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Optical packet switching is a long-term strategy to prouiigh-speed transmission,
data transparency, and recon gurability. Optical buffars used in the switches to resolve
contentions that occur whenever two packets are destingtetsame output at the same
time slot. Due to the lack of optical random access memorgr delay line (FDL) is cur-
rently the only way to implement optical buffering. In geakoptical buffering structures
can be categorized in two classes: feed-forward and fe&dbath of which have advan-
tages and disadvantages. In this research, we proposedeagffective hybrid buffering
architecture that combines the merits of both schemes.gttires smaller optical device
sizes and fewer wavelengths and has less noise than feedbdttecture. At the same
time, it can facilitate preemptive priority routing whichdd-forward architecture cannot
support. Based on this architecture, we described two Bvidésigns—single plane and
multiple plane. The numerical results showed that the neitchvarchitecture can signi -
cantly reduce the packet loss probability.

The objective of traf c grooming is to save electronics cbgteffectively assigning
low-rate circuits onto high-speed channels. Generallycam treat the traf c grooming
problem as two steps: circuit construction and circuit gnow. In this research, we fo-
cused on developing ef cient algorithms for circuit consttion. Two heuristics based on
Random Hill-climber and Simulated Annealing were propos@dr algorithms are more

aggressive in splitting the connections to achieve ef ti@rcuit construction. Numerical



results showed that the algorithms have good performanaurcing the low-rate circuit
number and end node number.

We also studied the problem of weighted edge-decompositbigraphs which is re-
lated to circuit grooming. The research was focused on gnogsymmetric traf ¢ that
we can always construct full low-rate circuits. The objeelis to minimize the number of
add/drop multiplexers by using the minimum number of wawgtas. Through numerical
estimates, we obtained useful tight bounds of some speasaiscof 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 wiegé was led to huge band-
width consumption and data transmission through commtioitaystems. The objective
of any communication system is to transfer information figarces to destinations. Gen-
erally, this is accomplished by modulating the informat@nio a carrier such as electro-
magnetic wave. The information transmission speed isetbex, mainly determined by
the bandwidth of the modulated carrier, which is limited txe&d portion of the carrier
frequency. Thus, increasing the frequency of the carrilrimgérease the available trans-
mission bandwidth and the information capacity of the systeOptical ber can offer
much higher bandwidths than traditional copper and is lesseptible to various kinds
of electromagnetic interference and other undesirabextsf The potential bandwidth of
optical beris up to nearly 50 Thps. Based on this charastar,i optical ber transmission
and optical networks have caught more attention and hayegla key role in the today's
telecommunication networks.

Since information has to be converted to an electronic $fignéhe end node to process,
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the maximum rate at which the end node can access the opéivabrk is limited by the
speed of the electronics (up to 10 Gbps). Multiplexing téghes have to be introduced
in optical networks in order to exploit the ber's huge bandt. Typical such techniques
includewavelength division multiplexingVDM), time division multiplexingTDM), and
code division multiplexingCDM). Since both TDM and CDM require some of the end
user's network interface operating at at higher speed tharetectronic speed, they are
less attractive than WDM which does not require that. The Wapdroach is to keep the
bit rate the same and multiplex multiple wavelength chasinehch carrying data at this
rate. WDM is more effective when the bandwidth demand exe#eel capacity of a single
wavelength. Moreover, the WDM system can be designed todnsparent systems since
different wavelengths can carry data at different speedspaatocol formats. This is a
major advantage of WDM in some applications.

Optical networks can be categorized into two generationthe rst generation, optics
was essentially used for transmission and simply to proeajeacity. All the switching
and other intelligent network functions were handled bygttmics. The electronics at a
node must process not only the data intended to that nodegl$mitall the data passing
through that node. Examples of rst-generation opticawueks are Synchronous opti-
cal networks (SONET) and the similar Synchronous Digitardichy (SDH) networks,
which form much of the telecommunications infrastructwaay. As data rates get higher
and higher, it becomes more dif cult for electronics to pees data. By incorporating
some switching and routing functions into the optical pdrthe network, the burden of
the electronics can be signi cantly reduced. This conceativates 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 interiaednodes where optical switches
and routers are employed. Correspondinglypatical layeris introduced to denote the

routing and switching functionality of a second generaiébM optical network.



1.2 Optical Packet Switching

Currently, optical networks provideghtpathsto the users, which are circuit-switched. A
lightpath is a virtual connection between two nodes, and\eieagth is allocated on each
link along the connection. With a virtual circuit connectjdhe network offers a circuit-
switched connection between two nodes. However, the baltdwequired by the con-
nection is often smaller than the full bandwidth availabteadink or wavelength, and the
Internet traf c always demonstrates bursty nature. Théwtsgeed optical links between
optical routers and switches are, therefore, underudilizBptical packet switching net-
works are more ef cient in bandwidth utilization by provigj packet-switched services.
The objective of optical packet switching is to enable paskatching capabilities at rates
that cannot be contemplated using electronic packet siwgdiel]. Compared to optical
circuit switching, optical packet switching is a long-testnategy to provide high speed,
data rate/data format transparency and con gurability.

Contention is an important problem for optical packet skiitg, A contention occurs
whenever two packets are destined to the same output of ahsatitthe same time. In
a WDM optical packet-switched network, there are basicdilge domains to explore
contention resolution schemes: time, space, and wavélengdtich correspond topti-
cal buffering de ection routing andwavelength conversigmespectively. These schemes
must be considered in the designs of optical packet switches

In this research, we investigate the designs of optical glagkitches based on optical
buffering scheme. Because of the lack of optical randomsacoeemory, Optical buffers
are realized by using ber delay lines (FDL), which are bessth xed lengths. Feed-
forward and feedback are two types of FDL architectures iticapbuffering, both of
which have advantages and disadvantages (a detailedmestmwill be given in Chapter

2). We present a novel architecture for WDM optical packeitdves with an effective
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hybrid FDL buffering con guration that combines the meras both feed-forward and
feedback schemes. This new switch architecture has ertekeformance in packet loss

probability without signi cantly increase in average sebitlatency.

1.3 Traf ¢ Grooming in WDM SONET Rings

While each wavelength has over a gigabit-per-second tresgm speed, the network may
still need to support traf c connections at rates that amedothan the full wavelength ca-
pacity. The capacity requirement of these low-rate trabngections can vary from OC-1
(a unit bandwidth in optical carrier speed levels) up to fudlvelength capacity. To re-
duce the system cost and improve the network performancegrmty assigning low-rate
circuits onto high-speed wavelength (calkedf c grooming) are important. The groom-
ing problem exists in both SONET ring networks and arbitnaugsh networks. Various
research work has been conducted for both network topaodmethis research, we only
investigate traf c grooming in SONET ring networks.

SONET rings are widely employed optical network infrastane today. With WDM
technology, each ber supports multiple wavelength ringsid each wavelength ring is
operated at OC-N line rate, e.dN, = 48. Moreover, a SONET ring can further carry
multiple low-rate circuits (e.g., OC-M, wheiM < N ) in a TDM fashion. The ratio oN
andM is the low-rate circuit capacity of a wavelength. Electooadd-drop multiplexers
(ADMs) are used to add/drop traf c at intermediate node$rdod the high-speed chan-
nels. An exclusive ADM, which is named SADM in SONET ringsrégjuired for each
wavelength node pair such that a connection carried by tlvelemagth starts or ends at this
node. Since SADMs are expensive and dominate the systenmaiostnizing the number
of SADMs can greatly reduce the system cost. In fact, it ismemtessary for each node

to be equipped with SADMs on each wavelength. With the useadfelength add/drop
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multiplexers (WADMS), it is possible for a node to bypass tveavelength channels opti-
cally and only carry the traf ¢ destined to the node. An exderip shown in Figure 1.1. In
the left con guration, the node is equipped with one WADM amed SADMs (assuming
both 1 and 2 carry traf c that need to be added/dropped at the node) arttiarright

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

wavelengths, more SADMs can be saved by using only one WAD&Ael node.

WADM |
\ | o A —
|

FERE Fafl 2|13

SADM SADM

wWN P
wWN P

Figure 1.1: Reduction of SADMs by using WADM

An illustrative example of traf c grooming is shown in Figaid.2.

SADM |1

SONET ring SONET ring
Iy
0111171 ' Node 5 Node3
101111 SADM saom || o SADM
110111 3, ~
111011 ‘
111101 SADM SADM
111110 (a) without traffic grooming (b)) with traffic grooming
Traffic Matrix T Assignment # 1 SADMs Assignment # 2 SADMs
1<+ 2,3«>4,5«> 6,35 6 1<+ 2,1«+3,2«+3,2«>5 4
|31 <+ 3,2=+4,1-+52«+6 ¢ |31 == 4,1++54=+51<=6 4
| 31 <+ 6,4=+52-+3,4+6 ¢ | 32 ~= 4,2+~=6,4<=6,3~=4 4
| j1 <= 4,2<+53-+6 6 | ;3 <=5 3<«=6,5+~6 3

Figure 1.2: Traf c grooming in SONET rings, similar to theamples in [39, 43].i ! |,
the T entry of the traf c matrixT, represents one traf ¢ connection frontoj; i $ j
represents two connections: | andj I, which form a circuit ring.

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

unidirectional (traf c ows only in one direction) uniforntraf c, that each node pair has
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a traf c connection between them and that the traf c amouiré@ch connection is of unit
low-rate circuit. Then the traf c forms a total og = 15 circuitrings (see the traf ¢ matrix
of Figure 1.2). Suppose each wavelength can support 4 lewenecuit rings (e.g., OC-12
on an OC-48 ring). In Assignment 1 which has no traf c groog{note that  : i $ |
means the traf c between nodeandj is groomed onto the wavelengk), each node is
used as a start or end node for some connection under eaclengte Thus four SADMs
are required at each node, yielding a total of 24 SADMs rexglior this network (note that
the number of SADMs required for each wavelength euqals timeber of distinct nodes
assigned in that wavelength). However, in Assignment 2 wahc grooming, only 15
SADMs are required.

Generally, the traf ¢ grooming problem can be treated assteps.circuit construction
andcircuit grooming The objective of circuit construction is to minimize thenmoer of
the low-rate circuits and the number of end nodes when pgdkimtraf c connections into
low-rate circuits, and the objective of circuit groomingtasminimize the SADMs when
packing the circuits into the wavelengths. Much work hashkene for circuit grooming.
Thus we focus on circuit construction. Although circuit sbmction for uniform traf c
is easy (as shown in the example discussed above, we cansalaray full rings), circuit
constrcution for non-uniform traf c is dif cult. Most preus work constructs circuits ac-
cording to the given traf c matrices without any change ofrtin In our research, we nd
that we can construct the circuits more ef cently by chaggsome of the entries of the
traf c matrices (speci cally, splitting some traf c conrations). Based on this, two heuris-
tics based on Random Hill-Climber and Simulated Annealireg@esented. Moreover,
we also investigate the minimum SADMs computation underesgpeci ¢ wavelength

capacities and traf ¢ matrices by studying the weightedeedgcompositions of graphs.



1.4 Dissertation Outline

In Chapter 2, we investigate the ef cient designs of optjuatket switches. Based on our
proposed hybrid buffering architecture, we describe twsigtes of optical packet switch
fabrics. The rst one has single-wavelength inputs/ouspand the second one supports
multiple-wavelength inputs/outputs. Brief versions aétivork were presented in &PIE
OptiComm 200&ndIEEE GLOBECOM 20032, 3], respectively, and a full version has
been accepted to appear@8SA Journal of Optical Networkingn Chapter 3, we inves-
tigate the effective approaches of circuit constructiodarmon-uniform traf c model. A
brief version of Chapter 3 appeared Broceedings of IASTED — wireless and optical
communications 200[B3]. In Chapter 4, we investigate the problems of weighadde
decomposition of graphs, which is motivated by the circud@ogning problem in optical
networks. The results has been submitteddarnal of Combinatorial Mathematics and
Combinatorial Computing49]. Apart from these, a brief version of our research imtig
tree based multicast traf ¢ protection is under preparafimr submission, which will not

be presented in this dissertation. Finally, in Chapter Bctaling remarks are presented.



Chapter 2

Design and Performance Analysis of

Optical Packet Switches

2.1 Introduction

The convergence of telecommunications and data commiugnsatas led to a paradigm
shift from voice-optimized to IP-centric networks. With vedength division multiplexing
(WDM) technology, current optical switching networks camopde us with huge band-
width. To support the Internet and associate services nfaiemly, transport networks
need to provide a recon gurable optical layer and packetdving service.

The optical networks employed today provide circuit-sivd services, which are
connection-oriented. These networks provide lightpdtlas ¢an be established and taken
down as needed. In these networks, the optical nodes do itehssignals on a per packet
basis, but rather switch on the circuits. Packet switchéndane in the electronic domain
by other equipment such as IP routers and ATM switches thrdugher level protocols.
This equipment only makes use of the lightpaths providedhbyoptical layers to establish

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

provided by optical networks is still under-utilized duethe bursty nature of data traf-
c. Conventionally, we expect by multiplexing the low-sgkbursty traf c streams, the

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

some of the traf ¢ in broadband multimedia services is imely bursty, such as the traf ¢

generated by web browsers, wide-area TCP connections aiateabit-rate video sources
[11]. All these are calledelf-similartraf ¢ and multiplexing cannot lower the bursty char-
acteristics. Utilizing optical packet switching can impedhe bandwidth utilization of the

optical layer. Another motivation is, obviously, that aati packet switching could provide
higher capacities than electronic routers.

With current technologies, a full implementation of optigacket switching in practice
is still a long time away. The main challenges include lackmtical random access mem-
ory, stringent synchronization, the mismatch of the spestd/éen processing the control
information electronically and optically switching thetddahrough. Some other switching
schemes are also proposed suclatical burst switchingandphotonic slotted switching
In the following section, we will discuss some basic prokderalated 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 neteanto two categoriesslotted
(synchronous) andnslotted(asynchronous) networks. In packet switched networks, the
packets may arrive at the switches at different times. Siheeswitch fabric can only be
recon gured at discrete times, the network designers hawtetide whether to have the

packets aligned before they enter the switch. In slotted/ods, the system clocks are
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stringently synchronized and all the packets have the saree Jhe payload is placed
together with the header inside a xed time slot. Guard timesalso provided as shown

in Figure 2.1. In this kind of system, optical bers calledebdelay lines (FDL) are used

uard time
L g \header header

[] [ [ ["payload [ |

time slot time slot

(a)

; fast jitter
L guard tlme\heade‘r/ %ﬁfr
| | payload [ [] [ payload [] |
L

\ |
| |
[ T o

time slot time slot

(b)

Figure 2.1: The two possible packet formats of synchroronagchemes.

to work as buffers in a store-and-forward type contenticohation. The main difference
between FDL and electronic RAM is that FDL can only deal withead propagation delay
(current technology may support kilometers length ber anavide feasibles level de-
lay) and the packet can only be accessed at the time intezt@lrdined by the ber length
[11]. Figure 2.2 shows a function block diagram of the switcide in slotted networks.
When the packets arrive at a switch, an optical splittetsglismall amount of the power
of from them. Then the header recognizer (in the switch obntnit) will recognize the
bit pattern at the beginning of the header and read the h@ademation. The recognized
information is then passed to the control unit to con gure #8witch fabric. The input
synchronization stage and output synchronization stagh @lashed line in the Figure 2.2,
since they may or may not be needed depending on the actuatdacmat and node ar-
chitecture) align the packets before they enter the switchedter them being switched out,
respectively.

In contrast, an unslotted network does not require same giaekets and the packets
arrive at the switch without being aligned. Obviously, tleairol unit of such switchies

will be more complex and system will be less ef cient compuhte the slotted one. More
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Switch control unit

'

Packet ‘ i
SWltCh S Synchronizeq

,,,,,,,,,

packet A
I— )

packet A
—|

packet B
I—

Synchronize

Figure 2.2: A generic node architecture of the slotted ngtwo

contention will occur because the behavior of the packetsdse unpredictable and less
regulated. The throughput, correspondingly, will be al@edr than that in the slotted
networks. However, an unslotted network will be easier tibdbumore robust and more
exible. So compared to slotted networks, unslotted neks@hift more function from the
system to the individual switches. Figure 2.3 shows a faendblock diagram of a node in
the asynchronous network. The synchronization stagesedeéed and some xed length
ber delay lines are used to hold the packets when the paeketbeing processed and the
switch fabric is being recon gured [15] [32].

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

based on synchronous networks, which are easier to control.

Switch control unit

fixed FDL l
packet A packet A packet B
I am I Pac;ket I
Switch
packetB | (M packet B packet A
[ [ [
Add Drop

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

Packet format is important for both synchronous and asymaius networks (the packet
format for asynchronous networks is out of the scope of th®rt). It decides how the
packet is delineated. The nodes in the network need to atfjestlocal clock phase for
correct packet delineation, and read the information inhteader. As shown in Figure
2.1, generally, there are two kinds of packet formats fochyonization with regard to the
position of payload, header and guard times. In the rst casaders start exactly from
the beginning of the slot. The input synchronization staglg aeeds to process the slow
delay variations while keeping the header well aligned withslot boundary. But because
of the guard time between the header and time slot boundaryheader jitter, the switch
node cannot predict the exact arrival time of the header witly the knowledge of the
beginning time of the slot. The header recognizer has tow#hlfast clock recovery of
jittered header of the packets. A fast and high-resolutigpat synchronization stage also
becomes optional [7] [15].

In electronic networks, the packet header is transmitteéd payload data at the same
speed and electronic routers or switches will process taddranformation as fast as the
payload data rate. In opitcal networks, the bandwidth ishmagger than that of the elec-
tronics networks. It is quite dif cult to implement electiic header processors operating
at such high speed. So several packet coding techniquesbeavestudied including bit
serial coding, bit parallel, and out-of-band signalingt €&irial coding can be implemented
using optical code-division multiplexing (OCDM), opticpllse interval, or mixed-rate
techniques. In OCDM, each bit carries its routing inforraatiln optical pulse and mixed-
rate coding, the packet includes header and payload thatbasists of multiple bits. The
header and payload have the same transmission speedsadal qqtise interval and dif-
ferent transmission speed in mixed-rate coding. In bit [fdreoding, multiple bits are

transmitted at the same time on seperate wavelengths. f&arad signaling coding in-
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cludes subcarrier multiplexing (SCM) and dual-wavelengglding. In SCM, the packet
header is placed in an electronic subcarrier above the hadedibequencies used by the
packet payload and both are transmitted in the same timelsldual-wavelength coding,
the packet header and payload are transmitted in seperatdengths but in the same time
slot.

Packet length is another issue of concern for network degigghort packet might not
give a good throughput because of large percentage of cagitng it is easier to control.
A long packet might require more optical buffer and cannovte a ne granularity. As
in electronic packet switching, a tradeoff between thesehas to be made. Packet error
rate (PER) (the error packets of all packets transmitted)dinerror rate (BER) (the error
bits of all bits transmitted) should be both considered.

Because of the reasons we described in the previous settimpackets entering the
switching node from different links need to be aligned. Tloatool unit will calculate
the necessary delay and con gure the correct path througbetldelay lines. Figure 2.4
shows a typical synchronization stage consists of a sefigwitches and delay lines. The
length of the delay lines are arranged in an exponentialesembetween thz 2 switches.
The resolution of this scheme 1s2" of the time slot duration wheereis the number of
the delay lines. The disadvantage of this method is thedottion of insertion loss and
crosstalk due to the switches used. Cascading the switcliesavitablly require optical

ampli cation.

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

input (] (i o ( | output

2*2 2*2 2*2 2*2

Switch Switch Switch 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 througiméder of switches to reach
its destination. Whenever two packets need to be switchédet@ame output port of a
switch at the same time, contention occurs and some scheases e utilized to solve
it. Generally, there are three kinds of contention resotutoptical buffering de ection

routing, andwavelength conversion

Optical Buffering

If switch nodes are equiped with buffers, then when conberdccurs, some packets can be
stored temporarily inside the switches and then send ouhwhesoutput ports are free. In
electronic switches, we can use RAM to resolve contentioowéVer, in optical domain,
the buffer has to be implemented with ber delay lines, whihve xed lengths. Once
the packet enters the ber, it must emerge from the other é&ed a xed amount of time;
there is no way to retrieve the packet any time earlier. Theams that the buffer can not
scale up once the ber delay lines are installed in the switsh alternative is to convert
the optical packet into electronical domain and store ittetaically. But the problem is
that the electronic memories can not keep up with the speegtofal networks. Since
the FDL is quite expensive and not exible as electronic RAM;ompromising approach
may share buffering between electronic and optical domdihat is the ber delay line is
used to store very short delays and electronic RAM is uselbfgy delays. By expecting a
majority of the buffering can be resolved by FDL, the costic&onic-optical and optical-
electronic interfaces can be reduced. In this case, if agtdids to be delayed for a longer
time than the FDL capacity, it will be passed to electronienoey. This approach is quite
suitable for the edge router because of the ability to makeafighe electronic memory
already in place to perform the electronic router functliipa Some simulation results

have shown good performance [12].
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De ection Routing

By de ection method, contention is resolved as followswbtor more packets need to be
routed to the same output, only one will be sent out from trerded port. All others are
forwarded on paths which may be longer than the minimum kiggtaouting. As a result,
for each source destination pair the number of hops takengacket is no longer xed.
De ection routing is sometimes called hot-potato routimgpich is actually a special case
of de ection routing. When de ection routing method is usethme parameters must be
consideredDiameteris the maximum distance in number of hops between any node pai
in the network. The diameter is a good indicator of how comhpatetwork is.De ection
costis the maximum increase in path length in number of hopesaaesingle de ection.
Don't care nodegepresent the nodes whose output links have the same shmatbsor
a given destination. A network with a high percentage of tloate nodes helps keep the
number of de ections to a low level even at high loads. Beeanisthe characteristics of
de ection, we must monitor the number of hops a packet hasrta& avoid congestion.
This means we need to drop some packets that wander in thenkefov longer than a
certain number of steps.

De ection routing is important in optical networks sincera@duces the requirement
of optical buffer. Some research has shown that with a ligiftct load in the network,
de ection routing could get fairly good performance. But #éffect 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 asrapiag in the time domain and
space domain, respectively. Both of them have advantagksdiaadvantages. Buffering
offers better network throughput but involves more hareéwamnd controls; de ection is

easy to implement but cannot offer high performance. With development of WDM
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technology, we can also make use of wavelength domain t@ore these shortcomings.
When two packets at the same wavelength con ict at the sanygubport, we convert
the wavelength of one packet to a free wavelength and rouatisimultaneously. |If
there is no free wavelength, we will buffer the second packete ect it or simply drop
it. Wavelength conversion can be categorized as optorel@ctwavelength conversion and
all-optical wavelength conversion. In the former methbe,signals are rst converted into
electronic domain. Then the electronic signals are used\e the input of a tunable laser
tuned to the desired wavelength of the output. This mothedng complex and consumes
more power than all-optical method. All-optical methodeo$f higher transparency and is
simpler to implement, but the techniques are far from mature

The three technologies for contention resolution are ndually exclusive. A combi-

nation could have more advantages and may lead to betterpenice.

2.2.4 Switch Fabric

In general, an optical packet switch node includes fourtiondlocks:input stageoutput
stage header-processing uniandswitch unit The input stage is responsible for pream-
pli cation (to compensate the power loss of the signal) whenessary, reading the packet
headers and packet alignment. Delay lines are used betWeamput stage and the switch
unit to give enough time to the head-processing unit to caregthe switch. The header-
processing unit reads the header and then con gures thelswithe output stage might
perform head rewriting and power ampli cation if necessavfarious designs of optical
packet switch architecture have been conducted. Basedemwiitching fabric used, they
can be classi ed into two categoriespace switctandwavelength routing switch

Atypical space switch fabric is shown in Figure 2.5. The stvitonsists oN incoming
andN outgoing ber links, withn wavelengths runing on each ber link. The switch fabric

consists of three partsptical packet encodespace switchandoptical packet bufferThe
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optical packet encoder rst demultiplexes the incomingicgdtsignal to then different
wavelengths. Each wavelength is fed to a different tunalaeelength converter, which
converts the wavelength of the packet to a free wavelendtieadestination optical output
buffer. Then, through the switch, the optical packet canviiiched to any of théN output
optical buffers. The output of the tunable wavelength caevg TWC) is fed to a splitter
which distributes the same signalNodifferent output bers, one per output ber. The sig-
nal is then distributed throught 1 different FDLs for contention resolution, which contain
ber delay lines with length from O tal time slots. The information regarding to which
wavelength a TWC should convert the incoming packet and tcwhRDL the packet will
be switched is provided by the control unit. The control atéo keeps the knowledge of
the state of the entire switch. A space switch spatially@imstmultiple copies of switching
modules. Therefore, it has huge requirement of componetsantrols, which make it
guite expensive [7].

Packet encoder Space switch Packet buffer

*******************

......

tunable
wavelength converter MUX/DEMUX  passive coupler/splitter ~semiconductor optical
amplifier gate

Figure 2.5: An architecture of a space switch.

In wavelength routing switch fabric, as the name statesjrtbeming packet can be
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optically switched to an output port in a point-to-point manwithout broadcasting. A
typical structure is shown in Figure 2.6. Each incoming antjoing ber carries a single
wavelength. The wavelength of an output port varies withkptsz The switch consists
of two stages: buffering and switching. Each incoming paties access to at least one
FDL in each of the FDL sets, and correspondingly all outputgptihrough demultiplexers.
An input packet is rst translated into another wavelengyh®W/C and then directed to an
FDL of duationd time slots in the FDL set. The delay lengltwill satisfy the following
conditions: (assume the current time)$1) The output port is not scheduled at tiine d.
(2) The TWC in the switching stage is not scheduled at timd. (3) The output port is not
scheduled at time+ d; for any of other packet from the same input portder dto make
sure rst come rst serve. The FDL with the shortest delayiggtng all the constraints
will be selected. The switching stage is used for switchiptical packets to the correct

output ports.

buffering stage switching stage

tunable

wavelength converter
MUX/DEMUX

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 suppayh-speed transmission, data
transparency, and recon gurability. The main functionswfptical packet switch include:
routing, switchingandbuffering Routing and switching ensure that the switch maintains
the information of the network topology, process the pasletd switch the packets to
the correct output ports. Buffering is used to resolve auiies that occur whenever two
packets are routed to the same output port in the same time#loough wavelength con-
version and de ection routing can also resolve contentiopsical buffers play an impor-
tant role in contention resolution. Because of the lack afjgiical random access memory,
currently an optical buffer can only be implemented usingr lolelay lines (FDL). Much
work has been done on optical packet switch designs basedrmus buffering schemes.

Previous work, such as Haas [6], divided the packet swittt two stagesschedul-
ing stageand switching stage The scheduling stage is for contention resolution. The
switching stage is for packet switching. Zhong & Tucker [2€scribed a feed-forward
shared-buffering strategy based on arrayed waveguidegsatAWG) and tunable wave-
length converters (TWC). But this switch suffers from heddine blocking [7]. Chia et
al. [29] extended these results, discussing both feedai@hand feedback buffering ap-
proaches. Xu et al. [7] and Hunter et al. [28] compare difiemavitch designs and point
out the basic problems in designing the optical packet $witc

Since feed-forward buffering does not support prioritytiog and feedback buffering
suffers from more signal attenuation, we proposed a novidapacket switch architec-
ture with a hybrid FDL buffering scheme. Our objective is tombine the merits of both
feed-forward and feedback buffering that leads to ef cieltL utilization, fewer wave-

length requirements, smaller component size, and goodlsigrality.
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The rest of the chapter is organized as follows: in Sectidn\®e review the charac-
teristics of feed-forward and feedback buffering schenié&n we describe our proposed
switch architecture and present our scheduling algorithmSection 2.5, empirical results
are analyzed and compared. Finally, in Section 2.6, we ptesmclusions and ideas for

future work.

2.4 The Core Switch Architecture

Throughout the rest of this chapter, we assume the netwaynishronized (slotted). the
packet must be aligned to its time slot boundary before emgehe switch. The packet
header is processed electronically and and the payloas stélye optical domain. We use

the following notation:

N : number of incoming input/output ports of the swjtch

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 opticdeliinto two classesfeed-
forward andfeedback As shown in Figur&:7(a), in the feed-forward method, the packets
are fed into ber delay lines of different lengths to resok@ntention. These ber delay
lines are placed right between the input and output portsawit extra input/output port

requirements. Once a packet leaves an FDL, it has to be saiftbm the output port and
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has no chance to stay in the switch any longer. So feed-fartmairng can only facilitate
limited non-preemptive priority routing (e.g. we can selmel packets with lower priority to
the longer FDLs and the packets with higher priority to thersér FDLS). In the feedback
method, recirculation buffers are introduced for contamtiesolution (see Figurz7(b)).
This architecture leads to a larger switch fabramd more crosstalk. Moreover, in the
feedback method, a packet may recirculate in the switchraktrmes when there is high
contention for output ports. Usually, every recirculatioop implemented by splitting
may require optical ampli cation. Because of this, the sibcould suffer from signi cant
power loss and noise, which in turn degrade the performahberefore, a feed-forward
architecture may be preferable in practice [27, 61]. Howdeedback architecture is more
exible since it allows packet priority routing. A lower-marity packet can be preempted
by being sent into another loop. In addition, the packetagtertime inside a feedback
switch architecture is also adjustable by changing the rumabloops. These features are

important for QoS in optical networks.
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(a) Feed-forward buffering (b ) Feedback buffering

Figure 2.7: Feedback and feed-forward FDL architecture.

1For example, a WASPNET switch [25] consists d2d 2N AWG, 4N TWCs andN sets of FDLs,
each withm lines and requirin@N wavelengths. Because orly input/output ports are for external signals,
the resource utilization i50%
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2.4.2 The proposed Hybrid FDL Buffering Architecture

The feed-forward architecture can handle most scheduholgi@ms and provide restricted
priority routing, however, it cannot handle preemption. @& other hand, feedback FDLs
supports preemption. We want to realize features of bothit@atures in a switch. This is
accomplished by integrating feed-forward and feedbackg-ito a single switch. It is ex-
pected that the feed-forward FDLs can handle most schegpfimblems and the feedback
buffer will resolve the remaining contentions and packetepnption. Our objective is to
construct a feed-forward-like switch architecture to aghifeedback-like or better perfor-
mance. As shown in Figure 2.8, the switch hg®at M) (N + M) fabric architecture
(M N). We employ the wavelength routing switch approach, in WAiRVC and AWG
are the kernel parts, rather than the space switch approaod the latter generally suf-
fers from higher splitting/combining losses and more arogtion noise with the increase
of input/output number. Moreover, wavelength convertens keelp regenerate the signals
such that wavelength routing switches can signi cantlyusglthe noise [27, 28]. Through
wavelength conversion, the complexity of the switchingyetis also reduced greatly due to
the static con guration of the AWG. We give each input/otitpart a set of FDLs in a way
similar to the WASPNET switch. Although more FDLs are usé, $cheduling is more
exible and buffering ability is better. The proposed swvitarchitecture has the follow-
ing features: (1) it supports priority routing; (2) compéite WASPNET switch, smaller
AWGs are required, resulting in reduced crosstalk and n@serespondingly, it requires
smaller number of wavelengthBl(+ M 2N ), which saves system resources and cost.
(3) it has lower packet loss probability (see experimergallts in Section 2.5) without
sacri cing the delay performance; and (4) compared to WAEFPNwitch, if a packet has
to be sent into a loop ber, although the packet may pass tbd-ferward FDLs rst, it
will not suffer from much more noise because the feedbactelsibf the former have the

same structure as the feed-forward part here, and the felediodfers in this architecture
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are simple ber delay lines. The only difference is the signaill pass one more AWG
before they are sent out. Another arrangement of the fe&dbats is to place the buffer
between the two AWGs with the same stage as the feed-forwdfertpart. Correspond-
ingly, the length of the loop will be zero. This architectiras the same function as that

shown in Figure 2.8 but there are minor differences in scliveglu

AWG | AWG

Demuxes  Muxes/Combiners

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.Zmage-wavelength input/output
ports. This architecture has two shortcomings: rst, the M/Bechnology is only used
inside the switch fabric. To exploit the huge bandwidth dficgd networks, we should also
use it in data transmission. second, with only one switchgks shown in Figure 2.8, we
still need several long FDLs to achieve a low packet lossaidity. (E.g. in Section 2.5,
we show that witiN = 16, = 0:8, M = 4, we can reach a packet loss probability of
10 #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, Zp&tkets, the longest ber

has a length of approximate 543 meters, making fabricatibcutt.) To overcome these
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shortcomings, we propose a WDM version of the switch archire that uses multiplex-
ers, combiners and multiple switch fabric planes similaM&SPNET [29]. The proposed
switch architecture is shown in Figure 2.9. Each plane d¢osta single wavelength op-
tical packet switch and aN N space switch. It hadl input/output bers and each
ber containsn wavelengths. With the space switch, this architecture allsws multiple
optical packets to leave from the same output of a singleeptandifferent wavelengths.
The control unit will ensure there is no con ict in the combis. From the experimental
results in Section 2.5, we can see that by expanding thelsmtwavelength domain, we
can still achieve a good performance with much fewer andtesh&DL sets (e.g. with
N =16,M =4, =0:8,n =4, we can reach a packet loss probabilityl®f > with
onlym =4).
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Figure 2.9: WDM version of the switch architecture.

Note that the hybrid FDL architecture proposed above hademgyth feedback FDLSs,
which means once a packet is sent into a ber loop, it will cdmaek to some input port
at the next time slot. We can instead use feedback FDLs witardnt lengths. This
allows the feedback FDLs to accommodate more packets. Te niekfeedback FDLs

more powerful, we can also give each output port a set of Flh#as to the WASPNET
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switch. But this may introduce another problem: the sigrillpass through more devices
before coming back. This scheme would reduce the packeplodmbility, 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 packetshe appropriate FDL sets
(the second stage of the TWCSs) in order to prevent the hedideoblocking problem. Each
output port, therefore, logically has its own feed-forwhudfer set and the feedback buffers
are shared by all the inputs/outputs. The logically indeleen feed-forward buffer set of
each output is actually a queuing system. A queuing systanvagnt to the proposed
architecture is shown in Figure 2.10. At each time slot, thgective is to schedule the
packet to the shortest idle time slot. If a packet is placéaltinekth position of the queue,
it can only be routed aftde time slots. The feedback buffer, however, is not a singleigque
although there ar® different positions. Since every feedback ber is connddbg an
independent pair of input/output ports, all packets codsbheduled again at each time
slot. The feedback buffers are like a waiting room systenhwaitapacity oM . Once the
gueue of the destined output of a packet is full, the scheauilecheck the waiting room
for a free space and the packet will be dropped only if waitomn is also full.

Since the feedback buffers are employed, some strategybeusiopted to prevent a
packet from looping in the switch inde nitely (i.e. that nagkets stay in the waiting room
inde nitely). Therefore, the basic idea of the schedulihgoaithm is as follows: at each
time slot, we rst process the packets in thke feedback buffers. We start from buffer 1,
then 2, etc. up tovi. Then we process the packets from tth@ancoming inputs. When
processing a packet we rst attempt to route it to the shortest available feedafard
FDL of its speci ed output port. If no such a FDL exists, theis routed to an available

feedback buffer with the lowest index. If no feedback bui$eavailablep 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 femdard buffer have been
shifted one slot forward, so at least the longest FDLs of déaet-forward buffer set will
be free to store a new packet. Thus at least one packet ingdbdek loops (from loop 1)
can be stored in the feed-forward buffer sets and then semtfaie switch. This implies
that at least one feedback buffer will be available to storeea packet. So a packet in
feedback loop in the current time slot will (if no feed-forward buffer cana@mmodate it
because of contention) be sent to feedback jogp 1 1) in the next time slot. Hence
all packets that are sent into the feedback loops will beddleel to an output port after at
mostM time slots. This idea is illustrated in Figure 2.11. At timets, the feed-forward
buffer of output 2 is full of packets, and the feedback bui$ealso occupied by packets
destined to output 2. After one time slot, every output pad bne (if there are packets
in the its feed-forward buffer) or zero (if its feed-forwabdiffer is empty) packets sent
out. Correspondingly, the longest buffer (buffiey of each feed-forward buffer is free after
shifting the rest of the packets forward. The rst packethe feedback buffer is then put
into the end of the feed-forward buffer of output 2. If nonepity routing is considered,

we can also keep the packetsiist 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 sibtot + 1. At time slott,
all packets in feedback buffer are destined to output 2 aadabd-forward buffer of the
output 2 is full. After one time slot, all packets in feedvi@rd and feedback buffers shift
forward one slot and the rst packet stored in the feedbadtebis placed at the end of the
feed-forward buffer of the output 2.

If priority routing is considered, since preemption may e@p, we give each packet a
certain priority (e.g. between 1 and 5). Once the packetgsassough the loop buffer, we
increase its priority by one and we always switch out the pescwith higher priority. Thus
we process all switch inputs at the same time rather thanepsitg all feedback loops
before incoming inputs. (Note that for packets with the sgmerities, we still process
the packets from feedback loops rst.) It can be easily pdotreat with this mechanism,
we can prevent a packet from getting stuck in the switch. Basaon is that after a packet
being sent into the feedback loops several times, its pyiail reach the highest one and
no other packets can preempt it again. Therefore, it willdre sut of the switch following
the same scheme as the scheduling of packets without m®rivhich is described in
previous paragraph.

The pseudo code for the non-priority routing schedulingpatgm 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 input
j O
while |  mdo
nd the shortest FDY in the feed-forward buffer which is free and
no other packet to the same output after the same delay
[
end while
if j >m then
nd a free feedback buffer and drop the packet if no free hudasts
lossNum  lossNum +1
i i+l
end while
i 0
while i<N do
if There is a packet at incoming input
j 0
while j mdo
nd the shortest FDL in the feed-forward buffer which is free and
no other packet to the same output after the same delay
i1
end while
if j >m then
nd a free feedback buffer and drop the packet if no free hudasts
lossNum  lossNum +1
i+l
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 tiggesplane switch and the
multiple plane switch. The former is actually a special cafsthe latter. For the multiple
plane switch, however, the relationship among the mulgiéaes should be considered
when scheduling the packets. With the space switch, moredha packet could be routed
out from the same output port of each switch plane if at mgsackets in different wave-
lengths are routed to each switch output from all planesdt me slot. For example, at a
time slot, if two packets are destined for a certain oukputhile the remaining packets (no
more tharN  2) are destined to the othdr 1 output ports, then the switch could send
these two packets out at the same time slot if during thattsletnumber of all packets for
outputk from other planes is no more than 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 bwititput, and

2. At mostN packets can be routed out from each switch plane
Although this strategy can use the system resources maceafly, another potential prob-
lem, sequentially biased routing (SBR), may arise becaugias higher priority to the
lower numbered inputs by rst routing the packet from inpyttien 2, etc. Due to the
characteristics of a ber delay line — once we send the sigmal a ber delay line, we
can only process it again after it emerges from the other étiteober. This scheduling
scheme may affect the overall performance of the switcbspective of whether switch
architecture is based on feed-forward or feedback. An el@msshown in Figure 2.13.
Given a switch with three switch planes ant-3, the queuing statdf all planes are
shown in Figure2:13(@). Suppose now we have two more packets entering the second
plane, which are destined to output ports 2 and 3. The questimw shall we route them?

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

°Recall that we allow multiple packets destined to the sampuiuio be routed out from the same plane
at the same time slot with the space switch. Accordingly,igufe 2.13, there are two packets destined for
output 1 at the rst time slot in switch plane 1. One of the patskoccupies the rst buffer of the queue to
output 2. This also occurs to the packets destined to outputiiz second time slot.
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rst and insert it into the shortest FDL in the second queu@wNthe packet destined to
output 2 can only be scheduled into the third time slot of @2due to routing constraint
1. The result is shown in Figuiz13(b). This will lead to a longer average latency of the
packets because a better routing schedule would be to foeifgaicket destined to output
2 rst, which is shown in Figure&:13(c). Thus, even though we can make locally optimal
scheduling decisions by allowing multiple packets (alltoies] outputi) to be switched
out from the same planjeat one time slot, this approach can adversely affect global p
formance. Since the problem is from the scheduling depearydehdifferent packets of
all planes, this trend could become worse when the traf dl@high and the number
of switch planes increases, which can be seen from the empetal results described in

Section 2.5.

2.5 Numerical Results

We evaluate our switch architecture and compare it to a feedard switch in terms of
packet loss probabilitpndswitch latency Obviously, the addition of feedback buffers will
increase the switch complexity and cost (e.g. currentlycibst of the AWG and the wave-
length requirement will increase linearly wikhh, and the crosstalk will also increase with
the size of the AWGSs). However, we show that these increasesnaall in relation to the
advantages gained by decreased packet loss probabilitg.tNat the feed-forward switch
architecture is actually an unfolded version of the WASPN&ddback geometry. It has
the same packet loss probability as the feedback architeeicept that it cannot support
packet preemption [29]. Therefore, in our experiments wg oompare our architecture
to a feed-forward architecture.

Under some traf c statistics, the packet loss probabibtglosely related to the average

traf c load rate . The higher , the higher loss probability the switch will have£ 0:8is
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Figure 2.13: An example of sequentially biased routing. c{&yent queuing status of a
switch with three planes. two packets enter the second plesigned to output ports 2 and
3. (b) if we rst schedule the packet destined to output 3, &e only schedule the packet
destined to output 2 into the third time slot of queue 2 duetding constraint 1. (c) the
routing results if we rst schedule the packet destined ttpati2.
usually regarded as a practical traf c load [14]). Someside ection routing is combined
with optical buffering which means if the switch can not leufl packet, the packet may be
sent out from another output port (the packet is not dropfd@dt) since it does not take the
expected path, in this paper, we still count it as a lost packeitch 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 analyzewaitch architecture. Given
that a traf c load , is independent of previous time slot and other input pahts,prob-
ability of i packets arriving at a switch can be represented by a Binodisédibution:

P@ =" (1 )N D whereN is the number of inputs at a time slot for the switch.

Although real Internet traf ¢ is much more complicated (eexponential or heavy tailed
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distributed), it can still provide important testing retsufor the switch. In the following
experiments, we generat€-10'® packets to test each set of parameters.

We rst give some the experimental results of our single plawitch shown in Fig-
ure 2.8. Figures 2.14 and 2.15 compare the simulation sesfithe hybrid switch with a
16 16feed-forward section and a four input/output feedbackise¢t.eN = m = 16,
M =4,n=1)toal6 16feed-forward switch under uniform trafc. From the gures,
we can see that the packet loss probability is greatly retjieeg. at a traf c load = 0:8,
without the loop buffers, the probability i 3°, while for our design with four feedback
buffers, the probabilityis less tharl0 7. When is very high, e.g  0:95, the perfor-
mance is similar for both switch architectures. This is seawhen is high, the switch
buffers are always full and the few feedback buffers canetg much. As indicated in Fig-
ure 2.15, our switch's average latency is quite close to ¢leelfforward switch, especially
for < 0:9.

Figures 2.16 and 2.17 compare the simulation results of yheidh buffering switch
with different numbers of feedback loopd (= m = 16, n = 1) under uniform traf c.
From these we can see that given enough feedback buffersamvsigni cantly reduce
the packet loss probability. Although we can improve thiggrenance by increasiniyl,
within some scope, there will not be signi cant change (¢éhg. performance is similar for
M =4 andM =5). As stated before, because the cost of the switch is maetbrohined
by the size of its components, some tradeoff has to be madainAthe average switch
latency does not change a lot for differént

Figures 2.18 to 2.23 show other numerical results of thelsiplane switchrf = 1).
Since the curves demonstrate similar trends to those of thigahe plane switch, we only

give the detail explanation for multiple plane in the restio$ section.

3Since the packet loss probability drops very fast (less #fan°, forM = 4 when is less thar®:6 and
M =0 when is less thar®:5), we do not extend the curves after that. This is the samdlfthreafollowing
gures.
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Numerical results show that our switch design with multipl@nes also has excellent
performance in reducing packet loss probability. Figur@g 2nd 2.25 compare the simu-
lation results of the hybrid switch with® 6 16feed-forward buffer and a four input/output
feedback buffer (i.&l =16,M =4,andn =4)toal6 16feed-forward switchijl =0)
with different values om under uniform traf c. From Figures 2.24 and 2.25, we can see
that by adding the feedback buffers, we can greatly reduepdlcket loss probability, e.g.
atatrafcload = 0:8, without the loop buffersny = 4), the probability is about0 3%,
while for our design with four feedback buffers, the proliapis less thanl0 °. 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 cathaet® further reduce the
packet loss probabilty, we can either increase the numbawibéh planes or by increasing
the depth of each feed-forward buffer set. For example,whtels architecture with a sin-
gle plane andN =16, M =4, m = 16 has similar performance with the switch with four
planesandN =16,M =4, m =4,

From Figure 2.24, we can also observe that the packet los&pildy of our switch
(M =4, m = 4) is quite similar to a feed-forward switch witll = 0 andm = 6,
and the packet loss probability of our switch wth = 4, m = 5 is similar to that of a
feed-forward switch wittM = 0 andm = 7. This suggests that in terms of packet loss
probability, adding four unit length feedback buffers isigar to increasing the number of
longer bers (of lengths 5 and 6 or 6 and 7) to each feed-fodARIDL set. Although the
AWGs in our architecture have larger sizes, the MUXs/DEMUWXK have smaller sizes
and we avoid using longer bers inside the switch, which wwilhke the fabrication of the
switch easier and cheaper.

Figures 2.26 and 2.27 compare the simulation results of yheid buffering switch
with different numbers of feedback loopd (= 16, m = 4, n = 4) under uniform traf c.

Like the results of single plane switch shown in Figures 2ahf 2.17, we can see that
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given a certain number of feedback buffers, we can signitlyareduce the packet loss
probability. Although we can improve this performance bgrgasingM , within some
scope, there will be no signi cant change (e.g. the perforcesis similar foM = 4 and
M =5). This is more obvious in Figure 2.28. Once again, becausedht of the switch
is mainly determined by the size of its components, sometfidan be made.

Figures 2.28 and 2.29 give the results for other switch patars, and they are similar
to the results in Figures 2.26 and 2.27. The packet loss pilitgadrops to nearly10 8
withm =6 andM =8 when =0:8.

Figures 2.30 and 2.31 compare the perfomance improveméminareasingh = the
number of switch planes, which is also the wavelength chiarofeeach input/output port
(son =1 is equivalent to the switch with a single plane). We can saettre larger the
number of wavelengths per input/output, the lower will be placket loss probability. E.g.
with a switch ofN = 16, m = M = 4, the packet loss probability drops froh® 303 at
n=21to10 %®atn = 6. In additon, the average latency also decreases with isioiga.
Another item worth noting about Figure 2.31 is that when théd load is high (1),
the average latency increases much faster with increasengumber of switch planes. This
is because the scheduling algorithm is sequentially biasetscribed in Section 2.4.4. As
the number of packets and switch planes increase, the higiee probability of getting
stuck in a local optimum.

Figures 2.32 and 2.33 compare the hybrid buffering switathigecture N = 16,

M =4, n = 4 and variouan values) under the bursty traf c model. The inter-arrival
time between the packets is exponentially distributed baaverage burst length is 4. The
trafc load is = 0:8. We can see that although the hybrid switch still has betéer p
formance than the feed-forward, but the improvement is sagigni cant as it is under
uniform traf c. However, the relative difference betwebh = 4 andM = 0 with differ-

entm is very stable, which implies that we can get a steady impr®re with the extra
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feedback buffers.

In our last experiment, we evaluated the need for our pyidreised scheduling al-
gorithm versus our basic scheduler which has no prioritytrobifboth described in Sec-
tion 2.4.4). We randomly assign priorities to packets gateel by our uniform traf c model
and measured the fraction of packet drops that were hanattedrectly by our basic sched-
uler (i.e. when a higher-priority packet was dropped). Resare shown in Figure 2.34.
From the large value in the gure, we see that the prioritytmogi scheduling algorithm is

necessary in this case.

2.6 Conclusions and Future Work

Compared to optical circuit switching, optical packet shihg offers high speed data
transmission, data format transparency, and con gurabtevork topology, which make
it important for future optical networking. In this chaptere addressed some basic tech-
nologies of optical packet switching. Currently, most ogtipacket switching models are
based on synchronous networks, which are ef cient but maggiistringent system syn-
chronization. Asynchronous networks are more robust anéle, but their ef ciency is
low and more complex control units of the packet switch aguired. Contention is an
important problem in optical packet switching networks. @ntention occurs whenever
two packets are destined to the same output port at the samee@ptical buffering, wave-
length conversion and de ection routing are three contantesolutions. All these methods
have advantages and disadvantages, a combination of Hws®wtogies may achieve bet-
ter performance. Optical packet switch fabrics can be caiegd into space switch and
wavelength routing switch. The former uses splitters andcéws to set up the routing
paths for the packets. The latter routes the packets in{@ipbint manner by wavelength

conversion.



36

We presented a novel hybrid buffering architecture for WDplical packet switches.
This architecture combines the merits of feedback and feedard switching schemes
and requires smaller component sizes and fewer wavelenigtbieover, it leads to good
signal quality and can implement priority routing. Basedtbis scheme, we described
two switch designs—single plane and multiple plane. Thglsiplane switch is a special
case of the multiple plane switch, which can only acceptlsigavelength inputs. With
multiple planes, the switch architeture accepts data tnétesd in multiple wavelengths
and does not require many long FDLs in the feed-forward buifesection. The buffering
scheme shows excellent performance in terms of packet fossbility without incurring
signi cant increases in average latency or switch cost. é&@mple, at a traf ¢ load =
0:8, our single plane switch design with four feedback bufféds£ m = 16, M = 4,

n = 1) improve the packet loss performance over a switch witheetlback bufferdN =

m =16, M = 4,n = 1) from 10 *° to 10 #’. Our multiple plane switchN = 16,
M =4, n = 4) with much shorter feed-forward buffer sets € 4) has similar packet loss
performance 10 ) to that (LO *7) of our single plane switchlN = 16,M =4,n=1)
with long feed-forward buffer setsn = 16).

Plans for future work include theoretical analysis and carapive performance eval-
uation of our switch and other proposed switch architestwbkich have non-unit-length

feedback buffer structures.
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Chapter 3

Circuit Construction in WDM SONET

Rings

3.1 Introduction

Much of today's network infrastructure is based on SONETsinBecause of the huge
bandwidth of a wavelength, SONET allows each wavelengtlatoenultiple low-rate cir-
cuits simultaneously in a time division multiplexing (TDN&shion. In the WDM/SONET
rings, SONET add/drop multiplexers (SADMs) are used to iplgix multiple low-rate cir-
cuits (LRCs) into a high-rate ring for a certain wavelengtheach node has to support
every wavelength, it will need many SADMs and this will inase the electronics cost
dramatically. Actually, not all the traf c must be electrioally processed at each interme-
diate node, but only the wavelengths that carry messagedtéram that node. Therefore,
optically bypassing some wavelengths of the intermediaties and ef ciently assigning
low-rate circuits, which is calletraf c grooming, will lead to a reduction of electronics
cost. Since the objective of network design is to minimize ékerall system cost and the

costs of the electronics dominate the network costs, trgf@ming problem has become
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more and more important.

Some previous work, such as Gerstel et al. [36], considagbdplath assignment in
SONET rings to reduce the number of SADMs. They proved thatniimber of wave-
lengths and SADMs could not be minimized concurrently, beytdid not consider traf ¢
grooming. Chiu & Modiano [39] proved that a general traf cogming problem is NP-
complete. Zhang & Qiao [38] extended previous work, diseddsoth unidirectional and
bidirectional rings and provided a greedy approach. Warad) §40] gave a comprehensive
mathematical de nition of the general traf c grooming pielm and improved the algo-
rithm of Zhang & Qiao [38] using simulated annealing.

Generally, we can treat the traf c grooming problem as twoesate parts: the rst part
is circuit construction the second part isircuit grooming Much work has been done on
the second part, so we focus more on circuit constructionlea static ring traf ¢ pattern
and assuming each node in the ring has one WADM and one or rA@#&IS, we consider
ef cient wavelength assignment in terms of low-rate citaonstruction. Our objective is
to ef ciently construct the low-rate circuits before groomg them into the wavelengths,
which would lead to a reduction of electronics cost. We empid climber and simulated
annealing for optimization, and compare the results widvimus work.

The rest of the chapter is organized as follows: in Secti@n\8e describe the charac-
teristics of circuit construction and the related work. kcfon 3.3, we review the circuit
construction problem in both uniform and non-uniform t@patterns and then present
our algorithms. In Section 3.4, numerical results are aelyand compared. Finally, in

Section 3.5, we give the conclusion of the chapter and pepome 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 netwark
E: number of end nodes in the netwprk
C: number of low-rate circuits a wavelength can carry
T: input traf ¢ matrix.

First of all, we describe the relationships among wavelengtv-rate circuit and con-
nection. As shown in Figure 3.1, in SONET ring networks, as@mgth contains multiple
low-rate circuits (the capacity {3). Both wavelength and low-rate circuit are in ring shape.
A connection denotes the traf ¢ between a pair of nodes inrihg, which is an arc in a
low-rate circuit ring. It should be noted that the total ttaimount between a node pair
may be more than unit low-rate circuit. Thus it may contairtiple parallel connections

distributed among several low-rate circuits.

Node 1

connections wavelengths

Node 4 Node 2

low-rate circuits

Node 3

Figure 3.1: An illustrative example of wavelength, cir¢aihd connection.
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The objective of circuit construction on a ring network istimize the number of low-
rate circuits and the number of end nodes when packing nolagyeng traf c connections
into circuits according to the traf c demands. The objeetdf circuit grooming is to assign
low-rate circuits to maximize end node sharing (i.e. miziethe nodes requiring SADMS)
when packing them into the available wavelengths. Ef ciemtuit construction means
packing the connections with as few end nodes and circuiposasible. This will lead to
fewer wavelengths and SADMs required. Sometimes, we mayeadable to minimize
end nodes and circuits simultaneously. Generally, circortstruction will affect traf c
grooming in two aspects. The rstis that the circuit numbieectly decides the wavelength
number. The more compact the circuits, the smaller the nupfligrcuits constructed will
be and this will lead to fewer wavelengths required. A simgtample is as follows
Suppose each wavelength is able to support four circuigs @-3 on an OC-12 ring),
and the traf c amount between each node pair is unit circGiven N =4 (from 1 to 4),
and the traf c connection s = 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 reqar&ADM, six SADMs and two
wavelengths are used in Assignment 1 and four SADMs and onelerggth are used in

Assignment 2 by packing more circuits into one wavelength.

Assignment # 1 Assignment # 2
l41=-=2,1-+~3 l1<»>2,1++3,2=+3,2-~4
|52<-+=3,2-+4

The second aspect is to minimize the number of different enlds used in all connec-
tions in each wavelength by end node sharing. The end nodkgleboth the start and
end nodes of a connection, which further helps reduce SADMbar (note that end node
number does not necessarily equal SADM number). An illtisga@xample is as follows:

Suppose that each wavelength is able to support four cécaiitd the traf c amount be-

i1 j representsone traf c connectionfranoj ;i $ j representstwo connectioris: j andj i,
which form a circle.
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tween each connection is also four circuits. Gilen5 (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 sharingtheut leaving a gap

between nodes 1 and 2 in.

Assignment # 1 Assignment # 2
;0 —~1,2~4 l;0—1,1—3
l;1— 3 22— 4

A general traf c grooming problem involves both of thesetsatn practice, we always
try to pack a wavelength with as many circuits as possibleat@ svavelengths and we
always try to maximize end node sharing. Circuit constorcts the basic step of traf ¢

grooming. Once itis nished ef ciently, wavelength assigent can be largely determined.

3.2.2 Related Work and Our Contribution

In previous work, some algorithms based on greedy appreagkee described for circuit
construction. Zhang & Qiao [38] proposed an algorithm tisaigns the longest connection
rst, then ts the shorter connections into the gaps. Thead®to expect that the shorter
connections are more likely to be able to t into the gaps gatesl by the longer connec-
tions. Wan et al. [45] proposed greedy approaches usinglairarc grouping. In contrast,
our work is based on simulated annealing and random hillleinwhich in practice have
been observed to be better than greedy approaches in aydatial optima. The algo-
rithms are also more aggressive in splitting connectioractieve more ef cient circuit
construction, as described below.

We developed our algorithms based on Gerstel et al.'s wagki[Bwhich the authors
proposed two heuristics for the lightpath assignment @bl One isCut-First, and the

other isAssign-First?. The underlying assumption was that the calls between evaog

2A description of these algorithms in detail are given in ®ec8.3.4.
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pair required a full wavelength and no grooming was considlein Cut-First, the algorithm
rst nds a node which may bring the most possible end nodeisiga Then all connections
across this node will be split and the updated traf ¢ matrik tve assigned according to
some principle. The difference between Cut-First and Assigst is that the latter never
splits the existing traf c connections but tries to assidpern as ef ciently as possible.
Gerstel et al. [36] also addressed some possible postrassig transformation operators:
merging, combiningand splitting. Merging refers to swapping two valid segments with
the same start and end nodes in two different wavelengtheeafghis will bring more
end node sharing. A valid segment is a segment in a waveldngtimcludes integral (i.e.

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

Nodle 0 1 2 3 4 5
C: - @0—O @---0—O—@—

Invalid segment ‘* ******* *‘
Valid segment ‘* ***** ﬂ
Valid segment |« — — — - — - — - — - .|

Figure 3.2: Examples of valid and invalid segments.

Combining refers to nding two segments of unnecessarilt spnnections and combin-
ing them. Splitting refers to splitting a connection sucéttie split parts can t perfectly
into the gaps of other wavelengths. All these operators nniag lmore end node sharing
and make the assignment more ef cient.

Although Cut-First and Assign-First were proposed for{ggth assignment, we found
the algorithms very useful in circuit construction. In fa€twe replace the whole wave-
length in Cut-First and Assign-First with a single circditen by splitting, combing, and
merging operations, we may construct the low-rate cireuise ef ciently, which will lead
to much fewer circuits and end nodes. So we adopted thesdgontams as the rst step

and used hill climber and simulated annealing [44] to dgvelor algorithms. Moreover,
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we give a comprehensive integer cubic program model to desan 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 ¢ model, the traf c is constant for any paf nodes, denoted bly And
each node has some message to send to every other node. riftb@tmount between
every node pair is a unit circuifp = 1), we can establish a total é&% full circles
(i.e. every circle is composed of two connections, one ismfriodei to j, the other is
from nodej to nodei). The capacity of each circle equals the number of low-rataiits

(N2 Db 10w rate circuits

required between any node pair. Correspondingly, therebwi
whenb 1. Note that since having full circles will lead to a reductiohnSADMs [38],

we always try to construct as many full circles as possiblepdéhding on whether the
wavelength capacity is a multiple times of the traf c amobetween every node pair, we
can determine whether to groom theircles 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 eient circuit grooming is the
key problem, i.e.how to selecC low-rate circuits to minimize end node sharing when
packing them into a wavelength®ne principle is always selecting a circuit that has as
many overlapping end nodes as possible. But this may trasorhe locally optimal result.
An illustrative example is: in a ring with 6 nodel £6), one circuit traf c amount between
every pair of nodes, three circuits per wavelength. Undeutihiform traf c model, we have
w = 15 circuits, which can be groomed into 5 wavelengths, and weotminimize
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 grapaoiiouits to each wave-

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

Assignment # 1 Assignment # 2

l[{1<-+2,1-+3,2«+3 |4{1-+21-+3,2-+3
1<+ 4,1«<+54<«+5 |41<«+4,1-+54-—+5
32 <+ 4,2«+6,4«+6 |32« 4,2<-+~6,4-—+6
| 43<«+53<«+6,5«+6 |;3<~-4,3-+~5,3-+6
lgl<«>6,2-+53<+4 |51-—6,2-—+5,5-—+6

quires 17 SADMs. Even though in Assignment 1, the rst ve wetengths all have the
maximum overlapping end nodes, and only three in assignetite latter leads to a

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

3.3.2 Non-Uniform Traf ¢ in Unidirectional Rings

The uniform traf c model is not very practical. Studying tblearacteristics of non-uniform
traf c is more important. In non-uniform traf c, it is not atays possible to construct
full circles since the traf c amount between different nqolrs is different. Gaps in the
circuits, therefore, are introduced.

Based on the previous discussion, since a partial circtiit gaps will waste bandwidth,
we still try to construct as many full circles as possible.t Bunon-uniform traf ¢, how
can we select different connections to construct low-ratauits ef ciently? Much previ-
ous work mainly focused on how to assign the existing conoestin the traf ¢ matrix

by employing greedy approaches. The connections in the traftrix are never changed.
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However, as we discussed in Section 3.2.2, when a traf ¢ eotion is split into smaller

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

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

Assignment # 1 Assignment # 2
C,:0—6 C,:0—6,6—0
Cr:6—=2 c:0—2,2—8,8—-0
Cy:2—8 C:0—>4,4—0
C,:8—4

C;:4—0

since each connection traverses 6 links (more than halfwa@ynd the ring) any two con-
nections will overlap each other if they are assigned ineodAme circuit. So each con-
nection has to be assigned to different circuits withouttspd. A total of ve circuits are
used as in Assignment 1. Givéh=10 andC=3, at least two wavelengths are required
to accommodate all these circuits and at least seven SAD&eguired. But if we take
all connections crossing node 0, and split each into twospaith node 0 as the break
point, the new traf ¢ set would b&° = f (0; 6); (6; 0); (0; 2); (2; 8); (8; 0); (0; 4); (4; 0)g.
Correspondingly, we can get another assignment of the seesignment 2. Now the re-
sulting connections can t perfectly into 3 circuits. GivBh=10 andC=3, one wavelength
has enough capacity to accommodate all these circuits aa8ADMSs are required. Com-
pared to Assignment 1, two SADMs are saved. Note that spiitie connections will lead
to more connections in the traf c matrix, but more shortengections are easier for us to
construct full low-rate circuits, which further leads to ecdease of wavelength number.
Moreover, we can also increase the probability of end no@deirstp and this will lead to
more SADM saving. From this example, we can also see that bef circuit construc-
tion and grooming, we can use the bandwidth more ef cieritgt L;; represents the link
utilization on linki of the circuitj. L; is 1 if the link is utilized and 0 otherwise. Then

PnPoec

the bandwidth ef ciency is calculated by = 'T'LJ In Assignment 1, only60%

bandwidth is used whil&@00%bandwidth is used in Assignment 2.
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Assigning the traf ¢ matrix without any connection changesalledsingle-hop assign-
mentsince all connections are direct connections. Assigniegitaf ¢ matrix after some
connection splitting is callechultihop assignmergince some intermediate nodes are in-
troduced for bridging the connections. From Assignment@gcan see that 5 connections
need to stop at and begin from node 0. Generally, connecfiliitirsg will increase the
signal processing burden of the nodes and delay the sigmarrission. This brings a per-
formance evaluation problem, which we will not discuss iis tiesearch. Some previous
work discussed multihop traf c grooming based on hub suite{41, 47]. The differences
between our work and theirs are: rst, no speci ¢ node is gssd as a hub. By iterative
splitting and combining unnecessary splitting, we distiéal the bridging function of a hub
to several nodes. So there is no requirement for some nodgspeg with an expensive
digital crossconnect or SADMs for each wavelength. Secatitizing different routing
schemes, all connections are established on the shortissaipd our algorithms always
construct fewer low-rate circuits than algorithms thaigsshe traf ¢ without connection

changes. But algorithms based on hub structure do not hasvprthperty.

3.3.3 Integer Cubic Program Formulation

The circuit construction problem can be mathematicallyrek®l as in Figure 3.3, where

i identi es a connectionj identi es a node, andk identi es a circuit. A solution to the
circuit construction problem is represented by varialilgs andlj forl i N3G

(G is the maximum entry of the traf c matrix)l | N,andl k H (H isthe
input circuit number).Ejx = 1 if in the solution, nodg in circuit k is an end node in
connection, and O otherwise. Likewisd;x = 1 if in the solution, nodg in circuit k

is an intermediate node in connectigrand 0 otherwise (note that since a connection can
be split in a solution, it could have sevefg|, variables equal to 1 for a given. By

represents the end nodes in cirduit positionj . Bj is 1 if nodej in circuitk is an end
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node for any connection (or pair of connections), and O etfser. This variable counts the
total number of end nodes used in a solution, and thus is whairiimized in the objective
function. M is the number of total connections in a given traf ¢ matrixn Alustrative
example is shown in Figure 3.4. In the circuit assignmerdragplitting, connectiot is
split into two connections, connectidnand connectiom,, which require two more end
nodes—E,3,, andE,s,. Since node 2 is shared by connecti@nd connectioh, E;,., and
Ei2c, are both 1, but we only want to count that node once as end ribllas to ensure
the end node is counted only once, we cdBgy, in the objective function. Finally, we let
st; equal the index of the start node of connectigfrom the traf c matrix), andend the
index of end node of connectian Length; represents the length of connectigrwhich
equalgst; end + N) (mod N).

The rst constraint states that every node in the circuitsloa an end node, an interme-
diate node, or neither. The second constraint states ewearyection in the traf c matrix
has to be completely assigned. The third constraint statésmconnections can share the
same link in a circuit. The fourth constraint states no twgnsents from the same connec-
tion overlap. The fth constraint states the intermediabel@s of a connection can only lie
between its end nodes and all nodes between end nodes arednaarintermediate nodes.
The last constraint is to ensure an end node is only countegl &fote that in constraint 4,
we require that a solution be assigned such that for eachectioni, any LRCk is used at
most once, i.e for any valid solutiansuch thak is used 2 or more times in the samean
be mapped to another valid solutishwithout this case whers” has an equal or smaller

end node cost thas
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Objective function:

X X
Minimize : Bjk
ik
Subiject to:
1. each node is either an end node or an intermediate node:

Eijk + ljxk 1 8i;j k
2. each connection is completely assigned:
X X X X

1 .
(Eijk + lijk ) > Eijk = Length; 8i
ko] k j

3. no two connections share a link:
X -
(Eijk +21lik) 2 8j; k
i

4. no segments from the same connection overlap:

X . .
(Eijk +2lu) 2 8i; ]
K

5. the intermediate nodes must be between end nodes:

X X X
(Ejsk + Ejjok + (Ejj okl 9% Eij ek))
K jsije2f sti;endig jP=js+1
Jee 1. X X
(Length; é) Eijk = Length; 8i
ko

50 all nodes between end nodes are marked as intermediate:

X X X 1
(Eij ok + Ejjek + (Eij kEij k)
K js;je2f sti;nendig j%=js+1
Js<l e 1 X X
(Length; E) Eijk = Length; 8i
ko

6. each end node is counted only once:

X .
Eijk Bjk M 8]; k

Bounds:All Eijk , |ijk , andBjk 2f0, lg

Figure 3.3: The integer cubic program model.
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Node 0 1 2 3 4 5

Original ---—O0—e—0O—0O—e@--- C;
circuit assignment “«— — — | - ——— _ >
Connection i Connection |

Node 0 1 2 3 4 5

Circuit assignment

after splitting - - - “ *343 Elx:
Connectiorf | i Conneption b Ejae
O = =)= - )i/. C,

Ei2c1 EI201 F T ﬁ

Connection b

Figure 3.4: An example of the variables in Figure 3.3.

Lemma 1l For any valid solutiors such thatk is used 2 or more times in the samean

be mapped to another valid solutishwithout this case whers” has an equal or smaller

end node cost thags

Proof Given a valid solutiors such that some circuk is used 2 or more times in the
same circuit, an illustrative example is shown as in Figure 3.5, we haedaritermediate
segmen(R; RY of i cut off and assigned to other circuits. We can prove theraasheer

valid solutions®without this case that has at least the same cost as

n-1 Splitting Points

— T
i S1 S Sh i
Ci: @—@------"-—------ ———o
R R
C o' o
Cy .;.
i
Cht —+o

® end node need SADM

Figure 3.5: An example of constraint 4.
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Suppose that the original segmé®; RY of i is split inton subsegments which are as-
signed ton different circuits. Obviously, there are 1 splitting points for thesa sub-
segments as shown in Figure 3.5. Now we simply split the sag(ig R in circuit ¢,
according to these 1 splitting points which will lead to a subsegment Set s;;::;s,.
Then we switch each subsegmentSrwith the original sub segment ofwith the same

start and end nodes and get the an new valid solstlon

® end node need SADM
O  end node do not need SADM

Figure 3.6: Three kinds of split point.

By merging back and combination of connectigthe total reduction of end node will be
2n + 2. Each splitting(R; R9 will increase at most 2 end nodes, as shown in Figure 3.6:
splitting at blank space will increase 0 end nodes, spfjtihan end nodes will increase
1 more end node, and splitting at segment will increase 2 edés Thus the maximum
increase of the end node number will®@ 1) + 2. So by splitting and switching, the

new solutiors®will have smaller end node cost than

3.3.4 Random Hill-Climber and Simulated Annealing

We developed our heuristics from Gerstel et al's work (spatly, we use the results of
Cut-First as the start point of our algorithms). Thus we giwhort description of Cut-First

and Assign-First algorithms. Since the objective is to tauts low-rate circuits rather than
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lightpaths, we replace all terms “lightpath” in the oridiigscription with “connection”.
Given a traf ¢ matrix, we rst compute the following values each node: (1) ;, which
equals the total number of connections origins at no@2) ;, which equals the total
number of connections terminations at nad€3) x;, which is the number of connection
crossovers at node LetL be the maximum traf ¢ load on a link of the ring. The basic
steps of Cut-First algorithm are as follows:

1. Choose a node such thait = argmirf 2x;+ minf ;; jg;L maxX ;; jgg. denote
the node as nod@and label the rest nodes clockwise (without loss of gertgrale assume
the ring is in clockwise direction) in increasing order.

2. For all traf c connections crossing no@esplit the connection into two connections,
one on each side of node

3. k=0.

4. Assign traf c connection onto the smallest number of circuit that there exist
a connectiorj ended at nod& and connection starts at nodé&. if no preferred circuit
existed, construct a new one.

5. Increas&k by 1 ifk <N , goto 4.

6. Merge back the circuit connections if they were ever spil assigned the same
circuit.

Assign-First algorithm, like many other greedy approachkiegs not cut any connections
in the traf ¢ matrix. We rst select a node such thai = argmirf x;+ minf ;; ;gg, then
denote this node as 0 and assign all connections that owégataor crossover this node.
The rest steps are just like the steps 3 to 6 of Cut-First.

Greedy heuristics always assume some searching principles motivation of Cut-
First heuristic is based on the possibility of more end nddeiag by splitting the traf ¢
connections. An illustrative example is shown in Figure 3.7

Given the traf ¢c connection se® = f(0; 2); (2;5); (1; 3); (3; 0); (5; 1)g. If we use Assign-
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Assign-First C, @ e P O O o ...
3 circuits, C, —o---6—0O @ 0O 0O
8 end nodes Cy: —O0—@----0----0----0--- 0——

Cut-First
- Cc: &—CO——0—0O—0—
2 circuits, c
. —0—e (e (O (O
6 end nodes 2

® end node need SADM
O  end node do not need SADM

Figure 3.7: An example showing the advantage of Cut-First.

First heuristic to assign these traf c, a total three citsaind eight end nodes are generated.
If we use Cut-First heuristic to assign these traf c, thd tr@onnection set is rst con-
verted into the new s&°= 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 noda® generated. But sometimes,
the Cut-First may split the connection unnecessarily anitéereate more end nodes.
Assign-First does not allow split, so it can prevent thigaiiton to happen. An illustrative

example is shown in Figure 3.8.

Node 0 1 2 3 4
O

5
Assign-First ¢,: ...@—0 0O @--- o .
2 circuits, C,; —O0—0—@----0---0----0----0--- - @&—O——

5

O

O

6 end nodes
Node O 1 2 3 4

Cy: - @—O—@----O---
C,: —8—O0—0—@---
® end node need SADM
O end node do not need SADM

Cut-First
2 circuits,
7 end nodes

[ONe)

Figure 3.8: An example showing the advantage of Assigrn:Firs

In this example, given the traf c connection s&t= f (0; 3); (6; 8); (7; 2)g, using Assign-
First heuristic, we can get two circuits and six end nodeggerd. While using Cut-First,
the traf ¢ connection set is rst converted int®° = f (0; 3); (6; 8); (7; 0); (0; 2)g, and then
according to the algorithm, two circuits and seven end nadegenerated.

There may exists some other examples that both Cut-FirsAasign-First may not be
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able to nd the optimal result. An illustrative example isostm 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 circuitechgenerate 14 end nodes. By
using Cut-First heuristic, we can assign the traf ¢ ontorfeircuits and generate 13 end
nodes. But actually, there is a better assignment, as showrei gure, which use only

four circuits and generate 12 end nodes.

Node O 1 2 3 4 5 6 7 8
Assign-First Cy: - —O—O—@---0----O---- 00— O—@----
5 circuits, C,: ---—0—0 0O @ O 0O—0O—@---
14 end nodes Ca: —®---0——O0—0O— 90— 0O0—0O0—0O—

Cut-First
4 circuits, Cy:
13 end nodes

A better
assignment C;: —@—@—O—O0—O—@—0—0O—0O—
4 circuits, C; 0—O0—0—@---0----0----0—0O—0—

12 end nodes

® end node need SADM
O end node do not need SADM

Figure 3.9: An example showing the existence of a bettetisolu

We propose applying the Random Hill-climber and Simulatesh@aling strategies to
solve the circuit construction problem. The output of appdyCut-First heuristic is adopted
as the starting point for our approaches. We start with thpuilwof Cut-First because
Cut-First always generates several short connectionghwiil lead to fewer circuits con-
structed. Moreover, applying the merging, splitting, andhbining, operators of Section
3.2.2 is closely related to Cut-First. The hill climber aligom is hereafter referred as-

gorithm I and Simulated Annealing algorithm is Afgorithm Il , which are depicted in
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Figures 3.10 and 3.11.

Function Random Hill-Climber()
begin
Input: a static traf ¢ matrix.
start point  Cut-First method's result.
improve assignment by splitting and merging.
Output: optimal traf c assignment.
t O
while t<MAX do
let the result of Cut-First as current powit.
local 1
while localdo
nd neighbor sefSj of V¢ that
each neighbovn in |Sj satis es
cost(Vn) < cost(Vc)
if jSj is not empty
then random choose ¥n from |Sj

Vc Vn
elselocal O
end while
t t+1

if Vc is better tharbest
thenbest Vc
end while
return best
end Function()

Figure 3.10: Random Hill-Climber Algorithm to nd the optahtraf c assignment.

The basic principle oAlgorithm | is: from a current solution, a set of new solutions
is generated by applying the operators. The new currentisnlis then selected randomly
from the solutions in this set that are better than the ctiselution. In this way, we can
reach a good solution along a certain path. After storingraber of paths, the best overall
solution is returned.

In Algorithm Il , we apply the same operators afgorithm | , but we use a different

strategy to select new solutions. Speci cally, we choosaralom solutiors from current
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Function Simulated Annealing()
begin
Input: a static traf ¢ matrix.
start point  Cut-First method's result.
improve assignment by splitting and merging.
Output: optimal traf c assignment.
t O
while t<MAX do
let the result of Cut-First as current powic.
j O
Temp TMAX
while Temp > TMIN do
nd neighbor sefSj of Vc
random choose ¥n from jSj
if Vn satis escost(Vn) < cost(Vc)

thenVc  Vn
elseletVc  Vn with probabilityeTem
jooirl
Temp TMAX e’
end while
t t+1

if Vc is better tharbest
thenbest Vc
end while
return best
end Function()

Figure 3.11: Simulated Anealing Algorithm to nd the optitteaf c assignment.

solutions; and make it the current solution with probability rhine =T g, where =
costl cost2, costl is the number of end nodes of solutisnandcos® is the number of
end nodes of solutiog;. T is the “temperature” parameter of simultad annealing. ig th
way, we may escape getting trapped in local optima. AAlgorithm | , Algorithm Il

returns the best solution found over all paths.
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3.4 Numerical Results

For experimental evaluation, we generated non-uniforinctraatrices T in a ring with
N nodes. Each entry; in T represents the traf c amount in units of LRCs from ndde
to nodej . We calculate the ef ciency of the algorithms by randomlynhgeating 20 traf ¢
matrices for each value &f 2 f 5; 6; 7; 8; 9; 10g and averaging the nal results. To simulate

non-uniform traf ¢ characteristics, eath is a random number between 0 and 8,0% 0).

-+ Cut-First : Assign-First

Ratio
°
&

Figure 3.12: Ratio of LRC number of Cut-First to Assign-Eirs

Figure 3.12 depicts the ratio of LRC number of Cut-First tatthf Assign-First. Note
that the splitting and reassigning of connections done IyFast leads to a solution that
uses about0%fewer circuits than those used by solutions produced byghsBirst. Thus
since our algorithms start with the output of cut-Firstytaéso enjoy this savings of LRCs.

Figures 3.13 and 3.14 depict the ratio of end node nhumberagfdying the algorithms.
From the curves we can see tdgiorithm | andAlgorithm Il both produce solutions with
nearly9% fewer end nodes than Cut-First and Assign-First. This wilagly help reduce
the number of SADMs and time complexity when applying cit@rboming algorithms.
Another interesting thing is it seems hill climber is moralde than simulated annealing.

Algorithm | always shows good performance in the experiments. Whilalated anneal-
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ing may win over hill climber whemN is small, with increasindy , it is hard forAlgorithm
Il to achieve the same good results.

Note that sincéAlgorithm | andAlgorithm Il are based on using fewer circuits rst,
there is a chance that Assign-First algorithm will resulféawer end nodes while using

more circuits. But from the curves, the average overallggarince is greatly improved.

1

T T
—= Hill-Climber : Cut-First
- Hill-Climber : Assign-First

09F S

0.8

-= SA: Cut-First
-+ SA: Assign-First

0.9 T == .

0.8

Figure 3.14: Ratio of end node number of simulated anneatnQut-First and Assign-
First.
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3.5 Conclusions and Future Work

Circuit construction is an important step of traf ¢ groorginVith ef cient circuit construc-
tion, we can minimize the number of low-rate circuits andrihenber of end nodes, which
will lead to a reduction of wavelength number and SADM numbler this chapter, we
rst investigate the characteristics of circuit constioot Then we present two improved
heuristics, Random Hill-Climber and Simulated AnealingenGerstel et al's work [36].
Unlike previous work, we nd that by splitting some of the fttaconnections in a given
traf c matrix, we can construct low-rate circuits in WDM S@N rings more ef ciently.
Both circuit number and end node number can be reduced. ddgthend node number
does not equal SADM number, a solution with a reduced numbena nodes is likely to
require fewer SADMs. Such a solution may also reduce conitylesen applying circuit
grooming algorithms. Numerical results shown the deveddpauristics have good perfor-
mance. For example, compared to Assign-First, our algosthan construct nearfy0%
fewer circuits with the same traf c matrices. The algorithaiso produce solutions with
nearly9%fewer end nodes than those produced by Cut-First and A$3igh-

Plans for future work include bidirectional circuit consttion and measuring the nal
results after applying some circuit grooming algorithmg (elgorithms proposed in [38,

40)).
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Chapter 4

Weighted Edge-Decompositions of

Graphs

4.1 Introduction

Letk 3be a xed integer. Ak-decomposition of a grap@ = (V; E) is a collection of
subgraphss; G (i =1;2;:::;m)such that

S
1 E(Gi) = E(G)

E(G)\ E(Gj)=; foralll i6)] m
j E(Gj)j = k for all but possibly one of th&;.

II—|ence, by de nition, the numban of subgraphs in &-decomposition of is precisely
@ . For convenience, we shall assume that it is the last subg@yp, that has fewer
thank edges in case JE (G)j is not a multiple ofk. The weightw(G;) of subgraphG; in

the decomposition is de ned as the number of its vertipé$G;)j.
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Notation We denote by, (G) the smallest possible sum of the weights of the subgraphs

abbreviated as(n).

Decomposition into prescribed graphs Given a familyH of graphs, we say thab
admits aH -decomposition ifG is the edge-disjoint union of some graphs each being iso-
morphic to some member &f. If H = fH gis a single graph, we writel -decompaosition
instead off H g-decomposition. In the above context, we shall be mostiredted in the
cases wherél = H consists of all graphs witk edges and a minimum number of ver-

tices.

4.2 Circuit Grooming and Weighted Edge-Decomposition

Graphs

Weighted edge-decompositions of graphs is closely relaéef c grooming, an impor-
tant problem in optical networks research that has recesiged cant attention recently. A
general traf c grooming is NP-hard, and the objective of @¥his to minimize the cost of
SADMs in the networks. To save the system cost and use thenesomore ef ciently, we
also want to minimize the number of wavelengths requiredwvéler, sometimes we can-
not minimize the number of wavelengths and the number of SABNhultaneously [39].
So the questions ar&/hen can we minimize both the number of wavelengths and the nu
ber of SADMs?andHow can we decide the minimum number of SADMs if we use the
minimum number of wavelength€hiu and Modiano [39] conjectured that the minimum
number of SADMs can be achieved with the minimum number ofelengths if the traf c
amount between each node pair is one under uniform traf arttBg from this point, our

research is focused on minimizing the number of SADMs bygiiie minimum number
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of wavelengths (i.e. by packing the wavelengths with lovei@rcuits as full as possible).
A prerequisite is the traf c amount between each node paymmetric even if the traf c
is not uniform. In other words, all low-rate circuits arelfcikcles 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€2asaume uniform traf c
which means all node pairs have same traf ¢ loads and thusameatways construct full
low-rate circuits. We want to formulate the minimization®ADMs as a graph decompo-
sition problem. Given a ring network witth nodes under the uniform traf c model, if we
treat nodd in K, as node in the ring network and edgg;j ) in K, as low-rate circuit
i $ j,then we can view a subgrai@8), of a decompositon oK, as an assignment of
low-rate circuits to wavelength,,. Each wavelength has the capacitykdfircuits. There-
fore, minimizing the number of SADMs is equivalent to ndimagminimum weighted edge

decomposition oK , (see Figure 4.1).

011117
101111
110111
111011

111101
111110

(a) traffic matrixT (b)) complete graph

Assignment

| j1=>2,1<+3,2++3,2~5
| 51 =+ 4,125 4=+51-6
| 32 <> 4,2+ +6,4<~6,3~4
| j3 <~ 53<+6,5«~6

\MGH Node 2 Mﬂ

J Node 3‘ ‘ Node3‘

Node 4 Node 4 [ Node 5]
S1 S2 S3 S4
( ¢) a traffic assignment (d) equivalent edge decomposition

Figure 4.1: Reduction of a traf c assignment to an edge dgmusition.

Similarly, minimizing SADMs with the traf ¢ between each de pair equal td cir-

cuit units is equivalent to decomposing a multi-graph, in which each pair of nodes is
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connected by edges, into subgraphs with exackyedges. More generally, minimizing
SADMSs with non-uniform traf ¢ between each node pair is aglént to decomposing a

general graplt (Note that the traf ¢ is still symmetric for each node pair).

4.3 Tight bounds

Regarding numerical estimates, We get the tight bounds@futictionss,(n) for k = 3

andk = 4, as follows.

Theorem 1

(1) Forn odd,

n
sg(n) = o *Gn

wherec, =0if n  1or3(mod6)andc, =2 if n 5 (mod6).

(i) Forneven,

n

n n n 1
2 +dZe s3(n) 2 +c 1+ d—2=e:

3

wherec, 1 =0if n  2or4 (mod6),andc, 1 =2if n 0 (mod6).

This result will be proved in Section 4.6, at the end of whichae precise formulation

will also be given fom even.

Theorem2 If n  0;1;3;6 (mod8), thens,(n) =

o s andsg(n)= 0 +1ifn

2

2;4;5;7 (mod8).

INote that for optical transmission, the relationship amdiffgrent speed levels is often 3 or 4. E.g.
OC-1onan OC-3, 0OC-12 on an OC-48, etc.
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For larger values df, we only have some asymptotic estimates. To formulate theam,

need to introduce a notation. For aky 3, let

wherety is the smallest integer such that

The relevance of this parameter is shown by the followingoétnobservation.

Proposition 1 For everyk 3 and every grapl = (V; E),

sk(G)  «IE]:

Proof In anyk-decompositiorG,;:::; G, of G, eachG; (1 i< m) has preciselk
edges and thus at leagtvertices. Therefore, the relative weight of an edge kredge
subgraph is at least,. Observing that | is a decreasing function &, the same lower
bound on the edge weights remains validig as well, independently of whether its size

isk or smaller.

Theorem 3 Foreveryk 3,

Se(n) = (1 1+ o1) n2:

Proof Consider the hypergraph whose vertex sdf (& ,,), and its edges correspond to

the subgraphs df , with preciselyk edges andl vertices. In this hypergraph, each vertex
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(representing an edge &f,) is contained in( n' ?) edges, while each pair of vertices
belongs taD(n* 3) edges only. On applying a theorem of Frankl and RodI [52]piain
that the hypergraph has an almost perfect packing of eddess, all buto(n?) edges of
K, can be partitioned into mutually edge-disjoint subgraphty @ertices ank edges. In
those subgraphs, the average weight of an edgels= . Moreover, anyot,=2c of the
remaining edges can be covered witk-adge subgraph o vertices, hence the average

weight of thoseo(n?) edges is constant (less than 3).

4.4 Complexity results

We also study the time complexity of determinigdG) for general input graph&. Our

results are summarized in the following assertion.

Theorem 4 For an unrestricted input grap, itis NP-complete to nd the value sf(G)
foreach3 k 7,and more generally also for evekyfthe form; 1, } ,and ) +1,
wheret  4is any integer. What is more, for those valuesaft is NP-complete to decide
whethers,(G) = (JEj.

In this way, some range of small valueskois 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 theoreowmibinatorial designs and

graph theory, which we will use in the proof of our bounds dmebtems later.
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4.5.1 Combinatorial Designs

Pairwise Balanced Design (PBD) and Steiner Triple System ) A pairwise balanced
design(PBD) is an ordered paifS; B), whereS is a nite set of symbols, an® is a

collection of subsets @& calledblocks such that each pair of distinct elementsSafccurs
together in exactly one block &. v = |Sj is called theorder of the PBD. ASteiner triple

systen(STS) is a PBD in which each block has size 3, denoted by §T8( example is:
S=11,2;3;4;5;6;7,8,9gandB 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 am@osition ofK , into triangle
subgraphs. In a complete grafh, every vertex has a degree 1. Since each triangle
will cost a vertex two degrees (if the vertex is in the triag)gh 1 must be even. So to

design a STS) must be odd and we have the following theorem.

Theorem 5 [Kirkman's Theorem for STS, 1847].

A Steiner triple system of orderexists if and only i¥ 1 or3 (mod 6).

Based on some construction schemes, we can bygldraal triple systemwith one
block of size 5 and all other blocks of size 3 when 5 (mod 6), and the block of size 5

can be further divided into two triples and one cycle of léng{54].

Parallel ClassA parallel classin a pairwise balanced design is a set of block8 ithat
partitionsS. A PBD isresolvabléf the blocks inB can be partitioned into parallel classes.
A resolvable STS() is also known axirkman triple systenof orderv, or KTS{). A

KTS(15) with parallel classesl, 2, 3, 4, 5 6, 7canbe de ned as follows:
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P1 P2 P3 P4 Ps Pe P7

123 145 167 189 11011 11213 114 15
4812 2810 2911 21215 21314 2 4 6 2 57
51014 31315 31214 356 3 4 7 3 910 3 811
61113 6914 41015 41114 5 912 51115 4 9 13
7915 71112 5813 71013 6 815 7 814 6 10 12

Group Divisible Design A group divisible desigifGDD) is an ordered tripl¢P; G; B)
whereP is a nite set,G is a collection of sets callegroupswhich partitionP, andB is

a set of subsets calldrdocksof P, such tha(P; G[ B) is a PBD. The numbgP]j is the
order of the group divisible design. A group divisible design isBOPwith a distinguished
set of blocks, called groups, which partition P. If a growasible design has all groups of
the same size, say and all blocks of the same size, daythen it is referred as GDD(g, k).
In the STS(9) example shown above, if we cho@se; 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 PBi2s Several points areollinear
if they belongs to the same line. Two lines gr&rallel if they fail to intersect. Aaf ne
planeis a PBD@, B) with the following properties: (1P contains at least one subset
of 4 points no 3 of which are collinear. (2) Given a lihand a poinfp not onl, there is

EXACTLY one line of B containingp which is parallel td.

Proposition 2 Let(P;B) be an af ne plane. If a line has siag then all lines have size

n,jPj = n?, and there are a total afi + n lines.

Based on the work of Galois nite eld, Kirkman proved thatrfany prime numbep,
there exists an af ne plangf, p), which is resolvable (lines ip? can be partitioned into
parallel classes). So this kind of af ne plane is also caliéde 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 grapt is called a matching i if no two

edges in seM have an endpoint in common.

Bipartite Graph A graphG is a bipartite graph if there exists a vertex bipartitfoft Y g
of Vs (all vertices ofG) such that every edge @& has one endpoint in vertex s€t and

one endpoint in vertex sat.

X -saturating and Y -saturating Matching Let G be a bipartite graph with vertex biparti-
tion fX;Y g, and let edge sé¥l be a matching irG. Then the matchind! is said to be
X -saturating if each vertex in s¥t is an endpoint of an edge M, andM is Y -saturating

if each vertex inY is an endpoint iM .

S1={a, b}
S2={b, c, d}

S3={c, d, e}
S4={d, e}
S5={a, b, €}

X Y X Y

(a) X-saturating (b) Transversal T=<b, c, e, d, a> and corresponding matching

Figure 4.2:X -saturating matching and Transversals.

Transversal (or system of distinct representativesLet A be a nonempty nite set, and
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where each vertex; 2 X corresponds to the subsgtin family F, and each vertex 2 Y
corresponds to the elemeast 2 A. An edge exists between and vertexy; if g 2 S;.
Then a transversal for family corresponds to aK -saturating matching of grapi. 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 bipartitiohX;Y g. Then graphG has anX -

saturating matching if and only if for each sub¥&tof X , j\Wj j N(W)j.

N (W) denotes the subset &f consisting of all vertices irY that are adjacent to at

least one vertex in s&V. In other wordsN (W) is the set of neighbors of séf [57].

Corollary 1 [Hall's Theorem for Transversals].

subsets of seh. Then familyF has a transversal if and only if the union of akyof the

subsets5; contains at leask elementsofsét (1 k r).

4.6 Tight bounds fork =3

In this section we prove the upper and lower bounds for Thredre

Proof for n odd A Ks-decomposition fon 1;3 (mod6) is just a Steiner Triple Sys-

tem. Fom 5 (mod6), K, can be decomposed into triangles and one cycle of length four
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[55], and we can patrtition the latter into a path of length 8 arfK , with total weight 6.
This proves the upper bounds.
The lower bounds follow by Proposition 1, becatige 3, 3 =1, and there exists no

Steiner Triple System fan 5 (mod6).

weightsz(n). The average weight of an edge irGais 1 if and only ifG; = K3. Let us
re-number thes; (if necessary) so that, for somethe subgraph&; = K if and only if
"<i m.We denote bys the graphG;[ [ G-.

Forn even, all vertex degrees &f, are odd. Once a vertex is involved in someK 3,
two degrees will be reduced frod{v;). Sinced(v;) is odd, at least one edge ended/at
will be in G, which means each node occursGt least once. Moreover, &; hasn;
vertices andn; edges, then its weight i®; + dnj=4e. (Here the possible values of are

2,3,and 4.) Thus,

n X n n P n n n
sz(n) = +  d—e +d—=t g + d-e
() 2 4 2 4 2 4
Upper bound for n even
1 1
() ssn D+ e= D o+ avd e

3 3

This result is obtained by taking a 3-decompositiorkgf ; and decomposing the star
centered at thath vertex into stars of at most three edgesn lis a multiple of 6, then
the decomposition dk,, ; contains an edge, that can be completed kozavith the nth
vertex, and the edges uncovered so far form a star of degre®; hence onIy13n 1stars

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 theeetano graphs on 4 vertices
where the average edge weight is precisely 1, namely thel&-Cy and the “paw P W =
K4 Ps. We shall prove that ever , admits a 4-decompositio@,;:::; G, where all
the 4-vertex subgraphs (hence, by de nition, all but pdygsi,,) are 4-cycles and paws,
and if 2 is not a multiple of 4 ther,, is one of the graphK ,, P3;, andK 3. Note that

also the edges df ; have average weight 1.

JANRVAN

Cy PW (paw) Ks

Figure 4.3: An illustrative example @,4; P W; K3; P3; andK,.

Basic cases1 =2:;3;4.6; 8

Trivially, m =1 andG; = K,, forn = 2; 3. Itis also immediate thd 4 is decompos-
able intoP W andP3. Forn = 6, observe thaks K3 is decomposable into three paws.
Indeed, we can distribute the three edges disjoint from éheteldk ; among the three stars
(of 3 edges each) incident to its vertices, as shown in Figute

Finally, a PW-decomposition ofKg can be obtained by labeling the vertices with
0;1;2;3;4;5;6; 7 and selecting the subgrapts with edge sef (7;i); (i;i +1);(i;i +

3); (i +1;i+3)g, where addition is taken modulo 7.

A C4-decomposition ofK .24

This auxiliary decomposition of complete bipartite graphk be needed for recursive
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decompos ,,.24. An example is shown in Figure 4.5.

g h
1
2 1
3 2
4

1={1, 4

o=tk 4 h1=({1, 2}

92={2, 3}

Figure 4.5: An example of 4-cycles introducedd®y h; (1 1 2, =1).

The 2k ! 2k + 8 construction

The following recursion settles all casesroéven, by induction froom  8ton. We
view K x.g as the union oK ,, K g, andK ,.g. Take any optimal 4-decomposition gt

and ofK g, and decomposk 2k; 8 into 4-cycles.

The2k+1! 4k + 1 construction
Assume that an optimal 4-decompositionkofy., is available, wherd&s,, is one of
C4PW; Ky P3;Ks. Let V(Kg+1) = X [ Y [T zg. In either case, we take @;-

decomposition of the edge set joiniXgto Y in the way described above, with speci ed
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pairsg; andh;. Moreover, insid&X [f zgandY [f zg we take optimal 4-decompositions.
If G, is one ofC4 andP W, then an optimal 4-decompositionkfy.; is already obtained.
Otherwise some modi cations in the last grapgg (X ) and G, (Y) (the copies ofG,)
are needed. In this case we assume @gtX ) andG,,(Y) containz, and also thaty,; h;
are vertices in them.

If G = Ky, thenG(X) [ Gn(Y) = P3that we can take as the last subgraph in the
4-decomposition oK 4+ -

If G = Pg3, thenG,(X) [ Gn(Y) together with the 4-cycle induced lay [ h; is
isomorphictoKs Pz, decomposable into two paws.

If G, = K3, thenG,(X) [ Gn(Y) consists of two triangles incident i) decompos-

able intoP W andPs.

The2k +1 ! 4k + 3 construction

Also here, letX andY be 2k-element sets, now with three further verticey; z.
Optimal 4-decompositions are taken insklg f zgandY [f zg, andC4-decompositions
for the edges joiningk toY and alsd x;ygto X [ Y. We assume further that the copies
Gm(X);Gm(Y) of G, containz, and thatg,; h; are vertices in them. The difference
compared to the construction fék + 1 is that now a triangleyz is also attached tp. Let
F be the subgraph formed y,,(X) [ G (Y) [ xyz if G, 6 P3, and ifG,, = P3 then
let F be the same subgraph together with the 4-cycle induced pyh;.

If G, = K, thenF is a triangle with two pendant edges, decomposableRi and
P-.

If G, = K3, thenF consists of three triangles incidentzpdecomposable into two
paws and & ».

Finally, if G, = P3, thenF is decomposable into two paws and the triangle.

Starting from the basic cases, the theorem follows by indaoabn 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 valuédisted in Theorem 4, except far= ; +1,is that
there is auniquek-edge graptH, of minimum weight. In this situation, a subproblem of
nding sx(G) is to decide whether a grafgh with km edges admits &l .-decomposition.

This problem has been shown to be NP-complete for every atmgtaph, by Holyer [53],

t

settling the cases &f = , ; and for any graph containing a connected component with

more than two edges, by Dor and Tarsi [51], hence giving th&iso for k = ; 1.

t

What remains to prove is NP-completenesskfer

+ 1. An important tool will be

Holyer's theorem that we recall here:

Lemma 2 Itis NP-complete to decide whether a graph hdsadecomposition, for every

t 3

We shall need the following stronger variant of this result.

Lemma 3 TheK-decomposition problem remains NP-complete when resttitd regu-

lar graphs whose vertex degree is a multiplet@f  1).

without loss of generality that every vertex degdég;) is a multiple oft 1, because
in graphs violating this divisibility condition the non4sience of & -decomposition is

decidable in linear time. Let us choose a multipleof t(t 1), suchthaD  d(v;) for
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alll i n.Wedenote

Di=D dv); k= ——:

Letk = max k;.

We choose the smallest prime numbper k. Note thatp= k+ o(k) ask!'1 . From
the af ne Galois planeAG(p;2) we delete the lines of a parallel class, and also all the
points ofp t of those lines. The con guration obtained is a resolvableuprDivisible
Design witht groups of sizg each ang? blocks of sizet each. The? blocks can fornp
parallel classes. Aresolutidth, [ [H , of thep parallel classes can be obtained from
the parallel classes &G (p;2).

From the input graplG with n vertices, we are going to construct a larger graph

G* with ptn verticesv(i;j) (1 [ n, 1 ] pt). For eachj, let the ver-

under the isomorphism. On the other hand, to obtain the spbgt (i) induced by
fv(i; 1);:::;v(i; pt)g for eachi, we consideH(i) = H;[ [H « and join two ver-
ticesv(i;j ) andv(i; ) if and only if thej th and th vertices oH (i) are contained in some
block of H(i). Hence[ (i) is Di-regular, and thu&* is D-regular.

If G has aK-decomposition, then so do&', because the blocks &f(i) decom-
poseF (i) while the G(j) inherit their decompositions frons. Also conversely, ev-
ery K{-decomposition of* decompose§, since any complete subgraph @f is en-
tirely contained in somé& (i) or someG(j). Finally, the number of vertices iG" is
ptn (1 + o(1)ktn  n®+ o(n3), and alscAG(p;2) has an explicit polynomial-time
construction, therefor&" can be obtained fror® in polynomial time. (Instead of search-

ing for a prime, one may as well choopdao be the smallest power of 2 exceedikg
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t

Proof of Theorem 4 fork = 5

+1. LetG = (V;E) be any input graph for Lemma 3,
with n vertices, regular of degrek whered is a multiple oft(t  1). We construct a graph
G" =(V*;E") byjoining ﬁ pendant vertices of degree 1 to each V. ThisG* has

t(t”dl) + n < n?vertices, i.e. its size is polynomial in the size®f The proof will be done

by showing thatG admits aK ;-decomposition if and only i§,(G*™) = JE™].

Suppose rstthas(G*) = «JE™j holds. Then, in ank-decompositiorG,;:::; Gny
of G*, each pendant edge belongs to a distinct subgf@phecausey = t + 1, and
tzl +2 <k fort 3. Consequently, ead; containing a pendant edge i¥a plus one

edge. In thos&;, the number of edges of the initial graghis precisely

nd t
tt 1) 2

NIF

= JEj;

i.e. the entire edge set &f is partitioned into complete subgraphs of ortler
Suppose next th& has &K (-decomposition. Consider any numitieof theK ; in such

a decomposition. Assuming that they speivertices, thel-regularity ofG implies

d’
nOd

(1)’

therefore the total number of pendant edges attached to ihawt smaller tharh. On
applying Hall's theorem we obtain th&" admits aH -decomposition wher is obtained

from K by attaching a pendant edge. ConsequestG*) = «jE"].
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4.9 Open problems

Below we mention some problems that remain open.

1. Determine the time complexity of ndingc(n) where bothn andk are part of the
input.
2. Prove that itis NP-complete to determméG) for general input graphS, for every

xed integerk 3.

3. Find an asymptotically tight upper bound on the function

— 1 2
Rk(n) = max sk(G) 5 kN
iV(G)j=n
4. Describe &-decomposition oK , constructively, such that the total weight is asymp-

totically s (K ).

4.10 Conclusions

In this chapter, we investigated the weighted edge-decsitipo graphs problem, which
is closely related to traf c grooming (speci cally, circugrooming). Our objective is to
nd the minimum number of SADMs by using the minimum numbemaivelengths. The
research is focused on symmetric traf c between each notterpthne ring networks even
if the traf c is not uniform for all nodes. In this case, we calways construct full circuits
and the grooming problem can be converted to an equivaldgtwesl edge-decomposition
graph problem. By numerical estimates, we get useful tighinls for some speci &s
of the k-decomposition of a graph (e.¢. = 3 andk = 4). We also investigate the time
complexity of determining the weight of general graphdf®satisfying special forms (e.g.

5 , tis an integer).
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Chapter 5

Conclusions

In this dissertation, we investigated some basic problehpaoket switching and traf ¢
grooming in WDM optical networks.

Compared to optical circuit switching, which is employedialy by today's network
infrastructure, optical packet switching is a long-ternatggy to provide high-speed trans-
mission, data transparency, and recon gurable networkltayy. Contention resolution is
important for packet-switched networks, and must be camelin the designs of switch
fabrics. Optical buffering, wavelength conversion, anedeon routing are three schemes
for contention resolution, all of which have advantagesdisddvantages. In this research,
we studied the designs of optical packet switches with aptiaffering which is imple-
mented by ber delay lines. We proposed a hybrid bufferinghétecture that combines
the merits of both feedback and feed-forward buffering ss®and requires smaller com-
ponent sizes and fewer wavelengths. Moreover, it leads ¢al gognal quality and can
implement preemptive priority routing. Based on this briffg architecture, we described
two switch designs—single plane and multiple plane. Thenfaris a special case of the

latter. Numerical results show that our switches have gartbpmance in reducing the
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packet loss probability. At the same time, the switches dosigni cantly increase the
switch latency. For example, when traf c load88% ( = 0:8), our single plane switch
design with four feedback bufferdl(= m = 16, M =4, n = 1) improves the packet loss
performance over a switch without feedback bufféds£ m = 16, M =4, n = 1) from
10 3°to 10 #’. Our multiple plane switch can achieve similar performaaséehe single
plane switch but using much shorter feed-forward buffes.set

In WDM SONET rings, each wavelength can provide huge banthwitihe networks,
however, may still need to support traf c rates that are mloger than the full wavelength
capacity. SONET add/drop multiplexers are used to add/dvejow-rate traf c (circuits)
to/from the high-speed channels. An exclusive SADM is regglifor each wavelength at
a node if that wavelength starts or ends at the node. If eadl has to be equipped with
SADMs on all wavelengths, the electronics cost will be hig¥ith the use of wavelength
add/drop multiplexers, we can bypass most wavelength &isoptically and stop a wave-
length only if it carries some traf ¢ destined to the node.SBwe the system cost, we need
to assign low-rate circuits ef ciently onto the high-spedthnnels which is called traf ¢
grooming. Generally, we can treat grooming problem as tepsstcircuit construction and
circuit grooming. The objective of circuit constructiontes minimize the number of the
low-rate circuit and the number of end nodes when packiffg-tiato low-rate circuits,
and the objective of circuit grooming is to minimize the SABMhen packing the cir-
cuits into the wavelengths. In this research, we focusedeweldping ef cient heuristics
for circuit construction. Based on previous work [36], wemosed two algorithms: Ran-
dom Hill-Climber and Simulated Annealing. Unlike other wpour algorithms are more
aggressive in splitting the connections to achieve moreieft circuit construction. More-
over, these approaches have been observed in practice &itbethan greedy approaches
in avoiding local optima. Numerical results show that thegmrsed algorithms have good

performance in reducing the low-rate circuit number and modle number. For example,
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nearly10%fewer low-rate circuits are constructed by using our alipons than the algo-
rithm (Assign-First) without any change of the originalfttanatrices, and the algorithms
also produce solutions with near®#o fewer end nodes than those produced by Cut-First
and Assign-First.

Moreover, we also studied the weighted edge-decompogitiaph problems which is
related to circuit grooming. The research is focused onmging symmetric traf c that
we can always construct full low-rate circuits. The objeelis to minimize the number of
SADMs by using the minimum number of wavelengths. Througmercal estimates, we

get useful tight bounds of some special casds-décomposition of a graph.
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