Chapter 1

Introducti on

The Internet has had phenomena& suaessin the past 20 years,growing from a small
researt network to a globa network that we usein 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 padets, which are then sen to the nearest router. The router stores,then
forwards, packetsto the next hop, and through hop-by-hop routing, packets nd their
way to the desireddestination. In other words, end hostscommnunicate through packet
switching With this communication technique, link bandwidth is shared among all
information ows, and sothese ows are statistically multiplexed on the link. The
resulting serviceis beste ort, in the sensehat there are no deterministic guarantees

Another swit ching technique that is widely usel in commnunication networks, es-
pedally in the phone system,is circuit switching When a terminal wants to comrnu-
nicate with anather terminal, this technique createsa xed-bandwidth channel,caled
a circuit, betweenthe saurce and the destination. This circuit is reserned exclusvely
for a particular information ow, and no other ow can useit. Consequetly, owsare
isolated from ead other, and thus their ervironmert is well cortrolled. This Thesis
studieshow the Internet could bene t from more circuit switching than is prevalent
today.
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1.1 Motivation

The Internet has been very succesful in part becauseits decentralized cortrol has
permitted the rapid dewelopment and deployment of applications and services. The
sucessof the Internet is demonstrded by the enomoustrac growth that hasal-
ready made the Internet camy more tra ¢ than the phone network [24, 69,100, 43].

If the Internet is based on packet switching, why would | want to use circuit
switching? The answer is simple. Thereis a mismatd between the evolution rates
of tra ¢ and capecity of the Internet, and circuit switching can help bridge the gap
betweendemand and supply.

The capeacity of the network has to kee up with Internet trac growth rates
that are 10 times larger than that of voice tra ¢ . Co man and Odlyzko, among
others, have been studying tra ¢ growth in the Internet, and they have found that
tra ¢ has beendoubling every year since199 [44 [135. Studiesby RHK [1&7] and
Papagiannaki et al. [I40d] indicate similar growth rates. The capacity of the Internet
should match thesegrowth ratesin order to avoid the cdlapse of the network. The
next se¢ion studiesthe ewolution trends of the underlying technologiesin a router,
and, aswe will see, router technology is being outpaced by Internet demand.

If routers cannot keepup with demand, then one can only expand the network
capacity by adding more nodesand links. This not only requires more equipmen,
but also more central o ces to housethem. It is an expensiwe proposition, andit also
createsa more complex network, making network planning and maintenance more
dicult. This Thesis takesa di erent approach; it focuseson how to improve the
performance of the existing network by increasingthe capacity of switchesand links
with the useof circuit switching in the core of the network.

1.2 Technology trends in routers and swit ches

In order to understand the technology trendsto compae them to thoseoftrac, one
has to know the functions that packet and circuit switchesdo, and the technology
usedto perform them. In the following, | will focuson the switching function (i.e.,
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the forwarding of information) in a network node. Figure shows the functional
blocks of a padket swit ch, also calleda router. When information arrivesat the ingress
linecard, the framing module extracts the incoming padet from the link-level frame.
The padet then hasto go through a route lookup to determineits next hop, and the
egressport [8F. Right after the lookup, any required operations on the padket elds
are performed, sud as deaemerting the Time-To-Live (TTL) eld, updating the
padet checksum, and processng any IP options. After theseoperations, the padet
is sernt to the egess port using the router's interconnect, which is restcieduled every
padet time. Se\eral packets destinedto the same egresgort could arrive at the same
time. Thus, any conicting packets have to be queuedin the ingressport, the output
port, or both. The router is cdled an input-queuedswitch, an output-queuedswitch,
or a conmbined input/o utput-queued switch depending on wherebu ering takesplace
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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 trac, sothat quality of service(QoS) guaranteesare not violated.
Finally, the padket is placed in a link frameand sert 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 parametersin the QoS sdeduler,and to manage the
router in generd. The signaling of the cortrol channel is in-band, using padkets just
asin the data channel. The control plane might obtain the signaling information
through a special port attachedto the interconned.

The main distinction between a router and a circuit switch is when information
may arrive to the switch. In padket switching, packets may comeat any time, and
sorouters resole any conic ts among the padkets by bu ering them. In contrast, in
circuit switching information belongingto a ow canonly arrive in a pre-ddermined
channel, which is resrved exclusiwely for that particular ow. No conicts or un-
stheduld arrivals occur, which allows circuit switchesto do away with bu ering, the
on-line scheduling of the interconnect, and most of the data-path processing. Fig-
ure[L.2 shows the equivalert functions in a circuit switch. As one can see,the data
path is much simpler.

In contrast, the cortrol plane becomes more complex: it requires new signding
for the managemen of circuits, state associated with the circuits, and the o -line
scheduling of the arrivals based on the free dots in the interconnect. Usually there
is a tradeo between the signding/ state overheal and the control that we desre
overtrac; thetighter the cortrol, the more signding and state that will be needel.
However, in circuit switching, asin packet switching, a slovdown in the cortrol plane
doesnot directly a ect the data plane, asall on-going information transmissions can
cortinueat full speed. In generd, its data path determinesthe capacity of the switch.

Another important di erencebetweena router and a circuit switch is the time
scalein which similar functions needto be performed. For example, in both types
of switchesthe interconnect needsto be sdhedulaed. A padet switch needsto do it
for every padet slot, while a circuit switch only doesit when new ows arrive. In
generd, a ow carries the sameamaount of information as several padets, and thus
padket stheduling 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 capecity of links and switches will sale in the future,
one needsto understandthe ewolution trends of the underlying tedinologesused in
routers and circuit switches. This enables one to foreseewhere bottlenecks might
occur.

Below, | will focuson the data path of a router, since the data path of a circuit
switch is just a subsetof it. In general,a router hasto:

Send and receive packets: A router receivesdata through itsingress port and
sendsit shatly afterwards through the appropriate egressport. Information is
sert either through b er optics for the long haul and high speeds,or through
copper cablesfor the short haul and mid-to-low speeds.

Buer packets: Packets contend for resourcessud as an output port. Con-
icts areresoled by deferring the transmissionof all but one of the con icting
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padets until somelater time when the cortention has beencleared. As a rule
of thumb routers, usudly needa Lin k Rate Round Trip Time worth of
bu ers! becuse of the way the ow control mechanisms of TCP work [183.
For example, for an OC-768 link of 40 Gbit/s and a typical round trip time
(RTT) of 250 ms, a linecard needs 1.2 GBytes of memory. Dynamic RAM
(DRAM) is thus usedto meet this capecity requiremen. In addition, sane fast
Static RAM (SRAM) is nealed to cope with the fast arrival rate of padkets.
The minimum padket size is 40 Bytes, sopackets could arrive with a separdion
of only 8 ns. Designersnd it challengingto build padket bu e rs for a 10-Gbps
line card, and it is even more di cult to achieve 40 Gbps, particularly when
power consumptian is an issue. Most router capacity is limited by memory
availabilit y.

Pro cess and forward packets: Routers needto look up the destination
addressin a routing table to decidewhereto senda padket next, or in which
gueueit shouldbebu ered. Padketsalsoneel to be scheduled to usethe internal
interconned, so that they go from the ingress port to the egressport without
cortention. Additionally, other elds in the padcket header, sud asthe TTL or
the chedksum, have to be updated. Currently, this processng and forwarding
is done electranically using specializedASICs, FPGAs or network processors.

To study the performancetrends, | will focus on the core of the network, where
tra ¢ aggregdion stressesetwork performancethe most. The corealsousesthe state
of the art in technology becausecostsare spreadamong more users. The badkbone
of the Internet is built around three basic technologies: silicon CMOS logic, DRAM
memory, and b er optics.

As was mertionedbefore, Internet tra ¢ hasbeen doubling every yearsince1997 2
In contrast, accarding to Moore's law, the number of functions per chip and the

LIn pradtice, routers are built to handle congestion for a much lesser period of time, needing fewer
bu ers, but increasng the packet lossprobabilit y during overload.

2This trend could be broken by the sudden adoption of a new bandwidth -intensive application,
such asvideo streaming, similar to the period of 19956 when the massive adoption of the web made
trac double every 3-4 months.
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number of instructions per second of microprocessrs have historically doubled every
1.5to0 2 years [3,[IZ4. Historically, router capacity hasincreasedslightly fasterthan
Moore's law, multiplying by 2.2 every 1.5t0 2 years. This hasbeendue to advances
in router architecture [IZ3 and packet processing[83].

DRAM capacity has quadrupled on average ewery three yeas, but its frequency
for consecutive accessshas beenincreasing lessthan 10% a year [144, [143], equiva-
lent to doubling every 7 to 10 years. Modern advanced DRAM techniques, sud as
Syndironous Dynamic RAM (SDRAM) and Rambus Dynamic RAM (RDRAM), are
attacking the problem with I/ O bandwidth acrosspins of the chip, but not thelatency
problem [BF. Thesetechniquesincreasethe bandwidth by writing and reading bigger
blocks of data at a time, but they cannot speal up the time it takes to reference a
new memay location.

Finally, the capacity of b er optics has been doubling every 7 to 8 morths since
the advent of DWDM in 1996. Howewer, the growth rate is expected to deaease
to doubling every year as we start approaching the maximum capacity per b er of
100 Thit/s [I24]. Despite this future growth sowdown of DWDM, the long-term
growth rate of link capecity will still be above that of Internet tra ¢ at least past
the year 2007 [119].

Figure[L.3 shows the mismatch in the ewolution rates of optical forwarding, tra c
demand,electronc procesing, and electronicDRAM memoties. We can seehow link
capaity will outpace demand, but how electronic processingand bu ering clearly
drag behind demand. Link bandwidth will not be a scarceresource but the informa-
tion procesig and bu ering will be. Instead of optimizing the bandwidth utilization,
we shauld be streamlining the data path.

Figure[I.3shawvs how there is an increasing performancegap that could causebot-
tleneds in the future. The rst potential bottlened is the memory system. Routers
may be able to avoid it by using techniques that hide the increasingly high access
times of DRAMs [@]], similarly to what modern computersdo. With thesetechniques
accesgimescome closeto thoseof SRAM, which follows Moore'slaw. However, they

SExperts believethat thi strend will slow down asmicroprocessor and 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 trac demand and the underlying technologiesin the Internet
[1998 = 100%]. Trendsfor Silicon processingand router forwarding capacity are kept
at the samevalue astoday, despitetalks of a ow down after 2004.

make bu e ring more complex,with deeper pipelining, longer desgn cyclesand higher
power consumptian.

The secondpotential bottlened is information processing.T hetrend would argue
for the simpli catio n of the data path. However, thereis alot of pressurefrom carriers
to add more feaures in the routers, such as intelligent bu ering, quality-of-sevice
sdheduling, and tra ¢ accainting.

If we keepthe number of operations per packet constant, in ten years time, the
samenumber of routers that we currently have will be able to process200 times as
much trac astoday. In corirast, tra ¢ will have grown 1000 times by then. This
meansthat we will have a v e-fold performance gap. In ten yeas time we will need
v e times more routers astoday. These routerswill consume v e times more power,
and will occupy v etimes morespace? This meansbuilding over v e times as many
certral oc esand points of presene to housethem, which is a very heary nancial

4Actually they will occupy more than ve times the space as many of the routers linecards will
be used to connect to other routers within the same cerntral 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 with more than v e times as many routers will be more complex and more
dicult to manage and ewlve. The emnomicd and logistical cost of simply adding
more nodesis prohibitive, so we needto be creativ e, and think out of the box, trying
to nd amore e ectiv e sdution that solves the mismatch betweentra c demand and
router capacity, evenif it represats a paradigm shift.

1.2.2 Opti cal switching technology

One possiblesolution is to use optical switching elemerts. Optics is already a very
appealingtechnology for the core becauseof their long reach and high capacity trans-
mission. Additionally, recen advancesin MEMS [13,[B3], integrated waveguides [83],
optical gratings [10I, 7], tunable lasers[I84], and hologaphy [149] have made possi-
ble very high capacity switch fabrics. For example,optical switchesbased on MEM S
mirrors have shown to be almost line-rate independern, as opposed to CMOS tran-
sistors, which saurate befae reaching 100 GHz [3, I30]. Idedly, we would like to
build an all-optical padet switch that rides on the technology curve of optics. How-
ewer, building sud a switch is not feasible today becausepadet switching requires
bu ers in order to resdve packet contention, and we still do not know how to bu er
photonswhile providing random access Current e orts in high-gpeedoptical storage
[I78, O3, [I5]] 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 emnomicd manner, the high integration and speedthat provides 1.2 Gbytes of
bu ers to a 40 Gbit/s linecard.®

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, potertially, the switching is donein optics.
Current optical gates are all electrically cortrolled, and they are either medanical
(slow and wea rather quickly), liquid crystals (inherertly slow), or poled LiN bO;

SNeadlessto say, this vision of the future could completely changeif a breakthrough in technology
made fag, 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 nsfor a 40 Gbit/ slink, is very challenging and, thus, there have beenproposalsto
switch higher data units [I88], called optical bursts. Rather than requiring end hosts
to send data in larger padkets, these approacheshave gateways at the ingressof the
optical core that aggregate reqular IP padkets into mega-pakets. These gateways
perform all the bu ering that otherwise would be performedin the optical core, so
the bu ering problemis not eliminated, but rather pushed towards the edges.

In summay, all-optical routers are still far from being feasible. On the cortrary,
all-optical circuit switches are already a reality [13, 111, 0112 074, B4, 3. This
should not be a surprise, sincecircuit switching presers a data path that requiresno
bu ering and little procesing. For example, Lucent has demastrated an all-optical
circuit switch, usng MEM S mirrors, with switching capacities of up to 2 Pbit/ s [15];
this is 6000 tim es faster than the fasteg electronicrouter [&4].

Even when we considerelectranic circuit switchesand routers, the data path of
circuit switchesis much simpler than that of electranic routers, asshavn in Figure[I.]]
and Figure [I.2 This simple data path of circuit switches allows them to scaleto
higher capacity than equivalent eledronic routers. This is conrmed by looking at
the fastestswitchesand routers that are commercially available in the market at the
time of writing; onecanseethat circuit switcheshave a capecity that is 2 to 12 times
bigger than that of the fastest routers, as shavn in Table[I.] The simple data path
of circuit switchescomesat the cost of having a more complexcontrol path. Howewer,
it is the data path that determinesthe switching capacity, not the cortrol path; every
padet traverseghe data path, whereashe contr ol path is takenless often, only when
a circuit nealsto be created or destroyed.

In this Thesis,| argue that we could close the ewlution gap between Internet
tra ¢ and switching capacity by using more circuit switching in the core, both in
optical and eledronic forms. | alsoexplore di erent ways of how one could integrate
thesetwo techniques.
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Product Type of switch Bidirectional
switching capecity
Cisoo 12016 router 160 Gbit/s
Juniper T640 router 320 Gbit/s
Lucent LambdaUnite | circuit switch 320 Gbit/s
Ciena CoreDirector circuit switch 640 Gbit/s
Tellium Aurora 128 circuit switch 1.28 Thit/s
Nortel OPTera HDX circuit switch 3.84 Thit/s

Table 1.1: Bidirectional switching capacities of commercia switches[42, ©4, 47, [174,
[I3). While | have tried to be careful in the compaison, compaing product speci -
cations from di erent vendors is not necesarily compaing "appleswith apples”, and
should be taken only asa rough indication of their relative capecities.

1.3 Circuit and packet swit ching

If one had to give a very succinct description about how the Internet works, one
would say it as being composead of end hosts and routers interconnectedby links, as
shown in Figure [1.4. In more detail, the Internet is a packet-switched, store-and-
forward network that uses hop-by-hop routing and provides a best e ort network
service. This technology was chosen because it enableda robust network that made
an e cien t use of the network resourcedq11, 43 [I72 [14].

([osesa\\

[reeeses)

Figure 1.4: Simple architecture of the public Internet as descriled in textb ooks.
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However, the real Internet is more complex thanthis, and if welook closely we will
nd that thereis plenty of circuit switching in the Internet, asshown in Figure[L.3.
We have circuit switchesboth in the acces networks (leasedlines, DSL and phone
modems), and in the core of the network (SONET/SDH and DWDM). This gure
also shavs the market sizes in the yea 2001, and it shonvs how the market sizesfor
the segments that usecircuit switching are signi cant.

The current mix of padket and circuit switching in the Internet is dueto historical
reasms. In the early days of the Internet, whentwo Internet Sevice Providers (ISPs)
in di e rent and distant locations wanted to interconnectwith each other, they leased
a connectionfrom the only companiesthat had a continent-wide network, that is
the long-digancetelephonecompanies, and thesecompanieshave always based their
serviceon 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.

Edge and
DSL LAN routers

SONET/SDH,

Figure 1.5: Architecture of the public Internet asfound in the red world. The g ures
in the boxesrepresem the world market sizesin the year 200L. [I61,153, 157,60, 61]

Given the current situation, one may ask two related questions. First, is this
hybrid architecture theright network architecture? If we were to rebuild the Internet
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from scratch and with unlimit ed funds, would we choosea solution basedon only
padket switching, only circuit switching, or a mix of the two? Semnd, 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 astoday,
or will it change? Thesetwo quegions are the focus of the rst part of the Thesis |
will concludethat it makesmore senseto usecircuit switching in the core and padket
switching in the edgesof the network.

Currently, the circuits that we nd in the Internet are consideredby IP as static,
layer-2, point-to-point links. In other words, the circuit and packet switched parts
of the network are completely decouped, and changesin IP trac 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 (cir cuits
in the core) or the end user (circuits as accesslines). This also means that the time
scalein which circuits operate is much larger than that of padets.

We would make a more e cie nt use of the network resaurces if we could integrate
the world of circuits with that of padketsin sud away that circuits follow in real time
the uctuat ionsof the padket switched tra c. In this Thegs, | make two proposds of
how to integrate thesetwo technologiesin an ewolutio nary manner, wit hout changing
existing end hosts and routers. One approach uses ne-grain, lightweight circuits; the
other usescoase-grain, hearyweigh circuits (sudc as optical wavelenghs).

1.3.1 Virtua | circuit s

There is a third family of networks, which usesvirtual circuits, such as ATM or
MPLS. This family attemptsto get the beg of two worlds: on one hand, it takesthe
statistical multiplexing of padket switching. On the other hand, the trac manage-
mert and quality of serviceof circuit switching. Despite their name, virtual circuits
are essettially a connedion-orierted version of packet switching; it forwards infor-
mation as padets (sometimes cdled cells), but it keepsconnectionstate assaiated
with each ow. In contrast, IP is basal on the connectionlessswitching of padkets,
where no per- ow state is kept. Switches using virtual circuits are hard to design;
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they have the scalaility issuesof both the data path of padket switching and the
state managemen and signaling of circuit switching. Therefor, virtual circuits will
not be studied any further in this Thesis.

In the ealy 90's, therewasaracebetweenlP and ATM to dominate data networks.
In the end, IP routers prevailed over ATM switches partly becausethe former were
simpler and thus faster to hit the market and easierto con gure. In cortrast, MPLS
works just below IP, rather than competing with it, and it is an attempt to do simple
tra ¢ engineeringin the Internet. Only recently has MPLS started getting sizable
deployment with somebadbone carriers [34].

1.4 Performance metr ics for core IP router s

To study what network architecture is better, we needto have someperformancemet-
ricsto compaethe di erert options. In the network, there are two main stakehdders
the end usersand the network carriers. Evidently, they have di erent concerns and
views of the network. The most common use of the network is to requestand down-
load piecesof information® (be a web page, an image, a song, a video or a recordin a
database). After reachability, the end useris mainly interestedin a fast respnsetime,
de ned asthe time sincewe request the object until the last byte arrives Another
important setof use applications (e.g., voiceor video conferencingand streaming, or
gaming) requires quality of service (Qo0S) guarantees, suth as bounds on bandwidth,
maximum delay, delay jitter or loss. Thesenetwork guaranteesare often expressd
asa savice level agreemen betweenthe network userand the ISP.

Network carries have avery di erert setof requiremerts. Tableq1.2 and[I.3shav
a survey by BTexact of several IP badkbone carriers about their current concernsand
the feaures they will needin the next 2 years.

After interconnectivity, which is always taken as a given, router reliability and
stability are the greatest concernto carriers today. Signi cant improvemers are
required in these areas, particularly in the area of software reliability. It is highly
undesirableto have equipment that fails, needscontin uous attention, ties up valuable

Stoday, over 65% of the trac is web browsing and peer-to-peer le sharing [Z1].
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equipmert reliability and stability
salability

performance

feature support

managemert

total cost of ownership

environmental consideratons (power, size)

~NOoO o OWNPE

Table 1.2: Concernsof carriers for network equipment in decreasing order of impor-

tance [23.

denial of serviceattadk mitigation
wire-rate performanceof interfaces
systemaccesssecurity

port density improvemers

quality of senice support

aa b~ wWwdNPEF

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

human resources and spoils the reputation of the carrier. Following in importanceare
salability and performance. Eventhough thetotal costof ownership comedastin the
survey, the econanic problemsthat numerous carriers currently face have probably
increasedit s relevance;a good network hasto come at a reasonabk cost.

In terms of new features that carriers desre, the mitigation of Denial of Senice
(DoS) attacks ranks rst, assud attacks can make the network connectionunusable,
damaging the reputation of the carrier. Improvemerts in performance come second,
followed by better authentication and accesssecurity. Quality of service is last; how-
ewer, it is morerelevant for an operator that wants an integrated network that caries
both low-margin data tra ¢ and high-margin voicetra c .

In summary, endusescare about low regponsetime and quality of service, whereas
network operators desirereliability, scdability 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 capacity and reliability.
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1.5 Understanding Internet trac and failures

Before we can choosea solution for the network, we needto understand what types
of workloads are currently being injected into the Internet and how reliable di erent
elements in the network are. Dierent workloads will stressthe system in di erent
ways and will have di erent performancerequiremens and notions of quality of ser-
vice. For example,a workload with trac sent periodically in xed- sizedbursts will
behave quite di e rently than onethat hasa lot of variation in terms of interarrival
times, ow durations and ow rates. The rst workload would be best sened by a
slotted network, while the secand one would not.

This Thess provides a shat analysisand discus$on of the tra ¢ and failuresthat
we seein real networks, especially in or near the backbone. Someof theseresults are
basedon my own analysisof tra ¢ traces[131,[I7Q, other results have beenreported
elsevhere [31, 30 (102 104,104, I0Y. In general,one is intereded in knowing both
the type of application (to prioritize the performance metrics) and the distributio ns
and correlations of:

interarrival times (of ows and packets)
sizes or durations (of ows and padkets)
transmission rates of ows

failures of network elemernts

Basedon thoseobsenations, we can make someasumptions of the systemwork-
load. The most fundamenal oneis that ow durationsin the Internet have long and
heavy tails [148 58, 183, (23], as shovn in Figure[1.§ It shovs how fewer than 10%
of the owsin a badkbone link carry over 90% of the bytes transported in the link.
There are, thus, two typesof user ows. 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
extended periods of time and degrade the overdl system performance signi cantly.
All these o w characteristics will be incorporated in the performancestudy of padet
and circuit switching in the core of the network.



1.6 ORGANIZATION OF THE THESIS 17

1.0

09 |nye-07.0:010724 . =

: nyc-08.0-010724 ~  -—--—--- A
538 08 [pen02.0-010905 - e A
SE 07 |pen-05.0-010905 B L
gg 06 |SI-05.0-010905 —mmm g
gg : sj-b-06.0-010724 S TS i
gE 05 - e (a)
B g 04 L » - - s ”
LE 03 = e
0% 02 [ ==

01 | :

0.0 N N P i iakt N N M N M N M N M N M N M

10 100 1000 10000 100000 1le+06 1le+07 1e+08 1e+09  le+10
flow size (Bytes)
1 :
- 01 - TR
° 0 eI
I-é E  00Lf- T
S5 0001 f- N
€5 0.0001 |- TS Ry (b)
GE nyc-07.0-010724 — TR
52 105 Fnyc-08.0-010724 - o SR
S  1e06 [PEN-02.0-010905 - L RIS B
ES pen-05.0-010905 R :
3 1e-07 [-5j-05.0-010905 e
5]-b-06.0-010724 = ----

1le-08

10 100 1000 10000 100000 1e+06 1e+07 1le+08 1le+09 1e+10
flow size (Bytes)

Figure 1.6: Heavy-tailed trac. The gure shows (a) the empirical cumulativ e dis-
tribut ion function of the number of bytes transported, and (b) the empirical comple-
mertary cumulativ e distribution function of the ow size frequency with resped to
the ow sizein bytes. Each of the six badkbone traceshas between 5 and 40 million
ows of di erent OC-48 links, and they expand over a period of more than 24 hours
[170]. They include all typesof ows (TCP, UDP and ICMP)

1.6 Organization of the Thesis

Often one can nd in the technical press and lit erature predictions about how IP
routers will evertually replaceall circuit switches[186 190, 21, 99, 35, 37, 142, 87,
156, 128, 110]. These articles extend the original argumerts for adopting padet
switching in the early days of the Internet (namely, e ciency and robustness), by
adding the simplicity, cost advantage, and ability to provide QoS of IP. These are
some of the sacred cows of IP, and in Chapter 2, | ewaluate them one by one to
denystify the onesthat do not hold up to sautiny and to identify the onesthat
really apply.

Onekey claim of padet switching is left for Chapter 3; namely that the statistical
multiplexing of packet switching consistertly delivers a lower responsetime than
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circuit switching while downloading information. This is indeed the most relevant
performance metric for end users,and thusit getsits own chapter.

The conclusionof thesetwo chapters is that padet switching is very attr active
in Loca Area Networks (LANs) and accessetworks, becauseof the poor end-user
responsetime of dynamic circuits. On the contr ary, circuit switching is more attr ac-
tive in the core of the network becauseof its higher capacity, its perfect QoS, and
a responsetime that is similar to that of padket switching. In the future, one can
exped a dominart 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 showvn in Figure 1.5.

However, in the current Internet thesetwo distinct parts are completelydecoupled;
the edgesswitch packets independertly of the circuits used in the core. Chapter 4
preserts a network architecture (TCP Switching) that allowsthe integration of circuit
switching in the core of a padet-switched Internet in an ewlutionary way. The
chapter starts with adescription of what atypical application-level o w in the Internet
is, as obseved on accesspoints to the Internet of several universities and researt
institutio ns. A key obsenation is that despite the connedionlessnature 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
eadt application ow to a lightweight circuit. This proposal encompasesa family
of solutions, with se\eral designchoices. Also in this chapter, | chooseone solution
basedon what constitutes a typical ow in the Internet.

Onepotential problemwith such ne- grain circuits in thecore,asthin as56 Kbit/s,
is that they might not t well with many circuit switch designs. Most core circuit
switcheshave interconnectsthat only use channelsof at least51 Mbit/s. In addition,
optical switchesonly forward wavelengthscarrying channelsof over 2.5 Gbit/s. The
signding of these switches might be hearyweight because of the slow recon gura -
tion of the switch fabrics or becauseof a signding mechanism that requires circuit
creation con rmation. In Chapter 5, | presen another technique for controlling the
coaseqgrain, hearyweight circuits in the core by monitoring user ows rather than
tracking padets or queuelenghs. | show the requiremerts for di erert circuit setup
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times. These results could be usad in GeneralizedMulti-P rotocd Label Switching
(GMPLS), a technique that usesheavyweight circuits to adapt the network capacity
dynamically between edgerouters.

In Chapter 6, | describe someof the related work in the area of 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 othersattempt to extend
padket switching to all-optical switches(Optical Packet Swit ching { OPS [186]{, and
Optical Burst Switching - OBS [188]). Sane emphasisis placed on the compaison of
TCP Switching with OPS and OBS. Two metrics are usedfor the compaison: the
loss and blocking probabilities for a given network load, and the complexity of the
overall network.

Chapter 7 concludesthe T hesis,restating how we would bene t from more circuit
switching in the core of the network, and how we could integrate this circuit switched
corewith the rest of the network in an evolutionary way.
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