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The Computer Systems Stack

[ Application ]

Gap too large to bridge in one step
(but there are exceptions,
e.g., a magnetic compass)

[ Technology ]
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The Computer Systems Stack

Computer Engineering

Application

Algorithm

Programming Language

[ Operating System

| 4

Instruction Set Architecture

Microarchitecture

Register-Transfer Level

[ Gate Level

] \

Circuits

Devices

Technology

/

In its broadest definition, computer engineering is the
development of the abstraction/implementation layers that allow us to
execute information processing applications efficiently

Traditional
Computer Science

Computer Engineering is at the

interface between hardware and software

and considers the entire system

Traditional
Electrical Engineering

using available manufacturing technologies
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Cornell Computer Engineering Curriculum

Application
o Algorithm |
£ Programming Language = | ECE 2400 Computer Systems Programming
§ Operating System ] -+ ECE 3140 Embedded Systems
©||_Instruction Set Architecture I:ECE 4760 Design with Microcontrollers
L Microarchitecture ECE 4750 Computer Architecture
% Register-Transfer Level
2 Gate Level | ECE 2300 Digital Logic & Computer Org
8 Circ.uits

Devices
Technology
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Cornell Computer Engineering Curriculum

Freshman Freshman/ Sophomore/ Junior/Senior Senior Senior
Sophomore Junior M.Eng. M.Eng. M.Eng.
Ph.D. Ph.D.

ECE 2100 ECE 3150 ECE 4740 il 2 e ECE 5745

ECE 2300 ECE 3400 ECE 4760 ECE 5730

@ ECE 4750 .
CS 4420
ECE 3140
CS 3420
- . 7 CS 4410 @
CS 2210

ECE 5750

ECE.5795 CS 5420

] visitrack

. Systems track — Prerequisite @
---# Pre- or corequisite

- Architecture track e Core courses
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Hardware Xcel for Deep Learning

Processors, Memories, and Networks

Application
o Algorithm Compute
= Programming Language @ d afc)a
§ Operating System
'g» Instruction Set Architecture o utout Move
T Microarchitecture Dot 4{ Network }—» Datn data
% Register-Transfer Level
2 Gate Level
5 Circuits @ Store
@) data
Devices
Technology
Computer engineering basic building blocks
* Processors for computation
- Memories for storage
« Networks for communication
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* Activity 1 Trends in Computer Engineering Activity 2

Hardware Xcel for Deep Learning

: Application

Algorithm

PL
OS
ISA

HArch

RTL

Gates

Circuits

Devices

: Technology

Agenda

Activity 1
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Activity #1: Sorting with a Sequential Processor

» Application: Sort 32 numbers
] i Processor
» Simulated Sequential Computing System Q
> Processor: You!

> Memory: Worksheet, read input data, write output data 4[ Network J_,
> Network: Passing/collecting the worksheets

» Activity Steps
1. Discuss strategy with neighbors Memory

>
> 2. When instructor starts timer, flip over worksheet
> 3. Sort 32 numbers as fast as possible
>
>
>

4. Lookup when completed and write time on worksheet
5. Raise hand
6. When everyone is finished, then analyze data
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_Application | Agenda
- Algorithm |

.

r

PL
OS
ISA

pArch | Trends in Computer Engineering
RTL |

-

r

Gates

Circuits

Devices

iTechnoIogy:
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Activity 2

Hardware Xcel for Deep Learning

Trend 1: Bell

's Law

Roughly every decade a new, smaller, lower priced computer class forms
based on a new programming platform resulting in entire new industries

108 A e  © . 4
Supercomputers ° 10
7 ° ° *
10 ° /
Mainframes L] 10
[ X X | 6
10%(= © - . 10
n Scalable 105
S Clusters
= , .5
S 10 ¥ ) Cloud 4
Q oo+ + Computing 10
c + +
= + , 3
Q 10" Workstations 5 10
L S
o 3 + 1 *‘“ . * Laptops Interr]et =10
10 * % Personal * PSEPY of Things 1
* % Computers o, ¢ ‘ 10
10 G. Bell. "Bell's Law for the Birth and 10

"Ultra"

Death of Computer Classes." Embedded

CACM, Jan 2008.

>
»

Workstations

Y. Lee et al. "Modular Tmmg3 Die- . |
Stacked Sensing Platform ..." Ultra

JSSC, Jan 2013.

Laptops

J Minicomputers

‘ ‘n Personal
] Computers

Handhelds

Embedded

1950 1960 1970 1980 1990 2000N\2010 2024

1950 1960 1970 1980 1990 2000 2010 2020
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Trend 1: Growing Diversity in Apps & Systems

\ :

Computing: From Handhelds to Servers

— ¢
\

R
P Internet Routers

*% GPS Devices
7 and Satellites

Humanoid Robots
Unmanned Vehicles

oS Wearable
g oo, Computing

& Sensor

Networks Medical

Devices  \yearable Activity Monitors
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Example: Internet of Things

$1.7 trillion VA 5

Market for loT by 2020

oG \ | /A
25 billion j& \'/ .

Connected “things” by 2020 —————
— Gartner ‘/

./ \'.\‘
'@

s
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loT Platform Startups

Particle: Photon Punch BEAN
Through !

WiFi
connected
ucontrollers
w/
Particle

Cloud

Devices

Particle Cloud Applications
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loT Chip Startups

Supported Applications
- Activity detection and logging - Fibrillation detection

- Energy expenditure - Long-term data monitoring
- Fall detection and statistics
- Temperature tracking - Posture
- Heart rate monitoring - Motion-artifact removal
S FrEEREmsEsssssssssmssss== .
o= i A . E DC-DC Boost -
i 4. b - — > i c rt 7 -
g — 4 C:;EHEI |8 lj;‘:JSCAR : — A 1 lconverter* or:ﬁp:r Wi :
bt 1 H SYS. VDD i
' ] ! Power Management
: e e | VeccccmmsmssassscEsssa== Solar
1 4 j t ______________________
Vast;]\f::jsgeg i SPI — 648 SPI E & 1 DPM [ ; Is‘rs. CLK F ;
3.3V ! | (master) FIFO HE ‘:; b T =
(0.4-3.3V) ; ; > ADPLL fe— x0 |i| 3 31.25kHz
- Sensing 1 CIk/Pwr. - 1 | ==
--------------------- i - Gate Ctrl o~ - . 1
ittt S 4 B IPTTR VI o S Clocking . eeaaees :
; muitipliers [+ | el Mavay [
- S
i SEREE MAC E MSP430 4kB DMEM
i ' <:T'l—|
: - ! RL
! C1E pT. Histogram |t [NV | | o 4AGHz
1 Ry -3y |1 Bus ! i %
- FFT 1 Abitration ; : Y
' i l2kBTx || Tx :
H Heart rate |1 - -
 |4-Channel, ||\ b o ot | 2kB LCU E Buffer [1 Fsm [{YWET* =
' 16-tap FIR AFIB ' Instr Mem X : 400MHz -
; ; ; ; % 2.4GHz
1
; i {_N, Lcu : !
1
' Timer (1 Timer (2) | CTRL 1 WuRx -
: ) ] 1
: : g :
1 ' i
.

Accelerators

:\ ; E Radios

Bus Controllers

B. Calhoun, D. Wentzloff, et al.
Univ. of Virginia, Univ. of Michigan

Chip startup founded
in 2014 to use
ultra-low-power
circuits in energy
harvesting loT
devices
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loT for Truly Personalized Medicine

S0l 2 .@ “
P S . Patient L
Medical Wearable Devices (owner) ,// Health Providers
. ™~ ! = 4
Heartbeat Sexrvices SNA & .
Sensor : Gatewaoy * - d
—
= 1 e i k{1
= Mobile Devices = v\ > - it
= xams and Images
‘gm @ B * // \:\\ Laboratories
| 5 NN [
@ = R N
Sensors / IoT =N ﬁ
Authorized
Blood : -
P third party Health Insurance, Government

Collaborative Patient Devices Self-management/ Monitoring

Health organizations and professionals

Deep Brain

Neurostimulators

@ —

Gastric ‘Aﬂ

FREE Stimulators u
--=-=-Batteries
«---Antenna
Temperature
ensor

e Foot Drop \*§

Pressure Implants -

Sensor

¥

(=4

S
w

Cochlear Implants

Cardiac Defibrillators/
Pacemakers

Insulin Pumps

L
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The Computer Systems Stack

Application
Algorithm
. Programming Language
[ Operating System
Instruction Set Architecture
Microarchitecture
Register-Transfer Level
| Gate Level |
' Circuits \
Devices
Technology

Trend #2: Software/Architecture
Interface Changing Radically

e\

Computer Engineering
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Trends in High-Performance Processors

10"+ Transistors

Frequency
(MHz)

A A

aal 1 4! Typical
& A Power (W)

1-975 1980 1985 1990 1995 2000 2005 2010 2015
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Transition to Multicore Processors

Intel Pentium 4 Cray XT3 Supercomputer
Single monolithic processor 1024 single-core processors

AMD Quad-Core Opteron
Four cores on the same die

IBM Blue Gene Q
Supercomputer
Thousands of
18-core processors
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The Multicore “Hail Mary Pass”

AMD 4-Core Opteron

Transistors
(Thousands)

Intel 48-Core Prototype

Intel Parallelism?

SPECint
Performance

Frequency
(MHz)

Typical
Power (W)

Number
of Cores

1980 1985 1990 1995 2000 2005 2010 2015
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Inevitable End of Moore’s Law as We Know It

25 —
o 2013 Report
o 2015 Report
20
w
it
7]
E
2
5 15 —
£
(=]
(=
o
b
g 10 —
g
743
=
£~
o
5._
0 | | | | | | | | | |
2013 2015 2017 2019 2021 2023 2024 2025 2027 2028 2030
Year lustration: Erik Vrielink

Adapted from R. Courtland, “Transistors Could Stop Shrinking in 2021,” IEEE Spectrum, 2016.
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Slowing Technology Scaling
Means Golden Age of Design

Performance

Integrated CMOS

Integrated
Bipolar Circuit

/

Technological

Discrete .
' Fallow Period

Transistor

7/
”

New Technology

[Colwell 2012]

1940

Year
1955 1970 1985 2000 2015 2030
Adapted from D. Brooks Keynote at NSF XPS Workshop, May 2015.
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Slowing Technology Scaling
Means Golden Age of Design

7nm, ~50B tx

Performance |
/
IS
Integrated CMOS
Golden Age
Of Design

Integrated
Bipolar Circuit

*Fechnolqgicdt

Discrete b~ %

Transistor

jallﬂvv PErikd

[Colwell 2012]

1940

Year

”
New Tecl
1955 1970 1985 2000 2015 2030

Adapted from D. Brooks Keynote at NSF XPS Workshop, May 2015.
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The Specialization “Hail Mary Pass”™

3 Intel 48-Core Prototype {
AMD 4-Core Opteron

Intel

Performance

Frequency
(MHz)

A AMAM A A

 Masaa,, . Typical
3 Power (W)

1-975 1980 1985 1990 1995 2000 2005 2010 2015
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Heterogeneous Systems-on-Chip

System Bus
Secondary Secondary
DMA G BuS
Tertiary
Bus
OMAP 4 SoC

Adapted from D. Brooks Keynote at NSF XPS Workshop, May 2015.
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Heterogeneous Systems-on-Chip

30

N
ul
T

N
(=]
T

SRAM Cache
Memory

Jury
o

# of Accelerator Blocks

ul

A4 A5 A6 A7 A8
o *
Quad-Core GPU . .
DuakCofe CPU Maltiel Consulting [Y. Shao, IEEE
estimates Micro 2015]
[www.anandtech.com/show/8562/chipworks-a8]

Adapted from D. Brooks Keynote at NSF XPS Workshop, May 2015.
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Microsoft Catapult: FPGAs in the Data Center

ECC SO-DIMM 2

8GB DDR3

» Custom FPGA board for accelerating Bing search and other workloads

» Accelerators developed with/by app developers

» Tightly integrated into Microsoft data center’s and cloud computing
platforms, access gradually being given to outside developers
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The Computer Systems Stack

Application
o Algorithm
£ | Programming Language |
§ [ Operating System |
= Instruction Set Architecture
LI Microarchitecture
% Register-Transfer Level
a\f Gate Level | | Trend #3: Technology/Architecture
8 Circuits < Interface Changing Radically
Devices
Technology
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Trend 5: Emerging Device Technologies

15

10 \ )
S [ '“g | W y
oH e B o =
0}
Q
10° g .| Vertical MOSFETs
o
3 . e%lys Graphene
& siera\ O Carbon Nanotubes
1P Q Nanorelays
% Quantum Computing
0 Molecular Computing
5 K Memristers
10" 3! Phase-Change Mem
8 Spintronics
10 _ 3D Integration
10 Electromechanical Relay Vacuum Tube  Transistor NanophotoniCS

1900 10 20 ‘30 40 50 ‘60 70 ‘80 90 o0QQ 10

Adapted from R. Kurzweil, “The Singularity is Near,” Penguin Books, 2006.
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Examples of Emerging Technologies

Intel 3D Crosspoint Memory D-Wave
Resistive memory enables very Quantum annealing computer
high density, non-volatile storage suitable for solving complex
with fast access times optimization problems
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A Carbon Nanotube “Computer”

d
CLK1 CLK3
T 5 = external connections to external memory
s E =
A1ESHES
TR = === D-latches D-latches
nstr. iviem > P {—A—\
2 112 DOl CLK1 CLK3
CLK1|RD_en CLK1|RD_A_en ’ ;
WR_en . 15"?, A L3 [Al AFA] A A iy A
(201" | AB
Next Instr Addr CLK2|RD_B_en
1 ADB
[4:1] [O] ,‘1 (B] _,E}_I CLK3|WR_en B4 B B 5 L ,1
[2:0] [B]
\ ) Data_in /
¥ | CLK2 CLK3
D-latches
b sprobe pads
| A

-

="

i

Signal rails
(power, biasing, clocks)

Adapted from M. Shulaker, et al., “Carbon Nanotube Computer,” Nature, 2013.
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Three Key Trends in Computer Engineering

Trend #1: Growing Diversity in Appllcatlon _
Applications and Systems _ Algorithm Trend #2:
A PL Software/Arch
¢ "  os | | Interface Changing
\\ I f /  ISA Radically
| pArch |
i 2 <_.. | RTL | Trend #3:
— G | Gates | | Technology/Arch
. / /‘ I \\ _ Circuits | Interface Changing
_ CRYEES Radicall
L) @ ‘Technology y

Students entering the field of computer engineering
have a unique opportunity to shape the future of computing
and how it will impact society
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: Application

Algorithm

PL
OS
ISA

HArch

RTL

Gates

Circuits

Devices

: Technology

Agenda

Activity 2
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Activity #2: Sorting with a Parallel Processor

» Application: Sort 32 numbers
» Simulated Parallel Computing System @ @ @ @
N

> Processor: Group of 2—8 students
> Memory: Worksheet, scratch paper

> Network: Communicating between students @ @ @ @
» Activity Steps

1. Discuss strategy with group
2. When instructor starts timer, master processor flips over worksheet

>
>
> 3. Sort 32 numbers as fast as possible
>
>
>

4. Lookup when completed and write time on worksheet
5. Master processor only raises hand
6. When everyone is finished, then analyze data
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Activity #2: Discussion

unsorted
Distribute
Network
Proc/Mem Sort 4 Numbers
Network
Merge Phase 1
Proc/Mem > merge 4+4 = 8
Network
Merge Phase 2
Proc/Mem _ > merge 8+8 = 16
Algorithm
Network Communication
Load Balancing Merge Phase 3
Proc/Mem Fault Tolerance > merge 16+16 = 32
Network Dataset Size
CIWOrK  sorted
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_Application |  Agenda
Algorithm |

PL
OS
ISA

MArch

RTL

Gates

circuts | Hardware Acceleration for Deep Learning

Devices

:Technology:
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ImageNet: Object Recognition Competition

Treemap Visualization

A ImageNet 2011 Fall Release  +

Images of the Synset

Downloads

Instrumentality, instrumentation = Device

Interrupter | Fumigator |S nchroflashl Kinetoscope | Diestock Valve Take-u Guard
S EaEsY R - on|| S |
e iwRE  =w} G
Release Ret Corer Heat Jﬁ' Sounder n | Autopilot
| R | TN e [P | | L e
ol B Lol 4P sl | =
Cutoff Agglomeratof Tilter Shoetree Groaover | Bootjack r wr
oy VY 2 i | B | S
2l ar | —
CE LR Y e B AT
Aspergill Dampener | Vaporizer |Prod Nest Deflector Charger
B (T o e e | | | e
. ' e - ~ S
El = <+ | § 4R &l @
Overnde Drop ! Suction Catapult Imprint Afterburner Breathﬁr Depressor
oy e | N R s [
[ | m | ! 4 'S
u ﬂ ML =00 B == S0 | naess N T
Power Shootin Gas Water Washboard |Prompter _ |Shoehorn |Peeler
VS | | |
) . : = -
e LS NE e=mEE R (K
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Machine Learning: Training vs. Inference

— —d forward  “dog” labels
— — - 1|r
[ —
=! # “human face"
a if’f | backward error
TRAINING MODEL
— f il )
i A " forward
: - » “human face"”
/"5-malh.=:rJ Wy i’ _
varied N (Y
NMFERENCE -
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An Inflection Point due to Algorithms and Hardware

110

Top 5 Error Rate
# of entries using GPUs

0 0

2010 2011 2012 2013 2014

Adapted from A. Gray, “NVIDIA and IBM Cloud Support ImageNet Large Scale Visual Recognition Challenge,” NVIDIA Blog, 2015.
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SGl InfiniteReality GPU

) ) Host System Bus

I Host Interface Processor I

v

I Geometry Distributor I
Yy ‘ ; y
Geometry Geometry Geometry Geometry
Engine Engine Engine Engine

H I Geometry-Raster FIFO I H
Vertex Bug  “rrrrrrrrreeeessssssssssss ‘...................................:

—— S T T P T T s

Fragment Generator Fragment Generator Fragment Generator Fragment Generator

Image :
Engines:

: Raster Memory Board : Raster Memory Board i Raster Memory Board i Raster Memory Board

R B T .\,
: Board :

De-Interleaver I

1 1 ¥ ¥ 1 1 3

Display Display Display Display Display Display Display Display
Channel | | Channel Channel | | Channel | [Channel Channel | | Channel | [Channel

“ ............. ‘ ............. ‘ ............ i ............ i ............ t ‘ ..............

Adapted from J. Montrym, “InfiniteReality: A Real-Time Graphics System,” ACM SIGGRAPH, 1997.
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NVIDIA GeForce 6800

| Command and data fetch |

>—'Jj| —'Jj| —'J:I —'J:H —'Jj| —'Jj| Vertex processors
| | | | | |

| Triangle setup rasterizer |

- Z- cuII |- Shader thread dispatch |

Hrrrrr
4u44334¢¢¢¢¢¢#¢¢

| Fragment crossbar |

LR

Memory Memory Memory Memory
partition partition partition partition

Fragment
processors

Level 2
texture
cache

Pixel-
blending
units

Adapted from J. Montrym, “The GeForce 6800,” IEEE Micro, Mar/Apr 2005.
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NVIDIA G80

Host CPU |—| Bridge |—| System memory |

: | GPU
| Host interface | I
! Viewport/clip/
|Input assembler setup/raster/zcull
[
Vertex work Pixel work Compute work
distribution distribution distribution
[ [
[ [ [ [ [ [ [ |
TPC TPC TPC TPC TPC TPC TPC TPC

[ {11 [l Il {1 [ {11 (I ]
[ {11 [l Il {1 I {11 (I ]

SM SM SM SM SM SM SM SM SM SM SM SM SM SM SM SM
| il II{ 111 il [T Il 1({ (Il Il 111 Il 1[Il il II{ 111 il 1111 il |
| i 1111 i (1 (1 I (Il Il 111 (1 ({1l i 1111 i 1111 i |
| 1Nl I 111 1Nl 111 (|l 1({ (Il Ml 111 (|l ({1l 1Nl I 111 1Nl 1111 1Nl |
1 | | | T T | | T () | | D
| ] | || (| | ||| || | | |( e ||| | (e || e | || el | |||l |

Texture unit Texture unit Texture unit Texture unit Texture unit Texture unit Texture unit Texture unit

[ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [
( Interconnection network )

DRAM DRAM DRAM DRAM DRAM DRAM

Adapted from E. Lindholm, “NVIDIA Tesla: A Unified Graphics and Computing Architecture,” IEEE Micro, Mar/Apr 2008.
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What is in a GPU?

A GPU is a heterogeneous chip multi-processor (highly tuned for graphics)

Input Assembly

Rasterizer

Output Blend

Video Decode

Shader Shader Tex
Core Core

Shader Shader Tex
Core Core

Shader Shader Tex
Core Core

Shader Shader Tex
Core Core

Work
Distributor

HW
or
SW?

Adapted from K. Fatahalian, “Beyond Programmable Shading Course,” ACM SIGGRAPH 2010.
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Compiling a Shader

1 unshaded fragment input record D

sampler mySamp; 1
Texture2D<float3> myTex;
float3 lightDir; <diffuseShader>:

sample ro, v4, to, sO

i mul r3, v, cbo[0]
float4 diffuseShader(float3 norm, float2 uv) madd r3, vi, cbe[1], r3

{ ﬁ madd r3, v2, cbe[2], r3

float3 kd; clmp r3, r3, 1(0.0), 1(1.0)
. mul o0, ro, r3
kd = myTex.Sample(mySamp, uv); mul ol, ri, r3
kd *= clamp( dot(lightDir, norm), 0.0, 1.0); mul 02, r2, r3

return float4(kd, 1.0); mov 03, 1(1.0)
} !

1 shaded fragment output record .

Adapted from K. Fatahalian, “Beyond Programmable Shading Course,” ACM SIGGRAPH 2010.
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Executing a Shader

|
!

<diffuseShader>:
sample ro, v4, to, sO
ALU mul r3, v, cbo[0]
(Execute) madd r3, vi, cbe[1], r3
madd r3, v2, cbo[2], r3

clmp r3, r3, 1(0.0), 1(1.0)
mul 00, re, r3
mul o1, rl, r3
mul o2, r2, r3
mov 03, 1(1.0)

!
]

Adapted from K. Fatahalian, “Beyond Programmable Shading Course,” ACM SIGGRAPH 2010.
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“CPU-Style” Cores

(a big one)

ALU
(Execute)

Adapted from K. Fatahalian, “Beyond Programmable Shading Course,” ACM SIGGRAPH 2010.
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Slimming Down

Idea #1:
ALU

(Execute) Remove components that
help a single instruction
stream run fast

Adapted from K. Fatahalian, “Beyond Programmable Shading Course,” ACM SIGGRAPH 2010.
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Two Cores (Execute Two Fragments in Parallel)

fragment 1 fragment 2

ALU ALV
(Execute) (Execute)

Adapted from K. Fatahalian, “Beyond Programmable Shading Course,” ACM SIGGRAPH 2010.
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Four Cores (Execute Four Fragments in Parallel)

«U
«

ALU ALU
(Execute) (Execute)

i [

«] | O«
«] [Je

ALU ALU
(Execute) (Execute)

i
i

Adapted from K. Fatahalian, “Beyond Programmable Shading Course,” ACM SIGGRAPH 2010.
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16 Cores (Execute 16 Fragments in Parallel)

o o o 0O £ [ | ==
¥ 4 ¥ ¥ | ALU | I ALU | | ALU | | ALU |
¥ ¥ ¥ ¥ m m m m
@ @ [ ©

o O 0O O £ | | B
+ \ \ + aw || [[[Aaw || |[[ Aaw || |[ A |
® 0 ® O B == == ==
O O 0O © N | |
\ \ M ‘ [Aw || |[[Aw || [[Aw ]| |[Aw ]
S s 6 b ==ll==lll==|ll==
O 0O O © ] [ ) | E=
+ \ \ \ [Aaw || |[[[Aw || ([ Aw ]| |[ AW ]
+ ¥ ¥ ¥ m m m m
@ @ ® O

16 cores = 16 simultaneous instruction streams

Adapted from K. Fatahalian, “Beyond Programmable Shading Course,” ACM SIGGRAPH 2010.
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Instruction Stream Sharing

«0

«0

«0
«0

«0 @«

«0 @«

«0 @«
«0 O«

«0) | @«

«0 | O«

mul

madd
madd
clmp

4-[] "4-
«00 O«

mul

«0)| @«

"4-

«0 | @«

"4-

mul

«00 @«
«J O«

mul
mov

O«
O«

r3,
r3,
r3,
r3,
00,
ol,
02,
o3,

vo,
vl,
v2,
r3,
ro,
rl,
r2,
1(1.

But ... many fragments
should be able to share an
instruction stream!

<diffuseShader>:
sample ro, v4, to, so

cbo[0]

cbo[1], r3
cbo[2], r3
1(0.0), 1(1.0)
r3

r3

r3

)

Adapted from K. Fatahalian, “Beyond Programmable Shading Course,” ACM SIGGRAPH 2010.
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Recall: Simple Processing Core

ALU
(Execute)

Adapted from K. Fatahalian, “Beyond Programmable Shading Course,” ACM SIGGRAPH 2010.
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Add ALUs

Idea #2:
- Amortize cost/complexity of

managing an instruction
stream across many ALUs

ALU1| [ALU 2| (ALU3| (ALU4

ALUS5| (ALU6| |ALU7| |ALUS

EEEE

SIMD processing

o e o e
Shared Ctx Data

Adapted from K. Fatahalian, “Beyond Programmable Shading Course,” ACM SIGGRAPH 2010.

ENGRI 1210 Recent Trends and Applications in Computer Engineering 50/ 63




The Computer Systems Stack Activity 1 Trends in Computer Engineering Activity 2 - Hardware Xcel for Deep Learning °

Execute 128 Fragments in Parallel

8338 | N N [
It OOoO0Od| |O0O0OO| |OooO| |(Oood
OOO0OO| |OOO0OO0O| |OOOO| (OOoOod
. vertices
8000
@000
6856 | | | |
+ EEEEREEEE R EEEE ==
oo OO000| |OOO0OO| |(OOOO| (OOOoO
' primitives
[o][@]w]w]
oo0oe
Satele N N N
+ EEEEREEEE R EEEE e
OO000| | OO0OO00O| |(OOOO| (OOooOd
..‘oo fragments
00ee
6856 | N | |
¥ EEEEREEEE R EEE ==
OO000| | OOO0OO| |(OOOO| (OOOO
..‘DD 00‘00 .CJ‘DD ‘
@08 -+ omeo 9388

Adapted from K. Fatahalian, “Beyond Programmable Shading Course,” ACM SIGGRAPH 2010.
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But What About Branches?

Time (clocks)

I | R S O O A P N R

ALU1T ALU2 ... ... ALUS

<unconditional
shader code>

if (x > 90) {

refl = Ka;

I

<resume unconditional
shader code>

Adapted from K. Fatahalian, “Beyond Programmable Shading Course,” ACM SIGGRAPH 2010.
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But What About Memory Stalls?

Time (clocks)

Frag1...8 Frag9...16 Frag17...24 Frag 25...32
o o o o OOooDoOooOoo OOoOooOooOoo o o [

(1) (2) 3) 4

Stall -
Stall -
- Stall -
Runnable YN
Stall
7
v
Adapted from K. Fatahalian, “Beyond Programmable Shading Course,” ACM SIGGRAPH 2010.
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Key is Throughput!

Time (clocks) Frag1...8 Frag9...16 Frag 17 ... 24 Frag 25...32
o o o OooDOoOoooo OoOoOoOoooo OoOoooood
(1 I © © (4)
Start

Stall
VN \Llll'lm Start
Stall
aAh w Start
R bl Stall
unnable ]
W . |
Stall
L I
Donel! IIIIIIII Runnable
Done! IIIIIIII Runnable

I ti f !
} toincrease throughput of many groups | NARENEN

Adapted from K. Fatahalian, “Beyond Programmable Shading Course,” ACM SIGGRAPH 2010.
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18 Contexts

ALU 1| (ALU 2| |ALU 3| ALU 4|

ALU 5| |ALU6| (ALU 7| |ALU 8|

Adapted from K. Fatahalian, “Beyond Programmable Shading Course,” ACM SIGGRAPH 2010.
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Complete GPU

16 cores

8 mul-add ALUs per core
(128 total)

16 simultaneous
instruction streams

64 concurrent (but interleaved)
instruction streams

512 concurrent fragments

=256 GFLOPs (@ 1GHz)

Adapted from K. Fatahalian, “Beyond Programmable Shading Course,” ACM SIGGRAPH 2010.
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Complete “Big” GPU
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32 cores, 16 ALUs per core (512 total) =1 TFLOP (@ 1 GHz)

Adapted from K. Fatahalian, “Beyond Programmable Shading Course,” ACM SIGGRAPH 2010.
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Using GPUs for General-Purpose Computing

int main( int argc, char* argv[] )
{
// ... copy data to GPGPU ...
vvadd<<<block_count,threads_per_block >>>
( dest, srcO, srcl, n );
// ... copy data from GPGPU to CPU ...
by

__global__ void vvadd
( int dest[], int srcO[], int srci[], int n )

{
int 1 = blockDim.x * blocklIdx.x + threadldx.x;
if (1 <n)
z[i] = x[i] + y[i];
t
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NVIDIA DGX-1 for Deep Learning Training

1 | 1

CPU NIC

[E8] — B

00— — 00

PCle Switches PCle Switches

GPU GPU GPU GPU
0 1 5

GPU GPU GPU GPU
2 3 7 6

NVLink PCle QPI

PHY PHY GPU/CPU/Soc Die
L 0O 0O 00000000 oogod OO0 O O O ¢l

Package Substrate
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NVIDIA PX 2 for Deep Learning Inference

| é ) |

w H N

P e
DNN TRAINING IN-CAR Al
PLATFORM SUPERCOMPUTER

Dual Next Generation
Tegra

Dual Discrete GPUs
12 CPU Cores

Dual Tegras on Top

Pascal GPU Dual Discrete GPUs
on the Bottom

8TFLOPS (FP32)

24DL TOPS

12 simultaneous LVDS

camera inputs Liquid Cooled if All

Devices used
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Hardware Xcel for ML is Significant Growth Area

Hardware ML Startups

Graphcore

Wave Computing
Cerebras
Mobileye (Intel)
Nervana (Intel)
Movidius (Intel)

vvvyyvyyvyy

Google’s TPU

» Custom chip for accelerating
Google’s TensorFlow library

> Tightly integrated into Google’s
data centers
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: Application

~ Algorithm |

PL

OS
ISA

HArch

RTL

Gates

Circuits

Devices

iTechnoIogy:

Take-Away Points

» We are entering an exciting new era of computer
engineering
> Growing diversity in applications & systems
> Radical rethinking of software/architecture interface
> Radical rethinking of technology/architecture interface

» This era offers tremendous challenges and
opportunities, which makes it a wonderful time to

study and contribute to the field of computer
engineering
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ECE 2400 Computer Systems Programming

template < typename T >

> Part 1: BaSiC Data Stl’UCtureS and T+ find_max( T* array, int n )
{

Algorithms with C f (m0)

> static typing, functions, control flow, arrays, return NULL;
strings, pointers, dynamic memory management T result = &array[0];

for (int i = 1; i < n; i++ ) {

> recursion, divide-and-conquer, dynamic it  array(i] > rresult )
. result = &arraylil;
programming } ’
> sorting, lists, stacks, queues, sets, maps ’
Programmin
» Part 2: Advanced Data Structures and g g
Assignments

Algorithms with C++

> objects, inheritance, polymorphism, templates
> binary search trees, priority queues, hash
tables, graphs, spanning trees

Version control
Test-driven design
Continuous integration
Debugging & profiling
Code optimization

vvVvyvyy

» Part 3: Systems Programming with C/C++
> POSIX /O, processes, threads
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