Chapter 2

Circuit and Packet Swit ching

2.1 Intr oducti on

It is widely assumedthat, for reasonsof e cie ncy, the various communication net-
works (Internet, telephone, TV, radio, ...) will mergeinto one ubiquitous, padet-
switched network that carries all forms of comnunications. This view of the future
is particularly prevalert among the Internet community, where it is assumed that
padket-switched IP is the layer over which ewerything elsewill be carried. In this
chapter, | presert evidenceso asto argue that this will not happen. This stanceis
cortroversial,andis di cult to make concrete, as any attempt to compae the various
candidaes for the transport infrastructuret is fraught with lack of data and the dif-
cult y of making appleswith-apples compaiisons. Therefore,the evidencepresned
hereis di erent from other chapters in this thesis Obsevations, casestudies, and
anecdoatl data (rather than controlled experimerts, simulations and proofs) are used
to take a stanceand to predict how the network architecture will evolve.
Whatevertheinitial goalsof the Internet, two main characteristicsseemo acoount
for its succes: reachability and heteiogeneity IP, the padket-switching protocol that
is the basis for the Internet, provides a smple, single, global addressto reach every
host, enablesunfettered accessetween all hosts and adapts the topology to restore

YIn this chapter, transport is used in the sense of the infrastructure over which many service
networks run, not in the sense of the OSI protocol layer.
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reatability when links and routers fail. IP hides heterageneily in the sensethat
it provides a single, smple service abstraction that is largely independert of the
physical links over which it runs. As a reault, IP providessevice to a hugevariety of
applications and operates over extremely diverselink technologies.

The growth and successof IP has given rise to somewidely held assumptions
amongst researbers, the networking industry and the public at large. One common
assumption is that it is only a matter of time before IP becomesthe sde global
communication infrastructure, dwar ng, and ewvertually displacing, existing commu-
nication infrastructures sud as telephane, cable and TV networks. [P is already
universdly used for data networking in wired networks (enterprise networks and the
public Internet), and is being rapidly adopted for data communications in wireless
and mobile networks. IP is also increasingly usedfor both local and long-distance
voice communications, and it is technically feasiblefor packet-switched IP to replace
SONET/SDH.

A related assumption is that IP routers (basedon packet switching and datagram
routing) will becomethe most important, or perhaps only, type of switching device
inside the network. This is basedon our collective belief that packet switching is
inherertly superior to circuit switching because of the e ciencies of statistical multi-
plexing and the ability of IP to route around failures. It is widely assumedhat IP is
simpler than circuit switching and should be more emnomicd to deploy and manage.
And with continuedadvancesin the underlying tedinology, we will no doubt seefaster
and faster links and routers throughout the Internet infrastructure. It is alsowidely
assumedthat IP will becomethe common convergencelayer for all communication
infrastructures. All commnunication serviceswill be built on top of IP technology. In
addition to information retrieval, we will stream video and audio, place phone calls,
hold video-conferencesteach classesand perform surgery.

Onthe faceof it, theseassumptiasare quite reasondle. Tednically, IP is exible
enoudh to support all communication needs from best-e ort to real-time. With
robust enough routers and routing protocols, and with extensians sud as weighted
fair queueing,it is possble to build a packet-switched, datagram network that can
support any type of application, regardlessof their requiremerts.
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In spite of all the strenghs of IP, this chapter will argue how it will bevery hard for
IP to displace existing networks. It will also concludehow many of the assumptians
discusedabove are not supported by reality, and do not stand up to closescrutiny.

The god of this is to questin the assaimption that IP will be the network of
the future. The concluson is that if we started over - with a cleanslate - it is not
clearthat we would argue for a universd, padet-switched IP network. In the future,
more and more users and applications will demand predictability from the Internet,
both in terms of the availability of serviceand the timely delivery of data. IP was
not optimized to provide either, and so it seemsunlikely to displace networks that
already provide both. In this chapter, | take the position that while IP will be the
network layer of choice for beste ort, non-mission critical and non-red-time data
communications (such as information exchange and retrieval), it will live alongside
other networks, sud as circuit-swit ched networks, that are optimized for high rev-
erue time-sensitive applications that demand timely delivery of data and guaranteed
availabilit y of service.

This is indeeda controversid position. Nevertheles, asresearcherswe needto be
prepared to take a step back, to take a hard look at the prosand consof IP, and its
likely future. As aresearch and educaion community, we needto start thinking how
IP will co-exist and co-operate with other networking technologies

2.1.1 Organization of the chapter

Section2.7 providesa moredetailed description of circuit swit ching and packet switch-
ing thanin Chapter[l It alsodesribespart of the earlier work on thesetwo switching
techniques. Section [2.3 dissectssome of the claims about IP, espedally when com-
pared to circuit-switched networks. This sectiontries to denystify those claims that
do not hold up to sautiny. Sedion [2.4 discussesthe implications for the network
architecture. Section 2.5 concludesthis chapter.
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2.2 Background and previ ous work

Before starting our discusson about whetherIP canbethe basisof all communication
networks, | will give some badkground about the two main switching techniquesin
usetoday: circuit switching and padet switching.

2.2.1 Circuit swit ching

Circuit switching wasthe rst switching technique used in comnunication networks
beauseit is simple enough to carry andog signds. T his thesiswill just focuson the
digital versionof circuit switching. Of course,the main exampleof its useis the phone
system[72], but it is also usedin the coreof the Internet in the form of SONET/SDH
and DWDM equipment [81 I2g. In circuit switching, the transmissionmedium is
typically divided into channelsusing Frequengy Division Multiplexi ng (FDM), 2 Time
Division Multiplexing (TDM) or Code Division Multiplexing (CDM) [IZZJ. A circuit
is a string of concaenated channelsfrom the sourceto the degination that carriers
an information ow.3

To establish the circuits, a signaling medanism is used. This signding only carries
corntrol information, and it is consideredan overhead. It is alsothe most complex
part in circuit switching, as all decisionsare taken by the signaling process. It is
commaly assumedthat the signalingand per-circuit state managemen make circuit
switcheshard to design, con gure and operate.

In circuit switching the channelbandwidth is resenedfor an information ow. To
ensuretimely delivery of the data, the capecity of the circuit hasto be at least equal
to the peak transmission rate of the ow. In this case the circuit is saidto be peak
allocated, and then the network o ers a connectian-oriented service with a perfect
quality of service(QoS) in terms of delay jitter and bandwidth guarantees,Howe\er,
this occaurs at the cost of wasting bandwidth when sourcesidle or smply slov down.

Contention only occurs when allocating channelsto circuits during circuit/call

2(Dense Wavelength Division Multiplexing, (D)WDM , is a subclassof FDM that uses optical
wavelengths as channels

3Note that the sourceand the destination need not be edgenodes. They can be aggregation
nodesin the middle of the network that combine several user o ws into one big information ow.
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establishmen. If there are not enoudh channelsfor the request, the call establishmem
may be delayed, blocked or even dropped. In contrast, once the call is accepted,
resourcesare not shared with other ows, eliminating any uncertainty and, thus,
removing the needfor bu ering, processingor sdeduling in the data path. When
circuits are peak allocated, the only measureof Quality of Service(QoS) in circuit
switching is the blocking probability of a call.

To summarize, circuit switching providestra c isolation andtrac engineering,
but at the expenseof usng bandwidth ine cien tly and signding overheal. It is often
said that thesetwo drawbadks make circuit switching highly in exible, esgecidly in
a highly dynamic environmert sud asthe Internet. | will argue in this that these
drawbadks are outweighed by the advantages of usng more circuit switching in the
core of the network.

2.2.2 Packet swit ching

Padket switching is the basis for the Internet Protocd (IP) [152 I72]. In padet
switching, information ows are broken into variable-size padkets (or x edsizecells
asin thecaseof AT M). Thesepadketsaresen, oneby one, tothe neaed router, which
will look up the destinaion address, and then forward them to the carresponding next
hop. This processis repeated until the padet readesits destindion. The routing of
the information is thus done locally, hop-by-hop. Routing decisionsare independen
of other decisonsin the past and in other routers; however, they are basedon network
state and topology information that is exchangedamongrouters using BGP, IS-IS or
OSPF [148. The network doesnot needto keep any state to operate, other than the
routing tables.

The forwarding medanism is called store-and-forvard becauselP padkets are
completely received, stored in the router while being processed,and then transmit-
ted. Additionally, padkets may need to be bu ered localy to resole contention for
resources* If the systemruns out of bu ers, packets are dropped.

With the most scheduling policies, sud as FCFS and WFQ, packet switching

4Rewurces have contention when they have more arrivals/requeds that what they can process
Two examplesare the outgoing links and the router interconned.
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remainswork conserving;it keepsthe link busy aslong asthere are packets waiting
to be sert. This allows it to have a statistical multiplexing gain; that is, the capacity
of an outgoing link canbe much smaller than the sumof its tributa ries and still have a
padet delay or drop probabilit y within certain statistical bounds. This gain is higher
whentra c is more bursty. The bu ering needsand the statistical multiplexing are
the main characteristics of padket switching, and they will be crucial in its comparison
with circuit switching.

In the Internet, the network serviceis connectionlessand best e ort; that is, it
provides no delivery guarantees. Reliability, ow control and connection-orierted
servicesare provided by end-to-end medanisms,suc aswith TCP [153. Because
the underlying serviceis beste ort , there are no guaranteesin terms of padet drops,
maximum delay, delay jitter or bandwidth.

Much researti was donein the eatly days of computer networking compaing cir-
cuit switching, padket switching and messag swit ching (a variant of padet switching,
in which the wholeinformation ow is treated as a single switching unit) [98, [IT, (164,
173 @3]. Most of the work was donein the context of packet radio, satellite, and
local area networks and shows how in these environmerts padet switching provided
higher throughput for a given bound on the average delay. Padket switching not only
made an e ective use of the network bandwidth, but it alsowasrobust and resilient
to node and link failures.

Later work on di e rent scheduling algorithms and signaling medanisms,sud as
Weighted Fair Queueng (WFQ) [6F, GeneralizedProcessr Shaing (GPS) [141],
Di erentiated Services(Di Serv) [18], Integrated Services(IntServ) [20] and De cit
Round Robin (DRR) [1I3], shaved how padket swit ching can also provide QoS guar-
antees if the admissionof new o ws to the network can be controlled.

2.3 |IP Folklore

This sectiontries to identify somefolkloric assumptions about IP and the Internet,
and it examineseach in turn. | will start with the most basic assumption,and the
easiestto dispel: that the Internet already dominates global communications. This
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is not true by any reasondle metric: market size, number of users,or the amount
of trac. Of course,this is not to say that the Internet will not grow over time to
dominate the global communications infrastructure; after all, the Internet is still in its
infancy. It is possible| and widely believed | that padet-switched IP datagrams
will becomethe de-facto medanism for all comnunications in the future. And so
one has to considerthe assumptionsbehind this belief and verify whether padet-
switched IP o ers inherent and compelling advantagesthat will leadto its inevitable
and unavoidable dominance. This requiresthe examination of some\ sacred cows" of
networking; for example,that packet switching is more e cien t than circuit switching,
that IP is simpler, it lowersthe cost of ownership, and it is more robust when there
are failures in the network.

2.3.1 IP already dominates global comm unicat ions

It has been reported that the Internet already carries more tra ¢ than the phone
system [123 [I&3], and that the di erence in trac volume will becomebigger and
bigger over time becauselnternet trac is growing at a rate of 100% per annum
versusa rate of 5.6% per year for voicetrac [49].

Despitethis phenomenakucces®f the Internet, it is currently only asmall fraction
of the global communication infrastructure, which consistsof separate networks for
telephonesbroadcastTV, cable TV, satellite, radio, public and private data networks,
and the Internet. In terms of reverue, the Internet is a relatively small business. The
US busines and consume-oriented ISP markets have revenues of $13B ead (2000)
28 29, in contrast, the TV broadcastindustry has revenues of $29.8B (1997), the
cabledistributio n industry $35.0B (1997), the radio broadcast industry $10.6B (1997)
[I&]], and the phone industry $268.5B (199), of which $111.3B correspond to long
distanceand $48.5B to wireless[Bg. The Internet reaches5%% of US household4133],
compaed to 94% for telephonesand 98% for TV [124,[147]. Even though Internet
tra ¢ doublesewery year, reveruesonly increase17%annually (2001) [1&J], wherea
long-distance phonerevenues increase 6.7% per year (1994-97) [13)]. If thesegrowth
rates were kept constant, IP reverueswould not surpassthoseof the long-distance
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phoneindustry until 2017.°

If we restrict our focus to the data and telephony infrastructure, the core IP
router market still repregns a small fraction of the public infrastructure, cortrary
to what happensin the private enterprise data networks. As showvn in Table[2.7) the
expenditure on core routers worldwide was $1.7B in 2001, compaed to $28.0B for
transport circuit switches. Soin terms of market size,reverue, number of users, and
expenditure on infrastructure, it is safeto say that IP does not currently dominate
the globa communications infrastructure.

| Segmenh | Market size |
Core routers $17B
Edgerouters $2.4B
SONET/SDH/WDM $28.0B
TelecomMSS $4.5B

Table 2.1 World market breakup for the public telecommunications infrastructure in
2001 [167, 158, 159, [154].

Figure[2]] illustrates the devicescurrently used in the public Internet. The cur-
rent communication infrastructure consigds of a transport network | madeof circuit-
switched SONET/SDH and DWDM devices| on top of which run multiple ser-
vice networks. The service networks include the voice network (circuit-switched),
the IP network (datagram, padet-switched), and the ATM/F rame Relay networks
(vir tual-circuit-switched). Notice the distinction between the circuit-switched tr ans-
port network, which is made of SONET/SDH and optical swit ches that switch coase
granularity (n STS 1, wherean STS-1 channelis 51 Mbit/ s), and the voiceservice
circuit switches,which include Class 4 and Class5 systemsthat switch 64Kbps voice
circuits and handle various telephony-related functions. When consideringwhether
IP has or will take over the world of commnunications, one needsto consider both
the transport and service layers. In other words, for universal packet transport | am
consideringusing a padet network to replace the transport infrastructure; and for

51t is interesting to note that for IP reveruesto surpass those of long-distance telephony the
Internet revenue per household would have to multiply by 358%
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voice-over-IP (VolP) | am consideringan application built on top of an IP network
that replacesthe traditional Class4/5 TDM voice swit ches
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Figure 2.1 Architecture of the public Internet. There are also many large private
at customerpremises.

voice and data networks that consig of IP routers, LAN switches and voice switches

In order to examine the merits of a packet-switched IP network, one needsto
compae it with an alternative. The obvious alternative is circuit switching. In one
respect, this is not an apples-wth-apples comparison; the padet-switched IP data
network today already operatesover a circuit-switched transport infrastructure. If
we conside only the core of the network, we nd essertially a certral core of circuit
switching surroundedby IP routers. It helpsto think of the compaiison as a question
asto which one of two outcomesis more likely: Will the packet-switched IP network
grow to dominate and displace the circuit-switched transport network, or will the
(enhanced)circuit-switched TDM and optical switches continue to dominate the core
transport network?
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2.3.2 IP is more ecien t

\Ana lysts say [packet-switched networks] can carry 6to 10timesthetra c
of traditional circuit-switched networks." | Busi ness W eek.

From the early days of computer networking, it hasbeenwell known that packet
switching makes e cien t use of scarce link bandwidth [I0]. With padket switching,
statistical multiplexing allows link bandwidth to be sharedby all users,and work-
conservinglink sharing policies (such asFCFS and WFQ) ensurethat alink is always
busywhenpadets are queuedup waiting to useit. In cortrast, with circuit switching,
eah ow is assgnedits own channel, soa channel could goidle evenif other owsare
waiting. Padket switching (and thus IP) makes more e cien t useof the bandwidth
than circuit switching, which was particularly important in the ealy days of the
Internet when long haul links were slow, congestedand expensie.

It is worth asking: What is the currernt utilization of the Internet, and how much
does e cie ncy matter today? Odlyzko and others [I25, &4, B0 23 report that the
core of the Internet is heavily overprovisioned, and that the average link utilization
in links in the coreis between 3% and 20% (compaed to 33% averace link utilization
in long-distance phone lines [I3,[I60]). The reasmsthat they give for low utilization
are threefold: First, Internet tra ¢ is extremdy asymmetric and bursty, but links are
symmetric and of xed capacity; second,it is di cult to predid tra ¢ growth in a
link, so operators tend to add bandwidth aggressively; third, with falling prices for
coase bandwidth granularity asfaster technology appears,it is more ecnomicd to
add capecity in large incremerts.

There are other reasonsto keg network utilization low. When congested, a
padet-switched network performsbadly, becomesunstable and can experienceoscil-
lations and synchronization. Many factors contribut e to this. Complex and dynamic
interaction of tra ¢ meansthat congegion in one part of the network will spreadto
other parts. Further, the control packets (such asrouting packets) are transmitt ed
in-band in the Internet, and hencethey are more likely to get lost and delayed when
the data-path is congested. When routing protocol padets are lost or delayed due
to network congestian or cortrol processr overload, it causes an inconsigent routing
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state, and may resultin tra c loops, black holes, and disconnected egions of the net-
work, which further exacerbatecongestionin the data path [104,53]. Currently, the
most e ective way for network providers to address theseproblemsis by preverting
congestion and keepingnetwork utilization low.

But perhapsthe mostsigni cant reason that network providers overprovision their
network is to give low packet delay. Usas want predictable behavior, which means
low queueingdelay, even under abnormal conditions (sudch as the failure of se\eral
links and routers) [@0, [74] As users,we already demand (and are willing to pay for)
huge overprovisioning of Ethernet networks (the average utilization of an Ethernet
network today is about 1% [44]) simply sothat we do not have to sharethe network
with others, and sothat our packets can passthrough without queueing delay. We
will demand the same behavior from the Internet as a whole. We will pay network
providers to stop using statistical multiplexing and to instead overprovision their
networks. The demand for lower delay will drive providersto decreasdink utilization
even more than it is today.

Therefore, even though in theory a statistical multiplexed link can potertially
yield a higher network utilization and throughput, in practice, to maintain a con-
sistert performance and reasonably stable network network operators signi cantly
overprovision their network, thus keeing the network utilizat ion low.

But simply reducingthe averagelink utilizatio n will not be enough to make users
happy. For atypical userto experiencelow utilization, the variance of the network
utilization also needsto be low. There are two avors of variance that a ect the
percaved utilization: variance in time (short-term increases in congestion during
busy times of the day), and variance by location (while most links are idle, a small
number are heavily congested). If we pick someusersat random and consider the
network utilizatio n their tra ¢ experiences, our sample is biased in favor of userswho
nd the network to be heavily congested. This explains why, as users, we know the
averace utilization to be low, but nd that we often experiencelong queueing delays.

Reducingvariations in link utilizatio n is hard. Without soundtra ¢ managemer
and tra ¢ engineering the performance, predictability and stability of large IP net-
works deteriorate rapidly as load increases Today, we lack e ective techniquesto
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reducethe unpredictability of performance introduced by variations in link utiliza-
tion. It might be argued that the problem will be solved by researt eo rts on tra ¢
managemen and congegion corrol (to cortrol and reduce variations in time), as
well aswork ontra ¢ engneering and multipath routing (to load-balancetra ¢ over
a number of paths). But to date, despitetheseproblemsbeing understood for many
yeas, e ective measuresare yet to be introduced.

We can expect that over time userswill demandlower and lower queueingdelaysin
the Internet. This meansthat asusers,we collectively want network providersto stop
using statistical multiplexing and to instead overprovision ther networks as if they
were circuit switchel [115,[134 [74]. To date, network providers have respondedto our
demandsby overprovisioning, by publishing delay measuremaents for their network,
and by competing on the basisof thesenumbers. In the long term, the demandfor
lower delay will drive providers to make link utilization even lower than it is today,
and network utilization will cortinueto decreaseas the world econony becomes more
dependent on the Internet.

One can take the demandfor low delay one step further, and ask whether users
experiencethe lowed regponse times in a packet-switched network. Intuition suggests
that padket switching will lead to lower delay: A padet-switched network easily sup-
ports heterageneouso w rates,and o ws can always make forward progress because
of processorshating in the routers. In practice, it does not make much di erence
whether packet switching or circuit switching are used. This is studied in detail in
Chapter[3 which (by analysisand simulation) studies the e ect of replacingthe core
of the network with dynamic ne-granularity circuit swit ches, asdescriked in Chap-
ter 4. Let's de ne the user responsetime as the time it takes from when a user
requestsa le until this le nishes downloading. Web browsing and le shaing rep-
resen over 65% of Internet transferred bytes today [3]], and sothe request/ response
model is representative of typical userbehavior. Now considertwo typesof network:
oneis the current packet-swit ched network in which packets share linksand eatch ow
makes corstant, albeit slow, forward progressover congeded links. The other net-
work is a hypothetical comparison. Each new application ow triggersthe creation
of a low bandwidth circuit in the coreof the network, similar to what happensin the
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phonenetwork. If there are no circuits available, the ow is blocked until a channelis
free. As we will seein Chapter[3, at the coreof the network, where the rate of a singe
ow is limited by the data-rate of its acces link, simulations and analysis sugged
that the average usea responsetime of both techniquesis the same, independert of
the ow length distributio n.

In summay, even though padket switching canlead to more e cie nt link utiliza-
tion, unpredictable queueing delays force network operators to operate their networks
very ine ciently. One can concludethat while eciency was oncea critical factor, it
is so outweighedby our needfor predictability, stability, immediate access, and low
delay that network operators will be forced to run their networks very ine c iently.
Network operators have already concludedthis; they know that their cugsomerscare
more about predictability than e ciency, and we know from the dynamics of queue-
ing networks, that in order to achieve predictable behavior, network operators must
cortinue to utilize their links very lightly, forfeiting the bene ts of statistical mul-
tiplexing. As a result, they are paying for the extra complexity of procesing every
padet in routers, without the benets of increased e ciency. In other words, the
original gaal of \e cien t usage of expensve and congested links" is no longer valid,
and it would provide no benet to users.

2.3.3 IP is robust

\The Internet wasborn during the cold war 30yearsago. The US Depatrt-
mert of Defence [decided]to explore the possibility of a commnunication
network that could survive a nuclear attack.” | BBC

The Internet was designed to withstand a catastrophic evert in which a large
number of links and routers were destroyed. This god is in line with usersand
busineseswho rely more and more on network connectivity for their activities and
operations, and who warnt the network to be available at all times. Much has bee
claimed about the reliability of the current Internet, and it is widely believed to
be inherertly more robust and capable of withstanding failures of di erert network
elements. Its robustnesscomesfrom using sdt-state routing information; upon a link



2.3 IP FOLKLORE 33

or router failure, it can quickly update the routing tables and direct padkets around
the failed elemert. In cortr ast, a circuit- switched network needsto reroute all a ected
active circuits, which can be a large task for a high-sped link camying hundredsor
thousands of circuits.

The reliability of the current Internet has been studied by Labovitz et al. [104].
They have studied di erent 1SPsover several months, and report a median network
availabilit y equivalert to a downtime of 471 min/ year. In contrast, Kuhn [I0Z] found
that the average downtime in phone networks is lessthan 5 min/ year. As users,we
have all experiencal network downtime when our link is unavailable or some part of
the network is unreadable. On occasims, connectivity is lost for long periods while
routers recon gure their tables and converge to a newtopology. Labovitz et al. [108]
alsoobserved that the Internet recovers slowly, with a medianBGP corvergenceime
of 3 minutes, and frequertly taking over 15 minutes. In cortrast, SONET/SDH rings,
through the use of pre-computed badkup paths, are required to recover in lessthan
50 ms [E]], a glitch that is barely noticeable to the userin a network connectionor
phoneconversation.

While it may be argued that the instability and unreliability of the Internet can
be attributed to its rapid growth and the ad-hoc and distributed way that it has
grown, a more likely explanaion is that it is fundamertally moredi cult to achieve
robustnessand stabilit y in packet networks than circuit networks. In particular, since
routers/switches nead to maintain a distributed routing state, there is always the
possibility that the state may becomedisconnected. In padket networks, inconsistert
routing state can generattra ¢ loopsand bladk holesand disrupt the operation of the
network. In addition, asdiscussé in Sectin[2.37, the likelihood of a network getting
into ainconsigent routing state is much higher in IP networks because (a) therouting
padets are transmitted in-band, and therefore are more likely to incur congestion
due to high load of usertrac; (b) the routing computation in IP networks is very
complex;it is, therefore,more likely for the control processr to be overloaded; (c) the
probability of miscon guring a router is high. And miscon guration of even a singe
router may cause instability in a large portion of the network. It is surprising that we
have continued to use routing protocolsthat allow onebadly behaved router to make
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the whole network inoperable [I03]. Conversely high availability has always been
a governmert-mandated requiremert for the telephonenetwork, and so steps have
been takento ensurethat it is an extremely robust infrastructure. In circuit networks,
corntrol messagsare usually transmitted over a sepaate channelor network. This has
the added advantage of security for network control and managemen. In addition,
the routing in circuit networks is much simpler.

In datagram networks, inconsisten routing state may causeblack holesor tra c
loops so that the service to existing usertra ¢ is disrupted{ i.e., inconsigen routing
is serviee impacting. In circuit networks, inconsistent routing state may result in
unnecessay rejection of requestfor new circuits, but none of the established circuits
is a ected. In summary, currently with IP, not only are failures more common, but
alsothey take longerto be repaired and their impact on users is deefer.

On the face of it, then, it seans that packet-switched IP networks experiene
more failures and take longer to re-establish connedivity. Howewer, it is not clear
that reliability and fault toleranceare a direct consequenceof our choice of padet
switching or circuit switching. One can attribute much of the growth of the Internet
to the ad-hoc and distributed way that it has grown; soit should not be surprising
that there arefrequert miscon gura tions of routers and poorly maintained equipmen
[I14]. Table[2.4shovsthat router operations are the most conmon saurce of network
failures.

The key point here is that there is nothing inherertly unreliable about circuit
switching, and there is an existenceproof that it is both possibleand economically
viable to build a robust circuit- switched infrastructure, that is able to quickly recon-
gur earound failures Thereis no evidenceyet that we can de ne and implemert the
dynamic routing protocols to make the packet-switched Internet as robust. Perhgps
the problemswith BGP will be xed over time and the Internet will becomemore
reliable. But it is a mistake to believe that padket swit ching is inherertly more robust.
In fact, the opposite may be true.
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Type of failure Frequengy of desciption
occurrence
Router Operations 36.8 % Maintenance, power fail-
ures, congestion
Link Failure 341 % Fiber cuts, unreachable,
interface down
Router Failures 189 % Hardware and software
problems routing prob-
lems, malicious atta cks
Unde ned 10.5% Miscellaneous and un-
known

Table 2.2: Frequencyof occurrenceof recordednetwork failures in a regional ISP in
a one-yea period [107].

2.3.4 IP is simpler

\IP-only networks are much easierand simpler to manage, leadng to
improved economics.”" | Busi ness Communi cati ons Review

It is an oft-stated principle of the Internet that the complexity belongs at the
end{oints, so as to keep the routers simple and streamlined. While the general
abstraction and protocol speci cation are simple, implemerting a high performance
router and operating an IP network are extremely challenging tasks.

In terms of router complexity, while the genera belief in the academiccommunity
is that it takes 10s of instructions to processan IP packet, the redity is that the
complexities of a high performancerouter has as much to do with the forwarding
engineaswith therouting protocds (BGP, I1S-IS, OSPF etc), whereall the intelligence
of the IP layer resides, aswell asthe interactions betweenthe routing protocolsand
forwarding engine. A high performancerouter is extremely complex, particularly as
the line ratesincrease.One subjective measureof the complexity is the failure rate
of the start-ups in this space.Becauseof the perceived high growth of the market, a
large number of well- na nced start-ups with very capable talents and strong backing
from cariers have attempted to build high performance routers. Almost all have
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failed or are in the processof failing| putting aside the business/market-related
issues, none have succededtechnically and delivered a product-quality core router.
The core router market is still dominated by two vendas, and many of the architects
of onecamefrom the other. The bottom line is that building a core router is far from
simple, mastered by only a very small group of people.

If we are looking for simplicity, then we would do well to look at how circuit-
switched transport switchesare built. First, the software is simpler. The software
running in a typical transport switch is basedon about three million lines of saurce
code [I54, whereas Cisco'sinternet Operating System (I0S) is basedon eight million
[69], over twice as marny. Routers have a reputation for being unreliable, crashing
frequenly and taking along time to restart, somuch sothat router vendorsfrequertly
compete on the reliability of their software, pointing out the unreliability of their
competitor's software as a marketing tactic. Even a 5SESSservicetelephoneswitch
from Lucent, with its myriad of features for call esteblishment and billing, has only
about twice the number of lines of code as a corerouter [173, 64].

The hardware in the forwarding path of a circuit switch is alsosimpler than that
of arouter, asshown in Figure[L.J and Figure[L.7. At the very least, the line card of a
router must unframe/frame the padket, proces its header, nd the longestimatching
pre x that matchesthe destinaion address,generatelCMP error messgesfor ex-
pired TT Ls, proces optional headers,and then bu er the packet (a bu er typically
holds 250ms of padket data). If multiple servicelevels are added (for example, dif-
ferertiat ed services),then multiple queuesmust be maintained, aswell as an output
link scheduling medanism. In a router that performs accesscontrol, padets must
be classi ed to determine whether or not they should be forwarded. Further, in a
router that supports virt ual private networks, there are di erent forwarding tables
for eadh cugomer. A router carrying out all these operations typically performs the
equivalent of 500 CPU serial instructions per padket (and we thought that all the
complexity wasin the end system!).

On the other hand, the linecard of an electronic transport switch typically contains
a SONET framer to interface to the external line, a chip to map ingresstime slats
to egresstime slots, and an interface to a switch fabric. Essertially, one can build
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a transport linecard (Figure[1.2) by starting with a router linecard (Figure [L.1)) and
then removing most of the functionality.

One measureof this complexity is the number of logic gates implemerted in the
linecard of a router. An OC192c POS linecard today cortains about 30 million gates
in ASICs, plus at least one CPU, 300 Mbytes of padket bu ers, 2 Mbytes of forwarding
table, and 10 Mbytes of other state memory. The trend in routers has beento put
more and more functionality on the forwarding path: initially , support for multicast
(which is rarely useld), and now support for quality of service, acces control, security
and VPNs.® In contrast, the linecard of a typical transport switch contains a quarter
of the number of gates, no CPU, no packet bu er, no forwarding table, and an on-chip
state memoly (included in the gate count).

In terms of power consumptian, a high-end router dissipates75% of the power in
the linecards, half of which comes from inter-chip I/ O communication. IP linecards
require many chips, and thus they consumemuch power. The useof Ternary Con-
tent Addressable Memaies (TC AMs) for parallel route lookups further exacerbaes
this power consumption. In cortrast, eledronic circuit switchesconsumeless power
beausethey usesimpler hardware, allowing more linecards (and thus more capecity)
to be placedin a singleradk.

It should come as no surprise that the highest capacity commercial transport
switches have two to twelve times the capecity of an IP router, and sdl for about
half to onetwelfth the price per gigabit per second, as shown in Table[L.J. So, even
if packet switching might be simpler for low data rates, it becomesmore complexfor
high data rates. IP's \simplicit y" doesnot scale.

One might argue that the reasonthe circuit switchescost lessis that they solve
a simpler problem. Instead of being aware of individual application ows, they deal
with large trunk lines in multiples of 51 Mbit/s. Sofor the sake of comparism, it is
worth consdering the cost and complexity of building a core transport switch that
could edablish a new circuit for ead (T CP) application ow. Let's assumethat eah
userconnectsto the network via a 56 Kbit/s modem; this will de ne the granularity

SInteredtingly, these features are added to provide tra ¢ isolation and engineeing, features that
are intrinsic to circuit switching.
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of the switch. While such a smdl circuit might not be the best way to incorporate
circuit switching into the Internet, using sud small ow granularity provides an
upper bound on the complexity of doing so. A 10 Gbit/ slinecard needsto manage at
most 200,00 circuits of 56 Kbit/s. The state required to maintain the circuits, and
the algorithms needel to quickly establish and remove circuits, would occupy only a
fraction of one ASIC. This suggestghat the hardware complexity of a circuit switch
will always be lower than the complexity of the corresponding router.

It is interesting to explore how optical technology will a ect the performance of
routers and circuit switches In recert years,there hasbeena good deal of discussion
about all-optical Internet routers. As was mertioned in Chapter [T there are two
reasms why this is not feasible. First, a router is a padket switch and so inherertly
requireslarge bu ers to hold padets during times of congegion, and currently no
economeally feasibleways exist to bu er large numbers of padets optically. The
bu ers needto belargebecausel CP's congegion control algorithms currently require
at least onebandwidth-delay product of bu e ring to perform well. For a40Ghbit/ slink
and a round-trip time of 250 ms, this carrespondsto 1.3 GBytes of storage, which is a
largeamount of eledronic bu ering and (currently) an unthinkable amount of optical
bu ering. The secand reasm that all-optical routers do not make sen® is that an
Internet router must perform an addresslookup for eadt arriving padket. Neither the
sizeof the routing table, nor the nature of the lookup, lendsitself to implemertation
using optics. For example, a router at the core of the Internet today must hold over
100,000 entries and must seach the table to nd the longestmatching prex | a
non-trivial operation. There are currertly no known ways to do this optically.

Optical switching technology is much better suited to circuit switches Devices
sud as tunable lasers, MEMS switches, b er ampliers and DWDM multiplexers
provide the technology to build extremely high capecity, low power circuit switches
that are well beyond the capacitiespossble in electranic routers [15].

In summary, padket switchesand IP linecardshaveto perform more operationson
the incoming data. This requires more chips, both for logic functions and bu ering;
in addition, these chips are more complex. In contrast, circuit switchesare smpler,
which allows them to have higher capecities and to be implemented in optics.
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2.3.5 Cost of owner ship of IP is small

\P acket technology is just inherently much lessexpensive and more ex ible
than circuit switches" | CTO of Sorus.

IP networks are usually marketed as having a lower cost of ownership than the
corresponding circuit- switched network, and so they should displace circuit switching
from the parts of the network that it still dominates; however, this has not (yet)
happened. For example, Voice over IP (VoIP) promiseslower communication costs
beauseof the statistical multiplexing gain of packet switching and the sharing of the
physical infrastructure betweendata and voicetra c. Despite these potential long-
term cost savings, less than 6% of all international tra c usedVolP in 2001 [38, ©3].
VoIP hasbecomelessattractive because erce competition among phone companies
has dramatically driven down the prices of long-distance calls [2g. In addition, the
cost savings of a singleinfrastructur e can only be realized in new buildings.

One of the most important factors in determining a network architecture is the
total cost of ownership. Given two options with equivalent technical capabilities, the
least expensiwe option is the onethat gets deployed in the long term. Sq in order to
seewhether IP will conquerthe world of communications, one needsto answer this
guestion: Is there somethinginherert in padket switching that makespacket-swit ched
networks lessexpensiwe to build and operate? Here, the metric to study is the total
cost per bit/s of capecity.

As we saw in Sectiin [2.37], the market for corerouters is much smallerthan that
of circuit switches. One could argue that the market di erenceis because routersare
far less expensiwe than circuit switchesand that carriers are stuck into supporting
expensve legacy circuit-switched equipmert; howeer, IP, SONET/ SDH and DWDM
readhed maturity almost at the same time,” so a historical advantage doesnot seem
to be a valid explanaion for the market sizes. A more likely explandion is that
there are simply more circuit switchesthan routers in the core becauserouters are

“In April 1995,commerdal Internet wasborn after the decommissioning of the NSFnet. In March
1994, Sprint r st announced its deployment of directional SONET rings. The rst deployments of
WDM were from June 1996.
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not ready to take over the transport infrastructure, and thus the market size cannot
be usedas a good indication of the equipmen cost.

To andyze the total cost of packet and circuit switching, | will start breaking
down the cost structure of an ISP. Table[2.3 shaws the capital expenditure (capex),
operation expenses(opex) and transport costs (interconnectionfees)of an Internet
carrier [I84). Similar numbers are found in [119].

Routing/ switching equipmen (capex) | 20%
Network managemen and sta (opex) | 45%
Transport/ transmission 35%

Table 2.3: Cost structure for an Internet carrier averaged over ten tier-1 and tier-2
ISPsin the US and Europe [184.

Capital expenditureis the cost to build a network. Becausethereislittle di erence
in the links and link terminations in routers and circuit switches, the di erencein
capital expenditure lays in the cost of the boxes. Production and design costs are
related to the complexity of the system. Figures[1.] and [L.2 shov how routers ned
more componerts, and these are more complex, and thus routers are more expensive
to design and produce. It shauld not be surprising that an OC192c packet-over-
SONET (POS) linecard for a router costs$30-4(K, whereasthe equivalert SONET
TDM linecard costsonly $10-2(K. If we considerthat linecards arethe most expensive
part of a full router/switch, it is fair to say that it is more expensive to build a router
than a circuit switch of the samecapacity.

Anyhow, capital expenditure is the smaller part of the pie, and operating ex-
pensesrepresert the biggest cost factor for an ISP. To grasp the importance of the
latter, let me point out to a study by McKinsey and Goldman-Sadbs [L1§ that shavs
that unless per-bit operating expensesare reduced25%-30% per year through 2005,
no reasmable amourt of per-bit capital expenditure reduction will allow carriers to
achieve sustainable Return on Invested Capital (ROIC). Howeer, this reduction in
operating costis not easyto adieve, as operating expensesare di cult to quartify,
and their reduction may have a direct impact on the senice quality.

Certainly there seemano reasonto believe that IP networks are smpler to operate
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and maintain. Indeed, a report by Merrill Lynch [IZI] shows that the normalized
operating expenditure for data networking is typically signi cantly larger than for
voice networks. If we look at the number of network administrators presert in most
companies usually there are far more operators for the IP network than for the phone
network.®

Operating expense aretied to the reliability, manageability and complexity of the
network, and IP does not seemto win in any of these threefronts: First, asarguedin
Section2.3.3 IP hasnot demonstratedto be asreliable asSONET/SDH, and thusre-
guires more attention. Second,Internet managemen platforms are rudimentary and
lack integraion and interoperability, and tools for capecity planning, tra c engineer-
ing and monitoring are almost non-existen in IP [184, [118]. Finally, as mertionedin
Chapter[] and Sectin [2.34 routers do not scale aswell as circuit switchesin terms
of switching capecity. Consequertly, one needsmore routers than circuit switchesto
carry the sametra c. This createsa more complex network that is more expensiwe to
build, harder to corirol and with more network elemerts demandingattention from
operators.

However, there is onearea in which IP can potentially reducecosts. IP networks
require lessnetwork capacity to carry the sameinformation (especially whentra c
is bursty) because of the statistical multiplexing gain of packet switching. Howe\er,
aswe saw in Sedion 2.3, carriers do not take advantage of this characteristic of IP,
and they prefer to operate their networks at very low utilization, asto ensurethe
reliability of their network.

To summaiize, padket-switched networks seemto be more expensiwe to build and
operate than circuit-switched networks. While someof the causes for the high costs of
IP may be addressedin the futur e (better router software and software tools), others
will remain (more complex boxes, less scaleble routers). Newertheless,IP is more
exible than circuit switching, and sothere is atradeo between costand exibilit .
It is up to the carriersto decidewhenthe needfor exibility justi es the extra cost
of padket switching.

8Stanford University (with a population of about 15,000people) employs 80 full-time telephone
engineers, 25 full-time IP network engineeas, and 350 part-time local IP network administr ators.
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2.3.6 Support of telephony and other real-time applications
over IP networks

\All critical elemerts now exist for implemerting a QoS-enabledP net-
work." | IEE E Communicat ions Mag azine

There is a widely-held assumption that IP networks can support telephony and
other real-time applications that require minimum guaranteed bandwidth, bounded
delay jitt er and limited loss. If one looks more closely one nds that the reasors for
sud an optimistic assumption are quite diverse. One school holdsthe view that IP is
ready today. There are two reasons for suc a belief. First, IP networks are and will
cortinue to be heavily overprovisioned, and the average padcket delay in the network
will be low enoughto satisfy the real-time requiremerts of theseapplications. Second,
most interesting real-time applications, including telephory, are soft real-time in the
seng that they can tolerate occasion& packet delay/ lossand adaptto thesenetwork
variabilities. While today's IP networks are heavily overprovisioned, it is doubtful
whether a new solution (far from complete yet) that provides a worse performance
can displace the reliable and high quality sevice provided by today's TDM- based
infrastructure (which is already paid-for).

Another sdool believes that for IP to suceed, it is critical for IP to provide
Quality of Service (QoS)with the sameguaranteesas TDM but with more exibilit y.
In addition, the belief is that there is no fundamertal technical barrier to build a
connectim-oriented service (Tend [79] and IntSev [20]) and to provide guaranteed
servicesin the Internet. The technical ingredients for a complete solution include
e cie nt packet classi cation and sdeduling algarithms. Unfortunately, after more
than ten yearsof extensive reseach and e ort sin the standards bodies, the prospect
of end-to-endper- ow QoSin the Internet is nowherein sight. The di cult y seems
to be the fact that there is huge culture gap betweenthe comection and datagram
designcomnunities. By blaming the failure on \ connections’; a third sdcool holds
the view that a simpler QoSmedanism such as Di Serv is the right way to go. Again,
we are several years into the process,and it is not at all clear that the \ fuzzy" QoS
provided by Di Serv (with no route pinning support and no per o w QoSsdieduling)
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will be good enaugh for cusomerswho are used to the simple QoS provided by the
existing circuit-swit ched transport networks.

The truth isthat many of theseQoS mechanisms sud asDi Serv and IntServ, are
implemerted in most routers deployed in the Internet; howewer, few service providers
enablethem and usethem. The reasonsare that these mechanisms are di cult to
understand and con gure and that they require an active cooperation among ISPs
for them to provide end-to-end QoS.

Finally, no matter what technology we intend to useto carry voice over the In-
ternet, there are few nancial incertivesto do so. As Mike O'Dell® recenly said
[I3]: \[to have a Voice-wer-IP (VoIP) servicenetwork one has to] crede the most
expensve data sevice to run an application for which peopleare willing to pay less
moneyeweryday [...] and for which telephory already providesa better solution with
a marginal cost of almost zero." The reault is that despitethe promisedcost reduc-
tions of Voiceover IP, in 2001 lessthan 6% of all international voicetra c out of the
US used VolIP.

On the other hand, becausecircuits are peakallocated, circuit swit ching provides
simple (and somewhatdegenerée) QoS, and thus there is no delay jitter. The user
(or sener) caninform the network of a ow's duration, and specify: its desred rate
and blocking probability (or a bound on thetime that a ow can be blocked). These
measuresof savice quality are cetainly simpler for usersto understand and for
operators to work with, than those envisaged for padet-switched networks.

2.4 Discussion

Up until this point, | have consdered someof the folklore surrounding the padet-
switched Internet. The overdl goal is to provoke discusson and resach on funda-
mertal issuesthat needto be addres®d sothat IP can cortinue to revolutionize the
world of communications. As a reserch community, we needto think beyond the
daily challengesof maintaining and optimizing the expanding Internet, and move on

®Former Senior Vice Presdent of UUNET, responsible for technical strategic direction and ar-
chitecture of the network.
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to considerthe enormous challenges that lie ahead.

It seemsthat there are two main limitations to the widespreadadoption of IP:
dependability and the right way for IP to co-existwith circuits. In what follows, |
will discussead in turn.

2.4.1 Dependability of IP networks

High dependability, in the broadestsen®, is a must if IP is to become a suaessil

transport technology (to compete or displacecircuit-basedtransport networks), and

if the Internet is to become the universalinfrastructure for high value applications.

For example, voiceservicesare a high-revenue, and very pro ta ble busines. Trusting

them to today's unreliable, and unpredictable IP networks would be an unnecessary
risk, which is why | despite predictions to the cortrary | telephme carriers have
not done so.

High dependabilit y meansse\eral things: robustnessand stability, tra ¢ isolation,
tra ¢ engineeringfault isdation, manageailit y, and last but not least, the ability to
provide predictable performancein terms of bounded delay and guaranteed bandwidth
(Q0S). In its currert form, the Internet excds in noneof theseareas. Although it is
clearly a challengeto achieve ead of thesegaals, they must all be solved for IP to
becwmme dependableenough for useas a transport medanism.

2.4.2 Interaction of IP and circuits

The current Internet is based on padket-switchedroutersin the edges interconneded
by a circuit-switched transport network. Given the bene ts of circuit switching, it
would seemperverse for the padket-switched network to grow to subsumethe trans-
port network. It is inconceavable that the network providers would remove the exist-
ing, robugt, reliable, predictable and largely paid-for transport network, and replace
it with a technology that seemanore complex, lessreliable, more expensive and not
yet installed.

What seemamorelikely is that packet switching will cortinue to exist at the edge
of the network, aggregating and multiplexing trac from heterogeneas sources for
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applications that have no delay or quality requiremers. In other words, padet-
switched IP will cortinue to provide a simple service abstraction for a variety of
applications. Howewer, this does not preclude the existenceof highly spedalized
servicenetworks living alongside IP and using other switching techniques. In fact, it
is unlikely that the phoneor TV cable servicenetworks will be completely replaced
by an IP network any time soon asit would require a huge amourt of capital to build
a new network.

At the core of the network, onecan expect the cir cuit-switched transport network
to remain as a meansto interconnectthe padet-switched routers and as a means
to provide high rdliability and performance guarantees. Over time, more and more
optical technology will beintr oduced into the transport network, leading to capecities
that (necessarily electranic routers cannot achieve.

One remaning question is whether or not the circuit-switched network will be
cortrolled by IP. In other words, will the IP network dedde dynamically when to
create new circuits betweenrouters? For example, a router could monitor the oc-
cupancy of its queuesor the number of active ows and periodically add or remove
circuits to other routers basedon current demand [4 I87J]. Sud a systemhas the
benet of enabling IP to gain the benet s of fast optical circuit switchesin the core,
yet maintain the simple se'vice model for heterogeneous sourcesat the edge 1°

However, while a complete control by IP of the circuit-switched badkbone seens
appealing to IP, one neals to remenber that the majority of the reverue for the
circuit switcheswill still be from other applications, sut asvoice. Sincethe padket-
switched network is unlikely to provide the predictability neededfor voicetrac, it
will continue to operate over its own, sepaate circuit-switched edgenetwork and to
be carried over the sharedtransport network at the core. In this ervironmen, it is
unlikely that the routerswill be allowedto cortrol the entir e capacity of the transport
switches unlessthe reverue for the Internet exceedshat of telephory. At the current
growth rates, it will take over 15 yeas for data tra ¢ to surpasstelephay asthe
main source of revenue in telecomnunications. In thefuture, it is more likely that the
routers will be allocated a fraction of the circuit-switched transport infrastructure,

0Chapter |§| and Chapterﬁ desribe two ways of integrating IP and circuit switching in the core.
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which they can cortrol and adapt to beg sene their neals.

With the dynamic cortrol of circuit-networks (possibly by an IP-based cortrol
plane), it is also conceiable that the IP routers at the edge can signal to the trans-
port network to dynamicdly create new circuits or change the bandwidth of existing
circuits.

2.4.3 What if we started with a clean slate?

In the precedingdiscus$on, an outcome was depided based on historical conditions,
in the context of a pre-existing circuit-switched transport network. Soif we started
again, with the bene t of hindsight, would we build a network with circuit switching
at the core, and padket switching at the edge? | beliewe that we would, and that it
would look something like this:

Addressi ng scheme. A simple, unique and universd addressingscheme(like
IP's) would allow us to communicate with any sort of device or application
anywherein the world. This addressingschemede nes the routing algorithms
in the intermediate network nodes but it is completely independert of the
forwarding or switching medanisms that they use.

Switching in the edges of the network. Padket switching would be used
in the edgesof the network as well as in those links where bandwidth is scarce
(such as same satellite and wirelesslinks, and underwater cables). The reasms
for this are threebld. First, packet switching makes a very ecien t use of
the bandwidth in these cases. Second,as will be emphasizedin Chapter[3 it
can greatly improve the end-user responsetime by borrowing all available link
bandwidth when other usersare not active. Finally, packet switches can be
cost e ective for lower link rates. The padet-switched network should ideally
gather tra ¢ from disparae sources,and multiplex it together in preparation
for carriage over a very high capacity, certral, circuit-switched core. In this
ervironment, local switching at the edgeof the network is an optimization that
may or may not be necesary. Without it, the packet-switched network is simply
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a hierarchy of statistical multiplexers with little or no forwarding dedsions. All
tra ¢ can be multiplexed towards the core, then demultiplexed agan towards
the edge. While less e cient, it providesa simpli ed ervironmert in which to
deploy the delay guaranteesneededby telephory. And soit might be feasible
to carry thetrac from accessvoice switchesto the core over the statistically
multiplex ed edgenetwork.

Switching in the core of the network. At the core of the network, there
seen a number of compelling reasonsto use circuit switching. First, circuit
switching has already demonstrded its robustnessand its ability to quickly re-
cover from failures. Circuit switching is inherertly simpler than packet switch-
ing, requiring lesswork to forward data, and consequetly will costlessas a
result, will consumeless power, and will take up lessspace Last, but not least,
circuit swit ching provides an easyway to adopt the huge potential of high ca-
pacity optical switches Without €electronics on the forwarding path, one can
exped optical switchesto provide abundart capacity at low cost.

Integrati on of both switching mechani sms. Rather than working indepen-
dently, both thesemechanismswould betightly integrated, in sud away that an
action in oneprovokes an appropriate reaction in the other. For example,padket
switching would have to export the QoS and connectionoriented nature of the
circuit-switched core to the applications that require it. On the other hand,
circuit switching hasto regpond to the increasesin activity of padket switching,
by adapting its capecity among core/edge gateways accordingly. Additionally,
wewill nd more hybrid switchesthat cando both circuit and padket switching,
servingas gateways betweenthe two worlds. Chapter 4 and Chapter 5 describe
two ways of bridging padet switching and circuit switching. Finally, the idea
of using circuit switching to interconnectdistant routers can also be extended
to using a circuit-switched crossconnectto interconnect the packet-swit ched
linecardsof a router.



48 CHAPTER 2. CIRCUIT AND PACKET SWITCHING

2.5 Conclusions and summ ary of contr ibut ions

While it is technically pleasing to believe that IP will dominate all forms of commu-
nication, our delight in its elegance is making us overlook its shortcomings. IP is
an excellet meansto exdiange data, which explainsits succes. This chapter has
demysti ed someof the proclaimed advantagesof IP, sud as the claims that IP is
simpler, more robust, more e cie nt, that it dominates world comnunications, and
that it can support QoS-avare applications. | have resened the rebuttal of what is
probably the most important claim for next chapter; namely, that IP can achieve
better reponsetime for the end use.

IP remans ill suited as a means to provide many other types of service, and
is too crude to form the trangport infrastructure in its own right. To allow the
cortinued succas of IP, we must be open-minded to it living alongside, and co-
operating with, other techniques (sud as circuit switching) and protocols that are
optimized to di erent needs

The concluson is that while padet-switched IP will cortinue to dominate beg-
e ort data servicesat the edgeof the network, the core of the network will usecircuit
switching as a transport platform for multiple services.Circuit switching allows the
construction of networks with very high capecity, scahbility, exibilit y, sdf-healing,
reliability and auto-adaptation to current network tra ¢ conditions; thus, IP will have
a hard time replacing the circuit switching that already existsin the core. We should
instead start thinkin g of how to integrate the two technologies: circuit switching in
the core and padet switching in the edges.
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