Measurement, Units and Scale:  a draft Learning Pathway

Conceptual development tables with simplified references to topics in the Scottish curriculum guidance
The Learning Pathway articulates a series of developing strands of conceptual understanding that can underpin a mature understanding of issues and practice involving measurement, units and scale.  To achieve this requires collaboration by teachers across mathematics, sciences and technologies.  This version of our description of the Pathway gives a less complete, but more easily followed, description of specific curriculum contexts through which the “Statements of core understanding” at each level can be introduced and reinforced.  This note provides a simpler version of pp3 – 10 in the full Pathway specification.
This conceptual development process is described in the tables below, set out for each of the Levels of the Scottish Curriculum for Excellence for ages 3 – 15
.   These tables also include notes on potentially relevant topics included, at the level concerned, in the curriculum guidance that has been issued to schools in Scotland.  Note that this guidance covers 8 different curricular areas.  STEM subjects form the basis of three of these areas, which we refer to as “Math” for “Mathematics & Numeracy”; “Sci” for “Sciences”; “Tech” for “Technologies”.  The set of tables below are followed by a basic glossary of terms, some illustrative lists of some common misconceptions at each level, and some examples of cross-curricular activities that could be used to support learning in this Pathway.  
Early Level  (through pre-school and the Primary 1 year)
	Strand
	Statement of core understanding 
	Relevant curriculum topics (not exhaustive)

	0.1
	Measuring:  Words and numbers can be used to describe and compare objects, and put them in order.   Properties of different objects, including length and weight, can be measured and compared by counting multiples of a convenient smaller object as a (“non-standard”) unit.
	Math –  all explicitly in the guidance
Sci      –  apply eg when discussing solar system,
           –  compare toy models with “the real thing”

Tech  –  apply eg exploring models

	0.2
	Time period:  Passage of time is measured by counting weeks, days or hours.
	Math  –  again explicit in guidance, eg clocks
Sci       –  relate to motions of sun & moon 

	0.3
	Temperature:  The property of temperature is a measure of warmness:  colder objects or places have a lower temperature value than warmer ones.
	Sci    –  freezing and boiling of water

Soc Stud – describing and recording weather

Math  -  thermometer as a measuring device


 First Level  (through Primary years 2 – 4)
	Strand
	Statement of core understanding 
	Relevant curriculum topics (not exhaustive)

	(revisit 0.1)
	Measuring:  reinforcing earlier understanding, ordering objects by size, and measuring in multiples of a convenient smaller object.

	Reinforces strand 0.1 from previous level

Math – measuring length, heaviness, amount held
Sci – reinforce in expts eg with plants & on pitch of sounds 

	1.1
	Standard units have been agreed, such as the centimetre, kilogram, litre and second, so that different people can make measurements in the same way and correctly use one another’s results.
	Math – creating tables and charts with  scales       

Tech – measuring using instruments noting scales

	1.2
	Measurements at different scales:  Different units are useful in different contexts, depending on the size of the quantities being measured, eg it is sometimes more convenient to measure distances in metres or kilometres rather than in centimetres 
, and time periods can be described in years, months, weeks, days, hours or minutes.


	Builds on previous level, strands 0.1 and  0.2

Math – time from 12 hour clocks and calendars,
- timing activities, measuring distances etc.  
Tec h -  measuring within design challenges     

Sci – lengths of day, month, year observing sun & moon 

	1.3
	Rounding:  Measurements do not generally come out as an exact whole number of the units used; one approach is to quote the “nearest” whole number, another is to include a fraction, eg “6½ cm long.”
	Math – well covered in the curriculum guidance
Tech –  measuring using instruments in practical activities
Sci –  eg measurements in experiments with plants

	1.4
	Areas can be compared counting the number of standard tiles required to cover them
.  


	Math – counting squares superimposed in a shape

Tech – take care to include in practical measurements

	1.5
	Amounts of money can be counted using various coins
.


	Useful to link money skills  to other measurements eg 1.2 

Math – totalling coins, working out change due

	1.6
	Instruments  have been developed to make measurements, eg rulers, thermometers
, kitchen scales and clocks.  Also, vending machines measure money inserted.
	Builds on previous level, strand 0.3

Math – measuring with clocks, a calendar, balances & jugs
Sci  & Soc– eg link to energy and weather  

Tech – take care to note wide-ranging  use of instruments


Second Level  (through Primary years 5 – 7)
	Strand
	Statement of core understanding 
	Relevant curriculum topics (not exhaustive)

	2.1
	Standard units and metric scales:  Three important internationally agreed standard units are the metre, the kilogramme and the second.  Related smaller or larger units are convenient to use when measuring much smaller or much larger objects. A length of exactly 1 m long is 1000 mm long, and also 100 cm long.  A distance of exactly 1 km is 1000 m long.  The prefixes “milli”, “centi” and “kilo” are used to imply these relationships, thus 1 kg is the same as 1000 g
.  For time measurements, a block of 60 seconds is exactly 1 minute, and a period of 60 minutes is exactly 1 hour.
	Builds on strands 1.1 & 1.2
Math – directly included in guidance, also link to learning on large whole numbers, decimal fractions and timing events

Tech – fully embrace in practical measurement work, and include quantitative data in study of energy issues
Sci – use in study of solar system and energy transfer

	2.2
	Re-expression of metric measurements:  A measurement stated in a metric unit can be re-expressed in a related unit with a different prefix m, c, or k, eg 1285 mm = 1.285 m.  (This is often, rather misleadingly, described as “converting units”.)
 Times expressed in different units can also be inter-related (eg 90 min = 1½ hr).
	Makes use of strand 2.1
Math – directly addressed in guidance

Tech – measuring length, study of environmental impacts     

Sci – studies of renewable energy, modelling solar system

	2.3
	Rounding:  A length measurement can be evaluated, rounded to the nearest first decimal place, using a ruler labelled in cm where tenths divisions are also marked
.
	Builds on strand 1.3

Math and Tech – directly addressed  

	2.4
	Angles:  can be accurately drawn, or measured, in units of degrees, using an appropriate instrument.
	Math -  directly addressed, also applied to compasses
Sci – study of shadows and reflections

Tech – in design challenges and “engineering” 3D objects

	2.5
	Negative measurement values:  Sometimes the value of a measurement may be stated as a negative number of units.  Examples include Celsius temperatures below freezing and distances on a coordinate axis of a graph to the left of or below the “origin.”
	Math – extended number line, ideas of profit and loss
Sci – study of freezing and evaporation in the water cycle, 

	2.6
	Areas, and a first introduction to a “formula”:  The area of a rectangle can be calculated by multiplying its length by its breadth, viz as L×B (where the formula is at this stage regarded as an aide memoire).  If the length and breadth are measured in metres, the units of the answer are m×m, ie “square metres”, or m2  (perhaps this notation might again at first be treated just as a convenient shorthand).  If the length and breadth measurements are stated in cm, the area from L×B will be in cm2 or “sq cm”).

	Builds on strand 1.4

Math – the “formula” involves a slight extension of study
Tech – opportunities to cross reference in design work 


	2.7
	Estimating the area of an irregular shape:  Where the area of an irregular shape is estimated by “counting tiles” the area of the shape in standard units is given by multiplying the number of tiles by the area of a tile (ie L×B for a single tile).
	Builds on strand 1.4

Math & Tech – opportunities to apply in diagrams and models, to regular and irregular shapes

	2.8
	Volume is another property with compound units.  The volume of a rectilinear object or space is given by multiplying its length by its breadth and then by its height (ie L×B×H).  The units of the volume would then be expressed in cubic metres (m3) or cubic centimetres (cm3) depending on the units used for the length, breadth and height measurements.  The volume units of ℓ and mℓ (introduced when measuring liquids using kitchen jugs) are related to these units:  1 m3 = 1000 ℓ, and 1 cm3 = 1 mℓ.
	Extends ideas from strands 2.2 & 2.6 to a new context

Math – note use of symbols in other contexts
Sci  –  eg studies of buoyancy and dissolving

Tech – measuring in practical and design activities

	2.9
	Speed: is yet a further example involving compound units.  If an object is travelling at a steady speed, this speed can be calculated by dividing the distance travelled by the time taken.  Using another mnemonic aid, the speed is calculated as “d/t”.   The units of the answer reflect those of the measured distance and time, for example metres per sec (“m/s”) or kilometres per hour (“km/hr”)
.
	Builds on ideas in strands 2.6 and 2.8, to introduce a more general type of compound quantity

Math – use fraction and symbol  handling skills in dealing with introduction of speed  
Sci – studying relative motion within the solar system

	2.10
	Scale models of large objects or spaces can be very useful in describing, planning or designing.  In the model every distance involved is reduced by a constant “scale factor” relative to the “real” situation.  Examples are 1:25,000 OS maps, plans of rooms or buildings, and 3D models of cars, bridges, cranes etc.  All angles in an accurate scale model are identical to those in the object modelled, whereas areas and volumes are scaled down by a much bigger factor than the distance scale factor
.
	Builds on strand 1.2, and also on ideas implicit in 2.1
Math – studying scale in models, maps and plans, and plotting graphs using a coordinate system
Tech – in constructing models and scale diagrams

Sci – models of solar system, and discussing fertiliser use

	2.11
	Estimation and precision:  In many contexts quantities may only be able to be estimated, and precise values might be subject to uncertainty or variability.  In reporting or using such values it is important to be approximately aware of the degree of uncertainty, and the value quoted should be rounded appropriately.

	Builds on the introduction of rounding in strand 2.3

Math – directly addressed estimating measurements

Sci – eg within energy studies and chemistry

Tech -  eg  studies of sustainability & food preparation16


Third Level
  (through Secondary years 1 – 3)
	Strand
	Statement of core understanding 
	Relevant curriculum topics (not exhaustive)

	(revisit 2.10)
	Scale models:  reinforcing earlier understanding

	Reinforces strand 2.10, deepening understanding.

Math – eg applied to maps, plotting graphs, plans 

Sci – eg microscopy, chemical reactions, food production Tech – eg graphing, designing 3D objects for performance

	3.1
	The range of unit prefixes in common use goes well beyond the examples of m, c, and k used at level 2, and their meanings can be looked up, and correctly interpreted when they arise (eg 1 MV = 1,000,000 Volts, 1 nm = 0.000 000 001 m).
	Builds on earlier strand 2.1 

Sci – eg studying renewable energy, radiation, microscopy 
Math – link to work on powers of whole numbers

	3.2
	Order of magnitude and scientific notation
:  Decimal numbers representing very large or very tiny values compared with 1.0 can be alternatively expressed in scientific notation.  The power of 10 in a value expressed in scientific notation gives what is known as the “order of magnitude” of the value, immediately identifying the level of scale involved.
	Subtly links to strand 3.3 below, and builds on 2.1 & 3.1
Sci – can introduce, and reinforce this in many areas studied 

Math – all building blocks are in place to link to science on this

	3.3
	Unit prefixes linked to scientific notation:  The prefix used with a metric unit is an alternative way of specifying a power of ten.  Thus a length of 3.0 mm = 3.0×10-3 m and a power station output of 2.5 GW = 2,500,000,000 W = 2.5×109 W.
	Builds on and connects 3.1 & 3.2

Can reinforce across many Sci and Tech contexts

Math – a useful reinforcement of scientific notation

	3.4
	Using measurements to derive related quantities:  When different measurements are combined, using a rule or formula to calculate some other quantity, it is helpful to express all measurements in their base unit (eg in metres rather than in mm or km) so the result for the derived quantity will come out in its appropriate base unit.  (examples are: area of a triangle = ½×base × altitude; electric current in a circuit = voltage applied / circuit resistance = V/R;  average speed = distance travelled / time taken = d/t)


	Builds on 2.6, 2.8 & 2.9
Math – using formulae and equations, calculating eg areas, volumes and journey times
Sci – analysing simple circuits, effects of gravity, chemical reactions, thermal conductivity & friction
Tech –  using “science and maths skills” in design work

	3.5
	Algebra
 can be used very effectively, in scientific manipulations that can arise in many different contexts.  These include expressing the units of a derived quantity.
	Builds on 3.4

MTH 3 – use algebra skills, as learned, to measurement

Can usefully be applied and reinforced in very many Sci and Tech contexts

	3.6
	Using experimental data, accuracy and precision:  When measurements are made during science experiments, or in building artefacts in technology, it is meaningful to express these rounded appropriately to the precision of the measurement technique used.  When measurements are used in a calculation of the value of some other property, the result should also be rounded to the same number of “significant figures” as the least precise measurement used.
	Builds on 2.11

Sci – can be applied across the board eg in practical work
Math – applying rounding, solving practical problems, drawing to scale, describing probability
Tech – analysing tolerances and precision in design

	3.7
	Proportion
:  In scale models all distances are reduced by a constant “proportionality factor” relative to the full scale subject modelled.  There are many other situations in science and technology where, if one property is changed, another changes “in direct proportion” (ie by the same factor)
	Builds on 2.10

Math, Sci & Tech – use and cross-refer explicitly in all relevant applications, in scaling or where science relationships imply direvt proportion.

	3.8
	Non-linear scales of measurement:  In some circumstances the scales of measurement that are most useful are “non-linear.”  These include sound loudness measured in decibels, wind strength given on the Beaufort scale, earthquake magnitude reported on the Richter scale, and the hydrogen ion concentration in water stated as a pH value
.  It is valuable for learners to understand that such scales have a firm quantitative basis, and to appreciate why they might be of practical use in some contexts.
	Taking the case of pH, this is fundamentally a measure of the order of magnitude of hydrogen ion concentration, and understanding builds on 3.2 above.
Sci – studies of acids and bases, snd exploring the role of technology in monitoring health and quality of life.


Fourth Level  (also through Secondary years 1 – 3, but building on Third Level, serving to support later subject specialisation)
	Strand
	Statement of core understanding 
	Relevant curriculum topics (not exhaustive)


	(revisit 3.1, 3.2 and 3.3)
	Dealing with small and large scales, unit prefixes and scientific notation:  There are many opportunities to extend the range and depth of application of skills in this area.  The introductions of whole number roots would, for instance, allow a little more scope in understanding pH (eg if pH=4.5 the hydrogen concentration = 10-4.5 mol/ℓ = 10½× 10-5 mol/ℓ = 3.2× 10-5 mol/ℓ)
.


	Reinforces and deepens skills introduced in3.1, 3.2 & 3.3

Cross refer across subjects to uses and manipulations of values conveniently expressed in these ways 

Math – link to work on powers and roots
Sci – eg  electromagnetic spectrum, atoms & molecules
Tech – eg impact of emerging technologies

	4.1
	Dealing with and manipulating algebraic relationships and equations:  Within Mathematics, this is a major theme with a perspective much broader than measurement alone.  However, the learning process can build on the earlier work described above, across the STEM subjects.  In sciences and technologies relationships and equations are vital in deriving the values of one property, from experimental measurements of other quantities.  Importantly, manipulations can be freely applied in equations:  units must “balance” (viz. be the same) in every term and on both sides of an equation
.


	Builds on 3.4 & 3.5

There is a huge range of contexts, across the science and technology curricula, where developing mathematical skills in algebra can be applied.  This can reinforce these skills and at the same time deepen understanding and appreciation of the science and technology topics themselves.

	4.2
	Reinforcing proportion, and linking this to mathematical similarity:  Where two properties are related by (direct) proportion, measuring a change in the value of one of the properties can be used to deduce the changed value of the other property.  This reasoning can be widely applied in science and in technology.  The lengths of corresponding sides of objects described as mathematically “similar” are related by proportion.  Studies of relationships between different sides, and between sides and angles, in right angled triangles, can be used to deepen understanding of gradients (in straight line graphs or in maps) and calculating bearings (in navigation by map).


	Builds on 3.7 & 2.10 

Math – fractions, percentages, proportion, similarity and choosing scales for graphs are all related concepts
Sci- eg in studies of ideal gas laws, accelerated motion, chemical reactions, electrical circuits
Tech – eg in applications of formulae in design, scaling, nutrition, control technology


	4.3
	Variability and Uncertainty in measurements:  Achieve greater experience and depth in dealing with inaccuracy, variability, tolerance and rounding, which are issues to address whenever practical exercises are performed or where predictions are made using data.  Where variability is an issue, its nature can be explored by evaluating the summary measures such as the mean, median, mode and spread of sampled data.  In appropriate contexts the probability of different outcomes can be estimated and discussed.


	Builds on 3.6

Make use in other subjects of mathematics work on accuracy in measurement and calculation, interpreting graphical and tabulated data, measures of average and spread, and probability.  This can usefully be done across almost all science and technology topics mentioned in curriculum, and especially in critically assessing quantitative conclusions from practical work

	4.4?
	Measurement in Graphs:  It might be thought useful to introduce this extra strand.  If so, there would be a case for adding a first stage at level 3.  Alternatively, it has been proposed to describe a separate pathway on Using Graphs.  If that is done, it would be useful to highlight inter-connections.  For example, in analysing the spread of a set of repeat measurements (as in 4.3 above), drawing error bars on graphs of experimental values is a very useful estimation and visualisation tool.


	Eg Mathematics explicitly opens up full use of a 4-quadrant coordinate grid, opening a basis for discussing 2D vectors, etc.




Beyond Level 4
In all STEM subjects the applications of measurement become more sophisticated and in many cases may depend on exploiting more advanced mathematical techniques
.  However, it is argued that Level 4 might be a suitable stage to end the description of the Measurement, Units and Scale learning pathway as a broad and united theme in its own right.  On the other hand, the full range of understanding reached by the end of level 4 provides a vey valuable platform for studies in all areas.

The strand of understanding on variability and accuracy, culminating in 4.3 above, could feed in as a starting point to a new Learning Pathway on Probability and Statistics, important across the STEM subjects, which might usefully be proposed for levels 5 – 7.

Glossary of terms, lists of common learner misconceptions and potential cross-curricular activities
The lists given in the remainder of this document are not claimed to be at all comprehensive.  These are presented as starting drafts which might usefully be amplified by groups working with the Measurement, Units and Scale pathway.
� For further information about the CfE see Education Scotland’s website at � HYPERLINK "http://www.educationscotland.gov.uk/thecurriculum/whatiscurriculumforexcellence/index.asp" ��www.educationscotland.gov.uk/thecurriculum/whatiscurriculumforexcellence/index.asp� .


� Recognising that different base units may be suitable for different contexts is a key stepping stone.  Level 1 is an appropriate stage at which to introduce this for the case of length (could link this to TCH 1-13a, but can usefully also be related to everyday experience:  eg lengths of a pencil, a corridor, and a journey.


� Area is a key new property included at this level, it is the first compound property introduced, as becomes clear when this is taken further at level 2.


� Linking learning about money to the Measurement Pathway at this level makes a very useful contribution to developing general understanding.  This is the first quantity met where different units (£ and p) are combined in one measurement (counting), and where amounts are added or subtracted.  (MNU 1-09a & 1.09b)


� Using a thermometer introduces numerical values for temperatures (and the Celsius unit C).  There is a good opportunity to cross-refer to temperature measurements when addressing SCN 1-04a; the “types of energy” reviewed will include heat, and thermometers can be used to measure how hot something is, and can be linked to developing the idea that more energy is stored as heat when the temperature is higher.  Also water freezes and boils at closely defined temperatures.


� This is a much more explicit statement of the understanding that is implied in MNU 2 – 11b, and matches that expressed separately for the case of time.  This connection is important and it seems helpful to address it first, for a limited number of cases, at level 2.  The “metric” scaling of length and mass units is in fact simpler than that for time!


� Using decimal numbers in measurements and recognising the meaning of standard unit prefixes are important steps on the way to comparing measurements of very different scales, and making valid use of expressions inter-relating different properties (as eg in calculating speed from distance travelled and time taken).  


� Measuring a length, using a ruler, requires carefully aligning the “zero” on the ruler scale with one end of the length being measured.  This point might have to be stressed.


� Re-expressing an area quoted in m2 as a value in cm2, or vice versa, might be mentioned, but probably is something to address more thoroughly at level 3.  If this extension is tackled, it is important to note an anomaly in the way the notation cm2 is used to imply (cm)2 rather than c(m2).  1 m2 = 10,000 cm2,   viz  100 cm × 100 cm.


� There is a challenge and an opportunity for science and technology, linked to several of the ideas developed on measurement and units at level 2.  In general the science E&Os are written very descriptively, but it would be greatly beneficial, for all subjects concerned, if opportunities are taken to use and reinforce concepts being introduced at this stage through mathematics.  SCN 2-04b and 2-06a are particularly relevant here, but so are all instances where effects can be measured.  Being relentless in recognising that all measurements involve both a number and a unit is a start. Science addresses situations that involve a wider range of scales and more properties which have compound standard units, but there are very important emerging conceptual strands to support here, including manipulating units, beginning to get a sense of order of magnitude and significant figures, beginning to use symbols and hinting at equations.


� Of course areas and volumes scale by the square and cube of the distance scale factor, but this may not be addressed at level 2.


� This is a first introduction to ideas of uncertainty, aiming simply to raise awareness of the basic issue, without giving specific rules on how to present values and estimate errors. 


� The science and technology E&O references here suggest numerous contexts where uncertainties or broad estimates in data could, in principle at least, be flagged.  See note 11.


� At the earlier levels, progress in developing understanding of measurement has been fundamentally led by mathematics education, notably linked to increasingly sophisticated use of numbers.  Sciences and technologies benefitted from being able to use and to reinforce these ideas.  From Level 3 onwards it can be argued that the lead in concept development passes on the whole to the sciences and technologies, where a broader range of physical quantities, and a broader range of scales, are addressed.  Here, mathematics can often benefit by taking account of, and reinforcing, ideas introduced elsewhere.  On the other hand, all STEM subjects have interests in increasing use of symbols, and in manipulating expressions and equations, and opportunities should be taken to coordinate how progress is achieved in these areas.  All of this depends on choosing to address the SCN and TCH E&Os in a quantitative way.


� The outcome introducing scientific notation is officially set at Level 4 (MTH 4-06b).  It is both logical and extremely valuable, however, to address this at level 3.  It is a key threshold tool to understand scale in the real world.  There are many benefits to being able to use this number format in sciences and technologies.  For instance it is a key tool in quantitative computing, and it is vital to effective public (let alone specialist) understanding of science on many fronts.  In reality, using this notation adds relatively little additional intellectual substance to MTH 3-06a as it involves the arithmetically simplest application of “whole number powers” and represents by far the most important of “the advantages of writing numbers in this form.”  It should be noted that electronic calculators routinely display small and large answers in scientific notation.


� “Algebra” is formally referenced under the “Expressions and Equations” organiser (MTH strands 13 and 14), but it clearly has much wider application, including in this Measurement, Units and Scale Pathway.  Mastering basic algebraic skills is of central importance to learning across the STEM disciplines.  At earlier levels in this Pathway, we have been careful to highlight opportunities to seed the development of understanding the usefulness of “generalising” quantities and procedures by using a symbol (a “place-holder”), or a formula or even equation (as a “mnemonic”), and we have explicitly drawn to attention the “algebra” involved in the form of compound units (eg of area and speed).  Level 3 is the opportunity to pull this together more comprehensively, and to apply this in the sciences and technologies.  Under-development of these skills is often commented on as the most significant learning deficiency among entrants to university level.


� Many learners traditionally have regarded “proportion” as a difficult or confusing concept.  It is suggested that at this level application of this term might be restricted to cases of direct proportion (formulae and equations can be used where inverse or square law relationships are involved).  That said, it would help to use the term wherever possible (eg in chemistry, reaction equations define a number of changes related by proportion, and analysis by sampling relies on proportion).  There are many other examples in all subjects.


� The pH is a useful value to quote as it best represents the enormous influence that “acidity” has on the properties of solutions, including in biological systems.  Its precise value is critical, for instance, to the proper functioning of biological systems in animals and plants.  pH is a “logarithmic” measurement, a concept that cannot be fully understood at this level.  However a basic understanding can be achieved by relating pH to the order of magnitude as expressed in scientific notation.  If pH = 4.0, the H+ concentration = 0.0001 mol/ ℓ = 1.0×10-4 mol/ℓ.  Neutral water at 25oC has pH = 7.0 corresponding to the H+ concentration = 1.0×10-7 mol/ℓ.  A pH of 4.5 implies a concentration smaller than 1.0×10-4 mol/ℓ but not as small as 1.0×10-5 mol/ℓ.  This Learning Pathway opens the way to a much better understanding of this measure than has commonly been achieved in the past.


� An experimental pH titration plot for an acid-base reaction can be referenced later in mathematics when introducing the idea of logarithms.


� This process becomes recognised as “dimensional analysis” in the physical sciences.


� For example, to continue the description of using the measurement and interpretation of pH, this becomes fully understood only after the use and interpretation of logarithms (to base 10) has been mastered.
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