= Bandwidth or throughput
= Total work done in a given time
= 10,000-25,000X improvement for processors
= 300-1200X improvement for memory and disks

» Latency or response time
= Time between start and completion of an event
= 30-80X improvement for processors
= 6-8X improvement for memory and disks

?M'Fdlmﬂi\(sz. C d)'n/om»e Mach vies / 57I7L6h\5

¢ Response Time (latency) = + _t
- How long does it take for my job to run? A)/\Ig/l)ﬂ Case [ worsl Case

— How long does it take to execute a job?
- How long must | wait for the database query?

* Throughput = o\/

— How many jobs can the machine run at once? What do we "really"
- What is the average execution rate? want to know?
— How many queries per minute? ﬂ/\]‘é_, - Which system
works best in our
T; K larger system?
mc:

--- What costs can be

. i /,
Hepsed Time Yol ok traded off?
— Counts everything (disk and memory accesses, /0, etc.) ————7 W

- A useful number, but often not good for comparison purposes

Depends o foad,
disk 1@100“'/ more st'l'mCl'

» £.g.,0S & multiprogramming time make it difficult to compare CPUs

¢ CPU time (CPU = Central Processing Unit = processor)

— Doesn't count I/Q or time spent running other programs

/
— (Can be broken upint an —> Uder ¢pY Jome
I/o

¢ Qurfocus: user CPU time — 77”}16 CPU w_u) 30,,1
— Time spentexecuting the lines of code t atar s g’ob @' 0Wl/}eaj)

— Includes arithmetic, memory, and control instructions... )
wniy =>  Lalhet> T myhed




Latency vs. Bandwith r'elQ.+!VC Ptr](o"ma.h((.

100000

Increasing
complexity/density/speed

( Microprocessor/’
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1. V /L gets worse for each e S D e ~cossof A
component. / /
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@
5
2. Vproc / Lmem gets worse 2 ,
even faster S 1000 S
p=
5
=
=
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@
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T
@
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() s B A % i N b

(Latency improvement
= bandwidth improvement)

Vies .
LO} vou -ABMJwiMl1

1 10 100
Relative latency improvement

lag b/ = A
't /L,

F _

\\'\,\ | = Dynamic energy

| = Transistor switch from0->1or 1->0
| = 2 x Capacitive load x Voltage®

{ ! [ |‘_|‘ = Dynamic power

= %2 x Capacitive load x Voltage? x Frequency switched

Lafene y

GROYND Lan oot » Reducing clock rate reduces power, not energy

= caPacf/.‘ve load aﬁm}wg Cifacfftwtce wp K’J
n Jmininj % GROWD

R:’siv\j clock et‘ge

' . A
_ CP»“m_j clock ¢ 9¢e
{Np){ A \/ CLOCK 0 4 0 !

ohe CJCICJ ’(alcd‘/ J —%TIMG




cpw  Clock Cycles = Cpw Tome

* Instead of reporting execution time in seconds, we often use cycles

CeW  Tome = seconds ( cycles\ {seconds
< program progral‘r'l\ \Cycle ( secom Js >
cy e =\ ek

* Clock “ticks” indicate when to start activities:

1+ ]E-eTuaks/
?L\bck C\jf-]ﬁ e qb Sec C\’c

Cycle time= time between ticks = seconds per cycle

» (Clock rate (frequency) = cycles per second (1 Hz. =1 cycle/sec)

1 A
ol GH3 clk = F;e% (9&‘ 10' hck:) 5 -|~m1(|C =(WT:&/<§
e b '/& ns
= Y (%0 ps)
{_’(e% = 4790 f)s

execution time R CA(L\CS X ‘—rcl’(,lﬁ reu(‘;\(ﬁ
=|Clock Cycles| for Program x|Clock Cycle Time

¢ Since Cycle Time is 1/Clock Rate (or clock frequency)

/\M\
-1
. Clock Cycles for Program  _ X C Q\Q)
Executior - = | T
Clock Rate C‘(c.lc
¢ The program should be something real people care about _ )§(CYC,eS
— Desktop: MS office, edit, compile r'epQ Joloj ? - CR

— Server: web, e-commerce, database or

— Scientific: physics, weather forecasting ECMCL mm(( < ?



Measuring Clock Cycles

¢ Clock cycles/program is not an intuitive or easily determined value, so

averasge 3“ cyel
4
= Instructions x Clock Cycles Per Instruction = X% (/‘/’5 f‘ X in 5‘)}~
X inst
e Cycles Per Instruction (CPI) used often Z&?ayc/es
¢ CPlis an average since the number of cycles per instruction varies from 4= i
instruction to instruction
- fAverage depends on instruction mix> latency of each inst. type etc.
* (PIs can be used to compare two implementations of the same ISA, but is not C&J’) n Sff I/C-/] n
useful alone for comparing different ISAs Lo WM%
— Ar{x86 add is different from alMIPS add
G 7& A3
TI
I . ADD vs R

. \ )
@*Uns‘}r X C?Q X (/CR Depends on
\/-TJ Vl’v --- instruction mix,
--- system configuration,
Time = %y cles x —E\\;\e et
¢ Drawing on the previous equatiwﬂ_\ f\{_\ Req Req

Execution Time —/In:m uctions x C PA Clock Cycle Time ™
Instructions x CPI ' CPI v
Execution Time = - = %0"’5# > joyeﬁ pa',Jf h
Clock Rate R o
Limits CR
. Tc@m\rm@(i.e., reduce execution time) - . A’
Fedoce — Increase clockrate (decrease clock cycle time) OR CR‘\ 02\5 CPI L:;P )6‘0/) r
. ¢ v
Trme — Decrease CPI OR
Voo Reduce the number of instructions
¢ Designers balance cycle time against the number of cycles required mny
. 5/Mp/6r
— Improving one factor may make the other one worse... SA( et - .
/ nste msTrucT(on s
) e

Wﬁ .fweef sfe'l‘ j



E.G. Decode time ak_ Dord ROM

/ /(“/et/e/ /éjic 1/2* m'vh—l'erm;
| tontl LA U
; i gnalg H 2 imrv;
;'k Loy 4 y A& Sevefs
r— AI)I)K HLevels
Jﬁ&ﬁfg ko small = fou, /'n.dlu/cﬁén;
[ ]
[ [
E ] ﬂfm DNJar cure = Tfmc
E ] u Cxec:ﬂ[z.;y, Tiime
| | : | / l‘ar one ins?l'ruqt,éy,
5 | I
| [ - T

ingh- I 1

S (R

#CjCIQS /'nﬂlr.
] :L CPI‘
t ,&bt \ sm 4 QQ\\A&ADL“)"

Ld> A BR L “TAN]S“D JSR RT| Cyc'e /CR
exect u7[ybn (# ””57%67“'0"5) cycle

q;

IC
Time = Ares = LZCPI&."TC1‘]¢ = Iccer ()

Shocter nsvefio

S/wrfcr ;
M/ C (/C) m‘X
EE ﬁ éEE ﬁ a Teyele, A& mlc ML'H'C(S./
Hﬂﬂ f ef] A MOre CPL,

mﬂlrvc 10n¢




|
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| Tl
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--- Get averages by running batches of class?

--- Guessing from architecture?



Clock Rate # Performance

e Mobile Intel Pentium 4 Vs Intel Pentium M
- 24GHz 1.6 GHz

—(P4 is 50% faster? M
@ CR py =(L—-/'5')CKPM

e Performance on Mobilemark with same memory and disk

3
— Word, excel, photoshop, powerpoint, etc. — T - (IS’) —\-f"f P
‘B/.— Mobilg Pentium 4fis only\15% faster PM )

. Whatisthe But, —E’N\ ) (I.IS’)'T” ]

— ExecTime = IC » CPI/Clock rate ‘tA )

— ExecTime,, = 1.15 ExecTime, fo. the DL#MC‘L

— IC*CPl,/1.6= 1.15IC* CPI,/2.4 — —

— CPI,/CPl,, = 2.4/(1.15¢1.6) = 1.3 ef’fm versus CPIM °

%T,,q =IC.q c&,\} (115) = SL - IC <crI,,.\3§

CRI’M
() = CFm T
(CRey = (1 s) c&m CRom 1€, = TGy
A SN
_iq_ = g_g‘_) - /.30'71“‘
cPL,, (115
CPIN = /.’30'71 CPI‘,M How can that be?
--- same ISA

. --- same program + data
= BOZ, Mmrie CTCIU/M#P m &L fﬂ P4 ---whatispdif%eren:?



Average by classes.
Average CPI1?

[ (eptmn) o (esfi) o (uen )] (o) = 1eCem)( o

LE

(&) 1, =.;(2>m1 = 1

cPI, I 9{0"’1,:(7/;)}

Instruction Type CPI Frequency CPI”* Frequency

ALU 1 50% 0.5
Branch 2 20% 0.4
Load 2 20% 0.4
Store 2 10% 0.2
K4 wm = [ S = C PI

Given this machine, the CPl is the sum of CPI )( Frequency
Average CPlis05+04+04+02=15

What fraction of the_time for data transfer?



v

Toer c‘lck Lo-st () (ojcu LD- ST) _(ﬂc,ab LB) +()Q'(C',c/f.$ sT)

Tm,\ G1°, TeTa) //,c) % cycles T (ocycles)= ICxcer
/‘ l:@‘('_\l[c]ﬂ L‘)} (& Cklclfs ST)I o1
C/c/e 77'mc/ IC TIC
= C PIp LOp Pl IC v
=R = [ = + ISTC sr] o5

= [CPILD'ZLD + CPL /797_]< %5\
= o4 +021(V1s) = VOZ

Speedup

e Speedup allows us to compare different CPUs or optimizations

CPUtimeOld
CPUtimeNew

Speedup =

P —
s Example = \0|C' = l S
— Original CPU takes 2sec to run a program

— New CPU takes 1.5sec to run a program me =, /' {S
— Speedup =1.333 orspeedup or 33%

What do we mean by speedup?

(an 3
G\/nm — ___I;‘e"" = T,V-mew = /3 =% new ("3) %"'

T Y (W""’/ Te“) > newit 30f /mtm




ﬁSSVMI'WJ, Wold = Whea W= V\/Pm\u + W _ 7C W + + (1-9)W

Y O%l)eh l

Ny WA T posclhd<ingrcll
S = T pam\lgﬂ 4h[; wh‘& (fe vertia| = fx.eJ )
}v/ncw W/ Tnew v z

- Wv/rr ('\/S:\“}y—,; OVp:oK .

Amdahl’s Law G\/ new
=&k (e 8 =a)
* If an optimization improves a fraction f of execution time by a factor of a
Told 1
Speedup = =
P A=+ fa*Told  (=f)+ f/a T - JCW (-f)W
9
T f fined? We =06y W =50 Toox
* This formula is known as Amdahl’s Law _ W
* Lessons from /“}/

— Iff>100%, then speedup =a
— If a>ee, the speedup = 1/(1-f) /ﬁ/\ 5PC€> “P W Ws

e Summary o max 70 ﬁ‘-;'ew - %y + /1/
— Make th ast P 3

— Watch out for the non-optimized component
Lw+(-4)W

Ty (") = %

)

= - (+/ 4+ (1- N
New- o) _rnew (v%‘/s\ ({AJ,O_})) </A (1 ][.)) /vs

floth) 22 '/(M T g G
y{% +1> ) B Agma—mfmml =£,,,;V,

ﬂv;:* //Mm = -5, o,
f=507 = J- -

{;Z W) X I)M/meChO?/K{ /ﬂ 4>

(l /) b Zﬁ//a 45 /4571'



If a=100, what is the overall speedup as a function of f?
P g, Use 190 CPU

Speedup vs Optimized Fraction
/ o1 Wpa relle ]

Speedup
o
=

01 0.2 0.3 04 0.5
Fraction of Code Optimized

— v
7[ J[=75’Zj cas7L= 100, 67=17  Hwm?
Onﬂé vey fm?e, fu watht?

Amdahl's Law Example

e Suppose ain 100 seconds|on a machine, with
responsible for| 80 seconds|of this time. How much do we have to
i the program to rur@rimes = J/= 7
overell

improve the speed of multiplication if

faster?" T, = 7:%%4—]‘_%“ = 20, + 50, = 1%;s

Taod _ 100s . 807, = 100 59 =&

)‘gne, -ou'_— le O/ - + = / 4 —_

N Tnew 20¢ 805/,5") Ff ﬁ B ]p-alJ _ 30 l
p = === L

* How about making it 5 times faster?

S=57?



X7 = x(4+ 241) =

INT MULTIPLY: S=x"y

= LSR: partial products, initially x.
Y= 80...01] \(l e 4 shdy O shifts S: partial sum, initially O.
d B RSR: initially y.
00 -~-00 . Z: allos
+ x“ % l' x x +
sIs. .S «shft LSR Z
SL O ' X Xm_] " X. 0 l: 0
+ x’l X,_, i xu xo O 4.(8)
U] N/ -
S,yl-ﬂ S: te S;_ Sl go S
%
""7"\ ...-xxo() +(c)
'Hz, "*l S‘ S S S Sm
What if y has a 0 bit? Then add 0 instead of
shifted x: e.g., y =0...101 add 0, not B.

(ol l mu%'g}\'-%
e 1ol ,
8 x o0 \ol r\er‘Tl"C x ool 5“'4:7{-
~— +00000000<’—031‘ Y=
AR +00001011k~
10 © 000000 « l-shit <—¥y=o0
+\0\|00 +®01011O¢,¢,7_-Sk\9‘\' < Y, =\
+0 00 00900 « 3-5hiff &— Y3=o0
| 1) 9\
oot = 0o bl Y il
. ‘&/;n
possible comy) owe shb Lt (o))
MM&JCA%% sjwﬁe,d (IO)M gij

all 3 enoea dﬂ/pwdmj o cwhethe

VY, @ 1 oo O.
ADDER

Delay is longest
path.

2 levels per MAJ,
n bit operands.

2n gate delays until
result is ready.

Fal £ ller



Shift Rejis'Ter De]@\ =1 (aM s’faja o Pme)

b D D IW .

ve D sl

VWQ £Q DQ D'm = /l\Q in A
Qz?, s Q Jl\wle S Qo 1\‘1‘ S Lka

vl O\‘&‘L’}; (n shiffs)x (2n 0"%@0) = 2n*

|j\m provcw\m‘\'? I Recorsive Re?(nem&ﬁ\’ ? |

<\-L\+> o 9 éxlu he (z-b‘.‘r) g*.%)

x0 x1 x0 X = x (Y, %

My Lt o © o | #ﬁ — MUL T £ = ?)9.
A4

- %/MM% Fin), i,
Y-t 428+ (4)-bd muT dela :
F(ny = dan) +§ (%)




F = gn o+ F%) = a0 H ER) i (K% e )2 Ly

i
i:ererovement: dn= = lén Areaincrease: 7y =>1 AM) = JA(%:) + Y(n)

0 2
32‘&{_ 2(1,)1 . 2|| < 2‘!(25') - a’ = ;g:‘u: 2/19 = = 1_/ ’f" 5
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Araﬂ = Yoew - W/Tnuu _ L _ WS/Vg_ou m
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] 4/(o..:t t °'%§{,> ='f

= 0. 0.¢
=> 0.45 0.2 + /5'?

=> 0.0 =0.3/)g; _=;7/5;=007§_=§-=14, =f§/

Id
- ! = e ! make & Y oun
*fww =50 panotfy =0 Cawe Jde o 1jg-x,;+

| Yy =5 Fosy'lkle .
,.5;,,411_00 = /(0-2 + 0'%") - Al 4~ we oJonimade. MULT tome?

l»)lu\ e.‘s: c.o\»\l‘ we Tr\é?. H-5+43ﬁ P»'Pefur\e
| resulf 2 s/mcf

shift. RwH Sfﬂ,}c Ael% =4, (zy‘-L‘.{- ADD)
-> ﬁ:i\)c e
so e -biT): g Can wr
—ly (}zl ) _R(a;)=2q=ll ['kCC.P ‘*J
Sh 32-moltr L/(zr) M?
LeSt _
—>nh s"'ages [47Lchc; = Ynx (V\B =Y
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NRIEIE 5 a SUL-TASk

‘f. 4, processor: Aoes one cmp‘:ﬂ’ﬁ/xk d a,Tl}me, )

55 57 S, §Z§, 55 57 S 5251 55 5‘/ % gzgl
C + Lf:‘n':s}leé 'Z"mk
Sl “orodly Nogiy fotak - A
P'Ta.sk mrol/jépu-l ¥y = 4/1
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Evaluating Performance

e Performance best determined by running a real application
— Use programsfexpec ed workload

« e.g., compilers/editors, scientific applications, graphics, etc.

i g envicomert ©

* Microbenchmarks
— (Small programs) synthetic or kernels from larger applications
— Nice for architects and designers

— (Can be misleading

e Benchmarks

— Collection o hat companies have agreed on
— Components((programs| Inputs & outputs measurement

— Can still be abused

< Bl conpilen opﬁ'»fyeb Ja bonchmonk ?
= ‘Bw‘)}‘}" = f"UPS w“l’x?
The SPEC CPU Benchmark Suite
(System Performance Evaluation Cooperative)

Benchmark name by SPEC g

'SPEC2006 benchmark description SPEC2006 SPEC2000 SPECSS SPEC92 SPEC89
%QC.
T GNU C compiler gee
Interpreted string processing perl | espresso
Combinatorial optimization -— - mcf li
GQ Block-sorting corr bzip2 COMpPress eqntott
\ Go game (Al) go vortex go sC
Video comprassion h2édavc ozip iipeg I
Games/path finding astar eon masksim
Search gene sequence hmmer twolf
Q M s"“\ -—» Quantum computer simulation libquantum vortes
Discrete event simulation library omnetpp vpr
Chess gama (Al) sjang crafty
[\AL &(SQ.*/V XML parsing xalancbmk parser
X ? CFD/blast waves bwaves fpppp
Numerical relativity cactusADM tomcaty
Finite element code caleulix doduc
Differential equation solver framework dealll nasa7
Quantum chemistry gamess spice
EM solver {freg/time domain) GemsFDTD swim matrix300
Scalable molecular dynamics (~-NAMD) gromacs apsi hydro2d [
Lattice Boltzman method (fluid/air flow) Ibm mgrid su2cor
Large eddie simulationfurbulent GFD LESlie3d wupwise applu waves
Lattice guantum chromodynamics milc apply turb3d
Molecular dynamics namd galgel
Image ray tracing povray mesa
QQL\(\ Spare linear algebra soplaex art
s@ ~——) Speech recognition sphinx3 equake
CQB \ Quantum chemistry/object oriented tonto facerec
("c ‘Weather research and forecasting wrt ammp
Magneto hydrodynamics (astrophysics) Zeusmp lucas
fma3d
sixtrack
I P B I

2007 Ehewiar, b ity reveeerd

. Kozyrakis EE108b - Winter 2010 - Lecture 5



Other Benchmarks

e Scientific computing: Linpack, SpecOMP, SpecHPC, ...
* Embedded benchmarks: EEMBC, Dhrystone, ...
e Enterprise computing
— TCP-C, TPC-W, TPC-H
— Speclbb, SpecSFS, SpecMail, Streams,
e Other
— 3Dmark, ScienceMark, Winstone, iBench, AquaMark, ...

e Watch out: your results will be as good as your benchmarks
— Make sure you know what the benchmark is designed to measure

— Performance is not the only metric for computing systems
e Cost, power consumption, reliability, real-time performance, ...

Summarizing Performance

. results from multiple programg/into 1 benchmark score

- Sometimes misleading, always controversial...and inevitable

- We all like quoting a single number

1 n
AM ==Y (Weight,)- Time,
* 3typesof means n;( el !) ime,

— Arithmetic: for times

1

HM =—
— Harmonic; for rates L (Wé’lghl‘i)
. . 1 Rate,
- Geometric: for ratios [l]
_ L o
Punk o T st GM=| T1 Ratio;

n
(-1 (= <F>X =



Normalize: use reference machine R to get

R = (TR\ | |0 TR,\ speedups w.r.t. benchmarks (b-1, b-2).
< Tra ‘OTR\ (R's time on b-2) = 10 X (R's time on b-1).
A-R 100 AR, T T
Voo oo r k Combine speedups w.r.t R:
T, 10 e --- Get mean of speedups w.r.t. R for A
SQ-R‘ = Jeo Sgp, = — --- Get mean of speedups w.r.t. R for B
| --- Take ratio of mean speedups.
- IR, \OTK
Sren = 4 (i) _ (4 1)
AR rvo “/ y |
= See _ 2\ Thoo _ & Zzl 2 Yy ?
— c T + 2099 '
SB-R = %‘ —_r'il + EK‘) SB-L R}/Z- : z ) o yrloa b\ > eQ: /1-[
200 \ 200 "(/z)‘,TioT r>0:2
r makes all the difference: changing R or benchmarks ===> opposite conclusions?

Geo melvic WMean

— ﬂ loia‘ 0T, (o T)
AR *':J AP\\ '-l' 490 :2.'0

é( B-R __T_ IOTR J_TR)
1] B Kz 2_00 | i__ lo

5 SP\—K ( fio &) T3| '_Tg,, ,/2 ( T, .‘]‘hj/?-
A~

Sex  (RW)\ T, W

R cancels. Conclusion Sa-s = 30 % slower? Is this fair?
-——-onb1: Sas = 200/100 =2
----0on b2: Sas =1/4

0.7

IR

job mix = (n1 runs of b-1) + (n2 runs of b-2)

S _ Vl‘—IEZ\ + rlz’—\_Bz. _7200n, Tt Na _ 200 +4 _ {4 9?: %
bo T ST T T eena e | weih T Mo
v A A, (@-"%)



Sanity check: Given our result above, what a does GM assume?
200 +

¥ 3 = (200 +d)‘/=(|oo+‘*é{)3 == 500 =3a
(loo + Mg)

=Z> N, = 62 n, For every short job (b1), 62 long jobs (b2)?

What if we hadn't taken the SQRT in GM?

SN-B= QL\ == (100"'4)2: (\oo-t-"iq\ == 4 =250
W W -
"lM = 2‘17(. Wé(’,"ﬁ r= I ! f= T, lj(;, Gy/-]
FW (s Si,/"t W< (w' + W, + - Wv\\ _ (Tl -\-'TZ-\- 'Th)
A O&chﬂkd Some 3 W
| (oo, tkes sowe Time .

ERCEC G
- ‘/Z (W‘(w) (W; fw) = @

We hﬂN“QW VC'P(J\(/V»CQ, Tomes : % M
TR‘ - T'tm T“i = W%\/H_ [4“‘”"1( (VM: Yoo = GV&]
W] = T&lova le ,T;(-zq/R a)i - W‘/éwt

_ V\_}_l_ _ -Tg‘GVK _ Tﬁ__

Yo MJ % g,tz/ + MQK?& : W\'\'WZ (TK\ K.ﬂ;(zovR\ ) TR,"\'—YRL
= l/(l-no) ="
.
Wy = B = o _ o/

R, *Tpo  1¥10
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Principles of Computer Design

= [ake Advantage of Parallelism

= e.g. multiple processors, disks, memory banks,
pipelining, multiple functional units

= Principle of Locality

s Reuse of data and instructions

s Focus onthe Common Case
= Amdahl’s Law
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1.02 #bytes per frame, time per file (cache, DRAM, ...)

1.03 avg CPI, CR, performance

1.04-05 CPI by class, CR, instr. mix,

1.06 compilers, avg CPI, CR, speedup, CPI by class, peak performance versus
1.07 Voltage scaling laws, C, power, GM, %change,

1.08 dynamic power, C, V

1.09 static and dynamic power, voltage dependence

1.10 multi-cores, #instructions, CPls, execution time, power

1.11 die yield and cost

1.12 SPEC ratio from times

1.13 Faster clock, change ISA ==> fewer instructions executed, CPl vs CR
1.14 Performance measured by MFLOPS or MIPS versus overall

1.15 Amdahl's Law (improving only a fraction)

1.16 Speedup w/ communication costs






