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Abstract. We propose a new high-level OBS architecture based on photonic container
switching to be deployed in the core network. Our architecture removes most of the com-
plexities of the present day Optical Burst Switching (OBS) technology and makes possible
an all-optical core network with zero packet loss guaranteeing equal QoS to all users. In
the proposed architecture, the packets are actually packed in fixed size containers which
will be converted into an optical burst and transmitted through the network. A major
challenge in our architecture is the centralized scheduler design that ensures zero packet
loss and no optical-to-electrical switchings in the intermediate nodes. We present a novel
divide and conquer algorithm for the scheduler design problem based on non-preemptive
scheduling techniques. We also provide numerical results ascertaining the efficiency and
robustness of our algorithms under varying traffic conditions and network topologies.
Keywords: Network topology design, Optical Burst Switching, Scheduling.

1 Introduction

The major city hubs are currently interconnected at the core by optical transport using 40
Gbps optical links. Recent measurements of the Sprint Core router network revealed that
most of the delay in the core network is the transport delay with very little attributed
to packets waiting at the router queue. Thus the Quality of Service (QoS) management
schemes for different services at the core routers are redundant as they have little effect
on the transport delay. With this assumption, the core network becomes a pure transport
network, similar to the airlines network with Hubs and Spokes mechanism where the Hubs
are complete mesh connected with very low cost, high capacity transport vehicles. This
conclusion leads us to the exploration of technologies that can provide a very low cost
high capacity transport network in the optical domain. The most promising technology in
this area is optical burst switching (OBS) [1],[2]. OBS is a method for transporting traffic
directly over a bufferless optical network and achieves a balance between coarse-grained
circuit switching and finegrained packet switching. It also brings the following benefits:
1) OBS reduces the number of electrical to optical conversions, thereby reducing the cost
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of electronics significantly.
2) The reduction of the number of layers in the core network simplifies the network archi-
tecture and reduces the foot-print and power consumption. Optical transport is used as
the standard network communication layer as shown in Fig 1. This evolution will bring
the IP and SONET/SDH layers very close to the common optical transport layer.
3) OBS integrates different types of transport services under one umbrella, thereby re-
ducing the operation and maintenance cost of the network. Evolution of the network
architecture requires the switching nodes to use optical transport as the common switch-
ing fabric layer to separate the transport function from other higher layer functions.

The present OBS architecture has significant complexities due to the complex optical
delay line, QoS management and one-way reservation [3] techniques. Recent proposals as
in JET [7] suffer from blocking, high set-up-delay, and low throughput due to synchronous
traffic. Our goal is to simplify the OBS based network topology and propose a framework
with scheduler design that can permit us to create a low cost, high capacity transport
network for the core information infrastructure. In particular, we propose a photonic con-
tainer switching mechanism where we consider an all-optical core network topology, with
the packets being electronically buffered initially. Before transmission, they are converted
into fixed-length optical bursts, called containers, which are then transmitted through the
network to the destination without any buffering (or delays) in the intermediate nodes
which implies that the containers remain in the optical domain until they reach the des-
tination where they are converted back into electrical containers and buffered.

2 Network Topology and OBS Architecture

The core network consists of N optical switching nodes. Each node, interconnected to
all other nodes by high speed optical links, is an (N − 1) × (N − 1) optical switch. The
network topology is shown in Fig 2. All the N routers in the core network are connected
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Fig. 2. OBS transport network architecture

to a central scheduler. We assume that the optical links will operate at 400 Gbps on
single fiber without any wavelength division multiplexing. The existing standards does
not support such high capacity links. But we can easily build a 400 Gbps link by using
multiple current 40 Gbps technology. The information transfer between the optical nodes
will occur through a fixed size container. Thus, the IP packets or SONET bit streams
will be packed into this container for transport from one node to another. Note that we
do not differentiate between traffic types inside a container. At the Ingress node, the
containers will be filled and tagged with its destination for transport. At the egress OBS,
the container will be opened and the respective payloads distributed to their respective
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processing elements. A container, once converted into optical burst at the originating
switch, remains in the optical domain until it is converted back into electrical packets at
the terminating OBS egress receiver. Since we have virtually no delay in transporting the
containers, we do not need any QoS management techniques. A container is transported
from one switch to another through a single-hop connection in the all-optical domain. The
central scheduler will let each switch in the network know the exact time slot in which
a particular container is to be transmitted. The scheduling algorithm obviously becomes
complex because we have to consider the following three collision points:

1. collision at the ingress port of a transmitting switch from containers coming from the
(N − 1)2 container queues of that ingress port.

2. collision at the egress port of a transmitting switch due to containers coming from any
of the queues at the ingress ports.

3. collision at the destination (i.e. the receiver egress port) due to different propagation
delays experienced by the containers coming from different switches.

The first two collision points are quite common and have been dealt with extensively
for input-queued switches. In our architecture, we remove head-of-the-line blocking by
using the concept of virtual output queue configuration. For each ingress port, we will
have (N − 1)2 queues to distinguish between the containers destined for the (N − 1)
egress ports of each receiver. This gives a total of (N − 1)3 queues for each switch in the
network. The standard time-slot assignment algorithms cannot be used, as we also have
to consider the receiver collisions as described in the third point above.
We first make the propagation delay between two OBS nodes a multiple of container
slot time by using very limited amount of optical delay lines or FDLs. We make use
of a Semiconductor Optical Amplifier (SOA) based optical switch (providing nano-sec
level switching speed). Fixed size containers are formed from the packets destined for a
particular egress port of a receiver switch.

3 The Scheduling Problem: Centralized Scheduler Design

An efficient scheduler design is of utmost importance to guarantee no container loss and
no blocking in the core network. We work with a static traffic matrix as we need to
exactly calculate the time slots in which to send a particular container and also to ensure
that none of the collisions discussed above occurs. The nodes in the network sends their
traffic demands to the centralized scheduler through a different control channel based on
which, the centralized scheduler will first make a traffic forecast, to build the static traffic
matrix for all the nodes. Then, we can apply the algorithms discussed in the subsequent
sections to assign time slots to each container. The time slots assigned for the containers
belonging to a particular node is then sent back to the node through the control channel.
The algorithm has to run again after the forecast period is over and the same procedure
is followed. We first analyze how to avoid the second and third collision points:

The Scheduling Problem : We consider an all-optical, single-hop, time-division multi-
plexed fully connected network consisting of N switches (each being an N − 1 × N − 1
switch) . Each output port has a fixed transmitter which sends optical containers to
a corresponding destination switch. Similarly, each input port also has a fixed receiver
accepting containers from a corresponding source switch. We define the traffic demand
matrix as: D = [dij](i,j)∈(N−1)2X(N−1)2 where dij is an integer denoting the number of con-
tainers to be transmitted from {i mod (N-1)}th egress port of {i / (N-1)}th switch to {j
mod (N-1)}th egress port of {j / (N-1)}th switch. We observe that exactly one egress port
of every switch goes to a specific destination switch. So, for the jth receiver switch, let Rj

denote the set of corresponding N − 1 other switches in the network that carry traffic to
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switch j. This is illustrated in Fig 3. We have N such receiver switch groups corresponding
to the N switches in the network. We will concentrate on the jth group as the same tech-
nique will work for all the other groups. Thus, we get a collapsed (N −1)× (N −1) traffic
matrix Gj = [gj

ik] where gj
ik denotes the number of containers to be transmitted from

source switch i to egress port k of destination switch j. Note that this collapsed matrix is
for Rj, and we will have a total of N such matrices for N receiver switch groups. Also, we
have, gj

ik = dab, where, a/(N − 1) = i, b/(N − 1) = j, b%(N − 1) = k. However, if two
switches transmit such that the containers arrive at the same egress port of j at the same
time, then we have a collision (Fig 3). We define a transmission schedule as an assignment
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of slots to source-destination egress port pairs to avoid such collisions. That is, if slot τik is
assigned to pair (i, k), then in slot τik, source switch i may transmit a container destined
for the kth egress port of destination switch j. Exactly gj

ik slots must be assigned to the
source switch-destination egress port pair (i, k) as specified by the collapsed matrix Gj.
If the gj

i,k slots are contiguously allocated for all pairs (i, k), the schedule is said to be
nonpreemptive; otherwise we have a preemptive schedule. A nonpreemptive schedule is
defined as a set S = {τik}, where τik is the first of a block of gj

ik contiguous slots assigned
to the source-destination egress port pair (i, k). At most one container should be allowed
to be transmitted at one particular slot thus resulting in a set of transmitter constraints:
[τik − 1, τik + gj

ik − 1)
⋂

[τi,k′ − 1, τik′ + gj
ik′ − 1) = Φ ∀k 6= k′; i = 1, 2, ..., N − 1,

In addition, to avoid collisions at the receiver, we have to ensure that only one container
arrives at a particular egress port of receiver j at a particular slot, resulting in a set of
receiver constraints:
[τik+4ij−1, τik+gj

ik+4ij−1)
⋂

[τi′k+4i′j−1, τi′k+gj
i′k+4i′j−1) = Φ,∀i 6= i′; 1 ≤ k ≤ N−1

where 4ij = distance between i and j
cκ

= the propagation delay in number of containers between
switches i and j, where c = velocity of light, κ = duration of a time slot. The length,
M , of a schedule S for the collapsed traffic matrix Gj is the number of slots required to
satisfy all traffic demands gj

ik under S. We assume that the schedule repeats over time
(i.e., is periodic).

4 Schedule Optimization Problem

We try to obtain an optimum length schedule for traffic matrix D, which both minimizes
the delay and maximizes throughput. We refer to this problem as the Container Scheduling
avoiding Collisions at Receiver (CSCR) problem stated as follows:
Problem 1 [CSCR] Find a schedule of minimum length avoiding collisions at the receiver
given N switches, each being an (N − 1) × (N − 1) switch, the traffic matrix D = [dij]
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and the propagation delays between any two switches ∆ = [4ij], (1 ≤ i, j ≤ N − 1).
The CSCR problem can be logically decomposed into N independent problems CSCRj

by choosing each of the N switches as receivers. Again, the problem CSCRj itself can be
decomposed into two problems: a) finding the set of receiver groups, i.e., the set of egress
ports of transmitting switches which carry traffic to receiver switch j, and calculating the
collapsed traffic matrix Gj = [gj

ik]; and b) for all i and k, find a way of placing the gj
ik slots

avoiding collisions at the receiver to minimize the length of the schedule (i.e. M). The
first subproblem is straightforward to solve and hence we concentrate on the latter one.
We will use concepts from Open Shop Scheduling Theory [6] to solve this subproblem and
hence we refer to it as the Open Shop Scheduling avoiding collisions at receiver j (OSCRj)
stated as follows:
Problem 2 [OSCRj] Given N−1 transmitters in the receiver switch group j, N−1 receiver
egress ports, the collapsed traffic matrix Gj = [gj

ik], the propagation delays between the
switches, ∆ = [4ij], and a deadline M > 0, is there a schedule meeting this deadline?
OSCRj is quite similar to problem OSTL [4] where it has been shown to be NP -complete
for any fixed N − 1 ≥ 3.
Lower bound for OSCRj: It is evident that the length of any schedule in the problem
OSCRj cannot be less than the total number of containers to be sent from any transmitter
egress port to switch j. Thus, the lower bound on M is given by:

Mlb = max
1≤i≤N−1

N−1∑

k=1

gj
ik ≥

gj

N − 1
(1)

where, gj =
∑N−1

i=1

∑N−1
k=1 gj

ik = total traffic received by receiver switch j. Eqn 1 signifies
that the schedule length is minimized when the traffic load is perfectly balanced over the
N − 1 transmitting switches, i.e. the N − 1 switches send the same amount of traffic to
destination switch j.

5 The Proposed Scheduling Technique for OSCRj

Suppose that the collapsed traffic matrix for receiver switch group j, Gj, and a schedule
of length M , S, satisfy the transmitter and receiver constraints respectively. We now
consider the sequence of gj

ik’s for each i, i.e. the order of container groups destined for
different egress ports of receiver switch j for every single transmitting switch i. Let,
σ1 = (Π1, Π2, ..., ΠN−1) be the container group sequence at the first transmitting switch,
i.e., at the egress port of switch 1 which connects to receiver j such that gj

1,Π1
is the first

container group to be transmitted followed by gj
1,Π2

, gj
1,Π3

and so on. Thus, Πk signifies the
egress port of receiver switch j (assuming they are ordered from 1, ..., N − 1) to which a
container group is to be transmitted from source 1. After the transmission of gj

1,ΠN−1
, the

sequence σ1 is repeated. For simplicity, we will assume that the container group sequence
is the same for all the switches i.e.,

σk = (Π1, Π2, ..., ΠN−1), k = 1, ..., N − 1. (2)

5.1 Sufficient Conditions

In this section, we derive sufficient conditions for optimality of schedules and provide an
algorithm that will produce optimal schedules if the conditions are satisfied, and near-
optimal ones if they are not.
Let S be a schedule of length M belonging to the type given in Eqn 2, and let (Π1, Π2, ..., ΠN−1)
be the container group sequence for all the switches in receiver switch group j. Now, for
each switch, i, we consider the first container group (gj

i1) to be transmitted from i, i.e.,
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container group 1 destined for egress port 1 of j. We assign an initial delay βi to each such
gj

i1, 1 ≤ i ≤ N − 1. Switch 1 acts as our reference point, and hence β1 = 0. The corre-
sponding βi’s denote the distance between the start of transmission of container group 1
at any other switch i from that of switch 1. Also, we refer to hj

ik as the number of vacant
slots between the end of transmission of container group gj

ik, and beginning of gj
i,k+1. Thus

hj
ik implies the ”gaps” in the transmission schedule, S. The scenario is shown in Fig 4.

We assume that container groups reach the destination in the same order as they were
sent, i.e, if container group gj

ik is sent from source i to destination port k of receiver j,
and gj

i+1,k is sent from source i + 1 to destination port k of j, then gj
ik reaches k before

gj
i+1,k. Hence we can say that the kth container group from all sources within Rj reaches

the destination in the following order: (gj
1k, g

j
2k, g

j
3k, ..., g

j
N−1,k), k = 1, 2, ...N − 1. This

significantly bring down the complexity of the problem, because we only need to check
for the receiver constraints between any two consecutive switches belonging to Rj. Now,
the problem OSCRj can be formulated as an integer programming problem for a given
container group sequence of (Π1, Π2, ..., ΠN−1) at all switches belonging to Rj as follows:

OSCRj : min
hik,βi

M = max
i
{

N−1∑

k=1

(gj
ik + hj

ik)} (3)

subject to

βi +
k−1∑

m=1

(gj
im + hj

im) +4ij ≥ βi−1 +
k−1∑

m=1

(gj
i−1,m + hj

i−1,m) + gj
i−1,k +4i−1,j,

2 ≤ i ≤ N − 1, 1 ≤ k ≤ N − 1 (4)

M +
k−1∑

m=1

(gj
1m + hj

1m) +41j ≥ βN−1 +
k−1∑

m=1

(gj
N−1,m + hj

N−1,m) + gj
N−1,k +4N−1,j, (5)

1 ≤ k ≤ N − 1

hik, βi,M : integers; hik ≥ 0, ∀i, k; β1 = 0; βi ≥ βi−1, 2 ≤ i ≤ N − 1; M ≥ βN−1(6)

Constraints (4) and (5) removes the receiver collisions. The transmitter constraints is ac-
counted for by constraint (6), because with hj

ik ≥ 0, the transmission of container group
destined for egress k + 1 of j will start only after the completion of transmission of con-
tainer group destined for egress k at switch i.
Now to find the optimal schedule length Mlb, we must have at least one switch i trans-
mitting without any interruption, i.e., without any holes (hj

ik = 0, ∀k). Fixing the values
of the hj

ik’s in this fashion for one switch, allows us to solve the OSCRj problem in
polynomial time. Theorem 1 gives the sufficiency conditions for the existence of Mlb.

Theorem 1. If Gj is the collapsed traffic matrix for receiver switch group Rj, a schedule
of minimum length Mlb exists within the class given by Eqn 2 for any container group
sequence, if |gj

ik − Mlb

N−1
| ≤ ε, ∀i, k where, Mlb/(N − 1) is defined as the average slot

requirement and ε is given by : ε = 2[gj−(N−1)Mlb]

(N−1)(N+1)

According to Theorem 1, the degree of non-uniformity of the traffic is upper bounded
by ε in order to achieve a schedule of optimal length. This is proved using a worst-case
analysis as shown in [5]. In general we can conclude that optimal length schedules can
be achieved even with higher degree of non-uniformity in the traffic (as Theorem 1 gives
only a sufficient and not a necessary condition).
We now develop a scheduling algorithm to solve the OSCRj problem. The main idea is
to keep the first switch busy always, except maybe at the very end when all its container
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groups have been transmitted. This scheme works well when the switches are arranged in
decreasing order of (

∑N−1
k=1 gj

ik +4ij). This strategy closely follows the MBLS algorithm
proposed in [4].

Noped :-
Switches are assumed to be arranged such that∑N−1

k=1
gj
1k +41j ≥

∑N−1

k=1
gj
2k +42j ≥ ...

≥ ∑N−1

k=1
gj

N−1,k +4N−1,j

Also, switch i+1 (when i=N-1) denotes switch 1.

1.begin

2. Set M=
∑N−1

k=1
gj
1k

3. Set β1 and all holes hj
1k at switch 1 to 0

4. Set the holes at the very end of the transmission

schedule of switch 1 as hj
1,N−1 = gj

max −
∑N−1

k=1
gj
1k

//Begin Pass 1
5. for i = 2 to N-1
6. for k = 1 to N-1 do

7. Schedule gj
ik slots at the earliest such that

constraint 4 holds between switches i and i-1
8. //end of for i loop

//End of Pass 1 - initial values of hj
ik and βi have

//been determined
9. Set M = max{M,M’}
10. where M’ is the smallest integer satisfying constraint 5

//Begin pass 2
11. for i = N-1 downto 2 do
12. for k = N-1 downto 1 do

13. Shift gj
ik slots as much right as possible main-

taining constraint 4 between switches i and i+1
14. for j = k+1 to N-1 do

15. Shift gj
ik slots as much left as possible main-

taining constraint 4 between switches i and i-1
16. //end of for k loop, the final values of holes for this

//switch have been determined

17. Let Mc =
∑N−1

k=1
(gj

ik + hj
ik)

18. M = max(M,Mc)
19. //end of for i loop - M is now the final schedule length
20.//end of algorithm

Fig. 5. NOnpreemPtive SchEDuling algorithm for solving OSCRj

Heusched :-
1. Switches are arranged in decreasing order

of slot requirements at egress ports of j i.e.,∑N−1

k=1
gj
1k +41j ≥

∑N−1

k=1
gj
2k +42j

≥ ... ≥ ∑N−1

k=1
gj

N−1,k +4N−1,j

2. Container groups are ordered in decreasing
order of total traffic i.e.,∑N−1

i=1
gj

i1 ≥
∑N−1

i=1
gj

i2 ≥ ... ≥ ∑N−1

i=1
gj

i,N−1

3. Set s(1) = {1}
4. for k = 2,...,N-1

Let s(i−1) = {π1, ..., πi−1} be the permutation
produced in the previous iteration by
considering the first i− 1 container groups.
Now consider container group i. Run Noped
for each of the following i permutations of
container group sequence. {i, π1, ..., πi−1},
{π1, i, π2, ..., πi−1},..,{π1, .., πj , i, πj+1, .., πi−1}
,..,{π1, .., πi−1, i}
Set s(i) as the sequence for i container groups
producing the minimum length schedule.

Fig. 6. SCHEDuling HEUristic to calculate
container group sequence

Noped : This is a two pass algorithm as shown in Fig 5. We first arrange the switches
in decreasing order of (

∑N−1
k=1 gj

ik +4ij). The holes at switch 1 are all initialized to zero
except at the very end i.e., hj

1,N−1 = gj
max−

∑N−1
k=1 gj

1k, where gj
max is the maximum traffic

from any switch i to receiver j. So, formally, gj
max = maxi (

∑N−1
k=1 gj

ik). Also, we set β1 = 0.
During Pass 1, we schedule the transmissions at switches 2, 3, ..., N − 1 at the earliest
possible time maintaining the restrictions imposed by constraint (4). This gives us the
initial values of βis and hj

iks at all the switches. But this may introduce large holes in
the schedule. So, in Pass 2 we compact the gaps by shifting the slots to the right first
and then to the left as far as constraints (4) and (5) allows. Obviously Noped is correct
because we respect the constraints (4-6) laid down by the problem formulation. Also, its
run time complexity is O(N3). Next we show the optimality of Noped.

Theorem 2. If Gj be the collapsed traffic matrix for receiver switch group Rj, Noped will
produce a schedule of minimum length among those that follow the following properties,
(a) the schedules are of type Eqn 2, (b) maxi (

∑N−1
k=1 gj

ik +4ij) =
∑N−1

k=1 gj
1k +41j, and (c)
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Switch 1 is never idle except at the very end of its transmission sequence in any frame,
i.e., hj

1k = 0, ∀k ∈ {1, 2, ..., N − 2}.
Proof: The proof is given in [5].

Corollary 1 : If the switches are arranged in descending order of (
∑N−1

k=1 gj
ik +4ij), and

the container groups are arbitrarily labeled 1, 2, ..., N − 1, then Noped will produce the
optimum length schedule if the traffic matrix follows the conditions imposed by Theorem 1.
Proof : Theorem 1 proves that there exists a schedule of length Mlb within the class defined
by Eqn 2. Now if the traffic matrix follows the conditions in Theorem 1, we must have
ε ≥ 0. Thus, we have:

2[gj − (N − 1)Mlb]

(N − 1)(N + 1)
≥ 0 ⇒ gj − (N − 1)Mlb ≥ 0

Because, Mlb = max1≤i≤N−1(
∑N−1

k=1 gj
ik), the above condition can only be true if we have the

same traffic at all the switches destined for switch j. Specifically, we have gj = (N−1)Mlb,
and ε = 0. Thus each switch has got total traffic = Mlb. Now, as the switches are arranged
in descending order of (

∑N−1
k=1 gj

ik +4ij), we must have 4ij ≥ 4i+1,j. This along with the
uniform traffic condition ensures that the number of holes inserted in the frame for switch
i + 1 = hj

i+1,k = 0. Hence, we achieve the minimum schedule length at switch i + 1.

Similarly, we can show that hj
ik = 0, ∀i, k i.e., the overall schedule length = Mlb.

A heuristic solution: The schedules built in the above method assumes that the container
groups from all switches are ordered from 1, 2, ..., N − 1. Can we get the best container
group ordering that minimizes the overall schedule length? This requires us to solve exactly
(N−1)! OSCRj problems and choose the best container group sequence. In order to devise
a polynomial time algorithm for the same we will make use of the BLSH [4] algorithm
with minor modifications as shown in Fig[6]. The run time complexity is O(N5).

We now present an algorithm for the two different solutions of OSCRj discussed above
to remove the first collision point, i.e. collisions at the ingress ports of the transmitting
switches. Full-Nop will solve the entire scheduling problem for schedules produced by
Noped or Heusched. The main idea is to fix the transmitter collisions for the OSCRj’s

Full-Nop :-
1. Run Noped/Heusched to generate the schedules at the egress ports of every switch in the corresponding OSCRj .

We can actually run the algorithm N times for the N OSCRjs in parallel. We also store the ordering of the switches
in each OSCRj .

2. Arrange the OSCRj ’s in descending order of the schedule length produced by each.
3. For each OSCRj ,

a) For each switch in the ordering,

i. Suppose, we are considering the kth egress port of switch i, and the corresponding transmission frame structure

is given by :- αi
j , g

j
i1, g

j
i2, ..., g

j
i,N−1, where, αi

j is the initial delay. Also, this frame structure is a general one which

holds for both Noped and Heusched. In case of Heusched, the container groups might not follow the
{1, 2, ..., N − 1} sequence, and we simply rename the container groups in this order.
We also maintain a slot-usage matrix sui

a for each ingress port a of switch i. Now, for every container in the
transmission frame we check whether the corresponding slot in any of the sui

a’s is free. If we find one, and if the
corresponding container queue is non-empty, the container is scheduled to be transmitted in that particular slot of
sui

a[t], where t is the corresponding time slot. Otherwise, (we didn’t find a free slot with non-empty container queue
by checking {sui

1[t], su
i
2[t],..., su

i
N−1[t]}), we repeat the same procedure for slot t + 1. This implies that we have

inserted a gap of one time slot in the transmission frame. This gap however might cause receiver collisions with
containers sent from switches that are ordered after switch i in OSCRj . Suppose, we were considering a container
from container group k. So, we have to delay the transmission of container group k from all the switches after
switch i in OSCRj by one time slot. This procedure is repeated for every container in the transmission frame.

requiring longer schedule lengths in the system before those requiring smaller schedule
lengths. As the removal of the transmitter collisions will actually require an increase in
the corresponding schedule lengths (due to insertion of gaps), this implies that we are
actually trying to minimize the overall increase in schedule length. Step 1 requires a worst

1784



case running time of O(N3) for Noped and O(N5) for Heusched (because the OSCRj’s
are unrelated and can be solved in parallel). Step 2 requires O(N log N). In step 3.a.i we
can find a free slot in O(NM2), where M = schedule length. Step 3.a.i is repeated for
each switch in the OSCRj and also for each OSCRj resulting in a total running time of
O(N3M2). If we add the running time requirement of Step 1, we get the total running time
of the algorithm as O(N3M2 +N3) (if Noped is used) and O(N3M2 +N5) (if Heusched is
used). If we store the empty slots of any sui

a in a balanced binary search tree, the running
time reduces to O(N3MlogM +N3) (for Noped) and O(N3MlogM +N5) (for Heusched).

6 NUMERICAL RESULTS

We first compare the performance of the two different solutions for OSCRj which are as
follows : 1) Noped applied on the switches labeled from 1, 2, ..., N − 1 in decreasing order
of

∑N−1
k=1 gj

ik +4ij, and container groups labeled from 1, 2, ..., N − 1 in decreasing order of∑N−1
i=1 gj

ik; and 2) Heusched as described in Fig 6.
Let M be the actual length of a schedule for the given traffic matrix produced by one
of the above-mentioned algorithms. Figs 7-9 plots the quantity M−Mlb

Mlb
100% against the

number of switches in the network.The elements of the traffic matrix were chosen with
equal probability among the integers 1 through 20. We show the results for three different
cases where the propagation delays between the switches are the same, varies linearly with
N and varies quadratically with N respectively. In all three plots, we find that Heusched
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Fig. 7. Schedule
length comparisons
with 4ij = 5, ∀i, j
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Fig. 8. Schedule length com-
parisons with 4ij ’s varying
with a linear function of N
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Fig. 9. Schedule length compar-
isons with 4ij ’s varying with a
quadratic function of N

performs better than Noped. The result is obviously intuitive because Heusched tries to
find out the best possible ordering of the container groups minimizing the schedule length.

Also we find that we get smaller schedule lengths with increasing difference in the
propagation delays between the switches. Because the switches are ordered in descending
order of

∑N−1
k=1 gj

ik +4ij, it is possible to appropriately dimension the network to minimize
the effects of propagation delays. Whereas, if the propagation delays differ by a small
amount, the algorithms have less flexibility in arranging the slots to completely mask its
effect. Also, the percentage increase in schedule length increases with number of nodes
as we need to schedule more number of containers and the initial delays and gaps within
the transmission schedules are likely to increase. With traffic matrices generated by other
skewed distributions (e.g, normal and Pareto distributions), the algorithms perform quite
similarly, as they have more flexibility to do the slot assignments.

We also plot the total %-age of time slots used at the switches against the number
of nodes to show the relative performance of algorithm Full-Nop with the two scheduling
algorithms. Full-Noped and Full-Heusched signify the implementations of Full-Nop using
Noped and Heusched respectively.

Fig 10 shows that the slot usage decreases as the number of nodes in the network
increases. This directly follows from the fact that the corresponding schedule length in-

1785



5 10 15 20 25 30
48

50

52

54

56

58

60

62

64

66

Number Of Nodes

S
lo

t U
sa

ge
 in

 %

Full−Noped
Full−Heusched 

Fig. 10. Slot Usage
comparisons with
4ij = 5, ∀i, j
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Fig. 11. Slot Usage com-
parisons with 4ij ’s varying
with a linear function of N
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Fig. 12. Slot Usage compar-
isons with 4ij ’s varying with a
quadratic function of N

creases resulting in increased number of free slots in the switching matrices. Figs 11
and 12 demonstrate the same result. Again, Full-Heusched performs better than Full-
Noped for obvious reasons. Also, with increasing difference in propagation delays between
the switches, the slot usage improves because the schedule lengths decreases as seen ear-
lier. In the worst case (same propagation delay between the switches), Full-Noped gives
worst performance with the slot usage dropping to about 50% for 30 nodes in the network.
In the best case (delays varying quadratically), Full-Heusched shows a slot usage of 71%
for 5 nodes. The slot usage values depend on the random seed used to generate the traffic
matrix, and only serve as a means of comparing the performance of our algorithms.

7 Conclusion

We presented a new architecture to model the core and substantially simplify its com-
plexities. By using the OBS technology, we have ensured that the dream of an all-optical
transport network with equal QoS guarantees for all at the core can be achieved. So,
the issues of bandwidth, packet loss and end-to-end delays can be reduced drastically.
We have also proposed the design of an efficient scheduler that ensures no packet loss or
packet queueing in intermediate nodes thereby removing the need of costly FDLs. Given
the complexity of the scheduling problem, the obvious question arises, can we still devise
a better scheduling algorithm ? A major challenge is to devise a multi-hop scheduling
algorithm which will better the results of our single-hop approach.
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