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It is well known that routing strategies based on global topological information is not a good choice for the enhancement of traffic
throughput in large-scale networks due to the heavy communication cost. On the contrary, acquiring spatial information, such
as spatial distances among nodes, is more feasible. In this paper, we propose a novel distance-based routing strategy in spatial
scale-free networks, called LDistance strategy.The probability of establishing links among nodes obeys the power-law in the spatial
network under study. Compared with the LDegree strategy (Wang et al., 2006) and the mixed strategy (a strategy combining both
greedy routing strategy and random routing strategy), results show that our proposed LDistance strategy can further enhance traffic
capacity. Besides, the LDistance strategy can also achieve a much shorter delivering time than the LDegree strategy. Analyses reveal
that the superiority of our strategy is mainly due to the interdependent relationship between topological and spatial characteristics
in spatial scale-free networks. Furthermore, along transporting path in the LDistance strategy, the spatial distance to destination
decays more rapidly, and the degrees of routers are higher than those in the LDegree strategy.

1. Introduction

In the last few years, the analysis and modelling of dynamics
in networked systems have attracted much attention in the
field of theoretic physics [1–3]. Such networked systems
include the Internet, high-way networks, airline networks,
and social, biology, and some other infrastructure networks.
In some real networks such as the Internet [4], electric-power
grid [5], and airline networks [6], each node has its individual
precise position in the space and the spatial distances among
nodes cannot be arbitrarily neglected. Moreover, the spatial
distances among nodes are not identical. In such networks,
the network is embedded into a space with some (e.g.,
Euclidean) metric. This is why people usually call these
networks spatial networks [7].

Until now, most previous work only focused on the
effects of topological characteristics on dynamical occurring
in networks, while the effects of spatial characteristics begin
to attract much attention only in recent years. It has been
reported that in real networks, the topological and spatial
characteristics are closely related [8]. Two nodes close to
each other are likely to be connected even though both

nodes have low degrees, whereas there may not exist any link
between two high-degree nodes far away from each other. For
example, in an airline network, nodes represent cities, and
two nodes are connected by a link if there is at least one airline
between cities corresponding to the two nodes. Two big cities,
such as Beijing and New York, even though they are far away
from each other, they are still connected with each other.
However, it is unlikely that two small cities are connected,
unless they are close enough. Empirical studies [8] revealed
that the effects of spatial characteristics can play an important
role in affecting dynamics on networks [9]. Exploring the
effect of spatial characteristics on dynamics may reveal some
new and interesting features which cannot be observed when
only studying the effect of topological characteristics.

Among different kinds of dynamics on networked sys-
tems, transport is a typical kind of dynamics that can
be universally observed in real systems. Typical examples
include the delivery of information packets in the Internet
and airplane flights in airline networks. Much effort has
been dedicated to designing efficient routing strategies. Effi-
cient routing strategy can alleviate traffic congestion and
enhance transport efficiency [10, 11]. By now, most studies
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for designing efficient routing strategy are mainly based on
topological information or dynamical information in the
network (e.g., the number of packets on nodes). Such typical
routing strategies include the shortest path routing strategy
[12], the local routing strategy based on nodes’ degrees
[13], the routing strategy integrating both static topological
information and dynamical traffic information [14–17], the
routing strategy integrating both local and global topological
information [18, 19], the routing strategy aiming to minimize
the maximal node betweenness [20, 21], and the routing
strategy aiming to find the so-called efficient path [22].

Although routing strategies based on topological infor-
mation have been extensively studied, routing strategies
based on spatial information have so far rarely been con-
sidered. Actually, in real communication networks, utilizing
global topological information, for example, the shortest
path between two nodes, needs to consume much commu-
nication cost or even cannot be accessed. For example, in
the Internet at autonomous system (AS) level, the shortest
path between two nodes may be illegal due to complicated
relationship of commercial benefit among internet service
providers (ISP). On the contrary, spatial distances among
nodes are comparably convenient to obtain. The position of
each packet’s destination node can be affiliated on the packet
itself. Since inquiring neighbors’ position in the geographical
space does not consume much communication cost for
each node, when a packet arrives at a node, the spatial
distance between each neighbor and the packet can be easily
calculated without consuming much communication cost. It
is worth noting that the spatial information can be used for
searching a destination node from a source node without
global topological information in large-size networks [23].
In [23], the authors performed the greedy searching strategy
in scale-free networks. In the greedy searching strategy, each
node uses the information of spatial distance to select, as
the next hop, closest to the destination in the network. The
authors claimed that the most navigable topologies are with
small degree exponent of the degree distribution and with
strong clustering. Moreover in [24], the authors pointed
out that the greedy searching in scale-free networks with
strong clustering and power-law node degree distribution
𝛾 < 3 find its path with the average scaling as ln ln𝑁,
which is the same as the shortest path length. These reports
validate that the information of spatial distance can effectively
improve searching efficiency in spatial scale-free networks.
In addition, there have also been some reports on the study
of spatial ingredients in the fields of communication and
computer networks [25–27].

Therefore, in this paper, we propose a novel routing
strategy based on the information of spatial distance, to
enhance transport efficiency in spatial scale-free networks.
Global topological information is not required, and only
the local topological information is utilized in our strategy.
Therefore, we call our strategy the LDistance (local and based
on the information of spatial distance) strategy. To highlight
the advantage of spatial information in enhancing transport
efficiency, we compare our proposed routing strategy with
the local routing strategy based on nodes’ degrees [13]
(we call it the LDegree strategy in our paper) and the

mixed strategy, which is a combination of greedy routing
strategy and random routing strategy. Extensive simulations
are performed in spatial networks with scale-free structure.
Results show that the proposed LDistance routing strategy
shows strong superiority over the LDegree strategy and the
mixed strategy. Besides, results also show that our proposed
LDistance strategy can also achieve a shorter delivering time
than the LDegree strategy.

This paper is organized as follows. In Section 2,we present
some preliminary work, including the model of spatial net-
works with scale-free network structure, some backgrounds
of our study on traffic problems, and the LDegree strategy
proposed in [13]. Then, we present our proposed LDistance
routing strategy in spatial networks with scale-free structure.
In Section 3, simulation results are presented, followed by
detailed analyses and discussions. Finally, conclusions are
drawn in Section 4.

2. Model Description

In our study, the modelling of traffic transport is based
on the spatial network model proposed in [8]. This model
reproduces several important features that can be observed
in real communication networks, such as the Internet at the
autonomous system level and the USA airline network [23].
These features include small-world, scale-free, and strong
clustering. It should be mentioned that strong clustering
means that spatial information is highly related to the
underlying topological information. In this model, the nodes
are placed on a circle. Each node is assigned with a random
variable representing the node’s polar angle, which is evenly
distributed in [0, 2𝜋). To keep the density of nodes on the
circle fixed to 1, the total number of nodes is proportional
to the circle radius 𝑅. Each node is then assigned with an
expected degree 𝑘, which is drawn from a power-law degree
distribution 𝑃(𝑘) ∼ 𝑘−𝛾. Then we connect each of the two
nodes with the probability 𝑟(𝑑; 𝑘, 𝑘) that depends on the
geodesic distance 𝑑 between the two nodes and the nodes’
assigned degrees 𝑘 and 𝑘.The probability 𝑟(𝑑; 𝑘, 𝑘) takes the
form:

𝑟 (𝑑; 𝑘, 𝑘
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𝑑

𝑑
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where ⟨𝑘⟩ denotes the average expected degree. Note that
the probability follows the power-law and is heavy-tailed
[28, 29], which is rather critical in computer networks [30].
With this form of connection probability, long-range links
are discouraged and short-range links are favored, as we have
mentioned in Section 1. Moreover, the parameter 𝜆, called
clustering strength, controls the significance of spatial dis-
tance for establishing new links among nodes.The increasing
of 𝜆 can strengthen the tendency of establishing a new link
between two nodes that are close to each other. Therefore, in
a network with large 𝜆, connections appear more frequently
among the nodes that are close to each other in the spatial
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space. It can be inferred consequently that strong clustering
can easily form in the network with large 𝜆. The stronger
the influence of spatial information on underlying network
topology, the more strongly nodes are clustered.

Next, we will describe the model of traffic transport on
spatial networks. For simplicity, we treat all nodes in the
network as both hosts and routers for generating and deliv-
ering packets. At each time step, M packets are generated in
the network with randomly chosen sources and destinations
(we denote 𝑀 as the packet generation rate). Note that for
each packet, the source node and the destination node must
be different. A packet, if its destination is rightly one of the
neighbors of the current node where the packet is located,
the packet will be directly forwarded to the destination node.
Otherwise, the packet is forwarded from one node to another
following a given routing strategy. Each node 𝑖 is assigned
with a given delivering capacity 𝐶

𝑖

, that is, the maximal
number of packets each node can deliver at one time step.
Without loss of generosity, we set the delivering capacity for
each node equal to 5 in our study. An arrived packet will
be placed at the end of the queue if this node already has
some packets to be delivered to their respective destinations.
Packets in queue work on a FIFO (first in first out) basis.
Finally, a packet will be removed from the network once it
reaches its destination.

In this study, we focus on the traffic capacity [31] and the
average delivering time, to evaluate the efficiency of traffic
transport in spatial networks with scale-free structure. The
traffic capacity can be defined as the critical value𝑀

𝑐

of the
packet generation rate𝑀 and is usually described by an order
parameter [31]:

𝜂 (𝑀) = lim
𝑡→+∞

⟨Δ𝑊⟩

𝑀Δ𝑡
, (2)

where ⟨Δ𝑊⟩ = 𝑊(𝑡+Δ𝑡)−𝑊(𝑡), and ⟨⋅ ⋅ ⋅ ⟩ is the average over
time windows of width Δ𝑡.𝑊(𝑡) denotes the total number of
packets in the network at time step 𝑡. The network undergoes
a phase transition from a free-flow state to congested state
at 𝑀 = 𝑀

𝑐

. Under the condition 𝑀 < 𝑀
𝑐

, 𝑊(𝑡) = 0
and 𝜂 = 0, this indicates that the number of generated
and removed packets is kept balanced and the network
is under free-flow state. On the other hand, when 𝑀 >

𝑀
𝑐

, for packets, the generation rate exceeds the removing
rate statistically. Therefore, packets are becoming congested
with the elapsing of time steps. Under this condition, 𝜂 is
above zero. The designed routing strategy in communication
networks should try to maximize the traffic capacity and
minimize the average delivering time of packets.

In the LDegree strategy, each node performs a local search
among all its direct neighbors. If the packet’s destination is
found to be not among the neighbors of current node, the
packet is delivered to node i, one of the neighbors of current
node, with probability:

∏
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𝑘
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where the sum runs over all neighbors of the current node,
𝑘
𝑖

is the degree of node 𝑖, and 𝛼 is a tunable parameter. The

authors of [13] found that the optimal parameter 𝛼 = −1
can achieve the maximal traffic capacity when the delivering
capacity is identical for each node.

In this paper, we shall first compare our proposed LDis-
tance strategy with the LDegree strategy. Based on the spatial
network model in [8], when any node receives a packet,
the node should easily know the distance between any of
its neighbors and the packet’s destination node, as we have
stated in Section 1. Any global topological information is not
needed in our strategy. Let us assume a packet’s destination
is node 𝑡. If the packet’s destination 𝑡 is found to be not
among the neighbors of current node, the packet is forwarded
to the nodes i, one of the neighbors of current node, with
probability:

∏
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where the sum runs over all neighbors of the current node,
and 𝑑

𝑖,𝑡

denotes the geodesic distance between node 𝑖 and 𝑡,
and 𝛽 is a tunable parameter. If 𝛽 < 0, it means that packets
are inclined to be forwarded to the neighbor with relatively
short distance to destination. If 𝛽 > 0, packets are more likely
to be forwarded to the neighbor with relatively long distance
to destination. Obviously when 𝛽 → −∞, the proposed
routing strategy is recovered to the greedy routing strategy;
that is, each packet is always forwarded to the neighbor with
the smallest geodesic distance to destination.

To further validate the high efficiency of the LDistance
strategy, we will also compare the proposed LDistance strat-
egy with another kind of distance-based routing strategy,
called the mixed strategy in this paper. The mixed strategy
is a mixture of the greedy routing strategy and the random
routing strategy. In this mixed strategy, at each time step,
we choose the neighbor closest to destination as the next
hop with probability 1 − 𝜎 and randomly choose a neighbor
with probability 𝜎. It is obvious that when 𝜎 = 0, the mixed
strategy is recovered to the LDistance strategy with 𝛽 = −∞,
that is, the greedy routing strategy. When 𝜎 = 1, the mixed
strategy becomes a purely random routing strategy.

3. Result, Analysis, and Relevant Discussions

In our study, all experiments were performed in the spatial
scale-free network model introduced in Section 2 with the
average degree ⟨𝑘⟩ = 13 and the network size 𝑁 =

500. Different values of clustering exponent 𝜆 and degree
exponent 𝛾 are assigned for the network model under study.
We mainly focus on the traffic capacity 𝑀

𝑐

and the average
delivering time 𝑇ave. High traffic capacity and low delivering
time are favored. Note that the delivering time mainly
consists of two parts: the first part is the time consumed on
transporting path and the second part is the waiting time
on routers. Extensive numerical simulations are performed.
Each realization of numerical simulations is terminatedwhen
transporting dynamics goes into the steady state; that is, the
number of total packets becomes constant or only slightly
fluctuate with the elapsing of time steps. According to the
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model and relevant parameter settings in our study, the time
step 𝑡elapse = 5000 is enough to ensure that transporting
dynamics have been under the steady state for considerable
time steps. Each result is the average over 50 different network
configurations and 20 different realizations of transporting
dynamics for each network configuration.

Figure 1 demonstrates the traffic capacity 𝑀
𝑐

for both
LDegree strategy and LDistance strategy under different
parameter settings. As we have stated in Section 2, when
𝛽 < 0, packets are inclined to be forwarded to the neighbor
with short distance to destination, which is usually favored
in real networks. However, if the value of 𝛽 is set to be too
small, for example, when 𝛽 → −∞, the LDistance strategy is
recovered to the greedy routing strategy. As [24] pointed out,
the average length of greedy routing path scales as ln ln𝑁,
which indicates that the greedy routing path does not deviate
much from the shortest path. On other hand, it is well known
the shortest path routing strategy can supply even lower
transport efficiency than the LDegree strategy. Moreover, in
the greedy routing strategy, the packet can easily get stuck
at nodes without neighbors closer to the destination than
themselves, which finally causes an unsuccessful transport,
and transport efficiency is heavily affected. Therefore, the
value of 𝛽 should be set to be a proper value in the range
𝛽 < 0 so that transport efficiency has chances to be enhanced
maximally.

For each given clustering exponent and degree exponent,
the traffic capacity of the LDistance strategy is higher than
that of the LDegree strategy, which indicates that utilizing the
information of geodesic distance is beneficial for enhancing
traffic capacity in spatial scale-free networks. It is well
known that the LDegree strategy has proved to show strong
superiority over the shortest path routing strategy [13] in
enhancing traffic capacity. The LDistance strategy, on the
other hand, provides a novelway of enhancing traffic capacity.
The superiority of LDistance strategy over LDegree strategy
in enhancing traffic capacity can be explained by virtue
of two auxiliary figures, that is, Figures 2 and 3. Figure 2
illustrates the relationship between the topological shortest
path length ℎ and the resized distance 𝑑

𝑛

between any two
distinct nodes for both the spatial network model proposed
in [8] and its null model.The null model, which has the same
degree distribution as the spatial network model in [8], is
generated following the switching algorithm in [32]. In this
switching algorithm, starting from the network model in [8],
we carry a series of Monte Carlo switching steps whereby
a pair of links (A-B and C-D) are chosen randomly, and
then the ends are exchange to give (A-D and B-C). Note
that the exchanged is performed only when no multilinks
or self-links are generated. For the spatial network model
in [8], as shown in Figure 2(a), the topological shortest path
length monotonously increases with the spatial distance. In
the LDistance strategy, choosing the neighbor with shorter
distance to the destination means that the chosen neighbor
also has a smaller topological shortest path length from the
destination. Vice versa, if the neighbor with relatively long
distance to the destination is favored to be chosen, then
the packets would have to travel over more routers to find
their destinations. However, for the null model, as shown

in Figure 2(b), we cannot observe any explicit relationship
between the topological shortest path length ℎ and the resized
distance 𝑑

𝑛

between any two distinct nodes. Forwarding
packets to the neighbor with relatively short distance to
destination cannot essentially reduce the topological shortest
path length to destination in the null model.

Figure 3 illustrates the relationship between the traffic
capacity 𝑀

𝑐

and the parameter 𝜎 under the mixed routing
strategy. We only demonstrate the case of 𝛾 = 3, but cases
with other degree exponents can still lead to much of the
same result as Figure 3. Given the fixed 𝛾 and 𝜆, the maximal
traffic capacity among different values of tunable parameter
(𝛼 for the LDegree strategy, 𝛽 for the LDistance strategy, and
𝜎 for the mixed strategy) is denoted as 𝑀

𝑐max. To compare
the LDegree strategy, the LDistance strategy, and the mixed
strategy, we label𝑀

𝑐max of LDistance strategy and LDegree
strategy on the 𝑀

𝑐

-axis in each panel of Figure 3. Results
show explicitly that in the mixed strategy, 𝑀

𝑐max can be
achieved at some proper point of 𝜎. More importantly, it can
be observed that for any clustering strength 𝜆, the mixed
strategy cannot supply a higher 𝑀

𝑐max than our proposed
LDistance strategy.

Nowwe can give a justification that our proposed strategy
has its unique advantage in achieving a higher traffic capacity
according to both Figures 2 and 3. Firstly, we have mentioned
that in the greedy routing strategy, that is, 𝛽 → −∞

in the LDistance strategy, packets can easily get stuck on
low-degree nodes. To avoid packets getting stuck on low-
degree nodes, packets cannot always choose routers clos-
est to destination in the geographical space. Therefore, by
appropriately increasing 𝛽, we can choose the router with
the distance to destination a little longer than the minimal
distance to destination to escape from getting stuck on low-
degree nodes. From the relationship between the topological
shortest path length ℎ and the resized distance 𝑑

𝑛

illustrated
in Figure 2, we can further conjecture that the topological
shortest path length from the chosen router to destination
also becomesmore accordingly. Although the little increment
of distance to destination increases some more hops on
transporting path, the chance of getting stuck on low-degree
nodes can be reduced, and therefore, traffic capacity can be
enhanced. However, if the value of 𝛽 is increased excessively,
the router with the distance to destination much longer
than the minimal distance to destination is likely to be
chosen. Consequently, the topological shortest path length
from the chosen router to destination can hardly decay along
transporting path and therefore traffic capacity can hardly
be enhanced. Secondly, the LDegree strategy is distance-
agnostic. Along transporting path of LDegree strategy, the
distance to destination can hardly decay as fast as that of
LDistance strategy, which will be validated in the following
part of this paper. Thirdly, in the mixed strategy, to reduce
the chance of getting stuck on low-degree nodes, random
strategy is involved in the mixed strategy. However, although
the incorporating of random strategy can somewhat reduce
the chance of getting stuck, the random strategy evidently has
more chances to forward packets to the neighbor with rather
long distance to destination than our proposed LDistance
strategy with optimal 𝛽. We will verify it in the following
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Figure 1: (Color online) The relationship between traffic capacity𝑀
𝑐

and tunable parameters (𝛼 for LDegree strategy and 𝛽 for LDistance
strategy) under networks with different degree exponent 𝛾 and clustering strength 𝜆.
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Figure 2: (Color online) The relationship between the topological shortest path length ℎ versus the resized distance 𝑑
𝑛

between any two
nodes for both the spatial network model in [8] and its null model. Here, in the resized distance 𝑑

𝑛

= 𝑑/𝑑nei, 𝑑 denotes the actual geodesic
distance and 𝑑nes denotes the geodesic distance between two neighboring nodes in the geographical space. The degree exponent is set to 3
and the clustering strength in the spatial network model in [8] is set to 1.1.

part of this paper. Therefore, in the mixed strategy, it is
still likely that packets have to travel over more routers to
arrive at destinations, which is of course not beneficial for the
enhancement of traffic capacity.

By now, we can conjecture that, due to the interdepen-
dent relationship between network topology and underlying
geographical space, we can only utilize spatial information
to achieve high traffic capacities. Note that the acquisition of
spatial information is comparably easier andmore convenient
than that of global topological information, especially in
large-size networks. Therefore, our strategy is practically
useful in real large-size networks because strategies based
on global topological information are inconvenient, or even
impossible, to be put into use in real large-size networks.

We have also studied the effect of clustering strength 𝜆 on
traffic capacity for the LDistance strategy. From Figure 1, we
can observe that the value of 𝛽 at which 𝑀

𝑐max is achieved
is decreased with the enhancement of 𝜆. For example, when
𝛾 = 3, the value of 𝛽 at which 𝑀

𝑐max is achieved is
decreased from −1.1 to around −3 when 𝜆 rises up to 8
from 1.1. This observed result can be explained as follows.
In [23], the authors studied the navigability problem in the
spatial scale-free network model proposed in [8]. In their
study, they introduced an important navigability parameter,
the success ratio 𝑝

𝑠

, defined as the percentage of successful
paths. Here, unsuccessful paths are those that get stuck
on nodes without neighbors closer to destination in the
space than themselves, which indicates that packets can
hardly arrive at their destinations. The authors pointed out
in [23] that, give the fixed degree exponent 𝛾, 𝑝

𝑠

increases
with networks’ clustering strength 𝜆, which indicates that
packets are more likely to get stuck on low-degree nodes in
networks with weaker clustering.Therefore, in networks with
weaker clustering, to reduce the chance of getting stuck along
transporting path, the stringency of packets being forwarded
to nodes closest to destinations in the geographical space
should be loosened; that is, 𝛽 should be increased. As a result,
the success ratio 𝑝

𝑠

can be increased, and therefore, 𝑀
𝑐max

can be enhanced.
Next, we will concerned with the average delivering time

of packets for all strategies under study. Figure 4 illustrates
the average delivering time 𝑇ave with the packet generation

rate equal to traffic capacity. We only present the case with
the degree exponent 𝛾 = 3, but the results from cases with
other values of 𝛾 do not deviate too much from the case of
𝛾 = 3. Figure 4(a) illustrates the delivering time for both
LDistance and LDegree strategies, and the case of LDistance
strategy is zoomed in in Figure 4(b). Moreover, the result
of the mixture strategy is also shown in the subgraph of
Figure 4(b). It can be observed that the minimal 𝑇ave (for
a fixed clustering strength 𝜆) achieved from the LDistance
strategy does not deviate too much from the mixed strategy
under each given clustering strength. However, as Figure 4
shows, both of the two distance-based strategies deliver a
much shorter delivering time than the LDegree strategy,
which provides another evidence that the performance of
our proposed strategy is superior the the LDegree strategy.
Moreover, for both the LDistance and the mixed strategies,
we find that the impact of clustering strength 𝜆 on the
average delivering time𝑇ave is not so obvious. However, in the
LDegree strategy, 𝑇ave shows strong dependence on 𝜆. From
Figure 4, we have observed that weak clustering induces
shorter delivering time. Recalling that the traffic capacities
of networks with weak clustering are generally large in the
LDegree strategy, we can thus conclude that in the LDegree
strategy, transport of packets is more efficient in networks
with weak clustering.

From the above analysis, we have found that, as compared
to the LDegree strategy, our proposed LDistance strategy
can further enhance traffic capacity and shorten average
delivering time. To further explore the differences of LDegree
and LDistance strategies, we will next compare the structural
and spatial characteristics of routers along transporting path
for both routing strategies. Figure 5 shows the average resized
distance 𝑑

𝑛

to destination and the average degree 𝑘 of routers
along transporting path under the optimal condition; that
is, the traffic capacity achieves its maximal value given the
predefined 𝛾 and 𝜆 for the LDegree strategy, the LDistance
strategy, and the mixed strategy. We only demonstrate the
case of networkswith (𝛾 = 3,𝜆 = 1.1), but similar conclusions
can also be drawn from other cases with different 𝛾 and 𝜆.
Figures 5(a) and 5(b) clearly illustrate that, under the optimal
condition with the traffic capacity maximized, the length of
transporting path in the LDistance strategy is far less than
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Figure 3: The relationship between traffic capacity𝑀
𝑐

and tunable parameters 𝜎 for the mixed strategy under networks with fixed degree
exponent 𝛾 = 3 and different clustering strength 𝜆.

that in the LDegree strategy and is slightly less than that in
the mixed strategy. We can see under the network with 𝛾 = 3
and 𝜆 = 1.1 that the average length of transporting path is
around 9 under the optimal𝛽

𝑐

= −1.2with the traffic capacity
maximized in the LDistance strategy. The average length of
transporting path increases to 10 under the optimal condition
𝜎 = 0.45 in the mixed strategy. However, in the LDegree
strategy, the average length of transporting path rises up to
60 under the optimal condition 𝛼

𝑐

= −0.9 with the traffic
capacity maximized. We have pointed out that compared to
our proposed strategy, the mixed strategy has more chance
to forward packets to the neighbor with very long distance to

destination.Therefore, in themixed strategy, the transporting
path is longer than that in the LDistance strategy, which is
clearly illustrated in Figure 5(a).

Moreover, from Figure 5(a), we can observe that in the
LDegree strategy, along transporting path towards destina-
tion, the distances of most routers to destination are long
and keep almost unchanged. Only at the end of transporting
path, the distance to destination decays rapidly until packets
finally find their destinations. This result reveals that in the
LDegree strategy, except those at the end of transporting path,
most deliveries seem not to be as effective as we regarded
previously. On the contrary, in the LDistance strategy, the
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Figure 4: (Color online) (a) The relationship between average delivering time 𝑇ave and tunable parameters (𝛼 for LDegree strategy and 𝛽
for LDistance strategy) under different clustering strengths on networks with degree exponent 𝛾 = 3. For each fixed network, the packet
generation rate is set to the same value as the traffic capacity. (b) The case of LDistance strategy is zoomed in. The subgraph of (b) illustrates
the average delivering time for the mixed strategy.

distance of routers to destination keeps on decreasing from
the beginning of transporting path, which indicates that in
the LDistance strategy, each delivery can be considered to be
“valuable” for packets being forwarded towards destinations.
On the other hand, as can be observed from Figure 5(b),
the routers along transporting path in the LDistance strategy
evidently have larger degrees than those in the LDegree strat-
egy. In the LDegree strategy, most routers on transporting
path have relatively low degrees, except that when the packet
arrives at one neighbor of destination. Figure 5(b) reveals
that this neighbor usually has very high degrees. In the
LDistance strategy, along transporting path, the degrees of
routers firstly rise up to rather high values.These high-degree
nodes encountered on the transporting path are due to the
relationship between a node’s characteristics distance scale
and the nodes’ spatial distance to destination [24]. The closer
the chosen nodes’ spatial distance to destination, the higher
the nodes’ degree is. After travelling over these high-degree
nodes, the degrees of routers along the following transporting
path decrease. At last, the packet arrives at one neighbor
(with large degree) of destination once again. The existing
LDegree strategy aims to reduce packets’ accumulation on
high-degree node by dispersing more packets on low-degree
nodes. However, our proposed LDistance strategy indicates
that the way of dispersing packets on low-degree nodes in the
LDegree strategy is far from optimal. The degrees of routers
on transporting path need not be so mall as in the LDegree

strategy. Increasing the degree of routers on transporting
path, as in our proposed LDistance strategy, can help packets
find their destinations more quickly.

To further reveal the topological and spatial charac-
teristics of routers on transporting path in the LDistance
strategy, we have performed the same simulations as Figure 5,
but with different settings of 𝛽. First, Figure 6(a) illustrates
the relationship between the average number of hops of
transporting path and𝛽. It shows clearly that the transporting
path with the least number of hops is achieved around 𝛽 ≈
−0.9. Above 𝛽 ≈ −0.9, transporting paths are potentially
analogous to those of random search, and therefore, the
lengths of transporting paths are lengthened. Figures 6(b)
and 6(c) repeat the simulations of Figure 5 for the LDistance
strategy, but with different values of 𝛽 above 𝛽 ≈ −0.9. It
can be observed that when 𝛽 gets close to 𝛽 ≈ −0.9, the
distance to destination decays more sharply, but the degrees
of routers along transporting path do not deviate from each
other for different 𝛽. Once again, in Figures 6(d) and 6(e),
the simulations of Figure 5 for the LDistance strategy are
repeated again with the 𝛽 below −0.9. When 𝛽 moves away
from −0.9 towards −∞, the LDistance strategy is more
like the greedy routing strategy, and the interdependence
between a nodes’ degree and the characteristics scale of
spatial distances that the node covers by its connections
also becomes stronger. In Figure 6(e), we find that as 𝛽
decreases towards −∞ from 𝛽 ≈ −0.9, the degree of the
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Figure 5: (Color online) Resized distance𝑑
𝑛

to destination (a) anddegree 𝑘 (b) along transporting path for the LDegree strategy, the LDistance
strategy and the mixed strategy. The horizontal axis labels the index ℎ

𝑖

of routers along transporting path. The tunable parameters are set to
𝛼
𝑐

= −0.9 in the LDegree strategy, 𝛽
𝑐

= −1.2 in the LDistance strategy, and 𝜎 = 0.45 because traffic capacities are maximized at these values
under the given values of degree exponent 𝛾 = 3 and clustering strength 𝜆 = 1.1.

first encountered node from the source node becomes higher.
Consequently, more packets can accumulate on high-degree
nodes and block free flowing of traffic transport. This might
be another reason why the traffic capacity becomes decreased
as 𝛽 decreases towards minus infinity from 𝛽 ≈ −0.9, as
illustrated in Figure 1(a). Besides, Figure 6(d) also reveals
an interesting observation. As 𝛽 decreases towards minus
infinity, spatial distance to destination along transporting
path decays more sharply. However, under the network with
very low𝛽, for example,𝛽 = −2, when packets are delivered to
nodes close to destinations in the geographical space, packets
can easily get stuck on low-degree nodes. As a result, packets
keep onwandering around low-degree nodes for a rather long
time, and the total delivering time is heavily lengthened.

4. Discussion

The main motivation of this work stems from the scalabil-
ity difficulty encountered in real large-size communication
networks such as the Internet and the high-way network.
Accessing global topological information (e.g., the shortest
path between any two nodes) is not an easy task in large-
size network due to the rapid growing communication and
information processing overhead. Therefore, in current days,
it is usually not convenient, or even unfeasible, to design
routing strategies based on global topological information.
Comparatively, spatial distances among nodes in real net-
works are relatively easier to be accessed. Then it is feasible

and practical to utilize spatial information to design efficient
strategies in real large-size communication networks.

In this paper, we propose a novel routing strategy, called
the LDistance strategy, which is based on the information
of spatial distances among nodes. To evaluate the perfor-
mances of our proposed LDistance strategy, we compare
our proposed LDistance strategy with the local routing
strategy based on nodes’ degrees proposed in [13] (called
the LDegree strategy in this paper) and the mixed strategy,
which combines the idea of both greedy routing strategy and
random routing strategy.Numerical simulations demonstrate
that our proposed LDistance strategy can supply a higher
traffic capacity and a shorter delivering time. A reasonable
explanation for the superiority of the LDistance strategy
over the LDegree strategy is the interdependent relationship
between topological and spatial characteristics; that is, the
average topological shortest path length between any two
nodes increases with the average spatial distance between the
two nodes. When a packet is delivered to the neighbor closer
to destination in the geographical space, the average shortest
path length between the chosen neighbor and destination
is also lower. On the other hand, the inclination of packets
being forwarded to nodes closest to destination should also
not be too strong; otherwise, packets can easily get stuck
on low-degree nodes and transport efficiency can be heavily
degraded. Due to the incorporating of random strategy in the
mixed strategy, packets have more chance to be delivered to
the neighbor with longer spatial distance to destination as
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Figure 6: (Color online) (a) Number of hops of transporting path versus 𝛽 in the LDistance strategy. (b) and (c) The changing of 𝑑
𝑛

and 𝑘
versus ℎ

𝑖

for the LDistance strategy with 𝛽 above 𝛽 ≈ −0.9. (d) and (e) The changing of 𝑑
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for the LDistance strategy with 𝛽
below 𝛽 ≈ −0.9. All simulations were performed in the network with 𝛾 = 3 and 𝜆 = 1.1.
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compared to the LDistance strategy, which is not beneficial
for the enhancement of traffic capacity. Regarding the easy
accessing of spatial information in large-size networks, we
can conclude that our proposed LDistance strategy can be put
into use in real large-size networks to achieve high transport
efficiency.

We have also observed that along transporting path in
the LDegree strategy, the spatial distance 𝑑 to destination
and the degree 𝑘 keep almost did not change on most
routers before packets arrive at the node very close to their
destinations.Therefore,most deliveries are not so valuable for
successful transport of packets to destination because spatial
distance to destination does not show evident decrease on
most routers along transporting path. On the contrary, in the
LDistance strategy, along transporting path, the spatial dis-
tance to destination monotonously decreases, which means
that each time of delivery is valuable for packets approaching
destination. Furthermore, we have also noticed that, given the
fixed network structure, when the maximal traffic capacities
are achieved for both LDegree and LDistance strategies, the
degrees of routers along transporting path in the LDistance
strategy are higher than those in the LDegree strategy. This
result indicates that, to enhance traffic capacity, the way of
disseminating packets on low-degree nodes cannot deliver
so nice performances as was evaluated previously in the
LDegree strategy. Choosing routers with degrees higher than
the degrees of chosen routers in the LDegree strategy can
actually further improve transport efficiency.

There still remainsmuch room for further studying traffic
problems in spatial networks. For example, considering that
the theory of network calculus and the technology of leaky
bucket have similar goal as our study, we are about to take into
account the traffic bound [33] and the bound of packet delay
[34] in our further work. We believe that this study is of great
importance in real large-size networks, especially in current
society with system size increasing explosively. Furthermore,
the utilizing of spatial information for designing routing
strategies in transport systems can provide more hints for
other applications such as information navigation and virus
spreading in spatial networks.
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