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What will | study later?

The nature of units usedto describe scalarand
vector quantities (AS)

Theaddition, subtraction, multiplication and
division of scalar and vector units and

Foundations of physics ‘ auanites (A5)

The magnitude and direction of vector quantities
acting at an angle to the direction of application
of a force (AS)

Compoundvariables, e.g.density, pressure,
momentum, Young modulus and kinetic
energy (AS)

ol PHYSICAL QUANTITIES
AND UNITS

Introduction

— Physicists, engineers and other scientists around the world need to communicate theirideas and findings with
one another in a consistent way that they will all understand. For this to happen effectively, there needs to be
acommon language within the scientific community. A kilogram, newton, joule or ampere in the mind and
calculations of a British scientist must mean exactly the same thing to the Japanese or American physicist

/ working on the other side of the world. Physical quantities make sense when they have a numerical value and a
I unit that can be understood by all of the scientific community. In this unit you will encounter the base Sl units as
5& well as the derived units of Sl base units. You will become more familiar with the prefixes used to show multiples

The units and quantities associated withthe areas
offorces, motion, workand energy, materials,
electricity, waves and guantum physics (AS)

Converting between units for energy, e.g. from e\
to J (AS)

The quantities and units relating to circular
~ motionand oscillations, including the radian (AL)

What have | studied before?

Common quantities and Sl units

Prefixes such as milli-, centi-, kilo-, mega- and
giga-

How to label graph axes and table columns

The quantities and units used in the fields of
capacitance, cosmology, fields and medical

and submultiples of units. You will check the homogeneity of physical equations using Sl units and you will
deploy the conventions used for correctly labelling graph axes and table columns.

What will I study inthis
chapter?

All the maths yo u need i Thatphy |calquantities have anumericalvalue
! and a unit

¢ Units of measurement

Ry | W Estimation of a range of physical quantities
¢ Addition and subtraction of quantities = N
o 150 wlk . - Slunits including base units and derived units of
¢ Multiplication and division of quantities including prefixes and the use of standard form - S| baseunits

o The conversion between units with different prefixes (e.g. cm® and m? - ; Checking the homogeneity of physical equations
using base units
Prefixes and their symbols to indicate multiples
and sub-multiples of units

The conventions used for labelling graph axes and
table columns



LEARNING TIP

You may be able to work out what
formulato use by looking atthe
units of the quantity you wantto
calculate. For example, momentum
ismeasuredinkgms™, sotofind
the momentum of an objectyou
need to multiply mass (kg) by
velocity (ms™).
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Physical quantities and units

By the end of this topic, you should be able to demonstrate and apply your knowledge and

* physical quantities have a numerical value and a unit

* Systeme International (SI) base quantities and their units

understanding of:

+ derived units of Sl base units

+ prefixes and their symbols to indicate decimal submultiples or multiples of units

* checking the homogeneity of physical equations using Sl base units

Physical quantities
In physics, a quantity is a measurement of something. Any quantity will have a numerical value

indicating its size and an appropriate unit.

Forexample, there are many units that can be used to measure length. If we wanted to state the
distance from Newcastle to Dubai, we would use kilometres, for example:

distance from Newcastle to Dubai = 5642 km.

If we wanted to state this distance in cm, then we would convertit from km to cm by multiplying
by 100000 and the distance would be stated as 564 200 000 cm. However, we usually state longer
distances in km and shorter distances in m, cm, mm or even smaller units that are fit for purpose.

Some examples of physical quantities and units are shown in Table 1.

Quantity | Example ‘

length length of an aircraft = 36 metres m
area area of a football pitch = 6000 square metres | m2
volume volume of a house = 900 cubic metres m3
time time for a TV advert = 52 seconds S
mass mass of a baby = 3.8 kilograms kg
power the power of a domestic light bulb = 60 watts w
speed speed of a lizard = 18metrespersecond | m s
energy the energy content of a chocolate bar = 4000 joules J
current thecurrentpassingthroughanelectricoven = 30 amps A
voltage the mains voltage supplied to homesinthe UK = 230 volts \Y

Table 1 Examples of physical quantities and units.

Units

We can express quantities in many different units. For example, we could refer to the length of a field
in metres, yards, inches, furlongs, miles, kilometres or even cubits. However, this can lead to confusion
whenwe needto convertfromone unitto another. In 1960, the international scientific community
agreed to adopt a single unit for each quantity. These are known as Systéme International (SI) units.
The sevenfundamentalunits are shownin Table 2. The unitsforevery other scientific quantity can
bederivedfromthese fundamentalunits. Forexample, momentumis measuredinkgms—tandthe
units for density in kg ms=3.

[Quantiy | Unit | Abbreviation
kg

mass kilogram

length metre m
time second

temperature kelvin K
electrical current ampere

amount of substance mole mol
luminous intensity candela cd

Table 2 The sevenfundamental quantities and their associated units and
abbreviations.

Unit prefixes

There is huge variation in the size of things. For example, the
diameter of the Universe is about 102* m, which is enormous.
Conversely, the diameter of an atomic nucleus is incredibly small
at about 107> m. We often use standard form to help us write
downvery big and very small numbers in a quick and efficient
way, rather than typing very long numbers with lots of digitsinto
calculators or writing them out in full when performing written
calculations. We can also use prefixes to show the size of a quantity
incomparisontoits Slunit. These prefixes are shownin Table 3
and you must learnthem.

Abbreviation Standard form ‘

pico- p 1012
nano- n 10°°
micro- m 106
milli- m 1073
centi- c 102
deci- d 101
kilo- k 103
mega- M 106
giga- G 10°
tera- T 1012

Table 3 Sl prefixes and their abbreviations.

LEARNING TIP

These prefixes are the cause of many lostexam marks! Every time

you convert into the standard unit, just do a quick check. If you are
converting mm into m and have calculated that 6.4 mm = 6400m,
checking will show that you have multiplied by 1000 instead of dividing
by 1000 (i.e.6.4mm=0.0064m). Checkyourworkatevery stageina
calculation, not just at the end. Areas and volumes can be even trickier —
for example, the area of arectangle 3cm x 5cmis not 0.15m?2. You need
to change the lengths into metres before doing the multiplication:
area=3cm x5cm =0.03 m x 0.05m =0.0015 m?.

Questions

Physical quantities and units 2.1

[ N . .
I Write the following in terms of fundamental units, using standard

form.

For example: the wavelength of red light = 600 nm; 600 nm
=6.0x107" m.

(@) Araindrop has a diameter of 0.1 mm.

(b) ThedistancefromLand’s EndtoJohnO’Groatsis 1000km.
(

c) The mass of apersonis 60000g. (Note that kilogram is the only
fundamental unit that itself has a prefix.)

(d) An X-ray has a wavelength of 0.46 nm.

(e) One day.

(f) One year.

(9) Theareaofasheetof A4paperis29.7cmx21.0cm=624cm?.

(h) The volume of asphere isiprs. Whatis the volume of a ball
with a diameter of 4mm?

(i) An electric current of 400 mA.

What are the prefixes that are:
(@) smaller than pico
(b) bigger than tera?

Acomponentinamicroprocessoris 60nm long. Write down this
lengthinmm, mm, mand kmusing the powers often notation.

Copy Table 4 and complete it using the correct prefix and Sl unit.
Correct

Quantity Calculation

value, prefix
and Sl unit

Area of table Area Area

=85cmx120cm | =0.85mx1.20m| =1.02 m?

Length of a car
=4200 mm

Volume of a room
=1000cmx 3400cm
x 85 000 mm
420KV
105 mA

Aspeedof 20kmh-1

Resistance=

Table 4

Do the following calculations and conversions without using
a calculator:

(a) Convert 4.6 x 10°m to mm.
(b) Convert 780nm to m.
(c) Express the area of a50cm by 80cm table in m2.

. . . ' o m
(d) Find the prefix thatis equal to 1 x micro x T°92
nano tera

(e) Astorage facility hasthe dimensions 30m x 12m x 18 m.
How many biscuits measuring 45mm x 3.2 cm x 80 mm could
be fitted into the building?




Estimated physical quantities

By the end of this topic, you should be able to demonstrate and apply your knowledge and

understanding of:

* making estimates of physical quantities

What is estimation?

When we estimate avalue, we use sensible and simple substitutes
in order to perform a calculation —the sort that we can perform

mentally if required. An estimation is an educated guess resulting
inan answer that is close, but not exactly equal, to the true answer.

Suppose you were given the following numbers to add:
97, 105, 48, 980, 312, 8, 53, 202

You might try to add them up mentally but it would probably
lead to an arithmetical error because there are too many digits to
memorise. Instead, you could pick numbers that are accurate to
1 significant figure, leadingto:

100, 100, 50, 1000, 300, 10, 50, 200

Thiswould give an ‘estimation value’ of 1810—thetruevalueis
1805. This means that the estimation is better than 99% accurate!

WORKED EXAMPLE 1
To calculate the resistance of an electrical component, we use the

equation: -
. potential difference
resistance="—————— "~
current

Itisfoundthatapotential difference of24.5V willproduceacurrentof
0.95 A in a component (see Figure 1).

| |
0.95A
(V)
\_/
245V
Figure 1

(@) Whatis the value of the potential difference to 2 significant figures?
(b) What is the value of the current to 1 significant figure?

(c) Usethesevaluesto estimate the resistance ofthe component.
Answers

(@) 24.5Vis statedto 3 significantfigures. Toroundto 2 significant
figures we look atthe third digitand see thatitisequalto 5, sowe
round up from 24.5t0 25 V.

(b) 0.95A becomes 1A to 1 significant figure.

(c) Resistance = ALl 25Q
1A
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WORKED EXAMPLE 2

Thedimensions of arectangularcuboid are 48.9cm, 103.2cmand
12.7 cm, as shown in Figure 2.

12.7 cm

48.9 cm
103.2 cm

Figure 2

(a) Calculate the exactvolume ofthe cuboidincm3using V=b x| x h.

(b) Make an estimate for the volume of the cuboid in cm?® by rounding
each value to 1 significant figure.

(c) Whatisthe percentage accuracy of the estimate comparedwiththe true
value?

Answers
(a) V=48.9cm x 103.2 cm x 12.7 cm = 64 090.296 cm?
(b) V=50 cm x 100 cm x 10 cm = 50 000 cm?®

(c) % accuracy =(654(,) (?g(? 2><9%90 =78%

LEARNING TIP

Many students muddle units when estimating and end up with

unrealistic answers such as:

o veryfastspeedsforcarsinkinematics questions, e.g.the carthat
travels at 5000ms™

¢ the mass of an apple being 100kg instead of 100g.

Always double check your calculations or use a differentmethod and see
if you get a similaranswer.

Estimating using standard form

Whenestimatingvaluesusingnumbersinstandardform, you
haveto be carefultofollowsomerules, which are explainedin
more detailin Topic2.1.1. Youranswer should be accurate to
the correct ‘order of magnitude’ —that s, your answer should be
within one power of ten of the correct answer.

WORKED EXAMPLE 3
How many times heavier than a proton is a DNA molecule?

Answer
Using Table 1, the mass of a DNA molecule is 3 x 107'8kg and the mass
of a proton is 1.6 x 10727 kg.
Using standard form, an estimation of the ratio of mass of DNA: mass of
a proton is:

10718 107%7 , so the DNA is 109 times heavier.
The answer from the full calculation is 1.88 x 10°, which is the same
order of magnitude as the estimation.

Physical quantities and units

2.1

galaxy 104
Sun 6 x 10%6 Sun 10%
Earth 6 x 1024
Moon 2x10* Universe 10 since Big Bang 5x10%7 from Sun to 10Y"
Earth to Sun 15x 101 age of Earth 2x10v7 Earth
supertanker 5x 108 Sun’s radius 7 x 108 human lifetime 2.5 x 10° | power station | 10°
Earth to Moon 4 x 108 year 3.2 x 107 |locomotive 5 x 106
Earth’s radius 6.4 x 106
train 6 x 10° family car 105
jumbo jet 1.6 x 10° London—Paris 3.4 x10° day 86 400
marathon race 4.2 x 104
lorry 40 000 radio wavelength | 1500 hour 3600
10 000 m race 2000
car 1000 race track 400 time to boil egg 300 1 horse power | 746
Egyptian pyramid | 150 human power | 100
person 80 height of house | 10 minute 60 light bulb 30
new baby 3 height of person | 2
mouse 0.1 eye radius 0.02 heart beat 1 clock 103
human egg 2 x 1076 light wavelength | 5 x 1077
X-ray wavelength | 1g-10
H atom diameter | 5 x 1071
blood corpuscle| 1 x 10712 proton diameter | 1 x 10715 period of light wave | 2 x 10715
DNA molecule |3 x 10718
uranium-238 4 x 1072
atom
proton 1.6 x 107%7
electron 9 x 10731

Table 1 Orders of magnitude relating to mass, distance, time and power.

Questions

1
II Use Table 1 to estimate:

(
(
(
(

a) howlongitwilltakelighttoreachthe Earthfromthe Sun

b) how long it will take sound to travel from London to Paris

¢) how many stars there are in a galaxy

d) how many protons you could fit into a uranium nucleus
)

(e) how many cars you could run from a power station each second.

1
i A cartravels across Africa taking a total time of 3 weeks, during which it covers a distance of 5468 km.
Estimate the car's speed in ms™.

density =hass

volume

An objectwill floatin water ifithas a density lower

than 1gcm™S.

(@) Estimatethe density ofthe cuboid showninFigure4.

(b) Willit float or sink when placed in water?

i We calculate the density of a material using the formula

28cm

Figure3

mass of cuboid:
23 kg

39cm

22cm




Systematic errors and random errors

By the end of this topic, you should be able to demonstrate and apply your knowledge and

understanding of:

* systematic errors and random errors inmeasurement

What is an error?

No matter how careful we try to be when planning and
implementing an experimental or investigative procedure, there
will always be occasions where errors occur in the collection of
data and in the subsequent calculation process.

We come across the term ‘error’ frequently in everyday language,
and some common definitionsare:

¢ the condition of having incorrect or false knowledge
¢ an incorrect belief or judgement
¢ a mistake orwrongdoing

o thedifference between acomputed value orameasured value
and a true or theoretically correct one.

The last of these definitions is possibly the best one to use when
considering errors inscience.

When conducting investigations it is important to minimise errors
because they will lead to an incorrect conclusion, value or theory
being produced. This will be a deviation from the scientific ‘truth’.

Random errors

Random errorsin experimental measurements are caused by
unknown and unpredictable changes during the experiment.
These may occur because of changes inthe instruments or in
the environment.

Humans can also make errors when reading or recording a value.
Ahumanerrorisoftena‘one-off’, caused byasimple mistake.
This means thatresults will be inconsistent whenrepeated, so itis
often easy to spot a human error because it is wildly different from
the corresponding values from other repeats.

Random errors and human errors are not really the same.
Random errors will always occur due to small changes in
environmental conditions, such as smalltemperature changes or
fluctuations in light levels. Human errors are just mistakes, such
aswhenanexperimenter misreads avalue andrecords areading
of 2.84 Ainstead of the correct value of 2.48 A.

Examples of random errors

¢ Variable heating in circuits causing variations in the current
being measured.

o Anunexpectedlylargeextensionof ametalwireduetoafault
in its structure.
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WORKED EXAMPLE 1

A student was collecting data in order to determine the relationship
between the length of a metal wire and its electrical resistance. He
had plannedtheinvestigation well and used suitable and appropriate
apparatus to collect the data he needed.

= Hemeasuredthelength ofthe wire to the nearest millimetre, the
current to 0.01 A and the voltage to 0.01 V.

= Herecorded hisaverage resistance valuesto 1 decimal place.
Table 1 shows his collected results.

(@) Canyouidentify possiblerandom errors and humanerrorsin his
results table?

(b) What suggestions would you make to help the student to recognise
these errors quickly?

Answers

(@) Thecurrentvaluesfor0.200m (20.0cm)appeartohavebeen
writtenincorrectly (as 0.80Ainstead of 0.08 A) on both occasions.
The student may have misread the value, or their partner (if they
had one) may have read or stated the value incorrectly. Eitherway,
the figure is incorrect, leading to a value for the resistance that is
ten times too small.

You could also argue that there is variation in some repeat
readings for the voltage and current, which may have been
causedby heating orby apowersurge. Forexample, the potential
difference readings for the 0.400m length are 2.91V and 2.87V
—close but notidentical. This constitutes arandom error, caused
by unknown and unpredictable changes in the circuit conditions.
Random errorstendto even outunder statistical analysis.

(b) Whenthe graph ofresistance againstlengthis plotted, itwill be
obviousthatthe 0.200mreading isanomalous. However, itis
betterto spot such errors early, so that new readings can be taken
using the same equipment, inthe same conditions and at the same
time as the other readings. Minor variations and fluctuations in the
equipmentand conditions can providedifferentvalues, eventhough
this should not be the case theoretically.

You could suggest that the student looks for a pattern in the
results that would be expected from the planning and hypothesis
generation. For thisinvestigation, the hypothesis may have been
that the resistance is directly proportional to the length of the wire,
soreductions inresistance orincreases in currentfrom 0.100mto
0.200mshouldring alarmbellsand be checked. Inaddition, the
studentcouldtake athirdsetofresults (asecondsetofrepeats),
althoughthisis notalways possible, oreven necessary ifthe results
are close.

Physical quantities and units 2.1

cm difference 1/V 1/A difference 2/V 2/A resistance/Q
10.0 1.10 0.09 1.00 0.09 11.7
20.0 1.86 0.80 1.90 0.80 2.3
30.0 2.74 0.07 2.74 0.08 34.2
40.0 2.91 0.06 2.87 0.06 48.2
50.0 2.92 0.05 2.92 0.05 58.3
60.0 3.52 0.05 3.52 0.05 70.3
70.0 3.83 0.04 3.83 0.04 95.8

Table 1 A student’s results.

Systematic errors

Systematic errors in experimental observations usually involve the measuring instruments. They may
occur because:

o there is something wrong with the instrument or its data-handling system

o the instrument is used wrongly by the student conducting the experiment.

Systematic errors are often present in all the readings taken and can be removed once identified. For
example, if the needle on asetof scalesis pointing to 25g when nothingis onthe pan, allvalues

recordedwillbe biggerthanthetrue massby25g. Toobtainthetruevalue, simply subtract25gfrom
each of the readings collected.

Examples of systematic errors
o The scale printed on a metre rule is incorrect and the ruler scale is only 99.0 cm long.

o Theneedleonanammeterpointsto 0.1 Awhennocurrentisflowing. Eachvaluerecorded
will,therefore, be biggerthanthetruevalueby 0.1 A. Thisisanexample of a‘zeroerror’'—the
apparatus shows anon-zero value whenitshould beregistering avalue of exactly zero.

Athermometer has been incorrectly calibrated, so it constantly gives temperature readings that
are 2 °C lower than the true temperature.

WORKED EXAMPLE 2

What changes would you make to the results that you collected if you were using an ammeter that looked like
Figure 1 before it was connected?

Figure 1

Answers
Theammeterhasazeroerror—itreads 1Aevenwhenitisnotinuse. Youneedtoresetthe needle sothatit
points to 0 A when not in use or subtract 1 A from each value taken during the experiment.

Question

E Read the statements below and explain how each situation could be caused by arandom error and/or a
systematic error.
(@) ‘This voltmeter is registering a value of 0.1V even though it is not connected in the circuit!’

(b) “This micrometer points to 0.001 mm even when itis supposed to read exactly 0.’

(c) ‘My current readings for the length of 40cm were 1.56 A, 1.54 A and 1.58 A’

(d) “The wind was blowing and causing the temperature of my water bath to decrease.’

(e) ‘The stopwatch readings are all differentwhen I time the period of oscillation of a pendulum.’

@

KEY DEFINITION

Asystematic errorisanerror
that does not happen by chance
butinsteadisintroducedbyan
inaccuracy inthe apparatus orits
use by the person conducting the
investigation.

Arandom errorisanerrorinan
experiment caused by unknown
orunpredictable changestothe
apparatus orconditions.




KEY DEFINITION

Precision is the degree to
which repeated values, collected
under the same conditions in
an experiment, show the same
results.

Accuracy isthedegreeto
which avalue obtained by an
experiment is close to the actual
or true value.
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Precision and accuracy

By the end of this topic, you should be able to demonstrate and apply your knowledge and
understanding of:

* the terms precision and accuracy

Introduction

Theterms ‘accuracy’ and ‘precision’, are often confused or taken to mean the same thing. In
everyday conversation this is not really a problem but, in the study of physics, itis essential that you
understand and use these terms correctly.

Ata simple level, the difference between accuracy and precision can be thought of using the sport of
archery. Arrows arefiredtowardsatarget, with the intention of scoringas many pointsaspossible.
Togetthe maximumscore, the archer has to hitthe gold circle atthe centre of the target—thisis
worth 10 points. Hitting the targetfurther away fromthe centralpointmeansthatthearcherscores
fewer and fewer points.

\ & Pboor accuracy
) poor precision

e
—

&
\“

poor accuracy
good precision

¢ goodaccuracy
>=¥ good precision

T

Figure 1 The closer to the centre of the target an arrow lands, the more accurate itis. The closer the arrows cluster
together, the more precise the shooting is. The aim is to be accurate and precise.

Whentheshotsare accurate and precise, they allland inthe middle of the target. Whenthe shots
are precise, they donotalllandinthe centre of the target, butthey land very close to one another.
Lowaccuracyandlowprecision canbethoughtof asarrowslandingfaraway fromthe centre of the
target and far away from each other.

Accuracy and precision defined

Anexperimentis accurate if the quantity being measured has avalue thatis very close tothe
commonly accepted or true value. For example, if you were carrying out an experiment to
determinethe value of the acceleration due to gravity, then avalue of 9.83ms?would be more
accurate than one of 9.17ms™2, This is because the commonly accepted value of the acceleration
due to gravity, g, is 9.81 ms™2,

The term precision relates to how close together repeat values are. The smaller the spread, or range,
oftherepeatvalues (the closertheyaretoeachother) the higherthe precision. Forexample, if you
conduct an investigation using instruments that enable you to determine the charge on an electron to
+0.1%, that is much better than obtaining a value that could be out by +5%.

Precision is often used in conjunction with the term ‘resolution’, which relates to the smallest change
in a quantity that an instrument can measure. An instrument that can measure a change of +0.01 has
abetterresolutionthan onethatcan measure achange of +0.1. Thiswilllead to higher precisionin
the repeat readings.

WORKED EXAMPLE

Suggest a value for the acceleration due to gravity, g, that is:

(a) accurate and precise

(b) accurate but imprecise

(c) inaccurate but precise.

Answers

(@) An accurate and precise value for g could be 9.80 £ 0.02ms™.
(b) An accurate and imprecise value for g could be 9.80 + 1.50ms™2.
(c) Aninaccurate but precise value for g could be 8.80 + 0.05 ms™.

Systematic errors tend to have the same value throughout an investigation. For example, a
thermometer that has been incorrectly calibrated may give temperature values that are incorrect by
1.0°Ceachtime—forexample,thetemperatureisindicatedtobe 89°Cwheninfactitisonly88°C.
Toobtainthe ‘true’ value, youwould subtract the systematic error of 1 °C from every reading.

Sohowdoes asystematic error affectaccuracy and precision? Accuracy will be affected by a
systematic errorthatis notaccountedfor,asthe systematic errortakesthe measuredvalue away
fromits true value. However, a systematic error will not affectthe precision, which is ultimately
determined by the resolution of the apparatus being used. If athermometer can read a temperature
to the nearest 0.5 °C, then this precision will not be affected by a systematic error.

Random errors occur due to unknown and unpredictable factors such as wind variation, temperature
changes, power surges and background radiation changes. Due to their random nature, random
errors can produce variations in the measured value that are both above and below the ‘true’ value.
The effect of random variation can be reduced by taking repeated measurements and reporting the
mean.

i Aninvestigationwas conductedto determine the speed of soundinairatagiventemperature. The
accepted value forsoundin air atthis temperature is 343.4ms™t. Comment on the accuracy and precision
of the values recorded below:

343.6ms™? 344.1ms™t 343.2mst,343.1ms™?t, 3429 ms™t, 343.7ms?

—-——-

The sameinvestigation as described in question 1 was repeated by two students exactly one week laterin
the sameroom. Provide another setof six possible values they could have obtained thatwould be:

(@) less accurate but more precise
(b) more accurate and more precise
(c) more accurate but less precise.

Find out how precise and accurate the following values are:

(a) the density of gold is calculated as 21.4 + 0.04gcm™

(b) the speed of sound in copper is found to be 5050 + 800 ms™
(c) the mass of the Earth is found to be 5.8 x 10?*kg + 0.9%.

Physical quantities and units




KEY DEFINITION

Absoluteerroristhedifference
betweenameasuredvalue and
the actual value.
Percentage error is the
difference between a measured
and a true value expressed as a
percentage.

WORKED EXAMPLE 1

Ametre ruleris usedto measure
the height of a table and it is
found to be 780 mm. How would
you state this valueifthe ruler
used had:

(@) a millimetre scale
(b) a centimetre scale?

Answers
(@) 780 £ 1 mm
(b) 78 £ 1 cm

LEARNING TIP

Uncertainties should only really
be stated to 1 significant figure,
sothe uncertainty in (a) should
be quoted as +1% andin (b) as
0.2%. Thisis because there is
‘uncertainty in theuncertainty’
—itis an estimation and we do
notexpect, orneed, itto be too
precise.
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Absoluteand percentageuncertainties

By the end of this topic, you should be able to demonstrate and apply your knowledge and
understanding of:

* absolute and percentage uncertainties when data are combined by addition, subtraction,
multiplication, division and raising to powers

Introduction

Inscience, we conduct some investigations to determine the value of a physical quantity. For
example, we may measure the length of aramp using a metre ruler that has a centimetre scale and
also a millimetre scale. When we make our measurements, we hope to get a value close to the true
length of the ramp.

However, there is always uncertainty involved when we make measurements. We hope to get ‘good’
values butwehavetoacceptthatnotevery measurementwe make willbethe same everytime we
repeatit. Measurements may change because of the accuracy of the instrument we are using, the
size of the smallestdivisiononthe scale orthe skill of the person making the measurement. This
means that when we consider the uncertainty in a particular measurement, we may need to estimate
avalue for it based on the following three factors.

Absolute uncertainty

Imagine that youwantto measure the diameter of aball. Youare using a metre ruler that has
centimetre and millimetre graduations. You find that the diameter of the ball is 63 mm, so you could
state that the diameter of the ball is 63 + 1 mm.

Whentaking single readings, the absolute uncertainty is the smallestdivision onthe measuring
instrument used and the measurement should be stated as ‘measured value + precision of measuring
instrument’.

Determining uncertainty in investigations that involve the use of a stopwatch can be problematic.
Despite the fact that most stopwatches used in schools will give values accurate to 0.01s, it is not
possible for human reaction times to be this quick. Instead we use the uncertainty of the reaction
time (about 0.5 seconds) when stating a time value and its absolute uncertainty.

Percentage uncertainty of a single value

We often need to calculate a percentage uncertainty and include it in our evaluation. To calculate the
percentage uncertainty of a single value, we use the equation:
uncertainty

T 0,
(measured vaIue) x 100%

percentage uncertainty =

Inthis case, the uncertainty value is given by the precision of the instrument and the measured value
is what has been read from the meter or ruler.

WORKED EXAMPLE 2

Adigital ammeter is used to measure the current flowing in a series circuit and itis accurate to 0.01 A.
What is the percentage uncertainty for a current of:

(@) 0.8 A

(b) 4.3A?

Answers

(a) percentage uncertainty = (O 01) x100%=1.25%

(b) percentage uncertainty = (%) x100%=0.233%

Percentage uncertainty foranumber of repeat
readings

Whenrepeatreadings are taken, random errors will be present.
This may be due to fluctuations in temperature or unknown
changes that we cannot account for or control.

Imagine that we have taken a set of potential difference readings,
as shown in Table1.

Reading Reading Readmg Readmg Mean
v 2V value/V
3.90

3.89 3.88 3.86
Table 1

Tocalculate the percentage uncertainty, we use the following steps.
1. Write down the repeatreadings in the table (as shown in Table 1).
2. Find andrecord the average of these readings (3.88).

3. Find the range of the repeat readings —this is the largest value
minus the smallest value. In this caseitis 3.90V - 3.86V =0.04 V.

4. Halvetherangetofindthe uncertainty value. Inthiscaseitis
0.02 V.

5. Divide the uncertainty value by the mean value and multiply by
100 t?/gwe the percentage uncertainty. In this case:

x 100% = 0.5%
3.88V

Remember, we state the uncertainty to 1 significant figure.

WORKED EXAMPLE 3

Thetemperature ofaroomwas measured severaltimesandthevalues
recorded in Table 2.

‘ Readin Reading | Readin Reading Mean

1(°C) 2(°C) | 3(°C) 4(°C) | value (°C)
214 | 213 | 214 | 211 | 213 |
Table 2

Calculate:
(a) the absolute uncertainty in the readings
(b) the percentage uncertainty in the readings.

Answers

(@) The absolute uncertainty inthe repeat readings s given by halfthe
range of the values, so:
range = maximum value — minimum value
=214°C-211°C=03°C
Sothe absolute uncertainty is 0.15°C, or 0.2 °Cto 1 significant figure.
We would quote the temperature as (21.3 £ 0.2) °C.

(b) Tofindthe percentage uncertainty, we divide the value of halfthe
range by the mean value, and then multiply by 100:

0.15
x 100% =0.7%
21.3) omE

percentage uncertainty = (

Therulesfordetermining percentageuncertainties
At AS level you will be expected to determine the final percentage
uncertainty in acompound quantity. This is based on the
calculations that need to be carried out in order to find the
quantity. The rules are:

Physical quantitiesand units

e for a compound quantity of the formy = ab, the rule is:
% uncertainty in y = % uncertainty in a + %auncertainty inb
e for a compound quantity of the formy ==, the rule is:

% uncertaintyiny =%uncertaintyina + % uncertainty in b

o for a compound quantity of the formy = a? the rule is:
% uncertainty iny = 2 x % uncertainty in a

o for a compound quantity of the formy =a", the rule is:
% uncertainty in y = n x % uncertainty in a.

When you add or subtract readings, you must add together the
absolute uncertainties of the individual readings tofind the
combined absolute uncertainty. Forexample, if you have three
measurements—78+1cm,43+1cmand57 +1cmthetotal
measurement is 178 £ 3 cm.

Alternatively, if you wish to subtract 42 + 2mm from 87 £ 2mm,
the final measurement is 45 + 4 mm.

WORKED EXAMPLE 4

(a) Potential difference is calculated by using the equation V = IR. If the
% uncertainty in the current, |, is 10% and the % uncertainty in the
resistance, R, is 5% then what is the % uncertainty in the potential
difference, V?

(b) AYoung modulusis calculated using the equation Young modulus

sztrreajs Ifthe percentage uncertainty in the stress is 8% and the

% uncertainty inthe strainis 6%thenwhatisthe % uncertaintyinthe
value for the Young modulus?

(c) The density of a cube is calculated using density =———~ mass

volume
uncertainty in the mass is 1% and the % uncertainty of the length of
one of the sides of the cube is 2% then what will be the percentage
uncertainty in the density of the cube?

Ifthe %

Answers

(@) V=IR has the formy =ab, so we add the individual % uncertainties
inthe currentand the resistance to geta 15% uncertainty in V.

(b) The equation has the formy = %. This means thatwe add the values

forthe stress and strain uncertainties to give an uncertainty inthe
Young modulus of 14%.

(c) The % uncertainty in the mass is 1%.
Volume is calculated using VV = a%, so the % uncertainty in the volume

will be 3 x the % uncertainty in the length, i.e. 6%.

Becausedensity=———> rrass andhastheform yng’ we addthe %
volume

uncertainty in the mass to the % uncertainty in the volume, giving a
% uncertainty in the density of 7%.

Questions

| Whatis the percentage uncertainty in a length of 76 mm
measured with a metre ruler that has a millimetre scale?

! Whatis the percentage uncertainty for these values for the time of
a pendulum swing?
12.83s,12.87s5,12.855s,12.81 s

i Acompound variable is calculated using the formulay = @.

3
What is the percentage uncertainty in y if the percen(iage
uncertainty in a is 3%, b is 6% and c is 2%?




KEY DEFINITION

Percentage difference is the
difference between two values,
divided bythe average and shown
as apercentage.
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Graphical treatment of errors and

uncertainties

By the end of this topic, you should be able to demonstrate and apply your knowledge and
understanding of:

# graphicaltreatmentoferrorsanduncertainties; line of bestfit; worstline; absolute and
percentage uncertainties; percentage difference

Using graphs

We make full use of graphs in physics to show relationships between pairs of dependent variables
andindependentvariables. Graphs are auseful, highly visual way of demonstrating the relationship
betweentwovariables, showing patternsandtrends and allowingustodetermine valuesfrom
measurements of the gradient and they-intercept.

Graphs are most effective when:

o the scale of the graph has been drawn to cover as much of the graph paper as possible

o the points are plotted clearly

o the lines of best fit and worst fit are drawnclearly

o the gradient can be calculated easily using the extreme values on the x-axis and the y-axis

o the y-intercept can be read clearly and accurately using the scale on the y-axis.

Determining the uncertainty in the gradient from the maximum and minimum
gradients

Itispossibletodeterminethe uncertaintyinagradientby drawing lines of maximumand minimum
gradient through the appropriate points on the graph. If there is only a small amount of scatter then
error bars can be incorporated into the graph to help this to happen.

The uncertainty in a gradient can be determined as follows:
1. Add error barsto each pointif they are not scattered much and lie near to the line of bestfit.

2. Drawaline of bestfitthrough the scattered points or throughthe error bars. The line of bestfit
should go through as many points as possible, with equal numbers of points above and below the
line. Discard any majoroutliers.

3. Calculate the gradient of the line of best fit.
4. Dothe sameforthe worstfitline, which may be more steep or less steep than the line of bestfit.

5. Tofindthe uncertainty fromthe graph, work outthe difference between the gradients of the line
of best fit and the line of worstfit. This should be expressed as a positive value (the modulus). The
equation you use is:

uncertainty = (gradient of best fit line) — (gradient of worst fit line)

6. Calculate the percentage uncertainty in the gradient using the following equations:

uncertainty

percentage uncertainty = x 100%

(gradient of best fitline)
Alternatively, you can draw a graph that has a line of best fit, a maximum gradient line and a
minimum gradient line. In this case, the uncertainty is half the difference between the maximum and
minimum gradients, as shown in Worked example 1.

Physical quantities and units 2.1

WORKED EXAMPLE 1 3. Deltermiﬂe thr? (?iffe_;?n?_e git_]ween th? me}[ximt#:w an_d {ninimLf[m
An experiment is performed to determine the relationship between z:lﬂgs enhalveitiofindthe uncertainty inthey-intercep
the currentflowingthrough an electricalcomponentandthe potential )

difference acrossit. The currentis measuredto+2.5mAandthepotential 4, Tofind the percentage uncertainty in the y-intercept value, use
differenceto+0.1V;thesearethevaluesusedtoplotthe errorbarson the equation:

the y- and x-axesrespectively. uncertainty

percentage uncertainty = x 100%

Calculate:

(a) the gradient oftheline of bestfit
(b) the gradient of the minimum line
(c) the gradient of the maximum line
(d) the uncertainty in the gradient.

(‘best’y-interceptvalue)

WORKED EXAMPLE 2

Agraph of potential difference against currentgives a bestfitline
y-interceptvalue of 12.8V, and maximum and minimum line intercept

max valuesof 11.4V and 14.7V respectively. Use this information to find:
1504 best (@) the uncertainty
min (b) the % uncertainty in the y-intercept value

@ 140+ () the answer that should be stated.
£ Answers
% 1301 (a) Uncertainty = 3(14.7 - 11.4)
= i =3x33=1%165V
g (b) Percentage uncertainty = LB 100%
3 (12.8)

110 =+12.9%

(c)128+1.7Vorl128+2V
0 T T T T T T 1

0 5 6 7 8 9 10 11
Potential difference (volts)

Questions

Figure 1 | Byextrapolating the line of bestfit, the minimum line and the
Answers maximum line to the y-axis in Figure 1, work out the % uncertainty
(a)Gradient=M=7.27mAV‘l in the y-intercept.
10V-4.5V ,
. 145mA-115mA _ o ! Copy the graph shown in Figure 2 and work out the % uncertainty
() ElEalEm= 10.5V-5.0V SEESITA ' inthe gradient and in the y-intercept. The line of best fit has been
— drawn for you.
(c) Gradient= Lo e 9.20mAV? Y
10V-50V y
(d) The uncertainty in the gradient is half the difference between the 10]
minimum line gradient and the maximum line gradient.
uncertainty = 7 x (9.20 - 5.45) = 1.875mA V-~ 2
- <+ ?
The gradientcannowbe writtenas (7.3+2) mAV ' withthe gradient 7
given to 2 significant figures and the uncertainty quoted to 1 significant
figure. 6-
5 >
4-
Determining the uncertainty in the y-intercept from 3
the maximum and minimum gradients 24
Youmay be asked to determine the uncertainty in the y-intercept } T
pyusmgthe maximumand m|n|muml!nesandthgllneof l:_)est /2’é 0 1234587801011 % |
fit. Asbefore, youcandrawthrough pointsto obtaintheselines 14

oryoucanadd error barsif youare comfortable doing so. Once '
the graph is plotted, with or without error bars, you need to do tt Figure2
following:

1. Draw the line of best fit and extrapolate it to find the ‘best’
value of the y-intercept.

2. Draw the maximum and minimum lines and extrapolate them
back to get the maximum and minimum values for the
y-intercept.
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ASSESSING A PRACTICAL

> WRITE-UP

— s Practical and investigative work is the lifeblood of physics. Without evidence to back up our

theoretical claims, we can have no physical laws.

Inthis activity youwilldevelopan understanding of howto improve practical techniques andthe
skills of implementing, planning, analysing and evaluating via the analysis of a sample of practical
written work.
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A student has been given the following task to plan implement, analyse and evaluate.

Task: Find the relationship between force and extension for a single spring, springs in series and springs in parallel.

General introduction Student’s write-up

When a force of tension is applied to a spring, the extension will Aim

increase as the force increases in accordance with Hooke’s law. To find out about Hooke’s law

The law states that the extension will be directly proportional to Method

the load provided that the elastic limit is not exceeded. 1. | set up the apparatus as shown in my diagram for a single
spring.

Design and carry out a procedure to determine the spring constant
for a single spring, springs in series and springs in parallel. Having
done this, provide an explanation for how the value of the spring
constant is different for the single spring, the series arrangement
and the parallel arrangement. Your procedure should include:

2. | measured the length of the spring using a metre ruler that had
cm rulings on it. | recorded this value.

3. | added masses to the spring and recorded the extension each
time. | repeated this procedure to get two sets of data.

4. | did the same thing for two springs arranged in parallel, then |
did it again for two springs in series.

variables to control. 5. 1 worked out the spring constants for each arrangement and
2. A method which focuses on the practical techniques, suitable compared them. My data is shown in Table 1.

units and an appropriate format for the presentation of your
data.

3. An analysis of the data, using correct equations, significant
figures and values from graphs.

4. An evaluation of your procedure which includes a conclusion,
a mention of accuracy and precision, anomalies in your
data, percentage errors and any limitations in experimental
procedures. You should also explain how to improve your
procedures for future investigations.

1. A plan to include suitable apparatus and identification of

Calculations

The single spring had a value for the spring constant of 4 N cm.
The two springs in parallel had a spring constant of 8.0 N cm
and the two springs in series had an effective spring constant of
2 Ncm. | plotted graphs of extension against force and found the
gradient of each graph which gave me these values.

Evaluation

My values are accurate as they agree with Hooke’s law. I could
make my results more accurate by stating them to more decimal
places and by taking more repeats. There are no anomalies in my
data and they are all precise. | would guess that my values have a
percentage error of about 10%.

1 ldentifyasmanymistakesasyoucaninthe planningandimplementationstagesofthis
investigation.

2 Comment on the data in Table 1. How is it presented well? How is it presented poorly?

Single spring Two springs in parallel Two springs in series ‘
Extension/cm _ Force/N  Extension/om |
1 4 4.0 1.0 8 8.0 2 4 4.0

3 12 12.2 2.0 16.5 17 4 8 9
4 155 | 16 3.0 255 | 26.0 6 12.0 | 12
7 28.8 | 29 4.0 31 41 8 175 | 18
11 44 43.5 5.0 40.00| 40 10 20 23

Table 1 The student’s experimental results.

3 How accurate are the values stated in the conclusion?
4 Evaluate the student’s evaluation of their own investigation.

DID YOU KNOW?

Ifyou measure the time period of an oscillating spring, including two springs in series and two springs arranged
in parallel, you can get an accurate value for the spring constant of the arrangement. This gives you another
method for calculating, and verifying, the value obtained from the force—extension method.

Activity

Re-write the student’s write-up, so that the issues identified and addressed in your responses to the
questions above are incorporated. Pay particular attention to the following key areas:

— Experimental design

— ldentification of variables that need to be controlled and changed
— Use of a wide range ofapparatus

— Appropriate units of measurement

— Appropriate presentation of data

— Use of appropriate mathematical skills

— Correct use of significant figures

— Plotting of graphs

— Measurement of gradient

— Accuracy of conclusions

— Percentage errors

— ldentification of anomalies

— Suggesting improvements to the procedures, techniques and apparatus

<—\ order to Produce 3 high-

Thinking Bigger

Look at the s

pecificatij
check Wwhat j tion to

S expected jn

quality investigation Write
up. Familiarise yourself with
the.key elements of plannin
desngning, carrying out Vi
analy.sing and evaluatin;g a




Exam-style questions

2.1 Exam-style questions

1. Which ofthefollowingis greatestinvalue? [1] 6. Match the prefix calculation on the left-hand side with the 9. Anexperimentisconductedtodeterminethe density of
A Megax nano correctpowerontheright-handside. [3] a'rectan'gular metal block. The mass of the block and its
. - dimensions are as stated below:
B Mega+nano ‘ kilo x mega ‘ ‘ 106 ‘
C Giga+micro
D Kilo +(milli)® . kilo+ mega | | 10° |
[Total: 1]
‘ nano =+ milli ‘ ‘ 103 ‘
2. Which quantity below has units that could be expressed as
2n
kgms™2 1] ‘ micro x milli ‘ ‘ 10°° ‘
A Momentum
B Energy [Total: 3] width
C Impulse 7. Anexperimentto determine the acceleration due to gravity, « Length=96+0.5mm
D Force g, uses the equation g =—2~ where lis the length of the - Height=15+0.5mm
[Total: 1] T2

Width =42 £ 0.5mm
Mass =532+ 0.5¢g
The density calculation is performed twice —once with

penduluminmetresand T isthetime period of oscillation of
3. Theradiusof ametal sphereis4.95cm. Whatwould be agood the pendulum in seconds.

estimate of its volume? [1] /‘%\—fplit cork
A 80cm?

the actual numbers, and secondly with the highest possible
. thread numbers on the top of the equation and the lowest possible
B 500 cm numbers on the bottom of the equation.
C 1500cm? .
+—rule Asdensity —-Nnass showthatthe answer can be stated as
D 750 cm? volume
[Total: 1] density = 8800+ 500kg. [5]
* [Total: 5]
4. Which of the following are the base unitsforthe ohm? [1]
A kgmst o stop watch
B kgm?s=Az bob
C kgm™A™ Thereadings taken were:
D VA1l |=1.250+0.001 mand
[Total: 1] T=2.25+0.02s.
Calculate:
5. Drawalinefromthe unitonthe left-hand side tothe equivalent ¢ the value of g from this data 2]
unitontheright-handside. 2 o the percentage uncertainty ing. 2]
| joule (J) | | kgms™ | [Total: 4]
8. Theforce Factingonabodyisobtained by usingthe equation
2
| watt (W) | | Nm | F= % The values obtained in the investigation were
2 1
m=50.0+0.5kg,v=6.0+0.2ms™, x,=4.8+£0.2m and
| newton (N) | | Js | x1 = 3.2 = 0.1 m. Calculate:
[Total: 1] » thesizeoftheforce, F,actingonthe bodyinN [2]
- thepercentage uncertainty inthe value of F. [2] "

[Total: 4]







