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Existing alignment kernel

What ACTS already provides:

● alignmentToBoundDerivative on each Surface – computes the Jacobian ∂r/∂α.

● alignmentToPathDerivative – sensitivity of path length to sensor movement.

● evaluateTrackAlignmentState – collects track derivatives (G) and alignment derivatives (A) at 
every hit.

● AlignmentMask – bitmask to selectively float or fix specific DoFs.

● AlignedTransformUpdater – concept-based callback that applies Δα via the 
GeometryContext.
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Iterative solving loop

Already implemented in ACTS:

1. Track Fitting: Tracks are fitted using the current GeometryContext.

2. Derivative Collection: Jacobians collected for all tracks/hits passing quality cuts.

3. Hessian Construction: Global matrix M and gradient Y are built (Global χ² method).

4. Solving: M Δα = −Y, using stabilization (e.g., Soft Mode Cut).

5. Convergence: Iterate until Δχ²/ndf falls below averageChi2ONdfCutOff.
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What’s missing: hierarchy

The current kernel treats every sensor independently

• No native concept of "groups of sensors that move together."

• A realistic alignment proceeds in stages – first large structures, then smaller ones.

• Weak modes (coherent distortions preserving χ²) require constraints at a level above the individual 
module.

The goal: extend the existing kernel with support for hierarchical alignment while preserving its 
modularity and thread safety.
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Design goals
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1. Flexible Hierarchy
• Dynamic grouping: add a new fit level (e.g., L1.5) or change grouping logic without code changes.

• Any logical grouping of surfaces becomes a first-class alignable object.

2. Algorithmic Decoupling
• Minimizer remains oblivious to the physical nature of structures.

• Unified interface: standardized stream of DoFs and residuals/derivatives.

3. Database Consistency
• Conditions database remains oblivious to the level of fit performed.

• Output is always standardized at the surface level, regardless of fit granularity.
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Proposal: AlignableStructure

A logical container for "things that move together"

• Aggregates multiple Acts::Surface pointers (e.g., all modules in a stave, all staves in a layer).

• Supports nesting via child AlignableStructure pointers.

• Translates high-level alignment deltas into per-sensor coordinate updates.

• Provides a polymorphic interface to support different minimizers (e.g., MillePede or Global χ²).

Key property: this is a logical abstraction – it does not own or modify the tracking geometry. It tells the 
alignment kernel how to interpret the geometry.
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Proposal: AlignableStructure

Examples of AlignableStructure objects

● single surface

● half-stave / stave

● disk / layer

● barrel / endcap

● entire sub-detector

● …
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○ any collection of  Acts::Surface objects
with a prescription how they couple to another
(e.g. center of gravity, common z, common r, etc.)
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Derivative propagation

The chain rule
When evaluateTrackAlignmentState processes a hit on a surface belonging to a structure, the 
derivatives are propagated:

• The first factor is already computed by Surface::alignmentToBoundDerivative.
• The second factor is provided by the AlignableStructure – it encodes how a high-level movement 
(e.g., rotating a stave) maps to individual sensor transforms.
• The global solver aggregates these structure-level derivatives, reducing the dimensionality of the 
Hessian.
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Geometry registry

Purpose: a centralized object (AlignmentHierarchy) that stores all registered AlignableStructure 
instances. It acts as the "source of truth" for which components are currently being solved for.

Validation pass (before building the Hessian)

• Uniqueness: Every Surface with measurements must be associated with exactly one active 
AlignableStructure.

• Orphan Detection: Surfaces with hits that are not in the registry are reported and optionally excluded.

• Double-Counting Prevention: If a hierarchy is used (modules inside layers), only one level has its DoFs 
floating at a time – preventing singular dependencies in M.
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Degrees of freedom

Rigid-body parameters

3 translations (Tx, Ty, Tz) and 3 rotations (Rx, Ry, Rz), controlled via the AlignmentMask:

Bit 0: Tx    Bit 1: Ty    Bit 2: Tz

Bit 3: Rx    Bit 4: Ry    Bit 5: Rz

Users can selectively float or fix any combination per structure.
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Degrees of freem: beyond rigid body

Bits 6+ are reserved for custom DoFs

• Stave Bowing (Bx): in ATLAS Run 2, the IBL staves bowed by up to 30 µm due to thermal load. This was 
parameterized as δx(z) = B − M/z₀²(z² − z₀²) – a single DoF replacing a full module-level fit. This is the 
prototype use case for custom DoFs.

• Cylinder Expansion: radial scaling of a barrel structure.

• Non-rigid Deformations: any user-defined transformation that maps a "meta-parameter" to per-surface 
transforms.
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Weak modes

What are they?
Coherent distortions of the detector geometry that preserve the track χ² but systematically bias 
reconstructed track parameters (momentum, impact parameter).

Two categories:
• Sagitta bias: deformation in the bending plane → charge-dependent momentum bias (e.g., curl).
• Length-scale bias: deformation along the trajectory → charge-symmetric momentum bias (e.g., radial 
expansion).

Treatment in the ACTS framework
• Can be expressed as explicit DoFs within an AlignableStructure.
• Can be constrained via external measurements (survey, Z→µµ mass, beam spot).
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Handling constraints

Rigidity via Hessian augmentation

If a structure should be "rigid" in a certain direction, the constraint is implemented by augmenting the 
Hessian:

• A large value on the diagonal Mzz effectively locks the Z degree of freedom during the solve Δα = −M⁻¹ Y.

• The AlignableStructure stores these constraint weights in its m_constraints map.
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Example: ATLAS ITk
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Mapping legacy alignment levels to ACTS

• L1 (Global), L2 (Layers), L3 (Modules) → different AlignableStructure configurations.

• Locality Ansatz: if tracks are at a χ² minimum, the gradient for parameter αᵢ receives contributions only 
from residuals on the module associated with αᵢ. This decouples the problem and is a key simplification for 
the software.

• Dynamic Levels: ad-hoc grouping (e.g., L1.5 staves) without framework re-compilation.

• Generic Geometry: uses GeometryIdentifier instead of Athena-specific IDs; handles ITk or other 
geometries natively.
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Example: conditions strategy

Surface-level output

• Regardless of fit granularity (L1 vs. module), results are always stored as per-surface 
AlignableTransform.

• The hierarchy resolution is handled internally by ACTS – physics clients see only "where the sensors are."

ATLAS-specific flow

• Fit → SQL DB → CondAlg → GeoAlignmentStore.

• Integration with calibration loop for fill-to-fill stability.

• Open question: in-situ alignment during data taking.
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Current status

Infrastructure

• Successfully running the full-chain ODD example (simulation → reconstruction → analysis).

• Fixed TGeoAxes python bindings to enable misaligned=True mode.

• Implemented misalignment decorator (manually populating GeoIdAlignmentStore with nominal 
transforms).

Comparison methodology

• ROOT-based observable comparisons via uproot/awkward.

• Hash-based regression tests for reproducibility.
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Implementation plan

Next steps I have in mind:
1. Chain rule propagation: teach the alignment kernel to propagate derivatives through the 
AlignableStructure hierarchy – so that moving a structure produces the correct per-surface Jacobians 
via the chain rule.

2. Structure-level solving: accumulate derivatives at the structure level so the Hessian is built over 
structure DoFs (not individual surfaces), reducing dimensionality.

3. Registry & Validation: formalize the AlignmentHierarchy registry with the uniqueness, orphan, and 
double-counting checks.

Open questions
• Configuration format for defining hierarchies?

• Which non-rigid DoF parameterizations to implement?
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Backup
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