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Units andmeasurements form the foundation of all physics. Every physical quantity you canmeasure,

whether it’s length,mass, time, or force, requires a standardized unit and a reliablemethod ofmeasure-

ment. Without a clear understanding of units andmeasurements, no experiment can producemeaning-

ful results.

Measurement is defined as the comparison of any physical quantity with a certain basic, arbitrarily se-

lected, internationally accepted reference standard knownas aunit. TheBureau International des Poids

et Mesures (BIPM), established in 1875, coordinates the global system of units and measurements that

scientists rely on today.

Theunits for thebaseor fundamentalquantitiesareknownasbaseor fundamentalunits. Theunitsofall

other physical quantities, which can be expressed as combinations of the fundamental units, are known

as derived units.

A complete set of the fundamental and derived units is called the systemof units.

Given below are the four basic properties of units:

1 They should be readily available and reproducible.

2 They need to bewell-defined.

3 They should be invariable.

4 They should be acceptable to everyone.

The internationalsystemofunitsandmeasurements

Before you can measure anything in physics, you need a universally agreed system of units and mea-

surements. The General Conference onWeights andMeasures (CGPM),whichmeets roughly every four

years, has historically governed the evolution of measurement standards. Until recently, scientists of

various countries had been prominently using three different systems of units formeasurements. These

systems have been listed below, alongwith their base units for length,mass, and time:

TheCGS system(centimeter, gram, and second)

TheMKS system(meter, kilogram, and second)

The FPS system(foot, pound, and second)

The current internationally accepted system of units andmeasurements is the Systeme Internationale

d’ Unites, abbreviated as SI. Adopted by the 11th CGPM in 1960 andmost recently revised in 2019, the SI
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system involves the decimal system, and thus conversions within this system are pretty convenient and

relatively simple.

There are seven fundamental orbaseunits in the SI system,which are completely independent of each

other and one can express all other physical quantities in terms of these fundamental units. Since the

2019 SI redefinition, each base unit is tied to a fixed physical constant, such as the Planck constant for

the kilogram and the speed of light for the meter. The kelvin, for instance, is now defined through the

Boltzmann constant. They have been listed in the table given below:
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NAME SYMBOL QUANTITYMEASURED DEFINITION

Meter m Length The meter is defined

by taking the fixed

numerical value of

the speed of light

in vacuum, c, to be

299,792,458 when

expressed in the unitm

s−1, where the second

is defined in terms of

the cesium frequency.

Kilogram kg Mass Thekilogram is defined

by taking the fixed nu-

merical value of the

Planck constant h to

be 6.626,070,15x10−34

when expressed in the

unit J s, which is equal

to kgm2 s−1.

Second s Time The second is defined

by taking the fixed

numerical value of

the cesium frequency

\{}Delta 𝜈��(333), the

unperturbed ground-

state hyperfine transi-

tion frequency of the

cesium 133 atom, to

be 9,192,631,770 when

expressed in the unit

Hz, which is equal to

s−1.

Ampere A Electric current The ampere is defined

by taking the fixed nu-

merical value of the el-

ementary charge e to

be 1.602,176,634x10−19

when expressed in the

unitC,which is equal to

A s.

Kelvin K Thermodynamic tem-

perature

The kelvin is defined

by taking the fixed

numerical value of the

Boltzmann constant k

to be 1.380,649x10−23

when expressed in the

unit J K−1, which is

equal to kgm2 s−2 K−1.

Mole mol Amount of substance The mole is defined

by taking the fixed

numerical value

of the Avogadro

constant N� to be

6.022,140,76x1023

when expressed in the

unitmol−1.

Candela cd Luminous intensity The candela is defined

by taking the fixed

numerical value of

the luminous efficacy

of monochromatic

radiation of frequency

540x1012Hz, K��, to be

683 when expressed in

the unit lmW−1, which

is equal to cd sr W−1,

or cd sr kg−1m−2 s3.
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Apart from these seven base units, there are twomore units that are defined for:

Plane angle 𝜃

Solid angle 𝜙

The unit for plane angle is radian(symbol = rad), while the unit for the solid angle is steradian(symbol =

sr). Both of them are dimensionless quantities.

Whenever ”mole” is used, the elementary entities in question (atoms, molecules, electrons, ions, etc.)

must be clearly specified. For a deeper dive into SI base units, see the dedicated study note on the inter-

national system of units.

Derived physical quantities, such as speed, can be expressed in terms of fundamental physical quanti-

ties.

Measurementof length

Length is one of the most fundamental quantities you will encounter in physics. Different instruments

let youmeasure different ranges, and choosing the right onematters for accuracy.

Ametre scale can be used tomeasure lengths from 10−3m to 102m.

AVernier calliperscan be used for lengths to an accuracy of 10−4m.

A spherometer and a screw gaugecan be used tomeasure lengths as small as 10−5m.

There are unique indirectmethods formeasuring lengths beyond the aforementioned ranges, whichwe

will discuss below.

Measurementof largedistances

Youmust certainly have realized that it is not possible tomeasure extremely large distances, such as the

distance of a star or a planet from the earth, directly using ameter scale. In such situations, theparallax

method is used for themeasurement of the distance.

Hold up a pencil in front of your eyes against a fixed background, and look at it alternatively with each

eye after closing the other eye. You will notice that the position of the pencil appears to change. This

phenomenon is known as parallax.

Thebasis is defined as the distance between the two points of observation. In the above example, the
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basis corresponds to the distance between your eyes.

We canmeasure the distance D of a planet P by observing it from two different positions A and B on the

earth, separatedbyadistanceAB=d. Wecan thenmeasure the�APB,which is representedby thesymbol

𝜃 and is known as the parallactic angleor the parallax angle.

Since the planet in question is at an extremely great distance, 𝑑 ≪ 𝐷. Thus, 𝜃 is very small. Therefore,

we can approximately consider AB as an arc of length d of a circle with center at P, and the distance D as

the radius AP=BP. Thus,𝐴𝐵 = 𝑑 = 𝐷𝜃, where 𝜃 is in radians.

𝐷 = 𝑏
𝜃

Similarly, we can find out the size or angular diameter of the planet. If d is the diameter of the planet and

𝛼 is the angular size of the planet (the angle subtended by d at the earth), then:

𝛼 = 𝑑
𝐷

We can measure the angle 𝛼 from the same place on the earth. Basically, it is the angle between two di-

rections when we look at two diametrically opposite points on the planet using a telescope. We already

knowD, and can find out the diameter d using the equation given above.

Estimationofverysmalldistances: thesizeofamolecule

We need to use special methods to measure very small distances, such as the size of a molecule (10−8to

10−10m). Obviously,we cannot use instruments like ameter scale or screwgauge, and evenmicroscopes

have certain limitations.

Let’s say you need to estimate themolecular size of oleic acid, a soapy liquid with largemolecular size of

the order of 10−9m. For this, youmust begin by first creating amonomolecular layer of oleic acid on the

surface of thewater.

Dissolve 1 cm3 of oleic acid in alcohol and prepare a solution of 20 cm3. Take 1 cm3 of this solution and

dilute it to 20 cm3with the help of alcohol. Thus, the concentration of this solutionwill be equal to 1
20×20

cm3of oleic acid/cm3 of solution.

Pour water in a large trough, sprinkle some lycopodium powder upon its surface and put one drop of

the above solution on the surface. The dropwill spread into a large and nearly circular film ofmolecular

thickness on thewater surface. Measure the diameter of this film to obtain its area A.

If you have dropped n drops in thewater, you can find out the approximate volume of each drop (𝑉 cm3)

as shown below:

Volume of n drops of solution = 𝑛𝑉 cm3
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Amount of oleic acid in the solution = 𝑛𝑉 ⋅ 1
20×20

cm3

Soon enough, the solution of oleic acid will spread further to form a very thin layer of thickness t. If it

spreads to form a film of area A cm2, then you can calculate t as shown below:

𝑡 = Volume of the film
Area of the film

or

𝑡 = 𝑛𝑉
20 × 20 ⋅ 𝐴 cm

Assuming that this film has amonomolecular thickness, this becomes the size or diameter of amolecule

of oleic acid. The value of this thickness is found to be of the order of 10−9m.

Rangeof lengths

The sizes of objects found in our universe are highly variable, ranging from the size of the order of 10−14

m (the nucleus of an atom) to the size of the order of 1026m (the extent of the observable universe). You

can see the range and order of sizes and lengths of some important objects below:

There are certain unique length units for exceptionally small and large lengths,which you can see below:

1 angstrom= 1 Å = 10−10m

1 fermi = 1 f = 10−15m

1 astronomical unit = 1 AU (average distance of the sun from the earth) = 1.496× 1011m

1 lightyear = 1 ly = 9.46× 1015m(distance traveled by light in one year, with a velocity of 3× 108ms−1)

1 parsec = 3.08× 1016m(the distance atwhich the average radius of the earth’s orbit subtends an angle

of 1 arc second)

Measurementofmass

Mass is a basic property of matter which is independent of the temperature, pressure, and location of

the object in space. In the study of units andmeasurements, understanding how tomeasuremass across

vastly different scales is essential for physics. The International SystemofUnits provides the framework

for all massmeasurementsworldwide.

The SI unit ofmass is the kilogram (kg). However, it is an inconvenient unitwhendealingwith atoms and

molecules. The unified atomicmass unit (u) is used in this case, which has been created to express the
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mass of atoms as follows:

1 unified atomic mass unit = 1 u = (1/12) of themass of an atom of carbon-12 isotope (12C6) including the

mass of electrons = 1.66× 10−27 kg

A regular balance can be used tomeasure commonplace objects, whereas exceptionally largemasses like

stars andplanets aremeasuredbyusing thegravitationalmethod, basedonNewton’s lawof gravitation.

Themass spectrographis used tomeasure extremely small masses of atomic or subatomic particles. In

this, the radius of the trajectory is proportional to the mass of a charged particle moving in a uniform

electric andmagnetic field.

Rangeofmasses

Like length, themasses of objects encountered in the universe can be highly variable as well. They could

range from theminusculemass of an electron (of the order of 10−30 kg) to the unimaginably largemass of

the known universe (of the order of 1055 kg).

Measurementof time

Precise timekeeping is at the heart of modern physics and accurate units and measurements. Today,

we use an atomic standard of time which is based on the periodic vibrations produced in a Cesium-

133 atom. This forms the basis of the caesium clock or atomic clock, which is used in national stan-

dards. The National Institute of Standards and Technology (NIST) in the United States maintains one of

the world’s most precise cesium fountain clocks, NIST-F2, with an uncertainty of about 1 second in 300

million years.

In the caesium atomic clock, a second is taken as the time required for 9,192,631,770 vibrations of the

radiation corresponding to the transition between the two hyperfine levels of the ground state of the

caesium-133 atom.

In India, a caesium clock is used at theNational Physical Laboratory (NPL), New Delhi to maintain the

Indian Standard Time (IST). These caesium atomic clocks are efficient enough to impart the uncertainty

in time realisation as± 1× 10−13.

IMPORTANT

All seven SI base units are now defined through fixed physical constants rather than physical artifacts.

Thekilogram, for example,was the last unit tomove away fromaphysical prototype (a platinum-iridium
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cylinder stored in France) when it was redefined in 2019 using the Planck constant. This means your

unitsandmeasurementswon’tdriftovertime,nomatterwhere intheworldyouperformanexperiment.

By virtue of this great accuracy in the measurement of time, the SI unit of length has been expressed as

the path length light travels in a certain interval of time (1/299,792,458 of a second). This tight connec-

tion between time and the speed of light also shows up in special relativity, where both quantities are

fundamentally linked.

Accuracy,precisionofinstruments,anderrors inmea-

surement

Nomeasurement is perfect. There is a certain amount of uncertainty in the result of everymeasurement

by any measuring instrument. There is an error in every calculated quantity based on measured values

as well. In this regard, there are two important terms that you should know to differentiate between:

accuracy and precision.

The accuracyof a measurement is a measure of how close the measured value is to the true value of the

quantity. There could be various factors influencing the accuracy inmeasurement, including the resolu-

tion or the limit of themeasuring instrument.

On the other hand, precisionhelps us understand the limit or resolution to which the quantity is mea-

sured.

The errors in measurement are broadly classified into two categories: systematic errors and random

errors.

Systematicerrors

These are errors that tend to be in one direction, either positive or negative. Given beloware someof the

sources of systematic errors:

Instrumental errors that arise due to imperfect calibration or design of the measuring instrument,

zero error in the instrument, and so on.

Personal errors that arise due to bias or carelessness on the part of the person performing the exper-

iment, or a lack of proper setting of the apparatus.
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Imperfection in experimental procedure or technique

Externalconditionsduring theexperiment, suchaschanges inhumidity, temperature,windvelocity,

and so on.

In order to minimize systematic errors, we need to remove personal bias, choose quality instruments,

and improve experimental techniques asmuch as possible.

We can correctly estimate these errors for a given setup to some extent and apply the required correc-

tions to the readings.

PRO TIP

Thefastestwaytoreducemeasurementerrors is to takeat leastfivereadingsandcalculate thearithmetic

mean. This won’t eliminate systematic errors, but it dramatically reduces the impact of random errors.

Calibrateyour instrumentagainst aknownstandardbeforeeveryexperimentsession, andalwaysrecord

the least count of the instrument you’re using.

Randomerrors

These errors take place irregularly and are thus random with respect to size and sign. They can arise

because of unpredictable and random changes in experimental conditions, personal (unbiased) errors

by the observer taking readings, and so on.

For example, when the same person repeats the same observation, he could quite possibly get different

readings every time.

Least counterror

The least count of ameasuring instrument is defined as the smallest value that can bemeasured by that

particular instrument. Forexample, a spherometercouldhavea least countof0.001cm,whileaVernier’s

caliper has a least count of 0.01 cm.

The error associatedwith the resolution of ameasuring instrument is knownas the least count error. It

belongs to the category of randomerrors, butwithin a limited size; it can take placewith both systematic

and random errors.

The least count error canbe reducedby improvingexperimental techniques, using instrumentsofhigher

precision, and so on.

We can ensure that the mean value is very close to the true value of the measured quantity by repeating

the observationsmany times and taking the arithmeticmean of all the observations.
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Absoluteerror, relativeerrorandpercentageerror

When you takemultiple measurements, you need a way to quantify how far each reading deviates from

the true value. Let us suppose that the various values obtained in a number of measurements are 𝑎1, 𝑎2,
𝑎3, as so on... up to 𝑎𝑛. In this case, the arithmeticmean of these values is taken as the best possible value

of the quantity under the given conditions ofmeasurement, as given below:

𝑎𝑚𝑒𝑎𝑛 =
𝑎1 + 𝑎2 +…+ 𝑎𝑛

𝑛

Themagnitude of the difference between the individualmeasurement and the true value of the quantity

is known as the absolute error of themeasurement and is denoted by |Δ𝑎|.

The arithmetic mean is considered the true value if there is no othermethod of finding out the same. In

that case, the errors in the individualmeasurement values from the true value are:

Δ𝑎1 = 𝑎1 − 𝑎𝑚𝑒𝑎𝑛

Δ𝑎2 = 𝑎2 − 𝑎𝑚𝑒𝑎𝑛

...

...

Δ𝑎𝑛 = 𝑎𝑛 − 𝑎𝑚𝑒𝑎𝑛

Although the Δ𝑎 calculated above could be either positive or negative, the absolute error |Δ𝑎| is always
positive.

The arithmetic mean of all the absolute errors is taken as the final or mean absolute error of the value of

the physical quantity a, and is represented byΔ𝑎𝑚𝑒𝑎𝑛. Thus

Δ𝑎𝑚𝑒𝑎𝑛 =
|Δ𝑎1|+|Δ𝑎2|+|Δ𝑎3|+…+|Δ𝑎𝑛|

𝑛

The valuewe get upon doing a singlemeasurement could be in the range 𝑎𝑚𝑒𝑎𝑛 ± Δ𝑎𝑚𝑒𝑎𝑛

i.e. 𝑎 = 𝑎𝑚𝑒𝑎𝑛 ± Δ𝑎𝑚𝑒𝑎𝑛

or 𝑎𝑚𝑒𝑎𝑛 − Δ𝑎𝑚𝑒𝑎𝑛 ≤ 𝑎 ≤ 𝑎𝑚𝑒𝑎𝑛 + Δ𝑎𝑚𝑒𝑎𝑛

This means that any measurement of the physical quantity a could lie between (𝑎𝑚𝑒𝑎𝑛 + Δ𝑎𝑚𝑒𝑎𝑛) and
(𝑎𝑚𝑒𝑎𝑛 − Δ𝑎𝑚𝑒𝑎𝑛).

The relative error or the percentage error (𝛿a) is often used instead of the absolute error. It is defined
as the ratio of themean absolute errorΔ𝑎𝑚𝑒𝑎𝑛 to themean value 𝑎𝑚𝑒𝑎𝑛 of the quantitymeasured.

gauravtiwari.org Units andMeasurements Page 11

https://gauravtiwari.org/
https://gauravtiwari.org/study-notes/units-and-measurements/


Relative error = Δ𝑎𝑚𝑒𝑎𝑛
𝑎𝑚𝑒𝑎𝑛

The relative error is known as the percentage error (𝛿a) when it is expressed in per cent.

This, percentage error 𝛿𝑎 = Δ𝑎𝑚𝑒𝑎𝑛
𝑎𝑚𝑒𝑎𝑛

× 100%

Combinationoferrors

In real experiments, you rarelymeasure just onequantity. Whenever youperformanexperiment involv-

ing a lot of measurements, you must know how the errors in all the measurements combine in various

mathematical operations. For example, we know that the density of amaterial is obtained by dividing its

mass by its volume. If we have errors in the measurements of the mass and dimensions of the material,

wemust knowwhat the error in its densitywill be.

Errorofasumoradifference

Forexample, let’s consider twophysicalquantitiesXandYwhichhavemeasuredvalues𝑋±Δ𝑋 and𝑌±Δ𝑌
respectively, whereΔ𝑋 andΔ𝑌 are their absolute errors. Wemust nowfind the errorΔ𝑍 in the sum:

𝑍 = 𝑋 + 𝑌

By addition, we have 𝑍 ± Δ𝑍 = (𝑋 ± Δ𝑋) + (𝑌 ± Δ𝑌)

Themaximumpossible error in Z,Δ𝑍 = Δ𝑋 + Δ𝑌

Similarly, for the difference 𝑍 = 𝑋 − 𝑌 , we have:

𝑍 ± Δ𝑍 = (𝑋 ± Δ𝑋) − (𝑌 ± Δ𝑌)

= (𝑋 − 𝑌) ± Δ𝑋 ± Δ𝑌

Or,±Δ𝑍 = ±Δ𝑋 ± Δ𝑌

In here, themaximumvalue of the errorΔ𝑍 is againΔ𝑋 + Δ𝑌 .

Errorofaproductoraquotient

When two quantities are multiplied or divided, the relative error in the result is the sum of the relative

errors in themultipliers.

Once again, let’s consider twophysical quantitiesX andYwhichhavemeasuredvalues𝑋±Δ𝑋 and𝑌 ±Δ𝑌
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respectively, and 𝑍 = 𝑋𝑌 . Then

𝑍 ± Δ𝑍 = (𝑋 ± Δ𝑋)(𝑌 ± Δ𝑌) = 𝑋𝑌 ± 𝑌Δ𝑋 ± 𝑋Δ𝑌 ± Δ𝑋Δ𝑌

Dividing the LHS by Z and the RHS by XY,we get:

1 ± (Δ𝑍
𝑍
) = 1 ± (Δ𝑋

𝑋
) ± (Δ𝑌

𝑌
) ± (Δ𝑋

𝑋
) (Δ𝑌

𝑌
)

Δ𝑋 andΔ𝑌 are extremely small, and thereforewe can ignore their product. Thus, themaximum relative

errorwill be:

Δ𝑍
𝑍
= Δ𝑋

𝑋
+ Δ𝑌

𝑌

It can be easily verified that this holds true for division aswell.

Error in caseofameasuredquantity raisedtoapower

The relative error in a physical quantity raised to thepowern is n times the relative error in the individual

quantity.

Let’s say 𝑍 = 𝑋2. In that case

Δ𝑍
𝑍
= Δ𝑋

𝑋
+ Δ𝑋

𝑋
= 2 (Δ𝑋

𝑋
)

As you can see, the relative error in𝑋2 is two times the error in X.

Thus, we can say that if 𝑍 = 𝐴𝑝𝐵𝑞/𝐶𝑟, then:

Δ𝑍
𝑍
= 𝑝 (Δ𝐴

𝐴
) + 𝑞 (Δ𝐵

𝐵
) + 𝑟 (Δ𝐶

𝐶
)

Significant figures

Since thereareerrors involved ineverymeasurement, it is important toreport theresultofmeasurement

in away that indicates the precision of the instrument used. This is where significant figures come in.

Usually, the result of measurement is reported in the form of a number that, apart from all the digits in

the number that are known reliably, also includes the first digit that is uncertain. The reliable digits plus

the uncertain first digit are collectively known as significant figuresor significant digits.

For example, the length of an objectmeasured to be 395.6 cm has four significant figures: the digits 3, 9,

and 5 are certainwhereas the digit 6 is uncertain.

The number of significant figures or digits in ameasurement is not affected by a choice of change of dif-
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ferent units.

Given below are the important rules for determining the number of significant figures in a number:

All the non-zero digits are significant.

All the zeros between two non-zero digits are significant, regardless of where the decimal point is (if

at all).

For anumber less than 1, the zero(s) on the rightof thedecimal pointbut to the leftof thefirstnon-zero

digit are not significant.

The trailing or terminal zero(s) in a numberwithout a decimal point are not significant.

The trailing zero(s) in a numberwith a decimal point are significant.

For a number greater than 1without any decimal, the trailing zero(s) are not significant.

For a numberwith a decimal, the trailing zero(s) are significant.

For measurements reported in scientific notation, the power of 10 is irrelevant to the determination

of significant figures. However, the zeroes appearing in the base number in the scientific notation are

significant.

The digit 0 conventionally placed on the left of a decimal for a number less than 1 is not significant.

However, the zeroes at the end of such a number are significant in ameasurement.

The multiplying and dividing factors that are neither rounded numbers nor numbers representing

measured values are exact and have infinite number of significant digits.

COMMONMISTAKE

Students often count trailing zeros incorrectly. Remember: trailing zeros in a number like 2500 (nodec-

imal point) are NOT significant, giving you only 2 significant figures. But 2500. (with a decimal point)

has 4 significant figures. When in doubt, express the number in scientific notation, where every digit

youwrite is significant. Formore practice, see this detailed guide on significant figures.

Rules forarithmeticoperationswithsignificant figures

During addition or subtraction, you should try to retain as many decimal places in the final result as

there are in the original numberwith the least decimal places.

Duringmultiplicationor division, you should try to retain asmany significant figures in thefinal result

as there are in the original numberwith the least significant figures.
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Roundingoff theuncertaindigits

If the insignificant digit to be dropped ismore than 5, the preceding digit is raised by 1.

If the insignificant digit to be dropped is less than 5, the preceding digit is not changed.

If the preceding digit is even, the insignificant digit is simply dropped. If it is odd, the preceding digit

is raised by 1.

Rules fordeterminingtheuncertainty in the resultsofarithmetic calculations

Let’s say the length andbreadthof a thin rectangular sheet,measuredusing ameter scale, are 16.2 cmand

10.1 cm respectively. As you can see, there are three significant figures in each of thesemeasurements.

The length lmay bewritten as:

l = 16.2±0.1 cm= 16.2 cm±0.6%

Likewise, the breadth bmay bewritten as b = 10.1±0.1 cm= 10.1 cm±1%

In this case, the error in the product of these values using the combination of errors rule will be:

l b = 163.62 cm2±1.6% = 163.62±2.6 cm2

The final result will be: l b = 164±3 cm2, where 3 cm2 is the error or uncertainty in the estimation of area

of rectangular sheet.

In case a set of experimental data is specified to n significant figures, a result obtained by combining

the datawill also be valid to n significant figures.

The relative error of a value of number specified to significant figures depends not only on n, but on

the number itself as well.

Intermediate results in amultistep computationneed to be calculated to onemore significantfigure in

everymeasurement than the number of digits in the least precisemeasurement.

Dimensionsofphysicalquantities

Every derived physical quantity can be broken down into a combination of the seven base quantities. All

physical quantities represented by derived units can be expressed in terms of some combination of the

sevenbaseor fundamentalunits. Thesebasequantitiesareknownasthesevendimensionsof thephysical

world, and are denotedwith square brackets [ ], as shown below:

gauravtiwari.org Units andMeasurements Page 15

https://gauravtiwari.org/significant-figures/
https://gauravtiwari.org/
https://gauravtiwari.org/study-notes/units-and-measurements/


Mass [M]

Length [L]

Time [T]

Electric current [A]

Thermodynamic temperature [K]

Amount of substance [mol]

Luminous intensity [cd]

Thedimensionsofaphysicalquantityaredefinedas theexponentsorpowers towhichthebasequantities

are raised to represent that quantity.

For example, let’s consider a physical quantity like force, which you’ll encounter frequently in kinematic

equations. We know that the formula for force is as follows:

Force =mass× acceleration

=mass× length / time2

=mass× length× (time)
−2

In the above example, you can see that the dimensions of force are 1 in mass, 1 in length, and -2 in time.

Therefore

[Force] =MLT−2

Similarly, the dimensional formula for energy is given as follows:

[Energy] =ML2T−2

This states that the dimensions of energy are 1 inmass, 2 in length, and -2 in time.

Theexpressionwhich showshowandwhichof thebasequantities represent thedimensionsof aphysical

quantity is known as thedimensional formula of the given physical quantity.

An equation obtained by equating a physical quantity with its dimensional formula is called the dimen-

sional equation of the physical quantity.

Theprincipleofhomogeneity

According to this principle, it is possible to multiply physical quantities with same or different dimen-

sional formulae as required. However, only physical quantities with identical dimensional formulae can

be added or subtracted. That is, if P+Q is valid, then both P andQ represent the same physical quantity.
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IMPORTANT

Dimensional analysis is your best friend for quick-checking equations during exams. If the dimensions

don’tmatch on both sides of an equation, you know you’vemade an error somewhere. This single tech-

niquecatchesmorealgebramistakes thananyothermethod inphysics. Alwaysverifydimensionsbefore

submitting your final answer.

Usesofdimensionalanalysis

Dimensionalanalysis isoneof themostpowerful tools inaphysicist’s toolkit, and it’soneof thefirst things

covered in physics basics. There are several useful applications, which have been described below:

1. Convertingunitsofaphysicalquantity fromonesystemofunits toanother

This application is based on the following fact:

Numerical value× unit = constant

Thus, on changing the unit, the numerical value will get altered as well. Let’s suppose n1 and n2 are the

numerical values of a given physical quantity, andu1andu2 are the units in twodifferent systemsof units.

Then

n1u1 = n2u2

2. Checkingthedimensional correctnessofagivenphysical relation

This application is based on the principle of homogeneity, which states that a given physical relation is

dimensionally correct if the dimensions of the different terms on either side of the relation are the same.

sin𝜃, e𝜃, cos𝜃, log𝜃 give dimensionless values, and in the above expression 𝜃 is dimensionless

Powers are dimensionless.

It is possible to add or subtract quantities having identical dimensions.
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3. Establishingarelationbetweenvariousphysicalquantities

If we know the different factors on which a physical quantity depends, then it is possible for us to find a

relation among various factors by using the principle of homogeneity.

Limitationsofdimensionalanalysis

While dimensional analysis is a valuable technique, it has clear boundaries. If you’re studying units and

measurements fromatextbook, checkout theserecommendedphysics textbooks forcollege. Youshould

be aware of the following limitations:

Dimensionsare independentof themagnitude. Therefore, even theequationx=ut+at2 is dimension-

ally correct. However, we know that this is not a physically correct equation. Thus, it is not necessary

that a dimensionally correct equation is actually correct.

Dimensional analysis is applicable only if the relation is of the product type. It cannot be used in the

case of trigonometric and exponential relations.

Numerical constants which are dimensionless cannot be deduced using dimensional analysis.

Thismethod does not distinguish between physical quantities having identical dimensions.

Calculatingtheorderofmagnitude

The order of magnitude is a concept in units and measurements that gives you a quick way to estimate

and compare physical quantities without worrying about exact values. If the value of a physical quantity

P satisfies the following condition:

0.5× 10𝑥 < P≤ 5× 10𝑥

Then x is an integerwhich is known as the order ofmagnitude.

For example, if the diameter of the sun is 13.9× 109m, it can be expressed as 1.39× 1010mand the order

ofmagnitude is 10.
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PracticeQuestions

Work each question before reading its solution. The set runs from direct recall and substitution to the

applied questions that exams actually use to separate grades.

Q1. Name the 7 SI base units and their quantities.

SOLUTION

Second (time), meter (length), kilogram (mass), ampere (electric current), kelvin (temperature), mole

(amount of substance), candela (luminous intensity). Every other unit, from newtons to volts, is assem-

bled from these 7.

Q2. Express the newton and the joule in base units.

SOLUTION

From 𝐹 = 𝑚𝑎: 1 N = 1 kg⋅m/s2. From𝑊 = 𝐹𝑑: 1 J = 1 N⋅m= 1 kg⋅m2/s2. Unpacking derived units into base

units is the keymove of dimensional analysis.

Q3. Convert 72 km/h tom/s, showing the factor-label method.

SOLUTION

72 km

h
× 1000 m

1 km
× 1 h

3600 s
= 20m/s. Each fraction equals 1, so the value is unchangedwhile units cancel like

algebra. The shortcut: divide km/h by 3.6.

Q4. Check by dimensionswhether 𝑇 = 2𝜋√𝐿/𝑔 can be a valid period formula.

SOLUTION

[𝐿/𝑔] = m

m/s2
= s2, and its square root is seconds. The formula passes. Dimensional checking cannot

confirm the 2𝜋, but it instantly kills any formulawhose units fail, which catchesmost algebra slips.

Q5. Howmany significant figures do 0.00320, 1500, and 1.50 × 103 have?

SOLUTION

0.00320 has 3 (leading zeros never count, the trailing zero after the decimal does). Plain 1500 is am-

biguous, 2 to 4, which is exactly why scientific notation exists. 1.50 × 103 has unambiguously 3. Write
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measurements in scientific notationwhen trailing zerosmatter.

Q6. Multiply 2.5m by 3.42m and state the areawith correct significant figures. Then add 12.11 s + 0.3 s.

SOLUTION

2.5× 3.42 = 8.55, reported as 8.6m2: multiplication keeps the fewest significant figures (2). 12.11+ 0.3 =
12.41, reported as 12.4 s: addition keeps the coarsest decimal place. The 2 rules differ, and mixing them

up is the standard lab-report error.

Q7. Distinguish accuracy from precisionwith a dartboard picture.

SOLUTION

Accuracy is closeness to the true value: darts centered on the bullseye. Precision is repeatability: darts

clustered tightly, wherever they land. A tight cluster in the wrong corner is precise but inaccurate, usu-

ally a systematic error; a loose spread around the center is accurate but imprecise, random error. Good

instruments need both.

Q8. The 1999Mars Climate Orbiter was lost over units. What happened, andwhat is the lesson?

SOLUTION

One team supplied thruster impulse in pound-force seconds while the navigation software expected

newton-seconds, a factor of 4.45. The accumulated error dropped the probe about 170 km too low

into Mars’s atmosphere, destroying a $327 million mission. The lesson: units are not bookkeeping

decoration; carry them through every calculation and check them at interfaces.

Q9. Since 2019, how are SI units defined, andwhy did the changematter for the kilogram?

SOLUTION

All 7 base units are now fixed by exact values of physical constants: 𝑐 for themeter, ℎ for the kilogram, 𝑘
for the kelvin, 𝑒 for the ampere. The kilogram had been a platinum-iridium cylinder in Paris whosemass

drifted tens of micrograms against its copies; a definition through Planck’s constant cannot corrode, be

scratched, or need a vault.

Q10. A student reports a table as ”2.4173m long,measuredwith a 30 cm ruler”. Critique.

SOLUTION

A 30 cm ruler reads to about a millimeter, so 5 significant figures claim precision the instrument cannot
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deliver; 2.417 m already overstates it. Report 2.42 m, or honestly 2.42 ± 0.005 m. Extra digits are not

extra care; they are a false claim about themeasurement.
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AnswerKey

QUICK ANSWERS

Q1 s,m, kg, A, K,mol, cd Q2 N=kg⋅m/s2; J = kg⋅m2/s2 Q3 20m/s Q4 yes: √𝑚÷𝑚/𝑠2 = 𝑠 Q5

3; ambiguous; 3

Q6 8.6m2; 12.4 s Q7 accuracy = close to truth; precision = repeatable Q8 lbf⋅s fed into an N⋅s sys-

tem; the probe burned Q9 by fixed constants; the drifting artifact retired Q10 overstated preci-

sion; report∼2.42m

RevisionSheet

The7baseunits

second, meter, kilogram, ampere, kelvin, mole,

candela. All else is derived.

Commonderived

N = kg⋅m/s2, J = N⋅m, W = J/s, Pa = N/m2, Hz =

1/s.

Factor-label

Multiply by fractions equal to 1; cancel units like

algebra. km/h÷ 3.6 =m/s.

Sig-fig rules

Multiply/divide: keep fewest sig figs. Add/sub-

tract: keep coarsest decimal place.

Dimensional check

Both sides of any valid equation must carry iden-

tical dimensions. Fails fast, catchesmuch.

Since2019

Unitsdefinedbyexact constants: 𝑐,ℎ, 𝑒,𝑘,𝑁𝐴. No

more artifacts.
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