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Computer Networks

Computer networks are a re
ent invention (in humanhistory), but they have been around for longer thansome of you may think. In this le
ture we 
onsider theunderlying drivers in 
omputer networks, and how thissubje
t �ts with the ongoing development of thosenetworks.
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20th 
entury

Computer networks:First generation of ele
tri
al digital 
omputers1940sSe
ond generation � late 1950s and early 1960stransistor invented in 1947 (at AT&T)dire
t networks: peripherals su
h as printersdire
tly atta
hed to 
omputersThird generation, post-1964integrated 
ir
uitsreal 
omputer networks start1965, Moore's law dis
overed
omputers get better and better ...
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Moore's LawMoore's law: the speed of digital hardware in
reases bya fa
tor of two every 18 months, or the number oftransistors on a 
hip doubles, or the 
ost halves [1℄.
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tually looks more like a fa
tor of 2 every 2 years.
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Gilder's LawGilder's law: theoreti
al transmission 
apa
ity of a linkin
reases by a fa
tor of two every 12 months.
http://www.seas.upenn.edu/~gaj1/promise.html

http://www.dtc.umn.edu/~odlyzko/doc/tv.internet.txt

http://telecomvisions.com/articles/beyondip/transmission 
apa
ity is still behind storage2000, ba
kbones in US 
arried 144 PB/year,total disk 
apa
ity 3000 PBit would take 20 years to 
arry all the data2005, 100 GB disk is 
ommon, 1.5 Mbpsit would take 6 days to 
arry all the datanetwork is 
at
hing up?
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Networking drivers

Moore's law drives PC businessGilder's law drives networkssomething suss here � lets dis
uss laterMet
alfe's law also drives the InternetThe value of a network is proportional to thesquare of the number of users.hen
e the failure of many �video-phone� trialsbut su

ess of most re
ent �
amera phones�
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The InternetLeonard Kleinro
k at MIT published the �rst paperon pa
ket swit
hing theory in, July 1961 [2℄.J.C.R. Li
klider of MIT wrote memos �Gala
ti
Network�, and later 
onvin
ed DARPA to fund, 1962.Baran defen
e proposal for robust network was apa
ket swit
hed network, 1962 [3℄.Thomas Merrill, Larry Roberts, �rst network 1965Roberts's plan for the "ARPANET", published 1967IMP's (built by BBN) 
onne
ted 1968-691972: First publi
 demo, e-mail inventedVinton Cerf and Robert Kahn, TCP/IP, 1973

http://www.isoc.org/internet/history/brief.shtml
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The Early Internet

Kleinro
k's insight [2℄
omputer traf�
 is bursty (it 
omes in spurts)more ef�
ient to transmit pa
kets of dataon-demand than to reserve 
ir
uits between
omputerssetting up a 
ir
uit takes time (high laten
y)keeping up a 
ir
uit set up is inef�
ientnot used most of the timeall you want to do is send one little 
hunk of dataexample: typing � one 
hara
ter at a timeeven a whole email is quite smallalternative: send data as pa
kets
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The Early InternetPaul Baran, 1960s, envisioned a 
omm.s network that would survive amajor enemy atta
k. The sket
h shows three network topologiesdes
ribed in [3℄.
decentralizedcentralized distributedOriginal available at

http://www.cybergeography.org/atlas/historical.html
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The Early Internet

A rough sket
h map of the possible topology ofARPANET by Larry Roberts. Drawn in the late 1960s aspart of the planning for the network [4, p.50℄.

http://www.cybergeography.org/atlas/historical.html
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The Early Internet

The �rst node on ARPANET at University California LosAngeles (UCLA) on the 2nd of September 1969 [5℄.

IMP = Interfa
e Message Pro
essorwhat we would 
all a routerTIP = Terminal IMPIMP to whi
h terminals 
an dire
tly 
onne
tHost = 
omputer (whi
h provides servi
es)Available at
http://www.cybergeography.org/atlas/historical.html
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The Early InternetDe
 1969 "ARPA NETWORK". 4 nodes: Uni. of California Los Angeles(UCLA), Uni. of California Santa Barbara (UCSB), Uni. of Utah and theStanford Resear
h Institute (SRI) [5℄.

Available at
http://www.cybergeography.org/atlas/historical.html
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The Early Internet

a lot of effort went into design of the proto
ols,and ar
hite
turethe a
tual network was designed more by
onstraints: geographi
, 
ost, politi
al, (i.e. who hadfunding to parti
ipate)some formal optimization (Howard Frank inparti
ular)you 
an design a network on the ba
k of an envelopewhen it has 4 nodes.not so easy with 100
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The Early Internet

The map above shows the logi
al topology of ARPANETin April 1971. (
omputers 
onne
t dire
t to IMPs) [5℄.
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The Early Internet

ARPANET grew rapidly as more sites are 
onne
ted [5℄.
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The Early Internet

ARPANET grew rapidly as more sites are 
onne
ted [5℄.
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The Early Internet

ARPANET grew rapidly as more sites are 
onne
ted [5℄.

http://www.cybergeography.org/atlas/historical.html
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The Internet: the 80'snew developmentsPersonal Computers (PCs)

⇒ lots more 
omputers to networkEthernet (1973, Robert Met
alfe) 
reates LANsthe InternetTCP/IP provides a way to hook up the LANs andPC over wide areas (standard in 1980)s
ale gets biggernumbers in
reasebe
omes internationalpartitioningARPANET splits into MILNET and ARPANETin early 80's, followed by further additions
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The Internet: the 80'sARPANET/MILNET [5℄.
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Early Internet Growth
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The Early Internet

State of the 
ore of the Internet in August 1987.

http://www.cybergeography.org/atlas/historical.html
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Networks of networksThese maps show the stru
ture of JANET, the UK'sa
ademi
 and resear
h network, in 1992.

http://www.cybergeography.org/atlas/historical.html

LAN
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The Internet: the 90'sARPANET de
ommissioned 1990NSF Ba
kbone 
onne
ts many other networksAustralia 
onne
ted in 1990 [6℄
It was the first, and being first, was best,

but now we lay it down to rest.

Now pause with me a moment, shed some tears.

For auld lange syne, for love, for years and years

of faithful service, duty done, I weep.

Lay down thy packet, now, O friend, and sleep.Vinton Cerf, 1989
ommer
ial Internet servi
es evolve1995 NSFNET terminated (repla
ed by vBNS)effe
tively fully privatised Internetlinks through ex
hange points
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The Internet: the 90'sAustralia's network 1991
http://www.ucs.ed.ac.uk/fmd/unix/edftp/pub/maps/New network

http://www.aarnet.edu.au/engineering/aarnet3/
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The Internet: the 90's

http://www.w3.org/History.html1990: World Wide WebTim Berners-Lee 
reated HyperText MarkupLanguage, or HTML. Along with URL (UniformResour
e Lo
ators), and HTTP (HyperTextTransfer Proto
ol), 
reated the web. Based onearlier work at CERN (1980).1993: Mosai
 (Mar
 Andreesen, NCSA)Mosai
 be
ame the �rst popular web browser. Itwas not only easy to use to a

ess the World WideWeb, but it was also extremely easy to downloadand install!Killer app => the Internet takes off in a big way
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Early Internet Growth
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Early Internet Bandwidth Growth

All the time ba
kbone link speeds have been growing1969: 50kbps1988: NSFNET ba
kbone upgraded to T1(1.544Mbps)1991: NSFNET ba
kbone upgraded to T3(44.736Mbps)1996: MCI upgrades Internet ba
kbone 622Mbps1999: MCI/World
om begins upgrading the USba
kbone to 2.5 Gbps (OC48)
ir
a 2003: 10 Gbps (OC192)Ba
kbone speeds are behind limits of transmission te
h.

http://www.zakon.org/robert/internet/timeline/
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Ba
kbone link speed growth

Roughly doubles every two years (45% per year)Ba
kbone link bandwidth in kbps
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A

ess vs Ba
kboneSimplisti
 pi
ture of a

ess vs ba
kbone
Backbone

Access
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Early Internet Bandwidth Growth

A

ess link speeds grow as wellNielsen's Law of Internet Bandwidtha high-end user's 
onne
tion speed grows by50% per year

http://www.useit.com/alertbox/980405.html
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Internet Traf�
 GrowthTraf�
 roughly doubles every year [7℄.Traf�
 in TB per month
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Australian Traf�
 Growth
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The Early Internet

Fo
us of early 
ommer
ial design was 
onne
tivitynot optimalityNetworks were almost designed on the ba
k of anenvelopeNFL 
ities (-Greenbay)
apa
ities 
hosen to make network sound hotexponential growth makes design simplethe network will be 
ompletely rebuilt every
ouple of yearsAs they grew, they be
ame more unwieldilybe
ame partitioned and hierar
hi
alseparate simpler networks
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Will it ever stabilise?Moore's law failure predi
tions have always failedBut the number of users is �nitethe amount of time they 
an spend on the web is�niteso growth should at least slow to growth of a

essline speeds?maybe it will even drop ba
k to linear growth?most other te
hnologies saturate the market atsome pointmaybe it will still grow?ma
hine to ma
hine traf�
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E
onomi
s lessonEven without 
hanges in growth patterns, mu
h more
are is needed in network design (for the Internet) nowpre-2001:investment money relatively easy to obtainpeople would throw ridi
ulous amounts on money intofoolish venturesNASDAQ peak 10th May 2000te
h-wre
k (2001-2002)bubble burst, te
h. sto
ks dropped rapidlymany people laid offNASDAQ bottoms in O
t 2002 (large % drop)post te
h-wre
k:investments in networks must be very well justi�ed
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Maps of the Internet

Now the Internet is so 
omplex, its hard to draw a map,so people try to visualise in other ways.

Communications Network Design: lecture 02 – p.36/38



Other 
omputer networks

The history of 
omputer 
ommuni
ations is not justabout the Internetother te
hnologies, e.g.pa
ket radio (Hawaii)ATM/Framerelayx.25IBM's SNAAppletalkother 
ountries, e.g.Fran
eUKpeople: I haven't talked about them, but manyindividuals' 
ontributions were 
riti
al [4, 6, 8℄.
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