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4% Tutorial @ASPLOS’23 Schedule

9:00-9:25 Introduction of the XiangShan Project
9:25-9:35 Tutorial Overview and Highlights
9:35-10:20 Microarchitecture Design and Implementation

Coffee Break
10:40-12:00 Hands-on Development
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The Era of Open-Source Chip



% A chip design that changes everything

* 10 Breakthrough Technologies 2023

Ever wonder how your smartphone connects to
your Bluetooth speaker, given they were made by
different companies? Well, Bluetooth is an open
standard, meaning its design specifications, such as
the required frequency and its data encoding
protocols, are publicly available. Software and
hardware based on open standards—Ethernet, Wi-
Fi, PDF—have become household names.

Now an open standard known as RISC-V
(pronounced “risk five”) could change how
companies create computer chips.

--- MIT Technology Review

A chip design that changes everything: 10
Breakthrough Technologies 2023

Computer chip designs are expensive and hard to license. That’s all about to
change thanks to the popular open standard known as RISC-V.

By Sophia Chen January 9,2023
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4 Open-Source Software Ecosystem

« Lower the barrier of innovation

* E.g., developing an App by 3-5 engineers within 3-5 months

/\(————

\
Open Source SW
Ecosystem

salieaqiy
sadeyoed pmS
INAT1/399

Customized codes

-
< 10% LOC

J

LAMP/MEAN etc.

> > 90% LOC




% High Barrier of the Chip Industry

Internet Startups Chip Startups

A A
$20M $20M

V.S.

B B
$3M $3M
A A
$.5M $.5M
see > see >
Proof of Working  Customer Proof of Working  Customer
Concept Prototype Engagement Concept Prototype Engagement

6
Serge Leef, DARPA, Automatic Implementation of Secure Silicon, SIGARCH Visioning Workshop, 201¢



4 Open-source Chip Ecosystem

* Lower the barrier of chip development by saving time-to-market and

the cost of IPs, EDA tools, facilities and engineers etc.

Customized codes
<10% LOC
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L1: OPEN ISA
:LZ: OPEN Design/lmplementation]
'L3: OPEN Framework/Tools |

% Three Level of
Open-Source Chip
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L1: OPEN I[SA
- \
w '(I')hree ;EVEI OfCh' 'L2: OPEN Design/Implementation
pen-source Lhip 'L3: OPEN Framework/Tools

Open Framework/Tools

microarch: coding EDA Tools

- J
ISA Spec. Docs RTL
128 Eniry . component DebugCoreTop is
m m.‘ el 32 KB l-cache (4 way) |. — et
Shared N
[ 168 Pro-Docod ] Inclusive Data
— Ls‘scach in r (2 downto 0) := (others => '0');
% noway in (others => (others => '0')):
Bt 1 in (others => (others => N
in

'
(others => (others => '0'));
(others => (others => '0'));
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XiangShan: Open-Source High
Performance RISC-V Processor




4% Why open-source high-perf. RISC-V processor?

* Why RISC-V: Free and open ISA

* Why high-perf : Most RISC-V processors are for 1oT/Al, but both academic and industrial
community need high-performance RISC-V processors

 Why open-source: An open and innovative hardware platform, “hardware version of Linux”

* Build a leading platform with agile development flows and tools

Designs (“Source”) Products
W Free & Open Closed
o) |  Specifications Designs Designs
5 Free & Open ODE Based on Free &
— Open
8 SpeC 0 Closed
= Based on
8 or Closed
o Source: David Patterson,
2 Based on Closed Keynote @ CRVF 2019,
Closed Designs https://crvf2019.github.io/p
Spec df/keynotel.pdf
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https://crvf2019.github.io/pdf/keynote1.pdf
https://crvf2019.github.io/pdf/keynote1.pdf
https://crvf2019.github.io/pdf/keynote1.pdf

4 XiangShan: Open-Source High Performance Processors

L1: OPEN ISA
'L2: OPEN Design/Implementation
L3: OPEN Framework/Tools

Ve

Ve

~

H OpenXiangShan / XiangShan ' Public R EditPins v ®Watch 75 ~ % Fork 409 v Starred 33k v

<> Code (@ Issues 32 1% pull requests 3 ) Discussions ® Actions [ Projects 0 wiki 0] Security | Insights b Settings

¥ master ~ ¥ 237 branches  © 2 tags Go to file Add file ¥ About e
Open-source high-performance RISC-V

@ happy-Ix Fix replay logic in unified load queue (#1966) .- v 62dfdec yesterday & 7,306 commits processor

I github ci: use checkout@v3 instead of v2 (#1942) 3 weeks ago chisel3 risc-v microarchitecture

B debug bump difftest & mkdir for wave/perf for local-ci script's run-mode (#... last month J Readme

B difftest @ f630d03 bump difftest, track master branch (#1967) 5 days ago 8 View license
vy 3.3kstars

B3 fudian @ 43474be Switch to asynchronous reset for all modules (#1867) 2 months ago
® 75 watching

huancun @ 9a729b9 util: change ElaborationArtefacts to FileRegisters (#1973) yesterday %9 409 forks

Fragrant Hills in Beijing >3.3K stars, >400 forks on GitHub
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4 XiangShan: Open-Source High Performance Processors

e 15t generation: YQH
* RV64GC, single-core, superscalar 000
e 28nm tape-out, 1.3GHz, July 2021
* SPEC CPU2006 7.01@1GHz, DDR4-1600

15.00 15.73

« 2"d generation: NH 665 055 990 1100

611 7.03
* RV64GCBK, dual-core, superscalar Oo0 . . . l

* Scheduled 2GHz@14nm tape-out, Q1 2023 o
3 e \ al N2 e\a

+ Estimated** SPECint 2006 19.10@2GHz ¥ . @%“;w“ " \@“
SPECint 2006/GHz* (Proportional to IPC)

A A
g@“ (\0** Q\e “
“00 PQ

3" generation: KMH

!';,ﬂﬁx; Rymmm— (NGAWGD @ Thandter Sarft A'ﬁ? ,‘
* RV64GCBKHV, quad-core, superscalar 000 . o | e
€ piftew JME  Tencemmn ZTEPH ESWIN

* Close collaboration with industrial partners P

av\ iﬁ.’ b % 7 B R % & ﬁi d vlctl)!(‘ (p
97  Horizon Robotics ) Mo "“'"”“DES Eyou e EFRECHERRLS 3 1}‘2 k j.L %

PRFZRERE
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% Yanqgihu: 15t generation of XiangShan

* Yanqihu: named after a lake in Beijing, China
* RV64GC, 11-stage, superscalar, out-of-order
* 5.3 CoreMark/MHz (gcc-9.3.0 —02)
e Real chip: SPEC CPU2006 7@1GHz with DDR4-1600 (DDR not fully optimized)

Yangi Lake in Beijing

» Tape-out: single XiangShan core (commit hash ccbca07) with 1MB L2 Cache

Tape-out information for the processor core

Process Node 28nm
Die Size 8.6 mm?
Std Cell 5.05M, 4.27 mm?
Mem 261, 1.7mm?

% Density 66%

', , 'g‘.iii' s cell ULVT 1.04%, LVT 19.32%,
i e - SVT 25.19%, HVT 53.67%
e Estimated Power 5W

Frequency 1.3GHz, TT85C

(b)

Figure. Layout of (a) the entire chip; (b) the core
14



4 XiangShan microarchitecture (Yanqgihu)

IFl g IF2 md IF3 ma IF4 md DEC ga REN md DP RF ISS e EXE ma CM
» 11-stage, 6-wide decode/rename Frontend 1 ¥ 1 |ﬁ
* TAGE-SC-L branch prediction o e T KB'; _ s
+ 160 Int PRF + 160 FP PRF e
e 192-entry ROB, 64-entry LQ, 48-entry SQ fReg”" Rargr st | = RT: —
e 16-entry RS for each FU — Vv
- e ] e s o i ---- 2 ] ] o] e e
» 16KB L1 Cache, 128KB L1plus Cache for instruction #i@#ij j#iji
* 32KB L1 Data Cache [y
+ 32-entry ITLB/DTLB, 4K-entry STLB % =
+ 1MB inclusive L2 Cache b ey
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% Real chip of YANQIHU

* The chip was back in January 2022
* SoC: CPU, SPI Flash, UART, SD card, Ethernet, DIMM
e Correctly running Debian with SD card and ethernet

* Performance: SPEC CPU2006 7.01@1GHz

SPECint 2006 @ 1GHz SPECtp 2006 @ 1GHz
400.perlbench 6.14 410.bwaves 9.28
401.bzip2 4.37 416.gamess 6.59
403.gCC 6.71 433.milc 8.41 wanghuizhe@open02:~$ ssh -X xs@
s@ ' word:
429.mef 6.83 434.zeusmp 71.65 ﬁnux open®2 4.28.8?33628-99%1956b0c63-dirty #109 Thu Feb 17 17:41:13 CST 202 jaymmi
445.gobmk 7.92 435.gromacs 4.99 I . : :
The programs included with the Debian GNU/Linux system are free software;
456 . hmmer 5.24 436.cactusADM 3.97 the exact distribution terms for each program are described in the
. . individual files in /usr/share/doc/*/copyright.
458.sjeng 6.85 437 leslie3d 6.93
462 libquantum 17.71 444 namd 8.00 Debian GNU/Linux comes with ABSOLUTELY NO WARRANTY, to the extent
464 h264rcT 10.91 | [447.dealll 10.17 fou have no maLL.
ou have no mail.
. e - -ced - Last login: Thu Feb 17 11:10:31 2022 from
4710mnetpp 5.65 450.SOpleX 7.03 xs@open02:~$ xclock
473.astar 5.16 453.povray 7.14 Harning: locale by C library, locale unchanged
483 .xalancbmk 7.35 454 .Calculix 2.86
459.GemsFDTD 8.35
m Ll .o
: : run rogram vi
SPECfp 2006: 7.00@1GHz  [1g] vt Y un a LUI program via orwarding
482.sphinx3 9.07

16



4% NANHU: 2"d generation microarchitecture

Target: 2GHz@14nm, SPEC CPU2006 20 marks

* New frontend: decoupled BP and instruction fetch

* Improved backend: better scheduler, instruction fusions,
move elimination, and more

* New L2/L3 cache: designed for high frequency and high
performance with hybrid prefetchers

* Tape-out with dual cores (RV64GCBK), more devices
support (PCle, USB, ...)

* To build an open and standardized development workflow

A lake in Jiaxing, Zhejiang, China

17



% XiangShan microarchitecture (Nanhu)

Frontend l

* 192 Int PRF + 192 FP PRF " T "G ; £
128 KB BTB
e 256-entry ROB, 80-entry LQ, 64-entry SQ - —
v
* 16-entry RS for each FU (32-entry as an RS) ——
Rename & Dispatch
* 64KB L1 Cache, 64KB L1 Data Cache —EE | |
N FP Phys:gglelr:\’tsgster File INT Phyﬁgéﬁiglster File
* 136-entry DTLB, 40-entry ITLB, 2K-entry STLB W
- E ) e H = s =
* 1MB non-inclusive L2 Cache Ec][m?@c][ﬁ** EE@EE *w
Float Block o Integer Blocki
* 6MB non-inclusive L3 Cache (LLC) (2 Cache | {sTiBsPW] =
Load Store
8-way, 4 Bank ———— Quet_:; S‘;S,‘;;
* BOP and SMS prefetchers at L2 e 1 oaacasne || ——
e R - Me:noe:: Block
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4% Estimated Performance of NANHU

» Estimated SPECint 2006 19.10, SPECfp 2006 22.18@2GHz
e Compile with GCC 10.2.0, -02, RV64GCB
e RTL simulation, DDR4-2400 under DRAMsim3

400.perlbench 19.27 410.bwaves 18.09

401.bzip2 11.36 416.gamess 23.82

403.gcc 21.97 433.milc 18.33

429.mcf 20.53 434.zeusmp 28.19

445.gobmk 15.97 435.gromacs 17.53

456.hmmer 19.22 436.cactusADM 24.26

458.sjeng 17.22 437 .leslie3d 20.28

462.libquantum 36.99 444 namd 23.83

464 .h264ref 28.54 447 dealll 33.50

471.omnetpp 14.02 450.soplex 25.61

473.astar 14.19 453.povray 27.06

483.xalancbmk 21.48 454 .Calculix 9.18 Feature YQH NH
459.GemsFDTD 24.66 ISA RV64GC RV64GCBK
465.tonto 17.68 Process Node 28nm 14nm
470.1bm 32.04 Core Count ! 2

i i 2 2

481.wrf 19.73 Std CZII‘IEI\?LIJZr;la/Area 5.0531-,6422 mm2 11531 i.?Smmm2

482.sphinx3 28.38 Mem Num/Area 261, 1.7 mm? 692, 8.93 mm?
Density 66% 35%

Frequency 1.3GHz, TT 0.9V 2GHz, TT 0.9V

19
* Updated January 5, 2023



% KUNMINGHU: 3" generation microarchitecture

Work with Beijing Institute of Open Source Chip (BOSC)

* Non-profit organization with 18 founding members from the industry

* RISC-V Vector Extension 1.0 Support

* RISC-V Hypervisor Extension 1.0 Support

S0>5C

* Refactored issue queues, execution units, load/store units/queues

* Loop predictor, loop buffer

e L1D prefetcher, cross-level cache optimizations
 AMBA CHI compatible

* Comprehensive verification plan
* Advanced process node and EDA flows

e GEMS5 simulator with aligned microarchitecture

Active development on GitHub
20




Part Il

Minlie: Agile Development for
High-Performance RISC-V Processors

— RTL Implementation :q Functional Verification H Performance Validation H Physical Design ]

GCPT: RISC-V
Full-System Checkpoint

uitUti Architecture

Test Generation Test Generation

TL-C Agent: ustomize i
TileLink FIRRTL Transforms Chisel Language Ref Model Simul BetaPoint: Characteristic
Bus/Cache eterence Wode imulation Profiling Tools (WIP)
Behavior Model § AM: Bare-Metal Run-Time Env | TL-C Transaction Generator I
GlobalMem: Multi-Core Memory Model g NEMU: Fastest ISA Simulator Result Comparison Emulation NEMU.' funcirastiiicreg
rchitectural Warmup
TL-Test: SMP-Diff: Multi-Core Co-Sim DiffTest: Co-Simulation Sz
TieLink BusiCache erorroproaueng | [ epoa s
Behavior Checking LightSSS: Simulation Snapshot
<z
ArchDB: Waveform Terminator: Chisel-Native Debuggin Statistics Analysis PerfDB: Performance
Transaction Analyzer Visualizer and Debugger 9ging Y Modelling and Analyzer

D D Development Workflow . . Newly Developed Tools for MinJie



4% Decision: Use Chisel

* 2018: quantitative experiments between Chisel and Verilog

o Task #1: Design an L2 Cache for RISC-V Rocket-chip core « Task #2: Translate the Verilog codes into Chisel
o Who: A 5-year engineer vs. a senior student * Evaluated on FPGA (xc7v2000tfhg1716-1), Vivado 2017.01
* Who: A junior student who never knew Chisel
£ ) Familiar w/ OpenSparc T1; Course projects on CPU design; : YU Zlhaol L|U Zhlgang' LI YIWGI, H Uang
xperience Modified Xilinx Cache Using Chisel for 9 months E t o Bowen, Wa ng Sa, Sun Nlnghu i, Bao
Language Verilog Chisel Freq./MHz 135.814 136388 (+0.42%) 154.107 (+13.47%) Yungang. Practice of Chip Agile
Time 6 weeks 3 days Power/W 0770  0749(-2.73%)  0.749 (-2.73%) Development: Labeled RISC-V. Journal
LOCs ~1700 ~350 LUT Logic 5676 6422 (+13.14%) 2594 (-54.30%) of Computer Resea rch and
-29.62% 1492 (-16.93%
_ Boot Linux on multicore RISC-V; ROTSEEEe| LRG| e Blaiacsd Development, 2019, 56(1): 35-48.
Results Unable to boot Linux FF 4266 3638 (-14.72%) 747 (-82.49%)
support NIC w/ DMA mode
LOCS 618 470 (-23.95%) 155 (-74.92%)
e 1%t Round results: Chisel is more productive than Verilog by 14X
with only 1/5 LOC e 2" Round results: Chisel can achieve better PPA than verilog

* 2020: 28-nm tape-out of an 8-core labeled RISC-V processor

RV64GCIg<tE
BRSNS E

« REGRSIUSERSERA

« 81#%/2MB L2 Cache
ChipLinkgiizRass

+ 1.2GHz@ 28nm

«  Wafer out/WB BGA%jZ%

‘ - « B K3Z$%32GB DDR4ATF
00T | 2T
FREWRISC-VIE R + 1*PCle3.0 RC x4

q ————
| e o o
D e e
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4 Agile design is easy

PyMTL

CHISEU

l\ —— Cycle-Level generate | RTL
==L

» Functional-Level

co-
Multi-Level «——

SimuTlatiun “\ z;};éi‘z

prototype zﬁsi@;
— Test Bench bring-up (Yhooaor

register-transfer-level hardware design and simulation

SpinalHDL
A high level hardware description language

bluespec

cucapra/latte21

Languages, Tools, and Techniques for Accelerator

Python Framework SystemVerilog

esize

Verilog SystemVerilogh

Agile Design Languages

New Hardware
Design Paradigm

High-level HDLs ‘

Hardware Description Lo
Language Description Layer

Abstraction Layer

icroarchitecture
Layer

Micro-architecture

Circuit Layer

Agile Design Methodology
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4 Agile verification is hard

New Hardware
Design
Paradigm

CHISeU

Hardware
Description

%RTL Language

Micro-
architecture

£ Scala

Verilog

Agile Design Languages Agile Design Method

Agile Verification

Existing EDA

Agile Verification Method

I
I
I
difftest :
I
I

I @Performance Verification

|
RISC-V :
Chisel- Checkpoint XSpert I
based I
Functional Top-down |
Warmup analysis I

umd-memsys/
DRAMsim3

DRAMsim3: a Cycle-accurate, Thermal-Capable

VERILATOR DRAM Simulator

prototypes

------

Agile Verification Tools

24



4 Decision: Open & Agile Development Infrastructure

* Key outcome of the XiangShan Project
* Open source to benefit academia and industry

> ~z <z
CircuitUtils Architecture Test Generation Test Generation CEPBIEEY
T Full-System Checkpoint
7 \
TL-C Agent: Customize . ~= N =z
TileLink FIRRTL Transforms Chisel ]'[ Language ] . . BetaPoint: Characteristic
Bus/Cache Reference Model Simulation Profiling Tools (WIP)
Behavior Model § AM: Bare-Metal Run-Time Env | TL-C Transaction Generator I : : I
GlobalMem: Multi-Core Memory Model 3 NEMU: Fastest ISA Simulator Result Comparison Emulation NEMU.'FunC: SRS
rchitectural Warmup
v \
TL-Test: SMP-Diff: Multi-Core Co-Sim DiffTest: Co-Simulation Sz \ Sz
TileLink Bus/Cache Error Reproducing FPGA (ALIEIES EENEL [EERY
Behavior Checking LightSSS: Simulation Snapshot J U ety (BEEten (17
1T - 1T
ArchDB: Waveform Ter! tor: Chisel-Native Debuagin Statistics Analysis PerfDB: Performance
Transaction Analyzer Visualizer and Debugger 9ging Yy Modelling and Analyzer
7 \



% XiangShan achieves L2.5  [L1:OPENISA|
'L2: OPEN Design/Implementation

L3: OPEN Framework/Tools

Open Framework/Tools

microarch: coding EDA Tools

4 N [

ISA Spec. A Layout

Docs RTL

128 Enlty component DebugCoreTop is
Im B (4 way) SAHB PR ANeY) |' SMB port (
¥ 3120 bas Shared Tx Data
S e Tor Inclusive S
[[168 Pre-Docoms L ] L3 Gache in or(2 downto 0) := (others => '0');
= in (others => (others => '0'));
o : in (others => (others => '0"));
in (others => (others => '0'));
. in (others => (others => '0'));
v in (others => (others => '0'));
in (others => (others => '0'));
4 yof 256K
[emera o] Private
L2 Cache -— Downst 12
,(, e
[ 28 Entry Reorder Buffer (ROB fE—-y SCL : in 'o*
T SDA : inout o’

gt_RefClk p : in

gt_RefClk n : in
T gt RX p : in downto 0) := (others => '0'");
rU'- gt RX n : in downto 0) := (others => '0');
- Ty . .
4 } | gt_TX p : out downto 0);
Inte gt_ TX n : out downto 0)

+ 3 : 3 Sicee | 256,
S s | 28 bt b
- - D]JBM?w ID Kﬂdlmlmnml)—mmwmwl. ):

end component;

VAN Open Design/impit J
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Part IV

Conclusion

N
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% If you are doing research on ...

 Computer Architecture * Agile Chip Development
e XiangShan: a realistic 6-wide out-of-order e XiangShan is a progressive, configurable,
RISC-V implementation with industry- complicated, challenging benchmark
Competitive performance and an aCtive ° M|nJ|e provides a good Startpoint

open-source community
* Minlie provides the toolchains

* HCLs, verification, performance, power,
area, prototyping, DFT, synthesis,
placement, routing, ECO, ...

* Microarchitecture, accelerators, novel
architectures, profiling, systems,
benchmarking, compilers, ...

Simulation

midgard =PiL

https://midgard.epfl.ch/

@

Debugging

Imprecise Store Exceptions, ISCA’23 (EPFL) Minlie, MICRO’22, selected as IEEE Micro Top Pick
28
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