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Introduction

B Geometry is central component of ACTS
® Models tracking detectors for reconstruction

® Used for many tasks in tracking:
» Locate sensitive elements for particle propagation
» Supply passive material information for track fitting
» Associates sensor measurements with global positions
» Support alignment algorithms to measure and correct for misalignments
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Geometry model evolution

Generation 1 Generation 2 Generation 3

Original !
ATLAS Software! | (Layers) (Layerless) (Adaptive)

® Original geometry model: layers are first-class concept

» Restricts flexibility for other layouts

» Adds additional complexity to navigation
B 2nd Generation experimental geometry model

» Drops layers in favor of layer-volumes

» Validates approach of registering local navigation inside volumes

» Demonstrates conversion to detray 2 GPU geometry model for use with traccc
® 3rd Generation: combination of both
» Layer-volumes with local navigation policies
» Rewrote geometry construction from the ground up
» Extensible, composable and flexible

12404.06335, 2J. Phys.: Conf. Ser. 2438 012026
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Geometry model evolution

Generation 1 Generation 2 Generation 3

Original :
ATLAS Software! | (Layers) (Layerless) (Adaptive)

_________________

® Original geometry model: layers are first-class concept
» Restricts flexibility for other layouts
» Adds additional complexity to navigation
B 2nd Generation experimental geometry model
» Drops layers in favor of layer-volumes
» Validates approach of registering local navigation inside volumes
» Demonstrates conversion to detray 2 GPU geometry model for use with traccc

® 3rd Generation: combination of both
» Layer-volumes with local navigation policies
» Rewrote geometry construction from the ground up
» Extensible, composable and flexible

T e

| will focus mainly on this
version of the geometry model!
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Surfaces

® Almost everything in ACTS is described using
surfaces

B |ocal coordinate system determined by surface
type

B Associated experiment specific detector element
deriving from Acts::DetectorElementBase z

® Cylinder: cylinder coordinates (r¢, z), normal points in radial direction
® Disk: polar coordinates (r, ¢)
® Plane: local cartesian coordinates (x, y), normal along Z
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Detector element and geometry context

Surface can either store their own
transform or use the one from the
associated detector element

Acts: :GeometryContext is passed to
the transform function

Fully experiment-specific (ACTS never
opens it)
Can carry alignment information

How to use it is up to the experiment

paul.gessinger@cern.ch

class DetectorElementBase {
virtual const Transform3% transform(
const GeometryContext& gctx) const = 0;
I8
const Transform3& Surface::transform(
const GeometryContext& gctx) const {
if (m_associatedDetElement != nullptr) {
return m_associatedDetElement->transform(gctx) ;
}

return *m_transform;

Berkeley 2025



Surfaces shapes
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B Surfaces are placed using affine ® Cylinder bounds (r, zp)
transforms B Radial bounds (fmin, fmax)

® No parent-child transform chain: ® Rectangular bounds (xp, yh)
everything is places with respect to the ® Trapezoid bounds (Xh min, Yhmax> Zh)
global frame
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Volumes

® Volumes are containers for surfaces of varying types 1_ -
m Defined by a global to local cartesian transform +

volume bounds i -
B There is no volume-local coordinate system (affine

transform relative to global cartesian) e }

B Volume bounds defined by set of parameters
® Volume bounds (must be) decomposable to set of N e

boundary surfaces ot
B Examples: }
Cylinder volume bounds -
Cone volume bounds S anw N "
Cuboid volume bounds e ] /
Trapezoid volume bounds - ’

[A. Salzburger]

vvyyvyy
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Portals

® Portals are created from volume boundary surfaces

® Form links between volumes

B At each point on the portal surface: lookup of target volume
possible along and opposite of the normal

® Can be subdivided to point at different volumes depending on the
local position (more on that later)
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Geometry identification scheme

Each surface (+ portal) and volume gets

a geometry identifier

Modeled as single 64-bit integer with
masks for each component

Each object needs to have a unique
identifier

Surfaces and portals automatically
incremented by construction

Volumes can be manually assigned
during construction: allows
deterministic numbering for e.g.
subdetectors (more on how later)

paul.gessinger@cern.ch

/// (2°8)-1 = 255 volumes

uint64_t kVolumeMask = 0x£f£00000000000000;
/// (2°8)-1 = 255 boundaries

uint64_t kBoundaryMask = 0x00££000000000000;
/// (2712)-1 = 4095 layers

uint64_t kLayerMask = 0x0000£££000000000;
/// (2°8)-1 = 255 approach surfaces

uint64_t kApproachMask = 0x0000000££0000000;
/// (2720)-1 = 1048575 sensitive surfaces
uint64_t kSensitiveMask = 0x000000000fffff00;
/// (27°8)-1 = 255 eztra values

uint64_t kExtraMask = 0x00000000000000£ff ;

Layer ID: purely logical:
(volume, layer) pair must be unique

Berkeley 2025



Arrangements of sensitive elements



Sensor layers

B Modeled around "barrel-endcap” style trackers: layers
of sensors




Sensor layers

m | HC-style geometries mainly use cylinder and
disk layers

® Not a requirement! Can work with (essentially)
arbitrary shapes

® |mplementation of cuboid shapes exists, can be
used for telescope-like geometries

® Complex custom shapes require coordination with
the navigation model (will get to that later!)
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Gotcha: Telescope geometry and track parametrization

/ momentum

X = (lb,h,,0,q/p,t)" (1)

B Common choice: z axis along the beam axis

B At 6 € [0,7] — ¢ becomes undefined as (x, y) = (0,0) (concretely, sta::atan2(0, 0
gives undefined result)

B Recommended workaround: rotate the telescope geometry so that beam axis aligns
with x or y axis
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Passive material



Passive materials

B Material in ACTS handled in an approximated way
» Surface based material description
» Volumetric material description

®m Material effects parametrized as thickness in units of radiation length X; and
nuclear interaction length Aq

Example: multiple scattering [A. Salzburger]
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Material mapping

- Passive Approach

Representative £ Volume bounds

B Material is projected (mapped) onto material surfaces
B Process:
1. Geant4 scan with neutral geantinos through simulation geometry
2. Material at each step is recorded
3. Material assigned and averaged at closest intersection with material surfaces in tracking
geometry
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Material positioning

P e—m—=1111t1 1}

Generic detector, Passive material
®m Surface material is averaged and can be inhomogeneous (binning)
B Location and bin counts are a tuning exercise

® Surfaces are marked as material receivers during geometry construction (more on
that later)

B For reconstruction run: material maps must be loaded onto material receivers
from output (e.g. using geometry identifier)
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Material validation
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® Compare material seen vs ¢, n between tracking and simulation geometry

m Usually: percent-level agreement is sufficient
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Navigation model

Pco

— = Dense, fully connected volumes
B Volumes are connected by portals
B Navigation looks up target volume when

PaD

reaching portal

® Volume content depends on experiment
/ detector

paul.gessinger@cern.ch

B Nested volumes can model complex
geometries

ACTS4NP Workshop @ Berkeley 2025



Portals

Portal

- Surface
- Links Volume

Volume
p 1
Opposite Along
normal normal

® Portal has one or two portal links

®m Defined on common portal surface

B Portal link connects to one or more volumes

B Lookup of target volume on portal with position and direction

- . Composite portal link Grid portal link

Surface Surface + |'Surface + oo Local
Link 1 Link 2 b1 b2 b3 b4 b5 SN
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Construction



Blueprint tree

m Central concept for new geometry construction: blueprint tree
B Nodes can represent subsystems, tracker layers, etc.

B Build phases are propagated down the tree: nodes can take decisions based on
their children e.g.

» Synchronize volume sizes
» Register volume connections via portals

m Extensible with custom nodes
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Blueprint tree: example

Barrel
CylinderContainer
dir: binR

/N

Barrel_1 Barrel 2
Cylinder Cylinder
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Blueprint tree:

Barrel
CylinderContainer
dir: binR

/N

Barrel_1 Barrel 2
Cylinder Cylinder

example

nEC

CylinderContainer
dir: binZ

/A

nEC_1
Cylinder

nEC_2
Cylinder




Blueprint tree: example

Detector
CylinderContainer
dir: binZ
nEC Barrel
CylinderContainer CylinderContainer
dir: binZ dir: binR

nEC_1 nEC_2 Barrel_1 Barrel 2
Cylinder Cylinder Cylinder Cylinder
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Blueprint tree: example

World
\ 4
Detector
CylinderContainer
dir: binZ
/ v \

nEC Barrel pEC
CylinderContainer CylinderContainer CylinderContainer
dir: binZ dir: binR dir: binZ
/ ‘ r/ \1 v \
nEC_1 nEC_2 Barrel_1 Barrel_2 pEC_1 pEC_2
Cylinder Cylinder Cylinder Cylinder Cylinder Cylinder
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Construction phases

1. Build: Construct volume representation + compute final sizing
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Construction phases

1. Build: Construct volume representation + compute final sizing
2. Connect: Create and connect portals at volume boundaries

paul.gessinger@cern.ch ACTS4NP Workshop @ Berkeley 2025



Construction phases

1. Build: Construct volume representation + compute final sizing
2. Connect: Create and connect portals at volume boundaries
3. Finalize: Register portals with volumes + create acceleration structures
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Build



Volume stacks

Arrangement of volumes along (local) axes
Cylinder volumes: z stack and r stack

Configurable attachment strategy and resize strategy

Attachment strategy determines how volumes are attached to each other in stack
direction

[
[
® Equivalent stack for cuboid volumes exist
||
||

After attachment: further resizing of volumes in stack direction uses resize strategy

Resize in the other direction: always expansion
No shrinking, only expansion!
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Attachment strategy: z direction

® Always resize all

volumes to max r
B Attach in z using
configurable strategy

y
L.
g Initial Strategy: Gap

A0 SO

Strategy: Midpoint Strategy: First (alt. Second
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Attachment strategy: r direction

® Always resize all volumes to max z
half-length

B Attach in r using configurable strategy

.

Initial z Strategy: Gap

Strategy: Midpoint Strategy: First (alt: Second)
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Resize strategy

symmetrically and

asymmetrically

Resize target

-

L

® Stack figures out how to
react to transform +
bounds changes

®m Will reuse existing
gap(s) if present

B Also here: only
expansion possible

Volume 1 Volume 2

Expand

Volume 1 Volume 2 Gap

Volume 1 Volume 2 Expand / Gap

Volume 1 Volume 2 Gap / Expand

paul.gessinger@cern.ch ACTS4NP Workshop @ Berkeley 2025



Connect



Portal construction and registration

out

® Portal construction from volume boundaries after sizing
B Nodes can take specific action (e.g. cylinder container)
® Portal accumulation strategy configurable, e.g. suitable for detray
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Portal merging and fusing

| 4—. Merge Fuse

B Portals are merged when they are adjacent

® Portal are fused when they are overlapping and have opposite links

® Portal surfaces can be converted to binned combined surfaces for fast lookup
B Actions on portals are propagated down the tree

B Fusing & merging is done automatically
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Material

® Material node can be inserted at any point in the tree @
m Configured to mark up surfaces to carry material

® Can create material receivers or pre-made material

m Applied to final portal surfaces, specialize per volume Barrel
shapes CylinderContainer
dir: binR

L >— 7\

Barrel 1 Barrel 2

@ Cylinder Cylinder
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Finalize



Geometry identification assignment

® Geometry identifier node configurable assignment for subtree

Strategies implemented

B setlayerIdTo : Set a fixed layer ID for volumes in this subtree
B incrementLayerIds : Incrementally assign layer IDs to volumes in this subtree
B setAllVolumeIdsTo : Set the same volume ID for all volumes in this subtree

® Can be extended by custom node during construction

® At the end of construction: remaining unidentified volumes are assigned unused
values

paul.gessinger@cern.ch ACTS4NP Workshop @ Berkeley 2025



Navigation structures

Chambers
® Original navigation model: coupled to basic
geometry objects
B Focused on layer-based navigation only Cells ¥
® Now: flexible local navigation policies assigned
to each volume b -
m Allows accommodating arbitrary acceleration
structures: bin lookup, bounding box searches, A
etc. Layer '
> -
4
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Navigation policies

auto factory = NavigationPolicyFactory: :make()
.add<TryAllPortalNavigationPolicy> ()
.add<SurfaceArrayNavigationPolicy>(SurfaceArrayNavigationPolicy::Config{
.layerType = SurfaceArrayNavigationPolicy::LayerType: :Disc,
.bins = {10, 10}
B

B Composable, extensible, and configurable

® Why factory?
Constructed with final volumes (size + content)
but want to configure in blueprint tree

B Policies can optimize for local structure,
e.g. model a layer!
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Extending navigation policies

class NavigationPolicyFactory {
public:
virtual std::unique_ptr<INavigationPolicy> build(
const GeometryContext& gctx, const TrackingVolume& volume,
const Logger& logger) const = 0;
};

B You can implement a custom factory implementing this function
B Or: use the add function
B Can assign a free function as a factory as long as it matches the signature

MyPolicy myPolicyFactory(const GeometryContext& gctx, const TrackingVolume& volume,
const Logger& logger, MyPolicy::Config config);
auto factory = NavigationPolicyFactory: :make()
.add (myPolicyFactory, MyPolicy::Config{/* ... #/1});

paul.gessinger@cern.ch Berkeley 2025



Example: layer binning

® Grid lookup of sensitive elements in a layer
becomes an internal detail of the volume

B Acceleration structure construction (possibly expensive) occurs once during
construction

®m Configurable volume-by-volume through blueprint tree
B Plans for shipping with optimized policies for common geometries
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How do | build a geometry?



How do | build a geometry?

B Some geometry input source like DD4hep, GeoModel, TGeo, GDML

® Require some way to identify sensitive elements, and allow grouping

® Exact mechanism depends on geometry source: experiment-specific
identification scheme, string-based name matching, pre-configured spatial cuts,

etc...

® Current shipped plugins: oriented towards original geometry model

» Assumptions about structure found in geometry source
> — - Less flexible

B Plugins will evolve to helper-functions for blueprint tree building
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Blueprint workflow

Blueprint: :Config cfg;

cfg.envelope = Acts::ExtentEnvelope{{.z = {20_mm, 20_mm}, .r = {O_mm, 20_mm}}};
// This is the base of a blueprint tree

Blueprint root{cfg};

// Build up the tree using the “BlueprintNode  API

A ooo
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Blueprint workflow

Blueprint: :Config cfg;

cfg.envelope = Acts::ExtentEnvelope{{.z = {20_mm, 20_mm}, .r = {O_mm, 20_mm}}};
// This is the base of a blueprint tree

Blueprint root{cfg};

// Build up the tree using the “BlueprintNode  API

A ooo

// Construct the “TrackingGeometry ™ from the tree
GeometryContext constructionContext; // Usually "nominal" / "correct" alignment
BlueprintOptions options;
// Navigation policy to use if no other is configured. Defaults to brute-force try everything policy
options.defaultNavigationPolicyFactory = /* ... */;
auto trackingGeometry =
root.construct (options, constructionContext, getLogger());

// Use tracking geometry
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Building the blueprint tree

® Main API allows adding children to nodes

BlueprintNode& addChild(std::shared_ptr<BlueprintNode> child);

// Use like this to add a child node

auto layer = std::make_shared<LayerBlueprintNode>(/* ... */);
// Configure the layer

root.addChild(layer) ;
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Building the blueprint tree ii

B Alternative: convenience functions on BlueprintNode for common node types
B Add corresponding node as child and return a reference

// Pre-constructed volume
StaticBlueprintNode& addStaticVolume(std::unique_ptr<TrackingVolume> volume) ;
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Building the blueprint tree ii

B Alternative: convenience functions on BlueprintNode for common node types
B Add corresponding node as child and return a reference

// Pre-constructed volume

StaticBlueprintNode& addStaticVolume(std::unique_ptr<TrackingVolume> volume) ;

// Cylinder r-stack or z-stack

CylinderContainerBlueprintNode& addCylinderContainer(const std::string& name,
AxisDirection direction);
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Building the blueprint tree ii

B Alternative: convenience functions on BlueprintNode for common node types
B Add corresponding node as child and return a reference

// Pre-constructed volume

StaticBlueprintNode& addStaticVolume(std::unique_ptr<TrackingVolume> volume) ;

// Cylinder r-stack or z-stack

CylinderContainerBlueprintNode& addCylinderContainer(const std::string& name,

AxisDirection direction);

// Cuboid z-, y- or z-stack

CuboidContainerBlueprintNode& addCuboidContainer(const std::string& name,
AxisDirection direction);
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Building the blueprint tree ii

B Alternative: convenience functions on BlueprintNode for common node types
B Add corresponding node as child and return a reference

// Pre-constructed volume

StaticBlueprintNode& addStaticVolume(std::unique_ptr<TrackingVolume> volume) ;

// Cylinder r-stack or z-stack

CylinderContainerBlueprintNode& addCylinderContainer(const std::string& name,

AxisDirection direction);

// Cuboid z-, y- or z-stack

CuboidContainerBlueprintNode& addCuboidContainer(const std::string& name,
AxisDirection direction);

// Material designator wrapping a single node
MaterialDesignatorBlueprintNode& addMaterial(const std::string& name) ;




Building the blueprint tree ii

B Alternative: convenience functions on BlueprintNode for common node types
B Add corresponding node as child and return a reference

// Pre-constructed volume

StaticBlueprintNode& addStaticVolume(std::unique_ptr<TrackingVolume> volume) ;

// Cylinder r-stack or z-stack

CylinderContainerBlueprintNode& addCylinderContainer(const std::string& name,

AxisDirection direction);

// Cuboid z-, y- or z-stack

CuboidContainerBlueprintNode& addCuboidContainer(const std::string& name,
AxisDirection direction);

// Material designator wrapping a single node
MaterialDesignatorBlueprintNode& addMaterial(const std::string& name) ;
// Static volume that wraps around contained surfaces
LayerBlueprintNode& addLayer(const std::string& name);




Building the blueprint tree ii

B Alternative: convenience functions on BlueprintNode for common node types
B Add corresponding node as child and return a reference

// Pre-constructed volume

StaticBlueprintNode& addStaticVolume(std::unique_ptr<TrackingVolume> volume) ;

// Cylinder r-stack or z-stack

CylinderContainerBlueprintNode& addCylinderContainer(const std::string& name,

AxisDirection direction);

// Cuboid z-, y- or z-stack

CuboidContainerBlueprintNode& addCuboidContainer(const std::string& name,
AxisDirection direction);

// Material designator wrapping a single node

MaterialDesignatorBlueprintNode& addMaterial(const std::string& name) ;

// Static volume that wraps around contained surfaces

LayerBlueprintNode& addLayer(const std::string& name) ;

// Configuration assign geometry identifiers

GeometryIdentifierBlueprintNode& withGeometryIdentifier();
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Nesting API

® Optionally: convenience functions accept a function argument
B This function also gets the newly added node as an argument
B Allows nesting lambdas to indicate the tree structure:

auto& vol = root.addStaticVolume(someVolume);
auto& geold = vol.withGeometryIdentifier();
geold.incrementLayerIds();
for(std::size_t i = 0; i < nLayers; ++i) {
auto& layer = geold.addLayer("Layer_" + std::to_string(i));
layer
.setLayerType (LayerType: :Cylinder)
.setSurfaces (surfaces)
.setTransform(transform) ;

paul.gessinger@cern.ch Berkeley 2025



Nesting API

® Optionally: convenience functions accept a function argument
B This function also gets the newly added node as an argument
B Allows nesting lambdas to indicate the tree structure:

root.addStaticVolume (someVolume, [&] (auto& vol) {
vol.withGeometryIdentifier ([&] (auto& geold) {
geold.incrementLayerIds();
for(std::size_t i = 0; i < nLayers; ++i) {
geold.addLayer("Layer_" + std::to_string(i), [&](auto& layer) {
layer
.setLayerType(LayerType: :Cylinder)
.setSurfaces(surfaces)
.setTransform(transform) ;
18
}
1
b;
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Nesting API

® Optionally: convenience functions accept a function argument
B This function also gets the newly added node as an argument
B Allows nesting lambdas to indicate the tree structure:

B Also works in Python with Examples bindings

with root.StaticVolume(someVolume) as vol:
with vol.GeometryIdentifier() as geold:
geold.incrementLayerIds()
for i in range(nLayers):
with geold.Layer(f"Layer_{i}") as layer:
layer\
.setLayerType (LayerType.Cylinder)\
.setSurfaces(surfaces)\
.setTransform(transform)

paul.gessinger@cern.ch ACTS4NP Workshop @ Berkeley 2025



	Core objects
	Arrangements of sensitive elements
	Passive material
	Navigation
	Construction
	Build
	Connect
	Finalize
	How do I build a geometry?

