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Heterogeneous Multi-Core Processors
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3rd Generation Intel® Core™ Processor:
22nm Process

New architecture with shared cache delivering more performance and

energy efficien
Quad Core die with Intel® HD Grapl
Transistor count: 1.4Billion size: 160mm?2
** Cache is shared across all 4 cores and process phics

00 shown above
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Processor-Memory System

Cloud and Mobile Computing

Internet and Desktop Computing

Processor: Heterogeneous Multi-Core/AP
Memory: SSD/PRAM/MRAM/LPDDR/Wide I/O

Processor: Multi-Core/GPU
Memory: DDR/Cache

Memory: SDRAM

Server Client Computing 3 eSCOL
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[ Processor: High Clock Rate, ILP ]

The History of Breaking Walls

ILP & Cache Multi-Core

[ High Clock Rate } [ Multi-Core ] [ Heterogeneous ’

Efficiency
4 esCal

Embedded Systems and Computer Architecture Lab.




Software Performance

PowerPC 9T0FX

.-"-‘ o
T TEMD/Vortor LAl

| Processor 8
Graphics

Sequential Multitasking
Programing Parallel Programming OpenCL / CUDA
TLP Efficiency

(energy/speed)
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DARK SILICON
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Dark Silicon

N =7
65nm, 4 Cores, 32nm, 8 Cores, 2R St
1.8 GHz >=1.8 GHz
F9 29l B o|E
Parallelism Limit Amdahl’'s Law
Power Limit End of Dennard scaling

* Esmaeilzadeh et al., “Dark Silicon and the End of Multicore Scaling” e C
; S CIL
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Parallelism®| N|2

[Amdahl’s Law*: 2k} Al A| £ X|3HEl 21 Al3H A|, LFHX| 30| © Dark silicon 1

Sequential : Sequential :
Bottleneck Parallelizable Bottleneck Parallelizable
Sequential Sequential Reduced! |
Bottleneck Bottleneck

Dark silicon £0|7| ol £ Zt 3 0o A7|E 7|2

Software@| parallelismO| &= 2™ Dark silicon ZtA
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*Hill, M. D. et al., Amdahl's Law in the Multicore Era 8 es a
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Moore's Law:
of 18 7§E OFCt Transistor 7H4= 2H|M =7}, Dennard scalingd} 4 multicore A | Y21 o] 7| HF B Xl

Dennard Scalingl| A aj*

— 2
Transistor 3= 28| =7} & Technology 0.7H{ 2 ZFA Piotar = n X aCV=f
(S : Technology scaling factor = 1/0.7 = 1.4)

Capacitance 0.7H| (1/S)
1.4Hj (S)

Power Scaling
<
Z
=
(7]
=

Dennard Scaling & ojf

1_ ___________ — — — —

* Michael B. Taylor, “Is Dark Silicon Useful?: Harnessing the Four Horsemen of the Coming Dark Silicon Apocalypse"eSC a L
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1. ¥371x54 A
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2. Dim Silicon
Core scalingA| & Hgt F5 2|3l under-clocking &4l AtE
=7tH O 2 clock frequency 221 d& T=

0f]) Turbo Boost 2.0 (Intel), Computational Sprinting (HPCA'12), big.LITTLE
Core (ARM)

3. Specialized Hardware
- 54 B QU WN0] B Al HA AZ

0f]) Greendroid, Heterogeneous Processor

ez o |
[IEES~ 2
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4. MZ& device 7§
MOSFETS| 81712 F=2% 4 Qs 2L device et /
«  Dennard scaling?| AMIf 2= 2919l leakage 2| s{Z \ ///

* Michael B. Taylor, “Is Dark Silicon Useful?: Harnessing the Four Horsemen of the Coming Dark Silicon Apocalypse“eSC q L
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GPU

esCal

Embedded Systems and Computer Architecture Lab.

GPU — Graphics only before...

Vertex Processing ]

[ Pixel Processing ]

Application o
Geometry Stage Rasterization Stage
Stage

A graphics processing unit (GPU), also occasionally called visual
processing unit (VPU), is a specialized electronic circuit designed to
rapidly manipulate and alter memory to accelerate the building of images in a

frame buffer intended for output to a display.

12

- from Wiki
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GPU - GPGPU now!

® General-Purpose Computation on GPU

e Unified shader architecture®| = !, programmability2| SCH
o Ol Mo b0l YA

e 3D graphics TtO[ Ofl, it HE GI4t FZORO| A2 AFE A}

The utilization of a graphics processing unit (GPU), which typically handles
computation only for computer graphics, to perform computation in
applications traditionally handled by the central processing unit (CPU).

- from Wiki
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NVIDIA GPUs

2008 2010 2012
Tesla Fermi Kepler
Microarchitecture Microarchitecture Microarchitecture

~.
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I D CUDA core
D Load/Store unit [
]| SFU
| Scheduler | L1 cache
Streaming Shared L2 cache
Multiprocessor
(SM) — ]
SM SMX

192 CUDA core / SMX

Up to 2,688 CUDA cores

L1 cache

Shared L2 cache

4 TFLOPs (single precision)
1.3 TFLOPs (double precision)

32 CUDA core / SM

Up to 512 CUDA cores

L1 cache

Shared L2 cache

1.3 TFLOPs (single precision)
0.6 TFLOPs (double precision)
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8 CUDA core / SM

Up to 128 CUDA cores

933 GFLOPs (single precision)
77 GFLOPs (double precision)




Fermi Architectures

Host Interface

GPC

SM SM sSM SM

&
=
£
£
3
(5]
>
4
S
E
s
=

S SN S NS S N N
$0 X0 | R R 1 1

S RN S N N N O
EEEEEEEEERREEEEEY

Memery Controller

Memory Controller
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= 28nm, 561mm?2, 7,080 million Transistors

= Core 837MHz

= GDDR5, 6GHz, 384-bit, 288.4GB/s bandwidth
=  TDP 250 watts

Memory Inml'.acq #0

S sorjEL| AKOWSH

Melm:y.l nierface #1

[ o o ik e s
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Memory Interface #2 Memory Interface #3
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14 SMX * 192 CUDA cores = 2,688 Execution units

7
1
1
7

Graphics
Processing

Raster Engine

Other Logics

Raster Engine

Raster Engine
Raster Engine

GigaThread
Engine

Raster Engine

Raster Engine

4

P —
Dispatch Dispatch
4 4

Dispatch Dispatch Dispatch Dispatch Dispalch Dispatch
& + + g £ 3 4+
Register File (65,536 x 32-bit)
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AL
= =/

Cjj 2= 9| DRAM

o A2l cache memoryd 9|3t &5 X3l =2

(NVIDIA Fermi GPU: 192.4GB/s vs. Intel Core i7 CPU : 25.6GB/s)
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CPU vs. GPU: Vector Addition

CPU GPU
for(int i=0; i<N ; i++){
c[i] = a[i] + b[i]; c[threadIdx.x] = a[threadIdx.x] + b[threadIdx.x];
AL T T T T T T ]] AL |
] HINININRRRRNNNN
A HNEEEEEEEEEN HEEEEEEEEEEN
cPU ey [TTTTTTTTTITT]
cil T I 1T T T Tl T} ¢ LIILLIIITITL]

Ct=2| processor coreE AME, Cj2FQ| | O|E{0f CHcH

s 8
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= NVIDIA GPUQ| general purpose processing=
2|5t GPU programming model (GPUE CPUZQ|
M EZTOTZNMEEE)

= CPUOM 88 =273 4¥Y,
X|’dst O|0|E{ & GPUR F&6I0 X{2|, ZItE
CPUOM &&5t= =

= Many core T2 MMl GPGPUL| .1XH™ E

28517 floll i< B2 52| thread & AL

= ZkZ}O| GPU thread £0]| SIMT
(Single-Instruction, Multiple-Thread) =&
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GPU API

CPUs N GPUs

_ GPGPU

Multiple cores driving Emerging N\ Increasingly general purpose
performance increases Intersection . data-parallel computing
E .
SEES
s &
OpenCL
Multi-processor Het Graphics APls
programming - eterogeneous and Shading

~ e.g. OpenMP Computing Languages
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INTEL

esCal

Embedded Systems and Computer Architecture Lab.




Intel Processor: for Desktop/Server

“Tock”: New Architecture  “Tick”: Die Shrinking

2008 2010 2011 2012 2013
“ TOCkH “ TICk” “ TOCkH " TICkn “ Tockn “ Tlckn
e J
Nehalem Sandy Bridge Haswell Microarchitecture
Microarchitecture Microarchitecture
- 5 ) ,-----_--
D (e | Coeir |
CORE s o8 l Serieses |

Inside CORE

We&re

Sandy

Br(.lell

B‘e

Bridge

* Upto 8 cores « Upto 8 cores + Integrated voltage

* Native muIt|cc_)re structure « Ring bus interconnect regulator

* Hyper-threading reintroduced « Integrated GPU + Designed for power
e L3 cache efficiency

e Integrated memory controller

. esCal
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Intel MIC

Larrabee Microarchitecture j Intel Xeon Phi Family

(canceled)
Intel Mani Integrated Core Architecture
2006~2010 (Intel MIC)
2010 2012 (Planed)
Knight Knight Knight
Ferry ‘ Corner ‘ Landing
*  MIC prototype «  Commercial product «  2nd generation
. . *  45nm e 22nm MIC
« Designed for 3D graphics / . 32 core « 60 core
GPGPU * 4 thread/core e 4thread/core
e P54C Pentium based x86 cores * 2GBRAM * 8GBRAM
«  512-bit vector processing unit * Upto * Upto 1TFLOPS
750GFLOPS (double precision FP)

e Upto 1TFLOPS (single precision

FP) (single precision)

Designed for High Performance Computing

) esCal
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HETEROGENEOUS SYSTEM
ARCHITECTURE
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Limitations of Current CPU+GPU Architecture

= Separated Memory Address Space

CPU 8l GPUZ} AFE35I= memory address spaceZt M2 22|Z|0 YS
CPU-GPU 7t IO &, memory & §& 25 programmer?} X2|5}0]
Of &

GPU2| memory address space?} CPU C{H| &=

CH 22| memoryE AFESH= application?| 242 GPUZ portst?7| 7 022

o aF o
A9t ue

= Programming Model

OpenCL =& DirectCompute 52| general-purpose programming API=
CPURL GPUE 25 A2 7ts

Lt 2 Z2 MM 7HA 28 BlojE H& 8L Mo ard s TERe=
programmerQ{| A 2|&

CPU/GPUE SA|0| EEXO = H0fst7] {E 2 apgo| Skt
GPUZ0O| A task/thread MM S X O{7F O H|otA

—
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Heterogeneous System Architecture (HSA)

AMDZ} H|QFSt= XHM|ICH Computer Architecture

HSA APU =LCU + TCU
Latency Compute Unit (7|& CPU 7l{'d) - Serial/Task parallel workload X 2|
Throughput Compute Unit (7| & GPU 7'd) - Data parallel workload X 2|

O HSA Accelerated
Processing Unit

DDR3 Controllar

Data Parallel
Workloads
|  Dual
d Core x86
Serial and Task ; Module

Parallel e

Workloads

Unified Memory Address
HMMU (HSA-specific Memory Management Unit) H£: LCU} TCU ZF memory address spaceE £¢

7|& CPU-GPUL} Z+2 memory copy S0| 29 10|, 7| & programming g} 20| pointer ME 2 memory M2 7t

* Lisa T. Su, “Architecting the Future through Heterogeneous Computing”, ISSCC 2013 es‘ a I
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ARM'S BIG.LITTLE
ARCHITECTURE
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ARM’s big.LITTLE Processor

* ARM, “Big.LLITTLE Processing with ARM Cortex™-A15 & Cortex-A7" White Paper

= ;}_
SYUSHISAE 71T ME2 CHE 452 & 207} 1ES O|F = of7|HAN
nMds/nH3 A0 (Big, Out-of-Order) 2 X4 5/X X2 (Small, Inorder) 20| 2
StLtC| Workload= ot &0 &Y > F 30| T stLoA Tt M3 Jts

Writeback

Fetch

Lowest Decode 1ssue

T TTHTTTTTT
Cuseue - .
GIC-400
Interrupts Interrupts
+ v
Cortex-A15 Cortex-A15 Cortex-A7 Cortex-A7
Core Cors Cora Core
o
Coherent
L2 L2 Master
CCI-400 (Cache Coherent Interconnect)
Memory Controller Ports System Port

Coretex-A15-CCl-Coretex-A7 System es‘ :a I
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Task Assignment

= Performance vs. Power Task migration I}
DVFSE H231% 2 Q| performance vs. power 12} =

N3 N Y% SYB 53 7HL mel WYE|E power NolSipoen Bt

: : v |
= Task migration P

" s o alos =
A5 7k9| snooping2 {2822 Qs overhead & R

H

Normal Operason

O A]™HO|M cache snooping & > ¥ HY o
Enabls Snooping
s QTN
Save Stale
. e Task migration State (Snoop Cutbound Processgr)
Low to mid | High-end i
range | 47, SR >((_L2 Snooping Atowed
workloads | warkloads
=
g Power benefit from Cf —+—Cortex-A15
E Atthe same desired g ~B=Corlex-A7
3 = Outbound Processor OFF
Lowot Caen-A15 Oparating Pojet
Highsft Certsx-A7 Opsrating Poirt
ot C'DWIE['NII

Performance

Performance vs. Power 18] = eS‘ a I
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MOBILE
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GPU Architecture Trend

= Mobile GPU

e Desktop PCO| 2l A& S mobile deviceO A= S LA dEY
SICE &S 21

= O=
o Mobile 20| Mot HHHS S
media M2| §s& €= A0 ==
e 1tA discrete GPUO|AM X e
Chet A& Bt &

hiY
of

= Discrete GPU

o o0l 7I7t2 19| 3D graphics ZA|ZH HIHE S 2ot =2 K|
[=;

N5 250 =

e Graphics X 2| #0t ot high-performance computingg /¢t 1 xX
i o}

o O AM FH 8 & OR22| AL IHE HH/LE =M=
performance per watt 7t 58 0|3
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Trends: High-Performance Mobile CPU + GPU

\arious Apps
3D User Interface

3D Mobile Game

Latest Mobile GPUs

Mobile GPUs Mali T6xx (ARM)
Double-precision floating point

Influence

PowerVR SGXMP Bnovatiol 5x performance improvement
Multi-core
60M tri/s, 400M pix/s PowerVR 6 (Imagination Tech.)
Tile Based Deferred Rendering | I ——
Mali T450 Cluster GPU architecture gﬁfeﬁﬂx
Quad core 1.31[33;;%33"%].
104M trifs 3.8G pix/s ﬁgge?f"u (Qualcomm) o kS
shader cores Zmam" HD 7970
2x performance improvement cor

€8, 4 IT/e
1,1‘1'(.10”“&) FL‘g;‘;gfe).

esCa
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Commercial Phones

Motorola

Samsung Samsung Samsung Apple LG LG Optimums Nokia Sony

Galaxy Note 2| Galaxy S3 Galaxy S4 iPhone 5 LICIOnehSy Optimums G G pro Lumia 920 D’\;l(;l)?xmaér Xperia T
o s

- SR

ReD'gfese Aug, 2012  May, 2012  Apri, 2013  Sep,2012  Oct, 2012  Oct, 2012  April, 2013  Sep,2012  Sep, 2012  Sep, 2012
Application Exynos Exynos Exynos Aople A6 T'\éw?;as Qualcomm  Qualcomm  Qualcomm  Qualcomm  Qualcomm
Processor 4412 4412 5410 pp AI%ST S4 APQ8064 APQ 8964T MSM8960  MSM8960  MSM8260A
Technology 32nm 32nm 28nm 32nm 40nm 28nm 28nm 28nm 28nm 28nm

Quad core Quad core Octa core Dual core Quad core Quad core Quad core Dual core Dual core Dual core
CPU Cortex-A9 Cortex-A9 Cortex-A9&15 Cortex-Al15 Cortex-A9 Cortex-A9 Cortex-A9 Cortex-A9 Cortex-A9 Cortex-A9
@1.6GHz @1.6GHz @1.2&1.6GHz @1.2GHz @1.7GHz @1.5GHz @1.7GHz @1.5GHz @1.5GHz @1.5GHz

QUAD core QUAD core Triple core  Triple core ULP
GPU Mali-400MP Mali-400MP PowerVR PowerVR GeForce  Adreno 320 Adreno 320 Adreno 225 Adreno 225 Adreno 225
@533MHz SGX844MP3 SGX543MP3  @520MHz

Embedded Systems and Computer Architecture Lab.




Imagination

& 2H = 2 A mobile AP A|&H0f| A
PS

— =

AHIC| =/2HEY GPUR O] MIAAIZ 19 EH|

PowerVR: Imagination2| mobile GPU
(Apple A4, A5, A6 & Samsung Hummingbird/Exynos5-Octa S CHFst K|

Control and Register Bus

LEEY POWERVR SGX Series5XT

—
Interface

Vertex Data
Master
(Geometry)
Grain
Scheduler
(CGS)

Pixel Data

General

Purpose
Data Master
System
Memory
Bus System
E_— > Memory
Interface System Memory Bus

PowerVR SGX GPGPU T 0 O}7|ElX

esCal
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HSIGPU BEREH

k=13
=t

ARM

Ho

|5t Mali-600

Mali: L. 2¢]|0]2| FalanxZ& ARMO| QI4=35}0f
Graphics M-8 Mali400 series 5! high-end A0tE 7|7| & EfE2I A

series £ A|, Samsung Exynos 4/50| &

Mali™-450 MP
Vertex
Processor
| pitte e ) || ke o S |

Level 2 Cache Level 2 Cache
AMBA®3 AXI3™ AMBAP3 AXI3™

Mali-450MP 3.0{ O}7| &l X

Embedded Systems and Computer Architecture Lab.



Qualcomm

Adreno: Qualcomm2| mobile GPU EHEH E

Adreno3202 7I% | 20| = A| =l unified shadert 22| GPUZ O £ dual 22| X<
OpenCL 1.1& X| € (Snapdragon600, Snapdragon8000{ X&)

ol
=x

ADRENO 130

GPU: DpenGL®*ES 1.0
CPU: ARM11

s5om

ADRENO 2xx

GPU: OpenGL-ES 2.0
CPU[s): >1GHzCPU

asam

ADRENO 3xx

GPU: OpenGL-ES “Halti"
GPGPU: OpenCL™1.1
CPU(s): Multi-cors CPU

snapdragon

2Wam

Similar Game Performance: Similar Game Performance:

Similar Game Performance:

e
|

XBOX 360~ Ps3®

N-Gage™  PSP*

Qualcomm Adreno GPU Roadmap

Embedded Systems and Computer Architecture Lab.

NVIDIA

Mobile GPU

XFAFC] Tegra series2 mobile AP A|& B2k = Tegra U 0|0 E&HE|= GPUQI ULP

Tegra 4

The World’s Fastest
Mobile Processor

72 4'

4G

Tegra 4
wRg
Hew Cuad eore

= . 4+1 Battery Saver Core
ARM RA AT caxs
(2.3Ghz)

Tegra 4 GPU (&0 Core)

More Tegra 4 Features:
im‘;e: - » Computational Photography
Architecture
* Image Signal Processor
+ Video Engine
= Optimized Mamory Interface
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CONCLUSION
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Intel Processors

|

IvyBridge

Westmere SandyBridge
32nm 32nm 22nm
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Heterogeneous...

.L;
ﬁ 53

IR

R
pir-net g

32nm Sandy Bridge

22nm lvy Bridge

Sandy Bridge vy Bridge

Die Size 212 mm?2 160 mm?
Total Transistors 1.16 B 1.40 B
Core Transistors 79.4 M 80.4 M

Cal
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Commercial Processors

Sandy Bridge
(Core i7 3970x)

Kepler
(GK110)

[ intelt) inside”

on Phi

e

Knights Corner

(Xeon Phi SE10x)

Die Size 435 mm2 551 mm2 350 mm?2
Total Transistors e 1B -
No of Cores 6 CPU Cores 2,688 CUDA Cores 61 Cores
TDP 150 W 250 W 300 W




Single-Core Er Multi-Core Era e
Systems Era

Enabled by: Constrained by: Enabled by: Constrained by: Enabled by: Temporarily

¥ Moore's Law Power ¥ Moore's Law Power ¥ Abundant data Constrained by:

¥ Voltage Complexity v SMP Parallel SW paralielism Programming
Scaling architecture Scalability v Power efficient models

GPU=s Comm.overhead

Assembly % CIC++ % Java ... pthreads » OpenMP / TBB ... Shader % CUDA®S OpenCL% I

—

*

WE are

Single-thread
Performance
Throughput
Performance

= Cache and memory

) esCal
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Thank youl!
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