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TOPIC 1
Learning to think like a physicist

1.1 Overview
1.1.1 Working scientifically
Working Scientifically is a major component of the physics course. The Working Scientifically skills 
are developed during practical investigations associated with both the inquiry questions in each of the 
modules and the depth studies.

There are seven Working Scientifically outcomes and each must be addressed by the end of the course.
This chapter deals with skills associated with experimental physics and addresses all or some of the 

points below, which are associated with Working Scientifically.

Planning investigations
A student:
 •  designs and evaluates investigations in order to obtain primary and secondary data and information

PH11/12-2
Students:

 • assess risks, consider ethical issues and select appropriate materials and technologies when designing
and planning an investigation (ACSPH031, ACSPH097)

 • justify and evaluate the use of variables and experimental controls to ensure that a valid procedure is
developed that allows for the reliable collection of data (ACSPH002).

Conducting investigations
A student:
 •  conducts investigations to collect valid and reliable primary and secondary data and information

PH11/12-3
Students:

 • use appropriate technologies to ensure and evaluate accuracy.

Processing data and information
A student:
 •  selects and processes appropriate qualitative and quantitative data and information using a range of

appropriate media PH11/12-4
Students:

 • select qualitative and quantitative data and information and represent them using a range of formats,
digital technologies and appropriate media (ACSPH004, ACSPH007, ACSPH064, ACSPH101)

 • evaluate and improve the quality of data

Analysing data and information
A student:
 • analyses and evaluates primary and secondary data and information PH11/12-5

Students:
 • derive trends, patterns and relationships in data and information
 • assess error, uncertainty and limitations in data (ACSPH004, ACSPH005, ACSPH033, ACSPH099)
 • assess the relevance, accuracy, validity and reliability of primary and secondary data and suggest

improvements to investigations (ACSPH005).
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Communicating
Students:
 • select and use suitable forms of digital, visual, written and/or oral forms of communication
 • select and apply appropriate scientific notations, nomenclature and scientific language to communi-

cate in a variety of contexts (ACSPH008, ACSPH036, ACSPH067, ACSPH102).

1.2 Measurement
1.2.1 Theoretical physicists
While this first section deals mainly with measurement and aspects of experimental physics, it is impor-
tant to note that not all physicists perform experiments. Theoretical physicists construct theories of 
nature that are then often tested by experiment, except string theory, which cannot be experimentally 
verified!

Sometimes theory comes before experimentation, but, on the other hand, theory often requires time 
to explain an observed practical phenomenon. A recent example of the latter is the Higgs boson. Peter 
Higgs (and others) predicted the existence of the Higgs field and the associated Higgs boson in the 
early 1960 s, but its existence was not verified until its discovery in 2012. Of course, the discovery 
required the Large Hadron Collider.

Sometimes experimental discoveries come first, as in the case of superconductivity, discovered in 
1911, but it was not until 1957 that an explanation of superconductivity in type-I superconductors was 
found (by Bardeen, Cooper and Schrieffer) and there is still no satisfactory theory for superconduc-
tivity in type-II superconductors.

It has been said that experimental physicists win Nobel prizes for making important discoveries but 
theoretical physicists cannot actually prove anything and, so, do not win Nobel prizes. Peter Higgs, 

FIGURE 1.1 This student is investigating the relationship between the strength of 
attraction between two bar magnets and the distance separating them.
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however, shared the 2013 Nobel Prize in Physics with François Englert, who was a leader of another team 
that independently predicted the existence of the Higgs field and particle that now bear the name Higgs.

1.2.2 Skills of experimental physicists — making measurements
Selecting the appropriate instrument
If you were asked to measure the width of the room you are in, there are many devices available for 
you to use. You could use an expensive laser distance meter, which can measure up to 300 metres with 
an accuracy of ± 1 mm; however, a single metre ruler would give a rough but much cheaper alternative. 
Perhaps using a measuring tape might be the best way to go.

Your choice of instrument 
should be based on the resolution 
and precision of the instrument 
and the desired accuracy you 
require. 

Of course, we also require that 
the measurements are in the cor-
rect units, and in physics this 
means SI Units.

1.2.3 SI units
So that scientists all over the world 
can communicate with one another  
effectively, it is important that they 
all use the same units to measure 
physical quantities. In 1960, the 
international authority on units agreed on a standardised system called the International System of 
Units. They are called SI units from the French ‘Système International’.

Base units
SI units consist of seven defined base units 
and other derived units that are obtained by 
combining the base units.

Each base unit is defined by a standard 
that can be reproduced in laboratories 
throughout the world. The standards have 
changed over time to make them more  
accurate and reproducible. For example, in 
1800, the standard metre was defined as one 
ten-millionth of the distance from the 
Earth’s equator to either pole. By 1900, it 
had changed to the distance between two 
notches on a bar of platinum–iridium alloy 
kept in Paris. In 1960, it was redefined as 16 50  763.73 × the wavelength of the light emitted by the 

atoms of the gas krypton-86. In 1983, the definition was changed to what it is today — the distance 

travelled by light in a vacuum in 1
299 792 458

 of a second.

The second is defined as the time taken for 9192 631 770 vibrations of a caesium-133 atom.

FIGURE 1.2 A laser 
distance meter.

FIGURE 1.3 A tape measure could 
achieve the required level of 
accuracy needed in an investigation.

Quantity Unit Symbol*

Length metre m

Mass kilogram kg

Time second s

Electric current ampere A

Temperature kelvin K

Luminous intensity candela cd

Amount of substance mole mol

*Symbols that are named after people begin with a capital letter; 
note, however, that the full name of such a unit begins with a small 
letter.

TABLE 1.1 The SI base units.
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1.2.4 Derived units
Speed is an example of a 
quantity that is measured in 
derived SI units. The SI unit 
of speed is the metre per 
second, written as m/s or 
m s−1. Table 1.2 shows some 
other com monly used derived 
SI units.

Again, as these units are all 
named after people, the name 
of the unit has a lowercase 
letter, and the abbreviation of 
the unit is uppercase (except in the case of Ohm, where the unit is given the upper case Greek letter omega; 
the capital letter ‘O’ is not used as it could be mistaken for an extra zero being added to the number).

1.2.5 Units and negative indices
Derived units are often expressed with negative indices. For example, the unit of speed is usually 
expressed as m s−1 rather than m/s. This is because: 

1 m/s = 1 m × 1
s

         = 1 m × 1 s−1

         = 1 m s−1

Quantity Unit Symbol*
Unit in terms 
of other units

Force newton N Kg m s–2

Energy and work joule J N m

Pressure pascal Pa N m–2

Power watt W J s–1

Electric charge coulomb C A s

Voltage volt V J C–1

Resistance ohm Ω V A–1

Radiation dose equivalent sievert Sv J kg–1

TABLE 1.2 Some SI derived units commonly used in physics.

AS A MATTER OF FACT
The kilogram is defined by a standard mass of a platinum–iridium cylinder that has been kept at the 
International Bureau of Weights and Measures in Paris since 1889.

It has been determined that the ‘standard’ kilogram lost 0.0001 g during the last century. It is very likely 
that the standard mass will be changed to a definition involving Planck’s constant.

FIGURE 1.4 The National prototype kilogram K20, is one of two prototypes stored at the US 
National Institute of Standards and Technology in Gaithersburg, Maryland. Many countries have 
their own copies of the international prototype. This image is a replica for public display, shown 
as it is normally stored, under two bell jars. It is approximately 39.17 mm in diameter and height.
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Similarly, the unit of power, joule per second or J/s, is written as J s–1.
The unit of pressure, newtons per square metre, or N/m2, is written as N m−2 because 1

m2
= m−2

1.2.6 Metric prefixes
Some SI units are too large or 
small for measuring some quanti-
ties. For example, it is not practical 
to measure the thickness of a 
human hair in metres. It is also 
inappropriate to measure the dis-
tance from Sydney to Perth in 
metres. The prefixes used in front 
of SI units allow you to use more 
appropriate units such as millimetres 
or kilometres.

Prefix Symbol
Factor by which 
unit is multiplied Example

tera- T 1012 TB

giga- G 109 GW

mega- M 106 MV

kilo- k 103 kJ

deci- d 10−1 dm

centi- c 10−2 cm

milli- m 10−3 mA

micro- μ 10−6 μm

nano- n 10−9 nm

TABLE 1.3 Commonly used metric prefixes.

1.2 SAMPLE PROBLEM 1

Express 25 g in SI base units.

SOLUTION

The SI base unit for mass is the kg. Since 1 kg = 1000 g, then 1 g = 10−3 kg

25 g = 25 ×
1

1000
  kg

       = 2.5 × 10−2  kg

1.2 Exercise 1
1 Express each of the following quantities in SI base units:

(a) 1500 mA
(b) 750 g
(c) 250 GW
(d) 0.52 km
(e) 600 nm
(f) 150 μs
(g) 5 cm
(h) 50 MV
(i) 12 dm

2 Acceleration is defined as the rate of change of velocity. Velocity has the same SI unit as speed. 
What is the SI unit of acceleration?

3 The size of the gravitational force F on an object of mass m is given by the formula:
F =  mg where g is the size of the gravitational field strength.
(a) What is the SI unit of g?
(b) Express the SI unit of g in terms of base SI units only.
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1.3 Scientific notation
1.3.1 Using scientific notation
Very large and very small quantities can be more conveniently expressed in scientific notation. In scientific 
notation, a quantity is expressed as a number between 1 and 10 multiplied by a power of 10. For example, 
the average distance between the Earth and the moon is 380 000 000 m. This is more conveniently expressed 
as 3.8 × 108 m.

Using the power of 10 in scientific notation involves counting the number of places the decimal point 
in a number between 1 and 10 needs to be shifted to the right to obtain a multi-digit number. For 
example, the decimal point is shifted eight places to the right to get from 3.8 to 380 000 000. The latter 
number is therefore expressed as 3.8 × 108.

Scientific notation can also be used to express very small quantities conveniently and concisely. To 
give one example, the mass of a proton is:

0.000 000 000 000 000 000 000 000 001 67 kg

In case you don’t feel like counting them, there are 26 zeros after the decimal point! In scientific 
notation, the mass of the proton can be expressed as 1.67 × 10−27 kg. The power of 10 is obtained by 
counting the number of places the decimal point in the number between 1 and 10 is shifted to the left 
to obtain the small number. The expression

1.67 × 10−27 means 1.67

1027
.

In physics, scientific notation is generally used for numbers less than 0.01 and greater than 1000.
You can enter quantities in scientific notation into your calculator using the EXP button. For example, 

to enter 425 000 000 000, you would enter 4.25 × 1011 as:

4.25 EXP 11.

1.4 Significant figures
1.4.1 Using significant figures
There is a degree of uncertainty in any physical measurement. The uncertainty can be due to human 
error or to the limitations of the measuring instrument.

Before 1964, when the first electronic quartz timing system was used in international events, 
stopwatches (accurate to the nearest 0.1 s) were used to measure running times. There was no point in 
having more accurate handheld stopwatches because the timing was dependent on human judgement 
and reaction time, a minimum of about 0.1 s. Any measurement of running time by a handheld timing 
device has an uncertainty of at least 0.2 s. The International Amateur Athletic Federation now requires 
that world record times in running events are measured to the nearest one-hundredth of a second.

In 1960, the women’s Olympic 100 m sprint was won by Wyomia Tyus (USA) in a time of 11.0 s. In 
1984, the same event was won by Evelyn Ashford (USA) in a time of 10.97 s. The 1960 event was not 
timed electronically. The uncertainty of the measurement of time is indicated by the number of signifi-
cant figures quoted.

1.3 Exercise 1
Express the following quantities in scientific notation:
(a) the radius of the Earth, 637 000 m
(b) the speed of light in a vacuum, 300 000 000 m s−1

(c) the diameter of a typical atom, 0.000 000 000 3 m.
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The Wyomia Tyus time of 11.0 s has three significant figures. There would have been no point 
expressing the time as 11.00 s because the nature of the timing device and human judgement and reac-
tion time provide no degree of certainty in the second decimal place. The expression of the time as 
11.0 s is consistent with the small degree of uncertainty in the last significant figure. To express the time 
as 11 s would suggest that the time was measured only to the nearest second.

The Evelyn Ashford time of 10.97 s has four significant figures. This is a reflection of the accuracy 
of the electronic timing devices and suggests that there could be a small degree of uncertainty in the 
last figure. The computerised timing systems used today can measure times to the nearest 0.001 s. The 
last figure quoted in world records therefore has no degree of uncertainty of measurement.

In most physical measurements, the last significant figure shows a small degree of uncertainty. For 
example, the length of an Olympic competition swimming pool is correctly expressed as 50.00 m. The 
last zero has a small degree of uncertainty. A pool can still be used for Olympic competition if it is up 
to 3 cm too long.

1.4.2 Complicated by zeros
Two simple rules can be used to help you decide if zeros are significant:
 • Zeros before the decimal point are significant if they are between non-zero digits. For example, all of 

the zeros in the numbers 4506, 27 034 and 602 007 are significant. The numbers therefore have four, 
five and six significant figures respectively. The zero in the number 0.56 is not significant.

 • Zeros after the decimal point are significant if they follow a non-zero digit. For example, in the 
number 28.00, the two zeros are significant. The number has four significant figures. However, in the 
number 0.0028, the two zeros are not significant. They do not follow a non-zero digit and are present 
only to indicate the position of the decimal point. This number therefore has only two significant 
figures. The number 0.00280 has three significant figures.
Sometimes, the number of significant figures in a measured quantity is not clear. For example, a 

length of 1500 m may have been measured to the nearest metre, the nearest 10 m or even the nearest 
100 m. The two zeros are not between non-zero digits. The first rule given above, therefore, suggests 
that the length of 1500 m has only two significant figures. However, it could have two, three or four 
significant figures depending on how the length was measured. To avoid confusion, quantities such as 
this can be expressed in scientific notation. The length could then be expressed as 
1.500 × 103 m,  1.50 × 103 m or 1.5 × 103 m, giving an indication of the uncertainty.

When scientific notation appears clumsy, as it would for numbers such as 100 or 10, it is generally 
assumed that the zeros are significant.

AS A MATTER OF FACT
Because of this permitted error of 3 cm variation in the 
pool length (it is not possible to construct a pool to a 
finer tolerance than that), swimming events are now 
timed to the nearest one hundredth of a second. They 
were once timed to the nearest thousandth of a 
second but that extra significant figure in timing cannot 
be justified because of the possible variation in length. 
There was a triple dead heat for the silver medal in the 
100 m butterfly at the Rio de Janeiro Olympics and 
many people wondered why the swimmers were not 
timed to one thousandth of a second, to split them.

FIGURE 1.5 Laszlo Cseh of Hungary (L), Chad 
le Clos of the RSA, Michael Phelps of the 
USA, and Joseph Schooling of Singapore 
during the medal ceremony after the men’s 
100 m butterfly in the Rio 2016 Olympics.
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1.4.3 Calculating and significant figures
When quantities are multiplied or divided, the result should be expressed in the number of significant 
figures quoted in the least accurate quantity. For example, if you travelled 432 m in a car for 25 s, your 
average speed would be given by:

average speed = distance travelled
time taken

                       = 432 m
25 s

                       = 17.28 m s−1

The result should be rounded off to two significant figures to reflect the uncertainty in the data used 
to determine the distance and time, and therefore should be expressed as 17 m s−1.

When quantities are added or subtracted, the result should be expressed to the minimum number of 
decimal places used in the data. For example, if you travelled three consecutive distances of 
63.5 m,  12.2517 m and 32.78 m, the total distance travelled would be given by:
63.5 m + 12.2517 m + 32.78 m
= 108.5317 m

The result should be rounded off to one decimal place as the minimum number of decimal places 
used in the data is one: in the distance of 63.5 m.

1.5 Accuracy, resolution, precision, validity  
and reliability
1.5.1 What are accuracy, resolution, precision, validity and  
reliability?
Accuracy is how closely a measured or calculated value matches the true value for that quantity.

Resolution is the fineness to which an instrument can be read. However, resolution may not be 
significant. A good analogue stopwatch might be read to one tenth of a second. A digital stopwatch 
displays to one hundredth of a second so is of higher resolution.

Precision is how closely results of repeated measurements agree with one another. The measure-
ments must be repeatable and reliable. In the case of the stopwatches, it is impossible for a person to 
repeat measurements of time to one hundredth of a second, so the precision of the digital stopwatch is 
one tenth of a second, or worse, even though it has a higher resolution.

1.4 Exercise 1
1 How many significant figures are quoted in each of the following quantities?

(a) 566.2 kJ
(b) 0.000 32 m
(c) 602.5 kg
(d) 42.5300 s
(e) 5.6 × 103 W
(f) 0.008 40 V

2 Calculate each of the following quantities and express them to the appropriate number of significant 
figures:
(a) the area of a rectangular netball court that is 30.5 m long and 15.24 m wide
(b) the perimeter of a soccer pitch that is measured to have a length of 96.3 m and a width of 72.42 m.

3 A Commonwealth Games athlete completes one lap of a circular track in a time of 46.52 s. The 
radius of the track is measured to be 64 m. What is the average speed of the athlete?
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Generally, a greater number 
of significant figures means the 
measurement is more precise 
(provided the figures are reliable 
and can be repeated).

Accuracy and precision are 
often repeated diagrammatically 
as bullets hitting a target:
Results or measurements that 
are precise are in very good 
agreement.

If a student calculated the 
acceleration due to gravity to be
9.008, 9.009, 9.006, 9.007, 9.008
and 9.007 m s–2, the results are 
very precise. However, they are 
inaccurate, as the accepted value 
is close to 9.80 m s–2.

The student should then examine their experiment and consider its reliability and validity.
An experiment is reliable if repeating the experiment gives consistent results. (This corresponds to 

high precision in our target analogy.) An experiment is valid if it measures or enables calculation of the 
quantity it sets out to determine. The results given above show that the experiment is reliable but that it 
does not produce an accurate value for acceleration due to gravity, so it is not a valid experiment. 
Perhaps the experiment used a pendulum and there was a systematic error in the measurement of the 
length of the pendulum. This would render the experiment invalid.

1.5.2 Uncertainty in measurement
Whenever we make a reading, there is a degree of uncertainty associated with that reading. (There are 
other sources of error — systematic errors, random errors or actual mistakes made by the observer — 
but, regardless of these and how they are minimised, there will still be errors or uncertainties associated 
with making a reading.)

There is no such thing as a truly exact measurement. If you measure a length to be 2.3 millimetres, 
2.3 × 10–3 m, that says nothing about the next decimal place. Is that 2.30 × 10–3 m? Could it be meas-
ured to the nearest micron (10–6 m)?  If you were able to express the value in microns, what about in 
nanometres? It is vitally important in physics to be able to express information about how well the 
value has been measured.

1.5.3 Making a reading on a linear scale
Some physics books look for hard and fast rules to express the uncertainty in a measurement in terms 
of the divisions on the scale. However, it is usually better to consider the actual scale, how clearly the 
lines on the scale have been marked and how fine those lines are, then write the uncertainty with a 
realistic range of uncertainty for that instrument.

Low accuracy
High precision

Low accuracy
Low precision

High accuracy
Low precision

High accuracy
High precision

FIGURE 1.6 This diagram of bullets fired at a target shows the 
different combinations of precision and accuracy.

AS A MATTER OF FACT
Should we use significant figures or decimal places?

A reading of 9.2 cm (to the nearest millimetre) made with a metre rule has two significant figures. A slightly 
larger value of 10.3 cm (again to the nearest millimetre) has three significant figures, but each one has been 
measured to the nearest millimetre so, in this case, it makes sense to match decimal places in measurements.UNCORRECTED P
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ROOFS



10 Jacaranda Physics 11

c01LearningtoThinkLikeaPhysicist.indd Page 10 18/07/17  12:43 AM

   If the instrument has a very sharply marked scale of high 
quality, you could try to estimate a reading to a tenth of a divi-
sion. The uncertainty could realistically be  ± 0.1   of the division. 
If the scale is not of such high quality, the uncertainty might be 
  ± 0.3   or maybe even  ± 0.5   of the division. 

 The best estimate for the position of the end of the red line in 
fi gure   1.7   is   2.35 cm  . The position is closer to   2.35 cm   than it is 
to either   2.30 cm   or   2.40 cm  . The scale is marked by lines that 
are about one quarter of a millimetre thick, so the scale is not of high quality. We might be tempted 
to say that it is possible to judge the position to the nearest quarter of a division, but to say that this 
is   0.25 mm   is claiming that it is possible to distinguish between   0.24 mm   and   0.25 mm  , which is 
clearly impossible. It would be very unusual to give the uncertainty in a measurement to more than 
one signifi cant fi gure. 

 The measurement could be stated as   2.35 ± 0.03 cm  . This says the actual position is somewhere 
between   2.32 cm   and   2.38 cm  . 

 The   0.03 cm   represents the tolerance or uncertainty in the measurement. 
 Measuring the length of the red line would require a similar determination of the position of the 

other end — the start of the red line. This reading would be subtracted from the   2.35 ± 0.03 cm  , using 
the process on page XX. 

  1.5.4  Reading a digital instrument 
 With digital devices, the uncertainty would be  ± 0.5   of the step between one value and the next on the 
digital scale. However, there is also a factor due to the inherent accuracy of the device itself. There might 
be a statement such as ‘  0.09%   on the   2 mV   scale’ on the instrument. We can assume that the instrument 
rounds off the number displayed and that the uncertainty is   ±  0.5   
of the next (unseen) digit.   

   The reading on the digital scale in fi gure   1.8   is   0.71   grams. 
This means the mass is neither   0.70 g   nor   0.72 g  . The actual mass 
is somewhere between   0.705 g   and   0.715 g  . 

 One way to write this mass would be:   mass = 0.71 ± 0.005 g  . 
 While theoretically this might be correct, it would be unusual 

to have more decimal places in the uncertainty than in the value. 
When on the limit of its measurement, the digital balance will 
often not keep a perfectly steady value. If the reading fl uctuates 
between   0.71   and   0.72  , the best way to write the mass 
would be:   mass = 0.71 ± 0.01 g  .   

  FIGURE 1.7  What is the position 
of the right-hand end of this red 
line being measured by the 
plastic ruler?  

  FIGURE 1.8  A digital scale.  

 1.5 SAMPLE PROBLEM 1 

 Record the reading on the scales below, including the tolerance.   

   SOLUTION 

 The scale shows   0.250 g  , so the actual weight may be between 
  0.249 g   and   0.251 g  . The mass is written as   0.250 ± 0.001 g  . 

  FIGURE 1.9    
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1.6 Calculations involving numbers with  
uncertainties (errors)
1.6.1 Adding or subtracting numbers with errors
When adding or subtracting numbers with errors, add the errors.

Example
 (i) Adding

20.0 ± 0.2 + 15.3 ± 0.4
= (20.0 + 15.3) ± (0.2 + 0.4)
= 35.3 ± 0.6

 (ii) Subtracting
20.0 ± 0.2 − 15.3 ± 0.4
= (20.0 − 15.3) ± (0.2 + 0.4)
= 4.7 ± 0.6

1.6.2 Multiplying or dividing numbers with errors
When multiplying or dividing numbers with errors, follow these steps:
1. Convert the errors to percentage errors
2. Add the percentage errors
3. Convert the percentage error back to an actual error
4. Round off the value and error in result to an appropriate number of significant figures.

1.5 Exercise 1
(a) Determine the length of each line in the diagram below, showing the tolerance in each case.

(b) Record the reading on the scales at right, including the tolerance.

1

(i)

(ii)

(iii)

2 3 4 5 6 7 8 9 10 11 12

1 2 3 4 5 6 7 8 9 10 11 12

1 2 3 4 5 6 7 8 9 10 11 12

FIGURE 1.10

FIGURE 1.11
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Example
(i) Multiplying

20.0 ± 0.2 × 3.1 ± 0.1
Percentage errors are:
0.2

20.0
× 100 = 1.0 and 

0.1
3.1

× 100 = 0.235

So, the answer is 20.0 × 3.1 = 62.0 ± 1.235%

Converting back from the percentage error
1.235
100

 × 62.0 = 0.767.

Which gives the actual error as 62.0 ± 0.767.

 If we follow the basic rule with significant figures, as there are only two significant figures in 3.1, 
the answer should be quoted to only two significant figures; it is pointless quoting the error in the 
answer to three decimal places.
The answer could be better expressed as 62 ± 1.

(ii) Dividing
20.0 ± 0.2 ÷ 3.1 ± 0.1
Percentage errors are again:
0.2

20.0
× 100 = 1.0 and 0.1

3.1
× 100 = 0.23

So, the answer is 20.0 ÷ 3.1 = 6.45 ± 1.235%
Converting back from the percentage error gives 6.45 ± 0.7966.
Again, reducing to two significant figures gives the answer 6.5 ± 0.8.

1.7 Graphs
1.7.1 The importance of graphs
A graph presents information visually in a way that we can see trends or pick up other information 
easily. We can see the range over which the measurements were made, perhaps see the uncertainty in 
each measurement, identify trends in the data collected, identify measurements that do not follow the 
general trend, and identify outliers where perhaps an incorrect measurement was made.

1.7.2 Plotting graphs
Anybody who has used the graphing function of a spreadsheet application will be aware of the many 
different types of graphs. These applications probably use the term ‘charts’ rather than ‘graphs’ and 
have a variety of versions of each type, including bar graphs, column graphs, pie graphs, line graphs, 
scatter graphs, as well as two-dimensional and three-dimensional versions of many. We will consider 
what might be called a scatter graph with lines (the lines may be straight or curved) that are plotted on 
a conventional Cartesian coordinate system (an x-y graph).

Independent and dependent variables
The quantity that we control or change is the independent variable, and the quantity that we measure, 
which varies as a result of our change, is the dependent variable.

While it is usual to plot the independent variable on the x-axis and the dependent variable on the  
y-axis, there are times in physics when it makes more sense not to do this. You could set up an 
experiment to measure displacement and time in such a way that the displacement was the independent 
variable and time the dependent variable. A displacement–time graph is a standard graph and it would 
not be sensible to plot a time–displacement graph.
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Title, labels on axes, and units
Every graph must have a title, and each axis must be labelled with the quantity plotted on the axis 
along with its units. Forgetting to label either the quantity or its unit renders the graph meaningless.

Scales
The scales should be chosen to provide easy-to-read values as well as the maximum possible accuracy 
in the plotted points. Graph paper may have major lines 1 cm apart and minor lines with a spacing of 
2 mm, so, depending on the range of the values to be plotted, you might choose a scale of say 1.0 metre 
per cm on the scale, or, maybe if the range is smaller, 0.5 metres per cm. It would not be sensible to 
choose 0.3 metres per cm on the scale as it will be far too difficult to plot a point of 0.4 metres.

The scale should be chosen so that the graph occupies the maximum possible area of the graph sheet. 
A good rule is that if you could double the scale and still fit the graph on the paper, the chosen scale is 
too small.

How to mark points
There are different ways points can be marked, but you should remember that a point has zero area 
and should be marked with a sharp pencil. Some people prefer a small cross, others prefer a small dot 
with a circle surrounding it (in case the line of best fit passes through the dot point and the point  
disappears into the line) and there might be other variations of these. Points in some graphs are 
plotted with error bars, which are small vertical and horizontal lines indicating the error associated 
with the data.

Lines, lines of best fit or join the dots?
While it might be appropriate in 
some disciplines to plot points 
and then join the dots, in physics 
we usually plot quantities that 
vary continuously, so it would be 
inappropriate to join dots.

We usually draw a ‘line of best 
fit’, which fits our points in the 
smoothest way possible. A line of 
best fit could be a straight line or 
a curved line.

It takes practice to develop the 
skill to draw a good-looking curved 
line of best fit, but, if you use your 
judgement to decide the line should 
be straight, draw it with a ruler and 
not freehand. A straight line of best 
fit is probably best drawn with a 
transparent ruler, which you shift 
until the points are scattered equally 
on either side of your line. Remember 
that each plotted point comes from a measurement that has an uncertainty associated with it; drawing the line 
of best fit smooths out the influence of these errors.

Outliers
Outliers are points that do not follow the overall trend in the data. Outliers may exist for a variety of 
reasons, such as the occurrence of an intermittent error by the measuring instrument, the incorrect 
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FIGURE 1.12 An example of error bars.
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recording of data or the incorrect plotting of a point. The plotting can be checked, but it is good 
practice to be able to return to your equipment to check your measurement; so, as a general rule, you 
should not dismantle equipment until you know there are no issues with your measurements.

Determining the gradient
If your line of best fit is a straight 
line, you will need to determine 
the gradient of that line. This 
should be done by taking two 
well-spaced points on the line of 
best fit and using these to find the 
‘rise over run’. Remember that 
your line of best fit has smoothed 
out any errors, so do not use data 
points to calculate the gradient.

If your line of best fit is a curve 
and you wish to find the gradient 
at a point, draw a tangent to the 
curve at that point and find the 
gradient of the tangent.

Advanced graphing techniques
If, for example, you performed an experiment to find the relationship between the 
time taken for a ball to roll down a slope and the distance it rolled, your plot would 
be a curved line when you plot distance rolled against time.

If want to find the relationship between these quantities, you would then need to 
look for other graphs, because you require a straight-line graph. Plotting distance 
rolled against time squared will yield a straight-line graph.

In this case, you should already know that for an object moving with uniform 

acceleration from rest, the equation s = 1
2

 at2 applies.

Your straight-line graph shows that s is proportional to t2, so, comparing your 
graph with the standard form of y = mx + b with the intercept b = 0, the gradient 

must represent 1
2

 a.

1.8 Other Working Scientifically skills
1.8.1 Working Scientifically outcomes
The Working Scientifically outcomes are:

QUESTIONING AND PREDICTING
Developing, proposing and evaluating inquiry questions and hypotheses challenges students to identify an 
issue or phenomenon that can be investigated scientifically by gathering primary and/or secondary-sourced 
data. Students develop inquiry question(s) that require observations, experimentation and/or research to aid in 
constructing a reasonable and informed hypothesis. The consideration of variables is to be included in the 
questioning process.
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FIGURE 1.13 A graph showing the line of best fit.
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PLANNING INVESTIGATIONS
Students justify the selection of equipment, resources chosen and design of an investigation. They ensure that all 
risks are assessed, appropriate materials and technologies are sourced, and all ethical concerns are considered. 
Variables are to be identified as independent, dependent and controlled to ensure a valid procedure is developed 
that will allow for the reliable collection of data. Investigations should include strategies that ensure controlled 
variables are kept constant and an experimental control is used as appropriate.

CONDUCTING INVESTIGATIONS
Students are to select appropriate equipment, employ safe work practices and ensure that risk assessments are 
conducted and followed. Appropriate technologies are to be used and procedures followed when disposing of 
waste. The selection and criteria for collecting valid and reliable data is to be methodical and, where appropriate, 
secondary-sourced information referenced correctly.

PROCESSING DATA AND INFORMATION
Students use the most appropriate and meaningful methods and media to organise and analyse data and 
information sources, including digital technologies and the use of a variety of visual representations as  
appropriate. They process data from primary and secondary sources, including both qualitative and quantitative 
data and information.

ANALYSING DATA AND INFORMATION
Students identify trends, patterns and relationships; recognise error, uncertainty and limitations in data; and interpret 
scientific and media texts. They evaluate the relevance, accuracy, validity and reliability of the primary or 
secondary-sourced data in relation to investigations. They evaluate processes, claims and conclusions by 
considering the quality of available evidence, and use reasoning to construct scientific arguments. Where 
appropriate, mathematical models are to be applied, to demonstrate the trends and relationships that occur in data.

PROBLEM SOLVING
Students use critical thinking skills and creativity to demonstrate an understanding of scientific principles 
underlying the solutions to inquiry questions and problems posed in investigations. Appropriate and varied 
strategies are employed, including the use of models, to quantitatively and qualitatively explain and predict 
cause-and-effect relationships. In Working Scientifically, students synthesise and use evidence to construct and 
justify conclusions. To solve problems, students: interpret scientific and media texts; evaluate processes, claims 
and conclusions; and consider the quality of available evidence.

COMMUNICATING
Communicating all components of the Working Scientifically processes with clarity and accuracy is essential. 
Students use qualitative and quantitative information gained from investigations using primary and secondary 
sources, including digital, visual, written and/or verbal forms of communication as appropriate. They apply 
appropriate scientific notations and nomenclature. They also appropriately apply and use scientific language that 
is suitable for specific audiences and contexts.

1.9 Depth studies
1.9.1 What are depth studies?
A depth study is a type of investigation or an activity that can be completed individually or collabora-
tively. At least one depth study must be undertaken in both Year 11 and Year 12. Each depth study will 
allow the further development of one or more physics concepts. The depth study might be one investi-
gation or activity or a series of them.

Depth studies will allow you to pursue your interests in physics while gaining a depth of under-
standing. You will need to take responsibility for your own learning. Depth studies allow for the demon-
stration of a range of Working Scientifically skills.

A depth study may be:
 • a practical investigation or series of practical investigations
 • a secondary-sourced investigation or series of secondary-sourced investigations
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 • a presentation
 • a working model, an invention or a portfolio you have created
 • a research assignment
 • a fieldwork report
 • data analysis
 • the extension of concepts found within the course, either qualitatively and/or quantitatively.

1.10 Summary
 • Resolution — the fineness of the scale of an instrument is the instrument’s resolution.
 • Precision — results are precise if repeated measurements are in close agreement.
 • Accuracy — accurate results are in good agreement with the true values.
 • Validity — an experiment is valid if it enables measurement of and /or calculation of the quantity it 

was designed to determine.
 • Reliability — an experiment is reliable if it yields consistent results.
 • Uncertainty in measurement — all measurements have some degree of uncertainty and, when appro-

priate, this should be taken into account in calculations:
 – when adding or subtracting numbers with errors, add the errors
 – when multiplying or dividing numbers with errors, add the percentage (or relative) errors.

 • Graphing — choose a suitable scale, making optimum use of the graph paper, and:
 – include a title, and label axes with quantities and their units
 – draw a line of best fit (either a straight line with a ruler or a curved line, freehand)
 – if calculating a gradient, ensure it is the gradient of the line of best fit (do not use data points)
 – by comparing the standard equation y = mx + b with the equation of the quantities graphed, it 
will be possible to relate the gradient to a physical constant.

 • Depth study — this is a type of investigation or an activity that can be completed individually or 
collaboratively.

Explore more with this weblink: NESA — Working

 RESOURCES
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