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Abstract: The increasing demand for bandwidth and the error-prone, costly,
and long-lasting service provisioning process force carriers to find new ways
of automatic service provisioning. Despite the introduction of numerous
path computation procedures, suitable for WDM-technology-based networks,
very few studies exist that discusses the SDH/SONET specific multiplexing
requirements. Furthermore, the existing disjoint path computation
procedures do not always find the best possible path between two nodes. In
this paper, we propose a path computation procedure capable of addressing
the SDH/SONET multiplexing requirements and the shortcomings of the
existing disjoint path computation procedures. Our disjoint paths pair
computation procedure is applied to the topology of the NSF.net network.
The simulation results, obtained with Matlab, suggest that the proposed
procedure outperforms existing path computation procedures. The proposed
procedure covers the demand for bandwidth with fewer resources.
Furthermore, it finds paths considering the capacity units of SDH/SONET. It
is also observed that the time complexity is tolerable.

Keywords: Resource allocation, disjoint paths, path computation procedure,
SDH/SONET technology, optimal path selection, transport networks,
service provisioning.
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1. Introduction

In the current environment, in which data communication has surpassed voice
communication, and the use of bandwidth-intensive applications (e.g., IP-TV and P2P)
became part of daily live, network providers are flooded with requests for network
capacity.

SDH/SONET is the main transport network technology, which is used for providing
capacity and connectivity to the upper layer (i.e., IP layer). However, due to the static
nature of SDH/SONET, the operation of IP networks suffers from high operational
costs at the transport layer. Several scholars pointed out that the service provisioning
process cost covers significant part of the operational expenses of transport service
providers [1] [2] [3] [4]. In order to provision a network service, network providers
have to adjust their network management system and execute manual and time-
consuming activities [2]. This cost issue can get even more serious, considering the fact
that provisioning of differentiated services to enterprise customers develops to be one
of the main sources of revenue for network service providers [5].

Therefore, it is necessary to provision network services with the shortest possible
time. By implementing an automated service provisioning process [20], network
operators may save substantial operational expenditure [1],[21]. As part of this, there is
a need for automating the computation of paths between nodes.

To address the need for a multi-domain, multi-layer, and fast path computation
procedure, the Internet Engineering Task Force (IETF) introduced the Path
Computation Element Protocol (PCEP) and the architecture for Path Computation
Element (PCE) [6].

The path computations problem is mostly studied as routing and wavelength
assignments by many scholars. They have proposed numerous procedures, facilitating
automatic computation and allocation of network resources between the IP/MPLS
routers. Despite the existence of many solutions addressing routing and wavelength
assignment problems in WDM network, very little research has been done on how to
deal with the SDH/SONET technology specific requirements (i.e., with its none-linear
multiplexing structure). Furthermore, the existing disjoint path computation procedures
do not always find the best possible path between two nodes.

In this paper, the objective is to propose a path computation procedure that is
capable of addressing the SDH/SONET multiplexing requirements and the
shortcomings of the existing disjoint path computation procedures.

The contribution of this paper is a new disjoint paths pair computation procedure,
which works for SDH/SONET networks and considers the joined cost of disjoint paths.

The remainder of this paper is organized as follows. Section 2 describes related
works on path computation and discusses the SDH/SONET multiplexing requirements.
Section 3, we describe the advantages of our disjoint paths pair computation procedure
over existing path computation procedures. Section 4 introduces our disjoint paths pair
computation procedure. Section 5 presents the workings of our procedure within the
NSFnet topology and shows its performance advantages over existing path computation
procedures. Finally, section 6 concludes the paper with a brief summary and discussion.



2. Path Computation and SDH/SONET

The path computation problem, also known as the routing and wavelength assignment
(RWA) problem, has been studied by scholars for a long time. A brief overview is
given with the following 12 literature references. The problem of searching for diverse
routes with shared links was studied in [7]. A graph transformation technique
addressing the adaption constraints has been proposed in [8]. An integrated, topology-
independent solution to the RWA problem has been introduced in [9]. The multi-
constraint shortest path problem (MCSP), which finds a feasible path subject to
multiple additive constraints, has been studied in [10]. The K-shortest path problem has
been studied in [11]. A path computation algorithm that assumes independent arrivals
of requests for bandwidth has been analyzed in [12]. A QoS routing algorithm
(SAMCRA) that has been designed for multi-constraint path search has been
introduced by [13]. Path computation and traffic grooming has been described in [14]
[15] [16]. An open source PCE, called Network Aware Resource Broker (NARB) has
been designed and developed within the DRAGON project [17].

The majority of studies that investigated the path computation problem have one
thing in common. For their studies, they assume a network model that allows splitting
the link capacity into arbitrary portions [18]. However, this assumption does not hold
for SDH/SONET-based transport networks due to their specific multiplexing structure
[19]. This structure only allows splitting the link capacity into specific portions, which
must be considered when searching for paths in SDH/SONET networks. Only few
studies considered this. A path computation procedure for dynamic service
provisioning with protection and inverse multiplexing for SDH/SONET networks
discribed in [18]. The authors introduced two variables, o to give priority to links
having available trails and B to consider the trail’s capacity. Although their findings
suggest an approximation of values for o and B, a generalization does not work as
networks can differ significantly. Networks have different protection mechanism, node
degree, priority levels, and policies. Therefore, the suggested values for a and B may
not work for all types of network. In contrast, our disjoint paths pair computation
procedure considers the exact number and types of available VCs that can fulfill the
required bandwidth.

The SDH/SONET multiplexing structure is defined through the transmission unit of
SDH-technology, which is a synchronous transport module (STM-1) consisting of
multiple virtual containers (VC) of different capacities. The bandwidth assignment
needs to consider this. For example, in order to provision a service with a capacity of 2
Mbps (i.e., equivalent of 1 VC12), a higher level container needs to be used. By
assigning 1 VC12 to a STM-1, which would be capable of carrying a VC4 (150 Mbps),
the STM-1 link cannot carry a VC4 anymore. Therefore, the container needs to be sub-
divided into 2 VC3 and a third VC3 that is further subdivided into multiples of VC12
(For more details on the SDH standard hierarchy, please refer to [19]). Due to this
specific multiplexing structure, the capacity of a SDH/SONET link cannot be split into
arbitrary capacity units and, therefore, cannot fulfill all demand for bandwidth [18].
Consequently, there is a need for a procedure that addresses this specific SDH/SONET
technology requirement when computing paths in SDH/SONET networks.



3. Shortcomings of Existing Disjoint Path Computation Procedures

Existing procedures for finding a pair of disjoint paths between a source node and a
sink node do not always find the optimal pair of disjoint paths. For instance, if we
consider the network shown in Figure 1, existing path computation procedures do not
find the lowest-cost pair of disjoint paths between source node 1 and sink node 6.

Figure 1. Example network.

Using Dijkstra’s algorithm to compute the disjoint paths between the two specified
nodes, the first shortest path between the source node 1 and sink node 6 is the path that
originates at node 1, passes node 2 and node 4, and ends at sink node 6. The total cost
of the path is 2 +4 + 1 =7. Then, following the current practice, we remove this path
(i.e., the nodes and links between the source node and the sink node) from the network
topology and execute Dijkstra’s algorithm again on the remaining network for finding
the second path, which is disjoint to the first path. With respect to the example of
Figure 1, it means that Dijkstra’s algorithm finds path 1-3-5-6 (dashed lines) after
removing the first path (i.e., 1-2-4-6 but not the source node 1 and the sink node 6)
from the topology graph. As path 1-3-5-6 has a cost of 19, the total cost for both
disjoint paths is 7 + 19 = 26.

The problem with the currently proposed path computation procedures is that they
do not find all possible pairs of disjoint paths. Actually, there are four paths between
node 1 and node 6 in our example network. Those paths are 1-2-4-6, 1-4-6, 1-2-5-6,
and 1-3-5-6. Each costs 7, 8, 9, and 19 respectively. Among these paths, there are three
pairs of disjoint paths that connect the specified nodes (1-2-4-6, 1-3-5-6), (1-4-6, 1-2-5-
6), and (1-4-6, 1-3-5-6). Since we search for the lowest cost pair of disjoint paths
between node 1 and node 6, the pair of paths (1-4-6, 1-2-5-6) is chosen. Its total cost is
only 8 + 9 =17, compared to the cost of the other pairs of disjoint paths, 26 and 27.
Therefore, we can state that the existing disjoint path calculation procedures do not
always find the lowest cost solution. Their result is 26, 9 units more costly.

4. Proposed Path Computation Procedure

To address the SDH/SONET-specific requirements, we propose to consider the
SDH/SONET standard units of capacity for our disjoint path computation. For instance,
if a path with a capacity of 2 Mbps between two nodes has to be found in a SDH-
technology-based network, the path calculation procedure has to search for a path



capable of supporting a VCI12 signal, which runs at the rate of 2.304 Mbps [19].
Therefore, we suggest searching for paths of a specific VC type instead of a specific bit
rate (e.g., 1 Mbps). For the path search, only the sub-graph of the original SDH-based
network, which can fulfill the specific VC type, is considered. This way, it becomes
possible to compute paths in SDH-based networks correctly.

In addition to this, our procedure avoids the shortcomings of existing disjoint path
computation procedures. It always finds the lowest-cost pair of disjoint paths in a
transport network by searching for all possible paths first and, then, checking pairs of
paths for being disjoint.

1 Generate graph G(V, E) from the topology of the network;

2 Remove all links with a capacity less than demanded by the provisioning request
from the network graph;

3 Find all possible paths between source node and sink node, using a BFS algorithm
and store the paths in the list of paths P;

4 FOR i=1 TO number-of-paths-in-P {

5 Calculate path cost Y(i) for path {;

6 } END FOR

7 FOR i=1 TO number-of-paths-in-P {

8 FOR j =1{ TO number-of-paths-in-P {

9 IF (path i and path j are disjoint) THEN {

10 Calculate Z by summing up path cost Y (i) of path i and path cost Y(j)
of path j;

11 Add the disjoint paths pair (i,j) and its cost Z to the list of disjoint
paths DP;

12 }END IF

13 }END FOR

14} END FOR

15 lowest-cost = max-integer;
16 FOR k =1 TO number-of-paths-in-DP {
17 IF (lowest-cost > DP(k).Z) THEN {

18 lowest-cost = DP(k).Z;

19 lowest-cost-path = DP(k).pair;
20 }ENDIF

21} END FOR

22 RETURN(lowest-cost, lowest-cost-path);
Figure 2. Proposed disjoint path computation procedure.

In detail, our path computation procedure builds first a network graph G = (V, E),
containing n nodes v € V and m edges (v, w) € E, and represents the graph in an
adjacency matrix. In the second step, a slightly modified version of the breadth first
search (BFS) algorithm is used to find all possible paths P between a source node and a



sink node in the graph G. In the third step, the cost Yi(s, d) of all paths is calculated. It
is assumed that Ci is the cost of an edge (v, w) from node v to node w. Then, the cost of
a path with k edges from the source node s to the sink node d is as defined in the
following equation:

Yi (s, d) =% Ci (D

In step 4, all possible pairs of disjoint paths are generated from the list of all
possible paths and the sum of their costs is calculated. In the final step, from all the
pairs of disjoint paths, the pair of paths is selected that has the lowest cost. The detailed
algorithm of our disjoint paths pair computation procedure is given in Figure 2.

Furthermore, a pair of disjoint paths between the source node and the sink node is
assumed to be appropriate, if the quality of service QoS of the two disjoint paths is less
than a threshold QoS user set by the user.

5. Analysis

To describe how the algorithm works, we consider an example network, simulate a set
of path computations, and calculate the savings achieved with our procedure.

5.1.Simulation Assumptions

For the simulation, we consider the NSFnet network topology (Figure 3). Furthermore,
we assume that the bandwidth demanded by the customer is equivalent of 7 VC12 and
that the customer prefers the lowest cost pair of disjoint paths between source node 1
and sink node 13. The links of the network have the following characteristics. The
initial link capacity (IC) of each link is set to STM-16. The allocated capacity (AC) for
each link is set randomly using a uniform distribution in the range between 1VC12 and
1008VC12 (Table 1). The link cost is represented by the link length, which is set
according to a setting of the NSFnet network.

Table 1. Simulation variables, variable units, and their descriptions.

Variable Unit Description

Each link has a fixed capacity of a

Ic SDH/SONET STM-16 (i.e., 1008 VC12 = 2Gbps)

Traffic is assigned to each link in the range between
AC VCl12 1 VC12 and 1008 VC12 according to a uniform

distribution.

The link cost (i.e., link length) is fixed and depends
Cost km on the length of the links within the NSFnet network.

The links vary between 1 km and 100 km




5.2. NSFnet Network Example

After generating the graph (i.e., a 14x14 adjacency matrix) from the network (Figure 3),
the algorithm removes the links with a capacity less than 7VC12 (as this is capacity
demanded by the user) from the graph. In our example, as shown in Figure 3, none of
the links have been removed though. In the next step, the path computation algorithm
searches for all possible paths between the source node (node 1) and the sink node
(node 13) by means of a BFS algorithm. The result of the BES is a list of 9 different
paths between the source node and the sink node. The paths are (1-4-12-13), (1-2-8-10-
13), (1-4-5-6-11-13), (1-4-5-6-9-10-13), (1-4-5-7-8-10-13), (1-3-6-11-13), (1-2-3-6-11-
13), (1-3-6-9-10-13), and (1-2-3-6-9-10-13). Using these paths, 36 pairs of paths can be
generated. However, only nine of these 36 pairs have disjoint paths (Table 2).

Table 2. All pairs of disjoint paths found between node 1 and node 13.

No. Two disjoint paths Sum of the path cost (Path
length)
1 1-2-8-10-13 & 1-4-12-13 235
2 1-2-8-10-13 & 1-4-5-6-11-13 215
3 1-2-8-10-13 & 1-3-6-11-13 225
4 1-2-3-6-11-13 & 1-4-5-7-8-10-13 275
5 1-3-6-11-13 & 1-4-12-13 250
6 1-3-6-11-13 & 1-4-5-7-8-10-13 220
7 1-4-12-13 & 1-2-3-6-11-13 305
8 1-4-12-13 & 1-2-3-6-9-10-13 310
9 1-4-12-13 & 1-3-6-9-10-13 255

Among all 9 combinations of disjoint paths between the specified source node and
sink node, the paths (1-2-8-10-13) and (1-4-5-6-11-13) returned the lowest cost pair of
disjoint paths with a total cost of 215 (Table 2). Figure 3 illustrates the two disjoint
paths found (dotted lines).

To compare the proposed path computation procedure with existing disjoint path
computation procedures on the NSFnet network (Figure 3), we execute Dijkstra’s
shortest path algorithm, on which the disjoint path computation procedures rely. The
result of the first execution of Dijkstra’s algorithm is the shortest path (i.e., lowest cost)
path (1-4-5-7-8-10-13) with a total cost of 100. Then, in order to follow existing
disjoint path computation procedures, we have to remove the first path (i.e., remove
nodes and links of the first path, except for node 1 and node 13) from the graph. Based
on the resulting graph, a disjoint path to the first path can be found by executing
Dijkstra’s algorithm again. The path found is (1-3-6-11-13) with a path cost of 120.

The total lengths (i.e., total cost) of the two paths found using the existing path
computation procedure is equal to 220 km (dashed lines in Figure 3). The length of the
two disjoint paths returned with our proposed disjoint paths pair computation procedure
is 5 km shorter. This suggests that our disjoint path computation procedure performs
better than the existing disjoint path computation procedures.
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Figure 3. Disjoint paths found with the proposed disjoint paths pair computation
procedure (dotted lines) and disjoint paths found with existing disjoint path
computation procedures (dashed lines).

5.3. Evaluation of the Proposed Procedure

To evaluate the proposed disjoint paths pair computation procedure in more detail, we
estimate the savings in capacity and the reduction of path length and, then, compare
these values with those of the existing disjoint path computation procedures. For the
evaluation, we run both disjoint path computation procedures on the NSFnet network
with different source nodes and sink nodes for each simulation run. The nodes are
chosen randomly using a uniform distribution. The values of the allocated capacity are
also set randomly for each link and each simulation run (see Section V.A). The
capacity of the disjoint paths that is requested is 7 VC12.

In order to be able to calculate the path length differences to existing path
computation procedures, we calculate the lowest cost disjoint paths pair for each
simulation run. The reduction of path lengths averaged across all simulation runs is
shown in Figure 4. Figure 4 also shows the number of disjoint paths pairs averaged
across all simulation runs, depending on the number of paths between the source node
and the sink node. One to ten different paths have been found between the source node
and the sink node in 30 simulation runs. The vertical axis on the left hand side
describes the average frequency of pairs of disjoint paths. The vertical axis on the right
hand side shows the average path length reduction.

10
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Figure 4. Average percentage of path length reduction and average frequency of
disjoint paths found with the proposed disjoint path pair computation procedure
over existing path computation procedures.

Figure 4 suggests that, if the number of paths found between the source node and
the sink node increases, the average reduction in path length increases. It is also
observed that, as the average number of pairs of disjoint paths found between the nodes
increases, the average path length reduction also increases. The average reduction is at
its highest, when 10 different paths are found between the two nodes. In contrast, the

average reduction is zero, if only one or two paths are found between the source node
and the sink node.

Another way of evaluating the proposed path computation procedure is the
estimation of capacity savings. Figure 5 illustrates how much capacity will be saved, if
the demand for path selections (e.g., through service provisioning) increases.

The capacity saving is calculated as a percentage of the total annual network
capacity. In order to correctly estimate the capacity savings, we convert the initial
representation of the link capacity (IC) from a single STM-16 signal to 144 signals of
capacity 7 VCI12. Specifically, as a STM-16 signal carries 1008 VC12 signals, a 1 km
link with a capacity of STM-16 is equivalent to a 144 km link having a capacity of
7 VC12. Having the total length of the NSFnet network to be 5500 km and assuming a
STM-16 signal on each link, the equivalent length of the network is 792000 km with a
capacity of 7 VC12 per link.

The results shown in Figure 5 suggests that the capacity savings of the proposed
disjoint paths pair calculation procedure increases as the demand for network services
(e.g., service provisioning) increases. More clearly, for our example network, the
average yearly capacity savings is found to be 0.288 percent of the total network
capacity, if demand for only a single service provisioning per week exists. The average
yearly capacity savings reaches 2.16 percent of the total network capacity, if the service
provisioning demand increases to 7 times per week.

11
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Figure 5. Capacity savings of the proposed disjoint paths pair computation
procedure compared to the existing disjoint path computation procedures.

The time complexity of our procedure is O[[P|* + V] + [E|], where |P| is the number
of paths, |V| the number of nodes, and |E| the number of links. Its complexity is based
on the BFS algorithm (O[|V| + |E|]). It is more complex than Eppstein’s implementation
of the K-shortest path algorithm (O[|E| + |V|log|V| + K]), if |P| = |V]|.

While the proposed algorithm can be more time consuming than the K-shortest path
algorithm, it returns the lowest cost pair of disjoint paths. The existing disjoint path
computation procedures, which return first the shortest path and, then, the shortest path
of the remaining network, do not achieve that. Considering these results, we can state
that our disjoint paths pair computation procedure achieves significant resource
allocation improvement compared to existing procedures at a tolerable time complexity.

6. Conclusion

The continuously growing demand for bandwidth brings forward the need for an
automatic provisioning process. Scholars mostly studied this problem as a routing and
wavelength assignment problem, considering the WDM networks requirements but
overlooking the SDH/SONET specific requirements. Furthermore, the existing disjoint
path computation procedure does not always find the lowest-cost pair of disjoint paths
between two nodes.

This paper introduced a disjoint paths pair computation procedure that considers the
requirements of SDH/SONET and the finds the lowest-cost pair of disjoint paths.

12



Our simulations findings suggest that our disjoint paths pair computation procedure
on the NSFnet topology saves network resources and, therefore, reduces cost for
network providers. It achieves that at tolerable time complexity.
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