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In t roducti on

The Internet has had phenomenal successin the past 20 years,growing from a small

research network to a global network that we use in a daily basis. The Internet is log-

ically composedof end hosts interconnectedby links and routers. When a host wants

to communicate with other hosts, it usesthe Internet Protocol (IP) to place infor-

mation in packets, which are then sent to the nearest router. The router stores,then

forwards, packets to the next hop, and through hop-by-hop routing, packets �nd their

way to the desireddestination. In other words,endhostscommunicate through packet

switching. With this communication technique, link bandwidth is shared among all

information 
o ws, and so these 
o ws are statist ically multiplexed on the link. The

resulting serviceis best e� ort, in the sensethat there areno determinist ic guarantees.

Another swit ching technique that is widely used in communication networks, es-

pecially in the phone system,is circuit switching. When a terminal wants to commu-

nicate with another terminal, this techniquecreatesa �xed-bandwidth channel,called

a circuit, betweenthe source and the destination. This circuit is reserved exclusively

for a particular information 
o w, and no other 
o w can useit. Consequent ly, 
o wsare

isolated from each other, and thus their environment is well contr olled. This Thesis

studieshow the Internet could bene�t from more circuit switching than is prevalent

today.
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1.1 Mo ti vati on

The Internet has been very successful in part becauseits decentralized control has

permitted the rapid development and deployment of applications and services.The

successof the Internet is demonstrated by the enormous tr a�c growth that has al-

ready made the Internet carry more tra�c than the phone network [24, 69, 100, 47].

If the Internet is based on packet swit ching, why would I want to use circuit

switching? The answer is simple. There is a mismatch between the evolution rates

of tra�c and capacit y of the Internet, and circuit switching can help bridge the gap

betweendemand and supply.

The capacit y of the network has to keep up with Internet t ra�c growth rates

that are 10 times larger than that of voice tra�c . Co� man and Odlyzko, among

others, have been studying tra�c growth in the Internet, and they have found that

tra�c has beendoubling every year since1997 [47, 135]. Studiesby RHK [162] and

Papagiannaki et al. [140] indicate similar growth rates. The capacity of the Internet

should match thesegrowth rates in order to avoid the collapse of the network. The

next sect ion studies the evolution trends of the underlying technologies in a router,

and, as we will see, router technology is being outpaced by Internet demand.

If routers cannot keepup with demand, then one can only expand the network

capacit y by adding more nodes and links. This not only requiresmore equipment,

but also more central o�ces to housethem. It is an expensive proposition, and it also

createsa more complex network, making network planning and maintenancemore

di�cult. This Thesis takes a di�eren t approach; it focuses on how to improve the

performanceof the existing network by increasingthe capacit y of switchesand links

with the useof circuit switching in the core of the network.

1.2 Technol ogy tr ends in rout ers and swit ches

In order to understand the technology trendsto compare them to thoseof tr a�c, one

has to know the functions that packet and circuit switches do, and the technology

usedto perform them. In the following, I will focus on the switching function (i.e.,
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the forwarding of information) in a network node. Figure 1.1 shows the funct ional

blocks of a packet swit ch, alsocalleda router. When information arrivesat the ingress

linecard, the framing module extracts the incoming packet from the link-level frame.

The packet then hasto go through a route lookup to determineits next hop, and the

egressport [82]. Right after the lookup, any required operations on the packet �elds

are performed, such as decrement ing the Time-To-Live (TT L) �eld, updating the

packet checksum, and processing any IP options. After theseoperations, the packet

is sent to the egress port using the router's interconnect, which is rescheduledevery

packet time. Several packetsdestinedto thesameegressport could arriveat the same

time. Thus, any con
icting packets have to be queuedin the ingressport, the output

port, or both. The router is called an input-queuedswitch, an output-queuedswitch,

or a combined input/o utput-queued switch depending on wherebu�ering takesplace

[123].

Interconnect  
scheduling

Route 
lookup

TTL 
process

ing

Buffering Buffering QoS 
schedul

ing

Control plane

Ingress linecards Egress linecardsInterconnect

FramingFraming

Data path

Control path

Scheduling path

Figure 1.1: Functionality of a packet swit ch.
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In the output linecard, somerouters perform additional scheduling that is used to

police or shape tra�c, so that quality of service(QoS) guaranteesare not violated.

Finally, the packet is placed in a link frameand sent to the next hop.

In addition to the data path, routers have a control path that is used to populate

the routing table, to set up the parameters in the QoSscheduler,and to manage the

router in general. The signaling of the control channel is in-band, using packets just

as in the data channel. The control plane might obtain the signaling information

through a special port atta ched to the interconnect .

The main distinction between a router and a circuit switch is when information

may arrive to the swit ch. In packet switching, packets may comeat any time, and

so routers resolve any con
ic ts among the packets by bu�ering them. In contrast , in

circuit swit ching information belongingto a 
o w can only arrive in a pre-determined

channel, which is reserved exclusively for that particular 
o w. No con
icts or un-

scheduled arrivals occur, which allows circuit switchesto do away with bu�e ring, the

on-line scheduling of the interconnect, and most of the data-path processing. Fig-

ure 1.2 shows the equivalent functions in a circuit switch. As one can see,the data

path is much simpler.

In contrast , the control plane becomes more complex: it requires new signaling

for the management of circuits, state associated with the circuits, and the o�-line

scheduling of the arrivals based on the free slots in the interconnect. Usually there

is a tr adeo� between the signaling/ state overhead and the control that we desire

over tra�c; the tighter the control, the more signaling and state that will be needed.

However, in circuit switching, asin packet switching, a slowdown in the control plane

doesnot directly a�ect the data plane, asall on-going information transmissions can

cont inueat full speed. In general, its data path determinesthe capacity of theswitch.

Another important di� erencebetween a router and a circuit switch is the time

scalein which similar functions needto be performed. For example, in both types

of switches the interconnect needsto be scheduled. A packet swit ch needsto do it

for every packet slot, while a circuit switch only does it when new 
o ws arrive. In

general, a 
o w carries the sameamount of information as several packets, and thus

packet scheduling needsto be faster than circuit scheduling.
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Figure 1.2: Functionality of a circuit switch.

1.2.1 Technol ogy trends

In order to study how the capacity of links and switches will scale in the futur e,

one needsto understand the evolution trends of the underlying technologies used in

routers and circuit switches. This enables one to foreseewhere bottlenecks might

occur.

Below, I will focus on the data path of a router, since the data path of a circuit

switch is just a subsetof it . In general,a router has to:

� Send and receive packets: A router receivesdata through it s ingressport and

sendsit shortly afterwards through the appropriate egressport. Information is

sent either through �b er optics for the long haul and high speeds,or through

copper cablesfor the short haul and mid-to-low speeds.

� Bu�er packets: Packets contend for resources,such as an output port. Con-


icts are resolved by deferring the transmissionof all but one of the con
icting



6 CHAPT ER 1. INTR ODUCTION

packets until somelater t ime when the contention has beencleared. As a rule

of thumb routers, usually need a Lin k Rate � Round Tr ip Time worth of

bu�ers1 because of the way the 
o w control mechanisms of TCP work [182].

For example, for an OC-768 link of 40 Gbit/s and a typical round tr ip t ime

(RTT) of 250 ms, a linecard needs 1.2 GBytes of memory. Dynamic RAM

(DRAM) is thus usedto meet this capacit y requirement. In addition, some fast

Static RAM (SRAM) is needed to cope with the fast arrival rate of packets.

The minimum packet size is 40 Bytes, sopackets could arrive with a separation

of only 8 ns. Designers�nd it challengingto build packet bu�e rs for a 10-Gbps

line card, and it is even more di�cult to achieve 40 Gbps, particularly when

power consumption is an issue. Most router capacity is limited by memory

availabilit y.

� Pro cess and forward packet s: Routers need to look up the destination

address in a routing table to decidewhere to senda packet next, or in which

queueit shouldbebu�e red. Packetsalsoneed to bescheduled to usethe internal

interconnect , so that they go from the ingress port to the egressport without

contention. Addit ionally, other �elds in the packet header, such as the TTL or

the checksum, have to be updated. Currently, this processing and forwarding

is done electronically using specializedASICs, FPGAs or network processors.

To study the performancetrends, I will focus on the core of the network, where

tra�c aggregation stressesnetwork performancethe most. The corealsousesthe state

of the art in technology becausecostsare spreadamong more users. The backbone

of the Internet is built around three basic technologies: silicon CMOS logic, DRAM

memory, and �b er optics.

As wasment ionedbefore, Internet tra�c hasbeen doubling every yearsince1997.2

In contrast , according to Moore's law, the number of functions per chip and the

1In practi ce, routers are built to handle congestion for a much lesser period of t ime, needing fewer
bu�e rs, but increasing the packet lossprobabilit y during overload.

2Thi s tr end could be broken by the sudden adoption of a new bandwidth-intensive application,
such asvideostreaming, similar to the period of 1995-6 when the massive adoption of the web made
tra�c double every 3-4 months.
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number of instructions per second of microprocessors have historically doubled every

1.5 to 2 years3 [3, 144]. Historically, router capacity hasincreasedslightly faster than

Moore's law, multiplying by 2.2 every 1.5 to 2 years. This hasbeendue to advances

in router architecture [123] and packet processing[82].

DRAM capacity has quadrupled on average every three years, but its frequency

for consecutive accesseshas beenincreasing lessthan 10%a year [144, 143], equiva-

lent to doubling every 7 to 10 years. Modern advanced DRAM techniques,such as

SynchronousDynamic RAM (SDRAM) and Rambus Dynamic RAM (RDRAM), are

attacking theproblem with I/ O bandwidth acrosspins of the chip, but not the latency

problem [58]. Thesetechniquesincreasethe bandwidth by writ ing and reading bigger

blocks of data at a t ime, but they cannot speed up the t ime it takes to reference a

new memory location.

Finally, the capacity of �b er optics has been doubling every 7 to 8 months since

the advent of DWDM in 1996. However, the growth rate is expected to decrease

to doubling every year as we start approaching the maximum capacit y per �b er of

100 Tbit/s [124]. Despite this future growth slowdown of DWDM, the long-term

growth rate of link capacity will st ill be above that of Internet tra�c at least past

the year 2007 [116].

Figure 1.3 shows the mismatch in the evolution rates of optical forwarding, tra�c

demand,electronic processing, and electronicDRAM memories. We can seehow link

capacit y will outpace demand, but how electronic processingand bu�ering clearly

drag behind demand. Link bandwidth will not be a scarceresource,but the informa-

tion processing and bu�ering will be. Insteadof optimizing the bandwidth utilization,

we should be streamlining the data path.

Figure 1.3showshow there is an increasingperformancegap that could causebot-

tlenecks in the future. The �rst potential bott leneck is the memory system. Routers

may be able to avoid it by using techniques that hide the increasingly high access

times of DRAMs [91], similarly to what modern computersdo. With thesetechniques

accesst imescome closeto thoseof SRAM, which follows Moore's law. However, they

3Experts believethat thi s tr end wil l slow down asmicroprocessorand ASIC technologiesgradually
move from the current two-year cycle to a three-year node cycle after 2004.
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Figure 1.3: Trendsof t ra�c demand and the underlying technologiesin the Internet
[1998 = 100%]. Trendsfor Silicon processingand router forwarding capacity are kept
at the samevalue as today, despitetalks of a slow down after 2004.

make bu�e ring more complex,wit h deeper pipelining, longer design cyclesand higher

power consumption.

The secondpotential bott leneck is information processing.The trend would argue

for the simpli�catio n of the data path. However, there is a lot of pressurefrom carriers

to add more features in the routers, such as intelligent bu�ering , qualit y-of-service

scheduling, and tra�c accounting.

If we keepthe number of operations per packet constant, in ten years time, the

samenumber of routers that we current ly have will be able to process200 times as

much tra�c as today. In contr ast, tra�c will have grown 1000 times by then. This

meansthat we will have a �v e-fold performance gap. In ten years time we will need

�v e times more routers as today. These routers will consume�v e t imes more power,

and will occupy �v e t imes more space.4 This meansbuilding over �v e t imes asmany

central o�c esand points of presence to housethem, which is a very heavy �nancial

4Actuall y they wil l occupy more than � ve times the space, as many of the routers linecards will
be used to connect to other routers within the same central o� ce, rather than to routers in other
locations.
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burden for the already deeply indebted network carriers. To make matters worse, a

network wit h more than �v e times as many routers will be more complex and more

di�cult to manage and evolve. The economical and logistical cost of simply adding

more nodesis prohibit ive, so we needto be creativ e, and think out of the box, t rying

to �nd a more e�ectiv e solution that solves the mismatch betweentr a�c demand and

router capacity, even if it represents a paradigm shift.

1.2.2 Opti cal swit chi ng t echno logy

One possiblesolution is to use optical switching elements. Optics is already a very

appealingtechnology for the core becauseof their long reach and high capacity tr ans-

mission. Additionally, recent advancesin MEMS [15, 83], integrated waveguides[85],

optical gratings [101, 27], tunable lasers[187], and holography [149] have madepossi-

ble very high capacity switch fabrics. For example,optical switchesbased on MEMS

mirrors have shown to be almost line-rate independent, as opposed to CMOS tran-

sistors, which saturat e before reaching 100 GHz [3, 130]. Ideally, we would like to

build an all-optical packet swit ch that rides on the technology curve of optics. How-

ever, building such a switch is not feasible today becausepacket switching requires

bu�ers in order to resolve packet contention, and we st ill do not know how to bu� er

photonswhile providing random access. Current e�orts in high-speedoptical storage

[178, 109, 151] are still too crude and complex. In current approaches, information

degrades fairly rapidly (the longest holding times are around 1 ms), and they can

only be tuned for speci�c wavelengths. It is hard to see how they could achieve, in

an economical manner, the high integration and speed that provides 1.2 Gbytes of

bu�ers to a 40 Gbit/s linecard.5

Another problem with all-optical routers is that processingof information in op-

tics is alsodi�cult and costly, somost of the time information is processedelectron-

ically, and only the transmission, and, potent ially, the switching is done in optics.

Current optical gates are all electrically controlled, and they are either mechanical

(slow and wear rather quickly), liquid crystals (inherently slow), or poled LiN bO3

5Needlessto say, th is vision of the future could completely changeif a breakthrough in technology
made fast , high-density optical memoriespossible.
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structures (potentially fast, but requiring tens of kV per mm, making them slow to

charge/discharge). Switching in optics at packet times, which can be as small as

8 ns for a 40 Gbit/ s link, is very challenging, and, thus, there have beenproposalsto

switch higher data units [188], called optical bursts. Rather than requiring end hosts

to send data in larger packets, these approacheshave gateways at the ingressof the

optical core that aggregate regular IP packets into mega-packets. These gateways

perform all the bu�e ring that otherwise would be performed in the optical core, so

the bu�e ring problem is not eliminated, but rather pushed towards the edges.

In summary, all-optical routers are still far from being feasible. On the contrary,

all-optical circuit switches are already a realit y [15, 111, 112, 174, 54, 32]. This

shouldnot be a surprise, sincecircuit swit ching presents a data path that requiresno

bu�ering and little processing. For example, Lucent has demonstrated an all-optical

circuit switch, using MEMS mirrors, with switching capacitiesof up to 2 Pbit/ s [15];

this is 6000 times faster than the fastest electronic router [94].

Even when we considerelectronic circuit switchesand routers, the data path of

circuit switchesis much simpler than that of electronic routers, asshown in Figure1.1

and Figure 1.2. This simple data path of circuit switches allows them to scaleto

higher capacity than equivalent electronic routers. This is con�rmed by looking at

the fastestswitchesand routers that are commerciallyavailable in the market at the

time of writing; onecan seethat circuit switcheshave a capacity that is 2 to 12 times

bigger than that of the fastest routers, as shown in Table 1.1. The simple data path

of circuit switchescomesat the cost of having a more complexcontrol path. However,

it is the data path that determinesthe switching capacity, not the control path; every

packet traversesthe data path, whereasthe contr ol path is taken lessoften, only when

a circuit needs to be created or destroyed.

In this Thesis, I argue that we could close the evolution gap between Internet

tra�c and switching capacity by using more circuit switching in the core, both in

optical and electronic forms. I alsoexplore di�eren t ways of how onecould integrate

thesetwo techniques.
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Product Type of switch Bidirectional
switching capacit y

Cisco 12016 router 160 Gbit/s
Juniper T640 router 320 Gbit/s

Lucent LambdaUnite circuit swit ch 320 Gbit/s
Ciena CoreDirector circuit swit ch 640 Gbit/s
Tellium Aurora 128 circuit swit ch 1.28 Tbit/s
Nortel OPTera HDX circuit swit ch 3.84 Tbit/s

Table 1.1: Bidirectional switching capacitiesof commercial switches[42, 94, 40, 174,
132]. While I have tried to be careful in the comparison, comparing product speci�-
cations from di�eren t vendors is not necessarily comparing "apples with apples", and
should be taken only as a rough indication of their relative capacities.

1.3 Cir cuit and packet swit ching

If one had to give a very succinct description about how the Internet works, one

would say it as being composed of end hosts and routers interconnectedby links, as

shown in Figure 1.4. In more detail, the Internet is a packet-swit ched, store-and-

forward network that uses hop-by-hop routing and provides a best e�or t network

service. This technology was chosen because it enableda robust network that made

an e�cien t use of the network resources[11, 43, 172, 14].

Figure 1.4: Simple architecture of the public Internet as described in textbooks.
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However, the real Internet is morecomplex than this, and if we look closely, wewill

�nd that there is plenty of circuit swit ching in the Internet , as shown in Figure 1.5.

We have circuit switchesboth in the access networks (leasedlines, DSL and phone

modems), and in the core of the network (SONET/SDH and DWDM). This �gur e

also shows the market sizes in the year 2001, and it shows how the market sizesfor

the segments that usecircuit switching are signi�can t .

The current mix of packet and circuit swit ching in the Internet is due to historical

reasons. In the early days of the Internet , whentwo Internet Service Providers (ISPs)

in di�e rent and distant locations wanted to interconnectwith each other, they leased

a connection from the only companies that had a continent-wide network, that is

the long-distancetelephonecompanies, and thesecompanieshave always based their

service on pure circuit switching. Similarly, the circuits in the edgeswere one of

the few options for an ISP to get to its customers, namely, by using the existing

infrastructure of the local telephonecompany.

Modems, 
DSL

Edge and 
LAN routers

$1.7B$28.0B

$4.4B$5.5B

SONET/SDH, 
DWDM Core 

Routers

Ethernet 
switches

$10.8B

Figure 1.5: Architecture of the public Internet asfound in the real world. The �g ures
in the boxesrepresent the world market sizesin the year 2001. [161, 158, 157, 60, 61]

Given the current situation, one may ask two related questions. First, is this

hybrid archit ecture the right network archit ecture? If we were to rebuild the Internet



1.3. CIRCUIT AND PACKET SWITCHING 13

from scratch and with unlimit ed funds, would we choosea solution basedon only

packet swit ching, only circuit swit ching, or a mix of the two? Second, given that

it would be too costly to build a brand new network, how can the current legacy

Internet evolve in the future? Will the network still follow a hybrid model as today,

or will it change? Thesetwo quest ions are the focus of the �rst part of the Thesis. I

will concludethat it makesmoresenseto usecircuit switching in the core and packet

switching in the edgesof the network.

Currentl y, the circuits that we �nd in the Internet are consideredby IP asstatic,

layer-2, point-to -point links. In other words, the circuit and packet switched parts

of the network are completely decoupled, and changes in IP tra�c patterns do not

prompt an automatic recon�gur ation of the circuits over which IP travels. It is usually

the casethat circuits are manually provisionedby either the network operator (circuits

in the core) or the end user (circuits as access lines). This also means that the t ime

scalein which circuit s operate is much larger than that of packets.

We would make a moree�cie nt use of the network resources if we could integrate

the world of circuits with that of packets in such a way that circuits follow in real t ime

the 
uctuat ionsof the packet swit ched tra�c. In this Thesis, I make two proposals of

how to integrate thesetwo technologiesin an evolutionary manner, wit hout changing

existing endhosts and routers. Oneapproach uses�ne-grain, lightweight circuits; the

other usescoarse-grain, heavyweight circuits (such as optical wavelengths).

1.3.1 V irtua l circuit s

There is a thir d family of networks, which usesvirtua l circuits, such as ATM or

MPLS. This family attempts to get the best of two worlds: on one hand, it takesthe

statist ical multiplexing of packet switching. On the other hand, the tr a�c manage-

ment and quality of serviceof circuit swit ching. Despite their name,virtua l circuit s

are essentially a connect ion-oriented version of packet switching; it forwards infor-

mation as packets (somet imes called cells), but it keepsconnectionstate associated

with each 
o w. In contrast, IP is based on the connectionlessswitching of packets,

where no per-
o w state is kept. Switches using virtual circuits are hard to design;
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they have the scalabilit y issuesof both the data path of packet switching and the

state management and signaling of circuit switching. Therefore, vir tual circuits will

not be studied any furt her in this Thesis.

In the early 90's, therewasa racebetweenIP andATM to dominate data networks.

In the end, IP routers prevailed over ATM swit ches partly becausethe former were

simpler and thus faster to hit the market and easierto con�gure. In contrast, MPLS

works just below IP, rather than competing with it, and it is an att empt to do simple

tra�c engineering in the Internet. Only recently has MPLS started getting sizable

deployment wit h somebackbone carriers [34].

1.4 Perf ormance metr ics for core IP router s

To study what network architecture is bet ter, weneedto havesomeperformancemet-

rics to compare the di� erent options. In the network, thereare two main stakeholders:

the end usersand the network carriers. Evidently, they have di�eren t concerns and

views of the network. The most common use of the network is to requestand down-

load piecesof information6 (be a web page, an image, a song, a video or a record in a

database).After reachability, theenduseris mainly interestedin a fast responsetime,

de�ned as the t ime sincewe request the object until the last byte arrives. Another

important set of user applications (e.g., voiceor video conferencingand streaming, or

gaming) requires quality of service (QoS) guarantees, such as bounds on bandwidt h,

maximum delay, delay jitter or loss. Thesenetwork guarantees are often expressed

as a service level agreement betweenthe network userand the ISP.

Network carries have a very di� erent set of requirements. Tables1.2 and 1.3 show

a survey by BTexact of several IP backbone carriers about their current concernsand

the features they will need in the next 2 years.

After interconnectivity, which is always taken as a given, router reliability and

stability are the greatest concern to carriers today. Signi� cant improvements are

required in these areas,particularly in the area of software reliabilit y. It is highly

undesirableto have equipment that fails, needscontinuous attent ion, t ies up valuable

6today, over 65% of the tra�c is web browsing and peer-to-peer �le sharing [31].
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1 equipment reliabilit y and stabilit y
2 scalabilit y
3 performance
4 feature support
5 management
6 total cost of ownership
7 environmental considerations (power, size)

Table 1.2: Concernsof carriers for network equipment in decreasing order of impor-
tance [25].

1 denial of serviceatt ack mitigation
2 wire-rate performanceof interfaces
3 systemaccesssecurity
4 port density improvements
5 quality of service support

Table 1.3: New features required by carriers for network equipment in decreasing
order of importance [25].

human resources and spoils the reputation of thecarrier. Following in importanceare

scalability and performance. Eventhough thetotal costof ownership comeslast in the

survey, the economic problems that numerous carriers currently face have probably

increasedit s relevance;a good network has to come at a reasonable cost.

In terms of new features that carriers desire, the mit igation of Denial of Service

(DoS) attacks ranks �rst, as such attacks can make the network connectionunusable,

damaging the reputation of the carrier. Improvements in performance come second,

followed by better authentication and accesssecurity. Quality of service is last; how-

ever, it is morerelevant for an operator that wants an integrated network that carries

both low-margin data tra�c and high-margin voice tra�c .

In summary, enduserscare about low responsetime andqualit y of service,whereas

network operators desirereliabilit y, scalabilit y and performance. As we will seeend

userswill seeno di�erence whenusingcircuit switching or packet switching in the core

of the network, whereasnetwork carriers will clearly bene�t from getting a network

of higher capacit y and reliabilit y.



16 CHAPT ER 1. INTR ODUCTION

1.5 U nderstanding In ter net tr a�c and fail ures

Before we can choosea solution for the network, we needto understand what types

of workloadsare currently being injected into the Internet and how reliable di�eren t

elements in the network are. Di�eren t workloads will stressthe system in di�eren t

ways and will have di�eren t performancerequirements and notions of quality of ser-

vice. For example,a workload with tra�c sent periodically in �xed- sizedbursts will

behave quite di�e rently than one that has a lot of variation in terms of interarrival

times, 
o w durations and 
o w rates. The �rst workload would be best served by a

slotted network, while the second one would not.

This Thesis provides a short analysisand discussion of the tr a�c and failures that

we seein real networks, especially in or near the backbone. Someof theseresults are

basedon my own analysisof tra�c traces[131, 170], other resultshave beenreported

elsewhere [31, 30, 102, 107, 106, 105]. In general,one is interested in knowing both

the type of application (to priorit ize the performance metrics) and the distributio ns

and correlations of:

� interarrival times (of 
o ws and packets)

� sizes or durations (of 
o ws and packets)

� transmission rates of 
o ws

� failures of network elements

Basedon thoseobservations, we can make someassumptions of the systemwork-

load. The most fundamental oneis that 
o w durations in the Internet have long and

heavy tails [146, 56, 183, 23], as shown in Figure 1.6. It shows how fewer than 10%

of the 
o ws in a backbone link carry over 90% of the bytes transported in the link.

There are, thus, two types of user 
o ws: most 
 ows are short; and then a few are

very, very long and carry most of the bytes. Theselong 
o ws may hog the systemfor

extendedperiods of time and degrade the overall system performance signi�cant ly.

All these
o w characteristics will be incorporated in the performancestudy of packet

and circuit swit ching in the coreof the network.
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Figure 1.6: Heavy-tailed tra�c. The �gure shows (a) the empirical cumulativ e dis-
tribut ion function of the number of bytes transported, and (b) the empirical comple-
mentary cumulativ e distribution funct ion of the 
o w size frequency with respect to
the 
o w sizein bytes. Each of the six backbone tr aceshas between 5 and 40 million

o ws of di�eren t OC-48 links, and they expand over a period of more than 24 hours
[170]. They include all typesof 
o ws (TCP, UDP and ICMP)

1.6 Or ganizat ion of t he Thesis

Often one can �nd in the technical press and lit erature predictions about how IP

routers will eventually replaceall circuit switches [186, 150, 21, 99, 35, 37, 142, 87,

156, 128, 110]. These articles extend the original arguments for adopting packet

switching in the early days of the Internet (namely, e�cienc y and robustness),by

adding the simplicity, cost advantage, and abilit y to provide QoS of IP. These are

someof the sacred cows of IP, and in Chapter 2, I evaluate them one by one to

demystify the ones that do not hold up to scrutiny and to identify the ones that

really apply.

Onekey claim of packet switching is left for Chapter 3; namely that the statistical

multiplex ing of packet switching consistently delivers a lower response time than
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circuit swit ching while downloading information. This is indeed the most relevant

performancemetric for end users,and thus it gets its own chapter.

The conclusionof these two chapters is that packet swit ching is very attr active

in Local Area Networks (LANs) and accessnetworks, becauseof the poor end-user

responsetime of dynamic circuits. On the contr ary, circuit switching is more attr ac-

tiv e in the core of the network becauseof its higher capacity, it s perfect QoS, and

a responsetime that is similar to that of packet switching. In the futur e, one can

expect a dominant role of IP in the edge of the network, whereasvarious forms of

circuit switching will dominate the core of the network. This partially validates the

hybrid network architecture that we currently have and that is shown in Figure 1.5.

However, in the current Internet thesetwo distinct parts arecompletelydecoupled;

the edgesswitch packets independently of the circuits used in the core. Chapter 4

presents a network architecture (TCP Switching) that allows the integration of circuit

switching in the core of a packet-switched Internet in an evolutionary way. The

chapter starts with a description of what a typical application-level 
o w in the Internet

is, as observed on accesspoints to the Internet of several universities and research

institutio ns. A key observation is that despite the connect ionlessnature of IP, our

use of the network is very connection oriented, and this �ts well with the use of

circuits. TCP Switching is based on the idea of IP Switching [129], and it maps

each application 
o w to a lightweight circuit . This proposal encompassesa family

of solutions, with several designchoices. Also in this chapter, I chooseone solution

basedon what constitutes a typical 
o w in the Internet.

Onepotential problemwith such �ne- grain circuits in thecore,asthin as56Kbit/s,

is that they might not �t well with many circuit switch designs. Most core circuit

switcheshave interconnectsthat only use channelsof at least 51 Mbit /s. In addition,

optical switchesonly forward wavelengthscarry ing channelsof over 2.5 Gbit /s. The

signaling of these switches might be heavyweight because of the slow recon�gura -

tion of the swit ch fabrics or becauseof a signaling mechanism that requires circuit

creation con�r mation. In Chapter 5, I present another technique for controlling the

coarse-grain, heavyweight circuits in the core by monitoring user 
o ws rather than

tracking packets or queuelengths. I show the requirements for di� erent circuit setup
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times. These results could be used in GeneralizedMulti-P rotocol Label Switching

(GMPLS), a technique that usesheavyweight circuit s to adapt the network capacity

dynamically between edgerouters.

In Chapter 6, I describe someof the related work in the areaof high speedswit ch-

ing in the core of the network. Someproposalsinclude the useof circuit switching in

the core (GMPLS [7], OIF [13], ODSI [53], Zing [181]), while othersatt empt to extend

packet switching to all-optical switches(Optical Packet Swit ching { OPS [186] {, and

Optical Burst Switching - OBS [188]). Some emphasisis placed on the comparison of

TCP Switching with OPS and OBS. Two metrics are usedfor the comparison: the

loss and blocking probabilities for a given network load, and the complexity of the

overall network.

Chapter 7 concludesthe Thesis,restating how we would bene�t from morecircuit

switching in the core of the network, and how we could integrate this circuit swit ched

corewith the rest of the network in an evolutionary way.
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