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Abstract—The connection provisioning problem attempts to
achieve its objective of guaranteeing the maximum through-
put and minimal blocking probability. In optical networks,
this problem is mainly the classical Routing and Wavelength
Assignment (RWA) problem, which includes many constraints
In this study, we investigate the RWA problem for connection
provisioning under multicast traffic while considering the optical
power constraints. The problem is first formulated as a Mixed
Integer Linear Program (MILP) with the objective of minimiz ing
the session blocking rate. In order to provide fast and effi@nt
solutions, the paper introduces a novel heuristic solutiorwhich
divides the problem into subproblems and solves them sepately,
while still taking the interdependency between them into acount.
The results obtained from both solutions are found to be
closely comparable. The results obtained from the heuristi also
provide an insight for the network operators about the maximum
performance enhancement that can be achieved by upgradindné
network capacity.

Index Terms—All-Optical Multicasting, Power Aware Multi-
casting, Routing and Wavelength Assignment (RWA).

. INTRODUCTION
AVELENGTH routing WDM optical networks pro-

viding all-optical service has become the most viabl
technology for future wide-area backbone networks. On o
hand, the huge bandwidth of these networks is the answer
the exponential growth in traffic demands that is due to th
increase in the number of users and bandwidth extensive gp-
plications. On the other hand, the all-optical scheme sttppo

measures in the objective function depend on the problem
context. In one context, namelijetwork Provisioningthe
problem is a network design problem with the objective of
minimizing the network cost. In another context, namely,
Connection Provisioningthe problem is studied as a network
operation problem and its goal is to maximize the network
throughput, minimize the wavelength usage, or minimize the
session blocking probability.

In some cases, the RWA is formulated to include more
realistic constraints, which makes it more complicatedeOn
of these constraints is power impairments, which include
the: Optical Amplifiers (OAs) gain model, power loss and
noise. This formulation adds a new dimension to the claksica
RWA problem, namely, the power dimension. We refer to this
problem as Power-Aware RWA (PA-RWA).

Since optical signals suffer from power loss due to prop-
agation in optical fibers, PA-RWA is important for all traffic
types. However, it is more critical for All-Optical Multisting
(AOM) Service [2][3] as the optical signal in this case under
goes additional power loss. The source of this extra povss lo
is the splitting of the power strength of the incoming sigatl
the branching nodes of the multicast delivery structurighl

ne

%rees [4] or light-forests [5]) into multiple output linkB.ower
o .~ . . . : ) .
sgllttlng is done in the optical domain using configurable

assive optical splitters.
In this paper, we investigate the Connection Provisioning

the various traffic types and services optically by elimimgt aspect of the PA-RWA problem for AOM traffic. We first
any conversion of the transport signal between the eleictrofiormulate the PA-RWA problem as a Mixed Integer Linear
and optical domains at intermediate nodes. Such eliminatifrogram (MILP) with the objective of minimizing the total

for the signal conversion has the following advantages:

1) Reducing nodes costs and complexity by removing t
need to use signal convertors at intermediate nodes.
2) Achieving signal transparency by removing the need

know the signal type, bit rates and protocol used
transmit the signal, and
3) Simplifying the logical network stack structure.

The Routing and Wavelength Assignment (RWA) proble
[1] is one of the fundamental problems in wavelength rout
networks. The general version of this problem is NP-ha

number of blocked sessions. Like [6], our MILP formulation

I}géandles the case of the unequally powered signals at the

liInks/OAs entries. However, the formulation in [6] is a Mike

{gteger Non-Linear Program (MInLP) that deals with unicast

t(_[;affic only in optical LAN/MAN networks. Our formulation

there has the advantage of being a linear solution for the

more general mesh network topology and multicast traffic.
Nevertheless, the MILP is neither fast nor scalable fordarg
oblem instances. Therefore, a greedy heuristic thatigesv
st and near optimal solutions for the PA-RWA problem is
n introduced.

as it encompasses finding feasible routes and wavelength(s

assignment while optimizing one or more performance me
sures. Depending on the traffic type, the session route can
a path, a tree or a forest. On the other hand, the performa
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a- 1 he remainder of the paper is organized as follows. Next
sgé;tion overviews the literature of the PA-RWA problem.

rﬁ%ction Il defines the PA-RWA problem in the Connection

Provisioning context and introduces the system model. This
is followed by the MILP formulation and heuristic details
in Sections IV and V, respectively. Numerical results are
presented in Section VI and the paper is concluded in Section
VII.



1. RELATED WORK On the other hand, the work in [16] proposed a heuristic
o ) approach for PA-RWA that takes into account a number of

~ The PA-RWA problem has been studied in the literatulig,ear and non-linear power impairments, including ASEseoi
in the Network Provisioningand Connection Provisioning crosstalk, filtering effects, cross phase modulation angt fo
contexts. In the former context, the primary cost factortedf t wave mixing. The algorithm is based on assigning a cost
backbone network is the cost of the OAs. Hence, PA-RWA {§nction for the links that integrates all different type$ o
strongly coupled with the Optical Amplifier Placement (OAP)yhairments in the signal quality. These cost factors aem th
problem which finds and places the minimum number of OAgaq to compute the RWA solutions of the sessions.
in the network. As such, the coupled problem consists ofthre
integrated subproblems, namely, the RoutiRy, (Wavelength m
Assignment \WA) and Power AssignmenPf) subproblems.

To address these subproblems, the authors introduced p this section, we first present the_ power constrgints and
Mixed Integer Linear Program (MILP) in [7] that solves thdhe OA gain model we use in our sollutlons. Wg then mtrqduce
R, WA and PA subproblems in an integrated fashion f&Pe system mod_el and assumptions in Subsectlon III_—B.E/lnaI
AOM traffic. The network cost in [7] is represented as th&® formally define the PA-RWA problem in Subsection II-C.

total power amplification needed in the network. The MILP

formulation was extended in [8] to determine the exact numba. Power Constraints and Optical Amplifier Gain Model

of OAs instead of the total amplification. We also proposed Qur solutions handle two main system power constraints:
a heuristic approach in [8] and [9], called Optical amplifier 1) The power strength of each wavelength must not fall
Placement (OP) algorithm, to provide fast and efficient so- * ;o a certain threshold, calleB,,, at any point in
lutions by employing two schemes. The first scheme uses the network. This constraint is needed to ensure that
alternate routing for light-forest construction while thecond these signals are detectable by the receivers and OAs.

scheme allows I!ght-forest reconstruction. Results shioat t 2) The aggregate power values of all wavelengths on a fiber
using the adaptive scheme alone outperforms the alternate must not exceed an upper bound, calléd 4y, in order

routing scheme, and utilizes fewer network resources. to maintain the system within the linear operation region
For unicast traffic, reference [10] addressed the PA-RWA ¢ the fibers.

problem in broadcast-and-select networks where no routing
is performed. The problem was formulated as a MInLP Witﬁ1
the objective of minimizing the total number of OAs while
considering the case of unequally powered-signals at ttrg en G(Pip) = MIN{Go, (Pyvax — Pin)} (1)
points of the OAs. The same problem was then solved in [11 . .
using MILP while relaxing this condition and assuming tha ereP.m represents -the agg_regate power of the input signal,
the signals are equally powered at the OA entry points. TREA Go Is the small-signal gain iW53. Both Pyyax and Py,
work in [12] generalized the problem in [10] by incorporagin are in dB_m. Assummg flat gain over all the channels, this
different layout topologies (stars, trees and/or ringsjl ay gain applies to all input wavelengths.

taking into account the fact that the cost of OAs is location

dependent. The problem was solved using simulated angealiB. System Model and Assumptions

which was also used by the authors in [13] in order to The network is an all-optical wavelength-routed WDM
jointly solve the RWA and OAs placement problems in WDMnesh network and is represented as a undirected connected
networks that are based on existing power grids that are usfelph. Each undirected edge in the graph is equivalent to
to distribute electricity. two fibers (links) carrying traffic in opposite directionscan

The second aspect of the PA-RWA problem, nam€lgn- all fibers support the same set of wavelengths. Each vertex
nection Provisioningstudies the impact of power constraintsepresents an optical cross connect (OXC) with Drop-and-
during the operation phase of already provisioned networkSontinue (DaC) capability [2], where portion of the power
In [14], an iterative heuristic was proposed in which aniait strength (denoted by) of the passing signal is tapped and
tree is constructed without taking any power constraind interminated at the node. The deployment of the splitterset th
consideration. This tree is then modified by replacing a sebdes is sparse. Nodes that are equipped with power sglitter
of adjacent splitters by a single splitting node, called tha&re called Multicast capable (MC) nodes; otherwise, theesod
Centralized Splitting Noden order to reduce the total amountare called Multicast Incapable (MI) nodes. The splitterseha
of power loss. Another heuristic algorithm is proposed iB][1 complete(i.e., splitting fanout of the node is equal to its out-
which ensures a minimum signal quality and fairness amoudggree) andixed (i.e., the input signal will be split equally
all destinations by using the concept of balanced lightdre among the output ports) splitting capabilities.

The problem was also studied in the context of unicast traf- Also, the network does not support wavelength conversion;
fic. The authors in [6] proposed a MInLP for PA-RWA in ordehence, wavelength continuity constraints should be esfhrc
to minimize the sessions blocking probability. A two-phaskloreover, the network is pre-provisioned; therefore, tiiena
hybrid solution employing a greedy heuristic and Genetloer and placement of the OAs is pre-determined and known.
Algorithm for session establishment and power assignmehiiso, each node is equipped with an array of a sufficient
was introduced. number of fixed-tuned transceivers (transmitters/recsjve

. PROBLEM DESCRIPTION

We also use a simple, but accurate, piece-wise model for
e OA gain which is expressed as:



Using the notation introduced in [2], our system model is”
characterized a$*F'“R*-C"™. This notation consists of two
parts, each of which describes one aspect of the networ{(gjy
model. The terms in the first part describe the splittingLi,}‘
capability of the nodes, such that:

« S° indicates sparses) splitting (S) deployment, Go

o F¢indicates completef fan-out (") of the splitters, and K

o R specifies that the splitting ratidR) is fixed (). a

The second term indicates that the wavelength conversioff “@
capability (C) is absent (hence, the superscripts used). a

The network traffic demands are static and of the multicasfbé

type. As a result of the sparse splitting and the absencgidBm

of wavelength conversion capability, the multicast delve ~ Sen
structure can take the form of light-forests. In our studycle PSeélm
MAX

light-tree of the light-forest is rooted at the source nodd a AX
launched using a single dedicated transmitter. A muIticasTPMz‘;\VX
session is considered accepted if and only if all nodes irf PAirn
its destination set are reachable by the light-forest, (fudl P, P
destination delivery acceptance policy).

For the sake of simplicity, our study takes into account?
three sources of power loss, namely, propagation, sygigimd ~ ¥> %
tapping losses. Other loss sources and impairments duento no
linearities and noise are outside the scope of this work. w&uti
assume all power levels are dBm, while power gain/loss are
in dB. Finally, the value ofP.,, is assumed to be high enough
to cope with the various types of noise and to guarantee an
adequate Bit Error Rate (BER) [17].

Tapping power loss valuei) at each node,
which is due to the node’s DaC capability.
Length (km) of fibere(i, j).

Length (km) between sites andy of e(i, j).

z =0 (y = |0A; ;| + 1) refers to node (j).

Small signal gain achieved for non-saturated OA.
Number of multicast sessions.

Multicast session identity) < o < K — 1.

Source node of multicast session a.

Destination set of multicast session a.

Set of sessions in which nodéds a destination.
Binary indicator: 1 ifi € D,; 0 otherwise.

Power sensitivity strength (dBm) on a channel.
Power sensitivity strength (mW) on a channel.
Maximum power {Bm) for each channel.
Maximum aggregate power (mW) on any link.
Minimum aggregate power (mW) on any link.
Two negative constants that are used to represent
the case of {o0) dBm, such thatP; < Ps.

Very small number used for mapping purposes.
Integer constants used for calculating the power
values.

Out degree of node

Very large number that is used as a standard
approach in MILP to enforce conditional rules on
the constraints; wheré/ >MAX {N?x |A|,Go}.

B. MILP Variables

C. Problem Definition

Definition: Given the network topology, static multicast traffic
demands, number and locations of the splitters and OAs, num?1 &W2
ber of wavelengths, the Power-Aware Routing and Wavelengtﬂ“f}
Assignment (PA-RWA) problem under AOM is defined as a
connection provisioning problem whose objective is to find a¥a
feasible light-forest (i.e., route) and wavelength(s)gsmnent
for the maximum number of multicast sessions in order toV;
minimize the connection blocking rate.

ga

i,j
IV. MILP PROBLEM FORMULATION

We introduce the network parameters and formulation vari-Y; ;
ables in Subsections IV-A and IV-B, respectively. The objec
tive function and constraints are presented in Subsectigd.l  G7;
A. Network Parameters SLoA

3
The following network input parameters are used in theQ

MILP formulation: ﬁ‘;ém
N, E The set of nodes, and fiber links, respectively. beg,a Mo
A The set of wavelengths supported per fiber. ij,mW
N Node identity, where, j, k € N. be
A Wavelength identity, whera € A. TP w
e(i, ) Fiber link directed from nodé to nodej. TPff;i;fW
OA,; ; The set of optical amplifiers on fibex, j). f
NOA;; Binary indicator: 1 if|OA; ;| > 0; O otherwise. Ay
0 OA identity one(i, j);1 < o < |OA, ;|.

SP The set of splitters. AP?;
SP; Binary indicator: 1 if node has a splitter. Y

I} Propagation loss ratiai(3/km) over the fiber.

The following variables are used in the MILP formulation:

Weights of objective function factor$y’; > Ws.
Binary indicator:1 if e(i, j) is used by session
a over \; 0 otherwise.

Binary indicator: 1 if sessiom is provisioned
in the network;0 otherwise.

Binary indicator: 1 if node is included in the
light-forest of sessiom; 0 otherwise.

Binary indicator: 1 ife(i, j) is used by session
a over any wavelength; O otherwise.

Binary indicator: 1 ife(i, j) is used by any
session over any wavelength; 0 otherwise.
Value of the amplification gain required from
the o' optical amplifier on fibewr(i, j).
Splitting loss on channel at node;i for a.
Power inspection site € {beg, end}.

Power level (dBm) at beginnind)= beg)/end
(€2 = end) of e(i,j) for A\ used by session.
Power level (mW) at beginning af'* OA on
e(i, j) for wavelength\ used by session.

Total power (mW) at beginning of(i, j).

Total power (mW) at entry ob'” OA one(i, 7).
Tree fanout; number of outgoing tree links.
Binary indicator used for power splitting
linearization.

Binary indicator used for OA gain linearization.
Set of linear equations that are selected for unit
conversion betweemWW anddBmldB.



C. MILP Formulation S, <) T Vi jeN;0<a<K 9)

The objective function is to minimize the number of blocked AEA
sessions in the network, and is expressed as follows: Constraints (8) and (9) are used to determine if lifk j)
K1 is used by sessioa. 3, is set tol if a tree used by session
Minimize: —W, Z Y + WaR (2) o traverses linke(i, j) over any wavelengtt3}’; is evaluated
a=0 as the disjunction between tlfiéff variables for session.
where R is expressed as follows: K—1 ca

K-1
Ry
K1 Yij> > =2 Yi; <Y S¢, Ve(i,j)€E (10)
Re YOS Y ST
e(i,j)EE 0€0A; j a=0 AeA Constraint (10) set¥’; ; to the disjunction between &l ;
Z Z G°. (3) variables, for all sessions. It indicates that lief, j) is used
]

e(i5)€E 0€O0As by at least one session.

. . . . . . . . a a,\

The rationale behind using in the objective function is to 15 + 2aea 2e(iver Lik < ¥
simplify the evaluation of the value of the total power pekli M - £
and the OA gain variables, as will be shown below. The weight _ elk.t)eB
W5 is chosen such that its value is much less thign This Vi€ N/{srca};0 <a < K(11)

is essential to ensure that the contribution/ofto the value  The above constraint is used to create the light-forest per
of the objective function is much less than that of the numbeéssion by ensuring the reachability of each of its destinat

TEM+ (1= o) x M

of admitted sessions. . ~ This is achieved by ensuring that there should be at least one
The objective function is subject to a set of constraintfaicoming link to nodei if it is a destination or it leads to a
which are discussed below: destination node, only if sessianis accepted, i.e, = 1.
1. Routing and Wavelength Assignment Constraints K—1
a,\ .. . .
The construction of the light-forest and its wavelength(s) Z Z T, <1 Vi,jeN;i#jjivieA  (12)
assignment are determined by the following constraints: a=0 e(i,j)€E
9@ This constraint guarantees that wavelenyik used on link
$a < Z |DZ | 0<a< K (4)  e(i,7) by at most one light-tree.
ii€D, ' ¢
> T =1
Pa 2 Z O = (|Dal =1) 0<a<K () e(i,j)eE
#1€Dq Vie N/{src,};i ¢ SP;0<a < K;¥YAe A (13)

The purpose of these constraints is to enforce the full des-
tination delivery policy by ensuring that sessiens accepted
if all its destinations are part of the session’s light-&ire
Constraint (4) guarantees that = 0 if at least one destination

Constraint (13) prevents branching at MI nodes by ensuring
that any MI node, say, has at most one outgoing tree link
over a particular wavelength.

n_ode is not part _of t_he light tree (namely, if the right-hand po s T;zkA
side of the equality is less thah). However, constraint (4) Z iy = Z

does not guarantee that, = 1 if its right-hand side equals e(i.y)€E elGk)el

1. Therefore, constraint (5) is needed to ensure that= 1 Vje N/{srca};0<a< K (14)

when the right-hand side of constraint (5) is These W0 congiraint (14) is used to guarantee wavelength continuity
constraints together compuig, as the conjunction between, oach session. This is achieved by ensuring npgkould

all v variables of session's destination nodes. have an incoming tree link over wavelengthif node j has
7oA at least one outgoing link employing the same wavelength.

i .
Z Z Vi ViEN;0<a<K (6 o Loop-Avoidance Constraints
ii#,e(i,j)EE AEA

v;

Y

The number of fiber hops used to reach a node from
95 < Z Z Ti‘fj’-’\ Vjie N;0<a<K (7) the source of the light-forest is used to prevent loops from
ii#j.e(i,j)EE ANEA developing. In this paper, we use the same set of constrats
| developed for the OAP problem in [8]. Due to space limitation
AN . . . . . . the constraints are not included here, and the reader igeefe
1" variables, for all incoming links from the neighborin

nodes of nodg over all wavelengths. It indicates that nojjegto constraints (14)_'(16) in [8].
is part of sessiona’s light-forest if it is part of at least one 3. Power Constraints

Constraints (6) and (7) seét; to the disjunction between al

of its light-trees. The following are the power constraints:
T.a’.)‘ beg,a,\,o0 dBm a,\ _pas
3¢, > Z Lo ieN;0<a<K (8) B iEm = Psen" X T + Pux (1 =T;77)

o M Ve(i,7) € E;0 < a < K;¥Y\ € A;Yo € OA; ; (15)



end,a,\ >

i g.dBm paBm Tf}/\ + P x(1- TZ}-/\) representation of these segments, the following condition

Sen

Ve(i,j) € B;0<a< K;¥Ae A (16) Should be satisfied:
1) Z=Uyey Z, = (PSS Piix]

Sen

These constraints ensure that the power levels at the eng) o, — 5, | vy eY,a, # PiBm
trance of an OA, i.e, equation (15), and the end of a fiber,, i.e. 3) B, =ay41 VyevY,pB,# Pibm

equation (16), are abovég) ™ if the link is used by the light-  The first condition states that the union of the domains of

forest. Enforcing this condition at these points is suffiti® e ingividual segments should equal the total domain over

ensure that this lower b(_)und is met everywhere in the netwotknich relation (19) is defined (namelypdBm, PdBm ). The
Note that these constraints also ensure that these powess/akecond condition states that the first value in functigm

are greater thar, if the link is not used by the light-forest. 4omain equals the last value in the previous function’s doma
The significance of these conditions will be clear when theéS(cept for the first segment since its value should edg&l™.
are used along with constraint (17) below. Similarly, the third condition ensures that the last value i
beg.ad _ py (1 TN function y’s domain equals the first value in the previous
b, dBm = S function’s domain except for the last segment since itsevalu
Ve(i,j) e B;0<a< K;¥VAe A (17) should equalP{s, .
Constraint (17) ensures that the power level at the beginnin AS 10ng as these conditions are satisfied, any et
of each link is less tha, if the fiber is not part of a tree. The €@n be defined over any set of sub-domains, and increas-

values ofP, and P, are chosen to be much less than any powd the number of individual segment, i.6Y|, improved
loss in the network, an@, > P;. Therefore, this constraint is the accuracy of this approximation, but also increases the

used along with constraints (15) and (16) to guarantee tigat {ormulatio_n complexity. T_O hglp the reader understz?md the
power values are very small (betweéh and P,) everywhere idea behind this approximation, please refer to Figure 1

on unused channels. which shows an example such th&t| = 3 and Z =
{[-30, —20], [-20, —10],[—10,0]}. Assume that the power
TPfj-"mW <TPyWy x Yo+ TP+ (1 =75 ,) value that needs to be converted-i§ dBm. The correspond-

Ve(i,j) € E;0 < a < K;Ve(i,j) € E (18) ing values computed frony,, v and ys are 0.0235 mW,
0.145 mW and 0.55 mW, respectively. Constraint (20) en-

The above constraint ensures that the aggregate power lesigles that the correspondimgWW value is not less than the
at the beginning of each fiber is below theP;;"V if the maximum value computed from the y's (i.e., the one that
link is used by any session; otherwise, it T&”7}%. Since corresponds tay; in this case). With the assistance of the
TPRY, is zero, we can remove the second term in the righobjective function defined in (2), the power value dB3m
hand side of the inequality. Also, there is no need to exteil successfully mapped to the exact value of the maximum
this constraint to every OA since enforcing this upper boand power value. Please note that the convex nature of relation
the beginning of the link guarantees that the total inputgrow(19) ensures that exactly one function will have the maximum
at the first OA cannot exceeiP;%}. The OA gain model value within each domain. This function corresponds to the
expressed by equation (1) guarantees that the output povfarction used to represent this segment.
from the OA does not exceed this upper bound. Also, it is worth mentioning that because of the convexity
Please note that the aggregate power values at the beginmihgquation (19), the power value imWW computed by the
of the links are expressed inWW while the individual channel constraints defined by (20) may exceed the correct value. For
powers are expressed hBm. In order to convert between example, while-5 dBm corresponds t®.55 mW usingys,
these two units, the following relation needs to be impleteén the exact value i8.316mW using the relation (19). However,

in the formulation: slightly overestimating the power level is still acceptabhd
pheg.aro will result in correct operation since the purpose of this
Pib;gr;;ll;{i\70 — 1050 conversion is to only ensure that the total power on the fiber
Ve(i,j) € B;YA€ A0 <a < K;Yoe 04, (19) 'Snotexceeded. -
. . . . beg o beg,a,\ ..
Unfortunately, this relation is non-linear. Therefore, we TP/, = > > PO Ve(i,j) € B (21)
introduce a special set of linear constraints that are edgmt AEA a=0
to (19) and take the following format: P
beg,o beg,a, A,
POy = A PLSS + B, T = 2 2 P
cA a=

Ve(i,j) € E;VA € A;0 < a < K;Vy € Y;Vo € OA; ;(20) Ve(i, ) € F:Vo € OA: (22)
9 ’ ]

The idea is to define a set, callétj, of piecewise Iinear_ Constraints (21) and (22) calculate the total powenif at

segments such that each segment is represented by a liRga'heginning of fibers and optical amplifiers, respectivaty

equation, calledy, whose value is greater than the nonge sum of the power valuesintV of the individual channels.
linear curve of the relation defined in (19) over a specific bea a1 e o o1
eg,a, A1 _ pbeg,a, —Bx ij

period denoted by, = [y, 8,]. Z, determines the domain ij,dBm ij,dBm
over whichy is defined. In order to guarantee the correct Ve(i,j) € E;Vo € OA; j;0 < a < K;VX € A(23)



Relation Between Power Values in mW and dBm OA Gain Vs Total Power in mwW

25 yliy=-11.4x+9
0.75 \ — = y2y=-30x+L

: —— Y31 y=-56x+1¢

OA Gain in dt

0.5 4

Power Values in mV
OA Gainin dB

T T T T

-30 -25 -20 -15 -10 -5 o

yl:y =0.0009 x +0.028 0.01 0.. 0.316 0.3¢ 0.562 0.7¢ 0.9 1.

y2:y =0.009 x +0.19

Power Values in dBm Y3y =0.00x +1 Total Power in mW
- - - Power Values in mW

Fig. 1. An illustration of the approximate linear conversimpproach between Fig. 2. An illustration of the approximate linear convers@approach between

power levels ind Bm and mW. total input power of OA inmW and the OA gain indB.
d,a,\ beg,a,\
P Gnm = (1= NOA; ;) x (P55 — B x Li )+ v andw are chosen such that> |P;| + M, ande< 0. For
pheg,a|0Ai ;] example, consider the case when b andT“ equal 0.
[NOAZ J ( i,5,dBm ! + P Eﬂ} k q

G2 — 5 x [0l IOAL I E:onbstralnts (15)-(17) set the value Bf*** andee"’“ * to
i,j i,j e betweenP; and P,. Choosingv to be equal to(( x M)
Ve(i,j) € E;Vo € OA,; ;;0<a < K;VAe A (24) guarantees that the left hand side of inequality (26) is ydwa
greater than the right hand side even when both power values
presaotl _ pbegato  qo gy 100t are equal toP;. The same holds for the left hand side of
2,75 m 2,75 m ] 7 . . . .
Ve(i,j) € E;Vo € OA;;;0 < a < K; VYA € A(25) !nequaht_y (26_). Choosmg the \_/aIue of to be_ negative helps
in ensuring this too. This criterion for choosimgandw holds
The set of constraints (23 - 25) determines the powésr all the other three cases of link usage.
relation between the various optical components over eachwe also use another mapping scheme to compute the OA
link. The constraints in (23) find the relation between thgain (in dB) from the total power (im1¥) at the OAs’ entry
power at the beginning of the first OA and the beginningoints. Using the OA model defined by Equation (1), the
of the fiber link where the power decays due to propagatieslation used in this mapping is shown in Figure 2. The set of
loss only. Equation (24) is used on liKi, j) to express the linear equations used in this approximation are chosen such
power strength on wavelength at the end point of the link that the resulting value is less than the actual gain valse (a
in terms of the power strength at the beginning of the linkepicted by the dashed lines in Figure 2). Because the small
and the loss due to attenuation in the whole fiber length wheignal gain,Gy, is achieved only when the total input power
|OA; ;| = 0. However, if |[OA; ;| > 0, the power level at does not exceed certain value (call&,;)!, the mapping
the end of the link is computed in terms of the power at théeeds to handle two operating zones of the OAs. Therefore,
beginning of the last OA, its gain and loss due to attenuatieve use the binary variabl@ P?; to determine whether thet"
in the last fiber segment. Finally, the set of constraints) (2®A operates in the saturatlon region or ndtP?; is ensured
finds the relation between the power at the beginning of ambe 1 if the total input power imW is less thanPSat, and
OA and the beginning of the previous one on the same fibggro otherwise, using the following set of constraints:
link in terms of its gain and the power attenuation in the fiber

beg,o o
segment between two successive OAs. (Psat = TP 0w) +06 < AP,
Ve(i,7) € E;V OA; ; 28
(1 _ Tﬁ],)x) X U4 ‘Pie.’;zd,a,k _ SL;J_,)\ o 6(17]) € ;Vo e ,J ( )
>(1- T;}CA) % w -+ Pj{i%q,a,x AP?; is t?e(zno used in constraints (29) and (30) to convert
Ve(i, §),e(j. k) € B:0 < a < K;¥A € A (26) Detweerl'P; Yy, and G ;.
G, — Gy o
(1— Tzaj/\) X w4+ pﬁ;}dvavk _ SL?”\ — 5 (1—AP5J»)+"7T >0 Ve(i,j) € E;Vo € OA;; (29)
<(1=T) x v+ Pyt
Ve(i, j),e(j k) € ;0 < a < K:;YA € A 27) ape 4 G = Ay x TP + By)
g T i >

Constraints (26) and (27) relate the power values at the
end of a fiber link, saye(i,j) and the beginning of the

follovyir_wg_link, saye(j, k), i_f any. In order to handle the various  itpe vaiues used in Figure 2 fdPs,, andGo are0.01 mW and20 dB,
possibilities of usage of links(i, j) ande(j, k), the values of respectively.

Ve(i,j) € E;Yo € OA; ;  (30)



While constraint (29) considers the maximum gain regiogpurce nodes fail to launch their light-trees with the appiro
constraint (30) handles the linear mapping for the satomatiate power levels without violating any of the power constisi
region in a fashion similar to the one proposed in (20). described in Subsection IlI-A. This can even happen without

g lack of network resources and wavelengths. Hence, this type
71 <SP, Vie N;0<a< K:;VAeA (31) of blocking is calledPower-Sharing Blockingnd it takes three

) o formats:
Constraint (31) ensures that the splitting at an Ml node is

0 dB for any connection carried on any channel. However,
the splitting loss indB at MC nodes is determined by this

1) Power-Shortage Blockingwhich occurs if the power
strength of the signal drops beloR4Z™ anywhere in
the light-tree. This drop prohibits the detection of the

relation: a optical signal at receivers and OAs.
SL;" =10+ logy, f (32) 2y Service-Disruption Blockingvhich results when assign-
This relation is non-linear since the splitting degré¢e,is ing a power value to a new session yields a sequence
a variable. Hence, we introduce the following set of linear ~ of changes in the strength of the already launched
equations that are equivalent to (32). optical signals and OAs gains which results in violating
a the power constraints. In this case, the new session is
2jjtsreaclier Ly —F+9 <A, blocked.
M = 3) Non-linear Impact Blockingwhich is a direct result of
Vie N;0<a<K;VAe A2 < f<Out; (33) violating the maximum total power constraint. Allowing
this to happen causes the system to operate in the
Ag x {10 x logy f} < SL{ undesirable nonlinear region of the fiBer

Vie N;0<a<K;VAeA;2< f<Out; (34) The PAM algorithm is designed to capture the impact of
SLA >0 Wie N:0<a<K:VAcA (35) Fhe variouquwer—Sharing BIockingpurces. This_ is achievgd
’ in part by using a novel cost function for the links, sessions
The value ofAy is 1 for all the values off that are less and network. Also, the PAM algorithm has two charactersstic
than or equal the actual tree fanout at the node; otherwiserFitst, the algorithm deals with the sessions in a grouping
can be eithed or 1. However, with the help of the objectivefashion, rather than individually, by treating a subset fu t
function (2), which minimizes the individual amplifier gain sessions together during the same iteration. This grouping
this helps to minimize the fanout, and hence the splittirgg /o mechanism provides flexibility for the algorithm to deal kit
SL{. Therefore, the value ofl; will be set to0 when the the interaction between the sessions which can result in

3

value of f is greater than the actual tree fanout. reducing blocking. Second, the power module of the proposed
algorithm adopts a semi-random scheme, that is controlled
V. THE HEURISTIC ALGORITHM by a set of probabilities that are used to determine the best

The complexity of the MILP formulation presented in th&ombination of power levels at various source nodes. This
previous section is on the order @k N2 x K x |A| x|OA| for ~semi-random power assignment scheme accompanied with the
both the number of variables and constraints. Due to its hi§iouping mechanism provide better solutions when compared
complexity, solving this MILP using the conventional solve to the minimum power assignment and sequential treatment
is not scalable for large network and/or traffic sizes. UsingPproaches.
parallelized MILP solvers can help overcome this scalgpbili
issue. I_—Iowever, due to the high-cost assgciated with aim;;ass!g_ Link Cost Function
and using these advanced solvers, there is a need for atieuris

algorithm that can provide faster, yet accurate solutions. first. Pf%ﬁ/v is the minimum power (innW) for channel

We present a heuristic approach for the PA-RWA proble I SN o
under AOM service. We refer to this approach as Power—AwaE?'e"jlt has to be observed at the beginning of ik j) in order

Multicasting (PAM) algorithm. The heuristic decomposes th or this S|gngl o reach the f"%to.A (if |0A; ;] > 0.)’ or the

. . . end of the link (if|OA; ;| = 0) with a power that is exactly
PA-RWA problem into three subproblems, i.e., Routir),( equal toP™W '
Wavelength AssignmentWA) and Power AssignmentPf) q i

Sen
MAX H H
subproblems. Although solved separately, the PAM heuris}ih A, | determines the maximum number of wavelengths
correlates these subproblems by using a special set of co

2,]
a}t linke(i, 7) can ever support. This upper bound is achieved
. ) . WhRen all the connections carried over the link are one-hop
functions for the links, network and sessions. . : A MAX]
unicast connections from nodeto nodej. |A;";"| is then

o . ) .. calculated as:
A. Motivation of the PAM Algorithm and Main Characteristics

We first define the following set of parameters are defined

TPmW
Call blocking can be due to many reasons, including power- IAMAX| = MIN(JA]|, —5545) (36)
related issues. The lack of availability of a continuous evav i,g,mW

length on the light-trees is the main non-power related gaur 2Althouah this blocking behavi b ed with the gt |

. . . oug IS DIOCKING benhavior can be prevented wi e asequal-
of call blOCklng. We refer t(_) this type of call blOCklng rSlslzers, like in [8][9], our system model does not assume theafseequalizers.
Wavelength-Shortage BlOCkln.@n _the other hand, power- 3gq the sake of simplicity, the definition d?i’\;%w deals with the first
related reasons of call blocking include the case when tha over one link only. e



Therefore]A}4X] is determined, not only by the wavelengths
availability, but also by the signals ability to reach thstfiDA,
if any, and still be detectable.

(Ak Set of Multicast Session§o|ution:0)

Given the current power assignments at the beginning of (cc=— A PT=— RT=—0)
link e(i,j), we define|A;*¢?| as the number of wavelengths jcc
that can additionally be supported over the lifR 47 is (_RwaPAM i(;?l"“'“a') )
computed as: ((Determine T; A =— AT, } RT=— RT - {[; )=
mw beg,a,\ 17T
TPyiax — ZAG\Af;‘SH By jimw Free (RWA-PAM (T[T, | Accumulate)
MIN( XATN LIATFee) - (37) e
2,5,mW BT ~— BT U{TF} ; PT =— PT U {TP};
Update Network Data Structures

where,|Affsy| and|A[7¢| represent the number of used and
unused channels ovef, j), respectively. From equations (36)
and (37), one should conclude thatd?| < [AMAX]| < |A].

The current cost ok(i, j), ce(; ), is then defined as the
ratio of the maximum number of wavelengths supported over

e(i, 7) and the current potential available wavelengths, namely,

Solution = |PT]|

|AMAX e
Ce(ij) = W (38)
0.

Equation (38) has the following properties: -

i Ty : Set of Light Forests with sharing factor s. RT : Sorted list of Routed Tree$

o It |ntell|gently inCOprfateS the useful COnCGptS of pOWGI:’ CC : Set of Connections to be Constructed. PT : Set of Placed Trees.
sharing and wavelength availability into the link cost, TF : Setof Failed to route Trees BT - SetofBlocked Trees.
which is used in theR phase. This provides the nec- 2 SetofPassedrotedTrees
essary mechanism to take the impact of W& andPA Fig. 3. Flow chart of the PAM Algorithm Operation.
subproblems on th& subproblem into consideration.

« It is a dynamic function, i.e., link costs change with the

accumulated power values. Hence, routing decisions dyetwork location. Therefore, after each iteration, thenoek
directly dependent on the changing network status. status parameters are updated in order to reflect their usage

. ltis a positive increasing function, i.e., link costs inase e Provisioned sessions, if any. For example, if one sassio
with the increase in the link usage. This results ils provisioned at the iteration, it will be added to the lidt o

balancing the load in the entire network. provisioned sessions, and the set of available wavelerigths
) updated to exclude the wavelength(s) used over each link of
Also, we define the network cost 85, ; ycp Cei)- 1IN 0 L ;
i Co e(ig)e J its light-forest. Similarly, the power strength of eachigesd
order to take the impact of provisioning a light-forest o th . . .
remaining unprovisioned ones, the cost of each Iight-tore%hannel 's updated over each Ilght_—forests_hnk.
' The RWA-PAM stage of the algorithm defines two construc-

is calculated as théncreasein the network cost. Finally, .. . :
. . - . tion modes based on the dgef the power status information
selecting the sessions to be provisioned in the network IS

: ) . ith respect to each iteration. In the first mode, each se'ssio
governed by an ordering policy that sorts the sessions base X . o
. ) ! D : "RWA-P is constructed using the initial network status that
their cost. Choosing the ordering policy is an implementati

reference: namelv. it is not PAM aldorithm specification existed before provisioning any session. Therefore, thoslen
P ' v g P " is referred to as theénitial mode as the algorithm operates

using a fresh network state with no used resources. The decon
C. The PAM Algorithm Details mode, called theAccumulatemode, takes the cumulative
The basic operation of the PAM algorithm is depictetmpact of the provisioned sessions on the network poweustat
in Figure 3. The output of the algorithm is the number dfy relying on the latest status information, rather than the
admitted sessions, and their corresponding RWA and powisitial counterpart.
values (or RWA-P). The core of the PAM algorithm is the Accordingly, the PAM algorithm operates in two phases.
RWA-PAM StageThe input to this stage is the set of sessiors the first phase, called the Initial Phase, RWA-PAM stage
to be provisioned (CC), the sharing degree and the coniructoperates using the Initial mode in order to identify the det o
mode. The sharing degree represents the number of sessggssions that are blocked due to the given OA placement in the
to be considered by the RWA-PAM stage. For example, if theetwork, and hence eliminate them from further investmati
sharing degree i$, the RWA-PAM stage constructs the RWA-Such physical limitation cannot be circumvented and it escu
P solution for one light forest at a time. with or without the existence of other sessions in the networ
In order to calculate the cost parameters defined in SubsecThe second phase of the PAM algorithm is called the
tion V-B, PAM algorithm keeps track of the network status
parameters, which consist of, the RWA for each prOViSioned4The_age of the power information denotes the iteration a}t:bulﬁle power
. . values in the network are considered as a reference whenutomgpghe RWA-
connection, set of blocked connections, the Wavelength-av¢, solutions at each iteration. The RWA-P solutions will berenaccurate if
ability and the power values over each channel at evehgy are based on the latesite6) power values in the network.

Restore RT;
Reinitialize All data structu




D. Power Assignment (PA) Module

Iteration Sta

Designing the Power Assignment (PA) module relies on two
important elements. First, it separates the links iderftibyn
[ Noy their power values by using a queue structure, caldeavhich

Iteration End

" Power Determination Operatior| A ) i 4
consists of unique (un-repeated) instances of the linkso &k
we adopt a semi-random iterative scheme for determining the
power values at the source nodes. This scheme is based on a
I]?-! Power Validation Operation fe— set of probabilities that determine both the update actiwh a
7 the amount of power change.
Empty 0 Resto Yes The PA module runs for a number of iterations. Given
the power values of the already provisioned sessions, each

No
Service -
disruption?
No
[6]
Update Q

iteration determines the best power values to be launchibe at
source nodes of the sessions under investigation. Eaelider
consists of the following main steps (or operations):

1) Power Determination, which determines the set of power
values (called Power Vector) at the source nodes.

2) Power Validation, which determines if this Power Vector

) violates any power constraints or results in changing the
OAs gain over the links.

3) Power Modification, which is needed to determine if

Fig. 4. Flow chart of the operation of Power Assignment (PAQdJle. The a ga.'m drop C?'n. be tOIeraFed .m t.he network and no
number associated with each task box is used in the algoxsaription in previously provisioned session is disrupted.
Subsection V-D to refer to the corresponding operation. These operations are depicted in Figure 4 by bdxesand
5, respectively. For ease of reference in describing the reodu
here, we will use these numbers, as well as the others in &igur

lterative Phase. During each iteration of this phase, thaRw?# When describing the tasks performed in each step.

PAM stage operates in the Accumulate mode and the numbelh the first iteration, the Power Vector is initialized in gté

of sessions considered depends on the sharing degree. W8 the least operational power values at the source notles o
solution found from each iteration is computed with respeff® Sessions under mvesngat?orlni step 2,@ is constructed

to the recent network status which is re-initialized beftre PY Populating it with all the outgoing links from these soairc

next iteration starts. Finally, the best solution out of taé NOdes. In step 3, the module proceeds on a link by link basis,
iterations is selected to be the final solution. starting from the link at the queue head and it checks if power

. .__levels are valid at all points on this link. If so, step 6 isoked,
The RWA-PAM stage performs three main Operationg, \y hich the link is removed frond) while its outgoing links

namely, routing, wavelength assignment and POWET assiQYs added t@y if they are part of the light-tree of the sessions
ment. The algorithm supports two routing operation mode

. . ) . : '€3nder consideration. At each algorithm st&p,contains one
1., F'.XEd. and Adaptlvg. With fthe Fixed mode, the routing,iance of the link, even if it is shared by more than one
operation is performed in the Initial Phase only; therefore

dification in the light-f t struct < all dt light-tree. PA module continues with the next link d», and
modinication in the fight-forest structure 1s allowe r steps 3 and 6 are repeated. It stops whebhecomes empty.

However, the Adaptive mode allows the routing operation to Please note that if a link is shared by multiple sessions, it

oceurin the Accumulate Stage to0 in order to recompu_te t%Sn be revisited more than once during the iteration beciuse
light-forest for the set of sessions that are not yet provisd. can be at different depths in the various light-trees. Tioeee
Routing is performed using an extended version of theot all the (final) values of the power strengths over thik lin
Member-Only Heuristic (MOH)[18]. In MOH, the multicastare always available at the time PA module handles the link.
tree is expanded iteratively by including at least one membehe algorithm deals with those power values that are availab
node per iteration. Tree expansion is done via a node setfwhiHowever, allowing several traversals of the links ensuhes t
includes the source node, MC nodes and MI leaf nodes. Thismplete availability of the power values at the link.
set is updated at each iteration. Instead of using a sindle pa Step 4 is invoked if the Power Validation operation in step
we usek-shortest paths, wherk is an input parameter, such3 detects that either:
that the member node is connected to the tree through the pat_hL
that causes the least increase in the network cost and which
has sufficient power to reach the destination.

Power Modificatiof
Operation

—
Update Solution

) A violation of a power constraint is encountered at any
point on the link, or

The Wavelength Assignment operation is performed using°The least operational power value is defined as the minimuweptevel

the First-Fit scheme in which the first available Wavelengl‘ﬁat is required at the source node¢) in order to_reach the first OA, if any,
with the least detectable power valué’gfnm. Without loss of generality,

over the tree links _iS Chose_n- The detai_ls_ of the _ POW_@ﬁd assuming that the first tree linksrc, j) has at least one OA, the least
Assignment module is more involved and it is described isperational power value (iWBm) is computed asPdBm + 8« L37%7,

the next subsection, and its operation is shown in Figure 4whereL°"! is the distance betweesrc and the first OA on linke(src, 7).

src,]g
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2) The gain of at least one OA drops to a level that disrupts

the service of an already provisioned connection

In step 4,Q) is emptied, the network status is restored, and
then the Power Determination operation in step 1 is invoked
to determine the new Power Vector. The Power Determination
operation becomes more involved now and the following tasks
are performed:

1) The power violation type is determined as well as
the affected sessions. The affected sessions here are
determined by all the sessions (either, provisioned or
not at the current algorithm iteration) which are usin§l9]. CPLEX experiments were conducted using the sample 6-
the link where the power violation or service disruptiomode mesh network shown in Figure 5. On the other hand, the
took place. PAM algorithm is implemented using the C++ Programming
A set of sessions are then randomly selected and drenguage and the simulation results were collected over the
blocked from participating in the next cycle of the PAL4-nodes NSFNET shown in Figure 6. Table | demonstrates
module. the numerical values for the basic system parameters used in
For each participating session, the module determinesr experiments. Also, the following assumptions were used
whether it can reuse its original power value or not. for setting up the experiments:

If the power value is to be changed, the algorithm then 1) The group size of each multicast session follows a

Fig. 5.  Six Nodes NSFNET.

Network.

Fig. 6.

2)

3)

4)

determines, randomly, whether to increase or decrease
the current power based on the power violation type.
The amount of power change is determined randomly 2)

uniform distribution between and NV, where N is the
number of nodes in the network.
Node membership in each multicast session group is

too.

The randomness involved in this step is governed by fixed
probabilities that are carefully chosen to reflect the mdtho 3)
used to resolve each power violation type. For example, if
the individual power (indBm) drops belowP45™ then it is 4)
more probable that increasing the power value at the source
nodes can resolve this issue. Hence, increasing the poler va
is given high probability in this case. On the other hand,
service disruption is not always due to high power values. 5)
For example, decreasing the power at the source node might
increase the gain of one OA, which increases its output power
This results in more input power in the following OA, which
might decrease its gain and causes service disruption sisper
Therefore, we assign a moderate value to the probability of
increasing the power value in the case of Service disruption 6)
Finally, this probability is low in the case when total power
(in mW) exceedsl PjiWV.

determined using a uniform distribution over all the
nodes except the session’s source node.
The increasing order policy is used to determine the set
of sessions to be provisioned based on their costs.
Each problem instance is represented by a set of
sessions, network topology, and wavelength channels.
Changing any of these parameters represents a new
problem instance.
For each problem instance defined above, we 6un
independent experiments of the PAM algorithm. These
experiments are conducted on the same problem in-
stance, and the experiment that results in the maximum
number of accepted sessions is then chosen as the
representative solution for the problem instance.
The probability value that is used to increase the stfengt
of the individual sources when the power value drops
below P¢E™ is 0.9. Similarly, this probability is chosen

In the case in which the drop in the OA gain does not cause to be 0.5 or 0.1 when service disruption or exceeding
service disruption, the Power Modification operation (Si¢p maximum power level occurs, respectively.

the affected sessions (either provisioned or not) thateauily first part establishes the quality of the solutions produiogd
populating@ with links from the affected sessions set. by their optimal counterparts while using the 6-node nekwor
Due to the random nature of this solution, the PA modulg Figure 5. In the second part, we quantify some basic

runs for a number of iterations (or if the solution doegnaracteristics of the PAM algorithm using the simulations
not improve within some limits). The maximum number ofagyits on the NSENET in Figure 6.

admitted sessions over all of these steps is chosen as the
final PA module solution. Therefore, after each iteratidre t . , )
solution is updated in step 7 if more sessions are admittedA' Solution quality of the PAM algorithm
Figure 7 depicts the relative performance of the PAM
VI. NUMERICAL RESULTS algorithm compared to the optimal solutions from CPLEX
We present some numerical results in this section. We solwetien the number of available channelstisSimilar behavior
the MILP formulation using CPLEX linear solver packagés observed with other numbers of channels too. This redativ
performance is measured as the ratio between the number of
sessions accommodated by the PAM heuristic and by the MILP
formulation for a given number of sessions, denotedsas\e

6Even though service disruption is the result of the powerstraints
violation, we treat it here separately as it has speciatrtreat in determining
the power vector in step 1, as will be explained later.
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TABLE |
TYPICAL VALUES FORTHE SYSTEM PARAMETERS. M CAN TAKE ANY

VALUE THAT SATISFIES THE FOLLOWING CONDITION
M >MAX{N? % |A|,Go} "
2
o
Symbol B pdbm | ppmW ¥ Go 2
Value | 0.2 dB/km | —30 dBm | 1mW 1dB | 20dB § s
— & K=10
Symbol P P ) v w = e e
Value —5% M —2x M 0.01 20%M | —M £ — -k
=z
Greedy Algorithm Performance
DOShare = 1; Power= +
100 Always Min Min-P RP-P1 RP-P2 RP-P3
901 W Share = 1; Power= Algorithm Mode
80 4 Rand
£ 704 OShare = 2; Power=
g’ 601 Dg;;'i:S, Power= Fig. 8. Number of accepted sessions when Fixed Scheme isamkd is
2 501 Rand 10. Min-P refers to case of Min Power scheme with one alterpath, while
¢ ‘3‘3 BShare = 4; Power= RP-P(i) refers to the case of Rand Power Scheme ifithalternate paths.
0 1 Rand
201 O Share = 5; Power=
10 4 Rand .
04 BShare = 6; Pover= equals 1 and it ranges fro&¥ for K = 15 andK = 25,
ks K0 KIS K0 K K30 Rand and 23% for K = 20. However, this incremental
Number of Connections improvement decreases as the sharing degree increases.
This indicates that small sharing degrees are sufficient to
Fig. 7. The greedy heuristic results with respect to the MiaPthe 6 nodes reach an acceptable system performance that is close to
mesh network, wher = 4 and for different values of sessionk.. the optimal solution. This has the advantage of reducing

the system complexity since a fewer number of sessions

. . . er group can be considered at each algorithm iteration.
refer to this ratio here as the Greedy-MILP ratio. Theseltesu pergroup 9

are obtained using the Fixed scheme with one alternate path. o

However, we allow different degrees of grouping (sharinfy) &- PAM Heuristic Results

sessions and we use different power assignment schemes. This subsection is devoted to address the following charac-
When Sharing (Grouping) Degreeor simply Share is 1, teristics of the PAM algorithm:

one session is provisioned at a time; otherwise, more than on

session are considered. On the other hand, we refer to thepPAM Algorithm’s Impact on the Objective Function

semi-random power assignment method proposed in Sectioq.he impact of the PAM algorithm on the number of ac-

Vv as theRand method. In F!g_urt_a 7, we compare the Ran epted sessions is depicted in Figure 8 at different tradficls
method with another deterministic scheme, referred to as

Mi thod. The Mi thod tes by al hoosi sing the Fixed scheme and when the number of available
hm method. The 'blm metho (I)pera €S by aways choosi@annels is 10. Similar behavior is observed with the Adapti
the minimum possible power value. scheme too. The results are collected at different comiputat

b As shov]\c/rtl)in Figure E th?f_GTe:gy-El\/llLrl]Dt:atio is represer;]te mand. Each demand is determined by the power assignment
y a setof bars at each traffic loall, Each bar represents theq.peme ang the number of alternate paths. The least compu-
experiment settings of the simulation at that traffic loatleT

| d by the first left bar for edchi h tation demand is the Min-P where the Min power assignment
results represented by the first left bar for edch(i.e., when scheme is used with a single alternate path. The maximum

Sb: 1 z;:nd l\/ll(m Pawer Ass;?nmer}t fChemi.E used(;;er\ées&ﬁnputation demand is referred to as RP-P3 where Rand
a benchmarkto measure the usefulness oGhareandRan power assignment with alternate paths routing is performed.

aspects of the PAM algorithm. The following conclusions can Naturally, the number of accepted sessions increases as the

be drawn from this figure: traffic load increases. However, it is obvious from this fegur
1) The PAM algorithm performs very well with respecinat for each traffic load, the objective function improvis.(
to the corresponding optimal solutions. It provides negfcreases) with the computation. For example, fok= 40, the
optimal solutions and sometimes was able to get thgimber of accepted sessions increases gradually froro

optimal solution. For example, the PAM algorithmy when the algorithm mode increases from Min-P to RP-P3.
produces the optimal solution (the Greedy-MILP ratio

equal;lOO%) when &' = 30 and Share= 2 to 6: 2. Relative Performance of the Fixed and Adaptive Schemes
2) Applying the Rand power scheme results in a huge

performance improvement compared to the Min Method. We compare the perfqrmance of the Fixed Scheme tp that
This improvement is measured as the increase in tRE the Rerouting (Adaptivé)scheme here. The comparison

value of the Greedy-MILP ratio. The maximum per- 7y yse the term Rerouting to refer to the Adaptive schemeisnsiction
formance improvement occurs when the valueSbfare as it emphasizes the core operation of this method.
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takes into account their performance in terms of the objecti
function and as well as the network resources usage. Two
network resources are of interest for this comparison, mgme
1) k, which determines the maximum number of distinct
channels used over any link.
2) £, which determines the total number of links with at
least one used channel.
The performance of each scheme in terms of the number of
accepted sessions and network resources are shown in Tables 2 "'ﬁbf
and lll, respectively. From Table Il, we find that the rerogti 0 Channels
scheme always accepts higher number of sessions than that ¢ o umber of Available channels ®
the Fixed scheme at each alternate path. For instance, whe
K =20 and P1, the solution improves froii sessions to 13
sessions by using r_erOUting sc_he_me. . Fig. 9. System behavior with the existence of power conssai
Also, the results in Table Il indicates that alternate nogiti in the 6 nodes network for 30 connections.
and rerouting schemes work together in a constructive nranne
to find better solutions. For example, for the case when 12
K = 20, the solution improves froni1 sessions (when Fixed
scheme is used with one alternate path) to 14 sessions (whe
Adaptive scheme is employed with 3 alternate paths).
However, as shown in Table lll, the superior performance
of the Adaptive scheme comes with a very minimal cost
of consuming more network resources. This is because the ——to
Adaptive scheme responses dynamically to the changes in , _/'/ Number of
the network status and attempts to explorer bigger solution Ve Ghannels
space which may require using more network resources. This o
behavior is different from the one reported in [8] and [9] wde
the Adaptive approach had better utilization for the networ
resources. This is directly due to the constrained wavéten
availability nature of the problem we tackle here.
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RORT R SR R T TT R 2R AR Y R

10 L aae 2

« - Number of
8 Admitted
Sessions

Number of Sessions / Channels

0 5 10 15
Number of Available Channels

q:ig. 10. System behavior with the existence of power comgga
in the NSFNET for 20 connections.

3. Power Constraints Impact on the Network Utilization

Finally, we use PAM algorithm to investigate the impacty,, system throughput is determined in terms of the number

of the power constraints on the network resources utitirati

TABLE Il

NUMBER OF ACCEPTED SESSIONS FOR THEIXED AND REROUTING

SCHEMES WHENK = 10, 20 AND 30.

| || Fixed Scheme” Rerouting Schemq

TABLE Il

CONSUMED NETWORK RESOURCES FORIXED (F) AND REROUTING(R)
SCHEMES WHENK = 10,20 AND 30, AND 1 ALTERNATE PATH.

K | Mode | Max number of channels* Number of consumed Iinks*

of wasted channels due to the power constraints violation.
Figures 9 and 10 depict the relation between the maximum
number of admitted sessions and both the utilized wavetsngt

and the number of available wavelengths in the 6 node mesh
network and the NSFNET, respectively. These experimests ar
conducted using the Fixed scheme with one alternate route
with the total traffic load of 30 connections for the 6 mesh

K ]| 10]20)30 ) 10] 20| 30 network and 20 connections for the NSFNET.

Pl 7 j1j12] 9 13| 16 As shown in these figures, when the number of available

p2)| 8 | 12116 9 | 14| 16 channels is small, many sessions are dropped due to the
p2 )10 1216 10] 14| 17 wavelength shortage. The impact of the wavelength shortage

continues until the number of available channels is lesa tha
7 in the case of the 6 nodes network, and less than 5
in the NSFNET case. Before reaching this limit, increasing
the number of available channefsay reduce the system
blocking probability if the main source of call blocking iset
Wavelength-Shortage Blocking. For example, the number of

0] F 3 21 admitted sessions increases from 6 to 13 as shown in Figure 9.
0] R 4 23 However, this increase in the system performance stops when
20 F 4 26 the Power-Sharing Blocking becomes the main source of call
20 R 4 28 blocking and the OA placement [7] becomes the bottleneck
30 F 4 32 for the PAM algorithm. At this point of time, increasing the

30 R 6 35 number of channels does not improve the system blocking

and these channels are wasted. Determining this cutofévalu



essential for the network operators to determine the begjais [13]
of their network resources and the PAM algorithm provides a
mechanism to provide such an important system metric. [14]

VII. CONCLUSIONS [15]

We studied the problem of Power Aware Routing and Wav
length Assignment (PA-RWA) under All-Optical Multicasgin
(AOM) and we proposed two solution schemes. The first
scheme produces optimal solutions using MILP formulatiop7
while the other scheme proposed a heuristic scheme, called
Power Aware Multicasting (PAM) algorithm. The design of thé&!él
PAM heuristic consists of several optimization element th
enables it to produce near optimal solutions in an efficiefo]
manner. The results show that the PAM algorithm performs
well in comparison with the optimal solutions. It also prdes
a good understanding and the network system. One of the main
advantages of the proposed PAM Algorithm is its ability to
determine the operation region for the network where adding
more channels can benefits the overall system performance
which is of great advantage for the network operators.
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