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Abstract— This paper provides new loss models for a switching [1], [25], [30] and optical packet switching [3],
hybrid optical switch combining optical circuit switching  [7].
(OCS) and optical burst switching (OBS). Exact blocking |n optical circuit switching (OCS) networks, traffic is
probabilities are computed when 1) no priority is given 0 gejayed until it is confirmed that connections (ight-
either circuits or bursts, and 2) circuits are given preemp- path9 between source and destination pairs are estab-

tive priority over bursts. Because it is difficult to exactly lished using tw i . i C H
compute in realistic scenarios, we derive computationally IShed ‘using two-way reservation signaling. urrently,

scalable approximations for the blocking probability. The OCS is mainly used in the backbone as point-to-point
sensitivity of the analytical results to burst length and cir- links (or transmission pipes) over long distances in a
cuit holding time distributions is quantified by simulation. quasi-static configuration. As traffic volume grows with
We demonstrate how the proposed approximations can be different requirements for data, video and voice traffic,
use(_:l_for multiplexing gain evalue_ltion of a hybrid switch. In  ocg may not be sufficiently flexible in responding to dy-
addition, the extension of our single node model to a net- 4 mjica|ly varying and bursty traffic loads and service di-
work model comprising OCS, OBS and hybrid switches is versity [10], [31]. This motivates the idea of optical burst

outlined. >
switching [25].
Index Terms Wavelength division multiplexing (WDM), In optical burst switching (OBS) networks, traffic flows
hybrid optical switching, optical circuit switching (OCS), 5re gathered at edge routers located at the periphery of
optical burst switching (OBS), blocking probability. the WDM network [1]. Flows are then sorted accord-

ing to destination and grouped into variable-sized elemen-
tary switching entities known asursts Before a burst is
|. INTRODUCTION sent, acontrol packetis generated at the edge router and

Eent toward the destination to set up a lightpath. Upon

T HE rapid advancement of wavelength-division muItS arrival at each OXC along the lightpath, the burst size

t_|p_IeX|ng (WDM) technology has emerged as %nd arrival time are read from the control packet and the
promising means to open up the terahertz transmission

bandwidth of optical fiber [36]. A core WDM network urst is scheduled in afjvanc_:e to an approprlate outgoing

: , : wavelength. The burst itself is sent after a fixed delay, re-
consists of many optical cross-connects (OXCs) intercq erred to as aoffset which is greater or equal to the total
nected through hundreds, possibly thousands, of fibers g d

containing hundreds of wavelength channels. Three ba%rocessmg delay encountered by the control packet. The

IC .. . e
switching technologies have been proposed for WDM n urstis blocked at any OXC along the lightpath if it cannot
works: optical circuit switching [10], [11], optical burst

e scheduled to an appropriate outgoing wavelength [30].
The third switching technology, optical packet switch-
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Fig. 1. Hybrid optical transport network architecture.

in which both OCS and OBS are used as the transmissionltiple hybrid optical switches is outside the scope of
mechanism [22], [35]. This architecture, shown in Fig. this paper, we discuss possible approaches to achieve this
comprises electronic routers (IP edge routers) locatedgaial.
the edge and so-calldtybrid optical switchegpositioned  This paper is organized as follows. We develop a single
inside the core WDM network. The hybrid switches areode model in Section II. The single node model is then
similar to OXCs but are also capable of accepting OBdhalyzed using a multidimensional Markov process in
traffic. There are several motivations for considering thiection I1l. We consider the case where circuits are given
hybrid optical switching network: preemptive priority over bursts in Section IV. Because
. OCS provides coarse access to bandwidth usif§mputing the exact blocking probabilities is intractable,
the wavelength routing capability of the opticapcalable approximations for both cases are thereafter de-
layer [31] and is justified only in the core networkived. The complexity of the approximations and solv-
where there is a large volume of traffic betweelnd the exact blocking probabilities is shown in Section
nodes. Therefore, adding OBS into the network wil. Furthermore, the sensitivity of the analytical results to
increase the network’s f|ex|b|||ty and make it possiburst Iength and circuit hOIdIng time diStribUtionS, as well
ble to establish point-to-point links beyond the cum@s to the distribution of the inter-arrival times, is quanti—
rent reach of the core network. Hybrid switches cd#ed by simulation in Section VI. We then show how our
provide an evolutionary path towards the introdu@ingle node model can be usedin dimensioning aswitch in
tion of an OCS-based network. Section VII-A, and outline the extension of our model to
o Combining OCS and OBS allows a network to Suﬂhe network case in Section VII-B. Finally, we conclude
port the growing diversity of services. In particularthe paper in Section VIlI.
premium services such as delay-sensitive real-time
traffic flows can establish a circuit on demand using
OCS, while best-effort traffic can be delivered using

OBS without any quality guarantee [35]. Consider a single hybrid optical switch in the optical
» A hybrid switching network that combines OBS anghetwork shown in Fig. 1. Without loss of generality, let us
OCS is more efficient than having two separate N&fpnsider only traffic flows directed from left to right. In
works. The efficiency will be achieved by reducingne example shown, there are two incoming and three out-
the maintenance and management overhead, as Wglhg links connected to this switch. The architecture of
as increasing traffic multiplexing. the hybrid optical switch is detailed in Fig. 2. The switch
The main contribution of this paper is to provide a correontroller receives incoming requests in the form of con-
putationally scalable analytical model for a single nodeol packets on each incoming fiber [35]. We assume full
in hybrid optical switching networks. The model can beavelength conversion capabilities in the switching fabric
used in performance evaluation, network dimensionirand that the switching fabric is strictly non-blocking. The
and traffic management. Although extending our singfeain difference between the architecture in Fig. 2 and the
node model to a model of a complete network involvingrchitecture of an OXC is that the controller can accept

II. NODE MODEL
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Fig. 2. Hybrid optical switch architecture.

and process both requests for the establishment of ditrst is blocked (or lost) at the switch, or the requested
cuits as well as control packets for burst scheduling. Ndtghtpath is not established. Note that the data belonging
that the incoming or outgoing links of the hybrid switcho the dropped burst needs to be retransmitted by a higher
may contain a different number of fibers, each supportiteyer protocol such as the Transmission Control Protocol
many wavelengths. In the example shown in Fig. 2, t{&CP).
top incoming link from another node contains two fibers, on each input wavelength, the time period during
while the bottom incoming link and all the outgoing linksyhich a burst is being received, or a circuit is allocated,
have one fiber each. Fig. 2 shows examples of transmigcalled anon period and a continuous period of time
sion of OCS traffic and OBS traffic in progress. between two successive on periods is calledfaperiod
Previous studies of hybrid optical switching in [22Here, an on period associated with a circuit allocation ap-
have quantified the mean delay for bursts in a single linglies for the entire time period, including the setup time,
Performance evaluation of hybrid packet/circuit switctfer which a wavelength is exclusively dedicated to a cir-
ing in electronic SONET networks has been considereddnit. We assume that the on and off periods are expo-
[6], [13], [21], [23], [29], [34], [38], [39], and referencesnentially distributed, and the traffic streams on all input
therein. Here we develop an analytical model for a singleavelengths are statistically identical. During the on pe-
switch/node within the hybrid optical network. For modriod, the input wavelength is said to betive and during
eling purposes, effects related to the use of control padke off period, it is said to bmactive

ets in OBS, including offset, and reservation signaling in pop input wavelength may carry bursts some of the time

OCS are ignored. and may be allocated to circuits at other times. We assume
Consider all the traffic flows coming fromM/ input thata burstis transmitted on a wavelength for an exponen-

wavelengths from a number of incoming links that are ditally distributed period of time with meaty/ ., while a

rected to an outgoing link consisting &f wavelengths. circuit is allocated for an exponentially distributed period

Note that there is no loss when the number of input wavef time with meanl /... The off period is assumed to be

lengths,M, is lower than the number of wavelengtli§, exponentially distributed with meary A. Upon termina-

in the outgoing link. We are therefore only interested ition of an off period, an on period associated with a circuit

the case of0 < K < M), where loss can occur. In com-allocation will commence with probability., and a burst

parison, the assumption of Poisson arrivals used in pretransmission will commence with probability = 1 —p..

ous studies of OBS performance [26] will incorrectly leabefine\. = Ap. and )\, = Apy.

to some loss of traffic even in situations wheéfe> M. Typically, 1/ > 1/, and A, > A.. The arrival

A request for burst transmission or circuit allocationf a request for circuit allocation may represent (but is
(lightpath establishment) arrives randomly on one of thet limited to) the following: 1) a request for setting
input wavelengths. If there is no available outgoing wavep a private network, 2) dynamic capacity leasing on a
length, then the request is denied and the correspondimavelength-by-wavelength basis, and 3) online trading of



bandwidth. The valué /.. will then represent the aver-A. Exact Blocking Probability
age actual holding/usage time associated with such waver et the set of triples{(i,j, k) : i = 0,...,K;j =

length bandwidth requests. 0,....,K;k =0,...,M — K;i +j < K} denote the

In principle, as discussed in [35], a lightpath establishegates of the underlying Markov process, wheiie the
for a circuit between two edge routers may not be fully uthumber of bursts in progress,is the number of circuits
lized. In such a case, an arriving request for a new circifit progress and: is the number of blocked input wave-
between the same edge routers may be accommodatetklgths on which bursts are being dumped. Furthermore,
the old lightpath. Here we do not consider the second flet ; ; , denote the stationary distribution of the under-
quest as a new request, but rather assume that it simigiyig Markov process. Under appropriate conditions, a
increases the holding time of the existing lightpath. If thenique stationary distribution exists and can be computed
second request cannot be accommodated by an existygsolving the associated system of balance equations.
lightpath at the edge router, then it is considered as a nEWyg. 3 shows the rates of each ingoing and outgoing transi-
request in our model. tion for an arbitrary state of the three dimensional Markov

At first glance, it might seem that our single node modgrocess foi + j < K.
thus far defined is nothing more than a loss model cov-
ered by Engset [12] withi servers,M sources and two
arrival classes. Hence, if priority is not given to any of
the two classes, it seems that the standard Engset formula
[12], [16] can be applied to compute blocking probabili-
ties. However, the Engset formula will typically overesti-
mate blocking probabilities because it allows a new arrival
(either a burst or circuit) on the input wavelength while the
burst is being blocked.

In practice, when a burst is blocked at a switch, the in-
put wavelength carrying the blocked burst remains active
until the end of the burst has arrived at the switch. Clearly
new arrivals on that wavelength can only occur after the
burst has been blocked. (See [37] for an example demon-
strating the inaccuracy of the standard Engset formulagpy. 3. state diagram far+ j < K.
estimating burst blocking probabilities in this case.) Dur-
ing the period of time that a burst is being dumped at the The corresponding balance equations (fer j < K)
switch, the input wavelength is said to be blocked. Hereiare:
we refer to this input wavelength in the blocked state as a
blocked wavelength. Thus, an input wavelength can either i,k ((i + Ry + jpe + (M —i—j — k’))‘)
be active, inactive or blocked. Note that when a circuit re- i g k+1 (K + )
quest is blocked there is no dumping, and the circuit is Tijotp(M — (i +7 — 14+ k)X
assumed lost. In practice, depending on the application, a B

. . S . T j+1, k(] + 1)
retry of a rejected request for circuit allocation may be
conducted, possibly, by buffering and delaying packets Ttk (M = (i =145+ k)N
waiting for circuit allocation at the edge router. In this  + Tit1,5k(0 + 1), 1)
paper, we do not consider such effects. See [15], [40] for

Case: i+j <K

+ + +

information on retry models and their performance |mplfi ndfori +j = K,
cations on circuit switching networks. i (6 + k) + Jpe + (M — K — k)A)
= 7Ti,j71 k(M ( - 1+l€)))\c
+ mic1je(M — (K =1+k)X\
[1l. ANALYSIS + e (k4 D
T 5k— 1(M ( -1+ k)))\b (2)

Using the above node model, the blocking probability
is now computed in the case where no priority is given ta (1) and (2),7r” = 0 for (i,5,k) ¢ {(i,5,k) : i =
either circuits or bursts. 0,....,K;7=0,...,K;k=0,.... M- K;i+j < K}.



Introducing the normalization equation,, ; , m; jx = 1 unique stationary distribution exists and can be computed
gives rise to a linearly independent system of equatiors; solving the following system of balance equations. For
which can be solved with elementary methods to compute< K,

the stationary distribution.

The total load offered by both bursts and circuits is ik (J1° + by + (M = j = k)A)
given by = T x(M—j+1—-Fk)A
. + Tigpr1(k+ 1w
To=) (M—i—j—=Fk)(Xo/mo+ A/ te)Ti ks T .
uzk ’ + mipe( + Dut, (3)
and the total load carried by both bursts and circuits &4d forj = K,
given by o i (K + by + (M — K —k)\p)
T. = Zk(z ‘|‘])7Ti7j,k:~ _ WKfl,k(M —K+1—k)A
Z?]?
Note thatT},, T, are expressed in units of wavelength ca- + Tk (k 4
pacity. Thus, the blocking probability for both circuits and + Trp—1(M — K +1-=Fk)\,. (4)
bursts is the same and equaliQ, — 7¢.) /7. In (3) and (4),m;x = 0 for (j,k) & {(j.k) : j =

Solving the system of equations given by (l). and (2) B . Kik=o0. . M- KY. Introducing the normal-
not scalaple for Iargé{ andM. Two appr_ommatlons for ization equatioan » Tik = 1 gives rise to a linearly in-
the blocking probability which are.appllcable for real'saependent system7 of equations, which can be solved as
tic values of K and M are now derived by reducing thebefore to compute the stationary distribution.
dimensionality of the underlying Markov process. The total load offered is given by
B. First Approximation To =Y (M —j—k)\u)mjk,
The dimension of the underlying Markov process can Jik
be reduced from three to two by considering an approjn the total load carried is given by
mation in which no distinction is made between a burst in B
progress and a circuit in progress. Because the blocking 1. = ijjjk.
probability is equal for both circuits and bursts, we con- ok

sidgr hgre a.single entity which can be either a burst Phus, an approximation of the blocking probability for
a circuit. This way, we do not need to keep track of the . circuits and bursts is equal(tﬁ _T )/T .

number of bursts and circuits in the system, thus reduc-a ruder yet more scalable, approximation is now de-

ing the dimensionality of the problem. The holding timgyeq, which bears much similarity to the standard Engset
(transmission time) of this combined entity will be the, 15 1n fact the approximation is based on the Engset
weighted average of burst transmission and circuit holgsymula with mean on period/.* and a modified mean

ing time. This results in a slight loss of accuracy becaugg period, which is determined by solving a fixed-point
the holding time of this entity is no longer exponentiaéqu{mOn with repeated substitution.
but assumed to be in our approximation. This is related

to the discussion in Section VI on the sensitivity of the; second Approximation
analytical results to burst length and circuit holding time

A Observe that from the point of view of the switch, when
distributions.

Let the set of double§(j, k) : j = 0,...,K:k — the |_nput wavelength is blocked aqd _the bur_st is (_jumpeq,
. the input wavelength behaves as if it were inactive until
0,...,M — K} denote the states of the approximat . .
. e end of the burst has arrived at the switch. Therefore,
Markov process, wherg is the total number of bursts :
the blocked input wavelength encounters a longer off pe-

and circuits in progress aridis number of blocked input r{?d with mean equals t\,/A)(1/165)+1/A. Let Pyocked

W:r\ilscljeiggézs.orf()a?] t?;fh dligz?gl\feén\?vﬁthvﬁgz;&n%52;?; Pe the probability that all< wavelengths are busy at a
P P y N e ’ time instant just before the arrival of a burst or circuit (and
A = N+ A.. Let1/p* be the modified mean on pe-

riod, which is chosen as the weighted average given h@gﬁfg&iiz |rr:$;tnw:%/ Zleerr;g(tjhglis\s/::]otc)lged) andligh” be
1/p* = Ao/ (An) + Ae/ (Apic)-

Let; ;, denote the stationary distribution of the approx- 1

1 b 1
imate Markov process. Under appropriate conditions, a)* (1= Phiocked)y + Phiocked < * ) - ©)

A N A



An input wavelength only dumps an arriving burst ifire available, a circuit is allowed to seize a wavelength
there is a total of< bursts and circuits in progress. Therebeing used by a burst in progress or reserved for a burst.
fore, This burst is then left without a wavelength and it must be
(M,l) O /)& blocked. With preemptive priority assigned to circuits, the
5 K S -, availability of capacity for circuits is more predictable and
> im0 ( i )()\*/M*)Z easier to manage. Also, circuits may require priority be-
which is the standard Engset formula. Since the blockis§use they may be assigned premium traffic which needs
probabilities for the circuits and for the bursts are equdP Meet certain quality of service (QoS) requirements. If

Pyiocked is an approximation of the blocking probability in2 Network is evolving from pure circuit switching to hy-
question. brid switching, it may be necessary to protect OCS traffic

The functional relation betweeRyo.q and1/\* ex- from OBS traffic in order to maintain existing OCS ser-
pressed in (5) gives rise to a fixed-point equation. THéce levels. In such situations it would be desirable that a
fixed-point, i.e., consistent values fé¥,...q and1/x*, burst with a reasonably long burst offset time on a long-
may be computed with the following repeated substitutidiul system, for example, does not interfere with setting

Pyiocked = ENgN, 1", M, K) £

algorithm. up a circuit with relatively short round trip time.
Let \*(0) = A. While |\*(n) — A*(n—1)| > ¢,n > 1,
generate another iteration such that A. Exact Blocking Probability

/N (n41) = 1/A + Eng\*(n), u*, M, K)/u*, (6)  Here the states of the gnderlying Markov process are
similar to that of the previous case when no priority is

of, given. Thus, it is convenient to maintain the notation de-
Ne(n +1) = p* /(11" /X + EngX* (n), 1", M, K)). fined in the prgvious ;ection. In fact it is only the set of
balance equations defined by (2) that needs to be replaced
Itis now proven that the repeated substitution algorithfg take into account that a circuit can preempt a burst if no
must converge to the unique fixed-point of (5). Observgher wavelengths are available. Note that (1) still holds.
that the transformation fromi(n) to A(n + 1) is defined The set of balance equations defined by (2), which pertain

by the functionl’(z), where to the case + j = K, are replaced with the following.
D(z) = w*/ (" /A +Enga, ", M. K)), w>0.  FOI=H
Because Eng,u*, M, K) is increasing withz, T'(z) Ti gk (M = K — k)X + (k4 @) + jpie)

is a strictly decreasing function far > 0 and ap-
proaches\y*/(\ + p*) asx approaches infinity. There-
fore, I'(z) = = has a unique solution (fixed-point) from
which it follows that (5) also has a unique solution.

By (6), A*(0) = A > X\*(1) and \*(0) = X >
A*(2). In fact, A\ > X*(n) for all n > 0. As
I'(x) is a decreasing functiom\*(0) > \*(1) implies
A*(2) > A*(1). Hence,A*(0) > A*(2) > A\*(1), and
for similar reasoning\*(1) < A*(3) < A*(2). In gen- andforj < K,
eral, \*(n) > X\*(n +2) > A\*(n+ 1), for n even, and
M (n) < X(n +2) < X*(n + 1), for n odd. Ti gk (M — K — k)X + (k + ) + jpe)

Therefore, the sequende*(2n) : n > 0} is decreas- = mij1kx(M—K+1—k)\
ing and the sequenc{é\*(_Qn +_1) :n > 0} is increasing. T k(M — K +1— k)N,

Since Engz, u*, M, K) is strictly concave'(z) = =z
has a unique solution, and each sequence is bounded and g1 (K + 1)
monotonic, both sequences converge to the same unique Tijk—1(M — K —k+ 1)\
7Ti+l,jfl,kfl(M —K—k + 1)AC . (8)

fixed-point. |
circuit preempts burst

migoan(M — K +1— k)X,

Tic1jk(M — K +1—k)X\

Ti g1 (K + 1)y

Tigh-1(M — K —k+ 1)

Tir1j-1k—1(M — K —k+ 1)\, (7)

circuit preempts burst

+ o+ + o+

+ o+ 4+ o+

IV. PREEMPTIVE PRIORITY

We now extend the analysis for situations in which ciiit is only the left-hand sides of (7) and (8) that differ. For
cuits are given preemptive priority over bursts. By prer < K, there is less thai circuits in progress, hence an
emptive priority, we mean that if no other wavelengthadditional circuit can be admitted by preempting a burst



in progress. This burst is then left without a wavelength./\. The effect of burst arrivals can be exactly taken into
and its remainder must be blocked. Kot K, there are account by modifying (increasing) the mean off period be-
K circuits in progress, hence an additional circuit canntween two successive circuits. Let the modified mean off
be admitted. period between two circuits b’ \', which is given by
Under appropriate conditions a unique stationary distri- .
bution exists and can be computed by solving the systéf® = (Ae/A)(1/A) + (Ao/A)(1/A +1/pp +1/X), (9)
of balance equations defined by (1), (7) and (8). The naJ;
malization equatiof), . . m; jx = 1 is required to ensure r_
the system of balalr%équuzitions is linearly independent. VN =124 Qo/Ae)U/A+ 1/ ).
Let T and T be the total load offered by bursts and’he terml/A + 1/, + 1/X"in (9) is the mean off period
circuits, respectively. Similarly, 1E° andT¢ be the total given that the next arrival is a burst, which occurs with

load carried by bursts and circuits, respectively. Thus, Probability A/, while the term1 /) is the mean off pe-
riod given that the next arrival is a circuit, which occurs

T = Z(M —i—j—k)(Aa/pe)mi i, v € {b,c},  with probability A\./\. Thus, the exact circuit blocking

i3,k probability is given by Eng\’, u., M, K), and the state
distribution is given b
and. istribution is given by
MYV ey
TCbZZZﬂ—Z]/W TEZZJTFZ]/W p; = (J ‘ jZO K
3J 2 ¥l K iR g ooy .
igk i.gk Sico () (N /pe)t

where the index: represents an element of the index set The second stage involves approximating the burst
{b, ¢} referring to burst or circuit traffic, respectively. Theédlocking probability by conditioning on the state distribu-

stationary blocking probability is equal to tion {p; : 7 =0..., K}. In particular, the burst blocking
probability is computed given = 0,..., K, circuits are
(Ty —T7)/T7, = € {b,c}, in progress using the approximation based on the Engset

dis strictly | for circuit formula with modified off period derived in Subsection
and s strictly lower for CIrcutts. llI-C. l.e., the approximation derived in Subsection IlI-

A. scglable apprqximation for the gxact blocking pr'obc-: is appliedK + 1 times to compute the burst blocking
ability ‘is now derived by decoupling the underlylngprobability givenj = 0,..., K, circuits are in progress.

Markov process according to bursts and circuits. In particular, letPyoeed(j), j = 0, . . ., K, be the prob-

o ) N ability that an input wavelength is blocked givgnircuits
B. Approximation for the Blocking Probability are in progress. Furthermore, let\*(j),j = 0,..., K,

The approximation consists of two stages. Both stages the modified mean off period between two successive
are based on the standard Engset formula in which thersts givery circuits are in progress, which is given by
mean off period is modified in much the same manner
as in Subsection IlI-C. The first stage yields the ex- XNG) = (1= Poiocked(5))/ Mo
act blocking probability and state distribution for circuits. +  Puocked(J)(1 /o +1/X).  (10)

By state distribution, it is meant the set of probabilities
{p;j : 7 = 0...,K}, wherep; is the probability thatj
circuits are in progress at steady-state. The second stgﬁ
approximates the burst blocking probability by conditionT
ing (_)n the state dist_ribytion compute_d egrlier. ocked(j) = ENGN* (5), i, M — 5, K — ).

Circuits cannot distinguish an active input wavelength
belonging to a burst in progress from a blocked input The functional relation betweenPy,.keq(j) and
wavelength in which a burst is being dumped. In both/A*(;) expressed in (10) gives rise to a fixed-point equa-
such cases the input wavelength appdarsyand is as- tion. The fixed-point, i.e., consistent values f&,ccq(7)
signed to a single state labelled the active state. The fiasid1/\*(j), is computed with the same repeated substi-
stage of the approximation makes use of the fact that arion algorithm defined in Subsection 11I-C. Based on
input wavelength is either active or inactive from the viewthe earlier proof, the repeated substitution algorithm must
point of a circuit. converge to the unique fixed point of (10).

On an inactive input wavelength a burst arrives with The repeated substitution algorithm is applied
probability A\, /A, while a circuit arrives with probability X + 1 times to computePyocred(j), j = 0,..., K.

Given thatj circuits are in progress, an arriving burst is
l%( blocked if there is a total dk — j bursts in progress.
erefore,



The burst blocking probability is then approximated « Gamma distributed on periods and exponentially dis-
by un-conditioning the state distribution to give tributed off periods (to test the sensitivity of the ana-
Zfz o0 PiPriocked(J)- lytical results to the distribution of the on period).
« Gamma distributed on and off periods (to examine
the accuracy of the analytical results when both on
o _ and off periods are non-exponential).
_ Because some of our approximations rely_ on an |tera_—|_et e/ 11e and Ay /115 be the circuit and burdtaffic in-
tive procedure that terminates once a prescribed error ?thity per input wavelengthespectively. When compar-
terion is satisfied, it is difficult to provide rigorous remarkisng between models involving Gamma versus exponen-
on the_ computatlonallcomplexny of our approxmatlonsl.-ral distributions, we fit the respective means of the on
In particular, complexity largely depends on t.he approa%rhd off periods, as well as of the burst and circuit traf-
used to _solve the set Of_ Ioc_al balance e_quatlons. I_:or tﬁtsintensity per input wavelength. All data points gener-
reason, '|nstead of considering complexity, we prowdg tl&?ed by simulation are plotted with their respectiv&s
c_ardlr_1allty of the st_ate—spac_e for each O_f our approXimgs yfigence intervals, which are based on the Student’s t-
tions n Table 1. Th_'s may give a rough indication _Of th%istribution [4]. Plots are presented for the blocking prob-
potential computational savings relative to computing eébility versus thenormalized traffic intensitydefined as

V. COMPUTATIONAL ASPECTS

act blocking probabilities. (MK N/ 11+ N/ 110).
TABLE | Define the parametes > 1 asyuy/ e, Which represents
CARDINALITY OF STATE-SPACE the factor by which the mean circuit holding period is
greater than that of the period required to send a burst, and
NO PRIORITY the parametet > R > 0 by \./\,. Notice that the mean
Exact (1/2)(K? +3K +2)(M — K +1) inter-arrival time between two consecutive circuits may
1st Approx. (K+1)(M - K +1) include many burst transmissions. Furthermore, for the
2nd Approx.* K case in which priority is not given to either bursts or cir-

cuits, regardless of the choice of parameteendR, the
blocking probabilities of a burst and circuit are the same
and are only a function of the total traffic load. Herein, we
setR = 0.01, S = 100 andp. = 1. By settingu. = 1,
we normalize all time units with respect to the mean cir-

Approximations marked with an asterisk in Table ¢uit holding time. Thus, for a given normalized traffic
make use of the repeated substitution algorithm definedMensity, the corresponding paramet@gs iy, Ac, i are
Subsection I1I-C. In practice, our numerical experimentél€termined using the abové?, S, .} values. Knowing
tion has revealed that the repeated substitution algorithyn 15, Acandp., we are then able to calculate the block-
typically converges in less than 10 iterations for a stoﬁlg probabilities based on results developed in Section I
ping criterion of10~8. Table | gives an indication of the @nd Section IV.

scalability of the approximations relative to computing the We consider the following scenarios: &) = 5, K’ = 3
exact stationary probability. with an equal ratio of burst-to-circuit traffic intensity per

input wavelength, and 2)/ = 30, K = 10 with various
ratios of burst-to-circuit traffic intensity per input wave-
length. For the first scenario, the exact and approximate
In this section, we quantify via simulation the accuradylocking probabilities versus the normalized traffic inten-
of our analytical results and approximations, as well &ty are shown in Figs. 4(a) and 4(c). The correspond-
their sensitivity to non-exponentially distributed on anthg probabilities for the second scenario are shown in
off periods. Note that the traditional Engset model is n@igs. 4(b) and 4(d), where the ratio of burst-to-circuit traf-
sensitive to the on and off period distributions [16]. In oufic intensity per input wavelength is set to be one-to-two.
analysis, however, a different model is used and therefadd¢her ratios of burst-to-circuit traffic intensity per input
the sensitivity needs to be examined. We considered tliavelength, such as one-to-one or two-to-one, result in
following cases: similar plots which are omitted here for brevity.
« Exponentially distributed on and off periods (to ver- In all scenarios studied, we observe that the approxi-
ify the correctness of our analytical results and aprate blocking probabilities are in agreement with the re-
proximations). sults for the exact blocking regardless of the values/of

PREEMPTIVE PRIORITY
Exact (1/2)(K? +3K +2)(M — K +1)
Approx.* (1/2)K? + (3/2)K

VI. NUMERICAL EVALUATION
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Fig. 4. Blocking probability versus normalized traffic intensity: exact and approximate results.

and K, and the ratio of burst-to-circuit traffic intensity periods are exponentially and Gamma distributed. Exact an-
input wavelength. In particular, when no priority is giveralytical results are also plotted for comparison. For all
to circuits, the difference between the approximate andses studied, we observe that the analytical results are
exact values divided by the exact value (referred teks within the 95% confidence intervals of their simulation
ative erron is around1% and5% using the first and sec- counterparts, which indicates that the analytical model is
ond approximation, respectively. This error can also It too sensitive to non-exponentially distributed on and
observed for various values 8f up to35 while keeping off periods.

the blocking probability betweero—3 and102.

Our numerical results show that when circuits are given
preemptive priority over bursts, the approximation pro- In the next section, we demonstrate the scalability
vides the exact circuit blocking probability (as expected&,f our approximations; in particular, we consider cases
and it provides a tight upper-bound for bursts (Figs. 4(Ghyolving hundreds of wavelengths. Computing exact
4(d)). blocking probabilities for such cases is intractable, how-
Figs. 5(a), 5(c), 5(e) and Figs. 5(b), 5(d), 5(f) showver, our approximations yield estimates within a few sec-
plots generated by simulation in which the on and off pends.
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VII. USE AND EXTENSIONS respectively, and seic = pp. To ensure an equitable

In this section, we first demonstrate how our mod&Pmparison with the hybrid switching case, in the second
can be used to evaluate the number of wavelengths onS§§nario, the same blocking probability threshold is spec-
outgoing link required to meet a pre-specified maximuffied for OCS and OBS; thus, we sét = fp = 10"
blocking probability. We then use our model to evaluafdere. we use a similar setting: /Ap = 0.01, up/puc =
the multiplexing gain achieved by hybrid optical switch100, anduc = 1 as in Section V1. To solve the opti-
ing. Finally, we outline how our single node model can p@ization problems, the blocking probability of the sepa-

extended to evaluate performance of a network comprigi® OCS switch is calculated using the standard Engset
ing OCS, OBS and hybrid switches. formula, and that of the separate OBS switch is calculated

using our approximation described in Section Ill assum-
ing no OCS traffic.

. o In the second scenario, for the HOS switch, we
In order to determine the minimum number of wavesg; My =M+ Mg, 1Ay = 2/(0c + Ap)

lengths on an outgoing link of the switch to meet speg,q Upn = Ao/ (2 mpc) + Ap/(2Agup). This way
ified blocking probability requirements, we formulate a2 Ay /un = (pc + pp)/2, indicating that the total
optimization problem based on two separate scenariosyaffic intensity of the hybrid switchVpy is equal to

TABLE II the sum of the traffic intensity to the separate OCS and
LINK DIMENSIONING OBS switches. We then aim to find the minimal num-
ber of wavelengths on the output link required to meet the
overall blocking probability requirement d0—*. This

A. Link Dimensioning and Multiplexing Gain

GIVEN MINIMIZE leads to the following optimization problem:
# on off block. # minimize Ky,
input | period | period | thresh.| output subjectto By < fu,
FIRST SCENARIO where3; = 10~%. Here the blocking probability is cal-
OCS| Mg | 1/pc | 1/A¢ | Bc K¢ culated based on the approximations developed in Sec-
OBS| Mp | 1/up | 1/AB BB Kp tion 1.
SECOND SCENARIO We define the gain of hybrid switching as the per-

|HOS| My [ 1/pm | 1/Au | Bu | Ku | centage reduction in the number of wavelengths achieved

by multiplexing the OCS and OBS traffic into a hybrid

In the first . id el 0CS switch relative to using separate OCS and OBS switches
n the Tirst scenario, We consider separately an ai%qneet pre-specified OCS and OBS blocking probability

OBS switch, while in the second scenario, we Cons'derrgquirements. The gain is given 90 x AK/ Kz (%),

s!ngle hybrid optical switch (HOS). The parameters asSPhere AN — (Ko + Kp) — Ky, and Ko, K, Kzt

: . : MFe optimal solutions obtained by solving the above prob-
rized in T‘?‘b'e Il. For example_, thgre e Input Wave lems. The hybrid switching gain is shown in Fig. 6(a)
lengths directed to an outgoing link of the OCS swﬁcl&s a function of total number of input wavelengths
and the on and off periods on each input wavelength e . . ;

= M¢ + Mp), each of which has traffic intensit
exponentially distributed with mealy o and1/ ¢, re- 8( " ¢+ Mg) y

. . : S . of (o = (pc + pp)/2). It can be seen that the gain de-
spectl_vgly. For this OCS SW'tC.h’ our objective is to fin reases when the number of input wavelengths or the traf-
the minimum number of outgoing wavelengtis: such

ic intensity per wavelength increases. Observe that the
that the blocking probability is under a certain threshol{%C yp g

) . : . Multiplexing gain is betweem0 and20% at a moderate
56.“ leenMC, Ac andpc, we define the following opti- traffic intensity per input wavelength{ = 0.5,0.7) and
mization problem:

less than 200 input wavelengths. At high traffic intensity
minimize K¢ per input wavelengtho; = 1), the hybrid switch can still
subjectto B¢ < (¢, achieve around% multiplexing gain with a few hundred
whereB¢ is the resulting blocking probability at the OCSnput wavelengths. Similar observations can be made in
switch. A similar optimization problem is defined to deFig. 6(b) where we plot the hybrid switching gain versus
termine the minimum number of outgoing wavelengthe traffic intensity per input wavelength for various val-
K g for an OBS switch in the first scenario. ues of My.
Letpc = A\o/nc andpp = Ag/up bethe trafficinten-  Note that given the small blocking probability require-
sity per input wavelength of the OCS and OBS switchement, all three systems (OCS, OBS and hybrid switches)
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Fig. 6. Hybrid switch dimensioning and multiplexing gain.

are behaving as Engset systems. When the number ofdlarity, we have upheld it in the previous sections.

put wavelengthsX/y;) is large relative to the number of The closely allied problem of computing the blocking
outgoing wavelengthsi(;;) on the output link, all these probability perceived by each ingress-egress pair in large
systems behave like an M/M/k/k system [20], and it isircuit-switched networks has featured prominently in the
known that in such a system, the multiplexing gain is iriterature [8], [14], [19], [32]. Although circuit-switched
significant if the offered load and the number of outgoingetworks admit a simple product-form solution, comput-
wavelengths increases while the blocking probability ing the normalization constant of the product-form is of-
kept fixed [2]. This is consistent with the plot shown inen intractable. As a result, the reduced-load approxi-
Fig. 6(a) where the multiplexing gain decreases wif), mation was popularized in 1964 [9] and has remained a

and withpy. cornerstone of network performance evaluation. It is the
reduced-load approximation that we propose to use for
B. Network Performance Modeling our purposes. Other approximations such as Monte-Carlo

In the following we describe in abstract terms an expummation [27] and numerical inversion of the generating
tension to approximately compute the blocking probg;gnctlon of the_ normalization constan'F are not appropriate
bility perceived by an ingress and egress router pair fgcause hybrid networks do not admit a product-form so-
a network consisting of OCS, OBS and hybrid opticAftion- o
switches. (Note that a pure OCS node, or a pure OBSAIthough the reduced_—load ap_proxu_natlon is usuall_y
node, is a special case of a hybrid optical switch.) A gused in the context of P10|sson ar_rlvals, !t has pegn studied
piction of the architecture underlying a network consistirﬂ;gr state-dependent arrivals and in particular finite source
of hybrid optical switches is shown in Fig. 1. For simplicEnNgset-type arrivals [17], [18], as is pertinent to our situ-
ity, we will assume no priority is given to circuits and eacAtion- For finite source Engset-type arrivals, the reduced-
ingress-egress pair is assigned a single fixed lightpath./02d approximation relies on two key assumptions:

The main task in realizing this extension involves 1) The distribution of the number of busy wavelengths
amending our single node approximations to dispose of inalink is mutually independent of any other link.
the homogeneity assumption that is inherent to them. In2) The total traffic offered to a link comprises several
particular, we can no longer assume that the load offered  independent on/off processes that may have been
by each input wavelength that is incident to a single node  thinned owing to blocking at preceding links.
is equal. This is because there may be multiple links, eathe first assumption is commonly referred to as the in-
of which is traversed by a different set of lightpaths, irdependence assumption which allows for decoupling of a
cident to a given node. Although relaxing the homogeneetwork into its constituent links.
ity assumption is mathematically tractable, for the sake of The first step is to compute the blocking probability



13

perceived by a burst/circuit at each link since the inde- VIIl. CONCLUSION

pendence assumption permits each link to be treated as an this paper, we have developed new models to ana-
mdepem_jent entllty. For Poisson arrivals, this is Usua'IVze the performance of a hybrid optical switch combin-
gccompllshed with the Er_lang B formula [26], hOVVevefng OBS and OCS. Exact blocking probabilities have been
In our case, we have arrivals tha_t follow a rat-h(_er CONYerived for the cases in which no priority is given to either
plex bwth-and_—death process originated from finite NORy ¢ o circuits, and circuits are given preemptive prior-
homogenous input wavelengths. ity over bursts. The main contribution of this paper has
been the derivation of computationally scalable and accu-
To dispose of this impeding homogeneity assumptiopyte approximations for estimating blocking probabilities
we propose to amend the single node approximation 4gr these two cases. We have demonstrated by simulation
scribed in Subsection 11-C to allow for multiple classes ghat our analysis can still provide accurate approximations
traffic, where each class corresponds to an ingress-egigssases where the on and off periods are Gamma dis-
pair. This amendment follows straightforwardly by usyibuted. The utility of the approximations is that they
ing the generalized Engset formula [17] instead of its 0ngrgvide a means to provision capacity in optical hybrid
dimensional counterpart. The generalized Engset formulgitching networks. Furthermore, using our approxima-
yields the blocking probability perceived by a burst/circuions, we have demonstrated that significant multiplexing
of each class of traffic offered to alink. It can be computeghin can be achieved by hybrid switching, and we have
efficiently via a generalization of the Kaufman-Roberigytiined an extension of our single node model to a net-
recursion, convolutional algorithms, fast Fourier tranggork comprising OBS, OCS and hybrid switches.
form algorithms [27], [28] or the unified asymptotic ap-
proximation [24]. The same iterative procedure described
in Subsection I11-C would still be used, however, there are
now as many free variables as there are classes of traffig] T. Battestilli, and H. Perros, “An Introduction to Optical Burst
where each free variable represents the blocking probabil- SWwitching,"IEEE Communs. Magvol. 41, Aug. 2003, pp. S10-

. . . . S15.
ity perceived by a burst/circuit of a given class. [2] S.A.Berezner, A. E. Krzesinski and P. G. Taylor, “On the Inverse

of Erlang’s Function,J. Appl. Prob, vol. 35, 1998, pp. 246-252.
The second step of the reduced-load approximation 3] D- J. Blumenthal, P. Pruncal, and J. Sauer, “Photonic Packet
to compute the reduced-load offered by bursts as well as Switches — Architectures and Experimental Implementations,

L. . . . . IEEE ProceedingsNovember 1994, pp. 1650-1667.
circuits to each link. Consider an arbitrary ingress-egress) s. k. Bose,An Introduction to queueing systepiéuwer Aca-

pair associated with a lightpath that traveraglinks. The demic/Plenum Publisher, New York 2002.
burst load offered to the!” link on its lightpath is re- [5] D. Cavendish, “Evolution of Optical Transport Technologies:
duced according to the blocking probability perceived by ~F7om SONET/SDH to WDM,1EEE Communs. Magazindune

. C 2000, pp. 164-172.
th
bursts at the1,...,n — 1)"" links. And the circuit load [6] H. Che, S. Li, and A. Lin, “Adaptive Resource Management

offered to then' link on its lightpath is reduced accord- ~ for Flow-Based IP/ATM Hybrid Switching System$EEE/ACM
ing to the blocking probability perceived by circuits at the  Trans. on Networkingvol. 6, no. 5, October 1998, pp. 544-557.
(1,...,n—1,n+1,... N)th links. See [26], [33] for fur- [7] R. Cruz, and J. Tsai, “COD: Alternative Architectures for High

ther details regarding the reduction of burst load and [14], ?(Fa)sfudarszi%l;e(; E;V 'tlclh_'g%’TEEE Trans. Networking vol. 4,

[19] for further details regarding the reduction of circuit[g] s. p. chung, A. Kashper and K. W. Ross, “Computing approx-
load. imate blocking probabilities for large loss networks with state-
dependent routingfEEE/ACM Trans. on Networkingol. 1, no.

h . h 1, Feb. 1993, pp. 105-115.
It can be seen that step oneis dependent onthe outcngja R. B. Cooper and S. Katz, “Analysis of alternate routing net-

of step two and vice-versa. This dependency is synony- works with account taken of nonrandomness of overflow traffic,”
mous with the reduced-load approximation and is usually ~ Technical Report, Bell Telephone Lab. Memo., 1964.
resolved via an iterative procedure. At each iteration, litk?] M. Duser, and P. Bayvel, "Analysis of a Dynamically Wavelength

. e Routed Optical Burst Switched Network ArchitecturtEEE J.
blocking probabilities and offered loads are updated ac- Lightwave Techwol. 20, no. 4, April 2002, pp. 574-585.

cording to step one and step two, respectively. The it@{1] m. Duser, and P. Bayvel, “Performance of a Dynamically Wave-
ative procedure terminates as soon as a prescribed error length Routed Optical Burst Switched NetworkZEE Photon.
criterion is satisfied. It is then a simple matter to compute  Tech. Lettersvol. 14, no. 2, February 2002, pp. 239-241.

. s . . } ] T. Engset, “Die Wahrscheinlichkeitsechnung zur Bestimmung
the blocking probability perceived by each ingress-egr g’ der Wahleranzahl in automatischen Fernsprechamtezek-

pair as a function of link blocking probabilities (see [17],  totechnische Zeitschriftvol. 39, no. 31, Aug. 1918, pp. 304—
[18] for further details). 306.
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