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Reliability
Safety 

Security
Privacy
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More Demanding Workloads
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New (Device) Technologies



The Problem

Computing
is Bottlenecked by Data
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Data is Key for AI, ML, Genomics, …

n Important workloads are all data intensive

n They require rapid and efficient processing of large amounts 
of data

n Data is increasing
q We can generate more than we can process
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Data is Key for Future Workloads

In-Memory Data Analytics 
[e.g., Spark, Hazelcast]

Datacenter Workloads 
[Google cloud]

In-memory Databases 
[e.g., Redis]

Graph/Tree Processing 
[Memgraph]
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Data Overwhelms Modern Machines 

Data → performance & energy bottleneck



n Amirali Boroumand, Saugata Ghose, Youngsok Kim, Rachata Ausavarungnirun, Eric Shiu, Rahul 
Thakur, Daehyun Kim, Aki Kuusela, Allan Knies, Parthasarathy Ranganathan, and Onur Mutlu,
"Google Workloads for Consumer Devices: Mitigating Data Movement Bottlenecks"
Proceedings of the 23rd International Conference on Architectural Support for Programming 
Languages and Operating Systems (ASPLOS), Williamsburg, VA, USA, March 2018.
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62.7% of the total system energy 
is spent on data movement

Data Movement Overwhelms Modern Machines 

https://people.inf.ethz.ch/omutlu/pub/Google-consumer-workloads-data-movement-and-PIM_asplos18.pdf
https://www.asplos2018.org/
https://www.asplos2018.org/


Data Movement Overwhelms Accelerators
n Amirali Boroumand, Saugata Ghose, Berkin Akin, Ravi Narayanaswami, Geraldo F. Oliveira, 

Xiaoyu Ma, Eric Shiu, and Onur Mutlu,
"Google Neural Network Models for Edge Devices: Analyzing and Mitigating Machine 
Learning Inference Bottlenecks"
Proceedings of the 30th International Conference on Parallel Architectures and Compilation 
Techniques (PACT), Virtual, September 2021.
[Slides (pptx) (pdf)]
[Talk Video (14 minutes)]
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> 90% of the total system energy 
is spent on memory in large ML models

https://people.inf.ethz.ch/omutlu/pub/Google-neural-networks-for-edge-devices-Mensa-Framework_pact21.pdf
https://people.inf.ethz.ch/omutlu/pub/Google-neural-networks-for-edge-devices-Mensa-Framework_pact21.pdf
http://pactconf.org/
http://pactconf.org/
https://people.inf.ethz.ch/omutlu/pub/Google-neural-networks-for-edge-devices-Mensa-Framework_pact21-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/Google-neural-networks-for-edge-devices-Mensa-Framework_pact21-talk.pdf
https://www.youtube.com/watch?v=A5gxjDbLRAs&list=PL5Q2soXY2Zi8_VVChACnON4sfh2bJ5IrD&index=178


Data Movement vs. Computation Energy

15

Dally, HiPEAC 2015

A memory access consumes ~100-1000X 
the energy of a complex addition 



Data Movement vs. Computation Energy
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Many Novel Concepts Investigated Today
n New Computing Paradigms (Rethinking the Full Stack)

q Processing in Memory, Processing Near Data
q Neuromorphic Computing, Quantum Computing
q Fundamentally Secure and Dependable Computers

n New Accelerators & Systems (Algorithm-Hardware Co-Designs)
q Artificial Intelligence & Machine Learning
q Graph & Data Analytics, Vision, Video
q Genome Analysis

n New Memories, Storage Systems, Interconnects, Devices
q Non-Volatile Main Memory, Intelligent Memory Systems, Quantum
q High-Speed Interconnects, Disaggregated Systems

18



Increasingly Demanding Applications

Dream

and, they will come

19

As applications push boundaries, computing platforms will become increasingly strained.



Increasingly Diverging/Complex Tradeoffs
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Increasingly Complex Systems

Past systems

21

Microprocessor Main Memory Storage (SSD/HDD)



Increasingly Complex Systems
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(General Purpose) GPUs

Heterogeneous
Processors and 

Accelerators

Hybrid Main Memory

Persistent Memory/Storage

FPGAs

Modern systems



Increasingly Complex Systems on Chip

23
Source: https://www.anandtech.com/show/16252/mac-mini-apple-m1-tested 

https://www.anandtech.com/show/16252/mac-mini-apple-m1-tested


Bigger and More Powerful Systems (2021)

24
Source: https://www.golem.de/news/m1-pro-max-dieses-apple-silicon-ist-gigantisch-2110-160415.html 

https://www.golem.de/news/m1-pro-max-dieses-apple-silicon-ist-gigantisch-2110-160415.html


Computer Architecture Today 
n Computing landscape is very different from 10-20 years ago

n Applications and technology both demand novel architectures

25

General Purpose GPUs

Heterogeneous
Processors and 

Accelerators

Hybrid Main Memory

Persistent Memory/Storage

Every component and its 
interfaces, as well as

entire system designs
are being re-examined



Computer Architecture Today (II)
n You can revolutionize the way computers are built, if you 

understand both the hardware and the software (and 
change each accordingly)

n You can invent new paradigms for computation, 
communication, and storage

n Recommended book: Thomas Kuhn, “The Structure of 
Scientific Revolutions” (1962)
q Pre-paradigm science: no clear consensus in the field
q Normal science: dominant theory used to explain/improve 

things (business as usual); exceptions considered anomalies
q Revolutionary science: underlying assumptions re-examined
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Takeaways
n It is an exciting time to be understanding and designing 

computing architectures

n Many challenging and exciting problems in platform design
q That no one has tackled (or thought about) before
q That can have huge impact on the world’s future

n Driven by huge hunger for data (Big Data), new applications 
(ML/AI, graph analytics, genomics), ever-greater realism, …
q We can easily collect more data than we can analyze/understand

n Driven by significant difficulties in keeping up with that 
hunger at the technology layer
q Five walls: Energy, reliability, complexity, security, scalability
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Let’s Start with Some Puzzles

a.k.a. Computer Architecture resembles Building Architecture
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What Is This?
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What About This?

31
Source: By Toni_V, CC BY-SA 2.0, https://commons.wikimedia.org/w/index.php?curid=4087256



What Do the Following 
Have in Common? 
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What Do the Following 
Have in Common? 
n Neoclassical Architecture:
• South Carolina State House: This building is a prime example of 

Neoclassical architecture with its large copper dome, Corinthian 
columns, and grand portico.

• University of South Carolina's McKissick Museum: Located on 
the historic Horseshoe, this building also exhibits Neoclassical 
features, with its symmetrical facade and columns.
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What Do the Following 
Have in Common? 
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What Do the Following 
Have in Common? 
n Antebellum Architecture:
• Robert Mills House: A classic example of Antebellum 

architecture, known for its Greek Revival style with columns and 
a symmetrical facade.

• Hampton-Preston Mansion: Another Antebellum building, 
showcasing similar Greek Revival elements and a balanced, 
grand architectural style.
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What Do the Following 
Have in Common? 

40



What Do the Following 
Have in Common? 
n Modern and Contemporary Designs:
• Darla Moore School of Business, University of South Carolina: 

Featuring modern architectural elements, glass facades, and a 
contemporary design.

• Columbia Metropolitan Convention Center: Also modern in 
design, with extensive use of glass and a focus on sleek, clean 
lines.
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Gare do Oriente, Lisbon

42
Source: By Martín Gómez Tagle - Lisbon, Portugal, CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=13764903



Milwaukee Art Museum
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Source: By Andrew C. from Flagstaff, USA - Flickr, CC BY 2.0, https://commons.wikimedia.org/w/index.php?curid=379223



Athens Olympic Stadium
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Source: By Spyrosdrakopoulos - Own work, CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=16172519



City of Arts and Sciences, Valencia

45
Source: CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=172107



Florida Polytechnic University (I)

46
Source: http://www.architectmagazine.com/design/buildings/florida-polytechnic-university-designed-by-santiago-calatrava_o



Oculus, New York City

47
Source: https://www.dezeen.com/2016/08/29/santiago-calatrava-oculus-world-trade-center-transportation-hub-new-york-photographs-hufton-crow/



What do All Those Have in 
Common?
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But First, Today’s First Assignment
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Your First Comp. Architecture Assignment
n Go and find several pairs of buildings in Columbia that share a 

common architectural style.

n Appreciate the beauty & out-of-the-box, and creative thinking
n Think about tradeoffs in the design

q Strengths, weaknesses, and goals of design
n Derive principles on your own for good design and innovation

n Due date: Any time during or after this course
q Later during the course is better
q Apply what you have learned in this course
q Think out-of-the-box

51



Aside: Evaluation Criteria for the Designs
n Functionality (Does it meet the specification?)
n Reliability 
n Space requirement
n Cost
n Expandability
n Comfort level of users
n Happiness level of users
n Aesthetics
n Security
n …

n How to evaluate goodness of design is always a critical 
question à “Performance“ evaluation and metrics
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A Key Question
n How was Calavatra able to design especially his key buildings?
n Can have many guesses

q (Very) hard work, perseverance, dedication (over decades)
q Experience
q Creativity, Out-of-the-box thinking
q A good understanding of past designs
q Good judgment and intuition
q Strong skill combination (math, architecture, art, engineering, …) 
q Funding ($$$$), luck, initiative, entrepreneurialism
q Strong understanding of and commitment to fundamentals
q Principled design
q …

n You will be exposed to and hopefully develop/enhance many of 
these skills in this course

57



Principled Design
n “To me, there are two overriding principles to be found in 

nature which are most appropriate for building: 
q one is the optimal use of material, 
q the other the capacity of organisms to change shape, to grow, 

and to move.”
q Santiago Calatrava

n “Calatrava's constructions are inspired by natural forms like 
plants, bird wings, and the human body.”

58Source: http://www.arcspace.com/exhibitions/unsorted/santiago-calatrava/



Gare do Oriente, Lisbon, Revisited

59Source: By Martín Gómez Tagle - Lisbon, Portugal, CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=13764903
Source: http://www.arcspace.com/exhibitions/unsorted/santiago-calatrava/



A Principled Design

60



What Does This Remind You Of?

61
Source: https://www.dezeen.com/2016/08/29/santiago-calatrava-oculus-world-trade-center-transportation-hub-new-york-photographs-hufton-crow/



The Architect’s Answer

62
Source: https://en.wikipedia.org/wiki/World_Trade_Center_station_(PATH)



Strengths and Praise

63
Source: https://en.wikipedia.org/wiki/World_Trade_Center_station_(PATH)



Design Constraints and Criticism 

64
Source: https://en.wikipedia.org/wiki/World_Trade_Center_station_(PATH)



65

Source: https://en.wikipedia.org/wiki/Stegosaurus

Susannah Maidment et al. & Natural History Museum, London - Maidment SCR, Brassey C, Barrett PM (2015) 
The Postcranial Skeleton of an Exceptionally Complete Individual of the Plated Dinosaur Stegosaurus stenops 
(Dinosauria: Thyreophora) from the Upper Jurassic Morrison Formation of Wyoming, U.S.A. PLoS ONE 10(10): 
e0138352. doi:10.1371/journal.pone.0138352



Design Constraints: Noone is Immune 

66
Source: https://en.wikipedia.org/wiki/World_Trade_Center_station_(PATH)



The Lecture Was Slightly Different 
When I Was at CMU
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What Is This?

68
Source: https://roadtrippers.com/stories/falling-water



Answer: Masterpiece of A Famous Architect

69Source: https://en.wikipedia.org/wiki/Fallingwater



Find The Differences of 
This and That
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This

71Source: http://www.fallingwater.org/



This
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That
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A Key Question
n How was Wright able to design his masterpiece?
n Can have many guesses

q (Very) hard work, perseverance, dedication (over decades)
q Experience
q Creativity, Out-of-the-box thinking
q A good understanding of past designs
q Good judgment and intuition
q Strong skill combination (math, architecture, art, engineering, …) 
q Funding ($$$$), luck, initiative, entrepreneurialism
q Strong understanding of and commitment to fundamentals
q Principled design
q …

n You will be exposed to and hopefully develop/enhance many of 
these skills in this course

74



A Quote from The Architect Himself
n “architecture […] based upon principle, and not upon 

precedent”

75
Source: http://www.fallingwater.org/



A Principled Design
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A Key Question
n How was Wright able to design his masterpiece?
n Can have many guesses
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q Creativity, Out-of-the-box thinking
q A good understanding of past designs
q Good judgment and intuition
q Strong skill combination (math, architecture, art, engineering, …) 
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q Principled design
q …

n You will be exposed to and hopefully develop/enhance many of 
these skills in this course
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Takeaways

n It all starts from the basic building blocks and design 
principles

n And, knowledge of how to use, apply, enhance them

n Underlying technology might change (e.g., steel vs. wood)
q but methods of taking advantage of technology bear resemblance
q methods used for design depend on the principles employed
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The Same Applies to Processor Chips 
n There are basic building blocks and design principles

79

IBM Cell BE
8+1 cores

Intel Core i7
8 cores

Tilera TILE Gx
100 cores, networked

IBM POWER7
8 cores

Intel SCC
48 cores, networked

Nvidia Fermi
448 “cores”

AMD Barcelona
4 cores

Sun Niagara II
8 cores



The Same Applies to Computing Systems
n There are basic building blocks and design principles

80
source: http://www.sia-online.org (semiconductor industry association)



The Same Applies to Computing Systems
n There are basic building blocks and design principles

81
Source: http://datacentervoice.com/wp-content/uploads/2015/10/data-center.jpg



Different Platforms, Different Goals

82
Source: https://iq.intel.com/5-awesome-uses-for-drone-technology/



Different Platforms, Different Goals

83Source: https://taxistartup.com/wp-content/uploads/2015/03/UK-Self-Driving-Cars.jpg



Different Platforms, Different Goals

84Source: http://sm.pcmag.com/pcmag_uk/photo/g/google-self-driving-car-the-guts/google-self-driving-car-the-guts_dwx8.jpg



Different Platforms, Different Goals

85Source: https://fossbytes.com/wp-content/uploads/2015/06/Supercomputer-TIANHE2-china.jpg



Different Platforms, Different Goals

86Source: https://www.itmagazine.ch/artikel/72401/Fugaku_Der_schnellste_Supercomputer_der_Welt.html



Apple M1 Max System on Chip (2021)

87
Source: https://www.anandtech.com/show/17024/apple-m1-max-performance-review 

https://www.anandtech.com/show/17024/apple-m1-max-performance-review


Google Tensor Processing Unit (~2016)

88

Jouppi et al., “In-Datacenter Performance Analysis of a Tensor Processing Unit”, ISCA 2017.



Google TPU Generation IV (2021)

89

250 TFLOPS per chip in 2021
vs 90 TFLOPS in TPU3

1 ExaFLOPS per board

New ML applications (vs. TPU3):
• Computer vision
• Natural Language Processing (NLP)
• Recommender system
• Reinforcement learning that plays Go

https://spectrum.ieee.org/tech-talk/computing/hardware/heres-how-googles-tpu-v4-ai-chip-stacked-up-in-training-tests



TESLA Full Self-Driving Computer (2019)

90

n ML accelerator: 260 mm2, 6 billion transistors, 
600 GFLOPS GPU, 12 ARM 2.2 GHz CPUs.

n Two redundant chips for better safety.

https://youtu.be/Ucp0TTmvqOE?t=4236

https://youtu.be/Ucp0TTmvqOE?t=4236


Cerebras’s Wafer Scale ML Engine-2 (2021)

91

Cerebras WSE-2               
2.6 Trillion transistors

46,225 mm2   

Largest GPU               
54.2 Billion transistors

826 mm2   

n The largest ML 
    accelerator chip (2021)

n 850,000 cores 

NVIDIA Ampere GA100
https://www.anandtech.com/show/14758/hot-chips-31-live-blogs-cerebras-wafer-scale-deep-learning

https://www.cerebras.net/cerebras-wafer-scale-engine-why-we-need-big-chips-for-deep-learning/

https://www.anandtech.com/show/14758/hot-chips-31-live-blogs-cerebras-wafer-scale-deep-learning
https://www.cerebras.net/cerebras-wafer-scale-engine-why-we-need-big-chips-for-deep-learning/


Google’s Video Coding Unit (2021)

92
Source: https://dl.acm.org/doi/pdf/10.1145/3445814.3446723 

https://dl.acm.org/doi/pdf/10.1145/3445814.3446723


UPMEM Processing-in-DRAM Engine (2019)

93

n Processing in DRAM Engine 
n Includes standard DIMM modules, with a large 

number of DPU processors combined with DRAM chips.

n Replaces standard DIMMs
q DDR4 R-DIMM modules

n 8GB+128 DPUs (16 PIM chips)
n Standard 2x-nm DRAM process

q Large amounts of compute & memory bandwidth

https://www.anandtech.com/show/14750/hot-chips-31-analysis-inmemory-processing-by-upmem
https://www.upmem.com/video-upmem-presenting-its-true-processing-in-memory-solution-hot-chips-2019/

https://www.anandtech.com/show/14750/hot-chips-31-analysis-inmemory-processing-by-upmem
https://www.upmem.com/video-upmem-presenting-its-true-processing-in-memory-solution-hot-chips-2019/


Different Platforms, Different Goals
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94https://arxiv.org/pdf/2105.03814.pdf 

https://arxiv.org/pdf/2105.03814.pdf


Samsung Function-in-Memory DRAM (2021)

95



Samsung AxDIMM (2021)

n DDRx-PIM
q Deep learning recommendation system

96

Baseline System

AxDIMM System

Ke et al. "Near-Memory Processing in Action: Accelerating Personalized Recommendation with AxDIMM", IEEE Micro (2021)



AliBaba PIM Recommendation System (2022)

97



Recall: Takeaways

n It all starts from the basic building blocks and design 
principles

n And, knowledge of how to use, apply, enhance them

n Underlying technology might change (e.g., steel vs. wood)
q but methods of taking advantage of technology bear resemblance
q methods used for design depend on the principles employed
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Basic Building Blocks
n Electrons
n Transistors
n Logic Gates
n Combinational Logic Circuits
n Sequential Logic Circuits

q Storage Elements and Memory
n …
n Cores
n Caches
n Interconnect
n Memories
n ...

99



Reading Assignments for This Week

n Chapter 1 in 
Harris & Harris

n Chapters 1-2 in 
Patt and Patel

100

n Supplementary 
Lecture Slides on 
Binary Numbers



Recall: High-Level Goals of This Course
n In Digital Design & Computer Architecture

n Understand the basics
n Understand the principles (of design)
n Understand the precedents

n Based on such understanding:
q learn how a modern computer works underneath
q evaluate tradeoffs of different designs and ideas
q implement a principled design (a simple microprocessor)
q learn to systematically debug increasingly complex systems
q Hopefully enable you to develop novel, out-of-the-box designs

n The focus is on basics, principles, precedents, and how to 
use them to create/implement good designs

101



Recall: Why These Goals?
n Because you are here for a Computer Science degree

n Regardless of your future direction, learning the principles 
of digital design & computer architecture will be useful to
q design better hardware
q design better software
q design better systems
q make better tradeoffs in design
q understand why computers behave the way they do
q solve problems better
q think “in parallel”
q think critically
q …

102



Course Info and Logistics

103



If You Need Help
■ Post your question on Moodle Q&A Forum

q https://moodle-
app2.let.ethz.ch/course/view.php?id=19395

❑ We will create a forum on Moodle for each activity
❑ Preferred for technical questions

■ Write an e-mail to:  
❑ digitaltechnik@lists.inf.ethz.ch
❑ The instructor and all assistants will receive this e-mail

■ Come to office hours 
❑ We will provide office locations & Zoom links
❑ TBD

104

https://moodle-app2.let.ethz.ch/course/view.php?id=19395
https://moodle-app2.let.ethz.ch/course/view.php?id=19395
mailto:digitaltechnik@lists.inf.ethz.ch


Where to Get Up-to-date Course Info?
■ Website: 

❑ https://pooyanjamshidi.github.io/csce212/
❑ Lecture slides and (videos)
❑ Readings
❑ Course schedule, handouts, FAQs
❑ Software
❑ Any other useful information for the course
❑ Check frequently for announcements and due dates
❑ This is your single point of access to all resources

■ TA

105

https://pooyanjamshidi.github.io/csce212/


Reading Assignments for This Week

n Chapter 1 in 
Harris & Harris

n Chapters 1-2 in 
Patt and Patel 
(encouraged)

106



Reading Assignments for Next Week
n Combinational Logic chapters from both books

q Harris and Harris, Chapter 2
q Patt and Patel, Chapter 3

n Check the course website for all future readings
q Required
q Recommended
q Mentioned

107



Future Lectures and Assignments
■ You can also anticipate (and plan for) future lectures and 

assignments based on Spring 2023 schedule:
❑ https://pooyanjamshidi.github.io/csce212/lectures/

108
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Takeaways
n It is an exciting time to be understanding and designing 

computing architectures

n Many challenging and exciting problems in platform design
q That no one has tackled (or thought about) before
q That can have huge impact on the world’s future

n Driven by huge hunger for data (Big Data), new applications 
(ML/AI, graph analytics, genomics), ever-greater realism, …
q We can easily collect more data than we can analyze/understand

n Driven by significant difficulties in keeping up with that 
hunger at the technology layer
q Five walls: Energy, reliability, complexity, security, scalability
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Major High-Level Goals of This Course
In Computer Architecture
n Understand the basics
n Understand the principles (of design)
n Understand the precedents

n Based on such understanding:
q learn how a modern computer works underneath
q evaluate tradeoffs of different designs and ideas
q implement a principled design (a simple microprocessor)
q Hopefully enable you to develop novel, out-of-the-box designs

n The focus is on basics, principles, precedents, and how to 
use them to create/implement good designs, tradeoffs are 
important!
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Why These Goals?
n Because you are here for a Computer Science degree

n Regardless of your future direction, learning the principles 
of computer architecture will be useful to
q design better systems (software + hardware)
q make better tradeoffs in design
q understand why computers behave the way they do
q solve problems better
q think “in parallel”
q think critically
q …
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I presume you all know the number systems?

n Binary Number
n Hexadecimal Numbers
n Bits, Bytes, Words
n least significant bit (lsb), most significant bit (msb)
n Least Significant Byte (LSB), Most Significant Byte (MSB)
n KB, MB, GB, TB
n Binary Addition
n Signed Binary Numbers 
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