
Cha pter 3

Response Tim e of Circuit and

Packet Swi tching

3.1 In tr oducti on

As we saw in Chapters 1 and 2, packet swit ches (routers) do not o� er any signi�can t

advantages with respect to circuit switches in terms of simplicit y, robustness,cost-

e�cie ncy, or quality of service (QoS). In addition, circuit switches scalebetter in

terms of switching capacity than routers, and it is possibleto develop circuit switches

with an all-optical data path because they do not have the bu�ering and per-packet

processingrequirements of routers. As a result, circuit switching can be usedto close

the current gap between the growth rates of tra�c demandand router capacity. All

this indicates that circuit switching should be a good candidate for the core of the

Internet | wherecapacity is needed the most.

We could indeed bene�t from using more circuit switching in the core of the

network; however, we need to answer two questions�rst: How would the network

perform as far as the end-user is concerned if there were circuits at the core? And

how do we introduce circuit switching at the core (not the edge) of the Internet in an

evolutionary way?

In Chapters4 and 5, I will concentr ate on the secondquest ion, by proposingtwo

approachesfor integrating circuit and packet switching, and analyzing their feasibility.
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This chapter concentrat es on the �r st question. In particular, it looks at the response

time seen by end users in the extreme case in which each application 
o w at the

edgeof the network tri ggersa new circuit at the core (this is called TCP Switching).

TCP Switching exploits the fact that most data communications are connection-

oriented, and, thus, existing connect ions can easily be mapped to circuits in the

backbone. Despite its name, TCP Swit ching works with any application 
o w, and so

it also works with lesscommon UDP 
o ws, as well as ICMP and DNS messages. I

recommendthe readerto alsoread the next chapter, as it providesmore information

about the problem and some discussionof the salient advantagesand disadvantages

of TCP Switching. However, Section 3.5 provides enough information about TCP

Switching for the purposes of this chapter, and so it is not necessaryto have read the

next chapter to understand the performanceevaluation donehere.

However, it is not the purposeof this chapter to argue how good or bad TCP

Switching is in terms of it s implementation or easeof integration into the current

Internet. Instead, this chapter exploreshow the Internet would perform if it included

a signi�can t amount of �ne- grain circuit switching. In particular, the goal is to

examinethe obvious question (and preconception): Won't circuit switching lead to

a much less e�cien t Internet becauseof the loss of statistical multiplexing? And,

consequently, doesn't packet switching lead to lower costsfor the operator and faster

responsetimes for the users? While I am not necessarily arguing that TCP Switching

is the best way to intr oduce circuit switching into the core of the Internet, it is

possibleto analyze this extremeapproach. The resultsof this chapter are not limit ed

to TCP Switching, and they should give us an indication of how any dynamic circuit

switching techniquewill perform asfar asthe useris concernedand whether increased

deployment of circuit switching (in optical or electronic forms) makessense.

In Chapter 2, we already saw how QoS-aware applications can bene�t from the

simpler and clearerQoSde�nitions of circuit switching. However, the most important

performancemetric for the enduser is currently the responsetime of a 
o w, de�ned as

the time from whena userrequestsa �le froma remoteserver until thelast byteof that

�le arrives. This metric is so relevant becausethe most common use of the Internet
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today is to download �les,1 whether they are web pages, programs, images,songs,or

videos. After modeling and simulating the responset ime of equivalent packet- and

circuit-switched systems, this chapter concludes that , while circuit swit ching does

not make much sensefor the local area or accessnetwork due to it s poor response

time in that environment, there would be little change in end-user performance if

we introduced circuit switching into the core of the Internet. Given the relevant

advantagesof circuit switching that were described in Chapter 2 (namely, the higher

capacit y of circuit swit ches, their higher reliabilit y, their lower cost, and their support

for QoS), onecan conclude that we would clearly bene�t from more circuit switching

in the core of the Internet.

3.1.1 Organizat ion of t he chapter

This chapter is solely devoted to the study of the most important end-user metric,

the responsetime. Section 3.2 describes someearly work on the response time of

packet switching. Then, Section3.3 analyzes the responsetime in LANs and shared

accessnetworks; it starts wit h two motivating examples, onein which circuit switching

outperforms packet switching, and one in which packet swit ching outperforms circuit

switching. I then use a simple analyt ical model derived from an M/GI / 1 queueing

systemto determine the conditions under which onetechniqueoutperforms the other.

Special emphasis is given to 
o w-size distributions that are heavy tailed, such as

the ones found in the Internet. Section 3.4 performs an analysis similar to that in

Section3.3, but for the core of the network. Theseanalytical results do not include

many network e�ects that may a�ec t the responsetime, and so Sect ion 3.5 usesns-2

simulations to validate the results for the core. Section 3.7 concludesthis chapter.

3.2 Background and previ ous work

Early work in the late 60s and in the 70s [96, 10, 164, 97, 175, 95] studied the

responset ime of packet and circuit switching in the context of radio networks, satellit e

1Web browsing and � le sharing represent over 65% of Internet t ransferred bytes today [31].



52 CHAPT ER 3. RESPONSETI ME OF CIRCUIT AND PACKET SWITCHING

communications and the ARPANET (the precursorof the modern Internet). These

three network scenarios had somethingin common: links had lesscapacity than the

bandwidth that an end host could process,and so a single end host could take all

link bandwidth along a path if no oneelse was using it. The conclusionof this early

work was that packet switching is moree�cien t than circuit switching, and it provides

better responset imeunder thesescenarios. Theseresultswereobtained usingM/M/ N

queueingmodels,wherearrivals are Poissonand servicet imes are exponential.

With t ime, these results have been extrapolated to form part of the IP folklore

despite the fact that much has changed in the Internet . First , a single end host is

no longer capable of �l ling up a link in the core (2.5 Gbit/s and above) on its own.

Second,it has been shown that whereas 
o w/sessionarrivals are Poisson (or closeto

Poisson) [78, 45], 
o w sizes are not exponential, but rather heavy-tailed, and thus

they are closer to a Pareto distribution than an exponential one [84, 57, 183]. This

chapter evaluates the end-user responsetime with consideration of the characteristics

of the current Internet.

3.3 LA Ns and shared access net work s

I will start with someexamples to illustrat e what may happen whencircuit or packet

switching is used. I will usea simple example to demonstrate a scenario under which

circuit swit ching leads to improved userresponse time, and one in which the opposit e

is t rue.

3.3.1 Exam ple 1: LA Ns wit h �xed-size 
o ws

Consider the network in Figure 3.1 with 100 clients in the East Coast of the US

all trying simult aneouslyto download a 10-Mbit �le 2 from a remote server that is

connectedto a 1 Gbit /s link. With packet switching, all 100 clients share the link

bandwidth in a fair fashion. They receive 1/ 100 of the 1 Gbit/s, and so all 100 clients

will �nish at the same time, after 1 sec. On the other hand, wit h circuit switching

2For purposes of th is chapter, I will de�n e \1 Mbit " to be equal to 106 bits, not 210 bits, in order
to simplif y our examples.
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File = 10Gbits/
10Mbits

100 Files

1 server

100 clients

1 Gb/s

Figure 3.1: Network scenariofor both motivating examples. The bottleneck link
is a tr anscont inental link of 1 Gbit/ s. In the �rst scenario, all �les are of the same
length (10 Mbits). In the secondscenario, the �rst �le that gets requestedis 1000
times longer (with a size of 10 Gbits) than the other 99 �les (of 10 Mbits).

and circuit s of 1 Gbit/ s, the average response t ime is 0.505 sec,half as much as for

packet swit ching. Furthermore the worst client using circuit switching performs as

well asall the clients usingpacket switching, and all but oneof the clients (99%in this

case)are better o� with circuit switching. We observe that in this caseit is better to

completeeach job oneat a t ime, rather than making slow and steady progresswith all

of them simult aneously. It is also worth noting that, even when circuit s are blocked

for sometime before they start, they all �nish before the packet-switched 
o ws that

started earlier, and it is the �nishing time that counts for the end-user responset ime.

This result is reminiscent of the scheduling in operating systemswhere the shortest

remaining job �r st policy leadsto the fastest average job completion time.

Circuit Packet
switching switching

Flow bandwidt h 1 Gbit/s 10 Mbit/ s
Average response time (s) 0.505 1

Maximum responset ime (s) 1 1

Table 3.1: Average and maximum responsetimes in Example 3.3.1
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3.3.2 Exam ple 2: LA Ns wit h heavy-t ail ed 
o w sizes

This secondexampledemonstratesa scenario under which packet switching leadsto

improved responsetime. Consider the previous scenario, but assumethat one client

starts downloading a much longer �le of 10 Gbits slight ly before the others. With

circuit switching, this client hogs the link for 10 sec, preventing any of the other


o ws from making progress. So, the average response time for circuit switching is

10.495 secversusjust 1.099 sec for packet switching. In this caseall but one of the

clients arebetter o� with packet switching. Sinceactivecircuits cannotbepreempted,

the performanceof circuit switching falters as soon as a big 
o w monopolizesthe link

and prevents all others from beingserviced.With packet switching, onelong 
o w can

slow down the link, but it will not block it.

Circuit Packet
switching switching

Flow bandwidt h 1 Gbit/s 10 Mbit/ s, later 1 Gbit/ s
Average response time (s) 10.495 1.099

Maximum responsetime (s) 10.99 10.99

Table 3.2: Average and maximum responsetimes in Example 3.3.2

Which scenariois more representativ e of the Internet today? I will argue that the

second scenario (for which packet switching performs better) is similar to the edgeof

the network (i.e., LAN and accessnetworks) becauseas we will see
o w sizes in the

Internet are not constant and they follow a heavy-tailed distribution. However, I will

also argue that neither scenariorepresents the core of the Internet. This is because

corelinks have much higher capacity than edgelinks, and soa single
o w cannot hog

the shared link. A di�eren t model is needed to capture this e�ect. But �rst, I will

considera simpleanalyt ical model of how 
o wsshare links at the edgeof the network.

3.3.3 Mo del for LAN s and access net works

I start by modeling the averageresponsetime for parts of the network wherea single


o w can �ll the whole link. Below, I usea simple continuous time queueingmodel
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for packet and circuit switching to try and capture the salient di�erences between

them. I will use an M/GI/1 queue. The model assumesthat tra�c consistsof a

sequence of jobs, each representing the downloading of a �le. Performanceis assumed

to be dominated by a singlebottleneck link of capacit y R, asshown in Figure 3.2. A

servicepolicy decides the order in which data is tr ansferred over the bottleneck link.

To model packet switching, we assumethe service policy to be Processor Sharing

(PS-PrSh), and soall jobs sharethe bottleneck link equally, and each makesprogress

at rate R=k, where k is the number of active 
o ws. To model circuit switching, we

assumethat the server takesone job at a time and serveseach job to complet ion, at

rate R, before moving onto the next.

PS-PrSh
CS-FCFS
CS-SJF

Senders Receivers

Link under consideration

Figure 3.2: Queueing model used to analyze a bottleneck link using circuit and
packet switching.

The circuit -switching model is non-preemptive, modeling the behavior of a circuit

that occupiesall the link bandwidth when it is created, and which cannot be pre-

empted by another circuit unt il the 
o w �nishes. To determine the order in which


o ws occupy the link, we considertwo di� erent servicedisciplines: First ComeFir st
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Serve(CS-FCFS) and Shortest Job First (CS-SJF). It is well known [96] that CS-

SJF has the smallest average response time among all non-preemptive policies in

an M/GI/1 system,and so CS-SJF represents the best-caseperformancefor circuit-

switching policies. However, CS-SJF requiresknowledgeof the amount of work re-

quired for each job. In this context, this means the router would needto know the

duration of a 
o w before it starts, which is information not available in a TCP connec-

tion or other typesof 
o ws. Therefore, CS-FCFS is considered a simpler and more

pract ical servicediscipline, since it only requiresa queue to remember the arrival

order of the 
o ws.

In our model, 
o ws are assumedto be reactive and able to immediately adapt to

the bandwidth that they are given. The model doesnot capture real-life e�ects such

as packet ization, packet drops, retransmissions,congest ion control, etc., all of which

will tend to increase the response time. This model can be seenasa benchmark that

compares how the two switching techniques fare under idealized conditions. Later,

the result s will be corroborated in simulations of full networks.

The average response time, E[T], as a function of the 
o w size, X , is [96, 52]:

For M/GI / 1/ PS-PrSh:

E[T] = E[X ] + E[W] = E[X ] +
�

1 � �
E [X ] (3.1)

for M/GI/1 /CS-FCFS:

E[T] = E[X ] + E[W] = E[X ] +
�

1 � �
�

E [X 2]
2E[X ]

(3.2)

for M/GI/1 /CS-SJF:

E[T] = E[X ] +
�E [X 2]
2E[X ]

Z 1

0

f (x)dx

(1 � �
E [X ]

Rx+

0 yf (y)dy)(1 � �
E [X ]

Rx �

0 yf (y)dy)
(3.3)

where0 � � < 1 is the system load, W is the waiting t ime of a job in the queue,

and f (x) is the distributio n of the 
o w sizes.

To study the e�ect of the 
o w sizevariance, I usea bimodal distribut ion for the


o w sizes, X , such that f (x) = � � (x � A) + (1 � � )� (x � B ), with � 2 (0; 1). A is
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held constant to 1500 bytes, and B is varied to keep the average job size, E[X ], (and

thus the link load) constant.

Figure 3.3 shows the averageresponse time for circuit swit ching (for both CS-SJF

and CS-FCFS) with respect to that for PS-PrSh for di�e rent valuesof � and for link

loads of 25%and 90%. A value of below 1 indicates a faster response time for circuit

switching, a value above 1 shows that packet switching is faster.
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Figure 3.3: Relative average responsetime of CS-FCFS and CS-SJFwith respect to
PS-PrSh for a single server. Arriv als are Poissonand 
o w sizesare bimodal with
parameter � . Link loads are � = 0:25 and � = 0:9.

The �gu re is bestunderstood by revisiting the motivating examplesin sect ions3.3.1

and 3.3.2. When � is small, almost all 
o ws are of size B � E[X ], and the 
o w size

variance is small, � 2
X = (E[X ] � A)2 � � =(1 � � ) � (E [X ])2. As we saw in the �rst

example, in this casethe averagewaiting times for both CS-FCFS and CS-SJFare

about 50% of thosefor PS-PrShfor high loads.

On the other hand, when � approaches 1, most 
o ws are of sizeA, and only a few
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are of sizeB = (E[X ] � � A)=(1� � ) � ! 1 . Then � 2
X = (E[X ] � A)2 � � =(1� � ) � !

1 , and so the waiting time of circuit switching alsogrows to 1 . This caseis similar

to our secondexample,whereoccasional very long 
o ws block short 
o ws, leading to

very high responsetime.

We can determineexactly when CS-FCFS outperforms PS-PrSh basedon Equa-

tions 3.1 and 3.2. The ratio of their expected wait ing time is E[X 2]=(2E[X ]2), and so

as long as the coe�c ient of variat ion C2 = E[X 2]=E[X ]2 � 1 is lessthan 1, CS-FCFS

always behaves better than PS-PrSh. On the other hand, CS-SJF behaves better

than CS-FCFS, as expected, and it is able to provide a faster responsetime than

PS-PrSh for a wider range of 
 ow size variances,especially for high loads when the

job queue is often non-empty and the reordering of the queue makes a di�erence.

However, CS-SJF cannot avoid the eventual hogging by long 
o ws when the job-size

variance is high, and then it performsworsethan PS-PrSh.

It has been reported [84, 57, 183] that the distribution of 
o w durations is heavy-

tailed and that it has a very high variance,with an equivalent � greater than 0.999.

This suggests that PS-PrSh is signi�cantly better than either of the circuit -switching

disciplines. I havefurther veri�ed this conclusion usinga Bounded-Pareto distribution

for the 
o w size, such that f (x) / x � 
 � 1. Figure 3.4 shows the results. It should not

be surprising how bad circuit switching fares with respect to packet swit ching given

the high variance in 
o w sizesof the Pareto distribution.

We can concludethat in a LAN environment, wherea single end host can �ll up

all the link bandwidth, packet switching leadsto more than 500-fold lower expected

responsetime that circuit switching becauseof link hogging.

3.4 Core of t he In ternet

In the previous section,we saw what happenswhen a circuit belonging to a user 
o w

blocks the link for long periods of time. However, this is not possible in the core of

the network. For example, most core links today operate at 2.5 Gbit /s (OC48c) or

above [30], whereasmost 
o ws are constrained to 56 Kbit/ s or below by the access

link [59]. Even if we considerDSL, cable modemsand Ethernet, when the network
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Figure 3.4: Relative average responsetime of CS-FCFS with respect to PS-PrSh for a
singleserver. Arriv als are Poisson and 
o w sizesare boundedPareto with parameter

 = 1:1 and 
 = 1:3. Link loadsare � = 0:25 and � = 0:9.

is empty a singleuser 
o w cannot �ll the core link on its own. For this case, we need

a di�eren t analysis.

3.4.1 Exam ple 3: An overpr ovi sioned core of t he net work

For the core of the network, I will considera slightly modi�e d version of the last

examplefor LANs. Now, client hostsaccessthe network through a 1 Mbit/s link, as

shown in Figure 3.5. Again, the tr anscontinental link has a capacity of 1 Gbit/s, and

there are 99 �les of 10 Mbits and a single 10-Gbit �le. In this case,
o w rates are

capped by the accesslink at 1 Mbit/ s no matter what switching technology is used.

With circuit switching, it doesnot makesense to allocatea circuit in the corethat has



60 CHAPT ER 3. RESPONSETI ME OF CIRCUIT AND PACKET SWITCHING

more capacity than the accesslink becausethe excessbandwidth would be wasted.

So,all circuits get 1 Mbit/s, and becausethe corelink is of 1 Gbit /s, all 100circuits of

1 Mbit /s canbeadmitted simultaneously. Similarly, wecan �t all 100 packet-swit ched


o ws of 1 Mbit/s. If there is no di� erencein the 
o w bandwidth or the scheduling,

then there is absolutelyno di�e rencein the responsetime of both techniques,asshown

in Table 3.3. Theseresults are representat ive of an overprovisioned core network.

File = 10Gbits/
10Mbits

100 /10000 
Files

1 server

100 /10000 
clients

1 Gb/s

Access Links
1Mb/s

Figure 3.5: Network scenario for motivating examples3.3.1and 3.3.2. Accesslinks
of 1Mbit/s have beenadded,while the transcontinental link of 1 Gbit /s is kept the
same. 1% of the �les are long �les of 10 Gbits, and the rest are only 10-Mbit long.
In Example 3.4.1, there are only 100 clients, and in Example 3.4.2, 10000 clients.

Circuit Packet
switching switching

Flow bandwidt h 1 Mbit/s 1 Mbit/s
Average response time (s) 109.9 109.9

Maximum responset ime (s) 10000 10000

Table 3.3: Average and maximum responsetimes in Example 3.4.1



3.4. CORE OF THE INTERNET 61

3.4.2 Exam ple 4: An oversubscrib ed core of t he net work

I will consider a fourth motivating example to illustrate what happens when we

oversubscribe the core of the network. Consider the same scenario as before, but

with 100 times as many clients and �les; namely, we have 10000 clients requesting

9900 �le s of 10 Mbits and 100 �les of 10 Gbits (which get requestedslightl y before

the shorter ones). With circuit switching, all circuits will be of 1 Mbit/s again, and

100 Mbit/s of the core link will be blocked by the long 
o ws for 10000 s, whereas

short 
o ws will be served in batchesof 900 
o ws that last 10 s.

Circuit Packet
switching switching

Flow bandwidt h 1 Mbit/s 100 Kbit/s, later 1 Mbit/s
Average response time (s) 159.4 199.9

Maximum responset ime (s) 10000 10090

Table 3.4: Average and maximum responsetimes in Example 3.4.2

With packet switching, all 10000 
o ws will be admitted, each taking 100 Kbit/s

of the core link. After 100 s, all short 
o ws �nish, at which point the long 
o ws get

1 Mbit/ s until they �nis h. The long 
o ws are unable to achieve 10 Mbit/s because

the accesslink caps their peakrate. As a result, the averageresponset ime for packet

switching is 199.9 s vs. the 159.4 s of circuit switching. In addition, the packet-

switched systemis not longer work conserving, and, as a consequence, the last 
o w

�nishes later with packet switching. The key point of this example is that by having

more channelsthan long 
o ws onecan prevent circuit swit ching from hogging the link

for long periods of t ime. Moreover, the oversubscription of a link with 
o ws hurt s

packet switching becausethe 
o w bandwidt h is squeezed.

Which of thesetwo scenarios for the core is more representativ e of the Internet

today? I will argue that it is Example 3.4.1 (for which circuit switching and packet

switching perform similarly) becauseit hasbeen reported that core links are heavily

overprovisioned[135, 47, 90].
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3.4.3 Mo del for the core of the In terne t

At the core of the Internet, 
o w rates are limit ed by the accesslink rate, and so a

single user cannot block a link on its own. To re
ect this, the analytical model of

Section 3.3.3 needsto be adjusted by capping the maximum rate that a 
o w can

receive. I will use N to denote the ratio between the data rates of the core link

and the access link. For example, when a 
o w from a 56 Kbit/s modem crosses a

2.5 Gbit/s core link, N = 44; 000. Now, in the 
uid model a single 
o w can useat

most 1=N of the whole link capacity, so rather than having a full server, I will use

N parallel servers, each with 1=N of the total capacit y. In other words, I will use an

M/GI/N model instead. For this model, there is an analytical solution for the PS-

PrSh discipline [49]; however, there is no simpleclosed-form solution for CS-FCFS or

CS-SJF, so I resort to simulation for these disciplines instead.

With circuit swit ching, the more circuits that run in parallel, the less likely it is

that enough long 
o ws appear at the same time to hog all the circuits. It is also

interesting to note that CS-SJFwill not necessarilybehave better than CS-FCFS all

the time, asCS-SJF tends to delay all long jobs and then serve them in a batch when

there are no other jobs left. This makes it more likely for hogging to take place,

blocking all short jobs that arrive while the batch of long jobs is being served. On

the other hand, CS-FCFS spreads the long jobs over time (unless they all arrived at

the sametime), and it is therefore lesslikely to cause hogging. For this reasonand

because of the di�culties implementing CS-SJF in a real network, I will no longer

considerit in our M/ GI/N model.

Figure 3.6 compares the average responsetime for CS-FCFS against PS-PrSh for

bimodal servicetimes and di�eren t link loads. The ratio, N , betweenthe core-link

rate and the maximum 
o w rate variesfrom 1 to 512. We observe that as the number

of 
o ws carried by the core link increases,the performanceof CS-FCFS improvesand

approaches that of PS-PrSh. This is becausefor largeN the probabilit y that there are

more than N simultaneouslong 
o ws is extremely small. The waiting time becomes

negligible, since all jobs reside in the servers, and so circuit swit ching and packet

switching behave similarly. Figures 3.7a and 3.7b show similar result s for bounded

Pareto 
o w sizesas we vary the link load. Again, as N becomesgreater or equal to
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Figure 3.6: Relative average responsetime of CS-FCFS and CS-SJFwith respect to
PS-PrSh for an increasingcore-to-accesslink-capacity ratio, N . Arrivals are Poisson
and 
o w sizes are bimodal with parameter � . Link loads are � = 0:25 and � = 0:9.
The value of N at which the curve 
a ttens increaseswith the load, � , but it is smaller
than 512 even for high loads.

512, there is no di�erence betweencircuit and packet switching in terms of average

responsetime for any link load. I have also studied the standard deviation of the

responsetime, � T , for both 
o w sizedistribution s, and there is also little di� erence

onceN is greater than or equal to 512.

To understand what happens when N increases,we can study Figure 3.8. As

we can see, the number of 
o ws in the queue (shown in the upper three graphs)

increasesdrastically whenever the number of long jobs in the system (shown in the

bott om three graphs) is larger than the number of servers, which causesa long-

lasting hogging. Unt il the hogging is cleared, there is an accumulation of (mainly)

short jobs, which increasesthe responsetime. As the number of serversincreases, the

occurrenceof hogging events is less frequent because the number of long 
o ws in the
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Figure 3.7: Relativ e average responsetime for CS-FCFS with respect to PS-PrSh
for an increasingcore-to-access link-capacity ratio, N . Arr ivals are Poissonand 
o w
sizes follow a bounded Pareto distribution with 
 = 1:1 (a) and 
 = 1:3 (b). The
value of N at which the curves
at ten is smaller than 512.

systemis smaller than the number of servers,N , almost all the t ime. The results for

an M/Bimo dal/N system are very similar.

In the core, N will usually be very large. On the other hand, in metropolitan

networks, N might be smaller than the critical N , at which circuit switching and

packet switching have the sameresponse time. Then, in a MAN a small number

of simultaneous,long-lived circuit s might hog the link. This could be overcomeby

reservingsomeof the circuits for short 
 ows, so that they are not held back by the

long ones,but it requires some knowledge of the duration of a 
o w when it starts.

One way of forfeiting this knowledge of the 
o w length could be to acceptall 
o ws,

and only when they last longer than a certain threshold, they are classi�ed as long


o ws. However, this approach has the disadvantage that long 
o ws may be blocked

in the middle of the connection.

One might wonder why a situation similar to Example 3.4.2 does not happen.

In that example,therewere many more act ive 
o ws than the ratio N , and then the

packet-switched
o wswould squeezethe available bandwidth. However, if weconsider

Poissonarrivals, the probability that there areat least N arrivals during the duration
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(a) (b) (c)

Figure 3.8: Time diagram of three M/ Pareto/N/ CS-FCFS systems. The top three
graphsshow the total number of jobs in the queuefor (a) N = 1, (b) N = 10, and (c)
N = 100. The bottom graphs only show the number of long jobs in the system(both
in the queueand in the N servers). Whenever there are more than N long jobs, the
queuebuilds up. A long job is one that is three times longer than the average job
size.

of a \short" 
o w is very small becausemost bytes (work) are carried by long 
o ws

as shown in Figure 1.6. As a result, P(at least N arr ivals dur in g short f low) =

1 � F�̂ (N � 1) ! 0 as N ! 1 , whereF�̂ is cumulative distributio n funct ion (CDF)

of a Poissondistributio n with parameter �̂ , and:

�̂ = � � E [X jshor t ]
R=N = � E [X ]

R � E [X jshor t ]
E [X ] � N = � � E [X jshor t ]

E [X ] � N � � � N < N

where0 < � < 1 is the total system load, E[X jshort] � E [X ] is the averagesizeof

short 
o ws,andR is the link capacity. As a result, P(at leastN arr ivals during short f low) �

0.

In summary, the responset ime for circuit switching and packet switching is similar

for current network workloadsat the core of the Internet, and, thus, circuit switching

remainsa valid candidate for the backbone. As a reminder, theseare only theoretical

resultsand they do not include important factors likethepacketization of information,

the contention along several hops, the delay in feedback loops, or the 
o w control
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algorit hms of the transport protocol. The next sectionexplores what happenswhen

thesefactors are considered.

3.5 Simulat ion of a real net work

To complete this study, I have usedns-2 [89, 125] to simulate a computer network,

where I have replaced the packet-switched core with a circuit-switched core using

TCP Switching. I will brie
y describe how TCP Swit ching works below for the pur-

posesof calculating the end-user response time. Chapter 4 provides a more detailed

description of this network architecture, in casethe reader is eager to know more.

With TCP Switching, end hosts operate as they would normally do in a packet-

switched Internet. When the �r st packet of a 
o w arrives to the edgeof a circuit-

switched cloud (seeFigure 3.9), the boundary router establishes a dedicatedcircuit

for the 
o w. All subsequent packets in the 
o w are injected into the same circuit to

traversethe circuit-switched cloud. At the egressof the cloud, data is removed from

the circuit, reassembled into packets and sent on it s way over the packet-swit ched

network. The boundary routers are regular Internet routers, wit h new linecards that

can create and maintain circuits for each 
o w. The core switches wit hin the cloud

are regular circuit switches with their signaling software replaced by the Internet

routing protocols. When a core swit ch seesdata arriv ing on a previously idle circuit,

it examines the �r st packet to determine its next hop, then it creates a circuit for it

on the correct outgoing interface. In the simulations, I assume that the local area

and access networks are packet switched because, as we have already seen, there is

little usein having circuit s in the edge links.

In the setup, web clients are connectedto the network using 56 Kbit/s links.

Servers are connected using 1.5 Mbit/s links, and the core operates at 10 Mbit/ s.

Later, access links are upgraded to 1.5 Mbit /s, and the rest of the network is scaled

proportionally. As one can see, 
o w rates are heavily capped by the accesslinks of

the end hosts, with a core-to-accessratio N > 180. Average link loads in the core

links are lessthan 20%, which is consistent with previousobservations in the Internet
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Figure 3.9: Topology usedin the ns-2 simulation. Two separate accesslink speeds
of 56 Kbit/s (phone modem) and 1.5 Mbit/ s (DSL, cable modem) were considered
for the clients. The capacities of server and core links werescaledaccordingly.

[135, 47, 90].

We assume that the circuits are establishedusing fast, lightweight signaling, as

described in Chapter 4, which doesnot requirecon�rmat ion from the egressboundary

router, and thus it does not have to wait for a full round-tri p time (RTT) to start

inject ing data into the circuit .

Figures 3.10and 3.11 show the goodput and the response time, respectively, as a

function of the �le size. Onecan seethe e�ects of TCP congestioncontrol algorit hms;

the shortest 
o ws have a very low goodput. This is mainly due to the slow-start

mechanism that beginsthe connection at a low rate.

The key observation is that packet swit ching and circuit swit ching behave very

similar, with circuit switching having a slightly worse average response time (14%

worse for 56 Kbit/s accesslinks), but the di� erencebecomessmaller, the faster the

accesslink becomes(only 1% worse for 1.5 Mbit/s accesslinks).
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Figure 3.10: Average goodput as a funct ion of the size of the transferred �le for
accesslinks of 56 Kbit/s and 1.5 Mbit/ s.

The reasonfor circuit switching having worsegoodput (and thus responsetime)

is that the transmissiontime of packets along thin circuits in the core increases the

RTT, and this reduces the TCP throughput [139]. For example, to transmit a 1500-

byte packet over a 56 Kbit/ s circuit takes214 ms (vs. the 8 ms of a 1.5 Mbit/ s link),

which is comparable to the RTT on most paths in the Internet. Packet switching

does not have this problem becausepackets are transmitt ed at the rate of the core

link (10 Mbit/s or 600 Mbit/s). In the future, as accesslinks increasein capacity,

this increasein the RTT wil l becomelessrelevant, and circuit swit ching and packet

switching will deliver the same responsetime. The simulations con�r m that, whereas

the useof circuit switching in LANs and accessnetworks is undesirable for the end

user,userswill seelit tle or no di�e rence in terms of response t ime when using either

circuit swit ching or packet switching in the core.
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3.6 Di scussion

The resultspresented in this chapter rely on the fact that the bandwidth ratio between

coreand access links, N , is greater than 500 for the coreof the network today. In the

future, this ratio will cont inue to remain high, as the network topology designwill

probably not change: with lower-speedtr ibutar ies feedinginto higher-speed links as

we move further into the core. The reason behind this topology design is that the

network performance is morepredictable. If the ratio N weresmall, even with packet

switching, end users would perceive a big di�e rence between an unloaded network

and a moderately loadedonewith only a few other users.

In addition, as we have just seen, in the futur e accesslinks will becomefaster and

so the di�erence between the responsetime of circuit switching and packet switching
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Figure 3.12: Hybrid network architecture using circuit switching in the core and
packet switching in the edgesthat is recommendedin this thesis.

will become negligible. So, it is safeto assumethat the responsetime of circuit and

packet switching in the core of the network will remain the samein the future.

3.7 Concl usions and summ ary of contr ibut ions

In this chapter, I have argued that, for a given network capacity, users would expe-

riencelittle di� erencein performanceif circuit swit ching wereused instead of packet

switching at the core of the Internet. However, this result is not extensibleto LAN

environments, sincebig variancesof 
o w sizesin the Internet produce link blocking

by circuits, and this in turn makescircuit switching deliver a very poor responset ime.

The main opportunit y for circuit swit ches comesfrom their simplicity, and there-

fore they can be made faster, smaller and to consumeless power. As a result , the

capacit y of the network canbe increased without decrementing end-userperformance

by using more circuit switching in the core. In this thesis, I recommend a network

architecture that usescircuit switching in the core and packet switching in the edges,

so as to meet Internet's challenging demands for high aggregate bandwidth and low

end-user response time at a reasonable cost. This hybrid architecture is shown in
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Figure 3.12.
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