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Optical packet switching is a long-term strategy to providehigh-speed transmission,

data transparency, and recon�gurability. Optical buffersare used in the switches to resolve

contentions that occur whenever two packets are destined tothe same output at the same

time slot. Due to the lack of optical random access memory, �ber delay line (FDL) is cur-

rently the only way to implement optical buffering. In general, optical buffering structures

can be categorized in two classes: feed-forward and feedback, both of which have advan-

tages and disadvantages. In this research, we proposed a more effective hybrid buffering

architecture that combines the merits of both schemes. It requires smaller optical device

sizes and fewer wavelengths and has less noise than feedbackarchitecture. At the same

time, it can facilitate preemptive priority routing which feed-forward architecture cannot

support. Based on this architecture, we described two switch designs—single plane and

multiple plane. The numerical results showed that the new switch architecture can signi�-

cantly reduce the packet loss probability.

The objective of traf�c grooming is to save electronics costby effectively assigning

low-rate circuits onto high-speed channels. Generally, wecan treat the traf�c grooming

problem as two steps: circuit construction and circuit grooming. In this research, we fo-

cused on developing ef�cient algorithms for circuit construction. Two heuristics based on

Random Hill-climber and Simulated Annealing were proposed. Our algorithms are more

aggressive in splitting the connections to achieve ef�cient circuit construction. Numerical



results showed that the algorithms have good performance inreducing the low-rate circuit

number and end node number.

We also studied the problem of weighted edge-decompositions of graphs which is re-

lated to circuit grooming. The research was focused on grooming symmetric traf�c that

we can always construct full low-rate circuits. The objective is to minimize the number of

add/drop multiplexers by using the minimum number of wavelengths. Through numerical

estimates, we obtained useful tight bounds of some special cases of k-decompositions of a

graph.
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Chapter 1

Introduction

1.1 Optical Networks and WDM Technology

Today, the tremendous growth of the Internet and world wide web has led to huge band-

width consumption and data transmission through communication systems. The objective

of any communication system is to transfer information fromsources to destinations. Gen-

erally, this is accomplished by modulating the informationonto a carrier such as electro-

magnetic wave. The information transmission speed is, therefore, mainly determined by

the bandwidth of the modulated carrier, which is limited to a�xed portion of the carrier

frequency. Thus, increasing the frequency of the carrier will increase the available trans-

mission bandwidth and the information capacity of the system. Optical �ber can offer

much higher bandwidths than traditional copper and is less susceptible to various kinds

of electromagnetic interference and other undesirable effects. The potential bandwidth of

optical �ber is up to nearly 50 Tbps. Based on this characteristic, optical �ber transmission

and optical networks have caught more attention and have played a key role in the today's

telecommunication networks.

Since information has to be converted to an electronic signal for the end node to process,
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the maximum rate at which the end node can access the optical network is limited by the

speed of the electronics (up to 10 Gbps). Multiplexing techniques have to be introduced

in optical networks in order to exploit the �ber's huge bandwidth. Typical such techniques

includewavelength division multiplexing(WDM), time division multiplexing(TDM), and

code division multiplexing(CDM). Since both TDM and CDM require some of the end

user's network interface operating at at higher speed than the electronic speed, they are

less attractive than WDM which does not require that. The WDMapproach is to keep the

bit rate the same and multiplex multiple wavelength channels, each carrying data at this

rate. WDM is more effective when the bandwidth demand exceeds the capacity of a single

wavelength. Moreover, the WDM system can be designed to be transparent systems since

different wavelengths can carry data at different speeds and protocol formats. This is a

major advantage of WDM in some applications.

Optical networks can be categorized into two generations. In the �rst generation, optics

was essentially used for transmission and simply to providecapacity. All the switching

and other intelligent network functions were handled by electronics. The electronics at a

node must process not only the data intended to that node, butalso all the data passing

through that node. Examples of �rst-generation optical networks are Synchronous opti-

cal networks (SONET) and the similar Synchronous Digital Hierarchy (SDH) networks,

which form much of the telecommunications infrastructure today. As data rates get higher

and higher, it becomes more dif�cult for electronics to process data. By incorporating

some switching and routing functions into the optical part of the network, the burden of

the electronics can be signi�cantly reduced. This concern motivates the second generation

network, which is calledall-optical network [61]. In an all-optical network, data is pro-

cessed optically instead of electronically at the intermediate nodes where optical switches

and routers are employed. Correspondingly, anoptical layer is introduced to denote the

routing and switching functionality of a second generationWDM optical network.
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1.2 Optical Packet Switching

Currently, optical networks providelightpathsto the users, which are circuit-switched. A

lightpath is a virtual connection between two nodes, and a wavelength is allocated on each

link along the connection. With a virtual circuit connection, the network offers a circuit-

switched connection between two nodes. However, the bandwidth required by the con-

nection is often smaller than the full bandwidth available on a link or wavelength, and the

Internet traf�c always demonstrates bursty nature. The high-speed optical links between

optical routers and switches are, therefore, underutilized. Optical packet switching net-

works are more ef�cient in bandwidth utilization by providing packet-switched services.

The objective of optical packet switching is to enable packet-switching capabilities at rates

that cannot be contemplated using electronic packet switching [61]. Compared to optical

circuit switching, optical packet switching is a long-termstrategy to provide high speed,

data rate/data format transparency and con�gurability.

Contention is an important problem for optical packet switching, A contention occurs

whenever two packets are destined to the same output of a switch at the same time. In

a WDM optical packet-switched network, there are basicallythree domains to explore

contention resolution schemes: time, space, and wavelength, which correspond toopti-

cal buffering, de�ection routing, andwavelength conversion, respectively. These schemes

must be considered in the designs of optical packet switches.

In this research, we investigate the designs of optical packet switches based on optical

buffering scheme. Because of the lack of optical random access memory, Optical buffers

are realized by using �ber delay lines (FDL), which are �berswith �xed lengths. Feed-

forward and feedback are two types of FDL architectures in optical buffering, both of

which have advantages and disadvantages (a detailed description will be given in Chapter

2). We present a novel architecture for WDM optical packet switches with an effective
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hybrid FDL buffering con�guration that combines the meritsof both feed-forward and

feedback schemes. This new switch architecture has excellent performance in packet loss

probability without signi�cantly increase in average switch latency.

1.3 Traf�c Grooming in WDM SONET Rings

While each wavelength has over a gigabit-per-second transmission speed, the network may

still need to support traf�c connections at rates that are lower than the full wavelength ca-

pacity. The capacity requirement of these low-rate traf�c connections can vary from OC-1

(a unit bandwidth in optical carrier speed levels) up to fullwavelength capacity. To re-

duce the system cost and improve the network performance, ef�ciently assigning low-rate

circuits onto high-speed wavelength (calledtraf�c grooming) are important. The groom-

ing problem exists in both SONET ring networks and arbitrarymesh networks. Various

research work has been conducted for both network topologies. In this research, we only

investigate traf�c grooming in SONET ring networks.

SONET rings are widely employed optical network infrastructure today. With WDM

technology, each �ber supports multiple wavelength rings.and each wavelength ring is

operated at OC-N line rate, e.g.,N = 48. Moreover, a SONET ring can further carry

multiple low-rate circuits (e.g., OC-M, whereM < N ) in a TDM fashion. The ratio ofN

andM is the low-rate circuit capacity of a wavelength. Electronic add-drop multiplexers

(ADMs) are used to add/drop traf�c at intermediate nodes to/from the high-speed chan-

nels. An exclusive ADM, which is named SADM in SONET rings, isrequired for each

wavelength node pair such that a connection carried by the wavelength starts or ends at this

node. Since SADMs are expensive and dominate the system cost, minimizing the number

of SADMs can greatly reduce the system cost. In fact, it is notnecessary for each node

to be equipped with SADMs on each wavelength. With the use of wavelength add/drop
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multiplexers (WADMs), it is possible for a node to bypass most wavelength channels opti-

cally and only carry the traf�c destined to the node. An example is shown in Figure 1.1. In

the left con�guration, the node is equipped with one WADM andtwo SADMs (assuming

both � 1 and � 2 carry traf�c that need to be added/dropped at the node) and inthe right

con�guration, the node requires all three SADMs. Thus, withincreasing the number of

wavelengths, more SADMs can be saved by using only one WADM ateach node.

l  
l

SADM

l

WADM

3l 1

SADM

l 3
2
11 l

l
3
2

1l 32 ll l

Figure 1.1: Reduction of SADMs by using WADM

An illustrative example of traf�c grooming is shown in Figure 1.2.
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Figure 1.2: Traf�c grooming in SONET rings, similar to the examples in [39, 43].i ! j ,
the Tij entry of the traf�c matrixT, represents one traf�c connection fromi to j ; i $ j
represents two connections:i  j andj  i , which form a circuit ring.

Consider a ring network with 6 nodes and assume for the momentthat the traf�c pattern is

unidirectional (traf�c �ows only in one direction) uniformtraf�c, that each node pair has
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a traf�c connection between them and that the traf�c amount of each connection is of unit

low-rate circuit. Then the traf�c forms a total of
� 6

2

�
= 15 circuit rings (see the traf�c matrix

of Figure 1.2). Suppose each wavelength can support 4 low-rate circuit rings (e.g., OC-12

on an OC-48 ring). In Assignment 1 which has no traf�c grooming (note that� k : i $ j

means the traf�c between nodei andj is groomed onto the wavelengthk), each node is

used as a start or end node for some connection under each wavelength. Thus four SADMs

are required at each node, yielding a total of 24 SADMs required for this network (note that

the number of SADMs required for each wavelength euqals the number of distinct nodes

assigned in that wavelength). However, in Assignment 2 withtraf�c grooming, only 15

SADMs are required.

Generally, the traf�c grooming problem can be treated as twosteps:circuit construction

andcircuit grooming. The objective of circuit construction is to minimize the number of

the low-rate circuits and the number of end nodes when packing the traf�c connections into

low-rate circuits, and the objective of circuit grooming isto minimize the SADMs when

packing the circuits into the wavelengths. Much work has been done for circuit grooming.

Thus we focus on circuit construction. Although circuit construction for uniform traf�c

is easy (as shown in the example discussed above, we can always form full rings), circuit

constrcution for non-uniform traf�c is dif�cult. Most previous work constructs circuits ac-

cording to the given traf�c matrices without any change of them. In our research, we �nd

that we can construct the circuits more ef�cently by changing some of the entries of the

traf�c matrices (speci�cally, splitting some traf�c connections). Based on this, two heuris-

tics based on Random Hill-Climber and Simulated Annealing are presented. Moreover,

we also investigate the minimum SADMs computation under some speci�c wavelength

capacities and traf�c matrices by studying the weighted edge-decompositions of graphs.
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1.4 Dissertation Outline

In Chapter 2, we investigate the ef�cient designs of opticalpacket switches. Based on our

proposed hybrid buffering architecture, we describe two designs of optical packet switch

fabrics. The �rst one has single-wavelength inputs/outputs and the second one supports

multiple-wavelength inputs/outputs. Brief versions of this work were presented in atSPIE

OptiComm 2003andIEEE GLOBECOM 2003[2, 3], respectively, and a full version has

been accepted to appear inOSA Journal of Optical Networking. In Chapter 3, we inves-

tigate the effective approaches of circuit construction under non-uniform traf�c model. A

brief version of Chapter 3 appeared inProceedings of IASTED — wireless and optical

communications 2002[33]. In Chapter 4, we investigate the problems of weighted-edge

decomposition of graphs, which is motivated by the circuit grooming problem in optical

networks. The results has been submitted toJournal of Combinatorial Mathematics and

Combinatorial Computing[49]. Apart from these, a brief version of our research in light-

tree based multicast traf�c protection is under preparation for submission, which will not

be presented in this dissertation. Finally, in Chapter 5, concluding remarks are presented.
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Chapter 2

Design and Performance Analysis of

Optical Packet Switches

2.1 Introduction

The convergence of telecommunications and data communications has led to a paradigm

shift from voice-optimized to IP-centric networks. With wavelength division multiplexing

(WDM) technology, current optical switching networks can provide us with huge band-

width. To support the Internet and associate services more ef�ciently, transport networks

need to provide a recon�gurable optical layer and packet switching service.

The optical networks employed today provide circuit-switched services, which are

connection-oriented. These networks provide lightpaths that can be established and taken

down as needed. In these networks, the optical nodes do not switch signals on a per packet

basis, but rather switch on the circuits. Packet switching is done in the electronic domain

by other equipment such as IP routers and ATM switches through higher level protocols.

This equipment only makes use of the lightpaths provided by the optical layers to establish

links between themselves [61].
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A main motivation for requiring new switching technique is that the huge bandwidth

provided by optical networks is still under-utilized due tothe bursty nature of data traf-

�c. Conventionally, we expect by multiplexing the low-speed bursty traf�c streams, the

burstiness of the aggregated stream is less than that of the individual streams. However,

some of the traf�c in broadband multimedia services is inherently bursty, such as the traf�c

generated by web browsers, wide-area TCP connections and variable-bit-rate video sources

[11]. All these are calledself-similartraf�c and multiplexing cannot lower the bursty char-

acteristics. Utilizing optical packet switching can improve the bandwidth utilization of the

optical layer. Another motivation is, obviously, that optical packet switching could provide

higher capacities than electronic routers.

With current technologies, a full implementation of optical packet switching in practice

is still a long time away. The main challenges include lack ofoptical random access mem-

ory, stringent synchronization, the mismatch of the speed between processing the control

information electronically and optically switching the data through. Some other switching

schemes are also proposed such asoptical burst switchingandphotonic slotted switching.

In the following section, we will discuss some basic problems related to optical packet

switching.

2.2 Basic Problems in Optical Packet Switching

2.2.1 Synchronous Network and Asynchronous Network

Generally, we can divide the optical packet switched networks into two categories:slotted

(synchronous) andunslotted(asynchronous) networks. In packet switched networks, the

packets may arrive at the switches at different times. Sincethe switch fabric can only be

recon�gured at discrete times, the network designers have to decide whether to have the

packets aligned before they enter the switch. In slotted networks, the system clocks are
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stringently synchronized and all the packets have the same size. The payload is placed

together with the header inside a �xed time slot. Guard timesare also provided as shown

in Figure 2.1. In this kind of system, optical �bers called �ber delay lines (FDL) are used

time slot time slot

guard time header headerfast jitter

( b )

( a )

guard time

time slot time slot

payload payload

header header

payloadpayload

Figure 2.1: The two possible packet formats of synchronization schemes.

to work as buffers in a store-and-forward type contention resolution. The main difference

between FDL and electronic RAM is that FDL can only deal with a�xed propagation delay

(current technology may support kilometers length �ber andprovide feasible�s level de-

lay) and the packet can only be accessed at the time interval determined by the �ber length

[11]. Figure 2.2 shows a function block diagram of the switchnode in slotted networks.

When the packets arrive at a switch, an optical splitter splits a small amount of the power

of from them. Then the header recognizer (in the switch control unit) will recognize the

bit pattern at the beginning of the header and read the headerinfromation. The recognized

information is then passed to the control unit to con�gure the switch fabric. The input

synchronization stage and output synchronization stage (with dashed line in the Figure 2.2,

since they may or may not be needed depending on the actual packet format and node ar-

chitecture) align the packets before they enter the switch and after them being switched out,

respectively.

In contrast, an unslotted network does not require same sized packets and the packets

arrive at the switch without being aligned. Obviously, the control unit of such switchies

will be more complex and system will be less ef�cient compared to the slotted one. More
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Figure 2.2: A generic node architecture of the slotted network.

contention will occur because the behavior of the packets ismore unpredictable and less

regulated. The throughput, correspondingly, will be also lower than that in the slotted

networks. However, an unslotted network will be easier to build, more robust and more

�exible. So compared to slotted networks, unslotted networks shift more function from the

system to the individual switches. Figure 2.3 shows a function block diagram of a node in

the asynchronous network. The synchronization stages are deleted and some �xed length

�ber delay lines are used to hold the packets when the packetsare being processed and the

switch fabric is being recon�gured [15] [32].

Due to the limitation of the technology today, most optical packet switching models are

based on synchronous networks, which are easier to control.

Switch control unit

Add

. . . . . .

Drop

fixed FDL

Switch

packet A

packet B
. . . . . .

Packet

packet A

packet Bpacket A

packet B

Figure 2.3: A generic node architecture of the unslotted network.
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2.2.2 Packet Format and Synchronization Schemes

Packet format is important for both synchronous and asynchronous networks (the packet

format for asynchronous networks is out of the scope of this report). It decides how the

packet is delineated. The nodes in the network need to adjusttheir local clock phase for

correct packet delineation, and read the information in theheader. As shown in Figure

2.1, generally, there are two kinds of packet formats for synchronization with regard to the

position of payload, header and guard times. In the �rst case, headers start exactly from

the beginning of the slot. The input synchronization stage only needs to process the slow

delay variations while keeping the header well aligned withthe slot boundary. But because

of the guard time between the header and time slot boundary and header jitter, the switch

node cannot predict the exact arrival time of the header onlywith the knowledge of the

beginning time of the slot. The header recognizer has to dealwith fast clock recovery of

jittered header of the packets. A fast and high-resolution output synchronization stage also

becomes optional [7] [15].

In electronic networks, the packet header is transmitted with payload data at the same

speed and electronic routers or switches will process the header information as fast as the

payload data rate. In opitcal networks, the bandwidth is much larger than that of the elec-

tronics networks. It is quite dif�cult to implement electronic header processors operating

at such high speed. So several packet coding techniques havebeen studied including bit

serial coding, bit parallel, and out-of-band signaling. Bit serial coding can be implemented

using optical code-division multiplexing (OCDM), opticalpulse interval, or mixed-rate

techniques. In OCDM, each bit carries its routing information. In optical pulse and mixed-

rate coding, the packet includes header and payload that both consists of multiple bits. The

header and payload have the same transmission speeds in optical pulse interval and dif-

ferent transmission speed in mixed-rate coding. In bit parallel coding, multiple bits are

transmitted at the same time on seperate wavelengths. Out-of-band signaling coding in-
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cludes subcarrier multiplexing (SCM) and dual-wavelengthcoding. In SCM, the packet

header is placed in an electronic subcarrier above the baseband frequencies used by the

packet payload and both are transmitted in the same time slot. In dual-wavelength coding,

the packet header and payload are transmitted in seperate wavelengths but in the same time

slot.

Packet length is another issue of concern for network design. A short packet might not

give a good throughput because of large percentage of overhead but it is easier to control.

A long packet might require more optical buffer and cannot provide a �ne granularity. As

in electronic packet switching, a tradeoff between these two has to be made. Packet error

rate (PER) (the error packets of all packets transmitted) and bit error rate (BER) (the error

bits of all bits transmitted) should be both considered.

Because of the reasons we described in the previous section,the packets entering the

switching node from different links need to be aligned. The control unit will calculate

the necessary delay and con�gure the correct path through these delay lines. Figure 2.4

shows a typical synchronization stage consists of a series of switches and delay lines. The

length of the delay lines are arranged in an exponential sequence between the2� 2switches.

The resolution of this scheme is1=2n of the time slot duration wheeren is the number of

the delay lines. The disadvantage of this method is the introduction of insertion loss and

crosstalk due to the switches used. Cascading the switches will inevitablly require optical

ampli�cation.

. . . . . .
Switch

2*2

output

1/4 packet length 1/8 packet length 1/2   packet lengthn
delay lines

input

1/2 packet length
delay lines delay lines delay lines

2*2
Switch

2*2
Switch

2*2
Switch

Figure 2.4: A scheme of synchronization stage.
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2.2.3 Contention Resolutions

In packet switched networks, each packet has to go through a number of switches to reach

its destination. Whenever two packets need to be switched tothe same output port of a

switch at the same time, contention occurs and some schemes has to be utilized to solve

it. Generally, there are three kinds of contention resolution: optical buffering, de�ection

routing, andwavelength conversion.

Optical Buffering

If switch nodes are equiped with buffers, then when contention occurs, some packets can be

stored temporarily inside the switches and then send out when the output ports are free. In

electronic switches, we can use RAM to resolve contention. However, in optical domain,

the buffer has to be implemented with �ber delay lines, whichhave �xed lengths. Once

the packet enters the �ber, it must emerge from the other end after a �xed amount of time;

there is no way to retrieve the packet any time earlier. This means that the buffer can not

scale up once the �ber delay lines are installed in the switch. An alternative is to convert

the optical packet into electronical domain and store it electronically. But the problem is

that the electronic memories can not keep up with the speed ofoptical networks. Since

the FDL is quite expensive and not �exible as electronic RAM,a compromising approach

may share buffering between electronic and optical domains. That is the �ber delay line is

used to store very short delays and electronic RAM is used forlong delays. By expecting a

majority of the buffering can be resolved by FDL, the costly electronic-optical and optical-

electronic interfaces can be reduced. In this case, if a packet has to be delayed for a longer

time than the FDL capacity, it will be passed to electronic memory. This approach is quite

suitable for the edge router because of the ability to make use of the electronic memory

already in place to perform the electronic router functionality. Some simulation results

have shown good performance [12].
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De�ection Routing

By de�ection method, contention is resolved as follows: if two or more packets need to be

routed to the same output, only one will be sent out from the desired port. All others are

forwarded on paths which may be longer than the minimum distance routing. As a result,

for each source destination pair the number of hops taken by apacket is no longer �xed.

De�ection routing is sometimes called hot-potato routing,which is actually a special case

of de�ection routing. When de�ection routing method is used, some parameters must be

considered.Diameteris the maximum distance in number of hops between any node pair

in the network. The diameter is a good indicator of how compact a network is.De�ection

costis the maximum increase in path length in number of hopes due to a single de�ection.

Don't care nodesrepresent the nodes whose output links have the same shortest path for

a given destination. A network with a high percentage of don't care nodes helps keep the

number of de�ections to a low level even at high loads. Because of the characteristics of

de�ection, we must monitor the number of hops a packet has taken to avoid congestion.

This means we need to drop some packets that wander in the network for longer than a

certain number of steps.

De�ection routing is important in optical networks since itreduces the requirement

of optical buffer. Some research has shown that with a light traf�c load in the network,

de�ection routing could get fairly good performance. But its effect will be not so good

when the traf�c load is high [16] [61].

Wavelength Conversion

We can regard optical buffering and de�ection routing as operating in the time domain and

space domain, respectively. Both of them have advantages and disadvantages. Buffering

offers better network throughput but involves more hardware and controls; de�ection is

easy to implement but cannot offer high performance. With the development of WDM
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technology, we can also make use of wavelength domain to overcome these shortcomings.

When two packets at the same wavelength con�ict at the same output port, we convert

the wavelength of one packet to a free wavelength and route itout simultaneously. If

there is no free wavelength, we will buffer the second packetor de�ect it or simply drop

it. Wavelength conversion can be categorized as opto-electronic wavelength conversion and

all-optical wavelength conversion. In the former method, the signals are �rst converted into

electronic domain. Then the electronic signals are used to drive the input of a tunable laser

tuned to the desired wavelength of the output. This mothod isvery complex and consumes

more power than all-optical method. All-optical method offers higher transparency and is

simpler to implement, but the techniques are far from mature

The three technologies for contention resolution are not mutually exclusive. A combi-

nation could have more advantages and may lead to better performance.

2.2.4 Switch Fabric

In general, an optical packet switch node includes four function blocks:input stage, output

stage, header-processing unit, andswitch unit. The input stage is responsible for pream-

pli�cation (to compensate the power loss of the signal) whennecessary, reading the packet

headers and packet alignment. Delay lines are used between the input stage and the switch

unit to give enough time to the head-processing unit to con�gure the switch. The header-

processing unit reads the header and then con�gures the switch. The output stage might

perform head rewriting and power ampli�cation if necessary. Various designs of optical

packet switch architecture have been conducted. Based on the switching fabric used, they

can be classi�ed into two categories:space switchandwavelength routing switch.

A typical space switch fabric is shown in Figure 2.5. The switch consists ofN incoming

andN outgoing �ber links, withn wavelengths runing on each �ber link. The switch fabric

consists of three parts:optical packet encoder, space switch, andoptical packet buffer. The
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optical packet encoder �rst demultiplexes the incoming optical signal to then different

wavelengths. Each wavelength is fed to a different tunable wavelength converter, which

converts the wavelength of the packet to a free wavelength atthe destination optical output

buffer. Then, through the switch, the optical packet can be switched to any of theN output

optical buffers. The output of the tunable wavelength converter (TWC) is fed to a splitter

which distributes the same signal toN different output �bers, one per output �ber. The sig-

nal is then distributed throughd+1 different FDLs for contention resolution, which contain

�ber delay lines with length from 0 tod time slots. The information regarding to which

wavelength a TWC should convert the incoming packet and to which FDL the packet will

be switched is provided by the control unit. The control unitalso keeps the knowledge of

the state of the entire switch. A space switch spatially contains multiple copies of switching

modules. Therefore, it has huge requirement of components and controls, which make it

quite expensive [7].
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Figure 2.5: An architecture of a space switch.

In wavelength routing switch fabric, as the name states, theincoming packet can be
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optically switched to an output port in a point-to-point manner without broadcasting. A

typical structure is shown in Figure 2.6. Each incoming and outgoing �ber carries a single

wavelength. The wavelength of an output port varies with packets. The switch consists

of two stages: buffering and switching. Each incoming packet has access to at least one

FDL in each of the FDL sets, and correspondingly all output ports through demultiplexers.

An input packet is �rst translated into another wavelength by TWC and then directed to an

FDL of duationd time slots in the FDL set. The delay lengthd will satisfy the following

conditions: (assume the current time ist) (1) The output port is not scheduled at timet + d.

(2) The TWC in the switching stage is not scheduled at timet + d. (3) The output port is not

scheduled at timet + d1 for any of other packet from the same input port ford1 � d to make

sure �rst come �rst serve. The FDL with the shortest delay satisfying all the constraints

will be selected. The switching stage is used for switching optical packets to the correct

output ports.

tunable
wavelength converter

MUX/DEMUX

......
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n

. . . . . . . . . . . . 

1
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buffering stage switching stage

1

n
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Figure 2.6: An architecture of wavelength routing switch.
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2.3 Optical Buffering Architecture: Previous Work and

Motivation

Optical packet switching is a long-term strategy to supporthigh-speed transmission, data

transparency, and recon�gurability. The main functions ofan optical packet switch include:

routing, switchingandbuffering. Routing and switching ensure that the switch maintains

the information of the network topology, process the packets and switch the packets to

the correct output ports. Buffering is used to resolve contentions that occur whenever two

packets are routed to the same output port in the same time slot. Although wavelength con-

version and de�ection routing can also resolve contentions, optical buffers play an impor-

tant role in contention resolution. Because of the lack of anoptical random access memory,

currently an optical buffer can only be implemented using �ber delay lines (FDL). Much

work has been done on optical packet switch designs based on various buffering schemes.

Previous work, such as Haas [6], divided the packet switch into two stages:schedul-

ing stageand switching stage. The scheduling stage is for contention resolution. The

switching stage is for packet switching. Zhong & Tucker [27]described a feed-forward

shared-buffering strategy based on arrayed waveguide gratings (AWG) and tunable wave-

length converters (TWC). But this switch suffers from head-of-line blocking [7]. Chia et

al. [29] extended these results, discussing both feed-forward and feedback buffering ap-

proaches. Xu et al. [7] and Hunter et al. [28] compare different switch designs and point

out the basic problems in designing the optical packet switch.

Since feed-forward buffering does not support priority routing and feedback buffering

suffers from more signal attenuation, we proposed a novel optical packet switch architec-

ture with a hybrid FDL buffering scheme. Our objective is to combine the merits of both

feed-forward and feedback buffering that leads to ef�cientFDL utilization, fewer wave-

length requirements, smaller component size, and good signal quality.
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The rest of the chapter is organized as follows: in Section 2.4, we review the charac-

teristics of feed-forward and feedback buffering schemes.Then we describe our proposed

switch architecture and present our scheduling algorithms. In Section 2.5, empirical results

are analyzed and compared. Finally, in Section 2.6, we present conclusions and ideas for

future work.

2.4 The Core Switch Architecture

Throughout the rest of this chapter, we assume the network issynchronized (slotted). the

packet must be aligned to its time slot boundary before entering the switch. The packet

header is processed electronically and and the payload stays in the optical domain. We use

the following notation:

� N : number of incoming input/output ports of the switch;

� M : number of feedback ports of the switch;

� m: size of the feed-forward buffer;

� n: number of single wavelength input/output switch plane;

� � : average traf�c load rate.

2.4.1 Feed-forward and Feedback Buffering Schemes

In general, we can categorize various designs of optical buffers into two classes:feed-

forwardandfeedback. As shown in Figure2:7(a), in the feed-forward method, the packets

are fed into �ber delay lines of different lengths to resolvecontention. These �ber delay

lines are placed right between the input and output ports without extra input/output port

requirements. Once a packet leaves an FDL, it has to be switched from the output port and
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has no chance to stay in the switch any longer. So feed-forward buf�ng can only facilitate

limited non-preemptive priority routing (e.g. we can send the packets with lower priority to

the longer FDLs and the packets with higher priority to the shorter FDLs). In the feedback

method, recirculation buffers are introduced for contention resolution (see Figure2:7(b)).

This architecture leads to a larger switch fabric1 and more crosstalk. Moreover, in the

feedback method, a packet may recirculate in the switch several times when there is high

contention for output ports. Usually, every recirculationloop implemented by splitting

may require optical ampli�cation. Because of this, the signal could suffer from signi�cant

power loss and noise, which in turn degrade the performance.Therefore, a feed-forward

architecture may be preferable in practice [27, 61]. However, feedback architecture is more

�exible since it allows packet priority routing. A lower-priority packet can be preempted

by being sent into another loop. In addition, the packet storage time inside a feedback

switch architecture is also adjustable by changing the number of loops. These features are

important for QoS in optical networks.
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Figure 2.7: Feedback and feed-forward FDL architecture.

1For example, a WASPNET switch [25] consists of a2N � 2N AWG, 4N TWCs andN sets of FDLs,
each withm lines and requiring2N wavelengths. Because onlyN input/output ports are for external signals,
the resource utilization is50%.
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2.4.2 The proposed Hybrid FDL Buffering Architecture

The feed-forward architecture can handle most scheduling problems and provide restricted

priority routing, however, it cannot handle preemption. Onthe other hand, feedback FDLs

supports preemption. We want to realize features of both architectures in a switch. This is

accomplished by integrating feed-forward and feedback FDLs into a single switch. It is ex-

pected that the feed-forward FDLs can handle most scheduling problems and the feedback

buffer will resolve the remaining contentions and packet preemption. Our objective is to

construct a feed-forward-like switch architecture to achieve feedback-like or better perfor-

mance. As shown in Figure 2.8, the switch has a(N + M ) � (N + M ) fabric architecture

(M � N ). We employ the wavelength routing switch approach, in which TWC and AWG

are the kernel parts, rather than the space switch approach since the latter generally suf-

fers from higher splitting/combining losses and more ampli�cation noise with the increase

of input/output number. Moreover, wavelength converters can help regenerate the signals

such that wavelength routing switches can signi�cantly reduce the noise [27, 28]. Through

wavelength conversion, the complexity of the switching stage is also reduced greatly due to

the static con�guration of the AWG. We give each input/output port a set of FDLs in a way

similar to the WASPNET switch. Although more FDLs are used, the scheduling is more

�exible and buffering ability is better. The proposed switch architecture has the follow-

ing features: (1) it supports priority routing; (2) compared to WASPNET switch, smaller

AWGs are required, resulting in reduced crosstalk and noise; Correspondingly, it requires

smaller number of wavelengths (N + M � 2N ), which saves system resources and cost.

(3) it has lower packet loss probability (see experimental results in Section 2.5) without

sacri�cing the delay performance; and (4) compared to WASPNET switch, if a packet has

to be sent into a loop �ber, although the packet may pass the feed-forward FDLs �rst, it

will not suffer from much more noise because the feedback buffers of the former have the

same structure as the feed-forward part here, and the feedback buffers in this architecture
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are simple �ber delay lines. The only difference is the signals will pass one more AWG

before they are sent out. Another arrangement of the feedback FDLs is to place the buffer

between the two AWGs with the same stage as the feed-forward buffer part. Correspond-

ingly, the length of the loop will be zero. This architecturehas the same function as that

shown in Figure 2.8 but there are minor differences in scheduling.
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Figure 2.8: The hybrid FDL buffering switch architecture.

2.4.3 The WDM Input Switch Architecture

The core switch architecture described in Section 2.4.2 hassingle-wavelength input/output

ports. This architecture has two shortcomings: �rst, the WDM technology is only used

inside the switch fabric. To exploit the huge bandwidth of optical networks, we should also

use it in data transmission. second, with only one switch plane as shown in Figure 2.8, we

still need several long FDLs to achieve a low packet loss probability. (E.g. in Section 2.5,

we show that withN = 16, � = 0:8, M = 4, we can reach a packet loss probability of

10� 4:7 if we setm = 16, which means each feed-forward FDL set has 16 �bers and the

longest one can accommodate 16 packets. For 53-bytes, 2.5 Gb/s packets, the longest �ber

has a length of approximate 543 meters, making fabrication dif�cult.) To overcome these
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shortcomings, we propose a WDM version of the switch architecture that uses multiplex-

ers, combiners and multiple switch fabric planes similar toWASPNET [29]. The proposed

switch architecture is shown in Figure 2.9. Each plane contains a single wavelength op-

tical packet switch and anN � N space switch. It hasN input/output �bers and each

�ber containsn wavelengths. With the space switch, this architecture alsoallows multiple

optical packets to leave from the same output of a single plane on different wavelengths.

The control unit will ensure there is no con�ict in the combiners. From the experimental

results in Section 2.5, we can see that by expanding the switch in wavelength domain, we

can still achieve a good performance with much fewer and shorter FDL sets (e.g. with

N = 16, M = 4, � = 0:8, n = 4, we can reach a packet loss probability of10� 5:01 with

only m = 4).
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Figure 2.9: WDM version of the switch architecture.

Note that the hybrid FDL architecture proposed above has unit length feedback FDLs,

which means once a packet is sent into a �ber loop, it will comeback to some input port

at the next time slot. We can instead use feedback FDLs with different lengths. This

allows the feedback FDLs to accommodate more packets. To make the feedback FDLs

more powerful, we can also give each output port a set of FDLs similar to the WASPNET
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switch. But this may introduce another problem: the signal will pass through more devices

before coming back. This scheme would reduce the packet lossprobability, but the data

may suffer from more noise and system cost may be higher.

2.4.4 Scheduling Algorithm

In our switch architecture, the �rst AWG routes the packets to the appropriate FDL sets

(the second stage of the TWCs) in order to prevent the head-of-line blocking problem. Each

output port, therefore, logically has its own feed-forwardbuffer set and the feedback buffers

are shared by all the inputs/outputs. The logically independent feed-forward buffer set of

each output is actually a queuing system. A queuing system equivalent to the proposed

architecture is shown in Figure 2.10. At each time slot, the objective is to schedule the

packet to the shortest idle time slot. If a packet is placed into thekth position of the queue,

it can only be routed afterk time slots. The feedback buffer, however, is not a single queue

although there areM different positions. Since every feedback �ber is connected by an

independent pair of input/output ports, all packets could be scheduled again at each time

slot. The feedback buffers are like a waiting room system with a capacity ofM . Once the

queue of the destined output of a packet is full, the scheduler will check the waiting room

for a free space and the packet will be dropped only if waitingroom is also full.

Since the feedback buffers are employed, some strategy mustbe adopted to prevent a

packet from looping in the switch inde�nitely (i.e. that no packets stay in the waiting room

inde�nitely). Therefore, the basic idea of the scheduling algorithm is as follows: at each

time slot, we �rst process the packets in theM feedback buffers. We start from buffer 1,

then 2, etc. up toM . Then we process the packets from theN incoming inputs. When

processing a packetp, we �rst attempt to route it to the shortest available feed-forward

FDL of its speci�ed output port. If no such a FDL exists, thenp is routed to an available

feedback buffer with the lowest index. If no feedback bufferis available,p is dropped.
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Figure 2.10: logically equivalent buffer architecture.

At the beginning of a new time slot, all the packets in the feed-forward buffer have been

shifted one slot forward, so at least the longest FDLs of eachfeed-forward buffer set will

be free to store a new packet. Thus at least one packet in the feedback loops (from loop 1)

can be stored in the feed-forward buffer sets and then sent out of the switch. This implies

that at least one feedback buffer will be available to store anew packet. So a packet in

feedback loopi in the current time slot will (if no feed-forward buffer can accommodate it

because of contention) be sent to feedback loopj (j � i � 1) in the next time slot. Hence

all packets that are sent into the feedback loops will be scheduled to an output port after at

mostM time slots. This idea is illustrated in Figure 2.11. At time slot t, the feed-forward

buffer of output 2 is full of packets, and the feedback bufferis also occupied by packets

destined to output 2. After one time slot, every output port has one (if there are packets

in the its feed-forward buffer) or zero (if its feed-forwardbuffer is empty) packets sent

out. Correspondingly, the longest buffer (bufferm) of each feed-forward buffer is free after

shifting the rest of the packets forward. The �rst packet in the feedback buffer is then put

into the end of the feed-forward buffer of output 2. If non-priority routing is considered,

we can also keep the packets in�rst in �rst out (FIFO) order in this way, which is another
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nice feature of our switch.
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Figure 2.11: An example of buffer shifting from time slott to t + 1. At time slot t,
all packets in feedback buffer are destined to output 2 and the feed-forward buffer of the
output 2 is full. After one time slot, all packets in feed-forward and feedback buffers shift
forward one slot and the �rst packet stored in the feedback buffer is placed at the end of the
feed-forward buffer of the output 2.

If priority routing is considered, since preemption may happen, we give each packet a

certain priority (e.g. between 1 and 5). Once the packet passes through the loop buffer, we

increase its priority by one and we always switch out the packets with higher priority. Thus

we process all switch inputs at the same time rather than processing all feedback loops

before incoming inputs. (Note that for packets with the samepriorities, we still process

the packets from feedback loops �rst.) It can be easily proved that with this mechanism,

we can prevent a packet from getting stuck in the switch. The reason is that after a packet

being sent into the feedback loops several times, its priority will reach the highest one and

no other packets can preempt it again. Therefore, it will be sent out of the switch following

the same scheme as the scheduling of packets without priorities, which is described in

previous paragraph.

The pseudo code for the non-priority routing scheduling algorithm is shown in Fig-

ure 2.12.
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Function Scheduling()
begin

i  0
while i < M do

if There is a packet at feedback inputi .
j  0
while j � m do

�nd the shortest FDLj in the feed-forward buffer which is free and
no other packet to the same output after the same delay
j  j + 1

end while
if j > m then

�nd a free feedback buffer and drop the packet if no free buffer exists
lossNum  lossNum + 1

i  i + 1
end while
i  0
while i < N do

if There is a packet at incoming inputi .
j  0
while j � m do

�nd the shortest FDLj in the feed-forward buffer which is free and
no other packet to the same output after the same delay
j  j + 1

end while
if j > m then

�nd a free feedback buffer and drop the packet if no free buffer exists
lossNum  lossNum + 1

i  i + 1
end while
return lossNum

end Function()

Figure 2.12: The scheduling algorithm.
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Note that the scheduling procedure is the same for both the single plane switch and the

multiple plane switch. The former is actually a special caseof the latter. For the multiple

plane switch, however, the relationship among the multipleplanes should be considered

when scheduling the packets. With the space switch, more than one packet could be routed

out from the same output port of each switch plane if at mostn packets in different wave-

lengths are routed to each switch output from all planes at each time slot. For example, at a

time slot, if two packets are destined for a certain outputk, while the remaining packets (no

more thanN � 2) are destined to the otherN � 1 output ports, then the switch could send

these two packets out at the same time slot if during that slot, the number of all packets for

outputk from other planes is no more thann � 2. So for each time slot, there are two more

scheduling constraints:

1.At mostn packets from all switch planes can be routed out to each switch output, and

2. At mostN packets can be routed out from each switch plane.

Although this strategy can use the system resources more ef�ciently, another potential prob-

lem, sequentially biased routing (SBR), may arise because it gives higher priority to the

lower numbered inputs by �rst routing the packet from input 1, then 2, etc. Due to the

characteristics of a �ber delay line — once we send the signalinto a �ber delay line, we

can only process it again after it emerges from the other end of the �ber. This scheduling

scheme may affect the overall performance of the switch, irrespective of whether switch

architecture is based on feed-forward or feedback. An example is shown in Figure 2.13.

Given a switch with three switch planes andm=3, the queuing status2 of all planes are

shown in Figure2:13(a). Suppose now we have two more packets entering the second

plane, which are destined to output ports 2 and 3. The question ishow shall we route them?

Assuming the packet destined to output 3 comes from a lower numbered input, we route it

2Recall that we allow multiple packets destined to the same output to be routed out from the same plane
at the same time slot with the space switch. Accordingly, in Figure 2.13, there are two packets destined for
output 1 at the �rst time slot in switch plane 1. One of the packets occupies the �rst buffer of the queue to
output 2. This also occurs to the packets destined to output 2in the second time slot.
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�rst and insert it into the shortest FDL in the second queue. Now, the packet destined to

output 2 can only be scheduled into the third time slot of queue 2 due to routing constraint

1. The result is shown in Figure2:13(b). This will lead to a longer average latency of the

packets because a better routing schedule would be to route the packet destined to output

2 �rst, which is shown in Figure2:13(c). Thus, even though we can make locally optimal

scheduling decisions by allowing multiple packets (all destined outputi ) to be switched

out from the same planej at one time slot, this approach can adversely affect global per-

formance. Since the problem is from the scheduling dependency of different packets of

all planes, this trend could become worse when the traf�c load is high and the number

of switch planes increases, which can be seen from the experimental results described in

Section 2.5.

2.5 Numerical Results

We evaluate our switch architecture and compare it to a feed-forward switch in terms of

packet loss probabilityandswitch latency. Obviously, the addition of feedback buffers will

increase the switch complexity and cost (e.g. currently, the cost of the AWG and the wave-

length requirement will increase linearly withM , and the crosstalk will also increase with

the size of the AWGs). However, we show that these increases are small in relation to the

advantages gained by decreased packet loss probability. Note that the feed-forward switch

architecture is actually an unfolded version of the WASPNETfeedback geometry. It has

the same packet loss probability as the feedback architecture except that it cannot support

packet preemption [29]. Therefore, in our experiments we only compare our architecture

to a feed-forward architecture.

Under some traf�c statistics, the packet loss probability is closely related to the average

traf�c load rate� . The higher� , the higher loss probability the switch will have (� = 0:8 is
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Figure 2.13: An example of sequentially biased routing. (a)current queuing status of a
switch with three planes. two packets enter the second planedestined to output ports 2 and
3. (b) if we �rst schedule the packet destined to output 3, we can only schedule the packet
destined to output 2 into the third time slot of queue 2 due to routing constraint 1. (c) the
routing results if we �rst schedule the packet destined to output 2.

usually regarded as a practical traf�c load [14]). Sometimes de�ection routing is combined

with optical buffering which means if the switch can not buffer a packet, the packet may be

sent out from another output port (the packet is not dropped). But since it does not take the

expected path, in this paper, we still count it as a lost packet. Switch latency is calculated

by averaging the time slots the packets stay in the switch.

Uniform traf�c is the simplest traf�c model used to analyze aswitch architecture. Given

that a traf�c load� , is independent of previous time slot and other input ports,the prob-

ability of i packets arriving at a switch can be represented by a Binomialdistribution:

P(i ) =
� N

i

�
� i (1 � � )(N � i ) , whereN is the number of inputs at a time slot for the switch.

Although real Internet traf�c is much more complicated (e.g. exponential or heavy tailed
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distributed), it can still provide important testing results for the switch. In the following

experiments, we generate108-1013 packets to test each set of parameters.

We �rst give some the experimental results of our single plane switch shown in Fig-

ure 2.8. Figures 2.14 and 2.15 compare the simulation results of the hybrid switch with a

16� 16 feed-forward section and a four input/output feedback section (i.eN = m = 16,

M = 4, n = 1) to a16� 16 feed-forward switch under uniform traf�c. From the �gures,

we can see that the packet loss probability is greatly reduced, e.g. at a traf�c load� = 0:8,

without the loop buffers, the probability is10� 3:9, while for our design with four feedback

buffers, the probability3 is less than10� 4:7. When� is very high, e.g� � 0:95, the perfor-

mance is similar for both switch architectures. This is because when� is high, the switch

buffers are always full and the few feedback buffers cannot help much. As indicated in Fig-

ure 2.15, our switch's average latency is quite close to the feed-forward switch, especially

for � < 0:9.

Figures 2.16 and 2.17 compare the simulation results of the hybrid buffering switch

with different numbers of feedback loops (N = m = 16, n = 1) under uniform traf�c.

From these we can see that given enough feedback buffers, we can signi�cantly reduce

the packet loss probability. Although we can improve this performance by increasingM ,

within some scope, there will not be signi�cant change (e.g.the performance is similar for

M = 4 andM = 5). As stated before, because the cost of the switch is mainly determined

by the size of its components, some tradeoff has to be made. Again, the average switch

latency does not change a lot for differentM .

Figures 2.18 to 2.23 show other numerical results of the single plane switch (n = 1).

Since the curves demonstrate similar trends to those of the multiple plane switch, we only

give the detail explanation for multiple plane in the rest ofthis section.

3Since the packet loss probability drops very fast (less than10� 10, for M = 4 when� is less than0:6 and
M = 0 when� is less than0:5), we do not extend the curves after that. This is the same for all the following
�gures.
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Numerical results show that our switch design with multipleplanes also has excellent

performance in reducing packet loss probability. Figures 2.24 and 2.25 compare the simu-

lation results of the hybrid switch with a16� 16feed-forward buffer and a four input/output

feedback buffer (i.eN = 16, M = 4, andn = 4) to a16� 16feed-forward switch (M = 0)

with different values ofm under uniform traf�c. From Figures 2.24 and 2.25, we can see

that by adding the feedback buffers, we can greatly reduce the packet loss probability, e.g.

at a traf�c load� = 0:8, without the loop buffers (m = 4), the probability is about10� 3:5,

while for our design with four feedback buffers, the probability is less than10� 5. When�

is very high, e.g� > 0:95, we cannot improve the performance a lot for the same reason

mentioned above. Comparing Figures 2.14 and 2.24, we can seethat to further reduce the

packet loss probabilty, we can either increase the number ofswitch planes or by increasing

the depth of each feed-forward buffer set. For example, the switch architecture with a sin-

gle plane andN = 16, M = 4, m = 16 has similar performance with the switch with four

planes andN = 16, M = 4, m = 4.

From Figure 2.24, we can also observe that the packet loss probability of our switch

(M = 4, m = 4) is quite similar to a feed-forward switch withM = 0 and m = 6,

and the packet loss probability of our switch withM = 4, m = 5 is similar to that of a

feed-forward switch withM = 0 andm = 7. This suggests that in terms of packet loss

probability, adding four unit length feedback buffers is similar to increasing the number of

longer �bers (of lengths 5 and 6 or 6 and 7) to each feed-forward FDL set. Although the

AWGs in our architecture have larger sizes, the MUXs/DEMUXswill have smaller sizes

and we avoid using longer �bers inside the switch, which willmake the fabrication of the

switch easier and cheaper.

Figures 2.26 and 2.27 compare the simulation results of the hybrid buffering switch

with different numbers of feedback loops (N = 16, m = 4, n = 4) under uniform traf�c.

Like the results of single plane switch shown in Figures 2.16and 2.17, we can see that
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given a certain number of feedback buffers, we can signi�cantly reduce the packet loss

probability. Although we can improve this performance by increasingM , within some

scope, there will be no signi�cant change (e.g. the performance is similar forM = 4 and

M = 5). This is more obvious in Figure 2.28. Once again, because the cost of the switch

is mainly determined by the size of its components, some tradeoff can be made.

Figures 2.28 and 2.29 give the results for other switch parameters, and they are similar

to the results in Figures 2.26 and 2.27. The packet loss probability drops to nearly10� 8

with m = 6 andM = 8 when� = 0:8.

Figures 2.30 and 2.31 compare the perfomance improvement with increasingn = the

number of switch planes, which is also the wavelength channels of each input/output port

(son = 1 is equivalent to the switch with a single plane). We can see that the larger the

number of wavelengths per input/output, the lower will be the packet loss probability. E.g.

with a switch ofN = 16, m = M = 4, the packet loss probability drops from10� 3:03 at

n = 2 to 10� 6:78 atn = 6. In additon, the average latency also decreases with increasingn.

Another item worth noting about Figure 2.31 is that when the traf�c load is high (� � 1),

the average latency increases much faster with increasing the number of switch planes. This

is because the scheduling algorithm is sequentially biasedas described in Section 2.4.4. As

the number of packets and switch planes increase, the higheris the probability of getting

stuck in a local optimum.

Figures 2.32 and 2.33 compare the hybrid buffering switch architecture (N = 16,

M = 4, n = 4 and variousm values) under the bursty traf�c model. The inter-arrival

time between the packets is exponentially distributed and the average burst length is 4. The

traf�c load is � = 0:8. We can see that although the hybrid switch still has better per-

formance than the feed-forward, but the improvement is not as signi�cant as it is under

uniform traf�c. However, the relative difference betweenM = 4 andM = 0 with differ-

ent m is very stable, which implies that we can get a steady improvement with the extra
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feedback buffers.

In our last experiment, we evaluated the need for our priority-based scheduling al-

gorithm versus our basic scheduler which has no priority control (both described in Sec-

tion 2.4.4). We randomly assign priorities to packets generated by our uniform traf�c model

and measured the fraction of packet drops that were handled incorrectly by our basic sched-

uler (i.e. when a higher-priority packet was dropped). Results are shown in Figure 2.34.

From the large value in the �gure, we see that the priority routing scheduling algorithm is

necessary in this case.

2.6 Conclusions and Future Work

Compared to optical circuit switching, optical packet switching offers high speed data

transmission, data format transparency, and con�gurable network topology, which make

it important for future optical networking. In this chapter, we addressed some basic tech-

nologies of optical packet switching. Currently, most optical packet switching models are

based on synchronous networks, which are ef�cient but requiring stringent system syn-

chronization. Asynchronous networks are more robust and �exible, but their ef�ciency is

low and more complex control units of the packet switch are required. Contention is an

important problem in optical packet switching networks. A contention occurs whenever

two packets are destined to the same output port at the same time. Optical buffering, wave-

length conversion and de�ection routing are three contention resolutions. All these methods

have advantages and disadvantages, a combination of these technologies may achieve bet-

ter performance. Optical packet switch fabrics can be categorized into space switch and

wavelength routing switch. The former uses splitters and switches to set up the routing

paths for the packets. The latter routes the packets in point-to-point manner by wavelength

conversion.



36

We presented a novel hybrid buffering architecture for WDM optical packet switches.

This architecture combines the merits of feedback and feed-forward switching schemes

and requires smaller component sizes and fewer wavelengths. Moreover, it leads to good

signal quality and can implement priority routing. Based onthis scheme, we described

two switch designs—single plane and multiple plane. The single plane switch is a special

case of the multiple plane switch, which can only accept single-wavelength inputs. With

multiple planes, the switch architeture accepts data transmitted in multiple wavelengths

and does not require many long FDLs in the feed-forward buffering section. The buffering

scheme shows excellent performance in terms of packet loss probability without incurring

signi�cant increases in average latency or switch cost. Forexample, at a traf�c load� =

0:8, our single plane switch design with four feedback buffers (N = m = 16, M = 4,

n = 1) improve the packet loss performance over a switch without feedback buffers (N =

m = 16, M = 4, n = 1) from 10� 3:9 to 10� 4:7. Our multiple plane switch (N = 16,

M = 4, n = 4) with much shorter feed-forward buffer sets (m = 4) has similar packet loss

performance (10� 5:01) to that (10� 4:7) of our single plane switch (N = 16, M = 4, n = 1)

with long feed-forward buffer sets (m = 16).

Plans for future work include theoretical analysis and comparative performance eval-

uation of our switch and other proposed switch architectures which have non-unit-length

feedback buffer structures.
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Figure 2.14: Packet loss probability,N =
m = 16.
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Figure 2.15: Average latency,N = m =
16.
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Figure 2.16: Packet loss probability with
differentM , N = m = 16.
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Figure 2.17: Average latency with different
M , N = m = 16.
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Figure 2.18: Packet loss probability with
differentM , N =32,m =16.
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Figure 2.19: Average latency with different
M , N =32,m =16.
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Figure 2.20: Packet loss probability with
differentM , N = m = 32.
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Figure 2.21: Packet loss probability with
bursty traf�c, N = m = 16.
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Figure 2.22: Average latency with bursty
traf�c, N = m = 16.
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Figure 2.24: Packet loss probability,N =
16; n = 4.
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Figure 2.25: Average latency,N = 16, n =
4.
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Figure 2.26: Packet loss probability with
differentM , N = 16; m = n = 4.
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Figure 2.27: Average latency with different
M , N = 16, m = n = 4.
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Figure 2.28: Packet loss probability with
differentM , N = 32, m = 6, n = 4.

0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
0

0.5

1

1.5

2

2.5

3

3.5

4

r

A
ve

ra
ge

 L
at

en
cy

 (
tim

e 
sl

ot
)

M=0
M=4
M=5
M=6
M=7
M=8

Figure 2.29: Average latency with different
M , N = 32, m = 6, n = 4.
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Figure 2.30: Packet loss probability with
differentn, N = 16, m = M = 4.
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Figure 2.31: Average latency with different
n, N = 16, m = M = 4.
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Figure 2.32: Packet loss probability with
bursty traf�c, N = 16, n = 4.
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Figure 2.33: Average latency with bursty
traf�c, N = 16, n = 4.
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Chapter 3

Circuit Construction in WDM SONET

Rings

3.1 Introduction

Much of today's network infrastructure is based on SONET rings. Because of the huge

bandwidth of a wavelength, SONET allows each wavelength to carry multiple low-rate cir-

cuits simultaneously in a time division multiplexing (TDM)fashion. In the WDM/SONET

rings, SONET add/drop multiplexers (SADMs) are used to multiplex multiple low-rate cir-

cuits (LRCs) into a high-rate ring for a certain wavelength.If each node has to support

every wavelength, it will need many SADMs and this will increase the electronics cost

dramatically. Actually, not all the traf�c must be electronically processed at each interme-

diate node, but only the wavelengths that carry message to and from that node. Therefore,

optically bypassing some wavelengths of the intermediate nodes and ef�ciently assigning

low-rate circuits, which is calledtraf�c grooming, will lead to a reduction of electronics

cost. Since the objective of network design is to minimize the overall system cost and the

costs of the electronics dominate the network costs, traf�cgrooming problem has become
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more and more important.

Some previous work, such as Gerstel et al. [36], considered lightpath assignment in

SONET rings to reduce the number of SADMs. They proved that the number of wave-

lengths and SADMs could not be minimized concurrently, but they did not consider traf�c

grooming. Chiu & Modiano [39] proved that a general traf�c grooming problem is NP-

complete. Zhang & Qiao [38] extended previous work, discussed both unidirectional and

bidirectional rings and provided a greedy approach. Wang etal. [40] gave a comprehensive

mathematical de�nition of the general traf�c grooming problem and improved the algo-

rithm of Zhang & Qiao [38] using simulated annealing.

Generally, we can treat the traf�c grooming problem as two separate parts: the �rst part

is circuit construction, the second part iscircuit grooming. Much work has been done on

the second part, so we focus more on circuit construction. Under a static ring traf�c pattern

and assuming each node in the ring has one WADM and one or more SADMs, we consider

ef�cient wavelength assignment in terms of low-rate circuit construction. Our objective is

to ef�ciently construct the low-rate circuits before grooming them into the wavelengths,

which would lead to a reduction of electronics cost. We employ hill climber and simulated

annealing for optimization, and compare the results with previous work.

The rest of the chapter is organized as follows: in Section 3.2, we describe the charac-

teristics of circuit construction and the related work. In Section 3.3, we review the circuit

construction problem in both uniform and non-uniform traf�c patterns and then present

our algorithms. In Section 3.4, numerical results are analyzed and compared. Finally, in

Section 3.5, we give the conclusion of the chapter and propose some future work.
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3.2 Background and Related Work

3.2.1 Circuit Construction

Throughout the chapter, we use the following notation:

� N : number of nodes in ring network;

� E : number of end nodes in the network;

� C: number of low-rate circuits a wavelength can carry;

� T: input traf�c matrix.

First of all, we describe the relationships among wavelength, low-rate circuit and con-

nection. As shown in Figure 3.1, in SONET ring networks, a wavelength contains multiple

low-rate circuits (the capacity isC). Both wavelength and low-rate circuit are in ring shape.

A connection denotes the traf�c between a pair of nodes in thering, which is an arc in a

low-rate circuit ring. It should be noted that the total traf�c amount between a node pair

may be more than unit low-rate circuit. Thus it may contain multiple parallel connections

distributed among several low-rate circuits.

connections

low-rate circuits

wavelengths

Node 4

Node 3

Node 2

Node 1

Figure 3.1: An illustrative example of wavelength, circuit, and connection.
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The objective of circuit construction on a ring network is tominimize the number of low-

rate circuits and the number of end nodes when packing nonoverlapping traf�c connections

into circuits according to the traf�c demands. The objective of circuit grooming is to assign

low-rate circuits to maximize end node sharing (i.e. minimize the nodes requiring SADMs)

when packing them into the available wavelengths. Ef�cientcircuit construction means

packing the connections with as few end nodes and circuits aspossible. This will lead to

fewer wavelengths and SADMs required. Sometimes, we may notbe able to minimize

end nodes and circuits simultaneously. Generally, circuitconstruction will affect traf�c

grooming in two aspects. The �rst is that the circuit number directly decides the wavelength

number. The more compact the circuits, the smaller the number of circuits constructed will

be and this will lead to fewer wavelengths required. A simpleexample is as follows1:

Suppose each wavelength is able to support four circuits (e.g OC-3 on an OC-12 ring),

and the traf�c amount between each node pair is unit circuit.Given N =4 (from 1 to 4),

and the traf�c connection setS = f (1; 2); (2; 1); (1; 3); (3; 1); (2; 3); (3; 2); (2; 4); (4; 2)g,

because every different node in the wavelength will requirean SADM, six SADMs and two

wavelengths are used in Assignment 1 and four SADMs and one wavelength are used in

Assignment 2 by packing more circuits into one wavelength.

2, 1
1

2l  : 2
l  : 1 3, 21l  : 1 43, 2

Assignment # 2

3, 2 4
32, 1

Assignment # 1

The second aspect is to minimize the number of different end nodes used in all connec-

tions in each wavelength by end node sharing. The end nodes include both the start and

end nodes of a connection, which further helps reduce SADM number (note that end node

number does not necessarily equal SADM number). An illustrative example is as follows:

Suppose that each wavelength is able to support four circuits, and the traf�c amount be-

1 i ! j represents one traf�c connection fromi to j ; i $ j represents two connections:i  j andj  i ,
which form a circle.
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tween each connection is also four circuits. GivenN =5 (from 0 to 4) and traf�c connection

setS = f (0; 1); (2; 4); (1; 3)g, by ef�cient circuit construction Assignment 2 saves one

more SADM than Assignment 1 by maximizing end node sharing—without leaving a gap

between nodes 1 and 2 in� 1.

l  : 1
l  : 0

3 4
l  : 0

2

11

2
l  : 2

31, 1

Assignment # 2

41, 2

Assignment # 1

A general traf�c grooming problem involves both of these parts. In practice, we always

try to pack a wavelength with as many circuits as possible to save wavelengths and we

always try to maximize end node sharing. Circuit construction is the basic step of traf�c

grooming. Once it is �nished ef�ciently, wavelength assignment can be largely determined.

3.2.2 Related Work and Our Contribution

In previous work, some algorithms based on greedy approaches were described for circuit

construction. Zhang & Qiao [38] proposed an algorithm that assigns the longest connection

�rst, then �ts the shorter connections into the gaps. The idea is to expect that the shorter

connections are more likely to be able to �t into the gaps generated by the longer connec-

tions. Wan et al. [45] proposed greedy approaches using circular arc grouping. In contrast,

our work is based on simulated annealing and random hill climber, which in practice have

been observed to be better than greedy approaches in avoiding local optima. The algo-

rithms are also more aggressive in splitting connections toachieve more ef�cient circuit

construction, as described below.

We developed our algorithms based on Gerstel et al.'s work [36] in which the authors

proposed two heuristics for the lightpath assignment problem. One isCut-First , and the

other isAssign-First2. The underlying assumption was that the calls between everynode
2A description of these algorithms in detail are given in Section 3.3.4.
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pair required a full wavelength and no grooming was considered. In Cut-First, the algorithm

�rst �nds a node which may bring the most possible end node sharing. Then all connections

across this node will be split and the updated traf�c matrix will be assigned according to

some principle. The difference between Cut-First and Assign-First is that the latter never

splits the existing traf�c connections but tries to assign them as ef�ciently as possible.

Gerstel et al. [36] also addressed some possible post-assignment transformation operators:

merging, combining,andsplitting. Merging refers to swapping two valid segments with

the same start and end nodes in two different wavelengths to see if this will bring more

end node sharing. A valid segment is a segment in a wavelengththat includes integral (i.e.

whole) connections and partial or integral gaps. A simple example is in Figure 3.2.

0 2Node 1 3

Valid segment

Invalid segment

Valid segment

4

C  :

5

1

Figure 3.2: Examples of valid and invalid segments.

Combining refers to �nding two segments of unnecessarily split connections and combin-

ing them. Splitting refers to splitting a connection such that the split parts can �t perfectly

into the gaps of other wavelengths. All these operators may bring more end node sharing

and make the assignment more ef�cient.

Although Cut-First and Assign-First were proposed for lightpath assignment, we found

the algorithms very useful in circuit construction. In fact, if we replace the whole wave-

length in Cut-First and Assign-First with a single circuit,then by splitting, combing, and

merging operations, we may construct the low-rate circuitsmore ef�ciently, which will lead

to much fewer circuits and end nodes. So we adopted these two algorithms as the �rst step

and used hill climber and simulated annealing [44] to develop our algorithms. Moreover,
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we give a comprehensive integer cubic program model to describe an optimal solution to

this problem.

3.3 Traf�c Pattern and Our Algorithms

3.3.1 Uniform Traf�c in Unidirectional Rings

In the uniform traf�c model, the traf�c is constant for any pair of nodes, denoted byb. And

each node has some message to send to every other node. If the traf�c amount between

every node pair is a unit circuit,(b = 1) , we can establish a total ofN (N � 1)
2 full circles

(i.e. every circle is composed of two connections, one is from nodei to j , the other is

from nodej to nodei ). The capacity of each circle equals the number of low-rate circuits

required between any node pair. Correspondingly, there will be N (N � 1)b
2 low rate circuits

whenb � 1. Note that since having full circles will lead to a reductionof SADMs [38],

we always try to construct as many full circles as possible. Depending on whether the

wavelength capacity is a multiple times of the traf�c amountbetween every node pair, we

can determine whether to groom thebcircles into more than one wavelength or not. Some

related algorithms have been proposed as in [38, 39].

Circuit construction under uniform traf�c is easy. Thus ef�cient circuit grooming is the

key problem, i.e.how to selectC low-rate circuits to minimize end node sharing when

packing them into a wavelength?One principle is always selecting a circuit that has as

many overlapping end nodes as possible. But this may trap into some locally optimal result.

An illustrative example is: in a ring with 6 nodes (N =6), one circuit traf�c amount between

every pair of nodes, three circuits per wavelength. Under the uniform traf�c model, we have

N (N � 1)
2 = 15 circuits, which can be groomed into 5 wavelengths, and we tryto minimize

the total SADMs required.

The 15 circuits corresponding to 15 different node pairs are:
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(1,2) (2,3) (3,4) (4,5) (5,6)

(1,3) (2,4) (3,5) (4,6)

(1,4) (2,5) (3,6)

(1,5) (2,6)

(1,6).

If we try to overlap end nodes as much as possible when grooming circuits to each wave-

length, we may get Assignment 1 with 18 SADMs required. But Assignment 2 only re-

5

4

3

2

2, 1
4, 1

Assignment # 2

33, 21

45, 36, 2
6

l  : 1

l  : 1
l  : 3
l  : 2
l  : 1 5, 4

l  : 1
l  : 3
l  : 2
l  : 1

1

5

4

3

2

l  : 1

66, 44, 2
5

4, 3
65, 56, 2
65, 36, 5

5, 44, 1
33, 2
5

5, 3
66, 44, 2

2, 1

Assignment # 1

quires 17 SADMs. Even though in Assignment 1, the �rst �ve wavelengths all have the

maximum overlapping end nodes, and only three in assignment2, the latter leads to a

globally optimal result. In chapter 3, we will continue to investigate this problem.

3.3.2 Non-Uniform Traf�c in Unidirectional Rings

The uniform traf�c model is not very practical. Studying thecharacteristics of non-uniform

traf�c is more important. In non-uniform traf�c, it is not always possible to construct

full circles since the traf�c amount between different nodepairs is different. Gaps in the

circuits, therefore, are introduced.

Based on the previous discussion, since a partial circuit with gaps will waste bandwidth,

we still try to construct as many full circles as possible. But in non-uniform traf�c, how

can we select different connections to construct low-rate circuits ef�ciently? Much previ-

ous work mainly focused on how to assign the existing connections in the traf�c matrix

by employing greedy approaches. The connections in the traf�c matrix are never changed.
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However, as we discussed in Section 3.2.2, when a traf�c connection is split into smaller

parts, more end node sharing may be achieved. An illustrative example is as follows. Given

N =10,C=3 and a non-uniform traf�c connection setS = f (0; 6); (6; 2); (2; 8); (8; 4); (4; 0)g,

5

Assignment # 2

0
6, 6

1

C  : 4
4

3

2

0

C  : 03

2

1
C  : 0

0
2, 2 8, 8
4, 4

C  : 0

C  : 8
0

C  : 0
C  : 6
C  : 2

4

Assignment # 1

6
2
8

since each connection traverses 6 links (more than halfway around the ring) any two con-

nections will overlap each other if they are assigned into the same circuit. So each con-

nection has to be assigned to different circuits without splitting. A total of �ve circuits are

used as in Assignment 1. GivenN =10 andC=3, at least two wavelengths are required

to accommodate all these circuits and at least seven SADMs are required. But if we take

all connections crossing node 0, and split each into two parts with node 0 as the break

point, the new traf�c set would beS0 = f (0; 6); (6; 0); (0; 2); (2; 8); (8; 0); (0; 4); (4; 0)g.

Correspondingly, we can get another assignment of the set asin Assignment 2. Now the re-

sulting connections can �t perfectly into 3 circuits. GivenN =10 andC=3, one wavelength

has enough capacity to accommodate all these circuits and �ve SADMs are required. Com-

pared to Assignment 1, two SADMs are saved. Note that splitting the connections will lead

to more connections in the traf�c matrix, but more shorter connections are easier for us to

construct full low-rate circuits, which further leads to a decrease of wavelength number.

Moreover, we can also increase the probability of end node sharing and this will lead to

more SADM saving. From this example, we can also see that by ef�cient circuit construc-

tion and grooming, we can use the bandwidth more ef�ciently.Let L ij represents the link

utilization on link i of the circuitj . L ij is 1 if the link is utilized and 0 otherwise. Then

the bandwidth ef�ciency is calculated byE =
P N

i
P C

j L ij

CN . In Assignment 1, only60%

bandwidth is used while100%bandwidth is used in Assignment 2.
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Assigning the traf�c matrix without any connection change is calledsingle-hop assign-

mentsince all connections are direct connections. Assigning the traf�c matrix after some

connection splitting is calledmultihop assignmentsince some intermediate nodes are in-

troduced for bridging the connections. From Assignment 2, we can see that 5 connections

need to stop at and begin from node 0. Generally, connection splitting will increase the

signal processing burden of the nodes and delay the signal transmission. This brings a per-

formance evaluation problem, which we will not discuss in this research. Some previous

work discussed multihop traf�c grooming based on hub structure [41, 47]. The differences

between our work and theirs are: �rst, no speci�c node is assigned as a hub. By iterative

splitting and combining unnecessary splitting, we distributed the bridging function of a hub

to several nodes. So there is no requirement for some nodes equipped with an expensive

digital crossconnect or SADMs for each wavelength. Second,utilizing different routing

schemes, all connections are established on the shortest path and our algorithms always

construct fewer low-rate circuits than algorithms that assign the traf�c without connection

changes. But algorithms based on hub structure do not have this property.

3.3.3 Integer Cubic Program Formulation

The circuit construction problem can be mathematically de�ned as in Figure 3.3, where

i identi�es a connection,j identi�es a node, andk identi�es a circuit. A solution to the

circuit construction problem is represented by variablesE ijk andI ijk for 1 � i � N 2G

(G is the maximum entry of the traf�c matrix),1 � j � N , and1 � k � H (H is the

input circuit number).E ijk = 1 if in the solution, nodej in circuit k is an end node in

connectioni , and 0 otherwise. Likewise,I ijk = 1 if in the solution, nodej in circuit k

is an intermediate node in connectioni , and 0 otherwise (note that since a connection can

be split in a solution, it could have severalE ijk variables equal to 1 for a giveni ). B jk

represents the end nodes in circuitk at positionj . B jk is 1 if nodej in circuit k is an end
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node for any connection (or pair of connections), and 0 otherwise. This variable counts the

total number of end nodes used in a solution, and thus is what is minimized in the objective

function. M is the number of total connections in a given traf�c matrix. An illustrative

example is shown in Figure 3.4. In the circuit assignment after splitting, connectionl is

split into two connections, connectionl1 and connectionl2, which require two more end

nodes—E l3c1 andE l3c2 . Since node 2 is shared by connectioni and connectionl, E i 2c1 and

E l2c1 are both 1, but we only want to count that node once as end node.Thus to ensure

the end node is counted only once, we countB2c1 in the objective function. Finally, we let

sti equal the index of the start node of connectioni (from the traf�c matrix), andendi the

index of end node of connectioni . Lengthi represents the length of connectioni , which

equals(sti � endi + N ) (mod N ).

The �rst constraint states that every node in the circuits can be an end node, an interme-

diate node, or neither. The second constraint states every connection in the traf�c matrix

has to be completely assigned. The third constraint states no two connections can share the

same link in a circuit. The fourth constraint states no two segments from the same connec-

tion overlap. The �fth constraint states the intermediate nodes of a connection can only lie

between its end nodes and all nodes between end nodes are marked as intermediate nodes.

The last constraint is to ensure an end node is only counted once. Note that in constraint 4,

we require that a solution be assigned such that for each connectioni , any LRCk is used at

most once, i.e for any valid solutions such thatk is used 2 or more times in the samei can

be mapped to another valid solutions0 without this case wheres0 has an equal or smaller

end node cost thans.
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Objective function:

Minimize :
X

j

X

k

B jk

Subject to:
1. each node is either an end node or an intermediate node:

E ijk + I ijk � 1 8i; j; k

2. each connection is completely assigned:

X

k

X

j

(E ijk + I ijk ) �
1
2

X

k

X

j

E ijk = Length i 8i

3. no two connections share a link:
X

i

(E ijk + 2 I ijk ) � 2 8j; k

4. no segments from the same connection overlap:
X

k

(E ijk + 2 I ijk ) � 2 8i; j

5. the intermediate nodes must be between end nodes:

X

k

X

j s ;j e2f st i ;:::;end i g
j s <j e

(E ij s k + E ij ek +
j e � 1X

j 0= j s +1

(E ij s k I ij 0kE ij ek ))

� (Length i �
1
2

)
X

k

X

j

E ijk = Length i 8i

50. all nodes between end nodes are marked as intermediate:

X

k

X

j s ;j e2f st i ;:::;end i g
j s <j e

(E ij s k + E ij ek +
j e � 1X

j 0= j s +1

(E ij s kE ij ek ))

� (Length i �
1
2

)
X

k

X

j

E ijk = Length i 8i

6. each end node is counted only once:
X

i

E ijk � B jk M 8j; k

Bounds:All E ijk , I ijk , andB jk 2 f 0, 1g.

Figure 3.3: The integer cubic program model.
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Figure 3.4: An example of the variables in Figure 3.3.

Lemma 1 For any valid solutions such thatk is used 2 or more times in the samei can

be mapped to another valid solutions0 without this case wheres0 has an equal or smaller

end node cost thans.

Proof Given a valid solutions such that some circuitk is used 2 or more times in the

same circuiti , an illustrative example is shown as in Figure 3.5, we have the intermediate

segment(R; R0) of i cut off and assigned to other circuits. We can prove there is another

valid solutions0without this case that has at least the same cost ass.

2

3

C     :n+1

C  :

C  :1

C  :

2S S

n-1  Splitting  Points

end node need SADM

R R'

S1 ni i

i

i

i

Figure 3.5: An example of constraint 4.
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Suppose that the original segment(R; R0) of i is split into n subsegments which are as-

signed ton different circuits. Obviously, there aren � 1 splitting points for thesen sub-

segments as shown in Figure 3.5. Now we simply split the segment (R; R0) in circuit c1

according to thesen � 1 splitting points which will lead to a subsegment setS = s1; ::; sn .

Then we switch each subsegment inS with the original sub segment ofi with the same

start and end nodes and get the an new valid solutions0.

end node do not need SADM

end node need SADM

(c)

(b)

(a)

Figure 3.6: Three kinds of split point.

By merging back and combination of connectioni , the total reduction of end node will be

2n + 2. Each splitting(R; R0) will increase at most 2 end nodes, as shown in Figure 3.6:

splitting at blank space will increase 0 end nodes, splitting at an end nodes will increase

1 more end node, and splitting at segment will increase 2 end nodes. Thus the maximum

increase of the end node number will be2(n � 1) + 2. So by splitting and switching, the

new solutions0 will have smaller end node cost thans. �

3.3.4 Random Hill-Climber and Simulated Annealing

We developed our heuristics from Gerstel et al's work (speci�cally, we use the results of

Cut-First as the start point of our algorithms). Thus we givea short description of Cut-First

and Assign-First algorithms. Since the objective is to construct low-rate circuits rather than
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lightpaths, we replace all terms “lightpath” in the original description with “connection”.

Given a traf�c matrix, we �rst compute the following values of each nodei : (1) � i , which

equals the total number of connections origins at nodei (2) � i , which equals the total

number of connections terminations at nodei . (3) x i , which is the number of connection

crossovers at nodei . Let L be the maximum traf�c load on a link of the ring. The basic

steps of Cut-First algorithm are as follows:

1. Choose a nodei , such thati = argminf 2x i + minf � i ; � i g; L� maxf � i ; � i gg. denote

the node as node0and label the rest nodes clockwise (without loss of generality, we assume

the ring is in clockwise direction) in increasing order.

2. For all traf�c connections crossing node0, split the connection into two connections,

one on each side of node0.

3. k=0.

4. Assign traf�c connectioni onto the smallest number of circuitw that there exist

a connectionj ended at nodek and connectioni starts at nodek. if no preferred circuit

existed, construct a new one.

5. Increasek by 1 if k < N , go to 4.

6. Merge back the circuit connections if they were ever splitand assigned the same

circuit.

Assign-First algorithm, like many other greedy approaches, does not cut any connections

in the traf�c matrix. We �rst select a nodei such thati = argminf x i + minf � i ; � i gg, then

denote this node as 0 and assign all connections that originate at or crossover this node.

The rest steps are just like the steps 3 to 6 of Cut-First.

Greedy heuristics always assume some searching principles. The motivation of Cut-

First heuristic is based on the possibility of more end node sharing by splitting the traf�c

connections. An illustrative example is shown in Figure 3.7.

Given the traf�c connection setS = f (0; 2); (2; 5); (1; 3); (3; 0); (5; 1)g. If we use Assign-
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Figure 3.7: An example showing the advantage of Cut-First.

First heuristic to assign these traf�c, a total three circuits and eight end nodes are generated.

If we use Cut-First heuristic to assign these traf�c, the traf�c connection set is �rst con-

verted into the new setS0 = f (0; 2); (2; 5); (1; 3); (3; 0); (5; 0); (0; 1)g. Then we can assign

the traf�c into two circuits perfectly and only six end nodesare generated. But sometimes,

the Cut-First may split the connection unnecessarily and hence create more end nodes.

Assign-First does not allow split, so it can prevent this situation to happen. An illustrative

example is shown in Figure 3.8.

210Node

5 6 7 8

3

C  :

end node do not need SADM
end node need SADM

84 5 6 7

4

C  :

7 end nodes 2

Assign-First 

2 circuits, 
Cut-First 

6 end nodes
2 circuits, 

1

0 1 2 3Node

2C  :

C  :1

Figure 3.8: An example showing the advantage of Assign-First.

In this example, given the traf�c connection setS = f (0; 3); (6; 8); (7; 2)g, using Assign-

First heuristic, we can get two circuits and six end nodes generated. While using Cut-First,

the traf�c connection set is �rst converted intoS0 = f (0; 3); (6; 8); (7; 0); (0; 2)g, and then

according to the algorithm, two circuits and seven end nodesare generated.

There may exists some other examples that both Cut-First andAssign-First may not be
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able to �nd the optimal result. An illustrative example is shown in �gure 3.9. Given the

traf�c set: S = f (0; 3); (0; 4); (1; 5); (4; 8); (5; 0); (6; 8); (7; 2); (8; 1)g. By using Assign-

First heuristic, we can assign the traf�c onto �ve circuits and generate 14 end nodes. By

using Cut-First heuristic, we can assign the traf�c onto four circuits and generate 13 end

nodes. But actually, there is a better assignment, as shown in the �gure, which use only

four circuits and generate 12 end nodes.

2Node 0 1 4 5 6 7

3

1C  :

C  :2

3

4C  :

C  :

C  :4 circuits, 

13 end nodes

5 circuits, 

14 end nodes

assignment

4 circuits, 

12 end nodes

A better

Cut-First 
8

1

C  :2

4

3

C  :

C  :

1C  :

3 764 52

7

end node need SADM

end node do not need SADM

Node 0 1 8

10Node 2 864 53

C  :2

C  :3

5

4

C  :

C  :

Assign-First 

Figure 3.9: An example showing the existence of a better solution.

We propose applying the Random Hill-climber and Simulated Annealing strategies to

solve the circuit construction problem. The output of applying Cut-First heuristic is adopted

as the starting point for our approaches. We start with the output of Cut-First because

Cut-First always generates several short connections, which will lead to fewer circuits con-

structed. Moreover, applying the merging, splitting, and combining, operators of Section

3.2.2 is closely related to Cut-First. The hill climber algorithm is hereafter referred asAl-

gorithm I and Simulated Annealing algorithm is asAlgorithm II , which are depicted in
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Figures 3.10 and 3.11.

Function Random Hill-Climber()
begin

Input : a static traf�c matrix.
start point Cut-First method's result.
improve assignment by splitting and merging.

Output: optimal traf�c assignment.
t  0
while t < MAX do

let the result of Cut-First as current pointVc.
local  1
while local do

�nd neighbor setjSj of Vc that
each neighborVn in jSj satis�es
cost(Vn ) < cost(Vc )
if jSj is not empty

then random choose aVn from jSj
Vc  Vn

elselocal  0
end while
t  t + 1
if Vc is better thanbest

then best Vc
end while
return best

end Function()

Figure 3.10: Random Hill-Climber Algorithm to �nd the optimal traf�c assignment.

The basic principle ofAlgorithm I is: from a current solution, a set of new solutions

is generated by applying the operators. The new current solution is then selected randomly

from the solutions in this set that are better than the current solution. In this way, we can

reach a good solution along a certain path. After storing a number of paths, the best overall

solution is returned.

In Algorithm II , we apply the same operators as inAlgorithm I , but we use a different

strategy to select new solutions. Speci�cally, we choose a random solutions from current
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Function Simulated Annealing()
begin

Input : a static traf�c matrix.
start point Cut-First method's result.
improve assignment by splitting and merging.

Output: optimal traf�c assignment.
t  0
while t < MAX do

let the result of Cut-First as current pointVc.
j  0
Temp TMAX
while Temp > TMIN do

�nd neighbor setjSj of Vc
random choose aVn from jSj
if Vn satis�escost(Vn ) < cost(Vc )

then Vc  Vn

elselet Vc  Vn with probabilitye
� � cost
T emp

j  j + 1
Temp TMAX � e� j � r

end while
t  t + 1
if Vc is better thanbest

then best Vc
end while
return best

end Function()

Figure 3.11: Simulated Anealing Algorithm to �nd the optimal traf�c assignment.

solutions1 and make it the current solution with probability minf 1; e� �=T g, where� =

cost1 � cost2, cost1 is the number of end nodes of solutions, andcost2 is the number of

end nodes of solutions1. T is the “temperature” parameter of simultad annealing. In this

way, we may escape getting trapped in local optima. As inAlgorithm I , Algorithm II

returns the best solution found over all paths.
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3.4 Numerical Results

For experimental evaluation, we generated non-uniform traf�c matrices T in a ring with

N nodes. Each entryt ij in T represents the traf�c amount in units of LRCs from nodei

to nodej . We calculate the ef�ciency of the algorithms by randomly generating 20 traf�c

matrices for each value ofN 2 f 5; 6; 7; 8; 9; 10gand averaging the �nal results. To simulate

non-uniform traf�c characteristics, eacht ij is a random number between 0 and 10 (t ii = 0).
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Figure 3.12: Ratio of LRC number of Cut-First to Assign-First.

Figure 3.12 depicts the ratio of LRC number of Cut-First to that of Assign-First. Note

that the splitting and reassigning of connections done by cut-First leads to a solution that

uses about10%fewer circuits than those used by solutions produced by Assign-First. Thus

since our algorithms start with the output of cut-First, they also enjoy this savings of LRCs.

Figures 3.13 and 3.14 depict the ratio of end node number after applying the algorithms.

From the curves we can see thatAlgorithm I andAlgorithm II both produce solutions with

nearly9% fewer end nodes than Cut-First and Assign-First. This will greatly help reduce

the number of SADMs and time complexity when applying circuit grooming algorithms.

Another interesting thing is it seems hill climber is more stable than simulated annealing.

Algorithm I always shows good performance in the experiments. While simulated anneal-
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ing may win over hill climber whenN is small, with increasingN , it is hard forAlgorithm

II to achieve the same good results.

Note that sinceAlgorithm I andAlgorithm II are based on using fewer circuits �rst,

there is a chance that Assign-First algorithm will result infewer end nodes while using

more circuits. But from the curves, the average overall performance is greatly improved.
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Figure 3.13: Ratio of end node number of hillclimber to Cut-First and Assign-First.
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Figure 3.14: Ratio of end node number of simulated annealingto Cut-First and Assign-
First.
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3.5 Conclusions and Future Work

Circuit construction is an important step of traf�c grooming. With ef�cient circuit construc-

tion, we can minimize the number of low-rate circuits and thenumber of end nodes, which

will lead to a reduction of wavelength number and SADM number. In this chapter, we

�rst investigate the characteristics of circuit construction. Then we present two improved

heuristics, Random Hill-Climber and Simulated Anealing, over Gerstel et al's work [36].

Unlike previous work, we �nd that by splitting some of the traf�c connections in a given

traf�c matrix, we can construct low-rate circuits in WDM SONET rings more ef�ciently.

Both circuit number and end node number can be reduced. Although end node number

does not equal SADM number, a solution with a reduced number of end nodes is likely to

require fewer SADMs. Such a solution may also reduce complexity when applying circuit

grooming algorithms. Numerical results shown the developed heuristics have good perfor-

mance. For example, compared to Assign-First, our algorithms can construct nearly10%

fewer circuits with the same traf�c matrices. The algorithms also produce solutions with

nearly9%fewer end nodes than those produced by Cut-First and Assign-First.

Plans for future work include bidirectional circuit construction and measuring the �nal

results after applying some circuit grooming algorithms (e.g. algorithms proposed in [38,

40]).
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Chapter 4

Weighted Edge-Decompositions of

Graphs

4.1 Introduction

Let k � 3 be a �xed integer. Ak-decomposition of a graphG = ( V; E) is a collection of

subgraphsGi � G (i = 1; 2; : : : ; m) such that

�
S m

i =1 E(Gi ) = E(G)

� E(Gi ) \ E(Gj ) = ; for all 1 � i 6= j � m

� j E(Gi )j = k for all but possibly one of theGi .

Hence, by de�nition, the numberm of subgraphs in ak-decomposition ofG is precisely
l

jE (G)j
k

m
. For convenience, we shall assume that it is the last subgraph, Gm , that has fewer

thank edges in case ifjE(G)j is not a multiple ofk. The weightw(Gi ) of subgraphGi in

the decomposition is de�ned as the number of its vertices,jV(Gi )j.
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Notation We denote bysk(G) the smallest possible sum of the weights of the subgraphs

Gi , taken over allk-decompositionsf G1; G2; : : : ; Gmg of G. The functionsk(K n ) will be

abbreviated assk(n).

Decomposition into prescribed graphs Given a familyH of graphs, we say thatG

admits aH-decomposition ifG is the edge-disjoint union of some graphs each being iso-

morphic to some member ofH . If H = f H g is a single graph, we writeH -decomposition

instead off H g-decomposition. In the above context, we shall be mostly interested in the

cases whereH = H k consists of all graphs withk edges and a minimum number of ver-

tices.

4.2 Circuit Grooming and Weighted Edge-Decomposition

Graphs

Weighted edge-decompositions of graphs is closely relatedto traf�c grooming, an impor-

tant problem in optical networks research that has receivedsigni�cant attention recently. A

general traf�c grooming is NP-hard, and the objective of which is to minimize the cost of

SADMs in the networks. To save the system cost and use the resources more ef�ciently, we

also want to minimize the number of wavelengths required. However, sometimes we can-

not minimize the number of wavelengths and the number of SADMs simultaneously [39].

So the questions are:When can we minimize both the number of wavelengths and the num-

ber of SADMs?andHow can we decide the minimum number of SADMs if we use the

minimum number of wavelengths?Chiu and Modiano [39] conjectured that the minimum

number of SADMs can be achieved with the minimum number of wavelengths if the traf�c

amount between each node pair is one under uniform traf�c. Starting from this point, our

research is focused on minimizing the number of SADMs by using the minimum number
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of wavelengths (i.e. by packing the wavelengths with low-rate circuits as full as possible).

A prerequisite is the traf�c amount between each node pair issymmetric even if the traf�c

is not uniform. In other words, all low-rate circuits are full circles without gaps, and circuit

grooming is the only problem we are going to deal with.

Recall the example discussed in Chapter 1 (see Figure 1.2). We assume uniform traf�c

which means all node pairs have same traf�c loads and thus we can always construct full

low-rate circuits. We want to formulate the minimization ofSADMs as a graph decompo-

sition problem. Given a ring network withn nodes under the uniform traf�c model, if we

treat nodei in K n as nodei in the ring network and edge(i; j ) in K n as low-rate circuit

i $ j , then we can view a subgraphSm of a decompositon ofK n as an assignment of

low-rate circuits to wavelength� m . Each wavelength has the capacity ofk circuits. There-

fore, minimizing the number of SADMs is equivalent to �ndinga minimum weighted edge

decomposition ofK n (see Figure 4.1).
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Figure 4.1: Reduction of a traf�c assignment to an edge decomposition.

Similarly, minimizing SADMs with the traf�c between each node pair equal tob cir-

cuit units is equivalent to decomposing a multi-graphK n , in which each pair of nodes is
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connected byb edges, into subgraphs with exactlyk edges. More generally, minimizing

SADMs with non-uniform traf�c between each node pair is equivalent to decomposing a

general graphG (Note that the traf�c is still symmetric for each node pair).

4.3 Tight bounds

Regarding numerical estimates, We get the tight bounds on the functionssk(n) for k = 3

andk = 4, as follows1.

Theorem 1

(i ) For n odd,

s3(n) =
�

n
2

�
+ cn

wherecn = 0 if n � 1 or 3 (mod6) andcn = 2 if n � 5 (mod6).

(ii ) For n even,

�
n
2

�
+ d

n
4

e � s3(n) �
�

n
2

�
+ cn� 1 + d

n � 1
3

e:

wherecn� 1 = 0 if n � 2 or 4 (mod6), andcn� 1 = 2 if n � 0 (mod6).

This result will be proved in Section 4.6, at the end of which amore precise formulation

will also be given forn even.

Theorem 2 If n � 0; 1; 3; 6 (mod8), thens4(n) =
� n

2

�
; and s4(n) =

� n
2

�
+ 1 if n �

2; 4; 5; 7 (mod8).

1Note that for optical transmission, the relationship amongdifferent speed levels is often 3 or 4. E.g.
OC-1 on an OC-3, OC-12 on an OC-48, etc.
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For larger values ofk, we only have some asymptotic estimates. To formulate them,we

need to introduce a notation. For anyk � 3, let

� k =
tk

k

wheretk is the smallest integer such that

k �
�

tk

2

�
:

The relevance of this parameter is shown by the following simple observation.

Proposition 1 For everyk � 3 and every graphG = ( V; E),

sk(G) � � k jE j :

Proof In anyk-decompositionG1; : : : ; Gm of G, eachGi (1 � i < m ) has preciselyk

edges and thus at leasttk vertices. Therefore, the relative weight of an edge in ak-edge

subgraph is at least� k . Observing that� k is a decreasing function ofk, the same lower

bound on the edge weights remains valid inGm as well, independently of whether its size

is k or smaller. �

Theorem 3 For everyk � 3,

sk(n) = ( 1
2 � k + o(1)) n2 :

Proof Consider the hypergraph whose vertex set isE(K n), and its edges correspond to

the subgraphs ofK n with preciselyk edges andtk vertices. In this hypergraph, each vertex
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(representing an edge ofK n ) is contained in�( ntk � 2) edges, while each pair of vertices

belongs toO(ntk � 3) edges only. On applying a theorem of Frankl and Rödl [52], weobtain

that the hypergraph has an almost perfect packing of edges ; thus, all buto(n2) edges of

K n can be partitioned into mutually edge-disjoint subgraphs of tk vertices andk edges. In

those subgraphs, the average weight of an edge istk=k = � k . Moreover, anybtk=2c of the

remaining edges can be covered with ak-edge subgraph ontk vertices, hence the average

weight of thoseo(n2) edges is constant (less than 3). �

4.4 Complexity results

We also study the time complexity of determiningsk(G) for general input graphsG. Our

results are summarized in the following assertion.

Theorem 4 For an unrestricted input graphG, it is NP-complete to �nd the value ofsk(G)

for each3 � k � 7, and more generally also for everyk of the form
� t

2

�
� 1,

� t
2

�
, and

� t
2

�
+1,

wheret � 4 is any integer. What is more, for those values ofk it is NP-complete to decide

whethersk(G) = � k jE j.

In this way, some range of small values ofk is covered. The smallest missing cases are

k = 8, 12, 13, 17, 18, 19.

4.5 Some Background Knowledge

In this section, we describe some basic terms and theorems incombinatorial designs and

graph theory, which we will use in the proof of our bounds and theorems later.
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4.5.1 Combinatorial Designs

Pairwise Balanced Design (PBD) and Steiner Triple System (STS) A pairwise balanced

design(PBD) is an ordered pair(S; B), whereS is a �nite set of symbols, andB is a

collection of subsets ofS calledblocks, such that each pair of distinct elements ofS occurs

together in exactly one block ofB . v = jSj is called theorderof the PBD. ASteiner triple

system(STS) is a PBD in which each block has size 3, denoted by STS(v). An example is:

S = f 1; 2; 3; 4; 5; 6; 7; 8; 9g andB contains the following triples:

{1, 2, 3}     {1, 4, 7}     {1, 5, 9}     {1, 6, 8}
{4, 5, 6}     {2, 5, 8}     {2, 6, 7}     {2, 4, 9}
{7, 8, 9}     {3, 6, 9}     {3, 4, 8}     {3, 5, 7}

Similar to the reduction in Section 4.2, a STS equals to a decomposition ofK n into triangle

subgraphs. In a complete graphK n , every vertex has a degreen � 1. Since each triangle

will cost a vertex two degrees (if the vertex is in the triangle), n � 1 must be even. So to

design a STS,n must be odd and we have the following theorem.

Theorem 5 [Kirkman's Theorem for STS, 1847].

A Steiner triple system of orderv exists if and only ifv � 1 or3 (mod 6).

Based on some construction schemes, we can build apartial triple systemwith one

block of size 5 and all other blocks of size 3 whenv � 5 (mod 6), and the block of size 5

can be further divided into two triples and one cycle of length 4 [54].

Parallel ClassA parallel classin a pairwise balanced design is a set of blocks inB that

partitionsS. A PBD isresolvableif the blocks inB can be partitioned into parallel classes.

A resolvable STS(v) is also known asKirkman triple systemof orderv, or KTS(v). A

KTS(15) with parallel classes� 1, � 2, � 3, � 4, � 5, � 6, � 7 can be de�ned as follows:
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6 11 13     6  9 14      4 10 15     4 11 14    5   9  12      5  11  15      4   9  13

1  2  3       1  4  5       1  6  7       1  8  9      1  10  11     1  12  13      1  14  15
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7  9 15      7 11 12     5  8  13     7 10 13    6   8  15      7   8  14       6  10  12
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5 10 14     3 13 15     3 12 14     3  5  6      3   4    7      3   9  10       3   8  11
4  8 12      2  8 10      2  9 11      2 12 15    2  13  14     2   4   6        2   5   7

3 pp1p 5p2p 7

Group Divisible Design A group divisible design(GDD) is an ordered triple(P; G; B)

whereP is a �nite set,G is a collection of sets calledgroupswhich partitionP, andB is

a set of subsets calledblocksof P, such that(P; G [ B) is a PBD. The numberjPj is the

orderof the group divisible design. A group divisible design is a PBD with a distinguished

set of blocks, called groups, which partition P. If a group divisible design has all groups of

the same size, sayg, and all blocks of the same size, sayk, then it is referred as GDD(g, k).

In the STS(9) example shown above, if we choose(1; 2; 3), (4; 5; 6), (7; 8; 9) as the groups

and the rest triples as blocks. It will be a GDD(3,3).

Af�ne Plane In some cases, we call the blocks of a PBDlines. Several points arecollinear

if they belongs to the same line. Two lines areparallel if they fail to intersect. Aaf�ne

plane is a PBD(P, B) with the following properties: (1)P contains at least one subset

of 4 points no 3 of which are collinear. (2) Given a linel and a pointp not onl, there is

EXACTLY one line ofB containingp which is parallel tol.

Proposition 2 Let (P; B) be an af�ne plane. If a line has sizen, then all lines have size

n, jPj = n2, and there are a total ofn2 + n lines.

Based on the work of Galois �nite �eld, Kirkman proved that for any prime numberp,

there exists an af�ne plane (p2, p), which is resolvable (lines inp2 can be partitioned into

parallel classes). So this kind of af�ne plane is also calledaf�ne Galois plane, denoted by

AG(p, 2) [54, 50].
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4.5.2 Graph Theory

Matching in a Graph A setM of edges in a graphG is called a matching inG if no two

edges in setM have an endpoint in common.

Bipartite Graph A graphG is a bipartite graph if there exists a vertex bipartitionf X; Y g

of VG (all vertices ofG) such that every edge ofG has one endpoint in vertex setX and

one endpoint in vertex setY .

X -saturating and Y-saturating Matching Let G be a bipartite graph with vertex biparti-

tion f X; Y g, and let edge setM be a matching inG. Then the matchingM is said to be

X -saturating if each vertex in setX is an endpoint of an edge inM , andM is Y-saturating

if each vertex inY is an endpoint inM .

S1={a, b}

S2={b, c, d}

S3={c, d, e}
S4={d, e}

S5={a, b, e}

YX Y

(a) X-saturating (b) Transversal T=<b, c, e, d, a> and corresponding matching

X

Figure 4.2:X -saturating matching and Transversals.

Transversal (or system of distinct representatives) Let A be a nonempty �nite set, and

Let F = f S1; S2; : : : ; Sr g be a family (not necessarily distinct) of nonempty subsets of set

A. Then a transversal of family ofF is a sequenceT = < a 1; a2; : : : ; ar > of r distinct

elements of setA, such thatai 2 Si , for eachi = 1; : : : ; r .

Finding a Transversal by Finding an X-saturating Matching Let A = f a1; a2; : : : ; ang
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be a set ofn elements andF = f S1; S2; : : : ; Sr g be a family of subsets ofA. Considering

the following bipartite graphG constructed fromF . The vertex bipartitionf X; Y g of graph

G consists of a vertex setX = f x1; x2; : : : ; xr g and a vertex setY = f y1; y2; : : : ; yng

where each vertexx i 2 X corresponds to the subsetSi in family F , and each vertexyi 2 Y

corresponds to the elementaj 2 A. An edge exists betweenx i and vertexyi if aj 2 Si .

Then a transversal for familyF corresponds to anX -saturating matching of graphG. An

example is shown in Figure 4.2 (b).

Theorem 6 [Hall's Theorem for Bipartite Graph, 1935].

Let G be a bipartite graph with vertex bipartitionf X; Y g. Then graphG has anX -

saturating matching if and only if for each subsetW of X , jWj � j N (W)j.

N (W) denotes the subset ofY consisting of all vertices inY that are adjacent to at

least one vertex in setW. In other words,N (W) is the set of neighbors of setW [57].

Corollary 1 [Hall's Theorem for Transversals].

Let A be a nonempty �nite set, and letF = f S1; S2; : : : ; Sr g be a family of nonempty

subsets of setA. Then familyF has a transversal if and only if the union of anyk of the

subsetsSi contains at leastk elements of setA (1 � k � r ).

4.6 Tight bounds for k = 3

In this section we prove the upper and lower bounds for Theorem 1.

Proof for n odd A K 3-decomposition forn � 1; 3 (mod6) is just a Steiner Triple Sys-

tem. Forn � 5 (mod6), K n can be decomposed into triangles and one cycle of length four
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[55], and we can partition the latter into a path of length 3 and a K 2 with total weight 6.

This proves the upper bounds.

The lower bounds follow by Proposition 1, becauset3 = 3, � 3 = 1, and there exists no

Steiner Triple System forn � 5 (mod6).

Lower bound for n even Suppose thatG1; : : : ; Gm is a 3-decomposition ofK n with total

weights3(n). The average weight of an edge in aGi is 1 if and only ifGi
�= K 3. Let us

re-number theGi (if necessary) so that, for some`, the subgraphsGi
�= K 3 if and only if

` < i � m. We denote byG the graphG1 [ � � � [ G` .

For n even, all vertex degrees ofK n are odd. Once a vertexvi is involved in someK 3,

two degrees will be reduced fromd(vi ). Sinced(vi ) is odd, at least one edge ended atvi

will be in G, which means each node occurs atG at least once. Moreover, ifGi hasni

vertices andmi edges, then its weight ismi + dni =4e. (Here the possible values ofni are

2, 3, and 4.) Thus,

s3(n) =
�

n
2

�
+

`X

i =1

d
ni

4
e �

�
n
2

�
+ d

P `
i =1 ni

4
e �

�
n
2

�
+ d

n
4

e:

Upper bound for n even

s3(n) � s3(n � 1) + d4(
n � 1

3
)e =

�
n
2

�
+ cn� 1 + d

n � 1
3

e

This result is obtained by taking a 3-decomposition ofK n� 1 and decomposing the star

centered at thenth vertex into stars of at most three edges. Ifn is a multiple of 6, then

the decomposition ofK n� 1 contains an edge, that can be completed to aK 3 with thenth

vertex, and the edges uncovered so far form a star of degreen � 3; hence only1
3n � 1 stars

will be needed to complete the 3-decomposition in this case.
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4.7 Complete solution fork = 4

In this section we prove Theorem 2. Observe �rst that there are two graphs on 4 vertices

where the average edge weight is precisely 1, namely the 4-cycleC4 and the “ paw ”P W =

K 4 � P3. We shall prove that everyK n admits a 4-decompositionG1; : : : ; Gm where all

the 4-vertex subgraphs (hence, by de�nition, all but possibly Gm ) are 4-cycles and paws,

and if
� n

2

�
is not a multiple of 4 thenGm is one of the graphsK 2, P3, andK 3. Note that

also the edges ofK 3 have average weight 1.

23P K

34C KPW (paw)

Figure 4.3: An illustrative example ofC4; P W; K3; P3; andK2.

Basic casesn = 2; 3; 4; 6; 8

Trivially, m = 1 andG1 = K n for n = 2; 3. It is also immediate thatK 4 is decompos-

able intoP W andP3. Forn = 6, observe thatK 6 � K 3 is decomposable into three paws.

Indeed, we can distribute the three edges disjoint from the deletedK 3 among the three stars

(of 3 edges each) incident to its vertices, as shown in Figure4.4.

Finally, a P W-decomposition ofK 8 can be obtained by labeling the vertices with

0; 1; 2; 3; 4; 5; 6; 7 and selecting the subgraphsGi with edge setf (7; i ); (i; i + 1) ; (i; i +

3); (i + 1; i + 3) g, where addition is taken modulo 7.

A C4-decomposition ofK 2p;2q

This auxiliary decomposition of complete bipartite graphswill be needed for recursive
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3

45

6

1

6

5

3

1 2

35

3

45

1 4

2

6

21

Figure 4.4: Decomposition ofK 6 into three paws and aK 3.

constructions below. We partition the two-vertex classes into disjoint pairsg1; : : : ; gp and

h1; : : : ; hq, respectively. Then the 4-cycles induced bygi [ hj (1 � i � p, 1 � j � q)

decomposeK 2p;2q. An example is shown in Figure 4.5.

hg

h1={1, 2}
g2={2, 3}

g1={1, 4}

3
4

2

2

1
1

Figure 4.5: An example of 4-cycles introduced bygi [ hj (1 � i � 2, j = 1).

The 2k ! 2k + 8 construction

The following recursion settles all cases ofn even, by induction fromn � 8 to n. We

view K 2k+8 as the union ofK 2k , K 8, andK 2k;8. Take any optimal 4-decomposition ofK 2k

and ofK 8, and decomposeK 2k; 8 into 4-cycles.

The 2k + 1 ! 4k + 1 construction

Assume that an optimal 4-decomposition ofK 2k+1 is available, whereGm is one of

C4; P W; K2; P3; K 3. Let V(K 4k+1 ) = X [ Y [ f zg. In either case, we take aC4-

decomposition of the edge set joiningX to Y in the way described above, with speci�ed
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pairsg1 andh1. Moreover, insideX [ f zg andY [ f zg we take optimal 4-decompositions.

If Gm is one ofC4 andP W, then an optimal 4-decomposition ofK 4k+1 is already obtained.

Otherwise some modi�cations in the last graphsGm (X ) andGm (Y) (the copies ofGm )

are needed. In this case we assume thatGm (X ) andGm (Y) containz, and also thatg1; h1

are vertices in them.

If Gm = K 2, thenGm (X ) [ Gm (Y) = P3 that we can take as the last subgraph in the

4-decomposition ofK 4k+1 .

If Gm = P3, thenGm (X ) [ Gm (Y) together with the 4-cycle induced byg1 [ h1 is

isomorphic toK 5 � P3, decomposable into two paws.

If Gm = K 3, thenGm (X ) [ Gm (Y) consists of two triangles incident toz, decompos-

able intoP W andP3.

The 2k + 1 ! 4k + 3 construction

Also here, letX and Y be 2k-element sets, now with three further verticesx; y; z.

Optimal 4-decompositions are taken insideX [ f zg andY [ f zg, andC4-decompositions

for the edges joiningX to Y and alsof x; yg to X [ Y. We assume further that the copies

Gm (X ); Gm(Y ) of Gm containz, and thatg1; h1 are vertices in them. The difference

compared to the construction for4k + 1 is that now a trianglexyz is also attached toz. Let

F be the subgraph formed byGm (X ) [ Gm (Y) [ xyz if Gm 6= P3, and ifGm = P3 then

let F be the same subgraph together with the 4-cycle induced byg1 [ h1.

If Gm = K 2, thenF is a triangle with two pendant edges, decomposable intoP W and

P2.

If Gm = K 3, thenF consists of three triangles incident toz, decomposable into two

paws and aK 2.

Finally, if Gm = P3, thenF is decomposable into two paws and the trianglexyz.

Starting from the basic cases, the theorem follows by induction on n, applying the
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recursive steps given above. �

4.8 NP-completeness

In this section we prove Theorem 4.

The common property of all valuesk listed in Theorem 4, except fork =
� t

2

�
+1, is that

there is auniquek-edge graphHk of minimum weight. In this situation, a subproblem of

�nding sk(G) is to decide whether a graphG with km edges admits aHk-decomposition.

This problem has been shown to be NP-complete for every complete graph, by Holyer [53],

settling the cases ofk =
� t

2

�
; and for any graph containing a connected component with

more than two edges, by Dor and Tarsi [51], hence giving the solution for k =
� t

2

�
� 1.

What remains to prove is NP-completeness fork =
� t

2

�
+ 1. An important tool will be

Holyer's theorem that we recall here :

Lemma 2 It is NP-complete to decide whether a graph has aK t -decomposition, for every

t � 3.

We shall need the following stronger variant of this result.

Lemma 3 TheK t -decomposition problem remains NP-complete when restricted to regu-

lar graphs whose vertex degree is a multiple oft(t � 1).

Proof Let G = ( V; E) be a general input graph,V = f v1; : : : ; vng. We may assume

without loss of generality that every vertex degreed(vi ) is a multiple oft � 1, because

in graphs violating this divisibility condition the non-existence of aK t -decomposition is

decidable in linear time. Let us choose a multipleD of t(t � 1), such thatD � d(vi ) for
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all 1 � i � n. We denote

D i = D � d(vi ) ; ki =
D i

t � 1
:

Let k = max ki .

We choose the smallest prime numberp � k. Note thatp = k + o(k) ask ! 1 . From

the af�ne Galois planeAG(p;2) we delete thep lines of a parallel class, and also all the

points ofp � t of those lines. The con�guration obtained is a resolvable Group Divisible

Design witht groups of sizep each andp2 blocks of sizet each. Thep2 blocks can formp

parallel classes. A resolutionH 1 [ � � � [ H p of thep parallel classes can be obtained from

the parallel classes ofAG(p;2).

From the input graphG with n vertices, we are going to construct a larger graph

G+ with ptn verticesv(i; j ) (1 � i � n; 1 � j � pt). For eachj , let the ver-

tex setf v(1; j ); : : : ; v(n; j g induce a graphG(j ) �= G, wherev(i; j ) corresponds tovi

under the isomorphism. On the other hand, to obtain the subgraphsF (i ) induced by

f v(i; 1); : : : ; v(i; pt )g for eachi , we considerH(i ) = H 1 [ � � � [ H k i and join two ver-

ticesv(i; j ) andv(i; ` ) if and only if thej th and`th vertices ofH(i ) are contained in some

block ofH(i ). Hence,F (i ) is D i -regular, and thusG+ is D-regular.

If G has aK t -decomposition, then so doesG+ , because the blocks ofH(i ) decom-

poseF (i ) while the G(j ) inherit their decompositions fromG. Also conversely, ev-

ery K t -decomposition ofG+ decomposesG, since any complete subgraph ofG+ is en-

tirely contained in someF (i ) or someG(j ). Finally, the number of vertices inG+ is

ptn � (1 + o(1))ktn � n3 + o(n3), and alsoAG(p;2) has an explicit polynomial-time

construction, thereforeG+ can be obtained fromG in polynomial time. (Instead of search-

ing for a prime, one may as well choosep to be the smallest power of 2 exceedingk.)

�
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Proof of Theorem 4 for k =
� t

2

�
+ 1. Let G = ( V; E) be any input graph for Lemma 3,

with n vertices, regular of degreed, whered is a multiple oft(t � 1). We construct a graph

G+ = ( V + ; E+ ) by joining d
t(t � 1) pendant vertices of degree 1 to eachv 2 V. ThisG+ has

nd
t(t � 1) + n < n 2 vertices, i.e. its size is polynomial in the size ofG. The proof will be done

by showing thatG admits aK t -decomposition if and only ifsk(G+ ) = � k jE + j.

Suppose �rst thatsk(G+ ) = � k jE + j holds. Then, in anyk-decompositionG1; : : : ; Gm

of G+ , each pendant edge belongs to a distinct subgraphGi becausetk = t + 1, and
� t � 1

2

�
+ 2 < k for t � 3. Consequently, eachGi containing a pendant edge is aK t plus one

edge. In thoseGi , the number of edges of the initial graphG is precisely

nd
t(t � 1)

�
t
2

�
=

nd
2

= jE j ;

i.e. the entire edge set ofG is partitioned into complete subgraphs of ordert.

Suppose next thatG has aK t -decomposition. Consider any numberh of theK t in such

a decomposition. Assuming that they spann0 vertices, thed-regularity ofG implies

h
�

t
2

�
�

dn0

2
;

n0 � h
t(t � 1)

d
;

h � n0 d
t(t � 1)

;

therefore the total number of pendant edges attached to themis not smaller thanh. On

applying Hall's theorem we obtain thatG+ admits aH -decomposition whereH is obtained

from K t by attaching a pendant edge. Consequently,sk(G+ ) = � k jE + j. �
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4.9 Open problems

Below we mention some problems that remain open.

1. Determine the time complexity of �ndingsk(n) where bothn andk are part of the

input.

2. Prove that it is NP-complete to determinesk(G) for general input graphsG, for every

�xed integerk � 3.

3. Find an asymptotically tight upper bound on the function

Rk(n) = max
G

j V ( G ) j = n

�
sk(G) �

1
2

� k n2

�
:

4. Describe ak-decomposition ofK n constructively, such that the total weight is asymp-

totically sk(K n ).

4.10 Conclusions

In this chapter, we investigated the weighted edge-decomposition graphs problem, which

is closely related to traf�c grooming (speci�cally, circuit grooming). Our objective is to

�nd the minimum number of SADMs by using the minimum number ofwavelengths. The

research is focused on symmetric traf�c between each node pair in the ring networks even

if the traf�c is not uniform for all nodes. In this case, we canalways construct full circuits

and the grooming problem can be converted to an equivalent weighted edge-decomposition

graph problem. By numerical estimates, we get useful tight bounds for some speci�cks

of thek-decomposition of a graph (e.g.k = 3 andk = 4). We also investigate the time

complexity of determining the weight of general graphs forks satisfying special forms (e.g.
� t

2

�
, t is an integer).
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Chapter 5

Conclusions

In this dissertation, we investigated some basic problems of packet switching and traf�c

grooming in WDM optical networks.

Compared to optical circuit switching, which is employed widely by today's network

infrastructure, optical packet switching is a long-term strategy to provide high-speed trans-

mission, data transparency, and recon�gurable network topology. Contention resolution is

important for packet-switched networks, and must be considered in the designs of switch

fabrics. Optical buffering, wavelength conversion, and de�ection routing are three schemes

for contention resolution, all of which have advantages anddisadvantages. In this research,

we studied the designs of optical packet switches with optical buffering which is imple-

mented by �ber delay lines. We proposed a hybrid buffering architecture that combines

the merits of both feedback and feed-forward buffering schemes and requires smaller com-

ponent sizes and fewer wavelengths. Moreover, it leads to good signal quality and can

implement preemptive priority routing. Based on this buffering architecture, we described

two switch designs—single plane and multiple plane. The former is a special case of the

latter. Numerical results show that our switches have good performance in reducing the
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packet loss probability. At the same time, the switches do not signi�cantly increase the

switch latency. For example, when traf�c load is80%(� = 0:8), our single plane switch

design with four feedback buffers (N = m = 16, M = 4, n = 1) improves the packet loss

performance over a switch without feedback buffers (N = m = 16, M = 4, n = 1) from

10� 3:9 to 10� 4:7. Our multiple plane switch can achieve similar performanceas the single

plane switch but using much shorter feed-forward buffer sets.

In WDM SONET rings, each wavelength can provide huge bandwidth. The networks,

however, may still need to support traf�c rates that are muchlower than the full wavelength

capacity. SONET add/drop multiplexers are used to add/dropthe low-rate traf�c (circuits)

to/from the high-speed channels. An exclusive SADM is required for each wavelength at

a node if that wavelength starts or ends at the node. If each node has to be equipped with

SADMs on all wavelengths, the electronics cost will be high.With the use of wavelength

add/drop multiplexers, we can bypass most wavelength channels optically and stop a wave-

length only if it carries some traf�c destined to the node. Tosave the system cost, we need

to assign low-rate circuits ef�ciently onto the high-speedchannels which is called traf�c

grooming. Generally, we can treat grooming problem as two steps: circuit construction and

circuit grooming. The objective of circuit construction isto minimize the number of the

low-rate circuit and the number of end nodes when packing traf�c into low-rate circuits,

and the objective of circuit grooming is to minimize the SADMs when packing the cir-

cuits into the wavelengths. In this research, we focused on developing ef�cient heuristics

for circuit construction. Based on previous work [36], we proposed two algorithms: Ran-

dom Hill-Climber and Simulated Annealing. Unlike other work, our algorithms are more

aggressive in splitting the connections to achieve more ef�cient circuit construction. More-

over, these approaches have been observed in practice to be better than greedy approaches

in avoiding local optima. Numerical results show that the proposed algorithms have good

performance in reducing the low-rate circuit number and endnode number. For example,
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nearly10%fewer low-rate circuits are constructed by using our algorithms than the algo-

rithm (Assign-First) without any change of the original traf�c matrices, and the algorithms

also produce solutions with nearly9% fewer end nodes than those produced by Cut-First

and Assign-First.

Moreover, we also studied the weighted edge-decompositiongraph problems which is

related to circuit grooming. The research is focused on grooming symmetric traf�c that

we can always construct full low-rate circuits. The objective is to minimize the number of

SADMs by using the minimum number of wavelengths. Through numerical estimates, we

get useful tight bounds of some special cases ofk-decomposition of a graph.
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