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L
o

n
g

term
tren

d
s

C
om

puter
perform

ance/costhas
follow

ed
an

exponentialpath
since

the
1940s,doubling

aboutevery
18

m
onths

T
his

has
enabled

Increasing
function/perform

ance
atconstantcost

...
or

D
ecreasing

costatconstantfunction/perform
ance
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M
o

o
re’s

L
aw

F
or

three
decades,M

oore’s
Law

applied
to

m
icrocom

puters
has

m
ade

life
easy

-
m

ore
transistors,faster

clocks
...

O
ver

the
1990s

there
w

as
little

architecturalinnovation,but
alm

ostevery
know

n
technique

w
as

applied
to

use
up

the
transistors!

T
his

is
changing

-
to

keep
on

the
long

term
trend,w

e
w

illneed
to

innovate

...
especially

in
architecture,design

and
softw

are
...
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In
creasin

g
p

erfo
rm

an
ce

...
has

involved
increasing

clock
speeds

and
using

m
ore

transistors
(M

oore’s
Law

)

...
butincreasing

the
processor

clock
speed

and
using

m
ore

transistors
does

notalw
ays

provide
a

corresponding
increase

in
perform

ance.

...
because

the
speed

ofthe
w

ires
can’tkeep

up
w

ith
the

transistors

W
e

are
w

ellbehind
M

oore’s
law

on
achieved

generalpurpose
perform

ance
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D
ecreasin

g
co

st

...
has

had
a

dram
atic

im
pactallow

ing
com

puters
to

be
em

bedded
in

an
increasing

variety
ofproducts

(cars,
telephones,cam

eras,gam
es,toys

...)

N
ew

applications
w

illcontinue
to

em
erge

as
a

resultof
im

provem
ents

in
perform

ance/cost-
reduce

the
costby

factor
10,increase

the
volum

e
by

factor
100!

C
om

m
ercially

-
and

socially
-

decreasing
costhas

m
ore

effect
than

increasing
perform

ance

N
ote:

D
isposable

C
om

puting
started

around
2000!
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C
o

m
p

u
ter

A
rch

itectu
re

T
here’s

little
evidence

to
supportarchitecturaldecisions

...
w

e
don’tseem

to
have

a
good

analysis
ofw

hatprogram
s

do

...
w

e
are

often
fooled

by
averages

and
to

m
ake

m
atters

w
orse

...
com

puters,com
pilers,languages

-
and

applications
evolve

together!
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C
o

m
p

u
ter

A
rch

itectu
re

In
generalpurpose

architectures,w
e

have
resorted

to
increm

entalenhancem
ent-

trying
to

increase
the

perform
ance

ofan
existing

softw
are

base.

W
hataboutideas

thatcan’tbe
represented

easily
in

existing
program

m
ing

languages?
C

oncurrency?
Inputand

O
utput?

W
hataboutnew

applications?

In
em

bedded
architectures,there

has
been

m
ore

scope
for

innovation
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G
en

eralp
u

rp
o

se
m

icro
p

ro
cesso

rs

Faster
and

faster
clocks

D
eeper

and
deeper

pipelines
M

ore
and

m
ore

execution
units

M
ore

and
m

ore
strange

instructions

B
igger

and
bigger

branch
prediction/recovery

m
echanism

s
Longer

and
longer

contextsw
itches

M
ore

and
m

ore
stuffoffloaded

to
hardw

are
gadgets
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G
en

eralp
u

rp
o

se
p

erfo
rm

an
ce

...
relies

on
uniform

access
to

a
random

access
m

em
ory

A
com

plex
m

em
ory

hierarchy
is

an
approxim

ation
to

this

...
som

e
program

s
w

ork
w

ell;som
e

don’t

In
the

sam
e

w
ay,Instruction

LevelP
arallelism

provides
an

approxim
ation

to
fastsequentialprocessing

M
aybe

w
e’ve

m
ade

these
processors

too
fast!
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G
en

eralp
u

rp
o

se
co

m
p

u
tin

g

A
lotofeffortis

going
into

big
m

ulti-core
chips

P
redictably

these
focus

on
sym

m
etric

m
ultiprocessors

w
ith

com
plex

m
em

ory
hierarchies

Its
notclear

w
hatthese

are
for

w
e

w
on’tneed

-
or

w
ant-

big
processors

in
P

C
s

-
w

e’llbe
using

thin
clients

and
portables

w
e

w
illneed

big
servers

-
butthese

can
be

builtfrom
larger

num
bers

ofslow
er,m

ore
pow

er-efficientprocessors
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E
xp

ectatio
n

s
vs.

R
eality

S
ym

m
etric

m
ultiprocessors

are
easy

to
program

...
provided

you’re
notbothered

aboutperform
ance!

A
single

generalpurpose
processor

places
a

heavy
dem

and
on

its
m

em
ory

system

...
you

can’texpectitto
supportseveralprocessors

M
ultiprocessors

need
concurrentprogram

s
and/or

parallel
algorithm

s
-

butthen
the

architecture
can

be
m

uch
sim

pler!
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T
h

e
E

xabyte
effect

T
he

Internetin
2010:

E
xabytes

everyw
here!

P
etabyte

servers,petaflop
supercom

puters,a
billion

hosts,a
zetabyte

online

S
ervices

to
ubiquitous

and
nom

adic
clients

including
w

earables

M
any

differentform
s

ofcontent-
visuals,soundscapes

...
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T
h

e
E

xabyte
effect

W
e

w
illsee

changes
in

Internetinfrastructure
aim

ing
to

m
axim

ise
energy

efficiency

T
hese

w
illinclude

m
ore,low

er-speed
processors

program
m

able
accelerators

for
specialised

tasks
such

as
transcoding,cryptography,searching

...

T
he

accelerator-in-server
m

arketw
illbe

opened
up

by
the

trend
tow

ards
E

thernetas
the

standard
interconnect
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A
rch

itectu
re

fo
r

exabytes

W
e’re

going
to

need

...
big

addresses

...
arithm

etic
and

logic
on

big
num

bers

...
accurate

num
erics

on
big

num
bers

...
efficientdata

representation

D
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L
o

n
g

arith
m

etic

To
m

ultiply
tw

o
n-w

ord
integers

w
e

have
to

execute
n

2
m

ultiply
instructions

-
ifw

e
have

the
rightinstructions!

carryout,result:=
M

U
L

op1,op2,carryin

and
doubling

the
w

ordlength
reduces

the
m

ultiply
operation

countby
factor

4.

S
o

(eg)
a

64
bitC

P
U

w
ith

the
rightinstructions

w
illbe

10-100
tim

es
faster

than
a

32
bitC

P
U

w
ith

the
w

rong
ones!
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L
o

n
g

w
o

rd
len

g
th

s

Let’s
think

abouta
m

achine
w

ith
128-bitregisters:

...
big

integers:
2

128
is

around
10

39

...
64

64
form

atgives
a

range
ofaround

10
20

at1
in

10
20

precision

...
enough

addresses
for

every
byte

-
or

bit-
on

the
planet

...
accurate

double
precision

floating
pointm

ultiply-accum
ulate

...
pow

erfulS
IM

D
data

representation
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C
o

m
p

u
tin

g
w

ith
o

u
t

p
ow

er
W

e
have

the
potentialfor

a
new

generation
ofsealed

devices
-

w
ithoutthe

need
for

w
ires

-
or

replaceable
batteries

A
disruptive

technology
-

sentient,com
m

unicating
devices

w
ill

be
everyw

here
-

in
environm

entalcontrol,industrialm
onitoring,

tracking,im
plants,packaging

...
R

F
ID

is
justthe

beginning

T
hey

depend
on

low
-energy

com
puting

and
com

m
unications

em
bedded

sensors
and

actuators
low

-costbatteries
or

scavenged
pow

er

D
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W
earab

les

W
e

can
em

bed
technology

in
clothes

-
or

w
ear

itlike
jew

ellery!

Technologies
include

audio,cam
eras,accelerom

eters
and

gyros,G
P

S
,R

F
ID

...

A
pplications

include
sports,healthcare,lifestyle,leisure

...

B
utthe

big
m

arkets
w

illprobably
be

in
fashion!

W
illthe

design
houses

play
a

m
ajor

role
in

the
nextw

ave
of

electronic
devices?
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W
h

at
d

o
es

low
en

erg
y

invo
lve?

Low
voltage

circuits

Low
pow

er
logic

design

D
ynam

ically
sw

itching
offstuffw

hen
itisn’tin

use

M
inim

aloperations
including

data
transfers

E
ventdriven

system
s

including
softw

are
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S
o

ftw
are

M
ay’s

Law
:

S
oftw

are
efficiency

halves
every

18
m

onths,
com

pensating
M

oore’s
Law

A
m

ixture
of

shortage
ofskills

adding
too

m
any

features
copy-paste

program
m

ing
m

assive
overuse

ofw
indow

s
and

m
ouse-clicks

reliance
on

M
oore’s

law
to

solve
inefficiency

problem
s
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S
o

ftw
are

...
together

w
ith

an
extrem

e
reluctance

to
re-w

rite
softw

are
w

hen
it’s

fullofbugs,is
too

big
and

com
plex

to
understand,

and
the

authors
have

left(died?),it’s
tim

e
to

re-w
rite

it!
or

atleast,itshould
be

m
oved

from
the

com
pany

assets
to

the
liabilities!

T
his

is
a

big
opportunity

-
efficientsoftw

are
can

add
a

lotof
value

by
increasing

perform
ance

and
pow

er-efficiency
in

ubiquitous
system

s
w

earables
high-perform

ance
system

s
and

supercom
puters
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S
o

ftw
are

an
d

A
lg

o
rith

m
s

In
ubiquitous

system
s,halving

the
instructions

executed
can

double
the

battery
life

A
nd

big
data

sets
bring

big
opportunities

for
better

softw
are

and
algorithm

s:

R
educing

the
num

ber
ofoperations

from
N

N
to

N
log

N
has

a
dram

atic
effectw

hen
N

is
large

...
for

N
30

billion
this

change
is

as
good

as
50

years
of

technology
im

provem
ents!
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G
en

eric
p

ro
d

u
cts

‘S
tate-of-the-art’design,verification

and
m

anufacturing
set-up

costs
are

escalating

T
his

suggests
a

m
ove

to:
generic

program
m

able
and/or

reconfigurable
chips

generic
‘platform

s’custom
isable

atlow
cost

...
??

P
otentialopportunity

for
new

industry
...
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T
h

e
Fab

less,IP
-less

ch
ip

co
m

p
any

M
anufacturing

com
panies

w
illnotbe

able
to

design
a

fraction
of

the
A

S
IC

s
m

ade
possible

by
generic

platform
s

S
o

there’s
space

for
new

com
panies

w
hich

do
A

S
IC

s
purely

by
program

m
ing

and
configuring

platform
s

-
and

by
selling

the
result-

notby
selling

the
program

s
and

configurations

T
hese

com
panies

w
illhave

specialised
high-value

applications
and

m
arketexpertise

butw
illnotrequire

huge
investm

ent
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In
n

ovatio
n

s
in

A
rch

itectu
re

C
oncurrency,concurrency

and
concurrency

inside
processors

in
collections

ofprocessors

in
system

s
on

a
chip

E
xpose

itand
exploitit-

don’thide
it
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C
o

n
cu

rren
cy

Large
collections

ofprocessors
w

ere
successfully

em
ployed

in
a

few
com

puters
in

the
1980s

buthave
only

justcom
e

into
w

idespread
use:

...
G

oogle
search

engine
-

tens
ofthousands

ofprocessors
...

digitalanim
ation

(typically
1,000

processors)
...

supercom
puters

-
a

few
thousand

processors

and
w

e
are

beginning
to

see

...
chips

fullofprocessors
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P
ro

cesso
r

arrays

...
are

relatively
easy

to
design,verify

and
test

...
can

exploitlocalclocks
for

high
speed

...
could

deliver
tera-op

perform
ance

w
ithin

5
years

...
require

innovative
program

m
ing

tools

T
hey

are
potentially

an
im

portantgeneric
platform

technology
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G
en

eralp
u

rp
o

se
p

ro
cesso

r
arrays

Tw
o

key
issues:

scalable
interconnect-

grow
s

as
n

log
n

-
justlike

random
access

m
em

ory
addressing!

subroutines
-

efficientserialre-use
ofparallelresources

Interconnectis
notan

‘overhead’-
com

m
unication

is
the

essence
ofm

any
algorithm

s
and

applications
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In
n

ovatio
n

s
in

D
esig

n

W
e

have
been

m
aking

hardw
are

design
tools

look
like

program
m

ing
languages

for
years

B
utw

e
have

failed
to

produce
a

single
language

w
hich

can
targetsoftw

are,re-configurable
hardw

are
-

and
hardw

are
from

the
sam

e
source

S
o

this
is

stilla
potentialopportunity.

Itw
ould

have
a

big
im

pact
on

design
efficiency

-
and

on
the

efficiency
ofdesigns!

C
oncurrentlanguages

are
the

key!
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R
o

b
o

tics

...
has

finally
com

e
ofage!

w
e

know
how

to
build

the
controlsystem

s

w
e

know
how

to
do

the
sensors

-
even

vision

w
e

have
lightw

eightm
aterials

there
is

a
m

arket-
vacuum

cleaners,law
n-m

ow
ers,pets

...

...
a

m
arketfor

sensors,actuators
and

em
bedded

intelligence
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R
o

b
o

tics

S
calable

real-tim
e

control-
com

puters
in

the
loop:

“...
there

are
about650

nam
ed

m
uscles

in
the

hum
an

body
and

thousands
ofunnam

ed
ones

...”

or
perhaps:

“...
there

are
around

650
nam

ed
actuators

in
a

hum
anoid

robot
and

thousands
ofunnam

ed
ones

...”

and
every

one
w

illneed
a

m
icrocontroller!

D
avid

M
ay

31
C

am
bridge

D
ecem

ber
2005



N
ew

tech
n

o
lo

g
ies

T
here

have
been

severaljum
ps

in
com

puter
technology

since
the

1940s
and

there
are

likely
to

be
m

ore
...

...
exotic

technologies
based

on
m

olecular
structures

...
plastic

devices
w

hich
are

flexible
-

and
printable

...
and

w
ith

silicon,w
e

can
continue

to
reduce

costs

A
nd

even
battery

technology
is

m
oving

on
-

to
flexible,printable

devices
...
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S
u

m
m

ary

T
he

long-term
cost-perform

ance
im

provem
entw

illcontinue

T
here

is
plenty

ofscope
for

new
ventures

T
here

is
a

big
opportunity

for
innovation

architecture
and

softw
are

business
m

odels
applications
technology
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