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What is RISC-V?
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What is RISC-V?

Core Instruction Formats

opcode R-type

opcode B-type

opcode U-type

31 27 26 25 24 20 19 15 14 12 11 7 6 0
funct7 [ rs2 sl funct3 rd
imm[11:0] rsl funct3 rd opcode [-type
imm[11:5] | rs2 rsl funct3 imm[4:0] opcode S-type
imm[12[10:5] [ rs2 rsl funct3 | imm[4:1]11]
imm[31:12] rd
imm[20]10:1[11]19:12] rd

opcode J-type

RV32I Base Integer Instructions

Inst Name FMT | Opcode | functd | funct? Description {C) Note

add ADD R 8118011 | oxé %008 rd = rsl + rs2

sub SuB R 8118011 | oxé 0x20 rd = rsl - rs2

xor XOR R el1eell | ox4 9x00 rd = rsl ~ rs2

or OR R R11e@11 | ex6 0x00 rd = rsl | rs2

and AND R 8118011 | 8x7 0x00 rd = rsl & rs2

s11 Shift Left Logical R B11ee11 | 8x1 0x00 rd = rsl << rs2

srl Shift Right Logical R pl11ee1l | ex5 0x00 rd = rsl > rs2

sra Shift Right Arith* R 8118011 | 8x5 0x20 rd = rsl >> rs2 msb-extends
slt Set Less Than R pr1eell | ex2 0x00 rd = (rsl < rs2)?1:0

sltu Set Less Than (U) R 8116811 | 0x3 ox00 rd = (rsl < rs2)?1:8 zero-extends
addi ADD Immediate 1 ea1eell | oxe rd = rsl + imm

xori XOR Immediate 1 ee1ee11 | 8x4 rd = rs1 * imm

ori OR Immediate 1 210811 | 6x6 rd = rs1 | imm

andi AND Immediate 1 Be1e011 | ox7 rd = rs1 & imm

slli Shift Left Logical Imm 1 o100l | exi imm[5:11]=0x02 | rd = rsl1 << imm[@:4]

srli Shift Right Logical Imm 1 ea1eell | ox5 imm[5:11J=exe@ | rd = rs1 >> imm[@:4]

srai Shift Right Arith Imm 1 eeleell | exs imm[5:11J=ex20 | rd = rs1 >> imm[@:4] msb-extends
slti Set Less Than Imm 1 Pe1ee11 | Bx2 rd = (rsl < imm)?1:8@

sltiu Set Less Than Imm (U) 1 2810811 | 6x3 rd = (rsl < imm)?1:8@ zero-extends
1b Load Byte 1 0000011 | oxe rd = M[rs1+imm][@:7]

1h Load Half 1 o001l | ox1 rd = M[rs1+imm][@:15]

lw Load Word 1 o0peell | ox2 rd = Mlrsi+imm][@:31]

lbu Load Byte (U) 1 ceoeoll | ex4 rd = M{rs1+imm][@:7] zero-extends
lhu Load Half (U) 1 2000011 | ox5 rd = M[rs1+imm](@:15] zero-extends
sb Store Byte S 0100011 | oxe Mlrsl+imm][@:7] = rs2[@:7]

sh Store Half S eleeell | exi MLrsi+imm][@:15] = rs2[0:15]

sW Store Word S eleeell | ex2 Mlrs1+imm][@:31] = rs2[0:31]

beg Branch == B 1100811 | @x@ if{rs1 == rs2) PC += imm

bne Branch = B 11eea11 | ex1 if(rs1 != rs2) PC += imm

blt Branch < B 11eee1 x4 if(rs1 < rs2) PC += imm

bge Branch > B 1180011 | 8x5 if(rs1 >= rs2) PC += imm

bltu Branch < (U) B 11@0011 | ox6 if(rs1 < rs2) PC += imm zero-extends
bgeu Branch > (U) B 1100011 | ex7 if{rsl >= rs2) PC += imm zero-extends
jal Jump And Link J @1 rd = PC+4; PC += imm

jalr Jump And Link Reg 1 1186111 | 6xe rd = PC+4; PC = rs1 + imm

lui Load Upper Imm u B11e111 rd = imm << 12

auipc Add Upper Imm to PC u Be1e111 rd = PC + (imm << 12)

ecall Environment Call 1 1116211 | 8xé 1mm=0x® Transfer control to 0%

ebreak | Environment Break 1 1116011 | 6xé imm=0x1 Transfer control to debugger
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Instruction Set Architecture (ISA)

Simple and modular

Research project started at Berkeley in 2010
ratified ISA in 2014

RISC-V (pronounced “risc five”, as it is
the fifth generation of RISC ISA at Berkeley)

[:] Waterman, Andrew., Patterson, David A.. The RISC-V Reader: An Open
Architecture Atlas. United States: Strawberry Canyon LLC, 2017.

[:] Patterson, David A.., Hennessy, John L.. Computer Organization and Design
RISC-V Edition: The Hardware Software Interface. Netherlands: Elsevier
Science, 2017.



Incremental vs modular ISA

= |ntel x86 is an incremental ISA. Each new release;
= Maintain backward compatibility

= Carry on new instructions (also for marketing reasons)
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& https://en.wikichip.org/wiki/risc-v/standard_extensions

EPI forum, Barcelona, 10 Oct 2024

epl

European
Processor

Initiative

Name Description Version | Status | Instruction Count
RV321 | Base Integer Instruction Set - 32-hit 2.1 Frozen | 49
RV32E | Base Integer Instruction Set (embedded) - 32-bit, 16 registers | 1.9 Open | Same as RV32I
RV64l | Base Integer Instruction Set - 64-hit 2.0 Frozen | 14
RV128| | Base Integer Instruction Set - 128-hit 1.7 Open |14
Extension
M Standard Extension for Integer Multiplication and Division 2.0 Frozen | 8
A Standard Extension for Atomic Instructions 2.0 Frozen | 11
F Standard Extension for Single-Precision Floating-Point 2.0 Frozen | 25
D Standard Extension for Double-Precision Floating-Point 2.0 Frozen | 25
G Shorthand for the base and above extensions n/a n/a n/a
Q Standard Extension for Quad-Precision Floating-Point 2.0 Frozen | 27
L Standard Extension for Decimal Floating-Point 0.0 Open | Undefined Yet
C Standard Extension for Compressed Instructions 2.0 Frozen | 36
B Standard Extension for Bit Manipulation 0.90 Open | 42
J Standard Extension for Dynamically Translated Languages 0.0 Open | Undefined Yet
T Standard Extension for Transactional Memory 0.0 Open | Undefined Yet
P Standard Extension for Packed-SIMD Instructions 0.1 Open | Undefined Yet
v Standard Extension for Vector Operations 0.7 Open | 186
N Standard Extension for User-Level Interrupts 1.1 Open |3
H Standard Extension for Hypervisor 1.0 Frozen | 2
S Standard Extension for Supervisor-level Instructions 1.12 Open |7



https://en.wikichip.org/wiki/risc-v/standard_extensions
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Another business model
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Closed ISA

Closed ISA

Open ISA

Adopting the ISA is not possible
(only a few partners can)

Adopting the ISA requires
paying a fee

Adopting the ISA is free

No access to the architecture,
core |IPs, instructions, extensions,
etc.

Commercial IPs by one vendor

Commercial IPs by several vendors

Several implementations

Several implementations

Almost no access to extension

Full access to extensions

No open-source IP cores

Possibility of open-source IP cores

EPI forum, Barcelona, 10 Oct 2024
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EPI Main Objective

To develop European microprocessor and accelerator technology

Strengthen competitiveness of EU industry and science

Rhea

arm

EPAC
b RISC

general purpose
CPU

3 Accelerators

SiPearl, Atos, CEA, UniBo, BSC, SemiDynamics, EXTOLL, FORTH,
E4, UniPi, P&R ETHZ, UniBo, UniZG, Chalmers, CEA, E4
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EPI Main Objective

To develop European microprocessor and accelerator technology

Strengthen competitiveness of EU industry and science

EPAC
b RISC

3 Accelerators

BSC, SemiDynamics, EXTOLL, FORTH,
ETHZ, UniBo, UniZG, Chalmers, CEA, E4
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EPAC: EPI Accelerator v1.5

GF22FDX, 27 mm?2, 0.3 Btr Tape out Mar 2023, Bring up Oct 2023
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VEC tile VRP tile STX tile

General purpose RISC-V CPU

i G | RISC-V CPU
Avispado Core (16 ki$, 32 kD$) eneral purpose

RISC-V many-core machine learning

: : supporting variable precision ' i
with dedicated VPU .IOIO .9 P . accelerat.or targeting stencil and
arithmetic up to 256 bit elements tensor arithmetics.
Up to 256 DP element vector length iy
@ ETH:irich Z Fraunhofer
Cemidynamic  @==-  RR® =

L2-HN tile CHI NoC and SerDes

Distributed L2 cache (256 kB/slice) and
Coherence Home Node

@®FORTH__

On-chip high-speed network based
on multiple CHI cross points (XP).

Off-chip link based on SerDes.

Physical design by Z Fraunhofer EXTOoLL
EPI forum, Barcelona, 10 Oct 2024 prototype boa rd integ ration by E4 9
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The DEMO of EPAC is in this room!

JTAG: FPGA configuration

] \ DAUGHTER CARD
/‘Control EPAC

PCle: Control the FPGA
<
External PC:
- FPGA configuration szrg)ﬁ X)ﬁgﬁezra
- VNC client Other peripherals
- Export NFS
- Peripherals Ethernet: NFS

EPI forum, Barcelona, 10 Oct 2024 10
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The EPAC - VEC:

A RISC-V Vector Accelerator

Filippo Mantovani, Barcelona Supercomputing Center (BSC)
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EPAC: EPI Accelerator v1.5
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GF22FDX, 27 mm?2, 0.3 Btr Tape out Mar 2023, Bring up Oct 2023

VEC tile VRP tile
General purpose RISC-V CPU
Avispado Core (16 kI$, 32 kD$)

with dedicated VPU

Up to 256 DP element vector length

Cemidynamic®  (@="  RER@®=- @

General purpose RISC-V CPU
supporting variable precision
arithmetic up to 256 bit elements

L2-HN tile

Distributed L2 cache (256 kB/slice) and
Coherence Home Node

@®FORTH__

CHALMERS

Physical design by Z fraunhofer
EPI forum, Barcelona, 10 Oct 2024 prototype boa rd integ ration by E4
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STX tile

RISC-V many-core machine learning
accelerator targeting stencil and
tensor arithmetics.

ETH:zirich Z Fraunhofer

CHI NoC and SerDes

On-chip high-speed network based
on multiple CHI cross points (XP).

Off-chip link based on SerDes.
EXTOoLL
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EPAC: EPI Accelerator v1.5

GF22FDX, 27 mm?2, 0.3 Btr Tape out Mar 2023, Bring up Oct 2023

VEC tile

General purpose RISC-V CPU
Avispado Core (16 kI$, 32 kD$)

with dedicated VPU

Up to 256 DP element vector length

€emidynamic® (@E"~ = RER@® =

L2-HN tile CHI NoC and SerDes

Distributed L2 cache (256 kB/slice) and
Coherence Home Node

@®FORTH__

On-chip high-speed network based
on multiple CHI cross points (XP).

Off-chip link based on SerDes.
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What’s special in EPAC - VEC?

The “Avispado” RISC-V core eemtd namtcs

silicon design and verificatio

The Vector Processing Unit (VPU) @

Barcelona
Supercomputing

Center

Centro Nacional de Supercomputacion

EPI forum, Barcelona, 10 Oct 2024 15
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= The scalar in-order RISC-V core can release several requests of cache lines to the main memory

L ———

What’s special?
= It boots Linux

= The core is connected to a Vector Processing Unit (VPU) with very wide vector registers (16kb)

Coherent

Gazzillion g Interface
= 16 kB instruction cache
= 32 kB data cache s R *ﬂ_‘

=  Decodes v0.7, v1.0 vector extension

=  Full hardware support for unaligned accesses L

=  Cache coherent (CHI)

= Vector memory accesses (vle, vise, vixe, vse, ...)
processed by a dedicated queue (MIQ/LSU)

34 PARTY VPU

EPI forum, Barcelona, 10 Oct 2024 Courtesy: ee m ldyna m lé 16

silicon design and verification services
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VPU with Long Vector Length (VL) support

intel*) — AVX512 — '
L/ M 512 bits per vector (8 DP elements) 16384 bits per vector
arm — Ssve RIS «— Up to 2048 bits per vector (32 DP elements) (256 ?P elements)
NEC / </

. - Cannot afford (area, power, cost) hundreds of Functional Units
' - Vector instructions are executed on multiple cycles

RISC-V/

. - As many Functional Units as VL.
. - Vector instructions executed in 1 cycle

Vector functional unit

[src2 . : . L .
el L o e S
Vector T b i T o K : ' : ' ! !
functional 7%\/"7 o MMMM
it b -~ —> &8 [or0) B
e e £E ] IS
S N . K ' o




How do | program EPAC - VEC?

@

EPI forum, Barcelona, 10 Oct 2024

Autovectorization
Leave it to the compiler
#pragma omp simd (aka “Guided vectorization”)

Relies on vectorization capabilities of the compiler

Usually works but gets complicated if the code calls functions

Also usable in Fortran

C/C++/FORTRAN builtins (aka “Intrinsics”)
Low-level mapping to the instructions
Allows embedding it into an existing C/C++ codebase
Allows relatively quick experimentation

Assembler

Always a valid option but not the most pleasant

p |
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How do | use EPAC - VEC?
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Like a standard HPC system! Applications

Compile your code Programming Model
(OpenMP, MPI)

We give you a compiler
Link libraries Libraries (FFTW, SpMV, ...)

Write/Submit a job script
Scheduler (Slurm)

SLURM
Wait for the results Compiler (LLVM)
Analyse execution traces and study
how well your code is vectorized OS (Linux)

Hardware

EPI forum, Barcelona, 10 Oct 2024
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Why do you call it “Accelerator”?

Imagine you can boot Linux on a GPU:
Do you really think you would write CUDA kernels?

EPAC supports both operational models
Self-hosted model (booting OS)
Host-device model (GPU-like)

EPI forum, Barcelona, 10 Oct 2024
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Software development BEFORE hardware is ready

Hardware development >

Architecture definition RTL implementation RTL verification Physical design Tapeout Chip back

Software development >

Start testing on hw

Execution on simulator

Wake up Neo... K
Follow the Software Development Vehicles 4 » 21

EPI forum, Barcelona, 10 Oct 2024
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Software Development Vehicles (SDV)

= 3 Steps:

= 18t step: Run in a commercial RISC-V platform (scalar CPU)

= 2nd step: RISC-V software emulation supporting RVV (RAVE)

= 3'dstep: Run on VEC mapped into FPGA

EPI forum, Barcelona, 10 Oct 2024

Beginner

Beginner

Beginner

Complexity

Advanced

Advanced

Advanced
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Clearance

Master

Master
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Software Development Vehicles (SDV)

Step 1 Commercial RISC-V
compute node
(SCALAR)
I
I
I
Step 2 x86 server

with RISC-V software
emulator with RVV
(QEMU + RAVE)

Step 3

RISC-V prototype
(VECTOR)

EPI forum, Barcelona, 10 Oct 2024

Common
storage
(Network File-
System)

User

Login node
(HCA)

User

23



Co-design with SDV

1. RISC-V scalar

2. RISC-V software

3. RISC-V vector architecture

commercial
platform

emulation of RVV

(RAVE)

prototyped on FPGA

C/EORTRAN LLVM-based compiler
Scalar Code | | ~ >
+ auto-vectorization
L >
%’IF?RERQN LLVM-based compiler
ca a:_ ode + instrinsics support
Vector | >
instrinsics

EPI forum, Barcelona, 10 Oct 2024

RISC-V

scalar

binary

RISC-V QEMU + RAVE .

Instruction-

vector
: ﬁ level trace

binary

PAPI| manual B

instrumentation >

Hardware

Extrae automatic counters trace
instrumentation >

N
ILA manual
instrumentation

L > Signal-level
trace

Feedback to application programmers

Feedback to compiler developers

Feedback to hardware

architects

C

N

£

=/

h
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Real performance measurements

30%
25%
20%
15%
10%

5%

0%

% of peak performance

16 32 64 128 256 512 1024 2048 4096 8192 16384 32768 65536 131072 262144524288

FFT size (elements)

Vizcaino, Pablo, et al. "Acceleration with long vector architectures: Implementation
and evaluation of the FFT kernel on NEC SX-Aurora and RISC-V vector extension."
Concurrency and Computation: Practice and Experience 35.20 (2023): e7424.

EPI forum, Barcelona, 10 Oct 2024

JMareNostrum4 B

NEC B
SDV

SPMV (slowdown: time normalized to 0 extra latency)

0

Boo32

S 64

5 128 150 142 129

c 256 205  1.88 167 157

£ 512 3.06 272 233 234

=768 420 352 290  3.03
1024 516 432 361 339

scalar  vE8  vE16 vl-32  v-G4 vI-128 1256

BFS (slowdown: time normalized to 0 extra latency)

Extra latency

scalar v1-8 vl-16 v1-32 vl-64  v1-128  v1-256

PR (slowdown: time normalized to 0 extra latency)

0
= 32
(5]

2 64

= 128

g 256

% 512

= 768

1024
scalar vl-8 vl-16 v1-32 vl-64  vI-128  vI-256

FFT (slowdown: time normalized to 0 extra latency)

0

B 32

g 64

5 128
= 256 1.20 1.19
% 512 1.47 1.49
K768 1.78 1.74
1024 2.05 2.03
scalar v]-8 vl-16 vl-32 vl-64  vI-128  vI-256

Vizcaino, Pablo, et al. "Short reasons for long vectors in HPC CPUs: a study based on
RISC-V." Proceedings of the SC'23 Workshops of The International Conference on High
Performance Computing, Network, Storage, and Analysis. 2023.
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EUPILOT © POP O CEEC

ChEESE

FAST. FLEXIBLE. FREE.

GROMACS ¢

O PyTorch ?5;

(&)EARTH

N
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