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review-J5H

- BREEERPNERSMH

— IBM360&SHL. HiERETIEs. RWbESE. RISC,
VLIW. EPIC

* Great Ideas in Computer Architecture

— Design for Moore’s Law

— Abstraction to Simplify Design

— Make the Common Case Fast

— Dependability via Redundancy

— Memory Hierarchy

— Performance via Parallelism/Pipelining/Prediction
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review-IIA

- RNRF-~miS
- TABIRE (PMD)

* Emphasis on energy efficiency and real-time

— REITE (Desktop Computing)

* Emphasis on price-performance

— ARS8 (Servers)
* Emphasis on availability, scalability, throughput

— R/ CHEIRITEN (Clusters / Warehouse Scale Computers)

* Emphasis on availability and price-performance

— RAVITEML (Embedded Computers)

* Emphasis: price

- PREMEIGTHEIGAYFRIED

—  Power Wall + ILP Wall + Memory Wall = Brick Wall
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NG TTENARGIT A ENE RN

T3 E[I504E, Moore’s lawFllDennard scaling(SREEIELHIER) 52
HohEIRARE

- Mo)ore 196551l RAEHERERIR/IMABLFARRIERK (B181F

2X

— Dennard 1974FF00ll: BAERIZ/N, FERREECZ/N (BRIER FFEAR)

- TZEANHSAIERSZERHEENER T, FEtiRS R 5 14a8/8eFELL
R 106FE, TZRANRREZETRAHIL

— Dennard scaling over (supply voltage ~fixed)

— Moore’s Law (cost/transistor) over?

— Energy efficiency constrains everything

RS E B IEE:
— Parallel systems
— Heterogeneous systems
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MR REE R EES

- MAFEK

o HEERHBIEARFER: FH1T

— ITERVERARIEIS, WScientific computing, video,

graphics, databases, ...

- TSR EEE

- DR ERE RS, (RIRFHE

— BTSRRI SRR
+ PREGEIYRERINIS

- IBLEHAHTREIHIZLY

— SR RFHTHEIRR TR A

EIEE

HAFERES

A5 )

- IRE R ER R BN EW EFrias

— HAFESIEHYA RS L
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RREHH A M Lis--DSA

* Open Architectures
— BRI RN R SR BFT
- NT2EFRRIRERR. BRERFMLEHAYISA
— RISC Five s8Fa{{Berkeley RISC
* Domain Specific Languages and Architecture
— IREMEEAVES12R . Domain Specific Architectures(DSAs)
— HRIEN RO R R SRR SEI BB SRR
- TR, EEMRYEETTEHTT
« WTHRERIE, EERHIFIARTTSR
« IBHRTARERRE
— FAMEX—NETIBRB(ASIC), MBI TSR R —,
- FlAHRFEI TR, BERECOH. TPUGH
* Agile Hardware Development
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Chapter1 EiRiT 52 1FEm

- 1.1 5|8
— ITENRREHEINEN
* 1.2 PREGIERRHE. WINKES
- R BEINAR SR EEE

1.3 FEEEDHECT
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- XEUYIESERR A Rt AR

* Ferrari vs. School Bus?
e 2013 Ferrari 599 GTB

— 2 passengers, 11.1 secs 1in quarter —;{ -
* 2013 Type D school bus

— 54 passengers, quarter mile time?
http://www.youtube.com/watch?v=KwyCoQuhUNA

NuRZBS[E): e.g., time to travel % mile
» BHIEEE/FEE: e.g., passenger-mi in 1 hour

I edm— ™1
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[ERERIPRFE X

6.5 hours 610 mph 470 286,700

3 hours 1350 mph 132 178,200

BRMERER?

 Time to do the task (Execution Time)
— execution time, response time, latency

» Tasks per day, hour, week, sec, ns. .. (Performance)
— throughput, bandwidth

XHE LB PR,
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» Time of Concord vs. Boeing 7477
* Concord is 1350 mph / 610 mph = 2.2 times faster
= 6.5 hours / 3 hours
* Throughput of Concorde vs. Boeing 747 ?
* Concord is 178,200 pmph / 286,700 pmph = 0.62 “times faster”
* Boeing is 286,700 pmph / 178,200 pmph = 1.60 “times faster”

* Boeing is 1.6 times (“60%") faster in terms of throughput

* Concord is 2.2 times (“120%”) faster in terms of flying time

A NEEZXRERMESHIRITHI(E]

TEFPH—RIEMIAK, TE RYFNEER (Instruction
throughput) FFFEE!

2/24/2020 11




LABT[E] (Time) EE%EE

- Response Time

- NI
)

FHRE

Eﬁiﬁ‘

M55 ;EEJZﬁEééJ_ HYRTE)

— R Wall-Clock Time or Elapsed Time

— Response Time = CPU Time + Waiting Time (1/0,
scheduling, etc.)

« CPU Execution Time
(18< %) BhieZRAYRTIE]

— BT
- EiEE
—aJLA
—aJLA

2/24/2020

* EEJ_‘%_

_5F'|‘(msec usec, ...), B

JEXTE (CPURIRTE

1FIOARFEERYS

tH

[EJEBZY (clock cycles))

12



Throughput = EB{\ RS BIEREANESSEL

— (ERE/N\IT. ETEREUDE. 100Mbits/s
FRIMESHITHEINHESEIE (throughput)

— Example: {FFAERAVG-TESE

— HUTEEMESS RS> = BB EIFrSepk BN ES OB
EEHTAIR S EMHE=EFID RSB E (response time)
— Example: SKFAZ A TEES 45

- ZMESAFITIT, B MESEIRTRYEI R B R

L

— RO ESET A R] 4R N Mz B E]
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- FEREITEXRRAL

performanc e(x) =

1

execution time(Xx)

- X EEERYRInE" =ha

_ Performanc e(x)

° n =
Performanc e(y)
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EseR— MES R ERIFTERE

* Response time (elapsed time): 21k

* User CPU Time (90.7)
* System CPU Time (12.9)
* FElapsed Time (2:39)

{BIE0: unix PEYtimedHS

90.7s 12.9s 2:39 65% (90.7/159)

2/24/2020
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CPU time = CPU clock cycles for a program x Clock cycle time

CPU clock cycles for a program

G Clock rate

CPU clock cycles for a program

CPl = .
Instruction count

Instructions S Clock cycles i Seconds Seconds
Program Instruction  Clock cycle  Program

= CPU time

CPU time = Instruction count x Cycles per instruction x Clock cycle time

2/24/2020 17



ARSI fE 2 B A AN A B CPI

Let CPI; = clocks per instruction for class i of instructions
Let IC; = instruction count for class i of instructions

CPU cycles = ).i* ;(CPI; X IC})

n
* (CPI; X IC;) IC;
cpl = =21 Feq; =
Z?:]_ICI l

CPIl= )" ,(CPI; X Feq;)

2/24/2020 18



CPIT8&=51

Base Machine (Reg / Reg)
Op Freq| CPIL, CPL*F;
ALU 50%| 1 )
Load 20%| 2 4
Store 10%| 2 2
Branch [20%]| 2 4

1.5

2/24/2020

(% Time)
(33%)
(27%)
(13%)
(27%)

19



Inst Count | CPI Clock Rate
Program X (X)
Compiler X X
Inst. Set. X X (X)
Organization X X
Technology X

2/24/2020
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Amdahl's Law

(BRI =RRIER T 7o (IELLRIBEE)

ExTime w/o E Performance w/ E
Speedup(E) = =
ExTime w/ E Performance w/o E

— NN

iR aei#ERs BRI R ERIEAT SRILLEILE, maabHmmiEtbAS, F55a9E
B AZRNE, N

ExTime(with E) = ((1-F) + F/S) X ExTime(without E)

Speedup(with E) = 1/((1-F)+F/S))

. EEES(SERSIEHEN): MERHTIRMESN—ERHTHL, T
. AFREREHIELL R AT 1/(1-F) .



100 e lE

. 1
- Performance = e — <J|E2IED
Increase ratlo x4 XBOX One- 2
e (=1}
- x: Ratlo of code that mustbe T G T T = X=09%
executed sequentially ___|cora | |core | |core | |cors| 22nm ]
= N: Number of CPU cores CPU | [CPU}CPU| [CPU Y -
@ core | | cone | |core | | core L Theoretlc
@ ' il
@ cpu|[crPu 32nm 3 vs. Real
g core || core /
g S— | ~ Performance
o = X=10%—
: —
= CPU
= i x=20%
5 |
65nm
CPU [—
e x=50%
90nm Mo significant throughput iImprovement if ratio
4 | of code that can be executed in parallel is low

2003 2004 2005 2006 2007 2008 20089 2010 2011 2012 2013 2014

Fig 3 Amdahl's Law an Obstacle to Improved Performance Performance will not rise in
the same proportion as the increase in CPU cores. Performance gains are limited by the ratio
of software processing that must be executed sequentially. Amdahl’s Law is a major obstacle
in boosting multicore microprocessor performance. Diagram assumes no overhead in parallel
processing. Years shown for design rules based on Intel planned and actual technology. Core
count assumed to double for each rule generation.



- RISBE—MPREEPBEASZIFRIZER, RiEZFEE

IERREEIR., EEREFR—IR5REFZEZ 20040 EHE, M
SR NS4 I HEN. MR EREEFRE10
%RIFEGEIFE, [AMENZEFAINELL? WMRE40%RI50E
EIEE, BENMEFRIELLXESD?

« Big—itENEEITEEN—REFR, §90%HEA
FUEBE—IISENTE. MSAFZISTEREME T
Belem 2l [RRAI104E,

— WRIZEERFEIRERAWEE EiZ1TE100RY, BRAIZFERERGH
RV 28 biz1ThY Rl ?

— FN RSB TR RS INELLZESZ D ?

- EHINRESRF, EREEATE SZE M TERLLAIZEZ?
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AmdahlZEZERY IR
- Amdahl EERI RIS

— AR R =

- 5 hEE A AR 2 H A BINERERIZRL

- BlFAmdahlERHNS—E
— BB FE AR RATT SRR E AR n)RE

— BAMERTBIMAEE, HREEIEZEEIER
SN RARANEINE R (AT )

— Gustafson—Barsis’s Law (5HIERLZRER)
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EANHEEIE - T HE DA

- MIPS: SPEAFRIES
— MIPS = IC/(CPI*IC*T*106)=1/(CPI*T*10°)
— MIPSHKERTHE< 5
- ER—&Ylss L, MIPSEREFAEMEN, BIIERRK
— MIPSA]gESHRERR
2, T—&load-storeBfl25 L, B—REFMRIFERILAFEALU #2
1’!51)15’ DEIFRSERYS0 % HAHRFEARE.
— F=500MHZ
— ALU (43% 1) loads (21% 2) stores (12% 2)
* Branches (24% 2)

« MFLOPS EFHEEMIEES, BuLIE *tbﬁfiﬁﬂ’*ﬂﬂgm
(EMFLOPSHEHIENISE, EAARENSLZREREARE. CRAY-
288551 S, Motorola 6888285

« SPECilliz{ (Standard Performance Evaluation Corporation)
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Computer Performance
Name

yottaFLOPS
zettaFLOPS

exaFLOPS
petaFLOPS
teraFLOPS
gigaFLOPS
megaFLOPS
kiloFLOPS

2/24/2020

FLOPS
1024
1021
1018
1015
1012
109
106
103

28



EARTE 54 - benchmarkiUliz,

- BMRBRGIRIER (FUlRIREZS )

(HWRZERER: XRRUENRE.
QZeudiiER: B S RESEFRISER Az
RIR, [RE: 1EaEtES SRR RS ENRRIERE

OELTER (Kernels) : B EISEIRRrrhiSARROBIE(ER
F2RYICESIIRY. Livermore LoopsRLINPACKEHA{HHH
ELERT iz RIS

4) tMiUEERE (toy programs) : —HR{E1001TLAAL.

5) & BkiMiz{ £ (Synthetic benchmarks): BN AK=AIMNA
EFRPRE(ERITHRLT, ?EEU“W?A’EI:WU BIOXLE
BIASLMRTER. WhetstoneSDhrystoneREimiTHIS
REMEERR.
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= ENEREY

Embedded Microprocessor Benchmark Consortium
(EEMBC)

Desktop Benchmarks
SPEC2017

— SPEC2006

— SPEC2000

— SPEC 95

— SPEC 92

— SPEC 89

Server Benchmarks

— Processor Throughput-oriented benchmarks (3 SPEC CPU benchmarks-
>SPECrate

— SPECSFS, SPECWeb
— Transaction-processing (TP) benchmarks (TPC-A, TPC-C, ...)

Standard Performance Evaluation Corporation (www.spec.org)



Benchmark name by SPEC generation

SPEC2017 SPEC2006 SPEC2000 SPEC95 SPEC92 SPECS9

GNU C compiler gce
Perl interpreter perl espresso
Route planning mef i
General data compression XZ bzip2 compress eqntott
Discrete Event simulation - computer network ~———— omnetpp vortex go 5C |
XML to HTML conversion via XSLT - xalanchmk gzip ijpeg
Video compression X264 h264ref eon masksim
Avrtificial Intelligence: alpha-beta tree search (Chess) deepsjeng sjeng twolf
Artificial Intelligence: Monte Carlo tree search (Go) leela gobmk vortex
Artificial Intelligence: recursive solution generator (Sudoku) exchange? astar vpr

hmmer crafty

libquantum parser
Explosion modeling - bwaves foppp
Physics: relativity -~ cactuBSSN tomcaty
Molecular dynamics -« namd doduc
Ray tracing - povray nasa7
Fluid dynamics <~ Ibm spice
Weather forecasting - wif swim matrix300
Biomedical imaging: optical tomography with finite elements parest gamess apsi hydro2d
3D rendering and animation blender mgrid su2cor
Atmosphere modeling camd milc wupwise | applu waves
Image manipulation imagick zeusmp apply turb3d
Molecular dynamics nab gromacs galgel
Computational Electromagnetics fotonik3d leslie3d mesa
Regional ocean modeling roms dealll an

soplex equake

caloulix facerec

GemsFDTD ammp.

tonto Ilicss

sphinx3 Imagd

sixtrack

Figure 1.17 SPEC2017 programs and the evolution of the SPEC benchmarks over time, with integer programs above the line and
floating-point programs below the line. Of the 10 SPEC2017 integer programs, 5 are written in C, 4 in C++., and 1 in Fortran. For the
floating-point programs, the split is 3 in Fortran, 2 in C++, 2 in C, and 6 in mixed C, C++, and Fortran. The figure shows all 82 of the programs
in the 1989, 1992, 1995, 2000, 2006, and 2017 releases. Gcc is the senior citizen of the group. Only 3 integer programs and 3 floating-point
programs survived three or more generations. Although a few are carried over from generation to generation, the version of the program
changes and either the input or the size of the benchmark is often expanded to increase its running time and to avoid perturbation in
measurement or domination of the execution time by some factor other than CPU time. The benchmark descriptions on the left are for
SPEC2017 only and do not apply to earlier versions. Programs in the same row from different generations of SPEC are generally not related;
for example, fpppp is not a CFD code like bwaves.
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Category

Name

Measures performance of

Cloud Cloud_IaaS 2016 Cloud using NoSQL database transaction and K-Means
clustering using map/reduce
CPU CPU2017 Compute-intensive integer and floating-point workloads

SPECviewpert®™ 12
SPECwpc V2.0

3D graphics in systems running OpenGL and Direct X

Workstations running professional apps under the

Windows OS
SPECapcSM for 3ds Max 2015™ 3D graphics running the proprietary Autodesk 3ds Max
) 2015 app
Graphlcs' ang SPECapcSM for Maya®™ 2012 3D graphics running the proprietary Autodesk 3ds Max
workstation
2012 app
performance
SPECapcSM for PTC Creo 3.0 3D graphics running the proprietary PTC Creo 3.0 app
SPECapcSM for Siemens NX 9.0 3D graphics running the proprietary Siemens NX 9.0 or
and 10.0 10.0 app
SPECapcSM for SolidWorks 2015 3D graphics of systems running the proprietary SolidWorks
2015 CAD/CAM app
ACCEL Accelerator and host CPU running parallel applications
. using OpenCL and OpenACC
Hichp grformance MPI2007 MPI-parallel, floating-point, compute-intensive programs
computing :
running on clusters and SMPs
OMP2012 Parallel apps running OpenMP
Java client/server SPECjbb2015 Java servers

Power

SPECpower_ssj2008

Power of volume server class computers running
SPECjbb2015

Solution File SFS2014 File server throughput and response time
Server (SFS) SPECsfs2008 File servers utilizing the NFSv3 and CIFS protocols
Virtualization SPECvirt_sc2013 Datacenter servers used in virtualized server consolidation

Figure 1.18 Active benchmarks from SPEC as of 2017.
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ERERIGR TN

- BARFEIIINNNEAREL

— SUM(Ti)n 8, SUM (WixTi)n

- MECniTRIE, RAJAIEE

n
ri/ H Execution _time _ratio,
i=1

— SPECRRIXF5,A(SPECRatio)
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SPEC fgesms

Time on Reference Computer

SPECRatio=— -
Time on Computer Being Rated
ExecutionTime Ref
SPEC Ratio A ExecutionTime A ExecutionTimeB Performance A
SPEC RatioB ~ ExecutionTime Ref ExecutionTime A PerformanceB

ExecutionTimeB

Geometric Mean of SPECRatios = d H SPECRatio,
i=1

2/24/2020 34



SPECfp2000 Execution Times & SPEC Ratios

UIFra 3] Opterun SpecRatio Itan.ium2 SpecRatio Optgmn! ltanium2/
Benchmark| Time Time Time _ ltanium2 | Opteron
(sec) (sec) Opteron (sec) ltanium? Times |SpecRatios
wupwise 1600 515 31.06 56.1 28.53 0.92 0.92
swim 3100 125.0 24.73 70.7 43.85 1.74 1,77
mgrid 1800 98.0 1837 65.8 27.36 1.49 1.49
applu 2100 94.0 22.34 50.9 41.25 1.85 1.85
mesa 1400 64.6 21.69 108.0 12.99 0.60 0.60
galgel 2900 86.4 3357 40.0 72.47 2.16 2.16
art 2600 92.4 28.13 21.0 123.67 4.40 4.40
equake 1300 72.6 17.92 36.3 35.78 2.00 2.00
facerec 1900 736 25.80 86.9 21.86 0.85 0.85
ammp 2200 136.0 16.14 132.0 16.63 1.03 1.03
lucas 2000 88.8 22652 107.0 18.76 0.83 0.83
fma3d 2100 120.0 17.48 131.0 16.09 0.92 0.92
sixtrack 1100 123.0 8.95 68.8 15.99 1.79 1.79
apsi 2600 150.0 17.36 231.0 11.27 0.65 0.65
Geometric Mean 20.86 27.12 1.30 1.30

Geometric mean of ratios = 1.30 = Ratio of Geometric means = 27.12/ 20.86

2/24/2020
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JURISESRIR PN E AT IE

Geometric mean , SPECRatio A;

H SPECRatio B,

1=

i=1

,R/ | | SPECRatio A, J -

| | SPECRatio B,

=1

Geometric meang n
H

Execution tlmereferencef

- Execution time ,
I

- - i

. H Execution time H PerformanceB

=1 i=1 i

H Execution time

" Execution timeg " Performance ,
i ey

T on
n| -1 reference; A,

Execution timeg

+ JURFEIRILEERE T LEERAT LA
» JUAINEIRIELSR S7 14EREELERAY LAY
- S2EB/INRELTX
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I 2 IIRINSCECR AT LA~ 17

Computer A Computer B Computer C
Program P1 (secs) | 10 2
Program I'2 (secs) 1000 1] 2]
[otal time (5ecs) 0] 10 40
Normalized to A Normalized to B Normalized to C
A B C A B C A B C
Program P | 1.0 10.0 20.0 0.1 o 2.0 0.05 05 L0
Program P'2 [}l 1 0.02 10,0 1.0 0.2 50.0 5.0 Ml
Arithmelic mean 1.0 5.05 10.01 5,05 1.0 .1 25.03 2.75 1.0
Geomelric mean 1.0 1.0 (.63 1.0 [0 (.63 1,58 [.58 1.0 :
lotal time 1.0 (.11 (.04 9.1 L0 036 2503 275 1.0
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NG EEDHTEA

- HEESE
— NNZATE] (response time)
— 013 (Throughput)
« CPUITHIBI=IC x CPI x T
— CPI ( Cycles per Instruction)
« MIPS = Millions of Instructions Per Second

* Latency versus Bandwidth

- Latence' SR MESHIRITHTIE], Bandwidth IEER AT E)FSRHHE

rate

— Latency BUIRFHHE T edUiRH (BT ERI30EF)
« AmdahlFEfRRESINELL (speedup)
— %8 TmﬂxBQ:_FE&EP_ﬂJDL_E‘B 73 RS RILL
« Benchmarks: {I§—4HF ?ﬂ“ﬁtﬂﬁir

— I B ARSI ERE

— SPEC benchmark : £ Xj—fﬂ}"_ BZE MR ESRESPEC ratios HYJ1
8
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JURISESRIR PN E AT IE

" SPECRatio A,
H SPECRatio B,

i=

Geometric mean A

i=1

”x/ | | SPECRatio A, J

| | SPECRatio B,

i=1

Geometric meang n
H

Execution tlmereference{.

B Execution time ,
L

H Execution time - ”J H Execution time , B

ses reference; i

i

" Execution timeg " Performance ,
T HPerformanceB

.- i=1 i

Execution timeg

» JUANEIRIECERSTEEERAY LAY
» JUANFIRIELER S 1EREELERAYT LAY
- SSEHBRUEETX
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Power in Integrated Circuits

- DNENEESSITEITHIGRIRAHIZ—

— A RERFISMNEIFB IR BB INAE DR

— ISR, MREEERIE

BTN (Thermal Design Power (TDP))

— EFERR. RNBER TR, SRR =R EIXFPEL

FIRITTINAE.
- RILTIRBHITHFESE, FERTERNSINRFANLT
- TDPHNIIIFERIKR?
— CPURIIFHRAREE LEXNFERIBEIE R, ERFiRaeBIREAEMN
HUEB EFOERR;
— TDPEXHEIARFIRBERK, EREARFRBEBIECPUA LT EE]

i®, Bl: TDPRERCPURIETARFVMBEEIREHIRASIAE,
— TDPE—ELCPURRENEITHRIIARER—.

PE(RSRZR ] SENFE T b
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Power versus Energy

- IN#E(Power) IBEE{uURIBIAYBEFE: 1 Watt =1 Joule / Second
- —MESHITRIEE
Energy = Average Power X Execution Time
* Power or Energy? B MEIRESIE?
— EPHETERMESS, BERER—MESENERIEIR (joules)
— STEEIEEBRNIREE, FAIEEXRTREN

* Example: which processor is more energy efficient?

— Processor A consumes 20% more power than B on a given task

— However, A requires only 70% of the execution time needed by B

Answer: Energy consumption of A=1.2 X 0.7=0.84 of B

— Processor A consumes less energy than B (more energy-efficient)

2/24/2020 41



o) BEAEAIDIFE

- $ICMOSEA, HISHEEEHERRTRIFERonT
of IRSAYINIRSERY

* Dynamic Energy o< Capacitive Load X Voltage?
— the energy of pulse of the logic transition of 0-1-0 or 1-0-1
— Capacitive Load = Capacitance of output transistors & wires
— Voltage has dropped from 5V to below 1V in 20 years

* Dynamic Power o<

Capacitive Load X Voltage?x Frequency Switched
PE{ESRER I LA INFE
PERSHZRSEIAITRIENEDN - > A BEPFEAEFE

- R EBMIEEINFE R
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251 TNFSBEREAITIFE

* Some microprocessors today have adjustable voltage and clock
frequency. Assume 10% reduction in voltage and 15% reduction
in frequency, what is the impact on dynamic energy and dynamic

power?

* Answer:
— 10% reduction in Voltage ->Voltage,.,,= 0.90 Voltage 4
— 15% reduction in Frequency ->Frequency,.,,= 0.85 Frequency, 4

Energynew _ V0|tagenew2 — (0_90)2 =0.81

Energyoiq VoItr:ngem,d2

Poweroyw FrequencCynew 3
=0.81% =0.81x0.85=0.6885
Power,4 Frequency,g
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Intel 80386
consumed ~2 W

3.3 GHz Intel Core
i7 consumes 130 W

Heat must be
dissipated from 1.5
x 1.5 cm chip

This is the limit of
what can be cooled
by air

2/24/2020

Intel Pentium 11 -
1000 MHz in 2000 .-

Intel Pentium4 Xeon
3200 MHz in 2003

Intel Mehalem Xeon
3330 MHz in 2040

Digital Alpha 211644
500 MHz in 1926

Digital Alpha 21064

1%/year

Clock rate (MHz)

MIPS M2000
25 MHz in 1989 .7,

" Sun-4 SPARC

40% fyear

Digital WV AX-11/780
5 MHz in 1678

15%year

16.7MHz in 1988

T T T T T T T T T T T T T T T T
1978 1980 15982 15984 19586 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012
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(snepn) 1emaod

+ 40
+20

Clock Rate o

25

Power

291

12.6
3

(£002)
playsiuay
2 9100
(¥002)
1100s8.id
¥ wnpuad
(L002)
SHETN =TT

¥ wnpuad

(2661) 01d
wniuad

(€661)
wniuad

(6861)
98108

(5861)
98€08

& (e861)

98208

10000 +

1000 +

100 +

I
1
o
fcts

(ZHW) 81y 201D

Power o« Capacitive loadx Voltage2 x Frequency

1000X

SV-=2>1V

30X
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=251 FEMEHIEERE A 5 HERREEER

Relative energy cost

Relative area cost

Area (um?)

36

67

137

1360

4184

282

3495

1640

7700

Operation: Energy (pJ)
8b Add 0.03
16b Add 0.05
32b Add 0.1
16b FB Add 04
32b FB Add 0.9
8b Mult 0.2
32b Mult 3.1
16b FB Mult y s |
32b FB Mult 3.7
32b SRAM Read (8KB) 5
32b DRAM Read 640

N/A

N/A

1 10 100 1000 10000

1 10 100 1000

Energy numbers are from Mark Horowitz *Computing’s Energy problem (and what we can do about it)*. ISSCC 2014
Area numbers are from synthesized result using Design compiler under TSMC 45nm tech node. FP units used DesignWare Library.

Figure 1.13 Comparison of the energy and die area of arithmetic operations and energy cost of accesses to SRAM and DRAM.
[Azizi][Dally]. Area is for TSMC 45 nm technology node.

2/24/2020
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Do DNFERIIRAN

KA ERIMRR A IEEEZA0ETER (Do nothing well)
— Such as a floating-point unit when there are no FP instructions
Dynamic Voltage-Frequency Scaling (DVFS)

- EEEGSEAFECPUR BT

— PR{IEFE IEFOSER A BR{ERT04E

S EBISS=IFTRZIT (Design for the typical case)

- BitHENIRERELTideRTS, DRAMANSNF ERAEE
DB T ELARR{REERE

Overclocking (Turbo Mode)

- IEREMREITREN, SUREMERT—RINE, B
FEEHFE EAEATEXE

— — P eorel B EIERIETT, RS XAEMIZ
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e 24 GHz
- _——1.8GHz

40 //

T— N

0 DVS savmgs (%)

Idle 7 14 21 29 36 43 50 57 64 71 79 86 93 100
Compute load (%)

Power (% of peak)

Figure 1.12 Energy savings for a server using an AMD Opteron microprocessor, 8 GB of DRAM, and one ATA disk. At 1.8 GHz, the

server can handle at most up to two-thirds of the workload without causing service-level violations, and at 1 GHz, it can safely handle only one-

third of the workload (Figure 5.11 in Barroso and Holzle, 2009).
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e INFE (Static Power)

HmIPELFof XSRS, BRI ERIINFERR
PRSI

- fEERIER TRV BB IMESN
* Static Power = Static Current X Voltage

— Static power increases with the number of transistors

- FSUIFHBNEOR2ERFERNS50%

— Large SRAM caches need static power to maintain
their values

+ Power Gating: @id ] RHER

— To 1nactive modules to control the loss of leakage
current

2/24/2020 49



“‘“”-u and T# x

BRINFERERENG

- RELAHISR TEEFERD, s, HalEXE
RIS,

+ DIFERIZHREIE— LIRS

— A chip might be limited to 120 watts (cooling + power
supply)

* Power Consumed = Dynamic Power + Static Power

- EIRNETFIRIITIR S BRI AEISIIFE

- BT RAEFHSIRE R SERITIFENR 5 ST

- BT PEHESRRAT TR

+ BB ErIPE(RTNFEHIGEE
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SEESHEARRE AR

* EDP (Energy Delay Product)

— EDP = Energy * Delay = Power * Delay2
* Performance per Power

— FLOPS per watt  ( Scientific computing)

* SWaP (space, wattage and performance)

— Sun Microsystems metric for data centers,
incorporating energy and space.

— SWaP = Performance / (Space * Power)
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It R RS

Capacity Speed

Logic 2x in 3 years 2x in 3 years
DRAM 4x in 3 years 2x in 10 years
Disk 4x in 3 years 2x in 10 years
E{TESSAYRTIE]
- Execution time, response time, latency
BB RIRIASERAYIESS 28
- Throughput, bandwidth
"XIEAERYRIGS "

ExTime (Y) Performance (X)

ExTime (X) Performance (Y)
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RENGE )

e Amdahl’s ";fl%e

B 1
(1 = FraCtionenhanced) + FraCtionenhanced

SPEEdupoverall =

ExTime,,,,
Speedupenhanced
* CPI Law:
CPU time = Seconds = Instructions x Cycles x Seconds
Program Program Instruction  Cycle

- FMTHBRTENRAEENRELIF, &
A FERIAIL
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SPECfp2000
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« SPECweb96
— T4y Weblig N FIF Web R Y4 BE
- AEFiIRMIRSEEAIEXHTTP GETiEK
— SPECweb96(ERIRSZ S RES ISRNEREE

« SPECweb99
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TPC-C
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HIRESIASSR, SHRSLIERE, MITIRN, RRIR,
EREIRDOBIVCENRE, EIRRYEIIRES XSS L ERYOIE

—REFR R /AtpmCFI$/tpmC (Transactions Per Minute Computer)

hHHESS: (dFk(payment), 1TERIKZSEif(order-status),
A5 (delivery), PEFZRAI(stock-level), FiTEA(new-order)

SHESEAAIMMATERANER, Wnew-orderiZBHASFY
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» Lmbench: SGIFFA&, MiUEERFIEEE

~- BERFER: SRS ERME, HiEYJERTE], pipe. UDP,
TCP. RPCRVZEIRFNTEHE, HTF. Cache. TLBRIIZEEMEE,

FERETHIMERE
- BRRERRIT BRI —LE AR EREER, HRERMURIER
FESLIAILS
* Netpert

— T ENARFZAINZE RS, el HRIFEMDLPI (Data Link
Provider Interface) , Unix Domain SocketAY48E

— TCP, UDPHYmEEFIAEKRIZEL

—- FRREFY/RSZENIRIT, SREERTHEFIZENRTE
AR, MEZAEBENRAIUEE
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RIFESTRETEERE

SPLASH

Stanford KEH%, 1FNHEEFEREFATEEE
«  IMRENMBISMTEZVEER
- FESTIETE, (HENEBERELTENHFITER

ParkBench: imxmnirgzshoiterss

micro-benchmark: 3XREVERAMERNBA XD REIOMNmFRZMNESRHEE ’3?51;
MR EeENRB. SAEE. AFEEEHER. BEERHW

2RECIFEFIERES
kernel-benchmark: ¥BEfFIEE. FFT. B9 HAE. NASEZLD, 1/0

Benchmark

compact application: S{RIEEY, THEREFDHZFE. UWSIEE. $FNHOE.

SEFIE. EFUE. KEHEE
compiler: TN HPFRIES
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« Suppose we have two
implementations of the same ISA

 For a given program

— Machine A has a clock cycle time of 250 ps and a
CPI of 2.0

— Machine B has a clock cycle time of 500 ps and a
CPlof 1.2

« Which machine is faster for this
program, and by how much?
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« Problem: A compiler designer is trying to decide
between two code sequences for a particular
machine. Based on the hardware implementation,
there are three different classes of instructions:
class A, class B, and class C, and they require one,
two, and three cycles per instruction, respectively.

— ghe first code sequence has 5 instructions: 2 of A, 1 of B, and 2 of
— The second sequence has 6 instructions: 4 of A, 1 of B, and 1 of C

- Compute the CPU cycles for each sequence.
Which sequence is faster?

« What is the CPI for each sequence
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