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Abstract. The sequence of source and detector positions in a CT scan
determines reconstructable volume and data completeness. Commonly
this is regarded already in the design phase of a scanner. Modern flatpanel scanners, however, allow to acquire a broad range of positions. This
enables many possibilities for different scan paths. However, every new
path or trajectory implies different data completeness. Analytic solutions
are either designed for special trajectories like the Tam-window for helical
CT scans or do not incorporate the actual detector size such as Tuy’s
condition.
In this paper, we describe a method to determine the voxel-wise data
completeness in percent for discretely sampled trajectories. Doing so,
we are able to model any sequence of source and detector positions.
Using this method, we are able to confirm known theory such as Tuy’s
condition and data completeness of trajectories using detector offset to
increase the field-of-view. As we do not require an analytic formulation of
the trajectory, the algorithm will also be applicable to any other sourcedetector-path or set of source-detector-path segments.
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Introduction

Modern flat-panel CT scanners allow many scan configurations. In particular,
multi-axis C-arm systems allow a broad range of application scenarios. For example, Herbst et al. identified novel opportunities to reduce the scan range for
eliptical fields-of-view [1] and Xia et al. found that reduction of scan range and
dose is possible for volume-of-interest scans [2]. Both studies, however, demonstrate these effects only in 2D imaging geometries and lack the analysis in 3D.
While the adjustment of the scan configuration for a specific task allows
many different benefits ranging from image quality improvement [3] to novel
applications such as long-volume imaging [4], data completeness is typically determined for each scan configuration analytically. This results in new analytic
formulations for each new path. Important examples are Tuy’s condition [5] and
the Tam-window for helical scans [6]. While Tuy’s condition holds for any conebeam scan, it does not incorporate detector size and delivers thus a necessary
but not sufficient condition. Tam’s window applies only for helical scans.
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Fig. 1. While X-rays form integrals along individual rays (denoted as arrows), the 3D
Radon transform evaluates plane integrals. Note that an integral along a line on the
2D X-ray detector evaluates exactly a plane integral in parallel geometry.

Thus, there is a need for a method to compute data completeness for arbitrary trajectories. In the following, we describe such a method for discrete source
and detector positions. Note that the method is conceptually very close previously published methods [7,8] which have not been applied to off-center detector
trajectories to the knowledge of the authors.
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3D Radon Space

While 2D Radon transform and 2D X-ray transform are identical, the 3D Radon
transform differs from the 3D X-ray transform [5]. Figure 1 shows this difference
in a parallel geometry: The line integrals obtained by X-rays are indicated as
arrows. The respective plane integral in 3D Radon space is obtained as line integral on the 2D X-ray detector at the intersection of the plane and the detector.
Note that we assume that the object fits completely onto the X-ray detector.
For cone-beam geometries, the above relation is not entirely correct. The line
integral on the 2D projector is not identical to a plane integral in object space
as the rays generally form fans through the object. The fan integral is weighted
with increasing magnification though the object [5]. While this is important for
the reconstruction algorithm, it does not affect data completeness in general.
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Point-wise Data Completeness in Cone-beam Geometry

We know that we are able to reconstruct the object of interest, if the 3D Radon
data is completely acquired. In order to compute a local approximation of the
amount of acquired Radon data, we investigate the coverage of Radon planes
for every voxel. In order to do so, we investigate 3D coverage of Radon plane
normals on a unit sphere, called Radon sphere in the following. In this context,
we ignore object-dependent information such as truncation on the detector. Note
that this formalism still allows to include the detector size into the data completeness estimation. Figure 2 shows this process for a circular trajectory. In fact,
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Fig. 2. Example for 3D Radon space sampling for a point of interest for a circular scan
trajectory: The upper row shows the sampling for a point inside the acquisition plane.
The normals of the Radon planes (denoted as arrows) that are measured lie on a plane
that is aligned with the rotation axis for each projection image. By rotation, the entire
Radon sphere is sampled. In the bottom row, a case is shown where the point of interest
is below the reconstruction plane. In this case, the plane normals lie in a plane that is
slant with respect to the rotation axis. Thus rotation misses planes aligned with the
rotation axis. This leads to an incomplete sampling of the Radon sphere.

the requirement of complete sampling of the radon sphere is identical to Tuy’s
condition as Tuy postulates that every plane that intersects the object needs to
intersect the source path. Given a detector that fits the entire object, this allows
to compute the respective plane integral, because we are able to compute the
respective line integral on the 2D detector. Thus if all planes that intersect the
object also intersect the source trajectory, all plane integrals are measured and
the Radon sphere is sampled completely at every point of the object.
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Numerical Data Completeness Estimation

So far we have only summarized known theory for data completeness and showed
the relation between Tuy’s condition and the Radon sphere sampling. As mentioned above, Tuy’s condition does not incorporate the actual detector size. In

4

Maier et al.

order to include this in our algorithm, we now determine the Radon sphere
sampling at every voxel position in the volume under consideration.
First, we require a discrete sampling of the unit sphere in vectors u. Here,
we follow ideas of Saff et al. [9]. We approximate the unit sphere in intervals of
the same angular step size ∆θ. For the elevation angle α, we sample the range
[−π/2, π/2] in steps of ∆θ size. For the azimuth angle β, we determine a step
size ∆β that is dependent on the elevation angle α:


sin(∆θ/2)
−1
∗2
∆β = sin
cos α
Note that it is sufficient to sample only half of the unit sphere, as the plane
integrals are symmetric for top and bottom (cf Figure 2). In the following, we
denote the total number of points sampled on the sphere as Nu .
Next, we need to compute the data completeness in terms of Radon sphere
coverage for every voxel. We want to identify vectors of the unit sphere u that are
covered by the normal vectors of the Radon planes, i.e. that are perpendicular
to the current viewing direction d, which is the connection between the source
and the current voxel. In the following, we will only consider those vectors d
that actually hit the detector.
As the inner product of two unit vectors describes the cosine of the angle
between the two vectors and we want to find vectors that deviate less than ∆θ,
the following condition is true for the vectors of interest:
|cos−1 (d> u) − 90◦ | < ∆θ
By rearranging, we remove the expensive trigonometric function:
|d> u| < sin∆θ
Note that the sine function can be precomputed, as ∆θ is a constant in our case.
Above equation is evaluated for every unit vector and every viewing direction.
The unique number of unit vectors that satisfy the condition above is denoted
as Nc in the following.
After evaluation of this condition of every unit vector u, we are able to
compute a coverage c that gives the coverage of the Radon sphere
c=

Nc
· 100 %.
Nu

As above process is repeated for every voxel and every projection, the algorithm
has a complexity of O(N 3 ·P ·Nu ), if N 3 is the number of voxels and P the number
of projections. Note that P should be sampled at least in angular intervals of
∆θ and thus both P and Nu are dependent on this angular sampling, i.e. the
smaller ∆θ the higher the complexity.
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Results

We investigated two types of trajectories: Helix scans with the detector centered,
i.e. the principal ray passes the rotation axis and hits the detector in the center.
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Fig. 3. Integral projections the reconstructable volume for three turns of the helix.
With off-center detector, the p = 0.33 configuration still lacks a very small amount of
data that is moving along the helix.

Furthermore, we investigated a configuration with an off-center detector. Here
the configuration was that the principal ray passes the rotation axis and hits the
detector at the most left pixel row. We simulated three rotations of the helix
at different forward feed along the rotation axis. The detector was in landscape
orientation and had a ratio of 4:3. Volumetric sampling was performed on a
64 × 64 × 128 grid. ∆θ was set to 1.5◦ . We denote the forward motion per helical
turn as hhelix . In order to normalize this independent of the detector size, we
define a p value that is motivated by pitch in CT. However, we have to take
into account, that perspective projection may magnify the current view in an
arbitrary flat-panel system. Therefore, the detector height projected into the
iso-center hiso is taken into account. p is then found as p = hhhelix
.
iso
For visualization, we set a cut-off value of c = 90 % and projected the reconstructable areas of the volume as line integrals to a virtual large detector to
display all configurations. The visualizations were created using the CONRAD
software framework [10]. Figure 3 shows the results. The center configuration
with p = 1.0 shows the longest coverage in rotation axis direction, however,
there are areas that are not completely covered within the volume. The configuration with p = 0.75 delivers a complete coverage of the volume, i.e. there are no
gaps in between. This result matches known theory for helical scans [6]. For the
off-center cases, the coverage in rotation axis direction is shorter and their pitch
values are respectively shorter. However, the field-of-view is almost doubled in
inplane orientation. With p = 0.5 the off-center configuration is not able to cover
a continuous volume. The configuration with p = 0.33 is able to cover the entire
field-of-view with at least 99 % completeness. However, this comes at a reduction
of coverage in axial direction.
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Discussion and Outlook

We presented an algorithm for the computation of data completeness at every
voxel. Conceptually, the algorithm is very close to [7,8]. We show that the algorithm is suited to analyze scan configurations with different detector offset.
The results on the helical configuration match the theory known from literature.
Furthermore, it is interesting to note, that the off-center configuration is close
to complete, but still lacks small amounts of data (< 1 %). Limitations of the
presented method are that it does not handle object truncation and it does not
allow to recommend a specific reconstruction algorithm. However, source position and detector size are handled correctly.
Disclaimer. The concepts and information presented in this paper are based
on research and are not commercially available.
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