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Abstract 
Photonic slot routing has been proposed as an approach 
to implement an all-optical packet-switched network in a 
manner which is scalable and not overly complex. Al- 
though photonic slot routing has been studied in bus and 
ring networks, it has not been applied to general mesh 
topologies until now. In this study, we investigate some of 
the issues involved in implementing photonic slot routing 
in a mesh network. In particular, we propose an approach 
for assigning slot destinations in a photonic slot routing 
network, and we evaluate the performance of the proposed 
technique. . 

1 Introduction 
Wavelength-division multiplexing (WDM) has been 
rapidly gaining acceptance as a means to handle the ever- 
increasing bandwidth demands of network users [l]. In ad- 
dition to providing huge amounts of bandwidth, all-optical 
WDM networks also offer the benefit of high-speed data 
transmissions without electronic conversions at intermedi- 
ate nodes. By transmitting the signal entirely in the opti- 
cal domain, data transparency can be achieved. One such 
type of all-optical network is the wavelength-routed WDM 
network, in which all-optical lightpaths are set up on spe- 
cific wavelengths between pairs of nodes [2, 31. Some 
of the major challenges in designing wavelength-routed 
WDM networks include the complexity and scalability is- 
sues which arise from the need to demultiplex and indi- 
vidually route each wavelength at a node. 

An emerging alternative to the wavelength-routed 
WDM network is a WDM network based on optical packet 
switching. One recently proposed approach to optical 
packet switching is Photonic Slot Routing (PSR) [4]. In 
PSR, time is slotted, and data is transmitted in the form 
of photonic slots which are fixed in length and span all 
wavelengths in the network. Each wavelength in the pho- 
tonic slot may contain a single packet, and all packets in 
the photonic slot are destined to the same node. By re- 
quiring the packets to have the same destination, the pho- 
tonic slot may be routed as a single integrated unit with- 
out the need for demultiplexing individual wavelengths. 
Thus, wavelength-insensitive components may be used at  
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each node, resulting in less complexity, faster routing, and 
lower network cost [5]. 

Although PSR has been studied in bus and ring net- 
works, it has not been considered in mesh networks until 
now. Also, no analytical model has been developed to 
measure the performance of a PSR network. In a mesh 
network, nodes may have multiple input and output ports, 
resulting in a higher degree of contention than in ring- 
based networks. In this work, we investigate various ap- 
proaches for reducing the amount of contention, and for 
resolving contentions when they occur. 

In Section 2, we describe the proposed PSR network 
architecture for arbitrary mesh networks. The protocols 
for transmitting packets and for resolving contentions are 
discussed in Section 3. We present numerical examples 
in Section 4. Section 5 concludes the paper and discusses 
areas for future research. 

2 Network Architecture 
We consider a mesh interconnected network in which each 
node consists of a wavelength-insensitive optical packet 
switch, optical delay-line buffers (to hold photonic slots at 
intermediate nodes), and electronic packet buffers (to hold 
packet arrivals at each source node). Each node (while 
acting as a source) maintains a separate packet buffer for 
each destination noc2e. A diagram of the node architecture 
is shown in Fig. 1. 

At each input fiber link, an optical splitter (or demul- 
tiplexer) is used to extract the header of each photonic 
slot. The header, which may be carried on a separate 
wavelength, contains information such as the destination 
of the slot, and which wavelengths in the slot are occupied 
by packets. The destination information is used to con- 
figure the switch setting so that the slot can be appropri- 
ately routed towards its destination. The slot occupancy 
information determines the extra allowable packet trans- 
missions for each outgoing photonic slot. Because it takes 
some time to process the slot header and to configure the 
optical packet switch, delay lines may be required on each 
input fiber link as shown in Fig. 1. Alternatively, the slot 
header may precede the data payload of the slot by some 
fixed duration. 

On a given output fiber link, the node may insert pack- 
ets into existing photonic slots which are headed for the 
same destination or the node may transmit newly created 
photonic slots if no other slots are contending for the link. 
The packet insertion may be performed by an optical cou- 
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pler. For example, in Fig. 1, a photonic slot departing on 
the top output fiber link contains packets on wavelengths 
A1 and Az. The node may then insert a packet into the 
photonic slot on wavelength As. 

In the given architecture, there is the possibility of con- 
tention between two or more photonic slots at each of the 
output fiber links. One approach for resolving contention 
is to optically buffer the photonic slots which lose a con- 
tention. In this case, optical delay line buffers, consisting 
of lengths of fiber, are required at each node [6]. Al- 
ternative approaches for dealing with contention include 
deflection routing and dropping photonic slots. 

One of the challenges in implementing PSR in a mesh 
environment is maintaining the synchronization of pho- 
tonic slots. Each of the incoming photonic slots must 
arrive simultaneously on all input fibers in order to be 
routed through the optical packet switch simultaneously. 
We address this problem by including adjustable delay 
elements at the input ports of each node. 

Packet Buffers Transmitter 
(electronic) Arrays 

Figure 1: PSR node architecture. 

3 PSR Protocols 
When a node has a new packet to transmit, it may add the 
packet to any slot which is headed for the same destination 
and which is not full. It may also place the packet in an 
empty slot which does not have a destination assigned to 
it. In this case, the node must set the slot destination to 
the destination of its packet. 

There are a number of slot-assignment policies for uti- 
lizing empty slots and for assigning destinations to these 
slots. These policies may have an effect on contention at 
intermediate nodes. We discuss two different policies and 
their performance in Sections 3.1 and 3.2. There must 
also be a policy for determining how many packets should 
be added to a slot. In this work, we will assume a greedy 
approach to filling slots, i.e., a node will place as many 
packets as possible into a slot, as long as the packets are 
headed to the same destination. Alternatively, we may 
limit the number of packets placed in a slot in order to 

provide downstream nodes in the network with an oppor- 
tunity to also transmit packets in the same slot. 

Nodes which receive forwarded slots from upstream 
nodes are referred to as intermediate nodes. The prob- 
lem for an intermediate node is to route non-empty slots 
to the appropriate output link. Optimistically, the inter- 
mediate node should put the slot onto the proper link as 
determined by the routing algorithm'. If two or more 
slots arrive at the same time and require the same out- 
going fiber link, then contention occurs. In this work, we 
will utilize optical slot buffers to resolve contention. When 
the buffers become full, slots are dropped. 

In the remainder of this section, we study two types 
of slot-assignment policies. First, we consider a slot- 
assignment algorithm based on packet arrivals. We then 
consider a slot-assignment algorithm based on capacity 
allocation. In both schemes, a node which has packets 
to transmit can always add its packets to slots which are 
headed to the same destination node. 

3.1 Packet Arrival Based Assignment 
In the slot-assignment algorithm based on packet arrivals, 
no knowledge of the network trafEc pattern is required. 
Upon receiving an empty slot, a node randomly chooses 
one queue from among its packet queues which are not 
empty. It then inserts a number of packets into the slot. 
Thus, if the queues for a link (if fixed routing is used, a 
packet queue always requires the same outgoing link) are 
not all empty at the beginning of a time slot, then the 
slot departing on this link will always have a destination 
assigned to it and will also be non-empty. 

A disadvantage of this algorithm is that it results in a 
high probability of contention as well as some unfairness 
in resource allocation. Nodes located towards the edge 
of the network, which have little or no chance of being 
intermediate nodes, always receive empty slots in which 
to transmit their packets. For a (tagged) node located 
in the internal region of the network, the passing slots 
may already be occupied by packets from upstream nodes. 
Hence, the tagged node has relatively fewer chances to 
transmit its packets than the nodes at the edge of the 
network. 

Figure 2: Topology for Network 1. 

As an alternative to packet-arrival-based slot allocation, 
we can assign destinations to the empty slots in such a 
way that the upstream nodes will never overwhelm the 
downstream nodes. 

le.g., shortest-path routing, which is used throughout this study. 
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3.2 Capacity Allocation 
Chlamtac et al. [4] proposed a transmission control proto- 
col based on slot preassignment for photonic slot rout- 
ing in optical networks with a ring topology. In that 
approach, a TDMA frame consists of L slots, and the 
source and destination of each slot in the TDMA frame 
is determined by a network-wide TDMA schedule. The 
number of slots in the TDMA frame assigned to each 
source-destination pair is determined in such a way that 
fair bandwidth distribution among the source-destination 
pairs, as well as contention-free slot routing at intermedi- 
ate nodes, are achieved. 

The objectives of our slot-assignment policy are to max- 
imize throughput, to minimize contention, and to provide 
a fair allocation of bandwidth. It is difficult to achieve 
these objectives using TDMA frames. Fair allocation of 
bandwidth may not always be achievable due to the finite 
length of the TDMA frame and the fact that the number 
of allocated slots per frame is always an integer. Also, 
contention may not be fully avoidable because a network- 
wide TDMA schedule which also simultaneously satisfies 
the fair allocation requirement may not exist. An alter- 
native to generating TDMA frames in a mesh network 
is to probabilistically assign destinations to arriving slots 
based on the capacity allocation results. The slot assign- 
ment consists of two steps: 
1. the Capacity-Allocation step which determines the frac- 

tion ajl of capacity (or slots) on each link 1 that a source 
node i should assign to destination j, and 

2. the Slot-Assignment step in which a node assigns a des- 
tination to a slot based on the capacity allocation and 
a randomly generated number. 
The capacity-allocation algorithm is based on the t r s c  

matrix and the routing matrix of the network. Given 
trafEc matrix T, with t i j  denoting the arrival rate to node 
i of packets destined to node j, and the capacity-allocation 
matrix C, with cijl denoting the fraction of slots going out 
on link 1 which are allocated to source-destination pair 
(i, j), cijr should satisfy: 

C i j l l  = cijr, = c i j  > 0,  Q j l S  = 0.  (1) 

if both link 11 and link 12 are on path i -$ j and link 
13 is not2. Equation (1) is called the flow conservation 
constraint. 

For a node i, the probability that it assigns destination 
j to an empty slot going out on link 1 is given by: 

(2) 
C i j  

x k  Cik  
Prjl = -. 

The s u m  in the denominator is over all nodes k such that 
path i 4 k goes through link 1. That is, the probability 
equals the capacity allocated to path i 4 j divided by 
the sum of all capacities allocated to the paths starting at  
link 1. 

The algorithm to calculate cij for-all sources i and des- 
tinations j is as follows: 

contain multiple links, i.e., i A j E i + 
aThe notation i 4 j indicates the path from i to j which may 

+ j .  

Step 1. For each link 1, let Al denote the available 
capacity on link 1. Set AI = 1. 
Step 2. For each link I, the fraction of capacity avail- 
able to path i < j which contains link 1 is 

(3) 
ti j 

c z y  tXY ' 

with the sum in the denominator being over all paths 
containing link 1 and which have not been allocated yet. 
Calculate the minimum available capacity over all the 
paths i 4 j containing link 1, and assign this value, 
denoted by MCl, to link 1 as the m i n i u m  available 
capacity to a path on link 1 that has not been allocated, 
i.e., 

MCJ = FinAI x -. (4) 
t i j  

'J c x y  t X Y  

Step 3. Let citjr = minl MCl, where i' j' is the path 
containing link 1' with the minimum MCl over all links 
1, and path i' < j ' 's available capacity is the minimum 
on link 1 .  Assign C ~ J ~ I  to path i' -$ j ' .  

For all links 1'' containing path i' 4 j', A p  c A p  - 
C ~ I ~ I ,  according to the flow conservation constraint. 
If all paths are allocated, stop. Else go to Step 2. 
In the above algorithm, a path can never be allocated a 

capacity which causes the capacity allocated on any given 
link to exceed 1. Also, in this approach, a path consisting 
of only a single link is allocated the remaining capacity on 
that link after all of the other paths containing this link 
have been allocated. In this way, the capacity of each link 
is fully utilized and the capacity allocated to the one-link 
path is not limited by the t r s c  load. 

Given the capacity allocation for all paths, we can then 
calculate the probability that a node i will assign desti- 
nation j to an empty slot going out on link I by using 
Equation (2). Upon generating a new empty slot on a 
link, a node generates a random number uniformly dis- 
tributed between ( 0 , l )  and decides which destination to 
assign to that empty slot based on the probabilities from 
Equation (2). If no packets are available for this destina- 
tion, the node can either put the empty slot onto the link 
with the destination unassigned, or with the destination 
assigned, but with no packets in the slot. 

For the network to be stable, the maximum arrival rate 
to source i of packets for destination j should be less than 
the capacity allocated for this path, cij, times the number 
of packets that a node can fill in a slot. Usually, this 
threshold is higher for the capacity-allocation approach 
than for the packet-arrival-based approach. 

4 Numerical Examples 
A detailed analytical model for a network implementing 
slot assignment based on capacity allocation was devel- 
oped, but has been omitted due to space constraints. We 
consider two networks whose performance we illustrate via 
our analytical model and simulation. The first (shown in 
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Figure 3: Network 2, a typical telecommunication network 
consisting of interconnected rings. 

Fig. 2) is a small network with'6 nodes and 8 bidirec- 
tional links. The second (Fig. 3) is a larger network with 
15 nodes and 21 bidirectional links. The lengths of the 
links range from 10 slots to 32 slots. Packets arrive to 
each node according to a Poisson process, and the packet 
rate is assumed to be X for each source-destination pair. 

Following are the default parameters used in the simu- 
lation: 
0 Packet size: 1,000 bytes. 
0 Bandwidth of a link: OC-48, i.e., 2.5 Gbps. 
0 The propagation delay on a 1 km link is 1 slot time. 
0 Number of wavelengths: W = 4 or 8. 
0 Packet buffer size at  each node to each destination Bp = 

00 (unless otherwise stated). 
We consider the following performance metrics: 

0 Average packet delay. 
0 Link utilization. 
0 Fairness index: 

FI= (C xij) 
Nx(N-l)xCx:j (5) 

where xij is the throughput for source-destination pair 
(i, j ) .  If the throughput for all the source-destination pairs 
are equal, FI = 1. Note that, due to fhite buffering, the 
network throughput may be lower than the offered load 
and the fairness index may be lower than unity. 

Figure 4 plots the average packet delay versus link uti- 
lization for W = 4,8 in Network 2. The packet buffer size 
is assumed to be Bp = 200, and slot buffers are assumed 
to be infinite. We observe that the utilization is nearly 
the same for different number of wavelengths. Note the 
good agreement between the analysis and the simulation. 
Although the utilization in Fig. 4 is limited to around 0.5, 
this performance is not a limitation of photonic slot rout- 
ing, but rather a limitation of the f i e d  shortest-path rout- 
ing. By implementing better routing algorithms which 
more evenly balance the load across all links in the net- 
work, higher utilizations may be achieved. 

Utilization 

Figure 4: Average delay versus link utilization in Network 
2, for varying number of wavelengths (W = 4,8). 

Figures 5 and 6 compare the performance of the two 
slot-assignment schemes. For each scheme, we evaluate 
the performance of Network 1 with W = 8. 

Figure 5 plots the fairness index versus X for the two 
slot-assignment algorithms. In both schemes, each node 
has a finite packet buffer of size 200 for each destination, 
and a finite slot buffer of size 10. Therefore, when the 
load increases, both packets and slots may be dropped. 
We observe that, when the load increases, the fairness 
index decreases faster for the packet-arrival-based slot- 
assignment scheme than for the capacity-allocation-based 
slot-assignment scheme. Under the packet-arrival-based 
scheme, source nodes may allocate slots in a manner which 
may prevent intermediate nodes from receiving enough 
slots for a given destination. Also, source nodes may 
completely fill each slot, leaving very little capacity for 
downstream nodes. By allocating slots according to the 
capacity-allocation scheme, each node is guaranteed to 
have a certain number of empty slots available for each 
destination, resulting in a higher degree of fairness. 

Figure 6 plots the average packet delay versus X for the 
two slot-assignment algorithms. Infinite packet buffers 
and slot buffers are assumed. For low load, the algorithm 
based on packet arrivals performs better than the algo- 
rithm based on capacity allocation. In the packet-arrival- 
based scheme, an arriving packet is immediately transmit- 
ted in the next empty slot. Under low loads, empty slots 
are fairly plentiful, thus a packet will not have to wait 
long before being transmitted. On the other hand, in the 
capacity-allocation scheme, even when there are empty 
slots, there is a certain probability that a packet will not 
be transmitted if these slots are assigned to some other 
destinations. Thus, a packet may have to wait longer 
for a slot to the correct destination while letting empty 
slots pass by. Under higher loads, the capacity-allocation 
scheme offers better performance than the packet-arrival- 
based scheme. In the packet-arrival-based scheme, since 
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Figure 5: Fairness index versus packet arrival rate (A) 
in Network 1, for W = 8 and different slot-assignment 
schemes based on packet arrivals and capacity allocation. 

no restrictions are placed on the source nodes, there is the 
potential for a severe load imbalance. This load imbalance 
is created when the source nodes generate too many slots 
for a particular destination, and these slots overload some 
link in the network. In the capacity-allocation scheme, by 
limiting the rate at which source nodes generate slots for 
each destination, the problem of load imbalance is elimi- 
nated and a higher potential throughput can be achieved. 

Another advantage of the capacity-allocation scheme is 
that it decreases contention remarkably. With capacity 
allocation, it is possible to use a small optical buffer for 
slots which cannot be routed properly, and still maintain 
a very low slot-drop rate. 

5 Conclusion 
Photonic slot routing has been proposed as a solution 
to fast routing in all-optical packet-switched WDM net- 
works. In this approach, packets which have the same 
destination and which are transmitted on different wave- 
lengths by different source nodes may form a photonic slot 
which is routed through the network as an integrated unit. 
This study demonstrated how the concept of photonic slot 
routing can be applied to a mesh network, introduced an 
analytical model to evaluate the performance of such net- 
works, and discussed different slot-assignment algorithms, 
contention-resolution schemes, and slot-filling policies. It 
was found that the slot-assignment algorithm based on ca- 
pacity allocation can lead to better performance in terms 
of average packet delay, network throughput, and fairness 
in the allocation of network resources. Some possible areas 
for future research include the development of analytical 
models for networks in which de%ection is used, the study 
of capacity allocation algorithms which result in a higher 
degree of fairness, and the effect of physical constraints 
such as slot dilation. 
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