be seated

2. The arrangements where the youngest and oldest must not sit together is the total
number of arrangements minus the number of arrangements where the oldest
and youngest sit together. Therefore, there are:

7! — 1440 = 3600 ways for the boys to be seated

Exercise 10 — 6: Number of choices in a row

1. How many different possible outcomes are there for a swimming event with six
competitors?

2. How many different possible outcomes are there for the gold (1st), silver (2nd)
and bronze (3rd) medals in a swimming event with six competitors?

3. Susan wants to visit her friends in Pretoria, Johannesburg, Phalaborwa, East Lon-
don and Port Elizabeth. In how many different ways can the visits be arranged?

4. A head boy, a deputy head boy, a head girl and a deputy head girl must be
chosen out of a student council consisting of 18 girls and 18 boys. In how many
ways can they be chosen?

5. Twenty different people enter a golf competition. Only the first six of them can
win prizes. In how many different ways can the prizes be won?

6. Three letters of the word 'EMPTY’ are arranged in a row. How many different
arrangements are possible?

7. Pool balls are numbered from 1 to 15. You have only one set of pool balls. In
how many different ways can you arrange:
a) all 15 balls. Write your answer in scientific notation, rounding off to two
decimal places.
b) four of the 15 balls.

10.6. Application to counting problems




8. The captains of all the sports teams in a school have to stand next to each other
for a photograph. The school sports programme offers rugby, cricket, hockey,
soccer, netball and tennis.

a) In how many different orders can they stand in the photograph?

b) In how many different orders can they stand in the photograph if the rugby
captain stands on the extreme left and the cricket captain stands on the
extreme right?

c) In how many different orders can they stand if the rugby captain, netball
captain and cricket captain must stand next to each other?

9. How many three-digit numbers can be made from the digits 1 to 6 if:

a) repetition is not allowed?
b) repetition is allowed?

10. There are two different red books and three different blue books on a shelf.

a) In how many different ways can these books be arranged?

b) If you want the red books to be together, in how many different ways can
the books be arranged?

c) If you want all the red books to be together and all the blue books to be
together, in how many different ways can the books be arranged?

11. There are two different Mathematics books, three different Natural Sciences
books, two different Life Sciences books and four different Accounting books
on a shelf. In how many different ways can they be arranged if:

a) the order does not matter?

b
¢

all the books of the same subject stand together?
the two Mathematics books stand first?

)
)
)
d) the Accounting books stand next to each other?

12. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

1.29HS 2.29HT 3.29HV ~ 4.29HW  5.29HX 6. 29HY
7.29HZ 8.29)2 9.29)3 10. 29)4 11. 29)5

O
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Worked example 16: Arrangement of letters

QUESTION

If you take the word, 'OMQO’, how many letter arrangements can we make if:

1. we consider the two O’s as different letters?
2. we consider the two O’s as identical letters?

Chapter 10. Probability
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SOLUTION

1. Since we consider the two O’s as different letters, write the first O as O; and the
second O,. The different letter arrangements are as follows:

01M02 M0102 OIO2M
02M01 M0201 O2OIM

We can see from writing out all the arrangements that there are 6 different ways
for the letters to be arranged. This is not practical if there are a large number of
letters. Instead, we can work this out more easily using the fundamental counting
principle.

Using the fundamental counting principle, as there are 3 letters in the word
OMO if we treat each O as a separate letter, there are 3! = 6 different arrange-
ments.

2. If we consider the two O’s as identical letters, only 3 arrangements are possible:

OMO MOO OOM

We can also work this out using a modified version of the previous identity.
We know that if we treat each letter as different, the number of arrangements is
3!. However, when we have duplicate letters, we have to remove the identical
arrangements of these letter from our final answer. So we divide by the factorial
of the number of times a letter is repeated.

In this example, O appears twice so we divide 3! by 2!

3!

number of arrangements = 5 =3

Worked example 17: The number of letter arrangements for a longer word

QUESTION

If you take the word ‘BASSOON’, how many letter arrangements can you make if:
1. repeated letters are treated as different?
2. repeated letters are treated as identical?
3. the word starts with an O and repeated letters are treated as identical?
4

. the word starts and ends with the same letter and repeated letters are treated as
identical?

SOLUTION

1. There are 7 letters in the word 'BASSOON'. If we treat each letter as a different
letter, there are 7! = 5040 arrangements.

2. If repeated letters are treated as identical characters, there are two S’s and two
O’s. This is similar to the previous worked example except now we have more
than one letter repeated. When more than one letter is repeated, we have to
divide the total number of possible arrangements by the product of the factorials
of the number of times each letter is repeated.

Number of arrangements = = 1260 arrangements

7!
2! x 2!
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3. If the word starts with an 'O’, there are still 6 letters left of which two are S’s.
6!
Number of arrangements = o= 360 arrangements

4. If the word starts and ends with the same letter, there are two possibilities:

®S----- S with the letters in between consisting of ‘B’/A’,O’,/O’ and 'N’.
Therefore:

5!
Number of arrangements = == 60 arrangements

e O----- O with the letters in between consisting of 'B’/A’,'S’,’S” and 'N’.
Therefore:

5!
Number of arrangements = i 60 arrangements

Therefore, the total number of arrangements = 60 + 60 = 120.

This allows us to formulate the following:

For a set of n objects, of which n; are the same, ny are the same . .., ny are the same,

n!
the number of arrangements = ————————
ni! X no!l. .. nyg!

Exercise 10 — 7: Number of arrangements of sets containing alike objects

1. You have the word "EXCELLENT".
a) If the repeated letters are regarded as different letters, how many letter ar-
rangements are possible?

b) If the repeated letters are regarded as identical, how many letter arrange-
ments are possible?

c) If the first and last letters are identical, how many letter arrangements are
there?

d) How many letter arrangements can be made if the arrangement starts with
an L?

e) How many letter arrangements are possible if the word ends in a T?
2. You have the word '"ASSESSMENT".
a) If the repeated letters are regarded as different letters, how many letter ar-
rangements are possible?

b) If the repeated letters are regarded as identical, how many letter arrange-
ments are possible?

c) If the first and last letters are identical, how many letter arrangements are
there?

d) How many letter arrangements can be made if the arrangement starts with
a vowel?

e) How many letter arrangements are possible if all the S’s are at the beginning
of the word?
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3. On a piano the white keys represent the following notes: C, D, E, F, G, A, B.
How many tunes, seven notes in length, can be composed with these notes if:
a) a note can be played only once?
b) the notes can be repeated?
¢) the notes can be repeated and the tune begins and ends with a D?
d) the tune consists of 3 D’s, 2 B’s and 2 A'’s.

4. There are three black beads and four white beads in a row. In how many ways
can the beads be arranged if:

a) same-coloured beads are treated as different beads?
b) same-coloured beads are treated as identical beads?

5. There are eight balls on a table. Some are white and some are red. The white
balls are all identical and the red balls are all identical. The balls are removed
one at a time. In how many different orders can the balls be removed if:

a) seven of the balls are red?
b) three of the balls are red?
¢) there are four of each colour?

6. How many four-digit numbers can be formed with the digits 3, 4, 6 and 7 if:

a) there can be repetition?
b) each digit can only be used once?
c) if the number is odd and repetition is allowed?

7. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.
1.29)6 2.29)7 3.29)8 4.29)9 5.29B 6.29]C

@
www.everythingmaths.co.za m.everythingmaths.co.za

10.7 Application to probability problems

When needing to determine the probability that an event occurs, and the total number
of arrangements of the sample space, S, and the total number arrangements for the
event, F, are very large, the techniques used earlier in this chapter may no longer
be practical. In this case, the probability may be determined using the fundamental
counting principle. The probability of the event, E, is the total number of arrangements
n(E)

n(s)’

of the event divided by the total number of arrangements of the sample space or

Worked example 18: Personal Identification Numbers (PINs)

QUESTION

Every client of a certain bank has a personal identification number (PIN) which consists
of four randomly chosen digits from 0 to 9.
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1. How many PINs can be made if digits can be repeated?
2. How many PINs can be made if digits cannot be repeated?

3. If a PIN is made by selecting four digits at random, and digits can be repeated,
what is the probability that the PIN contains at least one eight?

4. If a PIN is made by selecting four digits at random, and digits cannot be repeated,
what is the probability that the PIN contains at least one eight?

SOLUTION

1. If digits can be repeated: you have 10 digits to choose from and you have to
choose four times, therefore the number of possible PINs = 10* = 10 000.

2. If digits cannot be repeated: you have 10 digits for your first choice, nine for your
second, eight for your third and seven for your fourth. Therefore,

the number of possible PINs = 10 x 9 x 8 x 7 = 5040

3. Let B be the event that at least one eight is chosen. Therefore the complement
of B is the event that no eights are chosen.

If no eights are chosen, there are only nine digits to choose from. Therefore,
n(not B) = 9* = 6561.

The total number of arrangements in the set, as calculated in Question 1, is
10 000. Therefore:

P(B) =1- P(not B)

i n(not B)
n(S)
B 6561
10000
= 0,3439

4. Let B be the event that at least one eight is chosen. Therefore the complement
of B, is the event that no eights are chosen.

If no eights are chosen, there are only 9 then 8 then 7 then 6 digits to choose
from as we cannot repeat a digit once it is chosen. Therefore,

n(not B) =9 X 8 X 7 x 6 = 3024

The total number of arrangements in the set, as calculated in Question 1, is
10 000. Therefore:

P(B) =1- P(not B)
n(not B)
~ n(S)
3024
10 000
= 0,6976
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Worked example 19: Number plates

QUESTION

The number plate on a car consists of any 3 letters of the alphabet (excluding the
vowels and 'Q’), followed by any 3 digits (0 to 9). For a car chosen at random, what is
the probability that the number plate starts with a 'Y’ and ends with an odd digit?

SOLUTION

Step 1: Identify what events are counted

The number plate starts with a ’Y’, so there is only 1 option for the first letter, and ends
with an odd digit, so there are 5 options for the last digit (1; 3; 5; 7; 9).

Step 2: Find the number of events

Use the counting principle. For the second and third letters, there are 20 possibilities
(26 letters in the alphabet, minus 5 vowels and ‘Q’). There are 10 possibilities for the
first and second digits.

Number of events =1 x 20 x 20 x 10 x 10 x 5 = 200 000

Step 3: Find the total number of possible number plates
Use the counting principle. This time, the first letter and last digit can be anything.

Total number of choices = 20 x 20 x 20 x 10 x 10 x 10 = 8 000 000

Step 4: Calculate the probability

The probability is the number of outcomes in the event, divided by the total number
of outcomes in the sample space.

200 000 1 0,025

Probability = 2000000 — 10

Worked example 20: Probability of word arrangements

QUESTION

Refer to worked example 16 for context. If you take the word, '/BASSOON’ and you
randomly rearrange the letters, what is the probability that the word starts and ends
with the same letter if repeated letters are treated as identical?

SOLUTION

If the word starts and ends with the same letter, there are a total number of 120 possible
arrangements (from worked example 16). Let this event = A.

The total number of possible arrangements if repeated letters are treated as identical
= 1260 (from worked example 16).

Therefore, the probability of an arrangement beginning and ending with the same letter
n(A) 120

=—"Z=_"""_=0,

n(S) 1260

10.7. Application to probability problems




Exercise 10 — 8: Solving probability problems using the fundamental counting
principle

1. A music group plans a concert tour in South Africa. They will perform in Cape
Town, Port Elizabeth, Pretoria, Johannesburg, Bloemfontein, Durban and East
London.

a) In how many different orders can they plan their tour if there are no restric-
tions?

b) In how many different orders can they plan their tour if their tour begins in
Cape Town and ends in Durban?

c) If the tour cities are chosen at random, what is the probability that their per-
formances in Cape Town, Port Elizabeth, Durban and East London happen
consecutively? Give your answer correct to 3 decimal places.

2. A certain restaurant has the following course options available for a three-course

set menu:
STARTERS MAINS DESSERTS
Calamari salad Fried chicken Ice cream and chocolate sauce
Oysters Crumbed lamb chops Strawberries and cream
Fish in garlic sauce Mutton Bobotie Malva pudding with custard

Chicken schnitzel Pears in brandy sauce

Vegetable lasagne

Chicken nuggets

a) How many different set menus are possible?
b) What is the probability that a set menu includes a chicken course?

3. Eight different pairs of jeans and 5 different shirts hang on a rail.

a) In how many different ways can the clothes be arranged on the rail?

b) In how many ways can the clothing be arranged if all the jeans hang together
and all the shirts hang together?

c) What is the probability, correct to three decimal places, of the clothing
being arranged on the rail with a shirt at one end and a pair of jeans at the
other?

4. A photographer places eight chairs in a row in his studio in order to take a
photograph of the debating team. The team consists of three boys and five girls.
a) In how many ways can the debating team be seated?
b) What is the probability that a particular boy and a particular girl sit next to
each other?
5. If the letters of the word "COMMITTEE’ are randomly arranged, what is the prob-
ability that the letter arrangements start and end with the same letter?

6. Four different Mathematics books, three different Economics books and two dif-
ferent Geography books are arranged on a shelf. What is the probability that all
the books of the same subject are arranged next to each other?

7. A number plate is made up of three letters of the alphabet (excluding F and S)
followed by three digits from 0 to 9. The numbers and letters can be repeated.
Calculate the probability that a randomly chosen number plate:

a) starts with the letter D and ends with the digit 3.
b) has precisely one D.
c) contains at least one 5.
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8. In the 13-digit identification (ID) numbers of South African citizens:
e The first six numbers are the birth date of the person in YYMMDD format.

e The next four digits indicate gender, with 5000 and above being male and
0001 to 4999 being female.

e The next number is the country ID; 0 is South Africa and 1 is not.

e The second last number used to be a racial identifier but it is now 8 for
everybody.

e The last number is a control digit, which verifies the rest of the number.
Assume that the control digit is a randomly generated digit from 0 to 9 and ignore
the fact that leap years have an extra day.

a) Calculate the total number of possible ID numbers.

b) Calculate the probability that a randomly generated ID number is of a South
African male born during the 1980s. Write your answer correct to two
decimal places.

9. More questions. Sign in at Everything Maths online and click ’Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

1.29JD 2.29JF 3.29JG 4.29)JH 5.29)) 6.29K
7.29iM 8. 29N

0
——\ www.everythingmaths.co.za m.everythingmaths.co.za

10.8 Summary EMCK6

e The addition rule (also called the sum rule) for any 2 events, A and B is
P(AorB)=P(A) + P(B) — P(Aand B)

This rule relates the probabilities of 2 events with the probabilities of their union
and intersection.

e The addition rule for 2 mutually exclusive events is
P(Aor B) = P(A) + P(B)

This rule is a special case of the previous rule. Because the events are mutually
exclusive, P(A and B) = 0.

e The complementary rule is
P(not A) =1— P(A)

This rule is a special case of the previous rule. Since A and (not A) are comple-
mentary, P(A or (not A)) = 1.

e The product rule for independent events A and B is:

P(Aand B) = P(A) x P(B)
If two events A and B are dependent then:

P(Aand B) # P(A) x P(B)

10.8. Summary
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e Venn diagrams are used to show how events are related to one another. A Venn
diagram can be very helpful when doing calculations with probabilities. In a
Venn diagram each event is represented by a shape, often a circle or a rectangle.
The region inside the shape represents the outcomes included in the event and
the region outside the shape represents the outcomes that are not in the event.

e Tree diagrams are useful for organising and visualising the different possible
outcomes of a sequence of events. Each branch in the tree shows an outcome of
an event, along with the probability of that outcome. For each possible outcome
of the first event, we draw a line where we write down the probability of that
outcome and the state of the world if that outcome happened. Then, for each
possible outcome of the second event we do the same thing. The probability of
a sequence of outcomes is calculated as the product of the probabilities along
the branches of the sequence.

e Two-way contingency tables are a tool for keeping a record of the counts or
percentages in a probability problem. Two-way contingency tables are especially
helpful for figuring out whether events are dependent or independent.

e The fundamental counting principle states that if there are n(A) outcomes for
event A and n(B) outcomes for event B, then there are n(A) x n(B) different
possible outcomes for both events.

e When you have n objects to choose from and you choose from them r times, if
the number of choices remains the same after each choice, then the total number
of possibilities is

nxnxn...xn (rtimes)=n"

e The number of arrangements of n different objects is

nxn—-1)x(n—-2)x...x3x2x1=n!

e For a set of n objects, of which there are k subsets with repeated objects i.e. n;
are the same, ny are the same, . . ., ny are the same, the number of arrangements

are
n!

ny! X no!. .. nyg!
Exercise 10 — 9: End of chapter exercises

1. An ATM card has a four-digit PIN. The four digits can be repeated and each of
them can be chosen from the digits 0 to 9.
a) What is the total number of possible PINs?
b) What is the probability of guessing the first digit correctly?
c) What is the probability of guessing the second digit correctly?
)

d) If your ATM card is stolen, what is the probability, correct to four decimal
places, of a thief guessing all four digits correctly on his first guess?

e) After three incorrect PIN attempts, an ATM card is blocked from being used.
If your ATM card is stolen, what is the probability, correct to four decimal
places, of a thief blocking the card? Assume the thief enters a different PIN
each time.
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2. The LOTTO rules state the following:

o Six numbers are drawn from the numbers 1 to 49 - this is called a ‘draw’.

e Numbers are not replaced once drawn, so you cannot have the same num-
ber more than once.

e The order of the drawn numbers does not matter.
You decide to buy one LOTTO ticket consisting of 6 numbers.
a) How many different possible LOTTO draws are there? Write your answer
in scientific notation, rounding to two digits after the decimal point.

b) Complete the tree diagram below after the first two LOTTO numbers have
been drawn showing the possible outcomes and probabilities of the num-

bers on your ticket.
correct

wrong

c) What is the probability of getting the first number drawn correctly?

d) What is the probability of getting the second number drawn correctly if you
get the first number correct?

e) What is the probability of getting the second number drawn correct if you
do not get the first number correctly?

f) What is the probability of getting the second number drawn correct?

g) What is the probability of getting all 6 LOTTO numbers correct? Write your
answer in scientific notation, rounding to two digits after the decimal point.

3. The population statistics of South Africa show that 55% of all babies born are
female. Calculate the probability that a couple planning to have children will
have a boy followed by a girl and then a boy. Assume that each birth is an
independent event. Write your answer as a percentage, correct to two decimal
places.

4. Fezile and Vuzi write a Mathematics test. The probability that Fezile will pass
the test is 0,8. The probability that Vuzi will pass the test is 0,75. What is the
probability that only one of them will pass the test?

5. Landline telephone numbers are 10 digits long. Numbers begin with a zero
followed by 9 digits chosen from the digits O to 9. Repetitions are allowed.
a) How many different phone numbers are possible?

b) The first three digits of a number form an area code. The area code for Cape
Town is 021. How many different phone numbers are available in the Cape
Town area?

c) What is the probability of the second digit being an even number?
d) Ignoring the first digit, what is the probability of a phone number consisting
of only odd digits? Write your answer correct to three decimal places.
6. Take the word 'POSSIBILITY".
a) In how many way can the letters be arranged if repeated letters are consid-
ered identical?

b) What is the probability that a randomly generated arrangement of the letters
will begin with three 1's? Write your answer as a fraction.

10.8. Summary




7. The code to a safe consists of 10 digits chosen from the digits 0 to 9. None of
the digits are repeated. Determine the probability of a code where the first digit
is odd and none of the first three digits may be a zero. Write your answer as a
percentage, correct to two decimal places.

8. Four different red books and three different blue books are to be arranged on a
shelf. What is the probability that all the red books and all the blue books stand
together on the shelf?

9. The probability that Thandiswa will go dancing on a Saturday night (event D) is
0,6 and the probability that she will go watch a movie is 0,3 (event M). Deter-
mine the probability that she will:

a) go dancing and watch a movie if D and M are independent.

b

C

)
) go dancing or watch a movie if D and M are mutually exclusive.
) go dancing and watch a movie if P(D or M) = 0,7.

d) not go dancing or go to a movie if P(D and M) = 0,8.

10. Three boys and four girls sit in a row.

a) In how many ways can they sit in the row?
b) What is the probability that they sit in alternating gender positions?

11. The number plate on a car consists of any 3 letters of the alphabet (excluding
the vowels, ] and Q), followed by any 3 digits from 0 to 9. For a car chosen at
random, what is the probability that the number plate starts with a Y and ends
with an odd digit? Write your answer as a fraction.

12. There are four black balls and y yellow balls in a bag. Thandi takes out a ball,
notes its colour and then puts it back in the bag. She then takes out another ball
and also notes its colour. If the probability that both balls have the same colour

) .
is </ determine the value of .

13. A rare kidney disease affects only 1 in 1000 people and the test for this disease
has a 99% accuracy rate.

a) Draw a two-way contingency table showing the results if 100 000 of the
general population are tested.

b) Calculate the probability that a person who tests positive for this rare kidney
disease is sick with the disease, correct to two decimal places.

14. More questions. Sign in at Everything Maths online and click 'Practise Maths'.

Check answers online with the exercise code below or click on ‘show me the answer’.

1.29)P  2.29)Q 3.29JR  4.29)S 5. 29]T 6.29)V 7. 29JW
8.29)X 9.29)Y 10.29)Z 11.29K2 12.29K3 13.29GT

@
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Solutions to exercises

Sequences and series

Exercise 1 — 1: Arithmetic sequences

1. 26;30;34 3. 5;7;9 5. a+ 5b;a+ 7b;a + 9b
2. —19; —22; —25 4. 65;76;87 6. 3;2;2

Exercise 1 — 2: Arithmetic Sequences

1 a 1 7. a) 4;7;10;13
b) T, =8,5—1,5n b) d=3
c) Tz = —23 o Tp,=3n+1
2. a) Yes d) Ths =76
b) 218 e) T3 = 109
c) Tg1 = 322 8. Q) p=T;q=7;7=35;s=2n+1
d) No b) 801 stitches
3. a) Ty =5;T =3;T3 =1;T1o = —13 9. p=4;T15 =353
b) 10. £ =5a —6
4. Tp=2n—-1 11. 3s —t;s;—s + t; —3s + 2t; —5s + 3t; —7s +

4t; —9s + 5t; —11s + 6t; —13s + Tt;

Exercise 1 — 3: Quadratic sequences

1 a) Quadratic sequence g) Quadratic sequence 4. b=2andc= -1
b) Linear sequence h) Quadratic sequence 5. 4;14;34;64;104; 154
©) Quadratic sequence 2. b=0andc = —2 6. a) —1
d) Linear sequence 3. a) Yes b) 7
e) Quadratic sequence b) —7a?
f) Neither o Tigo = —197a°

Exercise 1 — 4: Constant ratio of a geometric sequence

r = 2 next terms: 40; 80; 160
T = 2nextterms: 73 & &4

r = 0,1 next terms: 0,007; 0,0007; 0,00007
r = 3p next terms: 27p4; 81p5; 243p6

r = —10 next terms: 3000; —30 000; 300 000; —3 000 000

G

Exercise 1 — 5: General term of a geometric sequence

1. T, = 5(2)~ 2 4. T, =p(3p)"~"
2. T, = (3)" 5. T, = —3(—10)" "
3. T, =7(0,1)" 1
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Exercise 1 — 6: Mixed exercises

1. a) 6;2;2... o Ts =4
b) Geometric: r = % 5. Ty = sin® § and Ts = sin 0
2. k=4;m =10 6. Arithmetic: 5; 2; —2; ... or 5;25;45; ...
3 Q) r=2 Geometric: §; —2;81;...0r25; —45;81;. ..
b) a=1 7. a) 4z3y
@ _ 2z
Q Tpn =2 b r =%
4, a r=2anda = 3 B =18 55 =8 = ©F =
gl by =l =L
b y=2landz =1 37977270 BI
Exercise 1 — 7: Sigma notation
1. a 2+2+2+2=8 b) 8+8+8+8=32 4. 4 (3"79)
b) —1 o 15a 5. 328, (18 — 7n)
c 34 3. a a=14 6. i(f{) (2n — 1)
1
2. a) 0 b) a= 1% 29=90 (2n+1)
Exercise 1 — 8: Sum of an arithmetic series
1. k=4 5. Sao0 = 135750 b) 260
2. a) n =10 6. % 9. n=15
b) Ts = 46 7. a d=5anda=—9 10. d =10
3. a) n=13orn =50 b) Tipo = 486 11. n =20
4. Sy = 4335 8. a) So=2324
Exercise 1 — 9: Sum of a geometric series
2. a) —2187 6. a=>5;r=2;S; =635
b) —1640 7. a) 4;2;1
3. Sy =45 b) n=9
4. 811=76511421 8. 7‘=%,a= %,TQ:%

Exercise 1 — 10: Convergent and divergent series

Arithmetic series: S1 = 2; So = 65510 = 110; S190 = 10100. Divergent.
Arithmetic series: S1 = —1;S2 = —3; S19 = —55; S100 = —5050. Divergent.
Geometric series: S; = 2352 = 22810 = 1,965. . .; S100 = 2,00. . .. Convergent.

Geometric series: S1 = 2; Sa = 6; S10 = 2046; S100 = 2,5 x 10°°. Divergent.

B oW =

Exercise 1 — 11: Sum to infinity

N[O i
N o

10.8. Summary




Exercise 1 — 12: End of chapter exercises

1. Infinite arithmetic series 10. 150 mm b) Diverge: r = —3
2. a) Sy=28 11. n =10 20. Soo = 5
b) Sp_q =D 12. a) R 708,62 21. Tyo = 20
3. S5 = 2112817 b) R 8553,71 22. 1998 953
4 @ z=3 13, a) R524288 23, a) 25
b) S =8 b) R1048 575 b) Letter: s
5. 320 6 (1)t 14. 9;6;4;. 24. 28
. = 2
6. So =15 5. ap 25. @) —2<2<0
7. a) R250 o T = 1122 b f(-3)=3
b) 30 years 16. Soo =162 2. S, = 2<11—a ™)
8 S — 16 17. 34 (1=a%)
Tl 3 27. T, =59
n =10 18. Tp = 12
1 28. n=9

19. a) Converge: Soo = — 3

2 Functions

Exercise 2 — 1: Revision

24 \o@=-80+5

Se) =32 -6

v
N .
v
3 4
m(z) = 3z -3
2L
4 17T
e o i(x) = —5a’ } } } = } } &
-3 -2 -1 1 2 3
a1
Q) ol
n(z) = —
Al
S
22744
6
S
wl
T 4. a)
——
T
A R
Ll
B p(a) =37
—t—t> =
1 2 3
ol
2 -3 1+ r(z) = —3%
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Exercise 2 — 2: Identifying functions

a) Yes g) Yes

b) Yes h) No

c) Yes 2. a) One-to-one relation:

d) No therefore is a function.

) Yes b) One-to-one relation:
therefore is a function.

f) No

c) One-to-one relation:

Exercise 2 — 3: Inverse of the function y = ax + ¢

3.

therefore is a function.

d) One-to-many relation:
therefore is not a
function.

e) Many-to-one relation:
therefore is a function.

d = —500u + 23 000

1. f~z) = tw— %

2. a)
b)
<)

3. a)

Itis a function.
Domain {z : z € R}, Range {y : y € R}

@)=z T

s

—byd bid
AL | wo

b) No
a) f(z)=—-3z+2

b) f(z):(4;0), (0;2)f " () : (2;0) and
(054)

A T(353)

e) Decreasing function

Exercise 2 — 4: Inverses - domain, range, intercepts, restrictions

1 a y==*4/22z (z>0) )
b) Yy = ae %w (m 2 0) (=3;1)
@) = V=% ]
0 y=+v-5z (z<0) ——+— -
4 -3 -2 -1,
d y=+viz (z>0) A
2 a g (z) =2z (z>0)
b) /// -
, i
a y==y/Zz (z>0)
b) ! h(z) = Lo’
o Yes L2 s 4 o5 o6
d) For g :Domain: z > 0 Range: y > 0 Ll VB
For g~ :Domain: z > 0 Range: y > 0
e) (0;0)or2;2 ¢ x>0o0rz<0
3. a) f(z) = —3z> (z>0) a a=-1c=0andm=-1
b) f: domainx > 0,rangey < 0 b) g : domain: z € R, range: y € R and
9 (=3;1) f~1 : domain: & > 0, range: y < 0
. 5 o z>4
d fr@=y-32 (250 d y=422 (y>0)

f~1: domainz < 0,rangey > 0
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Exercise 2 — 5: Inverses - average gradient, increasing and decreasing functions

1. a) b) Domain: x > 0 and Range: y < 0
9 f(z)=4/—3z (<0)
1 d) Domain: {z : z < 0,z € R}, Range:
{y:y >0,y €R}
| e)
T 1) y
1@ =1
: o . AL
555 AN & 5
R R )
' L
S s
s
f N (x) = —4a?
b y==xvz (z2>0)
Q) f) Decreasing function
. . 3. a g (@) =4[z (¢>0)
b) (0:0) and (2;2)
2 + ’ <)
// v
T 9(@) = §a*
7 4 /’
A T .
- y=%/7 1 ot
31 ~
T T 0 T T T T @
-2 -1 1 2 3 4
Jrag
d) No it
AT
e Q(4;2)
f) Ave. grad.o p = 2and ave. grad. = 3 d) Both are increasing functions
2. a) fl(z) = —4a? e 1
Exercise 2 — 6: Finding the inverse of y = b*
1. a) 4 = log, 16 f) log,4=g o 107t =0,1
b) —5 = logg (ﬁ) 8 log,_y9=p d d®=c¢
o) 3 =log; 7 (4,913) h) log,,3 =a+4 e 5 =1
—4
d) z=log,y 2. @) 25=32 f 37" =g
e) log,q=5 b) 1072 = s g 2
h) —4

Exercise 2 — 7: Applying the logarithmic law: log, 2° = blog, =

1. 10logg 10 5. 1 9. 15
2. yloggx 6. g 10. 8
3. loggs 7. 3 11. 4
4. zlog,y 8. —1 12. =3
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Exercise 2 — 8: Applying the logarithmic law: log, z = loge

~ logya
1 84 141
1. a) 12582 f) 1ogo2g%0m

1 14 . 1
b los s L
o) los29-1 b) Tog 5

loga 10 3. a) 1,58
d) 1

Togg 2 b) 6,92

1
€) logy y
Exercise 2 — 9: Logarithms using a calculator
1 a) 0,477 ) —2 e 0,32

b) 1,477 j) 3,907 f 1,19
0 2,477 k) 1,661 g 2,51
d) —0,180 ) —2,585 h) 0,06
e) —0,602 2. a) 3,98 i 1,19
f) 2,930 b) 0,01 j) 0,85
g no value ¢ 63,10 k) 0,06
h) 1,262 d) 100 000 ) 1,79

Exercise 2 — 10: Graphs and inverses of y = log,

<)

d) N(5,8;1,6)

Exercise 2 — 11: Applications of logarithms

1. 57 years b) After 14 months
2. a) Growth = 36 x 2"
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Exercise 2 — 12: End of chapter exercises

1. a) h(z) = -2z —6 b) Yes
b) h™'(z)=-2%2 -3 (o} y=log%wory=*log4m
9 d P= %, since the point lies on the line
v Yy =x.
e) G(z) = —log, (z + 2) or
G(z) = log% (z +2)
f) Vertical asymptote: z = —2
5. a) h!(z) = logy
b) Domain: {z : z > 0,z € R} and range:
{y:y eR}.
o}
-7 v

d) S(—2;-2)

e) z-coordinate is equal to the y-coordinate.
2. a f(z)=3z—2

b)

flz) =22 +4 29r s s -3 4+

C)

f(z) = 222

oz b) No
c) Two
2T 7. Graph1: y =377
Graph 2: y = —loggz ory = Iog% T

b) y =+,/Z, = > 0. Domain: Graph 3: y = —3%
{z:2 >0,z € R}, Range: {y : y € R}. 8. b) a=1

3

¢ y=Iloggxz+2
d y=logs (x— 1)

9. a) 10 years
b) Graph C
10. a) T, =100 x 2"~ *
b)
)

@

204 800 retweets
1,75
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Exercise 2 — 13: Inverses (ENRICHMENT ONLY)

1. a g Mz)=(z+1)?2 z> -1
b) ,
Y g7 @) =(z+1)2 > -1 ’
4+ = /2L
5
2t : —
-3 3 4
il
—
-2 -1 1 2 3 4
a1
-2 e (3;1)
4 a) f(z) = —2% -2
b)) y=+v/—2-2 (z<-2)
) <)
g e) = (z+1)%2> 1
- )il
A
d) Yes 5. a)
e) Domain: {z : > —1,z € R}, Range: b)

{y:y >0,y €R}.

2. a) y=-—2@x—-1)>2+3
b) Maximum value at (1; 3)
c) Domain: {z : € R} and range:
{y : y < 3,y € R}, Axis of symmetry:
z = 1.
3. a) g=1lorg=—1
b)
v
c) No
d)
Yy s
14+ ///
3 4 P
2 4+ ///
1 1 — 1 1 1 @ e W
=2 =2 = ioa 8 F——————————————— =
—1 -+ —10 —ONg8 -7 -6 -5 —4 P -2 — o 12 3 4
o 4

0 y==+/%1 (x>1)

d)

Summary




Exercise 2 — 14: Applying logarithmic law: log, vy = log, (z) + log, (y)

1. a) 2logg 10 b) 0 h) log, p X log, q
b) 1+ log, 7 o) logs 12 3. a) logzyz
c) 3+1logy 5 d) (logx) (log10y) b) logab®c?d
e) 1+ logyz+ log,y e) Cannot be simplified. 0 log2+3
f) log, f) Cannot be simplified. d 1
2. a) log30 g log, pq

Exercise 2 — 15: Applying logarithmic law: log, v =log,x —log,y

1. a) 2—log3 f) log, y —log, r e) Cannot be simplified
b) log, 15 —1 2. a) —logh f) log3
o) logigx —logigy b) 2 3. a) 1
d) Cannot be simplified. ) logag b) 2
e) 1 —logs8 d) Cannot be simplified 4. Both methods are correct.

Exercise 2 — 16: Simplification of logarithms

2. log %

Exercise 2 — 17: Solving logarithmic equations

1. a) 1,09
b) 3,83
c) 5,66
d) 0,72
e) —1,51
f) 65,94 p———
g —0,55 ;
2. a) y=logsz ; L
b 1,6
c)
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Exercise 2 — 18: Logarithms (ENRICHMENT ONLY)

False: logt + logd = log (t X d)

-
Sege
o

o g o 2 e

False: ¢ = log,, 7
True

g}

o
o

False: log (A) — B cannot be simplified 4.
further.

@)

e) True

log, m f(x)

. _ logp

f) False: log, m = Tl
True |
True ==
False: bases are different
True

False
(16:4)

False () = log, %

False —

1 y=2
0

2

log 3 5. 1,68

1,7 6. a) z <10, (z € Z)
1,3 b z < 11

)
)
)
)
)
)
)
n) False
)
)
)
)
)
)

3  Finance

Exercise 3 — 1: Determining the period of an investment

1. Just over 3 years 4. After 7 years 7. a) 71 years
2. Just over 5 years and 10 5. 5 years ago b) less than 5 years
months 6. 11 8. 4,5 years

3. 3years and 8 months ago

Exercise 3 — 2: Future value annuities

1. a) R232539,41 3. a) R1792400,11 b) R 214 557

b) R 210 000 b) R 382 800 6. R1123,28

o R22539,41 4. R 2923 321,08 7. a) 2 vyearsand 211 days
2. R590,27 5.  a) R510,85 b) R 377,53

Exercise 3 — 3: Sinking funds

1. a) R262094,55 b) R 362 635,97 b) R 1988
b) No o) R4560,42
2. a) R104 384,58 3. a) R230,80
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Exercise 3 — 4: Present value annuities

1. R22 383,37 b) R32176,44 b) R 332 089,87
2. R 2420,00 5. a) 8years 7. a) R1627,05

3. R6712,46 b) R 2358,88 b) R 388 743,83
4 a) R297,93 6. a) R3917,91 c) R18530,10

Exercise 3 — 5: Analysing investment and loan options

1. a) option A b) R1937512,76 2. BankB

Exercise 3 — 6: End of chapter exercises

1. 6 years b) R 468 000 b) R 230 651,34
2. R102 130,80 6. a) R 134 243,45 o 1,4
3. a) R 394,50 b) R 67 043,45 9. R8637,98
b) R 9796,00 7. a) 5,5 years 10. R 3895,68
4. 6 years b) R 2465,87
5. a) R1308370,14 8. a) R1692,54

Exercise 4 — 1: Revision - reduction formulae, co-functions and identities

1 a A 2 =1 6 a) sinf
b) A 3. 1 b) —3
o Vv1— A2 " pa) V3 9. a) False
d —A 1 b) False
A b) 5
e) c) True
e oAt d) Fal
2. a) sin?0 b) tan20 ) Ta *¢
b) cos? 6 o —cos®a ef) True
¢ P+Q=1and d 0 rue
Exercise 4 — 2: Compound angle formulae
1 5) ) w h) §
b) 135 d 2-v3 3. b &
c —1 e) % 4. \/5
2 a LOEH) iy 5. b 228
V2(1+v3) 9 £
b) ———
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Exercise 4 — 3: Double angle identities

. a —% b) vI—t2 f) 2t —1
by —22 ot 3. b) 36,87° or216,87°
2
o 2 d 2t> —1 a 0 (/22
— e) —t
2 a) —t 5 P

Exercise 4 — 4: Solving trigonometric equations

1. a) x = 16,06° + k£ . 180° or 3. a) A=235"79°+k.90°or
@ =173,9° 4+ k.180°, k € Z A=31,72° 1 k.90°, kcZ
b) y = 30° + k. 120° or b) 10 solutions.
— o o
y=90" +k.360% k €Z 4. A= —300°, —60°,60° or 300°
—_ o o
A a=225"+k.90%keZ 5. a) @=059,26°+k.90° or
d) p=Fk.360° or z =75,74° + k . 90°, k € Z.
p=236°+k.T72°,kEZ b)

e) A=45°+Ek.180° or
A=135°+k.180°,k € Z

) = =51,8° +k . 360° or 1+
z=3082° +k.360° kEZ

) t=0°+k.180°, kEZ
h) z =30°+k . 360°
)
)

z = 0°,30°,180°,210° or 360°

A(59,26°; —0,84), B(75,74°; —0,84)
7. @ =60°+k . 360°

Exercise 4 — 5: Problems in two dimensions

1. a) AOC = 26 CA2 — A
b) cos® = AE AB? + BC? — 2(AB)(BC) cos B
~ BE
CcA d) CA? = 188,5 units?

)

) Area ABC'D = 54,0 units>
4., a) AC =69m

)

@

E
d) sin 26 %

3. b) CA? =

DC? + DA% — 2(DC)(DA) cos D or o) L200) S G
Exercise 4 — 6: Problems in three dimensions
1. a) BC =2z cosatanf 3. b) 16,2 m
b) BC = 41,40 m c) Approx. 6 levels
2. a) h=delnstens 4. 0 1932,3m?
b) 15m 5. a) 229 m?
c) 148°

Summary




Exercise 4 — 7: End of chapter exercises

1 a 15 d) 30° < 6 < 45°
p) V3=t 12. b) x = —180°; —135°; —45°;0°
) v = 45°;135°;180°; 225°; 315°; 360°
0 2++3 o)
1
d) > y
1 1
e) 73
2. cos20 = —0,02 and cos 40 = —0,9992 ! } ! N
3. a) % o4 B 90° 180°
640 —
b) — 8y d
s 4
s 1 13 a) z = 30°;270°;150°
c 2
6. 0 € {—60°; —30°;30°;60°} e
7. a) 0=30°+Fk.360°0r0 =

150° + k . 360°,k € Z d

b) @ =30°+k.360°, z=150°+ M
k.360° k €Z, x=135°+k.360° =

orxz = 225° +k.360°, k €Z

O z=10°+k.360° orz = 4. b3
116,7° + k . 120°, k € Z ) x = 360°
d) «=11,3° + k. 180° or d) = =29°,180°,331°
)

a=135° +k .180°,k € Z

29° < 2 < 180° or 331° < z < 360°
8. b) 6 = 52,53° or § = 127,47°

16. f(0) = 2 sin20 and g(0) = —2 tan 6

10 b) Restricted values are: N
y=90°+k.180°,k €Z 18. a) U =108,6°
11. a) 0 =45°+ k. 60° or b) S =171,4°
0 =25,32°+k.60° kEZ o RTS = 54,9°
b) 6 = 25,32°,45°, or 85,32° 19. 0 4m
o) 20. a) length = 8 cm, breadth =
6 cm, diagonal = 10 cm
b) 7 cm
o
21. a) ABC = 90°, ABD = 90°
d) 8,4m
22. b) 2m

5 Polynomials

Exercise 5 — 1: ldentifying polynomials

1. a) True b) 3 e) Cubic polynomial
b) True o -9 f) Linear polynomial
o False: f (3) =0 d 6 g Zero polynomial
d) True 3. a) Cubic polynomial h) Polynomial; degree 7
e) False: —1 b) Quadratic polynomial i) Cubic polynomial
f) True ¢) Not a polynomial j) Not a polynomial

2. a) 4 d) Not a polynomial
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Exercise 5 — 2: Quadratic polynomials

1 a) p=0orp= -2 e x=—-1+ g
b) k=4o0rk= -9 3. a) m—lorm:—%
o h==5 b) No real solution
d z2=—-Torz = -2 Q) y:2:i:\/§
e) y=4kory=k d f=2Lorf=-2

2. a p=-5-3V30orp=-5+3V3 4 &) (Bp—1)9p +3p+1)
b) y=—-3+7 . 5 .
c) No real solution o) 2(2+5) (4_54_?)
d f=-8+3V6

Exercise 5 — 3: Cubic polynomials

1 a (p— )P +p+1) ) a(z) = (#2—2)(5a>+3x+16)+7z+34
b) (t+3)(t* + 3t +9) g a(@) =Bz —1)(=%+ 2) + 5
o (4 —m)(16 4 4m + m?) h) a(z) =
d) k(1 — 5k)(1 + 5k + 25k) (242)(22" —42° +92° —152+30) —64
e (2a% — b3) (4a* + 2026 + b°) 3. a f(z)=(z+2)(zx+3)—5

f@)=(z—1)(z —4) — 11

)
)
f) (2—p—q)(4+2p+2q+p° +2pq+q°
(2-p—a)(4+2p+2q+p°~+2pg+q°) O flz) = (z— 1)(22® + 22+ 7) + 3
)
)

a(z) = (x+1) (> +2z+2)+5
a(z) = (z + 2)(—x% + 6z — 17) + 35

)

) ) = flz) =(x+3)(z+5)+4
0 a(z) = (z — 1)(222 + 5z + 6)

) )=

) ) =

fx)=(x—1)(z>+3z+4)—6
) f(z) = (z+3)(22% +2 —1)
f@) =2z —1)(2z%2+3z+1)—1

(z —1)(z2 + 3z +3)+8 )
h) f(z) = (22 +3)(z? —xz +4) + 10

(z —1)(z® +32% +5)+9

a(z

a(z

Exercise 5 — 4: Remainder theorem

1 a) 11 f) —26 5. p=—5
b 7 g 2 6. b=—18
o —25 2. t=4 7. h=—6
d 11 3. m=7 8. m=2-—n
e) —4 4. k=-3 9. p=—5,q=—11

Exercise 5 — 5: Factorising cubic polynomials

1. —14 b) f(z) = (z—1)(2z - 1)(z+2)
2. a(z) = (z+1)(z — 2)2 4. a(z) = (x —1)(z +5)(z — 3)
3. a) 0 5. afactor of f(z)

Exercise 5 — 6: Solving cubic equations

1. z=—lorz =4orz = —4 5. = —2orxz=50rx = —5
2. n=—-2o0orn=—4o0rn=>5 6. p=3orp=2o0rp=—5
3. y=—lory=4ory = -5 7. x=—lorzx =30rz =4
4. k= —2o0ork=—-3o0ork=—4
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Exercise 5 — 7: End of chapter exercises

1. x=1orz = -3

2. y=—lory= —2o0ry==6

3. m=1lorm=—2orm =2

4. 932720rz:%0m::3_§/ﬁ
5. z=—lorz=—2orz=3

6. x=—lorxz=—4orxz =4

6

Differential calculus

Exercise 6 — 1: Limits

2

b) 2 =20rz= Zorz=1

8. R=1
A m=1lorm=%orm=-2
b) x =0o0rz = -3

10. R =40

M. p=—-Lorp=1

12. t=9and Q(z) =z +5

1. a0 © g 3
b % d) Does not exist h) 3
2 a) 4 e 0 i} ?
b) 7 f) Does not exist
Exercise 6 — 2: Gradient at a point
1. a —2 c) —2xz
b) 2. —%
3. y=ax—1
Exercise 6 — 3: Differentiation from first principles
—(x 2_(—g2 ’
1. ) =&t =(Co) 4. g'(3) = =30
b) —2z 5. 8z —4
2. —4x+3 6. k'(x) = 30z
ﬁ 7. f'(z) =na” !
Exercise 6 — 4: Rules for differentiation
1 a) 6z i) w2:2$ 5. 2w—\/1773+x%
b) 25 i} %xf —4 6. % %
90 K 2z +7 S aa? 6. 8
d) 20a" ) 60022 — 200z -+ 40 ' iz w2
e —3% m) 4222 — 28z + 7 8. 3
f 0 2 1 9. 602 —12 — 18
3
g 4z° — 12z 3. 5l 10, 5t3 4 93t% + -8 — 1.
h) 2z +1 4. 22 2t2 2t 2
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Exercise 6 — 5: Equation of a tangent to a curve

1. y=13z — 23 b) i)y =4z — 3; i)y = 1; i)y =
—4.,5 15,0625

A 5o +15,

b) (—3;-2) <)
3 a) (1;1) ¥ / .

b (3:1) .-
4. a) ) /A

2

Exercise 6 — 6: Second derivative

1 a) 10 2. f'(z) =20z + 15; f"'(x) = 20
b) 48 3. ——
c; 2 : 2T
4. a) ¢'(z) = —6 + 24z — 2422; ¢"'(x) =
d) 202% — 6a 24 — 48z
e 6z —2 b) g’(zx): parabolic/quadratic; g’’ (z): linear
—60
f) e c 0
L 10
8 v aF

Exercise 6 — 7: Intercepts

1. a) (—4;0), (1;0), (2;0) and (0; 8) ©) Increasing

b) 2. a) (—5;0), (—3;0), (3;0) and (0; 45)

Yy b) (=1;0), (£;0), (2;0) and (0; 1)

(1;0), (v/12;0), (—v/12;0) and (0; 12)
(0;0), (—4;0) and (4;0)
(0;6), (—1;0), (3 — v/3;0) and
8 (3+ V3;0)
\ z 3. (=5;0), (0;0) and (2;0)

2 e

-
(O

=]
—
()

i

Exercise 6 — 8: Stationary points

(3; %) 3. a) (1;0) ) None
x

1.
2. x=—2o0rx =3 b) (0;1) and (&2; —472)
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Exercise 6 — 9: Concavity and points of inflection

Exercise 6 — 10: Mixed exercises on cubic graphs

1. a) f(z)=(z—1)(z+3)(xz—1)
b) (0;3); (1;0); (—3;0)(1;0) and

5. 256

3 27
Q)
2 a)
b)

(—1;-38)

3. a) f(z) = z® — 922 + 24z — 20

b) A(4;—4)
4, a)

b) iz > V6;ii.c € R, & # 0andiii.z > 0

Chapter 10.

&
o 20 e

2 units

1 unit

5 units

12 units
c=(-3
7 units

12

3

—499) and F = (4;36)

y = 152z — 15

Y

|

(3;0)
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Exercise 6 — 11: Solving optimisation problems

1. 20 and 42

2. b) x =10cm

3. 1 unit

4. z=>5mandy = 10 m

5, b) z~7,9cmand h =~ 12,0 cm

Exercise 6 — 12: Rates of change

—4 k¢ per day 2. B}

18 m.s— !
1

Decreasing b

7+ days d) 28 metres
225,3 k¢ e) —6ms?

f) f) 3m.s!
1

) )
) )
c) 16 days o 9ms—
) )
) )

Om.s™
6,05 s

—18,3m.s !
—2

V(d)

(4; 10]
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Exercise 6 — 13: End of chapter exercises

1. fl(z) = =22 + 2 d) k=3,70ork=—9
2. f'(:v)zfg%2 e) y=—-8zx+4
3.3 13. a) f(z) = 2% + 92> + 27z + 26
4, a) —3— 10z b) —1
b) 8z —2 0
o 8z + 15 7
d) 2 5:23 *
5. a) fl(z) =4z -1
b) (2;6)
6. g'(2) = 2
7 A y=2%+32 ) :”«’T
b) 9 ,
/
8. a) p'(t) = 5%1/17
b) k'(n) =6+ 13 + 24 4. a z=—landz =3
9 y=glz -5 b) g'(0) = —2
10, &) =32 9
b % =3 31y2
11 a) 0
o y=3z(zx—2) an
d)
15. h(z) = —z + 13
- 16. b) y =9z — 23
D o C(—1;—32)
g d) (—1;0) and (3;0)
8 17. a)
e) (—1;0)and (3;4)
f ,
b) y=—-4
o (3;-2)
& 18. 2
(S 19. a) 86mm
b) b) —3,125 mm per minute
9 c) After 4 minutes
20. 24 m.s™?
21. 10 + 5v/2 units
22. a H= 5
¢ d=0,94m
23. a) V=% (10md? — nd®)
b) » =3,34 cmand h = 3,34 cm
©) Maximum volume = 38,79 cm®
24, a) —11,5 m per hour
b) Decreasing
c) 06h49
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7 Analytical geometry

Exercise 7 — 1: Revision

1. a) 5\/10;M=(%;%);m:3;y=3x+2 0 y=iz-2
b) Vv306; M = (3;3);m=2;y= 3% d y=—-4
O /BhZ — 20hk + 20k 9 y==dosFl
M=(#;—3k>;m=—2; fl a=5
3
y=-2x+h—k g r=1
d) V104; M = (1;4);m = 5;y = 5z — 1 h) y=2pz+3
2. A(T;0) D y=dz—3
3. r=—lorr =23 )oy=-2
4. a y=2x+3 K y=Zz+5
b) y=—z—-1 N y=—5z
Exercise 7 — 2: Inclination of a straight line
1 a) 36,9° 3. y=—-3z+5 e) BAC = 90°
b) 26,60 4. Yy = %z+2 f) y:—2;v
) 45° 5. y=—5z—1 2 (3:-23)
d) Horizontal line 6. y=ax—4 h y=—2z—1
e) 60° 7. a y=—2z+7 8. a)
f) 68,2° b) (%;0) b) I(6;9)
g) 153,4° o 0 =116,6° 9. a) y= 2z 42
o — 1 A
h) 56,3 d m=3 b) TSV = 45°
2. 86,6°
Exercise 7 — 3: Equation of a circle with centre at the origin
1. a) r=4, (1; V4 15) and (1; —\/15) b) Ng, can;ot be2written in the form
x*+y =7
b) r =10, (2; \/96) and (2; —V96) @ No, cannot be written in the form
8 ys = e
€ 0 =8, (1’ \/g) ang (1’ _\/§) d) Yes: 22 + y2 = V6
d) 7 =+/20, (2;4) and (2; —4) e Yes: 3 +y% =11
o =23, (1; @) - (1; _é) f) ;lg,fangcibezwntten in the form
Y- =r-.
0 v =2, (1;4) and (1 —3) § Yesa® 44 =0
2. a) #2492 =25 4. (\/5; 4) and (\/5; —4)
b) z2 4+ y% =11
O 2% 44?34 5. a) A(6v10;2V10) or
d) 2 y?=2 A (-6v10; —2vT0)
2 2 __
o 2% 442 =225 b) A (4V5;8V5) or A (—4v5;—8V5)
f 2® +y* = p? + 94> 6 2,2
g)x2+y2=1 b a) z°+y° =13
h 2? +y* = 29¢? &)
. )
i) w2 —+ y2 = 49 G
e e s d) PQ = 2/13 units.
)zt +y = 3
2) 2 & y=-—35e
3. a) Yes:z° +y° =8 ﬂy:%fﬁ-‘r%a
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Exercise 7 — 4: Equation of a circle with centre at (a;b)

1. a) Yes
b) Yes

o No, coefficients of 22 term and y? term are
different.

d) No, cannot be written in general form
(@ —a)® + (y — b)> = r°

e) Yes

f) No, 2 must be greater than zero.

2. a 224+ (y—4)2=9

b) 2?4+ y2 =25

O (z+2)2%+(y—3)2=40

d (z-p)°+@w+9°=6

9 (s+4) 4 (v $)* =10 ! y
i (z-1)%+(y+5)?=26 .
3. a) Centre: (0;2), = 5 units
b) Centre: (—%;0), » = 2 units
o) Centre: (2; —1), 7 = v/10 units
d) Centre: (—1;3), r = 5 units
e) Centre: (—3; —4), 7 = /30 units
f) Centre: (3;2), 7 = /8 units
g) Centre: (—4;5), r = /20 units
h) Centre: (3; —3), 7 = v/12 units
4, 22+ (y+4)2 =200rz? 4+ (y — 4)? = 20
5 (z+2)°2+(@y+2°2=25
6. a) (z—4)2 4 (y—4)?2=13
B M (i) Centre of the shifted circle: (2; 3)
c) mMNXmKL=—5><%=—1 9.
d) P(2;1)
e y= %z —2 !
7. (z—1)2 + (y+3)% =37 N
a) o +y? =34 T
b) (z—2)%+ (y+3)% =34 *1
c) 2
Exercise 7 — 5: Equation of a tangent to a circle
1. a m=-3 b) 18
b) my =3 o y=23z+24
2. a m=2 7. a) P(—4;—-2)and Q(2;4)
b) Miangent = *% b PQ=6v2
3. y=Tz+19 9] =)
4.y:_%z_% d) mpo X mom = —1
5 g=2m —& e y=-2z—10andy=—3z+5
6. @ (z+4)°+ (y—8)> =136 b 5(-10;10)
hy y=—-2x+10andy = —2z — 10
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Exercise 7 — 6: End of chapter exercises

1 a) ()2 + (y—5)2=25 f) (3n; —5n) and = v/43n units
b (z—2)%+y*>=16 7. A m=4
o (z+5)2%+ (y—7)2 =324 b) m, =—12
d (z+2)°+y>=9 8. a) (0;4),(2;4)
e (z+5)°2+@w+3)?2>=3 b) m=2
2. a (z—2)24+@w—-1)>2=4 9. y=—Lto4 24
b) (0;1) and (2;3) 10, y=—To— 22
3. a (z+3)2+(@y+2)2%=20 1. y=1lz—4
* - 2
b) (z—3)2+(y—1)2=17 5 5
12. 4 —2)° =61
4. a) (—9;6), r = 6 units A @+ + )
; B b) p=3
b) (2;9),r = unit ‘ 9 y=—8z_15
o (—=5;—7), r = V12 units 5 ) y=—lo4 i
d) (0;—4), r = v/23 units 3 25
: by y=—3z+3
e (2;—3), r = 2 units ) oy 4 9
5. ) (0;16),(0;—4), (~8;0), (8;0) o=
d y=—-3z+2
b) (0;0), (~8;0) T TerT e
6. a) (—3;6) and r = 5 units e g=e - dbanly = o - 1
b) (—2;4) and r = /20 units 13 z; ?;(:5 ;;” s
(Cj) (0; —4) :;nd P = \/?3 units O (-4 + (y—4)? =2
I (£50) ntle = Bumis d) The circle must be shifted 4 units down
e (5;—2)and r = 2L units and 4 units to the left.

e (z—6)2+ (y—5)?2=18

8 Euclidean geometry

Exercise 8 — 1: Revision

1. z=30° 4, a) ODC = 35° 7. y=17mm

2. a OD=3cm b) COD = 110° 9. a ABT =90° -2
b) AD =8cm 0 cffD:55° b OBA=2
o AB = 4\{5cm & BAD = 90° o C=00°—=

3. a RQS, QS0 e) ADB = 45°
b) POS = 2a 6. m=in

Exercise 8 — 2: Ratio and proportion

1 a p=5 o 2k
b) p=7 d 2a:b
Jp=3 - M HAD = 35
d p=2 AC =20m,CB = 20m

2. Red = 60 sweets, blue = 40 sweets and yellow
= 60 sweets,

3. Substance B = 35,71 kg
5. a) (a+b):b
by & =1

2a 2

TQ =30m, PT =15m
a) 1,2m?
b) Perimeter: 414,8 cm; Area 11 700 cm?
o) 108 x 108cm?

© ® N o
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Exercise 8 — 3: Proportionality of polygons

1. a) MN = 17,15cm
b) Area AOPQ = 44,12 cm?
2. t=12cm,p =18 cm,q = 30 cm

Exercise 8 — 4: Proportionality of triangles

1. a) B¢ =35
D 48 = 3
c) 30 mm
2. QP =16cmand PR = 10 cm
5. a) "The line joining the mid-points of two

Exercise 8 — 5: Proportion theorem

Exercise 8 — 6: Similar polygons

1. a) Similar, all angles = 90° and sides are in
the same proportion.

b) Not enough information is given.
Corresponding angles are equal.

c) Not similar, sides are not in the same
proportion.

2. a) True

Exercise 8 — 7: Similarity of triangles

1. b) 1,6 cm
2 ¢ 21,6 mm

Exercise 8 — 8: Similarity of triangles

1. Yes
2. ED =4cm

Exercise 8 — 9: Theorem of Pythagoras

1. 6+/3cm
2. a = 1 unitand b = 2+/3 units

3. V6ax?
4. a) FH =19 mm
b) 76 mm?

sides of a triangle is parallel to the third
side and equal to half the length of the
third side.”

Converse: a line through the mid-point of
one side of a triangle, parallel to a second
side, bisects the third side.

@

=z
Sle

3. 4,87

False
False
True
False
f) True
) False
h) True

3. AE=2cm, EC = 12,3cmand BE = 2,7cm

4. ¢ FE =20cm

3. b) 3 units
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Exercise 8 — 10: End of chapter exercises

1. SV = 17,5 units 7. XZ =49 cmand YZ = 46,96 cm
2. b5 =3 9. o 2vV3cm

3. IJ=257mand KJ =22,4m 12. a) > WRS = 90°

4, FH = 23,5 cm b) W = 40°

5 1 — 40 o Py =40°

6. BC =8,3m,CF =16,7m,CD = 14. Q) A=Dy=Es =Dy =z

8,7m,CE =5,6m,EF = 11,1 m

9 Statistics

Exercise 9 — 1: Revision

1 a) skewed right
b) symmetric
c) skewed left
d) skewed right
e) skewed left
f) symmetric
2. a) mean = 18,5; five number summary (3; 7; 11,5; 33; 45); skewed right.
3 7 11 33 45
—1 —
0 5 10 15 20 25 30 35 40 45 50
b) mean = 40,83; five number summary (8; 21; 31; 51,5; 100); skewed right
8 21 31 51,5 100
T
0 10 20 30 40 50 60 70 80 90 100

¢) mean = 65,4; five number summary (11; 57,5; 71; 79; 92); skewed left

1" 57,5 71 79 92

‘ T3 —

10 20 30 40 50 60 70 80 90 100

d) mean = 40,83; five number summary (1; 37; 74; 79,5; 99); skewed left

1 37 74 195 99

0 10 20 30 40 50 60 70 80 90 100

e) mean = —0,6; five number summary (—5,2; —1,8; —0,5; 0,5; 3); close to symmetric/slightly skewed left

f) mean = 61,83; five number summary (25; 45; 62; 82; 97) ; symmetric

w

2
8
I

5,9; o2 = 12,54; o = £3,54; 63%
=5,5; 02 =7,65; 0 = +2,77; 70%
= 43; 02 = 735,17; o = £27,11; 67%

53
8

<
8l

10.8. Summary




b)

c)

d)

€)

Exercise 9

&

b)
C
d
e

N
2

b)
C
d

w
8 & o

b

IS
2 &

b

Exercise 9

1. a)
b)
c)
2. a)
b)
c)
d)
€)
f)
g8

5. a)

e Mean = 5

e 0c2=9

e o0 =243

e Mean = 8,58
e o2 =30,91

e o= +£5,56

e Mean = 3,88
o 02 =1,47

e o =+1,21

e Mean = —1,66
o 02 =11,47

e o= +£3,39

e Mean = 54,07

— 2: Intuitive curve fitting

quadratic

exponential

linear

linear

exponential

quadratic

strong, positive linear function

y = 0,6z + 1 - learner answer may vary
16 - learner answer may vary

40 - learner answer may vary
Exponential

33 554 432

Quadratic

temperature = 18,33, yield = 6,17

7.

o o2 = 1406,07
e o =+37,50
A: 3,84. B: 3,82.
A: +0,121. B: 20,184
Supermarket A
47,87
40,27
o 3
13 and 20
1,72 m
a) 47,5%
b) 29

L 0 T o

o

)
)
)
)
)
)

100

Mortality rate (%)
.

0 25 50 75 100

125 150 175 200 225

Dosage (mg)

strong, negative linear

210,53 mg

data range

— 3: Least squares regression analysis

§=0,62+ 0,57z

9 = 14,55 + —0,03z

)

c) y = 0,38z 4 80 - learner answer may vary
)
)

Extrapolation - trend different outside of

)

§ = —6,57 + 0,45z ) §= 16,94+ 0,20x

§=—22,61+ 1,70z ) §=514+ —7,03

§ = 9,07 + 1,26z 3. a) §=0,19+5,70z

§ = —29,00 + —5,84z b) § = 18,62 — 0,09z

§ = 9,45 + 1,33z o §=3,61+2,33z

§=—12,44 + 3,71z 4. O § = 858,48 + 164,06

§ = —1,94 + 3,25z d) R3319,42

§ = —5,64 4 0,72z e 13

§ = 3,52+ —0,13z

English % (z) | Mathematics % (y) Ty z°
28 35 980 784
33 36 1188 1089
30 34 1020 900
45 45 2025 2025
45 50 2250 2025
55 40 2200 3025
65 50 3250 4225
70 65 4550 4900
76 85 6460 5776
65 70 4550 4225
85 80 6800 7225
90 90 8100 8100
S =742 S~ =740 ST=46673 | > = 47324
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b) § = 6,01+ 0,89z

o 50,51%
d) 77,52%
6 a) b . b) Strong (or fairly strong), positive, linear trend
: o § = 27,56 + 5,50z
e ) 146,36 cm
f) 29,53 cm

2 26 28 30
Foot length (cm)

Exercise 9 — 4: Correlation coefficient

1 a) r = —0,29, negative, weak o r = 0,00, no correlation
b) r = 0,68, positive, moderate d) r = 0,14, positive, very weak.
¢ r = 0,91, positive, very strong e) r = 0,83, positive, strong.
2. a) r = —0,95, negative, very strong. 3. a) —0,48, negative, weak.
b) r = —0,40, negative, weak. b) 0,50, positive, moderate.
4. a) City Degrees N (z) | Average temp. () xy x? (z—2)° | w—19)°
Cairo 43 22 946 1849 15,21 0,64
Berlin 53 19 1007 2809 193,21 14,44
London 40 18 720 1600 0,81 23,04
Lagos 6 32 192 36 1095,61 84,64
Jerusalem 31 23 713 961 65,61 0,04
Madrid 40 28 1120 1600 0,81 27,04
Brussels 51 18 918 2601 141,61 23,04
Istanbul 39 23 897 1521 0,01 0,04
Boston 43 23 989 1849 15,21 0,04
Montreal 45 22 990 2025 34,81 0,64
Total: 391 228 8492 16 851 1562,9 173,6
b) 4§ = 33,38 — 0,27z
d) —0,81
e) strong, negative, linear
f) 31,04
5 a) ) 0
PR
d) »=-0,96
b) § = 2,67 — 0,02z o8
o r=-092 f) strong, negative
d) very strong, negative, linear 7 2
e) 46 kilometres
6 a ) - :
o c o :
- i -

2000
20

25 50 55

0 0 45
Number of times CD is played

Time taken (in seconds)

b) 4§ = 293,06 + 74,28z
o r=0,95

d) 3650 (to the nearest 50)
<) e) very strong, positive

b) When more time is taken to complete the task,
the learners make fewer errors.
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Exercise 9 — 5: End of chapter exercises

1. a) 16%
b) 81,5%
2. 4,69 machine hours
3 a) § = 86 893,33 + 3497,14x
b) R111 373,31, R 114 870,45.
c) 13 months
4. a) § = 601,28 + 3,59z
b) r=0,86. Strong, positive, linear.
c) 528 burgers
d) R2360,38
5. a)
b) § = 77,32+ 3,47z
c)
* ? 24sm~ wf;gw 4mn% v ®
d r=0,85
e) strong, positive, linear
6 a) Yes, r = 0,98
b) 11
7 a)
ey
b) § = 11,36 + 0,61z
c 0,96
d) Very strong, positive, linear
e) 55 units, extrapolation
f) quadratic
g) temperature = 16,54, units = 9,44
8 a)

50 000 .
.
.
10000
.
£ .
= 30000
B .
-4
& 20000
&
10000 es *°
*
0
0 2 4 2 14 16 18 20

N
€O emissions per capita (tonnes)

10  Probability

b) y = 2500z + 1000 - learner answer may

vary
0 § = 1134,00 + 2393,74x
d) r=0,85

e) strong, positive, linear
f) 0,24 tonnes

a)
o T R T S T S S
e e
b)
S T T T S
e e
o r=—0,87
d) The greater the number of Saturdays absent,
the lower the mark.
e) 72%
a)

Z
ER)
£
T 105
£
= . *
100 . _ 0
.
o .
90
i 3 3 4 5 6

b) Both data sets show negative, linear trends.
The trend in Grant’s data appears to be
more rapidly decreasing than the trend in
Christie’s data.

9]
125
B
120
115
é 110
£
T 105
g
= . x
100 .
R .
95 L]
90
1 2 3 4 5 6
Week
d)
e) No
f) ninth week
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Exercise 10 — 1: The product and addition rules

Dependent b) Y

w‘»-‘
il
o

) ) 3§
b) Independent Q) :15% o) Yes
c) Independent d) Injuries, suspensions 12. a) Learner dependent.
d) Independent etc. b) 0,44
e) Dependent 7s a) % c) 0,56
2. a No b 2 3. a) &
b) Yes Q) % b) %
3. a) Dependent 8. a) % o I
b) Independent b) % o 2
4. a) No 1 &
b) Yes Q) 3 e) 15
e
5 - d) Yes 14. 55%
ST 9. a No 15 a2
b 3 b) Yes p) L
) 3
@) =2
36 10 a) 0,5 o 1
5 6
d % b) 2 d 2
e it 11 7))
36 3 e) Independent
6. a =

Exercise 10 — 2: Venn and tree diagrams

1. a 115 9 15
b) 16 o i
o &= e) No
d) % 4. a)
e =
U
9 %=
h) 22
) 2%
2. a) b %
o &
d) dependent
5. a)
b) 5
0 = b &
d 2 9 5
3. a) 6 a)
o ' - b) 0,48
o 0,5
d) 0,875
b) 10 e i)4;ii) 7
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Exercise 10 — 3: Contingency tables

o8

Variables: gender and no. of accidents. Purpose: to determine if gender is related to the number of
accidents a driver is involved in.

b)
< 2 accidents | > 2 accidents | Total
Female 210 90 300
Male 140 60 200
Total 350 150 500
o) Yes
2 a)
b) %
c) 81
d)
Malaria | No malaria | Total
Male 27 189 216
Female 81 567 648
Total 108 756 864
3 a) 120
b) 280
c) 84
d)
Reaction time < 1,5s | Reaction time > 1,5s | Total
< 40 years 84 36 120
> 40 years 196 84 280
Total 280 120 400
4 a)
Flu No flu | Total
Placebo 228 60 288
Treatment 12 252 264
Total 240 312 552
b 32
o i
d 2
e) Dependent
3
9 =
h) Yes
i) No
5 a)
Sick Healthy Total
Positive 999 9 1008
Negative 1 8991 8992
Total 1000 9000 10 000
b) 0,01
c) 0,0001

Exercise 10 — 4: Number of possible outcomes if repetition is allowed

1. 60 4. 8000 000 b) 60761 421
2. 1,0995 x 10*2 5. 2880 0 3114 752
3. 100 000 6. a) 175 760 000 7. 314
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Exercise 10 — 5: Factorial notation

=
L

escaegse

o Qo

=

720

40 320
120
738

g 359

15
i) —28
j) 216
k72

Exercise 10 — 6: Number of choices in a row

720
120
120
612

60
a)

NS AW =

27907 200

1,31 x 10*2

b) 32 760
8. a) 720

b) 24

o 144
9. a) 120

b) 216
10. a) 120

11.

) 239 500 800
) 1,49 x 10~ 12
o) 574560
) 960

) 20 736

48

24

39 916 800
13 824
725 760
967 680

Exercise 10 — 7: Number of arrangements of sets containing alike objects

1 a)
b)
Q)
d)
e)
2. a)
b)
c)

362 880
30 240
3360
6720
3360

3 628 800
75 600

11 760

d) 22680
e) 360

3. a) 5040
b) 823543
c) 16 807
d) 210

4. a) 5040
b) 35

T o

56
70
256
24
128

e geaege

le)

Exercise 10 — 8: Solving probability problems using the fundamental counting

principle
1 a)
b)
<)
2. a)
b)
3. a)

5040
120

0,114

72

0,5

6 227 020 800

b) 9 676 800
c) 0,513

4. a) 40 320
b) 0,25

o o«
— S‘H

[ V)
—_
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a) 9239 076 000
b) 0,025




Exercise 10 — 9: End of chapter exercises

1. a) 10000 5. a) 1000000000
b L b) 10 000 000
10 .
1 o 5
o — 2
10 d) 0,002
4
a0 (i) — 6. a 3326400
10 ’ 1
e) 0,9997 W e
2. a) 1,01 x 10'° 7. 38,89%
2
b) 8. =
e 35
> 9. a) 0,18
e 5 00
B wrong Q) 0,2
& 02
8N o 10. &) 5040
1
wrong b) —
. 35
Q) Z 11, i
9 38
q 2 12. 12
468 13, a
e —
18
6 Sick | Healthy Total
U Positive | 99 | 099 1098
_8 Negative 1 98 901 98 902
g 7,15 x 10 Total 100 | 99900 | 100 000
3. 11,14%
4. 0,35 b) 0,09
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