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% BLURIESTIIRILES — XS-GEMS

Features:

* Full-system simulation

* RVGCpt: Xiangshan’s RISC-V generic checkpoint
* Online Difftest

e Estimated SPECCPU 06 overall score (with SimPoint, 16 MB L3)
e GCC12 o3, DDR4 2400 dual-channel: 30.35@2GHz

* Frontend: micro-architecture calibration
* Backend/Cache: latency/throughput calibration

* Memory system optimization
* Prefetchers
e Parallel PTW, L2 TLB, TLB prefetching
* Membus bandwidth and memory controller calibration
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% Agenda

e Basic information
* Why u-arch simulator for Xiangshan
» How to fa43 optimize from 24@2GHz to 30@2GHz
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4 Configuration

* 64KB L1 Data Cache with 32 MSHR
e Default prefetchers: Stream + Stride + SMS + BOP
* Optional prefetchers: IPCP, SPP, and temporal prefetcher

* Prefetching request offloading: passive & active
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4 Performance comparison @ April 2023

RTL performance bugs/limitation:
* Prefetcher not translatin
GEMS5 VS. Nanhu ©

60 * | Store prefetching
RTL performance bugs/lirr.]itation: B GEMS-score

=X * Prefetcher not translating Nanh
R * L1 replacement bug W Nanhu-score
i 40
it
)
®
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o
w
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SPECCPU.int SPECCPU.fp
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gee 10 02 |gee 12 63| geec 12 03

@ Current SPECCPU 2006 Score benchmarks Dual- Dual- Single-
channel | channel | channel
. . . . perlbench 22.40 22.37 22.27
* Estimated with RVGCpt + SimPoint baip? Ess  EEE b
: : : : gcc LT 29.80 29.00
* Memory simulated with DRAMSim3: ~— aon agoo  atox
e DDR4 2400 Dual-channel gobmk 24.32 27.09 27.04
hmmer 28.41 24.85 24.86
* Cache: 16 MB L3 aaer [N 2370  2503| 2485
. 98" Nlibquantum 83.09| 10359 65.92
* Prefetcher: h264ref 3391 3543] 3541
* Stream + Stride + SMS + BOP elullilcir el 2080, 2441 2999
_ astar 20.78 2241 22.34
* With IPCP/SPP/Temporal off xalancbmk 2839 2424 2371
. ] Estimated @2GHz 28.09 29.36 2
* SPEC int 2006 score: 14'68/GHZ Estimated per GHz 14.04 14.68 13.86
 Compilation: GCC 12 03 base Float Estimated per GHz 16.23 15.54 14.85
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% Why there was no u-arch simulator for Xiangshan before

* Why not u-arch simulator in the past?
* Limited manpower
* Our past partner suggests not to develop a u-arch simulator
* V-core ({Mii%ich)
* Some believe that architectural simulators are useless
* “From paper to paper” — ity
e “Considered harmful”
 Why u-arch simulator now?
* Best practice from industry
» Faster Design Space Exploration (DSE)

e Our current partners (on simulator) urge us to develop a u-arch simulator
 Tencent Penglai (BB1H3E3E) and other partners
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4 On design space exploration

* SPECCPU score on XS-GEMS5 increases about 1.8/GHz in past two months
* With GCC 10 02 and 16 MB L3

Performance improvement in past 2 months

18 16.23

16 14.04 14.48

14 12.23
12
| l
Int EP

M June 19th ®Aug 21st

[ LA ]
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% Why full-system simulation

* Misconception: FS simulation is slow Guest . w
. process Process
e QEMU-system runs at near-native speed =~ ¢ SysCall Guest
4 ( ) system
* Why full-system 0s
: Host WhaItSE =41 __________
* Easier process | Smuiates ~¢ o Y| What Fs) Host
 Avoid hacky system calls in SE (system call L e ) simulates | Process

emulation)
* Checkpointing is easier
* Accurate system call modeling
* Performance of serializing instructions
e Accurate virtual memory behavior

 Random VA = PA mapping
e Accurate TLB/PTW modelling

Host system
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% How: Memory-level parallelism is all you need

* MLP in Core Core

e False violation in GEM5’s LSU

. n tion i ROB/MemD .

False positive prediction in Storeset /,,., ) / ET f\p . \

e MLP in MMU / \Q \

* Parallel PTW v aChE;

. TLBs & PTW
* MLP in Caches & Prefetchers: MSHR/Prefetchers
Top-1 contribution to performance \ /]
* Parallelism in Memory Controller 5 Mem Cﬂntj@"/
4

* Channel-level parallelism

Channels/Banks

* Bank-level parallelism

IEEFHR S AR (BOSC)
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4 Single-threaded stream performance

* Increasing single-threaded stream score

Evolution of Single Core All Read Memory Bandwidth in Intel/AMD processors
35

Milan

—-AMD Processors

ﬁ;'g\ 3A6000 Stream (V5-10) iﬂu&t&ﬁ 0 —@-Intel Processors

(8{iI: MB/s)

25 Sapphire

me | 28R | meE | ageE 8 412 o
WIEHE | HWESE | NWEWE | NESE e

Copy 32210.8 38858.6 42467.9 36450.4

[
(=}

Bandwidth GB/s

Cascade Lake

=
v

Skylake Xeon

Haswell-EP

Scale 19788.4 41964.0 42199.5 35999.7 . Sany BridgeEP
Add 32921.8 42807.2 42151.6 34493.8 *

. '.—= Bulldozer
Triad 33028.5 42683.8 42020.5 34451.9 5 Magny Cours

2010 2012 2014 2016 2018 2020 2022 2024
Date of First Hardware Availability

https://sites.utexas.edu/jdm4372/2023/04/25/the-
https://mp.weixin.gg.com/s/Lm_6varuOovntPGfVzeGL evolution-of-single-core-bandwidth-in-multicore-
W processors/
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4 Stream performance and MLP

* To make use of 40GB/s DRAM bandwidth, we need at least 64
outstanding misses

Assuming DRAM latency=200 cycle,
CPU freq=2GHz (1 cycle = 0.5ns)

L1 max outstanding = 4
L1 MSHR =4 Max DRAM access bandwidth from L1=4/200 block per cycle, 2.56GB/s

L2 MSHR =8

L3 MSHR =16
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4 Prefetching with L2/L3 MSHR

* Generate prefetch requests and translate them in L1
* Offload them to L2/L3

* Actively: on low confidence
e Passively: on MSHR full

L1 MSHR =4 (\—)
L2 MSHR =8

L3 MSHR =16 CK)
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4 Parallelism in Memory Controller

* Well-known dual channel DRAM channel K-1
DRAM channel 1
* Libquantum is often bandwidth-bound DRAM channel 0 [ 4 [
A
* Bank-level parallelism R
* BLP-Aware Prefetch @ MICRO 2009 by Y )
Mutlu & Patt Y
* Optimize address mapping for prefetcher D“RAM controller :
DRAM
* Stream with offloading + BLP + dual request b
channel = libquantum=80+ Bank 0 ‘.f’u.ffffs. Bk M—1| |[o°
* Confirmed by RTL ; *L — T L

Lee, Chang Joo, et al. "Improving memory bank-level
parallelism in the presence of prefetching." Proceedings of
the 42nd Annual IEEE/ACM International Symposium on
Microarchitecture. 2009.
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% Lookahead VS. MLP

* Prefetching inside instruction window is useless
* Timely prefetching

Instruction window

\
{ \
AN

v

Expected blocks
* How to timely prefetch for increasingly large instruction window?

» Adaptive lookahead depth
* Easy to lookahead: Stream, stride, IPCP, and SPP
* Hard to lookahead: BOP, SMS?
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4 Tune BOP for timely prefetching

Instruction window

e Best offsets =8, 16 { A |
* How to let BOP favor 167
 BOPv1: Delay queue AENE
* BOPv2: Update rrTable with refill blocks Expected blocks

 What if 16 > page size?
 Virtual address prefetching
* SPP-PSA @ MICRO 2022: VA-prefetching doubles performance of milc

 BOP with VA: milc=30~50@2GHz
 Partially confirmed by RTL

e What if 16 not show in offset list?
* You guess

IEEFHR S AR (BOSC)

16



% Spatial pattern capturing - FkiR RV

e SMS: bit vector =11010000

e SPP: delta table=+1+2+5+1 +2 +5

 BOP: best offset = 8/16

Instruction window

\

A

\

Expected blocks

TR A5k (BOSC)
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% Sum up

* XS-GEM5:
a full-system simulator scores ~15/GHz on SPECCPU 06

* Why full-system: easy & accurate
 Why performance matters: for Xiangshan DSE & for u-arch research

* How: optimize the MLP from core to DRAM
* MLP/prefetcher is all you need!

IEEFHR S AR (BOSC)

18
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4% Future works

XS-GEM5

* Deliver features to RTL

* Calibrating caches and OoO backend against RTL
* Multi-core support

RVGCpt

* Multi-threaded full-system checkpoints

e Automatically sampling on multi-threaded workloads
* Cross-ISA region of interest matching

IEEFHR S AR (BOSC)
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4 Other prefetcher optimizations

* Region localization VS. PC localization
* SPP VS IPCP

* SPP + perceptron filter
« DSDP @ PACT 2022 by HUST

* Delta as signature VS. PC as signature VS. offset as signature
» Offset as signature: MICRO 2022 by ISCAS

IEEFHR S AR (BOSC)
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