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Abstract The present article addresses a novel approach to enhance the overall performance of a WDM optical network. Centralized and distributed approaches for dynamic lightpath establishment are well studied in the literature. Both the approaches have some drawbacks. In this article a hybrid approach is proposed to accept the advantages and discard the disadvantages of both the approaches. With the proposed hybrid approach, a WDM optical network is divided into clusters of nodes. Within a cluster centralized mechanism is applicable whereas connection requests between the node pairs from different clusters follow the distributed mechanism. Also, in this article an analytical model is proposed to compute the expected blocking probability of the proposed hybrid network. First, blocking probabilities for the centralized and distributed approaches are computed and then it is extended for the hybrid approach. The distinguished feature of the proposed analytical model is that it efficiently utilizes the path information of the calls to determine the overall blocking probability of a WDM optical network. It extracts the necessary parameters of a network by simulation and utilize the information to analytically calculate the blocking probability of the network. The NSFNET T1 backbone network is used for the simulation study. To justify the analytical model, the simulation results are compared with that of the analytical model. The simulation results establish the effectiveness of the proposed hybrid approach over the distributed approach in merits of both the call setup time and blocking probability. K. Roy (B) · M. K. Naskar Department of Electronics and Tele-Communication Engineering, Jadavpur University, Kolkata 700 032, India e-mail: [email protected] M. K. Naskar e-mail: [email protected]
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1 Introduction Wavelength division multiplexing (WDM) is a promising technology in the development of optical networks. Multiple signals distinguished by their wavelengths can be carried through a fiber using WDM technology [1,2]. A route through which a specific wavelength is assigned to each hop is called a lightpath. If there is no wavelength converter at the nodes, the wavelength assigned to a lightpath should be continuous throughout the route. The objective of the Routing and Wavelength Assignment (RWA) problem is to setup the lightpaths between the source–destination node pairs of a WDM optical network. The challenge is to reduce the blocking-probability while keeping the setup time at a sufficiently moderate value.



1.1 Static and dynamic traffic With static traffic the connection requests between the node pairs in a WDM optical network are fixed beforehand. It is advantageous as RWA algorithms can be formed depending on the given traffic matrix. The practical need is to allow traffic that is dynamic in nature. With dynamic traffic the lightpath needs to be setup as the connection requests arrive and it is released after some finite amount of time. In this article the proposed approach deals with the dynamic lightpath establishment.
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1.2 Centralized and distributed approach Centralized approach assumes a central agent for routing and wavelength assignment. The central agent has all the up-to-date information of the network. When a request arrives, the central agent determines the route between the source–destination node pair and also assigns a wavelength channel throughout the route. The advantage of the centralized scheme is that a lightpath is always possible to be established at sometime if the network can accommodate it. However, always keeping an up-to-date information centrally for a wide-area WDM optical network is a bottleneck and may not be reliable. The problem of centralized scheme can be solved by distributed approach. With distributed approach, each node retains the information of its neighborhood. There is no central concept in distributed approach as the name suggests. The path selection mechanism under distributed approach may be taken dynamically, i.e., each node forwards the request to another node depending on some criteria. But the wavelength selection mechanism under distributed approach has to be taken always by request forwarding and receiving response messages. The disadvantage of such approach is that some call may get blocked even if some wavelength channel can be assigned throughout the route. Also the setup time is increased due to the request forwarding and receiving response messages.



1.3 Traffic grooming The reason behind the bandwidth-division of a fiber is that its bandwidth is more than enough to carry a single signal. As the technology progresses, transmission speed of a fiber also increases from OC-48 (2.5 Gbps) to OC-192 (10 Gbps). As there are some constraints (e.g., power consumption) in increasing the number of wavelength channels without limit, the recent trend is to employ TDM slots within the wavelength channel itself. The resulting network configuration is known as WDM-TDM network or WDM grooming network. At each node in the network there are SONET add-drop multiplexers (SADMs) for each wavelength to add or drop signal streams. With traffic grooming the number of SADMs required is decreased by a ratio equal to the grooming capability of the network. Fortunately, it is not necessary for every node to be equipped with SADMs for all wavelengths. The SADM corresponding to a wavelength is required only to transmit or receive the signals at that wavelength. Therefore, cost-effective traffic grooming with SADM minimization is considered as an important issue. In this article it is assumed that every wavelength channel has a fixed number of TDM slots. But, allocation of SADMs is not considered.
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1.4 Performance criteria: blocking probability and setup time The performance of WDM optical networks is evaluated by the following two criteria: blocking probability and setup time. Blocking probability is calculated by the total number of blocked calls divided by the total number of attempted communications. The total number of attempted communications should be large enough following the theory of probability. The setup time is the waiting time before a communication can be started, i.e., it is a measure of the time required for the selection of a route and the assignment of a wavelength. Obviously, the challenge is to keep the blocking probability as low as possible while limiting the setup time at a moderate value.



1.5 Previous works A lot of researches were carried out to enhance the blocking performance of WDM optical networks. In this respect there exist different approaches in the literature. Several approaches using centralized mechanism are proposed in [3–23]. Some of the approaches are valid only for static traffic. Also, some schemes utilize wavelength-converters (e.g., [23]) to enhance the blocking performance of WDM optical networks. In [3], the proposed model is based on the assumption that the wavelength utilization of each link is characterized by a fixed probability. Thus, the model is not applicable for dynamic traffic. An improved model for dynamic traffic is proposed in [4]. A link load correlation model is proposed in [5] by which the blocking probability of a two-hop path can be calculated and the idea can be inductively extended for a multi-hop path. A Markov chain with state-dependent arrival rates to model the blocking in arbitrary network topology is presented in [6]. In [11], fixedalternate routing is proposed. In [12,13], heuristic algorithms for routing and wavelength assignment with static traffic are proposed. A graph coloring algorithm is proposed in [14]. Routing under dynamically changing traffic is studied in [16–19]. A dynamic routing method using neighborhood information is proposed in [17]. Least-congested path for routing is suggested in [20,21] to enhance the blocking performance of WDM optical networks. A new analytical technique based on inclusion–exclusion principle is proposed in [22]. In [24], a graph transformation approach is proposed to efficiently select the route and the consequent wavelength channel. Since the centralized approach is a bottleneck for a widearea network, a lot of researches are performed to solve the problem of having only one central agent. Accordingly, distributed approaches have gained a lot of attention [25– 29]. In [27], three distributed algorithms are proposed and
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compared. In [29], two basic methods for distributed lightpath establishment source- and destination-initiated routing are studied. In [30], a general routing and wavelength assignment algorithm is developed for multi-segment optical networks using the concept of blocking islands (BI). In [31], a method based on BI paradigm is proposed that maximizes the number of lightpaths between the nodes. However, the proposed distributed node-clustering method (as in [31]) for hierarchical routing has almost the same blocking probability as without clustering. Since traffic grooming in WDM networks are evolving for practical reasons, extensive researches [32–45] are performed considering the grooming capability of wavelength channels in WDM optical networks. Distributed approaches for traffic grooming in WDM optical networks are studied in [38,39]. In [40], a genetic algorithm for traffic grooming is proposed. Since every node does not require SADMs for all wavelengths, tremendous efforts are exploited to minimize the number of required SADMs with WDM grooming networks. In this respect linear programming solutions are proposed in [41,42]. In a very recent progress, a genetic evolutionary approach [43] and a heuristic approach [44] are proposed. Since the practical need is to employ dynamic traffic in WDM optical networks, the corresponding analysis signifying the quantitative trade-off between the ADMs and blocking probability is done in [45].



1.6 Proposed approach: a hybrid approach Since both the centralized and distributed approaches have their corresponding merits and demerits, a new approach (named as hybrid approach) taking only the merits of the both approaches is presented in this article to enhance the overall performance of WDM optical networks. With Hybrid approach a WDM network is clustered into nodes. A cluster should be formed in such a way that inside it centralized mechanism can be well-applicable. For intercluster calls (i.e., the calls to be established for node pairs in different clusters), distributed mechanism is suited. Every cluster has one cluster-head to establish the calls inside it and a cluster-heads keeps an up-to-date information of a cluster. However, all the nodes in the network have neighborhood information for inter-cluster calls to be established by distributed mechanism. Whenever a node has to establish a connection with another node in the network, it has the information to determine if the destination node is inside the same cluster or not. If the destination node is inside the same cluster, the respective cluster-head acts as the centralized agent for the cluster and tries to establish the call. Otherwise, if the
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Fig. 1 Illustration of path-disjoint approach



destination node is not inside the same cluster, the node tries to establish the call using distributed mechanism.



1.7 Path-Disjoint approach for blocking probability analysis To illustrate the path-disjoint approach let us consider an example as in Fig. 1. In Fig. 1 there exist four routes: route 1, route 2, route 3, and a new route (shown with a dotted line). It can be observed that the new route overlaps with the other three routes whereas the route 1, route 2, and route 3 are disjoint with respect to each other. The routes: route 1, route 2, and route 3 can use a same wavelength channel (say wavelength channel 1) and the new route can use another wavelength channel (say wavelength channel 2) to establish the lightpath. So, to accommodate four routes we need only two wavelength channels. Thus, the number of disjoint paths existing in a network at some time instant has a greater impact on the wavelength allocation and hence on the blocking performance of the network. It depends on the network configuration and the calls characterized by the source–destination node pairs. Accordingly, the ratio determined by the number of involved wavelength channels to the number of existing routes in a network is the criterion that controls the blocking performance of a WDM optical network. Lowering this ratio means that the number of necessary wavelength channels required to establish the same number of routes is less and hence a better blocking performance can be achieved.



1.8 Outline of the remaining sections The remaining sections are organized as follows. Section 2 states the network architecture and assumptions. The proposed analytical model is presented in Sect. 3. Section 4 does an analysis on time complexity of the proposed analytical model. The simulation algorithm is described in Sect. 5. Section 6 performs a time-complexity analysis of the simulation algorithm. Simulation results showing the effectiveness of the proposed approach are presented in Sect. 7. Finally, Sect. 8 concludes the article.
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2 Network architecture and assumptions The network configuration and assumptions are stated below. 1.



2. 3.



4. 5. 6. 7.



8.



9. 10.



11.



The WDM network is a connected graph. Accordingly, each node is reachable from any other node in the network. There are N nodes in the network labeled as 1, 2, 3, . . . , N . The links between the nodes are bi-directional. Each link between the nodes contains W different wavelength channels. Each channel contains T TDM slots. Accordingly, each link can accommodate W × T number of communications simultaneously. The calls (connection requests) from a node to the other nodes are generated with equal probability. Request arrivals follow the Poisson process with mean rate λ . The service rate µ is assumed to be exponentially distributed with mean of 1 time unit. Shortest path routing is assumed. In case more than one shortest path exists for a source–destination node pair, one of them is chosen arbitrarily depending on the flow of algorithm. A lightpath is characterized by a source–destination node pair (sn, dn). Since there may be N × (N − 1) different source–destination node pairs and only shortest path routing is assumed, there exist N × (N − 1) different possible lightpaths. No wavelength conversion is assumed. For the connection requests under distributed approach, a node may be permitted to initiate more than one try to select another wavelength channel if the previously selected channel is already locked by some other on-going communications. NSFNET T1 backbone network is used for simulation purpose.



3 Analytical model The proposed analytical model defines a state of the network at which some connection requests (depending on the traffic arrival rate λ) arrive to the network and persist for some finite amount of time depending on the service time µ. Since the blocking probability depends on different network parameters, the proposed analytical model extracts those by simulation and then exploits them to calculate the overall blocking probability of the network analytically. The corresponding steps are given in the following subsequent sub-sections. Since the experiments are performed over the well-known NSFNET network, the corresponding diagram is drawn in Fig. 2. It has 14 nodes and 21 bi-directional links.



123



Fig. 2 NSFNET T1 backbone network (not drawn to scale)



Fig. 3 Link overhead for the links in NSFNET Network



3.1 Capacity calculation We define a capacity C of a network by the number of calls that can be accommodated within the network without blocking. Obviously, the capacity depends on the specific calls that persist at some instant of time (defined as state in this article) in the network and accordingly, it is a function of time. But, on average, we can assume that the network can contain C number of calls at some state without blocking. Since there are N × (N − 1) distinguishable source–destination pairs in a network with N nodes, we have performed simulation for the aforesaid N × (N − 1) calls and extracted the capacity information of the network. We assume that each node has equal probability to be considered as source or destination. If the probability of each node to be source or destination is not same, the calls to be established should be determined accordingly. The corresponding simulation algorithm is given in Appendix 1. This algorithm should accord with the RWA algorithm to be used in practical scenario. Also, different probability for the nodes to be source and destination can be assigned. Simulation with NSFNET network (N = 14) results 34 channels for the 182 different calls to be established in the network. This denotes that many of the calls are path-disjoint (as described in Sect. 1.7). We define the overhead of a link between two nodes as the number of busy channels (identified by different wavelengths and consequent slots) along that link. Fig. 3 shows the number of busy channels along the links between the nodes of the NSFNET network.
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Accordingly, the defined capacity   182 . C =W ×T × 34



tion per call and hence this parameter is used to analytically determine the overall blocking probability of a WDM optical network.



(1)



C should be rounded to the nearest integer if in case it is not purely integer. The ratio 182/34 denotes the measure of path-disjointness in the network as described in Sect. 1.7. It needs emphasis that the 183th call will increase the number 34 only if the call passes through the link 8 ↔ 9. But, if we go on simulating the next 182 calls, it is obvious that the overhead of the link 8 ↔ 9 will be doubled (during simulation, we are not terminating any existing calls). However, in practice the number 34 will go up or down depending on the termination of some of the previous calls as well as the specific calls present at the current state. If the probability of the nodes being source and destination are not same, the number of calls for the simulation should be generated depending on the probabilities. In this way, this ratio depends not only on the network connectivity matrix but also the probability of the nodes being source and destination and hence both information are considered in calculating the capacity of a WDM optical network. 3.2 Average hop-length determination Average hop-length is an important parameter for a given network. It denotes the amount of connectivity of a network. For a strongly connected network (i.e., the nodes are connected to each other frequently), the average hop-length is less than that of a loosely connected network. For NSFNET network (Fig. 2), the hop-lengths of the source–destination node pairs (1, 2), (1, 4), and (1, 11) are 1, 2, and 4, respectively. The average hop-length of a network is calculated by averaging the hop-lengths corresponding to all the distinguishable source–destination node pairs. For the NSFNET network, the average hop-length is calculated as avghop = 2.1758.



(2)



3.3 Link overhead calculation In Sect. 3.1, the simulation performed for network capacity calculation results 34 channels to establish 182 different calls characterized by different source–destination node pairs. The link 8 ↔ 9 with 34 established connections is the maximum congested link in the network. Obviously, it is true only on average basis and depends on the calls distinguished by the source–destination node pairs present at some state in the network. From the results obtained through simulation, a parameter avgLinksOh that denotes the average overhead of the links for a network is determined. It is a measure of link conges-



avgLinks Oh = mean(20, 10, 14, 20, 28, 26, 30, 26, 22, 28, 24, 20, 16, 34, 10, 6, 10, 20, 14, 1, 2, 6)/182 = 0.1306.



(3)



3.4 Cluster selection Cluster selection for the proposed hybrid approach is of immense importance as it determines the degree of improvement over distributed approach. At the time of selecting clusters, we have taken the fact into account that having more calls within a cluster eventually improves the overall blocking probability and setup time of a network with respect to the fully distributed approach. Accordingly, an algorithm is formulated to select the clusters so that more number of nodes can be accommodated in a cluster. To implement this concept, we selected the node having the maximum neighbors. In case more than one choice are available, a node is selected arbitrarily according to the flow of algorithm. Next, we form a cluster with that node and its available neighbors. In this way, we go on selecting the clusters as long as there are nodes remaining. A simplified algorithm for the same is given in Appendix 2. According to the proposed algorithm, three different sets of clusters for NSFNET network are selected. They are as follows: • • •



Cluster Set 1: {(9,8,10,12,13); (5,4,6,7,11); (3,1,2); 14} Cluster Set 2: {(6,3,5,10,14); (9,8,12,13); (2,1,4); 11; 7} Cluster Set 3: {(6,3,5,10,14); (8,1,7,9); (11,12,13); (4,2)}.



Now, we calculate the probability of having calls within the clusters for a general case. Let us consider that the number of nodes in the network is N , the number of clusters formed is n and the ith cluster contains Cli number of nodes. Then it is obvious that n 



Cli = N .



(4)



i=1



Let the probability of having calls within the ith cluster is cenci . If a source node is selected to be inside the cluster i, the destination node may be any one of the remaining Cli −1 nodes in that cluster. Since a source node can be any of the nodes inside the cluster,   Cli − 1 . (5) cenci = Cli × N × (N − 1)
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So, the probability of having calls within the clusters cenc =



n 



cenci =



i=1



n  i=1



 Cli ×



 Cli − 1 . N × (N − 1)



pcs respectively, centralized blocking probability cencs = P(ncs + pcs > C)



For cluster set 1, there are four clusters: two clusters having five nodes each, one cluster having three nodes, and the remaining cluster containing only one node. Accordingly, the array Cl for cluster set 1, Cl(c1) = {5, 5, 3, 1}. Similarly, Cl(c2) = {5, 4, 3, 1, 1} and Cl(c3) = {5, 4, 3, 2}. Thus, from Eq. 6, the probability of having calls within the clusters corresponding to cluster set 1 cencc1 = 0.2528.



(7)



Similarly, cencc1 = 0.2089



(8)



and cencc1 = 0.2198.



= P(ncs > C − pcs )



(6)



(9)



During simulation the probabilities get slightly perturbed by the constraint that for a source–destination node pair, both the source and destination nodes cannot be the same node. Even if we have assumed only one-hop neighbors for cluster selection, two or more hop neighbors can be selected depending on the geographical position of the nodes in the network. Selecting multiple-hop neighbors for cluster selection will enhance the number of inter-cluster calls and hence will improve both the call setup time and blocking performance of the network under consideration.



= 1−



C− pcs  i=1



λi e−λ . i!



(10)



Now, the value of pcs is to be determined. We define the average service time of the calls at state s as delays . It is obvious that there are no non-terminated calls at the first state (state 1) as no calls arrived beforehand. So, pc1 = 0.



(11)



But at state 2, the number of previous calls pc2 is equal to the number of calls at state 1 having service time more than one time unit according to our consideration. Similarly, at state 3 the number of previous calls pc3 is the sum of the number of calls at state 1 having service times more than two time units and the number of calls at state 2 having service times more than one time unit. In this way, the number of previous calls at state s (s > 1) pcs = =



s−1  x=1 s−1  x=1



=



s−1  x=1



=



s−1 



ncx × P(delayx > s − x) ncx × (1 − P(delayx ≤ s − x))    1 s−x − p/µ ncx × 1 − e dp µ p=0 ncx × (1 − (1 − e−(s−x)/µ ))



x=1



=



s−1 



ncx × e−(s−x)/µ .



(12)



x=1



3.5 Blocking probability for centralized approach Centralized mechanism assumes one central agent that has all the up-to-date information about the channel utilization. Accordingly, if and only if the calls present at some state exceed the capacity of the network, blocking occurs. As discussed in Sect. 3.1, the capacity varies from state to state and it is true only on average basis. Anyway, we have used this parameter to determine the blocking probability analytically. We have assumed that the connection requests arrive at the states with an interval of one time unit according to the Poisson process with a mean rate λ. So, if there are R requests, the number of such states S is the integer value of R/λ. At a state there may be calls present in the network that arrived beforehand at some previous state but not terminated yet. If the number of new calls and the previous non-terminated calls present in the network at some state s are ncs and
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Accordingly, we can determine the blocking probability at some state s under centralized approach from Eq. 10. Hence, the average blocking probability for centralized approach can be calculated as bpcen =



S 1 cen s S



(13)



s=1



where, S (depends on λ) is the number of states in the model. 3.6 Additional blocking probability on a link for distributed approach With distributed mechanism a call may be blocked even if some free wavelength channel can be allocated throughout the route. For this reason the overall blocking probability under distributed approach is expected to be greater than that



Photon Netw Commun (2009) 18:363–377



369



of under centralized approach. In this section we determine the additional blocking probability that has to be considered due to distributed approach. If there are W different wavelength channels along the links and each wavelength channel has T TDM slots, the number of possible simultaneous communications is W × T . According to our consideration, at some state s there may be some previous ongoing communication and thus the number of possible simultaneous communications at a current state might be less than W × T . Let us assume that at some state s, x calls among the new calls are using a link and the number of possible simultaneous communications for the link is Cn. In this context we are only considering the blocking for distributed approach for the case when the traffic demand is less than the number of possible simultaneous communications, i.e., x ≤ Cn. If the number of the new calls and the previous non-terminated calls in the network at some state s are pcs and ncs , respectively, Cn and x can be assumed as, Cn = W × T − pcs × avgLinks Oh



(14)



and x = ncs × avgLinks Oh.



(15)



Now, among the x calls, one call will first lock a free channel and its blocking probability is (x − 1)/Cn (since for the other x − 1 calls, each call has a 1/Cn probability of selecting the same channel. We denote this call to be the 1st call and next calls as 2nd, 3rd, . . . subsequently to present the remaining part conveniently. So, the blocking probability of the 1st call along the link is bph 1 =



x −1 . Cn



(16)



Now, the blocking-probability of the 2nd call along that link will be dependent on the blocking of the 1st call. If the 1st call is blocked, the number of free channels will be one more than that of the case if the call is not blocked. So, the blocking-probability of the 2nd call         x −1 x −1 x −1 x −1 × + × bph 2 = 1 − Cn Cn Cn Cn x −2 x −1 = + Cn Cn 2 x −2 . (17) ≈ Cn In this way if we go on calculating the blocking probability of the remaining calls, the blocking probability of the mth call is x −m (18) bph m = Cn where x ≥ m.



Hence, the blocking probability of the last call bph x = 0.



(19)



It is obvious that if there exists a free channel for a call to be established and there is no competition with the other calls, the blocking probability of the call will be zero. Accordingly, the approximate blocking-probability of all the x calls along a link bph = =



x  i=1 x  i=1



=



bph i x −1 Cn



x × (x − 1) . 2 × Cn



(20)



In practice this blocking probability will vary depending on the number of calls using the link. But, on average, this blocking probability can be used to determine the additional blocking probability analytically for distributed approach. 3.7 Additional blocking probability on a link involving number of tries for distributed approach The blocking probability calculated in the previous section corresponds to the case when for each call, a source node is trying to establish a lightpath (that ends at a destination node) only once. The blocking probability should get reduced when the number of tries is increased more than once. In this section we determine the blocking probability involving a number of tries. Let xn be the number of calls that are trying to establish their corresponding lightpaths and Cn n is the possible simultaneous communication along a link on nth try. Clearly, Cn 1 = Cn and x1 = x (Cn and x are defined and determined in the previous section). Accordingly, the additional blocking probability under distributed approach with nth try can be determined as bphtn =



xn × (xn − 1) 2 × Cn n



(21)



where xn−1 × (xn−1 − 1) 2 × Cn n−1



(22)



Cn n = Cn n−1 − (xn−1 − xn ).



(23)



xn = and



Here, (xn−1 −xn ) is the number of calls that are established already with (n − 1)th try. As the number of tries increases, the numerator decreases by square whereas denominator decreases linearly. Accordingly, the blocking probability decreases as the number of tries increases.
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3.8 Blocking probability for distributed approach



can be calculated as follows



In this section, we determine the overall blocking probability for distributed approach. Under distributed approach, even if when the total number of calls in the network at some state is not greater than the capacity C of the network, there exists a probability of blocking. First, that additional blocking probability is calculated and then it is added to the centralized blocking probability to get the overall blocking probability of the network under distributed mechanism. The probability that the number of calls in the network is not greater than the network capacity C at some state s is (1−cen s ). Accordingly, we can determine the overall blocking probability under distributed approach at some state s as



bphybrid =



diss = cen s − (1 − cen s ) × avghop × bphtn



(24)



where avghop is the average hop length as determined in the Sect. 3.2 and bphtn is the additional blocking probability on a link with nth try as determined in the Sect. 3.7. So, the average blocking probability under distributed approach can be calculated as bpdis =



S 1 diss S



s=1



S 1 [diss − cenc × (1 − cen s ) = S s=1



×avghop × bphtn ] = bpdis − cenc × avghop × bphtn S 1 × (1 − cen s ) S s=1



= bpdis −cenc × avghop × bphtn × (1 − bpcen ). (28) The above equation presents the reduction of blocking probability for the proposed hybrid approach over the distributed approach. It can be noticed that as the probability of having the calls inside the clusters (i.e., cenc) increases, the blocking probability for the hybrid approach decreases that is obvious. Also, we can write the previous equation as follows (with the help of Eq. 25). bphybrid = bpcen + (1 − cenc) × avghop × bphtn



s=1



×(1 − bpcen ).



S 1 = [cen s + (1 − cen s ) S s=1



×avghop × bphtn ]



S 1 [diss − cenc × (diss − cen s )] S



(25)



(29)



This equation presents the increase of blocking probability with that of the centralized approach. Also, we can observe from the equation that as cenc increases, bphybrid decreases.



where, S (depends on λ) is the number of states in the model. 3.9 Blocking probability for hybrid approach



4 Time complexity of the analytical model



According to the proposed hybrid approach, some calls use the centralized approach and the rest of the calls use the distributed approach to establish the lightpaths between the node pairs in the network. In Sect. 3.4, we have calculated the probability of having calls within the clusters as cenc. Accordingly, we can determine the blocking probability of the calls using hybrid approach at some state s as



The following notations are used to calculate the time complexity of the proposed analytical model.



hybrids = cenc × cen s + (1 − cenc) × diss .



S 1 hybrids S s=1



S 1 = [cenc × cen s + (1 − cenc) × diss ] (27) S s=1



where, S (depends on λ) is the number of states in the model. Consequently, the blocking probability for hybrid approach
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•



Capacity of the network = C. Number of states according to the proposed consideration = S. Number of tries under distributed consideration = tr yn.



(26)



So, the average blocking probability can be calculated as bphybrid =



• •



Time complexity to calculate the number of previous calls at all the states = O(1 + 2 + · · · + (S − 1)) = O(S × (S − 1)/2) = O(S 2 ). 4.1 Time complexity for centralized approach • •



Time complexity to calculate the blocking probability for all the states = O(C × S). Time complexity to calculate the average blocking probability = O(S).
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So, time complexity to calculate the overall blocking probability = O(S 2 + C × S + S) = O(S × (S + C)). 4.2 Time complexity for distributed approach • •



Time complexity to calculate the blocking probability for all the states = O((C + tr yn) × S). Time complexity to calculate the average blocking probability = O(S).



So, time complexity to calculate the overall blocking probability = O(S 2 + C × S + tr yn × S + S) = O(S × (S + C + tr yn)). 4.3 Time complexity for hybrid approach
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5.3 Algorithm for hybrid approach When a connection request is to be established, the source node has the information to decide if it can be established by centralized mechanism or not and accordingly, centralized or distributed algorithm comes into play.



6 Simulation complexity analysis To calculate the time complexity of the proposed algorithm, we have used the following notation. • •



Time complexity to calculate the overall blocking probability = O(S 2 + C × S + tr yn × S + S) = O(S × (S + C + tr yn)).



• • •



5 Algorithms for simulation



• •



In this section the simulation algorithm employed in this article is described. Connections between the nodes of the network are assumed to be bi-directional. An 1 in the connection matrix denotes a connection between the two nodes and a 0 denotes no connection. The entry at the (i, i)th positions (1 ≤ i ≤ N ) in the connectivity matrix is assumed as 1. 5.1 Algorithm for centralized approach To establish the calls inside the clusters using centralized mechanism, the shortest path routing and first-fit or random wavelength assignment are considered as RWA algorithm. The corresponding algorithm is given in Appendix 3. 5.2 Algorithm for distributed approach With distributed mechanism, the shortest path algorithm is selected as routing strategy. For wavelength assignments, first, the source node determines the wavelength channels and consequent slots that can be used for a communication by request-response messaging. Then the source node selects a wavelength channel and a consequent slot on first-fit or random selection basis. The same goes on by putting locks on the links for the selected wavelength channels and consequent slots. If conflicts occur due to some other ongoing communication, the call is blocked and it is communicated back to the source node. The corresponding algorithm is given in Appendix 4.



Number of nodes in the network = N . Number of wavelength channels in each link of the network = W . Number of TDM slots in each wavelength channel = T . Number of tries under distributed approach = tr yn. Average number of hops for a source–destination node pair = P. Number of clusters under hybrid approach = nc. Number of nodes in the largest cluster = mn.



Accordingly, • • • • •



Time required to determine the shortest path = O(P). Time required for selection of clusters = O(N 2 ). // Ref. Appendix 1 // Time required to check if a call corresponds to inside some cluster = O(nc × mn). Time required for wavelength assignment = O(P ×W × T ). Time required to establish a lightpath with distributed mechanism = O(P × tr yn). // Ref. Appendix 3 //



7 Simulation results In this section we present the simulation results. The experiments are done on well-known NSFNET network. The network architecture and assumptions are described in Sect. 2. All the simulation results are averaged 30 times to get a fairly accurate picture. The Figs. 4, 5, and 6 show the variation of blocking probability with respect to the overall capacity (i.e., the number of wavelength channels multiplied by the number of TDM slots in each channel) for variation of different parameters and different approaches considered. The results are also compared with the corresponding analytical results. Hybrid1 denotes the hybrid approach corresponding to the cluster set 1 (described in Sect. 3.4) and it is similarly for Hybrid-2 and Hybrid-3.
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Fig. 4 Capacity of links versus blocking probability for both simulation and analytical model under centralized approach using first-fit mechanism with λ = 15 and µ = 1



Fig. 6 Capacity of links versus blocking probability for simulation under distributed and hybrid approaches using both the firstfit and random wavelength selection mechanisms with λ = 15, µ = 1, and tr yn = 5



Fig. 5 Capacity of links versus blocking probability for both simulation and analytical model under distributed and hybrid approaches using random wavelength selection mechanism with λ = 15, µ = 1, and tr yn = 5



Fig. 7 Traffic arrival rate versus blocking probability for both simulation and analytical model under centralized approach using first-fit mechanism with W = 8, T = 1, and µ = 1



In Fig. 4, it can be noticed that as the capacity of the links is increased, the analytical and simulation results accord more closely. The difference varies from simulation to simulation and it is dependent on the random generation of the calls as well as on their service times. The reason is described in the Sect. 3.1. However, the trend of the curves is quite similar. In Fig. 5, it can be verified that the hybrid mechanism performs better than the distributed approach with respect to blocking probability. The hybrid mechanism with cluster set 1 (Hybrid-1) performs better than the two other hybrid mechanisms as expected. In Fig. 6, it can be observed that the random wavelength selection mechanism performs better than the first-fit mechanism.
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Figure 7 shows that as traffic arrival rate increases, the blocking probability also increases that is quite obvious. Also, the trend of the curves (simulation and analytical model) is quite similar. Figure 8 shows that as the traffic arrival rate is increased the blocking performance deteriorates. The Hybrid-1 approach performs better than the other approaches as expected. In Fig. 9, the comparison between the first-fit and random wavelength selection mechanisms is performed with respect to the traffic arrival rate. It is found that the random selection mechanism for wavelength assignment performs better. Also, it can be noticed that the Hybrid-1 mechanism performs better than the other approaches. Figure 10 shows that as the number of tries for lightpath establishment under distributed approach is increased, the blocking probability decreases. But, after sufficient increase of the number of tries, the blocking probability is going to be
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Fig. 8 Traffic arrival rate versus blocking probability for both simulation and analytical model under distributed and hybrid approaches using random wavelength selection mechanism with W = 8, T = 1, µ = 1, and tr yn = 1



Fig. 9 Traffic arrival rate versus blocking probability for simulation under distributed and hybrid approaches using both the first-fit and random selection mechanism with W = 8, T = 3, µ = 1, and tr yn = 1



saturated since no free channel exists to accommodate a call. For distributed approach as the number of tries increases, the difference between the analytical and simulation results is getting prominent since it is becoming more dependent on the presence of different specific calls and their service times. From the simulation result as in Fig. 11 it is found that as the capacity of links is increased, setup time also increases. Hybrid-1 mechanism has the lowest setup time among the curves shown in the figure. Figure 12 shows the variation of setup time with traffic arrival rate. It can be observed that the Hybrid-1 mechanism performs better than the other approaches as expected. In Fig. 13 it is shown by simulation that as the number of tries is increased, the setup time also increases that is quite expected. Here, also the Hybrid 1 mechanism performs better than the others.
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Fig. 10 Number of tries versus blocking probability for both simulation and analytical model under distributed and hybrid approach using random wavelength selection mechanism with W = 8, T = 1, λ = 15, and µ = 1



Fig. 11 Capacity of links versus setup time for simulation under distributed and hybrid approaches using random wavelength selection mechanism with λ = 15, µ = 1, and tr yn = 5



8 Conclusions In this article a hybrid approach is proposed to improve both the call setup time and blocking performance of WDM optical networks over the distributed approach. Also, a new analytical model is proposed to determine the blocking probability of the corresponding hybrid network. The analytical model is widely applicable in the sense that it extracts the necessary parameters of a network by simulation and in this way all the information, e.g., network topology, effect of employing different RWA algorithms, traffic pattern are encoded in the extracted parameters that are used to analytically determine the blocking probability of a WDM optical network. For experimental purpose shortest path routing algorithm, firstfit or random wavelength assignment, and equal probability
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Step1: For each call corresponding to different source–destination node pairs Repeat Step 2 to Step 5 Step2: Find the shortest path between the source–destination node pair. Step3: Assign a continuous wavelength channel throughout the path for the communication to be established. Step4: If a new wavelength channel is needed to establish the call then introduce it. Step5: Update the number of wavelength channels along the links between the nodes. Fig. 12 Traffic arrival rate versus setup time for simulation under distributed and hybrid approaches using random wavelength selection mechanism with W = 8, T = 1, µ = 1, and tr yn = 5



Appendix 2: Algorithm of selecting clusters The procedure of selecting clusters is given below in a simple stepwise manner. Step1: Until all the nodes are in clusters Repeat Step2 to Step4. Step2: Select a node n for which it has the maximum number of connections to its neighborhood. // If duplicates found, select one of them arbitrarily. // Step3: Make a cluster taking the node n and its neighbors. Step4: Exclude the nodes that are already considered to be inside the cluster for the next iteration.



Fig. 13 Number of tries versus setup time for simulation under distributed and hybrid approaches using random wavelength selection mechanism with W = 8, T = 1, λ = 15, and µ = 1



for a node to be source or destination are assumed. However, any existing RWA algorithm along with different probability of a node being source or destination can be used. For the cluster selection algorithm, we have selected only the immediate neighbors. However, the clusters can be selected depending on the geographical positions of the nodes in the network. Both the analytical and simulation results justify the effectiveness of the proposed hybrid approach over distributed approach in merit of both the call setup time and blocking probability.



Appendix 1: Algorithm for network capacity calculation For the calls characterized by the set of different source–destination node pairs, simulation is performed to determine the number of necessary wavelength channels along each link between the nodes.
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Appendix 3: Algorithm for centralized approach The algorithm used in this article to establish the calls using centralized approach is given below. Step1: For each call in the simulation Repeat Step2 to Step5. Step2: Select a source–destination node pair for a lightpath to be established. // Selection of a source–destination node pair is generated with uniform distribution as we have assumed that each node has equal probability to be source or destination. // Step3: Find the shortest path between the source–destination node-pair. Step4: Try to assign a continuous wavelength channel and consequent slot for the communication to be established. // In this article first-fit and random assignment of a wavelength channel and a consequent slot is considered when there exist multiple choices. // Step5: If the lightpath cannot be established, block the call.
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Appendix 4: Algorithm for distributed approach The algorithm to establish calls using distributed approach is described below. Step1: For each call in the simulation Repeat Step2 to Step5. Step2: Select a source–destination node pair for a lightpath to be established. // Selection of source–destination node pair is generated with uniform distribution as we have assumed that each node has equal probability to be source or destination. // Step3: path ← Find the shortest path between the source and destination node-pair. Let the path consists of k + 1 number of hops with the nodes p0 → p1 → · · · → pk+1 where p0 is the source node and pk+1 is the destination node. Step4: Determine the wavelength channel and slot information (W T ) that can be used for the communication. Assign W T as empty. For i = 0 to k Forward request message from node pi to pi+1 . W Ti ← the wavelength channels and consequent free slots along the link pi → pi+1 . W T ← W Ti ∩ W T . I f WS is empty then Send response message back to the source node p0 that the call is blocked. End End If call is not already blocked then Send response message containing the wavelength channel and slot information (W T ) from the destination node to the source node that the corresponding channels can be used for the communication. End Step5: Try to establish the call. noFr eeChannels ← number of entries in WT. actualT r y ← minimum of the values noFr eeChannels and tr yn. // tr yn is the maximum number of attempts that is permitted // For try = 1 to actualT r y wt ← Select an entry from the available set W T . // In this article we have selected an entry depending on first-fit or random selection basis. // For i = 1 to k + 1 Try to put a lock on the link pi−1 → pi corresponding to the entry wt. If some ongoing communication has already locked the channel pi−1 → pi then



375



Send response message toward source node that the communication is blocked. Release locks from the previous links (if exists) of the path. Else Put a lock on the link pi−1 → pi . Release the lock from the previous link (if exists) of the path. (This is unlike in [27] where locks exist on the path throughout the communication until the communication is blocked or completed. This approach is intended to avail of the free resources if required by some other communication and hence to improve blocking performance of the network.) End End End
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