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Introduction to natural science practical work 
 

 Practical experimental works is a very important part of natural science studies. In 

laboratories the student is provided a possibility to independently measure all units, solve 

experimental tasks. He learns experimentally to research and analyse natural phenomena, 

acquires laboratory skills. 

 Performing practical work, more deeply is understood the experiment’s role in natural 

sciences, it is learnt to draw true conclusions, comparing theory with experiment, it is learnt to 

separate what is most important, significant from not essential, second rate things. 

  One can distribute natural science practical works into two groups. 

  

             One group consists of works the purpose of which is to introduce students with the 

main methods of precise measurement and the obtained result evaluation. Part of these works 

contain direct measurements, e.g., weighing, measurement of length by micrometre, angle 

measurement by goniometer and so on. The main attention in these works is devoted to the 

obtained result bias calculation. Indirect measurements make the other part of works in this 

group. Not a searched unit is measured here, but the other units, which are related to it by certain 

dependencies and laws. The searched unit is calculated from a formula, using direct 

measurement results, e.g., body movement acceleration, temperature resistivity coefficient, lens 

focus distance, light wavelength setting. As the number of measurements is rather big in these 

works, bigger attention is paid to the obtained result discussion than to the bias assessment. 

 The other group consists of works, the purpose of which is – to get more exhaustively 

acquainted with a natural phenomenon or law. To do this, carrying out a demonstration 

experiment during the lectures, usually there is not enough time, or there are no possibilities.  

Though measurements are also performed in these works, however, not they that are most 

important, but exploring and understanding of the phenomenon itself. E.g., in the laboratory 

work “Light intensity of an electric lamp and self- power setting” it is important to explore, 

how light intensity depends on electricity current power, and self-power on electricity current 

strength and, having determined these dependencies, to make generalisations about energy 

transference. In these works, less attention is paid to the bias calculation or they are not required 

at all. 

 

 

Quantity measurement 
 

Main concepts 

 

 In everyday life, in science, in technology one encounters various features of the bodies 

surrounding us. These features reflect processes of interaction between bodies, affect human 

sense organs. Therefore, in order to describe these features, physical units are introduced. 

Physical quantity is – a qualitatively common, but quantitatively individual physical object 

feature. Usually, physical quantity defines one of the features of the substance. For example, 

work describes the interacting bodies’ feature to transfer to each other a certain amount of 

energy; refraction indicator describes the light feature to change its spread speed, passing from 

one environment to another and so on.  



The same features of different material objects quantitatively are defined by physical 

quantity numerical values.  

According to the units of measurement and physical meaning, physical quantities can 

be distributed into three groups: one type, one name and measureless. 

Quantities of one type are called the quantities, having the same measurement unit and 

the same physical meaning, i.e., differing only in numerical value. For example, photon’s mass 

and the Earth’s mass, light speed and sound speed, etc. 

Quantities of one name are called the quantities, having the same measurement unit, but 

differing in their physical meaning. For example, force work and force momentum, brightness 

and illumination, diffraction interference fringe number in the length unit, and lens braking 

ability. 

Measureless quantities are called the quantities, the numerical values of which do not 

depend on the measurement unit system choice. For example, friction coefficient, relative 

permittivity of dielectric material, light refraction indicator. 

 One can compare only numerical values of the same size to each other. In this way, 

qualitatively the same physical quantity can have different quantitative values. For example, 

light speed in a vacuum approximately is equal to 300000 km/s, sound speed in air – to 330 

m/s. 

 Among physical quantity assessments carried out by tests, measurements occupy an 

important place. 

Measurement is called a cognitive process, during which the measured physical quantity 

is compared with its standard value. 

According to the definition we can write: 

A = n B, 

here A – measured quantity, n – numerical value of measured quantity, B – measurement unit 

This is the main measurement equation. 

Physical quantities are marked by Greek and Latin ABC letters. In table 1, Greek and 

Latin ABC is presented. 

Table 2.  Greek and Latin ABC 

Greek ABC Latin ABC 

A   alpha A  a a 

B   beta B  b bė 

   gamma C  c cė 

   delta D  d dė 

   epsilon E  e ė 

   zeta F  f ef 

   eta G  g gė 

   theta H  h ha 

   iota I  i i 

    kappa J  j jot 

   lambda K  k ka 

   mu L  l el 

   nu M  m em 

   xi N  n en 

   omicron O  o o 



   pi P  p pė 

   ro Q  q kū 

   sigma R  r er 

   tau S  s es 

   upsilon T  t tė 

   phi U  u ū 

   chi V  v vė 

   psi W  w dabl-vė 

   omega X  x iksas 

Y  y igrekas 

Z  z zė 

Measurement classification 

There are two main types of measurement: direct measurement and indirect 

measurement. 

Direct measurement is – a process, during which the numerical value of the measured 

quantity is obtained by one-time observation or scanning from the device scale. To this group 

are attributed the measurements, performed by the measuring device graduated in certain units, 

and comparing a physical measured quantity with its measures: length measuring by the ruler, 

sliding calliper, micrometre; timer, stopwatch; mass – by lever scale with weights; temperature 

– by thermometer, etc. Measurement results are always inaccurate due to the measurement

device imperfection, to the changing exterior conditions, our sense organ limited possibilities

and other.

Indirect measurements. It is obvious that not all quantities can be measured directly. 

Very often the result is obtained directly measuring a few different quantities, related with the 

measured by functional dependency based on physical regularities. Such measurements are 

called indirect. 

E.g., body kinetic energy, which cannot be measured directly, it is easily found from formula

𝐸𝑘 =  
𝑚𝑣2

2
, 

after measuring body mass m and its speed v. 

Some physical quantity meanings can be found in both ways. E.g., the volume of a small 

ball can be measured directly, immersing it into a measurement cylinder with water, or 

indirectly – according to the formula d3/ 6, having measured diameter d. 

Measurement units 

There has to be as many measurement units, as there are physical quantities. Such big 

number of physical quantities can be decreased, because many of them are interrelated by 

various dependencies. Therefore, expressing some quantities in terms of other quantities, one 

limits himself in a smaller number of physical quantities. 

From the variety of all physical quantities, some of them can be distinguished as base 

quantities. The measurement units of base quantities are also called base units. Physical 

quantities, the units of which are determined by the functional dependence of base quantities, 



are called derived physical quantities. Derived quantity measurement units are determined by 

defining equations. For example, defining equations can be for: 

 speed   v=  / t; 

 work   A = F s; 

 Inertia momentum I = m r2 . 

The wholeness of base and derived measurement units makes the measurement unit 

system of physical quantities. 

International Unit System (SI) 

In 1956, International committee of measurements and weights decided to introduce 

International Unit System (SI). This decision was additionally discussed in 1960, in the 11th 

General measurement and weight conference. The international system of units was 

introduced in SSRS, Czech Republic, Norway, and other countries. In Hungary and France, SI 

system was legalised by government decree. In Germany, the measurement units 

established by Measurement and weight Administrative board, also regulates International 

unit system. In Lithuania, International physical quantity measurement system became 

compulsory in 1980. 

Base units of this system are: metre, kilogram, second, ampere, kelvin and candela. 

Supplementary - radian, steradian. Abbreviated, the system is marked in Latin letters SI (the 

system is international). In table 3, base and supplementary SI units are presented. 

Table 3. Base and supplementary SI units. 

Unit name  Symbol Unit 

Name Marking 

Basic units 

Length  metre m 

Mass m kilogram kg 

Time t second s 

Electric current strength I ampere A 

Thermodynamic temperature T Kelvin K 

Substance amount n mole mol 

Luminous intensity I candela cd 

Supplementary units 

Flat angle  radian rad 

Spatial angle  steradian sr 

Base and supplementary SI unit definitions: 

Metre – is equal to the distance, which light spreads in a vacuum in 1/ 299792455 seconds. 

Kilogram – is equal to the international kilogram standard mass. 

Kilogram standard is - 39 mm in diameter and of the same height platinum and iridium fusion 

roll. 

Second – is equal to the transition taking place between the two hyperfine levels of the ground 

state of the in caesium 133 (133Cs) during 9 192 631 770 periods of the radiation. 

Ampere – is equal to that constant current, which if maintained in two straight parallel 

conductors od infinite length, of negligible circular cross-section, and placed one metre apart 

in vacuum, would produce between these conductors a force equal 2×10−7 newtons per metre of 

length. 



Kelvin – is equal to 1/ 273,13 part of the triple point of water’s thermodynamic temperature. 

Mole – is equal to the amount of substance of a system, which contains as many element entities 

as there are atoms in 0,012 kilogram of carbon 12 isotope. 

Candela – is equal to the light intensity of the source that emits monochromatic radiation of 

frequency 5,40 1014 Hz, and that has a radiant intensity in that direction of 1/ 683 Watt per 

steradian. 

Radian – is equal to the angle between the two circle radii, when the arc length between them 

equals the length of the radius of the circle. 

Steradian – is equal to the spatial angle, the vertex of which is in the centre of the sphere and 

cuts off a spherical surface area equal to the square of the radius of the square. 

In addition to base and supplementary SI units, derived units are also used.  They are 

presented in table 3. 

Table 4. Derived SI units 

Name of the unit Symbol Unit 

Name Marking 

Space and time units 

Area S Square metre m2 

Volume V Cubic metre m3 

Speed v Metre per second m/s 

Acceleration a Metre per second2 m/s2 

Frequency (of periodic process)  hertz Hz 

Rotation frequency  Second-1 s-1

Angular speed  Radian per second rad/s 

Angular acceleration  Radian per second2 rad/s2 

Mechanics units 

Density  Kilogram per cubic metre kg/m3 

Momentum p Kilogram metre per second kgm/s 

Force, weight F, P Newton N 

Turning Effect (Torque) M Newton metre Nm 

Pressure, mechanical tension ,  Pascal Pa 

Work, energy A, E Joule J 

Power P Watt W 

Moment of inertia I kilogram metre2 kgm2 

Surface tension  Newton per metre N/m 

Momentum of quantity of motion L kilogram metre2 per second kg m2/ s 

Acoustics units 

Sound power P Watt W 

Sound intensity I Watt per metre2 W/ m2 

Sound pressure p Pascal Pa 

Heat units 

Heat amount Q Joule J 

Specific heat c Joule per kilogram kelvin J/(kg K) 

Fusion, evaporation, burning heat L, , q Joule per kilogram J /kg 

Temperature coefficient  Kelvin-1  K-1



Electricity and magnetism units 

Electric current density j Ampere per metre2 A/m2 

Electric charge q Coulomb C 

Electric charge density  Coulomb per metre3 C/m3 

Electric charge surface density  Coulomb per metre2 C/m2 

Electric voltage, potential, potential 

difference, electromotive 
U, , ,  Volt V 

Electric field strength E Volt per metre V/m 

Electric capacity C Farad F 

Electric constant 0 Farad per metre F/m 

Electrical resistance R, r Ohm  

Specific resistivity  ohm metre  m 

Electrical conductance  Siemens S 

Specific conductivity  Siemens per meter S/m 

Magnetic flow  weber Wb 

Magnetic induction B Tesla T 

Inductance L Henry H 

 Magnetic constant 0 Henry per metre H/m 

Electromagnetic energy W Joule J 

Active power P watt W 

Electrical power  U,P Volt amper VA 

Optics units 

Luminous flux  Lumen m

Illuminance E Lux x

Luminosity B Watt W 

Luminance S candela per metre2 

Lens power D Dioptre D 

Ionising radiation units 

Absorbed dose D Gray Gy 

Absorbed dose power N Gray per second Gy/s 

Nuclide’s activity a Becquerel  Bq 

Repeating decimals and partial units 

Together with base SI units, repeating and partial units are used, which are obtained SI 

units multiplying by 10n. Here n is a whole number. In some cases, a multiplier 10n is 

changed to a measurement unit with a particular prefix (Table 5).

Table 5. Prefixes and multipliers for unit formation 

Forming repeating units Forming partial units 

Multiplier Marking Prefix Multiplier Marking Prefix 

101 da deca 10-1 d deci 

102 h hecto 10-2 c centi 

103 k kilo 10-3 m mili 

106 M mega 10-6
 micro 

cd/m²



109 G giga 10-9 n nano 

1012 T tera 10-12 p pico 

1015 P peta 10-15 f femto 

1018 E exa 10-18 a ato 

Repeating and partial units are not SI units. 

Prefixes hecto, deca, deci, centi are used only forming widely spread and in practice used 

units. For example, hectare, decalitre, centimetre. 

One cannot use two prefixes at once. For example, 109 m=1 Gm, but not 109m =106⋅
103m = 1 Mkm. 

 If a complex derived unit is used, then prefix is added to the first multiplying unit, 

being in fraction’s numerator. For example, kPa⋅ s/m, but not Pa⋅ ks/m. In these cases, when

units are widely spread in practice, one can add the prefix to the unit, being in fraction’s 

denominator. For example, kV/ cm, A/mm2. 

Repeating and partial units are chosen so that numerical values of physical quantity 

would be in the interval from 0.1 to 1000. It is advisable to write repeating and partial 

units only in the final result, and to use SI units in calculations, prefixes changing by 

multipliers 10n. 

In addition to repeating and partial units, repeating and partial time and flat angle units 

are used, which are not decimal. For example, time units: minute, hour, 24hours; flat 

angle units: degree, minute, second. In the same way are also used the units, having acquired 

a wide application, for example, a week, a month, year, age. Non-systemic units such as, time 

(minute, hour, 24 hours), flat angle (degree, minute, second), length (lightyear), mass (atomic 

mass unit) and other are not used with prefixes. Non-systemic units and their relation to 

SI units is presented in Table 6.

Table 6. Non-systemic units and their relation to SI units 

Quantity name Measurement unit 

Name       Marking Relation to SI units 

Mass tonne,  
centner, 

atomic mass unit 

t 

cnt 

u (a.m.v.)

103 kg 

100 kg 

1,6610-27kg 

Time minute 

hour 

24 hours 

min. 

h 

para 

60 s 

3600 s 

86400 s 

Flat angle degree 

minute 

second 

 

 

 

1,7410-2 rad 

2,9110-4 rad 

4,8510-6 rad 

Volume litre  10-3 m3

Length Astronomical unit 

lightyear 

parsec 

angstrom 

ua 

ly 

pc 



1,50 1011m 

9,461015m 

3,091016m 

10-10m

Area hectare 

are 

ha 

a 

104m2 

100 m2 

Energy Electron volt eV 1,610-19 J 

Work watthour Wh 3,6 103J 

Pressure atmosphere atm 105Pa 

Reactive power var var 



 

 

 

 

Force Force kilogram kG 9,8 N 

Temperature Celsius degrees C  

  

 

In 2019, the SI base units were redefined in agreement with the International System of 

Quantities, effective on the 144th anniversary of the Metre Convention, 20 May 2019. In the 

redefinition, four of the seven SI base units – the kilogram, ampere, kelvin, and mole – were 

redefined by setting exact numerical values for the Planck constant (h), the elementary electric 

charge (e), the Boltzmann constant (kB), and the Avogadro constant (NA), respectively. 

The second, metre, and candela were already defined by physical constants and were not 

subject to correction to their definitions. The new definitions aimed to improve the SI without 

changing the value of any units, ensuring continuity with existing measurements. In November 

2018, the 26th General Conference on Weights and Measures (CGPM) unanimously approved 

these changes, which the International Committee for Weights and Measures (CIPM) had 

proposed earlier that year after determining that previously agreed conditions for the change 

had been met. These conditions were satisfied by a series of experiments that measured the 

constants to high accuracy relative to the old SI definitions, and were the culmination of decades 

of research. 

 

Further reading: 

https://en.wikipedia.org/wiki/2019_redefinition_of_the_SI_base_units 

https://www.bipm.org/utils/en/pdf/CIPM/CIPM2017-EN.pdf?page=23 

 

 

Approximate calculations  
 

 To give a more precise calculation than the task type allows – is senseless. 

 Doing various tasks, numerical values of the analysed quantities are usually 

approximate. Many of the constants are approximate as well. For example, practically used free 

falling object acceleration value is 9,81 m/s2, the ratio of the circle’s circumference to its 

diameter- 3,14, electron mass - 9,1110-31kg. Calculating for precision, the obtained values of 

these quantities are such: g = 9,80665 m/s2,  = 3,1416, me=9,10610-31kg. And these values are 

approximate. Therefore calculating, such quantity and constant values have to be taken, which 

conformed to the required work precision. 

 In approximate calculations the notation 15,8 differs from 15,80. A note 15,8 means that 

real are only whole and decimal part numbers, i.e., a real number value can have divergence 

from 15,75 to 15,84. A note 15,80 means that, real are decimal and one hundredth parts, i.e., a 

real number can change from 15,795 to 15,804. 

 The significant digits of a number are called all digits, except all leading zeros. For 

example, in the number 0,0708 – there are three significant digits. The first two zeros on the 

left of the number – are not significant, zero between seven and eight – is significant. In the 

number 6100 – there are four significant digits. A note 6,1103 means that there are only two 

significant digits (six and one). Zeros, written at the end of a whole number instead of unknown 

digits and expressing only a number line, are not significant. In these cases, better not to write 

zeros at the end of a number but change them by 10n.  

 For example, if the value of a quantity is 4200  100, then this number should be written 

as follows: 42 102 or 4,2 103. Such note emphasizes that there are two significant digits in this 

number. 

 

 

https://en.wikipedia.org/wiki/SI_base_unit
https://en.wikipedia.org/wiki/International_System_of_Quantities
https://en.wikipedia.org/wiki/International_System_of_Quantities
https://en.wikipedia.org/wiki/Metre_Convention
https://en.wikipedia.org/wiki/Kilogram
https://en.wikipedia.org/wiki/Ampere
https://en.wikipedia.org/wiki/Kelvin
https://en.wikipedia.org/wiki/Mole_(unit)
https://en.wikipedia.org/wiki/Planck_constant
https://en.wikipedia.org/wiki/Elementary_electric_charge
https://en.wikipedia.org/wiki/Elementary_electric_charge
https://en.wikipedia.org/wiki/Boltzmann_constant
https://en.wikipedia.org/wiki/Avogadro_constant
https://en.wikipedia.org/wiki/Second
https://en.wikipedia.org/wiki/Metre
https://en.wikipedia.org/wiki/Candela
https://en.wikipedia.org/wiki/Definition
https://en.wikipedia.org/wiki/Physical_constant
https://en.wikipedia.org/wiki/General_Conference_on_Weights_and_Measures
https://en.wikipedia.org/wiki/International_Committee_for_Weights_and_Measures
https://en.wikipedia.org/wiki/2019_redefinition_of_the_SI_base_units
https://www.bipm.org/utils/en/pdf/CIPM/CIPM2017-EN.pdf?page=23


 

 

 

 

 

Number rounding rules 

 

 When rounding only real meanings of the number are left, all the rest are dropped. 

 The first rule: 

 Rounding, dropping digits, if the first of the dropping digits is smaller than 5 (rounding 

is to the smaller side). 

 For example,  73,42  73; 

    806,03  806;   

    442  440. 

 The second rule: 

 If the first of the dropping numbers is bigger than 5, then the last digit increases by 1. 

 The last digit is increased by1also when the first of the dropping numbers equals 5, and 

after it there are one or more digits that are not equal to zero. 

 For example, 35,852  35,85, 

   35,852  35,9, 

   35,852  36. 

 The third rule: 

 If the dropping number equals 5, and after it there are no significant digits, it is rounded 

to the even number, i.e., last digit remains unchanged, if it is even, and it is increased by 1, if it 

is the odd one. 

 For example,  0,435  0,44; 

   0,465  0,46. 

 Rounding in this way many times, increased numbers will be met as often as the 

decreased ones. 

 The fourth rule: 

 If rounding a few numbers have to be dropped, then it is rounded not in stages, one 

number in turn, but all unnecessary numbers are dropped at once. Otherwise, rounding can be 

wrong. 

 For example,  

   The number 565,46 has to be rounded to three significant numbers: 

   right:  565,46  565;  

   wrong: this is the first stage 565,46  565,5;  

          the second stage 565,5  566. 

 

Mathematical calculation rounding rules 

 

 If not all numbers finish in the same segment, then in order to facilitate calculation, they 

are rounded. We do this according 1, 2, 3, 4 rules, after the comma leaving one number more 

than there is in the least precise number. 

 For example,  

    
   23 2 0 442 7 247 18364

2 412

23 2 0 44 7 25 184

2 41

, , , ,

,

, , , ,

,

  


  
. 

  Adding or subtracting approximate numbers, as many numbers are left in the result 

after the comma as there are of them in the summand with the least decimal number. 

 For example,  

    23,2 + 0,442 + 7,247  23,2 + 0,44 + 7,25  30,89  30,9. 

  Multiplying and dividing, as many significant numbers are left in the result, as there 

are of them in the summand with the smallest significant digit number. 



 

 

 

 

               For example,  

   30,9  1,8364  30,9 1,84 = 56,856  56,9. 

   56,9  2,412  56,9  2,41 = 23,609  23,6. 

 In multiplication and division case, one exceptional rule is applied: 

  If one of the multipliers starts with one, and another, having the least number of 

significant digits, with some other digit, then in the result it is left one digit more than it was of 

them in the number with the least number of significant digits. 

 For example, 

   13,27  0,84  13,3  0,84  11,2 (but not 11). 

  Raising the degree, as many significant digits are left in the result, as there are of them 

on the base of a degree. 

 For example, 

   (11,38)2 = 129,5044  129,5; 

   2163  101105 . 

  Extracting a root, as many significant digits are left in the result, as there are of them 

under a root. 

 For example, 

   5,12 = 1,724  1,72. 

  Calculating logarithm number, one has to take as many signs, as there are of them in 

a given number. 

 For example, 

   lg 77,23  2,8878  2,888. 

  Carrying out intermediate calculations, one has to leave one digit more than it is 

indicated in mathematical calculation rounding rules. This reserve digit in the final result is 

rejected. 

 For example,  

  

   

   23 2 0 442 7 247 18364

2 412

23 2 0 44 7 25 184

2 41

30 89 184

2 41

56 838

2 41
23 58 23 6
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Measurement biases  
 

Bias classification 

 

 Biases are usually divided into three groups: large scale biases, systemic biases, and 

unconscious biases. 

  Large scale biases are made due to equipment failure, instantly changed measurement 

conditions, experimenter low qualification, his lack of attention. E.g., having wrongly 

calculated the value of one item of the instrument’s scale, one obtains wrong data; being 

inattentive, writes 64 instead of 54, and so on. Large scale biases are not valued. They are 

eliminated, carefully carrying out repeated measurements and calculations with the help of a 

higher qualification experimenter. 

 The reason of systemic biases is measurement device imperfectness and measurement 

method shortcomings. These biases appear due to imperfect measurement device construction 

and the inaccuracy of their manufacture, for example, a small lever scale shoulder difference. 



In case of systemic biases, carrying out repeated measurements, data deviate from the exact 

value to one and the same side. Systemic biases are reduced, checking the instruments, 

improving theory and experiment methods, and comparing the same quantity measurements by 

different methods. 

The reasons of unconscious biases are unconscious and uncontrolled disturbances, the 

influence of which to measurement results is impossible to directly evaluate. There are different 

types of disturbances, their nature and influence on measurement result is different. E.g., scale 

item counting depends on where the observer’s eye is (pict.1). In case B, the value of 

measurement is decreased, and in case C – is increased. 

Fig. 7. Scale item counting dependence on the position of an eye 

For very sensitive lever scale indications, flecks may have influence settling on the plate 

while weighing, one of the lever shoulder’s lengthening due to the close experimenter’s hand, 

and so on. 

For unconscious biases probability laws are valid, and there is an equal probability to 

go wrong to both sides from the real measured quantity value. 

In this case, the main difference of unconscious biases comparing them with systemic 

is that performing repeated measurements, the result deviates to both sides from the real value. 

Unconscious bias influence is evaluated in a certain way processing physical quantity 

measurement data. One can try to eliminate the disturbances acting the strongest, but it is 

impossible to eliminate them completely. 

Unconscious biases can be decreased repeating the measurements many times. 

We would like to remind that biases according to the form of expression are divided into 

absolute and relative. 

Let’s say, after a few length measurements it was obtained: 

 = (2,000  0,001) m.

In this case, 1 mm bias is satisfactory, but if we measured 3 mm sphere diameter with 

the same bias, then the obtained result would be unsatisfactory. From this example, one can see 

that absolute bias not fully describes the measurement quality. Relative bias   defines the 

measurement accuracy and shows, which part of the measured quantity makes an absolute bias. 

In the given example, in the first case, length measurement relative bias 

1 = 0,001: 2 100% = 0,05%, 

in the second case 

2 = 1: 3  100% = 33%, 

though absolute biases were the same. 

  



 

A 

B 

C 





Direct measurement biases 

The measured physical quantity value x deviation from its true value x0 defines measurement 

bias, which is expressed by the units of measured quantity: 

x = x - x0. 

This is an absolute bias. 

As we do not know the true value x0, we also do not know measurement bias x, 

however, taking into consideration the reasons of its appearance, we can evaluate it. Biases are 

evaluated in two ways: either indicating the biggest possible absolute value of bias x, for 

which 

x x, 

or bias value xp and probability P, that 

x xp .

Quantity P is called confidence probability, and xp – confidence interval. 

In this case, the measured quantity X value is written, defining confidence interval and 

confidence coefficient: 

X = x ± ∆xp
.P. 

In this way, for physical measurement, two main requirements are raised: 

1) to determine value interval xp, in which the true value of the measured quantity is.

2) to indicate a confidence interval, i.e., probability P that the true measured quantity value is

in that interval.

Measurement relative bias 

 =
 x

x0



expresses measurement bias by the measured quantity parts or a percentage. 

The device for direct measurements characterises reduced bias , which expresses the biggest 

measurement bias x (usually equipment item 1 value) 

by the upper measurement limit Nm parts:  

 = x / Nm . 

Reduced bias, expressed as percentage, is called high accuracy. E.g., high accuracy 0,5 means 

that having the pointer of an instrument unbent across the entire scale, the measurement relative 

bias is 0,5%. 

The other characteristic of the instrument is sensitivity S, by its numerical value is equal 

to a number of items, across which the pointer unbends, the measured quantity having changed 

by one: 

S = N / y , 

here y – change in the measured quantity, N – pointer unbending, measured by a number of 

items. 

The opposite quantity to sensitivity is called item values scale of the instrument It shows 

how much the measured quantity changes, the pointer of the instrument having moved across 

one item. 

y0=
1

S

 y

N



. 

Indirect measurement biases 



In these cases, when physical quantity cannot be measured directly, indirect 

measurements are used.  

Let’s say physical quantity z is a function of the directly measured quantities a, b ....: 

 z= f (a,b, ...) .  

Indirectly measured quantity z bias depends on directly measured quantity (a,b,...) biases. Every 

directly measured quantity influence on z accuracy depends on their functional relationship. 

For example, if in cylinder volume formula V= R2H quantity R squared, and H degree one, 

then, measurement accuracy being the same, H quantity influence on V volume bias will be 

smaller than R quantity. 

 Indirect measurement absolute biases are obtained as follows: 

 given expression z = f(a,b, ... ) is differentiated ( variables- directly measured quantities a,

b, ... ); 

 differential sign is changed into bias sign ;

 the elements with a, b, ...  are correspondingly grouped and their absolute values are

written. 

     z
  f(a,b,  ...)

 a
  a +

  f(a,  b,  ...)

  b
  b + ...  .max 









Examples. 

1. V = a  b  c;

dV = (b c)da + (ac)db + (ab)dc; 

V = b ca + a cb +a bc. 

2. V = R2 H;

dV = 2R H  dR + R2 dH; 

V = 2R H  R + R2 H. 

Estimating bias of an indirectly measured quantity z, often it is more convenient firstly 

to calculate a relative bias  of that quantity, and then – absolute  z. 

According to definition, relative bias is equal to: 

 = z / z. 

 The relative bias of the result one can determine as follows: 

 function z=f(a,b, ...) is calculated logarithmically on a natural basis;

 the obtained expression is differentiated (variables – directly measured quantities a, b,

... ); 

 differential sign is changed into bias sign ;

 the elements  a, b, ... are correspondingly grouped and their absolute values are

written. 

  







max

max=
 z

z f(a,  b,  ...)

 f(a,b,  ...)

 a
  a +

f(a,b,  ...)

 f(a,  b,  ...)

 b
  b+...  .


 

1 1

zmax = max z.  

Examples: 

1. Q =
U

R
 t

2

; 

ln Q = 2ln U + ln t - ln R; 

   Q

Q
 = 2 

U

U
 +

R

R
 +

 t

t
. 



 

 

 

 

   2. g =  
4 

T

2

2

 l
; 

    ln g = ln 4 + 2 ln  + ln  - 2 ln T; 

    
   g

g
 =  2  +

 
 + 2

 T

T








 . 

     

 In this way, we got relative maximum max and absolute maximum zmax bias. It is the 

biggest indirectly measured quantity z bias, which would be, if all directly measured quantity 

biases changed value z to the same side. In this way calculated quantity z bias is bigger than 

real, because the probability that all measured quantity biases will be of such sign, that the result 

bias was the biggest, is as smaller as bigger is directly measured quantity number.  

Some bias evaluation formula of indirect measurements are presented in tables 6 and 7. 
 

 

 

Table 7. Indirect measurement biases. One variable function 

 

No Function Absolute bias Relative bias 
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Table  8. Indirect measurement biases. Several variable function 

 

 

  Large scale bias Mean squared error 
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Identifying variables 

 
A variable is any factor that might affect the behaviour of an experimental setup. The factor 

that is manipulated  during an investigation is the independent variable. The factor that depends 

on the independents variable is the dependent variable.  

 

 
 

Fig. 8 . Graph 

 

 

A line graph shows how the dependent variable changes with the independent variable.  

 

Steps to plot line graphs from data tables: 

1. Identify the independent variable and the dependent variable in your data.  

2. Determine  the range of the independent variable to be plotted.  

3. Decide whether the origin (0,0) is a valid data point. 

4. Spread the data out as much as possible. Let each division on the graph paper stand for 

a convenient unit (multiplies of 2, 5, 10). 

5. Number and label the horizontal axis.  

6. Repeat the steps 2-5 for the dependent variable. 

7. Plot the data points on the graph. 

8. Draw the best-fit straight line or smooth curve that passes through as many data points 

as possible (eyeballing). Do not use a series of straight-line segments that connect the 

dots.  

9. Give the graph a title that clearly tells what the graph represents. 

 

 

 

 



 

 

 

 

 

Task 1: 

The mass values of specified volumes of pure gold nuggets are given in Table 1: 

 

Volume (cm3) Mass (g) 

1.0 19.4 

2.0 38.6 

3.0 58.1 

4.0 77.4 

5.0 96.5 

 

a) Plot mass versus volume from the values given in the table and draw the curve that best 

fits all points 

b) Describe the resulting curve 

c) According to the graph, what type of relationship exists between the mass of the puire 

gold nuggets and their volume? 

d) What is the value of the slope of this graph? Include the proper units. 

e) Write the equation showing mass as a function of volume for gold. 

f) Write a word interpretation for the slope of the line. 

 

 

 

 

Task 2: 

Drag data points and their error bars and watch the best-fit polynomial curve update instantly. 

You choose the type of fit: linear, quadratic, or cubic. The reduced chi-square statistic shows 

you when the fit is good. Or you can try to find the best fit by manually adjusting fit parameters. 

 

 

https://phet.colorado.edu/en/simulation/curve-fitting 

 

 

 

https://phet.colorado.edu/en/simulation/curve-fitting


 

 

 

 

 

 

Error bar – used to refer to the uncertainty of a data on a graph (the half-length of the error bar 

is equal to one standard deviation  

 

Solution task 1. 

 

a)  

b) a straight line, c) the relationship is linear, d) slope  
∆𝑦

∆𝑥
=  

96.5  g−19.4 g

5.0 cm3−1.0 cm3= 19 g/cm3, e) m = 

(19 g/cm3) V, f) The mass for each cubic centimetre of pure gold is 19 g. 

 

 

 

 

Motion diagrams 

 

Distance – is the entire length of an object´ s path, even if the object moves in many directions. 

Vector – a quantity that has a magnitude and a direction 

A time interval is a scalar (a quantity just a number) 

Magnitude – a measure of size (when drawing vectors, the magnitude of a vector is proportional 

to that vector´s length) 

Displacement – change in position, it has a direction, it is a vector 

The motion can be described using a data table, the motion diagram, and the graph. 
 

 

 

 



 

 

 

 

 
 

 

Fig. 8. Graph showing how the velocity (speed) of an object changes over time 

   

 If the line is horizontal, the velocity is constant (no acceleration) 

 If the line slopes upwards then the object is accelerating (speeding up) 

 If the line goes down then the object is decelerating (slowing down) 

The distance travelled by an object can be found by determining the area beneath the graph 

 

Fig. 9. Distance in the graph (Engineeringtoolbox com) 



 

 

 

 

 

 

Fig. 10. Graph distance traveled 

Graph distance traveled – the area enclosed inside the straght line in v-t diagram, the abscissa 

axis and the times t corresponds to the distance traveled. This property is valid for any kind of 

movements. 

The height of the rectangle is the average velocity. 

 

Calculation: ∆𝑥 = 𝑣𝑎 ∙ 𝑡 =  
𝑣+ 𝑣𝑜

2
t 

𝑣 =  𝑣0 + 𝑎𝑡 

∆𝑥 =  𝑣0 ∙ 𝑡 + 
1

2
𝑎𝑡 

 

 



 

 

 

 

 

Fig. 11. The acceleration of an object is given by the gradient of the graph 

 

 Acceleration (m/s2) = change in velocity (m/s) : time (s) 

 

 The gradient of the lines is proportional to the acceleration - the steeper the gradient, the faster 

the change in speed 

 Straight lines mean a constant speed 

 The area underneath the graph tells us the distance travelled 

 Lines that slope downwards have negative gradients and so can be said to have negative 

accelerations: This is the same thing as a deceleration 

 If the gradient of the line changes then the acceleration of the body must be changing: 

o A line with constant gradient represents constant acceleration (linear motion) 

o A curved line represents changing acceleration – either decreasing (if the 

gradient gets smaller) or increasing (if the gradient gets large) 



 

 

 

 

 

 

 

Fig. 12. Finding an acceleration graph from a velocity graph 

 
 

Fig. 13. Reading the graph 

 

 

 

 

 

 



 

 

 

 

Further reading: 

 

https://sciencing.com/analyze-graphs-8482849.html 

 

Velocity-time graph with geo gebra : https://www.geogebra.org/m/jsvPpNxT 

 

Task: 

https://phet.colorado.edu/sims/cheerpj/moving-man/latest/moving-

man.html?simulation=moving-man 

 

 

 

Derivative calculus in physics 

Many physical processes are described by equations involving derivatives, called differential 

equations. Physics is particularly concerned with the way quantities change and develop over 

time, and the concept of the "time derivative" — the rate of change over time — is essential 

for the precise definition of several important concepts. In particular, the time derivatives of 

an object's position are significant in Newtonian physics: 

 velocity is the derivative (with respect to time) of an object's displacement (distance from 

the original position) 

 acceleration is the derivative (with respect to time) of an object's velocity, that is, the 

second derivative (with respect to time) of an object's position. 

For example, if an object's position on a line is given by 

x(t) = 16t2 + 16t + 5 (m) 

then the object's velocity is 

v (t) = 32 t + 16                 (m/s) 

and the object's acceleration is 

a (t) = 32  (is constant)                (m/s2) 

 
 

In general 

 

https://sciencing.com/analyze-graphs-8482849.html
https://www.geogebra.org/m/jsvPpNxT
https://phet.colorado.edu/sims/cheerpj/moving-man/latest/moving-man.html?simulation=moving-man
https://phet.colorado.edu/sims/cheerpj/moving-man/latest/moving-man.html?simulation=moving-man
https://en.wikipedia.org/wiki/Differential_equation
https://en.wikipedia.org/wiki/Differential_equation
https://en.wikipedia.org/wiki/Time_derivative
https://en.wikipedia.org/wiki/Newtonian_physics
https://en.wikipedia.org/wiki/Velocity
https://en.wikipedia.org/wiki/Acceleration


 

 

 

 

 

Fig. 14. Kinematic graph 

A differential equation is a relation between a collection of functions and their derivatives. 

An ordinary differential equation is a differential equation that relates functions of one variable 

to their derivatives with respect to that variable. A partial differential equation is a differential 

equation that relates functions of more than one variable to their partial derivatives. Differential 

equations arise naturally in the physical sciences, in mathematical modelling, and within 

mathematics itself. For example, Newton's second law, which describes the relationship 

between acceleration and force, can be stated as the ordinary differential equation 

 
For example:  

 

𝐹𝑥 = 𝑚 𝑎𝑥 = 𝑚 
d𝑣𝑥

d𝑡
 = 𝑚

𝑑2𝑥

𝑑𝑡2  

 

 

Resources: 

 

Halliday, D., Resnick, R., Walker, J.: Fundamental of Physics, Willey, 2013. ISBN: 978-1-

118-23072-5. 

Young, H.D., Freedman, R.A.: University Physics with Modern Physics, Global Edition, 

Pearson 2019. 

Fyzika pro gymnázia, Prometheus 2020. High-school physics textbooks. 

 

 

 

 

 

 

 

 

 

 

https://en.wikipedia.org/wiki/Ordinary_differential_equation
https://en.wikipedia.org/wiki/Partial_differential_equation
https://en.wikipedia.org/wiki/Partial_derivative
https://en.wikipedia.org/wiki/Newton%27s_second_law



