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Abstract—Recent advances in photonic switching have paved the way
for realizing all-optical time switched networks. The current technology
of Wavelength Division Multiplexing (WDM) offers bandwidth granularity
that match peak electronic transmission speed by dividing the fiber band-
width into multiple wavelengths. However, the bandwidth of a single wave-
length is too large for certain traffic. Time Division Multiplexing (TDM)
allows multiple traffic streams to share the bandwidth of a wavelength effi-
ciently. While introducing wavelength converters and time slot interchang-
ers improve network blocking performance, it is often of interest to know
the incremental benefits offered by every additional stage of switching.

As all-optical networks in future are expected to employ heterogeneous
switching architectures, it is necessary to have generalized network model
that allows to study these networks under a unified framework. In this pa-
per, a network model, called Trunk Switched Network (TSN), is proposed to
facilitate modeling and analysis of such networks. An analytical model for
evaluating the blocking performance of a class of TSN’s has also been devel-
oped. Using the analytical model, it is shown that a significant performance
improvement is obtained with a time-space switch with no wavelength con-
version at each node in a multi-wavelength TDM switched network.

Keywords—Optical networks, WDM/TDM switching, Performance mod-
eling

I. INTRODUCTION
“A 7AVELENGTH DIVISION MULTIPLEXING (WDM)

networks have been shown to offer blocking performance simi-
lar to that of networks that employ limited- or sparse-wavelength
conversion in [9], [10], and [11].

WDM offers bandwidth granularity close to the peak elec-
tronic transmission speed. The bandwidth of a single wave-
length is too large for certain traffic requirements. While some
traffic may have a requirement of fractional wavelength, another
traffic that is already using a full-wavelength might want to ex-
pand its capacity, but not want to pay for an entire new wave-
length. This motivates the need for providing fractional wave-
length capacity to the network traffic.

Provisioning fractional wavelength capacity is achieved by
dividing a wavelength into time slots and multiplexing traffic
on the wavelength. The resulting optical time division multi-
plexed networks (OTDM networks) can be classified into two
categories [12]: dedicated-wavelength TDM (DW-TDM) net-
works and shared-wavelength TDM (SW-TDM) networks. In
DW-TDM networks, each source-destination pair is connected
by a lightpath, where a lightpath is defined as an all-optical
connection between two nodes. Calls between the source and

has emerged as an efficient mechanism for informatigﬁstination are mUltiplexed on the |Ightpath If the bandwidth

transport in all-optical networks. WDM divides the availabléequired by a new call at a node is not available on any of the ex-
fiber bandwidth into a set of wavelengths (WDM channelsipting lightpaths to the destination, a new lightpath to the desti-
Early research in optical networks focused on single-fiber mulfiation is established. On the other hand, in SW-TDM networks,
wavelength wavelength-routed networks. Nodes in these niéta call cannot be accommodated on an existing lightpath to
works can switch wavelengths across ports. Wavelength cdpe destination, it is allowed to be multiplexed onto an exist-
verter (WC) is a device that allows optical signal on one wavéd lightpath to an intermediate node. The call is then switched
length to be converted into another wavelength. If wavelengflrﬁ’m the intermediate node to the final destination either directly
converters are not available, a call arriving at a node on a cef-through other nodes. However, if none of the existing light-
tain wavelength has to be switched to the same wavelengttPaihs from the node can accommodate the call, a new lightpath
the output. Although wavelength converters improve netwofR the destination is established.

blocking performance, the high cost of wavelength convertersThe performance of SW-TDM networks depend on efficient
have made it impractical to employ full-wavelength conversionerging of the fractional wavelength requirements of the nodes
at all nodes. The role of wavelength converters in wavelenginto a full or almost-full wavelength requirement. This merg-
routed networks has been studied in [1], [2], [3], [4], [5], anthg of traffic from different source-destination pairs is called
[6]. The role of sparse-wavelength conversion, where only a fét@ffic grooming Nodes that can groom traffic are capable
nodes in the network have full-wavelength conversion capalif multiplexing/de-multiplexing lower rate traffic onto a wave-
ity, has been analyzed in [6]. The effect of limited-wavelengigngth and switching them from one lightpath to another. The
conversion, where a given input wavelength can be conver@@oming of traffic can be either static or dynamic. In static traf-
into a set of, but not all, output wavelengths has been studiéigrooming, the source-destination pairs whose requirements

in [7] and [8]. Multi-fiber multi-wavelength wavelength-routedare combined are pre-determined. In dynamic traffic grooming,

connection requests from different source-destination pairs are

The research reported in this paper is funded in part by the National Sciegggmbined depending on the existing Iightpaths at the time of
Foundation under grant ANI-9973012, Defense Advanced Research Proj?&tauest arrival
Agency under contract N66001-00-1-8949, and David C. Nicholas Professor- :

ship Fund at lowa State University. Recent advances optical switching technology, as in [13],
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[14], and [15], have shown the possibility of realizing fagperformance is compared against three different switch archi-
all-optical switches switches with switching time less than tectures. Section V discusses the performance results obtained
nanosecond. The use of such fast switches along with fiber deing the analytical model. Section VI concludes the paper.

lay lines as time-slot interchangers [16], [17] have opened up the

possibility to realize optical time switched networks. These net- Il. OTDM SWITCHED NETWORKS

works will be referred to a©TDM Switchedhetworks inthe rest  An OTDM switched network consists of switching nodes in-

of this paper. Connection between a source and destination in@@onnected by one or more optical fibers. Each fiber carries a
OTDM switched network is realized by assigning a time slot agertain number of wavelengths. Each wavelength is divided into
every link of a chosen path, with the constraint that the slot g&ymes which are further sub-divided into time slots. Lade-

one link can be switched to the next link by the intermediaigte the number of links at a node denote the number of fibers
node. OTDM switched network can be considered as a spegja} link, 1% denote the number of wavelengths per fiber, &nd
case of SW-TDM network, where all the nodes in network aggnote the number of time slots per frame on a wavelength.

capable of grooming traffic and lightpaths to the neighboring Every slot within a frame can be denoted by a 4-tuple,
nodes are established permanently. The bandwidth granulautyf w,t),wherel < [ < L, 1< f< F,1<w<W,and
offered by an OTDM network is determined by the duration of « ¢ < 7. For example the tuplel, 1,2,1) (read from right

a time slot which, in turn, depends on the speed at which thg|eft) denotes first time slot in a frame on the second wave-
switching can be accomplished. In general, an OTDM switch@ghgth of the first fiber on the first link. Aghannelon a link is
network is a multi-fiber, multi-wavelength, TDM-switched alldefined as a collection of a particular time slot across successive
optical network. frames. Hence, the number of channels in a link is the same as

Routing individual slot dynamically requires information prothe number of slots in a framé, x W x T'. Each channel is
cessing in optical domain. However, the technology in optalso represented by a 4-tuplg, f, w,t), similar to the repre-
cal processing and storage has not matured to achieve run-tgggtation of a slot. It can be observed that if a frame has only
routing decisions at high-speeds. Therefore, OTDM switchedle time slot7" = 1, an OTDM switched network reduces to
networks are expected to lecuit-switchedin nature. As the a multi-fiber multi-wavelength wavelength-routed network. A
information in a time slot is not read by an intermediate nodgvitch at a node maps an input channel to an output channel.
at run-time, the switching employed here is also referred to e constraints on the mapping of an input channel to an output
transparent optical switching channel is determined by the nature of the switch.

In [12], a single-fiber multi-wavelength TDM-switched net- The simplest switch architecture is a space switch. In this
work has been analyzed for blocking performance, as an extswitch, an input channel{, f,w,t);, could be mapped to an
sion of the link-independence model proposed for wavelengttput channel(l, f, w, t),, if and only ift; = t,, w; = w,,
routed network in [3] and [4]. The equivalence of single-fibeand f; = f,. With a time slot interchanger (TSI), an input chan-
multi-wavelength TDM-switched network to multi-fiber multi-nel ({, f, w,t); could be can be mapped to an output channel
wavelength wavelength-routed networks has been shown in [10]f, w, t),, wheret; # t,, by delaying the signals. A combi-
and [11]. A wavelength-routed network is a special case pétion of time and space switching can be employed in multiple
OTDM switched network when every wavelength has one tinséages to realize more permutation of space and time. If the
slot. switches do not employ wavelength conversion, then the wave-

It is well understood that all-optical networks in future wouldength of the input and output channels must be the same, hence
comprise of nodes that employ heterogeneous switching archi-= w,. In networks with multiple fibers connecting two nodes
tectures, like wavelength-routing switch, OTDM switch with ofin input channel/, f, w, t);, can be mapped to an output chan-
without wavelength conversion, etc. The existing work on theel (, f,w, t),, wheref; # f,.
analysis of optical networks in literature study the role of switch-
ing functionalities, like wavelength conversion, time slot inter-
change, etc. in isolation. In other words, the network model thatA trunk switched network (TSN) consists of switching nodes
is considered has nodes that either have or do not have the $perconnected by links. Each link has a set of channels. The
cific functionality that is studied. However, in order to analyzaumber of channels in a link, denoted bY is the same on alll
a network with nodes employing heterogeneous switching ate links in the network. A node in a TSN views a link as a
chitectures, it is necessary to have a generalized network magtstl of K trunks with S channels per trunk, wherg&S = C.
that would enable the modeling of realistic networks and evalig. 1 shows the node architecture in a TSN. The node has four
uate them under a unified framework. In this paper, a netwdikks connected to it. Each link is viewed as a set of 4 trunks
model, called Trunk Switched Network (TSN), is proposed gy the node. Switching at every node obeys the following two
facilitate modeling and analysis of such networks. conditions:

The paper is organized as follows: Section Il describess A full-channel interchanger (FCI) is employed at the input
OTDM switched network architectures. Section Il introduces for every trunk, as shown in Fig. 1.
the concept of a trunk switched network and modeling of an« Switching at a node obeys trunk-continuity constraint, i.e.,
OTDM switched network as a TSN. An analytical model for  the channels cannot be switched across trunks.
evaluating the blocking performance of a class of TSN's is de-The definition of a trunk could be different across nodes. For
veloped in Section IV. A multi-wavelength TDM switched netexample, one node could view a link &S trunks with.S; chan-
work is analyzed using this framework and the network blockintgls per trunk while another node could view the link 78g

IIl. TRUNK SWITCHED NETWORKS
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trunks with S, channels per trunk, whei€,S; = K»S, = C. atrunk at the node, a homogeneous TSN imposendrto-end
Fig. 2 shows two nodes in a TSN connected by a link. The itrunk-continuity constrainbn the connections.
put to switch from other links at the node are not shown in the A trunk on a link, as viewed by a node, is said todusyif all
figure. Fig. 2(a) shows two nodes that view the link as a setfe channels in the trunk are busy, otherwise it is said tiodee
4 trunks. In Fig. 2(b), the first node views the link as 3 trunkSig. 3 shows a node in a TSN and one of its input and output
while the second node views the link as 4 trunks. links. The link is viewed as a set of 4 trunks by the node. The
number of channels busy on a trunk at the input of a node is the
FCl same as the number of channels busy on the trunk at the input
to the switch at the node. However, the distribution of the busy
Switch ] channels on the trunk at the input of the node is different from
J W — that at the input of the switch. The number of trunks busy at the
input of a node is the same as the number of trunks busy at the
2 input of the switch at that node.

Links

Link Link

N0 D080 Db -

Trunk

Fig. 3. Two links connected by a node.
Fig. 1. Node architecture in a TSN. Consider a trunk on a two-link path (a trunk at the input and
output of the node shown in Fig. 3). The trunk is said to be
availableon the two-link path if there is a free channel in the

Node trunk on the first link that can be switched by the node to a free

= FCT f] swion i channel in the second link, subjected to the constraints of the
POl e swion ot switch. Hence, if a trunk is free on two links individually, it does
[ FCT I swien | not necessarily imply that the trunk is available on the two-link
= FCl = swien | path. For example, consider a scenario when the switch at the
node shown in Fig. 3 is a space-only switctHence channel
(a) continuity constraint is imposed by the switch. Also, assume
that there are 5 channels per trunk. Let channels 1 and 2 on a
Node trunk be busy at the input of the switch and channels 3, 4, and
5 be busy at the output of the switch. The free channels at the
II . input of the switch (hence, at the node) cannot be switched to
[ —  —— 1] the free channels at output of the switch. Hence, the trunk is not
Fei available on the two-link path.

A connection between a source and destination is established
(b) over a path. Each path consists of a set of links and the number
Fig. 2. Two nodes connected by a link in a TSN. (a) The link is viewed asQf links in a path denotes the length of the path. The selection
trunks by both the nodes. (b) The link is viewed as 3 and 4 trunks by tif a path in the network could be either static or dynamic. A
first and second node, respectively. connection between a source and a destination over a path is
realized by assigning a channel on each link on the path such
A TSN is said to benomogeneout the collection of chan- that every node on the path can switch the channel assigned on
nels that constitute a trunk at a node is the same for all the no#igdnput link to the channel assigned on its output link. A call is
in the network. Otherwise, it is said to beterogeneousThe Said to be blocked if such a channel assignment is not possible.

nodes shown in Fig. 2(a) could form a part of homogeneous ) )
TSN if the channels that constitute a trunk for the two nodes dte Modeling an OTDM switched network as a TSN

the same as that at the rest of the nodes. Note that two nodeg, oTpDM switched network can be modeled as a TSN. Al-
could view a link as a set ok trunks, but could still be hetero- y,,gh a trunk can be defined as an arbitrary collection of chan-
geneous if the channels within the trunks are not identical. (B@Is, only a few make a meaningful trunk definition in reality. A

the other hand, the nodes shown in Fig. 2(b) form a part of @ hgly, possible trunk definitions at a node are discussed here with
erogeneous TSN. Although the trunk definition is the same fg, example.

all the nodes in a homogeneous TSN, the switching employed
within a trunk_COUId be different at different nodes. As Cr_]a_n_nelﬁAIthough the switch at a node is space-only the node behaves like a channel-
cannot be switched across trunks at a node, by the definitiorsgdce switch.
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Consider a link with one fiber, 4 wavelengths per fiber and ¢ !

time slots per wavelengthi(= 1, W = 4, T = 5). Each sloton Firsthop wih (2-1) links Second hop
a link [ is denoted by a 4-tuple tuplg, f, w,t), wheref = 1, — T . .
1<w<4,andl <t<5. O—@ - O— © ©
ho
« Iftime slot interchange and wavelength conversionarenc =" """"""""""""" """ttt T .
permitted, then, for any link, each wavelength and time <. _______________ [

slot combination can be treated as a trunk, &, ;) =
{(!, 1, w,?)}. In this case, a link is viewed 8% T" trunks
with one channel per trunk.

« If time slot interchange is permitted, but not wavelength

conversion, then for a given linkevery wavelength canbe  Let P,(7}) denote the probability of’; trunks being avail-
considered as atrunk, i.€r, = {({,1,w,t)|1 <t <T}. able on az-link path as viewed by the last node on the gath
Thus, a link is viewed a$” trunks withT' channels per (nodez). The definition of the trunk is as viewed by the node
trunk. Note that, the switch at a node need not providienoted by the suffix foP. P, (T; = 0) denotes the blocking
full-permutation switching capability. probability over thez-link path. The ensemble average of the

« Iffull-wavelength conversion is permitted, but not time slotetwork blocking probability, denoted b, is obtained as:
interchange, then for a given link a time slot on all the

Fig. 4. A z-link path model

wavelengths can be grouped to form a trunk, ife:; = N1
{(,1,w,8)|]1 < w < W}. Thus, a link is viewed ag’ Py= ) P.(Ty = 0)P(2) (1)
trunks withiW channels per trunk. #=1

o If both full-wavelength conversion and time slot interwhere P(z) denotes the probability of selectingzdink path.
change are permitted, then the entire link is treated as oR¢:) depends on the network topology and routing strategy em-
trunk with W' channels. ployed in the network, and can be easily computed for most reg-

A multi-fiber multi-wavelength wavelength-routed network!la" Network topologies and routing strategies. _
with F fibers and’ wavelengths with no wavelength conver- L&t P:(T7,7i) denote the probability off; trunks being
sion can be viewed aB trunks with F' channels per trunk available on &-link path with 7; trunks free on the last link.
If full-wavelength conversion is available, then a link can b]g canhbe s%een that the last link shr(])uldbhave_ at-ldgstrunks
viewed as a single trunk witlf ¥ channels. However, net-Te€: therefordi > T;. P.(T;) can then be written as:

works that employ limited-wavelength conversion, as defined in K,

[7] and [8], cannot b_e m_odeled as a TSN, as a full-permutation P.(T}) = Z P.(Ty,Th) (2)
wavelength-conversion is not employed. Ti=T;
where K, denotes the number trunks in the link as viewed by
nodez.

. . . A z-link path can be analyzed as a two-hop path by consid-
. Consider a trunk sv_wtched netw_ork with nodes. An analyt- ering the firstz: — 1 links as the first hop and last two links as
ical model for evaluating the blocking performance is develop%%:le second hop, as shown in Fig. 4. atandT, denote the
U . ) L , .4, g »

In this section based on the following assumptions: number of trunks available on the first hop and that which are

« The call arrival at every node follows a Poisson procesge on the last link of the first hop (link— 1) as viewed by the
with rateA,, and is equally likely to be destined to any othelast node on the first hop (node- 1). Let7; and7; denote the
node. The choice of Poisson traffic is to keep the analysiamber of trunks free on the first hop and number of trunks free
tractable. on the last link of the first hop as seen by the node in the second

+ The traffic is assumed to be point-to-point (no broadcast bop (nodez). P, (T}, T;) can then be recursively computed as:
multi-cast traffic is considered). K - K -

« The bandwidth requirement of every call is assumed to B& (77, 71) =2_7,20 2oz, 21, 221, =1, 21,=1, 3)
of one channel capacity.

« The holding time of every call follows an exponential dis-

tribution with mean%. The Erlang load offered by a nodewhereP (7}, 7}| Ty, T2 ) denotes the probability @f; trunks be-

IV. ANALYSIS OF TRUNK SWITCHED NETWORKS

P._1(Ty, Tp) P(T1, T2|Ty,, Tp) P(Ty, T1|T1, 1)

iS pn = Au_n ing available on the second hop with trunks free on the last

+ The path selection is pre-determined (fixed-path routindyk of the second hop given thdj trunks are available on the
eg: shortest-path. first hop with73, trunks free at the input to the node on the sec-

+ Blocked calls are not re-attempted. ond hop.P(T1, T»|Th, T,) denotes the probability that the num-

+ A callis assigned a channel randomly from a set of avalper of trunks available on the first hop and number of trunks free
able channels. on the last link of the first hop as viewed by the node in the sec-

. S ond hop arél} and7y, respectively, given that the trunk avail-
The network blocking probability is computed as the ave(ri'bility as viewed by the last node on the first hofisand7,.
age blocking probability experienced over different path lengths. P

Consider &-link path model as shown in Fig. 4. 2The destination is not considered as the last node in the path.
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For homogeneous TSN'®,(T4, 72|11, T,) is defined as: Th

T
(1)
P(Ty, T3|Th, Tp) = 1 1t T = Ty andZy = T (4) @ L @
0 otherwise
For a homogeneous TSN, Eqn. (3), therefore, reduces to: Fig. 5. Atwo-link path model.
First link Second Link

P(Ty,T)) = Z Z Peoa(Th, Tp) P(Ty, Ti[Th, Tp)

= = ...

(5) Case 1

%

whereR denotes the number of trunks in a link as viewed by the
nodes in the network. The computationf, 75|75, 7,,) for
different trunk definitions is currently being studied by the au- ‘_‘ Case 2
thors. Hence, the scope of the analysis presented in this secti e
is limited to homogeneous TSN’s.

The starting point of the recursion, fer= 1, is defined as:

Case 3

?

P(T) ifTy =T

= = _ ]
napm = { g0 GRLd e

whereP(T;) denotes the probability df; trunks being free on
a link. The computation oP(7;) is discussed in Section IV-B.
P(T%, Ti|Ty, T,) is computed by conditioning on the number

Case 4

AR R AR SRS EERRERNERRSSS_S._“_“_“

7
/|
7
/|

of trunks free on the last link as: Channels occupied by continuing calls
P (Tf |Th T Tl) P (Tl |Th T ) |:| Channels occupied by non-continuing calls
)y £Ps )y £ p
if Th >T D Free channels
P(T¢, 5|1y, T)) = ZLf @)
0 otherwise Fig. 6. A pictorial representation of the states of a trunk on a two-link path.

where P(1;|Ty, T,) denotes the probability ¢f; trunks being

free on the last link given th&, trunks are available on the first + Case 3: The trunk is busy on the second link but not on the
hop with 7;, trunks free on the last link of the first hop. The  first.

number of trunks free on the last link depends on the number Case 4: The trunk is free on both the links. L&} denote

of trunks free on the previous links. If the correlation of traffic ~ the number of trunks free on both the first and second links.
on a link is assumed to be only due to its previous link, then it However, this does not imply that these trunks are avail-

is referred to as th#larkovian correlation With the assump- able on the two-link path. Let; (7, < 73) denote the
tion of Markovian correlationpP(7;|T%, T,) can be reduced to number of trunks available on the two-link path. When the
P(Ti|T,). Hence, Eqn. (7) can be written as: node connecting the two links employs a full-permutation

switch, a trunk is available on the two link path if it is free
P(T¢|Th, Tp, T1) P(Ti|T}) on both the links. Hencd,, = Ts.

_ if Ty > 1% Let P(T,, Ty|T,, Ti) denote the probability th&t, trunks are

Py, T T) - = ® free on k()oth th|e ]foirst ;nd second I?nk wifh a)r/nong them being

0 otherwise available on the two-link path given thd@}, and7; trunks are

free on the first and second links, respectivélyT |1}, T, T;)
P(T¢|T»,T,,T;) denotes the probability that, trunks are can then be written as:

available on the two-hop path given tHAttrunks are free on
the last link andl’, trunks are available on the first hop with

trunks free on the last link of the first ho@ (7|75, T, T7) is min(Tp,Ty) min(Tp,T1)
computed by considering a two-link path as shown in Fig. ®(7;|7,,7,, ;) = Y _ E (T#|Ta, Ty, Th, Ty, Th)
The number of trunks free on the first link and that which are T.=T;
free on the second link are denotedfyandZ;, respectively. P(To, To|T,,T7)
The trunk on a two-link path can be in any one of the follow- 9

ing four states, as shown Fig. 6:
« Case 1: The trunk is busy on both the links. The trunk cawhere P (7|7, Ty, Th, T, T;) denotes the probability ofy
be either partially or fully occupied by continuing calls. Letrunks being available on the two-hop path given thatrunks
V. denote the number of trunks busy on both the links. are available on the first hofs, trunks are free on the first link
o Case 2: The trunk is busy on the first link but not on thgthe first link in the two-link model is the last link on the first
second. hop),T; trunks are free on the second lirik, trunks are free on
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both the first and second link arid among them available on
the two-link path. P(T4|Ta, Ty, Th, Tp, Ti) =
(Th)(Tp—Th) Z ) (Th —.Tf ) (Tp—Th —Tq -}.-Tf) (10)

Ty )\Tq -1} 3 Ty —Ta—j

() (z2)

Last link of Two-link path . .
777777 first hop - wheremaz(0, Ty + T — 1, — Tf) < j < min(Tp — T, Tp —
T,). For the special case, when the switch at a node has full-
permutation switching capability, the above equation reduces to:
T J- (2) (5
y_____ Tp
Tq /
T Tf P(Tf|Ta,Tb,Th,Tp,j}): ifTa—Tf STP—Th
p
_ Tb .
0 otherwise
(11)
Also, for this casepP(T,,T:|1,,Ti) = 0 if T, # T;. Hence,
Eqgn. (9) can be written as:
777777 min(Tp,Ti)
P(Ty|Th, Ty, Ti) = > P(Ty|Ta, Tu,Th, T, Th)  (12)
D Trunks available on the two-link path Ta=T; P(Ta’ Ta |Tp7 jjl)
£ Trunks available on the first hop The prObablllty Values_P(T_a’ Tb|Tp’_Tl)’ P(Tl |Tp)’ andP(T}) .
are computed by considering a switch model as explained in the
. Trunks busy on the second link foIIowing subsections.
S frst hop bt ee on e last ik of A. Estimation of call arrival rates on a link
~ the first hop
Typically, the network traffic is specified in terms of offered
Trunks free on both the first and second load between node pairs. The call arrival rates at the nodes have
D link of the two-link path but not N N I A A
available on the two-link path to be translated into arrival rates at individual links in the net-

work. The computation of blocking probability depends on the
Fig. 7. A pictorial representation of the free trunks on the last link of the firdink arrival rates, and the link arrival rates, in turn, depend on the
hop and that on the two-link path. network blocking probability. However, if the blocking proba-
bility in the network is small, then its effect on the link arrival
rates can be ignored. The estimation of the link arrival rates has
so been discussed in [6].
Consider a network withv nodes and. links. The mean path
ngth of a connection in the network is given by:

Fig. 7 shows the pictorial view of the distribution of freeal
trunks on the last link of the first hop and that of the two-lin|i<
path model. From this figure? (7|74, Ty, Th, I, 1;) can be e
computed along the lines of the following argument: Gi/gn N_1
trunks are free on the last link of the first hop with among - E 2 P(z) (13)
them available on the first hop. Also, giv&h trunks are free
on the first and second link of the two-link path with among
them being available on the two-link path. Among fieavail- whereP(z) denotgs the path-length distribution_. The arrival rate
able trunks on the two-link path exactfy trunks overlap with of calls ata n(_)de is denoted By . The average link arrival rate,
the T}, trunks available on the first hop. The remaining trunkdenoted by, is computed as:
that are available on the first hafy, — 7', are not available on
the two-link path. This could occur in two cases: (1) the corre- A=
sponding trunk is busy on the second link of the two-link path,
or (2) the trunk is free on the second link but is not available on To account for link-correlation, the arrival rates of calls to
the two-link path (due to switching constraints). The number aflink that continue to a next link also needs to be computed.
trunks that satisfy the latter caselis— T,,. The required proba- The only known parameter of the path length distribution is the
bility is computed by assuming thatof the trunks that are free mean path lengthZ,,. Hence, the probability that a call on
on both the first and second link, but not available on the twa-given link will continue to the next link can be computed in
link path, overlap with the remaining, — 7 available trunks several possible ways. One possible approach is to assume that
of the first hop. The trunks on the second link correspondingtize probability that a call on a link continues to a next link is
the remainind/}, — 7y — j available trunks on the first-hop areindependent of the number of links traveled by the call. Hence,
busy. ThusP(T¢|Ta, T, Th, T, ;) can be written as: at each node, the probability that a call is destined to that node

z=1

(14)
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is given byZLM. Hence, the probability that a call is continuingrunks free on both the links is given 8§, = K —(V,+V;—V%).

at a given node i — % Let the number o&xit linksfor a The number of trunks available on the two-link path is denoted
path at a node be denoted By whereexit linksfor a path is by 7a. The state-space of the trunk distribution is captured by
defined as those links at a node that do not connect the nodé®4-tuple(V;,, Vi, V¢, T.). The steady-state probability of the
any of the previous nodes in the path. The arrival rate of callstates can be computed by conditioning on the channel distribu-
a link at a node that continue to a specific output link is denot&@n, (uy, w, uc) as:

by A. = 7. A, wherey. is the correlation factor given by:

1 1 KS KS KS
Ye = (1— Z(w) = (15) (Vo Vi, Ve, Tu) = D0 > >0 P(Vp, Vi, Ve, Tuluy, wi, ue)
Ue=0Up=Uc Ui =U¢ H(up,ul,uc)
B. Free trunk distribution a7

Consider a two-link path model as shown in Fig. 8. kgf .
wi, andu. denote the number of channels busy on the first lin@here P (Vy, Vi, Ve, Ta|up, w, uc) denotes the probability that
number of channels busy on second link, and number of chd€ trunk distribution is in statgVy, Vi, Ve, 7,) given that the
nels occupied by calls that continue from the first link to thghannel distribution iu;, u, u ). The following probability
second, respectively. Note that < min(u,, v;). The number valges that are reqylred to gomplete the analytlcgl model, de-
of channels busy on a trunk at the input of node 1 is the same>§§Ped in the previous section, can then be derived from the
the number of channels busy at the input of the switch (after tRBOVE Steady-state probability.
FCI) at the node, while the distribution of the busy channels at
the input of the switch is independent of the distribution at the P(7,,7;|7,,Ti) =
input of the node. Also, the state of a trunk (busy or free) at the
input of the node is the same as that at the input to the switch.
Therefore, the first link as referred in this subsection henceforth
would correspond to the link viewed at the input of the switch. (18)

(K =Ty, K—T1,K+Tp—Tp—T1,Ta)
Zmzn(Tp,Tl) Zmzn(Tp,Tl) ’(/1(K—Tp,K—Tl,K+tb—Tp—Tl,ta)

tq=0 ty=ta

1 0\ P(T|Ty) =
O =@
7 7 Zt‘I:o Pl th:g P (K =Ty K =Ti K+t —Ty—Ti,ta)
Sree S S T K =T Kot K o= Tytut2)
(19)

Fig. 8. Channel occupancy on a two-link path model.

Let A, denote the arrival rate for calls to the first link; ) }
denote the arrival rate for calls to the second link, and P(Ti) =Y/ _, St 1) 5omin(ty Ti)

[Ac < min(X,, A;)] denote the arrival rate of calls to the first YK —t,, K—T, K+t — t, — T}, t4)
link that continue to the second link. If the link loads are as- (20)
sumed to be uniformly distributed, it follows thag = A; = .

The Erlang loads corresponding to the calls that occupy the first

link, second Ilnk, and that \ivh|ch cor;tlnue from ﬂ;e first to sec- The trunk occupancy probability for a given a channel distri-
?ndI can be written ag, = <, pr = 5, andp. = <=, respec- pytion, is computed as:
ively.

The channel distribution on a two-link path can be character- Nioeic (Vo Vi, Vi, Tt i, o)
ized as a 3-dimensional Markov chain. The state-space is d&V,,, Vi, V., Tu|up, ue, u;) = k=K py *h Ter talPpy o e
noted by the 3-tupléu,, w;, u.). The steady-state probability Ap=rc (up, u, uc)
for the states can be computed as [18]:

(21)

uj—uc

(Pp=pc)"P™" pic (p1—pe) whereN (V,, Vi, Ve, Ty |up, wi, u.) denotes the number of ways

(up=ue)l  uc! (lli’f“j)! —  of arranging acrosk trunks,u,, busy channels on the first link,

Zf_% Zf_‘j kK:S] (pp(;_p;;! - ﬁ (’”(;’f}), ~ w busy channels on the second link, with channels among
(16) them being occupied by calls that continue from the first link to

second, such that, trunks are busy on the first link; trunks

where( < u, < KS,0 < w < KS, and0 < u. < are busy on the second link withh among them busy on both

min(up, u). the links, andT, trunks being available on the two-link path.

Let V,, Vi, andV. denote the number of trunks busy on thely (u,, w;, u.) denotes all possible ways of arranging acrbss

firstlink, number of trunks busy on the second link, and numbgunks, u, busy channels on the first linky busy channels on
of trunks that are busy on both the first and second links, resp#e second link withi. channels among them being occupied by

tively. It can be observed th&éi < min(V,, V}). The numberof calls that continue from the first link to secondy (u,, u;, u.)

H(up7 U[, uc) =
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is recursively computed as:

Ay, w, ue) = SIS ST S ) 5 S ) Ni() = yripemhed et et
Al(x)yiz) Ak—l(up —T,U; — Y, Ue _Z) [Fl(ﬂfﬁ% Z)Nk‘—l(‘/pav"/CaTa - 1|up —T,Uu — Y, U — Z)
(22) +Bl(337?/7 Z)Nk‘—l(‘/pa‘/la‘/C1Ta|up —T,U — Y, Uc — Z)]
(26)

where0 < u, <kS,0 <y < kS, and0 < u. < min(up, w).
The definition ofA; (z, y, z) depends on the nature of switch. The starting point of the recursion (fd&r = 1), denoted by
Ni(Vp, Vi, Ve, Talup, ur, ue) (written asNg(.) for short due Ny (V,, Vi, Vi, Ta|up, wi, uc), is assigned 0 if any of the follow-

to space constraints) is assigned O if any of the following conditg conditions hold true:

tions hold true: 1.V, =0andu, = S
. {Vp;Vl;VCaTaaUp,Ul,Uc}<0 2. V,=0andy; = S
o {Vu, Vi, Ve, Ta}t > k 3. V. = 0 andmin(up,u.) = S
o {up,wi} > kSoruc > min(u,, w) Otherwise, it is defined defined in terms Bf (u,, u;, u.) and
o up, < VpSory < VS Fi(up,u, uc) as,
Otherwise, itis computed recursively under one of the following
four cases, as described in Section IV, Fig. 6: Fi(up,u,u.) ifT,=1and
()= N 20

Casel: If V. >0 By (up, w,ue) ifT=0
The required probability is obtained by conditioning on a trunk 0 otherwise.
being busy on both the links.
s The definitions of A;(up,w,uc), Bi(up,u;,u.), and
Ne()= 3020 Au(S,5,2) F(uy,, u,u.) depend on the switch architecture.
Ng_1(Vp =L Vi =1LV, =1, T,|up — S,y — S, ue — 2)
(23) C. Example switch models

Two kinds of switches are modeled in this section: space-only
Case2:If Ve =0,V >0 _ o switch and full-permutation switch. For a space-only switch,
The required probability is obtained by conditioning on a trun, 4 nne| continuity constraint is enforced by the switch. Hence,
being busy on the first link but free on the second link. a call continuing from the first link to second occupies the same
b amin(S—1ug) cmin(S—1up) channel at the input and output of the switch. Note that al-
Ne()= & 2ite T Xyms . U A(Sy2) though the switch is space-only, the switching provided by the
Ni_1(Vp — LW, Vo, Talup — S, up — y, ue — 2) node is channel-space due to the full-channel interchanger at
the input of the node. A full-permutation switch, on the other
(24) hand, can switch any free channel at the input to any free chan-
nel at the output. For a trunk with channels A, (up, u;, u.)
Case3:1f V. =0,V, =0,V >0 andB; (up, u, u.) for the two switch models are defined as be-
The required probability is obtained by conditioning on a trunigw:
being free on the first link but busy on the second link.
Space-only switch:
Nk() — k min(S—1,uc) Emin(S—l,uP) A (l‘, S, Z)

i z=0

T=z S\ (up) (S—uc i
Nk—l(‘/]%‘/l_11‘/61Td|up_m1ul_51uc_z) <up)<u5)<ul_uc) IfOSuP’UISS
A (up,u, ue) = andu. < min(up, )
(25) 0 otherwise.

(28)
Cased:If V. =0,V, =0,V =0
The required probability is obtained by conditioning on a trunk
being free on both the links. Two possible cases need to be con- (usp) (Z‘”) (ué”__ﬁf) if 0 <wup,u <8
sidered: (1) the trunk is available on the two-link path or (2), u, < min(u,,u;), and
the trunk is not available on the two-link path. LBt (z,y, z) up +up— ue > S
denote the number of ways of arranging on a truakhusy 0 otherwise
channels on the first linky busy channels on the second link, (29)
with z channels among them being occupied by calls that con-
tinue from the first link to second, such that the trunk is nétull-permutation switch:
available on the two-link path. Similarly, |16 (z, y, z) denote
the arrangement of the busy channels on a trunk such that the {

1(“]97“17“6) =

)G if 0<up,u <9
trunk is available on the two-link path. It can be observed thatl: (up, u;, u.) = andu. < min(up, ;)
Fi(z,y,2)+ Bi(z,y,z) = A1 (2,9, z). Nk (.) canthen be com- 0 otherwise.

puted as: (30)
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(fp) (51) if (u, = Soru; = 5) almost the same in this network. It can be also be observed
By (up, w, uc) = andu, < min(up, ) that a maximum of two orders of magnitude performance gain
0 otherwise. can be achieved by employing full-permutation switching. The
(31) maximum performance gain that can be achieved by switching
depends on the correlation factor in the network. As the ring
It can be observed that the analytical models proposed earliengiwork has a very high correlation, a maximum of only two

the literature can be derived from this generalized model as: orders of performance improvement is possible.

« K=W;S5=1;7.=0;1[3], [4] Fig. 10 shows the blocking performance for axZ5 bi-
« K=W,;5=1;16] directional mesh-torus network. At low loads (1 Erlang), the
« K=W,;S =T, ~. = 0; full-permutation switch [12] performance gain obtained by time-space and full-permutation
o K =W, S = F;full-permutation switch [9] nodes over a node with neither time-slot interchangers nor wave-
length converters are approximately 10 and 12 orders of mag-
V. PERFORMANCE EVALUATION nitude, respectively. At high loads (7 Erlangs), the blocking

The blocking performance of a multi-wavelength TDMPerformance of the time-space and full-permutation nodes are
switched network is analyzed in this section. Each link has f@ver by 1 and 3 orders of magnitude, respectively as com-
time slots (channels). Four combinations of number of wavared to the performance obtained with nodes not employing
lengths (trunks) and time slots are considered:1{1)= K = time-slot interchange and wavelength conversion. Such a high
207 =S =1, QW = K = 1,T = § = 20; (3) performance gain, especially under low link loads, indicates the
W=K=2T=5S=10;and (AW = K =4,7 =S = 5. effectiveness of switching in networks with moderate link cor-
Each wavelength is treated as a trunk. Hence, no wavelentgl@tion.
conversion is assumed. However, the second case with a fu" .
permutation switch can be treated as any combination of waw
length and time slots with full-wavelength conversion, time slo |
interchange, and full-permutation switching.

A node that views a link ag trunks with S channels per  °} .
trunk is referred to as & x S node. A node that employs full-
permutation switching is denoted by FP and that which provide z 0" + ]
time-space (channel-space) switching is denoted by CS. '

Three kinds of network topologies are considered for perfor
mance evaluation:

10701

Blocking probabi

S

1. a 25-node uni-directional ring network.(= 0.92) wrr — o
2. a 25<25 bi-directional mesh-torus networi.(= 0.31) o 2a0fp
3. a 10-dimensional hypercube netwosk & 0.09) _ 1 7 paocs
The networks are assumed to employ shortest-path routing. .| - ax5cs

more than one shortest path is available, one of them is chos
at random. The path length distributia®(z), and the number - ‘ ‘ ‘ ‘ ‘
1 2 3 4 5 6 7

of exit links, £, for the three networks are given below. Link load in Erlangs
1. Uni-directional ring network with N nodes:

Fig. 9. Blocking probability versus link load for a 25-node uni-directional ring

1 network.
P(z) = N1 1<z<N-1 (32)

B o= 1 B (33) Fig. 11 shows the blocking performance for a 10-dimensional

B hypercube network. The performance trends observed in this

2. MxM bi-directional network (if M is odd): network are similar to that observed in a mesh-torus network. At
low loads (1 Erlang), performance gain of upto 6 and 8 orders of

e 1<z < ML magnitude can be obtained with time-space and full-permutation

P(z) = (34) nodes, respectively over nodes that do not employ time-slot in-
AM=z) M-l -, A7 _1 terchange and wavelength conversion. However, at high loads (7

MZ=1 2 = ; ;

E — 3 (35) Erlangs), the performance gain obtained reduces to 1 and 3 or-

ders of magnitude for time-space and full-permutation switches,
3. n-dimensional hypercube\{{ = 2"): respectively.
It can also be observed that the performance offered by a
1 n 1 % 20,2 x 10, and4 x 5 full-permutation switches are almost
P(z) = N -1 <z) Isz<n (36) the same. However, for a given capacity of a link, the switch-
E = n-1 (37) ing speed of d x 20 switch has to be 4 times higher than that
of a4 x 5 switch. On the other hand, 4x 5 CS switch (4

Fig. 9 shows the blocking performance with varying linkvavelengths with 5 time slots per wavelength) requires four sets
load for a 25-node uni-directional ring network. The perfotransmitters and receivers, although each of them could work at
mance obtained by time-space and full-permutation nodes lwer speeds. Also, the performance offered by their respective
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<P

Blocking probability

— 20x1
—— 1x20 FP
—%— 2x10 FP
—B— 4x5 FP

—7- 1x20CS
—A— 2x10CS
—— 4x5CS

a time-space switch with no wavelength conversion in a multi-
wavelength TDM switched network.

The scope of the analytical model presented in this paper is
limited to homogeneous TSN’s. However, the analysis can be
extended to heterogeneous TSN'’s by mapping the trunk distri-
bution viewed by a node employing one switch architecture to
that viewed by a node employing another switch architecture.
This mapping is currently being investigated for a general trunk
definition.
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Link load in Erlangs

Fig. 10. Blocking probability versus link load for a 25x25 bi-directional mesH4]
torus network.

[2]

(3]

(4]

(5]

Blocking probability

— 20x1
—©— 1x20 FP
—%— 2x10 FP
—B— 4x5 FP

—7- 1x20CS
—A— 2x10CS
—— 4x5CS

(6]

1 M

(8]

10~ ! ! ! | |
1 2 3 4 5 6 7

Link load in Erlangs

Fig. 11. Blocking probability versus link load for a 10-dimensional hypercudg]
network.

(10]

time-space switches are within two-orders of magnitude differ-
ence, indicating that a significant improvement in performanEé]
can be achieved by employing time-space switches.

The performance results show that switching is effective [#]
networks with low or medium link correlation achieving high
performance gain. Also, in such networks, a significant perfqis]
mance gain is achieved with just a time-space switch, thus indi-
cating the feasibility of realizing optical time switched networks ,
in the near future offering good performance with simple switch
architectures.

[15]
VI. CONCLUSION

The concept of trunk switched network is proposed in th%ﬁ]
paper to facilitate modeling and analysis of networks with het-
erogeneous node architectures. An analytical model for eval!
uating the blocking performance of a class of trunk switched
networks is also developed. Using the analytical model, it (8]
shown that a significant performance gain can be achieved with
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improving the quality of the paper.
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