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Abstract
In this paper we propose an efficient distributed routing and wavelength allocation method for a Single-hop WDM

(Wavelength Division Multiplexing) all-Optical Interconnection Network for Scalable Multiprocessor systems. By
wavelength allocation, we mean the assignment of unique wavelength(s) to the access nodes. The WDM techniques enable
extraction of a larger amount of usable bandwidth. Routing and wavelength assignment algorithms fine-tune the overall
process by achieving orders of magnitude of performance improvement.

The goal in this paper is to present an efficient dynamic distributed routing and wavelength allocation method that
minimizes path latency, wavelength blocking and the number of wavelengths applied. We have applied this routing and
wavelength allocation method in the simulation study of a multiprocessor interconnection network. The results are also
presented. The overall effect is that our results show an improvement in performance, scalability and flexibility. This routing
control mechanism and wavelength assignment is well suited to the SCOPIN (SCalable OPtical Interconnection Network)
architecture introduced in [1]. The SCOPIN architecture is quite scalable, hierarchical, regular and can easily be
implemented using optics. With a distributed control, the interconnection networks are more robust and fault tolerant.

1. Introduction
In single-hop communication, all nodes can reach any other node directly. This means that the transmitted data are

not passed through any intermediate routing stages and remain in optical form all the way from the source node to the
destination node. In such mode of communication, a lightpath is established before a communication starts and the data
transmission is carried out in a pure circuit-switched manner. In single-hop point-to-point interconnections, messages from a
channel of an input port are routed to a channel of an output port without converting the messages into the electronic domain.
A disadvantage of single-hop networks is that each transmitter and/or receiver must be equipped with tunable components.
Advantages are flexibility and the absence of extra latency at intermediate nodes.

There are basically two ways to achieve connections between nodes in an optical network, path multiplexing (PM)
and link multiplexing (LM) [6-8]. In PM, the same wavelength has to be assigned to all the links between source and
destination, while in LM, different wavelengths can be assigned to different links. Wavelength blocking, a situation where a
common wavelength cannot be established along the path between source and destination, is a major problem with PM. One
obvious disadvantage with LM is the use of wavelength converters, which are the devices that take the data modulated on an
input wavelength and transfer it to a different output wavelength, at intermediate nodes to eliminate blocking. This increases
the cost and complexity of the system. In either case, control can be centralized [9-11] or distributed [6-8, 12]. In large
multiprocessor networks, centralized control is not quite feasible.

A number of distributed wavelength reservation protocols have been studied [6-8]. One classification groups them
largely as either source initiated, or destination initiated protocols [7]. Similarly, they could be either forward or backward
reservation protocols [6]. In this paper we will focus on the distributed control using PM and destination initiated approach
for a dynamic traffic.

The specific problems to tackle here include:
• Establish path from source to destination
• Reserve path for single-hop communication
• Wavelength allocation mechanism
• Determine path for a new request on the fly
• Minimize the blocking probability and rate
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2. Our Proposed Wavelength Allocation Method
In our proposed scalable interconnection network, we adopt the scheme that establishes a light path between the

source and destination using one wavelength (path multiplexing). This eliminates the need for wavelength conversion.
Eliminating wavelength conversion will reduce cost, but it certainly has an effect on the efficiency of the interconnection
network. The problem is to reserve intermediate links from source to destination with the same wavelength. The objective is
to avoid routing nodes that have the required wavelength channel(s) already being utilized or reserved. In such a case where
this objective is not achieved and the communication cannot be established between source and destination, the result is
termed wavelength blocking. Wavelength blocking causes the establishment of communication to be aborted. This scheme is
designed to support a hierarchical structure.

Wavelength Allocation
Our wavelength assignment scheme follows closely the decomposition mechanism developed in [16]. The objective is to

minimize the tunability requirements of the transmitters while maintaining a high performance and still achieve the goal of
single hop communication to all other nodes. Tunability is defined as the number of wavelengths a transmitter will have to
be able to tune to.

An extreme solution will be to have N unique wavelengths for each of the N nodes in the network, with both the
receivers and transmitters able to receive and transmit all N wavelengths, respectively. Our approach is to
(1) define a minimum set of nodes for a local structure;
(2) de-couple the transmitters and receivers into separate entities;
(3) assign a unique wavelength to a transmitter; apply our decomposition mechanism to obtain the interconnection network

components;
(4) identify, for each transmitter, the minimum set of additional wavelengths needed to achieve communication with every

other node in the local cluster and hence all the nodes in the network.
Figure 1(a) and 1(b) show the end result of applying the decomposition mechanism on an n-dimensional hypercube with n =
3 and n = 4.

(a) (b)

Figure 1: Hypercube decomposition into transmitter/receiver groups  (a) 2n = 8 nodes given n = 3, and (b) 2n = 16 nodes
given n = 4.

From Figure 1(a), there are four groups of transmitters and consequently four groups of receivers. In the figure above, the
thick arrows show the direct links from transmitter groups to receiver groups. The thin arrows are relay links indicating a
logical link between some access nodes’ transmitter and receiver. In the figure, tgi and rgi, refer to the transmitter and

receiver groups respectively. If n = 3, the number of nodes in a local cluster can be at minimum, 82 )3( ==n . This process
involves the partitioning of the set of transmitters and receivers into 4 sets of transmitter-groups and receiver-groups
respectively.

Figure 2: Hypercube showing Binary Notation. 
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A close look at the ncube in Figure 2, shows that four transmitter groups can be found such that in each group there are 2
transmitters whose binary indexes have all the bits different. For example, nodes 0 and 7 (000 & 111) will coexist in this
group. Likewise, each pair (1,6), (2,5), (3,4) will exist in a transmitter group. We call this an inverted partition. The receiver
groups are formed consecutively, i.e., (0,1), (2,3), (4,5), (6,7). In this case “consecutively”, means that the elements in a
group have their least significant bit (LSB) in binary indexes different.

For higher order n-cubes, the same logic holds.   The initial partition involves using the Consecutive and Binary
Inverted Partition (CBIP) discussed in [16], starting with n = 3. In each of the already formed groups, the additional
transmitters added to the group are the transmitters that have n bits in their binary notations different from those already in
the group. As shown in Figure 1(b), transmitters 0000 and 0111 are placed in tg1 in the initial partition. By inverting 0000
and 0111, we obtain 1111 and 1000 respectively. Thus, we have the following transmitters in tg1.

tg1 = {0000, 0111, 1000, 1111}
Other transmitter groups are formed in the same fashion.

From Figure 1, tg1 and tg2 have direct links to both rg2 and rg3. This implies that each transmitter in both groups
needs only one wavelength to reach both receiver groups. For every other remaining receiver groups, two additional distinct
wavelengths may be assigned to each transmitter. This example is similar for the other transmitter and receiver groups. It
becomes clear that τ ≤ n, which is also consistent with the fact that for an ncube as shown in Figure 2, each access node has
direct links with n other nodes.

To avoid difficulties in wavelength allocation and for better network performance, the maximum number of nodes
anticipated in a local cluster of the interconnection network is used in determining λtotal.

Then we observe the following to be true:
• For any transmitter/receiver group, there are exactly two receiver/transmitter groups that can have direct links to it and

two others that do not have direct links to it.
• For any transmitter/receiver group, there exists exactly one other transmitter/receiver group that has direct links to the

same set of receiver/transmitter groups. The transmitter/receiver groups having this property are mutually inclusive.
• The transmitter/receiver groups not having direct links to the same receiver/transmitter groups are mutually exclusive.
• Exactly half of transmitters/receivers can be directly connected to half of the receivers/transmitters simultaneously.

From the foregoing, a transmitter will require at least an additional wavelength to be able to communicate with the receivers
in an exclusive group. Each receiver in this configuration needs only to be able to tune to half of the number of wavelengths
applied. The wavelengths a receiver needs to tune to, are those uniquely assigned to the transmitter groups having direct
links to it.

4.     Routing and Control Algorithm
The routing and control strategy in our implementation can be categorized based on the following situations.
• Source and destination are in the same local unit.
• Source and destination are in different units but connected by a common global link.
• Source and destination are neither in the same local unit nor connected by a common global link.

Figure 3. The interconnection network logical diagram.
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2. The communicating transmitter and receiver are not in the same network component, then the transmitting node
monitors its alternate wavelength channel and transmits when the channel is free. It is able to do this because the
alternate wavelength is assigned to another transmitter in a mutually exclusive transmitter group. When a wavelength
channel is in use, the transmitting node broadcasts a block signal, consequently, another transmitter sharing the same
wavelength channel is able to monitor the channel.

If the communicating nodes do not belong to the same local cluster, then routing has to be via a routing node through a
global routing network. The SCOPIN network introduced in [1] consists of local units interconnected globally in a torus
network. A mesh topology with wraparound connections is often referred to as a torus, where a mesh network is basically a
matrix of nodes, each with connections to its nearest neighbors. The logical interconnection showing how the local units are
globally connected is given in Figure 3. In the given architecture, each local unit consists of 8 access nodes. Each access
node consists of a de-coupled transmitter and receiver. The local unit is connected to both horizontal and vertical links of the
torus via a routing node.

Global routing
The global routing and control follows backward reservation. This has obvious advantages as pointed out in [3, 4,

5]. The major advantage is that with forward reservation methods, the bandwidth is wasted in the reservation period.
 A node wishing to communicate with another node determines if the receiving node is in its horizontal or vertical

link. If the above is affirmative, then the node tunes to the pre-assigned wavelength for the intended receiver and then
broadcasts a request packet (REQ) through its outgoing channels onto the link. This request packet will contain information
of the transmitters’ primary assigned wavelength for the receiver. The intended receiver, upon receipt of the request packet,
will send back an acknowledgement (ACK) and a block signal (BS) on the selected path so that no other pairs may
communicate using that path. After the data exchange, an un-block signal (UBS) is broadcast so that other nodes may
establish communication on that path or channel.

The other scenario is when the communicating nodes are not in the same local cluster, neither horizontal nor
vertical global links. The problem then is to determine the exiting points on the senders’ link that connects to the receivers’
link. The transmitting node first tunes to the pre-assigned wavelength and then sends a request packet (REQ) along either its
vertical or horizontal links. This packet carries along with it the destination address and source wavelength. This packet will
traverse the intermediate routing nodes that connect the source and the destination. The packet also collects the path
availability on its way to the destination. This path availability simply means that no blocking will be encountered through
the routing node. There is however no reservation at this stage.  If the path is unavailable, a negative acknowledgement
(NAK) is sent back. The sender then targets another routing node in either the vertical or horizontal links. When the
destination receives the REQ, it then makes a decision on which routing node to reserve based on the information it receives
from the REQ. It sends an ACK back to the sender and broadcasts BS.

5. Simulation Results and Performance Evaluation

To evaluate the performance of our proposed wavelength and routing control scheme, a simulation model is developed. We
simulated the interconnection network shown in Figure 3.

In Figure 3, the total number of nodes in each ncube is 8.  Each receiver is able to tune to all the wavelengths assigned to the
transmitters having direct links to it, and the tuning latency is assumed to be negligible. The routing nodes have a tuning
range exceeding the number of multiplexed wavelengths. The results are obtained for 32, 128, 512 and 2048 nodes,
respectively. In our simulation, we assume that the rate of request generation by each node follows a poisson process. Their
destinations are uniformly distributed to all outputs. The number of data wavelengths per link is 8 each being full duplex
links. We assume that there is no delay in processing the control signals. Other parameters used in the simulator include:
• maximum retransmit time (MTR): Specifies the time period after which a node will retry a failed request.
• message size: determines the duration of the connection. In our simulation, both fixed size messages and exponentially

distributed size messages are considered.
• timeout value: Determines how long a reservation packet is valid in a routing node.
• tunability: The range of wavelengths the transmitters can tune to.

Our approach is to use blocking probability, average signal delay, and throughput to evaluate the protocol.  The first set of
measurements examines the effect of our routing control and wavelength assignment parameters on the delay, blocking
probability and blocking rates. The effect of system parameters is also examined as it affects the system throughput.

Effect of protocol parameters
In this set of simulations we investigate the effect of tunability, message size, retransmit time and holding time on

the performance (delay, blocking rate, and blocking probability).
Figure 4 plots the average delays obtained for the optical messages. The tunability is set to 2, while the MTR is 5

time units. Figure 5 shows the case with tunability set to 3. The results show that the network can provide close to 100%
throughput. It also shows that with a higher tunability, the average delay is reduced, though only slightly. The reduction in
delay is achieved because more channels reduce the blocking rate/probability. Since the transmitters have only a small tuning
range, we assume zero-transmitter tuning latency.
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In Figure 6, we examine the block rate obtained using fixed length and exponentially distributed data length, while
Figure 7 shows the blocking probability. We simulated with the tunability set to 2 on all the nodes. The block rate measures
the number of blocked setup requests received per time. It is important to note that a connection request can be blocked in
the forward or reverse direction. This is clearly seen in Figure 8, which shows the blocking rates for both forward and
reverse directions. Blocking in the forward direction occurs when the request cannot proceed because the common
wavelength (path) is not available in the outgoing link of the routing node. In the reverse case, it happens when multiple
connections are being set up simultaneously, so that there is a contention for the same wavelength on a link. The results
confirm that the interconnection network operates close to 100% capacity. As the load capacity increases the blocking rate
and probability also increases, however, the increase is mild with lower loads. As expected, with higher number of nodes, the
blocking rate and probability also increase. However, these did not surpass the 20% mark in all our simulations.

Effect of system parameters
In Figure 9, we investigate the relationship of the number of connection requests (per node per time) on throughput.

This simulation was done adopting the dropping policy and using a fixed message size. The results show that the network
approaches saturation when the request generation rate is between 0.03 and 0.05.
Finally, Figure 10, illustrates the throughput measured as the number of optical messages successively transmitted to the
destination per unit time for a fixed message size. The request generation rate was set to a value just below the saturation
point at 0.03.

5. Conclusion

In this paper, we have described a new efficient distributed routing and wavelength assignment algorithm to achieve
single-hop WDM for multiprocessors. The algorithm does not require the maintenance of a global state information nor
depend on state update message passing. Our approach is scalable and flexible. The algorithm is largely topology
independent. With our decomposition mechanism, we were able to minimize the number of wavelengths and tunability of the
transceivers.

From the results, we observe that the interconnection network can provide close to 100% throughput. The average
latency, blocking rates and probabilities obtained are comparable and lower than that obtained using multi-hop schemes.

This routing control mechanism and wavelength assignment is well suited to the SCOPIN architecture introduced in
[1].

Figure 4. Average Optical Message delay τ =2 Figure 5. Average Optical Message delay τ =3
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Figure 6. Interconnection network blocking rates

Figure 7.  Blocking probability            Figure 8. Blocking Probability in forward and reverse directions

Figure 9. Throughput analysis Figure 10. Throughput analysis
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