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CONTEXT

= European Processor Initiative (EPI)

= Develop a complete EU designed high-end microprocessor, i
addressing Supercomputing and edge-HPC segments X T ot and say

“More Information”

= Develop customized processors able to meet the performance needed

= Design high performance multicore processors

= Various requirements : automotive, cryptography, Al, health, etc.

=  Complex architectural trade off set up for General Purpose Processor
(GPP) and accelerators

= Arm architecture

= Accelerator implementing RISCV

= Various design concerns

= Cores (types, number), Processing Units, etc. " MPPA- MultiPurpose
=  Communication bandwidth, on chip memories, etc. * eFPGA - embedded f
PAC - EPL A
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NEED FOR CO-DESIGN

Why?

= Facilitate trade-off decisions to maximize performance and minimize costs under given technology boundary
constraints

= Achieve best application performances

METHODOLOGY

What?

Bi-directional and iterative interaction process
Architects
= Application experts 5 Application Experts
Model and simulation

= Hardware/System Software developers

How?

= |dentify specific application’s needs

= Multilevel hierarchy of models and simulators

» Feed insights/suggestions into EPI's Hardware/Software technologies and developments
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STATE OF THE ART

Speed
y _ - Need for a multi-level simulation for
System  Graphite .
simulation _— codesign of large HPC systems
Native
Instrumentation QEmMu TQSIM
& Trace-based
ARMIE  vyehave Dvnamilc Binary Unisim
translation ArchC
ISA extension Vista —
: nstruction @
OVPSIm ARM fast ,ccyrate models -

models SST

Virtualizer Cycle-accurate

From SW development
models

to u-architectural exploration

Accuracy

»
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CO-DESIGN METHODOLOGY

Performance evaluation / DSE feedback

Cycle-accurate simulation /
s 2 Micro-architecture optimization

Debug/Validation

HW specification

& configuration

SW configuration

Instruction-level simulation /
SW development

& binaries Software

developers

Designers

Architectural
feedback High-level simulation / Profiling

Aligned simulation models

I EEIEEmEE—EE———
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CO-DESIGN METHODOLOGY

Performance evaluation / DSE feedback

Cycle-accurate simulation /
Micro-architecture optimization

Debug/Validation

HW specification SW configuration

Instruction-level simulation /
SW development

& configuration & binaries

Software
developers

Designers

Architectural
feedback High-level simulation / Profiling

Aligned simulation models

I EEIEEmEE—EE———
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MUSA OVERVIEW

Enables large-scale simulations

, o Dynamic ; 5
Different communication networks Binary Instructions High-level Simulator
Instrumentation Rank 1
Core counts per node %
MPI Rank 2
Fomm e ————— = . } —— e —p
Micro-architectural parameters : Calls, A"~ J | T Time
Binary | mPiCaN " A
i 1| Inst tati — :
De’[CIILeSd m2emorg models o [ FSHTumentation Multi-core Simulator
DRAMSIim2 and RAMULATOR ; :
( ) e Task / Chunk a1 OO0 [OOD
Considers the effects of system software i| Runtime P~ Creation events, Thread 2 T
i| System Plugin |i Dependencies ' Time

Combine high-level event (MPI, OpenMP) traces with detailed instruction traces

Detailed instruction traces supported for both Arm-v8 and RISC-V binaries

Out-of-order core model with renaming and memory dependencies
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SESAM/VPSIM
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High-level Platform

= Virtual prototyping Environment Composition frontend [l Sofware
(Python, GUI...) binaries
= Early Software development e
ny SystemC/
. 2.0 system (.s0) _I_’
= Hardware/Software Co-Design 7 Party TLM Proxy components
F 3
. Subsystems - -
= Performance profiling and debug Special
HW co-emulation Components SHESHes

= Support all levels from BIOS to OpenMPI (ZeBu)

Standard debug tools:
GDB, Wireshark...

HW prototyping 12C, SPI, UART...

= Easy interfacing thx to SystemC/TLM 2.0 and FMI HW design il
Builder

SystemC

VPSim Monitor
(Debug, Profiling,

Simulator

Co-simulation VirtioBlk, nalysis)
= Fast platform description with Python —= VirtioNet, .. _—
HWW HIL
= Large and flexible IP portfolio (Arm, RiscV) FMI System T Comeonent SVPSim

= Rapid simulation able to run full software stacks

= From hypervisor, to full-fledged applications with standard debugging features
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GEMbS SIMULATOR

= Modular simulation framework gsgel I |5

= Cycle accurate

= Supports the modeling of various HW platforms

= Used for computer-system architecture research 9 JULICH

Forschungszentrum

= Community-led Open source project (Open governance model)

= Suitable , FDRTH

* Foundation for Research & Technology - Hellas

= Processor microarchitecture
® Cache Coherent NoC modeling (Ruby subsystem)
= Full System Simulation (with OS)

= Combines {O3 Processor, ARM SVE, CC NoC, Detailed Memory models (HBM2)} in a single framework
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Scalable Vector Extension (SVE):

REFERENCE ARCHITECTURE

-

~

two 256 bits wide units (16 double-
precision FLOP-cycle)

NEOVERSE V1 REFERENCE DESIGN (RD-V1)

Processing Element: High-Performance Armv8,4A Arm
Neoverse V1 Cores. One core contain, IMB private L2
Cache and supports DVFS

Interconnect Element: Includes a coherent mesh
network (CMN-650), an interrupt controller (GIC-700) &
a system memory management unit (MMU-600)

MSCP Element: The Manageability and System Control

Processor, implements the Cortex-M7 based SCP & MCP.

The SCP manages the overall power, clock, reset, and
system control of RD-V1, while the MCP manages
communication with external Baseboard

Memory Element: Memory controllers that implements
AMBA AXI data path to the CMN-650, such as DDR54 or
HBM memories
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! 400GbE and/or CXL ports
) vw 1 PN X
Y

N N Y NIC-450 )

Neoverse-V1 J ( ‘SVMMU-GOO - )
Y Y Y Y Y Y Y Y

( CMN-650

© 16-20 32-bit channel

Y

High Bandwidth

MSCP* NIC-450 o oMes - Memoy
Cortex-M7 CHI MC Lo HBM MC :
Peripherals : Do :
: DDR54 © :( HBMR2E ):

*MSCP: Management and System Control Processors.
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REFERENCE ARCHITECTURE
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L COherent MeSh Network (CMN) ] NeoverseVl lw |
=  Highly scalable mesh network (up to 10x10) CMN-650
! I
= Custom mesh size and placement o || CEmmD e
x-M7 ‘fmw {. CHI MC ) (" HBN ‘
=  Programmable System Address Map —
= Upto 256 RN-F interfaces for CHI-Based compute clusters, | ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ L
accelerators, etc. S | RN-D | |
= Mesh Structure S :
= Requesting Masters: Number and type, such as RN-F for the | I
Neoverse-V1 cores, or RN-D for masters without internal coherent v . |
caches. |
= Home Nodes: The SLC & Snoop Filter Size requirements : _RN-D | |
determines the HN-F instances |
= Configurations Wi |
= Config-M: 3x5 Mesh Network, 16 Neo-V1 cores., 16MB SLC, i |_ |
32 MB SnoopkFilter. =l = . R s cn;fozp_;_c; .
= Config-L: 6x6 Mesh Network. 32 Neo-V1, 32MB SLC, EENEDJI] Home Node D/ [SBEX] sBsX For DOR

64 MB SI"IOOpFllteI’. _ Requester Node — Fully Coherent _ SBSX For Internal

RAM
_ Requester Node 1/0 + DVM
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DESIGN CONCERNS

= \ector processing resources

= impact of SVE register length of Neoverse V1 cores MUSA
= Cache and main memory system performance
gemb5
= memory access performance
| o €2 cem5
= on-chip memory size dimensioning
= external I/O bandwidth requirements
SESAM/VPSim
= NoC topology and IP block placement EVPSim

= Consider various design scale
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BENCHMARKS
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DGEMM (Double-precision, GEneral Matrix-Matrix multiplication)

= Developed within the BLIS framework. The binaries were compiled with fixed SVE vector length
= Compute-bound benchmark for assessing CPU performance

STREAM Triad

= Representative for HPC applications sensitive to the available system bandwidth

= Performance measure : the utilization percentage of memory bus

Wal Berla : Example of a stencil kernel

= |t contains efficient, hardware specific compute kernels

= Performance measure: the attained number of Million Lattice Updates Per Second (MLUPS)
PARSEC and SPLASH-2 suites

=  HPC-targeted applications that mimic large-scale emerging programs

" NoC & shared memory
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NUMERICAL RESULTS AND ANALYSIS MUSA

9 45
8 I Instr. reduction 4
§ ; | ==Speed-up 1 2_5
Do wider SVE SIMD instructions improve performance? 23 1 | 2
s 1 00 =
= Evaluation with 32 cores § i I 0 i 1—5
= Early SVE register length (MUSA) Il l H . H l [
- SVE Lengths Of 128, 256, 512 and 1024 bits 128 | 256 | 512 | 1024 256 | 512 | 1024 256 | 512 | 1024
Stream DGEMM wWalberla
the instruction reduction achieved as the SVE vector length increases
l I SVE units of 256 or 512 bits are good design points I g2cemb
Committed Instructions & Speedup
[mnormalized to 256-bit wector length)
1 1.8
= Refined SVE register length (gemb) zo° 16
= 1.4
= scaling vector length from 256 to 512 bits E o 12
= 1 =
= STREAM :reduction in memory operation usage from 3 LDs and 1ST,to 2 LDs and 1ST E o os B
S 0.6
= Speedups DGEMM (1.34x ), STREAM (1.63x), and WalLBerla (1.24x) g0 0a
é 0.1 o2
‘ reducing instruction when scaling vector length leads to reducing throughput o o
on register file allocation, and thus fewer stalls in the pipeline execution | T e 2
[Triad)
m Mem_Read m Mem_Writem Simd
Copyright © European Processor Initiative 2021. L. Zaourar et al. Multilevel simulation-based co-design of next generation HPC microprocessors. PMBS 21 workshop mine orhers * Speedup 16
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NUMERICAL RESULTS AND ANALYSIS : ON CHIP MEMORY

How large should the System Level Cache (SLC) be to maximise performance?

m SLC size : 256 KiB, 512 KiB, 1 MiB, 2 MiB and 4 MiB per core (MUSA)
STREAM : 2 MiB SLC slice configuration attains a 1.12x speed-up over the 1 MiB slice

DGEMM and WalBerla the 512 KiB and 1 MiB slice sizes already capture most of the benefits

‘Choose a moderate size that captures most of the performance

| sizes between 512 KiB and 1 MiB provide a good speed-up

Copyright ©

20

I 5LC MIPEI

=i Speed-up

WalBerla

> 3 MUSA
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MEMORY BANDWITH

What is the best amount to satisfy HPC excution needs?

= Memory bandwidth per core: 8,16, 32 GB/s (MUSA)

= STREAM :16 GB/s per core, bandwidth usage of 93%, 32 GB/s per core it drops to 61%

= WalBerla, : 16 GB/s per 1.34x improvements

= DGEMM : 8 GB/s per core is sufficient to feed the functional units

‘ increasing the available bandwidth leads to significant performance improvements

Eurapean
Processor
Initiative

on the 32 GB/s configurations

Bandwidth of around 20 GB/s bandwidth per core capture most of the performance benefits seen

F00 4.5
_— o Bandwidth usage
£ 600 4
E wfileSpeed-up 35
= 500
o
& a00
=
£ 300 -
2 1.00 1.06 108 M U SA
2 200
-g P—H
g 100

5 N
BGB/s | 16GB/s | 32GB/s | 8GB/s | 16GB/s | 32GB/s | 8GB/s | 16GB/s | 32GB/s
Stream DGEMM Walberla
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MEMORY BANDWITH - . N
12 13 H 14 ” 15 ’ 12 13 |14 | 15 12 |13 14 | 15
» Refined bandwidth evaluation with NoC routers (gemb) 08 .. os BB 10‘ M B
= 16 threads for each of the topology layouts T1, T2 and T3
. . 04 ... 04 05 06 |07 04 05 06 07
Single- and multi-channel VNET support

increasing the available bandwidth leads to significant 2 HVIB2

03
‘ 00 2 Cores & 2 SLC 4 Cores 4 SLC slices
performance improvements Channels slices

256 and 512 SVE vector length, 3 MiB SLC size 00 ... 00 01 02

00 01 02

03

All topologies benefit from increased bandwidth

the multiple link usage significantly reduces the network latencies of the Request, Response and Data VNETs
the queueing latencies for the Request VNET

Copyright ©

Increasing NoC bandwidth increased benchmark performance for memory sensitive kernels

The magnitude of the speedup depends strongly on NoC placement and SVE register length
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NOC DIMENSIONING AND IP PLACEMENT €5 cems

m  256-multi e 512-multi
256-single 512-single

= Node placement (gemb)

= STREAMTRIAD (SVE-256, 16 threads, 3MiB SLC, multi-link), measured by percentage of ;
Memory Bus usage g
3

= T1has the lowest NoC Queueing and Network latencies, and is the best performing
Topology

= T3 presents slightly higher NoC Queueing and Network latencies than T1, and achieves ——— |

comparable bandwidth performance Mermory Bus Utization ]

B 256-multi e 512-multi
256-single 512-single

‘The average hops per cycle for the three topologies are 196, 15.2 and 22.7

= T3 requires higher NoC hops for STREAM TRIAD benchmark, it does not get
congested and maintains a high hops/cycle rate

Node Placement
N

= T3 performing similarly to T1

Copyright © European Processor Initiative 2021. L. Zaourar et al. Multilevel simulation-based co-design of next generation HPC microprocessors. PMBS 21 workshop 20
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DDR MEMORY CONTROLLERS PLACEMENT
S5VPSim

What is the best placement for DDR?

= Evaluation using packets average latency : SESAM/VPSIm

‘ Configuration 3 better than Configuration 2,
which is better than Configuration 1

" DDR Controller == NoC Link

B NoC Router

Placement far from corners in order to reduce the total
distance of packets

Configuration | Configuration 2 Configuration 3

= No significant impact on the average packet queuing delay

Copyright © European Processor Initiative 2021. L. Zaourar et al. Multilevel simulation-based co-design of next generation HPC microprocessors. PMBS 21 workshop 21



NOC DIMENSIONING

What is the best NoC form factor?

= SESAM/VPSiIim : square (6 x 6 or 8 x 8),
rectangle (4 x 8 or 6 x 12), 32, 64 cores

= Average Packet Latency (cycles)

= Average packet distance : square shape
induces an increase in the number of
routers traversed by packets

= Congestion is managed better by the 4 x 8
NoC than by the 6 x 6 for 32-core
architecture (likewise 64-core architecture)

Copyright © European Processor Initiative 2021. L. Zaourar et al. Multilevel simulation-based co-design of next generation HPC microprocessors. PMBS 21 workshop
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5VPSIim

™ NoC Router ™I DDR Controller=== NoC Link
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CONCLUSION

=  Multilevel co-design methodology

= |mpact of alternative chip design parameters onto application performance and system efficiency

= Trade-offs between simulation speed, accuracy and model abstraction level
= Cycle-accurate microarchitecture simulator : gemb
= Transaction-level simulator/emulator: SESAM/VPSIim

= Trace-based simulator full co-design methodology: MUSA

=  Performance analysis is carried out with a number of representative benchmarks

= Several system design concerns, real HW RDV1
= Dimensioning of SVE register length, on-chip memory requirements and external memory bandwidth (MUSA)
= NoC topology and memory controller positioning for large scale HPC design (SESAM/VPSim)

= Fullinsight on the impact of SVE register length, NoC bandwidth, and components placement strategies (gemb)
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