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RISC-V Open Source Tools Status



R4 Open Standards Foster Collaboration

« Palmer Dabbelt (SiFive): binutils, GCC, GDB, linux, glibc, QEMU
« Kito Cheng (SiFive): GCC and newlib

« Jim Wilson (SiFive): binutils and GCC
« Darius Rad (Bluespec): glibc
« Andrew Waterman (SiFive): binutils, GCC, and glibc

« DJ Delorie (RedHat): glibc . .
* Andrew Burgess (Embecosm) @ S| |:|\/e
« Alex Bradbury (lowRISC): LLVM

O Berkeley @) rednat 2

ANDEs bluespec @Ecosmﬁ’ lowRISC

TECHNOLOGY

L RISC



P, GNU-Based Toolchains

On Compiler

o GCC and Binutils has been upstreamed
= Since 7.1 and 2.8 (May 2017)
On Libraries
o Newlib* has been upstreamed

= Since 2.50 (March 2018)
o Glibc has been upstreamed

» Since 2.27 (February 2018)
On Debugger
o GDB has been upstreamed
= Since 8.2 (March 2018)

L RISC



P, GCC RISC-V Command Line -march=

e -march=ISA (selects the architecture to target)
o Controls which instructions set and registers to use
o Determines set of implementations a program run on

o Toolchain support three base ISAs (v2.2)
m RV32l: Aload-store ISA with 32, 32-bit GP int registers.
m  RV32E: RV32l with only 16 int registers, for embedded

m  RV64l: 64-bit flavor of RV32l GP int registers are 64-bits
o Plus these extensions

m M: Integer Multiplication and Division

m  A: Atomic Instructions

m F: Single-Precision Floating-Point

m D: Double-Precision Floating-Point

m C: Compressed Instructions

o |ISA strings defined by appending extensions to base ISA
o For example -march=rv32im, -march=rv6e4imafdc

L RISC



P, GCC RISC-V Emulation function

e Use when a particular operation support
o For example’ this C code double dmul (double a, double b) {
return a * b;

}
o Compile directly to a FP multiplication instruction with D extension

$ riscv64-unknown-elf-gcc test.c -march=rvé64imafdc -mabi=1lp6!
dmul :

fmul.d fa0,fa0,fal
ret

O But compile to an emulation routine without the D extension
$ riscv64-unknown-elf-gcc test.c -march=rv64i -mabi=lp64

dmul:
add sp,sp,-16
U sd ra,8(sp)
m call __muldf3
I]: 1d ra,8(sp)
.: add sp,sp, 16

jr ra



s GCC RISC-V Command Line  -mabi= (1)

e -mabi=ABI (selects the ABI to target)

o Controls the calling convention (which arguments are passed into which
registers) and the layout of data in memory
o Two integer ABIs and three floating-point ABIs, which together are treated
as a single ABI string
o Two integer ABIs follow the standard ABI naming scheme:
m ilp32:int, long, and pointers are all 32-bits long. long long is a 64-bit
type, char is 8-bit, and short is 16-bit
m |p64:long and pointers are 64-bits long, while int is a 32-bit type. The
other types remain the same as ilp32

L RISC



s GCC RISC-V Command Line -mabi= (2)

o Three floating-point ABIs are RISC-V specific addition:
m """ (the empty string): No floating-point arguments are passed in
registers.
m f:32-bit and smaller floating-point arguments are passed in registers.
This ABI requires the F extension, as without F there are no floating-
point registers.
m d: 64-bit and smaller floating-point arguments are passed in registers.

This ABI requires the D extension.

L RISC
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GCC RISC-V Treatment of ISA and ABI String

O
O

ISA and ABI treated as two separate arguments, eg:
-march=rv32imafdc -mabi=ilp32d:
m Hardware floating-point instructions can be generated and floating-

point arguments are passed in registers.
m Equivalent to ARM’s GGC -mfloat-abi=hard argument

-march=rv32imac -mabi=ilp32:
m No floating-point instructions can be generated and no floating-point

arguments are passed in registers.
m Equivalent to ARM’s GGC -mfloat-abi=soft argument

-march=rv32imafdc -mabi=ilp32:
m Hardware floating-point instructions can be generated, but no floating-

point arguments will be passed in registers.
m Equivalent to ARM’s GGC -mfloat-abi=softfp argument

m Used when interfacing with soft-float binaries on a hard-float system.
-march=rv32imac -mabi=ilp32d:

m lllegal, ABI requires floating-point arguments are passed in registers

m ISA defines no floating-point registers to pass them in



P, GCC RISC-V Command Line -mtune=

e -mtune=CODENAME selects the microarchitecture to target.
o Informs GCC about the performance of each instruction, for
target-specific optimizations
o SiFive have a number of tuning model

L RISC



P, RISC-V Relocation: How it works

e Concept due split between compiler and linker
o Exist to pass information between the compiler and linker
o Compiler emit tags, eg R_RISCV_HI20 and R_RISCV_RELAX
o Allow linker to resolve address in the final output ELF exec

$ riscv64-unknown-linux-gnu-objdump -d -t -r relocation.o

$ riscv64-unknown-linux-gnu-objdump -d -t -r relocation
SYMBOL TABLE:
relocation: file format elf64-littleriscv
long globap000000000000000 g F .1
0000000000000010 @ =

(
SYMBOL TABLE:
int main()

. bl £ y . 0000000000012038 g 0 .bss 0000000000000010 global
return ngSESSEm Yy o section .tel
} 0000000000000000 main:
0: 000007b7 Disassembly of section .text:
0:
U 0: 0000000000010330 main:
U] 4 0007b503 10330: 67c9 lui a5,0x12
E 4:  10332: 0387b503 1d a0,56(a5) # 12038 gl
- = 10336: 00a03533 snez a0,a0
ad 00a03533

1033a: 8082 ret
8082 P
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L RISC

RISC-V Linker Relaxation: How it works (1)

e Mechanism for optimizing programs at link-time,

instead of at compile-time
o Compiler emit tags, R_RISCV_CALL and R_RISCV_RELAX

$ cat test.c
int func(int a) _ attribute ((noinline));
int func(int a) {

return a + 1;

}

int _start(int a) {

return func(a);
}
% riscv64-unknown-linux-gnu-gcec test.c -o test -03
$ riscv64-unknown-linux-gnu-objdump -d -r test.o
test.o: file format elf6d4-littleriscv
Disassembly of section .text:

0000000000000000 <func>:
0: 2505 addiw a0,a0,1
23 8082 ret

0000000000000004 < start>:
4z 00000317 auipe ra,0x0
4: R_RISCV_CALL func
4: R RISCV RELAX #ABS*
8: 00030067 —_—4

$ riscv64-unknown-linux-gnu-objdump -d -r test

test:

file format elf64-littleriscv

Disassembly of section .text:

0000000000010078 <func>:

10078:
1007a:

2505
8082

000000000001007¢c <_start>:

1007c:

ffdffo6f

addiw

ret

a0,ao0,1

10078 <func>



P2 RISC-V Linker Relaxation: How it works (2)

e Two unconditional control transfer instructions in
RISC-V ISA, jalr and jal

o jalr, jumps to an absolute address as specified by an
immediate offset from a register

o jal, jumps to a pc-relative offset as specified by an
immediate.

o In this example, auipc+jalr pair can address a 32-bit signed
offset from the current PC (0x1007c)

o  While jal can only address a 21-bit signed offset from the
current PC (0x1007c)

o Because linker knows the call from _start to func fits within
the 21-bit offset of the jal instruction, it uses a single
instruction.

o A proxy for twice the speed

L RISC



P2 RISC-V Handling of Multilib

e Mechanism for handling multiple sets of system libraries
o eg. 32bits application in 64bits architecture
o Mixing soft-float and hard-float systems

o Building a single compiler that targets many RISC-V systems

e Modular ISA, allow multilib implementation to be cleaner
o  Well known naming scheme for all ISA targets

e Standard set of ABIs was already known for RISC-V
o Ctypesizes:ilp32 vs [p64
o Floating-point registers: none, single, single and double

e Derive a set of multilib by using script
o https://www.sifive.com/blog/all-aboard-part-5-risc-v-multilib

L RISC
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P RISC-\

RISC-V Example Script to Derive Multilib List

#!/bin/bash

for abi in ilp32 ilp32f ilp32d 1lp64 1lp64f 1p64d; do
for isa in rv32e rv32i rv64i; do

for m in "" m; do
for a in "" a; do
for £ in "" £ £d; do
for ¢ in "" ¢; do
readlink -f §$ (riscv64-unknown-elf-gcc -march=$isa$m$a$f$Sc -mabi=$abi -print-
search-dirs | grep “libraries | sed 's/:/ /g') | grep 'riscv64-unknown-elf/1lib' | grep -
ve 'lib$' | sed 's@*.*/1lib/@R' | while read path; do
echo "riscv64-unknown-elf-gcc —-march=$isa$m$a$f$c -mabi=$abi => $path"
done
done
done
done
done
done
done



R4

PLRISC-V

RISC-V Embbeded Multilib List

riscv64-unknown-elf-gcc -march=rv32i -mabi=ilp32 => rv32i/ilp32
riscv64-unknown-elf-gcc -march=rv32ic -mabi=ilp32 => rv32i/ilp32
riscv64-unknown-elf-gcc -march=rv32iac -mabi=ilp32 => rv32iac/ilp32
riscv64-unknown-elf-gcc -march=rv32im -mabi=ilp32 => rv32im/ilp32
riscv64-unknown-elf-gcc -march=rv32imc -mabi=ilp32 => rv32im/ilp32
riscv64-unknown-elf-gcc -march=rv32imac -mabi=ilp32 => rv32imac/ilp32
riscv64-unknown-elf-gcc -march=rv32imafc -mabi=ilp32f => rv32imafc/ilp32f
riscv64-unknown-elf-gcc -march=rv32imafdc -mabi=ilp32f => rv32imafc/ilp32f
riscv64-unknown-elf-gcc -march=rv64imac -mabi=lp64 => rv64imac/Ip64
riscv64-unknown-elf-gcc -march=rv64imafdc -mabi=lp64d => rv64imafdc/lp64d



</

L RISC-V

RISC-V Linux Multilib List

riscv64-unknown-linux-gnu-gcc -march=rv32ima -mabi=ilp32 => lib32/ilp32
riscv64-unknown-linux-gnu-gcc -march=rv32imac -mabi=ilp32 => lib32/ilp32
riscv64-unknown-linux-gnu-gcc -march=rv32imaf -mabi=ilp32 => lib32/ilp32
riscv64-unknown-linux-gnu-gcc -march=rv32imafc -mabi=ilp32 => lib32/ilp32
riscv64-unknown-linux-gnu-gcc -march=rv32imafd -mabi=ilp32 => lib32/ilp32
riscv64-unknown-linux-gnu-gcc -march=rv32imafdc -mabi=ilp32 => lib32/ilp32
riscv64-unknown-linux-gnu-gcc -march=rv32imafd -mabi=ilp32d => lib32/ilp32d
riscv64-unknown-linux-gnu-gcc -march=rv32imafdc -mabi=ilp32d => lib32/ilp32d
riscv64-unknown-linux-gnu-gcc -march=rv64ima -mabi=lp64 => lib64/Ip64
riscv64-unknown-linux-gnu-gcc -march=rv64imac -mabi=Ip64 => lib64/Ip64
riscv64-unknown-linux-gnu-gcc -march=rv64imaf -mabi=Ip64 => lib64/Ip64
riscv64-unknown-linux-gnu-gcc -march=rv64imafc -mabi=Ip64 => lib64/Ip64
riscv64-unknown-linux-gnu-gcc -march=rv64imafd -mabi=Ip64 => lib64/Ip64
riscv64-unknown-linux-gnu-gcc -march=rv64imafdc -mabi=Ip64 => lib64/Ip64
riscv64-unknown-linux-gnu-gcc -march=rv64imafd -mabi=Ip64d => lib64/1p64d
riscv64-unknown-linux-gnu-gcc -march=rv64imafdc -mabi=Ip64d => lib64/lp64d



P, LLVM -based Toolchains

On Compiler/Assembler

o Upstreamed in experimental mode as of 8.0
M o Non-experimental support planned for 9.0
COMPILER INFRASTRUCTURE O Complle and run GCC torture suite

= {RV32l, RV32IM, RV32IFD} + ‘C’
o Compile and run all torture suite tests

=« for RV64l at 01, 02, 03, and Os
o MC-layer now support

= RV32IMAFDC + RV64IMAFDC,
o CodeGen support

s RV32IMFDC and RV64l

L RISC



P, RISC-V Virtual Machine Emulation

Upstreamed since 2.12 (April 2018)

é E M U Sources

o https://www.gemu.org/download/#source
Build and Boot instructions

o https://wiki.gemu.org/Documentation/Platfor
ms/RISCV
Contributors

o Sagar Karandikar (University of California, Berkeley), Bastian
Koppelmann (University of Paderborn), Alex Suykov, Stefan
O'Rear, Michael Clark and Alistair Francis (Western Digital)

i I
% ""!.' Be:[ e] e
UNIVERSITY OF C:\].IFUR\'-[.-\E

P RISC-




B2 Open On -Chip Debugger

OpenOCD
o Ability to connect to embedded target for debugging
o Not yet Upstreamed
o Upstreaming is planned, but low priority
o https://github.com/riscv/riscv-openocd
o Tim Newsome, Megan Wachs, Palmer Dabbelt (SiFive)

L RISC



P, Linux Kernel and FreeBSD Port
Upstream Kernel boots # @ SI Fi\/e
o Boots on QEMU s B€l‘k€1€y

= Since v4.15 (December 2017) @

o Well supported Western
o 340+ commits since Digital

o Alan Kao (Andes), Anup Patel (WD), Aishh Patra (WD),
Christoph Hellwig, David Abdurachmanov, Palmer

Dabbelt, Paul Walmsley (SiFive), Zong Li (SiFive),
Jim Wilson (SiFive)

P |
ANDES

TECHNOLOGY
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R4

= :‘A RISC-\V/

RISC-V Embedded Software Ecosystem

SiFive Freedom Studio
—  Eclipse CDT, GNU MCU Eclipse, pre-built GCC, and OpenOCD
—  Built on Open Source technology

*  AndesSight - Eclipse based IDE for RISC-V

. SEGGER - JLINK Probe and Embedded Studio RISC-V IDE

. Lauterbach - Lauterbach TRACE32 for silicon bring up and debug

. IAR - IAR Embedded Workbench with SiFive support in development
*  Ashling - RiscFree C/C++ IDE for development and debug

@FreedomStLglio
et @

Vemees
SEGGER

9IAR

LAUTERBACH l‘
DEVELOPMENT TOOLS

«  Embedded Software and Operating Systems SYSTEMS
— Bare Metal -
~ Freeros (ZASHLING expresslogic
—  Zephyr OS Sam—
— RTEMS ﬁg
—  Express Logic — Thread X ém i
: IF:/IIiO(:-:‘-ium - uCOS | Amazon FreeRTOS “A 4‘ )
ANDES Zephyr
—  NuttX TECHNOLOGY
° Imperas - Simulation models and tools for early software development u lt ra

. UltraSoC - IP and tooling supporting SiFive instruction trace

Imperas

SR
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P RISC-V

Lauterbach

Commercial RISC-V Debug

Hardware and Software

— Available in the market for
over a year

— TRACE32 for silicon bring up
and debug

Support for all SiFive IP and

platforms

— RV32/RV64

— Multicore

— Heterogeneous Multicore

Collaborate with UltraSoC

— Providing powerful debug,
trace and logic analyzer
tools

/A TRACE32®RISC-VDebu x | + ®

< C @ https://www.lauterbach.com/frames.htmi?home html

through Technology

vaversacrf\

Site

chip RISC-V Debugger LAUTERBACH

¥ RISC-V Ecosystem .+ RISCY
+ ¥ Adaption
B Supported Processor ¥ TRACE3Z Debug Features
Architectures ¥ Details and Configurations

Bl Standard Controliers
ARMIXSCALE

Power Architecture Highlights

: W 8 o conie
I Intel® Processors. TR A CE 32 ® - W Support for JTAG interface (JTAG Debug Transport Module)
ik oRTL e | CET ®  Multicore debugging
I AndesCore L P 1/
Debugger for RISC-V W Debug from reset vector or attach fo target without aitering its

7 APS i . state
e h ® via abstract and debug
I AVRB = program buffer
[:pWRA2 2 @ Support RV32 and RV64 ISA
I Beyond T

< @ Support standard ISA extensions: compressed instructions,
I C166CBC =2 floating point, etc.

| s "

I 683xx La !‘ / e @ Flash programming
™ ColdFire F N "
e e \ < W Easy high-level and assembler debugging
I HBS/HBSX L f”‘l @ Unlimited number of software breakpoints
7 M32R \ " & Onchip breakpoints on instructions and data (match control
7 M-Core A R, trigger)
I MIPS32IMIPSE4 RISC ] E:glgiv of configuration registers and peripherals at a logical
- 508
- MSPaan B Target OS awareness
™ RH350 @ Script language and API interface
[ RISC-V & Support for BM-310, E31, E51, FU540-C000, N25, NX25
I~ RX




IRISCV
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SEGGER

Commercial RISC-V Debug
Hardware and Software
— Available since late 2017

— JLINK Probe and Embedded
Studio RISC-V IDE

Support for all SiFive IP and

platforms

— Great support for single
core RV32

— RV64 and Multicore support
in beta now

SEGGER RTT fully supported
— High Speed communication
with host debugger

nioats v Fuchase~ “Suppoit About Us~ Blog
e 3 -_—— T .
RISC-V Support e
The SEGGER Software Platform, including development tools,
de . provides a comprehensive one- ’
T E
WY

@ Conract Us: & Forum W Wiki | T Web Shop 35 Nowsiettor R\ RSS

e product development with
the open RISC-V architecture, It

RISC

\

SEGGER Platform for RISC-V

= 1=

J-Link RISC-V Support

Embedded Studio for RISC-V

-
os/

emb05 for RISC-V

c}
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L RISC-V

IAR

Very well known in the Embedded
Space
— Have been around for a long time
20+ years

— Support many different
architectures

Very well known for their embedded
toolchain

— The first proprietary RISC-V
Compiler

— Compiler is known for both code
Density and Performance

BIAR

SIEMS PRODUCTS ~ SUPPORT  INVESTORS

Taking RISC-V to the
next level!

Powaitul IAR Embbdded Workbench for RISC-V croates i possitdition

TOOLS FOR RISC-V

ABOUT US




P/, FreeRTOS/AWS FreeRTOS

* De facto real time operating system for small,
low-power devices

¢ Amazon FreeRTOS which extends the FreeRTOS B
kernel with software libraries i F =Rt Kol Rc

— Through the effort of Richard Barry

* RISC-V support now available in FreeRTOS Kernel

10.2 (Feb 2019)

With 10.2.1 added support for RV64
— QEMU emulation of SiFive Hifivel
— OpenlSA’s VEGAboard
— Antmicro’s Renode emulator of Microchip M2GL025 Creative

Board
* SiFive will also port FreeRTOS to Freedom Metal

for SiFive devices
— With FreeRTOS examples added to Freedom E SDK and Amazon FreeRTOS
Freedom Studio

P RISC-V
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PLRISC-V

Zephyr - On RISC -V (HiFive1) is Upstream and Well Supported

e Zephyr RTOS

— Open Source | A ‘
— Well defined development cycle : s e LA
— Performant and scalable |

— Strong software stacks
e Zephyr already Support

— HiFivel Rev B board supported in the latest Zephyr LTS
release

 Used in areal product

— http://badge.antmicro.com/
e Zephyr SDK comes with RISC-V toolchains

e Contributors
— Karol Gugala (Antmicro), Peter Gielda (Antmicro), Nathaniel Graff

(SiFive)
Dantmiecro s




P/, Getting Started with Zephyr on QEMU

Build a Zephyr example

® source zephyr-env.sh
cd samples/hello_world

e mkdir build && cd build
e cmake -DBOARD=gemu_riscv32 ..
e make -jS(nproc)

The zephyr elf is in zephyr/zephyr.elf

Running Zephyr in QEMU

Get the Zephyr Sources ® makerun
® Zephyr RTOS is developed on GitHub. Get the sources by:

e git clone https://github.com/zephyrproject-rtos/zephyr.git
e cd zephyr

Install Zephyr SDK
® Get Zephyr SDK, and follow the
instructions in Zephyr's
Documentation for your
platform of choice (Linux,
macOS, Windows)

The RISC-V foundation published a getting started guide:

https://buildmedia.readthedocs.org/media/pdf/risc-v-getting-started-quide/latest/risc-v-getting-
started-quide.pdf

L RISC




PJ, Open Source Bare Metal SW Stack from SiFive

What is Freedom E SDK

* Embedded development kit providing a command line driven _
workflow with Examples and Utilities including BSP’s for SiFive Sreedom S
targets

— SiFive Qemu for E31, S51 CorelP

— Freedom E310 FPGA board

— SiFive Development Boards
* Examples use Freedom Metal to provide portability
* Open source repository

— https://github.com/sifive/freedom-e-sdk

What is Freedom Metal

* Library for writing Portable, Bare Metal SW for all SiFive devices

— A Bare Metal C application environment

— An API for controlling CPU features and peripherals

— The ability to retarget to any SiFive RISC-V product

— ARISC-V hardware abstraction layer (HAL) v v v
* Uses BSP’s to provide target adaptation
* Open source repository

— https://github.com/sifive/freedom-metal

IPDeliveryX | DevBoardY IPFpgaZ

Pl RISC-V
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L RISC

SiFive Freedom Studio

Freedom Studio

Contact Sales

Workspace

Freedom Studio is the fastest way to get started programming with your SiFive

hardware. Freedom Studio is built on top of the popular Eclipse IDE and

packaged with a prebuilt toolchain and example projects from the Freedom E

SDK. Freedom Studio is compatible with all SiFive RISC-V development boards.

Freedom Studio provides an Eclipse

based GUI for developing and
debugging Freedom E SDK
applications

We highly recommend downloading and reviewing the Freedom Studio User

Manual before downloading and installing Freedom Studio. This manual has

important information about preparing your host system to help you get up and

running as quickly as possible.

| g e O - B R

15 Dobug 3
¥ [ local_interrupts Debug (GDB OpenOCD Debugging]
¥ ¥ local_intorrupts olf
¥ Thread #1 (Suspended : Breakpoint)

== button.2_lar() at local_interrupts.ci1 18 Ox4040
= handie_trap() at Init.c: 75 Oxd 04001 da
= trap_entry() at entry.5:50 OxA0400280

wl openocd

wl risevBa-unknown-elf-gdb

https://www.sifive.com

Download Freedom Studio — v2019.05.0

Windows

macO0S

Linux



4 Freedom E SDK New Project Wizard using QEMU

@ FreedomStudio MM Edit Naviga ® @ Create a Freedom E SDK Project
D

| Create a freecom-o @ ) @ wohresdarpSiudios demiuesifivered 1 Nelld/sro/holioss FeedomSiudio

Pimam Cila

® @ cp ik B-&m H0-Q- By - @B x DEM HE S BE il el
Select Target
C - e21-arty H e
Proje‘:t e7G-arty o project §2 1) Regisie = B El consele 32 [£] Problems =i m] { Debug G Debugger Console 33 9y Breakpaints =8
i freedom-e310- )
Create C project of selected type . q“mw_es BS ~ L R EE e B
ernu—sif'l\ra—551 "bc-qemu-sifive-331-he\lu gemu gemu-sifive-e31-hello [SiFive GDB QEMU Debugging] gemu-syster  gemu gemu-sifive-e31-hello [SiFive GDB QEMU Debugging] ${gemu_gdb
i ¥ (@) Buiid Targets QEMU emulator version 3.1.8 (SiFive QEMU 3.1.9-2019.85.1 rornelRyoTYER MeLpc:
qemu-sifive-usd ®) 9 T " d" h f ds related q
i = » 4 Binaries Copyright (c) 2003-2018 Fabrice Bellard and the QEMU Pro: Ype, Apropas Word Yo, seanell for comcnts reloted o S
sifive-hifive-unle = 4 Hello, World! Warning: the current language does not match this frame.
Project name: | my-project] sifive-hifive1 » L archives * ; Note: automatically using hardware breakpoints for read-c
‘| sifive-hitive -re ¥ gl Includes
i~ ¥ (& freedom-metal/src Temporary breakpoint 1, main () at hello.c:7
{lsa dafault location freedom-meta v S 7 printf("Hello, World!\n");
¥ = debug
Location: » 35 hello.elf - (none/le]
: Select Example Pro £ helta hex [g] helio.c 5% = 0 Bzouin % =Disss HTerml = O
3 % /* Copyright 2819 SiFive, Inc #/ = (] 5 -
. fal o @
Choose file system:  default v helio /% SPDX-License-Identifier: Apache-2.0 */ T BARY ¢ ®
S #include <stdio.h> L
Project type: hello LICENSE.Apache2
= LICENSE.MIT = int main() {
¥ (= GNU Autotools & Makefile printf("Hello, World!\n");
b [ Executable A simple "He README.md '
. » (= bsp
> L:-"SharEd leraw ¥ (= freedom-metal
» [ Static Library [ & debug.mk
¥ (= Makefile project L Makefiie
R | @ release.mk
@ Empty Project
Options
@ Freedom E SDK Project FHEn - = =
| bevar B8 S Ex [ Me g
| Project name 7% % e v
Show project types and toolchains only if they al Name -

lyo
Create a debug

@ < | e
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>
0
i

Freedom E SDK New Project Wizard using FPGA Board

@ FreedomStudio m Edit Navigate ® @

@8

Miman Cila
® @
C Project

Create C project of selected type

Create a freedom-e-sdk standalone project for

C Prc

Select Target

coreip-e31-arty

Project name: | my-project]

Use default location

Location:
Choose file system: default

Project type:
# (== GNU Autotools
» (= Executable
P (=% Shared Library
» [ Static Library
¥ (= Makefile project
@ Empty Project
@ Freedom E SDK Project

Show project types and toolchains only if they are

The SiFive E31 Standard Core is the

designed alongside the RISC-V ISA,

C Project

a specified target and example program.

world’s most deployed RISC-V core. Co-
the E31 takes maximum advantage of the

RISC-V ISA, resulting in a power-efficient core that delivers the high
performance needed for tomorrow’s smart IoT, storage, and industrial

applications.

This FPGA core target is ideal for m: '.

Select Example Program

¥ hello

example-itim
software-interrupt
timer-interrupt
local-interrupt
return-fail
return-pass
example-pmp
example-spi

| empty

dhrystone

Create an OpenOCD debug launch for thi

Create a freedom-e-sdk debug launch

C Project

Debug Launch

Specify whether or not you want to create a debug launch with this new project. If you choose to create a
debug launch, select the type of launch to create. After the project is created and built the Debug Launch
Configuration dialog will be opened so that you can review the debug configuration and, optionally, launch

the debugger.

Create a debug launch configuration for this project

Debug launch type: e )

J-Link

I ® < Back

< Back

Next >

Cancel



P/, Flashing Arty FPGA Image - not using Vivado

* Writes driver .bit file to FPGA via Xc3sprog (Digilent)

— E31image in FPGA RAM (not Flash) Window Help

— E31 image allows OpenOCD to access Flash | Flash MCS File to Arty FPGA... it
Writes MCS (ihex) file to Flash via OpenOCD (Olimex) ‘ M = :

=¥ = E-;I v vﬂ:lc:lv v

@@
Flash MCS file to Arty FPGA

Flash image file: iI(Users/mac/SiFive/sifive_coreip_EB1_FPGA_Eva!uation_v3p0/siﬁve_coreip_E31_FPGA_Eva[uation_vSpO_O.mcs | Browse...

FPGA size

© 35T (| 100T

@

Cancel

PiRISC-V
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Start debugging

0@
=

¢ my-workspace - my-project/src/sifive-welcome.c - FreedomStudio

9~ B-{-a -0 &5 - @B ENIR . B A A IRIER IR =Rt =S
LD Project Explorer 83 '\ Registers =85 El console $2 |® Problems =0 ‘b. Debug 33 G Debugger Consol ©g Breakpoints = B
BES ~ EEERFSE #B-5 s <
¥ =5 my-project openocd my-project [SiFive GDB OpenOCD Debugging] openocd ¥ [T ]openocd my-project [SiFive GDB OpenOCD Debugging]
» 3 Binaries (3289) hpmcounter24h (/32) v 11 sifive-welcome.elf
» E Archives (3290) hpmcounterZSh (/32) ¥ @ Thread #1 (Suspended : Breakpoint)
» (il Includes (3291) hpmcounter2éh (/32) = main() at sifive-welcome.c:87 0x40400382
» (2 freedom-metal/src Eggg?g :g:zgﬁ::z:g;: E'ggg 4w openocd
¥ @sre (3294) hpmcounter2sh (/32) i riscvB4-unknown-elf-gdb
¥ (= debug (3295) hpmcounter3gh (/32)
> #;&sifive-welcome.eﬂ - [nonef/le] (3296) hpmcounter3lh (/32)
|=| sifive-welcome.hex (3922) mvendorid (/32)
\E| sifive-welcome.lst T e
[ sifive-welcome.map [g] sifive-welcome.c 32 = B0 R =D SIS
P (= release a x 3 <
= - int main (void) _E R L L *
(x)= Variables $3 6% Expression [] Memory = B { 2l stdio.h
B o |t int rc, up_ent, dn_cnt; &l metalfcpu.h
BB Ot struct metal_led *ledd_red, *led@_green, *led®_blue; 21 metalfled.h
Nant:-rc ;):pe ::Ic:‘e r // This demo will |ression b Valve: .
led®_red = metal 1 ¥ % ledO_red struct metal_led * 0x4040436a
» » vtable const struct metal_led_vtable * 0x87aabfd9

> W vtable const struct met... Ox87aabfd9
» ® ledO_green struct metal_led * Ox1
P> ® ledO_blue struct metal_led * OxO

Name : led@_red
Details:0x4040436a <__libc_init_array+108>
Default:@x4040436a <__libc_init_array+108>
Decimal:1077953386
Hex:@x4040436a
Binary:1000000010000000100001101101010
Octal: 010020041552

ledd_green = metal
led®_blue = metal_
if ((ledd_red = N

printf("At 1eaN

return 1;

}

// Enable each LED
metal_led_enable(l
metal_led_enable(l

ame : led@_red
Details:@x4040436a <__libc_init_array+108>
Default:@x40840436a <__libc_init_array+1@8>
Decimal: 1077953386
Hex:@x4040436a
Binary:1000000010000000100001101101010

metal_led_.enable(led@_Mue).;

// ALl Off

pt*
pt*

@ HMerZIsr{int, vora®) T voro
® wait_for_timer(struct metal_led*)
@ main(void) : int
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Viewing elements and memory

(%)= Variables 69" Expressions £2 | [] Memory =R 3
Expression Type Value
(>)=tmr_id int 0x0
v [§$pc;$sp Group-pattern 2 unique matches (Default)
» $pc void (*)() 0x4040048e
» $sp void * 0x80001490
Vv » vtable const struct metal_led_vtable * 0x40404b70
®» led_exist int (*)(struct metal_led * char *) 0x40403874
® led_enable void (*)(struct meteg! '~ * M ANANDORN
» led_on void (*)(struct met: (¥)= Variables 69" Expressions ['] Memory £3 L L ﬁ |t [£]2] <’.}==-{> Egv ¥ = 08
® led_off void (*)(struct met: Monitors 4 ¥ & 0x80000000 : 0x800000C ox Integer> 52 | <= New Renderings...
» led_toggle void (*)(struct met: I — e —
o Add now ox. grissfon el & O0x80000000 Address 0.~8 -7 8-B B-F
P 0000000080000000 FFFFFFA8  800002EC 80000354  800003BC
Name : led@_red 0000000080000010 COPOCOOD COODOODO COORODOD  BOVOLOOD
Details:@x80000fb8 <__metal_dt_led_0i 0000000080000020 (VPACOOO 0VDODORDO CDOCOBOD  BORVEROG
Default:0x80000fb8 <__metal_dt_led_ 0 0000000080000030 00000000 00000000 00000001  4040069C
Decimal:-2147479624 - : - - .
Hex: 0x80000fb8 ® @ Export Memory
Binary:100000000000000000001111101111 -
Octal : 020000007670 Format:  Plain Text %)
Start address: | 0x80000000 End address: | 0x80000010 Length: |16
File name: /Usefs/mac/SiFive/my-memory-export.hexj Browse...
@ Cancel
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Viewing registers and terminal output

<project>/bsp/design.reglist file:
[t, Project Explorer | 5! Registers £3

zero Name Value Description
ra v & General Registers General Purpose
it zero 0x0
SP [ ra |0x4040048e | |
ap 1itisp 0x80001490
iisigp 0x80001840
tp Wit 0x0
to o 0x40401212
t1 it 0x40000
lilfe2 Oxffffffff
t2 il fp 0x800014b0
1010
fp 7;7;51 0x0
s 1 o101 a0 Oxffffffff
Y Oxa
a0 Wa2 0x22
al 1itia3 0x22
a2 a4 0x22
1itia5 Oxffffffff
a3 1ifa6 ox1f
a4 iitia7 0x0
12 0x40403b10
as Name : ra
a6 Hex : 0x4040048e

7 Decimal: 1077937294

a Octal : 010020002216

s2 Binary:1000000010000000000010010001110
Default:0x4040048e <main+276>

OF Outline == Disassembly ™ Terminal 1 £3 |
(=S B EREAY Y R
SIFIVE, INC.
5555555555555555555555555
5555 5555
® @ Launch Terminal 5555
5555
Choose terminal:  Serial Terminal 555555555555555555
Satdings 5555555555555555555
: 5555
Serial port: | /dev/cu.usbserial-210319A28D950 5555
5555
. 115200
Beud rete B 555555 55555
Datasize: 8 & 555555 55555
: 5555 55555
H Noan
ot o E? 5 55555
Stop bits: 1 55555
55555
Encoding:  Default (IS0-8859-1) B8 55555
55555
55555
555555
Cancel
@ “5555
5

Welcome to SiFivel



P/, Viewing disassembly

L] sifive-welcome.c £2 = B = Outline == Disassembly 3% ™ Terminal 1 =50
} n Enter location here S HBR it <
cpu_intr = metal_cpu_interrupt_controller(cpu@); 114 if (cpu_intr == NULL) {
if (cpu_intr == NULL) { 40400478 : T as,3
printf("CPU interrupt controller is null.\n"); 4040047a: j 0x4040057a <main+512>
return 3; 116 return 3;
} 4p40047c:  auipc  a5,@x3fcOl
metal_interrupt_init(cpu_intr); 40400480 : addi a5,a5,-992 # @x8000109c <cpu_intrs>
43400484 : 1w a5,0(a5)
// display welcome banner 43400486 : mv a@,as
5 display_banner(); 40400488 : jal ra,@x4@8402132 <metal_interrupt_init>
» 119
// Setup Timer and its interrupt so we can toggle LEDs on 1s cadence AB4PRASC: jal 0x40400180 <display_banners
tmr_intr = metal_cpu_timer_interrupt_controller(cpu@); 122
if (tmr_intr == NULL) { P 4040048e: auipc  a5,@x3fcol
printf("TIMER interrupt controller is null.\n"); 43400492 - addi a5,a5,-1006 # 0x800010a0 <cpud>
return 4; 42400496 : 1w a5,0(a5)
1 43400498: mv ad,as
metal_interrupt_initCtmr_intr); 4340049%a: jal ra,0x40402092 <metal_cpu_timer_interrupt_controll:
tmr_id = metal_cpu_timer_get_interrupt_id(cpu@); 4040049%¢ : mv a4,al
rc = metal_interrupt_register_handler(tmr_intr, tmr_id, timer_isr, cpu@); 43400400 : auipc  a5,@x3fcol
if (rc < @) { 40400404 : addi a5,a5,-1032 # 0x80001098 <tmr_intr>
printf("TIMER interrupt handler registration failed\n"); 43400408 : SW a4,@Cas)
‘ return (rc * -1); 123 // Setup Timer and its interrupt so we can toggle LEDs i
} = 4B4084aa:  auipc  a5,@x3fcOl
404004ae - addi a5,a5,-1042 # 0x80001098 <tmr_intr>
U // Lastly CPU interrupt 404004b2 : 1w a5, @Cas)
if (metal_interrupt_enable(cpu_intr, @) == -1) { 404004b4 : bnez a5,0x404004c4 <main+330>
U] printf("CPU interrupt enable failed\n"); 124 tmr_intr = metal_cpu_timer_interrupt_controller(cpu@);
-— return 6; 434004b6 : auipc a@,0x4
I]: } 404004ba:  addi  a@,a@,1430 # @x40404a4c
_— 434004be: jal 0x4040060e <puts>



Py Using Freedom E SDK

e Required
o GNU Make and Git

o Download RISC-VGNU Embedded Toolchain
o Download RISC-V OpenOCD or Install Segger J-Link Software*
o Download and build QEMU from its git repo
e Clone Freedom-E-SDK
o gitclone --recursive https://github.com/sifive/freedom-e-sdk.git
o cd freedom-e-sdk
m set RISCV_PATH=/home/tools-path/riscv64-unknown-elf-gcc-8.2.0-2019

e Building an Example
make PROGRAM=hello TARGET=gemu-sifive-e31 software
e Run Example

make simulate PROGRAM=hello TARGET=qemu-sifive-e31

coremark

dhrystone

empty

example-itim
example-pmp
example-spi
example-user-mode
example-user-syscall
local-interrupt
multicore-hello
return-fail
return-pass
sifive-welcome
software-interrupt
test-coreip
timer-interrupt




P, How Freedom E SDK use Freedom Metal?

make simulate PROGRAM=hello TARGET=gemu-sifive-e31

DTS

E

hello.c

P RISCV



P/, DTSfile - design.dts

Device Tree Source file (DTS) that describe the physical devices of a design or hardware.

Label _l .
L14: soc {

i Node name L10: axi4-sys-port@40000000 {
L15: “S|§ Unit address compatible = "sifive,axi4-sys-pc
: = @01 Property name .
1 $epu * o Property value L1: interrupt-controller@c000000 {
iscv,isa = "rvedimafdc"; . "o .
. . compatible = "riscv,plic0";
riscv,pmpregions = <8>;
h L2: clint@2000000 {
compatible = "riscv,clint0";
L11: axi4-periph-port@ZOOOOOOO{ L5: |t|m@1800000 {

port";

L RISC

compatible = "sifive,axi4-periph-port", sifive,peripi&bmpatible = "sifive sram0":

“1%‘*5 = <O RIEBOLAI VRN, Length

sifive,port-width-pytes 2 &8s - each 32 bits value)

h . .
L5: itim@21800000 { L8: globaI-e)fterna!l-lp'.cerrupts {
. i " compatible = "sifive,global-exte
compatible = "sifive,sram0"; )
interrupt-parent = <&L1>;

reg = <0x1800000 0x8000>A 44 ess Len gth

reg-names = "mem"; (tyq cells 32 bits value) A phandle
b (reference to a nod




: 4 DTS toBSP Files

compatible = "sifive,bullet0", "riscv";
d-cache-size = <32768>;

riscy,isa = "rvé4imafdc";

. interrupt-controller {
compatible = "riscv,cpu-

intc";

settings.mk

COREIP_ME@_WIDTH=64

metal.default.lds
OUTPUT_ARCH("riscv"

_ _ Interrupt-controller;
L11: axi4-periph-port@20000000 {

compatible = "sifive,axi4-
ranges = <0x20
0x20000000>;

i sifive,port-width-bytes = <8>;
L1: interrupt-controller@c000000 {

comicO";
U interrupts-extended = <&L4
El1>;
X

reg = <0xc000000 0x4000000>;
|
[V

D #tinclude

ority = <7>;
riscv,ndev = <127>;

MEMORY
{

ram (wxa!ri) W
0x20000000

flash{rxattw) —ORIGIN="0%20000000, tENGTH=
0x20000000 metal.h

#define METAL_RISCV_PLICO_C000000 RISCV_NDEV 128UL
static inline int _metal_driv

static inline int __metal_drivel_cpu_num_pmp_regions(.
static inline int __metal_driver_sifive_plicO_num_interrupts(...)

{

<return METAL_RISCV_PLICO_C000000_RISCV_NDEV;




P/, Metal Library referencing BSP Files

Metal header files and settings.mk referenced by Freedom-Metal library during build for a design

(TARGET).

See freedom-e-sdk/bsp/<target>/install/lib/release/libmetal.a

freedom-metal/src/pmp.c
static int _pmp_regions() {

return __metal_driver_cpu_num_pmp_regions(current_cpu);

}

int metal_pmp_set_region(struct metal_pmp
unsigned int region, ...

{

if(region > _pmp_regions()) {

freedom-metal/src/driver/riscv_plic0.c
void __metal_driver_riscv_plicO_init (...)

{
for(int parent = 0; parent< __METAL PLIC_NUM_PARENTS;
Aum_interrupts =

__metal_driver_sifive_plicO_num_interrupts(...);
intc=——metal driver_sifive_plicO_interrupt parents{:.);

2

L 1 L. W o3 o - L i \
TS 75 — 2 aVatdal B e ldilVial dil ek d iV el E il B Ik dalad Bl as S il e VaYel i 1T+

metal.h & metal-platform.h
#include <metal/memory.h>
#include <metal/drivers/riscv_cpu.h>
#include <metal/drivers/riscv_plic0.h>
#include <metal/pmp.h>

#define _ METAL_PLIC_NUM_PARENTS 1
#define METAL_RISCV_PLICO_C0O00000_RISCV_NDEV 128UL
static inline int __metal_driver_cpu_hartid(...)
static inline int __metal_driver_cpu_num_pmp_regions(...)
ottt
static inlinedrt”_metal_driver_sifive_plicO_num interrupts(...)
{

return METAL_RISCV_PLICO_C0O00000_RISCV_NDEV;
}
static inline struct metal_interrupt *
__metal_driver_sifive_plicO_interrupt_parents(...)
{

if (idx==0) {

return (struetimietal_interrupt

—%\ 0 I T N R - W I T T T | [ T |



P, Allowing for Portable Software

int main (void)

{ design.dts
led@0red {

compatible ="sifive,gpio -

struct netal _led *ledO_red;

struct netal _cpu *cpuO; leds":

o | struct netal _interrupt *cpu_intr label = "LDOred";

[7)] q

O |int tmr_id; gpios = <&L8 0>;
23 ’
< : /1 Let's get start with getting LEDs and turn only RED ON
E“g led0_red = metal_led_get_rgb ("LDO", "red");
O2Z2 | nmetal _led_enable(ledO_red);

netal _led_on(ledO_red);

/ Let's get the CPU and and its interrupt
cpu0 = netal _cpu_get(0);

1=
-
O
l_ Ll
% g cpu_intr = netal _cpu_interrupt_controller(cpu0)
(&) E metal interrupt_init(cpu_intr);
L
83\ / Setup Tinmer and its interrupt
>.g' 0.1:.\ nr _intr = metal_cpu_timer_interrupt_controller
lgg tal _interrupt_init(tnr_intr);
.
U g % nr _id = metal_cpu_timer_get_interrupt_id (cpu0);
U]'; T ¢ = netal _interrupt_register_handler(tnr_intr, tnr_id,
zg

—

r_isr, cpu0);




Linux



P/, Linux Distributions and FreeBSD - Early Support

»

FreeBSD.

PLRISC-V



P, FedoraonRISC -V

Through the works of David Abdurachmanov
e ~20% of Fedora packages built for RISC-V ‘ red h at
® Pre-build images available for Qemu and HiFive Unleashed

©  Build farm running, producing nightly images

e Nosigned RPM yet

Fedora build boards
e Noimages for Fedora Workstation/Server e R

Want to know more/get involve, see
®*  https://fedoraproject.org/wiki/Architectures/RISC-V

Interest to try it out,
e Self Hosting images available

fedord®

®*  https://fedoraproject.org/wiki/Architectures/RISC-V/Installing

L RISC
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P RISC-\

peiceniage af packages

Debian Distro Package Build Status

What percent is built foreach achitecture (past two weeks)

3
I~ r~

2019570

019575

2019580

2A19.555

date

2019390

2019595

2019800

)
2019605

Iy
e
v

% p

ﬁlpha'
a
484
mﬁasl:&
rigccvM

Open Software on Open Hardware
RISC-V Debian Port Goals

—  Software-wise, this port will target
the Linux kernel

—  Hardware-wise, the port will target
the 64-bit variant, little-endian

84% of all Debian packages

Debian Distro runs on HiFive
Unleashed with SiFive Freedom
U540 SoC

No Debian installer yet

See Freedom-U-SDK for current,
Buildroot based
https://github.com/sifive/freedom-
u-sdk

https://wiki.debian.org/RISC-V
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Linux Boot Flow

ROM
(Zero stage Boot)

i

lchesonthe  [------

EL (DI
Fu540-c000-boot spi WalesaL (NAND or uSD card)

irst stage Boot)
DTS i

U-Boot SPL

A small version of U-Boot which

later loads full U-Boot)

DTS

BBL Op

Main-Hart Harts Main-Har]

Linux Kernel

Linux Kernel
Early Boot

Linux Kernel

setup_arch
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Linux Boot on the FU540

Zero Stage Bootloader (ZSBL): Mask ROM
e Reset vector of all harts, baked into a mask ROM on die
® Looks at DIP switches and loads a partition from the SPI flash (or SD card in a recovery mode)
First Stage Bootloader (FSBL): SPI Flash
® Loaded from SPI flash into the L2 LIM
e |Initializes the DRAM, Ethernet, and PRCI (clock controller)
® Loads a bootloader from the SD card
Berkeley Boot Loader (bbl - First stage bootloader)
e Runs in machine-mode
e Filters the device tree for Linux (disables the S51 hart)
e Contains trap handles for unimplemented instructions
o rdtime, which traps to the CLINT
O  Floating-point on systems without hardware FP
e Contains an SBl implementation, which says resident during Linux
o Handles remote fences and IPIs via the CLINT

o Helper functions for an early debug console
® Loads a flat binary Linux image



R4

PLRISC-V

RISC-V Linux Early Boot

Linux boots expects the system to be in the following state

a0 contains a unique per-hart id

al contains a pointer to device tree, as a binary flattened device tree (DTB)
Memory is identity mapped

The kernel's ELF image has been loaded correctly

Handle impedance mismatch between RISC-V spec and what Linux expects
Perform "hart lottery," which is a very short AMO-based sequence that picks the
first hart to boot, while the rest spin, until they can proceed

Proceed with a fairly standard Linux early boot process:

A linear mapping of all physical memory is set up, with PAGE_OFFSET as the
offset

Paging structures are initialized and then used (BBL boots with paging enabled)
The C runtime is set up, which includes the stack and global pointers

A spin-only trap vector is set up that catches any errors early in the boot process
start_kernel is called to enter the standard Linux boot process



</

P RISC-

RISC-V Linux setup_arch

Unconditionally enable the EARLY_PRINTK console via the SBI

When kernel command line is parsed, and the early arch-specific options are
dealt with, user can only control the amount of physical memory actually used
by Linux

The device tree's memory map is parsed in order to find the kernel image's
memory block, which is marked as reserved. The rest of the device tree's
memory is released to the kernel for allocation

The memory management subsystem is initialized, only ZONE_NORMAL is
support

Any other hart in the system is woken up

Processor's ISA is read from the device tree, which is used to fill out the HWCAP
field in the ELF auxvec. This allows userspace programs to determine what the
hardware they're executing on looks like. Homogeneous ISA is assume

Return control back to the upstream kernel code



L2 Getting Started

e Freedom Studio from

- Download Freedom Studio — v218.05.0

SiFive.com
o or Freedom E SDK & Metal
e RISC-V on Qemu
o https://risc-v-getting-started-
guide.readthedocs.io/en/latest/index.
html -
o sw-dev@groups.riscv.org .

To coglolFi eI ffeenode ‘ Ay ._:":'5‘5::??:f:‘ff.::ff-i:W'

git clone https://git.gemu.org/git/gemu.git
cd gemu

git submodule init é E M U

./configure --target-list=riscvé64-softmmu

n't open '/dev/mise/rte’: No such file or directery
1loge/klogd: dese

L}

~tisdard &3 S0 Tor Mar 13 22:4%:99 UTC 2818 rizovid OM/Lina

3" or “license* for more information.

LA CUNN Lyur e
make L

b RISC
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