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Abstract. The real-time imaging is important in automatic successiveinspection with micro-computerized tomography (micro-
CT). Generally, the size of the detector is chosen accordingto the most probable size of the measured object to acquire all
the projection data. Given enough imaging area and imaging resolution of X-ray detector, the detector is larger than specimen
projection area, which results in redundant data in the Sinogram. The process of real-time micro-CT is computation-intensive
because of the large amounts of source and destination data.The speed of the reconstruction algorithm can’t always meetthe
requirements of real-time applications. A preprocessing method called adaptive region of interest (AROI), which detects the
object’s boundaries automatically to focus the active Sinogram regions, is introduced into the analytical reconstruction algorithm
in this paper. The AROI method reduces the volume of the reconstructing data and thus directly accelerates the reconstruction
process. It has been further shown that image quality is not compromised when applying AROI, while the reconstruction speed
is increased as the square of the ratio of the sizes of the detector and the specimen slice. In practice, the conch reconstruction
experiment indicated that the process is accelerated by 5.2times with AROI and the imaging quality is not degraded. Therefore,
the AROI method improves the speed of analytical micro-CT reconstruction significantly.

Keywords: Adaptive region of interest (AROI), Analytical micro-computerized tomography, Filter backprojection (FBP) algo-
rithm, Feldkamp-type (FDK) algorithm

1. Introduction

The micro-computerized tomography (micro-CT) has become widely used in modern industrial non-
destructive testing (NDT), biology and three-dimensionalmicroscopy in recent years [1,2]. With this
technique, especially development of flat-panel detector,the interior distribution of density can be ac-
quired without destruction of the object. Specific information about the target, such as magnitude, shape,
and measurements, can be obtained intuitively from the 2D or3D tomography. Real-time micro-CT
imaging is important and necessary in automatic successiveinspection applications, such as industrial
nondestructive testing of small machine components, successive pot-grown plant micro-CT imaging
and automatic food inspection. In order to achieve the goal,rapid scanning is one of the key factors
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of real-time imaging. Besides scanning speed, reconstruction speed is another key limiting factor in
real-time micro-CT [3–11].

Conventional iterative algorithms take very long computational time because of the iterative projection
and backprojection steps. Thus analytical reconstructionalgorithms are more suitable for successive real-
time micro-CT imaging [12]. The most widely used analyticalreconstruction algorithms for fan-beam
and cone-beam CT are the filter backprojection (FBP) algorithm and the Feldkamp-type (FDK) algorithm
respectively [13–15]. Although these algorithms have beenoptimized, the reconstruction speed can’t
yet meet requirements of certain real-time imaging applications. The speed of reconstruction needs to
be further accelerated. Pre-weighted, convolution filtering, and backprojection reconstruction are three
components of the FBP and FDK algorithms. 98% of reconstruction time is spent on backprojection [13].
Consequently, the most promising approach to accelerate reconstruction is to decrease the processing
time for backprojection. Reducing the redundant data and improving the operating speed are the two
general ways to decrease the time required for backprojection reconstruction.

In some cases of successive micro-CT imaging system, the size of X-ray detector is often designed
larger than that of specimen projection area, which leads toa large amount of redundant data. In some
clinical CT or commercial micro-CT systems, the reconstructed region of interest is pre-defined by the
operator manually. And in some PET reconstruction, “trimming the Sinogram” is also applied manually
to speed up the time-consuming iterative reconstruction [16]. However, in real-time successive imaging
for various objects, the method should be adaptive to searchthe region of interest for different Sinogram.

Benson’s FOA algorithm for iterative cone-beam micro-CT reconstruction, which significantly reduced
the amount of memory and reconstruction time-consumption,was introduced in 2006 [17]. However,
the preprocessing technique of FOA contains one step of backprojecting all projections, which is time-
consuming relative to the whole processing of analytical CTreconstruction [12]. Based on this point,
it is necessary to develop an adaptive and rapid ROI method for analytical micro-CT reconstruction.
This article presents an adaptive region of interest (AROI)method of reducing the image volume for
analytical micro-CT reconstruction in the preprocessing phase of the original FBP and FDK.

2. Principles and methods

Generally, in successive real-time micro-CT imaging, the size of the detector is designed and chosen
according to the most probable size of the measured object togather all the projection data. However,
the measured object is usually much smaller than the limit size of the system. As a result, the detector
will gather much useless data, which increases the reconstruction time without contributing to the result.
In order to speed up reconstruction under the condition of enough resolution, this research intended to
develop an AROI method to reconstruct only active Sinogram regions automatically. Then only the ROI
data will be reconstructed, resulting in reduction of data volume and decrease of processing time (shown
in Fig. 1).

Take the general fan-beam projection with the FBP reconstruction algorithm as an example. The
number of rotation angles isL, and the number of the linear array X-ray detector elements is N . For
simplicity, the rotation center is coincident with the middle of detector elements, so the square size of
FOV (field of view) isN2 (shown as Fig. 1). However, the number of available detectorelements isM ,
so the actual reconstructed area is a square withM × M pixels, which means that onlyM2 of the total
N2 data points are useful in the reconstructed image. The main implementations of the FBP method is
based on pixel driven backprojection operator whose time-consumption of each pixel is uniform. So,
if the M2 pixels of the measured object are reconstructed rather thantheN2 pixels, the reconstruction
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Fig. 1. Schematic diagram of FBP reconstruction algorithm with the AROI method: (a) the scale of Sinogram; (b) the scale of
reconstructed image;N is the number of the linear array X-ray detector elements;L is the number of rotation angles; andM is
the number of available detector elements with the AROI method.

speed can be accelerated by (N/M)2 times for the parallel-beam or fan-beam FBP algorithm. The speed
ratio is time consumption with the original method divided by the time consumption with the AROI
method. The width ratio is the detector width divided by the projection object width, as forN/M above.
Therefore, the relationship between the speed ratio and thewidth ratio is:

y = x2 (1)

Wherex is the width ratio andy is the speed ratio. Moreover, the AROI method affects only the
background of the reconstruction image, and the reconstruction quality of the specimen will not be
degraded.

The flowchart of the micro-CT reconstruction algorithm (FBPand FDK algorithm) with AROI opti-
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Fig. 2. Flowchart of micro-CT reconstruction algorithm with the AROI method.

Fig. 3. Steps of AROI: (a) conch slice projection data with a cone-beam micro-CT; (b) dimension reduction for searchingS

point andE point; (c) the edge of the actual object data as shown by whitedashed lines.

mization is shown in Fig. 2. The original FBP and FDK reconstruction algorithms include three steps:
data weighting, convolution filtering, and backprojectionreconstruction. A new 3D FOA approach
for iterative micro-CT reconstruction was developed to identify a three-dimensional region of interest
automatically by Benson and Gregor in 2006 [17]. However, the FOA algorithm as a data-driven pre-
processing technique, including one step of backprojecting all projections, is time-consuming relative to
analytical micro-CT reconstruction. Before the first step of the original reconstruction, we directly use
the object’s boundaries as detected in the Sinogram to focusthe active regions without backprojecting.

In order to find the region of interest, the start displacement (shown asS point in the Fig. 3(c)) should
first be calculated in the Sinogram, and the end displacement(shown asE point in the Fig. 3(c)) can be
certain according to the rotation center of system. For instance, if the rotation center isC, thenE can
be calculated with the following constraint:S+ E = 2C. Finally, the boundary of the Sinogram can be
easily determined as the interval area between both white dashed lines (shown in the Fig. 3(c)).

The crucial problem in the AROI method is how to automatically identify the start displacement in
Sinogram. We find a solution with degrading dimension, converting 2D data of Sinogram to 1D data.
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Fig. 4. Shepp-Logan model reconstruction: (a) projection data of the Shepp-Logan model; (b) reconstruction image without
AROI optimization; (c) reconstruction image with AROI optimization.

For each displacement, projection summation in all angles constructed a curve shown in Fig. 3(b). On
condition that the detector is larger than specimen, some external detector elements, far away from
rotation center, can’t detect any X-ray absorption of the specimen in each projection angle, vice versa.
It’s the reason why the curve of projection summation declines dramatically onS point, which can be
searched as the inflexion on the left of rotation center in theFig. 3(b). The AROI method is actually the
preprocessing step of the original micro-CT reconstruction algorithm, as shown in Fig. 2. Besides the
FBP or FDK, this method can be combined with other CT methods such as that proposed by Fu et al. [7].

3. Experiments

Three experiments were performed to analyze the reconstruction quality and reconstruction speed.
For the experiments, simulated data, model data and practical data were used. The combination of the
FDK and Fu’s reconstruction-speed optimization method, referred to as “the original method” below,
was chosen to compare with the AROI method in this research [7].

First, both reconstruction quality and reconstruction speed were compared between the AROI method
and the original method using simulated data from the Shepp-Logan model [18]. The major parameters
of the simulated experiment were described as follows: the size of the projection data set in this model
was 1200× 731 pixels; the distance between the X-ray source and the detector was 800 pixels; the angle
step was 0.3◦; the scan range was 0◦–360◦.

Then the relationship between the reconstruction speed andthe width of the active regions was
investigated through construction of a conical plastic sample with a progressively increasing slice width.
The major parameters of this model experiment were described as follows: the size of the conical
projection was 122× 256× 200 pixels; the distance between the X-ray source and the detector was
7425 pixels; the angle step was 1.8◦; the scan range was 0◦–360◦.

Finally, a practical data set from a conch was constructed tocompare the image quality and computation
speed. The major parameters of the practical experiment were described as follows: the size of the
projection data set in this model was 512× 256× 200 pixels; the distance between the X-ray source and
the detector was 11917 pixels; the angle step was 1.8◦; the scan range was 0◦–360◦.

A HP XW6400 computer workstation with a 2.00-GHz (8-CPU) Intel Xeon processor and 3.0 GB
of main memory was used to perform the experiments describedhere. The original and optimized
procedures were both programmed in MATLAB, version 7.6.0.324 (The MathWorks Inc., USA).
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Fig. 5. Comparison of the reconstruction quality of two methods using the Shepp-Logan model. (a) Gray histogram of Fig.
4(b); (b) gray histogram of Fig. 4(c); (c) gray-scale distribution curve of the white lines in Fig. 4(a) and Fig. 4(b). Thegray
levels in Fig. 5(a) and Fig. 5(b) range from 20 to 255.

4. Results and discussion

4.1. Simulation experiment

A Shepp-Logan model was used to compare both quality and speed of the reconstructed images
with the AROI method and the original method. The size of the reconstructed result was 731× 731
pixels and time consumption of reconstruction was 88.61 seconds with original method. However,
time consumption of reconstruction decreased to 36.03 seconds with the AROI method. Therefore, the
reconstruction time was generally decreased to one-third based on the FBP.

A comparison of the reconstruction results is shown in Figs 4and 5. Figure 5 shows the quality
of reconstruction represented by Fig. 4(b) and Fig. 4(c). With the original method, the background
gray value of the reconstructed image was less than 20. However, the background gray value of the
reconstructed image from the AROI method was 8, as can be seenin Fig. 5(c). The histogram of
gray levels from 20 to 255 was chosen to compare the reconstruction quality in Fig. 5(a) and Fig. 5(b).
It is clear from the histograms that reconstruction qualityof two methods is very similar except the
background.
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Fig. 6. The conical model reconstruction: (a) 3D reconstruction of the cone; (b) a slice reconstruction image of the white line
in Fig. 6(a).

Fig. 7. Reconstruction speed. (a) Relationship between thereconstruction time and the width of the projection image with
the AROI method; (b) relationship between the speed ratio and the width ratio of the projection image; (c) curve fitting ofthe
relationship between speed ratio and width ratio. The speedratio is the time required by the original method divided by the
time required by the AROI method. Similarly, the width ratiois the detector width divided by the ROI width.

4.2. Model experiment

A conical plastic sample was manufactured to confirm the relationship between reconstruction speed
and the amount of data in a slice. Moreover, to test the relationship between the speed and the internal
structure of the object, the conical sample was perforated with five holes with different diameters and
depths. The conical sample is shown in Fig. 6. The size of the reconstruction data set was 122× 271×
271 pixels.
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Fig. 8. Reconstruction image of the conch sample. (a), (b), and (c) are the reconstruction images without the AROI method.
(d), (e), and (f) are the optimized reconstruction images with the AROI method. (a) and (d) are slice reconstruction images of
the y-z plane; (b) and (e) are slice reconstruction images ofthe x-y plane; (c) and (f) are the 3D reconstruction images.

The relationship between reconstruction speed and the amount of data is shown in Fig. 7. The special
pointA in Fig. 7 was the first-slice computing time for the reconstruction using the AROI method. This
time was slightly longer than for subsequent slices becausethe computer must first load the reconstruction
algorithm code into memory. The operation of loading the algorithm code into memory executed only
once from the first time it was called until the end of the application. At pointB in Fig. 7, the algorithm
spent less time than for the previous point because this point was located in the center slice, whose
vertical-direction coordinate in the physical coordinatesystem was 0. This means that no sine or cosine
operator will be executed, and therefore the computing timeis slightly shorter than for adjacent slices.
When the width of ROI was the same as the detector width, as at point C, the speed of the AROI method
was similar to that of the original method. However, at pointD, where the width ratio was approximately
1.3, the speed of the AROI method reached twice that of the original method. That is to say, when
the width of ROI was 80% of the detector width, the reconstruction speed reached nearly twice that of
the original method. Even when the width of ROI was only half the detector width, as at pointE, the
reconstruction speed reached nearly four times of the original method. Figure 7(c) shows the curve fitted
to these data and described by the following equation:

y = 0.8811x2 + 0.2427x − 0.1420 (2)

From the Eq. (2), it can be inferred that the relationship between the speed ratio and width ratio is
quadratic, which could be used for predicating reconstruction speed with AROI optimization method.
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Fig. 9. Comparison of the reconstruction quality of the conch with the two methods. (a) Gray histogram of Fig. 8(b); (b) gray
histogram of Fig. 8(e); (c) gray-scale distribution curvesof the white lines of Fig. 8(b) and Fig. 8(e), including unoptimized
result (deep color) and optimized result (pale color). The gray levels in (a) and (b) range from 90 to 255.

The coefficient of the quadratic term is much larger than the other two coefficients. The coefficient of
the first-degree term is not zero because the programs used computed all the data using weighting and
filtering. The coefficient of the constant term is close to zero, which may be related to the memory
management or compilation methods of MATLAB. Conclusively, the result of the curve fitting is in good
agreement with the theoretical analytical results described in Eq. (1). Besides, we should emphasize
that the speed ratio does not go exactly as the square of the width ratio due to processor overhead and
algorithm behavior, which is specific to the particular implementation and hardware used for the research.

From Fig. 7, it is apparent that the slices with holes also lieon the quadratic curve. Therefore, it can be
concluded that reconstruction speed is not influenced by theinternal structure of the object when using
the AROI method.

4.3. Practical experiment

A conch had been reconstructed from the same projection datausing both the AROI method and the
original method, as shown in Fig. 8. A slice of the projectiondata acquired by a cone-beam micro-CT
system is shown earlier in Fig. 3(a). The size of the reconstruction data set was 512× 245× 245 pixels.
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The reconstruction took 1450 seconds overall with the original method. However, only 279 seconds
were needed with the AROI method. Therefore, the speed was improved by a factor of approximately
5.2 overall.

Figure 9 shows a comparison of reconstruction quality between Fig. 8(b) and Fig. 8(e). The gray-level
histogram values from 90 to 255 were chosen in Fig. 9(c) and Fig. 9(d) because the gray level of the
points form the background was less than 90. The gray-level range of the background can be obtained
from Fig. 9(c). Figure 9(a) and Fig. 9(b) show that the histograms of the two reconstruction images from
the two methods are quite similar except the background.

5. Conclusion

The AROI method, developed for automatic identification of the active Sinogram regions, substantially
improves the speed of analytical micro-CT reconstruction.There is a certain relationship between the
width of ROI and the reconstruction speed. Compared with thesize of the detector, the smaller the
measured object, the more significantly the speed improves.In successive real-time micro-CT imaging,
the size of the detector is commonly larger than the measuredobject to meet various measurement
demands. When the width of ROI was 80% of that of the detector,the reconstruction speed reached
nearly twice that of the original method, and if the width of ROI was only half the detector width,
the reconstruction speed reached four times that of the original method. Moreover, the AROI method
influences only the background of the reconstruction image,and the reconstruction quality of specimen
is not degraded at all. Therefore, AROI is an efficient methodfor speed optimization of analytical
micro-CT reconstruction.
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