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« BEVR
— ECE 447, Onur Mutlu (Carnegie Mellon U.)
- CIS 501, Milo Martin (U Penn)
— Computer Organization and Design RISC-V
Edition: The Hardware Software Interface (2nd
Edition), Hennessy and Patterson

— Computer Systems: A Programmer’s Perspective
(CSAPP), Bryant and O’Hallaron ——

computing sustems

— Introduction to Computing Systems: From Bits =l
and Gates to C and Beyond, Patt and Patel '
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Textbook[i#fE##1] (cont.)

Pioneers of Modern Computer Architecture Receive ACM
A.M. Turing Award

Hennessy and Patterson’s Foundational Contributions to Today’s
Microprocessors Helped Usher in Mobile and loT Revolutions

art

) ¢
John Hennessy and David Patterson circa 1991, upon publication of their groundbreaking book on computer
architecture. (Shane Harvey photo)

Groundbreaking Textbook

Hennessy and Patterson presented new scientifically-based methodologies in their 1990 textbook
Computer Architecture: a Quantitative Approach. The book has influenced generations of engineers and,
through its dissemination of key ideas to the computer architecture community, is credited with
significantly increasing the pace of advances in microprocessor design. In Computer Architecture,
Hennessy and Patterson encouraged architects to carefully optimize their systems to allow for the
differing costs of memory and computation. Their work also enabled a shift from seeking raw performance
to designing architectures that take into account issues such as energy usage, heat dissipation, and off-
chip communication. The book was groundbreaking in that it was the first text of its kind to provide an
analytical and scientific framework, as well as methodologies and evaluation tools for engineers and
designers to evaluate the net value of microprocessor design.

; @
https://www.acm.org/media-center/2018/march/turing-award-2017 W LZ
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Schedule[ Fif2HE]

RN

FH1HH
(8.31)
2
(9.7)
3
(9.14)
Fa)E
(9.21)
5
(9.28)
6/
(10.5)
H7)E
(10.12)
8
(10.19)

oL
(10.26)

. IR Mid

. BHHITE (D

. BTS2

: ISA/ILP (1)

: ISA/ILP (2)

: ISA/ILP (3)

: Memory System (1)

: Memory System (2)

: Memory System (3)

Rk
#5108
(10.30/11.2)
HF11/H
(11.7/11.9)
12/
(11.14/11.16)
H13
(11.21/11.23)
#14)H
(11.28/11.30)
H15/E
(12.5/12.7)
#i16/E
(12.12/12.14)
17/
(12.19/12.21)

F18)H
(12.26/12.28)

: Data Level Parallelism (1)

Data Level Parallelism (2)

: Data Level Parallelism (3)

Thread Level Parallelism (1)

: Thread Level Parallelism (2)
: Thread Level Parallelism (3)

: Interconnect (1)
: Interconnect (2)

: Interconnect (3)
: Warehouse Scale Computer (1)

: Warehouse Scale Computer (2)
: Warehouse Scale Computer (3)

: Domain Specific Arch (1)
: Domain Specific Arch (2)

: Domain Specific Arch (3)
: Advanced Topics (1)

: Advanced Topics (2)
: Advanced Topics (3)



Outline[ 2 % Hk

* Overview and Fundamentals[## ' 5 3L A

* Instruction Set Architecture[+5 4 2222/
— Quick intro/review

* Instruction Level Parallelism[#5 425 347
— Pipelining, Branch Prediction, Instruction Scheduling

* Memory Hierarchy[1£i )2 2%

- Memory, Cache, Virtual Memory

* Data/Thread-Level Parallelism[£# /£ F£ 2% 3:47]
- SIMD, GPU

* Domain-specific Architectures[45 % H 22 4]
* And more ...

»‘fn’ﬁ“ﬁ



Examples

R e Memory Controller
i
Core Core E Core Core

Shared L3 Cache

CPU GPU “TPU’

L3

L1D L1D jf L1I
implicitly managed

@tuxs 10 Dhige
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Goals[i§fE H 5

* This course covers HW/SW, and the interface[ N & 78 ]
— We will focus on performance analysis and design tradeoffs

* Two key goals of this course are[ =% H #x]

— To understand how hardware components works with the
software layer and how decisions made in hardware affect the
software/programmer

— To enable you to be comfortable in making design and
optimization decisions that cross the boundaries of different
layers and system components

* Two other goals of this course[#i4h H #r]
— Enable you to think critically
- Enable you to think broadly

. Dig:

https://course.ece.cmu.edu/~ece447/s15/lib/exe/fetch.php?media=onur-447-spring15-lecturel-intro-afterlecture.pdf
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CA?[fH 4 etk R

* Computer Architecture

— The science and art of designing, selecting, and interconnecting
hardware components and designing the hardware/software
interface to create a computing system that meets functional,
performance, energy consumption, cost, and other specific

goals[E it — B4 1 — R4t H 5]

 Computer architecture is the glue that binds SW and HW
— Inter-disciplinary in nature[ZEEmi1E . %R

13 Dhig




CA?[f4 21k Z 554 (cont.)

* Computer organization[ZH /%]
- How to build computers?

* Computer architecture[Z2#4]
- How to design computer system?

* Layered view of computer systems[4) )= f ]

Application

Compiler /Libraries of macros and procedures SOFTWARE

Operating system

Instruction set (ISA) COMPUTER

RCHITECTURE

Computer System Organization

Circuits (implementation of hardware functions)

Semiconductor physics

14 Dhge




IR AR L = TR LM ARG + TR AL R

/ Computer Design \

Instruction Set Design  Computer Hardware Design

B Machine Language « Machine Implementation
® Compiler View - Logic Designer's View
e Computer Architecture - Computer Organization
"Building Architect" "Construction Engineer"
“st S8t 7 “iﬁlﬁﬁ”
J£W%ii5&ﬁ ARAAM 2HH, 4T LE
] Ho

ALK L LHSA)RIA AL REAM "REHK4S 2
48 a%,(Organization) £ &: i TEAREHKA(AETIT1G Rk
BRAAA—~ Nk B+BEBEA)

it ¥ 4u £ A K(Technology) # &: 4efTH &£, At 244

From Zhiguang Chen’s slides u‘,'mtz



Layering[it &7 Z 5 R

* Layering to deal with complex systems[77 =]

— Computers are complex, built in layers
o Software: applications, compiler, operating system
o Hardware: logic, circuits, electrons

* Layering brings abstraction[fii %]

— A higher level only needs to know about the interface to
lower level, not how the lower level is implemented
o 99% of users don’t know hardware layers implementation

the

o 90% of users don’t know implementation of any layer

Problem

Algorithm

o That’s okay, world still works just fine

Program/Language

Runtime System
(VMO8 MMy

ISA (Architecture)

P —

* Then, why would you want to know what goes on

Microarchitecture

N—

logic |

underneath or above?[ AT 24 /REFIE? ]

Circuits

Electrons

— Because you are professional

16 IR
https://course.ece.cmu.edu/~ece447/s15/lib/exe/fetch.php?media=onur-447-spring15-lecturel-intro-afterlecture.pdf




Layering[it &L Z 5% (cont.)

* As long as everything goes well, not knowing what happens in
the underlying level (or above) is not a problem

* What if
— The program you wrote is running slow?[[2]
— The program you wrote does not run correctly?[%5 %]
— The program you wrote consumes too much energy?[ = e #E]

e What if

— The hardware you designed is too hard to program?[ X ]

— The hardware you designed is too slow because it does not provide
the right primitives to the software?[{:fE %]

e What if

- You want to design a much more efficient and higher performance
system?[RUFEFE & . EAER &)

7 Dhge
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Layering[it &L Z 5% (cont.)

* How would you solve the problem?[/EFEfER]
 What is the right place to solve the problem? Problem

Algorithm

[ [ﬁj[ﬁ % ﬁﬁjlg y%] Program/Language
Runtime System
- Programmer? VMO, MMy ——
_ P . P) ISA (Architecture)
System software? Compiler: [ S —
— Hardware? Circuits? Lagic

Circuits
Electrons

* Breaking the abstraction layers and knowing what is
underneath enables you to solve problems and design
better future systems[FT 4 %]

* Cooperation between multiple components and layers
enable more effective solutions and systems|[/}[5]7% &]

18 Dhig:
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ArchiteCt[ 42 Fi L i)

* Computer architect[i1EALZE4) ]
— To make design trade-offs across the hw/sw interface to meet
functional, performance and cost requirements
* Being an architect is not easy[FH A& ]

- You need to consider many things in designing a new system +
have good intuition/insight into ideas/tradeoffs

e But, it is fun and can be very technically rewarding[&1R &

=)

* And, enables a great future[5 i 4 K]

— Advancement of computer architecture is vital to all other areas
of computing

o E.g., loT, Embedded, Mobile, Data centers, HPC

19 Dhge
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Role of [Computer] Architect[iR 5]

* Look backward (to the past)
— Understand tradeoffs and designs, upsides/downsides, past
workloads. Analyze and evaluate the past.
* Look forward (to the future)

— Be the dreamer and create new designs. Listen to dreamers.
— Push the state of the art. Evaluate new design choices.

* Look up (towards problems in the computing stack)
— Understand important problems and their nature.
— Develop architectures and ideas to solve important problems.

* Look down (towards device/circuit technology)
- Understand the capabilities of the underlying technology.

- Predict and adapt to the future of technology (you are
designing for N years ahead). Enable the future technology.

From Onur Mutlu’s slides U ’;EUL
Y https://course.ece.cmu.edu/~ece447/s15/lib/exe/fetch.php?media=onur-447-spring15-lecturel-intro-afterlecture.pdf PN




Why Study CA?CAA4 2 5k R 45 4]

* Understand why computers work the way they do
— Source code --> instructions --> executions
— Processors --> cache/memory --> storage

* Understand where computers are going
— Future capabilities drive the (computing) world
— Real-world impact: no computer architecture -> no computers!

* Understand high-level design concepts and performance
- The best architects understand all the levels (hw, OS, apps, alg)
- Need to understand hardware to write fast software

* Job?
— Your MS/PhD research may involve CA
— Your job positions (design or research, hw or sw) may need CA
= You may manage a team working on systems
@ tuxs INE
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Positions?? [ TAERR ]

CAREERS AT NVIDIA ABERR-S S MR- JE 3R

Deep Learning Architect — New College Grad RAEE: 2021-04-20 IR 3L Itewm:  EEME
FRE:  HRRE ¥ 5 Bt AmAR:  BF
US, CA, Santa Clara
BIRANE:
FA2EEEEAFRE TORBTHATHEARREBN FARMAR, RARITYE, 76, NERORARN,
Apply KBEDRRT, KREN, BB/, RINBRARSHDORADL, FHBEE. EHROSGTERS, A

IRETHSA, URRESARUORAL, BIA LT TETHARSHNA TR LETREANARSZE, FEITHE

HASREWIRITHAL, VISIFRENRARES SERAETHAERNA. MTHARARASHRIMALR, RAFE

Zij) ; T&EUP,

NVIDIA is seeking computer architects to help design processor and system architectures that will en- e

able compelling Deep Learning performance, architecture and efficiency improvements. This role offers
the opportunity to directly impact the future hardware roadmap in a fast-growing technology company

that leads the Al revolution. If you are obsessed with improving deep learning performance beyond any-

B LA -
SRMANTHEANE, FRESE:
LOTRBREMEERR, ERENGRRRPOFIEENE, UNESHRIBNRITRR.

thing possible with today’s hardware and software, this is the place to be. 2SS TR, WRMBSH
3.2 RSOCHMMMAEIR G, MNET W — @SRRI, UNER.
What you'll be doing: 4HSMENRAS, AMARNARBEBNRITLSE.

SEMBITHD, Sl (BES2Y, RHHES) | SFRBEE, HDRBHBRR.

Understand, analyze, profile, and optimize deep learning training workloads on state-of-the-
art hardware and software platforms.

RAIER
» Guide development of future generations of deep learning processors and computing LIS A2, WeeE,
platforms. 2.RMHRIZEESN (J0C ++, python)
« Develop detailed performance models and simulators for computing systems accelerating 3ARTHRERGETR, WBSOCKEH,
i Bfihngs:
DL training. LAEERN B RGERREE
« Collaborate across the company to guide the direction of machine learning at NVIDIA; span- B

ning teams from hardware to software and research to production.
Drive HW/SW co-design of NVIDIA's full deep learning platform stack, from silicon to DL
frameworks.

What we'd like to see:

« You are pursuing a PhD or MS or have equivalent in CS, EE or CSEE (or equivalent
experience).

« Strong background in computer architecture, preferably with focus on high-performance
parallel processors.

« Background in machine learning and neural networks, in particular training.

« Experience analyzing and tuning application performance.

« Experience with processor and system-level performance modelling.

« Programming skills in C++ and Python.

o Familiarity with GPU computing (CUDA, OpenCL). Y
@) THR T 22 IR

SUN YAT-SEN UNIVERSITY



Golden Age for CA[# 44X

e Today is a very exciting time to study architecture
- Many new demands from the top
— Fast changing demands and personalities of users
- Many new issues at the bottom

 Computing landscape is very different from 10-20 years
ago (Recall: Intel = 25*Nvidia = 0.34*Nvidia)
- Every component and its interfaces, as well as entire system
designs are being re-examined

— You can revolutionize the way computers are built, if you
understand both the hardware and the software (and change
each accordingly)

* No clear, definitive answers to these problems[ [a] &,

23 Dhig



Academia[z AR

Architecture 2030 Workshop @ ISCA 2016 John L. Hennessy, David A. Patterson
> o Current challenges[in] ]
2020 2025 2030
D N - End of Moore's Law and
- - hardware C > .
BB Dennard Scaling
— Overlooked security
O Cloud as architecture . ]
innovation abstraction ¢ ) ° Future OppOrtunItIES |n
I computer architecture[#l
mte;e;:)anon : : %]
o - Domain-specific
- <t o ‘ ‘ architectures
— Domain-specific
% Machine leaming L > |a ngu ages
R — Open architectures
— Agile hardware
[1] Arch2030, https://arxiv.org/pdf/1612.03182.pdf (2016) development

[2] A New Golden Age for Computer Architecture (2019)

24 Dhge



https://arxiv.org/pdf/1612.03182.pdf
https://cacm.acm.org/magazines/2019/2/234352-a-new-golden-age-for-computer-architecture/fulltext

Top-tier Conferences[Iig£=iX]

* ISCA

— The International Symposium on Computer Architecture (ISCA)
- 2021: 48, 76/407 papers (18.6% acceptance rate)
* MICRO

— The IEEE/ACM International Symposium on Microarchitecture
— 2021: 54t 94/430 papers (21.8% acceptance rate)

* HPCA

— |EEE International Symposium on High-Performance Computer
Architecture

- 2021: 27t, 63/258 papers (24.4% acceptance rate)
* ASPLOS

— ACM International Conference on Architectural Support for
Programming Languages and Operating Systems

- 2021: 26th, 75/398 (18.8% acceptance rate)

“‘ : k )
‘\/‘ ivﬂnl\‘ﬁnﬁ }' "E LZ




Industry[ Tk 5

* Intel, 08/2022: Kills Optane Memory!1]

* Nvidia, 04/2021: Grace, ARM-based data-center CPU!2

* Apple, 11/2020: M1, ARM-based SoCl3]

* AMD, 10/2020: Acquire Xilinx!4!

* Intel, 09/2020: Xe GPU!

* Samsung, 11/2019: Cease CPU development!®!

 Amazon, 11/2018: AWS Graviton!’!

* Intel/IBM/ARM, 01/2018: Meltdown and Spectre!8

* Micron, 03/2021: Cease 3D-XPoint, invest CXL!?!

e Al Chips: Graphcore, Habana Labs, Cerebras, Cambricon...

[1] https://www.tomshardware.com/news/intel-kills-optane-memory-business-for-good

[2] https://www.nvidia.com/en-us/data-center/grace-cpu/

[3] https://pdf.wondershare.com/macos/everything-about-apple-m1-chip.html

[4] https://www.amd.com/en/corporate/xilinx-acquisition

[5] https://www.intel.com/content/www/us/en/products/discrete-gpus/iris-xe-aic.html

[6] https://www.anandtech.com/show/15061/samsung-to-cease-custom-cpu-development

[7] https://aws.amazon.com/ec2/graviton/

[8] https://people.redhat.com/pladd/Meltdown-Spectre-NYRHUG-2018-01.pdf

[9] https://investors.micron.com/news-releases/news-release-details/micron-updates-data-center-portfolio-strategy-address-growing

T o v sen ovemon - oL e
Sy s SUN YAT-SEN UNIVERSITY '
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https://www.anandtech.com/show/15061/samsung-to-cease-custom-cpu-development
https://aws.amazon.com/ec2/graviton/
https://people.redhat.com/pladd/Meltdown-Spectre-NYRHUG-2018-01.pdf
https://investors.micron.com/news-releases/news-release-details/micron-updates-data-center-portfolio-strategy-address-growing

Exascale Supercomputing[eZzitB ]

Performance Development .
g * ECP Dlregtor Paul
e | Messina™:
s | — Four key challenges:
e | P s parallelism, memory
and storage,
L reliability and energy
E e N consumption.
I LA —- Advances in
R computer hardware
100 Griopis | +* 4 * and architecture will
N— contribute to
— meeting all four
" challenges.
100 MFlop/s

1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014
Lists

B Sum | E:3 B #500
* https://www.exascaleproject.org/path-nations-first-exascale-supercomputers-pathforward/

() Il
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https://www.exascaleproject.org/path-nations-first-exascale-supercomputers-pathforward/

SC: Aurora

* Aurora @ Argonne National Laboratory®
— 1 exaFLOPS, £ 60 MW, 2018-2021-2022

— Compute node:

o 2 Intel Xeon Sapphire Rapids CPUs, 6 Xe GPUs

* First enterprise CPUs to support CXL standard
 GPUs communicates directly to each other via CXL

o Unified memory architecture
— Interconnect
o CPU-GPU: PCle, GPU-GPU: Xe Link
o System: HPE Slingshot 11; Dragonfly topology with adaptive routing
- Programming models Aurora: Bringing It All Together
o Intel oneAPI, MPI, OpenMP,
C/C++, Fortran, SYCL/DPC++
— Applications: climate change,

cancer, new materials

2 INTEL XEON SCALABLE PROCESSORS

B XEARCHITECTUREBASEDGPU'S |

* https://www.alcf.anl.gov/aurora

28



https://www.alcf.anl.gov/aurora

SC: Frontier

* Frontier @ Oak Ridge National Laboratory, =
%K Ripge
- 1.5 exaFLOPS, 30 MW, 2021 e | I e

— Compute node i ——

o 1 AMD EPYC CPU (Zen 3) + 4 AMD Radeon Instinct GPU (Ml 200)

— Interconnect
o Node: AMD Infinity Fabric, coherent memory across the node

o System:
» Multiple Slingshot NICs providing 100 GB/s network bandwidth.
 Slingshot dragonfly network w/adaptive routing

- Programming models:
o AMD ROCm, MPI, OpenMP, HIP C/C++, Fortran

— Applications: modeling and simulation,
data analytics, Al



https://www.olcf.ornl.gov/wp-content/uploads/2019/05/frontier_specsheet.pdf

SC: Tianhe-3

* Tianhe-3 @ Tianjin
— China’s native manycore Armv8-based Phytium 2000+ (FTP)
— Matrix 3000 (MTP) Accelerator

] Tianhe-3

(100 cabinets)

Single Frame
= (32 blades)

S CPU(2TH jas
- (2Tflops) (8 CPUs : 16Tflops
MT-3000 (10Tflops) / 8 MTs: 80Tflops)

“‘; National University of Defense Technology

30




