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Main Objective

Develop European microprocessor and accelerator techn.

• Strengthen competitiveness of EU industry and science
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Overall Technology Roadmap
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Rhea1: general purpose processor

• Chip

– 6 nm, chiplet-based approach

– Can integrate both CPU and accelerator cores

▪ Accelerator tile: subset of EPAC integrated in Rhea1

– Network on Chip (NoC): mesh linking all components

• Core

– ARM Neoverse V1 core design

– ARM tiles with SVE256 (Scalable Vector Extension)

• Memory hierarchy

– Cache subsystem: L1, L2, SLC (System Level Cache)

– HBM: High Bandwidth Memory

– DDR: Standard Memory
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Rhea1: key features

Design targets: 

• High Byte/Flop ratio

• Compute performance and efficiency 

for real-applications
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Element Features

Core

- Arm ISA

- Neoverse V1 cores

- SVE 256 per core supporting 64/32/BF16 and Int8

- ArmVirtualization extensions

SoC

- NoC: Arm mesh fabric

- Advanced RAS including Arm RAS extensions

- Link protection for NoC & high-speed IO

- ECC support for selected memory

Cache
- Large L3 (Shared Level Cache, SLC)

- RAS supported for all cache levels

Memory

- HBM2e

- And DDR5

- ECC for memory and link protection for controllers

High Speed I/O
- PCIe, CCIX & CXL

- Root and endpoint support

Other I/O - USB, GPIO, SPI, I2C

Power 

Management

- Power management block to optimize perf/Watt 

accross use cases and workloads.

Security Block 

Support

- Secure boot and secure upgrade

- Crypto

- True random number generation



Neoverse V1: some characteristics

Source:

• Superscalar CPU architecture 
– Out-of-order

– Branch prediction

– Prefetching

– SIMD (Single-Instruction Multiple Data)

– …

• Scalable Vector Extension (SVE)
– Compiler generates code valid for 

hardware with different vector lengths

– No need for recompiling

– Fujitsu A64Fx was first chip to include SVE
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Execution 

Engine

Reorder Buffer (512 entry)

SIMD scheduler 
54 entry

Other schedulers

158 entries in total

AGU scheduler

23 entry

4×ALU

(64bit)

2×Branch128bit×ALU

128bit×FMA

256bit×FMA

4×

2×

2×Load/Store 

AGU

Memory

Subsystem

Example Neoverse V1 implementation

• First commercially available Neoverse V1 
implementation: AWS Graviton-3

– 64× Neoverse-V1 core

– Frequency: 2.6 GHz

– Cache

▪ L1I$: 64KiB

▪ L1D$: 64KiB

▪ L2$: 1MiB

▪ L3$: 64 MiB (shared)

– DDR5: 300 GB/s max. mem. Bandwidth

– No HBM

– PCIe gen5

– Power: 100 W

• SVE with 256-bit length

*Unofficial: some values vary across sources
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Front End

Branch 

Predictor
ITLB 

48 entries

L1I$ 
64 KB 4-way

Instruction Queue

4-way Decode

Macro-Op Queue

Rename / Distpach
6 Instruc. / cycle Max.

L2$ 
1 MB 

8-way

11 cycles

L2 TLB 
2048 

entries
Load/Store

Load Queue
(140 entry)

Store Queue
(66 entry)

L1D$ 
64 KB 4-way; 4 cycles

DTLB 
32 entries

64B/cycle Load

32B/cycle Store

L3$ 
32 MB 

63-80 

cycles

3
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64 Byte / cycle

32 Byte / cycle
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Rhea1 development workflow
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Rhea architects

EPI-SGA1

HW 
designs

SW
components

WP1: Rhea Bringup

WP3:SW integration

WP2: Prototype WP4: Validation WP5: Codesign



Rhea1 status
• Chip specifications completed

– Driven by co-design within EPI

• IP-blocks designed and verified on simulation (RTL) 
and/or virtual platform

– Several improvements done alone the way

– Including more cores and faster memory

• Integration
– Motherboard (Atos) designed and built in parallel

– Prototype-cluster design (E4) in preparation

• Software stack relies on:
– Well established Arm ecosystem

– Standard programming environment
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Rhea1 Package ballout
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EPAC vision and contributions

• VEC - Self-hosted RISC-V CPU + wide VPU 

(256 double elements) supporting RVV 0.7.1 / 1.0

• STX - RISC-V CPU + specific cores for stencil and 

neural network computation

• VRP - RISC-V CPU with support for variable precision 

arithmetic (data size up to 512 bit)

• eFPGA - On-chip reconfigurable logic 

• Ziptillion - IP compressing/decompressing data 

to/from the main memory

• KVX - FPGA demonstrator of the Kalray RISC-V CPU 

targeting HPC and ML

24/10/2022 ACAT 2022, Suarez 13

VISION

CONTRIBUTORS



EPAC: a RISC-V accelerator
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EPAC accelerator
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EPAC architecture
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Deep learning and stencil specific accelerator

• Sparta: Tensor accelerator

• SPU: Stencil accelerator

STX
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STX microtile

STX Cluster 1

STX: stencil & tensor accelerator

• Domain-specific accelerator for Machine- and Deep 

Learning (ML / DL) and stencil operations

• Each STX cluster (4-8 in total):

– Multiple specialized compute units (4× SPU or Sparta cores)

▪ SPU = pipelined processor with 1 FP64 unit; 4 ops/cycle

▪ Sparta = Streaming Floating Point Units for DL-acceleration

– 1× 32-bit RISC-V processor for support

– Energy efficient local scratchpad memory

– DMA to transfer data from/to accelerator

• Goal: 5-10× energy efficiency over general 

purpose/vector units on DL-applications

• Compiler and programming model

– Compiler (LLVM) should do the job (short instruct. word, no vectoriz.)

– OpenMP: no intrinsics, one code, no cross-compilation

– Target is none (or very little) code tuning
16
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EPAC architecture
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General purpose accelerator

• RISC-V core (Avispado)

• Vector Processing Unit (VPU) 

• CHI interface NoC

• Cache:

- L2$: 256 KB/module

- L3$: None in-tile 

VEC



RISC-V core and VPU

24/10/2022 ACAT 2022, Suarez 18

RISC-V core: Avispado

• 2-way in-order core

• Full HW-support for unaligned accesses

• Cache: L1I$ =16KB, L1D$ = 32KB

VPU

• Long vectors: 256 DP elements
– #Functional Units (FUs) << Vector Length (VL)

– 1 vector instruction can take several cycles

• 8 Lanes per core
– FMA/lane: 2 DP Flop/cycle

• 40 physical registers, some out of order 

F. Minervini, O. Palomar. RISC-V Summit 2021 

“Vitruvius: An Area-Efficient Decoupled Vector 

Accelerator for High Performance Computing”

Architecture Vector register size (1 cell = 1 double element)

Intel AVX512 D1 D2 D3 D4 D5 D6 D7 D8

Arm Neon D1 D2

A64FX D1 D2 D3 D4 D5 D6 D7 D8

NEC Aurora SX D1 D2 D3 D4 D5 D6 D7 D8 … D256

EPAC VPU D1 D2 D3 D4 D5 D6 D7 D8 … D256



EPAC

EPAC programming environment

• Offload of processes from host to accelerator

• Interoperability MPI + OpenMP

– Accelerator can run MPI and OpenPM processes

• Task-based models

– Taskify MPI calls

– Single mechanism

▪ Concurrency

▪ Locality and data management 

• Long vectors (256 elements, 8 lanes per core)

– Decouple front-end from back-end

– Convey access pattern semantics to the architecture

– Vector length agnostic (VLA) programming and architecture
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Applications

Libraries (FFTW, SpMV, ...)

Scheduler (Slurm)

Compiler (LLVM)

OS (Linux)

Hardware 

(Host + Accelerator)

Programming Model

(OpenMP, MPI)

Memory

Host 

CPU
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Vector
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How to use the V-extensions ?

• Assembler: always a valid option but not the most pleasant 

• C/C++ builtins (intrinsics)

– Low-level mapping to instructions

– Allows embedding it into an existing C/C++ codebase

– Allows relatively quick experimentation

• #pragma omp simd (aka “Semi automated vectorization”)

– Relies on vectorization capabilities of the compiler

▪ Usually works but gets complicated if the code calls functions

– Also usable in Fortran

• Autovectorization: let compiler work for you ;-) 
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RISC-V platforms (SDV)

• Hardware/Software infrastructure for 
Continuous Integration and RTL check

– HiFive commercial hardware (scalar)

– EPAC RTL (1core) on FPGA

• Platform to:
– Demonstrate a full HPC software stack

▪ Linux, compiler, libraries, job scheduler, MPI

– Test latest RTL with complex codes
▪ Advanced performance analysis tools

▪ Accurate timing available
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Commercial and FPGA-based
RISC-V 

Commercial
(only scalar)

EPAC FPGA-based 
implementation 

(vector support)

Full SDV



Example uses of EPAC SDV

• Codesign: Sensitivity to latency for 
vectorised / non-vectorised codes
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• Performance analysis at instruction 
level (e.g. vectorisation level, saturation of 
resources (FU, memory))



EPAC 1.5 test chip (tapeout Oct’22)
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EPAC 1.5 test chip (tapeout Oct’22)
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Co-design and Validation
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Rhea architects

EPAC 

architects

Hardware platforms

EPI Prototype

SDVsRefer. Platforms

Validation and Co-design

Validation
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Future 
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EPI benchmark suite
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>40 codes, in the fields:

• Automotive

• Cryptography

• HPDA

• Machine Learning

• Deep learning

• Cloud

• Data Base

• Reference benchmarks: 

(HPL, HPCG, Stream, 

DGEMM…)

• Biophysics

• Biology/Medicine 

• Earth Sciences/Climate

• HEP & Fusion

• Material Sciences

• CFD

• Hydrodynamics

• PDE

• Image / Media
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Example of application evaluation (by IST)

Goal: evaluate the MiniGhost benchmark:

• gem5 (ARM) model

• AWS EC2 Graviton2 (Neoverse N1,  ARMv8.2)

• AMD Epyc - x86

• Intel Xeon - x86 

Conclusions

• MiniGhost: good scalability with number of cores

• gem5 model: 

– Similar performance than off-the-shelf Intel/AMD CPUs

– Underperforms (2x) against similar micro-architecture 
Graviton / Neoverse N1 

– Actual performance should exceed simulation results
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Codesign

• Intense technical interaction with RHEA and 

EPAC developers 

– Bi-monthly codesign-architects meetings

• Architecture studies based on simulators 

– Gem5, VPSIM/SESAM, MUSA

• Detailed results tell how different architecture 

designs affect performance of HPC benchmarks

– Example: prefetcher evaluation using gem5 simulator 
(done by JUELICH)

24/10/2022 ACAT 2022, Suarez 29

0.0

0.5

1.0

1.5

2.0

TAG STRIDE AMPM

SP
E
E
D

U
P

Performance Improvement of 

prefetchers' optimal 

configurations

Stream MiniFE Walberla LBM

RTM Graph500 GUPS

L.Zaourar et al., SC ws. proceedings  “Multilevel simulation-based co-design of next generation HPC microprocessors”, http://hdl.handle.net/2128/29249



Outline

• EPI project overview

• Arm CPU: Rhea 1

• RISC-V accelerator: EPAC

• Co-design and validation

• Summary

ACAT 2022, Suarez 3024/10/2022



Summary

• EPI is a highly ambitious project

• HPC-processor technology development in Europe 
– Critical for European sovereignty → see Chips Act

• Main development areas
– General purpose CPU: Arm-based ➔ Rhea

– Accelerators: RISC-V based
▪ General purpose, based on long-vector acceleration ➔ VEC 

▪ Domain specific ➔ STX, eFPGA, VPR

• Driven by co-design
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EPI Consortium
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Work presented here has been performed by the EPI Consortium: 

www.european-processor-initiative.euw

@EuProcessor

European Processor Initiative

European Processor Initiative

http://www.european-processor-initiative.eu/
https://twitter.com/EuProcessor
https://www.linkedin.com/company/european-processor-initiative/
https://www.youtube.com/channel/UCGvQcTosJdWhd013SHnIbpA/


EPI Funding
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