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Measurement: An experimental process that produces a value that can reasonably be 

attributed to a quantitative property

Measurand: Property that is the object of measurement. It has a numerical magnitude and 

a reference that gives meaning to that numerical magnitude.

Example:

Measurement: Determining the mass of a sample by putting it on a balance and reading 

the indicated value from the scale, including all required preparation and calibration 

procedures.

Measurand: Value read from the scale

Reference: the mass of the International Prototype Kilogram is 1 kg (if the scale ist

referenced to SI units).

After nist.gov



ACCURACY

NIEDERLEITHINGER NDT SLIDES ACCURACY UNCERTAINTY POD 6



ACCURACY

NIEDERLEITHINGER NDT SLIDES ACCURACY UNCERTAINTY POD 7



UNCERTAINTY

NIEDERLEITHINGER 

NDT SLIDES 

ACCURACY UNCERTAINTY 

POD
8



UNCERTAINTY
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GUM:  measurement uncertainty: a "parameter, associated with the result 

of a measurement, that characterizes the dispersion of the values that 

could reasonably be attributed to the measurand‘’.

VIM: a "non-negative parameter characterizing the dispersion of the 

quantity values being attributed to a measurand, based on the information 

used‘’.

VIM: “International Vocabulary of Metrology”, 

https://jcgm.bipm.org/vim/en/1.4.html

GUM?

http://www.bipm.org/utils/common/documents/jcgm/JCGM_100_2008_E.pdf
http://www.bipm.org/utils/common/documents/jcgm/JCGM_200_2008.pdf
https://jcgm.bipm.org/vim/en/1.4.html
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First edition September 2008

© JCGM 2008

https://www.bipm.org/en/comm

ittees/jc/jcgm/publications 

https://www.bipm.org/en/committees/jc/jcgm/publications
https://www.bipm.org/en/committees/jc/jcgm/publications
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0.1 “When reporting the result of a measurement of a physical quantity, 

it is obligatory that some quantitative indication of the quality of the 

result be given so that those who use it can assess its reliability. 

Without such an indication, measurement results cannot be compared, 

either among themselves or with reference values given in a 

specification or standard. It is therefore necessary that there be a 

readily implemented, easily understood, and generally accepted 

procedure for characterizing the quality of a result of a measurement, 

that is, for evaluating and expressing its uncertainty.”
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0.2 “The concept of uncertainty as a quantifiable attribute is relatively 

new in the history of measurement, although error and error analysis 

have long been a part of the practice of measurement science or 

metrology. It is now widely recognized that, when all of the known or 

suspected components of error have been evaluated and the 

appropriate corrections have been applied, there still remains an 

uncertainty about the correctness of the stated result, that is, a doubt 

about how well the result of the measurement represents the value of 

the quantity being measured.”



GUM: INTRODUCTION

NIEDERLEITHINGER NDT SLIDES ACCURACY UNCERTAINTY POD 13

0.3, 0.4  

“.. it is imperative that the method for evaluating and expressing 

uncertaintybe uniform throughout the world so that measurements performed 

in different countries can be easily compared.“

“The ideal method for evaluating and expressing the uncertainty … should be 

universal: the method should be applicable to all kinds of measurements and 

to all types of input data  ... “

fraction of the distribution of values
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A measurand Y is in most cases determined by N other quantities Xi :

𝑌𝑖 = 𝑓(𝑋1, 𝑋2, … , 𝑋𝑁)

Note: the Xi may depend themselves of many other quantities

Note: the Xi may be categorized as

• Quantities, whose values and uncertainties are directly determined in the 

current measurement (single or repeated observations, judgement based on 

experience, corrections, …)

• Quantities, whose values and uncertainties are brought in from external 

sources (data from handbooks, certified reference materials, calibrated 

measurement standards)
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An output estimate y of measurand Y is obtained by input estimates xi :

𝑦𝑖 = 𝑓(𝑥1, 𝑥2, … , 𝑥𝑁)

The estimated standard deviation associated with the output estimate or 

measurement result y, termed combined standard uncertainty uc(y), is 

determined from the estimated standard deviation associated with each 

input estimate xi, termed standard uncertainty u(xi).
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Each input estimate xi and its standard uncertainty u(xi) are determined by a 

distribution of possible values of the input quantity Xi

The probability distribution may be 

• frequency based (based on a series of observations Xi,k of Xi ), requiring a 

Type A evaluation

• An a priori distribution, requiring a type B evaluation
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The best estimate of the experimental variance of the mean is given by:

𝑠2( ഥ𝑋𝑖) =
𝑠2(𝑋𝑖,𝑘)

𝑛

This (or the corresponding experimental standard deviation of the mean) 

quantify how well the mean estimates the expected value of 𝑋𝑖.

Both can be used as a measure of the uncertainty u²(xi) resp. u(xi)

(“Type A variance” resp. “Type A standard uncertainty).

Variance: more fundamental quantity

Standard Deviation: Easier to use as same unit as the variable.
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In most cases the best available estimate for a randomly varying quantity Xi

is the arithmetic mean (average) of n observations:

ഥ𝑋𝑖 =
1

𝑛
෍

𝑘=1

𝑛

𝑋𝑖,𝑘

The variance due to random effects is calculated by:

𝑠2 ഥ𝑋𝑖 =
1

𝑛 − 1
෍

𝑘=1

𝑛

(𝑋𝑖,𝑘 − ഥ𝑋𝑖)
2

The estimated variance s² and its square root, the experimental standard 

deviation s, characterise the dispersion of values around their mean.

GUM: TYPE A EVALUATION (SIMPLIFIED)
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Example: 

1) Physics/Math: Normal distribution (“the perfect world”)

GUM: TYPE A EVALUATION (SIMPLIFIED)
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Example:

2) Reality: some discrete values measured 

GUM: TYPE A EVALUATION (SIMPLIFIED)
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For quantities not obtained by repeated observations, 

“Type B variance/standard deviation” (and thus uncertainty)

are evaluated by scientific judgement.

Information may include:

• previous measurement data;

• experience with or general knowledge of the behaviour and properties of 

relevant materials and instruments;

• manufacturer's specifications;

• data provided in calibration and other certificates;

• uncertainties assigned to reference data taken from handbooks.

GUM: TYPE B EVALUATION (SIMPLIFIED)
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In many cases a rectangular distribution is assumed:

GUM: TYPE B EVALUATION (SIMPLIFIED)
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More realistic: triangular or trapezoidal distributions:

GUM: TYPE B EVALUATION (SIMPLIFIED)
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Case 1: all input quantities independent (uncorrelated)

Combining all standard uncertainties of the input estimates xi:

𝑢𝑐
2(𝑦) = ෍

𝑖=1

𝑁 𝜕𝑓

𝜕𝑥𝑖

2

𝑢2(𝑥𝑖)

Why the derivatives? Sensitivity coefficients!

GUM: COMBINED STANDARD UNCERTAINTY
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Case 2: correlated input quantities (interdependent

Combining all standard uncertainties of the input estimates by using the 

estimated covariance u(xi,xj):

𝑢𝑐
2(𝑦) = ෍

𝑖=1

𝑛

෍

𝑗=1

𝑛
𝜕𝑓

𝜕𝑥𝑖

𝜕𝑓

𝜕𝑥𝑗
𝑢(𝑥𝑖 , 𝑥𝑗)

GUM: COMBINED STANDARD UNCERTAINTY
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1) Express mathematically the relationship between the measurand Y and 

the input quantities Xi on which Y depends: Y = f (X1, X2, ..., XN)

The function f should contain every quantity, including all corrections and 

correction factors, that can contribute a significant component of 

uncertainty to the result of the measurement

2) Determine xi, the estimated value of input quantity Xi, either on the basis 

of the statistical analysis of series of observations or by other means.
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3) Evaluate the standard uncertainty u(xi) of each input estimate xi. 

• For an input estimate obtained from the statistical analysis of series of 

observations, the standard uncertainty is evaluated by  a type A evaluation 

• For an input estimate obtained by other means, the standard uncertainty 

u(xi ) is evaluated by a type B evaluation.

4) Evaluate the covariances associated with any input estimates that are 

correlated (see 5.2)

5) Calculate the result of the measurement, that is, the estimate y of the 

measurand Y, from the functional relationship f using for the input 

quantities Xi the estimates xi obtained in step 2.
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6) Determine the combined standard uncertainty uc(y) of the measurement 

result y from the standard uncertainties and covariances associated with 

the input estimates

7) If it is necessary to give an expanded uncertainty U, whose purpose is to 

provide an interval y − U to y + U, multiply the combined standard 

uncertainty uc(y) by a coverage factor k, typically in the range 2 to 3, to 

obtain U = kuc(y). 

8) Report the result of the measurement y together with its combined 

standard uncertainty uc(y) or expanded uncertainty U. Describe how y and 

uc (y) or U were obtained.
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The material provided in the next slide was prepared by a colleague 

of the instructor, Dr. Stefan Küttenbaum, for a conference.

The copyright for this material is with the original authors, not the 

instructor. Used here with permission.
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„The basis for decisions are the information 

available about the considered system.“

Information can be

𝑡𝑟𝑢𝑒
𝑏𝑖𝑎𝑠𝑒𝑑

+ 
𝑝𝑟𝑒𝑐𝑖𝑠𝑒

𝑖𝑚𝑝𝑟𝑒𝑐𝑖𝑠𝑒
+ 

𝑐𝑜𝑚𝑝𝑎𝑟𝑎𝑏𝑙𝑒
𝑖𝑛𝑐𝑜𝑚𝑝𝑎𝑟𝑎𝑏𝑙𝑒

+ 
𝑟𝑒𝑙𝑒𝑣𝑎𝑛𝑡

𝑖𝑟𝑟𝑒𝑙𝑒𝑣𝑎𝑛𝑡
.

The condition of measured information 

must be known, especially when it is to 

be used in safety-relevant calculations!

Source: www.facebook.com/pedromics

Fig. acc. to e.g. M. Krystek, Calculating measurement uncertainties, 

Beuth, 2016 & W. Hässelbarth, EUROLAB Technical Report No. 1/2006
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d𝑑 =
𝑣  𝑡

 

vc

t

output quantity (measurand)

conversion quantity

input quantity in the measurement model

𝑡 = 𝑡        −  𝑡      − 𝑡   

𝑑 — depth or thickness
𝑑  — reference depth or reference thickness 
𝑣𝑐 — ultrasonic pulse velocity
𝑡  — transit time for the determination of the measurand
𝑡  — transit time 𝑡1, 𝑡2 for the determination of ultrasonic pulse velocity (* in case of ultrasonic-echo)

𝑣 =
  𝑑 

𝑡 

   
t‘

d‘

Δt‘T/R

𝑡 = 𝑡         −  𝑡       − 𝑡    

Δt‘offset

t‘meas.

ΔtT/R

Δtoffset

tmeas.

tmeasured

uncertainty component

 𝑡1

 𝑡2

 𝑡 

 𝑡 

 𝑡 

Model of the measurement:

 𝑌 = 𝑓(𝑋𝑖)

Küttenbaum, S.; Maack, S.; Taffe, A.: Structural safety referring to
ultrasound on concrete bridges. Beton- und Stahlbetonbau 113 (2018), S2, S. 7–13

Measurand 𝑌~𝑁

≙ 𝜎

𝜇 ≙ ො𝑦

d𝑑 =
𝑣  𝑡

 

vc

t

output quantity (measurand)

conversion quantity

input quantity in the measurement model

𝑡 = 𝑡        −  𝑡      − 𝑡   

𝑑 — depth or thickness
𝑑  — reference depth or reference thickness 
𝑣𝑐 — ultrasonic pulse velocity
𝑡  — transit time for the determination of the measurand
𝑡  — transit time 𝑡1, 𝑡2 for the determination of ultrasonic pulse velocity (* in case of ultrasonic-echo)

𝑣 =
  𝑑 

𝑡 

   
t‘

d‘

Δt‘T/R

𝑡 = 𝑡         −  𝑡       − 𝑡    

Δt‘offset

t‘meas.

ΔtT/R

Δtoffset

tmeas.

tmeasured

uncertainty component

 𝑡1

 𝑡2

 𝑡 

 𝑡 

 𝑡 

Reference: Küttenbaum, S. et al. (2022): Approach to the development of a model to quantify 
the quality of tendon localization in concrete using ultrasound. ICCRRR2022.
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Tendon localization using ultrasonic-echo
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Mounting depth of a tendon duct

𝑌 = 𝐷𝑆𝑝 =
𝐶𝑇 

2
− ⋯

with   𝑇 = 𝑇𝐴 − ⋯− ∑𝑇𝑖

and  𝐶 =
2𝐷𝐶𝑇

 𝐶𝑇

− ⋯− CT,i − ⋯

1. Definition of measurand 𝑌 = 𝑓(𝑋𝑖)
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Tendon localization using ultrasonic-echo
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Mounting depth of a tendon duct

𝑌 = 𝐷𝑆𝑝 =
𝐶𝑇 

2
− ⋯

with   𝑇 = 𝑇𝐴 − ⋯− ∑𝑇𝑖

and  𝐶 =
2𝐷𝐶𝑇

 𝐶𝑇

− ⋯− CT,i − ⋯

Reference: Dissertation Küttenbaum, S. (2021)

2. Identification of input quantities 𝑋𝑖
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Tendon localization using ultrasonic-echo
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Propagation velocity acc. to Type B

3. Quantification of input quantities 𝑋𝑖
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Tendon localization using ultrasonic-echo
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Propagation velocity 𝑣

• Expert judgement of two limits: 
„We individually expect 𝑐  to lie 
between  .750… .850 𝑚 𝑠. That‘s 
all we know!.“

➔ Uniform distr. with parameters:

𝑎 =  .750 𝑚 𝑠 𝑏 =  .850 𝑚 𝑠

𝐸(𝑋𝑖) =  .800 𝑚 𝑠

𝑣

D
e
n
s
it
y 𝑢 ො𝑥𝑖 ≈  9 𝑚 𝑠

Type B:
1. Definition of a distribution type
2. Calculation of expected value 

and variance

Fig.: ©2006 BMJ Publishing Group 

Ltd., Matthew Freeman, J Epidemiol 

Community Health. 2006 Jan; 60(1): 

6.  https://www.ncbi.nlm.nih.gov/pm

c/articles/PMC2465539/

3. Quantification of input quantities 𝑋𝑖
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1) Component temperature varies during the measurements by a maximum of Δ𝑇 =  0𝐾.

2) Suitable values for the propagation velocity are determined on average.

3) In the aforementioned temperature range, the change is Δ𝑐 = −0,05% 1𝐾.

4) Let a frequently suitable value for the 𝑆𝐻- wave velocity in concrete be 𝑐 ≈ 3.000𝑚 𝑠.

→ 𝐶 , ~𝑈 −15𝑚𝑠−1; +15𝑚𝑠−1

→ 𝑢 Ƹ𝑐 , ≈ 9𝑚𝑠−1

Component temperature
𝐶 =

 𝐷𝐶𝑇

𝑇𝐶𝑇

− ⋯− CT,T − ⋯

3. Quantification of input quantities 𝑋𝑖
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Offset 𝑇𝑉 = −(𝑇2
𝑀𝐸 −  𝑇1

𝑀𝐸)

  𝑇 = 𝑇𝐴 − ⋯− 𝑇𝑉 − ⋯

Displayed ToFs

→ Type A

3. Quantification of input quantities 𝑋𝑖

1st multiple reflectionbackwall echo

ToF



3. Quantification of input quantities 𝑋𝑖
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Time- & frequency-dependent changes in pulse shape

Reference: DGZfP-Merkblatt B04

“Black box” NDT-system 𝑇𝑀

Measuring scale resolution 𝑇 

Changes in pulse shape 𝑇𝐴,  

Varying moisture 𝐶 , 

Varying temperature 𝐶 , 

Reference thickness 𝐷𝐶𝑇

time of 

flight  

“Competing” reflectors 𝑇𝐴, 𝑆

Propagation velocity 𝐶 

Offset (data acquisition delay) 𝑇𝑉

Uneven surface 𝐷𝑆𝑝, 

Equipment

Transmitter-receiver-spacing 𝑇𝑆𝐸

tendon:

depth  

Human factor *
* delimited in 

this study
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Measured quantity value

Combined standard meas. uncertainty

𝑢(𝑦ො) =  ෍𝑐𝑖
2𝑢²(𝑥ො𝑖)

𝑛

𝑖=1

+ 2෍ ෍ 𝑐𝑖𝑐𝑗𝑢(𝑥ො𝑖,𝑥ො𝑗 )

𝑛

𝑗 =𝑖+1

𝑛−1

𝑖 =1

. 

 

𝑦ො = 𝑓(𝑥ො1,… , 𝑥ො𝑛). 

 

ො𝑦 ± 𝑈 ො𝑦  ≡ Interval containing the 

value of the measurand 

(e.g. mean) with a defined 

probability (of e.g. 95%)

based on the available info

4. Measurement result ො𝑦; 𝑢 ො𝑦 ; distr. type



Proposed model

Tendon localization using ultrasonic-echo
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Measurement result:

𝑑𝑆𝑝,𝑦
 ~𝑁(𝜇 = 14,9 𝑐𝑚; 𝜎 = 0,6 𝑐𝑚) 

Basis- Ursprüngliches Modell Messdatenbasiertes Modell 

variable Verteilung 𝐸(𝑋)  𝜎𝑋  (𝑉𝑋) Verteilung  𝐸(𝑋   )  𝜎𝑋     

𝑑𝑆𝑝 ,𝑦  / cm N 16,3  1,0 (6,1 %)  N 16,8  𝑢 = 0,8 (Radar) 

 

Initial model NDT-supported model
Distr. type Distr. type

14,9 0,6 (ultrasound; 4 %)

4. Measurement result ො𝑦; 𝑢 ො𝑦 ; distr. type



More details:

Küttenbaum S. et al.: Reliability assessment of existing structures 
using results of nondestructive testing. Structural Concrete. (2021) 
https://doi.org/10.1002/suco.202100226 

Outlook

NDT-results in structural assessment
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targeted planning of measures

optimized resource consumption

increased level of approximation

improved life time prediction

https://doi.org/10.1002/suco.202100226
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SOURCES
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MIL-HDBK-1823A

DEPARTMENT OF DEFENSE

HANDBOOK

NONDESTRUCTIVE EVALUATION 

SYSTEM

RELIABILITY ASSESSMENT

http://www.statisticalengineering.com/mh1

823/MIL-HDBK-1823A(2009).pdf
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http://www.statisticalengineering.com/mh1823/MIL-HDBK-1823A(2009).pdf
http://www.statisticalengineering.com/mh1823/MIL-HDBK-1823A(2009).pdf


SOURCES
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ZfP(NDT)-Wiki

TU Munich

(Chair for NDT, 

Prof. Christian Große)

http://zfp.cbm.bgu.tum.d

e/mediawiki/index.php
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http://zfp.cbm.bgu.tum.de/mediawiki/index.php
http://zfp.cbm.bgu.tum.de/mediawiki/index.php
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Source: MIL-HDBK-1823A

Purpose:

Characterize the reliability of NDT to

• Find a specific flaw/feature: (Hit/Miss) with a desired reliability

(e. g. “is there a crack?”)

Or

• Measure a specific quantity â with a required accuracy

(e. g. depth of crack)
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POD
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POD
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Source: MIL-HDBK-1823A

Perfect inspection situation:
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POD
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Source: MIL-HDBK-1823A

More realistic: 
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POD
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POD DETERMINATION
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Source: MIL-HDBK-1823A

Experimental design – objectives (shortened):

• not to determine the smallest crack the system can find 

• to determine the largest crack the system can miss.

• to establish the relationship between POD and target size (or other 

variables)

• to determine the potential for false positives (false calls) at each set 

of conditions,,

• To do this use representative specimens with targets of known size 

(and other characteristics to be evaluated)

• Real

• numerical
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POD DETERMINATION
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Source: MIL-HDBK-1823A

Account for:

• Specimen preprocessing

• Inspector

• Inspections Materials

• Sensor

• Inspection setup (calibration)

• Inspection process

• Imaging consideration
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POD DETERMINATION
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Source: MIL-HDBK-1823A

Test matrix:

• All relevant variables

• Appropriate intervals

• Appropriate step size

Past: Full matrix required

Today: design of experiments, factorial design
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POD DETERMINATION

58

Source: MIL-HDBK-1823A

Test specimen:

• Multiple test specimen variance in condition and size, enough 

distance between flaws)

• Unfamiliar to inspectors

• relevant

• referenced

• maintained
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POD DETERMINATION
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Source: MIL-HDBK-1823A

Test design:

• At least 60 targets for hit/miss (120 are better)

• At least 40 targets for quantitative measures

• For determination of false positives: 3 times as much unflawed 

measurements, number also depending on required false positive 

rate

• (e. g. FP rate required to be 1%: > 100 possibilities required) 

• Complete independence and some fully unflawed specimen

• Everything as close to real testing situation as possible!
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Source: MIL-HDBK-1823A

Very important: Report!

a. The description of the NDE system,

b. The experimental design,

c. The individual test results, and

d. The summary test results.
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Source: MIL-HDBK-1823A

Public conception: 

“The number of inspections (of the same object) increases POD”
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Source: MIL-HDBK-1823A

Public misconception! 

“The number of inspections (of the same object) increases POD”

This only increases the confidence in your observation/judgement, but 

not POD.

Thought experiment: Barrel with red and green apples.
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POD DETERMINATION

63

How to get a POD curve from a (large) set of 

experiments/measurements:

Prerequisites:

1. linearity of the parameter â and a

2. uniform variance of the system responses â

3. uncorrelated observations â

4. multivariate normal distribution of the â errors

a:  experimental parameter(e. g. crack size)

â: system response

Source: MIL-HDBK-1823A
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How to get a POD curve from a 

(large) set of 

experiments/measurements:

(Generalized) linear models for â vs. 

a!

1)  Make it linear

Source: MIL-HDBK-1823A
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2) Evaluate

Censoring:

Left: 

signals indiscernible

from noise.

Right: 

100% of measuring range.

Source: MIL-HDBK-1823A

95% prediction bound

95%

confidence

bound
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POD DETERMINATION
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2) Generate POD(a)

from a vs â 

via Delta method

Source: MIL-HDBK-1823A

95% prediction bound

95%

confidence

bound
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Source: MIL-HDBK-1823A
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ROC

Receiver Operation Charateristic

Characterization of accuracy

of a NDE system

Debated!

- Size effect not included
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PFA 

Possibility of false alarms
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FALSE POSITIVES
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Sensitivity, Specificity, positive predictive value, and negative predictive value

Relationship between POD and false positives depends on

- The inspection 

- frequency of defectives in the population being inspected

a. An NDE demonstration inspection is performed on a known test piece:

(1) Sensitivity: “The part has a defect. What is the probability that the test will be positive?”

P(+|defect).

(2) Specificity, P(-|no defect): “The part does not have a defect. What is the probability that the

test will be negative?”

b. An inspection is performed on a part with uncertain history:

(1) Positive Predictive Value (PPV), P(defect|+): “The NDE system indicates a positive result, a

hit. What is the probability that the part actually has a defect (of the size being inspected

for)?”

(2) Negative Predictive Value (NPV), P(no defect|-): “The NDE system passed the part, giving a

negative test result. What is the probability that the part is defect-free?”

Source: MIL-HDBK-1823ANIEDERLEITHINGER NDT SLIDES ACCURACY UNCERTAINTY POD



FALSE POSITIVES
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Source: MIL-HDBK-1823A
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FALSE POSITIVES
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Source: MIL-HDBK-1823A

„Good inspection“ (specitivity (POD) = 0.9, sensitivity=0.9 

)
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FALSE POSITIVES
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Source: MIL-HDBK-1823A

„Bad inspection“ (specitivity (POD) = 0.5, sensitivity=0.5 )
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Detection of rebar in concrete by radar, Taffe & Feistkorn 2013
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Detection of rebar in concrete by radar, Taffe & Feistkorn 

2013
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Potential mapping of rebar corrosion, Kessler, PhD thesis, 2013
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Potential mapping of rebar corrosion, Kessler, PhD thesis, 2013
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Potential mapping of rebar corrosion, Kessler, PhD thesis, 2013: from data to 

POD
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Potential mapping of rebar corrosion, Kessler, PhD thesis, 2013: 

resistivity
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Potential mapping of

rebar corrosion, 

Kessler, PhD thesis, 2013

Grid interval
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Potential mapping of

rebar corrosion, 

Kessler, PhD thesis, 2013

Concrete cover
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THANK YOU!

PD Dr. Ernst Niederleithinger

e.niederleithinger@posteo.de
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