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Abstract. Computed tomography (CT) has become a widely used method for 
different industrial applications where inner information about the object is needed, 
e.g. material and defect analysis or dimensional measurement. However, a priori 
knowledge about the outer object surface can be useful for the automation of the 
acquisition and reconstruction of the three-dimensional volume or further volume 
analysis steps.  

In the article two approaches will be presented to determine the outer surface of 
arbitrary objects fully automatically and fast using an optical camera. The methods 
are well suited for objects in the range from the sub millimeter space up to several 
centimeters. They are integrated into a typical industrial CT-system with an X-ray 
tube and a detector and a rotatable object table. 

Only the object shape or the outer object hull is of interest. Hence, backlight is 
used to determine the contour robustly out of the resulting shadow images. 
Furthermore, homogenous backlight avoids specular highlights of the object or 
ambiguities due to the material transparency of the object. 

The object contour can be directly extracted out of the shadow images. For 
each height inside of an image the shadow radius is determined. The maximum over 
all radii of each height defines the maximal size of the object shadow in relation to 
the rotation axis for all regarded rotation angles. Since the camera has been 
previously calibrated, the maximal object size can be determined based on the found 
maximal radius for each image height. 

This approach can be further extended. It is possible to determine not only the 
maximal radius per height but each radius per angle and height. This results in 
cylindrical coordinates (angle, height, and radius) as surface representation of the 
object. 

The article will be concluded by evaluating the accuracy and performance of 
both approaches. It will be shown that the proposed methods are even more accurate 
than using a standard filtered back projection approach. The surface representation 
can be used for various steps of a CT working pipeline, e.g. during object navigation 
inside the cabin of the CT-device or as prior information for a volume 
reconstruction.  

1. Introduction  

Computed tomography (CT) provides an imaging technique to give a non-destructive 
insight into objects using X-rays. Especially for CT-systems with a high number of degrees 
of freedom collisions of all moving parts (e.g. detector, tube or turntable) have to be 
avoided with highest priority. Therefore, several methods for collision protection exist.  
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A possible solution is to restrict the moving area by defining fix borders. Besides 
this, the operator might control the movement visually by looking through a window of 
leaded glass or by a visual camera inside the cabin. The success of such a manual 
navigation is always limited by the current viewing angle of the operator to the objects of 
interest.  

Pressure sensors are another possibility. The object movement will stop 
immediately, when the sensor detects contact, i.e. a collision has already happened. This 
kind of collision protection should only be the last instance, if all other methods already 
have failed. Severe damages concerning the object or the system itself will be avoided this 
way, but smaller damages like scratches cannot be prevented by pressure sensors. 

Thus, the goal was to find well suited approaches for determining the outer surface 
which are able to run fully automatically and precisely on the one hand and which avoid 
any collision on the other hand. In the following, approaches using images of a visual 
camera are studied, because the field of view of the visual camera is much wider than the 
field of view of an X-ray detector. Hence, a larger range of object sizes can be detected.  

In this article two approaches will be presented to determine the outer surface of 
arbitrary objects before a further X-ray acquisition. Each approach determines a hull 
including the object. This hull will be used to precalculate the next position of the object-to-
be-moved to avoid any colli sion with other parts of the CT-system. 

Visual images from different object rotation angles are used to find the outer 
collision avoidance (CA) hull of the actual object. The different rotation angles are 
accomplished by either rotating the object around a fix rotation axis or by moving the 
camera around the object. In the following the first case is used by default. Only the 
silhouettes generated by homogenous backlight [1,2] are reconstructed to get the CA-hull.  

Finally, both approaches for a CA-hull determination will be compared with a well-
known CT-reconstruction as well as real measurements of the used test object. It will be 
shown, that the CA-hulls are smaller and closer to the real object sizes than the result of the 
CT-reconstruction.  

2. Materials 

In this study the FF20 CT [3] has been used for the acquisition of test sequences. The 
machine is equipped with an optical camera placed on the left side of the X-ray tube inside 
the machine (see scheme in Figure 1).  

 
Fig. 1. Scheme of the camera setup inside the CT-machine for the detection of the object surface: Here, the 
camera is placed next to the X-ray tube regarding to the illuminated detector plane as background (yellow-

marked). The object is placed into the sight of the camera (gray cone) and then rotated (red-marked). For each 
rotation step an image is acquired and in further steps used for the CA-hull determination.  
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For the results presented in section 4 a test object with separate rods of known 
distances has been used which is shown in Figure 2. These known distances can be used as 
a reference to prove the methods for collision avoidance.  

 
Fig. 2. Test object used for the collision avoidance procedure with known distances between the rots. These 

distances can be used as a reference to prove the CA-hulls. 

3. Methods 

In this section the idea for a CA-hull determination will be described. The first subsection 
deals with the prerequisites which are needed for image acquisition and processing. The 
second subsection explains the two new approaches for the determination of a CA-hull for 
an arbitrary object. Furthermore, the usage of a CT-reconstruction based on the camera 
images will be explained. In the next section this reconstructed volume will be compared 
with the CA-hulls. 

3.1 Image Acquisition and Processing 

The following prerequisites are needed: 
  Calibration of intrinsic and extrinsic camera parameters  Acquisition of a complete object rotation  Correction of lens distortions  Background image without an object   Difference images of background and object images  Binarization of the difference images  

 
The visual camera has to be calibrated to apply its image in a certain Cartesian 

coordinate system. For example the orientation of the sensor in relation to the optics has to 
be determined as well as potential lens distortions (intrinsic parameters). Moreover, the 
position of the camera according to the world coordinate system has to be defined (extrinsic 
parameters). This step has to be done only once as long as no intrinsic or extrinsic 
parameter changes [4]. 

The silhouettes are generated by using a homogenous light source as background. 
The aperture should be mostly closed and the homogenous light source very bright to get 
sharp object silhouettes while minimizing the influence of scattered light [1,2]. 
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For this study the background has been illuminated by LED stripes. Each stripe has 
been covered so that the object is only illuminated by the reflecting background indirectly 
(e.g. see Figure 3 (b) for the resulting shadow image). The background has to be plane and 
matt white approximating a homogenous light source. For smaller systems one LED stripe 
can be sufficient to approximate a homogenous background illumination. The remaining 
inhomogeneity can be reduced by subtracting the shadow image from an empty background 
image (e.g. see Figure 3 (a)) leading to a difference image including only the object of 
interest (e.g. see Figure 3 (c)). After this the binary image of the silhouette is generated by a 
threshold segmentation of the difference image (e.g. see Figure 3 (d)). 

 
         (a)          (b)           (c)         (d) 

Fig. 3. Example of the different processing steps during the determination of the CA-hull: (a) initial 
background image without any object but with background illumination, (b) image with the object and 

background illumination (shadow image), (c) subtraction of background image (a) and shadow image (b),  
(d) binary result of a threshold segmentation of (c).  

3.2 Computation of the Collision Avoidance Hull 

The searched algorithm should have the following properties: 
Input:   Silhouettes from less as possible viewing angles 
Output:   Three dimensional volume for visualization purposes  Table for further collision avoidance comprising for each height h  

1. the maximal object radius rmax or 
2. the object radius rangle for each object rotation 

 
The maximal object radius rmax is related to the rotational axis and up to the point 

where the distance to the object border is maximal. In general, a different object radius rmax 
corresponds to each height h. A further extension is to store the current rotation angle with 
the dedicated radius rangle and height h additionally. This leads to a tighter CA-hull of the 
object for collision protection. The concept of the searched parameters is shown in Figure 4.  

 
Fig. 4. First approach for collision avoidance: By determining for each height h the maximal object radius rmax 
these pairs define the maximal size of the object for a CT-scan. Second approach for collision avoidance: The 

individual rangle can be determined for each height and current object rotation angle. This enables X-ray 
images with higher magnification for certain rotation angles. 

Radius r 

Height h 
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Figure 5 visualizes how the searched radius rmax can be determined. In this scheme 
the image acquisition is represented as an X-ray image acquisition. The distance between 
camera and object (for X-ray imaging: focus-detector-distance, FOD) can be determined 
based on the camera calibration. Since the image plane (detector) is just theoretically 
assumed to be on the other side of the object the object-detector-distance (DOD) can be 
arbitrarily defined. In the following, FOD=DOD will be used. Finally, s/2 defines the half 
of the object shadow in the camera image. The goal is then to determine based on these 
known parameters the maximal object radius rmax regarding the object boundaries for all 
rotation angles. 

 
Fig. 5. Geometrical scheme for the estimation of the searched maximal radius rmax. s/2 represents the half of 
the object shadow in the camera image. FOD represents the distance between object and camera. DOD is the 

virtual distance between object and detector. Here, DOD=FOD is used.  

If the viewing angle of the camera is orthogonal to the rotation axis, based on the 
known parameters FOD, DOD, s/2 by applying the intercept theorems the distance r’ 
(shown in Figure 5) follows                 ⇔                  . 

The radius r then follows by calculating the height of the right-angled triangle 
which is spanned between FOD and r’         √        , 

whereas in the first approximation only the maximum over all radii per height is used to 
build a cylinder which will be applicable for a rotational CT-scan. In the following the 
results of this approach will be named as rmax. 

As a second approach r can be determined for each viewing angle. The shift w of a 
certain radius is given by         ⇔           . 

The results of the angular-dependent radius determination per height will be named 
as rangle in the following. 

Finally, in the next section both presented approaches for the determination of a 
CA-hull will be compared with the result of the well-known cone-beam reconstruction 
technique presented in [5], the FDK-algorithm. Therfor the set of binary camera images 
shown in Figure 3 (d) can be reinterpreted as projection image from a CT-acquisition using 
X-rays. The concept of the representation of the binary images is shown in Figure 6. 
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Fig. 6. Reinterpreting the set of binary images as projection images a FDK-reconstruction can be performed.  

Hence, an FDK-reconstruction can be performed with the binary images as input. 
This result will be compared with the CA-hulls as well as a real-measured object distance in 
the next section. It has to be noted, that this comparison is only possible if the viewing 
angle of the visual camera is orthogonal in relation to the rotation axis of the turntable.  

4. Results 

Based on the test object shown in Figure 2 the previously introduced methods will be 
compared with each other. The results of rmax as well as rangle will be estimated for the same 
data set and compared with the FDK-reconstruction of the shadow images as well as a real-
measured distance of the test object. This distance comparison will proof whether the 
resulting radii correspond to reality. 

For collision avoidance procedure a visual camera is used to get an initial guess of 
the object size as initialization. The object will be moved inside the field of view of the 
visual camera. If the object exceeds the allowed size collision avoidance cannot be 
guaranteed. Here, the officially supported object size by the machine is used as initial object 
size. This initial status of the collision avoidance is shown as gray cylinder around the 
rotation axis of the turntable in Figure 7 (a) schematically. All moveable objects inside the 
device are shown with their current position. Thus, the user gains an impression about the 
current distances inside the machine without a direct visual insight. The scheme can be 
updated in real-time during any movement inside the machine. 

Figure 7 (b) shows the updated scheme after a CA-procedure based on rmax has 
finished. With the smaller object cylinders it is then possible to move the object closer to 
the detector or the X-ray tube. 

  

        (a)             (b) 

Fig. 7. Artificial scene information about the current position of the object as well as the distances to other 
moveable parts inside the devices (e.g. X-ray tubes on the right and detector on the left). (a) The initial 

information about the object size is defined by the maximal allowed object size for the device. (b) After the 
determination of the rmax CA-hull a more accurate visualization of the object is possible. Hence, the minimal 
distance to the object can be decreased which allows a higher magnification (smaller distance to the tube).  
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For the test object shown in Figure 2 one example slice through all results is shown 
in Figure 8.  Figure 8 (a) shows the position (marked in red) of the slice shown in Figure 8 
(c). Figure 8 (b) shows a zoomed region of Figure 8 (c) including the upper circular object. 
Figure 8 (c) shows the corresponding volume slice including the FDK-result as well as the 
results CA-hull results rmax (outer circle) and rangle (inner circular subset of rmax). The shown 
slice is representative for the complete data set.  

  
       (b)      (c) 

Fig. 8. (a) Illustration of the three dimensional slice position shown in (b). (b) Combined result for the rmax 

approach as well as the rangle approach. As expected, the rmax region involves all object parts as well as the 
rangle region. The rangle region defines a smaller subset of rmax and allows a smaller distance to the object 

depending on the angle.  

Comparing the FDK-reconstruction with rmax and rangle in Figure 8 (c) various 
conclusions can be made: While rmax (outer circle) limits the distance to the object for a CT-
acquisition over 360°, rangle (inner circular structure directly connected to the outer object 
positions) allows a smaller distance to the object depending on the object rotation angle. 
The FDK-reconstructed object boundaries exceed both collision avoidance areas. Based on 
the distances, highlighted in green for the FDK-reconstruction and in orange for the rangle 
result a comparison with the real distance between both object parts can be done. While the 
real-measured distance is 88.0 mm, the FDK-reconstruction results in 91.0 mm and the 
rangle in 88.5 mm (the voxel size is 0.5 mm).  

Finally, it is noticeable that rmax and rangle result in a well-defined region where 
collision may occur. If the FDK-result would be used for collision avoidance, the intense 
artifacts caused by the physically incorrect projection images (the redefined binary images) 
would result in a complication of the collision volume region. The exact position of the 
object border is smeared due to the artifacts of the back projection method. In addition, for 
the here presented approaches no further reconstruction programs and high-end hardware is 
necessary. No complex computations are needed and the results are delivered in a small and 
easy-to-use format of polar coordinates.  

5. Summary and Discussion 

In this article it has been shown how fully automatic optical surface determination in CT is 
used to build up a robust collision avoidance system. In comparison to the well-known 
FDK-reconstruction technique for surface determination the two presented methods have 
the following advantages: 

 

(a) 
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 Fast evaluation of the surface described in cylinder coordinates  Easy numerical operations  Better accuracy compared to the FDK-reconstruction 
 
The approach is very robust. Even if the backlight is not exactly in the range of the 

bright-light also homogeneous diffused light will be suitable enough. Reflected light for 
example from the cabin or remarkable gradients of the illumination have to be avoided. 
Otherwise, the segmentation of the object silhouettes might fail because the reflected object 
regions are not well separable from the background. 

Generally, cylinder coordinates consisting only of the height and the dedicated 
maximal radius rmax are well suited for conventional rotational CT-scans. Especially, for 
two-dimensional radiographic images using highest magnification the rotation angle was 
introduced as third parameter to extend the description of the surface in cylinder 
coordinates describing the dedicated radius on certain angles at each height. 

Summing up collision avoidance is a very important task to ensure the physical 
integrity of the test object or even of the components of the used inspection system. The 
two presented approaches fulfill in the sense of robustness, computational effort and 
accuracy all relevant criteria of such a collision avoidance system, which is not only 
applicable for CT-systems in general, but can be used in all other systems as well, where an 
unknown object has to be manipulated in a well-known environment.  
 Further steps may be an integration of the CA-hull into correction as well as 
reconstruction methods. The information about the object size can be used in various 
methods as prior knowledge. 
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