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Capacity Allocation and Contention Resolution in
a Photonic Slot Routing All-Optical WDM Mesh
Network

Hui Zang, Jason P. Jue, and Biswanath Mukherjee

Abstract—Photonic slot routing (PSR) has been proposed as An emerging alternative to the wavelength-routed WDM net-
an approach to implement an all-optical packet-switched network \york is a WDM network based on optical packet switching. One

in a manner which is scalable and not overly complex. In PSR, - oo )
packets are transmitted within a basic transport unit referred to recently proposed approach to optical packet switching is Pho

as a photonic slot. The photonic slot is fixed in length and spans tonic Slot Routing (PSR) [7], [8]. In PSR, time is slotted, and
multiple wavelengths. Each photonic slot is routed through the net- data is transmitted in the form of photonic slots which are fixed
work as a single entity; thus, individual wavelengths do not need in length and span across all wavelengths in the network. Each
to be multiplexed or demultiplexed at intermediate nodes through wavelength in the photonic slot may contain a single packet, and
which the photonic slot is traversing. When implementing PSR in . - - '

a mesh environment, a number of significant issues must be ad- &/l Packets in the photonic slot are destined to the same node.
dressed. Two such issues are fairness and contention resolution. InBY requiring the packets to have the same destination, the pho-
this study, we propose a novel approach for allocating capacity on tonic slot may be routed as a single integrated unit without the
each link in a fair manner, and we investigate various approaches, need for demultiplexing individual wavelengths at intermediate

such as buffering and deflection, for handling contention. We de- F o
velop an analytical model to evaluate the performance of such net- nodes. Thus, wavelength-insensitive components may be used

works, and validate the analysis through simulation. It is shown at each node, resulting in less complexity, faster routing, and
that the proposed capacity allocation approach can significantly lower network cost [7], [9].

reduce contention in the network and provide a fair allocation of A number of alternative approaches to optical packet
bandwidth to each source-destination pair. switching have been proposed in which packets on each
Index Terms—Contention resolution, deflection routing, optical wavelength are routed independently, or in which wavelengths
buffering, packet-switching, photonic slot routing, wavelength di-  are ysed for contention resolution [10], [11]; however, these
vision multiplexing. approaches tend to be more expensive in terms of hardware,
requiring tunable wavelength converters, larger switch fabrics,

I. INTRODUCTION and additional multiplexing and demultiplexing elements at

. . h node.

AVELENGTH-DIVISION multiplexing (WDM) has ©€@¢ L .

been rapidly gaining acceptance as a means to hand| Ithou_gh PSR has been stL_Jdled in bus and ring networl_<s
the ever-increasing bandwidth demands of network users [1]’ [Q]I, it has not br(]een conSIdgred n melsh r:etworkshgnul
In addition to providing a huge amount of bandwidth, an aII—opf— cently [8]. In [8], three operations, namely, slot switching,

tical WDM network also offers the benefit of high-speed dat%llot merging, and slot copying are allowed at a switching node.

transmissions without electronic conversions at intermedi<’:{:t'>§1c'«:"tS are t(;anggntted byhfollcl)w[ng a TDM Sﬁh?dme’ Wh'gh
nodes. By transmitting the signal entirely in the optical domailLﬁ constructe_ with a graph coloring approach. in our study,
also consider the application of PSR to an arbitrary mesh

data transparency can be achieved and electronic procesg\'ﬁrc\;,v | h network. nod h ltinle input
costs may be reduced. One such type of all-optical netwo?ﬁd or t. T a rrtles nelt\{vor » NO he_tshma)(/j ave m;; 'p? mtpu
is the wavelength-routed WDM network, in which aII—opticafin output ports, resuiting in a higher degree ot contention

lightpaths are set up on specific wavelengths between patf?gn in ring-based networks. We propose a novel PSR protocol

of nodes [2][6]. Some of the challenges in designing WaVg/_hich utilizes simple capacity-allocation and slot-assignment

length-routed WDM networks include the complexity an Igorithms, and we develop an analytical model to measure

scalability issues which arise from the need to demultiplex a performance O.f the protocol in a networlf environment.
individually route each wavelength at a node. We investigate various approaches for reducing the amount

of contention, and for resolving contentions when they occur.
We also outline approaches for dealing with issues such as
synchronization.
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Fig. 1. PSR node architecture.

] toward its destination using a standard routing algorithm
*o slot header - (e.g., shortest-path routing). The slot-occupancy information
determines the extra allowable packet transmissions for each

4| used | sub-header data X X R R

outgoing photonic slot. Because it takes some time to process
%, | used | sub-header data i d"ﬁng the slot header and to configure the optical packet switch,
. o delay lines may be required on each input fiber link, as shown
A5 lused | sub-header data

3 ' in Fig. 1. Alternatively, the slot header may precede the data
i, | used | sub-header data e payload of the slot by some fixed duration.

On a given output fiber link, the node may insert packets into
existing photonic slots which are headed for the same destina-
tion, or the node may transmit newly created photonic slots if
no other slots are contending for the link. The packet insertion
Fﬁ%?/ be performed by an optical coupler. For example, in Fig. 1,
a photonic slot departing on the top output fiber link contains
packets on wavelengths andA,. The node may then insert a

II. NETWORK ARCHITECTURE packet into the photonic slot on wavelength

In this work, we consider a mesh interconnected network. In the given network architecture, there exists the possibility
Each node consists of a wavelength-insensitive optical packétontention between two or more photonic slots at each of the
switch, optical buffers consisting of delay lines (to hold phosutput fiber links. One approach for resolving contention is to
tonic slots at intermediate nodes), and electronic packet bufférgfer the photonic slots optically when they lose a contention.
(to hold packet arrivals at each source node). Each node (wHilethis case, optical delay line buffers, consisting of lengths of
acting as a source) maintains a separate packet buffer for efiletr, are required at each node [12]. Alternative approaches for
destination node. A diagram of the node architecture is showaaling with contention include deflection routing and dropping
in Fig. 1. photonic slots. We will discuss these approaches in Section Il

A photonic slot (Fig. 2) spans all of the WDM channelsind we will also investigate approaches for minimizing con-
(wavelengths) in the network, and each channel can carryeation.
single packet. At each input fiber link, an optical splitter (or de- One of the challenges in implementing PSR in a mesh envi-
multiplexer) is used to extract the header of each photonic sloinment is maintaining the synchronization of photonic slots at
The header, which may be carried on a separate wavelengéith node. Each of the incoming photonic slots must arrive si-
(see Fig. 2), contains information such as the destination of tmeiltaneously on all input fibers in order to be routed through the
slot, and which wavelengths in the slot are occupied by packeatptical packet switch at the same time. We address this problem
The destination information is used to determine/configui®y requiring the length of each fiber link (including nodal pro-
the switch setting so that the slot can be appropriately routeessing delays) to be an integer multiple of the photonic-slot

Fig. 2. Format of a photonic slot.

Section V. Section VI concludes the paper and discusses ar
for future research.



1730 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 18, NO. 12, DECEMBER 2000

size. One approach for adjusting the fiber length is to includea hybrid scheme. We will explain and discuss the performance

adjustable delay elements at the input ports of each node. éfrthese schemes in Section IlI-C.

example of a variable-delay line device for optical packet syn-

chronization is presented in [13]. A. Slot-Assignment and Capacity-Allocation Algorithms
Another physical issue in PSR is dispersion, which causes,,

. . ) e study two types of slot-assignment policies in this section.
each wavelength to travel at a different speed along a fiber I'rﬂ—ﬁrst we consider a slot-assignment algorithm based on packet
thus resulting in the “dilation” or spreading of a photonic slo :

e : rrivals. We then consider a slot-assignment algorithm based on
In order to compensate for slot dilation, padding can be adde g g

; . ta?pacity allocation.
ext'er?d t_he photpmc slot Iength by some amog(ﬁee Fig. 2). In both schemes, a node which has packets to transmit can
A limitation of this approach is that it will result in reduced net

A L _ ! always add its packets to slots which are headed to the same
work utilization. The value o will increase with the diameter

. e ... destination node. However, when a node receives an empty slot,
of the network; thus, in order to maintain reasonable utlllzatloRN0 decisions must be made-

we may need to limit the size of the network. . L
» whether or not to transmit packets within this slot; and

« which destination should be assigned to this slot (if a des-
lll. PSR FroTocoLs tination has not already been assigned).
Transmitter Protocol: When a photonic slot is received by aThe order of these two decisions depends on which of the slot-
node, the node can add packets to the slot if not all of the waygsignment schemes is being implemented. If we have slot-as-
lengths are in use. The transmitter protocol can be partitionsignment based on packet arrivals (Section 11I-A1), the former

into two steps: hunt and add. should be decided first; if we have slot-assignment based on ca-
« Hunt: When a node has a packet to transmit to destinatipacity allocation (Section IlI-A2), the latter should be decided
Nodei, it hunts for a passing slot which is either: first.

1) empty, and has been assigned to destination Nodel) Slot Assignment Based on Packet Arrivals:the slot-as-
i according to some slot-assignment policy (sucBignment algorithm based on packet arrivals, no knowledge of
slot-assignment policies will be discussed shortlyjhe network traffic pattern is required. Upon receiving an empty
or slot, a node randomly chooses one queue from among its packet
2) destined to Nodéand is not full. gueues which are not empty. It then inserts a number of packets

« Add: When an appropriate slot has been found, the notito the slot. The number of packets inserted into the slot will
inserts its packets into the slot following some packet-ift€ détermined by a packet-insertion policy. (We will discuss

sertion protocol. If the slot is empty and does not haveRgcket-insertion policies in Section I1I-B. Let us assume for now

destination assigned to it, then the node sets the slot de}gt We are usingreedy Insertiorin which the node places as
nation to the destination of its packets. many packets as possible, which are headed to the same desti-

. . o nation, into the slot.) Thus, if the queues for a givendiake not
We discuss two types of slot-assignment policies and thel L : .
) ) : . - . all empty at the beginning of a time slot, then the slot departing
performance in Section IllI-A, and packet-insertion policies, . .": : - . .
: . . -~ dn this link will always have a destination assigned to it, and the
which determine the number of packets to be inserted into

) . ; s%t will also be nonempty.
slot, are discussed in Section IlI-B. . . Pty
. . . . This algorithm works well under low load, as we shall shortly
Routing and Contention ProtocoldNodes which receive i . . . .
. observe; however, under high load, it results in a high proba-
forwarded slots from upstream nodes are referred tmtaes- | ... ) . : .
) . . ; ., bility of contention as well as unfairness in resource allocation.
mediate nodesA basic task for an intermediate node is t

route nonempty slots to the appropriate output link. Ideallx odes located toward the edge of the network, which have little

the intermediate node should put the slot onto the proper IanO chance of being intermediate nodes, always receive empty

as determined by the routing algorithinif two or more slots SIots into Whlc.h they_ can ”""”S”_‘“ their packets. For a (tagg‘?d)

. . . : . node located in the internal region of the network, the passing
arrive at the same time and require the same outgoing fiber . e
. : . slots may be empty with lower probability; thus, the node may
link, then contention occurs. In the case of contention, only ON€ 4 to add its packets more often to nonempty passing slots
of the contending slots can be routed properly. A slot that do&s P PY P g )

i : . . ence, this node has fewer opportunities to transmit its packets
not win the contention may be handled in a number of dlf“fereﬂ1
ways: an nodes at the edge of the network. (Of course, when a slot

i ) which is destined to the tagged node is received by the tagged
« the slot may be buffered in an optical buffer;

; ~ Y . node, the tagged node may then generate a new empty slot in
* itmay be deflected to another outgoing link with the hopg hich it can transmit its packets.)

that the slot will eventually make it to the destination; or |, 4qdition to this unfairness issue, the slots transmitted by

* the slot may be dropped. the nodes at the edge of the network may also result in increased
In practice, a combination of these approaches may be useshtention at the tagged node to such a degree that the tagged
When the slot buffer is full or a slot has been deflected up tibde may be unable to promptly handle all of the slots that it re-
a certain number of times (a predetermined threshold), the steives. For example, consider the six-node network with appro-
will be dropped. Buffering can also be combined with deflectiopriate link lengths shown in Fig. 3. Fixed shortest-path routing

IFor example, shortest-path routing, which is what we use throughout this?If fixed routing is used, a packet queue always requires the same outgoing
study. link.
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upstream nodes will never overwhelm the downstream nodes.
This approach is based on capacity allocation.

2) Slot Assignment Based on Capacity Alloca-
tion: Chlamtacet al. [9] proposed a transmission control
protocol based on slot preassignment for PSR in optical
networks with a ring topology. In that approach, a TDM frame
consists ofL slots, and the source and destination of each slot
in the TDM frame is determined by a network-wide TDM
schedule. The number of slots in the TDM frame assigned to
each source—destination pair is determined in such a way that

Fig. 3. Simulation Network 1.

Destination Node fair bandwidth distribution among the source—destination
pairs, as well as contention-free slot routing at intermediate
6 r 2 3 4 5 nodes, are achieved. A similar protocol which applies to mesh
networks is proposed later in [8].
O - reses In a PSR-based mesh network, the objectives of our
T lol-lala2ls s slot-assignment policy are:
—"8’ ¢ to maximize throughput;
z 20101 - | 3|44 * to minimize contention;
g « to provide fair allocation of bandwidth.
5 3422 1- 144 The TDM frame construction problem is NP-hard [8]; thus it
415121213 |-1:s may be difficult to find a TDM frame which meets all of these
objectives. An alternative to generating TDM frames in a mesh
500111 |4 )4)- network is to assign destinations probabilistically to arriving
slots based on the capacity allocation results. The slot assign-
Fig. 4. Routing matrix for Network 1. ment consists of two steps:

1) Capacity-Allocation step which determines the fraction

is used and the routing matrix is shown in Fig. 4. Note that the of capacity (or slots) on each lirlkthat a source node
1 should assign to destinatigh

numbers in the routing matrix are identifiers of the next node ) . ; . .
for the routing. Also, since the routing tables are assumed to be2) SIot-As&gnment step in which a pode assigns a destina-
static, all packets from a particular source node to a particular tion to a slot based on the capacity allocation and a ran-
destination node will follow the same route. We can see fromthe ~ domly-generated number.

routing matrix that, from Node 0, the traffic to Nodes 2 and 3 Note that the results obtained from the capacity-allocation
are routed over the link from Node 1 to 2, which we will denoténd slot-assignment algorithms may not be optimal. Contention
as Link1 — 2. The traffic from Node 5 to Node 2 also traverseghay still occur and not all source—destination pairs will be
Link 1 — 2. Since Node 0 is at the edge of the network, @llocated an equal amount of network capacity. However, as
doesn't have to handle forwarded traffic. Thus, all of the traffiere will see, with very low computation cost, these algorithms
on Link 0 — 1 is traffic which has originated at Node 0, andccan achieve a significant improvement over a greedy approach
Node 0 has full control over the destinations assigned to edohterms of contention and fairness. The algorithms also work
of the slots on Linkd — 1. Similarly, by examining the routing fairly well combined with different contention-resolution
matrix, we observe that the traffic on Lirlkk— 1 consists only schemes, which we will present later.

of slots which have originated at Node 5. If Nodes 0 and 5 both3) The Capacity-Allocation AlgorithmThe capacity-allo-
have a high volume of traffic to Node 2, and if Nodes 0 and &tion algorithm is based on the Max-Mitow Control algo-

are allowed to assign all of the slots on Lirtks> 1 and5 — 1  rithm [14]. Inputs to the algorithm are the traffic matrix and the
to destination Node 2, then Node 1 may be unable to handle @iting matrix of the network. We briefly describe the algorithm
of the slots headed for Link — 2, in which case the systempelow. Given traffic matrixt’, with ¢;; denoting the arrival rate
may become unstable (if slot buffer size is infinite), or slots may node; of packets destined to nogeand the capacity-alloca-
have to be dropped at Node 1 (if slot buffer size is finite). Alsqion matrix ', with ¢;;; denoting the fraction of slots going out

since all of the slots on Link — 2 are destined for Node 2, on |ink ; which are allocated to source—destination gair)),
Node 1 may not be able to transmit packets to Node 3, resultlgigl should satisfy

in some degree of unfairness.

Although the packet-arrival based slot-assignment scheme
leads to a high degree of contention and may be of limited
pracnpal utility, we have included it in ordgr tq prq\{lde & both link I, and linkl, are on path=; and linkl3 is not3
Contention iniensive charactenstios,  can be use o sudy FAUA1ON (1)1 called thidow conservation constraint

- ’ y
effectiveness of contention-resolution schemes.

As an alternative to packet-arrival-based slot allocation, Westhe notation = j indicates the path fromto j which may contain multiple
can assign destinations to the empty slots in such a way thatthie, ie.,i>j =i — ... — j.

Cijty, = Ciji; = Cij > 0, ¢iji; =0 (1)
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For a node, the probability with which it assigns destinatiomo packets are available for this destination, the node can put the

j to an empty slot going out on linkis given by empty slot onto the link either with the destination unassigned,
or with the destination assigned.
Prj = Cij ) Under very low load, this approach results in a larger delay
Zcik than for the packet-arrival-based scheme because a node may
k fail to place packets into an empty slot on an outgoing link even

if the node has packets for that link. This situation occurs if the

TD‘Z sum inhthe dﬁTor;ir_:_itor.is ohver allbntﬁgsuch tr?at ﬁath slot has been assigned a destination for which the node doesn’t
t—Fk goes through lin¥. That s, the probability equals the cay, ;o any packets, but which utilizes the same outgoing link.

pﬁCltytaléO::a:ﬁd to Ftlst'th td 'V'detdl.?lithe sum ofall capaC|t|esA|SO, as we shall show, this capacity-allocation algorithm pro-
a '(I)'ﬁa el o he pa SIS alr Ing ? ! I - and desti vides more transmission opportunities for internal nodes than
e algorithm to calculate;; for all sources: and destina- ¢, ,qes at the edge of the network. Fairness is not completely

tions 7 is as follows: . _ _ achieved. We have compared the fairness of this approach with
* Step 1 Foreach link, let A; denote the available capacitythe s|ot-assignment policy based on packet arrivals. Our results

onlink . SetA; = 1. _ _ ~ show that the capacity-allocation approach is fair up to a high
* Step 2 For each link, the fraction of capacity available |oad, while the faimess of the packet-arrival-based approach de-
to pathi—; which contains link is creases rapidly when load increases. Another advantage of the

capacity-allocation scheme is that it decreases contention re-
; (3) markably. With capacity allocation, it is possible to use a small
th optical buffer for slots which cannot be routed properly, and
zy still maintain a very low slot-drop rate. Overall, the capacity-al-
) , ) i location approach has better performance under moderate and
with the sum in the denominator being over all paths CORigher load.
taining link? and which havotbeen allocated yet. Cal- “r 1o hetwork to be stable, the maximum arrival rate of
cglate the .m-inim.um available.capaf:ity over all the patrb';ackets to sourcewhich are dest,ined for nodgeshould be less
L cont.aman linkt, fmd aSS|gn.th|s value, Qenoted b3fhan the capacity allocated for this patfy;, times the number
My, tolink [ as the minimum available capacity to a patla

on link { that has not been allocated, i.e.,

tij

f packets that a node can fill in a slot. Usually, this threshold is
higher for the capacity-allocation approach than for the packet-
ti arrival-based approach.

. (4) This probabilistic slot-assignment scheme has some similar-
th ities to the probabilistic feature of thgistributed Queue Dual
ik Bus (DQDB)architecture [14]; however, in our approach, each
. Step 3 Let node has a different probability of using an empty slot which

is determined by the overall network traffic demands, while in
¢y = min MGy, (5) DQD_B, each node has the same probability f,0 < f <1
l of using an empty slot.

MC; = min A; x
i.J

wherei’ = ;' is the path containing link with the min-
imum M C; over all links, and patku‘"—ﬂj’ 's available
capacity is the minimum on link Assigne; to path Policies are needed to determine how many packets should

B. Policies for Inserting Packets into Slots

'Sy be placed into a slot, and when to fill a slot. There are several
For all links?” contained in path'=>j", Ay «—— Ap — cirir variations of policies which, together with the transmitter pro-
according to thdlow conservation constraint Y tocols, have different effects on fairness, packet delay, network
If all paths are allocated, stop. Otherwise g&tep 2 throughput, and contention probability.

In the above algorithm, a path can never be allocated a caliere, we discuss three policies:
pacity which causes the capacity allocated on any given link ¢ Greedy Insertion. A transmitter fills a slot whenever it
to exceed 1. Also, in this approach, a path consisting of only a  has packets to transmit, and it fills the slot with as many
single link is allocated the remaining capacity on that link after  packets as the slot can hold.
all of the other paths containing this link have been allocated. « Lower-Bound Insertion. A transmitter cannot fill an
In this way, the capacity of each link is fully utilized and the ca-  emptyslot with packets unless it has leasta certain
pacity allocated to the one-link path is not limited by the traffic number of packets for the same destination. The trans-

load. mitter follows the Greedy-Insertion approach for placing
Given the capacity allocation for all paths, we can then cal- packets in nonempty slots.

culate the probability that a nodewill assign destinatiory to » Upper-Bound Insertion. A transmitter can only fill a

an empty slot going out on linkby using (2). Upon generating slot with up to a certain number of packets. The upper

a new empty slot on a link, a node generates a random number bound for the number of packets may differ depending on
uniformly distributed ovef0, 1) and decides which destination whether the slot is empty or not, and on the position of the
to assign to that empty slot based on the probabilities from (2). If  node in the path to the destination.
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Greedy Insertion performs better under low load by fully uti-
lizing the network resources. Under higher load, it will result
in increased contention at intermediate nodes and also result in
fewer transmission opportunities for intermediate nodes.

Lower-Bound Insertion will avoid contention up to some load
limit. Every node waits for a certain number of packets to arrive
before it starts to transmit. Hence, the number of nonempty slots
generated from a source node is less than the case in which there
is no lower bound. When the load limit is exceeded, a node will
always receive enough packets to exceed the lower bound in
the time between slot arrivals. Therefore, this policy becomes
Greedy Insertion under high load.

Upper-Bound Insertion, which limits the number of packets
that a node may transmit in a slot, provides a greater number of of dropping a slot is naturally lower than in the buffering
transmission opportunities for downstream nodes, thereby im- scheme.
proving fairness. In order to determine the degree to which awe have implemented Scheme 1 and Scheme 2 in our sim-
node can fill a slot, it may be necessary to determine the pogiation studies, and we shall compare their performances in
tion of a node in the path to the destination. However, this agection V.
proach would require too much information for a node to col-
lect and remember. Also, even with full knowledge of a node’s
location, network resources may be wasted under low load. In

the remainder of this study, we will assume a Greedy-InsertionIn order to study the performance of the proposed PSR proto-
policy. cols in a WDM mesh network, an analytical model is developed

for a network which utilizes a slot-assignment scheme based on
capacity allocation and a greedy approach for filling slots. Fol-
lowing are the model parameters:

Number of nodes in the network.

Number of wavelengths for data packet transmission
(excluding any separate wavelength for the header).
W is also equal to the maximum number of packets
that a slot can hold.

routed to its correct destination. To prevent this slot from
using up too much network bandwidth and thereby re-
ducing network throughput, the slot will be dropped if it
has been deflected up to some maximum number of times
(a predetermined threshold). A deflection counter is added
into the header field of a slot. Each time a slot is deflected,
the counter is updated.

Scheme 3—-Hybrid scheme. In the hybrid scheme, each
node has a finite optical buffer. In the case of contention
at a node, a slot will be buffered if the buffer at the node
is not full; otherwise, the slot will be deflected. If the slot
has been in the network for some maximum amount of
time, it will be dropped. In this scheme, the probability

IV. ANALYTICAL MODEL

C. Schemes to Resolve Contention

When multiple slots contend for the same outgoing link, a v
node must not only decide which slot to transmit, but must also W
decide what to do with the remaining slots. We consider three
schemes:

» Scheme 1-Buffering. Each node has a finite optical

buffer (as in [12]), which consists of parallel optical delay A
lines, each of which has a propagation delay of 1 slot time. R
In the case of contention, slots which cannot be routed
properly are buffered if the buffer is not full; otherwise,
the slots are dropped. Whenever a slot is buffered at
an intermediate node, one of the outgoing links will be
idle. The node is then responsible for either routing a L
previously-buffered slot on this idle link, or generating an
empty slot on this link. In this way, the total number of
outgoing slots will be equal to the number of incoming
slots at this node. If a slot buffered at a previous time is

Traffic matrix.

Routing matrix. Z;; indicates the next node in the
route from a Nodé to reach destination Node The
routing matrix along with the traffic matrix is used to
calculate the fraction of slots on each link for a given
destination.

Link distance matrixL;; is the length of the link be-
tween Node and Nodej if such a link exists, other-
wise it isocc. The link distance matrix is used to find
the shortest path between any pair of nodes. This in-
formation is then incorporated into the routing matrix.

contending with a new incoming slot, then the node must The slot transmission rate on each link is assumed to be nor-
decide whether to route the buffered slot or the new slahalized to one slot per unit time. The packet buffers at each
If a first-come, first-served scheme is followed, then theode are modeled as Poisson arrival/batch service queues. Each
previously-buffered slot should be routed, and the negueue is identified by its source nodeand destination node

slot should be buffered.

d, and the input to each queug () is assumed to be Poisson

Scheme 2-Deflection. By deflection we mean that the with rateA,4. The service discipline for a queue at a given node
slot is routed to some nonbusy link other than the linis determined by the rate of incoming slots which are headed

that is specified by the routing algorithm. Non-busy link$or the same destination, the number of packets already in these
are always available when contention occurs, because ghats, and the rate of new slots which are created by the node
number of incoming links and the number of outgoingnd addressed to the appropriate destination. For tractability, the
links at a node are equal. Thus, if two slots are contendinggacket queue size is limited to hold at méstpackets. This as-
then there will be at least one outgoing link which is freesumption of packet queue size may be different in some of the
Therefore, a slot can always be deflected if it cannot #mulation models.

routed properly. A problem which may arise is that a slot Note that, for a given destinatiah the combined routes from
may be deflected multiple times and may remain in theach node to this destination form a reverse shortest-path tree
network for a significant amount of time before beingooted atd (see Fig. 5). The leaves of this (reverse) tree will be
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Equation (6) is based on the fact that an outgoing slot orflink
destined for nodé will containn packets if: 1) the slot arrived to
the current node containirigpackets, 2) the current node had
packets remaining in its packet buffer following the departure of
the previous slot to destinatiahand 3)n —i— j packets arrived
to the current node since the departure of the previous slot to
destinationd. The summation term overgives the probability
thatn — ¢ — j packets have arrived to the queue since the last

. o slot departure, where the last slot departure occurtiaae slots
Fig. 5. The reverse shortest-path tree for destination Node 2. Nodes 0, 3, 4, Th d dyi—1 is th bability that the | |
and 5 are source nodes, and Node 1 is an intermediate node. ago. The term7(1 — r{")"~" is the probability that the last slot

departure for destinatiotioccurred: time slots ago.
calledsource nodefor destinationd, since they do not receive Eduation (7) yields the probability that the number of packets

any upstream slots fafand must create new slots. Nodes othétready in the photonic slot plus the number of packets waiting
than the source and destination nodes will be referred in-as N the packet buffer at the current node is greater than or equal to

termediate nodesntermediate nodes may place packets in slot¥ s the total number of wavelengths in the slot. In this case, the

received from upstream nodes, or may create new slots. Thtglggtonic slot will depart the node with its maximum capacity of
the slots on a given linkwhich are destined for nodemay be "V Packets.

from a number of different source nodes. P'¢(n) is calculated by averaging the distribution of packets
We define the following terms: over all incoming links which are forwarding slots to lihk_et
ri The probability that a photonic slot destined for nod& be the set of such links. Then,
d is transmitted on link in a given time slot. This 1
probability is assumed to be the same as the fraction ~ F'{(n) = - [ﬁiu cu(n)+ > rit- P(n) (8)
of capacity allocated on linkto destinationd, and t kEK
can be calculated using the approach describedwhere
Section Il 1 ifn=o0
i . The probability that a new photonic slot for destina- u(n) = { _
tion d is generated at the node that sources liirk 0 otherwise.
. agiven tlmg_slot. _ , Note that, because of the way thes are generated, the fol-
Pf(n) The prqbablllty that a slot on linkdestined for node lowing relation holds:
d containsn packets, where =0, 1, 2, -- -,
P!“(n) The probability that an incoming slot or a new slot ri=ri + Z . 9
destined for nodel containsn packets before any keEK

packets are added at the node that is sourcinglink  Source nodes which do not receive any upstream slots des-
Q¢(n) The probability that the queue for packets destinethed ford only have new slots. For these nodes, we can write
to Noded located at the node sourcing lihkontains 1 ifn=0
n packets immediately after a slot has departed. P'in) = { _
For each linkl, P{(n) can be calculated in terms of the 0 ifn>0.
packet occupancy of arriving or new slots, the number diherefore, the above equations can be solved by starting from
packets queued for destinatiahafter the previous slot's de- the source nodes and working toward the destination node along
parture, and the number of arrivals since the last slot departu#fe destination’s reverse shortest-path tree (Fig. 5).

ie. The Q¢(n) are found by considering the embedded dis-
n n—i crete-time Markov chain for the queue size at the slot-departure
Pi(n) = Z P'd) - Z QL(H) instants. It is assumed (as an approximation for analytical
= =0 tractability) that the slot-interdeparture times are geometrically
0 A)R—i—i distributed with parametet’. This assumption of geometrically
. Z C—)\t ( ) . 7,d(1 _ 7,d)t—1 . . . . .
a n—i—jn " l dlstrlbute_d sIot-mt_erde_zparture times is reasonable since each
t=1 node assigns destinations to empty slots randomly based on the
forn < W, (6) capacity allocation for a given destination on a given link. For
and example, if 10% of the capacity on linkis to be allocated for
. y w-l " destinationd according to the capacity-allocation algorithm,
PYW) =P{(W) + > P'ii) then the node will assign destinatishto each empty slot
=0 with probability 0.10. Packet departures at the slot-departure
WKt S, () instants are assumed to be in batches with the batch size being
Z Q1) - Z Z e N X equal to either the number of spaces available in the slot, or the
J=0 k=W—i—j t=1 ’ number of packets in the queue, whichever is smaller.¥ gt
be the number of empty spaces available in the slot,/ande
1 — et (7) the number of arrivals since the last slot departure. We define

pe(n) = Pr(Ng = n) as the probability of» empty spaces
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in a slot, andp4(n) = Pr(N.4 = n) as the probability ofz  whereX = ). (1 - Q¥(B,)), andl/r{ is the expected amount
arrivals since the last slot departure. Then, we can write of time until the next slot departure.
The total delay is the sum of the amount of time spent in the

_ pid
pe(n) =P7(W —n) (10) queue, the transmission time at the source node and intermediate
and nodes, and the propagation delay from the source node to the
Z e_)‘t a1 — pdyi=1, (11) destination node
t=1 Dld = Wld + Tta; + Tprop- (15)
Following are the transition probabilities for the Markov chairThe transmission timé;,, is the time required to transmit a slot
Fori =45 =0, multiplied by the number of links that the slot traverses. The
w number of links traversed can be determined from the routing
pij = Z Pr(Ng > n)pa(n). matrix R. The propagation delay,.., can be found from the

routing matrix and the link distance matrix To find the av-

n=0
FOr0 <i<j,0<j<By—W, erage delay for the entire system, we average the delays of all
the queues
pu—ZpE pa(n =i+ ). zzpld =T (16)
For0 <i<j,B,— W < j < B, Utilization is calculated by averaging over the distribution of
. . ackets in each slot
pij =pr(Bp — ) Pr(Na > B, —1) P
Bp—j—1
. T — P 17
+ Z pe(n)paln —i+ 7). lenks ZZ ! nz—:() w it "
=0 whereN;; .« is the total number of links in the network.
For0 <i < j,j = By, The analytical model doesn’t consider the delay due to pho-
pij = pe(0)Pr(N4y > B, —i). tonic slot queueing. However, this delay is expected to be small

when utilizing the appropriate slot-allocation policies.
Forj<i:<j4+W,5=0,

W V. ILLUSTRATIVE NUMERICAL EXAMPLES
pij =Y Pr(Ng > n)pa(n —i). We consider two networks whose performance we illustrate
n=i via our analytical model and simulation. The first (shown in
Forj <i<j+W,0<ji< B, —-W, Fig. 3) is a small network with six nodes and eight bidirectional
W links. The length of each link is either one or two slots as shown

in the figure. The second (Fig. 6) is a larger network with 15
nodes and 21 bidirectional links. The lengths of the links range
from ten slots to 32 slots. Packets arrive at each node according
Forj <i<j+W,B,—W < j<B, to a Poisson process, and the packet rate is assumeditéobe
. . p each source—destination pair.
Pij _pESSBi;f) Pr(Na = By =) Following are the default parameters used in the simulation:
k e « Packet size: 1500 bytes.
* n;J pe(mpaln = i+j). ¢ Bandwidth of a link: OC-48, i.e., 2.5 Gbps. The propaga-
tion delay on a 1 km link is 1 slot time.
Fori > j + W, « Number of wavelengthd¥ = 4 or 8.
 Slot buffer size when buffering is used to resolve con-
pij =0 (12) tention: B = 10, which means that we have ten parallel
delay lines and each is of length 1 km.
» Packet buffer size at each node to each destinatipr=
oo (unless otherwise stated).
Maximum number of times a slot can be deflected be-
by fore being dropped when deflection is used to resolve con-
) tention: M = 10.
Nqu = Z n-Q(n), (13) An event-driven simulation developed intG- is deployed,
and 500 000 packets are simulated for each data point. We con-
sider the following performance metrics:
» Average packet delay.
* Network throughput: defined as the average number of
packets received by their destinations per time slot.

pij= Y pe(mpaln—i+j).

n=i—j

From the transition probability matri = {p;;}, we can
solve for the steady-state probabiliti€X'(n). The expected
number of packets in the queue at a slot departure is then given,

and using Little’s result, the waiting time in the queue is:

1
Wia = Nqua/XN + prk (14)
7
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Fig. 7. Average delay versus link utilization in Network 1, for varying numbef. Performance of Slot Assignment Based on Capacity
of wavelengthgw = 4, 8). Allocation
Figs. 7 and 8 show analytical and simulation results for Net-

« Link utilization: average percentage of link capacity useavork 1 (Fig. 3). Figs. 9 and 10 show analytical and simula-
* Fairness index: tion results for Network 2 (Fig. 6). Fig. 7 plots the average
packet delay versus link utilization for a varying number of

(2 :x .)2 wavelengths I’ = 4, 8). Note that the average packet delay
3 . . . .
FI = (18) is normalized to number of time slots, as is the case for the
N x(N—-1)x E wfj other plots. For the analytical results, the packet buffer size is

B, = 200. The simulation results assume infinite packet buffers
wherez;; can be the throughput for source—destinatioand infinite slot buffers (these assumptions may seem imprac-
pair (4, j). If the throughput for all the source—destinatiortical but are useful to show how the networks perform under the
pairs are equall’/ = 1. Note that, due to finite buffering, protocols we are examining). The analytical model assumes fi-
the network throughput may be lower than the offered loatdte packet buffer for tractability, which is reasonable since the
and the fairness index may be lower than unity. By substiumber of packets in a packet buffer seldom excégds- 200
tuting other metrics inte;;, this index can also be used towhen the network is in a stable state. Note the good agreement
measure fairness with respect to metrics such as averbgéween the performance analysis and the simulation. Also, for
packet delay, average queueing delay, and average quéifferent number of wavelengths, there is little difference in
length for each source—destination pair. Fairness with rite network utilization. Fig. 9 shows similar results for Net-
spect to average queue length will also be investigated.work 2. Although the utilizations in Figs. 7 and 9 are limited
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Fig. 10. Average delay versus packet arrival (atgin Network 2, for varying 101
number of wavelengtheV = 4, 8).

to around 0.6 and 0.5, respectively, this performance is not a
limitation of PSR, but rather it is a limitation of the routing ap-
proach. By using fixed shortest-path routing, certain links in the
network become more heavily loaded than other links. Whenv 096
these loaded links become saturated, the delays on these I|nl<§ 095 ] o g b o packe s
approach infinity, while the remaining links in the network re- & T Slot bulfer size B = 10, packet buffer size = 200
main under-utilized. By implementing better routing algorithms ™ === “iosaierase 5. 10 pueker e e = 200
which more evenly balance the load across all links in the net-

0.98

097+

093~

work, higher utilizations may be achieved. 092
Figs. 8 and 10 plot the average packet delay versus packe ., |
arrival rateA for varying number of wavelength${ = 4, 8).
Both figures show results from the analysis and the simulation. o 07 12
Lambda

As expected packet delays are higher and the maximum sus-
tainable) is much lower forlW” = 4 than forW = 8. Itwould  Fig. 12. Faimess index based on through-put versus packet arrivahaite

be of interest to calculate the average packet delay \Amgm. Network 1, foriW = 8 and different slot-assignment schemes based on packet
proaches 0. There is no queueing delay in this case. The offf§yals and capacity allocation.

factors which contribute to the packet delay will be the time a
packet spends waiting for a slot to be assigned the desired de$3iven the routing matrix shown in Fig. 4, the probability ma-

tination and the propagation delay to the destination. We sh&x of all p;;'s, shown in Fig. 11, is found by applying the al-
the calculation of delay for Network 1 below. The calculatio§orithm introduced in Section IlI-A3. We then obtain

for Network 2 is similar. } : 1/pi;
Let 7; denote the average packet delay when— 0, 17 T 1SNz
1= =7 —3.31

denote the average waiting time for a packet to find a slot with N x (N -1)

the same destination, ari} denote the average propagation _ — . .

delay for a packet to reach its destination. We have Finally, for Network 1,7 = 3.31+2.13 = 5.44 times slots,
which is very close to what we have in Fig. 8.

Similarly for Network 2, we find that the average packet delay

To=T1 + Tz
when) — 0is 51.93 time slots, which also matches with the

T, is easily computed for a given network, and turns out to @sults in Fig. 10.
2.13 time slots for Network 1. ] .

When\ — 0, most slots travelling in the network are emptyP: Comparison of Slot-Assignment Schemes
S0 we can approximately assume that all packets are transmitteBligs. 12—14 compare the performance of the two slot-assign-
in newly-assigned slots. For a given source—destination paient schemes discussed in Section IlI-A. These results are ob-
(i, §), if the probability that destinationis assigned to a slot on tained from simulations. For each scheme, we evaluate the per-
the first link along pathi — j is p,;, then the expected waiting formance of Network 1 witth” = 8.
time of a packet for destinatiohat source is 1/p,;, because  Fig. 12 plots the fairness index versisfor the two slot-
the waiting time is approximately geometrically distribute@ssignment algorithms. In both schemes, each node has a fi-
with parametep;;. We can then find; by taking the average nite packet buffer of size 200 for each destination, and a finite
waiting delay over all source—destination pairs. slot buffer of size 10. Therefore, when the load increases, both
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packet arrivals, slot-assignment based on capacity allocation,
and probabilistic assignment in which a node which has a
packet to transmit will only use an empty slot with a certain
probability (e.g., a probability of 0.9 means that a node with
a packet to transmit will only utilize an empty slot 90% of
the time). Infinite packet buffers and infinite slot buffers are
assumed. Note that this model is different from the simulation
model we assumed to obtain the results in Fig. 12. We use
different models in these simulations because we are interested
in different aspects of the protocols. In Figs. 12 and 13, the
fairness issue is studied. Unfairness comes from the fact that

Fairness index

slot-assignment based on packet arrivats

024 ___ 1:{:'{:;“‘2:;12:,,:53::.: packets for certain source—d_estinafcion pairs are t_ransnjitt_ed
more often than for others. This fact is made clearer if we limit

o1 : : : : the packet buffer size and slot buffer size so that some packets

o 02 7 mndn o o8 are dropped. However, when we study the packet delay in

Fig. 14, we keep both the packet buffer size and the slot buffer

Fig. 13. Fairness index based on average packet queue length versus pagiges infinite so that large delays can be observed for a certain
arrival rate(\) in Network 1, forl¥ = 8 and different slot-assignment schemesioad

based on packet arrivals and capacity allocation. . .
For low load, the algorithm based on packet arrivals performs
- better than the others. In the packet-arrival-based scheme, an
,’ arriving packet is immediately transmitted in the next empty
! slot. Under low loads, empty slots are fairly plentiful, and a
i packet will not have to wait long before being transmitted. On
e e e T the other hand, in the capacity-allocation scheme, even when
ot oy oot ! there are empty slots, there is a certain probability that a packet
! / will not be transmitted if these slots are assigned to some other
' " destinations. Thus, a packet may have to wait a little longer
." ! for a slot to the correct destination while letting empty slots
’ 2 pass by. This is true for all probabilistic assignment schemes,
,f ) / which under-utilizes resources when load is low. Under high
el loads, the capacity-allocation-based scheme offers better per-
L~ s cefmrnasene T s formance than the packet-arrival-based scheme. In the packet-
arrival-based scheme, since no restrictions are placed on the
- T T - A B ™ source nodes, there is the potential for a significant load im-
Lambda balance. This load imbalance is created when the source nodes
. _ _ generate too many slots for a particular destination, and these
Fig. 14. Average delay versus packet arrival rdte) of difference L .
slot-assignment schemes in Network 1, for varying number of WavelengtﬁLOtS overload some link in the network. In the capacny-alloca-
tion-based scheme, by limiting the rate at which source nodes

(W =4, 8).
generate slots for each destination, the problem of load imbal-

packets and slots may be dropped_ We observe that, when aRnee is eliminated and a hlgher thl’OUghpUt can be achieved. For
load increases, the fairness index decreases faster for the padkétsame reason, the other two probabilistic assignment schemes
arrival-based slot-assignment scheme than for the capacity@th perform better than the packet-arrival based approach. We
location-based slot-assignment scheme. Under the packeta4$0 observe that when the assignment probability equals 0.5,
rival-based scheme, source nodes may allocate slots in a mafh@mnetwork can perform better than when the probability is 0.9.
which may prevent intermediate nodes from receiving enou§r & certain network, we can carefully choose this value to op-
slots for a given destination. Also, source nodes may completdijpize the network performance.
fill each slot, leaving very little capacity for downstream nodes.
By aIIocating slots according to the capapity—allocation schemg, Comparison of Contention-Resolution Schemes
each node is guaranteed to have a certain number of empty slots
available for each destination, resulting in a higher degree ofFigs. 15-20 compare the performance of the two con-
fairness. tention-resolution scheme®uffering and Deflection These
Fig. 13 plots the fairness index derived from average packessults are obtained through simulation. Fig. 15 compares the
gueue length for all source—destination pairs. The same assuayerage packet delay versus load in Network 1 With= 8,
tions are applied as in the previous plot. We can see that baifinite packet buffers, varyingB (slot buffer size for the
schemes yield a fairness index which is below 1 and that thisffering scheme), and varying/ (maximum number of
index is more sensitive to the different schemes. deflections per slot for the deflection scheme). Fig. 16 shows
Fig. 14 plots the average packet delay versugor the throughput versus delay for Network 1. Since we want to
different slot-assignment algorithms: slot-assignment basedsindy the effectiveness of each scheme in dealing with con-
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Fig. 16. Throughput versus packet arrival rgtg in Network 1, foril” = 8
and different policies to resolve contention. Fig. 18. Throughput versus packet arrival rgtg in Network 2, forlV = 8
and different policies to resolve contention.

tention, both schemes are implemented in conjunction with the
packet-arrival-based slot-assignment scheme. In the deflection scheme we see that, in most cases, When
Under low load, the performance of the two schemes is veig/increased, the delay also increases. Increakingill allow
similar. Since there is little contention, no deflection or bufferingdeflected slots to remain in the system longer, and in some cases,
is necessary. When the load increases, we see that the deflecisiot may be deflected back and forth among the same nodes
scheme offers better performance. The reason for this behawidgthout ever reaching its destination. These increased deflec-
is that, if the fixed shortest-path routing matrix results in an inmions result in a higher consumption of network resources, and
balance in link loads, then the deflection scheme may be ablensequently, a higher degree of contention. Note that there is
to balance the load better on the links by providing alternagecrossover o/ = oo andA = 5, this may be because the
paths to each destination. With the buffering scheme, once thetwork is becoming unstable when the crossover occurs.
most heavily loaded link becomes saturated, the buffers assoWe also note that, as the slot-buffer size increases, the delay
ciated with that link will become unstable if the buffer size ifor the buffering scheme increases. Packets are remaining in
infinite, or become filled if the buffer size is finite, even if therehe slot buffers longer before reaching their destinations. Also,
is spare capacity elsewhere in the network. By implementisince there are more slots maintained in the system, the amount
more intelligent and adaptive routing schemes instead of fixeél contention will be higher. The decrease in delay for lower
shortest-path routing, the load can be better balanced acrbs8er sizes comes at the cost of higher slot-drop rates and lower
the network links, and contention will be reduced. Deflectionetwork throughput. An extreme situation is one in which we
routing, which can be viewed as a form of adaptive routing, l®ve no buffers and no deflectioB (= 0, M = 0inFig. 15). In
relatively easy and inexpensive to implement when comparediiis case, if a contending slot cannot be transmitted, it is simply
other adaptive routing approaches. dropped. Although dropping slots may lead to very low average
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protocol gives higher delay than the cases where there are
[ deflections. In Network 2, the delays of buffering schemes
! increase quickly as load increases while delays of deflections
increase slowly and almost linearly.

We also find an interesting fact that, for Network 2, under
low load, the buffering scheme achieves lower delay than the
deflection scheme even with retransmission of dropped packets.
It appears that, for this network, the benefit of providing alter-
nate paths to the destination is outweighed by the increase in
network load caused by deflections.

The benefits of deflection routing seem to depend heavily on
the network topology and the routing matrix. Deflection may
yield higher benefits if, for a given slot, there is an alternate path
to the destination which is less loaded than the path specified
02 04 o6 o3 10 12 by the routing matrix. Also, in order to find this alternate path,

Lambda a slot may have to be deflected multiple times. An interesting

Fig. 19. Average delay versus packet arrival & in Network 1 with ~Problem would be to find the optimal value 8f which yields

retransmission of dropped packets, ¥or = 8 and different policies to resolve the best network performance.
contention.
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% VI. CONCLUSION

St VI PSR has been proposed as a solution to fast routing inall-op-
T Moo M nfniy tical packet-switched WDM networks. In this approach, packets
DX Buffering B=10 which have the same destination and which are transmitted

—%— Bulfering, B = infinity / |
~2%- B=0.M=0 ”

on different wavelengths by different source nodes may form

o a photonic slot which is routed through the network as an

integrated unit. This study demonstrated how the concept of
PSR can be applied to a mesh network, introduced an analytical
model to evaluate the performance of such networks, and
discussed different slot-assignment algorithms, contention-res-
olution schemes, and slot-filling policies.

It was found that the slot-assignment algorithm based on ca-
pacity allocation can lead to better performance in terms of av-
erage packet delay, network throughput, and fairness in the al-

ool 006 e ole location of network resources. It was also shown that the de-
’ flection approach to contention resolution provides better per-
Fig. 20. Average delay versus packet arrival radg in Network 2 with formance than a buffering approach in some cases, while in
retransr_‘nission of dropped packets, Tor = 8 and different policies to resolve gther cases, deflection can lead to worse performance in the net-
contention. .
work due to the excess consumption of network resources by
deflected slots, or due to lack of less-loaded alternate paths to a
delays (Fig. 15), we see that it also results in lower throughpgit’en destination.
(Fig. 16). One important observation is that, since packets must wait for

Fig. 17 compares the average packet delay versus laadlot which is headed to the same destination, there is some de-
for Network 2, and Fig. 18 shows throughput versus delayee of inefficiency in PSR, particularly at low loads. As the size
for the same network. We observe that the buffering schemgthe network grows, this inefficiency will increase, since slots
yields lower delays than the deflection scheme, except for tHestined for a given destination node will become less frequent.
case in which the slot buffer size is infinite. It can be show@®ne approach to improve the scalability of such a network is to
that deflection does not give better performance because #ilew a packetto traverse multiple hops to its destination. Rather
lower delay in the buffering scheme comes at the cost tifan requiring a packet to wait for a slot with the same destina-
dropping more slots. We simulated the case in which dropp#dn, it could instead join a slot which is headed to a different
packets (including both the packets being dropped becausedkstination, but is in the direction of the original destination. At
packet buffer is full and the packets being dropped becaube intermediate node, the packet would be converted to elec-
the slots containing them are dropped) are injected agaionics and would incur some additional queueing delays before
into the network and retransmitted. The results are shownjaining a slot to its final destination. In this approach, a protocol
Figs. 19 and 20. It turns out that deflection yields lower overalfould be required to determine which slots a packet would be
delays among all packets. In Network 1, the performance aflowed to join. Such a protocol is a topic of future research.
both schemes is similar to the case without retransmissions oSome additional possible areas for future research include
dropped packets, except that the no-buffering-no-deflectitime development of analytical models for networks in which de-
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flection is used, and the study of capacity allocation algorithn
which result in a higher degree of fairness.
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