Computer Organization
and Design

Ch4: Performance Evaluation
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o manufacturing cost

o Execution Time vs. Throughput

o CPU Time=cycle time x CPI x Instructions / program
o MIPS. MFLOPS

o Benchmark (GEHERET)
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alJEn: Integrated Circuits Costs --- manufacturing process
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Integrated Circuits Costs --- formula

Cost _ per _ wafter
Die _ per _wafer xYield

Die cost =

wafer area
Die _area

Dies per wafer =

AN =

TP
Die Yield =

1

(1+ (Defect _ per _areax Die _area))’

HEE S BANES R LR RS ERR R AE S R K !

: =7
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Real World Examples

Chip Metal Line Wafer Defect Area Dies/ Yield Die Cost
layers width cost lcm2 mm?2 wafer
386DX 2 0.90 $900 1.0 43 360 71% $4
486DX2 3 0.80 $1200 1.0 81 181 54% $12
PowerPC 601 4 0.80 $1700 1.3 121 115 28% $53
HP PA 7100 3 0.80 $1300 1.0 196 66 27% $73
DEC Alpha 3 0.70 $1500 1.2 234 53 19% $149
SuperSPARC 3 0.70 $1700 1.6 256 48 13% $272
Pentium 3 0.80 $1500 1.5 296 40 9% $417

From "Estimating IC Manufacturing Costs,” by Linley Gwennap, Microprocessor
Report, August 2, 1993, p. 15
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Other Costs

IC cost = Diecost + Testing cost + Packaging cost

Final test yield
B3 A (Packaging cost) : BX¥R T B4k, BrAHEss

Chip Die Package Test & Total
cost pins type cost Assembly
386DX $4 132 QFP %1 $4 $9
486DX2 $12 168 PGA $11 $12 $35
PowerPC 601 $53 304 QFP $3 $21 $77
HP PA 7100 $73 504 PGA $35 $16 $124
DEC Alpha $149 431 PGA $30 $23 $202
SuperSPARC  $272 293 PGA $20 $34 $326
Pentium $417 273 PGA $19 $37 $473

Ch2 Performance 5
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At EHLIERE?

SCEERNENA “thee” - SENiseh. BE. BEE. BRHih?

Airplane DC to Range | Speed Passengers | Throughput Cost
Paris (m.p.h.) (p x m.p.h.)
Boeing 6.5 hours | 4150 610 470 286,700 ?27?7?
747
BAC/Sud 3 hours 4000 1350 132 178200 ?27?7?
Concorde
Douglas | 7.3 hours | 8720 544 146 79,424 ?27?7?
DC-8

BMTime of Concorde vs. Boeing 7477

«)ADCZ|E%Z, Concorde ttBoeing 74713.5/Niy
i & [ Concorde tkBoeing 74711350/610=2.21%
Concordef 1 RERE 47!
BMThroughput of Boeing 747 vs. Concorde?
wiz# Bt f7 FBoeing 747 thConcorde X286,700/178200=1.61%

Boeing 747 BEE 1T !
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The bottom line: Performance (and cost)

° ANEIHIVERETRUM R R BRI 4R
° Time to do the task (Execution Time)
— execution time, response time, latency (&:4+ i) 8] B i ZE)
Tasks per day, hour, week, sec, ns. .. (Throughput)
— throughput(FH:2%), bandwidth (5 )

o

° FEAR MRV AR E R CPURI AT I (]

" Xis n times faster than Y" means
M- &b 4=nt
ExTime(Y) Performance(X) AR B FH AT I TR
- IEETE S
ExTime(X) Performance(Y)
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PERE Il 2

* AEGAEH P ROE EEANE, 5.
o ZREFEMHRENGE: W, BHEENE FAMRBRERG! D
o BURMN ARG E: W, FHSAHERSE FEEHGEREERER! )
o TOREMFE BN RERNZE: ATM. SXUHRE 2. Web R4 35%
© HEGHENLRI R, AT N B SR &
o SEREIFE TAEE P N R &K KR & v E L2 M e s 4 1
o THENALIRSEN MRS MEFEEMA, ik, R R AR HAT
b} 8] AN A2 8 e B IR BP0 T I 6]
o I HE PR ) e i N2 B[R] 43 R s
CPUHE], #§CPUEIEFEREFFHAT ERIN . X AFER I
v HPCPURE: FXRZATH AR TE
v RGCPUNIE: X THATH FIEFF N EIBITBRAIER SRR F I ]
- HABBE], FE5EAF1/OFRAE 52 B I 1R BRC P UAETE B A A2 1 1 I [H]
o REHEEMCPUMREASEYT, F—ERX 7
RS BE(System performance):

RGN, 5CPUAMHARI 7 HEF KRR
CPUM:HE(CPU performance): /7 CPURIH
« AEFEITRCPUMRE

= =] H:
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EARERXR LW HEYEREE

Answers per month

Application :
pplicat Operations per second

Programming
Language

Compiler
(millions) of Instructions per second — MIPS
(millions) of (F.P.) operations per second —
MFLOP/s

ISA

atapath
Control

Function Units

____Megabytes per second i %)

Transistors  Wires Pins \ — Cycles per second (clock rate)

- = T
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Relating Processor Metrics

CPU execution time = CPU clock cycles/pgm = clock rate

or CPU execution time = CPU clock cycles/pgm X clock cycle time
or CPU execution time = CPI X instrs/pgm X clock cycle time

CPU clock cycles/pgm = Instrs/pgm X avg. clock cycles per instr.
CPI = CPU clock cycles/pgm = Instructions/pgm

* CPI FiREEEUT & ARG R

 Instruction Set Architecture

* Implementation of that architecture

e program

: = HA T
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Aspects of CPU Performance

CPUtime = Seconds = Instructions x Cycles X Seconds
Program Program Instruction Cycle
instr. count CPI clock rate
Program
Compiler

Instr. Set Arch.

Organization

Technology

B%: = AHREWETTHEAR?

Ch2 Performance.11
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Aspects of CPU Performance

CPUtime = Seconds = Instructions x Cycles X Seconds
Program Program Instruction Cycle
instr. count CPI clock rate
Program X X
Compiler X (X)
Instr. Set Arch X X
Organization X X
Technology X

Ch2 Performance.12
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Organizational Trade-offs

Application

Programming
Language

Compiley

ISA

atapath
Contro

Function Units

Transistors Wires Pins

Ch2 Performance.13

A, IIRAES Iy TH AT B |

3 factors:How are they related?

v I B gD T RS2 1 0 i B R R

v BTN B AR AR S WY N B R

v RIS LAY TE 4 B4 B o A I B A AR K
v HMER R —GHLas R —A R, mADTEL5%
HHIREFP A — B PAT B IR

Instruction Count (Mix)

A

CPI 3 factors:

Where are they?

\ 4

Cycle Time
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v ECPI?

CPI =(CPU Time X Clock Rate) / Instruction Count
= Clock Cycles / Instruction Count

CPIl “Average cycles per instruction”

CPUtime = ClockCycle Time x » CPI;xC,
=1

Ci "Instruction count”

n
C.
CPI = ZCPII X Fi where Fi = - !
i1 Instruction _ Count

Fi "instruction frequency"

Ch2 Performance.14 200843 H28 H A 1.



Examplel

Our favorite program runs in 10 sec on machine A, which has a
400MHz clock. We are trying to design a machine B with faster
clock rate so as to reduce the execution time to 6 sec.

The increase of clock rate will affect the rest of the CPU design,
causing B to require 1.2 times as many clock cycles as machine A
for this program. What clock rate should be?

Answer:
CPU time A = CPU clock cycle A/ clock rate A
==> CPU clock cycle A =10 sec x 400 x 10°
Clock rate B = CPU clock cycle B/ CPU time B
= 1.2*400*10°/ 6 = 800 MHz

mes a5 fast s A,

ot as A's clock but B 50t

B clock 1521

- = T
Ch2 Performance 15 2008453 /128 H /21 1



Example2

Instruction type and Instruction frequencies in the

execution of a program:

Op Freq | Cycles
ALU 43% | 1
Load 21% | 2
Store 12% | 2
Branch 24% | 2

Question: What is the average CPI of the machine?

CPI=1X43% + 2X21% + 2X12% +2X24% = 1.57

Ch2 Performance .16
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Example3

Suppose we have two implementations of the same instruction set.
Machine A has a clock cycle time of
10 ns and an average CPI of 2.0 for some program.

Machine B has a clock cycle time of 20 ns and an
average CPI of 1.2 for the same program.

Which is faster? And by how much?
MFISX T R— R, HIGQFFIE—FER, ZAMFEAMR!

Let n denote the number of instructions of the program
CPU time A=n*2.0* 10 =20n (ns)

CPUtimeB=n*1.2*20=24n (ns)
Machine A is 1.2 faster than B .

L, XEH=ARNRZEKHEELRN,

Ch2 Performance 17 200843 H28 H A 1.



Example 4

ISA has 3 kinds of instructions:

Instruction class | CPI for this instruction class

A 1

B 2

C 3

One program has 2 code sequences:

Code Sequence Instruction counts for instruction class
A B C

1 2 1 2

2 4 1 1

Which code sequence has more instructions?
Which will be faster?
What is the CPI for each sequence?

S.1 has 5 instructions; S.2 has 6.
S.1 needs 2x1+1x2+2x3=10 cycles; S.2 needs 4x1+1x2+1x3=9 cycles.
S.1 has CPI=10/5=2; S.2 has CPI=9/6=1.5

: = HA T
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EFEERETEMFER (Benchmarks)

R EHER PR RV vHE LR M e
o BAENRREFF T TTRREAT R B — AP
« ANFEIF P AER BT ENUH A R B2 HERE P
o BRI AT SERR S BRI BRI A P RE
o BUFRIFAERE R H P SRR A O FE A BB Y B R B AR P

° REHERE R I ER G
o MG HERFHMERSEBEEREEVIMHEXE, S#HFHUE2IA LK

GRlEES

o FB: ARG RVE A R BRI TR A XX B 7 B AT R R A4k,

R PATIX BARS B3 B R R
#1: Intel PentiumAbBE8i24TSPECInti T A F) P 35 4% F I ok m 1%
ay, fEHMERER
#12: %EPEFei R SPECMatrix3007 99% K i Rl iB8{TEE—4TiER L, B
)R R R R R AL 2B R, [EPERBIRVAX1L/7801]729.84% !

=z 1
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FIT HERE R T I

° (Toy) Benchmarks (dg/NEEHREF)

« BFFE/ANESHEE, ETOIRET Lo, BT TX 5 I & KPS E1T MR ge vrl.

(Bl No compiler for novel machines) .

e X/N: 10-100 line

« 5. sieve, puzzle, quicksort

o GRFE: AREBMEAER, RATHTFXRTENL
° Synthetic Benchmarks (4E&EUMERF)

o AR WE A ERHERF R R — R R P RRE .

o ik FERERRPITHE S —RINEERF T HHE —2

e #l: Whetstone(Algol60=>Fortran), Dhrystone(Ada—=>C)

o BRKE: ARSERMEH IR, AIERPIRACAL BEAE PRI S5 R, (HEhr A2 anitt.
° Kernels (%O FEFED

o SERRAR P IR [R] S8Ry

o BH RAERHE R SR PR Th R 1 Be

« #il: Livermore loops(21 loops), Linpack(linear algebra)

° Real programs (SEfEH KL

* e.g., gcc, spice

=z 1
Ch2 Performance. 20 2008413 H28H A W11



Successful Benchmark: SPEC

° 19884FE, 5% A Al ( Sun, MIPS, HP, Apollo, DEC ) Bt&#2H T Systems
Performance Evaluation Committee (SPEC)
° SPEC#H T —AMHERINATERF . FrAEMAFINAIRE . BN —25Eh
KRR, BF OScalls. /0%,
° WA 89: 10 programs = 4 for integer + 6 for FP, FI&EANME 7 AT B 18]
R — A MR
° BRA92: SPECInt92 (6 integer programs) and SPECfp92 (14 floating
point programs)
o BHONTE RBRMIR AT EYEP5: SPECINt92FHISPECIp92
o }4in SPECbase: %t 1-4F AR SR FH KRR R

° fRA95: 8int + 10fp

° ERRA: include SPEC HPC96, SPEC JVM98, SPEC WEB99, SPEC
OMP2001. SPEC CPU2000, See for more details

* “benchmarks useful for 3 years”
« Base machine is changed from VAX-11/780 to Sun SPARC 10/40

Ch2 Performance.21 200843 H28 H A 1.



w25 S VRO 45 31 ?
el WA —AHEERE A R RIS B T TR, RA A
LR TRUr 188 BT RElE 2

Program 1: 1 sec on machine A, 10 sec on machine B
Program 2: 1000 sec on A, 100 secon B

i ?
What are your conclusions” AL T I
* Ais 10 times faster than B for program1. — BAFIB I I 55
* B is 10 times faster than A for Program2. dz‘zﬁﬁaﬁi\g%%
HIMERE !

Total execution time2— NS EEHE, ATLIIENREHE R
B is 1001/110=9.1 times faster than A
SERR b, DAERENMEFEEN A RIERME, BLInSCEY

Ch2 Performance 22 2008413 H28H A W11



SZETEREVFIT R T

° AT LAH BA T PR3 R VRO
« Arithmetic mean(FHARF3): KFFHn
« Geometric mean(JLfI*F¥)): KIRJFHRSn

° IRIEHEAFIYRAT IS B G152 P3P AT B 1]
° AR JLAR I RAT I (RS RE 1S 2 RE e B BT B ]
° PATHE IR GURRPLBSAEXT T2 H HLas 1 5E
e time on reference machine - time on measured machine

D FEIAR A PAT I RIS B BRI, A LA
e program A going from 2 seconds to 1 second as important as
program B going from 2000 seconds to 1000 seconds.

(AR THERERYOX ! )
Zr LRTIR, HEARFEIRLAPF S KA, FTREMEA !

- = HH
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Impact of Means on SPECmark89 for IBM 550

Ratio to VAX: Time: Weighted Time:

Program Before After Before After Before After
gcc 30 29 49 51 8.91 9.22 . After”
espresso 35 34 65 67 7.64 7.86 700 T 45
spice 47 47 510 510 5.69 5.69 PRI
doduc 46 49 41 38 5.81 5.45 JERIE R
nasa’/ /8 144 258 140 3.43 1.86 1 I E b
li 34 34 183 183 7.86 7.86 HE NV 1% % e
eqntott 40 40 28 28 6.68 6.68 RIS B AN
matrix300 78 730 58 6 343 037 !
fpppp 90 87 34 35 297 3.07
tomcatv 133 138 20 19 201 194
Mean 54 72 124 108 54.42 499

Geometric Arithmetic Weighted Arith.

Ratio 1.33 Ratiol.16 Ratio 1.09

ZR R T ARKSEFFEBRRARS®.

Ch2 Performance.24 2008413 H28H A W11



Marketing Metrics (=i BERRTEFR)

MIPS = Instruction Count/ Time * 10"6
= Clock Rate / CPIl * 10"6
Million Instructions Per Seconds
KRANBHIRSERR O
TR AR R R AR AT o
2PN W By 7 A A > FMIPSER M

JR B S AZA BTyt 27 L RE 0

‘Peak MIPS: CASEAD D

Bt AMIPSEUAS e i B P B 17 IR ( see the next example)

MFLOP/S = FP Operations / Time * 10"6
Million Floating-point Operations Per Second

SHLE AR } FIMFLOPS¥ bt
FEERERERANgs | B

: = HA T
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Example: MIPSE{AF]EE !

Assume we build an optimizing compiler for the load/store machine. The
compiler discards 50% of the ALU instructions.

1) What is the CPI ?

2) Assuming a 20 ns clock cycle time (50 MHz clock rate). What is the MIPS
rating for optimized code versus unoptimized code? Does the MIPS rating
agree with the rating of execution time?

Op Freq Cycle Optimizing compiler L New Freq

ALU  43% 1 21.5/ (21.5+21+12+24)=27% 27%
Load 21% 2 21 /(21.54+21+12+24)=27% 27%
Store 12% 2 12 /(21.5+21+12+24)=15% 15%
Branch 24% 2 24 [ (21.5+21+12+24)= 31% 31%

CPI 1.57 50/1.57=31.8MIPS 1.73
/ _ -
MIPS 31.8 50/1.73=28.9MIPS »>28.9

ZiR: HAMAERD TALUES (Mm-S BR3) » FriliEFi
ATRSTAl— R s> 1, B FIMIPSEUS Mo AR T .

: = HA T
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1

PERETPO I EEEH: Amdahl g

AmdahlEf: B EE=

2. ENEFERESHEN LSBT TR E&100s, HA80s
FIRPAT RIEZRAE . A4, BATZRE PR 3R R 2 R R 51,
WA, FIEBRAFHITE BN %2 JFOR A2 D5 ?

ey MR I B AN N 1% A SR R 515 e ?

| o BGEEARRTI | -
BORRIITNI= — o RSO GTH
20s= 995 1(100s-80s) 0= 208

n n
Uil H80%HFEIRIEIBHNIE, TR BN FvRilfriudt, Biat
RE AR AN AT RESR = 2l BR R 515
P Bl : FEXI LA IR — o BT gt e, B RAERI RN ZEEIF
FEIE B ISR o .

B ER AR/ BSGEEHR o B SO A5 B+ R B S 0 A R

© AmdahlEfitl: BAEERES KIEE LR/URSR, 5ButEl
SrAE IS BISAAT I 18] 7P B oy B4 A DIAR R
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Example: B8t #8704 Z0R 5o fa5 2 ¥ ok &

Suppose an enhancement runs 10 times faster than the
original machine, but is only usable 40% of the time.

Question: what is the overall speedup?

Answer: 4t ES S B[R] 4 = 0.4
CERE o S A 2 = 10
A% %L = 1/(0.6+0.4/10) = 1.56
A SRR 43 N TR %4 0.6, &5 S ] 2
A% 4 = 1/(0.4+0.6/10) = 2.17
A7 OISR 43 N TR K04 0.9, - & S ] 2
A% % = 1/(0.1+0.9/10) = 5.26

NSRRI G RHERK!

- = HH
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HEERIE X: — AR B E B R AR F I RR ISR B GE

CPUMEERI I £
— PR 1 e S () R 43 B CPU B TR AT S8 A5e 18], CP U E] X 43 Rl H F* CPURY B A&
ZECPUM A,
BIABAIE RSN B C AT SRR Rl 3EAT I &R, A+2#Em, Bril, XTCPUMRERINIE
— Rl BT A P CPURY A SR #E4T

B ReIRtr Z BRI R R
CPUFAT I [a]=CPURT & FE HH % x 8k #H
Bt ) BH AT Bt A 2R 5 A (B4
CPUR 8 FE %k = FRP 528 x BI85 M P24 B #i % CP

P BE VRO RE P B I R
K —H AN R R LA PRI T 458 (R G 38/ L~F35) P
A a3 B S AT YRR P AR ML RE AR E T g R8s, (EYRIAR P RE 1T
FRNETRE . KA I DRI AR 3t A B 1 B i /%

MIPSEANRE Ui BH 1) L, A B 7] Bk !

XFEMEENIESEAREW, RTHEVERHEERLR:

o RERBIR (FENE RAKL

DAk b T 38 b BUE T BR (K S5 4 LA BRCPL RT3 PR A/ 25 A B A BE 2% )
KA m PR R DT 2 R B E M RIE S B RE (B8 )
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REAEN

" 4.1
S 4.2
° 4.3
© 4.6
C 4.7
© 4.8
© 4,11
© 412
© 4.14
© 4,15

NEMZ (3H24%5) zZRk!

200843 28 H /2 1] 1.
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