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Abstract

We consider all-optical Time Division Multiplexing (TDM)/Wavelength Division Multiplexing (WDM) broadcast

and select networks with slotted operation. Each network access node is equipped with one fixed transmitter and one

tunable receiver; tuning times are not negligible with respect to the fixed size slot time. We discuss efficient scheduling

algorithms to assign TDM/WDM slots to multicast traffic in such networks. The problem is shown to be NP-hard; thus,

heuristic algorithms based on the Tabu Search meta-heuristic are proposed, and their performance are assessed using

randomly created request matrices based on two types of multicast traffic patterns. We show that significant advantages

can be obtained by using these novel algorithms with respect to simpler greedy algorithms, even when restricting CPU

times to realistic values to make the algorithms of practical use.
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1. Introduction

Broadcast-and-select networks usually exploit

Wavelength Division Multiplexing (WDM) as well
as Time Division Multiplexing (TDM) techniques

for the provision of integrated services over a

packet-mode transport. These systems, in which

each receiver has access to the optical signals

generated by all transmitters, can offer transparent

support to a large number of simultaneous very-

high-speed end-to-end communications, provided
that adequate scheduling algorithms are defined to

dynamically share the available network resources.

We consider all-optical TDM/WDM broadcast-

and-select networks in which N nodes communi-

cate via W wavelengths. Node interfaces are

equipped with one full-duplex transceiver; hence,

each node can be source and destination of at most

one data flow at any given time. Transmitters
operate on fixed wavelengths, while receivers can

be tuned to all available wavelengths. By tuning

the receivers, and by dynamically allocating the W
available wavelengths, full connectivity is achieved
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among nodes. WDM wavelengths are assumed to

be slotted and synchronized; each fixed size slot

can accommodate the transmission of one packet

on one wavelength. Obviously, variable size pack-

ets must be segmented in fixed size packets that fit

into one slot.
We do not deal with issues related with physical

topology; thus, our algorithms can be applied to

traditional broadcast and select access LAN based

on star topologies, to LAN or MAN based on ring

topologies [2,3], to nation-wide network topologies

based on a single passive AWG device inter-

connecting PONs [4,5], and to MAN based on

interconnected rings [6]. However, the proposed
algorithms are not directly usable for general me-

shed topologies, since we disregard the problem of

mapping logical topologies over a given physical

topology. Nevertheless, they may be useful in

several contexts, running, as outlined, from LAN

through MAN to WAN networks.

The time required to tune transceivers is assumed

to be not negligible with respect to the packet
transmission time. This assumption is based on the

observation that, with some of the optical compo-

nents available today (e.g., those based on acousto-

optics), the tuning latency can be quite larger

(order of few ls) than the packet transmission time

(order of fractions of ls). Note that small slot size

are mandatory if the network wants to provide

support to interactive voice applications, like tra-
ditional phone calls. Moreover, given the continu-

ously increasing transmission speeds, even the

mapping of maximum size IP packets may require

slots of reasonably small size.

Our scheduling algorithms react to slowly-

varying bandwidth requests: their computational

complexity does not permit to react to node res-

ervations on a packet-by-packet or connection-by-
connection basis. Thus, the proposed algorithms

are operating mainly at a provisioning level, e.g.,

as a new ISP is added to the network and an SLA

is established, or a bandwidth increase in a logical

link between two neighboring routers is required.

We shall assume to allocate resources on the basis

of a traffic request matrix, which describes nodes�
transmission requirements, i.e., aggregate users�
traffic requirements, according to traffic estimates

derived either from forecasts, measurements or

commercial agreements. This scenario is normally

called ‘‘off-line’’ scheduling, in contrast with ‘‘on-

line’’ scheduling, where each request is served in

the same order in which it is issued, i.e., quickly

reacting to single users� or nodes� requests.

Several scheduling algorithms for unicast traffic
have been proposed in the literature [7–13], but to

the best of our knowledge only few works, e.g.,

[14–17], and [18], address the problem of the def-

inition of efficient scheduling algorithms in pres-

ence of multicast traffic.

In [14] and [15] multicast scheduling algorithms

were proposed and analyzed: multicast packets are

transmitted in an atomic fashion.
In [16] and [17] it was shown that significant

advantages can be achieved by partially transmit-

ting multicast packets to sub-groups of destinations

in different time slots. The scheduling algorithms

proposed in [16] were conceived to regulate the

access to shared wavelengths on a packet-by-packet

basis. As a consequence, they are very simple, but

their performance may become poor in certain
traffic scenarios.

In [17] some heuristic algorithms to solve the

multicast scheduling problem in the off-line con-

text have been proposed.

In [18] the problem of minimizing the number of

multicast transmissions in single-hop WDM net-

works with delay constraints is discussed; requests

are served on a packet-by-packet basis, i.e., with
reference to an on-line scenario.

The paper is organized as follows: in Section 2

we present the scheduling problem for both uni-

cast and multicast traffic and give some lower

bounds on the required frame length. In Section 3

we provide an Integer Linear Programming (ILP)

formulation of the multicast scheduling problem.

Since the ILP model cannot be solved in a rea-
sonable time for networks having more than four

nodes, four wavelengths and six multicast groups,

in Section 4 we devise some heuristic approaches

based on the Tabu Search [19] and discuss their

computational complexity. Finally, in Section 5,

after showing the optimal schedule for the largest

instance we were able to solve on a 1 GHz PC, we

analyze the performance benefits in terms of
frame length and running times for different net-

work sizes in several traffic scenarios. We show
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that our family of algorithms provides a good

trade-off between performance gain and algorith-

mic complexity. Significant performance gains are

obtained with respect to traditional greedy ap-

proaches, and for several traffic scenarios our

scheduling algorithms obtain a frame length very
close to the optimum value. It is also shown that,

when larger networks are considered, the algo-

rithms can obtain a frame length very close to the

optimal frame length with reasonably small CPU

time.

2. Lower bounds on the frame length

We consider a network with N nodes and W
wavelengths (W 6N ), and denote with N ¼ f1;
2; . . . ;Ng the set of all nodes and with W ¼ f1;
2; . . . ;W g the set of all wavelengths.

Node interfaces are equipped with one fixed

transmitter and one tunable receiver; the tuning

latency is denoted by T and is assumed to be not
negligible with respect to the packet transmission

time.

When W ¼ N , source nodes correspond bi-

univocally to the wavelengths on which data must

be transmitted; if W < N , more transmitters share

the same wavelength.

The transmitter wavelength assignment is fixed

and independent of the traffic matrix, therefore the
scheduling algorithm resource allocation only

deals with slot assignment and not with wave-

length assignment.

Let R be the N � N slot allocation request ma-

trix for unicast traffic, where each entry rðs; dÞ with

s, d 2 N represents the number of packets to be

sent from source s to destination d. Let Rw be the

W � N request matrix whose element rwðk; dÞ
represents the number of packets that must be

delivered to node d 2 N on wavelength k 2 W.

In the multicast scenario there are M multicast

groups Mi � N, i 2 M ¼ f1; 2; . . . ;Mg. Note that

the matrix R can be easily extend to the multicast

case by using multicast groups instead of single

nodes as destinations. We define the N �M mul-

ticast request matrix as eRR, where entry ~rrðs; dÞ
represents the number of packets to be sent from

source s 2 N to multicast group Md ; d 2 M.

Several alternatives are available for transmit-

ting multicast packets. We name atomic transmis-

sion the possibility of addressing all the multicast

packet destinations in the same time slot, thus

transmitting only once each packet. Another possi-

bility is multicopy transmission: for each multicast
packet addressed to a multicast group comprising k
destinations, the source node creates k copies; each

copy is independently transmitted in different time

slots. Finally, in partial multicast transmission,

each copy may be partially transmitted to disjoint

sub-sets of the multicast group in different time

slots.

Let eRRw be the W �M multicast request matrix
such that element ~rrwðk; dÞ is the number of multi-

cast packets that must be sent from the transmitters

on wavelength k 2 W to multicast group Md ,

d 2 M when using atomic transmission. Finally, let

Rwm be the W � N matrix whose element rwmðk; dÞ is

the number of packets that the transmitters on

wavelength k 2 W have to deliver to receiver

d 2 N when using multicopy transmission.
In Sections 2.1 and 2.2 we state the scheduling

problem for both unicast and multicast traffic, and

derive lower bounds on the frame length required

to schedule a given amount of traffic.

2.1. Unicast scheduling

The problem of finding an optimum transmis-
sion schedule for a given unicast traffic pattern,

i.e., the scheduling problem in the off-line context,

was already extensively analyzed in [7–13]. It is

usually formulated in the following way:

Given a slot allocation request matrix R, find

a time/wavelength assignment that guarantees

the delivery of the requested traffic, while
minimizing the frame length (i.e., the time

necessary to accommodate all transmissions),

subject to tuning delay constraints.

Note that frame length minimization implies

throughput maximization.

Under unicast traffic a lower bound on the

frame length F can be easily evaluated. Given the
request matrix Rw, the frame length must satisfy

the following constraint:

A. Bianco et al. / Computer Networks 41 (2003) 727–742 729



F P max max
d2N

X
k2W

rwðk; dÞ
 (

þ KdT

!
;

max
k2W

X
d2N

rwðk; dÞ
)

ð1Þ

where Kd represents the number of wavelengths on

which node d must tune within the frame in order
to receive all packets directed to it. This bound

states that the frame length must be large enough

to accommodate both the transmissions of all

packets on each wavelength and all packets di-

rected to each destination subject to the tuning

latency constraint at the receiver. It was proved in

[20] that bound (1) can be achieved by the optimal

scheduler when tuning times are negligible.

2.2. Multicast scheduling

The optimal off-line scheduling problem in

presence of multicast traffic can be formulated as

follows:

Given a slot allocation request matrix eRR, find
a time/wavelength assignment that guarantees

the delivery of the requested traffic, while

minimizing the frame length (i.e., the time

necessary to accommodate all transmissions),

subject to tuning delay constraints.

To the best of our knowledge, only in [17] the

off-line multicast scheduling problem has been
addressed and heuristically solved introducing the

concept of ‘‘virtual receiver’’: physical receivers are

partitioned in sets called virtual receivers, and the

scheduling algorithm schedules virtual receivers

requests. In this paper we extend this approach to

improve scheduling performance.

Similarly to the unicast case, the lower bound on

the frame length F can be written as a function ofeRRw and Rwm as follows:

F P max max
d2N

X
k2W

rwmðk; dÞ
 (

þ KdT

!
;

max
k2W

X
d2M

~rrwðk; dÞ
)
: ð2Þ

The first term in (2) represents the number of

packets that have to be received by any receiver,

including the tuning latency, when using multicopy

transmission, whereas the second term is the

number of packets that must be delivered on any

channel when using atomic transmission. Note that

this lower bound is independent of the scheduling
algorithm, and can be computed a priori.

Note that the choice of transmitting all packets

in an atomic fashion is often clearly non optimal,

as already pointed out in [16]. Consider, for exam-

ple, a network with three nodes and three wave-

lengths: nodes 1, 2, 3 send respectively 1 packet

to multicast groups M1 ¼ f2; 3g, M2 ¼ f1; 3g and

M3 ¼ f1; 2g on wavelengths k1, k2 and k3; receiv-
ers tuning times are assumed negligible. Clearly

a frame of length two is sufficient to schedule all

the packets if partial transmissions of packets are

allowed (see the left hand side of Fig. 1); however,

a frame of length three is necessary if only atomic

transmissions of packets are allowed (see the right

hand side of Fig. 1).

When tuning times are not negligible, it is im-
portant to reduce the receiver inefficiency by

minimizing the number of times each receiver must

tune within a frame to receive all its packets. Most

of the heuristic scheduling algorithms defined for

unicast traffic thus rely on the minimization of

tunings at receivers within a frame, so that each

node tunes at most once on each wavelength

within a frame. In the heuristic scheduling pro-
posed in this paper, since we are mainly interested

in a context in which tuning latencies are not

negligible, we enforce that each node tunes at most

once on each wavelength within a frame time.

3. The multicast scheduling problem

In this section we start with a more formal

definition of the multicast scheduling problem in

Fig. 1. Example of the non-optimality of atomic scheduling.
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terms of Integer Linear Programming (ILP). In

Section 3.1 we provide a formulation of the

scheduling problem in presence of multicast

packets as an integer linear program, and show

that the number of needed integer variables

grows exponentially with the number of network
nodes N . In Section 5.2 we show the optimal

schedule for a network having 4 nodes, 2 wave-

lengths and 6 multicast groups, which is the larg-

est instance of the ILP problem we were able

to exactly solve within 24 h of CPU time on a 1

GHz AMD Athlon PC using the CPLEX [21]

software.

3.1. ILP formulation

Since each multicast packet can be delivered by

transmitting several copies on different slot times,

each copy being addressed to a sub-set of destina-

tions, for each multicast packet a list of copies must

be specified by the scheduler, (i.e., a list of sub-sets

of destinations that are reached at the same
time). A transmission time is assigned for each

copy in the list. More formally, we say that the

scheduler associates with each packet a set of ele-

ments, each one comprising a sub-set of destina-

tions and a time slot. To reduce the complexity of

the scheduler, we suppose that all the packets be-

longing to the same traffic connection, i.e., coming

from the same source and directed to the same
group of destinations, originate the same list of

copies (i.e., the same partition of the destination set

in sub-sets).

We need to define a set of variables to encode

the information on the set of copies generated by

packets of each flow. For each connection trans-

mitted by source i 2 N on wavelength ci 2 W to

the set of destinations Mj, whose cardinality is
jMjj, and associated with a request ~rrði; jÞ, let us

consider the set Gj comprising all the possible non

empty sub-sets of Mj, Gj ¼ 2Mj n ;. Let Wj ¼
fi 2 N: ci ¼ jg be the set of nodes transmitting on

wavelength j, Gk
j be an element of Gj, k 2 Pj ¼

f1; 2; . . . ; 2jMjj 
 1g, and Bðj; dÞ ¼ fk : d 2 Gk
jg be

the set of k such that Gk
j contains physical receiver

d. Note that if d 62 Mj, Bðj; dÞ ¼ ;. We define the
following binary variables:

pki;j ¼
1; if for the packets of connection i; j

a copy is transmitted to Gk
j ;

0; otherwise:

8<:
The variables pki;j must satisfy the following con-

straints, which state that each destination belong-

ing to Mj must be reached by one and only one

copy of the multicast packet:X
k2Bðj;dÞ

pki;j ¼ 1 8i 2 N; j 2 M; d 2 Mj: ð3Þ

The binary variables tki;jðlÞ describe the transmis-

sion activity of source i:

tki;jðlÞ ¼
1; if the source i transmits a copy

of a packet to Gk
j in slot l;

0; otherwise:

8<:
The variables tki;jðlÞ must satisfy the following

constraints, deriving from the fact that no more

than one packet can be transmitted in each time

slot on each wavelength (5), no receiver can be

tuned on more than one wavelength in the same

time slot (6), and from the tuning latency con-

straint (7):

tki;jðlÞ6 pki;j 8i 2 N; j 2 M; k 2 Pj; l; ð4ÞX
i2Wh

X
j2M

X
k2Pj

tki;jðlÞ6 1 8h 2 W; l; ð5Þ

X
i2N

X
j2M

X
k2Bðj;dÞ

tki;jðlÞ6 1 8d 2 N; l; ð6Þ

X
i2Wb

X
j2M

X
k2Bðj;dÞ

tki;jðlþ sÞ þ
X
i2Wa

X
j2M

X
k2Bðj;dÞ

tki;jðlÞ6 1

8a; b 2 W : a 6¼ b; 8d 2 N; s 2 f1; . . . ; Tg; l:
ð7Þ

Since all traffic requests in eRR must be delivered to

destinations, the variables tki;jðlÞ must satisfy the

following constraint:X
l

X
k2Bðj;dÞ

tki;jðlÞ ¼ ~rrði; jÞ

8i 2 N; j 2 M; d 2 Mj: ð8Þ

Finally, we introduce the binary variables edðlÞ to

identify an upper bound to the frame length. Each

variable edðlÞ is a boolean indicator of the fact that
node d has received all the packets in the current
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frame, and is ready to start the reception in the next

frame, having already tuned to the wavelength to

be used at the beginning of the next frame:

edðlÞ ¼
0; if node d is ready to receive in

the next frame at slot l;
1; otherwise:

8<:
Variables edðlÞ permit to obtain a linear expression

for the function to be minimized. The variables

edðlÞ must meet the following constraints:

edðlÞP edðlþ 1Þ 8d 2 N; l; ð9Þ

edðlÞP tki;jðlÞ
8i 2 N; j 2 M; d 2 Mj; k 2 Bðj; dÞ; l; ð10Þ

edðlþ T 
 s þ 1ÞP tki;jðsÞ þ tha;bðlÞ 
 1

if 9i; a 2 N : ci 6¼ ca;

9j; b 2 M; k 2 Pj; h 2 Pb : d 2 Gk
j \ Gh

b;

8s 2 f1; . . . ; Tg: ð11Þ

Note that inequalities (9) and (10) force edðlÞ ¼ 1

for all the slots from the beginning of the frame

length to the end of the last reception by node d.

Since a given slot assignment determined by the

scheduling process is repeated in consecutive

frames until a new traffic matrix eRR is available,

enough time slots must be available at the end of
the current frame to allow the receivers to tune to a

different wavelength at the beginning of the next

frame. Inequality (11) takes care of this by forcing

edðlÞ ¼ 1 in the correct time slots depending on

when node d receives the last packet at the end of

the current frame, and when it will receive the first

packet at the beginning of the next frame. Note

that a number of idle time slots ranging between 0

and T may be added at the end of the frame (e.g.,

see the schedule in Fig. 2, where T ¼ 3).
With the above definitions, the criterion for the

optimization of the scheduling is the minimization

of the frame length (i.e., transmission period) F
satisfying:

F P
X
l

edðlÞ 8d 2 N: ð12Þ

4. Heuristic solutions to the multicast scheduling

problem

In this section, we first provide a brief descrip-

tion of the algorithms we propose to solve the

multicast scheduling problem. Then we briefly de-

scribe the Tabu Search approach used in some

of these algorithms. Finally, the scheduling algo-

rithm named Greedy Maximum Weight Matching

(GMWM) is presented and its computational

complexity is evaluated.

4.1. Heuristic multicast scheduling

The heuristics proposed in this paper are based

on an extension of the concept of virtual receiver

introduced in [17]. According to the scheme pro-

posed in [17], physical receivers are first parti-

tioned into sets called virtual receivers; all physical
receivers belonging to the same virtual receiver

tune at the same time on the same wavelength.

Since the physical receiver partitioning is the same

on all wavelengths, the multicast scheduling

Fig. 2. Optimal scheduling.
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problem is changed into a unicast problem where

any unicast scheduling algorithm can be used to

determine the slot allocation. We use the GMWM

algorithm presented in Section 4.3 instead of that

proposed in [17]. We label this solution as Channel

Independent Virtual Receivers (CIVR) policy.
In our approach, we relax the constraint of us-

ing the same physical receiver partition on all

wavelengths, allowing the receivers to be parti-

tioned in different ways on different wavelengths.

Let V k 2 N be the number of virtual receivers on

wavelength k and let Vk ¼ f1; 2; . . . ; V kg be the set

of the virtual receivers� indices on wavelength k.

Denoting with Vk
k � N the kth virtual receiver on

wavelength k, the virtual receivers on wavelength k
satisfy the following constraints:[
k2Vk

Vk
k ¼ N;

Vk
i \Vk

j ¼ ; 8i; j 2 Vk : i 6¼ j

and at any given time, only the physical receivers

belonging to a given virtual receiver can be tuned

on a given wavelength. This approach, named

Channel Dependent Virtual Receivers (CDVR)

policy, allows a greater flexibility in specifying the
virtual receiver partition because each wavelength

can be associated with a different number of vir-

tual receivers comprising different physical receiv-

ers. The main drawback is that, in general, the

intersection between different virtual receivers on

different wavelengths is not empty; therefore a

more complex scheduling algorithm is needed.

Once the virtual receiver sets on all wavelengths
have been defined, it is possible to obtain a lower

bound on the scheduling frame length. Recall that

physical receivers belonging to the same virtual

receiver on a given wavelength k tune at the same

time on wavelength k. Let Rw be the request set

whose element �rrwðk; kÞ represents the number of

packets that must be transmitted on wavelength k
to members of virtual receiver Vk

k . Note that
�rrwðk; kÞ comprises all the unicast and multicast

packets transmitted to members of Vk
k :

�rrwðk; kÞ ¼
X
s;d

~rrðs; dÞ

8s 2 Wk and d 2 MjVk
k \Md 6¼ ;:

Let Bðk; dÞ ¼ k be the index of the only virtual

receiver Vk
k on wavelength k containing physical

receiver d. We can compute a lower bound on F as

F P max max
d2N

X
k2W

�rrwðk;Bðk; dÞÞ
 (

þ KdT

!
;

max
k2W

X
k2Vk

�rrwðk; kÞ
)

ð13Þ

where Kd is the number of wavelengths on which

physical receiver d must tune in a frame to receive

all packets directed to it. This lower bound holds

for both CIVR and CDVR policies.
In [17], given a request matrix, a greedy algo-

rithm is used to determine the set of virtual re-

ceivers. In the sequel we will use the Tabu Search

meta-heuristic (described in Section 4.2) to deter-

mine the best configuration of virtual receivers for

both CIVR and CDVR policies, given a known

request matrix. We will add a T (Tabu) to their

acronyms to identify these (significantly more
computationally intensive) algorithms.

Tabu Search based algorithms examine a sub-set

of virtual receivers configurations. To determine

which solution should be preferred among those

examined, it is important to evaluate the solutions.

This evaluation process can be performed either by

scheduling the transmissions according to the

GMWM algorithm described in the next section,
or by using bound (13). We will add a label S

(scheduling) to the acronyms T-CDVR and

T-CIVR to identify the algorithms that evaluate

the solutions schedule according to the GMWM

algorithm, and a label L (lower bound) for the

algorithms that are based on the lower bound.

Clearly, algorithms that use the lower bound as the

evaluation metric are much faster than those that
require a complete scheduling to be performed.

4.2. Tabu Search

We provide here a concise description of the

principles of the Tabu Search algorithm. We will

later provide more details on the specific imple-

mentation of this meta-heuristic with reference to
the multicast scheduling problem described in the

paper.
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Tabu Search is based on a partial exploration of

the space of solutions to discover a good solution.

Exploration starts from an initial solution that is

generally obtained applying a greedy algorithm.

For each solution, a class of ‘‘neighboring’’ so-

lutions is defined. The ‘‘neighborhood’’ is defined
as the set of solutions that can be obtained from

variations of the current solution: each ‘‘neighbor’’

is obtained from the current solution by applying a

perturbation, named ‘‘move’’.

At each iteration of the Tabu Search algorithm,

all (or some) solutions in the neighborhood of the

current solution are evaluated, and the best solu-

tion among them is selected as new current solu-
tion.

A ‘‘tabu list’’ is introduced to prevent the algo-

rithm from deterministically cycling among al-

ready visited solutions. The tabu list consists of a

fixed-size list recording the last moves that have

been performed. While a move is stored in the tabu

list, it cannot be used to generate a new solution.

After a given number of iterations, the algo-
rithm returns the best visited solution. Note that

the Tabu Search algorithm can be seen as an

evolution of the classical search algorithm called

Steepest Descent [22], that finds a locally optimal

solution; however, Tabu Search can accept also

solutions worse than the current solution, and thus

may avoid to be captured in local minima.

4.2.1. Tabu settings

Our algorithms exploit the Tabu Search meta-

heuristic to find a good configuration of virtual

receivers. Four fundamental aspects that must be

defined in the Tabu Search algorithm are:

• the definition of the space of solutions;

• the choice of an initial solution;
• the definition of the neighborhood;

• the evaluation of the quality of visited solutions.

We describe the Tabu Search parameter setting

for the more complex CDVR policy. In this case,

since the solution space defined by all the possible

virtual receiver partitions on each wavelength

would be too large, we limit its size by considering
only the configurations that satisfy the two fol-

lowing heuristic criteria:

• each physical receiver that receives only unicast

traffic on a wavelength k is forced to form an in-

dividual virtual receiver on that wavelength;

• a virtual receiver Vk
k can only be a sub-set of a

multicast group.

In this way, we eliminate many configurations

that are ‘‘a priori’’ non optimal, strongly reducing

the number of iterations required to perform a

significant exploration of the solution space.

The virtual receiver configuration resulting from

the application of the algorithm proposed in [17] is

used as the initial solution of our search.
The neighborhood of a solution is the sub-set of

the configurations satisfying the heuristic criteria

stated above which can be obtained either by

transferring on the same wavelength a physical

receiver from a virtual receiver to another, or ex-

tracting a physical receiver from an existing virtual

receiver to generate a new virtual receiver on the

same wavelength.

4.3. The GMWM scheduling algorithm

Given the configuration of virtual receivers on

each wavelength, scheduling of transmissions is

performed according to the GMWM algorithm,

which is very similar to the one proposed in [7].

The algorithm uses some state variables twnext, where
w spans over wavelengths, and tdnext, where d spans

over destinations. Variables twnext and tdnext contain

the information on the time in which wavelengths

and destinations become available for subsequent

transmissions.

Let us initialize the set Rw with all the requests
�rrwðk; kÞ (packets to be transmitted on wavelength k
to virtual receiver Vk

k)

Step 0 tcurr, twnext, and tdnext are set to 0.

Step 1 The largest request �rrwðk; kÞ in Rw such that

twnext 6 tcurr and tdnext 6 tcurr 8d 2 Vk
k is allo-

cated in the frame starting from tcurr and

is extracted from Rw. twnext and tdnext are up-

dated according to the following algo-

rithm: twnext ¼ tcurr þ �rrwðk; kÞ and, for each
d 2 Vk

k , t
d
next ¼ tcurr þ �rrwðk; kÞ þ T .

Step 2 If no requests are found in STEP 1, tcurr is

updated: tcurr ¼ mind ;w ftdnext; t
w
nextg.
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Step 3 If Rw ¼ ; then F ¼ maxw;d ftwnext; t
d
nextg and

STOP; otherwise GOTO STEP 1.

4.4. Computational complexity

Let�s assess the computational complexity of

GMWM. In the initialization phase at most

OðNW logðNW ÞÞ operations are necessary to sort

the elements in Rw, so as to create an ordered list of

requests. At each iteration, at most OðNW Þ oper-

ations are necessary to execute Step 1, while Step 2

and Step 3 require Oð1Þ operations. Indeed, in

Step 1 all the elements of the list may be visited,
and for each element a check on the possibility to

schedule the transmission takes place. Note that

the complexity involved in the verification phase

depends on the size of the associated virtual re-

ceiver, and can require up to OðNÞ operations,

when the associated virtual receiver contains OðNÞ
physical receivers; however, in this case the num-

ber of elements in the list to be visited is smaller
than NW . Thus the total number of operations

involved in Step 1 never exceeds OðNW Þ. At most

NW iterations are required to complete the algo-

rithm. As a conclusion, the worst case complexity

of the GMWM scheduling algorithm is OðN 2W 2Þ.
The computational complexity of the Tabu

Search based multicast scheduling algorithms can

be easily evaluated given that the size of the
neighborhood is OðN 2W Þ. However, to limit the

computational complexity of the algorithm, it is

necessary to restrict the exploration of the neigh-

borhood to only K solutions picked at random at

each iteration. Several simulations performed with

the aim of tuning the value of K showed that when

K is too small, the quality of the solution found is

unsatisfactory, whereas when K is too large, the
convergence of the algorithm to the best solution is

very slow. Thus, we decided to use K ¼ 100, a

choice that provides a good trade-off between run-

time complexity and solution optimality.

The computational complexity of each iteration

is dominated by the evaluation cost. The evalua-

tion of each neighbor requires OðN 2W 2Þ opera-

tions if the GMWM scheduling algorithm is run.
Only OðNW Þ operations are necessary, on the

contrary, if the evaluation of solutions is per-

formed on the basis of lower bound (13).

As a conclusion, if the algorithm stops after I
iterations, and given that the cost to obtain the

initial solution is negligible, OðIKN 2W 2Þ opera-

tions are required if the evaluation of each solution

is obtained by scheduling transmissions, while only

OðIKNW Þ operations are required if the evaluation
is obtained by bound (13).

5. Results

We report performance results for several

scheduling algorithms and network configurations.

Before showing simulation results, an example of
the optimal scheduling obtained by solving the

ILP formulation using commercial software is

presented. However, due to the complexity of the

problem and the huge number of variables, we

were able to obtain the optimal solution only in a

very small case. Simulation results are later pre-

sented to asses the merits of the algorithms on real

size networks.

5.1. An example of optimal scheduling

Consider a network with N ¼ 4 nodes in which

W ¼ 2 channels are available for data transmis-

sion. Node s1 and node s2 transmit on channel k1,

while node s3 and node s4 transmit on channel k2.

The receiver tuning latency is assumed to be T ¼ 3
time slots.

Matrix eRR, reported in Table 1, contains the

transmission requests, expressed in number of

slots, associated with flows from source si to

multicast group Mj, whose composition is re-

ported in Table 2.

Note that, among the considered destination

sets, three contain only one node, and thus corre-
spond to unicast flows.

Table 1

Transmission request matrix eRR
M1 M2 M3 M4 M5 M6

s1 3 0 0 1 4 1

s2 0 5 3 0 4 2

s3 0 0 0 3 0 3

s4 0 2 0 2 3 0
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The resulting optimal scheduling frame, ob-
tained by solving the ILP problem described in the

previous section with the CPLEX solver [21] is

reported in Fig. 2. In each slot of the frame, the set

of receivers tuned on each channel is indicated

among brackets, along with the multicast flows

that are transmitted. Note that in the table, to

simplify the notation, both source and destination

sets are indicated only with the ordinal indices (for
example 1 ! 2 stands for s1 ! M2).

In this example the frame length equals the

lower bound, since node s3 is either receiving a

packet or tuning in each slot of the frame. We

remark that the three unused slots at the end of the

frame are required to allow nodes s3 and s4 to tune,

so as to be able to receive packets at the beginning

of the next frame.
Note that this optimal solution does not imply

any partitioning among multicast groups, since the

ILP formulation does not force receiver partition-

ing on the wavelength basis. Nevertheless, the op-

timal solution requires independence among

different wavelength channels (see the splitting of

multicast group M2 on wavelength k2), thus parti-

ally justifying the heuristic approach pursued in the
paper; indeed, the wavelength partitioning approach

is adopted to simplify the scheduling problem.

5.2. Simulation results

Four Tabu Search based algorithms are com-

pared: Tabu Search-CDVR-scheduling (T-CDVR-

S), Tabu Search-CDVR-lower bound (T-CDVR-L),
Tabu Search-CIVR-scheduling (T-CIVR-S), Tabu

Search-CIVR-lower bound (T-CIVR-L). More-

over, we consider:

• the CIVR policy proposed in [17] scheduled with

the GMWM scheduling algorithm;

• the minimum admissible frame length (LB) as

defined in lower bound (2);

• the multicopy (MC) algorithm, obtained by re-

placing each multicast request ~rrðs; dÞ from

source s to destination set Md with jMd j unicast
requests from source s to each destination

i 2 Md .

All the Tabu Search based algorithms use as

initial solution the solution obtained with the

CIVR policy.

Each considered traffic scenario is associated

with a request matrix comprising both unicast and
multicast traffic. Unicast traffic, described by a

source-destination request matrix R, is always

uniformly distributed. The request size associated

with each source/destination pair is uniformly

distributed between 0 and 16 slots.

For what concerns multicast traffic distribution,

we considered two traffic scenarios, leading to six

network configurations, three referring to a video-
conference traffic pattern, three to a server distri-

bution traffic pattern:

Video-24-8: This network configuration com-

prises N ¼ 24 nodes uniformly distributed on

W ¼ 8 wavelengths, so that three nodes transmit

on the same wavelength. Six many-to-many mul-

ticast traffic connections are superimposed to

unicast traffic. For each connection, traffic source/
destinations are picked at random among all net-

work nodes. The average multicast group size has

been fixed to 10 nodes. Multicast group sizes are

Bernoulli distributed. Multicast slot requests as-

sociated with sources joining the multicast group

are randomly generated according to a uniform

distribution with average 32 and standard devia-

tion 8/3.
Video-24-12: This network configuration differs

from the Video-24-8 configuration only because

nodes are uniformly distributed on 12 wave-

lengths, so that only two nodes share a wavelength

in transmission.

Video-72-24: This network configuration com-

prises 72 nodes uniformly distributed on 24

wavelengths. Also in this case, six many-to-many
multicast traffic connections are superposed to

unicast traffic. The average multicast group size

has been fixed to 30 nodes. Multicast slot requests

Table 2

Composition of multicast groups

M1 ¼ f2; 3; 4g
M2 ¼ f1; 3g
M3 ¼ f1; 4g
M4 ¼ f2g
M5 ¼ f3g
M6 ¼ f4g
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associated with each source belonging to the

multicast group are randomly generated according

to a uniform distribution with average 64 and

standard deviation 8/3.

Server-25-9: In this network configuration, 24

client nodes exchanging unicast traffic are uni-
formly distributed on 8 wavelengths. The 9th

wavelength is reserved to a multicast server. Three

one-to-many multicast connections are superim-

posed to unicast traffic. The server is the source of

the three multicast connections. For each connec-

tion, traffic destinations are picked at random

among all network nodes. The average multicast

group size has been fixed to 15. Multicast slot re-
quests associated with each multicast connection

are randomly generated according to a uniform

distribution with average 64 and standard devia-

tion 8/3.

Server-25-13: This network configuration differs

from the Server-25-9 only because nodes are uni-

formly distributed on 12 wavelengths. The 13th

wavelength is reserved to a multicast server.
Server-73-25: In this network configuration 72

clients nodes exchanging unicast traffic are uni-

formly distributed on 24 wavelengths. The 25th

wavelength is reserved to a multicast server. Six

one-to-many multicast connections routed on the

server are superposed to unicast traffic. The aver-

age multicast group size has been fixed to 30.

Multicast slot requests associated to each multicast
connection are randomly generated according to a

uniform distribution with average 64 and standard

deviation 8/3.

We consider as performance metric the frame

length, i.e., the minimum number of slots required

to schedule all the requests in eRR. We tried to

compare fairly all the algorithms; for this reason,

results reported on the same plot required the
same amount of computational power in terms of

CPU time. Thus, the scheduling algorithms were

run on the same machine (Pentium III PC at 500

MHz running under Linux), stopping the Tabu

Search optimization procedure after a fixed

amount of CPU time was passed. However, algo-

rithms based on greedy solutions (e.g., CIVR)

which are used for performance comparison re-
quire negligible CPU times. Note that CPU times

must be used as a measure to asses the relative

performance of algorithms when using comparable

CPU times, but they should not be taken as an

absolute measure of the CPU times that would be

required in a real implementation of a scheduler,

given that they are run on a general purpose ma-

chine.
Before examining performance results, let us

focus on Fig. 3, that reports simulation results

obtained by running the T-CIVR-L (left plots) and

T-CDVR-L (right plots). We plot, for a randomly

chosen request matrix eRR, the frame length of the

best visited solution, estimated by using lower

bound (13) for T-CIVR-L (solid lines) and T-

CDVR-L (dashed lines), and computed by the
GMWM scheduling (dotted lines). Since the con-

flicts in the scheduling of transmissions directed to

virtual receivers on different channels are neglected

in the lower bound, several solutions (i.e., config-

urations of virtual receivers on different channels)

that exhibit a small lower bound entail a large

scheduling frame. This is due to the fact that lower

bound (13) does not permit a good estimation
of the required frame length for all the solutions.

A stronger degree of correlation between lower
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Fig. 3. Frame duration of the best visited solution when run-

ning T-CIVR-L (left) and T-CDVR-L (right).
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bound and scheduling frame exists for those so-

lutions in which the virtual receiver configuration

is independent, or almost independent of the

channel, as shown in the top-left plot of Fig. 3,

referring to algorithm T-CIVR-L. Finally, note

that this phenomenon is less severe when consid-
ering the server scenario (bottom plots). This

phenomenon may worsen the performance of T-

CDVR-L and T-CIVR-L algorithms for increasing

CPU time, a clearly undesirable behavior.

To partially cope with this problem, we define the

T-CDVR-L� and T-CIVR-L� algorithms, which

evaluate each solution using lower bound (13);

when the best solution (measured using the lower
bound) in the neighborhood is found, it is sched-

uled using the GMWM to determine its quality.

Only if the scheduling is satisfactory the solution is

kept as the current best solution, since it represents

a real improvement over previously examined so-

lutions.

Fig. 4 reports results referring to scenario

Video-24-8 (top plots) and Video-24-12 (bottom
plots).

Similarly, Fig. 5 reports results referring to sce-

nario Server-25-9 (top plots) and Server-25-13 (bot-

tom plots). All the points were obtained by

averaging over 50 different randomly generated

request matrices. Tabu Search based algorithms

were run for 1 min (left plots) and for 10 min (right

plots).
Consider first Fig. 4. All the four Tabu Search

algorithms lead to significant performance gain

with respect to CIVR and the average frame length

is close to the lower bound. Thus, the application

of sophisticated and computationally intensive

optimization algorithms appears to be rewarded

by performance improvements, even for reason-

ably short CPU times. No major differences in the
performance for the four Tabu Search based

scheduling algorithms are observable; in general,

algorithms that use the scheduling metrics to

evaluate the solution perform better than those

based on the lower bound. Observing the upper

right plot in contrast with the upper left plot, it can

be seen that the T-CDVR-L� algorithm, despite

the evaluation of the best solution in the neigh-
borhood using the GMWM algorithm, does not

show performance improvements when the CPU

Fig. 4. Average frame length vs latency in the video traffic

scenario.

Fig. 5. Average frame length vs latency in the server traffic

scenario.
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time is increased from 1 to 10 min. In all scenarios,

a large performance gain is obtained with respect

to the MC algorithm.

Consider now Fig. 5. All the four Tabu Search

algorithms lead to large performance gains with

respect to CIVR, and the average frame length is
close to the lower bound. Moreover, both T-

CDVR algorithms perform better than T-CIVR

algorithms. It is interesting to observe that, in this

scenario, evaluating the solution using a scheduling

leads almost always to performance benefits with

respect to algorithms using the lower bound met-

rics. The only exception is for T-CDVR-S when run

for 1 min (bottom left plot); the reason is that the
CPU time limit is too short to allow the algorithm

to determine a good solution. As a matter of fact,

algorithms based on scheduling obviously require

larger CPU times to evaluate a solution. Clearly,

given a limited CPU time, we are able to evaluate a

higher number of solutions if using the lower

bound metrics instead of scheduling. This means

that, if we have very severe time constraints to find
a good solution, it may be wiser to choose algo-

rithms based on lower bound metrics; otherwise,

scheduling metrics should be obviously preferred.

To evaluate the scalability of algorithms based

on scheduling metrics, we plot in Fig. 6 the frame

size obtained with the four Tabu Search based

algorithms in a large network, i.e., considering the

Video-72-24, and Server-73-25 traffic scenarios for
one particular request matrix. We plot the best

solution found by the algorithms as a function of

CPU time, running the algorithms up to 1 h, for

T ¼ 10 slots. Interestingly, the algorithms based

on scheduling metrics converge to a good solution

in a reasonable time (obviously still larger than the

time required by lower bound based algorithms).

Note that whereas the T-CDVR algorithms per-

form much better than T-CIDR in the server sce-

nario, minor differences can be observed when
considering the video conference scenario. Since

this result is obtained using a single request matrix,

we examined the same scenario averaging over 15

different request matrices for a CPU time fixed to

15 min. Results are reported in Table 3, and sim-

ilar observations can be drawn.

To estimate the speed of convergence of the T-

CIVR and T-CDVR algorithms, we ran them on a
set of 20 randomly selected instances of the Server-

25-13 traffic for T ¼ 5; 10; 15; 20 taking note of the

average time required to obtain a solution which is

within 2%, 4%, 6% and 8% of the best solution

computed by the algorithm in 10 min of CPU time.

These results are shown in Fig. 7, the curve labeled

‘‘Optimum’’ gives the average time at which the

solution hits the minimum value which is then kept
until the end of the run. The figure shows that the

T-CDVR algorithm running time is usually smal-

ler than the T-CIVR running time, confirming that

the CDVR problem is, in general, easier than the

CIVR optimization problem. However, the T-

CIVR algorithms obtain a good solution within

2% of the presumed optimum in about 100 s.

The curves plotted in Fig. 8 are obtained in the
same way for 10 instances of the Server-73-25

traffic when the reference value for the ‘‘Optimum’’

solution is computed in 60 min of CPU time. Here

the time needed by the CIVR algorithm to reach

a solution within 2% of the presumed optimum

ranges between 600 and 1000 s depending on the

Fig. 6. Frame length of the best solution vs CPU time for a

large network.

Table 3

Average frame length in slot for two traffic scenarios with

T ¼ 10

Heuristics Video-72-24 Server-73-25

LB 5902.0 1765.2

MC 12,871.4 8626.6

CIVR 6855.7 8615.3

T-CIVR-L� 6552.6 2810.3

T-CIVR-S 6515.3 2907.7

T-CDVR-L� 6558.5 1936.2

T-CDVR-S 6570.6 2245.1
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tuning time, provided that the network and there-
fore the solution space are larger.

6. Conclusions

We have proposed and examined by simulation

algorithms that solve the problem of scheduling

multicast traffic in TDM/WDM broadcast-and-
select networks. We have highlighted the perfor-

mance benefits that can be obtained by using

computationally intensive optimization algorithms

based on Tabu Search.

The application of this type of algorithms is re-

warded by the significant performance improve-

ments that can be obtained with respect to much

simpler greedy algorithms, even by limiting CPU
times to reasonably small values. No large differ-

ences in the performances for the four Tabu Search

based scheduling algorithms are observable.

In general, algorithms that use the scheduling

metrics to evaluate the solution perform better

than those based on the lower bound, specially

when the CPU time constraints are not strict.

When CPU constraints are strict, algorithms based
on the lower bound are instead a better choice,

although in some scenario they exhibit difficulties

in converging to the optimal solution.

We have also shown that relinquishing the

constraint of channel independency may improve

the performance of the scheduling algorithm,

specially in the server distribution traffic scenario.

All the algorithms have shown good scalability
properties for increasing network size.
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