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RISC-V Progression Innperas

2010-2016 Hardware ISA definition, test chips
Software tests
2017-2018 Hardware (RV32) Proof of concept SoCs; “minion” processors for power
management, communications, ...
Software Bare metal software
2019-2020 Hardware (RV32, privilege modes, interrupts) loT SoCs; MCUs
Software RTOS, firmware
2021- Hardware (RV64, multi-hart CPUs, vectors, bit  Application processors; Al SoCs

manipulation, hypervisors, Debug mode)

Software Linux, drivers; Al compilers

Increasing hardware and software complexity requires use of best known methods for

processor and SoC architecture, implementation, design verification, software development

© 2021 Imperas Software Ltd. DVCon 2021



The RISC-V Processor Design
Verification (DV) Problem Imrp)eras

Arm processor |P
~ 101> verification cycles per processor (10,000 simulators running constantly for 1 year)
Verification of interface between NoC and processor
1,000s of SoC designs successfully produced

Similar stories for ARC, MIPS, Tensilica, ...

RISC-V IP questions

How well verified is an individual processor (from processor IP vendor, open source,
self-built)?

How well verified is interface between NoC and processor?
How to deal with custom instructions?
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: R
Previous Work on RISC-V DV Uses -

Trace Comparison Flow Innperas

-= metrics
D Google Cloud Metrcsog D GOOQ|€ Cloud

RTL Simulation

Open Source - RISC-V RTL Openiseilrce
SystemVerilog & memory SystemVerilog
UvMm
L:;/CMV RISC-V Functional
RISC- —
Instruction Imperas ISS
(cpu+memory)
s RISCV.S RISCV.elf

compare

t

Coverage

Imperas add
Vectors (~500)

I[MADEras s« oo
Inperas

Generator

This flow supports only simple instruction test;
cannot support asynchronous events including
interrupts and Debug mode

Trace compare is done post-simulation => easy * Google: open source riscv-dv instruction stream generator

to get started however inefficient use of * Metrics : SystemVerilog design + UVM simulator for RTL
simulation resources * Imperas: model and simulation golden reference of RISC-V CPU
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Some Previous Work Used .
Step-and-Compare DV Flow Innperas

SystemVerilog Testbench

DUT: RISC-V RTL

T (cpu) Control
Step
SystemVerilog module &
Compare

memory OVP model results.log
RISCV.S RISCV.elf (cpu)

*  OVP RISC-V model is encapsulated into SystemVerilog module

* Interfaces being: reset, clk, address bus, data bus, interrupts, registers, etc.,...

* Testbench loads .elf program into both memories, resets CPUs (RTL and OVP model)

* Steps CPUs, extracting data, and comparing

* There is no stored log file — test log data is dynamic and requires two targets to be run and compared
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Step-and-Compare Requires
Encapsulation of the Reference Model
iIn SystemVerilog I % %

memRead() memWrite() step()

R

Ilperas

busReadCB() busWriteCB() step()

OVP RISC-V CPU model object

SystemVerilog module

The OVP model is a binary shared object of a RISC-V CPU model
Encapsulated into a SystemVerilog module, using SystemVerilog DPI

Instanced in SystemVerilog testbench like any module
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Parallel Verification Flows Were

Used for this Project Innperas

Simple Step-and-Compare Complex Step-and-Compare
Cadence Xcelium RTL simulator Cadence Xcelium RTL simulator
Cadence Specman verification environment Cadence Specman verification environment
Imperas riscvOVPsim instruction set Open Virtual Platforms (OVP) RISC-V
simulator (RISC-V reference model and reference model, including support for
simulator combined) custom instructions

Used for verification of basic instruction Imperas M*DEV simulator

functionality Used for verification of asynchronous

events, Debug mode, ...

Using parallel flows achieved optimal use of verification resources at the lowest cost.
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RISC-V Reference Model
Requirements Innperas

Model the ISA, including all versions of the ratified spec, and stable unratified extensions
Easily update and configure the model for the next project

User-extendable for custom instructions, registers, interrupts/events, ...

Model actual processor IP, e.g. Andes, SiFive, OpenHW CV32E40P, SweRY, ...

Well-defined test process including coverage metrics

Interface to other simulators, e.g. SystemVerilog, SystemC, Imperas virtual platform simulators
Interface to software debug tools, e.g. GDB/Eclipse, Imperas MPD

Interface to software analysis tools including access to processor internal state, etc.

Interface to architecture exploration tools including extensibility to timing estimation

Most RISC-V ISSs can meet one or two of these requirements

Imperas models and simulators were built to satisfy these requirements, and matured through
usage on non-RISC-V ISAs over the last 10+ years
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Components of Open Virtual
Platforms (OVP) Fast Processor |M|P)eras
Models

OVP models are open source and ‘ﬂ// Add memory-based

f MMC Models components (e.g. loosely-
ree coupled caches, devices)

Models are built in C using OVP

APls; APIs are supportgd by i o Dl ™

OVPsim and Imperas simulators S 2 s

<9 ucti Vi
All models have both C and 3 B (= _
3 C/TLM2 native interf 3 M s |Tightly-Coupled Cache Instruction | Debug
yStem natlve Inte aces %<q | % Exception Mode/ing Disassembly Interface >- Main components

Available under the Apache 2.0 g §

open source license % Q TLB/MMU

Require an Imperas simulator \ Asynchronous Events _

license to run
1 simulator license is all that is Libraries %
needed for multi-core and many- 2
core platforms

Create and manage resources (e.g. registers)
shared between multiple processor instances

* Add CPU-aware information for software
and architecture analysis tools
* Add processor independent I/O support

http://www.ovpworld.org/info riscv
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OVP Library of RISC-V
Fast Processor Models Im@eras

Existing Imperas Open Virtual Platforms (OVP) Fast Processor Models of ...
Generic or envelope models of RV32/64 IMAFDCEVBHK M/S/U privilege modes
Andes cores: A(X)25, N(X)25, N(X)25F, 27-series including NX27V, ...

SiFive cores: SiFive Series 2, Series 3 (e.g. E31), Series 5 (e.g. E51, U54), Series 7

OpenHW CV32E40P
Custom features — instructions, registers, interrupts/events — easily added by user
or by Imperas g P / y y Open Virtual Platforms

New features are added in side file so as not to perturb the verified model

Cusltom instructions can be analyzed for effectiveness using instruction coverage, profiling
tools

Custom interrupts and events can be added to all spec flows and CSRs with priority and order
consideration

Models are built using Test Driven Development (TDD) methodology
Tests are built at the same time as features are added
Continuous Integration (Cl) test flow used
~ 15,000 tests for models + simulator
Mutation testing used to check quality of test suites
Additional testing by processor IP vendors to validate models

© 2021 Imperas Software Ltd. DVCon 2021



RISC-V OVP Reference Model
Configurability Innperas

Imperas Industrial quality, free ISS / reference model for instruction testing
https://www.ovpworld.org/info riscv

Model is built using Open Virtual Platforms (OVP) APIs

( Implements full RISC-V envelope

3 o Configurable for all features and spec versions

Imperas riscvOVPsim Compliance Simulator

Parameter Category |Examples

Specification version [Privilege spec version 1.10, 1.11, 1.12

Debug configuration spec version 0.13.4, 0.14

Bit manipulation spec version 0.90, 0.91, 0.92, 0.93
Vector spec version 0.71, 0.8, 0.9, 1.0

Simple parameters |MISA subsets 32/64 1, M, A,C,F,D, B, V, H, K, ...
Misaligned Code/Data access behavior

CSR field/behavior configuration

CLINT configuration

CLIC configuration

DEBUG configuration
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e
Flow to Add Custom Instructions lMnD@ras

Develop New Characterize New
Characterize C Application Custom Instructions Instructions in Application

e Instruction Accurate Simulation e Design Instructions e |Instruction Accurate Simulation
e Trace / Debug e Add to App“CBtiOn ® Trace / Debug

e Timing Simulation e Add to Model e Timing Simulation
e Function Timing / Profiling e Add Timing e Function Timing / Profiling

Release & Deploy %

e Check RISC-V Compliance *
e Use as reference for RTL Design Verification Optimize & Document model

e Use in Imperas/OVP Platforms, EPKs e |[nstruction Coverage
* Heterogeneous / Homogeneous e Line Coverage

¢ |nstruction Performance
e Generate PDF model doc

e Multi-core, Many-core
e Imperas Multi-Processor Debug, VAP tools
e Port OS, RTOS (Linux, FreeRTOS...)
e Use in many simulation envs (incl. SystemC)
e Deliver to end users
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Qtntic vmidDecodeTableP createDecodeTable(volid) {

¢ Use Standard Open Vlrtual PlathrmS vmidDecodeTableP table = vmidNewDecodeTable (RISCV_INSTR BITS, RISCV_ELT LAST);
(OVP) instruction modeling APIs to 1 opends (6,01 =86 010 11 -

/ Tunct3[14:12] =0,1,2.3 (QR]-4)

add new instructions (and optional /¢ SRetTisIias] = dabome

Adding Custom Instructions to
Model Using Extension Library

//
/ Create the RISCV decode table

state) as new extension library f

// hardle custom 1nstruction

E DECODE_ENTRY(O, CHACHA20QR1, “|00606GO..........000...,.0001011]"%);
o d d d b I d d DECODE_ENTRY{0, CHACHA20QR2, "|0G00G00.......... 001.....8001011}"%);
asy to eXte n eco e ta e’ a DECODE_ENTRY(G, CHACHA20QR3, "|G600000.....,....016...,.00601611(");

DECODE_ENTRY(@, CHACHA20QR4, “|0660GO0.....,....011...,.0001011}");

efficient behavioral JIT code

return table;

// Emit code implementing exchange instruction

* Compile and link model extension | et oo

I i b ra ry it Uns32 rotl

// extract instruction fields
Uns32 rd = RD({1nstruction):
Uns32 rsl = RS1(anstruction);
Uns32 rs2 = RS2(instruction);

vmiReg reg_rsl = vmimtGetExtReg(processor, &object->rsi);
vmiReg reg_rsZ = vmimtGetExtReg(processor, &object->rs2);
vmiReg reg_tmp = vmimtGetExtTemp(processor, &object->tmp);

vmimtGetR(processor, RISCV_REG_BITS, reg_rsl, object->riscvRegs(rsi]);
vmimtGetR(processor, RISCV_REG BITS, reg_rs2, object->riscvRegs{rs2]);
vmimtBinopRRR(32, vmi_XOR, reg_tmp, reg_rsl, reg_rs2, 0);
vmimtBinopRC(32, vmi_ROL, reg_tmp, rotl, 9);

vmimtSetR(processor, RISCV_REG BITS, object->riscvRegs[rd], reg_tmp);
}
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Software Debug and Analysis

Tools

Automatically Work With the

Custom Instructions

File Edit Source Refactor uawgate Segrch Project Run lmpens Window Help

Info (0R_OF) Target
Info (OR_PH) Progran Hesders:

Info (OR_OF) Target

Ilperas

Cpulanagertulty started: Thu Rug 23 12:02:30 2018

'133/cpul’ haw chject file read from ‘application/test_custom RISCVEZ,elf’

Info (OR_PH) Tupe Offzet VirtAdd: Phusiidds FileSiz  MemSiz Flags Rlign
Info (OR_PD) LORD 0x00000000 000010000 Cx00010000 000017270 0x00017270 R-E 1000
Info (OR_PD) LORD 000017270 000028270 0x 00028270 Ouc00000ACO 0x00000a24 RY~ 1000

"iss/cpu0” has cbject file read from 'application/exception RISCYI2,elf’

03 - i~ 0-Q-:®F - LI 2 LR - T SR S [ B [i Info (0R_PH) Program Headers:
‘ {n‘o :g,t;g; Tﬁ Dffont VirtAdde Physfidds FileSiz ManSiz ;I:gl Align
5 5 - nfo (OR_PD) LI 0x 00001000 000000000 000000000 O 000000 -£ 1000
¥ Debug = O ||=Variables 12 % Breakpoints iflf Registers m Modules =e Info 1330; 'tse/cpul)’, OXOOOO00000001C228(processt inesc): FcadZel sw  a0,-36(s0)
o . TR e Info 1331: "zs/cpu0’, 0x000000000001022c(processline+10): febd2c23 sw al,-40{s0)
> LRI St 3 L L% Lz 4% ::-;o ug : ;i(/cpw 847(;2m000m01(Q30(msL1m‘10' fdcd2783 1w 25,-2{30)
. 2 G & 140 ->
= wo Platform Launch {imperas - Connect to running simulator] Name 'Type ‘value Info 1333: “lea/cpu’, 0x0000000000010234( processl ine+18): fofd2622 pw #5,~20(s0)
vty iss = input unsigned Int 2222400358 ::o ﬁ;. 'm/:wa'. g;o«nmoooooi%ﬁpmuim'%;: gco;gﬁé v ¢6.;§0‘.40)
| o lu/cpd) 0000000000 processl ine+20): o o,
i PO TRVI2IM riscy} ¢ word | unsigned int | 2804990272 Info 13%: . OxO000000000010040(processl ines24): FABAZZES v 85,-40(20)
- .0 1D ll [cpuO) nv:zm riscv (Suspom!od lrukpoin!) o res | unsigned Int 0 Info 85 94772388 =) al30¢140
- Info 1337; "1ss/cpul’, Ox0000000000010244( processl ine+28): 00078593 wv al,ah
- ) Info 1338; lss/cptt) O 000000000001 0248 processline*2c) s chacha20yrl a0,a0,a1
= main() at test_custom.c:32 0x102e4 ) Info  ab B4772366 -> «2062347
8 mpd = Info 4339: *dee/cpud’, rO0000O0000010CAc! processLines30); chachaliar2 a0,a0,a1
- ; | Info o0 62260347 -) 207451
g Info 13407 ‘fes/cpu’, OxOOO00O000ONIO250( procasslines34): chacha2igr3 a0, 40,81
| test_custom.c 11 rcustomChaCha20.  riscva2.c ) start(atOxl  * = B 5 Outline &v View = D bly 52 = B Info: 30 Ge207451 -3 1068LLc
07 test_custom.c 8 |1 custol L Onscvazc lcl st 1 3 ne Fw Prog oW = Y Info 13417 'fss/cpud’, Ox0000000000010254( processline38): chacha20qrd a0,a0,al
// Custom instruction test for Chacha2t (= T e Info a0 100511c9 =) c2eléddb
s e i e L |Enter location hen p@E e - Info 1342: *tes/cpud’ , OxO000000000010298 processL ines3c)s | 80.00,a1
0001623c: 00078513 m 8,35 (Al Info a0 c2eBdddd ~> B990ESHE
unsigned int processLine(unsigned int input, unsigned int word){ 08010240 fdsa2783 1w a5,-46(s6) ::: Bﬁ:asw\'&mm. 1028c(processlines40): chacha20qf a0,30,al
¢ unsigned int res = input; iienion S st » A3 95 Info 134d: 'fss/cpu’, 0:0000000000010060(processlinasdd)s chacha2Oy] 20,80,a1
asm __volatile_ (“mv x10, %@" :: "r“(res)); 06010248 chacha26qrl a0,a0,al Info o0 bad3a22 -5 794%6ald
asm __volatile_ (“mv x11, %" :: "r'(vordn 0601624c:  chacha20qr2 a0,a0,a1 Info 1345 ‘lsa/cpul’, 0x0000000000010264(processlines48): chachalord a0,00,a1
asm __volatile__(".word Gx00850508\n" ::: “ 3 / QR 00010250 chacha20qr3 a0,a0,21 Info a0 79438ald -) 395acef
asm __volatile_ (" .word Gx00851%8\n" » : / OR2 00010254 a0,a0,31 Info 13461 “iss/coud’ . OxOO00000000O1CZE8( processlinesdc); 00050793 5.0
it ey P B szl : : ks byt e i ;xﬂ 13:57 N 0(0&)&0)@1(0&:( sline*50): Fafd2823 25,-20(e0)
asm _ volatile (“.word OxGOBS3508\n" :: : 0001025¢ a0, a0, al G s "1es/opud’, O processly : fa = »=20( et
e voLatile (% ol SOOI i SRt 7 OR 00010260 30.30,a1 Info 1348: *{ss/cpud’, OXO000000000010270(processlinae5d): fecA2783 lu|  o5,-20(s0)
poxyd :volmlo (" word 0x@0B5150B\n"* :+: * . 77 OR2 09010264 chacha2eqrd a0,a0,a1 !&ngo 139 i;&/cpu) » Ox0000000000010274 (processline58) 1 00078513 mv 20,85
asm __volatile_ (".word Bx00BS250B\n" ::: "x10"); // R3 (! 00010268 00056793 my as,a0 i~ Info
- i Info
Infg CPU ‘iss/cpud’ STATISTICS
@ Debugger Console 3 ® % pt @ - = 0 Qconsol B & Tasks * Proble (O Execut $N\pebug (¥ iProf [ Memor =] ::0 Tupe % : risc . .
. - N s
Platform Launch [imperas - Connect to running simulator] mpd.exe (7.5) lri: m?ﬂml - an counter : N EW C U StO m | n tl"U Ctl O n S
signed int), 1, fp)) ( ] Noconso N Info gnmlated instructions:
idebug (cpwd) > 32 res = processLine(res, word); m Info  Simulated MIPS ¥ B d e bl
idebug (cpud) > processiine (input=2222408358, word=2804990272) at test_custc) eW CUStO InStrUCtlonS 'lzo In tra Ce |Sasse I I y
S Lk
5 unsigned int res = input; I!

idebug (cpwo) >
g
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Simple Step-and-Compare Flow lnperas

Google UVM
instruction generator

RISC-V assembly

test per hart

Direct test Assembly
per hart

Goal is to test basic instructions

GCC RISC-V Compiler
run per hart

RISC-V

Binary File (EIf file)

per hart

Specman memory

RTL Core
model

/

_|Specman scoreboard:

Run riscvOVPsim
Imperas Simulator

expected results

* Results are embedded in the Specman scoreboard

* Tests are then self-checking

Page 20

Similar to flow with Google riscv-dv shown earlier
* Specman test environment with scoreboard used instead of post-simulation trace compare
* Added support for bit manipulation instructions to riscv-dv

© 2021 Imperas Software Ltd.

riscvOVPsim reference simulator is run separately from RTL simulator

Compare expected results and
RTL results after each command

Provides partial testing of multi-hart as tests and expected results can be generated on a per-hart basis
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riscvOVPsim Reference Model

) * Industrial quality, free ISS / reference model
nperas for instruction testing
Open Virtual Platforms CPU model

variantselectorand * https://www.ovpworld.org/info riscv

configuration

— * Model is built using Open Virtual Platforms
7 =L — (OVP) APlIs
pplication ) riscvOVPsim
<cross>.elf (cputmemory) 4 ’ Pehetoet
— * Implements full RISC-V envelope
v * Configurable for all features and spec versions
Semihosted
Filel/O

Imperas riscvOVPsim Compliance Simulator
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Adding Support for Bit Manipulation -

Instructions to riscv-dv Instruction  lMNDE@ras

class riscv_b_instr extends riscv_instr;

Stream Generator e

‘uvm_object_utils(riscv_b_instr)

function bit [6:0] get_opcode();
case (instr_name) inside

ANDN, ORN, XNOR, GORC, SLO, SRO, ROL, ROR, SBCLR, SBSET, SBINV, SBEXT, function new(string name = "");
GREV: get_opcode = 7'b0110011; super.new(name);
SLOI, SROI, RORI, SBCLRI, SBSETI, SBINVI, SBEXTI, GORCI, GREVI, CMIX, CMOV, endfunction

FSL: get_opcode = 7'b0010011;
virtual function void set_rand_mode();

default: get_opcode = super.get_opcode(); super.set_rland_mode();
endcase has_rs3 =1'b0;

endfunction ‘ case (format) inside
R_FORMAT: begin
| if (instr_name inside {CLZW, CTZW, PCNTW, SEXT_B, SEXT_H, CLZ, CTZ, PCNT, BMATFLIP,
-~ v CRC32_B, CRC32_H, CRC32_W, CRC32C_B, CRC32C_H, CRC32C_W, CRC32_D,
| - CRC32C_D}) begin
‘ P - has_rs2 = 1'b0;
-~ end
| -~ end
‘ P R4_FORMAT:‘ begin ‘
- has_imm = 1'b0;
- has_rs3=1'bl;
. . . &~ end
Add support for instructions _- | FORMAT: begin
. has_rs2 = 1'b0;
* Add Support for test generatlon - if (irTstr_name inside {FSRI, FSRIW}) begin
has_rs3=1'bl;
end
end
endcase
endfunction
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Complex Step-and-Compare
Flow

Google UVM
instruction generator
. : RISC-V
RISC-V assembly test GCC RISC-V Compiler Binary File (EIf file) Specman memory RTL Core
per hart run per hart per hart model ‘
Direct test Assembly Run RISC-V
per hart Imperas Simulator

—-I Step of current hart |

Compare register change and IP
after each command

Compare memory model and
cache behavior

* Reference model and simulator (Imperas M*DEV simulator) are run in parallel with RTL simulator (Cadence Xcelium)
* Reference model and RTL Device Under Test (DUT) are stepped in parallel

* This flow enables sync of the RTL DUT and reference model for interrupts and both asynchronous and synchronous events
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RISC-V Model with Specman
Encapsulation

BusRead BusWrite Step HaltReq AMOActive

OVP RISCV V CPU MODEL

* Effectively the same as the SystemVerilog encapsulation

Page 25 © 2021 Imperas Software Ltd. DVCon 2021



Interactive Co-Debug is Enabled by ™
the Step-and-Compare |[f[fﬂ|;@eras

Environment

Cadence Xcelium =
SystemVerilog simulation j = s

Imperas M*SDK

RISC-V reference
model simulation

Interactive co-debug, especially valuable for asynchronous events
and to investigate compare failures

© 2021 Imperas Software Ltd. DVCon 2021
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* RV64IMACBNSU

* 64-bit RISC-V core with extensions including
* Integer
* Multiply
* Atomic
* Compressed
* Bit manipulation
* Machine/supervisor/user modes
* Debug mode

* Custom instructions

* Custom interrupt/event support (e.g. error events)
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Instruction Functional Coverage
Results from Simple Flow

Average Covered Grade  Goal Uncovered Bins Excluded Bins  Total Bins
B4 589 34 58% (203240) | nva 1 37 0 240 CoverPoint CoverCommand Commands ToCoverage

ISA coverage report for IMACB plus custom commands and non-supported spec (e.g. F as an illegal command)

Covered

Grade Uncovered Bins Excluded Bins Total Bins Comment

CoverPoint

Covered

Grade Uncovered Bins Excluded Bins Total Bins

CoverPoint

ISA coverage report for multicycle sequential insertion.
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Function Coverage Results

62.50% (10/16)

_
mperas

143 (57)

1 b 0 CoverPoint
n/a 1 0 0 3 CoverPoint CoverMemReq.RequestOpcode
nfa 1 0 0 16 CoverPoint CoverMemReq.RequestThread|d
n/a 1 0 0 3 CoverPoint CoverMemReq.RequestAgent
n/a 1 2 0 1 CoverPoint CoverMemReq.RequestSize
n/a 1 0 0 128 CoverPoint CoverMemReq.RequestData
nfa 1 0 0 16 CoverPoint CoverMemReq.RequestWriteByteEnable
n/a 1 0 0 48 Cross CoverMemReq.cross_ RequestThreadld_ RequestAgent

* Functional coverage results from complex flow with step-and-compare

Page 30
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Conclusions Innperas

Robust, comprehensive, best-known-methods approach is needed for RISC-V
processor DV

Step-and-compare methodology is necessary for DV of asynchronous events

Key pieces of the environment include

High quality RISC-V reference model
Ability to introspect from the testbench into both the RTL DUT and the reference model
Functional coverage metrics are important, as always with DV
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Thank you
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