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MULTICAST CAPACITY OF OPTICAL WDM PACKET RING FOR HOTSPOT

TRAFFIC

MATTHIAS AN DER HEIDEN, MICHEL SORTAIS, MICHAEL SCHEUTZOW, MARTIN REISSLEIN, AND

MARTIN MAIER

Abstrat. Paket-swithing WDM ring networks with a hotspot transporting uniast, multiast,

and broadast tra� are important omponents of high-speed metropolitan area networks. For

an arbitrary multiast fanout tra� model with uniform, hotspot destination, and hotspot soure

paket tra�, we analyze the maximum ahievable long-run average paket throughput, whih we

refer to as multiast apaity, of bi-diretional shortest-path routed WDM rings. We identify three

segments that an experiene the maximum utilization, and thus, limit the multiast apaity. We

haraterize the segment utilization probabilities through bounds and approximations, whih we ver-

ify through simulations. We disover that shortest-path routing an lead to utilization probabilities

above one half for moderate to large portions of hotspot soure multi- and broadast tra�, and

onsequently multiast apaities of less than two simultaneous paket transmissions. We outline a

one-opy routing strategy that guarantees a multiast apaity of at least two simultaneous paket

transmissions for arbitrary hotspot soure tra�.

Keywords: Hotspot tra�, multiast, paket throughput, shortest path routing, spatial reuse,

wavelength division multiplexing (WDM).

1. Introdution

Optial paket-swithed ring wavelength division multiplexing (WDM) networks have emerged as

a promising solution to alleviate the apaity shortage in the metropolitan area, whih is ommonly

referred to as metro gap. Paket-swithed ring networks, suh as the Resilient Paket Ring (RPR) [1,

2,3℄, overome many of the shortomings of iruit-swithed ring networks, suh as low provisioning

�exibility for paket data tra� [4℄. In addition, the use of multiple wavelength hannels in WDM

ring networks, see e.g., [5, 6, 7, 8, 9, 10, 11, 12, 13℄, overomes a key limitation of RPR, whih was

originally designed for a single-wavelength hannel in eah ring diretion. In optial paket-swithed

ring networks, the destination nodes typially remove (strip) the pakets destined to them from the

ring. This destination stripping allows the destination node as well as other nodes downstream to

utilize the wavelength hannel for their own transmissions. With this so-alled spatial wavelength

reuse, multiple simultaneous transmissions an take plae on any given wavelength hannel. Spatial

wavelength reuse is maximized through shortest path routing, whereby the soure node sends a paket
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in the ring diretion that reahes the destination with the smallest hop distane, i.e., traversing the

smallest number of intermediate network nodes.

Multiast tra� is widely expeted to aount for a large portion of the metro area tra� due

to multi-party ommuniation appliations, suh as tele-onferenes [14℄, virtual private network

interonnetions, interative distane learning, distributed games, and ontent distribution. These

multi-party appliations are expeted to demand substantial bandwidths due to the trend to deliver

the video omponent of multimedia ontent in the High-De�nition Television (HDTV) format or in

video formats with even higher resolutions, e.g., for digital inema and tele-immersion appliations.

While there is at present sant quantitative information about the multiast tra� volume, there

is ample anedotal evidene of the emerging signi�ane of this tra� type [15, 16℄. As a result,

multiasting has been identi�ed as an important servie in optial networks [17, 18℄ and has begun

to attrat signi�ant attention in optial networking researh as outlined in Setion 1.1.

Metropolitan area networks onsist typially of edge rings that interonnet several aess networks

(e.g., Ethernet Passive Optial Networks) and onnet to a metro ore ring [4℄. The metro ore ring

interonnets several metro edge rings and onnets to the wide area network. The node onneting

a metro edge ring to the metro ore ring is typially a tra� hotspot as it ollets/distributes tra�

destined to/originating from other metro edge rings or the wide area network. Similarly, the node

onneting the metro ore ring to the wide area network is typially a tra� hotspot. Examining

the apaity of optial paket-swithed ring networks for hotspot tra� is therefore very important.

In this paper we examine the multiast apaity (maximum ahievable long run average multi-

ast paket throughput) of bidiretional WDM optial ring networks with a single hotspot for a

general fanout tra� model omprising uniast, multiast, and broadast tra�. We onsider an

arbitrary tra� mix omposed of uniform tra�, hotspot destination tra� (from regular nodes to

the hotspot), and hotspot soure tra� (from the hotspot to regular nodes). We study the widely

onsidered node arhiteture that allows nodes to transmit on all wavelength hannels, but to reeive

only on one hannel. We initially examine shortest path routing by deriving bounds and approxima-

tions for the ring segment utilization probabilities due to uniform, hotspot destination, and hotspot

soure paket tra�. We prove that there are three ring segments (in a given ring diretion) that

govern the maximum segment utilization probability. For the lokwise diretion in a network with

nodes 1, 2, . . . , N and wavelengths 1, 2, . . . ,Λ (with N/Λ ≥ 1), whereby node 1 reeives on wave-

length 1, node 2 on wavelength 2, . . ., node Λ on wavelength Λ, node Λ + 1 on wavelength 1, and

so on, and with node N denoting the index of the hotspot node, the three ritial segments are

identi�ed as:
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(i) the segment onneting the hotspot, node N , to node 1 on wavelength 1,

(ii) the segment onneting node Λ− 1 to node Λ on wavelength Λ, and

(iii) the segment onneting node N − 1 to node N on wavelength Λ.

The utilization on these three segments limits the maximum ahievable multiast paket throughput.

We observe from the derived utilization probability expressions that the utilizations of the �rst two

identi�ed segments exeed 1/2 (and approah 1) for large frations of hotspot soure multi- and

broadast tra�, whereas the utilization of the third identi�ed segment is always less than or equal

to 1/2. Thus, shortest path routing ahieves a long run average multiast throughput of less than

two simultaneous paket transmissions (and approahing one simultaneous paket transmission) for

large portions of hotspot soure multi- and broadast tra�.

We speify one-opy routing whih sends only one paket opy for hotspot soure tra�, while

uniform and hotspot destination paket tra� is still served using shortest path routing. One-opy

routing ensures a apaity of at least two simultaneous paket transmissions for arbitrary hotspot

soure tra�, and at least approximately two simultaneous paket transmissions for arbitrary over-

all tra�. We verify the auray of our bounds and approximations for the segment utilization

probabilities, whih are exat in the limit N/Λ → ∞, through omparisons with utilization proba-

bilities obtained from disrete event simulations. We also quantify the gains in maximum ahievable

multiast throughput ahieved by the one-opy routing strategy over shortest path routing through

simulations.

This paper is strutured as follows. In the following subsetion, we review related work. In

Setion 2, we introdue the detailed network and tra� models and formally de�ne the multiast

apaity. In Setion 3, we establish fundamental properties of the ring segment utilization in WDM

paket rings with shortest path routing. In Setion 4, we derive bounds and approximations for the

ring segment utilization due to uniform, hotspot destination, and hotspot soure paket tra� on

the wavelengths that the hotspot is not reeiving on, i.e., wavelengths 1, 2, . . . ,Λ − 1 in the model

outlined above. In Setion 5, we derive similar utilization probability bounds and approximations for

wavelength Λ that the hotspot reeives on. In Setion 6, we prove that the three spei� segments

identi�ed above govern the maximum segment utilization and multiast apaity in the network, and

disuss impliations for paket routing. In Setion 7, we present numerial results obtained with the

derived utilization bounds and approximations and ompare with verifying simulations. We onlude

in Setion 8.

1.1. Related Work. There has been inreasing researh interest in reent years for the wide range

of aspets of multiast in general mesh iruit-swithed WDM networks, inluding lightpath design,
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see for instane [19℄, tra� grooming, see e.g., [20℄, routing and wavelength assignment, see e.g., [21,

22, 23℄, and onnetion arrying apaity [24℄. Similarly, multiasting in paket-swithed single-hop

star WDM networks has been intensely investigated, see for instane [25, 26, 27, 28℄. In ontrast to

these studies, we fous on paket-swithed WDM ring networks in this paper.

Multiasting in iruit-swithed WDM rings, whih are fundamentally di�erent from the paket-

swithed networks onsidered in this paper, has been extensively examined in the literature. The

sheduling of onnetions and ost-e�etive design of bidiretional WDM rings was addressed, for

instane in [29℄. Cost-e�etive tra� grooming approahes in WDM rings have been studied for

instane in [30, 31℄. The routing and wavelength assignment in reon�gurable bidiretional WDM

rings with wavelength onverters was examined in [32℄. The wavelength assignment for multiasting

in iruit-swithed WDM ring networks has been studied in [33,34,35,36,37,38℄. For uniast tra�,

the throughputs ahieved by di�erent iruit-swithed and paket-swithed optial ring network

arhitetures are ompared in [39℄.

Optial paket-swithed WDM ring networks have been experimentally demonstrated, see for in-

stane [13,40℄, and studied for uniast tra�, see for instane [5,41,6,7,8,9,10,11,12,13℄. Multiasting

in paket-swithed WDM ring networks has reeived inreasing interest in reent years [42,10℄. The

photonis level issues involved in multiasting over ring WDM networks are explored in [43℄, while a

node arhiteture suitable for multiasting is studied in [44℄. The general network arhiteture and

MAC protool issues arising from multiasting in paket-swithed WDM ring networks are addressed

in [40, 45℄. The fairness issues arising when transmitting a mix of uniast and multiast tra� in

a ring WDM network are examined in [46℄. The multiast apaity of paket-swithed WDM ring

networks has been examined for uniform paket tra� in [47, 48, 49, 50℄. In ontrast, we onsider

non-uniform tra� with a hotspot node, as it ommonly arises in metro edge rings [51℄.

Studies of non-uniform tra� in optial networks have generally foused on issues arising in iruit-

swithed optial networks, see for instane [52,53,54,55,56,57,58℄. A omparison of iruit-swithing

to optial burst swithing network tehnologies, inluding a brief omparison for non-uniform tra�,

was onduted in [59℄. The throughput harateristis of a mesh network interonneting routers on

an optial ring through �ber shortuts for non-uniform uniast tra� were examined in [60℄. The

study [61℄ onsidered the throughput harateristis of a ring network with uniform uniast tra�,

where the nodes may adjust their send probabilities in a non-uniform manner. The multiast apaity

of a single-wavelength paket-swithed ring with non-uniform tra� was examined in [62℄. In ontrast

to these works, we onsider non-uniform tra� with an arbitrary fanout, whih aommodates a wide

range of uniast, multiast, and broadast tra� mixes, in a WDM ring network.
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Figure 2.1. Illustration of the lokwise wavelength hannels of a WDM ring net-

work with N = 16 nodes and Λ = 4 wavelength hannels.

2. System Model and Notations

We let N denote the number of network nodes, whih we index sequentially by i, i = 1, . . . , N , in

the lokwise diretion and let M := {1, . . . , N} denote the set of network nodes. For onveniene,

we label the nodes modulo N , e.g., node N is also denoted by 0 or −N . We onsider the family

of node strutures where eah node an transmit on any wavelength using either one or multiple

tunable transmitters (TTs) or an array of Λ �xed-tuned transmitters

(

FTΛ
)

, and reeive on one

wavelength using a single �xed-tuned reeiver (FR).

For N = Λ, eah node has its own home hannel for reeption. For N > Λ, eah wavelength is

shared by η := N/Λ nodes, whih we assume to be an integer. For 1 ≤ i ≤ N , we let

y

u i denote

the lokwise oriented ring segment onneting node i− 1 to node i. Analogously, we let
x

u i denote

the ounter lokwise oriented ring segment onneting node i to node i− 1. Eah ring deploys the

same set of wavelength hannels {1, . . . ,Λ}, one set on the lokwise ring and another set on the

ounterlokwise ring. The nodes n = λ + kΛ with k ∈ {0, 1, . . . , η − 1} share the drop wavelength

λ. We refer to the inoming edges of these nodes, i.e., the edges

y

uλ+kΛ and

x

uλ+1+kΛ, as ritial

edges on λ.

For multiast tra�, the sending node generates a opy of the multiast paket for eah wavelength

that is drop wavelength for at least one destination node. Denote by S the node that is the sender.

We introdue the random set of destinations (fanout set) F ⊂ ({1, 2, . . . , N} \ {S}). Moreover, we

de�ne the set of ative nodes A as the union of the sender and all destinations, i.e., A := F ∪ {S}.
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We onsider a tra� model ombining a portion α of uniform tra�, a portion β of hotspot

destination tra�, and a portion γ of hotspot soure tra� with α, β, γ ≥ 0 and α+ β + γ = 1:

Uniformtra�: A given generated paket is a uniform tra� paket with probability α. For

suh a paket, the sending node is hosen uniformly at random amongst all network nodes

{1, 2, . . . , N}. One the sender S is hosen, the number of reeivers (fanout) l ∈ {1, 2, . . . , N−

1} is hosen at random aording to a disrete probability distribution (µl)
N−1
l=1 . One the

fanout l is hosen, the random set of destinations (fanout set) F ⊂ ({1, 2, . . . , N} \ {S}) is

hosen uniformly at random amongst all subsets of {1, 2, . . . , N} \ {S} having ardinality l.

We denote by Pα the probability measure assoiated with uniform tra�.

Hotspotdestination tra�: A given paket is a hotspot destination tra� paket with prob-

ability β. For a hotspot destination tra� paket, node N is always a destination. The

sending node is hosen uniformly at random amongst the other nodes {1, 2, . . . , N − 1}.

One the sender S is hosen, the fanout l ∈ {1, 2, . . . , N − 1} is hosen at random aording

to a disrete probability distribution (νl)
N−1
l=1 . One the fanout l is hosen, a random fanout

subset F ′ ⊂ ({1, 2, . . . , N − 1} \ {S}) is hosen uniformly at random amongst all subsets of

{1, 2, . . . , N − 1} \ {S} having ardinality (l − 1), and the fanout set is F = F ′ ∪ {N}. We

denote by Qβ the probability measure assoiated with hotspot destination tra�.

Hotspot soure tra�: A given paket is a hotspot soure tra� paket with probability γ.

For suh a paket, the sending node is hosen to be node N . The fanout 1 ≤ l ≤ (N − 1) is

hosen at random aording to a disrete prob. distribution (κl)
N−1
l=1 . One the fanout l is

hosen, a random fanout set F ⊂ {1, 2, . . . , N−1} is hosen uniformly at random amongst all

subsets of {1, 2, . . . , N − 1} having ardinality l. We denote by Qγ the probability measures

assoiated with hotspot soure tra�.

While our analysis assumes that the tra� type, the soure node, the fanout, and the fanout set

are drawn independently at random, this independene assumption is not ritial for the analysis.

Our results hold also for tra� patterns with orrelations, as long as the long run average segment

utilizations are equivalent to the utilizations with the independene assumption. For instane, our

results hold for a orrelated tra� model where a given soure node transmits with a probability

p < 1 to exatly the same set of destinations as the previous paket sent by the node, and with

probability 1− p to an independently randomly drawn number and set of destination nodes.

We denote by P l
α the probability measure Pα onditioned upon |F| = l, and de�ne Ql

β and Ql
γ

analogously. We denote the set of nodes with drop wavelength λ by

(2.1) Mλ := {λ+ kΛ | k ∈ {0, . . . , η − 1}} .
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The set of all destinations with drop wavelength λ is then

(2.2) Fλ := F ∩Mλ.

Moreover, we use the following notation: For ℓ ∈ {1, . . . , N − 1} we denote the probability of ℓ

destinations on wavelength λ by µλ,ℓ, νλ,ℓ, and κλ,ℓ for uniform, hotspot destination, and hotspot

soure tra�, respetively. Sine the fanout set is hosen uniformly at random among all subsets

of {1, 2, . . . , N} \ {S} having ardinality l, these usage-probabilities an be expressed by µl, νl, and

κl. Depending on whether the sender is on the drop-wavelength or not, we obtain slightly di�erent

expressions. As will beome evident shortly, it su�es to fous on the ase where the sender is

on the onsidered drop wavelength λ, i.e., S ∈ Mλ, sine the relevant probabilities are estimated

through omparisons with transformations (enlarged, redued or right/left-shifted ring introdued

in Appendix A) that put the sender in Mλ.

Through elementary ombinatorial onsiderations we obtain the following probability distribu-

tions: For uniform tra�, the probability for having ℓ ∈ {0, . . . , l ∧ η} destinations on wavelength λ

is

(2.3) µλ,ℓ :=

N−1
∑

l=max(1,ℓ)

(

η
ℓ

)(

N−η
l−ℓ

)

(

N
l

) µl.

For hotspot destination tra�, we obtain for wavelengths λ 6= Λ and ℓ ∈ {0, . . . , (l − 1) ∧ η}

(2.4) νλ,ℓ :=

N−1
∑

l=max(1,ℓ)

(

η
ℓ

)(

N−η−1
l−ℓ−1

)

(

N−1
l−1

) νl,

as well as for wavelength Λ homing the hotspot and ℓ ∈ {1, . . . , l ∧ η}

(2.5) νΛ,ℓ :=

N−1
∑

l=1

(

η−1
ℓ−1

)(

N−η
l−ℓ

)

(

N−1
l−1

) νl.

Finally, for hotspot soure tra�, we obtain for λ 6= Λ and ℓ ∈ {0, . . . , l ∧ η}

(2.6) κλ,ℓ :=
N−1
∑

l=max(1,ℓ)

(

η
ℓ

)(

N−1−η
l−ℓ

)

(

N−1
l

) κl

and for λ = Λ and ℓ ∈ {0, . . . , l ∧ (η − 1)}

(2.7) κΛ,ℓ :=
N−1
∑

l=max(1,ℓ)

(

η−1
ℓ

)(

N−η
l−ℓ

)

(

N−1
l

) κl.

For a given wavelength λ, we denote by pℓα,λ the probability measure Pα onditioned upon |Fλ| = ℓ,

and de�ne qℓβ,λ and qℓγ,λ analogously.

Remark 2.1. Whenever it is lear whih wavelength λ is onsidered we omit the subsript λ and

write pℓα, q
ℓ
β, or q

ℓ
γ .
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We introdue the set of ative nodes Aλ on a given drop wavelength λ as

(2.8) Aλ := Fλ ∪ {S} .

We order the nodes in this set in inreasing order of their node indies, i.e.,

(2.9) Aλ = {Xλ,1,Xλ,2, . . . ,Xλ,ℓ+1}, 1 ≤ Xλ,1 < Xλ,2 < . . . < Xλ,ℓ+1 ≤ N,

and onsider the �gaps�

(2.10) Xλ,1 + (N −Xλ,ℓ+1), (Xλ,2 −Xλ,1), . . . , (Xλ,ℓ+1 −Xλ,ℓ),

between suessive nodes in the set Aλ. We have denoted here again by ℓ ≡ ℓλ the random number

of destinations with drop wavelength λ.

For shortest path routing, i.e., to maximize spatial wavelength reuse, we determine the largest

of these gaps. Sine there may be a tie among the largest gaps (in whih ase one of the largest

gaps is hosen uniformly at random), we denote the seleted largest gap as �CLGλ�� (for �Chosen

Largest Gap�). Suppose the CLGλ is between nodes Xλ,i−1 and Xλ,i. With shortest path routing,

the paket is then sent from the sender S to node Xλ,i−1, and from the sender S to node Xλ,i in the

opposite diretion. Thus, the largest gap is not traversed by the paket transmission.

Note that by symmetry, P{
y

u1 is used} = P{
x

uN is used}, and P{
y

uN is used} = P{
x

u1 is used}.

More generally, for reasons of symmetry, it su�es to ompute the utilization probabilities for the

lokwise oriented edges. For n ∈ {1, . . . , N}, we abbreviate

(2.11)

y

nλ :=
y

un is used on wavelength λ.

It will be onvenient to all node N also node 0. We let Gλ, Gλ = 0, . . . , N −1, be a random variable

denoting the �rst node bordering the hosen largest gap on wavelength λ, when this gap is onsidered

lokwise.

The utilization probability for the lokwise segment n on wavelength λ is given by

(2.12) P

(

y

nλ

)

=

η
∑

ℓ=0

(

α · pℓα

(

y

nλ

)

· µλ,ℓ + β · qℓβ

(

y

nλ

)

· νλ,ℓ + γ · qℓγ

(

y

nλ

)

· κλ,ℓ

)

.

Our primary performane metri is the maximum paket throughout (stability limit). More speif-

ially, we de�ne the (e�etive) multiast apaity CM as the maximum number of pakets (with a

given tra� pattern) that an be sent simultaneously in the long run, and note that CM is given as

the reiproal of the largest ring segment utilization probability, i.e.,

CM :=
1

maxn∈{1,...,N}maxλ∈{1,...,Λ} P
(

y

nλ

) .(2.13)
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3. General Properties of Segment Utilization

First, we prove a general reursion formula for shortest path routing.

Proposition 3.1. Let λ ∈ {1, . . . ,Λ} be a �xed wavelength. For all nodes n ∈ {0, . . . , N − 1},

P

(

y

(n+ 1)λ

)

= P

(

y

nλ

)

+ P (S = n)− P (Gλ = n) .(3.1)

Proof. There are two omplementary events leading to

y

(n+ 1)λ: (A) the paket traverses (on wave-

length λ) both the lokwise segment

y

un+1 and the preeding lokwise segment

y

un, i.e., the sender

is a node S 6= n, and (B) node n is the sender (S = n) and transmits the paket in the lokwise

diretion, so that it traverses segment

y

un+1 following node n (in the lokwise diretion). Formally,

P

(

y

(n+ 1)λ

)

= P

(

y

nλ and

y

(n+ 1)λ

)

+ P

(

S = n and

y

(n + 1)λ

)

.(3.2)

Next, note that the event that the lokwise segment

y

un is traversed an be deomposed into two

omplementary events, namely (a) segments

y

un and

y

un+1 are traversed, and (b) segment

y

un is

traversed, but not segment

y

un+1, i.e.,

P

(

y

nλ

)

= P

(

y

nλ and

y

(n+ 1)λ

)

+ P

(

y

nλ and not

y

(n+ 1)λ

)

.(3.3)

Similarly, we an deompose the event of node n being the sender as

(3.4) P (S = n) = P

(

S = n and

y

(n+ 1)λ

)

+ P

(

S = n and not

y

(n+ 1)λ

)

.

Hene, we an express P

(

y

(n+ 1)λ

)

as

P

(

y

(n+ 1)λ

)

= P

(

y

nλ

)

− P

(

y

nλ and not

y

(n+ 1)λ

)

+P (S = n)− P

(

S = n and not

y

(n + 1)λ

)

.(3.5)

Now, note that there are two omplementary events that result in the CLG to start at node n, suh

that lokwise segment n + 1 is inside the CLG: (i) node n is the last destination node reahed by

the lokwise transmission, i.e., segment n is used, but segment n+1 is not used, and (ii) node n is

the sender and transmits only a paket opy in the ounter lokwise diretion. Hene,

P (Gλ = n) = P

(

y

nλ and not

y

(n + 1)λ

)

+ P

(

S = n and not

y

(n+ 1)λ

)

.(3.6)

Therefore, we obtain the general reursion

(3.7) P

(

y

(n+ 1)λ

)

= P

(

y

nλ

)

+ P (S = n)− P (Gλ = n) .

�
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We introdue the left (ounter lokwise) shift and the right (lokwise) shift of node n to be ⌊n⌋λ

and ⌈n⌉λ given by

(3.8) ⌊n⌋λ :=

⌊

n− λ

Λ

⌋

Λ+ λ and ⌈n⌉λ :=

⌈

n− λ

Λ

⌉

Λ + λ.

The ounter lokwise shift maps a node n not homed on λ onto the nearest node in the ounter

lokwise diretion that is homed on λ. Similarly, the lokwise shift maps a node n not homed on

λ onto the losest node in the lokwise diretion that is homed on λ.

For the tra� on wavelength λ, we obtain by repeated appliation of Proposition 3.1

P

(

y

(⌈n⌉λ)λ

)

= P

(

y

nλ

)

+

⌈n⌉λ−1
∑

i=n

P (S = i)−

⌈n⌉λ−1
∑

i=n

P (Gλ = i)(3.9)

= P

(

y

nλ

)

+ P (S ∈ {n, . . . , ⌈n⌉λ − 1})− P (Gλ ∈ {n, . . . , ⌈n⌉λ − 1}) .(3.10)

Note that the CLG on λ an only start (i) at the soure node, irrespetive of whether it is on λ,

or (ii) at a destination node on λ. Consider a given node n that is not on λ, then the nodes in

{n, n + 1, . . . , ⌈n⌉λ − 1} are not on λ. (If node n is on λ, i.e., n = ⌈n⌉λ, then trivially the set

{n, n+1, . . . , ⌈n⌉λ− 1} is empty and P

(

y

(⌈n⌉λ)λ

)

= P

(

y

nλ

)

.) Hene, the CLG on λ an only start

at a node in {n, n+ 1, . . . , ⌈n⌉λ − 1} if that node is the soure node, i.e.,

(3.11) P (Gλ ∈ {n, . . . , ⌈n⌉λ − 1}) = P (Gλ = S ∈ {n, . . . , ⌈n⌉λ − 1}) .

Next, note that the event that a node in {n, n+1, . . . , ⌈n⌉λ−1} is the soure node an be deomposed

into the two omplementary events (i) a node in {n, n+1, . . . , ⌈n⌉λ − 1} is the soure node and the

CLG on λ starts at that node, and (ii) a node in {n, n + 1, . . . , ⌈n⌉λ − 1} is the soure node and

the CLG does not start at that node. Hene,

(3.12)

P (S ∈ {n, . . . , ⌈n⌉λ − 1}) = P (Gλ = S ∈ {n, . . . , ⌈n⌉λ − 1}) + P (S ∈ {n, . . . ,m− 1} ,Gλ 6= S) .

Inserting (3.11) and (3.12) in (3.10) we obtain

(3.13) P

(

y

(⌈n⌉λ)λ

)

= P

(

y

nλ

)

+ P (S ∈ {n, . . . ,m− 1} ,Gλ 6= S)

whih diretly leads to

Corollary 3.2. The usage of non-ritial segments is smaller than the usage of ritial segments,

more preisely for n ∈ {0, . . . , N − 1}:

P

(

y

nλ

)

= P

(

y

(⌈n⌉λ)λ

)

− P (S ∈ {n, . . . , ⌈n⌉λ − 1} ,Gλ 6= S) .(3.14)

To ompare the expeted length of the largest gap on a wavelength in the WDM ring with the

expeted length of the largest gap in the single wavelength ring, we introdue the enlarged and
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redued ring in Appendix A. In brief, in the enlarged ring, an extra node is added on the onsidered

wavelength between the λ-neighbors of the soure node. This enlargement results in (a) a set of η+1

nodes homed on the onsidered wavelength, and (b) an enlarged set of ative nodes A+
λ ontaining

the original destination nodes plus the added extra node (whih in a sense represents the soure

node on the onsidered wavelength) for a total of ℓ + 1 ative nodes. The expeted length of the

largest gap on this enlarged wavelength ring with ℓ+1 ative nodes among η+1 nodes homed on the

wavelength (A) is equivalent to Λ times the expeted length of the largest gap on a single wavelength

ring with l = ℓ destination nodes and one soure node among N nodes homed on the ring, and (B)

provides an upper bound on the expeted length of the largest gap on the original wavelength ring

(before the enlargement).

In the redued ring, the left- and right-shifted soure node are merged into one node on the

onsidered wavelength, resulting (a) in a set of η−1 nodes homed on the onsidered wavelength, and

(b) a set A−λ of ℓ− 1, ℓ, or ℓ+1 ative nodes. The expeted length of the largest gap dereases with

inreasing number of ative nodes, hene we onsider the ase with ℓ + 1 ative nodes for a lower

bound. The expeted length of the largest gap on the redued wavelength ring with ℓ + 1 ative

nodes among η− 1 nodes homed on the wavelength (A) is equivalent to Λ times the expeted length

of the largest gap on a single wavelength ring with l = ℓ destination nodes and one soure node

among N nodes homed on the ring, and (B) provides a lower bound on the expeted length of the

largest gap on the original wavelength ring (before the redution). From these two onstrutions,

whih are formally provided in Appendix A, we diretly obtain:

Proposition 3.3. Given that the ardinality of Fλ is ℓ, the expeted length of the CLG on wavelength

λ is bounded by:

(3.15) Λ · g (ℓ, η − 1) ≤ E
ℓ (|CLGλ|) ≤ Λ · g (ℓ, η + 1) ,

where g (l,N) denotes the expeted length of the CLG for a single wavelength ring with N nodes,

when the ative set is hosen uniformly at random from all subsets of {1, . . . , N} with ardinality

(l + 1).

The expeted length of the largest gap g(l,N) [63℄ is given for l = 0, . . . , N − 1, by g(l,N) =
∑N

k=1 k ·ql,N (k), where ql,N (·) denotes the distribution of the length of the largest gap. Let pl,N(k) =
(

N−k−1
l−1

)

/
(

N−1
l

)

denote the probability that an arbitrary gap has k hops. Then the distribution ql,N

may be omputed using the reursion

ql,N(k) = pl,N(k) ·

k
∑

m=1

ql−1,N−k(m) +

k−1
∑

m=1

pl,N(m) · ql−1,N−m(k)(3.16)
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together with the initialization q0,N (k) = δN,k and qN−1,N (k) = δ1,k, where δN,k denotes the Kro-

neker Delta. Whereby, q0,N (k) = δN,k means a ring with only one ative node has only one gap

of length N , hene the largest gap has length N with probability one. Similarly, qN−1,N (k) = δ1,k

means a ring with all nodes ative (broadast ase) has N gaps with length one, hene the largest

gap has length 1 with probability one. This initialization diretly implies g(0, N) = N as well as

g(N − 1, N) = 1. Obviously, we have to set g(l,N) = 0 for l ≥ N .

4. Bounds on Segment Utilization for λ 6= Λ

4.1. Uniform Tra�. In the setting of uniform tra�, one has for all n ∈ {−Λ+ λ+ 1, . . . , λ} and

k ∈ {0, . . . , η − 1}, for reasons of symmetry:

(4.1) Pα

(

y

nλ

)

= Pα

(

y

(n+ kΛ)λ

)

.

For n ∈ {−Λ + λ+ 1, . . . , λ}, the di�erene between ritial and non-ritial edges, orresponding

to Corollary 3.2, an be estimated by

0 ≤ Pα (S ∈ {n, . . . , λ− 1} ,Gλ 6= S)

≤ Pα (S ∈ {n, . . . , λ− 1}) =
λ− n

N
.(4.2)

With shortest path routing, on average N − Eα (|CLG|λ) segments are traversed on λ to serve a

uniform tra� paket. Equivalently, we obtain the expeted number of traversed segments by sum-

ming the utilization probabilities of the individual segments, i.e., as

∑N
n=1 Pα

(

y

nλ

)

+
∑N

n=1 Pα

(

x

nλ

)

,

whih, due to symmetry, equals 2
∑N

n=1 Pα

(

y

nλ

)

. Hene,

N − Eα (|CLG|λ) = 2
N
∑

n=1

Pα

(

y

nλ

)

(4.3)

and

Eα (|CLG|λ) = N − 2
N
∑

n=1

Pα

(

y

nλ

)

(4.4)

= N − 2η

λ
∑

k=−Λ+λ+1

Pα

(

y

k λ

)

.(4.5)

Expressing Pα

(

y

k λ

)

using Corollary 3.2, we obtain

(4.6) Eα (|CLG|λ) = N − 2NPα

(

y

λλ

)

+ 2η
λ
∑

k=−Λ+λ+1

Pα (S ∈ {k, . . . , λ− 1},Gλ 6= S) .
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Solving for Pα

(

y

λλ

)

yields

(4.7) Pα

(

y

λλ

)

=
1

2
−

1

2N
Eα (|CLG|λ) +

1

Λ

λ
∑

k=−Λ+λ+1

Pα (S ∈ {k, . . . , λ− 1},Gλ 6= S) .

Hene, the inequalities (4.2) lead to

(4.8)

1

2
−

1

2N
Eα (|CLG|λ) ≤ Pα

(

y

λλ

)

≤
1

2
−

1

2N
Eα (|CLG|λ) +

Λ− 1

2N
.

Employing the bounds for Eα (|CLG|λ) from Proposition 3.3 gives

(4.9)

1

2
−

1

2η

η
∑

ℓ=0

g(ℓ, η + 1)µλ,ℓ ≤ Pα

(

y

λλ

)

≤
1

2
−

1

2η

η−2
∑

ℓ=0

g(ℓ, η − 1)µλ,ℓ +
Λ− 1

2N
.

4.2. Hotspot Destination Tra�. The only di�erene to uniform tra� is that N annot be a

sender, sine it is already a destination, i.e.,

(4.10) qℓβ

(

y

nλ

)

= pℓα

(

y

nλ |S 6= N
)

.

Using pℓα (S = N) = 1
N
, we obtain

qℓβ

(

y

nλ

)

=
N

N − 1
pℓα

(

y

nλ

)

−
1

N − 1
pℓα

(

y

nλ |S = N
)

(4.11)

=
N

N − 1
pℓα

(

y

nλ

)

−
1

N − 1
qℓγ

(

y

nλ

)

.(4.12)

Due to the fator

1
N−1 , the seond term is negligible in the ontext of large networks.

4.3. Hotspot Soure Tra�. Sine node N is the sender (and given that there is at least one

destination node on λ), it sends a paket opy over segment

y

un on wavelength λ if the CLG on λ

starts at a node with index n or higher. Hene, the usage probability of a segment an be omputed

as

(4.13) qℓγ

(

y

nλ

)

= qℓγ (Gλ ≥ n)

for n ∈ {1, . . . , N}. We notie immediately that qℓγ

(

y

nλ

)

is monotone dereasing in n. Moreover,

for all n ∈ {1, . . . , (η − 1) Λ + λ}, Equation (3.14) simpli�es to

qℓγ

(

y

nλ

)

= qℓγ

(

y

(⌈n⌉λ)λ

)

(4.14)

sine the sender is node N ≡ 0 and onsequently P (S ∈ {n, . . . , ⌈n⌉λ − 1} ,Gλ 6= S) = 0 for the

onsidered n ∈ {1, . . . , (η − 1) Λ + λ}. Sine qℓγ

(

y

nλ

)

is monotone dereasing in n, the maximally

used ritial segment on wavelength λ is

y

uλ.

With node N being the sender, the CLG on λ an only start at the soure node N ≡ 0, or at a

destination node homed on λ. If the CLG does not start at N ≡ 0, the segment

y

uλ leading to the
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�rst node homed on λ, namely node λ, is utilized. Hene,

(4.15) qℓγ

(

y

λλ

)

= qℓγ (Gλ 6= 0) .

Observe that

(4.16) qℓγ (Gλ = 0) < qℓγ (GΛ−λ = 0) for λ <
Λ

2
,

whih is exploited in Setion 4.4.

Enlarging the ring leads to

(4.17) qℓγ (Gλ = 0) ≤ qℓγ
(

G+
λ = 0

)

=
1

ℓ+ 1
,

sine the gaps bordering node 0 are enlarged whereas the lengths of all other gaps are unhanged.

A right shifting of S yields the following lower bound:

qℓγ (Gλ = 0) ≥ qℓγ (G
→
λ = 0 |λ /∈ Fλ) q

ℓ
γ (λ /∈ Fλ)(4.18)

=
1

ℓ+ 1

(

1−
ℓ

η

)

.(4.19)

Thus,

1−
1

ℓ+ 1
≤ qℓγ

(

y

λλ

)

≤ 1−
1

ℓ+ 1

(

1−
ℓ

η

)

.(4.20)

4.4. Summary of Segment Utilization Bounds and Approximation for λ 6= Λ. For λ 6= Λ

we obtain from (2.12) and (4.12)

P

(

y

nλ

)

=

η
∑

ℓ=0

(

pℓα

(

y

nλ

)

(

αµλ,ℓ +
N

N − 1
βνλ,ℓ

)

+ qℓγ

(

y

nλ

)

(

γκλ,ℓ −
1

N − 1
βνλ,ℓ

))

.(4.21)

Using Corollary 3.2 for pℓα and (4.13) for qℓγ yields

(4.22) max
n∈M

P

(

y

nλ

)

= P

(

y

λλ

)

,

i.e., the segment number λ experienes the maximum utilization on wavelength λ. Moreover, in-

equality (4.16) yields

(4.23) max
λ6=Λ

max
n∈M

P

(

y

nλ

)

= P

(

y

1 1

)

,

i.e., the �rst segment on wavelength 1, experienes the maximum utilization among all segments on

all wavelengths λ 6= Λ.

From (4.21) in onjuntion with (4.9) and (4.20) we obtain

P

(

y

1 1

)

≥
1

2

(

α+
N

N − 1
β

)

−
1

2η

η
∑

ℓ=0

g (ℓ, η + 1)

(

αµ1,ℓ +
N

N − 1
βν1,ℓ

)

+

+

η
∑

ℓ=0

ℓ

ℓ+ 1

(

γκ1,ℓ −
1

N − 1
βν1,ℓ

)

=: p1l(4.24)
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and

P

(

y

1 1

)

≤
1

2

(

1 +
Λ− 1

N

)(

α+
N

N − 1
β

)

−
1

2η

η
∑

ℓ=0

g (ℓ, η − 1)

(

αµ1,ℓ +
N

N − 1
βν1,ℓ

)

+

η
∑

ℓ=0

ℓ (η + 1)

(ℓ+ 1) η

(

γκ1,ℓ −
1

N − 1
βν1,ℓ

)

=: p1u.(4.25)

We obtain an approximation of the segment utilization by onsidering the behavior of these bounds

for large η = N
Λ . Large η imply

η+1
η

∼ 1 as well as

N
N−1 ∼ 1, and g(ℓ, η − 1) ∼ g(ℓ, η + 1).

Intuitively, this last relation means that the expeted length of the largest gap on a ring network

with ℓ destination nodes among η − 1 nodes is approximately equal to the largest gap when there

are ℓ destination nodes among η + 1 nodes. With these onsiderations we an simplify the bounds

given above and obtain the approximation (valid for large η):

P

(

y

1 1

)

∼
1

2
(α+ β)−

1

2η

η
∑

ℓ=0

g(ℓ, η) (αµ1,ℓ + βν1,ℓ) + γ

η
∑

ℓ=0

ℓ

ℓ+ 1
κ1,ℓ =: p1a.(4.26)

5. Bounds on Segment Utilization for λ = Λ

For uniform tra� this ase, of ourse, does not di�er from the ase λ 6= Λ.

5.1. Hotspot Destination Tra�. Sine N is a destination node, by symmetry it is reahed by

a lokwise transmission with probability one half, i.e.,

(5.1) Qβ

(

y

NΛ

)

=
1

2
.

For hotspot destination tra�, node N an not be the sender, i.e., Qβ (S = N) = 0. Hene, by

Proposition 3.1:

(5.2) Qβ

(

y

1Λ

)

=
1

2
−Qβ (GΛ = 0) .

Moreover, we have from Corollary 3.2 with n = 1 and λ = Λ:

(5.3) Qβ

(

y

ΛΛ

)

= Qβ

(

y

1Λ

)

+Qβ (S ∈ {1, . . . ,Λ− 1} ,GΛ 6= S) .

To estimate Qβ (GΛ = 0), we introdue, as before, the left- resp. right-shift of S, given by

(5.4) ⌊S⌋Λ :=

⌊

S

Λ

⌋

Λ and ⌈S⌉Λ :=

⌈

S

Λ

⌉

Λ.

Left and right shifting of S leads to the following bounds for the probability qℓβ (GΛ = 0), whih are

proven in Appendix B.

Proposition 5.1. For hotspot destination tra�, onditioning on the ardinality of FΛ to be ℓ, the

probability that the CLG starts at node 0 is bounded by:

(5.5)

1

ℓ+ 1

(

1−
1

ℓη

)

≤ qℓβ (GΛ = 0) ≤
1

ℓ+ 1

(

1 +
1

η

)

.
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Inserting the bounds from Proposition 5.1 and noting that 0 ≤ Qβ (S ∈ {1, . . . ,Λ− 1} ,GΛ 6= S) ≤

(Λ− 1)/(2N) leads to

(5.6) Qβ

(

y

ΛΛ

)

≤
1

2
−

η
∑

ℓ=1

νΛ,ℓ
1

ℓ+ 1

(

1−
1

ℓη

)

+
Λ− 1

2N

and

(5.7) Qβ

(

y

ΛΛ

)

≥
1

2
−

N−1
∑

ℓ=1

νΛ,ℓ
1

ℓ+ 1

(

1 +
1

η

)

.

5.2. Hotspot Soure Tra�. Sine we know that N is the sender and has drop wavelength Λ,

we have a symmetri setting on FΛ and an diretly apply the results of the single wavelength

setting [62℄.

In partiular, we obtain from Setion 3.1.3 in [62℄ for ℓ ∈ {0, . . . , η − 1}

(5.8) qℓγ

(

y

NΛ

)

= 0

and

(5.9) qℓγ

(

y

ΛΛ

)

= qℓγ (GΛ 6= 0) =
ℓ

ℓ+ 1
.

5.3. Summary of Segment Utilization Bounds and Approximation for λ = Λ. Inserting the

bounds derived in the preeding setions in (2.12), we obtain

P

(

y

ΛΛ

)

≥
1

2
α

(

1−
1

η

η
∑

ℓ=0

g (ℓ, η + 1)µΛ,ℓ

)

+
1

2
β

(

1−

η
∑

ℓ=1

2(η + 1)

(ℓ+ 1)η
νΛ,ℓ

)

+(5.10)

+γ

η−1
∑

ℓ=0

ℓ

ℓ+ 1
κΛ,ℓ =: pLl

and

P

(

y

ΛΛ

)

≤
1

2
α

(

1 +
Λ− 1

N
−

1

η

η
∑

ℓ=0

g (ℓ, η − 1)µΛ,ℓ

)

+
1

2
β

(

1 +
Λ− 1

N
−

η
∑

ℓ=1

2(ℓη − 1)

(ℓ+ 1)ℓη
νΛ,ℓ

)

+

+γ

η−1
∑

ℓ=0

ℓ

ℓ+ 1
κΛ,ℓ =: pLu,(5.11)

whereby µΛ,ℓ is given by setting λ = Λ in (2.3). Moreover,

P

(

y

NΛ

)

≥
1

2
α

(

1−
1

η

η
∑

ℓ=0

g (ℓ, η + 1)µΛ,ℓ

)

+
1

2
β =: pNl(5.12)

and

P

(

y

NΛ

)

≤
1

2
α

(

1 +
Λ− 1

N
−

1

η

η
∑

ℓ=0

g (ℓ, η − 1)µΛ,ℓ

)

+
1

2
β =: pNu.(5.13)

Considering again these bounds for large η, we obtain the approximations:

P

(

y

ΛΛ

)

∼
1

2
(α+ β)−

α

2η

η
∑

ℓ=0

g(ℓ, η)µΛ,ℓ − β

η
∑

ℓ=1

1

ℓ+ 1
νΛ,ℓ + γ

η−1
∑

ℓ=0

ℓ

ℓ+ 1
κΛ,ℓ =: pLa(5.14)
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as well as

P

(

y

NΛ

)

∼
1

2
(α + β)−

α

2η

η
∑

ℓ=0

g(ℓ, η)µΛ,ℓ =: pNa.(5.15)

6. Evaluation of Largest Segment Utilization and Seletion of Routing Strategy

With (4.23) and a detailed onsideration of wavelength λ = Λ, we prove in Appendix C the main

theoretial result:

Theorem 6.1. The maximum segment utilization probability is

(6.1) max
n∈{1,...,N}

max
λ∈{1,...,Λ}

P

(

y

nλ

)

= max

{

P

(

y

1 1

)

,P

(

y

ΛΛ

)

,P

(

y

NΛ

)}

.

It thus remains to ompute the three probabilities on the right hand side. We have no exat

result in the most general setting (it would be possible to give reursive formulae, but these would

be prohibitively omplex). However, we have given upper and lower bounds and approximations

in Setions 4.4 and 5.3, whih math rather well in most situations, as demonstrated in the next

setion, and have the same asymptotis when η → ∞ while Λ remains �xed.

Toward assessing the onsidered shortest-path routing strategy, we diretly observe, that P

(

y

NΛ

)

is always less or equal to

1
2 . On the other hand, the �rst two usage probabilities will, for γ large

enough, beome larger than

1
2 , espeially for hotspot soure tra� with moderate to large fanouts.

Hene, shortest-path routing will result in a multiast apaity of less than two for large portions of

hotspot soure multi- and broadast tra�, whih may arise in ontent distribution, suh as for IP

TV.

The intuitive explanation for the high utilization of the segments

y

1 1 and

y

ΛΛ with shortest-path

routing for multi- and broadast hotspot soure tra� is a follows. Consider the transmission of

a given hotspot soure tra� paket with destinations on wavelength Λ homing the hotspot. If

the paket has a single destination uniformly distributed among the other η − 1 nodes homed on

wavelength Λ, then the CLG is adjaent and to the left (i.e., in the ounter lokwise sense) of the

hotspot with probability one half. Hene, with probability one half a paket opy is sent in the

lokwise diretion, utilizing the segment

y

ΛΛ. With an inreasing number of uniformly distributed

destination nodes on wavelength Λ, it beomes less likely that the CLG is adjaent and to the left

of the hotspot, resulting in inreased utilization of segment

y

ΛΛ. In the extreme ase of a broadast

destined from the hotspot to all other η − 1 nodes homed on Λ, the CLG is adjaent and to the

left of the hotspot with probability 1/η, i.e., segment

y

ΛΛ is utilized with probability 1− 1/η. With

probability 1−2/η the CLG is not adjaent to the hotspot, resulting in two paket opy transmissions,

i.e., a paket opy is sent in eah ring diretion.
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For wavelength 1, the situation is subtly di�erent due to the rotational o�set of the nodes homed

on wavelength 1 from the hotspot. That is, node 1 has a hop distane of 1 from the hotspot (in the

lokwise diretion), whereas the highest indexed node on wavelength 1, namely node (η − 1)Λ + 1

has a hop distane of Λ− 1 from the hotspot (in the ounter lokwise diretion). As for wavelength

Λ, for a given paket with a single uniformly distributed destination on wavelength 1, the CLG is

adjaent and to the left of the hotspot with probability one half, and the paket onsequently utilizes

segment

y

1 1 with probability one half. With inreasing number of destinations, the probability of

the CLG being adjaent and to the left of the hotspot dereases, and the utilization of segment

y

1 1

inreases, similar to the ase for wavelength Λ. For a broadast destined to all η nodes on wavelength

1, the situation is di�erent from wavelength Λ, in that the CLG is never adjaent to the hotspot,

i.e., the hotspot always sends two paket opies, one in eah ring diretion.

6.1. One-Copy (OC) Routing. To overome the high utilization of the segments

y

1 1 and
y

ΛΛ due

to hotpot soure multi- and broadast tra�, we propose one-opy (OC) routing : With one-opy

routing, uniform tra� and hotspot destination tra� are still served using shortest path routing.

Hotspot soure tra� is served using the following ounter-based poliy. We de�ne the ounter Yλ

to denote the number of nodes homed on λ that would need to be traversed to reah all destinations

on λ with one paket transmission in the lokwise diretion (whereby the �nal reahed destination

node ounts as a traversed node). If Yλ < η/2, then one paket opy is sent in the lokwise diretion

to reah all destinations. If Yλ > η/2, then one paket opy is sent in the ounter lokwise diretion

to reah all destinations. Ties, i.e., Yλ = η/2, are served in either lokwise or ounter lokwise

diretion with probability one half. For hotspot soure tra� with arbitrary tra� fanout, this

ounter-based one-opy routing ensures a maximum utilization of one half on any ring segment.

Note that the ounter-based poliy onsiders only the nodes homed on the onsidered wavelength λ

to ensure that the rotational o�set between the wavelength Λ homing the hotspot and the onsidered

wavelength λ does not a�et the routing deisions.

We propose the following strategy for swithing between shortest path (SP) and one-opy (OC)

routing. Shortest path routing is employed if both (4.26) and (5.14) are less than one half. If (4.26)

or (5.14) exeeds one half, then one-opy routing is used. For the pratial implementation of this

swithing strategy, the hotspot an periodially estimate the urrent tra� parameters, i.e., the tra�

portions α, β, and γ as well as the orresponding fanout distributions µl, νl, and κl, l = 1, . . . , N−1,

for instane, through a ombination of tra� measurements and histori tra� patterns, similar

to [64, 65, 66, 67, 68℄. From these tra� parameter estimates, the hotspot an then evaluate (4.26)

and (5.14).
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To obtain a more re�ned riterion for swithing between shortest path routing and one-opy

routing we proeed as follows. We haraterize the maximum segment utilization with shortest path

routing more expliitly by inserting (4.26), (5.14), and (5.15) in (6.2) to obtain:

max
n∈{1,...,N}

max
λ∈{1,...,Λ}

P

(

y

nλ

)

=
1

2
(α+ β)−

α

2η

η
∑

ℓ=0

g(ℓ, η)µ1,ℓ

+max

{

0, −
β

2η

η
∑

ℓ=0

g(ℓ, η)ν1,ℓ + γ

η
∑

ℓ=0

ℓ

ℓ+ 1
κ1,ℓ, −β

η
∑

ℓ=1

1

ℓ+ 1
νΛ,ℓ + γ

η−1
∑

ℓ=0

ℓ

ℓ+ 1
κΛ,ℓ

}

,(6.2)

whereby we noted that the de�nition of µλ,ℓ in (2.3) diretly implies that µλ,ℓ is independent of λ.

Clearly, the hotspot soure tra� does not in�uene the maximum segment utilization as long as

γ ≤ γth1,1 :=
β

2η

∑η
ℓ=0 g(ℓ, η)ν1,ℓ
∑η

ℓ=1
ℓ

ℓ+1κ1,ℓ
(6.3)

and

γ ≤ γth1,Λ := β

∑η
ℓ=1

1
ℓ+1νΛ,ℓ

∑η−1
ℓ=1

ℓ
ℓ+1κΛ,ℓ

.(6.4)

Thus, if γ ≤ γth1 = min(γth1,1, γth1,Λ), then all tra� is served using shortest path routing.

We next note that Theorem 6.1 does not hold for the one-opy routing strategy. We therefore

bound the maximum segment utilization probability with one-opy routing by observing that (4.9)

together with Proposition 3.2 and (4.2) implies that asymptotially for all λ ∈ {1, . . . ,Λ}

(6.5) Pα

(

y

nλ

)

∼
1

2
−

1

2η

η−1
∑

ℓ=0

g(ℓ, η)µλ,ℓ.

Hene, Pα

(

y

nλ

)

is asymptotially onstant. Moreover, similar as in the single wavelength ase [62℄,

we have

(6.6) Pβ

(

y

nλ

)

≤ Pβ

(

y

NΛ

)

=
1

2
.

Therefore, the maximum segment utilization with one-opy routing is (approximately) bounded by

max
n∈{1,...,N}

max
λ∈{1,...,Λ}

P

(

y

nλ

)

≤
1

2
(α+ β + γ)−

α

2η

η−1
∑

ℓ=0

g(ℓ, η)µ1,ℓ.(6.7)

Comparing (6.7) with (6.2) we observe that the maximum segment utilization with one-opy

routing is smaller than with shortest path routing if the following threshold onditions hold:

• If

∑η
ℓ=1

ℓ
ℓ+1κ1,ℓ >

1
2 , then set

γth2,1 =
β

2η

∑η
ℓ=0 g(ℓ, η)ν1,ℓ

∑η
ℓ=1

ℓ
ℓ+1κ1,ℓ −

1
2

,(6.8)

otherwise set γth2,1 = ∞.
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• If

∑η−1
ℓ=1

ℓ
ℓ+1κΛ,ℓ >

1
2 , then set

γth2,Λ := β

∑η
ℓ=1

1
ℓ+1νΛ,ℓ

∑η−1
ℓ=1

ℓ
ℓ+1κΛ,ℓ −

1
2

,(6.9)

otherwise set γth2,Λ = ∞.

If γ ≥ γth2 = max(γth2,1, γth2,Λ), then one-opy routing is employed.

For γ values between γth1 and γth2, the hotspot ould numerially evaluate the maximum seg-

ment utilization probability of shortest path routing with the derived approximations. The hotspot

ould also obtain the segment utilization probabilities with one-opy routing through disrete event

simulations to determine whether shortest path routing or one-opy routing of the hotspot tra� is

preferable for a given set of tra� parameter estimates.

7. Numerial and Simulation Results

In this setion we present numerial results obtained from the derived bounds and approximations

of the utilization probabilities as well as verifying simulations. We initially simulate individual,

stohastially independent pakets generated aording to the tra� model of Setion 2 and routed

aording to the shortest path routing poliy. We determine estimates of the utilization probabilities

of the three segments

y

1 1,
y

ΛΛ, and
y

NΛ and denote these probabilities by p1s, pLs, and pNs. Eah

simulation is run until the 99% on�dene intervals of the utilization probability estimates are less

than 1% of the orresponding sample means. We onsider a networks with Λ = 4 wavelength hannels

in eah ring diretion.

7.1. Evaluation of Segment Utilization Probability Bounds and Approximations for

Shortest Path Routing. We examine the auray of the derived bounds and approximations

by plotting the segment utilization probabilities as a funtion of the number of network nodes

N = 8, 12, 16, . . . , 256 and omparing with the orresponding simulation results. For the �rst

set of evaluations, we onsider multiast tra� with �xed fanout µ1 = ν1 = κ1 = 1/4 and

µl = νl = κl = 3/(4(N − 2)) for l = 2, . . . , N − 1. We examine inreasing portions of hotspot

tra� by setting α = 1, β = γ = 0 for Fig. 7.1, α = 0.6, β = 0.1, and γ = 0.3 for Fig. 7.2, and

α = 0.2, β = 0.2, and γ = 0.6 for Fig. 7.3. We onsider these senarios with hotspot tra� dom-

inated by hotspot soure tra�, i.e., with γ > β, sine many multiast appliations involve tra�

distribution by a hotspot, e.g., for IP TV.

We also onsider a �xed tra� mix α = 0.2, β = 0.2, and γ = 0.6 for inreasing fanout. We

onsider uniast (UC) tra� with µ1 = ν1 = κ1 = 1 in Fig. 7.4, mixed tra� (MI) with µ1 = ν1 =

κ1 = 1/2 and µl = νl = κl = 1/(2(N − 2)) for l = 2, . . . , N − 1 in Fig. 7.5, multiast (MC) tra�
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Figure 7.1. Segment utilization probability as a funtion of number of Nodes N for

α = 1, β = 0, γ = 0, and µ1 = ν1 = κ1 = 1/4 and µl = νl = κl = 3/(4(N − 2)) for
l = 2, . . . , N − 1.
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Figure 7.2. Segment utilization probability as a funtion of number of Nodes N for

α = 0.6, β = 0.1, γ = 0.3, and µ1 = ν1 = κ1 = 1/4 and µl = νl = κl = 3/(4(N − 2))
for l = 2, . . . , N − 1.
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Figure 7.3. Segment utilization probability as a funtion of number of Nodes N for

α = 0.2, β = 0.2, γ = 0.6, and µ1 = ν1 = κ1 = 1/4 and µl = νl = κl = 3/(4(N − 2))
for l = 2, . . . , N − 1.

with µl = νl = κl = 1/(N − 1) for l = 1, . . . , N − 1 in Fig. 7.6, and broadast (BC) tra� with

µN−1 = νN−1 = κN−1 = 1 in Fig. 7.7.
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Figure 7.4. Segment utilization probability as a funtion of number of Nodes N for

α = 0.2, β = 0.2, γ = 0.6, and uniast (UC) tra� with µ1 = ν1 = κ1 = 1.
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Figure 7.5. Segment utilization probability as a funtion of number of Nodes N for

α = 0.2, β = 0.2, γ = 0.6, for mixed (MI) tra� with µ1 = ν1 = κ1 = 1/2 and

µl = νl = κl = 1/(2(N − 2)) for l = 2, . . . , N − 1.
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Figure 7.6. Segment utilization probability as a funtion of number of Nodes N for

α = 0.2, β = 0.2, γ = 0.6, for multiast (MC) tra� with µl = νl = κl = 1/(N − 1)
for l = 1, . . . , N − 1.

We observe from these �gures that the bounds get tight for moderate to large numbers of nodes

N and that the approximations haraterize the atual utilization probabilities fairly aurately for

the full range of N . For instane, for N = 64 nodes, the di�erene between the upper and lower
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Figure 7.7. Segment utilization probability as a funtion of number of Nodes N for

α = 0.2, β = 0.2, γ = 0.6, for broadast (BC) tra� with µN−1 = νN−1 = κN−1 = 1.

bound is less than 0.06, for N = 128 this di�erene shrinks to less than 0.026. The magnitudes

of the di�erenes between the utilization probabilities obtained with the analytial approximations

and the atual simulated utilization probabilities are less than 0.035 for N = 64 nodes and less than

0.019 for N = 128 for the wide range of senarios onsidered in Figs. 7.1�7.7. (When exluding the

broadast ase onsidered in Fig. 7.7, these magnitude di�erenes shrink to 0.02 for N = 64 nodes

and 0.01 for N = 128 nodes.)

For some senarios we observe for small number of nodes N slight osillations of the atual utiliza-

tion probabilities obtained through simulations, e.g., in Fig. 7.4(a) and 7.5(a). More spei�ally, we

observe peaks of the utilization probabilities for odd η and valleys for even η. These osillations are

due to the disrete variations in the number of destination nodes leading to segment traversals. For

instane, for the hotspot soure uniast tra� that aounts for a γ = 0.6 portion of the tra� in

Fig. 7.4(a), the utilization of segment

y

1 1 is as follows. For even η, there are η/2 possible destination

nodes that result in traversal of segment

y

1 1, eah of these destination nodes ours with probability

1/(N − 1); hene, segment

y

1 1 is traversed with probability N/[2Λ(N − 1)]. On the other hand, for

odd η, there are (η + 1)/2 possible destination nodes that result in traversal of segment

y

1 1; hene,

segment

y

1 1 is traversed with probability (N + Λ)/[2Λ(N − 1)].

Overall, we observe from Fig 7.1 that for uniform tra�, the three segments governing the max-

imum utilization probability are evenly loaded. With inreasing frations of non-uniform tra�

(with hotspot soure tra� dominating over hotspot destination tra�), the segments

y

1 1 and

y

4 4

experiene inreasing utilization probabilities ompared to segment

y

644, as observed in Figs. 7.2

and 7.3. Similarly, for the non-uniform tra� senarios with dominating hotspot soure tra�, we

observe from Figs. 7.4�7.7 inreasing utilization probabilities for the segments

y

1 1 and
y

4 4 ompared

to segment

y

644 with inreasing fanout. (In senarios with dominating hotspot destination tra�, not
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Figure 7.8. Maximum segment utilization probability as a funtion of fration of

hotspot soure tra� γ (with α = 1 − β − γ) for shortest path (SP) and one-opy

routing (OC) for �xed fration of hotspot tra� β for uniast (UC) tra�, mixed

(MI) tra�, multiast (MC) tra�, and broadast (BC) tra�.

shown here due to spae onstraints, the utilization of segment

y

644 inreases ompared to segments

y

1 1 and
y

4 4.)

In Figs. 7.3, 7.6, and 7.7, the utilization probabilities for segments

y

1 1 and
y

4 4 exeed one half for

senarios with moderate to large numbers of nodes (and orrespondingly large fanouts), indiating

the potential inrease in multiast apaity by employing one-opy routing.

7.2. Comparison of Segment Utilization Probabilities for SP and OC Routing. In Fig. 7.8

we ompare shortest path routing (SP) with one-opy routing (OC) for uniast (UC) tra�, mixed

(MI) tra�, multiast (MC) tra�, and broadast (BC) tra� with the fanout distributions de�ned

above for a network with N = 128 nodes. The orresponding thresholds γth1 and γth2 are reported

in Table 1. For SP routing, we plot the maximum segment utilization probability obtained from the

analytial approximations. For OC routing, we estimate the utilization probabilities of all segments

in the network through simulations and then searh for the largest segment utilization probability.

Fousing initially on uniast tra�, we observe that both SP and OC routing attain the same

maximum utilization probabilities. This is to be expeted sine the routing behaviors of SP and

OC are idential when there is a single destination on a wavelength. For β = 0.1, we observe with

inreasing portion of hotspot soure tra� γ an initial derease, a minimum value, and subsequent

inrease of the maximum utilization probability. The value of the maximum utilization probability

for γ = 0 is due to the uniform and hotspot destination tra� heavily loading segment

y

644. With

inreasing γ and onsequently dereasing α, the load on segment

y

644 diminishes, while the load on

segments

y

1 1 and

y

4 4 inreases. For approximately γ = 0.4, the three segments

y

1 1,
y

4 4, and
y

644 are
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Fanout γth1 γth2
β = 0.1

UC 0.397 ∞
MI 0.059 7.32

MC 0.011 0.030

BC 0.0004 0.006

β = 0.2
UC 0.794 ∞
MI 0.118 14.64

MC 0.022 0.061

BC 0.0008 0.013

Table 1. Thresholds γth1 and γth2 for senarios onsidered in Fig. 7.8

about equally loaded. As γ inreases further, the segments

y

1 1 and
y

4 4 experiene roughly the same,

inreasing load. For β = 0.2 we observe only the derease of the maximum utilization probability,

whih is due to the load on segment

y

644 dominating the maximum segment utilization. For this

larger fration of hotspot destination tra� we do not reah the regime where segments

y

1 1 and

y

4 4

govern the maximum segment utilization.

Turning to broadast tra�, we observe that SP routing gives higher maximum utilization proba-

bilities than OC routing for essentially the entire range of γ, reahing utilization probabilities around

0.9 for high proportions of hotspot soure tra�. This is due to the high loading of segments

y

1 1

and

y

4 4. In ontrast, with OC routing, the maximum segment utilization stays lose to 0.5, resulting

in signi�antly inreased apaity. The slight exursions of the maximum OC segment utilization

probability above 1/2 are due to uniform tra�. The segment utilization probability with uniform

tra� is approximated (not bounded) by (6.5), making exursions above 1/2 possible even though

hotspot destination and hotspot soure tra� result in utilization probabilities less than (or equal)

to 1/2.

For mixed and multiast tra�, we observe for inreasing γ an initial derease, minimum value, and

subsequent inrease of the maximum utilization probability for both SP and OC routing. Similarly

to the ase of uniast tra�, these dynamis are aused by initially dominating loading of segment

y

644, then a derease of the loading of segment

y

644 while the loads on segments

y

1 1 and
y

4 4 inrease.

We observe for the mixed and multiast tra� senarios with the same fanout for all three tra�

types onsidered in Fig 7.8 that SP routing and OC routing give essentially the same maximum

segment utilization for small γ up to a �knee point� in the SP urves. For larger γ, OC routing gives

signi�antly smaller maximum segment utilizations. We observe from Table 1 that for relatively

large fanouts (MC and BC), the ranges between γth1 and γth2 are relatively small, limiting the need

for resorting to numerial evaluation and simulation for determining whether to employ SP or OC
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Figure 7.9. Maximum segment utilization probability as a funtion of fration of

hotspot soure tra� γ. Fixed parameters: N = 128 nodes, β = 0.4, µl = 1/16 for

l = 1, . . . , 16.

Senario γth1 γth2
κd = 1

d = 127 0.122 0.283

d = 64 0.126 0.302

d = 1 0.972 ∞
νd = 1

d = 127 0.0017 0.028

d = 64 0.025 0.073

d = 1 0.212 0.456

Table 2. Thresholds γth1 and γth2 for senarios onsidered in Fig. 7.9

routing. For small fanouts (UC and MI), the γ thresholds are far apart; further re�ned deision

riteria for routing with SP or OC are therefore an important diretion for future researh.

We ompare shortest path (SP) and one-opy (OC) routing for senarios with di�erent fanout

distribution for the di�erent tra� types in Fig. 7.9 for a ring with N = 128 nodes. We observe

from Fig. 7.9(a) that for hotspot soure tra� with large fanout, SP routing ahieves signi�antly

smaller maximum segment utilizations than OC routing for γ values up to a ross-over point, whih

lies between γth1 and γth2. Similarly, we observe from Fig. 7.9(b) that for small γ, SP routing ahieves

signi�antly smaller maximum segment utilizations than OC routing for hotspot destination tra�

with small fanout. For example, for uniast hotspot destination tra� (i.e., ν1 = 1), for γ = 0.21,

SP routing gives a multiast apaity of CM = 3.72 ompared to CM = 3.19 with OC routing. By

swithing from SP routing to OC routing when the fration of hotspot soure tra� γ exeeds 0.31,

the smaller maximum utilization probability, i.e., higher multiast apaity an be ahieved aross

the range of frations of hotspot soure tra� γ.
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8. Conlusion

We have analytially haraterized the segment utilization probabilities in a bi-diretional WDM

paket ring network with a single hotspot. We have onsidered arbitrary mixes of uniast, multiast,

and broadast tra� in ombination with an arbitrary mix of uniform, hotspot destination, and

hotspot soure tra�. For shortest-path routing, we found that there are three segments that an

attain the maximum utilization, whih in turn limits the maximum ahievable long-run average

multiast paket throughput (multiast apaity). Through verifying simulations, we found that our

bounds and approximations of the segment utilization probabilities, whih are exat in the limit for

many nodes in a network with a �xed number of wavelength hannels, are fairly aurate for networks

with on the order of ten nodes reeiving on a wavelength. Importantly, we observed from our segment

utilization analysis that shortest-path routing does not maximize the ahievable multiast paket

throughput when there is a signi�ant portion of multi- or broadast tra� emanating from the

hotspot, as arises with multimedia distribution, suh as IP TV networks. We proposed a one-opy

routing strategy with an ahievable long run average multiast paket throughout of about two

simultaneous paket transmissions for suh distribution senarios.

This study foused on the maximum ahievable multiast paket throughput, but did not on-

sider paket delay. A thorough study of the paket delay in WDM ring networks with a hotspot

transporting multiast tra� is an important diretion for future researh.

Appendix A. Definition of Enlarged and Redued Ring as well as of Left (A←λ )

and Right Shifting (A→λ ) of Set of Ative Nodes

In this appendix, we �rst de�ne the enlarging and reduing of the set of "λ-ative nodes" Aλ :=

Fλ ∪{S}. Suppose that |Fλ| = ℓ. Depending on the setting, and with Mλ denoting the set of nodes

homed on a given wavelength λ, the set Fλ is hosen uniformly at random among

• all subsets of Mλ (uniform tra� and for λ 6= Λ also hotspot destination and soure tra�),

or

• all subsets of Mλ that ontain N (hotspot destination tra� for λ = Λ sine N is always a

destination for hotspot destination tra�), or

• all subsets of Mλ that do not ontain N (hotspot soure tra� for λ = Λ sine N is always

the soure for hotspot soure tra�).

Assuming S /∈ Mλ, we de�ne:



MULTICAST CAPACITY OF OPTICAL WDM PACKET RING FOR HOTSPOT TRAFFIC 28

enlarged ring: We enlarge the set Mλ by injeting an extra node homed on λ between ⌊S⌋λ

and ⌈S⌉λ (and orrespondingly Λ − 1 nodes homed on the other wavelengths). After a re-

numeration starting with 0 at the new node (whih is aordingly homed on wavelength

Λ after the re-numeration), we obtain MΛ,η+1 :=
{

mΛ
∣

∣m ∈ {0, . . . , η}
}

. We de�ne the

enlarged set F+
λ to equal the renumbered set Fλ united with the new node. This proedure

leads to a random set of ative nodes A+
λ = F+

λ that is uniformly distributed among all

subsets of MΛ,η+1 with ardinality (ℓ+ 1) ontaining node 0. Note that the largest gap of

the enlarged set is larger or equal to the largest gap of Aλ.

4
=0X

3X

X 1

X 2

S

3
X

enlarge

1X

2X

=

=2

=3

4

Λ

Λ

Λ

Λ

Figure A.1. Example of enlarging M3 for N = 16, Λ = 4. The sender homed

on wavelength 1 is represented by S in the left illustration. The nodes of M3 are

indiated by longer tik marks and the nodes of F3 are irled. The enlarged ring has

a total of N + Λ = 20 nodes, with η + 1 = 5 nodes homed on eah wavelength. The

added node on wavelength 3 is numbered with 0 and lies between the former ⌊S⌋λ
and ⌈S⌉λ.

redued ring: We transform the setMλ by merging the nodes ⌊S⌋λ and ⌈S⌉λ to a single ative

node (eliminating the Λ − 1 nodes inbetween). After re-numeration starting with 0 at this

merged node, we obtain an ative set A−λ on MΛ,η−1.

Depending on the ardinality of Fλ ∩ {⌊S⌋λ , ⌈S⌉λ} the new ative set A−λ has ℓ+ 1, ℓ, or

ℓ − 1 elements. More spei�ally, if neither the left- nor the right-shifted soure node was

a destination node, then |A−λ | = ℓ + 1. If either the left- or the right-shifted soure node

was a destination node, then |A−λ | = ℓ. If both the left- and right-shifted soure node were

destination nodes, then |A−λ | = ℓ − 1. In eah of these ases A−λ is uniformly distributed

among all subsets of Mλ,η−1 with ardinality

∣

∣A−λ
∣

∣

that ontains node 0.

Observe that in all ases, the largest gap of A−λ is smaller or equal to the largest gap of Aλ.

We also de�ne the following transformations:
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3
X =0

X

X

X

3

1

2

S

reduce

1X

2X

=

=2

Λ

Λ

Figure A.2. Example of reduing for N = 16, Λ = 4. The sender is represented by

S and the nodes of M3 have longer tik marks. The nodes of F3 are irled. The

nodes ⌊S⌋λ and ⌈S⌉λ (as well as the 3 nodes inbetween) are merged into the node

numbered 0 in the right illustration.

Left (ounter lokwise) shifting: Sine S is uniformly distributed on {1, . . . , N}, the set

(A.1) A←λ := Fλ ∪ {⌊S⌋λ}

is a random subset of Mλ. We an think of A←λ as being hosen uniformly at random among

all subsets of Mλ having ardinality |A←λ | and subjet to the same onditions as Fλ.

Notie that |A←λ | = |Fλ| if ⌊S⌋λ ∈ Fλ and |A←λ | = |Fλ|+ 1 otherwise.

3X

X 1S

4
=0X

X 2 3
X

left shift

1X

2X

=

=2

=3

Λ

Λ

Λ

Figure A.3. Example of left shifting for N = 16, Λ = 4. The destination nodes

are irled on the left, and the ative nodes are irled on the right. The nodes are

renumbered after the shifting, starting with the former sender at 0. Also, the ative

nodes is renumbered, starting with X1 > 0, the �rst ative node after the former

sender. The former sender is therefore the last ative node, i.e., X4 = 0.

Right (lokwise) shifting: Analogously we de�ne

(A.2) A→λ := Fλ ∪ {⌈S⌉λ} .

This is a random set hosen uniformly at random among all subsets of Mλ having ardinality

|A→λ | and subjet to the same onditions as Fλ.
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3X

X 1

X 2

S
3

X =0

right shift

1X

2X

3

=2

= Λ

Λ
Λ

Λ

Figure A.4. Example of right shifting for N = 16, Λ = 4. After renumbering, the
former sender is X3 = 0.

Appendix B. Proof of Proposition 5.1 on Bounds for Probability that CLG starts

at Node 0 for Hotspot Destination Traffi for λ = Λ

Proof. Conditioned on S ∈ MΛ, we obtain

(B.1) qℓβ (GΛ = 0 |S ∈ MΛ) =
1

ℓ+ 1
.

Hene, we only have to onsider the ase S /∈ MΛ. We will not expliitly write down this ondition.

Consider the right shifting and denote by G→Λ the starting point of the hosen largest gap of A→Λ .

Sine N ≡ 0 is the only �xed ative node, the �rst gap, i.e., {0, . . . ,XΛ,1}, is the only one that never

shrinks, while the last gap, i.e., {XΛ,ℓ+1, . . . , N}, is the only one that never grows. Therefore,

qℓβ (GΛ = 0) ≤ qℓβ (G
→
Λ = 0) .(B.2)

For reasons of symmetry, we have

qℓβ (G
→
Λ = 0 | ⌈S⌉Λ /∈ FΛ) = qℓγ (GΛ = 0)

=
1

ℓ+ 1
,(B.3)

and

qℓβ (G
→
Λ = 0 | ⌈S⌉Λ ∈ FΛ) = qℓ−1γ (GΛ = 0)

=
1

ℓ
.(B.4)

The remaining probabilities an be omputed as qℓβ (⌈S⌉Λ ∈ FΛ |S /∈ MΛ) =
ℓ
η
, leading to the desired

upper bound.

Analogously, the left shifting yields a lower bound, namely

qℓβ (GΛ = 0 | ⌊S⌋Λ 6= 0) ≥ qℓβ (G
←
Λ = 0 | ⌊S⌋Λ 6= 0) .(B.5)
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Again for reasons of symmetry, we obtain

(B.6) qℓβ (G
←
Λ = 0 | ⌊S⌋Λ /∈ FΛ) =

1

ℓ+ 1

and

(B.7) qℓβ (G
←
Λ = 0 | ⌊S⌋Λ ∈ FΛ \ {0}) =

1

ℓ
.

Finally, we have, of ourse, qℓβ (⌊S⌋Λ ∈ FΛ |S /∈ MΛ) = ℓ
η
and qℓβ (⌊S⌋Λ ∈ FΛ \ {0} |S /∈ MΛ) =

ℓ− 1. �

Appendix C. Proof of Theorem 6.1 on the Maximal Segment Utilization

Proof. Due to Equation (4.23), we only have to prove the ase of drop wavelength Λ.

Corollary 3.2 tell us that it su�es to onsider the ritial segments. Let n ≡ δΛ with 1 ≤ δ < η

be a ritial segment for Λ. Analogously to the proof of the domination priniple in [62℄, we redue

the domination priniple for hotspot destination tra� to the statement

(C.1) qℓβ (n ≥ GΛ > n− Λ) ≥
1

η − δ
qℓβ (GΛ > n− Λ) ,

and for hotspot soure tra� to:

(C.2) qℓγ (GΛ = n) ≥
1

η − δ
qℓγ (GΛ ≥ n) .

1 N

Figure C.1. Illustration of statement (C.1): the mean slope of a ertain period is

bigger or equal than the mean slope over all later periods

In the γ (hotspot soure tra�) setting, we know that N is the sender, and thus AΛ ⊂ MΛ.

Hene, we do not need to onsider the nodes on the other drop wavelengths and the proof is exatly

the same as in the single wavelength ase [62℄, see also �gure C.2.

We will now use the same strategy for the more ompliated proof in the β (hotspot destination

tra�) setting. Let Kn denote the number of ative nodes �nding themselves between the nodes N

and n (lokwise), i.e.,

(C.3) Kn := |AΛ ∩ {1, . . . , n − Λ}| .
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1 N

Figure C.2. Gamma setting: the usage probability stays onstant on non ritial edges

For k ∈ {0, . . . , (n− 1) ∧ (ℓ− 1)} we denote qℓ,kγ for the probability measure qℓγ onditioned on

Kn = k. We denote again n ≡ δΛ for δ ∈ {1, . . . , η − 1}. We will show that

(C.4) qℓβ (n− Λ < GΛ ≤ n) ≥
1

η − δ
qℓβ (GΛ > n− Λ) .

1 N

Figure C.3. Beta setting: the usage probability hanges along eah segment

In ase that S ∈ MΛ we an again use the proof of the one wavelength senario. This is also true

if S ∈ {1, . . . , n− Λ}, sine we do not laim anything about these nodes. Hene, we only have to

investigate the ase S ∈ {n− Λ + 1, . . . , N} \MΛ. From now on we assume this to be the ase.

We deompose the left hand side into two parts,

(C.5) qℓβ (n− Λ < GΛ ≤ n) = qℓβ (GΛ = n) + qℓβ (GΛ = S, n− Λ < S < n) .

For the �rst summand of (C.5), we proeed similarly to the ase of a single wavelength, namely

qℓ,kβ (GΛ = n) = qℓ,kβ (GΛ = n, GΛ ≥ n, ⌊S⌋Λ 6= n, n ∈ FΛ)

= qℓ,kβ

(

GΛ = n
∣

∣GΛ ≥ n, ⌊S⌋Λ 6= n, n ∈ FΛ

)

×

×qℓ,kβ

(

GΛ ≥ n
∣

∣ ⌊S⌋Λ 6= n, n ∈ FΛ

)

×qℓ,kβ (⌊S⌋Λ 6= n, n ∈ FΛ) .(C.6)
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We obtain

qℓ,kβ (GΛ = n |G ≥ n, ⌊S⌋Λ 6= n, n ∈ FΛ) = qℓ−kβ,N−n+Λ (GΛ = 1 | ⌊S⌋Λ 6= 1, 1 ∈ FΛ)

≥ qℓ−kβ,N−n+Λ (G←Λ = 1 | ⌊S⌋Λ 6= 1, 1 ∈ FΛ) .(C.7)

This probability an be omputed preisely

qℓ−kβ,N−n+Λ (G←Λ = 1 | ⌊S⌋Λ 6= 1, 1 ∈ FΛ)

= qℓ−k−1γ,N−n (GΛ = 0) qℓ−kβ,N−n+Λ (⌊S⌋Λ /∈ FΛ | ⌊S⌋Λ 6= 1, 1 ∈ FΛ) +

+qℓ−k−2γ,N−n (GΛ = 0) qℓ−kβ,N−n+Λ (⌊S⌋Λ ∈ FΛ | ⌊S⌋Λ 6= 1, 1 ∈ FΛ)

=
1

ℓ− k

(

1−
ℓ− k − 1

η − δ

)

+
1

ℓ− k − 1

ℓ− k − 1

η − δ

=
1

ℓ− k

(

1 +
1

η − δ

)

.(C.8)

We now use the fat that, onditionally on S ∈ {n− Λ + 1, . . . , N} \MΛ,

(C.9) qℓ,kβ (⌊S⌋Λ 6= n ∈ FΛ) = qℓ,kβ (⌊S⌋Λ 6= n) qℓ,kβ (n ∈ FΛ)

and

(C.10) qℓ,kβ

(

GΛ ≥ n
∣

∣ ⌊S⌋Λ 6= n ∈ FΛ

)

=
qℓ,kβ

(

GΛ ≥ n
∣

∣n ∈ FΛ

)

qℓ,kβ (⌊S⌋Λ 6= n)
.

Hene, we obtain with qℓ,kβ (n ∈ FΛ) =
ℓ−k−1
η−δ that

qℓ,kβ (GΛ = n) ≥
1

η − δ
qℓ,kβ

(

GΛ ≥ n
∣

∣n ∈ FΛ

)

×

(

1−
1

ℓ− k

)(

1 +
1

η − δ

)

.(C.11)

For the seond part of (C.5), we obtain

qℓ,kβ (GΛ ∈ Iδ \ n) = qℓ,kβ (GΛ = S, GΛ ≥ S, ⌈S⌉Λ = n, n /∈ FΛ)

= qℓ,kβ

(

GΛ = S
∣

∣GΛ ≥ S, ⌈S⌉Λ = n, n /∈ FΛ

)

×

×qℓ,kβ

(

GΛ ≥ S
∣

∣ ⌈S⌉Λ = n /∈ FΛ

)

qℓ,kβ (⌈S⌉Λ = n, n /∈ FΛ) .(C.12)

We have

qℓ,kβ (GΛ = S | GΛ ≥ S, ⌈S⌉Λ = n, n /∈ FΛ)

= qℓ−kβ,N−n+Λ (GΛ = S | ⌈S⌉Λ = 1, 1 /∈ FΛ) .(C.13)
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Now, we use that |A→Λ | = |FΛ + 1| for ⌈S⌉Λ /∈ FΛ. Hene, we obtain

qℓ−kβ,N−n+Λ (GΛ = S | ⌈S⌉Λ = 1, 1 /∈ FΛ)

≥ qℓ−kβ,N−n+Λ (G→Λ = 1 | ⌈S⌉Λ = 1, 1 /∈ FΛ)

= qℓ−k−1γ,N−n (GΛ = 0)

=
1

ℓ− k
.(C.14)

Note that, onditioned on S ∈ {n− Λ + 1, . . . , N} \MΛ, we have

(C.15) qℓ,kβ (⌈S⌉Λ = n /∈ FΛ) = qℓ,kβ (⌈S⌉Λ = n) qℓ,kβ (n /∈ FΛ)

and

(C.16) qℓ,kβ

(

GΛ ≥ S
∣

∣ ⌈S⌉Λ = n /∈ FΛ

)

=
qℓ,kβ

(

GΛ ≥ S
∣

∣ ⌈S⌉Λ = n
)

qℓ,kβ (n /∈ FΛ)
.

Summarizing, we obtain, using qℓ,kβ (⌈S⌉Λ = n) = 1
η−δ , that

qℓ,kβ (GΛ ∈ Iδ \ n) ≥
1

η − δ

1

ℓ− k
qℓ,kβ

(

GΛ ≥ S
∣

∣ ⌈S⌉Λ = n
)

.(C.17)

It remains to show that

qℓ,kβ (GΛ > n− Λ) ≤

(

1−
1

ℓ− k

)(

1 +
1

η − δ

)

×

×qℓ,kβ (GΛ ≥ n |n ∈ FΛ) +

+
1

ℓ− k

(

1−
ℓ− k − 1

η − δ

)

×

×qℓ,kβ (GΛ ≥ S | ⌈S⌉Λ = n, n /∈ FΛ) .(C.18)

This an be shown by

qℓ,kβ (GΛ > n− Λ)

=

η−(ℓ−k)
∑

i=δ

qℓ,kβ (GΛ ≥ iΛ |Xk+1 = iΛ) qℓ,kβ (Xk+1 = iΛ) +

+

Λ−1
∑

λ=1

qℓ,kβ (GΛ ≥ iΛ− λ |Xk+1 = iΛ− λ) qℓ,kβ (Xk+1 = iΛ− λ)

≤

(

1−
1

ℓ− k

)

qℓ,kβ (GΛ ≥ n |Xk+1 = n) +

+
1

ℓ− k
qℓ,kβ (GΛ ≥ S | ⌈S⌉Λ = n) .(C.19)

For the last inequality, we used that for i ∈ {δ, . . . , η − 1} and λ ∈ {0, . . . ,Λ− 1}

qℓ,kβ (GΛ ≥ iΛ− λ |Xk+1 = iΛ− λ)

≤ qℓ,kβ (GΛ ≥ n− λ |Xk+1 = n− λ)(C.20)
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and, for reasons of symmetry,

(C.21) qℓ,kβ (Xk+1 ∈ FΛ) = 1−
1

ℓ− k
.

The last step we need is a omparison of (C.18) and (C.19). The only di�erene arises, when both

of the events, {n ∈ FΛ} and {⌈S⌉Λ = n}, take plae. Then,

(C.22) qℓ,kβ (GΛ ≥ S | ⌈S⌉Λ = n ∈ FΛ) = qℓ,kβ (GΛ ≥ n | ⌈S⌉Λ = n ∈ FΛ) .

This ours with probability qℓ,kβ (n ∈ FΛ | ⌈S⌉Λ = n) = ℓ−k−1
η−δ and explains the additional fator in

the deomposition (C.18). �

Aknowledgement

We are grateful to Martin Herzog, formerly of EMT, INRS, and Ravi Seshahala of Arizona State

University for assistane with the numerial and simulation evaluations.

Referenes

[1℄ F. Davik, M. Yilmaz, S. Gjessing, and N. Uzun, �IEEE 802.17 Resilient Paket Ring Tutorial,� IEEE Communi-

ations Magazine, vol. 42, no. 3, pp. 112�118, Mar. 2004.

[2℄ S. Spadaro, J. Solé-Pareta, D. Careglio, K. Wajda, and A. Szyma«ski, �Positioning of the RPR Standard in

Contemporary Operator Environments,� IEEE Network, vol. 18, no. 2, pp. 35�40, Marh/April 2004.

[3℄ P. Yuan, V. Gambiroza, and E. Knightly, �The IEEE 802.17 Media Aess Protool for High-Speed Metropolitan-

Area Resilient Paket Rings,� IEEE Network, vol. 18, no. 3, pp. 8�15, May/June 2004.

[4℄ N. Ghani, J.-Y. Pan, and X. Cheng, �Metropolitan Optial Networks,� Optial Fiber Teleommuniations, vol.

IVB, pp. 329�403, 2002.

[5℄ J. Fransson, M. Johansson, M. Roughan, L. Andrew, and M. A. Summer�eld, �Design of a Medium Aess Control

Protool for a WDMA/TDMA Photoni Ring Network,� in Pro., IEEE GLOBECOM, vol. 1, Nov. 1998, pp.

307�312.

[6℄ M. A. Marsan, A. Biano, E. Leonardi, M. Meo, and F. Neri, �MAC Protools and Fairness Control in WDM

Multirings with Tunable Transmitters and Fixed Reeivers,� IEEE Journal of Lightwave Tehnology, vol. 14,

no. 6, pp. 1230�1244, June 1996.

[7℄ M. A. Marsan, A. Biano, E. Leonardi, A. Morabito, and F. Neri, �All�Optial WDM Multi�Rings with Di�er-

entiated QoS,� IEEE Communiations Magazine, vol. 37, no. 2, pp. 58�66, Feb. 1999.

[8℄ M. A. Marsan, E. Leonardi, M. Meo, and F. Neri, �Modeling slotted WDM rings with disrete�time Markovian

models,� Computer Networks, vol. 32, no. 5, pp. 599�615, May 2000.

[9℄ K. Bengi and H. R. van As, �E�ient QoS Support in a Slotted Multihop WDM Metro Ring,� IEEE Journal on

Seleted Areas in Communiations, vol. 20, no. 1, pp. 216�227, Jan. 2002.

[10℄ M. Herzog, M. Maier, and M. Reisslein, �Metropolitan Area Paket-Swithed WDM Networks: A Survey on Ring

Systems,� IEEE Comm. Surveys and Tut., vol. 6, no. 2, pp. 2�20, Seond Quarter 2004.

[11℄ C. S. Jelger and J. M. H. Elmirghani, �Photoni Paket WDM Ring Networks Arhiteture and Performane,�

IEEE Communiations Magazine, vol. 40, no. 11, pp. 110�115, Nov. 2002.

[12℄ M. J. Spener and M. A. Summer�eld, �WRAP: A Medium Aess Control Protool for Wavelength�Routed

Passive Optial Networks,� IEEE/OSA Journal of Lightwave Tehnology, vol. 18, no. 12, pp. 1657�1676, De.

2000.

[13℄ I. M. White, E. S.-T. Hu, Y.-L. Hsueh, K. V. Shrikhande, M. S. Rogge, and L. G. Kazovsky, �Demonstration and

system analysis of the HORNET,� IEEE/OSA Journal of Lightwave Tehnology, vol. 21, no. 11, pp. 2489�2498,

Nov. 2003.

[14℄ G. Feng, C. K. Siew, and T.-S. P. Yum, �Arhitetural design and bandwidth demand analysis for multiparty

videoonferening on SONET/ATM rings,� IEEE Journal on Seleted Areas in Communiations, vol. 20, no. 8,

pp. 1580�1588, Ot. 2002.

[15℄ R. Beverly and K. Cla�y, �Wide-area IP multiast tra� haraterization,� IEEE Network, vol. 17, no. 1, pp.

8�15, Jan.-Feb. 2003.



MULTICAST CAPACITY OF OPTICAL WDM PACKET RING FOR HOTSPOT TRAFFIC 36

[16℄ K. Sara and K. Almeroth, �Monitoring IP Multiast in the Internet: Reent advanes and ongoing hallenges,�

IEEE Communiations Magazine, vol. 43, no. 10, pp. 85�91, Ot. 2005.

[17℄ G. N. Rouskas, �Optial layer multiast: rationale, building bloks, and hallenges,� IEEE Network, vol. 17, no. 1,

pp. 60�65, Jan.-Feb. 2003.

[18℄ L. Sahasrabuddhe and B. Mukherjee, �Multiast routing algorithms and protools: A tutorial,� IEEE Network,

vol. 14, no. 1, pp. 90�102, Jan.-Feb. 2000.

[19℄ N. Singhal, L. Sahasrabuddhe, and B. Mukherjee, �Optimal multiasting of multiple light-trees of di�erent band-

width granularities in a WDM mesh network with sparse splitting apabilities,� IEEE/ACM Transations on

Networking, vol. 14, no. 5, pp. 1104�1117, Ot. 2006.

[20℄ R. Ul-Mustafa and A. Kamal, �Design and provisioning of WDM networks with multiast tra� grooming,� IEEE

Journal on Seleted Areas in Communiations, vol. 24, no. 4, pp. 37�53, Apr. 2006.

[21℄ G.-S. Poo and Y. Zhou, �A new multiast wavelength assignment algorithm in wavelength-routedWDM networks,�

IEEE Journal on Seleted Areas in Communiations, vol. 24, no. 4, pp. 2�12, Apr. 2006.

[22℄ S. Sankaranarayanan and S. Subramaniam, �Comprehensive performane modeling and analysis of multiasting

in optial networks,� IEEE Journal on Seleted Areas in Communiations, vol. 21, no. 11, pp. 1399�1413, Nov.

2003.

[23℄ J. Wang, X. Qi, and B. Chen, �Wavelength assignment for multiast in all-optial WDM networks with splitting

onstraints,� IEEE/ACM Transations on Networking, vol. 14, no. 1, pp. 169�182, Feb. 2006.

[24℄ X. Qin and Y. Yang, �Multiast onnetion apaity of WDM swithing networks with limited wavelength on-

version,� IEEE/ACM Transations on Networking, vol. 12, no. 3, pp. 526�538, June 2004.

[25℄ A. M. Hamad and A. E. Kamal, �A survey of multiasting protools for broadast-and-selet single-hop networks,�

IEEE Network, vol. 16, no. 4, pp. 36�48, July/August 2002.

[26℄ C.-F. Hsu, T.-L. Liu, and N.-F. Huang, �Multiast tra� sheduling in single-hop WDM networks with arbitrary

tuning latenies,� IEEE Transations on Communiations, vol. 52, no. 10, pp. 1747�1757, Ot. 2004.

[27℄ H.-C. Lin and C.-H. Wang, �A hybrid multiast sheduling algorithm for single�hop WDM networks,� IEEE/OSA

Journal of Lightwave Tehnology, vol. 19, no. 11, pp. 1654�1664, Nov. 2001.

[28℄ K. Naik, D. Wei, D. Krizan, and S.-Y. Kuo, �A reservation-based multiast protool for WDM optial star

networks,� IEEE Journal on Seleted Areas in Communiations, vol. 22, no. 9, pp. 1670�1680, Nov. 2004.

[29℄ X. Zhang and C. Qiao, �On Sheduling All-to-All Personalized Connetions and Cost-E�etive Designs in WDM

Rings,� IEEE/ACM Transations on Networking, vol. 7, no. 3, pp. 435�445, June 1999.

[30℄ O. Gerstel, R. Ramaswami, and G. H. Sasaki, �Cost-E�etive Tra� Grooming in WDM Rings,� IEEE/ACM

Transations on Networking, vol. 8, no. 5, pp. 618�630, Ot. 2000.

[31℄ J. Wang, W. Cho, V. R. Vemuri, and B. Mukherjee, �Improved Approahes for Cost-E�etive Tra� Grooming

in WDM Ring Networks: ILP Formulations and Single-Hop and Multihop Connetions,� IEEE/OSA Journal of

Lightwave Tehnology, vol. 19, no. 11, pp. 1645�1653, Nov. 2001.

[32℄ L.-W. Chen and E. Modiano, �E�ient Routing and Wavelength Assignment for Reon�gurable WDM Ring

Networks With Wavelength Converters,� IEEE/ACM Transations on Networking, vol. 13, no. 1, pp. 173�186,

Feb. 2005.

[33℄ D.-R. Din, �Geneti algorithms for multiple multiast on WDM ring network,� Computer Communiations, vol. 27,

no. 9, pp. 840�856, June 2004.

[34℄ I. Ferrel, A. Mettler, E. Miller, and R. Libeskind-Hadas, �Virtual topologies for multiasting with multiple

originators in WDM networks,� IEEE/ACM Transations on Networking, vol. 14, no. 1, pp. 183�190, Feb. 2006.

[35℄ X. Jia, X.-D. Hu, L. Ruan, and J. Sun, �Multiast routing, load balaning, and wavelength assignment on tree of

rings,� IEEE Communiations Letters, vol. 6, no. 2, pp. 79�81, Feb. 2002.

[36℄ R. Libeskind-Hadas, J. R. Hartline, K. Dresner, E. Druker, and K. Ray, �Multiast virtual topologies in WDM

paths and rings with splitting loss,� in Pro. Int. Conf. on Computer Communiations and Networks, Ot. 2002,

pp. 318�321.

[37℄ J. Wang, B. Chen, and R. Uma, �Dynami wavelength assignment for multiast in all-optial WDM networks

to maximize the network apaity,� IEEE Journal on Seleted Areas in Communiations, vol. 21, no. 8, pp.

1274�1284, Ot. 2003.

[38℄ C. Zhou and Y. Yang, �Wide�sense Nonbloking Multiast in a Class of Regular Optial WDM Networks,� IEEE

Transations on Communiations, vol. 50, no. 1, pp. 126�134, Jan. 2002.

[39℄ M. Veeraraghavan, H. Lee, J. Anderson, and K. Y. Eng, �A network throughput omparison of optial metro ring

arhitetures,� in Pro., OFC, Mar. 2002, pp. 763�765.

[40℄ A. Carena, V. D. Feo, J. M. Finohietto, R. Gaudino, F. Neri, C. Piglione, and P. Poggiolini, �RingO: An

Experimental WDM Optial Paket Network for Metro Appliations,� IEEE Journal on Seleted Areas in Com-

muniations, vol. 22, no. 8, pp. 1561�1571, Ot. 2004.

[41℄ M. A. Marsan, A. Biano, E. Leonardi, M. Meo, and F. Neri, �On the Capaity of MAC Protools for All�Optial

WDM Multi�Rings with Tunable Transmitters and Fixed Reeivers,� in Pro., IEEE INFOCOM, vol. 3, Mar.

1996, pp. 1206�1216.



MULTICAST CAPACITY OF OPTICAL WDM PACKET RING FOR HOTSPOT TRAFFIC 37

[42℄ J. He, S.-H. G. Chan, and D. H. K. Tsang, �Multiasting in WDM Networks,� IEEE Communiations Surveys

and Tutorials, vol. 4, no. 1, Third Quarter 2002.

[43℄ M. Boroditsky, C. F. Lam, S. L. Woodward, N. J. Frigo, and M. D. Feuer, �Power management for enhaned

system performane of passive optial rings,� IEE Proeedings Optoeletronis, vol. 150, no. 3, pp. 229�234, June

2003.

[44℄ S. Aleksi and K. Bengi, �Multiast-apable aess nodes for slotted photoni ring networks,� in Pro. European

Conferene on Optial Communiations (ECOC), Sept. 2000, pp. 83�84.

[45℄ E. Shimada, S. Fujiwara, K. Okazaki, and I. Sasase, �A transmission system for multiast tra� with prealloation

sheme in WDM ring networks,� in Pro. IEEE Pai� Rim Conf. on Comm., Computers and Signal Pro., Aug.

2003, pp. 490�493.

[46℄ C. Piglione, M. Reisslein, and F. Neri, �Fair uni- and multiasting in a ring metro WDM network,� OSA Journal

of Optial Networking (JON), vol. 3, no. 8, pp. 601�622, 2004.

[47℄ M. Chaitou, G. Hebuterne, and H. Castel, �Performane of multiast in WDM slotted ring networks,� Computer

Communiations, vol. 30, no. 2, pp. 219�232, Jan. 2007.

[48℄ M. Sheutzow, P. Seeling, M. Maier, and M. Reisslein, �Multiasting in a WDM-upgraded Resilient Paket Ring,�

OSA Journal of Optial Networks, vol. 6, no. 5, pp. 415�421, May 2007.

[49℄ M. Sheutzow, M. Reisslein, M. Maier, and P. Seeling, �Multiast Capaity of Paket-Swithed Ring WDM

Networks,� IEEE Transations on Information Theory, vol. 54, no. 2, pp. 623�644, Feb. 2008.

[50℄ H. Zähle and M. Sheutzow and M. Reisslein and M. Maier, �On the multiast apaity of unidiretional and

bidiretional paket-swithed WDM ring networks,� IEEE Journal on Seleted Areas in Communiations, vol. 25,

no. 4, pp. 105�119, Apr. 2007.

[51℄ A. A. M. Saleh and J. M. Simmons, �Arhitetural Priniples of Optial Regional and Metropolitan Aess

Networks,� IEEE/OSA Journal of Lightwave Tehnology, vol. 17, no. 12, pp. 2431�2448, De. 1999.

[52℄ R. Berry and E. Modiano, �Optimal Transeiver Sheduling in WDM/TDM Networks,� IEEE Journal on Seleted

Areas in Communiations, vol. 23, no. 8, pp. 1479�1495, Aug. 2005.

[53℄ H. Liu and F. A. Tobagi, �Tra� grooming in WDM SONET UPSR rings with multiple line speeds,� in Pro.,

IEEE INFOCOM, Mar. 2005, pp. 718�729.

[54℄ X.-Y. Li, P.-J. Wan, and L. Liu, �Selet line speeds for single-hub SONET/WDM ring networks,� in Pro., IEEE

Int. Conf. on Communiations, June 2000, pp. 495�499.

[55℄ S. Subramaniam, M. Azizoglu, and A. Somani, �On the optimal plaement of wavelength onverters in wavelength-

routed networks,� in Pro., IEEE INFOCOM, Mar. 1998, pp. 902�909.

[56℄ J. Wang, W. Cho, V. R. Vemuri, and B. Mukherjee, �Improved approahes for ost-e�etive tra� grooming

in WDM ring networks: ILP formulations and single-hop and multihop onnetions,� IEEE/OSA Journal of

Lightwave Tehnology, vol. 19, no. 11, pp. 1645�1653, Nov. 2001.

[57℄ Y. Xu and X. Yao, �Lower bound on number of ADMs in WDM rings with nonuniform tra� demands,� Ele-

tronis Letters, vol. 40, no. 13, pp. 824�825, June 2004.

[58℄ X. Zhang and C. Qiao, �An E�etive and Comprehensive Approah for Tra� Grooming and Wavelength As-

signment in SONET/WDM Rings,� IEEE/ACM Transations on Networking, vol. 8, no. 5, pp. 608�617, Ot.

2000.

[59℄ A. Zapata, M. Duser, J. Spener, P. Bayvel, I. deMiguel, D. Breuer, N. Hanik, and A. Gladish, �Next-generation

100-gigabit metro ethernet (100 GbME) using multiwavelength optial rings,� IEEE/OSA Journal of Lightwave

Tehnology, vol. 22, no. 11, pp. 2420�2434, Nov. 2004.

[60℄ I. Rubin and H. Hua, �Synthesis and throughput behaviour of WDM meshed-ring networks under nonuniform

tra� loading,� IEEE/OSA Journal of Lightwave Tehnology, vol. 15, no. 8, pp. 1513�1521, Aug. 1997.

[61℄ M. Chaitou, G. Hebuterne, and H. Castel, �Modelling multi-hannel optial slotted rings with �xed transmitter

and �xed reeivers,� in Pro., Advaned Industrial Conferene on Teleommuniations/Servie Assurane with

Partial and Intermittent Resoures Conferene/ E-Learning on Teleommuniations Workshop, July 2005, pp.

115�120.

[62℄ M. an der Heiden, M. Sortais, M. Sheutzow, M. Reisslein, P. Seeling, M. Herzog, and M. Maier, �Multiast

Capaity of Optial Paket Ring for Hotspot Tra�,� IEEE/OSA Journal of Lightwave Tehnology, vol. 25, no. 9,

pp. 2638�2652, Sept. 2007.

[63℄ M. Maier, M. Sheutzow, M. Herzog, and M. Reisslein, �Multiasting in IEEE 802.17 Resilient Paket Ring,�

OSA Journal of Optial Networks, vol. 5, no. 11, pp. 841�857, Nov. 2006.

[64℄ A. Biano, J. M. Finohietto, G. Giarratana, F. Neri, and C. Piglione, �Measurement-based reon�guration in

optial ring metro networks,� IEEE/OSA Journal of Lightwave Tehnology, vol. 23, no. 10, pp. 3156�3166, Ot.

2005.

[65℄ H. Elbiaze and O. Cherkaoui, �Exploiting self-similar tra� analysis in network resoure ontrol: the IP over

WDM networks ase,� in Pro., IEEE Int. Conf. on Autonomi and Autonomous Systems and Int. Conf. on

Networking and Servies (ICAS-ICNS), Ot. 2005, pp. 65�71.



MULTICAST CAPACITY OF OPTICAL WDM PACKET RING FOR HOTSPOT TRAFFIC 38

[66℄ A. Elwalid, D. Mitra, I. Saniee, and I. Widjaja, �Routing and protetion in GMPLS networks: from shortest

paths to optimized designs,� IEEE/OSA Journal of Lightwave Tehnology, vol. 21, no. 11, pp. 2828�2838, Nov.

2003.

[67℄ A. Genata and B. Mukherjee, �Virtual-topology adaptation for WDM mesh networks under dynami tra�,�

IEEE/ACM Transations on Networking, vol. 11, no. 2, pp. 236�247, Apr. 2003.

[68℄ E. Oki, K. Shiomoto, S. Okamoto, W. Imajuku, and N. Yamanaka, �Heuristi multi-layer optimum topology

design sheme based on tra� measurement for IP + photoni networks,� in Pro., Optial Fiber Communiation

Conferene and Exhibit (OFC), Mar. 2002, pp. 104�105.


	1. Introduction
	1.1. Related Work

	2. System Model and Notations
	3. General Properties of Segment Utilization
	4. Bounds on Segment Utilization for =
	4.1. Uniform Traffic
	4.2. Hotspot Destination Traffic
	4.3. Hotspot Source Traffic
	4.4. Summary of Segment Utilization Bounds and Approximation for =

	5. Bounds on Segment Utilization for =
	5.1. Hotspot Destination Traffic
	5.2. Hotspot Source Traffic
	5.3. Summary of Segment Utilization Bounds and Approximation for = 

	6. Evaluation of Largest Segment Utilization and Selection of Routing Strategy
	6.1. One-Copy (OC) Routing

	7. Numerical and Simulation Results
	7.1. Evaluation of Segment Utilization Probability Bounds and Approximations for Shortest Path Routing
	7.2. Comparison of Segment Utilization Probabilities for SP and OC Routing

	8. Conclusion
	Appendix A. Definition of Enlarged and Reduced Ring as well as of Left (A) and Right Shifting (A) of Set of Active Nodes
	Appendix B. Proof of Proposition ?? on Bounds for Probability that CLG starts at Node 0 for Hotspot Destination Traffic for = 
	Appendix C. Proof of Theorem ?? on the Maximal Segment Utilization
	Acknowledgement
	References

