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Abstract
The transmission capacity in today’s optical networks has been increased significantly due to the Wavelength-Division Multiplexing (WDM) technology. In this network, the requested bandwidth of a traffic stream can be much lower than the capacity of the wavelength channel. By efficiently grooming the low-speed traffic streams onto high capacity optical channels, it is possible to improve the network throughput and reduce the network cost. Different multiplexing techniques can be used for traffic grooming in optical WDM networks. Most previous work on traffic grooming in the optical network literature is based on the ring network topology. In recent years, researchers are realizing that traffic grooming is an important problem for WDM network design and implementation. In this paper, we review the traffic grooming problems and the recent research works in this area of optical WDM networks. 
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1.  Introduction

The rapid expansion of the internet in the last decade has been made possible largely by optical networks with high bandwidth and reliability. WDM significantly increases the capacity of a fiber by allowing simultaneous transmission of multiple wavelength channels. A single fiber strand has now over a tera-bit per second bandwidth and a wavelength channel has over ten giga-bit per second transmission speed (e.g. OC-48 has capacity of approx. 2.5 Gbps1). In WDM optical networks, the bandwidth request of a traffic stream can be much lower than the full wavelength capacity. 

Networks can be classified into three generations depending on the technology used at the physical level. The first generation networks used copper based technologies. Current networks use a mix of copper and optical based technologies, and widely known as Second generation networks. Third generation networks are all optical networks. The third generation networks are yet to become practical because of the challenges involved in routing and buffering in the optical domain without an intermediate conversion to the electronic domain. 
Traffic Grooming in WDM networks can be defined as the techniques used to combine low-speed traffic streams onto high-capacity wavelengths in order to minimize the network cost in terms of terminating equipment and/or electric switches (Dutta and Rouskas, 2002b) [1]. It is useful in order to improve bandwidth utilization and optimize network throughput by a procedure of efficiently multiplexing/ demultiplexing different wavelength channels (Zhu et al., 2003b) [1].  Grooming is a term used to describe the optimization of capacity utilization in Internet transport systems by means of cross-connections between different transport systems or layers within the same system (Zhu and Mukherjee, 2003) [2]. 
Most recent work has focused on traffic grooming in SONET (Synchronous Optical Network) rings. In this article we reviews the traffic grooming problems and the most recent research work on traffic grooming in optical WDM mesh networks. Our objective is to improve the network throughput as well as to reduce the network cost.   
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1 Note that the bandwidth of an OC-n channel is approximately n * 51.84 Mb/s 

2 WDM Network Design

WDM network design can be divided into two sub-problems: Network design and Routing and Wavelength Assignment (RWA) problem.  

Network design involves physical topology and configuration design.  The physical topology of a WDM network consists of Network Access Station, Optical Cross Connects (OXC), and fiber links.  Each access station is equipped with transmitters and receivers to transmit data from or receive data to multiple data sources such as terminal equipment, or local sub-networks.  OXC can route the optical signal coming in on a wavelength of an input fiber link to the same or different wavelength in an output fiber link.  Since transmitters, receivers, and OXCs are expensive, each network access station may be equipped with only limited amount of these devices.  Physical topology design is to determine the number of Optical Cross Connects (OXC), transmitters and receivers and their interconnectivity in order to provide low-cost and efficient networks.  
Logical topology of WDM network is the topology viewed by higher layers such as SONET, ATM, IP.  Logical topology consists of network nodes and lightpaths. A lightpath is a logical all-optical connection associated with wavelengths established to satisfy data communication requests between source node and destination node.  In WDM networks without wavelength converter, a lightpath must be assigned same wavelength along all the fiber links it traverses. In an N-node network, if each node is equipped with N-1 transmitters and receivers and if there are enough wavelengths on all fiber links, then every node pair can be connected by an all-optical lightpath.  The logical topology design is to determine how to set up lightpaths to accommodate all traffic demand while make optimal use of network resources.    
Once the physical topology and logical topology are decided, we need to map the lightpaths to physical topology and assign wavelengths to them. Routing and Wavelength Assignment (RWA) problem is to set the routes of lightpaths need to be established on a given network and allocate wavelengths to these lightpaths so that maximum number of lightpaths may be established. Depending on static traffic or dynamic traffic request, there are two kinds of RWA problems, static RWA problem and dynamic RWA problem.  Static RWA problem is used to solve static lightpath allocation problem, in which the number of lightpath and traffic pattern is known a priori.  Static traffic is usually for long haul backbone networks. However, with the development of technology, optical networks become more popular.  Besides the static setup lightpaths in long haul optical networks, individual or companies may need to lease lightpaths for temporary use of crucial traffic.  These lightpaths will need to be allocated dynamically upon requests. Dynamic lightpath allocation is getting more and more important in the future.  

3. Multiplexing Techniques

Different connection requests between the same node pair (s, d) can be either groomed on the same lightpath, which directly joins (s, d), using various multiplexing techniques, or routed separately through different virtual paths. Fig. 1 shows an illustrative example of traffic grooming in a WDM mesh network. Fig. 1(a) shows a small six-node network. Each fiber has two wavelength channels of each capacity OC-48. Each node is equipped with a tunable transmitter and a tunable receiver, both of which can be tuned to any wavelength. There are three connection requests: (0, 2) with bandwidth requirement OC-12; (2, 4) with bandwidth requirement OC-12; and (0, 4) with bandwidth requirement OC-3. Two lightpaths have already been set up to carry these three connections, as shown in Fig. 1(a). Because of the resource limitations (transmitter in node 0 and receiver in node 4 are busy), we cannot set up a lightpath directly from node 0 to node 4; thus, connection 3 has to be carried by the spare capacity of the two existing lightpaths, as shown in Fig. 1(b). 
Fig 1 : Illustrative example of Traffic Grooming

Different multiplexing techniques can be used for traffic grooming in different domains of Optical WDN networks[3]. 
· Space-division multiplexing (SDM) partitions the physical space to increase transport bandwidth, e.g., bundling a set of fibers into a single cable, or using several cables within a network link.

· Frequency-division multiplexing (FDM) – partitions the available frequency spectrum into a set of independent channels, which enables a given fiber to carry traffic on many distinct wavelengths. WDM divides the optical spectrum into coarser units, called wavebands, which are further divided into wavelength channels. Currently, commercially available optical fibers can support over a hundred wavelength channels.    
· Time-division multiplexing (TDM) – divides the bandwidth’s time domain into repeated time-slots of fixed length. Using TDM, multiple signals can share a given wavelength if they are non-overlapping in time.

· Dynamic statistical multiplexing or packet-division multiplexing (PDM) – provides “virtual circuit” service in an IP/MPLS over WDM network architecture. The bandwidth of a WDM channel is shared between multiple IP traffic streams (virtual circuits).

4. Minimizing the Network Resources 
The network resources must be used efficiently to achieve high performance. By carefully grooming the low speed connections and using wavelength-division multiplexer (OADM) to perform the optical bypass at intermediate nodes, electronic ADMs can be saved and network cost will be reduced. To reduce the amount of traffic that must be electronically processed at intermediate nodes, future WDM systems will employ WDM add/drop multiplexers (WADMs), which allow each wavelength to either be dropped and electronically processed at the node or optically bypass the node electronics [4]. The SONET/WDM architecture shown in Fig. 2a is potentially wasteful of SONET ADMs because every wavelength (ring) requires a SONET ADM at every node. A WADM at a given node is capable of dropping and adding any number of wavelengths at that node. Consequently, it is no longer necessary to have a SONET ADM for every wavelength at every node, but rather only for those wavelengths used at that node. 

 
 
Assignment1 on Wavelengths
   
λ1  :  A  (  B,   C  (  D   (4 ADMs)
λ2  :  A  (  C,   B  (  D   (4 ADMs)
λ3  :  A  (  D,   B  (  C   (4 ADMs)
· Requires total 12 ADMs



Fig 2 (a) : SONET/WDM  ring (Ungroomed)   
The above figure 2(a) shows an ungroomed unidirectional ring network with four nodes A, B, C and D, and 3 wavelengths λ1, λ2 and λ3. Wavelength λ1 carries the traffic between nodes A and D and that between nodes C and B, etc. Therefore, each node would require an ADM on every wavelength for a total of 12 ADMs – which is potentially wasteful of ADMs because every wavelength requires an ADM at every node. 


Assignment2 on Wavelengths
λ1 :  A ( B,  A (  C (3 ADMs)
λ2 :  B ( C,  B  (  D (3 ADMs)
λ3 :  A ( D,  C  (  D (3 ADMs)

· Requires total 9 ADMs
Fig 2 (b) : SONET/WDM  ring (Groomed)   
With the assignment2 each wavelength contains traffic from only three nodes; hence, only nine ADMs are needed. Notice that both assignments carry the same amount of total traffic. The corresponding ADM allocations for both assignments are shown in Figs. 2a and b, respectively. Therefore, in order to limit the number of SONET ADMs required, the traffic should be groomed in such a way that all of the traffic to and from a given node is carried on the minimum number of wavelengths. From the above example, we can observe that each network element has its own cost function and the definitions of these cost functions will eventually determine how the network should be designed. 
5. Traffic Models
5.1 Static Traffic Grooming : 
Static traffic grooming can be measured by one or multiple fixed traffic matrices. In static traffic problem the set of connection request of differentiated bandwidth requirements are know a priori. The objective of static traffic grooming is to intelligently groom the connection requests to maximize network throughput or equivalently to minimize the network cost for a given network configuration. A connection request may traverse through one or more lightpaths before it reaches the destination. Two important functionalities must be supported by the WDM network nodes: one is wavelength routing and the other is multiplexing and demultiplexing. The node architecture for a WDM mesh network, which has the static traffic grooming capability, is discussed below [2, 5].    
 


Fig 3 : Grooming Switch Architecture   
The node architecture for multi-hop partial-grooming consists of a wavelength-switch fabric (W-Fabric) and a grooming fabric (G-Fabric). The W-Fabric performs wavelength routing and wavelength multiplexing/demultiplexing. The G-Fabric performs local traffic adding/dropping and low-speed traffic-grooming functionalities. The W-Fabric is composed of an optical cross-connect (OXC), optical multiplexer/demultiplexer etc. The G-Fabric is equipped with some transmitters and receivers. Traffic originated from the access station is sent out as an optical signal on one wavelength channel by a transmitter T. Traffic destined to the node is converted from an optical signal to electronic data by a receiver R. Both tunable transceivers and fixed transceivers could be used in a WDM network. A tunable transceiver can be tuned between different wavelengths so that it can send out (or receive) an optical signal on any free wavelength in its tuning range. A fixed transceiver can only emit (or receive) an optical signals on one wavelength. To explore all of the wavelength channels on a fiber, a set of fixed transceivers, one per wavelength, is grouped together to form a transceiver array.

5.2 Dynamic Traffic Grooming : 
In many cases, the traffic changes over time. Such changes can be due to slow changes in traffic demands over a long period of time. More recently, such changes can be attributed to the more rapid dynamics of Internet traffic. The traffic is no longer restricted to be uniform, and nodes are allowed to have dynamically changing connections. Dynamic traffic can be measured by arrival rate and holding time statistics of a connection request. The main objective of dynamic traffic grooming is to minimize the blocking probability under current network state. In dynamic traffic problem, a connection admission control (CAC) scheme is proposed to ensure that the network will treat every connection fairly. CAC is needed to guarantee that every class of connection requests will have the similar blocking probability performance. Again, a theoretical capacity correlation model is proposed to compute the blocking probability for WDM networks with constrained grooming capability.     
6.  Grooming with Protection

Connection may also require protection from network failure, typically fiber cuts or duct cuts, which may cause large data and revenue loss. How to efficiently groom low-speed connections while satisfying their protection requirements becomes practically interesting and theoretically challenging. A path that carries traffic during normal operation is known as a working path. When a working path fails, the connection is rerouted over a backup path.

Fault-recovery capability is critical for optical networks, as a single failure may affect a large volume of traffic. There are generally two types of fault-recovery mechanisms, namely protection and restoration [6]. 


Fig 4 : Protection schemes   
6.1 Protection :  Protection aims at extremely fast recovery. The backup connection is established before the failure. Protection is classified into link protection and path protection.
6.1.1 Path Protection : In path protection (Fig. 4(a)), the source and destination nodes of each connection statically reserve backup paths on an end-to-end basis during call setup. The backup path must not share a common resource with its primary path. This requirement prevents a single failure from affecting both the backup path and the primary path.

6.1.2 Link Protection : In link protection  (Fig. 4(b)), all the connections that traverse the failed link are rerouted around that link. In link protection, during call setup, backup paths and wavelength are reserved around each link of the primary path. 
6.2 Restoration :  Restoration dynamically establishes a connection to recover from a failure after the failure occurs. In path restoration, the source and destination nodes of each connection that traverses a failed link dynamically discover a backup route on an end-to-end basis, and in link restoration, the end-nodes of the failed link dynamically discover a route around the link, for each wavelength that traverses the link.

7. Mathematical (ILP) Formulation 
In paper [2], a mathematical formulation of the traffic grooming problem is presented to find out the optimum the total successfully-routed low-speed traffics. It is an integer linear program (ILP) with static traffic pattern. 

7.1 Assumptions : The following assumptions are made in the ILP program –

1) There is at most one fiber link between each node pair.

2) The wavelength-routing switches in the network nodes do not have wavelength conversion capability. 

3) The transceivers in a network node are tunable to any wavelength on the fiber.

4) The data traffic on a connection request should always follow the same route.

5) Each node has unlimited multiplexing/demultiplexing capability and time-slot interchange capability. 
7.2 ILP formulation : The problem is formulated as an optimization problem using principles of multi-commodity flow of physical routing of lightpaths and traffic flow on the virtual topology. 

· Objective : Maximize the total successfully-routed low-speed traffic




Maximize : 
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Where, y 
Granularity of low-speed traffic requests. We assume y 
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{1,3,12,48}, which means that traffic demands between node pairs can be any of OC-1, OC-3, OC-12 and OC-48.

          s and d
Source and destination of the end-to-end traffic request
        t
Index of OC-y traffic request for any given node pair (s, d),  t
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= 1 if the tth OC-y low-speed connection request from node s to node d has been successfully routed; = 0 otherwise.
· Constraints :  Some major constraints are

· The number of lightpaths between node pair is less than or equal to the number of transmitters at node and the number of receivers at node.

-     
For an intermediate node k of lightpath (i, j) on wavelength w, the number of incoming lightpath streams is equal to the number of outgoing lightpath streams, i.e -
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 EMBED Equation.DSMT4  [image: image12.wmf]"
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  Number of fibers for wavelength w interconnecting nodes m and n, 0 for node pair which are not physically adjacent to each other and 1 if and only if there exist a direct physical fiber link between nodes m and n.
· The aggregate traffic flowing through lightpaths cannot exceed the overall wavelength (channel) capacity C , i.e.
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 The tth OC-y low-speed connection request from node s to node d employ- ing lightpath (i, j) as an intermediate virtual link
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   The number of lightpaths from node i to node j in virtual topology
7.3 Numerical Result : A six-node network (Fig 5) is taken as physical topology to present the numerical examples of the multi-hop traffic-grooming problem. 3 nos. of traffic matrices are randomly generated for the traffic demand of OC-1, OC-3 and OC-12. 
Fig 5 : A six-nodes network for the numeric examples
The total traffic demand turns out to be the equivalent of OC-988 and the capacity of each wavelength channel is taken OC-48.     
Solving the above problem from the ILP solver “CPLEX”, the corresponding result is shown in table I, where T denotes the number of transceivers and W denotes the number of wavelengths. From Table I it was found that, when the number of tunable transceivers at each node is increased from 3 to 5, the network throughput increases significantly in the multi-hop case. But when the number of tunable transceivers at each node increases from 5 to 7, network throughput does not improve and will result in lower transceivers utilization. This is because there are not enough wavelengths to setup more lightpaths to carry the blocked connection requests. When T = 5, W = 4, if multihop grooming is allowed, the network throughput is 100%; otherwise, some connections get blocked.

	
	Multi-hop

	
	Throughput
	Lightpath #

	T=3, W=3
	74.7% (OC-78)
	18

	T=4, W=3
	93.8% (OC-927)
	24

	T=5, W=3
	97.9% (OC-967)
	28

	T=7, W=3
	97.9% (OC-967)
	28

	T=3, W=4
	74.7% (OC-738)
	18

	T=4, W=4
	94.4% (OC-933)
	24

	T=5, W=4
	100% (OC-988)
	29


Table I : Throughput and Number of Lightpaths established 

Table II shows the virtual topology and the lightpath capacity utilization for the multihop case, when T = 5 and W = 3. As we can see, most of the lightpaths have high capacity utilization (above 90%). There are some node pairs ((0, 1), (1, 3), etc.) which have multiple lightpaths set up, though the aggregate traffic between them can be carried by a single lightpath. The extra lightpaths are used to carry multi-hop connection traffic.
	
	Node 0
	Node 1
	Node 2
	Node 3
	Node 4
	Node 5

	Node 0
	0
	2 (70%)
	0 (100%)
	1 (89%)
	1 (100%)
	1 (100%)

	Node 1
	1 (100%)
	0
	1 (100%)
	2 (100%)
	1 (100%)
	0

	Node 2
	1 (100%)
	1 (95%)
	0
	1 (100%)
	1 (100%)
	1 (70%)

	Node 3
	2 (100%)
	1 (100%)
	1 (100%)
	0
	0
	1 (100%)

	Node 4
	1 (100%)
	1 (100%)
	0
	0
	0
	1 (91%)

	Node 5
	0 (100%)
	0
	2 (98%)
	1 (100%)
	1 (100%)
	0


Table II : Virtual topology and Lightpaths utilization

8. Conclusion 
The objective of this paper was to provide an overview of the research and development work in the area of traffic grooming in optical WDM networks.  It improves the bandwidth utilization and optimizes network throughput by a procedure of efficiently multiplexing/demultiplexing of different wavelength channels. We studied the architecture of a node with grooming capability. Different approaches are examined to survive path failure or link failure in an optical network. An ILP formulation is presented for traffic grooming in optical WDM mesh network with multi-hop grooming approach on a small network. The ILP result showed how network throughput and utilization of lightpaths are varying with the number of using wavelengths and transceivers. Traffic grooming in WDM networks is an important and exiting research area, and we are certain that many significant results of practical importance are forthcoming.        
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