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Abstract

We show the problem of transport network design system in lattice with long-range
connections which is limited by the cost constraint.

Our transport network is constructed from two dimensional (d=2) square lattice that
can be improved by introducing long-range connections to each other with probability,
pij ~ 1%, where r;; is the Manhattan distance between two sites i and j, and « is
a variable exponent. Furthermore, we applied a cost constraint on the total length
of the additional links and search optimal transport in the system for @ = 2.4 which

can be applicable for two dimension. This situation remains optimal for lattice size

ranging from 60 up to 150.
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Chapter 1

Introduction

1.1 Objective Of The Research

1.1.1 General objective

The main objective of the research is to understand the scientific ways of network

optimization in transport system.

1.1.2 Specific objectives

e To show the relation between average length and alpha in determining the

average shortest path length at a fixed value of alpha.

e To maximize profit as well as to minimize cost and travel time of the transport

system.

e To improve and effectively use the transport system with in Ethiopia as well as

its global networks in giving the public modern transport system.



1.2 Back Ground Of The Research

Human beings can travel from one place to another place on foot, or else using ani-
mals or artificial (man made) transport system. Different types of artificial transport
systems give service to the public but their functions and limitations determine the
choice of people from each type of artificial transport system in different situations.
People travel from place to place for work, trade, or to visit other people, other places,
wild animals, buildings, and other tourist sites etc. Nowadays, the artificial transport
system can be using cars or buses, trains, aircrafts or airplanes, boats or ships etc.
For this case the choice of transport system depends on availability, speed, comfort,
cost, profit, revenue and the geographical setting of the land features. Engineers have
been improving the artificial transport system from time to time. For mountain ar-
eas, hills and highly ups and downs of the high lands where it is difficult to construct
roads and long distance travel routes, aircrafts or air planes can be chosen for safely
transporting people and precious goods and minerals with short duration of time.
But for flat surfaces of the land that has the capacity to construct roads and rail way
lines and nearby route connections, cars and trains can be chosen. In transporting
enormous amount of goods for import and export purpose in sea water or ocean ships
can be chosen. In transporting people and goods in lakes boats can be chosen.

Our focus of attention in this thesis is towards the network optimization in transport
system. The financial condition of cost is the fundamental one to limit the number of
landing or stopping stations. For example, if a country has a plan with limited bud-
get enough to construct 5 railway stations and rail way lines, only 5 railway stations
and railway lines or the routes that connect the stations can be constructed to give

long-range connections even though the country needs more than 20. Gradually, the



railway stations and railway lines can be increased taking some years step by step but
priorities should be given depending on the trade route , work place, import, export,
the position of minerals, population, industry sites, distance from the central city,
tourist sites, land features, other transport facilities, securities etc. After the cost
constraint is satisfied, there is a need to look the time to reach the required place.

Optimal navigation with local knowledge and the presence of long-range links in a
lattice network without constraints was recently studied by Kleinberg [1]. Much atten-
tion has been dedicated to the problem of navigation in complex network geometries

[1—11].



Chapter 2

Research model

Any source node s possesses the knowledge of the entire network topology. In this
condition the average shortest path length, < [ > from source to target becomes the
relevant navigation variable to be optimized. If we take for instance, in a passageway
network, such as in Manhattan, the travel routes should be planned or changed in
such a way that the travel time is minimized for a given limited reconstruction cost.
This task is performed by considering the whole structure of the network in terms
of its sites and links, namely, by knowing the location of all passageway stations,
their connections, and the shortest path between any two stations [12]. Despite the
availability of a number of models, we have decided to develop our own research
model.

In a two-dimensional regular square lattice with all N = L? sites present, each site i
is connected with its four nearest neighbors. The bonds in the lattice that connect
the sites represent the routes of the transport system (see Fig.2.1). In our model,

pairs of sites i and j are then randomly chosen to receive long-range connections with

«

probability, p;; ~ r;;%, where « is a variable exponent and r;; is the Manhattan

distance between the two sites i and j, which is the distance measured as the number



of connections to the system ends when their total length (cost), ¥r;;, tends to a
value A. Consider the total length(cost) is proportional to the length of the links in

the underlying network which can be expressed by the next equation:
A=AL? (2.0.1)

, where A is a constant. That is, the budget to improve the system is a fraction of

the cost of the current network(without long-range connections)[13,14].

rij = abs(iy — iz) + abs(ji — j2) (2.0.2)

where (i1, j1) and (ig, j2) are the coordinates of the two points i and j respectively.
Manhattan distance between two points in a grid is based on strictly horizontal and
or vertical path along the grid line. The Manhattan distance is the simple sum of the
horizontal and vertical components, where as the diagonal distance is calculated by
using Pythagoras theorem|[15].

Fig.2.1 shows the connections of a single node or site i. Each node(site) i has four
short-range connections to its nearest neighboring nodes or sites (c,d,e,and f ). The
nodes or sites indicate the stops and the bonds in the lattice indicate the routes of
the transport system. A long-range connection may be placed to a randomly chosen
site j. Since « controls the average length of the long-range connections, we get for
a constant value of A, and small values of a, long-range connections, but fewer in
number can be added due to the fixed total length limit. We assume that an optimal
navigation condition must be reached to adjust the length and the number of con-

nections added to the system.
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Figure 2.1: Connections of a single node i with its neighboring nodes

The stations can be chosen depending on economy, population, trade route, inter-
est of people, position of minerals, tourist sites and distance between each station. If
a unit Manhattan distance between each site is 100 km then the Manhattan distance
between site i and j shown in fig.2.1 becomes 400km. The flight may be determined
by the number of travelers (cost) and or the time it takes to reach the stations to
satisfy the cost constraint and minimizing travel time from a randomly chosen station
i to station j which may be the farthest, nearby, moderate connection for transporting
direct farthest, nearby, moderate travelers only or else transporting near, moderate,

and farthest travelers at a time by stopping at each station in the route. The financial



condition of revenue, cost and profit of transport depends on the number, interest and
economy of passengers which influences to choose whether to select direct farthest,
nearby, moderate or inclusive from each type of travelers at any time. When the
farthest travelers are a few in numbers it is better to select inclusive approach, i.e.,
including nearby, moderate and farthest travelers at a time for a transport system
stoping nearby stations so as to minimize cost and increase profit due to the revenue
collected from large number of customers attracted by this transport system. It is
assumed that the airport network simulation program (ANSP) was designed as the
first step in the development of an optimization framework able first to investigate
model and design complex transport networks in the context of total transport sys-
tem.

If 9 vehicle stations are randomly placed in a square lattice with side 7 units of Man-
hattan distance having 49 sites at points (1,2),(1,3),(3,3),(3,4),(2,6),(7,5), (5,2),(5,4),and
(6,3), each of the 9 sites are the location of station sites. Therefore, each of the 9
sites are considered to be 0 unit Manhattan distance from the station sites.

The points (1,1),(1,4),(1,6),(2,2),(2,3),(2,4), (2,5),(2,7),(3,2),(3,5),(3,6),(4,2),(4,3),(4,4),
(5,1),(5,3),(5,5),(6,2),(6,4),(6,5)(7,3),(7,4),(7,6) are each 1 unit Manhattan distance
from the nearest stations.

The points (1,5),(1,7),(2,1),(3,1),(3,7),(4,1),(4,5), (4,6),(5,6),(6,1),(6,6),(7,2),(7,7) are
each 2 units Manhattan distance from the nearest stations. The points (4,7),(5,7),
(6,7),(7,1) are each three units Manhattan distance from the nearest stations.

The mean Manhattan distance of each site from their nearest station is found by
adding the Manhattan distance of each site and divide it by the total number of

sites. We can calculate the mean or average Manhattan distance of each site from



the nearest station to be 1.245 units Manhattan distance, which is 61 divided by 49.
Similarly, on average each station is 3 units Manhattan distance from the central
site, since we have 2 stations that are 1 unit Manhattan distance at the points(3,4),
and (5,4); a station that is 2 units Manhattan distance at the point (3,3); 2 stations
that are 3 units Manhattan distance at the point(5,2), and (6,3); 3 stations that are
4 units Manhattan distance at the points(1,3),(2,6),(7,5); a station that is 5 units
Manhattan distance at a point(1,2), which is 27 divided by 9.

We have studied the problem of optimal facilities location which consists of choos-
ing positions for population facility in geographical space such that the mean distance
between the member of population and the nearest facility is minimized. So we have
also considered the design of optimal networks to connect our facilities together.
Given optimally located facilities, we have searched numerically for the network con-
figuration that minimize the sum of maintenance and travel costs. The model tells us
the design of transport networks, parcel delivery services and the internat back bone
of practical interests. One can also like to find the best way to connect the facilities
so as to optimize the performance as a whole.

Consider a situation in which our facilities form the network of stations and the routes
of the connection between them form the edges. The efficiency depends on two fac-
tors:

1. The smaller the sum of the lengths of all edges, the cheaper the network to con-
struct.

2. The shorter the distance through the network between the stations the faster the
network can perform[16].

If we have a cost limitation and only possible to build 5 railway stations and there



is a need to put the stations in such a way that the Manhattan distance from each
station to the other sites is small as much as possible, we have to put 1 station at the
central city (A) and the other 4 stations (A) at 2 Manhattan distance units from the

central station (A) as shown in fig.2.2.
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Figure 2.2: 5 railway stations located on 25 lattice sites

In this case 5 of the lattice sites are the location of the stations in the sites, so
people living in this sites can directly use train from the stations to travel to the other
stations. People living in 12 sites must travel 1 unit Manhattan distance by other
means of transport system to use the railway transport system from their vicinity

nearby stations. People living in 8 sites must travel 2 units Manhattan distance to
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use railway transport system from their nearest stations to the other stations. On
average people must travel 1.11 units Manhattan distance or 111 km by other means
of transport system before they use railway transport system.

Fig.2.2 also shows the first, the second, the third and fourth shell sites that are 1,
2,3,and 4 units of Manhattan distance from the central city station. We have 4 first
shell, 8 second shell, 8 third shell, 4 fourth shell, and 1 central station in 25 lattice
sites. The central station is black, and the colors of the rest sites are the same for

equidistant sites from the central station.
ke = 4n. (2.0.3)

Where n =1,2,3, etc. and k,, is the total members of shell depending on lattice size
in the first, second, and third shell, etc.

To show the relation between total length and number of links, we generate a sin-
gle network realization(L=30) for a given value of a and calculate the shortest path
length < [ > from each node(site) in the network to its central node(site). This
calculation is performed as follows:

First we choose the root node (e.g.the central one), then we observe all its nearest
stations connected by shortest nearby horizontal and or vertical distances in the con-
nection network that can be classified as shell one nodes, meaning that they are only
one step away from the central(root) node. After that, we visit all the neighbors
of these nodes that are nearest to shell one and classify them as shell two nodes.
Following this procedure for all network nodes, we obtain the 1 values(time) for each
node to be reached from the central(root)node[12].

Large technological systems, such as the internet and the air transport system have
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never been actively designed in their entirety; instead they evolved gradually, in re-
sponse to demands. There is a tendency of high demand for the improvement of air
transport system due to the growing complexity of air space, via strictly evolutionary
changes is problematic. There appears to be a clear need for active and rigorous de-
sign methods. Thus evolutionary approaches should be improved and changed with
active design methods. The ability to actively design, optimize and control a system
assumes the existence of predictive modeling and reasonably well defined functional
dependencies between the controllable of the system objective and constraint func-
tions for optimization. Following recent advances in the studies of the effects of
network topology structure on dynamic process on transport networks, we have de-
veloped a flexible simulation of network topology coupled with flows on the network
for use as a platform for computational experiments [17].

We assume the two cities are the cities which can be the starting and the stopping
stations. At the first case we assume the transport system starts at station C, which
is the central capital city of the country, travels to stations (cities) of D, E and F re-
spectively. The nearest station from the central city is city D, where as the moderate
distance from the central city is station E and the farthest distance from the central
station is station F.

In the second case we assume farthest connection, the transport system can be ar-
ranged for passengers to travel from station C, the central capital city to any site
for instance to station F without stopping at stations D and E in between them. In
the third case we assume the transport system will have future probabilities to travel
from one station to any station in the lattice provided that the profit is maximized

and the travel time is minimized.
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Ethiopian airline is the largest in revenue and profit from Africa having a star
alliance member ship relation with other airlines in the world [18]. Nowadays the
American airlines group is the largest by its fleet, size, revenue, profit, Passengers
carried and revenue passenger mile from the world[19]. The formula below describes

how to calculate costs, net income (profit) and revenue in transport system.

Cr=F.+V, (2.0.4)

where C7 is total cost of transport system. F, is fixed cost of transport system. V, is
variable cost of transport system [20].

Revenue is collected from service and or sale of technology, machines, vehicles etc in
transport system.

Fixed costs include initial construction costs and fixed workers salary.

Variable costs include fuel costs, maintenance costs, bonus etc.

Netincome(profit) = Revenue — Totalcost (2.0.5)

From this we can understand that increasing revenue increases net income and mini-
mizing total cost also increases net income(profit) of the transport system. One can
assume that using some renewable, abundant and cheap energy sources in the design
of the transport system will minimize cost and will increase profit.

In reality most cities may already have some urban transport networks. When we
build a new network, we should take advantage of the new model over the old or
existing model as much as possible. It is possible to build an optimal urban transport

network of finite total cost that provides access to all residents from their home to
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other needed destinations. In building an efficient urban transport network we should
focus on the following two conditions. First a reasonable network must be able to
provide transportation for every resident to the required destinations. Secondly, the
total cost in building the network must be finite. Moreover, after building the net-
work, the total traveling expenses for the entire population such as traveling time and
cost on fuels should be as small as possible [21]. Active rigorous design necessitates
identification of design variables, as well as objective and constraints whose functional
dependence on the independent variables has been established analytically and ex-
perimentally. Air transport is a highly complex network. The past several years have
seen a surge in the study of both structure of complex networks and the dynamics
of flows on complex networks. The effect of network structure on the dynamics is
the starting point in our investigation aimed at deriving quantifiable functional rela-
tionships between global transport such as through put, delay, capacity and locally
controllable structure (connectivity) of transport networks of particular interest is the
computational controllability of local variables expressed as an optimization problem.
Recent ground breaking work in a variety of domains (Statistical physics, biology, in-
ternet router design, and optimal transport networks design) derives models that
link static topological network structure such as distribution, average shortest path
length, and performance of flows over networks. The existing models operate under a
variety of assumptions and predict various effects such as overcrowds and delays[17].
Generally, we are cautiously optimistic that increasing realistic formulations will al-
low us to progress from abstract networks to models that are appropriate transport

networks to a greater degree of confidentiality.



Chapter 3

Simulation Methods

In our simulation method we have used the following procedure.
1. We considered a two dimensional square lattice of sites connected with their near-
est neighbors.

2. On a two dimensional square lattice, we assign a site i having a long-range con-

—
ij o

nection to a site j with probability, p;; ~ r where 7;; is the Manhattan distance
between sites i and j and « is a variable exponent.

3. The long-range connection stops when the total length reaches a given value
A = Xry;.

4. We introduced a cost constraint on the total length of the long-range connections,
the sum of the length of long-range connection is fixed.

A =¥r;; = N, where N is the number of nodes in the underlying lattice.

5. The network model is constructed from a square lattice with L? nodes or sites.

6. We have made « to vary starting from 0 up to 4.1 or 5.1.

7. we have generated a random number.

8. By varying the lattice size(L), we observed the average shortest path length as a

function of the variable exponent « for different lattice size. After we compile and

14
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ran the code, we drew graphs using grace. We took different lattice sizes by changing
the integer parameter lattice size(L) for variety of experiments.

By using probability distributions, variables can have different outcomes occurring.
probability describes uncertainty in the occurrence of an event. The simulation is a
quantitative technique that calculates results for the random input variables repeat-
edly using a different set of input values each time.

We extract more quantitative information about this navigation problem by per-
forming extensive simulations for different values of o and different system sizes. In
each case, the average shortest path length, < [ > is calculated over all realizations,
considering all the shortest distance between each pair of nodes for 2XL number of
experiments. We also find the average delivery time by dividing the average delivery
length for the lattice size, then we drew the average delivery time as a function of
alpha and we observed the behavior of the graphs. Further more we drew graphs
by taking some points for different values of alpha, average length, and lattice size
from the graph of average length versus alpha. Then using this data we drew the
graphs of average length, < [ > versus lattice size(L), the log < [ > versus log(L), the
log < 1 > versus log(logL). We calculated Js and «s from the ratio of the log < [ >
and log(L) ; log < [ > and log(logL) respectively , then we observed the behaviors of
the graphs of s versus lattice size(L) and s versus lattice size (L) respectively. We

finally described the behavior of these graphs.



Chapter 4

Results and Discussion

The results presented in Fig. 4.1 clearly indicate the presence of a minimum average
length for different system sizes at the same value of the exponent o« = 2.4, where
optimal navigation is achieved at the average shortest paths and cost limitations.
There is a constraint in the total length of the long-range connections. As the value
of a increases from 0 to 2.4 the value of average length decreases ; whenever the
value of « increases from 2.4 to 4 the value of average length increases. The average
shortest path length is obtained at a = 2.4.

For small lattice size(L) between 35 and 45, our results(data not shown here) agree
with Kleinberg’s result, that is, the minimum average length or average shortest
path length is observed at a = 2 for two dimensions[1,2]. The density of long-
range connections is defined as N;/L? where N; is the total number of long-range
connections present in the system. The cost limitation imposes that Ny = A/ <r >,
and since A = AL?, we obtain that p = A < r >7! [13,14]. where p is the expected
density and < r > is the average length of the added long-range connections. since
< r > is proportional to f1%4 rl4=edr [12], it follows that for 1.4 < o < 2.4, p ~ L7214

and for a < 1.4, < r > is limited by the network size leading to p ~ L~!. Since for

16
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Figure 4.1: Average shortest path length as a function of alpha

the case 1.4 < o < 2.4, < | > decreases with increasing «, the bound < [ >, average
length > L(24=%)/4 ig rigorous and < [ > in this range must scale as a power of L.
Thus, for all values of v < 2.4 the density of the long-range links added, due to the
constraint, decreases as a power law with L. Hence, for the values of 1.4 < o < 2.4
the density of the long-range links added, due to a constraint, decreases as a power
law with L. As a consequence of this power law decrease in density, < [ > must
increase as a power of L. For a > 2.4 and sufficient networks, < r > is finite and
the density becomes independent of the system size, i.e., p ~ L°. Thus, the effect

of the constraint A on navigation should become negligible. However the finite value
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of < r > suggests that long-range links can be neglected and therefore < [ > should
scale as a power of L. We have clearly observed that the optimal shortest path is

obtained at o = 2.4.

35 T T T T T T T T
B — alpha=04 4
— alpha=14
30— alpha =24 ]
— alpha=34
L)
W Eq - —
i)
o L 4
1)
3
::,_’ 20— —
-
15— —
IU 1 | 1 | 1 I 1 | 1 I 1
100 110 120 130 140 150 160

Lattice size (L)

Figure 4.2: average length versus lattice size

As the lattice size increases so does the average length. For the same lattice size
the value of average length decreases as alpha increases from 0 to 2.4, but when alpha
increases from 2.4 to 3.4 or above the average length value increases. The average
shortest path length as a function of lattice size(L) is obtained at aw = 2.4 as shown in
fig.4.2. The way in which average length scales with system size (L), however, seems

to follow rather different behaviors, depending on the value of a.
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Figure 4.3: log < | > Versus log L

The minimum value of log < [ > Versus log L is observed at alpha = 2.4. From
fig.4.3, one can easily observe that logarithm of average length is proportional to
logarithm of L. This is supported by the plot of successive slopes, ds obtained from
logarithm of average length versus logarithm of lattice size(L) which are almost in-
variant, as shown by the set of graphs in Fig.4.3. In contrast, in the case of a = 2.4
the increase with lattice size(L) of average length, < [ > appears to be less rapid than
the other slopes.

The graph of log < [ > versus log(log L) shows similar properties to the other

graphs, Which means that log < [ > ~ log(log L) as shown in fig.4.4. The minimum



20

1.84 T T T T T | T I T
1.76 ¢ alpha =04 —
L & alpha=14 7
L.68— 7 alpha=24 m
B 0O  alpha=34 7
16— —
1.52 — =
A L 4
gj, L4 . —
= L o i
136 — O ; -
L - o A ]
L28— o Fa —
12 O Py ]
o i
L.12— A —
]--0_1 1 | | | 1 | 1 | | | |
0.24 0.26 0.28 0.3 0.32 0.34 0.36
log(logl.)

Figure 4.4: log < [ > Versus log(log L)

value of the slope is observed at a@ = 2.4 showing that the optimal value is reached
as shown by the successive slopes s obtained from the ratio of log < [ > versus
log(log L), as presented in Fig.4.4. But for large lattice sizes(L) between 512 and
4096, the value of a = 3 is the optimal value of average shortest path which can be
observed in such a way that the transport will improve even further when the lattice
size(L) increases, as suggested by Ref[12].

The values of the graph of ds as a function of lattice size, L. generally shows that as
the lattice size decreases the value of ds increases, whenever the lattice size increases

the value of ds decreases. This is shown by the negative slope except at a« = 0. We
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Figure 4.5: deltas versus lattice size

observed that the minimum value of ds at « = 2.4 as indicated in fig.4.5. The value
of 6 = 0.65 is nearly constant at « = 0. The value of ds only varies between 0.62 and
0.61, which can be approximated by averaging to 0.615 showing only small deviations
at the value of o = 1.4. Each of the lattice size yields average length, < [ >= L%6°
at o = 0. We can also approximate < | >= L%%1% at o = 1.4 . This shows that for
a <24, <l>~ L% apower law is observed. Fig.4.6 shows that the value of s as
a function of lattice size(L). The minimum value of of + is also observed at a@ = 2.4.
In the graph of of s versus a when the lattice size increases the value of ~vs tends

nearly to converge or closer but whenever the value of lattice size decreases the value
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Figure 4.6: gammas versus lattice size

of vs tends to disperse or varies. When the value of « is 1 and 4, the s vs lattice
size slopes are decreasing or negative but as the value of o is 1.4 and 3.4, the s vs
lattice size slopes are increasing or positive slope. The graph of s as a function of
lattice size (L) is nearly constant at o = 2.4 showing that < [ > increases as a power
of the logarithm of L, < [ > is proportional to (log L)7*, rather than a power of L,
only for a = 2.4.

Fig.4.7 shows that the characteristics of average delivery time as a function of a.
The graph shows that as the lattice size increases the average delivery time decreases,

since it takes longer time to travel by stopping at each station than directly traveling
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Figure 4.7: average delivery time versus alpha

to farthest station. The average delivery time is obtained by dividing average delivery
length to the lattice size. The cost A involved to add long-range connections changes
the behavior of the density of long-range connections. As a result of that, a minimum
is observed at a = 2.4 . Each data point is a result of 2XL number of experiments
and the cost A is fixed at L2 Kleinberg found that oo = 2 is the optimal value in the
navigation with the greedy algorithm [4]. We next ask, what would be the optimal «
for the greedy algorithm when cost restriction A = AL? is imposed? We find also for
the greedy algorithm that the optimal value is obtained at a = 2.4. This is shown

in Fig.4.7, where we plot the average delivery length < [ > that a message travels
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with only local information of the system geometry. The message is sent from the
source node, s to the target node, t through a network generated with the constraint
A = L%. Remarkably, the presence of a minimum is also observed at o = 2.4 showing
that the type of information (local or global) used by the message holder to pass it
through the system during the navigation process becomes unimportant if the network
is constructed under length (cost) limitations. However, the two mechanisms display
very different and distinct behaviors regarding the scaling with system size. While
we observe logarithmic growth for the optimal condition o = 2.4, in the case of global
information, the time to reach the source, with the greedy algorithm and with cost
constraint, appears to increase linearly with system size for all values of a. The
linearity of < [ > with L is observed in the scaling collapse (Fig.4.7) of the curves of

average delivery time versus a.



Chapter 5

Summary and Conclusion

We can maximize profit of transport system by minimizing total cost and increasing
revenue. First we have to know the number of passengers in a transport system so
as to decide whether to choose inclusive, farthest, moderate or nearby route travelers
in order to maximize profit and minimize the travel time. Our results suggest that,
regardless of the strategy used by the traveler, based on local or global knowledge of
the network structure, the best transportation condition is obtained with an exponent
a = 2.4. The probability of the journey decays as a power law as distance between
stations, r=%, where o = 2.4 £ 0.2.

Our results hold for d = 2 and lattice sizes ranging from 60 up to 150. For smaller
lattice sizes greater than 35 and less than 45 we obtain the optimum shortest path at
«a = 2 which is similar to Kleinberg’s results for 2 dimension. Our results showed that
as the lattice size increases the optimal value of alpha also slightly increases. The
results recently reported by H.E.Stanley for large lattice size ranging from 512 up to
4096, the shortest path is obtained at a = 3 for d = 2 [12]. The result o = 2.4 is not
the same with the result obtained for unconstrained systems with global and local

information, where the optimal conditions are o = 0 [6] and o = d [1,2], respectively,

25



26

where d is the topological dimension of the underlying lattice. While in the uncon-
strained case the mean length of a link diverges, we find that when cost is considered
the mean length is finite. In the case where the traveler has global knowledge of the
network, and is able to identify the shortest path for navigation, we obtain a slow
growth with size for the transit time at the optimal condition. In the case where the
transportation path is decided based on the Manhattan distance to the target, we
obtain average delivery time versus a. The average shortest delivery time is obtained
at the exponent a = 2.4. Finally, our results suggest that the idea of introducing a
cost constraint in the navigation problem offers a different theoretical framework to
understand the evolving topologies of other important complex network structures in
nature, such as subways, trains, or the Internet. Of course, at this point we must
emphasize that our approach represents specific model where design principles can

be tested to improve the performance of the general network of transport system.
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