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Abstract. We introduce an all-optical WDM packet communication network that performs wavelength bypassing at the routers. Packets that

arrive at a wavelength (optical cross-connect) router at designated wavelengths are switched by the router without having their headers

examined. Thus, the processing element of the router is bypassed by such packets. For packet traf®c that uses wavelengths that do not bypass a

switch, the headers of such packets are examined to determine if this switch is the destination for the ¯ow. If latter is the case, the packet is

removed. Otherwise, the packet is switched to a pre-determined output without incurring (network internal) queueing delays. We study a ring

network with routers that employ such a WDM bypassing scheme. We present methods to construct wavelength graphs that de®ne the bypassing

pattern employed by the routers to guide the traf®c ¯ows distributed at each given wavelength. Performance is measured in terms of the network

throughput and the average processing path length (i.e., the average number of switches not being bypassed). For a ®xed total processing

capacity, we show that a WDM bypassing ring network provides a higher throughput level than that exhibited by a non-bypassing ring network,

using the same value of total link capacity. By using WDM bypassing, the average processing path length (and thus the packet latency) is

reduced. We study a multitude of network loading con®gurations, corresponding to distinct traf®c matrices and client-server scenarios. Higher

throughput levels are obtained for network con®gurations driven by non-uniform traf®c matrices. The demonstrated advantages of WDM

bypassing methods shown here for WDM ring networks are also applicable to more general network topological layouts.
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1 Introduction

We investigate a ring network that employs cross-

connect optical switches (routers) that incorporate a

wavelength bypassing scheme. This network offers a

higher throughput than a non-bypassing ring network

if both networks employ the same total processing

capacity. The routers inspect packet headers in real-

time and (network internal) packet queueing is

avoided, so that an ``all-optical'' network operation

is realized. This network does not require store-and-

forward queueing and processing mechanisms to be

implemented at the switches for handling internal

traf®c ¯ows. A station accesses the ring network by

attaching to a switch port. Newly arriving packets are

stored in access queues of their access routers until

they are admitted into the network. Once a data packet

is admitted into the network, it experiences no

queueing delays at the switches it traverses. Also, no

packet losses are incurred within the network. This

property is guaranteed by the structure of the network

and the capacity assignment. Very little buffering is

therefore needed inside the network.

Ring architectures have been used by many

network systems such as token ring, FDDI, SONET

ring [1], MetaRing [2], and ATMR [3] networks and

are shown to be highly ef®cient and survivable. This

network is developed based on an all-optical cross-

connect meshed-ring network [4] and its predecessor,

SMARTNet (Scaleable Multichannel Adaptable Ring

Terabit Network) introduced in [5,6]. Instead of using

physical ®bers to mesh the ring as in a meshed-ring

network or SMARTNet, we use wavelengths to

bypass some processing nodes. This bypassing

method does not result in capacity saving and thus

in higher throughput ef®ciency as in meshed-ring

networks. The advantages of bypassing include the

realization of a higher attainable throughput level

under the same total processing capacity and a lower

average packet ( processing) delay latency. The

propagation delay is a ®xed delay component (i.e.,

cannot be reduced) and is thus ignored. As network

con®guration loading and traf®c class conditions

change, one can readily adapt the network bypassing

scheme to yield optimal performance behavior. The

concept of bypassing has also been applied to circuit-



switching SONET/WDM ring networks, which is

called traf®c grooming, with the goal of reducing

number of add/drop multiplexers (ADM's) [7].

In this paper, we study a WDM bypassing ring

network that is subjected to a number of distinct

loading conditions. We obtain WDM bypassing

scheme and derive performance results for each

con®guration. For selected WDM-bypassing patterns,

we ®rst assume a prescribed (®xed) total throughput

level and investigate the tradeoff between the net-

work's throughput ef®ciency (the total throughput

divided by the total link capacity) and the average

processing path length (involving those nodes that

implement header processing operation), as we

increase the number of wavelengths. We then ®x the

total switch processing capacity and observe the

change in total realized throughput as we vary the

number of wavelengths and the total link capacity.

The rest of the paper is organized as follows.

Section 2 describes the network architecture and its

concept of operation. Performance analysis criteria

are provided and discussed in Section 3. In Section 4,

several different network con®gurations (character-

ized by distinct traf®c matrices) are analyzed.

Conclusions are drawn in Section 5.

2 System Description

2.1 Network Topology and Operation
Assumptions
We investigate a ring network topology. This network

has N nodes, which are denoted as Node 0, . . . , Node

N ÿ 1. Each node represents a router or a switch. We

use L to denote the total number of wavelengths in

use.

A network with a circuit switching scheme can also

employ this bypassing method. For a network that

employs a packet switching method, the access

mechanism can be either synchronous (e.g., by using

slotted access method [3]), or asynchronous (e.g., by

employing a buffer insertion scheme [8]). A destina-

tion removal procedure is used, so that once a packet

reaches its destination, it is removed from the network.

2.2 Switch Structure and Operations
Each switch has two types of ports, link ports and

terminal ports. Each port actually represents a pair: an

input port and an output port. The link ports are used

to connect the switch node with other switch nodes.

Terminals (or stations, hosts, users) are connected to a

switch node and access the network via terminal ports.

Each switch can have multiple terminal ports and thus

be connected to multiple users. A traf®c ¯ow (or a

packet) whose destination is a terminal attached to

switch node k, is directed at switch node k to the

corresponding output terminal port. We note that a

switch node carries traf®c ¯ows associated with its

directly attached terminals (``external'' ¯ows) as well

as traf®c ¯ows that are received across network links

from other switch nodes (``internal'' ¯ows). Packets

originating at terminals connected to a switch node

are stored in the node's input queues. Separate queues

are used for packets designated to be transmitted over

different wavelengths.

The loading of the network by stations is

characterized by the terminal loading matrix s � sij,

where sij denotes the external traf®c ¯ow rate from

(source) terminals attached to switch node i to

(destination) terminals attached to switch node

j; 0 � i; j � N ÿ 1. Each switch is either bypassed or

not bypassed by a speci®c wavelength. A switch is not

bypassed by a wavelength if that switch node is either

a source node, or a destination node of at least one

¯ow using that wavelength.

If the switch is bypassed by a wavelength, it needs

to perform an optical cross-connect operation for

traf®c carried by this wavelength. Since the switch

nodes are connected in a ring con®guration, each

switch has two (input/output) link ports. The

information contained in a bypassing wavelength is

switched directly from its input port to the output port.

Thus, the bypassing switching operation does not

consume processing resources at the node.

On the other hand, if a switch is not bypassed by a

wavelength, then several operations are possible at the

node: channel inspection, destination address (header)

processing, packet removal and packet insertion.

When a packet arrives at a switch that is not bypassed

by the wavelength associated with the packet, the

destination address in the packet is inspected. If the

current node is the destination node, the packet is

removed. Otherwise, the packet is switched to the

output port. If no packet is arrives at a non-bypassed

wavelength (e.g., if the incoming slot in a slotted

operation is sensed to be empty), or if a packet

arriving at this wavelength is removed by the node,

and if there are terminal packets waiting in the input

queue for this wavelength, such a waiting packet is

inserted (into the current slot) using that wavelength.
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The data portion of a packet is not inspected by the

switch node and remains in its optical format. For

packet switching implementation, several possible

implementations of header processing operations

have been described [9±11].

2.3 Wavelength Graphs and Routing
A wavelength graph (WG) is identi®ed by a subgraph

of the ring ( part of the ring or the whole ring), an

associated wavelength, and a bypassing (skipping)

pattern. The subgraph topology is de®ned by the ring

links and switch nodes that are included in the

wavelength graph. Each subgraph is a directional

graph, i.e., each link in the subgraph is directional.

The bypassing pattern identi®es the subgraph nodes

that are being bypassed by packets routed in

accordance with this wavelength graph. Bypassed

nodes are assumed to not be the source or sink nodes

of ¯ows transported using the underlying wavelength

graph (and wavelength). Two wavelength graphs can

have the same subgraph topology (i.e., include the

same set of links and nodes) and still be different if

they employ different bypassing patterns. Two

wavelength graphs can use the same wavelength if

they have no common links in the same direction.

In the following, we describe a procedure for the

construction of wavelength graphs for a ring network

with a given traf®c matrix. We ®rst decompose the

network ¯ows into a disjoint union of ¯ow groups.

This decomposition is determined by speci®c char-

acteristics of the underlying traf®c matrix. For each

group of ¯ows, we then construct a wavelength graph

(and the associated bypassing pattern) that will be

used to carry these ¯ows. Each ¯ow is identi®ed with

a speci®c source node and destination node. Hence, a

group of ¯ows is associated with a set of source/

destination node. For each group's wavelength graph,

the wavelength graph's topology is selected as one of

the following two con®gurations:

1. A full-ring topology, where the whole ring is

used as the wavelength graph's topology. When

we require all wavelength graphs to have such a

topology, we can install the same equipment at

all nodes and links. This may simplify the

implementation process.

2. A partial-ring topology, where the only part(s) of

the ring that accommodates traf®c ¯ows is

covered by the wavelength graph. We can

reduce implementation cost by using the latter

wavelength graph topology since less equipment

is installed at nodes that are not source/

destination nodes of a wavelength group.

However, the same approach should be applied to

the synthesis of all wavelength graphs. Thus, they

should all be con®gured as full rings or as partial-ring

topologies. In the ®rst case, such wavelength graphs

are denoted as full-ring wavelength graphs. In the

latter case, such wavelength graphs are denoted as

partial-ring wavelength graphs. The bypassing pattern

for each wavelength graph is based on selecting all the

wavelength's nodes that are not source/destination

nodes to be bypassed.

For example, in Fig. 1(a), a group of three traf®c

¯ows is associated with a wavelength group. From

these given traf®c ¯ows, we determine that Nodes 0,

2, 4, and 6 (black nodes) are source/destination nodes

and hence are non-bypassed nodes. We determine that

which node is classi®ed as a bypassed node based on

the selected wavelength graph topology. For this

example, a full-ring wavelength graph con®guration

is represented in Fig. 1(b). Then Nodes 1, 3, 5, 7, and 8

(white nodes) are bypassed nodes. On the other hand,

if a partial-ring wavelength graph is selected (as

shown in Fig. 1(c)), then Nodes 1, 3, 7, and 8 are

bypassed nodes. The processing path length of a ¯ow

is set equal to the number of nodes across the ¯ow's

path that are not bypassed by the ¯ow (not including

the source node). The path length is equal to the

number of links that a packet traverses along its

designated ¯ow path.

We assume that a packet is always routed over the

shorter path, i.e., the shorter portion of the ring

leading to its destination. For each given ¯ow, one

must guarantee that at least one wavelength graph

provides a shortest path between the ¯ow's source-

destination pair. We select one of the wavelength

graphs that include a shortest path for a given traf®c

Fig. 1. A wavelength graph example.
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¯ow and designate this wavelength graph to transmit

packets of this traf®c ¯ow. Flow packets arriving at

their source nodes are queued for access into their

designated wavelength graphs (i.e., they wait for an

opportunity to be inserted into their wavelength

graphs' outgoing link at the associated wavelength).

These packets then travel along the designated

wavelength graph to their destination node.

Internal traf®c ¯ows are granted higher priority

than external ¯ows. By assigning to each node within

each wavelength graph equal input and output

capacity, we ensure that an internal traf®c ¯ow

which arrives at a switch node is guaranteed to have

suf®cient capacity available to it, so that it can be

switched to its desired outgoing link without incurring

queueing delays. As a result, internal traf®c ¯ows do

not incur queueing or buffering delays. Consequently,

no packet loss takes place internally in the network. In

turn, we note that packets can experience queueing

delays while waiting to access the network. The above

discussed property is a result of an all-optical cross-

connect network implementation. For such a network

operation, fairness control algorithm may be required

at the access point to ensure fair use of network

resources. The bypassing algorithm used for reducing

processing capacity can also be applied to store-and-

forward electronic or electro-optical networks. In

such networks, fairness control is no longer a

requirement.

3 Performance Analysis

3.1 Performance Measures
Key related measures of network performance include

the total switch processing capacity, the total

throughput, and the total link capacity. The total

throughput is equal to
PNÿ1

i�0

PNÿ1
j�0 sij, where sij is the

terminal load or the external traf®c ¯ow rate as

de®ned in Section 2.2. We de®ne the processing

capacity of a switch to be expressed by the maximum

number of packet headers a switch processes per unit

time. The total switch processing capacity is the sum

of processing capacity values of all the network

switches (over all wavelength graphs). The total link

capacity is the sum of the capacity levels of all the

network links, over all wavelength graphs.

Henceforth, we use capacity to represent link capacity

and processing capacity to refer to switch processing

capacity, unless speci®ed otherwise.

The total throughput is limited by total processing

capacity and total capacity. When the total capacity

level is low, the throughput is limited by the total

capacity. As link capacity increases, the total

processing capacity becomes the limiting factor on

throughput. We want to maximize the total throughput

for given levels of processing capacity and link

capacity.

We make the following assumptions. We assume

the capacities of all links in a wavelength graph are

the same. This ensures no internal queueing delay. We

also require the link capacities of all wavelength

graphs (or in one case, most wavelength graphs) to be

the same for practical implementation. To illustrate

the underlying system tradeoffs and to incorporate the

practical availability of only certain router systems,

we assume that two types of routers are available in

most cases: high-capacity and low-capacity routers. A

network node employs either a high-capacity router or

a low-capacity router. We also examine a con®gura-

tion where three router types are used.

Other performance measures of interest are the

average processing path length (de®ned in Section

2.3) and the network throughput ef®ciency. The

average processing path length is related to the

average time that packets spend inside the network.

The shorter the average processing path length, the

shorter is the average packet travelling time. The

throughput ef®ciency, denoted as Z, is de®ned as

Z � total throughput

total link capacity
: �1�

3.2 Performance Analysis Procedure
We want to maximize the throughput for given levels

of total switch processing capacity and link capacity.

We solve this problem by the following procedure.

First, we are given a terminal loading matrix, s � sij.

We then derive the minimum required total processing

capacity and link capacity for the given loading

matrix (in terms of sij ). We now set the derived

function for the total processing capacity to be equal

to a given level (denote as PR0) and consequently

calculate the value of sij that yields this processing

capacity value. The total link capacity and the

throughput �Ssij� values are functions of sij and can

thus be calculated. We denote the calculated capacity

and throughput levels as C0 and TH0, respectively. If

we wish to synthesize a network with a given total link
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capacity level of C, where C � C0, then the

processing capacity is the limiting factor so that the

maximum attainable throughput is equal to TH0. We

say then that the network is operating in Regime 2. If

we wish to design the network with a given link

capacity value C such that C5C0, then overall

available link capacity becomes the limiting factor

and the maximum attainable throughput is now equal

to C�TH0=C0�. The system is then said to operate in

Regime 1.

4 Study Cases

4.1 A Single Server Con®guration with No
Client-to-Client Traf®c

4.1.1 Fixed Total Throughput
We assume here a network con®guration that consists

of a single server (Node 0). The other nodes represent

the server's clients. We assume traf®c ¯ows to exist

only between the server and the clients. The traf®c

intensity levels are set equal in each direction. Hence,

si0 � s0i � s, i 6� 0. No client-to-client traf®c is

generated, so that sij � 0, i 6� 0, j 6� 0. To compare

the results from different traf®c matrices, we

normalize the total traf®c rate to be equal to N2 in

all cases. The value N2 is arbitrarily chosen. It does

not imply either uniform traf®c matrix or self-traf®c

(i.e., it does not imply a node generates traf®c to

itself ). For the underlying network con®guration, we

have s � N2=�2�N ÿ 1��.
Let L be the number of wavelengths in use. We

divide the N ÿ 1 client nodes into 2L groups of

similar size. Let Gi be the number of nodes in the i-th
group, then Gi&�N ÿ 1�=�2L�, for all i. If

�N ÿ 1�=�2L� is an integer, then Gi � Ga �
�N ÿ 1�=�2L� for all values of i. Otherwise, we set

Gi to be equal to either Ga or Gb, where

Ga � d�N ÿ 1�=�2L�e and Gb � b�N ÿ 1�=�2L�c.
Let Na be the number of groups of size Ga and Nb

be the number of groups of size Gb. When

�N ÿ 1�=�2L� is an integer, Na � 2L and Nb � 0.

We attach identi®ers to the nodes ranging from 0 to

N ÿ 1, with consecutive identi®ers attached to

neighboring nodes. The server is attached identi®er

0. We further allocate these identi®ers such that nodes

located on the right side of the server are attached

identi®ers 1 to bN=2c and nodes located on the left

side of the server are attached identi®ers bN=2c � 1 to

N ÿ 1. Every group of client nodes consists of Ga (or

Gb) nodes consecutively located on one side of the

server node.

We construct wavelength graphs for this con®gura-

tion as follows.

1. To construct the groups mentioned above, we

select Ga consecutive client nodes on the left

side of the server node to make disjoint groups,

starting from the server node. We call each of

such groups as a left group. Similarly, we obtain

disjoint right groups, each consisting of Ga

nodes. We have assumed that �N ÿ 1�=�2L� is

an integer. If �N ÿ 1�=�2L� is not an integer,

similar groups can be selected where we

construct disjoint groups of size Gb close to

the server node and synthesize groups of size Ga

further away from the server node.

2. We (symmetrically) combine a right group and a

left group into a client group. A total of

�N ÿ 1�=�2L� client groups are constructed.

For each client group, its right group is at the

same position with respect to the server node as

its left group. For example, the right group

closest to the server node is combined with the

left group closest to the server node. All traf®c

¯ows from client nodes in a client group to the

server node form a ¯ow group. All traf®c ¯ows

from the server node to client nodes in a client

group form another ¯ow group. The total

number of ¯ow groups is equal to

�N ÿ 1�=�2L�62 � �N ÿ 1�=L.

3. For each ¯ow group, we construct a bypassing

wavelength graph, following the procedure

described in Section 2.3. A total number of

�N ÿ 1�=L wavelength graphs is thus con-

structed. Only �N ÿ 1�=�2L� wavelengths are

required since every two wavelength graphs

constructed from the same client group, that

carry ¯ows in opposite directions (to/from the

server), can share the same wavelength. The

subgraph topology of each wavelength graph is

either a full ring or a partial ring, as noted in

Section 2.3. Note that the server node is

included as a non-bypassed source/destination

node in every wavelength graph.

Given a selected collection of partial-ring wave-

length graphs, let L0 be the total number of links that

are not covered by wavelength graphs in each

I. Rubin, J. Ling/Ring Communications Networks 319



direction (when summed over all wavelength graphs).

Let L0C be the maximum value of L0 over all possible

sets of wavelength graphs. Under the above men-

tioned construction method, when partial-ring

wavelength graphs are selected, we can readily

shown that the maximum value of L0 is achieved,

i.e., L0 � L0C. If Nb42, we obtain

L0C �L� L�Lÿ 1�Ga ÿ
1

2

��
Nb

2

���
Nb

2

�
ÿ 1

�

�
�

Nb

2

���
Nb

2

�
ÿ 1

��
: �2�

If Nb � 2, then L0C � L� L�Lÿ 1�Ga.

For example, when N � 9 and L � 2, using the

construction method described above, a set of partial-

ring wavelength graphs are depicted in Fig. 2(a). In

this ®gure, all black nodes of a wavelength graph are

its non-bypassed source/destination nodes. To con-

struct full-ring wavelength graphs, we use the same

set of non-bypassed source/destination nodes while

employing full-ring subgraph topologies.

Two other possible sets of partial-ring wavelength

graphs with different non-bypassed source/destination

nodes are given in Fig. 2(b) and 2(c). We note that

each wavelength graph set leads to the same number

of per-group non-bypassed nodes in each wavelength

graph. Hence, all resulting wavelength graph sets

yield the same average processing path length. In Fig.

2(a), L0 � 6, and in Fig. 2(b), L0 � 4. For this

example, L0C � 6 is attained by employing the

wavelength graph set shown in Fig. 2(a).

Henceforth, we choose the selected set of employed

wavelength graph set using the construction method

described above that results in L0 � L0C.

Using this construction method, the bandwidth or

link capacity (BW) of each wavelength graph in each

direction, throughput ef®ciency, and average proces-

sing path length for simple ring networks and WDM

bypassing ring networks are exhibited in Table 1. For

performance comparison, we choose 2 to 8 wave-

lengths, and calculate performance results for a

network with 20 nodes. The results are plotted in

Figs. 3 and 4. In Fig. 3, the case �pr� implies that

partial-ring wavelength graphs are employed. A ring

network corresponds to a system that uses no

bypassing. In such a case, only one wavelength is

necessary. For a non-bypassing ring network that

employs multiple wavelengths, the traf®c can be

equally divided among all wavelengths. This latter

con®guration does not affect the underlying values of

the discussed performance measure. Performance

results and comparisons are discussed in Section

4.1.3.

4.1.2 Fixed Total Processing Capacity
In this section, we assume that the overall processing

capacity of all network routers is ®xed. We

consequently examine the performance features of

the network as a function of the selected link capacity.

We again assume that si0 � s0i � s and sij � 0 if

i 6� 0 and j 6� 0. The wavelength graphs used here are

the same as those employed for the corresponding

cases given ®xed total throughput. This can be shown

to minimize the overall required processing capacity,

as well as the overall employed link capacity, under a

given traf®c matrix. For the given traf®c matrix, the

required processing capacity at the server node is

equal to d�N ÿ 1�=�2�es in each direction. For a non-

bypassing ring network, the same processing capacity

is also required at each client node. Therefore, the

total required processing capacity �PR0� for a non-

bypassing ring is equal to

PR0 �
�

N ÿ 1

2

�
s ? 2N

�
N�N ÿ 1�s; for N odd,

N2s; for N even.

(
�3�

For comparison purposes, we normalize the totalFig. 2. Possible choices for wavelength graph set.
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processing capacity �PR0� to N2. Using the underlying

network con®guration, we thus have

s �
N2

N�Nÿ1� ; for N odd,

1; for N even.

(
�4�

For a ring network, TH0 � 2�N ÿ 1�s and

C0 � �N ÿ 1�=�2�d es ? 2N.

When we use L wavelengths for a WDM bypassing

ring network, the processing capacity at the server

node is equal to �N ÿ 1�=�2�d es, as noted above. A

network node is limited to employ either a high-

capacity router or a low capacity router, as described

in Section 3.1. Client nodes employ routers with each

having a processing capacity of �N ÿ 1�=�2L�d es.

The latter value represents the maximum processing

capacity required for handling the traf®c at any client

router. The total processing capacity �PR0� is thus

calculated and set equal to the ®xed value of N2,

yielding

N ÿ 1

2

� �
s ? 2� N ÿ 1

2L

� �
s ? 2�N ÿ 1� � N2: �5�

The value of s that realizes an implementation with

the above total processing power is obtained by

solving the latter equality. The corresponding value of

T H0 is then given as 2�N ÿ 1�s. The value of C0 is

�N ÿ 1�=�2L�d es ? 2NL when full-ring wavelength

graphs are employed and �N ÿ 1�=�2L�d es ?
2�NLÿ L0C� when partial-ring wavelength graphs

are used. With a 20-node network, we plot in Fig. 5,

the total throughput versus total capacity, given the

total processing capacity to be set as N2�� 400�.
Since with one wavelength, WDM bypassing is not

possible, the case L � 1 is used to represent a non-

bypassing ring network in all throughput vs. capacity

Table 1. Performance results for one server with zero inter-client traf®c.

Ring WDM Bypassing Ring

Link capacity (BW) N2

4
Nÿ1
2L

� �
s

Throughput ef®ciency 2
N

N
BW62L, for full-ring WGs

N2

2BW6�NLÿL0C�, for partial-ring WGs

Average processing path length N�1
4

, for N odd
P2L

i�1

Gi�Gi�1�
2

Nÿ1N2

4�Nÿ1�, for N even

Fig. 3. Throughput ef®ciency (one server, 0 inter-client traf®c). Fig. 4. Average path length (one server, 0 inter-client traf®c).
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plots. As the number of employed wavelengths

increases, given the same level of total processing

capacity and the same total link capacity, the attained

throughput level also increases.

In Fig. 5, we consider only partial-ring wavelength

graph con®gurations. When full-ring wavelength

graphs are used instead, the slope of the line segment

in Regime 1 will have a lower value (be less steep).

The line segment will eventually rise to the same

maximum throughput level as that attained by the

corresponding curve for the partial-ring wavelength

graph topology.

4.1.3 Discussion of Results
For this traf®c matrix, the average processing path

length level varies from 30% to 15% of that attained

by a non-bypassed ring as the number of

wavelengths is increased from 2 to 8. The large

reduction is induced by the highly non-uniform

traf®c matrix used for this case. When full-ring

wavelength graphs is employed, the same link

capacity is assigned to every link in every ring

wavelength graph. Since it is not possible to

distribute traf®c ¯ows equally over every link in

every wavelength graph, some wavelength graph's

link ¯ow rate will never reach its assigned link

capacity. Therefore, more total link capacity is

assigned when employing full-ring wavelength

graphs for bypassing operation than that when no

bypassing is employed. As a result, the throughput

ef®ciency is lower in the former case than in the

latter case. When partial-ring wavelength graphs are

employed, the total assigned link capacity is reduced

by including fewer links in wavelength graphs (and

thus assign less capacity). The resulting throughput

ef®ciency is then higher than that when no

bypassing is employed.

Due to the non-uniform traf®c distribution function,

under a prescribed total processing capacity, by

employing WDM bypassing with ®ve wavelengths,

the throughput can increase to more than 4 times of

that attained when a non-bypassing ring is used. If we

increase the number of wavelengths to 6 or 7, the total

throughput does not continue to rise. Therefore, a

local maximum is reached. For a larger number of

wavelengths, further throughput increases are

observed. This quantization effect results from the

fact that only processors with two different processing

capacity values are used. For a ®xed total processing

capacity, and a prescribed number of wavelengths, the

maximum throughput that can be achieved is

inversely related to the average processing path

length. The latter decreases continuously as the

number of wavelengths is increased, while the total

throughput increases in steps due to the underlying

limited set of selected client router processing levels.

4.2 A Single Server Con®guration with Non-Zero
Client-to-Client Traf®c

4.2.1 Fixed Total Throughput
Here, we again assume the network to consist of a

single server (Node 0) and N ÿ 1 client nodes. We

assume the traf®c ¯ow intensity between the server

and each client to be equal in both directions. Hence,

si0 � s0i � s, i 6� 0. We assume the traf®c rate

between client nodes to be positive but generally

lower than s. We assume the sum of traf®c rates from

a client node to all other client nodes to be equal to the

traf®c rate from the former client node to the server

node. Then sij � s=�N ÿ 2�, i 6� 0, j 6� 0, i 6� j, N42

�sij � 0, i � j�. We normalize the total traf®c rate to

be equal to N2. This results in s � N2=�4�N ÿ 1�� for

the underlying network con®guration.

We de®ne

L1 � Number of wavelengths used for server-

client traf®c;

BW1 � Link capacity of each wavelength graph

used for server-client traf®c;

L2 � Number of wavelengths used for inter-

client traf®c;

BW2 � Link capacity of each wavelength graph

used for client traf®c.

Fig. 5. Throughput vs. capacity (one server, 0 inter-client traf®c).
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We differentiate two types of wavelength graphs:

server-client wavelength graphs (for server-to-client

and client-to-server traf®c ¯ows) and client wave-

length graphs (for inter-client traf®c ¯ows). We

construct server-client wavelength graphs using the

construction method described in Section 4.1.1,

where the value of L used in previous case is

replaced by the value of L1 here. The subgraph

topology of a server-client wavelength graph can be

selected as a full ring or a partial ring. We obtain

different performance results by using different

subgraph topologies. We construct client wavelength

graphs as follows. We group inter-client traf®c ¯ows

using the following two requirements: (1) Each

group contains distinct set of ¯ows; (2) Inter-client

traf®c ¯ows are distributed equally among all groups.

As a result, the number of inter-client traf®c ¯ows

that are designated to use a link in any group is less

than or equal to 1
2

N
2

N
2
� 1

ÿ �ÿ 1�=L2

ÿ� �
. We con-

struct a client wavelength graph for each of the

above groups using a procedure similar to the one

described in Section 2.3. However, we assume all

nodes in each client wavelength graph to be non-

bypassed nodes. We use full ring as the subgraph

topology of client wavelength graphs. By using the

above wavelength graph selection methods, we

obtain

BW1 �
N ÿ 1

2L1

� �
s; �6�

BW2 �
1
2

N
2

N
2
� 1

ÿ �ÿ 1

L2

� �
s

N ÿ 2
: �7�

To design a network that implements the same

bandwidth for every wavelength graph, we let

BW1&BW2. We then set BW � max�BW1;BW2�.
Since BW1& N=�2L1� ��s and BW2& N=�8L2� ��s,

we have L1&4L2. For example, with N � 20 nodes,

let L2 � 1, 2, and 3, the corresponding results are

calculated in Table 2.

By using the above selected wavelength graphs, the

average processing path length and throughput

ef®ciency for this network con®guration (for both

non-bypassing ring networks and WDM bypassing

ring networks with multiple wavelengths) is given in

Table 3. The de®nition and value for L0C in Table 3 is

the same as that given in Section 4.1.1.

Note that the processing path length of client-to-

client traf®c is equal to its value on the ring, since no

bypassing operation is implemented for routing client

traf®c. If bypassing processing is used for client

traf®c, only a small decrease in the processing path

length will be realized when the number of

wavelengths used for client traf®c �L2� is small.

With a 20-node network, the resulting throughput

ef®ciency and average processing path length are

plotted in Figs. 6 and 7. Performance results and

comparisons are discussed in Section 4.2.3.

4.2.2 Fixed Total Processing Capacity
In this section, we examine the network performance

as a function of the selected link capacity when the

overall processing capacity is ®xed. We assume the

¯ow rate between server and each client is to be equal

to s, and the ¯ow rate between clients is set to be

s=�N ÿ 2�. As mentioned in Section 4.1.2, the same

wavelength graphs as constructed for the corre-

sponding cases given ®xed total throughput (in

Section 4.2.1) are employed here. We can show that

by employing these wavelength graphs, the required

processing capacity and overall link capacity are

minimized. Then the required processing capacity at

the server node is

N ÿ 1

2

� �
s� 1

2

N

2

N

2
� 1

� �
ÿ 1

� �
s

N ÿ 2
�8�

in each direction. The same processing capacity is

also required at each client node for a non-bypassing

ring. We normalize the total processing capacity to be

N2. Let

P0 �
N ÿ 1

2

� �
� 1

N ÿ 2

N

4

N

2
� 1

� �
ÿ 1

� �
: �9�

The total required processing capacity is equal to

P0s2N � N2. By solving this equality, we have

s � N=�2P0�. This is the value of s that realizes a

total processing capacity of N2 for the underlying

Table 2. Bandwidth and wavelength usage for one server with non-

zero inter-client traf®c.

L2 BW2 BW1 L1 L � L1 � L2 BW

1 3s 3s 4 5 3s
2 1.5s 2s 5 7 2s
3 s s 10 13 s
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network con®guration. The corresponding value of

total throughput is T H0 � 4�N ÿ 1�s and the value of

total capacity is C0 � N2.

When we use L � L1 � L2 wavelengths for a

WDM bypassing ring network, the processing

capacity at the server node is d�N ÿ 1�=2es, and

that at the client node is equal to 2BW, where BW is

calculated in the Table 2. We limit the processing

capacity of every router to be one of two different

levels, as described in Section 3.1. The total

processing capacity is equal to

N ÿ 1

2

� �
s� �1� L2�BW ? 2�N ÿ 1� � N2: �10�

Using the value of s that solves the latter equality,

the resulting value of T H0 is again equal to 4�N ÿ 1�s
and the value C0 is equal to BW ? 2NL when full-ring

wavelength graphs are used or BW ? 2�NLÿ L0C�
when partial-ring wavelength graphs are employed.

For a 20-node network, with a ®xed total processing

capacity that is equal to N2�� 400�, the total

throughput versus total capacity performance curve

is plotted in Fig. 8.

4.2.3 Discussion of Results
For the results shown for this traf®c matrix, no

bypassing is preformed for inter-client traf®c. With a

small number of wavelengths used for the inter-client

Fig. 7. Average path length (one server, non-zero inter-client

traf®c).

Table 3. Performance results for one server with non-zero inter-client traf®c.

Ring WDM Bypassing Ring

BW
N2�5Nÿ11�

32�Nÿ2� , for N odd BW � max�BW1;BW2�
N2�5Nÿ6�
32�Nÿ1� , for N even

Throughput ef®ciency N
2BW

N
BW62L, for full-ring WGs

N2

2BW6�NLÿLoC�, for partial-ring WGs

Average processing path length
3�N�1�

16
, for N odd 1

4�Nÿ1�
P2L1

i�1 Gi�Gi � 1� � N2ÿ1
4

� �
, for N odd

3N2

16�Nÿ1�, for N even 1
4�Nÿ1�

P2L1

i�1 Gi�Gi � 1� � N2

4

� �
, for N even

Fig. 6. Throughput ef®ciency (one server, non-zero inter-client

traf®c).
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traf®c, not much improvement (leading to a reduced

average processing path length and increased

throughput) can be achieved for inter-client traf®c

even if bypassing is employed. This can be observed

from the results shown in Section 4.5 since the inter-

client traf®c pattern is very close to uniform. Due to

the more uniformity embedded in the traf®c matrix,

the overall improvement in performance attained

under this traf®c matrix is lower than that achieved for

the previous con®guration. However, an increase in

total throughput and a reduction in average processing

path length are attained due to the bypassing operation

for traf®c ¯ows between server and clients.

4.3 A Single Server Con®guration with
Asymmetric Server-Client Traf®c

4.3.1 Fixed Total Throughput
In this case, we assume the network consists of a

single server (Node 0) and N ÿ 1 clients. We assume

traf®c ¯ows exist only between the server and the

clients. The traf®c intensity from server to client is

higher than that from client to server. Hence, s0i � s
and si0 � s=R, for all i 6� 0. We model the case where

the intensity of server-to-client traf®c is higher than

that induced by the reverse direction (e.g., web

access). For comparison purposes, we let R assume

two values: R � 10 and R � 100. We assume that no

client-to-client traf®c is generated, so that sij � 0,

i 6� 0, j 6� 0. We again normalize the total traf®c rate

to be N2, so that we have s � R=�R� 1�N2=�N ÿ 1�.

We de®ne

L1 � Number of wavelengths used for server-

to-client traf®c;

BW1 � Link capacity of each wavelength graph

used for server-to-client traf®c;

L2 � Number of wavelengths used for client-

to-server traf®c;

BW2 � Link capacity of each wavelength graph

used for client-to-server traf®c.

Two types of wavelength graphs are used: server-to-

client wavelength graphs (for server-to-client traf®c

¯ows) and client-to-server wavelength graphs (for

client-to-server traf®c ¯ows). We assume that L2 � 1

since the client-to-server traf®c rate is much lower

than the traf®c rate in the other direction. We construct

only one client-to-server wavelength graph that

covers all client-to-server traf®c ¯ows, using the

procedure described in Section 2.3. No WDM

bypassing is employed for this wavelength graph.

The subgraph topology of this wavelength graph is the

full ring. When L141, multiple server-to-client

wavelength graphs are constructed. The construction

method is similar to that described in Section 4.1.1,

but only server-to-client traf®c ¯ows are considered.

The value of L in Section 4.1.1 is replaced here by the

value of L1. The subgraph topology of server-to-client

wavelength graphs can be either full ring or partial

ring. We obtain

BW1 �
N ÿ 1

2L1

� �
s; �11�

BW2 �
N ÿ 1

2

� �
s
R
: �12�

The calculated bandwidth, throughput ef®ciency, and

average processing path length for non-bypassing

rings and WDM bypassing rings are listed in Table 4.

The de®nition of L0C is similar to the one given in

Section 4.1.1, with the difference that only the number

of links in server-to-client wavelength graphs is

counted. The value of L0C is the same as that given

in Section 4.1.1. The resulting throughput ef®ciency

and average processing path length curves for a 20-

node network are plotted in Figs. 9 and 10.

Since wavelength bypassing is only used for server-

to-client traf®c, as the ratio �R� gets higher, the

average path length is lower. The difference between

throughput ef®ciencies for these two cases (with

Fig. 8. Throughput vs. capacity (one server, non-zero inter-client

traf®c).
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R � 10 and R � 100) is not very large. Other result

discussions and comparisons are given in Section

4.3.3.

4.3.2 Fixed Total Processing Capacity
We again study the network performance for a ®xed

total processing capacity. We assume the ¯ow rate

from server to each client is s, and that from client to

server is s=R. We employ the same wavelength graphs

constructed in Section 4.3.1 to minimize the overall

processing capacity and the overall link capacity. For

a non-bypassing ring network, the required processing

capacity at the server node is �N ÿ 1�=2d e s in each

direction. The latter processing capacity is also

required at each client node in one direction, and the

processing capacity in the other direction is

1
R �N ÿ 1�=2d e s. We normalize the total processing

capacity to be N2. Then, the total required processing

capacity is equal to

N ÿ 1

2

� �
s�N � 1� � N ÿ 1

2

� �
s

N ÿ 1

R
� N ÿ 1

2

� �

�N � 1� � N ÿ 1

R

� �
s � N2: �13�

We set P0 � �N ÿ 1�=2d e �N � 1� � �N ÿ 1�=R� �,
then s � N2=P0 for the underlying network con®g-

uration. The value T H0 is equal to

�N ÿ 1���R� 1�=R�s and the value of C0 is equal to

�N ÿ 1�=2d es ��R� 1�=R�N.

For a bypassing ring network, we use L � L1 � 1

wavelengths. We set a router's processing capacity to

Table 4. Performance results for one server with asymmetric server-client traf®c.

Ring WDM Bypassing Ring

BW BW1 � N2R
2�R�1� BW1 � Nÿ1

2L1

l m
s

BW2 � N2

2�R�1� BW2 � Nÿ1
2

� �
s
R

Throughput ef®ciency 2
N

N
BW1L1�BW2

, for full-ring WGs

N2

BW1�NL1ÿL0C��BW2N, for partial-ring WGs

Average processing path length N�1
4

, for N odd 1
Nÿ1

R
R�1
�P2L1

i�1
Gi�Gi�1�

2
� N2ÿ1

4R �, for N odd

N2

4�Nÿ1�, for N even 1
Nÿ1

R
R�1
�P2L1

i�1
Gi�Gi�1�

2
� N2

4R�, for N even

Fig. 9. Throughput ef®ciency (one server, asymmetric server-client

traf®c).

Fig. 10. Average path length (one server, asymmetric server-client

traf®c).
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be selecting from three different processing levels.

The processing capacity at the server node is equal to

�N ÿ 1�=2d es, as noted above. At the client node, the

router's processing capacity is equal to

�N ÿ 1�=2L1d es in one direction and to �Nÿd
1�=2e sR in the other direction. The total processing

capacity is equal to

N ÿ 1

2

� �
s62� N ÿ 1

2L1

� �
s�N ÿ 1�

� N ÿ 1

2

� �
s
R
�N ÿ 1� � N2: �14�

By solving the above equality, the resulting value of s
realizes a total processing capacity of N2 for the

underlying network con®guration. We then have

T H0 � �N ÿ 1���R� 1�=R�s and C0 � �BW1L1�
BW2�N for full-ring wavelength graphs or

BW1�NL1 ÿ L0C� � BW2N for partial-ring wave-

length graphs. For a 20-node network, with

N2 � 400 total processing capacity, the resulted total

throughput versus total capacity curve is plotted in

Fig. 11.

4.3.3 Discussion of Results
Under this traf®c matrix, since WDM bypassing is

only done for server-to-client traf®c but not for client-

to-server traf®c, the performance improvement is less

than that achieved for the case studied in Section 4.1.

As the value of R (the server to client intensity ratio)

increases, only a moderate improvement in

throughput ef®ciency (when partial ring wavelength

graphs are employed) is observed. The improvement

in throughput ef®ciency as compared to the case

without employing bypassing is explained in Section

4.1.3. The improvement as the value of R increases is

small because the client-to-server traf®c is only a

small portion of the total traf®c, whether R � 10 or

R � 100. As the value of R increases, a larger

percentage of the traf®c (including server-to-client

traf®c and client-to-server traf®c) experience the

advantage of bypassing. Therefore, the increase in

network throughput and reduction in average proces-

sing path length is greater (as compared to the case

without bypassing) as the value of R increases. As the

number of wavelengths increases, the performance

improvements (as the value of R is increased) in

average processing path length and network

throughput (for ®xed total processing capacity) are

more pronounced.

4.4 Two Server Con®guration with No Client-to-
Client Traf®c

4.4.1 Fixed Total Throughput
For this ring network con®guration, we assume the

network to consist of two servers that are located

opposite to each other on the ring. They are denoted as

Node 0 and Node N=2. We also assume the remaining

nodes to be the client nodes of these two servers. We

assume the number of nodes in the ring network �N�
to be even. Similar results are obtained for an odd

value of N. We assume traf®c ¯ows to exist only

between each server and the clients. The traf®c

intensity levels are set equal from/to each server.

Hence, s0i � si0 � sN
2
;i � si;N

2
� s, i 6� 0; N=2. No

client-to-client or server-to-server traf®c is generated,

so that and sij � 0 for all other values of i and j. We

normalize the total traf®c to be equal to N2, so that

s � N2=�4�N ÿ 2��.
We construct wavelength graphs for this network

con®guration in two steps. First, we construct partial-

ring wavelength graphs that correspond to each server

node using the construction method described in

Section 4.1.1. We then combine two partial-ring

wavelength graphs (one for each server node) with no

common links and where the union of links in both

wavelength graphs covers the full ring. This proce-

dure results in a set of full-ring wavelength graphs.

The non-bypassed nodes in each full-ring wavelength
Fig. 11. Throughput vs. capacity (one server, asymmetric server-

client traf®c).

I. Rubin, J. Ling/Ring Communications Networks 327



graph are the union of all non- bypassed nodes in the

its partial-ring wavelength graph components. For this

network con®guration, only full-ring wavelength

graphs are used. By using the above de®ned

wavelength graphs, the corresponding results are

summarized in Table 5. In Table 5, A denotes the

number of wavelengths in use for the WDM

bypassing ring networks. Gi has the same de®nition

and value as shown in Section 4.1. For a 20-node

network, the resulting throughput ef®ciency and

average processing path length curves are plotted in

Figs. 12 and 13, respectively. Performance results and

comparisons are discussed in Section 4.4.3.

4.4.2 Fixed Total Processing Capacity
In this section, we examine the network performance

using a ®xed overall processing capacity. We assume

the ¯ow rate between server and each client to be s.

The same wavelength graphs as constructed in

Section 4.4.1 are employed to attain the minimum

overall processing and link capacity. Then the

required processing capacity at the server node is

�N ÿ 2�=2d es in each direction. For a non-bypassing

ring network, the same processing capacity is also

required at each client node. We normalize the total

processing capacity to be N2. The total processing

capacity is equal to �N ÿ 2�=2d es ? 2N � N2. Using

this underlying network con®guration, we have

s � N=�N ÿ 2�. The value of TH0 is equal to

4�N ÿ 2�s � 4N and the value of C0 is equal to N2.

When we use L wavelengths for WDM bypassing

ring networks and require the processing capacity of

each router to be one of two different levels, the

processing capacity at the server node is equal to

�N ÿ 2�=2d es, while that at the client node is equal to

�N ÿ 2�=�2L�d es. The total processing capacity is

equal to

N ÿ 2

2
s64� N ÿ 2

2L

� �
s62�N ÿ 2� � N2: �15�

Using the value of s obtained by solving the above

equality, T H0 is noted again to be equal to 4�N ÿ 2�s
and C0 is equal to �N ÿ 2�=�2L�d es ? 2NL. We derive

the total throughput versus total capacity performance

curve for a 20-node ring network. The result is plotted

in Fig. 14.

4.4.3 Discussion of Results
As we observe from Figs. 13 and 14, the total

throughput is higher for a given total processing

capacity and the average processing path length is

lower than the case without employing bypassing.

Under a two-server traf®c matrix, the traf®c ¯ow is

more uniform than that under a one-server traf®c

Table 5. Performance results for two server with zero inter-client

traf®c.

Ring WDM Bypassing Rin

BW N2

8
Nÿ2
2L

� �
s

Throughput ef®ciency 4
N

N
BW62L

Average processing path length N�2
4

P2L

i�1

Gi�Gi�1�
2

Nÿ2

Fig. 12. Throughput ef®ciency (two servers, 0 inter-client traf®c). Fig. 13. Average path length (two servers, 0 inter-client traf®c).
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matrix. In comparing the two-server case with the

one-server case, the ratio of increase in total

throughput, for a given value of total processing

capacity and a suf®ciently high value of capacity, due

to employment of bypassing is lower. For the two-

server case, since the traf®c ¯ows are more uniformly

distributed, there is no link that does not accom-

modate any traf®c ¯ow in any wavelength graph.

Therefore, no increase in throughput ef®ciency is

possible with WDM bypassing as demonstrated for

the previous three cases.

4.5 Network Con®guration with Uniform
Traf®c Matrix

4.5.1 Fixed Total Throughput
We assume the traf®c rate between every pair of nodes

is the same. Thus, sij � s, for all i 6� j, and sij � 0,

for i � j. We normalize the total throughput to be N2.

We then obtain s � N=�N ÿ 1� for this network

con®guration. The resulting values for the bandwidth

for each link in each direction, for the throughput

ef®ciency and for the average processing path length

for a ring network with N nodes are summarized in

Table 6. For the WDM bypassing ring, under uniform

loading, we do not have an exact expression for the

throughput ef®ciency and for the given number of

wavelengths. The throughput ef®ciency is upper

bounded by that attained by a ring network. The

lower bound on the throughput ef®ciency is derived

from an algorithm described below. The latter

algorithm is also used to calculate an upper bound

on the average processing path length. The set of

employed wavelength graphs is also constructed

based on this algorithm.

The algorithm mentioned above is described in the

following. We start with a set of paths that includes

one shortest path between every pair of nodes. We

divide these paths into disjoint groups, where the

paths in each group are of the same length and have no

common links. We include as many paths in a group as

possible. These groups are denoted as path groups.

The number A�i� of path groups with path length i is

equal to i if i divides N, otherwise we have

A�i� � i� 1. The number of paths in such a path

group is N=ib c for the ®rst i groups and N ÿ i N=ib c
for the �i� 1�st group (when i does not divide N).

Therefore, the total number of path groups (denoted as

Ng) is equal to

XN
2b c

i�1

A�i�:

Let B� j� � dNg=Le for j � 1 to �Ng mod L� and

B� j� � bNg=Lc for j � �Ng mod L� � 1 to L, where

mod represents the modulation or remainder operator.

The algorithm consists of the following steps:

1. Mark all path groups as unused.

2. For j � 1 to L wavelengths,

2.1. Choose a path group that includes paths

whose length is equal to the maximum path

length and that is marked as unused.

2.2. Mark this path group as used.

2.3. For k � 1 to B� j�

Fig. 14. Throughput vs. capacity (two servers, 0 inter-client traf®c).

Table 6. Performance results for a ring network with uniform traf®c matrix.

BW
N�N�1�

8
, for N odd N3

8�Nÿ1�, for N even

Throughput ef®ciency 4
N�1

, for N odd
4�Nÿ1�

N2 , for N even

Average processing path length N�1
4

, for N odd N2

4�Nÿ1�, for N even

I. Rubin, J. Ling/Ring Communications Networks 329



2.3.1. Choose from the unused path groups

a group such that adding this group

results in minimum increase in the

processing path length.

2.3.2. Mark this path group as used.

2.3.3. Update the total ( processing) path

length.

The average processing path length calculated by this

algorithm serves as an upper bound on the minimal

average processing path length. The corresponding

bandwidth and throughput ef®ciency values are given

below:

BW � Ng

L

� �
; �16�

Z � N�N ÿ 1�s
BW6s6L62N

� N ÿ 1

2L6BW
: �17�

The latter throughput ef®ciency value is a lower

bound on the attainable maximum throughput

ef®ciency. For the path groups chosen for every one

of the �L� wavelengths, the corresponding ¯ows (for

all the paths included in these path groups) in each

direction are used to construct a wavelength graph by

using the procedure described in Section 2.3. From

each set of wavelength-based path groups, two

wavelength graphs are constructed. The latter share

the same wavelength. All constructed wavelength

graphs are con®gured as full-ring topologies. By using

this algorithm, the throughput ef®ciency and average

processing path length performance curves for

networks with 20 and 40 nodes are plotted in

Figs. 15 and 16. Performance results and comparisons

are discussed in Section 4.5.3.

4.5.2 Fixed Total Processing Capacity
In this section, we study the network performance

using a ®xed overall processing capacity. We assume

the traf®c rate between every pair of nodes is equal to

s. For a non-bypassing ring network, the same

processing capacity is required at all nodes. For a

network with an odd number of nodes, the latter

processing capacity is equal to �N2 ÿ 1�=�8�s.

When the number of nodes is even, the processing

capacity is then equal to �N2=8�s. We ®x the

total processing capacity to be N2. For networks

with an odd number of nodes, we obtain

�N2 ÿ 1�=�8�s ? 2N � N2. By solving the above

equality, we have s � �4N�=�N2 ÿ 1� for this network

con®guration. Using the resulting value of s, we

conclude: T H0 � N�N ÿ 1�s � �4N2�=�N � 1�, and

C0 � N2. If the number of nodes is even, then

s � �4=N� and T H0 � N�N ÿ 1�s � 4�N ÿ 1�,
C0 � N2.

For a WDM bypassing network, we use the

following algorithm to ®nd an upper bound on the

total processing capacity as a function of s. All paths

between every pair of nodes are divided into path

groups according to the rules described in Section

4.5.1. The value of B�i� is also the same as that

obtained in Section 4.5.1. The algorithm consists of

the following steps:

1. Mark all path groups as unused.

2. For j � 1 to L wavelengths,

Fig. 15. Throughput ef®ciency (uniform traf®c matrix). Fig. 16. Average processing path length (uniform traf®c matrix).
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2.1. Choose a path group that includes paths

whose length is equal to the maximum path

length and that is marked as unused.

2.2. For k � 1 to B� j�,
2.2.1. Choose from the unused path groups

a group that ful®lls the following

requirement:

2.2.1.1. Let non-bypassed source/

destination nodes be the

end-nodes of some path

(i.e., starting or ending

points of some ¯ow) in a

chosen group for this wave-

length.

2.2.1.2. By adding the chosen

group, we minimize the

increase in number of non-

bypassed source/destina-

tion nodes.

2.2.2. Mark that path group as used.

2.2.3. Update the position of non-bypassed

nodes.

2.3. The required processing capacity at each

node is equal to the number of ¯ows that

pass through or start/terminate at that node

(in each direction) times the rate of each

¯ow �s�.

The total processing capacity �P0�s�� is calculated as

the sum of the processing capacity (derived by the

algorithm described above) at all processing nodes.

We assume that two types of routers are available:

high-capacity and low-capacity routers (to be con-

sistent with previous cases). The higher processing

capacity level (denoted as R1) is equal to the

maximum processing capacity considering all proces-

sing nodes for each wavelength. The lower processing

capacity level (denoted as R2) is equal to the second

highest processing capacity among all processing

nodes. If a processing node requires a processing

capacity to be less than R2, then its processing

capacity is set to be equal to R2. The resulting total

processing capacity level is an upper bound on the

minimal required processing capacity for the given

number of wavelengths. We use the construction

method described in Section 4.5.1 to synthesize the

wavelength graphs for this case. Since the selected

groups for each wavelength may be different in

Sections 4.5.1 and 4.5.2, the resulting wavelength

graphs may also be different.

We set P0�s� � N2. By solving this equality, the

resulting value for s is the value of the ¯ow rate that

realizes this implementation with a total processing

capacity set equal to N2. Then, we have the following

corresponding values for the network throughput and

total link capacity: TH0 � N�N ÿ 1�s, C0 �
2NLsdNg=Le. The latter value of T H0 serves as a

lower bound on the attainable maximum throughput

ef®ciency for given total link capacity and total nodal

processing capacity levels. We plot the resulted total

throughput versus total capacity curve for a 20-node

network in Fig. 17, assuming a total processing

capacity of N2�� 400� and employing 1 to 8

wavelengths. Note that the performance of a ring

network without WDM-bypassing is equivalent to

that shown for the case with L � 1 in Fig. 17.

4.5.3 Result Discussion
For a network under a uniform traf®c matrix, when

WDM bypassing is applied, a reduction in the

throughput ef®ciency is observed when compared to

that realized without using a bypassing scheme. This

reduction is almost constant as the number of

wavelengths varies from 2 to 8 under our implementa-

tion. The reason for the latter reduction is the same as

that explained in Section 4.1.3. In turn, the use of

WDM bypassing leads to a reduction in the average

processing path length. These noted reduction in

average processing path length and increase in

throughput (for a given value of processing capacity),

under a uniform traf®c matrix, are less than those

attained under a non-uniform traf®c matrix.

Fig. 17. Throughput vs. capacity (uniform traf®c matrix).
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Therefore, as expected, the performance improve-

ments realized by the employment of a bypassing

structure are higher under non-uniform traf®c loading

conditions.

5. Conclusions

In this paper, a ring packet network employing

switches with WDM bypassing property is studied.

Wavelength graphs are used to de®ne a bypassing

pattern for each wavelength in a ring network. For

a WDM bypassing ring, a traf®c ¯ow using a

certain wavelength is either being bypassed at a

switch or not being bypassed. In the latter case, the

switch examines the header of each packet and

decides if it is the packet's destination node; if so,

it then removes the packet. A switch capacity is

limited by the maximum rate it can process packet

headers. Using the bypassing structure, with the

same total (overall network nodes) processing

capacity, a higher throughput level is achieved in

a network.

Five different traf®c patterns are studied. For a

®xed total throughput level, the penalty incurred by

the use of WDM bypassing is reduced throughput

ef®ciency, which occurs when uniform-like traf®c

matrices are employed or when all wavelength graph

topologies are required to cover the whole ring

network under any given traf®c matrix. Under a

uniform traf®c matrix and a ®xed total throughput, the

throughput ef®ciency of a WDM bypassing ring

network is about 80% of a non-bypassing ring

network for a 20-node or 40-node network. Under

any of the ®ve traf®c matrices used, if all wavelength

graph topologies cover the whole ring network, then

the achievable range of throughput ef®ciency for a 20-

node WDM bypassing network is equal to a value

ranging from 60% and 100% of the throughput

ef®ciency attained by such a non-bypassing ring.

Hence, using a WDM bypassing method, we some-

times utilize the link capacity less ef®ciently.

Under a ®xed throughput level, the advantages of

employing WDM bypassing are: increased throughput

ef®ciency under non-uniform traf®c matrices, lower

average processing path length, and reduced proces-

sing capacity at the network switches. The ®rst two

advantages are illustrated by ®xing the total

throughput level. The last advantage has been

demonstrated by ®xing the total switch processing

capacity. That is, for ®xed total switch processing

capacity, a higher throughput level is achieved by

employing WDM bypassing. This is equivalent to

reducing the switch processing capacity under a ®xed

throughput level.

When the traf®c matrix is not uniform, under a

®xed total throughput level, it is possible to increase

the throughput ef®ciency using a higher number of

wavelengths by the following method. The wave-

length graph topologies are selected to cover only

certain parts of the ring, and the capacity of each link

is sized to accommodate only the wavelength graphs

that cover it.

By synthesizing a WDM bypassing layout, the

average processing path length, and thus packet

latency time, is reduced. Further reduction is

attained as the number of wavelengths is increased.

With a highly non-uniform traf®c matrix, more than

85% saving in the average processing path length

can be achieve by using WDM-bypassing for a 20-

node network using 8 wavelengths. For a uniform

traf®c matrix, only 35% saving is achieved for the

same network with 8 wavelengths. Therefore, a

more signi®cant reduction in packet latency time

levels is achieved under a non-uniform traf®c

matrix.

The third advantage is illustrated as follows. For

®xed total processing capacity, the plots of total

achieved throughput versus total link capacity can be

divided into two regimes. In Regime 1, the total

throughput is limited by the total link capacity.

Therefore, as the link capacity increases, higher

throughput levels can be achieved. In each plot, the

``turning point'' is the starting point of Regime 2,

where the total achieved throughput is limited by the

prescribed total switch processing capacity. We note

that the realized throughput ef®ciency determines the

slope in Regime 1. The highest achievable throughput

for a given total switch processing capacity is

inversely related to the average processing path

length. With the same total processing capacity, and

the same overall link capacity (over all employed

wavelengths), for a 20-node network with a highly

non-uniform traf®c matrix, we can increase the

throughput to 4 times that produced by a (non

bypassing) ring network by using WDM bypassing

(with 5 wavelengths used for both networks).

However, for a uniform traf®c matrix, the corre-

sponding increase in throughput is equal to only 15%

(using the same number of wavelengths).
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