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Abstract The self-heating effect of a laboratory X-ray comput-
ed tomography (CT) scanner causes slight change in its imaging
geometry, which induces translation and dilatation (i.e., artificial
displacement and strain) in reconstructed volume images re-
corded at different times. To realize high-accuracy internal
full-field deformation measurements using digital volume cor-
relation (DVC), these artificial displacements and strains asso-
ciated with unstable CT imaging must be eliminated. In this
work, an effective and easily implemented reference sample
compensation (RSC) method is proposed for in-situ systematic
error correction in DVC. The proposed method utilizes a sta-
tionary reference sample, which is placed beside the test sample
to record the artificial displacement fields caused by the self-
heating effect of CT scanners. The detected displacement fields
are then fitted by a parametric polynomial model, which is used
to remove the unwanted artificial deformations in the test sam-
ple. Rescan tests of a stationary sample and real uniaxial com-
pression tests performed on copper foam specimens demon-
strate the accuracy, efficacy, and practicality of the presented
RSC method.
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Introduction

As an image-based experimental technique, digital volume
correlation (DVC) [1-4] retrieves full-field internal deforma-
tion by comparing volume images at different states recorded
by a volumetric imaging device. Basically, DVC measurement
involves two steps [2]: volume image acquisition using a 3D
imaging device, followed by internal displacement tracking
using a 3D image registration algorithm. Analogous to its
2D counterpart (i.e., 2D digital image correlation [5]), the ac-
curacy and precision of DVC measurements therefore highly
depend on the following two aspects: (1) the texture, imaging
quality and fidelity of the volume images; and (2) the perfor-
mance of the sub-voxel displacement registration algorithm.
The continual refinement of correlation-based image registra-
tion algorithms now allows sub-voxel registration with a dis-
placement accuracy higher than 0.005 voxels for computer-
simulated volumetric images [6, 7], which are free of artifacts
commonly encountered in X-ray computed tomography (CT).
However, it should be emphasized that when dealing with real
volume images, high-accuracy DVC measurement cannot be
realized without eliminating systematic errors induced by an
imperfect and unstable volumetric imaging system.

Due to their easy accessibility and wide applicability, labora-
tory X-ray CT scanners have been the most commonly used 3D
imaging devices in various DVC applications. Though an ad-
vanced laboratory X-ray CT facilitates the acquisition of high-
quality volume images with high contrast and spatial resolution
[8—11], it is not without its shortcomings. In fact, various noise
and image artifacts inevitably occur during CT scan [12, 13].
Among these error sources, the self-heating effect of X-ray CT
devices has been identified as the factor most detrimental to
DVC measurement [14, 15]. This is because the spatial position
of an X-ray emission point may undergo continual and slight
change during scans due to the heat generated by the X-ray tube,
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which changes the imaging geometry of the CT device and
induces both translation and dilatation (i.e., artificial displace-
ments and strains) in reconstructed volume images [16, 17].

Very recently, the systematic error in DVC measurements
associated with the self-heating effect of a laboratory X-ray
CT scanner was carefully examined by the present authors
[15]. By characterizing the relationship between the artificial
strain and operation time of the X-ray tube, a strain-error cor-
rection method based on a pre-established artificial strain-time
curve was presented. However, this correction method has
several obvious limitations, including: 1) heavy dependence
upon time and scanning settings; and 2) time delay due to ex-
situ pre- or post-calibration procedures. For these reasons, an
in-situ systematic error correction method that will contribute
to the optimal use of DVC is highly desirable.

Inspired by the reference sample compensation (RSC) meth-
od developed in 2D-DIC [18], we propose an effective and
easily implemented RSC method for in-situ systematic error
correction in DVC using a laboratory X-ray CT system. The
key of the proposed RSC method lies in the use of a stationary
reference sample, which is placed beside the test sample to
record the artificial displacement maps associated with the
self-heating effect of the CT scanner. The artificial displacement
fields are then fitted with parametric polynomials, which can be
used to eliminate the undesired artificial displacement field in
the test sample. In the remainder of this paper, the relationship
between the self-heating effect and the induced systematic errors
in DVC measurement is theoretically analyzed first. Then the
basic principle of the proposed RSC method is detailed. Finally,
a series of rescan tests and a stepwise uniaxial compression test
using copper foam specimens were performed to demonstrate
the efficacy and practicality of the presented RSC method.

Reference Sample Compensation Method for DVC

The Self-Heating Effect and its Influences on the Imaging
Geometry of X-Ray CT

As reported previously [19-21], the self-heating effect of an
X-ray CT system can change the spatial position of its X-ray
emission point, which in turn induces artificial displacements
and strains in reconstructed volume images. These artificial
deformations can be detected by a DVC algorithm, and thus
corrupting the desired deformation caused by physical load-
ing. To realize high-accuracy interior deformation measure-
ment, these artificial deformations should be eliminated.

For the convenience of theoretical analysis, here we show
only the in-plane demonstration to simplify the complex spatial
geometric changes. The influence of the self-heating effect on
imaging geometry, along with motions of the emission point, is
schematically shown in Fig. 1. Throughout the following theo-
retical derivation, the origin of the sample coordinate system is

SEM

defined as the center of rotation, and the x-axis is set as the
direction of the X-ray optical axis. D, and d, are the preset
source-object distance and source-camera distance, respectively,
and Dy and d; are their thermally-changed counterparts.

In Fig. 1, the thermal shifts of the emission point can be
decomposed into motions perpendicular to and along the X-
ray beam. The y-directional drift Ay of the emission point is
equivalent to the motion of the sample in the opposite direc-
tion, thus only inducing rigid-body translation within the re-
constructed volume images. The corresponding artificial dis-
placement component v; can be written as

B Dy—d,

4 Ay (1)

Vi
The above expression indicates that the artificial translation
in the volume image relies on three factors: y-directional ther-
mal drift Ay during image acquisition, the preset source-
object distance dj, and the source-camera distance D,.
Furthermore, due to the assembly constraints of mechanical
components within a CT tube, the emission point continuous-
ly gets close to the sample because of the self-heating effect
during a practical CT scan [14]. This leads to motions of
emission point along the positive x-axis. As such, the reduced
source-object distance increases the magnification of the im-
aging geometry from Dy/d, to D,/d;, giving rise to uniform
dilatational strains within the reconstructed volume images:
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It can be concluded that the thermally-induced dilatational
strain in the volume image is directly related to the selected
source-object distance d, the source-camera distance D, and
the x-directional thermal drift Ax during image acquisition.
Existing research has claimed that the artificial strain can
reach 4000 microstrain due to the self-heating effect [14],
which is detrimental to quantitative displacement measure-
ment using DVC.

To quantitatively examine the influences of the self-heating
effect on DVC measurements, Table 1 lists the scan settings of
the Skyscan 1172 X-ray Micro-CT system employed in this

Detector

point
AyIN T
Thermal — Ax
drift

Fig. 1 Thermal drift of emission point due to the self-heating effect of a
lab X-ray CT changes its imaging geometry
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Table1 Scan settings of Skyscan
1172 X-ray Micro-CT system

Spatial sampling grid (pixel) 1000 x 668 2000 x 1336 4000 x 2672
Voxel size (um) 2.00-27.14 1.00-13.43 0.50-6.72
Source-object distance dy (mm) 19.14-259.95 19.14-257.37 19.14-257.37
Source-camera distance Dy (mm) 342.94 342.94 342.94

work. During a CT scan, the selected voxel size (the physical
dimension of one voxel in the volume image) and spatial
sampling grid are closely related to specific values of d, and
Dy. In cases of higher magnification, the source-object dis-
tance would be shorter, as the source-camera distance is fixed.
Thus, the same thermal motion along the x-axis can lead to
larger artificial dilatational strains.

In practice, the generated heat inside an X-ray CT tube
may also slightly change the direction of the X-ray beam
during CT scan, as illustrated in Fig. 2. In this case, arti-
ficial rigid-body rotation and non-uniform deformation
would be present in the volume images, about which cor-
responding theoretical analyses are detailed in the
Appendix. However, the artificial rotation components
identified in previous experiments [15] are relatively
small and have negligible influence on strain results.
Also, the induced non-uniform deformations are generally
presented as random intensity changes rather than global
bias errors, as discussed in the Appendix.

Therefore, it can be concluded that the systematic er-
rors in DVC measurement due to the self-heating effect of
an X-ray CT system consist of two major components, i.e.
artificial translation and dilatational strain, and a minor
component, i.e. artificial rotation. These systematic errors
cause global bias in DVC-measured displacements and
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strains, and thus should be corrected or compensated to
recover the desired deformation results.

Reference Sample Compensation Method

To eliminate the above-mentioned artificial displacements and
strains due to the self-heating effect, a reference sample com-
pensation (RSC) method is proposed to correct the systematic
error in DVC. A schematic diagram showing the principle of
the RSC method is presented in Fig. 3. In practical implemen-
tation, a smaller stationary reference specimen without exter-
nal loading is placed beside the tested sample on the rotation
stage. Note that the gap between them should be large enough
to ensure the reference sample is free from any external load-
ings during the entire loading process.

During image scanning, the volume images of the reference
sample just record the imaging errors due to the self-heating
effect of the CT system. Then, a flexible and accurate
subvolume-based DVC method using an advanced inverse-
compositional Gauss-Newton algorithm and a novel layer-
wise reliability-guided displacement tracking strategy [22] is
employed to measure the thermally-induced artificial displace-
ment fields in the reference sample. To extract the deformation
components from the measured displacement fields, the follow-
ing expression for displacement decomposition is employed:

where u,;, v,4, and w,; are the respective x-, y-, and z-directional
displacement components of the ith calculation point; x,;, .,
and z,; are the x, y, and z coordinates of the ith calculation
point; t,, t,, and ¢ are the rigid-body motion components; wi,
w,, and w, the rigid-body rotation components; ¢,, ¢,, and ¢,
the dilatational strain components (theoretically identical).
The nine unknown coefficients can be extracted from the mea-
sured artificial displacement field using the global least-
squares algorithm given in the following matrix form:

p= (XTx)fl-xT-u (4)

where p is the desired artificial deformation vector (#, 1, , w,
W, W, € €, &) x and u are the matrices related to image
coordinates and displacements, which can be expressed as
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Since the thermally-induced artificial motion, rota-
tion, and dilatational strain only rely on the preset im-
aging geometry and its variation during a scan, the
extracted nine global deformation parameters can also
be applied to characterize the artificial displacement

’
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and strain in the tested sample. In this regard, by
subtracting the artificial displacements from the DVC-
measured displacement field of the tested sample, the
actual displacement arising from external loading can
be recovered:
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where u,;’, v, and w;" represent the corrected displacement
components; uy, v;, and wy; are the displacement components
directly measured by DVC; x;;, 4, and z,; are the coordinates
of the ith calculation point within the tested sample. Finally,
the full-field strain results can be extracted using a pointwise
least-squares algorithm [23] based on the corrected displace-
ment field.

Experiments and Results

A rescan test and a stepwise uniaxial compression test were
performed to examine the accuracy, efficacy, and practicality
of the RSC method in DVC. Due to the controllable micro-
structure during materials forming, copper foam with 90
pores per inch and a porosity of 97.5% was chosen as the
sample in the two tests. To visualize the internal microstruc-
ture, the reference and test samples at different stages were
first rescanned by a Skyscan 1172 desktop X-ray micro-CT
system with a spatial sampling grid of 2000 x 1336 pixels, a
rotation step of 0.4°, and a voxel size of 9 um. Note that
thermal correction using a post-scan scheme [16] was ap-
plied to remove a global shift in projection images during
volume image reconstruction. Next, the displacement fields
of the two samples in each scan with respect to the very first
scan (specified as the reference volume image) were mea-
sured by the advanced DVC method we developed recently
[22]. Afterward, the RSC method was used to correct the
distorted displacement fields of the test sample. Finally, the
pointwise least-squares method [23] was employed to extract
the full-field strains from the directly measured and
corrected displacement fields. During displacement field cal-
culation using DVC, the subvolume size was set to 513
voxels with a grid step of 20 voxels, and the window size
for strain calculation was defined as 11 x 11 x 11 points (a
local domain of 201° voxels).

SEM

Rescan Tests

In the rescan tests, a tested sample with a size of
11 x 11 x 8 mm® and a reference sample with a size of
4 x 4 x 4 mm® were placed on the rotation stage without external
loading. To record the volume images at different operation
times of the X-ray tube, CT scans were performed six times
within 270 min, and each scan lasts nearly 45 min. A photo
and a rendered volume image of the tested and reference sam-
ples are shown in Fig. 4.

The DVC-measured displacement fields within the test-
ed sample in the last stage (i.c., the displacement between
stage 6 and stage 1) before and after systematic error
correction using the RSC method in the rescan tests are
shown in Fig. 5. We can make two conclusions from
Fig. 5. First, the directly measured displacement fields
(i.e., U, V, and W) show significant bias (or systematic
error) and fluctuation due to artificial displacements and
strains. From the inserted values, the maximum mean bias
and standard deviation (SD) of the directly measured dis-
placements are —1.0768 voxels and 0.0890 voxels, respec-
tively. The corrected displacement results are close to 0,

Fig.2 Changes in imaging geometry of a lab-CT due to rotation of X-ray
beam
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Fig. 3 Schematic diagram
showing the experimental setup
of the RSC method employed in
DVC

Tested sample

X-ray source

with a maximum mean bias of 0.0009 voxels and a max-
imum SD of 0.0203 voxels, which agree well with the real
zero-deformation case. Second, the uncorrected displace-
ment fields exhibit significant expansion in the x, y, and z
directions, and the artificial normal strains are estimated
as 339.6 ue, 367.4 pe, and 346.9 e, respectively. These
strains can be regarded as thermally-induced dilatational
strains. In contrast, the dilatational strains in the corrected
displacement fields are negligibly small values that are
less than 20 pe. By comparison, the artificial displace-
ments and strains due to the self-heating effect of the X-
ray tube can be effectively eliminated after employing the
RSC method.

Based on the DVC-measured displacement fields before
and after correction, mean values of the three displacement
components and three normal strain components can be
extracted. Figure 6 depicts the systematic errors of the dis-
placements and strains within the tested sample before and
after using the RSC method in the rescan tests. It can be
observed that: (1) both the measured displacement and
strain components increase with system uptime, and then
tend to certain asymptotic values; (2) the systematic errors
in displacements and strains reach 1.2 voxels and 370 pe at
the end, but decrease to less than £0.02 voxels and +20 pe
after employing the RSC method; and (3) the accuracy of
the presented RSC method can be identified as 0.02 voxels
for displacement and 20 pe for strain in this rescan tests.

Fig. 4 Photo (left) and rendered
volume image (right) of the refer-
ence and test samples

Detector
IEORimage™

Loading

Rotation stage

Uniaxial Compression Tests

The experimental setup of the stepwise uniaxial com-
pression test is illustrated in Fig. 7. Before image scan-
ning, a small reference sample with a size of
5 x 5 x 5 mm® was attached beside the tested counter-
part with a size of 10 x 10 x 10 mm>. A preset com-
pression load of 100 g was exerted on the tested spec-
imen to ensure the stability of stepwise loading and
volumetric imaging. The stepwise displacements exerted
on the test sample were set as 0.01 mm, 0.02 mm, and
0.03 mm along the z direction. After reaching the preset
displacement in each step, a CT scan was performed to
record the volume images at the current state. In total,
four scans were performed within 180 min, and the
duration of each scan was approximately 45 min.
Figure 8 displays the measured z-displacement fields
within the tested sample before and after systematic error
correction in the stepwise uniaxial compression test. Since
the self-heating effect induces significant systematic er-
rors in DVC-measured displacements and strains, the
measured W displacement fields in the top row of Fig. 8
show a smaller deformation range along the z direction,
and mean strains dramatically deviate from prescribed
values. In contrast, the corrected displacement fields show
significant differences in the contour levels and mean
strains closer to the imposed deformations. Thus, it can
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Fig. 5 DVC-measured displacement fields within the tested sample before (upper) and after (lower) systematic error correction: (left) u displacement
field, (middle) v displacement field, (right) w displacement field

be concluded that the presented RSC method can effec-  tive comparison. It is seen that the directly measured
tively remove the systematic errors and recover the actual ~ average strains show evident deviations from the im-
deformation. posed ones. Their differences increase with the number

For comparison, Fig. 9 illustrates the imposed strain-  of loading stages, and the maximum bias error exceeds

stress curve (solid line) along with the averaged values 300pe in stage 3. By contrast, the corrected strains
of the directly measured strains (red dots) and the  show good agreement with the loading configuration,
corrected results (blue squares) of the test sample before ~ and exhibit negligibly small bias errors (less than 20
and after using the RSC method. The directly measured  pe).

and corrected strain values as well as their correspond- It should be noted that a larger imaging magnification may
ing errors are shown in the inserted table for quantita-  amplify the detrimental influence of the self-heating effect,
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Fig. 6 Systematic errors of the DVC-measured (a) displacement components and (b) normal strains within the tested sample before and after performing
RSC method in the rescan tests
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Fig. 7 Setup of the stepwise
uniaxial compression test of
copper foam sample

and hence much larger systematic error (more than 0.4% di-
latational strain) may be present. In this case, the use of the
proposed RSC method is expected to be more effective in
correcting thermally-induced systematic errors and improving
the accuracy of DVC measurements.

Discussion

By using a stationary reference sample placed adjacent to the
test sample, the proposed RSC method can effectively remove

Stage 1: W displacement field before correction

Stage 2: W displacement field before correction

Reference

Loading motor

the detrimental artificial displacements and strains associated
with the self-heating effect of X-ray scanners. Compared with
past solutions [14—17, 19-21], the proposed RSC method can
be easily implemented to realize in-situ systematic error cor-
rection. Since the reference sample is used to monitor the
artificial displacements due to the instability of an imaging
system, the reference sample need not consist of the same
material as the test sample. In practical implementation, a
cheap and easily available material with identifiable internal
texture and near-zero thermal expansion coefficient is highly
recommended.

Stage 3: W displacement field before correction
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Fig. 8 W displacement fields within the tested sample before (upper) and after (lower) systematic error correction: (left) 0.1% strain, (middle) 0.2%

strain, (right) 0.3% strain
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Fig. 9 Preset strain-stress curve and the average strain of the test sample
before and after performing the RSC method in the stepwise uniaxial
compression test. The inserted table shows the corresponding strain
values and absolute errors

Despite offering the advantages of in-situ error correction
with easy operation, the RSC method is not without its limi-
tations. To be specific, the spatial resolution available for the
tested sample is reduced when using the proposed RSC meth-
od, because the reference sample will occupy a certain portion
of the field of view. Thus, if one intends to maximize the
spatial resolution of a test sample, the proposed RSC method
is no longer applicable. In this case, other techniques, e.g., full
preheating of the X-ray scanner or post-correction based on a
pre-calibrated artificial strain-time curve, can be employed.

Also, it should be noted that the size of the reference sam-
ple and the specific calculation parameters may influence the
efficacy and accuracy of the proposed compensation method.
In this work, a global least-squares fitting method is applied to
the DVC-measured displacement fields of the reference sam-
ple to extract the artificial deformation components. Since the
deformation field in the reference sample is almost homoge-
neous and can be characterized by a simple trilinear function,
a large strain calculation window (i.e., more plentiful displace-
ment data) is preferred due to its better noise-proof perfor-
mance. To quantify the influence of the size of the reference
sample on estimated artificial displacements, VOIs with three

different sizes (i.e. 100 x 100 x 100 voxels, 200 x 200 x 200
voxels, 400 x 400 x 400 voxels) are selected within the refer-
ence samples in the 2nd and 4th CT scans in the rescan tests.
Note that the subvolume size is selected as 51 x 51 x 51
voxels with a grid step of 20 voxels. The extracted artificial
displacements and dilatational strains are listed in Table 2.
It is seen that there are slight differences in the extracted
artificial deformation components when selecting different
VOI sizes (representing diverse sizes of reference sample).
The maximum bias in detected displacements and strains
are less than 0.01 voxels and 20 pe, respectively, even
though the VOI is selected as small as 100 x 100 x 100
voxels (0.9 x 0.9 x 0.9 mm) comprising 6 x 6 x 6 calcu-
lation points. Although different VOIs result in almost
identical artificial deformation components, a relative large
reference sample is preferable in practice to ensure data
robustness during global fitting.

Conclusion

DVC in combination with laboratory X-ray CT scanners
has been recognized as a powerful technique for quanti-
fying interior deformation of various opaque solids and
biological materials. The self-heating effect of the X-ray
tube within a CT scanner has been identified as the most
detrimental factor in DVC measurements. In this work,
the geometric relationship between the thermal drift of
the emission point due to the self-heating effect and the
induced artificial deformation in volume images is derived
theoretically. A simple and effective RSC method is pro-
posed for in-situ systematic error correction to realize
high-accuracy internal deformation measurement using
DVC and an X-ray scanner. A series of rescan tests and
a stepwise uniaxial compression test of a cubic copper
foam sample successfully demonstrated the efficacy and
practicality of the proposed RSC method. Experimental
results indicate that this method can reduce thermally-
induced artificial displacements and strains to negligible
levels. Because the proposed method can easily and effec-
tively achieve in-situ systematic error correction, it is ex-
pected to be used in various DVC applications requiring
high measurement accuracy.

Table 2 The extracted artificial

displacement components and VOI size (voxel)  2nd scan 4th scan
dilitational strain during
implementing the proposed RSC u v w € u v w €
method using different VOI sizes (voxel)  (voxel)  (voxel) (pe) (voxel)  (voxel)  (voxel) (pe)
in the rescan tests
400 x 400 x 400  —0.074 —0.367 —0.545 1493 —0.093 —0.540 -1.007 250.2
200 x 200 x 200  —0.078 —0.364 —0.548 1532 —-0.097 —0.539 —-1.001 256.0
100 x 100 x 100  —0.082 —0.364 —0.538 1433 —-0.089 —0.535 —0.999 261.9
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Appendix

Here we theoretically analyze the relationship between ro-
tation of X-ray optical axis and the induced artificial de-
formations in reconstructed volume images. By comparing
with the ideal case, the change in imaging geometry due to
rotation of X-ray optical axis can be decomposed into three
aspects: (1) motion of emission point in Fig. 10(a), (2)
rotation of sample in Fig. 10(b), (3) eccentric rotation of
detector in Fig. 10(c).

First, the motion of emission point along y direction shown
in Fig. 10(a) causes rigid-body translation v, in the volume
image as discussed above.

D D
V) =— (d—l—l) -dotanf) = — (d—o—l) -dotanf (7)
1 0

Second, since the direction of X-ray beam deviates
from ideal case, X-ray beam passes through the sample
along different paths. As such, the difference from ideal
beam path can be equivalent to a rotation of the sample
with an angle of 6, thus finally causing a rigid-body rota-
tion # of volume image. Third, the rotation of detector
around point O' first includes a deviation of the rotation
center, thus a rigid-body translation v; from O to O' may
be present in the reconstructed volume image.

Do—
V3 = < Odod0>-dotan9 (8)

From the above two expressions, v, and vz are equal
but in opposite directions, thus rotation of X-ray beam
causes no rigid-body translation in the volume image.
Also, since the detector deviates from the ideal direction
(i.e., perpendicular to the X-ray beam), the upper part of
the projection image may expand due to the increased
amplification, while the lower part shrinks. As a result,
a complex non-uniform deformation may occur within the
reconstructed volume image due to the rotation of detector
according to the commonly-used Feldkamp algorithm in a
lab cone-beam CT system. The corresponding theoretical
analysis is detailed as follows.

D
< 0 ?-
< 4y N IS
< I’ ____,-———”'
A I |
e e
__,——_:f_'_‘_’ oI v 1 0
= """

%

(C) Rotation of X-ray detector

Fig. 10 Decomposition of the changes in imaging geometry of a lab-CT
due to rotation of X-ray beam: (a) motion of emission point, (b) rotation
of sample, (¢) eccentric rotation of detector

As illustrated in Fig. 11(a), assume the perpendicular
distance from rotation center to the X-ray cone-beam is ¥,
the projection image Pg(Y) can be denoted as a function
of Y and rotation angle ® of the sample. In ideal case, the
detector should be perpendicular to the X-ray beam, then
we can get the projected position y as follows

y=—"Di 9)

While the projected position )" on rotated detector can be
expressed as

/_ D]Y

= 1
Y d—Ytan6 (10)
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Detector

Soury D

Fig. 11 (a) Equivalent imaging geometry due to the rotation of X-
raydetector, and (b) the resulting image deformation

Then, the corresponding position Y’ should be written as

' y’ Ydl

Y = dy=——
Dy ! d—Ytanf

(11)
From the above expression, it is seen that the distance Y
shared by the points along X-ray beam may change to Y due
to the rotation of detector. In this regard, the effect of X-ray
detector rotation can be equivalently described as: as for each
rotation angle ® of the test sample, the upper part of the sam-
ple (above optical axis) expand, while the lower part (below
optical axis) shrink as exhibited in Fig. 11(b). As such, the
final intensity or position changes in volume images highly
depends on specific algorithm employed during volume im-
age reconstruction. In most cases, however, these non-uniform
deformations are limited to far less than 1 voxel and present as
random intensity changes rather than a global bias, thus can be
considered as random errors rather than systematic errors.
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