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Abstract—Signaling protocols for GMPLS networks have
been standardized and implemented in switch contrt#rs. Most
switch vendors allow for signaling messages to barcied over in-
band signaling channels as well as through out-ofamd networks.
In this paper, we compare these two signaling tramert options.
In carrying out this analysis, we allow for both sétware-imple-
mented signaling protocol processors, as is commam most off-
the-shelf switches today, as well as hardware-aceehted signaling
protocol engines. Our motivating application is fie transfers,
which have high call arrival rates and low call hafling times. The
resulting high signaling message load makes the cgt®on of which
signaling transport solution to use important. Netvork delays are
lower in the in-band option given that there are ndP routers on
these paths, but the per-channel transmitter ratesre lower for
in-band channels. To study this tradeoff, we set ugueueing mod-
els and obtained delay estimates. Our analysis shewhat with
hardware-accelerated signaling engines, in-band sigling is the
better option to keep end-to-end call setup delaylsw. With soft-
ware signaling protocol processors, the most sigmant compo-
nent is the message processing delay, which is likeo include
queueing delays, making the question of in-band oout-of-band
transport less important.

Index Terms—GMPLS networks, signaling protocols, in-band,
out-of-band, hardware acceleration, signaling trangort

|. INTRODUCTION

The Generalized Multi-Protocol Label Switching
(GMPLS) architecture [1] for Synchronous Optical TNbrk
(SONET)/Synchronous Digital Hierarchy (SDH) and \&av
length Division Multiplexing (WDM) networks, and scciated
signaling protocols, such as Resource reSerVati@toEol-
Traffic Engineering (RSVP-TE) [2], have been detfint®
enable the deployment of dynamically controlledhkgpeed
circuit-switched networks. The RSVP-TE specificatif2]
allows for signaling messages to be carried diyeotlP pack-
ets or UDP datagrams, but it does not constraintrénesport
options needed to carry these IP packets in any way

network. This work is intended to provide a quatiite analy-
sis on the question of which option to use.

We are motivated to answer this question as thesteg in
our continuing goal to reduce call setup delay! €ztlup delay
is the unavoidable overhead associated with chswitched/
virtual-circuit networks. Given the positive featsrof these
networks to offer quality-of-service guarantees &mmitted
calls, we have undertaken several projects and ighdul
papers on reducing this delay.

Call setup delay consists of (i) signaling messageess-
ing delays (also referred to as “call processinglagls), and
(i) signaling message transport delays. Towardicedy the
first component, signaling message processing delaye
implemented a hardware-accelerated RSVP-TE signalin
board, as part of an NSF-sponsored project [4].hWftis
implementation, we demonstrated processing deldy3ue
for an RSVP-THEPath message, in contrast to 92ms measured
in an off-the-shelf switch [5]. Having achievedstsignificant
reduction in the first component, we now turn otiertion to
the second component of call setup delay, i.enadigg mes-
sage transport delays. The goal of this paper mspege in-
band and out-of-band signaling transport solutimmfind the
best solution to lower this component.

In our quantitative analysis of these two solutjonsr
assumptions for parameters, such as call arrivasraall hold-
ing times, etc., are based on our experience wigllementing
an experimental wide-area network testbed callectu@i
switched High-speed End-to-End ArcHitecture (CHEHE)A
[3]. The CHEETAH network uses off-the-shelf SONET
switches, with Ethernet interfaces to connect eastd; and
built-in RSVP-TE signaling software. By mapping @iojt
Ethernet ports to equivalent-rate virtually conoated
SONET circuits, the CHEETAH network offers a dynami

Equipment vendors for SONET/SDH crossconnects havggpps rate circuit service with call-by-call banditi sharing.

implemented the RSVP-TE signaling protocol [3], anagport
two options for the transport of signaling messag¢¢#-band

signaling channels, which are realized as bandwsdthaside
within user-plane interfaces between two switcheg,, the
Data Communication Channel (DCC) within each SONEF

nal, and (ii) out-of-band signaling channels, eam,Ethernet
interface from the control (call) processor of ghdtch to an IP

This work is sponsored by an NSF EIN grant, 0335280NSF ITR grant,
0312376, and a DOE grant DE-FG02-04ER25640.

File-transfer applications constitute the primary usage of this
network. File transfers are ideally suited for hgpeed circuits
because a file transfer can take advantage of “aiaya rate
(the higher the better), and furthermore, a figmsfer requires
the movement of stored data, which means there isherent
burstiness in this application, making it ideal &full utiliza-
tion of a circuit. We have noted in previous puétions,
posted at [3], that the elastic nature of bandwihharing in
TCP/IP packet-switched networks, which is oftered¢ifis an
advantage for file transfers, becomes a disadvanfiaglarge



files across high bandwidth-delay-product (BDP)wuwks,

making circuits a better option for the latter. Whaedicated
high-speed circuits are used, file transfer times become
quite short. For example, it takes only 800ms tngfer a
100MB file on a 1Gbps circuit. Therefore, this apation can
be regarded as rather extreme in its generatiocath$, and
corresponding signaling message load. The in-bamadf

band question becomes important in this applicaiecause of
its need to support high signaling message loadlandcall

setup delays. We will consider this question obamd vs. out-
of-band transport under assumptions of both harekaaceler-
ated signaling implementations [4] and softwarenaiing

implementations [5].

After reviewing related work in Section I, we debe the
in-band and out-of-band transport options in Sectibd. We
describe our queueing models for the two optionSeation
IV, and provide numerical results of our comparigoSection
V. Our conclusions are presented in Section VI.

Il. RELATED WORK

This paper is a revised version of an IEEE workspaper
[6] on the same topic. Specifically, we have immdwvthe
model based on our practical experience with th&aEFAH
network, and obtained new numerical results.

Papers on this topic are relatively few becausedhestion
of choosing a transport option is not critical foe types of
applications envisioned for dynamically shared GNPhet-
works. Specifically, the industry cites rapid prsiening and
fast restoration as two applications for RSVP-TEi#ad
GMPLS switches. In the “rapid provisioning” applicen,
RSVP-TE is used for only the provisioning step,, iswvitch
fabric configuration. It is a mechanism to improe turn-
around time for leased circuits. Service providexpect rela-
tively low call arrival rates since these circuatge expected to
be held for long durations, on the order of morthg/ears.
Therefore, provisioning delay is not a major con¢cexhich
implies that either in-band or out-of-band trans$pcan be
used.

For fast restoration, we do not see how RSVP-TEdtas

bandwidth allocation and circuit provisioning cae bsed if
off-the-shelf switches take on the order of 100mgrocess a
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Fig. 1
with a bandwidth of 192kbps, and a Line DCC wittband-
width of 576kbps. These data rates are much snthberthose
of out-of-band channels, which are typically 10Mbps
100Mbps Ethernet. Thus, per-message transmissiey aall
be higher if a message is sent on a single DCCrelHahow-
ever the aggregate signaling bandwidth is high bseahere is
one DCC per OCL1. For example, in an OC192, thigltes a
total of 192 x 576 kbps = 110Mbps . Thus fairly large signal-
ing message load can be handled by this aggregatds BCC
channels.

(b) Out-of-Band Signaling

In-band and out-of-band signaling options.

Fig. 1b illustrates the out-of-band signaling optidhe key
difference is that the path taken by the signatingnnel is nec-
essarily different from the path taken by the ydane inter-
faces that it supports. For example, the signaitmgnnel could
pass through packet switches, such as IP routdrge whe
user-plane interfaces are direct (logical or phalsibetween
two switches. In other words, the signaling chansialeparate
from and independent of the data channel. A claksixample
of out-of-band signaling is the Signaling Syster{S57) net-
work, which is used to carry signaling messagewéen DSO-
based telephone circuit switches. SS7 is a coromdetis
packet-switched technology.

Unlike in telephone networks, when it was econothica
feasible to create a dedicated connectionless paukiched
network just for signaling traffic, in today’s emonment, with
the ubiquity of the Internet, it is more likely th&MPLS-
enabled SONET/SDH/WDM circuit switches will leveeathe
Internet for signaling message transport. A seryoevider
could simply connect the control processors ofrtGVPLS-
enabled circuit switches to the Internet and exjietd route
signaling messages as needed. A potential dranibdatency.
We will create models for such out-of-band sigralamannels
routed through the Internet, and analyze these laddepre-

single Path message. For reliability reasons, switch vendorsiict performance.

and service providers expect to use in-band siggdbr this
application, but without hardware-accelerated RS-
implementations, we do not foresee RSVP-TE bagguhsing
being used for fast restoration.

I1l. IN-BAND AND OUT-OF-BAND SIGNALING OPTIONS

Fig. 1 illustrates the two options for signalingrtsportin-
band signaling and out-of-band signaling. In the in-band sig-
naling option, the signaling traffic shares the sachannel as
the data traffic. For example, the DCC channehim SONET
signal can be used to transport signaling messageshiown in
Fig. 1a. In each OC-1 signal, there is a SectiorChsBannel

IV. DELAY MODELS FORTHE TWO OPTIONS

In this section, we set up and analyze modelsHertivo
signaling transport option&y-band signaling and out-of-band
signaling. Our goal is to compute the total delay incurred i
processing and sending a signaling message fromswibteh to
the next successfully. This consists of the follogvicompo-
nents: (i) queueing delay plus service time atsigaaling pro-
tocol processor, (ii) queueing delay plus transioissime (or
emission time) on the signaling channel, (iii) geta success-
fully send the message on the signaling channeliciwh
includes propagation delay, the time needed faransmis-



sions in case of message loss, and queueing deiéiygouters
for the out-of-band option. We list our assumptiamsl nota-
tion, and then describe our queueing model in til®wing
subsections.

A. Assumptions

The call arrival process for FTP applications iewsh to be
Poisson [7]. Each call, in RSVP-TE, involvBath messages,
Resv messages, andathTear or ResvTear messages. To sim-
plify analysis, we approximate the arrival procegsignaling

messages to also be Poisson, even though the meessag

involved in a call are correlated.

The service times at signaling protocol processmicg the
transmission times at signaling channels are besiuraed to
be deterministic. The approximate size of the 4 mam sig-
naling messages is 125 bytes, which validates sswmaption
about message transmission times. We assume ttiatness-
sage fits in one IP packet, since the maximum tresson-
unit size of most existing networks is larger thhe size of a
typical RSVP-TE message.

B. Notation

Our notation is shown in Table 1. In the rest a&f gaper,
we use superscripts OOB and IB to represent obiiaofi and
in-band, respectively, for some parameters, whendistinc-
tion is required.

Table 1: Notation

Symbol Meaning

A Aggregate signaling message arrival rate

(T Service rate of the signaling protocol processor

TN Service rate of the signaling channel transmitter

H Number of GMPLS-enabled neighbors to a switch (aJso
the number of in-band signaling channels)

T roe A random variable denoting the response time at the
signaling protocol processor (waiting time plusvesr
time)

7,. A random variable denoting the response time at the
signaling channel transmitter (waiting time plus/gze
time)

T, One-way network delay in sending a signaling messag
from one switch to the next

7 Initial time-out value of the retransmission tinaithe
sender

p Probability of packet loss

C. Queueing model

There are two servers related to signaling at a GB8P
enabled circuit switch: (i) signaling protocol pessor, and (ii)

signaling channel transmitter. We assume thatwhtls has a
single signaling protocol processor, irrespectif/evioether the
transport option is in-band or out-of-band. Wetfidescribe
our queueing model for the signaling protocol pesce and
the signaling channel transmitter without consitlers of
message loss. We then improve this model by adulirnge
possibility of message loss, and correspondingunstmissions.

1) Mode without retransmissions

-
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Queueing models of the signaling protocotpesor and the sig-
naling channel transmitters at a GMPLS-enabIedJ'rtiBwit(ﬁ)

@2
Fig. 2illustrates our queueing models of these two server

for both in-band and out-of-band solutions. Initdand solu-

tion, there aren  signaling channels given our aggiom of 2

GMPLS-enabled neighbors to the switch (see TaldedLFig.

1). In the out-of-band solution, we assume thatethis only

one out-of-band signaling channel.

The models shown in Fig. 2 are networks of queWés.
cannot obtain an exact analytical solution for thétwork of
gueues because the output process of the firsersésvnot
Poisson. This is caused by our assumption of détéstic ser-
vices times, as stated in subsection A. Althouglexact ana-
lytical derivation is hard to obtain, it turns ahat if we take
into account practical considerations, this netwofkqueues
reduces to a single M/D/1 queue plus a constaalydele. Our
reasoning is as follows.

If the signaling protocol implementation is in sedire, and
message processing delays are on the order of E)mshile
transmission delays are on the order of 1.7msHerlower-
speed DCC channell(00b7¢ts/576kbps ), the waiting time
for the second server (the transmitters in Figis2actually
zero. For the out-of-band channel, transmissioaydehre even
lower. Therefore, we assums,,,.<H,,  for software signal-
ing. The multiple-server queueing network of Fig.ttus
reduces to a single-queue system with the servaregsing
messages at a rate pf,,,. , followed by another seper-

ating at ratey, . with no waiting time. Denof¢ 7] as the
mean response time for software signaling. We have
1
E[TSW :E[Tproc]+_ 1)
tx
where7,. . andi,, are defined in Table 1.

For the hardware-accelerated signaling protocotgssor,
the reverse is true. As indicated earlier, per-mgs$rocessing
delays are on the order pfs  with hardware signalihdata-
plane considerations are taken into account (seeeAgix for
details), call arrival rates will likely be limitedompared to



M, €ven for our aggressive file-transfer applicativvie
assumeul,,.,.» A
the signaling processor queue can thus be largedyented.
We approximate the output process of the first eete be a
delayed version of the input Poisson process, amdider an
M/D/1 model for the transmitters shown in Fig. 2g8eueing
delay could be incurred at the transmitter, esgligdia the in-
band case, when per-message service time is arbirmas.
The queueing network model is thus approximated tmn-
stant delay line plus a single-queue system. Denpfg | as
the mean response time for hardware signaling. i

1

E[T}JW] = +E[Ttx] ' (2)

proc

where£[ 7, ] is the mean response time at a channehtiins

ter.
2) Model including retransmissions

In this model, we include the third component & tkelay,
which consists of the time needed to successfeliyglshe mes-
sage to the next node on the in-band channel osadhe out-
of-band network. We define a term called the ong-network
delay, denoted ag,, (see Table 1). For out-of-bagnhkng
this delay includes queueing delays at IP routésagawith
propagation delay. For in-band signaling, this orssr net-
work delay includes just propagation delay.

This network delay,7,, , and the transmission delBy,
could be incurred multiple times if there is messéagss fol-
lowed by a retransmission. Message loss is possitdepec-
tive of whether the signaling channel is in-ban@duat-of-band.
Reasons for message loss in the in-band case @bitidand
burst-errors on the links, andeceive-buffer overflows (flow
control problem). Bit- and burst-link errors ardee to noise
and interference on the physical media. Even thoupgfical
fiber, the physical medium of these high-speed uitrc
switched networks, is fairly reliable, link erroase unavoid-
able. Receive-buffer overflows will occur if thegsaling pro-
tocol processor at the sending switch is fasten that at the
receiving side. Since different switch vendors douse differ-
ent implementation techniques for the signalingtquol pro-
cessor, this flow control problem may arise. In ¢hwe-of-band
solution, an additional cause of message lossffehaverflow
at any of the IP routers on the path between theisg and
receiving switches.

Since RSVP-TE is specified to use UDP or raw IR} an

these protocols do not offer a reliable serviceCRP61 [8]
proposed an exponential back-off retransmissiooritgn to

provide reliability. Each message has a unique MKSS 1D,

and a timer starts counting after the message éxas fobansmit-
ted. If the corresponding acknowledgment (MESSAGE |
ACK) is not received within a time-out thresholdetsignaling
message is retransmitted, and the corresponding-aum
threshold is doubled (starting from an initial egtsmission
time-out value,7; ).

Fig. 3 shows a retransmission model for lost me=ssago

for hardware signaling. Queueing delays imodel exponential doubling, we show the time-oltigaas a

function 7 of the initial time-out valu¢’, . The loapdk, as
shown in Fig. 3, only includes the transmitter, aod the sig-
naling protocol processor, since triggering a retraission
upon a time-out can be implemented in hardwarepeetive
of the MESSAGE_ID parameter processing.

A Transmitter
)

N

(1-p)

f(To)

Fig. 3  Signaling channel transmitter model includiaggansmissiong.

Rewriting (1) to include the effect of message lassl
retransmission, we obtain a revised mean respdnse for
software signaling as

A7, = AT, 0+ 1+ (la-n+ . @

[9:4

2p(1—p)+3p° (1—p) + .1+ Ty[p(1 - p) +

3p°(L=p)+Tp (L=p) +...]

The explanation for the above equation is as fadloWhe
first two terms,£[ 7, , ] and/,, , correspond to the process-
ing delay and the time to transmit a message ssfudsone-
way from the sending switch to the receiving switdihe
transmission delay is incurred once with probapi(it — p) if
the first transmission is successful, twice if ftret transmis-
sion is unsuccessful but the second transmissi@nsisccess,
and so on. The last term in (3) corresponds totithe-out
value, which is being doubled after every retrarssion.

Using the mean waiting time for an M/D/1 queue ¢one
pute £[ Tproc] , after some arithmetic manipulation we obtain

1_P

2| 1 1(1) p
+7 + — | +—=7,, (4)
) T T 1-2p°0

ATl =

[9:4

wherep = A/p .. . Assuming/, = 37, (counting round-

trip network delay and an extrd,  for variability}) can be

re-written as

1_P
2 1 1 (1) 1+p
T = + — | + 7 . 5
E[ SW] l_p uproc L—p My 1=2p* ()

For the hardware-signaling case, since a queueeigyd
could build up at the transmitter, we need to iaseethe mes-
sage arrival rate because of retransmissions. Thesage
arrival rate at the transmitter queue is given by



)\+)\p+)\p2+)\p3+... =_A (6)

S (1-p)

Using a similar argument as that used for (3), Waio a
revised response time for hardware signaling as

P

1-—-
_ 1 1 2(l=p)| 1 1+p
T = + —_ 7
E[ ]]W] uproc ey, 1__L utX 1—2p n ()
(1-p)

The M/D/1 queueing model is applied to the trangmin this
case, with the message arrival rate modified as(@erThe

traffic load p should be adjusted for in-band chasrsnce
each in-band channel will only receivie’ n
load at the signaling protocol processor (see Bjig.

V. NUMERICAL RESULTS

A. Input parameter values

Table 2 shows our selected values for the variopsiti
parameters. For software signaling, we vary messageal

Table 2: Input parameter values

Symbol Value
A Varied to create a message Ilgad  of 0.05 to 0.8%eto
signaling protocol processor for software-signaliagd
to an in-band transmitter for hardware-signaling.
Mproe | 200,000/sec, hardware signaling; correspondsiie5
20/sec and 500/sec, software signaling, corresptnds
50ms, and an improved value of 2ms, respectively.
[V M., = 500 msg/sec, in-band channels
U, = 10000 msg/sec, out-of-band channel
n 10
78 0. 2ms in metro area
n
25ms in wide area for software signaling
5ms in wide area for hardware signaling
7008 lms in metro area
n
40ms in wide area for software signaling
10ms in wide area for hardware signaling
p]Bj 1078
008 1%

rate to create a loagd  between 0.05 and 0.95 osigin@ling
processor. For the hardware-signaling/in-band prarioption,
the arrival rateA , is chosen so that the per-cehmessage
load (which is assumed to be the same fomall anebtrans-

th the mgssa

mission channels) is varied between 0.05 and (85.hard-
ware signaling with out-of-band transport, the \atirate
equals the aggregate arrival rate across the  niga®n
channels of the in-band solution.

Based on our measurements from the hardware-aatstier
signaling processor [4] and the off-the-shelf stvif§], service
rate g, is assumed to be 200,000/sec for hardwanalsig
ing, and 20/sec for software signaling. We furthssume a
Hproe of 500/sec for a potentially improved softwarensily
ing solution.

Given the 125-byte length of signaling messagess,str-
vice rate of a 576kbps in-band DCC is roughly 50€pfsec.
For a 10Mbps out-of-band transmission channel, sérwice
rate is 10,000 msg/sec.

For the one-way network delay, , we assume thatrgiv
the high message processing delays incurred witlvare sig-
naling, service providers will likely provision lagl high-
bandwidth circuits between distant switches. Faaneple, in
telephone networks, it is not uncommon for seryoaviders
to provision high-bandwidth circuits from New Yo(KY) to
Los Angeles (LA) through multiple digital crossceauts, so
that individual telephone calls only require sigmglprotocol
processing at the NY and LA switches. Similar desiwill be
required in GMPLS networks with switches using safte-
based signaling engines. The network delay forsigealing
messages across such wide-area paths will be Wglchose
40ms for the one-way network deldy, basedporg mea-
surements across the U.S., which includes IP rayueueing
delays. On the other hand, with hardware signalirggsuch
provisioned circuits are required. Instead, sigrplinessages
could be processed at each switch of an end-tgpatid Con-
sider the Abilene network topology of Internet2.[% call
setup from Washington to Seattle could requireaigg mes-
sage processing at the intermediate switches of Xy, Chi-
cago, Indianapolis, Kansas City and Denver. In dase, the
one-way network delay/,, , is between consecutivectes,
and hence smaller (we assume 10ms for the out+ud-path).
The in-band network delay values shown in Tablea@ be
similarly reasoned.

B. Results

Fig. 4 shows the numerical results for the softwsigmal-
ing case. Parameters that are held unchanged ttveabut-of-
band plots are the transmitter rafe,, , and paciss fate,
p. Similarly, all the in-band plots have the sanmesngmitter
rate and packet loss rate. Values for these paesametre
shown in Table 2. For the signaling protocol preoeswe use
two values of the service ratg,,,,. , which in comborat
with metro- vs. wide-area, and in-band vs. out-afd, leads
to a total of 8 plots.

Under the metro-area assumption, the differencevdset
OOB signaling and IB signaling is small wher, ., = 20
This is becausd’,, is small relative to the messageegsing
delay, which is 50ms in thg ,,,. = 20 plots. At high load,



the queueing delay could increase this messageegsng
delay by a factor of ten, making this significantdyger than
T,. The difference is more with OOB having the edgthé
signaling message processing service time is ladvérem
50ms to 2ms. This is because, at this range okgaline effect
of the lower transmitter rate of the IB channelsdyees impor-
tant. In the wide-area network setting, delay isaken if IB

10°
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Fig.4  Software signaling processor; plots showetfiect of metro-area
vs. wide-area, in-band (IB) vs. out-of-band (OOBnsport, with

two values of message processing service 188,

signaling is used instead of OOB signaling. Thifedence is
because of the network delay, which could be mughdr in

the OOB case as messages are likely to incur quguilays
at IP routers. In summary, given today’s off-thel§imessage
processing delays are on the order of 50ms, |Badigg is the
better option from a delay perspective, in addittonother
arguments, such as reliability. When the procesgeigy is so
high, the effect of the IB channel transmitter ta¢ééng lower is
not important.

Fig. 5 shows the plots for the hardware-signaliagec For
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Fig.5 Hardware signaling: plots show the effectnoétro-area vs.

wide-area, and in-band vs. out-of-band transport.

the metro area, OOB signaling slightly outperforiBssignal-
ing when the signaling channel is moderately loadedhe
high-load region, OOB signaling is significantlyttez than IB

signaling in terms of call setup delay. This suggdsat if the
load on the signaling channel is a concern in matea net-
works, service providers should either use OOB aigg, or
set up multiple DCC channels between switches tddaaver-
loading the signaling channel if they prefer IBrsgng for
other reasons, such as reliability.

In the wide-area setting, we see that the plot<OiOB sig-
naling and IB signaling intersect. In the low-la&dion, which
is to the left of this intersection point, IB sidimg outperforms
OOB signaling. In the high load region, the treadéversed.
We recognize that the position of this intersectipaint
depends upon the logdl , and the difference betw&8hand
728, As described in Section IlI, since each OC1 h&C&,
the signaling load can be spread to keep the leactipannel
low. In this case, saving on the network delay biyng in-band
signaling will help lower end-to-end call setupaleto close to
the round-trip propagation delay. Finally, for a@pgtions such
as fast restoration, which requires extremely |aall setup
delay, high-speed (e.g., OC1 rate) in-band charereldikely
to be needed, since the sum of emission delayshfodow-
speed DCC can be significant on a path consistingudtiple
links.

VI. CONCLUSIONS

We compared in-band and out-of-band signaling parts
options under assumptions of the GMPLS switchesnigav
hardware-accelerated signaling engines or softwayealing
protocol processors. With hardware signaling erginethe
load per in-band signaling channel can be kept tbgwusing
many of the DCC channels (one per OC1), in-bandadigg is
the preferred option. Since the network delay famrying the
messages through IP routers can be significantlyenio the
out-of-band option, in-band signaling is betterspite of the
per-channel transmitter rate being lower. With wafe-based
signaling protocol processors, queueing delaysligsty to
build up for the processor, making this componéet most
significant part of end-to-end call setup delaytHis case, the
lower network delay for in-band signaling makesibetter
option than the out-of-band signaling channel. diterence
in transmitter rates does not matter since the agesgansmis-
sion service time is much smaller than the mespageessing
service time, which means there is no queueingydatahe
transmission servers for both in-band and out-ofdoaptions.

APPENDIX

In Section IV.C, we reduced the two-server modet &in-
gle-queue model based on certain assumptions.idrafipen-
dix, we describe our reasoning behind these assongpfor
the hardware and software signaling scenariost, Eossider a
switch with ahardware-signaling module. In [10], we showed
that circuits are useful for file transfers maimmythe wide-area
context. In this case, if we choose a 50ms rouipdpiropaga-
tion delay, it will dominate the signaling messagmission
delays and message processing delays (given odwhes-



signaling assumption). Thus, end-to-end call setelay will
be close to 50ms. Citing utilization consideratiom$10], we
recommended that the call holding time of a cirshibuld be
at least 10 times the call setup delay. Applying ttactor
implies that call holding times should be minimadg0Oms.

Further, in [10], we showed that this mode of dgfeall
bandwidth sharing becomes feasible (i.e., the serprovider
can run the link at a high utilization with reasblyalow values
of call blocking probability) when the number ofagimels into
which link capacity is divided is on the order @01 Consider
a switch with two OC192 links and 180 GbE portssézhon
our experience with the equipment used in the CHEHETet-
work [5]). If the OC192 links are the critical limkrom a utili-
zation perspective, then we should allocate peudir
bandwidth rates of 100Mbps (making the number @inckels
on the OC192 equal 100).

To achieve a high utilization, the offered call dpa
P =A_,;;"U,,;;» Should be close to 100, wheke ,;,
U.,;; are the call arrival and departure rates, respagti

Using W,,;; = 1/(500ms) , we require the call arrival rate

for the single OC192 link to be 200 calls/sec. Bxiag this
argument to the whole switch (with 180 GbE ports &h
0C192 ports), we obtain an aggregate call arristed of 2000
calls/sec for the call processor. Given that 1 ejuires three
messages to be processed, the total message aatvéd 6000
msg/sec. Since this number is much smaller thar2@@000
msg/sec processing rate for the hardware-signaingine (see
Table 2), it justifies the assumptiqr, .., . » A

With out-of-band transmitter rates of 10Mbps or H@Ps
and 1000-bit signaling messages, the service m@ least
10,000 msg/sec, as shown in Table 2, which is failgloer than
the 6000 msg/sec estimate from data-plane consioer&Vith
in-band signaling, recall that the 6000 msg/secsam@ over
multiple in-band channels. If the number of in-ba@hdnnels is
small, say 5 (for example, one in-band channellliscated
between two neighboring switches even if the swetclare
interconnected by multiple data-plane links), thie per-
channel message arrival rate exceeds the 500 msggseice
rate possible for 1000-bit messages on a 576kbps. @D the
other hand, if the number of in-band channels ishmhigher,
then there will be no queue build-up for even tbe-band-
width DCC in-band channel.

Assuming software signaling, we change the end-to-end

call setup delay to be on the order of 1sec, wigkes the
minimum call holding time increase from 500ms (e thard-

ware signaling option) to 10sec. The correspondaibarrival

rate for the signaling protocol processor is 10stsec. If we

assume a 20/sec signaling protocol processor seraie (see
Table 2), it becomes clear that we cannot afforsufgport calls
with such short call holding times. Thus calls h&vée on the
order of minutes, if the switch signaling enginesidtware

based. But given our file transfer applicatiorheécomes clear
that there will be queueing delays at the softveagealing pro-

tocol processor, as assumed in Section IV.C.

and

(1]
[2

(3]
(4]

(5]

(6]

(71

(8]

(9]
[10]
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