
Optimal node placement in an optical packet switching
Manhattan street network

Olufemi Komolafe a,*,1, David Harle b

a Department of Computing Science, University of Glasgow, Glasgow G12 8QQ, UK
b Department of Electronic and Electrical Engineering, University of Strathclyde, Glasgow G1 1XW, UK

Received 27 March 2002; received in revised form 24 October 2002; accepted 1 February 2003

Responsible Editor: A. Fumigalli

Abstract

The judicious allocation of traffic matrix sources/destinations to nodes of an exemplar optical packet switching

architecture, the Manhattan street network, is studied in this paper. The node placement optimisation (NPO) problem

is intractable, hence simulated annealing is used to find (near) optimal solutions expeditiously. A number of non-

uniform traffic patterns are considered, facilitating the study of the innate parameters of a traffic matrix that affect the

optimisation results. A salient finding is that, regardless of the underlying traffic pattern, the efficacy of NPO is cor-

related to the coefficient of variation of the traffic matrix.

� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

1.1. Motivation

The proliferation of the Internet has provided

significant impetus to develop improved packet

switching architectures. It is widely accepted that

optical packet switching architectures will be cru-

cial in future high-speed networks. Two key re-

strictions associated with optical packet switching

are the need to minimise the use of optical domain

buffering (due to the non-availability of static
random access optical memory and the limitations

of travelling wave optical buffers) and to reduce

the routing complexity (especially if optical logic

devices are to be used to process packet headers).

Hence, architectures that offer simple and distrib-

uted routing schemes coupled with a contention-

free optical domain are attractive for use in optical

packet switching networks.

1.2. The Manhattan street network

The Manhattan street network (MSN) [1,2] is

the architecture considered in this work. A number
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of routing schemes have been proposed for the

MSN including store and forward routing [2], de-

flection routing [3] and hot potato routing [4].

However, these different routing schemes are gen-

erally ill-suited for high-speed optical packet

switching; they typically need routing computa-
tions that are too complex for simple optical logic

devices, require buffers at intermediate nodes

within the MSN or achieve unacceptably low

network performance. However, the MSN with

Clockwork Routing [5,6], a recently proposed

packet routing scheme, is an ideal candidate for

optical packet switched networks for a number of

reasons. The routing processing is extremely sim-
ple, no optical domain buffering is required, no

resequencing is needed at the destination nodes

and throughput is comparable with conventional

store and forward packet switching [5,6]. Clock-

work Routing requires that all the nodes in an

n� n MSN be synchronised to a global clock. The

timeslots are arranged in a modulo-n sequence of

frames. Each node consists of a simple 2� 2 cross-
bar switch. All nodes are in the cross state for the

first n� 1 timeslots in each timeframe, and in the

bar state for the last timeslot in the timeframe. Fig.

1 shows a 4� 4 MSN. By appropriately inserting a

packet into a timeslot on a particular output link,

it is automatically routed to the destination. No

additional processing is required at intermediate

nodes; these nodes need only determine whether
the packet has reached its destination or not. Such

a simple ‘‘for me or not for me’’ evaluation may be

readily implemented in the optical domain [7].

Optical domain contentions are avoided through

the use of peripheral electronic buffers.

1.3. Node placement optimisation

Due to the aforementioned reasons, the MSN

with the Clockwork Routing is the optical packet

switching architecture considered in this paper.

That said, different multi-processor interconnec-

tion architectures have also been considered for

use in optical networks. Suitable architectures in-

clude the Shuffle-Exchange (or Shufflenet) [8,9],

the de Bruijn Graph [9,10], the Hypercube [9,11,
12] and the Kautz Graph [13]. The ability of such

multi-processor interconnection architectures to

contend with arbitrary physical topologies and

non-uniform traffic are key prerequisites to their

use in practical networks. Typically, the architec-

tures may be deployed as regular virtual topologies

in arbitrary physical topologies; a relatively well-

understood problem [11,12,15–17]. This paper
considers the second issue; the problem of carry-

ing non-uniform traffic efficiently over multi-pro-

cessor interconnection architectures. The objective

is to allocate traffic matrix sources/destinations

to nodes of the multi-processor interconnection

architecture optimally; a problem convention-

ally referred to as node placement optimisation

(NPO).
The NPO problem has been studied for a

number of architectures, including the Shuffle-
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Fig. 1. 4� 4 Manhattan street network.
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Exchange [18,19,21,23], bus [20], ring [22,23] and

MSN [23]. The two costs typically considered are

the maximum traffic flow over any link [18,20,22]

or the mean traffic-weighted inter-nodal distance

[19–21,23]. NPO is known to be NP-hard [20,

21,23], hence heuristics must be used to find (near)
optimal solutions expeditiously. The typical ap-

proach is to design and apply customised heuristic

algorithms to NPO [18–22]. However, it may be

argued that this is a somewhat ad hoc approach as

the heuristics typically are peculiar to the partic-

ular multi-processor interconnection architecture

and as such, are not readily applicable to other

architectures. Only recently has a more generic
optimisation technique, simulated annealing (SA),

been applied to NPO [23]. A novel NPO problem

encoding is proposed in this paper allowing a dif-

ferent implementation of SA to be applied to

NPO.

The conventional approach to NPO is to use

instances of traffic matrices derived from selected

underlying traffic patterns as optimisation inputs.
However, in this paper, a different approach is

taken; the impact of the evolution of certain traffic

matrix parameters on NPO results is investigated.

Such studies are significant as they provide insight

into the salient traffic matrix parameter(s) that

affects the efficacy of NPO; what statistic(s) of a

traffic matrix make it expedient to conduct NPO?

The paper is organised as follows: Section 2
introduces the optimisation technique employed.

The optimisation cost and different non-uniform

traffic patterns considered are presented in Section

3. Section 4 presents and discusses the results ob-

tained for the selected traffic patterns. Properties

of the traffic matrix that affect the efficacy of NPO

are studied in Section 5. Section 6 concludes the

paper.

2. Simulated annealing

SA [24,25] is a popular and reputable combina-

torial optimisation tool that has been successfully

applied to the problem of deploying multi-pro-

cessor interconnection architectures in physical
topologies [11,14] and to NPO [23]. SA is an iter-

ative and stochastic search algorithm modelled on

the physical cooling of molecules to form crystals,

annealing. Initially, the temperature of a solid is

increased to a maximum value at which the solid

melts. At this high temperature, the molecules can

move around freely. The collection of molecules at

a given temperature may be simulated using the
Metropolis algorithm [26]. The Metropolis algo-

rithm always permits changes that decrease the

system�s energy but incremental changes are ac-

cepted with a probability that diminishes as the

temperature falls. The energy of the system cor-

responds to the cost being optimised. Evidently,

therefore, a salient feature of SA is that apparently

non-expedient changes are possible, providing
means of escaping local minima. The temperature

is lowered gradually, with most time being spent at

temperatures near the freezing point. In such

ground states, provided the temperature has been

slowly reduced, molecules are arranged in a highly

structured manner; a crystal has been produced.

Ideally, the state of minimum energy corresponds

to the global optimum.
Each SA implementation is defined by four key

design choices [24], upon which success depends:

• A concise description of a configuration of the

system refers to the encoding of the NPO prob-

lem in a form appropriate for SA. The encoding

adopted in this work is similar to that used for

the Travelling Salesman Problem, a problem
tackled successfully using SA [24]. A configura-

tion is a permutation of the number 1; . . . ;N
and represents the location of traffic matrix

sources/destinations in the MSN.

• A random generation of rearrangements of ele-

ments in a configuration defines the manner in

which new solutions are generated or the search

space explored. Randomly selected portions of
the permutation are swapped to generate new

node placements. It was found empirically that

swapping
ffiffiffiffi

N
p

=2 node-pairs each time satisfies

the conflicting demands to explore as large an

area of the search space as possible and to ex-

ploit any favourable regions discovered.

• A quantitative objective function, the cost func-

tion, is evaluated to ascertain the quality of so-
lutions. The cost used in this work is discussed

in Section 3.1.
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• An annealing schedule of the temperatures and the

length of times for which the system is to be

evolved comprises of several vital discretionary

parameters. Ideally, the initial temperature

should be large enough to ensure that the search
space is thoroughly explored, hence a high initial

temperature of 1000 was used. Thermal equi-

librium is reached once a sufficient number of

rearrangements are generated at a given temper-

ature. The traditional view is that equilibrium

ought to precede temperature reduction. How-

ever, it has been argued that equilibrium need

not be reached provided the cooling is suffi-
ciently slow [27]. The pragmatic approach taken

is to select a sufficiently large number of rear-

rangements per temperature step (10 000), such

that it is safe to assume equilibrium will

be reached at each temperature [28], and addi-

tionally, to conduct the cooling very slowly

(T ðt þ 1Þ ¼ 0:95 T ðtÞ, where T ðtÞ is the tempera-

ture at step t). Ideally, the SA algorithm ought to
be stopped only after the system freezes. Conse-

quently, the SA algorithm was only stopped once

the temperature of the system falls below 10�4.

3. Cost and traffic patterns

3.1. Cost

The mean traffic-weighted inter-nodal distance

[19–21,23] is the cost used in this paper. The mean

traffic-weighted inter-nodal distance is an intuitive

cost and, if the links of the multi-processor inter-

connection architecture are equal, is indicative of

the mean packet delay [19,21]. This paper uses SA

to find the arrangement of traffic matrix nodes that
minimises the mean traffic-weighted inter-nodal

distance in the MSN.

3.2. Traffic patterns

Initially, the variation of properties of four dif-

ferent traffic patterns are considered. In each case,

the average traffic between N nodes are represented
by an N � N matrix K ¼ ½kij	, where kij is the av-

erage traffic flow from node i to node j. kii ¼ 0 and

the traffic matrix is asymmetrical; i.e. kij 6¼ kji.

In order to study the impact of the evolution of

the traffic matrix amplitude, kij is chosen from a

uniform random distribution between 1 and A. A
was gradually increased from 10 to 100. Hence,

different traffic matrices with the desired ampli-

tudes may be generated and used as inputs to the
NPO problem. In the next traffic pattern consid-

ered, the mean traffic level is kept constant but the

traffic matrix range is varied. Therefore, kij is

chosen from a uniform random distribution in the

range 100� R, with R being varied from 10 to 90 in

steps of 10. The existence of a server node is the

third considered traffic pattern. A server node s is
(randomly) selected such that the traffic emitted or
sunk by s (i.e. ksi and kis 8i, i 6¼ s) is S times greater

than would otherwise be the case. The variation of

S, the server traffic intensity, between 5 and 50 was

investigated. Lastly, a traffic hot spot exists be-

tween a (randomly chosen) node-pair, a, b. The
traffic exchanged by this node-pair (i.e. kab and kba)

is M times greater than they would otherwise ex-

change. M , the hot spot traffic intensity, was
evolved from 5 to 50. Comparing the results from

these different traffic patterns will provide insight

into the salient properties of a traffic matrix that

affect NPO.

4. Results for selected traffic patterns

For each traffic pattern, numerous different

traffic matrices were generated for each stage in the

evolution of the traffic matrix. Each time, SA was

used to find the arrangement of the traffic matrix

nodes onto the MSN that minimised the mean

traffic-weighted inter-nodal distance. The optimi-

sation results were averaged for all the traffic

matrices and these results presented. The results
shown are for a 4� 4 MSN and a 16� 16 traffic

matrix. For verification, NPO was performed for

larger sized MSNs. Similar trends to those pre-

sented here were observed and so these results

have been omitted for brevity. Additionally, a ge-

netic algorithm (GA) [29] solution to NPO was

implemented and used to verify the SA results. It

was found that, in all cases, GA performed com-
parable to SA and so the GA results have been

omitted from this paper for brevity. The fact that
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GA and SA seek the optimal solution in radically

different ways and yet were found to obtain similar

results gives confidence in the veracity of these

results.

Previous studies on NPO have typically com-

pared a number of heuristic optimisation results
for selected traffic matrices [18–21]. Thus, it has

been tacitly assumed that it is always productive

to conduct NPO and the properties of a traffic

matrix that affect the effectiveness of NPO are

somewhat taken for granted. Some preliminary

investigations into the properties of multi-

processor interconnection architectures and traffic

matrices that impact NPO have been undertaken
[23]. It was suggested that the efficacy of NPO is

related to the variability and relationship between

inter-nodal distances in the architecture and the

traffic matrix. (Since a single architecture and

routing scheme is being considered in this work,

only the variability of the inter-nodal traffic is

appropriate.) This paper builds on these ideas by

identifying the exact statistical properties of traffic
matrices that affect NPO�s efficacy and investi-

gating the impact that these have on the optimi-

sation results.

The efficacy of NPO is defined as the improve-

ment obtained by SA on the initial (or random)

mean traffic-weighted inter-nodal distance. Nu-

merous traffic matrix parameters were considered

to ascertain their relationship to the improvement
on the initial costs. Parameters considered in-

cluded the mean traffic level, the variance, stan-

dard deviation and coefficient of variation (CV;

ratio of standard deviation to the mean) of the

traffic matrix. Additionally, the variance and CV

of traffic exchanged by node-pairs, traffic emitted

by sources and traffic sunk by destinations were all

considered. It was found that a relationship exists
between the CV of a traffic matrix and the im-

provement obtainable on the initial costs. Hence,

for each traffic pattern considered, the mean im-

provement obtained by SA is plotted alongside the

mean CV of the traffic matrices.

4.1. Evolution of traffic matrix amplitude

Fig. 2 shows the improvement obtained by SA

alongside the mean CV of the traffic matrices, as

the traffic matrix amplitude is increased. It is ap-
parent that the improvement on the initial solution

and the traffic matrix CV are relatively unchanged

with changing traffic matrix amplitude. This is an

expected result since, for a uniformly distributed

traffic matrix, the amplitude of the traffic matrix

ought to have negligible impact of the efficacy of

NPO. The results in Fig. 2 are the mean results for

100 different traffic matrices. It is evident that the
improvement on the initial solution is proportional

to the traffic matrix CV.

4.2. Evolution of traffic matrix range

Fig. 3 shows the impact of varying the traffic

matrix range on the optimisation gain and the

traffic matrix CV. The mean traffic level was kept
constant at 100 units. The results in Fig. 3 are the

average of a 100 unique traffic matrices. From Fig.

3 it may be seen that, unsurprisingly, the traffic

matrix CV increases linearly with the traffic matrix

range. Additionally, the improvement obtained by

SA also linearly rises with traffic matrix range.

Once again, the traffic matrix CV is proportional to

the improvement obtained on the initial random
solution for this traffic pattern. Comparing Fig. 2

with Fig. 3, it is evident that, even though the traffic

matrix is uniformly randomly distributed in both

cases, varying the traffic matrix range has a pro-

foundly different effect to varying the amplitude.
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Fig. 2. Traffic matrix CV and efficacy of NPO as function of

amplitude.
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The trend in Fig. 3 may be readily explained. If

the traffic is uniform, then regardless of the ar-

rangement of traffic matrix sources/destinations

onto the MSN, the same traffic-weighted inter-

nodal distances will always be obtained. Hence, it
will be expected that the initial and optimised costs

will all have the same numerical value, i.e. no im-

provement is obtained on the initial solution. Now,

when the range of the traffic matrix is small, say 20,

relatively speaking, this range is not excessively

dissimilar to the uniform traffic case and so the

optimisation gain is small. As the range increases,

the traffic matrix becomes increasingly dissimilar to
the uniform traffic case and increasingly similar

to the uniformly randomly distributed traffic case

between 1 and an upper limit. This hypothesis may

be readily verified by observing that the values for a

range of 180 (Fig. 3) are similar to the values ob-

tained when the amplitude is varied (Fig. 2).

4.3. Evolution of server traffic intensity

Different traffic matrices, with the location of

the server node randomly chosen each time, were

used to study the effect of the evolution of the

server traffic intensity on NPO. The mean results

when these 200 traffic matrices are arranged onto

an MSN are shown in Fig. 4. Fig. 4 suggests that,

once again, the traffic matrix CV is indicative of
the improvement obtainable on a typical random

initial solution.

Somewhat surprisingly, Fig. 4 shows that, as

the server traffic intensity increases, the optimisa-

tion gain and the traffic matrix CV have a loga-

rithmic trend. This trend is because for large server

traffic intensities, the server�s traffic saturates the
overall traffic matrix and so negligible improve-

ments are obtained by subsequent increases in the

server traffic intensity, i.e. nodes have been posi-

tioned optimally relative to the server and scaling

the traffic exchanged with the server has no impact

on this optimal node arrangement. On the other

hand, for lower server traffic intensities, server

traffic is less dominant and so improvements are
achievable. The results for the server may be

summarised as follows: for larger server traffic

intensities, the optimal node placement is effec-

tively the optimal placement of nodes relative to

the server; an arrangement that does not change

with further rises in the server traffic intensity.

However, for lower server traffic intensities, the

optimal node placement is not necessarily the op-
timal placement with respect to the server and so

improvements may be obtained with small initial

increases in the server traffic intensity.

4.4. Evolution of hot spot traffic intensity

The results obtained when the hot spot traffic

intensity was varied are presented in Fig. 5. The
hot spot locations were randomly chosen in each

of the 200 traffic matrices considered.
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Fig. 5 suggests that the traffic matrix CV and

the improvement obtained on a typical random

solution increase with increasing hot spot traffic
intensity. In Section 4.3, it was suggested that once

the optimal arrangement of nodes relative to the

server is realised, subsequent increases in the server

traffic intensity will not result in a corresponding

increase in the efficacy of NPO, provided the ser-

ver traffic intensity is large enough to dominate the

traffic matrix. Hence, for similar reasons, it would

be expected that the hot spot traffic intensity will
reach a sufficiently large value and dominate the

traffic matrix. After this point, further increases in

the hot spot traffic intensity will not significantly

improve the solutions. It seems fair to say that the

hot spot traffic intensities of 5 to 50 used are not

sufficiently large for this phenomenon to be ob-

served. In order to verify this hypothesis, NPO was

conducted on a number of different traffic matrices
with a hot spot traffic intensity of 500. The mean

improvement obtained for hot spot traffic inten-

sities of 5, 50 and 500 are presented in Table 1.

From Table 1, it is evident that the improvement

on the initial cost approximately doubles with each

order of magnitude increase in the hot spot traffic

factor. Hence, the hypothesis is correct; as the hot

spot traffic factor is increased, the improvement on

the initial cost obtainable has a logarithmic trend.

An important finding in this paper is that when
a non-uniformity (such as a server or hot spot) is

present in a traffic matrix, linearly increasing the

intensity of the non-uniformity does not lead to a

continuous improvement in the optimisation re-

sults. This phenomenon occurs because, once suf-

ficiently large, the non-uniformity saturates the

traffic matrix and increasing the intensity of the

non-uniformity further has negligible impact on
the relative NPO result.

5. Efficacy of node placement optimisation

The results presented so far have established

that the improvement on the initial cost is pro-

portional to the CV of the traffic matrix, regardless
of the underlying traffic pattern; albeit with dif-

ferent constants of proportionality. This is a sig-

nificant finding as it allows general statements to

be made about the efficacy of conducting NPO on

a given traffic matrix based on the computation of

a relatively straightforward parameter. If the

traffic matrix CV is small, little will be gained by

conducting NPO. On the other hand, NPO will
produce significant yields for a traffic matrix with a

more substantial CV. Furthermore, identifying the

traffic matrix CV as the salient parameter in de-

termining the efficacy of NPO has significant re-

percussions for traffic matrix scalability or change.

If the traffic changes but there is negligible change

to the traffic matrix CV, then it is known that

the relative improvement on the initial cost for the
new traffic matrix will be similar to that for the

old traffic matrix. On the other hand, any change

in the traffic matrix that affects the traffic matrix

CV is known to change the optimal gain signifi-

cantly.

In order to investigate the relationship between

the traffic matrix CV and efficacy of NPO further,

a heterogenous mix of traffic matrices was ran-
domly generated; these included traffic matrices

complying to the patterns described in Section 3.2
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Table 1

Optimisation gain a function of hot spot traffic intensity

Hot spot traffic intensity Improvement (%)

5 10.698

50 19.879

500 35.937
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and matrices derived from arbitrary combinations

of these patterns. Nevertheless, critically, these

matrices were not segregated according to the

underlying traffic pattern. Rather, each traffic

matrix was characterised by only the CV of inter-

nodal traffic. The relationship between the traffic

matrix CV and the improvement obtained on the
initial solution was studied. Fig. 6 shows the re-

sults obtained for a heterogenous mix of over 900

traffic matrices.

Numerous deductions may be drawn from Fig.

6. Firstly, Fig. 6 confirms the previous observa-

tions that the traffic matrix CV is broadly indica-

tive of the efficacy of NPO; if the traffic matrix CV

is small, little will be gained by conducting NPO
and on the other hand, NPO will produce signifi-

cant yields for a traffic matrix with a more sub-

stantial CV.

Somewhat surprising, Fig. 6 suggests that the

impact of the traffic matrix CV on the efficacy of

NPO may be separated into two distinctive re-

gions. If, for example, best fitting straight lines are

drawn, then in the first region, the line will have
a steep gradient and the points will have a low

variance around this line. In the second region,

however, the points are more dispersed around the

line and the gradient of the line will be less.

The increased dispersion of points around a

best-fitting straight line with increasing traffic

matrix CV may be explained by realising that low

values in traffic matrix CV means many traffic

matrix source–destination pairs will exchange

near-identical volumes of traffic, yielding similar

traffic matrices, which in turn produce comparable

NPO results. However, significantly different traf-

fic matrices may have similar larger values of
traffic matrix CV, hence a greater dispersion in the

NPO results are obtained. Essentially, there are

fewer ways a traffic matrix can have a low CV than

have a high CV.

Previous results from Section 4 are recalled to

explain the different gradients of best-fitting

straight lines. It was noted from Figs. 2–5 that for

each traffic pattern, the efficacy of NPO was
proportional to the traffic matrix CV. However,

critically, the constant of proportionality was ob-

served to be different. Consequently, it will be ex-

pected that, if the efficacy of NPO is plotted

against the traffic matrix CV for a mix of traffic

matrices derived from these underlying patterns,

the result will be a superposition of lines, where

each line will correspond to an individual traffic
pattern. When the traffic matrices in Fig. 6 were

segregated according to the underlying traffic

patterns, it was found the points could indeed be

well represented by a single best-fit line. However,

when the traffic matrices are all mixed, it is im-

possible to distinguish the individual lines (the CV

of the traffic matrices derived from the different

traffic patterns overlap); with one crucial excep-
tion: when the range of the traffic matrix is varied

(Fig. 3), the values of the traffic matrix CV (from

approximately 0.05–0.55) are unique; no other

traffic pattern yields traffic matrices with these

values. Hence, the first steep linear region in Fig. 6

corresponds to traffic matrices in which only the

range is varied. The less steep and more dispersed

region is due to a mix of the other traffic patterns.
It may be said, therefore, that it gets harder to

predict the optimisation gain as the traffic matrix

CV rises.

6. Conclusion

The MSN with the Clockwork Routing scheme

is an attractive architecture for optical packet

0

5

10

15

20

25

0                           1                           2                           3                           4

Fig. 6. Traffic matrix CV and efficacy of NPO for heterogenous

mix of traffic matrices.
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switching. The optimal placement of traffic matrix

nodes in such an architecture, NPO, has been

studied in this paper. Motivated by the intractable

nature of the problem, simulated annealing was

successfully applied to NPO. A number of traffic

patterns were considered and the impact of evolv-
ing properties of traffic matrices studied. It was

found that a change in the amplitude of a traffic

matrix has negligible impact on the relative results

of NPO. An increase in the range of a traffic ma-

trix increases the optimisation gain. If a ‘‘non-

uniformity’’ such as a server or traffic hot spot

exists, it was discovered that an increase in the

relative intensity of the non-uniformity leads to an
increase in the quality of the optimisation results,

up to a certain point. Thereafter, the traffic from

the non-uniformity will ‘‘saturate’’ the traffic ma-

trix and only marginal further relative improve-

ments will be obtained.

Conducting NPO for the different traffic pat-

terns provided insight into the innate parameter

of traffic matrices that affects the efficacy of
NPO. A significant finding of this paper is that

the improvement obtainable on a (randomly gen-

erated) initial solution is dependent upon the CV

of the traffic matrix. In summary, it may be said

that for any given traffic matrix, if the traffic

matrix CV is low, little is gained by performing

NPO but it is possible to estimate the improve-

ment obtainable on an initial random solution
beforehand. However, in contrast, if the traffic

matrix CV is large, greater gains will be obtained

by NPO although it is more difficult to predict

these accurately.
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