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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract

A method has been proposed to verify geometric tolerances by X-ray computed tomography (XCT) without the need for image segmentation.
The method is based on the direct comparison of a part XCT image to a volumetric representation of its geometric tolerance. In previous works
the method was directly applied to raw images. However, filters are commonly applied to XCT images. Usually, they mitigate noise or enhance
details. In this work, we study if the segmentation-free verification benefits from the application of filters to XCT images. Standard filters are
considered, e.g. Gaussian and non-local means.
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1. Introduction

Additive manufacturing (AM) sets new rules. New rules for
design, which can now take advantage of an (almost) complete
freedom of the possible geometries [28, 29]. New rules for man-
ufacturing, were the new systems requires different policies for
management and logistics, not to mention different operator’s
qualifications [3, 25]. And also metrology has new rules, as
most conventional measuring systems are limited when facing
the complex and undercut geometries typical of AM [15, 24].
Such revolution requires the whole process of designing, man-
ufacturing, and inspecting to be rethought.

Concerning the need for an AM-focused renewal of prac-
tices, in previous works the authors proposed to move from
the conventional surface representation of parts to volumetric
representations [18, 17, 19, 20, 21]. Volumetric representations
guarantee an absolute freedom of design. In practice, in a volu-
metric representation part characteristics are defined point-by-
point in the definition volume - a 3D image of the part. De-
sign freedom is not limited by the need for regular surfaces
or homogeneous characteristics. This is also coherent with the
use of topological optimization, which most often works volu-
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metrically [22]. In addition, volumetric representations can be
“enriched” to convey information not only on the part geome-
try, but also on material characteristics, surface properties, lo-
cal tolerances, etc [26, 18]. For what concerns manufacturing,
is worth noting that the conventional .stl slicing process and
filling pattern definition actually converts the surface represen-
tation into a volumetric representation [2]. Solutions bypassing
the need of a surface representation of parts are commercially
available [31].

Volumetric representation of geometric tolerances is possi-
ble. In principle, it suffices to define of a “minimum material
continuum” (the portion of volume that must be filled by ma-
terial) and a “maximum material continuum” (the portion of
volume that can be filled by material) to specify the part geom-
etry permissible variation [18, 21]. The volume belonging to the
maximum material continuum but excluded from the minimum
material continuum is the transition (tolerance) zone, which can
be either filled with material or not. It is worth noting such
representation is flexible, allowing e.g. the definition of non-
constant tolerance zones.

This volumetric representation of tolerance zones is also co-
herent with a geometric verification by X-ray computed tomog-
raphy (XCT) [14, 7, 5]. XCT, thanks to its flexibility, is the
most suitable imaging method for AM part verification [15].
The authors have already illustrated a method for the verifica-
tion AM part geometry which, differing from the conventional
segmentation-based approach, does not require segmentation
[17]. Therefore, the method is named “segmentation-free ge-2212-8271© 2022 The Authors. Published by Elsevier B.V.
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S. Petrò and G. Moroni / Procedia CIRP 00 (2022) 000–000 2

ometric inspection”, and is a novel method for the verification
of geometrical deviations, particularly effective when AM parts
are involved. The main drawback of the original method was
the lack of a verification errors management. This is usually
obtained in conventional geometric metrology by uncertainty
evaluation and guard-bands definition [12, 13]. As the method
does not include an actual measurement result, this approach is
unfeasible. Recently, the method has been amended, allowing
the definition consumer’s and producer’s risks [21]. This by-
passes the need for an estimate of the uncertainty to assess the
measurement reliability.

In previous works, segmentation-free geometric inspection
has been applied to raw data. This is in contrast with common
practices in XCT. Most XCT images are affected by a signif-
icant noise. Therefore, it is common to apply them denoising
filters before any analysis is performed to mitigate the noise im-
pact. In this work, we analyze how the application of denoising
filters affects the result of segmentation-free geometric inspec-
tion. For sake of completeness, in §2 segmentation-free geomet-
ric inspection is briefly illustrated. §3 introduces the denoising
filters considered for comparison. To complete the discussion,
in §4 segmentation-free geometric inspection is applied to the
same datasets used in a previous work [21] after denoising fil-
ters have been applied and the results are described. Finally, §5
draws conclusions on the obtained results.

2. Segmentation-free geometric inspection

Segmentation-free geometric inspection has been deeply de-
scribed in previous works, particularly in [21]. For sake of com-
pleteness, it is summarized here as well and depicted in Fig. 1.

The data required for the method include:

• the nominal geometry, expressed in a binary 3D image;
• the volumetric representation of the geometric tolerance,

expressed in a 3D image;
• the XCT image;
• either the consumer’s (conformance test) or the pro-

ducer’s (nonconformance test) risk.

First, the XCT image must be aligned to the nominal geom-
etry. Considering the two are heterogeneous volumetric repre-
sentations of the same object, it is suggested they are aligned
by maximization of the mutual information [23]. In principle
this step is unnecessary when the images are externally aligned,
e.g. when they are aligned based on some datum features. Once
alignment has been obtained, the smoothing filter is applied to
the XCT image.

In parallel, the relevant portion of the volume shall be iden-
tified. It may be expected that, if the part deviates geometrically
or dimensionally, the first portion of the volume affected is the
one immediately inside or outside the tolerance zone. There-
fore, only these “inner” and “outer” shells are considered in the
method. This both reduces the computational burden and in-
creases robustness in presence of porosity and artifacts. Once
the shells have been defined and the filter applied, the portion

Start

Nominal geometry
Volumetric representation of the tolerance
XCT image
Consumer’s or producer’s risk

Define the inner and outer 
shells

Align the XCT scan to the 
nominal geometry 

Apply the smoothing filter

Extract the measured shells

Estimate the empirical 
distribution of the gray 

values in the shells 

Estimate the conformance 
probability  

Apply the conformance/
nonconformance criterion  

End

Fig. 1. Flux diagram of the segmentation-free geometric inspection.

of the XCT image corresponding to the shells is extracted. this
is the data required to state whether the part conforms or not.

Now, the idea on which segmentation-free geometric inspec-
tion is based is that the only information in the nominal rep-
resentation of the shells is their “complete separation”. If this
same information is also in the measured shells, then the real
shells are expected to be separated as well and the part is con-
forming. This can be verified by calculating the mutual infor-
mation shared by the measured and nominal shells, and com-
paring it to the entropy of the nominal shells [6]: if the values
are equal, then the “complete separation” information is in the
measured shells. Unfortunately, due to the presence of measure-
ment errors the obtained statement is not necessarily correct. Its
reliability must be established.

To overcome this issue, in a previous work [21] a method
to estimate the conformance probability (the probability the
part is actually conforming, given the measurement result) was
developed. It requires the empirical distribution of the gray
values within the measured inner and outer shells to be esti-
mated. Based on this, it is possible to simulate the measure-
ment of the shells and, performing a number of simulations,
estimate the conformance probability p′c. Finally, a confor-
mance/nonconformance criterion is applied to state whether the
part conforms or not. The criterion, as suggested in standards
[12, 13], distinguishes the two cases in which the verification is
performed by either the producer or consumer. In general, the
idea is that, when the conformance probability is high, the part
is conforming, and when it is low the part is non conforming.

2
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The criterion compares p�c to either the customer’s or producer’s
risk and decides whether the part conforms or not.

3. Denoising filters

All (2D and 3D) images are affected by noise. Noise is due
to several sources, including the corpuscular nature of light, the
presence of electrical noise in detectors, the atmospheric per-
turbation between the object and the detector. Therefore, the
resulting observed signal v (i) at pixel/voxel i can be expressed
as:

v (i) = u (i) + n (i) (1)

where u (i) is the theoretical signal in absence of noise, and n (i)
is the noise contribution [4]. Denoising filters try to identify
the n (i) part of the observed signal and remove it to increase
the signal-to-noise ratio of the image. Unfortunately, denoising
filters are unable to distinguish noise from small details, making
filtered images blurred or even distorted.

Many denoising filters have been proposed for 2D images
[4], and several can be applied to XCT 3D images as well [11,
9, 27].

VGStudio MAX 3.4 [30], a well-known 3D image analysis
software, has been used to filter the images in this work. The
considered filters include:

• Gaussian filter;
• box filter;
• median filter;
• adaptive Gaussian filter;
• non-local means filter.

3.1. Gaussian and box filters

Gaussian [11] and box [16] filters are similar. They both sub-
stitute the gray value at voxel i with a weighted average of, in
principle, all the other voxels. As this operation is mathemat-
ically a convolution, this type of filter is also known as “con-
volution filter”. The possibility of taking advantage of the fast
Fourier transform [10] to compute convolution makes this kind
of filter very computationally efficient.

The box filter applies a simple local arithmetic average of
the voxels in a “neighborhood” of voxel i, that is, a “box” of
specified size n centered on voxel i. Higher values of n lead to
a higher degree of smoothing, but also to a loss of details. Al-
though the box filter is probably the simplest filter, it is known
to lead to poor (highly blurred) results.

In the case of the Gaussian filter, the weight of the average
(Gaussian kernel) is specified by

Gσ (x, y, z) =
1(√

2πσ
)3 e−

x2+y2+z2

2σ2 (2)

where x, y, z is the Cartesian position of the voxel to average
with respect to the voxel being filtered, and σ is a specified pa-
rameter. Higher values of σ lead to a higher degree of smooth-
ing, but also to a loss of details. The structure of the weighting
function guarantees that higher weight is given to the voxels
closer to the voxel being filtered. Even if this ensures the Gaus-
sian filter preserves edges in the image better than the box filter,
it is not considered a good solution if preserving edges is im-
portant.

3.2. Median filter

The median filter is not a convolution filter. However, it is
similar to the box filter: it is simply a box filter in which the
average is substituted by the median. The median filter is par-
ticularly effective at removing outlier values. In addition, the
median filter is considered effective at preserving edges, even if
this has been questioned [1].

3.3. Adaptive Gaussian filter

As indicated in §3.1, the Gaussian filter tends make edges
less definite due to blurring effect. To overcome this defect, the
adaptive Gaussian filter [8] has been introduced. The idea is to
adaptively change the value of σ in the Gaussian kernel of (2).
In particular, the value of σ is expected to be inversely propor-
tional to the local standard deviation of the image. As the high
values of the local standard deviation denote the presence of an
edge, reducing the kernel σ at these locations locally reduces
the blurring effect of the Gaussian filter. Several schemes have
been proposed in literature for the reduction of σ. It is unknown
what scheme has been selected for VGStudio MAX 3.4.

3.4. Non-local means filter

The non-local means filter [4] was introduced to provide a
filter effectively preserving the edges of the image. To do so,
the algorithm substitutes the voxel with a weighted average of
all other voxels like a convolution filter. However, instead of
basing the weight of the average on the distance from the con-
sidered voxel, the weight is based on a “similarity measure” of a
neighborhood of the considered voxel with the neighborhood of
the voxel being averaged (hence the name “non-local means”).
In practice, the non-local means filter is a Gaussian filter in
which the distance from the voxel being filtered

√
x2 + y2 + z2

is substituted by the similarity measure S i, j (a normalizing fac-

tor differing from
(√

2πσ
)3

is needed). The commonly adopted
similarity measure between voxel i and voxel j is:

S i, j =
∥∥∥∥v (Ni) − v

(
N j

)∥∥∥∥ (3)

where v (Ni) is the set of the gray values in the neighborhood
of voxel i. The non-local means filter is considered very effec-
tive at preserving the edges of the image. Its main drawback is

3
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Fig. 2. The puppet used in the experiment.

a computational burden significantly higher than the computa-
tional burden of the other filters.

4. Experimental results

The proposed filters have been applied to a series of five
XCT images of a metallic puppet shown in Fig. 2. The puppet
has been manufactured by selective laser melting of stainless
steel. The total height is about 20 mm. The head, in particular,
has been imaged 5 times by XCT (Fig. 3). The following scan
parameters where adopted:

• voltage: 140 kV;
• current: 47 mA;
• acquisition rate: 13.24 fps;
• number of projections: 600;
• filter: 2.5 mm stainless steel;
• voxel size: 17.67 μm;
• image size: 508(x)x491(y)x439(z) voxels;

The 3D images were aligned to the nominal geometry. Then,
the proposed filters were applied using VGStudio MAX 3.4.
The selected parameters were as follows:

• Gaussian filter

Fig. 3. XCT image of the puppet head.

– Filter size: 5 voxels
• Box filter

– Filter size: 5 voxels
• Median filter

– Filter size: 5 voxels
• Adaptive gaussian filter

– Smoothing: 0.8
– Edge threshold: 0.1

• Non-local means filter
– Smoothing factor: 3

Fig. 4 shows an example of the application of the various filters
to a detail of the XCT image.

The application of segmentation-free verification has been
deeply described in previous works [20, 21], so it is not dis-
cussed here.

The results of the application of segmentation-free verifica-
tion are summarized in Fig. 5, which shows the estimated prob-
ability of conformance p′c as the amplitude of the transition in-
terval varies, considering the different filters. p′c is directly pro-
portional to the amplitude of the transition zone, as expected: if
the part differs from the nominal geometry, it is more probable
it is stated conforming when the tolerance is large. It is apparent
that, at some point in the curve, with ranges differing for differ-
ent filters, p′c shifts from 0 to 1. Out of the “shifting” range it
is then safe to state whether the part is conforming or non con-
forming. The shifting range instead represents a sort of “uncer-
tainty” range of the method. If the shift is sharper then the range

4



 Stefano Petrò  et al. / Procedia CIRP 114 (2022) 73–78 77
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steel. The total height is about 20 mm. The head, in particular,
has been imaged 5 times by XCT (Fig. 3). The following scan
parameters where adopted:

• voltage: 140 kV;
• current: 47 mA;
• acquisition rate: 13.24 fps;
• number of projections: 600;
• filter: 2.5 mm stainless steel;
• voxel size: 17.67 μm;
• image size: 508(x)x491(y)x439(z) voxels;

The 3D images were aligned to the nominal geometry. Then,
the proposed filters were applied using VGStudio MAX 3.4.
The selected parameters were as follows:

• Gaussian filter

Fig. 3. XCT image of the puppet head.

– Filter size: 5 voxels
• Box filter

– Filter size: 5 voxels
• Median filter

– Filter size: 5 voxels
• Adaptive gaussian filter

– Smoothing: 0.8
– Edge threshold: 0.1

• Non-local means filter
– Smoothing factor: 3

Fig. 4 shows an example of the application of the various filters
to a detail of the XCT image.

The application of segmentation-free verification has been
deeply described in previous works [20, 21], so it is not dis-
cussed here.

The results of the application of segmentation-free verifica-
tion are summarized in Fig. 5, which shows the estimated prob-
ability of conformance p′c as the amplitude of the transition in-
terval varies, considering the different filters. p′c is directly pro-
portional to the amplitude of the transition zone, as expected: if
the part differs from the nominal geometry, it is more probable
it is stated conforming when the tolerance is large. It is apparent
that, at some point in the curve, with ranges differing for differ-
ent filters, p′c shifts from 0 to 1. Out of the “shifting” range it
is then safe to state whether the part is conforming or non con-
forming. The shifting range instead represents a sort of “uncer-
tainty” range of the method. If the shift is sharper then the range
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Fig. 4. Example of application of the filters.
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Fig. 5. 95% interval plot of p′c as the transition interval amplitude varies, for the
various filters. The vertical red line indicates the estimated global profile devi-
ation, and the green lines indicate the related coverage interval with a coverage
factor equal to 2.

is smaller, which is preferable (smaller uncertainty range). Fig.
5 shows that all curves related to filtered images outperform
the unfiltered curve. In particular, the box filter curve seems to
outperform all cases. In addition, all “filtered curves” go to the
value of 1 before the “unfiltered curve”.
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Fig. 6. Histograms of the gray values gvi, j,k in the inner (NS Mi) and outer
(NS Mo) measured shells for the fifth measurement replica. Either no filter or
box filter was applied to the image.

This can be explained considering Fig. 6, which compares
the histograms of the gray values inside the inner and outer
shells, for an unfiltered and (box) filtered image. The transition
zone in 0.77 mm wide. A few outlying values are clearly vis-
ible in both histograms. In the unfiltered histogram, these val-
ues, coming from the outer shell, are close and even in the same
range of the values of the inner shell. This leads to p′c = 0.12:
the part, due to a single value, is stated defective. The appli-
cation of the filter instead “moves” these values closer to the
values of the outer shell: the new estimated value of p′c is 1,
and the part is considered good. This justifies the fact that the
filtered curve goes to 1 before the unfiltered curve. It is also
apparent that the gray value distribution is characterized by a
smaller dispersion in the case of the filtered image than in the
unfiltered one. This justifies the sharper switch from 0 to 1: the
lower variance makes an overlap of the two histograms of the
inner and outer shells less likely.

Finally, even if filters move the transition from 0 to 1 to
lower values of the tolerance, the reference value from conven-
tional segmentation and fitting (0.66 mm) is still quite far. Still
segmentation-free verification is conservative.

5. Conclusions

Filters are usually applied to XCT images to reduce the ef-
fects of noise and artifacts. From the point of view of the in-
formation content this reduces the entropy of the signal (sharp-
ening the statistical distributions), and in the end makes eas-
ier the “complete separation” of gray values, the core of the
segmentation-free verification.

In this work it has been shown that the application of filters
tends to reduce the amplitude of the transition zone required
to state a part is not defective. It also reduces the uncertainty:
by mitigating the effect of outlying gray values and sharpening
statistical distributions it is easier to verify whether complete
separation holds or not. In the end, it is preferable filters are
applied in segmentation-free geometric verification.
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The optimal degree of filtering has still to be studied. Using
smoother yet edge-preserving filters could lower the estimate
of the geometric error, making it closer tot the value obtained
by conventional segmentation. The study of the interaction be-
tween filtering and image sharpening (which is a current re-
search subject for the method) will also be of interest.
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[19] Petrò, S., Moroni, G., 2019. Volumetric tolerancing and geometric ver-
ification for additive manufacturing, in: Proceedings of the XIV AITeM
Conference, Padova, Italy. pp. 1–6.
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