Chapter 3

Response Tim e of Circuit and
Packet Switching

3.1 Intr oducti on

As we saw in Chapters[l] and[d, packet swit ches (routers) do not o er any signi cant
advantages with respect to circuit switchesin terms of simplicity, robustness,cost-
e cie ncy, or quality of senice (Qo0S). In addition, circuit switches scale better in
terms of switching capacity than routers, and it is possibleto deweop circuit switches
with an all-optical data path because they do not have the bu ering and per-padet
processingrequiremerts of routers. As a result, circuit switching can be usedto close
the current gap between the growth rates of trac demandand router capacity. All
this indicates that circuit switching shauld be a good candidate for the core of the
Internet | where capacity is needed the most.

We could indeed bene t from using more circuit switching in the care of the
network; however, we needto answer two questions rst: How would the network
perform as far as the end-useris 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
ewolutionary way?

In Chaptersfd and[§, | will concertrate on the secondquegion, by proposingtwo
approadiesfor integrating circuit and padket switching, and analyzing their feasibility.
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This chapter concentrat eson the r st questian. In particular, it looks at the response
time seenby end usersin the extreme case in which ead application ow at the
edgeof the network tri ggersa new circuit at the core (this is caled TCP Switching).
TCP Switching exploits the fact that most data commnunications are connection-
oriented, and, thus, existing connedions can easily be mapped to circuits in the
badkbone. Despiteits name, TCP Swit ching works with any application ow, and so
it also works with lesscomma UDP ows, aswell as ICMP and DNS messags. |
recommendthe readerto alsoread the next chapter, asit provides more information
about the problem and some discussionof the sdient advantagesand disadvantages
of TCP Switching. However, Sectian [3.3 provides enoudh information about TCP
Switching for the purposes of this chapter, and so it is not necessaryto have read the
next chapter to understand the performance evaluation done here.

However, it is not the purposeof this chapter to argue how good or bad TCP
Switching is in terms of its implemertation or easeof integration into the current
Internet. Instead, this chapter exploreshow the Internet would perform if it included
a signicant amount of ne-grain circuit switching. In particular, the god is to
examinethe obvious question (and preconception): Won't circuit switching lead to
a much less e cient Internet becauseof the loss of statistical multiplexing? And,
consequetly, doesn't padket switching leadto lower costsfor the operator and faster
responsetimes for the uses? While | am not necesarily arguing that TCP Switching
is the best way to introduce circuit switching into the core of the Internet, it is
possibleto andyze this extremeapproach. The results of this chapter are not limit ed
to TCP Switching, and they should give us an indication of how any dynamic circuit
switching technique will perform asfar asthe useris concernedand whetherincreased
deploymert of circuit switching (in optical or electronic forms) makessense.

In Chapter [3, we already sav how QoS-avare applications can bene t from the
simplerand clearerQoSde nitions of circuit switching. Howewer, the most important
performancemetric for the enduse is currertly the respnsetime ofa ow, de ned as
the time from whena userrequestsa le fromaremoteserver until thelast byte of that
le arrives This metric is so relevant becausethe most comma use of the Internet
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today is to download les,! whetherthey are web pages programs, images,sangs, or
videos. After modeling and simulating the responsetime of equivalert padket- and
circuit-switched systems this chapter concludesthat, while circuit switching does
not make much sensefor the local area or accessetwork due to its 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 descibed in Chapter [ (namely, the higher
capaity of circuit swit ches, their higher reliability, ther lower caost, and their support
for QoS), one can conclude that we would clearly bene t from more circuit switching
in the core of the Internet.

3.1.1 Organization of the chapter

This chapter is solely dewoted to the study of the most important end-user metric,
the responsetime. Section[3.2 descrites someealy work on the reponse time of
padket switching. Then, Section[3.3 analyzes the responsetime in LANs and shared
accessietworks; it starts wit h two motivating examples onein which circuit switching
outperforms padket switching, and one in which padket swit ching outperforms circuit
switching. | then use a simple analytical model derived from an M/GI / 1 queueing
systemto detemmine the conditions under which onetechnique outperforms the other.
Spedal emphasis is given to o w-size distributions that are heavy tailed, sut as
the onesfound in the Internet. Sectim [3.4 performs an analysis similar to that in
Section3.3 but for the core of the network. Theseandytical results do not include
many network e ectsthat may aect the responsetime, and so Sec¢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 [@8, 10, I&4, @7, I3, @Y studied the
responsetime of packet and circuit switching in the context of radio networks, satellit e

1Web browsing and le sharing represent over 65% of Internet transferred bytes today [1].
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commnunications and the ARPANET (the precursorof the modern Internet). These
three network scenaiios had somethingin comma: links had less capecity than the
bandwidth that an end host could process,and so a singe end host could take all
link bandwidth along a path if no one el wasusingit. The conclusionof this early
work was that packet switching is moree cien t than circuit switching, and it provides
better responsetime underthesescenaiios. Theseresultswereobtained usingM/M/ N
gueueingmodels, wherearrivals are Poissonand servicetimes are exponertial.

With time, 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 | ling up alink in the core (2.5 Gbit/s and above) on its own.
Second,it has been shovn that whereas o w/sessionarrivals are Poison (or closeto
Poisson) [78 45, ow sizes are not exponertial, but rather heary-tailed, and thus
they are close to a Pareto distribution than an exponertial one [84 &4, I83. This
chapter evaluatesthe end-use responsetime with consideraton of the characteristics
of the current Internet.

3.3 LA Ns and shared access network s

| will start with someexamples to illustrat e what may happenwhencircuit or padket
switching is used. | will usea simple example to demonstrate a scenaio under which
circuit switching leads to improved userregponse time, and one in which the opposite
is true.

3.3.1 Example 1. LA Ns with xed-size o0 ws

Consider the network in Figure [3.J) with 100 clients in the East Coast of the US
all trying simultaneouslyto 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 receiwe 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, with circuit switching

2For purposes of this chapter, | will de ne\1 Mbit" to be equal to 10° bits, not 20 bits, in order
to simplify our examples
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100 Files

File= 10Ghits/
10Mbits

Figure 3.1: Network scenariofor both motivating examples. The bottlened link
is a transconinental link of 1 Gbit/ s. In the rst scenaio, all les are of the same
length (10 Mbits). In the secondsenaio, the rst le that getsrequestedis 1000
times longer (with a size of 10 Gbits) than the other 99 les (of 10 Mbits).

and circuits of 1 Gbit/ s, the average regonse time is 0.505 sec,half as much as for
padet switching. Furthermore the worst client using circuit switching performs as
well asall the clients using packet switching, and all but one of the clients (99%in this
case)are better o with circuit switching. We obsene that in this caseit is better to
completeead job oneat atime, rather than making slow and steady progresswith all
of them simultaneously It is also worth noting that, even when circuits are blocked
for sometime before they start, they all nish before the padket-switched o ws that
started ealier, and it is the nishing time that courts for the end-user responsetime.
This reault is reminiscert of the sdheduling in operating systemswhere the shortest
remaining job r st policy leadsto the fastest average job completion time.

Circuit Padket
switching switching
Flow bandwidth 1 Ghit/s 10 Mbit/ s
Average regonse time (s) 0.505 1
Maximum responsetime (S) 1 1

Table 3.1: Average and maximum responsetimes in Example[3.3.]
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3.3.2 Example 2: LA Ns with heavy-t ailled o w sizes

This secondexampledemonstiates a scenaio under which packet switching leadsto
improved responsetime. Consider the previous s@naio, but assumethat one client
starts downloading a much longer le of 10 Gbits slightly beforethe others. With
circuit switching, this client hogsthe link for 10 se¢ prewenting any of the other
ows from making progress Sq the averageregonse 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. Sinceactive circuits cannotbe preempted,
the performanceof circuit switching falters as soon as a big o w monopolizesthe link
and preverts all others from being serviced. With padket switching, onelong ow can
slow down the link, but it will not block it.

Circuit Padet
switching switching
Flow bandwidth 1 Gbit/s 10 Mbit/ s, later 1 Ghit/ s
Average regonse time (s) 104% 1.099
Maximum responsetime (s) 10.99 10.99

Table 3.2: Average and maximum responsetimes in Example[3.3.3

Which scenariois more represetativ e of the Internet today? | will arguethat the
seond scenario (for which packet switching performs better) is similar to the edgeof
the network (i.e., LAN and accessnetworks) becauseas we will see ow sizes in the
Internet are not constant and they follow a heavy-tailed distribution. Howewer, | will
also argue that neither scenariorepreseris 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 dierent model is nealed to capture this eect. But rst, | will
considera simple analytical model of how o wsshatrelinks at the edgeof the network.

3.3.3 Mo del for LAN s and access networks

| start by modeling the averageresponsetime for parts of the network wherea singe
ow can Il the whole link. Below, | usea simple cortinuous time queueingmodel
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for packet and circuit switching to try and capture the salient di erences between
them. | will usean M/GI/1 queue. The model assumeshat tra ¢ consistsof a
sequene of jobs, eat represating the downloading of a le. Performanceis assumel
to be dominated by a singlebottleneck link of capecity R, asshown in Figure[3.3. A
servicepolicy decides the order in which data is transfered over the bottlened link.
To model padket switching, we assumethe service policy to be Processor Sharing
(PS-PrSh), and soall jobs sharethe bottlened link equally, and each makesprogress
at rate R=k, wherek is the number of active ows. To model circuit switching, we
assumethat the sener takesonejob at a time and servesead job to competion, at
rate R, before moving onto the next.

Senders Recevers

Link under consideration g

~-——_ -

Figure 3.2 Queueng model used to analyze a bottleneck link using circuit and
padet switching.

The circuit-switching model is non-preemptive, modeling the behavior of a circuit
that occupiesall the link bandwidth wheniit is created, and which cannot be pre-
empted by anaher circuit until the ow nishes. To determine the order in which
o ws ocaupy the link, we considertwo di erert servicedisciplines First Come Fir st
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Serve (CS-FCFS) and ShortestJob First (CS-SJF). It is wel known [@g that CS-
SJF has the smallest average responsetime among all non-preemptive policies in
an M/GI/1 system,and so CS-SJF represeats the beg-caseperformancefor circuit-
switching policies. Howewer, CS-SJF requiresknowledge of the amaunt of work re-
quired for eadh job. In this context, this means the router would needto know the
duration of a ow beforeit starts, which is information not available in a TCP connec

tion or other typesof ows. Therefore, CSFCFS is consdered a smpler and more
practical servicediscipline, sinceit only requiresa queueto remenber the arrival
order of the ows.

In our model, ows are assumedo be reactive and able to immediately adapt to
the bandwidth that they are given. The model doesnot capture real-life e ects such
as padetization, padet drops, retransmissions,congegion control, etc., all of which
will tend to increase the repponse time. This model can be seenasa bendimark that
compaes how the two switching techniquesfare under idealized conditions. Later,
the results will be corroborated in simulations of full networks.

The averageresponse time, E[T], asa function of the ow size X, is [98, BZ]:

For M/GI / 1/ PSPrSh:

E[T]= E[X]+ E[W]= E[X]+ 1 E[X] (3.1)
for M/GI/1 /CS-FCFS:
2
E[T]= E[X]+ E[W]= E[X]+ 1 2EE[>[<X} (3.2)

for M/GI/1 /CS-SJF:

E[X?]%1 f (x)dx

E[T]= E[X]+ R~ R
TEERIT 26T o @ oy o v )y

(3.3)

where 0 < listhe system load, W is the waiting time of a job in the queue,
and f (x) is the distributio n of the ow sizes.

To study the e ect of the ow sizevariance, | usea bimodal distribution for the
ow sizes X, sudhthatf(x) = (x A)+ (1 ) (x B),with 2 (0;1). Ais
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held constant to 1500 bytes, and B is varied to keep the averace job size, E[X], (and
thus the link load) constant.

Figure shaws the averageresponse time for circuit swit ching (for both CS-SJF
and CS+CFS) with regpect 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 regponse time for circuit
switching, a value above 1 shaws that packet switching is faster.

M/Bimodal/1

10 | | | | | | | | #
c - 1]
¥ F;
a H
% CS-FCFS/PS-Prshy  =0.2 VAR
e CS-SJF/PS-PrShy S
= k
2 /
ke ’
o 1 e+ v £ o s £ P 1 o P | AP 1 WPPER PR P TR PR T e f S
e -.- -
S s =T Cs-SIFPS-Prshy =0.9]
g - i
o
Q.
0
Q
x

0.1 | | | | | | | | |

Figure 3.3 Relative average responsetime of CS-FCFS and CS-SJFwith resped to
PS+PrSh for a single saver. Arrivals are Poissonand ow sizesare bimodal with
parameter . Link loadsare = 0:25and = 0:9.

The gureisbestunderstood by revisiting the motivating examplesin sec¢ions[3.3.7
and When is small, almost all owsareof szeB E[X], and the ow size
varianceis small, 2 = (E[X] A)2 =1 ) (E[X])? Aswesaw in the rst
example,in this casethe average waiting times for both CS-FCFS and CS-SJF are
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



58 CHAPTER 3. RESPONSETIME OF CIRCUIT AND PACKET SWITCHING

areofsizeB = (E[X] A)=1 ) ! 1.Then Z=(E[X] A)? =1 ) !
1 , and sothe waiting time of circuit switching alsogrowsto 1 . This caseis similar
to our secondexample, where occasional very long o ws block shat o ws, leadingto
very high responsetime.

We can determine exactly when CS-FCFS outperforms PS-PrSh basedon Equa
tions[3.J and[3.2. The ratio of their expected waiting time is E[X 2]=(2E[X ]?), and so
aslong asthe coe ¢ ient of variation C? = E[X?]=E[X]*> 1lislessthan 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, esgecidly for high loads when the
job queueis often non-empty and the reordering of the queue makes a di erence.
However, CS-SJF cannd avoid the everntual hoggng by long o ws when the job-size
variance is high, and then it performsworsethan PS-PrSh.

It has been reported [B4, B4, [I83] that the distribution of ow durations is heavy-
tailed and that it has a very high variance,with an equivalent  greater than 0.999.
This suggeststhat PSPrShis signi cantly better than either of the cir cuit -switching
disciplines. | havefurther veri ed this conclusion usinga Bounded-Rareto distribution
for the ow size,such that f (x) / x 1. FigureshONs the results. It should not
be surprising how bad circuit switching fares with respect to packet switching given
the high variancein o w sizesof the Pareto distribution.

We can concludethat in a LAN environment, wherea sinde end host can Il up
all the link bandwidth, padet switching leadsto more than 500-fold lower expeded
responsetime that circuit switching becuse of link hogging.

3.4 Core of the Internet

In the previous section,we sav what happenswhen a circuit belongingto a user ow
blocks the link for long periods of time. Howewer, this is not possible in the core of
the network. For example, most care 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 [B9]. Even if we considerDSL, cable modemsand Ethernet, when the network
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Figure 3.4: Relative average responsetime of CS-FCFS with respectto PSPrShfor a
singlesener. Arriv als are Poissan and o w sizesare boundedPareto with parameter
= 1:1and = 1.3. Link loadsare = 0:25and = 0:9.

is empty a singleuser ow cannot Il the corelink onits own. For this case, we nead
a di erent andysis.

3.4.1 Example 3: An overpr ovisioned core of the network

For the core of the network, | will considera slightly modi e d version of the last
examplefor LANs. Now, client hostsaccessthe network through a 1 Mbit/s link, as
shawn in Figure[3.3 Again, the transcotinental link has a capecity of 1 Gbit/s, and
there are 99 les of 10 Mbits and a single 10-Gbit le. In this case, ow rates are
capped by the accesslink at 1 Mbit/ s no matter what switching technology is used.
With circuit switching, it doesnot make sen® to allocate a circuit in the corethat has
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more capecity 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 canbe admitted simultaneously. Similarly, wecan t all 100 packet-swit ched
ows of 1 Mbit/s. If thereis no di erencein the ow bandwidth or the scheduling,
then thereis absolutelyno di e rencein the responsetime of both techniques,as shown
in Table[3.3 Theseresults are represemative of an overprovisioned core network.

Access Links
IMbl/s

100 /100004
Files

File= 10Ghity
10Mbits

100 /10000
clients

Figure 3.5: Network scenaiio for motivating examples[3.3.1and[8.3.2 Accesslinks
of 1Mbit/s have beenadded, while the transontinental 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[3.4.7, there are only 100 clients, and in Example[3.4.2, 10000 clients.

Circuit Padket

switching switching
Flow bandwidth 1 Mbit/s 1 Mbit/s
Averageregponse time (s) 109.9 109.9
Maximum responsetime (s) 10000 10000

Table 3.3: Average and maximum responsetimes in Example 3.4.]
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3.4.2 Example 4. An oversubscrib ed core of the network

I will considera fourth motivating example to illustrate what happens when we
oversubscibe the core of the network. Considerthe same scenaio 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 requestedslightly before
the shorter oneg. 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 ows for 10000 s, whereas
short ows will be seved in batchesof 900 owsthat last 10s.

Circuit Padket
switching switching
Flow bandwidth 1 Mbit/s 100 Kbit/s, later 1 Mbit/s
Averageregponse time (s) 159.4 199.9
Maximum responsetime (s) 10000 10090

Table 3.4: Average and maximum responsetimes in Example[3.4.3

With packet switching, all 10000 o ws will be admitted, eat taking 100 Kbit/s
of the core link. After 100 s, all short ows nish, at which point the long ows get
1 Mbit/ s until they nish. The long ows are unable to achieve 10 Mbit/s becuse
the accesdink capstheir peakrate. As aresult, the averageresponsetime for padket
switching is 1999 s vs. the 159.4 s of circuit switching. In addition, the padket-
switched systemis not longer work consening, and, as a consegjuena, the last ow
nishes later with padket switching. The key point of this example is that by having
more channelsthan long owsonecan prevent circuit switching from hoggng the link
for long periods of time. Moreover, the oversubsciption of a link with ows hurts
padet switching becausethe ow bandwidth is squeezed.

Which of thesetwo scenari® for the coreis more represemativ e of the Internet
today? | will arguethat it is Example[3.4.] (for which circuit switching and padet
switching perform similarly) becauset hasbeen reported that core links are heavily
overprovisioned [135, @37, B0].



62 CHAPTER 3. RESPONSETIME OF CIRCUIT AND PACKET SWITCHING

3.4.3 Mo del for the core of the Internet

At the care of the Internet, ow rates are limit ed by the accesslink rate, and so a
single user cannd block a link on its own. To re ect this, the analytical model of
Section[3.33 needsto be adjusted by capping the maximum rate that a ow can
receive. | will use N to denote the ratio between the data rates of the core link
and the acces link. For example, when a ow from a 56 Kbit/s modem crosses a
2.5 Gbit/s corelink, N = 44;000. Now, in the uid model a single ow can useat
most 1=\ of the whole link capecity, sorather than having a full sener, | will use
N parallel seners, ead with 1=N of the total capecity. In other words, | 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 simple closed-brm solution for CS-FCFS or
CS-SJF, sol resot to simulation for these disciplinesinstead.

With circuit swit ching, the more circuits that run in parallel, the lesslikely it is
that enoudh long ows appear at the same time to hog all the circuits. It is also
interesting to note that CS-SJFwill not necessarilybehare better than CS-FCFS all
the time, asCS-SJF tendsto delay all long jobs and then sene them in a batch when
there are no other jobs left. This makesit more likely for hoggng to take place
blocking all shott jobs that arrive while the batch of long jobs is being sened. On
the other hand, CS-FCFS spreals the long jobs over time (unless they all arrived at
the sametime), and it is therefore lesslikely to cause hogging For this reasonand
becuse of the di culties implemerting CS-SJF in a red network, | will no longer
considerit in our M/ GI/N model.

Figure[3.q compaesthe average responsetime for CS+CFS aganst PS-PrSh for
bimodal servicetimes and di erent link loads. The ratio, N, betweenthe core-ink
rate and the maximum o w rate variesfrom 1 to 512. We observe that as the number
of ows carried by the core link increasesthe performance of CS-FCFS improvesand
approadiesthat of PS-PrSh. Thisis becausdor largeN the probability that there are
more than N simultaneouslong o ws is extremely small. The waiting time becomes
negligble, since all jobs residein the serers, and so circuit switching and padet
switching behave similarly. Figures[3.7a and 3.7 shaw similar results for bounded
Pareto ow sizesaswe vary the link load. Again, asN bemmesgreater or equd to
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Figure 3.6 Relative average responsetime of CS-FCFS and CS-SJFwith resped to
PS+PrSh for an increasingcore-to-accesslink-capacity ratio, N. Arrivals are Poisson
and ow sizes are bimodal with parameter . Link loadsare = 0:25and = 0:9.
The value of N at which the curve attens 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. | have also studied the standard deviation of the
responsetime, t, for both ow sizedistributions, 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 ows in the queue (showvn in the upper three graphs)
increaseddrastically whenever the number of long jobs in the system (shown in the
bottom three graphs) is larger than the number of servers, which causesa long-
lasting hoggng. Until the hogging is cleared,there is an accumulation of (mainly)
short jobs, which increasesthe responsetime. As the number of seversincreasesthe
occurrenceof hogging everts is less frequert because the number of long owsin the
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Figure 3.7. Relative average responsetime for CS-FCFS with respect to PSPrSh
for an increasingcore-to-acces link-capacity ratio, N. Arrivals are Poissonand ow
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, almast all the time. The results for
an M/Bimo dal/N system are very similar.

In the core, N will usudly be very large. On the other hand, in metropolitan
networks, N might be smaller than the critical N, at which circuit switching and
padket switching have the sameresponsetime. Then, in a MAN a small number
of simultaneous,long-lived circuits might hog the link. This could be overcomeby
reservingsomeof the circuits for shat ows, sothat they are not held back by the
long ones, but it requires some knowledge of the duration of a ow wheniit starts.
One way of forfeiting this knowledge of the ow length could be to acceptall ows,
and only when they last longer than a certain threshold, they are classi ed aslong
ows. Howewer, this approach hasthe disadvantage that long ows may be blocked
in the middle of the comection.

One might wonder why a situation similar to Example [3.4.3 does not happen.
In that example,there were many more active ows than theratio N, and then the
padet-switched o wswould squeee the available bandwidth. Howewer, if we consider
Poissonarrivals, the probability that there are at least N arrivals during the duration
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Figure 3.8: Time diagram of three M/ Pareto/N/ CS-FCFS systems The top three
graphsshow the total number of jobsin the queuefor (a) N = 1, (b) N = 10,and (c)
N = 100. The bottom graphs only shov the number of long jobs in the system(both
in the queueand in the N seners). Whenever there are more than N long jobs, the
gueuebuilds up. A long job is onethat is three times longer than the average job
size

of a\short" ow is very smdl becausemost bytes (work) are carried by long ows
as shavn in Figure[I.§ As aresult, P(at least N arrivals during short f low) =
1 Fx(N 1)! OasN ! 1, whereFx is cumulative distribution function (CDF)

of a Poissondistributio n with parameter’\, and:

N _ E[Xjshort] _ E[X] E[X jshort] - E[Xjshort]
- R=N - R E[X] N = E[X] N N <N

where0O< < listhetotal systemload, E[Xjshort] E[X]isthe averag size of
short ows,andR isthe link capecity. Asaresult, P (atleastN arrivals during short f low)
0.

In summary, the responsetime 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 likethe padetization of information,
the contention along several hops, the delay in feedbak loops, or the ow cortrol
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algorithms of the trangport protocol. The next sectionexplores what happenswhen
thesefactors are considered.

3.5 Simulation of a real network

To complete this study, | have usedns-2[89, 125 to simulate a computer network,
where | have replacedthe padet-switched core with a circuit-switched core using
TCP Switching. | will briey describe how TCP Switching works below for the pur-
posesof cdculating the end-user reponse time. Chapter 4 provides a more detailed
desciption of this network architecture, in casethe reader is eagerto know more.

With TCP Switching, end hosts operate asthey would normally do in a padket-
switched Internet. When the r st packet of a ow arrivesto the edgeof a circuit-
switched cloud (see Figure 3.9), the boundary router establishes a dedicated circuit
for the ow. All subsequehpadetsin the ow are injected into the same circuit to
traversethe circuit-switched cloud. At the egressof the cloud, data is removed from
the circuit, reasserbled into padkets and sernt on its way over the packet-swit ched
network. The boundary routers are regular Internet routers, with new linecards that
can create and maintain circuits for eacn ow. The core switcheswithin the cloud
are regular circuit switches with their signaling software replaced by the Internet
routing protocols. When a core swit ch seesdata arriving on a previously idle circuit,
it examinesthe r st packet to determineits next hop, then it creaes a circuit for it
on the correct outgoing interface. In the simulations, | assumethat the loca area
and acces networks are packet switched becaise, as we have already seen,there is
little usein having circuits in the edge links.

In the setup, web clients are connectedto the network using 56 Kbit/s links.
Seners are connected using 1.5 Mbit/s links, and the core operates at 10 Mbit/ s.
Later, acces links are upgradedto 1.5 Mbit/s, and the rest of the network is scaled
proportionally. As one can see ow rates are heavily capped by the accesdinks of
the end hosts, with a core-to-accessatio N > 180. Average link loadsin the core
links are lessthan 20%, which is consigent with previousobsenationsin the Internet
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Figure 3.9 Topology usedin the ns-2 simulation. Two sepaate 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 were scaledaccordingy.

[135, 47, 90].

We asaume that the circuits are establishedusing fast, lightweight signaling, as
descibedin Chapter 4, which doesnot require con rmat ion from the egess boundary

router, and thus it doesnot have to wait for a full round-trip time (RTT) to start
injecting data into the circuit.

Figures 3.10and 3.11 shav the goodput and the regponse time, regectively, as a
function of the le size. Onecan seethe e ects of TCP congestioncortrol algorithms,

the shortest ows have a very low goodput. This is mainly due to the slow-start
medanismthat beginsthe connection at a low rate.

The key observation is that padket switching and circuit swit ching behave very
similar, with circuit switching having a dightly worse average response time (14%

worse for 56 Kbit/s accesslinks), but the di erencebecomessmaller, the faster the
accesdink becomes(only 1% worse for 1.5 Mbit/s accesslinks).
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Figure 3.10: Average goodput as a function of the size of the transferred le for
accesdinks of 56 Kbit/s and 1.5 Mbit/ s.

The reasonfor circuit switching having worse goodput (and thus responsetime)
is that the transmissiontime of padets along thin circuits in the core increasesthe
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 becuse packets 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 will becomelessrelevant, and circuit switching and padet
switching will deliver the same responsetime. The smulations con r m that, wherea
the useof circuit switching in LANs and accessnetworks is undesirable for the end
user, userswill seelittle or no di e rence in terms of regponse time when using either
circuit switching or padket switching in the core.
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Figure 3.11 Average relative responsetime asa function of the size of the transferred
le for accesdinks of 56 Kbit/s and 1.5 Mbit/s. The average responsetime of TCP
Switching over all le transfersis 14% greater than that of padet switching for
56 Kbit/ s accesslinks, and only 1% greater for 1.5 Mbit/ s accesslinks.

3.6 Discussion

The resultspresened in this chapter rely on the fact that the bandwidth ratio between
coreand acceslinks, N, is greater than 500 for the coreof the network today. In the
future, this ratio will cortinue to remain high, as the network topology designwill
probably not change: with lower-eedtributaries feedinginto higher-speel links as
we move further into the core. The reason behind this topology design is that the
network performance is more predictable. If the ratio N weresmall, evenwith padet
switching, end use's 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 accesdinks will becomefaster and
sothe 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
padet switching in the edgesthat is recommendedn this thesis

will become negligible. Sq it is safeto assumethat the responsetime of circuit and
padket switching in the core of the network will reman the samein the future.

3.7 Conclusions and summ ary of contr ibut ions

In this chapter, | have argued that, for a given network capacity, usea's would expe-
riencelittle di erencein performanceif circuit switching were used instead of padet
switching at the core of the Internet. Howe\er, this reallt is not extensibleto LAN
ervironmernts, sincebig variancesof ow sizesin the Internet produce link blocking
by circuits, and this in turn makescircuit switching deliver a very poor responsetime.

The main opportunit y for circuit switches comesfrom their simplicity, and there-
fore they can be made faster, smaller and to consumeless power. As a realt, the
capecity of the network canbeincreased without decremeting end-userperformance
by using more circuit switching in the core. In this thess, | recommend a network
architecture that usescircuit switching in the core and packet switching in the edges
soasto meetInternet's challenging demands for high aggregae bandwidth and low
end-user response time at a reasonable cost. This hybrid architecture is shavn in
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