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Summary 

We have proposed and evaluated a novel heuristic algorithm of 
routing and wavelength assignment (RWA) for scheduled 
lightpath demands (SLD). Our algorithm works on directed and 
undirected optical networks, and is shown here to have a 
performance gain in terms of the number of wavelengths upto 
65.8 % compared with the most recently introduced method, 
TDP_RWA. Also, we show the execution time of our proposed 
method is feasible. 
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1. Introduction 

Emerging real-time multimedia communication 
applications and increasing traffic demands in networks 
cannot be supported by the current Internet architecture. 
To support such services that require the electronic 
processing speeds, the wavelength division multiplexing 
(WDM) technology employed in optical networks is 
developed and will replace Internet backbone in near 
future. To send a message from a source to a destination, 
WDM optical network should setup a connection between 
optical layer of each end node such as the one in circuit-
switched networks. This connection process can be done 
by determining a path between the two end nodes, and 
such a path is referred as a lightpath. Once a connection is 
setup the entire bandwidth on the lightpath is reserved 
until it is terminated. 

As explained, a message is supposed to be sent though a 
lightpath that requires a route and a wavelength for each 
connection so that it should be effective to select 
lightpaths for request demands to utilize bandwidths of 
optical networks efficiently. This is known as the problem 
of routing and wavelength assignment (RWA). Espe-cially 
in the case of no wavelength converter, given a physical 
optical network and the requested demands, the RWA 

problem is to select a suitable route and wavelength 
among the many possible choices for each connection so 
that no two paths sharing a link are assigned the same 
wavelength [2]. 

In the most common way, RWA at optical networks 
deals separately with route and wavelength assignment 
such that a route of the light path is selected at first and 
then a wavelength is assigned on the selected route in 
efficient way. RWA problem on the optical networks is 
known to be NP-complete [12], and many heuristic 
approaches have been proposed in [2][4][5][6]. Also more 
mechanisms are intensively surveyed in [3]. 

The optical transport network (OTN) provides the 
optical virtual private network (OVPN) as the key service 
network, where there exist three types of lightpath de-
mands; static, scheduled, and dynamic. Static lightpath 
demands are given by OTVN clients to minimize 
connectivity and bandwidth requirements, and dynamic 
lightpath demands are to establish and release connection 
in time. At releasing time, reserved resources are also 
released. In the case of the scheduled lightpath demand 
(SLD), request demands are based on specific time. This 
type of demand is to increase the capacity of network at 
specific times on certain links. For example, periodical 
data backup performed at specific time can use SLD. 
In real world OTN, most of demands will be static and 
scheduled as explained in [7][10]. This is because traffic 
load in a transport network is fairly predictable for its 
periodic nature. Fig. 1 shows the traffic on the New York-
Washington link of the Abilene backbone network during 
a typical week. A similar periodic pattern was observed on 
all the other links of the network in the same period. Fig.1 
is a clear evidence of the link between the intensity of 
communication among humans using the network, and the 
network traffic load [7]. 
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Fig. 1 Traffic on the New York-Washington link of the Abilene backbone 
network form Oc-tober 13, 2005 to October 20, 2005 

One of characteristics of RWA is to reuse wavelength 
[8] [9] such that if there are two paths between arbitrary 
nodes without sharing links, two paths can use same 
wavelength at the same time [8][9]. For example in Fig. 2, 
consider two paths from 1 to 3 (path A) and from 3 to 5 
(path B). Since these two paths do not share any link, there 
will be no problem for A and B to use the same 
wavelength at any time. Thus, it is clear that if we find 
more link-disjoint paths in a given network then the 
number of wavelength may be decreased. In the case that 
two paths are sharing any link, if ser-vice times of two 
paths are not overlapped then it is also clear only single 
wavelength is enough for both paths.  

Using these simple notions of an link-disjoint path and 
usage-time, we consider an optical network, G = (V, E), 
where V and E are the set of vertices and the set of links, 
respectively.   is a set of SLDs, and each SLD can be 
represented by 4 tuples (s, t, u, w), , where s and t are 
source and destination nodes of a demand, u and w are 
setup and teardown times of a demand. λ is a wavelength 
that is assigned at lightpath.  Let   be a set of groups such 
that each ,  , consists of   which does not share usage-time. 
Then our objective is to pro-pose a new algorithm to 
reduce the number of wavelengths and give the feasible 
computation time for SLD. 
 

 

Fig. 2  Wavelength Routing Network 

The paper is organized as follows. We discuss related 
works on RWA in Section 2. We propose a new RWA 
algorithm regarding to SLD in Section 3. Performance 
evaluation of the proposed algorithm is presented in 
Section 4. Finally, we conclude in Section 5. 
 

2. Related Works  

Due to its importance for the efficiency of optical 
networks, RWA algorithms have been intensively studied 
in the literature [2][3][4][5][6]. Among those algorithms, 
BGAforEDP [3][4] is known to be one of the simplest and 
most efficient algorithms introduced so far. 

BGAforEDP is to find link-disjoint paths based on the 
shortest path algorithm to assign a route and a wavelength 
to a lightpath. It is shown that BGAforEDP is suitable for 
static demands but not appropriate for SLD because of 
characteristics such that starting time and teardown time 
are not considered for each static request [6]. For SLD, the 
Combinatorial Optimal Solution (COS) has been 
introduced [10], but it is complex and impractical for the 
computational time [5]. Using COS, time-complexity 
increases exponentially as the number of demands increase. 
For this reason, Steven [8] and Stern [9] considered the 
bound and branch (B&B) search algorithm to reduce the 
computational time, but B&B still does not give feasible 
computational time [8][9]. So Chlamtac[1] introduced the 
meta-heuristic TABU search algorithm. In the case of 
TABU, the performance is somewhat low with high 
complexity. The method called sRWA, based on FF [3], 
was introduced [10], but usage-time of each connection 
was not considered. 
  Recently new method called TDP-RWA [6] was 
proposed to take both the computational time and the 
number of wavelength into consideration. TDP-RWA 
separates SLDs into several groups such that usage-time of 
connection for each SLD cannot be overlapped in the 
same group but can be overlapped between different 
groups. That is, SLDs in same group can have same 
wavelength. Also, SLDs in other groups may have a same 
wavelength if lightpaths are link-disjoint each other with 
paths that a wavelength has already been assigned. Due to 
simplicity of algorithm, computational time decreases 
dramatically but more number of wavelength are required 
than other algorithms [6]. In this paper we propose a new 
RWA algorithm for SLDs that is feasible in terms of the 
computational time and outperforms any other heuristic 
algorithms in terms of wavelengths. 

3. Proposed Algorithm  

As introduced, RWA problems on optical network 
focus on minimizing the number of wavelengths as well as 
selecting appropriate routes to minimize the end-to-end 
delay to support request demands. In this section, we 
describe our proposed algorithm named SP_TDP_RWA 
that takes following two observations into account for 
SLD. 
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(1) Link-disjoint lightpaths can use the same waveleng

th 
(2) If the usage-times of lightpaths with sharing links a

re different each other, the same wavelength can be
 assigned to those lightpaths 
 

Based on observation 1 and 2, it is clear that if there 
exist enough link-disjoint lightpaths we may reduce the 
number of wavelengths as many as possible. So, a 
mechanism to select routes can decide the number of 
wavelengths. To derive an efficient algorithm, we first 
divide request demands into several groups such that 
request demands in the same group have the different 
service time each other, and sort groups in non-decreasing 
order based on number of request demands included. Then 
SP_TDP_RWA has following five steps. 

 
(1) Select routes that use the minimum number of links

 for group to be considered, and then delete links se
lected from a given network to compute link-disjoi
nt paths for other groups. 

(2) Repeat step 1 until all groups are considered. 
(3) Assign the same wavelength to all routes computed 

in step 1 and 2. 
(4) Restore a given graph to consider request demands 

of which wavelength are not assigned. 
(5) Repeat step 1 through 5 until all request demands ar

e considered. 
 

Especially, step 1 should be carefully treated. To 
minimize the number of links to constitute a lightpath, a 
new path P’ can be selected by concatenating minimum 
number of links to any previously selected lightpath P if 
P’ satisfies the delay bound, )),(max( E Gdiam . Otherwise, 

the shortest path is used as a lightpath P’. In this manner, 
we minimize the number of links used for a group to be 
considered so that probability of finding link-disjoint paths 
for other group can be increased. Also, our mechanism is 
working well with both undirected and directed networks. 
 Consider 

}},......,,{},......,,......,,{},,......,,{{
221 221222212112111  

TTT kkTkTTT ΔΔΔ =Δ=Δ=Δ=Δ δδδδδδδδδ  

and NSFNET in Fig. 3, where TΔ is sorted in non-
decreasing order based on number of δ included. Then 
Fig.4 shows how to compute routes and assign wavelength 
for arbitrary TiΔ with ki≤≤1 in Table.1, where 

)),(max( E Gdiam  is 4.  

 

Fig. 3  NFSNET Topology 

Table 1: Set of SLDs for ΔTi 

SLD = (s, t, u, w) 
SLD

Source Destination Setup 
time 

Teardown 
time 

Number 
of Links

1iδ  3 8 2:00 3:00 3 

2iδ  4 6 3:00 5:00 1 

3iδ  6 10 13:00 14:00 3 
4iδ  1 9 19:00 21:00 3 

 
 

(1) Construct link         using      that  link cost is 1.G′ 2iδ

(2) Reconstruct link        using      among SLDs that link cost is 3.G′ 1iδ

(3) Reconstruct link         using      among SLDs that link cost is 3.G′
3iδ

(4) Reconstruct link        using last G′
4iδ

(1) Construct link         using      that  link cost is 1.G′ 2iδ

(2) Reconstruct link        using      among SLDs that link cost is 3.G′ 1iδ

(3) Reconstruct link         using      among SLDs that link cost is 3.G′
3iδ

(4) Reconstruct link        using last G′
4iδ

 
Fig. 4.  Path Selection and G′ construction using ΔTi 

 
In step 1, since the number of links for the shortest 

path
2i

Pδ for 
2iδ is one that is minimum among the computed 

shortest paths for all TiΔ∈δ , we choose 
2i

Pδ and construct 

G′by adding links on 
2i

Pδ , where G′ is initially empty. Next 

(step 2), since the number of links on the computed 
shortest path for 

1iδ is minimum among the computed 
shortest paths for }{ 12δδ −Δ=Δ∈ TiTi , 

1i
Pδ is considered. The 

computed shortest path of G is 3-1-0-8 and a path reusing 

2i
Pδ (4-6) is 3- - -8, where both paths are satisfying the 

delay bound, 4E =)),(max( Gdiam . Thus, we select path 

(3- - -8) for 1iδ , since only two more links are used by 
sharing links on

2i
Pδ  instead of using three links for the 

shortest path 3-1-0-8. After then links (3, 4) and (6, 8) are 
added to G′ . In this manner, - - -10 and 1-0- -9 are 
selected for

3i
Pδ and 

4i
Pδ in step 3-4, respectively. Suppose 

G ′′  is G - G′ . Then repeat to find a lightpath for 
any ∈δ }{ TiT Δ−Δ  if a path is available. After check every 
SLDs in TΔ , the same 

iλ is assigned to lightpaths selected. 
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Fig. 5 shows the entire process to assign routes and 
wavelengths. 
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Fig. 5 Example of wavelength assignment: Bold type font is SLD that 
is selected for a certain wavelength, where a, b, c and d are selected order. 
For example, selected order in Group 1 is 1-a, 1-b, 1-c and 1-d. 
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Fig. 6. Proposed new SP_TDP_RWA Algorithm 

The function, SP_TDP_RWA() in Fig. 6, consists of 
three functions. TDP-Selector( ), ADD_SLD( ), and 
Other_Group( ). TDP-Selector() groups service-time 
disjoint SLDs, },......,,{ TkTTT ΔΔΔ=Δ 21

. ADD_SLD() assigns 
wavelength to set of SLDs in the checked 

TkΔ . 
Other_Group() is to find link-disjoint paths of SLDs in 

}{ TiT Δ−Δ  and assigns the wavelength to them.  At step 2, 
λ  is wavelength to be assigned to SLDs that are selected 
at each process, and k is number of elements in 
set TΔ with },......,,{ 21 TkTTT ΔΔΔ=Δ . The steps 3-9 are 
repeated until all groups of TΔ are checked.  At step 05, 
links of G′  are deleted from G to find link-disjoint paths 

for SLDs in }{ TiT Δ−Δ . Once all SLDs for a certain 
wavelength are checked and there are SLDs of which a 
wavelength is not assigned, the other wavelength is 
considered for them with G. 
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Fig. 7  ADD_SLD Algorithm 

ADD_SLD( ) in Fig. 7 is the function to assign 
wavelength for },......,,{

Yjkkkkj Δ
=Δ δδδ 21

. The steps 1-15 are repeated 

until all kδ ∈ kjΔ  are checked.  At step 02, we find 

),,,( nnnnkn wuts=δ  with the smallest number of links, and 
shortest path of ),( nn ts  is computed at step 03 from G. 
Find_New_Path( ) at step 4 is the function to find new 
path reusing links of previously selected paths. Steps 5-12 
are executed if the cost of new path is less than or equal 
to )),max(dim( E  G . Steps 6-8 are executed when cost of 
new path is less than that of the shortest path in network G. 
At step 7, we assign λ  to a new path, and add new links 
to G′ . If the cost of new path is longer than that of shortest 
path in network G, steps 10-11 assign a wavelength to the 
shortest path, and add links of shortest path G′ .  
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Fig. 8.  Find_New_Path algorithm that find new path 

The function, Find_New_Path( ), in Fig. 8 is to find 
new path reusing links of G′  which means new path 
shares the links of paths previously selected. To 
concatenate new source and destination to previously 
selected paths, steps 2-10 are repeated until checking all 
end nodes of which degree of node is 1 in link G′ . Steps 5-
7 are to find a path that is from ns to nt  via any end-node. 
Fig. 9 shows an example to find a new path of (5, 6). Path 
of (5, 6) in (c) is shortest, so this can be used as a new path. 
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Fig. 9  Example to find new path as share links of G'. Number on link 

represents the number of links between two nodes. If not represented, it 
means 1. 
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Fig. 10 Algorithm to find path to assign wavelength to SLD in other 

groups 
 

Other_Group( ), in Fig. 10 is the function to find link-
disjoint paths that do not share link with TkΔ , and assign 
the same wavelength to SLDs in }{ TkT Δ−Δ . We repeat the 
steps 2-6 until all SLDs in }{ TkT Δ−Δ are checked.  At step 3, 
we check to know whether a path from s to t is in G ′′ .  If 
disjoint path exists, add links of path to G′ , and then delete 
G′ from G ′′ . And then, we repeat SP_TDP_RWA() to 
assign new wavelength to SLDs that are not assigned 
starting from 1+ΔTk  again. In this manner, we can assign 
wavelengths to all SLDs. 

4. Performance Evaluation 

We compare the performance of SP_TDP_RWA with 
those of BGAforEDP[4], TDP_RWA[6] and sRWA[10] in 
terms of the number of wavelengths. Network topologies 
used for performance evaluation are randomly generated 
directed networks [11]. In this evaluation, Pe is the 
probability of links in a network, therefore if Pe is 1, this 
means complete graph. Pl is the probability of SLDs in a 
network.  If Pl is 1, this means that every request occurs 
between every two node pairs. If Pl is 0.3, then requests 
are used only 30% among every request that occurs 
between every two node pairs. Because several requests 
between two nodes are possible to occur, we evaluated 
performance when several requests occurred. If Nc is 3, 
this means that request occurs between two node pairs. 
Tservice means average service-time of requests. If 
Tservice is 4, this means that each service-time is 4 hours. 
In this paper, we supposed that network has 20 nodes. We 
implemented evaluations 1000 times for each evaluation 
condition and obtain the average number of wavelengths 
assigned.  
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Fig. 11. Number of wavelengths as Pl increases (Pe = 0.4, Nc 
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Fig. 12 Number of wavelengths as Pl increases ( Pe = 0.3, Nc = 3 or 5, 
Tservice 4 ) 

 
Fig. 11 shows number of wavelength as Pl increases in 

random networks with 20 nodes when Nc is 3 or 5, Pe is 
0.4 and Tservice is 4 hours. And Fig. 12 shows number of 
wavelength as Pl increases when Nc is 3 or 5, Pe is 0.3 
and Tservice is 4. As shown in Fig. 11 and 12, 
SP_TDP_RWA, our proposed algorithm, outperforms any 
other algorithm in terms of wavelength at any condition 
with fixed Tservice.  
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(b) Nc = 5, Pl = 0.3, Pe = 0.3  
Fig. 13 Number of wavelengths as Tservice increases (Nc = 3 or 5, Pl = 

0.3, Pe = 0.3) 
 
 

2 4 6 8 10 12 14 16 18 20

2.5

3.0

3.5

4.0

4.5

5.0

N
um

be
r o

f W
av

el
en

gt
hs

Tservice

 SPTDPRWA
 TDPRWA

(a) Nc = 3, Pl = 0.3, Pe = 0.4
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Fig. 14 Number of wavelengths as Tservice increases (Nc = 3 or 5, Pl = 

0.3, Pe = 0.4)  
 

Fig. 13 shows number of wavelength as Tservice 
increases in random networks with 20 nodes when Nc is 3 
or 5, Pl is 0.3 and Pe is 0.3. And Fig. 14 shows number of 
wavelength as Tservice increases when Nc is 3 or 5, Pl is 
0.3 and Pe is 0.4. From Fig. 13 and 14, we may also 
conclude that SP_TDP_RWA outperforms TDP_RWA as 
Tservice is increased.  Also, the number of wavelength 
using SP_TDP_RWA is very steady. 
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Fig. 15 Average execution time as Pl increases ( Pe = 0.4, Nc = 5, 

Tservice = 4 ) 
 

In Fig. 15, we illustrate average execution time as Pl 
increases in random directed networks when Nc is 5, Pe is 
0.4, and Tservice is 4 hours. SP_TDP_RWA requires 

some more execution time than TDP_RWA, but this is 
small enough to ignore for whole performance.  

SP_TDP_RWA is to minimize the number of links for 
selecting paths using single wavelength for a certain group 
so that probability of finding link-disjoint paths using the 
same wavelength is increased for SLDs in other groups. 
For this reason, SP_TDP_RWA outperforms 
TDP_RWA[6] from 44.4% to 65.8% in terms of 
wavelength with feasible execution time. 

5 CONCLUSIONS  

In this paper, we proposed new wavelength assignment 
algorithm, SP_TDP_RWA, for Scheduled Lightpath 
Demand (SLD) in OVPN. Using characteristics of the 
RWA of SLD, we made time-disjoint SLDs in the same 
group, and then we found paths sharing links of previously 
selected paths for SLDs in the same group to increase 
number of link-disjoint paths available for SLDs in other 
groups. As a result, SP_TDP_RWA dramatically 
decreased the number of wavelength. Also execution time 
is feasible when comparing TDA_RWA of which 
execution time is best among mechanisms introduced so 
far. 
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