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##4170541921 : MAJOR ELECTRICAL ENGINELRING
KEY WORD : ROUTING AND WAVELENGTH ALLOCATION / MULTI-WAVELENGTH RING
NETWORKS / WAVELENGTH CONVERSION / WAVELENGTH DIVISION
MULTIPLEXING (WDM)
SIRICHAI ARREEWANIT : ROUTING AND WAVELENGTH ALLOCATION IN MULTI-

WAVELENGTH SINGLE-RING AND MULTI-RING NETWORKS. THESIS ADVISOR

LUNCHAKORN WUTTISITTIKULKIJ, Ph.D. 96 pp. ISDN 974-333-786-5

This thesis presents routing and wavelength allocalion techniques in multi-wavelengih single-ring and
multi-ring networks. For routing and wavelength allocation in single-ring networks, mathematical model
formulations based on the integer lincar programming (ILP) are used to determine the network costs which are
measured in terms of the number ol wavelengths required for supporting a given traffic demand. It is shown
that the proposed mathematical models offer optimal solution but the computational time becomes a problem
for a network larger than 16 nodes. In addition, a study on the effect of having wavelength conversion in the
system shows (hat the complexity ol the network resource allocation is reduced. This is because wavelength
allocation is no longer required. Based on the simulation results, it is found that the optimal resource allocation

in the systems with wavelength conversion can be applied to ring networks of up to 185 nodes.

For the multi-ring network design, mathematical model formulations based on integer lincar
programming (ILP) and heuristic schemes are proposed on the condition that the tralfic between any node pair
can be distributed to flow over more than one ring, bul any portion of the traffic must be restricted to (low
within only one ring. The mathematical model formulations for multi-ring network design can guarantee
optimal solution. However, thec computational time of the mathematical modeling appears to be excessive even
with a netlwork as small as 8 nodes with 13 links. Accordingly, heuristic algorithms that can solve large network
problems arc introduced. These algorithms cannol guarantee optimal solution but, in general, they can achieve
near optimal results. These developed algorithms are then used to perform cost comparisons between the multi-
ring and mesh design approaches. It appears that the multi-ring network design approach requires less than 17%
additional costs in comparison (o the mesh design counterpart. Consequently, the multi-ring network design is

considered suitable and effective for practical applications.
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° a a dail T1of v d v d'i
3.2.1 wuudrasaFendiamanslunsdin lifimsl¥eunsalmlasiunnaeninan

(No Wavelength Conversion : NWC)

¥
P

o a o o 1 a
objective function ‘UENLL“UU%Wﬁ'ﬁ)\‘ll‘ﬁQﬂmﬂf’ﬁﬁﬂiiuﬂimﬁﬁ@ﬂWﬁﬁWﬂW“Wﬂﬂq@mﬂﬂ

° v as o~ a d?/ Y ] &
i]"lu’Ju‘]f@\‘l’cTiUuiLJWillﬂﬁ'lllTiE]Lﬂﬂ‘llublﬂﬁluiﬂ'iﬁﬂﬂﬂﬂ

D 2 M
Maximize : ZZZXL/‘,I« (1)

=1 j=1k=1

Vv
Taeii constraint #1195 A9 T

o 1 s ! ' d. . Y = d' a =
1. Suausesdanusynang luah i lagdeuivawenszsesiuilsimanswin
b4
‘iz‘ﬁ’jN@:Iu ariu'ld (minimum traffic demands)

>

M
szi,j,k 2, i=1,2u,D )

A=
2. dwmSuusazaanuenaauluuaaziiogen Tos S1uiuvesrosdyunmuy

] 4 a 9 A A b a oy v & oo .
vio¥euloan uazlgmnnuenaun k AvalmusenIBmInY 1 (capacity

constraint)

D 2
D 0 S k=12,.M, [=12,.,N 3)
=1 =1
o 1 ar r [ it .Y P = 9 A A o R -~
3. Suauseedae Uz luan £ iduniahn j Tasldanueadui kdeslauiy

o d d’ . . .
ATUIURANY NN50 Uy (non-negativity constraint)

X; ;4 20, integer, i=1.2,.,D, j=12, k=12,.,M (4)

o a o d:ial Y é [ d'
3.2.2 yusaeudndinmanslunsainiinslfednseimlasiunaeninay

(Wavelength Conversion : WC)

o @ PR 9} ' a A & a o
dwfunsaininmsldgnsainlasduanuenatuiemuiaanuannsoveslua
° o = o ° a 4 1o &
wuuiaesesilaonlyTaveeiidudsiuay constraint Hlusruauitesas iosninlususy
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function 4@l M %xﬂsmgagﬂu capacity constraint
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D 2
Maximize : szi,j (5)
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[
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1. LUV alternative path (ap) u3sfvenlfuvviasaionlfidumalans 2 1du
t ¥
NG = 1,2) dudeswanndunaianuavesng lualuTasesezminy 2D
At al £y o 24 Y Y <o NN
2. WU shortest path (sp) uATHoenlduuiaeudonldidunisiduniuiniuy

oA Y a,/’ v [} ' o
(7 = 1) Wuasd I UMtIanuaveanng Iualulasaisezniny D

H YRRV [ o = a o =
A15199 3.1 A20NYTIOVDUIVUIIADIUFIAAAMANT JUATAR1I

Model Alternative path Shortest path
No wavelength conversion NWC-ap NWC-sp
Wavelength conversion WC-ap WC-sp

15199 3.2 T11ususuaz$uau constraint Al lunnusasuTindinenansnsdinige

uaziflunsdiinsminueanng Tuatisunnndi o

Model Number of variables Number of constraints
NWC-ap 2MD LM+D
NWC-sp MD LM+D

WC-ap 2D L+D
WC-sp D L+D

4 1 o a a o [ {

MoANNALAIATUNITNENTWUDTIaUFIAtAMmaAs 1UNTHA1 a15190 3.1
HEAIAIBNYIPaveuD1aealunsaineg MR 3.2 uaaennududeuvediuuiiass
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421 (Y] o d' ci U L] o'/ = A‘ ]

(NWC-ap Hag NWC-sp) dzduagiusmiuanuenauildlulassie Huneelasee
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Zoan133 U N Aa LAY Y1 lduuuT et uIudualsuaz$ U constraint U0
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o v aa A Y Y ~ v W o & X .
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3.3.1 mwl?imnmgﬁﬂmdu(Uuirorm traffic)

a d 1 ] 1 ] =1 Y a
ndnuuugiivesuiinuvingdt udozg lualulnssinsianuasemslsnu
ni AR AIAY SunAazg luadesmsdTuunsidilngTuaay 1 Fesdyuiw
(traffic volume = 1) w3susazs luadeimsdsuaunsilngluaas 2 yesdymw
d” % a ¢ o v & [
(traffic volume = 2) TunwilszldnsAnuuvglinesun tratfic volume AR teuaaa 1y
(FUDIHAUDY traffic volume MigsransuimuIuaNueIaaunla uazarnldlumsm

° = = Jd
HARDUIINUDVITADUIAUANT AT

3.3.1.1 Tasehegilaaumaundsiuau Tuaidlus1uaud (Odd-node ring)
1. asdif bifims 1gdnsalinlasiuniueniu (NWWCe)

Wonaaaliiiuialsz@ninmveuiaeudandamans wnlSouivusuau
anumadui ldnnuuuineudndamaastusveumagaund 39180 mas e
37U9U hop ‘umLﬁ'umaﬁﬁyuﬁqﬂsuamsﬁiazmﬁL%"aussi@msﬁ'aﬂﬁmamhm%'@uTﬁm 15747 3.3
wasmvenagaundd iy Insvhehuminving 329 TuadiiilSinams iy

gﬁﬂaﬁ’uﬁﬂ'w traffic volume = 1

M15197 3.3 AU VIUAGANAR (ideal bound) F 15y Tasaiogtraumaudsiswau Tuaily

o =l Y a a 7 A
InudtazasimIdsnans dnuuugivesunea traffic volume = 1

Number of nodes 3 5 7 9 11 13 15

Ideal bound 1 3 6 10 15 21 28

Number of nodes 17 19 21 23 25 27 29

Ideal bound 36 45 55 66 78 91 105

I3 { oy o @ P
NARaneuIINANNEIAaLN IAnnuuudasdlunsdl NWC-ap delumsei 3.4
=3 Voa VY ' Voo v aa 4
921U 1A traffic volume = 1 waapU# lAdAUMAUABUIVARAURATIAALlUATI9T 3.3
Y o T o ~t cu 4
ueraaldiudnuiiaedlunsdl NWC-ap @misedaassiduniaazanuoinauly
Tasatioghaauiddon TuaduduiufsasdeanisuSuams ilnidsaluny
a o a [ ' VoA 1 @ ]
giWosulmnansldnsSwensedqumngald @nislyaunngesdynralulasete)
o s ~ 1 d‘ 3 .:; 3 c; s
dmivlunsdl traffic volume fduA IR TIMINanaY e Tunmfimunzauiz

o) =1 1 o a a o = a
Wumsueashiimiui wuusrasadendiarmans lunsdl NWC-ap m1unsadaassidumauay



'
A o

A ' o dq ¥ a Y oy
anuoaauluInseiiegauids i Tuadiusnualiinams ldnswennsediady
Afaalad sy taffic volume 1IUNAIY FMTUMITMIAIVOVIIAGANAR IUNTE  traffic

A A A Py = Y
volume FMIUNUBMUTIOIINNTATN traffic volume = 1 1 louaasluaanah 3.3 mwisom 14

Taan15111A1 traffic volume oA lMVBVIWARAUAA TUA1319H 3.3

@ [

Smfumaneuiauanuenaui ldnnuuiiasdlunssl Nwc-sp aalunisiadi
3.5 dwmiuiaidusase s nuiiaealunssl NWc-ap faaadluaisiad 3.4 sy
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Number Number of | Cost
Ring Description | Traffic
of nodes fibers (f) | (MX()
1 4 2-4-5-8 2 4 8
2 4 2-4-10-9 3 4 8
3 4 5-8-9-10 3 4 8
4 4 5-6-7-8 4 4 8
5 4 4-6-5-10 4 4 8
6 4 3-7-8-9 4 4 8
7 5 0-1-5-10-2 3 S 10
8 5 0-1-7-8-2 5 5 10
9 5 0-3-1-5-4 5 S 10
10 5 0-2-10-9-3 S 5 10
11 5 0-1-7-6-4 6 5 10
12 6 1-3-9-2-4-6 6 6 12
13 6 1-5-10-2-8-7 5 6 12
Total network cost | 122
Network utilization (%) | 74.59
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f. NTAINAT traffic volume = 1 1ag 2

Traffic volume = 1

Traffic volume =2

Number | Number

Network MR Mesh MR — Mesh MR Mesh MR — Mesh
of nodes of links — X100 X100
cost cost Mesh cost cost Mesh
@) 11 25 98 87 12.64 % 181 174 4.02 %
EURO-Core
% 11 23 109 96 13.54 % 205 192 6.77 %
New Jersey
% 14 21 219 195 12.31 % 411 390 5.38%
NSFNet ]
18 35 393 336 - 16.96 % 763 672 13.54 %
EON
@ 20 31 617 533 15.76 % [187 | 1066 11.35%
ARPANet
@ 21 39 609 | 526 15.78 % 1152 | 1052 9.50 %
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Traffic volume =3 Traffic volume = 4
Number | Number
Network MR | Mesh | MR — Mesh MR | Mesh | MR — Mesh
of nodes of links X100 X100
cost cost Mesh cost cost Mesh
@ 11 25 279 261 6.89 % 365 348 488 %
EURO-Core
% 11 23 316 288 9.72 % 410 384 6.77 %
New Jersey
@ 14 21 629 585 7.52 % 824 780 5.64 %
NSENet
18 35 1170 | 1008 16.07 % 1533 | 1344 14.06 %
EON
@ 20 31 1831 | 1599 14.51 % 2400 | 2132 12.57 %
ARPANet
@ 21 39 1791 | 1578 13.49 % 2322 | 2104 10.36 %
UKNet
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Number | Number -
Network MR | Mesh | MR — Mesh
ofnodes | oflinks — X100
cost cost Mesh
@ 11 25 733 696 531 %
EURO-Core
% 11 23 823 768 7.16 %
New Jersey
@ 14 21 1649 | 1560 5.70 %
NSFNet
18 35 3070 | 2688 1421 %
EON
@ 20 31 4830 | 4264 13.27 %
ARPANet
@5@ 21 39 4667 | 4208 1091 %
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Routing and Wavelength Allocation in Multi-wavelength All-optical Ring Networks

Lunchakorn Wuttisittikulkij, Sithichai Leelanunnukul, Sirichai Arreewanit, and Prasit Prapinmongkolkarn

Department of Electrical Engineering, Chulalongkorn University
Phayathai Road, Bangkok, Thailand.
Tel. (662) 218-6512, Fax. (662) 251-8991, E-mail: lunch@ee.eng.chula.ac.th

ABSTRACT -- This paper addresses the issues of routing and wavclength
allocation in multi-wavelength all-optical ring networks with and
without wavelength conversion capabilities. A mathematical modeling
based on integer linear programming and several heuristic approaches
are investigated. It is shown that optimal routing and wavelength
allocation in the systems with wavelength conversion can be achieved
almost cffortlessly for ring networks of up to 70 nodes using the
mathematical modeling. However, if no wavelength conversion is
permitted, the computational time of the mathematical medeling
becomes excessive even with a network as small as 7-10 nodes.
Accordingly, heuristic techniques are proposed and their performance is
extensively evaluated on various traffic scenarios. In addition, this study
includes an investigation of the use of wavelength conversion for
improving network resource utilization in ring network structures.

I. INTRODUCTION

All-optical networks based on wavelength division multiplexing and
wavelength routing techniques are currently considered a promising
approach for the realization of future broadband transport networks.
Many research activities currently pay considerable attention to this
new type of network. In the US alone, there are a number of large
consortia associated with all-optical networks, for instance MONET
(Multiple-Wavelength Optical Networking) [1], AON (All-Optical
Networks) [2] and ONTC (The Optical Network Technology
Consortium) [3].  Within  Europe, the major research and
development in this area is currently under comprehensive study by
a number of ACTS (Advanced Communications Technologies and
Services) projects, for example OPEN (Optical Pan European
Network [4]. In Japan, NTT is at the forefront in this area.

A basic element of such networks is the optical cross-connect node,
which can be interconnected to form any arbitrary network topology
such as a ring or mesh. Currently, the mesh network design attracts
much attention and is the focus for many networking studies on
topics such as wavelength allocation and protection [5-11]. The key
advantage of the mesh network is that, owing to its high
connectivity, it can utilize network resources in the most efficient
manner for both normal and failure conditions, allowing
minimization of the network capacity requirements. Ring networks,
on the other hand, may not be as efficient but they do offer other
interesting features, such as simple control and resource
management, easy protection from link and node failures, and
automatic, tast and reliable restoration. The restoration advantage of
the ring is particularly important in modern communication
networks where the demands for reliable services are increasing. In
addition, the efficiency of network utilization in large networks can
be significantly improved by using a multiple ring network design
approach [12,13]. Therefore, the ring-based design approach is
indeed attractive and is considered a viable alternative to the mesh-
based design. There is a more descriptive discussion on this issue in

[12].

Since ring structures pose different property from mesh structures,
many issues related to the network design need careful

investigations in order to exploit their unique property. In this paper,
the issues of routing and wavelength allocation in ring structures are
comprehénsively examined. The main objective is to find techriques
that are able to achieve optimal solutions while keeping the
computational time requirement down to a reasonable level using
commonly available personal computers. These techniques are then
extensively used to determine whether wavelength conversion is an
essential or useful element in multi-wavelength ring networks.

II. ROUTING AND WAVELENGTH ALLOCATION PROBLEM

The problem of routing and wavelength allocation can be explained
by means of an example. Consider a ring network of 6 nodes shown
in Figure I. Assume that three connections are to be established,
namely (1,3) (2,4) and (1,5). The first connection is assigned X,
along the physical route 1-2-3. The second connection between
nodes 2 and 4 cannot be assigned A, hence another wavelength is
required and X, is chosen in this example. The last connection can
reuse A, again and it is established along the route 1-6-5. In this
example two wavelengths are required.

If each node is equipped with wavelength conversion capabilities,
signals can be converted from one wavelength to another at the
node. Consider the situation in Figure 1. Suppose that a new
connection is to be established between nodes 3 and 6. It appears
thal no free bandwidth on the same wavelength (A, or A,) exists
along either route, hence an extra wavelength is required. However,
if conversion is permitted, the connection can be routed through
nodes 4 and 5 with the assistance of wavelength conversion at node
5, as shown in Figure 2. Although wavelength conversion in
principle appears to be useful, it is important to evaluate its
advantage in a quantitative manner and this is a key topic discussed
in this paper.

Figure 2 : An example of wavelength conversion



[T, A MATHEMATICAL MODEL

This section describes a mathematical model for solving the routing
and wavelength atlocation problem. The model is derived [rom
reference | 13,14] to suit the problem being considered. The problem
is lirst formulated as a sct of lincar equalities and inequalitics, which
can then be solved by using integer linear programming. This model
provides optimal and exacl solutions, but its execution time
requiremient could be a major concern.

A. Ring networks with no wavelength conversion

Let N denote the total number of nodes in the network, L the
number of links, D the number of source-destination (s-d)} node
pairs, L.e., N(N-1)/2. Note that N = L in the ring structure. Each link
consists of a pair of fibers, one in each direction. The (raffic
requirement can be expressed as a D-dimensional column vector T
= (1), where (; is the number of traffic connections to be set up
between node pair i. Let P denote the total number of different
routes avaitable for all node pairs. For the ring structures, only 2
alternale routes exist between any node pair, thus the total nhumber
of routes, P, is 2D. Let A = (a;) be the PxD route s-d pair incidence
matrix, i.e.,
I, if routeiisbetweens-d pair j

0, otherwise.

B = (bjj) be the PxL route-link incidence matrix, /.¢.,

J’l, if link j is on route ¢,

b= 101

The outcomes of route and wavelength assignments can be
expressed as a PxM route-wavelength matrix where M is the
number ol wavelengths; and this matrix is denoted as X = (x;)
where x; represents the number of connections set up along physical
route [ and on wavelength j. Let Y denote as a P-dimensional
column vector where element y; represents the number of
connections set up along physical route £, L.e.

M
yi= ZX
Pl

The problem of routing and wavelength allocation can be expressed
as:

otherwise.

P
Maximize ZZ,

i=1"

subject to

minimum traffic demands

A'z>T
capacity constraint
B'Z <Ml
non-negativity constraint
z; 20, integer, i=1,...,P

P
Maximize Z yl.

i=1
subject to
minimum traffic demands
AY>T
capacity constraint
B'X <1,m

non-negativity constraint
x;20, integer, i=1,...,Pand j=1,. .M

Note: 1 1s an LxM matrix whose elements are all 1s.

B. Ring networks with wavelengith conversion

For the systems with wavelength conversion capabilities,
wavelength allocation is no longer needed; only roule assignment is
required. Lel Z = (z;) be a Pxl malrix where 7; is the number of
connections set up along route /. The problem of roule assignment
can be expressed as:

These formulations of routing and wavelength allocation problems
belong to the integer linear programming problems. The exact and
optimal solution can now be solved by using known algorithms.
Notice however that the objective of this formula is not minimizing
the number of wavelengths required, but instead it maximizes the
carried traffic for a given value of M. As a result, the minimal
number of wavelengths may not be obtained in a single run.
Usually, a few number of runs is needed. In the first run, an
estimated value of M is used. I[' M is too small, there will not be a
possible solution that could support the minimum traffic demand
while still satislying the capacity constraint. Hence, an increase of
network capacities is required, and this is achieved by increasing the
value of M, say by one. The problem is then solved again. This
procedure is repeated until the smallest value of M, that results in a
feasible solution, is found. The dilferences in complexity of both
formulae can be compared in terms of the number of variables and
constraints and they are summarized in Table 1.

TABLE | : PROBLEM COMPLEXITY

Wavelength Variables Constraints
conversion

Yes P L+D

7 MP LM +D

V. HEURISTIC ALGORITHMS

This section describes four heuristic algorithms for routing and
wavelength allocation in ring networks with and without wavelength
conversion. It is assumed that nodes are numbered in an increasing
order in a clockwise direction, as in Figure 1.

A Algorithims HI and H2

Algorithms H1 and H2 are very simple. Algorithm HI is designed
for the systems without wavelength conversion capabilities, and it
operates in a similar fashion as Method | described in [15]. Each
connection always chooses the lower hop count route. If a node pair
is directly opposite, the route chosen is in the clockwise direction
starting from the lower node number. See Figure | as an example,
the connection between nodes | and 3 will be set up on the route 1-
2-3, not 3-4-5-0-1 and the connection between nodes | and 4 will be
established on the route [-2-3-4, not 4-5-6-1. Connections are
sequentially set up one at a time, descending to their route hop count
lengths respectively. A connection with the highest hop count is
established first, and then followed by those requiring lower hop
counts. For the choice of wavelength number, the first wavelength
that has [ree capacity along the enlire route is selected, assuming
that all wavelength channels are numbered (A, s, ..., A




Algorithm H2 is designed for the systcms with wavelength
conversion capabilities. This algorithm is exactly the same as HI,
except that no wavelength assignment is performed. Notice that H2
is very easy to implement. What it needs is only a fixed routing
table.

B. Algorithins H3 and H4

As algorithms H1 and H2 employ very simple -mechanisms, it is
expected that they may not perform well under all traffic conditions.
Therefore, more efficient and robust techniques based on an iterative
improvement scheme are developed and referred to as H3 and H4.
Both H3 and H4 algorithms use the route and wavelength allocation
outcomes obtained from H1 and H2 respectively as a starting point,
and attempt to improve them by rearranging some connections in
such a way that causes new allocations to become more efficient.
The fundamental concept of these algorithms is concerned with
certain links that are heavily loaded and rearranging some
connections so that traffic loading on all links is more balanced.

An algorithm flowchart is shown in Figure 3, and a procedure of this
rearranging algorithm is described in the following :

Get traffic configuration of all node pairs. ‘

h 4 F =
Assign routes and wavelengths of all traffic demands with HI or
H2 algorithms, and denote the wavelength result as "lambdal’.
‘ =
|
\ 4

Find the link number that has the highest utilzation. ‘

l

Select one route of all connections that occupied the highest utilized link.
(selection priority : maximum to minimum hop count connection)

Any remaining
connections occupied
the highest utilized
link?

Alternate a direction of the selected connection, reassign the new routes
and wavelengths, and denote the wavelength result as 'lambda2’.

No

(lambdal = lambda2)

Set the new rearranging wavelength rcsull.J

Figure 3 : A flowchart describing algorithms H3 and H4

1. Get a traftic configuration of each node pair, i.e. a source node,
a destination node, and the number of connections between
them.

2. Set up optical paths by assigning routes and wavelengths for all
traffic demands using algorithm H1 in the NWC (no wavelength
conversion) case or algorithm H2 in the WC (wavelength
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conversion) case. The number of wavelengths required at this
stage is denoted as ‘lambdal’.

3. Find the link that the maximum wavelength number (hy) is
occupied. If there is more than one such a link, select the link
that has the highest utilization.

4. Choose an optical path that established through the link selected
in step 3, based on the following rules. The optical path that has
the highest hop count is chosen first. If there exists more than
one such an optical path, select the path that the source node has
the smallest node number.

5. Re-route the optical path in the opposite direction. Reassign
routes and wavelengths for all traffic demands again. The
number of wavelengths required at this stage is denoted as
‘lambda2’

6. If (lambda2 < lambdal), then lambdal = lambda2, and go to
step 3. If not, it means an alternated configuration in step 5 can
not decrease the number of wavelengths, so alternate back a
direction of that selected route in step 4, and go back step 4 to
select a next optical path to process in step 5-6.

7. 1f all optical paths, that route through the highest utilized link,
have already been selected to alternate their directions, but no
any route can decrease the wavelength result, stop the algorithm.

V. RESULTS AND DISCUSSION

For the Integer Linear Programming (ILP) approach, two routing
schemes are used: the first scheme uses only the lower hop count
route, referred to as the shorter route, and the second scheme allows
both routes (clockwise and counterclockwise direction), referred to
as the alternative route.

A. Uniform Traffic

For uniform traffic, there is exactly one connection between each
node pair.

No wavelength conversion (NWC)
(a) Odd-node ring

In this case, the results accomplished from all algorithms, H1, H3
and integer linear programming with both shorter route scheme
(1LP-sr), and alternative route scheme (ILP-ar), are all identical and
they are also the same as the theoretical bound, as shown in Table 2.
This means that capacities of all links are fully utilized. Note: the
theoretical bound, Ay, is defined as the summation of the lower
hop count required by each connection divided by the number of
links. In terms of processing time requirements, heuristic algorithms
can complete the resource allocation swiftly for the ring networks as
large as 70 nodes, whereas the ILP technique requires prohibitive
processing time when the number of nodes is greater than 11. If
comparing the processing time requirements of the two ILP
techniques, it is clear that ILP-ar requires more processing time than
ILP-sr, because more choices of the routes are allowed, hence
greater number of variables and longer time.

TABLE 2 : NUMBER OF WAVELENGTHS FOR UNIFORM TRAFFIC (ODD-NODE).

Node 3 5 7 9 11 13 15
A | 3 6 10 15 2] 28
Node 17 19 21 23 25 27 29
A 36 45 55 66 78 91 105




(by Even-node ring

In the case of even-node, sce Table 3. wll results are different from
the theoretical bound, implying that some (inks are partially utilized.
As in the odd-node case, the ILP technique can only be applied to
simall sizes ol networks, i.e. no more than 10 nodes. Since the results
of ILP-ar and ILP-sr are equal, it indicates thal all connections are
established on the shorter routes. Considering only the results for
networks of 4, 6, 8 and 10 nodes, algorithm H3 is able to achicve
optimal solutions. For larger networks, the algorithm H3 performs
well, as evident in the ring of 30 nodes that the result is different
from 2.q only by 2.2%. This algorithm is in some cases better than
Method [l described in [15].

Wavelength conversion (WQC)
(a) Odd-node ring

As all results in the case of NWC are equal 10 7, il means that
wavelength converters will not be uselul for this traffic patiern.

(b) Even-node Ring

When wavelength conversion is permitted, only roule allocation is
required, so (he complexily and computational time is reduced. The
ILP technique can achieve the roule allocation instantly and it is
particularly fast for the shorter route scheme. Therefore,
computational time is not a problem in this traffic scenario. The
results ol ILP-sr, ILP-ar and H4 are found to be identical and very
close 10 k., see Table 4. Tt implics that all connections are set up
on their shorter routes. In contrast, the performance of algorithm H2
is rather poor; in most cascs more wavelengths are required. For
example, in the case of 30 nodes, additional 7 wavelengths are
needed, equivalent to 6% extra capacity required. I{ comparing the
results in Tables 3 and 4, it can be seen that wavelength conversion
is not needed in small rings, but such devices will provide slight
advantages in larger rings. For example, in the case of 30 nodes,
only 2 wavelengths can be reduced, ie less than 2% capacily
saving.

B. Non-uniform Traffic

For non-uniform traffic, traffic patterns can vary considerably. It is
nol possible to examine all the possibilities. Therefore, the
conclusion drawn in this paper is based on extensive tests on various
traffic patterns. For discussion purposes, a sample of 7-node
network problem is given here. Tralfic matrix used for this network
is summatrized in Table 5 and the results ol all algorithms are shown
in Table 6.

TABLE 3 @ NUMBER OF WAVY GTHS REQUIRED OF ALL METHODS FOR
UNIFORM TRAFT v AVLEN-NODE
Node Ideal H1 H3 ILP-sr ILP-ar
4 2 3 3 3 3
6 4.5 6 Fl 5 5
8 8 10 9 9 9
10 12.5 15 13 13 13
12 18 21 19 - =
14 24.5 28 26 - -
16 32 36 35 - -
18 40.5 45 43 - -
20 50 55 52 - -
22 60.5 66 63 - -
24 72 79 75 - -
26 84.5 91 88 - -
28 98 105 101 - -
30 112.5 120 115 - -

Note that =7 means no result is obtained alter a long period of (e,
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TABLE 4 - NUMBER OF WayET FROTHS REHIRED FOP A FUBRM TR ATTC WE AND LVEN NODIE
[ Node [ Ideal H2 H4 ILP-st | ILP-ar
[ 2 3 3 3 3
[ 6 4.5 6 5 5 5
[ 8 8 10 9 9 9
[ 10 12.5 IS 13 13 13
[ 12 18 21 19 19 19
[ 14 24.5 28 25 25 25
[16 32 36 33 33 33
[ 18 40.5 45 41 41 41
[ 20 50 55 51 51 51
[ 60.5 66 61 61 61
24 72 78 73 73 73
26 84.5 91 85 85 85
28 98 105 99 99 99
30 112.5 120 113 113 113
TABLL 5 A TRAFFIC MATRIX FOR IN A 7-NODE RING.
Node [ 1 [ 2 [ 3[4 ][s5s]6]7
1 - a2 2]1]o0
2 - [ 2] 8 [ 621
3 - it a1 ]2
4 - o] 2 1
s -39
6 - |13
7 -
TABLL 61 NUMBER OF WAVELENGTHS RUQUIRED FROM ALL METHODS
OF HOMAPIFORM TRATFIC INTABLE 5.
deal No wavelength conversion Wavelength conversion
Weal =00 T M3 | Wb | 1Lpar | H2 | H4 | ILPr | ILPar
21 36 27 36 27 36 27 36 27

In non-uniform traffic, it is likely that some links in the ring will be
heavily loaded, while the other are rarely used. If only the shorter
routes are used for establishing connections, the number of
wavelengths will typically be much greater than the theoretical
bound. When alternative routes are allowed, some connections on
the highly loaded links can be rearranged on the longer routes so
that traffic loading on all links is more equally distributed. This is
evident from the experimental vesults in Table 6. There is a farge
difference between the results of [LP-sr and ILP-ar, ie. 9
wavelengths equivalent to 25% capacity reduction.

As algorithms [11 and H2 do not utilize the alternate route, they also
sulfer the same problem as [LP-sr. Thercfore, these two algorithms
are not applicable o non-uniform trafiic conditions. In contrast,
algorithms H3 and H4 are more effective; the results obtained are
the same as that of ILP-ar. In order to evaluate the performance of
H3 and H4, a variety of traffic patterns modified from Table 5 are
tested on the same 7-node network. Traffic patterns are varied by
swapping figures in Table 5 round in a random manner. A large
number ol samples, over a hundred samples, are conducted. For
WC, algorithm H4 produces identical results to that of |LP-ar in
most cases. For those that are different, the differcnces are very
small, less than 5%. For NWC, not all samples can be compared
because in some traffic patterns the ILP-ar cannot find the solutions
within a reasonable period of time. Therefore, the comparison
between the ILP-ar and algorithm H3 are based on only those
samples that can be completed by the ILP-ar. The results show that
algorithm H3 is effective, because (he number of wavelengths
determined by both techniques is identical in most cases.

C. Execution Time Requirenients of the ILP teclhniques

This section compares the actual computational time requirements
of the ILP techniques for NWC and WC. Various ving network



configuralions are lesled on a large number of different non-uniform
wafiic patterns. The execution time results presented here are
selected from test samples and they are summarized in Figures 4-6.
From the results, the computational time requirements depend
mainly on two factors, namely the number of nodes and the number
of wavelengths. The greater the number of nodes, the longer the
computational time. For NWC, when the number of nodes is greater
than 10, no solution can be found within 20 minutes. In contrast, for
WC, the ILP technique can be applied to networks as large as 70
nodes, before the computational time becomes a problem. These
results highlight one advantage ol wavelenglh conversion in ring
networks, fe. simplifying the problem of resource allocation.

Another factor that impacts the processing time is the number of

available wavelengths. The greater the number of wavelengths the
longer the computational time. However, this factor is less
important. For example, in the WC the solution can be achieved
even with a few thousand wavelengths for small networks. When
comparing between the shorter and alternate routes of the NWC
systems, as expected, the ar case takes longer time than that of sr to
find the solutions.

A X
| | | 30 [ ]
1% 24 |
12 | 18
|
8| 12
|
‘
4 6
LI 1

PR 8 10 12 node 4 6 8 10 12 node

FIGURE 4 : Nwc-ar 1M FIGURE 5 Nwe-SR TIai:
A
1250
[] 1-10s
1000 E] 10 s - 1 min
750 t n 1 -5 min
w00 1 B 52000
250 no solofuion
N within 20 min

15 30 45 60 75 node
FIGURE 6: WC-AR TIME.

V1. CONCLUSION

The problem of routing and wavelength allocation in multi-
wavelength ring networks has been intensively investigated.
Designing an efficient algorithm for routing and wavelength
allocation in ring networks of practical sizes is not a difficult task.
For the systems with wavelength conversion, it is possible to find an
optimal solution to the problem using the mathematical modeling
approach for networks of smaller than 70 nodes. However, if no
conversion is permitted, the problem becomes too complex and no
solution can be found even with a network as small as 7-10 nodes,
because of the excessive computational time requirements. In this
case, heuristic approaches are found (o be useful. Algorithms H3

and H4 arc robust and effective for various traftic conditions. Good
and satisfactory outcomes can be accomplished within a rcasonable
time even with farge nclwork problems. Algorithm H4, in particulur,
appears to be very promising, as the results of all tests so Tar, under
both uniform and non-uniform traflic conditions, are very cilicient,
1t is also lound that in such nctworks wavelength conversion docs
not appear o be uselul as no signtficant improvement of network
resource utilization is observed and in some cases no advantage is
gained at all. Accordingly, it 1s concluded that wavelength
conversion is nol an essential element in ring networks, il it is only
to be used for enhancing the efficiency ol network resource
utilization.
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