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1 Executive summary
This report describes the design and development of the 2nd QAS module which includes the X‐ray
imaging module. First, the design scope and the criteria are discussed. In the 2nd section, the design
of the imaging module is described in terms of the effects of the stereo angle, the timing and speed,
the trigger aspects and sequence, and the tray choice on the image quality. Then, the detection
technology and shielding are discussed. In the following sections, the synchronization aspects, the
input and outputs and the software interface are discussed. Attention is also given to the cleaning
and hygienic aspects. Finally, the time plan for construction, the budget considerations and some
recommendations and required actions are discussed. models for 3D and colour analysis of food
products in the PicknPack Quality Sensing Module.

2 Design scope
The design is chosen in order to provide X‐ray images containing data whose quality allows the
analysis of the internal features of the scanned products. For this scope, two driving principles lie
behind the design:
‐
‐
‐

To obtain the highest possible signal‐to‐noise ratio (SNR), on a pixel basis, in order to
maximize the resolution of the inspection.
To reduce to a minimum the contributions to the total unsharpness of the image.
To provide an image that contains exclusively one tray, avoiding the effects from the overlap
of the absorption levels from neighboring trays.

At the same time, the X‐ray imaging system is expected to be integrated in the sectional frame
structure (Fig. 1), the designated transport system throughout the entire production line.

Fig. 1. View of two segments of the sectional frame used to convey the web of trays. The X‐ray unit
needs to be integrated in either one of the segments.
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The main challenges to the integration belong to the radiation‐safety aspects. Wide X‐ray fan beams
must be employed in order to scan successfully the trays. Due to the scattering properties of the high
energy photons, the sectional frame must be adapted for integrating stainless steel tunnels of about
1 meter stretching out on each side of the scanning unit. Different solutions are proposed in the
dedicated section of the document at hand. An initial sketch can be viewed in Fig. 2, where a system
composed of one insertable scanning unit and a “capping” counterpart for shielding is presented.

Fig. 2 Views of one possible insertable scanner design, for the detector‐up configuration (cf. Fig. 8).
The scanner is inserted through a hole in the side of the sectional frame to fit the X‐ray chamber
under the web of trays. The upper compartment contains the detectors, with the active areas facing
orthogonally the source focus point. The scanning system is “capped” on the opposite side by a
matching counterpart for shielding purposes. The size of the shielding wings and tunnel presented
here is purely ideal. The opposite configuration (detector‐down) can be realized by replicating the
same capping solution (not displayed). The main difference would consist of a considerably higher
upper compartment, which would reach the height of about 600 mm above the level of the web of
trays. A structure similar to the one shown above would be used for the lower compartment, hosting
the detectors close to the web and using the lateral protrusions for shielding purposes.

3

Fig. 3. Geometrical setup of the detectors providing the stereographic view. Two pairs of detectors in
tilted configuration are placed each on the two sides of the centre line of the web of trays, along the
direction of motion.

3 Imaging setup
The quality provided by imaging systems is given by the design geometry, by the optimal choice of
focus points, and by the spatial resolution of the detector as a function of the exposure time. Typical
X‐ray food inspection systems ‐ like the module designed for Pick&Pack – are expected to inspect
optimally the entire item, thus requiring the minimization not only of motion blur, but also of
magnification artifacts (see Sec. 3.2 and Fig. 5‐7‐8). In order to do so, the sensing area of the detector
needs to be placed as close as possible to the scanned object. As a result, the optimal choice in the
typical belt‐based systems is to place the detector right underneath the product, shooting the X‐ray
from above. The Pick&Pack concept, with its Web of Packages, turns the geometry around, making
the fixed plane the one which the trays hang from. In this sense, the optimal geometrical setup is
obtained by placing the detector above the trays, and the source below (“Detector‐Up”).
A reverse (“Detector‐Down”) geometry with the detector below and the X‐ray source above the web
‐ which presents more favorable aspects in terms of integration in the sectional frame ‐ would result
in a worse quality of the images, if the detector is not positioned close to the bottom of the tray.
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Further problems in this sense are given by the fact that the depth of the trays is not constant, but
can vary from 35 to 85 mm. A configuration with a fixed position of the detector below the tray
would imply that the imaging system is optimal exclusively for the deepest trays, with a quality
deteriorating as the depth shortens. Depending on the pixel size and the signal‐to‐noise ratio (SNR)
of the detection technology, the reverse geometry could affect the ability to identify localized density
variations below the [mm] scale. To prevent the occurrence of these types of artifacts, the X‐ray
focal spot needs to be placed more than 400 mm above the hang line of the web.
The minimal length of a detector unit for high resolution X‐ray imaging is about 220 mm. It is
expected that each of the two stereo images is built from data recorded by two detectors placed side
by side, covering a total of 440 mm per image. The whole stereo image will then be produced by two
X‐ray sources and four detectors arranged in a crossing setup (Fig. 2). The relative arrangement of
the detectors is shown in Fig. 3.
Depending on budget and time considerations, changes involving the number of sources or the
number of detector units used may be necessary (cf. Tab. 1), limiting the number of detectors to two
instead of four. The contingency plan for such eventuality is to provide the stereo scan on a 220 mm
width of the web only. In this configuration the two detectors are placed side by side, centrally with
respect to the web of trays and the source focal spot.
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3.1 Stereo angle
The necessity of providing independent stereo images requires that the scanning axes of the two
source‐detector pairs are tilted to a minimum which does not make the images contain redundant
information. At the same time, a too large tilt results in the overlap of the x‐ray scan of a given tray
with its direct neighbor, generating portions of images where the absorption information from the
lower part of a tray is merged with the one coming from the upper part of its neighbor. In order to
avoid such events, the geometry must be chosen in a way to compromise between these two
opposite needs. As the maximum tray depth planned to use is 85 mm, and a minimum spacing
between neighbor trays is 30 mm, the maximum tilt angle which can be used without generating the
overlap is 20 degrees (w.r.t. the vertical axis). In addition, radiation safety considerations prevent the
tilting angles to point the beams to more than 30 degrees from the vertical direction. The possible
configurations are ideally summarized in Fig. 3. The design of the stereo angle geometry is critical
and cannot be changed after a final decision is taken, since the mounting positions of both the
detector arrangements and the X‐ray sources depend on it1. The decision on the final geometry will
be taken together with KU Leuven (WP4).
The final image delivered by each stereographic view will correspond to a length larger than the tray,
by an amount equal to the tray depth multiplied by the tangent of the stereo angle. Typically, this
length should not exceed the spacing between two neighboring trays (30 mm), to avoid the overlap.
The two stereo images can be acquired simultaneously, if two X‐ray sources are used, as shown in
Figures 2‐7‐8, or at separate times, if one X‐ray source is used as shown in Fig. 9.

3.2 Image quality, timing and speed
The detection technology is based on the fast acquisition of frames. Subsequently, the images are
produced by stitching together the pixel lines obtained by the time‐delayed‐integration of the
frames. The integration scheme assumes that the sampling speed matches the physical speed, which
is straightforward to obtain by setting the parameters for system in constant motion. The stop&go
motion scheme provided by the sectional frame provides a possible source of deterioration of the
image quality, depending on the acceleration parameters and the consequent rise time. The image
quality can be guaranteed exclusively if the typical rise time in the speed profile (Fig. 3) is such to
reach the constant speed zone quick enough to minimize the artifacts. Furthermore, the data
acquisition needs to be controlled in a way that the data acquired during the rise time corresponds
exactly to the tray spacing portions of the web. Taking these considerations into account, the optimal
imaging configuration ‐ and synchronization ‐ is obtained using two X‐ray sources with crossing
beams. In such a case both the stereographic views are not minimally affected by the rise time
effects, which are by construction limited to the area corresponding to the spacing between the

1

Additionally, time and budget considerations prevent the possibility to have automation controls of
a variable geometry, changing with the width of the tray, due to the extreme degree of complexity
associated to such a solution.
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trays. In general is possible to use the speed profile depicted in Fig. 3 to visualize the usable and
meaningful portion of the acquired integrated image, which corresponds to the part where the speed
is constant.
A motion speed of the web of 240 mm/s is assumed, and a typical spacing of 30 mm between two
consecutive trays. Given these parameters, a mandatory requirement for the acquisition of usable
images is then that the rise and deceleration times are lower than 0.10 s.

Fig. 4. Typical speed profiles are shown for the stop&go motion pattern. The X‐ray image is built
assuming a constant speed of the object in motion. As a result, geometrical distortions appear at the
beginning and the end of the image, if the speed is not constant. The line in green represents the
optimal case for the construction of the image. The rise time needs to be minimized (green, blue), to
ensure a correct imaging. A slow profile as depicted in red renders the image useless.
If the rise and deceleration time cannot be guaranteed shorter than 0.1 seconds, an alternative
solution proposed is to provide the raw data only. The time‐stamped frames before performing the
time‐delay‐integration can be provided. This would allow KUL to customize the integration and the
”stitching” of the images according to the actual speed profile.

3.3 Trigger aspects and sequence
The image capture needs to be triggered. In order to guarantee an optimal timing and minimize the
impact of the dead time due to the inner buffering of the PC units, InnospeXion advocates the trigger
to be based on the PLC devices, leaving the ØMQ tool to be exclusively responsible of the ID and the
bookkeeping tasks. In case the overall interfacing with the line (or the QAS) is managed by the ØMQ
system, InnospeXion cannot guarantee the correctness synchronization of the stereo images to a
degree better than the Windows ::clock() function. The overall image capture sequence for an
imaging setup composed of two source‐detector pairs focusing over a joint point of view by the hang
line (characterized by the aforementioned optimal synchronization aspects) can be viewed in the
sequence below.
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Incomplete scan

Incomplete scan

detector
X‐ray fan
beam
trays
motion

Complete scan,
Minimal artifacts

Complete scan
Possible artifacts
(magnification)

Fig. 5. Overview of possible scan setups, focusing on the width of the scan. Each of the four blocks
shows a lateral and a frontal view of the detector‐object‐source configuration. The scanned object is
intended as moving through the paper plane, in the frontal view (right side of each block). The sizes of
both the detector and the scanned object are intended constant in the configurations sketched above,
while the positions of the object and the X‐ray source are varied. The configuration in the lower right
quadrant proves to be the optimal, in terms of inclusivity, scanner size and image quality.
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1

2

No Overlap
Independent images

detector

No Overlap
Redundant images

3

X‐ray fan
beam
trays
motion

Overlap from trays
Scattering at tunnel ends

Fig. 6. Overview of the possible scanning setups for the acquisition of stereo images containing
sufficiently independent information, not spoiled by the neighbor tray. A configuration similar to 1
must be chosen, representing a compromise between 2 and 3, which represents ‐ if the spacing
between consecutive trays is sufficient ‐ the most complete view from purely geometrical
considerations.

3.4 Image quality and tray choice
Layers of the scanned object that lie further away from the detector are instead affected by a
magnification factor M that contributes to increase the geometrical unsharpness Ug of the image as
shown in Fig. 7.
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Fig. 7. Computation of the magnification factor and the geometrical unsharpness.
The object scanned is not flat, but rather the opposite. In fact, in two out of three cases chosen for
the demonstration of the Pick’n’Pack operational flexibility, the trays will be filled with grapes and
tomato vines, randomly stacked and filling a depth of 75 mm (extendable to a maximum of 85 mm,
at later stages). The impact of the magnification artifacts will increase for portions of product lying
further away from the detector. The detector‐up imaging setup (cf. Fig. 7) would therefore be
preferred, in order to provide a constant magnification level for at least one given object‐detector
distance, which is the line of hang of the web of trays, while the opposite configuration would yield
different results, since it is not possible to lift the detector according to the tray depth (cf. Sec. 3.1),
as it would require a depth‐dependent rotation to ensure that the sensing area faces the radiation
orthogonally. The choice of the trays and of their filling levels is therefore critical for the image
quality, as it is ideally depicted in the Fig. 8.
Given the dimensions of the sectional frame and the mechanical requirements, there is a lower limit
to where the focal spot of the X‐ray source can be placed, given by the an approximate magnification
factor of 1.05 for the portions of product closest to the detector is expected. This figure deteriorates
to a maximum of 1.12 for the portions further away in the detector‐up configuration. The opposite
(detector‐down) configuration would be less limited by the structure, allowing the sources to be
placed high at will, in order to compensate the tray‐filling effects. By placing the focal spot at a
minimum distance of 400 mm above the hang line, the magnification effects due to the variable
depth can be minimized, obtaining a factor of about 1.05 for the bottom line of the smallest tray
depth (worst case).
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Fig. 8. Image quality dependence on tray depth and filling level (labeled as 1, 2, 3) for the two possible
imaging configurations (A, B). The acquisition of constantly optimal images corresponds to a
configuration where the tray choice provides a constant vertical distance between one of its levels
and the detector (b). A constant magnification level cannot be obtained for a reference height, when
he distance varies (a). The X‐ray cone displayed in the images above is intended as collimated,
therefore only the used fraction of the emission in the solid angle is drawn.
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C
collimation

detector
X‐ray fan
beam
trays
motion
product
Detector‐Down Configuration (single source)
Optimal
Fig. 9: Ideal setup for the detector‐down configuration using one X‐ray source only for double
imaging. The X‐ray cone beam is now used in its entirety, collimating the radiation adequately.

4 Detection technology
Image capture based on high‐resolution pixel frames CdTe+CMOS (0.1x0.1 mm2) or CsI+CCD
(0.05x0.05 mm2), employing time‐delay‐integration techniques for maximizing the signal‐to‐noise
ratio at high sampling speed.

5 Radiation shielding
Tunnels of about 1 m stretching out on each side of the scanning unit need to be integrated in the
mechanical structure of the sectional frame. The lateral walls of the frame itself are designed in
stainless steel and can be therefore used to shield part of the radiation. Nevertheless, the scattering
properties of the high energy photons require a continuous2 protection layer of 3 (6) mm of stainless
steel, for applications where the maximum energy of the radiation is 40 (60) kVp.
The sectional frame (Fig. 1) offers a large number of holes, open edges and general discontinuities in
the entire structure, which are not compatible with the required level of uniformity needed by the
shielding structures. Therefore, for simplicity reasons, InnospeXion identifies the most suitable
shielding concept to be a maximal “4π”coverage of the sectional frame, limiting the apertures to the
X‐ray chamber exclusively to the in feed and out feed points, about 1 meter away from the X‐ray
2

To ensure the continuity of the shielding, special mechanical arrangements with overlapping walls
are required by all juxtaposed edges, to ensure that the all the possible scattering paths cross the
designed shielding thickness at all times, before escaping the X‐ray chamber.
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chamber. A preliminary sketch of this design can be viewed in Fig. 2. The extension of the tunnels is
not chosen, and further studies are required to finalize the decision in this regard.
The option to extend the tunnel system presented in Fig. 2 by adding wheeled structures arranged in
a similar “capping” fashion and connected by interlocks, laterally to the scanner, is taken into
account. Studies to assess the need of a shielding floor are needed.
Alternative solutions can be pursued, to insert the shielding solutions inside the sectional frame, by
embedding them throughout the structure. The typical solution for radiation shielding at the in/out
feed point of X‐ray systems is the usage of a number of consecutive strip curtain barriers made of
either stainless steel plates or reinforced rubber. The spacing between the curtains is chosen such to
guarantee that at least two or three layers are always in vertical position with minimal oscillations,
and only one layer per feed side is lifted at the same time. These solutions are used in belt‐conveyed
systems, where the curtains can hang from the ceiling. In the case of the sectional frame, the fixed
level is given by the hang line rather than the belt level, therefore no “hanging” solution can be used
for shielding. To circumvent this issue the development of innovative semi‐elastic structures of
reinforced rubber pointing upwards is foreseen. These structures can be either flaps or thick strips
whose function is to “wipe” the bottom of the tray, bend over at the passage and return to a vertical
(upwards) home position right after.
Such concepts would require a much higher level of structure interfacing with the already existing
sectional frame, whose design is frozen and fits all criteria of modularity and hygiene required by the
Pick’n’Pack participants. Due to the level of complexity required for the insertion of shielding
components, and the simultaneous simplicity required by the cleaning devices (high pressure water
jets on slanted, smooth and uniform surfaces), together with budget and time considerations, such
solutions are discarded by InnospeXion ApS, in case the most expensive detection solution was
chosen.
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Fig. 10. Examples of units of web tray processed by the thermoformer at the beginning of the
Pick’n’Pack production line.

6 Synchronization aspects
The Pick’n’Pack production line is expected to work like a syncopated clockwork mechanism, with the
web of trays that rolls along the sectional frames in a stop&go asynchronous rhythm dictated by the
various components. Independently from the heartbeat, the conveying speed is constant, and at
every asynchronous beat the sectional frame transports the web forward by one unit. The size of the
unit is constant, and it is defined by the thermoformer and the sealer/cutter machines, which can
handle only one web unit at the time ‐ at the beginning and at the end of the line, respectively.
Typical web units are shown in Fig. 10. As it can be seen, independently from the size of the single
tray, a constant length of 240 mm is processed. The quantization of the flow in 240 mm long web
units permits to synchronize the image capture with the heartbeat of the global line, provided that
the scanning line coincides with a stop line, as depicted in Fig. 11. In order to do so, the X‐ray
scanner unit will be provided with an additional set of wheels or other passive motion system, in
order to adjust the position of the scanning line to match the edge of a web unit at the stop.
Accordingly, the lateral opening in the sectional frame needs to be wider than the exact dimensions
of the X‐ray chamber, in order to make room for this adjustment.
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step
0

Stop & Go by the
scanning line

Stop & Go not sync’ed

X‐ray
system

Fig. 11. Clockwork gear synchronization (at full production rate) depending on heartbeat.

7 I/O (interfacing)
The X‐ray unit is designed with a PLC‐master/PC slave configuration, where all the automation
systems (power controls, safety stops, interlock mechanisms, light devices) are managed by the PLC
and its Human Machine Interface (HMI), while the PC is solely responsible for acquiring the image
data.
‐

‐

‐

‐
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The trigger system will be adapted to match the Pick’n’Pack line configuration: the system
will expect the trigger signal of the given tray ‐ tracked by the global line controller ‐ when it
crosses the scanning line. After the tray has passed, its stereo images are stored locally.
The images corresponding to each tray are made available to be retrieved by the QAS
analysis unit. The interface can be realized by means for the ØMQ protocols devised by WP2,
using the unique identifier.
The X‐ray controls are managed by the PLC. Additionally, the status of the X‐ray unit will be
updated on the PC, and made available by ØMQ queries, for monitoring by part of the global
line controls.
A message will be sent to the QAS module if the X‐ray system is not responding or other
possible anomalous events occur.

‐

All input and output messages need to be agreed upon, before the SW implementation takes
place. It is expected that the ØMQ framework provided by WP2 will constitute of a minimal
set of Windows‐compatible libraries and a set of exemplary C++ commands necessary for
the message handling implementation and integration by part of InnospeXion.

8 SW interface
Due to the non‐continuous and asynchronous motion profile (stop&go) a typical standalone trigger
system based on laser sensors is not feasible. The data acquisition SW will be designed to receive
trigger signals from the line by means of the ØMQ message protocols chosen by the collaboration,
which provide a constant tracking of each single tray, which is uniquely identified throughout its life
in the global line. The two stereo images of the tray are then stored and associated to a given tray ID
profile, and made ready for queries from the mother QAS module by storing them temporarily on
disk. The active data acquisition and the interface (data transfer) with the analysis unit are then
made independent from each other.
Different options for data storage can be implemented (save none, all, only exemplary random
samples, etc.).
Flat field profiles are randomly sampled, in order to record the quality status of the whole imaging
system.

9 Cleaning and hygienic aspects
The system is designed according to the hygienic standards of the food industry (see below). In
addition to such standards, the system is designed to offer continuous, flat, homogeneous and non‐
horizontal surfaces to the cleaning automation systems developed by WP8.
As a further addition to the above, the ventilation system for the cooling of the equipment is
designed to have an autonomous supply of constantly clean air by means of overpressure, in order to
avoid the introduction of chemicals and odors from the food plant, which can damage the electronics
after long periods of exposition.

10 Time plan for construction
It is expected that a minimum of 5 months will be required for the production of the scanner, after
adequate funds are received.

11 Budget considerations
The highest source of expenses for a X‐ray system are the radiation source and the detector units.
The two types of detection technologies available for the advanced image quality requirements
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provide high‐frequency frames, which are handled by frame‐grabber cards. Depending on the
technology chosen, the number of PC units needed per detector may vary from 1:1 (CdTe‐CMOS) to
1:2 (CsI‐CCD). In the following table (Tab. 1) the total cost of the system is shown, as a function of the
number of X‐ray sources and the number of detectors used. The cost is estimated inclusive of the
design, montage, interfacing and integration of the mechanical, electrical, automation and software
components3.
Tab. 1 Estimated total cost of the system hardware components, as a function of the number of X‐ray
sources and detectors used. The figures put into evidence in red represent the cases out of budget for
InnospeXion ApS. In particular, the option of using four CdTe+CMOS units exceeds by 30% the budget
allocated to the hardware components, and complicates the solution severely.
# X‐ray Sources

Detector Type

1
2

CdTe+CMOS

1
2

CsI+CCD

# Detector
Units
2
2
4
2
2
4

PCs
2
2
4
1
1
2

Cost [€]
80443
93866
130013
64698
78121
98523

The integration and the interfacing of the components is estimated to account for about 70% of the
total budget.
The two main sources of risk are represented by the possible additional time required for the
synchronization and the interfacing of the PC units and by the unknown status of delivery of the
ØMQ software modules, which InnospeXion ApS has no previous experience of, as they are currently
under development. For the former, independently on the type of detection technology chosen for
the project, InnospeXion ApS strongly suggests the use of two detector units only. For the latter, a
large buffer in terms of man hours is necessarily allocated to the line integration activity (precursor:
WP2), since at the moment of redaction of the document at hand it is not possible to determine its
degree of complexity and its practical flexibility in terms of platforms and development environment.
The ØMQ system is expected ‐ in principle ‐ to provide a totally independent and flexible platform for
the interfacing and the synchronization of modules in a line. In practice, InnospeXion expects to
receive a set of simple libraries and communication templates for Visual C++ environment on a
Windows7 platform.

3

. The time needed for the interfacing and the synchronization of multiple PC units is computed
according to the increasing level of complexity.
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12 Recommendations and needed actions
InnospeXion ApS is able to provide high quality images of a central portion of the web of trays,
provided that a number of crucial aspects are discussed and agreed upon, as well as a series of
system parameters and external tools are provided to InnospeXion ApS during the setup phase. The
successful participation of InnospeXion ApS relies on the following:
‐

‐

‐

‐

An agreement on the image provided must be reached. In particular, since only two high
resolution detectors can be used, the portion of the web width that is scanned is limited to
220 mm. As an alternative, one single image corresponding to 440 mm of the web width can
be provided.
The speed profile is guaranteed to have a rise and deceleration time shorter than 0.1 seconds
(at a speed of 240 mm/s). If this is not guaranteed, InnospeXion can provide the time‐
stamped frames before performing the time‐delay‐integration. This would allow KUL to
customize the integration and the ”stitching” of the images according to the actual speed
profile.
An agreement on the inclination of the stereographical views is reached. For safety reasons
and for correct and meaningful imaging purposes, the inclination from the vertical direction
of each of the stereo views cannot exceed 20 degrees.
The ØMQ tools provided for interfacing the X‐ray system to the global line (or to the QAS)
must include libraries, templates and instructions for the easy implementation in a Visual C++
environment on a Windows 7 platform.

20

