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Abstract

CrossMark

X-ray computed tomography is a common tool for non-destructive testing and analysis. One
major application of this imaging technique is 3D porosity identification and quantification,
which involves image segmentation of the analysed dataset. This segmentation step, which is
most commonly performed using a global thresholding algorithm, has a major impact on the
results of the analysis. Therefore, a thorough description of the workflow and a general
uncertainty estimation should be provided alongside the results of porosity analysis to ensure a
certain level of confidence and reproducibility. A review of current literature in the field shows
that a sufficient workflow description and an uncertainty estimation of the result are often
missing. This work provides recommendations on how to report the processing steps for
porosity evaluation in computed tomography data using global thresholding, and reviews the
methods for the estimation of the general uncertainty in porosity measurements.

Keywords: computed tomography, porosity evaluation, uncertainty estimation,

results comparison, segmentation , global thresholding
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1. Introduction
Porous materials and samples are common in a wide range of

scientific fields. For instance, permeability and reservoir char-
acteristics of porous rocks are useful parameters in the oil and
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gas industry and related fluid research [1], whereas in pale-
ontology, the shape and volume of pores are used to identify
fossils [2]. Porosity analysis is also widely used in engineer-
ing [3], manufacturing [4, 5], or material development [6] as
an indicator of a material’s strength [7]. Pores in metals often
indicate crack initiation locations in cyclic loading applica-
tions, and they even influence static strength and ductility of
materials, making non-destructive porosity testing valuable for
quality control purposes [8, 9].

Generally, porosity refers to a measurement of the pres-
ence of voids within a sample. Allaby [10] defines pores as
voids that can be empty or filled with trapped gas and/or fluids,
and surrounded by any type of material. Using this definition,
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porosity is the volume of all pores present in a sample [10]. It
is commonly expressed as a percentage of empty space within
the total volume of an object [11]:

Volume of pores 100, (1)

P it =
orosity [%] Volume of solid (incl. pores)

The shape and volume of pores is connected to the mater-
ial’s formation, temperature, environment and type [12]. Pores
can be cylindrical, slits, conical, spherical, ink bottle-like,
and interstitial [13], but they can also feature more complex
shapes. Pores can form networks that may or may not be
accessible from the outside of the object (open porosity), or
they can be isolated (closed porosity) [14]. Pore characterist-
ics influence bulk density, mechanical strength, and thermal
conductivity of objects [8].

Various methods can be used to analyze the porosity of a
sample. The choice of a method depends on the type of poros-
ity present in the particular sample, as well as on other para-
meters. X-ray computed tomography (CT) is among the most
widespread and broadly applicable methods. CT is an imaging
modality which is based on the absorption of x-rays in mater-
ials [15], and makes non-destructive three-dimensional ana-
lysis of samples and their internal structures possible [16]. The
output of a typical CT measurement is a set of cross-sectional
slices stacked in a 3D volume (figure 1 Steps 1 and 2). This
forms a grid of voxels, which are volumetric elements with
a specific gray value determined by the density and atomic
number of materials contained within, and the x-ray energy
used [17]. The edge length of a voxel influences the best pos-
sible resolution of a measurement. The scanning, tomographic
reconstruction, and subsequent analysis of a CT dataset are all
potential sources of uncertainty and variation between meas-
urements (figure 1).

The various error sources in figure 1 influence the quality of
the resulting images, which in turn has a major impact on pore
segmentation and the subsequent porosity measurement [18].
In this case, quality refers to the combination of noise level,
contrast between material and pores, and sharpness of edges
between the two regions [19]. As an example of the complex
influences of the image quality on porosity assessment, image
denoising may decrease the amount of noise falsely detected
as pores, but it may also cause some smaller pores to be blurred
and therefore missed, skewing the results [20, 21]. Due to this,
it is important to report on the various sample, measurement,
and processing parameters used in a porosity study, and to
take uncertainty into account [18]. Data used in studies can be
shared through data repositories such as the GigaScience Data-
base, see Goodman [22], as in the case of Du Plessis et al [23].
The workflows and protocols can also be shared on services
like Protocols.io [24].

Characterization of porosity in a CT dataset is directly
related to the segmentation procedure, the partitioning of a
volume into two or more separate sections (e.g. material and
voids). Segmentation is based on the intrinsic characteristics
of voxels or regions of the volume, such as gray values, edges,
or texture [28].

ERROR SOURCES - 1
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Figure 1. The creation of a 3D dataset from a given object using
x-ray CT has three steps: (1) the scan or measurement, (2)
reconstruction, and (3) segmentation. Then, analysis (4) of the
volume can be done. Errors that occur during step 1 can lead to
tomographic artifacts (discrepancies between an object and its
image). In steps 2—4, other types of errors can lead to uncertainty in
the final analysed results. The red lines show the focus of this work.
Figure inspired by Villarraga-Gémez et al [25], Smet et al [26] and
Hiller and Reindl [27].

One of the most widely used segmentation methods is
thresholding [29], where voxels are separated into distinct
categories based on a threshold set for one or more of the
characteristics mentioned above. Thresholding can be global
or locally adaptive [30, 31]. The latter is mainly used for
complex objects, where the optimal threshold value may
change throughout the dataset [32]. On the other hand, global
thresholding defines a single threshold value for the entire
dataset, influencing all further analysis and interpretations
[29]. For its simplicity, ease of use, and ease of access, global
thresholding is the go-to segmentation method in many CT
data analyses.

Porosity analysis may yield different results based on
the chosen method of segmentation and researcher input
[33]. The conclusions drawn from a study can be ambigu-
ous if the methodology used for segmentation is not clearly
described. This has caused some researchers to call for
standardisation [18, 34-37]. It is commonplace to describe
measurement parameters used for data acquisition in poros-
ity studies, such as the tube voltage and current, and the
voxel size. However, to ensure reproducibility, the applied
segmentation approach should be described and the uncer-
tainty of the results should be estimated too. Otherwise, the
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Figure 2. The relationship between accuracy and precision shown
using multiple measurements (small red dots) and a reference value
(big green dot). Precision estimation can be determined with several
measurements. A standalone CT measurement (small blue dot) has
no reference value (the green dot is unknown) and different a
different approach must be adopted for precision and uncertainty
estimation. This figure was inspired by Pospisil and Ludvik [48],
and Taylor [49].

reliability of these studies runs the risk of being disputed
[26, 29, 38, 39].

Measurements are typically expressed with an error ratio,
a confidence interval, or a standard deviation presented as
a £ value. This value is based on the cumulative effect of
device, measurement and processing errors [27, 40].

Knigge [41] states that a measurement does not need to be
accurate (close to the reference value), but its precision should
be known (figure 2). The accuracy refers to the closeness
between a measured value and a reference value [42, 43]. A
precise measurement is not necessarily close to the reference
value, but it has little variability when repeated. Thus, preci-
sion quantifies the reproducibility and level of uncertainty of a
measurement. International metrological standards for estim-
ating the measurement uncertainty exist [44—46], but they can-
not be directly applied for the purposes discussed here, as they
do not provide specific guidelines for the uncertainty of 3D CT
data segmentation [47].

Two causes of errors [42] can affect the precision and accur-
acy of a result, namely: systematic error (affects all meas-
urements in a similar manner, observable through repeated
measurements [50, 51]), and random error (mainly caused
by operator errors, and affects individual measurements and
thus the measurement precision [52]). Acquisition, hardware,
and reconstruction discrepancies all significantly influence the
final porosity evaluation.

A complex analysis of uncertainties in CT measurements
is the domain of metrology and of some industrial fields,

where calibrated devices or calibration methodologies are used
[51, 53, 54]. Without a ground truth, which is a measurement
that is considered to have the exact true value, accuracy of a
measurement cannot be assessed [55]. In terms of precision,
the influence of uncertainties stemming from the measurement
process is a complex issue, and it is already the subject of thor-
ough research [40]. In contrast, uncertainties associated with
segmentation are seldom referenced or explained thoroughly
within current literature.

This work offers an overview of CT data segmentation
methods that use global thresholding and are commonly used
for porosity analysis. Crucial aspects of the segmentation pro-
cess, which should be disclosed in studies, are identified in
the section ‘Thresholding and reproducibility’. The need for a
thorough description of approaches used in studies is suppor-
ted by a systematic review of recent relevant literature. Meth-
ods for the uncertainty estimation of porosity analysis in CT
data are discussed in the section ‘Uncertainties of CT data seg-
mentation’. Due to financial and time constraints, researchers
may often only have access to a single CT dataset for ana-
lysis [9], so particular attention is paid to those methods that
can be used in these situations. Uncertainty estimation is still
needed in such cases, but the approaches to perform it may be
less obvious. We hope to provide a practical overview of the
possibilities available to researchers to ensure the reproducib-
ility of their results.

2. Thresholding and reproducibility

Global thresholding methods can be divided into manual,
semi-automatic, and automatic [56], depending on the extent
of operator involvement in the selection of the threshold
value. Automatic algorithms calculate a threshold object-
ively based on the characteristics of the input dataset, such
as voxel grayscale values and features of the image histo-
gram (figure 3). Common automatic algorithms include min-
imum error thresholding [57], Otsu’s method [58], valley-
empbhasis [59], optimal thresholding [60], histogram concav-
ity analysis [61], iterative thresholding (isodata method) [62],
entropy-based thresholding [63], Bayesian thresholding [64],
and others. The results of these may be used directly or further
fine-tuned manually. Manual threshold selection is subjective
and observer-dependent, and it is usually based on visualiz-
ing the segmentation result on a slice of the CT dataset and
tuning it until it is satisfactory [35]. The potential human bias
inherent in manual thresholding may lead to larger differences
between data segmented by different operators. Despite this,
manual thresholding is still very common due to its simplicity.

One of the simplest global thresholding methods is ISO50,
which sets a threshold at the mean of two extreme peak
values in the grayscale histogram of a dataset [65]. Results
of this method tend to be satisfactory when the analysed
histogram is bi- or multi-modal (figure 3) [66]. However,
Horner et al [67] showed that ISO50 might be influenced
by local variations in the image, in which case the threshold
should be modified accordingly. It is also challenging to
use it with low porosity values because the histogram of
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Figure 3. Tomographic images with a uni- (a), (d), bi- (b), (e), and multimodal (c), (f) grayscale histogram. The histograms show thresholds
set using Otsu’s method (dark dashed red line) and ISOS50 (light green line). The multimodal histogram in (f) shows multi-level
thresholding, which divides the dataset into three parts. Boundaries of segmented areas are shown in (a)—(c) using an outline with colors
corresponding to the two thresholds. The slices show datasets measured in our laboratory: (a) and (b) are slices of a chalk sample, while

(c) is an image of a seed.

such data may lack a clear peak corresponding to pore
values.

Otsu’s thresholding [58] is another simple method, and
along with Kittler’s thresholding [57], it is one of the most
used algorithms for porosity segmentation (table 2). Similar to
ISO50, the results of Otsu’s method are affected by the mod-
ality of the histogram [29]. Algorithms such as Otsu’s method
can also be used for multilevel thresholding, which may be
used to classify datasets into pores, grains and high-density
inclusions (figures 3(e) and (f)) [68, 69]. In cases where a
dataset’s histogram is approximately unimodal, the algorithms
mentioned above are likely to perform poorly, and a threshold
can be set using probability-based algorithms [59].

There is no consensus in the scientific community about
which thresholding method is ideal for porosity analysis in
CT data. In fact, the wide selection of published specialized
algorithms in various fields suggests that the effectiveness
of an algorithm changes with the dataset type and applica-
tion [29, 37, 70, 71]. There is, however, an agreement that the
reproducibility of manual segmentation is lower than that of
an automated or trainable procedure, as remarked by Kalasova
et al [72].

A round robin test, which is porosity in a specific scan
evaluated by multiple operators, was reported by Du Plessis
et al [18]. This study found a good agreement in the qualitative
pore distribution assessment of ten operators, but quantitative
results varied significantly, partly due to the low porosity con-
tent in the test sample used. Works of Zikmund et al [11, 73]
and Baveye et al [37] also feature a comparison of various

manual segmentation strategies in addition to algorithm-based
ones. Significant discrepancies were found both within and
between these groups. Therefore, automated methods do not
ensure an accurate or reliable result either, as the choice of
algorithm significantly impacts the threshold value and the
obtained results (figure 3) [26, 29, 37, 38, 74, 75].

Regardless of the segmentation method used, porosity ana-
lysis needs to be reproducible for a reliable inter-study com-
parison of results. This means that parameters of the segment-
ation process should be described and explained thoroughly,
as remarked in multiple works [18, 34-36, 73].

2.1. Analysis of published porosity methodologies

To assess the trends regarding reproducibility in the current
literature, we chose 53 articles from geosciences and mater-
ial sciences (industry, engineering, metrology, agriculture,
and cultural heritage) that deal with porosity analysis in CT
data, and analysed their segmentation methodologies (table 2).
The articles were selected through Google Scholar using the
keywords CT, Porosity, Segmentation, Global Thresholding,
Quantitative analysis, and Uncertainty evaluation. Our selec-
tion was narrowed down to articles that were cited at least
once.

Twenty of the 53 articles (57%) featured either no descrip-
tion of the segmentation procedure, or their description was
not sufficient for their results to be reliably reproducible.
Ten of these articles (19%) had a description but was not
accompanied by any visualization of the histogram and



Meas. Sci. Technol. 32 (2021) 122001

Topical Review

threshold value. Out of the remaining 23 articles (43%),
ten (19%) featured a sufficient description and provided an
example CT slice showing segmentation results, along with
either a grayscale histogram of the slice, or an estimation of
the uncertainty of the results. These results can be considered
reproducible, but not optimally so. Only 13 (25%) of the sur-
veyed articles disclosed all parameters needed to ensure meas-
urement reproducibility, including a description, an example
slice along with its histogram, an uncertainty estimation or the
threshold value, and a mention of the software used.

Over the observed period (1992-2020), the overall thor-
oughness of thresholding methodology descriptions seems to
not have changed. There are no clear distinctions between
methodology descriptions in the various fields of study, except
that works dealing with soil porosity (21% of the studied art-
icles) are more prone to inter-study comparison, and therefore
they generally include a more thorough definition of the para-
meters used for thresholding.

The examined studies are mostly based on a single seg-
mentation method (43% of the examined articles), followed
by comparison (28%) and combination (19%) of segment-
ation methods. Otsu’s method is the most commonly used
(36%), both on its own and in comparison to, or in combin-
ation with, other techniques. It is closely followed by manual
global thresholding segmentation (34%). This is fairly consist-
ent across the fields, which shows that the choice of threshold-
ing method is probably mainly dependent on the operator
experience and sample type.

A mention of the software used, which is present in 68% of
the selected articles, can aid in the reproducibility of results.
The most commonly mentioned software in table 2 includes
VG Studio (15%; Volume Graphics GmbH, Heidelberg/D),
Imagel/Fiji (15%; National Institutes of Health, Bethesda,
Maryland/US and LOCI, University of Wisconsin-Madison,
Madison, Wisconsin/US), and Avizo (13%; ThermoFisher
Scientific, Waltham, Massachusetts/US). We have observed
that industrial and engineering fields tend to utilize VG Stu-
dio and Avizo, whereas the selection of software used in
geosciences and geology is broader. This may be because the
complex samples in geosciences are difficult to process in gen-
eral purpose image processing software, forcing researchers to
use more specialized solutions.

2.2. Reproducibility

Analysis of table 2 and previous work done by Taina et al [76],
Lievers and Pilkey [77], and lassonov et al [74] has led to
the identification of six major parameters of the thresholding
process, which should be included in a study to ensure result
reproducibility. These parameters include: histogram shape,
an image of a slice from the dataset showing pore determina-
tion, the chosen threshold value, description of the threshold-
ing procedure, and the name and version of the software used.
The parameters are also listed in table 1 [74, 76, 77].

The most common thresholding algorithms operate on
the grayscale histograms of images, and manually selec-
ted thresholding is often partly determined by the histogram
shape, too. Therefore, including an example histogram in a

Table 1. Thresholding parameters that ensure methodology
reproducibility, listed in the order of their importance. For the sake
of clarity, abbreviations used in table 2 are included here, as well.

Thresholding parameters

1 [h]
2[s]
30t
4 [d]

Histogram

Slice showing pore determination

Threshold grey-level value

Manual: Reason for the threshold choice (visual or
material-dependent, or with reference)
Semi-automated: Algorithm choice with reference
and modifications

Automated: Implemented software algorithm title and
values chosen

5 [u] Uncertainty estimation (£)

6 Software + version

study can aid its reproducibility. Likewise, including a slice
illustrating the final segmentation and the threshold value
provides a valuable visual and numeric reference.

Documenting the software used, along with its version, may
also be relevant for reproducibility. In some types of software,
the internal workings of the algorithms may not be accessible
to the end user (these algorithms are called black boxes). Due
to this, analyses carried out in different software may be hard
to compare, and the name and version of the software used for
a given study becomes relevant.

An important but often omitted piece of information
(table 2) in terms of reproducibility is the estimation of the
porosity result uncertainty. Porosity measurement in CT is dir-
ectly related to the segmentation process, which affects the
size, shape, distribution, and total volume of pores [71]. Differ-
ent segmentation methods may lead to an over- or underestim-
ation and increased uncertainty of porosity (figure 3) [33]. An
uncertainty range will therefore help other researchers assess
whether their reproduced results differ significantly from the
outcomes of the original study. However, uncertainty of poros-
ity in CT data may not always be straightforward to estimate.
The next section goes over a selection of possible approaches
to perform this estimation in a variety of scenarios.

3. Uncertainties of CT data segmentation

Several studies were conducted concerning the uncertainty
estimation of both manual and automatic threshold selection in
CT datasets [51, 53]. These works describe various procedures
for estimating the uncertainty of porosity analysis (table 3),
which can be separated into empirical, analytical, and sensit-
ivity approaches. All these procedures mitigate different kinds
of errors in the final uncertainty estimation.

Empirical procedures are based on the comparison of a CT
dataset with a reference. This reference may take the form
of a calibrated workpiece or a measurement conducted using
another calibrated method. Such procedures are demanding,
costly, and impractical for very complex or non-homogeneous
samples. Since these methods require a reference measure-
ment, they will increase the error sources of step 1 in figure 1
(mostly systematic errors) but will reduce operator errors.



Topical Review

Meas. Sci. Technol. 32 (2021) 122001

(‘panupuo))
9[eyS SIOUIIS03D) 1°p [oSewy [86]1 ns10 L10T [001] v 12 Sueyz
yoed axoyds

‘91eUu0QqIRD ‘QUOISpURS $90UIIIS03D) q‘sp uonuaw oN piojuels ‘nfSuoy ‘DSA—AD €10C [GL] 1p 12 vIpUY

[66] Tewyosziory] pue [9S0A
[1oS SQJUSIOS0AN) ysp uonuaw ON ‘[86] uraisyonig pue zyimouex—q) 010C [L6] (v 12 1OIM(YOS

[29] v 12 19Ipary
yooy Sureouisug ysp uonuAW ON sueoW-Y ‘fenuew ‘[oAd[-Aa1n—d)) S00T [11] v 12 pney,
Quolspues K301000) y‘sp UuonudW ON [96] v 12 19000 paseq-a3pHg 9661 [S6] [v 12 10D
QuosawI| £30100D q'sp [oSewy [8¢] ns10 710 (181w 1211
Yooy SQJUIIOSOAN) ysp maraered ‘stage [enue S10T [1] 1v 12 AoIMYST
[1oS Moy n‘s-op RERITgRENI (N [enue 800¢C [v6] [v 12 19pURS
[1os SQJUIIISOIN) n‘-p uonuAW ON [enue 7661 [#€] 1v 12 uosdwoy ,
[1os SQJUIIISOAN) n‘-p 6¢°1 [oSew] [€6] 1v 12 ouossef Adonud WNWIXBIA 010C [z6] v 12 on

[00}
[0S AIm)mousy 1°4‘sp 02’1 roSewy QINSBIPA], ‘ 2InedJ PloysaIyl,—qd 200¢C [16] uosiopuy pue Iazjuen)

aaneIa ‘Adonua 1 ‘[29] v 12 Io|pry
A0y SIOUSIIS0ID) 1M sp ¥0Y-VINAE d ‘(851 110 “[06] v 12 0OyES—dD 110¢ [68] 1v 2 Suepm

(wojsno) [88] 7v 12 s19309g paseq-Ayrsorod
[10S SIOUIIS03D) 1nYsp MIMV ‘8ST0TY GV IIVIN “ysewr juarpers I [8¢] ns10—dD 810C [92] v 12 101G

(e[npour sisAjeue uon
wnurmy ASofomay nysp 109J0) 0°€ XVIA 0IpMS DA -ezrumndo sAneIN] [0Y ‘0S-0ST—4D 610¢ [99] 1 12 yourWLIOH

Sur [enuew ‘[z9] /v 12
~Imognuel SARIPPY Ansnpuy n s ‘p 0°¢ XVIN oIpm§ DA Io[pry sueaw-3 ‘[86] nsi0—dD 610¢ [€L] v 12 punuryiZ

10 ‘o[eosAa13 ‘Suimoid uordar
TowAjod A3ojono nysp 9'CT XVIN O1pm§ DA ‘apow-[e90] PAdUBAPE ‘(G-OSI—dD 910¢ (L8] 1v 12 B1IRATIQ 9p sdS10g
[10S SIOURLIS03D nysp opms DA [86]1 ns10 (41014 [98] v 12 wnequazoy

[1¢] mues pue uIgzeg ‘fenueur
[10S S90USIIS03D) ny ‘s ‘p OHNILO M1 ‘Adonue ‘@anera [g5] n90—dd 010¢ [L€] v 12 okoneq

[c8lmw 2

[1os SQJUIIISOIN) ny‘s‘p }0201qUIsse[ A [003+0ydIoN [enue 800T [9€] v 12 1INQ[S

[8] und ‘[€8] a1itg pue

pues ‘9)a10 QIeM]JOS UOIBIUQWZAS Quo[ep uasuueyo( ‘[¢9] v 12 mdey ‘[]S] ns10
-U0d ‘speaq sse[n Sureourdug nyY‘sp -ue)S + 01g-o3ew] + qepeN ‘(28] yromS3ury[[ pue romrsy—dD L102 [62] 1v 12 BIQY
SIWO[OP ‘SU0ISaWL] £Soj0en ny ‘s ‘p (5} (181142 11 “[86] n10—AD ¥10¢ [08] 1v 12 A[ewion-ax1ar]
SIoqlq Ansnpuy n s ‘p (] (861 ns10 010¢ [6L] v 12 wewysty

pays
Quolsawry SIOUIIS03D) nysp 0ZIAyY -109eM ‘[69] v 12 oer] ‘(8] nsi0—dD 910¢ [8L] v 12 ury
[BLIJRIA [OIBaSAI s1ojowered AIeM)JOS UO PIseq UOIIA[3S P[OYSAIYL, Teox oyny

Jo ped ploysaqp

"uond9[As PloysaIy) oY) Sururaouod popraoid uonewojur jo junowe oy} SunySiysSiy ‘Spiey JuaIayip ur sisA[eue Ajisoiod 10y 1) 9Sn Jey) SO[ONIe JO ISI[ YV °g dlqeL



Topical Review

Meas. Sci. Technol. 32 (2021) 122001

(‘panunuo))

PAYSIABA
squojspues SQ0UQIOS0ID) d 0°6 0ZIAY [GL] 1p 12 BIPUY Q[RISAQID—QD) 0202 [S11] P 12 BIURYRIN
Ko[re-1v 1seD Ansnpuy d 0ZIAY [enuejy 1102 [#11] v 12 9ssa1opuep
Juojspues ‘9je
-U0QJed ‘QUO)SAWI| £30[09D) s d UOnUSW ON [8S] 1810 €102 [¢11] v 12 Wunig
Quo)s o[eoskai3
-pues QuawId Y[eyD SQOUIISOAN) s<d 0ZIAY uo paseq ,SUIp[OYSAIY) JATIORIAU], L10T [z11] 17 12 edIOYS
[BIPN Ansnpuy nd 0°C XVIA oIpmi§ DA [enueN 11oc (1111w 2 s3uuardg
J[qtew
‘QuojsaWI| ‘QuOolIso[oq Suneourdug 1¢sd OZIAY [enuen €10C [01 1] zounre-zouniejy pue 1snj
(VM dlqeuren) wyios[e
s10qy Sse[3 + onse|d SuneouiSug n‘s‘d ] Surures] ‘Jurpjoysary ‘renue]N—dD +102 [601] v 12 vIpRIN
piojue)s
‘(proysaay o[3urs) nf3uoy] ‘(paysiorem
JjeUOqIR)) ‘QUOISpPURS SIOUAISON) p UOTIUSW ON + enuew) TOA ‘[8S] ns10—dD €10T [GL] v 12 vIpUY
[1os SQOUQIOSOAN) p uonuAW ON [enuey €00T ‘[801] 7v 12 1se30Y
(.proysay
A[uQ, o[npout sIsAeue
C1'Vd paiauls IoseT] Ansnpuy sp 109§2) T XVIN 01pmS DA [8S1 ns10 810T ‘[Lo1] v 12 uesRq
J[npouwr uondAAP 199Jo(J,
(s[npowr uo199)p ‘(renuewr KJIADISUIS 9,()]) PIOYsaIy)
weoq Surrousuy sp 109§2) 0'C XVIN 01pmIS DA Paseq-weIdolsiy onewony—aq) 41114 [9011 v 42 Tewny
(9861 ussuIag ‘00T e[oAnes
‘9861 AoB[qIN) 2aneidepe K[[es0]
921 “[¢9] v 12 191y ‘(861 n$10
QJIWO[OP ‘SAUO0ISAWI] Suneourdug S ‘p uonuAW ON [£6] yrom3uryy[ pue omrsi—dD 6102 [8€] 7v 12 10BZOY
QUO)SAUWI| ‘QUOISpueg £30109D) S‘p UOTIUSW ON [8¢] ns10 S10T [89] 1v 12 105eATY
speaq
sse[3 ‘yuojuag SQOUIISOAN) S ‘p UonuaW ON [8¢] ns10 0102 [SO1] J9[In], pue AOUOSSE]
pays
speaq -19)eM ‘[enURW ‘UOTIRZIWIUIW QATIRIN
sse[3 ‘pues ‘[10S SQOUQIOS0IN) S ‘p sniq o1g-oSew| ‘paseq-uo13ay ‘[8¢] ns10—qD + dD €102 [$01] orryeuey
[enuew ‘uon
wnuwny Ansnpuyp S ‘p 1°¢A 01g Aguo3e1q -e1ado [eo13ojoydiow ‘o[edsLein—q) 810C [€01] eyI9sA0], pue ueLre[es
‘QuIN[OAT ‘Ioke[]
awnjop ‘(. proysaiyy [u,
J[npou SISATeuE 393J2(])
[eLIRIBW-DMA ASojomay np 9°CC XVIN o1Ipmis DA aaneldepe [20] ‘05-OSI L10¢ [01] oreuSiuiie) pue JoueuLoH
S[Ieq pajelqIred A3oroneN n‘p uonuaur oN [enueur ‘0g-0ST—dD 910¢ [€€] Qo pue [uoIoN
osdATe)
[eRN Ansnpuy n‘p osdA[e) ss10Z (18D ‘paysiarep ‘renuely ‘[8¢] nsi0—dD 00T [101] 1zuteH
[eLIJRIN [oJeasal s1ojowrered 1BM1JOS U0 Paseq uonNIJ[As PoYsaIY], Teax Joyiny
Jo ple ploysayp

(‘penunuo)) -g ajqeL



Topical Review

Meas. Sci. Technol. 32 (2021) 122001

‘loz]

SurdLry{ J0JedTIPUT 1] ISQIANUT JO UOISAI [JOY AIUTLIIOOUN (N ‘ONTeA PIOYSAIY) 1) $AII[S S ‘WIRISO0ISIY 1] {PAQLIOSIP UOU :U ‘paquiosap Arented :d ‘paqriosap :p poyjaw 301075 PIOYSAIY], ‘uoneuIquiod :q)) fuostredwod :d)

skof[e 1SV Suuoursug u QIEMIJOS [RUISLIO uonuawW ON 0102 [821] 1p 12 BAOIUL]
Jreuoqre)) SQOUAIIS0AN) u UOT)UdW ON [¢21] v 32 Suelg 91027 [L21] v 12 eq
Kofre-1v SurreourSug u uoT)UAW ON UOT)USW ON 0102 [921] 1 12 ONQIODIN
OTweId) Ansnpuy u uoruAwW ON Surmois uor3ar ‘aresskarn—d) 100T [sz1] v 12 Qare]N
licliicly) Sunoouisuyg u 0ZIAY uonuaw ON 020C [+1] ed10YS pue pels[eIA
(woisnd

¥o0y SOOUQIISOAD) s‘u ‘Lvd) S[00], SISA[euy 2104 uonuawW ON €102 [cz1] v 12 Suerp

aaneydepe
JowAfod ‘wnrurwunyy KSoroneN s‘u uoT)UAW ON [eo0] ¢ rewmndo, onewony—aq)) 2102 [zz1] v 12 19N
QuojsowI| a8ejuIoy [eIMIN) n‘s‘u a8eyoed uy1) 109 100T [121] 17 12 He3ng
A0y SIOUIIS03D) d NVOSINFO [0z 1] v 12 qe[oD [edskarn 910¢ (6111 v 12 90183d

[811] jv 12 preddoyg
QuoISAWI] SOOUQIISOAD) d uonuow ON wolJ IN0IU0D JANIY ‘[eNUBIN—Q)D) 610C [L11] v 12 Sury
[eLIjeW-INIA Suouidug d 0ZIAY ‘UYL ‘roSewr] renueq ¢ [86] nsI0—AqD 2102 [911] 17 12 s1oAoM
[eLIRIN [o1easal s1oowered IBMIJOS U0 paseq UONI[AS POYSAIYL, Teox Ioymy

Jo petd ploysaiy

(‘penunuo)) -g aiqeL



Meas. Sci. Technol. 32 (2021) 122001

Topical Review

Table 3. An overview of uncertainty estimation procedures for porosity segmentation. The number of thresholds, objects, operators, and CT
datasets required for each method are listed, but the listed values should serve only as a general guideline. The arrangement of the table
follows that of the text below, with multi-dataset methods listed first, and single-dataset methods second. This table can be used to select an
appropriate method for a particular situation by matching it with the parameters in columns ‘Sample’ to ‘ground truth’.

Uncertainty
estimation Thresholding Ground
procedure Sample Object  Dataset  Operator  process Type truth Reference
EMP. Methods Open porosity, 1 >2 1 2 Comparison  Yes [11,130]
correlation destructible
Calibrated Known shapes, 2 2 1 2 Comparison  Yes [51,53,
object (CAD) distribution 66, 102,
131]
Reference Known 2 1 1 1 Comparison Yes [131]
object reference’s
porosity
ANAL. Inter-studies All >2 >2 >2 >1 Comparison No [132]
Multiple scans All 1 >2 1 >2 Averaging No [133]
Multiple Homogeneous 1 1 1 1 Averaging No [134]
location
Ground truth All 1 1 1 >3 Comparison Yes [135,
creation Averaging 136]
SENS. Multiple All 1 1 >2 >2 Averaging No [37]
manual
Manual +n % All 1 1 1 1+n% Averaging No [73]
Erosion/Dilation  All 1 1 1 1 +n pixels Averaging No [137]

Analytical approaches use various statistical concepts to
enumerate uncertainty. They usually utilize multiple porosity
measurements in some way, so they can be time-consuming
and potentially expensive. This makes them unsuitable for
large amounts of data. Despite this, analytical approaches are
applicable to a large variety of samples. When this approach is
used, data processing errors are increased, and statistical and
operator errors are reduced.

Sensitivity approaches are based on the operator’s behavior,
knowledge of the dataset, and expectations. Here, an uncer-
tainty of the operator’s measurement is estimated using some
heuristics. Methods in this category can be unreliable if cer-
tain rules are not followed, but they are usually quick, cheap,
and easy to apply on any dataset and in a wide range of soft-
ware (table 3). Since sensitivity approaches are based on the
experience of the operator and visualization of the data, they
are expected to reduce systematic and analytical errors, but
increase random errors [73].

It should be emphasized that the uncertainty estimated
using any of these methods is relative, not absolute. Various
methods in the three categories described above are suitable
for different scenarios, depending on the number of samples,
operators, time, and other resources available.

The following text discusses the methods in table 3, and
offers recommendations concerning their proper application.
As the number of available datasets is likely to be a major
factor when choosing an appropriate method for uncertainty
estimation, the text is primarily divided into approaches for
multiple datasets and for a single dataset. Despite their import-
ance, approaches that require multiple datasets are described

briefly, as they have already been exhaustively described in
the literature. Single-dataset methods are often easier to apply
and fit a wide range of datasets, but they are rarely explained in
sufficient detail. For this reason, we describe those approaches
more thoroughly.

3.1. Several datasets

3.1.1. Empirical approach.  Correlation of results of vari-
ous measurement methods for the same sample (figure 4(c);
table 3) is a common approach. For example, Taud et al [11]
and Robin et al [130] estimated the uncertainty of their poros-
ity measurement by comparing the results of CT and helium
injection measurements. Taud et al [11] found an uncertainty
of about +2%. This approach is straightforward and reliable,
but the methods that are compared must be selected carefully,
and the measurement must be clearly planned out beforehand.
Additional demands are placed on the researchers who choose
this approach, as they need both access to, and the know-
how for, multiple measurement methods. Different methods
are suited for evaluating different types of porosity, making
the comparison complex. The voxel size of a CT scan strongly
influences measurement results, particularly in samples with
a wide range of pore sizes (e.g. concrete). For more precise
results, multiple CT scans might be required [138]. Simil-
arly, other quantification methods are limited to specific ranges
of pore sizes, making a direct comparison between meth-
ods challenging. Additionally, if a chosen method is destruct-
ive, the non-destructive nature of CT may no longer be an
advantage.
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(d). Multiple scans on a single sample for uncertainty estimation.

Figure 4. Uncertainty estimation from several datasets: (a) calibrated object; (c) various measurement methods; (b) inter-study
comparisons; (d) multiple scan. The CT steps numbers are referring to figure 1.

A calibrated object is usually used in metrological stud-
ies to evaluate the results of the analyses of objects with
simple and reproducible shapes [53, 66, 102]. The calibrated
workpiece is measured using a method that is widely recog-
nized as accurate (figure 4(a)), such as coordinate measur-
ing machines [53] or any calibrated higher-resolution optical
device [40, 131]. This is an accurate and precise approach, but
itis hardly applicable in most porosity measurement scenarios,
where the assessed objects are complex and no calibration ref-
erence for porosity exists [139].

3.1.2. Analytical approach. Inter-study comparisons are
viable in cases where different measurements of the same
sample type can be found in the literature. For instance, Kerck-
hofs et al [132] compared their CT porosity results to another
study using the same device and parameters on the same
sample type (figure 4(b)). Correlation of different studies is
possible when a thorough description of the measurement
and segmentation is available, which eliminates any ambi-
guity of the process. In theory, only variations between the
samples play a role in this case. This is an easily applicable
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and potentially reliable method. However, measurement and
segmentation must be clearly described in the compared stud-
ies, as was noted before. As it stands, this method is rarely
applied.

The multiple scan approach is suitable for studies that
require high resolution and precision [133], and measurement
time and the amount of processed data are not major concerns.
An object is measured multiple times, producing several CT
datasets (figure 4(d)). These are then processed, the results are
averaged, and uncertainty can be enumerated statistically. The
precision of this method increases with the number of datasets,
but so do the demands in terms of cost, time, and processing
load.

3.2. Single dataset

3.2.1. Empirical approach. Scanning a sample of interest
together with a reference object of a similar density mater-
ial with known porosity is a possible approach to uncertainty
analysis (figure 5(a)) [131]. Both the sample and the reference
object are analysed in the same way, and the measured poros-
ity of both is calculated. The resulting value for the reference
object can be compared to its known porosity, adding confid-
ence to the measurement. This method can confirm the quality
of a CT image, which helps the quantification of the minimum
detectable pore size for the selected CT scan settings, and the
combination of several objects in one scan enables a direct
comparison of the results [131]. The drawback of this method
is that a bigger field of view is needed, potentially reducing the
image quality. It is also required to know the material of the
measured sample beforehand, as the reference material should
have a similar x-ray density as the sample. A large reference
library would therefore be needed for multi-material samples
and routine material measurements.

3.2.2. Analytical approach. Multiple location averaging is
suitable for samples with a homogeneous porosity distribution,
and it is useful when the number of measurements is restric-
ted (figure 5(b)). It is similar to the multiple measurements
approach, except it assesses multiple locations within a single
dataset instead of multiple datasets [71]. This is a low-cost
and simple method, which provides acceptable results if pores
are distributed evenly across the chosen locations. However,
its results can be biased if the dataset is not homogeneous, if
the number of chosen regions-of-interest is insufficient, or if
the choice of regions is biased. Observer error and mathemat-
ical uncertainty are major factors here, and the method is con-
sidered time-consuming and not particularly reliable [134].
Multi-segmentation based on various thresholding meth-
ods is suitable for datasets where uneven pore distribution
hinders the use of the previous method (figure 5(b)). Vieira
et al [135] averaged the results of manual thresholding and
two algorithms, and estimated the uncertainty of this averaged
reference dataset. Panigrahi ez al [ 136] used a similar, although
more automated approach. The core idea of this method is to

perform multiple segmentations on a single dataset. The res-
ults of these can then be averaged to yield a single resulting
porosity value, and their variance can be assessed to determ-
ine uncertainty. It is inexpensive, requiring only a single data-
set and operator, and relatively time-efficient, as it can easily
be applied on any dataset and with any software. One draw-
back may be the higher time demand associated with multiple
segmentations. This method may also lead to a high uncer-
tainty, depending on the particular threshold values and choice
of algorithms (for example, see the differences between the
two methods in figure 3(f)), and human supervision may be
required in some cases to make sure the results of automatic
methods are not erroneous.

3.2.3. Sensitivity approach. — Multiple manual thresholds
set by different operators can be applied in a similar manner
to the previous method, especially if the required manpower
is readily available (figure 5(c)). Zikmund et al [73] asked 20
CT and porosity experts to independently select a threshold
to separate pores and material in a single CT slice. They then
averaged the threshold values to represent the mean opinion
of the entire group. When compared with a different method,
Zikmund et al [73] concluded that the two showed good com-
pliance. The ease of application and general-purpose nature of
this method are its main strengths. On the other hand, finding
enough expert operators for a particular study may be diffi-
cult, and depending on their experience and number, biased or
overly uncertain results may be obtained [37].

Three segmentations at —rn %, 0%, and +n% of an ini-
tial threshold (n being an arbitrary number) are also suitable
for any situation where uncertainty needs to be assessed using
only a single dataset (figure 5(d)). The three results are aver-
aged, and the precision of this average is then estimated based
on their difference [73]. The initial threshold choice can be
manual or automatic, as shown in figure 3. Then £n% is
applied from this chosen threshold and the porosity is calcu-
lated for each threshold value. From figure 3, the £n% will be
added to the ISO50 (light green) or Otsu (dark red dashed line)
threshold. Zikmund et al [73] chose £1% for their study. The
choice of n requires a careful and informed optimization by
an operator, who needs to adapt it to the particular grayscale
range and contrast of a dataset (figure 3). This method can be
used on any dataset, with any segmentation procedure and in
all study fields. It is cost- and time-effective, and easily repro-
ducible. It is crucial to keep in mind that the results here are
strongly influenced by the initial threshold choice, as well as
the choice of n.

Region erosion-dilation is very similar in concept and exe-
cution to the previous method. First, a global threshold is
set using any appropriate method, and pores are segmented
(figure 5(a)). Then, morphological erosion and dilation are
applied to the initial segmented volume, simulating multiple
passes of manual segmentation. To express uncertainty, the
initial porosity is divided by that calculated from the dilated
and eroded volumes, yielding a £n% range of the porosity
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chosen and the sample’s type is made to find n [%] (arbitrary number) in order to estimate the uncertainty.
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(d). For the Erosion-Dilation method, a segmentation and porosity value is firstly extracted from the dataset. An informed choice based on
the sample’s type and expected porosity value is made to find n [px] (arbitrary number) in order to estimate the uncertainty.

Figure 5. Uncertainty estimation from a single dataset: (a) single scan from a reference object and a sample of interest; (b) multiple
porosity averaging—multi-location, multi-segmentation, multi-manual threshold; (c) &= n%; (d) Erosion-Dilation. The CT steps numbers
are referring to figure 1.

number. The amount of erosion and dilation is a qualified
empirical estimation. For instance, Kalasova er al [137] used
0.3 pixels of erosion-dilation, which they set after thorough
testing. This uncertainty estimation method is quick, low-cost

and applicable to any dataset in any field. Similar to some
of the previously mentioned methods, the uncertainty can
be highly over- or underestimated depending on the initial
threshold and the amount of erosion-dilation chosen.
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All uncertainty estimation procedures described here have
their specific advantages and drawbacks. In order to choose
an appropriate method, we recommend to first define the field
of study and the level of precision needed (table 3). Then,
the choice of appropriate methods can be further narrowed
down based on the number of samples and number and types
of measurements that can be performed. It is common that
only one object and a single measurement of it are avail-
able. In that case, we suggest using one of the sensitivity
approaches, especially the last two mentioned. These do not
require a high commitment in terms of time, resources, or
expertise. Although the results of these procedures are strongly
dependent on the choices of the operator, a reliable uncer-
tainty estimate can be achieved if the rules outlined above are
followed.

4. Conclusions

CT is one of the leading methods for non-destructive 3D
material testing, and it is an ideal tool for porosity evaluation,
combining volume, distribution, and shape information in a
single measurement and dataset.

The segmentation procedure has a large impact on the
obtained porosity value. The global uncertainty can be reduced
through calibration for the measurement or by the use of
selected algorithm for the segmentation, but in any case,
this uncertainty has to be estimated and noted alongside
the final porosity result. The precision of the porosity value
can be estimated from a single dataset, but an assessment
of its accuracy requires a reference value. The uncertainty
estimation methods outlined in this work consider this dif-
ference between the availability of a reference value or not.
The best method for each study can be freely chosen from
the provided overview according to the available data and
values.

This estimation has to be coupled with a thorough descrip-
tion of the experimental method (i.e. quality) and the segment-
ation procedure to ensure a proper comparison and reproducib-
ility between porosity studies. As demonstrated in this work,
many otherwise well-developed studies lack these features,
which may lead to wrong interpretations and complicate any
attempt to compare different studies.

There is a great number of segmentation procedures, and
as the ideal approach often depends on the particular data-
set, standardisation is not possible across all fields. Instead,
this work aims to promote transparency of the methodologies
used in various studies, with a focus on the ubiquitous global
thresholding techniques.

We hope that a thorough description of the segmentation
procedure, as well as uncertainty estimation, will become
commonplace in future studies. It is the only way to verify
the reliability of the results, which is of high importance in
scientific studies utilizing x-ray CT.
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