
Cha pter 5

Coarse circuit swit ching in the core

5.1 In tr oducti on

In Chapters 1, 2 and 3, we have seenhow we can bene�t from having more cir-

cuit swit ching in the coreof the Internet ; circuit switching allows us to build switches

with fast all-optical data paths. Moreover, circuit switching canprovide higher capac-

it y and reliabilit y than packet switching without degrading end-user response t ime.

Chapter 4 described TCP Switching, an evolutionary way of integrating a circuit-

switched backbone wit h the rest of the Internet . This integration of circuit and

packet switching was done by mapping application 
o ws to �ne- grain, lightweight

circuits.

One problem of TCP Switching is that currently most crossconnectsin circuit

switchescannot switch at the 56-Kbit/s granularit y that was proposedin Chapter 4.1

It would be extremely wasteful to reserve an STS-1 channel or a wavelength exclu-

sively for a single user 
o w whosepeak rate is limited to only 56 Kbit/ s by it s access

link. Another shortcoming, causedby several crossconnect technologies and signaling

mechanisms in circuit switching, is that it may take tens or hundreds of millisec-

onds to recon�gure the switch or to exchange the signaling messagesthat create a

new circuit. Theselong circuit-creation latenciesoccur when the crossconnecthas to

1Typically, elect ronic SONET circuit switches use circuit granularit ies of STS-1 (51 Mbit /s ) or
higher, whereasDWDM switches have granularities of OC-48 (2.5 Gbit/s) or higher.
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96 CHAPT ER 5. COARSE CIRCUIT SWITCHI NG IN THE CORE

move electromechanical parts, such as MEMS mirrors, or when the signaling requires

a positive acknowledgement from the egresscircuit switch.

This chapter addresses these two limit ations of circuit-switching technologies.

More precisely, it explores ways of using circuit switching in the Internet when cross-

connectshave granularit ies that are much larger than the peakrate of user 
o ws, and

when circuit switchesare slow to recon�gure.

In this chapter, I proposemonitor ing the bandwidth that is carried by all user
o ws

betweeneach pair of boundary routers around a circuit-swit ched cloud in the core.

This measurement providesan anticipating and stable estimation of the tra�c matrix

that is then used to properly size the coarse-granularit y circuit s that interconnects

the boundary routers. In order to compensate for the circuit-creation latency of the

network, I proposeallocating thesecircuits using an additional safeguard band that

prevents the circuits from over
owing.

One of the themes developed in Chapter 4 is again the basis for this chapter;

namely, how one can con�gure the circuit-switched backbone by monitor ing the ac-

tivit y of user 
o ws. The di�erence is that now a core circuit is carrying many user


o ws simultaneously, and so the mapping between user 
o ws and circuit s is not as

straightforward as that discussed in Chapter 4. It is no longer a matter of when to

createthe circuit s but how much capacity to assignto them.

5.1.1 Organizat ion of t he chapter

Section 5.2 de�nes the problem addressed in this chapter and describes other ap-

proaches that have beenproposedby other researchers. Section 5.3 shows how one

can control a circuit-switched Internet core by monitoring user 
o ws. Section 5.4

builds a model for the buildup of user 
o ws. Then, Section 5.5 discussessome of the

implicat ions of this approach. Finally, Section5.6 concludesthis chapter.
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Figure 5.1: Network topology consideredin this chapter.

5.2 Background and previ ous work

Considerthe network architecture shown in Figure 5.1. The problem that arisesnow

is how to accommodate tra�c between boundary routers around the circuit-swit ched

cloud. This issue can be decomposed in two parts: First, how much capacity is

needed between boundary routers? (i.e., what is the tra�c matrix between boundary

routers?). Second,oncewe know this tr a�c matrix, how do we create the circuits

that provide the required capacity?

The secondquestion has been looked at by several researchers before. In some

cases,it is regarded asa centralizedoptimization problem, in which the total through-

put of the network needs to be maximizedsubject to constraints on link capacity and

maximum 
o w rate. The problem is either solved using integer linear programming

or someheurist ic that achieves an approximate, but faster, solution [9, 163, 176].

The output of this centr alized optimizat ion problem is then distributed to the cir-

cuit swit ches. In other cases,researchershave treated the problem asan incremental

problem in which each circuit requestis routed individually as it arrives[169, 8, 13].

The circuit routing can be done at the source or hop-by-hop. Chapter 6 describes

someof these signaling and routing protocols that have been proposed.
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Figure 5.2: Daily (a), weekly (b) and monthly (c) averagetra�c tracesin a 1-Gbit/ s
Ethernet link between Purdue University and the Indiana GigaPoP connecting to
Internet-2 [63], as observed on February 5th, 2003. The dark line indicates outgoing
tra�c; the shadedarea indicates incoming tra�c. The low tra�c in weeks0 and 1
in graph (c) corresponds to the last week of December 2002 and the �rst week of
January 2003, respectively, when the university was in recess.

This chapter focuseson the �r st quest ion, how to estimate the tra�c matrix

betweenboundary routers and then use the estimate to provision coarse-granularit y

circuits. Someresearchers[9, 163, 120] have suggestedthat future tra�c matricescan

be predicted o�- line using past observations. Theseresearcherspoint out that tra�c

in the core of the network is smoother than at the edges and that it follows strong

hourly and daily patterns that are easy to characterize, as shown in Figure 5.2. For

example,tra�c is a�e cted by human activit y and scheduledtasks, and sopeak tra�c

occursduring work hours on weekdays, whereasat night and during weekendsthere

is lesstra�c.

Nonetheless,this o�- line prediction of the tra�c matrix fails to forecast sudden
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changes in tra�c due to external events, such as breaking news that creates 
a sh

crowds, a �b er cut that diverts tra�c or the new versionof a popular program that

generates many downloads. Only an on-line est imation of the tr a�c matrix would be

able to accommodate thesesuddenand unpredictable changesin tr a�c patterns.

This on-line estimation of tra�c could be done in several ways. One of them is

to monitor the aggregate packet tr a�c [79], either by observing the instantaneous

link bandwidt h or the queue sizes in the routers. While this approach does not

require much hardware support and is easyto implement, it doesnot provide good

information about the tra�c trends. Packet arrivals present many short- and long-

range dependencies that make both the instantaneousarrival rates and queuesizes


uctuat e wildly. In contrast, I proposeusing another way of est imating the current

tra�c usage by monitoring user 
o ws. It requires more hardware support, but, in

exchange, user 
o ws provide a tra�c est imation that is more predict ive and has less

variation, at least for the circuit-creation latenciesunder consideration (1 ms-1s), as

we will see below.

Figure 5.3 gives a clear exampleof the 
uctuatio ns in the instantaneousarrival

rate. The dots in the background denote the instantaneouslink bandwidt h over 1-ms

time intervals. With so much noise,it is di�cult to seeany tr ends in the data rates.

Thus, one could apply �lters to smooth the signal. For example, the dark gray line

in Figure 5.3 shows the moving averageR(t) = (1 � � )R(t � � t) + � r (t), wherer (t)

is the instantaneous measure, � t is 1ms and � is 0.10. The �g ure also shows the

instantaneous tra�c rate over 100-ms intervals (light gray line) and the sum of the

averagebandwidth of theact ive 
o ws(black line). The averagebandwidth of a 
o w is

the total number of bit s that are tr ansmitted divided by the 
o w duration. Of course,

the 
o w average bandwidth is something that is not known when a 
o w starts, but

I will explain below how to estimate an upper bound in the next section. One can

seethat the 100-ms bin size providesthe signal with the least noiseof all measuresof

tra�c basedon count ing packets, but there are still many more 
uctua tions than in

the measure basedon the average bandwidth of active 
o ws, from which the trends

are much clearer. In brief, user 
o ws provide more stable measurement than packets

and queuesizesfor t ime scalesbetween1ms and 1s.
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Figure 5.3: Time diagram showing the instantaneouslink bandwidt h over 1-msinter-
vals(dots), its time moving average(dark gray line), the instantaneouslink bandwidth
over 100-msintervals (light gray line) and the sum of the average rate of all active

o ws (black line). The trace was taken from an OC-12 link on January 18th, 2003
[131].

User 
o ws also provide an advance notice before major changes in bandwidth

utilizat ion occur. For example, we can see that in Figure 5.3 there is a sudden

increasein tra�c betweentimes 21s and 46s (due to a single user 
o w whoseonly

constraint was a 10-Mbit/s link) . This tra�c increasewas predicted four seconds

before it happened by observing the active 
o ws. There are two reasonsfor this

advance notice: �rst, an application may take somet ime to start sending data at

full rate after it connectedwit h it s peer.2 Second,it takesseveral round-trip times

for TCP connections to ramp up their rate to the available throughput because of

the slow-start mechanism. In contrast , when we monitor the instantaneous arrival

2Thi s is the main reason for the advance notice in Figure 5.3. Unfort unately, it was impossible
to know what application causedthi s behavior becausethe trace was \saniti zed".
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rate to estimate the tr a�c matrix, the �lter s that are applied to reduce the noise

add some delay to the decisionmaking of whether more capacity is needed. If the

circuit creation mechanism already takesa long time, adding more delay in the tra�c

estimation makesthe systemreact more slowly.

5.3 Mo nit or ing user 
o ws

In this chapter, I proposemonitor ing user
o ws to estimate the tr a�c matrix between

boundary routers becausethey can provide a stable (i.e., with little variation) and

predictive estimate of the actual t ra�c. The arrival processof theseuser
o ws has in

general fewer long- and short-range dependencies. It has beenreported that arrivals

of user 
o ws in the corebehave as if they followed a Poissonprocess[78]. Feldmann

reported that the interarrival times of HTTP 
o ws follow a Weibull distributio n [73],

but as the link rate increasesand more 
o ws are multiplexed together, the interarrival

times tend to the special case of the exponential distribution according to Cao et al.

[33] and also Cleveland et al. [45]. The Poissonarrival processis well understood

and there are many models in queueing theory that useit .

The approach I am proposing requiressimilar hardware support for monitoring

active 
o ws to what was described in Section 4.3, basically a �x ed-length classi�er

that can detect new 
o ws and that monitors the activit y of the current 
o ws. Such

classi�ers are already available for OC-192c link speeds[4, 71]. However, counting

the number of active 
o ws is not enough, aswe need to know the averagebandwidth

that they use. Most of the time it is not possibleto est imate the averagebandwidth

when the 
o w starts because it requiresknowing the 
o w duration and the number

of bits that will be tr ansmitted. In contrast, it is possibleto have an upper bound,

which I will call peak bandwidt h3 of a 
o w. I consider this 
o w peak bandwidth to

be constant throughout the lifetime of the 
o w, and it can be determined the same

way as in Section 4.3.3 (t hrough signaling or through an estimation of the accesslink

bandwidth) even if one does not know a prior i the 
o w average bandwidt h.

3The only requirement for the 
o w peak bandwidth is that it has to be larger than the 
 ow
averagebandwidth.
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More formally, once we know the set of act ive 
o ws between a pair of boundary

routers at a given instant, F (t), we need only to assign a peak bandwidth to each

of the 
o ws, Cf , where Cf � averageBW(f ); 8f 2 F (t). Then, we needa circuit

with a capacity, K cct(t), that is greater than or equal to the sum of the 
o w peak

bandwidths, C(t) =
P

f 2 F (t ) Cf and K cct(t) � C(t).

Many circuits take time to be created becausecircuit management signaling,

switch scheduling, and/or crossconnectrecon�guration may be slow. If we decide

that we need to increasethe circuit capacit y between two boundary routers, C(t),

there will be some latency, T, before the changes take place. During this latency

period, the circuit capacity will be insu�cien t, and queueing delays and potentially

packet drops will occur at the circuit head. I call this a circuit over
ow. More

precisely, a circuit over
o w happensat t ime t when:

f9 � 2 [t; t + T); s:t: C(� ) > C(t)g

Obviously, the longer the circuit-creation latency, T, is, the morecircuit over
o ws

occur.

A way of avoiding circuit over
ows is to provision extra capacity as safeguard.

The size of this safeguard band depends on T and the dynamics of tra�c , and it

determinesthe probabilit y of a circuit over
ow.

I have used several user-
o w tr acesfrom the Sprint Backbone [170] to analyze

the sizes of the safeguard bands based on the signaling delays and the over
ow

probabilities. Figure 5.4 displays a sample path showing how the safeguard band

varies with time for a circuit -creation latency of T = 1s. Based on the sum of aver-

age bandwidths of the active 
o ws (dashed line) and the sum of the corresponding

peak bandwidt hs,4 one can construct the instantaneouspeak-bandwidth envelope,

C(t), depicted as a solid line. The dotted line shows the safeguard-band envelope,

i.e., the maximum of the peak-bandwidth envelope in the next T period (= 1 s),

ĈT (t) = maxf C(� ); � 2 [t; t + T)g.

4In the analysis, the peak 
 ow rate is de� ned as the minimum number of 56-Kbit/s circuits that
are needed to carry the average
o w rate. Over 97.5% of the 
o ws � tted with in a single 56-Kbit/s
circuit . A tighter bound could have been used,as well.



5.3. MONITOR ING USER FLOWS 103

135

140

145

150

155

  0

  5

 10

 15

 20

 6  8  10  12  14
Time (s)

Average-bandwidth envelope

T = 1 s

In
st

an
ta

ne
ou

s 
ba

nd
w

id
th

 (
M

bi
t/s

)

Peak-bandwidth envelope
Safeguard

Safeguard-band envelope

Figure 5.4: Time diagram showing how the safeguard-band envelope is calculated.

Sincewe cannot predict the future, we can insteadanalyzeĈT (t) to �nd the safe-

guard band, Sp
T , for a given over
ow probabilit y p. In other words, we calculate Sp

T

such that P(ĈT (t) � C(t) � Sp
T � C(t)) � p. In a real system, we would contin-

uously estimate the instantaneouspeak-bandwidth envelope, C(t). If at any time

the di�erence betweenthe circuit capacity and C(t) goesbelow the safeguard band,

K cct(t) � C(t) < Sp
T �C(t), then wewould requestan increasein the circuit capacity, so

that the spare capacity remainsabove the safeguard band to avoid circuit over
ows.

Figure 5.5 depicts the safeguard band relative to the peak-bandwidt h envelope,

(ĈT (t)� C(t))=C(t), for variousover
ow probabilit iesand circuit -creation latenciesfor

oneOC-12 link in the Sprint backbone. There are somestair-case stepsfor a relative

safeguard band between0.04% and 0.3% because the peak-bandwidth envelope can

only increasein multiples of 56 Kbit /s, which is around 0.04% of the peak-bandwidth

envelope.

Figure 5.5 con�r ms our intuit ion that the longer the circuit-creation latency, the

larger the safeguard band needsto be for a given over
ow probabilit y. For example,
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Figure 5.5: Safeguard band required for certain over
o w probabilit ies and circuit-
creation latencies.

for an over
o w probability of 0.1%, oneneedsa safeguard of 0.15% timesthe current

peak-bandwidthenvelope for T=1 ms, 0.8% for T= 10ms, 6%for T= 100msand 12%

for T= 1s. The faster the crossconnectand the signaling are, the more e�cien tly

resourcesare used. This result indicates that we should use fast signaling and fast

switching elements for the establishment of circuit s.

It should also be noted that for safeguard bands greater than or equal to 0.1%

of the peak-bandwidth envelope and latencies smaller than or equal to 100 ms, a

ten-fold decrease of the circuit -creation latency corresponds to a ten-fold decreasein

the over
ow probabilit y for the samesafeguard band. These results were consistent

among all tracesthat werestudied. Figure 5.6 shows the cumulative histogram of the

peak-bandwidthenvelope for thedi�eren t Sprint traces. The traceused for Figure 5.5

is the one centered around 150 Mbit /s (nyc-07.0-010724). The other traces yielded

similar safety margins.

The liberation of resourcesis not as important as their reservation becausetheir
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Figure5.6: Cumulativ ehistogram of the peak-bandwidt h envelope for di�eren t Sprint
traces.

releasedoesnot directly contribute to a circuit over
ow (unlessbandwidth is scarce,

but asment ioned in Chapter 2, bandwidth is plentiful in the core). One can simplify

the circuit management signaling wit h a schemethat usessoft state and an inact ivit y

timeout. This simple scheme would retain the extra circuit bandwidt h for a period

of t ime that is at least as long as the circuit-creation latency to avoid oscillations in

the resource allocation.

5.4 Mo deling t ra� c to help iden t if y t he safeguar d

band

In the previous section, I used tr acesfrom real links in the network to predict the

safeguard band that is required for a certain over
ow probabilit y. In most cases,it is

not economical to have tr acecollect ing equipment on every link, and so it may not
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be possibleto obtain such detailed traces. For this reason, it is bene� cial to have a

simple model that requireslessinformation to achieve the samegoal. In addition, if

the model is simple enough, onecanalsoobtain formulae that predict the appropriate

safeguard band basedon a small number of network parameters.

I wil l now perform the sameanalysis as in the previous sectionon synthetic tra�c

traces that are generated using the distribut ions and statistics from the links under

consideration. Notice that this stochastic information can be obtained with consid-

erably lesse�o rt than a real t race becausethey can be estimated by sampling the

tra�c.

In a trace of active 
o ws, one has three piecesof information per 
o w: the 
o w

interarrival time, the
o w duration and the 
o w averagebandwidth.5 Flow interarrival

times are essentially independent of each other and closely follow a Poissonprocess,

asshown by the nearly exponential interarrival times in Figure 5.7. In the traces, the

average arrival rates were between124 and 594 
o w/s. This hypothesis of Poisson-

like arrivals is further supported by the wavelet est imator described by Abry and

Veit ch [1]: the Hurst parameter of the interarrival times is very close to 1=2, which

suggests independence. Similar results have beenreported by Fredj et al. [78] and

by Cleveland et al. [33, 45]. For this reason,for the synthetic tr ace,we can model


o w arrivals as a Poissonprocess. Henceto parameterizethe model we needonly the

average arrival rate of the 
o ws.

The 
o w averagebandwidth (shown in Figure 5.8a) and the 
o w duration (shown

in Figure 5.8b) have empirical distributions that are harder to model. Furthermore,

the values are not independent of each other. The correlation coe�c ient between

them in the Sprint t raceswas between-0.134 and -0.299,6 which is consistent with

the work by Zhang et al. [189]. Figure 5.9 shows the joint histogram for the 
o w

duration and averagebandwidth, which makestheir correlation clear. Jobswit h more

available bandwidth usually take less time to complete. In termsof successivearrivals,

the autocorrelation function was almost zero, and so the arrivals can be considered

5One could use the number of bytes t ransferred by the 
 ow instead of the 
o w average bandwidth,
sincethe latter is equal to the former divi ded by the 
o w duration.

6For TCP tra�c , the correlat ion coe�c ient wasbetween-0.137and -0.310,whereasfor non-TCP
tra�c, it was between -0.089 and -0.391.
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non-TCP tra�c in the Sprint traces. An exponential interarrival time would be
represented as a straight line in this graph.

independent. The 
o w averagebandwidth and 
o w duration can then be modeledas

a sequence of i.i.d. 2-dimensional random variables.

Even if the correlation between the 
o w average bandwidth and the 
o w duration

is small, when the marginal distributions of the two magnitudes are used the result s

of the model and the tr acesdivergeconsiderably for the low over
ow probabilities.

The reason is that short-duration and high-bandwidth 
o ws occur more often in

the synthetic tr acescreated from the marginal distributio ns than in the real trace,

and these 
o ws can skew the results. Results are much closer to the trace-driven

model when using Poissonarrivals and the empirical joint distribution for the 
o w

duration and average rate. Figure 5.10 shows how the synthetic trace using the joint

distributio n producesresults that are very closeto thoseobtained with the real trace.

This model corresponds to an M B=G=1 system, where there are in�nite par-

allel servers, arrivals are batched Poissonand service times are correlated with the
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for both TCP and non-TCP tra�c in the Sprint traces. Single-packet 
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been considered.

batch size. As far as I know, there is no closed-form expressionfor the tr ansition

probabilities:

p = 1 � P[N (t) � N (0) < Sp
T � N (0); 8t 2 [0; T)]

= P[maxf N (t) � N (0); 8t 2 [0; T)g � Sp
T � N (0)]

whereN (t) is the number of clients in the systemat time t.

In summary, we can est imate the safeguard band that is required to avoid circuit

over
ows just by using the average 
o w rate and the joint distribution of the 
o w

average bandwidth and the 
o w duration. This information can then be used to

construct a set of curveslike the one in Figure 5.10.
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5.5 Di scussion

This chapter considers circuits between boundary routers. If we need to increase

the capacity of an existing circuit , it might be that the current circuit path cannot

accommodate this increase,while an alternate path can. In this case,one option

is to reroute the whole circuit through a path that has the required capacity (if

there is one), but this option might be too costly in terms of signaling and resource

consumption. One alternativ e is to create a separate circuit wit h a capacit y equal

to the additional capacit y that is needed.However, oneproblem is that this parallel

circuit will have a propagation latency that is di� erent from the original path. If

data is injected into the combined circuit, it may happen that a packet is split into

two parts that travel through di�eren t paths, and so a complex realignment bu� er

will be required at the egresspoint to realign the two parts of the packet. Such a

mechanism has already been proposedfor SONET/SDH, and it is known as virtual

concatenation of channels[46, 166].

One way of eliminating this realignment is to avoid splitting packets over parallel
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o w characteristics that are drawn from an empirical
distributio n.

paths. Packetscanthen berecoveredintegrally at the tail endof each backbonecircuit

and injecteddirectly into the packet-swit ched part of the network. This method can

createsome packet reorderingwithin a user 
o w, which TCP may interpret as packet

dropsdueto congestion. Yet, reordering would berare if the di�e rencein propagation

delays betweenthe parallel paths is smaller than the interarrival t ime imposedby the

accesslink to consecutive packetsof the same
o w (for 1500-byte packets, it is 214 ms

for 56-Kbit/ saccess links, and 8 msfor 1.5-Mbit/ saccess links). Onepossible solution

is to equalize the delay using a �x ed-sizebu� er at the end of one of the sub-circuits.

However, this bu�er may not be necessarybecause,as reported recently [17], TCP is

not signi�cantly a�ected by occasional packet reordering in a network.

It should be pointed out that the de�nitio n usedherefor circuit over
ow is rather

strict, and it represents an upper bound on the packet drop rate. In general, the
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ingress boundary router will have bu� ers at the head end of each backbone circuit,

which will absorb short 
uctuat ions in the 
o w rate betweenboundary routers. For

this reason, in the measurements in Figures 5.5 and 5.10, all single-packet 
o ws

were ignored. The bu�er at the head end will also allow the system to achieve

somestatistical multip lexing between active 
o ws; something that TCP Switching in

Chapter 4 could not achieve. However, as mentioned in Chapter 3, this statistical

multiplex ing will not necessarily lead to a smaller response time because the 
o w

peak rate will st ill be capped by the accesslink.

The approach presented in this chapter doesnot specify any signaling mechanism

and does not impose any requirements on it. One could use exist ing mechanisms

such as the onesenvisioned by GMPLS [7] or OIF [13], which will be described in

Chapter 6. This method can also be used in conjunct ion wit h TCP Switching to

control an optical backbone with an electronic outer core and an optical inner core.

TCP Switching would control the outer �ne -grain electronic circuit switches and

would provide the information that is used to control the inner coarse-grain optical

circuit switches.

5.6 Concl usions and summ ary of contr ibut ions

This Chapter has discussed how to monitor user 
o ws to predict when more band-

width is neededbetween boundary routers of a circuit -switchedcloud in the Internet.

It has also developed a simple model that can be usedto estimate safeguard bands

that compensate for slow circuit-creation mechanisms.

The most important recommendation of this chapter is that the signaling used

to establish a circuit should be as fast as possible. Otherwise, the safeguard band

becomes very large. An alternativ e reading of this recommendation is that the es-

tablishment of a circuit should be done simult aneouslyon all nodesalong the path,

without having to wait for any con�r mation from the upstreamor downstream nodes.

Moreover, slow crossconnecttechnologies (such as MEMS mirrors) should only be

used if they can provide a very large swit ching capacity at a low cost, such that it

can accommodate the additional safeguard band.
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