Memory Layouts in the ALICE Track Reconstruction

Oliver Rietmann Jolly Chen
CERN CERN & University of Twente
oliver.rietmann@cern.ch jolly.chen@cern.ch
CHEP 2026
May 27, 2026
@ UNIVERSITY

ace  OF TWENTE.



Memory Layout

» Memory layout affects memory latency of read/write operations

» Most efficient layout depends on algorithm and hardware (CPU vs GPU)

» Two common ways of organizing data:
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Array of Structures (AoS) Structure of Arrays (SoA)
struct Point { float x1, x2, x3, x4; }; 1 template <int N>
2 struct SoA {

template <int N> 3 float x1[N], x2[N], x3[N], x4[N];
using AoS = Point[N]; 43}
Preferred if Preferred if

» all members are accessed at once » SIMD-style access is possible

» Strided/random access is needed » Arrays are processed in order
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AoS versus SoA
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Time (ms)

Need to benchmark' to find optimal data layout (trial and error)
Problem: Changing the data layout requires a lot of code rewriting:

— Different class definition: See previous slide

— Different syntax: particles.momentum[i] VS particles[i] .momentum
— Different memory allocation: Single array for AoS, multiple arrays for SoA

Solution: Library providing a unified interface for SoA and AoS
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SoA Wrapper Libraries: templates vs reflections
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SoA with Templates

#include <vector>
#include "wrapper.h"

template <template <class> class F>

struct Point {
MEMLAYOUT_APPLY_UNARY(x, y, z)
MEMLAYOUT_APPLY_BINARY(Point, x, y, z)
F<float> x, y, z;

5
using SoA = Wrapper<Point, std::vector>;

SoA p = {{1, 2, 3}, {4, 5, 6}, {7, 8, 9}};
float x = p[2]l.x; // z =3

Change data layout with minimal changes to surrounding code
Decoupling: Provide AoS access to SoA data

Use with common libraries (standard library, thrust, Eigen, ...)

Example for iterators: https://godbolt.org/z/7Yr9P5rha

We implemented two lightweight libraries exposing the same interface:

SoA with Reflections

#include <vector>
#include "wrapper.h"

struct Point { float &x, &y, &z; };

using SoA = Wrapper<Point, std::vector>;

SoA p = {{1, 2, 3}, {4, 5, 6}, {7, 8, 9}};
float x = pl[2]l.x; // z =3
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C++26 Reflections (p2956)

» A new way of compile-time meta-programming
» (Partially) supported by the latest release of GCC (16.1.0)
» Not supported in the near future on GPU code

#include <meta> New header providing type std: :meta: :info
“x “Lift" operand x to a reflection value of type std: :meta: :info
[: refl :] “Splice” a reflection to produce grammatical elements

#include <meta>
struct Point { float x, y, z; };
constexpr std::meta::info r = “"Point;

constexpr auto ctx = std::meta::access_context::unchecked();
constexpr std::meta::info ry = std::meta::nonstatic_data_members_of (r, ctx)[1];

O 0N G w N

Point p = {1, 2, 3};
float& y = p.Liry:l; //y = 2

=
S)

Try it on Compiler Explorer: https://godbolt.org/z/M8h3n9fTz
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https://wg21.link/p2996

Artificial Benchmarks (CPU)

» GitHub repos of the SoA libraries:
— Templates: https://github.com/cern-nextgen/wpl.7-soa-wrapper

— Reflections: https://github.com/cern-nextgen/reflmempp

Goal: Layout abstraction with zero runtime overhead compared to manual SoA
— Benchmarks®: https://github.com/cern-nextgen/wpl.7-soa-benchmark
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2Ran on Nvidia H100 NVL 94GB and AMD EPYC 9654 96-Core Processor, Compiled with GCC 17.0.0 (experimental)
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Artificial Benchmarks (GPU)

» GitHub repos of the SoA libraries:
— Templates: https://github.com/cern-nextgen/wpl.7-soa-wrapper
— Reflections: https://github.com/cern-nextgen/reflmempp

» Goal: Layout abstraction with zero runtime overhead compared to manual SoA
— Benchmarks®: https://github.com/cern-nextgen/wpl.7-soa-benchmark
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ALICE O2 Track Reconstruction

TPC Pad Rows

Kernels affected by the track parameter layout
» Tracklet Constructor

» Track Extrapolation .
— Fit track parameters by Kalman filter E f

— Extend seeds to tracklets ‘. . K .

» Tracklet Selector
— Conditionally promote tracklets to tracks

Challenges for the data layout -
» Some tracklets need to be dropped =
» Tracks(lets) may suddenly start or end
» Track(lets) have different length
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ALICE O2 Track Reconstruction

TPC Pad Rows
Kernels affected by the track parameter layout

» Tracklet Constructor
— Extend seeds to tracklets
» Track Extrapolation
— Fit track parameters by Kalman filter
» Tracklet Selector
— Conditionally promote tracklets to tracks

Challenges for the data layout
» Some tracklets need to be dropped
» Tracks(lets) may suddenly start or end

» Track(lets) have different length
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ALICE O2 Track Reconstruction: Benchmarks on GPU

» Benchmarking on 4 different GPUs (Nvidia H100, Nvidia L40s, AMD MI300, AMD W7900)
» Using 3 different profilers (Nsight Compute, Nsight Systems, ROCProfilerV2)

» Comparing template library (AoS and SoA) with unaltered ALICE O2 code (Baseline)

» https://github.com/cern-nextgen/Alice02/tree/template

TrackletConstructor (Nvidia H100, Nsight Compute) ionTracking (Nvidia H100, Nsight Compute)
1000

No significant difference for

5000 800

» Tracklet Constructor .
» Extrapolation Tracking i

£ 3000

But also no significant overhead! =

1000

What about Tracklet Selector?

o
Baseline AoS SoA Baseline AoS SoA
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ALICE O2 Track Reconstruction: Benchmarks on GPU

TrackletSelector (Nvidia H100, Nsight Compute) TrackletSelector (Nvidia L40S, Nsight Systems)
500

Tracklet Selector accounts for
» 5% of sector tracking time.
» 1.5% of track reconstruction.

Execution Time (us)

Current baseline code

100

» is optimized for AoS.

3
Baseline AoS SoA Baseline AoS SoA

| 4 COpieS to local memory TrackletSelector (AMD MI300, ROCProfilerv2)
already allow coalescing.

TrackletSelector (AMD W7900, ROCProfilerv2)

800

Possible future work

600

» Change track(lets) processing
in favour of SoA

Execution Time (us)
Execution Time (us)

400

» No copies to local memory

o 3
Baseline AoS SoA Baseline AoS SoA
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ALICE O2 Track Reconstruction: Benchmarks on CPU

» Benchmarking template and reflections approach on CPU

» Using ALICE O2 custom benchmark tool for profiling

» Compiling with GCC 16.0.1 (experimental)

» https://github.com/cern-nextgen/Alice02/tree/template

TrackletConstructor (AMD EPYC 9534 64-Core) ionTracking (AMD EPYC 9534 64-Core) TrackletSelector (AMD EPYC 9534 64-Core)
16000

350000 6000

14000
300000

5000 12000
250000

4000 10000

F 200000 F
8000
3000

150000

Execution Time (us)
Execution Time ()
Execution Time (i)

6000
2000
100000 4000

50000 1000 2000

0 o
Baseline SOA (reflections) SOA (templates) Baseline SoA (reflections) SOA (templates) Baseline SoA (reflections) SOA (templates)

CHEP 2026 Oliver Gregor Rietmann, Jolly Chen | Memory Layouts in the ALICE Track Reconstruction 10/10



