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4 The Era of Agile and Open-Source Hardware

~
Open-Source
Chip Ecosystem

<_____________

Customized code
<10% LOC

ISAs/I1Ps/
SoCs

Languages/
EDA tools

Verification/
Simulation

OS/Compiler

- reem

To lower the barrier of chip development

by saving time-to-market and the cost of
IPs, EDA tools, facilities and engineers etc.

Institute of Computing Technology, Chinese Academy of Sciences (ICT, CAS)
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4 Agile and Open-Source Chip Ecosystem

Open-Source Chip Ecosystem

b RISC
YA
XIANGSHAN
Rocket Chip Generator ¢’

OpenPiian

"' BlackParrot

ISAs/IPs/SoCs

CHISeU
bluespec

L? SpinalHDL
Tl PyMTL
OpenROAD

Languages/EDA tools

ow Imperas

VERILATOR

ESSENT:
A High-Performance RTL Simulator

O FireSim

Verification/Simulation

OS/Compiler

Open-
Source
> 90%

Platform
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4 Agile Approaches Adopted in the Industry

 When we talked to some of the leading companies ...

-
>
We:
LEFSSTRY
mSOMETHING NEW
Big Ones:

ISAs/IPs/
SoCs

Languages/
EDA tools

Verification/
Simulation

OS/Compiler

Institute of Computing Technology, Chinese Academy of Sciences (ICT, CAS)




% Major Concerns Regarding the Agile Methodology

Complexity

Concern #2: how do you verify the processors?

Verification Complexity

Verification Gap ] ]
Design Complexity

Concern #1: is it ready for complicated processors?

Time

Source: Serge Leef, Reimagining
Digital Simulation, DAC 2021. Institute of Computing Technology, Chinese Academy of Sciences (ICT, CAS)



4 This Work: Let’s Do It and See What’s Happening

We:

Big Ones:

We:

ISAs/IPs/
SoCs

Languages/ | | Verification/ )
0S/Compiler
EDA tools Simulation

LET'S DO THIS THING!

Institute of Computing Technology, Chinese Academy of Sciences (ICT, CAS)

Concern #1: it’s not ready for complicated processors.

Concern #2: the verification process is still less agile.

XiangShan: High Performance RISC-V Processors




4 XiangShan: Open-Source High Performance Processors

e 1st generation: YQH
* RV64GC, single-core, superscalar 00O
e 28nm tape-out, 1.3GHz, July 2021
* SPEC CPU2006 7.01@1GHz, DDR4-1600

e 2"d geperation: NH
* RV64GCBK, dual-core, superscalar OoO
* Scheduled 2GHz@14nm tape-out, Q4 2022
* Estimated™* SPEC CPU2006 19.45@2GHz

3 generation: KMH
* RV64GCBKHV, quad-core, superscalar OoO
* Close collaboration with industrial partners

0
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SSA .
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611 0 . . . l

A A
a‘ge\\ (\0*$ Q\e®

. \?‘\40 @6‘\«\ “ Go(\ 6&\ @‘(\6 \300 [\
o«

SPECint 2006/GHz* (Proportional to IPC)

: 4RI N . e
WSS Sl TS e
() 3
& piEr JMFE  Tencemrmn ZTED ESWIN

Q W % BRAE g2 youdao W @ @ Empyrean
Horizon Robotics )W/  MOORE THREADS A i i"‘E k j-L %
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% How We Built XiangShan: Minlie

[ New Feature ]:9[ RTL Implementation H Functional Verification ]:';[Performance ValldatlunH Physical Design ]

. =~z

=~z

Test Generation

Test Generation

Transaction Analyzer Visualizer and Debugger

J

L b
TL-C Agent: Customize - =~ .\ -~
TileLink FIRRTL Transforms Chisel Language . )
Bus/Cache Reference Model Simulation
Behavior Model |§ AM: Bare-Metal Run-Time Env TL-C Transaction Generator o
1T X 1T
GlobalMem: Multi-Core Memory Model NEMU: Fastest ISA Simulator Result Comparison Emulation
J
TL-Test: SMP-Diff: Multi-Core Co-Sim DiffTest: Co-Simulation 9.2 1 L 9.2
TileLink Bus/Cache Error Reproducing FPGA
Behavior Checking LightSSS: Simulation Snapshot J
1T g 1T .
ArchDB: Waveform Terminator: Chisel-Native Debugging Statistics Analysis

GCPT: RISC-V
Full-System Checkpoint

BetaPoint: Characteristic
Profiling Tools (WIP)

NEMU-Func: Fast Micro-
Architectural Warmup

AMCE: Accurate Memory
Controller Evaluation (WIP)

PerfDB: Performance
Modelling and Analyzer

J

(OO ) pevelopment workfiow Bl B "oy Developed Tools for Mindie
Minlie: Open-Source Platform with Agile Development Flows and Tools

Institute of Computing Technology, Chinese Academy of Sciences (ICT, CAS)



% Minlie: Platform with Agile Development Flows and Tools

Feature Request

Debugging

Verification
Loop

Agile HDL Verilog

Silicon-Proven IP

Institute of Computing Technology, Chinese Academy of Sciences (ICT, CAS)



% Minlie: Platform with Agile Development Flows and Tools

Feature Request -
-

“ Borken Workflow

Debugging

7’
A
Agile HDL Verilog

Verification
Loop

Silicon-Proven IP

10
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% Minlie: Platform with Agile Development Flows and Tools

To Build a Closed and Agile Loop

Feature Request

Debugging

Verification

Agile HDL Verilog Loop

Silicon-Proven IP

Institute of Computing Technology, Chinese Academy of Sciences (ICT, CAS)
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4% This Work

* XiangShan: High Performance RISC-V Processor

* Minlie: Platform with Agile Development Flows and Tools
* DRAV and DiffTest: Functional Verification
* LightSSS: Debugging

Debugging

Verification
Loop

Agile HDL yummmg  Verilog

Institute of Computing Technology, Chinese Academy of Sciences (ICT, CAS)
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4% Processor Functional Verification

RISC-V
Processor

An ideal verification world:

! Frontend % FTB | TAGE SC |ITTAGE XiangShan
: Branch Prediction Unit Core :
Prediction Result Redirect / Update
Backend PC Read Resul
Red\r::i fe Spdate Fetch Target Queue for E:ckeizu '
Iy lFTO Req
Instruction . Instruction Fetch Unit Instruction
Cache |2%648 | Predecode| BP Checker Uncache
128 KB, 8 way| 256-entry
Re-Order
e Instruction Fusion Buffer

| Rename &Dispatch '~ MoveElmhnaton Scheduler
i/l _Fioat || FPRenameTable || Memory | |Integer Rename Table| | Integer
: i|| Dispatch Dispatch Dispatch
Vil Queue 192-entry FP Queue 192-entry Integer Queue
:i|L 16 entries || Physical Register File | | 16 entries | | Physical Register File | | 16 entries
- [FwAC R| FuaC Re| Fmisc Ry [LD RS| STARS BTDRS MDU RSJALU RS|ALU S|
5 ‘A ¢L)§H
Fva[Fmamisclmisc |§H‘ 1S pouvogpcdar dagacfuisg
TLB[TLB[TLE[TLE|
Float Block j:[
[a] -]

Load

Integer Block

ITLB || DTLB [~ |Queu
p Repeater ——— Committed
‘;‘““ Store Buffer

| Memory

i Block
L2 Cache (1MB, 8 way, 4 bank) | BestOfiset

32B / cycle

The RISC-V Instruction Set Manual
Volume I: Unprivileged ISA
Document Version 20191213

Editors: Andrew Waterman®, Krste Asanovi¢'?
1SiFive Inc.,
2CS Division, EECS Department, University of California, Berkeley
andrew@sifive.com, krste@berkeley.edu
December 13, 2019

] T ;
L2TLB & PTW Data Cache :
2048 entries 128 KB, 8 way, 8 bank

- 1328/ cycle 2B oyole :

‘ L3 Cache (6 MB, 6 way, 4 bank) ‘

The RISC-V Instruction Set Manual
Volume II: Privileged Architecture
Document Version 20211203

Editors: Andrew Waterman!, Krste Asanovié!?, John Hauser
1SiFive Inc.,
2CS Division, EECS Department, University of California, Berkeley
andrew@sifive.com, krste@berkeley.edu, jh.riscv@jhauser.us
December 4, 2021

Yof
THEY'RE ALL
ABOUTTHE SAME

Institute of Computing Technology, Chinese Academy of Sciences (ICT, CAS)

RISC-V
Specifications
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4 Processor Functional Verification: Reality

B Xiaggfehan Spike RISC—V ISA SimUIator The RISC-V Instruction Set Manual
Volume I: Unprivileged ISA
Document Version 20191213

! Frontend
: RAS
H Branch Prediction Unit

Prediction Result Redirect / Update E
3 | e TG | - s i
E I I u Editors: Andrew Waterman!, Krste Asanovi¢!?

ISiFive Inc.,

acl
Redirect / Update
Iy FTQ Req
* Instruction :
Ing:l;::n 2 x646 | Predecode| BP Checker: Uncache :
256-entry :
2CS Division, EECS Department, University of California, Berkeley

Re-Order :
andrew@sifive.com, krste@berkeley.edu
December 13, 2019

128 KB, 8 way|

g Instruction Fusion Buffer : )
. Rename & Dispatch o Move Elimination  Scheduler

=|  imperas Qv
: Open Virtual Platforms

FP Rename Table Memory | |Integer Rename Table
Dispatch

D'F.Ioa‘t h Dispatch
Vil Queue 192-entry FP Queue 192-entry Integer Queue '
; ||_18 entries | Physical Regi F"9| 16 entries | | Physical Register File | | 15 entries | :
 [ncrg FuacrlFwscrd Lo Rs| STARS TO RS MDURSALIRSALU RSASd. |
N E M l l The RISC-V Instruction Set Manual
: Volume II: Privileged Architecture
Document Version 20211203

Integer Block

S— —
: Float Block |’

RISCV Sail Model
Editors: Andrew Waterman', Krste Asanovié"?, John Hauser
1SiFive Inc.,

ITLB || DTLB [~ |Queue| ————aiies
P Committed
: T B | store Buffer
i Memory  [L2TLB & PTW ‘ Data Cache ‘
128 KB, 8 way, 8 bank
2C8 Division, EECS Department, University of California, Berkeley
andrew@sifive.com, krste@berkeley.edu, jh.riscv@jhauser.us

i Block 2048 entries
1328 cycle TaBioyde :
| L2 Cache (1MB, 8 way, 4 bank) | Gestoffset r .
J December 4, 2021

I323Icyc\e

‘ L3 Cache (6 MB, 6 way, 4 bank) ‘
Yet Another Non-Executable
‘ RISC-V

R I SC-V 2 EDQH (j’j‘@ég“vﬁ -
Processor : o o .
’ Specifications

SOTA: Let’s co-simulate them and compare the results!
14
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4 Processor Co-simulation to Find Bugs

RISC-V Model Processor Under Test

Equal
Initial State Initial State

Instruction Instruction
Executed Executed

Compare
Next State Seiaaebelel el E R lr s  Next State

Match: No Bug Mismatch: Bug!

Negative Result Positive Result

Institute of Computing Technology, Chinese Academy of Sciences (ICT, CAS)



4 Challenge: False Positives

 Example: Linux allocates valid PTEs and lazily executes memory-barrier instructions
* To avoid frequent TLB flushes for better performance

Most PTE Allocation
RISC-V by OS (SD)

Models

PTE Allocated CPU
by OS (SD) Under Test

PTE Allocated

by OS (SD)

LD Instruction LD Instruction
Page Access Page Access

LD Finishes s Mismatch LD: Page Fault
Normally Exception

TLB Flushed by
OS (sfence.vma)

Store Queue

TLB Miss!

However, both are legal! LD Instruction
It’s actually a false positive! Page Re-Access
) TLB Hit!

LD Finishes
Normally
16
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Cache Hierarchy




4% Observation: False Positives and Non-Determinism

* Designs are deterministic — as RTL/C++ code is fixed.

E next step

RP-:

l

Sp, X E — Sp, forProcessor P,

* Verification should be non-deterministic — as specifications allow diverse designs.

lllllllllllll

o .
] pInnnnn .
= n
| |

next St€E

lllllllllllll

R: Sop X E — 257 forProcessors P = {P;,i € N}

17
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4 This Work: Diff-Rule based Agile Verification (DRAV)

Probes: bridge hardware design and verification

)
Design: RPi: SPi X E — SPi for Processor P;

Wi

Reference: R- SiP X E — 2°P| forProcessors P = {P;i € N}

Diff-Rules: abstract legal behaviors defined in specifications

DRAV: To Check Whether f (R p,(sp, e)) € R(f(sp,) €)

18
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4 Towards 1-to-N Correspondence Between REF and Designs

One REF for One Processor Design

Previously: RPi: SPi X E — SPi for Processor P;

R: SﬁP X E — ZSSD for Processors P = {P;,i € N}

One REF for N Processor Designs

19
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4 This Work: DiffTest for RISC-V Processors

* Idea: acknowledge the non-deterministic nature of ISA — the ultimate golden model

* DiffTest: the state-of-the-art co-simulation framework for RISC-V processors
» This Work: Identify and Specify Sources of Behavioral Non-Determinism in ISA using Diff-Rules
* Dromajo[1]: to avoid non-deterministic sources such as the Debug Transport DTM (MMIO)
* Imperas[2]: to extract asynchronous information from micro-architecture RTL pipeline

Sub-Categories | ______Bxamples _____| Addressed Before

Static Impl. Dependent Registers CSR, MMIO Devices [1][2]
Impl. Dependent Registers Timer, Counters [2]
Asynchronous Events External/Timer Interrupts [1][2]
Dynamic Speculative Execution Instr./Load/Store Page Fault This Work Only
Memory Model Memory Accesses in Multi-core This Work Only
Hardware Timing LR/SC, Instruction Fusion, Caches This Work Only

[1] Nursultan et al., Effective Processor Verification with Logic Fuzzer Enhanced Co-simulation. MICRO-54, 2021.
[2] Kevin McDermott. Brief Introduction to the 5 Levels of RISC-V Processor Verification. RISC-V Summit, 2021.

Institute of Computing Technology, Chinese Academy of Sciences (ICT, CAS)
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4 Accelerating Simulation Debugging with Snapshots

* Idea: to re-construct the last cycles of simulation after abort

i '%—l I times+s i '%_l ' timess [

A 4 A 4 % A4

Snapshot lTaken
Wakeup

,- I I NN S \
Time++ | [
i I
Waveform | & > |
‘ High Simulation Speed Enabled "\ o= o= o= o um ¥

‘ Slow Simulation Speed

Institute of Computing Technology, Chinese Academy of Sciences (ICT, CAS)
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4 This Work: Lightweight Simulation SnapShot (LightSSS)

* Challenge: Minimize the Performance Overhead of Snapshots

* Key Insight: using fork from Linux to take snapshots of the simulation process

» Differential snapshot: Copy On Write mechanism provided by the OS
* Portability: transparent to the circuits, RTL simulators, external C/C++ models

* Efficiency: in-memory snapshots without disk /0

——Single-Core CoreMark Dual-Core Linux Boot

< 2000
(<))

1500 .
-,g Minor performance overhead:
S 1000 As snapshot interval size increases,
® 00 e e e e e e e e e e . simulation speed remains stable
= 0
73 N 1Y Y k9 N \6 rLQ er pO (OQ Q)Q \0\66

.

Snapshot Interval / s ¥

22
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Practice of Agile Development on XiangShan

(@ Design Optimization (@ Paper Reproduction

Day 0: Start 2018 51st Annual IEEE/ACM International Symposium on Microarchitecture

Important Features

Bug Fixes

Day 11: CoreMark Pass, 75 commits

Day 12: BPU

Performance Improvement by Prioritizing the Issue

IS 37 bugs §

" Dayts | of the Instructions in Unconfident Branch Slices
Day 18: TAGE
I 32 bugs m

One third-year PhD student, 200 minutes on XiangShan

Day 31: precise global histo
B 10 bugs l | yorp g v |

44 minutes 60 minutes 90 minutes
Day 38: Linux hello-world Pass, 136 commits o PriorityIssue o DefTable o ConfTable
| Day 39: FTQ fast enq | © BroliceTable
18 b " o o
1as l | Day 46: Statistical Corrector ‘ 251 :;:::::::‘"ss 815:::::2:: 12809 :;::?;onnss
Day 51: Merge into master, 39 commits
230 m AGE = AGE + PUBS
2.20 -0.23% -0.09% _054/ o
* 3 graduate students : 2'2.3 I i I | |
e 11 days for a functionally correct prototype
« 37 bugsin 5 days s - s es es s
* 38 days to boot Linux with BPU 3 o ‘ ‘ ‘ | ‘ ‘ ‘ ‘ ‘ ‘
£ 10/
* 51 days for the overall frontend architecture 3 : l..
L # #2 #3 #5 #6 #7 #8 #9 #10

Checkpomt ID of sjeng

More details in our paper

23
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4% Conclusion

* XiangShan: High Performance RISC-V Processor //m

* Minlie: Platform with Agile Development Flows and Tools
* DRAV and DiffTest: Functional Verification

* LightSSS: Debugging XIF“\|GSI"IFlh|

* Both XiangShan and Minlie are Open-Source
* Follow us at github/OpenXiangShan with 3K stars € from the lovely community

 Artifacts Available, Functional, and Reproduced

Institute of Computing Technology, Chinese Academy of Sciences (ICT, CAS)
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University of Chinese Academy of Sciences SoCs EDA tools Simulation

Together for a Shared Future
To Lower the Barrier of Chip Development

Open-Source Chip Working Group

0S/Compiler
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Team
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