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Focus of this tutorial nnperas

RISC-V is changing the options that SoC designers have in their tool kits

RISC-V means many teams are designing new processors, or modifying source of
processors

For RISC-V anybody can be ‘an architecture licensee’
And every CPU needs verifying... in detail... (its not like buying in pre-verified IP)

Many people are new to CPU DV for the first time
Traditionally done behind closed doors in commercial/proprietary companies

This presentation aims to introduce the main approaches of RISC-V CPU DV

And discusses pros and cons of the different approaches
Also it introduces the main components needed in any RISC-V processor DV environment
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RISC-V processor verification tutorial
Items to be covered, main takeaways Wﬁﬂ@e ras

Introduction to RISC-V

Overview of the issues when verifying the design of a RISC-V CPU
Different approaches to verifying a RISC-V CPU

Main components of a verification testbench

Introduction to simulators for RISC-V CPUs

Use of various virtual platform components in verification
Discussion of different reference model requirements
Introduction to instruction stream generators

Status of RISC-V compliance and its relationship to verification
Pointers to some useful architectural validation test suites
Understanding a complete SystemVerilog testbench via a detailed walk through demonstration

2022
DESIGN AND VERIFICATION ™
DVCON
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Introduction to Imperas

Involvement with RISC-V IME@e ras

Imperas develops simulators, tools, debuggers, modeling technology, and models to help embedded systems developers
get their software running...

...and hardware developers get their designs correct

14+ years, self funded, profitable, UK based, team with much EDA (simulators, verification), processors, and embedded
experience

Staff worked in Arm, MIPS, Tensilica, Cadence, Synopsys

and in verification in EDA on development of Verilog, VCS, SystemVerilog, Verisity and their methodologies
Started work with customers on RISC-V in 2017

Contributed to RISC-V compliance since 2018, RISC-V DV since 2019

Our RISC-V focus is CPU verification

We provide configurable reference models, the fastest highest quality simulators, advanced development tools and the
absolute best solution for RISC-V hardware design verification

20+ of the leading RISC-V CPU developers use and rely on Imperas solutions

2022 WWww.imperas.com www.OVPworld.org
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http://www.imperas.com/
http://www.ovpworld.org/

_
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Agenda

* Brief Introduction to RISC-V
* RISC-V CPU HW DV approaches
* Components of RISC-V CPU DV environment
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Agenda Innperas

Brief Introduction to RISC-V
RISC-V CPU HW DV approaches
Components of RISC-V CPU DV environment

For each topic and item we will try to introduce, explain, even demo
technologies and products that are available — to give you a feeling of

current state-of-the-art
We will also introduce and walk through some open source solutions
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* Brief Introduction to RISC-V
* RISC-V CPU HW DV approaches
* Components of RISC-V CPU DV environment
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=¥ RISC-V History Ihnperas

\X/IKIPFDIA

The Fre

RISC-V (pronounced "risk-five" ) is an open standard instruction set architecture
(ISA) that began in 2010 and is based on established reduced instruction set

computer (RISC) principles

Unlike most other ISA designs, RISC-V is provided under open source licenses
that do not require fees to use

The project began in 2010 at the University of California, Berkeley, but now
many current contributors are volunteers not affiliated with the university

Unlike other academic designs which are typically optimized only for simplicity
of exposition, the designers intended that the RISC-V instruction set be usable

for practical computers
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RISC-V == Freedom... nperas

Freedoms enabled by RISC-V are a huge opportunity

IIIIIIIIIIIIIIIIIIIIIII
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RISC-V == Freedom... Innperas

Freedoms enabled by RISC-V are a huge opportunity

Freedoms enabled by RISC-V are a huge challenge
for verification

the largest change in the industry since? ...
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Challenges in RISC-V CPU DV llp€ras

Feature selection and choices require serious consideration due to implications of
every choice

Experienced architecture teams know the costs associated with every feature
Every addition dramatically increases (doubles ?) verification & compounds verification complexity
Costs of simple added feature can be huge —and unknown to inexperienced teams
Adds schedule, resources, quality costs == big risks...

As of 2021, No off-the-shelf toolkit/products available for DV of processors

No EDA vendor has ‘RISC-V CPU DV kit” product
There are in-house proprietary solutions in CPU developers... Intel, AMD, Arm, ...
Building your own adds schedule, resources, quality costs —and risks

Current SoC cost is 50% for HW DV (with CPUs bought in as proven IP)

Developing own CPU adds huge DV incremental schedule, resources, quality challenges

NNNNNNNNNNNNNNNNNNNNNNN
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Agenda Innperas

Brief Introduction to RISC-V
Processor DV project timeline
RISC-V CPU HW DV approaches

Components of RISC-V CPU DV environment
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A CPU HW DV project timeline l[ﬁ]DE@eras

Source/build/hire/allocate the expert team to do the work...

Focus on what needs to be verified — develop measurement metrics
Develop Verification Plan (and measurement metrics)

Determine EDA tools and models and methods to be used

Simulation choices: open source, commercial, bespoke, SystemVerilog, UVM, FPGA,
Emulation, ...

Formal...

Get tools, verification IP (VIP), testbenches, models in place

Obtain tests, create tests

Generate huge number of (constrained random) tests

Verify, triage and fix issues, continue...

... continue while measuring until functional and code coverage metrics reached
Benchmark, soak and integration testing

NNNNNNNNNNNNNNNNNNNNNNN
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Agenda Innperas

Brief Introduction to RISC-V
RISC-V CPU HW DV approaches
Components of RISC-V CPU DV environment

During this section, several components will be mentioned... like ISS, and
ISG — these may be introduced as we go, or may be discussed in more
detail in later sections of this tutorial
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Agenda Innperas

Brief Introduction to RISC-V

RISC-V CPU HW DV approaches
#0 “hello world” test
#1 self checking tests (e.g. Berkeley torture tests pre2018)
#2 Post simulation trace log file compare (e.g. Google riscv-dv 2019)
#3 sync-lock-step-compare (e.g. CV32E40P in OpenHW 1H 2020)
#4 async-lock-step-compare (e.g. CV32E40P in OpenHW 2H H2020)
#5 test bench use of standards (RVVI) (e.g. CV32E40X/S in OpenHW 2021)

Components of RISC-V CPU DV environment
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Agenda Innperas

Brief Introduction to RISC-V

RISC-V CPU HW DV approaches
#0 “hello world” test
#1 self checking tests (e.g. Berkeley torture tests pre2018)
#2 Post simulation trace log file compare (e.g. Google riscv-dv 2019)
#3 sync-lock-step-compare (e.g. CV32E40P in OpenHW 1H 2020)
#4 async-lock-step-compare (e.g. CV32E40P in OpenHW 2H H2020)
#5 test bench use of standards (RVVI) (e.g. CV32E40X/S in OpenHW 2021)

Components of RISC-V CPU DV environment

Note that not all projects have the same requirements, schedule or verification
needs — so each project’s DV needs may / will differ

NNNNNNNNNNNNNNNNNNNNNNN
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Agenda Innperas

Brief Introduction to RISC-V

RISC-V CPU HW DV approaches
#0 “hello world” test
#1 self checking tests (e.g. Berkeley torture tests pre2018)
#2 Post simulation trace log file compare (e.g. Google riscv-dv 2019)
#3 sync-lock-step-compare (e.g. CV32E40P in OpenHW 1H 2020)
#4 async-lock-step-compare (e.g. CV32E40P in OpenHW 2H H2020)
#5 test bench use of standards (RVVI) (e.g. CV32E40X/S in OpenHW 2021)

Components of RISC-V CPU DV environment
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#0: ‘Hello World’ DV Innperas
hello.elf | —>—> “hello”

“if | can get a program to run —then my DV is done... right?”
“my DV challenge is sorted if | can get Linux to boot on my design...”

Basically this level of DV is where developer feels if they can get their current
compilation of their current program to run (through one path) - then their silicon

design job is done

This may be fine for test chips, research, academic, hobbyists, but NOT for products
This approach is often due to lack of knowledge or interest in quality, ...

DESIGN AND VE%..—O.C%r%N
DVGCON
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‘Hello World’ DV Imperas

This requires either an HDL simulator, or an FPGA, or some silicon, and a test
harness of some form to allow it to run programs...

This is not DV!

IIIIIIIIIIIIIIIIIIIII o

DVCON

NNNNNNNNNNNNNNNNNNNNN

Page 25 © Imperas Software Ltd. Q1 2022



Agenda Innperas

Brief Introduction to RISC-V

RISC-V CPU HW DV approaches
#0 “hello world” test
#1 self checking tests (e.g. Berkeley torture tests pre2018)
#2 Post simulation trace log file compare (e.g. Google riscv-dv 2019)
#3 sync-lock-step-compare (e.g. CV32E40P in OpenHW 1H 2020)
#4 async-lock-step-compare (e.g. CV32E40P in OpenHW 2H H2020)
#5 test bench use of standards (RVVI) (e.g. CV32E40X/S in OpenHW 2021)

Components of RISC-V CPU DV environment
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* Run RTL DUT in testbench
P e } * (no real testbench)
* Just loads & runs the test program

#1. Simple (results) check (1a)

Application » Testbench
<cross> ol & RTL

* Each test program checks its results
go/no go test
* Prints message to log
* or writes bit to memory

CONFERENCE AND EXHIBITION
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#1: Simple (results) check (1b)

(use e.g. riscvOVPsim ISS from GitHub)

Application > Testbench
<cross> ol &RTL

b > et passed™ }

- OVD PIRISC-V imperas

CPU model
varised selecticon and
configuration

P > 3
U+ o Sgnature Fle
Semihosted
Fie 11O

Imperas rniscvOVPsim Compliance Simulator

file compare

CPU model
varised saleclicon and
configuration

v

App e ston > Testbench y RISCV.org
“crose> i &RTL Signature File
2022
......................
DVCON
NNNNNNNNNNNNNNNNNNNNNNN
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Imperas

Run RTL DUT in testbench

(no real testbench)
Just loads & runs the test program

Either

Each test program checks its results
go/no go test
Prints message to log

or writes bit to memory

\ Or, then run ISS, write log or signature file

Compare/diff file results (afterwards)

This is the approach taken by RISCV
International for their architectural validation
(“compliance tests”)

Q1 2022



#1: Simple check Innperas

(use e.g. riscvOVPsim ISS from GitHub)

Summary

Very simple, needs basic ISS, and tool chains

Free ISS: https://github.com/riscv-ovpsim
Free compiler: https://github.com/Imperas/riscv-toolchains

Basic bring up
Good for simple test runs

Basic functionality testing
Still need accurate, configurable, version selectable, complete, reference model

Not a robust DV solution

IIIIIIIIIIIIIIIIIIIIIII
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https://github.com/Imperas/riscv-toolchains

Agenda Innperas

Brief Introduction to RISC-V

RISC-V CPU HW DV approaches
#0 “hello world” test
#1 self checking tests (e.g. Berkeley torture tests pre2018)
#2 Post simulation trace log file compare (e.g. Google riscv-dv 2019)
#3 sync-lock-step-compare (e.g. CV32E40P in OpenHW 1H 2020)
#4 async-lock-step-compare (e.g. CV32E40P in OpenHW 2H H2020)
#5 test bench use of standards (RVVI) (e.g. CV32E40X/S in OpenHW 2021)

Components of RISC-V CPU DV environment
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#2: Entry Level DV: post-sim trace-compare
(use e.g. riscvOVPsimPlus ISS from OVPworld)

Design Venfication using Co-Sim with reference model

QT\ Swndxce

2o Open sowce Stresstul Transaction & Instructian Ganerasor (STIG)
SystemVeriog desgn « UV simwiator for RTL
Iaperas Modal and simudation gelden refarsnce of RISC-V CPU
B il

0 lLiAnce @' wRISC 8} opentitan

Imperas

* use random generator (ISG) to create tests
* during simulation of ISS write trace log file
* during simulation of RTL write trace log file

* at the end of both runs, run logs through
compare program to see differences / failures

* |ISS: riscvOVPsimPlus includes Trace and

CPU moded
variant selection and
configuration

v
Application l
o e

Semihosted
File 1iO

2022 Imperas riscvOVPsimPlus Reference Simulator

CONFERENCE AND EXHIBITION
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GDB interface

* Free ISS: https://www.ovpworld.org/riscvOVPsimPlus

* ISG: riscv-dv from Google Cloud / Chips
Alliance
* Free ISG: https://github.com/google/riscv-dv

© Imperas Software Ltd. Q1 2022


https://www.ovpworld.org/riscvOVPsimPlus
https://github.com/google/riscv-dv

Note This is
not co-sim...

Imperas

* Process
* use random generator (ISG) to create tests
* during simulation of ISS write trace log file
* during simulation of RTL write trace log file

* at the end of both runs, run logs through
compare program to see differences / failures

2 Open sowrce Stresstul Transaction & Instruction Ganeratar (STIG)

SystemVeriog desgn « UV simuistor for RTL

Iperas Modal and simutation gelden refarsnce of RISC-V CPU
il

mes . .
AlI.IANBE @' WRISC 3 opentitan * |ISS: riscvOVPsimPlus Includes Trace and
GDB interface
vml:El:;.:c?:h::nd * Free ISS: https://www.ovpworld.org/riscvOVPsimPlus

* ISG: riscv-dv from Google Cloud / Chips

Vv
'm‘ *"""l Alliance
& I .

Free ISG: https://github.com/google/riscv-dv

Semihosted
File 1iO

2022 Imperas riscvOVPsimPlus Reference Simulator

DESIGN AND VERIFICATION ™

DVDCIN
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https://www.ovpworld.org/riscvOVPsimPlus
https://github.com/google/riscv-dv

#2: Entry Level DV: post-sim trace-compare
(use e.g. riscvOVPsimPlus ISS from OVPworld) IME@e ras
Summary
Compares files created after test runs
Can be signature, logging, or instruction trace

Can use random ISG as no need to know expected results...

Usually the easiest method to implement (dependent on tracing formats)
Capture of program flow (monitor the PC)
Capture of program data (monitor the Registers)

Potentially very large data files

Potential for wasteful execution (if early failure)

Will not work for on async events, control flow, or hardware real time effects, MP, 00O, multi-issue, ...
Not a robust DV solution for commercial cores

ggR ebn age with Imperas for licenses of reference models and optional development to add customer own instructions,
, behaviors

2022
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Agenda Innperas

Brief Introduction to RISC-V

RISC-V CPU HW DV approaches
#0 “hello world” test
#1 self checking tests (e.g. Berkeley torture tests pre2018)
#2 Post simulation trace log file compare (e.g. Google riscv-dv 2019)
#3 sync-lock-step-compare (e.g. CV32E40P in OpenHW 1H 2020)
#4 async-lock-step-compare (e.g. CV32E40P in OpenHW 2H H2020)
#5 test bench use of standards (RVVI) (e.g. CV32E40X/S in OpenHW 2021)

Components of RISC-V CPU DV environment
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#3: Industrial Quality Sync DV
(sync-lock-step-compare)

* Tandem Iocksteﬁ) run — both reference and DUT
run together in lock step

> Not very complex to obtain, set up

* Compare PC, CSRs, GPRs, other internal state —
instruction by instruction

* No requirement on data saving
* No requirement on known good results in test

* Will not work for async events and control flow,
...—itis all about the data flow

* [OpenHW evolved into using async — see later
slides]

2022
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DVCON
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d i iy amour.
1 f OPENHWT

Example flow:

Coverage Driven Verification of OpenHW CORE-V
Processors with Imperas RISC-V Golden Reference Model

SvstemVerile e

SystemVerilog TestBench \

s | :
UvMm ’ %
h VO ¢ ¢
v/

’ - Comol
COREYV
DUT:- CV32/64 RISC-V RTL -
Step
——
- &
i o Comparg
Rel D ks log
= Imperas
UVYM RISC-V Reference Modal
y,
- WRge sherte

« SystemVerilog UVM Step and Compare flow using Imperas Reference Model
* Imperas OVP model is encapsulated into SystemVerilog testbench module
* Control block - steps both CPUs, extracting data and comparing results

Page 35 © Imperas Software Ltd.
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#3: Industrial Quality Sync DV Imperas
(sync-lock-step-compare)

Summary

Instruction by instruction lockstep comparison (excludes async events)
Comparison of execution flow
Comparison of program data
Comparison of programmers and internal state

Immediate comparison
Allows for debug introspection at point of failure — very powerful
Does not waste execution cycles after failure

Will not work for async events, control flow, or hardware real time effects, ...
Not too hard to develop & set up (depends on RTL DUT tracer features)

Lock-Step / Compare is by far the best and most efficient approach
But does not address async events (see level #4)

Need to engage with vendors such as Imperas for licenses of reference models and optional development to add
customer own instructions, CSR, behaviors

2022
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Agenda Innperas

Brief Introduction to RISC-V

RISC-V CPU HW DV approaches
#0 “hello world” test
#1 self checking tests (e.g. Berkeley torture tests pre2018)
#2 Post simulation trace log file compare (e.g. Google riscv-dv 2019)
#3 sync-lock-step-compare (e.g. CV32E40P in OpenHW 1H 2020)
#4 async-lock-step-compare (e.g. CV32E40P in OpenHW 2H H2020)
#5 test bench use of standards (RVVI) (e.g. CV32E40X/S in OpenHW 2021)

Components of RISC-V CPU DV environment
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#4: Industrial Highest Quality Async DV

(async-lock-step-compare)

* Builds on & extends Industrial Quality
sync-lock-step-compare DV

» Adds focus on async capabilities

* Depending on design this can include: 000, MP,
debug mode, interrupts, multi-issue, ...
*  Example SystemVerilog Components

* tracer: Reports instructions for checking and register
writebacks

* step_and_compare: Manages the reference model and checks
functionality

* interrupt_assert: Properties for interrupt coverage/checking
+ debug_assert: Properties for debug coverage/checking

* Typically hard, complex, and expensive to get
working

* Challenge is extracting async info from micro-
architecture RTL pipeline

* See latest developments with RVVI and ImperasDV

DESIGN AND VERIFICATION ™

DVCON

CONFERENCE AND EXHIBITION
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¢ il
a5 1P 8 N
Example flow: ==z§? OPENHW
£ HOCCu=ECN
I
Toolchain mvoked ‘ DR a :
by Makefite “ DT it BVAS - Re-use Assertions|
T 2R, from
-dmm‘” - COREV |D¢$'9" team
+—+CV32E40P RTL Compare all CSRs,
corev-dv ; : : GPRs and PC
| Same test-program Functional Debug Intermupt - Seoreboard
| Most test-runs use on core and ISS | Coverage Agent Agent
“corev-dy”, extended :
from riscyv-dv I i- :E“eras 0’
Verification Plan is the spec Reference Model
for functional coverage moded
Async Debug
Dpertth Grown aﬂd 'ﬂtWUDQS

© Imperas Software Ltd.

2"d generation CV32E40P OpenHW flow (2H2020)
(Imperas model encapsulated in SystemVerilog)
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#4. Industrial Highest Quality Async DV
(async-lock-step-compare) IME@eras

Summary

Instruction by instruction lockstep comparison (includes async events)
Comparison of execution flow, of program data, of programmers and internal state

Immediate comparison
Allows for debug introspection at point of failure — very powerful
Does not waste execution cycles after failure

Includes focus on async events, control flow, and hardware real time effects

Can be hard to develop & set up (depends on RTL DUT tracer features and pipeline understanding)

See latest development for RVVI and ImperasDV

Can be expensive in terms of time, resources, licenses and costs a lot per bug found

But the bugs are even more expensive if not found early enough...

Lockstep / Compare is by far the best and most efficient approach (industry ‘gold standard’)

2022
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Agenda Innperas

Brief Introduction to RISC-V

RISC-V CPU HW DV approaches
#0 “hello world” test
#1 self checking tests (e.g. Berkeley torture tests pre2018)
#2 Post simulation trace log file compare (e.g. Google riscv-dv 2019)
#3 sync-lock-step-compare (e.g. CV32E40P in OpenHW 1H 2020)
#4 async-lock-step-compare (e.g. CV32E40P in OpenHW 2H H2020)
#5 test bench use of standards (RVVI) (e.g. CV32E40X/S in OpenHW 2021)

Components of RISC-V CPU DV environment
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Agenda Innperas

Brief Introduction to RISC-V

RISC-V CPU HW DV approaches
#0 “hello world” test
#1 self checking tests (e.g. Berkeley torture tests pre2018)
#2 Post simulation trace log file compare (e.g. Google riscv-dv 2019)
#3 sync-lock-step-compare (e.g. CV32E40P in OpenHW 1H 2020)
#4 async-lock-step-compare (e.g. CV32E40P in OpenHW 2H H2020)
#5 test bench use of standards (RVVI) (e.g. CV32E40X/S in OpenHW 2021)

Digression into why we need standards...

Components of RISC-V CPU DV environment
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Challenges moving forward — the need for

standards

* There are many different components needed:

* DUT & its encapsulation

_
mperas

‘tracer’ information
Control

* Reference model & its encapsulation
* Configuration
*  Comparisons
* Synchronization
* Asynchronous operations
*  Control
* Functional coverage measurement & assertions

* Test bench
* Configuration
¢ Overall control
*  Scoreboarding
* Reporting / Logging
* Tests (directed or generated)
*  Program linker scripts and binary file reader

* And each component has different interfaces and

requirements on the interfaces

DESIGN AND VERIFICATION ™

DVCON

CONFERENCE AND EXHIBITION
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‘ i’oolchaln tnvﬁket.i' -
by Makefite Re-use Assertions|
from ’
e bt
Compare all CSRs,|
cotev-dv ; ‘ 3 GPRs and PC
Sama test-program Functional Debug Intermupt Scoreboard
| Most test-runs use on core and ISS I Coverage Agent  Agent
| “corev-dv”, extended ESEE : :
from riscy-dv |_ 'l':ﬁ,.eras 7?'
Verification Plan is the spec Reference Model
for functional coverage mode
Async Debug
O Opert N Growp and Interrupts
2 generation CV32E40P OpenHW flow (2H2020)
Q1 2022
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_
mperas

Challenges moving forward — the need for
standards

* There are many different components needed:

* DUT & its encapsulation
*  ‘tracer’ information
*  Control

* Reference model & its encapsulation . — |
. . . Toolchain invoked
Configuration by Makefie Re-0ss Aasaions)
*  Comparisons from
* Synchronization | '-mfr lmloam
* Asynchronous operations ' Compare all CSRs,
*  Control corev-dv . . . GPRs and PC
* Functional coverage measurement & assertions | Most test-runsuse g0 corg and ISS Coverage  Agent ~ Agent
- Test bench corev-dy”, extended : 3
. . | f'an "“V'dv !_ l-, :{_;"eras Q(
*  Configuration Verification Plan is the spec Reterence Model
o for functional coverage mode
Overall con'FroI 9 e Doy
° Scoreboa rd|ng b G and Interrupts

* Reporting / Logging

*  Program linker scripts and binary file reader

* And each component has different interfaces and
requirements on the interfaces It would be a disaster for RISC-V if

every design team had to re-invent
everything...

DESIGN AND VERIFICATION ™

DVCON

CONFERENCE AND EXHIBITION
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Why need standard interfaces? lP€ras

There are many blocks required in DV solutions
They all have different interfaces and these interfaces need defining

They may come from different developers / suppliers
They may be used in different projects and processor configurations / generations

If standards exist, then verification IP can be created and licensed

Goals when developing standard interfaces:
block re-use
common ways to do things
quick start-up
efficiency

NNNNNNNNNNNNNNNNNNNNN
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Why adopt a standard? I[ﬁID[@eI'aS

You have to use some interfaces

No need to re-invent on your own — they do not need to be proprietary
RVVI is an open standard available on GitHub

RVVI (and its predecessor) have already been flushed out and are in use
There is no downside to adoption

Upside to adoption: potentially make use of other tools / code

What tools / technologies can potentially be (re)used
Encapsulation of reference models

Test benches & test bench components (including onward connection to reference models)
Functional coverage & assertions

Log file writer

Signature file writer (for RISC-V compliance testing)

NNNNNNNNNNNNNNNNNNNNNNN
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RVVI: RISC-V Verification Interface im@eras
History

This RVVI work has evolved from over 2 years experience
Imperas, EM Micro, and SilLabs, ..., working with several RISC-V verification projects

Collaboration with OpenHW Group (https://github.com/openhwgroup/core-v-verif)
Re-usable test bench for Core-V range of open-source RISC-V cores

Also... there was previously the RISC-V Formal Interface (RVFI) — targeting formal tools
https://github.com/SymbioticEDA/riscv-formal

Interface for providing observation into a running core by streaming what is executing on the core (i.e. the basic trace data / functionality)
For quality RISC-V processor DV more is needed (than RVFI)

And each user needs to extend it with proprietary extensions (which is not the right approach...)
The RVVI-VLG interface has some parts very similar to the RVFI

RVVI-VLG can be thought of as an updated superset of RVFI

IIIIIIIIIIIIIIIIIIIIII
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https://github.com/openhwgroup/core-v-verif

Agenda Innperas

Brief Introduction to RISC-V

RISC-V CPU HW DV approaches
#0 “hello world” test
#1 self checking tests (e.g. Berkeley torture tests pre2018)
#2 Post simulation trace log file compare (e.g. Google riscv-dv 2019)
#3 sync-lock-step-compare (e.g. CV32E40P in OpenHW 1H 2020)
#4 async-lock-step-compare (e.g. CV32E40P in OpenHW 2H H2020)
#5 test bench use of standards (RVVI) (e.g. CV32E40X/S in OpenHW 2021)

Components of RISC-V CPU DV environment

NNNNNNNNNNNNNNNNNNNNNNN
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#5 Evolving to use developing

standards (RVVI) nnperas

Use bespoke tracer+control, (RVVI or proprietary) for

\ Interface to DUT RTL Use RVVI for

/ interface to reference Model

“Tracer” N N
RISC-V (RVVI) Testbench, control, e
Core sequencing, comparing,
.I:
(DUT) scoreboard Rvivi rel\;(;(ejre\i:e
. (SystemVerilog)
RWI) | “

Focus is on developing standard interfaces between components
Allows reuse
Allows development of independent VIP

Two main components to consider
DUT

5020 Reference model

DESIGN AND VERIFICATION ™

DVCON
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RVVI: RISC-V Verification Interface
(driven by RISC-V DV usage)

_
Imperas

RISC-V
Core
RTL

(DUT)

Tracer -

RWVI-VLG

* https://github.com/riscv-verification/RVVI (Public Open Standard)

async
RWVI-VLG

* RVVI-VLG
\erilog DUT interfaces
* RVVI-VLG state — streaming ‘tracer’ data
* RVVI-VLG nets —implementation dependent (Interrupts, Debug)

* Handles multi-hart, multi-issue, Out-of-Order

RVVI-API

* RVVI-API

* Controls DV subsystem and reference model
Reference - C/cet
Model *  SystemVerilog

* RVVI-VPI (work-in-progress (Feb. 2022))

Test bench virtual * Virtual Peripheral Interfaces

peripherals
RVVI-VPI

2022

DESIGN AND VERIFICATION ™

DVCON

CONFERENCE AND EXHIBITION
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* timers, interrupts, debug, random, printer/uart, ...
* Verilog and C macros & examples
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https://github.com/riscv-verification/RVVI

SystemVerilog test bench using
RVVI and components

*  RVVI-VLG (Verilog header)
used by functional coverage, rvvi-api

* SystemVerilog Interface
RVVI_state (PC, GPR, CSR,...)

Functional coverage
HINCH verag RVVI_net (Interrupts, Debug)

measurement
Instruction

NEE]

Generator
Directed
Tracer Tests
RISC-V in :
e.g. RWI-VLG Tracer->TB v
Core (or proprietary) —> — 5| DPI RVVI-API
RTL Test bench / harness
(DUT) DUT<->TB ~, | control, sequencing, |«
CONTROL < Compare \
: SystemVerilo
bus/mem i/f Y 8

RVVI-VPI
Test bench virtual peripherals

DUT control (init, step, shutdown)

_
mperas

RISC-V

reference
Model

*  RVVI-API (C/C++ Header)
rwvi (for set up))
rvviRef (to control ref, to compare)
rvviDut (to mirror dut)

Y
SystemVerilog

DESIGN AND VERIFICATION ™

DVCON
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5 main CPU DV components

Functional r rtions i
unctional Coverage & asse Tests: Directed &

Instruction Stream Generator

RISC-V
reference
sequencing, | Model 4
compare i o [
. SystemVerilog

DUT ‘with tracer’

Reference Model DV subsystem

Test bench

DESIGN AND VERIFICATION ™

DVCON
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RTL DUT with

RISC-V
Core
RTL

(DUT)

Tracer
RWVI-VLG

async
RVVI-VLG

bus/mem i/f

Mem

2022

DESIGN AND VERIFICATION ™

DVCON
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tracer’ interface

The key component —the DUT being tested
* Includes memory model and bus interfaces

Requires a ‘tracer’ to provide appropriate data to the test bench

Requires control interface so test bench can step through events
Quality of the ‘tracer’ determines the potential capabilities of the DV

Can be RVVI, bespoke, or bespoke + extensions + control

© Imperas Software Ltd. Q1 2022



Tests: Directed & Imperas

Instruction Stream Generator

* Generates test programs

(random) * Usually using constrained random approach

Instruction * Most often obtain one:
Stream Test * Commercial such as Valtrix STING
Generator * Open source e.g. Google riscv-dv (written in SystemVerilog)

* Acquire suites of tests

Imperas make some available

Directed
Tests

* May require toolchains like GCC, LLVM for assemblers, linkers

2022

DESIGN AND VERIFICATION ™

DVCON

CONFERENCE AND EXHIBITION

Page 53 © Imperas Software Ltd. Q1 2022

vvvvvvv
zzzzzzzzzzzzzzzzzzzz



Imperas Test Suites

Imperas

When verifying a CPU design - you can never have enough tests...

Imperas have developed a directed RISC-V test generator, instruction coverage
measuring VIP, and a test qualifying mutating fault simulator to provide high

quality test suites

The generated tests suites are targeting architectural compatibility as defined
in the RVIA architectural test working group coverage requirements

There are currently over 50 free test suites, including
,M,C,F,D,B,K,V,P

The provided vector test suite is one specific vector engine configuration

The test suites are provided under an OVP open source license and are
available free from: https://github.com/riscv-ovpsim/imperas-riscv-tests

NNNNNNNNNNNNNNNNNNNNNNN
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https://github.com/riscv-ovpsim/imperas-riscv-tests

Functional Coverage & im@eras
assertions

* Normally written in SystemVerilog using covergroups, coverpoints, and

assertions
Functional * Targets specific measurements as required in verification plan
coverage  Connects to RVVI-VLG from ‘tracer’

measurement

* Typically includes
* Standard ISA instruction extension measurement
* Sequential instruction monitoring for e.g. hazards, etc.
* Privilege model items such as interrupts, exceptions, debug mode
* User specifics related to pipeline and micro-architecture

* Requires SystemVerilog simulator

DESIGN AND VERIFICATION ™

DVCON

CONFERENCE AND EXHIBITION
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Test hench / hamess

—=... 1est Bench /Harness ifﬁﬁl[@eras

Instances and connects all the subsystems
Controls the stepping of events and instructions

Connects the data & signals between the DUT and reference subsystem

Test bench / harness synchronizers and comparators

control, sequencing,

compare
SystemVerilog Can have virtual peripherals such as uart for logging, or timers for

asynchronous event / interrupt generation

RVVI-VPI
Can be in SystemVerilog for DUT in RTL

Can be in C/C++ for DUT in C based compiled simulator

Imperas provides templates in C/C++ and SystemVerilog
2022

DESIGN AND VERIFICATION ™

DVCON
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Reference model DV
Subsystem

* Three main components
* RISC-V reference model
* DV infrastructure to control model, etc.
* RVVI interface into test bench / harness

RVVI RISCV * Responsible for
reference . ]
model * Configuration of model
* Comparisons between DUT and reference state
* Synchronization due to pipeline affects
Asynchronous operations

Control of model

CONFERENCE AND EXHIBITION
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_
mperas

Reference model DV
Subsystem

* Three main components

RISC-V reference model
* DV infrastructure to control model, etc.
* RVVI interface into test bench / harness

RVVI RISCV * Responsible for
reference . ]
model * Configuration of model
* Comparisons between DUT and reference state
* Synchronization due to pipeline affects
Asynchronous operations

Control of model

CONFERENCE AND EXHIBITION
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Key component is Reference Model |m]ﬂE@e|'aS

RISC-V is highly
configurable &
extendable o i )
. ? X r / A g
200... Questions > ‘ ", i ’«\)
U < T= i [ ) |V B 0%
mtcangeta ittle 000 /= oo |—% AV
.... complicated =Wy
& S =
00
N = 3
DVCON
EEEEEEEEEEEEEEEEEEEEEEE 012022
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Example reference model: Imperas |m|:@eras

mperas

RISC-V
Reference

Model &
Simulator

http://www.imperas.com/riscv

Imperas provides full RISC-V Specification envelope model

Industrial quality model /simulator of RISC-V processors for use in compliance, verification
and test development

Complete, fully functional, configurable model / simulator
All 32bit and 64bit features of ratified User and Privilege RISC-V specs

Unprivileged versions 2.2, 20191213
Privilege versions 1.10, 1.11, 1.12

Vector extension, versions 0.7.1, 0.8, 0.9, 1.0

Bit Manipulation extension, versions 0.91, 0.92. 0.93, 1.0.0
Hypervisor version 0.6.1, 1.0.0

K-Crypto Scalar version 0.7.1, 1.0.0

Debug versions 0.13.2, 0.14, 1.0.0

P DSP/SIMD versions 0.5.2, 0.9.6

Zicbom, Zicbop, Zicboz, Zmmul, Zfh, Zfinx, Zce

Svnapot, Svpbmt, Svinval, Smstaten, Smepmp, ...

Model source included under Apache 2.0 open source license

Used as reference by :

Mellanox/Nvidia, Seagate, NSITEXE/Denso, Google Cloud, Chips Alliance, lowRISC, OpenHW Group,
Andes, Valtrix, SiFive, Codasip, MIPS, Nagra/Kudelski, Silicon Labs, RISC-V Compliance Working Group,

2022 Imperas is used as RISC-V Golden Reference Model

DESIGN AND VERIFICATION ™

DVCON

CONFERENCE AND EXHIBITION
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http://www.imperas.com/riscv

Imperas Model extensibility IR

IME@e ras Imperas develops and maintains base model
/ Base model implements RISC-V specification in full
Fully configurable to select which ISA extensions

Fully configurable to select which version of each ISA extension

Updated very regularly as ISA extension specification versions change

A Fully configurable for all RISC-V specification options
u igu -
Base Model y 8 P P

e.g. implemented optional CSRs, read only or read/write bits etc...

Imperas provides methodology to easily extend base model
Separate source files and no duplication to Templates to add new instructions
ensure easy maintenance

. Code fragments for adding functionality
Imperas or user can develop the extension

100+ page user guide/reference manual with many examples

User extension source can be proprietary Includes example extended processor model

Imperas model is architected for

s 2922 easy extension & maintenance
DVCON
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User feedback of Imperas as a reference
; Imperas

“Andes is pleased to certify the Imperas model and simulator as a reference for the new Vector processor NX27V, and is already actively
used by our mutual customers.”
Charlie Hong-Men Su, CTO / EVP at Andes Technology Corp

"We have selected Imperas simulation tools and RISC-V models for our design verification flow because of the quality of the models and
the ease of use of the Imperas environment. Imperas reference model of the complete RISC-V specification, the ability to add our custom
instructions to the model and their experience with processor RTL DV flows were also important to our decision.”

Shlomit Weiss, Senior Vice President of Silicon Engineering at Mellanox / Nvidia

"The OpenHW Group charter is to deliver high quality processor IP cores for our leading commercial members and open source community
adoption. Central to this goal, the OpenHW Verification Task Group developed and published a DV test plan and implemented an open
engineering-in-progress approach as we complete the verification tasks using the Imperas golden RISC-V reference model.”

Rick O’Connor, Founder and CEO at OpenHW Group

“Imperas are the pioneers in simulation technology and processor verification for RISC-V. Codasip is very proud of our rigorous approach to
verification — using Imperas as an important part of our quality process furthers extend our differentiation. The Imperas independence,
reputation and technical strength provides our customers with further reassurance in our ‘best in class’ RISC-V processors.”

Philippe Luc, Verification Director Codasip

“With this Imperas collaboration, our mutual customers will benefit from the availability of SiFive qualified models that are compatible with
the mainstream EDA tool flows.”

Phil Dworsky, Director, Strategic Alliances, SiFive

2022

DESIGN AND VERIFICATION ™
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Agenda Innperas

Brief Introduction to RISC-V

RISC-V CPU HW DV approaches
#0 “hello world” test
#1 self checking tests (e.g. Berkeley torture tests pre2018)
#2 Post simulation trace log file compare (e.g. Google riscv-dv 2019)
#3 sync-lock-step-compare (e.g. CV32E40P in OpenHW 1H 2020)
#4 async-lock-step-compare (e.g. CV32E40P in OpenHW 2H H2020)
#5 test bench use of standards (RVVI) (e.g. CV32E40X/S in OpenHW 2021)

#6 using standards based DV products and VIP
Drill down into an available commercial RISC-V HW DV verification solution
Demonstration of ImperasDV in action on open source RISC-V cores

Components of RISC-V CPU DV environment
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Imperas

A dedicated RISC-V CPU DV solution:
ImperasDV from Imperas

mmpe as

mmmmmwu&v

i v ImperasDV

Quality Verification
for the design
freedom of
RISC-V
N
DVCON

CONFERENCE AND EXHIBITION
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CPU DV test bench components im@eras

Instruction
NCE]
Generator

Functional coverage

measurement

Directed
Tests

x
Tracer
RISC-V o RwvivLG | Tracer>TB Test bench / harness RISC.Y
Core | (or proprietary) — | control, sequencing, | »>| PP | R )
reference
RIE compare A
(DUT) DUT<->TB — SystemVerilog o
CONTROL <

bus/mem i/f
irecal
em Test bench virtual peripherals

DESIGN AND VERIFICATION ™

DVCON

CONFERENCE AND EXHIBITION
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e
CPU DV test bench components imﬂ@eras

Tracer
RISC-V in N Test bench / harness
e.g. RWI-VLG . RISC-V
Core (or proprietary) — control, sequencing, |- »
DPI RVVI-API refe rence

RTL compare

(DUT) DUT<->TB —» SystemVerilog -« Model
CONTROL <+

* Focus on:
* DUT + ‘tracer’
* Test bench
ST * DV subsystem

DESIGN AND VERIFICATION ™

DVCON

CONFERENCE AND EXHIBITION
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o ImperasDV

'e::;f";fe ImperaspV
_>
—»  ourec
— —— * Encapsulates the reference model
e 0.'-"'.-'."5_‘_’; . .
—> | * Select model, use variant, configure,
—> 5
DUT C5RS
i * Includes DUT reference state storage
* Includes synchronization technology
— | * Can run sync, async, interrupts, debug, multi-hart
—> .
S * Includes comparison technology
%
—> | Gompuietor * Includes Imperas instruction coverage

Is configurable and traceable

* Can be used in C/C++ or SystemVerilog test bench / harness
* Uses RVVI-API

> Very simple to use — the ‘smarts’ are built-in

L]

W

!

DESIGN AND VERIFICATION ™

DVCON
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Test hench / hamess

~w== Test Bench / Harness lmmg@eras

Test Bench

Instances and connects all the subsystems

it

[TTTTI

Controls the stepping of events and instructions

W Connects the data & signals between the DUT and reference subsystem
= synchronizers and comparators

[

I

Manioop

Can be in SystemVerilog for DUT in RTL

b

I e o |
I

Can be in C/C++ for DUT in C based compiled simulators

"1
|

T

AT

Imperas provides templates in C/C++ and SystemVerilog
Expect users to extend and customize

Campare

111
[

I

—

Teminal State {Pass) |
- J Mismarch (Fail) —

2022 R——

DESIGN AND VERIFICATION ™

DVCON
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ImperasDV setup

Verilog Device Under Test

DESIGN AND VERIFICATION ™

Page 69

Verilog Test Bench ImperasDV
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Reference model setup

Configuration of register and memory
initialization

Selection of what to compare (depends on DUT
‘tracer’ capabilities) :
* PC, GPR, CSR, FPR, VR, decode, net, hart...

Select capabilities:
* sync-lock-step-compare or async-lock-step-compare

Trace and logging set up

Selection of built-in Imperas instruction
coverage

Choice of DV control options

Ql 2022



Agenda Innperas

Brief Introduction to RISC-V
RISC-V CPU HW DV approaches
Drill down into an available commercial RISC-V HW DV verification solution

Demonstration of ImperasDV in action on open source RISC-V cores
SystemVerilog test bench

Components of RISC-V CPU DV environment

DESIGN AND VERIFICATION ™
—

DVGCON
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Demo: ImperasDV

Core: lowRISC Ibex |[ﬁ]ﬂ|P)eraS

Simulator: SystemVerilog
DV mode: sync-lock-step-compare

Overview block diagram from RVVI github
Walk through C/C++ rvvi.h and in doxygen — introduce APIs: RVVI-VLG
Walk through tracer code where it converts RVVI-VLG nets to -> RVVI-API

Walk through SystemVerilog harness
Show init, config, main step loop

Run example - passes

Run example - fails, show trace, show in eGuiMPD and waveforms
Show arch test suites

Show instruction coverage

DESIGN AND VERIFICATION ™
DVGCON
CONFERENCE AND EXHIEITIOV\-I
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Demonstration / Walkthrough of ImperasDV
Commercial RISC-V CPU DV solution

Lee Moore
mmmmmumv
y S
Quality Verification
for the design
freedom of
RISC-V
o BI22,
DVCON

CONFERENCE AND EXHIBITION
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Agenda Innperas

* Brief Introduction to RISC-V
* RISC-V CPU HW DV approaches
* Drill down into an available commercial RISC-V HW DV verification solution

* Demonstration of ImperasDV in action on open source RISC-V cores
+ SystemVerilog test bench

* Components of RISC-V CPU DV environment

© Imperas Software Ltd. Ql 2022
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Demo: ImperasDV

Core: lowRISC Ibex |[ﬁ]ﬂ|P)eraS

Simulator: SystemVerilog
DV mode: sync-lock-step-compare

Overview block diagram from RVVI github
Walk through C/C++ rvvi.h and in doxygen — introduce APIs: RVVI-VLG
Walk through tracer code where it converts RVVI-VLG nets to -> RVVI-API

Walk through SystemVerilog harness
Show init, config, main step loop

Run example - passes

Run example - fails, show trace, show in eGuiMPD and waveforms
Show arch test suites

Show instruction coverage

DESIGN AND VERIFICATION ™
DVGCON
CONFERENCE AND EXHIEITIOV\-I
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Agenda

* Brief Introduction to RISC-V
* RISC-V CPU HW DV approaches
* Components of RISC-V CPU DV environment
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Agenda

Brief Introduction to RISC-V
RISC-V CPU HW DV approaches
Components of RISC-V CPU DV environment

Imperas

Compliance Tests and other Test Suites

Instruction Stream Generators
Functional Coverage
Instruction Set Simulators
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DVCON
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p) RISC-\v RISC-V International’s mmlj@eras

compliance tests

RISC-V International has been working on compliance testing since 2018
Status (Feb 2022):

Test suites for basic un-priv older ratified extensions |, M, C, etc
Simple framework for running DUT and provides signatures for comparison

Working on new framework to run in a post simulation signature compare mode

Encapsulates sail model, uses yaml configuration, does not provide build in reference signatures
Process is self-certification

You run the tests on your DUT and declare it is RISC-V compliant

NNNNNNNNNNNNNNNNNNNNNNN
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RISC-V International Compliance
Special Interest Group - Charter
(aka compliance working group)

\,:5-‘.3 - Vk‘t éﬁ’
7 | "

SIG Charter

The Architectural Compatibility Test SIG is an umbrella group that will

provide guidance, strategy and oversight for the development of tests

used to help find incompatibilities with the RISC-V Architecture as a step in the
Architectural Compatibility self-certification process

The group will:

* Guide Development of:

» Architectural tests for RISC-V implementations covering ratified and in-flight specifications for
* Architectural versions, standard extensions, and implementation options.

» Tools and infrastructure to help identify architectural incompatibilities in implementations
* Work with LSM and Chairs for resources to get the above work done.
* Mentor or arrange for mentoring for the resources to get the above work done

DESIGN AND VERIFICATION ™

DVCON

CONFERENCE AND EXHIBITION
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RISC-V International Compliance
Special Interest Group (2)
(aka compliance working group)

RISC-V attendance

Only RISC-V Members May Attend

Non-members are asked to please leave.

« Members share IP protection by virtue of their common membership agreement. Non-members
being present jeopardizes that protection

e |tis easyto become a member. Check out riscv.org/membership

o If you need work done between non-members or or other orgs and RISC-V, please use a joint working

group (JWG).
used to allow non-members in SIGs but the SIGs purpose has changed.

« Please put your name and company (in parens after your name) as your zoom name. If you are an
individual member just use the word “individual” instead of company name.

« Non-member guests may present to the group but should only stay for the presentation. Guests
should leave for any follow on discussions.

DESIGN AND VERIFICATION ™

DVCON
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RISC-V International Compliance
Special Interest Group (3) — Mailing List
(aka compliance working group)

Tech: Architecture Test SIG vy ans el

Architecture Test SIG

,
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RISC-V International Compliance
Special Interest Group (4) - GitHub
(aka compliance working group)

(30 ammca [v]
= ——rs
[ . o b
@9
-v04q
RISC-V Architecture Test SIG
2022 |

CONFERENCE AND EXHIBITION
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RISC-V International Compliance
Special Interest Group (5) — GitHub — test suites
(aka compliance working group)
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Special Interest Group (6) — GitHub — test suites -
(aka compliance working group) HﬁTDE@er aS
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Imperas Test Suites

Imperas

When verifying a CPU design - you can never have enough tests...

Imperas have developed a directed RISC-V test generator, instruction coverage
measuring VIP, and a test qualifying mutating fault simulator to provide high

quality test suites

The generated tests suites are targeting architectural compatibility as defined
in the RVIA architectural test working group coverage requirements

There are currently over 50 free test suites, including
,M,C,F,D,B,K,V,P

The provided vector test suite is one specific vector engine configuration

The test suites are provided under an OVP open source license and are
available free from: https://github.com/riscv-ovpsim/imperas-riscv-tests
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Bremen Univ. ‘Fuzz’ tests

Viadimir Herdt!

Abstract—Compliance testing for RISC-V s very important,
Therefore, im official hand-written compliance test-suite iy being
actively developed. However, besides requiring significant manual
effort, it focuses on positive testing (the implemented instractions
work as expected) only and oeglects negative testing (consider
Hlegal instructions to alo emsure thut no additivmal/uncxpected
behavior is accidentally added). This leaves a large gap in compli-
ance lesting,

In this puper we propose o fuzzing-based test-suite generation
approach to close this gap. We found new bugs in several RISC-V
simulators incloding risoyOVPyim fram lmperas which is the olficial
reference simulater for compliance testing.

I INTRODUCTION

An lastrucrion Set Arckitecture (1SA) delines the interfuce be-
tween the Hardware (HW) of a processor and the Software (SW),

Daniel GroBe'#

'Cyber-Physical Systems, DFKI GmbH, 28359 Bremen, Germany

“Institute of Computer Science. University of Bremgen, 28359 Bremen, Germany
{ vherdt, grosse drechsle ) @ infnrmnu"s

Closing the RISC-V Compliance Gap:
Looking from the Negative Testing Side”

Rolf Drechsler'#

uni-bremen. de

that represents the output of the test result and s dumped at the end
of the test execution. For compluince testing, these signatures are
compared against golden reference signatures (oblained by running
the test-suite on a reference simulator). A separute sub test-suite is
developed for the RISC-V base ISA as well ax for cach standard 1ISA
exiension. Besades the significant manueal effort for the mantenance,
the compliance test-suite focuses on positive testing only, Le. w
show that the implemented mstructons work as expected. However,
it peglects negative testing, ie. 1o consider tllegal instructions to also
cosure that no additional/unexpected behavior i accidentally added,
This leaves open a luge gap in compliance testing

Contribution: In this paper we propose a fuzzing-hased test-suite
generation approach to close this gap. We leverage stte-of-the-
art fuzzing technigues (based on LLVM fibFuzzer) o neratively
generate test-cases which are executed on o RISC-V simulator and
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file £

tree Ui
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CPU DV test bench components im@eras

Instruction
NCE]
Generator

Functional coverage

measurement

Directed
Tests

x
Tracer
RISC-V o RwvivLG | Tracer>TB Test bench / harness RISC.Y
Core | (or proprietary) — | control, sequencing, | »>| PP | R )
reference
RIE compare A
(DUT) DUT<->TB — SystemVerilog o
CONTROL <

bus/mem i/f
irecal
em Test bench virtual peripherals

DESIGN AND VERIFICATION ™

DVCON
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Constrained Random Instruction
Stream Test Generators (ISG)

DUT
specification
configuration

instructions
—— to be targeted ",

Stream Open Source

SystamVerilog

Generator

reference
model
configuration

test list
configuration

randomization
constraints

CONFERENCE AND EXHIBITION
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&) Google Cloud

Key Features

O1

Randomness

Randomize everything:
instruction, ordering,

program structure,

privileged mode setting,

exceptions..

02

Architecture Aware

The generated program
should be abie to hit the
corner cases of the
processor architectural
features.

03

Performance

The instruction generator
should be scalable to
generate a large program in
a short period of time.

* From Google Cloud presentation 2019 RISC-V Summit

(2022
DESIGN AND VERIFICATION ™

DVCON
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Extendability

Easy to add new instruction
sequences, custom
instruction extension,
custom CSR etc.
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Randomness Innperas

&) Google Cloud

Instruction level randomization
Cover all possible operands and immediate values of each instruction ' ‘

Example: Arithmetic overflow, divide by zero, long branch, exceptions etc.

Sequence level randomization .
Maximize the possibility of instruction orders and dependencies

. F N TNy

SHIFT — DIV — Branch Load Fence Store

Program level randomization
Random privileged mode setting, page table organization, program calls

(2022

DESIGN AND \iéRlElCATION ™

DVCON
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Google RISC-V Instruction Stream

Generation

* High quality SystemVerilog UVM DV infrastructure
* Open source

* Drives a RISC-V core through corner cases and
pushes it to the limit

-= metrics
3 GOOg|€ ClOUd . i ATL Smulation Metrics.og

Dpen Source
SystemVerilog
UVM
RISC-V
Instruction
Stream
Generator

RISCV.elf

IMDeras -
https://github.com/google/riscv-dv

CONFERENCE AND EXHIBITION
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Imperas

Imperas worked on this with
Google Cloud & Metrics through
2019-2020

Uses a post-sim trace-compare
methodology

Uses Imperas riscvOVPsim as the
reference
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OpenHW Group force-riscv Imperas

Developed initially by Futurewei
Open source C++
https://github.com/openhwgroup/force-riscv

Initial focus on RV64, recently working on RV32
Not yet key part of OpenHW flows for core-v cores
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Imperas Instruction Coverage  llnPe€ras

Built-in as ‘extension library’ to Imperas models
Works with all Imperas simulators and RISC-V models

Focus is for measuring ‘architectural validation tests’
i.e. measurement of basic architectural operations
Not intended for measuring HW DV testing (use SystemVerilog for that)

Controlled from command line — tailor options for each run
Outputs .txt file, and .yaml file of data

After individual runs, collates data into ‘suite measured coverage
Shows what has, and has not, been covered

Selectable coverage focus
--extensions, --instructions
--mnemonic, --basic, --extended

’
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ImperasDV Instruction Coverage

Verilog Device Under Test Verilog Test Bench ImperasDV
ryeisetinit{) >
Ve ol
' ruribuafreiat() >
: ryviRefustindexGet( ) 3
cutings()
dutBusiritel) ul ryviDutBushi-1tel -
Blacsatis > Cyabuttarsgts >
pafiessatl i boce .—)',fxn-niu.n' ) >
Ssdergat( ) o rwiDutGorset{ -
SutRetire() : rvwibutRetired) / :
dutBrceptiont ) " ryvilstException! ) 5
revitefEventStep()
‘_v—-l
pusifleflasBers
cxuifasescarn )
Cod8sfInakiniesll ‘ .
reviRefisoo-yRend! | | M
Cargmuw : -
yvitefGpraCompareiisten() 5  Cowmregs
ryviRefPsCompare]) > p—
redtafinsdisComirnll o |
» , et}
A M
Terrwew! State (Pand p JDOAL M
r—mﬁmﬂ— ¢ Mamaesch () —mml—) J
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Reference model setup

Configuration of register and memory
initialization

Selection of what to compare (depends on DUT
‘tracer’ capabilities) :
* PC, GPR, CSR, FPR, VR, decode, net, hart...

Select capabilities:
* sync-lock-step-compare or async-lock-step-compare

Trace and logging set up

Selection of built-in Imperas instruction
coverage

Choice of DV control options

Ql 2022



ImperasDV Instruction
Coverage

Verilog Device Under Test Verilog Test Bench ImperasDV
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mperas

Reference model setup

Configuration of register and memory
initialization

Selection of what to compare (depends on DUT
‘tracer’ capabilities) :
* PC, GPR, CSR, FPR, VR, decode, net, hart...

Select capabilities:
* sync-lock-step-compare or async-lock-step-compare

Trace and logging set up

Selection of built-in Imperas instruction
coverage

Choice of DV control options

* ImperasDV includes built-in Imperas Instruction Coverage

DESIGN AND VERIFICATION ™
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Brief Introduction to RISC-V
RISC-V CPU HW DV approaches

Other components of RISC-V CPU DV environments
Compliance Tests and other Test Suites
Instruction Stream Generators

Functional Coverage

Imperas Built-in Instruction Coverage
SystemVerilog Covergroups, Coverpoints, Assertions

Instruction Set Simulators
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CPU DV test bench components -
Imperas

SystemVerilog Functional Coverage

Directed
Tests

Instruction
Stream
Generator

Functional coverage

measurement

*
Tracer

RISC-V og RIVIVLG | Tracer>TB Test bench / harness RISC.V

Core | (or proprietary) — | control, sequencing, | | PP | R )
reference

RIIE compare e

(DUT) DUT<->TB — SystemVerilog o

CONTROL <«

bus/mem i/f

RVVI-VPI
Test bench virtual peripherals

* Recall there needs to functional coverage connected to the ‘tracer’
* To measure what the architecture and micro-architecture is doing...

CONFERENCE AND EXHIBITION
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CPU DV test bench components

SystemVerilog Functional Coverage (2)

IIIIIIIIIIIIIIIIIIIIII
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Functional coverage

measurement

RISCV

Core
RTL

(DUT)

—>
Tracer
RVVI-VLG
—>
—>
Control [ —

VLG2LOG

VLG2API

main loop

Test Harness
control, sequencing,
compare
(SystemVerilog,

C or C++)

Imperas

And we saw earlier in the detailed ImperasDV walkthrough the connections from the
‘tracer’ via the RVVI

From the standard RVVI-VLG there are reusable source ‘clients’ that connect the ‘tracer’ to other
components

Page 120
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CPU DV test bench components

=
SystemVerilog Functional Coverage (3) Im E@e ra s

Functional coverage

measurement

VLG2COV
RISCV Tracer —| VLG2LOG Test Harness .
RVVI-VLG [ control, sequencing,
core - | VLG2API compare
Rt ! (SystemVerilog,
(bUT) Control L " main loop C or C++)

* We can connect a functional coverage subsystem in the same way

CONFERENCE AND EXHIBITION
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onnecting RVVI to Covergroups

* VLG2COV connects to ‘tracer’ and is
informed when events like an
instruction retires or interrupt is
taken

* On these events VLG2COV

* calls ‘sample’ in coverage class

* Which then calls the appropriate
covergroup sample functions

DESIGN AND VERIFICATION ™

DVCON

CONFERENCE AND EXHIBITION

Ilperas

covergrouwp Ins cp with fusction sample(siring ins str);
i vptiom. per instance = L)

D asm ! Cavergoimt oot ase cowE|ins stri;
erdgroup

] function mowl)|
16 e o = mwl)|
167 erdfwnction

105 function vold somplelinput string decedel;
] string ins str, wp|d], key, vol;

Int mum = $ascan’ [decode, "SNs %2 NS %3 %87, dns str, op9), opll), opl2].

1 s g, ssple(ing stre);
scdlrction

LIS endclass

opf3] ),

COVErgrowp sub og with function zamlelias t ins))
oplion per 1sstante = |

cp rd : coverpoint get gpr samelias.aps (8] cval, sns.uos 8] ey, *wT);

cp_rsl coverpaint qot gpr namalins.ogsil] val, Ins.00sf1] Koy, “sub®|

£ cp re2 ! coverpolmt gel oer neeelins. ogsiZ).val, Ins,00si2] . key, “sub”|:
sogrmp

COVETRIoND sw <0 with ferctlom remple(ins t ins);
aption.per imstanze = 1;

cp rs2 ! Covrpaint qet g@r naselins.ogsid).val, Lns.oosiB) key, “sw");
L] cpr coverpalnt g=t gpr mamelins. ops|1] .wel, ins.ops|l] Rey, "w'l;
(S5 cp s ! coverpaist get inelins.oge[2] key, "w") {

3 olns o = ([3:-1]};
()] vins zere = {9}
152) oins pos = {[1:5]5;

}

il ogrup

] covergrowg wii o with fanction sawmisfaas t im),
nl4 option per_irctance = 1;

513 cp asw coverpalnt ins. o == W7 |

nis sgncew bing zere = (0};
|
114 enogrmp

) COVOIQIDg 20 OF with Tencrion samglelins t insl |
Bz option ger Imstance = 1

" cp_rg T cowrrpaint pat gpr sanelins aps (9] wel, any. 0ps 0] key, *xort):

(TF cp ral : caverpaist gel wpr nemelins.opsfi].val, ins.cps[l]. hey, “mor®|;
8l cp_rs2 comrpaint get opr naeelins, ogs(2] val, Ans.005(2) koy, “wor®|

n enugrmp
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RVVI Functional Coverage Innperas

So the use of a standard interface from DUT ‘tracer’ to testbench means
reusable standard components can be developed

A key one is a SystemVerilog Functional Coverage sub system

And for RISC-V standard extensions they can be provided as SystemVerilog
source

And then extended for DV specifics of the specific micro-architecture
Such as pipeline issues, hazards, assertions — design specific items

Imperas has an example available (Feb2022) and will shortly release others
(contact Imperas for more information)
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SystemVerilog simulators provide Coverage

reports
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Metrics: includes top level overview
dashboard

metrics

Get Started with 2: melrios V'™

Passed/Total Test Runs
latfarm S f g

Functional Coverage DEIN Aelease Notes 12

SIM Hnow N

e —— DSIM User Marwd
SN 7
m Lser Cu
Assertion Cmragn I you meed Belp orwast 1o send us feedback, chadh
he Melp back | e

5022 * Allows management overview of status of verification

CONFERENCE AND EXHIBITION
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Brief Introduction to RISC-V
RISC-V CPU HW DV approaches
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Instruction Set Simulators
Free riscvOVPsim (github)
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Commercial M*SDK (imperas.com)
Commercial ImperasDV (imperas.com)
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Imperas Tools for Embedded Software
Development, Debug & Test

Software Verification,
Analysis & Profiling
.. (VAP) tools
Application Software . Trace
& Operating System * Profile
* Coverage
= * Schedule
........... : * Memory monitor
T | | [ e * Protocol checker
E * Assertion checkers
S
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H CPU ” i

CONFERENCE AND EXHIBITION

e Page 129 © Imperas Software Ltd. Q1 2022

zzzzzzzzzzzzzzzzzzzz




l
) GitHub - mscvovwps X

5
S (“ e Q

) imperas.riscvtest X

IMperas com

) mperazriscy-test

Waw pee o bepares  Frpares

N\ riscvOVPsImPlus U X

S Y il

Weicome Page | Oy

e R L)

X e Welcome to Imper ® '\ Ingex of homerss x

I +

n e oW

N\ Index of homaiEine X +

2

viS

s Ed

cd /scr
cd risc
Jbin/L
Join/L
cd exsn
cg fibe
cat rib
/RUN R
cd /d
/RUN R
/RUN R
/RUN K
JRUN K
vi cove

td ~/In
cd ~/Im
tree UV
cd UJ/u
J/Run P
cd ../n

1

-~ INSE

- S

Imperas

Home Products ~ Salutions ~ OVPworld Resources v News ~ About Us ~
CONTINUOUS
INTEGRATION
Setumes Tmyay
.
-
Panegwy
e U
* o A o
o2 hen °
SO
[ X) : veas

imperas Continuous Integration

Welcome to Imperas - Revolutionizing Embedded Software Solutions

EX =)

&

| |

L& ] =

.Hr‘t'u !. el
|



‘:' v WMperas RISCY Sokith x + File Edit View Searth Termeedd  Help
h. SinondpLnxB478: /scratch/sinond/denn/riscv Andes N25 F!eeﬂfosslj

wamn & — O @ 0 & imperas.com

Products

== |mperas

Revolutionizing Embedded Software

4w Imperas RISC-V Solutions

VLS madu

. ; Jenns

File Edt View Search Terming  Help

# different shell

cd ~/simond/force-riscv/force-riscy/; clear ; ls -ltr ;| Lls -ltr  Jutils/regression/master run.py
£ _Jutils/regression/master rum.py keep=all

tail -50 putput/regression/regression sumary.log | echo *"; echo

s -Lltr output/regrassion/*/*/* ELF

¢cd ~/simond/force riscv; clear; ./CLEAN.sh; source setup.sh; 1s ltr; cat ./GEN.sh
AGEN.sh; 1s -ltr

cat ./RUN.sh

./RUN.sh

# different shell
cd /hone/simond/riscw/valtrix; 1setup; clear; Ls <1%r tests/".olft
nake

clear: lsetup: cd /scratch/simond/deno; 1s -1tr

rp——Y" N
I riscv And s Ny

.JRUN N2% FreeRT0S.sh
cd /scratch/simond/demo/riscy SiFiveFUSdd Linux; s 1tr ; firefox Linux SiFiveFUS548.)po &

RUN SiFiveFU548.5h 2 root sifive

cd /scratch/simond/dono//Hotoro ARM RISCY Neurailatwork; Ls -itr ; firefox @.NouralNetwork Platforn.jpg 1.NeuralNetwork Alexnet.jpg &
rd'iscratch!:xncnd/acnochtcrn ARM RISCV NeuralMetwark/harness; ./RUN Metero ARM RISCY NeuralNetwork Alexnot.sh

"desoreadre . txt” 66L, 2975C written

El.w el BEials el

Oﬂr:hurn- . Imperms SIS0 W Ih} '}



1ISS: Summary |mE@eraS

Only mentioned Imperas simulators (as we use daily, our customers rely on them , and we understand their quality)
There are are others...

There are many open source grad. student project simulators... - go search github...
RISC-V has a formal model under development — ‘sail’

There is also spike from Berkeley — for architectural exploration

And there are full system software emulators like gemu

Free: github: riscvOVPsim.exe
Model selection configuration
Signature, logs, coverage
Includes rv32l tests
Useful for compliance tests

Free: ovpworld.org (needs registration): riscvOVPsimPlus.exe
As riscvOVPsimPlus
trace, debug
Useful for post-sim-trace-compare, e.g. in Google riscv-dv

Commercial from Imperas — the industry leader in processor based simulation solutions
Full range of ISS, virtual platforms, full system emulation, fixed & extendable platforms
50 reference platforms, 250+ peripheral components, 300+ processor models

2022

DESIGN AND VERIFICATION ™
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Agenda

* Brief Introduction to RISC-V
* RISC-V CPU HW DV approaches
* Other components of RISC-V CPU DV environments

* Summary

CONFERENCE AND EXHIBITION
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Imperas

Congratulations... on getting to the end of this tutorial

if you got this far — and still have some energy...

send us an email (info@imperas.com) with
Subject: imperasdv at dvcon22 tutorial

With: comments on this tutorial
and we will send the first 50 of you one of our ImperasDV drinking mugs
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We covered...

* Brief Introduction to RISC-V
* RISC-V CPU HW DV approaches
* Components of RISC-V CPU DV environment

CONFERENCE AND EXHIBITION
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We covered (2) Innperas

Brief Introduction to RISC-V

RISC-V CPU HW DV approaches
#0 “hello world” test
#1 self checking tests (e.g. Berkeley torture tests pre2018)
#2 Post simulation trace log file compare (e.g. Google riscv-dv 2019)
#3 sync-lock-step-compare (e.g. CV32E40P in OpenHW 1H 2020)
#4 async-lock-step-compare (e.g. CV32E40P in OpenHW 2H H2020)
#5 test bench use of standards (RVVI) (e.g. CV32E40X/S in OpenHW 2021)

#6 using standards based DV products and VIP (ImperasDV)
And had a 35 minute walk through

NNNNNNNNNNNNNNNNNNNNNNN

Page 136 © Imperas Software Ltd. Q1 2022



We covered (3)

Components of RISC-V CPU DV environment

Compliance Tests and other Test Suites
RISC-V architectural test suites
Imperas architectural test suites
Bremen fuzz testing
Instruction Stream Generators
Google riscv-v
OpenHW force-riscv
Valtrix STING
Functional Coverage
Imperas build-in instruction coverage
SystemVerilog covergroups and coverpoints
Instruction Set Simulators & tools
Free riscvOVPsim (github)
Free riscvOVPsimPlus (ovpworld.org)
Commercial M*SIM (imperas.com)
Commercial M*SDK (imperas.com)
Commercial ImperasDV (imperas.com)

2022
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What we did not talk about... Ihnperas

SystemVerilog encapsulation of Imperas models (yes we do that)

Using ISS with RTL emulators
Including hybrid simulation (yes we do that)

Formal tools
(no we don’t do these...)

IIIIIIIIIIIIIIIIIIIII o

DVCON
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Summary

Ilperas
The open standard ISA of RISC-V offers many design freedoms

Many standard extensions and configuration options plus custom instructions
The key verification requirements are to detect discrepancies with efficient debug

The open standard RVVI offers a framework for verification reuse with support for both
open-source and commercial tools

RISC-V Verification Interface
https://github.com/riscv-verification/RVVI

Lockstep / Compare is by far the best and most efficient approach (industry ‘gold standard’)
https://www.imperas.com/imperasdv

DESIGN AND VE%FQC%TIQON
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https://github.com/riscv-verification/RVVI
https://www.imperas.com/imperasdv

_
mperas

Thank You!

info@imperas.com
www.imperas.com
wWWWw.imperas.com/ImperasDV

www.OVPworld.org

ESIGN AND VERIFICATION ™
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http://www.imperas.com/
http://www.imperas.com/ImperasDV
http://www.ovpworld.org/

Imperas

Questions?

2022
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