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ORANGE: Oak Ridge Advanced Nested Geometry

• Unbounded surface-based quadric models

• NE codes (KENO, MCNP): ≥55 years of history

• CAD applications before NURBS

• Neutral particles or no magnetic fields

• Repeated simple units and “masking” to overlay features


• Recent effort to adapt to GPU

• 2021: Initial prototype GPU port in Celeritas

• 2023: Multi-level geometry and Shift GPU integration
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Motivation: “skin”-free boundaries
• Fewer tracking errors

• Better code reuse

• Avoid “thick” faces


▪︎ No uncertainty about which 
volume a point belongs to 

▪︎ Single per-model relative “epsilon” 
used during construction


▪︎ Reject and bump if new track 
begins numerically exactly on a 
boundary


• Adds extra surface state

▪︎ Surface ID: which surface

▪︎ Sense: which side of the surface
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★ exact handling of direction changes on boundaries from field



Motivation: GPU-friendly

• Lower divergence compared to hardcoded 
volume representation

▪︎ Point-in-surface and distance-to-surface functions 

are much smaller than point-in-volume

▪︎ Shared code among quadratic intercept solvers


• Lower stack size (implementation dependent) 
▪︎ Lower register requirement increases kernel occupancy

▪︎ Implementation choice: temporary global memory buffer 

(sizeof(real) + sizeof(int)) × (max faces per region)
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Notable differences from surface “frames”

• Infinite quadric/planar surfaces do not reject on 
a bounding “frame”


• No fuzziness near edges/corners

• Fewer surface types compared to frames

• Lower memory usage

▪︎ Infinite: 1 real number for unbounded axis-aligned plane, 

up to 10 for general quadric surface, and several in between

▪︎ Bounded: frame parameterization + transform: 12 reals


• No exact “safety” distance
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Conversion process
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Details: https://celeritas-project.github.io/celeritas/user/implementation/orange.html
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Geant4 solid → surfaces

• Scale lengths based on unit system

• Build object of varying complexity

• Create surfaces from object 

components
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Surface deduplication

• Necessary to avoid “lost” track at surface crossing

• Similar to “vertex welding” with triangle meshes

• Hash lookup accelerates 100×
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Geant4 volume hierarchy conversion

• Some LVs become CSG “volumes”

▪︎ LV has no children

▪︎ LV appears only once in geometry and has no transform

▪︎ LV solid is a union (shortcoming to be discussed later)


• Remaining LVs become “units”

▪︎ Repeatable throughout geometry

▪︎ Surfaces are constructed in unit’s reference frame
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Rasterizer with Python interface

• Verify navigation and object 
conversion


• Independently discovered #2547 
(fixed by E. Tcherniaev, geom-specific-V11-02-03)
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Supported geometry/platform
CPU Nvidia AMD

Geant4 ✅ ❌ ❌

VecGeom ✅ ✅ ❌

ORANGE ✅ ✅ ✅

ATLAS EMEC 
(model courtesy Evgueni Tcherniaev)
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Safety distance calculation
• Current implementation is “rough and 

ready”

• Exact when:


▪︎ Surface is planar/spherical/cylindrical, and

▪︎ Interior of convex region


• Over-conservative often

▪︎ Nearest distance to internal boundaries, or

▪︎ Zero for generic quadrics (elliptical, hyperbolic, 

parabolic)


• Dramatically conservative safety is bad

▪︎ Prevents MSC displacement

▪︎ Forces smaller interaction lengths
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Features to be completed

• Accurate and complete safety distance

• Non-quadric surfaces: torus, tessellated, twisted

• Some solid conversions

• Mapping volume IDs to Geant4 volumes
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https://github.com/celeritas-project/celeritas/issues/1167

https://github.com/celeritas-project/celeritas/issues/1167


Future optimizations

• CSG tree simplification using SAT solvers

▪︎ Logically eliminate “shared” surfaces at construction time

▪︎ Logically catch overlapping geometry without point sampling


• Postfix evaluation of runtime CSG volume logic1

• Tracking through tree acceleration structure

• Tighter bounding box calculations
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1 P.K. Romano, P.A. Myers, S.R. 
Johnson, A. Kols̆ek, P.C. Shriwise, Point 
containment algorithms for constructive 
solid geometry with unbounded 
primitives, Computer-Aided Design 178 
(2025) 103803. https://doi.org/10.1016/
j.cad.2024.103803.



Refactor for HEP-optimized geometry

• Major changes and additions

▪︎ Secondary single-precision structures for volume-based safety

▪︎ Two-level (global, local) navigation with boundary surface matching


• Feasible given code structure

▪︎ Object construction automatically generates volume metadata

▪︎ Key tracking components will not change
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Standalone EM performance

• LHC-scale simulations on DOE LCF

▪︎ 1300 × 10 GeV e-, 16 events

▪︎ ¼ Perlmutter node (NERSC) 

1 × Nvidia A100 GPU, ¼ × 64-core AMD EPYC 7763

▪︎ Celeritas GPU vs CPU 

CUDA (1 CPU thread) vs OpenMP (16 CPU threads)


• Key metrics favor GPU 
▪︎ Capacity: 32–93% loss if GPUs are ignored

▪︎ Efficiency: up to 5× performance per watt


• Performance improvements 
to be discussed at CHEP 2024
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Problem definition
Tinf “Infinite” medium
TEM3 Idealized calorimeter
ATC ATLAS TileCal
CHG CMS HGCal
CR2 CMS Run 2 (2018)

Modifier

FU
uniform 
1T field

M̃ no MSC
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Units with “union” boundaries

• Reactor geometry prohibits this

• Multi-level tracking “deletes” child exterior 

boundary to avoid initializing on surface

• Workaround: “inline” children
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Tracking in “background” is too expensive
• Pseudo-volume approach


▪︎ Exclude all immediate children

▪︎ Cross through any surface if the crossing point is 

“inside” the target volume

▪︎ Current algorithm finds distance to all connected 

surfaces in “background”


• Requires large “scratch space” for 
distances and surface index

▪︎ Contains thread-local sort with several nested 

loops: memory intensive and long

▪︎ CMS HGCal scratch space is 403 doubles per 

thread


• Solution: track through tree 
acceleration structure (e.g., BVH)
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