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The ATLAS Experiment

• The Large Hadron Collider collides protons at a nominal 40 MHz rate 
• ATLAS detects the collision products 
• Data of interesting collisions stored at a 10 kHz rate
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The Data Acquisition System
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700 custom-designed 
PCIe “FELIX” cards 

in 300 Readout servers
O(1000) Event Filter 

servers

https://cds.cern.ch/record/1235836/files/p342.pdf
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=10778249
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The FELIX Card

• AMD Versal Premium VP1552 FPGA 
• 48 duplex optical links, 24 normally used 
• PCIe Gen5×16 
• Multiple Direct Memory Access (DMA) 

descriptors for write/read access of the 
host memory 

• Data written to circular buffers in host 
memory in 1 kByte blocks, each 
associated with a single data stream or 
physical link

D
M

A 
bu

ffe
rs

 in
 

ho
st

 m
em

or
y

C
on

tro
l&

  
C

on
fig

C
ol

lis
io

n 
D

at
a 

#1

C
ol

lis
io

n 
D

at
a 

#8

C
on

tro
l &

 
C

on
fig

FLX-155A

https://atlas-project-felix.web.cern.ch/atlas-project-felix/
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The Readout Server
• 4U form factor 

up to ×4 FELIX cards, 
×2 (2 × 200) GbE interfaces 

• ×2 AMD Epyc 9655 (96-cores) 
12 core complex dies (CCD) of  
8 physical cores sharing L3 cache 

Picture by Supermicro 
server loaded with 8 GPUs

AMD

8READY TO CONNECT? Visit explore.amd.com/server-newsletter/sign-up

Today’s data centers need to power an ever-increasing number of 
applications along with a growing need to integrate AI into the 
business. Our focus in developing the ‘Zen 5’ core is to continue to 
accomplish double-digit percentage increases in instructions per 
clock cycle (IPC), and to equip the core to better handle the vast 
amounts of data handling and processing power that AI workloads 
require.

We have accomplished this goal by widening data paths in the core 
and using the wider paths to enable more work to be accomplished 
per cycle. Innovations over the ‘Zen 4’ core include:

• DUAL PIPE INSTRUCTION FETCHING along with instruction cache 
latency and bandwidth improvements enables parallel instruction 
decoding so that more instructions can be in flight at a time 
within the core. With highly accurate branch prediction, the 
processor can consume more instructions on the front end, which 
helps increase IPC over the ‘Zen 4’ core.

• THE INTEGER PROCESSING PIPELINE is now 8 instructions wide, 
one third more than the ‘Zen 4’ core. This increased parallelism is 
supported by ALUs and an improved scheduler to support a wide 
execution window. Integer performance is often a good predictor 
of business application performance, so this is an important 
improvement.

• MAXIMUM DATA BANDWIDTH has been doubled between the core 
and the 48 KB L1 data cache; increased data prefetch keeps data 
flowing into the data pipeline.

• TO ACCELERATE AI AND HPC OPERATIONS, the floating-point and 
vector ALUs have been equipped with a full, 512-bit data path. 
Data for AVX-512 operations can load in a single-cycle, and a total 
of six pipelines keep more floating-point instructions in flight at 
any given time. 

The combined focus on highly parallel instruction decoding with 
increased branch prediction and a faster, wider path for data, results 
in a highly balanced processor architecture for accelerating AI 
operations along with everyday business and technical applications.

‘ZEN 5’ CORES IN EPYC 9005 SERIES CPUS
The ‘Zen 5’ core is realized with 4nm process technology through our 
continued deep relationships with some of the leading fabrication 
companies. The core is implemented with small, fast, low-power 
transistors for power e"ciency and high performance. The ‘Zen 5’ 
core supports our hybrid, multi-chip architecture, and two versions 
of the core are used to meet various design goals of of 5th Gen AMD 
EPYC processors. For example, the ‘Zen 5’ CPU die is optimized for 
high per-core performance, while the ‘Zen 5c” core is optimized 
for high density and power e"ciency. Because of our modular 
architecture, we can create processors that specialize in high 
frequency operation, giving excellent per-core performance for per-
core-licensed software. We have designed the product stack so that, 
for a given number of cores, 5th Gen processors use approximately 
the same amount of power as 4th Gen CPUs, but with higher 
performance.

‘ZEN 5’ CCD
The ‘Zen 5’ CCD has a dedicated 1MB L2 cache per core and a shared 
32MB L3 cache for up to eight cores per die (Figure 2). As a result of 
using smaller process technology than the ‘Zen 4’ CCD, more dies fit 
in the CPU package and can support processors with up to 128 cores. 
This was previously only possible with the specialized ‘Zen 4c’ CCD 
used in 4th Gen processors..

32MB
L3

Cache

Z5 L2 Z5L2

Z5 L2 Z5L2

Z5 L2 Z5L2

Z5L2Z5 L2

Figure 2:  A ‘Zen 5’ CCD with 8 cores per die includes up to a 32 MB 
cache

5TH GEN EPYC PROCESSOR CORES

AMD

AMD Epyc 9005 series

CCD

https://www.supermicro.com/en/products/system/gpu/4u/as-4125gs-tnrt
https://www.amd.com/en/products/processors/server/epyc/9005-series.html
https://docs.amd.com/v/u/en-US/5th-gen-amd-epyc-processor-architecture-white-paper
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Readout Software: Data Handler
• Extracts packets from 1 kB blocks in the FELIX DMA buffers 
• Aggregates packets with same event number, applying optional sub-detector-specific processing 
• Sends standardized fragments upon request via network
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Data Handler Performance
Fragment Building Test 
• 1 FELIX card, 336 streams, 1.1 MHz rate, 24-byte packet size (70 Gb/s)  
• Streams distributed over 8 DMA buffers, 14 streams per fragment 
• Fragments to remote node over 3000 TCP/IP connections upon request

Readout System Architecture October 16, 2025 - Version 1.0

4.3 PERFORMANCE AND INTEGRATION TESTS385

A candidate RO host has been installed in the CERN TDAQ testbed. Two benchmarks, inspired by detector386

requirements, have been defined: one for FB mode and one for FR mode. These tests aim to demonstrate387

that the RO node can sustain the expected workload.388

4.3.1 FRAGMENT BUILDING TEST389

In the FB benchmark, a FLX-712 was configured with a 24-link lpGBT firmware build1. A total of 336 640 Mb/s390

e-links were enabled and distributed across 8 DMA buffers to replicate the ITk Strip configuration. Data391

packets were generated in response to L0As at 1.1 MHz by an external data generator. The packet size was392

derived from the average ITk Strip contribution to the ATLAS event.393

Each DMA buffer was read out by a DH process pinned to a different Core Complex (CCX)) of the AMD CPU.394

One DH application run the following threads:395

• One Input thread per lpGBT link to decode the corresponding FELIX blocks.396

• One FragmentBuilder thread per lpGBT link to aggregate the data of the 14 e-links of the link.397

• Four DataflowIO threads handle the L0ID-based requests and send the requested ROB fragments to398

one application running on a remote host over 3000 connections to simulate output to the Event Filter399

farm.400

Threads were pinned to CPU cores as displayed in Figure 4.2. Two physical cores per CCX were deliberately401

left unallocated to leave headroom for detector-specific processing not included in the test. CPU utilization402

metrics are presented in Table 4.2, detailing usage per thread, per application, and cumulatively across all403

applications. Notably, no thread fully saturates a core, demonstrating the effectiveness of the pinning strat-404

egy.405

The CPU use of a DH process was reduced from 470% to 300% by allowing the input thread to also perform406

ROB fragment aggregation [21]. This optimization freed up an extra physical core for detector-specific pro-407

cessing, but its effectiveness is limited by the number of input e-links that a single thread can handle before408

reaching saturation.409

It was observed that the CPU use of a DH process increased proportionally to the number of processes in410

execution. One DH process used 470% of CPU when it was the running instance, while it consumed about411

590% when eight instances were in execution. The 26% increase of CPU use had no impact on the stability412

of the test.413

Table 4.2: Breakdown of DH CPU use on AMD EPYC 9654. 336 input e-links divided across 8 DMA buffers.
Each e-link produces 24 B packets at 1.1 MHz rate. A DH application aggregates groups of 14 e-links into
three ROB fragments. All ROB fragments are requested by an emulated Event Filter farm of 3000 remote
recipients. The CPU usage of a single DH process scales proportionally with the number of concurrent
instances. When eight DH processes are running, each consumes approximately 30% more resources than
a standalone instance.

Thread CPU use Instances Total CPU use

Input 66% 3 200%
FragmentBuilder 43% 3 130%
DataflowIO 35% 4 140%
DH process 470%
⇥8 DH processes 4740%

1This lpGBT build was older than the one used in Section 2.3 and supported 24 links.

4. Unified Architecture
4.3 Performance and Integration Tests Page 21 of 34

Results 
• Stable execution with 8 processes: ×1 Process for ×1 CCD for ×1 DMA buffer 
• Threads pinned within the CCD

Shared  
L3 Cache

AMD Core-Complex 
8 physical cores, 16 logical cores

Input 2

FragmentBuilder 0 
FragmentBuilder 1 
FragmentBuilder 2

Dataflow IO 0 
Dataflow IO 1 
Dataflow IO 2 
Dataflow IO 3

Input 1

Input 0

= logical core

= physical core

Test performed on Readout server with AMD 9654, 384 GB DDR5-4800, Nvidia Connect-X7 
Deployment configuration may be different 

/ (9600% × hyperthreading gain)
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Cross-CCD communication

Lesson 1: High performance requires attention to the CPU architecture. 

Input and aggregation threads within a CCD 
• Output threads on same vs other CCD 
• Two data structures to pass fragments across threads: 
tbb::concurrent_hash_map, lock-free circular buffer based on std::vector
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Better performance with an extra copy 
• DH receives a request for all fragments with event numbers within a range 
• Output: 103 iovec entries, 20% O(1 kB), the rest O(10) byte header/trailer entries 

• Small entries cause overhead in tcp_sendmsg() 
• Performance improved flattening IOV in user space with additional copy 

- with copy: 54% CPU per thread sending 752 bytes × 1 MHz over 2100 connections 
- without copy: CPU saturated, 1 MHz not reached

9

High Throughput with TCP/IP 

Lesson 2: An extra copy can avoid expensive kernel work.
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High Throughput with TCP/IP 

Tuning of NIC and kernel parameters 
• Largest improvement from setting packet 

steering (RPS, XPS), flow steering (RFS), 
and IRQ affinity to the cores on which Dataflow 
threads are pinned 

• 15% CPU use saved per Dataflow thread 
• Up to 96 threads running on same CPU 

(8 threads × 12 DH applications)

Lesson 3: Tuning the NIC and kernel to match the threading model can be worthwhile.
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Fragment Relay Test 
• Some FELIX links transport pre-built 

fragments, Data Handler can just “relay” them 
• Test with 48 streams, 752-byte fragments, 

1 MHz (288 Gb/s) 
• 12 processes per CPU, sub-optimal 

scalability traced to the network stack 
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Fragment Relay, 752-byte fragments, 1 MHz, AMD EPYC 9654

Data Handler Performance

Readout System Architecture April 7, 2026 - Version 1.0

Shared  
L3 Cache

AMD Core-Complex 
8 physical cores, 16 logical cores

DataflowIO 0 to 7  
and NIC IRQ affinity

ZeroCopyInput 0

= logical core

= physical core

ZeroCopyInput 1

ZeroCopyInput 2

ZeroCopyInput 3

Figure 4.4: Thread pinning of a DH process to logical and physical CPU cores during the Fragment Relay
test.

Figure 4.5: CPU use of a single DH application as a function of the number of DH applications in execution.
All applications are subject to the same workload.

4. Unified Architecture
4.3 Performance and Integration Tests Page 24 of 34
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RDMA (RoCEv2)
• Network card can transfer data using DMA, bypassing the kernel 
• Netio3 library, developed by ATLAS Readout, uses libfabric + ibverbs

Challenge 1: Incast 
All Readout nodes send fragments for a given 
batch of events to one Event Filter node

• Traffic shaping in software 
• RDMA requires a lossless network, must 

tune switch and NIC parameters: 
- Explicit Congestion Notification 

(4 parameters, huge phase space) 
- Priority Flow Control

…
Tracker

    

FELIXFELIX
FELIXFELIX

FELIX FELIX

Calorimeter

40 Event Filter 
servers per rack

…

…

https://atlas-project-felix.web.cern.ch/opensource.html
https://ofiwg.github.io/libfabric/
https://github.com/linux-rdma/rdma-core/tree/master
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RDMA (RoCEv2)

Challenge 2: Number of Connections 
• O(104) connections per Readout server 

(10 applications × 103 Event Filter servers) 
• Measured large overhead in 

establishing connections 
• Consistent measurement results for 

two switches

Lesson 4: RDMA not easy to deploy for all workloads.
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Software Management

Kubernetes 
• automatic lifetime management of applications with manual override 
• resource management and isolation 
• out-of-the-box monitoring    
• no indication of performance drop using containers, including RDMA 

Readout Software Management

• Requirements:
• Automated and manual lifecycle management
• Resource management
• Application isolation

• Kubernetes proof-of-concept prototype:
• Resource limits per POD (CPU / RAM)
• Separate PODs for DAQ, FELIX, and DCS
• TDAQ PMG starts multiple Data Handler processes

• Provided the expected results:
• Automatically terminated TDAQ POD when Data Handlers exceeding 

RAM limits
• DCS applications remained active

4/22/26 FDR of the TDAQ Phase-II Readout 5

Readout Server

TDAQ POD

TDAQ Process Manager

Data Handler

Data Handler

Data Handler

FELIX POD DCS POD

• Many heavy I/O applications sharing CPU and memory 
• One runaway process can take down the entire node 
• Detector control and monitoring traffic must remain uninterrupted 
• Strict resource isolation is mandatory

Lesson 5: Large multi‑process workloads require resource isolation.

https://kubernetes.io/
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Summary

Lessons Learned 
1. High performance requires attention to the CPU architecture.  
2. An extra copy can avoid expensive kernel work. 
3. Tuning the NIC and kernel to match the threading model can be worthwhile. 
4. RDMA not easy to deploy for all workloads. 
5. Large multi‑process workloads require resource isolation.





HL-LHC ATLAS Readout | C. A. Gottardo | 26 May 2026 17

BACKUP
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Cross-CCD communication
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• Total CPU use can decrease with increasing number of streams per fragment because 
- Data aggregation threads fully utilize CPU resources in all configurations 
- CPU use of Dataflow threads proportional to the event rate 
- more streams → lower rate  
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TCP/IP Tuning
IRQ Affinity & Packet Steering 
RPS echo <core mask> > /sys/class/net/eth4/queues/rx-${i}/rps_cpus 
XPS core <core mask> > /sys/class/net/eth4/queues/tx-${i}/xps_cpus 
RFS  

echo 131072 > /proc/sys/net/core/rps_sock_flow_entries;  
echo 4096 > /sys/class/net/eth4/queues/rx-${i}/rps_flow_cnt

Queue Size & Indirection 
ethtool -L eth4 combined 32 
ethtool -X eth4 equal 32 

Memory and Budget Tuning  
sysctl vm.percpu_pagelist_high_fraction= 0 —-> 96 
sysctl net.core.netdev_budget_usecs=2000 —-> 8000 
sysctl net.core.netdev_budget=300 —-> 1200

IRQ Coalescing 
ethtool -C eth4 adaptive-rx off adaptive-tx off rx-usecs 256 rx-frames 512 tx-usecs 64 tx-frames 512 


