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Abstract—\We investigate the design of a WDM backbone of STS-1 grooming switches. These two kinds of grooming
network with optical cross-connects (OXCs) of different switching  switches are both opto-electro-opto (OEO) switches, and need
granularities to reduce the network-wide OXC port cost. We 5 pe surrounded by transponders, which perform O/E and
enhance our graph model proposed (Zhwet al, 2003), and the E/O conversion. Meanwhile, aII-opt,icaI OXCs do not need

extended graph model can represent different node architectures L o . .
in which a node may have multiple OXCs with different switching transponders for OXC ports, which is a significant savings in

granularities simultaneously. Based on this model, we propose a optical transport networks, but at the price of no grooming
provisioning algorithm for a single connection and a framework capability and wasting channel capacities due to under-utilized
for network design, which can intelligently_ determine the type of wavelength channels. Since the WDM backbone network
OXCs at each node according to the traffic so that the benefit of ,,50gies are usually irregular and traffic requests are of
different types of OXCs can be u_tlllzed. Numerical examples are diff t bandwidth lariti L deol
presented showing that granularity-heterogeneous networks are Irerent bandwi granularities, it is not necessary to deploy
more cost-effective than granularity-homogeneous networks. the same kind of OXC at all the nodes, especially if the OXCs
are interoperable, which seems to be a major goal of current
model, mesh network, network design, optical cross-connect standards activities, e.g., th(_)se of the optical iqternetworking
(OXC), optical network, wavelength-division multiplexing forum (OIF). If the granularities of all the OXCs in a network
(WDM), traffic grooming. are the same, we call this netwogkanularity-homogeneous
network otherwise, we call it granularity-heterogeneous
network When designing a WDM backbone network, it is
desirable to exploit the benefits of all types of OXCs to accom-
S wavelength-division multiplexing (WDM) technologymodate the traffic—which is typically nonuniform across all
advances, the capacity of a wavelength channel continuexle pairs—while reducing the network capital expenditures.
to increase (from OC-48 to OC-192 to OC-768 and possibly The optical network design problem has been studied quite
beyond). However, the bandwidth requirement of a typicaktensively [2]. In virtual-topology design, given the physical
connection request (referred to as a traffic demand) is versatiplogy and node architecture, the task is to determine the
(e.g., STS-1, OC-3, OC-12, OC-48, and OC-192), and usuailyuting and wavelength assignment (RWA) of lightpaths [3],
a small fraction of the bandwidth of a WDM channel. Tas well as the route of subwavelength granularity traffic flows,
efficiently use the bandwidth, grooming switches have bedé®m achieve some objectives, such as minimizing traffic delay
developed which can pack/unpack low-speed connectidd$, minimizing the network congestion [5], [6], and satisfying
onto/from high-speed WDM channels and switch at subwaveeme survivable porperty [7]. On the other hand, the authors
length granularities. Different grooming switches may have [8] consider the design of physical topologies to support
different grooming granularities. For instance, some groominytual ring topology in a survivable manner. Traffic grooming
switches can groom at STS-1 level, i.e., they are capablei®fan important and practical problem for designing WDM
unpacking a wavelength channel down to STS-1 timeslot¥etworks and it is receiving increasing research attention both
switching those STS-1 timeslots independently, and packifigring networks [9]-[11] and mesh networks [12]-[15]. Some
them back onto wavelength channels. Some other groomitggearch has focused on design of groomable network. In [16],
switches may do grooming only at OC-48 level (assuming tlilee authors consider different node architectures and design
capacity of a wavelength channel is greater than OC-48, ssynchronous optical network (SONET)/WDM ring networks,
0C-192). Although this kind of grooming switches providesvhich can groom low-speed connections onto high-speed
less flexibility in grooming, the port cost may be less than théightpaths to reduce the total system cost. In [17], the authors
compare the network cost when using different node architec-
Manuscript received January 2, 2003; revised July 15, 2003. This work Mes’ but theY assume a” the grooming nodes to have the same
supported in part by the National Science Foundation (NSF) under Grant AN#-TS-1 grooming capability. In our present paper, we focus on
9805285 and Grant ANI-0207864, in part by a Research Gift from Sprint, afde design of a WDM mesh backbone network with OXCs of

in part by UC MICRO under Grant 02-052. This paper was presented at ; . I .
OFC'03 Conference, March 2003. Bffferent bandwidth granularities to minimize the network-wide

H. Zhu, K. Zhu, and B. Mukherjee are with the Department of Computd®XC port cost. Specifically, we determine the type of OXC
Science, University of California, Davis, CA 95616 USA (e-mail: zhuh@cs.u@t each node, compute the route of each traffic request, and

Index Terms—Bandwidth granularity, cost-effective, graph

. INTRODUCTION

davis.edu; zhuk@cs.ucdavis.edu; mukherjie@cs.ucdavis.edu). alculate the total OXC port cost. To the best of our knowledge,
H. Zang is with Sprint Advanced Technology Laboratories, Burlingame, CA . . . . . .

94010 USA (e-mail: hzang@sprintiabs.com). this is the first research report which considers the design of a
Digital Object Identifier 10.1109/JSAC.2003.818232 network using OXCs with different switching granularities.

0733-8716/03$17.00 © 2003 IEEE



ZHU et al. COST-EFFECTIVE WDM BACKBONE NETWORK DESIGN 1453

The paper is organized as follows. Section Il presents they need to or have to change the route to adapt to the change.
problem formulation and the challenges faced when designinglaerefore, the type of OXCs at each node and the route of traffic
granularity-heterogeneous network. In Section Ill, we construaterplay with each other, causing the network-design problem
the auxiliary graph for the network with different node archito be a difficult one.
tectures. Based on the auxiliary graph, a traffic-provisioning We also need to ensure that the designed network can fully
algorithm is proposed in Section IV, which is employed bupccommodate the traffic demands, and furthermore, we need
the framework for network design. Section V demonstrates &mdetermine how to route the traffic in the network. However,
example of a network design using the framework. Section #len in a granularity-heterogeneous network, in which the type
concludes the paper. of OXCs at each node is already known, routing a connection
request and representing the network state are still significantly
complex problems, compared with those in a network where
only OXCs with STS-1 grooming granularity or OXCs with no
A. Problem Formulation grooming capability exist.

Consider a network where some nodes have STS-1 grooming

The network design problem addressed here can be fOm&iioability, while the others have no grooming capability.
lated as follows. Although this network is granularity-heterogeneous, the com-

Il. PROBLEM STATEMENT AND CHALLENGES

* Given: _ plexity of computing a route for a connection and representing
—the physical topology of a network; _ the network state is similar to that in a network where only
—a traffic matrix which contains various bandwidth repxcs with STS-1 grooming granularity or OXCs with no

quirement between different nodes; grooming capability exist. Note that, in this special case, an

—the types of OXCs which can be deployed in theyxC either has finest grooming granularity or no grooming
network; capability. In general, however, the routing and representation
—the port cost of each type of OXC. problem is more complicated when there are OXCs with other
* We need to determine: granularities. In this paper, we address the general case unless
—the type of OXC at each node; stated otherwise.
—the route for each traffic request. In a network consisting of only nongrooming OXCs, the free
* Objective: . capacity of a lightpath can only be used by the connections
—minimize the total OXC port cost of the network whileyyhich have the same source and destination node as the light-
accommodating all the traffic demands. path. In an STS-1 grooming granularity network, if there is a
Atraffic demand is represented by the notatio®, d, g, m),  ightpath between two nodes, only the timeslatrrying traffic
wheres andd are _the source an_d destination nc_)des, respectivelfe switched to outgoing lightpaths or dropped at the end node,
g is the granularity of the traffic demand, for instance, OC-48;, g|| the other free timeslots are not switched, which means
andm is the amount of the traffic in units @f. Without 10Ss of e free capacities on the lightpath can always be accessible
gener_allty, we assume the finest granularity of the bandmdth&f, the end nodes of the lightpath. However, in a multigranu-
a traffic demand is STS-1 for the rest of the paper. larity network, OXCs switch traffic at different granularities.
Note that another version of the problem formulation can §&,;"5 given traffic demand requiring certain bandwidth, cer-
specified, where each node in the network can have more thap, amount of timeslots on the lightpaths along the route of
one type of OXC. Certainly, this is a more general case. Hoye raffic are allocated to the connection. At a STS-1 grooming
ever, only one OXC at each node is more practical today duedgiich only the timeslots occupied by the traffic are switched
ease of maintenance and cost; hence, we proceed with this Yg{, the incoming OXC port to the outgoing OXC port. How-
sion in the rest of this study while noting that our approach cyer, at an OXC with a switching granularity coarser than the
easily be adapted to the general node architecture with multiplgn4yyidth granularity of the traffic request, some free timeslots
types of OXCs. may also be switched together with those timeslots taken by the
traffic, causing these free timeslots to bypass this node and be-
B. Challenges in Designing a Granularity-Heterogeneous come unavailable to this node. The fundamental observation is
Network that the timeslots within the switching granularity of an OXC

When designing a network with OXCs of different bandwidt'® transparent to the OXC and these timeslots can only be op-
granularities, the first question we need to answer is: How g5ated as a whole. _
choose an OXC for each node? When determining which typetiere, we give a small example. To carry a traffic demand
of OXCs should be used at a node, there are several factorshwél 4, STS—1,2), we setup lightpathd., (from node 1 to
need to consider: traffic originating from or terminating at thi§ode 2),L.2 (from node 2 to node 3), anl; (from node 3 to
node, bypassing traffic, and the types of OXCs at other nod88de 4), and then rout§, onto these lightpaths. (Note that the
For instance, if most of the traffic from and to this node antf'ms STS-1 and OC-1 are used interchangeably in the litera-
bypassing traffic are of granularity of lightpaths, it is reasonab'€-) The switching granularities of the nodes 1, 2, 3, and 4 are
to put an OXC with no grooming capability at this node. Henc& 1 5-1, OC-3, STS-1, and STS-1, respectively. The capacity of
the route of the traffic should be considered when determinifgvavelength channelis OC-12 for this illustration. Fig. 1 shows
the node architecture. On the other hand, the route of the traffi€ Switching state of the OXCs.

demand also depends (_)n the type of OXCs at_ e?Ch node. If th§yithout loss of generality, the time domain is assumed here for traffic mul-
type of OXC at a node is changed, some traffic in the netwotiklexing within a wavelength channel.
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Fig. 1. State of the switches when routing traffic demdhdf bandwidth STS-1 from node 1 to node 4.
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Fig. 2. Network state after routing; traffic demand.

Since the capacity of a lightpath is OC-12, we can view hand node 3, and this circuit is called imduced connectivity
lightpath as a communication channel with 12 times|@tS;( If there is an STS-1 traffic demand from node 1 to node 3 later,
to TS12). Node 1 puts trafficl} into the first two timeslots, it can be directly put into timesIdE'S; in lightpath I, at node
TS; andTS,, of lightpath L. Since the switching granularity 1 and dropped from timeslaf'Sy in lightpath L, at node 3,
of node 2 is OC-3, it can only unpack lightpath into four without any change in switching configuration at node 2. Fig. 2
segments (each of capacity OC-3), with three timeslots in easows the network state (virtual connectivity) after routing
segment, and node 2 can switch these segments as individial These circuits form another topology above the virtual
entities. In order to route traffi@; onto lightpathL., node 2 topology, in which each edge is a lightpath and traffic demands
switches the first segment in lightpailhy to a segment, say should be routed on this topology instead of on the virtual
the third segment, in lightpatil,. Now the traffic, if any, topology.
in timeslots TSy, TSy, and T'S3 of lightpath L1 will be in
timeslots TS;, TSg, and TSy of lightpath L,, respectively. C. Our Approach
Note that, although the order of the timeslots where the traffic is15 accommodate the diverse characteristics of multigranu-

put may change when the traffic is switched at node 2, the orqgfity networks, we enhance the graph model proposed in [1].
of the timeslots within a segment cannot be changed becag$ original graph model can route a traffic demand according
a segment is treated as an integral entity. At node 3, lightpg§ithe current network state and update the network state after
L, is terminated and unpacked into timeslot level since ﬂl%lrrying the traffic, but only for the network in which all the
switching granularity of node 3 is STS-1, i.e., at the times'?}rooming OXCs have the same (STS-1) grooming capability.
level. Here, only the timeslots used by traffi¢, i.e., imeslots The graph model has been extended by us now so that it can be
TSz and TSy, are switched onto lightpath; timeslot TSy appjied to a network with OXCs of different grooming granular-
will not be switched at this instant, and it can be switched {es. The extended graph model can also represent the situation
any free timeslot in any outgoing lightpath or dropped at thighere several types of OXCs coexist at the same node and intel-
n_od(_a later for future_ traffic. Finally, traffi@} reaches node 4 ligently choose the appropriate type of OXC to carry the traffic
via lightpath L3 and is dropped at node 4. demand. Based on this enhanced and versatile model, we inves-

Because the switching granularity of node 2 (OC-3) igyate a framework for designing a granularity-heterogeneous
coarser than the bandwidth granularity of the traffic demangork.

(2x STS-1), there is a free STS-1 timeslot (timeslds in

L4) switched ontoL, (timeslot TSy in Ls) by the OXC at
node 2. Although this timeslot goes through node 2, it cannot
be accessed by node 2 due to the switching configuration forin the graph model, we construct an auxiliary graph according
traffic T . Any traffic carried by this timeslot will bypass node 2to the network state, compute a route in the auxiliary graph for
and directly reach node 3, where it can be switched to amygiven traffic request, set up the connection according to the
free outgoing lightpath or be dropped at that node. This iisute, and then update the auxiliary graph to reflect the changes
equivalent to having an STS-1 circuit directly connecting node the network state. We first demonstrate how to construct the

I1l. CONSTRUCTION OF ANAUXILIARY GRAPH
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Fig. 3. Node with three different types of OXCs. (Each data path could be
a multiline, i.e., there may be multiple fibers in and out of the OC-192 OXC, ﬂ, .
multiple add and drop ports for each OXC, etc.) > layer
auxiliary model for a node according to the node architecture /11 layer
and then show how to build the auxiliary graph for the entire
network.

Fig. 4. Auxiliary graph for the node.

A. Node Representation

 Layer(W + 2) is called thdightpath layer

 Layers(W + 3) through (W + C + 2) denote theC
grooming layers i.e., from Fo grooming layer tof}
grooming layer.

» Layer (W + C + 3) is called theaccess layerwhere a

The representation of a node in the graph model is determined
by the node architecture. Different node architectures have dif-
ferent graph representations. With respect to node architecture,
we focus on how OXCs with different switching granularity are
interconnected, if there are multiple OXCs at the same node, and ) .

. L : traffic flow starts and terminates.
where the traffic requests can be originated and terminated. .
i : . . There are two ports on each layer, an input port and an output

Fig. 3 depicts an example of a generalized node architecture. N

- . ) . port, shown as a vertex marked with “I” and a vertex marked
In this node architecture, there are three OXCs: GXCwith L . - )
: . . . with “O,” respectively, in Fig. 4. (The numbers 0 and 1 will be
STS-1 grooming granularity, OX©, with OC-48 grooming : ) .
. . . e .~ used to refer to the input port and the output port in the discus-
granularity, and OXQD3 with no grooming capability, which sion below.) LetN'™” denote porp on layerl at nodei, then
can only switch at lightpath granularity, say OC-192 in this e ' i porp Y "

2y D Vi = (N [p e {0,1},1 <1 < (W + C +3)}, whereN"°
ample.O, and O, are connected t®@; which is directly con- "* i T = ' ¢
P ! 2 > y %nd Nz.l’1 denote the input port and the output port on layer

nected to incoming and outgoing fibers. Local traffic can b ) . . .
added to or dropped from all three OXCs. Assume that thee?%nodez, respectively. According to the node architecture, the

are two wavelengths in this network;(ands). Also, for pur- edges in the auxiliary graph for nodare inserted as follows.
pose of illustration, assume that this node can convetb X, 1) Wavelength Bypass Edges (WBE).
without using grooming OXCs, but nafice versa The cor- There is an edge from the input port to the output port
responding auxiliary graph for this node architecture is con- ~ ©n €ach wavelength layer at nodi node: can bypass
structed as in Fig. 4. traffic without using grooming switches

In general, the auxiliary graph for nodean be represented L0 w11
by G;(Vi, E;), whereV; and E; are its vertex set and edge set, <le’ s Ny > €k, 1<I<W 1)
respectively. In general, if there ai& wavelengths on each
link in the network,\; through\y, andC possible grooming We call the edeN,f’O, N,f’1> awavelength bypass edge
granularities at nodé, F; throughF¢, whereF; is the finest on layer! at node; and it is denoted a®BE(z, (). If a
grooming granularity and'c is the coarsest grooming granu- patt? containsWBE(:, ), that means a lightpath newly
larity, the auxiliary graph for nodgis constructed as a layered set up to carry the connection will bypass nade \;.
graph with(W + C + 3) layers. If the capacity of a lightpath ~ 2) Wavelength Converter Edges (WCE).
is OC-192, the typical grooming granularities can be STS-1, There is an edge from the input port on wavelength
OC-3, OC-12, and OC-48, as shown in Fig. 4. layerl; to the output port on wavelength laylgrat node

* Layers1 tthUQW denote thdV wavelength layers 2For conciseness, a path means the path computed for a connection in the
» Layer(W + 1) is called thetransponder layer auxiliary graph.
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1 if wavelength);, can be converted to wavelengip,
without using a grooming OXC at node

(NN e B,

wavelength A, is convertible to A;, at node 4.

)

We call the edgéN,*’, N>'*) awavelength converter
edgefrom layerl, to layerl, atnode anditis denoted as
WCE(i,l,13). For example, there is a wavelength con-
verter edgeWCE(i, 1,2) in Fig. 4, which is from the
input port on); layer to the output port oi, layer, be-
cause this node can convert to \». There is no wave-
length converter edg&/CE(z,2,1) in Fig. 4 sinceAs
cannot be converted to, at this node. If a path contains
WCE(i,1,15), that means a lightpath newly set up to
carry the connection will be converted froky to A;, at
node: without using a grooming OXC.
Grooming Fabric Edges (GFE).

There is an edge from the input port to the output port
on F; grooming layer at nodeif node: has grooming
capability atF; granularity

3)

<Niw+2+j,07NiW+2+j,1> ek, 1<j<C. A3)
We call the edge (N, 230 NVHE2Hily 5 p
grooming fabric edgeat node: and it is denoted as
GFE(:, F}). If a path contains&GFE(z, F}), that means
the connection will be switched by an OXC wiik;
granularity to an outgoing lightpath or the access station
at node.

4) Wavelength Add Edges (WAE).

There is an edge from the output port on the

transponder layer to the output port on wavelength layer

[ at node:

(NN e By LIS @)

We call the edgéN," *1'* N"') awavelength add edge

at nodei and it is denoted a®AE(é, ). If a path con-

tains WAE(i, 1), that means we need to set up a new
lightpath at node using; to carry the connection.
5) Wavelength Drop Edges (WDE).
There is an edge from the input port on wavelength
layer! to the input port on the transponder layer at nbde
(N NO) e B 1<i< W 5)
We call the edgg/N}?, N/ 1) a wavelength drop
edgeat node; and it is denoted a®DE(3, (). If a path
containsWDE(i, 1), that means a lightpath newly set
up to carry the connection will be terminated froxp
at nodei.
Grooming-Transponder Edges (GTE).

There is an edge from the output port on the
grooming layer to the output port on the transponder
layer at node if nodei has an OXC with an available
port which can perform grooming &t; granularity and

6)

7

8)

9)

<Niw+c+3’°,NiW+2+j’O> ek, 1<j<C.
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is connected to the transponders directly or via an OXC
without grooming capability

(6)

We call the edge(N," T2+71 NV+L1Y a grooming-
transponder edgeat node: and it is denoted as
GTE(i, F;). If a path contain$&3TE(4, F;), that means
we need to set up a new lightpath originating from
an OXC with F; granularity at node; to carry the
connection.

Transponder-Grooming Edges (TGE).

There is an edge from the input port on the
transponder layer to the input port on the grooming
layer at node if nodei has an OXC with an available
port which can perform grooming &t; granularity and
is connected to the transponders directly or via an OXC
without grooming capability

<NZW+2+J?1,NLW+171> €eE, 1<j<C.

(1)

We call the edgéN," 0, N}V #2170 3 transponder-
grooming edgat node and itis denoted d8GE(i, F;).
If a path containsSTGE(:, F};), that means a lightpath
newly set up to carry the connection will be terminated
by an OXC withF; granularity at node.
Lightpath-Transponder Edges (LTE).

There is an edge from the output port on the lightpath
layer to the output port on the transponder layer at iode

<N1U"+2’1,N1W+1’1> € B, @8)

(N N e gy 1< c

We call the edge (N)"™2! N1y a light-
path-transponder edgat node: and it is denoted
asLTE(7). If a path containd TE(s, F;), that means
we need to set up a new lightpath originating from a
nongrooming OXC at nodé to carry the connection.
This lightpath can only be used to carry the traffic
starting from node.

Transponder-Lightpath Edges (TLE).

There is an edge from the input port on the
transponder layer to the input port on the lightpath
layer at node

<Niw+1,o7NiW+2,o> € B, 9)
We call the edggN;" T+, N}V 2} a transponder-
lightpath edgeat nodei and it is denoted a8LE(:). Ifa
path containd’'LE(4, F;), that means a lightpath newly
set up to carry the connection will be terminated by a
nongrooming OXC at node This lightpath can only be
used to carry the traffic terminating at node

10) Grooming Add Edges (GAE).

There is an edge from the input port on the access
layer to the input port on the; grooming layer at nodée
if node: can add traffic into an OXC witlf; granularity
grooming capability using an unused OXC port

(10)
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We call the edggN;" T30 N}V +217.9) 3 grooming asGCE(i, F}, Fy). If a path containgiCE(i, F}, Fy),

add edgeat node: and it is denoted a&AE(:, F}). If that means the connection will be groomed by an OXC

a path contain§&tAE(z, F;), that means the connection with Fj granularity after having been groomed by an

will be added to the network at its source nadasing OXC with F}; granularity.

an unused port of an OXC with; granularity. Each edge has a property tughl(c, w) associated with
11) Grooming Drop Edges (GDE). it, where ¢ denotes the capacity of this edge amddenotes

There is an edge from the output port on the its weight. The capacity of each edge in the auxiliary graph
grooming layer to the output port on the access layer @t is assignedoo. We will discuss weight assignment in
nodei if node can drop traffic from an OXC witl¥;  Section IV-C.
granularity grooming capability using an unused OXC

port B. Circuits and Induced Topology in Granularity-
Heterogeneous Network
W24j,1 A W+C+3,1 , _
<Ni PN > €k, 1<j<C.  (11)  As we know, a lightpath may traverse one or more wave-

) ] length links, and a collection of lightpaths may form a virtual
We call the edgéN;" T2+7! N}V FC+31) agrooming  topology in a wavelength-routed network. Traffic requests
drop edgeat nodei and it is denoted a&DE(i, F;). If  are carried by these lightpaths. A traffic demand can traverse
a path contain§:DE(i, F;), that means the connectionmuiltiple lightpaths before it reaches its destination node. At
will be dropped from the network at its destination noditermediate nodes, grooming OXCs are used to switch the
i using an unused port of an OXC wiffy granularity.  traffic from an incoming lightpath to an outgoing lightpath.
Lightpath Add Edges (LAE). If the grooming granularity of the OXC is coarser than the
There is an edge from the input port on the accesaindwidth granularity of the traffic request, some free timeslots
layer to the output port on the lightpath layer at nodg the incoming lightpath may also be switched together with
i if nodes can add traffic into an OXC with no groomingthose timeslots taken by the traffic to the outgoing lightpath,

12

~

capability using an unused OXC port causing these free timeslots to bypass this node and become
W30 W42l inaccessible to the node. Some or all of these free timeslots,
<Ni NG > € E;. (12) possibly along with other free timeslots, may be further

switched to the next lightpath by the next intermediate node,
We call the edgén,” <20 N}V +21) alightpath add until they are not switched any longer or reach the destination.
edgeat node and itis denoted asAE(7). If a path con-  We refer to these switched free timeslots by the teinmzuit. In
tainsLAE(7), that means the connection will be addedddition, the free timeslots not switched at the OXCs are also
to the network at its source nodeising an unused port called circuits and these circuits traverse only one lightpath.
of a nongrooming OXC. Therefore, an unused lightpath can also be viewed as a circuit.
Lightpath Drop Edges (LDE). One of the most important properties of a circuit is that traffic
There is an edge from the input port on the lightpattill come out at the end of a circuit and only ifit is put into
layer to the output port on the access layer at noifle the timeslots at the starting point of the circuit. A circuit can
node: can drop traffic from an OXC with no grooming go through multiple lightpaths and a lightpath can be traversed

13

~

capability using an unused OXC port by multiple circuits. Hence, circuits form another topology,
) which we callinduced topologyabove the virtual topology.
<Z\Q‘/V+2’O,1ViW +c+3’1> € E;. (13) The relationship between circuits and lightpaths is analogous
to that between lightpaths and fiber links.
We call the edge(N," %% NV T¢31) 3 lightpath  In granularity-heterogeneous network, a traffic demand

drop edgeat node: and it is denoted akDE(7). If a cannot be routed according to the virtual topology since
path containd.DE(7), that means the connection willlightpath connectivity may not provide accurate information
be dropped from the network at its destination nadefor routing the traffic. For instance, if there are some free
using an unused port of a nongrooming OXC. timeslots in the lightpath from node 1 to node 2 and there is a
14) Grooming Cascade Edges (GCE). traffic request from node 1 to node 2 asking for one timeslot,
There is an edge from the output port on the this lightpath may not be able to deliver the traffic from node 1
grooming layer to the input port on thi, grooming to node 2 since the situation may exist where all these free
layer at node if traffic can flow from an unused OXC timeslots are switched further to another node 3 and traffic in
output port with F; granularity grooming capability these timeslots cannot be dropped at node 2. However, circuits
to an unused OXC input port witht}, granularity provide exact information on whether or not traffic from one
grooming capability at nodéand granularitied”; and node can reach another node. Therefore, traffic demands should

Fy, are different be routed on the induced topology instead of on the virtual
T topology. The relationship between induced topology and
<Ni L N > €k, 1<jk<C.j#k. virtual topology is analogous to that between virtual topology

] ' ) 14) and physical topology.
We call the edge (N)VT2H1 NWH2HE0y 3 For alightpath, both of its ends are OXCs, which may have
grooming cascade edgat node: and it is denoted different switching granularities. Since a circuitis a fraction of a
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lightpath or a concatenation of lightpaths in terms of bandwidth, All the edges in the auxiliary graph of each noden the
it is also started from an OXC and terminated at another OX@etworkG’ are in the edge s€f, so
and the switching granularity of the starting OXC and the ter-
minating OXC may be different. Meanwhile, a circuit itself has
its own bandwidth granularity. Therefore, a circuit can be repre-
sented by the notatio@T (s, gs, ¢, g+, 9., m), wheres andt are
starting and terminating nodes of the circuit, respectivglgnd
g¢ are the switching granularities of the starting OXC and termi-
nating OXC, respectivelyj. is the bandwidth granularity of the
circuit; andm is the amount of bandwidth of the circuit in unit
of g.. Moreover, we extend the concept of circuits by regarding
also as circuits the connections between OXCs and their access
stations, such as SONET add-drop multiplexer, ATM switches, < 1,1 Nl.’°>e E
and IP routers, and between different grooming OXCs inside \" * '~ 7 ’
a node. So, the end of a circuit can be either an OXC or an  (i,7) € E'; wavelength Aj on link (7, 7) is not used.
access station, and the granularity of the client can be various (18)
and is assumed as the finest granularity, STS-1, in the following 1o _
development below. One key observation is that the switching We call the edge{N;", N;") a wavelength-link edge
granularity of the starting OX@, and that of the terminating on layer! from node: to node;j and it is denoted as
OXC g, are both no coarser than the bandwidth granularity of ~ WLE(i, j, 7). The capacity of this edge is the capacity
the circuitg. and the switching granularities of all intermediate ~ Of the corresponding wavelength on the link from node
nodes traversed by the circuit are all coarser than i to nodej. If a path containsSVLE(, j,1), that means
After carrying a traffic request, a circuit may be decomposed @ lightpath traversing link from nodeé to node;j on
into one or more smaller circuits if the bandwidth requirement ~ Wavelength\; needs to be set up to carry the connection.
of the traffic is less than the bandwidth of the circuit. For * Circuit Edges (CE).

E;CE, VieV. 17)

Then, we insert some additional edges according to the net-
work state, as outlined below.
* Wavelength-Link Edges (WLE).

There is an edge from the output port on wavelength
layer!l at nodei to the input port on wavelength layeat
nodej if there is a physical link from nodeto node;j and
wavelength); on this link is not used

example, a circuitCT (i, 0C-3, j,STS—1,0C—48, 3) will Based on the positions of the ends of the corresponding
be decomposed intaCT;(i, OC—3,3,STS—1,0C—48,2), circuits, circuit edges can be classified as internode circuit
CTy(i,0C0-3,5,STS—1,0C—12,3), and CT3(i,0C—3, 7, edges and intranode circuit edges.

STS—1,0C—-3,1) after accommodating a traffic request =~ —Internode Circuit Edges.

T(i, j,0C—3,3). This means that circuits are more dynamic There is an edge from the output port on thig

than lightpaths, and they outnumber lightpaths in the network; grooming layer or input port on the access layer at node
hence, more intelligence is required to keep track of circuits i to the input port on thé’,, grooming layer or output
than lightpaths. port on the access layer at nogléf there is a circuit

from an OXC withk; grooming granularity or a client
at node to an OXC withk, grooming granularity or a

C. Auxiliary Graph for the Network client at node;j

Based on the auxiliary graph of each node, we can construct N 2R W20
the auxiliary graph for the entire network. < i Y >
In general, the physical topology of the network can be repre- <NU'+C+3,0_ NWAH2+k2,0
sented by a grap&’(V’, E’), whereV’ andE’ are its node set ! o
and link set, respectively. Assuming that each link Hasvave- <

ekl

>€E

NiW+2+k1,1_/N]W+c+3,1> cE
lengths, \; through Ay, and there ar&’ possible grooming

ek

granularities at nodes in the network; through F, where <NL-W +C+3’07NF' +C+3’1> 1<k, ke <C
Fyis t_he finest lgrQOming granulari'a/ anklc is thz_coarse_?t 3 a corresponding circuit from node 7 to node j
grooming granularity, we construct the corresponding auxiliary .

graphG(V, E) for the networkG’ as follows, wherd” and E in the network. (19)
are the vertex set and edge set of gréhrespectively. — Intranode Circuit Edges.

The auxiliary graphG is a layered graph wittiV + C + 3) The intranode circuit edges can be parallel with any
layers. First, we construct an auxiliary gra@h(V;, E;) for each of the following edges: grooming add edges, grooming
nodes in the networkG’ according to the node representation drop edges, and grooming cascade edges. We call those
method described above. These nodal auxiliary graphs are com- edgegrooming-port-associated edgdse difference
ponents of the network auxiliary gragh(V, E). The vertex set between these edges and intranode circuit edges is that
V is the union of the vertex set of the auxiliary graph for each these edges exist when there are unused OXC ports
node: in the networkG’, i.e., in the node, while intranode circuit edges denote the

circuits inside a node, which aneducedby using the

V= U Vi, VieV' OXC port to carry traffic requests.

. . Circuit edges are denoted &sE(i,[;,j,!;, g, m),
= { NP I pe{0,1},1 <I<WHC+3,Vi € V’} -(16) wherei and; are nodes in the network, which can be the
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same; and; and/; are the starting layer and ending layer Algorithm ARC: Input: a traffic demand’(s, d, g, m).
of the circuit edge in the auxiliary graph, respectively, Step 1) Delete the edges whose capacity is less than the

which can be from(W + 3) to (W + C + 3);9. is
the bandwidth granularity of the corresponding circuit;

bandwidth granularity off’, since they cannot ac-
commodaté!.

andm is the amount of bandwidth of the corresponding Step 2) Find the shortest pathfrom the input port on the

circuit in unit of g.. The capacity of a circuit edge is the
bandwidth of the corresponding circuit. If a path contains
CE(4,1:, 7,1, gc, m), that means the connection will be
carried by using the corresponding circuit from nade

access layer of the source to the output port on the
access layer of the destinationBfon graphG. If

not successful, restore the edges previously deleted
in Step 1 and return-1.

nodej (if i # j), or will be added from or dropped to the  Step 3) Ifp contains wavelength-link edges, one or more

access station or flow between different types of OXCs
within a node (ifi = j) by sharing a used OXC port with
existing traffic.

Although we assume the numbers of wavelengths are the
same on all fiber links in the network, it is straightforward to
construct the auxiliary graph for the network, where different
links may have different number of wavelengths.

Note that granularity-homogeneous network is a special

lightpaths going through the corresponding wave-
length links needs to be set up. A lightpath starts
wheneverp travels through a wavelength add edge,
follows the subsequent wavelength-link edges,
and terminates at the first wavelength drop edge.
Note that a lightpath is also a circuit. #f contains
grooming-port-associated edges, the corresponding
intranode circuits need to be set up.

case of granularity-heterogeneous network. The method forStep 4) Routel” along the preexisting circuits ip and/or

constructing the auxiliary graph described above can also be
applied to granularity-homogeneous network.

From the construction of the auxiliary graph, it should be
clear that the auxiliary graph reflects induced topology and the
current state of the network.

circuits set up according to. If the capacity of the
path, which is defined as the minimum capacity of
the circuits along the path, is less than the entire
amount ofT’, route the maximum amount possible,
sayn units, of the traffic granularity.

Step 5) Restore the edges previously deleted in Step 1.
Step 6) Update grapff as follows.

IV. FRAMEWORK FOR NETWORK DESIGN BASED
ON THE AUXILIARY GRAPH

A. Algorithm for Routing a Connection Request

To carry a traffic request in a network, several questions need
to be answered.

1) Should a new lightpath or lightpaths be set up to accom-
modate the traffic? Sometimes, it may be better to add a
new lightpath or lightpaths even though the connection
can be carried on the current virtual topology.

2) How to add the new lightpath(s)? In some cases, we can
set up a lightpath directly from the source of the traffic
to the destination. In other cases, it is not necessary or
possible to set up this lightpath and we may need to set
up one or more other lightpaths.

3) How to route the traffic on the virtual topology? As
we mentioned before, the virtual topology is not able
to provide sufficient information about the connectivity
between nodes in granularity-heterogeneous network,
and the induced topology should be used to route the

traffic.
Based on the auxiliary graph, we propose the algorithm for

routing a connection request (ARC) in a given network, which
could be granularity-heterogeneous.

The ARC algorithm needs initialization before being used.
The initialization takes as a parameter the network configura-
tion, which includes the network topology, as well as the node
and the link configurations; and according to the network con-
figuration, it constructs the corresponding auxiliary gragh
using the method discussed in Section .

The ARC algorithm takes a traffic demand as the input and
works as follows.

» For each circuit newly set up, a corresponding
circuit edge is added.

» The wavelength-link edges denoting the wave-
length-links used by the lightpath are removed
from the corresponding wavelength layers.

« Starting from the origin op, for each circuit used
by T, remove the corresponding circuit edge. If
the circuit is decomposed into one or more cir-
cuits, which have different bandwidth granular-
ities, add the corresponding circuit edges into
the auxiliary graph. Each of these circuits starts
from the same OXC as the original circuits, pos-
sibly extends to the following circuits alopgnd
terminates at the first OXC along, that has a
switching granularity not coarser than the band-
width granularity of this circuit or at the destina-
tion of the traffic.

» For each node along, check all the edges in
the auxiliary graph of that node. Remove the
edges whose existence conditions are not valid
any longer. For instance, all the wavelength
converter edges (WCE) in a node auxiliary graph
should be removed if there is no wavelength
converter available at this node; If there is no
free port with a grooming granularity available
at a node any more, all the grooming add/drop
edge (GAE and GDE), grooming-transponder
edge (GTE), transponder-grooming edge (TGE),
and grooming cascade edge (GCE) connected to
the layer representing that grooming granularity
will be removed from the auxiliary graph of that
node.
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Node 1 Node 2 Node 3 Node 4

Access layer

STS-1 layer

OC-3 layer

Lightpath layer

Transponder layer

A, layer
n laye

A | layer

Fig. 5. Initial auxiliary graph.

Step 7) If the entire traffic is accommodated, return 0. Otlother nodes and links in the network also, but for purpose of
erwise, returnm — n, which is the amount of the simplicity, we only focus on these four nodes in this example.
uncarried traffic in units ofj. Suppose the switching granularities of nodes 1, 2, 3, and 4 are

1) Complexity AnalysisThe complexity of the ARC algo- STS-1, OC-3, STS-1, and STS-1, respectively. Each link has
rithm is determined by the running time of shortest-path compfvo wavelengthsX; and).), and the capacity of a wavelength
tation in Step 2. Suppose there afaodes in the network; each channel is OC-12 for this illustration. Initially, there is no light-
node has” OXCs with different grooming granularities; eackPath in the network and the auxiliary graph of this part of the
OXC hasP ports; and each link has” wavelengths. In the cor- Network is shown in Fig. 5. .
responding auxiliary graph, there ax& (W + C + 3) vertices. ~ When a traffic demand: (1,4, 5TS—1, 2) arrives, we need
As there may be multiple parallel circuit edges between two véR find in the auxiliary graph a path from the input port on the
tices, we need to count the number of edges explicitly. With#FCess layer at node 1 to the output port on the access layer
the auxiliary graph of a node, the number of WCE®igV2); at node 4, shown as shaded ports in Fig. 6. It is easy to see
the number of GCEs ©(C?). Hence, the total number of edgeghat there exists a path along the edges:AE(1, STS—1),
in the auxiliary graph of a node except intranode circuit edgés E(1, STS-1), GTE(L, STS-1), WAE(1, 1), WLE(1, 2,1),
is O(W?2 + C?). The number of WLESs in the auxiliary graph of WDE(2, 1), TGE(2,0C-3), GFE(2,0C-3), GTE(2,
the whole network i€) (W N'2). Since each node h& ¢ OXC OC—3), WAE(2,1), WLE(2,3,1), WDE(3,1), TGE(3,
ports, it can set up(PC) lightpaths. Each lightpath can be deSTS—1), GFE(3,5TS-1), GTE(3,5TS-1), WAE(3, 1),
composed int@ circuits, then the number of circuit edges in théVLE(3,4,1),  WDE(4,1),  TGE(4,5TS—1),  GFE(4,
auxiliary graph of the whole network (N PC?2). Therefore, STS—1), and GDE(4,5TS—1), shown as bold lines
the total number of edges in the auxiliary graph of the whol@ Fig. 6. Since this path contains wavelength-link edge
network isO(W? + C2 + WN? + N PC?). Since the running WLE(1,2,1), WLE(2,3,1), and WLE(3,4,1), which de-
time of shortest-path computation using Dijkstra algorithm f80te wavelength-links, we need to set up three lightpaths
O(V? + E), whereV andE are the number of the vertices and€ircuits) Ly = CT(1,5STS—-1,2,0C-3,0C-12,1), Ly =
edges in the graph, respectively, the running time of the ARET(2,0C-3,3,STS—-1,0C~12, 1), and Ly = CT@,
algorithm isO(N2(W + C)2 + W2 4+ C2 + WN2 4+ NPC?), STS—1,4,8T5-1,0C-12, 1) using A; on the fiber
i.e., O(N2(W + €)% + NPC?). Usually, the auxiliary graph link from node 1 to node 2, from nod_e 2 to _node 3_,
is not dense, so the first padt( N2(W + C)?) is dominant. If and from node 3 o node 4_, respectlvely_. Since this
each node in the network has full wavelength-conversion cafth ~ also  contains  grooming-port-associated  edges
bility, for instance only OEO switches are used, all the wav&:AE(1, STS—1) andGDE(4,STS—1), two intranode circuits
length layers can be collapsed into one super wavelength lafef1 = CT(1',5TS—1,1,5T5-1,0C-12,1) andCT, =

since all the wavelengths are equivalent. In this special case, the(4, STS—1,4,STS—1,0C—-12,1) are also set up.
running time of the ARC algorithm i©(N2C? + NPC?). Here, i’ denotes the client at node Then, traffic demand

17 is routed along these newly set up circuits. The ca-
pacity of the path (OC-12) is greater than the bandwidth
requirement ofT; (2 - STS—1), and T; is successfully ac-
To illustrate how the auxiliary graph and the ARC algorithnacommodated. After routing, the auxiliary graph needs to
work, we use the same example mentioned in Section Il. In the updated. Five circuit edges, i.&E; = CE(1,7,1,6,
example network, there is one link between node 1 and node®;—12,1), CE, = CE(1,6,2,5,0C—12,1),CE; = CE(2,
node 2 and node 3, node 3 and node 4. Note that there mayb& 6, 0C—12,1),CE, = CE(3,6,4,6,0C-12,1), and

B. An lllustrative Example
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Access layer

STS-1 layer

OC-3 layer
Lightpath layer
Transponder layer
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A | layer
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STS-1 layer
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Transponder layer
12 layer
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Fig. 7. Corresponding auxiliary graph after routing the first traffic reqgst

CE; = CE(4,6,4,7,0C-12,1), are added into the auxil- comes a part ofCTg, circuit edgeCEj3 is replaced by one
iary graph. Three wavelength-link edges, i ®LE(1,2,1), circuit edgeCE(2,5,3,6,0C—-3,3). Similarly, circuit edge
WLE(2,3,1), and WLE(3,4,1), are removed since theyCEy, is replaced by two circuit edgesE(3,6,4,6, 0C—3, 3)
have been used and are not available no more. Aftend CE(3,6,4,6,STS—1,1); circuit edge CE; is re-
routing Ty, circuit CT; is decomposed into two circuits:placed by two circuit edgesCE(4,6,4,7,0C—3,3) and
CT; = CT(1',8TS—1,1,STS—1,0C-3,3) andCT, = CE(4,6,4,7,STS—1,1). To carry traffic demand?, each of
CT(1’,STS-1,1,STS—1,STS-1,1); circuit edge CE; is nodes 1, 2, 3, and 4 uses one unused input port and one unused
replaced by two circuit edge€E(1,7,1,6,0C—-3,3) and output port. Fig. 7 shows the updated auxiliary graph after
CE(1,7,1,6,STS—1,1). After routing T, circuit L, is de- carrying traffic demand?, which represents the network state
composed into two circuit€ZT; = CT(1,STS—1,2,0C-3, shown in Fig. 2.

0C-3,3) andCTg = CT(1,STS-1,2,0C-3,STS—1,1). Suppose another traffic demandl»(1,3,STS—1,1)

As the granularity of the OXC at node 2 (OC-3) is coarseomes. There is a path in the auxiliary graph from the
than that of CTg, CT¢ traverses node 2 and extends furthanput port on the access layer at node 1 to the output
to circuit L, until it arrives at node 3, where the granularityport on the access layer at node 3, shown in Fig. 8:
of the OXC (STS-1) is not coarser than that@fs (STS-1). CE(1,7,1,6,STS—1,1), GFE(1,STS-1), CE(1,6,3,6,
Now, CTg becomesCT(1,STS-1,3,STS—1,STS-1,1); STS-1,1),GFE(1,STS—1), and GDE(3,STS—1). Since
and circuit edgeCE, is replaced by two circuit edgesthere is no wavelength-link edge in the path, we do not
CE(1,6,2,5,0C-3,3) and CE(1,6,3,6,STS—1,1). need to set up any new lightpath; an intranode circuit
After routing Ty, circuit L, is decomposed into two cir- CTg = CT(3,STS—-1,3,STS—1,0C—-12,1) will be set
cuits: CT; = CT(2,0C-3,3,8TS—1,0C-3,3) and up because the path contains a grooming-port-associated
CTs = CT(2,0C-3,3,STS—1,STS—1,1). As CTg be- edgeGDE(3,STS—1). Hence, a new circuit edg€Egs =
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Node 1 Node 2 Node 3 Node 4
Access layer (o] 1]
STS-1 layer (‘o (0) ORO
0C-3 layer OO (Do) OXO) OXO.
Lightpath layer OXO) ORO OXO, ONO)
Trnspondertayer Y©) () oXO. oJO, 0J0
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Fig. 8. Corresponding auxiliary graph before routing the second traffic redyest
Node 1 Node 2 Node 3 Node 4
] ]
STS-1 layer ‘o (o) ONO) (D) 0)‘ () °)
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Fig. 9. Corresponding auxiliary graph after routing the second traffic request

CE(3,6,3,7,0C-12,1) isadded into the auxiliary grapfiz is  pends on the weight of each edge in the auxiliary graph. In order
carried by existing circuit€ T, = CT(1’,STS—1,1,STS—1, to choose a proper route for a connection, the weight function
STS—-1,1), CT¢ = CT(1,8TS-1,3,STS—1,0C—-1,1), should be carefully designed. If we assign the weight to each
and newly set up circui€Ty = CT(3,STS—1,3',STS—1, edge according to the cost of the corresponding component, say
0C-12,1). After carrying T>,CT, and CTg have no the weights of GFE are proportional to the cost of the corre-
free bandwidth left and the corresponding circuit edgesponding grooming fabric, the weight of a WCE is the cost of a
CE(1,7,1,6,STS—1,1) and CE(1,6,3,6,STS—1,1) are converter, the weight of a WLE is proportional to the cost of
removed from the auxiliary graph{CTy is decomposed the corresponding wavelength links, etc., the ARC algorithm
into two circuits: CT(3,5TS—1,3',STS—1,0C-3,3) and will choose the most cost-effective operation to route a connec-
CT(3,STS-1,3',STS—1,STS—1,2). Hence, circuit edge tion, under the current network state. After routing all the traffic
CEg is replaced by two circuit edgesSE(3,6,3,7,0C—-3,3) using the graph model, we can determine the virtual topology
and CE(3,6,3,7,STS—1,2). To carry Tz, nodes 1 and 2 and the induced topology, as well as the configuration of each
consume no new OXC porf; shares OXC ports with existing node, such as the number of OXC ports needed at each node.
traffic (11) at these two nodes. Node 3 uses one unused OXQn this network design problem, for a given traffic request,
output port to drogl’; and does not consume new OXC inpuhow to choose the type of OXCs appropriately at each node
port. Fig. 9 shows the updated auxiliary graph after carryirggong the route is a very important issue if there are mul-
the traffic demand’ andTs. tiple different types of OXCs at each node. A fixed weight

, ) function, which does not change the weights of the edges,
C. Weight Assignment cannot solve the problem. For example, if there is a connec-

Since the ARC algorithm applies the shortest-path algorithtion requestT’ (i, j, OC—48,1) and there are three type of

to compute the route for a connection request, the route d@XCs—OXCs with switching granularities STS-1, OC-48,
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and OC-192—available at an intermediate node along the pathere Cy, is per-port cost of OXQD, Ry, is the port rate of
computed for thd?, it may be more desirable to use the OX@XC O, andgo is the switching granularity of OX@©. Note

with OC-48 grooming granularity. However, if the bandwidtlihat the values oRRp, go, andg are in terms of the number of
requirement of’; is 2 x STS-1, the OXC with STS-1 groomingthe smallest timeslots the network supports.

granularity may become the best choice. If the weights of thelt is obvious that the switching cost not only depends on the
edges are fixed, the route for the connections will be the samert cost, but also depends on the bandwidth requirement of
Therefore, in order to intelligently choose the type of OXCshe connection, switching granularity of the OXC, and penalty
the weight of an edge may be different for different trafficatio. If we assign the weights of wavelength bypass edges and
requests, i.e., the weight function should be dynamic and traffiecooming fabric edges using the corresponding switching cost
requests should be one of the parameter for determining thentioned above, the weights of these edges will dynamically
weight function. change accordingly. If the penalty ratio is properly set, the

If the port cost of each type of OXC is known, the cost oARC algorithm can intelligently choose a suitable OXC for
switching a single timeslot within each type of OXC can be catonnections.
culated by dividing the port cost with port rate (in terms of the When determining the weights of the edges in the auxiliary
number of timeslots it can support.) To accommodate a conngcaph, we can also take into account load balancing. For ex-
tion, the number of timeslots required by the connection haaenple, if the load of a specific link is above some threshold,
to be switched at an OXC. The cost of switching these timesldtse weight for the wavelength-link edges representing the corre-
needs to be included in the total cost. Moreover, if the switchirgponding wavelength links can be increased to discourage con-
granularity of the OXC is coarser than that of the connectionections from using them. Also, per-port cost can change for
some additional timeslots may also have to be switched. Adach individual OXC as the number of ports used varies. This
though these timeslots are not taken by the connection and ceffects the facts that the per-port cost may be a function of the
be used to carry other connections, they lose some value becaige of an OXC because different sizes of OXCs may employ
they can only carry the connections which go to the same outplifferent architectures.

OXC port as the current connection since the switching fabric
is already configured. To discourage this from happening, sorge
penalty may apply in this situation.

Here is an illustrative example. Suppose the port costs of theThe ARC algorithm computes a route for a give traffic de-
OXCs with switching granularities STS-1, OC-48, and OC-19»and, based on the auxiliary graph, which has the capability
are 5, 4, and 1, respectively, and the port rates are all OC-12represent the case where there are multiple different types of
Then, the cost of switching a single timeslosjd 92, 1/48, and OXCs at a single node. By using the dynamic weight assign-
1/192. To carry a connectioff’(i, j, 0C—48, 1), nodei needs ment for the edges in the auxiliary graph, the ARC algorithm
to determine to which OXC it should add the connection. By agan choose suitable OXCs along the route for a traffic demand.
plying the method described above, we can get three cost valBé@sed on the ARC algorithm, we propose the network design

procedure as follows.
Costgrs—1(T) =48 x 5/192 = 1.25 (20) Step 1) Assume every node in the network has all types of
Costoc—ss(T) =48 x 1/48 = 1 (21) Step2) %XCS- t o - attc 4 using th
ep ompute a route for each traffic demand using the

Costoc—102(T) = 48 x 1/192 + § - (192 — 48) x 1/192 ARC algorithm, until all the traffic has been carried.
= 0.25 4 0.756. (22)  step 3) Determine the type of OXC at each node.

» Count the number of used ports of each type of

Network Design Framework

When using STS-1 and OC-48 grooming OXCs, there is no
penalty because no free timeslot is switched after carrying the
connection. However, if an OXC with OC-192 switching granu-
larity is used, 144192—48) free timeslots are switched, causing
some penalty. In (22}, is thepenalty ratiq which is defined as
the ratio of penalty for wasting a timeslot to normal cost for
a single timeslot. It is clear that OC-48 grooming OXC is the
best choice for this connection. In order to makestoc_4s
the least$ must be greater than 1. On the other hand, if penalty
ratio$ is given, we can determine which OXC has the least cost
for the connection.

In general, for a connectidfi(s, d, g, m), the switching cost
of T using an OXCO is

Costo(T) = CO].%&
0

Co-6(]g-m
+ Ro <[g—o—"!}o—g'm) (23)

OXCs at each node. L&)’ be the number of
used ports of OXC withj switching granularity

at node;.

For each type of OXC at each node, calculate
the number of OXC ports needed if all the traffic
going through this node is carried only by this
type of OXC. To calculate this number, we
use Port Conversion Ratid®CR’~*, which is
defined as the number of ports of OXC with
switching granularityk needed to replace one
port of OXC with switching granularity. For ex-
ample, to replace one port of OXCs with OC-192
or OC-48 switching granularity, one port of
STS-1 grooming OXC is enough as long as they
operate at the same port rate. On the other hand,
however, more than one OC-48 grooming port
may be needed to replace one STS-1 grooming
port since an OC-48 grooming port is not flexible
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as an STS-1 grooming port and may not groon J" \\\\\\\

the traffic as an STS-1 grooming port does. Wk N
can estimate the value of Port Conversion Rati
PCR’~* as follows. Assuming there is only one
type of OXCs (OXCs with switching granularity éf ....................................... -
J or k) in the network, route all the traffic de- s |
mands and count the number of the OXC port*®
needed in each case. The ratio of these numbe

is a good estimation of Port Conversion Ratio
Port Conversion Ratio is a parameter to the
design procedure and can be tuned to get bett
performance. Let)¥ be the calculated number
of ports of OXC with swithing granularity; at
node:, then

Fig. 10. The 26-node WDM backbone network.

Qf = ZQf -PCR/* (24)  of a traffic demand can be STS-1, OC-3, OC-12, 0OC-48, and
i 0OC-192, and the total traffic bandwidth requirement distri-
bution of these five granularities ig; : as : as : ay : as,
respectively. The traffic is uniformly distributed between all the
nodes. There are three types of OXCs, whose characteristics
ularity k. We choose at nodéthe type of OXC are shown in Table .I; these OX(_: types are chqsgn fpr this
study as representatives of the diverse characteristics in OXC

with swithing granularityk such thatQ* - Cy, is . ;

: . technologies. The per-port cost ratio of Type I, Type Il, and
he | Il th f OX
the least among all the types of OXCs at neéde Type Il OXCS i/, : fo : fs.

Step 4) Reroute all the traffic demands in the determineéfw h ; i f i0s. In S 01
network configuration and calculate the net- € compare the port Cost In four scenarios. In scenario 4,

work-wide OXC port cost. there is only a Type | OXC at each node; in Scenario 2, only

In Step 2, traffic demands are routed one by one. The orderTiWOe Il OXCs are deployed in the network; and in Scenario

which the requests are routed will affect the results. There aiﬁeaCh node_ only has a T){pe_tIIIhOXC. The netvvlorkss n th(_ase4
several traffic-request-selection schemes proposed in [1],th €€ scenarios are granuiarity-nomogeneous. in scenario 4,

can be employed here. One of the schemes is maximum utili é’l-gh node ﬁan Odn_#' emtploy one} g’gg of O;(; butn?liﬁelz(renﬁ
tion first (MUF), which selects the connection with the highe odes may have ditierent types o S, and th€ network wi

utilization. Here, utilization is defined as the total amount of th e granularity-heterogeneous network. We use the network

request divided by the number of hops from the source to t SSi?n fra;ng\;(vco:rk tdesc;ibed q in SZCtiﬁnthIV'Dt to det]?rcr)n)i(rg:e
destination on the physical topology. We choose MUF in stdfe pe ot & at each node, and afl fhree 1ypes o S
2 because it has been shown in [1] that MUF has good perf an co_eX|st in the network. In the e>_<per|ments reported here,
mance and scalability. theratioofa; : s : a3 : ag : a5isd : 1 :1:3: 3,

The running time of network design procedure is dominaté%hi.Ch iS. based on the projected traffic distribution of a typical
by Step 2. Suppose there dperaffic demands, and the runningn"’monwIde WDM backbone network, and th? per-port cost
time of the ARC algorithm ig)(A), then running time of de- ratlo/il :fy:faisl:3: 4. Note that these ratios are sample
sign procedure i©(D log D + DA). Please see Section [V-A1 inputs to our network design procedure, and more-accurate

for the detailed information about the running time of the AReata_"_ when avai_lable, can be plugge_d into _our modgl. I_n
algorithm. addition, the weights of wavelength-link edges and circuit

Note that, in Step 2, for each traffic demafds, d, g, m), edges represer)ting lightpaths are ten and one, r_espec.tivelly; _the
we apply the ARC algorithm. Let denote the value réturnedwe'ght of th? circuit edge; representln.g the dgnve_d cireults Is
by the ARC algorithm. Itz > 0, we need to compute anotherthe sur_nmatlon of th_e Welgh_t of the circuits it derived from;
route for7'(s,d, g, x) to satisfy the bandwidth requirement. Ifthe weight of grooming fabric gdges and wavelength _bypas_s
x = —1, it means the traffic cannot be accommodated in t ges dynamically change using the method described in

network. In this case, the operator may need to reconfigure .SC“O” IV-C; the penalty ratith) is 10 and port conversion ra-

STS—-1—-0C—-192 STS—1—-0C—48
network to add more resources, and then restart the netw§ﬂ§ POR . andPCl_% oc_fsrf(?(}%ggd
design procedure .63 respectively. Port conversion ratldCR

can be derived a$.3/1.6 = 3.3. Note that port conver-

sion ratios PCROC19270C~48 poRrOC-192=5T5-1 " 4nq

V. NUMERICAL EXAMPLES AND DISCUSSION PCROC—48—STS-1 gre set to 1 because the port rates of
We conducted simulation experiments of the above desidifferent OXCs are the same and one OXC port with finer gran-

principles on a typical nation-wide backbone network. Thelarity can replace only one OXC port with coarser granularity.

topology is shown in Fig. 10. It has 26 nodes and 40 bidirec-

tional links. Each link has 50 wavelengths and the capacity Oy experimented with other combinations of these parameters and found

a wavelength channel is OC-192. The bandwidth granularifyese choices of values to perform the best for this example.

» SupposeCy, is the per-port cost of OXC with
swithing granularityk, thenQ¥ - Cj, is the port
cost at node using an OXC with swithing gran-
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TABLE |
COMPARISON OFTHREE TYPES OFOXCs
Switching | Grooming | Capacity of the | Grooming | Need transponders
OXC technology | capability? OXC port granularity | for bypass traffic?
Type 1 000 No OC-192 N/A No
Type I OEO Yes 0C-192 0C-48 Yes
Type 111 OEO Yes 0C-192 STS-1 Yes
4500 1
4000 OC-1 port cost 09 1
3500 B OC-48 port cost | | 08
3000 OO0C-192 port cost .5 0.7
g 2 06 |
S X
£ 2500 - E=
2 Zo0s |
= 2000 —— =
S % 04 | —
1500 =
=03 |
1000
0.2
300 0.1
0 , l
0C-192 0C-48 STS-1 Mixed 0C-192 0C-48 STS-1 Mixed
OXC granularities OXC granularities
Fig. 11. Comparison of total port cost in the four scenarios. Fig. 13. Comparison of the lightpath utilization in the four scenarios.
1600 ) - ) .
the OXCs do not have grooming capability, the lightpath utiliza-
1400 tion is very low (6.5%) and 3822 OXC ports are used, resulting
B # of transponders used in highest total port cost despite the lowest per-port cost. In ad-
1200 , dition, this scenario uses the largest amount of wavelength-links
O# of wavelength-links used | . :
R | to carry all the traffic. In Scenario 3, although the per-port cost
1000 of the type of OXCs used is the highest, the total port cost is less
5 than thatin Scenarios 1 and 2. This is because Type Il OXCs can
E 800 efficiently pack low-speed connections onto high-speed wave-
Z length channels, making the lightpath utilization relatively high
600 (86%). Hence, the total number of OXC ports (334WDM
transponders used (160), and wavelength-links used (160) are
400 lower than those in Scenarios 1 and 2.
However, there is still room for improvement. For instance,
200 not all of the nodes need such high flexibility in grooming
.:l i:] fabric; some nodes may achieve similar performance with

0C-192 OC-48

STS-1 Mixed

OXC granularities

coarser grooming granularity or even no grooming capability,
with the coordination of other nodes, thus, further reducing the
cost. This can be observed in Scenario 4. In this scenario, we

Fig. 12. Comparison of number of transponders and wavelength-links used00se an appropriate type of OXC for each node. Compared

the four scenarios.

with Scenario 3, although more OXC ports may be used, the
total port cost and the number of transponders used in the

Fig. 11 shows the total port cost, which is normalized by tHtwork are reduced about 33% and 23%, respectively, at
per-port cost of all-optical OXCs, in the four scenarios; Fig. 181€ Price of using more wavelength-links and lower lightpath
shows the number of transponders used and wavelength-likéization. This is because some Type Il OXCs at some nodes
used in the network; and Fig. 13 shows the lightpath utiliz&® replaced with Type | and Type Il OXCs, which have lower
tion in the four scenarios. For the given traffic distribution anBer-port cost than Type Iil, and Type | OXCs do not need
port cost ratio, the total port cost of the network in Scenarff@nsponders for bypassing traffic.

1 is the highest, followed by the cost in Scenarios 2 and 374y port cost for Scenario 85TS—1 OXC) = 1576; per-port cost
and Scenario 4 achieves the lowest port cost. In Scenario 1, singg = 4; sonumber of ports = 1576/4 = 394.
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VI. CONCLUSION

We investigated the problem of designing a WDM back
bone network which may consist of OXCs with differen
switching granularities. Our objective was to minimize th
total network-wide OXC port cost. We found that, in a gran
ularity-heterogeneous network, routing traffic on the virtue
topology can result in additional connectivities between node
which form an induced topology above the virtual topology
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