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Abstract Traffic grooming in optical networks employing Wavelength Division Multi-
plexing (WDM) has gained prominence due to the prevailing disparity between
the user requirement and the capacity of a wavelength. Nodes in an optical net-
work get upgraded to the latest grooming technology slowly with time. Hence,
WDM grooming networks are expected to employ heterogeneous grooming ar-
chitectures. In this paper, we develop an analytical model to evaluate the block-
ing performance of WDM grooming networks with heterogeneous grooming
capabilities. We demonstrate the accuracy of the analytical model by compar-
ing the analytical results with that of the simulation. We observe that analytical
models with and without the precise knowledge on the grooming architectures
predict similar performance. The proposed analytical model can be employed
by resource placement algorithms that identify a set of nodes and links that need
to be upgraded when the resources are limited.
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1. Introduction

Optical networks employing Wavelength Division Multiplexing (WDM) di-
vide the fiber bandwidth into multiple wavelengths. The current transmission
capacity on each wavelength is around peak electronic speed of 10 Gbps (OC-
192) and is likely to increase to 40 Gbps (OC-768). However, the user traffic
requirements are in the range of 155 Mbps (OC-3) to 622 Mbps (OC-12) and
rarely in the range of a few gigabits per second. Such a vast difference in the
granularity of bandwidth requirement of users versus the bandwidth offered
by a network has necessitated efficient sharing of a wavelength capacity by
multiple users, referred to asaffic grooming

One approach to achieve traffic grooming is to divide the capacity available
on a wavelength into multiple time slots. Users could be assigned one or more
time slots on a wavelength depending on the requirement. Nodes in grooming
networks could employ wavelength converters and/or time slot interchangers
that convert signals from one wavelength and/or time slot to another. Nodes
can therefore have different levels of grooming capability. For example, a
node might employ time slot interchange but not wavelength conversion. Such
nodes are referred to as wavelength-level grooming nodes as connections can
be switched only within a wavelength. Similarly some other node might im-
plement wavelength conversion but not time slot interchangers (eg. photonic
slot routing nodes with wavelength conversion), referred to as time slot level
grooming node. A node employing both wavelength conversion and time slot
interchange is referred to as full-grooming node.

Employing sophisticated grooming capabilities at all nodes would definitely
improve the performance of a network, however, it is an expensive proposi-
tion. Financial constraints limit the network upgrade procedure to enhancing
the capability of only a few nodes or increasing the capacity of only a few
links depending on the traffic flowing through them. Hence, optical groom-
ing networks are expected to employ heterogeneous switching architectures.
As simulations take a large amount of time to yield results, analytical models
are typically employed to evaluate network performance. Therefore, analyti-
cal models must be able to compute network performance with nodes in the
network having heterogeneous switching architectures.

Wide-area optical networks are expected to be circuit-switched in nature as
the optical processing technology is not mature to achieve run-time routing de-
cisions. The performance of circuit-switched networks are primarily computed
as the ratio of number of calls rejected in the network to the total number of
calls, referred to ablocking probability Several analytical models have been
proposed in the literature for the computation of blocking probability in optical
networks, specifically on: (a) performance of wavelength-routed WDM net-
work and benefits of wavelength conversion [1, 2, 3, 4]; (b) sparse-wavelength



Analysis of Optical Networks with Heterogeneous Grooming Architectures 3

conversion where only a few nodes in the network employ full-wavelength
conversion [10]; (d) limited-range wavelength conversion where a wavelength
could be converted to a set of but not all wavelengths, employed at every node
in the network [6, 12]; (e) multi-fiber wavelength-routed networks [5, 13]; (f)
WDM/TDM networks [14, 8]. There has not been any work that targets het-
erogeneous WDM grooming network for analysis.

In this paper, we develop an analytical model to evaluate the blocking proba-
bility in WDM grooming networks with heterogeneous grooming capabilities.
The remainder of the paper is organized as follows: Section 2 describes the
network model. The analytical model is developed in Section 3. Details on the
simulation methodology of WDM grooming networks are presented in Sec-
tion 4. Performance results and comparison of analytical model to simulation
results are shown in Section 5. Section 6 concludes the paper.

2. Network model

We consider a WDM grooming network with nodes employing heteroge-
neous switching architecture. The nodes in the network are connected using
links. Each link is assumed to car#y fibers, each fiber carrying’ wave-
lengths. Each wavelength is divided into frames which are further sub-divided
into 7" time slots. Every slot within a frame is denoted by a 4-tufllef, w, t),
wherel < I <L, 1< f<F,1<w<W,andl <t <T. Forexample,
the tuple(1,1,2,1) (read from right to left) denotes first time slot in a frame
on the second wavelength of the first fiber on the first linkchannelon a
link is defined as a collection of a particular time slot across successive frames.
Hence, the number of channels in a link is the same as the number of slots in a
frame,F' x W x T. Each channel is also represented by a 4-tuplé¢, w, t),
similar to the representation of a slot.

2.1. Node architecture

A WDM grooming network with heterogeneous network architecture is
modeled as a Trunk Switched Network (TSN) [8]. A TSN is a two-level net-
work model in which every link in the network is viewed as multiple channels.

A node in a TSN groups the channels with similar characteristics in a link
into groups calledrunks Fig. 1 shows the node architecture in a TSN. The
node in the figure is assumed to have three links attached to it and views each
link as a set of four trunks. The trunks are first de-multiplexed from the link.
The trunks from different links are then sent to their respective trunk switches
where the channels are switched. We impose trunk-continuity constraint at a
node, i.e., a channel in a trunk on a link can be switched to a channel that
falls within the same trunk on another link. Such a restriction stems from the
architectural point of view. The complexity of having a switch architecture that
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could fully permute all the channels across all the links is very high. Therefore,
switch design for the near future are likely to be based on simple architectures
that would work on a restricted set of channels from every incoming link. In
this paper, it is assumed that a full-permutation switch is employed for every
trunk in a node, i.e., a free channel of a trunk at the input of the switch can be
switched to any free channel of the same trunk at its output.

1 — (Wtch—‘ — 1

Figure 1. Node architecture in a Trunk Switched Network.

A TSN s said to bdnomogeneousthe collection of channels that constitute
a trunk at a node is the same for all the nodes in the network. Otherwise, it
is said to beheterogeneousin this paper, we consider nodes with different
grooming architectures, hence a heterogeneous TSN.

A nodes in the network views a link connected to it as a setgftrunks
with S; channels in them. Let;, denote the channels on a link that fall within
trunk = at Nodei. Let ©%, denote the channels on lirik, j) that fall within
trunk z at Node: and trunky at Nodey, i.e.,@%jy = Xiz N Xjy- The group of
channels that fall within a s@, is referred to as aub-trunk

A channel on a link is said to beusyif it is allocated for a connection.
Otherwise, itis said to be free. A trunk at a node is said tordesif there is at-
least one free channel in the trunk. A trunlat a nodef is said to be available
on a path from source, if a connection froms to d could be established such
that it terminates at nodéat trunkz. Calls arriving in the network request for
a connection to be established from a source to destination. The connection
establishment involves selection of a path and assigning channels on the path
such that the channel on one link can be switched to the successive link on the
path by the node connecting the links. As every node employs full-permutation
switching within a trunk, channel assignment on a chosen path is equivalent of
sub-trunk assignment on the links. Any free channel within the assigned sub-
trunk could be assigned for the connection.
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2.2. Example

Consider a WDM grooming network where every link has three fiber, three
wavelengths per fiber and two time slots per wavelength= 3, W = 3,
T = 2). Figure 2 shows the eighteen channels that are available on a link.
The shapes of the figures represent the time slots, the shades of the shapes
represent wavelengths, and the number of shapes of a certain shade represents
the number of fibers.

OOAA OOAA @00 AA
o A o A @ A

Figure 2. Representation of eighteen channels in a link having three fibers, three wave-
lengths per fiber, and two time slots per wavelength. Shapes represent time slots, shades repre-
sent wavelengths, number of shapes of a certain shade represents the number fibers.

If time slot interchange and wavelength conversion are not permitted, a
node: views a link¢ as WT trunks where each wavelength and time slot

combination forms a trunk, i'exé,(w,t) ={(, f,w,t)|1 < f < F}, where
1 <w<Wandl <t <T. Everytrunk hag’ channels as shown in Figure.
3(a).

If time slot interchange is permitted, but not wavelength conversion, a node
i views a link¢ asW trunks where each wavelength forms a trunk, \é,, =
{(, f,w, )1 <t <T and1 < f < F}, wherel < w < W. Every trunk
hasF'T channels as shown in Fig. 3(b).

If full-wavelength conversion is permitted, but not time slot interchange,
then for a given linkl, a time slot on all the wavelengths can be grouped to
form a trunk, i.e.x}, = {(l, f,w,t)[1 <w < Wand 1 < f < F}, where
1 <t < T. Every trunk has hag'WW channels as shown in Fig. 3(c).

If both full-wavelength conversion and time slot interchange are permitted,
then the entire link is treated as one trunk Wi/ T channels, as shown in
Fig. 3(d).

3. Analysis

The analytical model for evaluating the blocking performance is developed
with the following assumptions: (1) The call arrival at every node follows a
Poisson process with rafg,. The holding time of a call is exponentially dis-
tributed with unit mean. The choice of these specific distributions for traffic
is to keep the analysis tractable; (2) A call arriving at a node is equally likely
to have any other node in the network as its destination; (3) The path selec-
tion is pre-determined (fixed-path routing), eg: shortest-path. The sub-trunk
assignment on a chosen path is assumed to be randomly chosen from the set
of possible trunk assignments at every node; (4) A call is assigned a channel
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Figure 3. Possible grouping of channels in a link as trunks. (a) Wavelength-Time slot trunk
(b) Wavelength trunk; (c) Time slot trunk; and (d) Link is a trunk.

randomly from a set of available channels in a sub-trunk on a link; and (5)
Blocked calls are not re-attempted.

Consider az-link path model as shown in Fig. 4. Lé%(7) denote the
probability of 7's trunks being available on alink path as viewed by the last
node on the path(nodez). The definition of the trunk is as viewed by the node
denoted by the suffix foP. P, (7 = 0) denotes the blocking probability over
the z-link path.

First hop with (z-1) links

L Ll U e T Th
e B e L ey e 1——————%:— T¢

Figure 4. A z-link path.

Let P.(Ty,T;) denote the probability o’ trunks being available on &
link path withT; trunks free on the last link. It can be seen that the last link
should have at-leasty trunks free, thereford; > 7y. P.(1) can then be

written as:
K,

P.(Tf)= Y P.(Ty,T) (1)
T,=Ty
wherekK, denotes the number trunks in the link as viewed by nade
A z-link path is analyzed as a two-hop path by considering the firstl
links as the first hop and the last two links as the second hop, as shown in Fig.
4. Let X} and X, denote the number of trunks available on the first hop and
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that which are free on the last link of the first hop (link- 1), respectively, as
viewed by the last node on the first hop (node- 1). Let7}, andT}, denote

the number of trunks available on the first hop and number of trunks free on
the last link of the first hop as seen by the node in the second hop é)pde
respectively.P, (T, T;) can then be recursively computed as:

PZ (Tf7 1-‘[) Z,X =0 Xp—Xh ZTh Tf ZTP—X}L (2)
Pz 1(Xh7X ) PZ,Z 1(Th7T |Xh7 p)
Pz(TfaT‘l|Th7Tp)

where P, (T, T;|Ty,T,) denotes the probability dfy trunks being available

on the second hop with; trunks free on the last link of the second hop given
that 7}, trunks are available on the first hop wiily trunks free at the input

to the node on the second hop., (1}, T,| X, X,) denotes the probabil-

ity 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
(nodez) areT}, andT), respectively, given that the trunk availability as viewed
by the last node (node — 1) on the first hop areX;, and X, respectively.

For homogeneous TSNs, for any two successive neded andz on a path

P, . 1(Th, T,| Xn, X,) is defined as:

1 if T}, = X andT), = X,
0 otherwise

P 1 (Th Ty | X, X)) = { &)

For a homogeneous TSN, Egn. (2), therefore, reduces to:

Tf,ﬂ Z Z P, Th; ) Pz(TfaT‘l|Than) (4)
T,=Ty Tp=Th

where K denotes the number of trunks in a link as viewed by the nodes in
the network. The computation of this probability for heterogeneous switching
architectures is described in Section 3.1.

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

B P(T) tTy=1T,
P(Ty,T)) = { 0 otherwise ®)

whereP(T;) denotes the probability df; trunks being free on a link.

P.(Ty,T1|Ty, T,) is computed by conditioning on the number of trunks free
on the last link as viewed by node From this point on, we concentrate on the
second hop, which is a two-link path. The definition of trunk will be assumed
to be as the one viewed by the intermediate node in the two-link path.
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P.(Ty,T;|Ty, T,) is computed as:

PZ(Tf|Th7TPaE) PZ(T”T}HTP)

if Ty, >T
P.(Ty, T)|T0, Ty) = Wi =2r (6)

0 otherwise

whereP, (1;|1},, T,) denotes the probability &f; trunks being free on the last
link given thatT}, trunks are available on the first hop willy trunks free on

the last link of the first hop as viewed by node The number of trunks free

on the last link depends on the number of trunks free on the previous links.
If the correlation of traffic on a link is assumed to be only due to its previous
link, then it is referred to as thiglarkovian correlation With the assumption

of Markovian correlationp, (7;|1},,T),) can be reduced t®,(7;|7,). Hence,
Eqgn. (6) can be written as:

P.(T¢|Th, T, Tp) P.(T1|T))
if T, >T
Pz(vaT‘l|Th7Tp) = e (7)
0 otherwise

P.(Ty|Ty, Ty, T;) denotes the probability thdt; trunks are available on the
two-hop path given thdl; trunks are free on the last link arfg, trunks are
available on the first hop witlh, trunks free on the last link of the first hop. It
is to be noted that the trunks are defined with respect to the intermediate node
in the second hop, nodein this case. With the assumption of full-permutation
trunk switches employed at every node, the above probability is obtained as:

() (=

(7))
The probabilities, (1;|1,,) and P, (1;) are computed using a two-link model

as described in [8]. The details on the computation of these probabilities are
omitted in this paper due to space constraints.

Po(T4|Th, Ty, Th) = 8

3.1. Mapping of trunk proabilities for
heterogeneous switch architectures

In order to analyze networks with heterogeneous node architectures, the
mapping of the trunk distributions from one node architecture to the other has
to be computed.

Consider the intermediate link of a two-hop path connected by two nodes
with different switching architectures as shown in Fig. 5.

The first node views the link a&; trunks with,S; channels per trunk while
the second node views the link & trunks with.S; channels per trunk. Let
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Figure 5. Trunk distribution of a link as viewed by two nodes with different switching
architectures.

T, denote the number of available trunks on the first hop Withrunks free
on the last link (the link connecting nodes 1 and 2) of the first hop as viewed
by node 1. Letl; denote the number of available trunks on the first hop and
T, denote the number of free trunks on the last link of the first hop (the hop
ends with link connecting nodes 1 and 2) as viewed by node 2f4 denote
the number of available channgland f; denote the number of free channels
on the link.

The required mapping? (13, 74|11, T) is then computed as:

P(T3,T4|Th,To) = )
S RS0 R P(f1, fol Tu, To) P(Ts, Ty| T4, T, f1, f2)
where P( f1, f2|T1,T2) denotes the probability ofs channels being free on
the link with f; among them being available given thEt trunks are free
on the link with 77 among them being available for a path upto that link.
P(Ts,Ty| f1, f2) denotes the probability of havirig free trunks withHl's among
them available as viewed by another node given fhathannels are free on
the link with f; among them being available.
P(f1, f2|T1,T5) is computed by conditioning on the number of free chan-
nels available in the link as:

P(f1, fo|T1, T2)=P(fo|T1,T2) P(f1|T1, T, f2) (10)
=P(f2|Tz) P(f1|T1, T3, f2) (11)

where P(f2|T},T>) denotes the probability of havinfy channels free in the
link given thatTs trunks are free withl; among them being available. This
is reduced taP( f2|T>) as the number of free channels on the link does not
depend on the available trunks in the path. This probability is computed using
the two-link model described in [8].

P(f1|Th,T5, f2) denotes the probability of; channels being available on
the link given thatly trunks are free witli} of them being available anf
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channels free. Itis computed as:

Er (f1)ér—1, (f2 = f1)
Z;zzo §T1 (f)sz—Tl(fQ - f)

where & (f) denotes the number of ways of arrangifigree (or available)
channels acrogsfree (or available) trunks such that each trunk has atleast one
free (or available) channel in it. It has to be noted that for a trunk to be called
free (or available), there has to be at least one free (or available) channel in it.
& (f) is computed as:

P(fi|Th, Ty, fo) = (12)

min(S1,f)

&r(f)= )Y &@éa(f ) (13)
=1

&1(x) denotes the number of ways of arranginfyee channels over a trunk.
With S; channels per trunl; () is written as:

(o fl1<a<S
&i(x) = (14)

0 otherwise.

The probability of finding the trunk distribution as viewed by the second
node given the trunk distribution and the channel distribution as viewed by the
first node depends on how the channels are distributed across the trunks at the
two nodes. While there could be several possible choices, there are two cases
that are of interest: (1) only the number of trunks that a link is viewed as is
known for both the nodes and the exact architectures are not known; and (2)
the precise grooming architecture at the two nodes are known.

Case 1: Architecture independent mapping

In this case, we assume the exact architecture of the two nodes connected to
the link are not known. The only information that is known is the number of
trunks that each node views the link as. The precise mapping of channels from
a trunk as viewed by one node to that viewed by the other is not known. Due
to the lack of the exact architecture, the knowledge of the channel distribution
alone is employed for mapping the trunk distribution. The required probability,
P(Ts,Ty|T1,T5, f1, f2) is computed as:

<T4 (T3,f1,f2)
ZZQ:O ZKQ Ct4 (t37f17f2)

ty=t3

P(T5, Ty|Tv, Ty, fr, f2) = if Ty < T, (15)

0 otherwise
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where(; (¥, f1, f2) denotes the number of ways of arrangjfagcalls across
t trunks such that a trunk having a call belonging to jheavailable trunk
would result in exactly’ trunks being available. This value is computed as:

Gt f1, f2) =

t min(f1,S2) x\~min(f2,52)
L e 1,52 Zy:x 2,52
Ct—l(t/ - 1,’1,L1 — T, U2 — y)<1(17x7y)
el
if t' >0andu; >0 (16)
min ,S
yzl(fz 2) thl(tv f17 f2 - y)Cl(an y)

if ! =0andu; =0

It has to be noted that the computation of the probab#it¥s, 7|71, Ts, f1, f2)
does not depend dh, andTs.

Case 2: Architecture-dependent mapping

This choice arises from the architectural viewpoint. Note that when a link has
multiple fibers, wavelengths and time slots, the alternatives for trunk switch-
ing are limited to treating either wavelength or time slot as a trunk, when only
limited switching is allowed. In such a case, two nodes that view the link dif-
ferently would have the channel distribution as considered here. For example,
consider a link with two wavelengths and three time slots per wavelength. Let
Node 1 view the link as wavelength trunks, i.e., 2 trunks with three channels
in each. Let Node 2 view the link as time slot trunks, i.e., 3 trunks with 2
channels in each. This scenario is depicted in Fig. 6 showing the distribution
of channels across trunks as seen by the two nodes.

Figure 6.  Channel distribution across trunks as viewed by two nodes employing different

switching architectures.

In this case, due to the regularity in the channel distribution, the knowledge
of the trunk and channel distribution as seen by Node 1 could be used to derive
the lower bound on the trunk distribution as seen by Node 2. For example, if
three channels are free with one trunk being free as viewed by Node 1, then,
the a minimum of three trunks need to be free as viewed by Node 2. In general,
if fi channels andy (f; > 0 and7; > 0) trunks are free, then a minimum
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of % trunks must be free as viewed by the second node. Recall Ahat,
denotes the total number of trunks in a link as viewed by Node Zaulgnotes
the number of channels per trunk as viewed by Node 1. The same reasoning is
true for the lower bound on the available trunks as well.

The required probability? (75, T4|T1, T», f1, f2) is then computed by set-
ting the probability values of those trunk distributions that are not feasible to
Zero, specificaIIyP(Tg,T4]T1,T2,fl, f2) is set to O if one of the following
holds true.

fiKs
T 0 andT: 17
1> 3 < L5, (17)
faKo
T, > 0 andT. 18
h > 1 < TS, (18)

The probabilities are then normalized to obtain the sum of all the condi-
tional probabilities to 1. These pruning of state-space depends entirely on the
architecture, hence will be different for different architectures.

4. Simulation of WDM grooming networks

In order to simulate a WDM grooming network for blocking performance,
nodes with different grooming capabilities need to be simulated. We employ
the MICRON (Methodology for Information Collection and Routing in Opti-
cal Networks) framework, developed in [9], for connection establishment in
WDM grooming network. The MICRON framework presents a matrix-based
methodology to store link information, combines the link information to ob-
tain path information using generalized matrix multiplication, and provides a
generic methodology for sub-trunk assignment on a chosen path. We briefly
describe the MICRON framework with an example as applied to the network
model considered in this paper.

4.1. Example network

Consider the example two paths from Node 1 to 5 in a network shown in
Fig. 7. Let the nodes be connected using 3 fibers each carrying 3 wavelengths
and 2 time slots per wavelength. Also assume that nodes 1, 3, 6, and 7 are
wavelength-level grooming nodes; nodes 2 and 5 are time-slot-level grooming
nodes; and node 4 is a full-grooming node. Wavelength-level grooming nodes
view the link as 3 wavelength trunks (denoted W%, W5, and W3) with 6
channels in each, time slot-level grooming nodes view a link as two time slot
trunks (denoted by} and1y) with 9 channels in each, and a full-grooming
node views a link as one trunk (denoted ) with 18 channels.

Fig. 8 shows the expanded view of the network indicating the different
trunks at the nodes. For example, consider trunk W1 of Node 1 and trunk T1
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Wavelength-level
1 2 3 4 5 O grooming node

O O M .
7 N -
Time slot-level
O grooming node
6 7
I . Full grooming
node

Figure 7. An example network showing two paths from node 1 to node 5.

of Node 2. The number of channels in the link 1-2 (denoted;BY that be-
longs to both the trunks is 3. The channels @e, 1,1,1), (¢12,2,1,1) and
(¢12,3,1,1), each channel belonging to a distinct fiber. The arrow connecting
trunk W1 of Node 1 to trunk T1 of Node 2 indicates the number of free chan-
nels that belong to both the trunk definitions. A value of 3 indicates that all the
channels belonging to both the trunk definitions are free.

Node 1 Node 3
Node 2 Node 5

T1

T2

O—t
WL
O—t
w2
O—t
W8

Node 6

b &b &b

Figure 8.  Expanded view of the network with channel occupancy information

Assume that the network is observed at some instant of time during its oper-
ation and the channel occupancy in the links are known(lL ¢t w, t). Availability
denote the availability of the channel: denoted by 0 if occupied by a connec-
tion, 1 if the channel is free.

4.2. Link information

A link connecting Node andj is represented by a matrix;;.
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i he .l
lon  la2 ... Dok

Lij=| - (19)
Ik k2 o kK,

where each elemeitf, denotes a certain property about the channels in the
link that belong to sub-trun@%. For example, consider the Link 1-2 in the
example network shown in Fig. 7. Node 1 views each wavelength as a trunk,
hence has 3 trunks. Node 2 views each time slot as a trunk, hence has 2 trunks.
Hence,L; is a3 x 2-matrix.

The matrix can denote different properties of the channels. For the simu-
lations considered in this paper, we employ the information about the channel
availability to route connections requiring one channel capacity. Every element
Iz, of the matrixL;; is denoted by 1 if the total number of free channels that
belong to@;@ has a capacity of at least. The matrixL;; is defined as:

- { 1 if (Z(l,f,w,we@;?y (l,f,w,t).Availability) >0 (20)

Ty — )
0 otherwise

wherel < z < K; andl <y < Kj. The matrices indicating the connectivity
information for different links are shown in Fig. 9.

Figure 9. Link information matrices indicating if there is at least one free channel in a
sub-trunk.

4.3. Path information

The information about a certain path from a Nade k that are not physi-
cally connected by a fiber can be obtained by combining the link information
in the path. The matrix representation for a path is defined in a manner similar
to that of a link. A path matrix from nodéto & throughj is obtained as a
matrix multiplication of individual path segmenk3; and P;;, as:

Pip = P;j Py, (21)
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We employ a generalized version of matrix multiplication to compute the
path metric. An elemer)i;’; (the superscriptk denotes the matrix to which
the element belongs to) is obtained as:

Pay = (Pih @ Py) ® (D @ poy) @ - ® (P, @ P,y) (22)

The operatorss and®, denoted as a tuple, @), can be defined in different
combinations so that several meaningful results are obtained. It can be ob-
served that wherm is integer multiplication andp is integer operation, the
above equation denotes the traditional matrix multiplication.

In this paper, we assume that all the requests are for a single channel capac-
ity. Hence, it is sufficient to identify if there is a connectivity from source to
destination. To achieve this, we choose sk&ction operatofmin, maz).

Applying this set of operation to the matrix representation in Fig. 9, we
obtain the matrix representation for the path 1-2—-3—4-5 as:

1 1
P g 3 45=|11 (23)
1 1

The elements of the matrix indicate the existence of a sub-trunk assignment
scheme for one channel capacity call that would start at truaikNode 1 and

end at trunky at Node 5. The existence of these possible trunk assignments
can be easily verified from Fig. 8.

With this information, the destination node first chooses the trunk at which
the connection would end. Given that the trunk assignment at the destination
is chosen, the sub-trunk assignment on the link or the trunk assignment at
the previous node is chosen as one of the possible trunks that would result
in the termination of the connection at the chosen trunk in the destination.
This procedure is iterated until a trunk assignment at the source is found. For
detailed procedure on sub-trunk assignment on links or trunk assignment at
nodes, the readers are referred to [7].

Once the sub-trunk assignment has been made, any free channel belonging
to the sub-trunk assigned at a link can be chosen for establishing the channel
as every node has full-permutation switching capability within a trunk.

5. Performance evaluation

We consider a 9-node uni-directional ring and 3uni-directional mesh-
torus mesh-torus networks with three types of nodes (or grooming capabilities)
for evaluating the blocking performance. These networks are shown in Fig. 10.
The choice of these two regular networks are due to the high and the low cor-
relation values for ring and mesh-torus network, thus verifying the analytical
model for a wide range of networks.
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Figure 10. A 9-node heterogeneous uni-directional ring and 9-node heterogeneous uni-
directional mesh-torus networks with three different switch architectures.

It can be seen that any path with a certain path length can be classified into
three categories depending on the source. We refer to a path originating from
a time-slot level grooming node as Path-1, wavelength-level grooming node as
Path-2, and full-grooming node as Path-3.

We consider a link with 20 channels organized as two fibers, five wave-
lengths per fiber, and two time slots per wavelength. We assume that all calls
have a requirement of one time slot capacity. The results of the analytical
model to be shown in the graphs are obtained without employing the knowl-
edge about the trunk distribution for mapping the trunk distribution between
adjacent nodes.

Figs. 11 shows the blocking performance of a 9-node uni-directional ring
network with nodes employing full-permutation switching in each trunk for
three different path types with varying path lengths for offered network load of
15 and 21 Erlangs (link loads of 7.5 and 10.5 rlangs).

It is observed that the performance trend observed with the simulation for
the different path lengths is also observed through the analysis. The blocking
performance as estimated by the analysis is the same for all the paths with a
length of one hop. This is due to the reason that a single hop blocking per-
formance remains the same for a given link load and correlation factor for any
switch architecture. For two-hop paths, the blocking performance depends on
the switching capability of intermediate node. Calls that would have the in-
termediate node as a full grooming node (Path-2) would experience the least
blocking while calls with intermediate node as a wavelength-level grooming
node (Path-1) would have the highest blocking among calls that require two-
hop connections. Similarly, for three-hop connections, calls with intermediate
nodes as FG and TG nodes (Path-2) would experience lowest blocking while
calls with TG and WG nodes as intermediate nodes (Path-3) would experience
the maximum blocking. Now, note that as more calls requiring connections
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Figure 11. Blocking performance of 9-node heterogeneous uni-directional ring network
with nodes employing full-permutation switching in each trunk for varying network loads. (a)
15 Erlangs and (b) 21 Erlangs.
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Figure 12.  Blocking performance of 83 heterogeneous uni-directional mesh-torus network
with nodes employing full-permutation switching in each trunk for varying network loads. (a)
72 Erlangs and (b) 84 Erlangs.
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for two and three hops will be rejected at a wavelength-level grooming node
due to the insufficient switching capacity at the immediate neighboring node,
calls requiring one-hop connection originating at the WG node would experi-
ence lesser blocking performance. It is observed that these performance trends
remain the same with the increasing load, thus depending only on where the
nodes are positioned. It is to be noted that although the analytical model shows
these trends, the difference in blocking performance between calls of different
categories are not exactly the same as seen in the simulation results. Hence,
minor differences in the blocking probabilities seen through simulations may
not be observed through analytical model.

Figs. 12 show sthe blocking performance for paths originating at differ-
ent nodes versus the path length for offered network loads of 72 and 84 Er-
langs (link loads of 9 and 10.5 Erlangs) in a3heterogeneous uni-directional
mesh-torus network with nodes employing full-permutation switching in every
trunk. It is observed that the performance trends exhibited by the simulation is
also reflected by the analytical prediction, although the difference in blocking
performance as predicted by simulation and analysis are different.

As the network load increases, the accuracy of the analytical model drops.
Such a trend is pronounced in ring networks due to longer average path length.
In order to improve the accuracy of the model, iterative mechanisms that adjust
the network load and link correlation as described in [7] can be employed.

The difference in blocking performance obtained using the analytical model
with and without the exact knowledge on the architectures of nodes was found
to be less than 2%. Hence, these results are not in the paper explicitly. While
this has been verified for the grooming architectures considered in this paper,
further analysis and simulations are required to validate the same for other
grooming architectures. The analytical model presented in this paper can be
employed by resource placement algorithms that identify a set of nodes that
needs to be upgraded when resources are limited, for example, placing a few
wavelength converter nodes in a network as considered in [11].

6. Conclusion

In this paper, we develop an analytical model for evaluating the blocking
performance of WDM grooming networks employing heterogeneous groom-
ing architectures. The analytical model assumes fixed-path routing and unit
call capacity requirement for the traffic. We show through comparisons with
simulations results, that the analytical model accurately predicts the blocking
performance of path involving nodes with different grooming architectures.
We observe that the results of the analytical model with and without the pre-
cise knowledge on the grooming architectures do not differ by more than 2%.
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We believe that the analytical model will find application in situation where a
set of nodes need to be identified for upgrading when resources are limited.

Notes

1.
2.

The destination is not considered as the last node in the path.

Available channels are those free channels in the set of available trunks.
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