
Abstract-- We propose a framework for decentralized path selec-
tion and on-demand wavelength channel provisioning in WDM 
networks with routing constraints. Within this framework, the 
path information of choice, such as transmission quality, reliabil-
ity, policy and traffic conditions, is updated following a connec-
tion request, based on a local, autonomous and service-
differentiated characterization of optical network elements. It is 
this local and autonomous network state information that makes 
our approach particularly suitable for distributed implementa-
tion, and applicable to optical network architectures and control 
protocols that support service level guarantees. To illustrate this, 
we study mesh networks consisting of transparent, short-reach 
networking segments interconnected by long-reach WDM links 
with electronically regenerative gateways, where different link 
types show different SNR degradation, reliability and delay. On 
the example of electronically regenerative gateways, we address a 
new class of constraint-based path selection problems, where a 
certain a type of network element can at the same time deterio-
rate and improve network performance; e.g. electronic regenera-
tors improve optical path quality and can adapt to wavelengths, 
but induce delays or operational costs.  The performance study 
has shown the capability of our methods to accommodate arbi-
trary number and type of optical path properties, related to dif-
ferent network architectures and services.  
 

A. INTRODUCTION 
The recent emerging of high bit-rate IP network applications 
is creating the need for on-demand provisioning of wave-
length-routed channels with service-differentiated offerings 
within the transport layer. To fulfill these requirements, differ-
ent optical transport network architectures have been pro-
posed, driven by fundamental advances in WDM optical tech-
nologies. The availability of ultra long-reach transport and all-
optical switching has enabled the deployment of all-optical 
networks. However, due to the lack of all-optical signal regen-
eration, accurate engineering of analogue WDM spans be-
comes critical. With dynamic wavelength routing, different 
paths are likely to show different performance in terms of 
transmission quality due to the additive nature of signal de-
gradations, making the provisioning of on-demand wavelength 
channels in all-optical (transparent) networks a challenging 
task.  
On the other hand, optical network architectures that include 
electronic regeneration at each switching node (referred to as 
opaque optical networks) resolve the problem of traffic im-
pairments but impose different sets of limitations to the wave-
length-routed channels. In fact, although electronic regenera-
tion simplifies the WDM span design and resolves wavelength 
continuity constraints, it also adds delay, can significantly 
reduce the connection (and network) reliability and increase 
operational costs. For these and other optical transport net-
work architectures, as well as for multi-vendor environments, 

the availability of routing information for efficient protocols 
will be critical to enable dynamic and service-differentiated 
wavelength provisioning. Moreover, to ensure common con-
trol platforms with the higher layer networks control (as dis-
cussed in context of GMPLS [1]), new approaches to path-
selection computation among the intermediate nodes between 
source and destination are needed.  
In this paper, we propose a generic approach to a decentral-
ized, on-demand provisioning in fully or partially electroni-
cally regenerative, constraint-based routed, multi-service 
WDM networks. More precisely, we try to solve the multi-
constraint, QoS-routing problem based on the availability of a 
local rather than global network state information, which we 
believe to be the first attempt to control the amount, type and 
distribution of wavelength routing information in a decentral-
ized fashion. Furthermore, we address a new class of con-
straint-based path selection problems, namely those consider-
ing network elements which at the same time deteriorate and 
improve performance; e.g. electronic regeneration improves 
the transmission quality of optical paths, but it may induce 
delays or higher operational costs. In previous research on 
constraint-based wavelength routing the use of el. regeneration 
has been shown difficult to resolve with standard graph-
theoretical methods, owing to the negative weights, which are 
necessary if improvement in transmission impairments is the 
optimization objective [2, 3]. The method presented here 
overcomes these problems due to its property of concurrent 
handling of arbitrary number and type of routing metrics, of 
which the correctness depends only on network elements lo-
cally. We have simulated ring, mesh-torus and full-mesh 
WDM networks consisting of transparent, short-reach net-
working segments interconnected by long-reach WDM links 
with electronically regenerative gateways, where different link 
types (e.g. short-reach, long-reach) show different SNR deg-
radation, reliability and delay. We show that decentralized 
QoS-based wavelength routing is of particular importance in 
the case of multi-service networks, where the need for service-
differentiated attributes may significantly affect the amount, 
type, and state of routing information.  
 

B. NETWORK MODEL 
The method presented here relies on autonomous and service-
differentiated characterization of optical network elements [2]. 
We use the term network element (NE) in a broader sense: it 
stands for any autonomously manageable physical resource or 
a group of physical resources along wavelength-routed paths 
(e.g. fiber amplifiers, regenerators, nodes, etc.) that might 
affect the wavelength channel performance associated with a 
certain optical network service. We particularly concentrate 
on the locally maintained network state information, which 
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would enable a simple and robust path selection in arbitrary 
network architectures, such as all-optical as well as fully or 
partially electronically regenerative. This local network state 
information is related to the attributes of optical paths, an ex-
ample of which may be transmission quality, reliability, rout-
ing policy and traffic conditions. Based on this local network 
state information a choice among different feasible paths is 
made at destination, according to service-level agreements and 
optical network operational objectives. 
 
1st. Local network state information 
We model WDM network as a graph G(V,E), with a set of 
vertices V, corresponding to the number of nodes N, and uni-
directional edges E,  corresponding to the set of WDM links 
L, where for every vi, vj�V, there is maximally one directed 
edge between vi and vj, so that (vi, vj)�L. For this network, a 
pool of wavelengths per link �={�1,�2, ...,�F}, and an optical 
network service set S={S1,S2,...SP} is defined1.  We consider 
the total number of network elements H, where 

� ��

LN T

khH:
,

, k=1,2…T, hk referring to type k of a net-

work element (NE) within a node N or link L from G. For 
simplicity, a network element associated with a node or link 

from G is denoted as LN
kh , , k=1,2,…T, for example 1

1
Nh  be-

ing transmitter (Tx) at N1, 2
1
Nh being Tx at N2, 2

2
Nh being re-

ceiver (Rx) at N2, 2
5
Lh being fiber amplifier at L2, etc. Upon a 

request for a wavelength-routed connection, all NEs relevant 
to the requested service type, up to LT+NT totally, will be 
considered. For the purposes of path selection, each NE is 
characterized by the so-called Service-specific Wavelength Set 
(SWS) and Local Network State Information,�a. 
 
Definition 1. Service-specific Wavelength Set (SWS) 
For each network element LN

kh , , k=1,2,..T, we define a Ser-

vice-Specific Wavelength Set, �SWS[Sr, 
LN

kh , ]��, such that by 

allocating a wavelength �m��SWS on that network element, the 
on-demand (requested) optical network service Sr�S, 
r=1,2,..P, can be provisioned with sufficient quality in terms 
of service-level agreements.  
                                                                                              
The above definition assures that for a demanded service, the 
wavelength routing will consider only the wavelengths from 
the corresponding �SWS on a certain NE. For example, if ser-
vice S1 is demanded and �SWS of that service at the network 
element “Transmitter (Tx)” is �SWS[S1,Tx]={�6, �7}, for ac-
commodation of services S1 with quality guarantees, only 
these two wavelengths are considered for wavelength routing 

                                                           
1 We keep to the definition of optical network service to be the set-
up of optical paths for different optical network clients, e.g. SDH or 
IP, such that the optical QoS is guaranteed [3]. The optical service-
level guarantee is achieved by appropriate allocation of particular 
wavelengths on concatenated physical resources, i.e. from transmit-
ters via fibers and nodes to receivers, by which service-differentiated 
requirements on transmission quality, restorability, policy, etc. are 
taken into account.  
 

at Tx. This rule obviously holds even if the tuneable range of 
this transmitter included more wavelengths, e.g. {�1, �2, ...�8}; 
here, other available wavelengths may be either better suitable 
or pre-reserved for other service types offered in this network. 
Note that for wavelength continuous network elements, the 
choice of wavelengths to be allocated may be further con-
straint to compatible wavelengths on the incoming and outgo-
ing links of that network element.  
 
Definition 2. Local Network State Information 
For each network element LN

kh , , k=1,2,..T, relevant to the 

performance of the on-demand service Sr�S, r=1,2,..P, there 
exists a local network state information represented as 

�a[ LN
kh , ,Sr,�i], if and only if �i��SWS[Sr, 

LN
kh , ].  

 
The local network state information�a generally assigns sev-
eral components (metrics) related to the network element 

LN
kh , and wavelength �i. For example, for a certain service 

type, e.g. S1, the wavelength �3 can be ‘idle’ or ‘busy’, being 
an example of scalar local routing information.  Generally, 
however,�a will be a vector of values. The candidate compo-
nents of the vector�a can be divided into two groups: those 
that change with traffic conditions and the others, invariant 
with this respect.  
 
2nd. Path information 
The purpose of components building the vector of local net-
work state information is to obtain a methodology for compar-
ing the properties of various paths, with the ultimate scope of 
efficient routing and resource allocation. For comparison of 
multi-dimensional metrics put on paths, we refer to the notion 
of lattices [4]. The lattices can be explained by the so-called 

ordering, denoted as � , being a special relation on an arbi-

trary parameter set A, with an operator of path optimization, 
having the properties of reflexivity, anti-symmetry and transi-
tivity. For illustration of a lattice with two-dimensional vectors 
refer to Hasse diagrams discussed in [4]. 
For operation with multidimensional properties of�a, we will 
use the operator �, i.e. 

iii aaaa ������������� �� ,:  .  

A comparison with �  between two vectors of local network 

state information can be then defined as  
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According to the properties of the quality attributes included 
into the definition of the properties of�A, the operator of path 
optimization can be additive (sum), multiplicative (product) or 
restrictive (minimum value), for which the optimization objec-
tive can be minimization or maximization of the component of 
path information [5]. For example, “maximum SNR path” or 
“most reliable path” objectives need maximization, while 
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“minimum number of hops” or “minimum SNR degradation” 
needs minimization.  
For the further presentation of the model, the following defini-
tions will be useful. 
 
Definition 3. Path information  

The path information, )( Sr

sd
Pa  is a generic function of the 

sequence of the states of network elements LN
kh , , k=1,2,..T 

each characterized locally and specifically to the service Sr�S, 
r=1,2,..P, along the path Psd defined as a sequence of vertices 
vs,...vi, vi+1,...vd, such as �vi�Psd , (vi,vi+1)�E, i.e. 
 

.1,1,1

)(...)(...)()( ,,, 111

TkTjTi

hahahaPa ddiiss

sd

vv
k

vv
j

vv
i

Sr

������

� ���

����

 (2) 

 
For simplicity, we skipped service-differentiated notation of 
the compound function of the local network state information 
and assumed that this is automatically included according to 
Definition 2. 
 
Definition 4. Optimal path 

The path optSr

sd
P , is optimal if for any path PPsd � , between 

source and destination, P being set of all paths, and service 
Sr�S, r=1,2,..P , is  

)()(: ,, iSroptSrSr

sdsdsd
PaPaPP ���� ,   (3) 

according to the definition of � . (Note that any other defini-

tion of the operator denoted by � , i.e. different from (1), can 

be made.) 
 
Definition 5. Feasible path   
For each on-demand service Sr�S, r=1,2,..P, the feasible path 

is the path that satisfies bounded requirements )( rSd put on 

that path for each component of )( Sr

sd
Pa . 

 
For example, if a path has to fulfill two different requirements, 
e.g. transmission degradation being upper bounded by D and 
reliability lower bounded by R, it is said to be feasible, if the 
values of network states related to this path ad and ar are 
within these bounds, i.e. 
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)(,)(

RaDaSdPa

R

D
Sd

a

a
Pa

rdrsd

r
r

d
sd

	�


��
�



��
�

�
���

�



��
�

�
�

�

 

 
3rd. Solving routing problem 
Let us assume a network G(V,E), for which the edges (vi,vj)�E 

are characterized by two different properties ��
�



��
�

�
�

2

1

a

a
a . For 

simplicity and without loss of generality, only edges (links) 
are used as network elements and only two different properties 

are taken per edge, but any other number of properties or type 
of network elements can be easily taken into consideration. 
For example, it is valid to combine the properties of a network 
element with the same type of properties of its incoming link. 
(We will see later on, however, that the mixed-type quality 
metrics cannot be generally used.) 
 
For any path Psd defined as a sequence of vertices vs,...vi, 
vi+1,...vd, vi�Psd, (vi,vi+1)�E, let us consider the path informa-

tion )( sdPa , as defined by (2).  

Given any source-destination pair of nodes within the graph 
G, and the constraints on the routing and wavelength alloca-

tion of requested service ��
�
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�

�
�

2

1)(
d

d
Sd r  put on the vector of 

components a1 and a2, correspondingly, the multi-constrained 
routing problem can be defined as follows: 
 

Find a path between source and destination that sat-
isfies bounded requirements for each component of 
the path information. 

 
The path found according to the above request is feasible, as 
defined by Definition 5. Note that the constraints put on path 
selection are derived from the service-level agreements of the 
requested service for which a path Psd  has to be provisioned. 
Also here, the explicit service-related notation is skipped for 
simplicity. 
We will now prove that if an optimum path exists, it is mem-
ber of the set of feasible paths we select from.  
 
Lemma 1. For each feasible path Psd and the vector of con-

straint put on that path )( rSd , i.e. sdr
i

sd PSdPa �),()( �  ,  

if 
opt

sdP�  then sd
opt

sd PP � . 
 

Proof. Assume that )()( opt
sdr PaSd � . For the most gen-

eral operator �  of a two-fold metric and a path associated 

with the path information, i.e. 
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 it is valid that d1�a1 and d2	a2.  

The defined operator and the statement )()( opt
sdr PaSd �  

implies d1<a1opt and d2>a2opt. This implies that a1<a1opt and 

a2>a2opt, i.e. )()( opt
sdsd PaPa � , which is in contradiction 

with Definition 4. (Herewith, we have also proven the transi-

tivity property of the operator � .) 
 
Let us illustrate the above network model on the network ex-
ample given in Figure 1. Here, the link state information con-
tains SNR-degradation, number of free wavelengths and 
(monetary) cost. For simplicity, we combined the states of 
network nodes and corresponding network elements into the 
link states and assumed full wavelength shifting and wave-
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length independent SNR degradation. Considered is a re-
quirement on path quality between the nodes N1 and N4 to be 
the min. transmission degradation (q), max. number of resid-
ual wavelengths (w), and min. operational costs (c). The com-

parison �  and the operator ° for q, w and c of )( sdPa  are 

defined in Table 1. The network states are given as three-
dimensional vectors of values, each vector component repre-
senting the corresponding path information attribute. Accord-
ing to Table 1, the shortest path candidate has the following 
path information: 
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(3, 2, 1) 

(2, 1, 1.5) 

Link state = (SNR-degradation, free wavelengths, opeational cost) 
 

FIGURE 1  An example network with link states. 
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TABLE 1. An example of path information. 

For illustration, let us assume that the feasible paths are found 
based on optimization of transmission degradation (q) and 
number of residual wavelengths (w) only, i.e. the number of 
constraints is smaller than the number of attributes. By analyz-

ing the solution space of feasible paths, no path rather than P2 
can be found with better transmission quality (minimum deg-
radation) and more free residual wavelengths. Hence, the 
route P2 is optimal since it presents the local minima in the 
solution space2. Given a solution space, it is now easy to start 
considering the more particular constraints. For example, if a 
connection with maximum transmission degradation being 5 
and minimum number of residual wavelength being 4 is ac-
ceptable, both paths P2 and P3 are feasible. On the other hand, 
if wavelength continuity has to be kept, feasible paths may not 
exist subject to wavelength occupancy. 
 

4th. Multi-constraint routing problem revisited 
It is known that the problem of finding a path subject to mul-
tiple constraints is inherently hard. Generally, the problem of 
finding a path subject to constraints on two or more additive 
and multiplicative metrics in any possible combination is NP-
complete [5, 6]. For example, finding a feasible path for two 
additive constraints (e.g. delay and cost) is known to be NP-
complete. Some general approximation schemes that are 
-
optimal have been proposed, being of polynomial complexity 
but computationally prohibitive [7].  
In a multi-service network, the issues of performance optimi-
zation under multiple constraints get even more complicated. 
For a multi-service network scenario, it is hard to determine 
the best network operating point for different types of traffic. 
On one hand, service-differentiated traffic should not be af-
fected due to the resource reservation, while on the other 
hand, the overall network operation and performance should 
not degrade. In addition, the maintenance of the network state 
information plays an important role, particularly in the highly 
dynamic network environments with excessive load fluctua-
tions.  
In [2], we have studied multi-constrained routing problems for 
finding the path, which satisfies users’ requirements under 
network constraints put on multiple measures. In that ap-
proach, we have searched for the candidate paths with a 
precedent metric first, by eliminating the edges with a restric-
tive constraint from the so-called transformed network graph. 
Then we have shown that a two-constraint problem can be 
solved, with a complexity of the shortest path algorithm ap-
plied. We found out however, that for different network ele-
ments and states, which may be summed or multiplied along 
the path, it is difficult to define the relative size of network 
state descriptors needed in a centralized network representa-
tion with graphs. For example, the (mixed) cost of a link with 
high reliability, but low SNR is difficult to define.  
As previously stated, this effect exacerbates the applicability 
for networks with electronically regenerative optical paths, 
due to the “negative weights” when transmission degradation 
is one of the routing criteria. Our previous work [2] has for the 
first time presented the study of the impact of electronic re-
generation on constraint-based path selection by taking into 

                                                           
2 Note there might be paths 1

sdP  and 2
sdP , where 

q( 1
sdP )<q( 2

sdP ), but w( 1
sdP )>w( 2

sdP ), which means that one 

route offers better transmission quality, but less residual wave-
lengths. For routing purposes, such scenarios are of particular inter-
est [4].  
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account the transmission quality and blocking probability3; we 
have however identified the difficulties with methods of path 
algebra. With electronically regenerative optical paths, if the 
shortest path represents the least degradation, the negative 
weights are needed in the graph-theoretical representation of 
electronic regeneration, for which the standard two-constraint 
QoS-methods based on shortest paths cannot be applied. 
Moreover, even if negative weights were tractable, their size 
and usage are difficult to estimate for dynamic routing given a 
variable path length of which the transmission degradation has 
to be compensated. For example, if SNR degradation is 
weighted 3 (dB) per hop and the overall SNR degradation 
cannot exceed 12 (dB), the all-optical paths up to 4 hops are 
valid. After two hops, regeneration may compensate for 6 
(dB) degradation originating from the traversed paths, after 3 
hops for 9 (dB), etc. This effect cannot be dimensioned in a 
centralized representation of the network states for dynamic 
routing, e.g. based on graphs [2]. 
In this work, by introducing a distributed-like, decentralized 
method for path selection, link weighting is avoided, as well 
as relative size of weights describing multiple quality attrib-
utes (e.g. reliability, delay or transmission quality). In fact, for 
a distributed-like wavelength channel provisioning, we have 
adopted the method from [8, 9, 10], where a distributed 
method to QoS-routing based on probing messages has been 
presented. Also here, a choice of the best path is made at des-
tination, according to the network properties, traffic condi-
tions or types of services. The wavelength probe messages 
related to a certain path are flooded, similarly as in [9]. The 
messages are forwarded when a neighbor of the affected node 
was not visited, or discarded otherwise; the record of the vis-
ited nodes is contained within the message and assures a loop-
free operation.  
Flooding is the principle which generally requires the consid-
eration of scalability for large number of the network ele-
ments. Intrinsically, the flooding-based distributed algorithms 
do not require any global state to be maintained and the rout-
ing can be done entirely based on local states [9, 10]. Yet, 
most of the distributed routing algorithms presented so far 
assume the existence of distance vectors that correspond to 
global states, which shares the same problem as centralized 
routing but can simplify signaling [5, 11]. The accuracy of the 
global state information might lead to problems with path 
loops and special approaches to QoS-routing with respect to 
possibly inaccurate state information may be necessary [12].  
In this paper, we also discuss the feasibility of our method 
according to the number of wavelengths and network size. 
Unfortunately, we could not compare our strategies with 
“true” distributed protocols, as we are lacking in the corre-
sponding simulation environment. Therefore, for implementa-
tion of our “distributed-like” path selection strategies, we 
adapted the Bellman-Ford shortest path algorithm for routing 
and connectivity information update at each node, for all loop-
free paths.  With an extension of the Bellman-Ford algorithm, 
it is possible to identify all loop-free paths up to any possible 
                                                           
3 Note that also [12] has presented a remarkable study of selective 
electronic regeneration form the point of view of wavelength shift-
ing: however this method is difficult to extend to a multi-constraint 
path selection. 

number of hops n or up to a certain cost limit. This group of 
paths always includes the shortest path and all paths with 
comparable properties in terms of hops or cost respectively. In 
[8], an adaptation of the Bellman-Ford algorithm is used to 
compute minimum hop paths that satisfy multiple metric cost 
bounds. As it will be shown next, we have adopted this princi-
ple to deal with multi-objective, constraint-based wavelength 
channel provisioning.   
 

C. ON-DEMAND PROVISIONING OF WAVELENGTH PATHS 
To overcome the fundamental complexity of constrained path 
selection, we propose a protocol for on-demand wavelength 
channel provisioning, suitable for distributed implementation, 
with local, instead of global, network state update under dy-
namic traffic conditions and multiple-type services [9, 13]. 
Our algorithm is implemented as an adaptation of the label-
correcting shortest path algorithms, which use flooding of the 
connection set-up messages from source to destination. The 
messages are updated based on the local network state infor-
mation at each traversed network element, and converge in a 
set of feasible paths by discarding invalid paths towards desti-
nation.  
 

5th. Basic approach 
For illustration, we will focus to three types of network states: 
additive (q, e.g. SNR degradation, delay), multiplicative (r 
e.g. reliability), restrictive (w, e.g. residual capacity in wave-
lengths) [5]. In addition, we will consider such network archi-
tecture where only electronic regenerators, if available, are 
capable of wavelength shifting, but the presented methods can 
simply handle any other architecture, e.g. opaque architecture 
with electronic regeneration but without shifting capability, 
all-optical network deploying all-optical regenerators, all-
optical wavelength converters, or any combination of above.   
 

Distributed discovery of wavelength paths (DWP) 
Step 1: Get a connection request between (src, dest) for a 
service Sr, with the service-specific vector of routing con-
straints on paths �d(Sr)=[q, d, r, w], i.e. max. transmission 
degradation qmax(Sr), max. delay dmax(Sr), min. reliability 
rmin(Sr), min. residual capacity wmin(Sr). (Note that for a given 
connection request another type of service would impose other 
constraints.) 
Create a path information message composed from the re-
quest, the initial values of �a[aq, ad, ar, aw] (e.g. [aq=0, ad=0, 
ar=1, aw=max. number of wavelengths]) and an initial path 
sequence p={id(src)/ �SWS}. In addition to�a,�d, src and dest, 
the path message needs to contain a unique path identifier (id) 
and information regarding the allocated wavelength together 
with the unique identifiers of the visited network elements, 
stored as path sequence p, to assure loop free operation. Send 
this message from src to all neighboring NEs. 
Step 2: Forward the received path information message with 
updated values of p to all neighbors, excluding those which 
are contained in the path sequence (“visited”), until dest is 
reached, according to the following rule.  
Path information update  
For each idle wavelength from �SWS, a visited NEk updates the 
values of the path information �a[aq, ad, ar, aw], so that aq and 
ad are summed along the precedent NEs, ar is multiplied, 
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while aw of the considered path is the minimal value, i.e. 
a(pid)new = a(pid) °a(NEi),  
for every ���SWS[pid]new=�SWS[Sr,NEi]idle��SWS[pid]. Gener-
ally, for any sequence of network elements NEk, i.e. NE1, 
NE2,.. NEr-1, NEr, NEr+1, …, NEk-1, NEk, we get 
aq(pid)= �d(NEi), ad(pid) = �ad(NEi), ar (pid) = 
 ar (NEi), aw 
(pid)  = min{ aw (NEi)}, i=1,2,..k 
i being the sequence of the precedent NEs, for all idle 
��{�SWS[Sr,NEi]}.  
(Wavelength shifting NE) For each input wavelength which 
can be shifted into another output wavelength, a separate path 
information message is required to track the path quality vec-
tor a(Psd), even if this one remains the same, i.e. independent 
of choice of wavelength. This is necessary due to the unpre-
dictable path information updated by network elements to be 
visited later.  
Path information messages which are characterized by wave-
length occupancy, unacceptable network states with respect 
to�d(Sr) or input-output wavelength incompatibility if wave-
length shifting is not possible, are discarded immediately after 
the update process; they are not forwarded to neighboring 
nodes and do not reach the destination.  
If NEk is not dest, the visited network element id and the 
wavelengths for allocation are added to the path sequence 
variable of surviving messages, which then are forwarded to 
the neighboring nodes which will then perform Step 2 them-
selves.  
Step 3: From the obtained set of all feasible paths Psd={pid1, 

pid2, ..} for which  sdr
i

sd PSdPa �),()( � , dest selects the 

best path according to one or more chosen criteria: min. hops, 
min. cost, min. number of traversed NEs of particular type, 
e.g. wavelength converters, etc. The information available to 
dest contains: path identifier, all traversed network elements 
with allocated wavelengths, as well as the path performance 

expressed in form of the path performance vector )( sdPa . 

Step 4: From dest, send the acknowledgement message back 
along the selected path to src, for the purpose of resource res-
ervation. The connection can then be established.  
 

    
Obviously, for choice of the path for provision (Step 3), a 
number of different strategies might exist, according to the 
network properties, traffic conditions or types of services. The 
method DWP is simple, since it does not assume any local a 
posteriori record of the data contained in the messages. The 
messages related to a certain path identifier are either for-
warded when a neighbor of the affected node was not visited, 
or discarded otherwise; the record of the visited nodes is con-
tained within the message and assures a loop-free operation. 
Unluckily, the above process is based on flooding abundant 
messages to be evaluated and updated at each node, and it 
does not scale well. Thus if the number of visited network 
elements is N, the number of wavelengths �, then the number 

of necessary updates grows with �
� �

�
�

N

m mN

N
m

2 )!(

)!2(
)1(� , in 

a wavelength-continuous full-mesh network (e.g. with 8 wave-
lengths and 4 nodes, the number of updates is 88). For full 

wavelength conversion capability � needs to be replaced by 
�N, further increasing the complexity. 
Therefore, most of our efforts related to simulations of DWP, 
concentrated on reducing the above complexity. For example, 
we limited the number of hops of candidate paths, a property 
which can be easily measured by DWP. To illustrate this, refer 
to the example network shown in Figure 1 once more. If for 
defining candidate paths, the ranking has been made according 
to the number of hops, and the number of hops was limited to 
two, we could find two candidate paths P1 and P2, for the con-
nection request N1-N4. At the same time, for the connection 
request N1-N5, only a single candidate path can be found (i.e. 
N1- N2- N5).  
By reducing the number of candidate paths to a certain num-
ber of hops, the number of the message updates is reduced to 

�
�

� �

�
�

1

2 )!(

)!2(
)1(

k

m mN

N
m� , where k is the maximum number of 

hops of the candidate paths, which in any case needs to be � 
the number of hops of the shortest path. Note that for a net-
work topology with low connectivity (e.g. rings), the reduction 
of the signaling complexity is not as significant as for a mesh 
topology. For example, in a full-mesh topology with five 
nodes, a limitation in number of hops to two, which is valid as 
in the full mesh the shortest path has always one hop, this 
limitation reduces the number of possible paths from 16 to 4, 
while the number of necessary updates for message-
parameters (Step 2, DWP) is reduced from 49 to 7 per wave-
length-path. 
Furthermore, the reduction of the complexity can also be ob-
tained if the method DWP is used for wavelength allocation 
only. In this case, we apply DWP on statically routed, prede-
fined candidate paths, where only those NEs are visited which 
belong to these paths. Particularly in case of wavelength-
differentiated performance with respect to type of service, the 
proposed method is efficient and simple to perform wave-
length allocation. On the other hand, DWP can return route 
and wavelengths if applied to the whole network. This how-
ever leads to a significant increase of the signaling effort, es-
pecially in wavelength-shifted and densely connected net-
works.  
 
6th.  Electronically regenerative wavelength paths   
We will now show that the algorithm DWP is particularly 
suitable for electronically regenerative network architectures. 
As previously discussed, there are three particular properties 
of electronic regeneration for which the method DWP particu-
larly suits: selective wavelength shifting, variable path length 
and limited cascadability due to routing constraints which 
cannot be easily compensated by regeneration (e.g. delay). 
These properties have been shown to be difficult to handle by 
weights in network representation with graphs [2]. 
Regarding the selective wavelength shifting, as we will show 
next, the extension of the DWP method presented here (called 
DWP-R) can easily handle any kind of wavelength shifting 
capability of an optical network element (e.g. full, selective or 
no wavelength shifting). This is important to state here, since 
most of the works on opaque network architecture assume that 
electronic regeneration provides full wavelength shifting ca-
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pability. However, if node architecture defines all-optical 
switching, but electronically regenerative SDH line cards per 
wavelength at the input or output switch ports, as it is the case 
with most of the commercially available optical node architec-
tures nowadays, this will not be generally the case, since these 
line cards do not implement tuneable lasers. On the other 
hand, electronically switched node architectures may provide 
full wavelength shifting if an arbitrary input wavelength can 
be chosen even if the output wavelength is kept fixed. How-
ever, most generally and independently of switching technol-
ogy, the electronically regenerative nodes are not selective: 
the regeneration is always used, even if not necessary form the 
point of view of signal quality. Thus opaque architectures do 
not gain from the benefits of all-optical, transparent operation 
for which the all-optical networks have been proposed in the 
first place.  
Regarding the variable path length and limited cascadeability, 
in contrast to all other similar methods previously studied, the 
method DWP can easily handle a particular property of elec-
tronic regeneration, i.e. the simultaneous consideration of an-
tipodal performance impacts caused by a single network ele-
ment: improvement (e.g. transmission quality) as well as im-
pairment (e.g. delay). As previously stated, this feature is dif-
ficult to capture by graph representation with weights. 
We will now show a special case of the method DWP (which 
we call DWP-R). Note that the extension shown here can be 
easily captured by the native approach DWP, which, for clar-
ity, we have kept separated. We also kept the number of at-
tributes the same for easier understanding. It would have been 
enough though, to take two additive quality matrices, e.g. de-
lay and transmission degradation, to illustrate the effect of 
electronic regeneration. 
 

Distributed discovery of el. reg. wavelength paths (DWP-R) 
Step 1: Get a connection request between (src, dest) for a 
service Sr, with the service-specific vector of routing con-
straints on paths �d(Sr)=[q, d, r, w], i.e. max. transmission 
degradation qmax(Sr), max. delay dmax(Sr), min. reliability 
rmin(Sr), min. residual capacity wmin(Sr). Create and send path 
information message as in DWP. 
Step 2: Forward the received path information message with 
updated values to all neighbors, excluding those which are 
contained in the path sequence (“visited”), until dest is 
reached, according to the following rule.  
Path information update  
For each idle wavelength from �SWS, a visited NEk except an 
electronic regenerator, updates the values of the path informa-
tion �a[aq, ad, ar, aw] as defined in Step 2 of DWP, i.e. 
a(pid)new = a(pid) °a(NEi), for every 
���SWS[pid]new=�SWS[Sr,NEi]idle��SWS[pid]. If an electronic 
regenerator is visited, the parameter aq is reset to the initial 
value (e.g. aq=0) prior to the a(pid) update as defined above. 
Generally, for any sequence of network elements NEk, i.e. 
NE1, NE2,.. NEr-1, NEr, NEr+1, …, NEk-1, NEk, which includes 
an electronic regenerator NEr, we get 
aq(pid)= �d(NEi),  i= r+1, r+2,...k, 
ad(pid) = �ad(NEj),  ar (pid) = 
 ar (NEj),  
aw (pid)  = min{ aw (NEj)}, j=1,2,..k 

i,j being the sequence of the precedent NEs, r being the se-
quence index of the last traversed regenerator, for all idle 
��{�SWS[Sr,NEi]}.  
From here on, DWP-R proceeds as in DWP. 
Step 3, Step 4: As in DWP. 
 

 
For illustration, consider a simple WDM network (ring) with 
three nodes, three unidirectional links and two wavelengths 
per link, capable of accommodating two service classes, S1 
and S2 (Figure 2). Assume that S1 is required between N1 and 
N3, for which the max. transmission quality degradation (e.g. 
degradation of SNR) should not exceed 30 dB, i.e. 
qmax(S1)	30. For this service type, we consider the following 
manageable, S1-specific NEs: Tx(N1), Reg(N2), Rx (N3), 
nodes and links, with their associated service-specific wave-
length sets and quality properties (Table 2). Here, only N2 can 
provide wavelength shifting and only for S1, due to the S1-
specific properties. The network state information is expressed 
as a pair value�a[aq, ad], corresponding to transmission qual-
ity degradation and delay. Note that any restrictive attributes 
can automatically be taken into account by the definition of 
�SWS; wavelengths outside �SWS are simply excluded from the 
path discovery (e.g. link L3).  
The source S forwards the connection request to its first 
neighboring network element (here: Tx), by generating two 
(being number of wavelengths) pieces of path information of 
type [path identifier, service requirements d(S1), destination, 
actual path information, path sequence {network element – 
wavelength}], i.e. [mk, d(S1), id(N3), (0,0), {S(�1)}] and [av, 
d(S1), id(N3), (0,0), S(�2)]. Transmitter Tx forwards the up-
dated messages [mk, d(S1), id(N3), (4,1), {S(�1), Tx(�1)}] and 
[av, d(S1), id(N3), (4,1), {S(�2), Tx(�2)}] to its neighbor N1, 
which then have to generate four outgoing messages to its 
neighbors N2 and N3. Node N2, for example, receives the fol-
lowing messages: [mk, d(S1), id(N3), (17,3), {S(�1), Tx(�1), 
L1(�1)}] and [av, d(S1), id(N3), (19,3), {S(�2), Tx(�2), 
L1(�2)}]. After the regeneration however, since wavelength 
shifting is possible four messages are sent to N3, i.e. two up-
dated [mk, d(S1), id(N3), (0,14), {S(�1), Tx(�1), L1(�1), 
N2(�1), Reg(�1)}], [av, d(S1), id(N3), (0,14), {S(�2), Tx(�2), 
L1(�2), N2(�2), Reg(�2)}], and two newly generated [mi, d(S1), 
id(N3), (0,14), {S(�1), Tx(�1), L1(�1), N2(�1), Reg(�2)}], [sb, 
d(S1), id(N3), (0,14), {S(�2), Tx(�2), L1(�2), N2(�2), 
Reg(�1)}]. The two messages mi and sb are generated as a 
consequence of wavelength shifting capability of the regenera-
tor at node N2. The process continues in the same fashion until 
the destination (D) is reached.  
In this example, the destination may chose the best path in 
terms of transmission quality, i.e. Tx-N1-L1-N2-Reg(N2)-L2-
N3-Rx at �1(wavelength continuous), with overall transmission 
degradation �q=10+3+5=18 (<30). Note that the losses Tx-
N1-L1 (�q=4+3+10/12) are compensated by the electronic 
regeneration at N2 and do not contribute to the overall path 
degradation. However, if the request on delay for this service 
was d(S1)	15 (time units), this path would show unsatisfactory 
performance (�d=17, “regenerator-bottleneck”). On the other 
hand, by avoiding regeneration over the same route, an unac-
ceptable degradation, i.e. �q=38, would be obtained. Another 
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path, e.g. Tx-N1-L3-N3-Rx at �2, however, would satisfy both 
bounds (q and d), i.e. �q=21 (still<30) and �d=5<15. Hence, 
optimizing one single metric to improve cascadability (e.g. via 
regeneration) is necessary, but not sufficient to find feasible 
paths. Note that the NE quality attributes and the routing deci-
sion completely change, if a service of type S2 must be set-up. 
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FIGURE 2. An example network with auxiliary representation. 
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S1-specific NE 

 
aq [dB] 

 
ad [time units] 

Tx @N1 �1, �2 4 1 
Rx @N3 �1, �2 5 1 
Reg@ N2 �1, �2 not applicable 10 
N1, N2, N3 �1, �2 3 1 

�1 10 1 L1, L2 
�2 12 1 
�1 ��SWS: not applic. for S1 (e.g. insuff. 

quality) 
L3 

�2 6 1 
 

TABLE 2. Example network: S1-specific network states. 

D. PERFORMANCE STUDY 
For simulation results, the connection requests arrive accord-
ing to Poisson process with call holding time being negative 
exponentially distributed. Traffic distribution as well as distri-
bution of the service requests is uniform; all results are ob-
tained with a confidence level of 95%. For simplicity, we dif-
ferentiate the service requirements, i.e. different services put 
different constraints on wavelength paths, but we consider 
network elements with properties independent of type of ser-
vice. This is not necessarily a realistic assumption. For exam-
ple, some network elements may be designed for a particular 
type of service and therefore will show worse properties to 
other services or might even be applicable exclusively to that 
type of service only (e.g. in Figure 2, service S1 cannot use 
link L3, while service S2 may not be allowed to use the regen-
erator at node N2).  
As we have previously stated, for implementation of DWP we 
have not implemented a “true” distributed protocol, as we are 
lacking in the corresponding simulation environment. Instead, 
we adapted and extended the Bellman-Ford shortest path algo-
rithm from [8], for routing and connectivity information up-
date at each node. As such, DWP is decentralized as it uses 
pre-calculated paths and distributed parameters. It exhaus-
tively runs along all paths, until the path messages have either 
converged toward the destination or were discarded due to 
service incompatibility or resource occupancy, i.e. no discard-
ing of path messages due to queuing is foreseen. For these 
reasons, we initially compared DWP with the multi-

constrained routing algorithms as in our work [2], where the 
best path is found after a precedence metric for which then, 
other quality attributes are checked. However, we became 
aware of the potential advantage of a multi-path strategy such 
as DWP with respect to the single-path one, and focused 
therefore our results on better understanding of the applicabil-
ity of the DWP to multi-service path provisioning and hetero-
geneous, selectively regenerative network architectures.   
We study three different network topologies: bi-directional 
ring, full-mesh and mesh-torus. Being less connected, ring 
networks need less messages which converge faster towards 
destination, and used them for the results where varying to-
pologies would not significantly vary the performance. To use 
an upper bound on path length under dynamic traffic condi-
tions, we used the full-mesh network to show the performance 
improvement yielded by this bound. Finally, the mesh-torus 
network allows us to better evaluate scalability and impact of 
wavelength shifting or electronic regeneration. The mesh-
torus network has been adopted by many researchers for per-
formance evaluation of all-optical networks [14, 15]. The 
mesh-torus network can be viewed as an extreme case with 
respect to the number of hops required in a mesh network.  
For all networks studied here, in order to achieve different 
properties per path, we use three different WDM link types 
(Type A, Type B, Type C). We assumed that the main parame-
ter of the transmission fiber, called “transmission degradation” 
is defined per wavelength i.e. parameter comprising all rele-
vant transmission attributes. At the same time we assumed that 
reliability and other parameters are the same for all wave-
lengths; long-reach links are taken less reliable and show more 
delay (e.g. Type C). The transmission degradation per wave-
length is defined as follows: aq [dB] (Type A, Type B, Type C), 
�1(5, 9, 12), �2(4.5, 7.6, 9.7), �3(3.9, 6, 7.4), �4(3.4, 4.7, 5), 
�5(3.4, 4.7, 5), �6 (5, 9, 12), �7(6.6, 13.3, 19), �8 (8.2, 17.6, 
26). The reliability is equal for all wavelengths and differs 
only according to the link type, i.e. ar [%] (Type A, Type B, 
Type C), (99.9, 98.75, 97.5). 
In the first example, we study a 7-node bi-directional ring 
topology, of which the properties per wavelength and network 
element are shown in Table 3. The service-differentiated re-
quirements, which we consider routing constraints, are as fol-
lows: S1[qmax<36dB, rmin>98%, wmin�1] and S2[qmax<90dB, 
rmin>90%, wmin�1]. As it can be seen from the results, the 
method DWP, being a multi-path strategy, yields superior 
results for both services. This is because DWP method yields 
several feasible paths, out of which the best can be selected 
(here: min. number of hops), in contrast to the non-DWP 
methods where the best path, optimized for two quality attrib-
utes (here: min-hop and residual capacity), is checked on re-
maining requirements (transmission degradation, reliability). 
While for service S1 the results are as expected due to the fact 
that for some calls the shortest path found for a single con-
straint was not feasible with respect to other constraints (e.g. 
due to the link types B and C), the results for service S2 also 
improved with DWP. In Figure 3, it can be seen that even in a 
lightly loaded network the multiple paths yielded by DWP 
reduce the blocking for S2, where all shortest paths (due to a 
single routing criteria, here minimum hops) are feasible for all 
defined constraints. 
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NE definitions aq [dB] ar [%] 

Tx, Rx �1, .., �8 0 100 

N1,.., N7 �1, .., �8 3 99.99 

L1(N1-N2), L3(N3-N4), 
L6(N6-N7), L7(N7-N1) 

�1, .., �8 Type A 99.9 

L2(N2-N3), L4(N4-N5) �1, .., �8 Type B 98.75 

L5(N5-N6) �1, .., �8 Type C 97.6 

TABLE 3. Seven nodes bidirectional-ring: NE-properties. 
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FIGURE 3. Seven nodes bidirectional-ring: blocking probabil-
ity per service (negative values ignored, busy states included, 
no wavelength conversion). 
 
We next study the reduction of the convergence time of the 
algorithm DWP on the example of a seven-node full-mesh 
network, where a reduced set of pre-routed paths is intro-
duced. To limit the number of candidate feasible paths we 
define a hop limit that automatically adapts to different con-
nection requests and network loads. Therefore we use a limit 
relative to the number of hops of the shortest path found, ac-
cording to a single constraint. For example, if a limit is de-
fined in terms of number of hops and if the shortest path ac-
cording to a certain constraint is two hops, we include only 
paths up to three hops (“plus one hop”). The path length limi-
tation as used here reduces the algorithm convergence time, 
by avoiding messages handling information about paths with 
hop lengths larger than the limit. Note that the number of hops 
is an intrinsic variable of the adapted Bellman-Ford algorithm 
and is therefore advantageous to use, but additionally also a 
limitation on the used constraints, possibly combined by some 
cost-function, might be used to further reduce the number of 
candidate paths.  
In this example, we assumed only nodes and links as network 
elements. All nodes have the same properties per wavelength 
along the network, [aq=3dB, ar= 99.99%]. Transmitters and 
receivers are modeled as ideal [aq=0dB, ar=100%]. Link prop-
erties are taken from the previous example; different link 
types are uniformly and randomly assigned to all neighbors. 
Due to the full connectivity, compared to the 7-node network 
from the previous example, this network is analyzed for higher 
loads. As in all examples, we assume reliability to be constant 
over time, and compare the proposed algorithm (DWP) with 
the multi-constraint, single-path (centralized) one. Here, two 

versions of DWP are used, one which uses a reduced set of 
feasible paths, where DWP is used for wavelength allocation 
only, and while the other considers all feasible paths, i.e. 
where DWP is used for routing and wavelength allocation. 
Since this exercise aims at measuring the simulation running 
time, only one single service is considered. The S1-specific 
service constraints are as follows: [qmax<40dB, rmin>97%, 
wmin�1]. 
Also here, the distributed, multi-path strategies yield superior 
results up to the limit where the load is too high and no idle 
(longer) paths can be found. Note however that already below 
this limit, the reduction in the number of scanned paths, com-
pared to DWP where all paths are scanned, does not contrib-
ute to increased blocking probability. Since longer paths in 
number of hops are more likely to be occupied, there are only 
a few feasible paths which are not included in the reduced set. 
Yet, the reduction in computation time is significant. In fact, 
the computational effort decreases for higher network loads, 
as many path information messages are discarded in course of 
the DWP process. Due to this effect, and, more important, due 
to the reduction of scanned paths (here: one hop longer than 
the shortest path), with the reduced set of pre-routed paths, a 
faster solution for the multi-constrained routing can be 
achieved (Figure 4).  
Finally, we applied the strategy DWP to a large unidirectional 
mesh-torus network (size: 7�7), with 8 wavelengths per link 
[12]. For two partially regenerative networks, the optical 
nodes equipped with electronic regenerators are located di-
agonally. Two different service classes, S1 and S2, are as-
sumed, both with the same requirements on transmission qual-
ity (qmax<60dB), but different delay constraints: dmax(S1)<100 
time units, dmax(S2)<300 time units. For simplicity, we as-
sumed Tx, Rx, and nodes all with same properties per wave-
length along the network (nodes [aq=3dB, ad=1 time unit]; 
regenerators [aq=n.a., ad =50 time units]); full wavelength 
shifting is possible only at regenerative nodes and is used only 
to resolve blocking. Link properties are taken from the previ-
ous example: Type A for horizontal connections (ad=2 time 
units), Type B for the vertical ones (ad=5 time units). Our 
strategy DWP is used to compare the networks with regenera-
tive and all-optical architectures. 
For both services, the usage of regeneration decreases block-
ing, since both services are limited in optical reach (Figure 5). 
However, two effects question the role of full electronic re-
generation. First, the usage of regeneration in all nodes for 
services with limited delay (S1) improves the optical reach, 
but deteriorates the path QoS properties, and hence increases 
the blocking. Second, the sparse regenerators (e.g. 7 reg. 
nodes) can yield comparable results as for full regeneration 
for some operational ranges (which is in accordance with our 
results from [2]). Hence, if electronic regeneration cannot be 
allocated upon necessity but is a fix part of the optical path, 
and if transmission degradation is not the only routing con-
straint, the opaque optical network architectures, even if capa-
ble of wavelength shifting, will have to deal with other sets of 
limitations to assure the quality of service.  
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FIGURE 4. Seven-nodes full-mesh network: blocking probability with 
reduced set and vs. full set of candidate paths (neg. values ignored, 

busy states incl., no wavelength shifting). 

 

0 10 20 30 40 50 60 70 80 90 100 
10 

-4 

10 
-3 

10 
-2 

10 
-1 

10 
0 

Network load [Erlang] 

B
lo

ck
in

g 
pr

ob
ab

ili
ty

 p
er

 s
er

vi
ce

 

Real-time  service (S2) – delay and 
transmission constrained 
Data service (S1) – transmission constrained 

No el. regeneration 

El. regeneration in each of 13 diagonal nodes  

Full el. regeneration in all nodes 

Mesh-torus 7�7  

El. regeneration in 7 diagonal nodes  

 

FIGURE 5. Blocking probability per service: DWP for different net-
work architectures; S1[qmax<60dB, dmax<100 tu], S2[qmax<60dB, 
dmax<300 tu] (wavelength shifting at regenerative nodes only). 

E. CONCLUSIONS 
In this paper, we presented a generic approach to on-demand 
provisioning methods in selectively electronically regenera-
tive, constraint-based routed, multi-service WDM networks, 
suitable for decentralized implementation. For the networking 
scenarios which assume heterogeneous architecture, sporadi-
cally available wavelength shifting capability and dynamic 
network operation, it has been shown that the methods pro-
posed here particularly suit, since they can accommodate arbi-
trary number and type of path properties, related to the differ-
ent network elements and services. Since the strategies shown 
here are based on flooding messages, which are evaluated, 
updated and generated at each network element, we used spe-
cial features to reduce the computational complexity. The 
bounded requirements on feasible paths, service-differentiated 
network element characterization and reduced path set are 
some of the features which can significantly reduce the com-
putational time. In particular for service-level guarantees, the 
service-differentiated network element characterization can 

naturally eliminate redundant information and it can provide 
accurate network state information. 
With respect to selectively regenerative, opaque network ar-
chitectures, we have revealed a new class of constraint-based 
path selection problems, namely those with network elements 
which at the same time deteriorate and improve the path per-
formance. We have seen that decentralized, DWP-like proto-
cols are crucial for such architectures, since they can effi-
ciently capture multiple path properties “in service” and lo-
cally; they also avoid problems of methods with graphs and 
multi-objective optimization descriptors. While we have con-
sidered an architecture which uses electronic regeneration 
only if necessary (e.g. path performance insufficient for ser-
vice), many other strategies to their deployment can be de-
rived from DWP. For example, the objective may be to deploy 
regeneration along the minimum hop paths only, otherwise 
not; to use electronic regeneration for a particular service 
only; to minimize its usage, if the number of regenerating line-
cards is limited; etc. These strategies are of particular impor-
tance for the next generation optical networks that will deploy 
both all-optical and electronically regenerative architectures, 
for which the methods proposed here for the first time address 
the controversial issues related to the constraint-based routing 
and electronic regeneration within the optical layer. 
 

F. REFERENCES 
[1] D. O. Awduche, et al.: “Combining MPLS Traffic Engineering Con-

trol With Optical Crossconnects”, draft-awduche-mpls-te-optical-02.txt, 
July 2000. 

[2] A. Jukan, et al: "Service-specific resource allocation in WDM net-
works with quality constraints", IEEE JSAC, Vol.18, No.10, Oct. 2000, 
pp.2051-2061. 

[3]  A. Jukan, QoS-Based Wavelength Routing in Multi-Service WDM 
Networks, Springer Verlag, New York-Vienna, 2001.  

[4] A. B. Przygienda: Link state routing with QoS in ATM LANs, 
Dissertation ETH Nr. 11051, 1995. 

[5]  Z. Wang, J. Crowcroft: “QoS-routing for supporting multimedia 
applications”, IEEE JSAC, Vol. 14, No. 7, September 1996, pp. 1228-
1234. 

[6] M. R. Garey, D. S. Johnson: Computers and Intractability: A Guide 
to the Theory of NP-completeness, W.H. Freeman and Company, New 
York, 1979. 

[7] A. Orda: “Routing with end-to-end QoS guarantees in broadband 
networks”, IEEE/ACM Transactions on Networking, Vol. 7, No. 3, 
June 1999, pp. 365-274.  

[8] D. Cavendish, M. Gerla: “Internet QoS-routing using the Bellman-
Ford algorithm”, Proc. of High Performance Networking (HPN’98), 
1998, pp. 627-647. 

[9] S. Chen, K. Nahrstedt: ”Distributed QoS-routing in high speed net-
works”, Proc. LCN ’98, 1998. 

[10] K. G. Shin, C. C. Chou: “A distributed route-selection scheme for 
establishing real-time channel”, Proc. of 6th IFIP HPN’95, pp. 319-329. 

[11] H. F. Salama, D. S. Reeves, Y. Viniotis: “A distributed algorithm 
for delay-constraint unicast routing”, Proc. of INFOCOM’97, Vol. 1,  
April 1997, pp. 84-91.  

[12] M. Kovacevic, A. Acampora: “Electronic wavelength translation in 
optical networks”, IEEE J. of Lightwave Techn., 1996, pp. 1161-1170. 

[13] A. Jukan, et al: "QoS-based routing methods for multi-hop LEO 
satellite networks", IEEE ICON’2000, Sept. 2000.  

[14] R. A. Guerin, et al : “QoS-routing in networks with inaccurate 
information: theory and algorithms”, IEEE/ACM ToN, Vol. 7, No. 3, 
June 1999, pp. 350-365. 

[15] S. Subramaniam, et al: “Connectivity and Sparse Wavelength Con-
version in Wavelength-Routing Networks”, IEEE INFOCOM’96, 
March 1996, pp. 148-155. 

0-7803-7476-2/02/$17.00 (c) 2002 IEEE.


