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A B S T R A C T

The tetrahedral-mesh (TM) geometry, which is a very promising geometry for computational human phantoms,
has a limitation in 3D dose distribution calculation for medical applications. Even though Geant4 provides the
read-out geometry for calculating 3D dose distribution in the TM geometry, this method significantly slows down
the computation speed. In the present study, we developed a new method, called Moving Voxel-based Dose-
Distribution Calculator (MVDDC), to rapidly calculate a 3D dose distribution in a TM geometry. To evaluate the
performance of the MVDDC method, a simple TM cubic phantom and a human phantom were implemented in
Geant4. Subsequently, the phantoms were irradiated with proton spot beams under various conditions, and the
obtained results were compared with those of the read-out geometry method. The results show that there is no
significant difference between the dose distributions calculated using the new method and the read-out geometry
method. With respect to the computational performance, the speeds of simulations using the MVDDC were
approximately 1.4–2.7 times faster than those of the simulations using the read-out geometry method.

1. Introduction

Computational human phantoms (CHPs) are widely used in diag-
nostic and therapeutic medical applications for calculating dose dis-
tribution in Monte Carlo codes [1–3]. The CHPs have been developed
over time in order to realize a more realistic and accurate representa-
tion of the human body. Since the 1980s, voxel phantoms, which are
constructed based on computational tomography (CT) or magnetic re-
sonance (MR) images of the human body, have been used to obtain
realistic anatomy of the human body. Nevertheless, the voxel phantoms
have limitations in representing the human anatomy. For instance, the
voxel phantoms cannot properly model thin/small or very complicated
structures (e.g., skin, arteries, and atheroma) owing to the nature of
voxel geometry [4,5] and the voxel geometry is not deformable. From a
medical point of view, fine structures obtained from other imaging
modalities (e.g., spinal cord, atheroma, etc.) or detailed implementa-
tion structures modeled from computer-assisted design (CAD) (e.g.,
brachytherapy seeds, artificial implants, hip replacements, screws, etc.)
cannot implemented in voxel geometry directly [5]. To overcome the
limitations, several investigators [4,6–9] developed mesh-type CHPs
using non-uniform rational B-spline (NURBS), polygonal mesh (PM),

and tetrahedral mesh (TM) geometries. These new types of phantoms
allow for the modeling of thin/small and complex organ/tissue struc-
tures with smooth surfaces (e.g., breast skin and tumors [10–13], eye
[14], and small bowel [15]). Currently, NURBS phantoms cannot be
used in Monte Carlo codes; only PM and TM phantoms can be directly
used. In particular, the TM phantoms provide a much faster simulation
speed than the PM phantoms [9]. The TM geometry can also model
heterogeneous density distribution in an organ/tissue using their tet-
rahedral-mesh structure. For these advantages, recently the Interna-
tional Commission on Radiological Protection (ICRP) has decided to
complement the voxel reference phantoms by realizing them also in TM
geometry [16].

The TM geometry, however, has a fundamental limitation that does
not apply to voxel geometry: it is not possible to calculate a detailed 3D
dose distribution for medical applications. Note that in a voxel geo-
metry, a 3D dose distribution can be directly calculated using the
structure of the voxel geometry. In Geant4 [17–19], a detailed 3D dose
distribution in the TM geometry can be calculated by using a read-out
geometry method. The read-out geometry is a virtual/parallel geometry
and enables us to collect particle information corresponding to the
readout segmentation [20]; nevertheless, the use of the read-out
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geometry method significantly slows down the computation speed due
to the requirement of an additional dedicated-navigator for the read-out
geometry. For a fast calculation of dose distribution without using the
read-out geometry method, Sarrut et al. [21] alternatively proposed a
random indexing method, which determines the scoring index of a
continuously deposited energy occurred by charged particle from a
randomly selected point between two endpoints of a step (i.e., Pre-
StepPoint and PostStepPoint). However, this method tends to require a
much larger number of primary particles to achieve the same statistical
significance as the read-out geometry method.

In the present study, a new method called the moving voxel-based
dose-distribution calculation (MVDDC) was developed to rapidly cal-
culate the dose distribution in a TM geometry, without using the read-
out geometry method in Geant4. The performance of the method was
then evaluated by comparing the calculated dose distribution and
computational speed with those obtained using the read-out geometry
method.

2. Material and methods

2.1. Basic concept of read-out geometry method

The read-out geometry is a virtual geometry which can be defined in
parallel to any complicated geometries in the real world. Using the
read-out geometry, it is possible to define scoring volume boundaries
corresponding to the detector array that allows Geant4 to accumulate
particle tracking information (e.g., continuously deposited energy
during a step) in each scoring volume.

As mentioned previously, however, the main problem of the read-
out geometry method requires an additional dedicated-navigator and
additional steps to limit the step length within the same scoring volume.
Consequently, the read-out geometry method imposes constraints on
computational performance.

2.2. Moving voxel-based dose distribution calculator (MVDDC)

We developed a new method called moving voxel-based dose dis-
tribution calculator (MVDDC), which is devoted to rapidly calculate a
dose distribution in a TM geometry in Geant4. The major problem of
calculation of a detailed 3D dose distribution in a TM geometry without
using the read-out geometry method is to distribute continuous energy
deposition (i.e., dEAlongStep) in pertinent scoring volumes. In the majority
of the energy range of charged particles used in medical applications,
the majority of dEAlongStep consists of ionization of the medium that can
be calculated from the stopping power [19]; if we know two para-
meters, that is, (1) the ratio of a path length included in each scoring
volume and a total length of a step and (2) stopping powers at Pre-
StepPoint and PostStepPoint, a dEAlongStep could be distributed in per-
tinent scoring areas without using the read-out geometry method.

Indeed, the ratio of a path length overlapped on a scoring volume(s)
to the total step length can be easily calculated if we know the inter-
section point(s) between a step ray and a corresponding volume
boundary (or boundaries). For this, we newly adopted “moving voxel
(MV)” concept in MVDDC. The MV is a pseudo geometry based on
G4Box class, and it is designed to be moved along with a step in order to
calculate the intersection points between a step and the pseudo scoring
box. It is worthwhile to note that the MV is not placed in a real (or
parallel) world geometry and during this procedure, Geant4 step is not
affected by boundaries of the MV. To introduce the basic concept of the
MV, let us assume the 2-dimensional (2D) Geant4 simulation with a
step in a triangular geometry as Fig. 1(a). The first position of the MV is
located taking into account the position information of PreStepPoint of
the step and user’s scoring information (e.g., scoring voxel size, the
number of scoring voxels, etc.). Subsequently, the MV calculates an
intersection point between the step’s path and the voxel boundary
(Fig. 1(b)). If the PostStepPoint is not included in the current MV, the

MV is moved to the next position with regard to the intersection point
and the direction of the step (Fig. 1(c)). These processes are repeated
until PostStepPoint is included in the MV. Note that the intersection
point can be calculated by using internal functions included in G4Box
class.

The second parameter, i.e., the stopping powers, can be calculated
by using internal functions included in G4EmCalculator class.

During a TM simulation based on MVDDC, two deposited energies
(i.e., dEAlongStep and dEPostStep) are considered in the calculation of dose
distribution, the scoring method for the energies is followed as below:

• dEAlongStep is divided by ratios of step lengths and stopping powers
and accumulated in each scoring volume with respect to each index
calculated by the MV.
• dEPostStep is accumulated in a scoring volume with respect to the
index at PostStepPoint.

Fig. 2 shows schematic behaviors of a particle traversing (a) a TM
geometry, (b) TM with the read-out geometry, and (c) TM with MVDDC
in 2D. In Fig. 2, green and red empty circles mean real step points
generated by tetrahedrons and the read-out geometry method, respec-
tively, and a small filled triangle means an intersection point calculated
by the MV. As shown in Fig. 2, the read-out geometry generates addi-
tional step points (red empty circles), while the MVDDC calculates only
intersection points (red filled triangle).

Note that the latest version of Geant4 at the time of this study (i.e.,
10.04) has access only to a total deposited energy of a step. For access
to dEAlongStep and dEPostStep, Geant4 source codes should be modified as
shown in Appendix A.

2.3. Evaluation of MVDDC

We performed Geant4 simulations to evaluate the accuracy and
performance of the MVDDC. For this evaluation, we assumed that the
proton spot beam, which was generated under the same conditions used
in a previous study [22], was irradiated to simple TM cubes (size:
200× 200×200mm3) generated by TetGen [23] and the evaluation
was performed taking into account various conditions as follows:

1) Number of tetrahedrons: five TM cubes made up of 6, ~102, ~103,
~104, and ~105 tetrahedrons (Fig. 3),

2) Resolution of the scoring voxel: three sizes of scoring voxel
(0.5× 0.5×0.5, 1× 1×1, and 2×2×2mm3).

3) Energies: three proton beam energies (100, 125, and 150MeV),
4) Materials: three types of material considering density variation

(lung, water, and bone).

It should be noted that to perform the independent evaluation, ~103

tetrahedrons, 1× 1×1mm3 scoring voxel size, 100- MeV proton, and
water material were set as the default conditions. The protons beam
energies (i.e., 100, 125, and 150MeV) were considered for the gen-
eralization with respect to the G4BetheBlochModel class, which is used
for the calculation of the stopping power for charged particles in
Geant4. In materials, predefined Geant4 materials (G4_Lung_ICRP,
G4_WATER, and G4_BONE_ CORTICAL_ICRP) were used. Note that the
density of the lung used was that of an exhaled lung (i.e., 0.495 g/cm3)
according to Beardmore et al. [24] instead of originally defined density
in G4_Lung_ICRP (i.e., 1.04 g/cm3) considering density difference be-
tween lung and water materials.

The evaluations were performed using a server system with 16-core
CPUs (Intel® Xeon® CPU E5-2687W @ 3.10GHz×2), 64-GB memory.
The version of Geant4 code used in this study was 10.04 patch-01. For the
electromagnetic and hadronic physics processes, G4EmLivermorePhysics,
G4HadronElasticPhysics, and G4HadronPhysicsFTFP_ BERT_HP physics
constructors were used. A cut value of 1mm was used for the range cut of
the secondary particles.
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2.3.1. Accuracy test
The 3D dose distributions calculated using the MVDDC were com-

pared with those of the TM with the read-out geometry method. In the
test, the prepared TM cubes were irradiated with a 108 proton spot
beam. The gamma index (GI) [25] was used to compare the dose dis-
tribution of the calculated MVDDC with that calculated using the read-
out geometry method as reference data. The criteria of the GI were set
as tightening passing criteria with 1-mm distance-to-agreement (DTA),
1% dose difference (DD), and 10% dose threshold; as an exception,
owing to the limited voxel size, a 2-mm DTA was used for the
2× 2×2-mm3 size of scoring voxel. The accepted GI passing rate was
tightly set as> 95% passed voxels.

2.3.2. Evaluation of computational time
The computational time of MVDDC was measured and compared

with that calculated using the read-out geometry method under the
same conditions of the previous accuracy test. In this study, conven-
tional simulations of a TM phantom (indicated by “conventional”) that
scores the absorbed doses in tetrahedrons were performed and their
calculation times were also measured to check the increasing ratio of
the computational time according to two additional scoring methods. It
should be noted that the conventional simulations are meaningless with
respect to the 3D dose distribution calculation, and the calculation
times of the simulations were simply used in this study as indicators for
checking effects of the two additional scoring systems for dose dis-
tribution calculation in TM geometry. In this study, the objective of the
evaluations is to obtain a measurement of the computational efficiency;
hence, only a small number of primary particles was irradiated in all the
cases, and the simulation time required for the particle transport ex-
cluding the initialization time was only measured. Note that the

MVDDC algorithm is only involved in particle transport process when a
step algorithm is called, and we internally confirmed that two in-
itialization times with respect to the conventional and MVDDC calcu-
lation methods were no significantly different. The performance eva-
luation was performed in the single-thread mode of Geant4, and each
case was repeated more than five times and obtained a statistical un-
certainty of less than 5%.

3. Results and discussion

3.1. Accuracy evaluation

From the obtained results, all Gamma Index (GI) passing rates
(criteria: 1 mm/1%) of the dose distributions calculated using the
MVDDC were higher than 97% as compared with those of the read-out
geometry method; that is, the passing rates of GI were sufficiently
higher than the tolerance level of 95%. Our results also showed that in
additional GI tests with the 1-mm/2% criteria (2-mm/2% criteria for
the 2× 2×2-mm3 size of scoring voxel as an exception), all the pas-
sing rates of GI were higher than 99%. It was thus confirmed that the
MVDDC could identically calculate the dose distribution within the
statistical uncertainty as compared with that of the read-out geometry
method.

Fig. 4 shows the comparison of the dose distributions for a 100-MeV
proton spot beam simulation in a TM water cube comprising approxi-
mately 103 and 105 tetrahedrons calculated using the read-out geo-
metry and MVDDC methods.

Fig. 1. Schematic procedures of moving
voxel (MV, purple dashed line) in a triangle
in Geant4: (a) a step occurs, (b) an MV is
located at pertinent position taking into ac-
count PreStepPoint of the step, and an in-
tersection point (red filled triangle) between
the step and the MV’s boundary is calcu-
lated, and (c) the MV is relocated to the next
position. Note that the size of dashed line
box represents the scoring voxel size for
calculation of dose distribution. (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the
web version of this article.)

Fig. 2. Comparison of the number of steps
in (a) TM geometry, (b) TM and the read-out
geometry, and (c) TM and the MVDDC (2D
view). Green and red empty circles are real
step points generated by tetrahedrons and
the read-out geometry method, respectively,
and a small filled triangle is an intersection
point calculated by the MV. Note that in-
tersection points (red filled triangle) are not
related to the number of steps in Geant4.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 3. Cross-sectional views of prepared
tetrahedral-mesh cubes comprising (a) six
tetrahedrons, (b) ~102 tetrahedrons, (c)
~103 tetrahedrons, (d) ~104 tetrahedrons,
and (e) ~105 tetrahedrons.
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3.2. Evaluation of calculation speed

3.2.1. Number of tetrahedrons
Table 1 presents the measured computational time required for the

TM cube simulations according to the number of tetrahedrons. In the
test, the scoring voxel size, energy of the primary proton, and phantom
material were set as 1×1×1mm3, 100MeV, and water, respectively.

The result showed that the calculation speeds of the MVDDC were
faster (by factors of 1.7–2.2) than those of the read-out geometry
method.

In a comparison with the calculation times of conventional simu-
lation, the increasing ratios of the calculation times obtained using the
MVDDC (1.8–2.1) were certainly lower than those obtained for the
read-out geometry method (3.0–4.7). The trends of these results can be
described as the additional number of steps made by each method. In
the read-out geometry method, additional steps were generated by the
additional scoring voxel geometry, and the ratio of the additional steps
to the total steps was inversely proportional to the number of tetra-
hedrons that composes the TM cube. In MVDDC, however, the method
to calculate dose distribution was not related to the increase in the total
number of steps; therefore, it was confirmed that the increasing ratios
of the computational time of the MVDDC to those of conventional si-
mulation were fairly constant (near 2.0) regardless of the number of
tetrahedrons.

3.2.2. Resolution of scoring voxel
Table 2 presents the measured computational time of the TM cube

simulations according to the resolution of the scoring voxel. It should be
noted that, in this test, the number of tetrahedrons, energy of the pri-
mary proton, and phantom material were set as approximately 103,
100MeV, and water, respectively.

In here, the calculation speeds of the MVDDC were faster (by factors
of 1.6–3.0) than those of the read-out geometry method.

In a comparison with the calculation times of conventional simu-
lation, the increasing ratios of the calculation times of the MVDDC
(1.7–2.2) were lower than those of the read-out geometry method
(2.7–6.6). The trends of the results can be explained by almost the same
reason as discussed in Section 3.2.1. In the read-out geometry method,
the additional steps are strongly related to the increase in the scoring
voxel resolution, and the ratio of the additional steps to the total steps
was proportional to the number of scoring voxels. However, as pre-
viously mentioned, the MVDDC method was not related to the increase
in the total number of steps, and therefore, the increasing ratios of the
computational time of the MVDDC were fairly constant (near 2.0).

3.2.3. Energy of the primary particle
Table 3 presents the measured computational time for the TM cube

simulations according to the energy of the primary proton. It should be
noted that, in this test, the number of tetrahedrons, scoring voxel size,
and phantom material were set as approximately 103, 1× 1×1mm3,
and water, respectively.

The calculation speeds of the MVDDC were faster (by factors of
2.1–2.7) than those of the read-out geometry method.

In a comparison with the calculation times of conventional simu-
lation, the increasing ratios of the calculation times of the MVDDC (1.9)
were lower than those of the read-out geometry method (4.1–5.1). The
trends of the results can also be attributed to the same reason as that
discussed in Sections 3.2.1 and 3.2.2. In the read-out geometry method,
additional steps were generated and the ratio of the additional steps to
the total steps was proportional to the primary particle’s energy, but in
the MVDDC method, the additional steps were not generated.

3.2.4. Material
Table 4 presents the measured computational time for the TM cube

Fig. 4. Comparison of dose distributions for 100-MeV proton spot beam simulation in TM water cube comprising approximately 103 (top) and 105 (bottom)
tetrahedrons calculated using the read-out geometry (left), MVDDC (middle) and gamma index distribution (right). The gamma index passing rates (criteria: 1mm/
1%) was 99.1% and 99.4% respectively.

Table 1
Computational times of TM cube in Geant4 according to the number of com-
posed tetrahedrons. In this test, the scoring voxel size, energy of the primary
proton, and phantom material were set as 1× 1×1mm3, 100MeV, and water,
respectively.

Number of
Tetrahedrons

Conventional Read-out MVDDC Increasing ratio Speed-
up
factor

(A) (B) (C) (B/A) (C/A) (B/C)

6 20.7 s 96.8 s 43.9 s 4.7 2.1 2.2
~102 22.5 s 99.9 s 46.2 s 4.4 2.0 2.2
~103 28.3 s 115.0 s 53.6 s 4.1 1.9 2.1
~104 37.9 s 146.2 s 70.6 s 3.9 1.9 2.1
~105 55.1 s 162.6 s 98.3 s 3.0 1.8 1.7
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simulations according to the material. It should be noted that, in this
test, the number of tetrahedrons, scoring voxel size, and energy of the
primary proton were set as approximately 103, 1× 1×1mm3, and
100MeV, respectively.

The results showed that the calculation speeds of the MVDDC were
faster (by factors of 1.5–2.2) in all the cases in comparison to those of
the read-out geometry method.

In a comparison with the calculation times of conventional simu-
lation, the increasing ratios of the calculation times of the MVDDC
(1.9–2.7) were lower than those of the read-out geometry method
(3.1–5.5). The results were explained by two factors, (1) a density
difference and (2) a complexity of material composition. With respect
to the density difference, the results can be explained by the same
reason as discussed in Sections 3.2.1 to 3.2.3. because the total number
of steps in a simulation with the lung (low density) is larger than that of
bone (high density). With respect to the complexity of a material, to the
best of the authors' knowledge, the Geant4 navigator requires more
time to calculate the physics interaction parameters (e.g., stopping
power) in complex composition materials used in this test (i.e., lung and
bone) than a simple composition material used in this test (i.e., water).

From the combination of the two factors, the results of the in-
creasing ratio exhibited a slightly different behavior as compared with
the previous results; for instance, in the lung, the increasing ratio of the
MVDDC calculation times (2.7) was higher than the previous results
(near 2.0). Nevertheless, the comprehensive results showed that the
computational speeds of the MVDDC were still faster than those of the
read-out geometry method.

3.3. Example tests of MVDDC usage for human phantom application

The performances of MVDDC was additionally evaluated for a

human phantom application using a THRK-MAN (Yeom et al. 2014)
phantom, which is composed of approximately 4× 105 tetrahedrons
and 27 materials. For this study, two simulation cases were considered
as follows: (1) 100-MeV proton spot beams irradiated for lung, and (2)
150-MeV proton spot beams irradiated for liver. The performance
evaluations were performed under the same conditions of the previous
tests, and the scoring voxel size was set as 1×1×1mm3.

Regarding accuracy test, the GI passing rates (criteria: 1-mm/1%) of
the dose distributions calculated using the MVDDC were 99.9% and
98.5% for 100- and 150-MeV proton beams as compared with those of
the read-out geometry method, respectively. From the obtained results,
it was thus confirmed that the MVDDC could identically calculate the
dose distribution within the statistical uncertainty as compared with
that of the read-out geometry method.

Table 5 presents the measured computational time of the THRK-
MAN simulations. In comparison with the calculation times of con-
ventional simulation, the increasing ratios of the calculation times of
the MVDDC were approximately 2.0, which have the same trend as the
previous results shown in Section 3.2. However, the increasing ratios of
the read-out geometry method presented 2.8–3.0, which were slightly
lower than previous results shown in Section 3.2; it is due to the size of
tetrahedrons included in THRK-MAN, which is one of the factors with
respect to the calculation speed of the read-out geometry method re-
presented in Section 3.2.1. In fact, the increase of the calculation speed
of the read-out geometry method was affected by small volumes of
tetrahedrons located in very thin organs (e.g., skin, soft tissue) on the
way of a beam direction. Nevertheless, the calculation speeds of the
MVDDC were still faster (by a factor of 1.4) than those of the read-out
geometry method in the real human phantom application.

4. Conclusion

In the present study, a new method, called Moving Voxel-based
Dose-Distribution Calculator (MVDDC), was developed to rapidly cal-
culate a 3D dose distribution in a tetrahedral-mesh (TM) geometry
which is a very promising geometry for computational human phan-
toms. The MVDDC estimates the deposited energies using a moving
voxel (MV) and stopping powers. To evaluate the performance of the
MVDDC, dose distributions in a simple cubic phantom and in a human
phantom were calculated using the MVDDC, and the calculated results
were compared with those of the simulations using the read-out geo-
metry method. Our results showed that the developed method provides
reliable dose distributions, and the usage of the MVDDC improved the
computation speed when compared to those of the read-out geometry
method for all the cases considered in the present study. For a simple
cube, the speed-up factor of the MVDDC was within the range of

Table 2
Computational times of TM cube in Geant4 according to the resolution of scoring voxel. In this test, the number of tetrahedrons, energy of the primary proton, and
phantom material were set as approximately 103, 100MeV, and water, respectively.

Voxel size Conventional Read-out MVDDC Increasing ratio Speed-up factor
(A) (B) (C) (B/A) (C/A) (B/C)

2× 2×2mm3 28.3 s 76.0 s 48.1 s 2.7 1.7 1.6
1× 1×1mm3 28.3 s 115.0 s 53.6 s 4.1 1.9 2.1
0.5× 0.5× 0.5mm3 28.3 s 187.5 s 62.9 s 6.6 2.2 3.0

Table 3
Computational times of TM cube in Geant4 according to the proton energy. In
this test, the number of tetrahedrons, scoring voxel size, and phantom material
were set as approximately 103, 1× 1×1mm3, and water, respectively.

Energy Conventional Read-out MVDDC Increasing ratio Speed-up
factor

(A) (B) (C) (B/A) (C/A) (B/C)

100MeV 28.3 s 115.0 s 53.6 s 4.1 1.9 2.1
125MeV 35.7 s 162.6 s 69.6 s 4.6 1.9 2.3
150MeV 44.2 s 224.4 s 83.9 s 5.1 1.9 2.7

Table 4
Computational times of TM cube in Geant4 according to the material. In this
test, the number of tetrahedrons, scoring voxel size, and energy of the primary
proton were set as approximately 103, 1× 1×1mm3, and 100MeV, respec-
tively.

Material Conventional Read-out MVDDC Increasing ratio Speed-up
factor

(A) (B) (C) (B/A) (C/A) (B/C)

Lung 48.1 s 266.2 s 130.3 s 5.5 2.7 2.0
Water 28.3 s 120.2 s 53.6 s 4.2 1.9 2.2
Bone 45.7 s 139.7 s 95.2 s 3.1 2.1 1.5

Table 5
Computational times of THRK-MAN phantom in Geant4.

Case Conventional Read-out MVDDC Increasing ratio Speed-up
factor

(A) (B) (C) (B/A) (C/A) (B/C)

Case 1 198.6 s 586.0 s 406.8 s 3.0 2.0 1.4
Case 2 111.8 s 317.0 s 222.9 s 2.8 2.0 1.4
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1.5–2.7, depending on the simulation conditions. For a human phantom
application, the simulations using the MVDDC were faster by a factor of
1.4 than those of the simulation using the read-out geometry method.
The current study presents only the utilization of the MVDDC in a TM
geometry, but the MVDDC can also be used to calculate a dose dis-
tribution in other unstructured-mesh geometries or constructive solid
geometry (CSG) wherein an additional scoring geometry is required for
a 3D dose distribution calculation. In addition, the current study pre-
sents only the performance of the MVDDC in a single thread; never-
theless, we believe that the MVDDC could be fully utilized in Geant4-
MT code because Geant4-MT code was developed based on the event-
level parallelism technique, regardless of step calculation algorithm.
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Appendix A. . Modification of Geant4 code

Appendix A.1 G4Step.hh file
// total energy deposit
G4double GetTotalEnergyDeposit() const;
void SetTotalEnergyDeposit(G4double value);
// [USER ADDED] energy deposit for AlongStep and PostStep
G4double GetEnergyDepositForAlongStep() const;
G4double GetEnergyDepositForPostStep() const;
void SetEnergyDepositForAlongStep();
void SetEnergyDepositForPostStep();
// total non-ionizing energy deposit
G4double GetNonIonizingEnergyDeposit() const;
void SetNonIonizingEnergyDeposit(G4double value);
.
.
.
[SKIP a few lines]
.
.
.
//—————————
protected:
//—————————
// Member data
G4double fTotalEnergyDeposit;
// Accummulated total energy desposit in the current Step
// [USER ADDED] energy deposit for AlongStep and PostStep
G4double fEnergyDepositForAlongStep;
G4double fEnergyDepositForPostStep;
G4double fNonIonizingEnergyDeposit;
// Accummulated non-ionizing energy desposit in the current Step

Appendix A.2 G4Step.icc file

inline
void G4Step::SetTotalEnergyDeposit(G4double value)
{
fTotalEnergyDeposit= value;

}
// [USER ADDED] Definition of Get and Set functions
// for dE_AlongStep and dE_PostStep
inline
G4double G4Step::GetEnergyDepositForAlongStep() const
{
return fEnergyDepositForAlongStep;

}
inline
G4double G4Step::GetEnergyDepositForPostStep() const
{
return fEnergyDepositForPostStep;

}
inline
void G4Step::SetEnergyDepositForAlongStep()
{
fEnergyDepositForAlongStep= fTotalEnergyDeposit;

}
inline
void G4Step::SetEnergyDepositForPostStep()
{
fEnergyDepositForPostStep
= fTotalEnergyDeposit - fEnergyDepositForAlongStep;

}
inline
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G4double G4Step::GetNonIonizingEnergyDeposit() const
{
return fNonIonizingEnergyDeposit;

}
Appendix A.3 G4SteppingManager.cc file

// Update safety after invocation of all AlongStepDoIts
endpointSafOrigin= fPostStepPoint->GetPosition();
endpointSafety= std::max(proposedSafety - GeomStepLength, kCarTolerance);
fStep->GetPostStepPoint()-> SetSafety(endpointSafety);
// [USER ADDED] energy deposit for alongStep
fStep-> SetEnergyDepositForAlongStep();

#ifdef G4VERBOSE // !!!!! Verbose
if(verboseLevel > 0) fVerbose->AlongStepDoItAllDone();

#endif
// Invoke PostStepDoIt
InvokePostStepDoItProcs();
// [USER ADDED] energy deposit for postStep
fStep-> SetEnergyDepositForPostStep();

#ifdef G4VERBOSE // !!!!! Verbose
if(verboseLevel > 0) fVerbose-> PostStepDoItAllDone();

#endif
}
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