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Abstract

The paper presents the concept of ``a posteriori'' access strategy, as opposed to the previously studied concept of ``a

priori'' strategy, to provide a fair and e�cient access technique in slotted wavelength division multiplexing (WDM)

rings under a large variety of tra�c patterns. Using a posteriori strategies, the source node selects the packet for

transmission based on the state of the WDM channels in the arriving slot, thus adapting the access decision to the

instantaneous tra�c in the various channels. The packet selection process of a posteriori strategies, when contrasted

with a priori strategies, yields fair and e�cient utilization of the ring bandwidth without requiring the equalization of

the ring latency, nor imposing restrictions on the tra�c patterns allowed in the system. Since the same features cannot

be provided by a priori access strategies, a posteriori strategies o�ers a more versatile access control that justi®es the

higher implementation complexity due to the multi-channel sensing and on-line packet selection. Ó 2000 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Recent advances in optical technology are
opening new business opportunities in the high
speed networking ®eld. Interest in the all-optical
network concept is re-emerging, both in the LAN/
MAN and in the wide area scenarios, as poten-
tially low cost optical devices become available.
Indeed, several research and development centers
of major telecommunication manufacturers are
currently designing all-optical infrastructures for

campus and metro networks. All-optical networks
are particularly attractive due to their capability of
providing access to the huge bandwidth (several
THz) available in the ®ber without incurring in the
so called ``electronic bottleneck'' due to multiple
electro/optical conversions. A practical approach
for exploiting the ®ber bandwidth is based on
wavelength division multiplexing (WDM), that
partitions it into a set of channels whose individual
transmission rate matches the speed of the elec-
tronic interfaces at the user/network interface
(UNI). WDM is often combined with either space
(i.e., multiple parallel ®bers) or time diversity, or
both (see [1]).

Depending on the number of available channels
and the number of nodes in the network, several
system architectures have been proposed in the
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literature (see [2] for a survey), some dedicating
each channel entirely to a single node's transmis-
sion (e.g., [3]), some dedicating each channel en-
tirely to a single node's reception (e.g., [4]), and
some others providing a number of channels which
are dynamically shared by a subset of nodes, or by
all nodes, for either transmission or reception
purposes (e.g., see [5]).

Multi-channel ®ber ring networks have the
¯exibility to realize any of the above multiplexing
architectures [4,6±9] and o�er practical survivable
techniques against faults [10]. In addition, it is
possible to divide time into slots of ®xed length,
and nodes' transmissions (in the slots) need not be
scheduled in advance since both packet collisions
on the channels and receiver contention at the
destination can be prevented by monitoring the
channels prior to the packet transmission [4]. Fi-
nally, wavelength stability of tunable transceivers
can be achieved with the distribution of reference
lines in each channel, and bit and slot synchroni-
zation are eased by the linearity of the topology.

The study in [4] showed that the use of ®xed
receivers and tunable transmitters in the WDM
ring is bene®cial, in terms of cost and system
performance, when compared to other available
solutions that provide full connectivity among the
nodes, i.e., tunable receivers and ®xed transmitters
or tunable receivers and tunable transmitters. One
of the most important features of this con®gura-
tion is the fact that with a single ®xed receiver at
the destination node the cost of the electronic in-
terface is minimized and receiver contention can-
not occur. As a result, at the source node the
transmitter interface must deal with channel col-
lision only, by means of the access strategy.

The access strategy is part of the medium access
control (MAC) protocol and is responsible for
selecting the packet, i.e., the channel, for the no-
de's next transmission attempt. Since source nodes
that need to transmit to the same destination must
share the channel assigned to that destination, the
access strategy task is to arbitrate the access to the
shared channels in each time slot. The arbitration
must be both fair, i.e., nodes see the same network
performance, and e�cient, i.e., a large portion of
the ring bandwidth must be made available to the
nodes.

With these objectives in mind, the authors
proposed a number of access strategies [4,11±13]
that select the next packet transmission using only
information that is local to the node, i.e., the
destinations of the packets stored in the trans-
mission queues. The advantage of this approach is
the simplicity of the electronic control of the UNI
as the packet is selected prior to monitoring the
channels in the arriving slot. Once the packet is
selected, only the channel associated with the
packet's destination is monitored by the UNI in
order to determine whether or not the packet can
be transmitted. If the channel is free the packet is
successfully transmitted. If the channel is busy the
selected packet is not transmitted in the current
slot to avoid collision. Since the packet selection is
made by the strategy before the arrival of the next
slot, this group of strategies is termed ``a priori''.
In [11±13], a priori strategies which make use of a
distinct queue associated with each channel were
shown to well exploit the system bandwidth, as-
ymptotically reaching 100% e�ciency and guar-
anteeing a reasonable level of fairness when the
distribution of the o�ered tra�c is balanced, i.e.,
tra�c patterns are uniform. Among these access
strategies, Synchronous Round Robin (SRR)
[11,13] was shown to yield the best performance in
terms of achievable throughput and access delay.
When the o�ered load grows evenly in the net-
work, SRR automatically enforces a synchronous
scheduling on the nodes' transmissions, thus ide-
ally exploiting the ring bandwidth [13].

If on the one hand the a priori packet selection
simpli®es the UNI electronic control, on the other
hand it limits the range of applications of the
slotted WDM ring. In e�ect, an a priori strategy
such as SRR yields fair and e�cient access for high
loads only if some conditions are met:
· slot framing is used to achieve perfect synchro-

nous scheduling,
· the ring latency is equalized in order to be a mul-

tiple of the frame duration,
· tra�c is balanced.

As shown in the paper, if only one of these
constraints is not met in the ring, the ideal SRR
access cannot be maintained, thus causing unfair
and ine�cient bandwidth utilization. This limita-
tion originates from the non-null probability that
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the a priori strategy selects for transmission a
channel (packet) whose slot is busy while available
slots exist on other channels in the same time slot.
This is an intrinsic limitation of any a priori access
strategy.

The paper presents the concept of ``a posteri-
ori'' access strategies to provide fair and e�cient
bandwidth utilization in multi-channel WDM
rings under a wide range of system con®gurations,
including absence of frame synchronization and
presence of unbalanced tra�c patterns. With an a
posteriori access strategy the UNI ®rst monitors
the whole set of channels to establish which slots
on which channels are empty, then it selects for
transmission one packet among those whose
transmission channel is free. This approach guar-
antees that under any tra�c condition it is always
possible to select (if any) a packet that will be
successfully transmitted in the arriving slot. In
addition, as opposed to SRR, slot framing for
synchronous transmission scheduling is not nec-
essary to achieve 100% bandwidth utilization.

It must be observed that the a posteriori strat-
egy requires an increase in both optical and elec-
tronic hardware complexity of the UNI when
compared to the a priori counterpart. In e�ect, the
a posteriori strategy requires that:
1. all channels are continuously monitored at the

source node, thus requiring an array of optical
sensors connected to the incoming ®ber(s), and
an array of (boolean) state variables to select a
packet for transmission; note that a priori strat-
egies requires the inspection of only one chan-
nel in each slot;

2. the packet to transmit is selected on-line, after
detecting the status of every channel, thus re-
quiring fast control electronics, and forcing
the serialization of channel inspection and
packet selection operations in each slot; con-
versely, these operations can be pipelined in
the case of a priori strategies.
The aim of this study is to quantify the potential

advantages o�ered by a posteriori strategies in
terms of both system capacity and level of fairness.
A number of experiments comprising various sys-
tem con®gurations and tra�c patterns are dis-
cussed to identify the conditions under which a
posteriori access strategies become preferable to a

priori access strategies, despite their higher com-
plexity of the source UNI.

2. WDM ring architecture

Without loosing generality, in the remainder of
this paper we consider a ring network with a
number of channels that equals the number of
nodes. Each channel is reserved for the transmis-
sions intended for a distinct destination node; thus
a source node willing to transmit a packet to a
given destination must use a free slot on the cor-
responding reserved channel. If we denote by M
the number of nodes, M logical channels are thus
available in the network. Nodes that need to
transmit to the same destination share the same
logical channel. Every destination node makes use
of one single ®xed receiver, and every source node
makes use of one fast tunable transmitter. Both
optical components are based on proven technol-
ogy [14]. In addition, receiver contention, i.e.,
packets transmitted on distinct wavelengths that
simultaneously arrive at the same destination
node, cannot occur. For more details on the con-
sidered node architecture, the reader is referred to
[6].

Fig. 1 depicts the logical network architecture
for the case M � 4. The M logical channels run in

Fig. 1. The logical network topology when M � 4.
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parallel; they are slotted and synchronized. Full
connectivity is achieved by tuning the transmitter
at the source node on a packet-by-packet basis.
Fixed-length data packets are transmitted, and the
slot size is such that one packet transmission time
and the transmitter tuning time ®t into one slot.
Each channel is cleared up at the corresponding
destination node, to prevent optical signal re-cir-
culation in the ring. This means that each logical
ring is interrupted at a (di�erent) node, and also
that the multi-channel ring can be viewed as a set
of staggered logical busses folded in a physical ring
layout. We assume that nodes do not transmit to
themselves.

Slot synchronization in the system is such that
slots on di�erent channels are perfectly aligned. In
each time slot a node is traversed by a set of slots
called multislot, i.e., one slot on each channel
(which means a slot for each destination), and is
free to use one of the empty (unused) slots for
transmitting a packet to the corresponding desti-
nation node. Only one slot can be used due to the
single transmitter assumption. The channel in-
spection capability required on every channel at
each node to avoid collisions among packets di-
rected to the same destination is obtained either by
monitoring the optical power in the channels, or
by using a subcarrier multiplexing technique (see
[15,16]). If contention arise, priority is always
given to in-transit packets: as a consequence, once
a packet is transmitted, it will reach its destination
without collision.

It can be observed that, due to the ring sym-
metries, each node has a better-than-average ac-
cess to the channels leading to some destinations,
and a worse-than-average access to other channels,
leading to some other destinations. If we increas-
ingly number from i � 0 to i � M ÿ 1 the nodes
along the propagation direction of the optical
signal in the ®ber, the channel on which node i,
i � 0; 1; . . . ;M ÿ 1, gains the easiest access is the
one leading to node 1 jiÿ 1jM . This occurs be-
cause, on the channel associated with node
jiÿ 1jM , node i does not need to defer its trans-
mission to any other node' transmission. Con-

versely, the channel on which node i gains the most
di�cult access is the one leading to node ji� 1jM ,
as, in order to access this channel, node i must
defer its transmission to all transmissions of the
M ÿ 2 upstream nodes. For example, in Fig. 1,
node 0 has the easiest access on channel 3 (leading
to node 3), and the most di�cult access on channel
1, where it must defer to transmissions of nodes 2
and 3. In general, to distinguish among the various
transmissions, we de®ne the access priority of a
packet as the value jjÿ ijM , where i is the source
node and j is the destination node of the packet.
According to this notation, 1 and M ÿ 1 are the
lowest and highest priorities, respectively.

Each node stores the generated packets in
M ÿ 1 distinct (FIFO) transmission queues, one
associated with each destination/channel. This
queuing architecture of the source node circum-
vents the problem of head-of-the-line blocking
that may originate in a node using a single FIFO
queue [17±19]. Since each queue stores packets
with a speci®c access priority, for simplicity, we
refer to each queue using the access priority of the
packets stored in the queue.

The presence of multiple queues and one
transmitter at the source rises the question: which
queue shall the next transmitted packet be chosen
from. This decision is made by the MAC strategy
described in the next section.

3. Medium access control strategies

The MAC protocol of the described slotted
multi-channel ring must arbitrate the nodes' access
on each channel to assure that fair and e�cient
utilization of every channel bandwidth is achieved
in the system. Intuitively, the dependence of the
access priority on the position of the node along
the channel raises fairness issues. An extreme case
occurs when a node transmits in all the slots on a
given channel, thus starving downstream nodes
that compete for the access to the same channel.
The key element of the MAC protocol that is re-
sponsible for achieving the above objective is the
access strategy, adopted by the node to select the
next packet for transmission. We recall that the
node makes use of a single tunable transmitter1 The notation j � jM indicates the modulo M operator.
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which allows the transmission of at most one
packet per time slot.

We focus our attention on access strategies
based on distributed access control that do not
require neither slot reservation nor nodes' coor-
dination prior to packet transmission. Some
strategies may require to label the transmitted slots
with an ordinal number (i.e., a global slot identi®er
is needed).

The next two sections describe, respectively, the
existing access strategies and two newly proposed
access strategies.

3.1. Previous work: a priori access strategies

A priori access strategies select the packet to be
transmitted in the next arriving slot only on the
basis of the distribution of the packets in the
transmission queues at the source node, without
any knowledge about the channels state. Once the
packet has been selected, the channel associated
with the packet destination is monitored: if the
corresponding slot is free, the packet is successfully
transmitted; if the slot is busy, the node refrains
from transmission to avoid collision. In each time
slot this procedure is executed anew.

A priori strategies are appealing due to their
simple control. They do not require continuous
inspection of all channels as only one channel must
be monitored in each time slot to decide whether
or not the selected packet can be (successfully)
transmitted. In addition, the packet selection is
done o�-line, i.e., prior to the arrival of the slot in
which transmission will be attempted. The draw-
back of this approach is that not always the a
priori strategy succeeds in selecting a packet whose
destination channel is free. Generally speaking,
when the selected packet cannot be transmitted
due to contention, i.e., the arriving slot is busy on
the packet's channel, some system bandwidth is
wasted as a di�erent packet could have been cho-
sen by the strategy and successfully transmitted on
a di�erent (free) channel. A non-optimal utiliza-
tion of the network bandwidth may be therefore
expected.

The problem of e�cient bandwidth utilization
was addressed in some previous works by pro-
posing access strategies that reduce the probability

to select a packet whose channel is busy [11,12].
Among these e�cient a priori strategies, SRR
strategy yields an optimal utilization of the system
bandwidth under uniform tra�c, as shown in
[12,13]. This strategy is described next.

3.1.1. The SRR access strategy
The SRR access strategy is based on a cyclic

(preferential) scheduling of transmission queues.
This scheduling is obtained by ®rst numbering the
slots in the ring with an incremental counter s.
Note that slots are organized in frames, named
SRR frames; each frame comprise M ÿ 1 slots. In
time slot s, node i selects for a tentative transmis-
sion the oldest packet with destination
ji� k � 1jM , with k � jsjMÿ1 (where k is called SRR
in-frame-slot-label for s). If the corresponding
queue is empty, the transmission of the oldest
packet from the longest queue is attempted. If
more than one longest queue exists (a tie for the
longest queue occurs) SRR selects the packet in
the queue with the lowest priority. In any case, if
the transmission of the selected packet in not
possible because it would generate collision, a new
selection is made in the next slot (labeled s� 1),
according to the described algorithm.

For low network loads, SRR behaves almost
like a single-queue FIFO strategy. When all
queues are always non-empty, its preferential
scheduling deterministically orthogonalizes nodes'
transmission attempts. More precisely, for net-
work loads larger than or equal to the channel
capacity, nodes behave exactly like in a time divi-
sion multiple access (TDMA): during a SRR
frame, whose length is equal to M ÿ 1 slots, all
nodes have exactly one access opportunity for
transmissions toward each other node, and they
exploit this access opportunity deterministic-
ally, thereby avoiding potential con¯icts. In this
sense SRR is optimal under uniform tra�c con-
ditions.

A detailed study of the behavior of the SRR
access strategy can be found in [12].

3.2. A posteriori access strategies

A posteriori access strategies rely on the
knowledge of both the distribution of the packets
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in the transmission queues of the node and the
current status of the channels. First, the node
monitors the channels and detects those with an
empty slot. After this preliminary detection, a
packet (if any) is chosen from the queues associ-
ated with the free channels and successfully
transmitted. We say that non-empty transmission
queues corresponding to destinations whose ar-
riving slots are sensed free are enabled for trans-
mission. An a posteriori strategy thus selects one
of the head-of-the-line packets in the enabled
queues.

With an a posteriori strategy a node is always
able to transmit a packet if it has at least one en-
abled transmission queue. Thus, the bandwidth
e�ciency issue of the access protocol is taken care
of at the cost of some additional complexity at the
UNI, as opposed to the approach provided by the
a priori strategy SRR that requires numbered
slots.

In the optical layer this complexity consists of
an array of sensors that continuously monitor all
the channels. At the electronic level this complex-
ity implies that the node must process the infor-
mation derived from every channel in parallel,
thus, requiring additional fast electronics when
compared to the a priori approach. In terms of
processing, the selection of the packet must be
done on-line, after the state of all channels has
been detected, i.e., the detection and selection
operations must be serialized, a problem that does
not arise in a priori strategies where the selection
of the packet and the channel inspection can run in
parallel. This serialization leads to an increased
latency for in-transit tra�c at each node.

Although based on a straightforward concept, a
posteriori strategies must pay particular attention
to the fairness issue. Contrary to a priori strategies
where the selection of the packet is totally inde-
pendent from the status of the channels, in a
posteriori strategies the selection of the packet is
a�ected by the tra�c originated by upstream
nodes. Intuitively, this mechanism tends to con-
centrate the packet selection on those channels
that are more often free. As a result, packets with
high access priorities (M ÿ 1;M ÿ 2; . . .) are more
likely to be transmitted than others, thus exacer-
bating the potential unfairness of slotted ring

network. In addition to that, we must note that the
node does not have any information regarding the
transmission activity of downstream nodes. As a
consequence, each node can statistically improve
its own packet transmissions in subsequent slots,
for example by maximizing the number of trans-
mission queues that are left non-empty after each
transmission, but it cannot maximize the trans-
mission probabilities of the other (downstream)
nodes.

Two a posteriori access strategies are consid-
ered: the sequential priority choice (SPC) and the
longest queue choice (LQC). SPC is a direct ex-
tension of SRR to the a posteriori case, and like
SRR, it performs very well under uniform tra�c
conditions. LQC instead privileges transmissions
on the more loaded channel, with the aim of bal-
ancing the occupancy of the transmission queues,
thereby improving the overall network perfor-
mance.

3.2.1. The SPC access strategy
According to the SPC strategy, and similarly to

the SRR strategy, node i selects for transmission in
slot s the ®rst (oldest) packet in the queue associ-
ated with destination ji� k � 1jM , with k � jsjMÿ1,
under the condition that the queue is enabled, i.e.,
it is non-empty and the corresponding channel is
free. As an alternative, SPC selects the oldest
packet in the longest enabled queue. If two or
more queues satisfy the condition (a tie for the
longest queue occurs) the lowest priority among
the longest enabled queues is selected.

3.2.2. The LQC access strategy
Nodes following the LQC access strategy al-

ways select for transmission the packet at the head
of the longest enabled queue, i.e., among queues
storing packets directed to destinations whose
channel is sensed free. If more than one longest
enabled queue exist (a tie for the longest queue
occurs), the lowest priority among longest enabled
queues is selected.

The rationale behind the LQC design is the at-
tempt to maximize the number of future trans-
missions by maximizing the number of queues left
non-empty after each transmission, thereby im-
proving overall performance.
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3.3. Complexity considerations

With respect to SPC, LQC is simpler to imple-
ment, since it does not require any frame syn-
chronization, and queues can be easily linked in a
list ordered by number of waiting packets. Note
that packet arrivals at each input port in a time
slot at most swap two queues in this ordered list, if
we suppose that no more than one packet is gen-
erated at each input interface in a time slot; thus
the complexity of searching for the longest queue
does not depend on the number of queues. Fur-
thermore, results presented later in the paper show
that LQC is performing better, at least in sta-
tionary tra�c conditions. LQC can however lead
to starvation phenomena: for example, a single
packet may remain in its queue forever if it is
competing with an overloaded queue. SPC is in-
stead less subject to these undesired behaviors. A
strategy similar to LQC, but based on packet ages,
would do better, but it would be more di�cult to
implement, since every packet must be time-
stamped, time stamps must be coded with a ®xed
number of bits, and a search for the oldest packet
among queue heads must be performed. Thus,
both SPC and LQC represent a good compromise
between performance and implementation cost.

For the aforementioned reasons, both SPC and
LQC are presented and studied in the paper.

3.4. Equivalence with input-bu�er switches

It can be noted that a collision and contention
free MAC protocol for our network, in which a
channel is provided for each destination, solves
(sub-optimally) a problem equivalent to ®nding a
non-con¯icting transmission pattern in a non-
blocking input-bu�ered packet switch.

Indeed, at most one packet per slot time can
leave each input, and enter each output. Possible
contentions are solved by bu�ering data at the
input, and no bu�ering is considered at the output,
since we assume that the receiver can process all
incoming information. Given this description of
the interface between user transceivers and the
network, our multi-ring WDM network becomes
equivalent to a distributed M �M input-bu�ered
switch. The solution of contentions for the shared

channels can be formally described as the problem
of ®nding a maximal matching in the bipartite
graph where one set of nodes represents input
ports, the other set of nodes represents output
ports, and edges represent the presence of packets
to be transferred from an input to an output port.
Weights on edges can be used to refer to the
number of packets waiting in the corresponding
input queue. Scheduling algorithms for input-
bu�ered switches [19,20] provide optimal or ap-
proximate solutions to this matching problem. The
optimal solution aims at the maximization of ei-
ther the number of transferred packets (maximum
size matching (MSM)), or of the total weight of
transferred packets (maximum weight matching
(MWM)). Algorithms are known to optimally
solve these problems, with computational com-
plexities O�M2:5� for MSM and O�M3 log M� for
MWM [21,22].

Several heuristics were proposed in the literature
to solve the matching problem with a lower com-
plexity (see [20,23] for a comparison of di�erent
approaches). Complexity can be reduced to O�M2�
with minor performance penalties. This complexity
is partly motivated by the fact that, in order to
avoid limitations due to head-of-the-line blocking,
virtual output queueing [19] is normally required,
i.e., at each input a separate queue is maintained
for each destination, for a total of M2 input queues.

The scheduling algorithm in input-bu�ered
switches can be executed either by a centralized
controller, or at each input port in a distributed
fashion. A major drawback of input-bu�ered sys-
tems in either case is that state information must
be distributed, usually wasting transmission
resources in the form of signalling channels.

The WDM rings considered in this paper sug-
gest (see also [24]) a way to implement an input-
bu�ered switch in which state information is
implicitly distributed, so that no transmission re-
sources are devoted to signalling. The scheduling
algorithm becomes what we call medium access
protocol, and it is executed in a fully distributed
fashion. Complexity at each input port for SRR is
O�1� if queues are maintained sorted by queue
length, and O�M� if the longest queue must be
sequentially searched, while it is O�M� for both
SPC and LQC, due to the search among enabled
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queues. The overall complexity is O�M2� for a
posteriori strategies, and it can be reduced to
O�M� for a priori strategies. Thus, complexity is
comparable with the simplest heuristics that were
proposed to solve the matching problem. For what
regards performance, the access strategies for
WDM rings are comparable with scheduling heu-
ristics in stationary and uniform tra�c conditions,
while they su�er from intrinsic topological un-
fairness in strongly unbalanced and time-varying
tra�c conditions.

As already mentioned, an advantage of a priori
strategies is to permit parallel implementations
(pipelining of operations) at each input port, while a
posteriori strategies require a sequential execution.

4. Performance comparison

Performance comparison among the three ac-
cess strategies is performed via simulation. Ana-
lytical models for the considered strategies are
beyond the scope of this paper. The interested
reader is referred to [13] and [25] for models of

SRR, while [12] derives analytical results for
WDM rings in general. In the simulation model,
packets whose ®xed length ®ts into one slot, are
generated according to a Poisson process whose
rate is denoted by ki at node i. The total network
tra�c is thus K �PMÿ1

i�0 ki. The probability that a
packet originated at node i is directed to node j is
indicated by pij, with pii � 0. A network with 16
nodes, i.e., M � 16, is considered in the experi-
ments reported in this paper. The length of the
multi-ring is equivalent to 30 slots (i.e., 6 km at 1
Gb/s for packets of 1000 bits). We assume that
each transmission queue has a ®nite capacity of
100 packets. Packets that cannot ®nd room in the
transmission queue are dropped.

4.1. Uniform tra�c scenario

Fig. 2 shows the average queuing delay, mea-
sured in time slots versus packet priority in a
uniform tra�c scenario, i.e., ki � K=M 8i and
pij � 1=�M ÿ 1� 8i 6� j. Delays are averaged over
all packets with the same access priority at all

Fig. 2. Queuing delays by priorities for the three access strategies and the TDMA scheme for variable network loads.
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nodes. Four cases are shown, by varying the of-
fered load: ki � 0:75; 0:88; 0:94, and 0:97.

In addition to the three access strategies, the
delays obtained by TDMA, where successive slots
are statically devoted to transmissions to succes-
sive destinations, are shown for comparison.

It can be seen that SRR asymptotically ap-
proaches TDMA for increasing loads. A reduced
queueing delay is achieved by the a posteriori
strategies. At heavy loads, the gain achieved with
the a posteriori strategies decreases since SRR is
designed to be optimal in sustained overload.

Focusing our attention on the two a posteriori
strategies, it can be noticed that LQC has the
tendency to reduce the worst queuing delay (cor-
responding to the packets with the lowest priority)
at the expenses of the queuing delay of the highest
priority packets. This result is con®rmed by the
intuition that, by giving priority to the transmis-
sion of packets in the longest queues, LQC at-
tempts to equalize the delay in the transmission
queues. In addition, LQC achieves a slightly lower
overall average queuing delay since its balancing
e�ect on the average leads to a larger number of
non-empty queues, which in turn increases the
probability to ®nd a packet for transmission at any
given time slot.

4.2. Varying the ring latency

The performance of SRR is sensitive to the ring
length. This fact can be explained by considering
that, in order to optimally apply the SRR packet
selection strategy and to maintain the same SRR

in-frame-slot-label during the successive tours of
the multi-ring, slot s after one round trip in the
ring must return to the node as slot s� k�M ÿ 1�,
where k is an integer. Only under this condition
the source node maintains a perfect Round Robin
schedule over the other (destination) nodes. When
this condition is not satis®ed by the ring length, the
TDMA-like orthogonalization of the SRR scheme
under heavy load conditions cannot be achieved.
As a consequence, the ring length, measured in slot
times, must be an integer multiple of the SRR
frame, (i.e., of M ÿ 1 slots): in Fig. 2 it was taken
to be equal to 2� �M ÿ 1� � 30 slots. When the
ring length does not satisfy the above constraint, a
strong performance degradation is observed.

Fig. 3 reports the queuing delay measured at
node 0 versus packet priority for each of the three
strategies. Tra�c is uniform, with ki � 0:88 and
the round trip delay of the ring is chosen to be
di�erent from an integer multiple of M ÿ 1 time
slots. As expected, SRR reveals to be unfair with a
delay factor of 100 between the lowest and the
highest priority packets. Conversely, despite its
synchronous scheduling, SPC achieves a queuing
delay that is only marginally sensitive to the vari-
ation of the ring length. At higher loads SPC
originates a more pronounced unfairness behavior,
whereas LQC, due to its asynchronous access, is
totally una�ected by the ring length at any load.

4.3. Client±server scenario

We consider next a client±server type of tra�c
scenario: one node (i � 15) behaves like a server

Fig. 3. Queuing delays at node 0 when the ring length is equal to 34 slots.
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generating and attracting a large fraction of the
network throughput; the remaining M ÿ 1 nodes
behave like clients and direct half of their tra�c to
the server node, while the other half of the tra�c is
uniformly distributed among client nodes. The
server generates an amount of tra�c that is equal to
half the total tra�c generated by clients, and evenly
distributes it to client nodes. The arrival rates are,
therefore, k15 � K=3 and ki � �2=3�K=�M ÿ 1�
8i 6� 15, while p15;j � 1=�M ÿ 1� 8j 6� 15, pij � 1=�2
�M ÿ 2�� 8i; j 6� 15; i 6� j, and pi;15 � 1=2 8i 6� 15.

An improvement in packet delay performance
at the server node (see row for Source 15) is
achieved with respect to SRR by using either of the
two a posteriori access strategies, as it can be seen
in Fig. 4, where the delay performance of SRR and
SPC are reported for all source/destination pairs
with a network load K � 0:95. A posteriori strat-
egies allow the server to optimize its transmission
scheduling, while SRR forces the server to behave
like in a TDMA scheme, which is optimal only
under overload. Results for LQC are very similar
to SPC.

Looking now at destination 15 (labeled SERV
in the ®gure), no signi®cant di�erences are found
on how the strategies treat packets transmitted by
the lowest priority clients and directed to the
server. The poor access performance of lowest
priority clients on the channel leading to the server
are mainly due to the lack of free slots on that

channel (whose load is 0.9), therefore also a pos-
teriori strategies are not able to improve that sit-
uation.

A strong reduction in the delays at client nodes
with low priority on the channel leading to the
server, i.e., source nodes 12, 13 and 14, when
transmitting toward other client nodes is observed
for the a posteriori strategy, as shown in Fig. 4.
Under SRR, client nodes close to the server at-
tempt to transmit packets to other clients only
once for each SRR frame, when the corresponding
transmission queues are selected according to the
SRR preferential scheduling algorithm. This oc-
curs because, every time the queue scheduled by
SRR is found empty, a transmission is attempted
on the server channel, where the transmission
queue is very long. As a consequence, a packet
destined to other clients must wait, on average, at
least half the SRR frame before being successfully
transmitted. Under SPC (and LQC), every time
the server channel is found busy, a packet directed
to other clients can be transmitted successfully.
Thus, the waiting time of packets directed to other
clients is shorter.

4.4. Other non-uniform tra�c scenarios

Several other tra�c scenarios were considered,
in order to exhaustively investigate the di�erences
between a posteriori access strategies and SRR.

Fig. 4. Queueing delays for SRR and SPC in a client±server tra�c scenario.
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We discuss some relevant results obtained under
three tra�c scenarios.

In the ®rst scenario, only the eight nodes with
even index are active. Each active node generates
the same amount of tra�c that is evenly trans-
mitted towards the other active nodes.

In this case, the a posteriori access strategies
manage to fully exploit the network capacity
whereas SRR fails, as documented in Fig. 5, that
plots node throughput versus node load. In each
node, once every two slots the transmission queue
selected according to the SRR preferential sched-
uling is found empty, and the transmission of the
packet at the head of the longest queue is at-
tempted. As a consequence, also in heavily loaded
conditions (i.e., when queues are almost never
empty) contentions among nodes are likely to
arise.

In the second tra�c scenario only three nodes
are active, i.e., nodes 0, 1, and 2. Node 0 transmits
all its packets to node 3, node 1 transmits all its
packets to node 4, and ®nally, node 2 transmits
half of its packets to node 3 and half of its packets
to node 4. Nodes 0 and 1 generate the same
amount of tra�c k0 � k1 � 0:5, while
k2 � 2k0 � 1:0.

In this case, both SRR and a posteriori strate-
gies are not able to fully exploit the network ca-
pacity; to obtain this goal, all the slots on both
channels leading to nodes 3 and 4 must be con-
tinuously ®lled by the three transmitting nodes.
Nodes 0 and 1 should alternate their transmis-
sions, so as to ®ll just one channel in each time

slot, leaving the other channel empty for trans-
missions of node 2. In this case, node 2 would be
able to transmit in each slot on the free channel.

However, either under SRR or any of the a
posteriori strategies, transmissions of nodes 0 and
1 are completely independent; thus, with proba-
bility 0.25 nodes 0 and 1 transmit in the same time
slot in two di�erent channels. Node 2 ®nds both
channel busy, and cannot transmit any packet;
with probability 0.25, instead, both channels are
left free from nodes 0 and 1, in the same time slot;
since node 2 is able to ®ll only one slot at a time,
being equipped with a single transmitter, this leads
to an obvious throughput ine�ciency. In addition,
under SRR, node 2 is not always able to transmit
even when a free channel is left by nodes 0 and 1,
since it could make the wrong a priori choice with
probability 0.5. The e�ect of these phenomena is
shown in Fig. 6, where throughput experimented
by node 2 on the channels leading to nodes 3 and 4
are reported for the three considered access strat-
egies. SRR performs worse than both a posteriori
strategies, but the maximum achievable through-
put is never reached.

Finally, we considered several randomly gen-
erated tra�c patterns. In Fig. 7 we report the loads
for each source±destination pair for one of those
patterns, the global network load being K � 14; in
the left hand of the picture, the aggregate loads by
source and by destination (i.e. the sum over the
rows and columns) are also reported. It can be
observed that some nodes generate, on average,
more than one packet per slot. In these overload

Fig. 5. Throughput for SPC, LQC and SRR when only 8 nodes

are active.

Fig. 6. Throughput for SRR, SPC and LQC at node 2 on the

two channels leading to nodes 3 and 4.
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conditions, nodes experiment losses in transmis-
sion queues, since the generated tra�c exceeds
their transmission capacity. Delays are a function
of the transmission queue length, and are roughly
equal to the product between the bu�er size and
the average access time, i.e., the queue service time;
throughput are the reciprocal of the access time.

In Fig. 8 delays at node 3, 4, 9 and 11 are shown
for the SRR, SPC and LQC strategies under tra�c
load reported in Fig. 7. Destinations are ordered
by decreasing priority, similarly to Fig. 2. Focus-
ing on node 3, whose load is equal to 1.223, it can
be observed that the delays experienced under the
SPC and LQC strategies are slightly smaller than

Fig. 8. Queuing delays at node 3, 4, 9 and 11, under the randomly generated tra�c scenario of Fig. 7.

Fig. 7. Source±destination loads and average load by source and by destination.
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the ones experimented under SRR for almost all
priorities; thus, throughput are slightly larger. This
is again due to the fact that, with a posteriori
strategies, the node is able to fully exploit the
network transmission capacity; under SRR, con-
versely, it may contend for the channel with other
nodes, thus being forced to refrain from trans-
mission to avoid contention.

For the queueing delays at nodes 4, 9, 11, whose
loads are 0.835, 0.991 and 0.485, respectively, a
signi®cant reduction is observed when SPC or
LQC are used (with the only exception of the
lowest priority packets of node 11). The stronger
improvement is observed at node 9 (note the log-
arithmic vertical scale), whose load approaches 1.

All other randomly generated patterns con®rm
these observations.

5. Conclusions

This paper studied the performance versus
complexity trade-o�s in two families of access
strategies used in MAC protocols for slotted
multi-channel all-optical ring networks whose
nodes have a distinct transmission queue for each
channel and limited data transfer capabilities, i.e.,
one tunable transmitter and one ®xed receiver.

The ®rst family, termed a priori, comprises
those strategies that select the packet for trans-
mission based on the distribution of the packets in
the transmission queues. The second family,
termed a posteriori, consists of strategies that se-
lect the packet for transmission after having sensed
the channels. Both families operate solely on local
information, i.e., network nodes are not aware of
other nodes' state. Nodes have a ``carrier sense''
capability to inspect the channel availability in
order to avoid packet collisions in the channels.

We proposed two novel a posteriori strategies,
SPC and LQC, that require an increase in the
hardware and algorithmic complexity with respect
to a priori strategies, but lead to signi®cant per-
formance improvements under several tra�c pat-
terns. Beyond these expected performance gains,
the main outcome of our simulation experiments is
that a posteriori strategies are more robust than a
priori strategies with respect to irregular tra�c

patterns and ring latencies. Among the two a
posteriori strategies, LQC, being based on a sim-
pler algorithm and leading essentially to the same
performance, seems the more promising. Our
conclusion is that the increase of complexity re-
quired by a posteriori access strategies when
compared to a priori strategies is well justi®ed
when the network under design is expected to
operate under highly unbalanced tra�c scenarios.

Previous works [11,26,27] showed that the SRR
access strategy alone, and in general any a priori
strategy, does not guarantee by itself the full ex-
ploitation of the network bandwidth when the
load on some channel exceeds the channel capac-
ity. To design a more e�ective MAC protocol, a
fairness control scheme can be superimposed on
SRR to achieve a fair partition of the network
resources among nodes [11,26]. Moreover, a priori
strategies, even with fairness control, lack the
ability to provide acceptable service to applica-
tions requiring a certain degree of QoS; to over-
come this limitation, in [27] a reservation scheme
was proposed, which permits to e�ciently trans-
port real time tra�c in the slotted multi-ring. The
same fairness control and reservation schemes can
be used in conjunction with the a posteriori access
strategies presented in this paper, leading to a
higher-performance, yet implementable, MAC
protocol for WDM rings.
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