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1. Introduction

For the last two decades, hundreds of BREP (boyndar

into MCNP6, PHITS, and Geant4, may stimulate the
development of various TM phantoms.
In the present study, to facilitate the tetraheagatibn

representation) computational phantoms have beerPf PM phantom in.obj file into TM phantoms .¢le
developed, recognized as the third generation ofand .node files), a comprehensive C++ program —
phantoms which overcame various limitations of the POLY2TET — was developed. The program was
second-generation voxel phantoms [1]. These BREPdeveloped by using the source code of TetGen [7}.1

phantoms, mostly composed of NURBS (Non-Uniform
Rational B-Splines) and polygonal mesh (PM) sudace
are featured by their flexibility that can defingea small

or thin structures and high deformability that dealithe
phantom deformation into different body sizes or
postures [2-4]. However, except for Geant4 [5] weher
PM geometry  can be implemented by
GA4TessdllatedSolid class, currently there is no Monte-
Carlo particle transport code in general purposg.,(e
MCNP6, PHITS, and FLUKA) where NURBS or PM
geometries can be directly implemented. Theretorbe

and includes required preprocessing and postpnocess
procedures. The developed program was verified by
converting three different adult male PM phantonte i
TM format and comparing the organ masses of the
converted TM phantoms with those of the original PM
phantoms. The compatibility of TM phantoms with
Geant4, MCNP6, and PHITS was also investigated by
using those three codes to calculate dose coefficie
(DCs) in a generated TM phantom for broad photah an
electron beams in AP-direction. In addition, taraate
computation performance in Geant4 for both PM alkid T

used for the dose calculations, most of the BREP Phantoms, the memory consumption and computational

phantoms should be voxelized at
resolutions (i.e., typically 0.1-few millimetersjhich
leads to the conventional limitations of voxel pteans
(e.g., stair-step surface, voxel effect, and inbdja to
define thin layers).

The need of voxelization procedure and
consequent limitations could be recently obviatedhe

emergence of tetrahedral mesh (TM) phantom suggjeste

by Yeom et al. [6]. TM phantoms can be directly
generated from PM phantoms while preserving thetexa
contours defined by polygon surfaces, and alsobzan

user-defined time were measured for the implementation of three

different phantoms.

2. Material and M ethods

the 2.1 POLY2TET

POLY2TET is a program to convert PM phantoms
in .obj file into TM phantoms inele and.node files. The
group names irobj file need to start with an organ ID (a
positive integer), and underscore (_) should beeddd

generated from NURBS phantoms after the conversionbefore any additional word. The source code of

into PM phantoms by using 3D programs (e.g.,

Rhinoceros 3D, Maya, and Blender). Unlike BREP

POLY2TET was written by using the source code of
TetGen 1.5.1, which is a program to generate tethatt

phantoms, TM phantoms can be directly implemented meshes in 3D domains defined by polygonal surfakes.

into the wider range of Monte-Carlo codes, inclgdin
MCNP6, PHITS, and Geant4. Moreover, it was
demonstrated that TM format could be more
advantageous than PM format in terms of computation
speed, since it has only four facets for each eitmhile
a single polygon typically consists of at leastdnaals of
facets [6]. Acknowledging such advantages,

International Committee on Radiological Protection
(ICRP) recently converted voxel-type ICRP-110
reference phantoms into TM format [2], and ICRP
Publication on the newly developed mesh-type refeze

shown in Figure 1, the overall POLY2TET program
consists of preprocessing, tetrahedralization, and
postprocessing procedures.

Preprocessing procedure is where thbj file is
converted into supported input formats for TetGrode
and.smesh files). For this, the shell groups defined in PM

the phantom (obj file) are first split into single polygons to

establish all the 3D domains. Please note that efitte
polygons defines each domain. Then, an arbitraiytp
for each domain is calculated by moving a verterach
polygon 0.001um inside. By using the calculated points

Computationa| phantoms (Mchs) will be released by and vertex/facet information given lDbJ ﬁle, .Smesh

the end of this year. The ICRP Publication, whidh lve
provided with MRCPs themselves (both in PM and TM

format) and sample codes to implement TM phantom the

and.node files are generated.

In tetrahedralization procedure, TetGen is callétth w
option  -p/0.001YAFT1e-9. During  the
tetrahedralization, when intersected mesh is dedect
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user-defined ID given with option -c). For the nmero

=~ region numbers, which can be generated due to the
Read .obj file polygons with holes or inversed normals, the laratf
- Y — - the corresponding tetrahedron is reported, so ubat
Selitall th: i‘;;fﬁsm“’ single G can fix the defects in PM phantom.
7 . .
Calculate each point slightly E 2.2 Software Verifications
inside of each polygon U%
¥ To verify POLY2TET, three different adult male
Generate .node and .smesh files | phantoms (i.e., MRCP, S|mp||f|ed MRCP, without Iialrg

AN

layers and blood vessels; and MRKP [8]) in PM farma
were converted into TM format. Then, to investigde
compatibility of TM phantom with Geant4, MCNP6, and
PHITS, a TM phantom (MCRP) was implemented into
the codes to calculate skin and liver DCs to biuedllel
beam with 0.01-100 MeV photon/electron energiegeNo
that skin doses were calculated in skin basal lag#r

l’—

Tetrahedralize phantom by
using TetGen C++ library

<>

yes

%
UOEZI[eIPRYEIIR)}

Y, defined in a depth of 50-1Q0n. The number of primary
| Read .ele and .node files | N particles was chosen to keep the statistical welatiror
v of the DC values below 5%. The calculated DCs kar s
Check if there is any and liver were then compared with those calcul&izu
degenerated tetrahedron PM phantom implemented in Geant4.
3 ldetected ”:é,n The comparison on memory consumption and
£ Fix all the degenerated g computational time was made between PM and TM
P tetraherons >‘§ phantoms. The measurements were conducted only by
- g using Geant4, since PM phantom cannot be implerdente
Checl the region numbers and a in MCNP6 and PHITS. Computational time was
report regarding issues measured for initialization process and particasport.
Y The source particles were set as photons and atesctr
Ge“e"“‘egf;“glle":"de and with the energies between 0.01 and 100 MeV and were
: -~ generated uniformly in the whole body of the phamto
The simulations were performed on a single corthef
Fig. 1. Procedure flowchart of POLY2TET. Intel® Xeon® Platinum 8160 CPU (@ 2.10 GHz CPU

TetGen reports the error message with the interdect processor and 256 GB RAM memory)

position. However, when TetGen fails to generate
tetrahedral mesh even without any intersected part,
which hardly occur, TetGen is repeatedly called| tms
tetrahedralization succeeds. When it succeeds, €retG
generatesnode and.ele file for tetrahedral mesh, which
contains the vertex and element (tetrahedron)
information, respectively. Theele file also contains
region number for each tetrahedron, which is gilign
the organ ID defined in PM phantonolgj file).
Postprocessing part is in charge of the modificatib
degenerated tetrahedrons and wrong region numibers.
first reads newly generatesiode and .ele files and
checks if there is any degenerated tetrahedrorrdiogp
to the definition of degenerated tetrahedron givethe
source code of G4Tet class. Note that those degtmukr
tetrahedrons are not allowed to be implemented in
Geant4 by default. The degenerated tetrahedroribeme
fixed by repeatedly moving a vertex of the tetrabacht
a very short distance (<0.0Qin). The process to chec
and fix degenerated tetrahedrons is iterated oatie of
them are left. Finally, the region numbers are
investigated if there is any number not definedlyan
ID. Among those wrong region numbers, the zeroes,
rarely generated due to the bug in TetGen code, are
replaced by the organ ID with the largest volume (o

3. Result

The conversion procedure by POLY2TET was very
stable for all the three phantoms (i.e., MRCP, $ifieg
MRCP, and MRKP), taking less than five minutes of
computational time. Figure 1, as an example, stauust
male MRCP in PM format and that in TM format
generated by POLY2TET. It can be seen that TM was
generated while well-conserving the contours defiog
PM geometries. The organ volumes were estimated in
PM and TM phantoms, and it was confirmed that the
differences in organ volume between PM and TM
formats are less than 0.001%. It should be notedl th
TetGen did not generate any degenerated tetrahedron
during the conversion of these three phantomsheo t
function to modify degenerated tetrahedrons was
separately verified by using extremely thin phargom
K For all the phantoms, the volume with the zerogrgi
number was less than 0.5 %mwhich were assigned with
the organ ID of residual tissue.
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Fig. 3. Adult male MRCP in PM format (left) and that cortee
into TM format (right) by POLY2TET.

Tablel. Skin (basal cell layer) and liver DCs (dosefficients)
calculated with adult male MRCP in PM and TM formg
using Geant4, MCNP6, and PHITS. (unit: pGw)

FM ™
Geant: Geant: MCNP¢ PHITS
(MeV)| Skin : Liver| Skin : Liver | Skin : Liver | Skin : Liver
0.01 3.36.0E-6 3.359E-§ 3.36.6E-§ 3.35.7E-5
3 0.1 04 05 04 05 04 05 04 05
g 1 25 413 25 41 24 41 25 42
S| 10 9.7 225 97 224 105 223 9.9 224
100 | 38.Z 76.5 38.Z 757 40.C 76.9 39.Z 76.6
0.01 [o; 0 [o; 0 o; 0 o; 0
"a"' 0.1 | 306.79.0E-5 306.79.1E-§ 312.39.3E-§ 314.17.5E-5
9l 1 182.31.2E-2 182.21.2E-2 184.51.3E-2 181.Z1.2E-2
§ 10 | 1874 56.3 187.£ 56.4 201.Z 56.1 185.7 58.4
10C | 310.5 354.9 310.5 349.9 314.€ 350.4 309.1 353.6

Table 1 compares the skin and liver DCs calculated

with adult male MRCP in TM format with those
calculated with the original PM phantom. It canseen
that the differences in DC values of TM and PM
phantoms are less than 3% for all cases, verifiireg
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Fig. 4. Memory usage during tiparticle transport in Gean
when threedifferent adult male phantoms in PM and
format are implemented.
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Fig. 5. Computational time in Geant4 to transp@? dhotor
and electron primary particles uniformly generateithe wholt

body of three different phantoms in PM and TM fotma

4. Conclusions

In the present study, POLY2TET program was
developed to facilitate the conversion of PM phanto

good agreement between those two phantoms. DCs of.obj file) into TM phantom gle and.node files). Based
TM phantoms calculated by MCNP6 and PHITS showed on TetGen C++ library, POLY2TET consists of three

larger differences from those of PM phantoms, which procedures.

may be due to the code differences, but still theye all
less than 17%.

These procedures were verified by
converting some PM phantoms into TM format. The
compatibility of TM phantoms with Geant4, MCNP, and

Fig. 4 compares memory usage by PM and TM PHITS was also confirmed by comparing DCs for TM

phantoms during particle transport in Geant4 foeeh

phantoms calculated by those three codes with tfuose

different adult male phantoms. TM phantoms consumedPM phantoms calculated by Geant4. Regarding

~6 times more memory than corresponding PM
phantoms. However, all TM phantoms required leas th
8GB memory which can be provided by typical persona
computers.  Computational time required for
initialization of TM phantoms in Geant4 was genkral
5-7 min, while it was 20-40 min for PM phantomsg.Fi

5 compares the computation time in Geant4 to tramsp
1C¢° particles uniformly generated in PM and TM
phantoms for three different phantoms. It can le@ $leat
computational time was shorter with TM phantoms for

computation performance in Geant4, initializatiorda
particle transport speed was up to ~6 and ~25 tiaster

for TM phantoms, respectively, while TM phantoms
consumed ~6 times more memory. However, the
memory required for the implementation of TM phanto

in Geant4 was less than 8GB, which can be provied
typical personal computers. POLY2TET is expected to
be a useful tool to convert various BREP phantarte i
TM phantoms, substituting conventional voxelization
process. In the future, the competitiveness of

all cases, showing up to ~25 faster speed than PMPOLY2TET will be further investigated by comparing

phantoms.

the performance of the TM format with that of DagMC
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[9] which is a plug-n software that allows users to
implement CAD geometry into various Monte-Carlo
codes (e.g., MCNP5, MCNP6, and FLUKA). The
POLY2TET program with its source code can be
distributed upon request.
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