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Abmac&We employ a new, generic graph model for dynamic As the network state changes, the obiective may also need to - 
grooming in WDM mesh network The novelty Of this 

Inodd is Of an aurllbV graph 
created by the model and the weights of these edges, the model 
can achieve various objective nsing different grooming policled, 
while hkng Into account various constraints Based on the auxil- 
iary graph, we develop a dynamic mlsc-groomlng algorithm. Dif- 

finceons asalgnea to the edges la the we plo- 

change. Dynamically evolving the grooming policy according 
to &e network sate is a challenge for traffic grooming. 

The WDM backbone network is expected to emerge as a 
multi-vendor, heterogeneous mesh network. n e  nodes in tbe 

pability. Meanwhile, different node architectures may have full 

O n l y  maubnlnting the 

ferent grooming be by network may have full, partial, or no wavelength-conversionca- 

pose four firei grooming policies and an Adaptive G-mming Pol- 
ley (AGP), and our results show that AGP onQerforma the fired 
grooming policies. 

I. INTRODUCTION 
As wavelength-division multiplexing (WDM) technology 

continues to mature, there exists a large gap between the capac- 
ity of a WDM channel (e.g., OC-48, or OC-192, or OC-768) 
and the bandwidth requirement of a typical connection request 
(e.g., STS-I, OC-3, OC-12, etc.). Tra5c gmoming refers to 
the problem of efficiently multiplexing a set of low-speed con- 
nection requests onto high-capacity channels and intelligently 
switching them at intermediate nodes. Past research on traf- 
fic grooming have focused mainly on SONETNDM ring net- 
works [I], [2]. As optical WDM backbone networks migrate 
from rings to meshes, traffic grooming on WDM mesh net- 
works becomes an important research problem [3], [4], [SI. 

The traffic-grooming problem can be formulated as follows 
[3]. Given a network configuration and a set of connection re- 
quests with different bandwidth granularities, we need to deter- 
mine how to set up lightpaths to satisfy the connection requests. 
Because of the sub-wavelength granularity of the requests, one 
or more connections can he multiplexed on the same lightpath. 

In dynamic traffic grooming, the connection requests arrive 
one at a time with different starting time and holding period. 
The objective is to minimize the network resources used for 
each request, which implicitly attempts to minimize the overall 
blocking probability. 

When a connection request arrives, the network operator 
should determine the following: (1)'Should this mnnection be 
routed on the current set of lightpaths, i.e., virmal topology, if 
it is possible to do so? (2) How to change the virtual topol- 
ogy to accommodate the connection? Different decisions on 
these questions reflect the intentions of the network operator, 
and referred to aspomingplicies .  By using different groom- 
ing policies, a network operator can achieve various objectives. 

This work has bom supported by the National kicncc Fnmdation (NSF) 
under Orant Nos. NCR-9508239 and AM-9805285, and by Spim Advaoced 
Technologj Laboratories. 

grooming, partial grooming (grooming with some constraints), 
or no grooming capabilities. These scenarios should be consid- 
ered when solving the traffic-grooming problem. 

In this work, we employ a novel graph model for dynamic 
traffic grooming in a WDM mesh network. The model consists 
of an auxiliary graph and a dynamic traffic-grooming algorithm. 
Various network constraints, such as the number of transceivers 
at each node, the number of wavelengths on each fiber-link, 
wavelength-conversion capabilities and grooming capabilities 
of each node, are iepresented by different edges in the auxil- 
iary graph. An on-line grooming algorithm is developed based 
on the auxiliary graph, which applies a shortest-path routing al- 
gorithm to the auxiliary graph for each traffic demand and up- 
dates the auxiliary graph accordingly. This model can achieve 
various objectives under different grooming policies. Instead 
of designing a route-computation algorithm for each p m -  
ing policy, simple shortest-path route-computation algorithms 
can be used to achieve various objectives by wefully choosing 
the weight functions for the edges in the auxiliary graph. We 
propose four different fixed grooming policies and an Adap- 
tive Grooming Policy (AGP), which dynamically adjusts the 
weight functions of the edges in the auxiliary graph according 
to the current network state, and compare the performances of 
the grooming policies. 

In [SI, we first proposed this novel graph model and studied 
static traffic grooming using this model. In OUT present work, 
we use this graphmodel to solve the dynamic traffic-grooming 
problem and evaluate the performance of different fixed groom- 
ing policies under dynamic environment. Another contribution 
of our present work is the new AGP proposal. 

The paper is organized as follows. In Section II, we demon- 
strate how to construct an auxiliary graph according to the net- 
work state [SI. Based on the auxiliary graph, a dynamic traffic- 
grooming algorithm is proposed in Section III. Four fixed 
grooming policies are proposed in Section IV and their perfor- 
mance is compared through numerical examples in Section V. 
We propose AGP and compare it with the fixed grooming poli- 
cies in Section V. Section VI concludes the paper. 
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11. CONSTRUCTION OF AN AUXILIARY GRAPH layer I if there are transmitters available on wavelength X I  
at node i. 
Receiver Edges &E). There is an edge from the input 
port on wavelength layer I to the input port on the access 
layer if there are receivers available on wavelength X I  at 
node i. 
Converter Edges (CvtE). There is an edge from the input 
port on wavelength layer 11 to the output port on wave- 
lengthlayerlz atnodei ifwavelengthhl, canbeconverted 
to wavelength X I ,  at node i. 

(.) . Wuwlength-LinkEdges (WLE). There is an edge from the 

In order to solve the dynamic-grooming problem, we first 
an auxiliary graph am*g to the given rtetwork 

configuration (This material was introduced in [5]  and nzpated 
here for completeness.) 

Nodr 0 

output port on wavelength layer 1 at node i to the input 
port on wavelength layer I at node j if there is a physical 0 4 

2, bra link from node i to node j and wavelength XI  on this link m m  is free. - - 
( b l  ( C l  

Fig. 1. (a) Physical topoloey of Nctworlr 1. @) Vhd toplogy 0f”etWmlr 
1 .  (c) Auxiliary graph of N m r k  1. 

An illustrative example is shown in Fig. 1. In order b) make 
the auxiliary graph clear, we choose a very simple network 
topology. Network 1 (Fig. I(a)) is a three-node netwoik with 
four unidirectional fiber-links, each of which has two wave- 
lengths. All nodes are assumed to have grooming fimc:tional- 
ity. Node 0 has wavelength converters with full wave:length- 
conversion capability, node 1 has no wavelength converter, and 
node 2 has wavelength convertem that can only convert X 1 to 
X a .  Initially, there is no lightpath in the network, so the1.e is no 
edgeintheviaualtopologyofNehvork 1, asshowninFil:. l(b). 
An auxiliary graph is constructed as in Fig. 1 (e). 

In general, a network can be represented by a graph 
Go(Vo,&), where V, and are its node set and link set, 
respectively. We wnsmct the wrresponding auxiliary graph 
G(V,E) with vertex set V and edge set E. Assuming that 
each l i  has W wavelengths, XI through Xw, G(V, E) is con- 
structed as follows. 

Auxiliary graph G is a layered graph with (W + 2) layers. 
Layers 1 through W denote the W wuvelength layers, layer 
(W + 1) is called the lighfpth layer, and layer (W -1 2) is 
called the uccess layer, where a eaffic flow starts and termi- 
nates. Each node has two ports on each layer, denoted by two 
vertices, an input port (a vertex marked with “I”) and in out- 
put port (a vertex marked with ‘0’’). The edges are inserted in 
auxiliary graph G as follows. 

Wavelength Bwass Edges W E ) .  There is an edge from 
the input port to the output pori on each wavelengh layer 
at node i. 
Gmmhg Edges (GnnE). There is an edge from th,: input 
port to the output port on access layer at node i if no& i 
has grooming capability. . Mur Edges (Md). There is an edge f” the output port 
on the access layer to the output port on the lightpath layer 
at each node. . Demur Edges (DnuE). There is an edge from tht: input 
port on the lightpath layer to the input port on the access 
layer at each node. . Transminer Edges (TxE). There is an edge from the output 
port on the access layer to the output port on wavelength 

Lightputh Edges W E ) .  There is an edge from the output 
port on the lightpath layer at node i to the input port on the 
lightpath layer at node j if there is a lightpath from node i 
to no& j .  There is no such edge in Fig. I(c) because there 
is no lightpath set up yet. 

Each edge in the auxiliruy graph G has a property tuple 
P(c, w )  associated with it, where c denotes the capacity of this 
edge and w denotes its weight. For a wavelength-link edge, 
its capacity is the capacity of the corresponding wavelength on 
the corresponding link. For a lightpath edge, its capacity is the 
residual capacity of the corresponding lightpath. For all the 
other types of edges, we set the capacity to 03. The weights of 
edges can reflect the cost of each network element (transceiver, 
wavelength-link, wavelength converter, etc.), and/or a certain 
grooming policy. The weights can either be fixed, or he ad- 
justed according to the current network state. A fixed weight 
assignment reflects a fixed grooming policy, while an adjustable 
weight assignment reflects an adaptive grooming policy. 

From the above procedure, it should be clear that the aux- 
iliary graph reflects the current state of the network, and the 
network can be heterogeneous, with different nodes having dif- 
ferent resources and capabilities. 

111. DYNAMIC TRAFFIC-GROOMING ALGORITHM 
B a d  on the auxiliary graph, we develop a dynamic- 

grooming algorithm. The input includes the initial network 
state and a set of traffic demands, each of which bas dif- 
ferent arrival and departure time, and can be represented by 
T ( s , d , g , m ) ,  where s and d are the source and destination 
nodes, respectively; g is the granularity of the traffic demand, 
for instance, OC-48; and m is the amount of the traffic in units 
of g. The algorithm works as follows. . Initialization: 

Construct the corresponding auxiliary graph G according 
to the initial network state. 
When a connection request T arrives: 

Step 1 Compute the shortest path p from the output port 
on the access layer of the source to the input port 
on the access layer of the destination of T on 
graph G.  If such a path does not exist, block the 
traffic demand; otherwise, continue with the fol- 
lowing steps. 
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Step 2 Ifp contains wavelength-link edges, set up one or 
more lightpaths going through the corresponding 
wavelength-links. 

Step 3 Route T along the pre-existing lightpaths in p 
andor lightpaths newly set up according top. 

Step 4 Update graph G as follows: 
- For each newly setup lightpath, a lightpath 

edge from the output port of the starting node 
of the lightpath to the input port of the ending 
node of the lightpath is added on the lightpath 
layer. 

- The wavelength-link edges used by the light- 
path are removed from the wrresponding 
wavelength layers. 

- If there is no more transminerlreceiver avail- 
able at node i on wavelength X I ,  the cor- 
responding transmitterheceiver edge will be 
removed from G, i.e., this node cannot 
sourcdsink a lightpath on wavelength X I  any 
more and can only be bypassed by a lightpath. 

- If there is no more wavelength converter which 
can convert wavelength XL, to wavelength XI, 
available at node i, the converter edge will be 
removed from G. 

- Update the property tuple P(c,w).  of the 
edges. For the lightpaths carrying the traffic 
T, the capacities of the corresponding light- 
path edges are decreased by the amount of the 
carried traffic. How to update the weights of 
the edges in the graph is determined by the 
grooming policies, which will be addressed in 
Section IV. 

When a connection terminates: 
Step 1 Remove the traffic from the network. 
Step 2 Tear down all the lightpaths that do not carry any 

traffic. 
Step 3 Update graph G by applying the reverse of the 

update method used in Step 4 above. We omit the 
details for terseness. 

In the algorithm, a connection request is muted according to 
the shortest path from the source to the destination in the auxil- 
iary graph. Therefore. the weights of the edges in the auxiliary 
graph will determine how to carry a connection in the network. 
Different weight settings will achieve different objectives and 
network performance. 

IV. GROOMING POLICIES 
A grooming policy determines how to carry the traffic in a 

certain situation. In general, for a traffic demand T(s ,  d, g, m) 
in a network, there are four possible operations that can be used 
to carry the traffic without altering the existing lightpaths. Note 
that we do not consider reconfiguring existing lightpaths b e  
cause, then, the traffic on the network would be intermpted. 

Ojwration I: Route the traffic onto an existing lightpath 
directly connecting the source s and the destination d. 
Operation 2: Route the traffic through multiple existing 
lightpaths. 

Operation 3: Set up a new lightpath directly between the 
source s and the destination d and route the traffic onto 
this lightpath. Using this operation, we set up only one 
lightpath if the amount of the traffic is less than or equal to 
the capacity of the lightpath. 
Operation 4 Set up one or more lightpaths that do not di- 
rectly connect source s and destination d, and route the 
traffic onto these lightpaths and/or some existing light- 
paths. Using this operation, we need to set up at least one 
new lightpath. However, since some existing lightpaths 
may be utilized, the number of wavelength-links used to 
set up the new lightpaths could be less than the number 
of wavelength-links needed to set up a lightpath directly 
connecting source s and destination d. 

Each operation has certain prerequisites for it to be applied. 
For instance, if there is no lightpath between the source and the 
destination that can accommodate the traffic, then Operation 1 
cannot be used. In some situations, all the operations are appli- 
cable, while in other situations, only some of them are. If none 
of them can be applied, the traffic must be blocked without re- 
configuring the existing lightpaths. 

In a situation where multiple operations can be applied, how 
to choose the appropriate operation is a matter of the grooming 
policy. By combining the various operations in different prior- 
ity order, we can achieve different groomingpolicies. 

Below, we present four different grooming policies. 
Minimize the Number of Trofic Hops on the Kmal Topol- 
ogv (MinTHv). 
We fvst use Operation 1. If Operation 1 fails, we always 
try to set up a lightpath from s to d and mute the traffic 
onto this lightpath (Operation 3). Only when such a direct 
lightpath cannot be set up, we use multi-hop grooming by 
either Operation 2 or Operation 4, and choose the one with 
fewer hops on the virtual topology (number of lightpaths). 
This policy chooses the mute with the fewest lightpaths 
for a connection. . Minimize the Number of Trafic Hops on the Physicol 
Topologv (Min THP). 
We compare the number of wavelength-links used by all 
the four operations and choose the one with the fewest 
wavelength-links. 
Minimize the Number o f L i g h p t h  (UinLP). 
This policy is similar to MinTHV but it tries to set up the 
minimal number of new lightpaths to carry the traffic. Op- 
eration 1 is attempted first. If it fails, we try to mute the 
traffic using multiple existing lightpaths (Operation 2). If 
Operation 2 also fails, we try to set up one lightpath with 
the minimal number of wavelength-links either by Opera- 
tion 3 or Operation 4. If such a lightpath is not feasible, 
we go with Operation 4 and set up two or more lightpaths. 

This policy is similar to MinTHP but it tries to con- 
sume the minimum numberofarra wavelength-links, i.e., 
wavelength-links not being used by any lightpaths for now, 
to carry the traffic. The difference between MinLP and 
MinWL is that, if both Operations 1 and 2 fail, MinWL 
compares the number of wavelength-links used by Op- 
erations 3 and 4, and chooses the one requiring fewer 

Minimize the Number of Wavelength-Link (Min WL). 
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wavelength-links; MinLP, on the otherhand, compares the 
number of lightpaths used by Operations 3 and 4, cliooses 
the one requiring fewer lightpaths, and uses the nuniher of 
wavelength-links for tie-breaking. 

Our graph model can easily implement these grooming poli- 
cies by applyingdifferent weight-assignment functions. We call 
an edge in an auxiliary graph the dominant edge if this edge sat- 
isfies the following condition: if a path p 1  in the graph contains 
more of this kind of edges than another pathpl, then the weight 
ofp, is always larger than that ofpz. Here, the weight ol'a path 
is the summation of the weights of the edges it traverses. To 
achieve MinTHV, we just need to make GrmEs the dominant 
edges. To achieve MinLP, we should make TxEs and RxEs the 
dominant edges. To achieve MinWL, WLEs should be this dom- 
inant edges. In all the above three policies, the weight of the 
LPEs is k e d  and less than that of WLEs. To achieve MinTHP, 
we also make WLEs the dominant edges. In addition, a LPE 
is considered as a concatenation of WLEs whose correspond- 
ing wavelength-links are used by the lightpath represented hy 
the LPE in the auxiliary graph, and the weight of a LPE: is the 
summation of the weight of those WLEs. 

In dynamic grooming, the network state changes as camnec- 
tion requests come and go. To achieve good performance, the 
grooming policy should be adjusted according to the current 
network state. For instance, if transceivers are becoming the 
more scarce resource, we should make full use of existin]: light- 
paths to accommodate the new traffic and avoid setting iip new 
lightpaths. This requirement can be easily satisfied by niodify- 
ing the weights of edges according to the current network state. 
This capability of easily adjusting grooming policies makes the 
graph model very suitable for dynamic traffic grooming. 

V. NUMERICAL EXAMPLES 

We compare the performance of different grooming poli- 
cies on the network topology shown in Fig. 2, which has 19 
nodes and 31 links. All the nodes have grooming capability 
but no wavelengthanversion capability. Each link is bidirec- 
tional with W = 16 wavelengths in each direction, and each 
wavelength has a capacity of OC-192. The traffic arrival is a 
Poisson process and the connection holding time is ex.ponen- 
tially distributed (whose average value is normalized to unity in 
our studies repoaed here). The traffic is uniformly distributed 
among all node pairs. There are four types of connection re- 
quests: OC-3,0C-I2,0C48, and OC-192, and the proportion 
of the number of these connections is 6:6:6:1. For a connection 
requestT(s,d,g,m),m,theamountofthetrafficinunitofg,is 
uniformly distributed between 1 and 32,l  and 16,l  and 8, and 
1 and2 forOCJ,OC-12,0C-48, andOC-192typesofconnec- 
tions, respectively. We simulate 100,000 connection requests to 
obtain the network performance under a certain scenario and 
a grooming policy. We ran our simulation experiments on a 
Linux PC with a 1.5-GHz Pentium IV processor and 512-MB 
memory. Each data point reported in the illustrations in this 
section took between 6-9 minutes of running time on this com- 
puter. 

Table I shows the average utilization of wavelength-links 
(UW) and the average utilization of transceivers (UT*) when 

Fig. 2. A l9-nade telee~m network 

TABLE I 
AVERAGE UTILIZATION OF WAVELENGTH-LINKS AND TRANSCEIVERS 

WHEN W = 1 6 A N D  L=300ERLANGS. 

the network load L is 300 Erlangs. When each node bas only 
16 transceivers, the utilization of transceivers is very high since 
they are the more constrained resources. When there are 32 
transceivers at each node, the utilizations of both transceivers 
and wavelengths are quite balanced and high as well. If there 
are 40 transceivers at each node, we have relatively more 
transceivers; hence, wavelength-links become the more con- 
strained resources, so the utilization of the transceivers is rel- 
atively lower. 

Figure 3 shows the network performance under different 
grooming policies with Tz = 32 transceivers at each node. 
We observe that, as the network load increases, the percent- 
age of blocked traffic also increases, but different grooming 
policies have different blocking prohabilities. Grooming pol- 
icy MinTHV performs best, followed hy MinTHF', MinLP, and 
MinWL in sequence. 

when we alter the network configuration by adding more 
transceivers at each node, the performance of each of the poli- 
cies also changes, as shown in Fig. 4. In this scenario, each 
node has 40 transceivers instead of 32. We observe that, now, 
MinTHF' outperforms MinTHV and achieves the best results, 
and MinLP becomes the poorest-perfomingpolicy. This is he- 
cause, in this network configuration, there are relatively more 
transceivers in the network so that wavelength-links become 
the more constrained resources. Recall that MinTHP utilizes 
wavelength-links more efficiently than other policies; hence, it 
performs the best in this case. 

Another observation from both Figs. 3 and 4 is that MinTHV 
and MinTHP always perform better than MinLP and MinWL in 
terms of percentage ofblockedtraffic. This is because MinTHV 
and MinTHP examine the overall resource requirement of a 
given connection, while MinLP and MinWL only consider the 
new lightpaths to be set up or the extra wavelength-links used 
by these new lightpaths while setting up the connection. There- 
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Fig. 3. Pmcntsge of  blwked wffic when Tz = 32 

Fig. 4. Poerrwge of blaked traffic whm Tz = 40. Fig. 6. Palormanee of AGP when Tz = 40 

fore, MinTW and MinTHF' are more resource-efficient. 
From the above results, we can observe that different groom- 

ing policies have different performance under various network 
configurations, which suggests that a grooming policy should 
be adjusted according to the current network state. 

Policy (AGP) achieves the best results under different network 
confifirations. 

VI. CONCLUSION 

In this study, we used a novel graph model for dynamic traffic 
moomine in a WDM optical mesh network. We proposed four 

A. Adaptive Grooming Policy (AGP) different-hed grooming policies and an Adaptive Grooming 
Policy (AGP). Our results show that different grwming poli- 

Since MinTHV performs best when transceivers are the more 
constrained resources and MinTHP gives the best results when 
wavelength-links become more scarce resources, we try to uti- 
lize the advantages of these two grooming policies by wm- 

cies have various performance under different network config- 
urations and AGP can achieve the best performance. 
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stare. 
We use the ratio of the number of unused wavelength-links in 

the network to the total number of available transceivers at all 
nodes as an indicator of the network state. If the ratio is larger 
than AI, MinTHV will be used to avoid setting up lightpaths 

the policy will not be changed. 
For our numerical examples, we report results for A 1 = 1.2 

and A2 = 1.0. (We experimented with other combinations of 
these two parameters, and found these choices of values to per- 
form the best for the network topology in Fig. 2.) Our results are 
shown in Figs. 5 and 6. We observe that the Adaptive Grooming 
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