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Abstract
X-ray computed tomography (CT) is a well established method for non-destructive testing. In recent years
the application of CT for three dimensional measurements and variance comparison became more and
more important, since CT can measure both outer and inner geometries within a rather short time.
Because of the much higher measurement speed and thus lower costs especially cone beam CT is an
important issue of research in the field of dimensional metrology.
One of the biggest challenges for the application of CT for metrology is the accurate detection of the
surface between material and air or the interface between two different materials. By using a test-body
various algorithms and data evaluation methods are compared and discussed within this paper. The
investigated methods are:
1.
Common methods: Otsu global threshold and an empirically determined best isosurface.
2.
Pipeline model: The pipeline model uses common 3D image processing filters and consists of
three major steps: a.) an edge preserving diffusion filter to reduce noise without blurring the
edges of the specimen. b.) A watershed segmentation filter is applied to the gradient image of the
dataset to extract a fully connected binary volume. c.) The object surface is constructed using
elastic surface nets.
3.
Calypso®: Evaluation of inspection features by introduction of additional geometry information.
The geometrical value is directly derived from the volume data without extracting a surface
model, supposing a predefined geometry of a feature. For this purpose the commercial software
Calypso® was used. By defining a geometrical feature e.g. a diameter or a distance optimised
algorithms evaluate the CT - volume data to get the geometrical feature without a transformation
to surface data.
Common methods usually lead to no satisfactory results. The achieved accuracy is rather low, if the
material thickness in the sample changes. The pipeline model and CT- Calypso® lead to much better
results. Using this methods typical measurement errors compared to optical or tactile reference
measurements are up to 1/10 voxel.
Keywords: Dimensional Measurement, Reproducible Surface Detection, Variance Comparison, 3D
Computed Tomography

1. Introduction
In quality assurance, metrology is a very common method which measures the surface
geometry of a component, e.g. distances, wall-thicknesses or diameters using tactile or
more recently optical sensors. Industrial 3D x-ray computed tomography (3DCT) is a
new method of metrology and dimensional measurement, which significantly enhances
the possibilities of metrology by of measuring inner and hidden structures. The general
principle of 3DCT can be explained as follows: A series of x-ray attenuation
measurements is generated, which is used to produce a 3D grid of greyvalues
corresponding to the spatial density distribution [1]. So in a single scan, a specimen is
characterized concerning material structure and geometry without destroying the
specimen. Furthermore, using 3DCT typical limitations of tactile and optical coordinate
measurement technology can be avoided (e.g. deformable surfaces and reflecting glass
probes). As industrial 3DCTs with cone beam geometry and flat panel detectors are

prone to artefacts like noise-induced streaks, aliasing, beamhardening, partial volume or
scattered radiation effects [2], the quality of the datasets is easily affected by the
environmental conditions of the measurement. Some of the parameters which have a
major contribution to the dataset’s quality are: the specimen’s geometry, the penetration
lengths, the positioning of the specimen in the ray, the measurement parameters and the
specimen’s material combination.
Furthermore the quality of dimensional measurement results using industrial CT data is
seriously subjected to the method of data evaluation. Usually common surface detection
algorithms are not able to detect and avoid measurement irregularities through artefacts.
So in part of dimensional measurement tasks these errors through artefacts are tolerated.
This paper concentrates on evaluating the influence of different measurement methods
on dimensional measurement results. Four different measurement methods are
compared: First of all, two global thresholding methods are investigated, which mark
the current state of surface extraction. Further more we analyze two more sophisticated
methods for local surface extraction: A segmentation based pipeline for surface
extraction and a commercial, well established measurement software.

2. Experimental
The x-ray tomograms were scanned using a HWM Rayscan 250E 3D-CT-device with a
225 kV micro focus x-ray source and a 1024² amorphous silicon flat panel matrixdetector. Reference measurements were carried out on a Carl Zeiss SPECTRUM 700
(ST3/RDS-RST) Vast XXT coordinate measuring machine with a longitudinal error of
measurement of 2.2 μm * length/300 and a GOM Atos I/I SO with a measurement
uncertainty of 1,2 + length * 10-3/400µm which are considered as ground truth for all
inspection features.
2.1 Specimens and Evaluation process
In Table1 the investigated samples including measurement parameters are shown. Three
representative testparts were chosen to evaluate the four different methods concerning
dimensional measurement quality, evenness and roundness according to german
industrial norm DIN ISO 2768-2.
Table 1. Investigated samples and CT-measurement parameters
Workpiece:
Description, Material
and Size
1) CZ-FHW testpart:
1 * central drill (15mm)
6 * drill holes (2 top, 4
bottom, 5mm)
2 * cross-holes (5mm,
10mm)
Material: Aluminium
Size: 100 x 100 x 100 mm³

Projections

Voltage

Current

Tint

Filter

Voxelsize

720

210kV

380µA

2000ms

2mm Cu

136µm

2) TP09:
810

200kV

500µA

500ms

0.1mm Pb,
0.15mm Cu

200µm

720

210kV

1000µA

500ms

1mm Cu

236µm

2 * drill holes: (25mm,
15mm)
1 * milling: (40x30mm)
1 * notch (5x5mm)
Material: Aluminium
Size: 30 x 100 x 60 mm³
3) Step cylinder:
1 * central drill (20mm)
8 * outer diameters (first 5
considered: 40, 60, 80,
100, 120mm)
Material: Aluminium
Size: 220 x 220 x 160 mm³

2.1 Evaluation methods
As evaluation methods two common global thresholding methods are opposed to more
sophisticated local adaptive methods. In the following section these methods are
explained.
2.1.1 Best ISO
For common surface extraction tasks in industrial applications, usually a single isovalue
is specified to distinguish between material and air [3]. The best global thresholds are
empirically determined and a surface model is extracted using a common surface
extraction algorithm, e.g. marching cubes [4].
2.1.2 Otsu
Otsu's threshold [5] separates an image into foreground and background components.
The basic idea is to consider histograms of image intensities and to maximize the
between-class variance. The output is the calculated Otsu threshold which is used to
extract a global surface model.
2.1.3 FHW-Pipeline
This method is a pipeline model for homogeneous industrial workpiece segmentation.
The FHW-Pipeline [6] consists of 3D image processing filters for data pre-processing,
segmentation and surface extraction: In the first step, an edge preserving diffusion filter
reduces noise and artefacts without blurring edges in the dataset (see Figure 1). A
watershed filter is applied on the gradient magnitude image of the smoothed data in
order to create a binary dataset. Finally, the surface model is extracted, using
“constrained elastic-surface nets” which generates a smooth but feature preserving mesh
of the binary volume

Figure 1: Homogeneous industrial work piece segmentation based on
3D watershed and constrained elastic-surface nets

2.1.4 Calypso®
Carl Zeiss Calypso® [7] is a well established software tool, which was originally used as
evaluation software for coordinate measurement machines (CMM). Recently, the
software was expanded to handle RAW volume data and STL surface models. Calypso®
evaluates inspection features by introduction of additional geometry information.
Calypso® extracts the measurement result directly from the input data (tactile
measurements of CMMs or in case of this paper imported volume data or surface
models). In comparison to the other presented methods Calypso® generates
measurement results without the intermediate step of a surface extraction. By defining a
geometrical feature, e.g. a diameter or a distance optimised algorithms evaluate the
input data to get the geometrical feature without a transformation to surface data.
2.3 Evaluation process
After scanning the specimens, the four measurement methods are applied on the
reconstruced volume datasets. To evaluate the inspection features, an inspection plan
was set up using Calypso®. The inspection plan was used as basis for the presented
dimensional measurement methods: In case of method 1) -3) a surface model was
extracted and in case of method 4) the volumetric data is used directly. The results are
shown in detail in the following section.

3. Results and discussion
3.1 CZ-FHW testpart
The CZ-FHW testpart was chosen to demonstrate dimensional measurement
inaccuracies concerning diameters and lengths. As the testpart consists of 6 small inner
drillholes of which 4 four are located in the bottom section of the specimen, this
specimen represents a good benchmark for common aluminium.
The CZ-FHW dataset was 759*741*835 voxels in size with a voxelsize of 136µm. In
case of the CZ-FHW dataset all measurement results are compared to CMM reference
measurement. As expected, the applied the global thresholding methods (BestISO and
OTSU) performed rather weak. After tweaking the BestISO method a significantly
improved result was achieved compared to OTSU’s threshold, which is not able to
handle artefact affected data (see Figure 2).
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Figure 2: Deviations of each method compared to CMM reference measurement

The best performance was achieved using the two local adaptive methods: Considering
the mean relative deviation of each inspection feature Calypso® yields the best results.
The smallest mean absolute deviations were achieved using the FHW-Pipeline (see
Table 2 for details). Even for this specimen which symbolizes a benchmark for
aluminium specimens the mean achievable measurement accuracy is 1/3 voxels over all
the inspection features.
Table 2. Mean deviations (relative and absolute) of CZ-FHW testpart
split into inner diameters, outer diameters and lengths

Overall
mean18
Inner
diameters
mean9
Outer
diameters
mean2
Lengths
mean7

CALYPSO®
mm
%

FHW-Pipeline
mm
%

OTSU
mm

%

BestISO
mm
%

0,0498

0,26

0,0460

0,50

0,4100

4,68

0,1267

1,53

0,0287

0,4050

0,0517

0,9434

0,5319

8,9286

0,1755

2,8759

0,0773

0,0860

0,0719

0,0720

0,1527

0,2336

0,0308

0,0544

0,0690

0,1343

0,0314

0,0605

0,3267

0,4848

0,0912

0,2177

3.1 TP09
The TP09 is a regular aluminium testpart consisting of 12 planes and 2 drill holes. The
CT-scan of the TP09 was 339*525*169*voxels in size with a voxelsize of 200µm.
Using this testpart the behaviour of the different methods concerning evenness is
evaluated. An optical GOM measurement which is specified with a measurement
uncertainty of 1,2 + length*10-3/400µm was used as reference. To depict deviations in a

plot and to calculate the evenness, an inspection raster was specified for each plane and
the deviations of each measurement point to the CAD model are depicted in a plot. As a
representative example the worst case and therefore the most challenging plane was
chosen for the raster plots. In case of this specimen and the used measurement
parameters and setup, the most artefact affected regions were the planes in ray direction
of the x-ray source, so the bottom plane was chosen and evaluated (see Figure 3). The
best achieved mean evenness was measured using the FHW pipeline but this is still an
order of magnitude higher than GOM reference. In Table 3 the detailed results of
evenness calculations are listed.
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Figure 3: Evenness plots of bottom plane using global and local adaptive methods.

Table 3. Mean evenness of TP09 per feature

Overall mean12
Large planes mean6
Small planes mean6

GOM
(mm)

Calypso®
(mm)

0,0550
0,0824
0,0277

0,2680
0,3340
0,2020

FHWPipeline
(mm)
0,2063
0,2835
0,1291

OTSU
(mm)

BestISO
(mm)

0,5435
0,6642
0,4229

0,5994
0,7148
0,4839

3.1 Step cylinder
The step cylinder was scanned on the whole resulting in a dataset of 561*559*436 in
size with a voxelsize of 236µm. As global thresholding methods yield no results for the
inner diameters of step 6-8, only the first 5 steps were considered. The stepcylinder is
rotation symmetric testpart which was chosen to evaluate the achieved roundness of
each method. Therefore roundness profiles are recorded in 5mm and 15mm height of
each cylinder. In Figure 4 a comparison of the extracted roundness profiles is depicted.
In terms of roundness the FHW pipeline showed the weakest performance. Compared to
the global methods however both profiles coincide. The best performance for this task
was achieved using Calypso® (see Table 4 for details).
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Figure 4: Roundness plots of cylinder3 using global and local adaptive methods.

Table 4. Mean roundness of step cylinder

Overall Mean6
Outer diameters mean5

GOM
(mm)

Calypso®
(mm)

0,1121
0,1266

0,1351
0,0776

FHWPipeline
(mm)
0,3146
0,2791

OTSU
(mm)

BestISO
(mm)

0,1924
0,1464

0,2395
0,1862

As an additional evaluation the inner and outer diameters of each cylinder were
measured. For this examination the FHW-pipeline generated the best results although
this method showed the weakest roundness (see Table 5 for details).The mean deviation
of the FHW-Pipeline compared to CMM over all inspected diameters is 0,0181mm
which is 1/13 the voxelsize, for outer diameters even even 1/14 the voxelsize was
reached
Table 5. Mean deviations (relative and absolute) of stepcylinder
compared to GOM reference measurement

Overall
Mean6
Outer
diameters
mean5

Calypso®
mm

%

FHW-Pipeline
mm
%

OTSU
mm

%

BestISO
mm
%

0,0286

0,0674

0,0181

0,0430

3,4587

16,838

0,3353

0,6137

0,0268

0,0746

0,0168

0,0476

4,1131

20,174

0,3401

0,6845

4. Summary and conclusions
For artefact affected datasets global thresholding are yielding no satisfying results. As
consequence, huge form and dimensional errors falsify measurement results. Calypso®
and FHW-Pipeline showed the following performance:
• Measurement error of diameters and lengths:
Calypso® has shown the best performance in the relative measurement error of
each inspection feature. However the smallest mean absolute error was achieved
using the FHW-Pipeline
• Evenness:
As the FHW-Pipeline uses prefiltering and segmentation technologies the
evenness results were slightly better than Calypso® results. Compared to GOM
results all roundness measurements are still a factor of magnitude weaker than
the reference measurement.
• Roundness:
In terms of roundness the FHW-Pipeline performed worst but yielded the best
results for the mean absolute diameters. The reason for these results can be
found in the characteristics of the pipeline which is segmentation based
producing a surface model of binary data. Further more the FHW-Pipeline
assumes no additional information on the datasets. In this examination task
Calypso® produced the best results.
All in all, in this paper the necessity of sophisticated algorithms for dimensional
measurement tasks is shown by comparing common global thresholding methods and
highly sophisticated local thresholding methods.
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