202 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 20, NO. 1, JANUARY 2002
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Abstract—Recent advances in photonic switching have paved converters are not available, a call arriving at a node on a certain
the way for realizing all-optical time switched networks. The cur- - wavelength has to be switched to the same wavelength at the
rent technology of wavelength division multiplexing (WDM) of- output. Although wavelength converters improve network

fers bandwidth granularity that matches peak electronic transmis- blocki f the hiah t of | h t
sion speed by dividing the fiber bandwidth into multiple wave- ocking periormance, the high cost or wavelength converters

lengths. However, the bandwidth of a single wavelength is too large has made it impractical to employ full-wavelength conversion
for certain traffic. Time division multiplexing (TDM) allows mul-  at all nodes. The role of wavelength converters in wave-
tiple traffic streams to share the bandwidth of a wavelength effi- |ength-routed networks has been studied in [1]-[6]. The role of
ciently. While introducing wavelength converters and time slotin- - g54:se.\avelength conversion, where only a few nodes in the
terchangers to improve network blocking performance, it is often . .
of interest to know the incremental benefits offered by every addi- network h_ave full-wavelength (_:0r_1verS|on capability, has *?ee”
tional stage of switching. analyzed in [6]. The effect of limited-wavelength conversion,
As all-optical networks in the future are expected to employ het- where a given input wavelength can be converted into a set of,
erogeneous switching architectures, it is necessary to have a generyut not all, output wavelengths has been studied in [7] and [8].
alized network model that allows the study of such networks under Multifiber multiwavelength wavelength-routed networks have

a unified framework. In this paper, a network model, called trunk b h to offer blocki f imilar to that of
switched network (TSN), is proposed to facilitate the modeling and een shown 1o ofier blocking performance simifar to that o

analysis of such networks. An analytical model for evaluating the Nnetworks that employ limited- or sparse-wavelength conversion
blocking performance of a class of TSNs is also developed. in [9] and [10].

With the proposed framework, itis shown that a significant per- WDM offers bandwidth granularity close to the peak
formance improvement can be obtained with a time—space switch g|actronic transmission speed. The bandwidth of a single
with no wavelength conversion in multiwavelength TDM switched . . ) - ;
networks. The framework is also extended to analyze the blocking Wavelength is too large for ce_rtaln traffic rqulrements. While
performance of multicast tree establishment in optical networks. SOme traffic may have a requirement of fractional wavelength,
To the best of our knowledge, this is the first work that provides an traffic that is already using a full-wavelength might want to
analytical model for evaluating the blocking performance for tree  expand its capacity but not want to pay for an entire new

establishment in an optical network. The analytical model allows 3y elength. This motivates the need for providing fractional
a comparison between the performance of various multicast tree . )
wavelength capacity to the network traffic.

construction algorithms and the effects of different switch archi- e g o ]
tectures. Provisioning fractional wavelength capacity is achieved by

dividing a wavelength into time slots and multiplexing traffic on
the wavelength. The resulting optical time division multiplexed
networks (WDM-TDM networks) can be classified into two
categories [12]: dedicated-wavelength TDM (DW-TDM) net-
. INTRODUCTION works and shared-wavelength TDM (SW-TDM) networks. In
AVELENGTH-DIVISION multiplexing (WDM) has DW-TDM networks, egch sourqe-de_stination pair is cpnnected
emerged as an efficient mechanism for informatiofY a!lghtpath where a lightpath is defined as an all-optical con-
transport in all-optical networks. WDM divides the availabl@€ction between two nodes. Calls between the source and des-
fiber bandwidth into a set of wavelengths (WDM channelsjination are multiplexed on the lightpath. If the bandwidth re-
Early research in optical networks focused on single-fib&uired by a new call at a node is not available on any of the ex-
multiwavelength wavelength-routed networks. Nodes in thel§$ing lightpaths to the destination, a new lightpath to the desti-
networks can switch wavelengths across ports. A wavelendtlion is established. On the other hand, in SW-TDM networks,
converter (WC) is a device that allows the signal on one wavé-2 call cannot be accommodated on an existing lightpath to

length to be converted on to another wavelength. If wavelen%‘fﬂa destination, it is allowed to be multiplexed onto an existing
ightpath to an intermediate node. The call is then switched from

the intermediate node to the final destination either directly or
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grooming Nodes that can groom traffic are capable of multithe modeling of realistic networks and evaluate them under
plexing/demultiplexing a lower rate traffic onto a wavelength unified framework. In this paper, a network model, called
and switching from one lightpath to another. The grooming dlfie trunk switched network (TSN), is proposed to facilitate
traffic can be either static or dynamic. In static traffic groomingnodeling and analysis of such networks.

the source-destination pairs whose requirements will be com-The paper is organized as follows: Section Il describes
bined are predetermined. In dynamic traffic grooming, conne¥/DM-TDM switched network architectures. Section IlI intro-
tion requests from different source-destination pairs are cofffices the concept of a TSN and modeling of a WDM-TDM

bined depending on the existing lightpaths at the time of requé¥fitched network as a TSN. An analytical model for evaluating
arrival. the blocking performance of a class of TSNs is developed

in Section IV. The model is then extended for evaluating

Recent advances in optical .S.V\."tChmg tgghnology, as bqocking performance for tree establishment in Section V. A
[13]-{15], have shown the possibility of realizing fast aII'Op'multiwavelength TDM switched network is analyzed using
tical switches with switching time less than a nanosecon

The use of such fast switches along with fiber delay lines g]sls framework and the network blocking performance is com-

time-slot interchangers [16], [17] has opened up the possibil ared against three different switch arghitectu.res. Section yl

. . . . scusses the performance results obtained using the analytical
to realize optical time switched networks. These networks W'rrllodel Section VI concludes the paper
be referred to a¥VDM-TDM switchechetworks in the rest of ' '
this paper. Connection between a source and destination in a
WDI\a-'IE)DM switched network is realized by assigning a time II. WDM-TDM SWITCHED NETWORKS
slot on every link of a chosen path, with the constraint that A WDM-TDM switched network consists of switching nodes
the slot on one link can be switched to the next link by thaterconnected by one or more optical fibers. Each fiber carries
intermediate node. The WDM-TDM switched network can ba certain number of wavelengths. Each wavelength is divided
considered as a special case of the SW-TDM network, whent¢o frames which are further subdivided into time slots. Let
all the nodes in the network are capable of grooming traffic denote the number of links at a node,denote the number
and lightpaths to the neighboring nodes are established permiafibers per link, W denote the number of wavelengths per
nently. The bandwidth granularity offered by a WDM-TDMfiber, andT" denote the number of time slots per frame on a
network is determined by the duration of a time slot whiclwavelength.
in turn, depends on the speed at which the switching can beEvery slot within a frame can be denoted by a 4-tuple,
accomplished. In general, a WDM-TDM switched networkl, f,w,¢), wherel < I < L1 < f < F|1 < w < W,
is a multifiber, multiwavelength, TDM-switched all-opticalandl < ¢ < 7. For example, the tuple (1, 1, 2, 1) (read from
network. right to left) denotes first time slot in a frame on the second

Routing individual slots dynamically requires informatiofvavelength of the first fiber on the first link. Ahannelon a
processing in optical domain. However, the technology in ofitk is defined as a collection of a particular time slot across
tical processing and storage has not matured to achieve run-tgHecessive frames. Hence, the number of channels in a link is
routing decisions at high speeds. Therefore, WDM-TDNhe same as the number of slots in a fradies W x T'. Each
switched networks are expected to bacuit-switchedin channelis also represented by a 4-tuglef, w,t), similar to
nature. As the information in a time slot is not read by afhe representation of a slot. It can be observed that if a frame

intermediate node at run-time, the switching employed here1ds only one time slofl” = 1, a WDM-TDM switched network
also referred to asansparent optical switching reduces to a multifiber multiwavelength wavelength-routed

work. A switch at a node maps an input channel to an output

In [12], a single-fiber multiwavelength TDM-switched "€t . : .
[12] 9 g nnel. The constraints on the mapping of an input channel to

network has been analyzed for blocking performance, as . . i
extension of the link-independence model proposed for {RQ output channel IS determ!ned by the hature of th_e switch. .
wavelength-routed network in [3] and [4]. The equivalence The simplest switch architecture is a space switch. In this
of a single-fiber multiwavelength TDM-switched network toSW'tCh’ an input channe(,ll, Fw. ), C.:OUId be mapped to an
multifiber multiwavelength wavelength-routed networks ha utput channenl,_f,w,t)o,_ﬁ and onlyift; = ,, w; = Wo and
been shown in [10] and [11]. A wavelength-routed network isd — fo- With a time slot interchanger (TSl), an input channel

special case of the WDM-TDM switched network when ever , f,w,t); could be mqpped to an output chan_(felf, w’t)o.’
wavelength has one time slot heret; # ¢,, by delaying the signals. A combination of time

. , , and space switching can be employed in multiple stages to
It is well understood that all-optical networks in the futur

, fealize more permutation of space and time. If the switches do
would be comprised of nodes that employ heterogeneqys empioy wavelength conversion, then the wavelength of the

switching architectures, like the wavelength-routing switctpmut and output channels must be the same, hence w
. . . . H o
WDM-TDM switch with or without wavelength conversion, " henyvorks with multiple fibers connecting two nodes, an

ete. The existing works on the a_nalysis of OP“C&'_ _netw‘_)rl?ﬁput channell, f,w,t); can be mapped to an output channel
in literature study the role of switching functionalities, like ‘

1e o : o it 1w, ), wherefi # f,.
wavelength conversion, time slot interchange, etc., in isolation.
In other words, the network model that is considered has nodes
that either have or do not have the specific functionality that
is studied. However, in order to analyze a network with nodesA TSN consists of switching nodes interconnected by links.
employing heterogeneous switching architectures, it is nec&sch link has a set of channels. The number of channels in a
sary to have a generalized network model that would enaliilek, denoted by, is the same on all the links in the network. A

Ill. TRUNK-SWITCHED NETWORKS
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Fig. 2. Two nodes connected by alinkin a TSN. (a) The link is viewed as four
trunks by both the nodes. (b) The link is viewed as three and four trunks by the
first and second node, respectively.

Fig. 1. Node architecture in a TSN.

node in a TSN views a link as a set&iftrunks withS channels
per trunk, wherd( S = C. Fig. 1 shows the node architecture

in a TSN. The node has four links connected to it. Each link is
viewed as a set of four trunks by the node. Switching at every FELECT P oviccn o
node obeys the following two conditions. Link .—— Switch P

= re1 = swicen T

» Afull-channelinterchanger (FCI) is employed at the input | — ——— 1]
for every trunk, as shown in Fig. 1. i
» Switching at a node obeys the trunk-continuity constraint,
i.e., the channels cannot be switched across trunks. ~ Fig- 3. Two links connected by a node.

The definition of a trunk could be different across nodes. For
example, one node could view a link As trunks withS; chan-  channels on the trunk at the input of the node is different from
nels per trunk while another node could view the link/s that at the input of the switch. The number of trunks busy at the
trunks with Sz channels per trunk, whet€,; S; = K»>S> = C.  input of a node is the same as the number of trunks busy at the
Fig. 2 shows two nodes in a TSN connected by a link. The inpigput of the switch at that node.
to switch from other links at the node is not shown in the figure. Consider a trunk on a two-link path (a trunk at the input and
Fig. 2(a) shows two nodes that view the link as a set of fogtput of the node shown in Fig. 3). The trunk is said to be
trunks. In Fig. 2(b), the first node views the link as three trunkgyailable on the two-link path if there is a free channel in the
while the second node views the link as four trunks. trunk on the first link that can be switched by the node to a free

A TSN is said to behomogeneous the collection of chan- channel in the second link, subjected to the constraints of the
nels that constitute a trunk at a node is the same for all the nodestch. Hence, if a trunk is free on two links individually, it does
in the network. Otherwise, it is said to IeterogeneousThe not necessarily imply that the trunk is available on the two-link
nodes shown in Fig. 2(a) could form a part of homogeneopath. For example, consider a scenario when the switch at the
TSN if the channels that constitute a trunk for the two nodemde shown in Fig. 3 is a space-only switcHence the channel
are the same as that at the rest of the nodes. Note that two nagigginuity constraint is imposed by the switch. Also, assume
could view a link as a set ok trunks but could still be hetero- that there are five channels per trunk. Let channels 1 and 2 on a
geneous if the channels within the trunks are not identical. @ink be busy at the input of the switch and channels 3, 4, and
the other hand, the nodes shown in Fig. 2(b) form a part of a hgthe busy at the output of the switch. The free channels at the
erogeneous TSN. Although the trunk definition is the same fatput of the switch (hence, at the node) cannot be switched to
all the nodes in a homogeneous TSN, the switching employg free channels at output of the switch. Hence, the trunk is not
within a trunk could be different at different nodes. As channetgailable on the two-link path.
cannot be switched across trunks at a node, by the definition ofa connection between a source and destination is established
atrunk at the node, a homogeneous TSN imposesdrto-end over a path. Each path consists of a set of links and the number
trunk-continuity constrainbn the connections. of links in a path denotes the length of the path. The selection

A trunk on a link, as viewed by a node, is said tothesyif  of a path in the network could be either static or dynamic. A
all the channels in the trunk are busy; otherwise, it is said to bennection between a source and a destination over a path is
free. Fig. 3 shows a node in a TSN and one of its input and outpualized by assigning a channel on each link on the path such
links. The link is viewed as a set of four trunks by the node. Thiat every node on the path can switch the channel assigned on
number of channels busy on a trunk at the input of a nhode is the
same as the number of channels busy on the trunk at the iNpuknoygh the switch at a node is space-only, the node behaves like a channel-
to the switch at the node. However, the distribution of the buspace switch.

Node
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its input link to the channel assigned on its output link. A call is

First hop with (z-1} links : Second hop
said to be blocked if such a channel assignment is not possible. /’_\/\
Multicast connections are established in these networks b i) T i
iicast connections °se Networks by (3G - 02— 0——0
copying the signal in an input channel and switching the indi- [
vidual copies to multiple output channels. However, it is con- oo _._.__ :L___T_l__> 2
strained that all the copies of the input signal should remain —=f--""-""""""=""====--------- i

within the same trunk. Hence, this copying will also be referred

to asintratrunk copying. Therefore, the total number of copie§ig. 4. A :z-link path model.

that can be made from an input signal is limited by the number

of channels within a trunk. The number of Copies that are made other node. The choice of Poisson traffic is to keep the

from an input signal is referred to degree of splitting analysis tractable.
« The bandwidth requirement of every call is assumed to be
A. Modeling a WDM-TDM Switched Network as a TSN of one channel capacity.

A WDM-TDM switched network can be modeled as a TSN. ¢ 1he holding time of every call follows an exponential dis-
Although a trunk can be defined as an arbitrary collection of ~ fribution with meanl/u. The Erlang load offered by a
channels, only a few such collections make a meaningful trunk node isp, = ()‘T}/“)_- i ) .
definition in reality. Some possible trunk definitions at a node * 1he path selection is predetermined (fixed-path routing),
are discussed here with an example. e.g., shortest path.

Consider a link with one fiber, four wavelengths per fiber, and * Blocked calls are not reattempted. _
five time slots per wavelengtff” = 1, W = 4,7 = 5). Each » Acall is assigned a channel randomly from a set of avail-

slot on a link! is denoted by a 4-tuple tupl@, f, w, t), where able channels. o
f=1,1<w<4,andl <t<5. The network blocking probability is computed as the average

. . . locking pr ili xperien ver differen h lengths.
« Iftime slotinterchange and wavelength conversion are ntétOC g probability experienced over different path lengths

permitted, then, for any link, each wavelength and time onsider &-link path model as shown in Fig. 4.
slot combination can be treated as a trunk, i, ;) = Let P.(T}) denote the probability of; trunks being avail-

. S able on az-link path as viewed by the last node on the path
{(.i’hl(’):étgaélnnng}'sgftsrehi linkis viewed d§1" trunks (nodez). The definition of the trunk is as viewed by the node
\Il;”time slot interchgngeuis p;ermitted but not Wavelengtﬂenoted by the suffix foP>. I>.(7; = 0) denotes the blocking
conversion, then for a given link eve’ry wavelength can probabli(litbyi O\IIfr th&-gnlg_lpatr:j. The Znsemblebav_eragje of the
be considered as a trunk, i @, — {(1, 1w, )| 1< t < network blocking probability, denoted b, is obtained as

T}. Thus, a link is viewed a8V trunks with? channels N-1
per trunk. Note that the switch at a node need not provide B = Z P.(T; =0)P(z) (1)
full-permutation switching capability. z=1

If full-wavelength conversion is permitted, but not time . . .
slot interchange, then for a given lirdk a time slot on where P(z) denotes the probability of selectingzdink path.

all the wavelengths can be grouped to form a trunk, i.&. (#) dépends on the network topology and routing strategy em-
Tr, = {(1,1,w,t)|1 < w < W}. Thus, a link is viewéd ployed in the network and can be easily computed for most reg-
astT trunks with 17" channels pelr trunk ular network topologies and routing strategies.

If both full-wavelength conversion and time slot inter- Let P.(Ty,T;) denote the probability of; trunks being

change are permitted, then the entire link is treated as 0?]\/é':ulable on g-link path withZ; trunks free on the last link.

trunk with WT channels. It can be seen that the last link should have at l&&strunks

. . . free, thereford; > T¢. P.(T;) can then be written as
A multifiber multiwavelength wavelength-routed network with vz Iy PA(Ty)

I fibers andiW wavelengths with no wavelength conversion K.
can be viewed a8V trunks with ' channels per trunk. If full- P.(Ty) = Z P.(Ty,T;) 2
wavelength conversion is available, then a link can be viewed T=T;

as a single trunk withF"'W channels. However, networks that ) ] ]
employ limited-wavelength conversion, as defined in [7] anyhere K. denotes the number trunks in the link as viewed by
[8], cannot be modeled easily or effectively as a TSN, as fulfodez.

permutation wavelength-conversion is not employed. A z-link path is analyzed as a two-hop path by considering
the firstz — 1 links as the first hop and the last two links as

the second hop, as shown in Fig. 4. lfgt andZ;, denote the
IV. ANALYSIS OF TRUNK-SWITCHED NETWORKS number of trunks available on the first hop and those which are

Consider a trunk-switched network witfi nodes. An analyt- fr_ee on the last link of the first hop (link — 1), respectively, as

ical model for evaluating the blocking performance is develop&iWed by the last node on the first hop (node 1). Let7: and
in this section based on the following assumptions. T, denote the number of trunks free on the first hop and number

. . of trunks free on the last link of the first hop as seen by the node
» The call arrival at every node follows a Poisson process

with rate A,, and is equally likely to be destined to any 2The destination is not considered as the last node in the path.
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in the second hop (nodg. P.(T,T;) can then be recursively p Ty
computed as ()
p @ &, @

K. 1 K._1 K.

TfaTl Z Z Z Z P._ Tlu Fig. 5. A two-link path model.

Ty, =0 T, =T, Ty=T; To=T\

X P(Tl, TQ | Th, Tp)P(Tf, le | Tl, TQ) (3) First link Second Link
. SaNS
wh'ereP(T.f,Tl | 71,T») denotes the probability df’s trunks * §&\ >

being available on the second hop with trunks free on the
last link of the second hop given that trunks are available on -
the first hop withZ; trunks free at the input to the node on the SSaaaaaaaasaESSS.—.
second hopP (11, 1> | T3, T,) denotes the probability that the
number of trunks available on the first hop and number of trunks
free on the last link of the first hop as viewed by the node in
the second hop arg and7s, respectively, given that the trunk
availability as viewed by the last node on the first hofbjisand
». For homogeneous TSNE(11, 1> | 1}, T),) is defined as

1, fT, =7y and T,=1T:
P(Tl,sz“Tp):{’ N, N )

Case 1

Case 2
R S T T T

Case 3

0, otherwise
For a homogeneous TSN (3) reduces to

Case 4

K
jﬁfajy j{: 2{: P, jvn P ]D(jﬁfajy |17L?1}J

T, =T; T,=T, Channels occupied by continuing calls

(5) Channels occupied by non-continuing calls
where K denotes the number of trunks in a link as viewed by [ ree channe1s
the nodes in the network. The computatiod8fly , T5 | T3, T,)
for different trunk definitions is being studied by the authorgig. 6. A pictorial representation of the states of a trunk on a two-link path.
Hence, the scope of the analysis presented in this paper is limited

to homogeneous TSNs. The number of trunks free on the first link which are free on the
The starting point of the recursion, fer= 1, is defined as  second link are denoted ¥}, and7;, respectively.
[P, Ty =1 The trunk on a two-link path can be in any one of the fol-
P (T, 1) = {07 otherwise (6)  Jowing four states, as shown Fig. 6.
whereP(T;) denotes the probability of; trunks being freeon ¢ Case 1:The trunk is busy on both the links. The trunk can
a link. The computation aP(Z;) is discussed in Section IV-B. be either partially or fully occupied by continuing calls.
P(T;,Ti| T, T,) is computed by conditioning on the Let V. denote the number of trunks busy on both the links.
number of trunks free on the last link as + Case 2:The trunk is busy on the first link but not on the
second.
P(Ty, Tt | Th, T) . * Case 3:The trunk is busy on the second link but not on
_ {P(Tf | Tthval)P(Tl | Tthp)v if T, E_Tf (7) the first.
0, otherwise « Case 4:The trunk is free on both the links. L& de-
whereP(1; |13, 1;) denotes the probability af; trunks being note the number of trunks free on both the first and second
free on the last link given thaf), trunks are available on the links. However, this does not imply that these trunks are

first hop withT}, trunks free on the last link of the first hop. The available on the two-link path. LéX, (1, < 7}) denote
number of trunks free on the last link depends on the number  the number of trunks available on the two-link path. When
of trunks free on the previous links. If the correlation of traffic the node connecting the two links employs a full-permu-
on a link is assumed to be only due to its previous link, thenit  tation switch, a trunk is available on the two link path if it
is referred to as th&arkovian correlation With the assump- is free on both the links. Henc&, = T;,.
tion of Markovian correlationf(7; | 13,,7;,) can be reduced to  Let P(T,,T; | T,,T;) denote the probability thaf; trunks

P(T;|T,). Hence, (7) can be written as are free on both the first and second link wify among
P(Ty, T3 | T T) ?etm bkeing a\;ailable (t)r? ﬂ;e ttwo—(;ink pati(; iqivken that ans_l |

- ; trunks are free on the first and second links, respectively.
_ {g(Tf T Ty TP L), T Th 2 5 gy pop i 12 13) can then be written as

otherwise.
P(T} | Ty, T,,T) denotes the probability th&k; trunks are P(Ty | Th, T, Th)
available on the two-hop path given thBttrunks are free on min(Tp, Ty) min(Ty,Ty)
the last link andZ}, trunks are available on the first hop with = Z Z P(ITo, 1y, 17,15, T7)
T, trunks free on the last link of the first hop(T;13,, T;,, 17) T, =Ty

is computed by considering a two-link path as shown in Fig. 5. x P(T,, T, |Tp,T1) 9)
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Las.t link of Two-link path
first hop

; U ] |:| Trunks available on the two-link path

Trunks available on the first hop

T
f Trunks busy on the second link
T, . Y
- - Ta | Tb Trunks that are not available on the
g first hop but free on the last link of
T.- T .
a f the first hop

Trunks free on both the first and second
I:l link of the two-link path but not
available on the two-link path

Fig. 7. A pictorial representation of the free trunks on the last link of the first hop and that on the two-link path.

where P(T; | 1,, T3, T3, Tp, ;) denotes the probability &fy max(0,7,+1;, — T, —1y) < j < min(T;, — Ty, T, — T,). For
trunks being available on the two-hop path given thatrunks the special case, when the switch at a node has full-permutation
are available on the first hoff}, trunks are free on the first link switching capability, the above equation reduces to

(the first link in the two-link model is the last link on the first

hop),7; trunks are free on the second liri, trunks are free on P(Ty | 1o, Ty, T, Tp, 1)

both the first and second link, afid among them available on <Th> <Tp - Th)
the two-link path. L )\La=Ty) wr _q. <7 _T
Fig. 7 shows the pictorial view of the distribution of free = <Tp o S =Tr T (1)
trunks on the last link of the first hop and that of the two-link 1, )
path model. From this figure?(Z; | T,,, 13, 1., T, 11) can be 0, otherwise.
computed along the lines of the following argument. Also, for this case (T, Ty | T, T}) = 0 if T, # Ty. Hence,

Assume thalf,, trunks are free on the last link of the first ho 9) can be written as
with T3, among them available on the first hop. Also assume that
Ty, trunks are free on the first and second link of the two-link (7’ | 13,1}, 17)
path with7,, among them being available on the two-link path.  min(7,,73)
Among theZ, available trunks on the two-link path exaciy = Z P(T¢To, To, Tn, Ty, T) P(To, To | T, T1). - (12)
trunks overlap with th&3, trunks available on the first hop. The T, =T,
remaining trunks that are available on the first h@p,— 17, .
are not available on the two-link path. This could occur in twdn€ Probability values, P(T, Ty | T, 13), P(11] 1), and
cases: 1) the corresponding trunk is busy on the second linklof/¢); @re computed by considering a switch model as ex-
the two-link path or 2) the trunk is free on the second link but Rlained in the following sections.
not available on the two-link path (due to switching constraints).
The number of trunks that satisfy the latter cas&js— 7.
The required probability is computed by assuming thet the Typically, the network traffic is specified in terms of the of-
trunks that are free on both the first and second link, but nfetred load between node pairs. The call arrival rates at the nodes
available on the two-link path, overlap with the remainifig— have to be translated into arrival rates at individual links in the
1 available trunks of the first hop. The trunks on the second limetwork. The computation of blocking probability depends on
corresponding to the remainirig, — 7’» — j available trunks the link arrival rates, and the link arrival rates, in turn, depend
on the first-hop are busy. Thu®(Ty | T,,T;,Tn, T, T;) can on the network blocking probability. However, if the blocking
be written as shown in (10) at the bottom of the page, whepeobability in the network is small, then its effect on the link

. Estimation of Call Arrival Rates on a Link

Th Tp - Th Z Th - Tf Tp - Th - Ta + Tf
Tf Ta—Tf J J Tb_Ta_j
P(Tf | Tavﬂvﬂvapvﬂ) = (10)

(%) (z)
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arrival rates can be ignored. The estimation of the link arrival Up e
rates has also been discussed in [6]. \ k \
Consider a network wittV nodes and. links. The mean path
length of a connection in the network is given by @ & @

5 (13) w -

Loy = Z 2P(z)
z=1 Fig. 8. Channel occupancy on a two-link path model.
whereP(z) denotes the path-length distribution. The arrival rate
of calls at a node is denoted By,. The average link arrival rate, The channel distribution on a two-link path can be charac-

denoted by), is computed as terized as a three-dimensional Markov chain. The state-space is
N\ Z denoted by the 3-tupl,,, u, u.). The steady-state probability
A= Tav (14) for the states can be computed as [18]
To account for link-correlation, the arrival rates of calls t&L(tp; 4, tic)
links that continue to a successive link also needs to be com- (pp=pe)™ "¢ pe® (pi—pe)™t "
puted. The only known parameter of the path length distribution = (up—uc)t el (wi—wo) (16)

KS <\ KS ~x~KS (pp—pe)i=3 pl (pi—po)*—7
is the mean path lengtt,, . Hence, the probability that a call PDRD DD B (i_pj;! &5 (’"(k’i})g

on a given link will continue to the next link can be computed ighereq < u, < KS,0 < w < KS,and0 < u, <
. . . —_ —_ ) —_ —_— 1 —_ -
several possible ways. One possible approach is to assume in"i‘l‘(up w)
,U).

the probability that a call on a link continues to a next link is in- | ot V... Vi, andV, denote the number of trunks busy on the
dependent of the number of links traveled by the call. Hence gkt |ink, number of trunks busy on the second link, and number
each node, the probability that a call is destined to that nodeyisyunks that are busy on both the first and second links, respec-
given byl/Z,,. Hence, the probability that a call is CO”“”U'”inely. It can be observed that < min(V,,, V;). The number of

at a given node i$ — (1/Z,y). Let the number oéxit linksfor ks free on both the links is given ly = K—(V,+V,=V.).

a path at a node be denoted By whereexit linksfor a path is  The number of trunks available on the two-link path is denoted
defined as those links at a node that do not connect the nodg,{0y:  The state-space of the trunk distribution is captured by
any of the previous nodes in the path. The arrival rate of calls {9, 4-tuple(V,,, Vi, V., T,). The steady-state probability of the
alink at a node that continue to a specific output link is denotgghies can be computed by conditioning on the channel distribu-

by A: = 7.A, wherev, is the correlation factor given by tion (uy, g, 1,) as
1 1
= 1— —. 15 z/;(VmVl’Vc’Ta)
’ < Zav) E (19) KS KS KS
- Z Z Z P(VpthVc,Tﬂup,ul,uc)
B. Free Trunk Distribution 0 e e
X H(U’Pv U, U’c) (17)

Consider a two-link path model as shown in Fig. 8. Lgtu;,
andu. denote the number of channels busy on the first linkvhere P(V,, Vi, V.., T, | uy, wi, u.) denotes the probability that
number of channels busy on second link, and number of chdhe trunk distribution is in statéV,,, Vi, V., 7,) given that the
nels occupied by calls that continue from the first link to thehannel distribution igu,, u;, u.). The following probability
second, respectively. Note that < min(u,, ;). The number values that are required to complete the analytical model, de-
of channels busy on a trunk at the input of node 1 is the sag@fibed in the previous section, can then be derived from the
as the number of channels busy at the input of the switch (afédfove steady-state probability; see (18)—(20) as shown at the
the FCI) at the node, while the distribution of the busy chafottom of the next page. The trunk occupancy probability for a
nels at the input of the switch is independent of the distrib@iven a channel distribution is computed as
]tcion at thﬁ iqput of ]Ehﬁ nodz. AIS(;], the state ofha trunl:](b_usy %évpv Vi, Vi, T |t t1c, )
ree) at the input of the node is the same as that at the inpuf t Nk (Vo Vi Vi T |ttty 1)

the switch. Therefore, the first link as referred to in this section (21)
would henceforth correspond to the link viewed at the input of Ar=r (Up, ur, )
the switch. where Ny (V,,, Vi, V.., T, | up, ui, u.) denotes the number of

Let X, denote the arrival rate for calls to the first link; ways of arranging acrogstrunks,u,, busy channels on the first
denote the arrival rate for calls to the second link, and\. < link, »; busy channels on the second link, with channels
min( Ay, A;)] denote the arrival rate of calls to the first link thaemong them being occupied by calls that continue from the
continue to the second link. If the link loads are assumed to fiest link to second, such thdt, trunks are busy on the first
uniformly distributed, it follows tha#, = A; = A. The Erlang link, V; trunks are busy on the second link with among
loads corresponding to the calls that occupy the first link, secotitem busy on both the links, arid trunks being available on
link, and that which continue from the first to the second cahe two-link path.Ay(u,, 4, u.) denotes all possible ways of
be written aso, = (Ap/p), o1 = (N/1), andp, = (A./p), arranging across trunks,, busy channels on the first link,
respectively. u; busy channels on the second link with channels among
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them being occupied by calls that continue from the first link Case 3) IfV, = 0,V,, = 0,V; > 0: The required probability

to second Ay (uy, i, u.) IS recursively computed as

min(S,u.) min(S,up) min(S,u;)

Ak(upaulauc) = Z Z Al(xvyv Z)
z=0 T=z y=z
— Y, Ue — Z) (22)

X Ak_l(up
where0 < u, < kS,0 < w; < kS, and0 < u, < min(u,, u;).
The definition ofA; (z, v, z) depends on the nature of switch.
Ni(Vp, Vi, Vo, T | up, wg, 1) (Written asiVy ( - ) for short due

to space constraints) is assigned 0 if any of the following con-
ditions hold true.

° {va Wi, Ve, T, Up, Ut, U'C} <0.

« Vo Vi, Ve, To} > k.

o {up,u} > kS oru, > min(u,, u;).

e u, < Vp,Soru < ViS.
Otherwise, itis computed recursively under one of the following
four cases, as described in Section IV, Fig. 6.

Case 1) IfV. > 0: The required probability is obtained by
conditioning on a trunk being busy on both the links

— T, U

s
k

Ni(-) = A ZA1(57 S, 2)Ni—1
€ 2=0

x(V,—1L,Vi—1,V.—1,T, |u, — S,u; — S,u. — z). (23)

Case 2) IfV, = 0,V, > 0: The required probability is
obtained by conditioning on a trunk being busy on
the first link but free on the second link

min(S—1,u;) min(S—1,u;)

M=o Y Y

z=0 y==z

p
X(Vp_lvVlaVcaTa|Ufp_Sv

Al(Sv Y, Z)Nkfl

Uy — Y, Ue — Z)' (24)

Ni(-) =

YTy

is obtained by conditioning on a trunk being free on
the first link but busy on the second link
min(S—1,u.) min(S—1,up,)
Al(xv Sv Z)Nkfl
z=0 r=z
x (Vp, Vi— 1, V., Touy, S,ue. —z). (25)

— T, U —

Case4) IfV, = 0,V, = 0,V; = 0: The required prob-

ability is obtained on the condition that a trunk is
free on both the links. Two possible cases need to be
considered: 1) the trunk is available on the two-link
path or 2) the trunk is not available on the two-link
path. LetB; (x,y, ) denote the number of ways of
arranging on a trunkz busy channels on the first
link, % busy channels on the second link, with
channels among them being occupied by calls that
continue from the first link to second, such that the
trunk is not available on the two-link path. Simi-
larly, let F' (x,y, ») denote the arrangement of the
busy channels on a trunk such that the trunk is avail-
able on the two-link path. It can be observed that
Fi(z,y,2)+ Bi(z,y,2) = A1(z,y,2). Ni(-) can
then be computed as in (26), shown at the bottom
of the page. The starting point of the recursion (for
k = 1), denoted ble(Vp7 Vi, Ve, 1o | Up, Ui, Ue),
is assigned 0 if any of the following conditions hold
true:

1) V, = 0 andw, = S;

2) Vi=0anduy; = S

3) V. = 0 andmin(u,, u.) = S.
Otherwise, it is defined in terms dBy (w,;,, u, u.)
and Fi(u,,u,u.) as shown in (27) at
the bottom of the page. The definitions of

”(/) K_TvK_E7K+Tb_T _EvTa
P(Ta’ L | Tp’ 1}) = mm( 1) ( min(7, pTl) . ) (18)
a Et;,_t rr z/}(K_TP7K_ﬂ7K+tb_Tp_ﬂ7ta)
Inln(Tp,Tl) Zmln( p.17) ”(/ (K _ ijK _ 1}7 K by — Tp _ le,ta)
P(J} |Tp) = I\S min(Ty,t;) mm(T tl) (19)
t; =0 Lut,=0 E (K_TP’K_tl’K+tb_Tp_tlata)
K min(t,,T;) min(t,,T})
=> > > (K —t, K—T, K +t,—t, — T, t,) (20)
t,=0 t,=0 ty=ty
min(S—1,u.) min(S—1,up) min(S—1,u;)
Ne()= > S Ry, ) Nee1(Vo, Vi, Ve, T — 1wy — 2,0 — Y, e — 2)
2=0 p— ==
+B1($7y7 Z)Nkfl(vpv Vh VcaTa | Up — L, U — Y, Ue — Z)] (26)
Fy(up, v, ue), i, =1 and V,=Vi=V.=0
Ni(-) =< Bi(up,u,u.), ifT,=0 27)

0, otherwise.



210 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 20, NO. 1, JANUARY 2002

Aq(up, up,ue), By (up, ug, ue), and Fi(u,,u;,u,) ticast models are introduced in [20] along with models to

depend on the switch architecture. implement different multicast capable switch architectures.
Earlier work on the analysis of optical multicasting concen-
C. Example Switch Models trates on two main areas: 1) minimizing the number of wave-

Two kinds of switches are modeled in this section: space-ori§ngths required to support a static traffic demand [19], [21]
switch and full-permutation switch. For a space-only switcthd 2) multicast route selection algorithms that provide effi-
channel continuity constraint is enforced by the switch. Hencgeént utilization of the fiber bandwidth when dynamic setup
a call continuing from the first link to the second occupies tr@d tear down of multicast traffic is considered [22], [23]. The
same channel at the input and output of the switch. Note tH4ecking performance for establishing trees has been studied
although the switch is space-only, the switching provided Mﬁing link-independence models in [24]. However, the study is
the node is channel-space due to the full-channel interchanb%?triCted to trees where the source reaches the destinations on
at the input of the node. A full-permutation switch, on the othék two-link path with a branching after the first link. To the best
hand, can switch any free channel at the input to any free chanfigpur knowledge, there has been no other significant work that
at the output. For a trunk witls' channels A; (u,, u, u.) and anal)_/zes the _blockmg performance for establishing a multicast
B (u,,u, u.) are defined as: tree in an optical network.

Space-Only Switch:

A. Analysis
Ay, g, 1) = Consider a tree, denoted By, that needs to be established in
Ig ’ u S u the network. LetP7(T;) denote the probability that exactly;
< ) < p) < ¢ ) , fO<u,,u <8 trunks are available to establish the tré&g.(0), therefore, de-
Uy, Ue U] — Ue . " .
. notes the blocking probability for tree establishment. To com-
andu, < min(u,,u;) o
0 otherwise putePr(T), assume thdf,, trunk; are free on thg f|r§t link and
’ (28) 7, trunks among them are available for establishing the tree.
Py (Ty) can be written as
Bl(upv ug, U’c) =
S Up Up — Ue . K K
<%>@J<S—m)'mfwwfs Pr(Ty)= Y 3 Pr(Iy|T.T)P(T.T,)  (32)
u. < min(u,,w;),and To=T; Ty=T:
Up +uUp — Ue 25
0, otherwise. where Pr (1| T.,T,) denotes the probability of’; trunks
(29) being available to establish the tree given tifgttrunks are
free on the first link withZ,, among them being available.
i . . P (T,,T,) denotes the probability th&t, trunks are free on
Full-Permutation Switch: the first link with 7;, among them being availabl&; (T, T,)
S S . can be written as
<“p> <Ul>’ 0% o< s P(T), T, =T,
Al(U/va/l,U/c) - anduc S min(up,ul) Pl(TacaTy) — {0’( y)v :)thzrwisé_ (33)
0 otherwise

7

(30) whereP(T,) denotes the probability &, trunks being free on

<S)<S),n@@25mm:s> a link. | - |
By (up, g, te) = Up w ) Py (Ty|T,,T,) is computed by considering two cases: 1) if
andu, < min(u,, ) the tree does not have any branching and 2) if the tree has a
0, otherwise. branching.
(31) Case 1:If the tree7 does not have any branching, then
it is merely a path. If the path consists of links, then
It can be observed that the analytical models proposed earlieBa(T; | T, T, ) reduces toP.(Ty|Z.,T,). This probability
the literature can be derived from this generalized model as can be expressed as
* K =W;5 =17 =0[3], [4]; .
s K =W;S5=1][6]
* K = W;5 =T;~. = Ofull-permutation switch [12]; PTy | T Iy) = Z PTy, It | 1o, Ty) (34)
« K = W;S = F;, full-permutation switch. [9] L=ty

whereP.(Ty,T; | T, T,) denotes the probability of havirif

trunks available on a-hop path with7; trunks free on the last
Supporting multicast connections in WDM networks halink given that}, trunks are free on the first link wit,, among

gained importance in recent years due to the increasing numthesm available.

of distributive services. The benefits of supporting multicast A z-link is analyzed as a two-hop path by considering the

traffic at the WDM layer are discussed in [19]. Various mulfirst = — 1 links as the first hop and last two links as the second

V. TREE ESTABLISHMENT IN TRUNK SWITCHED NETWORKS
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Pirst hop with (z-1) links : second hop where P(t1,ts,...,t: | T, T,) denotes the joint probability
/\/—\ that subtree has exactly; trunks available given that the first
® Q- O " : T2 0, o1 ® link in the subtree hag, trunks free withT,, among them
T, ! available.P(Ty | t1,t2,...,ts,T,) denotes the probability of
::::::::::::::::IZ:::T:L___T}__> x Ty trunks being available for establishing the tree given that
g --msescoooooososoooooo-oo-- et T, trunks are available to establish the path anttunks are
' available to establish subtr@e Note that this probability does
Fig. 9. A z-link path model. not depend on the number of free trunks on the first link of the

subtreeg7, ) as any trunk that is available to establish a subtree
hop, as shown in Fig. 9 (Fig. 4 is reproduced here as Fig. 9 fmust be within the set of available trunks in the first link of the
immediate reference). subtreg(T,,). It can be observed that > 77,1 <i < s.

Let 7;, and7}, denote the number of trunks available on the It is assumed that the distribution of the channels across dif-
first hop which are free on the last link of the first hop (linkferent subtrees are independent of one another. Similar to link
z—1). P.(Ty, Ty | T,,, T,)) can then be recursively computed asorrelation, there is also a correlation factor that is introduced

due to the intrachannel copying. Hence, if a channel is occupied

P.(T;, T T,,T,) in a subtree, then there is a positive probability that a channel in
K K the same trunk can be occupied in another subtree, as they could
= Z Z P._(Ty, T, | To, T,)P(Ts, T;T3,,T,) (35) be partofatree established earlier. However, as the offered load
Ty, =Ty Tp=T), due to multicast traffic is expected to be much smaller com-

pared to the unicast connections, this correlation is neglected in
where P(1;, 17| 1}, 1,,) denotes the probability df’; trunks this paper. Assuming the channel distribution across the subtrees
being available on the-link path with7} trunks free on the last are independent of each othét(#,t»,. .., ¢, | 1., T,) can be
link given thatZ}, trunks are available on the first hop wiiy  written as
trunks free on the last link of the first hop. It can be observed
that this probability involves only the last two links hence is >
computed using a two-link model as described in Section IV. Pty ta, oot [T, o) = H Pr.(ti | Tu, To). (38)
The starting point of the recursidn (T, T; | T, T, ) is given =1

by Let P,(Ty |t1,t2,...,ts, T, T,) denote the probability of
1. Ty =T, andT) = T T trunl_<s being availa_bleto establi_shthetree givenn‘.mpnks
0’ oth é rwisg Y (36) are ava|llable_ to establish subt@e/v_lth T,+T, trunks available
’ ' on the first link of the subtrees with the constraint that a trunk
Case 2: If the tree branches at an intermediate node, then t Lis available to establish the tree must fall W'ithinmeset
computation of the desired probability is carried out by splittinggtrunks' It follows thatP,(Ty |1, ts, ..., ¢, To,) Is the same
the tree into a combination of a path and subtrees. Consi rPS(Tle’t?"'_' ’tS’T“’O)'}_)S(Tf |t1,t2,...,t5,Tu,T,,)_|s
an example tree as shown in Fig. 10(a) to be established. %g‘npyted recursively by conS|der_|ng one subtre_e atatime and
the tree branches, it is split into a path up to the intermedie{‘fgdapng the number of trunks qva|lable to establish the tree, de-
nodel, denoted byP, and a set of subtrees that branch out &endlng on the number of available trunks on the subtree con-
the intermediate node. Letdenote the number of subtrees a§ldered
the branching point and;, 75, .. ., 7, denote the subtrees. The min(ty Ty)
splitting of the tree into a path and a set of subtrees are Shon{Tf (tiuton. by, T T = Z Pi(t|t, Ty, T,
in Fig. 10(b). Note that the last link of the path and first link of ° e =, T
the subtrees are the same.
Let Pp(T,,, T, | T.., T,)) denote the probability thaf, trunks X Foa(Ty oty o to t, T+ T — 1) (39)
are available to reach the intermediate node @ithrunks free
on the last link of the path given that the first link h&g free where

Pl(Tf7E|vaTy) :{

trunks with 7,, among them being available. The probability T, T,

of T trunks being available to establish the given tree can be < t ) <t1 - t)

obtained by summing over all possible valuesigf 7, and Pt T, 1) = T, +T. (40)
number of trunks available to establish paths on each ofthe < utl ' )

subtrees. Hence, it follows:
P(Ty) and P(Ty,T;| T3, T,) form the basis for the anal-

Pr(Ty|T,,T,) ysis developed in this section. These probabilities are computed
T, K using a two-link correlation model as described in Section IV.
= S0 Y Pp(Tu, T T, Ty)
Ty=T; Ty=Ty (+1,b2,...t.) VI. PERFORMANCE EVALUATION

X P(ty,ta, ... ts | T, T)P(Ty | t1, 82, . .- 15, T0) The blocking performance of a multiwavelength TDM
(87) switched network is analyzed in this section. Each link
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(a) (®)

Fig. 10. (a) Example multicast tree considered for analysis. (b) Decomposition of the tree into a path and set of subtrees for analysis.

has 20 time slots (channels). Four combinations of numbe ** -
of wavelengths (trunks) and time slots are considered: 1 |
W=K=20T=S=1,2)W=K=1T=25=20,3) h
W=K=2T=5=10;and4)W = K =4,T = S5 = 5.

Each wavelength is treated as a trunk. Hence, no waveleng
conversion is assumed. However, the second case with ..
full-permutation switch can be treated as any combination c3

wavelength and time slots with full-wavelength conversion Bromoh o SRR B
time slot interchange, and full-permutation switching.

=3

Blocking prob:

-12

A node that views a link ag trunks with S channels per w2k S T e T
trunk is referred to as & x S node. A node that employs full- el ]ad
permutation switching is denoted by FP and one which provide 107 kA E::go’:cps e
time—space (channel-space) switching is denoted by CS. & hece.

Three kinds of network topologies are considered for perfor [ 7~ T |
mance evaluation: 0 , ,

1) a 25-node uni-directional ring netwofk, = 0.92); ! 2 * LnkoadmErangs ° ’

2) a 25x 25 bidirectional mesh-torus netwotk, = 0.31);

3) aten-dimensional hypercube netwdrs = 0.09). Fig.11. Blocking probability versus link load for a 25-node unidirectional ring

The networks are assumed to employ shortest path routing™3#*°"
more than one path is available with the minimum path length,
then one of them is chosen at random. The path length distribufig. 11 shows the blocking performance with varying link
tion, P(z), and the number of exit link€/, for the three net- load for a 25-node unidirectional ring network. The perfor-
works are given below. mance obtained by time—space and full-permutation nodes is
1) Unidirectional ring network withiV nodes almost the same in this network. It can be also be observed
that a maximum of two orders of magnitude performance gain
can be achieved by employing full-permutation switching. The
1<z<N-1. (41) maximum performance gain that can be achieved by switching
(42) depends on the correlation factor in the network. As the ring
network has a very high correlation, a maximum of only two
orders of performance improvement is possible.
2) M x M bidirectional mesh-torus network (# is odd) Fig. 12 shows the blocking performance for a235 bidirec-
tional mesh-torus network. At low loads (1 Erlang), the perfor-
4z M-1 mance gain obtained by time—space and full-permutation nodes

1

P =55
=1.

Py~ d MZ-1 fl<z< 2 43) overa node with neither time-slot interchangers nor wavelength
(2) = 4M-2) <M_1 (43) converters is approximately 10 and 12 orders of magnitude, re-
M2 -1 7 <ASM- spectively. At high loads (7 Erlangs), the blocking performance

E=3. (44) of the time—space and full-permutation nodes is lower by 1 and
3 orders of magnitude, respectively, as compared to the perfor-
mance obtained with nodes not employing time-slot interchange
and wavelength conversion. Such a high performance gain, es-
pecially under low link loads, indicates the effectiveness of em-
P(z) = <n) 1<2<n (45) ploying switching in networks with moderate link correlation.
N-1\=% Fig. 13 shows the blocking performance for a ten-dimen-
E=n-—1. (46) sional hypercube network. The performance trends observed in

3) n-dimensional hypercub@v = 27)
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A. Performance Evaluation for Tree Establishment

Two regulark-ary tree structures are considered for perfor-
mance evaluation: 1) binajk = 2) and 2) ternaryk = 3).
The number of levels in the tree is denotedlhyvith the source
reaching the2! destination nodes. The root of the node is as-

z
%10*5 .............................. O AT A PP Sumed to be the source and the |eaf I’lOdeS are assumed to be
I s the destinations. The number of hops between two successive
ks branching nodes is denoted . The distance between the

N0 RL g ; 52)2(3 o source and the flrst branchlng node |S S&a_sl F|g 14(a) and

. o dere (b) shows binary trees with the distance between the branching
Ty R s o 50 nodes as 1 and 2, respectively. Note thatZascreases, the
- 4x5 CS

number of links in the tree increases.

. The blocking performance of multicast tree establishment is
s 6 7 evaluated on two networks: 1) 160100 bidirectional mesh-
torus and 2) 12-dimensional hypercube network. The choice of

Fig. 12. Blocking probability versus link load for a 2525 bidirectional these networks is due to the medium and low correlation of link-
mesh-torus network. loads

1 , . i . . Tables | and Il show the blocking performance for estab-
lishing a three-level binary tree and three-level ternary tree, re-
spectively, in a 10& 100 bidirectional mesh-torus network. Ta-
bles 11l and IV show the blocking performance versus link load
for establishing a two-level binary tree and two-level ternary
trees, respectively. The performance trends are similar for both
the networks. The blocking probability with»45 CS switches

is two to four orders or magnitude higher than that witk 20

FP switches with increasing link load. The blocking probability
—=za | ]  with4 x 5FP switches is at most one order of magnitude higher

—6— 1x20 FP

|z aerr than that with Ix 20 FP switches. These results indicate that
T beacs ] asignificant performance could be obtained if the channels in
9 H6C8 a link are split into more trunks and employ full-permutation

O e 4 switching.

107 ' + L L — d It is also observed that the blocking probability for estab-
Link load in Erlangs lishing a path, having the same number of links as in trees con-
. . . : . . sidered above, is almost the same as the blocking probability of
Fig. 13. Blocking probability versus link load for a ten-dimensional hypercube L . . . .
network. establishing the tree in the network with the same switch archi-

tecture. The path blocking probabilities are not reported sepa-

this network are similar to that observed in a mesh-torus né@tely as they exactly match the values of the tree-blocking per-
work. At low loads (1 Erlang), performance gain of up to gormance to the accuracy repg.rt.ed in the taple;. The d-lfference
and 8 orders of magnitude can be obtained with time—spé?,%twee” the blocking proba}b|llt|es of establishing a.blna.ry or
and full-permutation nodes, respectively, over nodes that do foternary tree and a path with the same number of links is ob-
employ time-slot interchange and wavelength conversion. Ho#grved to be less than 1% of the path blocking performance.
ever, at high loads (7 Erlangs), the performance gain obtain@dgeneral, if the degree of branching at each node in the net-
reduces to 1 and 3 orders of magnitude for time—space at@rk decreases, the tree-blocking performance can be approx-
full-permutation switches, respectively. imated to a path blocking performance if the number of links
It can also be observed that the performance offered bynaboth are the same. Note that, in an extreme case when the
1 x 20, 2x 10, and 4x 5 full-permutation switches are almostdegree of branching at the intermediate node is the same as the
the same. However, for a given capacity of a link, the switchingumber of destination nodes, the analytical model emulates a
speed of a &k 20 switch has to be four times higher than that of statistical link-independence model. Hence, its comparison with
4 x 5 switch. On the other hand, ax45 CS switch (four wave- the blocking performance of a path with the same number of
lengths with five time slots per wavelength) requires four selisks would indicate the difference between the blocking proba-
transmitters and receivers, although each of them could workddiities obtained using a link-independence and link-correlation
lower speeds. Also, the performance offered by their respectivedel, which could be significant for longer paths and at high
time—space switches is within two orders of magnitude diffenetwork loads.
ence, indicating that a significant improvement in performance The performance results show that switching is effective in
can be achieved by employing time—space switches. networks with low or medium link correlation achieving high

4
Link load in Erlangs

-

Blocking probability
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Z+1

(@7Z=1 b Z=2

Fig. 14. Example binary trees considered for performance evaluation. (a) Distance between two branching nodes is 1. (b) Distance betweendgwmdesnchi
is 2.

TABLE | TABLE I
BLOCKING PROBABILITY VERSUSLINK LOAD FOR ESTABLISHING BLOCKING PROBABILITY VERSUSLINK LOAD FOR ESTABLISHING A
A THREELEVEL BINARY TREE IN A 100x 100 BDIRECTIONAL Two-LEVEL BINARY TREE IN A 12-DIMENSIONAL HYPERCUBENETWORK
MESHTORUS NETWORK
Link load
Link load Node type | Z 1E 2E 4E 7B
Node type | Z 1E 2E 4E 7E
4x5CS 1§ 69x10-17 35x10~11 77x10-% 2.6x10~2
4x5CS 1 | 1.4x10-1%  61x10~11  18x10~% 6.7x1072 2 | 52x10718  29x10710 69x1075 14x10~?
2 | 81x10-16 53x10710 17x10—¢ 29x10~! : 3 | 21x1071%  12x1079°  27x10~% 3.1x1071
3 | 33x10715  23x1079 69x10~* S54x10~!
4x5FP 1 | 12x10718  48x10~13 73x10~% 39x10~*
4x5FP 1| 2.8x10-1®  11x107!2  19x10=7 1.4x10~3 2 | 23x10718  91x10~13 1.5x10~7 1.2x10~%
2 | 54x10718  22x10712 44x10°7 S54x10~3 3 | 34x10~18  14x10712 26x10°7 28x1073
3 | 8.1x10-18  34x10712 82x10~7 14x10~2
1x20 FP 1] 12x1071%  47x10713 6.6x107% 24x10~*
Ix20FP | 1 | 24x10~1% 93x10~13 13x10=7 4.8x10~* 2 | 23x10-18  87x10-13 12x10-7 45x10~*¢
47x10718  18x10~12 26x10~7 92x10~% 3 [ 33x1071®  13x10-12 18x10~7 6.6x10"3
3 | 70x10~18 . 27x10-12 38x10~7 14x1073
TABLE I TABLE IV

BLOCKING PROBABILITY VERSUSLINK LOAD FOR ESTABLISHING A

BLOCKING PROBABILITY VERSUSLINK LOAD FOR ESTABLISHING A
Two-LEVEL TERNARY TREE IN A 12-DIMENSIONAL HYPERCUBENETWORK

THREELEVEL TERNARY TREE IN A 100X 100 BDIRECTIONAL

MESHTORUS NETWORK T
Link load
Link Toad Node type | Z 1E 2E 4E 7E
Node type | Z 1E 2E 4E 7E
4%5CS 1] 41x10716  23%10~19 55%x10~% 1.7x107!
4x5Cs | 1| 22x10715  15x10=%  4.6x10-% 4.6x10~! 2 | 45x1071%  26x107°  57x107¢  44x10~}
2 | 28x10-14  19x10~® 48x10-3 8.8x10-! 3| 20x1071 12x1078  23x1073  7.1x107!
3| 1.3x10~13  92x10-% 18x10~2 9.8x10~!
4x5FP 1| 21x10-1%  85x10713 14x10~7 1.0x103
—18 —12 -7 -3
FP 1 72 10—18 3.0 10—12 6.8% 10—7 1.0x 10—2 2 4.2x10 1.7x10 3.5x10 4.5%x10
43 B 5:10_17 6 5:10_12 25%10~6  55%10-2 3 | 64x10~18 27x10-12 74x10~7 12x10~?
3 | 22x10-17  11x1071' 72x10-%  14x1071
1x20FP | 1 | 21x10718 82x10~13 12x10~7 42x10~%
1x20FP | 1 | 62x10718  24x10~12 34x10~7 12x10~3 2 | 41x10718 16x10712 22x10°7  8.1x10~*
2 | 12x10-17  47x10-12  67x10-7 24x10-3 3 | 60x10718  23x107!2  33x1077  12x107®
3 | 1.8x10~17  7.1x10712  10x10~% 3.6x10~3

cating the feasibility of realizing optical time switched networks
performance gain. Also, in such networks, a significant perfan the near future offering good performance with simple switch
mance gain is achieved with just a time—space switch, thus indrehitectures.
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VII. CONCLUSION [16]

The concept of a TSN is proposed in this paper to facilitatg17
modeling and analysis of networks with heterogeneous node
architectures. An analytical model for evaluating the blockingg
performance of a class of trunk switched networks is also
developed. Using the analytical model, it is shown that a sigit®]
nificant performance gain can be achieved with a time—space
switch with no wavelength conversion in a multiwavelength[20]
TDM-switched network.

The scope of the analytical model presented in this paper iy
limited to homogeneous TSNs. However, the analysis can be
extended to heterogeneous TSNs by mapping the trunk distr'iZ]
bution viewed by a node employing one switch architecture t
that viewed by a node employing another switch architecture.
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