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Bounding Volume Hierarchy Acceleration

» First acceleration structure in
VecGeom with support for both
CPU and GPU

» Optimized for HEP geometry Track ML Geometry

corner cases, using Surface Area -
Heuristic (SAH) algorithm for better i
quality BVH (S. Hagebock)

‘\\: —

» Ported to Geant4 as potential
alternative to G4VoxelNavigator




Simple Prototype
in OpenGL

» Initialization: boxes of random
sizes, positions, and orientations
inside a unit cube centered at
the origin

» Compute AABB for each box
»  Construct top-down BVH

Shoot rays and check with which
boxes it intersects

»  Optionally highlight all
intersections along the ray, for
debugging/testing
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Surface Area Heuristic (SAH) Algorithm

Initial splitting algorithm, no subdivisions. SAH correctly computes subdivisions.
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Performance of BVH Navigator in VecGeom

ROOT

Geant4

HybridNavigator + SimpleABBoxLevelLocator _
HybridNavigator + BVHLevelLocator _
BVHNavigator + SimpleABBoxLevelLocator _

BVHNavigator + BVHLevelLocator

Scalar I
SIMD (AVX2)
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Runtime [s]
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G4Navigation needs
Code Refactoring

This is screaming for an abstract
base class, but due to this sort of
switch statement appearing in
several places in Geant4 geometry
with slight variations, so it's not
easy to refactor the code without

invasive changes.

targetPhysical = fHistory.GetTopVolume();

if (!targetPhysical) { break; } I
targetLogical = targetPhysical->GetLogicalVolume(); S OW
switch( CharacteriseDaughters(targetLogical) )

1

case kNormal:
if(targetLogical->GetlgDaughiers() > 2)
{

noResult = fBVI
$alPoint, pGlobalDirection, considerDirection,
localPoint) ;
¥
else
{
noResult = fnormalNav.LevelLocate(
fHistory, fBlockedPhysicalVolume, fBlockedReplicaNo, globalPoint,
pGlobalDirection, considerDirection, localPoint);
}
break;
case kReplica:

g#hckedPhysicalvolume,
FBlockedReplicalo,

globalPoint,
pGlobalDirection,
considerDirection,
localPoint);
break;
case kParameterised:
if( GetDaughtersRegularStru eId(targetlogical) != 1)

{

noResult = fparamflav.LevelLocate(fHi}tory,

DckedPhysicalVolume,

BlockedReplicaNo,
globalPoint,
pGlobalDirection,
considerDirection,
localPoint) ;

¢

else // Regular structure

{

noResult = fregulaffiav.Levellocate(fHi}tory,
pockedPhysicalVolume,

fBlockedReplicaNo,
globalPoint,
pGlobalDirection,
considerDirection,
localPoint) ;

}

break;

case kExternal:
noResult = fpExternalMiv->LevelLocate(fHiYtory,

fBlockedReplicaNo,
globalPoint,
pGlobalDirection,
considerDirection,
localPoint);
break;

7 | | G4Navigator.cc

void
G4Navigator: :LocateGlobalPointWithinVolume(const G4ThreeVector& pGlobalpoint)

#ifdef G4DEBUG_NAVIGATION
assert( !fwasLimitedByGeometry );
chec : ¢

#endif

fLastLocatedPointLocal = ComputeLocalPoint(pGlobalpoint);
fLastTriedStepComputation = false;
fChangedGrandMotherRefFrame = false;

G4VPhysicalVolume* motherPhysical = fHistory.GetTopVolume();
GdLogicalVolume*  motherLogical = motherPhysical->GetLogicalVolume();

switch( CharacteriseDaughters(motherLogical) )
1

case kNormal:
break;

case kParameterised:
if( GetDaughtersRegularStructureId(motherLogical) != 1)
{

ts state & returns voxel node
G4smartVoxelHeader* pVoxelHeader = motherLogical->GetVoxelHeader();
fparamNav.ParamVoxelLocate( pVoxelHeader, flLastLocatedPointLocal );
}
break;
case kReplica:

break;
case kExternal:
fpExternalNa{>RelocateWithinVolume( JotherPhysical,
fLastLocatedPointLocal );
break;

fBlockedPhysicalVolume = nullptr;
fBlockedReplicaNo = -1;
fEntering = false;
fEnteredDaughter = false;
fExiting = false;
fExitedMother = false;
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G4LogicalVolume +
G4VoxelNavigation

G4LogicalVolume closely linked
with G4VoxelNavigator. Needs a
generalization of per-volume data
for acceleration structures to be
able to add BVH without
extending G4LogicalVolume to
also have a pointer to a BVH.
Currently have a “BVHStore” so
that no changes are needed in

G4LogicalVolume.

G4LogicalVolume.hh

private:

using G4PhysicalVolumeList = std::vector<G4VPhysicalVolume *>;

GAGEOM DLL static G4LVManager subInstanceManager;
// This new field helps to use the class G4LVManage

GdPhyslcalVolumeLlst fDaughters

Ve daughters. Given initi
GAStrmg fName;
G4UserLimits* sterlelts = nuUptr

// Pointer (f
GdSmartVoxelHeader

xel = nullptr
iptr) to o

G4doub1e meartless 2.0;

const GAVlsAttrlhutes fV15Attr1hutes = nullptr

) pt
GARegmn fRegmn = nullptv

GAdouble foasWelght =1.0;

G4vSolid* fSolid = nullptr;
G4VSensitiveDetector* fSensitiveDetector = nullptr;
G4FieldManager* fFieldManager = nullptr
G4LVData* lvdata = nullptr; Fi e of obje
Gdint 1nstanceID

Th

EVolume fDaughtersVolumeType
s e

GAbool fOptunlse = true;
fy if

GAbooI fRootReglon false

G4bool fLock fa\se
Flag to identify if

ization attributes

troduced above
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Integration of BVH
classes into Geant4

Added a new interface class called
G4VNavigation with common interface
for all navigator types and modified most

navigators to inherit fromit.

Adapted BVH implementation from
VecGeom and added it to Geant4.

Added a few changes to forcibly replace
G4VoxelNavigator with BVH for testing

purposes.

Needs
more
work

Mostly
fineto <
merge

WIP: Use BVH for navigation instead of G4NormalNavigation
Guilherme Amadio authored Feb 11,2022, 2:59 PM

Initialize BVH for all logical volumes with children
Guilherme Amadio authored Feb 11,2022, 2:59 PM

Add new G4BVHNavigation class for navigation using BVH
Guilherme Amadio authored Mar 10, 2022, 3:22 PM

Add bounding volume hierarchy geometry acceleration structure [ees
Guilherme Amadio authored Feb 8, 2022, 12:30 PM and @ Guilherme Amadio committed Sep 27, 2022,
210 PM

Add new G4AABB class to represent axis-aligned bounding boxes
Guilherme Amadio authored Feb 8, 2022, 11:06 AM and § Guilherme Amadio committed Sep 27, 2022,
2:10 PM

G4VoxelNavigation: Add RelocateWithinVolume method
Guilherme Amadio authored Mar 23, 2022, 2:31 PM

G4ParameterisedNavigation: Add RelocateWithinVolume method
Guilherme Amadio authored Mar 23, 2022, 2:30 PM

Update G4VExternalNavigation to inherit from G4VNavigation
Guilherme Amadio authored Jun 13, 2022, 4:26 PM

Update G4VoxelNavigation to inherit from G4VNavigation
Guilherme Amadio authored Jun 13, 2022, 4:26 PM

Update G4RegularNavigation to inherit from G4VNavigation
Guilherme Amadio authored Jun 13, 2022, 4:25 PM

Update G4NormalNavigation to inherit from G4VNavigation
Guilherme Amadio authored Jun 13,2022, 4:13 PM

Introduce new G4VNavigation interface for navigators
Guilherme Amadio authored Mar 10, 2022, 3:20 PM



Validation and Performance of BVH in Geant4

» Validated by tracing particles from center of »  Performance comparable to G4VoxelNavigator
CMS geometry outward in all directions, and for a CMS simulation (speedup of <1%). Tracing
checking that steps and safeties are identical geantinos is 8.4% faster with BVH (init excluded)

to the current navigators (Normal & Voxel) > M t 459MB > 456MB for CMS
emory cost: — or

»  Since full integration into Geant4 requires

. . . . . METRIC BEFORE AFTER SPEEDUP
invasive changes in multiple places in Geant4
Cycles 19165948916142 18988788198035 +0.92%

geometry classes, this task has been given a TRC— T prey
lower prlorlty Time [s] 363.7 361.3 +0.66%

CYCLES INSTRUCTIONS BRANCHES BRANCH MISSES

oLD NEW DIFF RATIO OLD NEW DIFF RATIO OLD NEW DIFF RATIO OLD NEW DIFF RATIO COMM DSO SYMBOL

2.14% 2.70% +0.52% 1.244 2.48% 3.11% +0.66% 1.265 2.31% 2.74% +0.44% 1.192 1.64% 1.72% +0.11% 1.065 g4run g4run CMSMagneticField::GetFieldValue

1.59% 0.00%

0.73% 0.00% —0.73%

1.37% 0.00% [ESESFA7 MR 1.39% 0.00% [ESESEE/ MR 1.99% 0.00%

0.68% 0.00% —0.68% N} 0.65% 0.00% —0.65% 0.85% 0.00%

.000 g4run i Y.S0 4\ igation::Levellocate

—0.85% [N garun i y.so G4 igation::Comp

0.38% 0.00% —0.38% —0.51% [l g4run i Y.S0 igation:: L Voxel

El
=
0.33% 0.00% —0.33% QKN 0.30% 0.00% —0.30% 0.51% 0.00%
+1.18% 0.00% 1.17% QUL 0.00% 1.14% JUIBI 0.00% 1.70% QEESEPLLE UL g4run libG4geometry.so  G4BVH::ComputeStep
+0.29% 0.00% 0.30% +0.30% Qi 0.00% 0.29% +0.30% 0.00% 0.27%
0.00% 0.94% | +0.95° JLlls 0.00% 0.97% 0.00% 1.49% Infinity eEigiL} libG4geometry.so G4BVH::LevellLocate ]6

0.00% 1.20%

0.00% 0.29% +0.27%

00
00
JGILT g4run libG4geometry.so G4BVH::ComputeSafety

0.00% 0.99
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https://amadio.web.cern.ch/geant4/performance-reports/BVH/

Summary

» BVH implementation from VecGeom is working inside Geant4
e Uses native Geant4 navigation functionality
e G4BVHNavigator needs further work to support replicas and parameterized volumes
e Can use BVH for normal volumes and voxel navigator for the rest with current implementation

e Properintegration needs more code refactoring of core geometry classes
» Performance is comparable to G4VoxelNavigator for a full detector simulation
e Not worth investing a lot of time for a small gain in performance

e Performance benefit of BVH more visible with volumes with lots of children

e Detector geometries have many logical volumes with only a few children, which limits benefit
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Number of Children per Logical Volume (CMS)
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Number of Children per Logical Volume (ATLAS)
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