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Abstract: Statistical mechanics mapping techniques have been applied to improve the traffic 
delay times encountered around a large shopping centre in Adelaide, Australia. The shopping 
centre is large enough to act as a super node attracting a significant number of vehicles within 
the network.   
 
In the context of the locality scope, the dynamic evolution of the traffic network can be 
mapped as a Bose gas. We define nodes to be the sites at which a vehicle stops; thus can be 
represented as energy levels. Links are paths or inter-connectors that allow one or more 
vehicle to travel between them. They represent particles in Bose-Einstein picture. The 
mapping shows the emerging of the topological distinct phase-states: “fit get rich” and 
“winner takes all” when a fitness equation was introduced. The fitness parameter can then be 
used to control the evolution of these phase-states through its control parameter T. A 
Locality-Scope based evolutionary algorithm would then be recalled to optimise the traffic 
signal solutions as required by the phase-state diagram of the evolving network.  
 
Key words: Bose-Einstein, Scale Free Network, Phase Transitions, Nash Equilibrium, 
Locality-Scope 
 
 
1. INTRODUCTION 
 
IMAGINATION (Vogiatzis et al., 2003) looks into a new traffic management system whereby 
all vehicles, network objects, building and users are integrated into a singular system.  An 
essential goal of IMAGINATION is controlling and setting the traffic signals at intersections 
to minimise the queue length and end-to-end delay.   
 
Toroczkai and Bassler (2004) have established there is an important relation between the 
topological nature of the networks and the efficiency of the transport flow through these 
structures. They showed that certain type of networks, namely scale free networks, are less 
prone to traffic congestion and traffic jams.  Their conclusion is based on observations that a 
network with gradient induced flows will generate certain structural hierarchy in which a 
small but significant number of the nodes assume a far greater role in the shape and 
functioning of the network. The degree distribution of these networks show power 
distribution of the form . i.e. the gradient networks are scale free networks. γ−k
 
In a follow up paper, Mojarrabi et al., (2004) showed the existence of such local gradient in 
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transport networks in the presence of large shopping centres due to their competitive 
dynamics. 
 
As an example they (Mojarrabi et al., 2004, Mojarrabi, 2005) provide the first empirical 
evidence that the degree distribution of traffic around the Marion Shopping Centre in 
Adelaide Australia has the scale free characteristics with exponent (γ=1.1 ± 0.3) and 
unexpected sign of a characteristic dip at degree (k= 2).  
 
There have been some other attempts to infer scale free network characteristics within traffic 
network. Jiang and Claramunt (2005) provided the evidence that large urban street networks 
in the Swedish city of Gavle have small world characteristics but does not exhibit scale free 
characteristics. Yanguang and Yixing (2005) reported that urban systems and the road 
networks based on urban systems for cities of Hanan provenance in china are also scale-free 
networks. 
 
Scale free networks (SF) have been the subject of intensive research and scientific 
observation in recent years. A considerable number of real graphs in Biology, Sociology, 
Internet and telecommunications have scale free characteristics, i.e. the network look the 
same when zooming in or out.  NASA (2004) has proposed scale free networks as their future 
air transportation systems.   
 
This form of the distribution is easiest to see when the graph of probability distribution 
P( =degree) is plotted on the log-log scale. The slope of the line is the exponent of the power 
function.  

k

 
The SF network evolves by the addition of new nodes. The growing SF networks undergo 
topological phase transitions, which is different from that of random graphs. 
 
The central part of this paper is the study of the emerging properties of the evolving scale free 
network and their relation to optimization problem within the context of Locality-Scope. 
 
We make several original contributions: we first create the tools in which one can map the 
traffic network into a Bose gas. Then we look into the solution of thermodynamics phase-state 
diagram and the corresponding critical point and lines. We then suggest an external optimal 
algorithm based on the above solutions to articulate Nash equilibrium. Finally we discuss the 
conditions in which the Nash equilibrium coincides with the network optimization. 
 
For clarity, we distinguish between the phase signal of traffic light (signal phase) and 
structural phase-state transitions (topological phase state). 
 

2. TOOLS FOR THE STUDY OF THE EVOLVING TRAFFIC NETWORKS 

     2.1. Locality-Scope context tools 
 
Locality-Scope is a system objectification and optimization theory (Vogiatzis et al., 2004, 
Vogiatzis, 2005) which in this case is applied to transport network integration and 
optimization; the theory has both scalability and universality properties. That means, when 
zooming in or out the scope or locality, the network can be viewed (measured) in all levels in 
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a time comparable to the dynamics of the dynamical subsystem which exists within the 
network. The universality feature means, its algorithm can be applied to the networks with 
different topologies or purpose. There are two optimising modes that co-exist in the system 
simultaneously being the locality mode and the scope mode.  
 
Locality concerns itself with self optimising modes of tactical operation within the local 
worldview while the Scope concerns itself with the strategic and management level with a 
holistic worldview (Wiggerts, 1995a, Wiggerts, 1995b, Ikeda et al., 2004b, Vogiatzis et al., 
2004). The Scope manager has the necessary information available through the monitoring of 
the behaviour of the local traffic. From practical (implementation) point of view, Scope can be 
viewed as an external optimiser (Ikeda et al., 2004b, Vogiatzis et al., 2004).  Both Locality 
and Scope are applied, generally, at the same time; that is, tactical decisions are made within 
the context of strategic vision. In the case of managing traffic, it is not possible to impose all 
the levels of strategy and tactics that occur to the management process, as such there are fixed 
levels whereby one can perform such management; in the case of traffic management 
systems, one would can view signalised intersections as localities and group controllers as 
scope (Ikeda and Vogiatzis, 2003, Ikeda et al., 2004a).   
 
In this study, we will use the phase diagram of the evolving traffic network to create the 
optimisation strategy for the Scope manager.   

      2.2. Statistical Mechanics 
 
Statistical mechanics (Holme, 2003) is a well-established field in physics that allow us to 
create the tools to study the emergence of macro level behaviours from interactions of micro 
level elements. The traditional goal of statistical mechanics is the study of phase transitions or 
critical phenomenon. These studies lead us to the concept of universality and scaling law.  
The universality concept means the solutions to many body problems obey universal laws that 
are independent of the microscopic behaviour of the individual elements. That means the 
findings in one system can be translate into the understanding behaviour of many other 
complex systems. The scaling concept show us the behaviour of the complex systems around 
the critical points and lines is related to the scaling exponents of the corresponding power 
laws. 

 
In transport systems, statistical mechanics offers a convenient way to study the dynamics of 
the transition between the free flow state of the traffic and that of the congestion for following 
reasons:   

1. Its thermodynamics tools allow us to map the evolving traffic network into a Bose 
       Gas; 

2. We can see the emergence of the scale free properties exactly in these transitions; 
3. We can use the thermodynamic concept of temperature Τ to investigate the 

behaviour of the system in the vicinity of the critical points of the transitions; and 
4. We can use the topological phase state diagram of the evolving traffic network to 

create the optimization strategy for the Scope manager. 
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3. MODELLING OF AN EVOLVING TRAFFIC NETWORK 
 

A running example of the evolving network can be found around the vicinity of a large 
shopping centre in Adelaide. The shopping centre would services customers from the southern 
and south western regions of Adelaide Metropolitan area. We will look into the dynamics of 
the network for both the incoming and out going traffic in the context of locality-scope model.  
 
We look to the example of the traffic at certain times of the year when shopping centres attract 
a significant number of vehicles due to marketing campaigns or significant cultural events; 
although the modelling procedure is valid for other time of the year. 
 
Within the context of Locality-Scope, we define the optimization problem of the end to end 
delay travelling to and from the shopping centre as that of routing decisions made by the 
manager and the local users, selected from the strategy ensemble ( )ii sssS ,...,, 10= . We set 
the routing strategy of the Scope as s0. The Scope strategy s0 maximise the network 
performance and drives the system into an operating default point in which the end to end 
delay is minimised from the perspective of the individual nodes.  The optimal default 
maintains the traffic network closed or within scale free topological requirements. 
 
We define local nodes as being of any site at which a vehicle stops and the two nodes are 
linked if there is an inter-connector that allows one or more vehicle to travel between them. 
Intersections are nodes.  This is the first time a traffic network system have been generalised 
to include all nodes that a vehicle stops. For example, the driveway of a house is a node in our 
model. Traffic red lights are also nodes for the purpose of our modelling. 
 
In an evolving traffic network the probability Π that a certain vehicles park at certain node i is 
given by: 

iiii kaA +=Π )(κ                                                                          (1) 
where A is the physical space that originally attracts a vehicle.  
 
Equation (1) is the probability that a node will be connected independently of the degree it 
has (Albert and Barabasi, 2002, Scharnhorst, 2003). 
 
Once a vehicle stops within the physical space, then the second mechanism  starts. 
Vehicles prefer to join the sites that are more attractive and established. Scale free properties 
emerge as a result of this mechanism.  The parameter it is the rate of the growth of this 
mechanism. It will determine the value of the exponent γ of the scale free power function. 

is the degree of the node i.  

iika

ia

ik
 
In real traffic networks sites have limited capacities to attract more vehicles; for example, 
after some time, the car park may become full, however there are still other mechanisms to 
consider in the evolution of the network. 
 
The sites where vehicles stop have also an intrinsic tendency to increase their degree at the 
expense of the other nodes. The competition is costly and must be done in the time scale of 
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the dynamics of the traffic network.  Bianoconi and Barabasi (2001) proposed a fitness 
mechanism in which each new node has a different fitness η. In traffic networks, the ‘fitness’ 
is the ability of the node to pay the cost in order to succeed in accruing new links in a 
competitive environment. Each node employs tactics to minimise the link cost or equivalently 
its average time delay payments. As a result of this fitness mechanism, the newly arrived node 
may win over old established nodes.  
 
Under these conditions the equation 1 becomes: 

∑
++=Π

j
jj

ii
iiii k

kKaAk
η

η)(                                                            (2)                                                

where  is the fitness of the node i.  The energy εiei
βεη −= i is the ability of the node i to retain 

its competitiveness and 
T
1

=β plays the role of inverse temperature T. We can use it as a 

control tuning parameter.  Furthermore the denominator normalises the distribution and the 
sum is over all nodes j present within the network.  The rate of change of the degree of the 
node i (i.e. the rate at which particles accumulate on energy level εi ) is given by: 
 

∑
=

∂
∂

j
jj

iii

k
km

t
k

η
η                                                                       (3) 

where m is the number of links that a new node has when it joins the network. 
In the limit of , the evolving network maps into a Bose gas as shown in figure 1(a).  ∞→t

      3.1. Mapping to the Bose Gas 
 
Bosons are identical particles in which can share their quantum states. Photons and Helium-4 
atoms are bosons.  The fact that particles can be identical has important consequences in 
statistical mechanics calculations as a result of probabilistic laws. The statistical behaviour of 
the bosons can be determined from the so called Bose-Einstein Statistics. 
 
At ordinary temperatures, the atoms of a gas occupy different quantum energy levels. When a 
sample of bosanic atoms cool sufficiently, a large fraction of them would populate the lowest 
possible energy state in the container. Under these conditions, these atoms would lose their 
individual identity and condensate into a single super atom (Cornell and Wieman, 1998).  In 
this paper, we show the mathematics of the atomic boson is similar to the mathematics of the 
traffic around large shopping centres. 
 
We can treat the links within the transport networks as identical particles. Vehicles are 
allowed to park in any of parking sites. This will allow us to represent entire transport system 
as a Bosanic network.  Nodes can be represented by energy levels and links are represented 
by particles in energy levels.  
 
The mapping indicates two distinct phase evolutions in the evolution of the traffic network.  
 
From the figure, one can see the fit-get–rich phase (FGR) in which several high degree nodes 
accompanied by many less connected nodes exhibit the power distribution relationship 

.  The difference in value of the exponent from the scale free status to FGR indicates the FGRk γ−
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dynamics of the system has been shifted from established nodes to that of fittest nodes.  In the 
energy diagram of figure 1b, the FGR phase characterised by a few highly populated low 
energy levels.  
              
In Bose-Einstein condensate, the winner takes a finite fraction of all links. In the energy 
diagram this corresponds to the most populated ground level and sparsely populated higher 
energy levels (Figure 1c); it occurs at the critical temperature TBE.  The difference between 
FGR and BEC is in the relative occupation number of the large nodes at different 
temperatures. 
 

 
Figure 1. A schematic illustration of the mapping between the scale-free model with fitness 
η and a Bose gas (Barabasi, 2001) 
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      3.2. Mapping for the directed traffic networks 
 
Real traffic networks are however directed networks in which the traffic flows have an 
incoming and outgoing direction. In this case, we consider the network as two isolated 
incoming and outgoing subsystems. 
 
The mapping of directed traffic networks can be done independently for each subsystem as 
shown in Ergün and Rodgers (2001) and  Sotolongo-Costa and Rodgers (2003).  For each 
node (site/ sites in which a vehicle stops) we assign 2 ‘fitnesses’ (incoming fitness inη for the 
receiving node and outgoing fitness outη  for the emitter node). This means that the link can be 
grouped into two different separate subsystems in which each group can separately map to 
Bose gas similar to figure 1. Under this condition, the creation of a directed link corresponds 
to the creation of two particles, one in each subsystem, simultaneously.   In the mapping, the 
fittest node (high η) results in the lowest energy levels (energy ε). A link from node i to node j 
in the network corresponds to creation of a particle in level ε in the Bose gas for each 
subsystem. The network evolves over time by adding a new node. The super node appears as 
a highly populated, lowest energy level while higher energies remain only sparsely populated. 
 
The solutions show similar phase-state transitions of FGR and Bose condensation phases for 
each isolated subsystems as that of undirected network. However TBE may be different for 
each subsystem. TBE for subsystem 1 is TBE1 and for subsystem 2 is TBE2. The condition for 
the Bose-Einstein condensation depends on both fitness inη  and outη . 

 
 
The meaning of the equilibrium is purely formal as the subsystems are thermally isolated and 
do not interact. It is a convenient tool to be able to map the directed traffic network into the 
Bose-Einstein statistics (Sotolongo-Costa and Rodgers 2003).  
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     3.3. Topological Phase State Diagram  
 
The phase-state diagram in figure 2 shows the thermodynamic behaviour of the network for 
both incoming and outgoing traffic. The FGR region D shows that both sub-systems are in 
FGR phase.  That means in computer stimulation we can find a number of temperatures that 
satisfy equation (6). As we have discussed before, the FGR network has power law 
distribution but, the dynamic exponent has been shifted toward node competition rather than 
established nodes.  
  
The point B is the critical point of the transition. The system goes from BEC to FGR or vice-
versa instantly when we cross the point B, then the whole system changes the structural 
forms.  If we perform computer stimulation with the parameters given by point B and its 
immediate neighbours, we then have the unique opportunity to observe the change in system 
parameters as we go from one phase to another.   
  
Each simulation of equation (6) may lead to different combinations of parameters, but will 
settle down to using the fastest parameter as the scope routing strategy.  To maximise the 
efficiency of the scope strategy we can impose the following conditions also in the computer 
simulation.  

( )εδηη == outin                                                        (8) 
 where δ(ε) is a delta function of energy ε. The condition (8) is the condition for the 
appearance of scale free features in which jamming is limited.    
 
The solutions to equation (6) and condition (8) form the routing strategy s0 in which Scope 
imposes into the network. The role of T is purely for mapping purposes and do not appear in 
actual solution for of fitness equations. It is a dummy variable allowing one to tune the 
transition from BE phase to FGR phase. The presence of TBE1 and TBE2 is also technical and 
refers to the state of traffic including traffic lights and other structural features present in the 
Transport networks. 
 

 
 
Fig 2- Phase diagram to control traffic lights based on the topological phase state transitions 
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4. ROUTING STRATEGY OF THE SCOPE MANAGER 
 
In the closing hours, the traffic, which is condensed at the supernode and its neighbouring 
nodes, starts to pour into the roads around.   The vehicles moving out from the Marion 
Shopping Centre would normally follow the shortest path to their destination. This would 
result in the slowing down the traffic and the possibility of a traffic jam occurring.  Each 
vehicle adjusts its routing strategy in a way that will optimise its own performance in 
response to the events in the local levels.  
 
The work by Ikeda and Vogiatzis (Ikeda et al., 2004a, Ikeda et al., 2004b, Vogiatzis, 2003, 
Vogiatzis, 2005, Vogiatzis et al., 2004, Vogiatzis et al., 2003) discuss in detail the 
management of traffic from the perspective of the Three Layer Object Model (3LOM).  The 
three layers are the top management layer, the middle optimisation subsystem layer and data 
acquisition at the lowest level. The interface or interconnection between these layers is 
managed by locality-scope. Vogiatzis (2005) suggested an object hierarchy layered approach 
to interfaces.  
 
Here the traffic management system is aware of the movement of vehicles within the network 
by being in constant communication with signalised intersections.  Here, the regional and 
global traffic management systems assume the strategic (Scope) role with individual 
intersections forming Localities (tactical).  These Scope level controllers (being the at highest 
and middle level of 3LOM interfaces, the interface between knowledge management and 
statistical layer) would inform the local nodes of its calculated strategy s0 by using traffic 
signals and variable message signs.   The vehicles that respond to the ‘Scope’ advice and 
change their tactics in accordance with its directions form the SCOPE PORTION FLOW or 
SPF. The top layer attempts to optimise the system performance, through the control of its 
SPF.  Naturally these systems have no true understanding of the destination of any of these 
vehicles; all it can do is make assumptions based on the trends it identifies both at the time of 
the congestion event and based on historical experience.  The top layer, providing the 
accumulated knowledge of the system at the global and regional level, can inform the 
localities of what to expect ahead of time by applying the ‘lessons learnt’ from previous such 
events and based on current trends (Vogiatzis et al., 2004). 
 
In moderate and heavy traffic conditions, there is enough SPF induced traffic flow to enforce 
the network optimum (Korilis et al., 1997). The vehicles that are uncooperative (or unable to) 
to join in SPF will continue to have their own self-interest tactics to escape the traffic jams.  
The total network flow is the sum of the SPF and flow generating from these non-
cooperatives vehicles.  
 
The dynamic behaviour of this flow can be modelled using Nash Equilibrium (Korilis et al., 
1997). Traffic is at Nash Equilibrium if no vehicles have the incentive(s) to unilaterally 
change its tactics, i.e. no vehicle can improve its state in traffic jam by changing its path.  
Once the SPF flow is matches their destination desire, an evolutionary algorithm located in 
the middle layer of 3LOM would be recalled to set the new equilibrium conditions for the 
remaining no-cooperative vehicles in the new phase signal cycle.  From perspective of the 
Locality, Scope only reduces the end of end delay by an amount proportional to SPF delay 
cost. 
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The topology aware evolutionary algorithm has a dynamic object technology approach to 
software development similar to the algorithm suggested by NASA (Alexanddrov, 2004).  
That means classes and subclasses also have scale free performance characteristics.  The 
algorithm then treat the objects as nodes and object interfaces as links. Our algorithm has 
been designed against scale free network performance criteria.  The performance 
characteristics of the scale free network are power exponent γ,  the small world phenomenon 
and clustering coefficient. i.e. the algorithm evolves in accord to rules and demand of 
complex adaptive systems in response to traffic environment.  Since only the fittest strategies 
can survive, the algorithm converges toward a global optimum over time.  
 
The goal of Scope is to find the routing strategies of SPF that minimise the queue length and 
end to end delay. The minimisation strategy of the Scope manager is fixed along the 
operational routes and critical points imposed by the phase-diagram.  
  
Scope first selects the strategy subset }{ },...,{,, 1654 ioiphase sssSsssS =∈= .         
 
In computer simulation we would impose temperatures that satisfy equation (4), (5), (6). 
From the solutions we will create the strategy subset Sphase.  Then we will create the strategy 
s0 from the intersection of the Sphase and strategy found from solution to (8). The strategy s0 is 
maximally efficient strategy since there is no other routing strategy within the strategy profile 
Si in which when moving from s0 to si all other nodes improve their strategic fitness as well. 
 
In summary, we list the following algorithm to minimise end to end delay.  As a word of 
caution, the actual form of the phase diagram is more complex than this simple form and 
involves some other parameters. However, the algorithm shows the simplicity and elegance of 
the approach for a very difficult problem in transportation. 
 

1.   Solve the equations (4), (5), (6) and condition (8) by varying the temperature. 
2. If the solution belongs to FGR phase, accept it, if not then reject it. 
3. Devise the strategy s0 from the set of accepted solutions. 
4. Create the SPF flow by controlling traffic lights in accord with strategy s0 
5. Check enough vehicles have joined to the SPF flow; if yes proceed with step 6, if not 

stop the algorithm, as total traffic flow is small. 
6. Use SPF flow to impose the optimised Nash equilibrium into the network. 
7. Repeat the procedure from step 1 to set a new Nash equilibrium for the remaining 

non-cooperative (unable to join the SPF) vehicles. 
 
Naturally, it is technically difficult to determine who has and who has not joined the SPF 
flow. 
However, we are only interested in the size of the flow and in moderate and heavy traffic 
there is enough vehicles to join the SPF flow. 
 

5. CONCLUSION  
 
This work is the beginning of a new approach to designing an efficient transport system.  
  
We have shown statistical physics technique and tools can be used to determine optimal 
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networks designs. In this way, our work is valued most to traffic engineers and city planner.  
Traffic engineers can use the mapping techniques to incorporate the properties of the scale 
free networks into the design of existing infrastructure and into the actual functioning of the 
traffic signals to improve the efficiency of the local traffic. The city planners and designers 
can look into the new set of guidelines in order to approve new structures in line with 
topological parameters of scale free networks.  
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