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Abstract
AnewForwardRayTracing Instrument (FRTI) for simulatingX-rayCT scanners is presented. The FRTI enables themodelling
of various detector geometries to optimise instrument designs. The FRTI is demonstrated by comparing experimentally
measured sphere centre-to-centre distances from two material measures with digital clones. The measured length deviations
were smaller than the reconstructed grid spacing for both the experimental and simulated acquisitions. As expected the
experimentally measured length deviations were larger than the simulated measurements. The results demonstrate the FRII’s
capability of simulating an X-ray CT scanner and performing length measurements.

Keywords X-Ray CT · Metrology · Ray tracing · Monte-Carlo simulation · Aviation security

1 Introduction

Experimental and theoretical modelling of X-ray-instrument
design can be performedusing awide selection of stimulation
tools, for both research and industry applications. Various
tools are used to simulate X-ray Computed Tomography (X-
ray CT) instruments, fitting the specific needs of a given
research field or industrial application [1–5]. A simulation
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tool is often optimised to a specific application, such as dose
reduction for medical X-ray CT [3–5].

The choice of the simulation tool is often a compromise
between simulation time and the image similarity to exper-
imental acquisitions (realism). Simulation tools with short
run times, such as Single-Point Ray Tracing [1] or X-ray
forward modelling [2], can simulate X-ray CT measure-
ments within seconds to minutes. This is generally achieved
by forward projecting geometrical features onto a detector
plane. This comes at the cost of reduced realism since only
a few X-ray interaction mechanisms are normally modelled,
such as photon absorption. Simulation tools modelling the
X-ray interaction mechanisms in greater detail can achieve
improved realism by utilising e.g. Monte-Carlo based for-
ward ray tracing [6] or wavefront propagation [7]. However,
they often suffer from long simulation times. Several new
simulation tools are under development trying to overcome
these challenges focusing on different research and industrial
applications [2, 6, 8].

The development of the next generation of energy dis-
persive Photon Counting Detectors (PCDs) [9] has sparked
new industrial development. The commercial PCDs currently
available are still more expensive than scintillator-based
detectors and generally only cover a small spatial range. The
limited spatial range can be overcome by combining mul-
tiple detector modules into an array of PCDs increasing the
instrument price and complexity.Modelling the performance
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of the gantry’s geometry is an important task for optimising
the utilisation of the PCDs and reducing the cost.

Among the new industrial designs there is a new type
of aviation security scanner utilising PCDs in a fixed-gantry
configuration composed ofmultipleX-ray sources and detec-
tor arrays [10]. Fixed-gantry configurations can speed up
acquisitions by eliminating the rotating gantry, at the cost
of increasing the complexity of the instrument geometry
by having multiple sources and detector arrays to manage.
Instrument designs using fixed-gantry configurations have
been implemented for several research applications [11–13].
However, fixed-gantry instruments have not yet been seen in
a large-scale industrial implementation.

Modelling the performance of instruments with a fixed-
gantry configuration and estimating the expected data quality
is a major challenge, due to the reduced number of imaged
projections and increased geometrical complexity of the
gantry. A simulation instrument to aid in the modelling and
optimising of instrument configurations would benefit future
research and industrial developments.

Thiswork presents a newForwardRayTracing Instrument
(FRTI) to simulateX-rayCT images formodelling the perfor-
mance of the instruments using fixed-gantry configurations
and detector arrays composed of multiple PCD modules.
The FRTI is modelled in the well-established Monte Carlo
based forward-ray tracing software McXtrace [6]. The paper
is organized as follows. The instrument’s implementation in
the McXtrace framework is described in Sect. 2. Section2
presents an analysis of the simulated CT acquisition of two
material measures (calibrated reference standards according
to VIM [14]). From the reconstructed 3D volume a series of
sphere centre-to-centre distances are evaluated and compared
to their reference lengths. The length deviations evaluated
from the simulated data are compared with experimental
CT acquisition of the two material measures. Section4 com-
pares the experimental and simulated results and discusses
the future work required to model instruments with a fixed-
gantry and array of PCDs.

2 The NewMcXtrace Simulation Instrument

The new FRTI is modelled using the free and open-source
simulation tool McXtrace [6]. McXtrace is a Monte Carlo
based forward ray tracing simulation software package.
McXtrace can handle energy-dispersive ray tracing, which
increases realism and allows for the modelling of energy-
dependent instrument properties.

In the McXtrace environment, an instrument is modelled
as a consecutive list of X-ray components. The list often
begins with the source and usually ends with a monitor
(detector). During a McXtrace simulation rays are traced
sequentially through the list of components. Instead of trac-

ing individual photons, McXtrace traces photon bunches,
so-called rays, to increase the simulation efficiency. McX-
trace keeps track of the coordinate position (r = x, y, z),
the wavevectors (k = kx , ky, kz), the phase (phi), the ray
energy (E), theweight factor (p), and the simulation run timer
(t). A McXtrace component is a self-contained piece of C-
code which can modify and record the parameters of a ray.
During a simulation, the parameters of each ray are initialised
at the source component from aMonte Carlo draw and traced
sequentially through the instrument’s list of components. A
schematic representation of the new FRTI is shown in the
centre box of Fig. 1.

The new FRTI is composed of three main components:
the X-ray source, the object volume, and the PCD array, seen
in the centre box of Fig. 1. The simulated object is provided
as a 3D voxel object volume and placed between the source
and detector array. The McXtrace component used for the
3D object volume has earlier been demonstrated to perform
energy-dispersive simulations ofmultiplematerials [15]. The
required input files to run a simulation are shown to the left
in Fig. 1 and are as follows:

• An object volume and list of material properties. The
object volume is represented as a segmented 3D voxel
volume, where each material has a unique integer value,
called the material index. Three lists must be provided
for each material in the 3D voxel volume. The lists
describe each material’s energy-dependent Linear Atten-
uation Coefficient (LAC) and probability of coherent
and incoherent scattering. The lists with material proper-
ties are generated using the NIST [16] and XCOM [17]
databases.

• Two geometry files. The first defines the X-ray source
focal position and orientation relative to the instrument’s
centre of rotation. The second lists the position and ori-
entation of each detector module in the array relative to
the source position and orientation.

• Alist of operation settings. The settings define the general
parameters such as the focal spot size, pixel size, detector
energy range, number of detector energy bins, etc. These
operation settings can be set as part of the command call
or using an input file.

The 3D voxel grid is simulated according to its energy-
dispersive interaction mechanisms. Inside the volume a ray
is propagated step-wise forward in small increments. In each
step, the ray position is used to look up the material index
of the voxel which the ray is inside. The material index is
used to identify which material properties should be used.
The ray’s wavevector, energy, and weight factor are adjusted
accordingly. Due to limitations in the file formats accepted
by McXtrace, the segmented object volume needs to be rep-
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Fig. 1 An overview of the required input files and information on the
left to run a simulation. A simplified illustration of a FRTI configuration
in the centre box. The rays are traced from the X-ray source through the

object volume onto the PCD array where the ray position and energy
are recorded. The output is an energy-dispersive radiograph, where the
number of energy bins is set using the operation settings

Fig. 2 2D slice of an example of an object volume for the corresponding
FRTI’s component. The slice contains four separate objects composed
of three different materials. All voxels of the same material share the
same integer value, called the material index. Thematerial index is used
to look up the LAC and scattering probabilities for the given material
from the lists of material properties

resented as a stack of slices. Further development is required
before other file formats are allowed.

A 2D slice of an example of an object volume (digi-
tal clone) is shown in Fig. 2 with four objects of three
unique materials. The grid spacing of the object volume can
influence the geometric shape of the reconstructed object.
Preliminary studies of the sphere centre-to-centre distances
evaluated with a centre-of-mass method indicate no notice-
able effect when the object’s grid spacing is below the voxel
size of the reconstruction volume.

In a real instrument, an X-ray source generates a continu-
ous energy spectrum of X-rays, which are then detected by a
PCD. McXtrace software subdivides the whole energy spec-
trum into a number of energy bins (PCD’s energy channels),
each one simulated by Monte Carlo draws (rays). A large
number of simulated rays (roughly 108 to 109) is required
for each energy channel to achieve sufficient statistics.

3 Measurement Configurations andMethods

This section establishes the methods for evaluating the geo-
metric accuracy of the new FRTI by comparing experimental
and simulated deviations of dimensional measurements.
The measured quantities were length deviations of spheres’
centre- to-centre distances. The spheres’ centre-to-centre dis-
tances are evaluated from 3D reconstructions of X-ray CT
data acquired experimentally and from FRTI simulations.
The length deviations (measurement errors) are calculated
by subtracting calibrated tactile reference values and nom-
inal reference values from the experimental and simulated
measurements, respectively. The FRTI was configured as an
idealised clone of the experimental instrument. The simula-
tions presented here do not include geometric misalignments
or external influence factors, such as thermal expansion,
mechanical vibrations, etc. The digital clones used for the
simulations were generated from the nominal dimensions of
thematerial measures used for the experimental acquisitions.

3.1 TheMaterial Measures and Digital Clones

Two types of material measures were considered: (1) a cylin-
drical object made of carbon fibre with four ruby spheres (CT
Tube) [18] and (2) a carbon fibre plate with a 5 × 5 array of
ruby spheres (CT Ball Plate) [19]. The digital clones were
designed according to the nominal dimensions of the two
material measures and represented in a cubic grid volume
with a grid spacing of 0.25mm. Preliminary investigations
indicate no effect on the evaluation of the sphere positions in
the simulated data when the object’s grid size, here 0.25mm,
was below the grid size of the reconstructed volume (1mm).

3.1.1 The CT Tube

The CT Tube was designed and manufactured at the Techni-
calUniversity ofDenmark (DTU) for system scale correction
[18] and had previously been used to demonstrate the dimen-
sional accuracy of the EDXCT [20]. The CT Tube seen in
Fig. 3a was made of a carbon fibre tube with a nominal outer
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Fig. 3 A picture of the
experimental material measure
CT Tube in the left (a) and a 3D
rendering of the simulated
digital CT Tube in the right (b).
The four spheres were
numbered from top to bottom.
The coordinate system in b was
aligned with that of the
instrument in Fig. 1

(a) (b)

Table 1 List of the six
measurands defined as the 3D
distance from the centre of
spheres indexed N and M

Measurand Sphere N Sphere M Reference sphere centre-to-centre distance
Material measure Digital clone

D1 #1 #2 63.72mm 63.61mm

D2 #1 #3 32.90mm 32.82mm

D3 #1 #4 69.49mm 69.62mm

D4 #2 #3 49.15mm 49.11mm

D5 #2 #4 52.23mm 52.07mm

D6 #3 #4 68.69mm 68.73mm

The sphere numbers indicate which spheres were used for the centre-to-centre evaluation. The spheres’ centre-
to-centre distances for the material measure were measured using a Zeiss PRISMO CMM with a standard
uncertainty σCMM < 6μm. The digital clone was generated based on the nominal dimensions of the material
measure

diameter of 63.0mm and wall thickness of 1.6mm. Glued to
the outer tube wall were four ruby spheres with a nominal
diameter of 5.0mm. The digital clone, shown in Fig. 3b, was
generated according to the nominal dimensions in the design
of the material measures. Thematerials chosen for the digital
CTTube’s sphere and tubewall were solid carbon and silicon
oxide, respectively.

Table 1 lists the six unique sphere centre-to-centre dis-
tances. The sphere distances of the experimental differ no
more than 0.16mm from the nominal dimensions of the dig-
ital clone.

3.1.2 The CT Ball Plate

The CT Ball Plate seen in Fig. 4a was developed at DTU
to evaluate measurement errors in X-ray CT systems [19].

The CT Ball Plate material measure was designed to charac-
terise the probing error of spheres, length measurement error
between spheres centres, and volume measurement errors
[19]. The 25 ruby spheres have a nominal diameter of 5.0mm
andwere fixed to a 2.0mm thick carbon fibre plate in a square
grid with a 10mm centre-to-centre distance between neigh-
bouring spheres. The digital CT Ball Plate shown in Fig. 4b
used for the simulations was generated with the nominal
dimensions ofmaterial measure in a volumewith a grid spac-
ing of 0.25mm. During the simulations the plate was set as
solid carbon and the spheres as solid silicon oxide.

Fig. 4 A picture of the CT Ball
Plate material measure in the
left (a) and an illustration of the
simulation digital clone in the
right (b). As illustrated, the
spheres were numbered
row-wise from left to right
starting from sphere #1 in the
left lower corner

(a) (b)
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3.2 The Experimental and Simulated Instrument
Configurations

The experimental measurements were performed by an
energy-dispersive X-ray CT (EDXCT) instrument with a
rotating gantry CT scanner [20]. The source and detector
positions were based on the mechanical drawings of the
experimental instrument and given in Table 2. The source
had a tungsten anode target and operated with an accelera-
tion voltage of 160kV and a current of 5mA. The focal spot
size was 1.6×0.8mm (IEC336). The linear detector array,
shown in Fig. 1, was composed of tenME100 PCDs from the
manufacturer Detection Technology [21]. The detectors had
128×1 pixelwith a pixel size of 0.8×0.8mm and 128 energy
bins over an energy range from20keV to 160keV. The object
volumeswere centred and translated along the axis of rotation
(x-axis in Fig. 1) with a transverse grid spacing of 1mm. The
data quality was generally best near the centre of rotation.
The 2D projections were reconstructed using an Algebraic
Reconstruction Technique (ART) algorithm combined with
Total-Variation (TV) minimisation [22]. The input files for
the simulation tool were configured to model the EDXCT
prototype with the source and detector positions defined in
Table 2.

The experimental EDXCT instrument had 10 detector
modules stacked vertically. However, with a magnification
m = 1.45, the magnified shadows of the two material
measures and the sample cylinder (used for sample fixture)
were just slightly wider than one and five detector module,
respectively. The efficiency of the simulations was increased
by reducing the field-of-view to only the centre 5 detec-
tor modules, listed in Table 2, since the total number of
rays thereby could be reduced. The experimental acquisitions
were performed with all 10 modules and cropped during the
data post-analysis to the five centre detectors. This was not
expected to influence the measurement of the sphere posi-
tions since the excluded detectors did not image any part of
the sample, and of the sample cylinder.

3.3 TheMeasurement Procedure

Twenty projections were both experimentally acquired and
simulated in each X-ray CT scan with a uniformly spaced
rotation of 15◦. The simulated and experimental acquired
projections were reconstructed using the same ART-TV
reconstruction algorithm. The reconstructed volumes had a
grid spacing of 1.0mm in the y, z-plane,while the x-axis’ grid
spacing is determined by the constant translation speed and
the detector integration time. In the experimental acquisitions
of theCTTube andCTBall Plate the x-axis’ grid spacingwas
1.0 and 0.8mm, respectively. In the simulations, the objects
were placed in a static position for each line, and in between
simulated lines, the object volume was re-positioned linearly

Table 2 List of a source and five detectors’ positions from the mechan-
ical drawings of the experimental instrument setup

Coordinate

Component z [mm] y [mm]

Source −1018.5 0

Detector #1 478.26 208.00

Detector #2 478.26 104.00

Detector #3 478.26 0.00

Detector #4 478.26 −104.00

Detector #5 478.26 −208.00

These positions were used to define the geometry of the simulated setup
gantry and the geometry for the reconstruction algorithm. The coordi-
nates are relative to the centre of rotation of the CT instrument

along the axis of translation (x-axis of Fig. 1) by a predefined
step size of 1mm.

A total of 106 rays were simulated in each line scan.
This number of rays was chosen to provide a good contrast
between the object and the background while keeping the
simulation time within a few hours.

The CT Tube was oriented with the tube’s centre axis par-
allel to the instrument’s axis of rotation. The height of the
tube could be covered by 65 lines. The average simulation
time per line of around 9.5 s with 106 rays. The total simu-
lation time for the 65 lines over all 20 projections of the CT
Tube was close to 200min.

The CT Ball plate was orientated with the u,v-plane in the
fan beam plane and the w-vector parallel to the direction of
translation. In this orientation, twenty simulated line acqui-
sitions were required to cover the height of the CT Ball Plate.
The total simulation time with 106 rays for all twenty projec-
tions was roughly thirty minutes with an average simulation
time per line of around 4.1 s. This was twice as fast as for the
taller CT Tube since fewer slices need to be loaded compared
to the shorter CT Ball Plate.

3.3.1 Evaluating the Dimensional Measurements and
Uncertainties

The dimensional measurements were performed from geo-
metrical evaluations of the reconstructed 3D volumes. All
the spheres’ positions were evaluated from the reconstructed
3D volume using a centre-of-mass (CoM) calculation from
a sub-volume near the sphere’s expected position. The 3D
coordinates evaluated for each sphere’s centre position were
used to compute the sphere-centre-to-centre distance. The six
measurement errors of the CT Tube and the three-hundred
measurands of the CT Ball Plate were evaluated from the
length deviation between the measured values and corre-
sponding reference values.
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Fig. 5 Length deviation of the
six sphere centre-to-centre
distances from measurements of
the CT Tube from experimental
and simulated acquisitions. The
error bars for the experimental
deviations were evaluated as
twice the standard uncertainty
(2σCT ) of the 5 repeated CT
acquisitions. The reference
length for the simulated data
comes from the nominal sphere
distances of the digital clone

The experimental reference values were measured using
a Zeiss Prismo Coordinate MeasuringMachine (CMM). The
CMMmeasurements of the CT Tube and CT Ball Plate were
repeated five times with a standard deviation of σCMM <

6µm and σCMM < 10µm, respectively. The nominal sphere
positions were used to calculate the sphere centre-to-centre
distances used as the nominal reference values for the simu-
lated measurements.

The experimental uncertainty was evaluated as a type
A uncertainty by the standard deviation of measurements
from five repeated CT evaluations with a coverage factor
k = 2 (confidence level of approximately 95%) [23]. The
uncertainty contributions from theCMMmeasurementswere
neglected from the combined uncertainty of the CTmeasure-
ments since it was less than the number of significant digits
in the CT measurements.

4 Comparison of Experimental and
Simulated Dimensional Measurements

This section presents the length deviations between the
sphere centre-to-centre distance evaluated fromexperimental
and simulated CT measurements. The comparison between
the two sets of deviations indicated the quality of the FRTI
formulation.

4.1 Results Acquired of the CT Tube

The length deviations for the experimental and simulated
measurements were within ±0.5mm and ±0.25mm of the
reference values in Table 1, respectively. The uncertainty of
the experimental measurements was evaluated as two times
the standard uncertainty ofmeasurements of five repeatedCT
acquisitions. This was less than the reconstructed volume’s
grid spacing of 1mm. No significant trends were observed
in the distributions of the six measurands in either the exper-
iments or simulations (Fig. 5).

4.2 Results Acquired of the CT Ball Plate

The 300 sphere centre-to-centre distances for both the exper-
imental and simulated measurements are plotted against
the 14 unique nominal lengths in Fig. 6. A linear trend
was observed in the deviations for both the experimen-
tal and simulated measurements. The slopes of the linear
fits were aexp. = (5.54 ± 1.13)µm/mm and asim. =
(2.85 ± 0.58)µm/mm for the experimental and simulated
deviations, respectively.Thevariations of the two slopeswere
∼ 20% of the fitted values and from linear regression the
coefficient of determination R2 ≈ 0.27 for both fits. There-
fore, the fits were deemed not satisfactory for the data set’s
scale correction.

5 Discussion

In this study, we evaluated the geometrical measurement
accuracy of the new FRTI using the McXtrace software
package. The simulation instrument is evaluated by compar-
ing length measurements from experimental and simulated
acquisitions of two material measures: the CT Tube and CT
Ball Plate.

The experimental length deviation measurements of the
CT Tube are between ±0.5mm. This is in agreement
with earlier studies using the EDXCT instrument [20]. The
length deviations from the simulated CT Tube are between
±0.25mm. For the CT Ball Plate, the standard deviations of
the experimental and simulated distributions of length devi-
ations shown in Figs. 6a and 6b were 0.26mm and 0.12mm,
respectively. The length deviations for both the CT Tube and
CT Ball Plate are less than the reconstructed volume’s grid
size of 1.0mm for both the experimental and simulated length
measurements.

This first work did not consider all the influence factors
affecting an energy-dispersive system. Consequently, it is
unsurprising that the experimental length deviations for both
material measures are larger than the simulated ones. Nev-
ertheless, the implemented formulation of the FRTI, despite
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Fig. 6 Graphs of the CT Ball Plate’s sphere centre-to-centre length
deviation for the experimental and simulation acquisitions in a, b,
respectively. The 300 centre-to-centre measurements were grouped into
14 unique nominal lengths. The experimental error bars in a were eval-
uated from the standard deviation of 5 repeated measurements on the
CT instrument. The parameters and associated uncertainties of the two
linear fits were displayed in the legends

not accounting for all the causes of variability, shows a con-
sistent trend with the experimental results and allows for a
high level of flexibility and control of the configuration of the
simulatedX-ray instrument. Therefore, further investigations
will follow to model the effects associated with the geomet-
rical misalignment of the gantry and the motion blurring due
to the linear translation. In addition, several influence factors
will be considered such as non-uniform translation speed,
misalignments in the instrument gantry, vibrations during
the acquisitions, structure thermal expansion, etc.

A major challenge in developing and testing new material
measures using the new FRTI would be the increasing sim-
ulation time. The simulation time depends on the size and
density of the simulated object volume. This was observed
for the simulations of the digital CT Ball Plate being twice as
short compared to the digital CTTube since the voxel volume
is half as tall. Working with large voxel volumes would be
challenging and future implementations would benefit from
a less data heavy data representation of the object volume.

In addition, energy-dispersive simulation using the new
FRTI can allow future studies to both investigate the energy-

dependent properties of material measures and test digital
prototypes of future X-ray CT instrument designs. This
capability can offer assistance in modelling the important
influence factors for energy-dispersive X-ray CT measure-
ments.

However, the implementation of the energy-dispersive
detection is monochromatic requiring the tracing of more
rays, which increases the simulation time. An ongoing devel-
opment of the McXtrace software is aimed at implementing
GPU accelerated simulations to reduce the simulation time.
For simple McXtrace instruments, GPU parallelisation has
already demonstrated upwards of a thousand time reduction
in the simulation time [24].

The number of 106 rays simulated in the proposed investi-
gationwas chosen to provide good contrast in the radiographs
between background and object features while keeping the
total simulation time short. The contrast in the simulations is
expected to be an important contributor to the reduced length
deviations observed in the simulation results.

The measurement results demonstrate length deviations
of the simulated acquisition of less than half the experimen-
tal measurements. Future research should aim at modelling
the unaccounted influence factors to produce measurement
results more aligned with experimental measurements. Still,
more work is needed to model these influence factors. This
new FRTI offers great opportunities for such studies by
allowing flexible instrument configurations and easy control
over the potential influence factors. This could assist in the
future development and greater industrial implementation of
energy-dispersive X-ray CT instruments.

6 Conclusions

A new FRTI has been presented for simulating X-ray CT
instruments. The new FRTI can be used to test and analyse
different CT instrument configurations. The FRTI utilises an
energy-dispersiveMcXtrace component tomodel for energy-
dependent absorption and scattering. This enables future
development into fully energy-dispersive simulations of X-
ray CT instruments utilising PCDs.

The new FRTI was validated by comparing length mea-
surements from CT simulations of digital clones with exper-
imental length measurements of two material measures. A
CT Tube and CT Ball Plate were used for comparing the
deviation of sphere centre-to-centre distances with experi-
mental and nominal reference lengths. The CT Tube had
experimental and simulated deviations within ± 0.50mm
and ± 0.25mm, respectively. The experimental and simu-
lated length deviations of CT Ball Plate were slightly larger
at ± 0.75mm and ± 0.50mm, respectively. All the devia-
tions were below the reconstruction volume’s grid spacing
of 1mm. The experimental deviations were around two
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times larger than the simulations. This factor of around two
is associated with the unaccounted influence factors from
geometrical misalignments of the experimental instrument’s
gantry and motion blurring from the object translation. Fur-
ther studies are needed to model these influence factors and
the FRTI was designed to aid in such investigations.

Future work will consider using the FRTI to evaluate the
sensitivity factors of a CT instrument configured with multi-
ple detectormodules. Such sensitivity factors are challenging
to evaluate experimentally for instruments using detector
arrays of multiple modules since it is impractical to measure
the position and orientation of all modules. Using the FRTI,
geometric misalignments of every instrument’s component
will be assessed and corrected/compensated.
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