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Physical Quantities, Measurement and Traceability 

Measurement is the disciplined route by which an observation becomes a defensible numerical statement. A 

physical phenomenon is first described, then a measurand is defined, a comparison is performed, and the result 

is reported as a numerical value, a unit and an uncertainty. Lecture 1 establishes this full chain and introduces 

the vocabulary needed throughout the course: controlled experimentation, physical quantities, direct and 

indirect measurement, units, standards, calibration and metrological traceability. 

Learning objectives 

• Explain why quantitative measurement is essential to science, technology and society. 

• Distinguish observation, classification, comparison and measurement. 

• Define a physical quantity through an operational comparison procedure. 

• Separate additive and non-additive quantities and direct and indirect measurement. 

• Relate resolution, uncertainty and the time dependence of a measurand. 

• Describe the SI, calibration and an unbroken chain of metrological traceability. 

Central principle 

A measurement becomes scientifically useful only when the measurand, comparison rule, numerical value, 

unit, uncertainty and traceability are stated clearly enough for another observer to understand and reproduce 

the result. 

Further interpretation 

The instrument is only one element of the measurement chain. The question asked, the experimental design, 

the model, the sampling strategy, the calibration and the reporting convention all influence what the final 

number means. A precise display does not by itself guarantee a valid result. 

1. Why physical science depends on measurement 

Physics seeks relationships that remain valid beyond one isolated observation. A verbal statement such as “the 

object moves quickly” may communicate an impression, but it cannot be tested with sufficient precision. 

Measurement replaces the impression with a defined quantity, a numerical value and a unit. When uncertainty 

is also given, the statement can be compared with a theoretical prediction, another experiment or a required 

tolerance. This possibility of quantitative comparison makes measurement a central part of scientific 

reasoning. 

G =  X(G) U 

The same logic extends beyond research laboratories. Technology uses measured information to control 

processes, verify device performance and improve reliability. Medicine uses measurement to support 

diagnosis and treatment decisions. Environmental monitoring translates concentrations, optical signals and 

particle counts into evidence for public-health and regulatory action. Trade depends on agreed quantities and 

units so that a kilogram, metre or kilowatt-hour has comparable meaning for different parties. 
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A measurement chain begins with a physical phenomenon and ends with an interpretation. Between those 

endpoints lie the selection of a property, the definition of the measurand, the comparison with a reference, the 

instrument response, data processing and uncertainty evaluation. A weakness at any one stage limits the final 

conclusion. An instrument with excellent resolution cannot correct a poorly defined measurand, an 

unrepresentative sample or an invalid physical model. 

Further interpretation 

A numerical result is not scientific merely because it contains many digits. Its credibility comes from the 

transparent connection between the real system, the measurement operation and the reported statement. In this 

course every calculation should therefore be read as part of a physical argument rather than as an isolated 

mathematical exercise. 

A useful diagnostic question is: what decision would change if the measured value moved by one uncertainty 

interval? This connects technical performance to scientific purpose and prevents specification of meaningless 

precision. 

2. The measurement chain and the structure of the course 

A reliable measurement is designed from the final question backwards. First identify the measurand: the 

particular quantity intended to be measured. Next choose the method, instrument and sampling strategy 

capable of responding to that quantity under the relevant conditions. The instrument output must then be 

converted into measured values through calibration or a known model. Random and systematic effects are 

evaluated, and the information is represented using appropriate digits, tables, graphs and distributions. 

physical phenomenon →  measurand →  comparison →  result →  decision 

Later stages of analysis cannot be separated from the early design. Uncertainty propagation requires 

knowledge of the measurement equation and the input correlations. Model fitting requires data collected over 

an informative range. A statistical conclusion is defensible only if the observations represent the population 

or process addressed by the question. For this reason the course proceeds from physical quantities and 

instruments through data presentation and uncertainty to probability, propagation, modeling and decisions. 

The practical workflow can be summarized as observe, define, compare, report and connect. Observation 

identifies a phenomenon. Definition selects the property and operational conditions. Comparison relates the 

property to a unit or calibrated response. Reporting states the value, unit and uncertainty. Traceability then 

connects the result through documented calibrations to recognized references, allowing results obtained at 

different locations and times to be compared. 
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Further interpretation 

Measurement quality is a property of the entire workflow. Improvement should target the limiting link rather 

than automatically selecting a more expensive instrument. A faster detector is useful only when temporal 

resolution is limiting; a more accurate calibration helps only when the measurand and sampling procedure are 

already appropriate. 

The five-stage chain also clarifies documentation. A laboratory notebook should record definitions and 

conditions, raw comparisons, calibration information, processing steps and the final statement so that the 

reasoning can be reconstructed. 

3. Measurement connects theory with empirical reality 

Scientific knowledge develops through a repeated cycle. An observation reveals a pattern or discrepancy and 

motivates a question. A hypothesis or model organizes the relevant ideas and produces a quantitative 

prediction. An experiment then creates observations under defined conditions, and measured evidence is 

compared with the prediction. Agreement supports the model within the tested range; disagreement may reveal 

an experimental problem, a missing influence or a limitation of the model. 

 

prediction −  measured value =  residual 

 

No finite collection of experiments proves a general physical model absolutely. A result can instead support, 

restrict or contradict a prediction under stated conditions. The distinction matters because every experiment 

covers a finite range of variables and has finite uncertainty. A linear response observed over a small interval 

does not guarantee linearity everywhere. A model that agrees within current uncertainty may become 

distinguishable from an alternative when the measurement is improved. 

Theory also guides the measurement. It identifies which quantities should be observed, predicts the scale and 

time dependence of the response, and helps separate relevant influences from background effects. Conversely, 

measurement constrains theory by providing results that a viable model must explain. The productive 

relationship is therefore two-way: theory gives measurement a precise question, and measurement gives theory 

an empirical test. 

Further interpretation 

A residual has no meaning without its uncertainty. A small numerical difference may be significant when 

uncertainty is very small, while a larger difference may be entirely compatible with noisy measurements. 

Quantitative testing therefore requires both the predicted and measured values to be expressed on compatible 

scales. 

Agreement never removes the need to examine assumptions. Two methods can share a hidden bias, while 

disagreement can reveal new physics. Independent measurement principles are especially valuable because 

their systematic effects are less likely to coincide. 
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4. Controlled experimentation and the logic of a fair test 

Several variables often affect the same observable. A controlled experiment selects one independent variable 

to change systematically, observes a dependent variable as the response, and holds other relevant conditions 

constant or monitors them for correction. This design reduces alternative explanations. The independent 

variable must cover a range and step size capable of testing the model, while the dependent variable must be 

defined with sufficient sensitivity, resolution and temporal response. 

response =  f(independent variable, influence quantities) 

Control does not mean that every influence is perfectly constant. Temperature, pressure, alignment or 

background may vary despite careful practice. The experimenter must decide whether to stabilize, measure, 

randomize or otherwise account for each influence. Replication tests whether the observed relationship 

persists. A control or reference condition can separate the effect of the deliberate intervention from drift or 

baseline behavior. 

Experimental conclusions are limited by the range of controlled conditions. If only one material, temperature 

or time interval is studied, the conclusion should not be generalized without justification. The protocol must 

state what was changed, what was measured, what was controlled and how repetitions were performed. These 

details are not administrative decoration; they define the physical meaning of the data. 

Further interpretation 

A fair test isolates an effect only within stated experimental limits. Randomization can reduce bias from slow 

drift, blinding can reduce observer influence, and repeated measurements can quantify variability. The 

appropriate controls follow from the physical pathways by which unwanted variables could change the 

response. 

Control variables should be chosen through causal reasoning. List how each environmental or procedural 

factor could reach the detector or specimen, then decide whether its influence is negligible, controlled, 

corrected or included in uncertainty. 

5. Galileo and the design of measurable phenomena 

Galileo’s inclined-plane studies illustrate a general experimental strategy: modify the conditions so that a 

difficult phenomenon becomes measurable without losing the essential physics. Free fall is rapid, and early 

timing methods could not resolve short intervals accurately. Reducing the inclination lowered the acceleration, 

spread successive positions and times farther apart, and created an observable process from which a 

mathematical relation could be inferred. 

s ∝  t² 

The important advance was controlled experimentation rather than passive observation. The ball and track 

could be kept the same while the inclination or release distance was varied systematically. Repeated trials 

revealed stable relations between travelled distance and elapsed time. Those relations could then be interpreted 

and extrapolated to idealized motion, while friction, finite ball size and timing limitations remained recognized 

experimental influences. 
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This example contains the complete logic of modern measurement design. The system is adjusted to match 

the available instrument bandwidth and resolution. A physical model connects the accessible motion to the 

target phenomenon. Repeated observations establish reproducibility, and deviations from the ideal model are 

evaluated instead of ignored. Good experiments make the desired information observable under controlled 

conditions. 

Further interpretation 

An experiment need not reproduce the ideal phenomenon literally. It may use slowing, amplification, 

modulation or transduction to move information into a measurable range. The essential requirement is a 

justified model linking the modified experiment to the target quantity, together with an uncertainty evaluation 

for that link. 

Modern examples use the same strategy as the inclined plane: amplifiers enlarge weak signals, lock-in 

detection shifts information away from noise, and dilution or attenuation brings a large signal into the 

calibrated range. 

6. From observation to an ordered numerical scale 

Observation can remain qualitative. One may record color, shape, texture or structure, or assign objects to 

classes using stated criteria. Comparative observation goes further by deciding which of two objects has more 

of a property. Quantitative measurement requires another step: the property must be connected to a 

reproducible numerical scale and a unit. Every measurement therefore includes observation, but many useful 

observations are not measurements. 

C <  B <  A 

To construct an ordered scale, a comparison procedure must determine whether two instances have smaller, 

equal or larger amounts of the property. The relation must be consistent and transitive: if A exceeds B and B 

exceeds C, then A must exceed C. Transitivity permits objects to be placed in a reproducible order. Numbers 

can then be assigned so that their numerical order preserves the experimentally established physical order. 

X(G)  =  G/U 

The numerical assignment must not be mistaken for the physical property itself. Temperature, length or mass 

belongs to the physical system, while the number depends on the chosen unit and scale convention. Two 

observers can use different units and obtain different numerical values for the same physical state. Conversion 

preserves the quantity only when the relation between the units is known. 

 

Further interpretation 

A meaningful scale begins with an operational rule. Terms such as “hotter,” “harder” or “brighter” become 

quantitatively useful only when the comparison conditions and instrument response are defined. Ambiguous 

procedures can generate numbers without creating a reproducible physical quantity. 
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Classification can still support measurement when categories are defined quantitatively. For example, particle 

shapes may be classified from measured aspect ratio, but the threshold and image-analysis method must be 

stated. 

7. Physical quantities and operational definitions 

A physical quantity is a property of a phenomenon, body or substance that can be distinguished qualitatively 

and determined quantitatively. The definition begins with an observable system, selects a measurable property 

and specifies a reproducible comparison operation. Examples include the length of a rod at a stated 

temperature, the duration between two defined events, or the electrical current through a specified cross-

section. 

G =  X(G)  ·  U 

The operational details are part of the measurand. The “diameter of a soft ball” is incomplete if contact force 

and orientation affect the result. The “temperature of a room” is incomplete if position, height, sensor response 

and averaging time are unspecified. A measurand need not list every imaginable detail, but it must be 

sufficiently specific for the intended accuracy and decision. 

0.375 m =  37.5 cm 

The numerical value X(G) tells how many units U correspond to the quantity G. It is dimensionless, whereas 

the unit carries the quantity type. Changing U changes X(G) inversely so that their product represents the same 

physical quantity. This separation explains why a bare number is not a complete measured result and why 

dimensional analysis is a powerful check on physical equations. 

Further interpretation 

Operational definition does not reduce physics to instrument readings. It makes explicit how a theoretical 

concept is connected to observable procedures. Different methods may realize the same measurand, and 

agreement between them provides strong evidence that method-specific effects are under control. 

A dimensional check cannot prove that an equation is correct, but dimensional inconsistency proves that it is 

wrong. Apply this check before inserting numbers, particularly in indirect measurements with several unit 

conversions. 

8. Additive and non-additive quantities 

An additive quantity has a physically meaningful composition rule. Two lengths can be placed end to end, 

two masses can be combined on a balance, and two time intervals can be concatenated. Repeated equal units 

or subdivisions can therefore construct a direct numerical measure. Additivity supports ratio statements: a 

length of two metres represents twice the length of one metre under the defined comparison. 

G₁ +  G₂ =  G₃  (additive composition) 

Other quantities can be ordered but are not additive. Bringing together two bodies at the same temperature 

does not create a body at twice that temperature. Combining materials of equal hardness does not double 

hardness. Such quantities require a scale established through a reproducible response or physical law. A 
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thermometer, for example, maps thermal state to liquid-column length, electrical resistance or another 

observable quantity. 

The distinction affects the measurement method but not the scientific legitimacy of the quantity. Non-additive 

quantities can be measured accurately when calibration establishes a stable mapping and the relevant 

conditions are controlled. The mapping may be linear over a limited range or nonlinear over a wider range; its 

uncertainty and validity become part of the measurement result. 

Further interpretation 

Order is sufficient for an ordinal scale, while additivity permits construction from repeated equal units and 

meaningful ratios. When interpreting a scale, ask which mathematical operations preserve physical meaning. 

Numerical addition is not automatically a valid physical operation merely because values are printed as 

numbers. 

Non-additive scales require care when averaging and comparing differences. Celsius temperature differences 

are meaningful, but ratios of Celsius values are not; thermodynamic temperature ratios require an absolute 

scale. 

9. Direct measurement, finite resolution and uncertainty 

Direct measurement compares an additive quantity with accessible copies or subdivisions of a chosen unit. In 

a length measurement the object is aligned with a calibrated scale, the endpoint is identified, and the 

corresponding intervals are counted. Even this apparently simple operation depends on alignment, viewing 

direction, contact, endpoint definition, scale calibration and the observer’s reading procedure. 

nU <  G <  (n + 1)U 

A real scale has finite graduations. If the endpoint lies between adjacent values nU and (n+1)U, the scale 

establishes a bounding interval rather than an exact value. A common estimate is the midpoint, with a half-

division interval when no finer information is available. Finer resolution narrows the interval, but it never 

makes uncertainty exactly zero. Environmental effects and calibration uncertainty may remain even when the 

displayed resolution is extremely small. 

G =  (X₀ ±  δX)U,    X₀ = n + 1/2,    δX = 1/2 

Resolution is the smallest change in input that produces a discernible change in indication under stated 

conditions. It is not automatically the total measurement uncertainty. A digital display may resolve 0.001 unit 

while calibration, repeatability or sampling produces much larger uncertainty. Conversely, repeated 

observations and model-based estimation may locate an average more precisely than one scale division, 

provided the assumptions are justified. 
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Further interpretation 

Uncertainty does not mean that the measurement failed. It expresses the finite range of values reasonably 

attributable to the measurand on the basis of available information. A result without uncertainty hides the 

limits needed for comparison, compatibility and decision-making. 

Do not confuse displayed digits with information. The report should retain only digits supported by the 

uncertainty, while intermediate calculations may keep extra digits to avoid rounding error. 

10. Indirect measurement and the role of a model 

Many target quantities cannot be compared directly with a repeated unit. They are obtained from accessible 

inputs through a measurement equation or calibration function. The target G is defined, quantities A, B and 

others are measured, and a physical model gives the numerical value X(G)=f[Y(A),Y(B),…]. The derived 

result is then stated with its unit and uncertainty. 

X(G) = f[Y(A), Y(B), … ] 

Average speed is a simple example. The travelled distance Δs and elapsed time Δt are measured over matching 

position events, and their ratio gives average speed. The distance scale, clock, timing gates, alignment and 

definition of the start and end events all influence the result. A speedometer may display speed directly to the 

user, but internally it relies on an indirect sensing relation connecting rotation, pulses, or Doppler shift to 

motion. 

v̄ =  Δs/Δt 

Indirect measurement is not inherently less reliable than direct measurement. A well-characterized transducer 

and calibrated model can outperform a direct comparison. However, the model becomes part of the 

measurement and must be validated over the operating range. Each input uncertainty is transferred to the 

result, and sensitivity can amplify some contributions. Omitted variables or inappropriate assumptions create 

errors that numerical precision cannot reveal. 

Further interpretation 

Before calculating an indirect result, write the measurement equation and define every input. Check 

dimensions, operating conditions, and whether all inputs refer to the same event or specimen. Later uncertainty 

propagation follows exactly this model, so an incomplete equation leads to an incomplete uncertainty 

statement. 

A measurement equation should include corrections when relevant. Writing G=f(A, B,...) forces the analyst 

to identify whether calibration factors, offsets, environmental corrections, or geometry are genuine inputs. 
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11. Calibration and measurement of non-additive quantities 

Calibration establishes a relation between the indications of an instrument and corresponding quantity values 

provided by standards under specified conditions. A liquid-in-glass thermometer illustrates the principle. 

Thermal interaction brings the bulb toward equilibrium with the object. Expansion changes the liquid-column 

length, which is directly observable. Reference states then establish the mapping between column length and 

temperature. 

T =  f(l) 

The calibration relation may be written T=f(l), but this compact notation represents an experimental procedure. 

It depends on immersion, equilibrium time, pressure, liquid properties, glass expansion and the stability of the 

reference temperatures. Calibration determines the response relation and its uncertainty; it does not make the 

instrument permanently correct under every later condition. 

corrected value =  indication +  correction 

During use, calibration results are applied to convert indications into measured values or corrections. The 

instrument must remain within its calibrated range and environmental conditions, and its behavior must be 

monitored between calibrations. Drift, hysteresis, loading, nonlinearity and response time can make the current 

measurement differ from the calibration situation. A valid result therefore combines the certificate information 

with knowledge of actual use. 

Further interpretation 

Calibration and adjustment are different. Calibration determines the relationship and associated uncertainty; 

adjustment changes the instrument to improve its indication. An instrument can be calibrated without being 

adjusted, and after adjustment it normally requires a new calibration to characterize the altered response. 

The best calibration interval is risk-based: it depends on instrument stability, use, environmental stress, 

required uncertainty and evidence from previous calibrations. A calendar interval alone does not guarantee 

validity. 

12. Time dependence and the required measurement strategy 

The dynamics of the measurand determine the required sampling rate, bandwidth and observation duration. 

For a constant quantity X(t)=X₀, repeated readings can test stability and reduce random effects. A periodic 

quantity satisfies X(t+T)=X(t); its amplitude, frequency and phase can be recovered only if the sampling and 

detector response resolve the waveform. Sampling too slowly can produce aliasing and a misleading apparent 

frequency. 

X(t) = X₀ 

A transient signal exists or changes significantly during a short interval. Detector bandwidth, rise time, trigger 

synchronization and pre-trigger recording become decisive. An instrument that reports an accurate steady 

value may miss the peak of a transient completely. Averaging can reduce noise but may also smooth physically 

important features. The measurement objective must specify whether the desired quantity is a peak, integral, 

duration or time-resolved waveform. 
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X(t + T) = X(t) 

A random signal is not predictable point by point from one observation. It is described through statistical 

properties such as a mean, variance, probability distribution, correlation time or spectral density. Observation 

time must be long compared with relevant fluctuations, and successive samples must contain sufficient 

independent information. The same sensor can succeed for a steady signal and fail for a fast or strongly 

correlated process. 

Further interpretation 

Temporal resolution is part of the measurand definition. “Temperature at 12:00” and “one-hour mean 

temperature centered at 12:00” are different quantities. Recording settings should therefore be chosen from 

the physics of the signal, not merely from the maximum data rate available. 

For periodic signals, a sampling rate above twice the highest frequency is a minimum anti-aliasing condition 

for an ideally band-limited signal. Practical systems also require anti-alias filtering and margin for non-ideal 

response. 

13. Random events, counting and statistical stability 

Some measurements consist of discrete events: photon detections, radioactive decays, particle arrivals or 

electronic pulses. The precise time of the next event may be unpredictable, yet repeated or long observations 

reveal stable average behavior. Counting N events during a defined interval Δt gives an observed rate R=N/Δt. 

The result depends on the window length, detection efficiency, dead time and rules used to distinguish true 

events from background. 

R = N/Δt 

For independent events occurring at a constant mean rate, the count commonly follows a Poisson model. Its 

variance equals its expected count, so the standard deviation is approximately √N for a sufficiently 

representative observation. The relative counting fluctuation therefore scales as 1/√N. Longer acquisition 

improves relative precision, but only while the rate remains stable and instrumental limitations do not 

introduce missed or correlated events. 

u(N) ≈ √𝑁,    u(R)/R ≈ 1/√𝑁 

Statistical regularity does not make individual events deterministic. It enables ensemble quantities to be 

measured reproducibly. Repeating the counting interval estimates both the average rate and its fluctuation. 

Trends, bursts or periodic modulation require a richer time-dependent model rather than a single stationary 

rate. Background counts should be measured and subtracted using compatible intervals, with their uncertainty 

retained. 
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Further interpretation 

Increasing the sample size addresses random counting fluctuation but not all limitations. Detector efficiency, 

calibration, background correction and sample representativeness can dominate after statistical noise becomes 

small. The complete result must include these contributions rather than quoting √N alone. 

Dead time can make the observed count rate nonlinear at high event rates. Background subtraction can also 

dominate low-rate measurements. Both effects belong in the model and calibration of the counting system. 

14. The SI as a complete, coherent and decimal system 

A practical system of units must cover all quantities used in physical equations. The International System of 

Units is built from seven base quantities: time, length, mass, electric current, thermodynamic temperature, 

amount of substance and luminous intensity. Their units are the second, metre, kilogram, ampere, kelvin, mole 

and candela. Derived quantities obtain their units from equations connecting them to the base quantities. 

1 N =  1 kg · m · s⁻² 

Coherence means that derived-unit equations contain no additional numerical conversion factors when 

coherent SI units are used. From v=Δs/Δt follows metre per second. From F=ma follows kg·m·s⁻², named the 

newton. Energy E=Fs gives kg·m²·s⁻², named the joule, and pressure p=F/A gives kg·m⁻¹·s⁻², named the 

pascal. Dimensional consistency provides an immediate check on equations and calculations. 

1 J =  1 kg · m² · s⁻² 

The decimal structure forms multiples and submultiples systematically using powers of ten and prefixes. One 

kilometre is 10³ metres and one millimetre is 10⁻³ metres. Prefixes must be applied consistently, especially 

when units are squared or cubed: 1 cm² equals 10⁻⁴ m², not 10⁻² m². Values should normally be reported using 

a prefix that keeps the numerical part readable without obscuring the scientific scale. 

1 Pa =  1 kg · m⁻¹ · s⁻² 

Further interpretation 

Completeness, coherence and decimal scaling make equations portable across laboratories and disciplines. 

Non-SI units may remain useful in particular contexts, but conversion should be explicit and traceable. Mixing 

unit systems inside one calculation is a common source of large, avoidable errors. 

Named SI units improve readability but do not change dimensions. Expressing pressure in pascals or N·m⁻² 

represents the same coherent unit and allows the physical equation to be checked directly. 

15. Modern SI definitions, standards and realization 

Historically, units were represented by local body-based measures, rods, balances and later international 

artifacts. Physical objects are accessible, but they can change, be damaged, or remain available only in one 

location. Natural phenomena offer broader reproducibility, and modern metrology increasingly connects units 

to invariant behavior. Since the 2019 revision, all SI base units are defined through fixed numerical values of 

selected defining constants. 

s ↔  ΔνCs 
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The second is linked to the caesium-133 hyperfine transition frequency, the metre to the speed of light, the 

kilogram to the Planck constant, the ampere to the elementary charge, the kelvin to the Boltzmann constant, 

the mole to the Avogadro constant and the candela to a specified luminous-efficacy constant. The numerical 

values of these defining constants are exact by definition; uncertainty arises when laboratories realize the units 

experimentally. 

m ↔  c 

A definition states what the unit is, while a realization is the practical experiment that makes it available. 

Different realization methods can coexist and improve over time without changing the unit definition. National 

metrology institutes maintain high-level realizations and compare them internationally. This structure replaces 

dependence on a unique artifact with reproducible experiments connected to constants of nature. 

kg ↔  h 

Further interpretation 

The 2019 redefinition did not suddenly change everyday kilograms or metres. It changed the foundation of 

the system while preserving continuity with previous realizations within uncertainty. The major benefit is 

long-term stability and the possibility of realizing units at different scales and locations using advancing 

technology. 

A constant-based definition supports universal access in principle, but high-accuracy realization may require 

sophisticated apparatus. Calibration chains transfer that accuracy efficiently to ordinary laboratories. 

16. Calibration chains and metrological traceability 

Metrological traceability is the property of a measurement result whereby it can be related to a reference 

through a documented, unbroken chain of calibrations, each contributing to measurement uncertainty. At the 

top, an international or national realization makes the unit available. Reference standards transfer it to working 

standards, which calibrate routine measuring instruments used on samples and processes. 

u²(result)  =  u²(reference)  +  u²(calibration) +  u²(use) 

Every link must be documented and technically valid. Calibration conditions, procedures, reference values 

and uncertainties are recorded; equipment is maintained; intervals are selected according to stability and risk. 

The uncertainty generally increases as the chain moves from the primary realization toward routine 

measurement because each comparison adds a contribution. Traceability therefore connects the result not only 

to a unit but also to a quantified uncertainty chain. 

Traceability makes measurements comparable across laboratories and time, but it does not by itself guarantee 

that the correct measurand was measured or that sampling was representative. A perfectly traceable 

thermometer placed at the wrong location produces a traceable result for that location, not necessarily the 

desired room temperature. Metrological quality combines traceability with valid method, calibration status, 

suitable instrument performance and appropriate measurement conditions. 
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Further interpretation 

The final reported number becomes defensible when its reference chain and uncertainty are both known. 

Calibration certificates should be read as quantitative inputs rather than administrative documents. Their 

values, corrections, validity range and uncertainty must be applied to the actual measurement model. 

Traceability is always stated to a reference, not as an isolated label. The reference may be an SI unit, a certified 

reference material, a specified method or another agreed standard appropriate to the measurand. 

17. Integrated workflow for the first measurement 

Begin every experiment by stating the question and defining the measurand with its relevant conditions. 

Identify whether the target quantity is additive or requires an indirect or calibrated route. Write the comparison 

principle or measurement equation, select an instrument with suitable range, resolution, bandwidth and 

environmental tolerance, and design controls that separate the intended influence from competing effects. 

G =  (x ±  u) U 

Before acquisition, confirm calibration status and traceability, choose the sampling interval and number of 

repetitions, and record the conditions needed for interpretation. During acquisition, preserve raw observations 

and note anomalies rather than silently removing them. After acquisition, convert indications using the 

applicable calibration, maintain consistent units, inspect the temporal and statistical behavior, and evaluate all 

important uncertainty sources. 

Report the result using a clear numerical value, unit and uncertainty, together with the method and conditions 

required to understand it. Use only justified significant digits. Explain whether the value represents an 

instantaneous reading, an average, a derived result or an estimate from discrete events. Finally, compare the 

result with the prediction or decision criterion using the uncertainty and the validity range of both. 

Lecture 1 therefore supplies the conceptual map for the whole course. Physical quantities provide the 

language, operational definitions connect that language to procedures, units enable numerical comparison, 

calibration establishes instrument response, and traceability connects local results to recognized references. 

Later lectures add detailed tools, but they all operate within this same measurement chain. 

Further interpretation 

The central habit is to ask what every number physically represents and how it is connected to observation. If 

the measurand, unit, uncertainty or traceability is missing, the measurement statement is incomplete. If all are 

explicit, another scientist can evaluate, compare and reproduce the result. 

For the first laboratory task, write one sentence for each link: phenomenon, measurand, method, instrument 

indication, calibration relation, uncertainty, unit, traceability and intended interpretation. Missing sentences 

reveal missing design decisions. 

Consider the apparently simple task of determining the average speed of a trolley. The measurand is not merely 

“speed,” but the average speed between two defined positions during a specified run. The method measures 

the separation of the gates and the elapsed time between their signals. The ruler and timer require calibration 
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or verified specifications; gate geometry, trolley trajectory and trigger threshold become influence quantities. 

Repeated runs reveal variability, while resolution and calibration information contribute additional 

uncertainty. The calculated ratio is meaningful only because the distance and time correspond to the same 

interval of motion. 

A complete report might state that the average speed between the selected gate planes was obtained from their 

calibrated separation divided by the measured transit time, under the stated track and release conditions. It 

would give the result in metres per second with uncertainty, describe the number of repetitions and identify 

the dominant limitations. This is more informative than a display reading alone because it tells the reader what 

was measured, how the value was obtained and which comparisons are justified. 

The same template applies to more complex measurements. Replace the trolley with an optical signal, aerosol 

sample, thermal process or electrical circuit; the questions remain unchanged. What is the measurand? Which 

observable carries information about it? What model converts the observable into a value? Which conditions 

affect that conversion? Which reference supports the unit? What uncertainty limits the final conclusion? 

Systematically answering these questions turns an experimental procedure into a defensible measurement. 

This framework also guides troubleshooting. If repeated values scatter, examine stability, sampling and 

detector noise. If two instruments disagree, compare their measurands, calibration corrections, response times 

and traceability chains before declaring either one wrong. If an apparently precise result conflicts with physical 

expectations, check units, model assumptions, range and unrecorded influence quantities. Measurement 

science is therefore not only a way to calculate results; it is a structured method for discovering why results 

deserve confidence. 


