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COURSE SYLLABUS
RIS/ 2R 2 4 > e .
Course Code/Title CSE5030 =2k it S A& R 454 Advanced Computer Architecture
TR
Compulsory/Elective SRR
FFR e . e
Offering Dept. Department of Computer Science and Engineering i+ &ML B2 5 TR &R
WRIEZ 4 20} 3/64
Course Credit/Hours
BRES e
Teaching Language English 3
R Fengwei Zhang, Associate Professor, Department of Computer Science and
R A £ = AN A= =]
e Engineering 5K##8, EIFR, 1HRHEES TER
FHRFH : =
Semester Spring &2
R H [ AR
Open to undergraduates No
or not
ChnTh A ARME TR, EEWIIX >N %E.  If the course is open to undergraduates, please

indicate the difference.)
KBEXR R
Pre-requisites BEABHRER S HRA

Principles of Computer Organization CS202 15 2H ji¢ i 3

Operating Systems CS302 i+ HLEEME R 4E
¥ B

Course Objectives

ChnTa AR E TR, EEX 4> %S, If the course is open to undergraduates, please indicate the difference.)
1. Understand the fundamental principles, performance evaluation methods, and design trade-offs in modern
computer architecture;
2. Analyze the RISC-V ISA and the XiangShan microarchitecture;
3. Develop the ability to read and understand top-tier architecture conference papers (e.g., ISCA, MICRO,
HPCA, ASPLOS);
4. Design, simulate, or optimize a high-performance processor or accelerator module through hands-on projects;
5. Understand emerging trends in architecture, including system security and Al acceleration.

HRIAT ENAE RGBT FIREARTR . MEREVEAh T7 vk S AU 4k
HE I3 BT RISC-V $8 28400 57 Lk R 450 151t

B 3 33 % ISCA. MICRO. HPCA. ASPLOS £ THi£x 18 I RE
Ae I S I H et AILE LA — A Pk B AL HE 2R B I AR A
MR REMERG %A Al TTRER R R EEE.

ok owdE

HFETE
Teaching Methods

ChnTH A ARVE TR, EEWIX %, Ifthe course is open to undergraduates, please indicate the difference.)

Lectures + Paper Reading & Presentation (top-tier papers) + Lab;
XiangShan open-source architecture lab: simulate microarchitectural components (e.g., cache, predictor, fetch
unit) using RISC-V simulators and tools like GEM5;
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Paper Reading & Presentation: Students work in groups to complete a microarchitecture design or optimization
project, submit a technical report, and give a presentation.

WEIHE + WX 5ER + 2K,

B IJTIR A SELG . TR RISC-V Bl 5&F LA G &, By RE LMk R4 (i
cache. TRIIZRERIIEETT) , FIH GEMS 55 L H AT IERE /1T

WP SR AR B IE PP T AR REE TS <R3 (I ISCA. MICRO. HPCA.
ASPLOS) , JREWRE E#HTRIR, MEAWTFTR. %088, YR 7575 e Sin] RERIBIT 577 4] .

HENE
Course Contents
ChnTa [ AR TR, EEM X%, If the course is open to undergraduates, please indicate the difference.)

Section 1 B RIS 5K R KRR

o IFENUA R MBS /b SR

o SEE/IEF (Amdahl EHE. CPU HREAR)
o HFPMEREVEALIEUEREF (Benchmarks) 414

o KREMREES ONFBIER 27D

[Lab 1] RISC-V Isgis i SHMENR. 235 5¢ %) RISC-V i
B, BATHHE RV R LAIRIEPAEE A a4

Week 1. Introduction & Architecture Fundamentals
o Design and analysis principles of computer architecture
o Quantitative principles (Amdahl's Law, CPU performance
equation)
o Benchmarks and performance evaluation
o Emerging trends.

[Lab 1] Install RISC-V software stack and execute a baseline RV
program.

Section 2 R BAEMRREEN (ISA) Bt

o B4/ (RISCvs CISC)
o  FHBAET AN

o RISC-V {52420 V£ fi#

o  BEHSIHEFEAHL E

[Lab 2] ISA H5H4T. /A4 C iIBEHwS RV64 N AFE
JP, M RISC-V T HEEYmIFIEAE Verilator 3T, MEREIE-1F
T -BAT 138 SRR -

Week 2. Instruction Set Architecture (ISA)

ISA Classification (RISC vs. CISC)
Addressing Modes and Instruction Formats
RISC-V ISA Details

Operands and Procedure Call Conventions

O OO0 O

[Lab 2] Write RV64 applications in Assembly/C, compile, and execute on
Verilator to observe instruction semantics.

Section 3 F=H: AAERRE: SA7 it

o JRIFBMEIRIL (IR 52D
o ZRAFBRINSRNG (EREMUN. SRk, 4B
o RUFEMSIEASE R




o ZRAPEREVHE S EIAR

[Lab 3] A7 1EREHT. 76 GembS HifdE CPU A%, Hff L1/L2
Cache K/NSAHEEEE, (] perf stat B4k L SHE R E R

Week 3. Cache and Memory Hierarchy

Principle of locality

Cache mapping strategies

Replacement algorithms, and write policies
Average Memory Access Time analysis

O O 0O

[Lab 3] Build CPU model in Gem5, sweep cache parameters, and quantify
speed-up vs. miss rate.

Section 4

VU KR BRI

o ZRMCHFUKERIT

o VUKZLER (AHER. BaEER. ZHIERD AL
il

o UUKEMERE T

[Lab 4] H/KZEE KTtk . #4iE G5 om i BE sz ) B K i RISC-
VvV i85 B, 7E Verilator {i EREHI21T, DIEWERFHES .

Week 4. Pipelining Basics
o Classical 5-stage pipeline
o Pipeline hazards (Structural, Data, Control)
o Pipeline performance

[Lab 4] Create hazard-triggering code, run on Verilator, and dump
pipeline traces to visualize stalls.

Section 5

B mRRKL

o IS
o LRI
o BB

[Lab 5] TREXZS 1T 5Pli. A Gemb £ERLTHESEA:, (£ perf
W& IPC $27F, IR AR ET A S M PTHR -

Week 5.  Advanced Pipelining
o Dynamic instruction scheduling
o Out-of-Order execution principles
o Hardware prefetching techniques

[Lab 5] Integrate prefetcher suite into Gem5, measure IPC improvement,
and optimize prefetch depth.

Section 6

FNA: SR

RSB 7 S P

Je ¥R S TR 5 4 R 43 S TR
HFRFETN AR 5 TAGE Fil 2%

S Bbrgert (BTB) S5iRkEHibbds (RAS)




[Lab 6] % perf record / gem5 St i1 5 1 2 5w sy 452 0 &) 4796
k43 Bt

Week 6. Branch Prediction

Static vs. Dynamic prediction
Local, Global prediction
Tournament predictors

BTB and RAS.

O O 0O

[Lab 6] Correlate misprediction ratios with front-end stall cycles using
simulation stats.

Section 7

BEH: 2REA B

o JLEALFfEE AbIE AT AN

o AT —EUMEWIX

e MSI. MESI. MOESI 3 Vfi#
o (L= (False Sharing) @

[Lab 7] 2247 —EUME#IESLE. I NANHU 2241 CBO i &4t
ITRAFAT PIE VRME IR ERAE, B CREEHUZ O B BESR U BT AR, BRIE
— SN

Week 7. Cache Coherence
Shared-memory multiprocessors
Cache coherence protocol

MSI. MESI. MOESI

False sharing

O O OO

[Lab 7] Use CBO instructions to clean/invalidate lines and verify data
coherence between cores.

Section 8

VA A B

LR 175 e G

o ZAFfEEFF (TSO)

o G5—F AR (Release Consistency, RISC-V WMO)
o Tifi#BEKE (FENCE) S[FIBHLA

[Lab 8] WAFHAALIGIUE. 84T litmus-tests-riscv MREAF, IRIE
RVWMO (RISC-V Weak Memory Ordering) #8474, g
AL R .

Week 8. Memory Consistency
Sequential Consistency

TSO

RISC-V Weak Memory Ordering
Synchronization and Fences

O OO0 O

[Lab 8] Run litmus-tests-riscv suite to verify the RVWMO model and
analyze results.

Section 9

B R REITIRAL PLER S S ()

o FHIITIIRAIER AT
o TFEMEIFIF R IRE




[Lab 9] se$ARIGBGETT A imAE -

Week 9. XiangShan Microarchitecture Case Study
o Deep dive into XiangShan
o Agile hardware development flow

[Lab 9] Experience the agile flow.

Section 10 FHE: mERREH
o FURIRSEHIEE
e RISC-V "V" Extension
e SIMD 5Z#HAIELY R
[Lab 10] &L, FLRWE RVV HEIENZ.
Week 10.  Vector Architecture
o Vector ISA design
o RISC-V "V" Extension
o SIMD
[Lab 10] Hand-code an RVV vector, and analyze program results.
Section 11 £t—H: IHTE5RWITE
o AMPIHT
o GPU 1RREH I
o MR GRAEAY
[Lab 11] GPGPU fhi EL5L5G, JR{E Verilator /i ) GPU HBiA! [k
iz AT =il It
Week 11.  Parallel and Heterogeneous Computing
o Thread-Level Parallelism
o GPU Architecture
o Heterogeneous Computing Programming Model.
[Lab 11] Compile OpenCL Gaussian elimination kernel and run on a
simulated GPU.
Section 12 R wERREN

o WfFEAR
o TR
o BT FIIER 24

[Lab 12] F{EHATIAIEESE . EFHLEE )R 3) RISC-V A5 HUT IR
1% “Coffer”, FEf# 24k EHLH].

Week 12.  Secure Architectures
o Hardware security vulnerabilities
o Trusted Execution Environment
o DSA Security

[Lab 12] Boot RISC-V TEE “Coffer” on the emulator.

Section 13 - 16

=28 E: ATHE IR S S S IUE R
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o THZk4xilit ik (ISCA, MICRO, HPCA, ASPLOS)
o IR

Week13-16: Research Paper Reading & Presentation

o Reading top-tier conference papers
o Final presentations and Q&A

REZ

Course Assessment

(O I3\ Form of examination; @ .73k grading policy; & BiHI A AR TF L, EEMIX /A%  Ifthe course
is open to undergraduates, please indicate the difference.)

Class Participation & Discussion: 10%

Paper Reading & Presentation: 20%

12 intensive Lab Assignments: 60%

Final Examination: 10%

WHEZ 55018 10%

WX 5z 20%

12 DR RS /R . 60%

MARER: 10%

Week 1 Course Introduction & Architecture Evaluation

* Install the complete RISC-V software stack (toolchain, drivers, simulation libraries) and execute a
baseline RV program to validate the environment.

Week 2 Instruction-Set Architecture (ISA)

» Write a simple RV64 application in both assembly and C, compile it with the RISC-V toolchain, and
execute it on Verilator to observe the fetch-decode-execute semantics.

Week 3 Caches & Memory Management

 Build an out-of-order CPU model in gem5, sweep L1/L2 cache size and associativity, and use perf
stat to quantify the relationship between speed-up and miss rate.

Week 4 Pipelining

* Create a RISC-V code snippet that forces a data or control hazard, run it on the XiangShan Verilator,
and dump the pipeline trace to illustrate the stall.

Week 5 Advanced Pipelines

* Integrate a prefetcher suite (stride, GHB, bingo) into gem5, use perf to measure IPC improvement,
and identify the optimal prefetch depth.

Week 6 Branch Prediction

» Repeat the prefetch sweep from Week 5 to decouple its effect from branch misprediction cost;
correlate misprediction ratios with front-end stall cycles using perf record / gem5 stats.

Week 7 Cache Coherence

» Use NANHU’s CBO instruction set to clean/invalidate lines, ensuring a reader core always fetches
the latest data.

Week 8 Memory Consistency

* Run the litmus-tests-riscv suite to verify the RVWMO model and plot the results.

Week 9 Xiang-Shan Micro-Architecture

» Experience the agile development flow: clone XiangShan, generate Verilog, launch NEMU as a
reference, and ensure successful Linux boot through difftest.

Week 10 Vector ISA

» Hand-code an RVV vector addition kernel, compile it with LLVM, and analyze the program results.
Week 11 Parallel & Heterogeneous Computing

» Compile an OpenCL Gaussian elimination kernel with LLVVM and successfully run it on a Verilator-
simulated GPU.
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Week 12 Secure Architectures

* Boot the RISC-V Trusted Execution Environment “Coffer” on NEMU.

Weeks 13-16 Research Paper Reading & Presentation

e Form groups, select one paper each from ISCA/MICRO/HPCA/ASPLOS, prepare a 15-min
conference-style slide deck, and lead a 10-min Q&A on novelty, overhead, and reproducibility.

Week 1 REZF R EMAKREWTAL

o EHSERE) RISC-V B (L EEE. Wzh. iEE) , BI7EHE RV BFURIEARER
R

Week 2 84S &EMEREH (1ISA)

« HIC4ifl C %5 —4 RV64 NH, FH RISC-V T H#E4 %I Verilator AT, W
HUHE - BE RS -0 AT 8 S .

Week3 ZHFE5NFEH

« f£ gem5 HIEELF CPU BAY, H# L1/L2 K/NSHBE, M perfstat &4k b 56t
REMIRR

Week 4 KZ

o 1i&—2 RISC-V J Brsa il B4 sz hil § e, 724 L Verilator FI2 4T I 5% it it 7K 2 2k LA
JE IR .

Week 5 BEHKIMKL

ey gem5 M TAEZEEM (stride. GHB. bingo) , f] perf W& IPC #&7F, & &L FHE
REE

Week 6 4332 Pl

o B Week 5 FHITHUFIH LA B g 5 43 SR AARAN ;s B perf record / gem5 it iR
R 51 45 4 A W DR Bk .

Week 7 ZHF—#:

« i NANHU ] CBO 154 EEEMEREAAAT, HiIRIEZ O & 6e 3Rk DU B 808 .

Week 8 WHE—ZH:

« JZ1T litmus-tests-riscv B % RVWMO FA, 2l4s 1A,

Week 9 FF1LfHEEH

o ERAKIGEEERAE. R IL. AR Verilog. 3 NEMU 1EAZ%, Rl difftest ifi{f
Linux %20 )5 30 .

Week 10 HETHRLSE

s FIL%wE RVV MEMANZ, H LLVM e, SHEFER.

Week 11 HfT5FHHE

o H LLVM %% OpenCL = #iH it W%, £ Verilator j 5/ GPU KIjig4T.

Week 12 ZEKEREW

« £ NEMU L Ji3) RISC-V A {547 # 85 “Coffer”

Weeks 13-16 #FA WX &5 R~

o A H, M ISCA/IMICRO/HPCA/ASPLOS & ik — ks w30, HI/E 15 43 8h & WX LI 4T
R, JEERALEE. FHESTREIMEER 10 S8 E.

M R ESERR
Textbook and Supplementary Readings

Main Textbooks:

1. John L. Hennessy & David A. Patterson, Computer Architecture: A Quantitative Approach, 6th Edition,
2019.

- NOTE: 6th edition (and 6.5900) uses RISC-V as the main ISA; prior editions (and 6.5900/6.823 before Fall
2023) use MIPS




- Used at MIT 6.5900 / 6.004, Stanford, Berkeley and CMU.

Supplementary:

- XiangShan Project Docs & Code: https://github.com/OpenXiangShan

- Modern Processor Design by Shen & Lipasti

- Parallel Computer Architecture by David Culler et al.

- Top-tier architecture conference papers (ISCA, MICRO, HPCA, ASPLOS)

FEHH

John L. Hennessy & David A. Patterson, Computer Architecture: A Quantitative Approach, 6th Edition, 2019.
e 56 W (LA MIT 659000 LA RISC-V A EIRASLLEM; BETHRA (2023 FHKZFHT 1
6.5900/6.823) f#i /] MIPS.

T MIT 6.5900/6.004. HriH AR, AH se A A MR S URAR .

HFETE RS

FINTH RS 5Y85:  https://xiangshan.github.io/

Modern Processor Design by Shen & Lipasti

Parallel Computer Architecture by David Culler et al.
THENLA REM TN 218 (ISCA. MICRO. HPCA. ASPLOS)




