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MRCPs (Mesh-type Reference Computational Phantoms)

VRCPs MRCPs
(ICRP Publication 110) (Mesh-type Reference
Computational Phantoms)
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Format of MRCPs

POLY2TET

Polygonal-mesh
(PM) format (TM) format

-> For mesh manipulation -> For dose calculations )

Phantom Deformation 1: Body-size Deformation

Reference phantom




Phantom Deformation 2: Posture Deformation

Motion capture system

Next step: 4D TetraPhantom
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4D Monte-Carlo Simulation = 4D TetraPhantom
(Geant4) —

(for 4D dose calculations)




Format of MRCPs

Polygonal-mesh Tetrahedral-mesh

(PM) format (TM) format
-> For mesh manipulation -> For dose calculations .
Posture Transformation 200,000 phantoms

(Euler angles (@, 6, g) in 2° interval)

Organless Hollow Internal Organ
Deformed Selected from
on the fly a database
VGL-based ARAP [2] _
| technique [1] (rigidity preserved only
(§\(rigid rotation for bones) for pelvix)
¥ 0.5M tetrahedrons 2.1M tetrahedrons
~6 s per frame ~70 s per frame

2 joint regions
(lower torso and neck)

Tested on the Intel® Xeon® CPU E5-2698 v4
(@ 2.20 GHz CPU processor and 256 GB RAM memory)

[1] Zhou, Kun, et al. "Large mesh deformation using the volumetric graph Laplacian." ACM transactions on
graphics (TOG). Vol. 24. No. 3. ACM, 2005.

[2] Yan, Han-Bing, et al. "Shape deformation using a skeleton to drive simplex transformations." IEEE Transactions
on Visualization and Computer Graphics 14.3 (2008): 693-706.

12 joint regions
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Implementation in Geant4 - G4parallelworld class
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Real world

Parallel world
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Overall Procedure of 4D Monte Carlo Calulation

Motion capture
system

Frame

Geant4 geometry
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Initialization

Data loading for
assigned frame

Posture _
transformation

Dose calculation jmmm

Record the result

Parallel
world

Internal organ
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Parallelization of 4D Dose Calculation

Motion capture
system

Frame data

9(10{11(12(13[14|15|...

=121.345678

N-1 worker cores

Initialization

M Data loading for
B assigned frame

Posture _
transformation

Dose calculation

Initialization

B Data loading for
B assigned frame

Posture _
transformation

Dose calculation

Initialization

® Data loading for
B assigned frame

Posture _
transformation

Dose calculation
Master node

Record the result for the processed frame and
assign the next frame to the worker node

—> Calculation time is almost inversely proportional to the number of the nodes.
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Application1: Assessment of radiation accident
reponse scenarios
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Application2: Dose monitoring system for
interventional radiologists

g7 . Multiple Kinect
devices for MoCap
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Technical Issues on the
Implementation of
Tetrahedral Mesh in Geant4
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G4Tet + G4APVParameterised

* Instead of constructing the tetrahedral mesh, G4Tet should
be constructed for each elements.

void TETDetectorConstruction::ConstructPhantom()

{
// Define the tetrahedral mesh phantom as a parameterised geometry
/7
auto tetraSolid = new G4Tet("TetSolid",
G4ThreeVector(),
G4AThreeVector(1l.*cm,0,0),
G4ThreeVector(0,1.*cm,0),
G4ThreeVector(0,0,1.*cm));
auto vacuum = G4NistManager: :Instance()->FindOrBuildMaterial ("G4 Galactic");
tetlogic = new G4LogicalVolume(tetraSolid, vacuum, "TetlLogic");
new G4PVParameterised("wholePhantom",tetlLogic,container logic,
kUndefined, tetData->GetNumTetrahedron(),
new TETParameterisation(tetData));
}

« Memory usage with G4PVParameterised is the half of that with G4PVPlacement.
+ Initialization speed is ~five times fater than to use G4PVPlacement.
« Particle transportation speed is faster than to use G4PVPlacement by 10-20%.
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Issues in 4D Monte-Carlo dose calculations (1)
- Inapplicability of Event-by-event Method

Run-by-run Event-by-event
Calule.ltlons ety Geten a Run a certain number of Events
time frame
Available geometry Unlimited Nested parameterization
In|t|al_|zat|on SR Mostly required Not required
time frames

Genuine 4D Monte Carlo simulation Coronal
(Geantd)

Sagittal

Transverse

R

35 phase

Issues in 4D Monte-Carlo dose calculations (2)
- Slow Update of G4Tet Classes

G4VSolid* TETParameterisation::ComputeSolid(
const G4int copyNo, G4VPhysicalVolume* )

// return G4Tet*
return tetData->GetTetrahedron(copyNo);

} - std::vector<G4Tet*>

« After each deformation, the coordinates for tetrahedron vertices should
be updated (solid update).

* G4Tet does not have set functions. Vertex coordinates can be set only
by the constructor.

» Therefore, all tetrahedrons should be deleted and constructed again.

» However, freeing memory takes too long time! (phantoms consists of 2.5
M tetrahedrons)

» Currently, this issue was addressed by making a new Tet class with
G4Allocator.
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Proposal for Tetrahedral Mesh Navigator (TetNavi)

* Mesh construction
» TetNavi->SetNumerOfNodes(G4int numNode)
» TetNavi->SetNode(G4int nodeNum, G4ThreeVector coordinate)
» TetNavi->AddElement(G4int a, G4int b, G4int ¢, G4int d, G4int
copyNum)

* Mesh initialization (close geometry)
* Find the orientation of each facet, and match adjacent tetrahedron
couples. Assign boundary flags to unmatched facets.

* Particle navigation

* Instead of using conventional navigating method (e.g., smart voxel),
the information on adjacent tetrahedron couples can be used for
particle navigations.

* For the particles that reach edges and vertices, the next geometry
can found by slightly moving the particle.

+ Construction of boundary box may be required, so that the particles
inside of the box can be transported by TetNavi.

« To allow any other geometry in the boundary box, the mesh may be
required to be installed in a parallel world.
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Expected Advantages of TetNavi

* The new mesh construction method may require much less memory
usage than the method to construct G4Tet for every element.

» Navigation with adjacent tetrahedron couples may enable fast navigation

without smart voxels (Geometry initialization time may be dramatically
decreased).

« Navigation may be possible only with node connection data, regardless
of the node positions.

* Even-by-event 4D Monte-Carlo dose calculations with tetrahedral mesh
geometry may be possible simply by setting new nodes for each frame.

* Node/element data structure is compatible with most of (unstructured)
tetrahedral mesh data.

» When coupled with POLY2TET features, it may be applicable to
G4TessellatedSolids for fast particle transport.
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Thank you




