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Abstract

With the increasing demand on the interprocessor communication bandwidth, oplical inter-
connects are being considered as alternatives to electronic interconnects in high-performance
sysiems. In this paper, we investigate the fauli-tolerance properiies of optical networks in
the presence of link failures. The principles of implementing a network topology using opti-
cal links differ from those of its electronic counterpart. We propose two schemes to tolerate
link failures in fiber-optic networks based on wavelength-division multiplezing. The perfor-
mance of these schemes is compared with the rerouting scheme, which is commonly used to
tolerate link failures in mulliprocessors with electronic interconnects.

1: Introduction

Optical interconnects are being considered as alternatives to electronic interconnects in
large multiprocessor systems [7]. Besides the advantages of high bandwidth and low wire
density, they support high data rate communication with lower power requirements than
electronic interconnects [6] . The advantages of optics in local area networks and wide area
networks are well established. Due to advances in semiconductor optoelectronic device
technology over the past decade, devices with increased optical-to-electrical conversion effi-
ciency and vice-versa , low power requirements, and small physical dimensions are currently
available [4, 8]. Optical interconnects are therefore being considered in multiprocessing and
distribated processing environments. Some recent efforts in this direction include using the
high bandwidth offered by optics to lower wiring density in a Connection machine prototype
[9] and for demonstarting system scalability in Intel’s Touchtone supercomputer [5].

In optical link implementations, every unidirectional link requires a transmitter at the
source node and a receiver at the destination node, transmitting and receiving data at a
common wavelength over a communication medium. In the fiber-optic domain, wavelength
division multiplexing (WDM) using passive star couplers is widely employed in local area
networks to realize network interconnections. In WDM based networks, the bandwidth of
the optical fiber is split into many wavelength channels, each channel carrying data at a
particular wavelength [12). The logical connectivity is obtained by assigning wavelengths
to the system’s transmitters and receivers. Reconfiguring the interconnection network to a
different topology is a simple matter of wavelength reassignment if the transmitters and for
receivers are tunable over the entire range of wavelengths used. The passive star coupler
is one of the devices that may be used to realize network configurations using wavelength-
division multiplexing. The transmitters and receivers from the network nodes are connected
to the input and output ports of the star coupler, respectively. The signal power at each



input port is equally divided among the output ports. Thus the wavelengths from all the
transmitters appear at each output port. Demultiplexing is performed by the receivers
connected to the output ports to recover the desired transmitter wavelengths from the
combined wavelength signals at each output port. As the distances involved in multipro-
cessor interconnects do not exceed a few meters, we assume that a transmitter wavelength
is directly coupled to a fiber which in turn is connected to the input port of the coupler.
Thus every fiber connected to an input port carries a single wavelength. On the output
side of the coupler, a fiber from the ouput port feeds a single receiver at a node.
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Figure 1: (a) A binary tree with seven nodes. (b) WDM star embedding of the
tree. W;; is the wavelength assigned for communicating from node ¢ to node j.
W;; is assigned to the transmitter at processor i and the receiver at node j.

The logical topology and the corresponding physical passive star implementation is il-
lustrated in Figure 1 for a seven node binary tree with bidirectional links. As an example,
to establish a unidirectional logical link from node PO to P4, one of the transmitters at
node PO transmits at wavelength Wps. One of the receivers at node P4 is set to receive
at wavelength Wo4. In this manner, the data signal transmitted on wavelength Wy, from
node P0 is received at node P4. Wy, is therefore the wavelength assigned to a transmitter
and receiver at node PO and P4, respectively. Reconfiguring the network to a different
topology involves reassigning wavelengths to the transmitters and receivers. This can be
achieved if the transmitters and/or receivers are tunable over a range of wavelengths used
in the network. Some limitations in implementing reconfigurable networks using WDM
technology include the tuning range and tuning time of the transmitters and receivers and
the number of input and output ports on the star coupler [2, 4, 11].

Using the property of device tunability and the independence of the logical topology
from the physical star topology, we propose two schemes for tolerating link failures in mul-
tiprocessor networks implemented with this technology. We then compare the performance
of these schemes with the message rerouting scheme that is used in electronic networks to
tolerate link failures [1). In Section 2, we introduce two schemes that use the property of
wavelength division multiplexing to tolerate link failures. The performance of these schemes

is discussed in Section 3.



2: Fault-tolerance issues

In this section, we discuss the fault tolerance of optical networks in the presence of link
failures. Due to the difference in implementing network configurations in the optical and
electronic domain, schemes to tolerate link failures in electronic implementations may not
be the most efficient ones for optical implementations. Rerouting messages along alternate
paths in the network topology is commonly used in electronically implemented networks
to tolerate link failures. We propose and analyze two schemes that use the properties of
wavelength division multiplexing to tolerate link failures in optically interconnected mul-
tiprocessor networks. These are referred to as wavelength reassignment and time division
multiplezing. The performance of these schemes is compared with the optical implementa-
tion of the message rerouting scheme.

We analyze the wavelength reassignment, time division multiplexing, and rerouting
schemes by assuming that link failures are caused by transmitter failures. The analysis
is equally applicable to receiver failures. The failure of the physical link may be modeled
as a combination of transmitter or receiver failures. We estimate the performance of the
schemes by considering the number of link failures that may be tolerated in the network,
and the effect of a single link failure on the average distance and average delay of the net-
work. In the analysis, we take into account the properties of the link implementation (for
example, latency and bandwidth) and limitations of current optical technology (for exam-
ple, number of tunable wavelengths, reconfiguration overheads, and passive star coupler
- limitations). .

2.1: Rerouting

The commonly used technique to tolerate link failures in multiprocessor networks is to
reroute messages between the source and destination along alternate paths so as to avoid
the use of the failed links. These alternate paths may be present in the original network
topology as with the case of the mesh topology. Many variations of network topologies that
cannot provide alternate paths have been proposed by using additional links that allow for
message rerouting. The tree topology is one such example. Variations of the tree topology
to tolerate single link/single node failures include full-ringed, half-ringed, and leaf-ringed
trees. All the above-mentioned variations use additional horizontal links at various levels
of the binary tree topology. In a full-ringed binary tree, the adjacent nodes at a level are
connected. In a half-ringed tree, alternate pairs of nodes at a level are connected. In a
leaf-ringed tree, adjacent leaf nodes are connected.

Rerouting of messages affects both the average distance between nodes and the average
delay between them. For the mesh and the three variations of the tree topology considered
here, the average distance in the presence of a single link failure was derived [10).

Figure 2 shows the percent increase in average distance for the three variations of the
tree in the presence of a single link failure as a function of the network size. The full-ringed
tree has the maximum number of redundant links and is therefore least affected by the
link failure. As can be seen from the figure, with increasing network size the effect of a
single link failure diminishes in the full-ringed and half-ringed trees. In leaf-ringed trees,
the alternate path involves traversing down the tree to the leaf level and up the tree from
the leaf nodes to the destination. The sharp increase in network delay for the leaf-ringed
trees for increasing network size can be seen in the figure.
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Figure 2: Percent increase in average distance for increasing tree sizes in the
presence of a single link failure using rerouting in three variations of the binary
tree topology. (System size N = 2! —1.)

2.2: Time-division multiplexing

In this scheme, we assume that every node has at least one tunable transmitter that can
tune to the transmitting wavelengths of all the outgoing links at that node. In the event of
a transmitter failure at the node, the tunable transmitter switches periodically between its
normal operating wavelength and the wavelength of the failed transmitter. As the tunable
transmitter time multiplexes between the cutgoing communication in two directions, we
refer to this scheme as time-division multiplexing (TDM).

Upon the occurence of a transmitter failure, the messages in two directions are likely
to be affected (that is, the direction of the faulty link and the direction of the tunable
link). Assuming that the time slot C is equally divided for communication along the two
directions, we note that if the number of messages that need to be transmitted in either
direction is less than [{(C/2) — a — t,} /8], there is no increase in the time to transfer the
message due to the link failure. In the expression for this threshold load, « and 3 represent
the link setup time and the time for a 32-bit floating-point word transfer, respectively.
The time to switch between the two wavelengths is represented by t,, the reconfiguration
overhead. Note that the parameters of the link implementation, a, £, and {,, and the length
of the communication time slot C determine the maximum number of messages for which
the link transfer time is not affected by the presence of the link failure. This limit on the
network load is independent of the network topology.

The average delay between two nodes in a network depends on the network topology
and the routing scheme when the network load is beyond the threshold value. For an N
node mesh configured in a vN xvVN array, and an [ level binary tree with ¥ nodes, where
N = 2! — 1, the average delay using the TDM scheme for a uniform load of z messages per
link was derived [10] and the results are summarized below.

.z gz

R N .3%:.:8:7?2Lq]p:.q

ac - 15E)c

u;é‘.:ﬁq\uvjniw

B
b%mninm._.%lpa.ﬁ+



where Ad = 2342 (14 (1/4) - 2-(1/2)f) +3- 2" (1~ (1/2f) —3-1-2% 1 2.1,
The average distance in the fault-free binary tree is denoted by # and is given by § =
TE -6)-2%4+6-2+1. w__+w.._ /Np. Note that N, = (2! — 1) - (2! — 2) denotes the number
of possible source destination pairs for the tree topology. The first term represents average
delay in the network with the defined routing scheme in the absence of a link failure. The
second term represents the increase in average delay due to the presence of a single link
failure.

Comparison of average network delays for the mesh and tree topologies for the TDM and
rerouting schemes is presented in Section 3.

2.3: Wavelength reassignment

In this scheme, we assume that redundancy is introduced in the network by selectively
incorporating spare transmitters and receivers at network nodes. In the event of a link
failure due to a failed transmitter, the outdegree at the affected node decreases by 1. This
node could function as a node of lower degree in the network topology considered. A node
of lower degree with unused spare transmitters, having as many functioning transmitters
as required at the position of the failed node, could be used to replace the failed node. This
change of logical connectivity between the failed node and its replacement can be achieved
by wavelength reassignment. For a topology with nonuniform degree, spares may be placed
at lower degree nodes, so as to logically change its functionality with that of a higher degree
node with a failed link. In the case of a topology in which all nodes have the same degree,
additional spare transmitters are added at all nodes to provide for link redundancy. In
either case, the number of link failures that may be tolerated depends on the number of
available spare transmitters.

In WDM implementations, the amount of redundancy that may be placed in the network
depends on the number of available spare wavelengths and spare input ports available on
the star coupler. For small networks, all the network links may be realized on a single
passive star coupler. As there are limitations on the number of available wavelengths
and the number of input and output ports on a star coupler, multiple star couplers are
required {o implement large networks. The network has to be partitioned and a set of
nodes mapped onto a coupler. The mapping scheme affects the amount of redundancy that
may be efficiently utilized. Further discussion on these issues can be found in [10].

Note that in the electronic implementations, the use of redundant spares is prevalant
to cover single link failures [1, 3]. However, the method of reconfiguration and restoring
the network to its full functioning capacity is not as easily accomplished. In optical WDM
implementation, the logical topology may be different from the physical star topology. In
the event of a link failure and the availability of spare wavelengths and transmitters, the
wavelength reassignment phase restores the network to its fault-free state. Unlike electronic
interconnects, where spare links can be used only locally, in optical interconnects spare links
provide global redundancy. Thus a few spare links (transmitters/receivers) can provide a
high level of fault tolerance.

3 Comparison of the three schemes

In this section we compare the wavelength reassignment, time-division multiplexing, and
the rerouting schemes by considering the number of link failures that may be tolerated and
the effect of the link failure on network performance. The performance measure considered
is the average distance and the average delay.



Using the wavelength reassignment scheme, the number of single link failures that may be
tolerated depends on the number of available spare wavelengths per star and the mapping
scheme used. There is no effect on the average distance or the average delay. The overhead
in implementing this scheme is the wavelength reassignment phase. The tuning time of the
interface devices varies from nanoseconds to milliseconds, depending on the method used
to achieve tuning [4]. A maximum overhead of a few milliseconds will be incurred for every
link failure.

In the event of a link failure that cannot be covered by wavelength reassignment, either
the TDM or the rerouting scheme may be used. In the TDM scheme, if the network load is
below a threshold value, there is no increase in network delay. This threshold is topology
independent but depends on link implementation parameters. Beyond this threshold load,
the average delay increases depending on the network size and topology. In the rerouting
scheme both the average distance and average delay increase due to the presence of a link
failure.
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Figure 3: Variation in average delay on a 64-node mesh when using the TDM
and rerouting schemes in the presence of a single link failure. Average delay in
the absence of failures plotted for comparison. a = 400 ns, § = 8 ns, t,.. = 100
ns, and C = 2 us.

The variation in average network delay with network load on a 64-node mesh for the
TDM and rerouting schemes in the presence of a single link failure is shown in Figure 3.
The average delay of the fault-free network is plotted for comparison. The link set-up time
o is assumed to be 400 ns. This was the setup time reported in Intel’s effort in incorporating
fiber-optic interconnects in a Touchtone Delta Supercomputer prototype. We assume that
the message size is 32 bits. Assuming a 4 Gbps fiber-optic link, a 32-bit word may be
transferred in 8 ns. The message transfer time 3 is therefore 8 ns. The reconfiguration
overhead ¢, is assumed to be 100 ns and the length of the communication time slot C is
assumed to be 2 us. With these parameters, the maximum number of messages that can be
transferred in time slot C over a fault-free link is 200. When using the TDM scheme, the
threshold load per link, below which there is no increase in average delay, is 62 messages.

In Figure 4, we depict the variation in delay for the TDM scheme in the binary tree
topology with increasing uniform network load in number of 32-bit messages per node for
a 63-node tree. The average delay using the rerouting scheme in full-ring and half-ring
trees is shown for comparison. As can be seen from the figure, the number of redundant



paths between the source and destination affects the performance of the rerouting schemes.
The full-ringed tree performs better than the half-ringed tree. As seen in Figure 2, the
performance of the leaf-ringed tree is dependent on network size. For the network size
considered, the delay in the leaf-ringed tree is much higher than that in the half-ringed tree
and is therefore not included in the figure.

In Figure 5, we show the effect of network size on the relative increase in average network
delay due to the link failure. As the network size increases, the effect of a single link failure
on the network decreases as expected. This can be seen by the decrease in average delay
with increasing system size. This decrease is seen for both the TDM and the rerouting
schemes in the full-ringed and half-ringed trees. In the TDM scheme, the average delay
is dependent on the network size and the network load. As seen in Figure 5, for small
network loads, the network delay is not affected in the TDM scheme. This is seen from the
curve labeled ‘TDM z=>50". It represents the increase in delay due to a link failure over
the average delay when the number of messages to be transferred per network link in a
communication time slot is 50. The dependence of the performance of the TDM scheme on
the network load can be seen by the upward shift in the relative delay curves for increasing
loads. The TDM curve for a load of 100 messages per time slot per link falls between that
of rerouting in full-ring and half-ring trees.

As seen from Figures 3, 4 and 5, for low network loads the TDM scheme is preferred over
the rerouting scheme. The performance of the rerouting scheme compared to the TDM
scheme for high network loads depends on the number of distinct paths available between
source and destination. In other words, the number and distribution of the spare links
in the rerouting network determine the performance. Thus the most efficient scheme to
tolerate link failures can be selected based on the network load.
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4: Conclusions

Fault-tolerance schemes used in electronic implementations of multiprocessor networks may
not be the best for optical implementations. The principles of realizing a network topology




with optical interconnects differs from its electronic counterpart. We analyzed the fault
tolerance properties of optical interconnects by considering fiber-optic networks based on
wavelength-division multiplexing (WDM). Using the property of wavelength-division mul-
tiplexing, we presented two schemes, namely, wavelength reassignment and time-division
multiplexing, for tolerating link failures in optical interconnects. In the wavelength reas-
signment scheme, redundant spares may be used to cover link failures with no degradation
in network performance. In electronic networks, spare links are used to provide local re-
dundancy. In optical implementations, the spares provide global redundancy, and so a few
spare links can provide a high level of fault-tolerance. In the absence of spares, a time-
division multiplexing scheme that uses the tunability of optical devices to implement logical
links was presented. We observed that for low network loads, the TDM scheme does not
affect the average delay or average distance in the network. Using the mesh topology and
fault-tolerant variations of the tree topology, we estimated the effect on overall network
performance for the TDM and rerouting schemes. For high network loads, the relative
performance of the TDM and rerouting scheme depends on the number and length of the

rerouting paths.
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