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We focus on all-opiical sloited WDM/TDM broad-
cast-and-select networks with W wavelengths and N
nodes. Nodes are equipped with one tunable trans-
mitter with non-negligible tuning times and one fized
recetver. We first propose a novel scheduling algo-
rithm which exploit the multi-hop transmission tech-
nique to shorten the duration of the scheduling period.
Then we describe a single-hop scheduling algorithm
that performs slighily betier than previcusly proposed
scheduling elgorithms. A simulation based analysis of
the two algorithms shows that they joinily lead {0 a
stgnificant improvement in both throughput and delay
weth respect to previous single-hop proposals.

1 Introduction

We consider all-optical WDM/TDM broadcast-
and-select networks based on a broadcast topology
(possibly a star) in which W wavelengths are avail-
able for node-to-node packet communications, and we
assume that nodes are equipped with ene full-duplex
transceiver: hence, each node can be source and desti-
nation of at most one data flow at any given time. By
tuning the nodes’ transceivers, and by dynamically
allocating the W available wavelengths, full connec-
tivity is achieved among end-users. WDM transmis-
sion channels are agsumed to be slotted and synchro-
nized; each slot can accommodate the transmission
of one packet per wavelength.

The time required to tune the node transceivers is
not negligible with respect to the packet transmission
times; In fact, with the presently available optical
components, tuning latency can be quite longer than
packet transmission time [1, 2].

We consider protocols based on slowly-varying
WDM/TDM transmission schedules that periodically
adapt to traffic pattern changes; they provide a good
trade-off between simplicity and efficiency. Thus,
our scheduling algorithm does not aim at provid-
ing a schedule that is modified on the basis of
packet-by-packet reservations issued by nodes. Con-
versely, we assume that node traffic requirements are
based on ‘sustainable bandwidth’ needs, which can
be computed with techniques similar to the ‘equiv-
alent bandwidth’ expressions derived for connection
acceptance control in ATM networks [3].

The problem of finding an optimum transmission
schedule for a given traffic pattern in presence of sig-
nificant tuning latencies was already extensively an-
alyzed [4, B, 6]. It can be formulated in the following
way .
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GIVEN a requested traffic matrix R, whose
elements r g are the numbers of packets that
must be transmitted from any node s to
any node d in a scheduling period, FIND
a time/wavelength agsignment that guaran-
tees the delivery of the requested traffic,
while MINIMIZING the time necessary to ac-
commodate all transmissions, SUBJECT TO
technological constraints.

In [4] this scheduling problem was shown to be NP-
hard. Several heuristic approaches for the determi-
nation of good schedules were proposed in [5, 6].

Most of the scheduling algorithm proposals that
appeared in the literature aimed at the minimization
of the scheduling period duration assuming that all
packets must be transmitted in a single-hop fashion
(.e. packets are directly transferred from their source
to their destination with just one transmission). This
may not necessarily be the best approach when tun-
ing latencies are long.

In this paper, we present a novel approach for the
identification of a good schedule, which yields larger
throughput than the schedules resulting from previ-
ous proposals. We show that significant through-
put gains can be obtained by transmitting selected
packet flows in a multi-hop fashion, ie. by rout-
ing them through intermediate nodes. Since we aim
at throughput maximization, we do not explicitly
optimize delays, and we assume that, in the case
of multi-hop fransmissions, the successive hops that
a packet must traverse are scheduled in successive
scheduling periods. Nevertheless, we shall show that
the multi-hop schedules allow significant gains in the
throughput-delay characteristics.

2 The Multi-Hop Scheduling Problem

We consider a network with & nodes, each node
being provided with one tunable transmitter and one
fixed receiver. We denote by W the number of avail-
able wavelengths. The transmitters tuning latency,
i.e. the time required to tune from a wavelength to
a different one, is taken to be T slots. Thus, two
transmissions from the same source at different wave-
lengths must be separated by at least T empty slots.
Although we consider in this paper the case of trans-
mitter tunability, the proposed approach, can easily
be extended to the case of receiver tunability, and to
a more general context in which both transmitters
and recetvers are tunable with significant latencies.



The problem of defining an optimal schedule (i.e.
a schedule that maximizes the system throughput)
when some traffic flows can be transmitted in a multi-
hop fashion, can be formulated as an I[nteger Lin-
ear Programming {ILP) problem, hence shown to be
NP-hard [7]. We propose mn this paper a heuristic
approach to the multi-hop scheduling problem. For
stmplicity, our heuristic algorithm is presented in the
paper in the case W = N, extensions to the case
W < N are straightforward.

Recall that the elements 14 of the requested traffic
matrix K represent the number of packets that must
be transmitted from source s to destination d in a
scheduling period. If we define L;(R) as the minimum
duration of the activity of node ¢, then

11'1a.x(z ri; + KT Z re) (1)
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where I; is the number of destination nodes to which
node 7 must transmit at least one packet; the length
Lgi of the single-hop scheduling period (i.e. the pe-
riod necessary to accommodate all transmissions in
R in a single-hop fashion) must satisfy:

L, » L(R)=maxL;(RK) (2)

Li{R) =

Since we assume that the successive hops of
a multi-hop transmission may oceur in successive
scheduling periods, we can split in two separate
steps the problem of defining a packet schedule
that minimizes the scheduling period duration, hence
maximizes the throughput, while allowing multi-hop
transmissions.

The first step is aimed at the design of a logical
topology through which packets must be routed from
sources to destinations; i.e. at the definition of the
set of single-hop transmissions, as well as the routing
for multi-hop transmissions.

During the second step, the single-hop schedul-
ing problemn is solved starting from a derived re-
quested traffic matrix 5, whose elements s,; are equal
to the numbers of packets that are to be transmit-
ted in a single-hop [ashion from node ¢ to node j,
possibly comprising multi-hop packet flows, accord-
ing to the solution found in the first step. A novel
heuristic single-hop scheduling procedure is proposed,
that performs slightly better than previous propos-
als [5, 6]. It allows the achievement of scheduling pe-
riod lengths very close to L{R). independentely from
the singlte-hop requested traffic matrix, and for non-
negligible values of the tuning latency.

The Logical Topology Design Algorithm

The heuristic algorithm for the logical topology de-
gign aims at finding a final gsingle-hop matrix 5 such
that L(5) is minimized. ] .

The logical multi-hop topolegy is built by sub-
sequent rerouting of single-hop packet flows in a
multi-hop fashion. Let 5') represent the single-hop
scheduling matrix at step n, whose elements s[z-;) are
equal to the nwnbers of packets that are to he trans-
mitted in a single-hop fashion from node i 10 node j,
possibly comprising multi-hop packet flows. At step
n of the algorithm, one single-hap packet flow in $1),
e.g. the one from ¢ to j (¢ = ), 1s considered, and an
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evaluation of the most convenient way to route the
flow 1s attempted. The most convenient route, i.e.
the route that leads to a minimization of L(S*+1)),
is chosen for the transmission of packets belonging to
flow ¢ = j. The routes considered for flow 7 = j,
are: the single-hop route ¢ — j, and all the two-hop
routes through some intermediate node k.

Define, for each source node 7, the minimum length
of the transmission schedule at step n:

LM =SS KT (3)
i

The logical topology design algorithm comprises
the following steps.

1. Initialize S‘® to R: all connections are enabled
(they take place in single-hop fashion).

2. Among all sources of enabled connections,
choose node ¢ for which Lim 15 maximum.

3. Among all destinations of enabled connections

whose source node is 7, find the destination node

)

. . n - - 3
j for which sgj 1$ minimum.

4. Find a pivei node k so that s;?) > (O and sf;;] > 0,

through which the flow ¢ = j could be routed in
a multi-hop fashion; if many such nodes exist,

choose the one for which L(S™)); is minirum.

5. If a pivot node has been found, compute the tem-
porary matrix S* as follows: first §% = §0™),
then sf, = 0, s}, = sy 52}”, and sp. =
5&_‘?] + 52;?'3.

6. 11 L{5*) < L(S™)}, then the rerouting of con-
nection (¢, 7} takes place, S T1 = §*,

7. Connection i — j is disabled. If any enabled

connection is left, go to Step 2; otherwise & =
S,

The Single-Hop Scheduling Algorithm

In the second step, the single-hop scheduling algo-
rithm is executed. The novel algorithm that we pro-
pose tries to mimmize the number of times a node
needs to tune its transmitter in order to send all the
packets to be transmitted during a scheduling period.
Although this is a reasonable approach for the iden-
tification of the optimal schedule, it does not guaran-
tee that the scheduling period length is always mini-
mized.

At the beginning of the algorithm, the first set of
simullaneous transmissions in the scheduling period
is selected by executing a MWM (Maximum Weight.
Matching) algorithm (see [8]) on the bipartite N1¥-
nodes graph that corresponds to the requested traf-
fic matrix 5 (N vertices of the graph correspond to
packet sources, W vertices correspoud to packet des-
tinations, and edges are defined by the logieal topol-
ogy). After the completion of some of the trans-
missions in this initial set and a tuning delay, one
or more trausmitters may become available for addi-
tional packet transmissions on free wavelengths. At
this point the MWM algorithm is again executed in



order to match the remaining transmission requests
to the idle wavelengths. The algorithm continues un-
til all requested transmissions have been scheduled.
Since the algorithm is based on an incremental ap-
plication of the MWM algerithm, we shall name it
IMWM (Incremental MWM).

A more detailed description of the algorithm fol-
lows.

For each source-destination pair (7,7), define two
functions: Source(s, j) which returns i and Dest(%, 7)
which returns j. Moreover, let A denote the set of as-
signed connections, i.e. the set of source-destination
pairs (4, §) corresponding to packet flows whose trans-
mission has already been scheduled; A is initialized
to the empty set §). For each source node i, define
the set D(¢) of destinations corresponding to already
scheduled transmissions; D(4) is initialized to 0 for
each node 1. Let ¢, denote the system time and ini-

tialize 1 = 0. At the algorithin start, all sources
and destinations are enabled. The algorithm consists
of the following steps.

1. Use a MWM algorithm over the requests is-
sued by enabled source nodes for transmission
toward the enabled destinations, in order to
find the switching configuration, i.e. the max-
imal set of concurrently active transmissions; for
each pair (4,j) corresponding to transmissions
selected by the MWM algorithm, put Dest(i, j)
in D(Seurce(d, j)}, put {z,j) in A, and disable
the corresponding source and destination nodes.

2. Update the requested traffic matrix § by sub-

tracting all the entries corresponding to trans-
missions on connections that were just added to

3. For each source node ¢, evaluate tgn'), the min-
mmum time at which the node can schedule a
transmission toward a destination not belong-

ing to P(i): let ) be the minimum value of
2™ Update t*t! = ¢(») En-

able the nodes for which t?(gn) is not greater than
)

greater than #,.

4, Enable the available destinations in slot lt(""'1 ,

ie. the destinations that are not receiving any

packet in slot #0771,

5. If matrix S ig null, the algorithm terminates.
Otherwise, consider S, the submatrix of S re-
ferring to enabled source and destination nodes;
if S.r 18 not null, go back to step 1. If S, is
null, go back to step 3.

3 Computational Complexity

Lel us first examine the computational complexity
of the algorithm proposed for the logical topology
design.

In the initialization phase, L;(R) must be evalu-
ated for each node; O{N?) operations are required.
Each step of the algorithm basically requires search-
ing for either the minimun or the maximum of NV
numbers. The complexity of each step is, as a conse-
quence, O(N). The maximum number of steps before
termination is V2. The complexity of the whole pro-
cedure is thus G(N?%).
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The evaluation of the complexity of the IMWM
scheduling algorithm is complex, and only an ex-
tremely pessimistic (and thus scarcely interesting)
upper bound can be easily derived. This is because
the complexity of each step depends upon the size
of the bipartite graph on which the MWM search is
performed. This in turn depends on the number of
elements matched in the previous steps, which is un-
known in general. An evaluation of the maximum
number of steps required before the algorithm termi-
nation is also quite difficult, since this too depends
upon the number of matches at.each step.

The derivation of a pessimistic upper bound is in-
stead simiple if we assume that each match selects just
one traffic flow. Since the execution of the MWM al-
gorithm on a 2N —node bipartite graph requires at
most N3log N operations, and the number of steps
is at most N?, the computational complexity is upper
bounded by N%log V.

Similarly, in the case W < N, it can be obtained
that the computational complexity is upper bounded
by WhN*log N.

4 Numerical Results

We present. numerical resulés obtained by running
the proposed single-hop and multi-hop scheduling al-
gorithms with an approximate implementation of the
MWM algorithm. Observe that, although not pre-
viously mentioned, we can restrict the algorithm to
schedule packets with a limited maximum number of
hops.

4.1 Example of multi-hop scheduling

Let us begin with an example that shows the op-
erations of the algorithms.

Consider a small all-optical WDM/TDM broad-
cast-and-select network with ¥ = W = 5, where
nodes and wavelengths are numbered from 1 to 5,
each node receives packets at the wavelength labelled
with the same number, the tuning time is- 7" = 10
slots, and the requested traffic matrix R is:

&

Il
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J ot
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The requested packet transmissions add up to 44
packets: 3 packets must be transmitted from node 1
to node 2, 4 from node 1 to node 3, and so on,

The scheduling period resulting from the execution
of the single-hop scheduling algorithm comprises 50
slots (taking into account the tuning time of the last
active source before the next scheduling frame), and
is represented in Table 1, where rows correspond to
wavelengths, columns correspond to time slots and
numbers in the table represent nodes’ indices.

Node 2 transmits at wavelength 1 in the first two
slots of the scheduling period, then, it tunes to wave-
length 3, and, after 10 slot time, it transmits 3 pack-
ets; then it tunes to wavelength 5 to transmit 3 more
packets, and finally it tunes to wavelength 4 for the
transmission of 2 packets Ten more slots are then
necessary to tune again to wavelength 1 and 1estart
the scheduling period.

By running the logical topology design algonthm
to construct a 2-hop logical topology (a multi-hop
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[t TT 2 3 a 35 13 14 15 15 17 36 27 328 37 38 39 40 |
way., 1 2 z - - - - - - 4 4 - - 5 3 - - - - - -
wav, 2 5 § - - - - - - 1 1 1 B - 4 4 - - 3 - -
wav. 3 1 1 1 1 - - 2 2 2 - - - - - - - 5 - 4 -
wav. 4 |3 4 3 3 3 . 5 5 5 - - - - . 1 - - . 2 2
wav. 5 4 4 4 4 - - - - - 3 - - 2 2 2 - - - 3 1
Table 1: Scheduling obtained on the example by the single-hop IMWM algorithm
slot T 2 3 4 5 6 7 8§ 9§ 10 11 12 1r 18 15 30 21 23 33 24 95 36 &7
wav. 114 4 4 4 4 4 4 3 8 3§ I3 73 - . T - T~ - - -
T 4 4 4 4 4 1 1 1 1 -
wav, 3 2 2 2 2 2 2z . - - 5 5 5 5 5 - - -
wav. 4 |5 5 5 s 5 5 5 5 5 . . . - - - - . 3 3 3 3 s
wav. b 1 1 1 1 1 1 1 1 1 1 1 1 - 2 2 2 2 2 - -~ - - - -
Table 2: Scheduling obtained on the example by the multi-hop IMWM algorithm

topology with a maximum number of intermediate
nodes equal to 1), we obtain the following routing
matrix, where each element z;; represents the inter-
mediate node in the route from source node 7 to des-
tination node j:

- 2 5 5 5
3 — 3 5 b
X= 11 - 4 1
1 2 2 - 1
4 4 3 4 -

From matrix X we observe that the flow from node

1 to node 3 is routed through node 5, while the How

from node 1 to node 2 is transmitted directly from

source to destination, and so on. Entries correspond-
ing to 2-hop flows are emphasized in matrix X

The routing matrix X originates the traffic matrix

5t
04 G 0 12
006 0 5
S=1]15 005 0
T5 0 ¢ 0
005 9 90

The matrix 5 results from the 2-hop routing of
a number of packet flows that were previously trans-
mitted in single-hop fashion. For example, the packet
to be transmitted from 3 to 2 now goes first from 3
to 1 and then from 1 to 2; this adds 1 to r3; and to
r1a, and sels rga = 0. The number of packets to be
transmitted in a single-hop fashion is now equal to
63: 19 packets are now transmitted in 2-hop mode,
and their transmissions must he added to the original
44 packets.

Despite the larger number of packets that must be
accommodated in one frame, the scheduling period
tesulting from the execution of the 2-hop scheduling
algorithmn only comprises 37 slots, and s shown in
Table 2.

It can be observed thal node 2 transmits at wave-
length 3 in the first six slots of the scheduling period,
then it tunes to wavelength 5 and transmiis b pack-
ets. The packets that 1t previcusly had to transmit
to nodes 1 and 4 are now transmitted in 2Z-hop fagh-
ton through nodes 3 and 5. Additionally, node 2 also
takes care of the transmission of one more packet that
it relays from source node 4 to destination node 3.

4.2 Scheduling frame duration

Let us now ohserve the average performance of
the single-hop and multi-hop scheduling algorithms
for larger network configurations. We always assume
that the number of wavelengths is W = 32, and we
take the number of nodes to be either N = 32 or
N = 64. One hundred different traffic matrices R are
randomly generated, always setting to zero the ele-
ments along the main diagonal, and fixing the mean
of the distribuiion from which the other elements are
drawn to 10 when N = 32, and to 5 when N = 64 (so
that the average load on each transmission channel is
constant). The elements of matrix K correspond to
individual requests from source nodes, and are taken
to be geometrically distributed. For W = N = 32,
this 1s also the distributton of the number of packets
transmitted by a node on a given wavelength. With
N = 64, instead, the number of packets that a node
has to transmit on a given wavelength corresponds
to the superposition of the requests leading to two
destination nodes, and is thus distributed according
to a two-stage geometric.

The results of the scheduling algorithms are plot-
ted in Fig. 1 as curves of scheduling period duration
{averaged over 100 randomly generated matrices R)
versus the number T' of slots necessary to tune the
transmitters. As regards the single-hop scheduling
algorithm, we consider both IMWM, newly proposed
in this paper, and TAA, originally proposed in [6].
For the multi-hop scheduling, we always consider our
heuristic approach for the design of the logical topol-
ogy, but again we constder either IMWM or TAA for
the second step of the procedure.

The curves in Fig. 1 show that the gain obtained
with the multi-hop scheduling algorithm can be quite
remarkable, specially with long tuning times, both
when ¥ = W, and when N > W. Instead, the differ-
ences between the two considered single-hop schedul-
ing algorithins do not appear to he significative, even
if they slightly favor IMWM over TAA.

The multi-hop scheduling algorithm can be re-
stricted to a maximum number of hops to limit the
packet delay. In Fig. 2 we show the curves of the
average scheduling period duration versus the tun-
ing time in slots, [or the case of A maximum number
of hops equal to 1 (single-hop), 2, 3, or unlimited
(multi-hop). We can observe that improvements are
significant from 1 to 2 hops and from 2 te 3 hops,
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N=64, W=32
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Figure 1: Scheduling period duration as a function of the number of slots necessary to tune node transmitters
for the single-hop and multi-hop TAA, and single-hop and multi-hop IMWM algorithms

but there is no evident gain when no restriction on
_the maximum number of hops is imposed. Actually,
the multi-hop case for some tuning delays even pro-
duces worse results than the 3-hop case. This is due
to the fact that when the number of hops grows, the
resulting matrix S is more difficult to be scheduled
in single-hop mode.

4.3 Packet delays

The fact that multi-hop schedules produce shorter
scheduling periods with respect to single-hop sched-
ules guarantees that a higher throughput can bhe
obtained. However, it is not clear whether these
throughput gains also lead to a reduction of the
packet delay, because of the fact that packets must
be transmitted several times in successive schedul-
ing periods. Moreover, the fact that gains are large
only for long tuning times might suggest, as an al-
ternate approach for the improvement of the system
efficiency, the scheduling of a larger quantity of pack-
ets (for example scheduling in one scheduling period
all the packets corresponding to & original scheduling
periods). While this surely has a negative impact on
delay, it might lead to throughput improvements for
the single-hop scheduling due to the reduced number
of tuning actions.

In order to investigate these effects, we plot in Fig.
3 the curves of the maximum packet delay versus
throughput, for the cases T = 30, and 7' = 50. The
four curves again refer to the single-hop, 2-hop, 3-
hop, and multi-hop schedules. The first point in each
curve refers to the average over 30 requested traffic
matrices; subsequent points correspond to the aver-
ages computed over the same 30 matrices multiplied
by a scale factor (B = 2,3,4,...), so as to sched-
ule a larger amount of packets in the same schedul-
ing period. The maximum delay is computed as the
scheduling period duration times the maximum num-
ber of hops incremented by one.

We can observe that in the considered cases both
the single-hop maximum and average packet delays
can be greatly reduced with a 2-hop approach over
the entive throughput range. The same is not true

for schedules with a.larger numbers of hops, that
produce quite large gains for low throughput values,
but become ineffective at higher throughputs. This
means that the gains of the multi-hop scheduling al-
gorithm are maintained, indepenidently of the quan-
tity of traffic to be scheduled, provided that the num-
ber of hops is kept low, Multi-hop scheduling, if the
number of hops 15 kept low, leads to significant im-
provements of the network bandwidth exploitation
under urgent strict delay requirements. This result
can be explained by observing that the growth in the
maximmum packet delay is normally proportional to
the. maximum allowed number-of hops, so that im-
posing a constraint can be quite beneficial.

4.4 Computational costs

Finally, in Fig 4 we plot the maximum CPU times
required to run the IMWM algorithms for different
values of N for the case W = N. We considered
a set of 30 randomly generated request matrices.
We report for comparison the curves e N%log N and
BN3log N, where o and 3 are chosen in order to
match the CPU time for N = 16; the first curve is
related to the pessimistic upper bound computed in
Section 3, while the second curve refers to the com-
plexity of the MWM algorithm. Tt can be seen that
the complexity of the logical topology design plus the
single-hop scheduling IMWM, measured n terms of
CPU times, increases with the number of nodes much
less than the pessimistic upper bound computed in
this paper, and similarly to the complexity of the

MWM algorithm alone.

5 Conclusions

We have considered all-optical WDM/TDM
broadcast-and-select networks with N nodes and iV
slotted and synchronized transmission channels. Net-
work nodes have one fixed receiver and one tunable
transmitter with non-negligible tuning times.

For these systems, we have proposed to adopt the
multi-hop scheduling of WDM/TDM packet trans-
missions. The multi-hop scheduling problem can be
formally defined as an ILP (Integer Linear Program-



N=W=32

4000

3500

3000

2500

2000

1500

Scheduling duration [slots]

1000

500
100

1110
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Figure 2. Scheduling period duration as a function of the number of slots necessary to tune node transmitiers
for the single-hop, 2-hops, 3-hops and multi-hop IMWM algorithms

ming) [7]. In this paper we have described a heuris-
tic approach to the problem, which runs through
two steps, called the logical topology design and the
single-hop scheduling. An algorithm which provides
a sub-optimal solution to the logical topology design
problem was proposed. We have further introduced
an algorithm for the single-hop scheduling problem
which provides minor improvements over previously
proposed algorithms.

Our results show that the adoption of multi-hop
scheduling algorithms provides important through-
put advantages over single-hop scheduling. Limiting
the maximum numbet of intermediate nodes to 1 or
2 leads to a good compromise in terms of throughput
vs delay with respect to single-hop and unbounded
multi-hop scheduling algorithms.
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